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Polarized reAectivity spectra have been measured on K- and Rb-tetracyanoquinodimethane single
crystals over a wide temperature range covering respective structural phase-transition temperatures.
From an analysis of the intramolecular vibration spectra and charge-transfer exciton bands, thermal
variations of dimeric molecular displacements at the phase transition are investigated. The
temperature-dependent intensity and width of the dimerization-induced intramolecular a~ vibration
bands can provide microscopic information, which is complementary to the x-ray data, on the struc-
ture change at the phase transition.

I. INTRODUCTION

Among a number of organic charge-transfer (CT) com-
pounds, the family of segregated-stack CT compounds of
the radical anion tetracyanoquinodimethane (TCNQ) has
been subject to considerable investigations in this decade,
primarily on their electric properties as organic synthetic
metals. These CT-compound crystals are constructed
from quasi-one-dimensional columns of TCNQ molecules
as the electron acceptor and separately stacked columns of
an electron donor (D). The electric properties of these
complexes are largely dependent on the degree of charge
transfer (p) between TCNQ and the donor
(D+t'TCNQ t'). In the case of a partial charge transfer
(p( 1), the compounds usually exhibit either metallic or
semiconducting properties depending upon whether the
one-dimensional stack of TCNQ molecules is equidistant
or Peierls distorted. On the other hand, in the case of a
complete charge transfer (to= 1), the electronic wave func-
tions of transferred electrons are strongly localized on
TCNQ molecules, giving rise to a relatively large energy
gap. This is attributable to the fact that the on-site
electron-electron Coulomb repulsion (U) is fairly large
compared to the transfer energy (t) between the adjacent
molecules on the stack.

The present work deals with simple alkali-
metal —TCNQ salts, K-TCNQ and Rb-TCNQ, which be-

long to the latter category, showing a full charge transfer
from the metal to TCNQ. An important feature of these
alkali-metal —TCNQ compounds is the occurrence of a
structural phase transition as a consequence of the strong
electron-lattice interaction inherent in quasi-one-
dimensional systems. In K-TCNQ and Rb-TCNQ, such
phase transitions are reported to take place at 395 and
381 K, respectively. In order to investigate the critical
behaviors at these phase transitions, measurements have
been made on the spin susceptibility, ' dc conductivity,
and x-ray scattering as a function of temperature and
heats of transition. From these results and the x-ray
structure analysis, ' it has been proved that both K-
TCNQ and Rb-TCNQ crystals undergo a dimeric lattice

distortion at the phase-transition temperature T, by the
alternating elongation and shrinkage of the intermolecular
spacings on the TCNQ stack. This transition is generally
accepted as a spin-Peierls phase transition. From mea-
surements of magnetic susceptibility ' as a function of
temperature, it has been revealed that the magnetic sus-
ceptibilities decrease rapidly with decreasing temperature
below T, . Such a magnetic behavior is considered to be
closely related to the opening of the spin-wave gap by the
lattice dimerization.

Measurements have been also reported on the optical
spectra of alkali-metal —TCNQ salts. In earlier studies,
the electronic spectra have been mostly investigated on
powder samples of K-TCNQ and Rb-TCNQ using unpo-
larized light. For K-TCNQ, polarized reliection spectra
have been measured on single crystals at room tempera-
ture. ' ' More recently, detailed measurements of polar-
ized reflection spectra have been conducted by Yakushi
et al. on single crystals of K-TCNQ and Rb-TCNQ at
low temperature. ' ' They observed that the charge-
transfer band in either crystal consists of a strong main
peak and a weak subsidiary peak on the high-energy side
of the main peak. The latter peak has been attributed by
these authors to the band edge, but this interpretation has
not yet been established.

In addition to electronic spectra in the visible to near-
infrared spectral region, molecular vibration spectra in the
infrared region can also provide valuable information on
the CT states and the structural phase transition as well.
In the undistorted lattice of TCNQ salts, the molecular
vibration spectra are dominated by the ungerade (odd-
parity) intramolecular vibration bands which are
infrared-active in the centrosymmetric lattice of undimer-
ized TCNQ stacks. They are usually polarized in parallel
to the molecular plane of TCNQ and hence are nearly
perpendicular to the stacking axis. However, when the
lattice is distorted by dimerization, the gerade (even-
parity) intramolecular vibration modes become optically
active through a coupling with the electronic CT transi-
tion, ' ' as discussed later. These distortion-induced
gerade bands are strongly polarized in parallel to the
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stacking axis, in contrast to most of the ungerade in-
tramolecular vibration bands, which are predominantly
polarized in the perpendicular direction. As the intensi-
ties of these gerade modes are closely correlated with the
amount of dimeric distortion, these modes are utilized as
a microscopic probe to detect the lattice distortion. Con-
siderable efforts have been made on the studies of specific
totally symmetric intramolecular vibrations in various
kinds of segregated-stack crystals' and mixed-stack
crystals ' at structural phase transitions.

The aim of this work is to obtain detailed spectroscopic
information on the structural phase transitions in K-
TCNQ and Rb-TCNQ crystals from temperature varia-
tions of totally symmetric intramolecular vibration and
electronic CT bands near the respective phase transition
temperatures. Polarized reflection spectra have been mea-
sured on single crystals of K-TCNQ and Rb-TCNQ in
the photon-energy region of 0.25 —2.0 eV as a function of
temperature. By virtue of distinct polarization properties
of these spectra in single crystals, their spectral shapes
could be analyzed in detail in a wide temperature range
from 2 to about 400 K. Based on these experimental re-
sults, characteristic natures of the structural phase transi-
tion in K-TCNQ and Rb-TCNQ crystals are elucidated.

A brief review of the crystal structures and structural
phase transitions of K-TCNQ and Rb-TCNQ crystals is
given in Sec. II. After a description of experimental de-
tails and results in Secs. III and IV, a detailed discussion
of the interrelationship between the optical spectra and
the phase transition in terms of a simplified model is
given in Sec. V.

II. CRYSTAL STRUCTURES
AND PHASE TRANSITIONS IN K-TCNQ AND Rb-TCNQ

For the sake of later discussion, we shall briefly sum-
marize below the present knowledge of crystal struc-
tures ' and structural phase transitions' of K,Rb-TCNQ
crystals.

Both K-TCNQ and Rb-TCNQ crystals have a mono-
clinic structure, belonging to the space group P2I/n for
K-TCNQ and P2~/c for Rb-TCNQ. In the complexes
formed by Rb+ and TCNQ, there are two different crys-
tal structures, that usually called Rb-TCNQ(I) and the
other, Rb-TCNQ(II). In this study we deal with only the
former, and designate it simply Rb-TCNQ. In either K-
TCNQ and Rb-TCNQ crystals, the molecular stacking
axis is taken to be the a axis. There are two modifications
in the crystal structure of K-TCNQ and Rb-TCNQ. For
K-TCNQ crystals, full x-ray structure determinations
have been performed on the low-temperature phase at
25'C and on the high-temperature phase at 140'C. In the
low-temperature phase there are two unequivalent TCNQ
columns (I,II), each consisting of a parallel array of
dimerized TCNQ molecules. The TCNQ molecules in
the columns I and II are directed perpendicular to each
other. The normals to the TCNQ molecular planes are
tilted from the stacking axis by about 16' for columns I
and II. The plane-to-plane separations between adjacent
molecules on the respective stacks are slightly different in
columns I and!I.

We define the parameter g=(r~ —r2)l(r~+rq) to
represent the dimeric displacement of TCNQ molecules
along the stack axis. Here, rI and r2 are the interdimer
and intradimer molecular separations, respectively. In the
high-temperature phase, we have /=0, since the lattice is
not dimerized and TCNQ molecules are stacked equidis-
tantly (r ~

= r 2). There is no distinction in this phase be-
tween columns I and II. The normals to the TCNQ
molecular planes are inclined to the stacking axis by
about 14'. On the other hand, g takes a nonzero finite
value in the low-temperature phase. The dimeric dis-
placements are not so different in columns I and II ac-
cording to the x-ray data, g being estimated to be about
4.62& 10 and 5.08& 10 for columns I and II, respec-
tively, at 25'C. In the dimerized phase, TCNQ molecules
are displaced not only along the stacking axis but also in
the lateral direction, parallel to the molecular planes.

As for Rb-TCNQ crystal, the crystal structure has been
known only for the low-temperature modification at
—160'C. In this phase there is only one kind of TCNQ
column, which is also dimerized along the stacking axis.
The parameter g is estimated to be about 4.89&10 at
—160'C. The molecular plane of TCNQ is considerably
inclined to the stacking axis (by about 23'). The lateral
displacement of adjacent TCNQ molecules belonging to
the different dimers is larger in Rb-TCNQ than that of
K-TCNQ in the low-temperature phase.

The temperature dependence of dimeric distortions pro-
vides key information on the nature of phase transition in
K-TCNQ and Rb-TCNQ. Terauchi has investigated in
detail the temperature dependence of the superlattice x-
ray reflection intensities in the low-temperature phase.
The observed reflection intensities are proportional to the
squared displacement g' ) of TCNQ molecules from their
equilibrium positions. For reference, the results are
reproduced in Fig. 1. When the temperature is raised, the
intensities diminish gradually and then suddenly disap-
pear at T, in either crystals. But the thermal behaviors
are somewhat different between K-TCNQ and Rb-TCNQ:
In K-TCNQ the intensity is considerably decreased before
a weak discontinuous drop occurs at T, . This indicates
that the dimeric displacement varies continuously over a
fairly wide temperature range until the first-order-like
jump takes place at T, . In contrast, the displacement in
Rb-TCNQ diminishes rather abruptly at T, . Such a
difference is also reflected in the thermal behaviors of the
x-ray diffuse-scattering intensities above T, . In K-
TCNQ, a remarkable increase of diffuse-scattering intensi-
ty is observed when the temperature is lowered to T„ in-
dicating an appreciable critical fluctuation in the lattice
near T„whereas an enhancement of the diffuse-scattering
intensity is not observed in Rb-TCNQ, in accord with the
first-order-like nature of the phase transition.

Such a difference in the phase transition in K-TCNQ
and Rb-TCNQ may be attributed to the difference in the
geometry of neighboring TCNQ molecules on the stack
in the respective lattices, as described before. Various
properties of the dimerized lattice depend sensitively on
the transfer integral between TCNQ molecules within
the same dimer unit (intradimer transfer, t, ) and be-
tween molecules in the adjacent dimers (interdimer
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FIG. 1. Temperature dependence of the superlattice x-ray
refiection intensity reported by Terauchi (taken from Ref. 5j. (a)
K-TCNQ and (b) Rb- TCNQ.

Single crystals of K-TCNQ and Rb-TCNQ were
grown by the liquid-phase reaction process of the con-
stituent cation (K+ or Rb+) and TCNQ radical
anion through diffusion in the acetonitrile solution at
15—20 C. As the starting materials, reagant-grade com-
mercial powders of KI and RbI were used. For TCNQ,
commercially available powders were not sufficiently
pure, so they were purified by several sublimations. The
diffusion growth of single crystals was made using the
standard method. After the reaction within the acetoni-
trile solutions, which took about 20 d, needlelike single
crystals were obtained. The typical sizes were about

transfer, tz). In some TCNQ salts these important pa-
rameters have been calculated theoretically, for instance,
in the recent linear combination of atomic orbitals
(LCAO) calculation for methylethylmorpholinium
(TCNQ)q and other TCNQ salts, by Smaalen and Kom-
mandeur. However, such an approach has not yet
been taken with K-TCNQ and Rb-TCNQ. Therefore, in
the present study we employed an empirical approach to
the structural phase transitions in K-TCNQ and Rb-
TCNQ. Observed features in the polarized reAection
spectra have been quantitatively analyzed as much as
possible to derive experimental information complemen-
tary to the previous x-ray data on the phase-transition
mechanism.

III. EXPERIMENTAL DETAILS

10&& 1 && 1 mm for K-TCNQ and about 8 &0.7)&0.7
mm for Rb- TCNQ.

In the measurements of polarized reflection spectra,
light from a halogen-tungsten incandescent lamp was
used in the wavelength region of A, & 3 pm. In the
longer-wavelength region (2. 5 & A, & 5 pm), a nichrome
electric heater wire was also used. The light from these
sources was focused by a concave mirror at the entrance
slit of a 1000-mm grating monochromator (JASCO CT-
100). The monochromatic light from the exit slit was
passed through a polarizer, and was focused by a con-
cave mirror on the specific surface of a single-crystal
sample in a variable-temperature cryo stat. Reflected
light from the sample was focused by a concave mirror
on a sensitive position of the detector. Suitable detectors
were selected, depending on the wavelength region, from
a photomultiplier tube (in the visible region), a PbS cell
(held at room temperature or cooled to about 195 K by a
dry-ice —ethanol refrigerant, in 1 —3.5 pm), an Hg-Cd-Te
photoconductive cell (cooled to about —60'C, in 3 —5
pm).

The samples were mounted in a glass cryostat having
an optical window made of sapphire or BaFq plate. The
sample temperature was controlled from 2 to about 420 K
with an accuracy of 0.5 K. Precautions were taken to
prevent the sample from thermal strain upon cooling.
Needlelike single crystals of K-TCNQ or Rb-TCNQ were
carefully fixed onto a metallic cold finger within the cryo-
stat using a small amount of grease or silver paste. For
the measurements at elevated temperatures, the sample
was heated In Uacuo to prevent oxidation.

When single-crystal samples of Rb- TCNQ were
warmed up to about 400 K, macroscopic cracks were
often found to be introduced within crystals after passing
across the critical temperature of 381 K for the structural
phase transition. But there was no serious effect of the
cracks on the spectral features presented in the next sec-
tion. The spectra were quite reproducible for repeated
temperature changes across the phase-transition tempera-
ture. It is considered, therefore, that the crystal structure
is not disturbed so much by the local disorders associated
with the cracks.

IV. EXPERIMENTAL RESULTS

The polarized reliection spectra of K-TCNQ and Rb-
TCNQ crystals at 77 K are shown in Figs. 2(a) and 2(b).
The upper and lower parts of either panel show the spec-
tra for the polarized light with the electric vector parallel
(E~~a) and perpendicular (EJ.a), respectively, to the stack-
ing axis (a axis). The spectra are composed of the follow-
ing features: several broad bands in the visible region
above 1.5 eV, a strong band observed only in the E~~a
spectra around 1.0—1.1 eV, and a very sharp peak in the
infrared region. The structures in the visible region are
assigned to the intramolecular electronic excitation bands
in the TCNQ molecule. In K-TCNQ, the band at about
2.0 eV is predominantly polarized for Ela, while in Rb-
TCNQ the structures around 2.0 eV have considerable in-
tensity for E~~a. These features can be explained by the
directions of transition dipole moments for these in-
tramolecular excitations. The moments lie on the molecu-



36 OPTICAL STUDY OF STRUCTURAL PHASE TRANSITION IN. . . 3861

(a) CNQ 77K

Ella
K-TCNQ ( II

)I
) I

y
I

) I

) I
I
I

' (a)—Ella Rb-T
---E~a

' (b)
El lg
Eia

ELa

'I \
~ )
II
l f

I
I
I

I

77K

295K

(b) Rb-TCNQ 77K

I I
g 1

I
I
I

350K
I

I

90K

Tc=395K

330K

50K

Exa

I
I
I

I

1 I

4

70K
I

Tc =381K

90K

1

2100
I l I I

2200 2300 2100 2200 2300
FREQUENCY (cm')

0.0
i

0.5
I

1.0
ENERGY (eV)

2.0

FICx. 2. Reflectivity spectra of single crystals of (a) K-
TCNQ and (b) Rb-TCNQ at 77 K for polarized lights with E~~a
and Eia (a being the stacking axis).

lar planes of TCNQ, which are nearly perpendicular to
the a axis in K-TCNQ, but are considerably inclined to
the a axis in Rb-TCNQ as described before. A prominent
band observed in both K-TCNQ and Rb-TCNQ crystals
around 1.1 eV is assigned to the CT excitation taking
place between TCNQ molecules on the same stack, as evi-
denced by the predominant polarization along the stack-
ing axis. The main CT band is accompanied by a shoul-
derlike structure at about 1.5 eV in either crystal. These
features in the visible and near-infrared regions are essen-
tially in agreement with the previous results reported by
Yakushi et al. ' '

Sharp structures observed in the infrared region are as-
signed to the CN stretching mode of the TCNQ molecule.
They are observed at almost the same energy, about 0.27
eV or 2200 cm ', in both K-TCNQ and Rb-TCNQ,
reflecting the localized nature of the molecular vibration.
More detailed shapes of the CN stretching vibrational
band in K-TCNQ and Rb-TCNQ are plotted in Fig. 3 at
various temperatures below and above the respective
phase-transition temperatures (395 K in K-TCNQ and
381 K in Rb-TCNQ). The solid and dotted curves
represent the polarized components for E~~a and Ela, re-
spectively. The spectra are plotted in cm ' instead of eV
as in Fig. 2, following the custom in the molecular vibra-

FIG. 3. Molecular structures of TCNQ and (ag, b~„,b2„) in-

tramolecular vibration modes associated with the CN stretching
vibrations.

tion spectroscopy. As seen, the spectra of K-TCNQ and
Rb-TCNQ crystals are very similar in shape and frequen-
cy: In K-TCNQ, the E~~a spectra show a single peak at
about 2186 cm ', while the Ela spectra exhibit double
peaks, the larger one at about 2200 cm ' and the smaller
at about 2167 cm ' at 77 K. These three modes are asso-
ciated with the CN stretching vibrations in TCNQ mole-
cules. From the molecular spectroscopic data, ' the
2186-cm '

(E~~a) peak is assigned to the totally sym-
metric (as) mode, while the 2200- and 2167-cm ' peaks
in the Ela spectra are attributed to the b ~„and b2„
modes, respectively. A schematic illustration of the ag,
b~„, and b2„modes are shown in Fig. 4. The correspond-
ing peaks in the spectra of Rb-TCNQ are assigned to the
same modes as those in K-TCNQ.

A remarkable point in the molecular vibration spectra
is that the totally symmetric (as) modes in either K-
TCNQ and Rb-TCNQ crystals are observed at low tem-
peratures with intensity comparable to the infrared-active
b~„and bq„modes. In an isolated TCNQ molecule, the
corresponding ag mode is not infrared active, because of
the presence of an inversion symmetry in the molecule (cf.
Fig. 4). The same mode would be also inactive for optical
excitation in K-TCNQ and Rb- TCNQ crystals, if the
center of inversion symmetry is located at the center of
gravity for each molecule in the regular stacks. Actually,
this mode is strongly activated in either crystals at low
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FICx. 4. Polarized reflectivity spectra due to the a~, b&„,b2„
CN stretching vibration bands in (a) K-TCNQ and (b) Rb-
TCNQ.

temperatures because the inversion symmetry of each
TCNQ molecule in the crystal disappears by dimeric
molecular displacements, as discussed by several authors
before. ' ' ' Detailed discussions on this mechanism are
given in the next section in terms of a simplified model.

The experimental information on thermal behavior of
the dimerized lattice can be derived from the temperature
dependence of the spectra shown in Fig. 3. When the
temperature is raised above 300 K, the intensity of the a~
peak in K-TCNQ crystal is gradually decreased, whereas
the intensities of the b~„and b2„peaks do not show ap-
preciable change with temperature. Above T, (=395 K),
the az peak is much weaker than the b~„and b2„peaks.
The thermal effect on the a~ peak is even more drastic in
the spectra of Rb-TCNQ. Spectral features are essentially
unchanged up to about 370 K, except for a slight
broadening of the respective structures. But, when tem-
perature is raised further, the intensity of the ag peak sud-
denly diminishes at about 380 K. In the E~~a spectra at
390 K [the bottom curve in Fig. 3(b)], a weak structure is
observed at about 2192 cm '. However, this structure is
not due to the residual az mode. It is identified with the
weak E~~a component of the intense b~„band, which is

predominantly polarized for Ela. In fact, the same struc-
ture is found as a slight hump in the E~~a spectra below
370 K on the high-energy side of the a~ band. There is
no detectable structure at all in the 390-K spectrum at the
position (about 2178 cm ') where the intense as mode is
observed up to about 370 K. Thus, one can conclude that
the a~ mode which is strongly activated at low tempera-
tures suddenly and completely disappears near the critical
temperature, T, =381 K, for the structural phase transi-
tion.

In contrast with the discontinuous change of the ag
band in Rb-TCNQ crystal, the thermal change of the as
peak in K-TCNQ crystal is not so drastic at the phase
transition temperature T, (=395 K). This is in agree-
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FIG. 5. Polarized reflection spectra due to the charge-transfer
excitons in (a) K-TCNQ and (b) Rb-TCNQ. Only the E~~a spec-

tra are presented.

ment with the result reported before by Iqbal et al. ' on
polycrystalline K-TCNQ, except for the following point.
The intensity of the ag peak is gradually decreased with
increasing temperature, but even above T, the E~~a spec-
tra show a weak peak at the same position where the
strong peak is observed below T, . This peak cannot be
identified with the component of the b&„band as in the
case of Rb-TCNQ crystal above T, , but is evidently as-
signed to the residual a~ band. Iqbal et al. ' have con-
cluded that the a~ band completely disappears at T,
from measurements on the unpolarized powder spectra.
However, it is quite difficult to distinguish the weak re-
sidual ag peak from the intense b~„band as seen in Fig.
3. The polarized spectra presently observed clearly
demonstrate that the ag mode in K-TCNQ remains still
infrared active above T, =395 K, though the intensity is
considerably weakened. Quantitative analysis of the as
band in K-TCNQ and Rb-TCNQ crystals are given in
the next section.

We next turn our attention to the temperature depen-
dence of the CT bands in the near-infrared region
(0.8 —1.5 eV). Reflecting the quasi-one-dimensional char-
acter of the CT excitation, the spectra are predominantly
polarized along the stacking axis, as seen in Fig. 2. The
temperature changes of the CT bands in K-TCNQ and
Rb-TCNQ crystals are shown in Fig. 5 at various temper-
atures above and below T, . Only the E~~a polarized spec-
tra are presented. The spectra of either crystals at 2 K
(shown at the top) consist of two bands, the strong main
reflection band (A) at about 1.1 eV and the subsidiary
band (B) around 1.5 eV. The A and B bands are both ab-
sent in the absorption spectra of isolated TCNQ mole-
cules, and can be assigned to the intermolecular electronic
CT excitations along the TCNQ stack. The B band has
been assigned by Yakushi et al. ' ' to the band-edge tran-
sition of a free-electron —hole —pair excitation. However,
this interpretation seems to be inconsistent with the exper-
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imental results described below. An alternative model for
the origin of the 8 band is presented in the next section.

When temperature is raised from 2 K, the A band
shows an appreciable broadening and a slight red shift
with increasing temperature, but the integrated intensity
of the band remains almost unchanged up to the highest
temperature investigated (420 K for K-TCNQ and 393 K
for Rb-TCNQ). Contrary to this, the intensity of the B
band is steadily decreased with increasing temperature
and finally becomes barely observable near T, . Like the
case of intramolecu1ar ag bands, there is a difference be-
tween the thermal behaviors of the CT band in K-TCNQ
and Rb-TCNQ crystals. In K-TCNQ, a slight hump
remains observable at about 1.5 eV above T„while in
Rb-TCNQ there is no observable structure at all on the
high-energy side of the 3 band when temperature is
raised above T, .

V. DISCUSSION

A. Simplified picture of CT excitations
and ag molecular vibrations

in dimerized metal —TCNQ crystals

Before proceeding to a quantitative analysis of the ex-
perimental results presented in the preceding section, we
consider a simplified picture for the CT excitons and opti-
cally activated ag intramoleeular vibrations in dimerized
K-TCNQ and Rb-TCNQ crystals. Let us first examine
the case of undimerized regular stacks of TCNQ mole-
cules. In the quasi-one-dimensional stacks of K-TCNQ
and Rb-TCNQ crystals, the CT excitations are conceived,
in a simple model, as an electron-transfer process between
two TCNQ molecules on the same stack in such a way as
TCNQ + TCNQ ~TCNQ + TCNQ . In the regu-
larly stacked crystal, the electron transfers from a given
TCNQ molecule can occur in either directions of a given
TCNQ molecule with the same excitation energy. In
the presence of the electron-transfer interaction between
molecules on the stack, the lowest CT excitons are com-
posed of an even-parity CT state (

~
e-CT)) and an odd-

parity CT state (
~

o-CT)), which are formed by the linear
combinations of the degenerate CT excitations in the
backward and forward directions of the central TCNQ
molecule. Of these two CT excitons, the

~

e-CT) exciton
is located above the

~

o-CT) exciton, as shown in Fig.
6(a), because of the mixing effect between the former exci-
ton and the ground state (

~

G ) ) through the electron-
transfer interaction. The optical transition from the
ground state is permitted only to the

~

o-CT) exciton in
the regular stacks of the undimerized crystal.

When dimeric displacement takes place in the TCNQ
columns, the inversion symmetry around each molecule in
the stack is lifted and the unit-cell length along the stack
is doubled. Therefore, the dispersion curve of the CT ex-
citon is folded back at Ic =m/2o (a being the intermolecu-
lar spacing in the regular stack). We then have two addi-
tional zone-center excited states. Of these two states, only
the higher one associated with the

~

e-CT) state becomes
weakly optically active, as understood easily by consider-
ing the symmetry of these excited states. This will lead to

&-cQ-----------—

&h

A band Bband

Regu(ar
Stack

(a)

Dimerized
Stack

(b)

FIG. 6. A simplified model for optical excitations in the one-
dimensional column of TCNQ molecules. (a) Regular stack and
(b) dimerized stack. Levels of the ag molecular vibration

i
a~-

MV) and the even, odd-CT excitons
~

o,e-CT) are schematically
shown. Arrows indicate dipole-allowed transitions.

the appearance of a weak absorption (or reflection) peak
on the high-energy side of the main CT band (correspond-
ing to the

~

o-CT) state) when the crystal is subject to a
dimeric molecular displacement. From discussions de-
scribed later, we assign the reAection peaks A and 8 in
the low-temperature spectra in Fig. S to the optical excita-
tions of the

~

o-CT) and
~

e-CT) excitons, as indicated in
Fig. 6, in the dimerized lattice. The dimerization of
TCNQ columns also gives rise to the optical activation of
the totally symmetric (as) intramolecular vibrations of
TCNQ molecules, particularly the as CN stretching mode
in the present case. This mechanism, called the electron
molecular vibration (EMV) coupling effect, has been dealt
with in detail in the literature. ' ' ' ' ' The physical
picture for it may be described as follows. Let us consid-
er the molecular vibrational phonon associated with a par-
ticular intramolecular ag mode. In the regularly stacked
molecular columns, the zone-center mode at k =0 corre-
sponds to the vibrational state in which all molecules on
the stack are vibrating in phase, while in the zone-edge
mode at k =~/a molecules on the alternating sites are vi-
brating 90 out of phase. The k =0 phonon is not optical-
ly active from symmetry in this case.

When the molecular stack is dimerized, the dispersion
curve of the phonon is folded back at k =~/2a, just as the
CT exciton is. Then we have two zone-center modes of
molecular vibration, the one with adjacent molecules in
the dimer unit vibrating in phase and the other with two
molecules vibrating 90 out of phase. It is not difticult to
understand that while the former mode remains optically
inactive, the latter mode induces an oscillating electric di-
pole moment within the dimer unit because of an uneven
distribution of the valence electrons on the two TCNQ
molecules by the out-of-phase ag vibrations in them. The
magnitude of this induced dipole moment is strongly
dependent on the amplitude of electron intramolecular vi-
bration coupling and on the difference in the intradimer
and interdimer electron-transfer interactions (t ~, t z),
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which is supposed to be nearly proportional to the dimeric
molecular displacement in the case of weak dimerization.
This mode can be resonantly excited by light with the elec-
tric vector in parallel to the stacking axis through the elec-
tromagnetic coupling between the induced electric dipole
moment in the dimers and the electric field in the light.
Appearance of prominent absorption (or reflection) bands
of some ag intramolecular vibration modes in the dimer-
ized phase of several CT complex crystals is attributable
to the aforementioned mechanism. Its remarkable intensi-
ty, as seen in Fig. 4, is directly derived from the higher-
lying strong CT excitation band. This is evidenced by the
complete polarization of the as bands (solid curves in Fig.
4) along the a axis in both K-TCNQ and Rb-TCNQ crys-
tals.

A simple picture of CT excitons and as (CN stretching)
intramolecular vibrations is illustrated in Fig. 6 for undi-
merized and dimerized quasi-one-dimensional stacks of
TCNQ molecules. In the following discussion, we try to
derive experimental information on the quantitative aspect
of the model presented in Fig. 6.

I

C)

r 0
() (b)

K-KNQ

L

Rb-TCNg

~~~ ~-~

C3

0
3

3
3(

B. Temperature dependence of a~ CN stretching
vibration bands

The shapes of reflection spectra due to the CN stretch-
ing vibrations in TCNQ shown in Fig. 4 exhibit charac-
teristic dispersions expected for a classical Lorentz oscilla-
tor model. To analyze the temperature-dependent
features of the ag bands (solid curves in Fig. 4), we have
tried to apply a simple isolated Lorentz oscillator model,
which is represented by a complex dielectric function

4rrcoop
e(cu) =e„+ z

Q)o —co —JI co

Here, ~&& is the resonance frequency, P the polarizability
proportional to the intensity of the ag band, and I the
width of the a~ band. The contribution of the back-
ground polarization is expressed by a frequency-
independent constant e . Theoretical reflectivity spectra
were calculated from the real and imaginary parts of e for
a given set of adjustable parameters, e„, too, I, and P. As
a result of a least-squares-fitting procedure, the values for
these parameters have been evaluated for the respective
spectra in Fig. 4 at various temperatures. For the spectra
in Rb-TCNQ, the presence of the weak b2„band on the
high-energy side of the a~ band has also been taken into
account. As the intensity of the bq„(E~~a) band is pro-
portional to the intensity of corresponding Ela spectra,
one can eliminate the contribution of the overlapping b2„
(E~~a) band by subtracting a constant fraction of the b2„
(Ela) spectra observed at the same temperature. The
agreement between the experimental and calculated spec-
tra was found to be very good in both K-TCNQ and Rb-
TCNQ crystals.

The values for P and I of the as bands for K-TCNQ
and Rb-TCNQ are plotted in Fig. 7 against temperature.
The strength P of the as bands in either crystals show
characteristic temperature dependence; a gradual decrease
with increasing temperature below T, in K-TCNQ and a
steep drop to zero at T, in Rb-TCNQ. Overall behaviors

0
0 100 200 300

TEMPERATURE ( K)
400

0

FIG. 7. Temperature dependence of absorption strength P
(solid circles) and linewidth I (open circles) of the a~ CN
stretching intramolecular vibration bands. (a) K-TCNQ and (b)
Rb- TCNQ.

are quite similar to the critical changes in the x-ray-
diffraction intensities of the respective crystals shown in
Fig. l. In the case of K-TCNQ, however, there is a not-
able difference between the thermal behaviors of the ag
band and of the x-ray data: The ag band does not disap-
pear at T„but retains a considerable intensity above T„
whereas the x-ray result shows a sudden drop of the in-
tensity essentially to zero at T, .

Looking at the temperature dependence of the width
I for the ag band in either crystal, one finds that there is
a significant difference between the results in K-TCNQ
and Rb-TCNQ. In Rb-TCNQ, the experimental values
for I are nearly constant over a wide temperature range
below T„until the a~ band suddenly disappears at T, .
In K-TCNQ, I is nearly constant below T, and shows a
sudden jump at T, to a value which is more than twice
as large as those below T, . This implies that the ag
band suffers a considerable broadening at T, . In con-
trast, the intensity p does not show such a drastic
change at T, . These observations suggest that the
dimeric distortion in K-TCNQ remains to be finite even
above T, . Furthermore, a sharp rise of I at T, implies
that the dimerized lattice is in a state of rapid dynamical
fluctuation. Such a fluctuating dimeric displacement of
TCNQ molecules, if any, will be not able to be detected
by the x-ray-diffraction study, since it measures a three-
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dimensional space-averaged displacement in the lattice.
To detect the critical fluctuation at the phase transition,
one has to measure diffuse x-ray scattering. In fact, an
experimental result on the (—', 1 0) diffuse scattering inten-

sity in K-TCNQ clearly indicates an appearance of fairly
large critical fluctuation in the lattice above T, . On the
other hand, there is no detectable diffuse x-ray scattering
in Rb-TCNQ at T„ indicating a first-order transition
from a statically dimerized lattice to a regularly stacked
lattice without a critical fluctuation. This is consistent
with the results of the present optical study.

0.2—

Vlw Q.l— Tc

C. Temperature dependence of CT bands

The CT bands in the near-infrared region consist of two
broad structures, A and B, in either K-TCNQ and Rb-
TCNQ crystals at low temperatures. Because of an ap-
preciable overlapping between the two reflection bands, it
is hard to make a quantitative estimation of intensities
and half-widths of the respective bands directly from the
observed reflection spectra. In order to derive reliable in-
formation on the thermal behaviors of the CT bands, we
have applied a least-squares-fit procedure, similar to that
applied to the ag molecular vibrational bands, by assum-
ing a model dielectric function given by

S;
e(cu) =e„+

~ g co; —co —jI;co

Here, S; =4rrco;P; (i = A, B) is defined as the intensity of
3 or B band with the resonance frequency co; and the
bandwidth I;. From the best-fit procedure, values for
these adjustable parameters have been determined at vari-
ous temperatures. As the B-exciton band is considerably
weak and broad, the parameters for the 8 exciton include
some ambiguity at high temperatures. Except for this
point, the agreement between the calculated and experi-
mental reflectivity spectra was fairly good in both K-
TCNQ and Rb-TCNQ crystals.

A conspicuous feature in the temperature dependence
of CT bands shown in Fig. 5 is that the intensity of the B
band is strongly dependent on temperature, whereas the
integrated intensity of the 3 band is nearly constant up to
fairly high temperatures in either crystal, as demonstrated
in Fig. 8. Here the ratio Sg/Sq derived from the above-
mentioned procedure is plotted as a function of tempera-
ture. In both crystals, the ratio decreases steadily as tem-
perature is increased to T, . The B band in Rb-TCNQ
seems to disappear rather abruptly at T„but that in K-
TCNQ retains an observable intensity above T, . This is
in accord with the thermal behavior of the a~ molecular
vibration band. The dynamical property of the CT exci-
tons also manifests itself in the temperature dependence of
the bandwidth I ~ ~ shown in Fig. 9. The experimental
points for I z in K-TCNQ show a remarkable increase
near T„ though not so conspicuous as observed in the a~
vibration bands (Fig. 7). This is considered attributable to
the effect of critical fluctuation in TCNQ columns upon
CT excitation.

From the experimental results presented above, it is
evident that the subsidiary CT band (the B band) is
directly related with the dimeric molecular displacement

0.0
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l I I

100 200 300 400
TEMPERATURE (K}

FIG. 8. Temperature dependence of relative absorption inten-
sities Sz/S& for the main (A) and subsidiary (B) CT exciton
bands in K-TCNQ (open circles) and Rb-TCNQ (solid circles).
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FIG. 9. Temperature dependence of linewidth I for the main
(A) and subsidiary (B) CT exciton bands in K,Rb-TCNQ.

in both K-TCNQ and Rb-TCNQ crystals. Similar struc-
ture has been also observed in the reflection spectra of
TTF-p-chloranil crystal in the low-temperature phase
in which the lattice is dimerized. We therefore consider
that this band ought to be assigned to the symmetry-
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perturbed even-parity CT exciton (
~

e-CT)), as depicted
in Fig. 6(b), rather than the interband absorption edge,
as suggested by Yakushi et al. ' '

D. A picture of phase transition in K,Rb-TCNQ
from optical study

In accord with the previous x-ray data, the present op-
tical study has demonstrated that the dimeric distortion in
Rb-TCNQ shows a first-order-like discontinuous change
at T„while the dimerization in K-TCNQ shows a gradu-
al change below T, and an appreciable fluctuation above
T, . Such a notable difference in the thermal behavior of
structural transitions in K-TCNQ and Rb-TCNQ crystals
may be primarily attributed to the difference in the inter-
molecular electron-transfer interaction, which is sensitive-
ly dependent on the molecular geometry in the crystal
structure. In the following discussion, a qualitative pic-
ture of the phase transitions in K,Rb-TCNQ is discussed
on the basis of the present optical data in conjunction
with the previous information from the x-ray measure-
ments.

The infrared refiection bands (the ag CN stretching vi-

bration bands) are due to the electric dipole moment in-
duced by the coupling of dimeric displacement and the in-
trarnolecular ag vibration. Reflecting such a local nature
of the optical response, the intensity of these bands, P, is
predominantly determined by the amplitude of the local
dimeric displacement. Thus their bandwidth is con-
sidered to be affected by the temporal fluctuation of dis-
placement in addition to the natural width below T, . To
account for the sharp increase of I in K-TCNQ around
T„one can consider two possible causes: a fluctuation in
the amplitude of dimeric displacement and a fluctuation
in the frequency of EMV-activated infrared vibration.
Actually, these two causes are closely related to each oth-
er. Supposedly, the latter effect is relatively small, and
the sharp increase of I observed around T, may be pri-
marily attributed to the change in correlation time for the
dimeric displacement. From the increment of I in K-
TCNQ by about 1 meV at T„ the correlation time is eval-
uated to be about 10 " s. On the other hand, the inten-
sity and linewidth of the forbidden x-ray-diffraction line
shown in Fig. 1 are determined by the spatial average of
the squared molecular displacement and its correlation
length, which provides information on the long-range or-
der of molecular dimerization. The x-ray data on K-
TCNQ [Fig. 1(a)] demonstrate that the three-dimensional
long-range order of dimeric displacement disappears at
T, . However, the nonvanishing intensity of the a~ band
[Fig. 7(a)] above T, indicates that the local dimerization
still exists on the quasi-one-dimensional TCNQ columns
even above T, . This local dimeric displacement is con-
sidered to be rapidly fluctuating with a correlation time of
the order of 10 " s, as mentioned above.

From these observations, we present the following pic-
ture for the dynamical nature of the phase transition in
K-TCNQ: At sufficiently low temperatures, the dimer-
ized lattice has a three-dimensional static order both on
the molecular stacks and between the columns. As the
temperature is raised, the intercolumn correlation is grad-

ually decreased, presumably due to a thermal excitation of
mobile solitonlike defects on the dimerized columns. At
T„ the intercolumn correlation of dimerization is com-
pletely lost because of independent fluctuation of dimeric
displacements on different columns. Yet, it is supposed
that there exist local regions (domains) on the respective
columns in which the dimeric displacements persist even
above T, . This implies that the one-dimensional column
of TCNQ is subject to a spin-Peierls-like distortion still
above T, . Similar behavior has been also reported on
Na-TCNQ and Rb-TCNQ(II) crystals from infrared spec-
tra of powder samples. '

The dimeric distortion in the lattice is also related to
the behavior of the magnetic susceptibility 7 at the phase
transition. The temperature variation of X of K-TCNQ
has been analyzed by Lepine et al. in terms of a Heisen-
berg Hamiltonian. According to their results, the behav-
ior of 7 above T, cannot be explained by a linear Heisen-
berg Hamiltonian assuming a constant antiferromagnetic
exchange J. They have attributed the difference between
the experimental and theoretical values of 7 to the tem-
perature dependence of J. However, according to the
present result the lattice of the K-TCNQ crystal is not
regular above T„so it is not appropriate to assume a sin-
gle J, as has been assumed by these authors. It is sup-
posed that the discrepancy between the theoretical and ex-
perimental 7 values above T, may be attributed to a pseu-
domagnetic gap which is caused by the dynamically fluc-
tuating displacement in the TCNQ columns above T, .

In contrast to the dynamical behavior in K-TCNQ, the
phase transition in Rb-TCNQ shows a typical first-order-
like feature in both optical and x-ray data at T, . This in-
dicates that the local dimeric displacement disappears
simultaneously with the vanishing of three-dimensional
order at T, . In this sense, the phase transition in Rb-
TCNQ is predominantly structural in character. The
spin-Peierls mechanism is considered to play only a
secondary role, that of assisting this transition, as suggest-
ed by Lepine.

In conclusion, it has been demonstrated that the mea-
surements of ag intramolecular vibration bands on single
crystals are not only useful for detecting the lattice di-
merization, as was previously done on unpolarized
powder spectra, but also capable of providing quantita-
tive information on the molecular displacement in com-
plement of the x-ray data. From a spectral shape
analysis of the polarized spectra, one can investigate the
local behavior of molecular displacements which are not
accessible by x-ray measurement.
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