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The electronic spectrum of solid ion radical salt is known to be different from the monomer spectrum of the
radical ion and to show an intermolecular charge-transfer transition between ion radicals in the low-energy region.
The intensity of the charge-transfer absorption was theoretically obtained by applying one-dimensional half-

occupied Hubbard model to the segregated stack of ion radicals of solid ion radical salts.

The intensity of the

charge-transfer absorption was then correlated to the magnetic properties of those solid ion radical salts.

The prominent magnetic, electrical and optical
properties of a number of solid ion radical salts have
been the subject of many theoretical and experimental
investigations over the past fifteen years.!-1% In such
solid ion radical salts, the planar ion radical molecules
are known to form, in themselves, a plane-to-plane
stacking into infinite one-dimensional columns so as to
make a large overlap between their half-occupied
molecular orbitals.5-®) In this case, since any individual
radical molecule interacts through charge-transfer most
strongly with two other neighboring radicals, the
electronic spectrum of the solid salt differs distinctly
from the monomer spectrum of the radical ion in
solution but shows a charge-transfer transition between
ion radicals in the low-energy region. So far, many
investigators have observed such charge-transfer absorp-
tions of solid ion radical salts and attempted to explain
the electronic state of segregated stack of ion radicals
in terms of an isolated cluster model such as a dimer of
ion radicals.?-% Rigorously speaking, however, the
cluster model approximation is not applicable to one-
dimensional column composed of infinite stack of ion
radical molecules.

In a previous paper,” we applied infinite one-
dimensional Hubbard model to the columns of ion
radical molecules, and investigated the transition
energy and the line shape of such charge-transfer
absorptions on the basis of Green’s function method.
In the present paper, we further attempted to explain
the intensity of the charge-transfer absorption of solid
ion radical salts in terms of the same model. So far,
it has been suggested that ion radical salts with strong
intensity of the charge-transfer absorption show almost
diamagnetic susceptibility and possess strong antiferro-
magnetic spin exchange interaction between nearest
neighbor ion radical molecules, while ion radical salts
with weak charge-transfer absorption show almost
free paramagnetism obeying Curie law.?-513-1%) By
using our theoretical approach, we shall give strong
theoretical basis to such a close correlation between the
intensity of the charge-transfer absorption and the
magnetic properties of solid ion radical salts.

Theoretical

For the sake of simplicity, we consider one-dimensional
segregated stacks of ion radical molecules in simple
solid ion radical salts where each ion radical has one
unpaired electron. Hereafter, we take only the half-

occupied molecular orbital of the unpaired electron for
one site of the ion radical molecule, and assume a model
of non-alternant one-dimensional column composed of
infinite number of such sites. In this model, each ion
radical site has one identical molecular orbital with
equal energy level, and there is one electron per each
site. Along such one-dimensional column, an unpaired
electron transfers from one site to another site, but a
strong repulsive force will take place when an electron
happens to come onto a site which is already occupied
by another electron with opposite spin. Let us denote
the intra-site Coulomb repulsive energy as I, and
consider a system of electrons described by the following
Hamiltonian, which is often called the Hubbard
Hamiltonian,19
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where 7;,=C;s+Cjs, and Cj,* and Cj are the creation
and annihilation operators of an electron with o-spin
at the i-th site, respectively, and where ¢; is the transfer
matrix element between the i-th and j-th sites, and the
repulsive potential, I, appears only when two electrons
with up and down spins are at the same site. Since
each ion radical site has identical molecular orbital
with equal energy level, we put ;=0 without loss of
generality. The unperturbed band energy, &x, of the
system is related to ¢; by
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In the case of non-alternant one-dimensional model, we
assume that the transfer matrix elements exist only
between nearest neighbor sites. Then, the unperturbed
band energy is simply given by

e = 2T coska, |(—Z<k<Z), 3)
a a

where 7°(<0) is the transfer matrix element between
nearest neighbors and a is the lattice separation.

Hereafter, we confine our system within the framework
of the one-particle Green’s function given by Hubbard
in his first paper (it is often referred to as Hubbard I).19
The Green’s function is given by
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Here EZ, is the energy of an electron with ¢-spin which
moves about avoiding other electrons with —a-spin,
while EY, is the energy of an electron which propagates
mainly among sites already occupied with electrons with
—o-spin. The optical transition from Ef, to Ef,
corresponds to the intermolecular charge-transfer ab-
sorption of the one-dimensional system of solid ion
radical salt. The charge-transfer absorption spectrum
corresponds to the real part of frequency-dependent
conductivity tensor, o.(w), which is given by
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where o is the frequency of electromagnetic wave, V
is the volume of the system, and f(£) is the Fermi
distribution function. If the direction of the one-
dimensional column is chosen as x axis, the total intensity
of the charge-transfer absorption per unit volume, A4,
is given by
© me? 1
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We assume a paramagnetic state for simple ion radical
salt where each ion radical carries one unpaired electron.
This leads to half-occupied Hubbard model with n,=
ny=1/2. In the case when the intra-site Coulomb
repulsion energy, 7, is much larger than the energy due
to the observed temperature, we can well put
F(EL)—f(E%)=1. If our system has N one-dimen-
sional chains per unit area perpendicular to the chain
axis, we have
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where L is the length of the chain. The summation with
k.in Eq. 7 was carried out by integrating with (L/27)§
dk, in the first Brillouin zone. By the use of Eq. 3, we
have
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By replacing the parameters of k,a and 271 into x and
t, respectively, we have
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This function can be evaluated only in terms of elliptic
integral. However, in the limit of small transfer matrix
element region of [{|=|2T/I|<1, we have an approxi-
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mation by expanding
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Therefore, we can obtain
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This is the final expression for the absorption intensity
of the charge-transfer transition between ion radicals in
non-alternant one-dimensional column of simple solid
ion radical salt.

Discussion

In the preceding section, the charge-transfer absorp-
tion intensity, 4, was expressed as a function of intra-site
Coulomb repulsion energy, I, and the nearest neighbor
transfer matrix element, 7. Obviously, if T=0, that
is, if no transfer of unpaired electron between ion
radical molecules takes place in solid ion radical salt,
we have 4=0 in Eq. 11 and no charge-transfer absorp-
tion appears in the solid-state spectrum. On the other
hand, for non-zero T value, as long as 2|7T|</, the
intensity, 4, will be non-zero and will increase progres-
sively with the increase of the |¢{|=2|T|/I value, as is
given by Eq. 11. In most solid ion radical salts, the /
values are known to be of the order of 1 eV, while the
magnitudes of |7T], to be of the order of 0.1 eV or
more.%13-15) Therefore, in these solid salts, the magni-
tude of 4 is not zero, and this is the reason why a
number of solid ion radical salts, such as 7,7,8,8-
tetracyanoquinodimethane (TCNQ) anion radical salts,
show marked charge-transfer absorptions in their solid-
state spectra.?% According to our previous paper,” we
obtained theoretically the transition energy and the
line shape of the charge-transfer absorption of the same
system as the present model. The peak energy of the
charge-transfer absorption corresponds to w=1I. Thus,
from the peak position of the observed charge-transfer
absorption, we can estimate the [ value experimentally.
Therefore, by the use of Eq. 11 together with the
estimated 7 value, we can estimate the 7 value if the
absolute intensity measurements are made with the
charge-transfer absorption of solid ion radical salt. This
procedure will be the most direct way to estimate the
[ and T values of our Hubbard model.

Next, we examine how the intensity of the charge-
transfer absorption is related to the magnetic properties
of solid ion radical salt. In a region of small |T'| limit,
the system of the present Hubbard model leads to a
stabilization of antiferromagnetic state between ion
radical molecules.’® For a pair of nearest neighbor ion
radicals, if the direct small exchange interaction is
neglected, the energy gap between the parallel and
antiparallel spin state is given by 2/=4T2/I. The
stabilization of the antiparallel spin state is caused by
the intermolecular charge-transfer effect of the unpaired
electrons. Therefore, we can well consider our system
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of simple solid ion radical salt as one-dimensional
Heisenberg antiferromagnetic system with an exchange
interaction, J. On the other hand, the charge-transfer
absorption intensity, 4, in Eq. 11 can be approximated
as A=~ Nme*l (at)?{4a= Nme®a T?|I in aregion of small | T'|
limit, where we neglected the terms higher than 4.
In this case, we obtain the relation of A~ Nne2a J[2, so
that A is nearly proportional to the magnitude of J.
The physical meaning of this situation is as follows.
Those solid ion radical salts which have very weak
charge-transfer absorption intensity will possess very
small [ values, and thus, show the magnetic properties
of almost free paramagnetism obeying Curie law.14-16)
On the other hand, those ion radical salts which have
very strong charge-transfer absorptions will possess
large J values, and thus, show almost diamagnetic
susceptibilities.2-%:13)  So far, these theoretical correla-
tions between the optical and magnetic properties have
agreed qualitatively with the experimental observations
in a number of solid ion radical salts.2-5:13-16) Here, we
note that, in such ion radical salts, as the I values are
of the order of 1 eV and the |T| values are of the order
of 0.1 eV, the condition of the small |T| limit approxi-
mation is fulfilled. More quantitative measurements
of the charge-transfer absorption intensity together with
the J values are required to confirm our theoretical
relationship A J as well as to determine the magnitudes
of the I and | T'| values of those solid ion radical salts in
more detail.
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