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Abstract It is shown that the strengths and periodicities
of charge and spin density waves in the organic charge-
transfer solids depend very strongly on the degree of charge
transfer p. We thereby explain both the appearance of the
4kF charge density wave near p = 0.5 and its nonexistence
for p > 0.6, while for p slightly larger (but not smaller)
than 0.5 we predict a new kind of Coulomb-induced defect.

The role of Coulomb correlations in the organic charge transfer
solids has been a source of continuing controversy, primarily
because the accepted signatures of strong Coulomb correlations,
enhanced magnetic susceptibility and the &4k instability (k; =
Fermi wavevector in the noninteracting model) occur in some
materials even as they are absent in others with very similar
molecular components. We have recently shown™ that the origin

of this controversy lies in the neglect of all intermolecular
Coulomb interactions in previous theoretical descriptions of these
materials. Specifically, within the proposed Hubbard Hamiltonian
for these systems, a uniform behavior for the entire family of
charge transfer solids is expected if the magnitude of U/t, where
U and t are the Hubbard parameters for the on-site electron corre-
lation and the nearest neighbor hopping integral, is nearly the
same within the family. Similar uniform behavior is again ex-
pected if the intersite interactions are included but only the

U = « limit of such an,extended Hubbard model is considered.™ As
we have recently shown™ in a calculation of temperature dependent
magnetic susceptibilities as a function of the degree of charge
transfer p, only when the intersite interactions are included
explicitly and all terms in the Hamiltonian are kept finite, a
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strong and systematic p-dependence is found. Magnetic suscep-
tibility can still be described within a Hubbard model with an
effective on-site repulsion U £ but now U £ is p-dependent and
is large near p ~ 0.5 but smaff near p ~ 0.7§. Detailed compari-
son with real systems shows that the magnetic suscegtibility of
the entire family obeys our theoretical prediction.

The parameter U £f is a measure only of the normalized prob-
ability of double occupancy g(0) = <n. n.=>/<n. ><n.=->, where n,
is the number operator (with spin 0) ridite 19 aAl¢manl g(0) ¢
both necessary and sufficient for enhanced susceptibility, while
it is a necessary but not sufficient condition for the 4k; charge
density wave (hereafter CDW). For more complete understanding of
the p-dependence of CDW behavior, we need to know the full pair
correlation function g(i-j) = <n.n,,.>, where n, = 2 n, It is

1it] i p 1
the purpose of the present paper to develop real space concepts of
broken symmetry that are valid for all broken symmetry solutions
(2k,, and 4k, CDW and SDW), and all values of correlation para-
meters and p. The band picture is not valid for strongly corre-
lated systems, while the real space ideas of broken symmetry
remain unchanged for all values of the correlation parameters.
Similar concepts have recently been successfully applied to the
bond—al&ernation groblem in a correlated half-filled band, both
without ™ and with™ site energy differences. We show here that a
strong 4k, CDW can occur only if p < 2/3, while for still larger
p only a weak ZkF CDW is expected. In addition, for p slightly
larger than 0.5, the 4k CDW gives way to a dimerization plus a
new Coulomb-induced defect. Our theory rationalizes the full
range of 4k behavior observed experimentally, and specifically
the sequence of instagilities found in the variable p-system
(NMP)X(Phen)l_x TCNQ.

g

We consider the extended Hubbard Hamiltonian,

H=H__+H (1a)
H,_, = UZHiT“i& + .Z' anini+j (1b)
1,]
_ + +
H = tz(aioaiﬂ,o + ai+1,caio) (1c)

where a.  annihilates an electron of spin O on site i, U and t are
the usud¥ Hubbard parameters, and all intersite interactions V.
beyond V, are neglected and even V, is small. The discussion
below is“valid for the range 4 < U;t <15, 2 < v,/t < 4and V, <
U/2, and we believe that the present arguments and results are
applicable to the complete family of charge transfer solids.
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The ground state solutions of Eq. 1 can be expressed as
weighted sums of real-space many-electron configurations. Among
these the ones which favor most strongly a CDW of period Q are
those yielding the largest eigenvalues of the structure factor
operator,

$(q) = N1 ks npn get (2)

s ]
at q = Q. For all p, each such configuration is completely
equivalent to all other configurations generated from it by a
rigid translation of all electrons by an integral number of
lattice sites. When weighted equally, the set of equivalent
configurations contribute to a uniform state. Only when they are
weighted unequally do they break symmetry and make a periodic
contribution to the measured structure factor, the expectation
value of Eq. (2).
~1

+.>e1qj 3

S(q) =N Z. <n2n2 ;

2,j

A set of equivalent configurations can be unequally weighted
only if they are separated from one another by a substantial
barrier in energy. For example, according to Eq. (1), it is phy-
sically possible to pass from one configuration to its phase-
shifted equivalent by successive nearest-neighbor one-electron
transfers expressed by repeated application of the transfer opera-
tor H . All possible "paths" between the extreme configurations
can bé generated in this manner, and perfect resonance (in the
chemical sense) requires that the energy barriers along these
paths be small, while a large barrier can give rise to broken
symmetry. The barrier to resonance has a one-electron kingt'c
energy part which increases with the lengths of the paths, ’
well as a coulomb part which depends on the difference of the
diagonal matrix elements of H __ for configurations along any
path. The coulomb barrier is positive if intermediate configura-
tions along a path have larger potential energies than the
starting and final configurations, and negative otherwise.

as

bl

We now observe that all configurations contributing to a given
broken symmetry lie along paths between the set of configurations
which give the largest eigenvalues in Eq. (2). Therefore, in
order to discuss the strength of a given instability, it is suffi-
cient to confine our attention to these extreme configurations
alone. In this way we are able to determine the correlation
effects upon instabilities by simple inspection.

We choose the four cases p = 0.5, 0.6, 2/3 and 0.8 for illus-
tration, but emphasize that our arguments are valid for all p. In
Table 1 we have presented the extreme configurations for these p.



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:37 20 February 2013

38 S. MAZUMDAR, S. N. DIXIT AND A. N. BLOCH

Here configurations (i), (iii), (vi) and (ix) (and all others
reached by a phase shift) favor the ZkF CDW most strongly, while
configurations (ii), (iv), (vii) and (x) favor the 4k_. CDW most
strongly. The significance of configurations (v) and (viii) will
be discussed later. Notice that in all cases extreme configura-
tions which fayor the AkF CDW most strongly are the Wigner crystal
configurations™ for these p. For p = 2/3, 2k, = 4k., but for
comparison with other p we will consider the periodicity to be

2 if the wavefunction is dominated by (vi), and 4kF if it is
dominated by (vii).

TABLE I Extreme configurations that favor periodicities
ZRF, 4kF and n/a for several different p (see text).

p Extreme configurations
0.5 (i) 200020002000
(ii) 101010101010
0.6 (iii) 2000200200
(iv) 1011010110
(v) 1010111010
2/3 (vi) 200200200200
(vii) 110110110110
(viii) 101110101110
0.8 (ix) 2020020200
(x) 1111011110

From,the nature of the extreme configurations in Table I and
the paths connecting them, we then arrive at the following con-
clusions.

(1) Extreme configurations favoring the 2k_. CDW have the
largest possible number of double occupancies, s6 that the Coulomb
barriers along paths connecting these are -U, -2U, --- etc.
Positive U therefore will suppress the 2kF CDW for any p.

(2) For the 4kF CDW in p = 0.5, paths connecting the two
extreme configurations can have a zero correlation barrier for
U>0but V, =0. Only for V1 > 0 we expect the bkF CDW, which
should persist for v2 < V1/2.

(3) For 0.5 < p < 2/3, two different kinds of extreme con-
figurations involving single occupancies only are possible. The
former favor periodicity 4k_ most strongly, while the latter favor
dimerization with periodicity m/a most strongly and are obtained
by singly occupying the forbidden sites in configuration (ii).
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Configurations (v) and (viii) correspond to such "defect” con-
figurations for p = 0.6 and 2/3 in Table I. The actual periodicity
of the ground state CDW depends on whether the ground state has
greater contribution from the extreme 4kF configurations or the
"defect” configurations. For V, = 0, the matrix elements of H__
are equal for both kinds of extreme configurations, but while €he
“"defect" configurations have low energy excitations at U - 2V, in
which the central electron in a sequence of three occupied si%es
hops to one of its neighbors, the corresponding excitations in the
4k configurations that lead to double occupancy cost U - V_.
Configuration interaction therefore favors the defect configuration
and we expect periodicity m/a to dominate over 4k.. For V_, # 0,
the matrix element of H _ is smaller for the 4k_ configuration,

so that once V, exceeds®a®critical value the stabilization due to
configuration Interaction will not be sufficient to prevent the
crossover to 4kF.

(4) For p < 0.5 the "defect" configurations contain sequences
of three empty sites, so that stabilization of periodicity n/a by
configuration interaction is absent. We therefore do not expect
periodicity m/a in o < 0.5.

(5) For p > 2/3, the addition of a single electron leads to
a long sequence of singly occupied sites, as may be seen from
both (vii) and (viii) in Table I. The implication of this is that
paths between extreme configurations can now have zero correlation
barrier even with V, # 0. This may be further seen from con-
figuration (x), whefe allowed hops (i.e., those not leading to
double occupancies) again cost zero energy. Thus within this
region we do not expect a strong 4k, CDW. On the other hand,
starting from p = 2/3, the maximum distance between a pair of
double occupancies in extreme configurations favoring the 2
CDW is three lattice sites, so that both V., and V, can add to the
barrier to resonance between these extreme configiirations. A weak
2kF CDW may therefore be expected here.

The above conclusjons are substantiated by exact numerical
calculations on periodic rings of N = 10-12 sites. Careful com-
parisons to both smaller and larger systems were made to verify
that finite size effects are small. Our results are in complete
agreement wity previousshonte Carlo simulations for the special
cases p = 0.5 and 0.6.” In Fig. 1(a) we have plotted S(q)
against q for five different p, for U = 742t, V=V, =0. As
expected from our discussion above, the 2k, CDW has geen sup-

pressed but there is no recognizable peak at 4k,. Our results
for U = 7J2t, v, = 3J2t. V2 = 0 are shown in Fig. 1(b). A strong
peak at 4k, = n/a is now séen for p = 0.5, but for p = 0.6 and 2/3

wavevectors. Notice, however, that S(q) for p = 0.4 peaks at

the peaks in S(q) also occur at m/a instead of at the proper AkEF
4k,
thus demonstrating that this is not a simple commensurability
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effect. Similar results are also obtained for p = 0.43 (not shown
here), for which the calculations were performed for even larger
size (N = 14). For p = 0.8, we find only a weak 2k_. CDW, as
predicted. Only when a large enough V2 is added to the Hamiltonian
(V2 > 0.44J2t) the peaks in S{g) for p £ 0.6 and 2/3 shift to 4k,
as“is seen in Fig. 1(c), where we have plotted out results for ghe
above U and V, and V, = Jat.

o (@
S(q) ./-—-'
al o
04he e S
P Q§A<fl_ i W |

N T B

/
’

FIGURE 1 S(q) for five differ-
ent p at U = 7J2t, for the
three cases, (a) V. = V2 = 0,
() V, = 3y2t, V. £ 0, %nd (¢)
v, = 3J2t, v, = J2t. The
arrows and hatched arrows on
the gq-axes give the 2k_ and &4
wavevectors respectively for
the corresponding p. S(n/a)
for p = 0.5 is much larger
(~1.7) than all other values
shown in Figure b.
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We believe the present model is directly applicable to
organic charge transfer solids in which the 4k_ instability does
not occur for p > 0.6. The critical p of 2/3 found here will be
pushed to smaller values in real systems due to interchain
Coulomb interactions, as 4k_ CDWs in neighboring chains can be
perfectly off-phase only in p = 0.5, as may be seen from Table I,
while beyond this the extent to which interchain Coulomb inter-
actions oppose the 4k CDW increases with p. The 2k, instability
in p > 2/3 in real systems will have considerable intersite CDW
and SDW character. We have not presented our results for SDWs
here, but in general the strength of the SDW increases with U.
For the extended Hubbard model, the strength is largest for p =
0.5 and decreases with p until p ~ 0.75 is reached, as might be
expected from the calculated behavior of,g(0) and our previous
calculations of magnetic susceptibility.

The behavior predicted from Eq. (1) is seen most clearly in
the variable p system (NMP) (Phen)l_x TCNQ, in which for x » 0.5
(p ~ 0.5) a 4k CBW is obse%ved, while for x > 1 (p ~ 2/3) only a
2k, CDW is found. In addition, for 0.5 < x < 0.56_ the diffuse

X-ray scattering wavevector stays fixed aj g = n/a, and this has
been explained within a soliton mechanism ’~ that assumes U » ®,
V., = 0. As shown here, a very different mechanism for this

bdhavior is possible. Addition of a single electrom to p = 0.5
generates a "trimer", a sequence of three singly occupied sites.
A nearest neighbor hop leads to dissociation of the trimer into
two "dimers", or a nearest neighbor pair of occupied sites, while
a series of such hops leads finally to the configuration that
favors 4k. most strongly. As discussed above and seen in Fig.
1(b), the dimer pairs can be bound by configuration interaction,
and this can lead to the observed behavior in (NMP) (Phen)l_
TCNQ. TFor p sufficiently larger than 0.5, the mean distance
between dimer pairs in the &4k_ configuration is small, so that
larger and larger binding energy between dimers is required to
prevent a crossover to 4k. from n/a. For a fixed U/V_ (fixed
binding energy), we then expect a crossover at a suitable p which
is a function of all the parameters. The predictions of the
present mechanism are different from those of the soliton mech-
anism in two ways, (i) for p < 0.5 we do not expect the x-ray
scattering wavevector to remain fixed at n/a, while perfect
symmetry around 0.5 is expected within the soliton mechanism,
(ii) within the present mechanism the gap in the electronic
spectrum for x > 0.5 is predominantly due to V. (more precisely

V,-2V, ) while within15he previous mechanism this is a Peierls gap.

Optical measurements _.in (NMP)_  (Phen) TCNQ. reveal an absorp-
tion edge at ~1000 cm ~ and a péak at ~§§60 cm ~, and p-dependent
"mid-gap" absorptions are expected as p is increased from 0.5
within the soliton mechanism. Within the extended Hubbard
Hamiltonian no a?ﬂitional low frequency absorptions are expected.
The present data” do not show strong p-dependence and thus would

11
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tend to support our model. We emphasize, however, that our model
does not exclude the more conventional soliton but simply points
out that an alternate explanation for the present observations

are possible, and further experiments are necessary to distinguish
between the two models.

To conclude, the observed differences in the charge transfer
solids are not due to variable correlation parameters, but are
expected from Eq. (1). While several mechanisms for scattering
at 4k; have been postulated, the present model is the only one
that predicts both the existence and the non-existence of a strong
4k, with the bandfilling emerging as a new and important para-
meter.
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