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Incomplete charge transfer stability of organic donor-acceptor compounds
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The conditions required to establish the stability of incomplete charge transfer in the ground state of a 1:1
segregated-stack organic compound have been examined for a system involving finite-transfer integral
between nearest-neighbor molecules along the donor and acceptor stacks. Molecular ionization energy,
crystalline Madelung energy, as well as band or delocalization energy have been included. The three cases
investigated, namely, no correlation betWeen electrons on a stack, strong on-site correlation as well as
strong nearest-neighbor correlation suggest that correlation between electrons (holes) on the same stack is

important in establishing incomplete charge transfer in an organic compound such as TTF-TCNQ
(tetr athiafulvalenium-tetracyanoquinodimethanide).

I. INTRODUCTION

TT F-TCNQ (tetra thiafulvalenium-tetracyano-
quinodimethanide) and related segregated-stack
donor-acceptor compounds have been the subject
of extensive investigation in the recent past. ' This
work has been motivated not only by the interesting
electric and magnetic properties' exhibited by
these materials but also by the thought that these
highly anisotropic organic compounds could be the
physical embodiment of theoretical models used
to discuss phase transitions and other phenomena
in one dimension. '

One important physical quantity that holds sig-
nificant consequences for the behavior of these
materials is the amount of charge q transferred
per donor-acceptor pair. This quantity deter-
mines the lattice periodicity that develops at a
Peierls transition. 4 The electrical conductivity as
well as other properties also depend, in general,
upon the amount of charge that is transferred be-
tween the donor and acceptor molecules. In fact,
it has been suggested' that incomplete charge
transfer (q & 1) in 1:1segregated-stack donor-ac-
ceptor complexes is required to establish the rel-
atively high conductivities observed as well as
certain features in the optical-absorption spec-
trum. It is therefore of interest that recent dif-
fuse x-ray' and inelastic -neutron'-scattering mea-
surements performed on TTF-TCNQ indicate that
this material is less than fully charge transferred
with q=0. 59. Interpretation of the results of less
direct measurements""' have also suggested that
TTF-TCNQ is incompletely charge transferred.
TTF-TCNQ is therefore closer to a state in which
one electron is transferred for two donor-acceptor
pairs (q= 0.5) than to the state of full charge trans-
fer (q= 1.0). Other studies"" of NMP-TCNQ have
suggested that this material is also incompletely
charge transferred. In view of the importance of
the amount of charge transfer in these materials

it is surprising that relatively little effort has
been devoted to determining how the charge trans-
fer can be stabilized at values different from q
= 1.0. It has been previously shown" that with con-
sideration of only the ionization and Madelung en-
ergies such systems. can be understood to be either
fully charge transferred or not charge transferred
at all. Subsequently, a number of Madelung cal-
culations" "have been performed for segregated-
stack as well as non-segregated-stack charge-
transferred compounds to determine whether the
Madelung energy is sufficiently strong to stabilize
a charge-transferred ground state.

Other investigations'""'" have focused on the
electrostatic energies associated with various con-
figurations of charge (Wigner lattice) chosen in
such a way as to reduce the electrostatic repul-
sion between sheets of charge normal to the stack-
ing direction in the 1:1segregated-stack organic
compounds. It has been shown that strong corre-
lation between such sheets of charge could in prin-
ciple lead to a stable charge transfer state with
q& 1.0. One of these calculations" has clearly il-
lustrated the electrostatic origin of the nonsto-
chiometric mixed-valence character of the TTF
halides. It has also pointed out the importance of
a relatively open structure normal to the stacking
axis, leading to weak Madelung binding energy and
incomplete charge transfer in a material such as
TTF-TCNQ. Whether the existence of such a
three-dimensionally-ordered charge transfer state
as proposed is, however, consistent with the ob-
served value of the conductivity in these materials
or with the details of other measurements, e.g. ,
x-ray and neutron scattering, is still open to
question. The implication of on-site correlation
with respect to the observation of diffuse x-ray
scattering at "4k~" has also recently been
discussed, ' and such correlation will be examined
in connection with charge transfer stability.

The purpose of the present work is to examine
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the question of the stability. of charge transfer
away from q = 1.0 in the ground state of a 1:1con-
ducting organic compound with the use of several
simple models involving finite transfer integral
between molecules along the s'tack and no inter-
stack correlation of charge. Attention will be fo-
cused on intrastack correlation and its implica-
tions with respect to charge transfer. This work
differs in an essential way from the investiga-
tions' """utilizing a correlated three-dimen-
sional charge distribution (Wigner lattice) since
finite transfer integral t is required in the pres-
ent work to establish the stability of incomplete
charge transfer.

From the results we will obtain, one can infer
that the existence of a 1:1segregated-stack donor-
acceptor compound with less than full charge
transfer is a consequence of the physical param-
eters satisfying a very special set of constraints
that determine the stability of the system It i.s
therefore not surprising that the majority of the
1:1compounds are fully charge transferred.

Klymenko et al."have previously treated a sim-
ilar model in connection with the question of
charge transfer stability of these materials. The
conclusions drawn in that work were, however,
rather general and no discussion was devoted to
the implications of nearest-neighbor electronic
correlation along the stack (extended Hubbard
model). Other recent work" has examined the
possibility of charge transfer transitions at finite
temperature. Such work, while interesting, is
apparently inappropriate for TTF-TCNQ since
there is no clear experimental evidenc|. indicating
significant change in the charge transfer in the
vicinity of the several phase transitions observed
in this material.

One striking feature of the 1:1donor-acceptor
compounds is that nearest-neighbor molecules
along a particular stack have an average charge
with the same sign. The molecules along a stack
therefore repel each other electrostatically. This
situation is unlike that encountered in simpler ion-
ic inorganic structures such as sodium chloride
for which there is an attraction between nearest-
neighbor atoms with charge of opposite sign. The
repulsion between like ionized molecules is pre-
sumably counterbalanced by the delocalization of
electrons along the stack or, in other words, the
stack is held together by a metallic bond. The
models that we will investigate will therefore in-
clude a nonvanishing transfer integral t between
molecules along the stack. The tight-binding mod-
el will, however, be generalized to include strong
on-.site correlation (Hubbard model; U= ~) as well
as strong nearest-neighbor correlation (extended
Hubbard model; U= ~, V= ~). It will be shown, as

might be expected, that Madelung repulsion as
well as electron correlation on the stack favor
charge transfer states with q&1.

II. COHESIVE ENERGY

The energy per donor-acceptor pair of a 1:1seg-
regated stack organic compound can be written

(2 1)

I and A are the ionization energy and electron af-
finity of the donor and acceptor molecule, re-
spectively. E„is the Madelung energy per donor-
acceptor pair at full charge transfer. The
Madelung energy has been written for a uniform
charge distribution along each stack, i.e. , atomic
charges obtained from molecular orbital calcula-
tions are scaled Linearly with the charge transfer,
q, for each molecule on the stack. The Madelung

energy will then vary quadratically with t;he charge
transfer q if we neglect the energy associateQ
with the neutral configuration (q= 0). The last
term in Eci. (2.1), E,(q), is the binding energy
gained as a result of electronic delocalization
along the stack. This will be treated in the tight-
binding approximation with generalizations to in-
clude on-site as well as nearest-neighbor correla-
tion.

Equation (2.1) is an approximation to the total
energy per donor-acceptor pair and a number of
implicit assumptions have been made in obtaining
it. For example, the donor ionization energy I
and the acceptor electron affinity A are assumed
to be independent of the amount of charge transfer
q. This is not true in principle since molecular
single-particle energies depend upon the degree
of electron occupation through direct-Coulomb,
exchange, and correlation contributions. Calcula-
tion of the Madelung energy E„neglects effect&
resulting from the delocalization of electronic
charge. Significant delocalization of electronic
charge along the stacking direction could modify
the calculated value of the Madelung energy E„.
The delocaLization energy E,(q) will be written for
a simple tight-binding band with no electronic cor-
relation, perfect on-site electronic correlation,
and perfect nearest-neighbor correlation. Even
though the model is highly idealized it exhibits
some interesting properties.

In the discussion that follows we will be guided
by previous estimates of the magnitudes of the
three terms of Eg. (2.1). Measurements" indi-
cate that I -A for TTF-TCNQ is approximately
4eV. Calculations" "of the Madelung energy of
TTP-TCNQ performed with the use of several
molecular charge distributions obtained from dif-
ferent molecular orbital calculations have yielded
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approximately 2 eV of binding energy per fully
ionized donor-acceptor pair. On the other hand,
bandwidths for TTF and TCNQ segregated stacks
have been estimated' &" at approximately "half a
volt. " It has therefore been commonly stated that
such estimates clearly indicate that these contri-
butions to the energy are not sufficient to provide
the binding energy required to form a stable
charge-transferred ground state. " Such a.rgument
has motivated a number of suggestions concerning
the not-yet-considered contribution to the energy
that could be responsible for providing this bind-
ing. One such contribution, the dipola. r polariza-
tion energy, has been calculated'"" for TTF-
TCNQ and shown to contribute" approximately
O. l eV at most to the binding of TTF-TCNQ. It
has been pointed out'~ however that this mean-
field estimate represents a lower bound to the
polarization energy since fluctuations of charge
that remove the center of symmetry on any given
molecule should significantly enhance this con-
tribution. Interstack Van der Waals interactions
have also been suggested' to make a significant
contribution to the cohesive energy of the crystal.

In the present paper, me mill defer any detailed
examination of the magnitude of the cohesive ener-
gy of the crystal and implicitly assume the crystal
to be bound by the three contributions to the energy
considered in Eq. (2.1). In connection with this we
will point out in Sec. V why some of the current es-
timates of the cohesive energy of TTF-TCNQ are
sufficiently inaccurate so as to preclude the pos-
sibility of making a definitive statement about the
cohesion of the crystal. It is certainly true that
Eq. (2.1) does not include all contributions to the
energy that bind the crystal. It is also certainly
important that the three contributions appearing
in Eq. (2.1) be estimated accurately before one is
convinced that these contributions namely, the
ionization energy, monopolar energy, and delocal-
ization energy, do not provide a net negative en-
ergy or positive cohesion. In Sec. V electronic
repulsion along a stack will be discussed and cor-
relation mill be argued to be important in increas-
ing the cohesive energy over previous estimates.
The treatment of correlation in three dimensions
(Wigner lattice) has also been shown"~" "to in-
crease the cohesive energy over that calculated
for a uniform distribution of charge at a fixed val-
ue of charge transfer q.

The emphasis of the present paper is to focus at-
tention on the conditions required to establish par-
tial or incomplete charge transfer when band de-
localization is important. Certain general rela-
tionships will be obtained which should prove use-
ful in understanding how mixed-valence or incom-
pletely charge-transferred stacks are formed.

Again we emphasize that in what follows me mill
assume that the ionization and Madelung energies
are on the order of electron volts. The ionization
energy mill also be assumed to be larger than the
Madelung energy in Sees. III and IV. The band en-
ergy mill therefore play an important role in con-
tributing to the stabilization of the charge transfer.

III. TIGHT-BINDING MODEL

&(q) =(I A 4t)q. (3.2)

Since me assume that the ionization energy I -4 is
greater tha. n the bandwidth E~=4t, the energy

DONOR BAND

FERMI LEVEL

ACCEPTOR BAND
pro. l. gight-binding

model for donor and ac-
ceptor stacks.

q

Figure 1 illustrates the tight binding energies
associated with the donor and acceptor sta, cks, The
minimum in the acceptor band energy has been
chosen at 0= 0 as indicated by transfer-integral
calculations using molecular orbitals. " The re-
sults for this model are, however, identical to
those for a model assuming parallel bands since
no hybridization has been introduced in the vicinity
of the band crossing. The model can be simply
generalized to include effects of hybridization.
There are q electrons per molecule on the accep-
tor stack (q holes per molecule on the donor
stack). Equation (2.1) implies that the band cen-
ters are shifted only by the ionization and Madelung
energies. Some evidence for the approximate val-
idity of such an assumption in treating electronic
levels in inorganic crystals has been obtained"
from photoemission measurements on alka, li and
alkaline-earth fluorides.

Using this tight-binding model to obtain an ex-
pression for E,(q), Eq. (2.1) can be written

&(q) = (I -&)q —E„q' —(Stjv) sin(-, vq), (3.1)

where t, the transfer integral, is an average of the
transfer integrals on the donor and acceptor
stacks.

For small values of the charge transfer such that
q=0
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E(q), initially increases with q at smail values of
q.

The condition for the extrema is written

(I -A) —3E„q=4t cos(avq) . (3.3)

The solutions of this equation will be discussed
with use of the graphical construction shown in

Fig. 2. The solutions are given by the intersec-
tions of the straight line of negative slope -2E„
with the cosine function. To fix our ideas, we have
assumed that the intercept of the straight line at
q = 0 which is I -A. , is greater than the intercept
of the cosine function, namely, the bandwidth 4t.
As discussed in Sec. II, this is certainly consis-
tent with estimates of these quantities for TTF-
TCNQ. Since E(q) starts off by increasing with

increasing q, the first intersection must be at a
maximum of the function. One is therefore inter-
ested in those cases for which there are two inter-
sections, since the second intersection mill be at
a minimum in the energy. Also, since we believe
the ionization energy to be several electron volts
and the bandwidth or transfer integral to be tenths
of eV for TTF-TCNQ, we want to look for solu-
tions such that the ratio of the intercept of the
straight lime to the intercept of the cosine fmction
at q = 0 reflects this estimate. The. largest such

. ratio can be obtained by drawing the straight line
tangent to the cosine curve at q= 1. This is shown

by the dashed line in Fig. 2. An infinitesimal
counterclockwise rotation and displacement of this
line can result in two intersections of this line
with the cosine curve in the vicinity of q= l. An

arbitrary six'aight line is drawn in Fig. 2 to iQms-

trate two poaeSsle extrema. The conditions lea4ing
to a stahLe selutien in the vicinity of q= 1 can be
written

(3.4)

(3.5)

Inequahty (3.4) is obtained by requiring that the
stab& extrenum has positive curvature in the vi-
cinity of q= 1. Inequality (3.5) follows from the
requirement that the straight line have a positive

I -A =28„,
one can write

Es=4t&(gv)E„.

(3.V)

(3.8)

Therefore, if the total energy is negative, the
bandwidth must even be greater thaa that required
from the condition of positive curvature [inequal-
ity (3.4)]. On the other hand, any additive con-
stant will modify inequality (3.8), whereas the sec-
ond derivative of any contribution that has been
left out will change inequality (3.4).

Even though the simple tight-bi@ding model may
be inappropriate for TTF-TCNQ, it is interesting
to obtain an analytic expression for the charge
transfer by linearizing in the vicinity of full charge
transfer.

If we let

(3.9)

and assume 4 to be smalL,

value at q= 1. This is the condition necessary to
provide two intersections of the two curves. Both
inequalities appear to be inconsistent with the es-
timates for TTF-TCNQ. The first inequality (3.4)
states that the average of the donor and acceptor
bandwidths is larger than the Madelung energy.
This is just the opposite of what is expected. In-
equality (3.5) states that the ionization energy is
greater than twice the Madel mg energy at full
charge transfer. As we have pol.nted out, previous
estimates of these two quantities indicate that at
full charge transfer the ionization energy is at
most twice the Madelung energy. As the stable
point of intersection is made to move away from
the vicinity of q = 1, the conditions analogous to in-
equalities (3.4) and (3.5) become even more re-
strictive.

In the vicinity of q = 1 the inequality requiring
the total energy to be negative or to bind the crys-
tal can be written

(3.6)

we can %'rite

g-A

4t
)

FIG. 2. Gmq&ieal Sohx-
tiam for extrexna of the
tigR-binding model.

(3.10)

An increase in the transfer integral t Or the
Madelung energy S~ Qmrefere caresses Ote charge
transf&f', Rs expB@t84. AR gK-r8$84 iG NO XQShM, -
tie@ energy I -4 decreases the chaxNke tmNLsfer.

K there hs a single in4er@eeChm hgweep, thy
curves sheen m Fjg. S the sys4em mid be f@By
ch4Lxl,4 tx'~fea'x'84 jf
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or not charge transferred at all if

(I -A) E„—St/v & 0.

(3.11)

(3.12)

IV. STRONG ON-SITE CORREI.ATM)N: BUSSARD MODKI.

Ih this Sectl6Fl Vfe WXll aSSQTQe that 66UMe OCCQ-

pancy of electrons (holes) on the molecules of the
acceptor (donor) stacks is not allowed. In other
words we will write the energy E,(q) for a Hub-
bard modeP' havi~ infinite on-site cerrelation
energy U.

The total energy can then be written

E(q) = (I -A)q E„q' —(4—t/v) sinvq.

The condition defining the extremum is

(I —A) —2E„q= 4t cosvq

(4.1)

(4.2)

and the graphical solution is illustrated in Fig. 3.
Again, we are interested in a case for which thex'e
are at least two intersections of the straight line
with the cosine curve. %e also want to examine
the case for which the straight line has the largest
intercept at q= 0 or, in other words, the largest
value of I -A consistent with a solution of incom-
plete charge transfer. This can be obtained by
letting the straight line intersect the cosine curve
at q = 0.5 and setting the slopes of both curves
equal at this point. An infinitesimal counterclock-
wise rotation and translation of the straight line
will then result in three intersections of the two
curves. The middle intersection in the vicinity of
q= 0.5 will represent the minimum. An arbitrarily
drawn straight line is illustrated in Fig. 3 to rep-
resent the general case having three intersections.

Conditions leading to a stable solution in the vi-
cinity of q = 0.5 can be written

E~& 2m't,

I -A =E~.
(4.3)

(4.4)

In Sec. IV, we will show that strong on-site cor-
relation sets certain constraints on the physical
parameters which indicate that it is more reason-
able for the value of charge transfer of TTF-TCNQ
to be stabilized in the vicinity of q= 0.5 than in the
vicinity of q = 1.0. Certain unreasonable restric-
tions will still remain, however, namely, im-
egualltles sllnilR1' to lnegualltles (3.4) Rlld (3.3).
In Sec. V, strong nearest-neighbor correlation-
will be treated and shown to relax these unrealis-
tic constraints significantly.

Secs. XV and V will therefore demonstrate the
importance of electronic correlation within a stack
in providing for the stability of nonintegral or in-
complete charge transfer for narrow-band segre-
gated-stack organic compounds.

E-A

4t

I

1
F~. 3. Graphical Solu-

tion for extrema of the Hub-
bard model.

Inequality (4.3) results fronl the coaebtion that
the slope of the straight line beceme no larger than
the slope of the cosine curve at q=6.5. The ap-
proximate equality (4.4) results from requiring
the middle intersection of the straight kine with
'the eeslne curve to be R't R VRlu8 RpproxxIBateiy
equal to 0.5.

These conditions on the values of the physical
parameters are significantly relaxed from what
WRS obtRlll8d for the tight-bllMllng mcNtei (888. III),
namely, inequalities (3.4) and (3.5). First, the
equivalent tight-binding bandwidth 4t is not re-
quired to be greater than the Madelung energy as
in the previous section. Also, the ionization en-
ergy is not required to be greater than twice the
Madelung energy. As we have previously mea-
tioned, the charge transfer is most easily stab-
ilized in the vicinity of q=0. 5. Such stabilization
could not realistically be provided by the tight-
binding model.

It is of interest to note that the conNtion of posi-
tive curvature relating the ionization energy, and
equivalent bandwidth or transfer integral remains
unchariged in this section and Sec. Gl, namely,

(4.5)

This occurs even though we have doubled the slope
-2E„of the straight line in going from Fig. 2 to
3: the intercept at q=0 remains the same since
the intercept on the abscissa goes from I to 0.5.
Therefore, the introduction of strong on-site cor-
relation does not relax the constraint requiring
relatively low ionization energy with respect to
equivalent bandwidth 4t to achieve nonintegral
charge transfer.

It should also be remarked that for net negative
total energy at q= 0.5, or, in other words, for pos-
itive cohesive energy at this value of the charge
transfer one requires
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(f -A)(0.5) -E„(0.5)' 4f/v&0,

which can also be written

E~ = 4t& (~v)(I -A) .

(4.6)

(4.7)

V. STRONG NEAREST-NEIGHBOR CORRELATION:

EXTENDED HUBBARD MODEL

In the present section me mill examine the eon-
sequenees of assuming that the nearest-neighbor
interaction between ionized moleeules on a stack
is very strong, in fact infinite. If the nearest-

This condition is also the same as obtained for the
tight-binding model treated in Sec. III and is some-
what more restrictive than the condition obtained
by x'equiring positive curvature at the minimum
[inequality (4.5)].

An analytic expression for the charge transfer in
the vicinity of q = 0.5 can be obtained by setting q
= 0.5+ b, and assuming that b «1.

Thi:s yields

q=(0.5){[2vf-(f-A)]/[2vf-E„]). (4.5)

As in the tight-binding ease, a decrease in I -A.
or an increase in E„leads to increased 'charge
transfer. The dependence of the charge transfer q
on the transfex integral is, however, somewhat
different from the tight-binding case. Whether the
charge transfer is less than or greater than 0.5,
an increase in I;, the transfer integral, mill make

q approach the value of 0.5. This occurs simply
since the delocalization energy E,(q) for this case
is lowest at q= 0.5. An increase in t just lowers
the value of the energy at this minimum. The sys-
tem then becomes stable at a value closer to this
minimum.

To conclude this section, we emphasize that
strong on-site correlation has been shown to stab-
ilize the system in the vicinity of q=0. 5. This re-
sults simply since the delocalization energy is a
minimum at this value of the charge transfer q.
Finite U mill result in a delocalization energy with
a minimum somewhere between q= 0.5 and q = 1.0
and will therefore stabilize the system somewhere
ln this range.

The constraints on the physical parameters are
still, however, not completely consistent with es-
timates of the magnitude of these parameters for
TTF-TCNQ. The ratio of the ionization energy to
equivalent bandwidth that is required from the con-
dition of positive curvature [inequality (4.5)] and
the condition of negative total energy [inequality
(4.7)] is much smaller than that expected for TTF-
TCNQ. In the next section, in which strong near-
est-neighbor correlation along a stack is ex-
amined, it mill be seen that this eonstxaint is sig-

nificantlyy

relaxed.

neighbor interaction energy V is infinite as well
as the on-site correlation energy U, then no more
than one electron for every tmo donor-aeeeptox'
pairs (q= 0.5) can be transferred. Each electron
(hole) on the acceptor (donor) chain will, there-
fore, have a correlation hole around it consisting
of tmo neutral molecules. In the presence of such
strong nearest-neighbor correlation, the repulsive
energy between nearest-neighbor ionized mole-
cules along a stack must be removed from the
Madelung sum. One can show simply that such
intrastack correlation could significantly lower the
total energy with respect to that calculated for an
uncorrelated uniform charge distribution along
each stack.

The ionization and Madelung energy contributions
to the total energy can be written

E(q) =(f -A)q -E~q'. (5.1)

I/2

I/2

I/2

I

I/2

I/2

I/2

{0)

I/2

w4 W
o

0
y4 W
I/2

{b)

FIQ. 4. Correlated
charge distributions along
a stack: (a} no correlation;
(b} strong nearest neighbor
correlation.

As previously mentioned, the ionization energy has
been estimated to be approximately four volts. At

full charge transfex the Madelung energy is ap-
proximately tmo volts. Therefore,

4(1) 2(1)= 2eV,

which is the familiar result indicating that full
charge transfer should not be achieved. At a value
of han-charge-transfer there is a similar diffi-
culty, namely,

4(0.5) —2(0.5)'= 1.5eV,

and it is not apparent mhy the incomplete charge-
transferx ed ground state should be stable.

The inclusion of strong nearest-neighbor corre-
lation changes the picture drastically! In Fig. 4(b)
we illustrate schematically an approximate cor-
related charge distribution for q = 0.5. Adjacent
to each ionized molecule is a neutral molecule.
The second nearest neighbor from the ionized mol-
ecule is chosen to have an occupation probability
of 0.75 and every site beyond the second neighbor
is chosen to be uncorrelated with an occupation
probability of 0.5. Since the nearest-neighbor and

second-nearest-neighbor electrostatic x'epulsive
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energies between ionized molecules" on the donor
stack are 2.85 and 1.72 eV respectively, and those
on the acceptor stack are 2.37 and 1.59 eV respec-
tively, the energy of the correlated charge distri-
bution [Fig. 4(b)] per donor-acceptor pair is lower
than the energy of the uncorrelated charge distri-
bution [Fig. 5(a)] by 1.8 eV. The total energy at
half-charge-transfer is then approximately -0.3
eV. This simple argument, even though admittedly
a crude approximation to what actually occurs,
shows that the assumption of strong electronic cor-
relation on the individual stacks significantly low-
ers the energy with respect to the values calcu-.
lated in the absence of such correlation.

The state of incomplete charge transfer de-
sex'ibed in this section is different from the cor-
related states previously discussed. """"In the
present section the charge carriers on each stack
are viewed as highly correlated over nearest-
neighbor sites with no correlation between charge
carriers on different stacks. This picture is con-
sistent mjth the relatively high values of conduc-
tivity observed. It would also be consistent with
an observation of x-ray or neutron scattering from
one-dimensional charge density waves character-
ized by strong intrastack Coulomb correla
tjons 1Ve 28

For the case of infinite interaction energy V be-
tween nearest-neighbor ionized molecules on both
donor and acceptor chains, as well as infinite on-
site energy U the energy per donor-acceptor pair
can be mritten29

The condition. defining the extrema is now

(I -A) 2E-Nq= cos ——sin
1

4t mq 4t . mq

1-q 1-q w 1-q
(5.3)

The graphical solution is„ illustrated in Fig. 5.
One significant difference between the transcen-
dental function for this case and the previous two
cases is the much steeper slope (in the vicinity of
q=0.4) for this curve. The value of q for which
the slope is maximum is given by the solution of

tan[wq/(1-q)] = -w/3(1 -q). (5.4)

(I -A) —2E„'q= -(16t/v) sin(2vq) . (5.5)

From the equality of the slopes of both curves at
this value of q one can write

2E„' = [4vt/(1 —q)']sin[vq(l —q)] . (5 6)

A relation between I -A and E„' can be obtained
by eliminating the transfer integral from Eqs.
(5.5) and (5.6):

I -A = 2E„'[q —(4/v')(1 —q)'] (5.7)

Again, if we draw the straight line tangent to this
point, an infinitesimal rotation of this line will
lead to three intersections, the middle one being at
a minimum in the energy function. If the minimum
in the energy is at the point of steepest slope on
the transcendental curve, then the condition defin-
ing the extrema can be written

E(q) =(I -A)q E„'q'- —(1——q) sin
1

4t . &q (5.2)
ol

I -A =(.62)E„', (5.8)

The prime on E„ indicates that electrostatic jnter-
actions between nearest-neighbor ionized mole-
cules, have been removed from the Madelung en-
ergy-

FIG. 5. Graphical solu-
tion for extrema of the ex-
tended Hubbard model.

one also obtains

I -A = 16t. (5.9)

The most significant difference from the pre-
vious two models, which did not include the near-
est-neighbor interaction between ionized mole-
cules, is the modification of the relation involving
the ionization energy and equivalent bandwidth
[Eq. (5.9)]. The system can now be stabilized at
a value of incomplete charge transfer such that the
ionization energy is approximately four times the
value of the equivalent bandwidth. It should be em-
phasized that infinite values of U and V are not
particularly physical. Finite values of these pa-
x'ameters as well as the inclusion of correlation
associated with longer-range interactions could
well lead to stabilization of the charge transfer
at some larger value, say, in the range between
q=0. 5 and q=1.0 and perhaps result even in a
larger allowed value of I -A..

From Eq. (5.8) we see that stabilization of the
state of incomplete charge transfer requires a



Madelung constant E~ somewhat larger than the
ionization energy I -A. This is consistent with

the removal of the nearest-neighbor electrostatic
repulsion from the Madelung sum. Again if I -A.
=4 eV, then Eq. (5.6) yields E„'=6.5 eV. Our sim-
ple argument involving the correlation hole illus-
trated in Fig. 4 resulted in &„'=9 eV. Assuming
I -2 =4 eV, the total energy, Eq. (5.2), near the
minimum at q =0.4 is approximately equal to 0.5

eV. Therefore, strong nearest-neighbor correla-
tion leads to a significant increase in the binding

energy of the crystal over previous estimates.
To conclude, the importance of on-site as well

as nearest-neighbor correlation has been demon-
strated in connection with establishing incomplete
charge transfer stability for the narrow-band 1:1
segregated-stack organic compounds. While it is
certainly true that a more realistic model is re-
quired before the cohesive energy and value of the
actual charge transfer can be calculated for any

given compound, the preceding discussion illus-
trates in a qualitative mariner some of the impor-
tant issues involved in developing such a model.

VI. CONCLUSIONS

In the present paper we have addressed the ques-
tion of charge transfer stability in a conducting
1:1segregated-stack organic compound such as
TTF-TCNQ. Particular attention was given to the
conditions required to establish incomplete charge
transfer in such a material. It was show'n that
such a partially ionic narrow-band system appears
to require significant on-site as well as nearest-
neighbor correlation in order for one to qualita-
tively understand how electronic delocalization
can provide the charge transfer stability that is
observed. Such a picture, if truly applicable to
TTF-TCNQ, wouM therefore require electron-
electron interactions to be important in this ma-
terial.

There has been some discussion concerning the
strength of electron-electron interactions in TTF-
TCNQ and the inference that can be drawn con-
cerning this strength from the results of experi-
ment. The interpretation of the early photoemis-
sion measurements3 in terms of the observation
of ionized and neutra1 molecular species would
seem to imply significant electronic correlation. .
This interpretation has been the subject of some
severe criticism" and it appears that the issue is
not presently settled. ' Also, the magnetic sus-
ceptibility of TTF-TCNQ which was initially
claimed" to be unenhanced from the Pauli value,
therefore implying weak electron-electron inter-
action has recently been claimed" to be enhanced.
Also, the recent claim, "if substantiated, that
spin waves have been observed in the inelastic

neutron scattering from TTF-TCNQ would indi-
cate that electron-electron interactions are im-
portant in this material. On the other hand a re-
cent review" of the results of inelastic electron-
scattering and nuclear spin-lattice relaxation mea-
surements has concluded that Coulomb interactions
are not dominant in TTF-TCNQ. The linear de-
pendence of the thermopower" on temperature
over the metallic regime of this material also
does not clearly indicate the presence of strong
Coulomb interactions. Another recent review"
has summarized evidence for the strength of elec-
tron-electron interactions in TTF-TCNQ. It
should be emphasized that the present work was
not initiated with any motivation-to say something
definitive about electron-electron interactions in

TTF-TCNQ. It was initiated by a desire to ex-
amine the conditions required to establish incom-
plete charge transfer stability when the delocal-
ization of electrons along the stack is solely re-
sponsible for such stability. The question of in-
terest was: could delocalization energies with

magnitudes of tenths of volts contribute signifi-
cantly to such stability in the presence of ioniza-
tion energies and apparent Madelung energies
having the magnitudes of volts~ The answer is
that under the appropriate conditions they can, and

that under these conditions, electronic correla-
tion brought about by the electron-electron inter-
action appears to be essential. If, as suggested
in the present paper, such a model is appropriate
for TTF-TCNQ then the implications are clear.
At present, however, there appears to be no con-
sistent picture of the physical behavior of this
material.

One can briefly speculate about a future direc-
tion for calculations aimed at elucidating the
charge transfer stability in organic materials.
One must certainly calculate the electrostatic en-
ergy associated with different configurations of
charge in ionic structures. Certain subtle ques-
tions must, however, be resolved, e.g. , if there
is signifj. cant delocalization of electronic charge
along a stacking direction, how valid is it to as-
sume that the charges on two adjacent molecules
along the stack are accurately characterized by
nonoverlapping, spherically symmetric charge
distributions centered on the atoms. One expects
that delocalization or overlapping of electronic
charge along the stack should reduce the electro-
static repulsion as presently calculated. One must
also be able to reasonably estimate transfer in-
tegrals in the various crystalline directions. This
estimate can be obtained from molecular orbital
calculations for the dimer as has been done 0' in
the case of TTF-TCNQ. Finally, and certainly
the most difficult part of such program mould be
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to include Coulomb correlation in the essential
way that it should be included. It would certainly
be of interest to-generalize the results of this pa-
per to include the case of finite U and V. The role
of interstack correlation should also be examined.
Future investigations of the importance of screen-
ing in quasi-one-dimensionally conducting or-
ganic materials should help to elucidate the gen-
eral importance of correlation. The results of
such a program should help enable one to under-
stand observed differences between organic ma-
terials and provide insight with respect to the syn-
thesis of new materials.
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