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Temperature-dependent thermoelectric-power (5) studies of (N-methylphenazinlum),,
(phenazinelt .x(tetracyanoquinodimethanide) !(NMP),,(phen) 1.,,(TCNQ) 1 show that for x'" 0 .5, 
SeT) is indentical to that of (quinolinium) (TCNQ)2 . SeT) for 0.5 <x < 1.0 is intermediate 
between that of (NMP) (TCNQ) and (quinolinium)(TCNQh. Our results show strong Cou
lomb correlations are important in these salts and that their transport properties are 
determined by semiconducting gaps with disorder having only secondary importance for 
T >70 K. 

The conducting salts of the organic compound 
tetracyanoquinodimethane (TCNQ) have been 
widely studied and are the basis for examination 
of the relevance of a variety of models. lo2 The 
proper description of the electronic ground state 
of quasi-one-dimensional molecular conductors 
remains one of the central issues of the field. 
In particular, the role of on-site Coulomb inter
actions (U) and whether or not there exist extend
ed electronic states with or without semiconduct
ing gaps at room temperature continues to be of 
importance. We have performed experiments to 
distinguish between the dominance of semiconduct
ing gaps and disorder, and to determine the role 
of U. 

We report here the measurement of the temper
ature (T) dependence of the thermoelectric power 
(S) in an isomorphous series of materials as a 
function of the number of excess electrons per 
site and of disorder. 3 Our results are the first 
unequivocal demonstration that the two proto
type systems, (N-methylphenazinium)(TCNQ) 
[(NMP)(TCNQ)] and (quinolinium)(TCNQ)a 
[Qn(TCNQ)2]' are part of the same family of 
compounds, with a semiconducting gap at the 
Fermi energy and weak disorder. 

The systems studied are based upon (NMP)
(TCNQ), and are achieved by substituting neutral 
phenazine, pheno, for up to 50% of the non totally 
symmetric NMP.4 The pheno is of similar Size, 
shape, and polarizability to NMP+ but is neutral, 
closed sl}ell, and symmetric. Detailed analysis 
has shown that the overall (NMP)(TCNQ) crystal 
structure remains unchanged even with replace
ment of NMP by up to 50% pheno.4 Consequently, 
the number of excess electrons per TCNQ de-
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creases as a function of pheno doping. In addition, 
replacing NMP+ with pheno increases the ran
domness in the potential at TCNQ sites. Conduc
tivity, (J, studies have shown these materials to 
have a a(T) similar to that of (NMP)(TCNQ) with 
a maximum in (J(T) at a temperature lower than 
that of (NMP)(TCNQ).5 

We have measured S(T) of (NMP)" (phen)l.x
(TCNQ) along the stack direction (a axis) as a 
function of x for 0.5~" ~ 1.0 using an apparatus 
designed for needle-shaped crystals.6 Measure
ments were performed on small single crystals 
(-1 x 0.02x 0.02 mm3 ) at both the Xerox Webster 
Research Center and the University of California 
at Los Angeles with essentially identical results. 
Measurements of up to five crystals randomly 
chosen from the same synthetic batch gave very 
similar results. Figure 1 shows S(T) as a func
tion of x for representative samples. The data 
for x = 0.54 is indistinguishable from that of the 
previously studied 6.7 Qn(TCNQ)2. 7 It is readily 
seen that the experimental results for (NMP),,
(phen)l.,,(TCNQ) form a continuous family of 
curves intermediate between those previously 
reported for (NMP)(TCNQ) and Qn(TCNQ)2' 

The two end pOints of the series, (NMP)(TCNQ) 
(Ref. 6) and Qn(TCNQ)2' have apparently different 
behaviors. (NMP)(TCNQ) features an S(T) which 
monotonically decreases as T increases from 80 
to 300 K. In contrast, S(T) for Qn(TCNQ)2 is 
nearly T independent for 70 K < T< 300 K and 
then turns abruptly less negative for T< 70 K. 
With increasing levels of phenazine doping, 
S(300 K) becomes progressively more negative 
and the T dependence weaker. At the 37% phen
azine level (x = 0.63) S has become T independent 
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FIG. 1. Thermoelectric power vs temperature for 
(NMP)Aphenh_x(rrCNQ) of five different stoichiometries. 
The data for x = 0 .54 are indistinguishable from that of 
Qn(TCNQ)2' 

for T > 80 K. Further doping (decreasing x) leads 
only to increasingly negative value for S and does 
not significantly change the T dependence. 

The S(T) for (NMP)o.54(phen)o.46(TCNQ) is nearly 
identical to that of Qn(TCNQ)2 as well as that of 
(acridinium)TCNQ2 (Ref. 7) and (NMP)(TCNQ)2.8 

Assuming that there is one electron transferred 
from each NMP+ to the TCNQ stacks in (NMP)O.5-
(phen)o.5(TCNQ), this system has the same number 
of charges per TCNQ as Qn(TCNQ)2 (one-quarter
filled band in aU = 0 picture). The Qn(TCNQ)2 
(Ref. 9) and (acridinium)(TCNQ)2 (Ref. 10) mater
ials have two acceptor stacks for each donor 
stack. The (NMP)0.5(phen)o.5(TcNQ) has one accep
tor stack for each donor stack as well as in
creased disorder. These results demonstrate 
that for a large family of one-quarter-filled band 
systems the thermoelectric properties are near
ly identical despite very different crystal struc
tures, donors, and degree of disorder. S(T) de
pends only upon the number of electrons per 
TCNQ at this band filling. 

A plot of the data in Fig. 1 as - S(T) vs T" 1 re
veals a systematic behavior, Fig. 2. In the high
temperature regime (T > 100 K), S is fit by a lin
ear function with the slope monotonically decreas
ing with decreasing x. In addition, all samples 
studied have an intercept (constant term b) of 
S ~ - 60 JlV 10 K. 

The value S ~ - 60 JlV 10K (= -I kB lelln2) for a 
large number of quarter-filled-band materials 
has been understood as the effect of spin entropy 
(statistics), reflecting the role of strong Coulomb 
correlations (large U) in these materials.11 - 13 
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FIG. 2. Thermoelectric power vs T- 1 for (NMP)x
(phenh_x(TCNQ) samples of Fig. 1. The straight lines 
are a fit of Eq. (1) to the data points using the parame
ters of Table I. 

Recent experimental measurement of the magneto
thermopower of Qn(TCNQ)2 has verified this as
signment.14 This large-U model for S(T) has 
been explicitly demonstrated theoretically for 
semiconductors with 0.5 electrons per site and 
finite bandwidths.15 

The presence of a constant contribution of 
- - 60 Jl V 10 K for the (NMP)x(phen)l_X(TCNQ) fam
ily supports the central role of strong Coulomb 
correlations in these materials. Noting the linear 
behavior in Fig. 2, we have 

S=- IkB/el(ln2+AITH), (1) 

where the third term accounts for the small de
viation of the constant term from - 60 Jl V 10 K. 
Such a simple parametrization of S(T) is unusual. 
Separate spin and orbital contributions will occur 
only in a strong-coupling Hubbard model. 

A model previously developed for cr(T) of 
(NMP)x(phen)l_X(TCNQ) treats these materials 
as semiconductors for all values of x studied.5,16,17 
That is, an energy gap, 2 A, occurs at the Fermi 
energy for all phenazine levels (the system can
not be doped metallic as for traditional semicon
ductors) which decreases with decreasing NMP 
content as A = (900 K)x 2 • Charge carriers are 
activated to extended states with a large, strong
ly T-dependent mobility. This model has also 
been applied to Qn(TCNQ)2. 16,18 

In light of the conductivity analysis, it is ap
propriate to analyze the second and third terms 
in Eq. (1) in terms of a simplified qualitative 
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semiconductor model wherein the semiconducting 
energy gap occurs in the lower Hubbard band. IS 
Figure 3 schematically shows our model. Only 
the lower Hubbard band is shown (1 state/k). The 
empty upper Hubbard band is at higher energies 
and is unimportant in this analysis. An energy 
gap, 2~, is shown at the Fermi wave vector, 
kF. The gap at kF divides the lower Hubbard 
band into two subbands. As the number of excess 
electrons per TCNQ decreases (x decreases), 
kF moves to lower values; the gap ~ continues 
to occur at kF but with lower magnitude. The 
charge carriers in the k> kF region are electron
like, and those with k < kF are holelike. 

Using results for three-dimensional intrinsic 
semiconductors ignoring spin effects /9 S = -I kB / 
el(A/T+E) with 

A=[(b-1)/(b+1)]~, b=Il./ll h (2) 

and 

Here Ile and Ilk and me and mIl are, respectively, 
the electron and hole mobilities and masses. 
Q. * and Qh * are the heats of carrier transport 
for electrons and holes given by 

Q * _ (T •• hE •. " 2) 
8,11 - (T.,,,E.,h) 

with T and E the appropriate scattering times 
and normalized energies for the carriers,19 This 
simple model can be applied to the second and 
third terms on the right-hand side of Eq. (1). 

For (NMP)(TCNQ) and the systems with low 
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FIG. 3. Schematic model for (NMP)x(phenh-x(TCNQ) 
energy band. Only the lower Hubbard band is shown. 
An energy gap, 2~, occurs at kF for all x, decreasing 
for decreasing x. The dashed lines in the energy gap 
region symbolize the presence of a small number of lo
calized states induced by disorder, defects, and/or im
purities. 
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levels of phenazine doping, k F »7T /2a and the two 
subbands are asymmetric. Thus Ile and IlII should 
differ significantly, resulting in b considerably 
differentthanone, andA-[(b-1)/(b+1)]~ as 
well as E should be large. In fact, these samples 
feature the largest slopes in the - S vs T- 1 plots. 
For k F - 7T /2a [materials with large amounts of 
phenazine doping as well as all "one-quarter
filled" band systems with large U (half-filled 
lower Hubbard band)], the two subbands of Fig. 3 
are nearly symmetric and A should be near zero. 
For x - 0.5 as well as Qn(TCNQ)2 and similar 
materials, the S vs T -1 curves feature near zero 
slope in agreement with this model. The varia
tion in E with x is less systematic, suggesting 
that a more sophisticated analysis is necessary 
for this term. The deviation of S(T) from this 
model prediction for T < 100"K is attributed to 
the roles of defects and impurities, which lead 
to a significant contribution due to excess car
riers (extrinsic behavior) at low temperatures. 
This low-T behavior varies from sample to sam
ple as expected for defect and impurity contribu
tions. A similar analysiS can be performed for 
other systems with strong Coulomb correlations 
and other than 0.5 excess electrons per site. S 

Table I summarizes the results obtained in ap
plying Eq. (1) to these materials using ~ obtained 
from previous analYSis of conductivity data5 and 
Eq. (2). The values of b < 1 for large x demon
strate that the hole mobilities are larger than 
the electron mobilities, consistent with the wider 
bandwidths for holes for an energy gap in the up
per half of the lower Hubbard band. Because of 
the strong disorder and poor overlap, it is as
sumed that the charges remaining on the donor 
stack20 do not Significantly contribute to the trans
port properties of the (NMP)x(phen)I_:r(TCNQ) 
system, although they would contribute to the 
magnetic behavior. 21 

The S(T) results presented here for (NMP)x-

TABLE 1. Thermoelectric-power parameters for 
(NMP)x(phen)t-x(TCNQ), s=-I kB/e l(1n2 +A/T H). 

x A (OK) a(OK) a b E: 

1.00 -126 900 0.75 0.14 
0.95 -92 812 0.80 0.047 
0.86 -72 666 0.81 0.012 
0.63 0 357 1.00 0.035 
0.54 0 262 1.00 0.093 

aFrom a = (900 K)x2; see Ref. 5. 
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(phen)l_x(TCNQ) rule out disorder as the dominant 
factor in transport for T > 70 "K. H U were less 
than or on the order of Ii: D [variation in site ener
gies (disorder bandwidth)] then some carriers 
would be in doubly occupied sites. These sites 
would have no spin-entropy contribution and 
hence would result in a high-temperature thermo
electric power of less than - 60 /LV 10K. In con
trast, all of the samples studied gave an extrap
olated value of - - 60 /LV /"K at infinite tempera
ture. In addition, if 2~ ~ ED, then the T- 1 be
havior of S(T) for T> 100 OK would not be expected 
to occur. It is possible, however, that the de
crease in the apparent magnitude of the gap ~ 
with increasing phenazine loading may be due in 
part to the smearing out of the gap and introduc
tion of localized states into the gap by the increas
ing disorder. 

Summarizing, we have demonstrated that the 
(NMP)x(phen)l_x(TCNQ) system constitutes a con
tinuous series in thermoelectric-power proper
ties. We have seen that all one-quarter-filled 
band systems with strong Coulomb correlations 
have nearly identical thermoelectric powers de
spite different crystal structure and donors. We 
have shown that the S(T) data for all (NMP),,
(phen)l_x(TCNQ) 0.5 ~x ~ 1.0 as well as many 
other highly conducting quasi-one-dimensional 
conductors can be fitted by Eq, (1) and understood 
in terms of a model of two additive contributions, 
that due to spin entropy and that due to an intrin
sic band semiconductor. 
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