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Potassium-tetracyanoquinodimethane (K-TCNQ): A spin-Peierls system
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The paramagnetic susceptibility of potassium-tetracyanoquinodimethane (K-TCNQ) as a function of
temperature is analyzed. K-TCNQ is considered to be in the strong to intermediate correlation regime of the
Hubbard model. The magnetic properties are described in terms of a Heisenberg exchange Hamiltonian
between locahzed spins. The magnetic susceptibility of the high-temperature phase is fitted using the
Heisenberg uniform-chain theory of Bonner and Fisher with an exchange constant J which is temperature
dependent as a result of the thermal expansion along the stacking axis. The low-temperature phase is
described using a nonuniform Heisenberg chain with a temperature-dependent order parameter 8(T) having
the BCS dependence as in the spin-Peierls transition. The phase transition comes from a complex displacive
structural change between two locally stable overlapping modes of the TCNQ anions which is driven by a
dimerization instability of the spin-Peierls type.

I. INTRODUCTION

The electric and magnetic properties of organic
charge-transfer salts based on the (TCNQ) anion
have been well reviewed in recent articles. ' Gen-
eraQy speaking, they are consideredas two-dimen-
sioftal arrays of quasi-one-dimensiona) chairs of
(TCNQ) anions. Of particular interest, are the
properties of the alkali-TCNQ salts with full
charge transfer from the metal to (TCNQ) . In
this article, we propose a spin-Peierls driving
mechanism to explain the now well-observed and
experimentally well-characterized high-tempera-
ture structural phase transition' ~ of the alkali-
TCNQ salts.

Measurements' of electrical conductivities,
magnetic susceptibilities, and heat capacities of
the simple alkali-TCNQ salts have revealed that
phase transitions occur at T, = 348,396, and 381 K
sn Na-TCNQ, K-TCNQ and Rb-TCNQ, resepctively.
Pore Na- and'K-TCNQ, boththe low- and high temp-
erature crystallographic structures are known while
for Rb-TCNQ only the low-temperature crystal
structure has been determined. ' The main features
of the structure are face to face stacks of (TCNQ)-
anions forming rows along the g axis. The inter-
action between the rows is weak compared to the
intrachain interaction. For the three salts, the
low-temperature phase shows alternation of the
interplanar spacing inside the chain with a dimeric
structure such that the one-dimensional unit cell
contains two molecules. The lattice constant for
the a direction is twice that of the high-tempera-
ture phase, where a uniform-chain structure is
known to exist, at least in Na- and K-TCNQ.
Magnetic susceptibilities'" have been measured
as a function of temperature and the same shape
is observed for the three alkali-TCNQ salts:

exponentially decreasing small value of the para-
magnetic susceptibility X for temperature T4 —,'T,
(if contributions from paramagnetic impurities are
'substracted) followedby a rapidly increasing varia-
tion for —,'T, ~ T & T,. For T & T„agradual linear
increase is observed. For these salts, the transi-
tion is first order as observed' using the temper-
ature dependence of the intensity of the superlat-
tice reflection below T,. In this article, we con-
centrate on K-TCNQ because its structure is the
best knompof the group with the measured temper-
ature dependence of the degree of dimerization,
of the thermal expansion, and of the complete
crystalline structure of both phases. As indicated
above, the phase transition will be discussed in
terms of a dimerization transition for a one-di-
mensional chain of. (TCNQ) anions with strong
electric correlation of the charge-transferred g
electrons.

The Hubbard model, used to treat electron cor-
relations, has been adopted by various authors"
as a satisfactory model to describe the behavior
of the charge-transfer salts with one electron per
site. The electrons can tunnel along the chains
via z overlaps, thus providing a possible physical
realization of the model, which can be written in
its simplest form:

H=U Q nttntt —f Q (Crt,Ct,t, +Crt, t,Ct,). (I)
f, o

U represents the relative Coulomb energy when a
given molecular state of TCNQ [the lowest unoc-
cupied molecular state of (TCNQ)c] is doubly oc-
cupied and t is the electron-transfer integral con-
necting states localized on nearest-neighbor mole-
cules. C~ and C~, are, respectively, creation and

annihilation operators for an electron of spin o on

the ith site, and n@ is the corresponding number
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H=-J S; ' S,-, (2)

with the antiferromagnetic exchange interaction

J = 412IU. (3)

In the framework of the Hubbard model, it then
becomes very important to know the magnitude of
Coulomb repulsion U relative to the hopping inte-
gral f for the K-TCNQ salt. Recent experimental
and theoretical results on that aspect are very
indicative. Khanna et gl."and Tanrier et al."have
shown that the single-particle gap (0.95 eV), as
measured by optical and transport studies in K-
TCNQ is much larger than that inferred from mag-
netic resonance measurements' for the energy
(0.24 eV) of the triplet exciton. We conclude from
these results that the large single-particle energy
gap in K-TCNQ emerges not from Bragg reflection
as in the usual band insulator with two electrons per
unit cell, but directly as a result of electrons
being strongly correlated. The large value of the
energy gap implies that the electron-electron
Coulomb repulsive interaction U is of the order of
0.9 eV, which is larger than the expected band-
width t (of order of a few tenths of eV). K-TCNQ,
then, falls into the intermediate to strong-coupling
regime where the electrons are, to a large ex-
tent, localized on the TCNQ sites Theoreti. cal
estimate" of the band and Coulomb parameters of

operator. The solutions of Hamiltonian (I) are
well documented in the two extreme limits t» U
and t«U. For t» U, electron correlations may
ge neglected and the electronic system canbe treated
in terms of single-particle band theory. This
treatment leads to metallic or simple semiconduc-
ting behavior depending on whether the chain
structure of (TCNQ) is uniform or dimerized. In
the opposite" strong-coupling limit, U» t, the
electronic wave functions are localized by elec-
tron-electron repulsion and a relatively large
energy gap (of the order of U) appears in the
single-particle excitation spectrum of the uniform
chain. In that limit, using a perturbation expan-
sion for the linear-chain Hubbard model with one
electron per site with U as the zero-order Hamil-
tonian and the electron-hopping term t as the per-
turbation, second order gives" an effective Ham-
iltonian of the form of a Heisenberg spin Hamil-
tonian with nearest-neighbor interactions. Viewed
differently, in the atomic limit, with one electron
per site, each atom is occup&ed by one electron,
and the only remaining variable in the problem is
the electron spin S. As the overlap operator t is
switched on slowly, the system remains insulating,
but the spins become coupled together. Then to
second order, Hamiltonian (1) reduces to

K-TCNQ using spin-polarized energy band struc-
tures arrives at a similar conclusion.

The magnetic properties of K-TCNQ were ana-
lyzed previously by Vegter and Kommandeur"
using a one-electron semiconductor theory (t » U)
where the single-particle gap A„results from the
dimerization of a chain with a half-filled conduc-
tion band. For this band theory, the magnetic
excitations are viewed as bound electron-hole
pairs with an activation energy h~ (6~ =0.2 eV)
equal to the single-particle energy gap &„.
is observed" to be reduced when the temperature
increases towards the magnetic transition temper-
ature T, (T,=396 K). In the band model, this
decrease in 4„would be the result of a reduction
of the single-particle gap 4„. In contradiction to
this, microwave measurements of Khanna et al."
indicate that the single-particle gap 4„ is inde-
pendent of temperature in-the range 77-350'K.
It is also oi interest to note that in order to fit
the paramagnetic susceptibility X, by using the
band model, Vegter and Kommandeur" had to
assume that the arrangement of the (TCNQ)
anions along the stacking axis was nonsymmetrical
even for T & T,. That assumption leads to a gap in
the conduction band even in the high-temperature
phase and was sufficient to fit the slope of X.
However, recent x-ray. investigation' showed that
the high-temperature arrangement is symmetrical,
leaving unexplained the proposed semiconductor-
semiconductor transition of K-TCNQ in the frame-
work of the band model. Based on these observa-
tions, we propose that the band model be aban-
doned for K-TCNQ.

In this article, we suggest, on the basis of the
recent experimental results, "a different model
to explain both the electronic and magnetic pro-
perties of K-TCNQ. Starting from an electronic
system which is in the strong to intermediate
coupling regime, we attributed the semiconducting
gap, observed in both the high- and low-tempera-
ture phase, to a Hubbard correlation gap for one
electron per site. However, in this quasilocalized
electron-wave-function limit, the spin degrees of
freedom are still possible and they give rise to
triplet excitons located in the single-particle gap

The observed magnetic transition at T,= 396
'K is then attributed to a complicated distortion
of the one-dimensional chain which is uniform in
the high-temperature phase. This transition will
be called loosely a spin-Peierls transition. One
further simplification will be made by describing
the magnetic system using the strong-coupling
limit (U» t) where the Hamiltonian may then be
written as a Heisenberg Hamiltonian having alter-
nating exchange constant Jy and J, in the low-temp-
erature, nonuniform dimerized phase.
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In Sec. II, different physical models are reviewed
to explain the weak temperature dependence of the
paramagnetic susceptibility in the high-tempera. -
ture phase of K-TCNQ. A realistic explanation is
based on the large thermal expansion of the lattice
in the a direction. Quantitative agreement is ob-
tained using the recent measurements of the latter
quantity by Konno et al.4 In Sec. III, a model is
proposed for the phase transition based on the now
known detailed structural changes taking place at
the transition temperature T,. Realizing the com-
plexity of the full description of the phase changes,
a spin-Peierls-like temperature-dependent order
parameter which is truncated by a displacive phase
transition at T„ is proposed to give a first-order
phase transition. Using this model description, a
reasonable fit for the paramagnetic susceptibility
X is obtained in the low-temperature phase.

T {K)

-60

- 50

"40

H = Q [J,(Sq, ' S~, ——,')+ J,(S, , ' S „,—4')],
j=l

where S&, and S&, are the spin operators for the

(4)

II HIGH TEMPERATURE PHASE T & Tc

The paramagnetic susceptibility y of K-TCNQ,
as a function of the temperature T, was measured
first by Vegter et al. ' using absolute EPR mea-
surements. Their results are reproduced in Fig.
1 as the full drawn curve. The total static mag-
netic susceptibility of K-TCNQ crystals was mea-
sured by I arochelle at al."using a Faraday meth-
od from T = 5.4 K to T = 450'K. If the diamagnetic
contribution is substracted from the latter results,
the dotted curve of Fig. 1 is obtained. (The con-
stant-temperature diamagnetic shift was chosen
for the two curves to coincide at high temperature,
the values used being compatible with that obtained
tising Pascal rules. ) The two curves coincide in a
satisfactory manner over the full temperature
xange when account is made of the degree of pre-
cision of the measurements in the low-temperature
region. In the inset, the low-temperature (T
&40'K) magnetic susceptibility is drawn from the
results of Larochelle et g/. ' For T &40'K, a
Curie-. impurity-type susceptibility is obtained, the
corresponding paramagnetic impurity concentratiqri
being of one magnetic impurity for 150 TCNQ
lions. For subsequent analysis, the absolute

easurements of Vegter et al.' are used.
As indicated in the Introduction, we propose to

explain the magnetic and electronic properties of
K-TCNQ using an antiferromagnetic spin-exchange
interaction of the Heisenberg-type between elec-
trons well localized on their respective (TCNQ)
sites. For the general case of a nonuniform dim-
erized chain, the Hamiltonian for 2N spins is

0
300 350 400 450

first and second site of the jth link. J, and J, are
the two values of the exchange parameters for the
dimerized chain. They are both equal to J in the
uniform chain. The best theoritical values for the
magnetic susceptibility of a uniform linear chain
are those of Bonner and Fisher ls obtained from
an extrapolation to infinite chains of the numerical
results calculated using small finite chains. Typi-
cal curves for the temperature dependence of the
susceptibility y, obtained using the Bonner and
Fisher results, "are shown in Fig. 2 for two
different values of the only adjustable parameter
J. Variations of the value of J only translate the
susceptibility curves along the X axis with only a
slight change of the slope. The flatness of the
susceptibility for a uniform Heisenberg chain is a
manifestation of the absence of a gap in its excita-
tion spectrum and the resulting nonzero value of X

when T-0. It is observed that it is strictly im-
possible to fit the measured susceptibility curve
(full drawn curve) for T & T, with a uniform anti-
ferromagnetic Heisenberg chain keeping J con-
stant.

It is possible to think of three different reasons

FIG. 1. Paramagnetic susceptibility per spin as a func-
tion of temperature for K- TCNQ Full drawn line, Vegter
and. Kommandeur (Ref. 2); dotted line, our results. Inset,
the Iow-temperature part of the curve. y is in ]C~t emu/
spin with p~P =1.
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4.50-

The antiferromagnetic exchange constant J is a
function of the temperature T as a result of the
thermal expansion of the crystal along its a axis.
In the framework of the Hubbard model, J may be
written"

J= J' e 2M =J (1 —2b )) (5)

425-

where $ is the relative temperature variation of
the lattice constant along the g axis and b is a
parameter" characterizing the extent of the wave
function. Its value depends on the type of wave
function used and on the intersite distance. For
K-TCNQ, jt is taken" "equal to 8. For T & T„
the parameter f is defined by

$ = na, o/a, (6)

3.75-

I I I I

4IO 470
T (K)

FIG. 2. High- temper ature param'agnetic susceptibility
per spin of K-TCNQ. Full drawn curve, experimental
results (Ref. 2}; the two dashed lines, uniform chain with
constant J (Ref. 18}; the dotted line, fit based on our
model, y is in 10 'emu/spin with p~P =1.

450430

for the Heisenberg linear chain to have a gap in its
excitation spectrum with the wanted rapidly vary-
ing susceptibility for k~T/J &1: (a) the linear
chain is dimerized (this possibility has been elim-
inated by the recent experimental results4 for
T & T,), (b) an anisotropy" in the Heisenberg inter-
action or, (c) finite chain effects" as a result of
impurities and defects in the one-dimensional
chain. Very small anisotropy effects are expected
in K-TCNQ as indicated by EPR measurements of
the g value in alkali- TCNQ." Since an anisotropy
larger than 0.5 would be necessary to explain the
high-temperature results (T& T,), possibility (b}
is rejected As to f.inite chain effects (c), it is to
be rejected also since chains as short as 3.0
(TCNQ) anions would be necessary to obtain the
desired slope, in contradiction with the very small
concentration of magnetic impurities observed
using the low-temperature susceptibility measure-
ments. " We thus suppose that there is no apprec-
iable gap in the excitation spectrum of the spin
system for T & T, and attribute the temperature
dependence of X to variations of J as a result of the
thermal expansion for a uniform one-dimensional
chain.

J„(T}= J„'[1—0.0019(T—314.4)], (8)

where J„' is the only adjustable parameter and T
is measured in 'K. The dotted curve of Fig. 2 is
obtained using the results of Bonner and Fisher"
for the paramagnetic susceptibility for each value
of J„(T) determined from Eq. (8) where the only

adjustable parameter J~ is taken equal to 2700 K.
From that fit, J'„(T}is seen to run from 1950'K at
T =460'K to 2280 K at T, = 396'K. The fit with

experimental results is excellent over the entire
temperature range T& T, with J~ being the only

adjustable parameter.
Alternatively when the one-electron tight-binding

band model of Vegter and Kommandeur" is used,

where &a30 is the difference between the lattice
constant along the.a axis at 'I' and its value at
T = 30'C. Thermal expansion is the result of an-
harmonic terms in the crystal potential energy
giving temperature-dependent equilibrum value to
the lattice constant. In relation to its thermal ex-
pansion, the K-TCNQ crystal structure' may be
simply visualized a,s relatively soft (TCNQ)
chains supported on the perimeter by hard K'-8N
cubes also forming chains in the a direction. Each
cube is formed by a K' cation surrounded by 8
nitrogen atoms. Since these hard K'-8N cubes
linear chains are holding the crystal together, we
make the reasonable assumption that the thermal
expansion is not affected much by the crystal phase
transition which will involve rearrangement of the
(TCNQ) 's modes of overlap along the a direction.
On the basis of this assumption, we estimate the
thermal expansion coefficient using the value mea-
sured by Kopno et a/. 4 in the temperature interval
T from 330 to 396 K. Their curve may be fitted
with the relation

]=ag„/g= 1.36 ' 10-'+1.19 && 10 ~(T 303). (7)

Substituting Eq (7) in Eq. . (5), the exchange con-
stant J becomes
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the thermal expansion would affect the transfer in-
tegral: as follows:

h=h, e "~=h,(1-b(}. (9)

In the framework of the one-electron band theory,
using the temperature dependence of $ from Eq.
(7), the slope of the susceptibility would be roughly
half what is needed to fit the experimental results.
This is another indication of the failure of the one-
electron band theory.

%e have thus found a mechanism, to explain
quantitatively the high-temperature dependence of
the magnetic susceptibility, using a uniform anti-
ferromagnetic Heisenberg interaction between
localized spins and the linear thermal dependence
of the exchange interaction as measured by Konno
et a/. 4 Only one adjustable parameter was needed,
namely, J-„' which is typically 2700'K.

III. I OW-TEMPERATURE PHASE T & Tc

The low-temperature paramagnetic susceptibility
of the K-TCNQ salt (T & T, = 396'K) is now explain-
ed using a spin-Peierls mechanism coupled to a
complex displacive phase transition of the quasi-
one-dimensional chain of (TCNQ) anions. K-TCNQ
consists of molecules which possess internal struc-
ture and therefore the spin-Peierls transition in
this quasi-one-dimensional system is more com-
plicated" than the simple longitudinal distortion
originally proposed by Beni and Pincus" and
Pytte. " Fortunately, detailed crystal structure
of the two phases in equilibrium at T, = 396'K are
known for K-TCNQ salt from the work of Konno
et al.4 In the low-temperature phase, T&T„ there
are two different types of chains having a dimeric
structure (TCNQ) (I) and (II) anions are inclined
at angles of 15.8 and 11-.3 to the plane (100),
respectively. Figure 3(a) shows the overlapping
modes of adjacent (TCNQ} units in the low-temp-
erature phase. A modified ring-ring overlap with
a shift of the molecular center along the short
axis is observed in the dimeric unit while between
dimeric units there is a modified ring-ring overlap
with a diagonal shift of the molecular center. For
the high-temperature phase, the one-dimensional
chain is uniform with the two (TCNQ) anions
becoming identical and their molecular planes
making an angle of 8.9 with the (100) crystal
plane. Figure 3(b) shows the overlapping mode of
(TCNQ) anions with a ring-ring overlap intermed-
iate between those observed in the low-temperature
phase. These experimental data indicate that the
phase transition is displacive in character with a
complicated combination of finite translation and
libration motions of the (TCNQ) anions taking
place at T= T, (the transition is a weak first-order

FIG. 3. Overlapping of modes4 of the (TCNQ)" anions:
(a) low-temperature phase; {b) high-temperature phase.

transition).
In this section, where no attempt is made to

treat the detailed crystal changes taking place at
the phase transition point, we present a model to
describe the temperature-dependent dimerization
for T & T, which is truncated at T= T, by a dis-
placive phase transition. The total lattice potential
energy has two metastable minima corresponding
to the two different ring-ring overlapping modes of
the (TCNQ) anions along the chains. Referring to
the molecular axis of TCNQ as defined in Fig. 4
and neglecting the small librational changes (rota-
tion around the $ axis), the lattice potential energy
has two local potential wells in the g-g plane. The
deeper potential well corresponds to the uniform
overlapping mode of Fig. 3(b) as observed at T& T,.
The other potential well, related to the former by
a diagonal shift in the (-g plane [see Fig. 3(a)], is

TCNQ

N~~ &~N
C~

C
II

H~ ~ ~ ~HC

C C.j—-II - —-Q
C ~ C

H ~ Hr C

II

C~

FIG. 4. Principal axis of the (TCNQ) anion. g is per-
pendicular to the molecular plane.
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not as deep as the former but is wider leading to
a more easily deformable structure in the p-axis
direction in this low-temperature configuration.
The total free energy of the system, which includes
both the lattice potential energy and the contribu-
tions from Heisenberg spin magnetic system, has
its minimum for the first overlapping configuration
[Fig. 3(b)] for T&T,. As T approaches T, from
above, the local minimum of the total free energy
for the second overlapping mode [Fig. 3(a)) is
approaching the absolute minimum of the config-
uration [Fig. 3(b)]. For T&T„ the configuration
of Fig. 3(a) has a lower total free-energy minimum
than configuration 3(b} and a finite dimerization,
with a nonuniform chain, appears along the a di-
rection. The appearance of a dimerized structure
leads to the introduction of a gap in the quasifer-
mion spectrum with the consequent reduction in
energy. The number of adjustable parameters
describing the complex crystal potential surface
and their corresponding order parameters being
prohibitively large, we choose not to write a for-
mal phase transition model but describe separate-
ly the low- and high-temperature phases on the
basis of the model proposed above. The high-
temperature phase T & T, has been treated in the
previous section and we now concentrate on the
low-temperature phase.

For T & T„we use the spin-Peierls theory of
Pytte'4 which would predict a second-order BCS-
type phase transtion at T= T, . Based on the
model described above, the BCS-type dimerization
order parameter in the chain direction is truncated
at T= T, when the spin-Peierls instability is coup-
led to the complex displacive phase transition in-
volving translational and librational motions of the
TCNQ anions. The exchange integral for the
dimerized chain is written

of the transfer integral [Eq. (3)] in the limit of the
Hubbard model and that this transfer integral
should be different for different modes of overlap.
Assuming that the restoring force results from a
quadratic form (proportional to 6') of the potential
around its low-temperature minimum, 5 varies
with the temperature T according to a BCS-type
law'~ with a critical temperature T,c . Using this
value of 6(T), the paramagnetic susceptibility of
the dimerized one-dimensional chain is obtained
from the theory of Abraham.

Using the above model, the low-temperature
susceptibility data of Fig. 1 were fitted for J',
=1800 K, Tees =437 K, and 6(0), the maxi. mum
value of the dimerization parameter 5 equals 0.42V.
The high-temperature and low-temperature fits of
the paramagnetic susceptibility appear in Fig. 5.
The fit is quite reasonable except near T = T,
where hysterisis effects manifest themselves for
this truncated first-order phase transition. The
value of J,(T=396''K) for the low-temperature
phase is 1520 K. For T &330'K, the theoretical
curve starts to deviate from the experimental
results. This departure is attributed to the devia-
tion from a quadratic dependence (6') of the crystal
lattice potential when the deformations are large
(anharmonic effects}. Note that the choice of the

J=J,(T)[1s 6(T)], (10)

where 6(T) is the temperature-dependent order
parameter describing the variation of J with re-
spect to dimerization and lateral shift. %e neglect
the presence of the two types of chains at T & T, in
using a, single expression as in Eq. (10). J,(T) is
the value of the exchange integral without dimeri-
ation for T & T,. It depends on T as a result of
thermal expansion in the same manner as express-
ed in Eq. (8):

J,(T) = Jg[1 —0.0019(T 314.4)].
The value of J,' is different from the value adopted
for the high-temperature phase T& T, because of
the first-order displacive phase transition which
has changed the overlapping modes of the (TCNQ)
anions. This is quite reasonable when we observe
that the exchange constant J is a quadratic function

0
300 400 450 T'(K)

FIG. 5. Our best fit for the paramagnetic susceptibility
per spin in K- TCNQ. Full drawn curve, our results;
dots, experimental results (Ref. 2). y is in 10~~ emu/spin
with p~P = l.
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three parameters used to fit the experimental .

curve is not critical and that as good a fit can be
Obtained slightly departing from the quoted values.

IV. CONCLUSION

A detailed study of the paramagnetic suscepti-
bility of K'(TCNQ) shows that the temperature
dependence and the phase transition are best
understood in terms of a spin-Peierls .instability-
driven displacive structural-phase transition. In
this respect, K'(TCNQ) appears to fall within the
limit of the strong correlation regime of the Hub-
bard model where the on-site Coulomb repulsion
energy is considerably larger than the intersite
transfer integral.

The temperature dependence of the paramagnetic
susceptibility for T &T, is explained using a uni-
form Heisenberg chain where the exchange integral
varies with temperature as a result of the large
thermal expansion of the lattice in the a direction.
Using the observed thermal expansion coefficient, '
the experimental results were remarkably well
fitted by a single parameter (J„'=2V00'K) theory
for the entire range of temperature variations
(396 & T &460'K).

To describe the comp)ex structural changes'
appearing at T,= 396'K, a simplified displacive
phase transition with a double well potential is
proposed. The spin-Peierls instability, with the
accompanied reduction is free energy as a result
of the introduction of a gap in the excitation spec-
trum, is the driving mechanism for this transition.
The displacive phase transition is followed by a
temperature-dependent dimerized structure for
the quasi-one-dimensional Heisenberg chains.
The experimental susceptibility results for T & T,
are then well understood using the spin-Peierls
theory of Pytte'4 with a BCS-type gap which is
truncated at T = T, by the displacive structural
phase transition. Nevertheless, it should be men-
tioned that three parameters [J",= 1800'K, Tees
= 43V'K, and 6(0) = 0.42V] were necessary to fit
the data for T & T, and that a slightly different
choice of these three parameters could fit these
results equally well. Two of these parameters
[Tsca and 6(0)] could in principle be determined
if a detailed representation of the crystal potential
energy was given and if the coupling of the dis-

placive instability to the dimerization instability
was written out explicitly. However, because of
the complexity of the determination of the crystal
potential energy from first principles, these cal--
culations were not undertaken at this stage.

The present work suggests extensions in two
different directions. First, in the framework of
the Hubbard model, K-TCNQ and probably most
alkali-TCNQ are known to be in the strong to
intermediate correlation regime. In this work,
we use for both the low- and high-temperature
phases, the Heisenbery strong correlation limit
of the Hubbard model. Based on the remark above,
it would be interesting to see the effect of the par-
tial delocalization of the electrons on the dimeriza-
tion phase transition and on the paramagnetic sus-
ceptibility response in both the dimerized and uni-
form-chain structure. A second extension of the
above treatment would be possible if a more de-
tailed representation of the crystal potential was
accessible. It would then become important to
couple together the dimerization and displacive
structural instabilities to determine their common
transition temperature T,.

In the framework of our model, it is of interest
to observe that the slope of the paramagnetic sus-
ceptibility (T & T,) as a function of temperature, "
for the alkali-TCNQ salts, increases with the mass
of the alkali cations. This is compatible with our
model based on thermal expansion for a high-temp-
erature phase. In particular, for Na-TCNQ where
the crystallographic structure' is well known, a
similar model could be applied if the thermal
expansion coefficient was measured. A further
test of our model would be its applicability to the
entire family of the alkali-TCNQ salts. The ther-
mal dependence of the crystallographic structures
of the other members of the family are needed to
initiate such a study.

ACKNOWLEDGMENTS

This work was partially supported by the Nation-
al Research Council of Canada and le Ministere
de 1 Education du Quebec. One of the authors
(Y. L.) wishes to acknowledge the receipt of a
post-doctoral fellowship of National Research
Council of Canada.

(a) J. J. Andre, A. Bieber, and F. Gauthier, Ann. Phys.
No. 4-5, 145 (1976); (b) I. F. Shchegolev, Phys. Status
Solidi A 9, 12 (1972); (c) H. H. Zeller, Adv. Solid State
Phys. 13, 31 (1973):; (d) Z. G. Soos, Ann. Hev. Phys.
Chem. 25, 121 (1974); (e) Z. G. Soos and D. J. IQein,

in Molecular Association, edited by B. Foster (Aca-
demic, New York, 1975), p. 1.

2J. G. Vegter, T. Hibma, and J. Kommandeur, Chem.
Phys. L tt. 3, 427 (1969).

3H. Terauchi, N. Sakamoto, and I. Shirotani, J. Chem.



3592 Y. LEPINE, A. CAILLK, AND V. LAROCHKLLE 18

Phys. 64, 437 (1976),
4M. Konno, T. Ishii, and Y. Saito, Acta Cryst. B 33, 763

(1977).
~H. Terauchi, Phys. Rev. 8 17, 2446 (1978).
8M. Konno and Y. Saito, Acta Cryst. B 30, 1294 (1974);

31, 2007 (1975).
7A. Hoekstra, T. Spoelder, and A. Vos, Acta Cryst. B

28, 14 (1972).
(a) P. J. Strebel and Z. G. Soos, J. Chem. Phys. 53,
4077 (1970); (b) D. J. Klein and Z. G. Soos, Mol. Phys.
20, 1013 (1971); (c) Z. G. Soos and D. J; IQein, J.
Chem. Phys. 55, 3284 (1971); (d) Z. G. Soos and A. J.
Silverstein, Mol. Phys. 23, 775 (1972).

(a) A. J. Epstein, S. Etemad, A. F. Garito, and A. J.
Heeger, Phys. Rev. B 5, 952 (1972); (b) A. N. Bloch,
R. B. Weisman, and C. M. Verma, Phys. Rev. Lett.
28, 753 (1972); (c) E. Ehrenfreund, S. Etemad, L. B.
Coleman, E. F. Rybaczevrski, A. F. Garito, and A. J.
Heeger, Phys. Rev. Lett. 29, 269 (1972).
J, Hubbard, Proc. R. Soc. A 276, 238 (1963);277,
237 (1963); 281, 401 (1964}.
(a) D. J. IQein and W. A. Seitz, Phys. Rev. B 8, 2236
(1973); (b) W. A. Seitz and D. J. Klein, Phys. Rev. B 9,
2159 (1974).

S. K. Khanna, A. A. Bright, A. F. Garito, and A. G.
Heeger, Phys. Rev. B 10, 2139 (1974).

~3D. B. Tanner, C. S. Jacobsen, A. A. Bright, and A. J.
Heeger, Phys. Rev. B 16, 3283 (1977).

~~T. Hibma and J. Kommandeur, Solid State Commun. 17,
259 (1975).

~S. Suhai, Solid State Commun. 21, 117 (1977).
J. G. Vegter and J. Kommandeur, Mol. Cryst. Liq.
Cryst. 30, 11 (1975).

~V. Larochelle, A. Lakhani, H. K. Hota, Y. IApine, and
A. CaiQ6, preliminary results, comp&ete magnetic
susceptibility and EPR results (unpublished).
J. C. Bonner and M. E. Fisher, Phys. Rev. A 135, 640
(1964).
L. N. Bulaevskii, Fiz. Tverd. Tela (Leningrad) 11, 1139
(1969)
S. K. Khanna, E. Ehrenfreund, E. F. Rybaczewski, and
S. Etemad, AIP Conf. Proc. 10, 1509 (1973).
Y. Lepine and A. Caille, J. Chem. Phys. 67, 5598
(1977).
M. Weger and J.Friedel, J. Phys. (Paris) 38, 241(1977).

23G. Beni and P. Pincus, J. Chem. Phys. 57, 3531 (1972).
E. Pytte, Phys. Rev. B 10, 4637 (1974).
D. B. Abraham, J. Chem. Phys. 51, 3795 (1969).


