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Optical properties of one-dimensional m-conjugated compounds: Study of the
pressure-dependent linear properties of K-tetracyanoquinodimethane
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The pressure-dependent optical conductivity spectra of K-TCNQ (tetracyanoquinodimethane)
single crystals, a well characterized one-dimensional electron-correlated system, are interpreted on
the basis of a Holstein-Hubbard model. The eHect of increasing pressure on both electronic and
vibronic excitations is accounted for by considering an increasing average value of the transfer
integral (t) and of the nearest-neighbor electron-electron interaction (V). It is also shown that the
pressure induces a decrease of the one-dimensional dimerization of the radical stacks and that the
electron-electron correlation energy is always of the same order as the bandwidth.

I. INTRODUCTION

Charge-transfer (CT) molecular crystals form a class
of x-conjugated systems with a great variety of structural
and electronic characteristics. In particular one finds
compounds that difkr for the dimensionality of the rele-
vant interactions (from one to three), the average number
of electrons per molecular site (half-filled, quarter-filled,
. . . systems), the presence of intramolecular and/or in-
termolecular distortions and the possibility of equal or
diHerent site energies. CT molecular compounds can be
obtained as good crystals and, therefore, the measure-
ment of their optical properties gives reliable experimen-
tal data. Furthermore, the above recalled structural and
electronic features allow one to compare fruitfully their
properties with those of the organic vr-conjugated poly-
mers. This class of compounds is under intense exper-
imental and theoretical investigations because of direct
technological interest in their properties such as the non-
linear optical behavior, which is promising for applica-
tion in the field of photonics. ' In fact, most important
organic x-conjugated polymers can be considered as one-
dimensional, half-filled, dimerized or tetramerized struc-
tures and, therefore, can be theoretically compared with
corresponding CT molecular systems.

A CT molecular crystal that has been well char-
acterized from the structural point of view and for
which good linear optical data are available, is K-TCNQ
(TCNQ=tetracyanoquinodimethane). At room temper-
ature and pressure, this molecular compound is a one-
dimensional, half-filled and dimerized system made up of
stacks of radical anion TCNQ molecules all with the same
site energy. Parallel chains of potassium cations deter-
mine the electrical neutrality of the crystal. The optical
data are available both for the dimerized structure at
room temperature and for the regular one at high tem-
perature (T ) 395 K) and show electronic and vibronic
excitations that strongly depend on the presence of the
dimerization of the stacks. '

The study of the properties of CT crystals, as well as
of m-conjugated polymers, has to face the problem of con-

sidering the electron-electron interaction which, for these
systems, is not negligible with respect to the bandwidth
energies. " Therefore, in calculating the optical proper-
ties one should explicitly consider the correlation between
electrons. The Hubbard model has been found appropri-
ate for an approximate description of such an interaction,
however, the optical responses of an infinite system of this
simple model are not available.

A Holstein-Hubbard model, which also includes the dy-
namic interaction of intramolecular vibrations with elec-
trons, made up of four sites in a ring configuration with
periodic boundary condition (4S ring), has been shown
to give a correct qualitative and quantitative interpreta-
tion of the linear optical data of a CT crystal such as
K-TCNQ, also as a function of the dimerization of the
stacks. The success in the interpretation of the optical
data has been related to the fact that the 4S-ring model
describes states corresponding to those at k = 0 and at
k = n /(2d) of a one-dimensional dimerized infinite chain.

As mentioned above, the same model can also be used
for describing optical properties of polymers with the
same type of structural and electronic features. One
important exainple to compare to K-TCNQ is poly-
acetylene, the prototype of vr-conjugated polymers. For
this compound both linear optical data and nonlinear
frequency-dependent third-harmonic-generation (THG)
data at room temperature and pressure are available.
The 4S-ring model accounts for both linear and THG
spectra of polyacetylene and it has been shown how the
dimerization of the system is important in determining
the optical response, an issue that, for a-conjugated sys-
tems, has been recently put in evidence also &om the
experimental point of view.

Qualified optical data of a K-TCNQ single crystal as
a function of pressure have been recently published.
The data show that the pressure induces a clear decrease
of the energy of the lowest CT excitation observed in
the near-infrared linear spectrum. Futhermore, there
are also indications of the intensity variation of the two
CT bands and of the vibronic features observed in the
near-in&ared and in&ared spectrum, respectively. Pre-
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viously, a small shift of the ft..equency of the main CT
band of powders of K-TCNQ was observed as a function
of pressure. Although the frequency shift is different
in the two studies, which used diferent pressure trans-
mitting media, one notes that the shift is toward lower
values in both cases. Other pressure-dependent measure-
ments on K-TCNQ powders recorded frequency shifts of
the vibrational modes.

The recent pressure-dependent optical data, which
will be discussed in the following, were interpreted
with a qualitative analysis on the basis of an ap-
proximate model that accounts for very strong electron
interactions. However, as also recognized in the same
paper, ~~ the real situation for K-TCNQ is quite differ-
ent, since the electron correlation are of the order of the
bandwidth. In the following sections it will be shown
how the analysis of the data based on the 4S-ring model
can be developed to obtain a new qualitative insight and
a quantitative analysis.

II. MODEL CALCULATIONS

The Hamiltonian for the Holstein-Hubbard 4S-ring
model is:

where g = (Be /BQ ) and e is the site energy, equal
for all sites.

The optical functions are obtained by solving H, on
the basis of a valence bond scheme and then including
the perturbing eKects of the vibrations and of an elec-
tric field. One notes that the solution of the electronic
Hamiltonian is exact since the electron-correlation terms
are considered without approximations.

From the expression for the &equency-dependent op-
tical conductivity one can obtain useful expressions for
the intensity and frequency of the electronic and vibronic
excitations of the spectrum. s For an electronic CT exci-
tation at ~gg, one 6nds that its intensity is

v
Ice, ——e vrN

GTj

where v& ——(f~v~j) and e is the velocity operator for
the periodic dimerized 4S ring. ~f) is the ground state
and

~j) an excited state of the electronic Hamiltonian H, .
N is the number density of tetramers. For the vibronic
intensity (I;„) and the perturbed frequency (ur;„) of a
vibration with &equency u one finds

H =H, +H„+H,

H, is the extended-Hubbard electronic part and can be
written

I,„=e 7lNg Ale l )
4

H, = —) ) t„„+,(at .a„„.+ a„'„.a„.)
n=l a

4 4

+U n„,.n„, .+ V„,„+,n„n„+, ,

H„= (h/4) ) ) (u (P„+Q„),
n=1 a

where Q„are the dimensionless coordinates for the in-
tramolecular vibrations of frequency cu of site n and P
the corresponding momenta.

H, „describes the interaction between the intramolec-
ular vibrational coordinates and the electronic degrees of
freedom

H, „= gQ„, n„, (4)

where n„= g n„, n„= at a„, and at (a„) is
the creation (annihilation) operator for an electron with
spin a =g, $ on site n. t„„+q is the charge-transfer pa-
rameter, U describes the intramolecular Coulomb inter-
action, and V„„+~ the nearest-neighbor intermolecular
one. Because of the ring configuration, the site n+ 1 = 1
when n = 4.

H„ is the vibrational Hamiltonian in the harmonic ap-
proximation for an arbitrary number of intramolecular
modes o.

g.' - l&y, I'

2

where V&
——(f~8+~g) and 6+ ——(nq —n2)+(ns —n4) is the

electronic operator coupled to the out-of-phase combina-
tion of intramolecular vibrations of the unit cell molecules
of the dimerized system. For a molecule such as TCNQ,
whose symmetry does not allow a degenerate electronic
ground state, the vibrations with g g 0 are the totally
symmetric modes that are infrared inactive for the iso-
lated molecule and can be observed in the in&ared spec-
tra with a strong intensity only as a consequence of their
interaction with CT excitations.

The above expressions can be used to obtain a syn-
thetic view of the optical excitations of the 4S-ring model
as a function of the values of the parameters. In partic-
ular, for understanding the variation of the kequency-
dependent conductivity induced by a hydrostatic pres-
sure, one has to consider, in particular, the eKect of the
shortening of the average distance between molecules.
For K-TCNQ a shortening of the average intrastack
molecular distance would induce an increase of the av-

erage charge-transfer parameter t and an increase of the
intermolecular Coulomb interaction V. Furthermore, one
should also consider that the extent of dimerization of the
stacks could change.

Figures 1 and 2 show the in6uence of a variation of t
and V, respectively, on the intensity and energy of the
CT and vibronic exritations. The 6gures also show the
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FIG. 1. Energies and intensities of the cal-
culated electronic [(al) and (bl)] and vi-

bronic [(a2) and (b2)] excitations of the
Holstein-Hubbard 4S-ring model as a func-
tion of the dimerization b, = ~tqdq —t2dz~.
The three types of lines refer to calculations
that difFer only for the average value of the
charge-transfer integral t. t is 0.20, 0.16,
and 0.24 eV for the calculations reported as
continuous, dashed, and dotted lines, respec-
tively. See the text for the values of the other
parameters. CT1 and CT2 indicate the two
most important electronic excitations of the
4S-ring model (see the text). Note that all

the intensities are scaled to that of CT1 for
the regular phase (b, = 0).
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dependence of these excitations on the dimerization 4 =
~ttdq —t2d2] (d; is a distance between molecules whose
charge-transfer interaction is t;) The tw. o CT excitations
reported in the figures are those with lowest kequency
among the calculated ones and previously called CT1 and
CT2. It has been shown that these are the only ones

that have to be considered for describing the spectra of
CT molecular solids such as K-TCNQ.

The excited states related to CT1 and CT2 are the
first and the second B„state, respectively, of the 4S
ring and can be described as states where a transfer of
one electron &om nearest-neighbor sites occurred. One
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FIG. 2. Same as Fig. 1 but for calculations
in which t is 0.20 eV and the nearest-neighbor
V is varied. V is 0.2, 0.0, and 0.4 eV for the
calculations reported as continuous, dashed,
and dotted lines, respectively.
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finds that these excited states have excitonic nature as it
can be deduced by calculating the correlation function
(1/JV) {P,.{n; —l)(n, +~

—1)) as a function of I, where A
is the number of sites. On the other hand the A~ ground
state is found to be a covalent state with a dominant con-
tribution of configurations with one electron per site and
antiferromagnetically ordered spins.

The data reported in Figs. 1 and 2 as continuous lines
are those of Fig. 3 of Ref. 8 and are calculated using
values of the parameters that are characteristic of a CT
solid: U = 1.4 eV, V = 0.2 eV, the &equency of the
vibration u = 1500 cm and its coupling constant g
0.1 eV; tq ——0.1 eV, tz ——0.3 eV, dq ——3.0 A. , and dz ——

3.5 A. where the dimerization 6 is 0.55 eV A. The values
of t; and d, are varied linearly to the final values t =
0.2 eV and d = 3.25 A where 6 = 0. All the intensities
are scaled to the value of the more intense CT excitation
of the regular stack system. Parts (al) and (bl) report
the energy and intensity of CT1 and CT2 whereas parts
(a2) and (b2) report those of the vibronic excitation.

In Fig. 1 continuous lines show the calculation in which
t = 0.2 eV, while dashed and dotted lines show calcula-
tions in which t = 0.16 eV and t = 0.24 eV, respectively.
The values of t; and d, for the largest 6 are evaluated
on the basis of the linear variation of the values of these
parameters for the case of t = 0.2 and are ti ——0.08 eV,
dg ——3.55 A, tz ——0.24 eV, and dz ——3.15 A (4 = 0.472
eV A) for the calculations with t = 0.16 and tq ——0.12 eV,
dg ——3.45 A. , &z ——0.36 eV, and dz ——2.85 A (6 = 0.612
eV A) for the calculations with t = 0.24.

In Fig. 2 continuous lines refer to the calculation in
which V = 0.2 eV, while dashed and dotted lines show
calculations in which V = 0.0 eV and V = 0.4 eV, respec-
tively. Small difFerences are found when V is considered
to be proportional to 1/d.

Some general features of the results, in particular their
dependence on the dimerization, were already described.
One briefIy recalls that there is only one CT band for
the regular system (CTl) because the intensity of CT2
vanishes and that the vibronic bands are present only
for the dimerized phase. These and other features of the
calculated spectra can be experimentally observed in the
temperature-dependent spectra of K-TCNQ, which is an
example of spectra that depend on dimerization. '

Other features of the reported calculations should now
be observed. The intensity of CT1, the CT transition at
lower frequency, is increased by a larger value of both t
and V, but its energy is mainly influenced by a variation
of the value of V. For CT2 one finds that its intensity
is influenced by a change in the value of V but not of t.
On the other hand the energy of CT2 is affected in an
opposite way by a change of t or of V. For the vibronic
band one finds that its intensity is strongly modified by
a variation of V and less by a variation of t, whereas the
perturbation of its frequency is particularly determined
only by a decreasing V.

The behavior of the vibronic band can be understood
looking at the behavior of the charge-transfer bands, in
particular of CTl. A lower frequency of such a band
determines an increase in intensity of the vibronic band
and a lowering of its frequency. Other features, such as

the behavior of CT1, can be understood if one assumes
that its intensity is mainly determined by (U —V)/(4t)
and its energy by {U —V).

III. PRESSURE-DEPENDENT OPTICAL
SPECTRA OF K-TCNQ

The main features of the pressure-dependent optical
conductivity of K-TCNQ can be summarized by recall-
ing the &equency and intensity dependence of the two
observed CT bands and of one vibronic band. The A
and B CT bands, which were previously identified as CT1
and CT2, respectively, behave in a different way. One
observes, for an increasing pressure, a decrease of the
frequency of the A band (CT1) but not of the B band
(CT2), whose frequency remains almost unchanged. On
the other hand, the intensity of both CT bands is ob-
served slightly to decrease as can be calculated &om the
integrated intensity [II„=(7r/2.)n;u; ] of the Lorentzian
functions [~,(~) = e +4z'n;~z/(~z ~z —it', ~)] used for
their description. For the representative vibronic band
at 1580 cm (as vs) it was found that its intensity is
almost independent of pressure. Data for its kequency
have not been reported.

The most evident change of the spectrum is the lower
frequency of the A band (CT1) for high pressure. Look-
ing at Figs. 1 and 2 one observes that this eKect can be
obtained with an increase both of the average value of the
transfer integral t and of the intermolecular Coulomb in-
teraction V. And, as previously recalled, this is in agree-
ment with the effect the pressure would induce on a solid
such as K-TCNQ. These variations are also in agreement
with the fact that one does not observe a frequency shift
of the B band (CT2). In fact, the effect of a variation of
t on the frequency of CT2 is opposite to that of V (see
Figs. 1 and 2).

For what concerns the intensities, one first observes
that a constant intensity of a vibronic band does not
mean that the dimerization of the system is unchanged.
This is particularly evident (see Figs. 1 and 2) when there
is a lowering of the frequency of CT1 as experimentally
found. In this case, for a constant dimerization one would
expect an increase of the vibronic intensity. Therefore,
the experimental data, which show an almost constant
intensity of the vibronic band, point to a decrease of the
dimerization of the system.

On the other hand, one expects that an increase of t
and of V also determines an increase of the overall inten-
sity of the spectrum as is clear from the data of Figs. 1
and 2. This result is also expected on the basis of analyt-
ical exact results for an infinite, half-filled, and regular
Hubbard chain. In fact it was shown that the overall in-
tensity of the CT excitations depends on U,rr/(4t), where
U ff is the energy for obtaining a double occupancy of a
site, which, in the case one also considers V, is (U —V).
Both a higher value of t and V determines a lower value
of U,s/(4' which causes a higher intensity of the spec-
trum. Therefore, by assuming that t and V are increased
by pressure, it is riot clear why the experimental optical
conductivity data do not show an increase of the overall
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TABLE I. Values of the parameters used for the calculations of Fig. 3. R.P. and H.P. refer to
the room pressure (continuous line) and high pressure (dashed line), respectively. U = 1.33 eV and
10 N = 8.929 cm for both calculations. t, V, tz, tq, I'oT, , I'cT, , g are in eV, dz and dl in A,
AineVA, p and~ incm

R.P.
H.P.

t V tg

0.215 0.28 0.12
0.230 0.38 0.19

dy

3.567 0.31
3.445 0.27

d2
3.237
3.306

ICT ICT g
0.575 0.13 0.24 1608 0.91 7
0.238 0.20 0.10 1623 0.91 14

intensity. However, one observes that the reported exper-
imental conductivity spectrum has been obtained &om
re8ectivity data that have not been normalized. And
a different integrated intensity of the conductivity spec-
trum can be obtained when reBectivity data have diHer-
ent absolute values. Therefore, the present fitting of the
experimental data does not give particular importance to
the reported intensity of the CT bands.

There are no definite rules for modifying the values
of the parameters of the model as a function of pres-
sure. However, the unperturbed frequency ~ of the a~
p3 vibration is experimentally observable in the pressure-
dependent Raman spectra of K—TCNQ (Ref. 13) and one
finds that a~ v3 has a positive &equency shift of about 3
cm GPa . For what concerns the value of the other
parameters one chooses to let unchanged the density of
tetramers (N) since there is a linear dependence of the
conductivity function on 1V and the variation of such
value is probably of minor importance. On the other
hand, the variation of t; and d; is considered to be linear
and consistent with the value of these parameters ob-
tained &om the fitting of the room pressure spectrum.
Without additional information one also chooses not to
vary the value of the vibronic coupling constant g .

In Fig. 3 are shown the calculated conductivity spec-
tra for K-TCNQ at high pressure (4.91 GPa) (solid line)
and at room pressure (dashed line). The values of the
parameters used for the two calculations are reported in
Table I.
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FIG. 3. Calculated conductivity spectra for K-TCNQ at
4.91 GPa (continuous line) and at room pressure (dashed
line). The vibronic part of the spectra is shown expanded in
the insert. The values of the parameters of the calculations
are reported in Table I.

The results are satisfactory and one can observe that
the &equencies of the CT bands are well reproduced:
CT1 shifts to lower &equency at 0.67 eV, but the &e-

quency of CT2 remains unchanged. The intensity of the
vibronic band, over the background due to CT1 band,
does not show a great variation, although its &equency
is higher due to the shift of 15 cm of the unperturbed
&equency. As expected, the overall intensity of the cal-
culated spectrum for the high pressure situation is larger
(about 40%) than that calculated for the room pressure
one and, according to the above considerations, the al-
most unchanged intensity of the vibronic band has been
obtained by decreasing the dimerization of the 4S ring
(see Table I).

IV. CONCLUSION

The linear optical spectra of one-dimensional charge-
transfer molecular compounds are usually good and reli-
able experimental data and their exploitation oH'ers the
opportunity of obtaining basic information on the funda-
mental interactions of these type of solids. Furthermore,
since the structure of these molecular compounds can be
inBuenced by external parameters such as temperature
and pressure one can easily control an important char-
acteristic of these solids, namely the distortion of the
one-dimensional dimerization.

In this paper it has been shown how the 4S-ring model,
suitable for interpreting the optical data of half-filled
and dimerized one-dimensional compounds, makes it pos-
sible to understand the variation of the optical data
of K-TCNQ, a representative charge-transfer molecular
crystal, as a function of pressure. The data were ex-
ploited considering an increase of the average value of
both the charge transfer crystal t and of the intermolec-
ular Coulomb interaction V. Also the dimerization of the
stacks was in8uenced by pressure and the fitting of the
data shows that it was strongly reduced. The fitting of
the spectra confirms that the B band has to be related to
the calculated CT2 charge-transfer band and, therefore,
to an excitation that can be observed only for the dimer-
ized state, as previously deduced &om the temperature-
dependent optical spectra. However, the calculations
show that the energy separation between A and B bands
is not simply related to a bandwidth described as 4t as
previously suggested. The excitation gap observable in
the conductivity spectra is mainly determined by electron
correlations and only in small part by the dimerization
of the stacks. The pressure, up to about 5 GPa, does
not induce a drastic reduction of electronic correlations
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and taking (U —V) as the energy of the effective elec-
tronic interactions, its ratio to the bandwidth 4t is 1.2
and 1.0 for the room pressure and for the 4.91 GPa sit-
uations, respectively. Therefore, electronic correlations
are always of the order of the bandwidth and cannot be
included in a calculation as perturbations, nor they can
be considered as dominant interactions.

The study of the linear optical properties of one-
dimensional compounds such as K-TCNQ, whose struc-
ture has inversion symmetry points, gives information
on B„excited states which are the only states accessible
from the Az ground state. Other interesting information
would come, as in the case of polymers, from the study of
the nonlinear optical properties since in this case also ex-
cited states of A~ symmetry are observable. These data
are not available at present but they are of particular
interest because they should display important variation

as a function of the dimerization induced by temperature
or pressure. Furthermore their comparison with the data
available for polymers would allow one to gain informa-
tion also on these latter materials.
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