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A theoretical description of the complete family of quasi-one-dimensional segregated-stack
charge-transfer solids within a single model has remained elusive mostly because of the rich variety
of behavior within the family. In particular, materials with both strongly enhanced as well as al-
most unenhanced static magnetic susceptibilities are known. Furthermore, a large number of dif-
ferent interpretations of the static magnetic susceptibility data have led to an intense controversy
over the role of Coulomb correlations in these narrow-band systems. By comparing structurally
similar materials with different magnetic behavior we show that (a) these differences do not ori-
ginate in differences in molecular properties or crystal structures and (b) none of the simple
electron-electron or electron-phonon coupled models can explain the observed differences in suscep-
tibility behavior. Within a previously proposed extended Hubbard model we then show that the sus-
ceptibility is expected to vary strongly and systematically as a function of the degree of charge
transfer. Detailed comparisons of both the magnitude of the high-temperature susceptibilities as
well as the temperatures at which the susceptibilities peak for a large number of materials are made
with theoretical predictions to prove the validity of our model. In addition we discuss how other
properties of the complete family can be explained and predicted within the present model, and
show that the parameters of the model can be obtained from charge-transfer absorption data.
Several of the newly synthesized materials have been suggested to have weak electron correlations
based on weakly enhanced susceptibilities and the absence of the 4k instability. We propose, how-
ever, that the above experimental features are consequences of the specific charge-transfer range
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within which these materials lie, and do not imply weak correlations.

I. INTRODUCTION

Quasi-one-dimensional organic charge-transfer (CT)
solids have been of considerable recent interest! = due to
their potential technological use as organic electronic ma-
terials and their novel low-dimensional features. Despite
the intense activity on these materials for more than a de-
cade, the development of a unified theoretical description,
which explains the behavior of the complete family of or-
ganic conductors, at least on a semiquantitative level, has
been difficult. There are two principal reasons for this.
First, the variety of electronic properties even among the
segregated stack CT solids alone is remarkably rich.
Structurally similar materials, with nearly identical
molecular components and crystal structures, often exhib-
it very different behavior. Second, due to the extremely
narrow bandwidths (0.5—1 eV) of these materials, direct
Coulomb interactions between electrons,®~° intramolecu-
lar'®!! and intermolecular'>~!* electron-phonon interac-
tions, disorder'>~!7 due to the random orientations of the
dipole moments in asymmetric counterions or due to in-
terrupted strands, can all influence electronic and magnet-
ic behavior. Precisely because of the above, different
theoretical models emphasizing different interactions have
been common,®~!7 and any of these models explains at
least certain features of a few materials, though often
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within a limited temperature range. This has led to a
long-standing controversy over the role of Coulomb in-
teractions in these narrow-band materials, as “experimen-
tal evidence” for both weak!®~2* and strong’!%24-28
Coulomb correlations has been found.

It is our opinion that the “true” theoretical model
should be to explain the behavior of the complete family
of segregated-stack CT solids. In particular, it should ex-
plain the differences in behavior that are often observed
between structurally similar compounds. The particular
properties of CT solids we are interested in are the static
magnetic susceptibility, the various phase transitions that
occur at low temperatures, and both low- and high-
frequency optical properties. The magnetic susceptibili-
ties of a very large number of materials are strongly
enhanced over the theoretical Pauli values, and this has
been cited as evidence for both strong Coulomb interac-
tion between electrons’ as well as of a strong band-
narrowing effect (within a weak correlation model) due to
electron-phonon interactions.”’ However, a smaller but
significant number of materials exhibit unenhanced or
weakly enhanced susceptibilities,>'820-23.30-35 apq the
reason for this difference is not obvious from the above
simple theoretical ideas of electron-electron or electron-
phonon coupling. Indeed, the magnetic behavior of this
latter class of materials has often been cited as evidence
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for weak electronic correlation in all the CT solids.*
Similar problems exist with the phase transitions in these
solids. In usual quasi-one-dimensional systems, such
phase transitions are due to formation of density waves
with periodicity 2kr, where kr is the Fermi wave vector
within a one-electron picture. In the organic solids, how-
ever, several systems undergo phase transitions leading to
density waves with periodicities 4kr, while others which
undergo only the “normal” 2k Peierls transition are also
known. 21253738 Eyrthermore, the temperatures at
which these transitions occur can also be widely varying.
Similarly, several anomalies in optical behavior also are
known, and a consistent theory should be able to explain
all of the above anomalies.

In this series of papers we develop such a unified
description of these organic solids. Brief presentations of
these ideas were made earlier.’**® The particular experi-
mental quantity we will be interested in here is the mag-
netic susceptibility, which has been a source of intense
controversy. A complete description of the phase transi-
tions requires detailed studies of the several different bro-
ken symmetries that are possible in one dimension and
that can often coexist.**~%> The results of these investi-
gations of broken symmetries will be published later.*
Here we only mention that the conclusions of these inves-
tigations on one-dimensional broken symmetries are in
complete agreement with the present study of magnetic
behavior. Similarly, we avoid discussing the full range of
optical behavior at the moment, but only point out here
(see the Appendix) that consistent values of electron corre-
lation parameters can be obtained from the optical studies
of materials that absorb at different frequencies.*®’ Our
principal purpose is to demonstrate that explicit inclusion
of both intramolecular and intermolecular electron corre-
lations can successfully explain the observed systematics
in magnetic behavior,”® and the detailed examination of
the latter for the complete family of CT solids leads
naturally to the present theoretical model. Aside from the
susceptibility, phase transitions, and optical behavior,
transport behavior is also of interest. However, existing
experimental data' —> indicate that the actual temperature
dependence of the dc conductivity is strongly dependent
on crystal structures and counterions, so that a unified
description of transport behavior is considerably more dif-
ficult. In addition, we show in the present paper that the
proper theoretical model for these materials involves
strong Coulomb interactions between electrons, and trans-
port theory for such correlated systems, particularly in the
presence of disorder and charge-density waves, is nonex-
istent at present, although it may be possible to explain
the behavior of a few materials within a relatively narrow
temperature range.

In Sec. II we briefly review the experimental situation
for the magnetic susceptibility, emphasizing the differ-
ences in the susceptibility behavior between structurally
similar materials. We point out that such differences can-
not be explained on the basis of differences in crystal
structures, molecular properties, or bandwidths. We criti-
cally examine the simple electron-electron or electron-
phonon coupled models proposed for these systems, and
point out that all of these predict a nearly uniform mag-

netic behavior (i.e., uniformly enhanced or unenhanced
susceptibility) for CT solids, in contradiction to the exper-
imental observation. The requirement that the correct
theoretical model should explain the observed differences
leads naturally to the extended Hubbard Hamiltonian pro-
posed for these systems,®¢”3%40:42 a5 s then shown within
a physically intuitive picture that predicts a systematic
dependence of magnetic behavior on band filling, or more
precisely, the degree of charge transfer p from the cations
to the anions.’®** In Sec. III we present the results of fi-
nite chain calculations of magnetic susceptibilities as well
as several different ground-state correlation functions as a
function of p that are related to the magnetic susceptibili-
ty within our proposed theoretical model. Detailed com-
parison of experimental susceptibilities, in particular,
enhancement factors (relative to the theoretical Pauli sus-
ceptibilities) and the temperatures at which the suscepti-
bility maxima are reached is made in Sec. IV, and it is
shown that the complete family of segregated-stack CT
solids obeys our theoretical prediction. Finally, in Sec. V,
we summarize our conclusions and discuss the implica-
tions of present results for other properties of CT solids.

II. REVIEW OF EXPERIMENTAL MAGNETIC
SUSCEPTIBILITIES AND THEORETICAL MODELS

In this section we briefly review the experimental data
for a few materials that have been studied the most and
discuss predictions of several theoretical models. We
have, for the present, chosen materials that are structural-
ly similar and hence indicate the systematic dependence
on p most clearly, although we later show this to be true
for the entire family.

Probably the most well-studied susceptibility X(T')
as a function of the temperature 7T is that of
tetrathiafulvalene-tetracyanoquinodimethane (TTF-
TCNQ).”"19314 While there is still some disagreement
over the relative bandwidths of the TTF and TCNQ
chains,* it is generally agreed that the high-temperature
X(T) for TTF-TCNQ is highly enhanced over the theoret-
ical Pauli susceptibility X p, where X p for a single chain is
given by

Nous

=T Tsintmp/2) W

Xp
where g is the Bohr magneton, N, the Avogadro num-
ber, p the average number of electrons or holes per molec-
ular site, and |z | the one-electron nearest-neighbor hop-
ping integral. It is known that the bandwidth parameter
| t | varies by as much as a factor of 2 in CT solids, but
for our purpose we have chosen a uniform bandwidth
4|t| of 0.5 eV for both donor and acceptor stacks in
single-chain as well as two-chain materials. This is be-
cause our primary interest is in pointing out the systemat-
ic p dependence in materials with nearly the same band-
widths, and its implications for theoretical modeling.
None of the conclusions reached here change even if the
bandwidths are taken to be twice as large, and we shall de-
vote additional discussions to selenium-based donor
chains with wider bands (4| | ~1 eV). Similarly, we do
not make distinctions between one-chain and two-chain
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materials, since the very small interchain hopping can in-
fluence the magnetic behavior only at low temperatures
where three-dimensional couplings become important, and
our interest in the present paper will be limited to the
high-temperature susceptibility. The enhancement factor
Xexpt/Xp for TTF-TCNQ at room temperature, or at 350
K where X(T) exhibits a peak, is nearly 3. Taken in isola-
tion, this fact can be explained both within the simple
electron-electron or electron-phonon coupled models. Let
us review here the options.

The model emphasizing the electron-electron interac-
tion and that has been used most widely is the simple
Hubbard Hamiltonian,

Hyuppara=U 3 nigni +1 3, (CiTaci +1,0+Ci*+l,ocia) ) (2)
i i,o

where c,-t, and c;, are electron creation and annihilation

operators for site i and spin o(=1,!), n;, are the corre-
sponding number operators, and U the on-site repulsion
between two electrons. The implicit parameter in Eq. (2)
is p, with p=1 corresponding to a magnetic semiconduc-
tor and all p<1 materials being conductors®> even at
U/t— «. Equation (2) predicts enhanced X(T) for all p,
provided that U /4t is large. CT absorption at ~1.0 eV
as well as an activation energy of semiconduction
[ ~+(U —4t) within Eq. (1)] of 0.2—0.3 €V in p=1 ma-
terials*® indicates U ~ 1.0 eV in p=1 systems. The exper-
imental |t | of 0.1—0.2 eV then justifies [within Eq. (2)]
using the U/t— o approximation for the magnetic
behavior of CT solids with arbitrary p, which is that of a
Heisenberg spin Hamiltonian H,, within this limit*

Hspin=‘]zsi'si+l ’ (3)
i
where
212 sin(2mp)
J==—p 1-2TR°
P 27 @)

Inclusion of disorder in Eq. (2) leads to a random ex-
change spin Hamiltonian,*” which has been used to ex-
plain X(T) behavior of materials of the type
Qn(TCNQ),,*"*  Ad(TCNQ),,*"*®  (NMP), (Phen),_,
(TCNQ),* etc., with asymmetric cation molecules. Note
that such random exchange Heisenberg Hamiltonians as-
sume the “large- U”’ model.

A long-standing controversy has, however, persisted
over the magnitude of U in Eq. (2). While it is generally
agreed that U for p=1 is large, it has often been argued
that metallic screening in the conductors should lower U
considerably, and various “small- U approaches are com-
mon. However, this claim has not been proved either
theoretically or experimentally, and with regard to screen-
ing, we strongly believe in the opinion expressed by
Hubbard,”® viz., screening effects “will emerge in the
solution of the problem posed by the Hamiltonian we start
with and are not to be taken into account separately in
setting up this Hamiltonian.” Unlike Hubbard, however,
we do not attempt to derive the correlation parameters,
but simply get them from experiments. As we shall see,

the screening does indeed emerge in the solution of the
problem, in the form of increased or reduced values of the
correlation functions of the type (n;n; ) or {(n;n;), but
not in reduced values of the parameters in the Hamiltoni-
an.

A more serious problem with the model emphasizing
strong electron correlation is the unenhanced or weakly
enhanced X(T) found in many systems, which would sug-
gest a “small- U” picture within Eq. (2). For instance, in
comparing the experimental X(7T) of TTF-TCNQ, TSF-
TCNQ, and HMTTF-TCNQ, Tomkiewicz et al. conclud-
ed that “the donor stack susceptibility is enhanced only in
TTF-TCNQ” and that X, /Xp are widely different even
for the TCNQ chains.3!®

Since, in principle, such differences can result from
both differences in molecular properties that reduce the
on-site electron correlation as well as differences in band-
widths originating from differences in crystal structures,
we compare here three different compounds to show that
neither of the two above reasons can explain the seemingly
anomalous behavior. The materials we choose are TTF-
TCNQ, TMTTF-TCNQ, and HMTTF-TCNQ, with
Xexpt/Xp at high temperatures being 2.8—3.0,7 2.3—2.4,'®
and 1.1—1.3,>'® respectively. The donor molecules are
nearly the same in all cases and hence the molecular U
should be very close. Even if the argument is made that
methylene groups in the HMTTF pull charges away from
the center of the molecule (thus reducing U),!® similar
arguments should be true for the TMTTF molecule too.
Thus certainly any slight difference in molecular U can-
not explain the difference in X ¢ /X p. In Table I we com-
pare the relevant crystal structure parameters>’~>2 for the
three solids, and it is obvious from the nearest-neighbor
distances and overlap patterns that both donor and accep-
tor stack bandwidths are nearly the same in these materi-
als. Indeed, if the differences in X(T) behavior were due
to small differences in the bandwidth parameter in Eq.
(2), one would have expected from Table I that TTF-
TCNQ would have the largest bandwidth and hence the
most weakly enhanced X. Finally, all of the above materi-
als are highly anisotropic,'® and weak interchain transfers
cannot explain the factors of 2—3 difference in X ¢xp /X p.

As we shall show in Sec. IV, the same conclusions are
reached by comparison of other materials with structural
similarities. Here we only mention the case of the alloy
series (NMP), (Phen); _,(TCNQ), 0.5<x <1, in which
neutral phenazine (Phen) molecules are substituted for the
donor NMP molecules,*® such that p in the TCNQ chain
varies from 0.5 to 0.67 [CT from NMP to TCNQ be-
comes progressively more incomplete as x increases from
0.5 (Ref. 49)]. While there are some questions regarding
material purity® as well as the nature of defects* around
x—0.5 (p—0.5), Xexp: at 300 K decreases rapidly with x
except for a small region around x =0.5. Again, this is in
contradiction to the predictions of Eq. (2), within which
only a weak p dependence is expected. In fact, NMP-
TCNQ is a two-chain conductor with a total susceptibility
at 300 K Jower than the single-chain conductor
(NMP)o_ 5(Phen)0A 5(TCNQ)

An alternate theoretical model that has also been used
to explain enhanced X(T) claims that U is small
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TABLE I. Relevant crystal structure parameters that determine the one-electron bandwidth parame-
ters for three representative CT solids. The angle between the normal to the molecular plane and the
stack axis determines the overlap pattern between molecular orbitals on nearest neighbors. The abbrevi-
ations in the compound column are as follows: TCNQ, tetracyanoquinodimethane; TTF, tetrathiaful-
valene. The prefixes TM and HM stand for tetramethyl and hexamethylene, respectively.

D- D, distance
(in A) along

A- A distance
(in A) along

Angle between
normal to the
molecular plane
and stack axis,

Angle between
normal to the
molecular plane
and stack axis,

Compound stack axis stack axis donor chain® acceptor chain®
TTF-TCNQ 3.47 3.17 24.5° K2
TMTTF-TCNQ 3.53 3.27 23.2° 322
HMTTF-TCNQ 3.57 3.25 23.8° 34.2°

2The dihedral angles between donor and acceptor molecules in TTF and TMTTF-TCNQ (58.5° and
55.4°) are much larger than the dihedral angle in HMTTF-TCNQ (10.4°); while this affects the relative
magnitudes of interchain overlaps, the intrachain bandwidth is a function of only the distances and an-

gles presented here.

(screened), and the dominant interaction of the band elec-
trons is with the phonons in the system.? Since linear
electron-phonon coupling would always lead to a bound
polaron, the quadratic electron-phonon coupling is em-
phasized within the model Hamiltonian,

Hopn=13, (C:ci“ +H.c.)+fw Y, (aa; + 1
i i

+3 g2 +j)cieia) +a;2 (5)
ij

where ¢; and a; correspond to electron and phonon opera-
tors (note that spin is irrelevant here), @ the phonon fre-
quency, and g'? the quadratic electron-phonon coupling
constant. Within Eq. (5), the enhancement of X is due to
the standard band-narrowing effect due to strong
electron-phonon coupling, an effect that would be ob-
served even if a strong linear electron-phonon coupling is
used instead of the quadratic coupling. The quadratic
electron-phonon-coupling model, in principle, also ex-
plains the 4k instability>* as well as the approximately
T? dependence of dc conductivity?® in materials of TTF-
TCNQ type, and these aspects will be discussed in a later
publication. Once again, the weakness of Eq. (5) and oth-
er similar electron-phonon-coupled models is the same as
for the simple Hubbard Hamiltonian in Eq. (2), viz., they
predict a nearly universal behavior (enhanced X) for all
CT solids, unless very different electron-phonon couplings
are used for different compounds. We have already seen
that the crystal structures of TTF-TCNQ, TMTTF-
TCNQ, and HMTTF-TCNQ indicate nearly identical
donor and acceptor chain bandwidths, and there is no
reason to assume that the electron-phonon couplings
(linear or quadratic, intramolecular, or intermolecular) are
very different. For the same reason other related
electron-phonon-coupled models*® for the enhanced X can
be discounted, although as we discuss later, the actual
temperature dependences of X may very well be related to
the various distortions that arise from electron-phonon in-

teractions.
Finally, a third model that has been used often is the

Wigner crystal model of Kondo and Yamaji®® and

Hubbard,”®’ who pointed out the very important role of
intersite Coulomb interactions in these systems (see also
Refs. 6 and 7 for discussions of intersite interactions).
According to these authors, CT solids are described by the
Hamiltonian,

HWignerzHHubbard+2 anini +Jj (6)

ij

where Hyupparg 1S the Hamiltonian in Eq. (2), n; is the to-
tal number of electrons in site i/, and V; are the repulsions
between electrons j sites apart. According to Hubbard’s
estimates U =2.9 eV, V| =0.9 eV, and even ¥V, is com-
parable to or larger than 7. Ground-state solutions to Eq.
(6) were obtained™® for the limit U = o and t =0, which
was considered to be a valid limit for such a large value of
U and relatively small ¢z, and where the model becomes
equivalent to an Ising model with long-range interactions
in the presence of a magnetic field.>> Without going into
further details, it suffices to say that the U = oo limit pre-
cludes all double occupancies and therefore again predicts
universally enhanced X (actually Curie susceptibility), in
contradiction to experiments. Furthermore, the magni-
tudes of U, V}, etc. estimated by Hubbard are larger than
all other estimates by factors of 2 to 3, and also, such
long-range interactions will obliterate the difference be-
tween various p even at finite U.

We have, in the above, discussed only those theoretical
models that have been suggested as unified theoretical
descriptions. Aside from the above, several more specific
modified band-theoretical models thought to be applicable
to particular systems (usually TTF-TCNQ) have also been
suggested in the past.”® We do not discuss these any fur-
ther, since experimentally, the origin of at least the
enhanced X in various materials is the same, as has been
discussed by numerous authors.® 73

In order to develop the “true” theoretical model for CT
solids, we need to first understand why X is enhanced at
all by electron correlation. All the Hamiltonians dis-
cussed above conserve the total spin. Consider now two
spin subspaces S and S’, where S <.S’. The maximum
possible number of doubly occupied sites in subspace S is
larger than the maximum number in S’. The number of
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configurations is therefore larger in the subspace S, and
relatively greater configuration interaction ensures that
the energies of eigenstates within subspace S are much
lower than those in subspace S’ at small U. The extent of
the above configuration interaction within any spin sub-
space depends only on the matrix elements of the
Coulomb interaction part of the Hamiltonian for various
configurations. Consider, for simplicity, two configura-
tions in real space that are related by a single electron
transfer and that differ by a double occupancy. Denoting
by H,; and H,, the matrix elements of the Coulomb in-
teraction part of the Hamiltonian for the two configura-
tions, it is obvious that the configuration interaction in-
creases as the difference | H, , —H, | decreases. Within
the simple Hubbard Hamiltonian, | H, ,—H, ;| =U, and
therefore as U is raised there is smaller configuration in-
teraction, affecting the energy states of the lower spin sub-
spaces more than those of the higher spin subspaces. The
energy states within subspace S are raised more than those
within subspace S’ and X becomes enhanced. The
enhancement factor X, /Xp therefore depends only on
quantities like | H,,—H, |, i.e., the net barrier to dou-
ble occupancy. The latter, in its turn, not only determines
thermodynamic quantities like X(T), but also ground-state
correlation functions like (n;n;,) and (S7S7,;), where
S7 is the zth component of the spin on site i. If we there-
fore believe that the parameter U/t is nearly equal in all
materials (at least in those which are chemically and
structurally equal), the simple Hubbard Hamiltonian can-
not explain variable X, /X p, for any value of U, with or
without electron-phonon interactions.

To explain variable enhancements, we therefore need a
variable Uy, where Uy is an effective barrier to double
occupancy. This quantity can vary strongly as a function
of p (Ref. 39) within the extended Hubbard Hamiltonian,

Hpy =Hyyppara + V1 2, 1ilti 41 M
;

where we have retained only the nearest-neighbor
Coulomb repulsion ¥ in Eq. (6) and will retain a finite U.
As we discuss in the Appendix, more distant interactions
along the chain are negligible in real materials, although a
weak second-neighbor interaction ¥V, ~t is possible. The
p dependence of Uy will be true for any finite U/V, but
for the specific case of CT solids we believe U ~1.2—1.4
eV, V1 ~0.3—0.5 eV (see Appendix).

As suggested by Hubbard,”®' we examine first the t =0
solutions to Eq. (7) for an intuitive understanding of the
behavior of U (p). For all p<1, the ground-state con-
figuration in this limit consists of only singly occupied
and empty sites, i.e., double occupancies are forbidden.
Furthermore, each configuration is an eigenfunction of
the Hamiltonian in this limit. The barrier to double occu-
pancy is simply the energy difference between the
ground-state configuration and a proper final configura-
tion that has one double occupancy and is reached by a
single nearest-neighbor hop. If several such configura-
tions with different energies can be reached by nearest-
neighbor electron transfers, the overall barrier to double
occupancy is a weighted sum of all the energy differences,
where the relative weight of each term is proportional to
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the probability of reaching the appropriate configuration.
In Fig. 1, we present relevant ground-state configurations
and configurations reached by single hops for p=1,
1—1/N, 0.75, and 0.5. For p=1, the ground state at
t =0 consists of all sites singly occupied, and any
nearest-neighbor hop leads to a configuration at energy
U—V,, as shown in Fig. 1(a). Ugg(p=1) is therefore
U —V, in this limit. If we now remove an electron from
any site I, the two particular electron transfers from sites
i+2 to sites i+1, cost an energy only U —2V,. The
overall barrier to double occupancy is a function of both
the probability of the low-energy transfer and its actual
magnitude, and Uy in this case is infinitesimally smaller
than U —V,. As more and more electrons are removed
from the system, the relative weight of the low-energy
transfers increases continuously, until it reaches a max-
imum at p=0.75, where half the transfers leading to dou-
ble occupancies cost U —2V,, as seen in Fig. 1(c). The
ground-state configuration in Fig. 1(c) is degenerate with
the configuration --- 01101111 - -, where the numbers
signify site occupancies, but even with this initial configu-
ration one-third of all transfers leading to double occu-
pancies are of the low-energy type. Further reduction in
electron concentration removes the electrons which are at
the centers of sequences of three occupied sites in Fig.
1(c), until at p=0.5 the ground state consists of alternate-
ly occupied sites. As seen in Fig. 1(d), the energy differ-
ence between the ground state and the final configuration
with one doubly occupied site is now U itself. Further-
more, the final configuration here is reached by two hops
instead of one, so that we expect U(0.5) to be actually
larger than U.

The variation in Ug(p) is expected to persist at ¢5£0
for U, V| >t, and finite U/V,. Based on the above dis-
cussion for the ¢z =0 limit, we can therefore construct the
schematic plot of U(p) versus p,3* shown in Fig. 2. The
relative magnitude of U,y and the bandwidth 4¢ is of
course dependent on the actual values of U/t and V,/t,
and our conclusion that Ul <4t for 0.6 <p <0.8 is based
on comparison with experimental magnetic susceptibilities
and numerical calculations with U/t and V,/t close to

@b b e H
O F 433 p T b
R I
(d)f.t.§.$.~_:‘§_=_‘{_ b oot
FIG. 1. Relevant many-electron configurations that deter-

mine Ugs(p) within the extended Hubbard model, near t—0
limit, for several different p. In each case, the initial configura-
tion is the ground-state configuration, while the final configura-
tion contains one doubly occupied site and is reached from the
former by a single nearest-neighbor electron transfer (except
p=0.5, where the final configuration requires fwo nearest-
neighbor transfers; the dashed arrow in the figure denotes such
a concerted two-step process).
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FIG. 2. Schematic behavior of Ucg(p) vs p for a single chain.
Interchain interactions are now expected to alter the behavior
qualitatively (see text).

values suggested by optical-absorption measurements in
TTF- and TCNQ-based solids.

In the next section we present results of our numerical
calculations. A few additional points are made here, how-
ever. Firstly, Uy is a measure of the overall barrier to
double occupancy, and therefore of only the on-site corre-
lation (n;,n;,). It is expected to reproduce quantities like
X(T) but not other observables that depend on long-range
correlations (e.g., the structure factor); however, it can
still indirectly determine the nature of the long-range
correlations and whether 2kr or 4kp charge-density
waves are favored in a given case (see Sec. V and Ref. 40).
This is because within a linear electron-phonon-coupled
model the 4ky charge-density wave always requires a
small (n;n;). Secondly, even if Ugr<4t for
0.6 <p<0.8, we do not imply that these systems are un-
correlated, but rather that the nature of the correlations
are different. Both these points are further discussed in
Secs. IIT and IV.

III. NUMERICAL RESULTS FOR X(T)
AND GROUND-STATE CORRELATION FUNCTIONS

The p dependence we conjecture from intuitive reason-
ing is expected to become weaker for finite bandwidth. In
order to demonstrate the considerable strength of this
dependence for realistic values of correlation parameters
we have performed exact numerical calculations, in the
absence of analytical results for the many-body Hamil-
tonians discussed in Sec. II. Our estimates of the correla-
tion parameters are U~1.2—1.4 eV, V| ~0.3—0.5 eV.
These values are obtained from fits to the experimental
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charge-transfer absorption spectra, as discussed in the Ap-
pendix, where we compare the spectra of materials at the
two extreme densities, p=0.5 and 1. Even though the two
classes of materials absorb at very different frequencies,
they yield the same values for U and ¥V, thus giving us
confidence in these estimates. We have assumed a band-
width 47~0.5 eV, and present numerical results for
U=7v2t and 8V2t, V,=2V2t and 3V2t. In addition,
we have performed our calculations also with a weak but
nonzero V,. For selenium-based donor chains a band-
width of ~1.0 eV has been suggested, and this would re-
quire smaller U/t and V,/t (but nearly the same U/V},
leading, again, to a strong p dependence within this fami-
ly). None of the results obtained here are qualitatively af-
fected, except that larger bandwidths simply imply slight-
ly larger (n;,n;;). However, these larger on-site correla-
tion functions still do not justify using band-theoretical
models.

The most direct way to verify the intuitive arguments
of Sec. II is to calculate magnetic susceptibilities X(T).
This was done numerically for systems of N, =4 electrons
distributed over N =4, 5, 6, 7, and 8 lattice sites, corre-
sponding to p=1, 0.8, %, 0.57, and 0.5. Due to the finite
energy gaps in such finite systems we do not expect con-
vergence in X(7) at low T, but our interest is only in the
high-temperature part of the susceptibility. There are by
now numerous demonstrations of the convergence of ther-
modynamic properties at high T of one-dimensional sys-
tems with short-range interactions.’” The numerical cal-
culations of X(T) were done for open chains only, since fi-
nite undistorted 4n-electron periodic rings have a
ground-state total spin S =1 instead of § =0 for N,#N.
For better comparison with the infinite system we have
therefore assumed an interaction ¥, between sites 1 and
N. We have verified that the behavior of U.g(p) remains
unaltered even if ¥V y=0.

For comparison of various p we first calculate X(T)
from Eq. (7) with fixed U and ¥, and then compare it
with X(7) obtained from the simple Hubbard Hamiltoni-
an [Eq. (2)] with an on-site repulsion U=U —V,. Fi-
nally, by trial and error, we find the effective repulsion
U,gr that best reproduces the X(T) obtained from Eq. (7).
Our results for p=1, 0.8, and 0.57 are shown in Fig. 3 for
one set of U and V,. The results for all other U and V,
are similar. For p=1.0, Uy~ U — V¥, as can be guessed
from perturbative results near t—0. For p=0.8, U is
found to be much smaller than U — V| while for p=0.57
Uer> U —V, and is comparable to U itself. For p=0.5
(not shown here), U, is even larger and is greater than U,
as might be expected from the arguments given in Sec. II.
Besides the magnitudes of the susceptibility the tempera-
tures T, at which the maxima of X(T) in Fig. 3 occur
are also of interest. Within the simple Hubbard Hamil-
tonian with a fixed on-site repulsion, the maxima occur at
comparable temperatures for all p [the slight differences
in T, are due to the weak p dependence of the exchange
integral in Eq. (4)], while within the extended Hubbard
Hamiltonian we find that T.,, is much smaller for
p=0.57 than it is for p=0.8. This is to be expected
within perturbation theory, the Heisenberg exchange in-
tegral J.g(p) being proportional to 2t%/U(p), and
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KT max=1.2827 4¢(p).>” As we point out in the next sec-
tion, not only X /Xp but also the experimental T,
obey this predicted trend.

Even the above limited set of results clearly points to-
ward a systematic trend.® In order to probe this behavior
further [in particular, to demonstrate the smooth behavior
of Ug(p)] it is necessary to extend the calculations to
larger systems and a larger number of densities. In prac-
tice, however, the Hamiltonian matrices become too large
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FIG. 3. Reduced magnetic susceptibilities versus reduced
temperature for single chains of N molecules with U =7V2t,
V1=3\/§t, and p=4/N. Solid line, Eq. 97). Dotted line, Eq.
(2) with Ug=U—V,. Dashed line, Eq. (2) with (b)
Ug=U—1.6V, and (c) Ugg=U.

for N,>4 and all but the smallest N (especially for
0<S <N, /2), so that it is extremely difficult to obtain
the complete energy spectrum and the thermodynamic
behavior. We point out, however, that this is not neces-
sary as several ground-state correlation functions are
directly related to the thermodynamics. As discussed in
the preceding section, enhancement of X is dependent on
the overall energy barrier to double occupancy, which in
turn determines the normalized ground-state probability
of double occupancy or the pair correlation function g(p)
on the same site, defined as,

("11"i3>
LA 1 S 8a)
8= () (e
4n..n:
_ (nnznu> . (8b)
p

The smaller the g(p), the more enhanced is X(T) and the
smaller the Tp,,. An additional quantity that is related
to X(T) behavior is the “spin structure factor” S,(q), de-
fined as

So(@)=N""3 (SiSf,;)e'd, 9
Lj

where S7 is the z component of the spin on site /, gis a
wave vector, and the expectation value is for the ground
state only. The tendency towards antiferromagnetism is
seen from a peak in S,(q) at ¢ =2kz=pm/a, where a is
the lattice constant; the more intense the peak, the more
enhanced X is.

The fact that the simple Hubbard Hamiltonian will
yield a nearly uniform g(p) is seen most easily in the two
limits of U =0 [g(p)=1 for all p] and U= [g(p)=0
for all p]. This conclusion remains unchanged even when
electron-phonon couplings are included. We have numeri-
cally evaluated g (p) for N,=6 and N =6,7,8,9,10,11,12;
N,=8, N=8,10,11,12; and N,=10, N =10; thus cover-
ing p=1, 0.857, 0.80, 0.75, 0.727, 0.67, 0.6, 0.545, and 0.5.
All of the above calculations were done for closed periodic
rings for which convergence is faster than for open
chains. Also, we compare here only ground-state proper-
ties, which are expected to converge for the tight-binding
case for the above ring sizes. Rather good estimates of
finite-size effects can be obtained from the data which in-
clude two different p for which the calculations were per-
formed with multiple ring sizes (N =6,8,10 for p=1.0
and N =9,12 for p=0.67). Similar estimates are also ob-
tained from comparisons of p=0.727 (N =11), p=0.75
(N =8), and p=0.8 (N =10). In all cases finite-size ef-
fects are found to be small. Finally, the above calcula-
tions of g(p) were also done for much larger systems
(N ~32) using an extended projector quantum Monte
Carlo method.”®® From the above calculations we verified
that (i) smooth and continuous g(p) behavior is obtained
for each N, by varying N; (ii) the absclute magnitudes of
g(p) depend weakly on N,, and have converged to a few
percent of the limiting values at N ~ 10; and (iii) most im-
portantly, while the g(p) plots are slightly different for
each N,, the overall qualitative behavior of g(p) as a
function of p is independent of N,. Due to the nearly
identical values of g(p) obtained from the exact and
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Monte Carlo calculations, we present only the data ob-
tained from the former.

Our results for the two values of U/t and V', /t chosen
here are shown in Figs. 4(a)—4(d). In Figs. 4(a) and 4(b)
we plot g(p) versus p for (i) the extended Hubbard model,
(i) the simple Hubbard model with effective on-site repul-
sion U — V¥, and (iii) the simple Hubbard model with on-
site repulsion U. The simple Hubbard model yields a
nearly p-independent g(p) in all cases. For the extended
Hubbard model, g(1) in all cases is reproduced by
Us=U —V,, as expected, while for p—0.5 it is seen that
g(p,V1#0) <g(p,V,=0), thus indicating again that
U > U in this region. For intermediate p, in particular

0.5

(a)

0.4

0.3

g (o)

0.2¢

0.5

0.4

0.3

g (o)

0.2

0.1¢"

0.0 | l I l
0.5 06 07 08 09 1.0

e

S. MAZUMDAR AND S. N. DIXIT 34

for % <p<0.8, g(p) is considerably larger for V>0 and
can be reproduced within an effective Hubbard model
with U, <4t (but much larger than zero). A nonzero V,
can therefore both decrease and increase g (p), and the ac-
tual behavior depends very strongly on p itself. The effect
of nonzero ¥, on g(p) is shown in Figs. 4(c) and 4(d). In
general, ¥, makes the p dependence weaker, but as seen in
the figures, g(p) can still be strongly varying. Further-
more, there is an upper limit on any realistic estimate of
V,, since within our model the nearest-neighbor repulsion
is the driving force behind the 4ky charge-density wave
(CDW). %042

As mentioned above, the behavior of the spin structure
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FIG. 4. The normalized probability of double occupancy g(p) vs p for several cases. In each case the solid circles, solid diamonds
and solid squares correspond to N, =4n +2=6, while the open circles, open diamonds, and open squares correspond to N, =4n =8.
Calculations with larger N, indicate that the N,— oo curve is bounded by the N,=4n and N,=4n +2 curves in each case. (a) Solid
line: U=7V2t, V,=3V2t; dashed line: U=4V2t, ¥, =0; dotted line: U=7V2t, ¥;=0. (b) Solid line: U=8V2t, ¥,=3V2s;
dashed line: U =5\/§t, V=0, dotted line: U =8\/§t, V,=0. (c) and (d) show the effect of nonzero ¥V, on g(p) for ¥, =3V2¢ and
) U =7\/it, (d) U=8V2¢. In both cases, the solid, dotted, and dashed lines correspond to Vz/‘\/it=0, 0.5, and 1, respectively.
Note that the tendency of g(p) to be flat for large V; is largest near p—0.5.
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factor S,(q) is a direct measure of the tendency towards
antiferromagnetism and hence of enhanced X, since there
is no magnetic gap in one dimension. For the nonin-
teracting band (U =V =0), S,(q) increases linearly with
q up to q =2kp, while between g =2kr and g =m/a,
S,(q) is q independent. In Fig. 5 we show numerical re-
sults for S,(q) for a large number of p. In order that the
enhancements or suppressions of S,(g) by V, are more
visible, we have actually plotted the enhancement AS,(q)
due to electron correlation, defined by

AS,(U,V,,9)=S,(U,V,,q)—S,(0,0,9) . (10)
20t (@) o = 1.0 7
16
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FIG. 5. Enhancement AS,(q) of the “spin structure factor” versus the wave vector g for several differe
enhancement is being measured with respect to the uncorrelated limit (see text). Solid line: Eq. (7) with U =7

For the noninteracting limit AS,(g) versus g is the x axis
itself. For each p we show our results for (i) U =7V,
V,=0, (i) U=7V2, V,=3V72t, (iii) U=4V2t, V,=0.
It is seen that U alone enhances the 2k spin-density wave
(SDW) in all cases, but the effect of nonzero V, is very
strongly p dependent. Once again for p=1 the extended
Hubbard model can be replaced with a simple Hubbard
Hamiltonian with Ug4g=U —V¥,. For p=0.75 we find
that the 2k SDW is suppressed much more strongly by
V1, while for p=0.5 and 0.6 the effect of V| is opposite
and the SDW is enhanced by nonzero V,, the enhance-
ment for p=0.5 being very strong. While we show
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ted line: Eq. (2) with U =4V21, ¥, =0. Dashed line: Eq. (2) with U=7V'21, ¥, =0. The dotted line and the solid line are indistin-
guishable on the scale shown here for p=1.0, as is expected. AS,(q) peaks at 2k in all cases, but the effect of ¥V, is seen to be
strongly dependent on p (see text). The small negative value of AS,(q) near ¢—0 in (a) is a characteristic of all large N, systems
[N.=10in (a) but N.=6 in (b), (c), and (d)], while the large negative values of AS,(q) for g > 2k in (c) and (d) are due to the very

strong SDW amplitudes due to nonzero V| in this region of p.
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representative results for only one combination of U and
V', it should be obvious that similar effects would be seen
for all realistic U and V. For unrealistically large V', the
p dependence is even qualitatively different: the 2kp
SDW for a fixed U disappears now at a critical nearest-
neighbor interaction V§ > 5 U for p=1, while the SDW is
enhanced at p=0.5 for all V, <U. For intermediate p
(% <p< ), the disappearance of the 2kz SDW occurs at
fp)>TUV(5)=3U, Vi($)=U].

Our predictions for magnetic susceptibility of CT solids
are then as follows. We expect a very strongly enhanced
X(T) for p—0.5, followed by a smooth reduction in the
enhancement factor X, /Xp until for 2 <p<0.8 only
small enhancement factors are observed. The region
0.6<p <+ is a transition region where both large and
small enhancement factors may be observed, depending on
the actual bandwidths, crystal structures, and molecular
properties. Materials with 0.85 <p < 1 are unknown, but
here we expect X ., /Xp to increase again, until finally at
p=1 we have a Mott-Hubbard semiconductor with
strongly enhanced X (the enhancement factor here, howev-
er, is expected to be smaller than it is for p—0.5). For
p> 1, the behavior can be understood from electron-hole
symmetry (see Sec. IV for a discussion of a real material
in this range).

IV. COMPARISON WITH EXPERIMENTS

In the present section we compare our theoretical pre-
dictions to the experimentally observed magnetic suscepti-
bilities of CT solids. The particular quantities we are in-
terested in are Xexpe/Xp and Ty,

For X4 we have taken the highest experimentally ob-
served spin susceptibilities. For most materials the max-
imum experimental temperature is 300 K, and if the sus-
ceptibility is still rising at 300 K we have taken X(300) as
Xexpt- If, however, X(T) exhibits a peak at some 7, we
consider the maximum susceptibility X ., as Xeyp as
indeed we should. Thus for cases where Tp,, > 300 K,
our values of enhancement factors are lower limits for the
true enhancement factors. However, as we have pointed
out in Sec. III, T,,,, itself is a criterion of weak or strong
U, and we predict the smallest 7', near p=0.5. We
calculate the theoretical Xp from Eq. (1) by assuming a
uniform bandwidth of 0.5 eV and a free-electron g value.
Since g-value decompositions of X have not been done for
most of the materials we list below, we do not attempt to
determine individual donor and acceptor chain contribu-
tions Xp and X 4 to the total spin susceptibility, but sim-
ply assume X =Xp+X 4, Xp=X,. Neither this assump-
tion nor the assumption of a uniform bandwidth is valid
for all the materials, but here our basic motivation is to
prove the validity of the extended Hubbard Hamiltonian
as a universal theoretical model for CT solids by pointing
out the systematic trend in X that cannot be explained
within any of the other existing models.

For the same reason as above, we do not attempt to fit
the temperature dependence of X(7). This is considerably
more difficult. Firstly, X(T) behavior at low temperature
is strongly dependent on thermal contractions as well as
the temperatures at which phase transitions occur. At

temperatures below a phase transition which generates a
magnetic gap, X(T) is expected to go to zero. At slightly
higher temperatures one is usually still in the one-
dimensional fluctuation regime, and X(7T) is expected to
increase rapidly, as indeed is found in nearly all cases.
Secondly, and sometimes more importantly, it has been
found that the degree of charge transfer in the same ma-
terial can vary with temperature. For example, in TTF-
TCNQ p decreases from 0.59 to 0.55 between low tem-
peratures and room temperature;> similarly, for DBTTF-
TCNQCI, p decreases from 0.55 to 0.52.% Since theoreti-
cally we predict larger X for smaller p, such variations in
p add to the steep behavior of X(7). This particular fac-
tor has not been considered before but we consider this to
be at least as important as the other factors that lead to a
steep X(T) variance with 7. Finally, the zero-temperature
susceptibility X(0) is not known for the extended Hubbard
model, and therefore extrapolations of numerical finite
chain data, even if they were available for the complete
CT range, are not possible. On general theoretical
grounds, we expect, however, the T dependence to be ap-
proximately that of a Heisenberg chain for p—0.5, where
we have seen that the nearest-neighbor interaction V; fur-
ther enhances the decoupling between orbital and spin de-
grees of freedom for a strong U. Indeed, X(T) behavior
for several materials with CT near this region have been
fitted to the Heisenberg model with phenomenological ex-
change integrals (and disorder parameters, when appropri-
ate). For p appreciably larger than 0.5, but less than 1,
however, we have seen that such decoupling does not
occur and T dependence is more complicated. It may be
possible that X(0) here is close to that obtained from a
simple Hubbard model with the appropriate Ug(p), but
this requires further investigation. Due to the strong cou-
pling between orbital and spin degrees of freedom in
p> 55 Tiax here is much larger than T',,(0.5) in general,
and therefore we compare also the experimental T,,,, as a
function of p.

We have surveyed the experimental literature for X(7)
data, and in Table II we list our findings in order of in-
creasing p, with the exception of NMP-TCNQ and
TMTSF-DMTCNQ, which occur immediately after
(NMP), 5(Phen)y s(TCNQ) and TMTSF-TCNQ, respec-
tively, so that comparisons of these closely related materi-
als are easier. Even a cursory glance at Table II confirms
that the predicted p dependence is actually observed in the
CT solids. We point out, however, that rather widely dif-
ferent materials are being compared in Table II, and our
claim is that the predicted p dependence is actually obeyed
morve stringently than a superficial examination of Table I1
might suggest. In order to arrive at this conclusion, the
following very useful points are to be noted.

(i) Molecular properties, nearest-neighbor distances, and
overlap patterns can be quite different in materials, and in
particular, between donor and acceptor molecules. Thus
the p dependence may be slightly blurred as we go from
donor-based conductors to acceptor-based conductors. If,
however, further subclassification of the materials in
Table II are made—into for instance, single-chain materi-
als based on TCNQ and its derivatives, single-chain ma-
terials based on TTF and its derivatives, two-chain ma-
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terials of the TTF-TCNQ type, and so on—we see im-
mediately how stringently the p dependence is obeyed
within each subgroup, without even making allowances
for other weaker factors.

(i) A noticeable discrepancy is observed at p=0.5,
where the behavior of X ., /X p seem to be of two different
types. On the one hand, in MEM(TCNQ),,
DEM(TCNQ),, NMePy(TCNQ),, and its derivatives,
Xexpt/Xp is ~10-20, while in Qn(TCNQ),, AdTCNQ),,
and (NMP)g s(Phen)o s(TCNQ) X ey /X p ~3. Based on our
numerical calculations as well as the data for larger p we
expect ideal chains to behave like the former group of 1:2
TCNQ salts. At present we have no theoretical explana-
tion for this difference in behavior. However, unlike the
former group of materials, the latter group exhibits a X(T)
behavior characteristic of random exchange Heisenberg

above difference lies in the weak disorder in Qn(TCNQ),,
etc. This may seem contrary to what one expects from
usual models of disorder, since disorder by itself causes lo-
calization and band narrowing. However, a recent investi-
gation®! claims that in strongly correlated bands the 2kg
intersite charge-density wave is enhanced by disorder. We
speculate that in the magnetically disordered p=0.5 sys-
tems a weak ( <<kT) 2k spin-Peierls phase exists even at
high temperatures, and the small magnetic gap lowers
X(T). Whether or not such a spin-Peierls phase actually
exists at high temperatures will require further theoretical
and experimental work, but we consider it significant that
the magnitude of X(7) at high temperatures is dependent
on disorder.

(iii) In spite of the larger bandwidths in Se-based chains
(and therefore a U/t ~4—5, V/t~2) the p dependence

chains,*” =% and our suggestion is that the origin of the  is clear here too. This is seen most clearly from a com-

TABLE II. The peak values of the experimental magnetic susceptibilities X (see text), the enhancement factors Xex/Xp (Xp
denotes Pauli susceptibility), and the temperatures T,,, at which the peak values are observed for representative CT solids. The ab-
breviations in the compound column are as follows: MEM, methylethylmorpholinium; DEM, diethylmorpholinium; NMePy, N-
methylpyridine; Qn, quinolinium; Ad, acridinium; NMP, N-methylphenazine; Phen, phenazine; DCTCNQ, dichloro-TCNQ;
TFTCNQ, tetrafluoro-TCNQ; TSF, tetraselenafulvalane.

chpt
Compound p (emu/mole) Xexpt/Xp Tax (K)

MEM(TCNQ), [Ref. 12(a)] 0.5 2.05x 1073 17.4 66
DEM(TCNQ), [Ref. 12(b)]* 0.5 ~1.1 x1073 8.7 <100
NMePy(TCNQ), [Ref. 12(c)]° 0.5 2.75%x1073 23.4 50
Qn(TCNQ), (Refs. 47 and 48) 0.5 3.2 x10~* 2.75¢ ~300
Ad(TCNQ), (Refs. 47 and 49) 0.5 3.2 x107* 2.75¢ ~300
(NMP)o 5(Phen)y s(TCNQ) (Ref. 49) 0.5 3.3 x107* 2.75¢ ~300
NMP-TCNQ (Ref. 49) 0.67 22 x10~* 1.16 > 300
TMTTF-bromanil [Ref. 7(c)] 0.48—0.52¢ 9.3 x10~* 3.9—-4.1 200
TMTTF-chloranil [Ref. 7(c)] 0.54 4.66x10~* 2.12 > 300
TMTTF-TCNQ [Ref. 7(c)] 0.55 5.1 x10~* 2.36 > 300
DBTTF-DCTCNQ (Ref. 60) 0.52—0.56¢ 12 x1073 5.3—5.6 ~80
TTF-TCNQ (Refs. 7, 19, and 31) 0.55—0.59¢ 62 x10~* 2.8-3.0 350
TMTSF-TCNQ (Ref. 18) 0.57 3.33x107* 1.58(2.1)° > 300
TMTSF-DMTCNQ (Ref. 31) 0.5 5.5 x10~*f 2.36(3.14)°

TSF-TCNQ (Ref. 31) 0.63 33 x107* 1.68(2.2)° > 300
HMTTF-TCNQ (Ref. 31) 0.72 2.4 x10~* 1.32 > 300
HMTSF-TCNQ (Refs. 5 and 18) 0.74 1.5 x10~* 0.83(1.1)¢ > 300
TTF-Brg 9 (Ref. 20) 0.74—0.79 0.35x10~* 0.39(0.79)¢ > 300
Li, Pt[S;C,(CN),1,-2H,0 (Ref. 22) 1.188 1(0.65) x 10~4h 1.17(0.76) > 300
HMTTF-TFTCNQ (Ref. 46) 1.0 3.25%x 107 2.0 > 300

*Two inequivalent sheets occur in DEM(TCNQ), [Ref. 12(b)]. We have presented only the X, for sheet B which shows a spin-
Peierls transition at 23 K. Sheet A4 does not undergo spin-Peierls transition down to 1.5 K. Assumption of equal bandwidths for the
two sheets would indicate a more strongly enhanced X for sheet A4.

"Two other related materials, NMe-4MePy(TCNQ), and NMe2,6MePy(TCNQ), exhibit very similar X(7) behavior [Ref. 12(c)].
(NMe4MePy is N-methyl-4-methylpyridine; NMe2,6MePy is N-methyl-2,6-dimethylpyridine.)

“See text for a discussion of the relatively low X and high T ;-

9The CT p is known to vary in these materials.

“The numbers in parentheses are obtained on assumption of a bandwidth of 1 eV for the donor chains. See Ref. 20 for additional dis-
cussions of the low X in TTF-BRg 7.

This value of the susceptibility corresponds to X(300 K) rather than Xma,. We have been unable to find Xmax in the literature, but
would expect Xmax to be higher. Notice the difference between this compound and the parent compound TMTSF-TCNQ, indicating
that the p dependence is strong even in selenium-based materials.

EX(T) behavior should be similar to that of p=0.82.

"The larger value corresponds to the measured X(T), while the smaller value is obtained by subtracting a Curie contribution. See Ref.
22 for details of the subtraction procedure.
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parison of TMTSF-TCNQ and TMTSF-DMTCNQ in
Table II. Similar difference is observed also in their x-ray
scattering behavior, with 4ky scattering occurring in the
DMTCNQ salt, but only a 2k scattering occurring in the
TCNQ salt. Comparisons of susceptibilities of TSF-
TCNQ and TMTSF-TCNQ, on the one hand, and
HMTSF-TCNQ, on the other hand, leads to the same
conclusion. The difference between TSF-TCNQ and
TMTSF-TCNQ is less striking, but this is not unexpected.
In the wider band Se-based materials the transition region
(between “weak” and “strong” correlation behavior) is ex-
pected to occur at a smaller p than in the S-based materi-
als.

(iv) Our calculations are only for p up to 1, but due to
electron-hole symmetry the behavior of p>1 and 2—p
should be the same. For Li, [Pt(S,C5(CN),),]-2H,0, with
p=1.18, we therefore expect small X../X, and large
Tmax, as indeed is the case.? A weakly enhanced X and
the absence of a 4k instability in this compound has been
previously interpreted within the “small- U’ model.?* As
we see here, an alternate explanation for these observa-
tions are possible. Further optical measurements in the
low frequency ( <0.5 eV) are required for choosing be-
tween the two possibilities.

(v) While most CT solids lie in the region 0.5<p<1, a
new and rather interesting series of phthalocyanine-based
linear chain conductors with p~< have recently been
discovered. Preliminary calculations predict a strongly
enhanced susceptibility for these regions. Enhancement
factors of 2—3 have been reported by the investigators.®?
More recently, it has been found experimentally that p in
these materials can be increased nearly continuously up to
1. Many of the features predicted in the present work are
seen, although for a complete comparison our calculations
have to be extended to p <0.5. Experimentally, diffuse
x-ray scattering data for these materials are required for
further characterization.

(vi) For TTF-Brg 79, p is in the regime where we expect
Xexpt/X p to be relatively low. However, in this particular
case Xexpt <Xp. The very low (i.e., less than 1) enhance-
ment factor in Table I is partly due to the fact that the
true bandwidth in this material is about 1 eV (because of
an eclipsed overlap of TTF molecules) rather than 0.5 eV,
andzgartly because of the incommensurate anion poten-
tial.

(vii) For several of the materials p is known to vary
with temperature. Thus, for example, in DBTTF-
DCTCNQ p increases from 0.52 to 0.56 from 15 to 300
K.% Judging from the value of X, at T~100 K, we
would predict a p closer to the lower value for T~ T,,.
Indeed, as we have mentioned already, such a variation in
p adds to the steep T dependence of X.

We have included in Table II only those materials
which have been studied quite extensively and for which
the degree of charge transfer is known quite precisely. In
addition to these, we have examined X(7) data for a very
large number of other materials where p may be guessed,
and these show the same trend as the materials included
in Table II. These include many other 1:2 TCNQ salts,
the various TTT salts, various metallomacrocyclic assem-
blies, and alloys of the type (TTF),_,(TSF),(TCNQ). For

S. MAZUMDAR AND S. N. DIXIT 34

the last group of materials p dependence of physical prop-
erties in agreement with our theoretical prediction has re-
cently been discussed by Sakai et al.®* Finally, the whole
series of (TMTSF),X and (TMTTF),X compounds are
missing in Table II; the available susceptibility data indi-
cate that, in general, the high-temperature susceptibilities
are enhanced, indicating moderate to strong Coulomb
correlations for these p=+ materials. This is further in-
dicated by the low-temperature antiferromagnetism found
in some materials.** Mean-field theoretical results for the
correlated quasi-two-dimensional spin density wave
ground state may be found in the work by Yamaji.%

V. DISCUSSIONS AND CONCLUSIONS

Our principal purpose in the present paper was to estab-
lish that a single theoretical model, viz., the extended
Hubbard model successfully explains the magnetic proper-
ties of the entire family of segregated-stack charge-
transfer solids. A strong and systematic dependence of
X(T) on the charge transfer p is found. The entire contro-
versy over the magnitude of the Coulomb parameters is
therefore a result of not taking into account the inter-
molecular correlations explicitly.

In this connection several other points need be em-
phasized. First, explicit considerations of either the trans-
verse transfer integral ¢, or interchain Coulomb interac-
tions ¥, do not change our conclusions as long as ¢, <t
and V, <V,. Interchain Coulomb interactions in fact
make the p dependence even stronger, so that the decrease
of Ug(p) between p=0.5 and 0.75 is steeper. The easiest
way to see this is to again consider the limit z =¢, =0, as
in Sec. II, but now with ¥V, >0, where V| is the nearest-
neighbor interchain Coulomb interaction. Consider, for
simplicity, a square lattice and the various Wigner crystal
configurations that dominate the ground state in this lim-
it. It is easily seen that for p=0.5 a nearest-neighbor hop
now has to overcome an energy barrier V|, +V,. As a re-
sult, U.(0.5) increases with interchain Coulomb interac-
tion. For p> 0.5, electron or hole occupancy of sites on
neighboring chains cannot be perfectly off phase, and ex-
plicit considerations, as in Sec. II, show that ¥, promotes
double occupancy for p > 0.6, causing a decrease in Ulg.
Notice that the above statements are independent of the
sign of V|, and hence are true for both one-chain and
two-chain systems. In general, ¥, makes the p depen-
dence stronger while ¢, makes it weaker. For large
enough ¢, at very low temperatures, the system can also
behave quasi-two-dimensionally. The most important
qualitative difference is that the SDW which decays alge-
braically in one dimension, can now lead to a distinct anti-
ferromagnetic phase. From what has already been said,
the tendency towards such an antiferromagnetic phase
would be strongest for p=0.5, and we believe that this is
the mechanism of the SDW formation in the various
(TMTSF),X salts.?*

Second, such a strong p dependence in {n;n;, )/
(n;;){n;,) implies similar p dependence of long-range
correlations. Thus one may expect periodicities of various
charge-density waves to also reflect this behavior, as
indeed is the case.** However, a complete theoretical in-
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vestigation needs further study, since both intersite and
intrasite charge-density waves can form in these sys-
tems.*” Due to the very large Coulomb interactions in
these systems, we expect not just the periodicity (i.e., 2kp
versus 4kg), but also the nature (i.e., intrasite versus inter-
site) of the dominating broken symmetries to be p depen-
dent. While such a distinction may be meaningless for the
highly incommensurate cases, it is important for the com-
mensurate or nearly commensurate p. Thus within the ex-
tended Hubbard Hamiltonian with on-site and intersite
electron-phonon interactions, one expects the intersite 2kp
charge-density wave to dominate for p=1, but the in-
trasite 4k CDW to be the dominating broken symmetry
for p=+.% (Note that here we are considering only real-
istic relative magnitudes of U and Vi, ie., U>2V,;>0.
For other parameter regions, which are conceptually pos-
sible, this statement is not true.?®) In both of these cases,
we expect the charge-density waves to be accompanied by
a 2k SDW.% Additional complications can exist, how-
ever. For example, even for the commensurate cases, the
extent of coexistence of intersite and intrasite CDW can
be influenced by p. Furthermore, the degree of coex-
istence is dependent also on the periodicities of the
CDW’s. Finally, for many real materials both periodic
and random site energies are important—and at least for
p=1it has been demonstrated that there may be a broad
coexistence region between intrasite and intersite CDW’s
in the presence of alternating site energies.’’ Presently,
the possibility of simultaneous occurrence of intersite and
intrasite CDW’s have been investigated only for p=0.5
and 0.6, while the complete p dependence has been in-
vestigated only for the intrasitt CDW.*’ To sum up then,
whether the intersite or the intrasite CDW is the dominat-
ing broken symmetry depends not only on the relative
electron-phonon couplings, but also on p.

In this connection, an additional point needs to be
made. We do not claim that the electronic Hamiltonian
in Eq. (7) gives rise to the actual lattice distortions. Rath-
er, both in the uncorrelated (U=V;=0 or U=,
V1=0) as well as in the correlated models, the CDW ex-
ists even when the electron-phonon coupling is zero, as
may be seen from calculations of electronic susceptibili-
ties. The CDW can then drive a periodic lattice distortion
for nonzero electron-phonon coupling. Within our model
the CDW is principally due to the strong nonzero
nearest-neighbor interaction between electrons.**4*

Third, together with the X(T) data, nuclear spin relaxa-
tion data have also been interpreted both with strong and
weak correlation models.> In principle, these data and in-
terpretations should be reexamined within the present
context. The spin-lattice relaxation time is dependent on
the wave-vector-dependent electronic susceptibility, and
correlation effects on the latter have been investigated
only within the random phase approximation. Recent in-
vestigations of various broken symmetries in one dimen-
sion#042:61.66.67 have definitely proved that such simple
methods or expressions for the susceptibilities are not
valid for moderate to strong Coulomb interactions. Un-
fortunately, however, no analytic expression for the sus-
ceptibilities exists at present. Even experimentally, the
situation is not very clear as NMR relaxation studies have

been performed only for a few materials. Future theoreti-
cal and experimental studies in this direction will certain-
ly be valuable.

In conclusion, then, we have investigated the ground-
state properties as well as thermodynamics of the extend-
ed Hubbard model as a function of the density p of elec-
trons. A very strong p dependence in magnetic properties
is predicted within the model. The magnetic behavior of
the entire family of CT solids is shown to obey the
predicted trend. The validity of the extended Hubbard
model for CT solids is therefore very convincing, as none
of the other electron-electron or electron-phonon coupled
models predict or explain the observed trend. Experimen-
tally, such a trend is also found in the diffuse x-ray
scattering behavior.?® Partial investigations of the latter
have been performed, and more-detailed studies, as well as
complete theoretical investigations of optical properties
are underway.
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APPENDIX

We discuss the charge-transfer spectra of CT solids
here to show how consistent values of U and V, are ob-
tained even when materials with absorptions at different
frequencies are considered. We shall first consider p=1,
where an intense absorption with a band edge at ~ 5000
cm~! and a peak at ~8000 cm~! is common. This has
usually been interpreted as a CT absorption within the
simple Hubbard model [Eq. (2)]. Since the lowest molecu-
lar absorptions in TCNQ™ and TTF* ions are seen at
much larger frequencies, no other interpretation of the ab-
sorption at ~8000 cm ™! can be possible. This has been
further confirmed by polarized reflectivity study of K-
TCNQ by Yakushi et al.,% which showed that the above
absorption occurs only when the polarization vector is
parallel to the stacking axis of the TCNQ chain. Yakushi
et al. have also studied the temperature dependence of the
optical conductivity of this material. This latter investi-
gation showed a narrowing of the CT absorption as well
as its splitting® into rwo peaks at ~8000 cm™' and
~11000 cm™!. Furthermore, comparison of this data to
that for TMB-TCNQ, in which isolated TCNQ ™ ion pairs
are separated by TMB™ ions, show that the peak at 11000
cm™! is absent in the latter material, and is therefore a
characteristic of the infinite chain of TCNQ™ ions as op-
posed to TCNQ~ dimers.®® The fact that the room-
temperature CT absorption in p=1 materials may be a
combination of two absorptions had been claimed even
earlier.%’

Clearly, in order to explain the above temperature
dependence of optical conductivity, as well as the differ-
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ence between TCNQ™ dimers and the infinite chain, one
has to go beyond the simple Hubbard model, which has
only one CT absorption characteristic of both the dimer
and the infinite chain. As we had discussed earlier,®® the
extended Hubbard Hamiltonian very naturally explains
the above observations. Intuitively, this can again be seen
most easily in the —0 limit. The ground state consists
of A A" A A~ ---, and the CT state
- A"A~A%A*"A~A~--- occurs at an energy
~U —V, relative to the ground state. For V>0, the
double occupancy and the hole are bound as a CT exciton,
and an additional energy V), is required to separate them.
The two excited states are then at ~U—V,; and U,
respectively, and for finite t transitions to even the
higher-energy state are allowed, albeit with a much weak-
er oscillator strength.®¢’ This was shown numerically by
Bondeson and So00s.” Obviously, the higher-energy ab-
sorption is not expected in an isolated dimer.

Correlating the peaks in the K-TCNQ CT spectrum
with U—V; and U (the band edge is expected to be at
~U—V;—4t), we then have V;~0.4(£0.1) eV,
U~1.4(£0.1) eV. We now discuss how the same values
of U and V), are obtained even when we consider materi-
als with p < 1.

Due to the complexities of even the theoretical CT
spectra within the extended Hubbard model we shall con-
sider p=0.5 here principally. A more generalized theory
for arbitrary p will be published separately.** For p=0.5,
and with the approximation U-— «, the extended Hub-
bard Hamiltonian predicts a CT absorption with a band
edge (for the rest of the discussion we shall make a dis-
tinction between the experimental band edge and the peak
in absorption) at V| —2t, provided V,>2t. For finite U,
there are two subtle differences. firstly, the critical value
of ¥V, at which the optical gap appears, is larger. Second-
ly, weaker CT absorptions are expected at a higher fre-
quency U. Since the oscillator strengths of CT absorp-
tions go as the reciprocal of the optical gap, we expect
most of the oscillator strnegth to be in the first CT ab-
sorption. This also follows from our discussion in Sec. II.
Experimentally p=0.5 materials exhibit a strong CT ab-
sorption which peaks at ~0.4 eV (band edge ~0.1-0.2
eV) and a very weak feature at ~1.5 eV. Correlating now
the experimental band edge as ~V,—2¢, the peak as
~V,, we again get a V| of ~0.4—0.5 eV. While it is
tempting to explain the feature at 1.5 eV as CT absorption
due to U, additional complications need to be resolved. It
has, for example, been claimed that due to the interactions
with the low-frequency CT absorption, the molecular ab-
sorptions in p <1 systems are red shifted to this region,
and the weak feature at ~1.5 eV corresponds to the
molecular excitation.”® Considering that the stacking
axes in most TCNQ-based systems are not perpendicular
to the molecular planes, this is not unreasonable. It must
be pointed out, however, that the feature at ~1.5 eV is
also present in TTF halides,”'® where, (a) the stacking
axis is perpendicular to the molecular plane, and (b) the
molecular absorption occurs at a still higher frequency.
Clearly, more careful polarization studies are needed to
resolve the origin of the absorption at 1.5 eV. The more
important point in the present context is, however, that
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the value of V| obtained from the lower-frequency ab-
sorption is nearly identical to that obtained from the low-
temperature data for K-TCNQ crystals, even though the
p=0.5 materials absorb in a very different region.

We shall only briefly mention the CT spectra for
0.5<p < 1. Theoretically, the oscillator strength of the
absorption at ~ V| decreases, but that for a new absorp-
tion at ~ U —2V increases with p (see Sec. II). Since ex-
perimentally, only one broad absorption is observed below
1 eV, and since the peak frequency is nearly the same as
for p=0.5,242)>24®) we conclude that U~3V; at least
within the errors due to finite bandwidth effects on our
analysis. Again, this fits our estimates of U and V.

Since the absorption at 0.4—0.5 eV (with an edge at
0.15—0.2 eV) in p=0.5 materials has also been described
within electron-phonon-coupled models, we now examine
the experimental situation to show that the optical gap is
not induced by electron-phonon coupling. Two different
kinds of electron-phonon coupling, intersite and intrasite,
have been suggested as the origin of the optical gap, and
both assume V=0, U/t— . The two models can be
written as

He{.lp)h =2 [t +a(ui =u,‘+])](cl‘TC,'+1+CiT+1Ci) , (A1)

He(.zp)h ztz(C,'TC,'+1+C:+1C,‘)+BZQ,~H,~ , (A2)
i i

where H,_p, is the electronic part of the Hamiltonian, cf,
¢; now refer to a half-filled band of spinless fermions, «
and B the intersite and intrasite electron-vibration cou-
plings, u; the displacement of the ith molecular unit
along the stacking axis, and g; a molecular vibration [in
real molecular solids, all possible molecular modes should
be included in Eq. (A2)]. Both Egs. (A1) and (A2) are ex-
pected to open an electronic gap at the Fermi surface,
leading to the so-called 4k intersite [(u; ) =(—1)u,] or
intrasite [{(n;)=p+(—1)'ny] CDW. We shall consider
these two possibilities separately.

The chief objection to the mechanism correlating opti-
cal gap to the intersite CDW is that materials with dif-
ferent bond-length alternation patterns absorb at nearly
the same frequency. The majority of p=0.5 materials
have dimerized bond alternation patterns (4ky distortion),
while TEA-(TCNQ), is tetramerized’*® (2kp distortion)
and TMPD(TCNQ), has uniform nearest-neighbor
TCNQ-TCNQ distances’® (TEA denotes triethylam-
monium; TMPD denotes tetramethylparaphenylenediam-
ine). In spite of this, the optical gaps are nearly the same
in all the above materials.!!(¢"2427.72

The mechanism emphasizing the electron-molecular-
vibration  coupling has been more popular
recently.!%d24(c)-24d).27 e Jist here the reasons why this
cannot be the origin of the optical gap either, although
this interaction is essential for the lattice distortion. Some
of the criticisms listed below apply equally to the model
emphasizing the intersite CDW.

(i) A strong temperature dependence of the optical gap
(both the absorption edge and the peak) is expected within
the electron-phonon-coupled U—> w0 models [Egs. (A1)
and (A2)], since the optical gap is directly related to the
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temperature-dependent amplitude of the 4k CDW.
Direct measures of the 4k intrasite CDW amplitude are
the oscillator strengths of the infrared active ag molecular
modes that occur below the optical gap.!®11:24¢),24),27.73
Recent measurements of the above oscillator strengths in
Qn(TCNQ), as a function of temperature'*? show that
the room-temperature intensities are about 25—30% of
the intensities at 6 K. A concominant sharp decrease in
the CT absorption frequency is expected within Eq. (A2).
Experimentally, the absorption frequency is independent
of temperature.?®’ Inclusion of a small interchain poten-
tial may be able to explain the rather slow drop in the
molecular mode oscillator strengths!®? [the single-chain
Peierls model of Eq. (A2) predicts the gap to vanish!*? at
150 K], but it still does not explain why the predicted
one-to-one correspondence between the lattice distortion
amplitude and the optical gap is not observed.

The above phenomenon is expected within the extended
Hubbard model. Firstly, infrared active a, modes do not
prove that the optical gap is a Peierls gap ( ¥, =0), as has
been claimed.2*) Rather, these only prove the occurrence
of a 4k CDW, which in our model is due to a strong V;
and which can lead to lattice distortion in the presence of
electron-vibration coupling. This scenario is analogous to
the case of polyacetylene, where lattice distortion is
present, but the optical gap can be due to the electron
correlation.®® Thus the important point in the present
case is that there is now no longer a one-to-one correspon-
dence between the g, mode intensity and the CT absorp-
tion frequency. The lattice distortion can decrease with
temperature due to a variety of reasons that decrease the
effective coupling between the electrons and the lattice,
but since the optical gap is due to interactions among the
electrons themselves, it remains the same. To continue
the analogy with polyacetylene, this is equivalent to say-
ing that the optical gap in the latter would persist even if
all bond lengths were equal. Note, however, that this de-
crease in lattice distortion amplitude can occur even in the
presence of the CDW, as discussed in Sec. V.

(ii) An extension of the above reasoning is that in cases
where the lattice distortion vanishes at a certain tempera-
ture, the optical gap should almost vanish within the
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electron-phonon-coupled models, but should be the same
within the present model. In DBTTF-TCNQCI,, 4ky or-
dering disappears at 180 K,% but the optical gap is nearly
the same at 100 and 300 K.”

(iii) Equations (A1) and (A2) both predict fractionally
charged solitons or bipolarons in p=0.5 systems. (427,38
A commonly accepted signature of the such
commensurability-induced defects is the so-called
“midgap absorptions” that are seen in 7-conjugated poly-
mers.>> In the 1:2 TCNQ salts, these defects should be
generated either thermally or by adding extra electrons to
the TCNQ chain [e.g., it has been claimed that the extra
electrons in (NMP), (Phen); _,(TCNQ), 0.5 <x <0.57 go
to such defect levels.*®* The midgap absorptions in
(NMP), (Phen); _,(TCNQ) are expected to occur below 0.1
eV, should be observable even with the molecular modes
in this region, and the overall oscillator strength of any
such low-frequency mode should increase continuously
with x from x =0.5 in (NMP), (Phen); _,(TCNQ). How-
ever, no such midgap absorption is observed
experimentally,”*®) even with the heavily doped system
with x ~0.57, in spite of the greater crystallinity of these
materials compared to the 7-conjugated polymers.

Within the extended Hubbard model, no new subgap
transitions are expected, since all nearest-neighbor elec-
tron transfers require an energy V,. The situation, even
with x > 0.5 in (NMP), (Phen),_,(TCNQ), is thus analo-
gous to polyacetylene, where the neutral soliton does not
absorb at midgap.”*.

(iv) Optical gaps induced by electron-phonon coupling
are expected to be much smaller in incommensurate sys-
tems than in commensurate systems, irrespective of
whether U—0 or U— . In the case of CT solids, this
is not true,” thus again supporting the extended Hubbard
model.

We believe that all of the above observations clearly in-
dicate the shortcomings of Eqs. (A1) and (A2) as well as
the necessity of including a substantial nearest-neighbor
interaction in the Hamiltonian. Finally, of course, the
clear and strong p dependence of physical properties itself
is the strongest indication for a moderate V.
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