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In ionic charge-transfer salts which have segregated stacks of organic donor (D) and acceptor (4) molecules,
the major feature of the classical electrostatic interactions is the strong repulsion between like charges along
the stacks. Two ways are described by which the magnitude of this repulsion may be decreased: (i) by the
formation of a complex salt (i.e., one whose ratio D:4 5%1:1); and (ii) by incomplete transfer of charge from
D to A. In both cases, some of the molecules in the stack are neutral, giving rise to a mixed-valence, partly
ionic ground state. The first effect is quantitatively investigated by a Madelung energy calculation of
tetrathiafulvalene-Br, ;9 as a function of (theoretical) bromine concentration. The results of this calculation
show that the unusual composition of this salt occurs in order to reduce the Coulomb repulsion along the
stacks. As an example of the second effect, a similar calculation is described for TTF-TCNQ
(tetrathiafulvalene-tetracyanoquinodimethane), as a function of the amount of charge transferred from TTF to
TCNQ. Although electrostatic interactions do not give a complete description in this case, they are clearly an
important factor in determining the degree of charge transfer in such salts. In fact, in cases where the net
electrostatic binding energy is small, incomplete charge transfer may be energetically favored. In this case, the
charge distribution is shown to be modulated along the stack and charge density waves are formed, with wave
vector “4ky”. These results are compared to the case of Rb-TCNQ, where the Madelung energy is shown to
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favor complete charge transfer.

I. INTRODUCTION

Considerable work has recently focused on at-
tempting to understand the unusual electronic and
magnetic properties of the quasi-one-dimensional
charge-transfer salts!? of TCNQ (tetracyanoquino-
dimethane). These properties generally reflect
the behavior of electrons which are transferred
from a donor [e.g., TTF (tetrathiafulvalene)] to an
acceptor (e.g., TCNQ), and hence require the
formation of a stable ionic (charge transferred)
ground state of the molecular crystal. Since the
ionization potential I of the donor is generally
several electron volts higher than the electron
affinity, A, of typical organic acceptors, charge
transfer often does not occur between molecules
in solution® and the vast majority of donor-ac-
ceptor crystals have nonionic ground states.?
Hence, it is of interest to understand just how an
ionic ground state is stabilized in the small num-
ber of known ionic crystals. McConnell, Hoffman,
and Metzger* have suggested that the ground state
will be ionic if the Madelung energy E, gained by
forming the ionic structure is sufficiently large to
offset the cost (I —A) of ionizing the lattice; i.e.,
|E,|>I-A. This simple rule of thumb has been
used by Metzger?® to compare the energies of two
nonionic and two ionic donor-acceptor crystals
with alternating stacks, i.e., stacks with donor
and acceptor molecules alternating along the stack
(as opposed to segregated stacks, where there are
separate stacks for donors and for acceptors).

In the case of charge-transfer salts with segregated
stacks, the Madelung energy E¥ has been calculated
(assuming full charge transfer) for a few of the simple
salts of TCNQ (i.e., those with 1:1 stoichiometry)
(TableI). For Na-TCNQ and the two phases of Rb-
TCNQ, Metzger® and Vegter and Kommandeur?have
shown that |EF| is greater than I — A by ~3
eV per molecule, as expectedfor a strongly bound
ionic solid. Similar calculations (TableI) for®~!!
TTF-TCNQand NMP-TCNQ (NMP, N-methylphena-
zinium),'2however, revealthat | EE | <I —A and
hence, according to the simple rule of thumb, itisnot
clear why the ground state in these crystals is ionic.
Thus, this initial work indicates the need for ad-
ditional studies of the binding in these charge-
transfer salts.

The major point of the present paper'® is to
describe two qualitatively new consequences of the
electrostatic binding in salts with segregated
stacks. These two features are particularly im-
portant for determining the electronic properties
of charge-transfer salts of TCNQ.'® In some cases
a significant reduction in the classical Coulomb
repulsion between charges along the stacks may be
achieved: (i) by relaxing the restriction of a full
(single) electron transfer from donor to acceptor
(i.e., allowing incomplete charge transfer); or
(ii) by relaxing the restriction of forming only
salts with a 1:1 composition. Both of these pos-
sibilities will then result in less than one unpaired
electron per TCNQ molecule and a partly ionic,
mixed-valence stack of molecules. The first pos-
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TABLE 1. Properties of some simple TCNQ salts (assuming full charge transfer).

No.

Salt stacks/100 A? Ef I-A* Ef+I-A

Na-TCNQ 2.7 ~5.29 eV (Ref. 6) 2.3 eV -3.0 eV
—4.71 (Ref. 6) }

Rb-TCNQ (1) 2.5 —4.85 (Ret. 7) 1.4 -3.3
Rb-TCNQ (11) 2.8 —4.64 (Ref. 6) 1.4 -3.2
NH,;-TCNQ 2.6 —4.82 (Ref. 6)
Morpholinium-TCNQ 2.4
TTF-TCNQ 1.8 —~2.3 (Ref. 8—11) 4,05° +1.7
NMP-TCNQ 1.6 ~0 (Ref. 12) 3.7¢ +3.7
“TTF-Br,_,” 3.3 -3.9 3.3P -0.6
TMPD-I 4.1 —4.27 (Ref. 53) 3.1 —1.2

24=2.8 eV for TCNQ (Refs. 6, 55).
*71=6.85 eV for TTF (Ref. 43).
€1=6.5 eV for NMP (Ref. 57).

sibility has been independently proposed by Kly-
menko et al.' in their very recent discussion of
ionic binding in TTF-TCNQ. In addition, we sug-
gest that this mixed-valence structure could well
be responsible!3+!* for the relatively high conduc-
tivity observed for TTF- and NMP-TCNQ com-
pared with Na- and Rb~-TCNQ. Concerning the
second point, a large variety of complex salts
(i.e., those whose stoichiometry is not 1:1) of
TCNQ have been found.*'?''® The halide salts of
TTT (tetrathiotetracene)'® and!’"! TTF are also
often halide deficient (see Sec. II), the latter being
metallic at room temperature. % We suggest
that these complex salts tend to be formed (rather
than the simple 1:1 salts) in order to reduce the
Coulomb repulsion along the stacks, as we shall
describe.

Before getting into the bulk of the paper, we want
to clearly state our major assumption explicitly:
we shall assume that the transfer (or resonance)
integral ¢ associated with the delocalization of the
electrons down the chain is much smaller than the
Coulomb interactions between molecules. This
assumption is based upon estimates':? of ~0.1 eV
for ¢t compared to estimates® of, for example, ~2
eV for the Coulomb repulsion between two neigh-
boring TCNQ molecules in TTF-TCNQ. For the
purpose of making the electrostatic binding energy
calculations tractable, we shall consider the ex-
treme limit of this assumption, in which we regard
the electronic wave function, not as delocalized and
extended over all molecules, but as extending pri-
marily over one molecule. This localization is
presumably driven by electron-electron interac-
tions,?” which are assumed not to be strongly
screened. Thus, we view the molecules as
either singly charged or neutral, but not doubly
or fractionally charged. Evidence for some de-

gree of charge localization has come from optical**
and®® ESCA (electron spectroscopy for chemical
analysis) measurements, although an alternative
interpretation of the ESCA measurements?® as

well as evidence against such charge localization
have also been given.*® The small size of ¢ com-
bined with the low electron density (~2x10%! ¢cm™3)
in these materials further suggest that the Coulomb
interactions will tend to cause the electrons to
form an ordered charge lattice or Wigner crystal.®
The very recent discovery®:*® of diffuse x-ray
scattering at “4k,” has been interpreted®s3%3 as
evidence for Coulombically driven charge-~-density
waves, which in the extreme limit of strong inter-
actions correspond®”’** to the Wigner crystal. Such
an extreme model of an ordered lattice of charges
is used to model the charge distribution, largely
for calculational ease, and is discussed further in
Sec. V. In any case, the calculations presented
here represent an examination of the interesting
consequences of such a Wigner crystal in a solid
with segregated stacks. The apparent success of
these calculations, particularly for the case of
TTF-Br,,, implies that the above assumptions
have some validity.

In these charge-transfer salts, the planar or-
ganic molecules generally stack face-to-face in
separate donor and acceptor stacks along the z
axis.® These become positive and negative ions
if a full charge is transferred between them, giv-
ing rise to a structure similar to that shown
schematically in Fig. 1. It is useful to view the
structure as consisting of sheets of charge normal
to the stacking axis (z). The electrostatic binding
within a sheet is attractive since the sheets con-
tain ions of opposite charge. The electrostatic
interaction between sheets, however, is strongly
repulsive, since it is dominated by the close in-
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FIG. 1. Schematic structure of charges in a salt with
segregated stacks and complete charge transfer.

teraction between ions with the same charge. We
suggest that, in some cases, it might be ener-
getically favorable if some of the molecules in the
stack were neutral. The ground state of this sys-
tem would then be mixed valence, with both neutral
and singly charged molecules along the stack. The
average spearation z between the charges along
the stack would be larger than the separation z,
between neighboring molecules, and the repulsion
along the stack would be reduced. There are at
least two possible origins of neutral molecules

in the stack: (i) incomplete charge transfer from
donor to acceptor; and (ii) deviation from 1:1
stoichiometry. Examples of these two possibili-
ties are shown schematically in Figs. 2(b) and
2(c). These should be compared with the sche-
matic representation of the usual 1:1 case with
full charge transfer, shown in Fig. 2(a).

In Secs. II-VI, calculations will be described
which illustrate just how the Coulomb repulsion
along the stacks can be reduced in the two ways
mentioned above. In Sec. II, we will describe
calculations which suggest why the compound
TTF-Br, ,, forms with that particular composition.
This compound represents an interesting case
in which the charge transfer is complete due to
the strong electronegativity of the halide ion. The
reduction in the electrostatic repulsion of like
charges along the stack is then achieved by the
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FIG. 2. Schematic structures of three types of ionic
charge-transfer salts with donor (w) and TCNQ (\)
molecules: (a) simple salt with complete charge trans-
fer; (b) simple salt with incomplete transfer; and (c)
complex salt.
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formation of a nonstoichiometric salt. In Sec. III,
TTF-TCNQ is discussed, and it is shown how the
Madelung repulsion can be reduced due to the
formation of a mixed-valence ground state arising
from incomplete charge transfer. In Sec. IV we
discuss the rule of thumb criterion mentioned
above and the relation of it and our calculations to
the stability of the ionic crystal. The importance
of a modulated charge density along the stack is
described in Sec. V. In conclusion, Sec. VI con-
tains a description of how the amount of charge
transfer is related to the Madelung energy.

II. SALTS WITH A DEVIATION FROM 1:1 COMPOSITION

Perhaps the clearest example of the reduction
of Madelung repulsion by the formation of a com-
plex salt (i.e., one whose stoichiometry is not 1:1)
is the bromide salt of TTF. The structure of this
highly conducting compound [metallic, with ¢~400
(2 cm)~*! at?0:22:% 300 °K| has been determined by
La Placa ef al."® The crystal contains an equal
number of stacks of Br and TTF molecules, as
indicated by the view down the stacking axis (c
axis) shown in Fig. 3(a). Viewing the structure
from the side [ Fig. 3(b)], we can see that the
spacing between TTF molecules along the stack
is 3.57 A, compared to the much larger 4.54 A
(uniform) spacing between Br~ ions. This results
in a Br deficient salt, TTF-Br,,, (3.57 A/4.54 A
~0.79). In fact, the TTF molecules and the Br-~
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FIG. 3. Crystal structure of TTF-Br 1 as viewed (a)
down the ¢ axis (after Ref. 18); and (b) down the b axis
(schematic).
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ions are found'® to form two independent, inter-
penetrating sublattices: the two sublattices have a
common stacking direction (¢) (but with different,
incommensurate dimensions of the unit cell along
c¢), the same b axis, but different a axes [des-
ignated® ¢ and a’ in Fig. 3(b)]. Similar structures
have been found for TTF-I,,,""'*! and TTF-Cl,,,%
as well as for a number of other recently studied
TTF compounds.'®

Furthermore, La Placa et al. found that TTF
forms bromide salts with a considerable range of
compositions from TTF-Br,,, to TTF-Br,,,. Al-
though the x-ray crystal structure was determined
only on one crystal with 79% Br, x-ray powder
pattern measurements® on several samples re-
vealed that as the Br content is decreased, the
only major change in the structure is an increase
in the Br-Br spacing (which remains uniform).
That is, the TTF sublattice remains relatively
unchanged and the Br-Br spacing z is related®®
to the Br concentration p by z=~3.57 A/p.

We wish to understand why these salts form with
such a large anion-anion spacing along the stack
and with an odd stoichiometry.3® In order to ex-
amine if Coulomb interactions can account for
these features, we have calculated the classical
electrostatic (Madelung) energy for TTF-Br, as a
function of p; that is, just as TTF-Br, contains a
lattice of rigid TTF stacks over the observed range
0.74 <p<0.79, with only the Br-Br spacing vary-
ing, we consider a series of (hypothetical) TTF-
Br, compounds over the entire O<p <1 range. Over
this extended range, only the Br-Br spacing z is
varied and is related to the Br concentration p by
z =3.517 f&/p. We will examine the electrostatic
(Madelung) energy as a function of Br content or p.
Such a calculation is of interest since one might
guess that the Coulomb repulsion between like
charges along the TTF and Br stacks would be
large and hence make the formation of the 1:1 com-
pound unfavorable. Indeed, it will be shown thatthe
Madelung repulsion can be significantly reduced if
one allows for the formation of the nonstoichiometric
salt and that the electrostatic binding energy is the
greatest in the vicinity of the observed range of p.

Before we can calculate the electrostatic energy
of this system, one problem remains: we do not
know how the charges are distributed along the
mixed-valence TTF stack (average charge of +p
per TTF molecule) and, therefore, we must find
a resonable model for them. As previously stated
(and discussed in more detail in Sec. V), we ex-
pect the stack to contain neutral (TTF°) and fully
charged (TTF*') molecules, as opposed to frac-
tionally charged (TTF?*) molecules.* In addi-
tion, we would expect that the strong Coulomb
repulsion between charged (TTF*) molecules will

keep the charges apart along the stack and the
strong Coulomb attraction between these TTF*
charges and the Br~ ions will concentrate the
charge near those TTF molecules which lie closest
to the planes containing the bromine ions. Thus,
for the Madelung calculation we ignore the neutral
TTF molecules and consider a model structure
containing sheets which have an equal number of
Br~ and TTF™* ions. This model structure also
solves a second problem: since the actual TTF
and Br sublattices are incommensurate with each
other, the lattice sites cannot be generated by
translation of a single, electrically neutral primi-
tive cell. This feature would complicate the lat-
tice summation of the Coulomb potentials involved
in calculating the Madelung energy. The approxi-
mation of neglecting the neutral (TTF°) molecules
simplifies this calculation enormously, particu-
larly for calculating the Madelung energy as a
function of the continuous** variable p.

Although there are a number of such models of
the TTF-Br, structure possible, we have chosen
the simplest one which contains the essential phys-
ics of the effect that we want to describe. (This
choice is somewhat arbitrary, but in the region
of interest different models are found to give very
similar results.) The model, shown schematically
in Fig. 4, contains sheets parallel to the a’b plane
which have an equal number of Br~ and TTF* ions.
(The b axis is normal to the plane of Fig. 4).
These sheets are separated from adjacent sheets
by a variable spacing z =z,/p, which is larger
than (or equal to, for p =1) the spacing z,=3.57 A
between neighboring TTF molecules along the
stack in TTF-Br,,,. The Madelung energy is cal-
culated for a lattice of these sheets, spaced a
distance z apart. The dependence on p is simu-
lated by varying z. The model is chosen so that
for small Br~ concentration (small p), the ions
form widely separated, quasi-two-dimensional
sheets of charge, which would approximately mod-
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FIG. 4. Model structure of sheets of TTF* and Br~
used to approximate the distribution of charges in
TTF-Br, for Madelung calculation.
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el the expected charge distribution for small p (as
discussed above). In addition, we have made cal-
culations for the more general case in which the
Br~ and TTF* ions are each contained in separate,
parallel sheets, separated by a (variable) spacing
d (Fig. 4).

Although this model structure when viewed nor-
mal to the stacking (c) axis (Fig. 4) does not look
like the actual structure of TTF-Br,,, [ Fig. 3(b)],
the model does look like Fig. 3(a) when viewed
down the ¢ axis. We have found that the Madelung
energy is relatively sensitive to this distribution of
charge normal to the stack and less sensitive to
the charge distribution along the stack, e.g., the
relative displacements of the Br~ and TTF" ions
along the stack (as long as p>0.5). For the mole-
cular charge distribution over the TTF* molecules,
we take the CNDO-2 (complete neglect of differential
overlap, version 2) charge densities of Metzger
and Bloch,® listed in Table II. With the use of the
Ewald method,** we have calculated the Madelung
energy El(p) per TTF" ion (neglecting the neutral
TTF° molecules, for the moment) as a function of
p for several values of d.

The net electvostatic binding enevgy Egz(p) nor-
malized per TTF molecule (including both TTF*
and TTF?) is given by

Eg(p)==p[lEy(p)| - ~-4)], (1)

where we include the attractive (negative) Made-
lung energy Ej, per ionized TTF*-Br~ pair and
the cost (I —A) of ionizing the pair. Using the ex-
perimental values** of [ =6.85 eV (obtained in
the gas phase) for TTF and A =3.56 eV for Br, we
obtain the results shown in Fig. 5. In the low-p
regime (i.e., large separation between the sheets),
the Madelung energy has a definite dependence on
the parameter d (which can be simply understood).
However, since the results near the minimum are
so similar (even for considerably different charge
models), we will not spend time describing these

TABLE II. Fractional atomic charges for TTF* and
TCNQ", after Metzger and Bloch (Ref. 8). Atom labels
as in Ref. 59.

TTF* TCNQ™

S1 0.1103 C4 0.1569
S2 0.1161 C5 0.1573
C1 0.0292 cé -0.1303
Cc2 0.0263 c7 0.0541
C3 0.0448 Cc8 —0.0281
H1 0.0868 C9 —0.0253
H2 0.0865 N1 -0.3152
N2 -0.3201

H8 —0.0235

H9 —0.0258

L TTF -Brp
(I-A)=3.3eV

s
OBSER\/lED RANGE

-10 !
FIG. 5. Results of Madelung calculation for TTF-Br,

showing minimum in net electrostatic binding energy
very near observed composition range.

differences.

The general, physical interpretation of the re-
sults in Fig. 5 is independent of the structural
model: as Br~ is added and p increases, the bind-
ing energy per TTF molecule (including neutrals)
initially increases as the percentage of ionized
TTF* molecules increases; but as p approaches*®
1 and Br™-Br~ spacing gets shorter, the repulsion
starts to dominate, giving rise to a minimum in
the electrostatic binding energy as a function of p.

In addition to the electrostatic energy, we can
also investigate the band energy E,(p) asso-
ciated with electronic delocalization along the
stacks, which we have heretofore explicitly
and implicitly assumed to be small compared
to the Coulomb interactions. It is difficult
to estimate this energy if such strong Coulomb in-
teractions are also present. We know only of the
calculations by Shiba* for the limiting case of the
Hubbard model,? where only the on-site (intra-
molecular) Coulomb repulsion U is considered.
Shiba has calculated® the zero-temperature
ground-state energy E, of a one-dimension-
al stack, shown in Fig. 6 as a function of the num-
ber of electrons per site p. The electrons have a
transfer integral ¢ (bandwidth 4¢) and an on-site
Coulomb repulsion energy U. For U =0, the mini-
mum in the energy is seen to correspond to one
electron per site (half-filled). In general, how-
ever, U#0 and, in fact, U is probably quite large
(~1 eV) in these systems, 21252747 1 thig case,
Fig. 6 shows that the energy favors p<1
and in the limit U>¢, the minimum is at p =0.5.
For most charge-transfer salts, however, the
magnitude of this contribution is relatively small,
since ¢ is expected to be less than 0.15 eV.!*2
Nevertheless, it could well be the dominant attrac-
tive force along the chain and essential for stabil-
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FIG. 6. Ground-state energy of the Hubbard model
for various values of U/t (after Shiba), which is used
as a measure of the band energy gained by delocalizing
the electrons along the stack.

izing the close TTF-TTF spacing of 3.57 A (see
Sec. IV). Using values of {=0.15 eV and U =1.2
eV, we calculate E;, and add it to the net Madelung
binding energy Ez( p) (for d =0) in Fig. 5. The in-
clusion of the kinetic energy is seen to make a
small, but important, contribution to the location
of the minimum.

The values of p in the region of this broad mini-
mum are in remarkably good agreement with the
observed! range: 0.74<p <0.79. The value of p
thus calculated from the minimum in Fig. 5 is
relatively insensitive, not only to the different
model structures used, but also to the charge
distribution within the TTF* molecule and the
values of ¢ and U used in calculating E,.” On the
other hand, a different value of I —-A (if it were
appropriate) would have a somewhat larger effect
on the value of p at the minimum: for example,

a value of I —A which is 0.2 eV smaller than that
used in Fig. 5 would shift the minimum from p
=~(0.78. At the same time the binding energy at the

minimum would be increased from 0.91 to 1.06 eV.

In this case, the agreement with experiment would
still be remarkably good.

We now consider extending these results to the
chloride® and iodide salts of TTF. Since these
structures'”2'+% very closely resemble that'® of
the bromide salt, we assume that the most im-
portant difference is in the values of the halide
electron affinities. As summarized on Table II,
the electron affinities** are ~0.22 eV higher for
Cl1 and ~0.28 eV lower for I, compared with Br.
Using these new values for (I —A) (Table III), we
calculate the optimum p to be p=0.78 for TTF-Cl,
and p=0.70 for TTF-I,, compared to the respec-
tive experimental values of ~0.79 and ~0.71 (Table
III). (Both of these experimental values may not
be exactly in the middle of their composition

TABLE III. Comparison of calculated and observed
compositions of various halide salts of TTF and TSeF.

I-A

(eV) Peale Pexpt
TTF-Cl, 3.07 0.78 ~0.79 (Ref. 25)
TTF-Br, 3.29 0.74 0.74—0.79 (Ref. 18)
TTF-I, 3.57 0.70 0.71 (Refs. 17, 21)

TSeF-Br, ~3.49 ~0.78 ~0.80-0.86 (Ref. 25)

range.)

For the bromide salt of tetraselenafulvalene
(TSeF) (where the four sulfurs have been replaced
by seleniums?®), a separate Madelung calculation
is needed because of the different molecular charge
density of TSeF, even though its structure® re-
sembles that of TTF-Br,,,. If we neglect the dif-
ferences in charge density, it is instructive to use
the results from the TTF-Br, calculation. Two
separate effects must be taken into account: (i) the
~0.20-eV increase® in the ionization potential I of
TSeF would cause a ~0.04 decrease in p; but (ii)
the ~10% increase in lattice spacing along the
stack (expected due to the increased van der Waals
radius of Se) would cause a 10% increase in z,
and hence a ~0.08 increase in p. The estimated
net increase of ~0.04 in p to ~0.78 should be com-
pared with the preliminary values® of p~0.80-0.86
for TSeF-Br,.

It should be recognized that some other possibly
important interactions have not been included (see
Sec. III). The good agreement obtained using only
classical electrostatic interactions suggests
that these interactions are the most impor-
tant for determining p, at least in the case of
the TTF-Br, system. Perhaps a more sensitive
indication of the value of this calculation is the
good agreement with the trends in the other halide
salts (Table III). Thus, TTF-Br, with p =1 would
be too repulsive and the electrostatic binding is
enhanced for a mixed valence, partly ionic stack
of TTF molecules, with the Br~ ions uniformly
spaced at ~4.54 A apart. We strongly emphasize
that the present calculation of this minimum in
electrostatic energy (Fig. 5) does not represent
a calculation of lattice stability (see Sec. IV).

Let us now turn to the charge-transfer salts of
TCNQ. Of the ~250 known TCNQ charge-transfer
salts with segregated stacks, ~70% form complex
salts for a very wide variety of donors, e.g.,
TEA-TCNQ, [Fig. 2(c)] (TEA, triethylammonium).
We suggest that so many such salts are formed for
the same reason that TTF-Br, forms with p<1,
i.e., in order to reduce the repulsion between
charges along the stack. In the case of TTF-Br,,
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the small, spherical Br~ ions can easily fit into
the channels between the TTF columns, with any
spacing—hence we can consider p as a continuous*
variable. But for the odd-shaped donor molecules
in the complex TCNQ salts, steric factors favor
1:2, 2:3, or 1:1 salts.

As a logical extension of this work, we suggest
that the odd stoichiometry found in the Krogmann
salts,* e.g., K,Pt(CN),Br,,,- 3H,0, could have
the same physical origin as TTF-Br,. This sug-
gestion has been independently made recently by
Messmer and Salahub.5?

1II. SIMPLE SALTS AND INCOMPLETE CHARGE TRANSFER

In Sec. II, it was shown how the Coulomb re-
pulsion between charges along the stack was re-
duced in the case of TTF-Br,,, by forming a salt
with a deviation from a 1:1 donor to acceptor ratio.
In simple TCNQ salts, where there is an equal
number of donors and acceptors, is there another
way possible in which this repulsion could be de-
creased? We suggest!® that the Coulomb repulsion
along the stack can, in some cases, be appreciably
decreased by incomplete transfer of charge from
donor to TCNQ, leaving an average of p electrons
per TCNQ molecule (p<1). (Very recently this
suggestion has been independently made by Kly-
menko et al.™ for TTF-TCNQ.) In the resulting
crystal of neutral and charged molecules, the
charged molecules might be expected to form
sheets of donor and TCNQ ions (as discussed
earlier). Neglecting the neutral molecules, we
could approximate this structure by sheets of
charge separated by a spacing z =z,/p, where Z,
is the spacing between molecules along the stack.
This model structure is identical (since we have
neglected the neutral molecules) to the original
structure, but with an increased spacing z along
the stack. Using this as our model of the charge
distribution in the crystal, we can calculate the
net electrostatic binding energy as a function of
the degree of charge transfer p using Eq. (1).

For Na-TCNQ and the two phases of Rb-TCNQ
Metzger® has calculated the net electrostatic bind-
ing energy [ES (Table I)] for p =1, i.e., for com-
plete transfer of charge from donor to TCNQ.
Similar results were obtained for Rb-TCNQ (I)
by Vegter and Kommandeur.” (For completeness,
we have also included results®® for tetramethyl-p-
phenylenediamine~-iodide (TMPD-I) in Table 1) In
these examples the net binding energy is ~3 eV per
molecule, as expected for a strongly bound ionic
crystal. For p =3 (and hence z =2z,), Metzger
has kindly calculated for us the binding energy for
Rb-TCNQ (I). This value is used with the p=1
value to estimate E4(p) for Rb-TCNQ (I) in Fig. 7.
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FIG. 7. Net electrostatic binding energy calculated for
Rb-TCNQ(I).

This energy curve if extended for p>1 would even-
tually have 2 minimum for some larger value of

p. But since p is restricted* to be less than 1,

the lowest energy is at p =1, as it is for Na-TCNQ
and Rb-TCNQ (II), presumably. Thus, the Made-
lung energy favors complete charge transfer for
these salts, in agreement with what is concluded!3!
based on their physical properties.

In the case of TTF-TCNQ, we have made a simi-
lar calculation of the net binding energy as a func-
tion of charge transfer (p). Using the expected
value®'*3:5% of I —A =4.05 eV and neglecting the
small contribution of E,, we show in Fig. 8 the
calculated® values of Ez(p) per TTF-TCNQ mole-
cular pair, Eq. (1), by the X’s where we regard p
as a continuous variable. Recently, Metzger and
Bloch® (at our suggestion) performed a similar
calculation at p =3, but included the interactions

T T T
EPSTEIN, et al.
20~ [@ METZGER & BLOCH
* KLYMENKO,et al.

X PRESENT WORK

0.0 + pe 1
_
(I~A-P)=3eV

L | _ 1
0.5 1.0
P

-05

L TTF-TCNQ
00

FIG. 8. Results (x) of Madelung calculation for TTF-
TCNQ, neglecting neutral molecules. Results of Refs.
8—11 are also included and discussed in text.
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with the neutral TTF° and TCNQ° molecules. This
result is shown by the open square in Fig. 8 along
with their result for p =1 (full charge transfer).

[ Their results assuming a uniform charge dis-
tribution but variable p (dashed lines in Fig. 8) are
discussed in Sec. V.] For p =1, both their and our
calculations are equivalent and give exactly the
same result. For p =3 their model of the struc-
ture contains sheets of charged molecules alter-
nating with sheets of neutral molecules, while our
calculation neglects the neutral molecules. Com-
paring the two results in Fig. 8, the effect of the
neutral sheets is to lower the Madelung energy by
~15%, and the net binding energy by ~0.2 eV.

Thus, the neutrals play a significant role in de-
termining the exact energies. This effect is not
too surprising when one realizes that, although
the net charge on the neutral molecules is zero,
there are large negative charges® on the CN groups
in TCNQ°, for example. In contrast, the quadru-
pole moment in TTF® is much smaller®:® and the
effects of neglecting TTF? in the TTF-Br, calcula-
tions (Sec. II) are not nearly so serious as neglect-
ing TCNQC in TTF-TCNQ. (More recently we have
included the neutral TTF° and TCNQ® molecules
for p =% and have reproduced the result of Metzger
and Bloch.?)

Very recently Klymenko ef al.' have indepen-
dently suggested some of the ideas presented in
this paper. In particular, they carried out simi-
lar calculations, including neutral molecules, for
p=%, 3, 5, 2, 3, and 1, which are shown by the
solid points in Fig. 8. Since this group used a
different molecular charge density, the lack of
agreement with Metzger and Bloch for p =1 and
p =% indicates the (weak) sensitivity of the net
binding energy to choice of molecular charge
densities. For other sets of charge densities,
Epstein ef al.® have calculated the Madelung en-
ergy for p =1, with similar results (Fig. 8). The
general trend of all the results is quite similar,
although somewhat dependent on how the structure
is modeled (e.g., whether or not neutrals are in-
cluded) and which charge density is used.

For NMP-TCNQ, only calculations for p =1 have
been made. Metzger!? found that the net electro-
static binding energy is ~+ 3.7 eV (repulsive), us-
ing the recently obtained value® of I —A =3.7 eV.

It is clear from Table I and from a comparison
of Figs. 7 and 8 that the alkali-TCNQ salts are
much more strongly bound by electrostatic inter-
actions than TTF- and NMP-TCNQ. For example,
for p =1 the net binding energies calculated for
Na-TCNQ (-3.0 eV) and for the two phases of
Rb-TCNQ (-3.3 and —3.2 eV) are much more bind-
ing than those calculated for TTF-TCNQ (+1.7 eV)
and NMP-TCNQ (+3.7 eV). We suggest that there

are two principle reasons for this large difference
in the calculated binding energy: (i) the ionization
energies of TTF and NMP are estimated®®*” to be
from ~1.5 to 2.5 eV higher than those®® of the
alkali donors (Table I); and (ii) the intrasheet
binding (the attractive part of the electrostatic
energy) is considerably weaker in TTF and NMP-
TCNQ. A simple quantity related to the strength
of the intrasheet (or interstack) binding energy is
the number of chains per unit area. For® TTF-
TCNQ and®® NMP-TCNQ this quantity is seen to
be only ~60% as large as for the alkali salts,5'7%3
NH,-TCNQ,%* and®® morpholinium-TCNQ (Table I).
This indicates that there is a weaker intrasheet
attraction for salts with donor molecules that are
as lavge in size as TTF and NMP. In fact, an
actual calculation of the intrasheet binding energy
gives 2.4 eV for TTF-TCNQ, compared to the
value® of 4.9 eV for Rb-TCNQ. Thus, we believe
that these are the two primary factors responsible
for the result that | Ef, | <I~A for TTF- and NMP-
TCNQ (as fully-charged transferred salts).

One of the major features of the TTF-TCNQ
results of Fig. 8 has been pointed out by each of the
groups®~!!: the simple rule of thumb implies that
TTF-TCNQ is unstable for p =1; i.e., the Madelung
energy gained [ - (1.8-2.3) eV] is less in absolute
value than the estimated cost of ionizing the lat-
tice, I -~A =4.05 eV. The major emphasis of Metz-
ger and Bloch® and Epstein et al.° is to discuss
other interactions which contribute to the crystal
binding. A common conclusion is that the metallic
binding is very small, but that the “polarization
energy” may play an important role. Recent at-
tempts to calculate this energy, however, by
Klymenko et al.,'' Bush,®*® Metzger,®” as well as
Silverman, Grobman, and Torrance®® have yielded
only a small energy. For example, Silverman et
al.®® find that the dipolar polarization energy for
p=1 contributes only ~0.09 eV to the crystal bind-
ing of TTF-TCNQ.

Klymenko et al.'* use a value of I —A =3 eV,
compared with the more widely accepted value of
I—-A=4.05eV. The choice of such a low value
could represent the effective reduction of I —A
by polarization effects, but this choice is un-
justified without a calculation confirming such a
large polarization energy. For comparison, their
data using this smaller value of I ~A are also
shown in Fig. 8. It is seen that in this case the
energy becomes very weakly binding near p~0.3.
To summarize, the crystal binding in TTF-TCNQ
cannot be adequately described by electrostatic
interactions alone (as was possible for TTF-Br))
and it is not yet clear which additional energies
are responsible for binding the crystal.

The original goal of this work was not (and is
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not) to determine why p>0, i.e., why there is any
charge transfer at all. Rather, we wanted to show
how the electrostatic energy favors p<1, i.e.,
incomplete charge transfer, since it was initially
believed that the charge transfer was complete.®®
Although other interactions are undoubtedly im-
portant in TTF-TCNQ (e.g., polarization energy),
it is clear from Fig. 8 that a Wigner-crystal-like
charge distribution with p~0.5 has ~1 eV per mole-
cule more electrostatic binding energy than the
fully charge transferred (p =1) state. We there-
fore suggest that this is a very important factor,
if not the most important factor, which makes
incomplete charge transfer energetically favor-
able. The repulsion between charges along the
stack is reduced by effectively increasing the
separation between them with incomplete charge
transfer.

Indeed, experimental evidence for incomplete
charge transfer in TTF-TCNQ has come from
x-ray photoemission?® and optical'® measurements.
Quantitative and more convincing evidence has very
recently come from both diffuse x-ray™ ™ and
neutron scattering™'™ results, which indicate?”
that p=0.59.

These same Madelung energy considerations
suggest that NMP-TCNQ is also characterized by
incomplete charge transfer. Although no diffuse
x-ray or neutron measurements have yet been
performed on this salt, there is strong evidence
for incomplete charge transfer from magnetic
susceptibility,™" optical,’* NMR,™ thermopower,”
and’® EPR measurements.

IV. STABILITY OF IONIC GROUND STATES

In order to determine (theoretically) whether
the ground state in a molecular solid is ionic or
nonionic, McConnell, Hoffman, and Metzger*
have suggested a simple criterion: if the Made-
lung energy E, gained by forming the crystalline
ionic structure is larger than the cost (I —A) of
ionizing the molecules, then the ground state will
be ionic. Otherwise, it will be nonionic. In other
words the energy per donor-acceptor pair should
be lower for the charge-transferred, ionized crys-
tal than for the crystal composed of neutral mole-
cules. This simple rule of thumb has been used
in connection with all of the Madelung calcula-
tions®!! on TCNQ salts (even if used only as a
point of departure to suggest that other contri-
butions to the energy must be considered to pro-
vide the existence of an ionic ground state).

It should be clearly recognized, however, that
this simple, useful, rule of thumb says nothing
about the lattice stability of an ionic ground state.
For example, Earnshaw’s theorem states™ that a

classical system of point charges under the inter-
action of Coulomb forces alone cannot be stabil-
ized. In fact, the Coulomb repulsion (if that were
all that was present) between molecules along the
stack would make the crystal blow up along the
stacking direction. The lattice must be bound
along each direction, i.e., the square of the fre-
quencies of all the normal vibrational modes of
the crystal must be real and positive. It should
therefore be emphasized that the condition | E,, |
>[I ~A is neither a necessary nor a sufficient con-
dition for the lattice stability of an ionic ground
state. It is not a necessary condition since other
contributions to the binding energy as well as the
Madelung energy are important. It is not a suf-
ficient condition since the ions must be at potential
minima for the lattice to be stable. Therefore, if
a given calculation yields [ E, l >[-A, one can
only conjecture concerning the crystal stability.
In this context, the minimum in the energy versus
p for TTF-Br, in Fig. 5, for example, indicates
that a structure with p~0.74 has a larger electro-
static binding energy than for any other value of p.
It represents a comparison of the energies of dif-
ferent charge configurations in order to see which
has the minimum energy. Such states with mini-
mum energy are clearly energetically favored and
are undoubtedly more easily stabilized.

The brief discussion in this section of the re-
lationship between stability and binding energy is
nicely illustrated by the following example. Let
us consider very qualitatively the stability of the lat-
tice of a salt similar to Rb-TCNQ (I) along the
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FIG. 9. Schematic of three contributions which affect
the stability along the stacking axis of a salt like (Rb-
TCNQ(D.
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stacking divection. For illustrative purposes,

we include only three interactions: (i) the large
Coulomb repulsion between electrons along the
stack® (~2 eV for z~3.2 A); (ii) the short-range
attraction (~0.2 eV) due to the transfer integral
(band energy); and (iii) the short-range repulsion.
As indicated schematically in Fig. 9, the magni-
tude of the energy is still dominated by the Cou-
lomb repulsion along the stack. Nevertheless,

the other interactions might give rise to a local
minimum in the net binding energy, making the
crystal stable to changes of the molecular separa-
tion along the stacking axis. In order to deter-
mine whether the crystal is binding at this mini-
mum, we must also include all other contributions
to the energy, e.g., the attractive interstack con-
tribution.

V. MODULATED CHARGE DENSITY—CDW

The simple description of the general features
of electrostatic binding in these and related ma-
terials which was given by McConnell, Hoffman,
and Metzger* also contains some conclusions about
the degree of charge transfer p. For an alternating
stack or a uniform distribution of p electrons per
site along a segregated stack, the Madelung energy
E,(p) is proportional® to p?, while the cost of
transferring a fractional charge p from donor to
acceptor is linear®! in p. So that

Eg(p)=-pl[lEf|p--4)], ()

where E¥ is the Madelung energy (assumed attrac-
tive) for full charge transfer (p =1). In Fig. 10,
Egz(p)/| EL| is plotted for several values of (I —A)/
|EE|. If (I —-A)>|EE|, E(p) hasitslowest energy for
p =0 (no charge transfer), whileif(f —A) <|E§|, the
lowest energy is at p =1 (full charge transfer).

This result is the simple rule of thumb discussed

FIG. 10. Plot of Eq. (2) as a function of p showing
that the lowest energy occurs at either p=0 or p=1.

earlier, but with one additional conclusion: for an
alternating stack,* the ground state has either p=0
or p =1, but never partial or incomplete charge
transfer.®® The same conclusion holds for a seg-
regated stack if the charge distribution is uniform.
Other interactions, for example, the polarization
energy, as long as they vary as p% or as p (as
might be expected), would not alter the above con-
clusion. However, their exact dependence on p is
uncertain.®

Equation (2) and the conclusions derived from it
are valid only if the average charge p per mole-
cule is delocalized down the chain and is dis-
tributed uniformly over equivalent sites. One of
the most important points of the present paper is
that in some cases one should consider the pos-
sibility that the charge is partially localized and
varies from site to site down the stack, forming
a modulated charge density, or charge-density
wave (CDW). Such a case is a crystal such as that
shown in Fig. 1, where there are attractive inter-
actions in some directions and repulsive interac-
tions in other directions. When the charge p is
decreased from p =1 uniformly along the stack,
the repulsive and attractive contributions decrease
at the same rate (~p?), Eq. (2). In a crystal such
as Fig. 1, however, it is possible to decrease p
in such a way that the repulsive part decreases
considerably faster than the attractive part. In
the example suggested in this paper, the repulsion
along the stack is decreased much faster than the
intrasheet attractive contribution. This is ac-
complished by increasing the average separation
between charges along the stack by having neutrally
charged molecules in between the charged ones,
and hence making a highly modulated distribution
of localized charges along the stack.

For TTF-TCNQ it is possible to compare the
results of calculations using such strongly modu-
lated charged distribution (X’s and solid points in
Fig. 8) with that for the uniform case calculated by
Metzger and Bloch® (dashed curve in Fig. 8).
Clearly there is a very significant gain in binding
energy by modulating the distribution of localized
charges. For p =0.5, for example, the modulated
charge distribution (including the neutral mole-
cules) gives more than twice the Madelung binding
of the uniform distribution.

In this context, the conclusion of Sec. III must
be broadened to include the close relation between
incomplete charge transfer and modulated charge
distribution: a significant increase in the electro-
static binding enevgy can be gained in TTF-TCNQ
by having incomplete chavge transfer, but only if
the chavge distribution is modulated. Correspond-
ingly, a ground state with incomplete chavge
transfer implies a modulated charge distvibution
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with partially localized chavges.

We now consider just how modulated we can
expect the charge distribution to be. I we could
completely neglect the band energy of the elec-
trons along the stack, the charges would be com-
pletely localized and the charge distribution down
the stack would be the most modulated possible:
with molecules charged either 0 or 1 (and not
fractionally). The charged molecules would then
form sheets of charge, making what could be called
a Wigner crystal.®* This extreme case is the one
that we have considered (partially for calculational
ease) in order to illustrate the points and con-
clusions we wanted to draw. Since the transfer
integral for electrons down the chain is esti-
mated?? to be ~0.1 eV, while the relevant Coulomb
interactions® are of order 1-2 eV, the neglect of ¢
is a very good approximation. Although the exact
ground state of a set of charges with strong Cou-
lomb interactions and weak band energy is not
known, we can reason®” some of the qualitative
features: the effect of the transfer integral would
be to delocalize the charges along the stack. This
delocalization would undoubtedly tend to decrease
the amplitude of modulation of the charge distribu-
tion compared to the extreme case considered in
this paper. However, the charges would tend to
delocalize in a correlated way, so as to maintain
the distribution as modulated as possible. This
modulated charge distribution, or charge-density
wave (CDW), would be incommensurate and dy-
namic, rather than static. Thus, the CDW in a
real crystal would not be as modulated as in the
extreme case which we have used for our calcula-
tions. Nevertheless, there will be considerable
modulation (i.e., the amplitude of the CDW will
be large) and all of the general conclusions of
this paper will remain qualitatively valid.

Recently, diffuse x-ray scattering at “4%,” has
been discovered®:3® in TTF-TCNQ which is pres-
ent at room temperature. In addition, x-ray mea-
surements'®-? have uncovered a modulation along
the stack of the positions of the TTF molecules in
TTF-Br,,, and TTF-I,,. We interpret®* these
effects as indicating the existence of CDW’s, that
ave caused lavgely by the stvong Coulomb intevac-
tions (as described above) and are observed
through their effect on the phonons.

Equation (2) has also been discussed recently
by Merrifield,®® who added the dependence on tem-
perature, i.e., the charge transfer is determined,
not by the energy, but by the free energy. The
additional entropy term is proportional to the tem-
perature and favors p =% (incomplete charge trans-
fer). As the temperature is raised, the magnitude
of this term increases (linearly), thus tending
more to favor p =%. In this way this term gives

15

rise to a temperature-dependent p, which in some
special cases may change discontinuously, causing
a phase transition. In practice, the magnitude of
this term is ~2T and since this value (~;15 eV) at
room temperature is much smaller than the other
terms (1-5 eV), it can safely be neglected in most
cases. For example, using the data of Fig. 8, the
temperature of the predicted discontinuity in p in
TTF-TCNQ would occur near 10000 °K. This work
has recently been extended by Chang, Jafarey,

and Scalapino® to include effects of finite band-
width, with and without correlation.

VI. CONCLUSION: RELATION BETWEEN MADELUNG
ENERGY AND CHARGE TRANSFER

The principal conclusions of this paper can be
summarized by examining Fig. 11. Here we have
included the results for the net electrostatic bind-
ing energy Ez(p) for TTF-Br,, Rb-TCNQ(I), and
TTF-TCNQ as a function of p, the average num-
ber of electrons per organic molecule. The large
difference in binding energy between Rb-TCNQ (I)
and TTF-TCNQ has been attributed to two factors:
(i) the larger ionization potential*® of TTF (6.85
eV) compared to that®® of Rb (4.2 eV); and (ii) the

2 T T T
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TTF—Brp
3 Lt 3 ]
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-2+ —
Rb—TCNQ
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-4 L 1 1
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FIG. 11. Net electrostatic binding energy calculated
for TTF-Br,, Rb-TCNQ (@), and TTF-TCNQ, illustrating
the relationship between this energy and the observed
value of the charge transfer (given by the arrows). Data
of Ref. 11 are used for the TTF-TCNQ curve.
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weaker interstack electrostatic binding (related
partially to the larger size of the TTF molecule)..
In fact, the initial slope of the curves in Fig. 11.is
equal to the sum of (I - A) and the Madelung energy
per sheet (see Sec. III). For Rb-TCNQ (I) these
contributions are each 2.5 eV larger, thanfor TTF-
TCNQ, accounting for the steep downward slope

of the Rb-TCNQ(I) curve in Fig. 11. Also shown

in this figure by the arrows are the experimentally
observed values of p.

Although a large number of contributing factors
undoubtedly determine p, the data in Fig. 11 in-
dicate that the electrostatic energy is one of the
most important. The general feature of Fig. 11
is unmistakable: materials with weakevr net elec-
tvostatic binding enevgy have lower values of p.
Physically, if the overall Madelung binding is
weak and/or I —A is large, the repulsion between
like charges along the stack must be decreased.

It is reduced by decreasing p and forming a non-
uniform charge distribution along the stack (CDW),
which increases the average separation between
charges along the stack. This is a characteristic

feature of charge transfer salts with segregated
stacks and is one of the most important factors
for governing!®:!* the wide variety of electrical
and magnetic properties found in these materials;
for example, the factor of 10° between the room-

‘temperature conductivities of Rb-TCNQ (I) and

TTF-TCNQ.

Note added in proof. A recent paper by L L
Ukrainskii, V. E. Klymenko, and A. A. Ovehinni-
kov (unpublished) extends their earlier work (Ref.
11). Specifically, they calculate a value of EF
=-2.4 eV for NMP-TCNQ, in contrast to the val-
ue of ~0 (Table I) obtained in Ref. 12.
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