PHYSICAL REVIEW B

VOLUME 10,

NUMBER 8 15 OCTOBER 1974

Magnetic susceptibility studies of tetrathiofulvalene-tetracyanoquinodimethan
(TTF) (TCNQ) and related organic metals*

J. C. Scott,* A. F. Garito, and A. J. Heeger
Department of Physics and Laboratory for Research on the Structure of Matter, University of Pennsylvania. Philadelphia,
Pennsylvania 19174
(Received 21 January 1974)

The complete temperature dependence of the magnetic susceptibility is reported for pure
(TTF)YTCNQ), (ATTFY(TCNQ), and (TMTTF)(TCNQ), [(tetrathiofulvalene-, cis (trans)-dimethyl
tetrathiofulvalene-, and tetramethyltetrathiofulvalene-tetracyanoquinodimethan)]. The nonmagnetic ground
state and absence of localized-moment formation imply that electron-electron Coulomb interactions are
not dominant. The results are analyzed in terms of a two-chain model with a mean-field
Peierls-Frohlich transition temperature T, ~ 450 K associated with one set of chains, while the second
set behaves as a simple metal above 60 K. The susceptibility above 60 K is analyzed in terms of the
proposal of Lee, Rice, and Anderson. The transition to a small-band-gap semiconductor at 60 K is
interpreted as the onset of three-dimensional ordering. The experimental results show (TTF)(TCNQ) and
its dimethyl and tetramethyl derivatives to be a family with quite similar electronic properties.

I. INTRODUCTION

The organic charge-transfer salt tetrathioful-
valene-tetracyanoquinodimethan [(TTF) (TCNQ)]
at high temperature is a one-dimensional metal.'+?
A series of detailed experimental studies confirm
the one-dimensional properties above 60 K, and
show (TTF) (TCNQ) undergoing a metal-insulator
transition at 60 K to a small-band-gap semicon-
ducting state.>™® Earlier it was suggested that the
behavior of (TTF) (TCNQ) is associated with a
Peierls' instability in which the one-dimensional
metallic system is unstable toward a phonon mode
driven soft by the divergent response of the elec-
tron gas at q=2kg.

In the event of precisely one electron trans-
ferred in the salt, both the anion and cation chains
would have half-filled bands with Fermi wave num-
ber kp=m/a, i.e., commensurate with one another
and with the underlying molecular lattice. How-
ever, from x-ray studies' of the molecular bond
lengths and from photoemission data'?*'* one can
infer somewhat less than complete charge trans-
fer with the number of electrons and holes be-
tween 0.5 and 1, so that the Fermi wave number
is expected to be different on the two subsystems.
As a result, one can anticipate different electronic
properties for the two sets of one-dimensional
chains.

The temperature-dependent magnetic suscepti-
bility is a particularly important physical quantity.
Susceptibility studies provide insight into the im-
portance of Coulomb correlation effects as well as
quantitative information on the band structure.
That the observed electronic properties do not
involve strong Coulomb correlation effects as is
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widely observed in other TCNQ salts!*™'¢ was
inferred from knowledge of the magnitude and
temperature dependence of the nuclear relaxation
rates? and the spin susceptibility. Here we report
the complete temperature dependence of the static
magnetic susceptibility for pure (TTF) (TCNQ),

cis (trans)-dimethyl tetrathiofulvalene TCNQ
[(ATTF)(TCNQ)], and tetramethyltetrathiofulvalene
TCNQ [(TMTTF) (TCNQ)] .

II. EXPERIMENTAL

The static magnetic susceptibility was measured
by the Faraday method using a Cahn model RG
electrobalance with a rated sensitivity of 0.1 ug
and a magnet capable of supplying fields of up to
10 kG with a gradient of 500 G/cm in the vertical
direction. The product of the field and gradient
(H dH /dz) was calibrated with a sample of 99.999%
pure aluminum and found to be constant to within
3% over a distance of about 1 cm. The magnetic
force was reproducible to well within 1 pg, giving
a sensitivity of 3x107'° emu. In an 80-mg sample
of molecular weight 400 (applicable to the present
experiment), this is equivalent to a sensitivity of
2x107% emu/mole. The absolute accuracy is lim-
ited by the presence of ferromagnetic impurities
(see Table I). Analysis of a Honda plot of mea-
sured susceptibility versus inverse field indicates
an over-all absolute accuracy of 2 x107% emu/mole
or better, and a relative accuracy (i.e., tempera-
ture dependence) approximately an order of mag-
nitude better.

The sample was contained in a quartz sample
holder'” and suspended from the balance beam by
a 2-mil tungsten wire. The balance and sample
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were pumped to 107 Torr, typically for three days,
to remove residual oxygen, and were subsequently
back-filled with helium gas. During an experi-
mental run, the helium exchange gas was kept at
about 10 mTorr, and it provided the thermal con-
tact between the sample and a temperature-con-
trolled heat bath consisting of a copper can, ther-
mometer, and heater in partial thermal contact
with liquid nitrogen or helium as shown in Fig. 1.
The effects of thermomolecular pressure'® and
adsorption of the exchange gas were canceled by
sweeping the field up and down at each tempera-
ture.

III. RESULTS

Considerable care was taken in the sample prep-
aration of TTF and derivatives, TCNQ, and the
resultant charge-transfer salts as a precaution
against extrinsic impurity contributions to the
measured susceptibilities. The materials were
prepared by methods similar to those described
earlier®: & '*» !9 which utilize multiple gradient
sublimations®® and handling of the resultant mate-
rials in Ar (99.999%) atmospheres. Samples of
TTF and TCNQ were measured separately at room
temperature as a function of applied fields from
1-10 kG in order to determine the molecular core
diamagnetism. The values measured for TTF and
TCNQ were (0.99+0.04) X107 and (1.21 +0.04)
x107™* emu/mole, respectively, giving a total
diamagnetic susceptibility x, of (-2.20+0.08)
x10~* emu/mole.

(TTF) (TCNQ) and the derivative salts prepared
from warm acetonitrile solutions in Pyrex glass-
ware were found to contain of the order of 100 ppm
of ferromagnetic impurity, which was identified
with Fe leached from the glassware specifically
during the chemical reaction. For samples pre-
pared in Teflon or quartz ware, the ferromagnetic
impurities were reduced to the level of 2-3 ppm

as found from Honda plots of x vs 1/H.

Analysis of the salts gave the following results.
For (ATTF)(TCNQ): calculated for C,,H ,N,S,:
55.02% C, 2.78% H, 12.84% N, 29.37% S; found:
55.00% C, 2.86% H, 12.80% N, 29.64% S. For
(TMTTF) (TCNQ): calculated for C,,H,;N,S,:
56.86% C, 3.48% H, 12.06% N, 27.60% S; found:
56.96% C, 3.51% H, 12.05% N, 27.49% S.

The complete temperature dependence of the
measured magnetic susceptibility of (TTF) (TCNQ)
is shown in Fig. 2. Field dependences were mea-
sured and Honda plots made to check consistency
with the room-temperature Honda analysis. At
low temperatures, the measured susceptibility
shows a small Curie-like upturn characteristic of
extrinsic Curie impurities commonly found in or-
ganic charge-transfer salts. The intrinsic sus-
ceptibility can then be obtained from the measured
values by

chasuredzxinlrinsic +C/T . (1)

A plot of x vs T™! gives a Curie constant C of
0.6x107* emu °K/mole, corresponding to 0.01%
impurity (S =5) or 0.001% (S =3) iron impurity.
This low value should be compared with the pre-
viously reported data of Perlstein, Cowan, and
co-workers.?! The data from Ref. 21 are shown
for comparison as the crosses on Fig. 2. The
higher purity implied by the data presented here
is significant in light of the consistent experimental
discrepancies in the transport and microwave
properties® reported for materials prepared in
the different laboratories. The value of low-tem-
perature susceptibility as obtained from extrap-
olation of x-vs-T"! plots is (~2.05+0.1)x10™
emu/mole. This value is in excellent agreement
with the measured temperature-independent core
diamagnetism xp of (-2.20+0.08) x10™* emu/mole
of the neutral parent compounds TTF and TCNQ,
and both are in good agreement with the value

TABLE I, Summary of susceptibility data for the TCNQ compounds.

Level of Level of spin-} Diamagnetic Xp from Room-temperature
ferromagnetic paramagnetic susceptibility Pascal’s paramagnetic
impurity impurity by extrapolation constants susceptibility
(ppm by weight,
iron equivalent) % molar) (10~* emu/mole) (10~ emu/mole) (10™* emu/mole)
-2.05
. _ 6.
(TTF)(TCNQ) 3 0.01 2.20) 2 1.89 0
(TMTTF)(TCNQ) 1 0.07 -2.57 -2.38 4.8
(ATTF)(TCNQ) 20 0.24 -1.97 -2.14 3.4

2 Result obtained by room-temperature measurements on separate parent compounds.
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-1.9%x10™* emu/mole estimated from Pascal’s
constants.?® We conclude that the material used in
the present study is of the highest purity prepared
to date, exhibiting magnetic properties intrinsic
to pure (TTF) (TCNQ).

With the temperature-independent diamagnetism
determined, the temperature dependence of the
spin susceptibility of (TTF) (TCNQ) was obtained,
as shown in Fig. 3. That this is in fact the spin
susceptibility over the entire temperature range
was confirmed by a direct measurement of x ¢
using the Schumacher-Slichter technique'* at se-
lected temperatures (the open squares in Fig. 3).

The susceptibilities of (ATTF) (TCNQ) and
(TMTTF) (TCNQ) are shown in Figs. 4 and 5. An
analysis similar to that presented above was used
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FIG. 1. Schematic diagram of the apparatus showing
the sample and thermometry arrangement. A, Dewar;
B, stainless steel tube; C, exchange gas adjustable in
pressure to control heat flow from D; D, copper can;

E, nonmagnetic heater (Ni:Si Janis); F, germanium
thermometer (used over temperature range T<25K);

G, platinum thermometer (T <25K); H, helium exchange
gas at 10 mTorr (room-temperature value); I, sample
holder (quartz plated with gold to overcome electrostatic
problems); J, tungsten wire.
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FIG. 2. Temperature dependence of the total magnetic
susceptibility of (TTF)(TCNQ). The data of Ref. 21
are shown for comparison (crosses).

to obtain values for x, and the concentration of
spin-3 species implied by the low-temperature
Curie contribution. The results are presented in
Table I. The larger Curie contribution in the
ATTF case may be associated with the cis-trans
disorder acting on the cation chain.?* The cor-
responding spin susceptibilities are shown in Figs.
6 and 7.

IV. DISCUSSION

The low-temperature (7 <60 K) behavior of the
spin susceptibility X ¢ shows that (TTF) (TCNQ)
exhibits the properties of a nonmagnetic small-
band-gap semiconductor. The absence of a finite
susceptibility (x =0) at 7=0 K agrees with finding
no linear temperature contribution to the mea-
sured low-temperature specific heat.” These re-

T T T T T T T T T ]
- we * o |
6.0 ..ﬁ
.
i~ 50— .« —
] § s
.
E P
E 4.0 . -
@ 4
b e _
?, 30 .'.
»
X 20 { -
D)
[
t.oF * -1
.
' 4
-l | 1 L

1 1 1 1 1 1
O 40 80 120 160 200 240 280 320 360
TEMPERATURE ( K)
FIG. 3. Spin susceptibility of (TTFXTCNQ). The open

squares represent direct measurements of xg by integra-
tion of the spin resonance.
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FIG. 4. Temperature dependence of the total magnetic
susceptibility of (ATTF)TCNQ).

sults can be contrasted with the ground-state prop-
erties of magnetic Mott-Hubbard insulators, re-
sulting from electron-electron Coulomb correla-
tions. For one electron per site in the uniformly
structured one-dimensional case, exact Hubbard-
model solutions show the ground state consisting
of collective spin-wave modes split off well below
the energy for single-particle excitations.? The
spin-wave modes give rise to a finite susceptibility
at low temperatures and a corresponding linear
temperature contribution to the low-temperature
specific heat.’* These effects of Coulomb correla-
tions for one-dimensional TCNQ systems were
thoroughly studied in (NMP) (TCNQ),'*' 2¢ where the
ground state was experimentally identified with
that of a Mott-Hubbard insulator.

The presence of a structural nonuniformity (e.g.,
a dimerization along the one-dimensional chain)
opens a gap at ¢ =0 in the spin-wave excitation
mode.?”*?® The ¢ =0 spin excitations in the strongly
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FIG. 5. Temperature dependence of the total magnetic
susceptibility of (TMTTF)(TCNQ).
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FIG. 6. Spin susceptibility of (ATTF)(TCNQ).

dimerized limit are triplet excitons®® whose spin
susceptibility can be represented in the zero-band-
width approximation by the expression x =(C/T)
xe~2%4BT Again, the magnetic excitation gap A
is necessarily much smaller than the single-par-
ticle excitation gap. For (TTF)(TCNQ), the low-
temperature thermodynamic single-particle gap
suggested by the dc and microwave conductivity®: 3°
measurements is 150+30 K. The susceptibility
data of Fig. 3 plotted as Inx7T vs 1/T (Fig. 8) yields
an activation gap of 170 K. Since the magnitudes
of the respective gaps are comparable, the low-
temperature behavior can be viewed as arising
from single-particle excitations across a simple
semiconducting gap, demonstrating the Coulomb
correlations effects in (TTF) (TCNQ) are not of
major importance. This is consistent with the
results of Rybaczewski et al.''® who observed
Korringa-like nuclear relaxation rates in the high-
temperature metallic regime of (TTF) (TCNQ) with
X2T,T approximately constant in the metallic state.
In the high-temperature region (60< 7<360 K),

X (10™*emu/mole )
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FIG. 7. Spin susceptibility of (TMTTF)(TCNQ).
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a definite temperature dependence is observed in
X s which increases monotonically from 60 K to
room temperature with an over-all change in mag-
nitude of approximately a factor of 2. In order to
describe the qualitative features, we roughly ap-
proximate X ¢ for (TTF) (TCNQ) with the simple
form xs=A +Be 8T A=2.4x10"* emu/mole and
A =260 K.

In an attempt to understand the origin of these
general features, several different proposals can
be considered that involve different local suscepti-
bilities on individual chains, directionally aniso-
tropic susceptibilities, simple band-structure
effects, and the effect of the electron-phonon in-
teraction. (i) There may be different local sus-
ceptibilities on the cation and anion chains, with
one exhibiting a metallic temperature-independent
Pauli susceptibility, and the other exhibiting sim-
ple semiconducting behavior which would contrib-
ute an activated term to x ;. However, the absence
of any sign of magnetic localized moments rules
out the possibility of a Coulomb correlation energy
gap, and a simple one-electron energy gap is in-
consistent with the known uniform chain structure.!
Thus, simple semiconducting behavior on either
chain appears unlikely. (ii) (TTF)(TCNQ) is
known to be highly anisotropic in its electrical,?*®
optical,**5 and dielectric® properties. This anisot-
ropy might be reflected in the susceptibility with
a Pauli-like contribution in the principal conduct-
ing direction and an activated term contributing
from the perpendicular direction. However, spin-
resonance measurements®! (30 GHz) on oriented
single crystals of (TTF) (TCNQ) reveal that the
necessary g-value anisotropy is more than two
orders of magnitude too small to account for the
susceptibilities to be assigned. (iii) Simple band-
structure effects may lead to temperature depen-
dence through averaging the density of states within
kT of the Fermi energy. Such simple band effects
seem unlikely since the scale of energies for the
bandwidth involved is large compared to kT. From
thermopower® and optical*'® studies, the Fermi
energy for (TTF) (TCNQ) along the principal axis
is of the order of 2X10° K, whereas the observed
temperature dependence of x occurs below room
temperature. Other evidence comes from the nor-
malized susceptibility for (TTF)(TCNQ), (ATTF)
(TCNQ), and (TMTTF) (TCNQ) shown in Fig. 9.
One of the effects of methyl substitution on TTF is
to introduce more electron density into the TTF
rings, resulting in lower ionization potentials for
ATTF and TMTTF relative to the parent TTF com-
pound. This should lead to relative band shifts
in the solid state. Moreover, some differences in
bandwidth are expected on general grounds since
the intermolecular overlap should not be precisely

the same. These differences would be reflected

in the magnitude of the spin susceptibility of the
three salts, and indeed, x ¢ at room temperature
is noticeably different for the three systems (TTF,
6.0x107* emu/mole; ATTF, 3.4x107* emu/mole;
and TMTTF, 4.8xX107* emu/mole). However, the
normalized spin susceptibilities (Fig. 9) are nearly
identical over the entire temperature range, in-
dicating that another more general mechanism is
responsible for the major features of the observed
temperature dependence.

V. ANALYSIS OF THE TEMPERATURE
DEPENDENCE OF x

A. T>60K

We consider here the effect of the electron-pho-
non (el-ph) interaction on the susceptibility for
T >60 K. Whereas in three-dimensional systems,
the electron-phonon interaction leads to mass re-
normalization without effect on the magnetic sus-
ceptibility,3? the strong-coupling one-dimensional
case is fundamentally different. In this case, elec-
tron-phonon coupling qualitatively alters the band
structure via the Peierls-Frohlich instability.33:3¢
As a result, x ¢ becomes temperature dependent,
reflecting the nature of the coupled system.

The analysis of the temperature dependence of
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the metallic reflectivity near the plasma edge®*:®
leads to a value for the electron-phonon coupling
constant, A=~1.3, implying a Peierls-Frohlich
transition temperature well above room tempera-
ture. Lee, Rice, and Anderson®® observed that if
the Peierls-Frohlich transition were in fact this
high, the qualitative temperature dependence of

X s found experimentally would be expected.

Comparison of the temperature dependence of the
optical conductivity (obtained from the Drude anal-
ysis near wp) and the dc conductivity led us to con-
clude that at all temperatures above the 60 K tran-
sition, the dc conductivity is not dominated by
single-particle scattering, but there is excess dc
conductivity arising from a collective many-body
effect.® This excess collective conductivity might
arise from superconducting fluctuations (either
pairing or a giant density-wave mechanism like
that of Frohlich) at temperatures above a mean-
field transition temperature, or, alternatively,
from fluctuations from the collective state in a
one-dimensional system well below the mean-field
transition. The qualitative temperature dependence
of the susceptibility suggests the latter alternative,
and we shall analyze the data in these terms below.

However, we note that there is no reason to as-
sume identical behavior on the cation and anion
chains. In fact, nuclear relaxation measurements
on (TTF) (TCNQ) ° and the deuterated analog (TTF)
(TCNQD,) %%+ " indicate more rapid relaxation on
the TTF chains, implying a larger susceptibility.3®
Moreover, there is clearly another characteristic
temperature in the problem, the transition tem-
perature at 60 K.

As a model, therefore, we assume that above
60 K (TTF) (TCNQ) consists of two sets of chains.?®
The first set (probably the TCNQ chains) are in
the Peierls-Frohlich state, well below the mean-
field temperature T,. The second set (probably
the TTF chains) behave as simple one-dimensional
metallic chains. With this picture, the 60 K tran-
sition is a three-dimensional ordering in which
interchain coupling pins the two sets of chains and
leads to the small energy gap observed at low
temperatures.

This description is consistent with the optical
properties?® which suggest a dynamic energy gap
of the order of 1000 cm™' even at room tempera-
ture. This is taken to be the Peierls-Frohlich gap
in the TCNQ chains. In addition, there is a me-
talliclike contribution to o, (w) at long wavelengths
which vanishes below 60 K, consistent with the
opening of an energy gap in the second set of
chains.

The spin susceptibility in this model for 7>60 K
would be a sum of two parts,

X =Xp *XLRA » (2)

where X, represents the (approximately) constant
Pauli susceptibility of the metallic chains, and
X1ra represents the Lee-Rice-Anderson suscepti-
bility of the dynamically distorted chains.3®> The
experimental data are consistent with this decom-
position. Examination of x s for (TTF) (TCNQ) im-
plies a constant term xg* of magnitude x§*=2.4
x107* emu/mole. In Fig. 10 we plot the difference
XiEs =X s —Xp® (normalized for a best fit) as a func-
tion of T/Tp and compare it with the theoretical
Lee-Rice-Anderson function (solid curve). Fixing
Tp =450 K, the agreement is satisfactory over the
entire temperature range, although there is some
deviation at the lowest temperatures. This small
discrepancy might arise from lifetime broadening,
which would smooth the square-root singularity to
a peak and thus reduce the over-all curvature in
X(7T) somewhat. There are only three adjustable
parameters involved in obtaining the comparison
shown in Fig. 10: the magnitude of xp, the value
for Tp, and the normalization constant. The first
is fixed by the data for T approaching 60 K to bet-
ter than £10%. Thus, although there are assump-
tions involved in the decomposition described by
Eq. (2), there are only two free parameters. How-
ever, the consistency of the analysis with other
aspects of the experimental picture must await a
more detailed study of the local susceptibilities of
both nuclear- and electron-spin resonance.

The absolute magnitudes of the two contributions
can be used to estimate the bandwidths associated
with the different chains. Using xp =2u2p(0) with
a tight-binding density of states given by p(0)
=(mEp)~" per molecule for the one-dimensional
metal in the vicinity of the center of the band leads
to Ep/kg ~950 K. A constant-density-of-states
model gives Ep/ky ~3000 K. These values are
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FIG. 9. Comparison of the spin susceptibilities of
(TTF)(TCNQ), (ATTF)(TCNQ), and (TMTTF)(TCNQ).
The values are normalized to the point at 300 K. (For
clarity not all points from Figs, 3, 6, and 7 are included.)
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comparable to, but somewhat smaller than, es-
timates obtained from other measurements.*™
Values obtained from the susceptibility data must
be considered lower limits, since exchange en-
hancement from residual electron-electron inter-
actions can be expected to increase x(g=0) some-
what over the band value. Since the high-tempera-
ture limit of the total susceptibility is about two
times the value of x3*, the bandwidths of the two
sets of chains are comparable. The corresponding
results for the dimethyl and tetramethyl deriva-
tives are Ep/ky =1600 K (tight binding) or Ep/kg
=5000 K (constant density of states) for (ATTF)
(TCNQ); and Ep/kg =1250 K (tight binding) or
Egp/kg =3T750 K (constant density of states) for
(TMTTF) (TCNQ).

B. T<60K

As demonstrated above, the susceptibility for
T<60 K is that of a small-band-gap nonmagnetic
semiconductor for which x(T) is dominated by the
exponential temperature dependence of the number
of single-particle excitations. We consider this
temperature regime in more detail.

The question naturally arises as to how the low-
temperature semiconducting gap changes with in-
creasing temperature. Earlier studies of the low-
temperature dielectric constant implied the semi-
conducting gap renormalized toward zero as T
approached 60 K.® Such a renormalization pre-
sumably reflects the direct similarity between the
large number of states at a BCS gap edge and the
singularity of the density of states for one-dimen-
sional systems.

In general, the susceptibility of an electronic
system is given by

® 3
X=-38%u} 5c Ple)de, (3)

where p(€) is the density of states for a single sign
of the spin. In the case of a one-dimensional tight-
binding band (arbitrary band filling) perturbed by

a weak lattice distortion at k=+kp, the dispersion
relation is

€ =2t coskga cos(ky — k)a
+[4t? sin®kpa sin®(kp - k)a +6%] Ve, (4)
i.e., a gap 26 opens up at the Fermi surface and
the system becomes semiconducting. The density

of states for energies near the gap can be calcu-
lated to order 62/4t2 as

=N
ple) =5
le’l
(EI)Z - 62] 172 [4t2 Sinzkpa - (E;)a - 62] 172 »

(5)

T

where €’=¢€ - 2tcoskga is the energy relative to the
Fermi energy. The susceptibility (per molecule)
may be expressed as

X =xpf }cosh™ 5 (x? +p%6%) 2 dx, (6)
0
where
Xp =2Ii129 p(0) (7

is the Pauli susceptibility for the chains in ques-
tion.

The experimental data were fitted to the above
expression (integrated numerically) choosing xp
as obtained for the metallic chains in the previous
section. The gap, 26(7T), was renormalized ac-
cording to mean-field theory,*'**> becoming zero
at T,=58 K. The best fit was obtained with 25(0)/
ks =160+40 K. The low-temperature data and the
computer fit are shown in Fig. 11. For compari-
son, the expression with a constant gap is also
plotted where the magnitude of the gap is fixed by
the lowest temperature points. The susceptibility
of (TTF)(TCNQ) for T<60 K can be viewed as that
of a nonmagnetic small-gap semiconductor with the
gap going smoothly to zero as T approaches 60 K.

VI. CONCLUSION

Measurements of the temperature dependence of
the magnetic susceptibility of (TTF)(TCNQ) and its
dimethyl and tetramethyl derivatives show these
to be a family with quite similar electronic prop-
erties. The nonmagnetic ground state and the
absence of localized-moment formation imply that
electron-electron Coulomb interactions are not
dominant. This is consistent with the relatively
large molecular polarizability and the associated
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FIG. 10. Spin susceptibility x;pa according to Eq. (2)
(see text). The data are compared with the theoretical
results of Lee, Rice, and Anderson (Ref. 33) with T p
=450 K.
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FIG. 11, Spin susceptibility of (TTF)(TCNQ) at low
temperatures. The solid curve represents the one-
dimensional small-band-gap semiconductor with temper-
ature-dependent gap renormalized according to the
BCS form; the dashed curve assumes a temperature-
independent gap.

reduction of U, by polarization via excitonic
polarons.***%* Although such screening effects
would not likely be complete, the residual Coulomb
interaction appears to have little effect on mea-
sured properties. Evidently the strong electron-
phonon interaction dominates, and the one-dimen-
sional divergence (at ¢ =2kj) in the susceptibility
response function is removed.®

The analyses in the high- (60< 7< 360 K) and
low- (T< 60 K) temperature regions demonstrate
that the magnetic properties are consistent with
a two-chain model. Following the proposal of Lee,
Rice, and Anderson,®® the 60-K transition is prob-
ably a three-dimensional ordering in which inter-

chain coupling pins the two sets of chains and leads
to the small energy gap observed at low tempera-
tures. From x ((7) for T<60 K, evidence is found
for a temperature-dependent energy gap with 25(7)
roughly following the BCS mean-field form.

Some temperature dependence can be expected
for x ¢ in the metallic regime from thermal effects
in narrow bands, especially with two independent
bands and the possibility of band crossing.*® In the
absence of knowledge of the detailed band structure,
it is difficult to rule this out. However, two facts
weigh against such effects playing a dominant
role. First, temperature dependence is observed
at relatively low temperatures (~10? K) whereas
the Fermi energies are much higher (>10°K).
Second, the normalized temperature dependences
of (TTF)(TCNQ) and the ATTF and TMTTF deriva-
tives are nearly identical, whereas the absolute
magnitudes vary from one to the other by a factor
of 2. Thus, although there may be come contribu-
tion to the temperature dependence from simple
thermal population in an energy-dependent density
of states, the over-all features appear to be dom-
inated by the strong electron-phonon coupling which
would qualitatively lead to a nontrivial tempera-
ture-dependent band structure via the Peierls-
Frohlich instability.
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