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Foreword

This collection of papers does not constitute a formal
reporting of the activities of the ARPA Materials Research
Council Summer Conference. Each report, memorandum or techni-
cal note is a draft of the author or authors and is their work
alone. The Steering Committee, in conjunction with the authors,
will decide how this material can best be presented as a formal
report to ARFX.
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ONE- AND TWO-DIMENSIONAL CONDUCTORS

W. H. Flygare
G. D. Stucky '
H. Ehrenreich

[Cis INTRODUCTION

! This report summarizes the material presented and dis-
= cussed at a two day meeting organized by the ARPA Materials

Research Council on One- and Two-Dimensional Conductors which

was held in La Jolla, California, on July 10 and 11, 1975 (an
agenda for the meeting is shown in the Appendix). For refer-

ence the electronic conductivity of a number of systems is

shown in the following diagram.
The meeting was organized approximately as follows:
A. General summary of generic inorganic and organic

systems which have been examined. General summary of the

g o cas e G e

chemical and physical principle involved in designing one-
dimensional molecular conductors. 4

B. Full examination of the entensively studied charge-
transfer complexes with particular emphasis on TTF-TCNQ as a
model compound which has received a great deal of attention.

C. Polymeric conductors with special interest on the
physical features of (SN)x'

D. Studies of two-dimensional and layered compound
electronic conductors.

E. Technological applications of highly anisotropic one-

and two-dinmensional conductors.
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The report which follows is organized essentially as

outlined above.

II. ONE-DIMENSIONAL MATERIALS

The relatively large family of one-dimensional (1-d)
materials can be broken down into four majcr classifications:
(1) ligand-bridged transition metal complexes, (2) square planar
transition metal compounds derived from the d® electronic con-
figuration of the metal atom, (3) organic charge transfer com-
plexes, and (4) polymeric conductors. By far, the majority of
these materials are insulators or semiconductors, and only a few
generic systems have been found to exhibit metallic behavior.
In fact, it should be pointed out that the metallic 1-d materials
now being extensively investigated are derivatives of compounds
which were discovered many years ago. [K2Pt(CN)4]Br0.3O-3H?O was
first prepared by Knop in 1842! and (SN)x was isolated and
characterized by Burt in 1910%2. Metallic (0>107 ohm™'em™!) 1-d
organic charge transfer TCNQ complexes with stacks of like donor
molecules and separate stacks of acceptor molecules were first
prepared at DuPont in the early 1960's and characterized by
single crystal structural and conductivity studies by 19653 ",

It appears unlikely that distinctively new classes of
compounds not included above will be discovered. Thus, it is
important to invent and examine new materials in the above
classes with the varied mechanical and electronic properties

needed for practical applications. These synthetic efforts are

= an Sewis




O e T

3
L
t ] also essential in order to furnish the background necessary for
E ‘ ’ a systematic and predictive understanding of the physical be-
2 havior of 1- and 2-d materials.

There are however many difficulties in synthesizing new
systems. In order to have cooperative electronic behavior, one
must have relatively large interatomic or intermolecular inter-
actions. For the most part this means materials which are not

very volatile, which are insoluble in most solvents, and which

1 frequently decompose before melting. A material with these
properties is particularly difficult to purify, characterize and
crystallize. 1In addition, the requirement that there be strong
intermolecular and interatomic interactions requires that non-
bonding steric interactions between atoms and molecules be mini-
mized. A final added chemical complication is that the ingredi-
ents for such materials are free radical species which, with the
exceptions of transition metal complexes and a few organic radi-
cals, are notoriously reactive. Normally there are many products
which can be formed which have a smaller entropy of formation
than an infinite one-dimensionally ordered chain. Assuming that
a chemist is sufficiently clever to overcome the above difficul-
ties, the physics of one- and two-dimensional metals suggests
that they should be inherently more unstable than three dimen-

sional materials. Instabilities associated with a large intra-

electronic correlation energy in narrow band systems leading

to Mott transitions®’® and potential perturbations which intro-

duce a band gap at the Fermi level through a soft phonon mode
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leading to a Peierls distortion’ are important in this regard.
The Peierls distortion may be particularly important in limiting
the number of one dimensional materials which can be readily
synthesized.

Lee, Rice and Anderson® have suggested that the conden-
sation energy for a charge density wave (CDW) associated with a
half filled one dimensional band may be comparable to the com-
mensurability energy of the material that it may be impossible
to achieve a stable metallic state. Indeed, there are currently
no known examples of 1-d metallic materials with half filled
bands. 1In (SN)x’ formally a half filled band structure, the
existence of interactions in directions perpendicular to the
chain structure indicates substantial 3-d character. The charge
transfer in TTF-TCNQ is estimated to be 0.45*0.15 of one elec-
tron by the direct integration of the electron density measured
by single crystal X-ray diffraction studies, 0.55 from X-ray
neutron iazelastic scattering studies?®, and 0.56-0.67 from photo
emission studies. These results indicate a ~1/4 filled band in
TTF-TCNQ. In the mixed valence d°® systems, the conduction band
contains "1.70 electrons. Known linear chain systems with half
filled bands such as NbCl, and [Pa'T(NH,),Br,-Br-pa’’ (N#,),Br,-]
can be considered to be examples of 1-d Peierls distorted mole-
cules and are insulators or semicondu:ctors. These observations,
in fact put a stringent requirement on the chemist, since it

means that a compound which is a free radical with one unpaired

electron in a non-degenerate orbital probably will not form a
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one-dimensional metal. The restrictions in two dimensions are
much less stringent, but nevertheless may be limiting.

From the standpoint of furthering the f{ield of one- and
two-dimensional materials, it is important that the synthetic
chemist have a thorough understanding of the requirements for
designing such systems. This is particularly so since, as
pointed out above, the probability of accidentally discovering
such systems is small.

In this section a brief structural and electronic
description of some examples in each of the four classifications

described above will be presented. This will ve followed by a

more detailed description of the low temperature physics and
transport properties of some specific examples.

A. Transition Metal Bridged Ligand Systems

Many attempts have been made by inorganic chemists during
the past few years to devise 1-d conducting systems in which
transition metal atoms are constrained to a cne-dimensional
configuration by bridging ligands. Some examples of these geo-
metries are shown in Figures 1 and 2. Probably primarily because
of the difficulty in obtaining sufficiently large metal-metal
transfer integrals, this approach has been successful with only
one known system, BaVS3, which is structurally one dimensional
(Figure 3) and which has a 300°K bulk conductivity of more than
102 ohm-'cm~'.!° The conductivity is temperature dependent and

BaVS3 appears to undergo a metal-insulator transition at 75°K

with an accompanying change in crystal structure symmetry from
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Figure 3. Crystal Structure of BaVs,.
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hexagonal V-V distance = 2.80%) to orthcrhombic. The trigonal
component of .he crystal field might be expected to result in

two bands which are derived from localired metal orbitals of

e1g and a1g symmetry. The d' electronic configurations of the
vanadium atom would give a half filled band if one makes the
reasonable assumption that the a1g localized orbitals are lowest
in energy. However, since the S~ ion is a weak crystal field
ligand and the energy separation between the e1g and a2g orbitals

is expected to be small, it is likely that the corresponding

bands overlap in a fashion similar to that proposed by Goodenough''

for the axial field split t‘g (Oh symmetry) orbitals in rutile
so that the band is in fact 1/6 filled. Further transport and
diffraction measurements are needed in order to define the
metallic behavior of this system.

There are a few linear chain dibridged octahedral com-
plexes such as those shown in Figure 4 which, although they are
not electrically conducting, do show evidence for metal-metal
bond formation with alternating long and short metal-metal bonds
along an infinite chain. These complexes contain transition
metal ions with 4d', 4d? and 54!, 5d° configurations and it is
expected that metal-metal bonding for these atoms could take
place at a distance 53.53.

These compounds may be examples of materials with a
half filled a, bond which have undergone a Peierls distortion
to an insulating dimerized ground state. It would be of

interest to determine if, in fact, one could find a metal-

-11-
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Some Dibridged Linear
Chain Systems

o
M-M (A)
aNbCl, 2,06 3.76 |

NbI, 3.31  4.36
NbOCl, 3.14  3.56
NbOBr, 3.12  3.98
NbOI,  3.16 4.32

MooCl, 2.93  3.64

O O e

Ot (wo

Figure 4. 1-d Chain Structures Formed From Fdge Shared
Octahedra.
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insulator transition for such a compound at higher temperatures

below the melting point.

F
! There are also no known monobridged chain systems which i

v

are metallic. Mixed valence complexes such as MII M Br3(NH

303

where M = Pd or Pt are, however, relevant and the structure of

one system is shown in Figure 5. The alternating two long
and two short metal ligand bond lengths can again be viewed as
‘ the result of the Peierls distortion associated with a half
filled band. The metallic state would correspond to a chain E
with all metal-ligand distances equal, and all the metal atoms i
in the formal oxidation state of (III). The electronic con- i
figuration of each metal atom is then d’ and the 1-d conduction X
band can be thought of in the tight binding approximation as
being derived from half filled metal dz2 orbitals which are
directed along the metal chain. At low temperatures, dispro-

portionation would result in the energetically more stable

A o TR, iy i e A A A TR,

configuration with a repeat distance which is twize that of the

undistorted configuration (see Figure 6).

! Interrante!? has investigated the possibility of driving
these systems (Figure 5) to a metallic state by the application

of high pressures and some results are shown in Figures 7 and 8.

For a pressure change of 50 kilobars, one observes a change of

[}
more than 0.20A in the metal-metal distance and a corresponding

change in bulk conductivity of from 10-° to more than 1 ohm™! :

cm~!. Although Interrante has argued on the basis of bond

length changes that the higher conducting phase is not a patt?

-13-
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Figure 5. One Dimensional Ligand Bridged Complexes MB X .
The configurations akout each metal atom in the

plane + to the stacking direction are identical.
(See Figure 1.)
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complex, the conduction band is made up of localized orbitals
which are antibonding with respect to the metal-metal inter-
action. The M-M bond lengths that one would expect for the
pg (111 _gopg (111)

arrangement, would not, therefore, be ex-

pected to be the average of the Pd(II)-Br—Pd(IV) bond lengths
but closer to twice the Pd(II)-Br distance. Unfortunately, the
experimental conditions do not permit the study of single

crystals.

B. Square Planar Transition Metal (d°) Compounds

The only class of 1-d, inorganic complexes which show
metallic conductivity are those derived from square planar 4°
configurations with direct metal-metal interactions as illus-
trated in Figure 9. However, only the partially oxidized, non-
stoichiometric complex of the type given in Table I exhibit
metallic behavior. Partially oxidized d° complexes also can be
made with rhodium and iridium. 1In all cases, partial oxidation
of the d°® complexes is necessary because the highest energy band
in the metal stacked d® configuration is a filled band made up
of dz2 localized metal orbitals. The room temperature conduc-
tivities of these compounds are on the order of 10 to 10% ohm~!
cm™!. The structures of all of the d® one dimensional systems
are characterized by short metal-metal distances of 2.85i0.l£.
In addition, the ligands on adjacent metal atoms are rotated
in such a way as to minimize non-bonded interactions. The
structure and physical properties of K2Pt(CN)4BrO‘33H20 have

been studied the most extensively'?®’!" and represent the first

_18_
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TABLE I. Examples of Partially Oxidized d8
Linear Chain Complexes

R — W . €

l' Oxidation State of Pt-Pt
1 the Platinum Distance
l K, [Pt(CN) 1CL 5,°3H,0 +2.32 2.880A |
K, [PL(CN) ,]Br, 5.+ 3H,0% +2.30 2.887 ‘
( Mg [Pt (CN),1Cl, g 7H,O +2.28 2.985 1
Ky 5, [PE(CN) ,]+1.8H,0 +2.26 2.96 f
Hy o [Pt(C,0,) ,]+2H,0 +2.40 2.80 t
Li; ¢, [Pt(C,0,),]6H,0 +2.36 2.81 -2
Bag g4 [Pt(C,0,),]4H,0 +2.32 2.81

g =

*also known as Krogmans Salt or KCP.

w T

L

LRy -

DNy -
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Examples of d® (square planar) Metal Stacked

Figure 9.
Complexes.
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documented example of a highly 1-d metallic conductor.

Although, as pointed out earlier, the compound K2Pt
(CN)4Br0_3'3H20(KCP) was first isolated in 1842, the identi-
fication of it as a metallic material was not confirmed until
1969'"* when Krogman was able to show that the structure of the
Pt(CN)E- portion of the chain was that shown in Figure 9. The
mechanical properties of KCP resemble those of most inorganic
salts with the added complication that the water molecules are
readily lost even at 300°K with a drastic change in the physical

properties, including a loss of conductivity.!*~!’

Therefore,
physical studies above 300°K have not been pursued. A second
difficulty is that KCP is also an electrolytic conductor, and
special techniques must be used in forming electrical contacts

19 Elastic neutron diffraction

with the crystal surface.!'®s
studies by Williams have shown that the original planar con-
figuration for the proposed Pt(CN)i_ anion by Krogman is in

fact incorrect and the crystallographic space group 1s non-
centrosymmetric (Figure 10)2°., The water molecules are hydrogen-
bonded to the cyanide nitrogen and the bromine atoms in two ways
and the bromine atcm sites are apparently randomly occupied by
both bromine atoms and water molecules. Unlike the organic
charge transfer conductor, TTF-TCNQ, the conductivity of KCP
decreases smoothly with decreasing temperature‘s. Many other
features of KCP, however, are similar to those proposed later

for TTF-TCNQ such as the presence of a Peierls distortion and

the pinning of a one-dimensional charge density wave.'® The

-21-
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Figure 10. Structure of K2Pt(CN)4Br0.3-3.2H20 as determined

[}
e

e

by early X-ray and later neutron diffraction ke

4 experiments.
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diffuse X-ray and neutron scattering from KCP studied by Comes

and coworkers??r??

as a function of temperature indicated a
gradual transition from a one- to a three dimensional ordered
state. Furthermore, the presence of a soft phonon mode observed
by neutron inelastic scattering?’® at 300°K implies that the charge
density wave (Peierls) distortion has not taken place. More
recent studies?" suggest instead that the inelastic scattering

in the vicinity of the ZkF instability falls to E=0 for all
temperatures in the range 78-300°K. These results are inter-
preted to indicate that at 300°K the CDW distortion has already
manifested itself in the lattice and that the development of
interchain correlations at low temperatures, which is observed

by both neutron and X-ray elastic scattering, is not due to a
Peierls-type transition. The picture is then one of a sliding
(quasi-static) charge density wave in the parallel Pt(CN)4 chains
with a temperature dependent interchain correlation length which
never exceeds a few chain spacinags. At higher temperatures, the

elastic scattering shows diffuse streaks which can be attributed

to uncorrelated quasistatic charge density waves. The intra-

<]
chain correlation length was estimated to be "~300A from these

experiments. In short, in this picture, the conductivity be-
havior of KCP from 300°K to 4.5°K is similar to that suggested
by Heeger and coworkers (see next section) belcw 53°K for TTF-
TCNQ. Other types of distortions in oxidized d® systems have
been suggested by Krogman?® from elastic scattering experiments

as indicated in Figure 1ll1. This is not surprising since the




Kagga [Pt(ox),] - 4H,0 [1r (cO), CL,][1r(CO), ac]
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Figure 11.

Transverse Sinusoidal and Helical Distortions
Reported for Partially Oxidized d° Complexes.’’
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Figure 12. Molecular Structures of TTF, NMP and TCNQ.
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symmetries of these distortions must depend on the specific
nature of interchain interactions which can be expected to vary
for each material.

C. Organic Charge Transfer Salts

Tre criteria for designing organic systems which exhibit
metallic behavior, as summarized by workers at The University of

26,(7, are

Pennsylvania

(1) the existence of unpaired electrons within the
molecular units (charge transfer);

(2) a uniform crystal structure consisting of linear,
parallel stacked columns of flat planar molecules with signifi-
cant intermolecular overlap leading to band widths such that,
in the absence of elertron-electron repulsions, the associated
electronic band structure wouird be metallic;

(3) molecular units exhibiting intramolecular electron
correlation to allow charge density to reside on diametrically
opposed parts of the molecule; and

(4) highly polarizable molecular units having minimal
size to diminish costly electron-electron repulsive interactions.

A similar set of criteria are given by the workers at
John Hopkins University.?®.

Donor molecules such as N-Methyl phenazine (NMP) and
tetrathifulualene (TTF) satisfy these requirements (Figure 12).
By far, the most highly conducting materials have been obtained

with TCNQ as the acceptor unit. The stacking of the TCNQ mole-

cules in the metallic charge transfer complexes is illustrated
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Crystal Structure of NMP NCNQ. The NMP molecule
is disordered and both positions of the Methyl

Group are shown.

Figure 13.
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Stacking of TCNQ Molecules in NMP TCNQ, TTF-TCNQ

Figure 14.
and Other Metallic TCNQ Systems.
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in Figure 13 for NMP-TCNQ which has a single crystal conductivity

along the stacking axis of >102 ohm~'cm~!

at room temperature.
Each TCNQ molecule is displaced relating to the one adjacent to
it as shown in Figure 14. As a result the nulecules are stacked
with the planes of the TCNQ molecules inclined at an angle of
n30° with respect to the stacking direction." The fact that the
planes are not stacked directly over each other permits the pro-
per phasing of localized molecular orbitals to give a large
transfer integral between molecules bringing electron deficient
and electron rich regions of the adjacent molecules into near
proximity of each other. This minimizes coulombic charge sepa-
ration as shown in Figure 15.7%°

The TCNQ interplanar spacing in this compound 1is 3.263
which is at the upper end of the TCNQ-TCNQ distances found in
conducting TCNQ materials. The crystal structure of the related
charge transfer compound, TTF-TCNQ2? is shown in Figure 16. As
described for the TCNQ molecule in NMP-TCNQ above, the planes of
both the donor and acceptor molecules are inclined with respect
to the stacking axis (y direction) with a TCNQ-TCNQ separation
of 3.168(2)3. The former distance is one of the shortest known
for an interplanar spacing between carbon atoms. (c.f. graphite
at 3.34A.)

TTF-TCNQ has been the most extensively studied member of
the organic charge transfer class of compounds. A wide range of

experiments have examined various electronic, structural, thermo-

dynamic and transport properties. The measurement of the tempera-

st e o 2z
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ture dependence of the conductivity o (T) on the first synthesized
crystalline samples of TTF-TCNQ indicated a very large conduc-
tivity at 300°K (g = 5x10%(Qecm)~!.°° This value was the largest
reported for an organic compound at that time. The temperature
dependence was unusual in that o showed a sharp maximum of 10"
(Gem) ™! at T = 60°K. 3% 1In addition, the crystalline conductivity
was found to be highly anisctropic which is apparent from the
crystal structure mentioned above with segregated TTF and TCNQ
stacks along the b axis of the crystal.

y 31

Independent syntheses and measurements of o(T indi-

cated a few carefully prepared samples to have larger peak values
approaching o = 105 (Qcm)~! at 58°K. Furtier examination3?:?3
of these remarkable results, including studies of the DC probe
techniques in highly anisotropic compounds, methods of chemical
synthesis, examination of crystal purity, and methods of purifi-
cation have left a few remaining discrepancies’* in the actual

value of 9 However, there is general agreement that the

ax’
value of 6 e is bounded and sensitive to crystalline perfection
and purity. Most of the results from several laboratories are
now in agreement to within a factor of 2.

The importance of surface effects in the measurement of
conductivities is brought out again in a recent work which re-
ports the difference in the charge transfer between surface and
bulk species in TTF-TCNQ. 35 According to these angle reflection

dependent X-ray photoelectron (ESCA) studies of TTF-TCNQ on the

le atom, a discrete layer (1-5 layers of complex) occurs on the
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surface where no charge transfer takes place relative to the
0.8+0.2 electron transfer in the bulk sample. Furthermore, the
petter conductors show the largest discrepancy between surface
and bulk charge transfer effects.®’

The frequency dependence of “he conductivity, o(w), of

TTF-TCNQ has also been studied in a range extending from the
microwave through the near infrared. Results at 10 GHz agree

37  Heeger, Garito and co-

substantially with the DC values.'®’
workers have interpreted’®®s*®® the infrared results obtained from
absorption and reflection measurements in terms of single-particle

interband transitions corresponding to a band gap of ﬁwg = 0.14

eV associated with a Frohlich-Peierls state. At higher fre-
quencies o(w) is Drude-like with an assoc. -ed plasma frequency
of ﬁwp = 1.2 eV. Phonon modes corresponding to molecular vi-
brations are superposed on this structure.

The maximum in the conductivity at 58°K is suggestive

of a phase transition. Definite evidence for a phase transition
was observed by measurements of the temperature dependence of

® other evidence for a phase transition in-

the specific heat.®
cludes measurements of the thermoelectric power“l, the thermal
reflectance“?, the noise spectrum"’®, the thermal conductivity"“",

and the longitudinal (parallel to b) and transverse conductivity

ratio U}.:.)(T)/Uil_(T).“5"'6 Of these, the latter two measurements

also show an additional phase transition near T = 38°K. The

temperature dependence of the susceptibility also shows evi-

7

dence of a phase transition.” The susceptibility decreases
p

-33-
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smoothly with decreasing temperature above 55°K. Below this
temperature it falls more rapidly to the molecular TTF-TCNQ
value calculated from Pascal's rules. The number of unpaired
electrons existing above 55°K diminishes rapidly at lower tem-
peratures and approaches zero.

The nature of the phase transition is important in
interpreting the conductivity results. Low temperatures X-ray
scattering work"® indicates the existence of an incommensurate
one-dimensional super-lattice below T = 55°K with a relatively
large coherence length. These observations are consistent with
a metal-semiconductor Peierls-type tra:.sition.’

This model is further substantiated by the results of
neutron scattering. Mook® has observed a giant Kohn anomaly
(soft mode) in the longitudinal acoustic phonon branch at a wave
number that is consistent with the results of the X-ray data.

A number of mechanisms have been proposed to account for
the conductivity and its temperature dependence in TTF-TCNQ. Of
these, the model of Heeger and Garito'®, based on the picture
proposed by Lee, Rice and Anderson®? (to be denoted as the charge
density wave (CDW) model), has been worked out i1n greatest detail
to explain the existing data resulting from a variety of experi-
ments. This model assumes, on the basis of experimental argu-
ments following from NMR and susceptibility measurements, that
the electron-phonon interaction is in the intermediate coupling
range and far stronger than electron-electron interactions. The

phase transition at 58°K is identified as a Frohlich-Peierls

=3¢=
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transition. At lower temperatures the system is a semiconductor
P characterized by a very large DC dielectric constant parallel to
the b axis (e" ~3500) and a more modest value (¢t ~5) perven-

' dicular to that axis.'®’®!

Above 58°K the system becomes a highly
anisotropic one-dimensional metal in which the electrons are
localized on the TCNQ chains (and the holes, presumably, at the
TTF). There are two kinds of electronic excitations in such a

{ system; a collective mode (or charge density wave) of the coupled

electron-phonon system, and single particle excitations across

the psuedogap. The relatively Large values of o(w) at DC and

in the microwave range are associated with the collective ex-

citation; the peak near 1000 cm-! in the infrared corresponds

to the single particle excitations. The rise in o(T) as the

temperature is lowered towards the phase transition is attri-

buted to the onset of electron conduction in the charge density
wave state and the decrease below 58°K to the fact that the
collective mode becomes increasingly pinned. The 38°K trans-
ition is associated with complete pinning. It should be pointed
out, however, that to our knowledge no theoretical calculation

of o(T) based on the CDW model has yet been done.

A number of mechanisms have been proposed that explain

the observed values of O ax in terms of theoreis not involving

a collective mode . 3452754, 544

The single particle point of view is supported by the
interpretation of the temperature dependence of the thermal con-

ductivity“®, which suggests the collective mode contribution to

e
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to be negligible. The question as to whether the value of O o

is sufficiently large to suggest an explanation in terms of a

collective mode, has also been raised. "

The charge density wave
(CDW) model attributes the observed structure in o(w) entirely
to electrons in the TCNQ chains and assumes implicitly that the

contributions to o(w) due to the TTF are negligible. This leaves

open the question as to the role of the TTF chains in the con-

, duction process. Indeed, the conductivity along the TTF chain
in the mixed valence compound TTF-=Brg -, is quite high at room
temperature (0=300(cm)~%). 1If the TTF conductivity is apprec-

iable, it may be necersary to consider an energy band structure

that involves both chains, and also possible interchain electron-
electron interactionss“b as hybridization between them. Band
calculations®%/°® have been carried out using LCAO-CNDO calcula-
tions that show that the conductor band associated with the TTF
and TCNQ stacks respectively cross at the Fermi level and hy-
bridize then . s a result of interchain coupling. The resulting
band structure is semi-metallic and the density of states in the
f hybridization region is small, as is its width (v“400°K). This
width is roughly consistent with the gap os 22 meV found from
photoconductivity measurements®’, and with a mean-field trans-
ition temperature near 55-60°K in the vicinity of the observed

anomalies. The fact that the conduction along TTF chains may

be appre~iable is supported by measurement of thermoelectric 1

1

ower. " The observed change in sign can be interpreted as
p g g

suggesting low and high temperature conductivities along the

-36-
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TTF and hybridized TTF-TCNQ chains respectively. The g-values
obtained from EPR measurements, indicate that the states con-
tributing to the susceptibility are fully hybridized above the
transition temperature and primarily TTF states below.58/5°

If, on the other hand, it is supposed, as in the CDW
model, that o along the TTF chain is sufficientl'r small that
the electronic transport is truly diffusive, a band theoretical
description of the TTF electronic states is open to question.

The view that the electron-phonon interaction is strong
in the TTF-TCNQ system appears to be shared by many of the groups
contributing actively to this field. There appears also to be
general agreement that there is a phase transition at 58°K which
is variously termed as a "metal- insulator" or "Frohlich-Peierls"
transition depending on the theoretical viewpoint. Whatever
picture one adopts, however, it is difficult to see how the sharp
peak in o(T) is to be explained without involving some kind of
resonance between the electron and phonon systems.

It seems important to explore the behavior of o(w) in
the microwave region both above and below the transition tempera-
ture in more detail. Information concerning the shape and shift
with temperatures of the peak in o(w) in this frequency range,
associated by the Pennsylvania group with the collective mode,
is essential to a resolution of the discussion concerning theo-
retical models that remains at the present time.

Several chemical derivatives of TTF have been developed

by various groups. The focus on the IBM research has been to

-37~
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examine changes in electronic properties for structural deriva-
tives of TTF-TCNQ. It has been determined that TSF (the selenium
analogs of TTF) has a lower transition than TTF and a somewhat
lower value of Jmax/JRT. "Alloys" of TTF and TSF can be made and
used to study the effect of substitution in the donor chain in
TTF-TCNQ on the electronic behavior as a function of concentration.
Research at John Hopkins University has been directed
towards the modification of TTF-TCNQ by use of hetero-atoms and
substituent groups to optimize bandwidths, band overlap, charge
transfer and interchain coupling. The compounds which have been
cynthesized and their properties are listed in Table II. The
compound HMTSF (Figure 17) is unique among known charge transfer
complexes in that it exhibits metallic behavior to <1.1°kK.®% No
evidence of superconducting behavior has been reported. Another
new organic electron donor tetramethyltetraselenofulvalene (TMTSF)
forms a 1:1 charge transfer salt with TCNQ which occurs in two
crystal forms. The first is a red insulator whose structure con-
sists of chains of alternating donor and acceptor molecules; the
second is a black guasi-one-dimensional conductor in which donor
and acceptor are separately stacked. With cooling, the conduc-
tivity of the black form rises from its 300°K value of 1200071

cm~! to a maximum of 80000 tem™?

near 65°K, where a metal-to-
insulator transition occurs.
HMTSF and TMTSF both alsc form conducting salts with another

electron acceptor, TNAP. Preliminary dec and microwave measure-

ments indicate that both HMTSF-TNAP and TMTSF-TNAP remain

-38-
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TABLE II. Comparison of Physical Properties of Derivitized

TTF TCNQ Compleses. In all cases the Acceptor

Molecule is TCNQ.
R R
~ __ X X.—-_’//
- '
(DA
R/ \R
E i igz 0max/OR_T_ Tmax(ox)
TTF H S 400 20 59
ATTF 2H,2CH4 S 50 25 50
TMTTF 4CH3 S 1000 1 =
TMTTF 4CH4 S 350 15 60
HMTTF -CH2-CH2-CH2- S 500 3=5 80
TSF H Se 800 12 40
DTDSF H 2S,2Se 500 ‘ 7 64
TMTSF CH, 3e 1000 5 71
HMTSF -CH2-CH2—CH2- Se 1800-2000 No Transition
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Figure 17. Crystal Structure of Hexamethylene Tetra Seleno
fulvalene (HMTSF).
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metallic to 11°K and display resistance minima at somewhat high
temperatues than HMTSF-TCNQ.

Using the stated general guidelines for the design and
synthesis of organic metals, the Pennsylvania group has been
studying the effects on electronic and structural properties of
TTF-TCNQ related salts introduced by systematic changes in:

i) the ionization potential and polarizability of TTF
related donors by R group substitution and diselenium sub-
stitution;

ii) interchain coupling and steric hindrance in TTF
related doncrs;

iii) electron affinity of substituted TCNQ acceptors; and

iv) disorder introduced by asymmetric substitution of R
groups, or diselenium substitution on TTF related donors as well
as by mixed alloys such as TTF(TCNQ)X(TCNQF4)1_X and (TTF)

(DSeDTF) TCNQ.

1-x
The compaction resistivities of a large number of organic
charge transfer complexes has been recentiy given by DuPont
workers.?% The results are reproduced here in Table III with
the compounds being identified on the accompanying diagram. The
A/B ratios are the relative magnitudes of the N g ESCA spectra
for the surface ana bulk compounds as described previously.
Additional work should be encouraged in designing and
synthesizing new organic charge transfer compounds with an

attempt to systematically catalog the molecular dependence on

the solid state properties. Again we amphasize the importance

-4]1-
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TABLE III. Resistivities* and A/B Ratios for Various Complexes**

b o s e

Compound log, ,p (ochm-cm) A/B
1. TTF-TCNQ -1.2 1.16
TTF-TCNQ -1.2 0.83
2. TTF-TCNQBr -1.0 1.00
3. TTF-TCNQBrCH, -1.0 0.94
4. TTF-TCNQEt, -1.0 0.95
5. NMP*TCNQ-t -1.0 1.11
6. TTF-TCNQC1 -0.7 1.00
7. TTF-TCNQC1CH, -0.5 1.10
8. TTF-TCNQBr, -0.4 1.18
1 9. TTN-TCNQ -0.2 0.94
TTN-TCNQ +0.5 0.91
10. T1*TCNQ™ I+ +1.8 0.45
11. TTF-TCNQC1, +2.9 0.90
12. TTF-TCNQF, +2.9 0.54
13. K+TCNQ™ +3.7 0.42
14. Cs*TCNQ- +4.5 0.40 |
15. NatTCNQ~ +4.5 0.30 |
16. TMDSA-TCNQF, +5.0 0.40 ;
17. LitTCNQ™ +5.3 0.30 l
18. S-Se-TCNQ +5.6 0.21 |
19. S-Se-TCNQF, +5.6 0.44 ,
20. Ag*TCNQ- +5.9 0.30 §
21. TTF-DDQt++t +6.8 0.29 ¥
22. TMDSA-TCNQC1, +7.0 0.26 !
23. TMDSA-TCNQ +9.3 0.18 ‘
24. (03PCH,;) tTCNQ™ +10.0 0.40

* R. C. Wheland and J. L. Gillson, to be published.

** All data taken on powdered samples.
? t A/B uncertain due to overlap of Njg from donor and acceptor.
{ t+ A/B uncertain due to partial le‘T14d3/2 overlap.

tt1tA/B uncertain due to small, if any, AEB between N;g main
line and satellite structure.

e e i
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of complete o(w,T) measurements.

As already pointed out, the TTF mixed valence compounds
like TTF-Br, ,, also show quite high conductivity o(w=0, T=300°K)
~300 (2em) ~!. This decreases, with a turnover at 50°K to about
1(%cm)~' at temperatures below 80°K. The mixed valence of 0.74
Br for each TTF gives a more stable Madelung energy through the
1:1 ratio compounds. It would be interesting to synthesize
mixed valence TTF-halide (or other acceptor) systems where the
acceptor is small and has a large electron affinity.

D. Polymeric Conductors

Polymeric (SN)x was first synthesized in 1910 by F. P.

Burt? utilizing the reaction

300-500°K
4 Ag gauge
or
quartz rod

S,N (SN)x

4

During the past two years this material has received a great
deal of attention at a number of laboratories because of its
remarkable physical properties, most notably that it is a
highly anisotropic metal which becomes superconducting at 0.3°K.
The structure of the crystal polymer as obtained by electron®!
and X-ray®? diffraction indicates 4SN molecules per unit cell.
The polymeric fibers run parallel tc the b direction of the
monoclinic unit cell (the b axis runs approximately along the
S-N-S-N chain) with a structure given by

119.9° N =S

/ k\e / N

—S 106.2°

-44-
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Since the electronegativity of N is greater than that of S, the
S-N bond may have appreciable ionic character and ionic binding
may therefore be significant. The structure of (SN)X is closely
related to elemental tellurium, both in the average number of
electrons per unit volume and in structure (Figure 18). There
is still some uncertainty :bout the SN bond distances: the elec-
tron diffraction data suocest unequal bonds of 1.55& and 1.733
whereas the X-ray diffrzction data indicate bond distances of
1.593 and 1.63& with tle angles as shown above.

Measurements of the conductivity of (SN)X from T = 4.2°K
to 300°K show highly anisotropic metallic behavior at all tempera-
tures with a T = 300°K conductivity along the chain axis of
5=2x103 (Qem)~'. The conductivity increases with decreasing tem-
perature and exhibits a small conductivity maximum at 330K, 63/68°
At this meeting both the Pennsylvania group and the IBM group
reported the measurement of the reflectance of (SN)X films from
500 cm~* to 30,000 cm~!. The reflectance and conductivity are
highly anisotropic, but not as much as TTF-TCNQ. Metallic be-
havior is observed for polarization parallel to the principal
conducting axis with poor metallic behavior in the perpendicular
direction. The reflectance for polycrystalline (SN)x is about
45% at low frequencies and shows a well defined reflectance
minimum at 22,000 cm™!. For crystalline (sN), the longitudinal
reflectance (polarization vector parallel to the chains) may be

as high as 90% below 1.5 ev.%®
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The lack of any sharp structure at low frequencies,
aside from that at 995 and 685 cm™! which may be related to S-N
stretching modes, and the overall structural similarity to the
reflectance of metals such as Ag®’ suggests that the observed

structure at 22,000 cm™!

is associated with a plasma edge and
not with any simple electronic transition.

The reflectance data may be analyzed in a manner similar
to Ag by separating the "bound" (or core) and "free" electron
contributions to the complex dielectric constant e(w) = ¢ (w)

1

+ iez(w) into a core and Drude term:

elw) = -w;/w(w+i/r)

&
core

Here wp = (4TrNez/m*);i is the plasma frequency, T is the electron
relaxation time, N is the electron density, and m* is the ef-
fective mass associated with the conduction electrons. If T can
be assumed to be frequency independent, 1 is the conductivity

relaxation time and
o = wit/4n
P

By inserting the expression for e(w) into the reflec-

tance
2

ve (w) =1
Ve (w) +1

and fitting the experimental data, Greene as well as Garito and

R =

coworkers find the constants ¢ ﬁwp and T in substantial

core’
agreement: ﬁwp ~ 5ev, T = 10~!° sec, and o = 4000 (Qcm)~!'. The
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degree to which the values of o0 obtained in this way agree with

the DC value is typical of such analyses since 1 is frequency
dependent. Garito and Heeger®® cite values of N = 3x10%%cm’

and m* = 5.2me, where LUR is the free electron mass. However,
measurement of the Pauli susceptibility and the electronic
specific heat®® suggest that the density of states at the Fermi
level is considerably lower than that expected from a simple
band. The upturn of the reflectance above the minimum may be
associated with an intra or intermolecular electronic excitation
as in the case of the reflectance minimum of Ag, where interband
transitions set in. This would indicate that € core is frequency
dependent and that the plasma resonance is shifted from its
conduction electron value: wp must therefore be viewed as a

hybrid conduction-core electron resonance. Electron enargy

loss experiments yield a plasmon peak at the expected energy

and of reasonable width.®? 1In addition, there is a "superplasmon"

peak at ~22eV corresponding to a collective excitation of all
valence electrons. The plasmon dispersion relation has also
been determined experimentally. It is interesting that Landau
damping is not observed in this system.

Greene reported the results’?® of OPW band calculations
for (SN)x, which show that the Fermi energy is located at a
minimum in the density of states in agreement with the suscept-
ibility and specific heat measurements cited above.

Greene also discussed the superconductivity of (SN)x'

(SN)x has been found to be a type II superconductor with a

-48~
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transition temperature T_ = 0.3°K. "% The parameter v = A/V2E,
where A is the penetration depth, and £ is the coherence length,
is about 23. The superconductivity critical field is highly
anisotropic and close to the paramagnetic limit (the field re-
quired to flip a spin). In contrast to the experience with
ordinary superconductors Tc rises with increasing pressure.

This is presumably associated with a stiffening of the average
phonon frequency and a concomitant decrease of the electron-
phonon coupling constant.

Other interesting properties of (SN)x are its negative
thermal expansion coefficient along the chain direction and
deviations from the T® dependence for the lattice specific heat
which is characteristic of anisotropic systems.

A point of practical interest is Garito's comment con-
cerning the Pennsylvania group's®? successful epitaxial growth
by sublimation of (SN)x on mylar, teflon, polyethylene, and
otners. Interesting applications are likely to emerge from

this development.

III. TWO-DIMENSIONAL AND LAYERED SYSTEMS

F. DiSalvo reported on the electrical properties of
layered transition metal dichalcogenides. The transition metals
from the V, group, vV, Nb, and Ta(M) with S, Se, and Te(X) form
interesting octahedral or trigonal prismatic type compounds
which normally crystalize in the hexagonal or trigor.al unit cell

<]
with a metal-metal distance near 3.3A.’! Each layer of MX, is
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three atoms thick, the top and bottom layers are X atoms and M
is in the middle. The atomic sheets are all regularly close-
packed, so the usual notation for hexagonally packed atoms may
be used. An individual layer may have XMX or XMX' stacking
where in XMX the M atoms are at the center of a trigonal prism
of X and in XMX' the M atoms are at the center of an octahedra
of X atoms. The crystal structure is obtained by stacking these
octahedral and trigonal layers on top of each other. The

following designations indicate the stacking

LT XMX'
2H XMX, X'MX'
3R XMX, X'MX', X"MX"

4Hb XMX, X'MX, X'MX', X'MX

0
The two dimensional 6A layers of TX, are held together

by Van der Waals forces.’?"7"

The layers may be chemically
opened by insertion of electron donor systems; Lewis base
molecules or most metAals of the periodic table. This produces
an intercalation compound in which a regular sequence of MXa

and donor sheets results. These layered compounds show metallic
conductivity within the two-dimensional plane. The anisotropies
in the resistivity can be as low as 10 or as large as 10°.

These materials are of great physical interest since they are
the first to exhibit charge density waves (CDW) of the sort

first envisaged by Overhauser.’® In addition, some of them

become superconducting at low temperatures. A CDW results if

S il Bk aba |
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the electron-phonon interaction dominates and the Fermi surface
is such that "nesting" of various sheets is possible. The two-
dimensionality of these materials and their Fermi surfaces is
responsible for this effect. On the other hand, if exchange
forces dominate’®, a spin density wave (sDW) would result like

in the antifefromagnetic state of Cr. In the following table

T, represents the transition temperature where a CDW leads to

a Peierls type distortion to an incommensurate super lattice.

At a lower temperature labeled by Td a commensurate super lattice

is formed.

Compound lattice (crystal type) T,(K) gdiﬁl
TaSe, 1T €00 473
TaSe, 2H 122 90
NbSe, 2H 32 none
Nb52 2H no CDW -
vse, 1T 108 ?
4 Electron and neutron diffraction’’’® results clearly indicate

the onset of the commensurate and incommensurate superlattice
structures. The effects of impurities’®®° on superconductivity
in layered compounds and the addition of hydrogen atoms to
layered compounds has also been studied.®!

The variety of physical phenomena that are observed in
these compounds is presently larger than in the one-dimensional
systems, in part because the entire Fermi surface need not be

destroyed by the CDW in two dimensional systems. The present
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understanding of the CDW state in the two dimensional systems
is more advanced than in the one dimensional systems primarily

due to extensive electron and neutron diffraction studies.

PR A —

Iv. APPLICATIONS

Technological applications of the highly anisotropic
properties of one- and two-dimensional conductors were mentioned
by L. Roth, B. Scott, F. DiSalvo and others.

There are severezl applications of the highly anisotropic
(SN)x due to its unique ability for epitaxial growth, forming

very strong bonds to well-known plastic materials. These appli-

cations include a solid state videcon, electrolytic capacitors,
pyroelectric detector operation which could include polarization
modulation, optical waveguide mode analysis, and by combining
several of these techniques to a polarization modulated ellipso-
meter.

Application for the two-dimensional layered systems
include the catalytic desulfuration of petroleum products, and
of course the possibility of higher temperature two-dimensional
superconductors. These systems, consequently, can be used as a
guide to understanding CDW phenomena in one dime.isional conduc-
tors. While we have emphasized the CDW instabilities of these
compounds, other studies ir layered compounds have been reported
or are underway. These include

a. superconductivity, particularly anisotropy of critical

magnetic field Hc p
2
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b. use as cathodes in non-aqueous secondary batteries.

The anode is an alkali metal, the overall reaction being for
example,
Li + TiS, » LiTis, (intercalation reaction)

Eo v2.5v

These batteries look attractive as a possible replacement for

the lead acid system,

c. catal/ssis - NixMOS2 is already used by the oil in-

dustry as a desulfurization catalyst. Studies of the newer

layered compounds (substitutional alloys and intercalation

compounds) should be undertaken to determine catalytic activity.

Such studies have begun in several institutions, and finally
d. electrical devices - superconducting weak link de-
tectors and other applications.
There are a large number of polymeric materials which,
although not metallic, have important electronic properties
such as the photoconducting polymer PVK which is used by IBM

for photocopying. This polymer is used as a charge transfer

complex with the acceptor TNF.
NO,

NO, NO
0

2

PVK (donor) TNF (acceptor)
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These systems were not discussed at the conference in detail
put can be expected to provide the basis for an extensive tech-

nology in the future.

V. CONCLUSIONS AND RECOMMENDATIONS

A. Conclusions

1. Since it was last reviewed at an MRC meeting in 1973,
the field of organic charge transfer and other one-dimensional
conductors has made large strides. Materials preparation, the
variety of experiments, and the basic physical understanding all
have progressed substantially and we now have a fairly good
picture of the underlying physics in one-dimensional systems.

2. It now seems unlikely that a high temperature (T>25K)
QLasi—one—dimensional conducting material will be developed.
However, exploration of this frontier of materials science may
well lead to new solids with novel and presently unsuspected
properties.

3. The practical applications of organic metals at
present exploit only the very large conductivity anisotropies
(e.g., infrared polarizers made from (SN)X). The fact that
broader technological uses are not yet evident should not be
viewed negatively at a time when an entire new class of materials
is in the beginning stages of development.

B. Recommendations

1. One-dimensional systems

a. The measurement of the complete frequency de-
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pendence (DC-100GHz) of o in TTF-TCNQ at various tem-

peratures needs further attention in order to help decide

among competing theoretical models.

b. ¢tandard synthetic, purification, and character-
ization techniques should be established in order to
t labora-

achieve agreement on measurements in differen

tories. Exchange of samples among laboratories should

be further encouraged.

c. In developing new one-dimensional systems,
attention should now be given to the technological appli-
cation and the relationship between structural and
mechanical properties.

2. One~- and Two-dimensional Systems

a. Materials should be prepared, permitting an ex-

amination of trends as we proceed from one- to two- to

three-dimensional properties and the instabilities in

intermediate regimes.

b. Attention should be given to synthesis of organic

charge t

The conductivity in such systems would be less aniso-

tropic and more nearly three-dimensional. Should such

materials be discovered,

ment as opposed to the use of standard metals should be

considered carefully.

ransfer systems with transversely coupled stacks.

the incentives for their develop-

e O




3. The marriage of organic (and inorganic) synthesis

and purification techniques with solid state physical
methods has led to the development of new materials of
high purity and properties. This approach should be
exploited further. Specifically:

a. The study of organic photoconductors should be
pursued. Although this topic was only mentioned briefly
at this meeting, the technological applications are and
undoubtedly will remain useful.

b. Of the current one-dimensional anisotropic con-
ductors, (SN)x has the most desirable features including
epitaxial growth. However, the (SN)x polymer spontaneous-
ly decomposes over a period of weeks in air. Research
on new isomorphic variation on the (SN)x system should
be pursued including (SeN), (H-C+), and others.

S
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APPENDIX
Materials Research Council (MRC) Corference on
One- and Two-Dimensional Conductors

Chairman, W. H. Flygare

Thursday, July 10, 1975

8:00 - 8:40 G. Stucky. U. of Ill.
Some Structural Aspects of One Dimensional
Conductors"
9:00 - 9:40 A. Heeger, U. of Pa.

"TTF-TCNQ and Related One-Dimensional Metals:
A Status Report"

10:30 - 11:20 F. DiSalvo, Bell Labs., Murray Hill
"Electronic Instabilities in Layered Compounds"

Lunch
1:00 - 1:40 R. Greene, IBM, San Jose
T <3 crr e v, "
Polymeric Conductors
2:00 - 2:40 T. Garito, U. of Pa.

"Studies of the Metallic Polymer (SN)K“

Friday, July 11, 1975

8:00 - 8:40 A. Bloch, John Hopkins
"The Design and Study of New Organic
Conductors"

9:00 - 9:40 B. Scott, IBM, Yorktown

"Organic Electronic Materials"

10:30 - 11:10 L. Roth, Hughes
"Polymeric and Organic Conductor Applications”

Lunch

1:00 Additional guestions, comments and discussion

Additional Attendees: P. Anderson, Bell Labs., Murray Hill
C. Elbaum, Brown University
R. H. Baughman, Allied Chemical

MRC Members Attending this Meeting

Gomer, U. of Chicago
Hawthorne, UCLA
Bienenstock, Stanford U.
Huggins, Stanford U.
Tinkham, Harvard

Hucke, U. of Mich.

Ruby, ARPA

Reynolds, ARPA

Montroll, U. of Rochester
Pittman, U. of Ala.
Ehrenreich, Harvard U.
Gilman, Allied Chemical
Sinnott, U. of Mich.

M. Stickley, ARPA

van Reuth, ARPA

E.
cC.
E.
J.
M.
cC.
E.
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ANTENNA STRUCTURES FOR INFRARED DIODES

P. L. Richards and A. Yariv

<

ABSTRACT

The problem of efficiently compling the energy from a
free space infrared beam to a diode with dimensions less than
one wavelength has been studied. Contributions under the
subject of optimizing the feed structures for high gain

antennas include:

1. Estimates of the efficiency of presently used

schemes.

2. Suggestions of imnroved single antenna structures.

3. Analysis of array feed structures. 1

Contributions under the subject of impedance matching include:

1. Fundamental limits to impedance matching.

9 2. Effect of antenna resistance, transmission line

e S S et

resistance, and diode series resistance on impedance matching

and speed of response.

3. Use of arrays for impedance matching.

It appears that the techniques nnw generally used to

Rpp————

couple to MOM diodes can easily be improved by about one order
of magnitude even at low infrared frequencies. A second order

of magnitude might be available with a carefully optimized array.
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ANTENNA STRUCTURES FOR INFRARED DIODES

P. I.. Richards and A. Yariv

There has been great interest in extending the range
of Jumped circuit nonlinear elements to infrared and optical
frequencies. The highest frequency work has used metal-oxide-
metal (MOM) diodes at room temperature,"5 but there is also
considerable interest in high frequency applications of
Josephson junctions6 as well as both conventional and super-

conducting Schottky barrier diodes.’’®

Because transmission
lines have relatively large losses at most infrared frequencies
it will often be necessary to couple electromagnetic radiaticn
propagating in free space to the diode structure.

In applications such as low noise receivers, it is
vital to achieve efficient coupling. Coupling efficiency 1is
also important for a variety of other freguency conversion
experiments because large amounts of power are available only
at a limited number of infrared frequencies. Thus far, however
little attention has been paid to the probler of coupling ef-
ficiency in the infrared frequency range.

In principle it is possible to couple all of the power
in any single mode of electromagnetic radiation into a diode
of any impedance. In practice there are limitations at any

frequency, and many of these are especially severe at infrared
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and optical frequencies. It is traditional to divide the
coupling problem into an antenna pattern problem and an im-

pedance matching problem, although the general concept of

s W G e e o

] impedance could be extended sufficiently to cover the whole.
A typical system for coupling a collimated beam to a diode is
illustrated in Fig. 1. It consists of a primary optical
element or collimator which can be a lens or a paraboloidal

! reflector, a feed structure to collect the focused power, and

a transmission line which is matched to both the feed and to
the diode. 1In this paper we will primarily consider the an-
tenna problem. Some aspects of the impedance problem will be
considered in a separate report.
There is a well developed technology for coupling a
free space microwave frequency beam to a transmission line.?
Many of the concepts and some of the techniques developed for
that purpose can be carried over ¢ .rectly to the infrared.
The well known reciprocity theorems® relate the properties of
receiving and transmitting antennas, so that we can speak of
f them interchangeably. The far-field intensity pattern of an
; antenna is characterized by a gain function G(6,¢) which is
normalized such tha= J G(6,9)dQ = 4m. This gain function is
related to the antenna4gifferentia1 cross section S(6,9¢)
= G(8,$)r%/41. The physical idea behind this relation can be
expressed by the statement that for a single spatial mode,

the product of the effective area A of a beam times its solid

angle of divergence { is an invarient guantity equal to A2
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Figure 1l(a).

1(b).

(b)

Schematic diagram of diode receiver consisting

of a primary element 1 shown as a lense, a feed
structure 2 matched to a transmission line 3, a
matching structure 4, and a diode 5.

Schematic gain curves for the receiver (left)
and the feed structure (right).
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The spatial distribution of the mode of interest deter-
mines the details of the required antenna structure. Two cases
of practical importance will be considered. 1In a radar receiver
or an astronomical telescope the transverse spread of the in-
coming mode is so large that any practical primary element is
uniformly illuminated. 1In a typical laboratory experiment with
a single mode TEMoo laser, on the other hand, the illumination

® If we consider the case of a

of the primary is Gaussian.'!
transmitting antenna, it is clear that the gain function G(6)

of the optimum feed structure will be square or Gaussian in

the two cases. The theorems on reciprocity and integrated

cross section mentioned above show that this result is also
valid for the receiving antenna.

For a typical feed structure, G(6,¢) will have a central
lobe flanked by several side lobes. The phase of this antenna
pattern (referred to a spherical wave front) changes by r from
the peak of one lobe to the next. In general, therefore, a
calculation of the coupling to an incoming mode will require
phase information about the feed structure which is difficult
to measure at infrared frequencies.

We will now describe an approximate method of computing
the coupling which neglects phase cancellation. 1In this pic-
ture the incoming radiation is focused by the primary onto a
spot of effective area A. The dimensions of the feed structure

are assumed to be small enough that the intensity I(8,¢) is

independent of position and depends only on angle. The intensity

-§9-



in each element of solid angle di! is intercepted by the
corresponding differential cross section S(6,%) of the feed
structure. If the radiation resistance of the feed structure
is matched to a resistive load, the power delivered to that
load is 1(0,¢) times S(0,¢) integrated over solid angle. If
we divide by the power P illuminating the primary, which is
1(9,¢) integrated over solid angle times the area A of the

beam, then we have an estimate of the coupling efficiency,

2

>

I

J G(0,4)I(6,9)dR/A J I(9,¢)dQ (1)
47 47

f=N

T

For the uniform illuminatinn mode focused into a solid
angle QO, the effective area at the focus is A = AZ/QO. For i
an intercepted power Po' I1(6,¢) = PO/AQO = PO/)\2 for angles !

f < OO. We have implicitly assumed that the diameter of the

primary D is large enough that we can neglect any variation in
G(6,9) over the spread of angles =A/D which arise from diffrac-

tion at the primary.

It is convenient to characterize a focused Gaussian

® The effective

beam in terms of the radius W_ at the waist.'
“pillbox" area is A = nW02/2. 1f we decompose the intensity
distribution at the wais®’ into plane waves we find the exact
result, I(0) = (4Po/>\2') exp(-?.nzezwoz/)\z).

Using these values for I(0) and A, it is possible to

estimate the coupling efficiency for any feed structure whose

G(6,d) has been measured or calculated from theory. Since



phase cancellation has been neglected, the coupling computed

? from (1) is an upper limit. The approximation is least serious
E. for a feed structure with a Gaussian G(6) because the wave

.‘ front is then spherical. The estimate is accurate for any feed
1 structure whenever the primary only accepts radiation from well
1 within the central lobe of G(6,¢). Unfortunatelv, the coupling
l efficiency is always poov under such circumstances. In cases
where several lobes are important, the estimate (1) can be im-

proved by carrying out the calculation separately over the

various lobes and summing the results with alternating signs.
Since the gain function G(6,¢) of useful feed structures is
often strongly dependent on polarization, the distribution of
polarizations in I(6,¢) must be considered in any complete
calculation. Other factors which car reduce the efficiency
achieved in practice are resistive dissipation in the feed and

aberraticns ov poor optical quality of the primary. A primary

reflector, for example, with mean square random deviation o¢?
from the ideal surface, will reduce ¢ by a factor = exp 2moc?/i?,
In the following seciions we discuss the efficiency of
several coupling schemes and comment on their usefulness at
infrared frequencies.
1. Near-isotropic .eeds

If the feed pattern G(6,y) is slowly varying over the

range of angles with significant I(6,¢), then G(6,¢) can be
replaced by its maximum value G(the feed gain) in Eq. (1).

For the case of uniform illumination we then have ¢ = GQO/4n.




For an isotropic fe=d, G = 1 and ¢ is just the fraction of the
total solid angle subtended by the primary. For an f/l1 system,
for example, ¢ = 0.08. For the case of Gaussian illumination,
the e¢fficiency is ¢ = ze/2nzwoz.

2. Dipole Feecs

The half wave dipole is an antenna of special interest
because it can be easily deposited in connection with a thin
film diode.!! If we neglect the substrate interaction, the
gain peaks at the value G = 1.65 for directions perpendicular
to the dipole. A ground plane deposited on the reverse side
of a substrate of optical thickness A/4 will increase the gain
by a factor “4. The general features of the gain curve G(6,¢)
of such an antenna are well known® since it is used as an an-
tenna feed at microwave frequencies. It is essentially that
of a quadrupole, so a rather fast primary element is required
for best coupling. If the roll-off of the gain curve is ad-
justed to match that of a Gaussian beam, quite appreciable
coupling efficiencies appear possible. The coupling will be
less good for the uniform illumination mode.

Because of the simplicity of this structure it is
likely to have important applications. One can imagine, for
example, an infrared imaging system consisting of a fast pri-
mary with an array of dipole antennas (backed with a ground

plane) at the focus. Each dipole would have its own diode

and!! output circuitry.
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[ 3. Long Wire Antenna Feed

| The conventional point contact MOM diodes consist of

a sharpened wire pressed against a flat anvil as shown in

i Fig. 2 (a,b). The observed antenna pattern can usually be

é described by applying long wire antenna theory'!2+!? to the
;‘ straight portion of the wire. For this antenna G(0,¢) has

E the axial symmetry of the wire and rises from zero at 0 = 0,
i‘. has a peak at 0, = cos™!(1-0.370/2) =~ 0.86/A/% for 6 << 1

followed by a series of subsidiary maxima as shown in Fig. 3.
Deviations from long wire antenna theory occur (presumably)
due to the wire diameter exceeding one wavelength. For the
antenna shown in Fig. 2(b) these reduce OP by a factor of
order 2.%!°

It is remarkable that any agreement with long w're
antenna theory is seen under these conditions. One can specu-
late that surface wave propagation along the wire becomes im-
portant and that the effective length of the wire is determined

by the launching of surface waves in regions of convex curva-

(SN Z TN

ture. For the case of a surface which has a curvature of
radius R along the direction of propagation, but is flat in
the perpendicular direction, the rate at which surface mode

‘ intensity is launched is given by'"* d &n I/d6 = -3(R/))!/3.

‘ Here 6 1is the angle through which the surface is bent. For a
typical antenna of type 2(a) we might have (R/A)!/? = 1, so

| that a 90 degree bend is adequate to launch the surface modes.

It is interesting to speculate whether there is traveling or




Figure 2.

(a)

Two types of long wire antennas with effective
length &.
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Figure 3. Box approximation to a long wire antenna gain
curve.
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standing wave excitation of the wire. It is difficult to
understand how sufficiently strong reflections could occur at
a long radius bend of the type shown in Fig. 2(a) for standing
waves to dominate. This seems more reasonable in case (b)
where the curvature is localized within one wavelength. An
analysis of surface waves on a conical antenna has been re-
ported which may help in understanding antennas of the type
(b).'® It appears from the reported data that the anvil
usually functions as a ground plane since strong lobes are
seen only for small angles ¢ as defined in Fig. 2(a).

In order to discuss the efficiency of coupling to such
an antenna without resorting to numerical calculations we re-
place the real curve G(0) with a box extending from OP/Z to
36P/2 as shown in Fig. 3(a). The gain of this feed is easily
computed from the area of a sphere divided by twice the area
of the segment of the sphere which extends from GP/Z to 39p/2.
We obtain G = %(cos 8,/2 - cos 36,/2)7" = 1/26,%, for 6p << 1.
The usual practice is to couple this pattern with a primary
lens whose axis lies along eplz, although it has been suggest-
ed that better performance can be obtained with a primary whose

axis lies along the wire axis.!®/1!7

Our approximate model
supports this idea. The fraction of the box antenna pattern
intercepted by a lens of diameter 60 whose axis lies along GO
is ¢ = {l-cos OP/Z)/(cos OP/Z-cos 36p/2) ~ 1/8 when QP << 1.

By contrast, if the length of the wire is increased by a factor

v4 so that the same lens looking along the wire intercepts all
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angles out to 38P/2, then the entire box pattern at that end

of the antenna is intercepted. Th> efficiency is then ¢ = 4/9.

This includes a factor (cos GP/2—cos 39P/2)/(1-cos 39p/2)

=~ 8/5 when OP << 1, for the fact that there is no radiation in

the cone of half angle OP/Z, and 1/2 because by symmetry half
of the focused beam has the wrong polarization to interact with
the wire. Polarization effects also reduce the efficiency of
coupling to a primary whose axis lies along GP, but by a
smaller amount.

Despite the crude nature of this estimate, it suggests
that there may be an important improvement in performance
available in the end-on geometry. The length of the wire used
in practice is influenced by such factors as the shadowing by
the wire itself, the instability of very long wires, and the
speed of the available primary optics.

4, Feed Horns

One of the most useful feed structures at microwave
frequencies is a metal wavequide termination in a horn. Such
horns are well understood and efficient antenna feeds can be
designed.’ The horns have rectangular cross sections with
sides oriente. with respect to the polarized input beam to
minimize mode conversion. Unwanted modes are reflected by a
length of fundamental mode waveguide (usually TElO) matched
to the diode. The problem of fabricating a matched section
of single mode hollow metal infrared waveguide around the

diode makes this approach useful only for the longest far
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infrared wavelengths. The problem is especially severe if an
intermediate frequency signal must be extracted efficiently.

If an open diode structure is used, it must be located
very close to the end of a waveguide or to the small end of
the horn to avoid finding itself in a diverging field. The
coupling to the diode in this case can only be estimat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>