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Xn scattered-wave molecular-orbital (MO) calculations have been carried out for dimers and trimers of
tetrathiafulvalene (TTF) and tetracyanoquinodimethane (TCNQ) in the slipped C» geometry found in

crystalline TTF-TCNQ. The MO's of the dimers which are the precursors of the partially filled valence and

conduction bands in TTF-TCNQ are found to a good approximation to be simply bonding and antibonding

combinations of the highest occupied MO (donor level) in the case of TTF and the lowest unoccupied MO

(acceptor level) in the case of TCNQ. When extended basis sets are used, the energy difference between

corresponding bonding and antibonding levels (dimer splitting) is 0.24 eV for a TTF dimer and 0.29 eV for a

TCNQ dimer. These basis sets include s, p, and d partial waves on C, S, and N atoms, and s and p
partial waves on H atoms. When the dimer and trimer levels are fitted to a tight-binding model containing
the transfer integral t and the overlap integral S, it is found that S is negligible. The infinite-stack

bandwidths 8' are then equal to twice the dimer splittings and the transfer integrals to half the dimer

splittings. The derived TTF and TCNQ bandwidths (0.48 and 0.58 eV, respectively) are consistent with

available experimental estimates.

I. INTRODUCTION

There has been considerable interest recently in
a number of organic and inorganic solids which
have highly anisotropic electrical, optical, and/or
magnetic properties. ' Indeed, some of these ma-
terials show behavior which is consistent with one-
dimensional models, for example, a metal-insula-
tor transition which is interpreted as being due to
a Peierls instability. The three systems which
have received the most detailed attention are
K,Pt(CN), Br, , ~ 3.2H, O (KCP)(Ref. 2), tetrathiaful-
valene-tetracyanoquinodimethane (TTF-TCNQ)',
and polymeric sulfur nitride (SN, ).' In all of these
materials, the electrical conductivity is quite high
(of the order of 102-10' 0 ' cm ') for a certain pre-
ferred crystallographic direction and much less
in perpendicular directions. For these three com-
pounds the anisotropy is greatest for KCP and
least for (SN)„.'

It is possible to learn a great deal about the elec-
tronic structure of these materials by carrying out
calculations for the individual molecular units
which form these solids, as well as for constituent
dimers and trimers. The present authors and
their co-workers have previously reported the re-
sults of such calculations relevant to KCP (Refs.
8 and 7), TTF-TCNQ (Refs. 8-12), and (SN), (Refs.
13 and 14).

In an earlier study of TTF dimers, we found that
self-consistent Xn scattered-wave calculations led
to rough estimates of the bandwidths for the TTF

chains in TTF-TCNQ and TTF-Br, »,„.' %'e

also demonstrated that the bandwidth is a sensitive
function of the stacking geometry. For example,
in going from the C,„(slipped) geometry appropri-
ate to TTF-TCNQ to the D» (eclipsed) geometry
appropriate to TTF-Br, »,„,the bandwidth in-
creases by a factor of 4. As a complement to our
earlier study of TTF dimers, "we report here the
results of Xo. scattered-wave calculations for TTF
trimers and TCNQ dimers and trimers, all having
the C2„(slipped) geometry appropriate to TTF-
TCNQ.

An important outcome of our studies of TTF and
TCNQ dimers is that the molecular orbitals of the
monomers that give rise to the partially occupied,
overlapping valence and conduction bands in solid
TTF-TCNQ are disturbed only slightly by forma-
tion of the dimers. Consequently, the electronic-
energy-band structure of an infinite TTF or TCNQ
stack can be determined by using the "relevant"
monomer molecular orbitals as fixed (k-indepen-
dent) basis functions in a tight-binding approxima-
tion. For the purpose of this paper, we will ignore
interchain coupling and focus our attention on those
features of the band structure of TTF-TCNQ that
are associated with the TTF and TCNQ intrachain
couplings.

Self-consistent dimer calculations are perhaps
more descriptive of isolated dimers in solution
or in certain crystal structures, such as TTFBr
and TTFCl," than of adjacent molecules inuniform-
ly spaced infinite stacks, as in TTF-TCNQ. A
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useful approximate description of a dimer or trim-
er belonging to such a stack can be obtained by
constructing model dimer or trimer potentials in
terms of self-consistent monomer potentials which
neglect the small charge redistribution produced
by stack formation. The electronic structure of
these model dimers and trimers is then deter-
mined by performing scattered-wave calculations
in a noniterative mode. Much of the present paper
is devoted to a consideration of model dimer and
trimer scattered-wave calculations for the TTF
and TCNQ stacks in TTF-TCNQ.

In order to make contact with the more common
linear-combination-of-atomic-orbitals (LCAO)
treatments, we introduce a tight-binding model
based on intrachain transfer and overlap integrals
t and S, respectively. By determining the orbital
splittings for the dimers and trimers, it is pos-
sible to determine t and S, from which it is further
possible to determine the infinite-stack bandwidth,
8? As will be seen, our scattered-wave calcula-
tions lead to very small values of S. Hence, S can
be neglected, and the transfer integral t is given
rather accurately by half the dimer splitting (n
=2t), and the bandwidth W by twice the dimer
splitting (W=2n, =4f).

S3' S3

N6' H7

2' C

4' C

FIG. 1. Molecular structures of TTF (top) and TCNQ
(bottom) and their stacking in the TTF-TCNQ crystal.
Symmetrically inequivalent atoms are labeled. In the
scattered-wave calculations, each atom is surrounded
by an overlapping atomic sphere, and all these spheres
are in turn surrounded by an externally tangent outer
sphere denoted by OUT 1 {not shown).

II. METHOD AND CHOICE OF PARAMETERS

The geometries used for the TTF and TCNQ
molecules were taken from x-ray crystal-struc-
ture data" and idealized so that the monomers
have D» symmetry and the dimers C» symmetry.
The molecular structures of TTF and TCNQ and
a schematic diagram of their stacking in the TTF-
TCNQ crystal are shown in Fig. 1. The numbering
of the atoms used in subsequent discussions is al-
so show~ in this figure. The tilt of the molecules
with respect to the stacking axis is 24.5 for the
TTF stack and 34 for the TCNQ stack; the inter-
molecular distances are 3.47 and 3.17 A, respec-
tively.

All the scattered-wave calculations were per-
formed using the overlapping atomic sphere ver-
sion' "of the method. For simplicity, the ex-
change parameter n was set equal to 0.75 for all
regions of space, as was done in our earlier work
on TTF and TCNQ monomers. ' " (In some of the
calculations o. was set equal to 0.77725 inside the
hydrogen spheres, but the results for the relevant
molecular orbitals are indistinguishable from those
obtained using n = 0.75 inside these spheres. )

There is experimental evidence" that the charge
transfer in TTF-TCNQ is roughly one electron per
dimer pair, (TTF-TCNQ), . Our earlier scattered-
wave calculations on TTF dimers~ and pilot stud-
ies of TCNQ dimers both indicated that the dimer

splittings are relatively insensitive to the charge
state of the monomers. In particular, nearly iden-
tical dimer splittings were obtained for (TTF)', and

(TTF),", and also for (TCNQ)', and (TCNQ)', . In
view of the insensitivity of the dimer splitting to
the charge state and the uncertainty in the charge
transfer, we decided to focus our attention on
dimers and trimers formed from neutral mono-
mers.

The atomic radii used for the TTF monomer in
the present work are the same as in Ref. 12. For
TCNQ we used two different sets, I and II, where
set I was obtained using Norman's criterion (see
the Appendix), and set II is the same as in the
second paper listed under Ref. 8. Although the
precise energy separations between successive
monomer levels differ slightly for different choices
of atomic radii, as previously discussed, ' "the
order of levels and the general pattern of energy
separations remain the same for widely different
choices of "chemically reasonable" overlapping
atomic-sphere radii. In pilot studies, we found
that the dimer splittings of principal interest are
also relatively insensitive to such choices of atom-
ic radii.

The only two features of scattered-wave calcula-
tions that appear capable of influencing the dimer
splittings to a significant degree, say a factor of
2 or more, are (i) whether the calculations are
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carried out self-consistently or not; and (ii) the

size of the basis set, i.e., the number of partial
waves used in the atomic and intersphere regions.
(The number of partial waves used in the outer-
sphere region is of no importance in this regard. )
For purposes of comparison we carried out both
self -consistent and non- self-consistent calculations
for the dimers. We also studied the effects of us-
ing different basis sets on the calculated dimer
(and trimer) splittings.

For convenience, we will define three different
basis sets: (a) minimum basis set: includes s and

p waves (/ =1) for C, S, and N spheres, and on-

ly s waves for H spheres; (b} intermediate basis
set: same as minimum for TTF, except that d
waves are also included for the S spheres (not ap-
plicable to TCNQ}; and (c) extended basis set: in-
cludes s, p, and d waves (l =2) for C, S, and N

spheres, and only s and p waves for H spheres.
In all the monomer calculations relevant to the

present work, the usual choice for the outer-
sphere regions was l =3, though virtually the
same results were obtained using l =4. For all
the dimer and trimer calculations, l ~ = 2 was
used for the outer-sphere region. In all calcula-
tions, the outer sphere was drawn externally tan-
gent to the outermost atomic spheres.

The general strategy of the present study (sup-
plemented by Ref. 12) is outlined below. First,
self-consistent scattered-wave solutions were
obtained for TTF and TCNQ monomers. Then
model calculations were carried out for TTF and
TCNQ dimers and trimers using the self-consis-
tent monomer solutions as the starting points.
Finally, self-consistent dimer calculations were
performed for TTF and TCNQ. We carried out
a sufficient variety of calculations using different
basis sets and atomic-sphere radii to provide an
overall perspective. The model dimer or trimer
potentials were constructed by superimposing the
atomic potentials obtained from the self-consis-
tent monomer calculations, using the same inter-
and outer-sphere potentials for the dimer or trim-
er as for the monomer. Since the self-consistent
monomer solutions depend to some degree on the
choice of basis set, we always used the same bas-
is sets for a given series of monomer, dimer, and
trimer calculations.

The highest occupied orbital in the donor (TTF)
as well as the lowest unoccupied orbital in the ac-
ceptor (TCNQ) gives rise to a bonding and an anti-
bounding level in the dimer, as indicated in Fig. 2.
In this figure we show, for future reference, the
relationships between the energy-level structures
of dimers, trimers, . . . and infinite stacks. The
symmetry correlation between the irreducible rep-
resentations (IR's) for the monomers (D») and the

si E
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FIG. 2. Comparison of energy levels for monomers,
dimers, trimers, etc. , indicating their relationship to
the energy-level spectrum of an infinite stack. In the
upper panel, t denotes the transfer integral, and S, the
overlap integral, has been set equal to zero. The band
structures of infinite TTF and TCNQ stacks are shown
in the lower panel.

dimers and trimers (C») is indicated in detail in
Fig. 3. The symmetry notation is that of Cotton. '
The x and y axes lie along the long and short axes
of the monomer, and the z axis is perpendicular
to the plane of the monomer. For s, p„,and p„
atomic orbitals the plus and minus signs denote
opposite phases in the monomer plane, while for
p, atomic orbitals these signs denote the phase of
the upper lobe (above the plane of the monomer).
The symmetries of the monomer molecular orbi-
tals are indicated at the top of Fig. 3, and those
of the dimers and trimers below. In each of the
four lower quadrants, there are three orbitals in-
dicated, two distinguished by plus-minus signs on
the central monomer, and the third by no entry
(zero} on the central monomer. These three or-
bitals correspond to the trimer solutions. The
dimer solutions can also be read off by ignoring
the central monomer. Each detailed figure actual-
ly represents two symmetry correlations, one
arising from o monomer orbitals, and another
from 7) monomer orbitals.

For the monomer levels of interest here (TTF
4b, „andTCNQ 3b„,see Sec. III), the bonding and
antibonding dimer levels belong to a~ and b„(C2„),
respectively. In the case of the trimers, the up-
per and lower levels of a given triplet will always
belong to different C» IR's, while the central level
will belong to one or the other of these, depending
on the monomer D» parentage. If the over@1 trim-
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FIG. 4. 4b&„molecular orbital for TTF, drawn in a
plane 4 of the way between successive molecules in a
TTF chain in TTF-TCNQ. Positive and negative values
are distinguished by solid and dashed lines. (After Ref.
10.)
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FIG. 3. Symmetry correlation between irreducible
representations of monomers (0») and dimers and

trimers (C 2z). The monomers are shown at the top, the
trimers (and dimers) below. The topmost member of a
trimer is denoted by the bold squares, the bottommost
member by the connected squares. The dimers are ob-
tained by ignoring the central members of the trimers.

III. RESULTS AND DISCUSSION

A. TCNQ and TTF monomers

The electronic structures of the TCNQ and TTF
molecules and some of their ions have been calcu-
lated by a variety of quantum-chemical methods:
scattered wave, "semiempirical, ""and ab init-
io.' '" Although the detailed numerical values for
the various energy levels (and sometimes their

er (triplet) splitting is very small, it may be dif-
ficult to resolve the central level of a triplet from
the highest or lowest member of the same triplet.
While this may be only a nuisance in model calcu-
lations, it can become a serious obstacle opera-
tionally in self-consistent trimer calculations,
particularly when two monomer levels give rise to
nearly-degenerate trimer triplets. Fortunately,
we did not find it necessary to do such calcula-
tions. Moreover, in the model-trimer calcula-
tions, the splittings (within a triplet) were suf-
ficiently large to be readily resolved.

order) differ from calculation to calculation, there
is general agreement that the highest occupied or-
bital in TTF is 4b,„,and that the lowest unoccupied
(affinity) level in TCNQ is 3b, , in the symmetry
notation of Cotton. " The molecular orbitals for
these two levels are shown in Figs. 4 and 5. Here
constant wave-function contours are plotted in
planes lying —,

' of the way between adjacent mole-
cules in the TTF and TCNQ stacks in TTF-TCNQ,
respectively. The contour serial numbers increase
with increasing contour amplitude. These orbital
pictures will prove useful in subsequent discus-
sions. For further information about these con-
tour plots, as well as additional plots depicting
the orbital charge-density distributions in TTF and

TCNQ, see Ref. 10.
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FIG. 5. 3b& molecular orbital for TCNQ, drawn in a
plane q of the way between successive molecules in a
TCNQ chain in TTF-TCNQ. Positive and negative values
are distinguished by solid and dashed lines. (After Ref.
10.)
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B. Preliminary remarks concerning the band structure

of TTF-TCNQ

As already noted, there is an average charge
transfer of about 0.59 electron" from a TTF to a
TCNQ molecule when these molecules come to-
gether to form crystalline TTF-TCNQ. This
charge transfer is readily accounted for by an

overlapping band model" ": the TTF 4b,
„

level
gives rise to a valence band which overlaps the
conduction band arising from the TCNQ Sb„level.
Our calculations for the monomers and dimers of
TTF and TCNQ clearly indicate that there are no
other nearby TTF or TCNQ levels that give rise
to energy bands which overlap the two energy
bands just mentioned. It is sufficient, therefore,
to discuss electronic-transport properties of TTF-
TCNQ in terms of a two-band model. "" We will
not consider polaron effects' because these lie
outside the scope of the present paper. However,
it is instructive to point out that the electronic
structure of TTF-TCNQ can also be described by
localized molecular models"'" which stand in sharp
contrast to the delocalized-band picture that is our
primary concern here. According to these local-
ized molecular models, the TTF and TCNQ chains
are composed of TTF and TTF' molecules, and

TCNQ and TCNQ molecules, respectively. The
proportions of neutral and charged species are
determined by the average charge transfer. In
both the localized and delocalized pictures, the
intrachain transfer integrals, which we shall de-
termine here, are of primary importance.

In the molecular models, it is necessary, in
principle, to consider interactions between neutral
neighbors, charged neighbors, and mixed neigh-
bors, while in the band models it is sufficient to
treat interactions between identically charged
neighbors. Having established by previous calcu-
lations that the transfer integrals change only
slightly with the state of charge of the molecules,
we will restrict our attention here to the inter-
actions between neutral neighbors.

Let us now consider the problem of estimating
transfer integrals t and infinite-stack bandwidths
W from dimer and trimer splittings (cf. Fig. 2).
It is convenient to discuss this problem within the
framework of the tight-binding approximation,
which is appropriate to the narrow bands with
which we are concerned. In the simplest tight-
binding model characterized by the transfer or
hopping integral t and the overlap integral S,"
the eigenvalues for a polymer of length N units
can be written in closed form" and are given by

2t cos[lv/(N+ 1)]
1+ 2S cos[fv/(N+ 1)]

The energy levels (with S=O) for a dimer and for
a trimer are shown in Fig. 2, and the correspond-
ing eigenvectors are indicated schematically in

Fig. 3. For the infinite stack, the bandwidth 8' can
be obtained from Eq. (1) by allowing N- ~ and tak-
ing the difference between the largest and smallest
eigenvalues (i.e., E, and E„,respectively). The
result is

W=4f/(I —4S') .

If one begins by calculating the dimer and trimer
levels, it is possible to deduce the values of t and
S separately and then to evaluate W. Of course,
if one starts out with the monomer molecular or-
bitals, t and S can be computed directly so that
the above discussion may seem somewhat academ-
ic. However, in scattered-wave calculations, it
is not possible to determine t and S directly, so
we are obliged to take the more circuitous route
just described.

C. Previous work on TTF and TCNQ interchain interactions

There already exist many estimates of the TTF
and TCNQ intrachain transfer integrals and band-
widths in TTF-TCNQ, as summarized in Table I.
There are two disturbing aspects concerning these
earlier estimates, most of which are based on
semiempirical molecular-orbital calculations of
various types. ""'" In the first place, different
methods or different parameterizations of the
same method lead to strikingly different results.
Secondly, changes in the basis set can also have
profound effects on the calculated bandwidths. For
example, in Ref. 20, the TTF bandwidth is found
to be 0.72 or 0.20 eV, depending on whether d
orbitals are included on the sulfur atoms. On the
basis of the published material, it is difficult to
assess the relative reliability of these several
estimates. Before turning to our own work, we
will briefly review some of these earlier esti-
mates.

Ratner, Sabin, and Ball' were the first to per-
form detailed calculations on the interactions be-
tween TCNQ molecules. They used the semiem-
pirical intermediate neglect of differential overlap
(INDO) method to carry out calculations on TCNQ
and its dimer in the geometry appropriate to NMP-
TCNQ (N-methylphenazinium- TCNQ). This geo-
metry is similar to that found in TTF-TCNQ. In
NMP-TCNQ, one has the slipped, face-to-face
stacking with an intermolecular distance of 3.22 A,
compared with 3.17 A in TTF-TCNQ. The calcula-
ted transfer integral is 1.5 eV, which corresponds
to a bandwidth of 6 eV if S is assumed to be negli-
gible. This bandwidth is undoubtedly too large by
an order of magnitude. (The similarity between
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TABLE I. Previous theoretical estimates of intrachain transfer integrals t, dimer split-
tings 62, and infinite-stack bandwidths W for TTF and TCNQ based on semiempirical calcu-
lations. The quantities actually calculated are shown without parentheses. Except as other-
wise noted, parentheses encircle entries obtained by assuming W=2&2=4t. All entries are in
eV.

Method
TTF TCNQ

b,g Ref.

INDO
(Ratner et al. )

EH
(Berlinsky et al. )

0.05 ~

0 18b

(0.20)
0.17' (0.34)

{0.72)

1.5

0.11
0.35

(6.0)

(0.44)
(0.70)

20

EH
(Tanaka et al. )

CNDO-2
MIN DO-2

(Ladik et al ~ )

1.0
{0 5)'

0.1377

1.3-1.4
0.6

21
21

(0.55) 23

~No d orbitals used for sulfur atoms.
bd orbitals used for sulfur atoms.
'Scaled-down version of CNDO-2 result; not actually calculated.

TCNQ in NMP- TCNQ and TTF-TCNQ is under-
scored by the fact that in Ref. 23 Tanaka et al.
find values of t of 0.1089 and 0.13VV for TCNQ in
NMP-TCNQ and TTF-TCNQ, respectively. )

Berlinsky, Carolan, and Weiler' calculated the
band-structure parameters for TTF-TCNQ, as-
suming tight-binding bands. They used the extend-
ed Huckel (EH) method to calculate the requisite
matrix elements. For the TCNQ stack they found
a transfer integral of 0.11 eV which corresponds
to a bandwidth of 0.44 eV, assuming zero overlap
integral. These same authors, using a different
parameterization scheme, also calculated a dimer
splitting for TCNQ of 0.35 eV (see discussion at
the close of the second paper cited in Ref. 20).
Since they found the overlap integrals to be quite
small (0.02 and 0.03 between adjacent molecules on
the TTF and TCNQ stacks, respectively), we can
convert their dimer splitting of 0.35 eV into an in-
finite-stack bandwidth of O.VO eV for TCNQ. Both
of these estimates for the TCNQ bandwidth, 0.44
and O.VO eV, are roughly consistent with experi-
mental estimates of the total TTF-TCNQ band-
width, which range from about 0.4 to 0.6 eV."'"

Ladik et al.~' have performed both CNDO-2 (com-
plete neglect of differential overlap, version 2)
and MfNDO-2 (modified intermediate neglect of
differential overlap, version 2) calculations for the
TCNQ dimer and the band structure of an infinite
TCNQ chain. The results are quite sensitive to
the method used. With CNDO-2, the calculated
bandwidth is 1.3-1.4 eV, depending on the charge
state of the TCNQ molecule (or on the band filling),
and 0.6 eV with the MINDO-2 method.

Let us now turn to the various estimates made

for the bandwidth in TTF. Berlinsky, Carolan,
and Weiler'o obtained two different estimates of
the TTF bandwidth, O.V2 and 0.20 eV, depending
on whether d orbitals are included on the sulfur
atoms. Using a different parameterization, they
obtained a dimer splitting of 0.17 eV (no d orbitals
on sulfur). Assuming S = 0, this last value corres-
ponds to a TTF bandwidth of 0.34 eV.

Ladik et alP' obtained a bandwidth of 1.0 eV for
an infinite TTF chain using the CNDO-2 method.
They were not able to obtain results for TTF by
the MINDO-2 approach, but in the light of their
TCNQ results, they scaled the CNDO-2 TTF re-
sult down by a, factor of 2 to get an alternate esti-
mate of 0.5 eV. As already noted, experimental
estimates of the total TTF-TCNQ bandwidth range
from about 0.4 to 0.6 eV. "

D. Present work on TCNQ and TTF dimers and trimers

Using various basis sets and atomic-sphere
radii sets, we have carried out self-consistent and
model scattered-wave calculations for TTF and
TCNQ monomers, dimers, and trimers, as out-
lined above. Calculated dimer and trimer split-
tings (the latter divided bye 2 in order to emphasize
the smallness of the overlap integral) are listed
in Table II for the TTF 4b,„andTCNQ 3b„levels.

Our principal conclusions based on Table II are
the following:

(a) For a given basis set, the model dimer split-
tings are slightly larger than the corresponding
self-consistent dimer splittings for TTF. In the
case of TCNQ, the model dimer splitting is about
twice as large as the self-consistent dimer split-
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TABLE II. Calculated values of dimer and trimer splittings for TTF (4b» monomer) and

TCNQ (3b& monomer), according to the present work and Ref. 12. The trimer splittings b&

are shown divided by v2 to emphasize their consistency with the dimer splittings on the
assumption that the overlap integrals S are negligibly small. The bandwidths were determined
by multiplying the dimer splittings by 2. Our best estimates are denoted by an asterisk. All
entries are in eV.

Solution Basis set
TTF

s,lvY
TCNQ
a, /W2

SCF
Model
SCF
Model
Model

Minimum
Minimum
Intermediate
Intermediate
Extended

0.12
0.14
0.22
0.24
0.24

0.14

0.24

0.24
0.28
0.44
0.48
0.48*

0.09
0.17

0.29

0.17
0.18
0.34

0.58*

~SCF: Self-consistent field.

TABLE III. Orbital charge distributions for the 4b» TTF monomer level and related dimer and trimer levels. The
energy eigenvalues, multiplied by -1, are also shown (in eV). In the dimers, the entries marked "average" are ob-
tained by taking half the sum of the unprimed and primed atom values for bu+a~ or half the corresponding int entry.
Q(int) is denoted by int, and Q(atom) by atom, where atom is C 2, etc. Apparent discrepancies among corresponding
entries of order 0.001 are usually due to roundoff.

Orbital int C2 C2' C2" S3 S3' S3" C4 C 4 C4" -~(eV)

Monomer, SCF,
Minimum basis set

4biu 0.256 0.119 0.094 0.032 6.362

Dimer, SCF,
Minimum basis set

Dimer, model
Minimum basis set

bu

a~
bu+ag
Average

bu

ag
bu+a
Average

0.233
0.251
0.484
0.242

0.243
0.263
0.506
0.253

P.062 0.042
0 ~ 059 0.046
0.121 0.088

0.105

0.061 0.057
0.058 0.061
0.119 0.118

0.119

0.042 0.056
0.041 0.051
0.083 0.107

0.095

0.049 0.049
0.046 0.046
0.095 0.095

0.095

0.017 0.025
0.014 0.029
0.031 Q.054

0.042

0.018 0.014
0.015 0.018
0.032 0.032

0.032

9.090
9.208

6.293
6.436

Monomer, SCF,
Intermediate
basis set

0.261 0.106 0.106 0.025 5.457

Dimer, model,
Intermediate
basis set

Dimer, SCF,
Intermediate
basis set

a~
bu+a,
Average

bu

a~
u+ag

Average

0.242
0.271,
0.513
0.257

0.234
0.260
0.494
0.247

0.056 0.051
0.050 0.055
0.106 0.106

0.106

0.058 0.041
0.053 0.046
0.111 P.087

0.099

0.057 0.054
0.051 0.053
0.108 0.107

0.107

0.053 0.059
0.049 0.057
0.102 0.116

0.109

0.014 0.012
0.011 0.014
0.025 0.026

0.025

0.014 0,Q16
0.011 Q.P19
0.025 0.035

0 ~ 030

5.326
5.569

7.110
7.328

Monomer, SCF,
Extended basis set

Dimer, model
Extended basis set

bu

a~
u+ag

0.270 0.101

0.251 0.053 0.043
0.279 0.048 0 ~ 052
0 ~ 530 0.101 0.100

0.100

0.053 0.051
0.049 0.052
0.102 0.103

0.032

0.018 0.015
0.014 0.018
0.032 0.033

5.00

4.867
5.103

Trimer, model,
Extended basis set a~

bu

bu+ay+ bu

0.243
0.265
0.284
0.792

Q.027 0.052 0.023 0.026 0.055
0.050 0.0 0.050 0.051 0.0
0.024 0.047 0.027 0.025 0.048
0.101 0.099 0.100 0.102 0.103

0.025
0.050
0.026
Q. 1Q1

0.009 0.017
0 ~ 016 0.0
0.007 0.015
0.032 0.032

0.007 4.812
0.016 4.983
0.009 5.147
0.032
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ting when minimum basis sets are used. The dif-
ference in behavior is also reflected in the larger
charge redistribution produced by dimer formation
in TCNQ than in TTF (cf. Tables III and IV).

(b) The dimer splittings are consistently larger
for extended basis sets than for minimum basis
sets. In the case of TTF, the inclusion of d par-
tial waves on the sulfur atoms leads to nearly the
same splitting as inclusion of such waves on all
the sulfur and carbon atoms. Since the extended
basis-set solutions are more accurate than the
minimum basis-set solutions, we will favor the
former over the latter. The present results sug-
gest that extended basis sets should be used in
similar calculations on other dimer systems.

(c) By comparing the dimer and trimer split-
tings, we find that-the intrachain overlap integrals
S are negligible for the levels of interest. Accord-
ingly, we can obtain t by dividing the dimer split-
ting by 2 and 5' by multiplying the dimer splitting
by 2.

Let us now turn to the distribution of electronic
charge in the bonding and antibonding dimer or-
bitals arising from TTF 4b,„andTCNQ 3b~, and
to the corresponding trimer orbitals. The clear-
est way to see the charge distribution is to ex-

amine molecular-orbital contour maps, which are
given for the dimer orbitals of TTF in Fig. 6.
These maps are based on the intermediate basis-
set self-consistent calculation for the TTF dimer.
The bonding a orbitals are shown at the left, the
antibonding b„orbitals at the right. The upper
panels show the molecular orbitals in the equa-
torial plane, and the lower panels show the con-
tours in a plane lying perpendicular to the mono-
mer planes and passing through the C 2 and C 2'
atoms.

A careful study of these dimer orbital plots pro-
vides some insight into why extended basis sets
lead to larger dimer splittings than minimum
basis sets. It is clear from Fig. 6 that the bond-
ing and antibonding orbitals are quite intricate be-
cause of the fact that the underlying TTF 4b,„or-
bital already has considerable nodal structure of
its own. By using d partial waves in addition to
s and p partial waves, it is possible to obtain
more faithful solutions for the bonding and anti-
bonding orbitals, including the distinctions between
them. With the d orbitals included, the "parent"
monomer charge distributions can become more
asymmetrical in the dimer with respect to their
respective monomer planes than would be possi-

FIG. 6. Molecular-
orbital contours for the a~
and b„levels in the TTF
dimer. Positive and neg-
ative contours are not dis-
tinguished explicitly, but
can be inferred from the
nodal structure. The bond-
ing a~ level arising from
TTF b&„ is shown at the
left, and the antibonding
b„level at the right. The
upper panels show the con-
tours in the equatorial
plane, and the lower panels
the contours in a plane ly-
ing perpendicular to the
monomers and passing
through the C2 and C2'
atoms. The ratio of suc-
cessive contour magni-
tudes is 3.16 [=(10)' ].
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ble otherwise.
Within the context of scattered-wave calcula-

tions, we may define a "balanced" basis set as one

composed of all the partial waves analogous to
the occupied valence orbitals, such as s and p on
carbon and sulfur and only s on hydrogen, or of
all these plus one additional partial wave (polari-
zation term) on each atom. The former corres-
ponds to our minimum basis set, and the latter
to our extended basis set. We do not regard our inter-
mediate basis set (with d partial waves on sulfur
but not on carbon) as a balanced basis set because
it provides a more detailed description of the sul-
fur than the carbon environments. In our work the
intermediate basis leads to a solution for the TTF
dimer considerably closer to the extended than
the minimum basis solution, indicating the greater
importance of the sulfur atoms in the dimer for-
mation. It is possible that the large difference be-
tween the calculated dimer splittings obtained in
Ref. 20 with and without d orbitals on the sulfur
atoms, is a manifestation of an "unbalanced" basis-
set effect, that is to say, the sulfur atoms are giv-
en undue influence.

Let us now look into the charge distributions on
TTF and TCNQ monomers, dimers, and trimers
in somewhat greater detail. For this purpose it is
convenient to list for each molecular orbital the
charges contained inside each inequivalent atomic
sphere, Q(atom), where atom isC 2, C 3, etc. , aswell
as inside the intersphere region, Q(int). This in-
formation, which is provided directly by scattered-
wave calculations, ' "is listed for key TTF and
TCNQ solutions in Tables III and IV. In order to
conserve space we have not listed the hydrogen
spheres or the outer sphere regions, which con-
tain negligible charge for the cases of interest.
For monomers and dimers, the atomic labeling
follows Fig. 1. For trimers, the unprimed and
doubly primed atoms refer to the top or bottom
monomer, while the singly primed atoms refer to
the central monomer, for which corresponding
right and left atoms (in Fig. 1) have the same
charge contents.

In examining Tables III and IV, it should be borne
in mind that the various Q(atom) are merely indic-
ative of the orbital charge distribution, since these
quantities represent only about —,

' of the total orbit-
al charge when they are weighted according to the
number of atoms of each type and summed over
all types. The remaining —,

' or so of an electron
charge (per orbital) is represented by Q(int), the
intersphere charge content. Even though the
charge in the intersphere region cannot be assigned
to individual atoms —Q(int) describes a common
pool —it is still possible to gain considerable in-
sight into the nature of the charge distributions

from a careful study af the Q(atoms)'s.
Let us now consider Table III, beginning at the

top, where we show the minimum basis set TTF
monomer and dimer self-consistent solutions. In
going from a self-consistent monomer to the self-
consistent dimer, the principle charge redistribu-
tion arises from the inequivalence of conjugate
(unprimed and primed) atoms inherent in the C»
symmetry of the dimer. This dimer-induced
asymmetry is considerably larger than the average
charge transfer from one pair of conjugate atoms,
say, C 2 and C 2', to another pair, say S 3 and
S 3'. This can be seen by comparing the average
Q(atom) for such a pair with the Q(atom) of the
parent monomer atom: the former is nearly equal
to the latter.

The principal effect of going to the intermediate
basis set (adding d partial waves to the sulfur
atoms only) is to place more charge on the sulfur
atoms at the expense of the carbon atoms. When
d partial waves are added to the carbon atoms as
well (extended basis set), the C 2 and S 3 atoms
and their conjugates lose charge, while the C 4
atom and its conjugate gain charge. The net effect
is only a slight increase in the dimer splitting.

There is considerably more charge redistribution
produced by dimer formation in TCNQ than in
TTF, judging by the self-consistent monomer and
dimer entries. This must mean that the TCNQ
dimer orbitals are concentrated in a region which
has a greater asymmetry than the corresponding
regions for the TTF dimer orbitals. In the case
of the model dimer and trimer solutions, we see
that there is a slight charge transfer between con-
jugate atoms for a given orbital, but the sum of
the charges for the iwo levels in the dimer (or the
three levels in the trimer) is the same as the par-
ent monomer atomic charge. In other words,
there is no net charge transfer between conjugate
atoms in the model dimers and trimers, as is to
be expected from their construction.

It is clear that self-consistent dimer solutions
are more appropriate to isolated dimers in solu-
tion or in special crystal structures than for ad-
jacent molecules in uniformly spaced infinite
stacks. When such stacks are formed from free
monomers, we can expect some charge redistribu-
tion to take place, but this charge redistribution
should be considerably smaller than that taking
place when isolated dimers are formed from
free monomers. For an isolated dimer, the re-
gion between the monomers is markedly different
from the regions above and below, as is evident
from Fig. 6. The inequivalence of the central and
outer regions is responsible for much of the
charge transfer between conjugate atoms, which
in an isolated dimer have quite different environ-
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ments.
On the other hand, in an infinite stack any given

monomer wiLL have environments above and below
that are more similar to one another than they
would be if the monomer belonged to an isolated
dimer. These two environments are identical
when the stacking is fully eclipsed (D»). For
TTF-TCNQ, where the stacking is staggered (C,„),
the charge distributions associated with conjugate
atoms are identical in content but different in or-
ientation. This difference in orientation leads to
a stack-induced asymmetry for each monomer in
the stack.

If we take the view that stack formation leads to
considerably less charge redistribution than isola-
ted dimer formation, then adjacent molecules in
infinite uniformly spaced stacks should be more
nearly represented by our model than by our
self-consistent dimer solutions. This is the

view that we will adopt. Accordingly, we consider
our model extended-basis-set solutions as our
best solutions for TTF-TCNQ.

It is gratifying that this turns out to be the case
because it is considerably easier to carry out mod-
el calculations than self-consistent ones. It is al-
so noteworthy that in the present context, a suit-
ably chosen model (frozen monomers) is more
realistic than the corresponding self-consistent
solution. It is additonally gratifying that our best
dimer and trimer solutions (model, extended basis
set) lead to bandwidths for TTF and TCNQ chains
of 0.5 and 0.6 eV, respectively. These values are
consistent with current experimental estimates of
0.4-0.6 eV for the total TTF-TCNQ bandwidth.
The corresponding transfer integrals are applica-
ble to localized molecular models for TTF-
TCNQ"" as well as to delocalized band-structure
models.

E. Band structure of TTF-TCNQ: additional remarks

We showed earlier, in Fig. 2, the relationship
bebveen the energy-level structures of monomers,
dimers. . . , and infinite stacks. At the bottom of
this figure we show the valence and conduction
bands for the TTF and TCNQ chains in TTF-
TCNQ. Since there appears to be some confusion
(as noted at recent conferences) about the reason
why the TTF and TCNQ bands have opposite
shapes, we wiLL discuss this point briefly.

In order to determine whether the band maxi-
mum lies at the zone center or at the zone edge,
it is necessary to look at the dimer orbitals (or at
a linear combination of suitably arranged monomer
orbitals). This is done for the two bands of prin-
cipal interest in Fig. 7.

Here we show, schematically, the phases of the

I+I I+I I+I

I
+ I I + I I + I TTF

4b]

I
+ I

—
I

+
I

—
I

I

— I+I — I+I
I+ I

— I+ I I TeNQ

I

— I+ I

— I+ I

3b2

FEG. 7. Schematic diagram of successive monomer
orbitals in infinite TTF and TCNQ stacks. Both pic-
tures represent Bloch functions with k =0 (Fig. 2). The
upper diagram corresponds to the TTF dimer b„anti-
bonding orbital, which is shown more realistically in

the lower right-hand panel of Fig. 6. The lower diagram
corresponds to the TCNQ dimer a~ bonding oribtal.

monomer orbitals in the plane perpendicular to
the monomers and passing through the C 2 and

C 2' atoms in TTF and the C 3, C 4, and C 3', and

C 4' atoms in TCNQ (cf. Fig. 1). We have placed
the same monomer orbital on each member of an
infinite stack to represent the k= 0 Bloch function.
In the case of TTF, the phases are such that our
k= 0 Bloch function corresponds to an antibonding
or b„dimer orbital, so this must lie higher in en-
ergy than the corresponding bonding or a dimer
orbital, which can be obtained by reversing all
the signs in the Lower TTF monomer, but, of
course, this change of sign corresponds to revers-
ing the sign of every other monomer in an infinite
stack, i.e., to a zone-edge Bloch function. The
same conclusion is reached if one samples the
monomer orbitals in other planes lying parallel
to the one already treated. For this purpose TTF
monomer orbital shown in Fig. 4 comes in handy.
Repeating the same argument for TCNQ (and using
the TCNQ monomer orbital shown in Fig. 5), one
reaches the opposite conclusion for the TCNQ
chain, i.e., the band maximum lies at the zone
edge rather than at the zone center.

In short, the different shapes of the TTF and
TCNQ energy bands are a direct consequence of
the different symmetries of the monomer orbitals
and the different phase relationships exhibited by
successive monomer orbitals in a stack. It is
clear from Fig. 7, for example, that if we used
the same orbitals and went from staggered stack-
ing to eclipsed stacking, the band shape would re-
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main the same for TTF but would reverse for
TCNQ.

IV. CONCLUSION

In this paper we have shown how intrachain
transfer integrals and infinite-stack bandwidths
for the TTF and TCNQ stacks in TTF-TCNQ can
be determined by carrying out model (non-seif-
consistent) Xa scattered-wave calculations. Self-
consistent dimer calculations, which describe iso-
lated dimers mare closely than adjacent molecules
in an infinite stack, lead to dimer splittings that
are smaller than those given by model (non-self-
consistent) calculations. The individual-stack
bandwidths calculated with extended basis sets are
consistent with experimental estimates of the to-
tal TTF-TCNQ bandwidth. If minimum basis sets
are used, the calculated bandwidths are found to
be considerably smaller. In view of the quantita-
tive success of these calculations for TTF and

TCNQ, we are encouraged to attempt similar stud-
ies of other charge-transfer complexes. Results
of calculations for tetraselenafulvalene (TSeF)
dimers (in pure TSeF and in TSeF-TCNQ) will be
reported elsewhere. "
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APPENDIX: CHOICE OF ATOMIC RADII FOR TCNQ

Some of the TCNQ calculations were carried out
using atomic-sphere radii determined by the Nor-
man criterion. " As a first step in determining the
molecular charge distribution, free-atom charge
distributions are placed at the various atomic po-
sitions in the molecule, and the spherically aver-
aged charge distribution, with respect to each
atomic position, is calculated. With this informa-
tion in hand, it is possible to calculate the total
charge enclosed by a sphere of arbitrary radius
centered at each atomic position. According to
Norman, the atomic-sphere radii to be used in

scattered-wave calculations should be proportion-
al to the radii of the atomic spheres which contain
the atomic number of electrons for each atom,
e.g., six for carbon, seven for nitrogen, etc. In
order to establish the proportionality factor, the
radii are first chosen so that they describe the
largest possible set of nonoverlapping atomic
spheres. Then, all of these radii are increased
by a constant factor of about 1.3 to establish a
reasonable degree of overlap. This approach has
been used successfully in a variety of applica-
tions.

If this simple scheme is applied to the TCNQ mole-
cule, it leads to a reasonable overlap between the C
and N spheres on the cyano groups, but to unacceptab-
ly small overlaps elsewhere. 'This is a consequence
of the fact that the CN triple-bond length is consider-
ably smaller than CC double- and CC single-bond
lengths elsewhere on the molecule. In order to ob-
tain reasonable overlaps over most of the molecule,
we used a scaling factor of 1.4 rather than 1.3. The
radii calculated in this manner are 1.56, 1.54,
1.54, 1.49, 1.56, and 1.15 bohr for C 2, C 3, C 4,
C 5, N 6, and H 7, respectively. This leads to
excessive overlap between the C and N spheres
on the cyano groups, a situation whose consequen-
ces have been discussed at length in Ref. 9. In
the present application, this excessive overlap
is of minor importance because it has negligible
effect on the TCNQ' affinity level (the level of

principal interest here} and neighboring levels.
In contrast to our earliest work on TTF and TCNQ
monomers based on overlapping spheres, ' "our
more recent work"" includes overlap corrections
which prevent double counting of charge in the
overlap regions, and thereby offset the effects of
excessive overlap.

The second set of atomic radii used for TCNQ
are the same as those used in the second paper
listed under Ref. 8. The radii for C 2, C 3, C 4,
and H 7 are so chosen that the volumes of the
atomic spheres are 2.1 times as large as the cor-
responding nonoverlapping atomic spheres for the
neutral TCNQ monomer. For C 6 and N 6 (the
cyano group}, the volume ratio is 3.0 rather than
2.1.
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