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Room-temperature polarized reflectance measurements have been made on cesium
tetracyanoquinodimethanide, Cs,(TCNQ);, over the frequency range between the far in-
frared and the near ultraviolet. The optical properties of the compound were obtained by
Kramers-Kronig analysis. These properties are dominated by vibrational features at low
frequencies and by electronic excitations at high frequencies. The observed vibrational
features include ordinary intramolecular modes and “anomalous” infrared activity of the
totally symmetric vibrations. This latter absorption results from the interaction of these
vibrations with the unpaired electron on the TCNQ ™ ion. Two electronic excitations are
observed for the electric field polarized along the TCNQ chains. The excitation higher in
frequency is attributed to an intermolecular charge transfer from one TCNQ ™ ion to an
adjacent ion, while the lower-frequency excitation results from a charge-transfer transition
to an adjacent neutral molecule. Estimates for the effective on-site Coulomb repulsion en-
ergy U of 1.14 eV, and for the transfer matrix element ¢ of 0.17 eV, are obtained from
these data. Experimental values for the electron-molecular-vibration coupling constants

are also obtained.

I. INTRODUCTION

This paper describes the results of a study of the
optical properties of cesium tetracyanoquinodi-
methanide, Cs,(TCNQ);. We have measured the
room-temperature polarized reflectance of single
crystals of Cs,(TCNQ); over the frequency range
between the far infrared and the near ultraviolet.
The optical properties have been obtained by
Kramers-Kronig analysis of the reflectance.

The electronic properties of radical-ion organic
solids, such as Csy(TCNQ);, are determined by the
relative importance of three basic interactions of
the unpaired electrons of the ions. These interac-
tions are the overlap of the electronic wave func-
tion between sites, the Coulomb repulsive interac-
tion between two electrons on the same or adjacent
sites, and the interaction of the electron with pho-
nons (both lattice vibrations and intramolecular
modes of the molecule). Optical data can be used
to measure the strengths of these interactions.

Cs,(TCNQ); is a complex TCNQ salt by virtue
of its 2:3 stoichiometry. The crystal structure,
determined by Fritchie and Arthur,! consists of
chains of TCNQ molecules and Cs™ ions along the
b axis. In the TCNQ chain, the bond lengths indi-
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cate that pairs or dimers of TCNQ™ ions are
placed between TCNQ? neutral molecules. The
basic formula unit then consists of two ions and
one neutral molecule. The [100] and [001] projec-
tions of this structure are shown in Fig. 1.

The room-temperature dc conductivity? > of
Cs,(TCNQ);, ~1073 @~ 'cm™!, is intermediate
between the highly insulating 1:1 TCNQ salts such
as K-TCNQ and the “metallic” compounds such
as TTF-TCNQ (where TTF stands for tetrathioful-
valene). The temperature dependence of the con-
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FIG. 1. [001] and [100] projections of the
Cs,(TCNQ); structure. The small circles are Cs atoms
with the TCNQ molecules stacked in between.
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ductivity is characteristic of a semiconductor with
a full energy gap of 0.72 eV. Magnetic measure-
ments® yield a smaller estimate for the gap of 0.1
eVv.

The optical properties of Cs,(TCNQ); have been
studied several times previously.”~!” The first
measurements were by Iida,” who made unpolar-
ized measurements above 0.5 eV and interpreted
the results in terms of charge-transfer excitations
dominated by Coulomb repulsion. Electronic tran-
sitions have been studied by a number of work-
ers~13 since Iida. Polarized reflectance measure-
ments to study vibrational modes in Cs,(TCNQ);
have been made by Belousov et al.!* between 0.05
€V (400 cm™!) and 0.6 eV (5000 cm™!). Other in-
frared measurements have been made by Kondow
and Sakata,'> Girlando et al.,'® and Khursandova
et al.!

Despite this significant amount of work, we have
made comprehensive measurements of the optical
properties of Csy(TCNQ);. This work was
motivated by a number of reasons: First, there has
been no work in the far infrared (below 400 cm™!);
there has been no comprehensive study using polar-
ized light spanning the vibrational and electronic
excitation regions, and many of the previous stud-
ies stopped near 0.5 eV where we find an absorp-
tion maximum. Second, the structure of
Cs,(TCNQ);, consisting as it does of linear chains
of dimers spaced by neutral molecules, makes this
work a companion piece to earlier studies'® of
D(CH;3)Fc-TCNQ [D(CH;)Fc stands for decamethyl-
ferrocinium; this system contains isolated dimers]
and '*?K-TCNQ (a linear chain of interacting di-
mers). Third, we were interested in comparing the
optical properties of Cs,(TCNQ); with those of
N(CH,);H-I-TCNQ.?! Both compounds have an
average charge per TCNQ molecule of 2e/3; in
Cs,(TCNQ); the molecules are not uniformly
spaced along the chain while in N(CH;);H-I-
TCNQ they are uniformly spaced. These structur-
al differences have profound effects on the optical
properties.

The next section of the paper describes sample
preparation and optical techniques while the third
section presents our reflectance data and the results
of the Kramers-Kronig analysis. In the final sec-
tion, we discuss the electronic transitions and the
vibrational features that we observe.

II. EXPERIMENTAL TECHNIQUES

The 2:3 Csy(TCNQ); was prepared by the
method of Melby et al.?? Ultrapure cesium iodide

(Alfa) and gradient sublimed 7,7,8,8-tetracyano-p-
quinodimethane were mixed in a 1:1 ratio in suit-
ably pure hot acetonitrile.2 The hot intense green
solution was sealed and placed in a preheated
Dewar which slowly equibrated with ambient tem-
perature. After two weeks the product was collect-
ed by filtration and air dried. Large well-formed
crystals suitable for optical studies were prepared
by this technique.

The room-temperature polarized reflectance of
Cs,(TCNQ); crystals was measured using two in-
struments. Between 700 and 30000 cm !
(0.09—3.37 eV) we used a vacuum spectrometer
built around a Perkin-Elmer model 16U grating
monochromator. Figure 2 is a diagram of this
spectrometer. The entire spectrometer can be eva-
cuated to pressures below 1 Torr to reduce the ab-
sorption by atmospheric water vapor in the in-
frared region. All surfaces wi%in the vacuum box
were covered with 3M Nextel ™ flat black paint to
reduce stray light. Three sources, four gratings,
and -three detectors were used to cover the infrared,
visible, and near ultraviolet regions with moderate
resolution, Aw/w~ 1073, Long-pass and bandpass
filters eliminated unwanted orders of diffraction.

A large spherical mirror imaged the exit slit of the
monochromator onto a single crystal mounted in
the sample holder. A second spherical mirror
focused the reflected light onto the detector. The
detector was a thermocouple below 4000 cm~! (0.5
eV) with a glowbar source, a PbS photoconductor
between 4000 and 15000 cm ™! (0.5— 1.9 V) with
a tungsten lamp source and a photomultiplier
above 15000 cm ™! with either the tungsten source
or a deuterium lamp source. The tungsten source
was used up to 27000 cm ™! (3.3 eV) and a deuteri-
um lamp was used at higher frequencies. In the
middle infrared a wire grid polarizer was utilized
while dichroic polarizers were used in the near in-
frared through ultraviolet regions.

Below 700 cm~! (0.09 eV) a Michelson inter-
ferometer, diagrammed in Fig. 3, was used to mea-
sure the polarized reflectance of a mosaic of
Csy(TCNQ); crystals. The interferometer and its
operation have been described previously.?*> How-
ever, an assembly has been added to allow polar-
ized reflection measurements. With four different
thicknesses of Mylar for beam splitters, a frequency
region from 10 to 700 cm ™! (0.002—0.09 eV) was
examined with a resolution of Aw/w~10"2. A
wire grid polarizer was used throughout this re-
gion. An accurate absolute value for the reflec-
tance was obtained by comparing the reflectance
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FIG. 2. Diagram of grating spectrometer used to cover the 700—30000 cm ™! region.
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FIG. 3. Diagram of Michelson interferometer used to cover the 10—700 cm ™! region.
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PHOTON ENERGY (eV) III. EXPERIMENTAL RESULTS
| 2 3
T T T The reflectance of Cs,(TCNQ); with E| |b and
Cs, (TCNQ), E| |la from the far infrared to the ultraviolet is

Zip — shown in Fig. 4. Between 4000 and 30000 cm™

> (0.5—3.7 eV) there are two broad maxima in both
— polarizations. These maxima are associated with
electronic transitions in the material. Figure 5
shows in detail the reflectance from 10 to 3000
cm™! (0.001—0.04 ¢V). The sharp features in this
4 region are associated with molecular vibrations.
Notice the sharp low-frequency rise in the E| |a
component of the reflectance.

Because an extremely large frequency region was

1 | covered, a Kramers-Kronig analysis?* of the reflec-
° 10 000 20 000 30 000 tance should provide reasonably accurate values for
FREQUENCY (cm™) the optical constants. In the perfomance of the
analysis conventional extrapolation procedures
were used. At very low frequencies the reflectance
was assumed constant. Between the highest-
frequency data point and 200000 cm~! (25 eV) the -
reflectance was extrapolated as 1/w? to simulate
interband transitions while above 200000 cm ™! a
1/w* form, appropriate for free-electron behavior,
was used. The computer program determines the
" phase shift on reflection from the Kramers-Kronig
integral. From the reflectance and phase all of the
usual optical functions are calculated.
The frequency-dependent conductivity o (o) is
PHOTON ENERGY (eV) given over the whole frequency region in Fig. 6;
? 0'-' 0;2 0;3 the low-frequency details are shown in Fig. 7. The
: ' energies of the maxima in o (@) give the energies
oab Cs,(TCNQ), | of electronic or vibrational transitions in the solid
: Ellb — more closely than the absorption coefficient a or
Ellg ~woeee the imaginary part of the dielectric function. Fig-
ure 6 shows quite clearly that the strengths of the
electronic transitions in E||a are three to four times
greater than those in E||b. The small negative
values of o {(w) which occur near the strong struc-
tures at low frequencies arise because little apodiza-
tion was used on the interferogram from the
Michelson interferometer.

Figure 8 shows the real part of the dielectric
function €,(w) on a logarithmic fréquency scale.
The dielectric function displays the usual deriva-
tivelike structure at frequencies near the conduc-
tivity maxima. Extrapolation of the infrared data
to zero frequency gives a value of 5.0+0.1 for the
static dielectric constant.

REFLECTANCE

FIG. 4. Polanzed reflectance of Cs2(TCNQ)3 at room
temperature for E| |a (dotted line) and EI |6 (solid line)
between 10 and 30000 cm™".

from the mosaic with the reflectance of the same
mosaic after coating with gold. By taking the ratio
of these values an absolute measurement of the re-
flectance was obtained for the far infrared.

REFLECTANCE
o
N

0 | ] IV. DISCUSSION
(o} 1000 2000 3000 . .y
FREQUENCY (cm" ) A. Electromc transitions
FIG. 5. Polarized reflectance data at low frequencies In this section we compare our experimental

(10—3000 cm ). - results with theoretical approaches appropriate for
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FIG. 6. Frequency-dependent conductivity obtained
by Kramers-Kronig analysis of the reflectance for room
temperature Cs,(TCNQ);. The conductivity for E||a is
shown as a dotted line while that for E||b is shown as a
solid line.

Cs,y(TCNQ);. These theories all stress the impor-
tance of the Coulomb interaction for determining
optical properties. This interaction is important
because an electron transferred to an adjacent
molecule has its energy raised by the Coulomb in-
teraction with the electron on that and neighboring
molecules. Implicit in these models is the assump-
tion that the electrons are localized on individual
molecular sites. Delocalization across many sites
to form energy bands would make the Coulomb in-
teraction of the electrons much less important.'!2!
In a model proposed by Hubbard,”> TCNQ
charge-transfer salts are assumed to form a one-
dimensional localized array of electrons. Because
Cs,(TCNQ); has two valence electrons for every
three molecules the array has two sites occupied by
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FIG. 7. Frequency-dependent conductivity at low fre-
quencies.
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FIG. 8. Real part of the dielectric function obtained
by Kramers-Kronig analysis of the reflectance for room
temperature Cs,(TCNQ);. Note that the figure has a
logarithmic frequency scale.
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electrons and then one site vacant. This model of
Cs,(TCNQ); is strongly supported by the x-ray
data,! which imply that two molecules are negative
and one is neutral. With this arrangement there
can be two charge-transfer transitions. The first is
the transition of an electron to another already oc-
cupied site. We will call this charge-transfer exci-
tation the “dimer” transition because it occurs
within the dimers of negatively charged molecules.
The second transition is that of an electron to a
site which is unoccupied or a “neutral” transition.
The dimer transition energy is determined by both
on-site and off-site Coulomb interaction strengths
while the neutral transition energy involves only
the off-site terms. Hubbard calculated the on-site
interaction energy from the disproportionation en-
ergy for the reaction 2TCNQ~—TCNQ
+TCNQ,2~? while the off-site energies were cal-
culated from the electrostatic interaction of the
charge distribution?® on nth-neighbor TCNQ ions
of the TCNQ chain. The off-site terms include
only those neighbors within three lattice sites of
the transition electron under consideration when
calculating the energies of each configuration.

By calculating the Coulomb energy associated
with the final state and subtracting the energy of
the ground state we can estimate the energy for
each transition. These energies are given in Table
I. The values of on-site and off-site Coulomb in-
teractions used were those given by Hubbard? with
modification of the “screening by polarization” be-
cause the dielectric constant of Cs,(TCNQ); is less
than the material (TTF-TCNQ) Hubbard dis-
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cussed. The neutral transition is calculated to have
an energy of Ey =1400 cm™! (0.17 eV). However,
from Fig. 6 and Table I we find experimentally
Eyn=3900 cm™! (0.48 €V). It appears that Hub-
bard overestimated the value of the third-order
off-site interaction energy. To reproduce accurate-
ly our experimental data, the value of the third-
order term must be reduced to very near zero. The
model predicts that the dimer transition should oc-
cur at Ecr=8000 cm™! (1.0 eV, approximately the
value of Uct; CT here means charge transfer), a fre-
quency which is lower than the experimentally
determined frequency of 9980 cm~! (1.24 eV). As
will be shown below, this discrepancy arises from
the neglect of the transfer integral ¢ in this model.

A theory for the dimer interaction has been
described, in terms of the Hubbard model, by
Harris and Lange?’ and elaborated by Rice.2® This
theory focuses specifically on the interaction within
the dimer of the singly occupied 7 molecular orbi-
tals of the two TCNQ™ ions. The theory used as
parameters the overlap matrix element or transfer
integral ¢ and the on-site Coulomb interaction U.
The transfer integral represents the overlap of elec-
tronic wave functions within the dimer and the
Coulomb interaction describes the net cost of hav-
ing both electrons occupy the same molecular orbi-
tal.

When these interactions are considered, the ori-
ginal energy level of the monomer splits into four
levels in the dimer. The ground state is a bonding
arrangement with one electron on one molecule
and the other electron, with opposite spin, on the

TABLE I. Electronic excitation energies in Csy(TCNQ)s.

Frequencies in cm™!

Rice Hubbard Tanaka

Elect. Expt. Ref. 28 Ref. 25 Ref. 12 Previous experimental data
trans - data® Theory (expt.) note f note g

A, 751° 756 ' 766°

Ey 3872 1371(4436)° 5800(6000) 5500 3650
Er 9977 9970 8066 10 800(11 000) 10600 - 11600
Eyg, 16411 17200(17 700) 16 500 17000
Eyg, 26348 (30000) 28000 26 600

*Data obtained from conductivity, o,(w) (this work).

Data taken from Ref. 6 (751 cm~!=540K).

‘Recalculated with third-order interaction equal to zero.

dCalculated values are given with corresponding observed values in parentheses.
‘One-half the value discussed by Ref. 12.

fPressed powder unpolarized spectra from Refs. 7, 13, and 29.

Pressed powder spectra with polarization determined by transmission from Ref. 11.
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other molecule. The next level is a triplet state
having one electron on each molecule but with
parallel spins. This state is excitable magnetically
from the ground state with energy

A, =(U¥4+4H'\2_U /2 . , (1

Above the triplet level is a state where two elec-
trons, with opposite spin, are localized on one of
the two molecules. This “charge-transfer” state is
coupled by the electric dipole operator to the
ground state and is at an energy

Ecr=U/24(U*/444t1)'? )

above the ground state. Finally, the highest level
is an antibonding version of the ground state.

The optical charge-transfer excitation, polarized
along the b axis joining the two molecules, occurs
at wcr=Ecr/#i. The dielectric tensor has been
derived by Rice?® and is given by

47ne?b?

(@)= &+ 7

- 4t2/( U2/4+4t2)1/2
wer[1—D(w)]—o*—ioy

(3)

In Eq. 3, & includes the contribution of other exci-
tations to the dielectric tensor, » is the density of
molecules, b is the intradimer separation, ¥ is a
phenomenological linewidth, and D (w) is a func-
tion which describes the effects arising from the
coupling of the unpaired electron to the internal vi-
brations of the TCNQ molecule. In the region of
electronic transitions, however, D (w) << 1 so we
can neglect this function here. The tensorial char-
acter comes from )

- N
A=(1/N) 3 3,4,/ |a; |2
j=1

(d; is the vector joining the centers of the jth di-
mer and N is the number of dimers). For
Csy(TCNQ); b=3.22 A and the diagonal com-
ponent of 4 along the b crystallographic axis is
Apy=0.995.1 The charge-transfer band has an os-
cillator strength which can be obtained by integrat-
ing the conductivity o |(w) over the charge-transfer
band

Amnep? 2t%
faol(w)dw; s @

The oscillator strength then may be rewritten by
using a partial conductivity sum rule?*

m 2mVa @ , ,
S@)=Neyo="—3 [, orende . )

*

In Eq. (5) m is the electronic mass, m* is the effec-
tive mass of the conduction electrons, ¥V, is the
volume per anion, and N, =nV,. The parameters ¢
and U may be calculated from optical data on the
frequency of the charge-transfer band [Eq. (2)] and
its oscillator strength [Eqgs. (4) and (5)].

The charge-transfer excitation is the second peak
in the E||b conductivity at 9980 cm~" (1.24 eV,
Fig. 6). Figure 9 shows a partial sum rule S(w)
for Cs)(TCNQ);. By subtracting the value of
S(17500 cm™") from S (7700 cm™"), Fig. 9 gives
(m /m*)N,=0.23 for the dimer transition. Using
these values in the dimer theory we obtain

U=1.14 eV (9240 cm~") and ¢t =0.17 eV (1350
cm™!). The quantity (m /m*)N, can also be calcu-
lated from the observed plasmon frequencies, using

~2 2 4rne?

Wpr—Wp 1
PE TP m*e,,

, (6)

where @, is the screened plasmon frequency for
each transition and €, is the high-frequency dielec-
tric constant. Figure 10 displays the electron-
energy-loss function and shows that @,=6620
cm™' and that &,,=11600 cm™!. With €, =1.3
from Fig. 8 we calculate (m /m*)N,=0.22 in close
agreement with the earlier value.

The values for ¢ and U are consistent with previ-
ously reported data on similar sys-
tems.!1 1318192930 The agreement between these
dimeric values of U and ¢ and those obtained!® for
D(CH3)Fc-TCNQ (U =1.0 €V and t =0.27 eV) is
quite good. Since D(CH;))F,-TCNQ contains
contain isolated dimers, this agreement lends confi-
dence to our use of this model for the dimers in
Csy(TCNQ);. In addition, Eq. (1) predicts the ac-
tivation energy for the magnetic susceptibility. Us-
ing the values for U and ¢ above we calculate an
activation energy of 543 K. Experimentally
Cs,(TCNQ); has an activation energy of 540 K
(Ref. 6) in good agreement with this estimate.
Table I shows a comparison between experimental
data and the theories which are discussed here.

A third model which uses a modified Hubbard
Hamiltonian has been described by Tanaka et al.!?
Three interactions are included in this model: the
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FIG. 9. Effective number of electrons determined by

integration of the Kramers-Kronig derived conductivity.
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FIG. 10. Electron-energy-loss function obtained by
_Igramers-Kronig analysis of the reflectance, shown for
E||a (dotted line) and E||b (solid line) between 10 and
30000 cm 1.

“dimer” charge transfer, the “neutral” charge
transfer, and a “localized excitation” of an electron
from a lower orbital in TCNQ™ to an upper energy
state. From numeric computations and fitting to
their data they find Ecr=10800 cm ™! and
Ey=5800 cm™!. They find the transfer integral

t =0.27 eV and estimate U =1.5 eV for
Cs,(TCNQ)s;. These values are consistently higher
when compared to our results of £ =0.17 eV and
U=1.14 eV (see Table I). It is clear that the
discrepancy arises because they fit their theory to
the absorption coefficient, which tends to peak at
higher frequencies than the corresponding structure
in the conductivity.

The third transition of an electron excited to a
higher orbital or localized excitation was shown to
be polarized along the @ axis with an energy
E g =17200 cm™!. In Fig. 6 the energy of the
first localized excitation appears as the peak in the
E]]a conductivity at E;g; =16400 cm~! (2.0 eV).
A second localized excitation occurs at
E1g,=26350 cm~! (3.3 eV). Again Tanaka
et al.'> have consistently higher values for excita-
tion energies.

To make a final comparison between experiment
and theory we note that the one-dimensional Hub-
bard model has been solved exactly at T =0 K by
Lieb and Wu.3! They find that for ¢ >> U the elec-
trons delocalize into a single conduction band but
for t << U the electrons remain localized on partic-
ular molecules forming a semiconductor in the
half-filled-band case. The minimum band gap in
this semiconductor is

E,~U—4t . (7

By using the values of U and ¢ obtained from the
dimer transition, we find E; =0.46 eV. This value
is not in very good agreement with the experimen-
tal results of Blakemore et al.,” who obtain
E;=0.72 eV for Cs,(TCNQ); using dc conductivi-
ty measurements. Interestingly, the gap obtained
from dc conductivity falls almost exactly between
the two transitions observed in E||b.

According to Tanaka et al,'?> somewhat better
results can be obtained if the transfer integral is
calculated for the neutral transition and then 7 is
averaged over the nearest neighbors. Using their
values in the calculation we obtain E; =0.90 eV.
Only when third-neighbor terms are included in
the average of the transfer integral ¢ does the esti-
mate [Eq. (7)] of the activation energy begin to
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predict the experimental value. .

If we compare the results from Cs,(TCNQ); with
another TCNQ system that has % of an electron
per molecule in its unit cell, N(CH;);H-1-
TCNQ,?!"3233 we notice the electronic spectra are
quite different. Neither the neutral nor dimer tran-
sition occurs in the spectra of N(CH;);H-I-TCNQ.
Instead, a single low-lying peak is observed, cen-
tered at 1600 cm~"!. In Cs,(TCNQ); the Coulomb
interactions are strong and therefore the electrons
are assumed to be localized, while in N(CHj3);H-I-
TCNQ the electrons are assumed to be uniformly
distributed causing it to be a semiconductor with
an energy gap of approximately 0.17 eV. Compar-
ison between these two compounds indicates to us
that electronic structure of TCNQ compounds is
not determined simply by charge transfer and
Coulomb interactions but instead is controlled by
crystal structure or by other interactions.

B. Vibrational modes

A series of strong, narrow infrared absorption
bands in Cs,(TCNQ); is shown in Figs. 5 and 7.
As discussed by Rice,?® some of these bands appear
for a dimer on account of electron-molecular-
vibration coupling. In nondimerized TCNQ the
totally symmetric (a;) molecular vibration modes,
having no dipole moment, are optically inactive.
In a dimer, however, the antisymmetric combina-
tions of these a;, modes couple directly to the di-
mer charge-transfer excitations and therefore drive
oscillations in the radical electrons electric dipole
moment. These “dimer charge oscillations” give
infrared activity to the @, modes polarized in the
direction of the dimer axis. The oscillations are
described by D(w) in Eq. (3) where

G Ag2
D)= 3 % — ®)

a=1 Wg— 0" —1OYq

In Eq. (8), G is the number of modes, v, is the
“bare” frequency of the ath a; mode, v, is the
linewidth of the mode, and A, is a dimensionless
constant which indicates the strength of the dimer
charge transfer-molecule-vibration coupling:

1612 ga

)\, = ’ (9)
" (hocr) (U /4+412)1? fio,

where g, is the a; electron-molecular-vibration
coupling constant for mode a. (Typically,
Ag~1072) These equations can be used to obtain
“experimental” values for the parameters w,, g,,
and y,. Before a fit can be done, however, the
many modes seen in Fig. 7 must be assigned.

When reviewing the papers of previous workers
that have assigned vibrational modes to the optical
spectra of TCNQ™, one gets a confusing picture
because many earlier workers did not assign a,
modes to dimeric forms of TCNQ. The assign-
ment of modes-in the case of Cs,(TCNQ); is fur-
ther complicated by the fact that both TCNQ? and
TCNQ™ are present in the spectra.

In Table 11, we present an assignment of the ob-
served vibrational modes of Cs,(TCNQ);. The first
three columns give the symmetry species, the vi-
brational mode (following the notation of Girlando
and Pecile**), and our observed frequencies. The
next column gives theoretical estimates for the fre- -
quencies, while the last two columns list observed
frequencies in the neutral molecule® and in the
radical anion.>> A recent calculation of the normal
modes of TCNQ® and TCNQ™~ by Khatkale and
Devlin®® differs only slightly from the frequencies
in Table II. Some of the expected frequencies for
the vibrations of the neutral molecule and the radi-
cal ion are so close that they cannot be separated
in our data. In addition, many of the modes asso-
ciated with the TCNQ® molecule do not appear in
our spectra. None of the b, neutral molecule vi-
brations were identified, while low-frequency
modes (below by, v3 and b3uv‘5)0) were probably too
weak to be seen in the reflectance. Those features
which have not been seen previously (e.g., b,,V3,
v37, V39, and v4) were assigned on the basis of the
calculated frequency and the expected polarization
dependence of each symmetry species. The relative
strength of each symmetry species in Csy(TCNQ);
for all three polarizations is given in Table III.
The modes of the ion are twice as strong as those
of the neutral molecule. Notice in Fig. 7 that b,,
modes only appear in E||a polarization and b3,
modes are only seen for E[ |b, while b, modes are
seen in both polarizations. The b,vy¢ and b,, 13
modes are very weak in our spectrum and therefore
have the greatest uncertainty. Several weak modes
between 700 and 1000 cm ™! are not observed be-
cause of a poor signal-to-noise ratio in our instru-
mental overlap region. Most of our remaining as-
signments follow previous work'#34—38% with very
little change. The a, modes appear in both polari-
zations but, of course, occur only for the TCNQ™
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TABLE II. Observed vibrational frequencies in Cs,(TCNQ)s.
Frequencies in cm™!
Symmetry Vibrational® Csy(TCNQ),® Other TCNQ compounds®?
species mode Freq. Intensity Calculation® (TCNQ") (Ref.-34) (TCNQ™) (Ref. 35)

ag vy 2184 vs 2186 2206
vy 1585 vs 1589 1615
7% 1360 vs 1403 1391
Vs 1185 vs 1206 1196
vg 607 w 607 613
vy 325 $ 337 337
Yio 119 m 126 148

by Vio 2166 vs 2186 2181
v 1538 s 1514 1504
v 1370 s 1386 1361
o 528 vw 524 549 541
vie 152 vw 160 146

by vh 2217 w 2226 2228
v 1535 m 1530 1540
Vi 1507 m 1525 1518
v3s 1353 m 1390 1388
V35 1328 w 1360 1354
Vi 1211 s 1221 1210
vis 1203 vw 1209
V3 : 1131 w 1133
Vi 478 vw 505 498 512
iy 283 m 297
v 54 m 60

by Vs 830 s 836
v 813 s 859
V51 571 w 585
vl 485 m 475 483
Vi 222 m 220 225
vis 107 m 103

vy — could not distinguish between TCNQ® and TCNQ~ modes.

®*Data from o(w) (this work).

°TCNQP calculations taken from Ref. 34 and TCNQ™ calculations taken from Ref. 35.

4Observed frequencies. Line indicates mode was not observed. vs = very strong, s = strong, m = medium, w = weak,

and vw = very weak.

TABLE III. Calculated relative strength of vibration- ion.
After assigning the a, features in our data, we

al modes.

have fit the dimer charge oscillation of Rice,?® Egs.

Mode Ella E[i6 Efle (3), (8), and (9), to the data. A nonlinear least-
b? 0.25 0.33 0.43 squares fit* to the E||b conductivity was used to
b,% 0.60 0.62 0.80 extract the parameters for each a;, mode. Unflor-
b3, 0.96 0.00 0.02 tunately, our data between 700 and 1000 cm ™
b 1.96 0.00 0.04 were not of sufficient quality to observe the a,
b 0.01 0.50 0.48 modes in this region.

by, 0.02 1.22 0.78 Figure 11 shows the conductivity data and the

fit to this data. The paraboliclike background was
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simulated by using a complex frequency-dependent

(=]
5: ; NmaxagS dielectric function for the high-frequency back-
= E < - ground €,. The fitting procedure gave values
= between 4 and 25 cm ™! for the y,. The values for
o the unperturbed frequencies w, and the electron-
% _ molecular-vibration coupling constants g, are
=& esgneqge given in Table IV. Table IV also summarizes oth-
5 E % er experimental'®2%3% and theoretical®”*! values for
g S & these parameters. Notice that the calculated fre-
8 quency is always higher than the observed frequen-
K g 2 ) cy in the conductivity (i.e., the effect of the cou-
Py g PRI pling to the electron is to lower the frequency of
*b;o VI the mode). The values obtained for g, are in gen-
e eral agreement with both theoretical and observed
& :) :CZV values in a variety of TCNQ systems. However,
g £ 8 the values of g4, g5, and g9 considerably exceed
o % & ® 5582 the values expected from theory. It is suspected
8* O E” % ~ that the large value for g,y along with the large y;o
5 o may be caused by a problem with an overlapping
o A structure in the reflectance spectrum. The ob-
8 s served frequencies for the modes are consistent for
£ o each material and we note that many of the very
5 5 TEER=2RS strong modes in the E||b conductivity arise from
:) e v the dimer charge oscillations.
% ¢ In summary, by measuring the optical properties
§ of Cs,(TCNQ);, we have examined electronic ener-
g E% |szggsss
g g N PHOTON ENERGY (eV)
2 & 1562 ol 0.2 0.3
E o T T T
2| Sg |ognssas e
<] - S PRIRVAIPSAN AR S Ellb
= ]E E o N = 300 K
Bl 2= =
8| 5 100
&) 390 = -
. wZ D ] AN O N o )
EAEE AR EEELE g
m | §uE 8 -
3| 2%¢ s
Sliy S
'§ O % 50
552 | 283 8
=0 2z
55¢&
a
b
S Aé o 1000 2000 3000
g Szgsoxg g FREQUENCY (cm™)
& SeozZeo- _'5""' FIG. 11. Frequency-dependent conductivity for
s g Csz(TCI\LQ)s (10—3000 cm~"). The points represent the
o & data for E||b and a fit of the theory of electron-
3 Ll e Lo Lo L 12 % molecular-vibrati.on .coupling in the dimer to the data is
2<> :,, :,,,, :,, :u, :,o ;,, Z,, a shown as the solid line. The numbers correspond to the

assigned a; modes of the TCNQ™ molecule.
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gies and electron-molecular-vibration coupling in
this material. Five interactions have been investi-
gated in this organic crystal: the transfer matrix
element (#), the on-site Coulomb repulsion (U), the
off-site or neighboring Coulomb interactions, the
interaction energy between charge-transfer and lo-
calized excitations, and the electron-phonon cou-
pling constants (g,). From analysis of the dimer
charge-transfer excitation we obtain the values
U=1.4¢eV and t =0.17 eV. If these values are ap-
plied to linear-chain TCNQ systems, then the
bandwidth would be W =4t =0.7 eV < U. Since
U > 4t the Coulomb interactions are strong and the
picture of localized electrons used to describe
Cs,(TCNQ); is valid.

4153

By extending the optical work below 500 cm ™!

on Csy(TCNQ);, we have been able to examine
more modes of vibratien in the TCNQ° molecule
and TCNQ™ ion. From analysis of the a, modes,
values for the electron-phonon coupling constants
were obtained. We have also attempted to clarify
some of the confusion which exists in the literature
by systematically assigning vibrational modes of
TCNQP and TCNQ™ in the optical spectra.
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