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PREFACE 

The present book contains the proceedings of the 13th International Winterschool on 
Electronic Properties of Novel Materials in Kirchberg, Tirol, Austria. It was held from 
27th February to 6th March, 1999 in Hotel Sonnalp. The series of these schools started 
in 1985. Originally the school was held every second year and was devoted to 
conducting polymers. After the discovery of high temperature superconductors, the 
periodicity changed to annual format and the topic alternated between conjugated 
polymers and superconductors. Since fullerenes are both conjugated compounds and 
in some cases superconductors, it was tempting to choose fullerenes as topic for the 
Kirchberg schools. The evident extension of this topic is carbon nanotubes and so the 
title changed from Fullerenes via Fullerene Derivatives and Fullerene Nanostructures 
to Molecular Nanostructures. This gradual change enables us to keep a fairly large 
interdisciplinary scientific community together and to stimulate numerous 
international cooperations. A compilation of the previous Kirchberg Winterschools 
will be presented in the table at the end of this preface. 

The term Molecular Nanostructures implies the "bottom-up" (synthetic) approach, as 
opposed to the "top-down" (lithography and etching) techniques in semiconductor 
technology. As for the physics, we are in a field where solid state physics and 
molecular physics overlap. This is nicely seen on the example of carbon nanotubes. 
Their diameter is in the order of a few nanometers, and thus perpendicular to their 
axis, nanotubes are molecular (different diameters lead to different electronic 
structures), while along their axis they are extended solids. 

Most contributions to the winterschool were on carbon nanotubes and on fullerenes. In 
the proceedings we have two sections on nanotubes and two on fullerenes. One 
chapter deals with new nanostructured materials, and the sections on Electronics of 
Molecular Nanostructures and on Applications stress the technological aspects of this 
dynamic field of research. 

The meeting could not have taken place without the support of the Bundesministerium 
für Wissenschaft und Forschung in Wien, the Forschungszentrum Technik und 
Umwelt in Karlsruhe, the US Army Research Development and Standardization 
Group in London, and the Verein zur Förderung der Winterschulen in Kirchberg, as 
well as from numerous industrial sponsors. Without their contribution, all the 
enthusiasm and dedication could be wasted and so we express our gratitude to the 
sponsors and supporters. 

Finally, we are indebted, as ever, to the managers of the Hotel Sonnalp, Herrn 
Gradnitzer and Frau Jurgeit, and to their staff for their continous support and for their 
patience with the many special arrangements required during the meeting. 

H. Kuzmany, J. Fink, M. Mehring, S. Roth 
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1985 Electronic Properties of Polymers and 
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Springer Series in Solid-State Sciences 63 

1987 Electronic Properties of Conjugated 
Polymers 

Springer Series in Solid-State Sciences 76 

1989 Electronic Properties of Conjugated 
Polymers III - Basic Models and 

Applications 

Springer Series in Solid-State Sciences 91 

1990 Electronic Properties of High-Tc 

Superconductors and Related 
Compounds 

Springer Series in Solid-State Sciences 99 

1991 Electronic Properties of Polymers - 
Orientation and Dimensionality of 

Conjugated Systems 

Springer Series in Solid-State Sciences 107 
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The Jahn-Teller Distortion of C6o" 
as Determined by ESR 

W. Bietsch, J. Bao, A. Schilder, M. Schwoerer 

Experimentalphysik II and Bayreuther Institut für Makromolekülforschung (BMF) 
Universität Bayreuth, 95440 Bayreuth 

Abstract. [PCQHs^kQol is an ideal model system to study C60 mono radical anion in a 
charged surrounding since the C60 radical anions are well separated on a regular crystal 
lattice by the aid of large organic counter ions. They do not contribute to the ESR signal as 
they are all closed shell molecules. At low temperatures two Lorentzian ESR lines are 
observed which can be ascribed to two different orientations of the C6o molecules as 
detected by x-ray analysis of the crystal structure. The g-tensor of the two lines corresponds 
to the Jahn-Teller distortion of C60". Tetragonal crystal symmetry, molecular symmetry 
together with the crystal field support the Dy, distortion of C60" which is in agreement with 
the observed non axial g-tensor. 

INTRODUCTION 

Since the availability of macroscopic amounts of fullerenes many attempts have been 
made to intercalate fullerenes with metal ions or with organic molecules. Interesting 
properties like superconductivity or ferromagnetism have been observed for Coo-based 
füllendes. Among the fullerenes buckministerfullerene C6o possesses the highest 
symmetry. As consequence of the high symmetry the C6o molecule has highly 
degenerated electronic and vibronic states which makes C6o Jahn-Teller active upon 
charging. On the other hand füllendes are molecular solids with charged fullerenes in 
which many molecular properties essentially survive due to weakly bounded molecules. 
Since the fullerenes become charged in building up the füllendes the Jahn-Teller 
distortion of C6o is an important molecular property and is found to be the driving 
mechanism for superconductivity [1], and a cooperative Jahn-Teller effect of C6o~ has 
been suggested for the magnetic ordering in TDAE-C6o [2]. Historically ESR provided 
the first experimental evidence of the Jahn-Teller effect in Cu2+-salts [3]. Our ESR 
studies on TDAE-C6o [4] lead us to the question whether the Jahn-Teller distortion of 
C6cf can be detected in ESR spectra. 

MEASUREMENTS AND RESULTS 

For this investigation we used single crystals of C6o-tetraphenylphosphoniumiodid 
([P(C6H5)4]2C6oI) which are an excellent model system to study well separated C6o~ 
CP486, Electronic Properties of Novel Materials— Science and Technology of Molecular Nanostructures, 
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radical anions in a crystalline environment [5]. They were grown by electro- 
crystallization techniques according to a recipe of Penicaud et al [6]. The temperature 
dependence of microwave conductivity measurements (figure 1) on powder samples of 
micro crystals reveal that the electron spins are localized on the C6(f which are well 
separated due to the relatively large organic cations P+(C6H5)4 [5]. 
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FIGURE 1. Temperature dependence of the microwave conductivity of [P(C6H5)4]2C6oI at 11.7 GHz [4]. 
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FIGURE 2. Temperature dependence of the g-factor of [P(C6H5)4]2C6oI at 94 GHz (W-band). 

At room temperature one single Lorentzian ESR line was observed (figure 2). Below 
140 K this line starts to split into two Lorentzian lines. While lowering the temperature 
the splitting increases to a value of Ag = gi - g2 « 3-10'3 at 4 K. The temperature below 



of which the splitting of the two ESR lines occurs is found to be independent of the 
frequency (10 GHz, 34 GHz and 94 GHz, i.e. X-, Q, W-band). In agreement with the x- 
ray data the two observed ESR lines can be ascribed to two different sites of COO within 
the tetragonal unit cell. 
The g-value is isotropic above 140 K. Below 140 K the g-tensor of the two ESR lines 
becomes anisotropic: gx = 1,99612, gy = 1,99645, gz = 1,99956 for T = 50 K (figure 3). 
The deviation from an axial type g-tensor is only slightly but still observable within 
experimental errors. 
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FIGURE 3. Angular dependence of the g-factor of [P(C6H5)4]2C6oI at 50 K for rotation around the a- and 
the c-axis of the single crystal (top). The g-factor of the two lines rotated around c-axis are shifted by 90 
degree which is in agreement with the two different sites (schematically shown by the depicted C60 

orientations right) found by x-ray structure analysis. 

DISCUSSION AND CONCLUSIONS 

In the low temperature regime, i.e. below 140 K, the two observed Lorentzian ESR lines 
stem from localized electron spins on C6(f. All counter ions (P+(C6H5)4 and I") are 
closed shell molecules and thus have no radical spins which contribute to the ESR 
signal. They form a charged environment, i.e. a crystal field for the COO mono radical 



- I- 

ions shown schematically in figure 4. The C2 axis 
of the COO" anion is parallel to the c axis of the 
crystal.  Symmetry considerations for the Jahn- 
Teller  distorted  COO" and  the  crystal  field  of 
tetragonal symmetry lead to the conclusion that 
only the D-u, distortion fit together. This is in 
agreement with our ligand field calculations which 
stabilizes the D21, distortion symmetry [7] and the 
experimentally observed non axial g-tensor. At 
low temperatures the  dynamics of the  charge 
distortion is hindered i.e. jumps between different 
possible Ü2h orientations are not favored due to the 
charged  surrounding  (static Jahn-Teller  effect). 
Increasing the temperature the distortion randomly 
jumps between symmetry equivalent Dih states (or 
D=,d and D3J) by phonon assisted tunneling. This 
corresponds to a pseudo rotation of the Jahn-Teller 
distortion [8] which results in averaging the g- 
tensor to an isotropic value (dynamic Jahn-Teller effect). This study has shown that two 
effects have to be distinguished: a charged environment prevents COO anions from a free 
rotation due to a coordination with the counter ions. However, the electronic distortion 
still can jump independently until an intrinsic counter ion interaction prevails. This is 
seen in the frequency independent splitting temperature for the two lines with an 
anisotropic g-tensor which corresponds to the Jahn-Teller distortion of C6o~'. 

FIGURE 4. Schematic sketch of the 
charge environment of C60~. The 
arrow corresponds to the c-axis of 
the tetragonal unit cell which is the 
direction of the most favorable D2h 
Jahn-Teller distortion of C6o~ 
(shaded area). 
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Origin of Intrinsic Luminescence from 
C60 Single Crystals 

Ikuko Akimoto and Ken-ichi Kan'no 

Department of Physics, Kyoto University, Kyoto 606-8224, Japan 

Abstract Optical properties of pristine C60 single crystals have been studied in the 
temperature range from 4 K to 300 K by applying several spectroscopic techniques 
such as absorption, photoluminescence under one-photon and two-photon excitation, 
and site-selective luminescence line narrowing spectroscopy. Localized absorption 
characterized by the prominent vibrational structures is found around 1.69 eV below 
the fundamental absorption edge (1.81eV), which apparently exhibits mirror-images of 
the well-known spectrum of photoluminescence called type A. Upon selective 
excitation into the band, luminescence line narrowing is observed: The spectra consist 
of sharp vibrational lines attributed to :he progressions of eight Hg and two Ag modes 
and libron sidebands. These results indicate that the type A luminescence originates 
from the inhomogeneously broadened localized state which may be stabilized by the 
symmetry lowering and local rotational disorder spread over more than one molecule. 

INTRODUCTION 

Luminescence spectra from COO single crystals have been known to depend on 
samples and sites of a crystal. Anomalous surface states affected by oxygen 
molecules and/or by photo-polymerization have been considered to be one of 
causes. [1] Three patterns of luminescence spectrum are generally observed under 
usual one-photon excitation at low temperatures [2]; a spectrum which exhibits an 
onset at 734 nm (1.69 eV, hereafter called type A), the one which exhibits an onset 
at 684 nm (1.81 eV, called type B) and that of a superposition of them (called type 
A+B ). The spectrum of type A+B is observed in many cases, though relative 
intensities of types A and B bands change from sample to sample. [3, 4] 

The type B luminescence is attributed to the Herzberg-Teller transitions 
coupled with vibrational modes of ungerade symmetry. [5] On the other hand, true 
character of type A luminescence is still controversial, though the spectrum itself 
has been well known. The present study will give a definite answer to the origin of 
photoluminescence from COO single crystals. 
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EXPERIMENT 

Single crystals of C60 were grown in a vacuum by the sublimation method 
starting from a 99.98% pure powder material (Term Co.). The crystals of 4 x 3 x 1 
mm3 in size were carefully treated in He gas atmosphere not to be affected by 
oxygen contamination, and were equipped in a liquid He cryostat (Oxford Ins., 
OptiBath) which is capable of gradually cooling down to 4 K. Details of optical 
measurements were described in previous reports. [3,4] 

RESULTS AND DISSCUSSION 

Two-photon excitation exhibits one and the same luminescence spectrum in 
the several specimens where strong sample dependence is recognized in the case 
of one-photon excitation. The bulk spectrum thus obtained at 5K is a 
superposition of types A and B. In raising temperature, peaks of the type B rapidly 
diminish to disappear. The spectrum, therefore, evolves into the type A at higher 
temperatures above 10 K. The details and a relevant kinetics will be presented 
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FIGURE 1 a typical type A luminescence spectrum at 12K (solid line) and an absorption 

spectrum at 5K (shadow part) in C60 single crystal 

elsewhere. [6] 
Precise measurements of optical transmittance in the band tail region allowed 



us to confirm the existence of trapped states just below the fundamental 
absorption edge. Figure 1 shows the absorption spectrum (shadow), along with a 
typical spectrum of type A luminescence (solid line). A prominent peak at 1.69 eV 
and following three sub-peaks are clearly resolved as just mirror-image of the type 
A luminescence. The band width, 15 meV (120 cm"1, FWHM), of the absorption 
and luminescence peaks come from inhomogeneous broadening, as mentioned 
below. 

Luminescence line narrowing was found under site-selective laser excitation 
into the tail absorption. A typical example is shown in Fig.2 (a), of which 
spectrum consists of well-resolved vibronic lines accompanying with phonon side- 
bands. That is, the type A luminescence is to be evolved by gathering such a 
resonant luminescence from inhomogeneously broadened several sites. [4] The 
sharp lines are located at almost the same positions of vibrational modes of a 
molecule, two Ag and eight Hg modes and their combinations, as denoted by 
vertical bars in Fig.2 (b). Furthermore, one can recognize that every vibronic lines 
are accompanied by the phonon side bands of energy from 0 to 170 cm"1, which 
are similar to libron band observed by neutron diffraction of powder sample. [7] 
As shown in Fig.2(c) the site-selective luminescence spectrum is successfully 
simulated, indicating vibronic transitions coupled with Raman-active gerade 
modes (Ag and Hg) of a single C6o molecule and crystal librational modes. This 
situation is totally different from that of the type B luminescence which is 
attributed to Frenkel exciton; i.e., the parity-forbidden HOMO-LUMO transitions 
vibronicaly allowed by coupling with ungerade symmetry modes. 

As clearly seen in Fig. 1, the main peak of the absorption and that of the 
emission coincides with each other without any Stokes-shift energy. The (O'-O) 
transition is located at 1.69 eV, being lower by 0.12 eV than the onset of the 
fundamental absorption due to HOMO-LUMO transitions (1.81 eV). This result 
unambiguously exclude the possibility of so far proposed several models such as 
self-trapped exciton, exciplex states, etc. The situation should usually be attributed 
to extrinsic luminescent centers such as impurities, defects, surface anomalies. 
Nevertheless, the luminescence of type A, as well as that of type B, must originate 
rather from the intrinsic nature of C^ single crystal itself, as mentioned below. 
Contrast to the type B luminescence, the type A will be closely related with some 
kind of lattice disorder including more than one molecule. According to spin-echo 
measurement [8] and fluorescence-microwave double resonance [2], the electronic 
state responsible for the type A luminescence is de-localized over a pair of 
molecules or more chain. In addition, recent theoretical study based on the cluster- 
model calculation [9] strongly suggests that adiabatic potential energy surfaces of 
the electronic ground and excited states exhibit multi-stability with respect to the 
lattice distortion coupled with rotational displacement of nearby COO molecules. 
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FIGURE 2 (a) a resonant site-selective luminescence at 5K excited at 1.69 eV, (b) the positions 
of coupled modes; in top column, single modes of two Ag and eight Hg modes are denoted, in 
bottom column, combined modes with Hg(l) are denoted, (c) simulated spectrum. 

Thus, we conclude that de-localization of the electronic wavefunction over a pair 
or a few molecules is essential for the type A luminescence: The electronic 
transition from an odd-parity state of inter-molecular orbitals formed among the 
molecules comes to be parity-allowed, as reflecting in its vibrational 
characteristics of gerade symmetry. Then, molecular vibrations coupled with the 
electronic state are expected to still be tightly connected with localized vibrations 

within a molecule. 
Inhomogeneous broadening with FWHM, 15 meV is most likely to arise from 

fluctuation of the intermolecular orientational correlation in a pair of molecules 
[4]. As reasonably imagined from spectral analysis on temperature dependence of 
the site-selective spectrum, rotational motion of molecules has been almost frozen 
at low temperature around 5K. Then the Coulombic interaction between adjacent 
molecules comes to play an important role for stabilizing local energy of mutual 
orientational configurations, because the density distribution of 7t-electrons is not 
homogeneous on the molecular surfaces. Such an intermolecular correlation will 
make local pair configurations at particular sites more stable. 

10 



REFERENCES 

[1] M.S.Dresselhaus, G.Dresselhaus and P.C.Eklund, Science of Fullerenes and Carbon Nanotubes 
(Academic Press, USA, 1996). 

[2] D. J. van den Heuvel, I.Y.Chan, E.J.J.Groenen, M.Matsushita, J.Schmidt and G. Meijer; Chem. 
Phys. Lett. 233, 284(1995). 

[3] I. Akimoto, J. Azuma, M. Ashida and K. Kan'no; J. Lumin. 76&77, 206 (1998). 
[4] I. Akimoto, M. Ashida and K. Kan'no; Chem. Phys. Lett. 292, 561 (1998). 
[5] D.J. van den Heuvel, G.J.B. van den Berg, E.J.J.Groenen, J.Schmidt, 1. Holleman and G. 

Meijer; J. Phys. Chem. 99, 11644 (1995). 
[6] I. Akimoto and K. Kan'no; in preparation. 
[7] L. Pintschovius, B. Renker, F. Gompf, R. Heid, S.L. Chaplot, M. Haluska and H. Kuzmany; 

Phys.Rev. Lett. 69,2662 (1992) 
[8] E.J.J.Groenen, O.G.Poluektov, M.Matsushita, J.Schmidt, J.H. van der Waals and G. Meijer; 

Chem. Phys. Lett. 197, 314(1992) 
[9] M. Suzuki; in private communication 

11 



Polymeric fullerenes: from C60to C70 

A. Soldatov1'2, P. Nagel1, V. Pasler1, S. Lebedkin1, C. Meingast1, G.Roth3 

and B. Sundqvist2 

1
 Forschungszentrum Karlsruhe - Technik und Umwelt, Institutför Nukleare Festkörperphysik, 

PO Box 3640, D-76021 Karlsruhe, Germany 
2 Department of Experimental Physics, Umea University, S-901 87 Umeä, Sweden 

3 Rheinisch-Westfälische Technische Hochschule Aachen, Institut für Kristallographie, 
D-52056 Aachen, Germany 

For the first time polymerization of both powder and single crystals of C70 fullerene was 
established after their subjection to high pressure (1.1-2.0 GPa) at elevated temperature 
(500-580 K). High-resolution capacitance dilatometry, FTIR/Raman spectroscopy and 
thermal conductivity were employed to characterise the polymeric phase of C70. The results 
demonstrate drastic changes in the physical properties of C70 on polymerization. We report 
on a reverse transformation to the monomeric state on heating the polymer to 500 K at 
ambient pressure. The activation energy of depolymerization was determined to be 1.8(1) 
eV. We discuss our results in terms of existing structural models for polymerization of C70 

and compare the physical properties of C70 and C60 polymers. 

INTRODUCTION 

Since polymerization of C60 was achieved along different pathways extending from 
irradiation and high-pressure treatment to doping the pristine material with alkali 
metals [1], analogous processes were expected to occur in the next simplest fullerene 
C70. Indeed, LD mass spectra of C70 thin films irradiated with UV light indicate the 
presence of clusters of C70 molecules although FTIR spectra show no changes 
compared to those of pristine material [2]. The confusing situation was not resolved 
even after observation of new features in IR [3,4] and UV/visible [3] absorption 
spectra of C70 after treatment at 5 GPa, 300 °C and 7.5 GPa, 250 °C, which were 
attributed to the formation of C70 dimers. In [4] Raman spectroscopy was claimed 
insensitive to this process although this technique proved to be the most powerful tool 
in detecting polymeric structures in C60. All this shows that the existence of a 
polymeric state in C70 is still unclear and that this problem needs to be addressed. 

Here we present the results of our studies of the structure and physical properties 
of polymeric which was produced by treating the material under moderate pressures 
(1.1-2 GPa) at elevated temperature. 

EXPERIMENTAL 

We used in our experiments sublimed C70 powder of 99.9 % nominal purity (Foma 
USA, Houston, TX) and single crystal samples grown using the technique described 
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in detail elsewhere [5]. The pressure treatment was carried out in a piston and 
cylinder device. In the experiments on the single crystals we used the silicon oil as 
pressure transmitting medium. The powder material was subjected to 1.1-1.8 GPa and 
220-300 °C for 12-16 hours, while the single crystals were annealed for 11 hours at 2 
GPa and 300 °C. The thermal conductivity (A.) of polycrystalline material was 
measured at high pressure using the hot-wire technique. The structure of the samples 
after high p,T treatment was examined by X-ray (STOE Image Plate Diffraction 
System). FT-Raman (excitation at 1064 nm) and Infrared measurements were carried 
out at room T on a Bruker Equinox 55S spectrometer with resolution 2 cm"1 and 1cm"1 

respectively. Two high-resolution capacitance dilatometers with temperature ranges 
of 4-300 K and 150-500 K respectively, were employed in thermal expansion (a) 
experiments. Data were taken at constant heating/cooling rates in the range 0.2 - 20 
mK/s. 

RESULTS AND DISCUSSION 

Structure/vibrational properties After the high p, T treatment the C70 powder 
becomes essentially insoluble in 1,2-dichlorobenzene, which is an indication of a 

polymeric transformation. FT- 
Raman spectra of the powder and 
the single crystal C70 after high p,T 
treatment are shown in Fig. 1 
together with the spectrum of 
pristine material. It is clearly seen 
from the figure that the treatment 
results in profound changes of the 
Raman spectrum of pristine C70: 
modes split and/or shift from their 
original positions, and new modes 
appear (Fig. 1 (b)). The former is 
particularly evident for the 
tangential mode at 1564 cm"1, 
which splits into two new 

components at 1549 and 1567 cm"1. 
These spectral features have not 
been observed for the ordered 
phases of C70 [6] and can therefore 
be   attributed   to   the   symmetry 

as 
E ra 

600    800   1000  1200 

Raman shift, cm'1 

Fig. 1. Raman spectra of C70 before (a) and after 
treatment at: 1.1 GPa, 220 °C (polycrystal) (b), 2.0 GPa, 
300 °C (single crystal, (c)) 

lowering and perturbation of the C70 molecule due to polymerization. The increase of 
reaction pressure from 1.1 to 2.0 GPa leads to a further evolution of the Raman 
spectrum (see Fig. 1 (c)): some modes (260, 455, 690 cm"1) disappear, additional 
modes shift and/or split. The appearance of low-energy (intermolecular) modes at 90 
cm'1 and at 105, 121 cm"1 in the Raman spectra of C70 annealed at 1.1 GPa, 220 °C and 
2 GPa, 300 °C respectively is strong evidence for the formation of covalent bonds 
between molecules. The observed intermolecular vibrations scale well by frequency 
with the analogous vibrations in dimers [7] and chains polymers [8] of C60 which 
might be an indication of a possible presence of different types of polymeric 
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structures in our samples. FTIR spectra of the samples after polymerization differ 
significantly from the spectrum of the pristine C70 although they still contain the 
characteristic lines of the latter. It follows from our IR data that approximately 20% 
of the material treated at 1.1 GPa, 220 °C remains in the monomeric form. However, 
the fraction of unreacted C70 decreases in the samples annealed at higher pressure and 
temperature. The IR spectra of our samples are similar to the IR spectra observed in 
[3,4] for C70 treated at substantially higher pressures while its Raman spectra exhibit 
no changes in comparison to that of a monomer. X-ray analysis of the single crystals 
of C70 before polymerization reveals a hexagonal structure with lattice parameters a = 
10.13(1) A and c = 18.62(2) Ä. A preliminary analysis of the diffraction pattern of the 
single crystal polymerized at 2.0 GPa, 300 °C shows that it can still be indexed as 
hexagonal with a = 10.006(3) Ä, c = 18.08(7) Ä. The contraction of the lattice along 
the c axis is more than twice that along the a axis which suggests a possible direction 
of polymerization. The overall lattice contraction due to polymerization is AV/V = 
5.4%. 

Thermal conductivity/dilatometry In Fig. 2 we present the temperature 
dependence of X of polycrystalline C70 at 0.87 GPa after polymerization at 1.1 GPa 
and 220 °C. We performed temperature cycling of the specimen in the temperature 
 ^^   range   200-500   K.   After   an   almost 

Q15'   <■••■■■■'■■■■       i   ijnear increase on heating, the thermal 
014L   ^ p=(X87Gfti heaB      .    conductivity of polymerized C70 starts 

'   I      >» °       ng        decrease abruptly at 420 K, which we 
associate with depolymerization.  The 
gradual increase of X with T is similar 
to that observed for the C60 polymer [9] 
and indicates a high degree of structural 
disorder, while the T dependence on 
cooling     reproduces     the      typical 
behaviour of monomeric C70 [10]. 

^__^_^_________^_        The coefficient of linear thermal 
200250300350400450500550  expansion a(T) was measured along 

T[K| three  orthogonal   directions,  one   of 
Fig. 2. Thermal conductivity of polycrystalline C70     which was normal to the flat surface 
after high p,T treatment ("plane") of arbitrary chosen sample. 

The a(T) of polycrystalline C70 

polymerized at 1.8 GPa and 300 °C is shown in Fig. 3 together with the data for the 
monomeric phase [11]. As in the case of C60, the a(T) of polymeric C70 exhibits no 
anomalies due to orientational phase transitions. Its magnitude is much smaller than 
that of monomer and close to that of a chain polymer of C60 [12]. a is highly 
anisotropic in both polycrystalline and single crystal polymeric C70 (inset Fig. 3). 
From the data on a of the single crystal it follows that polymerization takes place 
along the "c" axis in the crystal since the thermal expansion has its lowest value in 
this direction. We studied the kinetics of depolymerization of C70 in the dilatometer 
by heating the polycrystalline samples to 500 K at different rates and obtained the 
value 1.8(1) eV for the activation energy of this process. The volume gain on 
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depolymerization is about 4.4%, 
which is in good correspondence 
with the value 5.4% obtained from 
our X-ray experiments. 

CONCLUSIONS 

Polymerization of C70 was 
established by treatment at 
moderate pressure and elevated 
temperature. The volume decrease 
due to polymerization is about 5%. 
The formation of chemical bonds 

between C70 molecules results in the 
appearance of "intermolecular" 
Raman active modes at 90, 105 and 
121 cm"1. We tentatively associate 

the 90 cm"1 mode with C70 dimers, while 105 and 121 cm"1 are attributed to longer 
polymeric chains extended along the c axis of the hexagonal structure. The activation 
energy of depolymerization is 1.8(1) eV, a value which is close to the energy barrier 
of this process for C60 dimers [12]. The thermal conductivity A.(T) of C70 polymers 
indicates a high degree of structural disorder in analogy to that in C60 polymers. 
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Fig. 3. Thermal expansion of polycrystalline and 
single crystal (inset) C70 in polymeric state (solid line- 
the results from [11] for the monomeric phase). 
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Abstract. In situ spectroelectrochemical studies on the reduction processes of solid 
fullerene films in different organic electrolyte solutions using cyclic voltammetry and 
attenuated total reflection (ATR) FTIR spectroscopy are presented. IR bands from 
the electrochemically induced reduction states of pristine and polymerized C6o films 
are compared with spectra of the stable polymeric RbC6o phase. 

INTRODUCTION 

In contrast to the electrochemistry of C6o in solution, where up to six consecutive 
reversible one-electron reductions are obtained [1], the electrochemical behavior of 
solid fullerene films is more complicated [2]. The cyclic voltammetric response 
depends on the structure and the morphology as well as the composition of the 
electrolyte solution [3,4]. Especially the nature of the cation in the electrolyte was 
found to highly influence the reaction mechanisms and the reaction products [2]. 

In the present paper, in situ spectroelectrochemical measurements on the electro- 
chemical reduction of C6u Alms in different electrolyte solutions using a combination 
of cyclic voltammetry and attenuated total reflection (ATR) FTIR spectroscopy are 
presented. Since the formation of dimeric [5] and polymeric phases during electro- 
chemical reduction have been proposed, the spectra are compared with spectra 
of polymeric forms of C60 (photopolymerized C6o and the stable polymeric RbC6o 
phase, for an overview of the polymeric forms of C6o see e.g. [6]). 
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Füllerene Film 

Ge Reflection Element 

FIGURE 1.  Spectroelectrochemical cell for in situ ATR-FTIR spectroscopy with Ag/AgCl 
reference electrode and Pt counter electrode. 

EXPERIMENTAL 

C6o films were prepared by solution casting or by hot wall beam epitaxy (HWBE) 
[7] on the surface of Pt covered Ge reflection elements used for ATR-FTIR spectro- 
electrochemistry (Fig. 1, for details of the method see [8]). Photopolymerization of 
Ceo was done by illumination of the film with UV light under vacuum. The poly- 
meric form of RbCeo was prepared by exposure to Rb vapor at 450 K and slowly 
cooling to room temperature. Electrolyte solutions were 0.1 M TBACIO4 (TBA = 
tetrabutylammonium), TBABF4, LiC104, KPF6, NaBF4 and 0.01 M (due to the low 
solubility) RbBPh4 (Ph = phenyl) in acetonitrile. During slow reductive potential 
scans FTIR spectra were recorded consecutively with a Bruker IFS66S spectrome- 
ter (MCT detector, resolution 4 cm-1). For each spectrum 32 interferograms were 
coadded, which covers a range of about 90 mV in the cyclic voltammogram. 

RESULTS AND DISCUSSION 

Figure 2 shows difference spectra during the reduction processes of fullerene films 
in different electrolytes. Besides Rb+, all experiments were done with HWBE films. 
With Rb+, no electrochemical response was obtained with HWBE films, probably 
due to the low electrolyte concentration (low solubility of RbBPh4). The spectra 
with Rb+ were measured with a solution casted film. The resulting spectra were 
analyzed in respect to the frequency of the Flu(w4) mode of Ceo (characteristic 
for the amount of charge on C6n [6,9]) during reduction with different cations as 
follows: for TBA+ (Fig. 2a): band at 1375 cm-1, formation of Cgö in one step 
[3]; for Li+ (Fig. 2b): a band at 1393 cm-1 evolves and shifts to 1382 cm-1, two 
step reduction C60 -» C^ -> C^ [3]; for Na+ (Fig. 2c): band at 1394 cm-1, 
formation of C<^0; for K+ (Fig. 2d): more complicated structure, a band at 1375 
cm-1 is attributed to C^, but the shoulder at lower wavenumbers indicates also 
the formation of higher reduction states; for Rb+ (Fig. 2e): the broad pattern 
around 1365 cm-1 indicates mainly the formation of Cgö in dropcasted C6o films, 
in contrast to photopolymerized COO, Rb+ (Fig. 2f): band at 1396 cm-1 attributed 
to the formation of C^"0. 

For comparison, the ATR spectra of polymeric forms are shown in Fig.  3.  As 
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FIGURE 2. Difference spectra during reduction of C6o Sims in different electrolytes, reference 
spectrum: neutral form, a) HWBE C60 film in 0.1 M TBAC104, b) HWBE C6o film in 0.1 M 
LiC104, c) HWBE C60 film in 0.1 M NaBF4, d) HWBE C6o film in 0.1 M KPF6, e) drop casted 
C6o film in 0.01 M RbBPh4, f) photopolymerized HWBE Ceo film in 0.01 M RbBPh4. 

can be seen, the reduction of C60 and of photopolymerized C60 in R-b+ containing 
electrolyte does not result in the polymeric RbC60 structure obtained by vapor 
doping (Fig. 3a). 

A spectral feature around 1460 cm-1 was found for photopolymerized C60 [6] 
(Fig. 3b) as well as for C60 dimers [10]. Bands in this spectral region are also 
observed during electrochemical reduction of C60 films in all electrolyte solutions 
used (Fig. 2). 
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Abstract. We have produced phototransformed COO in powder form and in bulk 
quantities. The material has a face centered cubic lattice which is contracted by 0.25 A 
relative to pristine Ceo- A mixture of closed trimer and tetramer clusters are proposed 
as the structural building blocks of the phototransformed COO- 

I    INTRODUCTION 

Phototransformation of C60 was the first case when direct intermolecular linkage 
of fullerene molecules via [2+2] cycloaddition was proposed [1]. While this result 
opened the field of fullerene and füllende polymerization, the x-ray diffraction ev- 
idence for the photopolymer structure is still missing. This is mainly due to the 
inherent disorder in its bonding pattern and that up to now the photopolymer was 
produced only as thin films. 

We have devised a simple technique to obtain the phototransformed material in 
bulk quantities. The availability of several milligrams of the material allowed us to 
collect good quality X-ray powder diffraction (XRD) data, infrared (IR) transmis- 
sion spectra and perform differential scanning calorimeter (DSC) measurements. 

II    EXPERIMENTAL 

Bulk quantities of C6u photopolymer were produced by irradiating the C60 powder 
by UV-visible light. To provide the inert atmosphere required for photopolymer- 
ization, a small cell was constructed which can be loaded in a glove box. At each 
loading, 5-10 mg of fine C6o powder was spread between the two facing quartz 
windows of the cell. The C60 powder was irradiated with a 1.5 kW Xe arc lamp 
providing a power density of 0.2-0.4 W/cm2. Forced air cooling was applied to 
keep the temperature of the cell at ~50 °C, which is well below the depolymeriza- 
tion temperature. X-ray powder diffraction data were collected with an Image Foil 
Guinier Camera at a wavelength of 1.54051 A. Infrared spectra were taken by a 
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FIGURE 1. XRD patterns of Ceo powder irradiated for different times. Dots and solid lines 
correspond to the experimental points and fitted curves. The top and bottom rows of tick marks 
below the spectra show the peak positions of the COO and photopolymer phases, respectively. 

TABLE 1. 

photopolymer 
relative quantity    lattice parameter irradiation time 

7 days 
10 days 
24 days 

51% 
58% 
83% 

13.94 Ä 
13.92 Ä 
13.92 Ä 

Bruker IFS-28 Fourier transform interferometer equipped with a microscope. DSC 
measurements were performed on a Perkin-Elmer DSC-2 calorimeter. 

Ill    RESULTS 

XRD data of COO photopolymer obtained after different irradiation times are 
shown in Figure 1. All three diffraction patters can be fitted as a mixture of two 
phases: pristine and phototransformed C6o- The unit cell of the phototransformed 
material is still face centered cubic and the lattice parameter is contracted by 
0.25 Ä relative to C60. Higher irradiation dose simply increases the amount of the 
photopolymer but leaves the lattice parameter unchanged, as shown in Table 1. 

IR measurements could also follow the growth of the photopolymer phase. The 
change is apparent in Figure 2 as the diminishing of the CQ0 peak at 1428 cm-1 

and the emerging of the photopolymer peak at 1422 cm-1. However, this is only a 

21 



Irradiation: 

7 days 
10 days 
24 days 

680 700 720 740 760 780 800 1400  1420  1440  1460  1480 

ro 

700 900 1000 1100      1     1200 
Wave numbers (cm" ) 

FIGURE 2. IR transmission spectra of phototransformed C6o produced by different irradiation 
times. The top two panels show enlarged views of selected regions. 

quantitative change. The spectral features characteristic to the photopolymer are 
the same in all samples, showing that on this timescale the bonding configuration 
does not change with increased irradiation. The IR spectrum of the photopolymer 
is also very similar to literature data obtained for thin films. 

Thermal properties of the irradiated samples were determined by DSC mea- 
surements at a heating rate of 20 K/min. The onset and peak temperatures of 
depolymerization are ~420 K and ~520 K, respectively. The enthalpy of transfor- 
mation was found to be 22 J/g. This value is close to the formation enthalpy of the 
high pressure orthorhombic polymer phase of C60 determined by Iwasa et al. [5], in 
which the number of [2+2] cycloadduct bonds formed by a C60 molecule is two. 

IV    CONCLUSION 

The limitations imposed by the fee lattice and C60 molecular geometry already 
exclude the existence of long range ordered bonded structures, e.g. long chains 
or extended sheets. Further, the magnitude of the lattice contraction requires the 
molecules to shift off from the lattice sites so that both bonding and non-bonding 
distances take physically meaningful values. Therefore, the structure can only 
be built up from randomly oriented small closed clusters as already proposed by 
Refs. [2-4]. Considering the formation enthalpy of the phototransformed material 
and the enthalpy vs. bond number curve determined for C60 dimers and poly- 
mers [5], we conclude that the average number of [2+2] bonds per C60 is two. The 

22 



FIGURE 3. Closed trimer and tetramer clusters formed by Cßo molecules. 

value of the lattice parameter is also consistent with the formation of bonds towards 
2 of the possible 12 nearest neighbors. The most likely structures are the closed 
trimers and tetramers, shown in Figure 3. 
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ATOMIC FORCE MICROSCOPY ANALYSIS OF 
NUCLEATION AND DIFFUSION OF C60 ON HOT 

SUBSTRATES 

M. Haluska, H. Kuzmany 

Institut für Materialphysik, Universtät Wien, A-1090 Vienna, Austria 

C6o deposites were prepared in an UHV-chamber on mica (001), Si (100) and polycrys- 
talline Au substrates at certain temperatures ranging from 315 to 490 K. The concentration 
of C6o crystallits was measured by atomic force microscopy. Different conditions for the 
deposition led to different types of growth mechanisms. On Si and Au substrates the 
polynuclear growth mechanism was observed below some critical temperature. Above this 
temperature the growth of isolated islands was detected. For mica substrates the growth 
of isolated islands was not observed. The activation energy for the surface desorption was 
determined. 

1. INTRODUCTION 

The preparation of solids from the vapour phase proceeds in two stages. The 
first stage includes the formation of thermodynamically stable clusters called crit- 
ical nuclei. The second stage consists of the growth of critical nuclei. The creation 
of nuclei needs the presence of supersaturation to overcome barrier for cluster for- 
mation. This barrier is smaller in the case of the condensation on a substrate in 
comparison to the condensation in the mother phase. In the first case the substrate 
is covered to some extent by adsorbed molecules from the vapour. If the covering 
molecules are mobile they can condense to form clusters. The latter gain stability 
because of bonds between their building units and the substrate. For different 
substrates different sizes of critical nuclei can be expected. 

The situation on the substrate surface may be described by the following pro- 
cesses. Molecules from the vapour arrive on the substrate surface with impingment 
flow p 

+     y/2irmkBTceu 

The adsorbed molecules diffuse on the surface with an average displacement 

*-^»»(^i=r)- <2> 

p, Tceii, Tsubs, m, a0, Edes and Esd are the saturated vapour pressures corresponding 
to the temperature of the source, the source temperature, the substrate temper- 
ature, the molecular weight, the lattice constant, and the desorption and surface 
diffusion energies, respectively.   Adsorbed molecules can either create clusters or 
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they can be captured at some special positions like steps or they can desorb. On 
the defect free surface the concentration of critical nuclei is [1] 

P-expf2^-^. (3) 
\        dkBJ-subs 

p and A are connected by pxA2=l [2]. 

2. EXPERIMENTAL 

Cßo deposites were prepared in an evacuated chamber (~10~9mbar) by a 
molecular beam epitaxy method. The super gold grade CöO (Hoechst) material 
was first purified by a sublimation-condensation method in dynamical vacuum [3]. 
A quartz cell was filled with 300 mg of this purified material at ambient condition. 
The first few films prepared after inserting the source material into the UHV- 
chamber were not analysed because of possible inclusion of oxygen compounds. 
The vapour beam flux was controlled by the temperature of the source cell. A 
shutter was situated between the cell and the substrate to open or close the vapour 
beam. 

Three types of substrates were used, namely Si (100), mica (001) and poly- 
crystalline gold films condensed on Si (100) surface. Mica substrates were cleaved 
immediately before mounting on the substrate holder. Before preparation of films 
all substrates were heated to 495 K for 12 hours directly in UHV-chamber. The 
temperature of substrates could be controlled by the substrate heater in the tem- 
perature range between 300-500 K. 

Two basic types of experiments were performed. In one COO deposites were 
grown at different substrate temperatures and simultaneously Tcea was kept con- 
stant at 598 K. In the other experiments the cell temperatures were different for 
different deposits and Tsubs was kept constant at 440 K. 

As prepared COO deposits were investigated by atomic force microscopy. The 
contact mode of TopoMetrix TMX 2000 Explorer was used with about 20 nm res- 
olution. 

3. RESULTS 

Measured concentrations of crystallits prepared at Tce;;=598 K and different 
substrate temperatures on different types of substrates are shown in Fig.l(left). 
The deposition time was 12 hours. The concentration of nuclei decreases with 
increasing Tsut,s for all types of substrates used. On Si and Au the polynuclear 
growth mechanismus was observed below Tsubs ~380K and ~430K, respectively. 
Above this temperature the growth of isolated islands was detected. For mica (001) 
substrates the growth of isolated islands was not detected. Films with connected 
crystallits were grown in the whole temperature range. 
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Figure 1: Dependence of concentration of nuclei, p, on substrate temperature, Tsut,s 

for Tce;/=598K (left). Dependence of concentration of nuclei, p, on cell temperature, 
Tceu for TSU(,S=440K (right). Bullets: Si (100), squares: mica (001), and triangles: Au 
substrates, respectively. 

The concentration of crystallits on different types of substrates prepared at 
TS„6Ä=440K and different cell temperatures is shown in Fig. 1 (right). It increases 
with increasing Tce;/. The same amount of material was evaporated in each exper- 
iment. The maximum p observed for the Si substrate is 0.2 /an"2 in this case. 

The desorption energy can be obtained from the slopes of Arrhenius plots for 

2.0e-3 3.0e-3 2.0e-3      2.5e-3      3.0e-3 

■ — IK-1] 

Figure 2: Dependence of ln(p) (left, p in pra~2) and of ln(A) (right, A in /an) on 
l/Tsu&s- ^«=598 K for all experiments. Bullets: Si (100), squares: mica (001), and 
triangles: Au substrates, respectively. 

p and A as results from equations 2 and 3, respectively.  Such plots are shown in 
Fig.2 for all types of substrates used. 

Activation energies obtained from Fig.2 are given in the following table. 
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Substrate Tsu&s [ K ] Edes[eV] 
Mica 300-500 0.57 

Si <380 0.33 
Si 380-460 5.08 
Si >460 1.12 
Au < 430 0.32 
Au 435-460 11.6 
Au > 460 1.88 

For Si and Au substrates and temperatures below 380 K and 430 K, respec- 
tively, Edes/3 is similar to the nearest neighbour interaction energy between two 
C6o molecules, which is 0.13 eV [4]. It means that E</es is the energy to remove one 
adsorbed molecule from the top of the (111) face of C60 solid in contact with three 
nearest neighbours. The energies obtained for higher Tsut,s describe behaviour of 
C6o on foreign substrates (Si, Au). For mica substrates Edes is constant in the whole 
temperature range and is larger than in the case of Si and Au for low temperature. 
This may origine from a different growth mechanism of the deposit. 

4. CONCLUSION 

The measurements indicate: 
- the existence of a critical temperature for Si and Au substrates above which 

C6o deposits grow in the form of isolated three dimensional crystallits; 
- that an increase of the substrate temperature (at constant source tempera- 

ture) leads to a decrease of the concentration of the critical nuclei and thus to an 
increase in the size of crystallits; 

- that an increase of the source temperature (at constant cell temperature) 
leads to an increase of the concentration of the critical nuclei and thus to an decrease 
in the size of crystallits. 
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Abstract. Solid state NMR spectroscopy has been used to study the molecular dynamics of 
the toluene-solvated Ceo compound, CSo-C7Hg. From the ' H -*13 C cross-polarization exper- 
iments (CP), we have obtained the cross polarization time, TVs = 12.6 ms for Ceo and lH 
spin-lattice relaxation time in the rotating frame, Tip = 170 ms. By using the cross polarization 
inversion method (ICP), we have deduced that all toluene molecules rotate (as seen by NMR) 
around the axis perpendicular to the cycle and are strongly oriented at an angle of 65° between 
the rotation axis of the toluene molecules and the direction of the principal magnetic field. 

INTRODUCTION 

Since the successful production (1) of Cm on the macroscopic scale, the study of this 
molecular crystal has become a very important field of research in solid state physics. 
One of these studies is related to the solvated-f «>• These solvated compounds are clearly 
different from Ceo molecules containing solvent impurities due to the extraction tech- 
nique of Ceo molecules. These compounds are made of Ceo and solvent molecules, 
often hydrocarbons, in a well determined stoichiometric ratio and are often neutral van 
der Waals complex. The structure and the physical properties of the solvated-crystal 
powder (2-4) obtained by slow evaporation depends on the nature of the solvent. The 
structure of the C6o.C7Hs is shown below (see figure 1(a)) and is in good agreement 
with our 13C solid NMR results on this compound which are , as far as we know, the 
first NMR results on this compound. 
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COQO 

Figure 1(a) : Structure of Cw.ACzHs 
with the representation of rotation axis. Z; 
the principal magnetic field, BQ\ and the 
rotor axis. 

f**W 
20« 1M 

Figure 1(b) : viC CP NMR line shape of 
CSO-CTHS. 

EXPERIMENTAL 

Orthorhombic crystals of the Ceo/toluene 1:1 solvate were obtained by slowly evap- 
orating solutions of Cso in toluene during a few weeks at room temperature in the dark. 
The l3C NMR measurements were performed on a Bruker MSL 300 spectrometer with 
a superconducting magnet of 7.05 Tesla (working frequency for 13C : 75.47 MHz). All 
chemical shifts are given with respect to the ViC resonance frequency in TMS. We used 
a 4 mm CP-MAS probe (Cross-Polarization with Magic Angle Spinning) for all of nur 
measurements. Standard CP (5) and ICP (6) pulse sequences have been exploited. 

RESULTS AND DISCUSSION 

The room temperature 13C solid CP NMR spectrum of Cßo-CrHg is shown in figure 
1(b). On this figure we can see three mainl NMR lines. First of all, we will discuss 
the NMR line of C60 molecules. The NMR line of C60 molecules is a single narrow 
line (FWHM ~ 4 ppm) and its isotropic chemical shift is the same as the crystalline 
Ceo powder (7), at 143.68 ppm. This indicates that all carbon atoms composing the 
Ceo molecules in this compound are magnetically equivalent and perform fast isotropic 
rotations. We may also conclude that there is no Knight shift and thus this toluene- 
solvated C60 compound is essentially a neutral van der Waals complex. 

On figure 2(a), we have represented the time evolution of C6Q 
13C magnetization as 

a function of contact time. From this curve we have obtained a cross-polarization time 
of 12.6 ms and a proton spin-lattice relaxation time in the rotating frame, T{p, of 170 im 
These values are very similar to those obtained for the Cfi0.4Cfif/'6 (8) and are extracted 
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from the following fit equation: 

Ms{t) = Mso — -(l-A)«/T/sl 
7s 1 - A 

where 

(1) 

(2) A = T[S/Tlp 

7/ and 7s are respectively the lH and 13C magnetogyric ratio. 
The toluene molecules are represented by two NMR signals at 163 ppm (aromatic 

carbons) and 8 ppm (CH3 groups). The polarization inversion evolution of aromatic car- 
bons is shown on figure 2(b). Considering an uniaxial rotation of the toluene molecules, 
we fitted our ICP curves with the following equation: 

Mz(t) .1 + e-«#' + e-i^'-^'cosdfc) 

whith 

2r?s 

(3cos27 - 1) 

(3) 

(4) 

where Rdf is the spin diffusion rate with a dipolar spin rate Rdp, rIS is the I-S internuclei 
distance and 7 is the angle between the rotation axis of the molecule and the direction of 
the static magnetic field. 

The values obtained by this fit are presented in table 1. 

Table 1: Parameters values obtained from the fit of our ICP curve for C6o-C7H8 (line at 
163 ppm). 

T,jf = 1/R-df TdP = 1/R-dp b 7 
0.88 ms 104.7 ßS 5.922 kHz 65° 
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Figure 2(a) : CP curve of C    molecules 
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Figure 2(b): ICP curve of the toluene 
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CONCLUSIONS 

Our NMR experiments show that the toluene molecules seen are in fast rotation on 
a NMR time scale. Their rotation axis is tilted towards the direction of the principal 
magnetic field (B0) with an angle of 65°. Due to the fact, that the MAS rotor axis forms 
an angle of 54.7° (magic angle) with the static magnetic field B0, we obtain an angle of 
65° ± 54.7° = 119.7° or 10.3° (see figure 1(a)) between the direction of the rotation axis 
of toluene molecules and the MAS rotor axis. 

We obtained similar results on an other compound which is C^AC^H^ (8) and we 
showed that we can orient the sample by spinning at 250 Hz (low frequency) during 5 
minutes. On the contrary a fast spinning at 2500 Hz can completely desorganize the 
sample. This is a stable and reversible mechanism, those experiments were reproduced 
after more than one year has elapsed and in two different laboratories (Brussels and 
Nancy). This looks like a reversible change between a nematic phase and an isotropic 
phase. 
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Abstract. EPR measurements in the metallic and the low-temperature orthorhombic 
phases of RbiCeo and CsiCeo powder samples have been performed at 9, 34, and 
94 GHz. Detailed analysis reveals that all line features emerging in the low-temperature 
phase can be assigned to paramagnetic defects. We conclude that, in contrast to 
previous interpretations of the data, no signs of antiferromagnetic resonance (AFMR) 
have been observed. Furthermore we report on 94 GHz measurements of RbiC6o single 
crystals which show a clear angular dependence in the metallic regime. 

INTRODUCTION 

It is well established that upon cooling the polymer phase of the alkali füllendes 
RbiC6o and CsiC6o undergoes a metal-to-insulator transition in the temperature 
range of 50 to 25 K. Despite considerable effort that has been put into the investiga- 
tion of the insulating ground state, its nature is yet not fully understood. Chauvet 
et al. were the first to propose a magnetic ground state in analogy to the spin- 
density-wave (SDW) ground state of the Bechgaard salt (TMTSF)2PF6 [1]. Myon 
spin rotation (/JSR) experiments [2,3] confirmed the notion of a magnetic ground 
state by proving the existence of internal static magnetic fields. On the other hand 
fiSR oscillations which are characteristic of SDW materials like (TMTSF)2PF6 have 
not been observed in RbiC6o- This result led to the assumption of a high degree 
of magnetic disorder in the ground state. Despite this disorder Alloul et al. inter- 
preted their observations of the temperature-dependent linewidths and relaxation 
times of 13C, 87Rb, and 133Cs in RbiC60 and CsiC60 as indicative of an antifer- 
romagnetic spin-flop phase [4]. This interpretation has received further support 
by the direct observation of antiferromagnetic resonance (AFMR) using high field 
EPR at 75, 150, and 225 GHz by Jänossy et al. [5]. 
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Nontheless the proposition of a magnetic ground state remains under debate. In- 
vestigations of EPR intensity, lineshape, and relaxation behavior on Rb^o powder 
at 9 GHz by Atsarkin et al. favor a nonmagnetic ground state that could be the re- 
sult of a spin-Peierls transition or the development of a charge-density-wave (CDW) 
[6]. A discussion of several ground state scenarios can be found in [7]. 

Here we present a detailed analysis of the EPR signal of Rb^o and Cs^o 
powder samples in Q (34 GHz) and W band (94 GHz) as well as measurements on 
RbiCeo single crystals in W band. 

Before proceeding to experimental details, the following section outlines the sig- 
nal behavior expected of magnetically ordered systems in EPR. 

THEORY 

Similarly to an antiferromagnet, a spin-density-wave ground state shows a very 
distinctive EPR behavior. The characteristic electron-spin-resonance features of 
the former are known as antiferromagnetic resonance [8]. For applied static fields 
H0 larger than the spin-flop field HF, which is a characteristic measure of the 
strength of the antiferromagnetic coupling, the anisotropy of the AFMR signal 
scales inversely with HQ. For powder samples this means an inverse scaling of 
the AFMR linewidth with H0. If, on the other hand, the linewidth of a powder 
originates in g anisotropy, it scales linearly with the applied static field. Thus, 
these two cases can be discriminated by measuring the signal at different H0 fields, 
i.e., different microwave frequencies. 

An important feature of magnetically ordered systems is the strong exchange 
coupling of neighboring spins. This implies fast spin relaxation and thus saturation 
of AFMR line components is not expected at common microwave powers. 

EXPERIMENTAL 

EPR measurements at 34 and 94 GHz have been performed using standard 
Bruker spectrometers equipped with cylindrical cavities. All spectrometers allow 
the adjustment of signal and reference phase so that mixing of absorptive and dis- 
persive signal components can be minimized. Measured spectra are the derivatives 
of absorption signals due to the application of lock-in technique for noise suppres- 
sion. 

Powder samples were prepared by K.-F. Thier following the standard route. 
RbiCeo single crystals were kindly provided by J. Hone of the Zettl group in Berke- 
ley. 

MEASUREMENTS 

While in the conducting polymer phase RbjCeo and CSICöO powder samples show 
only the conduction-electron-spin-resonance (CESR) peak, the signal turns into a 
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FIGURE 1. Low temperature spectra of RbiC60 at 34 GHz applying increasing microwave 
power, as measured (left). The spectra are labelled with the corresponding microwave attenuation 
values in decibel. Increasing the irradiated microwave power leads to the saturation of the line 
component indicated by the dashed line. The right figure shows the integrated spectrum at 30 dB 
fitted with three Lorentzians. Only the two line components that emerge at low temperatures are 
shown separately. The third component is a residual CESR signal. Note the different scaling of 

the field axes. 

broad powder spectrum at low temperatures [5,7]. In order to determine whether 
this signal is composed of overlapping line components, the relaxation behavior was 
studied in saturation and by pulsed EPR experiments. 

The left hand side of Fig. 1 displays cw EPR spectra of RbiC60 obtained at 5 K 
in Q band. The irradiated power differs by a factor of 10 between neighboring 
spectra. The signal component at the position of the dashed vertical line can be 
saturated by increasing the applied microwave power while the adjacent component 
at higher field values shows no signs of saturation. The broad wing to lower field 
values that is visible in the integrated spectrum in the right part of Fig. 1 also 
shows a decrease of intensity at an attenuation of 0 dB which corresponds to an 
irradiated power of roughly 135 mW. Hence, three different line components can 
be discriminated by their differing saturation behavior. 

For this reason a fit using three Lorentzians to match the three line components 
in the integrated EPR signal has been applied (Fig. 1, right). It yields g factors 
of ß=2.0072 for the broad component, #=2.0024 for the intermediate component, 
and 5=2.0010 for the strongest component. A similar fit done on the cw spectrum 
at 94 GHz leads to the same g factors.   By its position the strong component 
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can be identified as a residual signal of the CESR above the metal-to-insulator 
transition. The g factor of the intermediate line lies close to the g factor of free 
electrons. Therefore, this signal is attributed to electrons localized at intrinsic 
defect structures such as chain ends or broken C6o balls. For the third component 
a strongly coupled spin cluster is assumed to account for the broadness of the signal. 

From CsiC6o powder samples similar spectra have been obtained, except that in 
this material the g factor of the broad component is 2.0037, and the residual CESR 
signal is much weaker than in RbiCöo- 

Two-pulse experiments, which in general are sensitive to rather long-lived spin 
species only, show two line components at §=2.0025 and <?=1.9993 for both RbiCeo 
and CsiC60. The first component, also visible in the cw spectra, is the one previ- 
ously assigned to localized radicals; the second is too weak to be seen in the cw 
spectrum. It is attributed to C^0 ions since its g factor is close to that of Cg0 ions 
in solution [9]. 

FIGURE 2. RbiC6o single crystal EPR signal for different temperatures at 94 GHz. At 50 K and 
above the signal exhibits an angular dependence that is not observed below the metal-to-insulator 

transition. 

Beside the powder samples, RbiC60 single crystals have been investigated. At 
above approximately 400 K, these samples are true single crystals with a cubic 
lattice structure. Upon cooling to the orthorhombic polymer phase, domains with 
differently oriented polymer chains develop. There are six possible orientations of 
the orthorhombic cell within the crystal. Figure 2 shows a cw EPR signal of this 
crystal sample at different temperatures in W band. At 50 K a structured line 
is visible that can be fitted by six Lorentzians. The structure arises from the six 
CESR signals of the different domains that appear at different field values because 
of g anisotropy. Upon rotation of the crystal an angular dependence of the line 
pattern is observed.   At higher temperatures an increased scattering rate of the 
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conduction electrons leads to a broadening of the CESR line components and thus 
to smoothening of the line pattern that can be observed in the 250 K spectrum in 
Fig. 2. At low temperatures the metal-to-insulator transition changes the signal 
significantly. The sixfold pattern disappears and broader components arise. This 
low-temperature signal is isotropic. 

DISCUSSION 

For the cw spectra in Q band as well as in W band all line features can be assigned 
to paramagnetic spins. None of the signal components shows characteristics of 
AFMR. In the RbiC6o crystal, an angular dependence of the signal was observed in 
the metallic phase. At low temperatures this angular denpendence vanishes. This 
is in contrast to the expectations for a single crystal AFMR signal, that should 
have a strong angular dependence. 

These observations might be explained by assuming that the AFMR is too broad 
and thus too weak to be detected in powders. In the crystal sample, interac- 
tions between different domains could also broaden a possible signal beyond de- 
tectability. Another explanation might be that there is no antiferromagnetic or 
spin-density-wave ordering in these alkali füllendes. This would imply that the 
metal-to-insulator transition leads to a spin-Peierls or charge-density-wave ground 
state. 
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Ferromagnetic modifications of TDAE-C6o 
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Abstract. The magnetic properties of two different modifications of TDAE-C6o have been 
studied with the ESR and 'H NMR. Well-annealed single crystals display a transition to a 
ferromagnetically ordered state as confirmed by the observation of the ferromagnetic 
resonance. On the other hand the magnetic ground state of the non-ferromagnetic 
modification is consistent with the singlet ground state. The gap between the singlet and 
low laying triplet excited state opens below UK and reaches about 15 K at 5 K. A 
possible structural differences and their impact on the observed magnetic properties of the 
two modifications are discussed. 

INTRODUCTION 

Magnetic ordering in füllende derivatives has been so far observed only in three 
different systems: polymeric phase of ACöO (A=Rb,Cs) [1], NH3K3C60 [2] and TDAE- 
Qo [3]. While in first two cases the magnetization vanishes at low temperatures due to 
the antiferromagnetic interactions, the magnetization of TDAE-CöO strongly increases 
below Tc=16 K signaling a transition to a ferromagnetically ordered state. This is in 
particular surprising since TDAE-CöO is built up of only light elements of the first raw 
(H,C,N). Some of the main properties of TDAE-CöO have been described already in the 
original report by Wudl et al. [3]: (/) sharp increase of the spontaneous magnetization 
below the transition temperature Tc, (it) absence of the hysteresis between cooling and 
warming and (Hi) very small spontaneous magnetization being only 0.11 HB/CöO- Based 
on a rather large room temperature conductivity it has been suggested [3] that TDAE- 
C(ß is the first organic itinerant ferromagnet. However later conductivity experiments 
[4,5] showed that TDAE-C60 is a semiconductor thus ruling out the proposed model of 
itinerant ferromagnetism. All the models, which later on appeared in the literature [6], 
mainly tried to explain the surprisingly small spontaneous magnetization. They were 
ranging from superparamagnetism, weak ferromagnetism and inhomogeneous 
ferromagnetism. 

In this contribution we report on the search for the (anti)ferromagnetic 
resonance modes which allowed us to discriminate between the proposed models. In 
addition to that we show that the magnetic properties of TDAE-Qo are very sensitive 
to the conditions during the preparation and the heat treatment. Namely the samples 
grown at room temperature show a transition to S=0 state rather than to a 
ferromagnetic state. They can be transformed to a ferromagnetic modification with 
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extended annealing at or above the room temperature. The difference in the magnetic 
properties of the two modifications is discussed in view of the tinny structural 
differences. 

RESULTS 

First we describe the magnetic resonance results on the well annealed 
modification of TDAE-C60 which shows a transition to the ferromagnetic ground state 
below 16 K. It is well known that in the magnetically ordered state one can not excite 
individual precessions of the paramagnetic spins (ESR). But what one can excite is a 
coherent precession of all the spins, i.e. the (sub)lattice magnetization around the 
effective magnetic field. This is called (anti)ferromagnetic resonance. As a general rule 
the number of resonance modes is equal to the number of the sublattice 
magnetizations. So in a simple ferromagnetic material we would expect to observe 
only one resonance mode while in antiferromagnets two resonance modes are 
predicted. We have tried to find these resonance modes in the microwave and radio 
frequency region between 30 MHz and 245 GHz in order to discriminate among the 
proposed models. 

In microwave region we have observed below Tc only one very intense 
resonance line shifted away from the Larmor frequency by about 40 G-60 G [7]. The 
sign and the magnitude of the shift depend on the orientation of the crystal with respect 
to the external magnetic field. The resonance frequency varies almost linearly with 
resonance field in the microwave region and this does not allow a clear assigning of 
the observed line to ferromagnetic resonance. On the other hand in the radio-frequency 
region the relation between the resonance field and resonance frequency become 
strongly non-linear showing a typical dip when allffo (Fig. la) [8]. The dip disappears 
above Tc (Fig. lc) as expected for the paramagnetic sample. The results can be 
explained in terms of uniaxial Heisenberg ferromagnetism with the anisotropy field 
being only 29 G [8]. 

Fig. 1: Dependence of the resonance 
frequency versus resonance field in a 
well annealed TDAE-C«, single 
crystal below (a,b) and above (c) 
transition temperature. The solid line 
represent the fit to the theoretical 
curve predicted for an uniaxial 
Heisenberg    ferromagnet    with    the 

250- «11// 

200 - 
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anisotropy field of 29 Gauss. 

A completely different magnetic resonance response was found in the fresh 
TDAE-Cöo single crystals grown at temperatures at or below 0°C. SQUID 
measurements showed a complete absence of any signal even when sweeping the 
external magnetic field between 0 and 100 G [9]. This means that the ground state in 
these types of crystals has a total magnetization equal to zero. Such a case can be 
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realized either by antiferromagnetic long range ordering or by a transition to the S=0 
ground state. We have again tried to apply ESR as well as *H NMR technique to study 
the magnetic properties of the non-ferromagnetic modification of the TDAE-C60 
crystals and to compare the results with the ones obtained on a ferromagnetic 
modification. 

Surprisingly the ESR results in the paramagnetic phase in the two different 
modifications studied are strikingly similar. The only major difference is in the 
temperature dependence of the ESR linewidth (Fig. 2). While in ferromagnetic 
modification the exchange narrowing narrows the line over the large temperature 
interval between 220 K and 75 K in the non-ferromagnetic modification the exchange 
narrowing starts at lower temperature around 180 K and the onset is much more 
abrupt. This difference might be due to the difference in the orientational ordering of 
the COO" ions. 

However the main difference in the 
ESR response of the two modifications 
came at low temperatures. The ESR signal 
of the non-ferromagnetic crystals is 
composed at low temperatures only of a 
narrow ESR line at a Larmor frequency 
with g=2.0001 contrary to the previously 
described case of the ferromagnetic 
modification. The intensity of the ESR 
signal at high temperatures approximately 
follows a Curie law. Below 11 K the 
intensity of the signal suddenly starts to 
decrease consistent with the developing of 
the non-magnetic ground state. It should be 
noted that we have searched for the 
additional resonance lines in a broad field 
range between 0 and 12 kG at 9.6 GHz, 1.2 
GHz and in the radio-frequency region. No 
additional resonance modes have been 
find. These rules out any long-range 
magnetic ordering like antiferromagnetic 
or spin-density wave type of ordering as 
we have failed to find the 
antiferromagnetic resonance. 

We have therefore tried to fit the ESR susceptibility data with a singlet ground 
state model. Although the fit with the temperature independent gap between the singlet 
ground and low laying triplet excited state reproduces all the main features of the 
temperature variation of the ESR susceptibility (Fig. 3a), it can not fit the sharpness of 
the peak around 11 K. The fit can be significantly improved assuming that the gap 
between the singlet ground state and the excited triplet state is temperature dependent 
(Fig. 3a). The gap opens below 11 K and reaches the value of about 15 K at lowest 
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Fig. 2: Temperature dependence of the ESR 
peak-to-peak line-width measured in the non- 
ferromagnetic and ferromagnetic modifications. 
Note the difference in the narrowing of the line 
below 200 K. 
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temperatures [10]. In the ferromagnetic modification on the other hand the ESR 
susceptibility increases by several orders of magnitude (insert to Fig. 3a) due to the 
transition to a ferromagnetically ordered state. 

The ESR results are thus compatible with the singlet ground state and rule out 
any long range magnetically ordered state. How is this reflected in the !H NMR 
spectrum and spin-lattice relaxation time? *H NMR spectrum shows a difference 
between the ferromagnetic and non-ferromagnetic samples already at room 
temperature. In the ferromagnetic single crystals we have found two H NMR lines, 
one exhibiting a Curie-type paramagnetic shift while the other showing almost 
temperature independent shift. In the non-ferromagnetic single crystals only non- 
shifted line have been found whose second moment first increases with decreasing 
temperature and then even slightly decreases below 11 K. The temperature dependence 
of the 'H NMR line thus tells us that the spin density on the TDAE methyl-proton sites 
is in the non-ferromagnetic type of crystals significantly reduced with respect to the 
one found in ferromagnetic crystals. Therefore the only interaction between the 
unpaired electrons and the methyl protons is the dipolar interaction. If this is true the 
methyl proton spin-lattice relaxation rate should adopt an activated type of behavior 
below 11 K. Such a behavior has been indeed observed (Fig. 3b) and the temperature 
dependence of the *H spin lattice relaxation rate can be again simulated with singlet 
ground state model and the same parameters extracted from the ESR data. 
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Fig. 3: (a) Temperature dependence of the ESR susceptibility in the non-ferromagnetic modification. 
The solid line represents the fit assuming the opening of the singlet-triplet gap below 11 K while the 
dashed line is calculated using the temperature independent gap. The insert shows the increase of the 
ESR susceptibility in the ferromagnetic modification below the transition temperature Tc=16 K. (b) 
Proton spin-lattice relaxation data confirms the opening of the spin-gap below UK. Solid and dashed 
lines have the same meaning as in Fig. 3a. 

40 



CONCLUSIONS 

ESR and 'H NMR results showed that TDAE-CöO single crystals can be grown in 
two different modifications (a) ferromagnetic and (b) non-magnetic with a singlet 
ground state below 11 K. Non-ferromagnetic modification can be transformed into the 
ferromagnetic one with the extended annealing at or above the room temperature. So 
what makes the major difference between the two modifications? Preliminary X-ray 
diffraction comparative study [11] showed that in the ferromagnetic modification the 
monoclinic angle ß is slightly larger than in the non-ferromagnetic modification. This 
means that the CöO-OO contact is in the non-ferromagnetic modification slightly better 
thus increasing the overlap between the neighbouring spins. Consequently the non- 
ferromagnetic modification is more quasi-one-dimensional. It is well known that the 
low-dimensional systems are often a subject of various types of instabilities. Arovas et 
al. [12] showed that TDAE-CöO in a purely one-dimensional limit would have a non- 
magnetic singlet ground state. This has been indeed observed in our fresh samples. In 
their theory they have also shown that switching on the chain-chain interactions would 
lead to a 3-dimensional ferromagnetic ordering. The ferromagnetic modification 
indeed posses this property as demonstrated by 'H NMR which showed a significant 
spin density on the methyl protons. TDAE+ ions thus seem to serve as a super- 
exchange bridge between the two neighbouring Cßo" chains and are crucial for the 
ferromagnetic ordering in this compound. 
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Abstract. We present a discussion of the electronic properties of the quenched cubic 
phase of CsC6o, based on our recent investigation by 13C and 133Cs NMR. We conclude 
that the phase is metallic but that localized spin-singlets are formed on a small fraction 
of the C6o molecules. We discuss possible mechanisms for the stabilization of these 
spin-singlets, related to the occurrence of Jahn-Teller distortions of the C6o molecule. 

I    INTRODUCTION 

Two different AC60 cubic phases are known : one at high temperatures (T > 
350 K) for A = K, Rb or Cs and one below 130 K in CsC60 obtained by quenching 
this high temperature phase to avoid polymerization. Although the structures of 
these two phases are very similar (they only differ by the orientational order between 
the C60 [3]), their electronic properties seem to differ drastically. Therefore, the 
intrinsic behavior of cubic AC60 is not yet understood, eventhough it is of crucial 
interest for a global understanding of füllendes. The ESR susceptibility of the 
high-T phase is Curie-like [1] suggesting localization of one electron on each C60 

ball, whereas the quenched cubic (QC) CsC60 has a Pauli-like ESR susceptibility 
[2], suggesting that it is metallic. 

Recently, we have detected by NMR the coexistence oispin-singlets with the 
metallic behavior [4]. It was deduced from the unexpected observation of two well 
resolved 133Cs NMR lines with similar intensities. This indicates the existence of 
two inequivalent Cs sites, mixed on the microscopic scale, although structural mea- 
surements cannot explain the presence of two different sites [5]. Moreover, the local 
electronic environment of these two sites are very different. NMR measurements 
of the local susceptibility sensed by the most shifted Cs line (denoted hereafter S 
for "Shifted", the other line being NS for "Not Shifted") are displayed on figure 1. 
Both 1/TiT and its shift have a strong temperature dependence, that can be mod- 
elled by an activated law, indicating that the electronic spectrum is locally gapped. 
This proves that QC CsC60 is not a simple metal as suggested by ESR and also by 
the temperature dependence of the 13C NMR relaxation rates between 50 K and 
110 K, and this is certainly important for the understanding of its ground state. 
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FIGURE 1. 1/TiT and K as a function of temperature for the most shifted 133Cs line. The 
line is a fit to K=a+b/T*exp(-175/T). The discrepancy between shift and 1/TiT above 110 K is 
presumably related to exchange between the two Cs sites. 

We present here a more detailed discussion of the properties of this phase together 
with new experimental observations that supports our analysis. 

II    DESCRIPTION OF THE MODEL 

To reconcile these two sets of experimental facts, we have proposed that the 
electronic properties of the QC phase are inhomogeneous on the local scale. Fig- 
ure 2 represents a possible solution to this problem. Within a globally metallic 
phase, we assume that, on a few Ceo molecules, two electrons are localized and 
paired into a spin-singlet. Roughly speaking, then we expect two different types of 
local electronic behavior : a nearly temperature independent susceptibility for the 
metallic component Xm and an activated one for the singlets Xg- The nature of this 
latter gap could be either related to fundamental excitations of the spin-singlet or 
to breaking and/or delocalization of the electronic pair. 

Only the nearest neighbor Cs sites of a C|o would sense the spin-gap and they 
correspond to the observed S sites. More precisely, the NMR shift K of a Cs line is 
proportional to the local electronic susceptibility of its six C6o neighbors through 
hyperfme coupling. We then expect: 

Ks = 5Am Xm + Ag xg and KNS = 6Am x-n (1) 

where Am and Ag are the hyperfine coupling to a metallic ball and a C60~ respec- 
tively. The small shift observed for the NS sites is typical of metallic füllendes, 
where Am is in fact very small because of the very small hybridisation between Ceo 
and Cs+. The much larger shift observed for the S sites implies either Ag » Am 
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FIGURE 2. Dilution of spin-singlets in the metallic QC CsC6o- The neighboring Cs sites of a 
C60 that bears a spin-singlet (C|ö) are "S sites", the other ones NS sites. 

or Xg » Xm or both. Hyperfine couplings are generally very sensitive to small 
local perturbations, so that it would be reasonable to find that A5 largely exceed 

Aw 
Within this model, we can deduce the number of Cgö from the relative intensities 

of the two Cs lines. Experimentally, we observe roughly the same number of S and 
NS sites, which implies about 10% of C|ö- As this is a small fraction of the C60, 
measurements like ESR would not be very sensitive to the presence of the singlets. 
A local probe strongly coupled to the C^ such as the Cs S site has been necessary 
to identify them unambiguously. 

Ill    ADDITIONAL SUPPORT FOR THE MODEL 

Following the lines of this model, it is easy to convince oneself that there is a 
non-negligible probability of finding a Cs site with two C§0 neighbors. These sites 
could be called "2S" sites. Their likelihood depends on the distribution of the 
C|ö, which may be completely random or partially ordered, but is expected to be 
between 5 and 10 %. It is unlikely that they would behave as S sites; we would 
instead expect a larger shift for the 2S sites of the order of K2s = ^Am Xm + 2AS 

X9 - 2#s- 
Consequently, we have carefully investigated the high frequency side of the spec- 

tra, where we expect such a resonance to occur. Figure 3 shows that such a line 
clearly exists at 120 K, and it can be followed down to at least 80 K. We estimate 
its intensity to 6±2% in very good agreement with our expectations. Its shift is 
approximately twice the one of the S line, and its relaxation time is shorter : at 
80 K, Ti= 43ms ± 11ms to be compared with 110 ± 10 ms for the S line, in good 
agreement with the expected ratio Tli2S / TliS ^ 2. More experiments are needed 
to establish whether the temperature dependence of K2S and (l/TiT)2s scales with 
those of the S line. 
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FIGURE 3. 133Cs NMR spectra at 120 K with a repetition time of 100 ms. 

The detection of a new Cs "2S" line shows rather unambiguously that the in- 
equivalency between the Cs sites results from a coupling with zero (NS), one (S) 
or two (2S) "anomalous C6o" • If it were otherwise, it would be hard to explain the 
presence of a line that senses almost exactly twice the local susceptibility of the S 
sites. 

However, it certainely eliminates the possibility of a symmetry-reducing collec- 
tive effect, such as a small dimerization or a particular arrangement between the 
different C6o orientations. Hence, this new observation strongly supports our model. 

IV    STABILIZATION OF THE SPIN-SINGLETS 

The essential information revealed by the study of ref. 4 is the tendency to 
electron pairing evidenced by the formation of spin-singlets. This is an unusual 
behavior for füllendes, and one might have expected QC CsC6o to be a supercon- 
ductor similar to A3C6o. The recent observation of an insulating non-magnetic 
ground state in polymerized CsCgo at 5 kbar [6] is another example of formation of 
spin-singlets. However, they likely result from a totally different type of interaction 
related to the ID character of the polymerized phase. 

We suggest that the singlet in the QC phase is stabilized by a Jahn-Teller (JT) 
distortion of the C6o molecule. The energy gain due to a JT distortion is predicted 
to be larger for a CgV with even n [7-9], leading to an effective attractive interac- 
tion between electrons for odd n. It has been argued that this indirect electronic 
interaction may help to overcome Coulomb repulsion in A3C60 and favor supercon- 
ductivity. Our study support the idea that JT distortion indeed lead to indirect 
electron interactions. However, in QC CsC6o, the two Cs lines indicate that the sin- 
glets are static, at least below 110 K and on the time-scale of the NMR experiment 
(~ 30 kHz). 

These Cg^" could be viewed as local defects in the electronic structure appearing 
quite independently.   The number of singlets will then depend essentially of the 
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probability for a C6o in the metallic phase to be doubly occupied. Structural defects 
(for example in the orientational order) could play a role in "trapping" these Cgö- 
In the temperature range of stability of the QC phase, we do not detect a strong 
variation of the number of singlets with temperature (it increases at most by 20% 
between 130 K and 10 K). We note that such a situation causes a non-stoichiometric 
doping of the ti„ band, and one can wonder whether the metallic character results 
from this off-stoechimetry 

Another possibility is that a cooperatively ordered ground state with alternating 
Cgö and neutral C6o is partially formed. Whether these dilute C\Q form a long- 
range super-structure remains an open question. Incomplete dismutation could be 
due to frustration in the fee lattice which cannot be divided into two equivalent 
sublattices. The energy cost due to electrostatic repulsion between Cgg could also 
act to limit their concentration. However, this study raises the possibility that such 
a ground state could be competing with superconductivity in AnC6o with odd n. 

V    CONCLUSION 

We have shown that about 10% of the C6o balls behave "anomalously" in the 
QC phase, this anomaly being characterized by the presence of a non-magnetic 
spin-gap. It could be explained by the presence of a spin-singlet on these balls. 
The stabilization of Cgö balls is attributed to the larger stability of JT distorted 
Cßö compared to JT distorted Q"0. Although the role of JT distortions has often 
been invoked to explain the properties of fullerides - both in the metallic A3C6o 
and insulating A4C6o compounds - there is no unambiguous evidence of their im- 
portance. In this light, these results will aid in reaching a global understanding of 
the different parameters that influence the electronic interactions in these systems. 

We acknowledge financial support from the TMR Programme of the European 
Commission (Research Network "FULPROP" ERBMRXVT970155). 
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Polymerized alkali fullerides YLCm and RbQo display different electronic properties. Single 
crystal X-ray diffraction and diffuse scattering studies show that the C6o chains possess different 
relative orientations about their axes. We will discuss this result in relation with electronic band 
structure calculations. The influence of pressure will also be discussed. 

Alkali fullerides ACöO (A=K, Rb) exhibit a transition around 350K from a high 
temperature cubic phase towards an orthorhombic one where the molecules form 
polymer chains (1-3). The unit cell parameters are aK~aRb«9.12 A, bic=9.95 Ä, 
bRb=10.11 Ä, cK=14.32 Ä, cRb=14.23 Ä. Polymerization occurs by [2+2] cycloaddition 
along the shortest a axis (fig. 1(a)). Powder diffraction studies showed that: i) the 
intrachain C-C bond lengths are similar in KC6o and RbC6o (4,5), and ii) the angle \L 

formed by the cycloaddition planes of a chain and the c axis, which characterizes the 
chain orientation, satisfies |//| = 45°±5°, in both KC6o and RbC6o (3). No definite 

structural difference has been evidenced between the two compounds, although the 
relative chain orientations have not been unambiguously determined in any of them. 
MAS-NMR studies (6) revealed differences between the spin distributions in KCöO and 
in RbCöo, suggesting that orientational chain ordering may differ. The ACöO 

compounds have also been investigated by ESR, pSR, NMR and electrical or optical 
conductivity measurements, and the electronic properties of KCöO and RbCöo are 
different. For instance, between 50K and 25K, RbC6o exhibits a magnetic transition, 
unlike KCöO (see e.g. (7,8); the possibility of coexistence with a spin-singlet phase has 
also recently been reported (9)). 

In this paper, we present the results of a single-crystal X-ray diffraction study of 
KCßo and RbCöo- The relative chain orientations are different in the two compounds, 
which probably influences the electronic properties. This is discussed in light of ab- 
initio band structure calculations. 
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X-RAY DIFFRACTION RESULTS 

KC6o and RbC6o single crystals (typical volume 10"2 mm3) were obtained by 
stoichiometric doping of COO crystals at 400°C. A solid state transformation to the 
polymer phase was obtained by subsequent slow cooling to room temperature. The X- 
ray diffraction experiments (10) were performed using precession, fixed-film and 
diffractometer techniques. 

Precession photographs, which give a global view of the reciprocal space, were taken 
first. They reveal the existence of orientational domains, which appear at the transition 
from the cubic to the polymer phase. These domains are related by the point symmetry 
operations lost at the transition and their orientational relationships could be 
determined from analysis of the photographs. Additionally, we have shown that Bragg 
peaks satisfying the relation h+k+1 odd are present in KCöO but not in RbCöo- Thus, the 
Bravais lattice of polymerized KC6o is primitive, while that of RbC6o is body-centered. 

FIGURE 1. (a) Linear polymer chain running along a. (b) KC60 and (c) RbC«, unit cells. In (b) and (c), 
light lines indicate out of plane C«) and alkali ions. 

The two orthorhombic space groups compatible with the C6o chain symmetry are 
Pmnn and Immm (3). Thus, one may infer that KC6o space group is Pmnn, while 
RbC6o is Immm. For the Immm space group, if the chains are not oriented with their 
cycloaddition rings in the mirror planes perpendicular to b or to c (u=0° or 90°), they 
should take orientations n and -|i with equal probability. In a diffraction experiment, 
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this disorder would produce some diffuse scattering localized between the Bragg 
reflections. Careful search for such diffuse scattering, using the fixed-crystal fixed-film 
method under vacuum, to maximize signal-over-noise ratio, was carried out (fig.2). 
The results showed that there is no diffuse scattering in RbC6o, contrary to what would 
be expected for Immm. 

■%: ■<&..-»*';/• 

FIGURE 2. Monochromatic fixed-crystal fixed-film photographs from (a) a C60 crystal, (b) a RbC60 

crystal. In (a) and (b), the central ring, from background contributions, should be ignored. In (a), the 
arrows point toward the diffuse scattering due to the rotating molecules in pure C60 at room temperature. 
The diffuse scattering expected for orientational chain disorder in RbC60, which should be of the same 
order of magnitude, is absent in (b). 

Finally, Bragg peak intensity measurements on KC6o and RbC6o were performed on a 
three-circle diffractometer. Despite the existence of orientational variants, we 
succeeded in measuring a sufficient number of isolated peaks from a single variant. A 
single crystal structure refinement was then performed, minimizing the reliability 
factor i.e. the difference between calculated and measured structure factors (fig.2 in 
ref.(10)). For Pmnn KC6o, we obtain a minimum value of the reliability factor 
Rmin=0.16 for n«51°. An attempt to refine the RbC60 data for the Immm space group 
gives Rmin=4).24 for Uä48°. This configuration is in conflict with the absence of diffuse 
scattering, so that we were lead to consider a space group of lower symmetry than 
orthorhombic. The convenient space group compatible with the symmetry of the C6o 
chains is the monoclinic space group I2/m. A refinement within I2/m leads to an 
improved value of the reliability factor : R^äO-Oö, for |x«47°. This validates the I2/m 
structure. We note that no deviation from 90° (allowed by the monoclinic symmetry) 
has been detected within an experimental resolution of 0.5°. In any case, this deviation 
is expected to be small due to the rather homogeneous distribution of the C atoms 
around the chain axes. 

In summary, the chain orientation angles are similar in KC6o and RbC60 (51° and 
47°), in agreement with ref.(3), but these compounds are found to possess different 
space groups, Pmnn and I2/m, respectively. This implies different relative chain 
orientations; the chain orientations alternate (u and -u) in KC6o while they are parallel 
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in RbC60, as shown in fig. 1(b) and (c). The single-crystal X-ray diffraction and diffuse 
scattering study has thus evidenced an important structural difference between KC60 

and RbCöo- 

ELECTRONIC BAND STRUCTURE CALCULATIONS 

We now address the question of whether the different magnetic properties of KC6o 
and RbC60 can be explained by their different relative chain orientations. In ref. (11), 
first-principles electronic-structure calculations within Local Density Approximation 
(LDA) were used to calculate the single-particle band structure of the paramagnetic 
state A tight-binding fit of the conduction bands (fig.3(a)) was then used as the mput 
to a many-body model Hamiltonian in order to study magnetic fluctuations around the 
paramagnetic state. The orientational state was taken (for computational simplicity) to 
be I2/m, with p = 45°, which has now been found to be the correct space group for 

RbC6o; unit cell parameters were those of RbC6o- 

> 

-*--- Ep 

Hi a 
Ttfc   Jt/b 

FIGURE 3. (a) Tight-binding fit to the LDA conduction-band structure of RbC60 with space group 
I2/m; the bands are folded into the corresponding doubled Pmnn unit cell, (b) Full LDA band structure 
for the space group Pmnn. 

To repeat that calculation for the Pmnn space group describing KC60 is beyond the 
scope of this paper. Instead, we examine the input to the many-body calculation - 
namely, the conduction band dispersion within the LDA. We focus here solely on the 
differences between RbC60 and KC60 relative chain orientations. To make the 
comparison simpler, all other parameters are kept fixed. Fig. 3(b) shows the LDA band 
structure for the Pmnn space group, appropriate for KC60. The electronic dispersion of 
the lowest band is three-dimensional (11), despite the quasi-one-drmensional polymer 
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chains, for both I2/m and Pmnn chain orientations. For the I2/m space group, the rather 
flat band near the Fermi level (EF) in fig. 3(a) may contribute to the stabilization of a 
magnetically ordered ground state, in which a splitting of 0.1 eV results in a pseudo- 
gap near EF (fig.3 in ref.(ll)). For the Pmnn space group, this flat band at EF is 
completely absent. Without the peak at EF, the energy gain from exchange splitting is 
considerably reduced. We speculate that it is in fact insufficient to stabilize a magnetic 
ground state. This is consistent with the experimental findings (7,8). 

PRESSURE EFFECTS 

KCöO and RbCöo possess different chain orientations while their unit cell parameters 
are close. This may be related to the strong sensitivity of the orientational potential of 
the C6o chains with the interchain distances (12). Significant pressure effects may thus 
be expected. Indeed, resistivity measurements have shown that around 5kbar and 
180K, RbC6o exhibits a transition (13); NMR studies also show that the magnetic 
ground state disappears under pressure (8). Our present results about (i) the influence 
of the chain orientations on the electronic properties and (ii) the sensitivity of the 
orientational potential with the interchain distances, suggest that the transition 
evidenced in ref.(13) may be associated to changes in the chain ordering. Structural 
investigations under pressure would thus be very interesting. 
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Abstract. We report on the LixRbCM system whose structural behaviour has been 
explored as a function of Li content (2<x<6). Synchrotron X-ray powder diffraction 
measurements at ambient and high pressures and temperatures reveal the existence of low 
symmetry LixRbC6o phases. Stoichiometric Li2RbC60 shows a face-centred cubic (fee) 
structure, whereas increasing Li-content stabilises hep füllende arrangements. At high 
temperature, LixRbC60 (nominal composition, x~3.0) is hexagonal, partially transforming 
to monoclinic at room temperature. Moderate pressure (>2.5 kbar) also stabilises the 
monoclinic structure, which is characterised by much shorter interfullerene separations, 
reminiscent of those encountered in the two-dimensional polymer phase, Na^o- 

INTRODUCTION 

Since the discovery of superconductivity in alkali fullerides, many materials 
with stoichiometry A2A'CöO have been synthesised (where A, A'= Li, Na, K, Rb, Cs) 
[1] and studied in an effort to understand the variation of Tc with interfullerene 
separation. Tc is suppressed sharply with decreasing lattice size in sodium fullerides in 

which polymeric phases [2] also form below a critical C60 -C60 distance (-9.35 A). 

These structures are characterised by single C-C bridges [3] in contrast to the AC6u 

polymers (-9.11 A) [4], in which the Cg0 -Cg0 anions link via [2+2] cycloaddition. 

Here we report on the structural modifications occurring in the Li-Rb-Cöo phase field 
with variation of the Li content. Rietveld refinements of the synchrotron X-ray 
diffraction data suggest that low-symmetry phases with short interfullerene separations 
can be stabilised at various temperatures and pressures. 

RESULTS AND DISCUSSION 

We have synthesised a series of LixRbC60 materials with composition between 
2.0<x<6.0. The materials under investigation were prepared by solid state reactions of 
stoichiometric amounts of COO and the corresponding alkali metals at high temperatures 
[5]. Annealing at 703 K was employed for a period of 8-12 weeks. Preliminary X-ray 
diffraction patterns at room temperature were collected on a Siemens D5000 
diffractometer with CuKa radiation. Fig. 1 shows the results of LeBail refinements of 
two such samples. The salt with a nominal x~ 2.0 composition adopts a fee structure 
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(space group Fmlm) (Fig. 1(a)) with lattice size, a~ 13.9 A, similar to that reported 
before [5]. Peaks that are not accounted for arise from a remnant phase, which indexes 

on a hexagonal cell. Increased 
Li-content (x~ 4.0) diminishes 
the volume fraction of the fee 
phase with the hexagonal one 
now becoming the dominant 
phase (Fig. 1(b)). Reliable 
quantitative phase analysis of 
the intermediate nominal x~ 
3.0 composition was not pos- 
sible with laboratory X-ray 
data. For this purpose, high- 
resolution synchrotron X-ray 
powder diffraction measure- 
ments were undertaken at the 
ESRF, Grenoble. The lower 
symmetry of the structures in 
the LixRbC6o system contrasts 
with the behaviour of the 
LixCsC6o analogues in which 
increasing the amount of the 
intercalated Li+ does not affect 
the fee structure [6]. 

Powder diffraction data 
for LixRbC6o (x~ 3.0) were 

collected^ (i) at ambient pressure and variable temperature on the BM16 beamline (k= 
0.83502 A) for material loaded in a 0.5-mm diameter glass capillary and (ii) at high- 
pressure and variable temperature on the ID9 beamline (A= 0.49971 A) by employing a 
diamond anvil cell (DAC). Fig. 2 shows the diffraction pattern from BM16 at room 
temperature and the corresponding refinement with the LeBail pattern decomposition 
technique. The high resolution of the instrument allows excellent separation of the 
Bragg peaks and enables us to index them in a hexagonal (hep) cell (a= b= 10.212(3) 
Ä, c= 16.576(4) A). Although the observed extinction conditions {hhlU: 1= In) are 
consistent with the space group P63/mmc or one of its subgroups, there are clearly 
three observed peaks at 26= 8.15°, 8.52°, and 13.12°, which cannot be described by 
either the hep or fee extinction rules. Two-phase analysis of the profile leads to the 
remaining reflections to be indexed on a body-centered monoclinic cell with lattice 
constants, a= 11.305(4) Ä, b= 11.754(3) Ä, c= 10.252(2) Ä, ß= 96.05(3)°. The 
remarkable improvement of the quality of the fit is reflected in the substantially 
reduced %2 values, from 7.7 to 2.3 in the two-phase model. 

This monoclinic structure is reminiscent of that observed before for Na^o, in 
which the fullerene molecules form a two-dimensional network [7] with the nearest 
neighbour directions defined by the vectors '/i(a+b+c) and ^(a-b+c). The nearest inter- 

FIGURE 1. LeBail refinements of the room temperature X- 
ray diffraction patterns for LixRbC60 with nominal x= 2 (fee) 
(a) and x= 4 (hexagonal close packed) (b) compositions. 
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500 

fullerene distance in the present case is -9.3 A, comparable to the singly-bonded 
Na2(A,A')C6o polymeric fullerides [2,3] and the dimer phases of AC60 [8] and (C59N)2 

[9] solids. The thermodynamic stability of Li3RbC60 was also addressed by high 
temperature diffraction measurements. The inset of Fig. 2 displays the synchrotron 
data at T= 573 K. Analysis of the pattern with the LeBail method (space group 
P63/mmc) shows a complete transformation to a single phase hep structure with an 
ideal da ratio (a= b= 10.196(2) Ä, c= 16.652(2) Ä). 

The low-symmetry monoclinic phase found at room temperature in Li3RbC6o 
was investigated further at high temperature and under applied pressure. Synchrotron 
X-ray powder diffraction data were collected on the same Li3RbC60 sample as before, 
but now loaded in a DAC, with mineral oil as the pressure medium. We find that even 
moderate pressure, P~ 2.5 kbar leads to the stabilisation of the body centered 
monoclinic phase. Fig. 3 presents the results of a two phase Rietveld refinement of the 
diffraction profile of Li3RbC60 at T= 448(22) K and P- 4 kbar. The two phases used 
are the body centred monoclinic one (a= 11.179(3) A, b= 11.657(4) A, c= 10.210(3) A, 
ß= 96.10(2)°; space group 121m) which accounts for -92% of theo volume fraction of 
the material and the untransformed hep phase (a= b= 10.165(16) Ä, c= 15.994(17) A; 

space group P63/mmc), 
encountered at high 
temperature, with the 
C6o electronic density 
centred at the 2c 
(1/3,2/3,1/4) site. In 
view of the similarities 
of these diffraction data 
to those of Na^o [7], 
Rietveld refinements of 
the Li3RbC60 X-ray 
pattern were undertaken 
both in the 121m and 
P2\ln monoclinic space 
groups. The limited Q- 
range of the present 
data cannot clearly 
differentiate between 
these two; however, the 
refinements at this stage 
are partially in favour 
of the former space 
group. The alkali metals 
occupy distorted 4/ (x= 

0.649(1), z= 0.481(2)) and Ah (y= 0.255(2)) pseudotetrahedral sites, whereas the C60 

units are centred at the 2a site. 121 m also assumes binary disorder of the C60 units 
(instead of the ordered füllende arrangement in P2lln) at an orientation, defined by the 
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FIGURE 2. Synchrotron X-ray diffraction patterns of Li3RbC60 at 
298 and 573 K (inset). The arrows indicate Bragg peaks not indexed 
in the hep cell, but in a body-centered monoclinic one. 

54 



6000 

■■= 4000 

3000 

2000 

T~ 448 K, P= 4 kbar 

in i     11  i im in i urn mi iniiiii mi iniiiiiiimiiiiiiiiii 
i ii      i    i   i mi i i   in HIM 11 in mim nun 

8 

26 (deg) 

10 

FIGURE 3. Rietveld refinement of the synchrotron X-ray 
diffraction pattern of I^RbCjo at high pressure and temperature. 
The top set of ticks mark the reflections of the body-centered 
monoclinic structure and the bottom those of the minority hep 
phase. 

CONCLUSIONS 

Euler angles (y, Ö, <j>)= 
(-55.3°, 25.8°, 49.1°). This 
model gave a good 
description of the LisRbCöo 
structure (Rwp= 13.9%, 
/?exp= 12.3%), which can 
be viewed as a two- 
dimensional network of 
fullerene units, forming 
short covalent-like (single 
C-C) bonds along the 
(0,0,0)-(V4,V4,V4) direction 
(«9.23    Ä)    and    longer 

interfullerene distances 
along the (0,0,0)-(-V4,V4,Vi) 
direction (=9.87 A) of the 
unit cell. 

We have presented a brief description of temperature and pressure driven 
phase-changes observed in LixRbC60. The fee Li2RbC60 phase changes to hep 
modifications at x>3, with application of moderate pressure (>2.5 kbar) stabilising a 
body centered monoclinic phase with very short intermolecular distances (-9.23 A), 
reminiscent of the two-dimensional polymeric structure of Na^o- 
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Abstract. The conduction electron spin resonance (CESR) of K3C60 single crystal 
and powder samples was studied from temperatures well below the superconducting 
transition (Tc=19 K) to 800 K. Several ESR frequencies were used with corresponding 
magnetic fields up to 8 T. We observed an anomalous change of the g factor with 
temperature in the superconducting state which may arise from an anisotropy of the 
superconducting energy gap. We proved that the change of the g factor is not caused 
by diamagnetic screening. 

In the literature there are only a few attempts to observe the conduction electron spin 
resonance (CESR) in superconductors below the critical temperature [1,2]. Experimen- 
tally, it is rather difficult to observe CESR in the superconducting state. Only type-II 
superconductors with reasonably high transition temperatures and upper critical fields 
can be reasonable candidates. However, in most superconductors — e.g. in cuprates — 
spin lattice relaxation due to impurities or phonons prevent the observation of the CESR 
in the normal state. Vier and Schultz [1] report a relatively broad CESR in high purity 
Nb using the transmission technique. Delrieu et al [2] report a CESR in the organic 
superconductor (TMTSF)2C104 at very low fields and below 1 K. In these materials the 
lines do not follow simple expectations. In particular, the shift to higher field expected 
from the decrease of the field within the sample due to diamagnetic screening was not 
observed. 

In this contribution we report the observation of CESR in the superconducting state 
of the füllende metal, K^Ceo- This material is an excellent candidate for testing theories 
of CESR in the superconducting state. It has a high Tc of 19 K in zero magnetic field, its 
upper critical field is above 20 T, it consists of light elements and the spin relaxation time 
is long in the normal state. It has a cubic structure and there is no g factor anisotropy 
broadening. The main experimental difficulty is the sensitivity of the material to oxygen 
and the almost inevitable presence of other impurity phases and paramagnetic resonance 
lines which are apparent in Figure 1. 

We studied the CESR of several K3C60 powder and crystalline samples prepared in 
different ways, in the temperature range of 2 K to 800 K and using several ESR frequencies 
and corresponding magnetic fields between 0.3 T and 8 T. In the normal state we observed 
an increase in the g factor and the spin relaxation rate between approximately 50 K and 
ambient (« 300 K) temperature. This g factor anomaly of K3C60 in the normal state was 
first reported by Petit et al [3]. In the superconducting state the linewidth of the resonance 
showed a well-defined minimum. The initial decrease below Tc was field independent and 
followed the theory of Yafet [4], which predicts that the impurity spin scattering rate of 
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CONDUCTION ELECTRON SPIN RESONANCE 
IN CRYSTALLINE K,C„ SAMPLE 

CONDUCTION ELECTRON SPIN RESONANCE 
IN POWDER K^ SAMPLE 

8.06 8.07 
MAGNETIC FIELD (T) MAGNETIC FIELD (T) 

FIGURE 1. CESR of K3C60 crystalline and powder samples at 225 GHz. The resonance rapidly 
shifts to higher fields with decreasing temperature in the superconducting state. Left: Crystalline 
sample prepared with KN3 reaction. Note the intense Curie-like impurity lines in lower fields. 
Right: Powder sample prepared by vapor-phase reaction. Below Tc the resonance splits into two. 

normal excitations tends to zero as T—>0. These effects can be seen in Figure 1. 
However, in this contribution we restrict our scope to the anomalous shift of the reso- 

nance to higher field in the superconducting state with decreasing temperature. We seek 
to prove that the origin of this shift is a change of the g factor, although there is a smaller 
contribution from the diamagnetic screening in lower fields. 

In the superconducting state, diamagnetic currents decrease the external magnetic field 
inside the sample; thus one expects the CESR to shift to higher field from the normal 
state position. The diamagnetic screening was studied via the static magnetization of the 
sample using a SQUID magnetometer. At fixed temperature and changing magnetic field 
the magnetization showed the typical hysteresis loop characteristic of type II supercon- 
ductors, displayed in Figure 2 lower panel. The magnetization decreases with increasing 
magnetic field; thus we expect the CESR shift to decrease with field as well. However, we 

z 
1 
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is   0 

FIELD DEPENDENCE OF CESR SHIFT 

AT SEVERAL TEMPERATURES 9K: 

10 K: 

STATIC MAGNETIZATION 

SQUID MEASUREMENT AT T=6K 

ref. V       — 

0 3 6 9 
MAGNETIC FELD (T) 

FIGURE 2. Upper panel: CESR shift of K3C60 relative to 20 K position vs. resonance field 
at constant temperature showed that CESR shift increased with magnetic field (below 10 K). 
ESR frequencies used: 75, 105.1, 150 and 225 GHz. Lower panel: Hysteresis loop of static 
magnetization from SQUID measurement of the same crystal showed that diamagnetic screening 
would cause smaller CESR shift at higher field. Inset: Due to vortex-pinning static magnetization 
is larger in decreasing than in increasing magnetic field. CESR at 10 K in 3.77 T field showed 
opposite irreversible effect. 
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DC-SQUID MEASUREMENTS 
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FIGURE 3. Left: Field Cooled (FC) magnetization of a K3C6o crystal is much smaller than 
Zero Field Cooled (ZFC) magnetization because of vortex pinning and superconducting shielding. 
Right: FC magnetization from left was converted to ESR-shift scale assuming a demagnetization 
factor of a sphere (ndemag = &r/3). The temperature dependence of the measured CESR shift 
differs from the expected shift due to diamagnetic screening based on the FC magnetization of 
the same crystal in the same 2.68 T magnetic field. 

observed a larger CESR shift in larger fields as shown in the upper panel. This is our first 
proof that the CESR shift is only partially caused by the diamagnetic screening. Note 
that in lower fields (2.68 T) we indeed saw a larger CESR shift in accord with the larger 
expected diamagnetic effect and smaller g factor related shift. 

In the SQUID measurements (Figure 3 left) there is a large difference in so-called 
Field Cooled (FC) and Zero Field Cooled (ZFC) magnetization curves [5] due to vortex 
pinning. ESR experiments almost always follow the FC route. However, we tried a few 
ZFC experiments (turning off the magnet and then cooling the sample). We observed a 
minor difference between ZFC and FC sweeps in the ESR, although the SQUID implies 
a huge difference if the shift is caused by diamagnetic screening. On Figure 3 right we 
show the temperature dependence of the CESR shift in 2.68 T and the rescaled FC 
magnetization curve in the same field. We calculated the magnetic induction inside 
the sample from the measured magnetization, assuming the demagnetization factor of 
a sphere (87r/3). The figure shows that even in the lowest field, diamagnetic screening 
alone cannot account for the observed CESR shift. 

The demagnetization factor is geometry— and thus sample-dependent. Therefore one 
expects different CESR shifts at the same temperature and in the same field for different 
samples if the CESR shift is caused by diamagnetic screening. In Figure 4 left we show 
CESR shifts in 8 T field (225 GHz) from several powder and crystal samples; clearly 
this difference was not observed. A change in the g factor gives a relative CESR shift 
proportional to magnetic field, therefore such an effect is most apparent in high field 
where any diamagnetic effect is small as well. We divided the CESR shifts (relative 
to the 20 K position) by the resonance field and plotted it against the renormalized 
temperature — the critical temperature decreases with increasing magnetic field. This 
renormalized CESR shift should be proportional to the change in g factor and be field 
independent. As Figure 4 right shows, the shifts in higher fields behave similarly. The 
2.68 T shifts have a large diamagnetic contribution. 

The shift vs. temperature curves did not flatten even approaching the lowest attainable 
temperature 3 K (see Figure 4 left); therefore a model based on a coupled resonance to 
an impurity phase (e.g. KiC6o) or some other ESR centers inside K3C6o (e.g. vacancies) 
seems difficult. We propose an anisotropy in the superconducting gap A(k) to explain 
the shift of the CESR as follows: The g factor depends on k-space position [6]:  g(k). 
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FIGURE 4. Left: Several powder and crystal K3C60 samples showed the same temperature 
dependent CESR shift in the superconducting state in 8 T magnetic field independent of their 
shape. Right: CESR shifts of a K3Ceo crystal in four magnetic fields were measured. To prove 
g factor like behaviour the shifts relative to 20 K position are normalized by the external magnetic 
field. Temperatures are normalized by the magnetic field dependent critical temperature. 

However, in the normal state, conduction electrons scatter rapidly and <g(k)) the average 
over the Fermi-surface is measured. Below Tc there is a gap for quasi-particle excitations 
and the k direction of smallest gap with decreasing temperature becomes increasingly 
more populated. For an anisotropic gap the resonance shifts towards the g factor for the 
direction with minimum gap. A crude model of an anisotropic gap is a system with 2 
energy levels above the ground state: 

9(T) = 

■\  ^)+e(" 

,{   *BT) 

V     "BT)   +e{     kBT) 

5 = 0.12A(T) provided a fit to the measured curves as shown in Figure 4 left dotted line 
and 12% is a crude estimate of the anisotropy required to explain the CESR shift. 

In conclusion we observed the conduction electron spin resonance of the normal electron 
excitations in K3C60. We found anomalous shifting behaviour of the resonance position 
We proved that this shift is partly caused by diamagnetic screening in low field and 
mostly caused by a change in the g factor. We proposed to explain this g factor change 
by a 12% anisotropy in the superconducting gap. 

We are indebted to C. L. Lin for his help with the SQUID measurements at Tem- 
ple University. Work in Philadelphia was supported by NSF DMR9730298 Work in 
Budapest was supported by OTKA T029150 es FKFP 0352/1997. 

REFERENCES 

1. D. C. Vier and S. Schultz. Phy. Lett, 98A:283, 1983. 
2. J. M. Delrieu et al. J. de Physique, 44:C3-1033, 1983. 
3. P. Petit et al. Phys. Rev, B, 54:R3764, 1996. 
4. Y. Yafet. Phys. Lett, 98A:287, 1983. 
5. V. Buntar et al. Phys. Rev. B, 54:14128, 1997. 
6. Y. Yafet. Solid State Phys., 14:2, 1963. 

59 



Orientational Ordering of Alkali 
Ammonia Clusters 

in Ammoniated Alkali Fullerides 
(NH3)K3C6o and (ND3)K3C6o 

K. Ishii*, T. Watanuki*, A. Fujiwara*, H. Suematsu*, 
Y. Iwasat, H. Shimoda*, T. TakenoW, and T. Mitanit 

'Department of Phyvcs, The Universtiy of Tokyo, Hongo, Bunkyo-ku   Tokyo 113-0033  Japan 
t Japan Advanced Institute of Science and Technology, Tatsunokucfo, Ishzkawa 923-1292, Japan 

Abstract. Synchrotron x-ray diffraction measurements of (N^Ceo and 
WDOKaCeo have revealed a structural phase transition at Ts ~ 150 K. lne low- 
emp rature phase has a unit cell derived by doubling the unit lattice -ctors of high- 

temperature phase, and is characterized as an or.entationally ordered state of the 
K-NH3 pair at the octahedral site of the C6o lattice. At 100 K<T< T a negative 
thermal expansion is observed at the a6-plain where K-NH3 pairs he, which is related 

to the ordering of K-NH3 pair. 

INTRODUCTION 

Some attempts of ammoniation of superconducting A3C6o (A is an alkali atom) 
have been performed to obtain a compound with larger lattice constant and higher 
superconducting transition temperature (re). While the increase of T was ob- 
served in the successful case of (NH3)4Na2CsC60 [1], (NH^KsCeo does not become 
a superconductor [2], but transits to a magnetic ground state [3,4]. 

In the viewpoint of the crystal structure, the introduction of ammonia to alkali 
füllende brings a displacement of alkali atom to a lower symmetry site with a disor- 
der The room-temperature crystal structure of (NH3)K3C60 has been determined 

as an orthorhombic structure slightly distorted from fee [2 . K «^^ 
octahedral site are oppositely displaced from the site center m the (IK)) direction 
and the K-NH3 pair directs randomly in one of four equivalent directions. _ Inis 
directional disorder is plausibly dynamic at high temperatures where ammonia ion 
is carried out (from room temperature to 100 °C), and we expect an ordered state 
caused by freezing of intercalant motion at a low temperature. Such a structural 
phase transition was reported in C60-n-pentane clathrate [5]. This type of transition 

has been observed in the case of (NH3)K3C60 in the present study. 
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EXPERIMENTAL 

The polycrystalline sample of (NH^KsCeo was synthesized by the direct reac- 
tion of K3C60 and NH3 gas. The detail was presented in the previous report [3]. 
The sample was sealed in a thin glass capillary for x-ray diffraction experiments. 
Synchrotron x-ray diffraction measurements were carried out at Photon Factory 
(BL6C1 and BL18C), KEK, Tsukuba. The incident x-ray was monochromatized 
at wavelength 1.100 Ä with a Si double crystal and collimated to 0.2-0.5 mm in 
diameter. An imaging plate was used for detection of the Debye rings, which was 
converted in the conventional spectrum by integrating the intensity along the ring. 
We also measured a deuterated sample, (ND3)K3C6o in a similar way. 

RESULTS AND DISCUSSION 

Figure 1(a) shows the powder x-ray diffraction spectra of (NH3)K3C6o at 300 
K and 15 K. The spectrum at 300 K is consistent with the previous report [2]. 
At 15 K, however, we observed a number of extra peaks and found a structural 
phase transition. These peaks correspond to the index of half an integer or the 
forbidden reflections in the face-centered lattice at 300 K. The unit lattice vectors 
at the low-temperature phase should have a double size of the fundamental ones. 
From the reflection conditions h + k, k + l, l-\-h = integer (here, hkl is the index in 
the fundamental unit cell) and the absence (100), (010), and (001) peaks, we can 
determine the space group as Fddd. 

As the origin of the structural phase transition we can consider some possibilities, 
such as the Ceo dimer or polymer formation, the orientational ordering of COO 

molecules, or the positional ordering of K and NH3 at the octahedral site. The 
possibility of dimerization or polymerzation is very low because the intermolecular 
distance of COO, 10.1 Ä in the present case, is too large to form a covalent bond. 
The orientational ordering of COO cannot explain the observed strong intensity of 
superlattice reflections in the low-angle region. Therefore we proceed the structural 
analysis on the basis of the positional ordering of K-NH3 pairs. 

In order to satisfy the space group Fddd, we should put the off-centered potassium 
atom on the S2h (origin choice 2) position (j + Sx,8y,0), where (|,0,0) is the center 
of the octahedral site and (8x,6y,0) is a displacement vector. The NH3 molecule 
is placed at an off-centered position in the opposite direction to potassium. All 
C6o molecules were aligned in the same direction following the previous report 
about the room-temperature structure. Based on this model, we carried out the 
Rietveld analysis with use of the RIETAN program [6], and obtained a good fit 
with Rwp=2.63Vo and Rj=2A5%. All positions of atoms and molecules are reported 
elsewhere [7]. As shown in Figs. 1 (b) and (c), the crystal structure of the ordered 
phase is characterized as the alignment of the K-NH3 pairs in an antiferroelectric 
fashion. This can be understood in terms of the electrostatic interaction between 

61 



e s 

10    15    20    25    30    35    40    45 
26 (degree) 

K-NH3 

FIGURE 1. (a) Powder x-ray diffraction spectra of (NH3)K3C6o at 300 K (upper panel) and 15 

K (lower panel). The insets are magnifications of the low-angle region. The cross marks represent 

observed intensity, and solid lines are the results of Riet veld refinement. The arrows indicate 

the superlattice reflections, (b) Crystal structure of the low-temperature phase near z=0. (c) 

Schematic view of the unit cell. The arrows represent K-NH3 pairs. Potassium atoms in the 

tetrahedral site are not shown for simplicity. 

K+ ions at the octahedral site. The pairs on the upper a6-plane are perpendicular 
to those on the lower plane. 

We observed the same transition in (ND3)K3C60. Figures 2 (a) and (b) show 
the temperature dependence of superlattice reflection intensity in (NH3)K3C60 and 
(ND3)K3C60, respectively. The reflections appear below Ts ~ 150 K, and the 
difference between NH3 sample and ND3 sample is too small to distinguish in 
this experiments. Little influence of deuteration to Ts seems to support that the 
transition occurs mainly by the electrostatic interaction of K+ ions. 

The temperature dependence of the lattice constants in (NH3)K3C6o is shown in 
Figs. 2 (c) and (d). The difference between a0 and b0 is very small, so that the 
average value is given in the figure. A most remarkable feature is the negative 
thermal expansion in a0 (and b0) between 100 K and 150 K, whereas we observe no 
anomaly in CQ. This temperature region just corresponds to that of the evolution 
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FIGURE 2. (a), (b) Temperature dependence of superlattice reflection intensity of (NH3)KsC6o 
and (ND3)K3C6o, respectively, (c), (d) Temperature dependence of the lattice constants in 
(NH3)K3C6o- Open makes and filled marks represent the data in cooing and heating run, re- 
spectively. Solid lines are guide to eyes. 

of the superlattice reflections, which suggests that the negative expansion is closely 
related to the orientational ordering of the K-NH3 pair in the a6-plane. We found 
that the distance between K and NH3 increases below Ts than that above Ts and 
this could be a reason for this anomaly. 
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Electron Spin Resonance(ESR) at ambient and under high pressure and optical reflectivity 
measurements were used to study the consecutive phase transitions in Na2AC6o family of 
füllende compounds. The high temperature/cc phase in all three A=K, Rb, Cs compounds are 
found to show semi-metallic behaviour. For the first time a peculiar sequence of phase 
transitions from semi-metallic to metallic to superconducting phases are observed in 
Na2CsC6o- The metallic properties of the polymeric phases in A=K, Rb were established. 

INTRODUCTION 

The steeper dependence of superconducting transition temperature Tc on the lattice 
constant in Na2AC6n compounds1 with respect to other (not Li or Na based) A2A'C6o 
(A, A'=K, Rb, Cs) or A3C6o (A=K, Rb) compounds has still not been satisfactorily 
explained. It is experimentally well established from both physical and chemical 
pressure studies that the variation of Tc is related to the change in the density of states 
at the Fermi level, N(eF). Therefore, a different dependence of N(eF) on the lattice 
constant a is expected for Na2AC6o compounds. The low temperature phase of 
Na2AC6o is sc with orientational order2'3 in contrast to the merohedrally disordered fee 
phase of the A2A'C6o compounds. This is ascribed to the smaller size of Na that 
promotes a configuration where the nearest possible distance between C atoms on 
adjacent Ceo balls is achieved. Based on the different structure of Na2AC6o 
compounds it was argued that modified electron hopping is responsible for the 
different variation of N(£F) with a. It has to be pointed out that in their early work 
Maniwa et al.4 indeed found a scaling of Tc with locally measured N(eF) in Na2(K, 
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Rb)C6o but the values are deduced in the temperature range where a polymer phase is 
also present, at the time yet unkown. No evidence for a different variation of N(£F) on 
a is found in Na2CsC6o and K3C60 or RD3C60 in the work of Tanigaki et. al.5. Most 
probably it is the single electron band modell which fails to explain for all 
experimental observations. As already mentioned Na2(K, Rb)C6o undergoes 
polymerization below 250 K at ambient pressure6 whereas Na2CsCöo polymerizes 
only under pressure7. In contrast to the doubly bonded A1C60 polymers8, Na2AC6o 
polymer forms single bonds. In this work we present a comprehensive study of the 
physical properties of Na2AC6o compounds in all their three structural phases. We 
show that the sc and the polymer phases are metallic, whereas the high temperature 
fee phase shows a semi-metallic behaviour, adding a new phase to the already very 
rich phase diagram of CöO füllendes. We discuss how the observation of this phase 
might be linked to the peculiar properties of Na2ACöo compounds. 

EXPERIMENTAL 

Samples were prepared by conventional solid-state reaction method. Phase purity was 
checked by X-ray diffraction. ESR experiments were performed on commercial ESR 
spectrometer and cavities in X-band (at 9.5 GHz) in the temperature range of 5 to 800 
K. ESR intensities were thoroughly calibrated by CuS04 ■ 5H2O reference samples 
and also all experimental conditions were monitored in the full temperature range for 
a reliable measure of the spin-susceptibility. When studying polymerization, slow 
cooling rate was imposed (typically 50 K/hour). Quenching was done by immersing 
the sample from room temperature into liquid nitrogen and putting it in the precooled 
ESR cryostat, immediately. High pressure ESR studies were performed up to 5 kbar. 
The infrared reflectivity measurements were performed up to 14000 cm"1 in a sealed 
sample holder with a wedged diamond window described in Ref. 9. 

RESULTS AND DISCUSSION 

Polymerization in Na2KCfio and Na2RbCöo 

At room temperature the ESR signal of Na2RbC6o consists of single relaxationally 
broadened line with a linewidth of 4 mT. This is the conducting ESR(CESR) signal of 
the metallic simple cubic (sc) phase. As shown in Fig. la. when the sample is slowly 
cooled below 250 K a new line appears with a linewidth of 0.5 mT. Similar signals 
are observed in Na2KC6o with the only difference in the linewidths (1.2 mT and 0.2 
mT for the signal of the room temperature sc phase and for the new signal appearing 
below 250 K, respectively) that is due to the scaling in the CESR relaxation rates 
which are dominated by the spin-orbit coupling on the alkali (Rb or K). Since this 
temperature range coincides with the appearance of the polymer phase we associate 
the new signal with that of the polymer. Fig. lb. and lc. show the intensities and 
linewidths of the two lines after deconvolution into two derivative Lorentzian lines. 
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The broader signal corresponds to the sc phase while the narrow component to the 
polymer. Unless quenched, Na2KCöo was always found to fully polymerize below 200 
K whereas polymerization is only partial even for slow cooling for Na2RbC6o- In the 
temperature range of 250-200 K intensity of the ESR signal of the polymer increases. 
The signal of the sc phase drops at the same time with an amount equal to the increase 
in the intensity of the polymer phase. Therefore the susceptibility of the polymer 
phase is equal to that of the sc that is 3-10"4 emu/mol. The polymer fraction saturates 
at 200 K at a ratio of 1:4 polymer/cubic. Significantly reduced cooling rate did not 
enhance polymerization. Hysteresis is observed in the polymer fraction in agreement 
with hysteretic lattice constant data10. Hysteresis is explained by macroscopic strains 
in the polymer phase. In the temperature range where polymerization is completed, for 
both compounds the polymer phase shows a simple metallic susceptibility and for 
Na2RbC6o the still present sc phase is also a metal. Below 50 K susceptibility of the 
polymer appears to increase, an effect explained by an impurity phase which 
linewidth and g factor are close to that of the polymer. This impurity phase was also 
found in quenched experiments were the polymer was not present. X-band ESR 
technique is limited at this point and NMR or high-field ESR is required for the study 
of the single bonded polymer below 50 K. ESR linewidth of Fig. lc. shows a clear 
linear, i.e. phonon dominated, relaxation mechanism of both phases. The slight up- 
turn of the linewidth of the polymer is an effect of the impurity phases. The smaller 
ESR linewidth of the polymer implies that the electronic wave functions in this phase 
overlap less with the alkali than that of the sc phase. 
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FIGURE la. The emerging line in the ESR signal of Na2RbC60 below 250 K is from the polymer 
phase. Due to its longer relaxation rate i.e. higher relative amplitude the new line dominate the ESR 
signal. Fig. lb. and Fig. lc. show intensity and linewidth of ESR lines. The right hand scale of Fig. 2a 
shows the spin-susceptibility of the signal normalized by the full amount of sample. It gives a measure 
of the spin-susceptibility in the presence of one line only. 
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In Fig. 2. polymerization is shown under pressure for Na2KC6o. The linewidth for both 
phases shows a decrease in agreement with a model of a 3D metal by Elliot . This 
variation of the linewidth of the polymer phase can be contrasted to the behaviour in 
AiC6o polymers where the linewidth increases under pressure implying a ID 
electronic properties12. 
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FIGURE 2. High pressure induced polymerization in NajKQo at ambient temperature (295 K). Solid 
lines are guides to the eye. Arrows indicate the direction of pressure change. Linewidth of the cubic 
phase shows hysteresis. 

High temperature fee phase in Na2(K, Rb and Cs)C60 

As is it shown in Fig. lc. the sc-fee phase transition around room temperature can be 
traced in the ESR spectra as an extremum in the linewidth. The temperature of the 
extremum (310 K) is close to the value found by Tanigaki et al.2 (313 K) in DSC 
studies for Na2RbC6o- Above this transition temperature linewidth shows a non-linear 
temperature dependence. Also hysteresis in the linewidth is observed after the 800 K 
heat treatment. For all three compounds through the sc-fee transition temperatures the 
spin-susceptibility changes continuously with a gradual drop that is most significant 
for Na2CsC6o (not shown), where the spin-susceptibility drops a factor of 2 in the 
temperature range of 300-800 K. The temperature dependence of the spin- 
susceptibility variation resembles a Curie-like dependence, although from the Curie 
constant we obtain only 1/7 spins per C6o units. The situation therefore is not at all 
analogous to the case of CsC6o where in its high temperature monomer phase the 
Curie-like susceptibility corresponds to one spin per C6o'3. Apart from localization, 
other models like change in the density of states due to lattice expansion or assuming 
the development of a spin-gap for the conducting electrons would give just the 
opposite trend in the temperature dependence of the spin-susceptibility. In the fee 
phase the ESR linewidth is still large therefore spins are not localized on C6o balls. To 
further clarify the nature of this high temperature fee phase we performed IR 
reflectivity  studies.   Based  on  our  preliminary  results,   a  metal  to   insulator 
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transition(MIT) is found through the sc-fcc phase transition those nature is discussed 
in more detail in Ref. 9. All these observations point toward a picture where the 
experimental results in the fee phase are not explained by a single electron model but 
electron-electron correlations should be taken into account. This semi-metallic phase 
is believed to arise as a results of close criticality to a MIT due to strong correlation 
effects. Most probably Anderson-like disorder, due to the free tumbling of Jahn-Teller 
distorted COO balls, also plays an important role in determining the physical properties. 
Additional theoretical work is required to further elucidate the nature of this high 
temperature phase to coherently explain all the observations. We believe that this 
close proximity to a non-metallic phase is inherited into the low temperature sc phase 
that would explain the difference in response of Tc to the lattice parameter between 
the fee A2A'C60 and sc Na2AC,so compounds. 

CONCLUSIONS 

ESR and optical reflectivity measurements have shown: i.) polymerization can be 
followed in Na2KC6o and Na2RbC6o- Down to low temperatures the polymer remains 
a metal. Its susceptibility is reminiscent to that of the simple cubic metal, ii.) The high 
temperature fee phase in all Na2KCöo, Na2RbC6o and Na2CsC6o compounds is shown 
to be semi-metallic. This is believed to be linked to the unique properties of Na2AC6o 
compounds among other A2A'C6o materials. 
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Abstract Structure and physical properties of a pressure induoed superconductor Cs3C«o were 
studied by X-ray powder diffraction and ESR methods. All X-ray diffraction patterns below 300 
K under ambient pressure (1 bar) showed that Cs3C6o took a body-centered orthorhombic (bco) 
structure as main phase and an A15 structure as minor phase. The ESR at 1 bar showed that 
Cs3C<;o was metallic fiom 2 to 290 K. The pressure dependence of X-ray powder diffiaction 
showed a disappearence of A15 phase above 20 kbar. The compressibility for the bco phase of 
Cs3C6o, 3.1 x 10"3 kbar"1, was similar to those of Rb3C6o and K3C<» 

INTRODUCTION 

Cs3C60 is a pressure induced superconductor with a superconducting transition 
temperature Tc of 40 K at 14.3 kbar.1A superconducting transition was not observed for 
Cs3C60 under ambient pressure (1 bar). However, the transition was observed by 
applying pressure, and the Tc raised with an increase in pressure. This is a contrast to the 
other fullerene superconductors, which show a decrease in Tc by applying pressure. The 
increase in Tc for Cs3C60by applying pressure is inconsistent with the model that a band 
broadening caused by the increase in pressure reduces the density of state, N(z?), and Tc. 
Palstra et al. proposed three differenet explanations for the increase in Te

x The first 
explanation is that the shielding currents are suppressed by a disorder owingto the fine 
grain and the exsitence of two phases of a body-centered tetragonal (bet: Wmmm) and an 
Al 5 (Pm3n) structures at 1 bar.' The disorder may reduce Tc by afluctuation in the phase 
of the superconducting order parameter W. If one phase is realized under high pressure, 
applying pressure should reduce the fluctuation and improve the superconducting state. 
In fact, Palstra et al. found a disappearence of A15 phase under high pressure.1 As the 
second explanation, they pointed out that applying pressure should improve the 
connectivity of material by pressing the grains. The improvement of the connectivity can 
reduce the phase fluctuation. The third explanation is that Cs3C6o is a Mott-Hubbard 
insulator. If Cs3C60 is an insulator at 1 bar, applying pressure can lead to a metallic state 
and further a superconducting state. In this paper, we report the structure and physical 
properties ofCs3C6o under ambient and high pressures inorderto clarify the origin ofthe 
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peressure induced superconductivity. 

Experimental 

The Cs3C60 sample was prepared by a synthesis method using liquid NH3.' The sample 
obtained was transferred into a 0.7 mm quartz capillary in a glove box for the Raman, ESR 
and X-ray diffraction measurements under ambient pressure and into the diamond anvil 
cell for the pressure dependent X-ray diffraction measument. The Ag(2) Raman peak of 
the sample was observed at a center frequency m0 of 1449 cm"1, showing that the sample 
was Cs3C60. The X-ray diffraction pattern was measured with a synchrotron radiation at 
the BL-6C in KEK-PF; the wavelength, X, of X-ray beam was 1.100 and 0.689 Ä for the 
X-ray diffraction measurements under ambient and high pressures, respectively. Rietveld 
analysis was performed with RTETAN-94 program.2 The ESR was measured with an 
X-band ESR spectrometer (Bruker ESP300). 

Results and Discussion 

Figure 1 shows the X-ray diffraction patterns for Cs3C60 at 300 and 9 K under ambient 
pressure. Both X-ray diffraction patterns could not be reproduced with abet and an Al 5 
structures. Rietveld analysis for X-ray diffraction pattern at 300 K was performed with 
a body-centered orthorhombic (bco; Immm) and an Al 5 structure (= 5%). The bco 
structure was producedby eliminating a four-fold axis from the bet structure ofM/mmm.1 

Recently, Rosseinsky's group reported that Cs4C60took abco structure.3 The structure 
was the same as that of Cs3C60 except for the occupancy of Cs atom. The weighted 
pattern R factor, Äwp, and the patterni? factor, Rp, in the final refinement were 4.85 and 
3.77 %, respectively. The lattice constants a, b and c were 11.843(7), 12.220(7) and 
11.464(6) A at 3 00 K, respectively. The C60 molecule is orientationally ordered in the bco 
structure. The Cs atom occupied 4f and4h sites with occupancy of 0.75(2). The atomic 
parameters determined from the X-ray diffraction patteren at 300 K are reported 
elsewhere.4 No new peaks were observed in the X-ray diffraction pattern at 9 K except 
for a weak peak around 26 = 12.8°;theoriginfortheweak peak could not be clarified. The 
X-ray diffraction pattern at 9 K could be reproduced with the bco and the Al 5 structures 
(i?wp = 5.68,7?p =4.45%). The a,b andewere 11.773(7), 12.160(8) and 11.433(7) A at 
9K, respectively. The expansion coefficients, a's, for a, b and c determined from the 
X-ray diffraction patterns above 70 K were 2.8 x 10"5, 2.4 x 10"5, and 1.5 x 10"5 K"1, 
respectively. Figure 2 shows the temperature dependence of volume, Fand the curve 
based on the Debye approximation (Debye temperature 6D =439(9) K). A small drop of 
V was observed around 100 K. However, it could not be concluded whether the drop was 
related to the structural phase transition. The a for Fwas estimated to be 6.8 x 10" K" , 
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which was smaller than that for Rb3C60 (9.3 x l(r5 K"1).5 
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FIGURE 1. X-ray diffraction pattern at 1 bar. 
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FIGURE 2. Temperature dependence of V. 

The ESR spectrum at 295 K was 400 
composed of three components. Two 
peaks with a very narrow and a narrow line 
width were assigned to paramagnetic 
defects. Figure 3 shows the temperature 
dependenece of Ar7PP for the broad peak. 
This dependence suggested a metallic 
property for Cs3C60 below 295 K. 
Furthermore, the spin susceptibility Xspin 
estimated from the the broad peak showed a 
Pauli type behavior. The N(zr) was 
evaluated to be 9 state / eV-spin C60 from 
the Xspin, which was smaller than those of 
Rb3C60 and K3C60.6 The results show that 
Cs3C60 is not the Mott-Hubbard insulator 
but the broad band metal. 

Figure 4 shows the X-ray diffraction patterns for Cs3C60 under the pressures of 19.5 
and 48.8 kbar at 300 K. The X-ray diffraction pattern at 19.5 kbar showed a very weak 
peak at 20 = 7.7° due to the Al 5 phase. The Rietveld analysis was performed with two 
phases of the bco and the Al 5 (= 5 %). The a, b and c for the bco structure were 11.51(2), 
11.97(2) and 11.46(2) A, respectively: Rwp = 4.33,1^ = 3.41%. The peak assigned to the 
Al 5 phase disappeared above 20 kbar. The X-ray diffraction at 48.8 kbar showed no 

300 
77K 

FIGURE 3. Temperature dependence of Ai/pp. 
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peak due to the Al 5 phase. The pattern could be analyzed with abco structure. The a, b 
and c were determined to be 11.06(8), 11.69(8) and 11.45(8) A, respectively: i?wp = 2.57, 
.Rp =1.96%. The temperature dependence of Fare shown in Figure 5. The compressibility 
K for a, 2.0 x 10"3 kbar"1, was larger than those for b and c (xrfor b: 6.3 x 10"4 kbar"1, «-for 
c: 1.8 x 10"4 kbar"1). The xrfor V was estimated to be 3.1 x 10"3 kbar"1, which was 
similar to those for K3C60 and Rb3C6o, 4.08 x 10"3 kbar"1.7 The fact that only abco phase 
exists under high pressure does not exclude the possibility that the phase fluctuation of W 
by the two phase nature suppresses the superconductivity for Cs3C6o at 1 bar. 
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FIGURE 4. X-ray diffraction patterns at 300 K 
under high pressure. 

FIGURE 5. Pressure dependence of V. 
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Abstract. The structural features of the novel superconductor Li3CsC6o are studied by 
synchrotron X-ray powder diffraction as a function of pressure and temperature. In 
contrast with the behaviour of semiconducting Li2CsC6o, Li3CsCM shows a phase 
transition at 290 K from fee (space group Fm3 m) to an orientationally ordered primitive 
cubic phase (space group Pa 3 ), isostructural with the metastable phases of Na2A'C6o- The 
system does not show any other phase transitions upon both slow cooling and heating 
protocols. The pressure dependence of the structure of Li3CsQ0 at ambient temperature 
was followed up to 8.12 GPa. A phase transition occurs first at 0.38 GPa from fee to 
primitive cubic, followed by a second one at 0.72 GPa to a low symmetry fullerene- 
bridged polymer phase (space group P2t/a). 

INTRODUCTION 

Alkali füllendes with stoichiometry A2A'C6o (A, A'= alkali metals) display 
superconductivity with Tc as high as 33 K at ambient pressure. Exceptions are the Li- 
intercaleted füllendes, Li2CsC60 and Li2RbC60, which are not superconducting down to 
50 mK. The loss of superconductivity has been associated with the presence of strong 
bonding Li+-C interactions, not encountered in other alkali fullerides.1 As a result, the 
formal charge of the C60

n" ions in Li2AC6o is less than 3, implying a less than full tia 

band. Raman measurements have established a value of n~ 2.5. The strong Li+-C 
interactions control the structural properties of the Li-containing systems that differ 
markedly from those of the Na analogues. Na2AC60 (A= K+, Rb+) are primitive cubic 
(space group Pa 3 ) just below 290 K. On slow cooling, they become monoclinic with a 
structure comprising of quasi-one-dimensional chains of Cßo3" ions, bridged by single 
C-C bonds.2 Na2CsC6o remains strictly cubic at ambient pressure but polymerises at 
pressures >0.7 GPa. In contrast, Li2CsC6o shows no structural phase transitions; it 
remains strictly cubic (space group Fm3m) at all temperatures, under different 
cooling/heating procedures, and up to 6 GPa. 

In order to overcome the Li+-C interactions and achieve half filling (n=3) of the 
fiu band, the series of füllende salts, LixCsC6o (1.5< x< 6) was synthesised. By 
adjusting the Li content, x, the electron-transfer from the alkali metals to COO and the 
filling level of the conduction band was controlled. Half filling is achieved for the 
composition Li3CsC6o which is a bulk superconductor with Tc= 10.5 K." We have 
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studied the structural properties of this novel superconductor by synchrotron X-ray 
powder diffraction as a function of both temperature at ambient pressure (down to 4 K) 
and pressure at room temperature (up to 8.1 GPa). 

RESULTS 

Fig.l  Unit cell basal plane projection of the 
primitive cubic LisCsCgo structure. 

(a) Structural Results at Ambient Pressure 

High resolution synchrotron X-ray diffraction measurements on Li3CsC6o were 
performed at 295, 150 and 4K(^= 0.8107 Ä, BM16 beamline, ESRF). Inspection of 
the room temperature diffraction profile reveals that the structure is fee. Rietveld 
refinements were initiated using the structural model (space group FmZm) developed 
earlier for LiaCsCöo-1 The pronounced orientational disorder of the fullerene units was 

modelled by describing the scattering 
density in terms of symmetry-adapted 
spherical harmonic (SASH) functions. 
Refinements proceeded smoothly with 
the Li+ and Cs+ ions placed in the 
tetrahedral and octahedral sites, 
respectively, resulting in a lattice 
constant, a= 14.1089(4) Ä. The values 
obtained for the fitted coefficient of the 
SASH functions (C6,i= 0.024(4) and 
Cio,i= -0.12(1)) imply an orientational 
distribution function for Li3CsC6o, 
comparable to that postulated for 
LiaCsCöo with an accumulation of 
electronic density of the spherical shell 
along the cubic <111> direction, but 
with a considerably weakened Li+-C 
interaction. In order to locate the 
excess intercalated Li+, a difference 
Fourier analysis was performed. The 
results showed the existence of 
scattered intensity in the vicinity of the 
32/ (0.375, 0.375, 0.375) site of the 

unit cell that defines a cube, centred at the (V4,V4,V4) octahedral position. Thus the 
Rietveld refinements were repeated after introducing a Li+ ion in the (0.375, 0.375, 
0.375) position. The occupancy converged to 1.00(1) per C6o, implying that the Li+ 

defect is disordered over the corners of a cube of size 3.527 Ä with an =1/8 occupancy 
(J?wp= 7.8%, Äexp= 5.2%). 

In contrast to the situation encountered for Li2CsC6o, the diffraction profiles of 
Li3CsC6o collected at 150 and 4 K revealed the presence of a phase transition to an 
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orientationally ordered primitive cubic structure (space group Pa3 ; a- 14.0545(7) Ä at 
150 K; a= 14.0261(3) Ä at 4 K) in analogy with the Na-containing systems. Li the 
Rietveld refinements, the structural model developed for Na2CsC6o was used. Due to 
the reduction in symmetry, the Li+ defect was split over two symmetry inequivalent 
positions, those at (x,x,x; x~ 0.375) and (x,y,z; x~ y, x~ z+Vi, z= 0.375). Stable 
refinements of both datasets were achieved with this structural model (Rv/p= 11.7%, 
Rexp= 8.4% at 150 K; 7?wp= 10.7%, Rexp= 6.7% at 4 K). The geometry of the Li defect is 
well defined at low temperatures, implying disorder over the corners of a cube with 
edge size 3.35(19) Ä at 150 K and 3.14(9) A at 4 K and an =1/8 occupancy (Fig. 1). 

Synchrotron X-ray powder diffraction profiles were also collected on slow 
cooling (40 K/h) from 320 and 200 K on the BM1A beamline at the ESRF. The fee to 

primitive   cubic   phase 
transition occurs in the 
vicinity   of  290   K   in 
analogy with Na2RbCgo 
and  Na2CsC6o  and  no 
other    transitions     are 
evident, despite the slow 
cooling procedure 
adopted.   Extraction   of 
reliable lattice constants 
down   to   200   K   was 
performed     with     the 
LeBail method using the 
fee model between 320 
and   290   K   and   the 
primitive   cubic   model 
below 290 K (at 320 K: 
fee  lattice  constant  a= 
14.115(1)      Ä).      The 
temperature dependence 
of the lattice constant of 

Li3CsC6o is shown in Fig. 2. The linear thermal expansivity, a (=d\na/dT) is calculated 
to be 3.40(8)xl0"5 K"1 between 285 and 200 K, consistent with the values encountered 
in other monomeric alkali füllendes (3.63(3)xl0"5 K"1 for the fee phase of IJ2CSC60; 
2.20(6)xl0"5 K"1 for the primitive cubic phase of Na2CsC6o) in the same range of 
temperatures. 
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300 320 

Fig. 2. Temperature dependence of the cubic lattice constant in 
LijCsCso 

(b) Structural results at high pressure 

Synchrotron X-ray powder diffraction profiles of Li3CsC6o were collected between 
ambient and 8.12 GPa (beamline ID9, ESRF, Grenoble). In this range of pressure, two 
distinct phase transitions are seen, in contrast with the behaviour of Li2CsC6o-4 At 
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ambient pressure, the structure is fcc with a= 14.111(1) Ä (Fm3 m). Inspection of the 
diffraction profiles shows that as soon as a pressure of 0.39 GPa is reached, the 

positions of the cubic peaks shift 
to larger 20 values, indicating the 
same primitive cubic 
orientational ordering transition 
that we already encountered on 
cooling at 290 K. At a pressure 
of   0.72   GPa,   the   diffraction 
pattern  shows  new  peaks  that 
could not be accounted for by the 
primitive cubic structural model. 
Moreover, these appear to grow 
with increasing pressure at the 
expense of the peaks assigned to 
the primitive cubic phase, until 
they   completely   dominate   the 
profile at a pressure of 1.08 GPa. 
These   new   Bragg   reflections 
could    be    indexed    with    the 
monoclinic  space group P2i/a, 
used   before   to   describe   the 
polymeric phase of Na2RbC6o 
and Na2CsC6o-5 The diffraction 
data collected at 1.08 GPa were 
refined by the Rietveld method 
using   a   monoclinic   structural 

model based on the quasi-one-dimensional polymeric structure of Na2RbC6o described 
in previous works, in which the fullerene molecules form chains connected via single 
C-C covalent bonds. The alkali metals, Cs and Li were located at the 0/2,0,0) and (x=0, 
y~lA, -L*=Vi) sites, derived from the high symmetry octahedral and tetrahedral positions 
of the parent cubic structure, respectively. In the same way, we derived the position of 
the Li+ defect which is split over four symmetry inequivalent positions; these describe 
a cube centred at the pseudo-octahedral 0/2,0,0) site with an 1/8 occupancy. A stable 
refinement was achieved with this structural model and the values obtained for the 
monoclinic lattice constants are a= 13.62(1) A; b= 14.061(2) Ä; c= 9.362(2) Ä; ß= 
133.48(7)° (Äwp=12.14%,ÄeXp= 11.7%). 

In order to extract reliable values of the lattice constants, we analysed the data at 
all pressures by the LeBail method. The data collected at ambient pressure were 
refined with the fcc model, while those at 0.38 GPa with the primitive cubic model. 
The X-ray powder diffraction profiles at 0.72 and 1.08 GPa were treated using a two 
phase model of co-existing monoclinic and cubic phases, while for those at pressures 
between 1.08 and 8.12 GPa, a single phase monoclinic model was employed. The 
pressure evolution of the normalised monoclinic lattice constant a, b, c indicates that 

Fig. 3. Pressure dependence of the unit cell volume. 
VofLi3CsC60 
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there is a substantial anisotropy in the compressibility along the three axes. The 
structure is less compressible along c, which defines the polymeric chain and is most 
compressible along a. This is in contrast with what is observed for the Na2CsC6o 
polymer which is most compressible along the interchain b direction. This can be 
ascribed to the greatly increased sterical hindrance caused by the Li defect along the b 
axis. The pressure-volume curve for the monoclinic phase up to 8.12 GPa has been 
fitted using the Murnaghan EOS (Fig. 3). The average bulk modulus, K0 of the 
polymer is -30 GPa, consistent with the value for the Na2CsC60 polymer (K0= 28(1) 
GPa).5 

CONCLUSIONS 

The superconducting _Li3CsC6o phase (Tc= 10.5 K) adopts a primitive cubic 
structure (space group Pa 3 ) isostructural with the metastable phases of Na2A'C6o. The 
tetrahedral and octahedral interstices of the structure are occupied by the Li and Cs 
cations, respectively, while the excess Li (one per C60 unit) is disordered at the corners 
of a cube with an edge length of -3.4 Ä, centred at the octahedral sites. At room 
temperature, a phase transition occurs to a fee structure (space group Fm3 m) which 

contains orientationally disordered C6Q ions. In addition, Li3CsC60 transforms under 
pressure at room temperature to a monoclinic phase, which comprises of quasi-one- 

dimensional singly C-C bonded C60 chains. Increased crowding due to the presence 
of the Li defects leads to a considerable decrease in compressibility, especially along 
the monoclinic b axis. 
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Abstract. Single phase Ca4(NH3)C6o was prepared by a synthesis in liquid ammonia. 
X-ray powder diffraction shows that coordinated ammonia is held in the structure by 
a cage of calcium cations leading to surprisingly high thermal stability. It is likely that 
a series of similar compounds can be synthesized in which both the charge state and 
the electronic overlap can be controlled in a systematic manner. 

I INTRODUCTION 

•Despite AE^Ceo salts (AE: alkaline-earth metal) show superconductivity at re- 
markably high charge states they attracted less attention and are less understood 
than their alkali-C60 relatives. This is partly due to their more complicated struc- 
ture and partly to the high melting point of alkaline-earth metals which makes the 
direct solid state chemical reaction problematic. Their synthesis in liquid ammonia 
would make high reaction temperatures unnecessary and offer a new dimension in 
the AE-C60 phase diagram. The inclusion of the NH3 molecule in the structure 
could change interfullerene distances and thus alter the physical properties. 

The CaxC60 system was first studied by Kortan et al. [1]. Superconducting 
Ca5C60 [1] and the vacancy ordered Ca2.75C6o [2] have complicated structures which 
need special attention. Therefore we have chosen the simple Ca4C60 composition 
which is in the middle of a range where solid solution behavior with face centered 
cubic structures were reported. Our aim was to test the feasibility of the Ca-NH3- 
C60 synthesis without controlling the ammonia content. 

II EXPERIMENTAL 

The liquid ammonia route is now a well established sample preparation tech- 
nique [3]. In our process liquid ammonia was condensed into a stoichiometric 
mixture of C60 and calcium. The reaction was complete in half an hour and the 
product precipitated directly from the solution. Then ammonia was removed in a 
two stage procedure. First the sample was heat treated at 350°C while the cold 
end was kept at liquid nitrogen temperature.   Cryopumping driven by the large 
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temperature gradient was maintained for one week. After this the cold end of the 
reaction tube was sealed and a two week annealing at 400°C followed. The original 
aim of these heat treatments was to remove all traces of ammonia from the system 
but instead we arrived at the nearly stoichiometric compound Ca4(NH3)C6o- 

For structural characterization parallel beam x-ray diffraction data were col- 
lected at the X3B1 beamline of the Brookhaven National Laboratory NSLS. The 
wavelength of 1.1501 Ä was selected by a channel-cut Si(lll) monochromator and 
the sample in 1 mm capillary was rocking a 5° range during the data acquisition 
at room temperature. 

Ill    RESULTS 

The product is well crystallized and its diffraction pattern differs from literature 
data for Ca4C6o- The unit cell is still face centered cubic (space group Fm3m) but 
the lattice parameter is a=14.084 Ä which is significantly larger than the a=13.98 Ä 
value found by Kortan et al. [1]. This unit cell expansion already suggests the 
inclusion of NH3 molecules in the structure but an analysis based on intensity 
distribution is essential. 
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FIGURE 1. Riet veld fits of room temperature powder diffraction data of Ca4(NH3) COO- Details 
of the various structural models are given injhe text. 
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Figure l.a-c show the observed data and Rietveld fits based on various struc- 
tural models. In all these the scattering of the Ceo molecule is approximated by a 
spherical shell. The worst fit (Fig. l.a, RU)p=17.7%) is given by a model in which 
calcium cations are constrained at ideal tetragonal and octahedral sites (T and 0) 
of the fee lattice. This model is easily rejected by the eye. The fit is strikingly 
improved (Fig. l.b, 11^=9.8%) if the calcium at the O site is free to shift to the 
off-centered 0* site at (x,x,x) with x=0.41. This model is heavily disordered with 
~30% occupancy of the eight equivalent vertices of the O* cube. The size of this 
cube is also quite large: edge=2.5 Ä, face diagonal=3.6 Ä, body diagonal=4.4 Ä. 
These dimensions can not be understood without the inclusion of ammonia when 
the Ca2+ radius is just 1.0 Ä and the vertices of the cube are only partly occupied. 
The model is further improved (Fig. l.c, R„,p=8.1%) by adding charge to the ideal 
octahedral site again. This charge refines to a value which is very close to the num- 
ber of electrons in the NH3 molecule. While the quality of the fit is now improved 
by a smaller amount, this improvement is still convincing. 

The final structural model and parameters are shown in Fig. 2. As the relative 
size of the NH3 molecule and the Ca2+ cation are nearly identical, now it is obvious 
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FIGURE 2. Best structural model and parameters of Ca4(NH3)C6o 
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Atoms in Molecular Cages 

B. Pietzak*, M.Waiblinger*, K. Lips**, A. Weidinger* 

* Hahn-Meitner-Institut Berlin, Glienicker Straße 100, D-l4109 Berlin, Germany 
** Hahn-Meitner-Institut Berlin, Rudower Chausse 5, D-12489 Berlin, Germany 

Abstract. Fullerenes are ideal traps for atomic nitrogen and phosphorus. The inert shell 
of the fullerenes protects these very reactive atoms from the surrounding and keeps them 
stable at ambient conditions. Electron paramagnetic resonance (EPR) measurements give 
clear evidence that the enclosed atoms reside at the centre of the cage and keep their 
atomic ground state configuration. Quantum-chemical calculations confirm these find- 
ings. In this contribution the complexes N@C60 , N@C70 and P@CM will be discussed. 
Special attention will be paid to: i) the stability of endohedral complexes, ii) the g-fäctor 
shift between N@C6o and N@C70 and iii) the vibrations of the atoms in the cage. A new 
cage which is able to entrap atomic hydrogen will be shortly described. 

INTRODUCTION 

We describe here atom-in-cage systems with minimal interaction between the two. 
The ideal situation would be if the interaction between the atom and the cage would be 
zero, but this is of course not possible. Thus we search for systems where this interac- 
tion is small. An almost ideal system is N@C6o. It has been shown that the N atom in 
COO retains its atomic ground state configuration and resides in the centre of the cage 

.(1). The observed very long spin relaxation times are also indicative of an almost un- 
coupled system (2). On the other hand the hyperflne interaction of N in Cm is almost 
50% larger than that of free nitrogen. At the first sight this seems to be contradicting 
what was said before but one has to keep in mind that the ground state hyperfine inter- 
action is extremely small whereas it is quite large in the excited states. Thus an admix- 
ture of these states, even if small, can make a large effect in the hyperfine interaction. 

In this contribution we present additional evidence for the almost free suspension of 
N in C6o and compare it with P@C6o and N@C7o- We will show N in C6o and C7o and P 
in COO are probably the only stable systems in this category of endohedrals. Hydrogen in 
C6o is not stable but recently an new cage become known where it is stable (3,4). 

EXPERIMENTAL DETAILS 

The endohedral systems are produced by ion implantation. In our set-up, the cage 
molecules (fullerenes or silsesquioxanes) are continuously evaporated onto a substrate 
and simultaneously bombarded with ions of the selected species. After several hours of 
bombardment the material is removed from the substrate, dissolved in toluene or CS2 

CP486, Electronic Properties of Novel Materials— Science and Technology of Molecular Nanostructures, 
edited by H. Kuzmany, J. Fink, M. Mehring, and S. Roth 

© 1999 American Institute of Physics 1-56396-900-9/99/$ 15.00 
85 



and filtered. Only the soluble fraction containing rilled and empty cage molecules is 
used for the subsequent experiment. 

The EPR (electron paramagnetic resonance) spectrometer was the model ELEXSYS 
580 from Bruker and it was used in the cw and the pulsed mode, respectively. 

RESULTS AND DISCUSSION 

The stable systems: N@C60, P@C60 and N@C7o 

a: 
a. 
LU 
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FIGURE 1. EPR spectrum of N@C60 and P@C60 in solution. In this experiment, N and P were only 
contaminations in the ion source from previous experiments, the main gas was AsF5 but no signal 
from trapped As or F was observed. 

Figure 1 shows the EPR spectrum of a mixture of N@C60 and P@C6o- The much 
larger hyperfine coupling constant of P@C60 (outer doublet) compared to N@C60 

(inner triplet) is clearly seen. This spectrum was obtained when we tried to implant As 
into C60 using AsF5 as source gas. The signals in Figure 1 result from a contamination 
in the source, whereas no signal is seen from As, also not in a larger region of the 
spectrum. We conclude that As@C60 is not stable and argue that the larger radius of As 
is responsible for the instability. 

Similarly, when we tried to implant P in C70, only the signal of P@C6o due to the C60 

contamination in the fullerene material was seen. We conclude from this finding that 
P@C70 is not stable. Here the argument can not be the available space for the encapsu- 
lation, since C70 is larger than C60. Here the reason is probably that the inner wall of C70 

is less inert than that of C60 and therefore allows a bonding from the inside with the 
consequence that it leaves the cage or at least that it is not detectable by EPR. 
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We tried also very hard to produce hydrogen in C60 but without success. Thus it 
seems that N@C6o, P@C6o and N@C7o are the only stable systems in this category of 
endrohedrals, although, of course, not all combinations have been checked experimen- 
tally. It might also be that some systems are stable at low temperatures but not at room 
temperature where the present survey was performed. 

High resolution data and g-factor shift 
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FIGURE 2. EPR spectrum of N@C60 in solution. The inset shows a magnification of the low field line 
where the three components are clearly seen. 

Figure 2 shows the EPR spectrum of N@C60 in solution. In this experiment special 
care was taken to obtain the highest possible resolution with the cw spectrometer. The 
insert shows that the low field line consists of three components with a separation from 
one another by 9 mG, i.e. less than 3 ppm of the applied field. A similar splitting is ob- 
served for the high field line. The splitting of the lines is a consequence of the S = 3/2 
spin of the system and is further proof for the fact that the three p-electrons of N have 
their spins aligned parallel as required by Hund's rule for the ground state of a free 
atom. 

The observation of the splitting is only possible since the intrinsic width of the lines 
is extremely small. It also requires a careful tuning and a high stability of the spec- 
trometer and therefore this line can be used to check the homogeneity and the stability 
of the magnet. 

Figure 3 shows the EPR spectrum of a mixture of N@C60 and N@C70. The triplet of 
lines with the slightly smaller intensity belongs to N@C70, the others are due to N@C60. 
It can be seen that the splitting and therewith the hyperfine coupling is smaller for 
N@C70 than for N@C6o. This difference has been discussed before and was attributed 
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to a slightly different squeezing of the encased atom in the cages with a different size. A 
remarkable feature of this spectrum is also that the central lines of these two systems 
due not coincide. This would be the case if the g factors were the same. The shift is 
only 20 ppm but is clearly visible due to the simultaneous observation of the two sys- 
tems and since the lines are sharp. 
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FIGURE 3. EPR spectrum of a mixture of N@C60 and N@C70 in solution. The hyperfine constant of 
N@C70 is smaller than that of N@C6o due to the larger inner volume in C70. 

In EPR a g-factor shift is usually attributed to the property of the electronic configu- 
ration of the atom in question. In the present case this would be the electron shell of 
nitrogen. However, it seems that this is not the case here. The argument goes as fol- 
lows: A shift of similar magnitude (22 ppm) was observed in an NMR experiment for 
3He in C6o and C70 and was attributed to the diamagnetic ring currents in the hexagons 
(5). The larger number of these hexagons in C70 is therefore responsible for the larger 
diamagnetic shift of 3He@C7o. 

Vibrations of the atom in the cage 

Total energy calculations (6,7) show that nitrogen is trapped in the centre of the 
cage. For small elongations, the potential is approximately harmonic and oscillation 
energies in the order of 20meV are predicted. 

Experimentally, the oscillations can be studied indirectly via the temperature de- 
pendence of the hyperfine coupling. Assuming that the hyperfine coupling increases by 
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a certain amount with increasing excitation energy, one can fit the observed tempera- 
ture dependence and derive the oscillator strength for each system. In this way we ob- 
tained hv « 20 meV for N@C6o and hv « 27meV for P@C6o- The temperature depend- 
ence of the hyperfine coupling of N@C7o is clearly more complex and can be fitted only 
by assuming different oscillator strength along the C5 axis and perpendicular to that, hv 
in the perpendicular direction is close to that of N@CöO, but along the C5 axis a much 
lower oscillator strength has to be assumed. 

New Cages 

Recently we got aware that hydrogen can be trapped in cages built up of SigO^- 
cubes with hydrogen or organic substituents at the corners. This is particular important 
since hydrogen can apparently not be trapped in fullerene cages, at least not at room 
temperature. Different to the production method described in the literature (y- 
irradiation) (3,4) we used our implantation technique to incorporate hydrogen in SigO^ 
cages. Subsequent EPR measurements showed that hydrogen is incorporated and stabi- 
lised in its ground state in these cages at room temperature. 

We also tried to incorporate nitrogen and muonium in the C20H20 cage. In both cases 
no endohedrals were found. 
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Abstract. We present IR and Raman measurements of endohedral compounds Sc2@C84 with 
D2d symmetry and its empty counterpart C84 

Our main task was to determine mutual carbon cage - Sc vibrations. The attention was therefore 
concentrated in the region below 300 cm"1 in which one expects this type of motions. Comparing spectra 
for empty and filled isomers with D2d symmetry we identified several candidates for the cage - Sc 
vibrations. The unexpected high number of such modes can be explained by site and correlation field 
splittings. Other modes observed in the region we attributed either to fundamental or combination 
modes of the cage. 

The temperature dependence of the spectra gave a better insight into the dynamics of the 
metallofullerene compounds. We observed a broadening of some modes in the mid-IR region with 
increasing temperature. From a model describing the interaction between cage modes and 
reorientational motion we obtained an activation energy for the reorientations. 

Introduction 

The metallofullerene compound Sc2@C84 is one of the most investigated endo- 
hedral metallofullerenes. Its relatively high yield as compared to other endohedrals 
enabled important measurements confirming an endohedral nature of the compound. 
There are 24 isomers obeying so called isolated pentagonal rule. The isomer with D2<j 
(No. 23 in the Fowler- Manolopoulos nomenclature) cage symmetry is the most 
abundant. As we know from X-ray measurements [1] two scandium atoms are located 
on the two fold axis leaving the D2d symmetry unchanged. Sc2@Cg4has a monoclinic 
structure with two molecules in the unit cell. Both Sc atoms are equivalent in the cage 
of D2d symmetry as shown from 13C-NMR measurements [2]. 

Calculations on a vibrational structure of C84 [3] show a dense distribution of cage 
modes in relatively narrow range between 200 and 1800 cm"1. The situation changes 
dramatically by encapsulating two scandium atoms into the cage. One can expect 
mutual Sc atom - cage vibrations which can fill up a gap between the cage and lattice 
vibrations. Using a force constant obtained from a measurement of a metal ~ cage 
mode in M@C82 [4] we obtain   a value of 270 cm"1   for the highest metal - cage 
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Vibration in Sc2@C84. On the other hand the lattice modes must have energies less than 
50 cm   which is the energy of the highest lattice mode in C60. 

Two Sc atoms in the cage mean six additional degrees of freedom which are 
distributed among two nondegenerated and two twofold degenerated representations of 
the point group D2d. Since the density of the cage modes decreases towards the far 
infrared there is a good chance to distinguish between the cage and the Sc - cage 
modes by comparing the spectra of the empty and filled C84 cages 

This scenario can be strongly influenced by another effect which is present in a 
charged system. Like in exohedrally doped systems a charge transfer from two Sc 
atoms to the C84 cage can lead to the charged phonon effect [5]. Weak or silent cage 
modes in CM borrow energy from electronic transitions and enhance their intensity 
considerably in Sc2@C84. An identification of the Sc-cage modes requires a careful 
analysis using both IR and Raman spectra. 

The vibrational modes observed in IR and Raman spectra carry also an 
information on the dynamical properties of the compound. Widths and positions of the 
lines are determined by interactions of vibrations with themselves or between the 
vibrations and other excitations. In our case there are several types of vibrations - the 
cage modes , lattice phonons and mutual Sc- cage vibrations. They can interact with 
rotational degrees of freedom and this type of interaction is indeed very important in 
molecular crystals like C84 and Sc2@C84. Temperature dependent measurements 
provide a reliable tool to distinguish different types of mechanisms responsible for a 
hnewidth and a lineshift of IR active modes. 

Experimental 

Thin films of Sc2@C84 were prepared by drop coating a gold mirror with fullerene 
dissolved in CS2. The condensed film was baked for several hours in high vacuum to 
get rid of enclosed solvents. Transmission spectra were taken at 2 and 0 5 cm"1 

resolution using a Bruker IFS 66v spectrometer with both DTGS and Ge detectors in 
the far-infrared and with a MCT detector in the mid-IR region. Recorded spectral 
ranges extended from 80 cm"1 to 2000 cm"1. An Oxford cryostat was used to measure 
the temperature dependence between 80 and 300 K. 

Results and discussion 

Mid-infrared spectra of three fullerene compounds are shown in Fig 1 As 
expected from their lower symmetry C84 and Sc2@C84 have much more lines as 
compared to C60. We clearly see a gap between 800 cm"1 and 1100 cm"1 separating 
radial and tangential vibrations. Both parts are not equally affected by the endohedral 
doping as seen from a comparison of the spectra for the empty and filled cages 
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Fig.l. Mid-infrared spectra of C60, C84 (D2d) and Sc2@C84 (UM) 

We observed many new and strongly enhanced lines in the ™*^"^£K 

Lines above the gap are mainly broadened and up-or downshifted. We attribute the 

Hnes^atve 400 cnAor the empty cage C84. IntensMes most of * *■*£- 

noise. Thus these features are not 
considered to be an intrinsic IR 
lines.    The    situation    changes 
considerably after the endohedral 
doping. IR lines are distributed in 
the whole region between 80 cm" 
and   500   cm"1.   Silent   modes 
become   stronger and visible in 
the   spectrum.   Some   of  them 
especially those lying below 300 
cm"1 can belong to the Sc-cage 
modes. At this stage we cannot 
exclude the cage modes from the 
spectrum of Sc2@C84 and identify 
the Sc-cage modes by comparing 
of both spectra only. The most 
likely candidates for the Sc-cage 
modes are lines at 160 cm"1 and a 
broad band just below 100 cm" 
from the RT spectrum. Fig. 2 The same as Fig.l in the far-IR region 
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IR lines become stronger and narrower for the low temperature spectrum at 80 K. 
We can resolve modes at 90, 110, 145, 165 cm"1 and an extended band at 230 cm"1 as 
possible candidates for the Sc-cage modes. 

We measured also Raman spectra of Sc2@Cs4 in order to distinguish the Sc-cage 
modes with a higher reliability. Raman spectra at room temperature and at 96 K are 
displayed in Fig.3 together with the IR spectrum at 80 K. The Raman spectrum of Cs4 
shows no lines below 200 cm"1 as expected from the calculations. All lines we 
observed belong to the cage modes. The broad band at 220 cm"1 reappears in the low 

100 200 300 400 500 

cm 

Fig.3 Raman and IR spectra of C84 and Sc2@C84 with D2d symmetry 

temperature spectrum. But the line at 260 cm"1 and all the lines below 200 cm"1 are 
really new features in the spectrum of Sc2@Cs4. There are at least 10 additional lines 
which is more than expected from the degrees of freedom originating from two 
scandium atoms inside the cage. As mentioned above these six degrees of freedom are 
distributed on two nondegenerated and two twofold degenerated irreducible 
representations of the point group D2d- Two Sc2@Cg4 molecules occupy sites with a Ci 
symmetry in the unit cell. Thus the twofold degeneration is removed into two 
nondegenerated states. Additional splitting is caused by a correlation field which 
doubles a number of modes giving a possible final number of 12 modes. At the 
moment we assign the following modes to the Sc-C84 cage vibrations: 261 (R), 258 
(IR,R), 166 (IR,R), 159 (IR), 138 (IR,R), 109 (IR,R), 95 (IR,R), 87 (IR,R) and 60 cm"1 

(R). Almost all lines are both IR and Raman active in agreement with group theory. 
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Results of temperature measurements are plotted in Fig. 4. In an Arrhenius plot the 
logarithm of linewidths is expressed as a function of a reciprocal temperature. Plotted 
are mid-IR modes of Cs4 at 1108 cm _1 and of Sc2@C84 at 1286 cm "' with D2d cage 
symmetry and of Cg4 at 1382 cm"1 with D2 symmetry. At high temperatures the 

linewidths decrease monotoni- 
cally with increasing tempe- 
rature. We assume that the 
temperature dependence is 
caused by a coupling of the 
cage modes with a thermally 
activated rotational motion of 
the C84 molecules. If x is a 
characteristic time for a corre- 
lation of molecular reorien- 
tations then the linewidth is 
determined directly by 2/x. In 
the model of rotational di- 
ffiuson x_1= T = exp(-Ea/kBT) 
where T is the linewidth and Ea 

is an activation energy for the 
reorientations. The solid lines 
in Fig. 4 represent a fit of the 

values measured where we also 

* 
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$ 
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Fig.4. Arrhenius plot for Cg4 and Sc2@C84 

included a constant term expressing a finite linewidth at low temperatures. The results 
for the activation energy are 65 meV for C84 (D2d), 59 meV for Cg4 (D2) and 63 meV 
for Sc2@C84 (D2d). The linewidths are almost temperature independent below 160 K 
which suggests a supression of molecular rotations. The observed results are 
qualitatively similar to the results obtained from measurements of a Cgo 
dimetallofullerene [6]. They found an energy of 33 meV for the activation and a 
temperature independence of the reorientational correlation time below 160 K. 
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ENDOHEDRAL FULLERENES WITH 
LOWER CARBON CAGE SIZES 
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Institut für Festkörperforschung, IFW Dresden, Abt. Elektrochemie und 
leitfähige Polymere, Helmholtzstraße 20, D-01069 Dresden (Germany) 

While endohedral Mlerenes of the type Me@C82 were extensively investigated, the 
structures with lower carbon cage sizes are of high interest to study the role of the 
carbon cage on their structure and physical properties. The existence of C72 and C74 

metallofullerene structures differs from the availability of empty fullerenes which 
were not isolated up to now. 
As model structures La2@C72, TmC76 and TmC78 were chosen to study the 
correlation between the type of the metal incorporated and the metallofullerene cage 
size. The structures were prepared by the Kratschmer arc burning method and 
isolated by a multistep HPLC separation technique. UV-Vis-NTR and infrared 
spectroscopy were used at room temperature. It is shown that some metals which are 
present in the 2+ redox state in fullerenes (Tm) form stable exohedral structures of 
C 

INTRODUCTION 

Among endohedral fullerenes those structures with C82 cages like Tm@C821"3, 
La@C82, Sc@C82 and Y@C82

6 have been shown to be very stable. Furthermore, it has 
been recently demonstrated that in the case of Eu@C74

7 an endohedral fullerene with a 
lower carbon cage size is also a stable structure although the corresponding empty 
fullerene was not isolated in larger amounts so far. Thus, the aim of this work is to 
characterize new metallofullerenes existing in a larger variety of structures for Tm, La 
and Ce. As our recent work 8H was focused on the relation between the structure and 
the physical properties of endohedral fullerenes in presented paper the influence of the 
type of the carbon cage and of the element on the stability was to be followed. These 
fullerenes were characterized by mass spectrometry, cyclovoltammetry, ex situ and in 
situ ESR as well as UV-Vis-NIR- spectroscopy. 

EXPERIMENTAL 

The metallofullerenes were prepared by the arc burning method of Kratschmer 
and Huffman. The mass spectrometric characterisation by a sector field mass 
spectrometer MAT 95 (FINNIGAN, Bremen) and HPLC separation have been 
described elsewhere12. 
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The electrochemical measurements were carried out at room temperature with a 
potentiostat PAR 273 (EG&G, USA) including the software PARC M270, version 3.0. 
A conventional voltammetric cell which was installed in a glovebox under inert 
conditions was used. As solvent o-dichlorobenzene and as supporting electrolyte tetra- 
butylammoniumtetrafluoroborate were applied. The working electrode material was 
platinum, the counter electrode a large platinum sheet and the reference electrode a 
silver-Vsilverchloride electrode in the same supporting electrolyte. 

UV-Vis-NIR spectra of the fullerenes in solution were measured using an UV 
3101 PC spectrometer (Shimadzu, Japan) in suprasil 300 quartz cells of 10 mm path 
length from 200 to 3000 nm with a resolution of 4 nm. 

Electron spin resonance spectra were recorded by an EMX X-bana 
spectrometer (Bruker) with 100 kHz modulation at 9.5 GHz microwave frequency and 
340 mT medium magnetic field strength. The in situ electrochemical technique used in 
this study was described elsewhere . 

RESULTS 

Besides Tm@C82 the Tm fullerene soot contains larger amounts of Tm@C76 and 
TmC7g which have to be separated in a multistep HPLC (Fig. 1). 
The Chromatographie behaviour of both Tm metallofullerene structures demonstrates 
that the TmC7g exist in one single isomeric structure while Tm@C76 is present in two 
isomeric forms which differ markedly in their retention times and therefore also inJtheir 
chemical structure. TmC78 fullerene, being expected to eluate after both Tm@C76 
isomers, comes out surprisingly between these structures. This makes the 
Chromatographie separation more complicated. On the other hand it sheds a certain 
light on the chemical nature of TmC7g. . 

The nature of this metallofullerene is characterized by mass spectrometry in the 
FAB as well as in the CI mode. As shown in Fig. 2a by the FAB mode it is possible to 
get highly purified samples by a multistep HPLC separation. The content of other 
rullerenes than TmC78 is less than 5 %. Thus the TmC78 metallofuUerene is a stable 
structure in solution as well as in the solid state. This is to be pointed out because the 
same structure shows a strong instability in mass spectrometry using the chemical 
ionization mode. By this ionization it is possible to detect empty C78 cages. As this cage 
structure was neither detected by HPLC nor by FAB mass spectrometry it is produced 
by Ionisation of TmC78. As a consequence the structure must have the Tm ion in a 
position which allows a splitting off without a destruction of the carbon cage^ A 
structure which is consistent with this behaviour is the existence of an exohedral 
metallofullerene structure. The special case of an exohedral structure which is stable in 
solution     is     to     be     demonstrated     by     further     experimental     methods. 
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FIGURE 1: HPLC of Tm@C76 and TmC78 on a Buckyclutcher column (10mm x 250mm) with 2 ml 
toluene per minute 

a) first separation of the thulium couple 
b) fourth separation step 
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FIGURE 2: Mass spectrum of TmC78 in the FAB mode (a) and in the CI (negative ion) mode (b) 
(m/z = 1106 -» TmC78, m/z = 937 -» C78) 

The redox behaviour of this exohedral structure as studied by cyclic vohammetry is 
very similar to those of endohedral structures. The cyclic vohammogram of TmC78 (Fig. 
3) shows five reversible redox peaks, three of them in the cathodic and two in the 
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anodic potential range. While the first two cathodic electron transfers are similar to the 
redox peaks of Eu@C74 which was previously found to be twovalent, the TmC78 has in 
contrast a third reduction step at more negative potentials. This odd number electron 
transfer is found for metallofullerenes but does not contradict the assumption that even 
in this structure the Tm is twovalent. The two anodic waves are supporting the two 
valent state of thulium in this special metallofullerene structure. 
Furthermore the cyclic voltammogram of TmC78 in a solvent mixture of toluene and 
acetonitrile (not shown here) shows the absence of the anodic peaks after an exhaustive 
electrochemical oxidation what seems to be a further hint for the splitt off at the 
metallofullerene by charge transfer forming the empty Merene cage. This result is 
supported by mass spectrometry where the thulium salt of the counter anion of the 
supporting electrolyte was found. 
By in situ ESR spectroscopic measurements in o-dichlorobenzene it is shown that at the 
open cell potential as well as in the first reduction step no ESR signal is found. The 
original as well as the reduced states of the endohedral fullerene are therefore not 
detectable by ESR. But in the case of a mixture of toluene and acetonitrile the electron 
transfer at cathodic potentials gives an ESR signal which is attributed the paramagnetic 
state of an empty C78 cage with a similar g-factor of the reduced state. Thus the ESR 
signal indicates a splitt off at the metallofullerene structure 

Both isomers of Tm@C76 eluated on BC column in distinct different retention 
times (difference 0.7 min), shown in Fig. la. In addition, the recovery of the first 
Tm@C76-isomer is dramatically higher than that of the second Tm@C76-isomer. Both 
isomers are of completely different colour, which is confirmed by UV-Vis-NIR 
spectroscopy. During separation and characterisation both isomers were stable. 

i i i 
-12!«.»     -611.1 880.0      1280.a 

FIGURE 3: Cyclic voltammogram of TmC78 in o-dichlorobenzene solution at a platinum electrode. 
Scan rate: 20 mV/s. 

The influence of the carbon cage size on the stability of a metallofullerene was 
studied at La2@C72. The La2@C72 was separated by two step HPLC. In the first step a 
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preparative Buckyprep column and in the second step a semipreparative Buckyclutcher 
column was used. The structure was stable during separation and characterisation (UV- 
Vis-NIR and IR). 

La2@C72 

600 750 

Wavelength (nm) 

FIGURE 4: UV-Vis-NIR spectrum of La2@C72 in toluene 

Fig. 4 shows the UV-Vis-NIR spectrum of La2@C72. Absorptions at 330, 424, 564 and 
681 nm are found. These absorption bands are similar to the absorptions of the 
Ce2@C72-structure. 

CONCLUSIONS 

Like endohedral fullerenes of the type Me@C82 the fullerene structures with 
lower carbon cage sizes are shown to be stable. The role of the metal on the carbon 
cage structure and their physical properties demonstrate that the existence of C72 and 
C74 fullerene is supported by the metals as the cage size of these structures is not 
available for empty cages. 

As model structures La2@C72, TmC76 and TmC78 were demonstrated to give 
rise of new chemical and physical properties of the metal incorporated and the 
metallofullerene cage size. The structures were prepared by the Krätschmer arc burning 
method and isolated by a multistep HPLC separation technique. UV-Vis-NIR and 
infrared spectroscopy were used at room temperature. It is shown that metals which are 
present in the 2+ redox state in fullerenes form stable exohedral structures of C7s. 
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Atoms in Fullerene Traps as Probes for 
Local Fields 
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Abstract. The "high spin" state of Nitrogen and Phosphorus atoms encapsulated 
in Fullerenes by ion bombardment provides a sensitive tool to test the symmetry of 
the local electric potential via Zero-Field-Splitting (ZFS) interaction. Because of the 
symmetry-dictated absence of this interaction in case of isolated Cm, even small effects 
resulting for instance by collision-induced cage distortions or by long range ordering in 
the crystalline phase can be detected. As an example we studied the first-order phase 
transition of Ceo at 258 K, by which the site symmetry at the Nitrogen position is 
lowered from Tj, to Sg, thus allowing for the existence of ZFS with axial symmetry in 
the low temperature phase. Furthermore, the ability to detect the presence of trace 
amounts of paramagnetic species via fluctuating magnetic dipole-dipole interaction is 
also demonstrated. 

I    INTRODUCTION 

Recently, Ceo molecules could be synthesized in which an additional Nitrogen 
atom is positioned at the center of the carbon frame. These molecules, which are 
generated by ion bombardment, are stable at room temperature and it was shown 
that the encapsulated Nitrogen atom is surprisingly not bound to the carbon cage 
but rather found in its quartet spin ground state (4S3/2), characteristic for the free 
atom [1,2]. Obviously, the paramagnetic atom, which is situated at special posi- 
tions in the C6o crystal is an ideal 'spy' to sense a change in site symmetry which 
might result from phase transitions. Furthermore, hyperfme interaction between 
the paramagnetic spin at the center and the nuclear spins in the shell can also 
be used to detect the reorientational dynamics of the cage, which are not directly 
related to the phase transitions. In this contribution we report on the observa- 
tion of a non-vanishing Zero-Field-Splitting (ZFS) in the low-temperature phase of 
crystalline C6o sensed via the quartet electron spin state of nitrogen. This inter- 
action is 'seen' by atoms situated at the special sites of the crystal, irrespective of 
fast tumbling of the carbon cage. Furthermore, the capability of N@C6o to sense 
fluctuating magnetic fields originating from paramagnetic impurities which are not 
directly detectable by EPR is demonstrated. 
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II    EXPERIMENTAL 

N@C6o was prepared by ion bombardment using a low pressure discharge as de- 
scribed elsewhere [3]. The raw product was dissolved in toluene and separated 
from colloidal particles by micro-filtration (0.05 /x). Poly crystalline material was 
obtained by slowly evaporating the solvent. The sample was finally sealed off on 
a high-vacuum line. The relative concentration of N@C6o in C6o was estimated 
as 3-10"5. All spectra were obtained with a pulse EPR spectrometer (BRUKER 
ELEXSYS E 580) with integrated pulse ENDOR facility (BRUKER E 560P). Com- 
mercial probe heads were used for FT-EPR as well as for the ENDOR experiments, 
which were inserted in an OXFORD CF 935 cryostat. Signal analysis was performed 
with the BRUKER Xepr software package. 

Ill    RESULTS AND DISCUSSION 

A    EPR Spectra of N@C60 in Polycrystalline C6o 

In the high-temperature phase, C6o molecules have their center-of-mass on a face- 
centered cubic (fee) lattice (space group FmZm) [A]. Accordingly, Nitrogen atoms 
occupying special positions (4a) in the crystal, will experience a site symmetry 
of Oh. This high symmetry is the reason for vanishing expectation values of all 
traceless second-rank tensor operators. Because the effective spin Hamiltonian of 
a S = 3/2 spin system can be described by tensor operators up to rank two, the 
spectrum can be explained by invoking scalar terms only. Below Tc, long range 
orientational order is established and the symmetry is lowered to simple cubic (sc) 
with four molecules per unit cell (space group PaZ). As a result, the site symmetry 
at the center positions is lowered from Oh to S6. In this group, no higher than 
two-dimensional irreducible representations exist. The presence of non-vanishing 
elements of an axially symmetric ZFS tensor therefore is allowed by symmetry. For 
the first-order phase transition at 256 K this implies that a typical powder spectrum 
of a quartet spin should be observable just below Tc in the EPR spectrum. 

Fig. 1 shows EPR spectra measured a few degrees above and below Tc. In the 
low temperature phase just below Tc the expected satellites are clearly visible at 
each hyperfine component (hfc). (Although the spectra were taken in the pulsed 
mode in order to avoid line broadening by field modulation and/or power broad- 
ening, it should be noted that the additional structure can also be observed by 
conventional c.w. EPR, if very low modulation frequencies are used.) With a least 
squares fit an axially symmetric ZFS tensor with D = 0.52 MHz is obtained. Low- 
ering the temperature, the general feature persists, although the spectral resolution 
decreases. This can be attributed to additional line broadening by anisotropic 13C 
hfi which is observable at lower temperature when spinning of the carbon shell is 
sufficiently slowed down. 
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FIGURE 1. FT-EPR spectra of N@C6o in polycrystalline C6o- Below the phase transition tem- 
perature of 260 K, a characteristic powder pattern appears, which can be simulated by assuming 
an axially symmetric ZFS tensor with principle value D = 0.52 MHz. 

B    ENDOR Spectra of N@C60 in Polycrystalline C 60 

Whereas the effects of long-range order are detected by ZFS sensed by the cen- 
tral quartet spin, rotational dynamics instead are best detected by measuring the 
hyperfme interaction of the Nitrogen electronic spin with the 13C nuclear spins on 
the cage. An estimate of the point dipole interaction leads to a predicted value 
of 440 kHz for the principle value of the coupling tensor, necessitating the use of 
ENDOR for an accurate analysis. In case of an isotropically rotating Carbon cage, 
complete averaging of the anisotropic part of the dipolar interaction is expected, 
leading to a "solution-like" ENDOR spectrum even in the solid phase, displaying 
the isotropic part of the hfi only. Slowing down of cage rotation should lead to the 
appearance of powder like features, resulting from the overlap of contributions of 
the four ms sub levels of the electronic quartet spin (see below). 

In Fig. 2, ENDOR spectra measured at 80 K and 250 K are depicted, taken 
at the 13C spectral region. For the experiment, a "Davies"-type pulse sequence 
was utilized (r^(5/is) - Trf{60ßs) - ^(2.5^) - r(15ßs) - 7v(5/is) - echo), which 
is best suited for the detection of small coupling constants. In a quartet electronic 
spin system, first order ENDOR transitions (Ams = 0, Ami = ±1) for I = 1/2 
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FIGURE 2. Pulse ENDOR spectra of N@C6o in polycrystalline C6o measured close to the 13C 
nuclear Zeeman frequency. 

nuclei like 13C are expected at VENDOR 
= K ^ 4zz(/?,7)/2l and at ^ENDOR = 

\vn ± 3Azz(ß, 7)/2| , which collapse into single transitions in case of a vanishing hfi. 
The angular dependence of Azz on the orientation of the molecule with respect to 
the external field axis, which is denoted by the Eulerian angles ß and 7 leads to 
a typical powder pattern if the cage rotation is sufficiently slow. As can be seen 
in Fig. 2, the broad structure collapses at 250 K into an apparently single line, 
indicating isotropic rotation of the cage with a correlation time shorter than the 
reciprocal width of the low temperature spectrum. A quantitative analysis of the 
13C powder ENDOR which results from coupling to 60 equivalent "local" nuclei in 
the carbon cage indicates that not only point dipole interaction with the Nitrogen 
spin but also contributions from spin density delocalized on the cage contributes 
to the observed pattern. 
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C    Sensing EPR-Silent Paramagnetic Impurities 

Taking advantage of the exceptional long spin relaxation times of N@C6o, the 
presence of trace quantities of paramagnetic impurities in solution should be de- 
tectable because of fluctuating magnetic fields contributing to spin relaxation. Ni- 
troxide spin labels are used routinely for the detection of paramagnetic molecular 
Oxygen in biological tissues down to a concentration of a few /miol/dm3, because 
in an aqueous solution saturated with air ([02] = 200 //mol/dm3) the EPR lines are 
broadened by about 20 //T. To our surprise we found that the same Oxygen con- 
centration only leads to an increase of the spin relaxation rate of N@C6o by 3-104 

s-1, corresponding to a line width increase of bare 2 /zT. Using Nitroxide spin labels 
as "relaxers", we found a linear dependence of this additional rate on the concen- 
tration of the impurity spins. The much weaker proportionality factor compared 
to the conventional case can be explained by the complete absence of Heisenberg 
spin exchange, leaving only dipole-dipole interaction as relaxation mechanism for 
the Fullerene-encased Nitrogen spin. This behavior can be rationalized by the fact 
that the Nitrogen atom is not only confined in space but because of negligible spin 
transfer to the Fullerene cage spin exchange during collisions with other spins is 
prevented. This is in contrast with strong Oxygen-related line broadening observed 
for Metallo-Fullerenes, for which spin density resides on the Carbon cage and there- 
for is accessible. Using the calibration obtained from the Nitroxide probes, it could 
be demonstrated that Ho@C82 which is EPR silent at room temperature in solution 
is paramagnetic as expected from the odd number of electrons in the system. 
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CERIUM METALLOFULLERENES 

Petra Georgi, Pavel Kuran and Lothar Dunsch 

IFWDresden, Abt. Elektrochemie und leitfähige Polymere 
Helmholtzstr. 20, D-01069 Dresden, Germany 

With respect to its redox state cerium is of high interest in metallofullerene research 
as its preferable redox states are 3+ and 4+. As representative structures of the 
cerium fullerene family both Ce2@C72 and Ce@C82 were prepared by the Krätschmer 
arc burning method. The metallofullerene Ce2@C72 was isolated for the first time 
using a two stage HPLC separation technique. The UV-Vis-NIR IR and ESR spectra 
were compared with those of other C72 cage metallofullerenes. The existence and 
stability of the Ce2@C72 structure supports the assumption that the C72 carbon cage 
can be stabilised by metal ions. 
The endohedral fullerene Ce@C82 was also isolated by two stage HPLC and 
characterised by UV-Vis-NIR, IR and ESR spectroscopy for comparison with other 
endohedral C82 fullerenes. The redox properties of this metallofullerene structure 
were studied by cyclic voltammetry. 

INTRODUCTION 

Cerium fullerenes represent the interesting group of endohedral fullerenes , because 
the redox state of the cerium atom inside the cage can be 3+ or 4+. Besides the 
structures like La@C82

4, Sc@C82
5 and Y^C^2-6 the carbon cages with lower sizes are 

predominately studied. Therefore the influence of compounds containing five- 
membered rings (for instance decacyclene, see Fig. 1) on the formation and yield of 
smaller fullerene structures like Ce2@C„ (n=72, 76, 78, 80) was studied. Mass 
spectrometric, UV-Vis-NIR, IR- and electrochemical measurements were chosen to 
characterise the dimetallofullerene Ce2@C72 and the monometallofullerene Ce@C82. 

EXPERIMENTAL 

The cerium fullerenes were produced by using the arc vaporisation method by Krätsch- 
mer and Huffman. The helium pressure inside the arc burning chamber was 200 mbar. 
TABLE 1 Composition of rod filling mixture 

graphite cerium 
(metallic) 

decacyclen Ce(N03)j 

6 1 0.25 0.25 
6 1 0.125 0.125 
6 1 0.5 0.5 FIGURE 1 Decacyclene 
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In the first set of experiments the graphite rods for the production cycles were filled 
with a mixture of graphite, metallic cerium, decacyclene and cerium nitrate in different 
molar compositions as shown in Table 1. The cerium fullerene structures were extracted 
from the soot by carbon disulphide and purified by two stage HPLC. After the first 
HPLC step a long term storage of the Ce@C82 containing fraction for seven months 
under laboratory conditions was undertaken. 
In a further preparation cycle the carbon rods were filled with a mixture of graphite and 
metallic cerium in the ratio of 12.5 to 1 (molar). The fullerenes were again extracted by 
CS2, then dissolved in toluene and passed in one step through HPLC. 

RESULTS AND DISCUSSION - CERIUM FULLERENE FAMILY 

The mass spectra of the family of cerium fullerene structures produced in both prepara- 
tion cycles are as follows: 
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FIGURE 2 Mass spectra of fractions after preparative HPLC 
a) Ce2@C72 containing fraction; b) Ce2@C78 containing fraction; 
c) Ce2@C76 and Ce@C82 containing fraction; d) Ce2@C80 containing fraction 

In Fig. 2a-d the mass spectra of the endohedral cerium fullerene structures Ce2@C?2 
(m/z=1144), Ce2@C76 (m/z=1192), Ce2@C78 (m/z=1216), Ce2@C80 (m/z=1241) and 
Ce@C82 (m/z=1125) are shown. The higher dimetalloceriumfullerenes Ce2@C76, 
Ce2@C78 and Ce2@C80 could also be detected in pre-separated fractions of preparative 
HPLC separation. 
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Ce2@C 72 

The stable Ce2@C72 structure as well as La2@C72 point to the fact that the C72 cage can 
be stabilised by metal ions, because the isolation of the empty C72 cage was 
unsuccessful up to now. Fig. 3 shows the UV-Vis-NIR spectrum of Ce2@C72. 
Absorptions at 340 nm, 556 nm and 677 nm were found. These absorption bands are 
similar to the UV-Vis-NIR- absorption of the La2@C72 structure. This is an indication 
that the oxidation state of cerium is 3+. 

400 600 800 
Wavelength 

FIGURE 3 UV-Vis-spectrum of Ce2@C72 

;N 
\ /1       2     3 4 \ 

1 

Retention time [min] 

FIGURE 4 HPLC-chromatogram of Ce@C82 on 
analytical BC after long-term storage 

Ce@C; 82 

The separation of endohedral Ce@C82 after a long-term storage was made on an 
analytical Buckyclutcher column. The HPLC-profile is shown in Fig. 4. 
After collecting the fractions at retention times between 11.7 and 16 minutes the UV- 
Vis-NIR spectra were measured. All four fractions showed the same absorptions at 390, 
631 and 1008 nm. As already shown by mass spectrometry all fractions contain 
Ce@C82. This behaviour suggests, that a light-induced transformation of the Ce@C82- 
structure has taken place during storage. 

SPECTROSCOPY AND STABILITY OF Ce@C82 

The Ce@C82 structure produced in the second production cycle (without decacyclene 
and cerium nitrate in the rod filling mixture) was separated by one-step-HPLC. 
The purity of the Ce@C82 is more than 90%. The influence of light on the stability of 
the Ce@C82 structure was investigated by using two samples from the same separation 
batch. One sample was stored for seven days under day light, the other sample was 
irradiated for 4 hours with light at 200 nm. Both samples have been irreversibly 
changed. This change was clearly seen in the HPLC-profiles before and after irradiation. 
To avoid this change it was necessary to measure the UV-Vis-NIR and IR-spectra (Fig. 
5a and b) shortly (less than 12h) after HPLC-separation and to store the structure in the 
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dark. UV-Vis-NIR absorptions at 380 nm, 500 nm, 630 nm and 1010 nm and typical 
IR-absorptions (in comparison with La@C827) are detected. 
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FIGURE 5 UV-Vis-NIR and IR-spectra of Ce@C82 

The cyclic voltamogram of Ce@C82 in 1,2- 
dichlorbenzene shown in Fig. 5c gives the following 
redox potentials: 
red 

red 

-1,5     -1.0     -0,5      0,0 

ElVlvs. Aq/AqCI 

'El = -0.91V 
lE2 = -1.07 V 

^3 =-1.83 V 
0XE1= 0.14 V 
0XE2= 0.59 V 

FIGURE 6 Cyclic voltamogram of Ce@C82 

In comparison with La@C82 the Ce@C82 shows very similar absorption in the UV-Vis- 
NIR spectra, the vibrational modes are comparable and also the cyclic voltammograms 
are similar. These results indicate, that also in the case of Ce@C82 the redox state of the 
cerium atom is 3+. 

CONCLUSIONS 

For the first time Ce2@C72 was isolated by two stage HPLC separation and 
characterised by UV-Vis-NIR and mass spectrometry. The retention behaviour in 
HPLC and the UV-Vis-NIR spectrum of Ce2@C72 are similar to those of La2@C72. The 
stable higher dimetalloceriumfullerenes Ce2@C76 and Ce2@C78 were detected in pre- 
separated fractions of preparative HPLC. The stability of Ce@C82 under irradiation was 
studied and it was shown that irreversible changes of the Ce©C82 structure under the 
formation of a new ones eluating at the shorter retention times than Ce@C82 are 
observed. This new Ce@C82 structures were shown to give completely different 
HPLC-profiles. 

109 



ACKNOWLEDGMENTS 

This work was financially supported by Bundesministerium für Bildung und 
Forschung, Deutsche Forschungsgemeinschaft (Schwerpunktprogramm Grundlagen 
der elektronischen Nanotechnologie) and EU (TMR-project ERBFMRX-CT97-0155). 

REFERENCES 

1. R. D. Johnson, H. S. de Vries, J. Salem, D. S. Bethune and C. S. Yannoni, Nature 355 (1992) 
239; R D. Johnson, D. S. Bethune and C. S. Yannoni, Acc. Chem. Res. 25 (1992) 169. 
C. S.Yannoni, H. R. Wendt, M. S. de Vries, R. L. Siemens, J. R. Salem, J. Lyerla, R. D. 
Johnson, M. Hoinkis, M S. Crowder, C. A. Brown, D. S. Bethune, L. Taylor, D. Nguyen, P. 
Jedrzejewski and H. C. Dorn, Synth. Metals 59 (1993) 279. 

2. S. Bandow, H. Shinohara, Y. Saito, M. Ohkohchi and Y. Ando, J. Phys. Chem. 97 (1993) 
6101 

3. A. Bartl, U. Kirbach, L. Dunsch, B. Schandert and J. Fröhner, in: Progress in Fullerene 
Research; (H. Kuzmany, J. Fink, M. Mehring and S. Roth, Hrsg.) Singapure, World Scientific 
1994, p. 112. 

4. Y. Chai, T. Guo, C. Jin, R. E. Haufler, L. P. F. Chibante, J. Fure, L. Wang, J. M. Alford and 
R E. Smalley, J. Phys. Chem. 95 (1991) 7564 

5. C. SYannoni, M. Hoinkis, H. M. S. de Vries, D. S. Bethune, J. R. Salem, M S. Crowder and 
R. D. Johnson,.Science 256 (1992) 1191. 

6. J. H. Weaver, Y. Chai, G. H: Kroll, T. R Ohno, R E. Haufler, T. Guo, J. M. Alford, 
J. Conceicao, L. P. F. Chibante, A. Jain, G. Palmer and R. E. Smalley, Chem. Phys. Lett. 190 
(1992) 460 

7. M. Krause, P. Kuran, U. Kirbach, L. Dunsch, Carbon 37 (1999) 113-115 

110 



The electronic properties of charged 
N@C60 

Läszlö Udvardi 

Dept. of Theoretical Physics, Institute of Physics, Technical University of Budapest, 
H-1521 Budapest, Budafoki üt 8, Hungary 

Abstract. The energy of the triplet and singlet states of the NCüCj^1 have been 
calculated at R.OHF and MCSCF level. The ground state of the anion appeared to 
be triplet and the nitrogen atom has been found to sit at the centre of the molecule. 
A possible reason why the endohedral molecule remains neutral in the ACöO phase is 
discussed at the end of the paper. 

I    INTRODUCTION 

N@C6o was recently discovered by T. Almeida Murphy et al. [1] and attracted 
great experimental and theoretical interest. Surprisingly the encapsulated nitrogen 
atom in the fullerene cage keeps its atomic quartet spin state as it is indicated in 
several ESR experiments [1-3]. The nitrogen atom sitting in the cage molecule 
seems to be intact even if the fullerene molecule makes a chemical reaction with 
some adducts [4], so the ESR signal of the nitrogen atom could be a good indicator 
of the changes in geometrical and electronic structure of the molecule. 

In the case of the alkali doped fullerenes the COO molecule accepts the valence 
electron of the ionized alkali atom. We expect that with the help of the N@C6o 
molecule we can detect the different charged states in these fullerites. 

In the present contribution the electronic structure of the NCDCeo1 complex is 
calculated at ab-initio Restricted Open-shell Hartree-Fock (ROHF) and MCSCF 
levels. The energies of the triplet and the singlet states of the icosahedral and d2h 
distorted molecules are compared in order to find the ground state of the system. 

II    RESULTS AND DISCUSSION 

The calculations were done using Huzinaga's mini [5] basis on the carbon atoms 
and 631G*+ on the nitrogen. Since in the case of the carbon cage the extra electron 
can be distributed among 60 atoms but if it occupies the N orbitals it is localized 
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FIGURE 1. The energy of the molecular orbitals of the N@C60
1 in the vicinity of the HOMO 

in the case of the icosahedral and d2h distorted structure. 

on one atom diffuse basis was applied only on the nitrogen. However, the dif- 
ference between the quality of the two basis sets makes the Mulliken charges to 
be meaningless. The choice of the basis was a compromise due to the size of the 
system. 

In the neutral quartet system the px, pv, pz valence orbitals of the nitrogen atom 
are energetically between the HOMO and the LUMO of the C6o- According to 
our expectations the excess electron occupies the p-orbitals of the nitrogen in the 
icosahedral anion both in triplet and in singlet case. The many-electron ground 
state of the system was turned out to be 3Tiu which is Jahn-Teller active. The 
geometry of the distorted ion was optimized at Hartree-Fock level prescribing d2/, 
symmetry for the system, however, the application of MCSCF procedure should 
have been more preferable due to the presence of the quasi degenerate HOMO. 
This fact was reflected by the huge splitting of the triply degenerate niveous of the 
nitrogen (see Fig. 1.). 

We checked the possibility of the off-centred position of the nitrogen atom in the 
cage. We have found a minima on a twofold axis about 1.9 A from the centre of the 
molecule at 2.9 eV higher then the energy of the centred position. We concluded 
that in the case of the NOC^1 the nitrogen remains at the centre of the molecule. 

In order to get the multiplicity of the ground state at correlated level MCSCF 
calculations were done on the icosahedral and d2h systems. The active space in- 
cluded all possible configurations of the HOMO and LUMO of the C60 molecule 
and the p-molecular orbitals of the nitrogen. The result of the calculations are 
summarised in Table 1. 

In all the cases the restricted open-shell HF and MCSCF calculation predicted 
the triplet state to have the lowest energy according to the Hund's rule and the 
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Off-centred Central 
C2„ (ROHF)                      Ih (ROHF) D2h (ROHF) 

Singlet          Triplet          Singlet          Triplet Singlet          Triplet 
-2310.4978    -2310.4928    -2309.9840    -2310.6014 -2310.5153    -2310.5162 

Ift (MCSCF) D2ft (MCSCF) 
Singlet          Triplet Singlet          Triplet 

-2310.5473    -2310.6C52 -2310.5849    -2310.5897 

TABLE 1.   Energies of the different structures at Restricted Open-shell 
Hartree-Fock and MCSCF level. All values are given in Hartree. 

excess electron of the negative ion is localized on the nitrogen atom at the centre 
of the molecule. The triplet electronic state of the NOC^1 should be seen on the 
ESR signal of the alkali doped sample and it should be well distinguishable from 
the lines of the neutral N@C6o- However, the ESR measurements which were done 
on thermally doped [6] and electro chemically doped [7] COO did not show the sign 
of the change of the electronic structure of the nitrogen. The only change which 
could be detected was the decrease of the signal of the neutral N@C6o which can be 
explained by the fact that the nitrogen can escape from the cage as the temperature 
is increasing. 

So as to give a possible explanation of the contradiction between the results of 
the calculations and the experiments compare the energetics of charged COO and 
N@C6o- The energies of the two systems were calculated with different ionic charges 
by means of ROHF method supposing always the highest possible multiplicity of 
the ground state and using Dunning's double zeta basis [8]. In both cases the 
energy can be well fitted by a parabola which fact can be explained by the spherical 
structure of the systems. Dropping the unimportant constant terms the two curves 
are shown by Fig. 2. 

One can see that the charging of a N@C6o requires always larger energy then 
the charging of an empty fullerene ball. In the experiments the alkali atoms were 
put by diffusion into the Ceo sample containing small amount of N@Ceo- Since the 
presence of alkali ions in the vicinity of the endohedral complex increase the energy 
of the system more then if they occupied the interstitial sites close to an empty 
ball the sites neighbouring to the N@C6o remains empty in the ACöO phase and 
the molecule will be neutral. That is why we can not see the signal of the NtaC^,1 

in the ESR spectrum. At higher alkali concentration the statistical probability of 
the occupation of these sites could be estimated by means of the simple lattice gas 
model introduced by ref. [9] and it needs further investigations. 

Ill    CONCLUSIONS 

As the result of ROHF and MCSCF calculations we have found that the ground 
state of the NCüC^1 molecule is triplet and the excess electron is localized on the 
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Ionic charge (e) 
FIGURE 2. The energies of the multiply ionized C6o and N@C6o as the function of the charge. 
The constant terms are subtracted from both curves. 

nitrogen atom. The nitrogen atom is at the centre of the fullerene cage similarly to 
the neutral system. The calculation of the energies of the C6o and N@C6o anions 
showed that the charging of the endohedral complex is energetically more expensive 
then the charging of the empty balls. As a consequence the vicinity of the N@C60 is 
not occupied by the alkali ions and it remains neutral in the AC6o phase. This fact 
can explain the lack of the signal of the triplet nitrogen ion in the ESR spectrum. 

This research was supported in part by the Hungarian National Research Fund 
(OTKA) under Grants No. T24137. 
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Abstract: Metal encapsulating fullerenes (endohedral metallofullerenes) are interesting because 
of their unusual structural properties and possibilities of exotic electronic properties. We report 
the structural and magnetic properties of the newly isolated endohedral metallofullerene 
compound Ce@C82. The synchrotron X-ray powder profile, obtained after annealing Ce@C82 in 
a dynamical vacuum, indexes on a P63/mmc cell [a=\ 1.1544 ., c=18.2256!!] which equates to 
hexagonal close packing (hcp)of the roughly spherical C82 cages. In contrast, the powder profile 
of sublimed Ce@C82 contains dominantly face centred cubic close packing (fee) [Fm-3m; 
o=15.766 ']. Through comparisons of the obtained diffraction profiles with those simulated 
from structural models we are able to discern that the cerium atom lies approximately 1.8 
from the centre of the C82cage. The hep phase appears to be metastable, formed due close 
similarity to that of the solvent included structure [assuming isomorphology with 
La@C82aCH3C6H5]. We present a temperature dependant X-ray diffraction study of the hep 
compound. The magnetic behaviour of hep Ce@C82 has also been investigated. 

INTRODUCTION 

The endohedral metallofullerene Ce@Cs2 provides a fascinating case of a metal 
encapsulating fullerene: Not only is the location and behaviour of the endohedral 
cerium atom in question; but also the magnetic ground stateof the compound is of 
interest, due to the possible co-existence of localized f-electrons on cerium and 
delocalized conduction bands within Cs2- [cf. the case of La@Cs2 which shows strong 

indications that charge transfer to [La]3+[Cs2]+3 occurs].1 Such a combination, of dilute 
localized electrons and conduction bands, is analogous to that in the Kondo effect.2 Our 
research has thus been directedtowards the synthesis and structural characterization of 
pure Ce@C82 samples, wherein delocalization of the fullerene electrons is most likely 
to occur. Subsequently, we have performed a preliminary magnetic characterization of 
the compound. 

SYNTHESIS 

Bulk samples of Ce@Cs2 containing soot were produced by the DC arc discharge of 
CeC>2 loaded carbon composite rods, under a partial He atmosphere (200torr). The soot 
was then extracted via refluxing, firstly, in 1,2,4-trichlorobenzene and then in pyridine 
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solvents. Ce@Cs2 was then isolated by HPLC2 and characterised using TOF-Mass 
spectra and UV-vis-NIR absorption spectra. Diffraction quality samples of Ce@Cs2 
were prepared by the slow evaporation of Ce@Cs2 solutions in CS2 (or toluene) under 
anaerobic conditions; yielding crystals of solvent including Ce@Cs2-CS2 (or toluene), 
with predominantly, flat-plate, monoclinic morphology. The included solvent was then 
removed via drying under dynamical vacuum at 250ÜC. Vacuum sublimation of dried 
Ce@C82 samples was carried out at 600ÜC. 

DIFFRACTION 

Room temperature X-ray powder profiles were collected on Ce@Cs2 samples at the 
Photon Factory, KEK, on beam lines BL-1B and BL-6C. Figure 1(a) shows the 
observed profile for dried Ce@Cs2 (X=l.69940). The profile is single phase and 
indexes on a hexagonal close packed cell (hep), space group P63/mmc, yielding the 
refined lattice parameters a=11.1544D, c=18.2256D. Figures l(b,c) show the 
comparison to simulated hep Ce@Cs2 X-ray profiles.3 Model Ce@C82 structures were 
generated by approximating Cs2 as a spherical carbon shell of radius 4.2 G, with 
appropriately averaged density. An hep array of Cs2is then generated by placing shells 
at the 2c symmetry positions within P63/mmc. Further, by placing the cerium atom at 
different locations within the Cs2 shell we were able to conclude the best comparison 
with experimental dataoccurred with the cerium atom approximately 1.8D from the 
shell centre, at a site of general symmetry. 
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Figure 1: (a) Observed X-ray diffraction profile of dried Ce@C82> indexing on P63/mmc; 
compared to simulated profiles of hep Ce@C82 with: (b) cerium atom at 1.8 i from the shell center and 
(c) cerium atom at the center of the C82 shell. 

The X-ray profile obtained on sublimed Ce@Cs2 was biphasic. The dominant 
phase indexed on a face centred close packed cell (fee), space group Fm-3m, with 
refined lattice parameter a=15.766D. A minority hep phase was apparentin the profile 
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as a few broad asymmetric reflections. These may result from stacking faulting within 
predominantly fee crystallites. 

Temperature dependant X-ray profiles were collected on the single phase hep 
Ce@Cg2 compound between 8.5K and 300K, on the BL-6C beam-line at the KEK. The 
refined cell parameters are plotted as a function of temperature in Figure 2. The sharp 
drop-off in the in-plane a lattice constant at around 150K is reminiscent ofthat seen in a 
similar study of the hep phase of C70.5 Over the temperature range studied, no evidence 
of a transition to lower symmetry was observed down to the lowest temperature studied, 
8.5K. This is in contrast to the known lower C2V symmetry of Cs2 whencompared to 
lattice symmetry. Three possibilities present themselves: (i) a rotational ordering of C82 
cages occurs but the change is not measurable at this resolution, (ii) Ü82 maintains a 
locked-in disorder at low temperatures, (iii) a further possibility of locked-in disorder 
resulting from multiple Cg2 isomers in each crystallite. Further experiments are now in 
progress in order to resolve these issues. 
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Figure 2: Plots of the refined lattice parameters of hep Ce@C82 as a function of temperature. 

MAGNETISM 

The magnetic behavior of hep Ce@Cs2 was investigated with a Quantum Design 
MPMS5 SQUID Magnetometer. The magnetic susceptibility (xmoH) as a function of 
temperature (plotted in Figure 3(a)) displays paramagnetism down to 2K. The observed 
paramagnetic moment was mainly attributed to localised 4f-electrons on the endohedral 
cerium ion (this was inferred by comparison with susceptibility data collected on a 
sample ofhep La@Cs2)-6 The temperature dependence of the effective paramagnetic 
moment |ieff is plotted in Figure 3(b). At 300K the effective moment, |^eff(300K) = 
2.3|^B, is close to the free-ion value for Ce3+ (f1, J=5/2, ^ieff = 2.54J^B); however, the 
effective moment decreases towards lower temperatures, reaching fieff(2K) = l.Ouß- 
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Figure 3: (a) Susceptibility (xmol-1) behaviour of Ce@C82 vs. temperature and (b) Plot of ueff 

of Ce@C82 vs. temperature. 
DISCUSSIONS 

We have prepared bulk quantities of Ce@C82 and reported its structural properties for 
the first time. We found that we can prepare single phase hep samples via solvent 
removal and dominantly fee samples via sublimation.The observed crystal chemistry 
can be rationalised by considering the close similarity between the solvent included 
structure (e.g. the isomorphous La@Cg2. toluene structure)4 and the hep phase of 
Ce@Cg2. It seems likely that the non-severe conditions of solvent removal facilitate the 
exclusive formation of a metastable hep phase. Sublimation yields the 
thermodynamically favoured fee phase; including hep as impurity, possibly in the form 
of stacking faults. 

We investigated the hep Ce@Cg2 phase further, finding that the cerium position 
seemed to be best described in an endohedral position some 1.8D from the Cg2 cage 
center. Temperature dependent measurements on the phase revealed some evidence of a 
sharp drop-off in the a lattice parameter at around 15 OK; however, we observed no 
evidence of symmetry lowering, even at 2K. 

Magnetic susceptibility measurements indicate paramagnetic behaviour down to 
2K. The paramagnetic moment at 300K is approximately that for free-ion Ce3+ (J=5/2), 
indicating 3-electrons have been transfered to the Cg2 cage. Towards lower 
temperatures the paramagnetic moment falls, monotonically reaching lp-B at 2K. One 
tentative explanation for the loss of paramagnetic moment with temperature, lies in the 
disordered cerium ion position at high temperatures, becoming quenched upon cooling. 
This would result in an increase, in the crystal field within the compound. The ground- 
state for Ce3+ (J=5/2) is expected to be |Jz|=l/2 giving a |ieff(0K) = 0.74UB, close to the 

observed value at 2K. 
We note that the observed sharp drop-off in the a lattice parameter, below 150K, 

co-incides with the onset of the more gradual fall in the paramagnetic moment (u.eff)- 
This structural change most likely represents a freezing of fullerene motion, which may 
accompany an ordering of the cerium ion positions, which inturn is that required to 
precipitate the change in magnetic behaviour. 
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Abstract. Characterizable amount of La@C80 was prepared by means of a two-stage HPLC 
purification of fullerene ingredients which were extracted from carbon soot in macroscopic quantity. 
In the same way as the investigation of Ce@Cg2 and CeLa@C80 in our previous work, molecular 
dynamic behavior of the newly purified species has been studied by means of time-differential perturbed 
angular correlation measurements. The data analyzed have shown that powder Ce@C80 has somewhat 
slow rotational motion at room temperature compared with Ce@C82 of the same form and the electric 
field gradient at the encaged Ce nucleus is almost equal to that at the corresponding atom of Ce@C82. 

INTRODUCTION 

Physical and chemical properties of endohedral metallofullerenes have widely been 
investigated by means of various spectroscopic techniques (1) since the achievement of 
macroscopic production of those species (2). Molecular dynamics has particularly been 
focused on and the nature of the interaction between the molecules has gradually been 
unveiled. 

Concerning dynamic behavior of endohedral fullerenes, we have already studied 
molecular and intramolecular motion of Ce@C82 and CeLa@C80, which are ß~ decay 
products of La@C82 and La^Cg,,, respectively, by means of time-differential perturbed 
angular correlation (TDPAC) measurements, and have reported the difference of the 
rotational motion between the molecules (3, 4). Our next interest was directed to what 
makes the difference of the mobility of the molecules in order to reach collective 
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understanding on molecular interaction of metallofullerenes. 
Ce@C80 is considered to be an intermediary species between Ce@C82 and CeLa@C80 

because of the cage size and the singly encapsulated atom. Expecting to obtain further 
information pertaining to the nature of molecular dynamics of monometallofullerene 
and/or endohedral C80 fullerene, we applied the TDPAC method to a novel 
metallofullerene Ce@C80 as a jff"decay product of La@C80. 

TDPAC METHOD 

The angular correlations of successive yrays emitted from an excited nucleus have a 
directional anisotropy, which is characteristic of individual nuclear disintegration. In 
case that there is a certain time interval between the cascade y-ray emission and if there is 
some electric and/or magnetic interaction between the nucleus of interest and the 
extranuclear field, the angular correlation is perturbed depending on the strength of 
interaction and the reorientational correlation time, Tc, of the principal axis of the electric 
field gradient (EFG) produced at the probe nucleus. Information about the physical and 
chemical surroundings of the probe nucleus can be obtained by observing the way of the 
perturbation. 

Specifically speaking, for the present decay system, perturbation on the probe nucleus 
can be observed through the time variation of the directional anisotropy \A22G22{t)] of the 
329-487 keV y-y cascade from excited Ce nuclei, whose 2083-keV intermediate level 
with its nuclear spin and parity of 4+has a half life of 3.45 ns, where A22 (=-0.14 for the 
present case) is the coefficient which is characteristic of the relevant cascade and G22(f) is 
the perturbation factor as a function of the time interval, t, between the cascade. For a 
series of the cerium-fullerene studies, especially in the investigation of solid-state 
molecular dynamics, we consider that the TDPAC method is one of the most powerful 
spectroscopies. 

EXPERIMENT 

A two-stage HPLC method was used to separate the La@C80 fraction from the other 
fullerene ingredients extracted from the carbon soot generated by a dc arc discharge of 
lanthanum-carbon composite rods in 250 torr He atmosphere (5). After irradiating the 
purified sample with reactor neutrons at the neutron fluence rate of l.OxlO14 cm'V for 
several hours, an HPLC purification was again performed to get rid of the impurities 
produced by hot atom effects and/or radiation effects. TDPAC measurements were 
performed for the powder sample at room temperature and 10 K on the 329-487 keV 
cascade yrays from the l40Ce nucleus with a conventional four-detector system (6). The 
directional anisotropy is defined by A22G22(t)=2[N(.n,t)-N(n/2,t)]/[N(n,t)+2N(Tt/2,t)l 
where N(0,f) is the number of coincident events observed at angle 0. 
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FIGURE 1. Time variation of TDPACs of 140Ce in powder Ce@C80 at (a) room temperature and (b) 10 K. 

RESULTS AND DISCUSSION 

The TDPACs measured at room temperature and 10 K are shown in Figure 1. The 
directional anisotropy at room temperature indicates gradual relaxation, which is a typical 
behavior for the case that the principal axis of the EFG at the probe Ce nucleus is 
dynamically perturbed by the extranuclear field. On the other hand, there is an 
oscillatory structure in the TOP AC at 10 K indicating static perturbation on the nucleus by 
an electric quadrupole interaction between the EFG and the nuclear quadrupole moment of 
the probe nucleus. In a similar way to our previous work (3, 4), two-component 
analyses were performed for the TDPACs at room temperature and 10 K with the 
respective equations below: 

A22G22(t) = -0.14[/>exp(-,V) + (1 - P)exp(-V)L (1) 

and 

A22G22 (t) = -O.UlPG^it)^ + (1 - P)exp(-A20]. (2) 

Here, P is the fraction of the first component, X is the relaxation constant proportional to 
the reorientational correlation time, and the subscripts 1 and 2 represent the first and 
second components, respectively. Detailed description on the equations appears in 
reference (4). 

The TC value   for the first component (=0.91+0.10 ns) estimated by the least- 
squares fit shows that Ce@C80 has slow rotational motion at room temperature compared 
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with Ce@C82 (3). The absolute value of the EFG, \Va\ (=(1.4+0.1)X 1023 V mf2), 
which is deduced by the value of the nuclear quadrupole frequency, cog, obtained by the 
fit, is almost equal to that of Ce@C82 (3). From the comparable values of the optimized 
parameters and similar behavior of TDPACs, it can be inferred that Ce@C80 molecules 
have thermal molecular motion at room temperature, whereas the motion freezes at 10 K. 

CONCLUSION 

It has been found from the optimized value of [V^] that Ce atom encaged in C80 is in a 
similar electronic surroundings to Ce atom in C82 cage. Accordingly, the valence state of 
the atom is regarded as trivalent. 

Two different components have been observed in each TDPAC taken at room 
temperature and 10 K. The reorientational correlation time of the principal axis of the 
EFG at room temperature, which is several times as large as that of Ce@C82, is 
considered to directly reflect the time scale of the molecular motion at that temperature, 
although temperature dependence of TDPACs needs to be examined so as to check the 
plausibility of the interpretation of the molecular motion. 
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Abstract. Recently we have succeeded to synthesize solvent-free single crystals of endohedral 

metallofullerene La@C82 with the size of 0.5x0.2x0.2mm3 for the first time. We have investigated the 

low temperature (T) x-ray diffraction measurements (20K-300K), and have revealed that the solvent-free 

La@C,;2 crystal takes various structured phases, that is, (I) the face-centered cubic (fee) phase 

(300K-180K), (II) the rhombohedral phase (180K-140K), (III) the triclinic phase (140K-20K) and (IV) the 

simple cubic (sc) phase (132K-20K). The rhombohedral and triclinic phases are characterized by the 

Cr-cage orientational order, and the sc phase is characterized by the molecular electric dipole order, and in 

the fee phase both are not in order. As for the two lowest-T phases, with slow cooling below 132K, the 

crystal remains in the triclinic phase. On the other hand with rapid cooling, the crystal undergoes the 

phase transition to the sc phase at 115K. Once the phase transition occurs, the sc phase is stable up to 

132K, and the sc phase with rapid cooling is more stable than the triclinic phase, contrary to the usual 

cases. We also revealed that the triclinic phase turns to the sc phase by x-ray irradiation. 

INTRODUCTION 

The structural feature of the endohedral metallofullerene crystal is attracting much 

attention, because the metallofullerene has a large molecular electric dipole moment [1] 

and it should play an important role in contrast to the "empty" fullerene crystals. Actually 

our previous results of powder x-ray diffraction study showed that the solvent-free crystal 

of La@C82 has the fee lattice structure (a0=15.78 Ä) at room temperature (T), and the 

molecules tend to take an orientation that the long axes of the Rugby-ball shaped Cg2-cage 

face away each other and simultaneously minimizing the electrostatic interaction between 

the electric dipoles of the La@C82 molecule, and turn their direction between the 
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preferable orientations with jumping motion [2]. We also observed that the lattice shrinks 

steeply in the T-region of 180K-80K, however no other significant change is observed. 

So we prepared the solvent-free single crystals of La@C82 which enable us to obtain the 

high resolution data. We also established the method to synthesize the single crystal from 

a small amount of the powder sample. In this paper, we will report the successive 

structural phase transition of the solvent-free La@C82 crystal. 

EXPERIMENTAL 

Solvent-free single crystals of La@C82 were synthesized by the sublimation method in 

the following way. First, we isolated the high purity samples from other fullerenes, 

metallofullerenes and isomers by three-step HPLC technique. We put the dried powder 

sample of the amount of 0.2mg into a quartz glass tube of 2mm in a diameter, and baked 

the powder sample in a vacuum (<lxl06 torr) to remove almost all the solvent. Then, we 

sealed the tube in a vacuum of 3xlO"7 torr and heated it up to 600°C at the powder sample 

side and to 580°C at the other empty side. After three weeks, we obtained the single 

crystals of the largest size of 0.5x0.2x0.2mm3 at the lower temperature side (Fig. 1). 

Low temperature x-ray diffraction experiments (20K-300K) were carried out both at the 

synchrotron radiation source of Photon Factory (BL6C, and BL1B), KEK, Tsukuba 

(K= 1.1Ä) and at the ISSP rotating-anode source (CuKoc). We used a scintillation counter 
and an imaging plate for detection. 

0.5mm 
|  

Figure 1. Solvent-free single crystal of La@C8 -82 
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RESULTS AND DISCUSSION 

Figure 2. shows the temperature (T) dependence of the peak intensity of the 022 

reflection. All Bragg reflections behave as the same way. We observed an anomaly at 

180K. Above 180K, the crystal takes the fee structure as shown in the rotation 

photograph (Fig.3a). Below 180K, the peak intensity steeply decreases with T 

decreasing, and simultaneously we observed the peaks broadening in the tangential 

direction of the reciprocal space and also splitting in the radial direction (Fig.3b), which 

means the crystal is divided into the micro-domains. From the splitting width of each 

reflection, the crystal structure is determined as the rhombohedral structure. And below 

150K, furthermore splitting was detected with the high resolution experiment, which 

means the crystal takes the triclinic structure. We observed two series below 132K. With 

the slow cooling from 132K to 110K, the crystal remains in the triclinic structure to the 

lowest-T (20K). On the other hand, with the rapid cooling, the peak intensity jumps up at 

115K to the same level as in the fee phase, and the crystal returns to the single domain, 

even though once the crystal was divided into the micro-domains. The diffraction pattern 

is similar to the fee phase, but we observed the super lattices indicating the sc structure 

(Fig.3c). This phase transition is accompanied by the large hysteresis, and once turning 

to the sc phase, the sc phase is stable up to 132K. Such cooling rate dependence appears 

only in that T-region (132K-110K). In another T-region or in the heating process, the 

structural feature depends only on T and the above processes are reversible. With respect 

to the two phase below 132K, we can conclude that the sc phase with rapid cooling is 

more stable than triclinic phase with slow cooling, contrary to the usual cases, because the 

triclinic phase can turn to the sc phase as mentioned above, on the other hand, the inverse 

process cannot occur. 
As for the molecular orientation, in the rhombohedral phase, judging from the lattice has 

a uniaxial type symmetry, we think that the order of the C82-cage long axes occurs and the 

molecular motion is restricted around its long axis. And also we think that, in the triclinic 

phase, the order of the C82-cage short axes also occurs and the molecular rotational 

motion is frozen. In the sc phase, we concluded that the order of the molecular electric 

dipoles occurs, which is shown by the analysis of the super lattice intensity. 

We also revealed the x-ray induced structural phase transition, that is, by the synchrotron 

x-ray irradiation with the flux of 8xl010 photons/mm2s (k=l.l A), the triclinic phase 

gradually turns to the sc phase which is completed about three hours. 
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Figure 3 . Rotation photograph of the La@C82 single crystal around [11 l]-axis. (a) the 
fcc-phase at 300K (b) the triclinic-phase at 135K (c) the simple cubic phase at 100K 
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Abstract. Experimental studies of endohedral rare earth fullerenes indicate variations 
of the valence states of the rare earth atoms in these systems and the stabilization of 
certain fullerene cages, as e.g. in La2@C80 or Eu@C74. 

Using a semirelativistic Density Functional based Tight Binding formalism (DF-TB) 
the valence states of rare earth metals in various fullerene cages (e.g. C74, C80, C82, 
C84) as endohedral complexes were examined in comparison to experimental investiga- 
tions. The rare earth atoms in a fullerene cage seem to be mostly in a trivalent state. 
Some elements like Sm and Tm are to be considered borderline cases since they may 
change their valence state via a 5d -»• 4/ promotion. 

Molecular dynamics simulations indicate a rather high mobility of the rare earth 
atom(s) in certain endohedrals due to the relatively weak coupling to the cage. 

INTRODUCTION 

The recent success in the synthesis, extraction and characterization of rare earth 
endohedral fullerenes has lead to a number of questions to be investigated for a 
proper understanding of these compounds, as regards growth mechanisms, stabili- 
ties, chemical properties for example. 

Of special interest is of course the question for the behaviour of the 4/-electron 
systems of the rare earth metals. The strongly localized 4/ electron subsystem 
keeps localized in compounds, but its configuration may change, thus changing the 
effective valency of the endohedral rare earth atom. This valency will essentially 
affect the properties of the fulleren isomers, like e.g. ground state geometries, cage 
stabilizations and distortions, chemical reactivity etc. Thus, the valence state of 
the lanthanides in compounds, trivalent [Xe]4/"5d16s2 or divalent [Xe]4/"+ 6s , 
and possible transitions are some of the key questions in this field. 

The method applied in the calculations is a non-orthogonal density-functional- 
based tight-binding scheme (DF-TB) [1,2].   In contrast to other tight-binding 
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FIGURE 1. Energies of rare earth metals in endohedral RE@Cs2 for trivalent (solid line) 
and divalent (dashed line) configurations of the rare earth atoms. Q denotes the total 
charge of the whole system. 

models the Hamiltonian and overlap matrix elements are calculated from first prin- 
ciples. In order to describe the lanthanide atoms properly a scalar-relativistic 
extension has been used [3]. 

VALENCE STATES OF RE METALS IN C 82 

While most of the Lanthanides have a divalent atomic ground state [Xe]4/n+16s2 

(La,Ce,Gd and Lu are trivalent [Xe]4/n5d16s2, n=0 for La), their state in the bulk 
metal is trivalent except for Eu and Yb. An additional exception is Cerium which 
is known to occur in a tetravalent configuration ([Xe]4/°5d26s2) as well. 

To investigate the influence of the enclosing cage on the valence state of the lan- 
thanide atoms various fullerene cages were considered, e.g. C72, C74, Cso and Cs2- 
Generally, the 5d-states of the lanthanides form delocalized states with the molec- 
ular orbitals of the fullerene cage. Consequently the interaction is not completely 
ionic but contains a considerable amount of covalent contributions. Also common 
to all considered systems is the location of the endohedral rare earth atom above a 
hexagon-hexagon adjacency of the fullerene cage. 

The systematic increase of the energy with ascending nuclear charge of the lan- 
thanides in the trivalent case is just the effect of subsequently filling the 4/ electron 
shell (fig. 1). In the divalent case there is not this monotonic behaviour, reflecting 
the high complexity of the 4/ electron subsystem. In the cases of Eu and Yb the 
HUNDT'S rule on maximizing the spin favoures a divalent state. Some other ele- 
ments like Samarium or especially Thulium are considered to be borderline cases 
since the energetic differences between di- and trivalent states are rather small, 
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FIGURE 2. Energies of endohedral Thulium in 9 different isomers of Cs2- HI refers 
to a trivalent atomic configuration [Xe]4/125d16s2 of the Thulium atom, II denotes the 
divalent configuration [Xe]4/136s2. 

so they may change their valence state via ad^f promotion according to the 
environmental conditions like the total cage charge or the cage isomery. 

The influence of the cage isomery is shown in fig. 2 for Tm@Cg2 as an exam- 
ple. The total energy of Tm@Cg2 was calculated for trivalent as well as divalent 
configurations of the Thulium atom in every of the nine IPR isomers of C82- The 
calculated energy difference between the most stable isomer configurations is only 
about 0.1 leV in favour of the trivalent configuration. I.e., due to this small energy 
difference the existence of Tm@Cs2 with a divalent Tm, as reported recently [4], 
cannot be excluded. 

Eu@C74 

The empty C74 fullerene cage (D3h symmetry) has a very small electronic HOMO- 
LUMO gap indicating a low stability. Indeed the (empty) fullerene could not be 
isolated yet. On the other hand the isolation of endohedral Eu@C74 has been 
reported recently [5]. 

As a result of the calculations for the ground state geometry of Eu@C74 a C^ 
configuration was found to be energetically most favourable, where the Eu atom 
is located above a bonding bridge between two adjacent hexagons. This molecu- 
lar geometry implies three isoenergetic configurations, i.e. there are three almost 
equivalent minima on the potential energy surface (PES, fig. 3). The energetic 
difference between a position at a minimum and the center position is about 2eV, 
which is large enough to keep the Europium atom off-center. 

To study the mobility of the Europium atom in the cage molecular dynamics 
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FIGURE 3. Potential energy surface of the Europium atom in endohedral Eu@C74 
whithin the 07, plane of C74 (I?3h). 

simulations were performed. Although the PES suggests a possible rotation of the 
Eu atom in the cage cycling through the three minima the calculations have shown 
that the Eu atom will be trapped in one minimum, i.e. no rotation occurs. 

Nonetheless the Europium atom has a rather high mobility whithin the cage, 
showing a strong oscillation around its equilibrium position. Due to this large am- 
plitude oscillations, the harmonic oscillator approximation for the interpretation 
of molecular spectra is not longer valid. Hence, due to this 'dynamical' symmetry 
breaking the experimentally obtained spectra may look like there is only low sym- 
metry (Cs) or no symmetry at all (Ci), although the equilibrium geometry should 
be of higher symmetry (C2t>). 
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Abstract. 
In this contribution we compare the electronic structure of selected mono- and dimet- 

allofullerenes from the viewpoint of high-energy spectroscopy. Particular emphasis will 
be placed upon the valency of the encapsulated metal ion or ions. 

INTRODUCTION 

The ability of fullerene molecules to encapsulate one or more metal ions inside 
their carbon cage has captured the imagination of many researchers. These so- 
called metallofullerenes represent a truly novel type of matter, which is expected 
to display remarkable electronic and structural properties in comparison to the 
empty fullerene cages [1]. Of great importance for the electronic properties is the 
amount of charge transfer between the metal ions and the fullerene cage. Therefore 
it is crucial to proof the valency of the encaged metal ions in the metallofullerenes 
beyond any doubt. 

In this contribution, we give an overview what we can learn about the valency of 
encaged metal ions in selected mono- as well as dimetallofullerenes by high-energy 
spectroscopy. We will especially show to what extent ultraviolet photoemission 
spectroscopy (UPS) as well as x-ray photoemission spectroscopy (XPS) can be 
used as probes to answer this question. 

EXPERIMENTAL 

The preparation and separation of three different isomers of Tm@Cs2 [2] and 
Sc2@C84 [3-5] has been described previously. After purification by multi-cycle 
chromatography the metallofullerene sample was filled into an alumina crucible and 
degassed in the effusion cell in ultra high vacuum (UHV) at 160° C for 48 hours 
and at 500° C for 30 min. For the photoemission and x-ray absorption experiments, 
thin films of a thickness of about 200 Ä of the D2d isomer of Sc2@C84 were prepared 
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by sublimation at 680° C onto freshly evaporated gold films in UHV . The samples 
were then transferred under UHV conditions into the measuring chamber. The PES 
experiments were carried out using a hemispherical electron analyser, together with 
a noble gas discharge lamp providing He I (He II) radiation (21.22 eV (40.8 eV), 
overall resolution 100 meV) or an x-ray source providing monochromatised Al Ka 
radiation (1486.6 eV, overall resolution 350 meV). 

RESULTS AND DISCUSSION 

A comparison of the valence band photoemission spectra of three different met- 
allofullerenes and their empty host cages C82 and Cg4 is depicted in Fig. 1. For 
the used photon energies (hv = 21.22eV) the photoemission spectra are dominated 
by the carbon 7r -\-a molecular orbitals (MOs) of the charged fullerene cage. The 
transport properties of the fullerenes are determined by the 7r-molecular orbitals 
(MOs) of the carbon cage (up to about 5 eV BE). 

.3 

8 

O 

6      5      4      3      2      10 

Binding energy (eV) 

FIGURE 1.   Valence band photoemission spectra of C82 (Ref. [8]), La@C82 (Ref. [8]), two 
isomers of Tm@C82, C84 (Ref. [6]) and Sc2@C84. 

All pristine fullerenes and metallofullerenes shown in Fig. 1 are semiconductors. 
The onset of the highest occupied molecular orbital (HOMO) is about 1.15 eV, 
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FIGURE 2. XPS photoemission spectrum using monochromatic AlKa radiation of the La 3d 

levels of La@C82 (Ref. [8]), the Sc 2p levels of Sc2@C84 and of the Tm 4cf levels of Tm@C82- 

0.25 eV, 1 eV, 0.9 eV, 1.3 eV, and 1 eV for C82, La@C82, Tm@C82 (with C,(6) 
symmetry), Tm@C82 (with C3„(8) symmetry), C84 and Sc2@C84 (with D2d sym- 
metry), respectively. The observation of an additional structure at low energy in 
La@C82 is in contrast to the other two metallofullerenes and is a first hint for an 
open shell configuration with an odd charge transfer to the fullerene cage as pre- 
dicted by calculations [10]. The observed onset of the HOMO in Tm@C82 as well 
as in Sc2@C84 may be explained with a closed shell configuration and a charge 
transfer of an even number of electrons to the carbon cage. For Sc2@C84 this result 
is consistent with the theoretically predicted [10] charge transfer of four electrons, 
but no proof. In Fig. 2 characteristic XPS lines of encaged metal ions are shown 
for La@C82, Sc2@C84 and Tm@C82. This method has been shown to be a suitable 
indirect probe of the valency of the La in La@C82 [7,8]. In this case, the compar- 
ison of the La 3c? core level spectrum with those of various La trihalides showed 
that the La is trivalent, with the (C82)

3~ providing an environment slightly less 
electronegative than that in LaBr3 [8]. In the same way first XPS experiments of 
the Sc 2p lines on air exposed samples of films of Sc2@C84 with D2d symmetry were 
interpreted by a Sc valency between Sc203 and Sc metal [9]. However the core 
level shift could also be most likely assigned to a different screening of the core 
hole. Therefore from those results no values for the effective charge distribution 
could be extracted and additional experiments using 'fingerprint'- features in the 
system under investigation had to be performed. For the system La@C82 from the 
difference in the relative photoionization cross sections of La 5d and C 2p in XPS 
and UPS it was concluded that there is essentially no contribution of La 5d orbitals 

134 



to the valence band at low binding energy [8]. Further experiments using resonant 
photoemission across the La 3d threshold clearly showed a resonance enhancement 
of features at low binding energy corresponding to La 5d states pointing out the 
existance of some hybridisation between La and fullerene derived states [11]. A 
simple charge transfer model can therefore not be applied for this monometallo- 
fullerene as about 1/3 of the electronic charge of the La bd orbital is localized at the 
La atom [11]. In the case of the other analysed lanthanide monometallofullerene 
Tm@Cs2 valence band high energy spectroscopy clearly showed that the encaged 
Tm is divalent. Although the Tm Ad XPS lines shown in Fig. 2 lead to a very 
complicated multiplet structure due to a strong interaction between the Ad and 4/ 
electrons the valency can be probed [12]. A direct proof of a formal Tm2+@Cs2~ 
charge distribution was found using the characteristic 4/ multiplets of the encaged 
rare earth as a fingerprint of the Tm valency [12]. 

In summary, we have shown the ability of valence band UPS to get a first hint 
about the valency of encaged metal ions. However a definite proof from valence 
band photoemission alone is not possible in most of the cases. XPS has also been 
shown to give an estimate for the valency of encaged metal ions. A direct proof 
for the valency by this method is however only possible if strongly localized states 
are involved that have a characteristic multiplet splitting which can be used as a 
fingerprint [12]. Otherwise additional methods like x-ray absorption spectroscopy 
(e.g Tm@Cs2 [12] or Sc2@Cg4 [13]) or resonant photoemission [11] have to be used 
to get additional information. 

We thank the European Union for funding within the TMR Research Network 
'FULPROP' (ERBFMRXCRT-970155). 
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Abstract: The room temperature Raman spectra of the Cg4 isomers 22: £>2 and 
23: D2d are shown to resemble a downshifted and split C60 spectrum in the range 
of the radial cage modes below 450 cm"1. Additional Raman lines with a basically 
similar structure were found for three isomers of Sc2@C84 (Cs, C2v and D2d) 
below 200 and at 260 cm"1 and attributed to (Sc-C84)-vibrations. These modes are 
further specified with respect to their normal coordinates. Factor group splitting 
in the solid state of the Sc2@C84 D2d isomer explains for the larger number of 
(Sc-C84)-vibrations as found for the other isomers. 

INTRODUCTION 

The isolation of two C84 isomers (22: £>2 and 23: Ü2d) and three isomers of 
Sc2@C84 (10: Cs, 17: C2V and 23: D2d) offered the opportunity to study the 
vibrational structure of two endohedral metal ions in one fullerene cage for the first 
time (1, 2). In this paper we discuss the Raman spectra of these compounds with 
particular emphasis on the frequency range below 450 cm"1. We assign (Sc-C84) and 
pure C84 vibrations and distinguish the (Sc-C84) modes with respect to their estimated 
normal coordinates. The unexpected high number of (Sc-C84) modes for the D2d 
isomer is explained by solid state effects on the molecular spectrum. 

EXPERIMENTAL 

Isomer pure C84 was prepared by arc burning of graphite electrodes in a He stream, 
extracted in a soxhlet by CS2 and isolated by recycling HPLC using a Cosmosil 5PYE 
column (1). For the production of the Sc2@C84 isomers a composite of Sc203, graphite 
powder and a high-strength pitch stuffed within cavities of the graphite rods was used 
for the arc burning process. The resulting fullerene soot was soxhlet extracted under 
totally anaerobic conditions by CS2. The isolation of Sc2@C84 was performed by 
multistage HPLC using two complementary types of columns (2). The final purity of 
the samples was 99.9% relative to other fullerenes. 

The fullerenes were dissolved in toluene, dropped on gold coated silicon 
substrates, dried to polycrystalline films under ambient conditions and heated in high 
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vacuum at 525 K for 4 hours. The probes were placed in a cryostat under a high 
vacuum better than 10"6 mbar. Raman spectra were excited with 514 nm radiation of 
an argon ion laser model 2020-04 (Spectra-Physics, USA) and the 647 nm line of a 
krypton ion laser CR-500K (Coherent, USA) using a line focus of 0.5x3.0 mm2. A 
prism premonochromator and interference filters were applied to eliminate laser 
plasma line radiation. Scattered Raman radiation was analysed in a 180° geometry by 
a triple spectrometer XY 500 (Dilor, France) with a spectral resolution of 3.0 cm'1. 

RESULTS AND DISCUSSION 

A vibrational structure resembling a downshifted and split C60 spectrum was found 
for both empty C84 isomers. Strong Raman bands are grouped around 220, 350 and 
420 cm"1 (Fig. 1 and Tab. 1). The centre of gravity of these bands is shifted by a factor 
of 0.81, 0.81 and 0.85 with respect to the Hg(l), Hg(2) and Ag(l) modes of C60. A 
correlation between the cage mass and the frequencies from fullerene modes of 
similar origin seems to be fairly justified by this result. 
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A„(1) 

H„<2) 
H„<1>   A 

■I J \ 

100 200 300 400 500 

Wave number/ cm"1 

Figure 1: Low frequency Raman spectra of C84 (22: D2), C84 (23: D2S and C60, 514 nm excitation, 
laser power 3.0 mW for C84 and 1.0 mW for C60 

The number of pure C84 cage modes is preserved in the Raman spectra of the three 
Sc2@C84 isomers (Fig. 2,3 and Tab. 1). Additional modes were detected around 80, 
100, 165 (very weak) and 260 cm"1 for all Sc2@C84 isomers. Their relative intensities 
depend strongly on the specific cage isomer. The three lower energetic modes have 
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counterparts in the infrared spectrum (3). Two more Raman lines at 92 and 137 cm"1 

were found for the isomer 23 only. 
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Figure 2: Low frequency Raman spectra of the      Figure 3: Low frequency Raman spectra of the 
SC^CM isomers 10 (Cs), 17 (C2V) and 23 (D2d\   Sc2@C84 isomers 10 (Cs), 17 (C2v) and 23 {D2d\ 
298 K, 514 nm excitation, 3.0 mW laser power       298 K, 647 nm excitation, 1.5 mW laser power 

For their frequencies and their absence in the Raman spectra of the empty C84 these 
additional modes are attributed to vibrations between the encapsulated scandium ions 
and the surrounding fullerene cage. According to a group theoretical treatment the 
6 (Sc-C^) modes of the Sc2@C84 isomer 23: £»2^ belong to the symmetry species 

vib,Sc-C& 
= lA1(Ra) + lB2(Ra,IR) + 2E(Ra,IR)- 

Normal mode considerations show that the A] mode represents a symmetric and 
the B2 mode an antisymmetric stretching vibration of the scandium ions against the 
cage. The displacement of the scandium ions parallel to the cage leads to the £ modes 
which are termed (Sc-C84) deformations. This picture is sufficient to assign the (Sc- 
C84) modes of the isomers 10 and 17. The two highest energetic modes are attributed 
to (Sc-C84) stretching vibrations and those at 80 and 100 cm"1 to (Sc-C84) deformations 
(Tab. 1). For the lower reduced mass the Raman mode at 260 cm"1 is assigned to the 
symmetric and that at 165 cm"1 to the antisymmetric stretching. This is consistent with 
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the complementary Raman and infrared intensities (3). As the removal of degeneracy 
does not split the (Sc-C84) deformations of the isomers 10 and 17 we ascribe the 
higher number of (Sc-C84) vibrations of the Ü2d isomer to a factor group splitting in 
crystalline Sc2@C84 (tab. 1). This is caused by the interaction of the two molecules in 
the unit cell of the crystal with the space group P2, (4). 

Table 1: Raman frequencies and assignments of the C84 and Sc2@C84 modes between 50 and 
300 cm"1, s: strong, m: medium; w: weak, vw: very weak, sh: shoulder,' infrared active only 

C84(22:Z>2) C84(23:Z)M) Sc2@C84 (10: 
Q 

Sc2@C84(17: Sc2@C84 (23: 
D2d) 

Assignment 

287 w 287 w 290 w 302 w 290 w (--84 

279 sh, w 279 w - 270 m 283 w Q4 

- - 262 w 258 s 259 w-m vs(Sc-C84) 
236 sh 229 m 243 sh 251m 245 w-m ^84 

228 m 224 m 232 m 230 sh 230 s '-'84 

220 sh 219 sh, m 227 m 224 m 225 sh, w-m ^84 

214m 214 sh, m 215 sh - 210 w-m ^84 

206 m 208 sh, w 208 w-m 202 w - C84 

- - 160 vw (160)1 166 vw Vas(Sc-C84) 
- - - - 137 m S (Sc-C84) 
- - 101m 100 sh 107 sh 5 (Sc-C84) 
- - - - 92 sh 6 (Sc-C84) 
- - 80 m 75 sh 77 sh 8 (Sc-C84) 
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Abstract: Polarization dependent Resonance Raman measurements were used to study 
the molecular structure of Eu@C74 in solution. In total 84 polarized fundamentals with a 
depolarization ratio of 1/8 < p < 3/4 were assigned. This result is discussed as a 
consequence of the position and the dynamics of the encapsulated europium ion causing 
a molecular symmetry not higher than Cs. 

INTRODUCTION 

Much progress was achieved in the structure analysis of endohedral metallo- 
fullerenes like Sc2@C84 and Ca@C82 in the past few years by 13C-NMR spectroscopy 
(1, 2). For the paramagnetic lanthanide metallofullerenes interference by NMR line 
broadening, the shift of the whole spectrum or an expanded shift range is expected. 
Therefore alternative methods for structure determination are necessary. Resonance 
Raman spectroscopy seems promising as it combines a low detection limit and 
structure specific informations like the polarization state of molecular vibrations. We 
have applied this technique on Eu@C74 which has an electronic state Eu2+@C74

2" (3). 
The endohedral europium ion shows ideal Curie paramagnetism (4). The vibrational 
properties are incompatible with a molecular symmetry higher than Q. This result is 
discussed as a consequence of the position and the dynamics of the encapsulated 
europium ion in the C74 cage. 

EXPERIMENTAL 

Eu@C74 was prepared by a modified Krätschmer arc burning method, extracted 
with a Soxhlet by CS2 and isolated by a two stage HPLC (high performance liquid 
chromatography) using a preparative Cosmosil Buckyprep (Nacalai, 25x2 cm) and an 
analytical Buckyclutcher column (SES, 25x1 cm). A final purity of higher than 98% 
was obtained (3). 

Resonance Raman spectra of saturated Eu@C74 solutions in CS2 were excited with 
763 nm radiation of a Ti:Sa laser 899 LC (Coherent, USA) and the 514 nm line of an 
argon laser Innova 305 (Coherent, USA). The Raman radiation was analysed in a 
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back scattering geometry with a triple spectrometer T 64 000 (Jobin Yvon, France). 
For polarization dependent studies subsequently the perpendicular (IJ and the parallel 
scattering intensity (I„) were determined and the ratio of depolarization was calculated 

by p= Ij/ In- 

RESULTS AND DISCUSSION 

For the molecular point group DJ/J the 216 normal 
modes of empty C74 belong to following symmetry 
species: 

vib,C14 
■■2\Ai(Ra) + l6Al(-) + l6A2(RR) + l9A2(IR) + 

37E(Ra,IR) + 35E (Ra). 

The depolarization ratio p for the 21 totally symmetric 
Figure 1: Molecular structure of A]' modes is given by 0 < p < 3/4 for non resonant 
C74, after (5), with symmetry Raman conditions, 
elements 

For resonance Raman scattering used here to study endohedral Eu@C74 values of 
1/8 < p < 3/4 are expected for the Aj' modes whereas p = 3/4 and 3/4 < p < 2 for the 
37 E' and the 35 E" Raman modes (6). In contrast to this predictions based on a 
unperturbed DJ/J symmetry the experimental vibrational structure of Eu@C74 is 
characterised by 84 Raman modes with 1/8 < p < 3/4 and a much lower number of 
nonpolarized vibrations (Tab. 1, Fig. 2, 3). The spectra excited with 763 nm radiation 
show only one nonpolarized line of substantial intensity (Fig. 2, indicated by an 
arrow). A few more anomalously polarized and depolarized Raman lines were found 
with an excitation wavelength of 514 nm (Fig. 3). These results are definitely 
incompatible with a molecular symmetry group Djh- 

Table 1: Vibrational structure of Eu@C74 

Fundamentals 
Polarized Raman modes (1/8 < p < 3/4) 
Depolarized Raman modes (p = 3/4) 
Anomalously polarized Raman modes (3/4 < p < oo) 

16 
Inversely polarized Raman modes (p -> oo) 

145 
84 

3 
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Figure 2: Polarized resonance Raman spectra of a saturated Eu@C74 solution in CS2, 7fold expanded 
intensity scale in the lower trace, 763 nm excitation, 40 mW laser power, spectral resolution 1.8 cm"1, 
integration time 12 min, ap: anomalously polarized lines, * indicates CS2 lines 

By vibrational studies of solid Eu@C74 a (Eu-C74) mode was found at 123 cm"1 (3) 
indicating a chemical bond between the encapsulated Eu2+ ion and the C74 cage which 
is hidden by the Rayleigh line in the solution spectra. Assuming the validity of the 
isolated pentagon rule the molecular symmetry of Eu@C74 should be determined by 
the equilibrium position and the dynamics of the encapsulated Eu2+ ion only. A 
subsequent symmetry reduction shows that only a molecular point group lower than 
C2v i-e- Cs can explain the polarization data of the Eu@C74 fundamentals obtained 
here. This structure could be realized by an asymmetric equilibrium position of the 
Eu2+ ion above a (6,6) double bond or a hexagon in the molecular plane of C74 (Fig. 1) 
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or by an large asymmetric oscillation of the Eu2+ ion around the equilibrium position 
that gives rise to a dynamic symmetry reduction as indicated by theoretical 
calculations (7). 
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Figure 3: Polarized resonance Raman spectrum of a saturated Eu@C74 solution in CS2, 514 nm 
excitation, 25 mW laser power, spectral resolution 1.8 cm"', integration time 20 min, ap: anomalously 
polarized lines, dp: depolarized lines, * indicates CS2 lines 
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Abstract. The release of atomic nitrogen from fullerene cages under irradiation with 
ultraviolet laserlight has been studied. The experiments show that there is a more 
favorable decay pathway for N@C6o than for N@C70, indicating that the lifetime of 
the metastable triplet state is not controlling the escape. 

I    INTRODUCTION 

Atomic nitrogen can be encapsulated in C6o and C70 using ion beam implantation 
techniques. Typical energies giving a maximum of encased species are in the range 
of 20 to 50 eV, consistent with predictions from quantum chemical calculations. As 
was demonstrated using EPR detection, the encapsulated nitrogen atoms cannot 
penetrate the Carbon cage on a time scale of several months at room temperature. 
'Thermal release' experiments, have shown that the EPR signal intensity decays 
irreversibly with a time constant of approximately 200 s at 500 K in case of C6o 
and 450 K for C70 cages [1]. 
Attempts to model the escape mechanism led to the suggestion that the initial es- 
cape step occurs via binding to a particular Carbon-Carbon bond [2]. We therefore 
expected that the escape probability would be influenced by exciting the Fullerene 
cage to a long-lived metastable electronic state. 

II    EXPERIMENTAL SET UP 

Carefully degassed, sealed-off samples of N@C6o/N@C7o dissolved in toluene 
were irradiated at room temperature in the EPR cavity using a frequency-tripled 
NdrYAG laser (A = 355 nm , ~ 5 mJ pulse energy). Using FT-EPR techniques to 
monitor the EPR signal before and after irradiation possible effects of saturation in 
the sample of varying concentration were avoided. EPR signals of the metastable 
triplet state of Ceo could be detected and used as internal standard for the photon 
flux absorbed in the sample. The concentration of intact nitrogen-containing cages 
was determined by evaluating the integrated EPR signal intensity. 
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Ill    PROBE CHARACTERIZATION 

For a direct comparison of the decay characteristics of Ceo and C70 cages, samples 
of a mixture of Ceo and C70 were bombarded with nitrogen ions. From the relative 
EPR signal intensity, a relative initial concentration of Ceo and C70 cages was de- 
termined as 11:1. The sample concentration was estimated as 10~3 M C6o/9-10~5 

M C70 in toluene. The relative concentration of fullerenes with encapsulated ni- 
trogen to empty fullerenes was estimated as 10~4 to 3-10"4. The total number of 
Fullerenes in the EPR cavity is derived as 3-1016. 

01 
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FIGURE 1. FT-EPR Spectrum taken at a delay of 200 ns after laser excitation showing two 
sets of narrow lines of ground state N@C6o and N@C7o molecules as well as a single line of 3C6o 

The number of excitation processes can be estimated in analogy to the processes 
measured for 'empty' fullerenes by two different methods: 

1. The total number of photons incident on the sample is estimated. Because 
of a triplet quantum yield of nearly 1, this number can be converted directly 
into the number of excitation cycles. Because of missing data for the quantum 
yield of N@C6o and N@C70 this value is also used for these molecules: The 
total number of photons in the excitation beam is 7-1015 (5 mJ/pulse). The 
total number of photons absorbed in the sample is estimated as 5 % (3-1014) 
due to loss by geometric factors like metal grid (50%), multiple reflections on 
surfaces (sapphire, quartz, toluene), unfocused beam dimension (8 mm 1/e 
diameter). 
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2. The transient EPR signal of the triplet state can be compared with the sta- 
tionary EPR signal of the N@C6o molecules. Their number in the cavity is 
estimated as 3-1012 to 9-1012. Experimentally, a triplet EPR signal with rel- 
ative intensity ratio of 20:1 is observed, leading to an estimated number of 
excited molecules of 6-1013 to 1.8-1014. 

The results of both estimates agree within a factor of 3(2). Taking the mean value 
of the EPR-derived value as more reliable, the efficiency of excitation is derived as 
1/300. 

IV    RESULTS 

Observed light induced rate constant of 510000 pulse-1 indicates a very low 
efficiency of light-induced nitrogen release from COO cages: approximately 1700 ex- 
citation cycles are necessary for the release of the encapsulated atom. Simultaneous 
observation of the decay of N@C6o and N@C70 under identical conditions allows 
further conclusions about the decay pathway: 
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FIGURE 2.  Signal intensity of the high frequency hyperfine components measured a) before 
and b) after 8.6 • 105 laser excitations 

Because of nearly identical extinction coefficients of C6o and C70 at 355 nm 
(e = 17850 vs. 18500 M-1 cm-1) we can assume that the incident photons are 
'shared' by both molecules in the ratio of their concentrations. Accordingly, the 
efficiency of the excitation cycle is identical, allowing to compare directly the ef- 
ficiency of the release process by optical excitation by the measured EPR signal 
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decay. 
The observed decay rate of N@C70 is smaller than that of N@C60 by a factor of 
2. By measuring the relative concentration of C60 and C70 with HPLC before and 
after laser excitation was complete, it was established that the relative concentra- 
tion of 'empty' fullerenes was invariant under our experimental conditions. We 
therefore exclude that photopolymerization contributes selectively to the decay of 
the EPR-active species. 
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FIGURE 3. EPR signal decay as function of incident laser pulses 
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We conclude, that the lifetime of the electronically excited triplet state is not 
the controlling parameter for nitrogen release, because the lifetime of 3C70 is two 
orders of magnitude larger than that of 3C60, and should therefore lead to an much 
more pronounced effect on the release rate. We rather propose, that vibrational 
excitation via local heating by internal conversion and ISC is the dominating release 
mechanism. The observation of facilitated optical release from the C6o cage is 
at variance with results from thermal release experiments reported by Pietzak, 
Waiblinger, Lips and Weidinger, who measured a 50 degree lower characteristic 
decay temperature for the C7o cage. 
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Atomic Hydrogen in the SisOuCage 
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Abstract: Contrary to nitrogen and phosphorous, atomic hydrogen is not stable in C6o at 
room temperature. However, recently it was reported that hydrogen can be stabilized the a 
cube-like cage of Si8012. In the present experiment the endohedral system H@Si8Oi2Et8 

(Et = ethyl) was produced by ion implantation using ion implantation on a growing Si8Oi2 

-film. 

INTRODUCTION 

Attempts of our group to entrap hydrogen in Merenes by the implantation method (1) 
failed.  H@C60with hydrogen in its atomic ground state is not stable at room 

FIGURE. 1. Schematic view of an encapsulated hydrogen in a SisOnR, cage. R stands for H or an 
organic substituent. 

temperature. However, recently hydrogen was successfully enclosed in the SigOn cage 
at ambient conditions (2,3). This cage consists of a cube-like ShOn core and hydrogen 
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or organic substituents at the comers of the cube to saturate the remaining bonds (see 
Fig.l). The entrapment of hydrogen in this cage was achieved in Ref. 2,3 by irradiating 
this material with y-rays from a '"Co source. It is shown (3) that the trapped hydrogen 
originates from hydrogen contained in the substituents at the corners of the cube, but 
the exact capture process is still unknown. In the present experiment we used ion 
implantation to encapsulate hydrogen. This procedure has the advantage that the host- 
guest combinations can be freely chosen and that higher concentrations of filled cages 
can be obtained. 

EXPERIMENTAL DETAIL 

The Si80]2 cage material (3) was continuously evaporated onto a substrate and 
simultaneously bombarded with hydrogen or nitrogen ions. Nitrogen bombardment was 
used in order to distinguish between direct implantation which is possible only with H 
ions and an indirect effect due to radiolysis of the substituents. The later effect occurs in 
both cases. EPR measurements were performed with the Bruker ELEXSYS 580 
spectrometer. 

RESULTS AND DISCUSSION 

Figure 2 shows the solid state EPR spectrum of hydrogen in Si80i2Et8, i.e. for the 
ethyl substituted cage. The two main lines correspond to the hyperfine splitting of 
atomic 
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FIGURE 2: Solid state EPR spectrum of hydrogen in Si80i2Et8, where Et stands for ethyl. The two 
satellites of each line are due to spin flips of the protons in the substitutents. 
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hydrogen. The satellites on the left and the right of the main lines are due to a 
simultaneous flip of the spin of a proton in the substituents with the EPR transition 
(spin-flip satellites). The expected super-hyperfine interaction with 29Si nuclei is small 
and hidden in the width of the lines in the solid state EPR. 

Figure 3 shows a comparison of EPR line intensities obtained with N ion and H ion 
irradiation, respectively. Approximately the same ion fluences and evaporation rates 
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FIGURE 3: Low magnetic field lines of the solid state EPR spectra of hydrogen in Si8Oi2Et8 for 
different production processes (irradiation with N and H, respectively). The irradiation doses and the 
other experimental conditions where similar, thus the line intensities are direct measure of the 
produced endohedrals. 

were used in the two cases. It can be seen that N bombardment does also produce 
encaged hydrogen, apparently by mobilizing or displacing H-atoms contained in the 
substituents. This effect is similar to that reported in Ref. 2,3 for y-irradiation and will 
occur also during hydrogen implantation. But in the latter case, in addition, also direct 
incorporation of the beam particle takes place. This latter process is apparently much 
more effective as can be seen from the larger intensity of the corresponding EPR line 
(intensity ratio 20:1). 

CONCLUSION 

We have shown that ion implantation, using the method of simultaneous evaporation 
and ion bombardment, offers a good way to produce the recently discovered endohedral 
hydrogen-Si8Oi2 cage systems. Ion implantation is very versatile and allows host-guest 
combinations not accessible with the previously published method. In addition, it seems 
that high concentrations of filled to empty cages can be reached. This could be of 
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particular importance if the separation of the two by chemical or other method should 
turn out to be not possible. 
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Oligomer-fullerene dyads and triads as model 
compounds for bulk-heterojunction PV cells 
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Abstract. Covalent oligomer-fullerene donor-acceptor structures can serve as important model 
systems for plastic PV cells, based on interpenetrating networks of conjugated polymers and 
fullerene derivatives. Several series of [60]fullerene-oligomer dyads and triads were prepared. 
Photoinduced electron transfer phenomena were studied using photoinduced absorption 
spectroscopy. Measurements in solution and in the solid state reveal that the environment plays a 
crucial role in the formation and lifetime of the photoinduced charged states in these molecules. 

INTRODUCTION 

Photovoltaic cells, based on composites of conjugated polymers and fullerene 
derivatives (1,2), are considered as promising devices for solar energy production. At 
present, the efficiency of such 'plastic' PV cells is limited because the devices only 
produce current when a relatively thin active layer is used. As a consequence, only a 
small fraction of the incoming light is absorbed (3). The ruling paradigm is that the 
plastic PV devices suffer from low charge carrier mobility because of the random 
nature of the interpenetrating networks, formed spontaneously upon spin coating of a 
co-solution of the two constituents of the active layer. It is expected that structural 
ordering of the constituents will lead to a substantial increase in charge carrier 
mobility: the concept of a 'molecular electronic highway'. At present, little or nothing 
is known about the relation between the architecture of molecular (multi-)donor- 
(multi-) acceptor structures on one side and their material properties such as the 
efficiency of formation, the mobility, and lifetime of the photo-generated charge 
carriers on the other. A remarkable feature of conjugated polymer/fullerene blends is 
the fact that an ultra-fast forward electron transfer reaction occurs (< 1 ps), whereas 
the recombination of photogenerated charges is slow (> ms). The large difference in 
electron transfer rates can, in principle, be either an intrinsic property of the structures 
involved or a material property. In order to gain some insight in these matters, we are 
investigating model systems for such architectures. We use conjugated oligomers as 
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model compounds for the polymer. These oligomers have been synthesized, 
functionalized, and coupled to COO in such a way that well-defined donor-acceptor 
dyad or triad molecules are obtained that can be studied both as individual molecules 
in solution and as (ordered) assemblies in the solid state. Plastic PV cells are usually 
made using either polythiophenes or poly[p-phenylenevinylene]s. Therefore, model 
systems were constructed that contain oligomer parts of these two types of polymers. 

RESULTS AND DISCUSSION 

Two types of oligothiophene-fullerene compounds were synthesized using the well- 
established Prato reaction (4). First, a simple dyad containing a terthiophene donor 
moiety and one fullerene acceptor moiety was prepared. Terthiophene monoaldehyde 
(lb), N-methyl glycine, and C6o were heated in toluene at reflux temperature during 16 
hrs to yield a mixture of COO, the desired mono-fulleropyrrolidine 2 and some higher 
adducts (Figure 1, left). The monoadduct was isolated in 47% yield using standard 
column chromatography. Dyad 2 was soluble enough in the standard organic solvents 
to allow for full characterization. 

<W^R 
la(R=H);lb(R=CHO) 

XJ * \J 
3a(R=H);3b(R=CHO) 

FIGURE  1.     Synthesis of oligothiophene-fullerene dyads.  Step i: DMF, POCl3;  step  ii: N- 
methylglycine, C6o, toluene, A. 

Similarly, triad 4 was prepared by refluxing a chlorobenzene solution of the 
highly soluble sexithiophene a,ra-bisaldehyde 3b, N-methyl glycine, and COO during 
16 hrs (Figure 1, right). Since the starting oligomer material consisted of a mixture of 
three isomers and because the Prato reaction yields chiral products in the case of 
aldehyde starting material, triad 4 is a mixture of (maximally) 10 regio- and 
stereoisomers. Nevertheless, molecular models indicate that in all of these isomers the 
donor-acceptor configuration is very similar. 'H-NMR spectroscopy indicates the 
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presence of (at least) 2 isomers. In HPLC analysis, 3 peaks (~ 1:2:1) were observed. 
These peaks most likely represent the three groups of isomers with different types of 
arrangements of the solubilizing chains on the sexithiophene unit. Triad 4, was further 
characterized by MALDI-TOF MS and UV-vis spectroscopy. 

Second, a series of oligo[p-phenylenevinylene] containing donor-acceptor 
dyads was prepared. The homologous series of compounds 6-9 was prepared in 44, 47, 
48 and 40 % yield, respectively, from the corresponding oligomer «»-aldehydes, again 
using the above mentioned Prato method (Figure 2). The monoadducts 6-9 (each as a 
mixture of 2 diastereoisomers) are all highly soluble compounds that were fully 
characterized by MALDI-TOF MS, 'H- and 13C-NMR, UV-vis and IR spectroscopy. 

7(n=0) 
8(n=l) 
9 (n=2) 

FIGURE 2. Homologous series oligo[p-phenylenevinylene]-fullerene dyads 

We now turn to the photoinduced absorption measurements. Bis(dodecyl)- 
sexithiophene 3a (6T) and N-methylfulleropyrrolidine 5 (4) were used as reference 
compounds. Photoinduced absorption (PIA) spectra were recorded between 0.25 and 
3.5 eV by exciting with a mechanically modulated Ar-ion laser (458 nm, 50 mW, 275 
Hz) pump beam. The resulting change in transmission of the probe light through the 
sample (AT) was monitored with a phase sensitive lock-in amplifier after dispersion by 
a triple grating monochromator and detection, using Si, InGaAs, and cooled InSb 
detectors. Oxygen-free solutions were studied at room temperature. Thin films were 
held at 80 K using an Oxford Optistat continuous flow cryostat. 

When benzonitrile solutions of 3a or 5 are studied with PIA spectroscopy, 
long-lived photo-excitations are formed in both cases (Figure 3a and 3b). For 3a, the 
triplet state exhibits a narrow triplet-triplet absorption band at 1.78 eV with a 
vibrational shoulder at higher energy (5). The lifetime of the 6T triplet state is 155 \is. 
In addition, 3 shows photoluminescence (PL) at 2.40 eV with a shoulder at 2.25 eV. 
For 5, the PIA spectrum also shows the formation of a triplet state with characteristic 
bands at 1.78 eV and 1.52 eV. The lifetime of this triplet state is 220 us. At 1.26 eV a 
small band of the radical anion of 5 can be seen. Its formation is attributed to the 
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presence of a small impurity of isocyanobenzene (PhNC) in benzonitrile (PhCN) 
which acts as a donor to the triplet state of 5. This is a bimolecular reaction and 
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FIGURE 3. PIA and PL spectra of (a) 3a in benzonitrile; (b) 5 in benzonitrile; (c) 3a and 5 (1:1 molar 
ratio) in benzonitrile; (d) 4 in benzonitrile; (e) 4 in toluene; (f) a thin film of 4 on quartz. Spectra a-e 
were recorded at 295 K, spectrum f was recorded at 80 K. The PL curves shown in spectra b and d-f are 
mainly due to scattering of the excitation laser beam 

the lifetime of the anions formed is long because charge recombination is hampered by 
follow-up reactions of the isocyano-benzene cation radical, acting as an sacrificial 
electron donor. When 3a and 5 are dissolved in benzonitrile in a 1:1 ratio, we find the 
clear characteristics of the 6T radical cation with bands at 0.87 and 1.60 eV in solution 
and a band of the radical anion of 5 at 1.24 eV (Figure 3c) (6). The fact that under 
these conditions the fluorescence of 3a is not quenched demonstrates that electron 
transfer does not occur from the Si-state of 3a which is formed preferentially at first. 
Rather electron transfer occurs from the Ti triplet state of 3a which is formed via 
intersystem crossing from Si. The lifetime of the 6T radical cation is on the order of 
200-400 us. The determination of the lifetime of the radical anion of 5 is hampered by 
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the isocyanobenzene impurity which remains to act as electron donor to the triplet 
state of 5. When 3a and 5 are photoexcited in an apolar solvent such as toluene, 
instead of the highly polar benzonitrile, only triplet states are formed. Photoexcitation 
of the 1:1 mixture in toluene results in triplet energy transfer from 6T(Ti) to 5 rather 
than electron transfer, similar to previous observations for mixtures of 6T and COO (6). 
The reason for a preference for energy transfer in toluene is that the charge-separated 
state is less stabilized in apolar solvents. 

Photoexcitation of a benzonitrile solution of triad 4 results neither in a 
detectable PIA signal nor in a detectable PL signal (only scattering of pump laser) 
(Figure 3d). Apparently, the Si-state of the 6T moiety is completely quenched. This 
behavior can be rationalized by assuming that in benzonitrile a fast forward electron 
transfer reaction occurs resulting in an intramolecularly charge-separated state. The 
fact that this charge-separated state is not detected with the PIA technique is explained 
by assuming that the lifetime is less than about 10 \xs, below the detection limit of our 
near-steady state PIA spectrometer. 

When the solvent is changed to toluene (which is less polar) the PL is not 
restored but a clear PIA signal similar to the triplet state of 4 is observed with a 
lifetime of about 250 us (Figure 3e). This indicates that in toluene an intramolecular 
energy transfer occurs in which the singlet excitation energy is transferred to the C6o 
fragment. This singlet C6o photoexcitation subsequently intersystem crosses to a COO 
triplet state. When triad 4 is cast from solution on quartz glass a solid film is obtained. 
PIA spectroscopy of this thin film at 80 K shows that a long-lived charge-separated 
state is formed (Figure 3f). Characteristic absorption bands of the radical cation of 6T 
at 0.72 and 1.49 eV and of the radical anion of C6o at 1.24 eV appear in the spectrum. 
The PIA bands increase with the square root of the excitation intensity, indicative of 
bimolecular decay. The frequency dependence follows a power law: AT oc co"p, with/? 
= 0.12-0.17. Such a power-law behavior is often observed for a distribution of 
lifetimes. We propose that such a long-lived charge-separated state can only exist 
when the hole and electron are localized on different molecules. The experiments of 4 
in benzonitrile show that intramolecular charge recombination occurs with a time 
constant that must be less than 10 us. In solution, a fast intramolecular photoinduced 
electron transfer reaction may occur in 4, depending on the Coulombic stabilization of 
the charge-separated state by the medium. The charge transfer in solution is governed 
by the Weiler equation (7). Intramolecular charge recombination in the photoexcited 
arrays occurs on short time scales (probably « 10 us). This demonstrates that the 
long lifetime of the charge-separated states in solid blends of 6T and fullerene 
derivatives (8) or solid films of the C6o-6T-C6o array is a material rather than a 
molecular property. In solvents where electron transfer does not occur, we invariably 
observe the spectral characteristics of the triplet-state of the fullerene moiety, even 
when the oligothiophenes are preferentially excited (6). In combination with the 
absence of oligothiophene fluorescence it can be concluded that in these cases an 
efficient energy transfer occurs from the excited oligothiophene to the fullerene. 
Solutions of dyad 2 in toluene and in benzonitrile show similar photoinduced 
absorption spectra. No signatures of charge separated states were found. Instead, the 
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typical absorption spectrum, corresponding to triplet COO, is observed. This indicates 
that in both solvents either highly efficient intramolecular energy transfer occurs from 
the terthienyl moiety to the fullerene part of the molecule or direct excitation of the 
fullerene moiety takes place (at 458 nm, 5 has a higher absorption coefficient than 
terthienyl). 

The oligo[p-phenylenevinylene]-fullerene dyads 6-9 are currently being 
investigated using photoinduced absorption spectroscopy in solutions and as solid 
films. Preliminary results show that the behavior of 8 and 9 parallels that of triad 4. 
For 8 and 9 the photoluminescence is strongly quenched under all conditions. 
Photoexcitation of 8 and 9 in toluene gives a COO triplet state, while in benzonitrile a 
fast forward and fast backward electron transfer reaction occurs. In thin films of 8 and 
9 a long-lived charge separated state is observed with the hole localized on the 
oligo[p-phenylenevinylene] fragment and the electron on the fullerene moiety. 

In conclusion, it has been demonstrated that compounds 4, 8, and 9 behave 
photophysically in such a way that they can serve as model compounds for conjugated 
polymer / fullerene blends. The formation and the lifetimes of photoinduced charge 
separated states in oligomer-fullerene compounds 4, 8, and 9 depend fully on the 
chemical environment of the molecules. Long lifetimes of charge separated states are 
only observed in the solid state. Hence, stabilization of the charge-separated state is a 
material property of these compounds. Based on our experiments, we propose that a 
rapid diffusion mechanism for a substantial fraction of the photo-generated charges to 
the corresponding units of neighboring molecules is operating in the solid state. 
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Abstract. We report on pulsed electron-spin-resonance (ESR) investigations of novel 
model systems for photo-induced electron-transfer processes. The schematic structures 
of the molecules are T5-C6o and A-T5~C6o, i.e., the fullerene C6o is used as the 
acceptor, and quinquethiophene (T5) or anthracene (A) act as a donor. In frozen 
solutions of both the dyad and triad, we find rather long-lived radical signals (lifetime 
«2 fjs) after laser-pulse excitation. The observed signals can be assigned by the g 
factor and the linewidth to the anion Cg0 and the cation T^. We have examined 
the influence of the solvent polarity (toluene or benzonitrile) and of the excitation 
wavelength (355 nm or 532 nm) on the efficiency of the charge transfer. 

INTRODUCTION 

The dyad and triad systems presented here (see Fig. 1 for the chemical struc- 
tures) have been synthesized [1] as novel model systems for charge transfer. The 
acceptor C6o and the potential donors quinquethiophene (T5) and anthracene (A) 
are connected in a single supermolecule. We investigated the dependence of the 
charge-transfer efficiency on the nature of the donor (T5 or A) and on the excitation 
conditions. 

EXPERIMENTAL 

Theoretical calculations basing on the Rehm-Weller equation [2] show that in 
the triad both final states A

+
-T5-CM and A-T^-QTo are possible from an ener- 

getic point of view. For these considerations, we assumed the photo excitation of 
only one chromophore in the triad.  To fortify this conjecture experimentally, we 
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FIGURE 1. Chemical structures of the triad A-T5-C6o (top) and of the dyad T5~C6o (bottom); 
the side chains are introduced to improve the solubility. 

measured the optical absorption spectra of the dyad and the triad and compared 
them with those obtained by a superposition of the single-chromophore spectra (see 
Fig. 2). We find almost perfect agreement which proves that the C6o acceptor is 
electronically independent from the donor part. 
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FIGURE 2. Comparison of the optical absorption spectra. The spectra of the dyad T5-C60 (left) 
and of the triad A-T5-C60 (right) are drawn with solid lines; the summed single-chromophore 
spectra correspond to dashed lines. Note that the spectrum of Tx-Ceo is used as the fullerene 
part for comparison since COO and Ceo-nionoadducts show some characteristic differences. 

For the pulsed ESR investigations we prepared solutions of the supermolecules 
in the unpolar solvent toluene and the polar solvent benzonitrile. The liquid so- 
lutions were shock-frozen at T = 77 K and subsequently cooled to 5 K. Since a 
photo-induced charge transfer results in a well-separated radical pair, we expect 
to observe in our systems the radical anion C^0 together with the corresponding 
radical cation Tj" or A+, provided the lifetime of the charge-separated state is long 
enough compared to the time resolution of the ESR spectrometer. 

The radical ions should be identified by their characteristic g factors and the 
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linewidths. For the C£0 signal we expect only very little line broadening due to 
hyperfine coupling since 12C nuclei have no spin, and 13C nuclei with / = 1/2 are 
only 1.1% abundant. Hence, a long-lived FID signal is expected for a Q"0 state. 

For the cation, the situation is different. There are abundant protons on both 
possible donor parts to cause hyperfine broadening. This results in an FID decaying 
within the deadtime of the spectrometer. However, since hyperfine interaction 
broadens the line inhomogeneously, the FID can be refocused in an electron spin 
echo. 

RESULTS 

When working in frozen toluene solutions of the supermolecules, we obtain after 
photo-excitation at A = 355 nm and 532 nm 3C60-like triplet spectra [3,4] with 
high spin polarization. The zero-field-splitting parameters \D\ = 10.6 mT and 
\E\ = 1.6 mT indicate a considerable distortion of the triplet symmetry with respect 
to pure C6o- We assign this to the functionalization of the C60 cage, since other 
monoadducts of C60, e.g. the C60-4,5-dimethoxybenzene-adduct [5], show similar 
triplet spectra. 

The probability of a charge transfer is expected to increase when a polar solvent 
is used. Therefore, we continued the ESR experiments with frozen benzonitrile so- 
lutions applying laser pulses at A = 355 nm. For both the dyad and triad molecules, 
we observe a sharp line centered at g = 2.0000 with a lifetime of 2.0 ßs and a broad 
line centered at g = 2.0023 with the same lifetime. These signals are displayed in 
Fig. 3. The graph on the left hand side represents the Fourier-transformed FID 
spectra at g = 2.0000 for various delays At after the laser excitation; the echo- 
detected magnetic-field spectrum centered at g = 2.0023 (right hand side) extends 
over 4 mT FWHM. 
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FIGURE 3. Fourier-transformed FID spectra (left) and echo-detected magnetic-field spectrum 
(right) after laser excitation of T5-C6o in frozen benzonitrile solution. 

According to the discussion above, we attribute the FID signal to the C^ anion 
and the echo to the T$ cation.  The appearance of the charge-separated state in 
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both supermolecules proves that the dyad is sufficient for allowing photo-induced 
charge transfer. 

When applying the laser excitation at 532 nm, where almost only the COO part 
of the supermolecules is absorbing, we find both a 3C6o-like triplet spectrum and a 
rather small FID of the C^"0 anion. We ascribe this to a competition between charge 
and energy transfer on the dyad. Hence, photo-excitation of the quinquethiophene 
part seems to be be the starting point for the charge-separation process. 

DISCUSSION 

In the dyad and triad molecules, the observed appearance of two ESR signals with 
the same lifetime, the correct g factors and linewidths provides strong evidence for 
a photo-induced charge-transfer process. However, a correlated radical-pair state 
was not found. For this reason and due to the small linewidth of the C^"0 signal we 
conclude that the observed radical signals originate from an intermolecular charge 
separation. We propose that the electron-transfer process is initiated in the T5-C60 
dyad and similarly in the triad on a time scale < 1 ns. These molecular complexes 
act in a first step as photo-sensitizers. In a second step, the electron is injected into 
the matrix where it finds the C6o part of another dyad molecule as acceptor. Thus, 
recombination on a sub-nanosecond time scale is prevented. The use of a polar 
solvent enhances the charge-transfer process and stabilizes the charge-separated 
state. [6] 
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We have investigated the adsorption of CS9N on the Si(l 1 l)-7x7 surfaces using ultra-high vacuum 
scanning tunnelling microscopy. For coverages of C5,N close to a monolayer a disordered layer is 
adsorbed directly on the Si surface. Following the deposition of more C59N small islands are 
formed indicating that CS9N may diffuse on the adsorbed monolayer. There is some evidence for 
hexagonal ordering in the islands. The higher adsorbed layers may be desorbed by annealing at 
~400°C leaving a C59N monolayer. We also discuss the deposition of C59N and C60 on this 
annealed monolayer. 

The formation of heterofullerenes in which atoms other than carbon are 
incorporated on or within the fullerene cage is a topic of long standing interest 
[1,2]. One heterofullerene which has attracted particular attention is C59N [3]. In 
this molecule a group V nitrogen atom replaces a Group IV carbon atom inviting 
comparison with n-type doping in semiconductors. It was widely recognised that 
C59N would be a highly reactive species, and when finally synthesised in bulk 
quantities it was isolated in a dimerised form (C59N)2 [4]. The availability of C59N 
through chemical synthesis has enabled the investigation of thick and thin films, 
and nearly all of the published data to date has confirmed the presence of dimers in 
such films [5-7]. However, in more recent work based on scanning tunnelling 
microscopy (STM) of C59N adsorbed on Si surfaces, clear evidence was provided 
for the presence of C59N monomers [8]. This result indicates that C59N sublimes in 
monomer rather than dimer form. The presence of C59N monomers was confirmed 
using photoemission [8]. Sublimation in monomer form was also invoked to 
account for the morphology of C59N islands grown on unreactive surfaces [9]. 

The sublimation of C59N monomers may, at first sight, appear to be in 
contradiction with the presence of dimers in thin films. However, it is possible that 
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Figure 1. STM image (40nm x 40nm) 
of near monolayer coverage ofCsgN 
on Si(lll)-7x7. Scanning parameters 
- sample voltage -3.5 V, tunnel 
current 0.5nA. 

Figure 2. STM images following the 
deposition of~10ML ofC$()N. 
Upper - 200nm x WOnm scanning 
parameters 3 V, 0.2nA; lower - 
50nmx25nm, 2V, 0.05nA. 

incident C59N monomers may diffuse and re-form dimers following adsorption. In this 
paper we present results on the deposition of incident C59N on a C59N monolayer 
which is strongly adsorbed on a Si surface. C59N monomers which are incident on 
such monolayers are able to diffuse and form small islands in which some hexagonal 
ordering may be resolved. These islands may be desorbed by annealing leaving the 
monolayer in tact. We also discuss the morphology which results following the 
deposition of C59N and C60 on annealed monolayers. 

For these experiments pieces of Si(lll) (p-type, lQcm) were loaded into an 
ultra-high vacuum (UHV) system, outgassed overnight at 600°C, flash annealed at 
1200°C then allowed to cool to room temperature. This results in a clean defect free 
7x7 reconstruction. C59N is then deposited from a Knudsen cell at a typical deposition 
rate of 1 monolayer (ML) per hour. STM images of the surface were recorded in 
constant current mode using electrochemically etched W tips. 

Figure 1 shows an STM image of the surface following the deposition of close 
to 1ML of C59N. Individual adsorbed molecules may be resolved in the monolayer 
(intermediate contrast level). The regions of darker contrast correspond to the 
underlying Si surface (i.e. gaps in the adsorbed monolayer) and the brightest features 
are adsorbed 2nd layer C59N molecules. Images such as Fig. 1 show that a C59N 
monolayer grows to near completion prior to the formation of 2nd layer islands. This 
implies that C59N incident on a partially completed monolayer is able to diffuse until 
it is adsorbed at a site on the Si surface. Similar behaviour is observed following the 
deposition of Qo [10]. However one difference between the surface shown in Fig. 1 
and the equivalent surface following the deposition of C60 is the presence of many 
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Figure 3. STMimage following 
annealing of sample with multilayer 
coverage ofC^gN. Image shows C59N 
monolayer remaining on surface. 
Scan size and parameters - 40nm x 
40nm, -3.0V, 0.3nA 

Figure 4. STM image following 
deposition of~10ML ofC^gNon 
annealed C59N monolayer. Scan size 
and parameters 300nm x 300nm, - 
5.0V, 0.1nA 

isolated 2nd layer C59N molecules. This implies that there are some sites where CJ9N is 
adsorbed sufficiently strongly to inhibit diffusion at room temperature. 

Figure 2 shows an image of the surface following the deposition of -10ML of 
C59N. This image reveals that that CJ9N forms islands on the C59N monolayer. These 
islands have a typical width of 20nm and height 4nm. Higher resolution images 
(lower part of Fig. 2) reveal that some islands have a smooth top layer and show some 
evidence for facetting. However there are other islands which appear rather more 
diffuse in the STM images. Thus it is clear that C59N may diffuse across the adsorbed 
C59N monolayer at room temperature. 

The islands shown in Fig. 2 may be desorbed by annealing the sample at 
~400°C. Figure 3 is an STM image of the surface following such an anneal. This 
image shows that following desorption of the higher layers the CJ9N monolayer 
remains adsorbed on the Si surface, confirming that the monolayer is more strongly 
bonded to the Si than the higher C59N layers. In addition the monolayer seems more 
ordered following annealing (compare Figs. 1 and 3). 

The annealed monolayer may itself be used as a template for further growth of 
C59N. Figure 4 shows an STM image taken after the deposition of -10ML of C59N on 
an annealed monolayer. There are clear similiarities with Fig. 2 although the typical 
island width is larger, 30nm. In addition many more islands display a flat terrace like 
top surface and more pronounced facetting. It is likely that these differences are 
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Figure 5. High resolution zoom of Fig. 
4 showing hexagonal ordering within a 
C59N island Zoomed area 20nm x 
20nm 

Figure 6. STM image showing surface 
morphology following the deposition of 
-10ML of COO on annealed C59N 
monolayer. Scan size and parameters - 
300nmx300nm, -6.5V, O.lnA. 

related to the enhanced order of the annealed monolayer which acts as a substrate for 
the islands in Fig. 4. A zoom of part of Fig. 4 (see Figure 5) shows a C59N island at 
higher resolution. In this image the hexagonal ordering of the molecules in the island 
is very clear. The intermolecular spacing is found to be 1.0 ± 0.05nm, the same value, 
within experimental error as observed for C60 and for bulk C59N [4]. The separation of 
the cages in dimerised (C59N)2 is 9.4nm [4]. While the resolution limits of our STM 
preclude the differentiation of intra- and inter-dimer separations with confidence, 
previous photoemission results provide clear evidence for the presence of dimers in 
films with this thickness and morphology. It is natural to assume, therefore, that 
dimerisation has occurred in the ordered islands. 

In many respects the island in Fig. 5 resembles a C60 island. However one 
important difference is the presence in Fig. 5 of a number of isolated pairs of 
molecules - for example the two pairs on the uppermost terrace and several pairs on 
the left hand side of the image. No such pairs are observed for C60 growth. This may 
be attributed to the fact that the C60-C60 interaction is rather weak and so the lifetime 
of such a pair at room temperature is ~10"7s. The presence of C59N-C59N pairs implies 
a stronger interaction. The centre-centre separation of these pairs varies from 
~1.0±0.2nm to 1.6±0.2nm and it is possible that some of these pairs correspond to 
dimerised (C59N)2. 

Finally we show in Figure 6 the morphology observed following the 
deposition of C^ on the annealed C59N monolayer. The C60 islands are clearly larger 

168 



with some terraces extending over 80nm. The islands are very similar to those grown 
on an equivalent annealed C60 monolayer. 

Overall we have presented a set of data which reconciles the presence of 
dimerised (C59N)2 with the impingement on a growing surface of C59N monomers. The 
C59N first forms a strongly adsorbed monolayer. Further C59N which impinges on this 
monolayer is free to diffuse and form ordered islands in which dimerisation may 
occur. In many respects the morphology is similar to that observed for C60 growth, 
although there is clear evidence that, as expected, the intermolecular interactions are 
greater for C59N than for C60. 

This work was supported by the UK Engineering and Physical Sciences 
Research Council. NT acknowledges support from the EU in the form of a Marie 
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Homonuclear bonds in BN clusters? 

P.W. Fowler,a K.M. Rogers," T. Heine," and G. Seifert b 

a
 School of Chemistry, University of Exeter, Stocker Road, Exeter, EX4 4QD, UK 

6 Universität-GH Paderborn, FB6 Theoretische Physik, D-S3095 Paderborn, Germany 

Abstract. Optimisations starting from fully alternant BÄ (x = 3,4) graphs using 
DFTB and DFT methods often converge to molecules with N-N links, suggesting that 
such structures may be competitive for boron nitride clusters, cages and molecules. 

Introduction. If we are to judge from bulk materials, alternation of atoms 
will play an important role in the stability of heteronuclear clusters. This has 
implications for cluster structures as, for example, the odd-membered cycles of a 
fullerene-like cage preclude its realisation with a heteronuclear pair of atoms on 
every edge. Topical cases are BN systems, where cages must be built either from 
even rings only {e.g. hexagons and squares) or incorporating BB or NN contacts. 
In the present note, we explore the role of alternation in small BXNX clusters. 

Isomer generation. All possible alternant isomers of formula B3N3 and B4N4 

were constructed as graphs obeying selected mathematical rules [1]. It was decided 
to at first confine attention to alternant isomers (boron atoms bonded only to 
nitrogens and vice versa) as it was assumed that the most stable isomers would 
be of this nature. A complete study of all alternant and non-alternant isomers 
becomes impossibly large. The rules for each isomer set are: (i) all graphs must 
be alternant and fully connected; (ii) there must be equal numbers of vertices in 
the two alternant sets; (iii) the maximum degree (valency) of each vertex (atom) 
is three; (iv) if two distinct isomers are generated by swapping the two alternant 
sets of vertices, then both are considered. 

Application of these rules to B3N3 and B4N4 generates 13 (10) and 56 (38) distinct 
isomers, respectively, with the numbers of geometrically distinct isomers given in 
brackets. The isomers are labelled in ascending order of maximum eigenvalue of 
their adjacency matrices, resulting in an ordering which reflects the amount of 
branching. Thus, for B4N4, isomer 1 is the unbranched chain and isomer 38 is the 
cube. Graphs in which swapping of the two sets of atoms results in distinct isomers 
take the same numerical label but with additional letter a or b. 

Optimisation. All isomer structures were pre-optimised using molecular me- 
chanics, parameterised to the B-N bond length in hexagonal boron nitride. All 
bond angles were maximised to ensure maximum symmetry of the starting geome- 
try; divalent atoms were made linear, trivalent atoms as near trigonal as possible. 

The main tool for the full survey of structures is the DFTB (density-functional 
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Molecular graph DFTB results 

\i-Jcoh  - t-^oof j 

m                        m 

Structure Energy (eV) 

1 —— 1.13 

la (Civ '■ C2v) X 1.95 

26 (C2V : Civ) Y 6.10 

3 (Ü2h  ■ C2v) H K 3.86 

4 (D6h : D3h) O O 0.00 

5a {p2v ■ C2v) «.<> —<> 2.67 

56 (C2v ■ C2V) ^-^O3 
1 - 

6 (C2v ■ Cs) 

0    0 

1 - 

7 (D2h ■ C2v) 
^ 

4 - 

8a (C2v '■ C2v) 4r* 5a - 

86 (C2v ■ C2v) 4^ dr 7.15 

9 (D2d '■ C2v) <£> 5a ™ 

10 (Ash ■ Ah) * <S 6.04 

Table: Alternant isomers of B3N3, showing starting and converged structures. Black (white) 
circles denote nitrogen (boron) atoms. Each graph is labelled n (x :y), where n is the numerical 
label, x is the maximum symmetry group of the undecorated molecular graph and y is the max- 
imum symmetry group of the B,N-labelled graph. DFTB energies are given relative to the most 
stable isomer (no. 4) in eV, for those isomers that converged. Structure entries marked with a 
number indicate that on optimisation the graph converged to a structure already in the list. 
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tight-binding) method [2,3]. This approach has been applied for carbon clusters 
[2] and cages [4,5] and is known to give a realistic description of energies and 
structure for BN systems, both solid state and molecular [6-8]. For a number of 
structures, more sophisticated full density-functional (gradient-corrected) calcula- 
tions were performed with the deMon package [9], using the PD91 GGA exchange- 
correlation functional and TZVP basis set. 

Results. All isomers of B3N3 and B4N4 were optimised with the DFTB method. 
From the 13 alternant B3N3 starting graphs, 8 isomeric minima were found (see 
Table). Similarly, of the 56 initial alternant isomers of B4N4, 28 optimised to 
distinct minima with the DFTB model (see Figure 1). 

As the table and figure show, many of the isomers rearranged considerably from 
their starting geometries. In general, the linear and simple branched isomers were 
found to lie in minima on the potential energy surface, whereas the more highly 
connected isomers tended to collapse to more open structures. It is often clear how 
these changes occurred from inspection of their starting geometries (see Table). 

Even more striking is the observation that in many cases, two close but un- 
connected nitrogen atoms have moved together in the DFTB optimisation, thus 
forming a bond and breaking the alternation rule. Examples of this are isomers 3 
and 8b (B3N3) and isomers 4, 7, 236, 25, 27b and 32a (B4N4). In these cases, the 
rearranged clusters contain an odd-membered, non-alternant ring. Other plausi- 
ble non-alternant structures might also optimise to new minima. This is a strong 
indication that non-alternant structures have to be considered. 

Inspection of the DFTB results for B3N3 and B4N4 shows that in both cases, the 
unbranched monocyclic ring is the most stable isomer by a considerable margin. 
Many other trends can be identified, but it is clear that most isomers are very high 
in energy and poor candidates for stable cluster structures. Some of the isomers 
containing N-N bonds are next in stability to the branched ring (8a) and linear 
chain (1) for B4N4. Of the non-alternants, isomers 32a and 336 that each contain 
a seven-membered ring are lowest in energy. 

Highly-connected, cage-like structures tend to collapse to ring or branched-linear 
geometries under DFTB optimisation although, e.g. the cube (isomer 38) for B4N4 

does lie in a very shallow minimum. The stabilities of small, alternant BXNX clusters 
follow the sequence: monocyclic ring > branched rings > linear chain > chains with 
branching at N > chains with branching at B > cage-like structures. 

In all cases where the starting geometry has collapsed to an odd-membered ring, 
the resulting homonuclear bond connects two nitrogen atoms, never two boron 
atoms. Any branching from the rings occurs at nitrogen, satisfying its trigonal 
preference. Some useful rules for predicting the stability of clusters containing 
homonuclear bonds can be drawn from the results and were confirmed by further 
calculations on selected B5N5 and B6N6 isomers: (i) at fixed nuclearity, unbranched, 
even-membered rings will generally be more stable than branched, odd-membered 
rings, regardless of the number of homonuclear bonds; (ii) the stability of even- 
membered monocyclic rings will decrease with the length of any included homonu- 
clear segment (s). 
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34a (4.28) 
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38 (9.52) 

Figure 1: Converged structures for B4N4. DFTB energies are given relative to the most stable 
isomer (no. 3) in eV. All were started from alternant graphs but 14 formed N-N bonds dur- 
ing optimisation.   The numerical label of each structure indicates the starting alternant graph. 

B3N3 
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E„m/eV 
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Figure 2: Comparison of DFTB and full DFT (GGA) energies for selected isomers B.TNT, de- 
fined with respect to separated BN pairs. Triangles denote x = 3, squares x = 4; open symbols 
correspond to the fully alternant monocycle. Isomer numbers refer to the converged structures 
of the table (alternant starting geometries) and to the structures at the right for non-alternants. 
The regression line excludes the two alternant rings. 
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As a check on the reliability of the results and conclusions drawn from the DFTB 
calculations, a number of B^N^ isomers were also optimised in the full DFT ap- 
proach described above. The test set of isomers comprises several of the structures 
found within the original generation process, plus a selection of stable non-alternant 
systems containing one N-N bond (see Figure 2). 

The results are displayed as binding energies with respect to dissociation to BN 
pairs, calculated at the same level of theory. DFTB and DFT (GGA) treatments 
both give the fully alternant ring as the most stable structure for B3N3 and B4N4 

and the energetic sequence of isomers is in qualitative agreement between the two 
methods. However, the fully alternant ring appears to be more stable with respect 
to the other isomers in the full DFT treatment. If we exclude these two rings, there 
is a good correlation between DFTB and DFT (GGA) binding energies. 

An important result of the survey described here is that isomers containing one 
or sometimes two adjacent N-N bonds could lie in minima on the potential surface. 
We have seen that such structures are also minima at the full DFT level. It might be 
thought that isomers of this type would be especially vulnerable to fragmentation 
by extrusion of N2. Simple energy comparisons show that in many cases, there is 
no gain on direct elimination of N2. For example, energy of the fragmentation of 
isomer 11 of B3N3 (Figure 2) to N2 and linear B-N-B-B is positive in DFTB 
(+1.02 eV) and higher in full DFT (+3.21 eV). 

Conclusion. We have shown that a study confined to alternant structures misses 
many low-energy forms of BXNX and that in particular, homonuclear N-N bonding 
does not always carry a prohibitive energetic penalty. Although fully alternant 
rings are dominant in this small size range, non-alternant BN systems may become 
more important for large clusters and nanotube caps [7]. It will be interesting to 
see how these findings generalise to other heteronuclear systems, e.g. GaN. 
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Synthesis and Characterisation of 
Organometallic Compounds of Fullerene 

Derivatives 

Nikos Tagmatarchis and Kosmas Prassides 

School of Chemistry, Physics and Environmental Science, University of Sussex, Falmer, 
Brighton BN19QJ, UK 

The synthesis of a series of platinum and palladium organometallic fullerene derivatives with 
stoichiometries [{M(PPh3)2}„(Tl2-C6oPh5H)] and [{Pt(PPh3)2}„(T|2-C6oCl6)]> (M= Pt, Pd; n= 1, 2) 
was achieved upon treatment of C60Ph5H and CeoClö with M(PPh3)4. Single isomers, retaining 
the Cs symmetry of the starting hexasubstituted fullerene derivatives are formed in all cases. In 
addition, the first organometallic complex of azafullerene, (C59N)2 was synthesised and 
characterised by 31P NMR spectroscopy. 

Low-valent transition-metal complexes are well known to react with electron- 
deficient alkenes. As COO behaves in a similar fashion, Group 10 transition metals 
provide promising reagents for the facile synthesis of a variety of organometallic 
fullerene complexes1. A series of such Ti-complexes of COO has been already prepared 
and characterised (e.g. [MOf-QoXPRsW, [M(r|2-C6o){P(OR)3}2]; M= Ni, Pt, Pd; R= 
Ph, Et, Bu)2"5. As it was expected, the metal was found to add preferentially only to C- 
C double bonds of the fullerene framework that comprise 6:6 (hexagon-hexagon) ring 
junctions. Subsequent experiments have also shown that complexes containing up to 
six metal atoms could be formed and characterised1,6. 

Upon the addition of one equivalent of [M(PPh3)4] (M= Pt, Pd) to C60Ph5H, 
fourteen possible different isomers may result (Scheme 1). The 31P NMR spectrum of 
the Pt complex, A shows a singlet with satellites due to coupling of the 31P nucleus to 
the spin-Vi 195Pt isotope. This implies that the two ligated phosphorus atoms are 
chemically equivalent. Eleven isomers (2-5,7-13) among the fourteen possible ones do 
not retain the Cs symmetry of the molecule and thus can be excluded - they contain 
non-equivalent phosphorus atoms, which would have led to a pair of doublets in the 
31P NMR spectrum, each exhibiting 195Pt satellites. Evidence for the formation of a 
single isomer is provided by the lH NMR spectrum of A; this shows clearly a distinct 
singlet, integrated for one proton at 8 5.04. As a result, we conclude that the resulting 
complex is formed by binding of the metal to one of the C-C double bonds of the 
fullerene, numbered 1, 6 and 14 in Scheme 1. 
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Scheme 1.  Sites  of possible metal co-ordination on the fullerene skeleton  of 
hexasubstituted derivatives of COO- 

X 6 

l.X = Y = Cl 
2. X = Ph, Y = H 

FRONT VIEW BACK VIEW 

Fourteen different double bonds for possible complexation of the m 
Double bond 13 is perpendicular to the plane 

Possible positions for single co-ordination of metal: 1, 6 and 14 
Position for double co-ordination of metal: 1 and 6 

Addition of two equivalents of [M(PPh3)4] (M= Pt, Pd), to C60Phf}H leads to the 
formation of an organometallic compound, B - in the case where M= Pt - whose 31P 
NMR spectrum displays the same pattern as that for the singly substituted product, A - 
two singlets together with their ft5Pt satellites. The presence of a singlet hydrogen 
resonance at 8 5.04 in the 'H NMR spectrum again implies the formation of a single 
isomer. As before, the resulting complex, [{MCPPh^hOf-CeoPhsH)] is highly 
symmetric with the possible binding sites of the two metal atoms identified as the C-C 
double bonds numbered 1 and 6 in Scheme 1. 

The complexes, [Pt(PPh3)2(r|2-C6oCl6)] (C) and [{Pt(PPh3)2}2(Ti2-C60Cl6)] (D) were 
also synthesised. In contrast, the isolation of the corresponding Pd complexes was not 
successful as in the previous cases, probably because the resulting complexes are very 
labile. Again the Cs symmetry of the fullerene derivative is retained upon co-ordination 
of the Pt metal atom. Presumably in this case, the co-ordination is facilitated by 
interaction between the Cl atoms and the co-ordinated PPh3 units. 

Complexation of Pt with azafullerene, (C59N)2 is somewhat different. Addition of 
one equivalent of [Pt(PPh3)4] - or half an equivalent per C59N monomer unit - led to a 
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compound E, with low symmetry, as revealed from the 31P NMR. - a pair of doublets, 
each exhibiting 195Pt satellites. This implies that the two ligated phosphorus atoms are 
not chemically equivalent. 

Examination of the stability of this series of complexes with time shows that they 
are unstable - the Pd complexes are much less stable than the Pt ones, especially in 
solution, and they gradually return to the original starting materials. 

In conclusion, we have synthesised and characterised by NMR, UV and IR 
spectroscopy and mass spectrometry a series of highly symmetic organometallic 
compounds of phenylated and chlorinated fullerene derivatives as well with a platinum 
complex of the azafullerene with low molecular symmetry. 

Experimental Section 
Addition of one or two equivalents of [M(PPh3)4], (M= Pt, Pd) to a 0.01 M 

solution of C6oPh5H7,8 or (C59N)2 in dry toluene under nitrogen resulted in the 
formation of a dark brown or deep green mixture, respectively. Following overnight 
stirring and dilution with dry hexane, the resulting precipitate was immediately washed 
with small portions of dry hexane and dried in vacuo to leave either a light-brown solid 
for the Pt derivatives or a dark brown one for the Pd complexes (yield: 88-93%). 

Selected spectroscopic data for the Pt complexes A, B, C, D and E. 
A: 3,P NMR (121.7 MHz, THF-d8) 8: 22.0 (s, 2P, JPl. P.= 3883 Hz); *H NMR 
(300MHz, THF-d8) 8: 5.04 (s, 1H), 7.58-7.46 (m, 6H), 7.36-7.33 (m, 4H), 7.16-6.91 
(m, 45H); IR (KBr,crn'): 2952, 2922, 2835, 1538, 1494, 1434, 1385, 1096, 1030, 846, 
802, 743, 691, 661, 619, 515; UV (A,max., nm): 319.8, 367.5, 420.0, 485.3, 615.0; MS 
(m/z): 1826 (M+). 
B: 31P NMR (121.7 MHz, THF-d8) 8: 22.2 (s, 2P, JPy? = 3883 Hz), 31.1 (s, 2P, /Pt_P= 
3946 Hz); 'H NMR (300MHz, THF-d8) 8: 5.04 (s, 1H), 7.67-6.95 (m, 85H); IR (KBr, 
cm-1): 2955, 2920, 2843, 1494, 1480, 1435, 1311, 1213, 1200, 1109, 1094, 1007, 999, 
847, 801, 720, 743, 692; UV (A,max„ nm,): 310.4, 477.6, 615.5; MS (m/z): 2446 (M+). 
C: 31P NMR (121.7 MHz, THF-d8) 8: 21.1 (s, 2P, /Pt. P.= 3685 Hz); JH NMR 
(300MHz, THF-d8) 8: 7.52-7.44 (m, 12H), 7.38-7.20 (m, 10H), 7.11-6.94 (m, 8H); IR 
(KBr, cm"1): 2924, 2843, 1480, 1435, 1331, 1310, 1184, 1157, 1119, 1097, 1027, 999, 
923, 858, 847, 817, 753, 744, 706, 691; UV OW.nm): 328.5 446.8 615.1; MS (m/z): 
1544(M-3C1+). 
D: 31P NMR (121.7 MHz, THF-d8) 8: 21.1 (s, 2P, 7Pt. P.= 3685 Hz), 29.2 (s, 2P, 7Pt.P.= 
4050 Hz); 'H NMR (300MHz, THF-d8) 8: 7.49-7.37 (m, 24H), 7.22-7.09 (m, 36H); IR 
(KBr, cm"1): 2925, 2843, 1664, 1630, 1478, 1431, 1152, 1093, 1026, 997, 923, 860, 
850, 823, 744, 705, 689; UV (kmm.nm): 330.3,406.0; MS (m/z): 2333 (M-C1+). 
E: 31P NMR (121.7 MHz, THF-d8) 8: 27.2 (d, IP, J=34.7Hz, JPt.P.= 4023Hz), 26.9(d, 
IP, J=34.7Hz, 7Pt.P = 4023Hz); •H NMR (300MHz, THF-d8) 8: 7.62-7.02 (m, 30H). 
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Non-IPR Fullerenes: C36 and C72 

Zdenek Slanina," Xiang Zhao," Filip Uhlik6 and Eiji Osawa" 
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Abstract. Non-IPR structures can play an important role not only in smaller 
fullerene systems but also with some higher fullerenes. This paper reports computa- 
tions on C36 and C72- While for C3e the related cages must be non-IPR structures, 
C72 in principle allows for one IPR cage. Nevertheless, even for C72 the structure 
prevailing at high temperatures is still a non-IPR species. 

INTRODUCTION 

The IPR structures have been considered most frequently in fullerene science 
(1). However, other than IPR structures can play a role under special circum- 
stances. Hence, we should certainly not consider the IPR conjecture as a rule 
without exceptions. It was already reported that the rule did not work for a 
charged C6o (2) and also for Ca@C72 (3). This paper deals With the computed 
IPR/non-IPR interplay for the pristine C72 • There is just one IPR structure, D6d, 
and this isomer is the system ground state. However, at elevated temperatures 
the equilibrium mixture is dominated by a C2 isomer with one pentagon-pentagon 
junction. Hence, the IPR rule does not seem to control the C72 relative stabilities 
at high temperatures. In the region below C6o no IPR structures are possible. 
Moreover, (/wasi-fullerenes can be of some importance, too, as documented (4) 
on C32. The ground state of C32 is a D^d quasi-fullerene (two four-membered 
rings, eight pentagons, eight hexagons), though at higher temperatures altogether 
five structures are significantly populated. However, for C36 our computations 
agree with conclusions (5) of the recent 13 NMR spectroscopy. The computa- 
tions suggest that the computed energetics itself is not always able to produce 
a good agreement with observations. However, if entropy terms are considered, 
too, theory-experiment agreement can be obtained. 
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COMPUTATIONS 

At the very first stage, the cages are generated by a topological program (4), 
then optimized at a molecular mechanics level and finally reoptimized with the 
semiempirical SAM1 method implemented in the AMPAC package (6)). In the 
SAM1 optimized geometries, the harmonic vibrational analysis is carried out. 
The separation energetics is further checked at ab initio level, e.g., Hartree-Fock 
(HF) SCF computations in the 4-31G basis set (HF/4-31G) or density-functional 
computations at the B3LYP/6-31G* level using the G94 program package (7). 
Finally, rotational-vibrational partition functions are constructed from the com- 
puted data and temperature-dependent relative concentrations are evaluated. A 
special attention is paid to the symmetry and chirality contributions into the par- 
tition functions. Symmetry of the cages is extracted using a procedure developed 
(8) recently. 

RESULTS AND DISCUSSION 

Recently, Zettl et al. isolated (5) a new solid fullerene, C36, and concluded a 
DQH cage structure. These C36 observations represent an interesting challenge to 
computations. There are just fifteen conventional fullerene cages for C36, all being 
non-IPR. In order to reduce the number of pentagon-pentagon junctions, one can 
consider four-membered and/or seven-membered rings, i.e., ^wasz-fullerenes. If 
the topological search is limited to conventional fullerenes and to gwasi-fullerenes 
with one or two squares (no heptagon), one heptagon (no square), or one square 
and one heptagon, the total number of generated cages is 598. 

Our highest approach to energetics of C36 is represented by the B3LYP/6- 
31G*//SAM1 treatment. We can ignore the structures especially high in the 
potential energy - only the structures with the separation energy less than 150 
kJ/mol are considered further. This bracketing leads to about twelve low-energy 
structures. Among them, seven are the conventional fullerenes. It is convenient 
to classify the cages by a ring index, a vector containing the counts n; of the 
rings considered: 714,125,716,717. Out of the remaining five ^wasi-fullerenes, three 
isomers are of the 1,10,9,0 type (one square), one is the 1,11,7,1 type (one square, 
one heptagon), and one is the 2,11,7,0 type (two squares, no heptagon). 

It turns out that in the C36 system there are a few cases of considerable dif- 
ferences between the SAM1 and B3LYP/6-31G* approaches. Nevertheless, the 
ground state is always represented by the conventional fullerene with the £>2d sym- 
metry. There is also one high symmetry species, a conventional D6h fullerene. In 
fact, the Dßh point group is a topological symmetry, however, our more flexible 
symmetry diagnostic tool (8) gives only a Cev or even C2fc symmetry. We are 
actually dealing with a Jahn-Teller distortion owing to the degenerate frontier Or- 
bitals. While in the SAM1 and HF/4-31G approaches the structure is relatively 
high in energy, it drops in the B3LYP/6-3lG*//SAMl treatment - namely to 
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only 23 kJ/mol above the ground state. Hence, the structure becomes the second 
lowest. If we now perform the complete B3LYP/6-31G* geometry optimization, 
the Deh - D2d separation energy decreases to mere 15 kJ/mol. 

As fullerenes are formed at high temperatures, entropy effects are possibly 
important. It turns out that in the most sophisticated computational approxi- 
mation used here, just two structures are really important in the region of higher 
temperatures, the conventional fullerenes D6h and D2d - see Fig. 1. Although 
the D2d ground state has to prevail at low temperatures, the stability order is re- 
versed at moderate temperatures. Hence, a good agreement with the observation 
(5) is obtained. Our best treatment predicts a high relative population of the 
D6h cage, more than two or even three times higher than the population of the 
second most abundant isomer. The theoretical prediction is however based on 
the presumption of the inter-isomeric thermodynamic equilibrium. Moreover, an 
effective synthetic temperature is unclear. In overall, the treatment reveals that 
^tmsi-fullerenes are not particularly important for C36. The computations also 
indicate that the separation energies can in some cases be quite method-sensitive. 
Finally, the entropy contribution actually explains why the species, which is not 
the system ground state, still comes as the observed isomer. 

Let us now move to C72, a not yet isolated species. For this system, there 
is just one IPR cage, actually exhibiting a high symmetry, Du- Fig. 2 gives 
the SAM1 computations of the temperature evolution of the isomeric relative 
stabilities for the system. The IPR D6d structure, in spite of being the system 
ground state, decreases its relative population pretty fast. At higher temperatures 
the equilibrium isomeric mixture is in fact governed by a C2 isomer with one 
pentagon-pentagon junction. This result is a further indication that non-IPR 
structures cannot always be ignored. 
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Abstract 

We demonstrate that alkali-doping C36 solids causes the C36 cage molecules to be bonded less 
strongly to each other in the solid. Laser irradiation mass spectroscopy experiments show that for 
pure C36 solid, no isolated C36 subunits are observed in the ablated material, while for 
potassium-doped C36, isolated C36 molecules are readily produced by laser irradiation. 
Theoretical modelling shows that charge transfer from the alkali to the C36 molecules greatly 
hinders C36 dimer formation, consistent with these experiments. 

In sharp contrast to the behavior of van der Waals solids formed from the more 
inert higher fullerenes such as C60, the carbon-cage molecules in solid C36 are tightly 
held together with covalent-like bonds. This relatively strong bonding configuration 
may have distinct advantages for practical applications. On the other hand, the same 
bonding character also makes it difficult to dissociate solid C36 into its constituent 
C36 molecules. Isolating individual C36 molecular species from each other or from 
other molecular or atomic units is often desirable if not absolutely necessary for 
certain purification or characterization purposes. 

In the original arc synthesis of C36 molecules and solids, it was found that arc- 

generated carbon "soot" contained a sizable fraction of C36 molecules1. These species 
were identified by time-of-flight mass spectroscopy. In the mass spectroscopy 
method, a film of the fullerene-containing soot is irradiated by photons from a nitrogen 
laser, and the ejected material is ionized and accelerated through a mass spectrometer. 
The fact that this rather "violent" laser ablation works at all for C36 is somewhat 
surprising; one might expect that the laser photons would break apart the C36 
molecules before pulling them intact from the solid. One possible reason for the 
success of the method is that the substantial amounts of amorphous carbon and higher- 
order fullerenes surrounding the C36 molecules in the unpurified soot act as an energy 
absorbing and isolation matrix. 
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We here investigate the influence of a matrix on the laser-induced dissociation of 
solid C36. We find that without an isolation matrix, lone C36 molecules cannot easily 
be extracted from the solid via laser irradiation. We then show that introducing alkali 
metal into the C36 solid prior to laser irradiation does allow for clean and highly 
efficient C36 ablation from the solid. A theoretical investigation of C36 
intermolecular interactions indicates that uncharged C36 molecules easily bond to one 
another to form dimers, while negatively charged C36 molecules have a substantially 
higher energy barrier for dimerization and a higher bound state energy. These findings 
are consistent with the experimental laser-induced dissociation results on pure and 
alkali-doped solid C36. 

Pure C36 samples were prepared using variations on a previously described 

method^. 6mm POCO graphite rods were arced in a 400 torr He atmosphere using 
approximately 50A DC at 20-25V. The resulting sublimation product was brushed 
from the walls and loaded into a soxhlet extractor where higher fullerenes (C60. C70, 
etc) were removed by extraction with toluene. The C36 was then extracted using 
pyridine. Care was taken to keep all materials under an argon atmosphere throughout 
all purification steps, and all solvents used were first dried by distilling over sodium. 

Fig. la shows a laser desorption/ionization mass spectrum (negative ion 
acceleration configuration) of the purified C36 solid . The laser wavelength is 337.1 
nm with intensity close to threshold for observing a signal in the mass spectrum. The 
observed spectrum shows a very broad mass distribution peaked at about 120 carbon 
atoms. A sharp rise in the mass peak occurs at about 70-75 carbon atoms, which could 
be a signature of dimerized C36 units. Conspicuously absent, however, is a peak that 
would correspond to 36 carbon atoms. Indeed, from Fig. 1 alone one might conclude 
that this sample contains no C36 molecules whatsoever! 

20       40       60       80      100     120     140     160 
number of carbon atoms 

20      40      60       80     100    120    140    160 
number of carbon atoms 

(a) (b) 

Fig. 1 Mass spectrum for a) pure C36 solid and b) K-doped C36 solid. 
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Our interpretation is that the sample used for Fig. 1 does contain C36 but that it 
is simply too pure. The highly reactive C36 molecules have bonded strongly to each 
other (i.e. the material has polymerized). With no matrix present to isolate the 
molecules or to aid in energy dispersal, no individual C36 molecules can be readily 
ablated. This underscores the utility of an additional matrix in mass spectroscopy 
studies of solid C36. 

To further support the conjecture of strong spontaneous bonding in a purified 
C36 solid, we have prepared a sample exactly as that used for Fig. la (i.e. a highly 
purified sample), but then added potassium to the solid. The potassium insertion was 
accomplished via a low temperature liquid ammonia technique to be described in 
detail elsewhere^. 

Fig. lb shows the time-of-flight mass spectrum of the KXC36 compound. The 
spectrum shows a large reduction in the higher mass distribution of Fig. la, as well as 
a dramatic and very sharp peak at exactly at 36 carbon atoms, i.e. at C36 . The 
introduction of potassium into the C36 solid system clearly allows the solid to give up 
isolated, in-tact C36 molecules quite readily upon laser irradiation. The absence of a 
higher mass distribution in Fig. lb also suggests that this distribution (seen in Fig. la) 
originates from C36 dimers and other fragments of polymerized C36 solid. 
Potassium-doping of C36 provides the cleanest and most direct source of pure and 
isolated C36 molecules that we have found. 

We now investigate theoretically how potassium or charge transfer may facilitate 
dissociation of the C36 solid into independent C36 molecules. For simplicity, we 
examine the related "inverse" problem of C36 dimer formation, both for case of two 
neutral C36 molecules and for the case of two negatively charged C36 molecules. 

LDA calculations^>4 have been performed for various intermolecular separations. At 
each point, a full structural optimization was carried out with the constraint of fixed 
intermolecular bond distance. 

Fig. 2 shows the results of the calculation. The solid circles (with solid line) are 
for the neutral molecules. As the neutral molecules are brought closer together, the 
onset of an attractive, van der Waals type interaction appears at around 4.5Ä. The 
total energy possesses a shallow minimum at about 3.0A, and at 2.6Ä separation a 
small barrier of order 0.1 eV is encountered before the dimer begins to covalently 
bond, reaching a stable minimum at 1.6Ä. We do not consider the small barrier at 
2.6Ä to be important; it may be due to technical limitations of the calculations, and in 
any case it occurs below the reactant energy. For neutral C36 molecules, spontaneous 
polymerization is favored. 

The solid squares (with dashed line) in Fig. 2 represent a similar calculation for 
two C36" molecules (the resulting dimer thus has a charge of -2). The total energy in 
this case suggests that extra charge substantially inhibits dimer formation.   The two 
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negatively charge molecules experience an electrostatic 1/r repulsion as they approach 
one another, which accounts for the fact the fact that at 8Ä separation the dimer is 
more than 1 eV unbounded. At the equilibrium distance of 1.6Ä the charged system is 
energetically bound by roughly 0.4eV; however, to reach this minimum the system 
must pass through an unfavorable barrier which is 0.35eV above the energy at 8A 

separation and 1.5Ä above the energy of two isolated C36" molecules. These results 
help account for the experimental findings that charged C36 molecules (the charging 
resulting from alkali introduction) are less likely to be found in a strongly-bonded 
state. Interestingly, these findings for C36 are exactly the opposite to those for C60, 
where charging the molecules actually enhances polymerization. 

1.0       2.0       3.0      4.0       5.0      6.0       7.0       8.0 

intermolecular separation (angstrom) 

Fig. 2   Calculated total energy for dimer formation for neutral (solid circles) and charged (solid 
squares) C36 molecules. 
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Abstract We report the isolation of nine isomers of [84]fullerene (C84). Of these minor 
isomers, six were sufficiently abundant to allow characterisation by 13C NMR spectroscopy. 
These have, in order of decreasing abundance, D2(1V), D2d(II), CV(V), D2j(\), Dj(H)> and 
Cj(IV) molecular point group symmetry. 

INTRODUCTION 
[84]Fullerene (C84) is the third most abundant fullerene solvent extractable from 

arc-processed soot. Early ,3C NMR studies1 _3 indicated it exists as two isomers with 
D2 and D2Jll) symmetry and a 2:1 abundance ratio. The separation of these two 
isomers was finally achieved only last year.4 One of the early studies reported the 
presence of several minor isomers,3 and Saunders et al.5 later suggested there are nine 
extractable isomers based on the 3He NMR spectrum of z'HeC84 (isomer mixture). A 
number of spectroscopic and structural studies have been carried out on [84]fullerene 
during the last 7 years,6 but as the isolation of any isomers had not been achieved, all 
these experiments were performed on isomer mixtures. Here, we report on the 
complete isolation of the two major isomers4, D2(W) and D2J\T), and seven minor 
isomers7 of Cs4, and characterisation of the two major isomers by temperature- 
dependent FTIR spectroscopy and temperature-dependent x-ray diffraction. 

Production and Isolation 

Fullerenes were produced by the contact-arc and Soxhlet extracted. Isolation of the 
C84 isomers was achieved by multi-stage recycling HPLC using a Cosmosil 5PYE 
column (21 mm x 250 mm). 
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13C NMR Spectroscopy of the Seven Most Abundant Isomers 
The measured 13C NMR spectroscopic chemical shifts (ppm) for the seven most 

abundant isomers are listed in Table 1. There is remarkable agreement between the 
number of isolated isomers presented here, and the number of isomers reported for 
z'HeC84

5 obtained from high pressure helium capture by a C84 isomer mixture. 

D2(IV) O^H) CS(V) C2(IV) C2(V) DM 02(H) 

133.81 134.98 134.11 140.19 133.19 139.99 133.03 141.62 131.46 132.05 

135.48 138.48 134.43 140.21 134.78 140.00 133.17 141.86 133.44 132.11 

137.39 138.87 135.86 140.27 134.84 140.15 134.43 142.06 135.97 133.94 

137.50 138.88 136.33 140.44 135.43 140.24 135.01 142.65 142.64 138.03 

137.91 139.82 136.40 140.71 135.45 140.41 135.26 142.82 143.18 139.97 

138.58 140.00 136.74 140.77 135.47 141.53 135.34 143.30 144.90 140.98 

139.63 140.37 136.74 141.17 135.89 141.87 135.35 142.76 145.61 141.14 

139.74 140.50 137.03 141.76 135.85 142.39 136.14 143.80 145.80 141.16 

139.77 141.37 137.17 141.88 136.45 143.23 137.03 143.84 146.12 141.24 

139.79 142.13 137.72 142.30 136.57 143.51 137.14 143.87 146.59 141.60 

140.32 144.60 138.09 142.85 136.85 143.55 138.66 144.12 148.39 141.79 

140.60 138.80 143.87 137.72 144.97 138.69 144.81 149.44 142.24 

141.00 138.93 143.92 137.96 145.31 138.76 145.41 142.49 

141.33 139.11 145.36 138.01 145.65 139.07 145.46 142.54 

142.58 139.18 145.51 138.26 146.00 140.33 145.63 143.32 

142.89 139.22 146.04 138.74 147.66 140.41 145.96 143.76 

143.78 139.46 146.23 139.59 147.97 140.44 146.19 143.79 

143.81 139.96 147.23 139.69 148.13 140.63 146.52 145.15 

143.98 140.04 148.16 139.72 148.18 141.04 146.69 145.28 

144.48 140.08 149.15 139.78 148.32 141.15 147.42 145.38 

144.58 140.14 149.39 
149 40 

139.84 155.81 141.47 147.94 151.58 

Table 1. Chemical Shifts (ppm) for the seven most abundant isomers of C84 

Temperature-dependent FTIR and XRD Studies of the 

Two Major Isomers 
The crystal structure of the £»2(IV) and £>2<XH) isomers was determined at 300 K 

and 20 K8. Both isomers adopt a FCC structure at room temperature and undergo 
structural phase transitions at lower temperatures. At 20 K the crystal structure of the 
Z)2(IV) isomer becomes orthorhombic (space group 1222: a = 11.2934495 A, b = 
11.005383 A, c = 15.887341 Ä), and the crystal of the D2d(ll) isomer becomes 
monoclinic (space group I2/m: a = 15.9260 A, b = 11.139552 A, c = 11.12241 Ä, ß = 
90.9805°). Preliminary results suggest the phase transition for both isomers occurs 
between 150 K and 170 K on warming. Interestingly, the normal 2:1 mixture of the 
D2(IV) and D2JII) isomers remains FCC at all temperatures down to 20 K9. 
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C 84   <D id (II)}   ■ t 20   K 

DITfrsctlon   angle   2   the ta   (dc[rcti   [ x    "0.84989   A]) 

Figure 1. XRD pattern for solid C84{D2rf(II)} at 20 K 

FTIR spectra of the £>2(IV) and D2JII) isomers were recorded between 300 K and 80 
K10. Figure 2 is the FTIR spectra of these isomers, and Figure 3 shows a plot of 
HWFM vs. temperature for a, the 1382 cm"1 line of theD2(IV) and b, the 1105 cm"1 

line of the Z>2d(II) isomer. The change in slope near 160 K for both isomers is 
consistent with the structural phase transition temperatures obtained by the XRD study. 

Figure 2. FTIR spectra of purified CM{D2(YV)} and C84{D2d(II)} 
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T-dependence ofthe"iS&YcnylUner 
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T-dependence of the 1105 cm-1 line. 
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Figure 3 Temperature dependence of the FTIR spectra. 

In conclusion, together with the two major isomers, we have isolated nine isomers 
of the third most abundant fullerene, C84. The present 13C NMR data on C84 isomers, 
which represent almost half of all fullerenes so far isolated, should lead to better 
theoretical modelling of fullerenes in general. 
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Abstract. For the first time the C60 complex, C60(BEDT-TTF+ )(I3"), comprising the radical 
cation of the organic donor BEDT-TTF (bis(efhylenedithio)tetrathiafulvalene) was 
synthesized. Single crystals of the complex were obtained in benzonitrile. This compound 
has C-centered monoclinic lattice with the unit cell parameters: 0=17.419(6), 6=9.997(4), 
c=13.499(l) Ä, ß=99.00 (1)°. The bands characteristic of the BEDT-TTF+ cation radical and 
neutral C60 are present in IR- and optical reflectivity spectra of single crystals and optical 
absorption spectra in KBr pellets. The signal with g = 2.0074 and AHpp= 23G is attributed to 
BEDT-TTF* in the EPR spectrum. The position of I3d5/2 peak confirms the formation of the 
I,' anion. 

INTRODUCTION 

Tetrathiafulvalene derivatives are known to be widely used in the design of radical 
cation salts which manifest metallic and superconducting properties. For example, a 
family of BEDT-TTF based superconducting radical cation salts, namely, (BEDT- 
TTF)2X, X=I3\ IBr2\ Aul2\ Re04\ Cu(NCS)2" and (BEDT-TTF)4Hg2 89Hal8, Hal. = Cl, 
Br has been synthesized1. 

However fullerene C60 forms only neutral complexes with tetrathiafulvalene 
derivatives, namely, with bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF)2, 
dibenzotetrathiafulvalene3, octamethylenetetrathiafulvalene4 and others5"6. 

To change a neutral state of molecular complexes of C60, we intercalated the 
DkC60(Solv)x (D is donor, Solv is a solvent) compounds by iodine in gas phase. During 
intercalation the solvent is substituted by iodine and the donor is oxidized in solid state 
to a radical cation or a dication to form a three-component system Dk

+C60In", n>57. 
However, gas-phase intercalation is a diffusion process and homogeneity of the 
resulting samples is hardly attained. 

The present paper reports on the synthesis of the first three-component complex of 
C60 in solution which contains the (BEDT-TTF+) radical cation, namely, C60(BEDT- 
TTFI3). The crystal lattice parameters are determined. IR absorption spectra and 
polarized electron reflectivity spectra are measured on single crystals. The data on EPR 
and X-ray photoelectron spectra are presented. 
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EXPERIMENTAL 

BEDT-TTF-IX, x~3.4 was used as a starting compound in the synthesis of 
C60(BEDT-TTF-I3). C60(BEDT-TTF-I3) was prepared by cocrystallization of 
stoichiometric quantities of BEDT-TTFI3 4 and C60 in benzonitrile. The compound was 
prepared as rhomb-like crystals up to 0.5 mm in size. Found, %: C 56.4; H 0.74; S 
17.14; I 26,20. S8C70H8I3. Calculated, %: C 56.7; H 0.53; S 17.14; 125,6. 

The IR transmission spectrum of the C60(BEDT-TTFI3) single crystals was 
measured within the 650-4000 cm"1 range on the Perkin-Elmer 1760 IR spectrometer 
equipped with a microscope. Electron reflectivity spectra of single crystals were 
measured on a home made double-beam microspectroreflectometer. X-ray 
photoelectron spectra were excited by Mg-Kct-radiation (hv=1253.6 eV). The spectra 
were calibrated as to the peak Cls (285.0 eV). The data of X-ray powder diffraction 
were obtained on the DRON-3 automatic diffractometer with Cu-Ka radiation 
(A=1.5418 Ä) and graphite monochromator. 

RESULTS AND DISCUSSION 

Compound C60(BEDT-TTF-I3) has the following parameters of monoclinic crystal 
face-centered unit cell: a=17.419(6), 0=9.997(4), c=13.499(l) Ä, ß=99.00 (1)°, 
V=2321,8 Ä3. All the observed reflections were indexed and no systematic exclusions 

from the monoclinic face- 
centered lattice were observed. 
Therefore, the space groups C2, 
Cm or C2/m are possible for the 
unit cell. Every fullerene 
molecule can be surrounded by 
six almost equidistant 
neigbouring C60 molecules. In 
this case two fullerene molecules 
with the 10.00 Ä distances 
between the centers (translation 
vectors are 0 ±1 0) and the four 
neigbouring C60 molecules with 
the 10.04 Ä distances between the 
centers (translation vectors are 
±0.5 ±0.5 0) can be located in the 
ab plane (see Fig.l). Therefore, 

FIGURE 1. The diagram of the position of C60 molecules in one can assume that fullerene 
the crystal lattice of C60(BEDT-TTFI3). C60 molecules are moiecuies form slightly distorted 
marked by spheres, crystallographic directions and the ld fe ^ 
shortest distances between the centers of C60 molecules are r J      r 
marked by thin lines. 

192 



ab plane. The distances between these layers are 13.5 Ä. The BEDT-TTF+ radical 
cations and the I3" anions can occupy cavities in the interlayer space. Such layered 
structures are characteristic of C60 complexes with substituted tetrathiafulvalenes, in 
which donor and solvent molecules are located between close-packed fullerene 
layers4-6. 

The IR transmission spectrum of the C60(BEDT-TTFI3) single crystals represents 
the absorption bands at 1429 and 1182 cm"' characteristic of C60. Their position 
remains unchanged as compared with that in the spectrum of initial C60, indicating the 
absence of noticeable charge transfer to the fullerene molecule. The spectrum also 
demonstrates the absorption bands characteristic of the BEDT-TTF+ radical cation: 
1384, 1289, 1021, 927, 899, 882, and 808 cm"1. Their positions are close to those of 
absorption bands observed earlier for the BEDT-TTF+ radical cation in the 
transmission spectrum of the BEDT-TTFI3 radical cation salt8. 

FIGURE 2. Electronic reflectivity spectra of the C60(BEDT-TTF-I3) single crystals measured from the 
developed plane for three polarizations (1, 2, 3) and the reflectivity spectrum of the initial C60 crystal 

(4). 

Electron polarized reflectivity spectra of the C60(BEDT-TTF-I3) single crystals were 
measured from the larger crystal face for three polarizations (see Fig.2). This spectrum 
exhibits the peaks at 4.2, 3.6, 2.5, and 1.1. eV and a relatively weak peak at 1.96 eV. 
The positions of peaks of C60 at 4.2 and 3.6 eV in the complex are close to those of 
pure C60, however the peaks are essentially broadened. Such a broadening was 
observed earlier at intercalation of fullerene complexes by iodine7. The reflectivity 
band at 2.5 eV can be attributed mainly to intermolecular charge transfer between 
HOMO-LUMO of the neigbouring C60 molecules9. This band has approximately equal 
intensity in the spectrum of C60(BEDT-TTF-I3) and the crystals of pure C60. 
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Compound ACls S2p AS2p I3ds/2 Al3d5/2 

C60-(BEDT-TTF-I3) 2.1 164.1 2.6 619.4 2.3 

(BEDT-TTF)2-I3
n 2.0 163.8 2.4 619.0 2.1 

BEDT-TTF 1.9 163.6 2.4 - - 

(Ph^C^-I12 2.1 - - 617.7 2.2 

A reflectivity band at 1.1 eV can be attributed to BEDT-TTF+. This band is weakly 
polarized, the highest intensity is observed in the polarization «1». The similar band 
was observed in polarized spectra of the (BEDT-TTF)2I3 single crystals10. 

Table 1 shows half- 
Table 1. Binding energies (Eb) and half-widths (A) of XP lines. All ^ths ^ positions of 
the values are in eV and calibrated as to the peak Cls (285.0 eV). , 

trie peaks Ols, o2p, and 
I3d5/2  in  XP  spectra  of 
C60(BEDT-TTF-I3). 

A positive shift of the 
S2p binding energy is 
observed at changing from 
BEDT-TTF to C60(BEDT- 

TTF-I3). This corresponds to the decrease of electron density on sulfur atoms at 
changing from neutral BEDT-TTF to the radical cation state in C60(BEDT-TTF-I3). 

The position of the peak I3d5/2 with Eb=619.4 eV in this compound is close to its 
position in (BEDT-TTF)2I3". This indicates that the sample under study contains 
iodine as the I3" anion since for I" anion essentially lower binding energy is 
characteristic, for example, in (Ph,P+)2C60(T) Eb is equal to 617.7 eV n. 

EPR studies of the spectra of C60(BEDT-TTFI3) at room temperature showed the 
presence of an intense EPR signal with g=2.0074 and AHpp=23 G corresponding to the 
BEDT-TTF+ radical cation. With the temperature decrease the position of g-factor and 
the width of the EPR signal remain almost unchanged and g=2.0074, AHpp=20 G (77 
K). Such a behaviour is different from that of (BEDT-TTF)2I3 which is characterized 
by a noticeable narrowing of the EPR signal with the temperature decrease1. The 
integral intensity of the signal in C60(BEDT-TTF-I3) increases 2.2 times with the 
temperature decrease from 300 down to 77 K. Such a behaviour of the EPR signal is 
the most probably associated with electron localization over the BEDT-TTF+. 

Conductivity of C60(BEDT-TTF-I3) measured on a pressed pellet amounts to 2-10"4 

Ohm"'cm"1. This value is two orders of magnitude higher than conductivity of the 
(BEDT-TTF)2C60 complex (106 Ohin'cm"1) measured under the same conditions. The 
low value of conductivity is assumed to be due to integer-valued charge on the BEDT- 
TTF molecule (+1) and is characteristic of other BEDT-TTF radical cation salts with 
full charge transfer'. 
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Abstract. We report on a new fractal amorphous carbon nano-foam with a large fraction 
of tetrahedrally-bonded atoms. The material was produced by high-repetition-rate laser 
ablation in an argon-atmosphere which resulted in a high collision frequency between carbon 
atoms and ions in the laser plume and argon atoms in the chamber. This creating the optimal 
vapour temperature and density for the efficient formation of 4-membered sp3 bonds typical 
of diamond. The bulk density of various foam samples is in the range (2-10)T0'3 g/cm'\ 
whilst the specific surface area is 300-400 m2/g comparable to that of carbon aerogels. At 
low temperatures the as-deposited foam exhibits a strong positive electrostatic charge and 
non-linear current-voltage characteristics with strong hysteresis, indicative its insulating 
nature. After annealing, the resistivity of the foam measured at low-voltage (±30 V) is 
(l-3)-109 Ohm-cm at room temperature and (1-10)-1013 Ohm-cm at 80 K, with virtually no 
hysteresis. The DC conductivity of this low-density carbon foam and its temperature 
dependence appears to be very close to that of RF-sputtered solid amorphous diamond-like 
carbon films. 

Carbon nanometer-size porous structures such as carbon aerogels and activated carbon 
fibres exhibit unique electrical, optical, mechanical, and thermal properties, which are 
different from those of bulk precursors [1-3]. Many of these physical properties can be 
attributed to the fact that the structures have a significant fraction of the surface carbon 
atoms with different co-ordination from that of internal atoms. 

In this paper we report a new form of nanometer-size granular carbon material, a low- 
density carbon nano-foam, which has been produced by a recently developed ultrafast laser 
ablation technique described elsewhere [4,5]. The high-repetition-rate laser evaporation 
uses a 10 kHz Q-switched Nd:YAG laser to evaporate a carbon target in a 1-100 torr Ar 
atmosphere. This produces a higher evaporation rate of carbon atoms and ions than 
conventional laser ablation techniques, resulting in an increased average temperature and 
density of the carbon/argon mixture in the experimental chamber and increased probability 
for the formation of higher energy carbon-carbon bonds. The increased collision frequency 
resulting from these deposition conditions encourages diffusion limited aggregation of 
carbon atoms into fractal structures. 

Scanning and transmission electron microscopy show that the deposited carbon foam 
consists of interconnected carbon clusters with size ~ 6 nm, assembled into one-dimensional 
chains which, in turn, form foam-like (or web-like) structures (Fig. 1). The web looks like a 
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capricious mixture of "strings of pearls". The sp/(sp2+sp) bonding ratio determined 
by electron energy-loss spectra is in the range from 0.15 to 0.5. Preliminary mass 
spectroscopy of the carbon foam shows a broad peak around 35,000-60,000 a.m.u. with the 
maximum at ~ 50,000 a.m.u., i.e. the dominant cluster contains -4-10' carbon atoms. 
Attributing this weight to a 6-nm cluster one obtains the average cluster density of -0.73 
g/cm3, assuming the clusters are closed structures. The bulk density of the a-C foam 
samples, determined from He+ ion backscattering measurements of the areal carbon density 
and scanning electron microscopy measurements of the film thickness, is in the range 
(2-10)-10"3 g/cm3, while the measured specific surface area of the foam is 300 - 400 m2/g. 

FIGURE 1. Scanning (a) and Transmission Electron Microscope (b) images showing the free- 
standing carbon foam. The bars in the images are 10 um (Fig.la); 100 nm (inset in Fig.la); and 10 
nm (Fig. lb). The fractal structure is clearly seen in the high-resolution inset (a) and in (b), which 
consists of a network of interconnected carbon clusters of ~ 6 nm in size. 

The process of carbon cluster formation takes place in several stages. A flow of carbon 
atoms and ions is created by laser ablation of the target surface. The measured temperature 
of the carbon atoms in the laser plume is ~ 2 eV. As the carbon cloud expands, the carbon 
atoms collide with the ambient gas and with each other, exchanging their energy via 
collisions. As they diffuse through the gas, they bond into various structures, and finally 
attach to the substrate surface and to carbon structures already on that surface. Estimates of 
the diffusion time tag of a single carbon atom from the target to the substrate suggest tdig = 
0.1 s for 1 torr and tdiff = 10 s for 100 torr of Ar pressure. Using the measured evaporation 
rate 1.41026 C-atoms/(cm2s) [5] we obtain that after 30 s of evaporation at 1 torr of Ar the 
number density of carbon atoms in the chamber reaches the density of Ar atoms. From this 
it follows that in a typical 30 mins deposition experiment the temperature of Ar in the 
chamber grows continuously during the evaporation process, reaching the average carbon 
vapour temperature in a few minutes. Similarly, the average carbon density approaches the 
Ar density in about an hour for 100 torr Ar pressure. This combination of the carbon/argon 
temperature and the partial carbon density provides the conditions for efficient sp2 and sp3 

bonding [6]. 

In order to elucidate the electronic structure of the foam, optical absorption spectra, Raman 
spectra, and high-resolution electron energy loss spectra (EELS) were measured at room 

197 



temperature, together with electrical resistivity in the temperature range from 
80 K to 450 K. The optical absorption measurements provide an estimate of the optical 
band-gap, which is in the range from 0.5 to 0.7 eV: this being typical for sp2 dominated 
amorphous carbon (a-C) films [7]. The measured Raman spectra (632.8 nm excitation) are 
similar to those obtained for laser-evaporated amorphous diamond-like carbon (DLC) films, 
and show broad peaks centred at (1341-1353) cm"1 (D-peak) and at (1569-1579) cm"1 

(G-peak) which are attributed to graphitic sp2 bonding. To achieve a reasonable fit to the 
experimental results it was always necessary to add the third peak with maximum at -1160 
cm"1, which is attributed in the literature to regions of sp3-bonded amorphous diamond 
within an amorphous carbon matrix [8,9]. 

Examples of the current-voltage (I-V) characteristics of the foam in the applied DC voltage 
range of ±100V at various temperatures from 85 K to 130 K are presented in Fig. 2. The I-V 
curves are symmetric with respect to voltage sign reversal. They are non-linear and 
demonstrate a voltage-dependent resistivity: the differential resistivity being approximately 
10 times higher in the low-voltage region (±30 V) than in the high voltage region (±100 V). 
The resistivity of the foam measured in the low-voltage region decreases with temperature 
from ~ 10" Ohm-cm at 85 K to ~ 108 Ohm-cm at room temperature (297 K) for the as- 
deposited foam, and from ~ 1014 Ohm-cm at 85 K to ~ 109 Ohm-cm at 297 K for the foam 
annealed at 450 K for 18 hours. The temperature dependence of the DC conductivity on a 
double logarithmic scale is presented in Fig. 3. For comparison, results for an RF-sputtered 
a-C film [10] are shown on the same graph. Fitting the conductivity o(T) over a wide 
temperature range with a power law T gives n = 9.5 - 9.7 for the foam, compared to n = 15 - 
17 for the a-C films. 
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FIGURE 2. Nonlinear current-voltage (I-V) 
curves of the annealed carbon foam at various 
temperatures. The differential resistivity is about 
ten times higher in the low-voltage range ±30 V 
than that at ±100 V. 
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In conclusion, it has been shown that a new form of carbon, a cluster-assembled nano- 
foam, can be produced by high repetition rate laser ablation in an Ar ambient. The foam 
consists of interconnected C clusters of ~6nm diameter and has an average sp3 fraction in the 
range from 0.15 to 0.5. It has a surface area 300 - 400 m2/g comparable to that of the sp2- 
bonded carbon aerogels but a bulk density which is one hundred times lower, and a 
resistivity which is several orders of magnitude larger. 
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Abstract. The formation of (C60)n molecular systems of a nanostructures from 
C60 hydrated aggregates/nanocrystals on the surface of 
p-aminoxybenzylidene/p-toluidine liquid crystal layer with self-assembling 
of one-dimension polymerized (C60)n (n=13, 33) chains and C60 bridged 
molecules is predicted and experimentally confirmed by AFM, UV-vis, IR 
and Raman spectroscopy. 

INTRODUCTION 

The principal direction in the C60 molecular engineering is them coating on the 
surface of a metals and semiconductors. In these works, it was made by coating in a 
UHV system. We have developed the new method of the formation of the C60 

molecular nanostructures from (C60)n hydrated aggregates/nanocrystals by coating 
from C60 water solution which are consisted of the self-assembled building blocks. The 
formation in water of highly stable cluster/crystallite structures from fullerene C60 has 
been theoretically predicted and experimentally confirmed at [1,2]. It is shown, that in 
water solution of C60 fullerenes the formation of highly stable hydrated spherical 
aggregates (C60)n and the cubic nanocrystals takes place. The diameters of (C60)n 

(n=13 and 33) molecular clusters are 25 and 36 Ä corresponding. The size of cubic 
nanocrystals is 28.6 Ä [2]. 

Our idea is to initiate self-organization of a nanostructure systems from (C60)n 

hydrated aggregates/nanocrystals creating of the molecular roughness surface of 
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p-aminoxybenzylidene/p-toluidine (ABT) solid Liquid Crystal (LC) layer. We 
concerned that C60 molecules in adsorbed agglomerates has a low reorganization 
energy and the intermolecular interaction of C60 and LC molecules can provide the 
self-assembling of (C60)n hydrated agglomerates/nanocrystals. 

EXPERIMENTAL 

The C60 molecular water solution with different fullerene clusters concentration were 
prepared as described at [1]. The ABT powder was deposited on quartz and TlBr-TU 
monocrystal substrate, heated to temperature 343 K corresponding to liquid isotropic 
state and slow cooled to T=293K. The fixed volume of C60 water solution was used for 
covering of the surface ABT layer with area 0.25 cm2. Then, the cover was dried in the 
dark at T=293K and under laser illumination (k=514.5nm). 

The (C60)n molecular clusters images was investigated by AFM (NANOTOP-203). 
The (C60)n molecular clusters composition and electronic structure on ABT layer was 
determined by UV-vis, IR and Raman spectroscopy with A,ex=514.5 nm and step 
0.5-1 cm"'at T=293K, using the theoretical calculations [2,3]. 

RESULTS AND DISCUSSION 

The Images of the (C60)n Molecular Clusters on LC Layer 

The comparison of the AFM images of the ABT surface before (fig. la) and after 
(fig. lb) (C60)n molecules clusters coating was performed with taking into account of 
calculation results [4,5]. 

O   A ' ' ' ' ' ' '      678   A       O   ft 1S76   ft 

Figure 1. AFM images of the ABT surface before (a) and after (b) (C60)n molecules clusters coating. A 
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height scan along line on images is presented below. 
As the results we defined: on surface of ABT layer with roughness 2.5 Ä 

corresponding to one-layer LC molecules with planar orientation agglomerates with 
length up 135 Ä from four (C60)33 molecular clusters with the diameter up 36 Ä is 
self-organized; between these agglomerates small agglomerates with length up 50 Ä 
from two (C60)13 molecular clusters with the diameter 25 Ä and/or crystallites C60 with 
linear size up 28.6 Ä is inserted; these cluster systems form one-dimensional chains as 
the result of photopolimerization at laser excitation. It is possible that more less 
agglomerates creating networks between ordered agglomerates consist from individual 
C60 molecules or from them small groups. The obtained results are not contrary to 
experimental results [1]. 

The Bonding and Charge State of (C60)n on LC Layer 

Raman scattering, optical absorption and IR transmissions spectra was compared in 
order to be able to determine interball bonding patterns and charge state in the 
C60/(C60)n adsorption layer on various substrates and LC layer. We took into account 
that the splitting and new bands in the spectra as it is demonstrated by theory [3] 
contain the information about symmetry of the balls and the frequency shift of the 
TIU(l-4) and Alg(2) fundamentals 
correlate with the charge state and the 
interball bonding. 

The first step of our investigation is 
evidence of the formation of polymerized 
C60 agglomerates on base of analysis of 
Raman spectra in region of wavenumber 
80-600 cm"1. As soon from Raman 
spectra on Fig. 2. The splitting of the 
bands nearly 270 cm"1 and new band at 
117, 126 cm"1 confirm polymerization of 
C60 molecular layer in particularly 
formation of (C60)2 [3]. The observed 
bands lie at the region of calculated 
intermolecular frequencies of the (C60)33 

clusters: 42-227 cm"1 [2]. These 
frequencies are lower vibrational 
spectrum for individual C60 molecule 
(296-1590 cm"1)  which  is  observed  in 
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Figure 2. Raman spectra of (C60)n on LC layer (a) in 
comparison to the calculation Raman spectra [6] (b) 
and experimental spectra of C60 molecules (c). 

self-organized (C60)33/C60 on LC layer. From optical absorption spectra in region 
2-6.5 eV of C60 agglomerates we defined that it is characterized for crystalline fullerene 
C60 and identified electronic transitions: hu->tlg (E=2.75 eV), gg+hg->tlu (E=3.52 eV), 
hu->h (E=4.5 eV), gg+hg-^t2u (E=5.5 eV). These transitions are concerned to coated 
C60 nanocrystallites. 
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The next step is detection of molecular bonds (C60)n in agglomerates which depend 
from LC layer with detecting photoinduced electron transfer between molecules: C60 

ü§iaV55 

aiiWegs   3S s 

160   T   13S 

*     1121 
1182 tioio 

1034 

1500 1400 
Raman shift, err 

1400 1200 
Wavennmber, cm"' 

and C14H14N20 (NH2-0-C6H4-CH=N- 
C6H4-CH3 ). 

Figure 2. Left panel: Raman spectra of the LC layer on quartz substrate (a), the (C60)n on LC 
layer/quartz substrate with thickness of (C60)n 20 A (b) and 30 A (c), Right panel: IR spectra of LC 
layer on TlBr-TU (a), surface (C60)n agglomerates on LC layer(b) and C60 layer on substrate (c). 

The direct evidence of the charging of C60 molecules on LC layer as a result of 
photoinduced electron transfer is observing of the shifting of the IR bands: from 1429 
to 1380 cm"1 (Tlu(4)) and from 527 to 524 cm"1 (Tlu(l)) for (C60)n (20 Ä) and 488 cm'1 

(30 Ä). The such intermolecular interaction with 3 e" transferred is possible in 
complex. In the Raman and IR spectra bands correspond to the vibration all modes of 
both individual C60 molecules and LC molecules. Besides in spectra of (C60)n/LC layer 
the appearance of molecular conformations of LC is observed. It is manifested in 
splitting of vibrational bands 1596, 1501 cm-1. The three new strong vibrational bands 
in the region of (1240-1255)cm"' are connected with peculiarity of interaction between 
the C60 (C60)n and LC molecules. As a result the formation of complex (C60)n/LC is 
possible. 
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Abstract. Different fullerene blacks were produced by the arc-discharge vaporization of graphite in 
various experimental conditions. Pressed pellets of these materials were sputtered with thin metal 
films. After the subsequent pyrolysis up to 1200°C the samples were studied with SEM. Wormlike 
nanostructures arose from the nickel covered parts of the fullerene containing pellets. TEM and 
EELS showed that chains of hollow elongated carbon nanostructures were generated with outer 
diameters usually between 35 and 90 ran. A model for the formation of the chains is proposed 
considering diffusion of carbon through a metal particle and surface melting of the metal. 

1.       Introduction 

In the last years methods for the covaporization of carbon and metal were optimized to 
produce carbon nanostructures. A first approximation of the reactions outside the 
carbon-metal plasma is given by the phase diagram: Considering the diagrams1 for Co 
or Ni with carbon we expect carbon-metal vapors to condense as liquids after having 
left the hot plasma. When the melt is further cooled, a metal free carbon phase will be 
segregated. Finally a metal rich phase deposits on these carbon particles. 

2.       Experimental 

To simulate this system we produced different samples of fullerene black by vapori- 
zing pure graphite in helium . Samples containing carbon blacks Fl 101, CN 220 and 
FW2 (Degussa), pieces of glassy carbon (Sigradur G, HTW) and graphite (Edel- 
graphit) were also used for comparison. The soot materials were pressed into pellets. 
All samples were covered with thin sputtered films of Co, Ni or Mo and subsequently 
pyrolized in argon between 400 and 1200°C. The surfaces of the samples were 
examined with SEM. A few samples were also prepared for TEM and EELS analysis. 

3.       Results 

In many cases only minor changes of the surface structure of the soot pellets were 
observed with SEM. The most significant change took place with the only fullerene 
containing material using Ni as a catalyst: Before the pyrolysis the material consisted 
of round carbon particles (Fig. 1). After sputtering of Ni and the subsequent pyrolysis 
at T > 850°C the surfaces became always completely covered with wormlike 
nanostructures (in Fig. 3.) TEM tilting experiments demonstrated that the nanostruc- 
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Fig.l   SEM: Surface of the fullerene 
black before the pyrolysis 

Fig.2 SEM: Surface of fullerene 
black sputtered with 25 nm 
nickel and subsequently pyro- 
lizedatl000°Cfor3min. 

Fig.3 TEM: The worm- 
like material are chains 
of multi-walled carbon 
nanoparticles 

tures are chains of 
hollow elongated carbon 
nanoparticles (Fig. 3). 
They often contained 
graphitic plaines orienta- 
ted in different directions 
with respect to the walls. 
The diameters of the 

m—-,_. ,   chains     were     usually 
HÄ*Sg ~e!!—'   between 35 and 90 nm 
although diameters as low as 30 nm and as 
high as 430 nm have been found. They did 
not change significantly along one chain. The 
walls are formed by up to 100 highly 
graphitic planes. The high degree of graphiti- 
sation in the walls is also observed by the 
EELS spectra, which are comparable with the 
ones we obtained from HOPG. On rare 
occasions encapsulated Ni particles were also 
observed using TEM. No fibers were genera- 
ted, when Co or Mo was used instead of Ni. 
Most of the results with the fullerene contai- 
ning soot and Ni are shown in Tab. 1. When 
we changed the parameters above 850°C, we 
did not observe any trends in the structure of 
the nanochains (NCs). We believe the 
reaction always occurred at the same tempera- 
ture,   immediately   after   the   sample   was 

varied parameter range other parameters results 
time of pyrolysis 1 - 20 min 1000°C,25nmNi always worms 
film thickness Ni 2- 100 nm 1000°C, 3 min always worms 
oven temperature 400-1200°C 3 min, 25 nm Ni T > 850°C worms 

Tab. 1  Experiments with the nickel covered fullerene black pellets 

introduced into the hot reactor. Finally experiments were done to determine if the 
nanostructures were generated because of the fullerene content in fullerene black or 
the reaction of Ni with the solid amorphous carbon: Therefore we evaporated all 
volatile compounds like fullerenes from the soot at 1200°C in 15 min. Some of the 
fullerene free pellets were sputtered with Ni and subsequently pyrolized at 1000°C. No 
change in the sooty surface structure was observed. Pellets of this material mixed with 
8 %wt. of COO (Hoechst) were sputtered with Ni and pyrolysed as before. The latter 
showed the same typical wormlike nanostructures as shown in Fig.2. The role of the 
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fullerenes as a feedstock in the formation of these NCs was also confirmed by our 
latest experiments, where we reacted COO with metal films on different substrates. 
The generation of similar NCs in electric carbon-metal arcs was also reported by 
Y.Saito et al.3 and S.Seraphin4. They found NCs of hollow graphitic particles with 
outer diameters of 10 - 20 nm in the cathode deposit using Ni or Fe as a catalyst. S. 
Seraphin observed (partly) encapsulated metal particles at one end of the chains. As in 
our experiments Co failed to produce NCs. 
The Ni films on glassy carbon became only slightly roughened when pyrolized for 3 
min. at 600°C. Between 700 and 1000 °C the glassy carbon was transformed into 
polycrystalline graphite5, indicated by the roughening of the surface. Above 1100 °C a 
process resembling melting resulted in the formation of metal droplets prior to the 
formation of graphite. We believe that the particles melted and lost the contact with 
the substrate. So it was impossible to absorb enough carbon to reach supersaturation, 
which would have resulted in the precipitation of graphite. We also observed melting 
processes of sputtered Ni and Co films on graphite starting at temperatures as low as 
900°C. 

4.       Discussion: 

A model for the growth of multi-walled carbon nanotubes (MWCNTs) from carbon 
containing gases is well established6: The idea originates from the vapor-liquid-solid- 
mechanism (VLS) for the formation of whiskers7. In this theory gaseous molecules are 
decomposed on the surface of a catalytic metal droplet. After diffusion of a compound, 
the local supersaturation causes the solute to precipitate continuously in the form of 
cylinders.. Tibbetts' equations8 explain why such carbon nanofibers are MWCNTs. 
Our experiments proved that volatile fullerenes are the feedstock for generating NCs. 
It is reasonable to assume that they react as gaseous compounds with the metal in a 
VLS way. However, the precipitation of carbon is not continuous, as chains of 
nanoparticles were generated rather than MWCNTs. In the experiments with graphite 
melting processes of the Ni and Co films were observed at temperatures close to the 
point where the NC formation takes place. It is possible that the large carbon fluxes 
and the high temperatures involved in the formation of the NCs cause surface melting 
of the metal particles involved. Surface melting9 can be observed even below the 
already drastically reduced melting temperatures of small metal particles10'11. 
The model adapted from the VLS-model is shown in Fig. 4: (l)-(2): The heat converts 
the polycrystalline metal film into metal islands. (2)-(3): The exothermic decompo- 
sition and absorption of fullerenes can cause the metal to melt (a). Due to the surface 
tension the droplet loses contact with the substrate and the fullerenes can attack from 
all directions. No cooler region exists for fiber growth. This is hypothesized for Co 
films. (2)-(4): Alternatively, the diluted carbon may only cause surface melting of the 
particle (b). The carbon diffuses into the cooler regions near the substrate, where 
supersaturation leads to the segregation of carbon. More carbon can be stored in a 
molten phase than in a solid phase. (4)-(5): Graphitic planes are generated. The 
subsequent planes bend the previous one. The bending of the graphitic planes will 
stabilize the unsaturated sp2-orbitals of the border of graphene sheets by the overlap 
with the d-orbitals of the metal. (5)-(6): This contact then serves as a crystallization 
seed for the following segregation of carbon, initializing a cylindrical growth. (6)-(7): 
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The surface of the whole system grows as the reaction continues. The increased 
surface intensifies the cooling of the particle by the surrounding gas atmosphere and 
through radiation. This may cause the interface between metal and carbon fiber to 
solidify. The extra carbon stored on this side is segregated at once. (7)-(8): The new 
graphitic planes will close the previously built multi-walled cylinder. Excess planes 
will serve as the starting point for the next nano-unit to be formed in the same way. 

Fig. 4 Possible mechanism ofnanochain formation, metal: dark -> cold, light-> hot, 
dashed line -> molten surface, solid line -> solid surface 
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Abstract. The composite of carbon with alkali metal fluoride, C-MF (M = Li, Na) was 
prepared by cathodic defluorination of perfluorinated hydrocarbons at room temperature. 
Raman spectra of C-MF from PTFE indicate carbon chains (oligoynes, 1974-2024 cm'1) in 
addition to graphite-like carbon (1300-1500 cm"1). The oligoyne-containing carbon is partly 
selfogranized by cross linking towards graphene. Highly-organized carbons were prepared 
from friction-deposited PTFE films. AFM confirms perfect ordering of the precursor 
molecules (up to atomic resolution), but the corresponding carbonization product is rapidly 
reconstructed upon contact to air. Raman spectra of oriented carbons display high 
conjugation lengths (up to 18 sp-bonded carbon atoms). Cyclic perfluorinated precursors 
are also smoothly defluorinated to elemental carbon. TEM indicates that these carbons 
contain about 1 % of carbonaceous nanoparticles, i.e. nanotubes and onions. Also small 
quantity of fullerene C60 (=0.01 %) was detected in the toluene extract. 

INTRODUCTION 

All-carbon molecules (oligoynes and fullerenes) and nanoparticles are usually 
prepared at high temperatures via controlled condensation of carbon vapor or by 
pyrolytic processes. However, elemental carbon can also be prepared at room 
temperature by chemical or electrochemical redox reactions of suitable precursors, CYn 

(Y denotes general substituent(s)) (1): 

CYn    
±ne~  >C+nY+ (1) 

These reactions might be thermodynamically very favored. For instance, the standard 
potential of reductive defluorination of poly(tetrafluoroethylene) (PTFE) is as high as 1 
V (1). The electroreduction of PTFE proceeds either on a metal cathode in aprotic 
electrolyte solutions, or, to advantage, in a cell with alkali metal (M) amalgam anode. 
The latter is formed spontaneously at the PTFE/amalgam interface (1): 

M(Hg)|C-MF|C, PTFE 
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C-MF denotes the reaction product, i.e. a mixture of carbon with the alkali metal 
fluoride (1). According to an idealized scheme, the defluorination of PTFE may lead to 
sp bonded carbon chains (polyyne) (1): 

e" 
-(CF2-CF2)n-     ►        -(C^C)n-  +4nF (2) 

Polyyne manifests itself by a Raman line at about 2000 cm"1 (2,3). The defluorination 
(Eq. 2) is accompanied by a small over-reduction, i.e. n-doping of the formed carbon; 
the doping level equals about 0.2 eVC-atom (1). Carbon from stretch-oriented PTFE foil 
shows the presence of partly oriented oligoyne chains with a maximum conjugation 
length of 16 carbon atoms (8 conjugated triple bonds) in the direction of alignment (2). 

This paper aims at two targets: 
1. To explore whether or not more organized carbon chains can be prepared from 

highly oriented PTFE films made by friction deposition ("hot-dragging") (4). 
2. To   employ   the   same   strategy   for   carbonization   of  low-molecular   weight 

fluorocarbons, which may serve as precursors for fullerenes and nanotubes. 

EXPERIMENTAL SECTION 

PTFE films were prepared from commercial foils (Goodfellow, 1 mm thick) by 
friction deposition on Si or glass (4). Perfluorocyclopentene, CsFg, perfluorodecalin, 
CioFis and perfluoronaphthalene, CioFg (Fluorochem, Ltd.) were purified from trace 
humidity and oxygen, and distilled or sublimed in vacuum. The PTFE films were 
contacted at room temperature with the Li or Na amalgam (0.9-1.2 at%). Alternatively, 
the amalgam was exposed to a saturated vapor of purified low-molecular weight 
fluorocarbon at room temperature. In some cases, the preparation took place in an 
evacuated quartz optical cell (Hellma 220 QS), which served for in-situ Raman 
measurements (3). The prepared materials were studied by AFM (TopoMetrix 2010), 
XPS (VG Scientific ESCA 3 Mk II), Raman spectroscopy (T64000, Jobin/Yvon, Ar+ 

laser, 1.5 - 2.0 mW, X = 488 nm) and TEM (Jeol, JEM-1200EX II). The carbons were 
extracted by toluene in a Soxhlet extractor for 20-40 hours, and the extracts were 
analyzed for fullerenes by HPLC and UV-Vis spectroscopy. 

RESULTS AND DISCUSSION 

Carbon chains 

The highly oriented PTFE films display the AFM patterns of perfectly aligned 
fluorocarbon macromolecules. These are defluorinated quantitatively (at least within 
the probing depth of XPS). Upon carbonization with Li-amalgam, the F Is signal at 
689.2 eV (CF2) disappears completely, being replaced by a signal at 684.8 eV (LiF). 
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The carbonized film is sensitive to oxidation in air, which is reflected by Cls features of 
surface oxides at 284.6, 284.8, 286.7, 289.4 eV. Experiments failed, up to now, to see in 
C-MF also the highly ordered molecular structure of the precursor. This is probably due 
to the sample degradation during the AFM measurement in air. 

Raman spectroscopy evidences a partial formation of sp bonded carbon chains in C- 
MF. The conjugation length is higher for oriented C-MF as compared to non-oriented 
C-MF and for C-NaF as compared to C-LiF. The frequencies of the C=C stretching 
mode equal (in cm"): 2024 (ordinary C-LiF), 1988 (oriented C-LiF), 1996 (ordinary C- 
NaF) and 1974 (oriented C-NaF). Consequently, in terms of the conjugation length 
model (3), the oriented C-NaF shows about 18 carbon atoms in an unperturbed sp-chain. 
This is the best so far reported value for ex-PTFE carbons (1). 

The products also contain sp2 structures (with Raman features at 1300-1500 cm"1), 
which are formed by subsequent intermolecular cross linking of the oligoynes: 

-C^C-C=C- -c=c-c=c- 

-CEEC-C^C- -C = C-C = C- (3) 

Generally, no solid carbon material reported up to now contains .sp-carbon chain in 
pure form, and discussions about its existence are still contradictory (5). Kawase et al 
(6) have recently shown that oligoyne in the electrochemical ex-PTFE carbon can be 
transformed to carbon nanoscale tubules upon electron irradiation at 600-800 °C. No 
such nanotubules were observed in our (as-received) carbons (C-MF). Also, there was 
no detectable amount of fullerene in the toluene extract from C-MF. 

Fullerenes and Nanotubes 

According to some hypotheses (7) the condensation of C60 in carbon vapor starts 
from naphthalenoctyl radical (totally dehydrogenized naphthalene). This presents a 
challenge to generate the same precursor electrochemically by the amalgam-driven 
defluorination of perfluorodecalin or perfluoronaphthalene. Hence, the C60 would be 
formed from six C,0 units according to the overall reaction scheme: 

M(Hg) 

+ I '        '     '    '   !» (4) -MF 

211 



Analogous reasoning leads to a hypothesis that C60 may condense from twelve C5 

units which can be derived from (perfluorinated) cyclopentane. 
Äs in the case of PTFE (see above), chemical analysis confirmed a quantitative 

transformation of perfluorocyclopentene, perfluorodecalin and perfluoronaphthalene 
into a mixture of alkali metal fluoride and elemental carbon. The actual consumption of 
M(Hg) was again by about 10-15% higher than the stoichiometncally requested 
amount, which is due to n-doping of the electrochemical carbon (1) 

The HPLC and UV-Vis analyses revealed the presence of fullerene, C6o in toluene 
extracts. Hence, the model reactions (cf. Eq. 4) do occur in reality, and - to the best of 
our knowledge - this is the first evidence that fullerenes can be prepared by a simp e 
chemical process at room temperature. However, the yield of C«, was poorly 
reproducible, and usually below 0.01% of the total amount of carbon produced . 

TEM and electron-diffraction studies revealed the presence of graphitic carbon 
nanotubes, both straight and curly. The straight nanotubes were typically about 15 nm in 
diameter and 100-200 nm long. The yield of carbon nanotubes was ca. 1-2 /o in the best 
samples. Spheroidal graphitic carbon grains of about 20-100 nm size were also 
occasionally detected; they are similar to onion-like particles This is again a first 
indication that carbon nanotubes and onions can be prepared by soft chemistry at 
room temperature. 
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Abstract. Films of conjugated carbyne-like system was obtained by dehydrochlorination of 
poly(vinylidene chloride) (PVDC) by the two step treatments with 
l,8-diazabicyclo[5,4,0]undec-7-ene (DBU). Amorphous region of PVDC was 
dehydrochlorinated in the proper swelling solution at the first step treatment and the 
crystalline region was treated in the pure solvent at the second step, so that the film shape 
was kept after the whole treatments. Two characteristic IR absorption bands were observed 
at ca. 2000 and ca. 1650 cm"1 which are assigned to stretching vibration of polyyne 
structure(vCsc) and that of polyene structure(vc=c)- respectively. The intensity of vc»c 
decreased with time upon storage even under the inert atmosphere. 

INTRODUCTION 

Carbyne has attracted the particular interest of researchers from the point of view of 
the simplest linear chains of carbon atoms and the fourth allotrope of carbonfl]. In spite 
of the effort of synthesis, e.g., catalytic and electrochemical polycondensation of 
acetylene compounds[2,3], the suitable size of samples, especially single crystal, have 
not been available. The most known route to obtain the carbyne system is the polymer 
reaction, e.g., dehydrohalogenation[4,5] or reductive defluorination of PTFE[6]. 

We have obtained polyene films with high content of conjugated Sp2 carbon by 
dehydrochlorination of solid poly(vinyl chloride) using l,8-diazabicyclo[5,4,0]undec-7- 
ene (DBU), which is the strongest organic base so far known, in polar solvents[7]. The 
film shape was kept by the two step treatments, each amorphous and crystalline region is 
dehydrochlorinated stepwise. 

In this paper we prepared the carbyne-like film system from the poly(vinyliden 
chloride)(PVDC) under the similar working hypothesis to the previous work as 
following equation: 

QN    (DBU, 
H   Cl 
c-c- 

I     I 
H   Cl 
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FIGURE 1. IR spectra of (a) PVDC; (b)(c) dehydrochlorinated PVDC(after 2nd-step treatment). 

EXPERIMENT 

Commercially available food-wrapping grade PVDC(Saran, copolymer of vinylidene 
chloride (VDC) and vinyl chloride (VC) (VDC/VC = ca.9/1)) was chosen as a starting 
material. Additives were removed from row material by usual extracting manner. Films 
about half urn thick were spin-coated on the KBr single crystal cleavages(ca. 1 cm2) 
from THF solutions and annealed at 120 °C in air for 4 hr thereafter. 
Dehydrochlorination was carried out under the Schlenk flask techniques, inert 
atmosphere, and vacuum line techniques. In the first-step treatment, acetone was used as 
a swelling solvent and THF was chosen in the second-step. Typical concentration of 
DBU in the solvents was ca. 1 vol.%. Dehydrochlorination was carried out at 50 °C for 
12 hr in each step. Specimens were rinsed with MeOH and dried in vacuo. Infrared 
spectra and optical absorption spectra were recorded in inert atmosphere with 
transmittance mode. 

RESULTS AND DISCUSSION 

As spin-coated specimen without annealing was easily dissolved into the reaction 
solution even in the lst-step treatment. From the DSC thermal analysis the morphology 
of the crystalline region in PVDC was much arranged after annealing, so that the 
treatment could be possible in the swelling medium. Thus in the lst-step treatment, 

214 



2 3 4 

Energy [eV] 

FIGURE 2. Optical absorption of dehydrochlorinated PVDC films. Broken line: 
after ls,-step treatment; solid line: after 2nd-step treatment. 

amorphous region of PVDC was swollen and dehydrochlorinated, and crystalline region 
played as a cross link point to keep the film shape. Similarly in the 2nd-step treatment, 
crystalline region was swollen and dehydrochlorinated, and carbyne-like species already 
formed from the amorphous region played a role to keep the film shape. 

FIGURE 1. shows the IR spectra of starting PVDC and two different 
dehydrochlorinated specimens treated under the same condition. Although the 
specimens were treated in the pure solvent system (DBU/THF) at the 2nd-step treatment, 
characteristic band from starting PVDC around 1000 cm"1 is still observed, which means 
that the dehydrochlorination in the crystalline region was not enough carried out. 

From the reproducibility check most of dehydrochlorinated specimens showed the 
similar spectra to type (b) in FIGURE 1. and very few showed as type (c). In type (b) a 
weak and broad absorption band around 2100 cm'1 was observed, whereas the strong 
and sharp absorption band at ca.2040 cm"1 in type (c). Both two absorption bands were 
assigned to vc,c stretching vibration in polyyne structure[2,3,4]. In analogy with the 
observed and calculated Raman shifts for the conjugated carbon triple bonds[8], 
frequency of IR vc.c stretching vibration band corresponds to the conjugation length, 
i.e., lower frequency means the longer conjugation length. Therefore the conjugation 
length in type (c) is longer than the one for type (b), and such longer conjugated sample 
is difficult to obtain with good reproducibility. 

Relatively sharp absorption bands at ca. 1640 cm"1 are observed in both IR spectra. 
This band attributed to vc=c stretching vibration in polyene structure[4]. Thus the 
sample consists of both Sp2 and Sp carbon. Although the starting material is the 
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copolymer of VDC and VC, the minor component of VC comonomer was inserted 
randomly into the chain during polymerisation. Therefore the isolated carbon double 
bond formed from the VC component plays as a terminating defect for conjugated 
carbon triple bonds. Polyene structure is proposed as the reaction products owing to 
incomplete or inter chain dehydrochlorination, as well as side reactions of cross 
linking[9]. The intensity of vCsc decreased with time upon storage even under the inert 
atmosphere. Theses changes also suggest the aging and cross linking of chains. 

There are many arguments that IR bands from 1000 to 1600 cm"1 are attributed to the 
polycumulene[2,5] combining the experimental data with the quantum calculations[10]. 
In this study, however, no significant evidence was observed about this kind of argument, 
since the absorption bands from the remaining starting PVDC lap over the one for 
carbyne-like material. 

FIGURE 2. shows the optical absorption of dehydrochlorinated PVDC films. Similar 
results were observed in the previous works[4,8], but no clear absorption maximum was 
observed in the present study. Absorption edge shifted downwards about 0.2 eV(from 
0.8 eV to 0.6 eV) after 2nd-step treatment compared with the one after ls,-step treatment. 
Furthermore, clearer plateau region around 3eV is observed in the curve after 2" -step 
treatment. These features suggest that carbyne-like species formed from crystalline 
region after 2nd-step treatment have narrower HOMO-LUMO transition energies, which 
means existence of the longer conjugated carbon-carbon bonds[8]. 
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Abstract. We have studied {C2F)n»CeH(, intercalation compound by means of x-ray 
fluorescence spectroscopy "as is" and after heat treatment at 150 °C in situ. Differential 
spectrum of these two in general represents electronic state of carbon atoms in benzene 
molecules contained within C2F matrix. Observed changes in the obtained spectrum 
compared with the spectrum of pure solid benzene result from interactions between 
CßHß molecules and graphite fluoride (GF) layers. 

I    INTRODUCTION 

Chemical treatment of graphite with halogen fluorides (BrF3, CIF3) at room tem- 
perature leads to formation of graphite fluoride intercalated compounds CnHalFm, 
where Hal = Br, Cl. Along with fluoridation, another process occurs - inclusion of 
some amount of molecules between the GF layers. The resulting composition of the 
compound is given as CxFHaly»zR, where x « 2,y « 0.1(0.02) for Hal=Cl(Br), R 
denotes molecules of different possible intercalants [1,2]. Molecules R can be easily 
substituted for different organic or inorganic molecules [3] that afterwards remain 
for long periods of time inside the C2F matrix with extremely low vapor pressure 
(10~4 - 10~5 torr) even in case of volatile compounds [4]. 

Distribution of fluorine atoms on graphene sheets in C2F is still known, as well 
as the nature of interactions between inserted molecules and GF layers. One of 
the most developed models suggests the structure of C2F layer composed of fully 
fluorinated stripes alternating with the areas of aromatic carbon hexagons (Fig.l). 

In order to investigate the electronic structure of benzene molecules intercalated 
into GF we have used high resolution x-ray fluorescence spectroscopy. CKa spec- 
trum originates from electron transitions from occupied orbitals to Cls vacancies 
of a compound. In framework of Koopman's theorem distance between the lines 
in CKa spectrum on energy scale corresponds to one electron energies difference. 
Line intensity is proportional to 2p-AOs contribution to the orbital from which the 
transition occurs. 
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FIGURE 1. Suggested model of the C2F • CßHe intercalation compound 

Both benzene and GF carbon atoms contribute to the formation of x-ray spec- 
trum creating a necessity to exclude benzene carbon atoms contribution to the 
spectrum. GF intercalated compounds present a possibility to remove inserted 
molecules by means of heat treatment. Mass-spectrometry measurements have 
demonstrated that vacuum heat treatment of the studied compound leads to ex- 
traction of the most of C6H6 molecules at 130-150 °C. This fact allows to suppose 
that the difference between original and heat-treated samples' spectra would be 
characteristic of, to a large degree, benzene electronic structure. 

II    EXPERIMENTAL 

Synthesis of C^F • C$H§ compound was performed as described in [3]. Product 
composition is C2F0.85 • (C6He)0.i • Br0.05. CKa spectra have been obtained with 
the laboratory x-ray spectrometer "Stearaf'as described below. Original C2F • 
CQHQ sample was placed on the copper support and cooled down to the liquid 
nitrogen temperature in the x-ray tube vacuum chamber. After we had measured 
the spectrum of the original compound (1) the sample was heated to 150 °C inside 
the vacuum chamber during 45 minutes. Finally, heat-treated sample (2), that we 
expect to contain minimal amount of benzene molecules, was cooled down again 
and it's x-ray fluorescence spectrum was recorded. Spectrum of the pure solid 
benzene was obtained by method described elsewhere [5]. Spectra were recorded at 
a pressure of 10~4 Pa, anode voltage of 6 kV and 0.5 A cathode current. Resolution 
of the spectra is about 0.4 eV. Gas proportional counter with methane filling at 
0.1 atm was used for x-ray radiation registration. Ammonia biphthalate (NH4AP) 
mono-crystal was used as crystal-analyzer. Reflection efficiency of this crystal near 
the CK absorption edge decreases 30-40 times over a region of 10-15 eV. To correct 
this behavior a special mathematical procedure was used [6]. 
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FIGURE 2. X-ray emission spectra of (from top to bottom): initial sample; heat treated sample; 
difference between them multiplied by 10; solid benzene. 

270 275 280 285 E, eV 

III    RESULTS AND DISCUSSION 

Spectral profiles of both samples (Fig.2) are similar and present two major fea- 
tures: peak A in the short-wave region (280-284 eV) and more intensive band B 
that occupies the interval from 274 to 280 eV. Differential spectrum obtained by 
subtraction of heated sample's spectrum from the original one corresponds to x-ray 
fluorescence spectrum of benzene molecules removed during the heating procedure. 
This spectrum multiplied by 10 is plotted in Fig.2. It should be noted that this 
spectrum is affected by the change in C2F matrix structure as well. However we 
have reasons to believe that the effect associated with matrix deformation can be 
neglected in comparison with the contribution by benzene molecules. 

X-ray spectrum of pure benzene (Fig.2) has three clearly distinguished peaks A, B 
and C. Low statistics of the experiment does not allow to obtain valid information of 
the energy region below 280 eV (area occupied by B and C peaks) in the differential 
spectrum. However, comparing this spectrum to solid benzene line one can easily 
observe short-wave peak A splitting into three: A, A' and A". We consider this to 
be a result of the change in electronic structure of benzene, which originates from 
interaction with GF layers. 

First peak splitting in the x-ray spectrum of benzene may and actually does have 
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two roots: 1) due to low symmetry of the layers HOMO of benzene splits into two 
orbitals, producing two lines in the spectrum; 2) core Is levels of different carbon 
atoms in a benzene molecule have different energy, producing up two six different 
lines. The latter effect takes place if the charge distribution within a benzene 
molecule is asymmetric due to either a chemical bond formation or presence of 
electric field gradient. This may easily be the case in C2F • C6H6 compound if 
a benzene molecule is inclined under a certain angle with respect to a GF layer. 
Which of these two effects has major contribution in the spectrum is subject to 
further theoretical investigations. However, since one observes three and not two 
peaks, electric field influence on core levels seems to be the most likely candidate 
responsible for the spectrum alteration. 

IV    CONCLUSION 

X-ray fluorescence spectroscopy study of electronic state of benzene molecules 
intercalated into C^F matrix has been done. It was shown that differential spectrum 
associated with inserted benzene molecules has significant differences in comparison 
to the spectrum of solid benzene. Obtained spectrum profile can be explained by 
the assumption that benzene molecules do not form chemical bond with fluorine 
atoms of GF but are situated under an angle to a GF layer that creates electric 
field. 
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Abstract. Colloidal vanadium pentoxide sols consist of individual V205 fibres which are 
uniformly 1.5 nm high and 10 nm wide. Their length depends on the age of the sol and can reach 
up to several um. Fibres were deposited on chemically modified electrode structures with 
electrode separations of 3 um and about 150 nm, respectively. Position and shape of the 
nanowires on the electrodes were determined by Scanning Force Microscopy. Electrical 
transport measurements revealed non-linear characteristics at room temperature and 4.2 K. In 
addition, the transport behaviour of networks of V205 fibres is interpreted in terms of one- 
dimensional variable range hopping. 

1 INTRODUCTION 

Vanadium pentoxide sols have been known since the beginning of this century (1). 
A sol is a colloidal suspension of solid particles in a liquid (2). In the case of vanadium 
pentoxide sols, V205 fibres, 1.5 nm in height and 10 nm wide, are dispersed in water. 
The length of the fibres depends on the age of the sol and can reach up to several urn 
(3). There are various synthetic routes to prepare these sols, which all are based on 
polycondensation of molecular precursors such as vanadates or vanadium alkoxides 
(3). Despite the knowledge of V205 sols for a long time, it has been only a decade 
since the internal structure of the fibres was resolved by cryo-Transmission Electron 
Microscopy (TEM) and X-ray diffraction (3, 4). The basic structural units of a fibre 
are V05 square pyramids, which are assembled into 2.5 nm wide fibrils. Eight of these 

> 500 nm 

~1,5nm 

~10nm 

FIGURE 1. Schematic representation of an individual V2Os fibre consisting of 8 fibrils in a double 
layer structure. The length of the fibres depends on the age of the sol and can reach up to several urn. 
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fibrils, arranged in a double layer structure as shown in Fig. 1, form a V2O5 fibre. 
Consequently, each fibre consists of only two layers of vanadium atoms and represents 
a wire of molecular dimensions. 

It is known from electrical studies on amorphous and crystalline V205 bulk 
material, that transport proceeds via hopping between vanadium(V) and vanadium(IV) 
impurity centres (3, 5, 6). Until now, to the best of our knowledge, electric transport 
measurements on thin V205 networks or on individual V205 fibres have not been 
reported. Especially the latter are of great interest, because their conductivities might 
be compared with the electrical behaviour of other molecular wires such as carbon 

nanotubes. 

2 EXPERIMENTAL 

V,0, sols were prepared from 0.2 g ammonium(meta)vanadate (NH4VO3) and 2 g 
acid ion exchange resin (DOWEX 50WX8-100) in 40 ml water. After a few hours the 
formation of an orange coloured sol is observed. Longer fibres (up to a few urn) are 

obtained after a few days. , . , „, ,, „„ o;n 
Electrode arrays were created on Si wafers with a 1 urn thick thermally grown S1O2 

layer Electrode structures with 3 urn gaps were fabricated by conventional optical 
lithography, the structures with 150 nm gap using conventional e-beam lithography^ 

Both bare Si/Si02 substrates and the electrode arrays were chemically modified 
with 3-aminopropyltriethoxysilane (3-APS) (6 ul in 10 ml water) for about 15 mm, 
which creates positively charged ammonium-groups on the Si02 surface. 

V205 network samples were prepared as follows: a droplet of a several day old, 
undiluted V205 sol was deposited on the electrode structure with the larger gaps. After 
15 min the sample was rinsed with water and blown dry with air. For deposition of 
individual fibres on the electrodes separated by 150 nm, the whole substrate was 
dipped into a mixture of V205 sol/water (1:10) for 3 s. Afterwards, the substrate was 
rinsed with water and blown dry. 

The samples were characterised before electrical transport measurements with a 
Scanning Force Microscope (SFM, Digital Instruments, Nanoscope Ilia) in Tapping 
Mode The transport experiments were performed with Keithley current and voltage 
sources at room temperature (RT) and liquid He temperature (4.2 K). 

3 RESULTS AND DISCUSSION 

To investigate the electrical transport behaviour of an individual V205 fibre, a way 
had to be found to deposit the fibres onto electrode structures without aggregation In 
these experiments, bare Si/SiOz substrates were used to optimise the adsorp ion 
parameters. If a droplet of the V205 sol is just dried on a SiO? surface a so-cal ed 
xerogel is obtained, which forms ordered colloidal phases (tactoids), as shown by the 
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FIGURE 2. SFM images of (a) V205 xerogel forming an ordered tactoid, (b) dense V205 network, and 
(c) individual V205 fibres adsorbed on a chemically modified Si02 surface. 

SFM image in Fig. 2a. This ordering results from the increased interaction between the 
fibres upon drying (3). In contrast, a disordered, but dense network of V205 fibres is 
obtained if the sol is adsorbed on Si02 for a couple of minutes and afterwards the 
excess rinsed away with water (Fig. 2b). Obviously both procedures do not yield well- 
separated, individual fibres. The situation is improved by taking advantage of the 
negative surface charge of the V205 fibres (3), which can interact with the positively 
charged ammonium-groups on the 3-APS treated Si02 surface. Using optimised 
parameters like concentration of the sol and adsorption time, we succeeded in the 
deposition of individual fibres, as exemplified in Fig. 2c. In this sol, the average length 
of V205 fibres was about 1 um. The measured height of 1.5 nm is in accordance with 
the value for individual fibres known from TEM investigations (4). However, the 
observed width of about 25 nm appears to be too large for individual fibres, but can be 
explained by tip convolution of the SFM. 

After successful deposition of individual fibres onto bare substrates, a similar 
procedure was applied to deposit individual fibres on electrode arrays. SFM 
investigation revealed in most cases up to 10 individual fibres in contact with the gold 
electrodes. Nevertheless, further optimisation of the adsorption process should allow 
the deposition of only one individual fibre onto one electrode array. 

To get a first impression of the conductivity of the V2Os fibres, electrical 
measurements on thin networks adsorbed on electrode structures with gaps of about 
3 urn were performed (Fig. 3a). The current/voltage (I/V) characteristic of these 
networks was found to be non-linear at RT (Fig. 3b). Figure 3c shows that the network 
resistance increases with decreasing temperature. Bullot et al. reported transport 
measurements on amorphous V2Os films revealing thermally activated hopping 
between vanadium IV- and V-centres (5). In general, the amount of vanadium(IV) and 
hence, the resistivity, depends on the preparation method of the V2O5. Vanadium in 
oxidation state IV forms localised states in the band gap. In the following, we evaluate 
our data in terms of variable range hopping (VRH), which is well known from, e.g., 
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FIGURE 3. (a) SFM image of a V205 network deposited on an electrode array with 3 urn gaps, (b) I/V 
characteristic of the sample at RT. (c) MOTTplot for one-dimensional variable range hopping. 

conducting polymers (7). For VRH, the temperature dependence of the resistance is 
described by the MOTT law: 

ln-4 = -ff 
i 

l+d 

(1) 

where p is the resistance at temperature T, p0 the resistance at temperature To, and d 
the dimensionality of the hopping process. The data could be fitted best with d=l 
(Fig. 3c). This result might be related to a dominant electron transport along the quasi 
one-dimensional V2O5 fibres. 

Following the investigation of network samples, individual fibres were adsorbed on 
electrode arrays with an electrode distance of about 150 nm. In the specific example 
shown in Fig. 4a, about seven individual V205 fibres have contact with the middle 
electrode pair. As observed for the network, the 17V characteristic is non-linear at RT 
(Fig. 4b). When applying a bias of about 1 V, a current in the nA range was obtained. 
At 4.2 K, a bias larger than 3.5 V was needed to obtain currents exceeding 1 pA 
(Fig. 4c). Thus, the conductivity of the sample is strongly frozen out and/or the contact 
between the fibres an the electrodes is strongly temperature dependant. Nevertheless, 
even for a few V205 fibres, as in Fig. 4a, electrical transport measurements are still 
possible. 
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FIGURE 4. (a) SFM image of individual fibres adsorbed on an electrode array with 150 nm electrode 
separation. I/V characteristic obtained from the middle electrode pair at RT (b) and at 4.2 K (c). 

CONCLUSION 

Individual V2O5 fibres can be adsorbed on chemically modified SiC>2 surfaces and 
electrode arrays. Transport measurements on dense networks of V2O5 fibres revealed 
one-dimensional hopping conductivity. A few individual V2O5 fibres adsorbed on an 
electrode array are sufficiently conducting to allow electrical measurements. By 
optimising the adsorption process, transport experiments on only one individual fibre 
should become possible. 
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Abstract. The synthesis of nanometer-sized vanadium-pentoxide structures by continuous IR 
laser induced oxidation under air is reported. In these experiments the beam of a Nd:YAG 
laser was slightly focused onto the surface of a 8x8x0.3 mm3 vanadium sheet in order to 
reach a controlled temperature region of 900-1100 °C. During oxidation of the vanadium 
sample and after the cooling-off period different vanadium oxide nanostructures are 
formed. The size of the crystallites (measured by SEM) lays on 10 run scale in width and on 
urn scale in length. SEM images clearly show a tubular structure in some samples. The 
dependence of the formation of different structures on external parameters (oxygen, electric 
field etc.) is studied. 

INTRODUCTION 

At the moment of the discovery of the first carbon fullerenes [1] and, a few years 
later, carbon nanotubes [2], attention of theoretical and experimental scientists was 
drawn to prospect new structures. We have discovered a lot of unbelievable properties 
and features, but this story hasn't ended. Every new structure and every new material 
in the nanometer range can help us make optimally designed (tailored) nanostructures 
for micro-(nano)mechanics, micro-(nano)electronics, micro-(nano)optics and micro- 
(nano)biology. Quasi one-dimensional structures showing big length/width ratio are of 
particular importance. As derived from ab-initio calculations, nanotubes not only of 
carbon, but of boron, boron nitride and similar materials are stable, too. Microtubules 
generated by laser assisted oxidation of vanadium [3] and nanotubes on a carbon 
nanotube template [4] made of vanadium pentoxide has been reported. The laser- 
generated oxide micro-crystallines have a rectangular shape and the free surface of thin 
laser-fabricated material is 1000 times higher than the free surface of vanadium- 
pentoxide  micro-powder  used  in  the  industry.   In  this  work  we   investigated 
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experimentally whether the laser generated micro-crystas can be shrunk down into the 
nanometer region by changing the illumination parameters. 

EXPERIMENTAL 

The experimental setup of laser illumination is given in Fig 1. Metallic vanadium 
samples were illuminated by a continuous wave Nd:YAG laser (k= 1.060 urn) in 
ambient air and oxygen atmosphere. Several targets were illuminated in the presence 
of external electric field (Fig. 1(b)). The optical alignment procedure was helped by a 
HeNe laser. The IR beam was directed perpendicularly to the target and focussed 
slightly onto the sample surface by a plano-convex lens. The size of vanadium sheets 
were 8x8x0.3 mm3 ant the diameter of laser beam reaching the target was typically 3 
mm. Our samples were chemically cleaned before illumination, and cemented onto the 
surface a bigger (m=300g) aluminum mass in order to increase their heat capacity. 

RESULTS AND DISCUSSION 

It is easy to recognize the fact that most nanostructures are generated under strongly 
nonstationary (and far from equilibrium) conditions. The keyrole of these conditions 
in nanotube formation processes and a model to describe their general usefulness 
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FIGURE 2. Electron micrographs (SEM and TEMs of the edge region of the oxide crater with different 
magnitudes, the white size-lines represent 200 um and 20 um on the left and right pictures, respectively. 
The left photo shows the concentric structure of the crater, while the right one shows microtubules, near 
the clear metal surface, having great aspect ratio. The microtubes have a macroscopic orientation, the 
radial direction is distinguished by the temperature gradient. 

FIGURE 3. SEM pictures taken from the 
straggly bundle of vanadium oxide fibres. The 
white lines represent 10 um, 5 (im and 2 um on 
upper-left, upper-right and lower photographs, 
respectively. The sub-structure of rods with sizes 
laying in the micrometer and submicron scale is 
also distinguishable. The aspect ratios of the rods 
derived from SEM measurements were 100-500. 
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FIGURE 4. Electronmicrographs (SEM and TEM) of isotropic and very anisotropic structures of laser- 
generated vanadium oxide. The left photograph is taken from the sample surface near but out of the 
illuminated area (the bar represents 5u). The middle and right pictures show the mesoscopic (middle) 
and atomic (left) structure of grown nanorods (bars represent lOnm). Both <010> and <001> planes may 
be identified on TEM pictures. 

is described elsewhere [5]. In our case the sources of nonequilibrium processes are the 
laser heating, the exothermal oxidation process itself and the external electric field. 
The preilluminated vanadium targets covered with well-developed oxide structures 
were subjected investigations by SEM and TEM microscopy. Results of these 
investigations are presented in Figs. 2-4. The different symmetrical and 
crystallographic features are caused by the oxidation and crystallization processes. 
Generally, the laser assisted chemical processes lead to development of "far from 
equilibrium" circumstances because of the high input per volume ratios we used. In 
laser induced oxidation of metals there are a few extra features causing further special 
instabilities even in the case of low power (P=10-100 W) continuous lasers effecting 
only "thermal changes": 
• The process is of Arrhenius type. The rate equation for an A + B —► C form 

chemical reaction is v=k[A][B], where v is the reaction rate, k the reaction rate 
constants, [A] and [B] are parameters of reagents. k= c exp(Ea/RT), c and Ea are 
the Arrhenius parameters of the reaction, c is the preexponential constant and Ea is 
the activation energy. 

• A feedback appears between the chemical and thermal degrees of freedom. The 
process normally has a positive feedback, namely the absorption of laser light in 
the case of clean metal surfaces is relatively low (these surfaces serve as good 
mirrors), but after the beginning oxide formation the absorption of this complex 
system can grow up or can oscillate. The typical absorption efficiency of a 
vanadium metal surface covered by a native oxide layer is under 10% (at ^=1,060 
um) and absorption efficiency of a thick vanadium-pentoxide layer is above 70%. 
So, when the oxidation process begins the efficiency grows up causing higher 
temperature, with higher reaction rate and addition of an extra term (the energy of 
the exothermal reaction) to the energy balance. 
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• Macroscopic "far from equilibrium" states appear when the laser driven 
temperatures change faster then the relaxation of the system into a quasi- 
equilibrium state. 

• In the special case of vanadium oxidation the melting point of grown oxide is low 
(670 °C), so it is in liquid phase in the duration of the process causing different 
hydrodynamic type of instabilities such as Marangoni and Taylor vortices as well 
as hot filaments. 

In the present experiments series we changed the illumination parameters (the power 
of the laser and the focal spot on the target), the chemical environment (lab air and 
oxygen-enriched) and the effect of an extrinsic electric field was also tested. 

Dissipative structures resulted by nonlinearities arising in the system has control 

parameter C of C = 
mr2 

where P is the coupled power of the laser source, m is the 

mass of the sample and r is the radius of the focal spot in case of nonuniform 
illumination. Optimization of these parameters betided by morphological investigation 
of grown oxide layers with an optical microscope. 

The change in the oxygen concentration from normal (28%) to enriched (>99%) 
atmosphere seems to be negligible, taking into account its linear role in the rate 
equation and in comparison to the exponential effect of the temperature. However, this 
smaller amount, but extra energy caused by oxygen-rich atmosphere can be important 
because of its special location under the oxide layer ("internal heat source"). 

By applying an external electric field the ionic transport of the metal and oxygen 
through the oxide layer can be modified. In the investigated parameter range (1-10 
kV/cm) V205 production wasn't observed, but some fine V02 powder covered the 
electrodes. 
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Perfect hollow and filled nanospheres are formed upon intercalation of hexakisadduct 2 into 
multilamellary DPCC vesicles and subsequent photopolymerization by UV-irradiation. 

We recently have shown, that lipophilic hexakisadducts of buckminsterfullerene COO 

(1) upon intercalation into synthetic multilamellar vesicles [MLVs] of dipalmitoyl- 
phosphatidylcholine [DPPC], the widely used model of natural membranes, tend to 
self-assemble into rod-like structures of up to 30 nm diameter and of several urn 
length.[1,2] As a result, a composite of colloidal dimensions is formed with interesting 
micromechnical properties. An enhancement of membrane stiffness was observed and 
a decoupled lateral diffusion of lipids and lipofullerenes within the bilayer found.[1'2,3' 
For a fluid-like bilayer, the rods show a lateral mobility and flexibility within the fluid 
bilayer plane, leading to collisons between adjacent rods. 

Intercalation into 
DPCC vesicles 

1 
To investigate this phenomenon, the polymerizable hexakisadduct 2 was synthesized, 
intercalated into phopholipid vesicles and subjected to UV-initiated polymerization. 
Commercially available octadecadiynoic acid 3 was reduced and the alcohol 4 formed 
reacted with malonyl dichloride to give dioctadecadiynyl malonate 5. From 5 and 
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[60]fullerene  the  ^-symmetrically  hexakisadduct 2  was  obtained  via template 
activation and exhaustive cyclopropanation[4] (scheme 1). 

Scheme 1. Synthesis of polymerizable lipofullerene hexakisadduct 2. i) LiAlH4, ether; 
ii) ClCOCH2COCl/pyridin, CH2C12; iii) [60]Fullerene, DMA, CBr4, DBU, toluene. 

From polymerization of 2 in the solid state a polymer of possible structure 6 is 
obtained, which was characterized by MAS spectroscopy. 

The DPCC-lipofullerene composite system formed showed significant changes after 
UV-treatment with respect to the lipid molecular order and dynamics. Lineshape 
analysis and numerical deconvolution of 2H NMR spectra using chain perdeuterated 
DPCC-d62 shows that the molecular order along the DPCC tails is increased and the 
bilayer becomes less flexible. Furthermore, a significant reduction of the 2H NMR 
transverse relaxation time h is found (Fig. 1). 

232 



Perfect nanospheres are formed within the DPPC bilayer under fluid bilayer condi- 
tions, as is revealed by freeze fracture electron microscopy (Fig.3). While the sample 
before the polymerization (Fig. 3a) shows the above mentioned rod-like structure, we 

i 1 1 1 1 1 1 
-30     -20     -10      0       10      20      30 

frequency [kHz] 

Fig. 2.: Deuterium NMR spectra of chain perdeuterated dipalmitoyl-phosphatidyl- 
choline (DPPC-d6l) multilamellar vesicles containing 15 mol-% 2 prior (a) and after 
(b) UV irradiation at 50°C. 

observe perfectly spherical objects (diameter range 100 nm - several um), essentially 
consisting of polymerized 6 (Fig. 3b). The smaller spheres are are hollow (Fig. 3c), 
whereas the larger ones enclose other spheres in a onion-like fashion (Fig. 3d), 
rendering the core regions inpenetrable to the electron beam. 

Fig. 3: Freeze fracture transmission electron micrographs (TEM) of 15 mol% of 
polymer 6 in DPPC multilamellar vesicles before (a) and after (b,c,d) polymerization. 
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An extraction of the templating DPPC by solvents and subsequent vacuum drying 
(Fig. 3d) allows their transmission EM-inspection in absence of the freeze fracture 
replica. 

Atomic Force Microscopy (AFM) was used for an assessment of the surface of the 
spheres at a molecular scale after the extraction of the lipid. The surface of the spheres 
is surprisingly smooth with maximum amplitudes in height of 1.5 nm (Fig. 4). 

Fig. 4: Atomic Force Microscopy of the polymerized lipofullerene hollow spheres after 
extraction of the DPPC; the bar represents 50 nm. 

The lipofullerene hollow beads seem to exhibit an unusually high mechanical strength. 
We expect that such a two-dimensional configuration may exhibit a very high 
elasticity modulus, which may explain why we did not observe any mechanically 
damaged spheres. Furthermore, the the wall thickness of the beads must be below the 
resolution limit of our microscope (below 10 nm). 
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We present here the first results obtained with a reactor specially designed for studying and 
modelizing the conditions and the parameters of synthesis of different kinds of nanotubes. The 
principle of the reactor is derived from that developped by Maser et al [1] and uses for the 
species vaporization a 1500 W continuous wave CO2 laser which avoids the use of a furnace. 
The ablation of pure carbon leads to a deposit which consists mainly of aggregates of single- 
and multi-wall tubular cages. When doping the target with catalysts such as Ni and Co, we 
obtain bundles of single-wall nanotubes similar to  those produced by  other methods. 

INTRODUCTION 

Within the last three years, much effort has been done for finding new routes to the 
synthesis of self assembled single-wall nanotubes (SWNT). Except the catalytic 
decomposition of hydrocarbons [2], all the methods currently developped - laser ablation 
[1, 3], electric arc discharge [4], solar energy [5] - have in common to induce the 
simultaneous sublimation of graphite and metallic catalysts at high temperature - 3000K or 
more - under an inert gas atmosphere and subsequent aggregations of carbon atoms or 
clusters. It is therefore likely that the formation and the growth of SWNT should occur 
through a general scheme independent of the technique used for sublimating the chemical 
species. However the mechanisms driving the SWNT growth and their self-assembling 
are far from being understood. In order to have a better knowledge of the synthesis 
conditions, we have built a reactor, derived from that developped by Maser et al [1]. It 
offers the advantage of its simplicity for varying, controlling and measuring the different 
relevant parameters and studying in situ the conditions of synthesis. We present here the 
first results obtained with this technique. 

EXPERIMENTAL 

The experimental set up is shown in Fig.l. The reactor is a cylindrical, metallic and 
water-cooled chamber (255 mm in height and 180 mm in diameter). The target is a rod of 
5 mm in diameter placed along the axis of the chamber. During the experiment, it is 
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continuously rotated around its axis and is translated upward by a step-motor mechanism 
when ablated by the laser. The laser is a continuous wave C02 laser, for avoiding the use 
of a furnace. Its power can be varied up to 1500W allowing one to heat the target at a 
temperature above the vaporization of the graphite and to vary the density of the carbon 
vapor. The laser beam enters the chamber through a ZnSe window and a ZnSe lens 
focuses it on the top of the target with an incidence angle of 45° with respect to the 
chamber axis. The spot size of the beam on the target can be adjusted between 1 and 3 
mm by moving the lens along the optical axis. The target temperature is measured by 
optical pyrometers as indicated in Fig.l. An argon flow is introduced at the bottom of the 
chamber and extracted through a silica pipe (20 mm in diameter) placed above the target. 
The argon pressure is 0,5 bar and the flow rate is 50 cc/s at normal temperature and 
pressure. The gas is heated only by contact with the hot target. The ablation products are 
carried away by the argon flow through the pipe and collected on a filter. 

1 : flowing gas 
2 : optical pyrometer 
3 : translation and rotation 

movements of the stage 
4 : filter 
5 : silica tube 
6 : continuous C02 laser beam 
7 : target 
8 : flowing gas 

FIGURE 1. Experimental set-up of the laser reactor. 

We have studied the ablation of two kinds of target: high purity graphite and graphite 
doped with a mixed Ni-Co catalyst. In this latter case, an hole of 4 mm in diameter is 
drilled in a pure graphite target and filled up with the appropriate Ni:Co:C powder. 

The collected soot has been characterized first by field emission gun scanning electron 
microscopy (FEG SEM), using a Zeiss Gemini working at a tension between 1 and 3 kV, 
and second by transmission electron microscopy (HRTEM), using a JEOL 4000FX 
working at 400 kV. For SEM observations, the powder was dispersed on a conducting 
and adhesive strip and metallized by evaporating a very thin layer of carbon. For TEM 
observations, the soot was ultrasonically dispersed in ethanol and deposited onto holey 
carbon grids. 

RESULTS AND DISCUSSION 

We have first analysed the soot resulting of the ablation of the pure graphite target. It 
consists of almost spherical carbonaceous aggregates with sizes ranging between 50 and 
300 nm (fig.2). SEM images (fig.2a) exhibit a typical granular surface contrast 
suggesting mimosa flowers. Their detailed structures have been revealed by HRTEM 

238 



observations (fig.2b,c). The aggregates consist of a packing of graphitic nanocages 
irradiating from the centre to the outer surface of the aggregate. Three kinds of aggregates 
have been recognised depending on the structure of the nanocages. In the first type, the 
cages are very small and can be assimilated to large fullerene molecules. In the second 
type, which constitutes the majority of the aggregates, the cages involve a single graphene 
layer and are tubular in shape: their length is typically a few tens nm whereas their 
diameter is a few nm. They are terminated by characteristic elongated conical tips 
suggesting petals of flowers. Tip angle is equal to 19° in most cases (Fig.2c) indicating a 
structure involving five pentagonal rings as in nanotubes. Futhermore, the frequent 
observation of a separation between adjacent cages of roughly 0.34 nm is relevant of a 
self organisation of these cages in close packed arrangements [6]. It is worth mentioning 
that this kind of aggregates has also been observed by Iijima who described the cages as 
« nanohorns » [7]. Finally, in the third kind of aggregates [6], the nanocages are 
multiwalled and display entangled features typical of mesoporous carbon [8]. 

SsfefeSSsa« 

FIGURE 2. Carbon structures obtained when ablating a pure graphite target, a) SEM image, b) TEM 
image c) HRTEM images of the tubular cages emerging at the surface of the aggregates seen in b). 

These three kinds of aggregates can be associated to three stages of graphitization of the 
carbonoceous structures arising at different temperatures. Their formation is certainly due 
to temperature inhomogeneities in the reactor chamber. 

We have then analysed the soot arising from a Ni:Co:C (4:4:92 %at) target. Fig.3 attests 
that we have achieved the production of ropes of SWNT's presenting the same structural 
characteristics than those obtained by other techniques yet reported [1, 3-5]. At low scale 
(Fig.3a,b), the ropes display entangled networks. HRTEM observations (Fig.3c) provide 
structural details on the self-organisation of SWNT in bundles. The analysis of the fringe 
contrast shows that the tubes are well periodically packed and twisted along the rope axis. 
Cross section like views as the example in the inset of Fig.3c reveal that the bundles 
contain a reduced number of SWNT ranging from a few units to 20. The lattice parameter 
which can be deduced from both section views and fringe images ranges from 1.5 to 1.6 
nm with a peak at 1.54 nm, which is significantly smaller than the value found for electric 
arc and pulsed laser bundles. This could indicate that ropes are formed at a somewhat 
lower temperature. The second inset of fig.3c reveals an interesting feature. Bundles are 
very frequently embedded or covered by aggregates of C60 molecules. Sometimes row of 
molecules aligned along the fringes are observed but there is presently no evidence of 
molecules nesting the tubes as in the pea-pods recently found for pulsed laser tubes [9]. 
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FIGURE 3: soot produced by the ablation of a Ni:Co:C (4:4:92 %at) target, a) and b) SEM images, c) 
HRTEM images of bundles projected along and perpendicular to the electron beam. 

Bundles are observed along with metallic particles and important amounts of 
carbonaceous structures (fig.3a) similar to those obtained when ablating pure graphite. It 
is likely that their formation is due to an insufficient homogeneity of the metals and carbon 
mixture in the target, to the detriment of the yield of bundles. Work is currently in progess 
for optimizing this yield by improving the homogeneity of the target and by studying the 
influence of different adjustable parameters. 
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Abstract. The catalytic process is the third method, with laser evaporation 
and electric arc techniques, to produce carbon nanotubes. By this way, multi-wall 
carbon nanotubes can be synthesised by catalytic decomposition of acetylene over 
supported catalyst Co/Zeolite NaY. The tubes produced are purified in two steps: 
first, separation of nanotubes and catalyst particles are carried out by fluorhydric 
acid treatment; then, the amorphous carbon elimination is made following two 
oxidative treatments. Multi-wall carbon nanotubes are obtained quasi-pure with 
high yield. Recently, single-walled nanotubes can be also synthesised by the 
catalytic pyrolysis of hydrocarbons. Typical TEM images of multi- and single-wall 
carbon nanotubes are given: for multi-wall nanotubes, after each step of 
production and purification, and for single-wall nanotubes after synthesis. 

1. Introduction 
In addition to the laser evaporation and electric arc discharge techniques, the catalytic 
process is a very efficient method to produce carbon nanotubes. Until now, only multi- 
wall carbon nanotubes (MWNTs) was produced by this way(1'2). But recently, many 
reports(3'4) have shown that this process could be used to synthesise single-wall carbon 
nanotubes (SWNTs). 
In the present work, we describe the synthesis and the purification of MWNTs by 
catalytic decomposition of acetylene on Co/zeolite NaY supported catalyst. This 
catalyst has been chosen because many works carried out in our laboratory have shown 
the efficiency and the reproducibility of the nanotubes formation(1'2). Moreover, the 
purification of nanotubes obtained on this support seems be easier than those obtained 
on other supports such as silica(1). 
The nanotubes so-produced are purified in two steps: first separation of nanotubes and 
catalyst particles are carried out by fluorhydric acid treatment; then, the elimination of 
the amorphous carbon is made by oxidation in air or by potassium permanganate 
oxidation in acidic solution. Multi-wall carbon nanotubes are obtained quasi-pure with 
high yield(5>. After production and purification, the quality of the multi-wall nanotubes 
was checked by transmission electron microscopy (Philips CM 20 and Jeol 200CX) and 
typical images after each step are given. 
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The synthesis of SWNTs by the catalytic way is also reported : SWNTs can be 
produced by the catalytic pyrolysis of hydrocarbons (ethylene, methane) over different 
supported metal catalysts, at 1080°C. Different supports (alumina and silica) and 
different metals or mixtures of metals (Co, Ni, Fe, Co-Fe,...) are used in the 
preparation of the catalysts. After reaction, the quality of material obtained is also 
characterised by TEM. 

2. Experimental 
2.1 Synthesis of MWNTs 
Zeolite NaY supported catalyst was synthesised by impregnation of zeolite with an 
aqueous solution of cobalt salt in the appropriate concentration to obtain 2.5%wt of 
metal. 
The production of nanotubes was carried out in a fixed-bed reactor (quartz tube of 50 
mm diameter, 80 cm in length in a carbolite horizontal oven), at 600°C, with a reaction 
time of 60 min. The reaction parameters used for the nanotubes synthesis are the 
following: acetylene flow 20ml/min, nitrogene flow 110 ml/min, and amount of catalyst 
1.5g. 
After reaction, the yield of carbon deposit was calculated as follows : carbon yield (%) 
= 100(mtot - mcat)/mcat, where meat is the initial amount of catalyst and mt„t is the total 
weight of the sample after reaction 

Fig. 1 : Low resolution TEM images of (a) carbon nanotubes produced at 600°C over Co/NaY catalyst 
and (b) nanotubes and amorphous carbon recovered by filtration after HF treatment. 

2.2 Purification of MWNTs 
After removing the catalyst by dissolution of the zeolitic support and metal particles 
using fluorhydric acid (38-40%) during 48h under vigorous stirring, the residue was 
filtered, washed with distilled water and dried for 12h at 130°C. After this treatment, 
the aggregates of amorphous carbon released from the inner pores of the zeolite (Fig. 
lb), must be eliminated by oxidative treatments to obtain pure nanotubes. Also, the 
material, recovered after HF treatment, was oxidized (100 mg) at 500°C using an air 
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flow of 12 ml/min, during 210 min, or by 526.3 mg (0.3eq.) of KMn04 in 50 ml of 0.5 
M sulfuric acid at 80°C during 1 h. 

b^y^^itt 

Fig. 2 : Low resolution TEM image of pure carbon nanotube 
nanotube opened tip after oxidative treatment (b). 

image of a 

2.3 Synthesis of single-wall nanotubes (SWNT) 
Various supported metal catalysts are prepared by impregnation on different supports 
(alumina and silica) using different metals (Co, Ni, Fe) and mixture of metals (Co-Fe, 
Ni-Co,...). The synthesis is carried out in a fixed-bed reactor (quartz tube of 25mm 
diameter, 80 cm in length in a carbolite horizontal oven), at 1080°C, with a reaction 
time of 60 min and an amount of catalyst 200 mg. The flows of different gases used 
were for the mixture of ethylene/nitrogen 30/80 ml/min, and for the mixture of 
methane/hydrogen 90/20 ml/min. The quality of material obtained was checked by TEM 
(Fig. 3). 

Fig. 3 : Low (a) and high (b) resolution TEM images of SWNTs produced over Co-Ni-Fe catalyst 
supported on alumina. 
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3. Results and discussion 
The cobalt impregnated NaY zeolite catalyst is an effective catalyst for the catalytic 
formation of MWNTs. The yield of carbon deposit was around 18%, wich is not very 
high but the quality checked by TEM is very good (Fig la). After the HF treatment to 
remove the support and the metal particles, pure MWNTs are obtained by the two 
different purification methods in 27-40% yield, with air or low temperature KMn04 

oxidation, respectively (Fig. 2a). Moreover, by these treatments, the nanotubes are 
uncapped (Fig. 2b) and ready to be filled by gases or metals. Some chemical 
fonctionalisations (hydroxy groups, etc..) are also introduced on the nanotube surface 
which could be interesting for future applications. 
SWNTs are obtained with more or less efficiency depending on the catalyst and/or the 
hydrocarbon gas used. Moreover, the reaction yield is hard to estimate but the results 
are based on the abundance of SWNTs in each sample as measured from TEM 
observations. 
The nature and the concentration of metal or mixture of metals, the nature of support 
play a role in the formation of SWNTS. The best catalysts found are the mixture of 
metal (Co-Fe, Co-Ni-Fe..) on alumina as support to give abundant bundles of SWNT, 
using ethylene as hydrocarbon. 

4. Conclusion 
Multi- and single-wall nanotubes can be easily produced by catalytic decomposition of 
hydrocarbons. Pure multi-wall carbon nanotubes can be obtained by the different 
purification methods described above with interesting yields. The production of SWNTs 
by the catalytic method seems to be attractive to produce SWNTS in a large scale. 
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Abstract. High yield single-walled nanotube (SWNT) material has been obtained by using a 
very simple laser-ablation experimental set-up. It significantly differs from the usually 
employed ones in three main points: a) Use of a C02-laser (in continuous wave mode), b) a 
simple vertical evaporation-chamber with rotating graphite/metal composite rods, and c) the 
absence of a furnace around the graphite targets. The obtained SWNT material is 
characterized by electron microscopy (SEM, TEM) and Raman spectroscopy. We show that 
our simple laser system creates very favorable growth conditions and discuss the importance 
of certain experimental parameters during the formation of SWNTs. 

INTRODUCTION 

Single-walled nanotubes (SWNTs) can be synthesized by the evaporation of a 
graphite/bi-metal target under an inert atmosphere of gas. Two efficient methods are 
currently employed in order to produce this material in high yields: the electric arc 
discharge method (1) and the laser ablation technique (2). The best results with the 
latter procedure have been obtained by using a double-pulsed laser system operating at 
532 nm and 1064 nm, and an additional furnace around the graphite/bi-metal target 
which is kept at around 1200°C. 

Here, we show that high yield SWNT material can be obtained by a much simpler 
laser-ablation set-up. It significantly differs from the usually employed one in three 
main points: a) use of a CCVlaser (in continuous wave mode), b) a simple vertical 
evaporation chamber with rotating graphite/bi-metal composite rod and c) the absence 
of a furnace around the graphite targets. This set-up produces a fruitful laser-target-gas 
interaction leading to conditions favorable for the growth of SWNTs. Furthermore, we 
found that argon and nitrogen can equally be used as buffer gas leading to maximum 
SWNT yields for the pressure range between 200 and 400 Torr. No difference in 
quantity and quality of the SWNT material could be observed when working under 
static instead of dynamic conditions. However, no SWNT material was produced when 
working with helium as buffer gas. 

CP486, Electronic Properties of Novel Materials— Science and Technology of Molecular Nanostructures, 
edited by H. Kuzmany, J. Fink, M. Mehring, and S. Roth 

© 1999 American Institute of Physics l-56396-900-9/99/$15.00 
245 



EXPERIMENTAL 

A C02 laser (Laser Quanta Optoelectrönica) operating in continuous wave mode at 
10.6 \im was focused onto a graphite/bi-metal composite target rod (spot-size 0.8 mm , 
power density 12kW/cm2) which is placed inside a stainless steel chamber (Figure 1). 
In order to obtain a relatively uniform evaporation rate the target rod is continuously 
rotated around its axis and up-or downward translated by a step-motor mechanism. The 
evaporation chamber is evacuated and filled from its bottom side with inert gas 
flowing at 1 1/min. The experiments were carried out under argon and nitrogen 
atmospheres ranging from 50 to 500 Torr and under helium atmospheres at 400 Torr. 
During the evaporation process (about 200 mg of the target material is evaporated per 
hour) the up-wards flowing gas sweeps the produced soot inside the quartz-tube. Here 
a large amount of it condenses on an entangled copper-wire system, which has been 
placed inside. Static gas conditions also have been employed. 

The following metal concentrations (in at%) have been used in order to press the 
graphite/metal target rods (6 mm in diameter and about 5 cm in length): Ni (2), Co (2), 
Fe (2), Y (0.5), Ni/Y (4/1, 2/0.5, 1/0.25, 0.6/0.6, 0.5/0.13), Ni/Co (4/1, 2/2, 2/0.5, 
1/0.25, 0.6/0.6, 0.5/0.13, 0.4/0.4), Ni/Fe (4/1, 2/0.5, 0.6/0.6). 

The produced carbonaceous materials have been investigated using scanning 
electron microscopy (SEM) (JEOL JSM-6400), transmission electron microscopy 
(TEM) (Philips, CM30, 300 kV) and micro-Raman spectroscopy (argon ion laser with 
X = 515.5 nm, power density < 50 mW/mm2, Jobin Yvon T6400 spectrometer, 
resolution: 2 cm"1). 

Quartz-tube Cu-Wire 

Target Ro< 

Inert Gas 

FIGURE 1. Experimental set-up: The target rod is placed inside the center of an evaporation chamber. 
The C02-laser beam is guided into the evaporation chamber and focused via a parabolic mirror onto the 
target rod. The target rod is continuously rotated and translated up- or down-wards in order to get a 
relatively uniform evaporation. During the evaporation the target rod is heated up to 1200°C in a zone 1 
cm around the focal spot. The inert gas is passing along the hot target rod and then flowing through the 
quartz-tube. 
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RESULTS AND DISCUSSION 

Powdcrous soot material obtained with the mono-metal mixtures (Ni. Co and Fe) 
contained only a few and. in most cases only isolated SWNTs. while no tubes were 
found with Y as catalyst. However, the use of bi-metal mixtures, leads to the formation 
of web-like soot material consisting of very fine and long filaments, which are 
deposited on the copper wire system inside the quartz-tube. Highest amounts of web- 
matcrial were obtained with the catalyst mixtures Ni/Y (4/1 and 2/0.5 at'70 and Ni/Co 
(2/2 and 0.6/0.6 at67r). This web-like structure certainly is a first hint for the existence 
of high yield SWNT material as can be seen by the following microscopy studies. 
SEM characterization of this material shows a high density of entangled and cross- 
linked carbon filaments homogeneously distributed over the whole sample (Figure 2a). 
From several SEM images the yield of these filaments is estimated to be of the order of 
8067< (with respect to the total volume of the solid material) and because of their high 
yield, they can be easily seen in TEM. Figure 2b shows the large abundance of the 
filaments which are bundles composed of individual SWNTs. These bundles arc 
frequently passing through areas of amorphous /glassy carbon in which additionally 
are distributed spherical metallic nano-particlcs (5-25 nm in diamtcr). No obvious link 
between these particles and the bundles of SWNTs has been observed. It is important 
to note that argon and nitrogen atmospheres can be used equally as inert gas without 
any major differences concerning quantity and quality of the SWNT produced 
material. This also can be confirmed by micro-Raman spectroscopy. In all our web- 
samples one easily finds a broad peak consisting of five to nine components between 
140 and 185 cm (Figure 3). This clearly indicates the presence of SWNTs with a 
diameter distribution ranging from 1.1 to 1.6 nm consistent with the TEM 
observations. For both gases the 'best' results were obtained between 200 and 500 
Torr. Below 200 Torr the obtained soot material is dominated by amorphous carbon. 
Furthermore, it is important to note that the experiments performed under helium 
atmospheres did not lead to the formation of SWNT material. A detailed analysis of 
the gas and pressure effects can be found in (3). 

lOOnm 

Figure 2. a) SEM image of SWNT material catalyzed with Ni/Y (4/1 at%) shows a high density of 
entangled filaments, b) TEM image shows the arrangement of SWNTs into bundles (Ni/Co (2/2 at%)). 
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Figure 3. Raman spectra of SWNT material produced under Argon (a) and Nitrogen (b) at 400 Torr. 

The obtained results show that our CO2 laser system induces favorable local 
conditions for the formation of SWNTs. With a wavelength of 10.6 (im, the laser 
radiation forms a hot target surface of about 1000-1200°C (pyrometric measurements). 
This acts as a local furnace preventing a too rapid cooling of the evaporated particles. 
Furthermore, the pressure range between 200 and 500 Torr seems to be sufficient for 
keeping together the critical concentration of carbon seed structures and metal catalysts 
necessary for forming SWNTs. 

CONCLUSIONS 

High yield SWNT material can be produced by a simple laser-ablation set-up using 
a C02-laser. The CO2 laser has the advantage that it not only leads to the evaporation 
of the target material but also heats efficiently at the same time the target rod around 
the focal spot. In this way, the temperature gradient is reduced and the 'freshly' 
evaporated species are passing for a sufficient long time a hot zone with the up-wards 
directed gas-flow. Therefore, our system leads to fruitful laser-target-gas interactions, 
favorable for the growth of SWNTs without the use of an additional external furnace. 

ACKNOWLEDGEMENTS 

One of us (EM) acknowledges funding from the Departamento de Educaciön y 
Cultura de la Comunidad Autönoma de Aragon. 

REFERENCES 

2. 

3. 

Journet, C, Maser, W.K., Bernier, P., Loiseau, A., Lamy de la Chapelle, M., Lefrant, S., Deniard, P., 
Lee, R., Fischer, J.E., Nature 388,756 (1997) 
Thess, A., Lee, R., Nikolaev, P., Dai, H., Petit, P., Robert, J., Xu, C, Hee Lee, Y, Gon Kim, S., 
Rinzler, A.G., Colbert, D.T., Scuseria, G.E., Tomänek, D., Fischer, J.E., Smalley, R.E., Science 273, 
483 (1996) 
E. Munoz, W.K. Maser, A. Benito, M.T. Martinez, G.F. de la Fuente, Y. Maniette, A. Righi, E. 
Anglaret, J.-L. Sauvajol, submitted to Chem. Phys. Lett. 

248 



Metal mixtures catalysed carbon nanotube 
synthesis 

Z. K6nyaa, N. Nagarajub, A. Tamasic, K.M. Mukhopadhyay3, A. Fonsecaa 

and J. B.Nagya 

"Facultes Universitäres Notre-Dame de la Paix, Laboratoire de R.M.N., Departement de Chimie, 61 
rue de Bruxelles, B- 5000, Namur, Belgium. 

bSt. Joseph's College, Department of Chemistry, Residency Road, 560-025, Bangalore, India. 
cJ6zsefAttila University, Department of Applied and Environmental Chemistry, Rerrich ter 1, H-6720, 

Szeged, Hungary. 

Abstract - Catalytic activity of iron, cobalt and its mixtures supported on alumina in the formation 
of carbon nanotubes by the decomposition of acetylene is reported. Two different samples of 
alumina - ie. A1203> prepared from aluminium isopropoxyde and Al203(com), a commercial low 
BET area sample - are used as supports for the catalysts. The decomposition of the hydrocarbon is 
carried out at 600 and 700 °C and the effect of flowrate and time of reaction are also studied. All 
the catalysts were analysed for their XRD pattern, surface area and porosity. Transmission 
Electron Microscopy (TEM) is used to follow the formation of carbon nanotubes. All the catalysts 
were active towards the production of carbon nanotubes at 700 °C, but at 600 °C only the Co-Fe 
mixtures supported on alumina showed activity. High resolution TEM (HREM) analysis showed 
that the tubes are multilayered and the number of the layers strongly depends on the Fe content. 

INTRODUCTION 

Since their discovery[l], more and more interest appears towards the chemistry 
and physics of single and multiwall carbon nanotubes (SWNTs and MWNTs, 
respectively). Following from their unique molecular structure, the nanotubes have 
very interesting chemical and physical properties. The mechanical strength, the strong 
capillarity, the structure-dependent electronic properties and further attributes make 
the carbon nanotubes very promising materials for potential industrial 
applications[2,3]. For the synthesis of MWNTs several methods have been 
proposed[4,5], however for the large, industrial scaling preparation the catalytic 
way[6] seems to be the most adaptable. 

In this short communication, we report interesting new catalysts for the large 
scale synthesis of MWNTs. This family of catalysts can be perhaps the base of the 
industrial MWNT preparation. 
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EXPERIMENTAL 

/. Preparation of catalyst supports and supported catalysts 
a. Alumina support 
Alumina was synthesised starting from aluminium isopropoxyde (Aldrich). About 100 
g of aluminium isopropoxyde powder was spread over a wet filter in a petri dish and 
slowly hydrolysed completely using distilled water. Al(OH)3 gel thus obtained was 
kept aside overnight and then placed in a hot air oven at 140 °C for 24 hours. The dry 
solid was ground into a fine powder and labelled as Als. The commercial alumina was 
labelled as Alc. 
b. Cobalt supported alumina 

10 g of the alumina (as prepared above and the commercial sample, 
respectively) were wetted with 10 ml of cobalt(II)-acetate solution (1.055 g 
Co(CH3COO)2'4H20 in water) so as to obtain 2.5% metal on the support. It was 
homogenised thoroughly and placed in a hot air oven at 140 °C for 24 hours. The 
solids were then ground well in a pestle and mortar into a fine powder. The samples 
thus obtained were labelled as Co-Als, Co-Alc, respectively. 
c. Iron supported alumina 

10 g of the alumina (as prepared above and the commercial sample, 
respectively) were wetted with 10 ml of iron(II)-acetate solution (0.778 g 
Fe(CH3COO)2 in water) so as to obtain 2.5% metal on the support. The followed 
drying procedure was the same as in the case of Co. The samples were labelled as Fe- 
Als and Fe-Alc, respectively. 
d. Cobalt and Iron supported alumina 

10 g of the alumina (as prepared above and the commercial sample, 
respectively) were wetted with 10 ml of iron(II)-acetate/Co-acetate solution so as to 
obtain 2.5% Co and 2.5% Fe metal on the support. The samples are labelled as CoFe- 
Als and CoFe-Alc, respectively. 

II. Production of carbon nanotubes 
Acetylene was used as the source of carbon for the production of carbon 

nanotubes. The decomposition of acetylene was carried out at atmospheric pressure in 
a fixed bed flow reactor. In a typical experiment about 5g of the exactly weighted 
supported catalyst was spread over a quartz plate as a thin layer and placed into the 
furnace which has been preheated to the desired temperature. After flushing with 
nitrogen gas (120 rnl/min) for 15 minutes, the acetylene stream was opened for 1 hour. 
The decomposition of acetylene was carried out at different temperatures, 600 °C and 
700 °C, respectively, and two different rates of acetylene flow (15 and 25 ml/min). 

III. Characterisation of the catalysts and the obtained carbon materials 
The samples were analysed before and after the reaction by XRD (Phillips P.W. 

1349/30 diffractometer). The surface area and the porosity of the different samples at 
different stages were determined by the conventional BET method at the temperature 
of liquid nitrogen. 
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The formation of carbon nanotubes was followed using Transmission Electron 
Microscopy. The samples for TEM analysis were prepared by glue technique as 
described earlier[7]. Both low (Phillips CM20) and high resolution (JEOL 200CX) 
TEM analysis have been made. 

RESULTS AND DISCUSSION 

The XRD spectra of the used catalysts have not shown any formation of new 
phases compared to the original samples. 

Carbon yield data are summarized in Table 1. It is obvious that the amount of 
carbon deposit is increasing with the temperature, with the longer reaction time and 
with the increasing hydrocarbon flow (the latter two are not shown in the table). The 
difference between the acetylene and the ethylene in the formation of carbon deposit is 
also evident. However, an interesting new feature appears in the case of the metal 
mixture containing catalysts (marked lines in the Table 1.). 

Table 1. Formation of carbon deposit (%) " in different conditions 

Catalyst 600 °C 700 °C 
C2H2 C2H4 C2H2 C2H4 

Co-Als 23.5 6.4 26.8 6.6 
Fe-Als 17.6 4.2 33.3 7.2 

CoFe-Als 18.7 4.2 43.1 6.5 
Co-Alc 2.4 4.5 2.4 1.1 
Fe-Alc 19.8 4.4 21.1 4.4 

CoFe-Alc 21.2 4.3 64.8 6.3 
* Carbon yield (%) = {mcalMfore - mca,after) I mcalbeMe * 100 

In Fig. 1., a representative set of pictures is shown. On Co-Alc sample, 
nanotube formation is hardly noticeable both at 600 °C and at 700 °C (Fig. 1. A). 
Although on Fe-Alc catalyst at 700 °C we can also find nanotubes (Fig. 1. B), the 
CoFe-Alc catalyst shows marvellous activity in the investigated reaction (Fig. 1. D-F). 

The corresponding HREM pictures from the Alc-based catalysts are depicted on 
Fig. 2. In the case of Co, the rare nanotubes formed are well-graphitized with some 
10-20 parallel layers and there is almost no amorphous carbon on the outer surface 
(Fig. 2. A). Oppositely to this, the tubes formed on Fe-containing catalysts are thinner 
with some 5-12 layers but the number of the defects is much higher (Fig. 2. B). The 
CoFe-mixture catalysts give even thinner tubes, 2-7 graphitic layers, and in these 
samples the amount of amorphous carbon is negligible (Fig. 2. C). 

In order to investigate more deeply this abnormal feature, the specific surface 
area and porosity values were determined for both the original and the used catalysts. 
Nevertheless the results obtained cannot explain the observations. 
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CONCLUSION 

Summarizing the results obtained in the catalytic synthesis of MWNTs, we can 
state that the metal mixtures containing catalysts can produce MWNTs with high 
activity and selectivity. Furthermore, with these mixtures we can control some 
physical properties of the MWNTs. The abnormal increase of the carbon deposit 
compared to the single metal containing catalysts can indicate the presence of a new 
reaction center or a modified nanotube formation mechanism. The quasi-parallel 
running bunches and the sheets nicely denote the presence of a new, presumably alloy- 
like "micro-phase" on the surface. 
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FIGURE 1. TEM images of carbon nanotubes formed at 700 °C over different Co-, Fe- and CoFe-containing 
catalysts 
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FIGURE 2. HREM images of carbon nanotubes formed on different catalysts (all with the same scale) 
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Abstract: We discuss here the influence of some synthesis parameters in the production of single 
wall carbon nanotubes (SWNT) with a 2 kW solar furnace at the Odeillo Institute. We first study 
the specific role of catalysts like nickel or cobalt on the SWNT formation process. SEM and TEM 
pictures show significant differences in the yield of production and suggest different growth 
mechanisms. Furthermore, we report Raman spectra for samples produced using lanthanium or 
sulfur as catalysts. These samples provide very striking results in the low frequency range (in term 
of distribution in diameter) with a good correlation with the graphite-like modes region. 

I Introduction 

Although single wall carbon nanotubes are now routinely produced (1,2) and 
have been extensively studied, the growth mechanisms are still not well understood. 
With the 2 kW solar furnace of the Odeillo Institute, we can produce carbon nanotubes 
by direct vaporization of a carbon-bimetal target in argon atmosphere (3) and study the 
influence of the synthesis parameters on the structure and yield of nanotubes to get a 
better understanding of the formation mechanisms. Another challenge is the 
determination of SWNT structures and the relation between the structure and physical 
properties of these nanostructures. Raman spectroscopy is a powerful technique to 
study structure, diameter and electronic properties of SWNT. In this paper we discuss 
the role of catalysts on the SWNT properties and the influence of the temperature 
gradient in the growth zone on the rate of production. 

II Gas flow rate and pressure 

The formation of carbon nanostructures was first studied as a function of gas 
flow rate and pressure using nickel and cobalt as catalysts (4) (Ni 2% at, Co 2% at). 
For pressure below 120 mbar, only nano-particles or carbon fibers are observed on 
SEM pictures whereas near 250 mbar, one essentially obtains muitiwalled nanotubes. 
Between 400 and 600 mbars the production of single wall carbon nanotubes is 
favored. Carbon nano-particles are found in greater amount when the gas flow rate 
increases. The best yield for SWNT synthesis is obtained for a gas flow rate around 
0.2 m3/h and under a pressure close to 500 mbar. An increase of the pressure 
improves the dilution of vaporized carbon atoms and favors the growth of ordered 
structures whereas a low gas flow rate allow the annealing of these carbon 
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nanostructures. The samples synthesized under various gas flow rates and pressures 
were characterized by Raman spectroscopy. The distribution of tube diameters is 
generally found to be large (3) and independent of the gas flow rate and pressure. 

III The temperature gradient 

In the experimental set-up usually used, a graphite pipe surrounds the crucible 
and acts both as a thermal screen and condensing zone. By placing this pipe in the 
focus area one increases the temperature in the annealing zone and decreases the 
temperature gradient in the condensing zone. The produced samples contain a large 
amount of SWNT. By contrast, changing the gas flow direction to avoid the vapor 
phase pass through the hot channel formed by the graphite pipe greatly increases the 
temperature gradient. In this case only a few isolated SWNT are observed. This 
confirms that the gradient temperature is a very important synthesis parameter. 

IV The role of catalyst 

The mixture of Ni and Co catalysts is often used in the SWNT synthesis, 
especially in solar method. The purpose was to determine the specific role of each 
component by using them separately. Generally a better yield is obtained with the use 
of both catalysts rather than using only one. In the last case the samples are rather 
inhomogeneous even if Ni seems more efficient than Co. TEM. images clearly show 
significant differences between the growth mechanisms of tubes from nickel or cobalt 
particles. 

Figure 1: TEM image of sample made with Ni     Figure 2: TEM image of sample made with Co 

In the case of Ni (figurel), large number of bundles containing more than 100 SWNT 
escape radially from a large particle (80 nm in diameter). The model proposed by 
Y.Saito and al. (5) can account for the growth mechanisms from Ni particles. This 
model suggests that Ni and C are mixed in the liquid phase where the carbon solubility 
is larger than in the solid phase. During cooling, carbon atoms segregate to the surface 
of the drop and form nanotubes or graphitic layers (depending on the cooling rate). By 
contrast the vaporization of a graphite / cobalt mixture gives many small particles (10 
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nm in diameter) and bundles formed by few nanotubes (figure 2). For a mixture of Ni 
and Co TEM pictures look like those observed with Co only. This suggests that the 
presence of Co limits the self-association of metal particles. The difference between Ni 
and Co may arise from the catalyst particle size. The larger diameter for Ni particles 
leads to a higher carbon / catalysts atoms ratio so that a great number of SWNT can be 
formed. 

Samples prepared by the solar route were characterized by Raman spectroscopy, 
especially in the radial breathing modes low frequency range where the peaks 
positions directly relate to the tube diameters (6,7). The modes in the intermediate 
frequency range (300-1000 cm-l) are calculated to depend on the SWNT chirality 
(8,9). The spectra for samples synthesized with only one catalyst (Ni or Co) are quite 
similar and display strong peaks between 150 and 180 cm-l corresponding to a 
diameter range from 1.25 to 1.5 nm. Using a mixture of Ni and Co, these peaks are 
more intense but we also observe additional peaks located between 220 and 260 cm-l, 
corresponding to smaller tube diameters. 

The use of lanthanium or sulfur as catalysts changes the structure and diameter 
of SWNT. Figure 3 displays a low frequency Raman spectra recorded on a sample 
synthesized with lanthanium oxide. 
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Figure 3: Radial breathing modes region 
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Figure 6: Graphite-like modes region 

Note the strong peaks located between 135 and 160 cm-', corresponding to SWNT 
with diameters from 1.4 to 1.66 nm. These peaks were already observed but with an 
intensity smaller than that of the peak located at 180 cm-l. The profile of the Raman 
spectra in the graphite-like modes region with a 647.1 nm excitation wavelength 
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usually exhibits the Breit-Wigner-Fano resonance assigned to metallic SWNT (10). 
With lanthanium this resonance is not observed (figure 4) and we also assign the 
Raman signal in this case to semiconducting SWNT. 

Considering SWNT produced with sulfur as catalyst, the Raman results are 
different from those obtained with lanthanium (figures 5,6). The main peaks in the 
radial breathing modes range are located aroud 240 and 260 cm-', corresponding to a 
large distribution of very small SWNT (0.8 to 0.9 nm). Furthermore, the Raman 
spectrum (recorded with the 514.5 nm laser line) in the graphite-like modes region 
(figure 6) displays a very broad peak around 1500 cm-i assigned to the Breit-Wigner- 
Fano resonance, suggesting that those narrow SWNT have a metallic character. 

The results obtained with lanthanium or sulfur are consistent with studies by Kataura et 
al. (11) who calculated the electronic energy gap of SWNT with diameters from 0.8 to 
1.8 nm. Metallic SWNT having diameter from 0.8 to 1 nm are expected to exhibit a 
resonant Raman behavior with a 514.5 nm excitation wavelength (as observed with S 
in fig.6) whereas the 647.1 nm excitation wavelength emphasized semiconducting 
behavior of SWNT with large diameter (as seen with La in fig.3). 

V Conclusion 

We discussed the specific role of some synthesis parameters on the structure, diameter 
and electronic properties of SWNT. We find that the pressure, the gas flow rate and 
the temperature gradient act only on the yield of production. The characterization by 
Raman spectroscopy in the low frequency range allows to estimate the SWNT 
diameters and we find that the distribution of diameters can be shifted by a convenient 
choice of catalysts. The Raman spectra profile in the graphite-like modes give some 
insight in electronic properties of SWNT. 
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Abstract. Carbon nanostructures (fullerenes and nanotubes) have been effectively produced using 
carbon arc technique with homogenous Fe- and Co/Ni-doped anodes. The emission spectroscopy 
of the arc plasma with evaporated dopants was carried out and temperatures and concentrations of 
active species were evaluated. The solid products were characterized by MS and SEM techniques. 

INTRODUCTION 

Arc plasma produced carbon vapors showed to be the source of novel fascinating 
carbon nanostructures - fullerenes (1) and nanotubes (2). The carbon arc co-evaporation 
of different elements and compounds is also known to produce other various interesting 
carbon nanomaterials (3). Some published results, regarding those syntheses are, 
however, inconclusive and even contradictory, mostly due to the poor repeatability and 
flaws in experimental techniques applied. This is the case, for example, of the synthesis of 
tubules catalyzed by Cu (4). Also in the production of single-wall carbon nanotubes 
different catalysts and/or process parameters are claimed to be the best. When Fe was 
used, single-walled nanotubes grew efficiently in He atmosphere (5). However, Bethune 
et al. (6) argued that Fe, Ni and Ni-Cu mixture (50:50) do not catalyze the process while 
Co does. Iijima and Ichihashi (7) claimed that the synthesis using Fe is successful only 
when methane is present in the reactor. 

In the present study we report the results of optical emission studies of C-Fe and C- 
Co/Ni arc plasma under conditions of fullerene nanostructure formation. Such an 
approach can give new insights into the process mechanism and was positively tested 
earlier (8) in the case of pure fullerene formation in carbon arc. The composition of solid 
products (soot, web, and cathode deposits), in relation to the process operating parame- 
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ters, is discussed. 
EXPERIMENTAL 

The reaction system and the arcing procedure have been described in detail elsewhere 
(8,9). Homogenous anodes (6 mm dia, 0.6 at% of Fe or Co/Ni) were d.c. arced at He 
pressure within 8 - 80 kPa. Graphite sublimation rate ranged between 2 and 5 mg/s. C60 
content in the resulting soot was determined spectrophotochemically, while the products 
(soot, web and deposits) were analyzed by LD-TOF-MS and SEM techniques. Web-like 
soot was found in the reactor mostly in the case of Co/Ni. 

RESULTS AND DISCUSSION 

Spectral diagnostics of interelectrode gap 

The temperatures and C2 column densities were determined from the emission Swan 
(0,0 - 516.5 nm) band taking into account and using the self-absorption phenomenon (9). 
Some examples of the distributions are shown in Figure 1. From Figure 1A it follows that 
He pressure strongly influences C, concentrations, and thereby the other carbon species, 
in the arc. Therefore at higher pressure, despite the higher power input, the anode erosion 
rate is lower comparing to the lower pressure case. By the same reason even a small 
increase in sublimation rate under higher pressure causes a significant increase in C, 
content (Figure IB). 
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Figure 1. Plasma column density of C2(a 3nu,v=0) and temperature distributions. 
(A) C - Fe; pressure: 8 (1) and 80 (2) kPa; power input: 1940(1) and 2470 (2) W; 

erosion rate: 4 (1) and 2.2 (2) mg s"1. 
(B) C - Co/Ni; power input: 3200 (1) and 4340 (2) W; pressure: 70 (1) and (2) kPa, 

erosion rate: 3.2 (1) and 4.8 (2) mgs"1. 
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Obviously partial pressures of He in the reactor chamber and of carbon species in the 
arc influence the mechanism and kinetics of the carbon vapor nucleation process. It is 
worth to note that minima in temperature distributions (a few hundred degrees) on the 
axis are observed. This effect may be related to the arc spot movement around the 
cathode edge. 

Laser-Desorption TOF-MS analyses 

LD-TOF-MS analyses revealed that the arcing of homogenous Fe-doped anodes 
enhanced the formation of some higher fullerenes (Q,, C74 and C80; Figure 2), the 
abundance of which in the case of pure graphite is normally very meager. Particularly, Q2 

and C74 are so called "missing fullerenes" (10). Thus, Fe atoms or clusters may play a 
catalytic role in generating of these, otherwise missing, fullerenes. In the case of Co/Ni 
this effect is much less pronounced. C60 content in soot is lower (within 2-7 wt% for Fe- 
doping and 1-6 wt% for Co/Ni-doping), as compared with pure graphite sublimation 
(ll-20%wt). 

100 

80 

M 60 

40 

20 

0 tLlHMliirinmiW 

G '60 

-*7( 

LUAJ 

72 

'74 

llllJlllllliliiliiiii liiliilku ÜJU.uju,uau 

600      800     1000    1200    1400    1600    1800    2000 

Mass/Charge 

Figure 2. MS of soot produced under pressure 80 kPa (C - Fe anode). 

SEM analyses 

SEM observations revealed that arc sublimation of Co/Ni-doped anodes produced 
significant amount of bundles of single-wall nanotubes in "webs", but not in normal soot 
(Figure 3). The chamber soot contained high density SWNTs together with amorphous 
carbon and catalyst particles. The catalytic activity of Fe for SWNTs production is rather 
weak in general. However, the soot resulting from our Fe/C arcing at high pressure (80 
kPa) also contained a lot of SWNTs. The above mentioned enhancement of C72 and C74 
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may be closely related to the early stage of the growth of the corresponding SWNTs since 
the fullerene "cap structure" and some of the nanotube cap structures are the same with 
each other. 

Figure 3. SEM of web-like soot produced under pressure 65 kPa (C - Co/Ni anode). 
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Abstract. Large arrays of well-aligned carbon nanotubes on glass, silicon, nickel, platinum, 
etc. have been successfully synthesized by plasma enhanced chemical vapor deposition at 
temperatures below 500°C. Either a uniform layer of nickel made by magnetron sputtering or 
patterns of nickel dots made by e-beam lithography and e-beam evaporation or thermal 
evaporation was used as the catalyst. Acetylene and ammonia gases were used as the carbon 
source and dilution gas. Ammonia was also found to act as catalyst. Without ammonia, there 
was no growth of carbon nanotubes at that low temperature. The diameters of the carbon 
nanotubes range from a few nanometers to a few hundred nanometers depending on the 
catalytic nickel size. The length is in a range of a few thousand angstroms to a few hundred 
micrometers depending on the growth time. In the case of uniform nickel layer used for 
catalyst, the site density of carbon nanotubes range between 109to 1012/cm2 depending on the 
diameters of the nanotubes. Whereas in the case of patterned nickel dots used for catalyst, the 
site density can be controlled at any number. 

INTRODUCTION 

Since the first observation of carbon nanotubes (1), numerous papers have reported 
studies on the yield of well-graphitized nanotubes, their diameter and wall thickness, 
growth mechanisms, alignment (2-5), electron emission properties, and potential 
applications. Alignment of the carbon nanotubes is particularly important to enable 
both fundamental studies and applications, such as cold-cathode flat panel displays and 
vacuum microelectronics. Recently, we have successfully grown large arrays of well- 
aligned carbon nanotubes on glass (3) and nickel foils (4) at temperatures below 
600°C. Besides flat panel displays, applications such as the tips of scanning tunneling 
microscope (STM) and atomic force microscope (AFM) require selective positioning 
and growth of a single carbon nanotube. Limited progress has been reported in the 
controlled placement of nanotubes before our successful demonstration of the growth 
of single carbon nanotube on each nickel dot (6). 
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EXPERIMENTAL 

Large area growth of carbon nanotubes: A thin nickel layer of 10 - 40 nm was 
first sputtered onto substrates such as glass, silicon, nickel, platinum, etc. by radio 
frequency (rf) magnetron sputtering, then large arrays of well-aligned multi-wall 
carbon nanotubes are grown on the nickel-coated substrates by plasma enhanced hot 
filament chemical vapor deposition (3,4). Patterned growth of single carbon 
nanotube on each nickel dot: Thin film nickel (Ni) patterns were first fabricated on a 
p-type boron doped 9.5 Q-cm (100) silicon substrate by electron beam lithography and 
metal evaporation. The patterned growth of single carbon nanotube on each nickel dot 
was carried out the same way as the growth of large arrays. 

The base pressure was pumped to below 10"6 Torr. A flowing gas mixture of 
acetylene and ammonia in the ratio of 1:2 - 1:4 was used during growth. The growth 
time depends on the requirement of nanotube length. Normally it is between 1-10 
minutes, which yields a length of 0.1 - 20 um. After growth, the samples were 
examined by SEM, TEM, XPS, etc. techniques. 

RESULTS AND DISCUSSIONS 

IBNMi 
FIGURE 1A. SEM image of the as-sputtered 
nickel surface. The featureless surface indicates 
that the nickel layer is smooth and uniform. 

FIGURE IB. SEM image showing the large area 
growth of well-aligned carbon nanotubes on glass. 

Figure 1A shows the surface of the as-sputtered nickel layer. It is clearly shown 
that the surface was smooth. Figure IB shows one of the samples grown on glass. The 
growth was about 10 minutes. The excellent alignment of the carbon nanotubes is 
clearly seen. The length of the carbon nanotubes is up to 50 urn. The diameters were 
estimated to be in the range of 100 - 150 nm (See Figure 3B). 
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FIGURE 2A. SEM image of well-aligned carbon 
nanotubes on silicon. 

FIGURE 2B.   SEM image of very short carbon 
nanotubes grown on silicon for only 2 minutes. 

Figure 2A and 2B show the growth of carbon nanotubes on single crystal silicon 
for 5 and 2 minutes respectively. From Figure 2A, it is clearly seen that the alignment 
is very good. On the top of each carbon nanotube, there is a nickel cap which act as the 
catalyst to keep the growth going. The site density of carbon nanotubes is determined 
by the thickness of the nickel layer. The thinner the nickel layer, the denser the site. 
The smallest diameter obtained so far is about a few nanometers. Figure 2B shows the 
early stage of the growth since the growth was stopped at 2 minutes. The shortest ones 
are about 0.1 [im. 

FIGURE 3A. SEM image showing that the nickel 
caps are etched away by HN03 for 1 minute. 

FIGURE 3B. SEM image of the sample which 
was used in Figure IB after Ar ion sputtering. 

Figure 3A and 3B show the SEM image of the samples after removal of nickel 
caps by HNO3 solution etching and Ar ion sputtering respectively. The solution 
etching by HNO3 only took about one minute and the removal of nickel caps is 
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complete. All the ends of the carbon nanotubes are open after etching. 
Morphologically, there was no observable damage by the HN03 etching. In Figure 3B, 
all the nanotubes were bent by the Ar ions sputtering and the nickel caps were not 
completely removed. Obviously HNO3 etching is better than Ar ion sputtering. 

In order to study the mechanism of alignment, we put the substrates differently. 
Figure 4A and 4B show the SEM image taken from side and top on a sample sit tilted 
a certain angle during growth. It is apparent that the alignment is no longer 
perpendicular to the substrate surface, but tilted a certain angle. The tilt direction is 
closely related to the electrical field direction. This demonstration strongly suggests 
that carbon nanotubes can be grown lying in the plane, which might be very useful to 
the fabrication of devices. 

mmm 

FIGURE 4A. An SEM side view of a sample with FIGURE 4B. An SEM top view of the carbon 
carbon nanotubes grown with a tilted angle to the nanotubes grown with a tilted angle to the 
substrate surface. substrate surface. 

In some applications, a single carbon nanotube or patterns with controlled site 
density is desired. In Figure 5A and 5B, we show growth of a single carbon nanotube 
on each nickel dot in a pattern with spacings of 1 and 2 jam (Figure 5A) and 5 um 
(Figure 5B). The site and spacing are precisely controlled. The non-uniformity on 
height for this sample was believed that the electron beam lithography and electron 
beam evaporation of nickel was not uniform. With a better control of the e-beam 
lithography, we can make all the carbon nanotubes almost uniform in height (7). This 
demonstration is very important in the sense that applications requiring a single or 
multiple carbon nanotubes with controlled site density could be achieved. The 
applications involve the direct growth of a single carbon nanotube on the probe tip of 
scanning tunneling microscope (STM), atomic force microscope (AFM), etc. Another 
important possible application using multiple carbon nanotubes with well-defined 
spacing is multi-electron beam lithography which can improve the patterning ability by 
104-106 times. 
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Figure 5A. Growth of single carbon nanotubes on    Figure 5B. Growth of single carbon nanotubes on 
each nickel dot spaced by 1 or 2 urn. each nickel dot spaced by 5 urn. 

CONCLUSIONS 

Large arrays of well-aligned carbon nanotubes have been grown on glass, silicon, 
nickel, platinum, etc. with the diameter, length, site density, growing angle controlled 
in the way we want them to be. 
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Sulfur : the key for filling carbon nanotubes with 
metals 
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3LPS, CNRS URA 002, Universite de Paris Sud, Bat 510, 91405 Orsay Cedex, France 

It is shown, using combined structural and chemical analysis modes of transmission electron 
microscopy, that various filled elements can be produced by arcing a graphite cathode and a 
graphite anode doped with the filling element and a small quantity of sulfur. A growth 
mechanism based on a catalytic process involving carbon, a metal and sulfur is proposed. 

INTRODUCTION 

Filling carbon nanotubes is highly attractive for the development of nanomaterials with 
new electronic or magnetic properties. Different methods of filling have been explored [1- 
4] but in most cases, they work for a limited range of materials or in low yields. Recently 
we succeeded in synthesizing a large variety of micron-long nanowires coated by carbon 
using an arc-discharge experiment in which the anode was successively doped with 
various elements among transition metals (Cr, Ni, Co, Fe, Pd), rare earth metals (Sm, 
Gd, Dy, Yb) and covalent elements (S, Ge, Se, Sb) [5]. We investigated both their 
structure and their chemical composition by Transmission Electron Microscopy (TEM) 
(diffraction patterns (SAED) and high resolution imaging (HRTEM)) and Electron 
Energy-Loss Spectroscopy (EELS), using the line-spectrum mode implanted on a 
dedicated scanning transmission electron microscope which provides elemental 
concentration profiles [6]. This technique was proved to be essential and particularly 
adapted for characterizing filled carbon nanotubes and understanding their formation [7]. 

STRUCTURAL AND CHEMICAL ANALYSIS 
We first analysed the nanowires obtained in the conditions described in [5]. 

Surprisingly, the EELS nanoanalysis revealed that the nanowires obtained with metals 
were not carbon-rich as initially assumed but contained sulfur . The source of sulfur was 
found to be the graphite electrodes (99.4 %) whose major impurities are Fe (0.3 %) and S 
(= 0.25 %). Analysis of different cases is presented in [7]. As representative examples, 
the cases of Cr and of Ni are shown in Fig.l and 2. 
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FIGURE 1. Analysis of a filled nanotube obtained with a 99.4% graphite anode doped with Cr. up: 
Concentration profiles of C, Cr and S deduced from the intensities of the C-K, Cr-L2,3 and S-L2,3 edges 
as the beam is scanned across the nanotube. down: HRTEM image of the nanowire which is a single 
crystal having a trigonal structure consistent with that of Cr5S6 or Cr2S3 . The crystal is epitaxed on the 
graphitic layers in such a way a <100> direction is along the tube axis. 

Cr-based nanowires are very long single crystals and a majority of them was found to 
contain sulfur in a ratio close to 1:1, excluding any other element. The structure of these 
sulfides was identified from SAED and HRTEM analyses to be the trigonal compounds 
Cr5S6 or Cr2S3. 
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FIGURE 2: Analysis of a filled nanotube obtained with a 99.4% graphite anode doped with Ni. a): 
Longitudinal concentration profiles along the tube axis of C, Ni and S deduced from the intensities of the 
C-K, Ni-L2,3 and S-L2.3 edges. The filling material is alternatively pure Ni and a nickel sulfide. b): 
HRTEM image of a nanowire showing a succession of 3 different crystallites. Grain boundaries are 
arrowed. 

Ni-based nanowires are also very long and contain sulfur. However the concentration in 
sulfur is not homogeneous along the tube axis as shown in Fig.2. The filling consists of a 
succession of crystallites alternatively pure Ni and nickel sulfides with a S/Ni ratio = 0.4. 
The pseudo cubic compound Ni,S2 was identified in certain cases from SAED analyses. 
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The only exception to this spectacular concentration phenomenon of sulfur inside the 
nanotubes was observed for Ge. In that case, nanowires are very thin and encapsulated in 
only 2 or 3 graphitic layers. They are frequently polycrystalline and the crystallites contain 
typical microtwins or staking faults. Furthermore, when the doping element was sulfur 
itself, EELS analysis revealed that the nanotubes were filled with iron sulfides .These 
results show a spectacular concentration phenomenon of sulfur (or of iron) inside the 
nanotubes and suggest that the growth of nanowires results from the presence in the arc 
of three elements : carbon, a metal and sulfur. 

ANALYSIS OF THE ROLE OF SULFUR 

In order to understand the roles played by sulfur and the metal, we performed two kinds 
of experiments. First we used high purity carbon rods (99.997%) and we successively 
doped the anode with Co (99.99%), Ni (99.9%), Cr (99.95%), Dy (99.9%) and S 
(sublimed). The other experimental conditions [5] were unchanged. It is striking that no 
filled nanotube was found in the cathode deposit. Co and Ni yielded to the formation of 
single-walled nanotubes as usually observed [8] whereas only empty multi-walled 
nanotubes were produced with Cr, Dy and S. 

In the second kind of experiments, we focused on the case of Cr which produced the 
longest nanowires and we added sulfur to Cr in a S/Cr = 0.5% atomic ratio (i.e. S/C = 
0.1% in weight). This doping resulted in the abundant formation on the cathode of true 
nanowires encapsulated in carbon nanotubes. The images of Fig.3 attest that the structural 
characteristics of these nanowires are similar to those reported in [5]. EELS nanoanalysis 

20     -15     -10      -5        0 5        10        15       20 
Probe position (nm) 

FIGURE 3 : a) HRTEM image of a nanowire coated by carbon obtained with a high purity graphite 
anode doped with Cr and S in a S/Cr=0.5% atomic ratio, b) Magnification showing the lattice image of 
the carbon layers and of the filling crystal, c) Concentration profiles of C, Cr and S across a carbon 
nanotube filled with pure Cr 

revealed that some nanowires contained S as those obtained with the 99.4% graphite rods 
but for a majority of them, the fraction of S was below the limit of detection of the 
spectrometer. The concentration profiles were thus consistent with nanotubes filled with 
pure Cr as shown in Fig.3c and in a few cases with a chromium carbide. These results 
definitely prove that S is crucial for filling carbon nanotubes with Cr and that pure Cr 
nanowires are formed when S is added in catalytic quantity. 
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DISCUSSION: GROWTH MECHANISM 

Using HRTEM and EELS, we have shown that sulfur is essential for the production of 
nanotubes filled with a large variety of materials. It is worth noting that filled nanotubes, 
in particular those partially filled [5], display morphological similarities with carbon 
nanofibres catalytically grown by chemical vapor deposition (CVD) [9]. Based on these 
similarities, we propose that the growth of our filled nanotubes follows a catalytic process 
as for carbon nanofibers [10], which is sketched in Fig.4. However this process arises at 
much higher temperatures, that is between 1000° and 2000°C, such as the metallic particle 
is almost in a liquid state [7]. In such a way the catalyst particle can flow inside the tube 
as it grows. The solid or molten state of the catalyst makes the difference between filed 
and tubes or nanofibers capped by a particle. 

The specific role of sulfur in this process is the following. Below 2000°C, sulfur is 
known to promote the graphitization of carbon materials by acting as a cross-linker and 
being then released from the graphite structure [11]. It is likely that C and S easily 
combine in the vapor phase, maybe forming S-rich clusters. Sulfur enhances the catalytic 
activity of the metal as far as graphitization is concerned. Then it is trapped in the filling 
material because of its strong affinity with metals as skteched in Fig.4. Since it reduces 
melting points of metals, it helps the filling material to remain in the liquid state and to 
flow inside the growing nanotube. This process results in a progressive increase of the S 
concentration in the nanowire. The total amount of S is therefore directly related with the 
length of the nanotube and the number of carbon layers. 

cathode 

C, metal, S 

W 
üü 

slow fast 
solidification 

FIGURE 4: Schematic growth mechanism proposed for the formation of a carbon nanotube filled with 
a metal on the cathode of an arc-discharge experiment in presence of sulfur. 

The final microstructure and the chemical composition of the nanowires are determined 
by the solidification process and the cooling conditions as shown in Fig.4. A rapid 
quench will lead to a microcrystalline filling. On the contrary if the solidification is slow 
enough, a solidification front can be established so that the formation of long single- 
crystals will be possible. Since sulfur is in generally not soluble in metals, segregation 
phenomena occur at the solid-liquid interface and will determine the structure and the 
composition of the crystallites. 
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Let us first discuss the case of nickel. S is soluble in liquid Ni but not in solid Ni. 
Therefore as the solidification front moves, the sulfur is rejected in the liquid state and a 
pure metal will first grow. In the same time, the composition in sulfur of the liquid phase 
will increase until the growth a definite sulfide replaces that of the pure metal. This 
provokes a rapid decrease of the concentration of sulfur in the liquid state and the growth 
of the pure metal takes place again. The nanowire will be a succession of pure metal 
crystals alternating with metallic sulfides. This is what we have effectively observed. 

The case of Cr is more complex due to the existence in the Cr-S phase diagram of a 
miscibility gap in the liquid state between a pure Cr liquid and a S-rich liquid. The cooling 
of these two liquid phases will lead to the formation of either pure Cr crystals or CrS 
compounds. The same situation occurs for Ge. However in that case, GeS compounds 
are not formed because the number of the encapsulating carbon layers and their length are 
not sufficient to obtain sulfur rich liquid particles of Ge. 

CONCLUSION 

In conclusion we have shown that the presence of sulfur in catalytic quantity is crucial 
for the production using an electric arc of abundant metal based nanowires which can be 
free of sulfur. The role of sulfur is certainly not unique and it is likely that elements like 
selenium, hydrogen, oxygen probably can act in a similar way on filling processes. It is 
striking that recently using an hydrogen arc, very similar Ge nanowires have been 
produced [12]. Furthermore the discussion of the growth mechanism has shown that the 
metallurgy of the nanowires can be understood by considering the thermodynamical data 
of the corresponding metal-S systems. One can therefore think that a nanometallurgy can 
be developped in the electric arc chamber and that it would be possible to control the 
formation of definite nanowires in the future. 
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Alkali-metal intercalation in carbon nanotubes 
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Abstract. We report on successful intercalation of multiwall (MWNT) and single 
wall (SWNT) carbon nanotubes with alkali metals by electrochemical and vapor 
phase reactions. A LiC,0 compound was produced by full electrochemical reduction 
of MWNT. KC8 and CsC8-MWNT first stage derivatives were synthesized in 
conditions of alkali vapor saturation. Their identity periods and the 2 x 2 R 0° alkali 
superlattice are comparable to their parent graphite compounds. The dysonian 
shape of KC8 EPR line and the temperature-independent Pauli susceptibility are 
both characteristic of a metallic behavior, which was confirmed by C NMR 
anisotropic shifts. Exposure of SWNT bundles to alkali vapor led to an increase of 
the pristine triangular lattice from 1.67 nm to 1.85 nm and 1.87 nm for potassium 
and rubidium, respectively. 

INTRODUCTION 

Intercalation is expected to be a powerful tool to tailor the electronic properties of 
graphitic materials (1). It has already been shown that doping of SWNT bundles 
increases noticeably the electrical conductivity (2). Intercalation between the individual 
nanotubes within the bundles was suggested to explain the structural disorder that is 
observed by TEM when the SWNT bundles are exposed to alkali-metal vapor (3). 
Alkali atoms can also be inserted between the layers of MWNT produced by the 
electric arc discharge method, but a large amount of structural defects is introduced 
during the process (4). Catalytic MWNT, which are less graphitized than arc-grown 
MWNT, may be suitable for reversible intercalation in the van der Waals gap between 
the adjacent shells (5,8). In this paper, we report on the intercalation of catalytic 
MWNT and arc-grown SWNT bundles with lithium and heavy alkali metals. The 
modification of the electronic properties was monitored by EPR and NMR 
spectroscopies. A direct evidence of the expansion of the triangular lattice of SWNT 
ropes was provided, for the first time, by X ray diffraction. 

EXPERIMENTAL 

MWNT samples were produced by the catalytic decomposition of acetylene at 
900°C on supported cobalt (6). A "fishbone" arrangement of the aromatic layers along 
the tube axis was observed by TEM. Support and catalyst were eliminated by 72 % HF 
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and 3 mol.l"1 HN03 treatments. MWNT were heat-treated under argon flow above 
2400°C in order to eliminate residual cobalt. As an effect of the heat treatment, their 
aromatic layers became straight and continuous. The corrugated fishbone structure was 
replaced by a zigzag structure, made of a succession of straight multiwall segments 
separated by boundaries. SWNT bundles were extracted from raw collarets produced by 
the electric arc discharge method (7). 

Electrochemical intercalation of lithium into MWNT was performed in a two 
electrode cell. A lithium disk played the role of counter and reference electrode. The 
working electrode was prepared by pressing a mixture of MWNT (85 %), acetylene 

black (10 %) and polyvinylidene fluoride (5 %). The electrolyte was LiPF6 (1 mol.l ) in 
a 1:1 mixture of ethylene carbonate and diethyl carbonate (Merck). Lithium 
insertion/deinsertion curves were obtained with a Mac Pile generator (Biologic) at a 
constant current density of 20 mA per gram of MWNT in the potential range from 3 V 

to -0.02 V vs Li/Li+. 
Saturated intercalation compounds of SWNT and MWNT were prepared in vapor 

phase using the classical two-bulb method with a small temperature gradient. 
Composition was determined by measuring the weight uptake after reaction. To obtain 

2nd stage MC24 derivatives of MWNT (M=alkali metal), stoichiometric amounts of 1st 

stage MC8 compounds and nanotubes were mixed and annealed under vacuum for 2 
weeks at 250 °C. The samples were investigated by X ray diffraction in the 
transmission mode at a wavelength of 0.15405 nm using a position sensitive detector 
(INEL CPS 120). EPR and NMR spectra were recorded on Bruker spectometers: EPR 
at a frequency of 9.47 GHz; 13C-NMR (natural abundance) and 7Li-NMR on a DSX-360. 

RESULTS AND DISCUSSION 

35' '   Electrochemical insertion-desinsertion of 
Li in MWNT proceeded almost without 
hysteresis, i.e. without any overvoltage 
between the two processes (Fig. 1). This 
behavior is characteristic of a carbon 
surface free of functional groups. 
Reversible and irreversible capacities were 
220 and 460 mAh/g, respectively. The 
high amount of Li irreversibly inserted in 
MWNT has to be attributed to the 
relatively large BET surface area of about 

m2g_1. From the quantity .of electrical 
energy needed for a complete reduction of 

FIGURE 1. Potential vs. specific capacity MWNT in a MWNT/Li cell, we deduced 
(mAh/g) curve illustrating electrochemical that a LiC10 compound was formed, 
insertion-desinsertion of Li in annealed MWNT. 

100 200 300 400 500 600 700 800 
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This is less than in graphite for which, at saturation, the composition is LiC6 (the 
capacity is 372 mAh/g in that case). 7Li NMR measurements, performed on fully 
lithiated MWNT samples, confirmed a shift of 12 ppm similar to that of a LiC9 graphite 
compound. From these differences between graphite and MWNT, it is likely that the 
rigid arrangement of coaxial layers in MWNT is a hindrance for reaching a high lithium 
uptake electrochemically. 

Using the vapor phase method, brown first stage MCg (M = K, Cs) intercalation 
compounds of MWNT were obtained in the conditions of saturation. The identity 
periods of 0.537 and 0.593 nm for KC8 and CsC8, respectively, are quite comparable to 
the values measured for their homologous graphite derivatives (0.541 and 0.595 nm, 
respectively). Asymmetric (h,k) bands in the X ray diffractogram can be attributed to 
the 2 x 2 R 0° alkali superlattice characteristic of a MC8 arrangement (Fig. 2). 

a) 

b) 

0.5 0.6 

s[A-1] 

FIGURE 2. X ray diffractograms of: (a) MWNT annealed at 2500°C; (b) CsC8 from MWNT 

MC8 derivatives have been diluted by the stoichiometric amount of nanotubes in 
order to get MC24-MWNT. After annealing, the compounds had the characteristic blue 
color of a second stage intercalation compound; the identity period was 0.875 nm for 
the K-compound, very close to that of the parent graphite derivative (0.876 nm). 

The temperature dependence of the EPR signal of the 1st stage KC8 derivative was 
studied and compared with that of annealed MWNT (8) (Fig. 3). The susceptibility of 
MWNT, roughly estimated from line intensity, reveals a small Curie component, 
attributed to localised defects, associated to a Pauli term becoming dominant above 50 
K. The effective number of spins of about 2.5 x 1018 per gram (0.5 x 10"4 per C) is 
similar to the spin density of graphite. 
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FIGURE  3.  Temperature dependence of the 
intensity  (I) of the  EPR signal  of undoped 
MWNT (a);  KC8-MWNT (b), expressed by I*T 
vs T. For the undoped sample the ordinate scale 
has been strongly amplified. 

The line of the KC8-MWNT compound is 
typically dysonian-asymmetric, as in good 
conductors. The effective number of spins is 
40 times higher than in pristine MWNT, 
illustrating an important charge transfer like 
in alkali GIC (9). No Curie term was 
detected and the slight increase of the 
susceptibility with temperature might result 
from skin depth increasing with resistivity 
(Fig. 3). Whereas g factor was T-dependent 
in the pristine material, it is independent of 
temperature in KC8-MWNT, denoting a 
charge-transfer shift of the Fermi level away 
from the quasi-degeneracy region of the n 
bands. 

EPR line of CsC8-MWNT was not observed, due to the strong spin-orbit interaction 
with increasing the intercalant atomic number. 

As compared to MC8-MWNT, the EPR line of MC24-MWNT (M = K, Cs) is more 
narrow. Charge transfer is almost total in 2nd stage compounds, and the strong 
broadening due to spin-orbit interaction of conduction electrons on alkali atoms is 
reduced (9). EPR lines were observed in 2nd (and likely higher) stage MWNT-Cs 
derivatives due to this effect. 

A further evidence of intercalation was given by 13C-NMR, showing anisotropic 
metallic shifts, similar to those of alkali-GIC. As for many aromatic-like carbon 
materials, the signal of pristine nanotubes exhibits a main peak (maybe a doublet) 
centered at the graphene (a,b) position, and a broad distribution tail (over 500 ppm) 
(10). Two peaks were observed for KC8-MWNT; their shifts relative to the standard 
graphene 8ab and 8C positions are similar to those observed for KC8-GIC. This results 
mainly from the anisotropic dipolar interaction with conduction electrons, which is 
proportional to the density of states at the Fermi level (9). 

SWNT intercalation compounds were characterized by X ray diffraction. After 
being exposed to K or Rb vapor, the (100) line characteristic of the triangular lattice of 
the SWNT bundles was shifted, proving that the alkali metal was inserted between the 
tubes (Fig. 4). The lattice parameter increased from 1.67 nm for pristine SWNT to 1.85 
nm and 1.87 nm, respectively, for the tubes intercalated by potassium and rubidium. 
This expansion is in agreement with nesting of more than one alkali atom (possibly up 
to 3) in the (1/3, 2/3) interstitial site of the expanded lattice. To our knowledge, it is the 
first direct evidence of alkali metals intercalation in the bundles (2-3). 

276 



The fact that Zhou et al. did not detect any TEM contrast nor clear electron diffraction 
could be due to structural disorder caused by partial decomposition of the compounds 
under vacuum in their microscope chamber (3). 

3 

ID 
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; 001 1st stage GIC 
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FIGURE 4. XRD of (a) collaret containing SWNT; (b) SWNT doped by K; (c) SWNT doped by Rb 
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Abstract. Optical absorption, resonance Raman scattering, and IR reflectivity were 
used in combination with tight binding and LDA calculations to investigate the dis- 
tribution and the quality of single wall carbon nanotubes. Experimental results are 
found to be consistent with a quasi-continuous distribution of tube species in a certain 
diameter range. 

INTRODUCTION 

Single-wall carbon nanotubes (SWCNTs) attract great interest nowadays from 
both experimental and theoretical point of view. Individual SWCNTs exhibit differ- 
ent electronic structure depending on the way they were rolled up from a graphene 
sheet. The tubes can be characterized by two integers (n,m) which are the com- 
ponents of the wrapping- or Hamada-vector on the hexagonal lattice of the sheet 
[1,2]. Tubes with n = m are called armchair, tubes with either n = 0 or m = 0 are 
called zigzag, all other tubes are chiral. Armchair tubes are always metallic. Tubes 
with n - m = 3r, r arbitrary integer, exhibit a small gap due to the curvature of 
the graphene sheet. All other tubes are semiconducting. 

There is a continuing discussion concerning the question how many different 
types of tubes are in a SWNT composite. The name 'composite' indicates that 
all samples prepared so far are assumed to be mixtures of tubes with different 

helicities. 
In early work on SWCNTs grown from laser ablation it was claimed that samples 

consist mainly of (10,10) tubes, forming bundles or ropes with a triangular struc- 
ture [3]. From more recent research there is growing evidence that such nanotube 
composites are polydisperse with respect to (n,m). The existence of individual 
tubes with varying helicity was demonstrated by STM [4] as well as from HRTEM 
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[5] investigations. One of the most efficient methods for investigating the distribu- 
tion of the diameter - and in some extent even that of (n, m) - in the bulk material 
is Raman spectroscopy [6-8]. 

We carried out Raman, UV-visible and IR investigations on SWCNTs obtained 
by dual pulse laser evaporation. The experimental results were backed up by ab 
initio calculations of the frequencies for the radial breathing mode and by evaluation 
of the Raman cross section. Our main result is that all observations are consistent 
with a quasi-continuous distribution of different SWCNTs in the samples. 

EXPERIMENTAL AND CALCULATIONS 

Four different types of samples were used, as grown, thin films prepared by 
microfiltration from tubes suspended in a solution of alcohol and SDS, thin films 
prepared from tubes treated with nitric acid (bucky paper), and same type of films 
but after vacuum annealing for 3 hours at 600 °C. The thickness of the bucky paper 
was only of the order of a micron and appeared slightly transparent in the visible. 

For the optical, Raman and IR analysis standard equipment was used. 
Calculation of the joint density of states was performed within the tight binding 

approximation for a graphene sheet. Results for the tubes were then derived by the 
zone folding technique. For the chiral tubes approximations in the form of Taylor 
expansions in /c-space were applied to reduce computer time. For the evaluation of 
the Raman intensities resonance excitation was assumed with energy independent 
transition matrix elements as described previously [8]. 

RESULTS 

UV-visible: Figure 1 shows results from optical absorption. The upper curve is 
as measured for a thin film grown from the alcohol/SDS suspension. The absorption 
exhibits several well expressed structures in the low energy regime but becomes 
rather smooth in the visible and beyond. The lower curve is a calculated overall 
density of states. 

The density of states of a SWCNT is dominated by the ID van Hove singularities. 
This means each tube has several characteristic sharp peaks in the UV-vis spectrum. 
One would expect that these peaks smear out completely in a mixture of many 
different tubes leading to a spectrum similar to graphite or amorphous carbon. 
The expected smearing is indeed observed in the energy range above 2 eV. The 
two well expressed peaks in the low energy part of the spectrum originate from 
semiconducting tubes because the first transition energies for such tubes are usually 
between 0.5-1 eV and from the metallic tubes where the first transition energy is 
between 1-1.5 eV. 

In order to check on the origin of these structures we calculated the DOS for all 
nanotubes with diameters from 1.1 to 1.53 nm. There are 3 armchairs (from (9,9) 
to (11,11)), 6 zigzags (from (14,0) to (19,0)), and 51 chirals (from (11,5) to (15,7)) 
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FIGURE 1. Optical absorption of SWCNTs prepared as a thin film (upper curve) and calculated 
joint density of states averaged over all tubes with diameters between 1.1 nm and 1.53 nm. The 
tube concentration was weighted with a 0.3 nm wide Gaussian distribution centered at 1.36 nm. 

in this diameter range. For the nearest neighbor overlap integral 7 a value of 2.7 
eV was used. The lower curve of Fig. 1 shows the total joint density of states, 
calculated as the sum of the contributions of all 60 tubes weighted by a Gaussian 
distribution. Good correlation with the measured UV-vis spectrum was obtained, 
although no transition matrix elements were considered. Obviously even for such 
a large number of tubes the two low energy peaks in the UV-vis spectrum do not 
smear out in consistence with the experiment. 

Raman: SWCNTs have two regions in the Raman spectrum with strong signals. 
One is around 1600 cm-1 where the graphite like modes are expected, the other 
one is the radial breathing mode (RBM) region between 140 and 220 cm-1. The 
vibrational frequencies depend on the indices (n, m) of the tube. For the RBM, 
where the dependence is especially strong, the frequency v is to a good approx- 
imation determined by v = A/D where D is the diameter of the tube and A is 
a constant which can be evaluated from a LDA calculation. A was found to be 
slightly different for armchair and zigzag tubes [9] and is thus assumed to depend 
weakly on the helicity of the tubes. The electronic resonance excitations of the 
nanotubes in the visible spectral range scale also with the tube diameter. These 
two facts make Raman spectroscopy an excellent tool for the investigation of the 
diameter distribution. For a mixture of various SWCNTs a given laser excites only 
a part of the material in resonance. By changing the laser frequency other parts in 
the same volume are excited and the Raman band shape which is the envelope of 
the contributions of the various individual SWCNTs changes. 
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Raman spectra of various samples were recorded in the range of the RBM. For 
the excitation 10 different laser lines were used from near IR (1064 nm) to the deep 
blue (457.9 nm). The spectra showed a characteristic fine structure. This structure 
was changing dramatically with changing the laser excitation. We first tried to fit 
all observed spectra with a well selected set of oscillators with fixed positions and 
line widths but varying amplitude. 14 oscillators were required to fit the 10 spectra. 
The details of the fitting procedure can be found in [8]. To obtain an assignment 
for the oscillators we performed first principle LDA calculations for armchair and 
zigzag tubes in the required diameter range. The details of the calculations are 
in [9]. The analysis revealed that an unique assignment is not possible even if the 
evaluated resonance cross sections are considered. 

The alternate route to obtain an understanding for the recorded variance of 
the spectra is to anticipate that all geometrically allowed tubes in the relevant 
diameter range contribute to the shape of the RBM line. This is in full analogy to 
the procedure described above for the optical experiments. RBM frequencies for 
the chiral tubes with arbitrary (n,m),n>m were obtained from the results for the 
armchair and zigzag tubes by interpolation according to v = (239-5(l-m/n))/£>, 
where v is in cm-1 and D in nm. 

125   150   175  200  225 125   150   175  200   225 125   150   175   200  225 

Raman shift (cm'1) Raman shift (cm"1) Raman shift (cm-1) 

FIGURE 2. Calculated Raman spectra obtained as a sum of the contributions from 60 different 
SWCNTs for three different laser excitations (dashed lines). The full drawn lines are as measured 
with a laser of the same wavelength. 

To proceed we calculated the Raman cross-section for all 60 SWCNTs mentioned 
above from the same joint density of states and with the same Gaussian distribution 
used to explain the optical data. Figure 2 shows the resulting overall RBM Raman 
band for three different laser excitations. 
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The shape of the calculated bands changes dramatically with changing laser 
energy even though it results from an overlap of 60 components. The shape is also 
in reasonable agreement with experimental observations. The misfit between the 
absolute value for the calculated and observed bands originates most probably from 
a neglection of inter-tube interactions in the bundles. 

The shape of the Raman band for the RBM is sensitive to chemical and annealing 
treatment. 

The nitric acid treatment used to prepare the bucky paper [10] leads to an upshift 
of the line. The samples can recover from the upshift by heat treatment in high 
vacuum but the fine structure in the spectra is lost. 

The upshift and the recovery of the Raman band after the acid treatment can 
be interpreted as a consequence of the reversible oxidative intercalation of the acid 
molecules between the tubes within the bundles [10,11]. 

Infrared: Figure 3 shows the reflectivity of bucky paper before and after an- 
nealing for a frequency range between 80 and 4000 cm-1. 

0.8 

1000       2000       3000       4000 

Wavenumber (cm"1) 

FIGURE 3. Reflectivity of as prepared bucky paper (upper line) and after annealing at 600 °C 
(lower line). The dashed line is a Drude fit. The spectral regions marked by black bars represent 
the regions where the IR active phonons are expected for armchair, zigzag, and chiral tubes from 

a force field calculation. 

The overall increase of the reflectivity with decreasing wavenumber can be ex- 
plained by the metallic nanotubes in the sample. The Drude fits with u>p = 4200 

"" s, ffoo = 1.5 for the etched sample and with up = 3000 
£oo = 1.5 for the annealed sample represent the behav- 

ior very well. The parameters for the annealed samples may be lower than their 

cm TP = 9.5 x 10 -15 

cm-1, Tp = 5 x 10~15 s 
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intrinsic values since the sample surface was roughened by the annealing process. 
The ripples in the reflectivity curve are interpreted as contributions from the IR 
active phonons. Considering the fact that the frequencies were evaluated from a 
very rough semiempirical calculation [12] the agreement between observed ripples 
and calculated frequencies is acceptable. The structure in the reflectivity at low 
energies may as well have contributions from electronic transitions of the tubes 
with narrow gaps. Some small features around 1360 cm-1 in the unannealed sam- 
ple may originate from NO3. The broad maximum spread out over the frequency 
range from 1000 cm-1 to 2000 cm"1 for the unannealed and from 2000 cm"1 to 3000 
cm"1 for the annealed sample are most probably interference fringes appearing as 
a consequence of the low thickness of the film. 

SUMMARY 

We have demonstrated, that the structure of the Raman band for the radial 
breathing mode as well as the optical absorption spectrum of SWCNT samples 
grown from laser deposition can be described as a sum of the contributions from all 
geometrically allowed SWCNTs in the relevant diameter range. Chemical treatment 
leads to shifting and smearing of the RBM Raman band indicating the introduction 
of defects by the treatment. The far-IR and mid-IR spectra of a bucky paper sample 
exhibit a Drude-type metallic behavior and phonon modes representative for a large 
number of different tubes. 
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Abstract. Results of modelling of linear polymer chains of carbon single-wall nanotubes. It is 
possible that such polymers could be synthesized under high pressures and temperatures. Their 
geometry parameters are computed by MM2 and MNDO/PM3 methods, X-ray diffraction patterns 
of different NT polymer crystals are simulated and compared with known ones. Model of 
transformation of SWNT rope into a graphite via NT chain polymerization is also considered. 

INTRODUCTION 

Carbon single-wall nanotubes (SWNT) are obtained usually as ropes (1). Tubes of 
virtually identical diameter tubes are organized in triangular close-packed molecular 
lattice with 0.32 nm intertube carbon-carbon distance. Recently we modelled crystals 
of close-packed covalent bonded nanotubes (2,3). There we consider structures of 
linear polymerized SWNT analogous to polymer chains of barrelenes - cage clusters 
with a central nanotube fragment (4). We suppose that such SWNT polymerization 
could be achieved more easily by partial hydrogenation of nanotubes rather than by 
action of high pressure and temperature. That is why we have examined at first 
hydrocarbon nanotubes which may be precursors for SWNT polymers, and then 
constructed and investigated linear polymers of (n,0) zigzag and (n, n) armchair 
nanotubes. 

RESULTS AND DISCUSSIONS 

Hydrocarbon nanotubes 

We consider the case when hydrogen atoms are attached to carbon atoms situated on 
opposite elements of a tube cylinder. Examples of MNDO/PM3 calculations of such 
hydrocarbon give following parameters (in nm): Dx, Dy = 0.601, 0.410 -for a (6,0) 
tube, 0.684, 0.456 - for a (7,0) one, 0.824, 0.489 for a (8,0) nanotube. Hydrocarbon 
"chains" cause the carbon circular cylinder to transform to oval one with typical 
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diameters Dx/Dy «1.5. Thus such partial hydrogenation of nanotubes leads to 
distortion of SWNT form and appearance of two rows of sp$ atoms at opposite sides of 
a nanotube. During annealing of hydrocarbon SWNT we may expect linear 
polymerization of carbon nanotube radicals after hydrogen desorption. 

Zigzag nanotube chain structures 

Three types of SWNT linear polymerization are possible: tube coupling via "2+2" 
cycles of sp$ atoms located in the (x, y) symmetry plane that contains nanotube axes 
(Figure la); "4" polycondensation bonding of tubes with coupling quarters of sp3 
atoms located in the plane perpendicular to the (x, y) plane (Figure lb); "2+4" type 
bonding which connect two rib hexagon atoms of one tube with two top hexagon 
atoms of a neighbor tube (4). We have present computation results for first and second 
polymerization types for example of (6, 0) tubes. First, geometry of a linear tube trimer 
was optimized of by MM2 and MNDO/PM3 methods. The following parameters of the 
middle trimer fragment unit cell were obtained (in nm): Dx, Dy, h = 0.601, 0.410, 
0.429 (dc_c = 0. 156 -bond length between neighbor tubes) - for the first type; Dx, 
Dy, h = 0.736, 0.274, 0.426- for the second type. These parameters were used to 
construct of a linear SWNT chain polymer structure with 0.32 nm interchain carbon- 
carbon distance. Two such structures of Pnnm space group are shown at Figure 1. 
Their parameters are: a, b, c = 7.57, 12.85, 4.29 (nonequivalent atoms:Cl:0. 397, 0.0, 
0.178; C2: 0.296, C3: 0.161, C4: 0.0, 0.159, 0.335) - for the first structure; a, b, c = 
7.36 , 11.30, 4.26 (nonequivalent atoms:Cl: 0.5, 0.069, 0.18; C2: 0.321, 0.099, 0.334, 
C3: 0.162, 0.115, 0. 164; C4: 0.0, 0.121, 0.333) - for the second type of structure. The 
latter may be obtained by reforming the first structure under the action more higher 
pressures and temperatures than those required for to form the first structure of the first 
type. 

Armchair nanotube chain structures 

Among (n, n) SWNT linear polymer structures we focus on (10,10) ones, because 
these tubes are predominant in ropes synthesized with a high yield (1). Usually they are 
packed in a triangular molecular lattice (Figure 2a). Energy optimization of geometry 
of a linear tube trimer gives following parameters of middle fragment unit cell (innm): 
Dx, Dy, h = 0.179, 0.869, 0.429, doc = 0. 154,and - The length of "cross" sp3 bond 
between atoms of the same tube is &Q.Q = 0- 156. We used these parameters to 
construct a linear polymer structure of Pnnm space group (Figure 2b). Parameters of 
this structure are: a, b, c = 19.48, 20.69, 2.48 (nonequivalent atoms:Cl: 0.461, 0.382, 
0.0; C2: 0.425, 0.061, 0.5; C3: 0.366, 0.100, 0.5; C4: 0.337, 0.118, 0.0; C5: 0.275, 
0.151, 0.0; C6: 0.242, 0.163, 0.0.5; C7:0.175, 0.187, 0.5; C8: 0.141, 0.196, 0.0; C9: 
0.071, 0.208, 0.0; C10: 0.059, 0.210, 0.5). It is interesting to remark that 
polymerization process during pressure action may be stopped at the nanotube dimer 
formation stage. Subsequent heating can transform these dimer (for example in a 
(10,10) SWNT) to a dumbbell-like (20, 20) cylinder after breaking of "cross" bonds in 
the dimer. Its straightening gives usual (20, 20) nanotube. Similar mechanism of 
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SWNT transformation can explain diameter doubling of SWNT experimentally 
observed by R. Smalley's group (5). 

FIGURE 1. Structures of polymerized (6, 0) carbon nanotube chains: "2+2" cycloaddition type (a), and 
"4" polycondensation type (b). Unit cells are marked by thin lines. 
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FIGURE 2. Srtuctures of (10,10) nanotubes: usual molecular crystal (a), polymer chain crystal (b). 
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FIGURE 3. Diffraction pattern simulations of considered polymer structures 
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Diffraction Patterns of SWNT Structures 

X-ray diffraction pattern measurements may be used to find boundares between 
SWNT phases on (P, T) diagram, carbon Diffraction patterns for above srtuctures 
simulated by CRYSTALLOGRAPHICA program are shown in Figure 3. In spite of 
the same symmetry of the crystals their diffractogrammes for two. (6, 0) nanotube 
structures are substantially different. Computed diffraction patterns of usual molecular 
(10,10) SWNT structure and its linear polymer are different too. Thus X-ray diffraction 
patterns may be used of SWNT polymer formation during heating material to 
predominately containing (10, 10) nanotubes under pressure. 

Electronic spectra of SWNT polymer chains 

Energy spectra E (k) of SWNT linear chains have been calculated by the crystalline 
orbital method in valence approach. In the case of (6, 0) and (10, 10) tube chains we 
have semimetal-like spectrum part in X' - M and M - T directions of Brillouin zone and 
semiconductor-like spectrum part in T - X' direction. Thus, electronic properties of 
such SWNT chains look like properties of semimetal-semiconductor superlattice. On 
the other hand, (7, 0) and (8, 0) carbon nanotube chains have semiconductor spectra 
with energy gaps about 1 eV. 

Transformation SWNT polymer chains in graphite 

Structures at Figures lb and 2b may looked at from another point of view. Such a 
chain may be considered as a pair of graphene sheets with "cross" sp3 bonding of 
atoms located in periodically repeated atomic rows. This structure is in essence a quasi 
two-dimensional superlattice with periods a = Dx and b = h. However neighbor pairs in 
the crystal structures (see Figures lb and 2b) are shifted on 1.5 carbon-carbon distance. 
One may suppose that such structures will be transform into graphite by breaking of 
"cross" bonds in each chain under non-hydrostatic pressure and high temperature 
conditions. This graphite structure may be classified as AADD one of P63 mc space 
group. There are new peaks in its diffraction pattern that are absent in diffraction 
pattern of usual ABAB structure. 
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Abstract We show optical spectroscopy to be fast and useful for the analysis of the relative 
diameter distribution and nanotube yield in SWNT soot. The optical spectra revealed a fine-struc- 
ture consisting of several overlapping absorption bands. While the energy positions of these sub- 
peals remained constant upon variation of the synthesis conditions, their relative mtens.ties va- 
ried considerably. This allowed the determination of SWNT diameters grouped around preferred 
values and related, the determination of variations of the fractional abundance. 

INTRODUCTION 

Critical to a better understanding of physical phenomena related to single-wall car- 
bon nanotubes (SWNT) are methods, which provide information about their mean cha- 
racteristics such as nanotube yield and SWNT diameter. High resolution electron 
energy loss spectroscopy (EELS) [1] and optical absorption spectroscopy [2] have 
shown the existence of several, equally spaced peaks in the energy range between 0.6- 
3 eV related to interband transitions between van-Hove-singulanties of SWNT [1J. 
Recent STM/STS observations [3,4] have confirmed the predicted [5,6] dependence of 
gap transition and nanotube diameter E ~ 1/d. Both methods, EELS and optical spec- 
ü-oscopv have the potential to provide information about the above-mentioned mean 
characteristics of the nanotubes in the soot. In contrast to EELS, optical spectroscopy 
is easy to use and fast. Here, we present results of the evaluation of optical spectros- 
copy for the simultaneous determination of relative nanotube yield and relative diame- 
ter distribution of SWNT. 

EXPERIMENTAL DETAILS 

The SWNT were synthesized by the laser ablation procedure [7]. The deposition 
system consisted of a quartz tube (d; =17 mm) inside a tube furnace. A Q-switched 
Nd-YAP laser (k =1080 nm, pulse duration 20 ns, pulse repetition frequency 15 Hz, 

CP486 Electronic Properties of Novel Materials- Science and Technology of Molecular Nanostructures, 
edited by H. Kuzmany, J. Fink, M. Mehring, and S. Roth 

© 1999 American Institute of Physics l-56396-900-9/99/$15.00 
288 



pulse energy 300 mJ, run duration 2 min, circular ablation area 16 mm2) was used to 
ablate the targets. These consisted of intimately mixed and pressed >99.97% purity 
starting materials (charcoal, metal catalysts Co and Ni with a mixing ratio of unity), 
the total catalyst content was varied between 0 and 4 at. %. Freshly prepared targets 
were initially cured (1100 °C, <103 Pa Ar) for 4 h. The tube wall temperatures were 
varied between 800-1260 °C. The ablation products were transported by the Ar gas 
stream ( p = 0.66 * 105 Pa, v =1.6 1/h) and deposited on a water-cooled copper collec- 
tor. The preparation for and characterization of the soot with optical spectroscopy was 
derived from the procedure, proposed by Kataura et al. [2]. The optical absorption 
spectra were measured with a commercial spectrophotometer (wavelength range 200- 
3200 nm, resolution 5 nm). The whole time needed for the preparation and characteri- 
zation of one sample made up only 20 minutes.The highest nanotube yield in our sam- 
ples has been estimated by TEM to be up to 40 %. 

RESULTS AND DISCUSSION 

All SWNT-containing samples showed optical absorption spectra with the shape 
and the number of peaks in general analogous to that reported by Kataura et al. [2]. Af- 
ter a background correction, three broad peaks are visible as shown in Fig. 1. 

The pronounced peak at the lowest energy has been chosen for the semi-quantitative 
determination of the nanotube yield. After an appropiate background subtraction and 
an additional correction to account for different film-thicknesses, the relative yield is 
represented by the area below the peak (see Fig. 1). Even for samples with an estima- 

ted SWNT abundance of approx. 
1% (from TEM observations), the 
nanotube yield could still be deter- 
mined. Fig. 2a shows optical spec- 
tra for samples with varied total 
catalyst content in the target and 
Fig. 2b the corresponding relative 
nanotube abundance. The results 
indicate that the maximum of the 
nanotube abundance takes place 
for a total catalyst content between 
1.2-1.8 %. This is in good agree- 
ment with reported values [8]. 

As can be seen in the Figs. 1, 2a 
and 3a, all peaks clearly show a 
fine-structure.  This fine-structure 

FIGURE 1.  Optical absorption spectrum of SWNT was rfated \° *e appearance of 
soot after background correction. The peaks give several several   resolvable   sub-peaks   as 
levels of information. The peak area of the peak at the could be determined by peak shape 
lowest energy represents the relative SWNT abundance; analysis of the second peak (see 
after line shape analysis of the second peak, the sub-peak (jQ^gj ljnes in Fig. 1). These sub- 
positions (dotted lines) and the fractional yield (sub-peak 
area) can be determined. 
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FIGURE 2. Variations of the total catalyst content (T= 1150 °C); optical absorption spec- 
tra after background correction (a), related normalized total SWNT abundance (b). 

peaks remained at the same energy position (within 2-5 meV) despite of changes of the 
applied synthesis conditions. 

Whereas the positions of the sub-peaks remained constant with variations of the 
synthesis parameters, the shift of the mean energy position of the peaks took place only 
through relative variations of the intensities of the sub-peaks. Further analysis revealed 
that these sub-peaks are related to the existence of groups of nanotubes, indicating the 
existence of preferred nanotube diameters. The nanotube vector map allows the grou- 
ping of nanotubes around several diameters even without any preferred chirality with a 
period of 0.07 nm. This should result in distinguishable sub-peaks in the optical ab- 
sorption spectra as observed. The effect would occur more pronounced, if the exis- 
tence of nanotubes of preferred chirality in the vicinity to the armchair axis is assumed, 
as follows from Raman investigations [9]. 

The sub-peak area of the sub-peaks below the second peak can be used as a measure 
for the relative fractional yield. This has been applied to the peaks in Fig. 3a, the resul- 
ting fractional yield of the sub-peaks is shown in Fig. 3b. For the calibration of energy 
positions against the corresponding nanotube diameters shown in Fig. 3b, a sample 
with a well known and narrow SWNT diameter distribution with a mean diameter of 
1.2 ± 0.05 nm has been used [10]. 

The highest nanotube yield (approx. 40 % from TEM data) was found between 
1150-1200 °C. The results shown in Fig. 3a and 3b are fully analogous to the TEM 
data presented by Ref. [9]. 

To conclude, the obtained results demonstrate the effectiveness and efficiency of 
optical absorption spectroscopy. The method can be used as a fast and easy to use al- 
ternative especially to TEM observations with respect to yield and diameter distribu- 
tion determinations. 
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sorption spectra after background correction (a), related normalized fractional SWNT abundance (b). 
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Raman spectroscopy is used to characterize the diameter distribution of carbon singlewalled 
nanotubes (SWNT's) produced by electric arc discharge [1] in order to clarify their growth 
mechanism. We discuss the diameter distribution evolution as a function of different synthesis 
parameters : distance to the cathode, inert gas pressure, helium versus argon as the pressure 
medium, etc. For instance, we show that while the gas pressure does not influence 
significantly the diameter distribution, using argon instead of helium favours the formation of 
low diameter nanotubes. 

Introduction 

These last few years, new methods of synthesis of carbon nanotubes have been 
presented leading to the formation of large quantities of singlewalled nanotubes 
(SWNT's). At present time, the techniques reported are based on catalytic sublimation 
of graphite by several ways : laser ablation [2,3], electric arc discharge [1] and solar 
energy [4] which allow the production of SWNT's in high yield (> 70%). Whatever 
the techniques used, the growth mechanisms of such carbon species are far to be 
completely elucidated. In this way, we propose in this paper a study of the influence 
of macroscopic parameters such as the pressure and the nature of the inert atmosphere, 
as well as the localisation where the sample is extracted in the chamber. Indeed, the 
collection of several samples relevant of the change of these parameters and their 
analysis by Raman spectroscopy have allowed us to compared the nanotubes structure 
and more specifically their diameter distribution as a function of each parameter. 

Preparation of samples 

SWNT's were produced by creating an electric arc discharge between two 
graphite rods. The anode was drilled and filled with a mixture of nickel and yttrium 
used as catalysts. The synthesis was performed in a water-cooled chamber first 
evacuated and then filled with a static pressure of 660 mbar of helium. A current of 
100 A was applied and a voltage of about 35 V was maintained constant by 
continuously translating the anode towards the cathode. Details on the synthesis can 
be found in Ref. 1. After the synthesis, the extracted product characterized is the 
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« collaret» found around the deposit on the cathode, where the concentration of 
tubes is given to be near 70%. 

These experimental conditions are standard ones. The systematic study of the 
collaret reported here has been carried out using there specific conditions. When the 
atmosphere was changed from helium to argon, we imposed different pressures inside 
the synthesis chamber, by steps of 100 mbar from 100 mbar to 1200 mbar. 

Raman experiments 

„7.. 
fa *" cases> spectra have been recorded at room temperature and in ambient air 

With a spectrophotometer Jobin Yvon T64000, the use of a microprobe has allowed 
us to focus the laser spot in a micrometer scale leading to a great sensitivity to its 
localisation on the sample. Then, spatially resolved features can be obtained providing 
clear indications on the distribution of tubes at several spots on the samples as it will 
be shown later. Otherwise, we used more of the time the 514.5 nm excitation 
wavelength issued from an argon laser. 
«inJ?e-n,£n- il^ormation derived from the analysis of the Raman spectrum of 
SWNT s is their diameter [1,5-7]. Indeed, it has been shown that the low frequency 
Alg mode (100-300 cm") can be resolved into several bands and that for each band 
we can associate one diameter. Then, focusing in this range of frequency, we can 
T°Sii52Ä. ±e P°sition md ±e relative intensities of each band the diameters of 
the SWNTs present in the studied spot, as well as we can derive an estimation of the 
concentration of tubes with a specific diameter. 

Localisation parameter 

hi a first step, we have performed experiments on one sphtted collaret We have 
studied several spots on each part as shown in the example of figure 1 A gradual 
evolution.of the diameter distribution can be seen on this part with the low frequency 
group of bands. Then it is clearly observed that along the sample from point 1 to point 
o, the diameter distribution changes continuously from low diameters to higher ones 

jSSSSSä^SiSjffigBpBBSraSSBIMIHBmiSS!»» 

Fig 1: Part of the collaret 100 150 200 250 

Raman shift (cm"1) 
Fig 2: Evolution of the Raman spectrum 
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from the point 1 to 6 

SutionTshTfted from the higher diameter (13-14 Ä) to the lower one (11-12 Ä) 
when this distance increases. ^    ft   seems   from   ^   tw0 

experiments that the diameter of tubes 
evolutes continuously inside the collaret 
increasing with the distance from the center 
of the cathod. 

This is an indication that the 
conditions in the synthesis chamber are not 
homogeneous and that the tube production 
changes from one point to the other. Then 
specific diameters are presumably favoured 
compared to others. As a consequence, we 
can conclude that the location of toe 
extracted sample in the synthesis chamber 
is of real importance on the production of 
tubes with a specific diameter. 
We can try to relate this parameter to the 
temperature. Indeed, we can easily suppose 
that the temperature decreases from the 
center of the cathod where the electric arc is 
formed to the border regions of the 

Fie 3- Evolution of the Raman spectrum chamber. In this case, the decrease ot 
Site distance from the center of the temperature deals with the synthesis of 

cathod tubes of lower diameters. 

Inert atmosphere parameter 

This second parameter has been studied by changing the pressure and toe gas 

^EffÄÄ SÄ can „oüce to whatev« the press«« 

SS?on to^rate"?toe pfoduction with toe existence of an optimum pressure 
whereas it has no influence on the structure of the tubes. 
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1300 
Raman shift (cm1) Fig 5 : Raman spectra of SWNT's as a 

function of the argon pressure Fig 4 : Raman spectra of S WNTs as a 
function of the helium pressure 
Second, in the case of the argon atmosphere, we can make the same observation 

with no change on the tube diameter and the existence of an optimum pressure. But, in 
comparing the two gases, two differences can be put in evidence. Indeed, the 
optimum pressure is near 100 mbar for argon versus 660 mbar for helium. Then the 
case of argon, Raman spectra exhibit peaks between 200 and 260 cm"1 which could 
be associated to tubes with diameters comprised between 8 and 10 Ä. The first aspect 
can be associated with the cross section of the atoms of these gases. As the argon one 
is higher than the helium one, this implies that a fewer number of atoms of argon is 
needed compared to helium to induce the same number of collisions between the 
atoms of the inert atmosphere and the particules confined in the chamber. The second 
aspect can be related to the temperature influence presented above. Indeed, argon has a 
lower thermal conductivity than helium. So when argon is used, the temperature 
decreases more quickly as the distance from the cathod increases. In this way, as the 
lower temperatures favour lower diameters, argon induces lower temperature near the 
cathod and favours lower diameters. This could explain why we observe SWNT's 
with diameters between 8 and 10 A. 

Conclusion 

In this paper, we have given evidence of the influence of some production 
parameters on the structure of the SWNT's. First, it seems that the lower temperatures 
favour lower diameters as it is shown by the location study. Second, we can say that 
the pressure of the inert atmosphere have only an influence on the rate of the synthesis 
whereas the nature of the gas favours some specific diameter Oielium : 11-15 Ä, 
argon : 8-15 Ä). 
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Abstract. We report on neutron scattering studies of single wall carbon nanotubes (SWNT). Small 
angle scattering was used to investigate the structure of SWNT suspensions. Diffraction data were 
compared to calculations on finite-size bundles of SWNT in order to estimate the distribution of tube 
diameters. Lastly, we present an inelastic neutron scattering study of the density of phonon states in 
SWNT. In the frequency range of intramolecular modes, the measured spectrum is found to be in 
good agreement with that calculated on an isolated (10,10) nanotube. 

INTRODUCTION 

Single wall carbon nanotubes (SWNT) have recently been the matter of 
intensive studies (1). Many of their physical (mechanical, electronic) and chemical (gas 
adsorption) properties are expected to depend both on their molecular structure and 
intermolecular interactions. Mass production techniques are nowadays available (2-5), 
and this is an actual challenge to probe the structure and dynamics of SWNT both at 
the molecular scale (diameter and polydispersity, helicoidal pitch) and at the bundle 
scale (cell parameter, bundle size) in order to relate the structural informations to the 
intrinsic properties. 

Neutron scattering techniques are efficient tools for the study of the structure 
and vibrational dynamics of SWNT (6). Elastic scattering allows to investigate the 
structure of SWNT over a large range of length scales. The mean-size of the bundles 
can be estimated in small angle neutron scattering (SANS) investigations and the study 
of the crystalline packing of the SWNT can be achieved in neutron diffraction (ND). In 
the frequency space, the energy of low-frequency excitations (both molecular and 
intermolecular) are very sensitive to the tubes diameter and helicoidal pitch and to 
interactions between tubes (6). Raman, and especially micro-Raman, scattering has 
been used as an efficient tool (7-12) to characterize SWNT because of the small 
quantities required and the intense resonant signals measured. The phonon density of 
states can be studied by inelastic neutron scattering (INS). This especially allows to 
probe optically silent modes, as well as intermolecular excitations at low energy 
transfers. We discuss hereafter some neutron scattering results on SWNT. A review of 
our neutron results will be reported elsewhere (6). 
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SAMPLE DESCRIPTION 

SWNT were prepared at Montpellier by the electric arc discharge (EA) technique 
(3) and in Zaragoza by the laser ablation (LA) technique (4). The EA samples were 
prepared under a 600 mbar He atmospher using the catalyst mixture Ni-Y ("4.2/1 at.%) 
(3). The LA samples were prepared using a cw C02 laser operating at 10.6//W in a 530 
mbar Ar atmospher using the catalyst mixtures : Ni-Y (2/0.5 at.%). 

EXPERIMENTS 

The SANS experiments were performed on the spectrometer PACE at Laboratoire 
Leon Brillouin (LLB), Saclay, France. EA samples were pourred and stirred in some 
water/surfactant (triton XI00) suspensions to form suspensions. A water/heavy water 
mixture was used to kill the contrast between the water and surfactant so that 
nanotubes can be considered as the scattering particles in an homogeneous solvant. 

The ND spectra were measured on the G6-1 spectrometer at LLB and D20 at 
Institut Laue-Langevin (ILL), Grenoble, France, over a range of wave-vectors transfers 
0-4 Ä"1. Diffraction spectra were calculated for finite-size bundles and various 
distribution of tube diameters and succesfully used to fit the data (13,14). 

The INS measurements were performed on the spectrometers Mibemol at LLB and 
IN6 at ILL over a range of energy transfers 0-200 meV. In order to avoid the large 
contribution from the residual catalyst particles (especially nickel) to the DOS, this is 
essential to work on nickel-free samples prepared with small amounts of catalysts. 
Scattering from adsorbed water was also eliminated by carefully heating the samples 
over 200°C under a dynamic vaccuum and storing them in air-free containers. A 
detailed discussion of the phonon DOS of SWNT, especially in the low-frequency 
range, will be published elsewhere (15). 

RESULTS AND DISCUSSION 

Small angle neutron scattering 

A typical SANS spectrum for a nanotube suspension (about 1 wt% SWNT) is 
displayed in figure 1. The main feature is the observation of a I~q'4 power-law 
dependence of the signal at large q. This is the so-called Porod signature of isotropic 
scatterers (particles) with a neat interface between the particles and the solvent. The 
low-q limit of the Porod law is inversely proportional to the mean-radius of the 
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scattering particles. We find a particle diameter of about 200 Ä and assign the SANS 
signal to bundles of some hundreds tubes, in good agreement with TEM results (2,3). 

q(A1) 

FIGURE 1. Typical SANS spectrum of a water/heavy water/surfactant/SWNT suspension. 

Neutron diffraction 

Figure 2 presents ND spectra for the EA and LA samples. The main features are the 
difference in the position of the main peak, corresponding to the (1 0) Bragg reflexion 
on the hexagonal bidimensional network formed by the tubes (2,13), that shifts from 
0.42 A"1 for EA to 0.32 A"1 for LA, as well as a broader profile for the LA spectrum. 
Calculation of the diffraction spectra for finite-size bundles of SWNT are presented 
elsewhere (13,14). The general shape of the spectra, and especially the position, width 
and intensity of the (1 0) peak are found to depend on the distribution of tube diameters 
and the size of the bundles. Note that no diffraction signature of residual nickel 
particles is observed for the LA sample (no intense peaks about 3.1 and 3.6 A"1), 
because of the smaller amount of catalysts used in the synthesis. The broad signal 
recorded around 3 A"! is assigned to some (1 0 0)-like reflections on the curved 
graphene sheets forming the nanotubes (13). The peaks about 1.87 and 1.84 A"1 

correspond to diffraction by graphite and graphite nanoparticles respectively. The 
amount of these carbon impurities is estimated to be smaller than 15% in the two 
samples. The spectra are found to be very close to those presented in figure 5 of 
reference 13. By comparison with calculations (not shown), we estimate for the two 
samples a mean-diameter of the nanotubes about 13.6 A but a much larger distribution 
of tube diameters in case of LA samples (±5 A) as compared with EA samples (±3 A). 
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qtA'1) 
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q(Ä1) 

FIGURE 2. Neutron diffraction measurements on EA (left) and LA (right) samples. 

Inelastic neutron scattering 

The generalized phonon density of states (GDOS) of the LA sample is reported in 
figure 3 We also report the GDOS of graphite and nickel for comparison, in order to 
emphasize the high quality of the samples (15). The spectra of graphite and SWNT are 
very close one from each other above 50 meV, as expected (1). On the other hand, the 
position of the second maximum in the GDOS of nickel corresponds to a minimum in 
the GDOS of the SWNT sample. 
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FIGURE 3. Generalized density of phonon states for a LA sample 
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This confirms that the amount of residual nickel in the sample is negligible (see 
figure 2) and this allows to assign definitely the peak measured about 22 meV in the 
SWNT spectrum to the contribution of Alg radial breathing modes to the density of 
states, in very good agreement with Raman measurements (7-12) and calculations on 
bundles of SWNT (15). At least two other maxima are observed below 50 meV. We 
assign that at about 40 meV to the contribution of optically silent modes to the GDOS 
and that at about 12 meV to E]g Raman-active modes (never observed in Raman). Both 
are expected in calculations. An extended discussion of the INS spectra, including the 
description of the low-frequency part of the GDOS, is reported elsewhere (15). 
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Abstract The electronic structure of single wall carbon nanotubes (SWNTs) in intact, 

undissolved buckypaper has been studied using STM and STS at 23 K. STS allows 
to distinguish between metallic, narrow gap semiconducting, and wide gap 
semiconducting SWNTs. In a statistical analysis we find a distribution ratio of 
34±6% : 15±4% : 51±7%, respectively. These ratios indicate that metallic SWNTs are 
preferentially generated in the buckypaper production process. 

ELECTRONIC STRUCTURE OF SWNTs 

To a certain degree of approximation, the electronic structure of SWNTs can be 
deduced from the graphene bandstructure by investigating which electronic states in 
graphene are allowed in SWNTs, given the boundary conditions in a specific tube. 
Since the graphene bands are crossing EF at the K point at the corner of the Bn loum 
Zone only those nanotubes whose bandstructure contains this point are metallic. It 
turns out that a SWNT characterized by the chirality vector (n,,n2) is metallic if (nrn2) 
is an integer multiple of 3 and semiconducting otherwise. Beyond the graphene 
approximation, i.e. including curvature induced hybridization effects, it turns out that 
only (n,=n2) and equivalent SWNTs (armchair type) are strictly metallic, whereas 
small bandgaps form in all other SWNTs which have been classified as metallic in the 
graphene approximation [1-3]. These latter SWNTs are often referred to as narrow gap 
SWNTs in contrast to the wide gap SWNTs with (nrn2) * 3q. 

SWNT samples can be produced by a variety of different techniques, such as arc 
discharge laser vaporization or chemical vapor deposition. While the resistivity of the 
macroscopic sample is often used to for characterization, there is usually no direct 
information on the content of metallic vs. semiconducting SWNTs. Transport 
measurements on single SWNTs using electrode structures can only be performed on a 
few SWNTs and are thus not representative of a macroscopic sample. An indirect 
determination of the electronic structure via the SWNT topology using theoretical 
models is only possible for ideal SWNT tubes without e.g. defects or interactions in a 
rope and is thus inherently limited. Due to these difficulties, very different values 
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regarding the content of metallic vs. semiconducting SWNTs in a given type of sample 
have been reported in the past. 

In this paper, we report on a statistical analysis of the electronic structure of 
SWNTs in a buckypaper sample [4], perfomed by scanning tunelling spectroscopy on 
intact, free standing buckypaper at 23 K. The aim of this work is to characterize the 
amount of metallic vs. semiconducting SWNTs and to characterize the bandgap 
distribution observed in the buckypaper sample. 

EXPERIMENTAL 

The sample investigated here is buckypaper prepared by the Smalley group as 
decribed in Ref.4 (4" oven material). The nanotubes were produced by by pulsed laser 
vaporization (PLV) and subsequent purification. The final cleaning step is a vacuum 
bake at 1200 °C. The overall production process including the purification has been 
shown to produce a material with a high degree of SWNTs, with a diameter distribution 
as reproduced in Fig.l [4]. The final product is a paper-like felt, called buckypaper. 
The investigations were carried out in a UHV STM chamber with a base pressure 
<10"10 Torr. After exposure to air for the transport, the buckypaper was cleaned by 
heating to 1200 °C in UHV in our system. 

Scanning tunneling spectroscopy (STS) and 
imaging were performed at a temperature of 23 °K. 
The buckpaper was investigated as free-standing 
sheet and was neither disentangled nor dissolved 
and hence the distribution of SWNTs is unchanged 
from the freshly purified sample. 114 STS I(V) 
curves were recorded at random positions on 
SWNT ropes in the sample, after stable 
topography imaging had been achieved. 

20 

10- 

■ ■HU-.-. 
1,0      1,1     1,2     1,3     1,4 

Diameter (nm) 

FIGURE 1 SWNT diameter 
distribution, reproduced from Ref. 4 

RESULTS AND DISCUSSION 

Before a discussion of the spectroscopy results, we show a scanning tunneling 
microscopy (STM) image from the intact buckypaper in Fig.2. The individual SWNTs 
are seen to form microbundles of about 30 nm in diameter. In the microbundles, the 
SWNTs are organized in a parallel fashion and seem to start/end in the same region, i.e. 
the microbundle is not fuzzy at the end. The microbundles aggregate to ropes of about 
70-100 nm diameter, which in turn can aggregate to larger superstructures. 

The investigation the electronic structure of the SWNTs has been carried out by 
STS. I(V) curves were recorded at 114 randomly chosen positions on different SWNT 
ropes. Internal tunnel junctions e.g. between different SWNT ropes do not influence 
our I(V) curves, as I(V) curves recorded with the tip in contact with the buckypaper 
show perfectly metallic behavior. Apparently the conductivity through the network is 
always high enough to short out internal tunnel junctions. 
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In order to study the 
electronic structure of the 
SWNTs we investigate the 
shape of the normalized 
differential conductivity, 
(dI/dV)/(I/V), which repre- 
sents in good approximation 
the shape of density of states 
(DOS) of the sample. An 
example is shown in Fig.3. In 
agreement with the theoretical 
expectations [1], we observe 
pronounced peaks in the DOS 
corresponding to the typical 
singularities in the DOS for 
ID systems. However, even 
at 23 K these structures 
appear as fairly broad. As a 
consequence, a direct and 
accurate determination of the 
bandgap size from the 
(dI/dV)/(I/V) shape around 
V=0 seems impossible. 

Nevertheless, the energy positions of the singularities can be measured with 
reasonable accuracy. As we will demonstrate in the following, these energy positions 
can be used to distinguish metallic SWNTs from wide gap semiconducting nanotubes. 

In metallic SWNTs, a pseudogap region of low DOS is bordered by the first pair 
of DOS singularities. For simplicity, we will refer to the pseudogap in metallic SWNTs 
as „gap" as well. In a wide gap semiconducting SWNT, a real DOS gap is bordered by 
the singularities. For SWNTs of approximately the same diameter, the pseudogap in 
the metallic SWNT is three times a large as the gap in a wide gap semiconducting 
SWNT [2]. In both cases, the gap is inversely proportional to the SWNT diameter. 
The gap can now be measured by energy positions of the singularities in the 
(dI/dV)/(I/V) signal. In general, it is not possible to distinguish between metallic and 
wide gap semiconducting SWNTs on this basis, as a metallic SWNT with three times 
the diameter of a given wide gap semiconducting SWNT will have a gap of the same 
size as the latter. In our special case of the buckypaper sample, however, a distinction 
is nevertheless possible. From TEM measurements, the diameter distribution of the 
SWNTs in the sample is known (Fig.l). It is important to note that the distribution 
certainly does not span a factor of three in the SWNT radius. Consequently, metallic 
and wide gap semiconducting SWNTs can be separated. For our diameter range, 
metallic SWNTs will exhibit gaps of about 1.5 eV to 2 eV, while the gaps for wide gap 
semiconducting SWNTs are in the region 0.5 eV to 0.7 eV. Narrow gap semiconducting 
SWNTs have a pseudogap with the same magnitude/diameter dependence as metallic 
SWNTs and in addition a very small, real DOS gap. They can not be distinguished 

FIGURE 2 UHV STM image of a free standing sheet of 
buckypaper. The fine diagonal lines correspond to single 
SWNTs, which in turn aggregate to micro-bundles and larger 
superstructures such as ropes. Image size: 250x250nm. 
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Voltage (V) 

FIGURE 3 Normalized conductance obtained 
from an I(V) curve recorded at 23 K on a 
SWNT from a rope in buckypaper The 
accuracy of the gap determination can be 
increased, when more than one pair of 
singularities can be distinguished. 

from strictly metallic SWNTs by this 
technique. However, the distinction 
between metallic and narrow gap SWNTs 
on one hand and and wide gap 
semiconducting SWNTs on the other hand 
on the basis of the measured gap is easily 
possible. 

On this basis we determine the 
metallic & narrow gap to wide gap ratio of 
SWNTs in the sample to be 49±7% : 
51±7%. 

While the bandgaps in near gap 
SWNTs are small and can not be 
quantified directly with reasonable 
accuracy with our STS resolution, we 
observe the  presence  of weak  spectral 
features close to zero bias in some STS spectra which show a singularity spacing 
consistent with metallic or narrow gap SWNTs. We use the presence of this feature as 
a fingerprint to distinguish metallic from narrow gap SWNTs . On this basis we 
determine the (metallic : narrow gap : wide gap) ratios at the surface of our buckypaper 
sample to be (34±6% : 15±4% : 51 ±7%). The errors indicate the statistical error only. 
While the distinction between metallic & narrow gap SWNTs vs. wide gap SWNTs is 
unambiguous, the distinction between metallic and narrow gap SWNTs is qualitative in 
nature and hence less reliable. The detailed bandgap distributions within the three 
groups will be published elsewhere. 

This result indicates that metallic SWNTs are preferentially produced in the 
PLV/purification process. „Preferential production" is meant in the following way: 
within a given diameter interval, we find more metallic tubes than one would expect, if 
all suitable (nhn2) SWNTs with diameters in this interval would contribute equally to 
the diameter distribution in Fig.l. In this case one would expect a (metallic : narrow 
gap : wide gap) distribution of (4±1% : 35±3% : 61±3%). Our experimentally 
observed values clearly deviate from this distribution. In particular, we find an 
enrichment of metallic SWNTs in the sample. 

Acknowledgement: We thank J.E. Fischer and the authors of Ref. 4 for the 
buckypaper sample. 

REFERENCES 

1. Science of Fidlerenes and Carbon Nanotubes by M.S. Dresselhaus, G. Dresselhaus, and 
P. Eklund, (Academic Press, San Diego, 1996). 

2. J.W. Mintmire and C.T. White, Phys. Rev. Lett. 81, 2506 (1998). 
3. S. Eisebitt et al, Appl. Phys. A 67, 89 (1998). 
4. A.G. Rinzler et al, Appl. Phys. A 67, 29 (1998). 

307 



Characterization of Single Wall Carbon 
Nanotubes by Scanning Tunneling and 

Scanning Force Microscopy 

W. Clauss*, M. Freitag*, D.J. Bergeron*, and A.T. Johnson* 

* Institute of Applied Physics, University of Tuebingen, Germany, 
t Department of Physics and Astronomy, and LRSM, University of Pennsylvania 

Philadelphia, Pennsylvania 

Abstract. In high-resolution scanning tunneling microscopy images of single-wall 
carbon nanotubes we often find complex superstructures superimposed onto the simple 
atomic pattern. They can be interpreted as a result of elastic scattering of the Fermi 
states at defects or impurities. A new combination of scanning tunneling and scanning 
force microscopy enables near-atomic point resolution in the resulting images. Using 
the force interaction as a feedback signal, the tubes can be identified without the need 
of a conducting substrate. This imaging mode is a crucial step for the characterization 
of electronic devices based on individual single-wall tubes. First results are presented 
showing that it is possible to obtain current images from tubes which are only locally 
connected to electrical contacts defined on insulating substrates. 

ELECTRONIC SUPERSTRUCTURES 

Single-wall carbon nanotubes (SWNT) can be either metallic or semiconduct- 
ing, depending on the orientation of the atomic lattice with respect to the tube 
axis, as denned by the wrapping vector [1]. Recently, the relation between atomic 
and electronic structure was confirmed by combined STM/STS (scanning tunnel- 
ing microscopy/spectroscopy) [2] measurements [3-5]. Highly oriented pyrolytic 
graphite (HOPG) has nearly identical surface properties as carbon nanotubes, and 
it is well-known from a large number of STM studies that the observed contrast 
cannot be interpreted straightforward in terms of the atomic lattice structure. The 
images are strongly influenced by the intrinsic low-dimensional electronic struc- 
ture and the particular tip-sample interaction conditions. In accordance with these 
studies, we have observed a variety of contrast patterns on SWNT where the lim- 
iting cases are (i) the full honeycomb lattice and (ii) the triangular lattice from 
normal HOPG images [6]. Moreover, in addition to patterns based on the primi- 
tive graphite lattice, we reproducibly obtained other cases with dominating longer 
wavelength structures. An example of a one-dimensional superstructure is shown 
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FIGURE 1. a) Flattened high-resolution image of a SWNT oriented along the horizontal image 
axis. The periodicity along the dashed line is equal to the primitive lattice unit. Along the 
perpendicular direction (solid line) the period is larger by a factor V5. b) Geometrical sketch 
of the v^ x 1 superstructure as denned by the primitive vector di and the vector d2 connecting 
every second zig-zag row. 

in Fig. la. The sketch in Fig. lb illustrates the geometrical construction of the 
V3 x 1 pattern superimposed onto the primitive lattice. In Fig. 2, we present an 
example of a two-dimensional \/5x\/3 pattern. It is clearly visible that the dis- 
torted electron wave evolves from the defects visible along the tube [7]. We argue 
that these patterns have to be distinguished from "normal" structures influenced 
by the particular tip-sample interaction conditions. We note that in order to get a 
reliable determination of the chirality of tubes, it is important to understand the 

FIGURE 2. Large-scale image (25 x 25 nm) of a tube bundle with various diameters and 
chiralities. In the upper left corner a part of a tube is visible with a primitive lattice pattern. The 
tube which runs diagonally through the image exhibits a^x^/I superstructure. Two localized 
defects are visible on the tube which are identified as the source of the modulation along the axis. 
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nature of these patterns. They can be interpreted as interference patterns that are 
sensitive to coherence between electronic states propagating "forward" and "back- 
ward" along a tube. In contrast to a conventional metal, each of the Fermi points 
at the Brillouin zone corners has both a forward and backward propagating branch 
of electron eigenstates, so the low energy states can be represented by a small num- 
ber of plane wave eigenstates. For perfect tubes the charge density of each plane 
wave has the full periodicity and symmetry of the graphite plane. However, tube 
defects and ends reflect the incident plane wave states, breaking the symmetry of 
the charge density distribution probed by the tunneling current. Numerical cal- 
culations show that, among others, y/3 x y/3 superstructures are typical features 
resulting from this type of coherent scattering [8]. 

COMBINATION OF TUNNELING AND FORCE 
MICROSCOPY ON NON-CODUCTING SUBSTRATES 

STM, with its ability of spatial resolution down to the atomic scale, can only 
be used on homogeneously conducting substrates. For the fabrication of electronic 
devices, tubes have to be attached to partly insulating substrates. In order to re- 
gain the ability to characterize the atomic structure, we have combined non-contact 
scanning force microscopy (SFM) with simultaneous measurements of the tunneling 
current. The force detection in our SFM is done with a needle-sensor [9] rather than 
a conventional cantilever. The needle-sensor consists of a piezoelectric resonator 

0-618 
0.104 

20 40 60 80 100 

FIGURE 3. a) Force error image as given by the phase deviation between excitation and sensor 
signal and b) tunneling image obtained simultaneously on SWNT ropes on a Au(lll) substrate. 
The strong contrast between tubes and gold substrate is probably due to the differences of the 

elastic properties of the materials (see text). 
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FIGURE 4. A SWNT rope crossing a lithographically defined metal electrode on a SiO? sub- 
strate, a) Topography image, b) error signal (phase deviation), c) current image. 

driven in its resonance near 1MHz by an AC voltage with an SFM tip glued to 
its end. By applying voltages with amplitudes of the order of 1 mV, we get typical 
vertical oscillation amplitudes of a few nm [10]. The current through the resonator 
is extremely sensitive to mechanical damping due to tip-sample interaction. We 
use the phase-shift of the current signal with respect to the excitation voltage as 
a measure of the exerted forces. No additional laser-detection scheme is needed. 
In order to do simultaneous tunneling measurements with SFM feedback, a dc 
bias is applied to the conductive tip along one of the needle sensor electrodes. If 
the setpoint of the feedback is high enough to reach the tunneling distance range 
on a conductive sample area, a current image can be obtained in addition to the 
SFM topography and phase images. First results have shown that this mode alows 
atomic resolution imaging of SWNT [6]. Fig. 3 shows a typical set of images of 
nanotubes dispersed on an annealed gold surface. The images are obtained under 
force control, and the error signal and the tunneling current are displayed in parts 
a and b, respectively. The tubes are imaged with a much higher current than the 
gold substrate. We can explain this image contrast by the different hardness of 
gold as compared to tubes, taking into account the mechanical oscillation of the 
tip. On hard areas of the sample, i. e., on clean gold, most of the current flows 
in the instant of the smallest tip-sample distance. During the remaining part of 
the cycle, the current is strongly reduced due to the exponential dependence of the 
current on the tip-sample distance. In contrast to gold, the hollow nanotubes can 
be squeezed considerably by the tip even under moderate forces. Therefore, the tip 
is in close contact with the tube for a larger fraction of the cycle, so a considerably 
higher current can flow in this case. 
SFM is routinely used to image tubes on insulating substrates, but the image 
contrast is usually very poor. On partly insulating substrates, the combination of 
SFM and STM is of great value to overcome this limitation. Fig. 4 shows an example 
of a small SWNT rope that crosses from a gold electrode into the non-conducting 
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area of the substrate. If the tip is scanned where the rope is attached to the gold 
surface, the current is just passed through the nanotubes into the underlying gold. 
On the other hand, if the tip is above the rope on the insulating part of the sample, 
the current is flowing along the nanotubes into the contact. On both sites, the 
image contrast between the substrate and the nanotubes is very high. 

In future experiments, this STM/SFM combination setup will allow detailed 
electrical characterizations of individual tubes which are connected to electrodes in 
more realistic device configurations. 
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Abstract. We have used scanning tunneling microscope (STM), operated in ambient 
conditions, to investigate the atomic structure of single walled-carbon nanotubes (SWNT) 
The microscopic scale images show tubes condensed in ropes as well as tubes which are 
separated from each other. For a single-wall nanorube rope, the outer portion is composed of 
highly oriented nanotubes with nearly uniform diameter and chirality. On separated 
nanotubes, atomically resolved images show variable chirality ranges between 0-30' and 
variable diameter (1-3 nm), with no one type dominant. From STM and scanning tunneling 
spectroscopy (STS) measurements we confirmed the correlation between the structural 
parameters and the electronic properties, namely the tuning from metallic to semiconducting 
We also observed a rectifying behavior correlated with the chiral angle of 25\ an important 
observation for nano-devices application. 

INTRODUCTION 

Carbon Nanotubes (1), produced by the arc discharge of carbon rods, has attracted 
increased interest in research to control their growth and quality for practical 
applications as nanoscale devices (2). Among carbon nanotubes a special attention is 
focused on the single walled carbon nanotubes (SWNTs) particularly because of the 
one dimensional nature of conduction within the nanotubes. However, calculations 
(3,4) predicated that the electronic transport of SWNTs depends very strongly on their 
structural parameters (chiral angle and diameter) which tune their band gap from 
metallic to moderate semiconductors. Wildoer et al. (5) and Odom et al.{6) made the 
first observation of the atomic structure of SWNTs and confirmed the relation with 
the electronic properties, namely that they can be either metallic or semiconducting 
depending on their diameters and chiralities. However, both groups used scanning 
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tunneling microscope (STM) at low temperature, 4K and 77K respectively, to test 
these predications. In this report we show the first measurements of atomic resolution 
together with the electronic properties of SWNT at room temperature in air using 
scLing tunneling microscope. For separated nanotubes the images show various 
diameters (1-3 nm) and chiralities (0-30°) with no one type dominant On the outer 
portion of a single wall nanotube rope we have observed highly umform duality 
and/or diameter among the nanotubes. 

EXPERIMENTAL PROCEDURE 

SWNTs were produced using the conventional arc-discharge method where carbon 
rod including Ni and Y catalyst (Ni:Y=4.2:l at.%) was used. A mat of random y 
oriented SWNTs fibers were immersed in ethanol and ultrasonically agitated to 
separate the tubes. The STM samples were prepared by casting aJew drops of ftie 
nanotubes on freshly cleaved highly oriented pyrolytic graphite (HOPG substrates 
and left to dry in a glove box. The STM images were taken by a Digital Instruments 
nanoscope IHa operated at room temperature in ambient conditions. High quality 
atomic resolution images were obtained by recording the tip height at constant curren 
with a tunnel current of 1=300 pA and a bias voltage Vbias=40mV. The images 
presented here have not been processed in any way. The STS ™»™^™ 
performed by interrupting the lateral scanning as well as the feed back loop and 
measuring the current (I) as a function of tip-sample voltage at a fixed t£-sampl 
distance. The distance between the sample and the tip during the STS I(V) 
measurements was approximately 8Ä. 

RESULTS AND DISCUSSION 

The images we obtained show tubular features with lengths on the order of one 
micrometer and diameters between 1 and 35 nm. The 1-3 nm diameter features are 
individual single wall nanotubes, whereas the larger diameters are ropes opara lei 
SWNT nanotubes in which the nanotubes are closely spaced and show high 
orientational order among each other. 

Fig 1 shows atomically resolved images of chiral SWNTs with diameters; a) 1.2 
nm b) 2 9 nm c) 1.8 nm and d) 2.5 nm obtained by STM in the topographic mode. 
Tte dark spots represent hexagon rings on the nanotube wall, which show a lattice on 
the surface of a cylinder. The images allows us to calculate the chiral «&*** s> 
the angle between the hexagon rows and the tube axis, which is 11 for the SWNT in 
a)- 23' 10° and 16' for b) and c) and d) respectively. Fig. 2a) shows atomic resolution 
for a zigzag tube, the orientation of the hexagons is highlighted for clarity, where 
carbon-Lb™ bonds are parallel to the tube axis We also observed an armchair 
structure Fig 2b), in which the carbon-carbon bonds orient perpendicular to the tube 
axis. Fig.3 shows an atomically resolved image on the outer portion of a single 
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nanotube rope. The dark spots, which represent the center of the hexagons, mark 
homogeneous chirality for all the nanotubes. 
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FIGURE 1. Atomic resolution images of single wall carbon nanotubes, the dark spots represent the 
carbon hexagon centers located on the cylindrical surface of the nanotube wall. The lattice spacing of 
this triangular lattice is of the order of 0.25 nm, which compares nicely with the expected value of the 
graphite lattice. The diameter and the chiral angle are: a) 1.2 nm, 11* b) 2.9 nm , 23° c) 1.8 nm 10' and 
d) 2.5 nm, 16* respectively. 

5.00 

2.50 

2.50 nm 
FIGURE 2. Atomic resolution STM images of carbon nanotubes. The hexagons highlight the 
underlying lattice of the tube wall; a) is a zigzag SWNT where C-C bonds orient parallel to the tube 
axis; b) is an Armchair SWNT in which C-C bonds orient perpendicular to the tube axis. The 
background shows less visible features of tubes, which are located near the main highlighted tube. 
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FIGURE. 3. 3.5 nm x 3.5 nm atomic resolution STM image of a SWNT rope. The hexagons, which 
highlight the underlying zigzag lattice of the nanotubes wall, indicate that the SWNTs are having the 
same chirality 

It is important to note that we only found this homogeneous chirality on the single 
wall nanotube ropes, other separated tubes (Fig. 1) showed different chirality with no 
one type dominant. We have checked 12 ropes of SWNTs, and found only one rope 
feature armchair structure while the rest were zigzag and chiral. 
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FIGURE 4.1-V STS measurements for separated SWNTs. The curves are off-set vertically in units of 
100 nA for clarity, a) is a zigzag with diameter 1.6 nm; The tubes in b), c) and d) has chiral angles of 
18', 21* and 11° with diameters of 1.7 nm,1.5 nm and 1.8 respectively ; e) is armchair with diameter 
1.4 nm. 
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We have performed our STS experiments far from the tube end to avoid the 
topology related changes in the local density of states (both theory and experiments 
showed near the tube cap, the density of states differ markedly from elsewhere on the 
tube due to topological defects, such as pentagons). The STS I(V) measurements for 
various SWNTs are shown in Fig. 4. Tube a) is zigzag, b)-d) are chiral, e) is 
armchair. The low conductance at low bias followed by a gradual increase in the 
current indicate a semiconductor behavior for the chiral SWNTs. The armchair and 
zigzag show metallic and narrow gap semiconducting behavior respectively, see 
Fig.4. We have investigated 40 separated SWNTs nanotubes in this study and only 2 
were found to be armchair while the rest were chiral and zigzag. 
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FIGURE 5. I-V spectroscopy of a semiconducting nanotube with a chiral angle of 25° at different 
location on the nanotube wall. A rectifying behavior is clearly seen as more current flows in the forward 
direction than the reverse one. 

Fig. 5 shows STS I(V) measurements for a semiconducting nanotube with diameter 
of 1.7 nm and 25 "chiral angle. Different curves correspond to different locations on 
the tube wall and show the reproducibility of the STS spectra. The I-V rectifying 
behavior is clearly observed as a larger current at a positive voltage than at negative 
voltage. 

One possible mechanism to account for the observed rectifying behavior is electric 
field enhancement of the barrier: when the sample is at positive polarity the barrier 
height is slightly decreased and this will enhance the current flow. A negative polarity 
will increase the potential barrier thereby decreasing the transmission probability and 
hence the tunneling current. Another mechanism might be due to band bending 
induced by the tip states. However band bending is strongly related to the distance 
between the tip and the sample and experiments carried out at different tip-distance, 
showed that this is not the case. STS measurements with same parameters on different 
nanotubes with different chirality showed no rectifying behavior. We conclude that 
this rectifying behavior is unique feature of the chirality of 25°. Beside its occurrence 
at room temperature the switching of this new electronic states of SWNT vs chirality 
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is quite striking. However, it is not yet clear how such chirality would modify the 
electronic structure to yield a rectifying behavior. 

CONCLUSION 

We have employed an STM at room temperature to investigate the structure and the 
electronic properties of SWNTs. The images show that most of the nanotubes are 
chiral with no one type of SWNTs dominant. Homogenous chirality and/or diameter 
were only observed on the outer portion of single wall nanotube ropes. From STS 
measurements and atomically resolved images we could verify that the electronic 
properties are very strongly correlated with the chiral angle and tube diameter. 
Specifically, a slight changes in these parameters tune their electronic states and 
causes a shift from metallic to semiconducting behavior. A rather remarkable 
rectifying behavior correlated with chiral angle of 25° is also observed. It is not quite 
understood yet how such chirality would promote distinct electronic states. Further 
study of this new electronic behavior, especially the stability vs temperature would be 
very helpful. We believe that the room temperature STM and STS characterization of 
the structure (helicity and nanotube diameter) and its relation to the electronic 
properties (local density of states) of SWNTs is an important step toward their 
application in nano devices. 
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Abstract. Scanning tunneling microscopy (STM) and scanning tunneling spec- 
troscopy (STS) are powerful techniques to investigate electronic and topographical 
properties of carbon nanotubes. The growing availability of experimental data enables 
us to study perfect tubules and to probe particular features of nanotubes such as topo- 
logical (twists) or non-topological (pentagonal and heptagonal rings) modifications of 
the hexagonal lattice and ending caps structures. We have recently proposed a general 
approach to interpret and predict STM and STS observations. Our formalism, which 
is based on a tight-binding framework, is sufficiently precise to be used routinely for 
various carbon sp2 geometries. Confronted with experimental results, our approach 
reveals to be a useful tool to help in the interpretation and prediction of STM and STS 
measurements. 

INTRODUCTION 

In 1991, Iijima reported the first observation of carbon nanotubes, long uni- 
dimensional molecules which can be viewed as the result of the rolling-up of a 
graphene shell into a tubular object [1]. At that time, no one could have been 
aware of the exploding "nanotube story" which followed that discovery. Nothing 
could have been possible without the tremendous work which have been devoted to 
the production of carbon nanotubes. Often called "ultimate fibers", carbon nan- 
otubes have spectacular mechanical properties [2,3]. Moreover, carbon nanotubes 
have very special electronic properties: they are either semi-conductor or metal- 
lic depending on the value of their radius and helicity [4]. In order to determine 
both radius and helicity, only a few experimental techniques are available, namely 
electron diffraction [5] and scanning tunneling microscopy [6-13]. STM and STS 
are the only experimental techniques to probe locally the arrangement of carbon 
atoms and the electronic density of states (DOS) [14]. If, carbon nanotubes seem 
to have been made for the STM technique, interpretation of experimental results is 
tough and has to be performed very carefully. The tube's diameter is determined 
by taking tip-tube convolution effects into account [15] and by considering various 
geometrical effect. Moreover, transversal distortion due to the 3-dimensional nature 

CP486, Electronic Properties of Novel Materials— Science and Technology of Molecular Nanostructures, 
edited by H. Kuzmany, J. Fink, M. Mehring, and S. Roth 

© 1999 American Institute of Physics l-56396-900-9/99/$15.00 

319 



of carbon nanotube affects the determination of the correct value of the so-called 
chiral angle [16]. 

In this paper, after giving briefly the main points of our formalism, we present 
the application of our theoretical method to a twisted carbon nanotube and one 
carbon nanotube junction. 

THEORY 

A general first-order expression of the tunneling current between the tip(t) and 
the substrate(s) has been derived [16]. 

X={2^lf   dEj2   £ vuvPJ, 
nj-ev      ij>£tj,j'es 

xnt
II,(EF + eV + E)ns

JJ,{EF + E), (1) 

where V is the tip-sample bias potential (e > 0), the £F's are the Fermi levels 
of the unperturbed systems and VJJ are the tip-sample coupling elements. This 
equation accounts for the electronic properties of both unperturbed tip and sub- 
strate. Indeed, diagonal (/' = /) elements of njr{E) = E/3eA^f*' $(E ~ Eß)<Pr 
where A stands for tors respectively, represent the local densities of states (DOS) 
on site /. When / ^ /', nUi{E) is a quantity which describes the bonding or 
anti-bonding nature of the / - /' bound. These quantities are computed recur- 
sively from a 7r-tight-binding Hamiltonian with constant first-neighbor interactions 
(7o = _2.8eV) via a continued fraction. In the present study, we have used 200 
recursion coefficients. A small imaginary part (77 = O.leV) had to be introduced 
in order to describe accurately the one dimensional systems we have examined. 
The tip-tube coupling matrix elements vu are described as Slater-Koster sp like 
hopping interactions decaying exponentially with the separation distance dj [17]. 

SIMULATION 

Experimentally, observations of perfect carbon nanotubes as well as ending caps 
have been reported [7,8,13]. Twisted carbon nanotubes have also been imaged at 
the border of a rope by STM [11]. We have reported in a previous work that 
much attention must be paid to compute the chiral angle correctly [16]. Now, one 
can wonder whether a twisted achiral nanotube is different structurally from a non 
distorted chiral one. The answer is yes. For the purpose of examining that question, 
let us consider Fig. 1. STM images of a twisted armchair (10,10) and an untwisted 
chiral (12,9) nanotubes are presented. In a twisted armchair nanotube, one third 
of the bonds remain perpendicular to the axis whereas there are no such bonds in a 
chiral structure. The corrugation is about the same (1Ä) and the images look the 
same, although the shape of the hexagonal holes of the twisted (10,10) nanotube 
are slightly distorted as compared with the elliptical shapes found in (12,9).   As 
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I 
FIGURE 1. Constant current STM images simulated for (a) an armchair (10,10) nanotube 
twisted by 4.7° and (b) a chiral (12,9) untwisted nanotube (chiral angle <j> = 4.7°) (V=0.5V). The 
nanotube axis is along the horizontal direction and the distance tip-tube axis is represented.. 

shown experimentally, the lines joining second-neighbor hexagon centers along the 
circumference clearly remain perpendicular to the nanotube axis in the twisted 
(10,10) nanotube, whereas they do not in the (12,9). 

V=0.5V 

»'.«fc.'i- _.'.a*«* 

FIGURE 2. Top: schematic view of the (12,0)/(9,0) junction (the 5- and 7-membered rings are 
shaded); bottom: STM image simulated for bias voltages of +0.5V and -0.5V respectively. 

The number of atomically resolved STM images is increasing, at low temperature 
[8,7] as well as at room temperature [12] and the wish to image features like pen- 
tagonal or heptagonal rings is stronger than ever. Recent results have shown that 
cap structures can be determined with the help of STS measurements [13]. Fur- 
thermore, we have shown that it is really difficult to image such defects with STM. 
This is particularly due to the fact that scattering of electron by the odd-membered 
rings takes place, making the spatial resolution of the rings very difficult. In this 
section, we extend our study of 5-7 pair defects with the case of the (12,0)/(9,0) 
junction [18]. In this junction, the defects are separated by 2 hexagons along the 
junction axis (top of Fig. 2). In this metal-metal connection, the pentagon is seen 
as an important protrusion whereas the heptagon can not be easily identified. The 
(un-)occupied states of the nanotube are visited for (negative) positive bias poten- 
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tials. Since the DOS shows a relatively large asymmetry around the Fermi level, 
the maps calculated for opposite potentials display different features. The STM 
image of the nanotube right before and after the 5-7 defect is also perturbed. This, 
we believe, is due to the partial reflection of the Bloch waves by the 5-7 conical 
section [19]. 

To conclude, we have proposed the application of the tigh-binding simulation of 
STM images technique to a twisted nanotube and a metal-metal carbon nanotube 
junction. We have firstly shown that the STM signature of a twisted armchair 
carbon nanotube is different structurally from a chiral one, which confirm the 
experimental observation. On the other hand, we have shown that pentagonal and 
heptagonal rings can not be easily identified in carbon nanotube junctions [14]. 
To help in the identification of such topological defects, it is worth to use STS 
measurements, as we will describe in a futur paper. 

This work has been realized under the auspices of the inter-university research 
program on systems of reduced dimensionality (PAI-IUAP N. P4/10) funded by 
the Belgian federal government. V.M. thanks the Fund for the Agricultural and 
Industrial Research (F.R.I.A) of Belgium. 
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Abstract. A recently developed computer code [1] is used to investigate effects which 
may arise during the STM investigation of supported nanostructures, like carbon nan- 
otubes. The effects of tip geometry and point contact imaging are studied. The 
calculations show that while the magnitude of the tunnel current is determined by 
the tip-nanotube tunnel gap, the asymmetry of the tip -/+ current is influenced by 
the nanotube-support tunnel gap. The results obtained from simulation are compared 
with experimental data. 

INTRODUCTION 

Recently several groups reported asymmetric I-V curves on carbon nanotubes 
[2-4]. In these experiments STM (scanning tunneling microscopy) was used for 
recording the I-V curves. Most frequently, a topographic image is recorded first, 
from which the location of the point (s) where the I-V curves will be measured is 
decided. STM may generate the image of an object in pure tunneling regime, or 
in point contact regime; experiments show that the point contact regime induces 
modifications in the I-V curves [5] as compared with pure tunneling. We studied 
the STM-tip/nanotube(s)/support system by the wave packet dynamical method to 
investigate the influence of point contact between the STM- tip and the nanotube, 
and(or) of the point contact between the carbon nanotube(s) and the support. The 
point contact was simulated as a 0.2 nm wide conducting channel. The computer 
simulation is based on the method reported elsewhere [1]. Possible effects arising 
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from inter-tube contact in "rafts" or "ropes" of carbon nanotubes were investigated 
too. 

WAVE PACKET DYNAMICAL CALCULATION OF 
THE TUNNELING PROBABILITY 

Tunneling probability of an electron scattered [6] on a potential modelling the 
tip-tube-support system [1] is calculated from the time dependent scattering of a 
wave packet [7,8] approaching the tunnel interface from the bulk of the tip (support) 
for the tip negative (positive) case. For the study of nanotube rafts a special initial 
wave packet has to be applied, which has a plateau of constant probability density 
larger than the lateral size of the raft. For this purpose we used a truncated plane 
wave shaped wave packet which is given as the convolution of a Gaussian wave 
packet with a square lateral window function: 

*„(*> z)=N- exp (-^r^ + ik,z) • P0  Q exp ("^5^) & 

where dx = —1.52 nm, d2 — 1.52 nm, a = 0.529 nm, and N is a normalization 
constant. By the Pto free space propagator the truncated plane wave is backward 
propagated in time by an amount of t0 = (ZQ — zinterf)/kz where z0 is the desired 
initial z position of the center of the wave packet and Zinterf is the z position of the 
first tunneling interface. The z0 initial position was chosen to make the probability 
density of the initial wave packet negligible in the interface region. For the case of 
infinitesimally small bias a wave packet with momentum kz = kF was used where 
kF is the Fermi momentum corresponding to the EF = 5 eV Fermi energy. 

DISCUSSION AND CONCLUSIONS 

Time averaged probability density of the scattered wave packet is shown on Fig. 
1 for the case of one nanotube in the STM gap and for infinitesimally small negative 
and positive tip potentials. 

The effect of point contacts at the tip/nanotube or nanotube/support interface is 
clearly seen on the figure. The asymmetry of a particular tunneling situation (rep- 
resented by the corresponding geometry, marked by white lines in Fig. 1) is defined 
as the ratio of the tunneling probabilities for -/+ tip polarity. The asymmetries 
are summarized in Fig. 2 together with the results of similar calculations for a 
nanotube raft and an STM junction without nanotubes. In order to enhance the 
effect of different factors (point contact setup, number of nanotubes) the asymme- 
tries were normalized (divided) with respect to the asymmetry of the empty STM 
junction without point contact (panel al in Fig. 2). 
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0.0010 0.0084 0.0014 0.0363 

0.0011 0.0093 0.0010 0.0282 

FIGURE 1. Time averaged probability density of the scattered wave packet. Size of each 
window is 5.76 nm. Contour lines are drawn on logarithmic scale. Darker grey shades are for 
higher probability density. Thick white lines show the vertical cross section of the effective surface 
of STM tip, nanotube, and support. The necks between the tip/nanotube and nanotube/support 
show the point contacts modelled as 0.2 nm wide conducting channels. Upper (lower) figures: 
tip negative (positive) infinitesimal bias. White numbers indicate the transmission probability. 
Parameters of the potential are the same as was used in Ref. [1]. 

A carbon nanotube is not integral part of its support; the consequences of this 
can not be neglected in the interpretation of STM data [8]. When placed on highly 
oriented pyrolytic graphite (HOPG), passivated Si, or other substrate, the carbon 
nanotube will "float" on the van der Waals potential [9]. The interlayer spacing 
of graphene sheets in HOPG and the distance of single wall carbon nanotubes in 
bundles are roughly similar, 0.34 nm, therefore it is justified to expect the same 
distance between the carbon nanotube and the HOPG substrate, or other, un- 
derlying nanotubes. During STM measurements, when the STM tip scans across 
the nanotube, depending on the value of the tunneling current flowing through 
the substrate-nanotube-tip system as compared with the direct tunneling (in the 
absence of the nanotube), the tip comes closer to the nanotube than the usual tun- 
neling gap, usually estimated to be around 1 nm. The actual tube-tip distance can 
be estimated from the lateral distortion [10] of the atomic corrugation of the nan- 
otube. The tip may even come into mechanical contact with the carbon nanotube, 
as seen in Fig. 3, where the depression in the topmost part of the cross section 
through the nanotube clearly shows the deformation of the nanotube by the STM 
tip. The contact resistance measured at the Au/carbon nanotubes interface when 
no special treatment is done is of the order of lOMfl [11], i.e., of similar magnitude 
as the resistance of the tunneling gap between HOPG and a Pt tip. This resistance 
may drop to kCl, if e-beam is used to modify the contact [11]. This suggests transi- 
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FIGURE 2. Normalized asymmetries for different tunneling potentials. 

tion from tunneling to contact regime. During the compression of the nanotube by 
the STM tip similar phenomena may occur, the tunneling contact of the free tube 
may switch to (point)contact. It is reasonable to admit that in this case there are 
two simultaneous point contacts due to the fact that the STM tip is pressing the 
nanotube towards the support. 

R 
56    IB 

5 

B 

-5 

IBB     208       300     400      5BB 

FIGURE 3. left) Topographic STM image of a nanotube; right) line cut marked in the image. 

The comparison of simulation with experimental results reported in [3] shows: 
i) regular STS spectrum is obtained when there is no point contact between the 
nanotube and the STM tip, and the contact resistance of the measured nanotube 
to the support is small - a-type curve in [3] (panels bl and cl in Fig. 3); ii) 
when the free nanotube/support contact resistance is high (region with defects, 
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impurities inside the raft, etc.) the reduction of the transmission coefficient of the 
system will make the STM tip to descend till point contact is achieved on the 
topmost part of the nanotube. This will lead to mechanical deformations of the 
tube, and point contact at the nanotube/support interface, too. The transmission 
through the system will be controlled by point contact(s), the tunneling current 
will show a strong increase and a pronounced asymmetry - b-type curve in [31 
as shown in panels 64 and c4 in Fig. 3. The asymmetry being 1.8 means an easy 
current direction from the negative tip to the positive support, in agreement with 
experiment [3]. 

Conclusions,   the simulations based on the wave packet scattering technique 
showed that first:  the magnitude of the tunneling current is determined by the 
carbon nanotube/STM-tip tunneling gap. This is to some extent analogous with 
mounting in series two resistances, the equivalent resistance will be dominated bV 

the larger one. Second: the asymmetry in the tunneling current will be determined 
by the contact between the free carbon nanotube and the support. If this contact 
is a low resistance, ohmic contact, the I-V characteristic will be symmetric if this 
contact is dominated by tunneling than asymmetry may show up in the I-V curves 
due to point contacts at the STM tip/carbon nanotube, carbon nanotube/support 
interfaces. The adding of point contacts - in a plane normal to the orientation of the 
tunneling channel - between the nanotubes building up the raft, has no significant 
influence as compared with the case of point contacts at the nanotubes/support 
interface   Our preliminary calculations for non vanishing bias show that in agree- 
ment with experiments the magnitude of the asymmetry increases with increasing 
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ihrfrapt    Vam kinds 0f single-walled carbon nanotubes (SWNTs) with different diameter 

wall carbon nanotubes that have small core diameter and of Br2 doped SWNTs are shown. 

INTRODUCTION 

Recently Wildöer et al. have directly measured electronic density of states of 
inSSingleSailed carbon nanotube (SWNT) by scanning tunnehng V°*™W 
tlhavTsLwn a good agreement with the tight-binding ^g^^^to 
This is the evidence of one-dimensional van Hove angularity. (2 3) In this system aue 
I a elation rule, optical transitions between mirror-image spikes are dominant. 4) 
T^us tTvery mteresting to measure the optical absorption spectra 5,6)^of the 
SWNTs m to report, the optical absorption spectra of four kinds of pristine SWNTs 
JT^TdS^r distributions will be shown. Furthermore resonance Raman 
TpLa tm n&red to visible region will be shown. Also we will show prehmmary 
reSs lout resonance Raman scattering of multi-wall carbon nanotubes (MWNT) 

and Br2 doped SWNTs. 
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FIGURE 1. (a) Optical absorption spectra of SWNTs. Solid curves show optical density of SWNTs 
film on quartz plate. Peaks at 0.55 and 0.9 eV are absorption by the quartz substrate. Dotted curve 
show PD signal of purified SWNTs (NiY). Inset shows Raman spectra of the breathing mode, (b) 
Gap energies between mirror image spikes in density of states calculated for all chiral indexes larger 
than (5,5) by zone folding method for y= 2.75 eV. 

at.%) and RhPd (1.2-1.2 at.%). From the transmission electron microscope (TEM) 
observation and Alg breathing mode frequencies in Raman spectra, (8) it was found 
that diameters of SWNTs were distributed from 1.24 to 1.58 nm for NiY catalyst, from 
1.06 to 1.45 nm for NiCo and Ni, and from 0.68 to 1.00 nm for RhPd. A thin film of 
SWNTs was prepared by a painting method. (9) High-grade MWNTs sample was 
synthesized by carbon arc in hydrogen gas. (10) Br2 doped SWNTs was prepared in a 
quartz ampoule which was evacuated after full doping. 

RESULTS AND DISCUSSION 

Solid curve in Fig.l (a) shows optical absorption spectra of four kinds of SWNTs 
with different diameter distributions. For a convenience, large background absorption 
was subtracted. Diameter distribution of each sample can be estimated from the 
breathing mode frequencies with a rule, CO «= 1 / D, where D is a diameter of SWNT. 
(8) In the case of NiY catalyst, three large absorption peaks at 0.68, 1.2 and 1.7 eV are 
observed. To confirm that these peak structures are characteristics of SWNTs, we 
measured optical absorption and photothermal deflection (PD) (11) of purified SWNTs. 
We did not observe any significant difference between spectra before and after the 
purification in conventional measurement. In the PD, quite similar absorption structure 
to the conventional one was observed. These results indicated that the absorption 
structures are not due to the metal particles, amorphous carbon and surface light 
scattering. We concluded that these absorption peaks are originating from optical 
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transitions between spike like density of states in SWNTs considering the selection 
rule (4) of optical transition. For the other catalyst case, very similar absorption 
structures were observed, but peak positions are considerably different from each other. 
For example, in the NiCo case, the first peak lies at 0.72 eV and in the case of Ni 
catalyst, it lies at 0.8 eV. In the thinnest case of RhPd, the first peak is observed around 
1 eV. The differences in the peak positions are probably due to the differences in the 
energy gaps that depend mainly on the diameter of S WNT. 

To interpret these absorption spectra, band structure of SWNT was calculated using 
zone-folding method. (3) In Fig. 1 (b), gap energies between the mirror-image spikes 
are indicated as a function of the diameter. In the figure, solid circles indicate the 
energy gap of the metallic SWNTs and open circles indicate the semiconducting 
SWNTs. Arrows indicate diameter distributions of SWNTs for NiY and RhPd. If each 
sample contains both types of SWNTs, the semiconducting SWNTs form the first and 
the second lowest energy-gap groups and the metallic SWNTs form the third group. 
By considering the dispersion of gap energies and the diameter distribution of the 
sample, the higher absorption peak should have the wider half width. This theoretical 
prediction shows very good correspondence with experimental result shown in Fig. 1 
(a) for the peak positions and half widths. Of course, each absorption peak consists of 
much narrow absorption peaks of constituent SWNTs. Indeed, observed each 
absorption peak has fine structures. Farther, we found that only solid circles are seen in 
rectangles in the figure. We call it "metallic window". If the laser wavelength is tuned 
in metallic window, resonance Raman spectrum of metallic SWNTs must be observed. 

We have measured resonance Raman spectra of four kinds of samples for wide 
energy range and it was confirmed that the integrated Raman intensity of breathing 
mode is roughly proportional to the magnitude of optical absorption. At the high 
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FIGURE 2. (a) Resonance Raman spectra of SWNTs using RhPd as a catalyst, (b) Raman spectra of 
SWNTs excited by the laser lines in the "metallic window". Dotted curves show Breit-Wigner-Fano 
line shapes, which is given by /(to) = /„ {1 + (to - w0) I qT^21 {1 + ((a) - ta0) / If). Fitting parameters 
are indicated in the figure. 
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FIGURE 3. Resonance Raman spectra of (a) MWNTs synthesized by the electric arc in hydrogen 
gas and (b) Br2 doped SWNTs. Doped SWNTs were sealed in quartz ampoule after evacuation. 
Raman spectra of pristine sample are shown as a reference. 

frequency region, broad and asymmetric Raman peak was observed around 1.7 eV for 
NiY case and around 2.4 eV for RhPd case, which just correspond to the "metallic 
window" of each sample. For example, Raman spectra of the SWNTs using RhPd 
catalyst are shown in Fig. 2 (a). Similar line shape was already reported by Rao et al. 
in K and Rb doped SWNT bundles. (12) They assigned that as a Breit-Wigner-Fano 
(BWF) interference. We also tried to fit the spectra with BWF line shape. Fig. 2 (b) 
shows the typical example of the fitting. Fitting parameters are indicated in Fig. 2 (b). 
In both cases, BWF line shapes could successfully fit the main part of Raman spectra. 
This means that metallic SWNTs are selectively resonated by the excitation in 
"metallic window". This result is consistent with the result of optical absorption. 

Preliminary result about resonance Raman scattering of MWNTs is shown in Fig. 3 
(a). Because the resonance feature of Raman peaks from 200 to 328 cm'1 are quite 
similar to that of SWNTs (13), we concluded that all of them are breathing mode. 
Frequency of each peak is higher than that of SWNTs about 4%, which is probably due 
to inter-layer interactions. We also found two large peaks around 390 and 490 cm"1 

which also show strong resonance features. If these peaks are breathing mode, 
corresponding diameters are 0.57 and 0.45 nm, respectively. From the TEM 
observation, indeed, we found that some MWNT have very small core diameter such 
as 0.5 nm. Clearly, these nanotubes are the core tubes in MWNT. Diameters of the 
second layer of them are 1.25 and 1.13 nm and breathing mode frequencies are 177 
and 196 cm"1, respectively. It is very interesting that we did not observe any Raman 
peaks around these frequencies. This result suggests that only the core tubes have 
considerable Raman intensity. 
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Resonance Raman spectra of Br2 doped SWNTs are shown in Fig. 3 (b). Rao et al. 
(12) have shown that the breathing mode is terribly shifted to higher frequency by Br2 

doping. In our result, consistently, the breathing mode of doped SWNT bundles is 
observed at 240 cm"1. Furthermore, it is clearly seen that the breathing mode of doped 
SWNTs was observed only in a visible region. In the infrared, observed breathing 
mode is originating from the undoped portions in the doped sample. This result is 
basically explained by a lack of density of states at the first peak of metallic SWNTs 
caused by the charge transfer from SWNT to bromine. This is consistent with the 
previous work about the optical absorption of Br2 doped SWNTs solution. (5) On the 
other hand, the resonance feature of undoped portions in doped sample is slightly 
different from that of pristine sample. Because the Raman signal from the undoped 
portions is observed only in the case of evacuated sample, it is presumed that they are 
individual SWNTs. Since the Raman signal of pristine sample comes mainly from the 
undoped SWNT bundles, the difference in resonance feature of them is probably due 
to the bundle effect. (14) 
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Abstract. The Raman spectra of single-wall carbon nanotubes under the pressures up to 10 
GPa have been measured in situ in diamond anvil cell. The "breathing" mode was clearly 
seen at pressures below 2 GPa and disappeared at higher pressures. The splitting of TO mode 
was kept at all steps of pressurizing. This mode shifted from the position 1592 cm"1 (at 
ambient pressure) toward high frequencies almost linearly with the pressure. The shift rate 
(4.9 cnr'/GPa) appeared to be very close to that of graphite. The irreversible broadening and 
overlapping of the split components of TO mode at pressures above 2.5 GPa have been 
observed. A polymerization of nanotubes inside ropes followed by the graphite needles 
formation is discussed as a possible mechanism of the tube structure transformation under 
the pressure. 

INTRODUCTION 

The bulk characteristics of single-wall carbon nanotubes (SWNT) change 
substantially under the pressure. For instance, the temperature dependence of SWNT's 
resistance is metallic at ambient pressure, but shows a semiconducting behavior at 
pressures higher than 2 GPa [1]. Which structural transformations do influence to the 
electronic properties of the material? The best way to answer this question is to 
monitor "in situ" the pressurizing process. It is too complicate to combine a pressure 
cell with instruments possessing a high spatial resolution. So in this work we used in 
situ Raman diagnostics of SWNT pressurized up to 10 GPa in a diamond anvil cell. 
Observing changes in the lattice dynamics under the pressure we got indirect 
information about the material structure. 

EXPERIMENTAL 

The experiments have been performed with a bucky-paper produced by a double-pulse 
laser ablation technique followed by an efficient purification procedure [2]. The similar 
data have been obtained also with a disperse SWNT material. 
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FIGURE 1. Transformation of TO-band 
contour in the Raman spectrum of SWNT 
pressurized in diamond anvil cell. 
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FIGURE 2. The pressure-induced shift of 
TO-band in the Raman spectra of bucky- 
paper {our data), HOPG [5] and 
polycrystalline pyrolytic graphite [6]. 

The pressure was generated with a diamond anvil cell (DAC) of the wedge-type 
[31 with diamonds selected on low fluorescence. For the pressure calibration the 
position of fluorescence bands of a ruby chips [4] admixed to SWNT were measured. 
Due to a high compressibility of SWNT the cell was filled with a buffer gas N2 

The Raman spectra were registered with a double monochromator and CCD- 
matrix. The radiation of Ar+-laser with A,=488 nm was used for excitation. 

RESULTS AND DISCUSSION 

We have observed two main trends in the pressure-induced transformation of 
tangential Raman band of SWNT (observed at 1592 cm"' at ambient pressure): 
(i)the band position shifted toward high frequencies (Fig.l) almost linearly with the 
pressure (Fig 2) Comparing our data with ones for highly oriented pyrolytic graphite 
(HOPG) [5] and microcrystalline pyrolytic graphite (uc-G) [6] we have revealed 
almost no influence of the curvature of nanotube surface on the coefficient of the 
pressure-induced TO-band shift. Its value is 4.9 cm'1/GPa for SWNT, 4.7 cm-'/GPa 
for HOPG and 4.1 cm-1/GPa for uc-G. 
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FIGURE 3. The Raman spectra of SWNT treated at different pressures measured 
after unloading. The insert shows the shape of TO-band in detail. The arrows 
indicate the position of «D» (disorder-induced) Raman peak. 

(ii) The characteristic splitting of TO-mode kept at all steps of SWNT pressurizing. 
This confirmed the SWNT survival. However after loading with pressures higher than 
2.5 GPa the split components of TO-mode began to broaden and to overlap (Fig.3). As 
a result after the pressure release TO-band returned to the initial frequency position 
keeping the broadening, while after the treatment at lower pressures no changes of the 
band shape occurred (Fig.4). The similar trend was observed in the Raman spectra of 
SWNT removed from a Bridgman-type anvil apparatus [7]. The band broadening 
increased at higher pressures while the disorder degree of the material didn't change 
remarkably since the contribution of a disorder-induced Raman peak "D" at 1350 cm"1 

was small at all pressures (Fig.3). 
The polymerization of nanotubes in each rope under the pressure [8] may be 

considered as a possible mechanism of the observed Raman band transformations. In 
case of polymerization the dispersity of nanotubes over diameter substantially 
increases. It should broaden the summary TO-contour which integrates the 
contributions from tubes of different diameter. The idea of polymerization is not 
contradictive with our HRTEM observations (Fig.5). The graphitic needles with a 
perfect structure have been found in the material removed from the anvil after the 
treatment at 8-9 GPa. Each needle seemed to be formed on the base of individual 
SWNT rope. Probably, the separate tubes in the rope initially form a polymerized 
conglomerate, which easier transforms into graphitic platelet at higher pressure. 

A «breathing» Raman band with the maximum at 186 cm"1 (at ambient 
pressure) [9] could be more informative for the tube diameter estimation. This band 
was observed clearly and demonstrated the upward frequency shift while the pressure 
increased up to 2 GPa. At higher loading the band disappeared. This may happen if the 
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FIGURE 4. Irreversible broadening of TO- 
band observed in the Raman spectra of SWNT 
treated under the pressure above 2.5 GPa. 

FIGURE 5. The HRTEM image of nanoscale 
graphite platelets (needles) arising on the base 
of individual SWNT ropes under the pressure 

Raman scattering loses its resonance character due to modification of the electronic 
structure of SWNT under the pressure or if the polymerization takes place. Our 
experiments are in progress to monitor in detail the «breathing» Raman mode behavior 
under the pressure and to clarify the graphitization mechanism of SWNT. 
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Abstract. Raman Microscopy has been performed on single wall carbon nanotubes (SWNTs). For that 
purpose chromatographically purified SWNTs were adsorbed onto substrates for Surface Enhanced 
Raman Spectroscopy. Investigations by Scanning Electron and Atomic Force Microscopy of the 
substrates revealed, that there are only a few objects in the Raman active area. Spectra with a distinct 
sharp peak in the region of the radial breathing mode (RBM) and four C-C stretching modes centred at 
1580 cm"' were recorded. The extremely narrow line width indicates that the spectra originate from 
individual SWNTs or ropes of SWNTs with a unique diameter. 

1 INTRODUCTION 

Raman spectroscopy has become a powerful tool for the characterisation of nanotubes. 
For different SWNTs, defined in diameter and chirality by their roll-up vector (n,m), 
variations in the Raman spectra have been theoretically predicted [1,2]. From the 
frequency of the radial breathing mode (RBM), in which the carbon atoms undergo an 
uniform radial displacement, the diameter of a SWNT can directly be estimated [3]. 
Several C-C bond motions contribute to G-line of SWNTs centred at 1580 cm"1, which 
are only weakly dependent on diameter and helicity of the SWNT. 
Until now, however, most of the Raman investigations have been performed on samples 
containing a variety of SWNTs. The spectra obtained are always a superposition of 
various types of tubes, causing broad unresolved peaks, which makes a straightforward 
assignment of modes in bulk samples impossible [4]. 
Chromatographie purification yields highly pure and length separated carbon nanotubes 
in aqueous suspension [5], allowing their controlled adsorption on substrates for Surface 
Enhanced Raman Spectroscopy (SERS). These samples make it possible to obtain 
Raman spectra from individual SWNTs or a small bundle of SWNTs [6]. 

2 EXPERIMENTAL 

The SWNT soot, produced by the arc discharge method [7], was subjected to 
chromatography as described previously [8]. The purified SWNTs were deposited on 
silver substrates produced by the reduction of Tollen's reagent as described by Ni et al. 
[9]. The adsorption times ranged between 30 sec to 30 min. Finally the substrates were 
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immersed into distilled water to remove the surfactant. The samples were characterised 
with AFM (Digital Instruments, Nanoscope Ilia) and by field emission SEM (Gemini 
DSM 982). 
The Raman microscope (Instruments SA Labspec IB) was equipped with a 20 mW 
He/Ne laser (A,=632.8 nm) and a manual X-Y stage. The spot of the incident laser beam 
is specified to be 1 \im in diameter. 

3 RESULTS AND DISCUSSION 

Unlike other purification techniques, Chromatographie separation yields individual 
SWNTs and thin ropes of 2-5 nm diameter in aqueous suspension. Approximately 50% 
of the objects are individual tubes while the other half are ropes as estimated from the 
analysis of AFM height profiles of the SWNTs adsorbed on silicon wafers [19]. In a 
similar way, SWNTs were adsorbed onto SERS substrates for Raman investigations. 
The SEM image in Fig. 1 shows the rough surface structure, made of silver dots 
approximately in 100 nm diameter, of a typical substrate. A few, spatially separated 
SWNTs or ropes of SWNTs can be seen on the surface. Detailed SEM and AFM 
investigations revealed that on average only a small number objects is present in an area 
of 1 nm2. Hence, the use of SERS substrates makes it possible to detect a small number 
or even individual tubes, if a Raman microscope with a laser spot of approximately In 
m2 is used. 

Fig. 1 SEM image of SWNTs on a substrate suitable for SERS investigations. A few tubular structures 
are recognised on the rough silver surface, indicating the presence of only a few objects in the area of the 
incident laser spot (d = 1 |im) of the Raman microscope. 

At various spots, spectra with only a single line in the low frequency area could be 
obtained. Three examples of such spectra are displayed in Fig. 2. The inset of Fig. 2 the 
single lines in the RBM region can be clearly recognised (the sharp line at 181 cm"1 is 
an instrumental artefact). 
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Fig. 2 Three Raman spectra recorded on different location of a SERS substrate. The spectra exhibit a well 
resolved G-line and only one narrow mode in the RBM region (see inset). 

The lorentzian line shape of the RBMs indicates that scattering originates from single 
objects. The obtained FWHMs below 10 cm"1 are consistent with the natural linewidth 
of this mode expected from the electron - phonon broadening in graphite [10, 11]. The 
RBM is related to the diameter of the tube by the relation [3]: 

,    223.75 
a =  

O) 
were d is the diameter of the tube in nanometers and (0 is the RBM in wavenumbers. 
Assuming a resolution of 5 cm"1 the diameter of a tube can be derived with an accuracy 
of approximately ± 0.05 nm. However, in the view of deformations of adsorbed 
nanotubes due to interaction with the surface [12], an influence of the substrate or of 
surrounding tubes (in case of ropes) on the position of the RBM can not be ruled out. 
The G-line could be fitted by four lorentzians ranging between 1510 - 1595 cm"1 with 
FWHMs smaller than 30 cm"1. The fits match the results of Pimenta et al. [13] who 
reported broadened and downshifted G-line modes for metallic SWNTs. Only the 
position of the highest frequency mode does not appear to be downshifted. Selective 
resonant enhancement of metallic SWNTs of diameters between 1.1 - 1.6 nm has been 
reported for red laser light [12]. This is because the energy gap between the first van 
Hove singularities of these SWNTs is similar to the photon energy exciting laser. Only 
a limited number of (n, m) combinations fulfil the conditions for diameter and metallic 
behaviour and therefore an assignment of the modes to specific SWNTs becomes 
possible. 
The change in relative intensities of the RBM relative to the G-line can be explained 
with calculations performed by Saito et al. [8], who showed that the polarisation and 
intensity of Raman scattered light depends on the position of the tube with respect to the 
polarisation of the incident laser beam. A selective surface enhancement of various 
modes might also take place. 
Even though a small residue of amorphous carbon attached to SWNTs may still remain 
after purification, the intense peak at 1270 cm"1 can not be explained by the presence of 
impurities. It is more likely that the peak originates from the same object as the G-line 
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since the intensities are directly correlated. There could be selective surface 
enhancement of the rather weak Raman modes calculated in this region. Another 
possible explanation is that modes in this region are induced by symmetry breaking 
effects such as bending or the interaction with the substrate [14]. 

4 CONCLUSIONS 

Raman spectra of individual SWNTs or ropes of SWNTs are presented. The spectra 
obtained from SWNTs adsorbed on SERS substrates show a single RBM and well 
defined G-line modes. More detailed investigations with different laser lines and 
polarisation dependent Raman microscopy should allow the assignment of the modes 
to specific SWNTs. The effect of the orientation of the tube relative to the polarisation 
of the laser line and the role of the surface-tube and tube-tube interaction may also be 
clarified in further experiments. 
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Abstract. Disorder effects on the density of states and electronic conduction in metallic 
carbon nanotubes are analyzed by a tight binding model with Gaussian bond disorder. 
Metallic armchair and zigzag nanotubes are considered. We obtain a conductance which 
becomes smaller by the factor 1/2 ~ 1/3 from that of the clean nanotube. This decrease 
mainly comes from lattice fluctuations of the width which is comparable to thermal 
fluctuations. We also find that suppression of electronic conductance around the Fermi 
energy due to disorder is smaller than that of the inner valence (and conduction) band 
states. This is a consequence of the extended nature of electronic states around the 
Fermi energy between the valence and conduction bands, and is a property typical of the 
electronic structures of metallic carbon nanotubes. 

INTRODUCTION 

Recently, carbon nanotubes with cylindrical graphite structures have been in- 
tensively investigated (1,2). Many interesting experimental as well as theoretical 
researches have been performed, and the fundamental metallic and semiconducting 
behaviors of single wall nanotubes predicted by theories (3-8) have been clarified 
in tunneling spectroscopy experiments (9,10). 

In this paper, we would like to try to apply the Thouless formula (11,12) in 
order to look at possible decrease of the electronic conductance by a bond disorder 
potential. The origin of the bond disorder potential is the thermal fluctuations of 
phonons mainly. This idea has been used in the discussion of disorder effects on the 
polaron excitations in doped C60 systems (13). We use a tight binding model with 
the nearest neighbor hopping integral t and the Gaussian bond disorder, and finite 
systems with quite large metallic carbon nanotubes are diagonalized numerically 

in real space. The electronic conductance calculated by the Thouless formula is 
averaged over random samples of disorder. The strength of bond disorder is changed 
within the width whose magnitude is typical to thermal fluctuation of phonons as 

estimated in COO and carbon nanotubes (8,13). 
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This paper is organized as follows. In the next section, we consider disorder 
effects on the density of states. In the third section, the average conductance at 
the Fermi energy is discussed. The paper is summarized in the last section. 

DENSITY OF STATES 

Figure 1 shows one example of the density of states (DOS) and electronic con- 
ductance of the (5,5) nanotube with the disorder strength ts = 0.15*. In Figs. 1 (a) 
and (b), the strong one-dimensional peaks in the DOS are broaden and suppressed. 
However, the flat DOS near the Fermi level does not change so much, because the 
DOS in these energies is nearly the same. Figure 1 (c) shows the conductance in the 
energy region —1.5t<E< 1.5*. The conductance at the energies less than -0.6* 
and larger than 0.6*, i.e. in the inner conduction (valence) band regions, is around 

-3      -2 -10        12        3 
Energy  (t) 

FIGURE 1. Density of states (DOS) and electronic conductance of one sample of the 
(5,5) nanotube with the disorder strength ts = 0.15*. Figures 1 (a) and (b) show the 
entire DOS and the enlarged DOS of the energy region -1.5* < E < 1.5*, respectively. 
Figure 1 (c) shows the electronic conductance in units of 2e2/h of the low energy regions. 
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0.1 in the unit of 2e2/h. This magnitude is one order smaller than that in the clean 
system. On the other hand, the conductance is around the value 0.3 (2e2/h) in 
the energy region — O.ßt < E < 0.6t. This value is of the same order of magnitude 
as that of the clean system. Therefore, we find that the conductance in the inner 
valence (conduction) band regions is easily suppressed by the disorder. However, 
the conductance near the Fermi level is not suppressed so much, since conduction 
and valence bands are mutually connected in the metallic carbon nanotube, and 
therefore the Fermi level is located just at the center of the whole energy bands. 
Then, the disorder effects are smallest at the center of the entire energy bands, 
which means the extended nature of electronic states around the Fermi energy. 

ELECTRONIC CONDUCTANCE 

In this section, we look at the conductance at the Fermi energy E = 0 and 
dependence on the disorder strength ts. 

Figure 2 shows the average conductance at E — 0 as a function of ts. The 
squares, circles, and triangles are for (5,5), (10,10), and (9,0) nanotubes, respec- 
tively. The conductances at ts — 0 are about 0.5, 0.6, and 0.9, in units of 2e2/h for 
(5,5), (10,10), and (9,0) nanotubes. The magnitude at ts = 0.15< is at about 0.3 
(2e2/h) for the three plots. Therefore, the conductance of (5,5) nanotube decreases 
by the factor about 1/1.6. The conductance of the (10,10) nanotube decreases by 
the factor about 1/2. The conductance of the (9,0) nanotube decreases by the factor 
about 1/3. Thus, the electronic conductance of the realistic system with thermal 
fluctuations of phonons might be decreased by the factor 1/2 ~ 1/3, naturally. 

The extended nature of electronic states at the Fermi energy will contribute 
to several interesting transport properties observed in experiments. The ballistic 

FIGURE 2. The average conductance at the Fermi energy E — 0 as a, function of ts. 
The squares, circles, and triangles show the numerical data of (5,5), (10,10), and (9,0) 
nanotubes, respectively. 
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conduction and the quantum single electron tunneling are several examples of the 
recent experiments of carbon nanotubes. We expect further developments of exper- 
imental transport studies, which will promote theoretical investigations of carbon 
nanotubes as well. 

SUMMARY 

Disorder effects on density of states and electronic conduction in metallic car- 
bon nanotubes have been analyzed by a tight binding model with Gaussian bond 
disorder. Metallic armchair and zigzag nanotubes have been considered. We have 
obtained a conductance which becomes smaller by the factor 1/2 ~ 1/3 from that 
of the clean nanotube. This decrease mainly comes from lattice fluctuations of the 
width which is comparable to thermal fluctuations. We have also found that the 
suppression of electronic conductance around the Fermi energy due to disorder is 
smaller than that of the inner valence (and conduction) band states. This is due 
to the extended nature of electronic states around the Fermi energy 

REFERENCES 

1. M. S. Dresselhaus, G. Dresselhaus, and P. C. Eklund, "Science of Fullerenes and 
Carbon Nanotubes", (Academic Press, San Diego, 1996). 
2. R. Saito, G. Dresselhaus, and M. S. Dresselhaus, "Physical Properties of Carbon 
Nanotubes", (Imperial College Press. London, 1998). 
3. J. W. Mintmire, B. I. Dunlap, and C. T. White, Phys.   Rev.   Lett.   68, 631 
(1992). 
4. N. Hamada, S. Sawada, and A. Oshiyama, Phys. Rev. Lett. 68, 1579 (1992). 
5. R. Saito, M. Fujita, G. Dresselhaus, and M. S. Dresselhaus, Appl. Phys. Lett. 
60, 2204 (1992). 
6. K. Tanaka, K. Okahara, M. Okada, and T. Yamabe, Chem. Phys. Lett. 193, 
101 (1992). 
7. K. Harigaya, Phys. Rev. B 45, 12071 (1992). 
8. K. Harigaya and M. Fujita, Phys. Rev. B 47, 16563 (1993). 
9. J. W. G. Wildöer, L. C. Venema, A. G. Rinzler, R. E. Smalley, and C Dekker. 
Nature 391, 59 (1998). 
10. T. W. Odom, J. L. Huang, P. Kim, and C. M. Lieber, Nature 391, 62 (1998). 
11. J. T. Edwards and D. J. Thouless, J. Phys. C 5, 807 (1972). 
12. D. C. Licciardello and D. J. Thouless, J. Phys. C 11, 925 (1978). 
13. K. Harigaya, Phys. Rev. B 48, 2765 (1993). 

345 



Electronic structure studies of carbon 
nanostructures using electron energy-loss 

spectroscopy in transmission 

T. Pichler1, R. Friedlein1, M. Knupfer1, M.S. Golden1, J. Fink1, K. 
Mukhopadhyay2, T. Sugai2, H. Shinohara2, Th. Cabioch3 

1
 Institut für Festkörper- und Werkstofforschung Dresden, Postfach 270016, D-01171 Dresden. 
2 Faculty of Science, Department of Chemistry, Nagoya University, Nagoya 464-8602, Japan 
3 Universite de Poitiers, Laboratoire de Metallurgie Physique, UMR 6630 CNRS, Bätiment 

SP2MI, Teleport 2, Bd 3, BP 179, 86660 Futuroscope Cedex, France. 

Abstract. In this contribution we present a comparative study of pristine and potas- 
sium intercalated carbon nanostructures such as bundles of single-wall carbon nan- 
otubes (SWNTs), multi-wall carbon nanotubes (MWNTs) and carbon onions using 
electron energy-loss spectroscopy in transmission. Upon potassium doping a maximal 
intercalation of C/K « 7 (SWNTs), 8 (MWNTs) and 10 (onions) was found. From the 
low energy loss function we analysed the optical properties of the investigated mate- 
rial. However only in the intercalated SWNT-bundles a charge carrier plasmon could 
be identified. 

INTRODUCTION 

Carbon nanostructures are a promising new member of the growing family of 
novel fullerene-based materials, and represent model building blocks for nanoengi- 
neering as a result of their special electronic [1] and mechanical [2] properties. 
Nanotubes can be envisaged as rolled-up graphene sheets which are capped with 
fullerene-like structures. Their electronic properties are predicted to vary depend- 
ing upon the wrapping angle and diameter of the graphene sheet, thus giving either 
metallic or semiconducting behavior [3]. However, macroscopic samples generally 
contain a distribution of tubes with different diameters and chirality and thus the 
experimentalist measures an averaged picture of their properties. Therefore most 
of the work has been performed on individual nanostructures. The optical proper- 
ties have been analysed using spatially-resolved electron energy-loss spectroscopy 
(EELS) of individual single bundle of SWNTs [4], MWNTs [5] and carbon onions 
[6]. However, these measurements with high spatial resolution are hindered by the 
low energy and momentum resolution. Recently, measurements of purified SWNTs 
using high resolution EELS in transmission have been performed and allowed for 
the first time to identify and assign the low energy excitations in a bulk sample [7]. 
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In this contribution, we present a comparative study of the electronic structure 
of pristine and fully intercalated carbon nanostructures such as SWNT-bundles, 
MWNTs and carbon onions using EELS in transmission. 

EXPERIMENTAL 

SWNT-bundles were produced by the laser vaporization of graphite [8]. The 
material was purified as described in Ref. [9] and consists of SWNT-bundles with 
approximately 1.4 nm mean diameter of the SWNTs and a diameter of the bundles 
of 5-20 nm. MWNTs (inner diameter of 2.5-3 nm, outer diameter 8-10 nm) were 
prepared by the cathalytic decomposition of acetylene as described in Ref. [10,11]. 
Carbon Onions (mean diameter 10 nm) were synthesized by carbon ion implanta- 
tion into thin silver films deposited onto fused silica substrates [12]. Free-standing 
films for EELS with an effective thickness about 1000 Ä were prepared on standard 
copper electron microscopy grids via three different methods: A) Vacuum filtration 
of a SWNT suspension in a 0.5 % surfactant (Triton X100) solution in de-ionised 
water, with a SWNT concentration of ~ 0.01 mg/ml. The surfactant was then 
rinsed off and the grid was transferred into the spectrometer. B) Using an airbrush 
to spray a MWNT/ethanol suspension onto KBr single crystals. After subsequent 
dissolution of the KBr in destilled water the thin film was floated off, captured by 
a TEM grid and transferred into the spectrometer. C) Recorporation of carbon 
onions with TEM grids from the fused silica surface after removing the silver. 

EELS was carried out in a purpose-built high-resolution spectrometer [13] which 
combines both good energy and momentum resolution. For the data shown here, 
an energy and momentum resolution of 115 meV and 0.05 Ä-1 (valence band exci- 
tations) and of 160 meV and 0.06 Ä-1 (core exitations) were chosen. Unlike many 
electron spectroscopies, EELS in transmission is volume sensitive, which in the 
context of the inhomogeneous nature of bulk samples of the nanostructures is a 
crucial point. All spectra were recorded at room temperature. 

RESULTS AND DISCUSSION 
By setting the energy-loss to zero, we can carry out electron diffraction experi- 

ments in-situ in the EELS spectrometer. Fig. 1 shows electron diffraction data for 
purified bundles of SWNT, MWNTs and carbon onions in comparison to graphite 
and C60- The data of the SWNT bundles are consistent with the published x-ray 
diffraction results which were interpreted in terms of a triangular lattice formed by 
the individual SWNTs in the ropes [8]. The electron diffraction of MWNTs and 
carbon onions show that the samples are highly disordered. Similar to amorphous 
carbon very broad maxima at 1.8 Ä-1 (reflection from graphite planes) and at about 
3 Ä-1 (reflection corresponding to the distance between planes) are observed. 

In Fig 2. the EELS Cls excitation spectra as well as the K2p excitation spectrum 
of pristine and fully intercalated samples of purified SWNT bundles, MWNTs, 
carbon onions and highly oriented pyrolytic graphite (HOPG) are depicted. The 
Cls spectra of the pristine nanostructures strongly resemble that of polycrystalline 
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FIGURE 1. Electron diffraction profiles for graphite ((100) direction), SWNT-bundles, 
MWNTs and carbon onions. The arrow points out the peak corresponding to the triangular 
SWNT rope lattice. 

graphite as can be seen by comparison with directional-dependent Cls excitation 
measurements [14,15]. To estimate the intercalation level the carbon to potassium 
ratio for the intercalated nanostructures was derived from the relative intensity of 
the Cls and the K2p absorption lines [16]. Intercalation up to C/K ~ 7, 8 and 
10 is observed for SWNT bundles, MWNTs and carbon onions, respectively. This 
shows that in all these carbon nanostructures intercalation up to about the same 
level is possible. 

In Fig. 3 the optical properties of the three different naostructures are analysed. 
The left-hand panel of Fig. 3 shows the loss function (Im(-l/e(q, E))) of purified 
SWNT bundles, MWNTs and carbon onions for q=0.15 A-1. The position of the IT, 

plasmon, which is corresponding to the collective response of the n electron system 
under investigation, is lowest for the SWNT-bundles (5.4 eV with a shoulder at 6.4 
eV). In MWNTs the 7r-plasmon line is at 6.3 eV, for the carbon onions at 6 eV. 
In the low energy region the loss function of the SWNTs shows distinct peaks that 
are related to the interband transitions between characteristic DOS singularities on 
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FIGURE 2. Cls excitation spectra of pristine samples and for K-doped samples with saturated 
intercalation of HOPG (in plane), SWNT-bundles, MWNTs and carbon onions. 

the individual tubes [7]. No features are resolvable in this region for the MWNTs 
and carbon onions. In the case of the MWNTs this can be explained by the small 
energy separation between the optical allowed interband transitions. The right- 
hand panel of Fig. 3 shows what happens upon intercalation. In all compounds 
a small downshift of the position of the 7r plasmon as well as a broadening is 
observed. For the carbon onions a splitting into two components at 6.2 eV and at 
5.3 eV occurs. However in the low energy region only in the case of the intercalated 
SWNT-bundles a charge carrier plasmon could be identified and has been used 
recently to calculate the optical conductivity in the SWNT intercalation compound 
[16]. For the intercalated MWNTs and intercalated onions the absence of this 
charge carrier plasmon can be explained in a similar way as for pristine graphite. 
The plasmon is strongly overdamped by the huge number of decay channels into 
interband transitions. 

The financial support of the DFG (FI 439/8-1) and the SMWK (4-7531.50-03- 
823-98/5) is appreciated. K.M. thanks the ' Advance Process Research for the 
Future' program of the JSPS for a fellowship. 
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FIGURE 3. Left panel: The loss function of pristine bundles of SWNTs, MWNTs and carbon 
onions for q=0.15 A-1. Right panel: The loss function of fully intercalated bundles of SWNTs, 
MWNTs and carbon onions for q=0.15 A-1. 
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Abstract. 
In this contribution we present the momentum-dependent dielectric response function 
of multi-wall carbon nanotubes (MWNTs) measured using electron energy-loss spec- 
troscopy (EELS) in transmission. Of particular interest here is the dispersion relation 
of the 7r-plasmon, which represents the collective excitation of the 7r-electron system. 
At high momentum transfer the plasmon dispersion in the MWNTs parallels that of 
graphite, whereas in the long-wavelength-limit a significant reduction of the plasmon 
energy is observed. This can be understood as a consequence of the one-dimensionality 
of the 7r-electron system in the MWNTs indicating a supression of the electron-electron 
Coulomb interaction at low momenta due to the spatial confinement of the electrons. 

INTRODUCTION 

Both single- and multi-wall carbon nanotubes exhibit interesting electronic proper- 
ties which are known to be related to the low-dimensional nature of the electronic 
system. Prominent examples are van-Hove singularities in the density of states 
[1,2] and Luttinger liquid behaviour being recently found to influence the trans- 
port properties of single-wall nanotube (SW1NT) bundles [3]. Electron transport 
through bundles is imagined to occur through individual metallic tubes embedded 
in other semiconducting and metallic tubes [4] implying a negligible hopping be- 
tween the tubes. However, the influence of the environment on the ID electronic 
states is still under debate and also not well known for multi-wall nanotubes which 
are imagined to consist of individual sheets stacked into each other. 
Electrons on individual tubes interact via the Coulomb interaction that can mod- 
ify properties compared to those of individual tubes. Due to the spatial electron 
confinement in a one-dimensional solid the electron-electron Coulomb interaction is 
thought to be strongly altered in comparison to a free electron gas or for electrons 
in a 3D solid without crystal local field effects [5-7] where the Fourier-transformed 
Coulomb potential is proportional to 1/q2 (q is the momentum of the electron). The 
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modified interaction can then be called an effective Coulomb interaction vqfijj. The 
dielectric function e(w, q) = tx - u,,e// • x(w> q) is partly determined by u,,e//. In 
this expression e^ is the background dielectric constant and x(w, 9) is the response 
function of the many-body system (see e.g. [8]). 
In this contribution we report on a study of the collective excitation of the 7r- 
electrons in MWNTs by measuring the energy-loss function Im(-l/e(w, q)) in which 
plasmons are identified as pronounced peaks. Our attempt was to extract infor- 
mation on vq>eff of the 7r-electrons using the assumption that the screening of the 
cr-electrons can be included in eTO. We used momentum-dependent electron energy- 
loss spectroscopy (EELS) in transmission which allows the determination of the 
dispersion relation of electronic excitations. It was already successfully applied to 
a variety of materials, among them ID and quasi-lD systems like oriented trans- 
polyacetylene [9], SWNTs [2] and (TaSe4)2I [10]. 

EXPERIMENTAL 

We investigated MWNT material of a high purity and of a narrow distribution of 
an inner diameter of 2.5-3 nm and an outer diameter of 10-12 nm thus consisting 
of 10 to 14 layers. They were synthesized by catalytic decomposition of acetylene 
at 700° C over cobalt and vanadium particles embedded in zeolite [11]. Thin films 
of a thickness of about 100 nm as needed for electron spectroscopy in transmission 
were made by airbrushing [12] from a clear brownish suspension in methanol onto 
a sodium chloride single crystal using hot nitrogen as carrier gas. The films could 
be floated off in destilled water and fished on standard gold microscopy grids. 
The measurements were performed in UHV with a purpose-built high-resolution 
spectrometer with a primary electron energy of 170 keV [8] by choosing an energy 
resolution of 115 meV and an momentum resolution of 0.05 A-1. 

RESULTS AND DISCUSSION 

The loss spectra recorded for various momentum transfers are plotted in the left 
panel of Fig. 1. Two dominant features can be recognized which represent the 
7r-plasmon at about 5-7 eV and the a + 7r-plasmon at about 22 eV. These values 
are consistent with reportet values from EELS measurements on spatially resolved 
MWNTs [13]. At any q the 7r-plasmon energy ujT{q) of MWNTs lays in between 
those of graphite (parallel to the graphene layers) and non-oriented SWNTs ar- 
ranged in bundles [2]. This is expected since MWNTs consist of a few rolled-up 
graphene layers. It can be seen in the right panel of Fig. 1 that the slope of the 
dispersion relation of MWNTs shows a strong reduction of u„(q) at low momentum 
transfer q < 0.2 Ä"1. 
In a cylindrical system like nanotubes the momentum transfer perpendicular to 
the tubes, q±, is related to an angular momentum / = rq± that depends on the 
radius of the tube. It was predicted [6,14] that plasmon excitations in tubes can 
be classified with respect to the angular momentum by discrete values L = 0,1,... 
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FIGURE 1. 
Left: Electron energy-loss function for various q of non-oriented MWNTs. 
Right: 7r-plasmon position of MWNTs (full line is a guide for the eye) as a function of q. 

These plasmon modes u3v{L,q\\) have generally different dispersion relations. But 
for large diameter tubes (d > 7 nm) like the outer shells of the MWNTs they 
merge [14]. Therefore we were able to conclude that inspite of the non-orientation 
of the tubes the slope of the measured MWNT dispersion relation is determined by 
changes connected with the momentum transfer projected onto the tube axis, q». 
To understand the behaviour of uj„(L,q^) one can consider a simple Lorentz model 
without damping where the dielectric function is given by e(w, q) = e^—//(w2—U>Q). 

The plasmon position u„ is then w„ = (w$ + f)1?2. Comparing this with the 
expression of c(u>,q) as given in the introduction one can see that the effective 
Coulomb potential v,,e// alters the oscillator strength, /, of the excitation, i.e. 
a smaller u,,e// also means a reduction of /. Thus, the plasmon energy OJV also 
has a lower value when vq<ejj is smaller. The Coulomb potential for an individual 
tube was derived to be ~ IL(q\f)KL(q\f) [15] with IL and KL as the L-dependent 
modified spherical Bessel functions. As an example for a tube with a diameter of 
4 nm this potential for various L is plotted in Fig. 2 in comparison to the bare 
potential. Fig. 2 demonstrates that the modification of i>9,e// compared to the 3D 
case is largest at small momentum, qy. Especially for high L the effective Coulomb 
potential at low q^ is decreased by orders of magnitude (as it is the case for the 
investigated MWNTs). The observed dispersion of the 7r-plasmon in MWNTs can 
therefore be related to this strong reduction of u,,e// at low q. In the limit q —> 0 one 
would expect the 7r-plasmon to be near u0 = 4.5 eV because the matrix-element- 
weighted joint density of states of all kinds of nanotubes shows a broad maximum 
at this energy (e.g. [2]). 

We conclude that the measured MWNT 7r-plasmon dispersion relation shows a 
typical behaviour for a ID electronic system indicating a suppression of the electron- 
electron Coulomb interaction in the long-wavelength limit due to the localization 
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FIGURE 2. 
The calculated effective electron-electron Coulomb potential vq,ejj ~ lL(q\\r)KL(q\\r) for various 
modes L in an individual tube with an diameter of 4 nm in comparison to the bare potential 

vq ~ l/?2 (following [15]). 

of the electrons within the one-dimensional structures. 
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Molecular Mechanics Study of Carbon 
Nanotubes 

Istvän Läszlö 
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Abstract. The deformation of graphite surface and carbon nanotube under nanotube 
tip was examined with the help of a molecular mechanics calculation. We have used 
Brenner's potential for the covalent interactions. The tip-surface and interlayer inter- 
actions were described by a Lennard-Jones potential. The 21 nm long tip contained 
1680 carbon atoms and had the form of a (5,5) nanotube closed by two halves of a Ceo 
molecule at the ends. 

INTRODUCTION 

Since the invention of the scanning tunneling microscope (STM) [1] and the 
related atomic force microscope (AFM) [2] it is possible to build structures on 
atomic scale. The crucial element of these tools is the probe tip [3]. Usually the 
end of the tip is hundreds of angstroms in diameter and in most of the cases the 
chemical composition and the shape are completely unknown. Ideally the tip should 
be as precisely defined as the object under investigation, and should maintain its 
integrity after repeated use. Dai et all. [4] attached individual nanotubes several 
micrometers in length to silicon cantilevers of conventional atomic force microscope. 
This nanotube tip could gain access to deeper recesses of surface structure than 
the conventional tips. 

I    THE METHOD 

In our molecular mechanics simulation the tip was a 21 nm long (5,5) nanotube 
closed by two halves of a C6o molecule at the ends. It contained 1680 carbon atoms. 
First we studied the tip-graphite (Figure 1 a.), then the tip-nanotube (Figures 1 
b. and 1 c.) interactions. The nanotube under study was a (10,10) tube of 520 
carbon atoms with a length of 3.3 nm. It was on a graphite layer of 474 atoms. 
The covalent carbon-carbon interaction was given by a Brenner potential [5]. In 
the case of tube-layer, tube-tube and layer-layer interactions a 6-12 Lennard-Jones 
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FIGURE 1. Tip-surface interaction. In each molecular mechanics relaxation the initial positions 
of the 474 carbon atoms in the lower graphite layer and that of the 30 upper carbon atoms in 
the tip-tube were kept. The graphite layer is parallel with the X-Y plane. The Z axis is directed 
upward and parallel with the tip. The (10,10) tube is placed along the X axis. The tip-graphite 
(a.), the tip-nanotube (b. front view and c. side view) interaction. The distortion of the (5,5) 
nanotube-tip after sliding on the graphite layer (d.) and on the (10,10) nanotube.(e.) 
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FIGURE 3. The relative displacement of the central atom (solid line) and a side atom (dashed 
line) on the graphite layer. The central atom is just on the tip axis and the side atom is 3.6A 
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Maximal deformation in the attraction region (upper dashed line). Deformation at —2.0A tip 
position (lower dashed line), (b.) 

potential was used with Girifalco's parametrization [6,7]. The energy minimization 
was based on conjugate gradient method. 

II    RESULTS AND DISCUSSIONS 

Figure shows the force on the tip in the function of the tip position. In the 
tip position 0.0Ä, the tip-surface distance was 3.35A for the unrelaxed case. In 
the relaxation processes the positions of the carbon atoms were not changed in the 
lower graphite layer and on the top 30 carbon atoms of the tip. When the tip 
approaches the surface there is a small attraction between the tip and the surface. 
This attraction changes to repulsion at smaller distances. There is a significant 
difference between the repulsion steepness of graphite-tip and tube- tip interaction. 
The repulsion part of the tip position-force function can be used to make differences 
between single and multi wall nanotubes. We can see the results for the tip-graphite 
interaction in Figure 3, and the tip-tube calculations are presented in Figure 4. 
The most interesting is the relative stiffness of the graphite surface and the radial 
deformation of the nanotube. It is in accordance with Ref. [8] This work has been 
supported by the Orszagos Tudomanyos Kutatäsi Alap ( Grant No. T025017, 
T024138, T029813 ). 
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FIGURE 4. The relative displacement of the central atom (solid line), the side atoml (upper 
dashed line) and the side atom2 (lower dashed line) on the (10,10) tube. The central atom is just 
on the tip axis and the side atoml is 3.6Ä from it in the X direction. The side atom2 is 3.6Ä 
from the tip axis in the Y direction, (a.). The (10,10) tube deformation under the tip side in the 
X-Z plane. Deformations at O.oA tip position (solid line). Maximal deformation in the attraction 
region (upper dashed line). Deformation at -2.0Ä tip position (lower dashed line). Deformation 
at 4.0Ä tip position in the repulsion region (dotted line), (b.) The (10,10) tube deformation in 
the Y-Z plane. The X = O.oA point is on the tip axis. Deformations at O.oA tip position (solid 
line). Maximal deformation in the attraction region (upper dashed line). Deformation at -2.0A 
tip position (lower dashed line). Deformation at 4.0A tip position in the repulsion region (dotted 

line), (c.) 
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Knock-on Damage in Single Wall Carbon 
Nanotubes by Electron Irradiation 
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Abstract. We determine with high resolution transmission electron microscopy the 
effect of electron irradiation on isolated single wall carbon nanotubes. Observations of 
in-situ irradiation at electron energies of 80-400 keV suggest that a nanotube is 
preferentially damaged on surfaces that lie normal to the electron beam, and the 
threshold energy for knock-on damage is determined to be ~85 keV. Empirical results 
are corroborated by calculations based on established anisotropic ejection thresholds. 

INTRODUCTION 

High resolution transmission electron microscopy (HRTEM) is essential for 
the study of carbon nanotubes due to their small size. However, low atomic 
number materials are highly sensitive to electron irradiation, and carbon 
nanotubes are easily damaged during observation. Damage is believed to occur 
primarily by knock-on ejection, where an essentially elastic interaction between 
an incident electron and a carbon nucleus causes displacement of the 
corresponding atom from the lattice. Determination of the threshold electron 
energy below which knock-on damage does not occur facilitates the non- 
destructive characterization of these structures. 

EXPERIMENTAL 

The nanotubes for this investigation were synthesized by pulsed laser 
vaporization, acid purified, and vacuum annealed at Rice University (1). 
Individual single wall nanotubes (SWNTs) were irradiated and imaged in a JEOL 
4000EX transmission electron microscope at an electron flux of ~2.3(10)19 
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FIGURE 1. HRTEM images of an isolated SWNT (a) before irradiation, and (b) after irradiation 
with 100 keV electrons. 

electrons cm"2 s"1. An image of a SWNT is a projection of the specimen potential 
and consists of two dark parallel lines whose separation is equal to the tube's 
diameter. These lines correspond to where the beam is tangent with the tube. 

Results and Discussion 

The images in Figure 1 were recorded during irradiation of an isolated SWNT 
with 100 keV electrons. Figure la shows the unirradiated tube, whose walls are 
straight and parallel, suspended between two nanotube ropes. 

Figure lb shows the tube after a moderate electron dose. The imaged walls are 
distorted, and their separation is no longer uniform. Evolving lattice fringes are 
seen in the image of the surrounding microstructure, which suggests a graphitic 
ordering having basal planes oriented parallel to the beam. This is not further 
addressed in this article, although similar behavior has been observed in other 
carbonaceous systems (2). 

In this instance, the imaged walls of the tube retain strong contrast even after 
prolonged irradiation. This suggests that carbon atoms are not ejected from 
surfaces that are tangent with the electron beam, such that the tube is not damaged 
on its sides. The observed distortion is attributed to knock-on damage to the top 
and bottom of the tube, thereby destroying the cylindrical rigidity of the molecule. 
Consequently, the sides are less constrained and can adopt different 
conformations, with the sp2 hybridized carbon atoms easily accommodating large 
out-of-plane bond angle distortions. 
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FIGURE 2. AE versus (a, y) for V = 100 keV. AE > 0 only for small a, y. 

Different behaviors are observed if higher or lower energy electrons are used. 
Irradiation with 200 keV electrons produces an amorphous-like structure whose 
image has less contrast than that of the unirradiated tube. The imaged walls are 
seen to segment during irradiation, suggesting no anisotropic selectivity. 

Conversely, irradiation with 80 keV electrons produces essentially no change 
in the tube's image, even after high total electron dose. This indicates that the 
knock-on threshold energy is greater than 80 keV. It is estimated from the 
empirical results that this threshold is -85 keV. 

THEORY AND CALCULATIONS 

The experimental observations are explained by considering the energy 
transferred to a carbon atom during a scattering event and the energy barrier that 
the atom must overcome to escape from the nanotube. To facilitate this 
discussion, the following geometries are defined: n is the normal vector to the 
tangent plane containing the atom; r is the direction of impulse to that atom; b is 
the direction of the electron beam; a is the angle between n and r; y is the angle 
between b and r. It can be shown that: 

AE = E„ 
2v(v + 2m0c

2)      2       „/ x 
(1) 

mcc 
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(3) where mc is the mass of the carbon atom, V is the incident electron energy, 
and f(a) is a monotonically increasing function fit using a least squares method to 
established escape thresholds (4). 

An ejection can occur for those (a, y) having positive AE. For each such 
condition, the position of the corresponding atom relative to the beam can be 
described by the angle 8 = a + y between n and b. The largest possible 8 for a 
certain V is denoted 8max v and is obtained by maximizing 8 along the intersection 
of the AE surface with the plane AE = 0. 

The plot of AE versus (a, y) for V = 100 keV is shown in Figure 2. It is 
calculated that 8maXi 100keV -55°, indicating that only those atoms within ± 55° of ± 
b are susceptible to knock-on damage. The selective destruction of the top and 
bottom surfaces of a SWNT is predicted, corroborating the empirical results. 

It is similarly calculated that 8raax 200 keV = 90° and 8max 80 keV = 0°, indicating that 
every atom comprising a SWNT can be ejected by 200 keV electrons while no 
atom can be ejected by 80 keV electrons. The threshold energy is determined to 
be -86.3 keV, corresponding to where the AE surface is tangent to the AE = 0 
plane. 

CONCLUSION 

We conclude, with excellent agreement between calculation and experiment, 
that the threshold energy for knock-on damage to a SWNT is approximately 85 
keV. More energetic electrons can eject carbon atoms located within ± 8max v of 
the beam, where 8max v increases rapidly with increasing electron energy. 
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Sliding, stretching, and tapering: recent 
structural results for carbon nanotubes 
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Abstract. Typical multiwalled carbon tubes have interlayer incommensuration both 
azimuthally and axially. Finite size effects then imply that the maximal energetic bar- 
rier to interlayer sliding in nanoscale multiwalled carbon nanotubes is, surprisingly, 
independent of the size of the system. Turning attention from post-synthesis inter- 
wall interactions to interwall fluctuations during growth, we note that certain thermal 
fluctuations during multiwalled nanotube growth and tapering are locked into the fi- 
nal structure. The thermal dispersion in the diameters of tube endcaps reveals that 
multiwalled nanotubes grow at temperatures much lower than the maximum plasma 
temperatures for the arc discharge. Finally, considering only noncatastrophic struc- 
tural distortions (i.e. plastic as opposed to brittle failure under tensile load), the onset 
of plastic deformation in carbon nanotubes depends very strongly on the wrapping 
index, as can be understood from a simple model of index-dependent defect-induced 
lengthing of the tube. 

Several unusual properties combine to produce a barrier to interlayer sliding 
in multiwalled carbon nanotubes [1] which is subextensive. The difference in 
radii between successive layers forces the interlayer registry to shift constantly 
as one moves around the circumference. The axial period of a single layer is 
3\/n2 +nm + m2/GreatestCommonFactor (2ra + m,n + 2m) bond-lengths, so that 
when two layers have ni/mi =fi 112/1712, the two axial unit cells are incommensurate. 
The barrier to sliding is zero for perfect incommensuration, since the system aver- 
ages over all possible interlayer registries. Finite incommensurate structures have 
only approximate averaging; the barrier to sliding then arises from the fluctuations 
in the finite-sampled registry-averaged interlayer binding energy, (i.e. the finite 
sampling of a periodic function at an incommensurate period). The upper bound 
on the error scales inversely with size. The corrugation in the interlayer interaction 
energy per atom then scales as l/N and the total interlayer corrugation is indepen- 
dent of N. Except for the fluctuations about the overall trend, the energetic barrier 
in axial and azimuthal interlayer sliding of perfectly rigid multiwalled tubes with 
walls at different helical angles is roughly independent of the radius and length of 
the nanotube. This contrasts with the intrinsic linear scaling of the corrugation in 
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more typical commensurate systems without external load. 
Incommensurate systems undergo distortions which improve registry within fi- 

nite domains. While the elastic cost of an in-plane distortion is second order in the 
displacement, a generalized in-plane coordinate Q exists for which the energy gain 
due to enhanced interlayer registry is linear; E(Q) = —AQ + BQ2. The extreme 
structural anisotropy of graphite (Ba/A ~ 103) implies that the equilibrium dis- 
tortion is roughly a/2000, yielding an energy of E ~ 0.002 meV/atom, a thousand 
times smaller than the raw interlayer corrugation. This finite-domain registry is 
then important only for graphitic structures containing many atoms. Deviations 
from circular cross-section or end-of-tube edge effects can hinder interlayer rotation 
or sliding. Although the distortions induced by pentagons at closed nanotube ends 
could also hinder interlayer sliding, nanotube endcaps can be removed. 

Not only do the multiple walls on certain nanotubes produce interesting inter- 
wall structural effects, but they also provide multiple structural events which shed 
light on local conditions during growth. Multiwalled carbon nanotubes are synthe- 
sized in an arc discharge wherein strong temperature gradients obscure the local 
temperature during tube growth. A careful thermodynamic analysis of structural 
features visible after tube growth can reveal the conditions necessary to produce 
these features. A single pentagonal defect in one wall of a nanotube initiates a 
taper [2,3], which can provide a well-controlled natural laboratory for studying the 
dynamics of the growth edge as a function of tube diameter. Tapering multiwalled 
nanotubes typically end in a series of blunt endcaps, each cap containing 5 addi- 
tional pentagonal rings. The near-periodicity of these caps implies a well-defined 
crossover radius from exclusive hexagon formation (when the tapering walls are 
straight) to pentagon formation in the endcap. Therefore the dispersion in cap di- 
ameters can reveal the thermal fluctuations during growth. Transmission electron 
microscopy images of seven such tapers [2-4] yields average endcap diameters of 
12.1 ± 1.4, 12.5 ± 1.4, 22.8 ± 2.0, 15.8 ± 2.0, 15 ± 1.7, 13.9 ± 1.3, and 13.7 ± 2.2Ä. 
When combined with calculations for the energetics of cap formation as a function 
of the cap diameter [5], these dispersions in diameter can measure the temperature 
during growth. 

A tight-binding total energy [6] calculation shows that the most-favored con- 
figuration for pentagon addition becomes degenerate with hexagon addition in a 
tapering tube at a diameter of ~18 Ä [5,7]. The slope of the pentagon-hexagon 
energy difference versus diameter links the dispersion in cap diameters to the tem- 
perature during growth. As a function of the diameter, the energy difference 
between hexagon and pentagon addition near the crossover region has the form 
^hexagon - ^pentagon « 0.072 ( 18 - D[k] )   eV [5]. 

We connect this result with the growth temperature by modelling the addition 
of successive polygons (i.e. hexagons and pentagons) to a tapering tube. Fig. 
1 shows a simulation which adds successive polygons to a tapering tube under 
quasiequilibrium conditions. The dotted lines show the 68%-likelihood interval 
for closures surrounding the most-likely closure diameter. Using the experimental 
variation in cap diameter of 2.6 — 4.4 Ä, the temperature of the taper during 
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FIGURE 1. Theoretical probability for a tapering nanotube to contain exclusively hexagons as 
a function of the diameter of the growth edge. In other words, one minus the probability that a 
nanotube will cap abruptly at a given diameter, assuming that it was open at a diameter of 6 nm. 

growth is in the range 850 — 1450 K, well below the commonly quoted ~ 4000 K 
temperature in the center of the arc discharge. This discrepancy is consistent with 
the large transverse temperature gradients around the arc. The theoretical endcap 
sizes are somewhat larger than those observed, because interwall covalent "spot 
welds" [8-10] enhance the stability of the inner wall. Since the theoretical closure 
diameters at the temperatures of interest are 0 — 10 Ä larger than those observed, 
the interwall interaction provides a stabilization of (0.072 eV/A)(0 <-► 10 Ä) « 0 
— 0.7 eV, in reasonable agreement with the calculations [8,9], since formation of 
a single pentagon should break zero or one spot welds. This interwall interaction 
decreases the crossover diameter by suppressing pentagon formation, but most 
likely does not strongly affect the extraction of the growth temperature, since the 
energetics of spot welds is expected to depend only weakly on the tube diameter 
[8]. To be conservative, the analysis was repeated for slopes of 0.054 and 0.1 
eV/Ä, yields a 700 — 1800 K window of possible growth temperatures. Additional 
sources of fluctuations would only increase the variations in cap diameter; therefore 
our analysis in terms of thermal fluctuations is an upper bound on the temperature 
for these tubes. 

In addition to the information they provide into synthesis conditions, nonhexag- 
onal defects also play a critical role in determining the structural properties of 
carbon nanotubes such as the limiting stress before plastic distortion. Suggested 
nanotube structural applications rely upon their high elastic moduli [11]. A 7r/2 
bond rotation in a graphitic network transforms four hexagons into two pentagons 
and two heptagons and lengthens the structure along the axis connecting the pen- 
tagons, thereby lowering the Gibbs free energy when under external tension. The 
efficiency of this strain release depends sensitively on the alignment between the 

366 



defect and the tube axis. Certain bonds in an (n,n) tube are aligned with the cir- 
cumference, the optimal orientation from which to rotate for the release of strain. 
In contrast, the most favorable bonds in an (n,0) nanotube are misaligned by 7r/6 
from the circumference. 

We use tight binding molecular dynamics [6] to investigate the plastic defor- 
mation of carbon nanotubes under strain. To separate the effects of tube radius 
from those of wrapping indices, we study two sets of tubes: (n,0) tubes of different 
radius and (n,m) tubes of nearly equal radius. Since the critical tension for trans- 
formation to a defective phase is roughly proportional to the radius R, we define the 
reduced transition tension fc = Fc/R which should vary weakly amongst nanotubes 
of identical wrapping angle. The C2„ symmetry of a bond rotation defect implies 
that physical quantities are well approximated by a(R) + b(R) cos 2\ with radius- 
dependent coefficients a{R) and b(R) (x is the angle between the circumference 
and the best bonds to rotate). We obtain a nearly linear dependence of transition 
tension on cos 2\ for the family of approximately equal-radius tubes. The plastic 
limit varies widely from about 100 nN/nm for the (6,6) tube to about 180 nN/nm 
for the (12,0) nanotube. The radial dependence of the reduced transition tension 
is significant only for the smallest tubes [12]. 

The reduced transition tension is well approximated by "# = # f§ . Since the 
length change SL depends upon only R and the integrated strain of the defect (with 
units of length squared), 5L scales as R~l. The ^ dependence cancels the normal- 
ization prefactor and implies that the radial dependence of the critical tension fc 

arises only through the defect energy SE. The defect energy in tubes of moderate 
radius is a weak function of the wrapping angle (4.0±0.1 eV for the family {(12,0), 
(10,2), (9,3), (8,4), (6,6)}). Therefore the angular dependence of the plastic limit 
arises mainly from the angular dependence of the defect-induced elongation. These 
defect densities as a function of strain are interesting not only for the mechanical 
response: the bond rotation defect is also a plausible route towards modulating the 
electronic properties of carbon nanotubes [13]. The repulsive defect-defect inter- 
action may tend to favor periodic defect arrangements and thereby minimize the 
random component of the defect-induced potential felt by the electronic states. 

We examine the barrier to defect formation at critical external tension by calcu- 
lating energy as a function of bond orientation. Of the kinetic pathways examined, 
the lowest barrier for bond rotation in a (6,6) tube occurs when the bond is tilted 
roughly 15 degrees out of plane, which yields an upper bound of approximately 4.0 
eV for the barrier at the transition, decreasing with increasing strain (i.e. it is 8.5 
eV at zero strain). This is substantially less than the barriers for the related Stone- 
Wales transformation in COO or flat graphite [14]. The barrier at zero tension to 
return to the pure hexagonal state is 5.5 eV, so that the defects can be metastable. 
The pair of pentagon-heptagon defects (5-7 and 7-5) can be separated by addi- 
tional bond rotations; under external stress the gliding of these defects is favored 
[15]. However, the local curvature energy is minimized when the oppositely directed 
curvature dipoles are adjacent, producing a barrier of 4.5 (8.0) eV for separation by 
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one (two) intervening layers of hexagons, although in certain situations this barrier 
may be lower [16]. This large energetic barrier will help suppress fission of the bond 
rotation defect. Recent experiments on nanotubes securely fixed at each end (e.g. 
embedded within blobs of solid material) and pressed transversely in the middle 
of the free section, give a 6% extension for the onset of plastic distortion [17], in 
accord with our theoretical results for the minimal extension for plastic distortion. 
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Temperature Dependence of the Resistivity of 
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Abstract The resistivities of individual multi-walled pure/boron doped carbon nanotubes have 
been measured in the temperature range from 25 to 300°C. The connection patterns were 
formed by depositing two-terminal tungsten wires on a nanotube using focused-ion-beam 
lithography. A semiconductor-like behavior was found for both B-doped and pure carbon 
nanotubes. B-doped nanotubes have a reduced room-temperature resistivity (7.4xl0"7 - 7.7xl0"6 

Sim) as compared to pure nanotubes (5.3xl0'6 - 1.9xl0"5 iim). The activation energy derived 
from the resistivity vs. temperature Arrhenius plots was found to be smaller for the B-doped (58 
- 78 meV) than for the pure multi-walled nanotubes (190 - 290 meV). 

INTRODUCTION 

The electrical properties of carbon nanotubes have attracted much attention since 
their discovery in 1991'. Ebbesen et al.2 pioneered transport measurements of individual 
multi-walled nanotube (MWNT) by contacting the nanotubes using focused-ion-beam 
(FIB) lithography. Tans et al.3 deposited individual single-walled nanotube (SWNT) 
onto metallic electrode structures and measured electrical resistivities from cryogenic to 
room temperature. Resistivity measurements have also been reported for arc-produced 
MWNT bundles4 and pellets5, oriented films of MWNTs6, single ropes of SWNTs7 and 
individual MWNTs as the needle of a scanning-force microscope8. Lee et al. were the 
first to study the effect of doping on the conductivity of bulk samples of SWNTs9. 
Vapour-phase reaction with Br or K was found to increase the conductivity at RT by up 
to a factor of 30. This exohedral doping by intercalation is distinctively different from 
the substitutional doping which is investigated in this paper. The surface electronic 
structure of B-doped MWNTs has already been investigated using scanning tunnelling 
spectroscopy (STS)10. This study revealed that the doped tubes show semimetallic 
character with vanishing or narrow band gap. However, there are no reports concerning 
direct electronic transport measurements of individual boron doped tubes. The present 
measurements were performed from room temperature to higher temperatures, thereby 
covering the range of typical operating temperatures of potential practical applications 
of carbon nanotube based electronic devices. 
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EXPERIMENTAL DETAILS 

The pure/boron doped MWNTs, with average outer and inner diameters about 20 nm 
and 2 nm, respectively, were prepared by arc-discharge method. The nanotube powder 
was dispersed in chloroform using ultrasonic agitation. A drop of this solution was then 
deposited on an oxidized Si wafer. The tungsten pads and the nanotube connecting 
tungsten leads were prepared by focused-ion-beam lithography (for details see Wei et al 
[11]). A typical contacting pattern for a two-terminal resistance measurement of an 
individual tube is shown in Fig.l. The temperature dependence measurements were 
carried out in air in the temperature range from 25 to 300°C. The current was measured 
for input voltages ranging from 5 to 25 V for each selected temperature. 

RESULTS 

Resistance for four individual pure nanotubes and four B-doped nanotube is measured 
with different distances between two contacts. The resultant resistivities at room 
temperature for individual pure and B-doped MWNTs are listed in Table 1. At room 
temperature the resistivity of B-doped tubes is found to be in the range 7.4xl0"7 - 
7.7X10"6 ftm, about one order of magnitude lower than that of the pure tubes (5.3X10"6 - 
1.9xl0"5 Qm). Hence, the conducting properties of B-doped tubes reach those of 
graphite along the basal plane. With the temperature increasing the resistivity decreases 
for both pure and B-doped tubes. This semiconductor-like signature suggests thermal 
activation of electrons from valence to conduction states separated either by a band gap 
or a dopant induced Fermi level depression as it was observed for B alloys of 
graphiteI2.This behaviour could also be interpreted as thermally activated interlayer 
hopping of electrons from inner to outer nanotube walls13. The applied current density 
for B-doped tubes reached values of 107 Acm2 at RT and more than 109 Acm"2 at 
300°C, exceeding the values reported for metallic nanotubes given by Ebbesen et 
al. [2]. These values suggest possible applications of carbon nanotube devices at very 
high current densities. 

TABLE 1.   Resistivities at Room Temperature and the Activations Energies of Different Carbon 
Nanotubes measured in This Paper. The Values for Graphite and Diamond are Also Given. 

Material                                     resistivity at room             activation energy 
 temperature (nflcm) (meV)  

B-doped MWNT 1 3.3xl02 71+5 
2 4.9xl02 65±8 
3 7.7xl02 78±23 
4 7.4x10' 58+4 

undoped MWNT 1 9.3xl02 193+20 
2 7.7xl02 281±13 
3 5.3xl02 235±28 
4 1.9xl03 292+6 

diamond14 ~1026 -5.47 eV 
graphite (basal plane)14 5x10' -40a) 

a)A negative band gap implies a semimetallic behaviour (band overlap). 
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FIGURE ! Contacting pattern prepared by 
focused ion-beam (FIB) lithography for 
electrical transport measurements of individual 
carbon nanotubes (AFM image). 

FIGURE 2 Temperature dependence of the 
electrical resistivities of pure and boron doped 
nanotubes. The mean resistivity at each 
temperature (with error bars) are given. The 
equal power resistivity takes Joule heating into 
account (The lines are linear fits to the data). 

Fig.2 demonstrates that the temperature dependence of the electrical resistivities of 
the pure and the boron doped nanotubes can be well approximated by the Arrhenius- 
type relation. An Arrhenius-type behavior is expected for semiconductors in the 
temperature range where intrinsic conductivity dominates. Both the pure and the B- 
doped tubes perform semiconductor-like with a different slope of the Arrhenius plot, i.e. 
with different activation enengy, Ea. The decrease of resistance with increasing input 
voltage can be partially explained as an effect of Joule heating. Therefore, besides the 
mean resistivities we also compare data for equal input power (i.e. 10 mW). The data 
corrected thereby for possible Joule heating effects is given for both the doped and the 
pure tubes by the dashed lines in Fig. 2 yielding only a small correction. For the B-doped 
CNT the activation energy (Ea = 58-78 meV) was found to be smaller than that for the 
pure CNT (Ea =190 - 290 meV). Strong effects of the doping on the electric transport 
behaviour of nanotubes are expected in the lower temperature range, where charge 
carrier generation from dopant levels wil' dominate the temperature dependence of 
electric transport. 

B-doped tubes, having a negative temperature coefficient of resistivities above room 
temperature, have almost the same RT resistivity as graphite along the basal plane (see 
Table 1). However, graphite has a positive (metallic) temperature coefficient14. Most 
resistivities for pure CNTs reported by other groups are in the order of 10"6 -10'5 fim, 
confirming that our measurements should yield reasonable results. The resistivity data 
for different tubes measured in this work lie in a narrow range, indicating good 
reproducibility of the experiments. Due to the ion beam metal deposition we expect the 
contact resistances to be much lower than the values measured for the tubes. 
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Furthermore, a meaningful comparison of the data for pure and B-doped tubes should be 
possible regardless of the unknown contact resistances. The effects of Ga+ ion beam, the 
properties of the metal-nanotube contact and possible systematic deviation in the cross- 
section of tubes on the electrical transport properties are currently under investigation. 

CONCLUSION 

Semiconductor-like temperature dependence of resistivity was found in all our 
resistivity measurements performed on either B-doped or pure MWNTs. B-doped 
nanotubes as compared to pure CNTs have a reduced resistivity at room temperature 
(by about one order of magnitude). The possibility to operate carbon nanotube devices 
at very high current densities could lead to new strategies of nanotube applications in 
electronics industry. The application of the FIB is shown to have a high potential in 
exploring the electrical properties of nanostructural devices and in the engineering of 
nanotube based devices. 
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Temperature Dependent Resistivity of 
Large Ropes of Single Walled Carbon 

Nanotubes 
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Abstract. The electrical resistance of ropes of single walled carbon nanotubes is 
presented as a function of temperature, magnetic field and electrostatic doping. The 
entire set of data obtained on many samples can be understood on the basis of data 
already published for individual nanotubes. The main conclusion is that a rope is well 
described on the basis of two independent parallel channels, one of semiconducting and 
one of metallic nanotubes. 

The study of the electrical transport properties of single walled carbon nanotubes 
(SWNTs) is of great interest since simply upon geometrical factors, a nanotube can 
be either a metal or a moderate gap semiconductor [1]. So far, electrical transport 
measurements have been performed on bulk material (random network of ropes, a 
rope being a crystal of individual tubes) and on individual SWNTs. In both cases, 
the intrinsic properties of the SWNTs is hardly accessible due to "non-intrinsic" 
effects such as variable range hopping, weak localization and the Coulomb blockade. 
In this paper, individual ropes of SWNTs have been studied using a standard four- 
probe method. The electrical resistivity as a function of temperature, electrostatic 
doping and magnetic field is reported. The data are explained on the basis of 
published results obtained on individual nanotubes. 

The sample preparation goes as follow. First, raw unpurified material produced 
from the laser ablation method is sonicated in ethanol (or isopropanol) for six 
hours and then spun on an oxidized (150 nm) silicon chip (degenerate Si) with 
predefined gold pads and alignment marks. Large ropes of SWNTs are first located 
using an optical microscope (1000X) and fully characterized with an AFM (tapping 
mode). Typically, the chosen ropes are 20 to 50 nm high and 10 to 20 //m long. 
Electron-beam lithography with a beam energy of 40 keV is used to define the 
current and voltage leads. Usually, gold covered chrome is the metal of choice. The 
distance between the current probes (outer probes) is typically 3 /im thus making 
sure that a significant portion of the rope is covered with the large current pads. 
This maximizes the number of connected tubes and insures as much as possible 
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FIGURE 1.   Resistance versus temperature of ropes of SWNTs showing the metallic and 
non-metallic behaviors respectively. 

that the current flows uniformly in the bulk of the rope. 
Figure 1 shows the four-probe resistance as a function of temperature for two 

different ropes of similar dimensions. In Both cases, the contact resistance was 
about 5 to 10 times larger than the four-probe value. The striking feature is that 
these two ropes have opposite signs of Sp/ST. One is metallic with a positive 
Sp/6T. Its low temperature resistivity is estimated to be 60 p£icm with a Sp/ST 
equal to 0.3 pQcm/K, similar to what has been reported previously [2]. However, 
this is likely an overestimate of p since we represent the rope as a bulk cylinder 
and suppose that all the tubes are conducting. The other sample in Figure 1 has a 
non-metallic behavior with Sp/ST < 0. In some samples, a minimum resistance was 
observed between 4.6 and 300 K. In the case of the metallic rope, the four-probe 
I-Vs remain linear down to 4.6 K while they show a small gap (1 to 10 meV) for 
the non-metallic one. It is not clear at this moment what is the origin of this small 
gap. 

In order to get more clues on the origin of such differing behaviors, the effect of 
electrostatic doping was studied through the use of a back gate. The electrostatic 
doping allows to tune the Fermi energy inside the rope. Figure 2 shows the most 
spectacular behavior observed so far. At high temperature, this sample presents 
an overall "p-type" behavior with a positive Sp/SVg. This is a common result in 
all the samples measured in this work and seems to be similar to what is seen on 
individual SWNTs [3,4]. At 160 K, a step is seen around Vg = 0 V that becomes 
more pronounced as the temperature drops to 4.6 K. For Vg < 0, a metallic behavior 
is observed with Sp/ST > 0 and linear four-probe I- Vs. This side of the gate voltage 
dependence remains more or less featureless down to low temperature. For Vg > 0, 
a non-metallic behavior is observed with Sp/ST < 0 and non-linear four-probe 
I- Vs. In contrast with negative Vg, the low temperature positive Vg dependence 
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FIGURE 2. Effect of electrostatic doping on the electrical resistance of a rope of SWNTs. 
Left and Right are the same data sets presented differently. Depending on Vg, a metallic and a 
non-metallic behavior is observed. The different temperatures on the left figure are 160, 82, 40, 

25 , 15, 11 and 4.6 K. 

show strong oscillations with weaker temperature dependence in the local resistance 
minima. 

The entire set of data gathered on ropes of SWNTs can be understood by con- 
sidering that a rope is made of tubes with a random distribution of chiralities. It 
has been shown by electron diffraction that a rope consists of tubes with a narrow 
distribution of diameters but with a random distribution of chiralities [5]. In a 
transport experiment, this can be modeled as two independent (parallel) channels 
of conduction, one of metallic and one of semiconducting tubes. For the metallic 
channel, one expects a Sp/6T > 0 for the entire temperature range and a weak 
Sp/öVg. For the semiconducting channel, the behavior is more complicated and 
depends on where the Fermi energy lies. It has been shown by STM [6] and trans- 
port on individual tubes [3,4] that semiconducting tubes show "p-type" behavior 
with the Fermi energy pinned at the edge of the valence band. In the so-called 
TUBEFET experiment, the resistance of a semiconducting tube was changed by 
six orders of magnitude with most of the change arising around Vg = 0 V [3]. If the 
Fermi energy sits in the valence band (or the conduction band), one expects metal- 
lic behavior while non-metallic behavior should be observed if the Fermi energy sits 
in the gap. By reducing the contribution of each tube in a rope to two channels, 
one metallic and one semiconducting, we can understand the opposite behaviors 
in the temperature dependence of Fig.l and the tuning effect of Fig.2. We believe 
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that a strong metallic behavior in a rope is the result of the metallic channel be- 
ing dominant. This extreme case doesn't seem to be the most frequently occuring 
one, as one might expect for a random distribution of chiralities. The situation of 
Fig.2 is probably a better illustration of an equal contribution from each channel. 
Here, the gate voltage dependence is similar to that of the TUBEFET. The effect 
is obviously smaller because of the constant contribution of the metallic channel. 
But similarly, a step is seen at Vg= OV and the increase of resistance at positive 
Vg shows that the Fermi energy is pinned at the valence band edge. 

The results of Fig.l and 2 could also be understood in terms of disorder induced 
localization. A metallic behavior down to low temperature would be associated with 
a "clean" sample and inversely for the non-metallic one. As for the gate voltage 
dependence of Fig.2, a negative Vg would correspond to tuning the Fermi energy 
away from a mobility edge. As the Fermi energy moves far from the "impurity 
band" the metallic behavior would be recovered. Attempts have been made to fit 
the data using various models but no satisfactory results have been obtained. In 
order to unambiguously separate the two effects, we performed magnetoresistance 
measurements up to 8 T at different Vg (not shown). In a disordered system, a 
negative magnetoresistance is expected due to a suppression of scattering processes 
by the magnetic field. Our data show an amazingly flat magnetoresistance (less 
than 1 %), strong evidence that disorder is not responsible for results shown here. 
Moreover, the absence of magnetoresistance could be an evidence that tubes in a 
rope are weakly coupled. If a 20 — 50 nm rope behaved like a bulk wire, an 8 T field 
should be large enough to induce orbital effects and associated with it, a positive 
magnetoresistance. 

SWNT material was provided by the Smalley group at Rice University. Financial 
support for this work came from LRSM, NSF, Packard Foundation, Sloan Founda- 
tion and Fonds FC AR (Quebec). We would like to thank E. J. Mele and C. Kane 
for enlighting discussions. 

REFERENCES 

1. Ajayan P. M. and Ebbesen T. W., Rep. Prog. Phys. 60, 1025 (1997). 
2. Kane C. L., Mele E. J., Lee R. S., Fischer J. E., Petit P., Dai H., Thess A., Smalley 

R. E., Verschueren A. R. M. and Tans S. J., Europhys. Lett. 41, 683 (1998). 
3. Tans S. J., Verschueuren A. R. M. and Dekker C, Nature 393, 49 (1998). 
4. Antonov R. and Johnson A. T.,to be submitted. 
5. Loiseau A. et al., presentation made at University of Pennsylavania. 
6. Wildöer J. W. G., Venema L. C, Rinzler A. G., Smalley R. E. and Dekker C., Nature 

391, 59 (1998). 

378 



Manipulation of the Transport 
Properties of Single-Walled Nanotubes 

by Alkali Intercalation and Local Charge 
Transfer 
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Abstract. We have studied the effects of charge transfer on the transport properties of 
individual single-walled nanotubes. This was done in two ways. In the first, we expose 
devices made of individual nanotubes to alkali metal vapor. This causes no change in 
the conductance of devices made of metallic tubes, while it increases the conductance 
of semiconducting tubes and causes them to change from p-type to n-type. In the 
second method, we examine a single semiconducting nanotube over three leads with 
an impurity particle near one lead. Local charge transfer from the impurity to the 
tube causes the region with the impurity to act as a diode, while the other, 'clean', 
half displays symmetric transport behavior. 

Single-walled nanotubes (SWNT's) hold great promise as candidates for 
molecular-level electronic components. One possible route to construction of 
nanotube-based devices is through manipulation of their Fermi levels through 
charge transfer. It has been shown that the electronic properties of bulk 'mats' 
of tubes can be significantly altered by alkali-metal intercalation [1]. These bulk 
measurements are only the first step in understanding the details of how charge 
transfer affects the electronic structure of single tubes. Therefore, we have under- 
taken studies of the effects of charge transfer on single nanotubes. We will first 
describe studies of charge transfer by potassium intercalation, and then describe 
a device constructed of a single semiconducting nanotube that displays rectifying 
behavior due to the effects of a local impurity particle. 

The samples used in this study are prepared by deposition of SWNT's out of 
suspension onto pre-prepared Au leads on a degenerately-doped Si wafer with a 1 
/xm oxide layer. This geometry allows for application of both a bias voltage and an 
electrostatic gate voltage through the conductive silicon substrate. Examination 
of the samples by atomic force microscopy (AFM) shows that they are 1.4 nm in 
height, consistent with their being composed of a single nanotube, although it is 
also possible that a given sample comprises a few nanotubes lying flat in parallel. 
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FIGURE 1. Low-bias conductance of a semiconducting nanotube as a function of gate voltage. 
The decrease in conductance with positive gate voltage shows that the dominant carriers are 
holes. The saturation at negative gate voltage is most likely due to contact resistance. 

After deposition, the samples are characterized by room-temperature transport 
measurements, primarily by examining low-bias conductance as a function of gate 
voltage. The samples display behavior that falls into two classes. 'Metallic' devices 
display a relatively high conductance (~1 /xS) which is independent of gate voltage. 
'Semiconducting' devices, on the other hand, display a much smaller conductance, 
which is strongly gate-voltage dependent. We choose samples that are clearly in ei- 
ther the semiconducting or metallic limit, and are thus most likely to be dominated 
by a single metallic or semiconducting nanotube. 

Figure 1 shows the low-bias conductance of a semiconducting device as a function 
of gate voltage. As has been shown in earlier work [2,3], the conductance decreases 
dramatically as the gate voltage is swept from negative to positive. This behavior 
can be attributed to a depletion of p-type carriers from the area of the nanotube 
away from the contacts. Consistent with published results, all of the semiconducting 
nanotubes we observed displayed p-type behavior. 

To 'dope' the nanotube devices with potassium, each chip containing a device 
was mounted into a pyrex tube with a feedthrough so that electrical measurements 
could be performed in situ. The apparatus was then baked out under dynamic 
vacuum and transferred to an inert-atmosphere glove box, where a small amount 
of potassium was inserted into the open end of the tube, which was then evacuated 
and sealed off. To expose the sample to potassium vapor, each end of the apparatus 
was heated independently; the sample side was kept hotter than the potassium side 
to prevent condensation of the potassium onto the sample. 

When we first attempted to dope nanotube circuits in this way, we found that 
the semiconducting devices seemed to 'disappear' after baking out, while metallic 
ones were relatively unaffected. Therefore, we began to monitor the conductance 
of devices during the bake-out. The inset to figure 2 shows the conductance of a 
semiconducting nanotube as a function of time during bake-out at 100 °C. Over 
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FIGURE 2. Potassium-intercalation of a semiconducting nanotube. As the sample and K reach 
190 and 170 °C, respectively, the conductance begins to increase.   As the sample and K are 
held at fixed temperature, the conductance continues to increase. After 1 hour, the sample and 
K are slowly cooled; the conductance decreases with cooling, but remains significantly larger 
than the initial conductance. The inset shows the drop in conductance during bake-out prior to 
intercalation. 

a period of two hours, the conductance of the nanotube drops to near zero. It is 
not known whether this drop in conductance is due to removal of carriers (i.e. that 
the tube is already doped in air) or a reduction in the mobility of carriers, perhaps 
due to a removal of species which may passivate local charged defects on the chip 
surface. 

Figure 2 shows the conductance of the same semiconducting tube as a function 
of time during exposure to potassium vapor. Initially, the conductance of the nan- 
otube was quite low (~5 nS). As the sample and potassium temperatures reached 
190 and 170 °C, respectively, the conductance of the device began to increase. At 
this point, the temperatures were fixed. After one hour, the conductance had risen 
to 250 nS, and the sample and potassium were slowly cooled. Upon cooling the 
conductance decreased but remained significantly higher than the initial conduc- 
tance. It is likely that this increase in conductance is due to charge transfer from 
the potassium to the nanotube. In subsequent studies of other devices we discov- 
ered that the doping process was reversible; heating only the sample side drives 
off the potassium and causes a reduction in conductance to a level similar to that 
of the undoped tube, at which point the tube can be doped again. Similar efforts 
were undertaken to dope metallic tubes, but no effect was observed. 

To further examine the electronic structure of the doped semiconducting nan- 
otube, we studied its conductance as a function of gate voltage, as shown in figure 
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FIGURE 3. Low-bias conductance of a potassium-doped nanotube as a function of gate voltage. 
Charge transfer from the K to the nanotube has caused the tube to display n-type behavior: the 
conductance increases with increasing positive gate voltage. 

ABC 
FIGURE 4. AFM image of a single nanotube (1.4 nm in height) lying across three gold elec- 
trodes. An impurity particle can be seen near electrode A. 

3. In contrast to the behavior seen in the as-prepared samples, the conductance 
of the alkali-doped device increases as the gate voltage is swept from -5 V to 5 
V. The doped device is now n-type, consistent with transfer of electrons from the 
potassium to the tube. 

The above results show that it is possible to dope single semiconducting nan- 
otubes and change their behavior from p-type to n-type. One logical extension of 
this work would be to try to locally dope a tube, in order to make a p-n junction. 
Although we have not yet attempted to do this in a controlled fashion, below we 
describe a device in which this process seems to have occurred by chance. 

Figure 4 is an AFM image of what is most likely a single nanotube lying across 
three gold electrodes, labeled A, B, and C. The segment of the tube lying across 
leads B and C seems to be 'clean,' i.e. there are no large impurities touching it. 
The segment across leads A and B, on the other hand, has a large impurity particle 
lying on top of it about 50 nm from lead A. As will be shown below, this impurity 
seems to have significant effects on the transport through the tube. 

The left side of figure 5 shows the transport characteristics of the 'clean' segment 
of the nanotube. It shows a symmetric I-V curve characteristic of a semiconducting 
nanotube: low conductance at low bias and increasing conductance at high positive 
and negative biases. In addition, the gate voltage dependence (not shown) of the 
low-bias conductivity shows p-type behavior, as with previous devices. 
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FIGURE 5. (left) Current vs. bias voltage of the nanotube between leads B and C. (right) I-V 
relation for the nanotube between leads A and B, at gate voltages of -7, 0, and 7 volts. 

The right side of figure 5 shows the transport characteristics of the nanotube 
between leads A and B. The impurity seems to be causing a drastic change in 
the I-V behavior: the device behaves as between B and C when a positive bias is 
applied, but does not conduct at any applied negative bias (where here A is biased 
and B is grounded). Thus the tube with a local impurity acts as a diode. We 
can understand its rectifying behavior as a result of local transfer of electrons from 
the impurity to the nanotube, using the TubeFET model of Tans et al. In the 
TubeFET, the difference in work functions between the leads and the tube pins the 
Fermi energy of the tube to the valence band edge at the contacts. The bands bend 
downward between the leads; application of a gate voltage increases or decreases 
this bending, reducing or enhancing the hole transport across the barrier created 
by the bent bands. In the nanotube diode, local charge transfer near the impurity 
creates a depression in the bands which interacts with the effects of the contact. 
The two effects combine to produce a larger barrier to hole transport at contact A 
than at contact B. At forward bias, the current is only limited by the barrier near 
contact B, and current flows as in the intrinsic device. At negative bias, on the other 
hand, transport is limited by the (now larger) barrier at contact A, and no current 
flows. It is interesting to note that, in this interpretation, the rectifying behavior 
depends on the interaction between the impurity and the contact: if the impurity 
were too far from the contact they would not 'see' each other and there could be 
no symmetry-breaking. Based on this idea, we can set a minimum characteristic 
screening length in the tube of about 50 nm, the distance between the impurity 
and lead A. 
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Femtosecond Time-Resolved 
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Abstract. We have performed the first time-domain measurements of the electron- 
electron (e-e) and electron-phonon (e-ph) dynamics in single-wall carbon nanotube 
samples (bucky paper) using time-resolved two-photon photoemission. In these room 
temperature experiments the absorption of a visible femtosecond pump pulse creates 
a non-equilibrium electron distribution whose evolution in time can be probed by a 
second UV-pulse. The decay of the excited electron distribution is characterized by 
a fast channel on the subpicosecond time-scale — associated with thermalization of 
the non-equilibrium distribution — and a slower channel which can be attributed to 
e-ph interaction. Once thermalized the electron distribution cools down to the lattice 
temperature as determined by the electron-phonon coupling constant g which was 
found to be lxlO^Wm^K-1. 

INTRODUCTION 

The interaction of electrons with other charge-carriers, phonons and lattice inho- 
mogenieties is crucial to the mean characteristic lengths for electron momentum and 
phase relaxation Lm and Lv. The magnitude of these lengths with respect to the 
Fermi wavelength and the size of the sample determines if electronic transport in a 
certain experimental arrangement is ballistic, diffusive or classic and if localization 
effects or universal conductance fluctuations may be observed [1]. Knowledge of Lm 

and Lv would, therefore, help to understand electronic transport through carbon 
nanotubes better. Femtosecond time-resolved photoemission has previously been 
used to study charge-carrier dynamics in metals and semiconductors [2,3]. Here 
we apply this technique to study the dynamics in single wall carbon nanotubes at 
room temperature. 
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FIGURE 1. a) Perturbation of the Fermi-Dirac distribution by the femtosecond pump pulse, 
b) Change of the difference of the non-equilibrium with respect to the equilibrium distribution 
as a function of time, c) Uncorrected and background corrected photoelectron spectra 

RESULTS AND DISCUSSION 

Single wall carbon nanotube (bucky paper) samples were produced from com- 
mercial nanotube suspension (tubes@rice, Houston, Texas) following the procedure 
described by Rinzler et al. [4]. Samples obtained in this manner were attached to a 
tantalum block which could be resistively heated to 1200° C. The nanotube sample 
was outgassed thoroughly by repeated heating and annealing cycles under UHV 
conditions. Two-photon photoelectron (2PPE) spectra where obtained by means 
of the time-of-flight technique with an improved energy resolution of lOmeV [5]. 
The visible pump pulses with a duration of less than 90 fs were focused nearly 
collinearly onto the sample together with the frequency doubled probe pulses. The 
pump pulse fluence was kept below 109Wcm~2. 

In order to study charge carrier dynamics in the vicinity of the Fermi level we 
used a probe photon energy hvvrobe of 4.60 eV, slightly above the work function 
of the nanotube samples e$ of 4.5 eV. The pump photon energy was 2.30 eV. 
Fig. la) and b) shows a schematic illustration of the experiment together with a 
typical photoelectron spectra in Fig. lc). The intermediate state energy of the 
electrons (E — EF) is calculated from the electron kinetic energy Ekin via the 
relation (E — EF) = Ekin + e$ — hisprobe- 2PPE spectra from these samples show 
no sign of Van Hove type singularities. Such features are probably broadened and 
smeared out due to tube-tube interactions and averaging effects. 

To obtain the correlated 2PPE signal which reflects the changes induced in the 
electron distribution by the pump pulse, we have to subtract the time independent 
one-photon photoemission background from the UV probe pulse. The resulting 
correlated 2PPE signal at zero pump-probe delay is shown in Fig. lc). This spec- 
trum reflects the excitation-induced depletion of charge carriers below the Fermi 

385 



I          Cross-correlations 

c 

JD J 
i      fast component 

\     slow component (E-Ep)= 

50meV 

-2- 

<fl c 
*i 

* 
i v_ 250 meV 

' 
10       12       3       4 5       6 

Pump-probe delay (ps) 

FIGURE 2. Cross-correlations at two 
different intermediate state energies. The 
upper trace was recorded at an energy of 
50 meV and the lower one was recorded at 
250 meV above the Fermi level. 

level (negative signal) and the increase in the electron population at energies above 
the Fermi level (positive signal). 

If the intensity at a particular energy in these spectra is recorded as a function 
of the pump-probe delay we obtain cross-correlations like the ones shown in Fig. 
2. The upper cross-correlation in Fig. 2 shows that the electron dynamics is char- 
acterized by a slow and a fast component. In analogy to our results obtained on 
highly oriented pyrolytic graphite the fast component can be attributed to carrier- 
carrier interactions which lead to a rapid thermalization of the non-equilibrium 
electron distribution [6,7]. This thermalization can be observed directly from the 
time dependence of 2PPE spectra which can be described by a thermal Fermi-Dirac 
distribution after about 500 fs [7]. For the fast channel the characteristic time for 
relaxation of the electron or hole population at 50 meV above or below the Fermi 
level is found to be (250 ± 50) fs. Using a Fermi velocity vF of SÄfs"1 this yields 
an e-e mean free path of 200 nm. Due to the contribution of secondary electron 
cascades to the 2PPE signal this decay-time should be considered as an upper limit 
of the actual e-e scattering time. At higher electron energies the relaxation time 
decreases continuously to less than 20 fs at 2 eV above the Fermi level. 

For the pump pulse fiuence used in these experiments the temperature of the 
electronic system has equilibrated after 500 fs at about 850 K. The slow component 
in the cross-correlations and the dynamics of the 2PPE spectra can then be used 
to follow the cooling of the electronic system down to the lattice temperature Tt 

via e-ph interaction. If approximated by an exponential decay ^ = -c{Te - TJ) 
the characteristic rate c at which the electronic temperature Te decreases is found 
to be ~(2ps)-1. 

Such a coupling of the electronic system to the lattice is frequently discussed in 
the framework of the two-temperature model introduced by Anisimov et al. [8]. 
This model has been used extensively to study e-ph coupling in metals using tran- 
sient reflectivity measurements (see for example ref. [9]). According to Anisimov et 
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al. the flow of energy between the electronic system and the lattice can be described 
by the two coupled heat equations: 

Ce(Te)^ = V(KVTe)-g(Te~Tl) (1) 

FfT 
Cm -^ = g(Te - 71). (2) 

Here Ce and C\ are the specific electron and lattice heat capacities respectively. 
Since C\ is much greater than Ce in graphite (and nanotubes) we can neglect the 
heating of the lattice and use equation 1 alone to determine the coupling constant g. 
In the absence of diffusive transport (V(KVTC) « 0) a fit of equation 1 to the exper- 
imental temperature evolution yields a coupling constant g of 1 x 1015 Wm~3K-1. 
Here we have used the electronic heat capacity of graphite 7 of 2.4 J m"3 K_1. Using 
the formalism originally developed for e-ph dynamics in metals the coupling con- 
stant g can be related to the electron-phonon coupling parameter A from the BCS 
theory of superconductivity via g = (3jk\(u)2))/(nkB) [10] which is also related to 
the characteristic time for emission of a phonon by Te-ph = (7rA(a;))"1 ((w) being 
the mean phonon frequency) [11]. Using the fit to equation 1 we obtain a value 
of A = 0.0025 which is about 2 orders of magnitude smaller than values typically 
found in metals [9]. The corresponding e-ph scattering time is 0.85 ps and the e-ph 
mean free path becomes 0.7yum. 

Assuming that electron momentum and phase relaxation lengths Lm and Lv 

are dominated by e-ph and e-e interactions respectively [1] these results yield a 
momentum relaxation length Lm = [3~"1/2 vF Te-ph] of 0.4/im and a phase relax- 
ation length Lv of 115 nm. In the presence of other momentum or phase changing 
scattering events these relaxation lengths give an upper limit for the respective 
processes. 

We thank M. Wolf and G. Ertl for fruitful discussions and generous support. 
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Abstract. We report measurements of the temperature and gate voltage dependence 
for individual bundles (ropes) of single-walled nanotubes. When the conductance is less 
than about e2/h at room temperature, it is found to decrease as an approximate power 
law of temperature down to the region where Coulomb blockade sets in. The power-law 
exponents are consistent with those expected for electron tunneling into a Luttinger 
liquid. When the conductance is greater than e2/h at room temperature, it changes 
much more slowly at high temperatures, but eventually develops very large fluctuations 
as a function of gate voltage when sufficiently cold. We discuss the interpretation of 
these results in terms of impurity scattering within the Luttinger liquid. 

The strength and extended length of single-walled carbon nanotubes makes it 
quite straightforward to attach metallic electrodes to them. This has enabled sev- 
eral recent studies of the transport properties of individual tubes and ropes (or- 
dered bundles of tubes) [1-5]. In most of these studies the conductance at low 
temperatures is found to be dominated by Coulomb blockade (CB), while at higher 
temperatures a variety of behavior has been reported. Here we analyse the tem- 
perature dependences and other characteristics of a number of devices, in the light 
of recent predictions that the electrons in nanotubes should form Luttinger liquids. 

Each device consists of an individual nanotube rope [6], containing between 1 
and ~ 20 tubes lying on a thermally grown Si02 surface and contacted with gold 
electrodes patterned by electron beam lithography. The electrode separation is 
0.2 or 0.5 fxm, and the metallically doped silicon substrate beneath the 0.3- or 
1.0-^m thick SiÜ2 is used as a gate electrode. We have two varieties of devices: 
'end-contacted', where the electrode metal is deposited on top of the rope; and 
'bulk-contacted', where the rope is deposited on top of prefabricated electrodes. 
An atomic force microscope (AFM) image of a typical device is inset to Fig. 1. 
In all the measurements reported here, the two-terminal dc current-voltage (I-V) 
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V.(V) 

FIGURE 1. Conductance G vs gate voltage Vg at temperatures T from 300 K to 4.2 K for a 
end-contacted device. Right inset: grey scale plot of dl/dV vs Vg and V at 4.2 K (lighter = more 
positive). Left inset: AFM image of a nanotube rope lying over two electrodes separated by a 0.2 
[im gap. 

characteristics were measured in a cryostat with the device bathed in helium. 

Although transistor-like behavior is sometimes seen [4], we consider here only 
devices whose conductance G is approximately independent of gate voltage Vg at 
room temperature. Fig. 1 illustrates the behavior of a typical (end-contacted) 
device as it is cooled down. As T decreases, G drops steadily, and below T ~ 
50 K, Coulomb blockade (CB) peaks develop in G vs V% [1,2]. The right inset is 
a grey scale plot of Al/dV vs Vg and V at 4.2 K. A standard analysis of this bias 
spectroscopy plot [2,7] yields Cg/C ~ 0.15 and a charging energy U = e2/C ~ 
10 meV, where Cg is the capacitance to the gate and C is the total capacitance. 
The excitation spectrum for each charge state is resolved here at 4.2 K, allowing 
us to estimate a mean level spacing A ~ 2 meV. From the regularity of this plot 
we infer that the conductance is largely determined by a single quantum dot. We 
consider in this paper only devices which show such regularity in their spectroscopy 
plots. The values of U and A are consistent with charging a rope segment of length 
L roughly equal to the contact separation (in this case L = 0.5 /mi). This is 
usual for end-contacted ropes. For bulk-contacted devices on the other hand, U is 
smaller and corresponds to charging the full length of the rope. This implies that 
in both cases the electrode-tube interfaces act as tunnel contacts to the rope which 
form the dot. Our terminology was chosen to reflect this: end-contacted means 
that the current flows from the metal into the end of the active rope segment, and 
bulk-contacted means it flows into the bulk. 
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FIGURE 2. Conductance (averaged over Vs) vs temperature for several devices. The data 
plotted with open symbols have been corrected for Coulomb blockade [3], while the others have 
not. (a) End-contacted ropes. The dashed line indicates G oc T0T. The open up triangles 
correspond to the data in Fig. 1. (b) Bulk-contacted ropes. The dashed line here indicates 
G oc T0'37. Inset: dl/dV vs V at several temperatures for a bulk-contacted rope. The dotted 

line here indicates d//dV oc V037. 

In Fig. 2 the average conductance Gw is plotted against T on a log-log scale for 
several end-contacted (Fig. 2a) and bulk-contacted (Fig. 2b) ropes. In all cases, 
Gav decreases monotonically as T decreases, irrespective of the room temperature 
conductance GRT, which varies greatly. That said, we can distinguish the following 
two categories of behavior. In the first, which contains most devices, GRT < e2/h, 
and the conductance decreases by up to an order of magnitude before it is Coulomb 
blockaded at low T. For these devices we do not plot G at the lowest temperatures, 
where CB dominates, and at higher T we multiply G by a correction factor to 
compensate for the effect of classical CB [3]. Note that this factor is between one 
and two, and has no major qualitative effect on any of the data. In the second 
category, which contains only end-contacted devices, GRT > e2/h, the dependence 
on T is much weaker, and there is no Coulomb blockade at 4.2 K. 

We begin by discussing the results (open symbols in Fig. 2) for devices in the first 
category, having GRT < e2/h. Note that the T dependence for all bulk-contacted 
ropes in Fig. 2b is very similar, and closely resembles a power law, G oc Tabulk, 
with abuik « 0.37. For the end-contacted ropes in Fig. 2a the T dependences are 
steeper, and although not so clear cut they are roughly described by another power 
law, G oc Taend with aend « 0.7. We have previously argued that these results 
are consistent with the existence of Luttinger liquids (LL) in nanotubes [3,8,9]. 
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FIGURE 3. Gate-voltage characteristics at a series of T for a device with GRT ~ 3e2/h. Inset: 
grey scale plot of dl/dV vs Vg and V at 1.2 K (from a different cool-down), (b) Mean conductance 
(for Vg < 0) Gav vs T. The solid curve is a fit by eye to G = 4-aT\ yielding a = 3 and b = -0.22. 
(b) Standard deviation GG VS T. The solid and open circles are from different cool-downs. The 
dotted curve is a guide to the eye. 

Tunneling from a metal contact into an LL is expected to be suppressed at low 
energies, resulting in power laws for the conductance, G ~ Ta (for eV < k^T) 
and dl/dV ~ Va (for eV > fcBT). Given a Luttinger parameter of g « 0.28 for a 
metallic nanotube [3], the exponent is predicted to be a = (g^1 - l)/4 « 0.65 for 
tunneling into the end of the tube, and a — (g~1+g-2)/8 « 0.24 for tunneling into 
the bulk [3]. These numbers are in fair agreement with the measured quantities 
aend and abuik above. Moreover, the prediction that the same exponent a should 
be seen in the bias as in the temperature dependence is also borne out well in the 
experiment. This is illustrated in the inset to Fig. 2b, where at high bias the dl/dV 
vs V traces for a bulk-contacted device can be seen to converge parallel to a line 
(on this log-log plot) of slope abuik = 0.37. 

We come now to the second category, having GRT > e2/h. Fig. 3 shows the 
characteristics of a device with GRT ~ 3e2//i, (diamonds in Fig. 2a), at a series of 
T. In strong contrast to Fig. 1, there is almost no T dependence above 100 K. At 
lower T, large, reproducible fluctuations start to develop in G vs Vg. In Figs. 3b 
and 3c we plot the mean conductance Gm and the standard deviation OQ of these 
fluctuations. The bias spectroscopy plot inset to Fig. 3a exhibits a well behaved, 
symmetric cross structure. This implies quite generally that the conductance is 
dominated by transmission through a single object, symmetrically coupled to the 
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two contacts. The fluctuations are almost unaffected by a magnetic field of 7 T. 
This is consistent with their arising from a nanotube rope, whose thickness is much 
smaller than the magnetic length (24 nm) at this field. 

Nevertheless, these fluctuations are quantitatively and qualitatively different 
from the CB oscillations in Fig. 1. We notice that Gav remains above 2e2/h, while 
G fluctuates by as much as 2e2/h, and even occasionally peaks above GRT- These 
facts are completely at odds with standard Coulomb blockade. Rather, we suggest 
that high-transparency contacts exist between the gold and a metallic nanotube 
within the rope. Apart from the high conductance, further evidence for this comes 
from the very small value of Cg/C ~ 0.01 deduced from the spectroscopy plot, 
which means that the rope is much more weakly sensitive to Vg than are similar de- 
vices that behave as quantum dots. This is a natural result of very strong coupling 
to the electrodes. It is therefore possible that the fluctuations are related to trans- 
port through the LL in a tube. Any amount of disorder is expected to completely 
suppress the conductance of a LL at sufficiently low T. At high T a single impurity 
produces a power law suppression of G from its ideal value Go = 4e2/h [8]. In 
Fig. 3b the dashed line is a fit of Gav to the form G0 - aTb, yielding b = -0.22. Al- 
though the fit appears quite good, we make no claim to its validity, as the behavior 
of a disordered LL remains to be addressed theoretically. 

In conclusion, when the conductance of a nanotube rope device is dominated 
by tunneling from the contacts, power law dependences on temperature and bias 
are observed which are consistent with the predicted existence of Luttinger liquids 
in nanotubes. Further, we find evidence that one can obtain highly transparent 
contacts between gold and nanotubes, which should soon enable experimental in- 
vestigations of the intrinsic conducting properties of such a Luttinger liquid. 

We would like to thank Poul-Erik Lindelof, Jia Lu, Reinhold Egger, Anders 
Kristensen and Leon Balents, for help and discussions. 
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Electrical transport in carbon nanotube rings: 
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Abstract. We present a study of the low temperature electrical properties of single-walled 
carbon nanotube rings. The ring topology allows the use of magneto-resistance to determine 
the coherence length of the electrons. A maximum coherence length of about 500 nm is 
determined at 4 K, and a dephasing mechanism involving electron-electron interactions is 
identified. Below ~1 K, a weak to strong localization transition is observed, as well as 
evidence for Kondo scattering. 

Carbon nanotubes are ideal materials whose study can help evaluate theoretical models 
describing transport phenomena in low dimensional systems [1]. There are two types 
of carbon nanotubes: large diameter (typically 10-40 nm) multi-walled nanotubes 
(MWNTs) and small diameter (typically 1-2 nm) single walled tubes. MWNTs are 
essentially two-dimensional objects and magneto-resistance techniques have been used 
to investigate their transport properties [1]. SWNTs are attracting even more interest, 
as they are close to an ideal one-dimensional system. They are potentially ballistic 
conductors and have been predicted to undergo a number of different electronic 
transformations at low temperatures. However, attempts to evaluate the transport 
properties of SWNTs have been frustrated by two factors: first, their contact resistance 
with metal pads is high and this has led to Coulomb blockade effects at low 
temperatures. Second, as they are linear ID systems, the electron path in the presence 
of an external magnetic field does not enclose flux and magneto-resistance studies 
cannot be used directly to evaluate transport properties. 

Recently, we showed that straight SWNTs can be turned into nanotube rings 
[2]. These rings are composed of coiled SWNT ropes held together by van der Waals 
forces. Fig. 1 shows one such ring bridging two gold electrodes. The morphology of 
the rings makes possible the observation of electron interference phenomena. An 
electron wave injected from the metal pad can follow a clockwise or anti-clockwise 
path around the ring. As a result of time reversal invariance the two waves acquire the 
same phase shift and can interfere constructively leading to a quantum mechanical 
contribution (increase) to the resistance (RQM) of the ring. By applying a magnetic 
field oriented perpendicular to the plane of the ring, time reversal invariance is 
destroyed and RQM is reduced. From the dependence of the resistance on the strength 
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of the field, the coherence length of the electrons can be deduced. Here we focus on 
electrical transport in SWNT rings at low temperatures. We are able to determine the 
conduction mechanism, the coherence length of the electrons, the dominant dephasing 
mechanism, and observe a transition from a weak to a strong electron localization 
state. Experimental details are given elsewhere [3]. 

In Fig. 2 we show magneto-resistance (MR) curves for a 820 nm diameter ring 
at temperatures in the range of 2-6 K. A clear negative MR, i.e. a decrease in 
resistance with increasing magnetic field, is observed. This behavior is characteristic 

3.5 4.0       4.5      5.0     5.5    6.0 
Temperature (K) 

Figure 1: AFM image of a nanotube ring bridging two gold electrodes. 

Figure 2:   a) Magneto-resistance of a ring as a function of temperature, b) The dependence of the 
coherence length, L , on temperature. 

of disordered conductors in the weak localization regime [4]. The magnetic field lifts 
time reversal invariance and eliminates interference effects that are responsible for the 
quantum mechanical contribution to the resistance of the ring. The dark lines in Fig. 
2a are fits to ID weak localization theory (WLT) from which the coherence length Lv 

of the conduction electrons is obtained. We find values of Lp that range from 390 nm 
at 6 K to 520 nm at 3 K. The L lengths are significantly smaller than the perimeter of 

the ring which is -2.6 urn. By plotting the L9 vs. temperature we can determine the 
dominant dephasing mechanism in this temperature range. The relation is best 
described as L x T~m (Fig. 2b). This temperature dependence of L9 is characteristic 
of dephasing through electron-electron interactions (Nyquist mechanism) [5]. 

In Fig. 3a we show the temperature dependence of the zero-field resistance 
over a wider range.    We observe a monotonic rise in resistance with decreasing 
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temperature. The data in the range 6-60 K (Fig. 3a) fit well a dV I dl oc T~m relation 
which is characteristic of weak localization in a ID system dephased through e-e 
scattering [5]. Thus, given also the good fit of the MR to 1D-WLT we conclude that 
coherence effects dominate the transport of the ring over a wide temperature range. 
Previous work [6] has shown that the temperature dependence of the resistance of 
SWNT ropes depends on their processing. In particular, acid treatment dopes the 
ropes. While sulfuric acid was used in the preparation of our rings, it was removed 
afterwards by careful annealing. 
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Figure 3: a) Temperature dependence of the zero-field resistance of the ring and fit to one-dimensional 
weak localization theory, b) Close up of the region near the weak to strong localization transition. 

Figure 4: a) Behavior of the ring resistance below 1 K. b) Magneto-resistance of the ring at 0.3 K. 

While the resistance of the nanotube rings evolves smoothly down to ~2 K 
(differences in the value of the contact resistance are, however, observed in different 
runs involving the same ring), as Fig. 3 shows, a drastic change is observed below ~1 
K. The resistance within a range of only one degree increases from ~150 kQ to -1.5 
MQ. The resistance can now be expressed as R = RQ exp(ro / T), with T0 = 0.8 K. 
Thus, kBT0<*ikßTf, where T  is the transition temperature.    The scaling theory of 

localization [7] predicts that a transition will take place when the broadening of the 
electron levels as a result of phase breaking processes til z is reduced by the 
decreasing temperature, so that it becomes comparable to the spacing A, between the 

levels in the domain of size £, the localization domain. At this point transport 
becomes an activated process as observed above. 

Further evidence for a weak to strong localization transition comes from 
consideration of the I-V characteristics of the system.    The development of the 
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resistance peak below 1 K is shown in dV/dl vs. V curves (Fig. 4). When the 
temperature is decreased below -0.7 K, a local resistance minimum is observed around 
zero bias resulting in a cusp-like shape. The corresponding dl/dV vs. V plot, which 
could be interpreted as representing the tunneling density of states, shows a gap and an 
associated weak peak, a zero-bias anomaly (ZBA). 

A number of different interactions can lead to the opening of a gap in the 
nanotube ring spectrum. The lack of any gate effect argues against Coulomb blockade. 
Disorder-enhanced electron correlation-induced Fermi level singularities [8] which are 
expected to lead to a gap with a x -JV dependence do not match the observations. 
Recently, evidence has been presented that SWNT ropes behave as Luttinger liquids 
[9]. A characteristic of this state is the power law dependence of the tunneling 
conductance on T and V , i.e. dl/dVccV, where a is independent of T, and for 
nanotubes oc<l [9]. For T > 1 K, we can fit the dl/dV plot for V > 4 mV to a power 
law with a nearly temperature-independent exponent a «0.25 suggestive of the 
presence of a Luttinger liquid. If, however, we fit the dl/dV plot in the gap region to a 
power law, we find a good fit, but now a is significantly larger than one, and depends 
strongly on temperature. A transition to a strongly localized state appears, therefore, 
to be the best explanation for the observed behavior. Additional evidence is provided 
by the examination of the MR at T < Tr As Fig. 4b shows, the MR of the ring at 0.4 
K is drastically different from that at T>T?. The MR remains negative, but is a 
stronger function of the magnetic field strength, cannot be fitted by WLT, and new, 
aperiodic oscillations are seen. These observations are in accord with the expectations 
for the MR of strongly localized systems [10]. Weak annealing of the sample changes 
the aperiodic oscillations by changing the positions of the scattering centers. This 
behavior is characteristic of the phenomenon of universal conductance fluctuations [4]. 

We now consider the nature of the ZBA. Anomalies similar to the one 
observed here have been observed in tunneling and point contact spectra for a long 
time, and a number of possible interpretations have been proposed [11]. Experiments 
show that, in most cases, ZBA are the result of the existence of localized magnetic 
moments near the tunneling interface. Appelbaum and Anderson showed [11] that 
third-order scattering involving a Kondo term HKondo = -2JS-ä in the Hamiltonian 
can lead to a ZBA. This anomaly results when metal electrons are reflected by the 
exchange interaction with the magnetic moment and the reflected and transmitted 
electron waves interfere. In carbon nanotubes such as ours that are prepared using Ni 
and Co catalysts [12] it is to be expected that magnetic atoms are present despite the 
acid treatment purification procedure. The magnetic origin of the ZBA is 
demonstrated by the sensitivity of the ZBA to an applied magnetic field (Fig. 5). 

While negative magneto-resistance is the normal behavior of the rings, in some 
samples and at low temperatures a weak positive magneto-resistance was observed at 
low fields (< IT) which then became negative at higher fields (Fig. 6a).  This weak 
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"anti-localization" behavior may be the result of spin-orbit scattering [13] involving 
metal atoms from the metal pads or impurity atoms. Finally, a very weak, exclusively 
positive magneto-resistance up to ~5 T was observed (see Fig. 6b) in the case of a ring 
when the ring-gold contacts were irradiated with 25 keV (-30 C/cm2) electrons in a 
SEM in order to reduce the contact resistance [14]. Analysis of these results using the 

-2024 
Magnetic Field (T) 

model of ref. 15 indicates a dominant spin-flip scattering. 

-0.08 -0.04  0.00   0.04   0.08 
Voltage (mV) 

Figure 5: Magnetic field dependence of the zero bias anomaly. 

Figure 6: a) Initially positive magneto-resistance of a ring at 0.4 K. 
b) Positive ring magneto-resistance at 1.9 K observed after irradiation with 25 keV electrons. 
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Abstract Equilibrium electric resistance R and tunneling spectroscopy (dl/dV) measure- 
ments obtained on single multiwall nanotubes are reported. As a function of temperature T the 
resistance increases on decreasing T and saturates at fa 1 — 10 K for all measured nanotubes. 
R(T) cannot be related to the energy-dependent DOS of graphene but is mainly caused by 
interaction and interference effects. On a relatively small voltage scale of order «10 meV, ä 
pseudogap is observed in dl/dV which agrees with Luttinger-Liquid theories for nanotubes. 

INTRODUCTION 

Carbon nanotubes are molecular wires whose electronic properties are largely de- 
termined by extended molecular orbitals. Depending on the specific realization, the 
nanotube may be a true one-dimensional metal or a semiconductor with a gap. On the 
fundamental side, a perfect metallic nanotube (NT) is supposed to be a ballistic conduc- 
tor in which only two one-dimensional (Id) subbands carry the electric current.1 Hence, 
the conductance should be given by G = 4e2//i = (6.4 kfi)-1 independent of the NT di- 
ameter d. Because of the low carrier concentration and low-dimensionality, long-range 
Coulomb interaction is expected to strongly modify the Fermi liquid (FL) picture of 
quasi-particles. An appropriate effective description is believed to be given by the Lut- 
tinger liquid (LL) model.2 Because there is striking evidence for LL-like behavior in 
SWNTs,3 one may wonder whether MWNTs are LLs too. 

RESULTS AND DISCUSSION 

We report electric transport measurements for single multiwall nanotubes (MWNTs) 
contacted by four metallic Au fingers from above. The four-terminal electrical resis- 
tances R always increases with decreasing temperature and saturates around 1 — 10 K. 
A typical example is shown in Fig. 1. The increase from room temperature is moderate 
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amounting to a factor < 2 - 3. This together with the low-temperature saturation is taken 
as evidence for the metallic nature of the MWNTs. We emphasize that not only is the 
temperature dependence of R(T) similar for all samples, but the absolut resistance val- 
ues also fall into a relatively narrow range of R4t « 2 - 20 kft for a contact separation 
of L « 0.5 ^m. 

T(K) 

Figure 1: Typical temperature dependent electrical resistance R(T) of a single MWNT measured in a 
four-probe configuration. The dashed line corresponds to the resistance quantum h/2e2. 

The resistance increase at low temperatures is markedly different to what is known 
from (HOPG) graphite. There, the resistivity decreases with decreasing temperature as 
commonly associated with metallic behavior. In trying to understand the temperature 
dependence of R, we consider the simplest possible model. We compare the absolute 
measured resistance values with an expression for the classical Drude resistance taking 
one graphene cylinder and assuming 2d-diffusive transport. We thereby completely dis- 
regard the quantization of the wavevector around the tube circumference leading to Id 
subbands (for details, see Ref. 5). Due to the vanishing electron DOS of the graphene 
sheet for E ->• 0, the resistance should increase with decreasing temperature following 
R(T) oc T_1. Although a resistance increase is observed, the increase is not compatible 
with a T_1 dependence. Moreover, R(T) saturates below w4K. This saturation could 
be explained by a finite overlap with additional graphene cylinders giving rise to a nar- 
row band of width A at the Fermi energy as in graphite. In the limit kT < A a constant 
DOS develops. Taking reasonable values for the overlap one obtains an unphysically 
large mean-free path le, that is le » L. The only way to reconcile this model with the 
requirement le < L is to assume that a large number of graphene cylinders carry the elec- 
tric current equally. We know from the Aharonov-Bohm experiments that this is not the 
case.7 We therefore conclude that the specific temperature dependence of R cannot be 
related to the energy-dependent DOS of graphene. 

Within this simple Drude picture, the discrepancy can be resolved if we take into 
account the band-structure modifications imposed by the periodic-boundary condition 
along the circumference of the cylinder leading to ld-subbands. In contrast to graphene, 
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for which the DOS tends to zero for E -> 0, in Id it is constant in an relatively large 
energy window centered around the Fermi energy. This energy window is given by 
the subband separation AEsb. With AEsb = 100 meV, typically valid for the outermost 
cylinders of our MWNTs, one arrives at a mean-free path of le « 50 nm, which is of 
order of the circumference of the tube. This number is of reasonable magnitude and in 
agreement with magnetoresistance measurements.5 This argument suggests that electron 
transport in MWNTs is not 2d-diffusive, but rather one-dimensional. Most importantly, 
it demonstrates that the ld-subbands need to be considered in MWNTs as well. 

The classical ld-Drude resistance due to static-disorder alone predicts a temperature- 
independent resistance. Temperature dependences can be caused by other scattering 
mechanism, like electron-phonon, electron-electron interaction, and interference correc- 
tions. Quantum interference corrections have been observed in the magnetoresistance 
(MR) of MWNTs before.6 A negative MR was observed at low temperatures indicative 
of weak localization (WL). However, the phase-coherence length 1$ was found to be 
small amounting to only < 20 nm at 0.3 K. Recently, we have observed a pronounced 
Aharonov-Bohm (AB) resistance oscillation with period h/2e in MWNTs.7 The AB- 
MR agrees with theory only, if the current is assumed to flow through one or at most two 
metallic cylinders with a diameter corresponding to the measured outer diameter of the 
NT. Because the h/2e period requires backscattering on the scale of the diameter of the 
NT it is clear that the NTs are not ballistic. From a detailed analysis of l$(T), we ob- 
tain le = 90... 180 nm.5 Because le > ird, transport in our MWNTs should be classified 
as quasi-ballistic. There are other observations in favour of this results. For example, 
van Hove-type singularities have been seen in a dl/dV tunneling spectrum.5 Because 
these features are associated with the formation of ld-subbands, le should be of order or 
larger than the circumference of the NT. We have to emphasize, however, that the pre- 
vailing spectra display a pronounced zero-bias anomaly (ZBA) on a smaller energy scale 
of 1 - 10 meV. For larger energies, a peak-structure develops in dl/dV on the scale of 
the subband separation (0.1 eV) which may be associated with (broadened) van-Hove 
singularities. 

A typical ZBA is shown in Fig. 2 for six temperatures ranging from 2 - 20 K. A sup- 
pression of the tunneling DOS is expected for a strongly correlated electron gas.8 Similar 
anomalies have recently been observed by Bockrath et al. for SWNTs.3 Their measure- 
ment and analysis provide the first convincing demonstration for Luttinger liquid (LL) 
behavior in carbon NTs due to long-range Coulomb interactions. LL theory predicts 
power laws both for the voltage and temperature dependence with the same exponent a. 
A power-law with a fa 0.36 is deduced from dI/dV(T, V = 0), see the inset of Fig. 2. 
For comparison with the observed dI/dV-\o\toge dependence, the dashed-dotted curve 
oc V036 has been plotted. 

The reported study of electric transport of single MWNTs gives rise to results which 
appear to be in contradiction. For example, the observation of an Aharanov-Bohm effect 
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Figure 2: Differential tunneling conductance dl/dV measured on a single MWNT at different temper- 
atures T displaying a pronounced zero-bias anomaly. Inset: log-log representation of dl/dV vs. T for 
V = 0. The dashed-dotted curve displays the power-law dl/dV oc Ka with a = 0.36 deduced from the 

inset. 

with period h/2e suggests diffusive transport on the scale of the circumference of the 
nanotube, i.e. le < wd. On the other hand, we have observed a dljdV spectrum which 
agrees with tight-binding models assuming the existence of ld-subbands. This suggests 
the opposite, i.e. le > ird. Our results are therefore consistent only if le is of the order of 
the circumference. 

There is a second 'contradiction' inherent to our presentation. On the one hand, 
we have used weak-localization theory which is based on the Fermi liquid hypothesis. 
On the other hand, the observed suppression of the single-particle of states suggests 
that NTs may develop a Luttinger liquid (LL) state. If LL is the correct description 
for NTs (including MWNTs) we need to know how the observed quantum interference 
corrections have to be described. 

1. R. Saito et al, Appl. Phys. Lett. 60, 2204 (1992); J. W. Mintmire et al., Phys. Rev. Lett. 
68,631(1992). 

2. R. Egger and A. O. Gogolin, Phys. Rev. Lett. 79, 5082 (1997); C. Kane, et al, ibid. 5086. 
3. M. Bockrath et al, Nature 397,598 (1999). 
4. A. Bachtold et al, Appl. Phys. Lett. 73,274 (1998). 
5. C. Schönenberger et al., to appear in Appl. Phys. A. 
6. S. N. Song et al, Phys. Rev. Lett. 72, 697 (1994); L. Langer et al, Phys. Rev. Lett. 76, 

479(1996). 
7. A. Bachtold et al, Nature 397,673 (1999). 
8. M. P. A. Fisher and L. Glazman, in Mesoscopic Electron Transport, L. L. Sohn, 

L. P. Kouwenhoven, and G. Schön, eds., NATO ASI Series E: Applied Sciences 345 
(Kluwer Academic, Dordrecht 1997). 

402 



Electron Interference Effect in Multi-wall 
Carbon Nanotubes 

Akihiko Fujiwara*, Kozue Tomiyama*, Hiroyoshi Suematsu*, Motoo 
Yumurat, Kunio Uchida* 

* Department of Physics, School of Science, University of Tokyo, Tokyo 113-0033, Japan 
^Department of Chemical Systems, NIMC, 1-1 Higashi, Ibaraki 305-0046, Japan 

Abstract. We have measured the resistance of individual multi-wall carbon nanotubes 
under magnetic fields with various directions. Resistance oscillates periodically depend- 
ing on the magnetic field below about 30 K. The amplitude of oscillation increases with 
decreasing temperature. The period of this oscillation depends on 1/cosö, 6 being the 
angle between the magnetic field and the nanotube axis; namely, the period reflects 
the flux penetrating the cross section of the nanotube. These results are well explained 
by a quantum interference of electrons along the circumference of the nanotube. We 
interpret these results in terms of the Aharonov-Bohm effect. 

INTRODUCTION 

Since its discovery [1], the carbon nanotube has attracted great attention as a 
very interesting electronic material because of the one-dimensional tubular network 
structure in the nanometer scale. Theoretical studies of the carbon nanotubes pre- 
dict some novel electronic properties such as the band-structure characteristic of 
the tubular-honeycomb network, one-dimensional nature and the magnetic quan- 
tum effect [2,3]. 

In this paper we present the observation of quantum interference of electrons 
along the circumference of the nanotube in the magnetoresistance measurement 
of individual multi-wall carbon nanotubes. The resistivity shows an oscillatory 
dependence on the magnetic field and the period depends on l/cos0, 9 being the 
angle between field and the nanotube axis. The latter fact means that the period 
reflects the magnetic flux penetrating the cross section of the nanotube. This effect 
is discussed in terms of Aharonov-Bohm (AB) effect. 

EXPERIMENTAL 

The carbon nanotubes were obtained from carbon raw soot (Type I, Vacuum 
Metallurgical Co. Ltd., Japan) by physical purification processes, that is, repetition 
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of the centrifugation at 5000 r.p.m. for 20 min. and the filtration. Electric contacts 
to one nanotube were made with use of the electron-beam-lithography method 
[4,5]. Figure 1 shows a SEM image of one nanotube and gold contacts. The d.c. 
magnetoresistance measurements were carried out by using Quantum Design PPMS 
system with a rotating sample-mount. The measurements were performed in the 
ohmic region with the current 30 nA. The sample dimensions are estimated to be 
190 Ä in outer diameter and 1.0 fim in voltage contact distance by means of the 
SEM observation. The inner diameter is estimated as around 30 Ä from the TEM 
observation of nanotubes in the same lot. 

RESULTS AND DISCUSSION 

Figure 2(a) shows the magnetoresistance for the magnetic field parallel to the 
nanotube axis at some temperatures. We have observed a periodic oscillation whose 
amplitude increases significantly at low temperatures. A most interesting feature 
of this oscillation is 6 dependence of the peak field, Hn. Dependence of Hn on 6 as 
shown in Fig. 2(b) can be represented by the relation, 

Hn(0) = Hn>o/cos0, (1) 

where n is the index of the peak and Hnß is the peak field at 6 = 0°. The solid 
lines in Fig. 2(b) are fits by Eq. (1) with parameters Hifi = 2.4 T and i72j0 = 7.1 
T. The observed angle dependence tells us that peaks appear when the magnetic 
flux penetrating the cross section of the nanotube, (j>, is the same, namely, the com- 
ponent of the magnetic field in the direction of the nanotube axis is effective to the 
oscillation. This result suggests that the oscillation comes from some interference 
effect relating to the sectional area of the nanotube. 

We will show that the oscillation of magnetoresistance can be nicely explained 
by the AB effect predicted by Ajiki and Ando [3]. It is well known that the carbon 

FIGURE 1. SEM image of a multi-wall nanotube and gold contacts for transport measurements. 
The stripe shaped gray areas are gold leads and a fine line presents a nanotube. 
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nanotubes are predicted to have three types of electronic structure depending on 
the periodic boundary condition, namely, the chirality and the diameter, which can 
be parameterized by a chiral vector (n,m) (n,m: positive integer) [2]. The electronic 
structure of (n,m)-nanotube can be determined by a parameter u, when we define 

n — m = 3N + v. (2) 

with integer N and v(= 0, ±1) [3,2]. The nanotubes with v — 0 and ±1 are metallic 
and semiconductive, respectively. In addition, Ajiki and Ando [3] predicted the 
effect of magnetic field parallel to the nanotube axis on their electronic structure. 
In this theory, in metallic nanotube (y = 0) the energy gap at the Fermi energy 
is vanished at 0 = 0 and linearly increases with increasing the magnetic field and 
then has a maximum value of 3£ff/2 at <j> = h/2e: It linearly decreases to zero 
again at 4> = (j)0 = h/e. For two types of semiconductors (u = ±1), the magnetic 
field dependence of the electronic structure can be described by shifting the origin 
from zero to h/3e and 2/i/3e for v = -1 and 1, respectively [3]. Therefore we can 
describe the magnetic field dependence of the energy gap as 

Egv{H) = -Eg x Ftw 

H 

{4>o/irr2) 
(3) 

where Eg is the energy gap of semiconductor phase at zero magnetic field, Ftw(x) 
is triangular-chopped-wave function with the period of 1 and the amplitude of 1 
and r is the radius of the nanotube. Our samples are multi-wall nanotubes and 
they are expected to have all three types of nanotubes. For simple, we consider a 
parallel connection of three-wall nanotubes, in which each wall has different v each 
other , then, magnetoresistance can be described by 

H 

EC 

2 4 6 
Magnetic Field (T) 

_90   -60   -30     0      30     60     90 
0 (deg.) 

FIGURE 2. (a)Magnetoresistance for various temperatures with a magnetic field parallel to the 
nanotube axis. The dots and dashed lines are experimental data and fitting results by Eq.(4), 
respectively. (b)0 dependence of peak positions for H\ and H2 in Fig.2(a). The solid lines are 

fitting results by Eq.(l). 
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R(T,H) = 
*        1 (-Egv{H)\ 

^RATf^K    kBT    ) 

-l 

R'(T)H, (4) 

where R„ is resistance at Egv = 0, kB is Bortzhman constant and R' is the coefficient 
of the non-oscillation term of magnetoresistance. In spite of this simple model, Eq. 
(4) can represent experimental data: dashed lines in Fig. 2(a) are fitting results 
with parameters Eg = 2.9 x 10"4 eV and r = 100 Ä. What has to be noticed is that 
estimated diameter, 2r = 200 Ä, is very close to the outer diameter of nanotube, 
190 Ä. This result suggests that conduction electrons should mainly flow on a few 
layers around the outer wall. In addition, an occurence of the AB effect caused 
by the periodic boundary condition requires the seamless cylindrical structure of 
graphen sheet. Therefore, the structure of multi-wall carbon nanotubes in this 
work is not the scroll type but the concentric type. 

SUMMARY AND CONCLUSIONS 

We have systematically measured the temperature and the angular dependences 
of magnetoresistance of individual multi-wall carbon nanotubes. A periodic oscil- 
lation of the magnetoresistance has been observed as a function of the magnetic 
flux penetrating the cross section of the nanotubes, which can be understood as an 
appearance of the AB effect. This is the first observation of transport properties 
reflecting the tubular figure and the honeycomb network of the carbon nanotubes. 
The result shows the evidence of the concentric structure of multi-wall carbon nan- 
otubes and of the existence of three types of concentric nanotubes: one third are 
metallic and two thirds are semiconducting. 
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ABSTRACT 

Carbon nanotube (CNT) field-effect transistors have been fabricated, and investigated by 
measuring the channel conductance as a function of the gate voltage at room temperature and 
4.2K. In addition to the field effect, spikes are measured in the transfer characteristics. Based on 
these experimental observations, charge transport in CNT transistors is discussed. 

INTRODUCTION 

Carbon nanotubes[1] (CNTs) are good candidates for nanoscale electronic devices12"51 

due to their unique electrical properties161 and nanoscale dimensions. Very recently, 
CNT field-effect transistors have been fabricated and studied by Tans et al. and Martel 
et al. at room temperature'7'81. In order to describe charge transport in the CNT 
transistor, Tans et al. have used the semi-classical band-bending model. However, 
Martel et al. point out that the band-bending length is unlikely to be very long because 
of the large onset gate voltage needed for turning off the channel. In this paper, we 
present further investigations on CNT transistors at room temperature as well as at 
4.2K. In addition to the field effect, spikes are clearly observed in the channel 
conductance as a function of the gate voltage. Based on this additional experimental 
observation, the implications on the charge transport in CNT transistors are discussed. 

DEVICE FABRICATION AND EXPERIMENTAL SETUP 

Purified single-walled carbon nanotubes were uniformly dispersed in an aqueous 
medium with the aid of the surfactant sodium dodecyl sulfate[9]. A few drops of such 
dispersion are then deposited onto the substrate with predefined Au electrodes, as 
shown in Fig.la. The distance between neighboring electrodes is lOOnm, the Si wafer 
is heavily doped and acts as back gate, the gate insulation layer Si02 is 300nm thick. 
After a few minutes, the substrate was blown dry, and 'a few' tubes or bundles of 
tubes remained over the electrodes, as shown by the AFM image in Fig.lb. Between 
electrodes 2 and 6, and electrodes 3 and 6, the current can flow at beginning but not 
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after a few measurements, indicating the tubes between electrodes 2 and 6 and 3 and 6 
have been destroyed. However, the bundle marked by the arrow is still perfect, 
detailed experiments were thus carried out on this bundle at 300K and 4.2K, in a 
vacuum of <10"5mbar using an electrometer with a sensitivity of 0.5pA and lOuV. 
AFM studies indicate that this bundle has a height of 3.5nm, and thus contains ~5 
individual tubes. 

Audectrodes        Tube over Au (tetrodes 

SO2 insulation layer 

Doped Si wafer (back gate) 

(a) (b) 

FIGURE 1, (a) Schematic of the tube transistor, (b) AFM image of the tubes in the transistor 

EXPERIMENT RESULTS AND DISCUSSION 

Fig.2a and 2b present the drain-source current IDS as a function of the gate voltage 
VG with applying different drain-source bias VDS at 300K and 4.2K, respectively. The 
insets plot the channel conductance G= IDS/VDS- In the experimental range, the channel 
conductance has been modified 102 times at 300K and 105 times at 4.2K, showing a 
pronounced field effect. The majority carriers are holes, they can be accumulated or 
depleted with applying negative or positive gate voltage, leading to turning on and off 
of the channel, as indicated in the insets. In the transistor, the tube/Au contact 
resistance R^ is measured to be about 0.8 MQ at 300K and 3.3MQ at 4.2K, which is in 
agreement with the values reported in the CNT/Pt and CNT/Au contacts'5"81. In order 
to turn off the channel, a very large onset gate voltage V'a [F<i(300K) ~38V, 

V'G (4.2K)~10V,] is required, implying a large density of holes in the tubes. Using the 
method given by Martel et al.[8] and the parameters of the transistor, the hole density Nh 

in the tubes is estimated to be about 6.4x107/cm at 300K and 1.6xl07/cm at 4.2K, 
indicating that tubes are degenerate and the Fermi level lies below the valence band 
edge of the tubes. 

In addition to the field effect as observed by Tans et al. and Martel et al., we have 
observed spikes in the channel conductance. These spike structures allow us to get a 
new insight into the charge transport in CNT transistors. First, these spikes are far 
above the noise level of the measuring system and very reproducible at low 
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temperatures. Secondly, these spikes are not caused by the Coulomb blockade 
oscillations (as observed previously by other authors at low temperatures13"51), since the 
charging energy in the transistor, Ec = e2/2CT , is expected to be smaller than the 
thermal energy kBT, the Coulomb blockade oscillations are smeared out. Here, 

CT=2Tie0L/]n(2L/d) [7] is the tube 
capacitance, L=800nm is the tube length 
between electrodes 2 an 3. Using the 
semiclassic band-bending model171, it is also 
difficult to explain these conductance spikes. 
We attribute these spikes to van Hove 
singularities in the electronic density of states 
ofthenanotubes. 

Van-Hove singularities are related to the 
one-dimension nature of tubes110], they have 
been theoretically investigated by Dresselhaus 
et al.[10) and experimentally observed in the 
STM measurements by Wildoer et al.[11] and 
by Odom et al.[12]. Van Hove singularities will 
lead to oscillation in the channel conductance 

of the tube transistor if' W ** 8ate volta§e 

can shift the DOS of the tubes with respect to 
the Fermi level of the electrodes and (2) the 
energy band-bending in the tubes is weak. 
Firstly, the tubes in the transistor are well 
decoupled from the Au electrodes since the 
contact resistance Re is much more higher 
than the quantum resistance (~0.025Mfi). 
Therefore, the back gate can shift the energy 
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FIGURE 2, Drain-source current Irjs as a 
function of the gate voltage VQ at different 
bias VDS at (a) 300K and (b) 4.2K. The 
insets plot the channel conductance G. 

band of the tubes. Secondly, Schottky barriers are formed at the tube/Au contacts, and 

the barrier width can be estimated by dh = r
ss"^ ~ kc,T'e^    , where <|>A= WAU - 

WCNT is the work-function difference of Au and carbon nanotube, NA is the acceptor 
concentration and which can be obtained from the hole density at 300K by 
NA =4Nh/nd2. Using ^„=5.2eV, WCNf=2.5(N and Nh(300K)= 6.4xl07/cm, we 
obtain at 300K and 4.2K an almost unchanged dbof about 3A. Thus the Schottky 
barriers at the contacts are very thin, indicating that at zero gate voltage the band- 
bending in the tubes near the contacts has very small length compared with the tube 
length, and the energy band of the tubes keeps flat along the length. 

Therefore, the energy band of the tubes along the whole length is expected to 
move up and down upon changing VG, and conductance peaks should occur when 
different van Hove singularities pass the Fermi level one by one. Since the DOS 
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increases with energy from the band edge, the channel conductance increases with VG 

in the negative direction. Detailed studies on van-Hove singularities using the tube 
field-effect transistor will be reported elsewhere1141. 

We note that no increase of the channel conductance is observed in the positive VG 

region of the experimental range. This is due to the fact that there exists an energy gap 
Eg in the tubes and the Fermi level lies below the valence band edge due to 
degeneracy, and consequently, higher VG is required to observe the conductance 
increase in the positive VG region. We also note that considerably more spikes are 
observed here than in the STM measurements111,12]. This could arise from the 
difference of the tubes used. In our experiments, the tubes are purified by the soft 
centrifugation method, van Hove singularities could be well-defined in the tubes. In 
addition, high electric field in the STM experiments could modify the density of states 
and make it more difficult to observe van Hove singularities. In the room temperature 
experiments by Tans and Martel et al. no conductance spikes were observed'7'81. In our 
room temperature experiments, the conductance spikes are not well defined. These 
could be due to the hybridization effect of wave-functions1111 at high temperatures. 

CONCLUSIONS 

In conclusion, carbon nanotube field-effect transistor have been fabricated and 
studied. The transistors operate at both room temperature and low temperature. In 
addition to the pronounced field-effect, conductance spikes have been observed. We 
attribute these spikes to van Hove singularities in the electronic density of states of the 
carbon nanotubes. 
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Abstract. Transport properties of metallic single-wall nanotubes are examined based 
on the Luttinger liquid theory. Focusing on a nanotube transistor setup, the linear 
conductance is computed from the Kubo formula using perturbation theory in the 
lead-tube tunnel conductances. For sufficiently long nanotubes and high temperature, 
phonon backscattering should lead to an anomalous temperature dependence of the 
resistivity. 

Carbon nanotubes possess many fascinating properties and have recently at- 
tracted a lot of attention. Metallic nanotubes can behave as ballistic quantum 
wires over lengths of several fim [1] and hence constitute perfect experimental re- 
alizations of ID conductors. It is now well-known that Fermi liquid theory must 
break down in such a ID conductor because of the Coulomb interactions among 
the electrons. In fact, at temperatures above the milli-Kelvin range, an individ- 
ual metallic single-wall nanotube (SWNT) can be accurately described in terms 
of Luttinger liquid (LL) theory [2]. The LL is a prototypical yet simple model 
for non-Fermi liquid behavior. The interaction strength is measured in terms of a 
single parameter g < 1, where g = 1 is the noninteracting limit. For a SWNT, the 
theoretical estimate is [2] g ~ {1 + (8e2/TrhevF) \n(L/2irR)}-~1/2, where the only 
logarithmic dependence on the tube length L « 1 ^m and the radius ß « 1.4 nm 
leads to a value around g « 0.2 to 0.3. Here, e is the background dielectric con- 
stant and vF « 8 x 105 m/s is the Fermi velocity. The LL should also show up 
in a variety of other systems, such as long chain molecules, the edge states in a 
fractional quantum Hall bar, or in single-channel quantum wires in semiconductor 
heterostructures. Unfortunately, despite of many efforts, a generally accepted ex- 
perimental realization of the LL in these systems is still lacking. For a nanotube 
rope, however, transport experiments have recently been reported that, provide 
clear evidence for a LL [3]. A rope should show LL behavior if three conditions are 
met: (a) only one metallic tube is contacted by the leads, (b) most tubes in the 
rope are not metallic, and (c) electron tunneling between different metallic tubes 
in the rope can be neglected. 
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FIGURE 1. High-temperature 
conductance (3) for g = 0.2, 
g1=g2=0.1 and L = 104 

a = 2.46 /im. Note the 
double-logarithmic scales. For 
the bulk- (end-) contacted case, 
xi = L - x2 = 3500a (5 a). 
For the end-contacted case, the 
r = r' and r = — r' contributions 
are plotted separately. 

Let us consider a transistor consisting of a tube of length L, where contact to 
external leads is established at positions 0 < xx < x2 < L. The leads i = 1,2 are 
modelled by free electrons, and we take the standard tunneling Hamiltonian for 
the lead-tube couplings. We assume pointlike contacts and focus on the linear dc 
conductance, which, according to the Kubo formula, takes the form 

G = lim -—Im fhß dr exp(ifir) (IW{T)IW(0)) 
Jo 

(1) 
iCl—yuj+iö 

where ß = l/kBT. Since the dc current through both contacts coincides, we may 
take an arbitrary linear combination 7(1) = e^i + e2h [where ei + e2 = 1] of the 
currents h and I2 through the tunnel contacts at xi and x2, respectively. Since the 
transport voltage can also be split up arbitrarily [4], the second current operator 
can be written as 7(2) = Kih + K2I2 with m + K2 = 1. This gives 

y=l,2 
€^KjLjij , (2) 

where the matrix elements Gtj directly follow from Eq. (1). We compute these 
matrix elements by perturbation theory in the dimensionless bare tunnel conduc- 
tances gt = RK/RTJ with the resistance quantum RK = h/e2 and the tunnel 
resistance RT,i through contact i = 1,2. Under an exact calculation, one could 
use any choice for tx and KX in Eq. (2) [4]. Under a perturbative calculation for 
the dj, however, requiring independence of ex and KX is equivalent to maximizing 
Eq. (2) with respect to these parameters and gives ex = (G2X + G22)/ Ey G%j and 
Kl = {Gx2 + G22)/ Ey Gij. The lowest-order result in gt follows from the expansion 
Gu = Gi + SGu, where SGÜ as well as GX2 and G2X are of at least second order in 
[gx, g2) but Gi is of first order. Then Eq. (2) leads to 

GXG2 

Gx + G2 
(3) 
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This formula describes sequential incoherent transport through the device and is 
appropriate for high temperatures, where kBT exceeds the charging energy Ec « 
e2 \n(L/R)/eL. In addition, the condition hvF/kBT <C \x2—Xi | should hold. On the 
other hand, at lower temperatures coherent processes such as co-tunneling play a 
prominent role and lead to the breakdown of Eq. (3). ^From the general expression 
(2) we observe that G « G12/2, since G, vanishes as T —> 0 unless one has a 
resonance. This is consistent with the results of Ref. [5] for transport through a 
LL ring but at the same time indicates that the latter are only valid for thermal 
energies kBT well below the charging energy Ec. Therefore the "straightforward" 
application of the Kubo formula to such problems is not as simple as commonly 
thought. 

Let us start with the high-temperature limit. Perturbation theory yields with 
Go = 4e2//i and the Fourier transformed LL Greens function K(xi,£) at equal 
sites, 

Gi/G0 = -7r9i I d£ (-dnF(£)/dO Im K(xu 0 . (4) 

The derivative of the Fermi function is -dnF{£)/d£, = (4fcsT)_1coslr2[£/2fcBT]. 
Technically speaking, K(x{,£) is obtained from a decomposition of the electron 
operator into ID fermions ipr,a,(n where r = ± is the right- or left-moving part, a — 
± denotes the right or left Fermi point, and a = ± is the spin index, and subsequent 
use of the bosonization method [2]. Eq. (4) shows that the conductance is related 
to the local tunneling density of states of the LL. The respective power laws are 
well-known [2], Gj oc Tn, where the exponent 77 is given by rjb = (g"1 + g — 2)/8 
for tunneling into the bulk, i.e., far away from the ends of the tube, and the end 
exponent is r)e = {g~l — l)/4, see Figure 1. These predictions have been verified in 
recent experiments [3]. For the bulk-contacted case, the slope coincides with the 
correct value rjb = 0.4 for g = 0.2. For the end-contacted case, the slope is close to 
the end value r)e = 1.0 for low temperatures, but exhibits a crossover to the smaller 
bulk exponent around T ~ 50 K. This can be rationalized by separately looking 
at the r = r' and r = — r' contributions to the conductance. Mixing of right- and 
left-movers (r = —r') violates momentum conservation and is only allowed close to 
the end. Due to thermal decorrelation such processes are destroyed with increasing 
temperature. 

For kBT <£. Ec, we compute the conductance as G12/2. Following Ref. [5], we em- 
ploy the Wick theorem. Although strictly speaking this is not correct, at sufficiently 
low temperatures the corresponding errors in G are expected to become very small. 
The gate-voltage dependence of the conductance is shown in Fig. 2. Due to the 
Coulomb blockade, one finds characteristic peaks. Their lineshape accurately fol- 
lows the standard cosh~2(AVG/2fcBT) form, and also the temperature dependence 
of the peak heights is in agreement with conventional Coulomb blockade theory. 
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FIGURE 2. Low-temperature 

conductance G = G12/2 as a func- 

tion of the gate voltage VG OC JVcy 

for g = 0.2,51 = g2 = 0.1, £ = 104a 

and £1 = L — £2 = 0.1Z. 

In the remainder, we investigate the effect of phonon backscattering on the SWNT 
conductance. In most other systems where LL behavior is thought to be present 
phonon backscattering does not play an important role for transport properties 
because of the large momentum transfer 2kF. However, in a SWNT the relevant 
momentum transfer is 2qF, where qF <C kF is tuned by the gate voltage. Thermal 
population of phonon modes is then much more significant. The only low-energy 
phonons that couple right- and left-movers are the acoustic torsional modes with 
dispersion fl(q) = vt\q\, where vt « 1.4 x 104 m/s. Following Ref. [6], the electron- 
phonon coupling is 

He-p = A / dxd(x) £ (4,a,^-,a,a + H'C")   > (5) 

with A ~ n x 2.92 eVÄ for a (n,n) tube. Using the bosonization method to 
describe the electronic degrees of freedom Vv,a,a, we focus on the lowest-order (oc A2) 
contribution SGP(T) to G(T). The phonon field &(x) can be expressed in terms of 
free boson operators aq. Since vt < vF, we can safely neglect the time-dependence 
of aq, and hence the phonon averaging simply produces a boson mode occupation 
factor coth[hß£l(q)/2]. Furthermore, for exactly the same reason, this factor can 
be approximated by 2/hßvt\q\, and we obtain 

6GP(T)/G0 = -L^(™keTM(l+9)/2 > (6) 

with the twist modulus Ct ^ n3 x 18 eVÄ [6] and the numerical prefactor 75 = 
47r-y+s/2 sin[7r(3+5)/4] /0°° dz zj sinh(3+s)/2(z). For example, 71 = 2/TT and 70.2 ^ 
0.112. The tube length L appearing in Eq. (6) should be replaced by \x2-xi\ if the 
phonon modes can be pinned at the locations of the tube-lead contacts. Further 
modifications might be necessary if strong interactions with the substrate influence 
the phonon dynamics. 
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To convert Eq. (6) into a resistivity, we note that G = Gog = Go + SGP is the 
two-terminal conductance of a nanotube in adiabatic contact to voltage sources. 
The resistivity is obtained from the four-terminal conductance G = Gog/{l—g), so 
that the ID relation G = a/L with p = 1/a yields the ID resistivity due to phonon 
backscattering 

n _ AiAl(7raW^)(l+9)/2 _ (7) 
4e2 aCtvF 

For g = 1, Eq. (7) agrees with the theory for uncorrelated electrons and the cor- 
responding experimental results found in many-rope systems and mats [6]. For 
an individual SWNT, the long-ranged Coulomb interactions among the electrons 
change this into an anomalous p ~ T'1+p^2 power law. It is apparent from Eq. (6) 
that the conductance will be dominated by phonon backscattering at sufficiently 
high temperatures, T > T*(L). Let us therefore estimate T* employing the ad hoc 
criterion \5Gp\/Go = v with, say, v = 0.1. This gives 

r;(L)S38„oo(^i)-2",+s', (8) 

where T* is measured in Kelvin and L in /im. Putting n — 10 and 5=1, this 
gives T* = 180 K for a L = 200 nm tube, and T* = 35 K for a L = 1/xm tube. 
For strongly correlated electrons, the length dependence is even more dramatic. 
Putting g = 0.2 and again n = 10, for a L = 200 nm tube we get T* = 250 K, 
while for a L = 1 /zm tube, phonons already begin to dominate above T* = 17 K. 

We thank G. Göppert, A. Gogolin and H. Grabert for discussions, and acknowledge 
support from the DFG. 
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Abstract. Electric resistivity and magnetoresistance were measured on samples with 
disordered structure synthesized from pure C60 and C70 at pressure in the range 8-12.5 GPa 
and temperature 900-1500 K. Different types of behaviour were observed: semimetallic and 
semiconducting, depending on the particular short-range order of the structure. 

INTRODUCTION 

Superhard and ultrahard fullerites are new carbon materials created recently 
from C60 and C70 fullerites by high-pressure-high-temperature treatment [1,2]. Besides 
the very high hardness, competitive with that of diamond, the transport properties of 
these materials are also of great interest. It was found earlier, that room-temperature 
resistivity of these materials varies in the wide range 10"2 - 105 Q. cm depending on 
their structure and the ratio of the number of sp2 to sp3 sites. Both semimetallic and 
semiconductor temperature behaviour of resistivity were observed. In the present study 
we investigated electric resistivity and magnetoresistance of some samples synthesized 
from C6o and C70 fullerites by high-pressure-high-temperature treatment and correlated 
these data with the structures of the samples. 

SAMPLES 

Samples were synthesized at the Technological Institute for Superhard and 
Novel Carbon Materials in Troitsk, Russia. Their structure was investigated by X-ray 
powder diffraction using filtered Cu Ka radiation (Figures 1 and 2). Raman spectra, 
electron and neutron diffraction patterns for similar materials were described earlier [1- 
3]. As seen from Fig. 1, 2, the structures of the samples were very disordered, but the 
diffraction pattern of each sample shows particular features that reflect a particular 
short-range order. 
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FIGURE 1. X-ray difractograms of samples 
synthesized from C60 and C70 at a pressure of 
8 GPa and different values of temperature. 
XRD of graphite is presented for comparison 

FIGURE 2. X-ray difractograms of samples 
synthesized from C6o and C70 at P= 9.5 and 
12.5 GPa and different values of temperature. 
Asterisk indicates instrumental peak. 

Electric and magnetic measurements were carried out by a 4-probe method 
using an Oxford Instruments MagLab 2000 cryostat system at the Department of 
Experimental Physics, Umea University, Sweden. Silver paste contacts were used. 

RESULTS 

Samples treated at 8 GPa pressure exhibit a semimetallic type of temperature 
dependence of the conductivity CT(T) (Fig. 3, 4). At low temperatures (2.5-10K) they 
have negative magnetoresistance (Fig. 5). The conductivity of the samples synthesized 
from C70 decreases approximately as V T at cooling. This is in agreement with the data 
obtained earlier in [4] on a sample of hard carbon synthesized from COO at P=3 GPa; 
1000 K. In the case of the sample synthesized from C60 at P= 8 GPa; T= 1600 K we 
observed a linear decrease of conductivity along with temperature. According to the 
neutron diffraction data and 13C MAS NMR-spectroscopy, the structure of this sample 
contains disordered rhombohedral type graphite (ABC-stacking order) with cross- 
linking of the graphene sheets provided by residual 5-member carbon rings after 
coalescence of C6o-molecules during P,T-treatment [3]. The existence of 5-member 
carbon rings was observed recently by STM in hard carbon [5]. The degree of disorder 
in this sample is less than in the samples, synthesized from C70 at the same pressure, 
and the mean interplanar distance dbo2 is less than that in ordinary graphite (Fig. 1). 

The negative magnetoresistance for the sample synthesized from COO is 
smaller, than that of the samples synthesized from C70, and is also smaller than for the 
different pyrocarbon samples studied in [6]. 

417 



160 

C70, 8GPa; 1600 K 

C70, 8GPa;1200K 

12 16 20 
sqrt(T) 

FIGURE 3. Conductivity a as a function of VT for 
the samples synthesized from C70 at P= 8 GPa 
and different temperatures. 
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FIGURE 4. Conductivity a as a function of T 
for the   sample synthesized from C60 at 
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FIGURE 6. Magnetoresistance as a function 
of magnetic field at T = 2.5 K and 10 K for 
the samples synthesized from C60 at P = 9.5 
GPa and from C70 at P = 12.5 GPa. 

FIGURE 5. Magnetoresistance as a function of 
magnetic field at T = 2.5 K for the samples 
synthesized from C6o and C70 at P = 8 GPA. 

The room-temperature resistivity of our samples is higher by a factor of 2-10 
than that of pyrocarbon with different degrees of disorder. Therefore, although samples 
synthesized from C6o and C70 at 8 GPa; 1200 -1600 K exhibit semimetallic electric 
properties, they are different from those of pyrocarbons. The square-root-of- 
temperature behaviour of the conductivity in samples obtained from C70, Fig. 3 can be 
attributed to weak localization of charge carriers in disordered 3D electronic system 
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[7], while the linear dependence in the sample obtained from C6o, Fig. 4, indicates 2D 
weak localization in this system. Total measured resistivity in this case is affected by 
weak-localization effect and Boltzman thermal excitation of charge carriers [6]. The 
2D character of the disorder may be due to 5-member carbon rings in the layers. 

For the sample of C60 treated at 9.5 GPa; 900K the data for p(T) fit to Mott's 
VRH law p = 0.07(exp(l/T)1/4 -1) Qcm (Fig. 7) much better than VT fit for CT(T). 

Although the XRD pattern for this sample is very similar to that of the C70 sample 
treated at 12.5 GPa; 1300K and their densities are actually the same, about 2.55 g/cm3, 
their electronic structures differ because in the case of the sample synthesized from 
C70 CT(T) fits to (6.7+1.9VT) S/cm up to about 200 K. The magnetoresistance in both 
samples is positive (Fig. 6). 

For the samples synthesized from C6o at 
P=12.5 GPa and T=1300; 1500 K we have 
observed the following temperature 
dependencies of conductivity: 

a = (8.5+1.8T3/2)10"4 S/cm 
in the range 2.5-220 K in the first case, 

cy = (8.8+ 1.5 10"7T4)10"7S/cm 

1.2 1.4 1.6 1.8 

exp(1A-"0.25) 

in the range 7-240 K in the second. 
Densities of these samples are 2.8 and 

3.05 g/cm3 respectively. Their XRD and 
Raman spectra reflect high contents of sp3 

sites and conjugated bonds. In this case the 
sp2 sites introduce a positive doping effect 
on the electronic properties of the amorphous 
sp3-matrix. In conclusion, our data for the 
temperature dependence of conductivity in 

samples of ultrahard and superhard fullerites thus provide helpful information for the 
understanding of the properties and short-range order of these materials. 

FIGURE 7. r(T) dependence for the 
sample synthesized from C6o at 9.5 GPa; 
900K in Mott's coordinates. 
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Abstract. Molecules of bisthiolterthiophene have been adsorbed on the two facing 
gold electrodes of a mechanically controllable break junction in order to form metal- 
molecule(s)-metal junctions. Current-voltage (I-V) characteristics have been recorded 
at room temperature. Zero bias conductances were measured in the 10-100 nS range 
and different kinds of non-linear I-V curves with step-like features were reproducibly 
obtained. A scattering model is used to interpret the experimental conductances as a 
function of the metal-molecule coupling strength. 

I    INTRODUCTION 

The experimental investigation of the transport properties of a single or a very 
few molecules contacted with two metallic electrodes has seen significant advances 
in the last few years. Three different strategies have been used, so far, to solve the 
problem of connecting a molecule to two facing metallic electrodes. This includes: 
i) using a Scanning Tunneling Microscope (STM) to contact a molecule adsorbed 
on a planar substrate [1-5], ii) using planar electron-beam lithographed electrodes 
separated by a small gap bridged by the molecule [6,7], iii)placing the molecule in 
the gap of a mechanical break junction (MCB) [8-11]. 

In the present paper, we describe the use of gold MCB junctions to investigate 
the electronic transport properties of 2.5"-bis(acetylthio)-5.2'5'.2" -terthienyl (T3) 
molecules. We present different types of I-V characteristics and compare the exper- 
imental zero bias conductance with the value calculated by means of a scattering 
model based on an extended Hiickel description of the system. In particular, we 
study the influence of the metal-molecule coupling strength on the results of the 
calculation. 

*'  Corresponding author. E-mail: jbourgoin@cea.fr 
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II    EXPERIMENTAL RESULTS 

The experimental details concerning the synthesis of the T3 (Fig. 1) molecule, 
the fabrication of the suspended gold microbridges by e-beam lithography and the 
electrical measurement setup have been described in ref [11]. The elastic substrate 
supporting the microbridge was mounted in a three point bending configuration. It 
was bent by pushing in its center with a driving rod actuated by a coarse adjustment 
screw until the resistance becomes infinite, which indicated that the bridge was 
broken. The molecules were immediately self-assembled onto the freshly broken 
electrodes by immersion of the broken junction in a droplet of a solvent containing 
the molecules (a 5.10~4 mol l"1 solution of T3 in trichloro-l,l,l-ethane was used; 0.1 
% of dimethylaminoethanol were added to the solution 1 min before the experiment 
for deprotection). Then the solvent was evaporated and Argon was continuously 
flushed through the sealed box during the experiment. The experimental conditions 
(short time equilibration with the solution and Ar flow) were chosen to hinder 
as much as possible the formation of di- or polydi-sulfides. In a final step, the 
bridge gap was reduced using a piezoelectric fine adjustment of the driving rod 
until current detection . 

Various control experiments have been performed including measurements on Au- 
air-Au junctions, for which the exponential variation of conductance with distance 
was checked, on Au-air-Au junctions after 1 min immersion in the pure solvent and 
on Au-dodecanethiol(s)-Au junctions: the corresponding I-V curves were feature- 
less with a linear behaviour at low bias. [10] The results were markedly different 
when T3 molecules were introduced in the gap of the junction. During a typical 
experiment on Au-T3-Au junctions, stability periods with a duration 1-20 min 
alternated with instability periods generally lasting a few minutes. This behav- 
ior was always observed on the four samples that have been measured. Although 
different I-V characteristics could be observed, the reproducible ones were of one 

FIGURE 1. The T3 molecule investigated (the circled protective groups are removed prior 
to assembly) and typical (1) asymmetric (solid line) and (2) symmetric (dashed line) I-V curves 
recorded at room temperature for gold-T3-gold junctions. Both curves were obtained by averaging 

over 5 voltage sweeps. 
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of the two types of I-Vs shown in Fig.l. Asymmetric I-Vs ressembling type (1) 
were more often observed and more stable than symmetric ones of type (2).The 
measured zero bias conductance of type (1) junctions is of the order of 10 nS. The 
asymmetric I-V characteristic is non-linear with step-like features, and the current 
increases linearly at large volt age. The measured zero bias conductance of type (2) 
junctions is larger, about 80 nS. The symmetric I-V characteristic is also non-linear 
with smaller step-like features. At V > 1 V, the current rises faster than linearly 
with V. 

Ill    DISCUSSION 

Several models have been proposed to explain the transport mechanism is this 
kind of metal-molecule-metal. They can be classified into sequential and coherent 
models. In the former, each electron (hole) transported from one metallic electrode 
to the other one temporarily charges negatively (positively) the molecule which 
is considered to be weakly coupled to the electrodes through tunnel barriers. In 
the latter the tunneling electrons never localize on the molecule which is consid- 
ered to be strongly coupled to the electrodes. It should be noted that a more 
realistic model should consider at the same time coherent and sequential trans- 
port. In what follows, we use a coherent model, the Electron Scattering Quantum 
Chemistry (ESQC) technique, [12,13]that proved successful in interpreting metal- 
Cöo-metal junction measurements, [14] to calculate the zero bias conductance of 
gold-T3-gold junctions and compare them with the experimental results.This tech- 
nique treats the molecule as a defect which breaks the translational invariance of the 
metal, and therefore scatters incident electrons. In its present implementation, the 
ESQC technique ignores both the electron-electron and electron-phonon interac- 
tions and neglects charging effects. It assumes that the scattering is elastic because 

FIGURE 2. The transmission function of the gold-T3-gold junction calculated by the ESQC 
technique assuming a Au-S distance of 1.95Ä at both end of the molecule. HOMO and LUMO 
refer to the gap of T3 adsorbed on the two electrodes. The energy scale reference is arbitrary. 
The calculated position of the Fermi level of the electrodes falls in the hatched area. 
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for molecule of small length, the tunneling time is shorter than the intramolecu- 
lar relaxation times. An extended Hiickel model is used to build up the matrix 
representation of the multichannel scattering Hamiltonian taking into account the 
complete chemical description of the electrodes and of the molecule. The calcu- 
lated multichannel transmission coefficient T(E) of an electron at a given energy 
E is shown in Fig. 2. For this calculation, we made the assumption that a single 
molecule is involved, its geometry being optimized at the AMI level in a forced 
planar conformation. [15] The linear conductance G of the metal-molecule-metal 
junction is then determined using the Landauer formula [16], 

2e2 

cTr(&) 
where Ef is the Fermi level of the electrodes. 
The prediction for G thus depends on the estimated position of the electronic 

spectrum relatively to the Fermi energy EF, on the exact conformation of the 
molecule in the junction and of the coupling of the molecule to the electrodes. As 
shown in Ref [11], the position of the Fermi level depends on the exact amount of 
charge transferred upon formation of the Au-S bond. It can be reasonably estimated 
in the [EHOMO, EHOMO + 0.7eV] range. The strength of coupling is determined 
by the length of the Au-S bonds. The S atoms were assumed to be adsorbed in a 
hollow site of the gold surface. A bond length of 1.905 Ä was used in the present 
calculation [17]. This is the shortest distance we found in the literature. It thus 
provides an upper bound for the coupling strength. Assuming a symmetric coupling 
at both ends of the molecule, the calculated conductances for EF — EHOMO = 
0.6(midgap), 0.2 and 0 eV are 87,585,2306 nS, respectively. Although the order of 
magnitude of these values is comparable with the measured one G ~ 10 — 80 nS, the 
discrepancy indicates that the coupling of the molecule to the electrodes is smaller 
than estimated. In order to study the influence of the strength of coupling on the 
calculated spectrum, we performed systematic calculations, where we varied the 
distance between the gold electrodes and the molecules, first keeping a symmetric 
coupling at both ends of the molecule, and second keeping a fixed 1.905 Ä at one 
end and varying the second distance. The results are shown in Fig.3. These results 
can be explained as follows. First, the smaller the coupling (symmetric or not) 
the thinner the resonance peaks. Second, as expected from a simple analogy with 
double barrier resonnant tunneling devices, the height of the peaks decreases for an 
asymmetric coupling not for a symmetric one. Third, the transmission is dominated 
by the weakest coupling. Fourth, the resonance corresponding to the HOMO is 
strongly affected by the modification of coupling. This is due to the fact that it 
corresponds to the superposition of four peaks: two very small ones corresponding 
to two highly localized orbitals that are not efficient for the transport and two 
dominant ones, close in energy, that give rise to a destructive interference. When 
the coupling is modified, the width of the two dominant peaks decreases and the 
interference as well. Consequently, if the Fermi Level is located at the HOMO, a 
reduction of coupling should correspond to an increase of conductance. The curves 

424 



are relatively insensitive to the variation of coupling for Au-S distances up to 3A, 
but strongly modified for longer Au-S distances. As a consequence of the reduction 
of the coupling strength, the value of the conductance calculated assuming the 
Fermi level at midgap decreases. For example, for a symmetric(resp. asymmetric) 
coupling, the zero bias conductance reduces to 20 nS (48nS) for d(Au,S)=3Ä and 
1.5nS (12nS) for d(Au,S)=4Ä. These results show i)that a reduction of coupling 
allows to get a more quantitative agreement between experiment and theory, except 
if the Fermi Level of the electrodes is very close to the HOMO and ii)that rather 
large values of Au-S bond lengths (i.e. small couplings)have to be used to obtain 
a good agreement between experiment and theory. This remark agrees with with 
the interpretation of the results of ref [8] by Emberly and Kirckzenow [18]. 

IV    CONCLUSION 

In this paper, we have investigated the transport properties of molecules of 2,5"- 
bis(acetylthio)-5,2',5',2"-terthienyl self-assembled in the adjustable gap of a metal- 
lic break junction. We have observed that the I-V characteristics recorded at room 
temperature are not always symmetric with respect to the polarity of the applied 
bias and show two different regimes: a linear regime at low bias V < 0.1 V and 

j^ö^hJ 
■&- 

%:\'^<r*hJ: 

i .iirjP^y /\v  

Energy (eV) Energy (eV) 

FIGURE 3. Transmission functions of the gold-T3-gold junction calculated by the ESQC 
technique as a function of coupling strength (symmetric: left; asymmetric: right) The strength 
of coupling is fixed by the Au-S distance (number in Ä at the bottom right of each plot). The 
inset of the left figure is a close-up view of the peaks of the curve corresponding to d(Au,S)=6A 
calculated with a higher number of points. It shows that the reason why the peaks do not reach 
unity in the main graph is due to a lack of numerical accuracy. 
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a highly non-linear regime with step-like features at higher voltage. The order of 
magnitude of the measured zero bias conductance is comparable to the theoretical 
calculation made with the ESQC technique assuming a single molecule in the gap 
of the break junction. This indicates that these experiments likely involve a very 

few molecules. 
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Abstract. Electrochemical cumulation of charges has been investigated in capacitor electrodes 
made from carbon multiwall nanotubes (MWNT) produced either by catalytic decomposition of 
acetylene on supported cobalt or by template carbonization of propylene. A good correlation has 
been found between the values of capacitance and the microtextural characteristics of the 
nanotubes. The highest specific capacitance, of the order of 70 F/g in 6M KOH electrolyte, could 
be reached for catalytic MWNT presenting mesopores due to the canal and to entanglement. 

INTRODUCTION 

Some attempts to use carbon nanotubes for the electrochemical storage of energy 
have already been proposed (1-4). Due to their entangled network and a developed 
surface functionality, they especially represent attractive electrode materials for 
supercapacitors. Our objective here is to correlate the electrochemical response of 
various multiwall carbon nanotubes (MWNT) with their microtexture in order to 
estimate their potential use in electrical double layer capacitors. 

EXPERIMENTAL 

The carbon MWNT used in this study were prepared by different methods: 
1) Catalytic decomposition of acetylene: 
- at 700°C (A700Co/Si) and 900°C (A900Co/Si) using a catalyst composed of 

metallic cobalt supported on silica (in the proportion of 10 wt%) (5). The raw sample 
was treated in 73 wt% aqueous HF solution and then refluxed in 3 mol.l"1 nitric acid, to 
get rid of silica and free cobalt particles, respectively. 

- at 600°C over Co/ NaY zeolite catalyst (A600Co/NaY) containing 2.5 wt% of 
metal (6). The zeolitic support was fully removed by hydrofluoric acid (40%) 
treatment. Thanks are due to J. B.Nagy's group, in Namur, Belgium, for providing this 
sample. 
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2) Chemical vapor deposition (CVD) of propylene at 800°C within the pores of 
an alumina membrane (P800AlTempl). The oxide template was dissolved in 46% HF 
solution (7). Thanks are due to T. Kyotani, in Sendai, Japan, for providing this sample. 

The structural and microtextural characteristics of each sample described above 
were determined by means of Transmission Electron Microscopy (Philips CM20) and 
N2 adsorption at 77K (ASAP 2010, Micromeritics). Prior to adsorption experiments, 
samples were outgassed (10"6 mbar) at 350°C during 12 hours. The surface area (BET) 
was measured from nitrogen adsorption isotherms at 77K, which were also used to 
determine the pore size distribution by applying the B.J.H. method. 

The cumulation of charges in the electrical double layer was investigated by the 
voltammetry technique (Mac Pile, Biologic) in electrochemical capacitors with two 
composite electrodes. The carbon electrodes were pressed from a mixture of carbon 
MWNT as active material (85%), acetylene black (10%) and polyvinyhdene fluoride 
(5%) as an organic binder. The electrolyte was 6M potassium hydroxide or a 1/1 
mixture of ethylene carbonate (EC)/diethylcarbonate (DEC) containing IM LiPF6. 
Charge-discharge potentiodynamic cycling was performed from 0 to 1.0 V in KOH and 
from 0 to 2.0 V in EC:DEC/1M LiPF6 at scan rates of potential from 1.0 to 10 mV s . 
Taking into account the following dependence between the capacitance and the scan 

rate: 

dQ dt 
c  = — = i — 

dE dE 

and estimating the current connected with charging of electrical double layer, the 
specific capacitance of the carbon material was calculated. 

RESULTS AND DISCUSSION 

Transmission Electron Microscopy (TEM) characterization showed that the 
nanotubes prepared by catalytic decomposition of acetylene have an entangled network 
(Fig la)- for P800AlTempl sample the tubes are straight and aligned due to the 
template method of preparation (Fig. lb). The internal diameter of catalytic MWNT 
varies from 4 to 6 nm and the external diameter from 15 to 45 nm (Fig. lc, Id). 
P800AlTempl sample differs significantly from others due to its dimensions (70 nm 
internal and 110 nm external diameters) and the canal is accessible. Nanotubes 
A700Co/Si have straight aromatic layers partly coated with pyrolytic carbon, and the 
central canal is open. The sample obtained from the same method but at 900°C 
(A900Co/Si) is characterized by fishbone morphology with a lack of canal. Closed 
tips, straight aromatic layers and tubes externally covered by pyrolytic carbon are 

typical for A600Co/NaY sample. 
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The adsorption/desorption of nitrogen at 77K directly probes the texture of 
carbon MWNT and matches well with TEM observations. Particularly, all the 
investigated carbon MWNT present a mesoporous character (characterized by 
hysteresis between adsorption and desorption) (Table 1) connected to the entanglement 

sX d) 

FIGURE 1. TEM 002 lattice fringes of carbon MWNT: (a) A600Co/NaY; (b) P800AlTempl; 
(c) A700Co/Si; (d) A900Co/Si. 

and/or the presence of an accessible central canal. The BET surface area of carbon 
MWNT varies from about 100 to 400 m2/g. 

TABLE 1. Data given by nitrogen adsorption on nanotubes 

Sample SBET (m2/g) Vmono (cm3/g)a Hysteresis 

A700Co/Si 
A900Co/Si 
A600Co/NaY 
P800AlTempl 

410 
396 
128 
311 

94 
90 
29 
71 

large 
large 
small 
large 

"Vmono is the volume corresponding to the formation of a nitrogen monolayer on carbon 
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A very important feature is the presence of a saturation plateau at P approaching 
P0 for sample P800AlTempl, that is the signature of a rigid mesoporous network by 
contrast to other samples which mesoporous network is flexible. 

TABLE 2. Specific capacitances of carbon MWNT (F/g) 

Sample                       A700Co/Si             A900Co/Si A600Co/NaY P800AlTempl 
6M KOH                            68                           45 
LiPF6 in EC:DEC                -                           36 

3 31 
17 

The electrical double layer is mainly formed in the micropores (< 2 nm) of 
carbon MWNT, however, mesopores play an important role for the transportation of 
ions. As compared to P800AlTempl, significant values of capacitance were obtained 
for the A700Co/Si and A900Co/Si samples (Table 2) which are characterized by a high 
surface area and an easily accessible network of mesopores created by entangling of 
the nanotubes, in good agreement with TEM and BET results. On the other hand, a 
non-accessible canal limits the cumulation of charges, as demonstrated by the poor 
value of capacitance exhibited by A600Co/NaY nanotubes which have closed tips. 
However, surface functional groups can determine pseudocapacitance properties, and 
the specific capacitance of sample A600Co/NaY could be multiplied by a factor of 
about 5 after beeing treated in concentrated HN03. 

Entangled multiwall carbon nanotubes with an accessible canal appear to be 
promizing electrode materials for electrochemical capacitors. Additionally, the 
investigation of the capacitive behavior allows to probe the microtextural and surface 
properties of carbon MWNT. 
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Electron Field Emission from Carbon 
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Engineering Dept, Cambridge University, Cambridge CB2 1PZ, UK 

Electron field emission from carbon nanotubes, nano-structured carbon, diamond and 
diamond-like carbon is reviewed, including experiments, models and applications. 

Many forms of carbon, such as nanotubes, diamond and diamond-like carbon (DLC) 
are good electron field emitters, but for different reasons. Diamond is a semiconductor 
with a band gap of 5.5 eV. When its surface is terminated by hydrogen it has a 
negative electron affinity (NEA), that is its conduction band edge lies above the 
vacuum level [1]. Thus, any electrons in its conduction band could pass into the 
vacuum with no energy barrier. However, field emission requires electrons to travel 
round a complete circuit. This is a problem, as there is a large potential barrier at the 
back contact, and diamond has a high resistivity. Thus, to date, the best electron 
emission occurs in microcrystalline and nano-crystalline diamond, with emission 
varying inversely with grain size [2,3] (Fig 1(a). Emission should be possible from n- 
type diamond. However, the most soluble donor is nitrogen, but this only has a deep 
donor level at 1.7 eV below the conduction band. It was recently found that 
phosphorus incorporates into diamond, and gives a shallower donor level "0.5 eV 
below the conduction band [4]. This system could finally test the ideas of NEA field 
emission [5]. However, so far, doping has only been carried out on homo-epitaxial 

films on gem 
diamonds, so 
making electri- 
cal contact to 
the back of the 
doped film is 
difficult. 
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Figure 1. Field emission of CVD diamond and its Fowler-Nordheim plot, 
showing an apparent barrier (j)=0.1-0.4 V. 

Diamond-like 
carbon    (DLC) 
is     amorphous 
carbon  or  hy- 
drogenated 
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amorphous carbon (a-C:H) containing a substantial sp3 bonding. It consists of very 
smooth films, usually grown by plasma deposition at room temperature. DLC is a 
reasonable electron emitter, particularly if doped with nitrogen [6,7]. Typical results 
are for a highly sp3 form of carbon denoted tetrahedral amorphous carbon (ta-C)[7]. 
Here, the easiest emission appears to occur for films with the highest sp3 content 
deposited by 100 eV ions. 

The field emission current density J (A.m2) obeys the Fowler-Nordheim equation 
.   ,3/2 

J = a(ßE)2exp(-^—) 

where § (eV) is the barrier height, E is the applied field (V/m) and a and b are 
constants, with b = 6.8.109. ß is a field enhancement factor due to sharp geometries. 
The emission currents of CVD diamond give a barrier height (j) of 0.01 - 0.4 eV for 
ß = l (Fig 1(b)). Emission from ta-C gives barrier heights of 0.01 - 0.04 eV for ß=l. 
These values are unphysically small. The real barrier must be over 1.5 eV, or we 
would get temperature-dependent Schottky emission rather than temperature 
independent Fowler-Nordheim emission. Thus, ß> > 1 [8]. 

Carbon nanotubes are good field emitters because of their sharp tips [9-11]. Saito [12] 
compared field emission from single walled nanotube (SWNT) bundles, open 
multiwalled nanotubes (MWNTs) and capped MWNTs. Open MWNTs gave the 
highest emission. Taking the NT work function as 5 eV, the Fowler-Nordheim plots 
give field enhancement ß~1200. Geometrically, ß = h/r, the ratio of tip length to tip 
curvature, which is "200 for a NT lum long and 5 nm radius, so the experimental 
value is much greater. Nanotubes have the narrowest electron energy distribution 
(EED) any emitter (0.17-0.21 eV)[13,14], so they have great potential as bright 
electron sources in FE guns. 

Glass screen 

_3 |im ».     Glass backplate 

The main application for carbon field 
emitters is the field emission display 
(FED). In this, electrons are emitted 
from gate-controlled microcathodes, 
accelerated by 1-3 kV across a vacuum 
gap, and form an image on a 
phosphorus pixel screen, about 1 mm 
away. Existing FEDs use sharp Spindt 
tips of Mo or Si. Such FEDs are just 
entering commercial production. The 
Spindt tip FEDs have gate holes about 

Figure 2. Schematic of a Field Emission Display  o 3 (am  and SO need costly, large area 
with carbon film cathode. lithography. Tips are needed to give the 

field enhancement for work functions of 
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5 eV. The facile emission from carbon allows us to replace tips by flat carbon cathodes 
(Fig 2). We can now use gate holes of 3-5 um, considerably reducing the cost of 
lithography, while also benefitting from the chemical and physical inertness of carbon. 

Carbon cathodes for 
FEDs must satisfy 
stringent require- 
ments. First, they 
should be deposited a 
low temperatures (ide- 
ally <300C) to use 
glass substrates. Se- 
cond, the emission 
field should be low; 
FEDs require a cur- 
rent density of about 1 
mA/cm2 at a field of 
under "20 V/um. 

Third, emission even from nominally smooth films occurs from local spots. Each 
microcathode needs one emission site, so the emission site density (ESD) should 
exceed 106 cm"2. Fourth, cathodes should have stable emission currents. Table 1 rates 
various carbons accordingly. The temperature limit is a problem for CVD nano- 
crystalline diamond or CVD nanotubes. The ESD is a problem for DLCs. Stability 
tends to eliminate hydrogenated DLCs and could be a problem for open-end NTs. The 
most appropriate carbon so far is a nano-stuctured DLC deposited a room temperature 
[15]. It has short tip structure which appears to give some local field enhancement. 
Recently, Ren [16] and Fan [17] have described CVD growth of long nanotubes, but 
note that FED gate arrays are only 1-2 um high, so they only require 100 ran long 
nanotubes! 

T xdep Emission 
Field 

Site 
density 

Stability 

diamond * 

nano- 
diamond 

* * * 

a-C:H * * 

ta-C * * * 

nanotubes * * (*) 

ns-DLC * * * * 
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Band diagram Electron energy 
distribution 

We    finally    discuss    the    emission 
mechanism.  Considerable  information 
on the emission mechanism can be 
derived   from   the   electron   energy 
distribution   (EED)   of   the   emitted 
electrons. The EED is the product of 
the distribution of the electron's initial 
energy and their escape probability. 
The escape probability at any energy is 
given     by     the     Fowler-Nordheim 
equation,    so    that    electrons    from 
strongly bound states have less chance 
to escape. For a metal, electrons are 
emitted around the Fermi level, and the 
EED is the convolution of the Fermi 

occupation and the escape probability, with a broader slope to deeper energies and a 
sharper cut-off at the Fermi energy (Fig 3a). Experimentally, the centre of the EED 
referenced to the Fermi level of the back contact gives the mean energy of emission, 
while the EED width gives the local field, ßE. For semiconductors, emission can 
occur from the valance band, from gap states or from the conduction band. Each type 
of emission has a signature. Emission from the valence band resembles that from a 
metal, with a deeper EED, a tail to lower emission energies and sharper cut-off at the 
top. Emission from the conduction band is centred at higher emission energies and 
tends to have a sharp low energy cut-off due to the conduction band edge and a 
broader tail on the high energy side due to hot electrons. 

Hot electron emission from conduction band 

Figure 3. Electron Energy Distributions for emission 
from valence band or conduction band. 

negative defects in GB 

Figure 4. Field enhancement due to 
charge trapping at grain boundaries in 
nano-crystalline diamond. 

Experimentally, the EED of diamond shows that 
emission comes from the valence band, with a 
very large field enhancement [18]. In DLC, 
EED also shows that the emission barrier is 
about 5 eV, which is of order the work function 
[19], as found by Kelvin probe measurements, 
and also the value deduced from photoemission 

+ spectra [8]. Thus, so far, the facile emission in 
diamond or DLC is not due to NEA, but to 
some unusual source of field enhancement, 
which is possible because they withstand very 
high breakdown fields [8]. 

Microcrystalline diamond has a rough surface 
due to the grains. Scanning probe measurements 
find that emission comes from the concave parts 
of the surface [20]. Thus emission comes from 
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grain boundaries in the dips between grains, not the grain tops where field might be 
enhanced. The grain boundaries are sp2 bonded [3] and give amphoteric localised states 
in the band gap. Under the external field, these states acquire a negative charge, 
creating a depletion region and a downwards band-bending. The external field lines are 
focused to the charged states. Thus the grain boundary acts like an 'internal tip', 
giving field enhancement (Fig. 4). 

equipotentials 

vVWW 

tip 

Emission from DLC films is more 
difficult to explain. These films are 
very smooth, with a RMS roughness 
under 1 nm. Photoemission data and 
Kelvin probe measurements suggest 
that they have a positive electron 
affinity and a work function of 3-4 
eV. 

Figure 5. Equipotentials, field enhancement and Many field emission models fail a 
barrier lowering at tips. voltage test. Consider emission from a 
solid with a 5 eV work function (Fig 5). The external field must lower the potential in 
the vacuum, so electrons can tunnel out at -5V. The potential falls rapidly where there 
is field enhancement and slowly where there is only the applied field. Tunnelling can 
only occur if the tunnel distance is less than " 2 nm, so the vacuum potential must be 
lowered down to -5 V by 2 nm for tunnelling to occur. If the high field only operates 
for 1 V, this is no use as there is still a long tunnel distance at -5V. The field 
enhancement at tips can be considered as an expulsion of equipotentials from inside the 
tip to just in front of the tip. The local field at the tip is E!ocal=hE/r, so voltage along 
the tip length V=Eh, in the absence of the tip, is dropped over a distance r in front of 
the tip, Ei^r =Eh=V. Tunnelling requires V >5V, which is non-trivial. 

Finally, although the sharpness of nanotubes provides strong field enhancement, close 
packed nanotubes as provided by recent CVD methods could actually be counter- 
productive. This is because nearby tips screen the field enhancement if tip spacing is 
less than their length. 
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Abstract Field emission from (i) as-grown multiwall nanotubes (MWNTs), (ii) purified 
MWNTs and (iii) purified single-wall nanotubes (SWNTs) was investigated by field 
emission microscopy (FEM). As an application of nanotube field emitters, we manufactured 
cathode ray tube (CRT) lighting-elements by replacing conventional thermionic cathodes 
with nanotube field emitters. Stable electron emission, high emission current with low 
electric field (-10 mA/cm2 at 1.5 V/jim), and long life of the emitters were demonstrated. 

INTRODUCTION 

Carbon nanotubes possess advantageous properties as electron field emitters. Due 
to their high aspect ratio and sharp tips, an electric field (~lV/nm) strong enough to 
emit electrons through tunneling effects are realized at their tips under low applied 
voltages. Their chemical stability and high mechanical strength enable nanotubes to 
emit stably electrons under moderate vacuum environments. So far, field emission 
from MWNTs (1-6) and from SWNTs (7,8) was studied using various cathode 
structures. In 1998, we first succeeded in applying nanotube cathodes to display 
elements, cathode ray tube (CRT) lighting elements (9). Subsequently, Wang et al. (10) 
fabricated a nanotube-based flat panel display. In the present paper, emission 
characteristics of nanotubes studied by FEM are first described, and then performance 
of improved nanotube-based CRT lighting elements is reported. 

FEM OF CARBON NANOTUBES 

MWNTs and SWNTs were produced by carbon arc discharge in helium. Details 
of the production and purification procedures are described in Refs. 11 and 12 for 
MWNTs and in Refs. 13 and 14 for SWNTs. Purified MWNTs and SWNTs have a 
form of black, thin "mat" (a flake with thickness about a few hundredths of mm). For 
purified MWNTs, their tips were open after this purification process. 

Three kinds of carbon nanotubes were employed as field emitters; (i) as-grown 
MWNTs with capped ends (hereafter,  called "capped MWNTs"),  (ii) purified 
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MWNTs with open ends ("open MWNTs"), and (iii) purified SWNTs. A bulk 
bundle of respective nanotubes for FEM study was fixed on the apex of a hair-pin wire 
of tungsten (0.2 mm in diameter) using conductive paste. Details of the tip 
preparation were described in our previous publications (6,7). 

The emitter tip of the nanotubes was positioned 60 mm in front of an anode 
screen with a 1 mm probe hole. Field emission patterns could be observed on the 
anode screen on which phosphor was spread. Behind the probe hole was a Faraday 
cup, and electron current emitted from a restricted region of an emitter could be 
measured. The acceptance half angle of the probe hole was 17 mrad. The working 
pressure of the vacuum chamber was 10 - 10"7 Pa. The emitter tips were at room 
temperature. 

Not only capped MWNTs but also SWNTs gave emission patterns consisting of a 
number of bright spots that originated respectively from individual MWNTs and from 
bundles of SWNTs.   Since the brightness of each spot flickered, emission patterns 
apparently changed with time.   No inner fine structure was observed within these 
spots.   Emission patterns from MWNTs with open tips showed "doughnut-like" 
annular bright rings, the central black regions corresponding to the exposed cavities of 
nanotubes.    The magnification of observed emission patterns in our FEM was 
estimated to be nearly one million from the size of "doughnut-like" rings on the screen. 

Emission current (7P) accepted by the probe hole was measured as a function of 
voltage applied to the tip (V).   The Ip - V characteristics for the three kinds of 
nanotubes are shown in Fig. 1 (a), and the corresponding Fowler-Nordheim (F-N) 
plots (15) in Fig. 1 (b). The F-N plots give straight lines in a region of low emission, 
while the plots level off from the straight line in a higher current region for all 
nanotubes investigated. 

< 

800 1200 8    10   12   14   16   18   20 
ioV£ 

FIGURE 1. (a) Current vs. voltage characteristics and (b) F-N plots for a capped (•), an open MWNT 
(O), and a bundle of SWNTs (A). Current (Ip) was measured with the 1 mm probe hole. 
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TABLE 1. Field emission properties of the three kinds of carbon nanotubes. Since emission 
current was measured by the 1 mm probe hole, the properties come from a single tube for MWNTs 
and from one bundle for SWNTs. 

Carbon 
nanotubes 

Threshold 
voltage* 

(V) 

Saturation 
current 

(nA) 

Maximum 
current density 

(xlO A/cm ) 

jB-factorj 
(xlO cm") 

Capped MWNT 900-1000 0.5-3 ~1 2.6-3.9 
OpenMWNT 500-600 400-900 -100 5.7-27 
SWNTs 600-700 50-300 -10 4.4-8.8 

* Threshold voltages represent tip voltages at which currents measured by the probe hole exceed 
0.1 pA. 

Field emission properties, e.g., threshold voltage, saturation current, maximum 
current density, and )3-factor (ß =FIV, where F is an electirc field) in F-N equation, are 
summarized in Table 1 for the three kinds of nanotubes. The open MWNTs began to 
emit electrons at the lowest tip voltage and sustained highest current density. 

NANOTUBE CATHODE IN FED DISPLAY ELEMENTS 

The field emission display devices we employed for examining the performance of 
our nanotube field emitters are CRT lighting elements, which are used practically as 
outdoor giant displays. All parts other than cathodes are the same as those used for 
manufacturing the lighting elements in a plant (16,17). Figure 2 shows a longitudinal 
cross section of a CRT lighting bulb with a nanotube cold cathode. 

Nanotubes we used were MWNTs produced by arc discharge. In our first trial 
fabrication, fibrous materials containing abundant MWNTs were directly glued onto a 

Visible light 

\    t    / 

FIGURE 2. Longitudinal cross section of a CRT 
fluorescent display with a nanotube cold cathode. 

Phosphor screen 

Aliminum film 
(Anode) 

Glass bulb 
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FIGURE 3. Scanning electron micrograph of the surface of the screen-printed nanotube cathode. 

stainless steel plate by using conductive paste. Subsequently, several methods were 
examined to fix nanotubes on the cathode surface, and the screen printing technique 
was found to be the most effective for industrial application. Figure 3 shows a 
scanning electron microscope picture of a surface of the screen-printed cathode. 

The nanotube cathode is covered with a grid electrode; the spacing between the 
cathode and the grid (dT_G) is 0.2 - 1.0 mm. The phosphor screen is printed on the 
inner surface of a front glass and backed by a thin aluminum film. After sealing the 
vacuum tube, getter material was flashed to attain high vacuum on the order of 10-6 Pa. 

The cathode was grounded (0 V), and the control grid was biased to a positive 
voltage. Figure 4 shows the total current emitted from the cathode as a function of 
voltage applied to the control grid. For dT.G = 0.2 mm, total emission current of ca. 10 
mA was obtained when the grid voltage was 300 V. Namely, current density on the 
cathode surface (effective area being about 2 mm2) was ca. 10 mA/cm2 at an average 
field strength of 1.5 V/um. 
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FIGURE 4. Total emission current as a function of the grid voltage for three different cathode-grid 
spacings dT.G = 0.2 mm, 0.3 mm, and 0.7 mm. 
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A high voltage (typically 10 kV) was applied to the anode to accelerate electrons, 
which excite the phosphor screen. Luminance of the phosphor screens was intense 
enough for practical use; e.g., 6.3xl04 cd/m2 for green light (ZnS:Cu, Al for green 
phosphor) at an anode current of 200 \iA, which is two times more intense than that 
of commercially available conventional thermionic CRT lighting elements which are 
operated at 100 (i.A. The light emission efficiency was ca. 70 lm/W for green light. A 
lifetime test showed that the nanotube cathode had a life of over 10,000 hours. 
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Abstract. Thin films of nanostructured carbon material were grown on silicon substrates by a d.c. 
discharge plasma CVD technique. HREM investigation have shown that the films contain carbon 
nanotubes and flaked graphite nanocrystallites with predominat orientation of nanotube axes and basal 
graphene planes of crystallites along a normal to substrate surface. Electron field emission was 
observed at average fields above 1 V/um with emission site density higher than 106 1/cm2 and 
emission current density up to 10 mA/cm2 at 4 V/um. The prototypes of cathodoluminescent light 
emitting devices were manufactured with use of the nanostructured carbon films as cold cathodes. A 
brightness of 1000 cd/m2 was achieved at operational voltage of about 250 V. 

INTRODUCTION 

Usual thermionic cathodes for applications from televisions to power 
transmitters employ heating to produce electrons which escape from a metal into 
vacuum. However, these cathodes have rather poor power efficiency and other 
parameters to be used with micrometer-size structures which are required for flat-panel 
displays and some other applications. The discovery of carbon nanotubes has lead to 
much speculation about their properties and potential applications including field 
emission (FE) cathodes which could be used instead of heated emitters. Carbon 
nanotube material can now be produced in macroscopic quantities by either arc 
discharge or thermal decomposition of hydrocarbons. But, the raw material has a 
disordered structure, which restricts FE applications of nanotubes. 

Here we report a synthesis of thin film material of nanostructured carbon 
nanotubes and nanosized graphite crystallites aligned by their graphene sheets along a 
normal to the film surface. The nanostructured carbon thin film cold cathodes were 
used for fabrication of prototypes of light emitting devices. 

EXPERIMENTAL 

The carbon films were produced on silicon substrates by a plasma-assisted 
chemical vapor deposition (CVD) method using a deposition system described in [1]. 
The plasma was activated by a direct current discharge in a methane-hydrogen gas 
mixture. The total gas pressure during the deposition was 8.5-9 kPa, and the deposition 
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duration was 45 min. By varying the substrate temperature in a range from 850 to 
1100°C, methane concentration from 0.5 to 10%, we synthesized films with different 
ratios of diamond and non-diamond carbon. 

Electron field emission current was measured in vacuum of 10"4 Pa with a 20 
mm diameter tungsten plate anode positioned by a precision screw translator [2]. The 
accurancy of anode-to-cathode distance translation was 5 urn. The I-V measurements 
were PC controlled and performed in an automatic mode, the voltage being varied 
from 0 to 1500 V. The maximum current was limited during these measurements by a 
protective circuit to 1.5 mA. To characterize a spatial distribution of emission sites 
over the film surface, we used a 30 mm diameter glass plate covered with ITO and a 
layer of a phosphor with a thickness of several microns deposited over ITO. At 
relatively small anode-to-cathode distances (of 50 to 500um), the regions of phosphor 
luminosity caused by the electron impinging, in fact, coincided with the emission sites. 
To prevent the excessive sputtering of the phosphor by the electrons, in these 
measurements we used a pulsed voltage supply (pulse duration about lja.s, repetition 
rate about 500 Hz, peak voltage set in a range from 200 to 2000 V). Images of 
emission sites distributions were captured by a video or photo camera. 

RESULTS 

Comparative study of the field emission and Raman scattering (RS) of the 
CVD films have definitely shown that the FE efficiency was essentially improved 
(emission threshold decreased, emission sites density and the emission current density 
increased) with an increase of non-diamond carbon contaminations in polycrystalline 
diamond films. The best emision was obtained for those films in Raman spectra of 
which no "diamond" RS peaks, but only peaks similar to "graphite" type of carbon 
materials were detected. Fig.l shows I-V dependence obtained from such films in flat 
electrode diode type device with a distance between anode and cathode of 200 urn. 
Typical Raman spectrum corresponding to such "graphite" CVD film is shown in 
Fig.2. 

I-V dependence in Fig.2 is plotted in Fowler-Nordheim coordinates and its 
linear behaviour, which is clearly seen, is an evidence of field emission origin of the 
detected current. The field emission is started at an average electric field of about 1.5 
V/um and a slope of I-V dependence allows estimation of an effective energy barrier 
for electrons escaping from the cathode to vacuum for known local field. This field 
depends on cathode surface morphology as E=E ß, where E =V/d is an average 
electric field between flat electrodes at the applied voltage V and distance between 
them d, whereas ß is field enchancement factor being equal to h/r for tip-like structures 
of height h and curvature radii of the tip end r. 

To make the estimation of ß we have performed HRTEM investigations of the 
CVD films by using a JEM-4000EX transmission electron microscope. Figures 3 and 4 
present typical images which show that the surface of the CVD films consists of tip- 
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like structures (Fig.3) which exhibit typical for carbon nanotubes atomic structure 
(Fig.4). 
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Fig. I FE /-Kplot in F-N coordinates obtained 
at a distance between anode and cathode of 200 
Urn. 

Fig. 2 Typical Raman spectrum for thin film 
carbon cathode with FE characteristics 
presented in Fig. I. 

Fig. 3     Typical HRTEM image of the graphite- 
like thin film material. 

Fig. 4    HRTEM image of individual carbon 
nanotube from the CVD film. 

We  found  from  these  HRTEM  observations  that the  geometrical  field 
enchancement factor ß can be in a range of 100 to 1000. It means that the effective 
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energy barrier for electrons escaping into vacuum lies in a range of 0.5 to 2 eV [3] and 
is much smaller than 5 eV work function of graphite. Such decrease of the barrier can 
be explained by modification of electronic properties of the CVD graphite-like 
nanostructured material due to partial rehybridization of sp2 bonds into sp3 [4,5]. 

PROTOTYPE OF LIGHT EMITTING DEVICE 

The described carbon nanostructured film cathodes were used to fabricate 
sealed cathodoluminescent (CL) lamps (see Fig.5).The glass envelope of the lamp cells 
in diode configurations was assembled using two overlapping glass slides 40x50 mm 
in size, coated with an Indium-Tin-Oxide (ITO) transparent conductive layer. The FE 
cathode was bonded to the bottom slide using conductive epoxy. Standard TV 
phosphor or special low-voltage phosphor was deposited over the conductive ITO 
layer of the top glass slide forming the phosphor screen. Two glass slides were bonded 
together using a vacuum cement allowing a separation distance between phosphor 
layer and field emission array within 0.1-1 mm range. The cell thickness was about 3 
mm. Residual pressure in the flat glass cell was about 10"4 Pa. 

Fig. 5  Sealed diode type light emitting device of with carbon cold cathode. 

Operational voltages for the CL lamps depended on the phosphor type and 
varied from 200 V for low-voltage phosphor to 1 kV for TV quality phosphors. 
Measured brightness of the lamps reached 500 cd/m2 for low-voltage phosphors and 
was much higher for the TV phosphors. CL site distribution on the phosphor screen 
was homogeneous over the 25x25 mm area of FE cathode and was estimated as greater 
than 106 cm"2. Life-time tests of lamps were run for a period of up to 48 hours without 
significant decrease of brightness and emission sites density distribution. 
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Abstract. The field emission (FE) characteristics of linear carbon chains, relevant 
for understanding FE properties of complex carbon-based nanostructures, are studied 
by means of self-consistent density functional calculations in the presence of a con- 
stant electric field, making use of pseudopotentials and the local density approximation 
(LDA). The transmission coefficient for electron tunneling through the LDA potential 
barrier to the vacuum is obtained within the WKB approximation. It is found that 
chain polarization has remarkable effects on the emission properties, yielding currents 
of the order of 1 ßA for a chain of 9 atoms under standard bias conditions. Such carbon 
chains may thus be seen as the atomic scale realization of metallic nanowires. 

INTRODUCTION 

Carbon based films consisting of nanotubes and related allotropic structures are 
currently attracting much attention because of their potential use as highly efficient 
field emitters (see e.g. [1-3]). Despite the strong interest in their practical appli- 
cations, much less is known about these systems from a theoretical point of view. 
The main reason for this lack is due to the complexity of the intrinsically random 
structure of the emitting surface. In order to approach the problem theoretically, 
it is useful to identify simple carbon structures which can be studied accurately 
and may play a prominent role in the emission process. An interesting example is 
that of a linear carbon chain, argued to be formed at the open end of a (multiwall) 
nanotube in the presence of an applied electric field, yielding emission currents as 
high as few fiA [4]. 

In this work, we study field emission (FE) properties of single carbon chains by 
solving the Kohn-Sham equations self-consistently in the presence of a constant 
electric field. It will be concluded that such linear carbon chains behave as metallic 
nanowires of atomic scale [5,6], yielding emission currents as high as few /JA already 
for chains consisting of 9 atoms and for local electric fields of the order of 1 V/Ä. 
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FIGURE 1. Ab initio electronic structure of Cg in the presence of a constant electric field. The 
eigenvalues for the six highest occupied states are shown in (a) for five values of the field strength, 
F. The symbols a (short thick lines) and n (long thick lines) indicate states with quantum 
numbers m = 0 and m = ±1 (two-fold degenerate), respectively. In the right panel, contour 
diagrams of the electronic densities, \ip{p, z)|2, are displayed for alt <r2 and -K\ in: (b)-(c)-(d) for 
F = 0 and (e)-(f)-(g) for F = 0.6 V/Ä, respectively. The dots represent the carbon ions located 
along the z axis. The electric field is directed from right to left, F = —Fz. 

CARBON CHAINS IN AN ELECTRIC FIELD 

The electronic structure of linear carbon chains in the presence of a con- 
stant electric field parallel to the chain has been obtained self-consistently within 
the LDA, making use of pseudopotentials for the carbon ions and a standard 
parametrized form for the exchange and correlation potentials. The Kohn-Sham 
Orbitals ip(p, z, 4>) have been expanded on a suitable basis in cylindrical coordinates 
(see [7] for details). 

As an example, we study a closed shell carbon chain consisting of 9 atoms, Cg. 
The results, obtained assuming a constant (cumulenic) carbon-carbon spacing of 
1.3 Ä (see also [8-10]), are shown in Fig. 1. The detailed electronic structure of the 
occupied energy levels around the HOMO (Highest Occupied Molecular Orbital) 
is displayed in Fig. (la), as a function of field strength, F. For F=0, the HOMO, 
located at -7.58 eV, consists of two cr-states (of quantum number m=0±, being 
either symmetric (+) or antisymmetric (—) under the transformation z —> —z). 
The corresponding electronic charge distributions are concentrated at the tips of 
the chain as shown in Fig. (lb,lc) and may be regarded as "unsaturated" dangling 
bonds. The state just below the HOMO (the HOMO-1), located at -7.60 eV, 
is a n doubly-degenerate state having m = ±1, and is denoted as ni. Its charge 
distribution is shown in Fig. (Id). For F > 0, the two cr-states get strongly polarized 
(Fig. (le,lf)), undergoing a linear Stark splitting as indicated in Fig. (la) (see also 
[9]). In contrast, the TT\ state remains almost unchanged (Fig. (la)), reflecting its 
rigidity against polarization by the electric field (cf.   Figs. (Id) and (lg)).   The 
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FIGURE 2. Field emission from the carbon chain C9: (a) Single level emission currents i 
[nA] versus electric field intensity F [V/A], for the states <Ji, a2 and TTI displayed in Fig. (1). 
Non-vanishing currents are only due to 7Ti and <r2, and are directed along z -> +00. The 
points for ci indicate the values of i that one would obtain if emission were possible (see 
text), (b) Fowler-Nordheim (FN) plots corresponding to (a). The lines are fits using the form 
i(E) = A(E) F2 exp(-7 W3'2/F), where 7 = 4\/2m/3eft [11], with W = 6.2 eV and prefactors 

A(E)=(2.5 106, 6.5 107, 4.3 108) nA (Ä/V)2. 

lower lying 7r-states behave similarly as ^ (cf. Fig. (la)). 

FIELD EMISSION FROM CARBON CHAINS 

In a recent work, we have studied FE properties of carbon chains where the elec- 
tric field is treated separately from the LDA calculation [5,6]. In what follows, we 
discuss the effect of the electric field on FE when it is included in the self-consistent 
Kohn-Sham equations as described above. Although the emission currents we ob- 
tain here essentially confirm the results found in [5,6], a different qualitative picture 
for FE emerges when polarization effects are taken into account. 

The FE current from a single energy level E of the polarized chain, i(E) is 
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described as a tunneling process through the confining potential barrier VLDA 
to 

the vacuum and the corresponding transition probability D(E) can be estimated 
within the WKB approximation [11]. The current can then be written as i(E) « 
nEv(E)P(E)D(E), where nE is the level occupation number, v{E) = \E\/h is the 
semi-classical knocking rate of the electron against the potential barrier and P(E) 
(either 0 or 1) represents the probability to find the electron in the neighborhood of 
the emitting tip. In the case of Cg, P vanishes for a\, since its density distribution 
\yy\2 is localized at the opposite side of the emitting tip (see Fig. (le)), while P = 1 
for both 7Ti and er2. The total emitted current is then given by the sum of the single 
contributions i(E) (see [7] for further details). 

Results for Cg are shown in Fig. (2). FE currents of the order of 1/zA are obtained 
for fields of about 1 V/Ä (Fig. (2a)). In addition, the currents are well fitted by 
a Fowler-Nordheim type of equation with an effective work function W = 6.2 eV 
(Fig. (2b)), suggesting a metallic behavior for the carbon chain [5,6]. A sistematic 
study of FE behavior of carbon chains within the present scheme and its relevance 
to other carbon nanostructures will be discussed elsewhere [7]. 

ACKNOWLEDGMENTS 

We gratefully acknowledge F. Biscarini, J.P. Bourgoin, G. Onida, A.G. Rinzler, 
and Y. Saito for illuminating dicussions. Financial support by NATO under grant 
CRG 940231 is gratefully acknowledged. We are also indebted for financial support 
to INFM Advanced Research Project Class. 

REFERENCES 

1. de Heer, W. A., Chatelain, A., and Ugarte, D., Science. 270, 1179-1180 (1995). 
2. Collins, P. G., and Zettl, A., Phys. Rev. B 55, 9391-9399 (1997). 
3. Saito, Y., et al., Nature 389, 554-555 (1997). 
4. Rinzler, A. G., et al., Science. 269, 1550-1552 (1995). 
5. Lorenzoni, A., et al., Chem. Phys. Lett. 276, 237-241 (1997). 
6. Roman, H. E., et al., II Nuovo Cimento 110, 1165-1172 (1997). 
7. Bianchetti, et al., to be published. 
8. Raghavachari, K., and Binkley, J. S, J. Chem. Phys. 87, 2191-2197 (1987). 
9. Lou, L., and Nordlander, O., Phys. Rev. B 54, 16659-16662 (1996). 

10. Kim, S. G, et al, Chem. Phys. Lett. 264, 345-350 (1997). 
11. Gomer, R., Field Emission and Field lonization, Cambridge, Massachusetts:  Har- 

vard Univerity Press, 1961. 

451 
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Abstract. Di- and trianions of the title fiillerenes reduce electrocatalytically 1,2 -dihaloethanes. 
The fullerene anions were generated electrochemically in 0.1 M tetra-n-burylammonium hex- 
afluorophosphate benzonitrile solutions of the 1,2-dihaloethanes. Cyclic voltammetry experi- 
ments indicate that the electrocatalytic reduction results in dehalogenation of the 
1,2 -dihaloethanes in case of dianions of C60, C70, C76 and C78 as well as trianions of C76 C78 and 
C84. Values of the second-order rate constant, k, for the electrocatalytic processes were deter- 
mined by using a rotating-disk electrode voltammetry under pseudo-first-order conditions against 
the 1,2 -dihaloethanes. The k values increase in the order: Cl < Br < I for each fullerene anion 
and in the order: C60 < C70 < C76 < C7S < C84 for each 1,2 -dihaloethane. In contrast to the C60"" 
electrocatalysis, no alkyl adducts were formed in case of the larger fullerene anions. Due to 
higher stability with respect to the adduct formation and more positive potentials of the electro- 
catalytic processes, the larger fullerene anions may serve as more useful catalysts than the C6o 
anions despite that the respective electrocatalytic rate constants are smaller. 

INTRODUCTION 
Recently, we reported on electrocatalytic reduction and dehalogenation of 

cc,co-dihaloalkanes by anions of COO and C70 (1,2). This dehalogenation results mainly 
in different alkanes, alkenes, and mono haloalkanes. In a competing reaction, alkyl 
adducts of COO were also formed in presence of certain a,co-diiodoalkanes (1). Ad- 
vantageously, no alkyl adducts were formed, on a voltammetry time scale, in case of 
the C70 electrocatalysis (2). It seemed that the larger fullerenes, being relatively more 
stable than COO with respect to derivatization, may serve as better electrocatalysts than 
COO- Here and in (3), we address this issue by examining electrocatalytic reduction of 
1,2-dihaloethanes by anions of larger fullerenes, i.e., C76, C78, and Cs4- 

EXPERIMENTAL 

Chemicals. C76 (+98 % purity), isomeric mixture of C78 (98 % purity), and iso- 
meric mixture of Cg4 (99 % purity) were procured from BuckyUSA (Bellaire, TX). 
All the 1,2-dihaloethanes, tetra-«-butylammonium hexafluorophosphate, (TBA)PF6, 
(98 % purity), and anhydrous benzonitrile (+99 % purity, water content < 0.005 %) 
were from Aldrich (Milwaukee, WI). All chemicals were used as received. 

Electrochemical Measurements. Experiments of the rotating disk electrode (RDE) 
voltammetry and cyclic voltammetry (CV) were performed by using a Model 263A 
potentiostat/galvanostat of EG & G (Princeton, NJ). The RDE voltammetry was car- 
ried out at a 0.17 cm2 platinum disk electrode by using a MSRX Speed Control Unit 
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and AFMSRX Modulated Speed Rotator of Pine Instrument Co. (Grove City, PA). A 
Pt wire was used as the counter electrode and an NaCl saturated Ag/AgCl electrode as 
the reference one. 

GC-MS Measurements. The GC-MS analysis of gaseous products of the bulk elec- 
trolyses was performed by using a Model Q-Mass 910 of Perkin Elmer Co. (Norwalk, 
CT) on a DB-1 non-polar phase fused silica capillary column (30 m x 0.253 mm) op- 
erating in an electron ionization mode. 

HPLC Measurements. The HPLC analysis of solution products of the bulk elec- 
trolyses was carried out by using a Perkin Elmer Chromatograph (Model 250 binary 
pump and a LC-290 UV-visible spectrophotometric detector set at 340 nm). Analyti- 
cal Cosmosil Buckyprep column (250 x 4.6 mm) of Nacalai Tesque (Kyoto, Japan) 
was used with toluene as a mobile phase at a flow rate of 1 mL min"*. 

RESULTS AND DISCUSSION 
Fullerene anions were generated electrochemically under conditions of CV, RDE 

voltammetry or controlled-potential bulk electrolysis for qualitative and quantitative 
characterization of the electrocatalysis processes as well as for product characteriza- 
tion, respectively. 

Qualitative CV investigations indicated that di- and trianions of C76 and C78 as well 
as trianions of Cs4 electrocatalytically reduce and dehalogenate the 1,2-dihaloethanes. 

Quantitative electrocatalytic experiments of the RDE voltammetry, performed in 
ca. tenfold excess of 1,2-dihaloethanes with respect to the fullerenes (i.e., under 
pseudo-first-order conditions against the 1,2-dihaloethanes), indicated that limiting 
currents, km, were virtually independent of the rotation rate, for small rotation rates. 
Therefore, the second-order electrocatalytic rate constant, k, could be calculated (4): 

k = iJ/(nFAC0>d2DCs (1)' 

(Table 1) where /cat is the catalytic current, D and Cox are the diffusion coefficient and 
concentration of the fullerene, respectively, Cs is the concentration of the substrate, 
i.e., 1,2-dihaloalkane, F is the Faraday constant, n is the number of electrons trans- 
ferred and A is the electrode surface area. The D values of all fullerenes were deter- 
mined from the iym values, in the absence of the dihaloethanes, and the Levich analy- 
sis. The values of *cat were calculated by extrapolating the curves of inm vs. square root 
of rotation rate to the zero abscissa (4). These curves deviated positively from the lin- 
ear Levich plots that were observed in the absence of the 1,2-dihaloethanes. For all 
1,2-dihaloethanes, *'Cat linearly depends on Cs1/2 both for the fullerene di- and trianions. 

Our earlier (1,2) and present results show that all the di- and trianions of CöO, C70, 
C76, and C78 as well as trianions of Cs4 electrocatalytically reduce 1,2-dihaloethanes. 
Potential of the dehalogenation is governed by the formal redox potential, Em, of the 
fullerene. Importantly, the larger the fullerene, the more positive are the Em values of 
the consecutive Cm""/("+I)" electroreductions (Table 1) and, hence, the more positive are 
the £1/2 values of electrocatalytic reduction of 1,2-dihaloethanes.   However, the k 
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value is smaller the larger the fullerene, as the Bronsted type dependence shows 
(Fig. 1). For each fullerene anion, k increases in the order: Cl<Br<I for the 
1,2-dihaloethanes, as the Saveant theory of dissociative reduction predicts (5). 
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FIGURE 1. Dependence of log k on £,/2 for the second, Cm~'2~, and third, Cm
2'ß\ electroreduction of 

the fullerenes 0 = 60, 70, 76, 78 and 84) in presence of different 1,2-dihaloethanes in 0.1 M 
(TBA)PF6, in benzonitrile. 

FIGURE 2. Dependence of log k on number of the fullerene carbon atoms for the fullerene dianions, 
Cm

2", and trianions, Cm
3\ for 1,2-diiodoethane in 0.1 M (TBA)PF6, in benzonitrile. 

Moreover, the k value is smaller the larger the fullerene (Fig. 2). Presumably, the 
free energy difference, corresponding to the difference of formal redox potentials of 
the fullerene and the 1,2-dihaloethane, largely contributes to the activation energy of 
reduction of 1,2-dihaloethanes by the fullerene anions. 

Our constant-potential bulk electrolysis experiments, followed by the HPLC and 
GC-MS analyses of products, indicated no reaction between the anions of larger 
fullerenes and the 1,2-dihaloethanes. 

CONCLUSIONS 

The dianions of C76, and C7g as well as trianions of C76, C7s and C84 electrocatalyti- 
cally reduce and dehalogenate 1,2-dihaloethanes. The second-order rate constant for 
the electrocatalysis increase in the order: Cl<Br<I for the investigated 
1,2-dihaloethanes    and    in    the    order:    C84 < C78 < C76 < C70 < C60    for    each 
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1,2-dihaloethane. The larger fullerenes are more stable than C6o with respect to the 
alkyl adduct formation. Because of high stability with respect to the adduct formation 
and more positive £1/2 values of the electrocatalytic processes, the larger fullerenes 
may be more useful than C6o as catalysts, even though their corresponding catalytic 
rate constants are smaller. 

TABLE 1. Values of the second-order rate constant, k, for electrocatalytic reduction of 
1,2-dihaloethanes by Cm"" (m = 60, 70, 76, 78, 84, and n = 2 or 3) in 0.1 M (TBA)PF6, in benzonitrile. 

Fullerene E]/2 k,b NT1 s-1 

Redox Vvs. 
Couple Ag/AgCl C1(CH2)2C1 Br(CH2)2Br I(CH2)2I Ref. 

r -n- -0.86 3.5 x 10 1.6 x 102 2.8 x 105 C 

r -n- -0.82 2.2 3.3x10 1.1 x 105 d 

r  -a- 
<-76 -0.63 2.1 2.5 x 10 3.3 x 104 e 

r -n- 
*-78 -0.47 0 10 9.8 x 103 e 

r   -/2- 
<~84 -0.42 0 0 0 e 

r.   2-/3- 
<-60 -1.34 5.5 x 10 3.2 xlO2 9.4 x 105 c 

r.   2-/3- -1.26 3.3 1.3 xlO2 5.1 x 10s d 

n    2-/3- -1.12 3.2 8.3 x 10 5.1 x 104 e 

,-.    2-/3- 
1-78 -0.84 0 8.9 1.6 x 104 e 

,-,    2-/3- 
*-84 -0.78 0 1.7 1.9 x 102 e 

" The Em values determined in the present work agree with the literature values (Refs. 6, 7). For the 
Fc+/0 couple, Em = 0.45 V vs. Ag/AgCl under the present solution conditions. * The estimated error of 
the * values is ±15% (std). c From Ref. 1. d From Ref. 2. e Present work. 
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Abstract. We report results on the physisorption of N2 and H2 at low temperatures by 
single-walled carbon nanotubes (SWNTs) produced by the arc discharg method. We 
characterized (SEM, TEM, and HRTEM characterizations) two batches of sample, raw 
collaret and chemically treated SWNTs, in order to determine the best nanotube- 
containing sample for gas storage. Treatments and the effectiveness of the chemical acid 
treatments are discussed. Adsorption measurements of N2 on SWNTs allow us to obtain 
the specific surface area and pore size distribution. Acid treatments used to purify and 
open (by cutting) nanotubes decreased the surface area as a result of material compaction. 
Measurements of H2 adsorption were performed in order to evaluate the adsorption 
capacity of the nanotubes at 133K and below 2 bar. We found up to H:C atomic 
ratio=0.35, ie.2.4wt% of adsorbed hydrogen by gram of sample for our raw material. 

INTRODUCTION 

Because of their cylindrical structure and hollow shape, single-walled carbon 
nanotubes could be thought of as containers for hydrogen storage system. Their empty 
space could be filled with different gas. 

Typically, SWNTs are closed-packed in bundles on ropes of 10-100 well-aligned 
nanotubes in a two-dimensional periodic triangular lattice bonded by Van der Waals 
forces. In our material, the average tube diameter is l,3nm, with a 3,4Ä intertube 
distance and a 5,7Ä interstitial spacing diameter in the triangular lattice. Generally, 
when they are synthesised, SWNTs are a few microns long and capped-ended. Rope 
entanglements form a porous material. Consequently, adsorption process could take 
place in different pore size ranges and the adsorption capacity of such material could 
be very high. 

In this paper, we present results on N2 and H2 adsorption studies of raw and 
chemically treated nanotube materials (purified and opened by cutting nanotubes). 
Firstly, analysing N2 adsorption isotherms at 77K of raw and chemically treated 
nanotube      materials      showed      the      effect      on      surface      area      and 
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pore size distribution. Secondly, evaluation of H2 adsorption capacity is determined for 
the raw material from a thermogravimetric isotherm. 

EXPERIMENTAL SECTION 

We analysed 2 different batches of nanotube materials: raw and chemically treated 
materials. Our raw material is a collaret, synthesized by electric arc discharge 
technique in a reactor under static helium atmosphere. The arc is produced between 
two graphite rods in presence of a mixture of metallic catalysts Ni: Y:C (4,2:1:94,8 
at%) (1). There is a high density of SWNTs : around 70% volume (Fig. 1). The 
remainder consists of different forms of carbon (amorphous, fullerenes...) and few % 
of metallic nanoparticles. 

We investigated 2 types of chemically treated tubes. The first type is a purified 
nanotube sample obtained by refluxing raw collaret in HNO3 for 48h followed by a 
cross flow filtration (2). After this acid treatment, the sample was annealed under N2 
atmosphere at 600°C or 1600°C. After annealing, 95% of material is SWNT bundles 
(Fig. 2). The second type of chemically treated tubes is obtained from the purified 
material by adding a nanotube-cutting step. The opening process has been inspired by 
a study done by Liu et al (4) from produced nanotubes by LASER ablation. Purified 
material (90 mg) was first dispersed in of 360 ml concentrated H2SO4/HNO3 (3:1 vol.) 
mixture and then sonicated for 24h at 40°C. After being diluted in distilled water, the 
suspension was filtered through a lOOnm-pore membrane and washed with lOmM 
NaOH solution to neutralise all the chemical species. Finally, we dispersed the 
resultant deposit in H2SO4 / 30% aqueous H202 (4:1 vol.) and stirred it 40 min at 70°C. 
The final material is much more compact (Fig. 3). TEM microscopy (Fig. 4a) shows 
that many bundles were cut during the chemical oxidation. The surface of the tubes is 
damaged. HRTEM permits to see clearly interference fringes corresponding to each 
nanotube in a bundle but it is very difficult to see if the individual SWNTs are open or 
not with this technique. However, sometimes we are able to find open nanotubes at 
some sites along bundles (Fig. 4b). Maybe, nanotubes do not stay open but tend to 
evolve in time by linking to another bundle (Fig. 4c). 

All adsorption-desorption experiments were done on 50-100mg samples. N2 
measurements were performed at 77K on a computer-controlled Micrometrics ASAP 

FIGURE 1. SEM picture of raw collaret. 
FIGURE 2. SEM picture of purified material and annealed at 1600°C. 
FIGURE 3. SEM picture of SWNTs opened by cutting. 
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FIGURE 4. a) TEM picture of SWNT bundles, open by cutting 
just after experiment, b) HRTEM of open SWNT fragment on a 
outer bundle surface, c) Bonding of 2 bundles after opening. 

apparatus. Materials were outgassed 12hours at 250°C before each experiment. A 
gravimetric technique is used for H2 experiments at constant temperature, which 
involves the measurement of the uptake of the gas, by the adsorbent with the aid of a 
HIDEN "IGA" thermobalance with a cryo.furnace. First, species were outgassed 
lOhours at 150°C then temperature was lowered to 133K and pressure was raised in 
steps allowing about 30min for the weight change to reach a steady value between 
steps. 

RESULTS AND DISCUSSION 

Specific surface areas 

Nitrogen adsorption is used to estimate how much solid area is available for 
adsorption in a given sample. Knowing from adsorption isotherm data the gas volume 
needed to cover a monolayer on the solid surface, surface areas can be calculated using 
the BET equation (4). Specific surface areas (SBET) of the different groups of SWNTs 
are reported in Table 1. For raw material, we note a big surface area (around 280 m /g) 
but it is difficult to determine the real nanotube contribution. One expects purification 
treatments to increase the specific surface area by eliminating the coarser non-SWNT 
material. This effect is indeed observed especially in the 600°C-annealed material. The 
surface area observed corresponds to only about around 1/8 of the calculated external 
surface area of the nanotubes. Therefore, we think that adsorption takes place only on 
the outer surface of nanotube bundles. After annealing at 1600°C the specific area is 
less than the 600°C annealed material. This is most likely due to the agglomeration of 
nanotube bundles to form larger and less perfect bundles at 1600°C. A large specific 
surface area decrease is observed after the subsequent stage of "opening" by cutting. 
This suggests that nitrogen molecules cannot penetrate even the "cut" SWNTs; the 
surface reduction is probably connected to our observation (Fig. 3) that bundles after 
cutting treatments are even thicker than before because of further bundle 
agglomeration. We believe that the damaged external tubes favouring bonding 
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TABLE 1. Specific surface area calculated using BET equation (SBET) for different 
samples and Volume of the adsorbed monolayer VM- 

Samples SUET (m2/g) VM (cm3/g) 

Raw collaret 274 60,86 

Purified and annealing at 600°C 324 74,46 

Purified and annealing at 1600°C 239 54,945 

"Cuf'nanotubes 95 21,74 

between existing bundles cause this effect.Then, acid intercalation might be possible 
inside bundles (5), so adsorption could be blocked. All treated samples showed larger 
hysterisis loops (Fig. 5-6) than the raw material. This suggests a diffusion barrier: 
comparing figures 1-3 we can suppose that the much more dense packing of bundles in 
the treated materials tends to occlude adsorption in the inner part of the specimen. 

H2 adsorption capacity of raw nanotube sample 

Figure7. shows H2 adsorption up to 2 bar. Saturation of adsorption is reached at low 
pressure: lOOmBar. For higher pressures, till 2Bar, there is a plateau : no increase of 
the adsorption capacity. The curious weight decrease at hydrogen pressures above 1 
Bar may be due to hydrogen displacing a heavier adsorbed gas which was not 
completely removed by the preceding vacuum treatment. The material can adsorb 
2.4wt.% of hydrogen per gram of sample at 133K (H:C atomic ratio=0.35); 
corresponding to 3.43 wt.% if all adsorption is ascribed to the 70% nanotubes in the 
material. This is less than Dillon at al. reported (6) for partially oxidized material from 
LASER ablation at near room temperature; which they ascribe to adsorption inside the 
SWNTs. Their values (5-10wt%) are approximate because a large correction is needed 
to account for proportion of SWNTs (0.1-0.2%) in their samples. The adsorption 
plateau corresponds to 2700cm3 hydrogen/gram. The nitrogen monolayer covering the 

FIGURE 5. N2 adsorption-desorption 
isotherms at 77K: (■) cut-nanotubes- 
containing material; (•) raw material. P0 

FIGURE 6. N2 adsorption-desorption isotherms at 77K: 
(•) Purified +annealed at 1600°C sample; (♦) Purified 
+annealed at 600CC sample; (■) cut-nanotube-containing 
material. Adsorbed volume is expressed in function of 
relative pressure (P0 is the vapour saturation pressure of 
N2 at 77K) 
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FIGURE 7. Hydrogen adsorption isotherm at 133Kof raw 
collaret. Semi-log scale for the pressure range. The 
change in weight is measured in mg of H2 per gram of 

raw collaret corresponds to an atomic N/C ratio of only 0.065. Therefore, the hydrogen 
is accessing a greater surface of material than the nitrogen; indicating some penetration 
inside the bundles or even inside the nanotubes themselves. 

conclusion 

Nitrogen adsorption on SWNTs at 77K occurs only on the outer surfaces of the 
bundles. This area decreases as a result of thermal and acid treatments intended to open 
the SWNTs. However, there are indications that hydrogen penetrates the bundles, 
reaching a plateau coverage of H/C * 0.35 by P=100mBar at 133K on raw collaret 
material (70% SWNTs). Measurements on purified and chemically open SWNTs are 
currently in progressed. Furthermore, improvement on nanotube cutting by a 
mechanically way is under way. 
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One still unsolved problem for the use of hydrogen as clean fuel is the safe and 
efficient storage of hydrogen. Currently cryo tanks, gas cylinders or metal 
hydrides are used. Important parameters for a hydrogen storage system are 
weight and volume density, cost and safety. Recent publications [1-3] claimed 
that large amounts of hydrogen can be stored reversibly in carbon nanotubes 
from the gas phase. Similar to a gas phase experiment where the storage 
material absorbs hydrogen as a function of pressure the hydrogen absorption in 
a electrochemical system is controlled by the potential. We report results of 
experiments with carbon nanotubes charged reversibly with hydrogen. The 
density of hydrogen per weight exceeds the storage density of metal hydrides. 
Samples with different degrees of purity are compared. 

EXPERIMENTAL 

The experiments were performed in a half cell in 6 M KOH electrolyte. A nickel 
counter electrode was used. The voltages were refered to a Hg/HgO/OH" reference 
electrode. 

As received samples were grinded and mixed with gold powder (purity 99.95%, 
diameter <53 micron, Goodfellow UK) as compacting additive. Gold was used 
because it is noble and does not participate in any electrochemical reaction. A pellet 
(electrode) was pressed (500 MPa) of 20 mg carbon material and 80 mg gold 
powder. All weight densities given in this paper are normalised to the sample 
weight which is the weight of the entire carbon material, i.e. no correction due to the 
purity of the samples was made. 

Different kind of SWNT samples have been investigated. All of them were 
produced with the arc discharge method. Samples were obtained from Patrick 
Bernier, Universite de Montpellier (FR), MER Corporation (USA) [4], CarboLex 
(USA), and Dynamic Enterprise Limited (UK). For comparison C60 [5] and high 
surface active graphite [6] were also measured. Some of their properties are listed in 
Table 1. 

CP486, Electronic Properties of Novel Materials— Science and Technology of Molecular Nanostructures, 
edited by H. Kuzmany, J. Fink, M. Mehring, and S. Roth 

© 1999 American Institute of Physics l-56396-900-9/99/$]5.00 
462 



TABLE 1. Properties and max. discharge capacity of the samples 
Producer SWNT Remainder Catalyst Process Max discharge 

Capacity fmAh/g] 

Patrick Bernier 70% amorphous Carbon N,Y 
arc, non 
purified 85 

MER a few % 
traces of C-60, C70, 
amorphous Carbon Ni,Fe 

arc, as- 
produced 170 

CarboLex 50-70% amorphous Carbon pro-prietary 
arc, AP- 
Grade 1 170 

DEL 50% 
traces of C-60, C70, 
amorphous Carbon Ni, Fe arc, purified 552 

C60 Hoechst 0% - - - 16 

HSAG 300 0% - - - 0 

The maximal discharge capacity has been measured in a special cycle were the 
discharge current was pepeatedly reduced while cycle life measurements where 
performed with a constant current of 25 mA/g. The discharge ends after reaching the 
cut-off potential which was set to 0.0 V vs. Hg/HgO/OH". The charge/discharge 
curves were measured with 100 current pulses of 10 mA/g. Three minutes after the 
end of each pulse the potential was measured at open circuit. The reaction 
resistance of the electrodes was tested by measuring the discharge capacity as a 
function of the discharge current. Starting from 5000 mA/g the current was 
repeatedly reduced each time after reaching the cut-off potential. The lowest current 
used was 0.5 mA/g. For the voltage step measurements the potential was set from 
0.0 V to 0.9 V vs. Hg/HgO/OH" for charging and vice versa for discharging. 
The hydrogen weight density was calculated from the amount of discharged 

current: 1 Ah/g corresponds to 3.54 wt% hydrogen in carbon. 

RESULTS AND DISCUSSION 

Due to the reaction resistance the discharge capacity decreases with increasing 
discharge current because the cell voltage drops and the cutoff potential is reached 
earlier. Fig. 1 shows that for an electrode made of the DEL sample the capacity 
exceeds the capacity of typical metal hydrides for a discharge current lower than 
ImA/g. 

A large number of subsequent charge/discharge cycles has been performed. After 
50 charge/discharge cycles the electrode delivers more than 70% of the initial 
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FIGURE 1. Discharge Capacity as a function of 
the discharge current 

FIGURE 2. Discharge Capacity as a 
function of the number of cycles 

capacity (Fig. 2). The decrease in capacity is mainly due to the mechanic 
instability of the electrodes. Black powder was found on the bottom of the cell. An 
improved electrode design might show a better stability. 

Figure 3 shows the current after applying a voltage step. One can distinguish two 
processes. The first with a time constant of t1/2= 38.1 s is due to the double layer 
capacity while the second with t1/2= 870 s represents the ab- and desorption of the 
hydrogen into the sample. 

The potential of the electrode is a function of the hydrogen concentration. The shape 
of the curves shown in Fig. 4. is typical for a rate limited ab-/desorption. In order to 
measure in equilibrium conditions it is necessary to wait at each data point at least 
several times 870 seconds. 

Samples not containing carbon nanotubes do not show a measurable hydrogen 
storage capacity while 14 mAh/g was measured for C60- 

CONCLUSIONS 

The hydrogen capacity per weight of at least one SWNT containing sample eceeds 
the capacity of typical metal hydrides. For most applications the kinetic properties 
need to  be improved.  Possible ways  may be catalysts,   cutting  the  tubes, 
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FIGURE 4. Charge/Discharge Curve 
The closed circles show the potential as a 
function of hydrogen concentration during 
charge. The open circles show the discharge. 

inducing defects or mixture with metal hydrides. In order to determine the 
thermodynamic parameters of the system equilibrium measurements at different 
temperatures should be performed 
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Abstract. We report, for the first time, preliminary results obtained from analysis of 
poIy(methyl methacrylate) -multiwalled carbon nanotubes composites thin films. These films 
were prepared by mixing the polymer with different nanotube concentrations and were 
deposited by spin coating on glass substrates. The composites were characterized by Raman 
spectroscopy and scanning electron microscopy. The evolution of the conductivity versus the 
nanotube concentration was carried out in the order to determine the transport process in these 
materials. Such a composite is promising for use as transporting layer in multilayer diodes. 

INTRODUCTION 

Electrical properties of nanotubes make them good candidates for new 
materials. Recently, composites in which nanotubes were dispersed in a polymer 
matrix have been studied (1,2). In this work, we have investigated composites made of 
multiwalled nanotubes (MWNT's) and Poly(methyl methacrylate). Such a material 
appears interesting for use as a transporting layer in electronic devices because it 
possesses the advantages of both components. To investigate their structural 
properties, we have used scanning electron microscopy (SEM) to observe the 
dispersion of the nanotubes in the polymer and the homogeneity of the films. 
Vibrational properties of the composites with several nanotube concentrations have 
been studied by Raman spectroscopy in order to examine the organization of the 
nanotubes in the PMMA matrix and the possible interactions between the two 
materials. Finally, the conductivity was measured as a function of the nanotube 
concentration in the polymer in order to determine the percolation threshold. 

EXPERIMENTS 

Multiwalled nanotubes are produced by the arc discharge method (1). The 
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resulting powder contains high quantity of MWNT's (around 90%), amorphous 
carbon, and graphitic sheets or particles. The nanotube powder and PMMA are mixed 
together in toluene with several concentrations of nanotubes specified by the weight 
percentage in the polymer. The solution is mixed in an ultrasonic bath during 8 hours. 
Composite thin films are obtained by spin coating the solutions on KBr substrates for 
optical measurements and glass substrates for SEM observations. The samples used for 
the current-voltage measurements are obtained by depositing the solution onto glass 
substrates covered by a metallic bottom electrode. The top electrode is then deposited. 
Chromium is used for the electrodes. 

RESULTS AND DISCUSSION 
Scanning electron microscopy 

Figure 1 shows the SEM images of the composites films for 1 and 16% 
concentrations. In the 16% concentration sample, aggregates emerge from PMMA 
while in the 1% sample, no aggregate was observed because the amorphous carbon is 
diluted in the matrix. In general, low concentration samples are uniform and 
homogeneous because of the low quantity of amorphous carbon in the MWNT's 
samples. 

*.*-..*?W.v ?$:5M&#fy 

-v*'.' • 'k&A 

iff,) 

Figure 1. Scanning electron microscopy (SEM) of the composites films for 1% (a) and 16% (b) 
concentrations. 

Raman spectroscopy 

Raman measurements of PMMA-MWNT's composite films were performed 
with several nanotube concentrations obtained using an excitation wavelength of 1064 
nm (figure 2). All the data are normalized to the 1581 cm"1 Raman peak of the 
nanotubes. Raman bands of MWNT's are clearly observed in the PMMA-MWNT's 
spectra but the PMMA features do not appear because of their low intensity. In 
addition to the nanotube features, an asymmetric hump attributed to a thermal effect 
(2) appears between 2250 and 3750 cm"1. It increases in intensity with the nanotube 
concentrations but it is very weak in comparison to the MWNT's Raman spectrum. The 
peak at 1270 cm"1 and the corresponding second order one at 2540 cm"1 increase in 
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intensity with the nanotube concentrations suggesting a high dispersion of the 
amorphous carbon in the polymer matrix. This corroborates the results obtained by 
SEM. The peak at 1581 cm"1 is not changed by introduction of nanotubes in PMMA. 

500    1000   1500   2000   2500   3000   3500   4000 
Raman shift (cm"1) 

Figure 2. Raman spectra of PMMA-MWNT's for different concentrations using the infra-red excitation 
line. 

Beside the characteristic bands of MWNT's, several peaks appear between 100 
and 200 cm"1. These bands do not change upon adding of MWNT's, contrarily to the 
behavior of the SWNT's-PMMA composites in similar range (2). Thus, these bands 
would correspond to breathing modes of the inner diameter of MWNT's or in an 
alternative way, to Eg modes (4). 

Conductivity measurements 

The conductivity of the composites was measured for several nanotube 
concentrations from 0.25 to 16% (fig. 3). The conductivity of PMMA is 7x10"12 S/m. 

Mass ratio (% M^ WNTs     PMMA' 

Figure 3. A semilogarithmic plot of the composite conductivity for different nanotube concentrations in 
PMMA. The dotted line is the experimental curve and the solid one is a fit from equation (1). 
Between 0.25 to  1%, the conductivity increases drastically by eight orders of 
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magnitude to 2.3x10"4 S/m. For a concentration of 16%, it is around 10"3 S/m. This 
behavior is characteristic of a percolation in a composite system and can be described 
by an analytical model proposed by Fourier et al (4): 

log(sc) = log(Sn) + [log(sp) - log(s„)]/[l + exp{b(c - cp)}], (1) 

where sc, sn, sp are the composite, nanotube and polymer conductivities respectively, c 
is the mass ratio, and b is an empirical parameter that leads to the change in 
conductivity at the percolation threshold cp. The value of the threshold determined 
from the fitted curve is cp = 0.5% indicating that a very low concentration of MWNT's 
is needed to obtain the percolation. 

CONCLUSION 

We have investigated composite thin films obtained by mixing multiwalled 
nanotubes and a non-conjugated polymer. Uniform and homogeneous films are 
obtained by spin coating, especially when the nanotube concentration is low as shown 
by scanning electron microscopy observation. Compared to pristine MWNT's, Raman 
spectra show changes in the intensity of the peak at 1270 cm"1 and that of the hump 
between 2250 and 3750 cm"1 which decrease by introduction of nanotubes in the 
polymer. The percolation threshold is 0.5% and an increase by nine orders of 
magnitude of the conductivity is observed with high concentrations. These properties 
make the composites good candidates for electrical devices and they are expected to be 
used as transporting layer in multilayer light emitting diodes. 
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Abstract Catalytic multiwall carbon nanotubes (MWNT) were functionalized by low-pressure 
ammonia plasma and chemical oxidation, and their surface groups were identified by X-ray 
Photoelectron Spectroscopy (XPS) and acid-base titration. The reactivity of MWNT with ammonia 
plasma largely depends on their microtexture and on residual oxygen pressure in the reactor. Using 
catalytic MWNT presenting numerous dangling bonds on their outer part, the N/C atomic ratio could 
reach 0.18. Oxidation by sodium chlorate was very efficient (O/C atomic ratio = 0.2) for the creation 
of surface carboxylic groups. 

INTRODUCTION 

Due to their shape and size, carbon nanotubes are believed to have mechanical 
strength unmatched by any material. These extraordinary properties derive from the 
special arrangement of the carbon bonds in a quasi-one-dimensional structure. Our 
specific focus is the potential use of carbon nanotubes as a filler element in the 
development of a novel generation of composite materials with enhanced structural, 
mechanical and electrical properties. However, due to their hydrophobic character, 
grafting polar functions on their surface should be considered in order to increase 
interfacial adhesion with the matrix, as it has already been done on carbon fibres (1, 2). 
In the present work, two ways of surface treatment were considered: low pressure 
ammonia plasma and controlled chemical oxidation. In order to better identify grafting, 
catalytic MWNT which present a large number of reactive edge planes were first tested. 

EXPERIMENTAL 

Catalytic multiwall carbon nanotubes (MWNT) were obtained by decomposition 
of acetylene at 900°C over silica supported cobalt (3) and then, silica and cobalt were 
eliminated by dissolution in hydrofluoric (73 wt%) and nitric (3 mol.l"1) acids. The 
samples coming from these treatments will be referenced as pristine MWNT for the 
following study. For comparison, catalytic MWNT annealed at 1600°C under argon 
atmosphere for 3 hours were also studied (4). 

Low-pressure plasma was generated by a radio-frequency (RF) discharge (13.56 
MHz) in Argon/NH3 flow. Argon was used as a buffer gas for its low ionization 
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potential and also for the efficient role of its cations and metastable species, both in the 
NH3 dissociation mechanisms and in the generation of dangling bonds on the nanotubes 
surface. MWNT were deposited on the grounded electrode in a stainless steel crucible. 
The reactor chamber was evacuated under primary (10~3 mbar) or secondary vacuum 
(105 mbar) prior to gas admission. Plasma parameters were optimized using Tibbett's 
Vapor Grown Carbon Fibers (5), leading to the following experimental conditions : gas 
flows of 36 and 10 cm3/min respectively for Ar and NH3, a RF power of 50 W and 3 
hours treatment. 

The samples (200 mg) were oxidized with a solution of NaClC>3 (200 mg) in 
H2SO4 (95 %) during 24 hours, at room temperature under Argon flow. 

Surface groups were titrated accordingly to the method described by H. P. 
Boehm (6). Basic functions were neutralized by HC1, while bases of increasing 
strength, i.e. NaHC03, Na2C03, NaOH and NaC^Hs were used successively for the 
determination of carboxylic, lactonic, phenolic and carbonyl groups. 

XPS analyses (VG Escalab MKD. multidetection) were performed before and 
after treatment using Mg Ka radiation (1253.6 eV). The Cls spectra were fitted using a 
Doniach Sunjic peak shape (a and y parameters) in order to account for the asymmetry 
due to conduction electrons (7). 

RESULTS-DISCUSSION 

Catalytic MWNT prepared at 900°C have wrinkled aromatic layers non-parallel 
to the tube axis (fishbone morphology), therefore their outer part presents numerous 
edge plans allowing more easy functionalisation. After nitric acid treatment of as- 
received MWNT, a Ols contribution was observed in the XPS spectra with an atomic 
ratio O/C of 0.038, that proves oxidation of MWNT surface. The Cls core level 
includes four components: an asymmetric peak at 284.6 eV (C-C, C-H) and three other 
peaks centered respectively at 286.2 eV (C-O), 288 eV (C=0) and 290 eV (COO) 
(figure 1). Contributions due to carbon-oxygen bonds were observed in the Ols core 
level. Acid-base titration gave carboxylic (0.35 meq/g), lactonic (0.1 meq/g), phenolic 
(0.99 meq/g) and basic (0.29 meq/g, pyrone and chromene type) groups in good 
agreement with the relative areas observed for the Cls peak (figure 1). 

After ammonia/argon plasma treatment of pristine MWNT, XPS analyses 
clearly showed the incorporation of nitrogen with appearance of a Nls signal at 399.1- 
399.8 eV and broadening of the Cls peak due to a C-N contribution at 285.7 eV (figure 
2). However, the amount of nitrogen grafted strongly depends on the purity of 
atmosphere in the plasma chamber. When primary vacuum was applied before 
admission of Ar/NHh mixture, the N/C atomic ratio was 0.07, and surprisingly the 
amount of oxygen at the surface (O/C = 0.06) was larger than in pristine nanotubes, 
proving that residual oxygen present in the reactor is very reactive with nanotubes in the 
plasma conditions. If the reactor was evacuated under secondary vacuum, grafting of 
nitrogen onto the surface reached a high ratio (N/C = 0.18), but still an important 
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amount of oxygen was grafted (O/C = 0.08). A competition between nitrogen and 
oxygen reactive species is therefore suspected, showing that more drastic conditions 
have to be used in the future for limiting the presence of oxygen in the chamber. 
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FIGURE 1. Cls XPS spectrum of pristine MWNT (a = 0.12, y= 0.25). 
The values given for each contribution are atomic ratios. 
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FIGURE 2. C1 s (a) (a = 0.06, y = 0.26) and N1 s (b) XPS spectra of pristine MWNT 
treated by Ar/NH3 plasma. The values given for each contribution are atomic ratios. 

MWNT annealed at 1600°C under argon flow did not present any Ols 
contribution detectable by XPS, indicating that surface is cleaned by thermal treatment. 
This has to be related with TEM observations showing important microtextural 
modifications, in particular curing of edge defects by the formation of more continuous 
aromatic layers. Ammonia plasma treatment on these nanotubes was obviously less 
efficient than for pristine MWNT and the N/C atomic ratio was only 0.033. A Ols peak 
(O/C = 0.064) and a C-O contribution at 286.2 eV in the Cls peak were detected, 
showing that in the plasma, reactivity of these tubes is higher with polluting oxygen than 
with nitrogen species. 

Sodium chlorate treatment of pristine MWNT was found to increase efficiently 
the density of oxygenated functional groups. The O/C atomic ratio, measured by XPS, 
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reached a very high value (= 0.2), and the Cls peak showed an important contribution 
at 290 eV attributed to carboxylic groups (figure 3). Besides, acid-base titration 
confirmed that surface carboxylic acid has been increased from 0.35 meq/g, for pristine 
nanotubes, to 1.2 meq/g for the oxidized ones. 
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FIGURE 3. Cls (a) and Ols (b) XPS spectra of pristine MWNT oxidized by sodium chlorate. 
The values given for each contribution are atomic ratios. 

Finally, we have to point out that the tubular morphology of MWNT, observed 
by TEM after plasma or oxidation treatments, is preserved. It means that it can be 
expected that the mechanical properties of nanotubes are not altered. 

For future perspectives, the amine and carboxylic functions present at the surface of 
MWNT could be used to graft oligomers having anhydride end-groups. This should 
improve the wetting properties of nanotubes by suitable matrices. Perspectives of novel 
nanotube-based composites with interesting mechanical performance appear quite realistic. 
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Abstract. We present the fimctionalization of SWNT, MWNT and graphite with hydrogen. The 
covalently bonded hydrogen derivatives decompose at around 500°C resulting in the evolution of 
hydrogen. The maximum hydrogen content of nanotubes estimated from thermogravimetry-mass 
spectrometry corresponds to about a HC8 composition. The addition reaction of hydrogen 
introduces longer, a type C-C bonds giving rise to a significant disorder at the surface layers of 
the hydrogenated nanotubes as shown by electron micrography. 

I   INTRODUCTION 

Since the discovery of carbon nanotubes1 great efforts were made to understand 
their structure and physical properties2. On the other hand, chemistry was restricted to 
the production and purification without much interest in the chemical properties. The 
recent attempts on the intercalation3'4 and the oxidation5 attracted the attention on the 
chemical modification of nanotubes. Here we present our preliminary results on the 
formation and structure of hydrogenated nanotubes and other carbonaceous materials. 
Hydrogenated nanotubes can be considered as the prototypes of covalent nanotube 
derivatives. The formation of covalent CH bonds is accompanied by the development 
of equivalent amount of sp3 C without destroying the framework of hexagons of the 
tubes. Thus, hydrogenated nanotubes represent a new family of carbon derivatives 
with various physical and chemical properties. 

II   EXPERIMENTAL 

Hydrogenation of the nanotubes was performed via a modified Birch reduction 
method with Li and methanol in liquid ammonia. The detailed process is described 
elsewhere6. Shortly, methanol was added slowly to the suspension of nanotubes in 
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Li/NH3 solution. After evaporation of NH3 the product was washed subsequently with 
methanol, water, hydrochloric acid, water and methanol, and dried in vacuum. In order 
to determine the reactivity of various carbonaceous materials with respect to 
hydrogenation we performed the reduction of single wall nanotubes (SWNT), multi- 
wall nanotubes (M WNT), extracted fullerene soot and two types of graphite. 

The composition and the thermal stability of the samples were studied by 
thermogravimetry-mass spectrometry (TG-MS). The TG-MS instrument consists of a 
Perkin-Elmer TGS-2 thermobalance and a HIDEN HAL 2/301 PIC quadrupole mass 
spectrometer. Approximately 5 mg samples were heated at a 20°C/min heating rate 
from 30°C to 900°C in argon atmosphere. The volatile products were detected by the 
mass spectrometer operating at 70 eV in electron impact ionization mode. 

High resolution transmission electron microscopy (HRTEM) was performed by a 
Philips CM300 electron microscope operating at 300 kV electron energy with a 
resolution of 0.19 nm. 

Ill  RESULTS AND DISCUSSION 

The above hydrogenation method applies for the partial reduction of conjugated 
systems. The expected products are covalently bonded CH derivatives and are 
essentially different from the adsorbed H2 derivatives7. Since no similar nanotube and 
graphite compounds were reported previously, it is of great importance to reveal the 
nature of these CH bonds. The thermal decomposition provides evidences on the H 
content of the samples and on the strengths of the CH bonds. Fig. 1. shows the TG-MS 

200 400 
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Fig. 1. Thermogravimetric curves and the evolution of hydrogen and methanol 
during the decomposition of MWNT (a) and SWNT (b). 

curves of hydrogenated MWNT and SWNT samples. Similar curves were obtained for 
hydrogenated graphite samples. Two significant decomposition products were formed: 
hydrogen and methanol. The molar amount of hydrogen is about an order of magnitude 
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higher than that of methanol indicating that mainly hydrogen is built into the 
framework. In the lower temperature range (T<450°C) the mass loss of the samples is 
attributed to the evolution of methanol. Hydrogen evolves independently of methanol 
at higher temperatures with a characteristic decomposition peak at about 500°C. In 
SWNT a further decomposition peak of hydrogen is observed at about 650°C. The high 
evolution temperature of H2 excludes the possibility of weak adsorption of hydrogen to 
carbon7 and strongly indicates the presence of covalent CH bonds. On the other hand 
hydrogen intercalation is also possible with the existence of partial ionic bonds. This 
may be the structure of graphite derivatives. Further structural studies are necessary to 
reveal the nature of bonding. 

The hydrogen content was estimated from the mass loss corresponding to the 
temperature range of H2 evolution. Table 1. summarizes the amounts of the evolved 
hydrogen and the estimated stoichiometries. For both graphite samples the maximum 

Table 1.   Hydrogen contents of various  hydrogenated carbonaceous materials. 

Sample H2 evolved (% m/m) Estimated C : H molar ratio 
Graphite 1.9 
Graphitic soot 2.0 
SWNT 0.7-1.1 
MWNT 0.5 - 0.9 
Fullerene soot <0.2 

4:1 
4:1 

(12 - 7) : 1 
(16-9): 1 
>40: 1 

hydrogen contents correspond to a C4H stoichiometry. The maximum hydrogen 
content of nanotubes is about half of the value of graphite and scatters from sample to 
sample. The variable H content indicates that the heterogeneous hydrogenation was 
incomplete and further H uptake would be possible. In contrast to graphite and 
nanotubes, no significant hydrogenation takes place on the fullerene soot. 

The influence of hydrogenation on the walls of nanotubes was studied by electron 
microscopy. Fig. 2. shows the HRTEM images of hydrogenated and pristine MWNT. 

mt 

d (left) and pristine (right) 
MWNT samples. 
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Due to hydrogenation the walls became corrugated and partly disordered. Similar 
corrugation and more significant disorder can be observed on the SWNT walls. 
Corrugation can be attributed to the differences in bond lengths and angles of the 
unreacted sp2 and the formed sp3 carbons. In most cases, the inside shells of MWNT 
are also affected by the hydrogenation and show a corrugated structure (Fig. 2. a.). 
This unexpected observation is supported by the high H content of MWNT (Table 1.). 

IV  CONCLUSION 

We have shown for the first time that MWNT, SWNT and similarly graphite can be 
chemically hydrogenated via a heterogeneous Birch reduction. The obtained maximum 
H:C ratio is 1:4 for graphite and about 1:8 for the nanotubes. The high decomposition 
temperature (500°C) gives evidence for a strong chemical bond between H and C. 
Unexpectedly, the inside shells of MWNT were also affected by hydrogenation. The 
corrugated structure of hydrogenated nanotube walls indicates the presence of sp3 C 
formed due to the addition of hydrogen. Further structural studies on the nature of CH 
bonding and the arrangement of H in the hexagonal C frameworks are in progress. 
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Abstract. The electronic density of states (DOS) of atomically resolved single-walled 
carbon nanotubes have been investigated using scanning tunneling microscopy. Peaks 
in the DOS due to the one-dimensional (ID) nanotube band structure have been char- 
acterized and compared with the results of tight-binding calculations. In addition, a 
novel electromechanical device has been designed and fabricated using nanotubes. 

INTRODUCTION 

There has been intense effort focused on carbon nanotubes since their discovery 
by Iijima [1]. This attention on carbon nanotubes is not surprising in light of their 
promise to exhibit unique physical properties that could impact broad areas of sci- 
ence and technology, ranging from super strong composites to nanoelectronics [2]. 
According to theory [3], SWNTs can exhibit either metallic or semiconducting be- 
havior depending on diameter and helicity. Recent scanning tunneling microscopy 
(STM) experiments [4,5] have resolved the atomic structure and electronic den- 
sity of states of SWNTs, and have confirmed this predicted electronic behavior 
of SWNTs. In addition, the tunneling spectra reported in these studies exhib- 
ited peaks in the density of states (DOS), Van Hove singularities (VHS), that are 
believed to reflect the ID band structure of the SWNT [6]. 

In this paper, we first review STM investigations of the electronic structure of 
atomically resolved SWNTs and compare these results with tight-binding calcula- 
tions. Significantly, we find that the VHS in the DOS calculated using a straight- 
forward zone-folding approach agree with the major features observed in the spec- 
troscopic measurements. In addition, we will also discuss the design and fabrication 
of an electromechanical device that exploit these unique electrical and mechanical 
properties of nanotubes. 
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VAN HOVE SINGULARITIES IN SINGLE-WALLED 
NANOTUBES 

SWNT samples were prepared by laser vaporization, purified and then deposited 
onto a Au (lll)/mica substrate. Immediately after deposition, the sample was 
loaded into a UHV STM that was stabilized at 77 K; all of the experimental data 
reported in this paper were recorded at 77 K. Imaging and spectroscopy studies 
were carried out using etched tungsten tips with the bias (V) applied to the tip. 
STM spectroscopy measurements were made by recording and averaging 5 to 10 
tunneling current (/) versus V (I-V) curves at specific locations on atomically 
resolved SWNTs. The tunneling conductance, dl/dV, was obtained by numerical 
differentiation. 

An atomically resolved STM image of several SWNTs is shown in Fig. 1(a). The 
diameter and chiral angle measured for this tube were 1.35 ± 0.1 nm and -20 ± 
1°, respectively after deconvolution of tip effects [7]. The measured diameter and 
chiral angle can be used to assign the (n,m) indices of the SWNT [4,7]. We find 
that (13,7) and (14,7) are consistent with the uncertainty in these values, where 
(13,7) and (14,7) are expected to be metallic and semiconducting respectively. 
The I-V exhibits metallic behavior with relatively sharp, stepwise increases at 
larger |V| (Fig. 1(b)). The I-V curves have a finite slope, and thus the normalized 
conductance (V/I)(dI/dV), which is proportional to the LDOS, has appreciable 
non-zero value at V = 0 as expected for a metal (Fig. 1(b) inset). This suggests 
that the (13,7) indices are the best description of the tube (we address this point 
further below). At larger |V|, several sharp peaks are clearly seen in both the 
dl/dV and the normalized conductance.   We attribute these peaks to the VHS 

-0.2 

-0.4 - 

bias ( volt) 

FIGURE 1. (a) STM image of SWNTs recorded at I = 0.12 nA and V = 550 mV. The 
black scale bar is 1 nm. A portion of a hexagonal lattice is overlaid to guide the eye. (b) I-V 
data recorded on the SWNT in (a). The inset shows the normalized conductance,(V/I)(dI/dV). 
(adapted from [6]). 
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FIGURE 2. (a) Energy dispersion of the 7r-band of graphene sheet near K. The solid lines 
correspond to (13,7) ID bands obtained by the zone-folding. Symbols are located at the positions 
where VHS occur in these ID bands, (b) Comparison of DOS obtained from our experiment 
(upper curve) and 7r-only tight binding calculation for (13,7) and (12,6) SWNT (the second 
curve from top). The broken vertical lines indicate the positions of VHS in the tunneling spectra 
after considering convolutions of thermal broadening. The symbols correspond to the VHS shown 

in (a) (adapted from [6]). 

resulting from the extremal points in the ID energy bands. 

The availability of experimentally determined density of states for atomically- 
resolved nanotubes represent a unique opportunity for comparison with theory. 
In this regard, we have calculated the band structure of a (13,7) SWNT using 
the tight-binding method. If only w and 7r* orbitals are considered, the SWNT 
band structure can be constructed by zone-folding the 2D graphene band structure 
into the ID Brillouin zone specified by the (n,m) indices [2]. Fig. 2(a) shows the 
graphene TT band structure around the corner point (K) of the hexagonal Brillouin 
zone. For the metallic (13,7) tube, the degenerate ID bands which cross K result 
in a finite DOS at the Fermi level. Note that the energy dispersion is isotropic 
(circular contours) near K, and becomes anisotropic (rounded triangular contours) 
away from K. Therefore, the first two VHS in the ID bands closest to K have 
a smaller splitting in the energy due to the small anisotropy around K, while the 
next two VHS have a larger splitting due to increasing anisotropy. If the energy 
dispersion were completely isotropic, both sets of peaks would be degenerate. We 
used the same value of the hopping integral VppiT, 2.5 eV, determined from previous 
studies [4,7]. 

Our STS data shows relatively good agreement with the DOS for a (13,7) tube 
calculated using the zone-folding approach (Fig. 2(b)). The agreement between 
the VHS positions determined from our dl/dV data and calculations are especially 
good below the Fermi energy (EF) where the first seven peaks correspond well. 
Above the Fermi energy larger deviations between experiment data and calcula- 
tions exist. The observed differences may be due to the band repulsion, which 
arises from the curvature-induced hybridization, or surface-tube interaction that 
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were not accounted for in our calculations. Detailed ab initio calculation [8] have 
shown that the effect of curvature induced by hybridization is greater in 7c*/a* 
than n/a orbitals. This could explain the greater deviations between experiment 
and calculation that we observe for the empty states. In the future, we believe 
that comparison between experiment and more detailed calculations will help to 
resolve such subtle but important points, and also help to understand how inter- 
tube and tube-substrate interactions affect the nanotube band structure. We have 
also investigated the sensitivity of the DOS to (n, m) indices. Specifically, we cal- 
culated the DOS of the next closest metallic SWNT to our experimental diameter 
and angle, a (12,6) tube. Significantly, we find that the calculated VHS for this 
(12,6) tube deviate much more from the experimental DOS peaks than in the case 
of the (13,7) tube (Fig. 2(b)). We believe that this analysis not only substantiates 
our assignment of the indices in Fig. 1(a), but more importantly, demonstrates the 
sensitivity of detailed DOS to subtle variations in diameter and chirality. 

ELECTROMECHANICAL DEVICES USING 
NANOTUBE: NANOTWEEZER 

Carbon nanotubes are both electrically conducting and mechanically flexible, 
and thus offer many unique opportunities for creating nanoscale devices. In this 
section, we will discuss the design and fabrication of an electromechanical nanotube 
device, a nanotweezer. 

A nanotuweezer was fabricated in two basic steps. First, two independent, elec- 
trically isolated gold electrodes were deposited on the surface of a micro-pipette by 
shadow masking during thermal deposition. Second, multi-walled nanotubes were 
attached to each electrode, and firmly fixed by conducting carbon polymer tape 
[9,10]. 

The operation of the nanotweezer was investigated by applying a bias voltage 
to the electrodes. The mechanical deflection of tweezer arms was observed in an 
inverted optical microscope, and recorded using a CCD camera and frame grabber 
attached to the microscope. Figure 3 shows the voltage response of a typical nan- 
otweezer. As the bias voltage increases from 0 V to 20 V, the end of tweezer arms 
gradually close, and then touch. It was found that the tweezer arms relaxed to the 
original position when the applied bias voltage was removed, and this process can 
be done several times producing the same deflection. This verifies that the deflec- 
tion of tweezer arms is mainly attributed to elastic deformation of the nanotubes 
rather than plastic deformation between nanotubes and metal electrodes. There- 
fore, the device demonstrates repeatable tweezer operation, and moreover the bias 
voltage required for actuation is considerably lower than that was required for the 
previous microtweezer [11]. 

Once the tweezer arms are closed tightly (~ 20 V in Figure 3), they remain 
stuck together even after removing the applied bias voltage. The strong adhesion 
force between bundles of multi-walled nanotubes are presumably responsible for 
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FIGURE 3. Mechanical deflection of nanotweezer in the response to bias voltages. 

this observed behavior. The closed end of the tweezers, however, could reopen by 
applying the same polarity of voltage to both sides of the tweezer arms to charge 
the ends. 

SUMMARY 

We have discussed STM investigations of the electronic structure of atomically 
resolved SWNTs and compared these results with tight-binding calculations. Sig- 
nificantly, we find good agreement between the major features observed in the 
spectroscopic measurements and the VHS predicted by tight binding calculations. 
In addition, the unique properties of nanotubes were exploited to fabricate an elec- 
tromechanical nanotweezer. 
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Abstract. We used a combinatorial chemistry approach to develop the molecular plastic solar 
cells based on soluble fullerene derivatives or solubilized TCNQ molecules in combination with 
conjugated polymers. Profiles, formed by the diffusion of low molecular weight component in 
the spin-cast polymer host were used. The ratio between low molecular weight acceptor and 
polymer changed along the diffusion gradient direction from 100% to 0% at the distances 10-20 
mm. Optical and electrophysical properties such as absorption, luminescence, short circuit 
current and open circuit voltage were measured using a specially designed installation with the 
resolution of 25 points per millimetre. 

EXPERIMENTAL 

As a first step on a way to develop molecular plastic solar cells using both 
advanced organic synthesis and supramolecular engineering approach on the device 
scale level we developed the combinatorial chemistry technique to investigate the 
behaviour of soluble fullerenes and TCNQ derivatives when mixed with the 
substituted BW-poly(paraphenylenevinylene) matrix. The method is based on the 
diffusion profiles, produced by low-molecular weight component and spreading from 
the phase boundary into the polymer layer as far as 20 -30 mm. This is realised by 
means of putting the small drop of fullerene or TCNQ derivative, dissolved in mixture 
of toluene and chloroform in the centre of spin-cast BW-PPV layer. Since toluene 
swells the polymer, almost not dissolving it, and chloroform dissolves the polymer, 
varying the ratio between these two components, one can control the ratio between the 
diffusion through the swollen matrix and mutual intersolubility. This way we obtain 
the concentrations of fullerene within a polymer ranging from 100% to 0% at 
distances of 20-30 mm. 
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Xe Lamp radiation/Iuminescense collection 

Luminescense exciting waveguide 

FIGURE 1. Installation Scheme. 

In order to study the optical and photovoltaic properties of obtained mixtures the 
scanning measurement technique was developed (Fig.l), which allows to measure 
absorbance, photoluminescence, short circuit current and open circuit voltage with the 
spatial resolution as high as 25 points per millimetre. The scanning 
photoluminescense, short circuit current and open circuit voltage measurements are 
realised by means of focusing the light from Xe-lamp or luminescence exiting 
monochromatic light (WL ca.400 nm) onto the surface of the sample, which is then 
moved stepwise using the mechanical drive. The focused spot size is around 100 
microns and each step moves the sample by 30 microns, thus allowing the 
measurements with the resolution of ca. 50 microns. The scanning absorbance 
measurements are realised by means of projecting of collimated beam from the Xenon 
lamp through the sample onto CCD array. The method permits us to make 500-1000 
points measurements of all mentioned parameters depending on the ratio between 
soluble COO or TCNQ derivatives and polymer which is changed from 0/1 to almost 1/0 
along the diffusion gradient profile. The scanning absorbance and luminescence 
spectra of one of the fullerene derivatives blended with BW-PPV can be seen from 
Fig. 2. The ratio between peaks on the absorbance spectra of the blends compared with 
the absorbance of the ethalon blend structures, made for reference allowed us to 
estimate the ratio between the polymer and fullerene derivative along the diffusion 
profile. 

RESULTS AND DISCUSSION 

All the results are combined in concentration as estimated from the absorbance 
spectra. It can be seen, that luminescence is quenched completely within the fullerene 
concentration range of around 3 vol.%. This points out the fact that there is basically 
no problem with the photoinduced charge transfer in the molecular plastic solar cells. 
The more important problem is to separate charges on the device level to avoid 
recombination. 
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Figure 2. Scanning 
absorbance (distance between 
measurement points 300 
microns) (a) and luminescense 
(distance between 
measurement points 100 
microns) (b) spectra of BW- 
PPV+C60 blends along the 
diffusion profile. 
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Figure 3. This figure shows the 
change of luminescence intensity, 
short circuit current and 
approximate fullerene derivative 
volume 

The dependence of short circuit current on the fullerene concentration looks quite 
surprising, since it manifests the fact that the more fullerene we add to the blend up to 
the concentrations as high as ca.90 vol. % the higher short circuit current is. This fact 
contradicts the existing paradigm, stating that photoinduced charge transfer from 
polymer to fullerene is the main source of photocurrent. A probable explanation 
follows from the analysis of IPCE spectra of the blends (to be communicated 
elsewhere) which shows significant peak at 320-350 nm associated with COO hu - tig 

which provides up to 60 % of the photocurrent once illuminated by AM01 Sun 
Spectral Ethalon. 
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The difference between the sharp interface structures and blends is provided by the 
nanocrystalline character of fullerene phase in blends. If in the bulk fullerene layer the 
electron exited to the tig level can easily drop down to the long living hlg , in the 
nanocrystal this process can be suppressed due to discrete character of phonon 
spectrum, and difficulty to dissipate the energy of the order of leV. This fact probably 
gives rise to the enhanced quantum efficiency of hu - tig transition in polymer- 
fullerene blends with the phase separation on the nanometer scale. 

CONCLUSIONS 

The first conclusion that we would like to outline consists of the fact that the 
combinatorial technique along with the scanning optical and photovoltaic parameters 
measurements is a convenient tool for the investigation of polymer photovoltaic solar 
cells, since it allows to avoid the routine blend-and measure way of studying the 
concentration dependencies. 

The second result is that the photovoltaic properties of fullerene based photovoltaic 
cells vary significantly, depending on the morphology of fullerene phase: whether it is 
bulk phase (as in the case of bi-layer structures) or nanocrystals (as in the case of the 
polymer-fullerene blends). 
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Abstract. Photoelectron spectroscopy from different photoreceptor materials which 
are in contact with Qo demonstrates that a possible improvement in terms of charge- 
generation efficiency strongly depends on the specific materials: whereas for different 
metal-phthalocyanines (M-Pc) and polyvinylcarbazol (PVK) C6o has a strong potential 
for improvement, no such improvement is expected from energetic reasons for 1,4- 
Dithioketo-3,6-diphenyl-pyrrolo-[3,4-c]-pyrrol (DTPP). Time-resolved 2-photon 
photoemission experiments using femto-second laser pulses give insight into the 
dynamics of the photoexcited electronic states. 

INTRODUCTION 

Organic photoreceptor materials are of strong commercial interest due to their 
wide application in xerographic devices and fax machines (1). Our aim is to study 
whether an admixture of COO improves some typical organic photoreceptor materials 
due to its unique electron accepting properties (2). The basic idea of the improvement 
is that directly after the photoexcitation a fast electron transfer onto the C60 takes place 
which reduces the recombination probability of the photoexcited state and thereby 
enhances the charge generation efficiency. We study the energetics of this process by 
photoelectron spectroscopy. The life time of the excited states is measured using 2- 
photon photoelectron spectroscopy with fs-laser pulses. 

EXPERIMENTAL 

Layers of the organic materials are produced by vacuum sublimation from Ta 
boats onto sputter-cleaned metal substrates. The thickness of the layers is sufficient to 
exclude any contribution from the substrate to the signal. Thin overlayers (between 0.5 

CP486, Electronic Properties of Novel Materials— Science and Technology of Molecular Nanostructures, 
edited by H. Kuzmany, J. Fink, M. Mehring, and S. Roth 

© 1999 American Institute of Physics l-56396-900-9/99/$15.00 
487 



monolayers (ML) and 2 ML) of C60 are sublimed under ultra-high vacuum conditions. 
The layer thickness is estimated via the evaporation rate using a quartz microbalance. 

A He-resonance lamp (hv=21.2eV) is used for the photoelectron spectroscopy 
(UPS). The kinetic energy of the photoelectrons is measured by a hemispherical 
electron analyzer. The overall energy resolution amounts to about 0.15eV. All 
photoemission spectra are displayed on a binding energy scale referenced to the Fermi 
energy. 

Experiments studying the dynamics of the excited states are performed using 2 
frequency multiplied Ti-sapphire fs-laser pulses with a variable delay: the first pulse 
(pump, hv=3eV) creates an excited state. The lifetime of this states is probed by the 
second pulse (probe, hv=4.5eV) which delivers sufficient energy to photoemit an 
electron from the decaying excited state. The time resolution of the experiment is 
around 200fs as determined by an auto correlation experiment (3). 

a) 

PVK 

Nil-" 

(—CH2—C4—  Jr 

-8 -6 -4 -2 
BINDING ENERGY (eV) 

FIGURE 1. a. Model of polyvinylcarbazol (PVK). b. Photoelectron spectra of 1ML CöO/PVK (solid 
line), superposition (dashed line) of spectra from pure PVK and pure Cßo- The inset shows the spectra 
of the pure components (position on energy axis as in superposition in main frame), the energy 
separation of the HOMO-onset of both components is marked by bars. 

RESULTS AND DISCUSSION 

Figure 1 displays the valence-band region of polyvinylcarbazol (PVK) with a 
coverage of 1 ML of COO as measured by UPS (solid line). The spectral features can be 
reproduced by a superposition between the spectra of pure PVK and pure COO using 
appropriate weighting factors. From these spectra it is possible to obtain the energy of 
the highest occupied molecular orbitals (HOMO) of both materials when they are in 
contact to each other. Their splitting amounts to 0.95eV with the PVK states at the 
lower binding energy. From photoemission and inverse photoemission experiments it 
is known that the corresponding lowest unoccupied molecular orbital (LUMO) of COO 
is separated by 2.3eV from the HOMO (4). Therefore an electron needs 2.3eV- 
0.95eV=1.35eV in order to be transferred from the HOMO of PVK into the LUMO of 
C60- This is the final-state energy of the charge separated state. The primarily excited 
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State has an energy of 2.3eV as can be concluded from optical absorption spectra (5,6). 
Since this energy is higher than what is needed in order to separate the electron and the 
hole on different molecules, we can conclude that an electron transfer from the PVK 
towards the C60 via an excited state of the PVK is energetically possible. Therefore it 
is to be expected that an admixture of C60 improves the charge generation efficiency of 
PVK. Such an effect has already been observed in thin films (7). 

A different situation is observed for DTPP in contact to COO- From the UPS 
spectra we conclude that the separation between the HOMO of both materials is about 
0.7eV. Therefore the electron needs 2.3eV-0.7eV=1.6eV when it is to be transferred 
towards the COO- Since the optical excitation spectra reveal that the excited state has 
only an energy of 1.4eV (8,9) it is unlikely that such an electron transfer will occur. In 
contrast to PVK we therefore do not expect an improvement of the charge generation 
probability when DTPP is mixed with COO- 

I ■ I I I I I I I ■ I ■ ■ I ■ 
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■o— 0.3 ev singlet 
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FIGURE 2. a. Model of Zn-phthalocyanine (Zn-Pc). b. 2-photon photoemission spectra from Zn-Pc for 
different delay times between pump and probe pulse, c. Lifetime of different excited states as 
determined from the intensity of specific energy regions in Fig.2b as a function of the delay time. 

An electron transfer via an excited state may occur if the energy of the final state 
is lower than that of the excited state, but some other decay mechanism still could 
dominate if it happens faster than the electron transfer. A pump-probe 2-photon 
photoemission experiment with fs-laser pulses not only delivers the time scales of the 
decaying excited state, but also reveals which states are populated subsequently. Fig.2b 
displays the spectra for pure Zn-Pc at different delay times between pump and probe 
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pulse. The background intensity corresponding to the signal from each single laser has 
been subtracted. The normalized intensity for specific energies which correspond to 
different states as a function of the delay time is shown in Fig.2c. Lifetimes can be 
obtained by fits assuming exponential decay. A very fast decay which corresponds to 
the time resolution of the experiment can be observed for the directly excited state, the 
LUMO+1. Moderate lifetimes of about 70ps (+/-50ps) are observed for 2 states at 
intermediate energies which are identified as singlet excitonic states. The spectral 
features at lower energies may partly be assigned as belonging to a long living triplet 
excitonic state which is not completely depopulated within the repetition rate of the 
pulsed laser excitation. 

SUMMARY 

Using the technique of photoelectron spectroscopy with ultraviolet radiation 
(UPS) we are able to predict that in contrast to polyvinylcarbazol (PVK), 1,4- 
Dithioketo-3,6-diphenyl-pyrrolo-[3,4-c]-pyrrol (DTPP) is not likely to be improved in 
terms of charge generation efficiency when COO is admixed. For pure Zn-Pc the 
lifetimes of excited states has been determined with 2-photon photoemission with fs- 
laser pulses. We find a very fast decay of the primarily excited LUMO+1 which is at 
the limit of our experimental time resolution and a very slow decay of the triplet 
excitonic state. Two states which are assigned to singlet excitons reveal a lifetime of 
about 70ps. In the near future we would like to measure the expected changes upon 
admixtures of COO- 
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Abstract A functionalized fulleropyrrolidine has been synthesized and investigated for optical 
limiting applications. Solid materials have been prepared for optical limiting devices by 
incorporation in sol-gel glasses. Their nonlinear transmission properties have been measured and 
found comparable with those of solution samples. We show that clustering of the fullerene 
spheres, which might affect the optical limiting properties, is not relevant. Multilayer structures 
following a bottleneck design are prepared and their NL transmission properties are 
characterized. 

INTRODUCTION 

Ever since the fullerenes were discovered (1) and produced in bulk quantitites (2), 

much effort has been devoted to the development of practical applications of these new 
forms of carbon (3,4). During the course of these investigations, it was soon clear that 
the new spheroidal molecules were particularly promising in the fields of materials 
science and medicinal chemistry. And, in fact, [60]fullerene and its relatives have been 

proposed for use as lubricants, catalysts, superconductors, organic magnets, in the 
production of batteries, electro- and photoluminescent materials, elettronic and optical 
devices. 

One of the most actively investigated fields in the fullerene area relates to the 

development of photo-optical and electro-optical devices. [60]Fullerene, in fact, is an 

eccellent electron-acceptor and in many instances, photoinduced electron-transfer from 
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donor units to the fullerene occurs fast and efficiently, for the generation of long-lived 

charge-separated species (5-9). 

RESULTS AND DISCUSSION 

A very promising applicative perspective of the fullerenes is in the field of optical 

limiting (OL). A few years ago, it was found that, in solution, [60]fullerene is an 

excellent reverse saturable absorption (RSA) material, with OL properties comparable 

to those of other materials currently under consideration for practical use (10). In the 

RSA mechanism, an important requisite is the efficient pumping to a strongly 

absorbing excited state. As a matter of fact, the ground state absorption spectrum of 

[60]fullerene is characterized by intense absorptions in the UV region with weaker 

bands extending throughout the visible region up to 700 nm. Upon irradiation, 

[60]fullerene is excited to a short-lived singlet state (lifetime = 1.3 ns), which converts 

almost quantitatively into a longer-lived triplet state (lifetime = 50-100 (i.s) (11). More 

importantly, the triplet excited state is a strongly absorbing species with a maximum 

centered at about 750 nm. A major drawback for practical use is represented by the 

poor solubility of [60]fullerene in most solvents and solid matrices. The same 

considerations do not apply to fullerene derivatives. Solubilizing appendages can be 

covalently attached to the fullerene, thus making it soluble in virtually any solvent. On 

the other hand, for practical applications, it is very important to incorporate 

[60]fullerene, or the solubilized derivatives, into a solid, transparent matrix. 
An excellent and versatile way for the construction of thin solid films is represented 

by the sol-gel technique (12-17). The sol-gel process consists in the polymerization of 

metal alkoxides. A solution (sol) is formed, which becomes then a xerogel, and 

eventually, upon heating, densifies to a glass or a ceramic material. The sol-gel process 

can be performed preferentially in ethanol or tetrahydrofuran (THF). The latter solvent 

is much better for dissolving fullerene derivatives. For the purpose of the present work, 

derivative 1 was prepared according to eq. (1). Thermolysis of aziridine 2 in the 

presence of [60]fullerene led to very good yields of fulleropyrrolidine 1 as the only 

monoadduct (18,19). 
The solubility of derivative 1 in THF was found to be 43 mg/ml, a value that allows 

the preparation of relatively concentrated solutions. In the same solvent, the solubility 

of unmodified [60]fullerene is virtually zero (20). The presence of the alkoxysilane 
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moiety in 1 guarantees the chemical grafting of the fullerene derivative to the solid 

matrix, affording homogeneous dispersions of 1 in the glass. 

(CH2)3Si(OEt)3 

I                     PhCI, A 
N  ^ 

ZAv c60 
C02CH3 

(CH2)3Si(OEt)3 

N..C02CH3 

(eq. 1) 

Thin multilayer films were prepared according to the "bottleneck" model (21). They 

were characterized of 2.15 mm total thickness, and composed often fullerene-doped 

sol-gel layers, each 50 urn thick, interleaved with soda lime glass layers of thickness 

150 urn each. The total transmittance of the multilayer structure was 77%. 

A very common problem in fullerene materials is represented by the tendency of the 

carbon spheres to form clusters. And even when a solubilizing appendage is covalently 

attached to [60]fullerene, which ensures solubilisation in polar media, clustering cannot 

be avoided (22,23). According to several reports, formation of clusters decreases the 

lifetime of the excited triplet state by 2-3 orders of magnitude (24,25), strongly limiting 

the use of fullerenes as RSA materials. The degree of aggregation is usually detected 

by UV-Vis spectrophotometry, pulse radiolysis or light-scattering. In UV-Vis 

spectrophotometry aggregation causes a broadening of the absorption bands with loss 

of structural features (22,24,26,27). However, in the case of our sol-gel glasses, no 

clustering was observed by means of UV-Vis spettrophotometry: the absorption 

spectrum of most of the thin glassy film prepared in our labs showed the charactristic 

features of [60]fullerene monoadducts, with a small, sharp peak at 430 nm and a 

broader, smooth absorption at 700 nm. Also, the detection in the solid films of triplet 

lifetimes typical of [60]fullerene] derivatives, obtained by transient absorption 

spectroscopy, points to a very small degree of aggregation. 

As a matter of fact, OL measurements performed in solution and in sol-gel 

multilayer films gave results in excellent agreement. Optical limiting measurements 

were performed using an excimer pumped pulsed dye laser, operating with different 

dyes (LDS 690 at 690 nm) and emitting 10 ns pulses, with 1 Hz repetition rate. The 
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laser beam was focused onto the sample using a 200 mm lens. The incident and 

transmitted laser pulse energies were measured by using photodiodes calibrated against 

the signal from a surface absorbing calorimeter (28). 

Figure 1A shows the nonlinear transmission for a toluene solution of derivative 1 

with linear transmission of 74 % measured at 690 nm and plotted against the logarithm 

of the incident energy. Figure IB shows the same measurement for the multilayer 

structure described above performed at 690 nm with f/66 optics (the same used for 

solution samples). 
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Figure 1 

The results of these investigations demonstrate that fullerene derivatives can be 

considered suitable materials for OL in the red region. The incorporation and 

homogeneous dispersion of functionalized fullerene derivatives in sol-gel glassy 
matrices is achieved by covalent attachment of the silicon alkoxide end groups. The 

materials produced show nonlinear properties in agreement with those observed in 

solution. 
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Abstract. A very hard and conducting form of carbon was obtained from C60 fullerene at 
moderately high pressure (2.6-3GPa) and temperature (700C). The hardness of the material is 
more than 4000 kg/mm2. Its electrical conductivity is about 100 S/cm and is weakly 
dependent on temperature. A comparative 13C NMR study shows no explicit evidence for the 
presence of diamond like sp3-character. So far, it has been of great difficulties to correlate 
between the atomic structure and these remarkable physical properties, as X-ray diffraction 
and Raman measurements show lack of long-range crystalline order. In this report we shall 
present structure and property analysis measured by STM and STS techniques. High- 
resolution topographic images reveal the mesoscopic structure in which spherical metallic 
nano-clusters of size up to 6 nm, are covalently interlinked. The atomic structure of the nano- 
clusters contains pentagon rings, which in turn introduces a curvature in the graphene lattice. 
The presence of pentagon rings suggests that the bonding carry non-planer sp2-character 
which might be correlated with the observed significant hardness. 

INTRODUCTION 

The study of hard carbon has been motivated by the technological utility of infrared 
window coatings with properties approaching the physical characteristics of diamond. 
Among hard carbon materials a special attention is paid to hydrogen free amorphous 
hard carbon particularly due to its enormous technological applications. The 
production of such material requires a chemically pure source of carbon in the vapor 
state, which upon condensation form sp3 bonded carbon. As a pure source of carbon, 
fullerenes materials have shown remarkable properties, among them, its high vapor 
pressure at modest temperature. Maiken et al. (1) have used sparked fullerene vapor, 
as source of carbon, and prepared hydrogen free amorphous carbon thin films by 
condensing the ionized molecular carbon onto a substrate. Kozlov et al. (2) have 
demonstrated the use of fullerenes to produce bulk hard carbon at moderate 
conditions of pressure and temperature. Briefly, COO was nonhydrostaticaly 
pressurized at 2.6-3 Gpa and heated at 700°C. The material enjoy variety of 
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remarkable physical properties, namely; the hardness is more than 4000 kg/mm2, the 
electrical conductivity is about 100 S/cm. X-ray diffraction and Raman 
measurements show lack of long-range crystalline order and loss of COO molecular 
symmetry. (2) In addition, the macrodensity is about 1.9 g/cm3, only 12% bigger 
than the initial fullerenes, which might indicates partial destruction of the initial 
fullerenes and formation of covalent bonds between COO cages might occurred. On 
the other hand, a comparative 13C NMR study (3) shows no explicit evidence for the 
presence of diamond like ^-character, in contrast to COO polymers. 
In order to correlate between the structure and these remarkable physical 

properties, we have used scanning tunneling microscope to explore the atomic 
structure and the electronic properties of this material. High-resolution images show 
the mesoscopic structure in which spherical clusters of size 4-6 nm are separated by 
flat area. On top of the nano-clusters we resolve a pentagonal arrangement of carbon 
atoms which might suggests that bonding in this material carry partial sp3 character 
or non-planer sp character. 

EXPERIMENTAL PROCEDURE 

We have carried out STM measurements on a bulk sample of hard carbon (2) using 
a Digital Instruments Nanoscope Ilia operated at room temperature in ambient 
conditions. High quality images of the atomic structure were obtained by recording 
the tip (Pt-Ir) height at constant current. Typical bias parameters are 400 pA tunnel 
current and 100 mV bias voltage. The images presented here have not been 
processed in any way. Scanning tunneling spectroscopy (STS) measurements were 
performed by interrupting the lateral scanning as well as the feed back loop and 
measuring the current (I) as a function of tip-sample voltage at a fixed tip-sample 
distance. A combination of STM and STS measurements have allowed us to 
investigate the microscopic structure and electronic properties respectively. 

RESULTS AND DISCUSSION 

We present here high resolution STM topographic images showing the atomic 
structure of this unique form of fullerene based material. Fig. 1 shows an STM 
image of size 3.5x3.5 nm2, the dark spots represent the centers of hexagons and/or 
pentagons rings and show a cluster of spherical shape. The curvature of such a 
cluster might be due to a direct consequence of pentagonal rings which originate 
from the transformed fullerene. The highlighted pentagon in Fig.l shows the 
location of fivefold rings. As pentagons tend to introduce curvature in the graphene 
lattice, bonding will carry partial sp3 character. The less corrugated region, A, mark 
an area between two spherical nano- clusters which indicates no sign of curvature. 
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This might suggests that the bonding between the nano-clusters is most likely due to 
sp2. 

Moreover, we have observed also triangular pattern, which indicate asymmetry 
between the so called A and B sites. The asymmetry between A and B sites (as in 
the case of hexagonal graphite, e.g. HOPG), result from the fact that the tip sense 
preferentially surface atoms with no neighbors in the adjacent layer below (4) and 
therefore the STM image will show triangular rather than hexagonal pattern. This 
conclude that these clusters are not hollow but indeed host other structure of carbon. 

2.00 

(a) (b) 

Figure 1. High resolution STM images of an area on top two different clusters. The dark spots are 
centers of hexagons and/or pentagons rings. Typical distances between centers are 0.25 +0.02 nm as 
expected for graphene lattice. The arrow in b) points at a pentagon center. 

Fig.2 shows I-V STS measurement on top of one cluster. Different curves 
correspond to different location on the cluster surface. The linear I-V relations 
indicate metallic behavior for this material. From the topographic images and the 
STS curves we conclude that a significant transformation occurs in the fullerenes 
structure in which nano-sized metallic clusters are formed. Two types of bonding 
might exist here; sp2 bonding between the clusters and partial sp3 or non-planer sp 
within the clusters due to the existence of pentagons. 
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Figure 2.1-V STS curves on different location of one nano-grain. The linear I-V relations suggest 
a metallic behavior. 

CONCLUSION 

High-resolution images and STS curves show the structures of fullerene-based hard 
carbon in which metallic nano-clusters of size 4-6 nm are formed. The observed 
triangular pattern in the atomic resolution images on top of the clusters might indicate 
that these clusters are not hollow. The clusters incorporate pentagonal arrangement. 
This introduces a curvature in the cluster surface structure, which result in partial sp3 

or non-planer sp2 type of bonding within the clusters. 
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Abstract. Raman spectra of (Cs9N)2 are presented for various laser lines and for 
temperatures between 300 K and 620 K. The material exhibits a reliable stability 
versus laser illumination for the full temperature range and a remarkable resonance 
enhancement of the cross section for red light excitation. The Raman intensity versus 
the used laserpower shows a linear dependence in the entire region observed. 

The spectra show a strong relation to those of C6o> particularly in the spectral range 
of the tangential modes. Calculations of the mode frequencies with the semiempirical 
AMI technique reveal good agreement with the observed Raman lines, in particular 
for the intermolecular modes observed at 82, 103 and 111 cm-1. 

INTRODUCTION 

The biazafullerene (CsgN^ is an interesting modification of COO since the substi- 
tuted nitrogen provides an additional electron to the cage which was supposed to 
partly fill the tiu derived conduction band [1]. Since this extra electron turned out 
to be strongly localized [2] it does not contribute to the conductivity. Other works 
showed that the COO dimers as well as the photopolymer and the pressure polymers 
are very unstable versus temperature [4]. Theoretical work predicted an even lower 
stability of (C^N^ as in this dimer the two cages are only bound by one C—C 
bond in contrast to the two C—C bonds in the other dimeric compounds. 

We measured the Raman-spectra of (Cs9N)2 for different temperatures, different 
excitation energies and different laser powers to clarify the thermal and photosta- 
bility of the material. The signatures of the dimeric state were analyzed by the 
variation of the laser wavelength and by AMI calculations. 
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EXPERIMENTAL 

The (C59N)2 samples used were prepared by dissolving a cluster-opened 
MEM-substituted ketolactam of C60 (MEM = methoxyethoxymethyl) in 1,2- 
dichlorobenzene as described previously [5]. A solution of this material in toluene 
was dropped on a gold coated silicon substrate, dried to a polycrystalline film un- 
der ambient conditions and treated in high vacuum at 473 K to remove residual 
solvents. 

For the excitation we used an Ar+ and a Kr+ gas laser. The Raman measurements 
were performed in backscattering geometry. The scattered light was analyzed by a 
triple DILOR (XY) spectrometer equipped with a multichannel detector. During 
all measurements the samples were kept in a cryostat with a vacuum better than 
3 x 10-r mbar. For the temperaturedependent measurements it could be cooled with 
liquid nitrogen and heated up to temperatures of 620 K. In the whole temperature 
region a temperature stability of A T sa ±1K could be achieved. 

RESULTS AND DISCUSSION 

Comparison C60 / (C59N)2 and resonance excitation 
Figure 1 shows Raman spectra of (C59N)2 and C6o- A strong splitting of the 

lines in the former in comparison to C6o can be observed. In the spectral range 
close to 100 cm""1 three additional modes occur in (C59N)2, which do not have a 
counterpart in COO- 

600 
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FIGURE 1. Raman spectrum of 
(C5gN)2 excited with 647 nm and 
COO excited with 514 nm. The ar- 
row indicates the modes in (C59N)2 

which correspond to the intermolec- 
ular vibrations. 

Replacing two C-atoms in the two C60 cages by two nitrogens yields a symmetry- 
reduction lh -> G2h which causes the strong linesplitting. The 3 additional low fre- 
quency modes arise from intermolecular vibrations activated by the transformation 
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of 3 translational and 3 rotational into 6 vibrational degrees of freedom; 3 of the 6 
are Raman active, 3 are IR active. 

For the lower frequency range of the spectra we studied their dependence on the 
exiting laser wavelength (Fig. 2). 

Ar: 514 nm 

AM1 -theory 

0 200       400       600       800 

Raman-shift (cm"1) 

FIGURE 2. Raman spectra of 
(C5gN)2 for various laserlines com- 
pared to the results of semiempirical 
AMl-calculations. 

Obviously the modes are resonant for the excitation with the krypton laser at 647 
nm, which is particular important for the rather weak intermolecular modes. For 
the theoretical description of the Raman frequencies the semiempirical AMl-theory 
was used [5]. For each frequency calculated a Lorentzian peak was assumed; the 
intensity for the various lines was estimated from the symmetry of the mode and 
from its relation to Cßo- The resulting calculated spectrum is in good agreement 
with the measurements. 

Spectra as a function of temperature 
For the study of the temperature dependence we measured in two different spec- 

tral ranges: close to the laserline, where the intermolecular modes and the Hs(l) 
mode are found and in the region of the As(2)-pinch-mode. In Fig. 3 the corre- 
sponding spectra are shown. 

All observed modes remained unchanged over the entire temperature range ex- 
cept for a small broadening and a downshift of some modes. This downshift is 
steady without any sudden changes. 

The continuous change in the frequency of the modes indicates, that no structural 
or chemical transitions take place throughout the entire temperature range. 

Spectra as a function of the laser power 
As long as no changes in the molecular structure occur, the intensity of all Raman 

lines must be proportional to the power of the exciting laser. Figure 4 shows spectra 
excited with laser powers covering a range from 100 ^W to 5 mW. Figure 5 shows 
the Raman intensity of two selected modes. 
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FIGURE 3. Temperature dependence of the (Cs9N)2 spectra in different spectral ranges. 
The arrow indicates the spectral range of the plasmalines, which have been removed. 
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FIGURE 4. Spectra of (Cs9N)2 as a function of the used laser power in two different 
spectral ranges. The maximum power used corresponds to an intensity of about 3 X 103 
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The position of the modes is not dependent on the laser power and the intensities 
are in good agreement to the expected linear behavior. 

From the linear behavior we learn, that the material is not degraded by the laser 
illumination and no photoinduced transition takes place. 

200 

12        3       4 
Laserpower (mW) 

12        3        4 
Laserpower (mW) 

FIGURE 5. Intensity of the Aa(2) mode at 1460 cm"1 (left) and of the 268 cm"1 com- 
ponent of the Hg(l) derived mode (right) as a function of the laser power used. The data 
were obtained by fitting the curves in Fig. 4 to Vogt-lines. 

CONCLUSIONS 

Diazafullerene turned out to be stable at last up to 630 K and for light intensities 
up to 5 mW. This means, that (C59N)2 is much more stable than the C60 dimer 
(C6o)2- This unexpected behavior can be explained by the absence of a stable fission 
product for (C5gN)2. 

The intermolecular modes are a direct spectroscopic probe for the formation of 
a dimeric structure. Also the position of the Hfl(l) mode at 296 cm"1 gives strong 
evidence for the dimeric structure. In polymeric structures, such as fC60l this line 
is found at 340 cm"1. 

A tentative assignment for the origin of the vibrational modes as compared to C60 

is possible. [5] This assignment works particularly well for the modes with a strong 
Raman activity. The lines in the spectral range of the radial cage modes should 
be a valuable signature for a further treatment of the material such as doping or 
exposure to strong light. 
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