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Transport measurements are reported for Cs,(TCNQ), single crystals, conductivity from 100 to 500 K and

thermopower from 200 to 400 K, both for the preferentially conducting b axis and for directions in the (010)
plane. Results for T & 300 K indicate intrinsic behavior, with e, = (0.715-5 &( 10 "T) eV, and with

p,„=1.9p,~ = 0.65 cm /Vsec for b-axis conduction. At high temperatures, the thermopower is positive for
direction 5, but negative for directions b and 5 . Below room temperature, the thermopower becomes large

and positive for all directions (8 g +1000 p,V/K for T ( 250 K), with significant intersample differences.

The conductivity is similarly sample dependent below 300 K, with a slight reduction of activation energy. An

analysis of b-axis conduction and thermopower shows that this can be accounted for with a narrow-band

model (using Fermi-Dirac one-electron statistics and one-dimensional density of states factors) with low-

temperature behavior controlled by -10" cm ' of deep-level acceptors (c, = 0.303 eV), and partial

compensation that varies from sample to sample. Transport in directions normal to [010] is expected to have

temperature dependences reflective of the statistics of the b axis, even though band motion is not valid in

these directions.

I. INTRODUCTION

Conduction processes in organic solids have at-
tracted considerable attention since the first re-
ports of conduction in charge-transfer salts, par-
ticularly those of tetracyanoquinodimethane
(TCNQ}.' ' Much of that attention has been paid to
highly anisotropic conduction in pseudo-one-di-
mensional solids, as reviewed for example by
Shchegolev' and in recent books edited by Keller~
and Wudl. ' This has been greatly stimulated by
research on tetrathiofulvalenium-tetracyanoquino-
dimethanide (TTF-TCNQ), "' and its numerous de-
rivative salts. The various phenomena which have
been theoretically predicted for one-dimensional
(1-D}metallic conduction (charge- and spin-den-
sity waves, 1D superconductivity, Peierls transi-
tions, etc. ) have produced many papers on the the-
oretical and experimental aspects of the metallic
state, though the semiconducting salts of TCNQ
have by no means been ignored during this period.

TCNQ salts can be classified in a number of
ways, ' and one of the most important differences
lies between those with segregated side-by-'side
donor and acceptor stacks and those with struc-
tures in which donors and acceptors alternate (as
in an inorganic alkali halide). Stucky et ttl." use
the names heterosoric and homosoric for these
two classes of structure, but the terms segregated
and alternating have been widely used. Another
significant distinction lies between simple salts
with a 1:1donor:acceptor ratio, and complex salts
with m:n stoichiometry. The crystal must contain
some formally neutral TCNQ if n) m, as is ordin-
arily the case for complex TCNQ salts, including

Cs, (TCNQ), .
An understanding of TCNQ salts with highly an-

isotropic quasimetallic conduction, phase transi-
tions, and other complexities has of necessity re-
quired some rather sophisticated many-body theo-
retical concepts. However, it has been pointed out
by Kommandeur" that many aspects of TCNQ salts
are still amenable to interpretation by one-elec-
tron theory. It has thus been interesting to see a
receht reinterpretation" of electronic conduction
in NMP-TCNQ, which does not call for a phase
transition, and which uses one-electron semicon-
ductor statistics, modified only in the use of 1D
density-of-states factors. The analysis of
Cs,(TCNQ), inthis paper follows the lines of one-
electron theory, with the additional semiconductor
supposition that substantial thermal ionization oc-
curs from deep-lying localized impurity states.

Impurity effects have been invoked to explain
some phenomena in organic solids, but not always
in the same sense as in a conventional inorganic
semiconductor. Thus, the lattice defects that must
occur in any real crystal are taken into account in
the interrupted strand model" "of nearly-one-di-
mensional metallic conduction. This model, ap-
plied to triethylammonium-ditetracyanoquinodi-
methanide [TEA(TCNQ)s] by Farges" and Braute
postulates metallic strands containing insulating
defects, with hopping allowed sideways between
strands. An advantage of this model is its ability
to account for intersample variations of stacking-
axis conductivity. However, since for Cs,(TCNQ),
we find intersample differences of conductivity for
low temperatures but not for higher ones, an ex-
trinsic-intrinsic model seems more likely.
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Impurities have sometimes been suggested as
responsible for various aspects of thermopower
behavior in organic solids. Buravov et al."at-
tributed the smallness of thermopower in quino-
linium-TCNQ and acridinium-TCNQ crystals to
impurity effects; also the thermopower data of
Chaikin et a/. "for TTF-TCNQ in the low-temper-
ature semiconductor phase showed intersample
differences suggestive of extrinsic effects.

We thus consider it significant that Eldridge"
has observed both intrinsic and extrinsic photo-
conductivity for semiconducting TTF-TCNQ at T
= 5 K, with a spectrum indicative of a deep-level
impurity, having a binding energy some 30ok of the
intrinsic gap width. Shallower impurity levels ap-
pear to result from the doping of polyacetylene,
for which Chiang et ai. ' have reported dramatic
conductivity increases upon doping either n-type
or p-type.

X-ray diffraction studies have shown" ~ that the
complex salt Cs,(TCNQ), has a monoclinic struc-
ture; the space group is P,1/c, and the unit-cell
dimensions are a=7.34 A, b=10.40 A, c=21.98 A,
P= 97.8'. The unique twofold b-axis [010] is the
direction along which the segregated Cs and TCNQ
columns stack, and this is a natural. ly preferred
growth direction.

The unit cell contains two formula units, which
we should describe as four Cs' ions and two
TCNQ'(TCNQ },trimers since x-ray diffraction" ~
shows a trimeric modulation of TCNQ spacings
along those stacks. The intermolecular spacing
is 3.22 A within a trimer, and 3.26 A. between
trimers, and photoemission studies find each
neutral TCNQ sandwiched between a pair of TCNQ
ions. Torrance and Silverman noted" that stability
of the segregated structure in this salt is pre-
served only by the inclusion of one-third neutral
TCNQ's, ameliorating the consequences of elec-
trostatic repulsion between like charges on the
TCNQ stack.

The TCNQ stack structure is further complicated
in that not all TCNQ's in a stack are parailel: the
plane of each centric molecule (one at a center of
symmetry) is tilted some 2' from that of the non-
centric TCNQ's. " Whereas a centric molecule can
be related to its nearest neighbors along the stack
by the same overlap integral t on either side, a
noncentric TCNQ is related to its centric neighbor
by t but to its noncentric neighbor by t' &t, and is
in a quite different environment. This variation
of intermolecular interactions suggests a splitting
of the unperturbed band owing to this periodic dis-
turbance, and this is taken into account in band
models. ~" A Hubbard-band 1D (b-axis) tight
binding band model for Cs,(TCNQ}, developed by
Soos and Klein" yields a three-band spectrum with

Brillouin zone boundaries at av/3b, the lowest
band being filled.

The following sections sketch prior experimental
work on the electrical and optical properties of
Cs,(TCNQ}, and illustrate results we have obtained
for conductivity and thermopower in several groups
of single crystals. These results, as indicated in
in a preliminary report, "can be accounted for
quite well by a fairly conventional semiconductor
interpretation, modified in view of the anisotropy
to a "pseudo-one-dimensional" band situation.

II. PREVIOUS EXPERIMENTAL WORK
/

Siemons et al. ' measured the conductivity of both
compaction samples and single crystals of
Cs,(TCNQ), from room temperature down to 90 K.
For the b axis in single crystals, they found o~ = 10~
&4-' cm-' at room temperature, decreasing exponen-
tially on cooling [o, = o, exp(-0. 3/kT)] down to o,
=10 "Q ' cm 'at 90 K. This result has been interpre-
ted as indicative of a 0.6-eV intrinsic gap, which is
not inconsistent with the rather confusing data ob-
tained by optical. ref lectivity and absorption meth-
ods."" The single crystal optical data of Hiroma
et al."have been interpreted by Torrance et al. '
to signify an energy of -0.6 eV for the charge
transfer excitation of an electron from an occupied
TCNQ" to a neighboring netural TCNQ', and of -1.4
eV for transfer from TCNQ to TCNQ .

For directions in the (010) plane, normal to the
stacking direction, Siemons eI; al. found a conduc-
tivity with the same temperature dependence as in
the favored direction, but some 25 times smaller.
(Our own work puts this ratio closer to 50.) The
superiority of [010] for conduction is entirely to
be expected in view of the segregated stack struc-
ture, with its opportunity for relatively easy move-
ment of electrons along the TCNQ stacks.

Siemons et al. also measured b-axis thermopow-
er, with results variable both in sign and magni-
tude from one sample to another. Their most re-
liable single-crystal thermopower data indicated
a Seebeck coefficient of some -500 pV/K at room
temperature, increasing to some -1000 pV/K on
cooling to 200 K.

Sakai et al."measured single-crystal b-axis
conductivity from room temperature to &500 K.
Their room-temperature conductivity agreed with
that of Siemons et al. ,

' and they found a similar
activation energy up to about 400 K, but a substan-
tially steeper slope for higher temperatures. They
interpreted this as due to the competition of two
intrinsic processes; transfers from TCNQ to
TCNQ' and from TCNQ to TCNQ, with the 0.6-
and 1.4-eV energies deducible from the optical
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spectra of Hiroma et a/. " Sakai et a/. found that
Cs,(TCNQ), starts to decompose around 500 K.

III. EXPERIMENTAL PROCEDURES

Crystals studied in our work were gromn by the
solution method of Melby ef; g/. , with metathesis
of Csf and Li(TCNQ) in hot acetonitrile, which was
then allowed to cool slowly. Deep-purple crystals
resulted, with a shape typified by the idealized
sketch of Fig. 1.

TCNQ was obtained commercially" and was puri-
fied before use by vacuum sublimation at 200'C.
A reaction described by Melby et a/. mas used to
prepare Li(TCN'Q), using lithium iodide. " Al-
drich "Spectrixluality" acetonitrile was used with-
out further purification for the crystals reported
on here; some preliminary preparations used
other grades of acetonitrile that had been distilled
from P,O, before use. Elemental analyses for C,
8, and N in intermediate and final products were
indicative of stoichiometric TCNQ, though of
course the sensitivity limit for this procedure is
no better than 10&8 cm

Precession and I aue film x-ray diffraction meth-
ods mere used to confirm that our crystals had the
structure and unit cell dimensions previously re-
ported "for Cs/TCNQ), . As expected, the b
axis was invariably the largest dimension of our
crystals; typical sizes were 0.5-2 mm along [010]
and some ten times smaller in the (010) plane.
X-ray and optical methods mere used to establish

that the six prominent faces normal to (010) were
members of the (001j and (102] families of crystal
planes.

Each preparative batch yielded numerous small
crystals, of varying sizes but with morphology es-
sentially as sketched in Fig. 1. This paper re-
ports specifically on three groups of crystals,
grown under slightly different condition. For sim-
plicity in reporting, they are referred to herein as
groups 1, 2, and 3," though they mere in fact suc-
cessors to numerous earlier preparative batches,
and the working" system for numbering batches
and of measured crystals from the various batches
was much more complicated.

Group-1 crystals were grown from a solution
containing a 50% molar excess of Cs, and group-
2 crystals with a cation excess 50~/0 larger again.
In contrast, group-3 crystals grew from a solution
with a 25Vo molar excess of TCNQ. The result in
that case mas a mass of intertwined purple
Cs,(TCNQ), and yellow TCNQ crystals. Even so,
individual purple crystals could be extracted for
analysis or meausrement, and these crystals of
group 3 mere structurally and chemically "pure"
Cs,(TC NQ), . This exemplifies the thermodynamic

- preference for a crystal to experience self-clean-
ing while growing from a solution containing other
solutes. Differences of properties betmeen crys-
tals of groups 1-8 were discernable only by semi-
conductor transport measurements. Those differ-
ences may or may not have stemmed from the de-
liberate distinctions of cation:anion ratio in the
three solutions, for other (uncontrolled) factors
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FIG. 1. Visual appearance (idealized) of a Cs2(TCNQ)3
crystal grown from acetonitrile solution, showing the
directions a and h (the unique monoclinic axial'. Mea-
surements were made along a, b, and c*=a &&b.
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FIG, 2. Variation with 1/T of b-axis conductivity for
single crystals as examples of groups 1-3.
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may well have been at work also. The electrical
data (as exemplified by the b-axis conductivity
curves of Fig. 2) suggests that group-2 crystals
were less tainted by extrinsic agents than those of
the other two groups. Melby et gl."commented
that the molar anion:cation ratio in the solvent
might affect the "purity" of TCNQ salts, but there
can clearly be other chemical influences also.

Identification of samples only by the number (1,
2, or 2) of the batch is proper only if intersample
differences swithin a group are substantially small-
er than those betzeeen groups. The samples chosen
for Fig. 2 were selected to illustrate a "worst-
case" situation, with an example of group 3 com-
pared to two (extreme) examples each of groups
1 and 2. Extreme examples were selected here to
show that, while crystals of a given group were not
identical in their conductivity (or thermopower) be-

.havior, these differences were not so large as to
mask the evidence of differences among the three
numbered groups. A. /l crystals of group 2 con-
ducted less well at low temperatures than any
crystals of group 1, for example.

In some cases, it was possible to cut a long
crystal into shorter sections for separate mea.—

surements in several directions. It was never
possible to preserve exactly the same piece of a
crystal for both conductivity and thermopower
measurements —a contrast from the luxury of
multiple measurements that can be made with a
sturdy inorganic crystal.

As reported in a brief account of this work, "
single crystal measurements of conductivity (o}
and thermopower (6) were made as functions of
temperature for the directions a, b, and c*=axb.
The latter is V.a' away from c, but is the natural
choice for field alignment with the smallest crys-
tal dimension. Van der Pauw conductivity mea-
surements'"" were also made in the (010}plane;
the quantity so found is the geometric mean of the

principal components in that plane. ' Contacts
were made with DuPont No. V941 silver paste for
all measurements.

Chaikin and Kwak ' have described a small 4T
technique for thermopower measurements, based
on raising either end (face) of the crystal to suc-
cessively higher temperatures while maintaining
AT &0.25 K. This allows dir'ect identification of
stray emf's not due to 4T, while displaying the
temperature derivative of the voltage as the slope
on a recorder trace. For our study, a small gra-
dient apparatus was designed so that the sample
and its environment were adjusted to a tempera-
ture of interest either by cooling with a CryoTip
Joule-Kelvin refrigerator or with an electrical
heater. A second heat source then raised one face
a degree or two above the other, with a Cu-con-

stantan thermocouple embedded in the contact ma-
terial of each face. Measurements of the Seebeck
voltage were made as a function of b, T to check
for stray emf's, and if necessary the true sVlb, T
w'as obtained from a combination of such measure-
ments. This approach afforded the larger signals
desirable for study of a high impedance material
such as Cs,(TCNQ), . In view of the fragility of the
crystals, and the need for .thermopower measure-
ments during the course of repeated cooling and
heating cycles, it was necessary to arrange the
thermal and electrical connections with consid-
erable delicacy (heat sink electrically isolated
with G. E. No. 7031 cement, strain-relieving wire
connection to the warm face, etc. ) to minimize the
strain on a sample under measurement.

Conductivity measurements above 400 K were
made to the point of materials failure, signalled
by a rapid and irreversible fall of the conductance.
The temperature for the conductance maximum
was found to be around 500 K, as noted by Sakai
et al. ,

"but was dependent on how' long each mea-
surement temperature was maintained; the faster
the measurements, the higher one could hope to
get. This precluded thermopower measurements
above 400 K, since such observations just could
not be taken fast enough to keep the crystal intact!
A lower limit for thermopower data of just over
200 K was dictated by the variability of the See-
beck voltage (as measured with an electrometer)
for sample resistances exceeding 10" Q.

IV. RESULTS

Figure 2 shows the general form of temperature
dependence for b-axis conductivity for samples
from groups 1-3. The rather spectacular collapse
of conductivity resulting from an excessive com-
bination of time and high temperature is seen at
the left, but will not be referred to again. Our
principal concern in Fig. 2 is that aB samples have
essentially the same conductivity behavior for
room temperature and above (within the limits
that the geometric conversion from measured con-
ductance to deduced conductivity can be made),
whereas non-negligible differences do occur for
lower temperatures. As mentioned in Sec. III,
extreme examples were selected for this figure to
show that crystals from within a numbered group
are not identical, but from this point on we shaB
concentrate on the appreciably larger differences
between groups. Thus numbering for Figs. 3-V
identifies only group number, and direction (la-
beled A, B, or C*) of the conductivity or thermo-
power measurement.

From just below 300 to about 450 K, all samples
have the same activated behavior, with a slope
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FIG. 3. Conductivity along the three orthogonal dir-
ections for typical crystals of group 3, compared with
b-axis conductivity for a typical group-2 crystal. The
lines joining data points for the bvo b-axis examples are
computed from the numerical model, with parameters
of Table I.

comparable to that of Sakai et al. '-' or from an
extrapolation of the data of Siemons et gl. ' to high-
er temperatures. However, o is significantly sam-
ple dependent (especially preparative-group depen-
dent) for lower temperatures, a fact noted during
the study of preliminary samples from the eariier
preparative groups of crystals. Conductivity and

FIG. 5. Thermopower plotted vs 1/T for the h direc-
tion, data for the same two b-axis samples as in Fig. 3,
and with similarly calculated curves.

thermopower samples from groups 2 and 3 were
selected for a detailed numerical analysis of what
"impurity" densities could account for the magni-
tude and temperature dependences of the measured
cr and O.

Figure 3 shows b-axis conductivity for one sam-
ple for each of groups 2 and 3, and also indicates
the conductivity measured in the directions a and
c~ for typical group-3 samples. The latter is in-
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FIG. 4. Thermopower vs T for typical crystals of
groups 2 and 3, as measured for the three orthogonal
directions. The lines for b-axis samples are computed
from the numerical model, with parameters of Table I.

FIG. 6. Computed variation of carrier densities with
1/T for "intrinsic" Cs2(TCNQ) 3 and for group-3 crystals.
The curve for po-no traces the course of N~&-N„; note
that this decreases above about 370 K. A similar trend
was computed also for group-2 material.
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FIG. 7. Calculated Fermi energy vs T for group-2 and
-3 crystals. In both cases, e& joins the intrinsic line of
g —e „at high temperatures, and is asymptotic to e „
+ E +p as T-O.

eluded merely to illustrate the size of the anisot-
ropy factor separating conductivity along [010]
from that in the (010) plane. The manner in which
data points for 3A and 3C* superimpose shows re-
markably little anisotropy within that plane, as
was further confirmed with Van der Pauw-type
measurements. This is rather curious, since the
directions a and c* have such radically different
thermopower characteristics.

Figure 4 shows how thermopower varies with
temperature for six samples chosen as represen-
tative of many more that were measured; one for
each of the directions a, b, and c * for each of
groups 2 and 3. The figure is complex, and con-
fusing at first sight, but is necessary so that the
various influences can be seen at work. At high
temperatures, differences between groups 2 and
3 disappear, and one has "intrinsic" thermopow-
er —positive for the a direction and negative for
directions b and c*. Room temperature lies at
about the middle of a broad transition region in
which thermopower is highly temperature-sensi-
tive, and in which intersample differences are
prominent. (The differences among several sam-
ples of a given group of crystals for a given orien-
tation were much smaller than the differences
shown here between groups 2 and 3; the six sam-
ples used for Fig. 4 were representative of the
behavior of numerous crystals drawn from those
two groups, the fruits of many hours of slow and
patient measurements with fragile samples nur-
tured through successive temperature cycles. )
And, finally, thermopower becomes large and
positive for all samples of any crystal group or
orientation at the lower end of the temperature
range.

This last aspect of the thermopower was quite
sur prising, inasmuch as Siemons et gl. ' had re-
ported a b-axis thermopower that was negative at

room temperature and became move negative on
cooling (to = —1000 p. V/K at 200 K). It is our be-
lief that the sample of Siemons et al. probably be-
came n-type extrinsic on cool.ing, whereas all the
material produced in this laboratory appears to
become p-type extrinsic, with low-temperature
properties controlled by partially compensated
deep-l. evel acceptor impur ities.

The numerical analysis described in Sec. V in-
dicates that these acceptor impurities have an
ionization energy s5me 40~/p of the intrinsic gap
width; it is the largeness of this impurity activa-
tion energy that makes the transition region. for
conductivity and especially for thermopower so
broad. For comparison with results reported for
another organic semiconductor, the impurity ion-
ization energy found in the low temperature semi-
conducting phase of TTF-TCNQ from the photocon-
ductive measurements of Eldridge" is some 30'fa

of the total gap width.
The lines connecting data points in Figs. 3 and

4 are of two kinds. For the line connecting a and
c * direction conductivity data in Fig. 3, and for
the lines connecting a and c* thermopower data
in Fig. 4, the lines do not represent any known
equations; they simply indicate the trend of the
points. However, the lines for b-axis conductivity
and thermopower samples in Figs. 3 and 4 (marked
2B and 3B) obey the equations discussed in the
next section, with parameters found by computer
fitting. The same b-axis thermopower data for 2B
and 38, and the same computer-generated curves,
is shown in Fig. 5 with reciprocal temperature as
the abcissa, since that provides a more critical
test of the quality of fitting.

V. DEEP-LEVEL ACCEPTOR MODEL

Soos and Klein have developed a Hubbard-band
model for Cs,(TCNQ), which takes into account
the periodic disturbance of TCNQ spacings along
the stack. Eral and Khis reached comparable
conclusions, as did Bernstein. " The resulting 1D
(b-axis) model has Briilouin-zone boundaries at
+v/3b, and three tight-binding bands. With no im-
purities, the lower band is full and the middle and
upper bands empty. The widths of the lower (va-
lence) and middle (conduction) bands and the width
of the gap are determined by the ratio of site en-
ergy to charge-transfer integral.

In what follows, it is assumed (i) that the
Cs,(TCNQ), bands are wide enough to validate the
use of band concepts and of one-electron Fermi
statistics, and (ii) that b-axis motion resulting in
an observed conductivity or Seebeck voltage can
be accounted for in terms of a relaxation-time
formalism. These .assumptions are certainly open
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to question, in view of the small carrier mobilities
so deduced even for that favored direction. Motion
within the (010) plane is almost certainly not de-
scribable in terms of Bloch functions.

During the process of computer modeling, an
attempt was made at one stage to fit conductivity
and thermopower data for all three directions as
functions of temperature —using appropriately an-
isotropic mobilities. This attempt failed. After
describing the model which does account for b-axis
data quite well, the rationale for temperature de-
pendence of phenomena in directions a and c* will
be discussed.

In harmony with the model of Soos and Klein,
we assume that both the valence and conduction
bands have a tight-binding (sin') form of disper-
sion. Let the valence band be of total width E„
with E„as the upper energy limit; and let the con-
duction band be of width E„with e,= e„+c, as the
lower edge. It may be expected that the intrinsic
gap e,. will vary with temperature, and the form
E, = E« —nT is the simplest; and most natural as-
sumption. -

Since Cs,(TCNQ), is not a highly conducting ma-
terial, it seems very safe to assume that the Fer-
mi energy &~ is well within the intrinsic gap. Thus
Fermi integral forms for carrier densities simpli-
by to their nondegenerate Boltzmann limits, The
concentrations po of valence band holes and ygp of
conduction band electrons then are given by

p, = N„exp[ (e~ —«„)-/kT],

n, = N, exp[-(«, —«~)/kT], ,

where N„and N, are the effective densities of
. states in the valence and conduction bands respec-

tively. For the 1D situation under consideration,

N„= (g/V)(kT/~Z, )"',
N, = (g/V)(kT/mE )'~ '

where V is the unit cell volume, and the number
g accounts for the statistical weight of the state
with respect to the entire unit cell. For
Cs2(TCNQ)3, &= 4 and &/V= 2.40 x 102' cm 3.

%hen impurities are of negligible effect, the in-
trinsic pair density is

n =(n p )' '=(N N )' 'e' "e '« "
V C

and the Fermi energy is at the intrinsic position

g= 2(«„+ «,)+ 2kT ln(NJN, )

= 2(«„+ «,)+ —,'kT ln(E, /E, ) .
However, we expect impurities to be important at
all but the highest temperatures. For domination
by acceptor impurities, such that the rations po/n&
= n, /no= (pJn, )'~' is gre.ater than unity, then «z

8,=+(k/e) [A,+(& —a„)/kT]

=+(k/e) [A, + ln(Ngp, )],
0„= -(k/e) [A„+(«, —«~)/kT]

= -(kle) [A„+ ln(N, /n, )],

(8)

in the relaxation-time (Boltzmann transport equa-
tion) approach. The numbers A~ and A„are ratios
of I' functions, dependent on the energy dependence
of scattering, and provide a measure of the excess
energy transported by a mobile hole or electron
(in excess of &~ —«„ or «, —e~) as it diffuses along
a temperature gradient. To cut a long story short,
after many computer runs we conclude that the
magnitude of thermopower in Cs,(TCNQ), can be
properly related to the activation energies of con-
ductivity only setting A~ =A„=O. This would be an
astonishing assumption for an isotropic three-di-
mensional semiconductor, but it should be much
less surprising for the present situation of 1D
bands.

To complete the characterization of the model,
assume that a crystal contains N, monovalent ac-
ceptor impurities per cm', of which N„. are ion-
ized; and also a smaller density N„cm ' of fully
ionized compensating donor impurities. Then
neutrality requires that

Po=&.) -x„+no ~

Let the acceptor ground state energy be &, = &„
-yT above &„, and let the acceptor spin degen-
eracy factor be P. Then

N„= N,(l+ P,/P, ) ', (10)

where the quantity p, (sometimes called the "mass-
action constant") is given by

e-"s«) exp(-e, gkT) .

is lower than g:

«z- «„+kTln(NJp, ) = g -kT lnR.

This affects the relative size of the contributions
of holes and electrons to total conductivity and
ambipolar Seebeck coefficient.

Let p, ~
and p, „=5 p.~ be the b-axis mobilities of

holes and electrons, respectively. Then the total
conductivity is

o= o, + o„=eg,(p, + bn, ),
which becomes o,. = en, p~(1+ k) for the intrinsic
situation of p, -n, -n, . The mixed conduction
thermopower is

0= (o„e„+o,e,)/(o„+ o,),
where the individual band Seebeck coefficients have
the form
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Our analysis has not provided an opportunity to
determine values for acceptor state degeneracy
P and acceptor energy temperature dependence y
separately; only for the quantity P'= Pe "~". It has
permitted us to deduce values for the quantities
E'go Q & p p p

and p,„, along with values. for N,
and N~ in crystals of groups 2 and 3.

In so doing, two further assumptions had to be
made, and one variable was eliminated from con-
sideration. In order to make the computation
tractable, one assumption made was that each barid
be 0.25 eV in total width (not based on hard infor-
mation, but not incompatible with optical spec-
tra"), and the other assumption was that the mo-
bility ratio b =pgp~ . not depend on temperature.
Thus this requires that p, ~ and p,„share a common
temperature dependence. What should that be 'P

We have encouraged our computer to try modeling
with a mobility that increases with temperature
(as for impurity scattering, or for activated mo-
bility), that varies as T '~' (as with acoustical-
phonon scattering), or that varies as T "with 3 & n

&4 [as with the molecular phonon scattering in-
voked by Epstein et a/. "in a recent conductivity
analysis of N-methylphenazinium-TCNQ(NMP-
TCNQ)]. To our surprise, the ability to fit the
combination of conductivity and thermopower data
over the entire temperature range is far superior
when temperature-independent mobilities are used.
The data is best fitted for a mobility

rations

= p, „/p~
= 1.90. Of course, this ratio must exceed unity
for thermopower to be negative as p, -n,--no.

Table I shows the complete set of parameters
obtained by computer modeling with Eqs. (1)-(11),
to simulate the conductivity and thermopower be-
havior for crystals of groups 2 and 3. The three
parts of the table show' the deduced intrinsic prop-
erties of the Cs,(TCNQ), lattice, the properties of
the acceptors which appear to dominate the low-
temperature behavior, and the concentrations nec-
essary of these acceptors and of compensating
donors for the observed temperature dependencies
in these two groups of crystals. Some observations
on the applicability of the model are made in Sec.
VI.

VI. DISCUSSION

We believe that the essentials of the model
sketched in Sec. V have a good probability of being
correct. The actual numbers derived are obviously
sensitive to the starting assumptions, to varying
degrees. Most of the obvious changes in those
starting assumptions have been tried with much
poorer results. The evidence for intrinsic behav-
ior at high temperatures is less strong than if it
were possible to get thermopower data up to 500

TABLE I. Parameters derived from fitting experi-
mental data.

(A) Intrinsic parameters

&g(0.715 —5.0 &10 4T) eV

0; =72T~~ exp{-0.358/&T) ~ cm

n; =4.5&10 T ~ exp(-0. 358/&T) cm

p„=1.90@&=0.647 cm /Vsec

(B) Acceptor properties

~a = 0 303 -yT eV

P&
——6.3&&10 T exp( 0 303-/&T. ) cm

p p -)'/0

(C) Impurity concentrations

Group-2 crystals: Na=7. 53 &&10 6 cm

N~ =2.53 ~ 10~6 cm 3

Group-3 crystals: N~=1.23 &&10~~ cm

] 77 x 1016 cm-3

K; but it is felt that the conductivity behavior at
the higher temperatures, compared with optical
data, makes an intrinsic identification plausible.
Thus the values obtained for &, and n = -d&,/dT
are reasonable; e&

=0.6 eV at 300 K is in crude
agreement with Hiroma's optical value, "and u
= 5 x10~ eV/K is quite typical of values found in
other semiconductors.

The pre-exponential coefficient in the n, ex-
pression is influenced both by a and by the band-
widths. Our formulation was weakened by setting
E, = E,=0.25 eV in order to reduce the number of
variables to manageable proportion, and one hopes
that the bandwidths in Cs,(TCNQ), will eventually
be known. Since n, varies as (E,E,) '~', probably
the coefficient of n, , and the deduced carrier mo-
bilities, are unlikely to be in error from this cause
by a factor worse than 2. Thus, with some uncer-
tainty, mobilities are a little less than 1 cm'/
V sec. This is just at about the minimum for which
traditional transport models in a band are con-

sideredd

applicable. 4'

It was clear from the outset that the acceptor
ionization energy z, would have to be large, since
the temperature range of transition from apparent-
ly intrinsic to completely extrinsic conditions is
so broad. Figure 6 shows the computed variation
with 1/T of po, no, n„and pe -no =N,

&
-N~ for

material of group-3 crystals. Group 3 is used
for illustration here since it has the largest N,
and smallest N, /N, ; the compensation is still quite
appreciable. Compensation has to be expected,
(i) in view of the variety of native and foreign de-
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fects which might have some opportunity for in-
corporation in a growing crystal from solution,
and (ii) in view of the n-type behavior (negative
thermopower) reported by Siemons et al. ' Their
crystal may well have contained an excess of
deep donors over acceptors, whereas ours invari-
ably seem to contain more acceptors than donors.
We have attempted to change conditions (in prep-
arations other than just groups 1-3) to produce n-
type behavior, but have not succeeded.

The values for N, and N„ in Table I amount to no
more than 0.01% of the TCNQ sites, and one may
expect that other (non-electrically -active) impuri-
ties are also present. The size of c, makes it hard
for the acceptors to seize control as temperature
is reduced, and study of the resulting Fermi energy
&~ demonstrates this. Figure 7 shows t.~ vs T as
calculated for both groups 2 and 3; partial com-
pensation requires that c~ be asymptotic to e„+e„
as T-0. Rising temperature causes partial ion-
ization of the acceptors and a fall in c~, a trend
reversed as N„ is no longer able to increase.
Finally, q~ is forced down again to join the falling
intrinsic line. It is interesting to observe that, in
contrast to a shallow-impurity situation, here the
acceptors never achieve full ionization; the onset
of intrinsic conduction forces E~ downwards and
obliges N„ to decxease at the highest tempera-
tures. That can be seen in the curve of pp Qp

=N„. -N„ towards the left of Fig. 6.
The numerical analysis was unable to predict P

and y separately, but did yield p'= pe " ~= 0.40.
Note that if e,/e, is invariant with T, then y = o.e„/
e„=2x10 eV/K, for P=P'e"~ =5; a quite rea-
sonable number for the spin degeneracy factor of
an acceptor impurity.

Thus the model, while not proved, is rather
satisfactory in its description of what controls
carrier densities in Cs,(TCNQ)„and how this de-
termines b-axis o and e. Unanswered questions
include (i) the nature of active acceptor and donor
impurities, and (ii) why apparent mobilities should
be temperature-independent. The smallness of
mobility compared with that in NMP -TCNQ (see
Ref. 12) is not surprising, since that solid benefits
from conduction along a uniform TCNQ stack, with

optimum opportunities for m overlap.
Band motion in Cs,(TCNQ), is indicated only for

the stacking direction. This suggests bandlike
wave functions along [010 t, decaying in transverse
directions. Finite overlap is possible between
wave functions on adjacent stacks, but transport
in the (010) plane is apt to be hopping in nature.
This should be inherently anisotropic within (010),
for n- and p-type wave functions will, not neces-
sarily overlap to the same extent in the various
transverse directions. Apropos the significance
of this for thermopower in transverse directions,
Cutler and Mott" and Fritzsche" have related car-
rier energy, conductivity. and Seebeck effect by

(12)

which does not involve mobility explicitly. Then
sign and magnitude of 8 can be discussed without
reference to a mobility ratio, and activated hopping
can be accommodated as well as band motion.
Thus transverse coefficients of 6 in Cs,(TCNQ),
cari plausibly reflect the statistical behavior of pp
and gp as deduced from b-axis properties; when
e~ is controlled at low temperatures by p-type
extrinsic influences, thermopower wi1.1 be posi-
tive for all directions. That is, of course, what
is seen in Fig. 4. Under high-temperature intrin-
sic conditions, the differences in sign of Seebeck
components for directions a and c * may be judged
as arising from differences in hopping opportuni-
ties for those two directions.
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