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1.0 Abstract

Under fhis grant a study was carried out of the electronic and
optical properties and modeling of intercalated graphite. Graphite inter-
calation compounds are synthetic metals with a density much less than that
of copper. By the introduction of molecular intercalants, molecular
conductors have been prepared which in some cases have room temperature
electrical conductivities comparable to that of copper. In addition these
materials can have an in-plane to c-axis anisotropy ratio in the electrical
conductivity in excess of a million, Graphite intercalation compounds are
therefore potentially useful for various applications in airborne systems.

The research program carried out under this grant was directed toward gaining
an increased understanding of graphite intercalation compounds in order to be
able to produce better materials with more controlled physical properties.

A major contribution of our work has been the formulation of a model for the
electronic structure, applicable to compounds of arbitrary stage and intercalant,
The model has been applied to the interpretation of our Shubnikov-de Haas
measurements which probe the effect of intercalation on the Fermi surfaces

of these materials. The model has also been extended to calculate for the
first time the magnetic energy level structure of intercalated graphite, which
18 required to interpret our magnetoreflection spectra. These spectra provide
detailed and quantitative information on the effect of intercalation on the
electronic structure of intercalated graphite, Both the magnetoreflection and
the Shubnikov-de Haas experiments require high magnetic fields and utilize the
unique capabilities of the facilities at the Francis Bitter National Magnet

Laboratory. Results on infrared spectroscopy of intercalated graphite provide




information on the lattice mode structure, complementing the findings on the

electronic structure. The use of Raman spectroscopy to study adsorbed

species on graphite surfaces is demonstrated.
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2.0 Personnel Involved with Research Program

M. S. Dresselhaus, Principal Investigator

G. Dresselhaus, Co-Principal Investigator

B.L. Heflinger, Graduate Student (Surface Adsorption, left September 1979)

S.Y. Leung, Graduate Student (Infrared measurements, modeling of
electronic dispersion relations)

S.A. Safran, Post-doctoral Student (theory; left September 1978)

C. Underhill, Research Engineer (experimental support, funded by MIT
Mauze Chair, left June 1980).

T.C. Chieu, Graduate Student (Magnetoreflection experiment, Landau level

calculation)

M. Shayegan, Graduate Student (Shubnikov-de Haas experiment and

interpretation)

F, Hakiwmi , Graduate Student (preliminary Shubnikov-de Haas experiment)

2.1 Coupling Activities

The MIT group is strongly coupled to international acfivities on graphite
intercalation compounds. We are frequently invited to present seminars at
universities and in industry, to give invited papers at conferences, and to
write review articles. We collaborate on studies of the infrared electronic
properties of intercalated graphite with Professor P,C. Eklund and his
group at the University of Kentucky; they have a strong experimental program
and we work with them on modeling analysis of their results, We have a

collaborative program with Professor J,P. Issi at the University of Louvain-

la Nueve on thermal conductivity and thermopower of intercalated graphite,
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with the experimental work done by Issi and his group and we contribute

to the materials preparation, modelling and interpretation of results.

At S o

A collaborative program with Professor M. Corson and his group at Boston
University has been on-groing on Mossbauer studies of intercalated graphite-
PeCl3 compounds. We prepare their samples, they make the Mossbauer measurements,

and we assist them with the interpretation of their results.’

2.2 New Discoveries, Patents or Inventions

None

TR T Ry s R

%
H
§i
Eﬁ
t
%
%
E-
i
|

R TR S i s s A o




3.0 Status of Research Effort

Our research program on the electronic structure of graphite intercalation

compounds has three major components. With the magnetoreflection technique
we obtain experimental {nformation highly relevant to the form of the elec-
tronic dispersion relations and quantitative values for the band parameters.
With the Shubnikov-de Haas techniques we obtain experimental imformation

on the Fermi surface. Information from both of these experiments is utilized
in our modelling calculations of the electronic structure, which is valid for

any stage and intercalant. The experimental data obtained by the Shubnikov-

de Haas and magnetoreflection measurements are used to determine the parameters

~>f the model calculations including the position of the Fermi level. Using
our model for the dispersion relations, the magnetic level structure (Landau
levels) has been calculated. These Landau levels are now being applied

to a self-consistent interpretation of the magnetoreflection and Shubnikov-
de Haas experiments. We present below a brief summary of our accomplishments

on each of these topics during the grant period.

3.1 Studies of the Shubnikov-de Haas Effect in Intercalated Graphite

Study of the Shubnikov-de Haas (SdH) effect in graphite intercalation
compounds provides information on the Fermi surfaces associated with each
of the partially occupied bands. During the present grant period, a system
was constructed to make Shubnikov-de Haas measurements on graphite inter-
calation compounds. Detailed measurements have been carried out on a series
of alkali metal compounds with the intercalants potassium and rubidium and
these results have been interpreted in terms of a model calculation for the

electronic structure. This model calculation is described in Sectiomn 3.4.




The experimental system developed for carrying out these studies

e

is based on the four-point method which was set up in a geometry which measures
P the in-plane transverse magnetoresistance. The system was set up to operate
in the temperature range 1.4<T<4.2K and in magnetic fields up to 15 Tesla.

The system was set up so that the angular dependence of the SdH oscillations could

be measured by rotating the sample around the direction of the current f.
with i_l_i for all rotation angles, and hence transverse magnetoresistance was
%r always measured. Data acquisition was by computer using a MINC system and the
r data were manipulated to obtain a Fourier power spectrum of resistance vs.

1/H, thereby yielding directly the frequencies of SdH oscillations. These

T T . =

frequencies are related to the extremal cross sections of the Fermi surface,

g

and represent the final experimental output of the measurements.

During the course of these studies, a great deal of care was given to
ensure the reproducibility of the data, For this reason, the experiment
was performed on four potassium stage 5 samples and on one of these, the {
measurements were repeated several weeks later after attaching new leads.

The samples were prepared using the two-zone intercalation method with

HOPG as the host material. Because of the instability of alkali-metal

samples in the presence of air and moisture, a great deal of attention

i T

wag given to sample handling and sample encapsulation. The stage of the

samples was determined using (00) x-ray diffraction profiles both before

and after the SdH experiments, confirming that the samples were single-
gtaged and that no desorption had occurred during the measurements. ;
Our results show that measurements made on potassium samples with ;

different stages yield distinctly different SdH frequencies. Different

1 A e

SdH frequencies were also obtained with another intercalant, in this
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case rubidium. Hence our conclusion is that there is a unique set of :
SdH frequencies associated with each stage and for each donor intercalant ;f
(R,Rb). Suematsu et al. have also shown stage-dependent de Haas-van Alphen 3
frequencies in stage 3 and 4 potassium compounds, and these authors have F

-also reported stage and intercalant-dependent SdH frequencies, In contrast,

several authors have reported stage-independent de Haas-van Alphen type

frequencies in acceptor compounds, which is inconsistent with our inter-

pretation of the Shubnikov-de Haas results for the alkali metal compounds.

L gt - A B

Detailed results have been obtained for graphite-potassium with stages 4,
- 5 and 8. These spectra have been interpreted using our model for the
electronic dispersion relations. Particular emphasis has been given to the
interpretation of the results for stage 5 graphite-potassium, where we have
the most complete experimental results., Our model for the electronic

dispersion relations gives five valence and five conduction bands for a ' ]

stage 5 compound. These bands are associated with the graphite m-bands,

and arise from the kz-axis zone folding procedure. The empirical position

L of the Fermi level EF is determined to fit the SdH frequencies, yielding

four partially occupied conduction bands and five completely filled valence

bands. Various Fermi surface parameters have been calculated from this
model, including the SdH frequencies, the cyclotron mass at EF' the electron

density for each carrier pocket and theanisotropy of the cross-section

e £ oS Y=V
. .

perpendicular to kz. The generally good agreement of the observed SdH
frequencies with the frequencies calculated on the basis of an empty
intercalate layer model suggests that the effect of the intercalant-
graphite bounding layer interactions can be treated as a perturbation

and evaluated by fitting the model quantitatively to the observed SdH




frequencies. Although the Shubnikov-de Haas frequencies show a significant
stage dependence and differ greatly from the SdH frequencies for graphite,
we have shown that the stage dependence of these frequencies are compatible
with electronic dispersion relations that are basically graphitic. The
application of the band model to explain the observed SdH frequencies

has been submitted for publication and a second paper emphasizing the
interrelation between the magnetoreflection and SdH results has also been

submitted for publication,

3.2 Magnetoreflection Studies of Intercalated Graphite

We have studied the electronic band structure of graphite intercalation
compounds with the magnetoreflection technique with particular reference
to spectra associated with interband Landau level transitions. The
% magnetoreflection technique provides detailed information on the form of the
l eléctronic dispersion relations and on the values of the band parameters
describing these dispersion relations.

Magnetoreflection measurements have now been carried out on well-staged
acceptor compounds (with the intercalants FeCl3, AlCl3 and Brz) and on donor
compounds (with Rb and K) in a liquid helium cold finger dewar and in
magnetic fields up to 15 t;sla at the National Magnet Laboratory. Careful
preparation of well-characterized samples makes it possible to satisfy
the condition wcr >> 1 and to observe clear magnetcreflection oscillations
for almost all stages (n 2> 3). The samples were characterized for stage

index by (00L) x-ray diffractograms both before and after the magnetore-

flection runs. Typical spectra consist of a dominant structure that is
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identified with Landau level interband transitions near the K-point

of the Brillouin zone of pure graphite. A quantitative analysis has

been made of the observed magnetoreflection spectra, showing that the
Slonczewski-Weiss-McClure model for pure graphite accounts for the dominant
structure observed for the graphite intercalation compounds, with changes
in the band parameters that are measured as a function of intercalant

and stage. Effective masses for the valence and conduction bands about

the K-point have been determined and are found to be very small and similar
to values obtained for pristine graphite.

We found that below a critical photon energy, which depends on the
stage and the intercalant, no magnetoreflection oscillations are observed
experimentally. This effect is called the Fermi level cutoff phenomenon
and is due to the raising of the Fermi level in donor compounds and to the

lowering of E_ for acceptor compounds as a result of intercalation. Thus

F
for the case of donor compounds, certain final states will no longer be
unoccupied and for acceptor compounds certain initial states will no
longer be occupied. The Pauli principle requires that tramsitions must
occur from an occupied initial state to an unoccupied final state. Thus
the observation of the cut-off phenomenon provides information on the
position of the Fermi level relative to the K-point band edge for valence
and conduction bands involved with the interband transition. Thus the
cut-off phenomenon yields the dependence of the Fermi level EF relative

to the K-point band edgegglx as a function of stage and intercalant.

We have obtained values for(EF-E;,é? for a number of intercalants and

stages.
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The magnetoreflection results have been significant in demonstrating
that the electronic bands near the Fermi level remain highly graphitic upon
intercalation. This conclusion is basic to our formulation of the electronic
dispersion relations for graphite intercalation compounds. This work is
also significant insofar as it yields quantitative values for the change
in band parameters and Fermi level with‘stage and intercalant. These data
are of importance in obtaining band parameters for our electronic dispersion
relations. Our present efforts focus on the calculation of the magnetic energy
level structure (Landau levels) using our model for the electronic
dispersion relations. These Landau levels will then be supplied to yield
a consistent interpretation of the observed magnetoreflection spectra,'since
the present an&lysis of the magnetoreflection results has been on the
basis of a graphite m-band model.

Since the magnetoreflection results for intercalated graphite are
very similar to those for pristine graphite while the Fermi surface
measurements show that major changes occur inithe Fermi surface upon inter-
calation, it was believed by some authors that the magnetoreflection and
Shubnikov-de Haas results are inconsistent. Our work however shows that the
results from both experiments can be explained on the basis of energy
bands that are highly graphitic, but that energy level ;hifts and Fermi level
shifts occur as a result of intercalation. A paper showing the consistency
of the magnetoreflection and Shubnikov-de Haas results has been prepared and
will appear in the Proceedings of the 15th International Conference on
the Physics of Semiconductors. An invited talk summarizing the magnetore-
flection, Shubnikov-de Haas results and their interpretation based on our

band model has been presented at Conference on the Application of High

;
hd
!

|
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Magnetic Fields to the Physics of Semiconductors at Hakone, September
1980, and will appear in the Conference Proceedings, published by Springer.
We are the only group internationally that has presented results on the

magnetoreflection spectra of graphite intercalation compounds.

3.3 Calculations of the Electromic Energy Band Structure of Graphite

Intercalation Compounds

We have calculated the electronic energy bands for graphite inter-
calation compounds using a model based in the well-established electronic
structure of pristine graphite. In our work, we used the Hamiltonian
developed by Slonczewski-Weiss-McClure (SWMcC) for the graphite w-bands,
and have folded these bands along the kz axis to account for the super-
lattice periodicity introducéd by staging, The formulation can also treat
an in-plane superlattice periodicity by in-plane zone folding, in cases
where such periodicity is found experimentally. For convenience in intro-
ducing the perturbation due to the intercalant, the folded k-space Hamil-
tonian is transformed into a layer representation. To obtain the proper
staging periodicity we replace one layer out of every (n+l) graphite
layers by an intercalant layer, With the inclusion of an interaction
between the intercalate layer and the graphite bounding layer, electronic
structures appropriate to both donor and acceptor compounds can be obtained.
The model is applicable to any intercalant and any stage, and is therefore
ideally suited to the interpretation of many experiments. In our research
program we have explicitly applied the model to the interpretation of
the magnetoreflection experiment, which is sensitive to the magnetic
energy levels and the electronic dispersion relations, and to the Shubnikov-
de Haas experiment which is sensitive to the Fermi surface. Reflectivity

experiments are planned for future work to yield structure associated with
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electronic transitions that can be used to test the model developed for the g

electronic structure on the basis of magnetoreflection and Fermi surface

measurements.

One paper on the general formulation of this model is now in press.

ey

A second paper which applies this model to the interpretation of Shubnikov-

de Haas results was presented at the Provincetown Conference and will be

et e e

TS

published in Synthetic Metals. A third paper which contains details on the

treatment of the in-plane superlattice symmetry was presented at the

o R, WSR 1N 0

Yamada Conference on Layered Materials and will be published in Physica.

3.4 Calculation of the Magnetic Energy Level Structure for Graphite
Intercalation Compounds

Using the basic Hamiltonian for the electronic dispersion relations
described in Section 3.3, we have for the first time calculated the
magnetic energy level structure for a graphite intercalation compound.
In this calculation the Luttinger transcription for the wave vector operator

-+> ->
k was used, and only linear terms in k were retained in the off-diagonal

T e R 3 A T W e NP LT SR 00

terms. Trigonal warping was also neglected to simplifly the calculation.
With these approximations the Landau levels can be obtained in closed form.
Explicit results have so far been obtained for stage 1,3 and 5 compounds.
Zone folding along kz causes a near degeneracy of a number of bands in the
vicinity of the HK axis, and this gives rise to crossings of the magnetic

energy levels. Results are now being obtained for higher stage compounds

for which we have detailed magnetoreflection results so that the calcu-

JRPFT
o

- lations can be applied directly to the interpretation of the experimental
-
data. Perturbations due to higher terms in k, trigonal warping and inter-

Al w2 T

action batween the intercalant and the graphite bounding layer will be

L P T N e
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included. This will enable us to obtain information on the magnitude of
these terms, which will be utilized in the model for the electronic

structure,

3.5 Preparation of Review Article

During the period of this grant, a monograph was prepared on the general
field of graphite intercalation compounds. The largest chapter of this monograph

deals with the electronic properties, and was supported by this grant. This

monograph, invited by Advances in Physics, has been completed and is now in the

review process.

3.6 Infrared Studies of Graphite Intercalation Compounds

During the period July 15, 1978 - July 14, 1979, this grant supported in-
frared studies on intercalated graphite. During this period we studied the
infrared spectra of graphite intercalated with the acceptors FeCl3 and AlCl3
and with the alkali metal donors K, Rb and Cs. The spectra were taken on
a Fourier Transform Spectrometer, provided by a Central Facility of the Center
for Materials Science and Engineering.

Our infrared studies of the lattice modes of graphite intercalation com-
pounds have shown that the odd parity of the graphite modes is preserved upon

intercalation and that the oscillator strength provides significant information
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on the dynamic effective charge and the magnitude of the dipole moments

associated with the lattice mode. From analysis of the dependence of the

7 IR-active mode frequencies on reciprocal stage, we have been able to identify

siodes that are associated entirely with graphite interior layers and modes
which involve graphite bounding layers. For the donor compounds the
infrared-active mode frequencies characteristically decrease as a function

of reciprocal stage (1/n) while for acceptor compounds, the mode frequencies

i
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increase as a function of (1/n). A similar behavior is found for the Raman
active modes, consistent with the observed expansion of the in-plane lattice
constant for donor compounds as a function of (1/n), and suggesting that the
in-plane lattice constant decreases as a function of (1/n) for acceptors. This
prediction has now been confirmed experimentally in work on graphite-NiClz
compounds by Flandrois and coworkers at Bordeaux and also in work in our own
group b& Tania Krapchev on graphite-FeCl3.
Our infrared studies have focussed on the similarities and differences
in behavior of the infrared lattice mode spectra for donors and acceptors.
We have found that infrared-active modes are not observed for either donor
or acceptor compounds, as expected since two layers are required to produce
an infrared-active mode. For stage 2 compounds, the acceptors are infrared-
active, but the donors are not. The stage-dependent frequency shift as a
function of reciprocal stage is positive for the acceptors and negative for the
donors. The magnitude of the frequency difference between modes involving
only interior layers and modes involving bounding layers is much larger for
donor compounds than for acceptors. The relative oscillator strengths of
interior and bounding layer modes indicate that more charge is transferred

to the graphite interior layers for the donors than for the acceptors,

consistent with electrical conductivity and magnetoreflection results.

3.7 Study of adsorbed Molecules on Graphite Surfaces Using Raman Spectroscopy

This study was initiated to study the connection between surface adsorption

and intercalation. Bromine was chosen for the adsorbing species because Brz
is the only molecular intercalant for which Raman-active in-plane modes have

been observed and because the spectra of the free molecule have been studied
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extensively.

The Raman spectra at room temperature consist of numerous sharp lines i

. - 4

| in the wavenumber region 290 <w<340cm 1. Extremely strong resonant Raman #
effects were observed when the frequency of the incident light was varied by

".

means of a tunable dye laser. A given Raman spectrum changes radically by ;

varying the laser energy by as little as 1 cm.l. These complex spectra can i

be understood by a resonant Raman process involving vibrational-rotational .

levels of a free Br2 molecule in the ground or first excited electronic

T

state.

The Raman spectra observed on a low temperature 99<T<230X graphite

n T TR R

surface were distinctly different from the resonantly-enhanced free molecular
spectrum. The low temperature spectra showed two or more very broad lines
distinctly different from either those for the free molecule or for the
intercalated Brz molecule. The low temperature Raman spectra were thus
attributed to adsorbed bromine species. The Ph.D. thesis of Bruce

- Heflinger was based on this work.
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Abstract Submitted
for the Washington Meeting of the
American Physical Society
"March 27-31, 1973

Physical Review . Bulletin Subject Heading

Classification Scheme Craphite Intercalation
Number 78.30 : Compounds
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Raman Study of Adsorbed Br2 on Craphite.* B.L.
HEFLINGER, M.S. DRESSELHAUS and . DRESSELHAUST, MIT--
Bromine intercalates into graphite above a threshold
vapor pressure of 18 Torr a2t rscm temp.l At lower
pressure bromine uptake is by surface adsorption. Ve
report Raman spectra frem high curface area forms of
graphite (Crafoil and exfoliated graphite) at vapor
pressures ranging between 10-3 Torr 4nd 20 Torr, where
the transiticn from surface adsorption co btulk iater-
calation occurs. We find the Raman spectra to be
sensitive to both surface and bulk lattice rodes. The
surface-specific modes are shifted 60 cm~l higher in
frequency than the bulk graphite modes (1586 cm~l and
1600 cm~l) found in the intercalation compounds. We
.also report the frequency dependence of the bromine
stretch mode as a function of surface coverage.

% Sponsored under AFOSR Contract #77-3391]
+ Natl. Magnet Lzb, supported by NSF
1 J.G. Hooley, Chem. Phys. of Carbon 5, 321 (1969).

Prefer Regular Session , Submitted by
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M.S. Dressclhaus
. Room 13-2090, M.I.T.
' Cambridge, M\ 02139

Wote: To be presented after paper by P.C, Eklund, N, Kambe, G. Dressclhaus
and M.S. Dresselhaus entitled "Rescnant Raman Scattering From Br
dn Craphitce Intercalation Compounds',
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", Abstract Submitted

T ) for the Chicago Mceting of the

chrican Physical Socicty

:Physical Review Bulletin Scbjeet Heading

‘Classification Scheme Graphitc Tatercalation
Number 78.20 ’ . ' Comnounds

Fermi Surface Modecl for Graphite FeCl3.V G.
DRESSELHAUS and S.Y. LEUNG, M.I.T.--The angular decpendence
of the various Shubnikov-de Haas (Sd!l) periods on stage
is {nterpreted in terms of fluted graphitic cllipsoidal
Fermi surfaces which have extremal cross-sectional areas

- .resulting from the staging of the intercalation cowmpounds.

- The structure factor calculations indicate, in agrecment
with the interpretation of 3- 29 x-ray spectra, that
although the folded Erillouin zone for the dilute compouds

. e ——e

PRI WRCINTR +.

4 : is very small (indicating many extremal areas) only the %
o Bragg reflactions near those for pristine graphite have . f
structure factor sufficiently large to yield observable ' ; 5

3 SdH periods. This model accounts for (1) the observed ' T
. angular dependence and cut-off phenomena for the slow aud k

fast periods, (2) the weak stage dependence of the fast i i

. periods and (2) the larger stage dependence of the slow : £

] B periods. The model also explains why the anisotrony of i
{ ' the Ferni surface is independent of stage and of the 3
volumc enclosed by the censtant enerzy surfaces and is e

similar to that for pristine graphita. §

+ Supported by AFOSR Grant #77-3391.
* Nat'l Magnet Lab, supported by NSF.
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Abstract Sutnlcted 21

for the Chicago Mceeting of the

Americon Physical Socicty
March 19-22, 1979

Physics and Astronony Suggested Title of Scession
Classification Schene in which Paper Should be Placed
Number 78.20.Gt Graphite Intercalation Conpounds

Infrared Spectroscony of Graphire-Alkali Metal
Intercalation Compoinds®s S.Y. LEUNG, C. UNDERHILL, G.
DRESSELHAUSY M.I.7T.--Tor the first tiwme, infrared spec-
tra of graphite-~nlkali metal donor compounds are repor-
ted. Of significance is the largce (= 3Ocm'1) dowmshift
of the infrared-active optic rodes froam the £, wode in
graphite at 1537cm~!, in censtrast wvith results ohserved
for the acceptor compounds where the stage depeadent
frequency shift is smaller in magnitude and ovpposite in
sign, Results are reported for the IR-active mode
frequencies, linewidths and oscillater strengths for K,
Rb, and Cs compounds as a function of stage. Analysis
of -the oscillator strengtis permits independent determi-
nation of the charge transfer to the interior and:
bounding graphite layer modes vs. stage for K, Rb and
Cs donor compounds. Analysis of the stage dependence of
the mode frequencies indicates an in-plane lattice
expansion due to the intercalation process, in agreement
with direct x-ray measurenments,

'D.E. Nixon and G.S. Parry, J. Phvs. C. 2, 1732 (1969).
tSupported by AFOSR Grant #77-3391.

#Nat'l Magnet Lab, supported by NSF.

$Submitted by A. Linz.

Prefer Regular Scssion Submitted by

Clhny
LA
A. Linz . {

Room 13-3154, M.I.T.
Cambridge, M\ 02139
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Abstract Submitted

for the Chicago Meeting of the
American Physical Society

March 19-23, 1979

Physical Review . Bulletin Subject Heading
Analytical Subject Index . - Graphite Intercalation
Number 78.20, 78.30 Conmpounds

Direct Determination of Charge Transfer in
Graphite Intercalztion Compounds.” M.S. DRESSLLHAUS,

-8.Y. LEUNG, C. UNDERHILL and G. DRESSEL!L\US*, MIT --

4
.

Although charge transfer in graphite acceptor compounds
has becn discussed by many authors, only reccently, using
infrared spectroscopy, has the charge on the graphite
bounding and interior layers been determined indepen-
dently. This determination is possible because the. IR .
modes associated with the interior and bounding layers
occuy at different frequencies, and a lineshape analysis
of the IR spectra yields the dipole moment and hence -
charge. associated with each mode. For example, the
results for graphite-FeCl3 show that there is a 70%
charge transfer to the bounding layers (essentially
independent of stage), and for stage n>3 an additional
30%Z transfer is made to the interior layers collectively.
The small charge transfer to graphite interior layers is
corroborated by magnetoreflection results on graphite-
FeCl3 which probe primarily the graphite interior layers.

-~ We also discuss the relation of this determination of

the charge transfer to Shubnikov-de Haas data, which
yield fluted Fermi surface ellipsoids associated with
both graphite interior and graphite bounding layers.
INat'l Magnet Lab, supported by NSF.

+"Supported by AFOSR Grant #77-3391.

Prefer Regular Session . Submitted by

M.S. Dresselhaus
Room 13-2090, M.I.T.
Cambridge, MA 02139
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Infrared and Raman active modcs in graphite

_fntercalation coapounds can be classificd into i

three catcgorins: those arising from (1) the
;ntercalant; (2) the graphite bounding layers (the
graphitc layer that is adjacent to the intercalant)

aad (3) the intertor graghite layers.l=7 Since the .

jattice modes of the intercalant, graphite bounding
8ad interior layers occur at different frequencies,
these techniques can investigate each of the
different types of layers separately. The present
study focusses on two important ideas in the under-
stapding of graphite intercalation compounds: :
strain ficld and effective charga, We have '
measured the stage dependence of the {requency
upshift of the graphitic optic E2p, and Ejy modes
gariling from both the bounding ané interior
graphite layers). A similar stage dependent fre-
quency upchifit is observed in graphite ferric
chloride for all the infrared-active and Raman-
active lattice modes. This stage-dependent upshift
bf the lattice rodes can be interpreted via a
strafn field intercalation mechanism. Analysis of
the infrared spectra gives the stage dependence of
the effective charge associated with the graphitic
ding and interior layers, An effective charge
ratio of 7/3 was measured between the bounding and

- dnterior layers for graphite-ferric chloride.

! Usiog highly oriented pyrolytic graphite (HOPG)
as 8 host material and employing the conventional
two-zone techniqued we have been able to grow a
series of cssentially single-staged graphite-ferric
chloride samples including stages: 1,2,3,4,5,6, and
11, The stage of the corpound was deternined using
8 cooventional 6-26 x-ray diffractometer scan
employing MoKa as the incident radiation. ' Admix-
tures of secondary stage material appear as
additional peaks in the x-ray spectra and these
sdditional peaks can easily be fdentified.

|

| Room temperature Raman spectra were taken
using an argon-ion laser operating at 48804 in the
back-scattering geometry. With the incident beam
along the c-axis of the crystal, the Raman-active
in-plane E2gs modes are excited. Intercalant '
desorption associated with laser heating was s
avoided by using a low laser power level (< SO mw),
Infrared reflectivity spectra were taken using a
Fourier transform spectromcter. Room temperature

_spectra covering the encrgy range 400ws4000 em~l

werc taken with the sample c-axis parallel to the
{ncident beam. )

Raman and infrared spectra of graphite-ferric
chloride are consiscent with the identificacion of
the Jattice modes with *he graphite bounding and
{nterfor laycrs.? In the Raman spectra a single
loreatzian 1line is found for both stage 1 and 2
compounds and “wo Lorentzian lines for compounds
wvith 033, For the infracted spectra, fitting the data
$a terms of a Drude background and Lorentzian oscile
Jatore slso yields a single Lorentzian oscillator

.

1 k] 4
s LATTICE MaLL STECTRA OF GRAUHITE INTERCAIATION CO!'!K‘OUNDS’

4

* * !
€. Underhill , S.Y. Leung , c.‘Dreaselhausf and M.S. Drestelhaus.

Massachusctts Institute of Technology
Cambridge, Massachusetts 02139
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!for stages 1 and 2 and two Lorentzian cscillators
for stages n23. The higher frequency component

in the Raman spectrum (E2gy) is identificd with

the bounding graphitic layer because {t exists in
all stages (including 1 and 2) but not in pristine
graphite, vhile the lower frequcncy component
(Ezgz) is identified with the interior graphite
layef because its frequency extrapolates to that for
pristine graphite in the limit of very dilute
compounds. Furthermore, there is no evidence of
the lower frequency component in stages 1 and 2.
Identification of the infrared-active rodes with
the bounding and interior layers follows a similar
lipe of reasoning. The difference is that for the
i{nfrared spectra the high frequcncy cozponent (E{u)
is identificd with the interior layer and the lcwer
frequency component (Elu) is identified with the
bounding graphite layer. .

The dependence of the lattice mode frequency w
on reciprocal stage (1/n) for both the infrared-
active and Reman-active modes is shown in Fig. 1.
We observe that all the lattice node frequencies
(infrared and Razan) for n33 exhibit the same
linear dependence on reciprocal stage whether the
mode is associated with graphite bounding or
interior layer.

The frequency upshift of the modes showm in
Fig. 1 is interpreted as a lattice stiffening
upon intercalation. As the number ol nraphite
layers between successive incercalate layers
increases, the strain experienced per grapnite
layer is decreased and thus a smaller shift in the
dattice mode freguency results. The slope of the
dependence of the mode frequency on reciprocal
stage has the same sign in graphite-aiC310, a
compound similar in structure to graphite-FeCi3
(4.e. for both types of acceptor conmpounds the
mode frequencies increase as a function of 1/n).
In contrast, for both the infrared-active redesil
and Raman-active3 modes in the graphite-alkali
metal compounds, the slope of a plot of the mode
frequency vs reciprocal stage has a sign opposite
to that for graphite-ferric chloride (i.e. the
mode frequencies decrease as a function of 1/n).
This interpretation of the mode frequency shift is
consistent with the observation that in graphite-
potassiun coapounds there 1s a contraction in the
graphite in-plane lactice coastant (ag) upon
intercalation.12 )

'

! Infrared spectroscopy 18 uscful for the study
of lattice wodes and electronic properties of
graphite intercalation compounds in the follirwing
tvo vays: (1) infrared spectroscopy probes o.d=-
parity modes wvhile Raman spcctroscopy prooes even=
parity modes in these compounds. (2) Determinatioa
of the oscillator strengehs provides important
doformation concerning clectronic propertics such
as the dipolc voments and cffective charpes. The
dipole moment associated with the infrarcd=-active

'lhc Raman ond
infrared studies were respectively supportcd by the Offfce of Naval Resea ONR N00014=77-
1005) and the Air Focce Office of Scientific Rescarch (#77-3391). escarch (O

fncplrt-cnt of Electrical Engincering ond Computer Science and Center for Materiale Science and Engincering.
yoncis Bitter Nacfounal Magnet Laboratory, supported by the NSF, - —-— - seem ot 0 T
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! . ¥ig. 1 The inverse stage dependence of the |

! wmode frequencies for Raman Eis and E2g,

: (squares) and IR E}, and E;, (Gircles) modes

. 4o graphite-ferric chloride compounds. The *

. and * superscripts rcfer respectively to

. graphite ioterior and bounding layers. The

! #olid lines represent a least squares fit to

i the experimental points for n>3 and indicate

. a similar strain dependence for all cbserved

§ wodes. The Ez;4 and Ey, tode frequencies

’ foxr pristine graphice are given at (1/n)=0.

' The faset shows tae (1/n) dependence of the
dipole moment for the infrared Ey, and Ejy

: wodes nornalized to that for the £)y wode in

s pristine graphite. The Raman and IR frequen=

] ¢ies for the lowest stages g=1 and n=2 :

. - ecompounds labeled Lag, and Ej, depart from :

i the behavior odserved for che n3l compounds. |

wuee a0 8 function of reciprocal stape is shown | PReferences . ]
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Recent experimental results on the electronic
structure of graphite intercalation compounds such
a8 those reported at this conference using the
Shubnikov-de Haas effectl and the magneto- .
reflection technique 2 show that the electronie
levels near the Fermi level are mainly derived
from graphite ¥-bands. These experimental
prograas are currently generating large amounts of

_experimental data relevant to the dependence of
‘the electronic structure on intercalate species
!lnd stage, and therc is consequently a pressing
‘need for energy band models which can be used to
{nterpret these data quantitatively, First
fprlnciples calculations exist for the stage 1
;@lkali metal compounds CgLi3 and CgK4, and these
:calculations confirm that the significant energy
‘bands near the Fermi level originate from the
‘graphite n-bands. On the other hand, an exteunsive
‘smount of work is required to determine E(K) from
‘a first principles calculation for each intercalate
" 'species and stage, and the calculations become more
difficylt with increasing stage. Because of the
‘success of phenomenological models based on
syanctry (e.g. the Slonczewski-Welss-McClure
(S-W-McC) model)5+:6,7 for the interpretation of
-experimental data for graphite, it would scem that
‘ugseful phenomenological models based on the
gsyumetry of the intercalation compounds could also
‘play an important role in the interpretation of
iexperimentnl data for these naterials,
\
! - We present here a phenomenological model for
‘the calculation of the electronic dispersion
.relations for graphite intercalation compounds
‘based on the symmetry properties of the graphite
structure upon which the superlattice symmetry of
ithe intercalation compounds is superimposed. The
model is readily applicable to intercalated
.graphite for any intercalate specics and stage.
:1n the limit of the stage 1 alkali metal compounds
CgLi and CgK, the dispersion relations calculated
.on the basis of the phenomenclogical model are in
‘good agrecment with those reported using a first-
principles calculation, In the limit of very high
stage, the S-W-McC graphite model is recovered for
&k points near the edges HKH of the Brillouin zone.
The basic features of this band structure model are
determined directly from the band parameters of
pristine graphite (which are known) and the
superlattice perifodicity (which is deduced from x-
ray data). A quantitative fit of the model to the
‘experipental data now emerging from the Fermi
siurface and magnetoreflection spectra will
deteraine the band parameters representing inter-
‘sction betveen the graphite and intercalate layers,

The phenomenological model presented here makes
use of the J)-dimcnsional Fourier expansion of the
graphite A-bands previously developed by Johnson
aad Dressclhausd to account for the optical
properties of pristine graphite. This model 1is an
|

!
.

e G. Drosselhaus&

ELECTRONIC ENERGY BAND STRUCTURE OF CRAPHITE INTERCALATION COMPOUNDS®

and S.Y, Leung' . i
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extension of the S-W-McC =model which is based on a
Foyr{er expansion of the energy bands along kz and
a k-p expansion about the HKH axes. Thus, by
carrying out the Fourier expansion in 3~dimensions, .
a wodel is obtained for E(k) throughout the
Brillouin zone. This extension is necessary for
the interpretation of the optical data which
iavolves contributicas from a larger volume of the
Brillouin zone than does Fermi surface data. To
carry out the zone felding procedures outlined
below, such an extersion is also necessary for
application to the intercalation compounds. It
should be cmphasized that the use of the 3-
dimensional Fourier expansion for graphite does not
introduce any paraceters other than those already
evaluated by Johnson and Dresselhaus in their :
interpretation of the optical data for graphite.

The present phencmenological model adds to the
basic graphite syrmetry the superlattice
periodicity appropriate to the intercalation
compounds through suitable zone folding of the
basic graphite Brillouin zone. The in-plane
intercalate order gives rise to zone folding of
the in-plane wave vectors and in this way is
sensitive to the intercalate species. The staging
phenomenon introduces a c-axis superlattice struc-
ture which is incorporated into the calculation by
c-axls zone-folding. The zone folded representa-
tion is then transformed into a layer representa-
tion and the interaction between graphite bounding
layers and the intercalate layer is treated as a
perturbation. This perturbation is dependent on
band parameters that are related to the overlap
between the graphite =-band p, orbitals and
orbitals on the intercalate layer. These band
parameters can be evaluated by comparison with
either first principles calculations or experizen=-
tal Fermi surface, optical and magneto-optical
data. It should be noted that once these inter-
action band parameters are evaluated for a specific
intercalant, the phenozenological bands for that
intcrcalant are deternined for all stages that
have the same in-plane ordering.

The results for E(X) for the phenomenoclogical
wmodel for stage 1 compounds with the CgX and C3X
are shown in Figs. 1 and 2 using no adjustable
parameters, In this form, the bands ave broadly
applicable to all cozpounds with the indicated
structures. For each figure the results are
compared with the pertinent first-principles
calculations for CgLid and Cg%4 and very good
agrecmen. is obtainced for the bands related o
the graphite n-bands. To obtain agrecment for the
hybridized metal s and p bands, it i{s necessary to
fit the phenomenological bands to the first
principles hybridized s-bands to determine the
overlap band pacameters between the graphite pg
w-orbitals and the {ntercalate orbitals., One
attractive fcature of the phenomcnological wodel 4s

E————a——
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that once the band parameters are deterained for
any low stage compound (where the craphite-
intercalate {nteractions are inportant), the
dispersion relations for all stages can then be
evaluated without introduction of addittenal band
paramcters. The phenomenological model thus
provides a useful tool for the calculation of the
electronic structure for high stage compounds
wvhere first principles calculations are difficult
to make and the phenomenological model is expected
to be bost convergent.
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Fig. 1 Comparison of the 3-dimensional-zone-
folded Fourier expansion calculation (solid
line) for all CeX stage 1 compounds with the
first principles calculation for CgLi
(dotted 1ine).3 The zero of energy is
shifted to match the degenerate levels at
the T point. The 2s Li band is included

in the first princples calculation but the
intercalate band X from the Fourier
expansion calculation is not included in

the figure.
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Fig, 2 Comparison of the 3-dirensional-zore
folded Fourier expansion calculation (solid
line) for all CgX stage 1 compounds with the
first principles calculation for C8X (dotted
1line).% The zero of energy is shifted to
match degenerate levels at the K point, The
energy scale for CgK in this figure is twice
that of Ref. 4. The 4s and 4p K Lands are
included in the first principles calculation,
but the intercalate band X from the Fourier
expansion calculation is not included in the
figure.
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The property of graphite intercalation com-
pounds that may be of greatest commercial interest
is the high electrical conductivity resulting from
the fatercalation process.l Graphite offers a
host naterial with high in-plane mobility (room
teoperature mobility = 13,000 cm2/V-sec as com-
pared to Cu with 35 cm?/\-sec and to $i with
1600 ca?/V-sec).2s3 Nevertheless, graphite is a
saterial with modest conductivity because of its
low carrier concentration (2 x 10~% carriers/atom
at roon temperature),z If we consider the inter-
calate layer as a source for the introducrion of
carriers into "he graphite host (electrons for
donor compounds and holes for acceptor coapounds),
then the intercalation process provides a
mechanism for producing high conductivity materials
by greatly increasing the intrinsic carrier
concentration in a high mobility host without
significant loss of carrier mobility., We present
here a simple model for the electrical conductivity
which accoungs for the characteristic features of
the dependence of the in-plane conductivity on
intercalate concentration., On the basis of this
model we can draw several conclusions about
characteristics that may lead to increased in-plane
electrical conductivity,

The simple phenomenological model for the
electrical conductivity is based on the observation
that the total conductance per unit cell of length
Ic is equal to the sum of the conductances of the
constituent layers contained within the unit cell
(see Fig. 1). In this model we distinguish
between the graphite bounding layers adjacent to
an intercalate layer and the graphite interior
layers that are fully surrounded by other graphite
layers, According to this model, the conductance
equation is

Ic(o‘lo‘) = ‘1(°1/°g) + 2°o(°gb/°g)+<“'2’°o‘°31’5;’

in which n {s the stage of the sample, co is the
graphite interlayer separation, and (di+cy) is the
separation of two graphite bounding layers between
which the intercalate layer is sandwiched, In a
conductivity cxpeciment we measure the conductivity
Og which is here conveniently normalized to the in-
plane conductivity of pristine graphite 0g. Of the
various layers within the unit cell, the conducti-
vity of the graphite bounding layers Ogb is
dominant because of the high carrier density in
these la;ers rclative to the graphite interiov
layers4,5 and because of the much higher mobility
of the graphite bounding layers relative to the
{ntercalate layer. Though smaller, the
eontribution of the gras'iite interior layers Ogi

is significant, particularly for certain inter-
calste species such as the alkaii metals. For
most intercalants, it (s believed that the
contribution from the intercalate layer ug is
negligidly small because the Fermi level generally
14es below the intercalant conduction bands and

above the intercalant valence levels,® anZ bdecause
fonic mobilities tend to be very low.

At low intercalace concentrations, the
conductivity J3 1is dominaced by the {ruction Of cle
unit cell occupied by the highly conductinz
graphite bounding lavers 2co/(nco+dj), tlzre:-
yielding an approximately lincar dependence of
(u,lcg) on (1/n) in good agrecment with =uch of tne
published experimental data?,8,9 (see Fig. 2.

In the low stage limit where the semi-
insulating intercalate layer cccupies a sign:Zi
fracticn of the unit cell, d;/(nco+d;?, szturac
behavior in the (Ja/9g) vs {1/n) curve resulcs,
leading eventually to a decrease in (-a/:-) Jor
the lowest stage compounds, in agreerent —it:
experimental observations., This saturaticn zad
fall-off effect at low stage is more impcrta=n: fcor
intercalants vith large di valuzs (e.g. £233' and
less important vhen d; is small (e.g. Li). a2lso iz
agreement with experimental observations.

czzt
icx

Contributions frcm the graphite inter:ior
Iayers are significant when the charge t<T I >
these layers is appreciable and the carri
mobility on the graphite interior lavers .s
significantly higher than on the graphite »oundizz
layers., Evidence for significant contritcticzs
from the graphite interior layers is tae :bserva-
tion of an enhanced infitial rise in (-a/c:) vs
(1/n) or alternatively as a shift in the -eak orzthe
onset of saturation of (oa/ag) to lower (Z/n)
values,

Fits of this phenomenological model h:ive deex
made to conductivity data for tha2 donor in:zer:al:ist
K and the acceptors HNO3 and FeCl3. Results oFf
this analysis show that the contribution Iroz thsz
graphite interior layers {s more pronounc Jor
the K compounds than for these accepter crznrunds.
This conclusion is in good agreement with =a:ineic=
reflection results on the stape dependenc: oI Lhe
Fermi level for the donor Rb and the accuzzors
FeCl3, AlC13 and Br2.10 Also of significzace is
the supporting evidence obtained from der=rainaticn
of the dynamic charge associated with the zrashiza
bounding and graphite interior layers fro= measurs-
ment of the strength of the corresponding inirarez
oscillator strengths. Infrared reasurements snow
in agrecment with results on the static ciarze: that
the effective dynamic charge for the interior
layers 1is relatively larger for the alkal. wmetal
donor compounds than for the FeCl3 accepter
compounds, 10

The phenorenological conductivity model
suggests that for further enhancement of the
electrical conductivity of graphite intercalation
compounds, it {s important to maximize the charge
density in the graphite layers throuph increascd
charge transfer. Attention to increasing the

'lupported by the Afr Force Office of Scientific Research (#77-3391).
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sample pef!ectlon for i{ncreasced carrier mobtlity {a

the graphite bounding laver could also be of
signtficance. To exploit the high conductivity {n
the graphite bounding lavers for :he low stace
compounds, the intercalate laver thickness dj
shiould be minimized., The interpretacion ol
conductivity data using this simple phenomenolo-
gical model thercby suggests some characteristice
factors that could be ucilized in furcther
facreasing the electrical conductivity of these
materials,

.s TRl Co
® O & @intercciols @ 9 00 @ T
23l Graphite Bauncng Layer :iscec s neaedy
L O Il
. * + Graphite Interfor Loyers . °
lg=e | P e Tout —=
EE——— )]
L
L]

o © -

Relative Conductivity (oy/05)

1/Stage

. Mg, 2 Relative conductivity (0a/cg) vs
reciprocal stage (1/n) for several
_intercalants, (See refs. 6-8).
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We present the first dectailed study of the stage dependence of the

.!NFRARED AND RAMAN SPECTROSCOPY OF GRAPHITE-FERRIC CHLORIDE

.
C. Underhlllf S.Y. Leung, G. Drcsselhaus* and M.S. Dresselhaus.

-~

IR~ and Raman-active optic graphitic modes in a graphite acceptor

intercalation compound.

The gencral frequency upshift observed with

increasing FeClj concentration for all optic modes is interpreted to
indicate an in-plane compression within the graphitic layers. An
identification of the IR-active modes with bounding and interior graphite

layers is made.

A lineshape analysis of the IR spectra implies IR dipole

moments corresponding to V70X of the effective charge in the graphite
bounding layers, independent ofi stage, and V30X distributed among the
graphite interior layers for stage n33 compounds.

1. INTRODUCTION

It is established {1-5] that the Raman-active
lattice modes for graphite intercalation compounds
can be identified with (1) the intercalate layer,
(11) the graphite layers adjacent to the inter-
calate layer (the graphite bounding layers) or
(111) the graphite interior layers. Graphitie
Raman modes in the vicinity of 1600 co-l have been
observed for a variety of intercalate species as
doublet structures separated by approximately
20 cm-1, The lower frequeacy component (denoted
by Eig ) is associated with the interior graphite
layers, and the upper component {(denoted by E2g3)
vith bounding graphite layers. Previous work
focussed on the relative intensities of these
components as a function of intercalate concen-
tratfon [1-5) or alternatively as a function of
stage, where the stage index n is the number of
graphite layers between consccutive intercalate
layers. The present Raman study on well-
characterized graphite-ferric chloride samples,
while supporting previous findings on the inter-
calate concentration-dependence of the doublet
separation and the relative intensity of the
doublet components, represents the first systema-
tic sanalysis of the graphitic optic mode frequen-
cies of an acceptor system over a wide intercalate
concentration range. The present work also
represents the first systematic study of the
infrared (IR) spectra of a graphite intercalation
ecompound. The complementary information obtained
from the Raman and infrared spectra has important
{uplications on the intcraction between intercal-
ate and host laycrs in these compounds,

2 FXPFRIMENTAL DETAILS

then highly orfcented pyrolyttc graphite (HOPG)
is enployed as a host material, staging conditions
change with respect to those of single crystal or
flake graphite [6-8). However, in agreement vith

previously reported results for alkali metal [9]

and halogen intercalants [10]} it is possible to
produce a series of well staged, homogeneous
crystals over a wide range of intercalate concen-
tration, We report here, for the first time,
results on essentially single staged n = 1,2,3,4,
5,6 and 11 compounds prepared from HOPG and
anhydrous ferric chloride (made in situ) using the
now conventional two zone system [1l1]. Improved
sample houogeneity has been achieved by using
graphite of approximately 20um initial thicxness.
For the growth procecss emploved, the graphite
temperature was maintaincd throughout at 33C0°C and
the temperature (and hence vapor pressure) of the
ferric chloride was varied: stage 2 (300°C), stage

3 (227°C), stage & (216°C), staze 5 (202°C), stage

6 (216°C) [12) and stage 11 {192°C). For all stages
a chlorine atmosphere of 600 torr was cmployed.
Using a single crystal x-ray diffractoncter, zconven-
tional 0-20 scans were taken to characterize the
samples. By employing a Si(Li) detector and a
single channel analyzer to provide discrimination of
incident photon energy, srall concentrations of
admixed stages were {dent’fied {13]. X-ray spectra
for stages n=1,2,3 and & are shown in Fig. 1,
together with the corresponding intercalant repeat
distances I, determincd using the MoKaq x-ray line.
The preparation of single staged n=] material proved
difficult because of the tendency for inclusion of
either regions of pristine graphite or stage n>l
material. Spectra for all compounds used in this
study showed the samples with stage n22 to be cssen=
tially single-stagcd. Only small secoundary-ovhase
x-ray diffraction pcaks (indfcated by * in t.g. 1)
are obscerved., The relative {ntensities of the
diffraction pcaks can be related to the structure
factor for the fntcrcalation compounds [13].

For the light scattering mcasurcments, laser
excitation vas prgvlded by an argon-lon laser
operating at 4880A {n the back-scatetcrinp geometry.
Unpolarizcd room temperature Raman spoectra were

& Departrent of Electrical Engineering and Computer Scicnce and Center for Materisls Sclgncc

and Engincering.
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Fig. 1. X-ray stage characterization for stages
newl, 2, 3 and 4 graphite-ferric chloride
compounds. The intercalant repeat distance I¢
‘snd stage indices are given on the right. Reflec-
tions due to admixed stages are indicated by *.
The peaks labeled O0iGR in the stage n = 1 trace
refer to pristine graphite reflections. A sche~
matic of the X-ray system incorporating a Si(Li)
detector and 8 Mo X-ray source is showm in the
inset.

taken from the sample c-faces and correspond to the
excitation of in-plane Raman-sctive modes. To
avoid intercalate desorption effects associated with
l1ascr heating, these spectra were taken at low
€<50mw) laser power levels,

Infrared reflectivity spectra were obtained
wsing & Fouricr transform spcctrophotometer
operating vith 8 globar source and a TCS dectcctor
vith & K8¢r vindow. Room temperature spectra,
covering the cnecgy range 800 en=1<w<400 ca~l with
a resolution of 2 cu~l vere taken with the c-axis
spproxinately parallel to the beam path, The
spectrophotoscter was purged with an atmosphere of

. *

e e gy o £
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dried afir and no spcetral Intcerference from water
vapor absorption lincs was detected in the reglon
of intecrest.

To chieck that the reportud x-ray results are
compatible with the Raman and IR results, x-ray
mcasurencnts were also made on very thin sanples
and on freshly-clcaved samples. Similar results
wvers obtained in all cases. We have confidence
that our Raman snd IR spectra are represcantative
of the indicated stage.

3.RESULTS

Ramsn spectra for graphite ferric chloride are
shovn in Fig. 2 for essentially single-sctaged n =
2,3,4,6,11 ard for our purest stage 1 compounds.

ﬁ Stage 2
M -
j\/L Stage 4
] | |

Stage |

Sloge 6

Stoge 11

HOPG

1
1550 1530 1630 1670
Romon shift {cm-t)

Fig. 2. Unpolarized room temperature Raman spectra
taken in the backscattering geometry (E 1 ¢) for
stage n = 1,2,3,6,6 and 11 graphite-ferric chlo-
tride compounds and for pristine graphite (IOPG).
Lascr excitation at 48802 and a power level < SCuw
vere used to excite in-plane Raman-active Ejg2
podes (sce inset). The upper frequency component
(B2p2) is identificd with the bounding layer wode
and the lower component (E’zg2) with the interior
graphitic mode,
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Raman rcsults were previously reported in & pre-
1tatnary form for most of these starcy [14] and by
Caswell and Solln for stapea nel and a=? (15},

*Included for comparfson (s the spectrun for pris- -

tine graphtte (n=»), showling a single line at the
B2g, mode frequency. (Sce inset to Fip. 2). of
parllcular sign{ficance s the large intercalate
concentration-dependent upshift of the E2g2 bound~
fag layer wode. The spectra for stages n=l and
nel exhibit only a sinple peak, coansistent with the
sbsence of interfor graphitc layers for these
stages. Samples for n33 however show both E2g

and E};, wodes, the latter code associated vich
interlor graphite layers. For stage n=4, where
the nunder of bounding and interior layers {s
equal, the two peaks have approximately equal
iatensity. As the intercalate concentration de-
creases and tha stage index increases, the doublet
separation remains constant while the relative
intensitics of the E2g, and Ezp, features exhibit
a dependence on intercalate cencentration (or 1/n)
in qualitative agreement with previous work on
other intercalate species (3,4}, Accurate fitcs

to the Raman spectra have been achleved with a3
single Lorentzian line for stages n=l and 2 and
two Lorentzians for stage np3. In the lineshape
snalysis, the Lorentzian lines were convolved with
the weasured instrument function and the results
for the central frequency, linewidth and peak
{ntensity for the spectra in Fig., 2 are given in
Table 1.

e wws o wE WU ULIL-PLKRLG CALORIDE

m

Infrarcd reflcetivity spectra for staper nel,
2,4,6 and 11 compounds and for graphite are
in Fig. 3. lNecause of the fucrcased freec-carcter
concentration in the intercaiatlon compuunds con-
pared to that of graphtre, the utascline refloct-
ivity 1n the vicintey of 16120 en~b {s fncreaned
from V702 fn graphite to “80% for stage n=ll, ang
to V98T for stages n = 1,2,4 and 6. Free carrice
effects arc also respoasible for the =ajor chaa,es
in lineshape cxhibited by these traces., Three
typical lincshapes accur, and these are shown for
HOPG, stage n»ll and stage ngé. To extract the
lattice node frequency, linewidth and oscillatoer
strength, a lineshape analysis was performed and
results for these parameters are glven in Tahle 1.
The computed reflectiviry using these parancters
is shown in Filg. 3 by the dotted curves, In this
analysis, the form for the free-carrier and
electronic interband contributions {s largely
determined by the IR spectra observed over the
frequency range 800<w<4000 c=~l (16). For stages
n=] and 2, the spectra are fitted with a single
IR-active lattice mode at 1584 and 1531 ca-!,
respectively. Howevcr, for stage n>3 two modes
(labeled Ej, and Ej,) of comparable linewidth are
required (see Table 1).

The dependence on reciprocal stage (1/n) of
the frequencies for the Raman-active modes (Fig. 2)
and for the IR-active modes (Fig. 3)_is given in
Fig. 4. It is notevorthy that the E2g,, Eaq,, I}

Py

u
and E;  wode frequencias for stage n33°all exhibit

ahoen

TABLE 1 Optic Mode Parameters for Graphite-~-Ferr{c Chloride Intercalztion Compo:mds
(Central frequency (ug),linewidth (T) and strength (F) of Raman~and IR-active
wodes) resulting from analysis of the data shown in Figs, 2 and 3.
Raman Infraced
(a) ®) @) ®)
Interior Layer Bounding Layer Iaterior Layer Bounding Layer
Stage © r © rn(d) o, réc) rl(d) v, r(e FIR(e) o, & PIR\e)
i 1626.0 3 4.0 1563.5 ©  0.220
2 1612,9 3 4.0 1581.2 3 0.110
3 1585.0 13 3.6 1607.5 13 4.3 1588.5 6 0.025 1585.8 4 0.074
4 1583.7 12 4.2 1606.7 12 4.2 3589.4 6 0.020 1585.0 4 0.047
L] 1588.6 8 0.015 " 1584.2 6 0.045
6 1584.4 10 4.2 1604.9 9 2.2 1588.5 ? 0.012 1584.0 ¢ 0.037
9 1587.3 4 0.008 1583.0 10 0.020
11  1562.8 10 4.4 1603. 8 6 2.0 1582.3 S 0.004 1%83.2 10 0.020.
o 1561.5 11 4.8 1582.5 2 o.006"

(=)
®)

()
(4)

(o)
({4

as Eapy (F2gy) and Epu(f1y).

uncertafnty {s ~ 220%,
The IR spectra are analyzed by c(w) = ¢ +

T SHRPREPT D i X~

Value given in Ref. 17 {s v 3 timcs larger,

L
Raman- and IR-active graphite interior lsyer wodes are respectively denoted ac Fzg, and E;u~
Raman-~ snd IR-active graphite bounding layer cwdes are respectively denoted

Central frequency wo and full-width half-maxinmum linewideh [ are in cn‘l
Peak sntensitics (arbitrary units), accurate to 210X except for stage 3 where 'the

"Dru..le +3 Frr uzl(w: - - ilw).
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Fig. 3. Room temperature c-face infrared reflecti~ -
vity spectra for the cnergy range 15205wg1650 ca~!
for stage n = 1,2,4,6 and 11 graphite-ferric

1 ’ : chloride compounds and for pristine graphite (HOPG).
4 The fit to expecrimental data using parameters given
in Table 1 is shown by the dotted curves. These
data are analyzed in terms of the graphitic Ely
wodes (sce inset) which, in the intercalation
compounds are designated_as E}, for interior -
graphitic layers and as Ejy for bounding graphitic
layers: see text and Table 1.

ey

8 linear upshift ian frequency with (1/n) as indi-
ated by the solid lines in Fig. 4. Furthermore,
all lines have similar slopes, resulting in doublet
separations of 22:2 ca~l for the Raman-active wmodes
. and 421 en~l for the IR-active modes. Also shown
in Fig. & (scc inset) is the stage dependence of
<Pg>, the in-plane dipole moment for the E;, modes
resulting froa the lineshape analysis of the IR
data. In this insct, the value of <Pg> s
oormalized (i.e. <Pg> = ) as n » »),

4.DISCUSSION

The main contridbutions of this work are: (1)
ddentification of the ohserved IR-active nodes
vith f{ntcelor and bounding praphite lavers, (2)
determination of the charfe assoclated with the
dipole twonent {n the bounding and interior layecs,

BRI L T e

and (3) obscrvation of a similar stage-depcndent
upshift in frequency for all Raman-active and IR~
active graphitic modes fo; stage n»3 compounds.
The IR mode labeled Eyy in Fig. 4 fs identified
with vibrations {n the pgraphite interior layers
for the following reasons. Firstly, the {requency
of this mode extranolates to that for the Ej,y mode
for graphite as the fntecrcalate concentratfon roes
to zero (n+w). Sccondly, this mode is not found
for stage n=1 or 2 conpounds (vhere there are no
interior graphite lavers), but is observed only
for stage n)3 conpounds, Furthermore, analysis
of the IR lineshapes shows that the dipole moment
€P3> (sce inset to Fig. 4) for the E}, mode In the
fatercalation compounds deetoases with lncrcasing
stage index and cextrdapolates to the value for
graphite. Conslatent with this {dentif{leation for
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Fig. 4. The inverse stage dependence of the mode
frequencies for Raman E%g, and Ezgy (squares) and
IR Ej, and Ej, (circles) modes in graphite-ferric
chloride compounds. The solid lines represent a
least square fit to the experimental points for

833 and indicate & similar strain dependence for

4 811 observed modes. The E;g> and £}, mode frequencies
for pristine graphite are given as (1/n)+0. The
inget shows the (1/n) dependence of the dipole
moment for the infrared Ejy, and Ely modes normalized
to that for the E;y mode in pristine graphite. The
Raman and IR frequencies for the lowest stages

o=l and n=2 compounds labeled Eig, and Eyy depar:
from the behavior observed for the n23 compounds.
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the Eiu mode is the observation that the magnitude vhile for stage 1 the bounding layer lies between

of <Pa> for this IR mode increases by a factor of two intercalate layers. In both cases therefore,
four from its small value in graphite [17]. the interplanar coupling is different from the

A second IR-active mode, absent in graphite situation for stage n3} where the bounding layer
and labeled Ey, in Fig. &, is identified with the is adjacent to an interior graphite and an inter-
bounding layer. The dipolc moment for this mede calate layer. Analysis of the IR-tode intensity
has & much wcaker stage uependence and tonds to provides values for the effective charge e* . i
be large compared with <Pa> for the E)y mode for associated with the dipole moment [17). Since the i
high stage conpounds (sce inset to Fig, 4). The Eiu and 21u occur at different frequencies, the b
approximate cquality of <Pa> for the Eju and Ejy relative charge associated with the graphite f
modes at stage 3 1s also consistent with this interior and bounding layers {18,19) can be :
fdeatiftcation. The sinple IR mode for the determined {ndependently. The data in Table ) ;
lovest stage ng2 compounds s clearly duc to vere analyzed using the Szigett cffcctive charse

bounding laycr vibratfons. The frequencles of the nodel [20], assuming that per unit cell there is
. bounding layer modes arc anomalously low for stages one oscillator per bounding layer and (n=2)

e8] and n=2, while the corresponding frequencies oscillators distribuced among the interior lavers,

of the Raman-active rodes are anomalously high. With these assumptions the data yield reawonavle

For stage 2, the bounding layer livs butween values for the ‘effective charge o per unit coll: .
‘ another bounding layer and an iatercalate layer, e* ~ 0,75¢ for stages a*l and 2 and e* » 0.95¢ for
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. ltlgi n33. [In addition, analysis sliows that <* on strain {ncreases as the number of interior graphite P
i * each boundlag graphite layer §s approximatcly siage laycrs decreases, ecasistent with the {dea that oo 3
! iadcpendent. For staze n3), the effectlve charpe stress introduced by intercalaction must be shaved
o distributed amnng the tncerior rranhite lavers is by feucr layers as n dccrcasos [{22). The coince- *
| essentially constant at YOI, with the remaintag dence {n the Ey,, and E» -5 mode freaucncies, the
: 70X residing on the bounding laycrs. Assusing relatively small lincwicih ot the Xaman-active :
b the sane charpe In cach graphite Interior layer bounding layer mode, and the anomalous iaman and 1R '
Db . then the charge per laterior layer is stage . wode frequencies for stage n=l and 2 compounds
¢ dependent. present important characteristics which must be
. j The upshift of the Blu and Elu modes with explained by a theory for the lattice mode spectra ry
o fucreasing intercalate concentration for stape of graphite lntercalation compounds. i
et n33 1s {a_good agrecaent with the upshift observed ' 5
. for the E3g) and £25, Raman-active modes. We ACKNOWLEDGEMENTS I

attridbute the stiffening of these lattice wmodes to
a strain vhich decreases the in-plane graphite
lattice constant [21]. The constancy of the line-
width for the Fz~ interior laver mode as a

L function of Intercalate concentration and an
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: on lattice strain effects., The Raman and IR
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ELECTRONIC STRUCTURE OF GRAPHITE-ALKALI METAL COMPOUNDS
* & - +
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ABSTRACT

A theoretical model for the electronic structure of the graphite
intercalation compounds based on the kz axis zone folding of the
pristine graphite m-bands is applied to explain the experimental
results obtained in magneto-reflection and in Shubnikov-de Haas
experiments on donor compounds. The detailed fit to the observed
Shubnikov-de Haas frequencies for stage 5 graphite-potassium supports
the model and suggests that the dominant interactions that
determine the Fermi surfaces are closely related to those involving

the m-bands for pristine graphite,
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I. Introduction
The recent development of theoretical models for the electronic
structure of graphite intercalation compounds gives promise for new
advances in our understanding of this important class of compounds.
These models 1nc1ude.f1rst principles calculations for stage 1 alkali
metal compounds [1,2], modified two dimensional graphite layer models [3],
and models based on the three dimensional graphitic Slonczewski-Weiss-McClure
(SWMcC) model using the band parameters for pristine graphite [4j.
A common feature of all of these approaches is that the m-bands
derived from pristine graphite are the dominant electronic states in the
intercalation compound within an eV of the Fermi level. This paper focusses
on the models which are directly related to the three~dimensional pristine
graphite model Hamiltonian of SWMcC and demonstrates that a phenomenological
energy band structure can be developed which is consistent with a number of
experimental magneto-optical and magneto-transport measurements on these
compounds. Since a large number of intercalation compounds have been
prepared, much work remains to be done to fully establish the parameters
of the present model or indeed whether some alternate model gives a more
convergent treatment for a particular class of graphite intercalation compounds.
The c-axis zone folded model considered here [4] is a simple extension
of the dilute limit model proposed earlier and used by Suematsu et al. [5]
to interpret de Haas-van Alphen (DHVA) data and by Mendez et al. [6] to
interpret magnetoreflection data. Since these two experiments played a
dominant role in tie evaluation of the SWMcC parameters in pristine graphite,
they will be the experiments which are the focus of this paper for the

intercalation compounds. This paper will show that without introduction of

additional psrameters (i.e. the intercalate layer is approximated as an

=
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empty layer between two graphite bounding layers) a model Hamiltonian is
\ developed which accounts for the main features of the Shubnikov-de Haas

(Sdit) and magnetoreflection spectra obtained for alkali metal donor compounds.

II. Band Model
‘To obtain electronic dispersion relations E(?) for graphite

intercalation compounds, a Hamiltonian is developed based on the SWMcC

three-dimensional model for the graphite m-bands. As a first step, the
; ' c-axis superlattice periodicity is included and an "empty intercalate
lattiée" for the intercalation compounds is introduced, depending only
on the graphite band parameters that are already known. Intercalant-
specific interactions between the intercalant and the graphite bounding
layer can then be introduced to obtain the final dispersion relationms.

= The main features of this model, presented elsewhere [4], are summarzied

below.

The 4x4 SWMcC Hamiltonian for the graphite m-bands Ho(kz) is zone

folded along kz to account for the staging periodicity as

no(ks) 0 . [ .
H &) = 0 H@E + X 3%) 1
folded s o''s = e (¢
. g @ +%1
. Ho(ks + 2 c z)

in which i; is the wave vector near the HK axis, each of the blocks is the 4x4

SWMcC Hamiltonian and % = n+l for even stage or (n+l)/2 for odd stage compounds,

where n is the stage index.

In order to consider explicitly the effect of intercalation, the
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Hamiltonian given by Eq. (1) must be transformed to a layer representation
which is written explicitly by

o -> —1
nlayer(ks) =v l'lfclded (ks) v (2)

where the unitary transformation is derived from the basis functions, yielding

(1) (1)
BAA HAB coee

DI

e R L )
: R )
. .HAA HAB

¥ : (W)+ (®)

- HAB HBB

The intercalation process is modelled by substitution of an intercalate layer
for one or more of the graphite layers in the layer Hamiltonian. The
"empty intercalate lattice" model for a graphite intercalation compound is
then obtained by treating the intercalate layer as an empty layer, neglecting
interactions within the layer and between this layer and the other (22-1)
layers. The "empty intercalate lattice' model thus requires mo band parameters
other than those for graphite which are already well established [7]. To
obtain the full model for the dispersion relations, interactions between the
intercalate layer and the graphite bounding layers are introduced and the
pertinent band parameters evaluated by a fit to experimental data, In the
present work the two experiments that are emphasized are the Shubnikov-de
Haas and magnetoreflection experiments which are respectively sensitive to
the Fermi surface and the energy band structure near the Fermi level.

In Fig. 1 results for E(i) for the "empty intercalate lattice"

model for stage 1,2 and 3 graphite intercalation compounds are given. These

“empty intercalate lattice" bands are derived for an in-plane 2x2 superlattice

-




and for no intercalate-graphite bounding layer interaction. Only the
graphite T-bands are shown and these bands are also plotted on an expanded
scale along and near the H-K axis of the folded hexagonal Brillouin zone.
For this empty intercalate lattice model, the T-bands near the R-K axis

are independent of in-plane folding and in the limit of = gtage these
dispersion curves reduce exactly to the SWMcC w-bands. Comparison cf the
stage 1 results [8] with the band structure of Inoshita et al. [9] gives
good agreement for the graphitic bands between the two methods. The H and
K points in the Brillouin zone are high symmetry points and show extremal cross
secéional areas which are expected to give rise to de Haas-van Alphen
oscillations. Since the H and K points are in general non-degenerate, a
three-dimensional calculation is needed to obtain different DHVA frequencies

for K and B point extremal cross sectional areas.

III. Magnetoreflection Results

The magnetoreflection experiment is important in providing detailed
information on the form of E(ﬁ) for the nearly degenerate bands near the
K-point in the Brillouin zone (see Fig. 1). In the magnetoreflection
experiment, resonant behavior is observed in the magnetic figld dependence
of the reflectivity and these resonances are identified with Landau level
transitions associated with these nearly degenerate bands from occupied
valence magnetic subbands to unoccupied conduction subbands above the Fermi
level. To relate these results to band models, the experiments are carried
out on well-staged samples and changes in the magnetoreflection spectra
are studied as a [unction of stage and intercalant. Typical magnetoreflection
results [6] are given in Fig., 2 for an acceptor compound (stage 7 graphite-

FeCls) and for a donor compound (stage 6 graphite-Rb). Resonances identified
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with K-point Landau.level transitions are indicated by arrows and the

quantum numbers for the initial valence and final conduction magnetic
subbands are given in the figure. Experimental results on a variety of
acceptor and donor compounds indicate that the form for the dispersion
relations E(i) for b;nds close to the K-point degeneracy remains similar

to that in graphite, consistent with the model for E(ﬁ) presented in Section II.
On the other h;nd, small but measurable changes in the graphite band
parameters are obtained and evaluated quantitatively. Results for several
representative compounds are given in Table 1 in terms of valence and
conduction band effective masses m: and m: and the ratio of SWMcC band
parameters (Y°2/Y1) which sensitively determine the Landau level separation.
Furthermore, analysis of magnetoreflection structure which in the case of
pristine graphite is associated with H-point Landau level transitions
indicates that Yo’ the nearest neighbor overlap integral is changed by less
than 5% for all the intercalate species and stages that have been studied [6].
Since the SWMcC band parameters are not strongly perturbed by intercalation,
the fit to the Fermi surface measurements, discussed in the next section,

is made as a first approximation assuming the full set of SWMcC parameters

appropriate to pristine graphite.

Iv. Shubnikov-de Haas Results

Study of the Shubnikov-de Haas effect in graphite intercalation
compounds provides information on the Fermi surfaces associated with each
of the partially occupied bands. To obtain quantitative information on
the stage dependence of these Fermi surfaces it is important to work with
well-staged and characterized samples. Results obtained for the alkali

metal compounds with the intercalants K and Rb show stage-dependent Fermi

surfaces, so that staging fidelity was essential for obtaining reproducible




experimental results for different samples of the same stage index. ?
The samples were prepared using the conventional two-zone technique :
with HOPG (highly oriented pyrolytic graphite) as the host material. .
The sample dimensions were typically (5x6x0.5 mm). Because of the instability ;
of alk#li-metal samplés in the presence of air and moisture, the samples é
were encapsulated in ampoules and sample handling was done in an Argon-
filled dry box (1 ppm oxygen content). The stage of the samples was

determined using (00R) x-ray diffraction profiles both before and after

(> g

the SdH experiments, confirming that the samples were single-staged and that

] no desorption had occurred during the measurements.

é The four-point method was used to study the a-plane transverse magneto-

COMBOEE ¥ 3

resistance in the temperature range 1.4 < T < 4.2K and in magnetic fields
up to 15 Tesla. The leads were attached to the sample using conducting g

epoxy. The sample was then iﬁserced in a helium-filled ampoule and stycast

ERERL L& a2

was used to seal the ampoule. The angular dependence of the SdH oscillations
could thus be measured by rotating the sample around the direction of the
current i such that f l_ﬁ for all angles, and hence transverse magneto-~
regsistance was always measured. Data acquisition was by computer, and the
data were wanipulated to obtain a Fourier power spectrum of resistance

vs. 1/H, thereby yielding the frequencies of SdH oscillations. These

r'; frequencies are related to the extremal cross sections of the Fermi surface.

The Fourier power spectra for the SdH frequencies for Rb stages 2,8 and K

stages 2,5,8 are presented in Figs. 3 and 4, respectively.

During the course of these studies, a great deal of care was given to
engure the fidelity and reprodﬁcibility of the data. For this reason, the
experiment was performed on two potassium stage 5 samples and on one of

these, the measurements were repeated several weeks later after attaching
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new leads. While x-réy profiles after each step of the experiment confirmed

- i
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that the samples retained their single-stage identity, the magnetoresistance
oscillations and the relevant Fourier power spectra revealed identical
traces for these stage 5 samples. Measurements done on potassium samples
with different stages or on rubidium samples, however, showed distinctly

diffefent SdH frequencies. Hence our conclusion is that there is a unique

set of SdH frequehcies associated with each stage and donor intercalant (K,Rb).
Suematsu et al. [5] have also shown stage dependent de Haas-van Alphen frequencies
1 in stages 3 and 4 potassium compounds.

The model for E(E) described above is now applied to the interpretation

of the observed SdH frequencies. Specific application is here made for stage

5 graphite-K, and in this connection the energy band model for n=5 is shown

in Fig. 5, for the five valence and five conduction m-bands. In order to

S

calculate the SdH frequencies the Fermi level EF nust be determined. The

empirical position of EF shown in Fig. 5 yields four partially occupied

conduction bands with the Fermi surface parameters listed in Table 2,

P preCE e AL B NN T e e ol

including calculated and observed SdH frequencies, the cyvclotron mass at EF’ the
i trigonal warping anisotropy listed as kllkz, and the electron density for é
each carrier pocket., The values for kllkz in Table 2 suggest that trigonal
wvarping is important for the larger cross-sectional areas with heavier masses,
whereas the smaller light mass cross-sections are circular. The generally
good agreement of the observed Sdii frequencies with the empty intercalate
layer model of Fig. 5 suggests that the effect of intercalant-graphite
bounding layer interactions can be treated as a perturbation and evaluated
by fitting the model quantitatively to the observed SdH frequencies. It should
be noted that the volumes of the carrier pockets for the four occupied bands in

Fig. 5 correspond to a charge transfer of 0,3 electron per intercalant into

these carrier pockets.
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V. Concluding Reﬁarks

The mathematical technique used here to obtain the electronic dispersion
relations can also be applied to obtain phonon dispersion relations for
graphite intercalation compounds [10]. A major strength of this general
approach is the proper treatment of symmetry in the Fourier expansion of
the dispersion relations for the intercalation compounds.

A three-dimensional Fourier expansion of the electronic energy bands
for intercalated graphite based on a kz~axis folded SWMcC structure has been
developed. An "empty inter:alate layer" limit of this model has been applied
to interpret the observed SdH frequencies in stage 5 graphite-potassium.

Using only the SWMcC parameters for pristine graphite, and no other

parameters, the model is able to account for most of the observed SdH
frequencies. The good agreement with the magnetoreflection results is built
into the model by using the basic SWMcC Hamiltonian in which the band parameters
were originally evaluated to fit the observed magnetoreflection spectra for
graphite. Further tests of the kz-axis folded SWMcC model are now in progress
by applying the model to the SdH spectra for other stages in the graphite-
potassium system and for compounds with the intercalant Rb. The model is

also being tested by an application to the finterpretation of measured

optical reflectivity spectra.
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Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5
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FIGURE CAPTIONS

Electronic energy levels derived by k,-axis zone-folding

of the 3 dimensional Fourier expansion of the pristine

graphite m-band Hamiltonian for a primitive (2x2) superlattice. An
empty intercalate layer is assumed and the expansion parameters

are based on the SWMcC parameters along the HK axis. On the

right an expanded scale is used to plot the levels on and near

the HK axis.

Magnetoreflection spectrum using (+) circular polarization for
an acceptor compound (FeCl3 stage 7) at a photcn energy

4 = 0.295 eV and for a donor compound (Rb stage 6) at

4w = 0.335 eV. For comparison, traces for graphite are

shown at comparable photon energies. The resonances are
specified by the quantum numbers for the initial and final
states. (From the work of Mendez et al. Ref. 6).

Shubnikov-de Haas Fourier Transform Power Spectra for stage 2
and 8 graphite-Rb. These power spectra were obtained by a
Fourier transform of an experimental resistivity vs 1/H trace

for magnetic fields H < 15 Tesla. The peaks in the power spectra
correspond to SdH frequencies, which are given in Tesla and the

same scale is used for each stage.

Shubnikov-de Haas Fourier Transform Power Spectra for stage 2,
5 and 8 graphite-K. (See Fig. 3).

Electronic band structure in the vicinity of the HK axis near the
Fermi level for a stage 5 "empty intercalate layer" model for a
graphite intercalation compound. The Fermi level is determined to
£1ct the observed SdH frequencies. For the indicated Fermi level four
of the conduction bands are partially occupied and give rise to
Fermi surfaces and carrier pockets.
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PHENOMENOLOGICAL MODEL FOR THE ELECTRONIC STRUCTURE '

OF GRAPHITE INTERCALATION COMPOUNDS

% +
G, Dresselhaus and S.Y. Leung

Massachusetts Institute of Technology
Cambridge, Massachusetts 02139, USA

ABSTRACT

The electron energy bands for graphite intercalation
compounds are calculated using a model based on the well-
established electronic structure of pristine graphite. The m-band
Hamiltonian for graphite is folded in g-space appropriate to the
intercalant superlattice which includes kz-axis and in-plane zone
folding. The folded E—space Hamiltonian is transformed into a
layer representation and modifications are incorporated into the
Hamiltonian to properly account for the perturbations due-to the
intercalate layer. With the inclusion of an interaction between
the intercalate layer and the graphite bounding layer, electronic
structures appropriate to both donor and acceptor compounds can
be deduced. The model is applicable to any intercalant and stage,

and predicts stage dependent Shubaikov-de Haas and optical spectra.
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I. Introduction

The intercalate symmetry imposes a superlattice periodicity on the

crystal structure of graphite intercalation compounds which is reflected

in the electronic structure, This intercalate symmetry can be conveniently
modeled by Brillouin zone folding of the electronic dispersion relations

E(B) of pristine graphite [1]. The staging periodicity is the dominant
symmetry of intercal#ted graphite, and can be found in most donor and acceptor
compounds that have been prepared to date [2]., The staging periodicity is
treated mathematically in terms of a kz-axis zone folding of E(E). In

addition, in-plane ordering appears to be well established in some compounds,

such as the stage 1 alkali metal compounds [3]. The symmetry imposed by the

in-plane intercalate ordering for systems where the intercalate structure is
commensurate with the graphite layers 1s treated by an in-plane folding of
the dispersion relations, Both types of zone folding are considered in

this treatment of the electronic dispersion relations for intercalated
graphite. By emphasizing the basic symmetry of the intercalation compounds,
a model is developed which is applicable to any intercalant and stage.

The zone folding technique presented here is baséd on the known electronic

" structure of pristine graphite [4,5). The intercalate layer is initially

modeled as a periodic empty layer [6] in otherwise perfectly ordered graphite.
This empty intercalate layer model simultaneously explains Fermi surface

data [7], which show a pronounced stage dependence of the Fermi surfaces

and méjor departures from the graphite Fermi surfaces, and magnetoreflection
data [8] which provide :trong evidence that the ene:gy bands near the Fermi
level remain highly graphitic upon intercalation, A gz-dependent charge
distribution results from the incomplete occupation of zone edge valence

or conduction bands and from the intercalant-graphite bounding layer

.a..-
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interactions which are introduced to obtain a quantitative fit to

experimental data . %
Y

In this paper, explicit results for the electronic dispersion
relations are presented for various in-plane superlattices for stage 1 &
compounds, and for some higher stage compounds., Caiculated dispersion 2
relations are also presented as a function of stage, and are related to

experimental results relevant to the electronic structure.

II. Brillouin Zone Folding Model
The introduction of the intercalant introduces a c-axis periodicity
v associated with the staging phenomenon and in some cases an additiomnal
_ in-plane periodicity when the intercalant is commensurate with the graphite
in-plane structure. The effect of the superlattice periodicity on the electronic
structure is treated by zone folding of the graphite Brillouin zone on to the

smaller zone for the superlattice structure., The interaction between the

intercalate and graphite is then treated in perturbation theory. :
In cases where an in-plane superlattice is present, the zonc folding

is represented mathematically by the in-plane zone-folded Hamiltonian Hlf(k) '

uo(lfﬂ_( ) . . 0
Be = | W
0 Hlr)

in which Ho(k) is the 4x4 Hamiltonian for the graphite n-bands and the

reciprocal lattice vectors 5 "'Eh are given in Table I for the simpler
in-plane structures. For a superlattice unit cell containing p2 graphite
unit cells there are p reciprocal lattice vectors and “lf(E) is a (4pxép)
matrix. If there 4s no in-plane periodicity, then Hl!(g) is simply the
(4x4) Slonczewski-Weiss-McClure or Fourier expansion Hamiltonian for

pristine graphite.

v : [R5 R



The staging periodicity for the intercalation compound is modeled using
a.kz-axis zone folding technique, The Hamiltonian is written in terms of
L pairs of graphite planes ABAB.,.AB, where the basic repeat distance is
determined by the number of planes in the c-axis repeat distance of the

intercalation compound, considering fof the moment the intercalate layer

to be indistinguishable from graphite. The kz-zone-folded Hamiltonian

Hzf(k) is then written as
H k 0
lf(")

0 Hy (k + 2)
B (k) = £ fe (2)

-1 7 -
ek + g o 2

where each of the blocks is the (4px4p) in-plane folded graphite Hamiltonian
given by Eq. (1) and 2 = n+l for even stage or (n+l)/2 for odd stage compounds,
where n is the stage index and e, = 3.353 [1].

The effect of intercalation is easily implemented in the Hamiltonian

given by Eq. (3) after making a transformation to a layer representation [1].

which is written as

-1
Blayer® = UH () U 3)

where the unitary transformation transforms the basis functions of Eq. (2)

to basis functions for a layer representation.

The resulting layer

Hamiltonian is then written as




H H e o o o
Aghg AgBy
B H .
L BoBo ByAy (4)
YYim
ulayer(z)
: B, W,
. o1 11
H
By 1823

in which the blocks HAiAj’ HAiBj’ HBiBj"' are 2px2p matrices having
layer subscripts.

The unitary transformation of Hzf(k) does not change the eigenvalues
of the Hamiltonian, Thus the energy bands from the folded graphite
Hamiltonian in the layer representation of Eq. (4) are formally identical

to the graphite energy bands. However, in the layer representation, the

effect of intercalation is easily included by substitution of matrix blocks
for the intercalate species in place of the appropriate graphite layer.

For the odd stage n compounds, the resulting Hamiltonian is

H H H v+ o H
XX XB, XA, xB,
n H
XB, BBy BoA,
H(“) (5)
GIC =
+ +
1 n H
XA Body AA
+ T :
H
XB, “’x‘x

vhere A 1s written for (n-1)/2, and X denotes an intercalate layer. For

T

e

PO =y




the even stage compounds [1] both an A layer and a B layer must be replaced
by an intercalate block. Explicit results for the electronic energy

dispersion relations are now presented for several cases of interest.

III. Results and Discussion

Dispersion relations for graphite and for various in-plane zone foldings,
some of which are appropriate to stage 1 compounds in their 16w temperature
phases, are showp in Fig. 1. These m-band dispersion relations are calculated
from Eq. (5) for the case where the graphite layer is replaced by an empty
intercalate layer (the "empty intercalant layer lattice"). We note that in
constructing the dispersion relations in Fig. 1, only the known energy band
parameters for graphite are used with no additional terms introduced to account
for the intercalant-graphite bounding layer interaction. The results for
thg p(/3 x V/3)R30° and p(2x2) superlattices enable a comparison to be made
between the phenoﬁenological model and both experimental results and theoretical
first principles calculations for stage 1 compounds,

Results are shown in Fig. 2 for such a comparison between the dispersion
relations calculated for the stagé 1 empty intercalate layer model for
a p(¥3 x /3)R30° and p(2x2)RO° superlattice and éor the first principles

calculations of Holzwarth et al, [9] for C,Li and of Ohno et al. [10]

6
for CBK' Good agreement is obtained for the bands related to the graphite
w-bands, showing that the perturbation of the graphite m-bands by the
intercalant is small., To obtain agreement for the hybridized metal s-bands,
it is necessary to fit the phenomenological bands to the first principles
hybridized s-bands to determine the overlap band parameters between the

graphite m-orbitals and the intercalate orbitals. One attractive feature

of the phenomenological model is that once the band parameters are determined

for any low stage compound (where the graphite-intercalate interactions are
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1mportant), the dispersion relations for all stages can then be evaluated
without iqtroduction of additional band parameters. The phenomenological
model thus provides a useful tool for the calculation of the electronic
structure for high stage compounds where first principles calculations are
difficult to make and the phenomenclogical model is expected to be most
convergent.

A comparison between the dispersion relations for zone folded graphite
(Eq. 4) and for the empty intercalate layer model (Eq. 5) is shown in Fig. 3
for a stage 3 compound for both a p(/3 x Y3)R30° and a p(2x2) in-plane
superlattice, Independent of the in-plane superlattice, the replacement
of a graphite layer by an empty intercalate layer gives rise to only minor
differences in the structure of the m-bands, but results in a great reduction
in the kz dispersion near the zero of energy in Fig., 3, This reduction in
the kz dispersion has major consequences on the electronic and optical
properties of intercalation compounds., Inclusion of a donor or an acceptor
layer does little to perturb the general features of the "empty lattice' energy
band model except for the placement of the energy levels near the zero of
energy.

Finally, we show in Fig. 4, dispersion relations based on the empty
intercalate layer model for stage 1 to 5 compounds with a p(¥3 x /3)R30°
in-plane folding. On the left we show a plot of the energy bands on an
expanded energy scale in the region of the T and A points in the hexagonal
Brillouin zone. For this in-plane superlattice, the Slonczewski-Weiss-McClure
bands fold into the region of the Brillouin zone about TA. A comparison
with other in-plane orderings shows that the details of the band structure
in the neighborhood of the Fermi level is independent of in-plane order,

since no explicit intercalate-graphite bounding layer interaction has been

introduced. In this figure we further note that the dispersion relations differ

T iR kel sl
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as ve.move away from the I' point in the I'M and TK directions, reflecting
the trigonal warping of the energy bands.

The basic model for the dispersion relations presented in this paper has
been applied to fit experimental Shubnikov de Haas (SdH) [7] and magneto-
reflection [8] data. In addition, structure observed in the infrared
reflectivity [11,12) can be identified with transitions between energy
bands that are folded back because of the kz periodicity due to the staging
phenomenon. To distinguish between donor ané acceptor compounds and to
obtain a quantitative fit to experimental data, it is necessary to include
an explicit imteraction between the intercalate and graphite bounding layers.

With regard to Shubnikov de Haas measurements, the Fermi surface cross
sectional areas depend critically on the position of the Fermi level, If
the Fermi level lies above the highest 7-band along the HK axis, the SdH
frequencies will group into a number of clusters equal to the stage of the
compound. The splitting within the clusters is diregtly related to the kz—
dispersion of the energy levels. In the fit to the SdH frequencies observed
for stage 5 graphite-K {71, the Ferﬁi level was placed so that only 4 out of
5 possible electron pockets were occupied, 1ndicating a non-uniform
z~dependence of the charge distribution.

The z-dependence of the charge distribution depends critically on both
the position of the Fermi level and the shift in the bounding layer potential
associated with the intercalate-graphite bqunding layer interaction, If the
n-bands are fully occupied (or fully empty) or exactly half occupied (as in
pristine graphite), then the Tm-electron charge distribution is uniform on
the graphite layers. Since each of the energy bands.corresponds to a different

contribution from each of the real space layers, a partial occupation of anti-

bonding 7-bands, associated with raising the Fermi level through donor

TS R T T e T
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intefcalation, gives rise to a non-uniform charge distribution even within

the empty intercalate layer model, The introduction of an intercalate-graphite
bounding layer interaction further contributes to the z-dependence of the
charge distribution.

The formalism developed for the electronic levels in the intercalation
compounds 1is easily applied to the calculation of quantized Landau levels {13},
Such an analysis is needed for the detailed interpretation of the
magnetoreflection experiments [8] which show that in.tercalation gives rise
to small changes in the graphite band parameters. These changes can be measured
quantitatively over a wide range of intercalate concentrations and the resulting
band parameters can be incorporated into the model of Eq., (5). The large
decrease found for the kz-dispersion of the electronic states is also observed
for the Landau levels, and hence the magnetic field-induced singularities
in the density of states are enhanced by intercalation., In additionm, k,~axis
zone folding introduces new singularities in the density of states which are
expected to give rise to new series of Landau level transitions.

A great amount of work yet remains to be done to obtain.electronic dispersion
relations which can quantitatively account for thé large variety of detailed
experimental information now becoming available for the graphite inter~

calation compounds.

Acknowledgments

We wish to gratefully acknowledge advice from Prof. M.S. Dresselhaus

and support for this work from AFOSR Grant #77-3391,




AR .
L] s
REFERENCES
* Francis Bitter National Magnet Laboratory, supported by NSF,

1l
(2.

31
(4]
{51
[6]

7}

(8]

{9}
(10]
[11)

12}
(13]

Center for Materials Science and Engineering and Department of
Electrical Engineering and Computer Science,

G. Dresselhaus and S.Y. Leung, Solid State Commun, (to be published).

A. Hérold, Physics and Chemistry of Materials with Layered Structures
(ed. F. Lévy) Reidel, Dordrecht, Holland, vol. 6, p. 323 (1979).

D.E. Nixon and G.S. Parry, J. Phys. D1 (1968) 291;
G.S. Parry, Mat. Sci. Eng. 31 (1977) 99.

J.W. MeClure, Proc, Int. Conf. on Semimetals and Narrow Gap
Semiconductors, Dallas, Texas (1970), ed. D.L. Carter and R,T. Bate,
Pergamon Press, New York, p. 127,

L.G. Johnson and G. Dresselhaus, Phys. Rev. B? (1973) 2275.

G. Dresselhaus and S.Y. Leung, Extended Abstracts of the l4th
Biennial Conference on Carbon, Penn. State Univ. p. 496 (1979).

G. Dresselhaus, S.Y. Leung, M. Shayegan and T.C., Chieu, Syn.
Metals (to be published). H. Suematsu, K. Riguchi, and S. Tanuma,
J. Phys. Soc. Jpn. 48 (1980) 1541.

E. Mendez, T.C. Chieu, N. Kambe and M.S. Dresselhaus, Solid
State Commun. 33 (1980) 837.

N.A.W. Holzwarth, S. Rabii and L.A. Girifalco, Phys. Rev, B18 (1978) 5190.
T. Ohno, K, Nakao and H, Kamimura, J. Phys. Soc. Japan 47 (1979) 1125.

J. Blinowski, H.H. Nguyen, C, Rigaux, J,P. Vieren, R. LeToullec,
G. Furdin, A. Hérold and J. Mélin, J, Physique 41 (1980) 47.

P.C. Eklund, D.S. Smith, and V.R,K., Murthy, Syn. Metals (to be published).

M.S. Dresselhaus, T.C. Chieu, M, Shayegan and G. Dresselhaus,
Proc, of the Int., Conf. on High Magnetic Fields 1980 (Hakone).

Abbreviated Running Title: Electronic Energy Banas of GIC

.




Table I Points Equivalent

Superlattice

Equivalent Points

to the I' Point for Various In-Plane Zone Foldings

C,

14

18

24

(a)

; The equivalent reciprocal space vectors Bn are given by a rotation of B
' by n60° around the kz-axis.

Carbon Atoms
Per Unit Cell

Notation

p(1x1)

p(¥3 x /3)R30°

p(2x2)

p(Y7T x YR19.1°

p(3x3)

p(/12 x Y12)R30°

Label

Zo, Zl,...ES

r

5
%’ Ml’ Mz

To, Tl....TS

-0 27 .
(0,0,0)

(0,0,0)
1 1
(3’“3'! 0)
(0,0,0)

1 1l
2 575 0)
(0,0,0)

2 4
G, —, 0
77/3)

(0,0,0)

1 1
(3; G) 0)

(0 » 0)

2
’ 33

(0,0,0)

1 1

(_3'0 '}?: 0)

1 1

65. Pk 0)

1

’3‘: o, 0)

K (a)
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Fig. 1

Fig. 2

Fig. 3

Fig. 4
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FIGURE CAPTIONS

Electronic dispersion curves for m-bands in graphite and in
an empty intercalate layer model for a stage 1 intercalation
compound with various in-plane zone foldings, each corresponding

to the indicated commensurate ordered intercalate superlattice.

Comparison between the stage 1 empty intercalate layer model for

a p(¥3 x V3)R30° superlattice (solid curves) and the band structure
6Li by Holzwarth et al., (Ref, 9).‘
The p(2x2) structure (solid curves) is compared to the band

BK by Ohno et al. (Ref. 10).

The first principles calculations (dashed curves) also show

calculation (dashed curves) for C
calculation (dashed curves) for C

alkali metal s and p bands and consider explicitly the aRfyd
intercalate stacking order in the case of C8K; these features
are not considered in the present calculation.

Electronic dispersion relations for a stage 3 compound assuming
both a p(+3 x V3)R30° and a p(2x2) in-plane ordering. For the
dispersion relations labeled 'folded graphité’, k_-axls zone folding
appropriate to a stage 3 compound has been carried out while the
curves labeled 'stage 3' correspond to the replacement of a graphite

layer by an empty intercalate layer, thereby reducing the number

of energy levels and reducing the kz dispersion of the ensrgy bands.

Empty intercalate layer m-band model applied to a p(/3 x V3)R30°
superlattice for stage 1 € n € 5 compounds. On the left is shown

an expanded energy scale plot of the bands which occur near the

Fermi level for each intercalation compound.
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> Recent advances in the preparation and characterization
of graphite intercalation compounds have given rise to
detailed and accurate measurements relevant to the Fermi
surface topology [1,2] and to the electronic structure [2,3].
Various authors [4,5] have stressed that even for low-stage
compounds most of the electronic levels in an energy range
of Vtl0eV of the Fermi level are directly related to those
in pristine graphite. Because of this close relation to
pristine graphite, the theoretical models which have been
discussed are often expressed in terms of single layer
graphite bands [6,7]. The two-dimensional models for inter-
calated graphite {8] have been written to include chargeé
transfer to the graphite and screening charge in the
graphite bounding layers.

The first principles calculations for the stage 1 donor
compounds CgLi {9] and CgK [10,11] have confirmed many of
the above assumptions. These calculations also emphasize
that a fully self-consistent one-electron band calculation
does not require additional assumptions about charge
transfer and screening charge density because such quanti-
ties can be calculated directly from the wave functions
used in the calculation. Nevertheless, because of
practical comsiderations related to the large number of
atoms in the unit cell for the dilute compound, first
principles band calculations cannot be carried out for the
entire range of stages and intercalants for which experimen-
tal work has been reported. Therefore phenomenological
models, such as the kz-axis zone folded model develored in
this paper, are needed to explain experimental data or to
serve as an interpolation scheme between calculated 4
points in first principles calculations and as an extra-
polation scheme to high stage compounds.

The results presented in this paper represent a
specialization of a more general c- and a-axis zone folded
model presented elsewhere [12,13). The general model shows
that the form of the levels near the Fermi surface reduces
to the Slonczewski-Weiss-McClure (SWMcC) form, independent
of the in—Elane order. The SW1McC effective Hamiltonian

valid for kg on or near the HKH axis is written [14,15] as
*
E, 0 Hy Ry
*
0 E H -H
n_ ) = , 2 "2 23 W
B3 Hy; E3  Hy
*
Hyg -Hy3 Hy; Ey

in which the k dependence of the matrix elements is either
the SWMcC Hamiltonian [14]) or the full 3-dimensional Fourier
expansion [16) of the interacting m-bands.

The SWMcC Hamiltonian is written [14] in a represen-
tation whose symmetrized Bloch functions are given by
711 = (ata')/v2, W21 = (a-a')/V2Z, v31 = b, Vsz =b',
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These functions traanorm as the irreducible representations
of the group of the Ks wave vector at point ks and are

> 1 cd 2l
a(k.) = — Y (r - 4Q)
8 ﬁ d z
1 1']: .(3.’.'{ ) > -> ->
a' (K )= —— e s A' Yy (r~-d-t,,)
L % z A 2)
- -ho -5
- 1 ik (d + t,) -+ +
b(ks) -—/ﬁ %e B wz(r-ﬁ- ;B)
'(-l:)-L 1k (d+t3')w (r-4d-1t.,)
8 "i z B

where the origin is at atom A in the A plane and tA', tB,
th are vectors from the origin to the other atoms in the
graphite unit cell. The intercalation compound is modelled
using a kz-axis zone folding technique. The Hamiltonian is
written in terms of L pairs of graphite planes ABAB...AB,
where the basic repeat distance is determined by the number
of planes in the c-axis repeat distance of the intercalation
compound, considering for the moment the intercalate layer
to be indistinguishable from graphite. The zone-folded
Hamiltonian is taken to be

o
0 L] * L L ]
no(ks)
B (k)= Y Ho('i:s"- —;—’E 2) @
folded s ' o .
. . . > R=lm oA
: Ho(ks+ ) 'E'oz)

where each of the bloclks is the 4x4 SWMcC Hamiltonian given

by Eq. (1) and 2=n+l for even stage or (n+l)/2 for odd stage

compounds, where n is the stage index. The basis functions

for the folded Hamiltonian, Eq. (3), are given by Eq- (2),

with the appropriate translations in RK-space, and co=3.35A.
In order to consider explicitly the effect of inter-

calation, the Hamiltonian given by Eq. (3) must be trans-

formed to a layer representation which is written

explicitly by

&) = -1

nlayet 8 folded

(k U

(4)

where the unitary transformation is derived from the basis
functions given in Eq. (2), yielding

[ OFIPe




I~
.

PBo Mo o Yoo |
n Q [ E NN N ] Q
u - 0.0 1'1 bl.’f"l (s) .
90.0 ﬂl’z sscee 92.1’2(1_1) ‘
[ ) L] é
%.0 1,51 -1, t-1)? i
where the 4x4 matrix Qp a is given by
Y,
A 0 P o0
V2 2
Y,
1 —B_
—_— 0 - 0
Q= expCZim, | 5 vz (6)
pPou
0 1 0 0
- 0 0 0
. _ Yo
andY, = exp(-mip/%), The resulting layer Hamiltonian is 1
then written as
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in which the blocks Hy,
having layer subscripts. -
The unitary transformation of Hfolded(ks) does not change
the eigenvalues of the Hamiltonian. Thus the energy bands
from the folded SWMcC Hamiltonian in the layer representation .
of Eq. (6) are identical to the SWMcC energy bands. However, s
in the layer representation, the effect of intercalation is 1
easily included by substitution of matrix blocks for the . .
. intercalate species in place of the appropriate graphite
! layer. For the odd stage n compounds, the resulting
Hamiltonian is

i - S fxa, "7 Hxs,

T HAiBj’ “BiBj----ate 2x2 matrices

’
p
.
i TN & L

e

. 1 3
; . i
; o BBOBO unOA]. ::
'é (n) + '
; H - + H (8a) £
| c1C "y, A A ;
+ ’
H o
x - n‘x”x

where A is written for (n-1)/2, and X denotes an intercalate

layer. For the even stage compounds the effective
Hamiltonian is
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vhere u=n/2 and v=(n/2)+1. If the stacking of the inter-
calate layers is different in successive layers (e.g. a,B,
Y+.¢), the Hamiltonian can be generalized by considering
explicitly a larger unit cell and appropriate interaction
] . terms to split the zone-folded levels,
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In this paper we consider the implications of the fornm
of Eq. (8a) and (8b) by an explicit diagonalization of thesec
matrices, first for an "empty" lattice in which the inter-
calate layer is "vacuum'" (i.e. Hyx = Hxa; = Hxnj = 0) and
then for a generalized donor or acceptor compound in which a
dispersionless intercalate layer interacts with the graphite
bounding layer.  Because of the non-equivalent bounding laver
carbon sites. the Fourier expansion Hamiltonian for the
intercalation compound includes a constant energy shift for
the bounding graphite layer, Ly, as well as k-dependent
interaction terms. The results for a single parameter mocdel
are shown in Fig. 1. The case of the "empty lattice"

(uo = 0) is given in the center of each set. Results for a
bounding layer energy shift of po = 0.3eV are presented on
the left side labeled acceptors, and for lg = -0.3eV on the
right side labeled donors. The position of the intercalate
level Ex is assumed to lie below the region of the SWMcC
#-bands for acceptors upshifting the bounding layer energy
levels. Correspondingly Ey is above the T-bands for donors
giving a downshift to the bounding layer levels. The
interaction of 0.3eV was suggested by the preliminary
analysis of Shubnikov-de Haas data [1,2]. The plots inm Fig.
1 are made using the SWMcC band parameters for pristine
graphite [17) given in Table 1 and a single interaction
parameter Ug. The magnitude of Y, is expected to differ for
each intercalant, but provided the in-plane irtercalate
density is independent of stage, Ho Will also be independent
of stage. Thus, the dispersion curves given in Fig. 1 for
stages 1 € n € 8 depend on the introduction of a single
parameter Hg.

The withdrawal of a graphite layer greatly reduces the
dispersion of the bands in the kz direction. Additional kz
dispersion can be introduced by inclusicn of kz-dependent
terms in the intercalate-graphite bounding lay«r interaction.
For stages n > 2, the near degeneracy of the E3j graphite
levels shown for the "empty lattice'" bands in Fig. 1 is
partially lifted by iy through non-rigid band shifts, though
a number of the E3 levels still cluster and retain their
near degeneracy. However, for stages n=1 and 2, the effect
of 1o 18 merely to produce a constant energy level shift,
which is physically reasonable since in these cases there are
only graphite bounding layers. Note that for higher stage
compounds (n > 4) in Fig., 1, both electron and liole pockets
can be formed if the interaction energy is comparabie with
the Fermi energy shift,

Landau level transitions between the nearly degenerate
E3 levels ave observed in the magnetoreflection spectra (3]
which are well fit by the SWMcC model with small but measur-
able changes in the SWMcC band paramcters upon intercalation.
These modified values of the band parameters can then be
used in applying Fqs. (8a) and (8b) to the interpretation of
experimental data such as the de Haas-van Alphen effect,
Though the parameter changes result in small perturbations
of the SWMcC bands, near the HK axis, larger interactions
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could occur in other regions of the Brillouin zone, e.g. the
M point. The energy bands of Fig. 1 show extremal cross
gsectional areas at the H and K points [2] which can be
calculated and compared with measured DHVA frequencies and
effective masses. The band model of Eq. (8a,8b) is also
amenable to Landau level calculations using either raising
and lowering operator techniques [18] or semi~classical Bohr-
Sommerfeld quantization [19], both of which have been applied
to graphite.

The bands shown in Fig. 1 are all graphite T-bands.

The levels represented by the intercalate Hamiltonian Hyx
are not included in this presentation of results in order

to show features of the graphite T-bands which are common

to all intercalants. The intercalate block HxX is eliminated
from Eqs.- (8a) and (8b) using the Lbwdin summation. This
gives the addition of a term -(lya Hxa.)/(Hyx - €) to the
larger block in Eq, (8) where € ‘is theJeigenvalue. The sign
of this contribution is negative for donors when the inter-
calate layers are above €-and positive for acceptors where
the intercalate layers are below €. The Fermi level can be
calculated by assuming explicitly the fractional charge
transfer per intercalate atom or molecule. Incomplete
charge transfer to the SWMcC bands implies that the inter-
calate bands are occupied or that in~plane zone-folding has
resulted in the occupation of T-bands at other points in

the zone such as the M-point [13]. These additional levels
should then be included explicitly in Eqs. (8a,8b).

The electronic states associated with the intercalate
layer can be explicitly incorporated in the Hyxyx block of the
Hamiltonian, Hé?c, given in Eqs. (8a,8b). The alkali metal
donor compounds require levels associated with s and p
orbitals, whereas the acceptor compounds generally require
the use of more localized electronic states. These consider-
ations for the electronic levels in the pristine intercalate
material suggest that donor compounds should exhibit more kz
dependence in the coupling blocks, HXB,s» and more k, disper-
sion than the acceptor compounds. The observed conductivity
anisotropies in donors and acceptors is consistent with this
basic different in the intercalate electronic levels.

This simple extension of the phenomenological graphite
Hamiltonian features the close relation bewteen pristine
graphite and the well-staged intercalation compounds. The
model is based on a kz-axis Brillouin zone-folding and makes
no use of a-plane superlattice periodicity. The same
Hamiltonian with no additional parameters can be used to
mwodel all stages (plots are shown in Fig. 1 for stages
1€ n< 8). The model can be used for the standard intro-
duction of Landau level quantization and thus provides a
direct way of applying quantum oscillatory phenomena to a
quantitative determination of the electronic structure of
intercalation compounds.
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Figure Captions

E(i) for graphite intercalation compounds along the
the edge of the hexagonal Brillouin zone where the
K-point corresponds to kz=0. The E(K) for the odd-
stage compounds are plotted in (a) for stages
n=1,3,5,7 where the H-point corresponds to m/I¢
where I is the repeat distance in the c-directiom.
The E(k) for the even stages is plotted in (b) for
n=2,4,6,8 where the H-point corresponds to m/2I..
An intercalate graphite bounding layer interaction
appropriate to donors is shown on the right hand
side of the figure and that appropriate to
acceptors is shown on the left. For each stage,
the- center panel is for the "empty lattice" with
no graphite-intercalant interaction. Where
degeneracies (or -near degeneracies) occur, the
number of levels is indicated. For the even stages
the levels pair away from the HK axis except for
the double pairings labeled 4.
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THE INTERRELATION OF SHUBNIKOV-DE HAAS, MACNETOREFLECTION AND
TRANSPORT PROPERTIES OF ALKALI METAL DONGR INTERCALATION COMPQU LS

&

M.S. Dresselhaus’ G. Dresselhaus®™® M. Shayegan and T.C. Chieu

TR S ch b

Massachusetts Institute of Technology
Cambridge, Massachusetts (02139, USA

The kz-axis zone folded Hamiltonian based on pristine
graphite e¢nergy bands with an empty intercalate layer
accounts for both observarions of the Fermi surface
made by the Shubnikov-de Haas technique, which show
large changes with intercalation, and of the magnetic
energy level structure by the magnetoreflectior
technique, where very small changes are found. This
model has implications for transport and optical
properties for donor intercalation compounds.

Because of the unusual properties of graphite intercalation
compounds and their cleose connection to the semiconductor super-
lattice structures now being fabricated by molecular beam epitaxy,
graphite intercalation compounds have attracted attention in the
semiconductor community. Analogous to the transport behavior
observed for the semiconductor superlattice structures, the high
electrical conductivity of graphite intercalation compounds is
achieved by charge transfer from the intercalate lavers where the
mobility is low to the graphite layers where the mobility is very
high. The superlattice structure created by molecular beam evnitaxy
growth is achieved in graphite intercalation compounds by the staging
mechanism which results in intercalated graphite with sequential
intercalant layers separated by n graphite layers where n denotes
the stage. For intercalated graphite the staging periodicity is long
range and is a dominant symmetry.

The electronic structure is determined by the basic symmetry of
graphite as modified by the staging periodicity. This structure is
here studied by the Shubnikov-de Haas effect for a determination of
the Fermi surface and by the magnetcreflection technique which s
sensitive to the quantized electronic energy levels in 2 magneti:
field. A pheromenological model hased on crystal symmetry is used to
interrret and to interrelate the experimental observations made by
the two techniques. Applicaticn of the calculational techniques
jevelcned for the inter

sew conductor sunevlattice structures coull be of significance,

veervar.on of only small changes in the clectronic band para-
| e ro+ 4e *. mter:ilation sugzests a theory for the electronic
erec v omertavived priostine grunhite, The staging
¢ tremcel 5yvog ke folding of the eneray bands and a

A v o7 Mo tercalant at the vrooer
- ‘a0t n cetweer the intercalant and the
Cel it nertureation theory, Resulrsg
. ’ e ~shouwrnoin T oot
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Fig. 1 Electronic band structure
in the vicinity of the HK axis for
a stage S5 'empty intercalate layer"
mcdel for a graphite intercalation
compound., The Fermi energy is
determined to fit the observed SdH
frequencies. For the indicated
Fermi level, four of the conduction
bands are partially occupied and
give rise to Fermi surfaces and
carrier pockets.

interaction is neglected [2], These
conduction and 5 valence bands near
that intercalation greatly decreases
ment of the Fermi level in Fig., 1 re
of the w~bands which gives rise to a

Detailed information on the for
provided by the mrgnetoreflection ex
transitions from occupied magnetic e
level Er to unoccupied levels above
on well-staged donor (stages nz6) an
(3}, characterized by (002) diffract
index and staging fidelity. Resonan
magnetoreflection spectra are identi
tions between magnetic energy levels
which in graphite are degeneratec at
of the magnetoreflection spectra in
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Fig. 2 Magnetoreflection spectrs
using (+) circular polarization
for an accentor (Fe(Cl3 stanme 7)
and for a donor compound (&b
stage 6) at the indicated photon
energies. For comparisocn, traces
for graphite are shown. The
resonances are specified by
quantum numbers Jfor the initial
and final states (Ref., 2).

results, shown for the S
the H-K zone edge, demonstrate
the k; dispersion., ‘'he pluce-
sults in a partial occupatien
z-dependent charge distribution,

m of these energy bands is
periment which probes resonant
nergy levels below the Fermi
Er. Measurements have been made
d acceptor (stage n3d) commounds
ograms to establish their stage
t structures observed in the
fied with Landau loevel transi-
associated with the E3z bands
the K-point, The close similarity
pristine graphite and in thesc

donor and acceptor comounds indicates that the electronic struciure
of the an-bands near Ep remains highly graphitic upon intercaluticn.
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Table 1 Results of analysis of Analysis of the observed snectra
magnetoreflection experiments on the basis of a two-band model

for the K-pcint valence and

- Inter- * * 2 conduction bands yields the
m (\O/Yl)

m ;
calant Stage C valence and conduction hund

— etffective masses my and m, Since

(HOPG) ® 0.056 0.084 25.1 the observed magnetoreflection
spectra in the intercalation com-
AlClq g g‘ggg g'g;g 32-2 pounds are well satisfied by the
: : - form of the Slonczewski-Weiss-
FeCl3 7 0.055 0.079 26.1 McClur: (SWMcC) energy level model
5 0.054 0.075 26.6 for graphite, analysis ol these
Rb 6 0.045 0.065 31,7 . data yields the SWMcC band para-

meter combination (yZ/v,) which
, determines the Landau lével
separation, A summary of typical results is given in Table 1, giving
strong support for the close relation between the graphite wn-bands in
the intercalation compounds and in pristine graphite.

To study the Fermi surface, Shubnikov-de Haas (SdH) measurements
of the transverse magnetoresistance have been made. Particular
emphasis was given to measurements on encapsulated, well-staged alkali
metal donor compounds [2]. The four-point method was used to study
the a-plane transverse magnetoresistance in the temperature range
1.4<T<4.2X and in magnetic fields up to 15 Tesla. Data acquisition
was by computer, and the data were manipulated to obtain a Fourier
power spectrum of resistance vs 1/H, thereby yielding the frequencies
of SdH oscillations, which are related to the extremal cross sections
of the Fermi surface {2]. The Fourier power spectra for the SdH
frequencies for potassium stages 2,5 and 8 are shown in Fig, 3. Of
particular significance is the stage dependence of the observed
spectra, in agreement with results by Suematsu et al. [4]. A detailed
study was made for several stage S5 samples and the.observed SdH
frequencies compared with predictions of the empty intercalate layer
model of Fig. 1, with the Fermi level placed to fit the Sdll frequen-
cies, It should be noted that the empty intercalate layer model uses
only graphite band parameters, which have been determined previously.
Thus the good agreement obtained between the calculated and.observed
SdH frequencies in Table 2 gives strong support that the energy levcels
close to EF are very similar to the basic w-bands of pristine graphitc
in agreement with the magnetoreflection results discussed above. The
large change in the SdH frequencies and their stage dependence is due
to the stage dependence of the number of conduction and valence bands,
of the k,-axis zone-folding procedure and of the position of the Fernr:
level relative to the K-point band edge. It is of interest to note
that light masses similar to those in pristine graphite are found fcr
the small carrier pockets,with significantly larger masses for the
larger carrier pockets which probably contribute more significantly
to transport properties. It is furthermore likely that other carier
pockets of lower mobility occur elsewhere in the zone, thereby
accounting for the proper charge transfer.

From the Shubnikov-de Haas results and the model for the energy
bands we conclude that the transport properties of graphite inter-
calation compounds must be interpreted in terms of a multi-pochet
model, with contributions from each of the occupied carrier pockets
(see Fig., 1 and Table 2). Explicit use of an ecnergy band model which
can be applied to any stage and intercalant provides a basis for
calculations of the transport properties for intercalated graphite.
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Fig, 3 Shubnikov-de Huous
Fourier transform power

’ spectra for stages 2,5 and 8
‘ graphite-K. These power
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Fourier transform of an
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§ Table 2 Fermi surface parameters associated with stage 5 graphite-X

K-point Band Designation
Fermi Surface K. K K K
Parameters 1 2 3 4
—
m /mo 0.143 0.115 0.0828 0.0511
n, x10%%n"%)  2.36 1.76 0.975 0.138 |
SdH Frequencies . . ﬁ
Calculated
(Tesla) 401 300 163 26.7
Observed | 453 290 191 24
(Tesla) 430 267 152 18 i
243 135 E
: i
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Electronic Energy Bands and Fermi Surfaces in
Graphite Intercalation Compounds.t G. DRESSELHAUS,*
S.Y. LEUNG and M. SHAYEGAN, M.I.T.~-A model for the :
electronic energy bands for graphite intercalation ¥
compounds is presented, based on the 3-dimensional ;
Fourier expansion for the m-bands in pristine graphite.
The model focuses both on staging periodicity which is
treated by zone folding in the k, diregtion and an in-
plane superlattice which introduces an in-plane zone-
folding. The effect of intercalation is treated in
the Hamiltonian by the removal of a graphite layer and
; its replacement by an intercalate layer, resulting in
; a greatly reduced k, dispersion with only minor changes
; in the in-plane dispersion. Graphite-intercalate
interactions are introduced to yield the appropriate .
kz dispersion indicated by experiment. This model is
used to calculate extremal areas of the Fermi surface
which are compared with SDH and DHVA experiments on
low stage alkali meta) compounds.
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Angular Dependence of SdH Frequencies in )
Alkali-Metal Graphite Intercalation Compounds.t# é

M. SHAYEGAN and G. DRESSELHAUST, M,I.T.-- The different
stage dependence of the Fermi surface reported for
donor and acceptor compounds has been a matter of
interest and controversy. We report the angular
dependence (8=angle between magnetic field and c-axis)
for Shubnikov-de Haas (SdH) frequencies Qg (Tesla) in
well-staged (stages n<4) graphite-K and graphite-Rb
compounds. The observed fl5 for potassium stage 2 are
135T, 150T, 280T and 310T, with the main Qo at 150T.
The 0 dependence of these Qg is consistent with a
cylindrical Fermi surface along the c—-axis. Rubidium
samples show significantly different features.
Rubidium stage-2 has its main o at 28T with two §}y of
lower intensity at 220T and 260T. The 6 dependence

- for these 0§ is not compatible with cylindrical Fermi
surfaces. Comparison is made to DHVA frequencies for
graphite-K compounds reported by Tanuma et al. The
results for K and Rb donor intercalants is contrasted
and compared with observations in acceptor compounds.
*TSupported by AFOSR grant #77-3391.
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A RAMAN STUDY OF BROMINE ADSORPTION ON GRAPHITE

by
BRUCE LEONARD HEFLINGER

Submitted to the Department of Electrical Engineering and Computer Science
on November 28, 1979, in partial fulfillment of the requirements

for the Degree of Doctor of Philosophy.

ABSTRACT

Raman spectroscopy has been used to study Br-Br bond stretch modes,
both for bromine adsorbed on Grafoil between ~120 and ~133°C, and for
bromine in the gas phase above a room temperature pyrolytic graphite
sample. The low temperature spectra include broad (FWHM~24 cm~1) peaks
at 269 and 277 cm=1, and a narrcwer peak (~4 cm-l) at 274 cm-1l. These
three peaks, which are seen individually at different temperatures and
bromine pressures, are tentatively correlated with the pressure/temperature
adsorbed phase diagram from Lander and Morrison's LEED study. The data do
not cover a sufficient range of pressures and temperatures to make a
positive identification of the observed modes with the adsorbed phases.

At excitation wavelengths shorter than 5100 Angstroms, the room
temperature Raman spectra are featureless at all bromine pressures studied.
In particular, the expected Br-Br stretch mcdes corresponding to adsorbed
Br, molecules at gas pressures near the bromine~graphite intercalation
threshold (18 Torr) are not observed.

At excitation wavelengths longer than 5100 Angstroms, sharply
resonant room temperature Raman spectra are observed. Relatively simple
spectra excited by argon and krypton laser lines are identified as arising
when the photon energy matches the energy separation between a level of
the 1§:g+ ground state and a level of the 3TTou+ excited state. Dye laser
spectra over the range 5722 & to 6360 &, which are much more complex, are
nevertheless shown to arise from the same source.

A background chapter surveys the literature concerning bromine inter-
calation and adsorption on graphite, as well as resonant scattering from
rotational energy levels of Br, in the gas phase.

An experimental chapter discusses the equipment used in the light
scattering experiments.

An experiment is proposed to study fluorescence from resonant
absorptions, in order to deduce the energies of high rotational-vibrational

levels of the ground state.

THESIS SUPERVISOR: Mildred S. Dresselhaus
TITLE: Abby Rockefeller Mauzé Professor of Electrical Engineering, and
Director of the Centezr for Materials Science and Engineering
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A

MAGNETOREFLECTION AND SHUDNTRKOV-DE HAAS EXPERIMENTS

ON GRAPHITE INFLRCALATION COMPOUNDS

*x E N
M. S. Dresselhausf G. Dresselhaus, M. Shayegan+ and T.C. Chieu'
Massachusetts Institute of Technology

Cambridge, Massachusetts 02139
U.S.A.

1. Introduction

Graphite intercalation compounds represent a class of compounds with many
similarities to the superlattice semiconductors prepared by molecular beam
epitaxy. Intercalated graphite has recently attracted considerable atten-
tion because the addition of an intercalant can dramatically change the elec-
tronic properties of the host graphite material. For example, with the ad-
dition of AsFg, an intercalation compound with room temperature conductivity
comparable to that of copper can be achieved [1], while the addition of an
alkali metal can result in a superconductor {2). Similar to the behavior in
modulation~doped superlattices, high conductivity in intercalated graphite
is achieved by a charge transfer from the intercalate layer, where the mo-
bility is low, to the high mobility graphite layers.

High magnetic fields allow use of the magnetoreflection technique to ob-
tain detailed information on the electronic dispersion relations within a
few hundred meV of the Fermi level [3,4], 2nd use of the Shubnikov-de Haas
effect and related quantum oscillatory phenomena to provide information on
the Fermi surface [5-8]. 1Initially it seemed difficult to reconcile the re-
sults obtained by these two high field techniques because the magnetoreflec-
tion experiment provided strong evidence that the electronic structure near
the Fermi level remained highly graphitic upon intercalation, while the
Shubnikov-de Haas experiment indicated that large changes in the Fermi sur-
face occur through intercalation. Using a recently-~developed phenomenologi-
cal model for the electronic structure of intercalated graphite [9]), consis-
tency between the magnetoreflection and Shubnikov-de Haas results is demon-
strated. This model also provides a basis for the calculation of the mag-

netic energy level structure which is needed to explain the magnetoreflection
spectra in detail.

Graphite intercalation compounds are prepared by the insertion of atomic
or molecular layers of a different chemical species between layers of the
graphite host material [10]. In this insertion or intercalation process, the
layer structure of graphite is almost completely preserved because of the
strong intraplanar binding in graphite, and likewise the intercalate layer is
closely related to a layer {n the vavent solid. Structurally, praphite in-
tercalation compounds exhibit the remarkakle phenomenon called staping, where-
by the intercalate layers are perfodically arranged in a matrix of graphite
layers and arc charactertzed by a staee lndox n, (.nutlny the numher o o r -
fte layers botween conneentive interoatate tavers,  Thic o stapine Lymoote,
ty the dominant symmetry of these intercalation compounds and resalt o oo




superlattice structure similar to that prepared in semiconductors hv the
wolecular beam epituxy techaique. Staging is widespread among granhite in-
tercalation compounds and well-staged samples can be prepared up to high
stage (nv10). The stage determination and the c-axis repeat distance 1. are
ohtained from (00.) x-ray ditsractograms, Because of the strong stage et
dence found for the Shubnikov-de Haas (SdH) frequencies in the doner inter-
calation compounds in this work, it is necessary to carry out the ncasurc-
ments on single-staged samples. By careful preparation of well-staged com-
pounds it is possible to achieve the resonance condition weT>1 required for
the observation of Landau level phcnomena. For both the magnetoreflection
and Shubnikov-de Haas studies, the samples were prepared by the twoe-zone
growth technique [11] and the stage index was determined from (00i) x-ray
diffractograms.

2. Magnetoreflection Experiments

The magnetoreflection measurements were made at nearly normal incidence to
the c~face of the intercalared graphite samples using the Faraday geometry
with magnetic fields in the range O<H<1l5 Tesla [4]. Magnetoreflection

traces were taken at constant photon energy in the range 0.1 eV < T < 0.5¢eV,
using circularly polarized light obtained with a gold-wire grid and a CsI
Fresnel rhomb. Measurements were made using a cold finger dewar operating

at 4.2K.

The observed magnetoreflection spectra are in most cases qualitatively
similar to those of pristine graphite, but show differences with regard to
resonant magnetic fields and in some casecs also differences in resonant line-
shapes. 1Illustrative spectra are shown in Fig. 1 for an acceptor compound

@® Polarization

Graphite
hw=0.292eV
' -
a8
FeCly Stc 27
VY Jmﬂ'ﬂ ; hw:0.2 .5eV
I“‘ L ﬂ)?"d n o
nas2)
AR ACCEPTOR
R(O) &
Fig. 1 Magnetoreflection spectrum
Graphite using (+) circular polarization for

hw+0.338¢v an acceptor compound (FeCl, stage 7)
at a photon energy hw=0.295 eV and
for a donor compound (Rb stage 6) at
%Nw=0.335 eV. For comparison, traccs
for graphite arc shown at comparuble
photon unergices. The resonances are
specified by the gquantum pnumboers for
the initial and final states.

Rb Stoge 6
hw0.335ev




(FeCl3 stage 7) and a donor coapound (Rb stage 6). For comparison, spectra
are also included tor pure grapuite at similar photon energies. Each struc-
ture in Fig. 1 is identified with a K-point Landau level interband transicion,
specified by the quantum numbers for the initial and final states. ¥or ail
compounds that have been studied, the resonant magnetic field for a civen
transition shifts to increasingly lower fields with increasing intercalacte
concentration for botu (+) and (~) senses of circular polarization. The
shifts of the resonant magnetic fields for a given transition are much larg-
er for donor compounds than for acceptors of comparable stage. 'The inten-
sity of the resonances (magnitude of the percent reflectivity change) is re-
duced with respect to that in graphite because of a reduction in relaxarion
time and an increase in the megnitude of the zero field reflectivity R(J).
For example, at a photon energy of hw~ 0.2 eV, R(0) is found to be ~ 0.7,
0.8, 0.9 respectively for pristine graphite, graphite-FeClj stage 7, and
graphite-Rb stage 6.

Resonant Landau level transitions are observed and are analvzed by taking
spectra over a wide range of photon energies. A summary of such results
for a typical intercalation compound is shown in Fig. 2, in which a compari-
son with results for pristine graphite is included. From this analysis it is

1 1 1
°j4° —=—Graphite
=e--FeCly stoge 7
® Polorization

o
9
Q

Fig. 2 Summary of resonant magnetic
fields "fan chart” for photon ener-
gies in the range 0.110<hw<0.5320eV
for a FeCly stage 7 sample using (+)
circularly polarized radiation. "o
emphasize the similarities but mea-
surable differences, a comparison of
the results for this compound and

10 12 for graphite is presented in the

Magnetic field ( Tesla) same photon energy range.

Photon energy (eV)

o
n
o

showm that for graphite intercalation compounds with stages n>4, the elec-
tronic structure within a few hundred millivolts of the Fermi level is well
described by the graphite m-bands, with modifications to the band paramcters
that can be mcasured quantitatively.

At constant hw, the data in Fig. 2 and in "fan charts" constructed for
other samples, are well explained by a simple two-band model upproxinmation.
Nevertheless, the mass parameters determined from such a model exhvibis :oime
dependence on hw, sircc the Landau lcvel transitions in Fig. 2 show denar-
tures from a lincar dependence between v and resonant magnetic field., There-
fore the comparison between masses for the intercalated and pure yraphite
samples 1s made at a common reterence pofint, taken at the K-noint o nd edeo,
and found Ly tuking Thw * U.  !he resuits for the valenee aw condoct ‘oo e
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masses m; and m* thus ohtained are aiven in Table 1 for a number of dif-
ferent samples. We note that in all cases, the mass parameters in the inter-

Table 1  Results of analysis of magnetoreflection experiments

% * 2
Intercalant Stage m_ m, (yolyl)
(HOPG) ® 0.056 0.084 25.1
AlCl3 8 0.056 0.076 26.0
6 0.054 0.076 26.6
FeCl3 7 0.055 0.079 26.1
5 0.054 0.075 26.6
Rb 6 0.045 0.065 31.7

calation compounds differ from the masses in graphite by only a few percent,
with significantly larger changes in mc and m; occurring in the donor RL com-
pound than in acceptors of comparable stage.

Analysis of the magnetoreflection spectra in Fig. 2, and in "fan charts"
obtained for other samples with n>4 show that these spectra can be explained
by dispersioun rclations which have the same form as the three-dimensional
Slonczewski-Weiss-McClure (SWMcC) band model for graphite, but with modified
values of the band parametersg. Included in Table 1 are values for the $WMcC
band paramecter comb;natlon YU/YI’ which is directly related to the reduced
effective mass m” [4]. .

Magnetoreflection resonances such as in Fig. 1 are not observed below a
certain photon energy, the cutoff energy Egs which depends on both stage
and intercalate species. The cutoff of K-point interband transitions below

is interpreted as due to the introduction of carriers by the intercalant,
resulting in ashift in Fermi level Ep. Because of the Pauli exclusion prin-
ciple, interband Landau level transitions are made from occupied valence to
unoccupied conduction states. The lowering of Ep caused by the introduction
of holes in acceptor-type compounds leads to a cutoff of Landau level tran-
sitions as Ep drops below the extremum of the magnetic subbands for the init-
ial state. With increasing intercalate concentraticn, Ep moves to lower en-
ergies, therefore increasing the magnitude of Ey. In donor-type compounds
the introduction of electrons causes Ep to rise, leading to the cutoff of
interband transitions as Ep rises above the extremum of the magnetic subbands
for the final state. Analysis of the measured cutoff photon energies yiclde
the shift in the Fermi level relative to the K-puint band edge ;EF~E3‘Q .
Results for several intercalants and stages are presented in Fig. 3, w.iure
the + sign in EF-Eg Kk 1is for donors and the - sign for acceptors. Of sip-
nificance is the mi¢h larger shift in the Fermi level in donor compounds
relative to acceptor compounds of similar stage, indicating a si¢nificantly
larger charge transfer in the case of donor compounds. To carry out . rom=
plete analysis of the magnetoreflection spectra, it is necessary to usc¢ Lan-

dau levels for intercalated graphite, and this i1s discussed below in Section
5.
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o e Fig. 3 Dependence on reciprocal stage (1/n) of
o . F1g. O p g
“ //, R the Fermi level measured relative to the K-voint
w * band edge for several intercalants. The + sign
" - for (Ep~E2 ..) applies to the donor compounds
F 3. K :
e and the -"4ign to the acceptors. For all in-

tercalants, the graphite value is obtained in

. the limit (1/n)+0 and is denoted by open squares.
The open triangle V is a Shubnikov-de Haas re-
sult from the present work and the closed tri-
angle ¥ is from magnetic susceptibility results
of DISALVO ET AL [12].

g.,-...
M b

3. Shubnikov-de Haas Experiments

Having established that the electronic levels near the Fermi level are closely
identified with the graphite m-bands, it is of interest to explore the effect
of intercalation on the Fermi surface. 1In this comnection Shubnikov-J o Haas
(SdH) and other quantum transport experiments have been repcrted on a wide
variety of graphite intercalation compounds [5-8}., The multitude of cxrer.-
mental results suggest that with careful samnle preparation and charactor-
ization, a complete set of frequencies associated with each stage o7 a given
intercalation system can be obtained. A number of ccreful experiments nave
already becn reported. Perhaps the most complete set of data has deen cob-
tained for the graphite-K sysctem where SHEMATSU ET AL [6] give results for stages
n=1,3,4 and we for n = 4,5,8. glso, results for graphite--Rb compounds
have been previously reported, showing that the Fermi surfaces are not only
stage-dependent, but also vary from one alkali metal intercalant to another.

To obtain quantitative information on the stage dependence of these Fermi
surfaces, it is important to work with well-staged ond characterized samslos.
Since the Fermi surfaces for the alkali metal compounds with the intercal-
ants K and Rb are stage-dependent, staging fidelity is essential for obtain-
ing reproducible experimental results for different samples of the same
stage index. Because of the insctability of alkali-mectal samnles in the
presence of air and moisture, the samples are encapsulated in ampoules and
sample handling is done in en Argon-filled dry box (vl pnm oxygen content).
The stage of the samples was determined using (002) x-ray diffracrion nro-
files both before and after the Sdll experiments, confirming that the saanles
were single-staged and that no desorption had occurred during the mcasurvuents.

The four-point method was used to study the in-plane transverse macnetn=-
resistence in the temperature range 1,4$7<4.7K and in magnetic fields up to

15 Telsa. The lecads were uttached to the sample using cunducting enoxy.  he .
sample was then inscrted in g helinm=rilled ampoule and stycost wa . tsod tu
scal the ampoule. The angular desvndence of the Sdll cncillations cou.o b

be measured by rotating the sample around ohe direction of tae current ;
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such that i_Lﬁ for all angles, and hence transverse magnetoresistence was
always measured. Data acquisition was by computer, and the data were mani-

{ pulated to obtain a Fourier power spectrum of resistance vs, 1/H, thereby

| vielding the frequencies of SdH oscillations. These frequencies are reloted
i to the extremal cross sections of the Fermi suriace. The Fourier power svec-
i tra for the Sdll frequencies for stages 4,5,8 graphite-potassium are presented
in Fig. 4.

: During the course of these studies, a great deal of care was given to en-

' . sure the fidelity and reproducibility of the data. For this reason, the ex-
periment was performed on fivc potassium stage 5 samples and on one of thesc,
the measurements were repeated several weeks later after attaching new leads.

' While x-ray profiles after each experimental step confirmed that the samples
retained their single stage identity, the magnetoresistance oscillations and
the relevant Fourier power spectra revealed nearly identical traces for these
stage 5 samples. DMeasurements done on potassium samples with different stages
or on rubidium samples, however, showed distinctly different SdH frequencies.
In all cases the SdH frequencies were very different from those found in
pristine graphite. Hence our conclusion is that there is a unique set of
SdH frequencies and Fermi surfaces associated with each stage and donor in-~
tercalant (K,Rb). SUEMATSU ET AL [6] have also shown stage dependent de Haas-van
Alphen frequencies in stages 3 and 4 graphite-potassium compounds.

-
1 ! Graphite- Potassium

LI
Ty 77

Fig. 4 Shubnikov-de Haas Fourier
Transform Power Spectra for stages
Stoge 4 4, 5 and 8 graphite-K. These
f T, power spectra were obtained by a

Fourier transform of an experi-

! J!(L L Stoge 5 mental resistivity vs 1/H trace
X 0,V 1 SO VI O T for magnetic fields H <15 Tesla.

! The peaks in the power spectra
Stoge 8 correspond to SdH frequencies,
A )&d\ . ) L ? which are given in Tesla and the

0 0,20 300 400 500 600 same scale is used for each stane.

j 3 r

Founer intersity l.o-.b units)

Poorly-staged samples also give distinct SdH frequencies. In fact more
frequencies are found in mixed thanm in single-staz d samples. Samples =how-
ing the grcatest stage fidelity also show the simplest SdH spectra. 7The (-
fect of mixed staging introducues additional frequencies associated with th
minority phasc and shifts the Fermi level to some intermediate value bHetruen
cthose corresponding to the pure stage values. This shift in Fermi leve! s
most sensitively observed in the very low frequency cross-sections whure a
small change in Fermi level can result in large shifts in frequency. There
is also some indication that different in-plane intercalate densitices will
yield shifets in Fermi level. In fact, a detailed ‘nterpretation ol the Scl
spuectra is expectued to provide @ critical test for uny mode! of the clec-
tronic structure for these materials.,
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Measurements of the angulur dependence of the Shubnikov de Haas freanen-
cies (shown in Fig.5) suggest that the Fermi surface is segmented into
109 e T o T T . Fig. 5 Angular dependence 2(C)/2(CY of
’ e . . several dominant SdH frecuencies where
oe- N : - 9=0 corresponds to Hi c-axis and the in-
o \*\w dicated frequency values are for u=(.
S4ch Elipsoidl - The 290, 191 and 24 T frequencies are
<G l- \\M, not observed above A30°, 45° and ~75°,
P Stoce 5 respectively. The angular depencdence of
4 = [ °'§?$i° . the 290 T and 191 T frequencies is with-
! oz 2 220Teva Cylindricat ~ in experimental error given by a cos 3
r ' dependence (solid line), characteristic
ol , L \ ) of a cylindrical Fermi surface, while the
Y 60 80 24 T frequency exhibits departures from

40
6 (degrees) the cos 6 dependence at large angles.

cylindrical rings. Deviations from two~dimensional behavior is measured by
small departures from the cylindrical angular dependence and by the chser-
vation of doublet SdH frequencies (Fig.4) which indicate different cross-
sectional areas at the K and H points in the Brillouin zone.

4. Application of Energy Band Model

To interpret these Shubnikov-de Haas results a band model appropriate to a
range of intercalate stages is necessary. Such a wodel for the eleztronic
dispersion relations F(k) for graphite intercalation comnounds is :lreacy
available in terms of a Hamiltonian based on the SWMcC three-dimension.’
model for the graphite wm-bands [9]. 1In this model the c-axis sunerlarcize
periodicity is included through a k,-axis zone-folding of the energy levels.
A unitary transformation then transforms the matrix Hamiltonian into a layer
representation. For a stage n compound, n graphite layers are retained und
the (n+l)st layer is replaced as a first approximation by an empty interca-
late layer and for more quantitative results by an intercalate layer which
interacts with the adjacent graphite bounding layers. 1In the "emuty inter-
calate layer" model, the matrix Hamiltonian depends only on the graphite band
parameters, and these are already known from previous experiments on pristinre
graphite. The magnetoreflection experiment provides revised values for some
of these band parameters, as modified by the intercalation process. Inter-
calant-~specific interactions between the intercalant and the graphite bounc-
ing layer can then be introduced to obtain the final dispersion relations.

This model for the electronic dispersion relations has been applicd to the
interpretation of th: observed SdH frenquencies. Since the most complete sc-
of experimental data is available for stage 5 graphite-K, the aonlication of
the cnergy band model is made for this case. Thus in Fig. 6 arc shown the
electronic dispersion relations for the five valence and five conduction --
bands appropriate to a stage 5 intercalation compound. The empirical zosition
of the Fermi level Ep shown in Fig., 6 is adjusted to yield the best it to the
experimental SdH frequencies, in this case corresponding to four partially
occupied conduction bands, The Fermi surface parameters obtained from this
model are listed in Table 2, including calculated anc observed SdH frequencs

ics 2(0) for HH ¢=axis, the cyclotron mass m“/mo at Ep, the triponal warwving
anlsotropy listed as kJ/kz, and the ¢lectron densivy nj tor caca carvier
pocket. The values for kllkz in Table 2 supgest that trigonal warping
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Fig. 6 Electronic band structure in the
vicinity of the HK axis near the Fermi level
for a stage 5 "empty intercalate layer"” model
for a graphite intercalation. compound. The
Fermi level is determined to fit the ob-
served SdH frequencies, TFor the indicated
Fermi level four of the conduction bands are
partially occupied and give rise to Fermi
surfaces and coarrier pockets.

YT Ranc

Table 2 Fermi surface parameters associated with stage 5 graphite-K

Fermi Surface K-point Band Designations

Parameters K1 Kz K3 Ka Q
: m'"/mg 0.143 0.115 0.0828 0.0511 B
n, (x10%%n ™) 2.36 1.76 0.975 0.138
Calculated SdH ) N
Frequencies Q(0) 401 300 163 26.7 !
Observed 2(0) 453 290 191 Y N
(Tesla) 430 267 152 18 N
243 135

Trigonal Warping
Anisotrophy kllk2 0.68 0.77 0.91 1.00

o~

: important for the larger cross-sectional areas with heavier masses, whereas
the smallier light mass cross-sections are circular. The generally goccd agree- } H
& ment of the observed 3dH frequencies with the empry intercalate luyer modal

' of Fig.6 suggests that the effect of intercalant-graphite bounding layer in-
teractions con be treated as a perturhation and evaluated by fitting the model
quantitatively to the observed Sdil frequencies. It should he poted thar the.
volumes of the carrier pockets for the four occupied bands in ¥ig, 6 corres-
pond to a charge transfer of V0.3 electrons per intercalant into these carrier
pockets, suggesting that other carrier pockets could be present clsewhere in
the Brillouin zone.

5. Landau Leve)l Calculation

s mm

5; The empty intercalate layer model used to calculate the Fermi surface can
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also be applied to compute the Landau levels. The results of such a calcu-
lation are shown in Fig. 7 for a stage 3 intercalation compound. For a

Staqa 3 (einply lattice)
Qa - ns ° l

Fig. 7 Magnetic field dependence of the
four lowest quantum number Landau levels

at kz=0 for a stage 3 graphite intercala-
tion compound, calculated on the basis of
an'empty intercalate layer'model. The
middle set of levels correspond to the E
.levels of graphite while the upper and lower

Energy (eV)

-08 PN W S NN T S S | sets correspond respectively to the E; and
o 4 8 2 18
H{Testa) E, levels.

stage 3 compound, model calculations yield three conduction bands and three
valence bands, such that two of the three conduction and valence bands lie
close to each other in the vicinity of the HK axis, leaving one higher-lving
conduction band and one lower-lying valence band. (See Fig.6 where the lecvels
for a stage 5 compound are shown.) The near-degeneracy of the four bands Zor
the case of stage 3 results in magnetic level crossings as shown in Fig.7.

In this calculation the trigonal warping is also neglected_(y3=0) and only
linear « terms in the off-diagonal magnetic Hamiltonian are retained. Under
these assumptions the Landau levels can be calculated exactly and the usual
optical selection rules apply (An=tl). The central set of levels in Fig. 7
correspond to the K and H point transitions between the pristine graphite

E, bands, including levels arising from k_-axis zone folding. On the other
hand, the upper and lower Landau levels o§ Fig. 7 are associated with the

E) and Ej graphite bands. Landau level transitions involving these bands
are analogous to the H-point transitions in pristine graphite.

Assuming that the Fermi level in a stage 3 donor compound lies between the
central and upper group of magnetic energy levels (see Fig.7), additional
sets of Landau level transitions are predicted, corresponding to the excita-
tion of an electron from the central set of levels to the upper set. Such
excitations require a photon energy of ~0.6 eV which is in excess of the pho-
ton energies employed to date in the magnetoreflection experiments on inter-
calated graphite. The Landau level calculation itself is vital for the de-
tailed analysis of the magnetoreflection experiment with regard to identi-
fication of the observed resonant structures, selection rules for Landau
level transitions and lineshape analysis for determination of the resonant
point within the experimental linewidth. To carry out such a detailed an-
alysis it is necessary to include explicitly the interaction betwecen the
intercalant and the graphite bounding layers. In turn, such an analysis
provides a sensitive method for the experimental determination of the mag-

nitude of these interaction parameters.
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The Shubnikov-de Haas oscillations in the conductivity are also related
to the Landau levels shown in Fig, 7. However, for those cross sections
with fast frequencics where trigonal warping (see Table 2) is important, it .
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is necessary to also include explicitly the trigonal warping paramecter ~

and higher terms in x in order to make a quantitative fit to be experimental
SdH frequencies. A systematic fit of both Shubnikov-de Haas and magneto-
reflection data for a single series of compounds is now underway and Is ex=-
pected to result in precise determination of the interaction between the in-
tercalant and the graplite bounding layers.
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