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We report experimental evidence for electron-intramolecular vibration coupling in TTF-TCNQ
(tetrathiafulvalene-tetracyanoquinodimethane). Linear coupling of totally symmetric vibrations
of a; modes to the oscillation in the phase of the charge-density waves gives rise to a set of IR-
(infrared-) active modes which grow in intensity with the onset of the Peierls transition. Our ex-
perimental estimates of electron-intramolecular coupling constants of the TCNQ molecule are in
good agreement with previous values. Moreover, the experimentally determined total electron-
intramolecular coupling constant is A =0.35 for TCNQ stacks in TTF-TCNQ. These resuits in-
dicate that the Peierls distorted state is predominantly stabilized by coupling of the unpaired
electrons to the intramolecular vibrations. With the onset of Peierls transition, the two IR-
active modes of CN-stretching vibration show a splitting due to a shift in frequency of the mode
with the dipole component parallel to the crystallographic b and c axes. The splitting is also seen
in the selenium analog TSeF-TCNQ and is consistent with the x-ray diffuse scattering result that
the Peierls distortion is due to a rigid molecular translation in the bc plane. The temperature
dependence of both effects show the presence of the sizable amplitude of the fluctuating
charge-density waves in the temperature range 53 < 7 < 150 K. This result indicates that the
collective contribution to dc conductivity is not limited to a small temperature range just above
T,=53 K. We have also commented on some theoretical points of view using the underlying
information in the vibrational spectra of TTF-TCNQ. A preliminary report of the experimental
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results was given by S. Etemad [Bull. Am. Phys. Soc. 23, 381 (1978)].

I. INTRODUCTION

Considerable progress has been achieved in the
past decade in developing an understanding of a
variety of phenomena in the one-dimensional (1D)
limit of solid-state physics.!™* The experimental real-
izations of these phenomena have been primarily
based on a large number of charge-transfer salts of
planar donor and acceptor molecules. The charge-
transfer salts of interest crystallize in segregated
donor and/or acceptor stacks. Their 1D electronic
properties primarily arise from the highly anisotropic
overlap between the neighboring unpaired w-electron
orbitals. They commonly exhibit semiconducting
properties at room temperature. This arises from the
onset of Peierls’ distortion at a somewhat higher tem-
perature. Their relatively high Peierls transition tem-
perature is due to the commensurate charge transfer
as well as the strong Coulomb potential of the fully
ionized strong acceptor or donor present. In several
cases, where partial charge transfer prevails, the
Peierls transition is suppressed down to subambient
temperatures resulting in a metallic state at room
temperature and a narrow-gap semiconducting state
at T=0. In a recent exciting discovery it is shown
that under application of hydrostatic pressure a super-
conducting low-temperature ground state could be
energetically more favorable than the Peierls sem-
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iconducting state.®

By far the most widely studied salt of this category
has been tetrathiafulvalene-
tetracyanoquinodimethane (TTF-TCNQ).'"* TTF-
TCNQ crystallizes in segregated stacks of TTF and
TCNQ molecules.” Its crystal structure is monoclinic
with two TTF-TCNQ molecules per unit cell. The
molecules stack along the conducting b axis woith a
close interplanar separation of 3.17 and 3.47 A for
TCNQ and TTF, respectively. The neighboring
stacks of either kind are tilted in the opposite direc-
tions with respect to the conducting b axis. The tilt
angles are 34° and 24.5° for TCNQ and TTF stacks,
respectively.” At room temperature TTF-TCNQ is a
pseudo-one-dimensional metal with a conductivity of
about 500 cm™! Q7! along the stacking b axis.>® Po-
larized reflectance measurements show a Drude edge
structure only along this axis indicative of 1D elec-
tronic band structure which arises from anisotropic
overlap of unpaired w-electron orbitals.'®!! Studies
of thermoelectric power measurements in the alloy
systems (TSeF),(TTF),_,-TCNQ indicates that both
chains contribute to the conductivity.'>!3 The
strongly-temperature-dependent conductivity appears
to be intrinsic'* to these systems and its origin is still
a subject of controversy.

The metallic state of TTF-TCNQ primarily arises
from an incomplete charge transfer of p=0.59, a
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value obtained from the x-ray diffuse scattering mea-
surements.!’ In lowering the temperature a metal-
semiconductor (MS) transition occurs at 7, . =53 K.

Preceding the MS transition uncorrelated and incom-
mensurate 1D charge-density waves (CDW) of wave
vector two and four times the Fermi wave vector kr
have been detected.!>!¢ The T, transition appears to
be driven by the three-dimensional (3D) ordering of
the 2k CDW on TCNQ stacks™!” resulting in a
Peierls distorted semiconducting state for 7 < 53 K.
The Peierls gap 2A in TTF-TCNQ is relatively small
consistent with the low transition temperature. The
size of the gap is 2A =400 cm™! as determined from
the onset of the photoconductivity!® or from the ac-
tivation energy for conductivity.” The 2k CDW ar-
ises from the opening of the Peierls gap at the Fermi
level with the associated softening of phonons at

q =2kr. The one-dimensionally-ordered 2kr CDW’s
start to appear at Tyr =150 K, the mean-field transi-
tion temperature. In the temperature region

T. < T < Twur the collective incommensurate sliding

CDW appears to act as a vehicle for the electrons to
augment their single-particle conductivity.!%2°

The strong electron-phonon coupling in TTF-
TCNQ does not arise from coupling of the electrons
to only the acoustic phonons. The delocalized un-
paired  electrons appear to have a sizable coupling
to most of the intramolecular vibrational modes.
Due to the large numbers of such modes their total
coupling constant to the 7 electrons is considerably
larger than that of the acoustic phonons. In this con-
text, it has been suggested that the Peierls distorted
state may, in fact, be primarily stabilized by an ap-
propriate combination of molecular and lattice distor-
tions.2! The theoretical estimate of total m-electron-
intramolecular-vibrational (EIMV) coupling constant
in TCNQ stacks of TTF-TCNQ is large and supports
this point of view.?? These coupling constants have
been also determined by studies of infrared (ir) spec-
trum of several TCNQ compounds by Rice and co-
workers.2*~% Al these compounds have a relatively
large semiconducting gap and are already in their
Peierls distorted state at room temperature. The
EIMYV coupling in these compounds gives rise to a
series of new IR-active modes that will be referred to
as ‘‘vibronic modes”’ in this work. These modes
arise from the first-order coupling of the totally sym-
metric a, vibrational modes of TTF and TCNQ
molecules to oscillation in phase of the CDW along
the stacks.?*?’ The EIMV coupling constants in
these compounds have been determined from an
analysis of the frequency of the vibronic modes com-
pared to that of their associated totally symmetric a,
modes. Despite the great interest in TTF-TCNQ a
study of EIMYV in this system has not been carried
out. The reported works?®~%° on studies -of the vibra-
tional modes of TTF-TCNQ in the IR region have

clearly fallen short of this task.

In this work we present the first detailed experi-
mental evidence for EIMV coupling in TTF-TCNQ
achieved by studying its vibrational spectrum in the
IR region as a function of temperature. Using the
temperature dependence of the vibronic modes we
have monitored the growth of the 2kr CDW ampli-
tude as the temperature is lowered below the Peierls
transition. The values of EIMV coupling constants
estimated for TCNQ molecule in TTF-TCNQ are in
agreement with those found in the other TCNQ com-
pounds by Rice and co-workers.272 Due to the
small size of the Periels gap in TTF-TCNQ most of
the vibronic modes lie in the range above the gap.’!?
This has enabled us to determine the total electron-
phonon coupling constant for the TCNQ stacks. Be-
sides the first-order coupling of the CDW to the a,
modes we have also discovered that some normally
IR-active modes do couple to the CDW. In particu-
lar, the two IR-active modes of the four CN groups
at the corners of the TCNQ molecules show a split-
ting due to the shift in frequency of the mode with
dipole components parallel to the crystallographic b
and c axes. The splitting is in agreement with the re-
cent finding that the Peierls distortion is due to rigid
molecular translations in the bc plane. The resulting
temperature dependence of the frequency of this
mode appears to provide a reasonably accurate tem-
perature dependence of the CDW amplitude. These
results are presented in Sec. II. In Sec. III we present
a synopsis of EIMV coupling, analysis of the vibronic
modes, a discussion of anomalous EIMV, and a gen-
eral discussion of the results. Concluding remarks
are presented in Sec. IV.

II. EXPERIMENTAL PROCEDURES AND RESULTS

The physical properties of TTF-TCNQ have caused
considerable difficulty in choosing an appropriate
sample configuration for studying its vibrational spec-
trum. For single-crystal studies, in particular the
small size and the high absorption coefficient have
been the limiting factors in obtaining a high signal-
to-noise ratio. The high absorption coefficient in the
region of the vibrational frequencies results from the
small size of the optical gap, 2A =400 cm™., in the
absorption spectrum.

In the present work the study of the vibrational
spectrum has primarily been carried out in the
transmission mode on polycrystalline samples
dispersed in a KBr matrix. To ensure that the vibra-
tional spectra are not unacceptably affected by the
presence of the KBr matrix the absorption spectra
have been compared against the reflection spectra
from a compaction of single crystals. We note that
the absorption coefficients parallel and perpendicular
to the b axis are about 10° and 10* cm™!, respective-



24 COUPLING OF ELECTRONS AND INTRAMOLECULAR . .. 4961

ly."! As a result the transmission through a micro-

crystal, dispersed randomly in the KBr matrix, shows
the b-axis polarization of a vibrational mode only if
its thickness is a few tenths of a u or smaller. The a-
and c-axes polarization of a mode can be detected for
microcrystal thickness of up to a few u.3° Thicker
microcrystals are opaque.

The TTF-TCNQ crystal used for the transmission
studies were grown by the standard technique of slow
diffusion of TCNQ and TTF in acetonitrile solution.
Small single crystals of TTF-TCNQ were grown over-
night. We note that for these studies sample quality
was not as critical as in transport measurements.%?
Samples for the transmission studies were prepared
by crushing, gently and extensively, about 0.5—~1.0
mg per %-in. pellet of small single crystals together

with KBr powder in an agate mortar. Some degree of
control on the size distribution of the microcrystals
could be exerted by varying the crushing time. A
substantial fraction of microcrystals in most samples
was thin enough for studying the b-axis component
of the vibrational modes. The mixture was finally
pressed to form a uniformly tinted transparent pellet.

The spectra presented in this work were taken on a
Perkin-Elmer 580 spectrophotometer. A modified
Air Products CSA202 closed cycle refrigerator was
used together with a Lake Shore Cryogenics DTC-
500 temperature controller for collecting the spectra
at subambient temperatures. To measure the tem-
perature a calibrated GaAs diode was incorporated in
a HCOF (high-conductivity oxygen-free) copper
block, in which the pellets were framed using Cry-
Con conducting grease. .

The transmission spectra of TTF-TCNQ in the
range 250—4000 cm™! are shown in Figs. 1 and 2 for
two representative samples. Figure 1 shows the vari-
ation of the transmission spectra over a wide energy
range, while Fig. 2 covers the energy range where
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FIG. 1. Transmission spectra of TTF-TCNQ in the range
from 700 cm™! for T =300, 60, and 20 K.
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FIG. 2. Transmission spectra of TTF-TCNQ in the region
of the vibrational modes for several temperatures.

most of the vibrational modes lie. The temperatures
shown in Fig. 2 were chosen to emphasize the transi-
tion region. The low-energy side of the spectra are
cut off because of the strong KBr absorption centered
at lower frequencies. The absolute value of transmis-
sion does not change much over the whole energy
range. In the room-temperature trace in Fig. 2, for
example, the transmission changes from a value of
17% at 1750 cm™ to a maximum of 27% at 380 cm™.
The values of transmission at the two limits depend
on the amount as well as the size distribution of the
crushed sample particles in the pellet.

The room-temperature spectra shown in Figs. 1
and 2 show several sharp minima in transmission, re-
lated to the characteristic infrared-active vibrational
modes of TTF and TCNQ molecules, spread over a
smoothly varying background. A complete assign-
ment of these modes will not be attempted in this
work. However, the two well-separated structures at
about 2200 and 3100 cm™!, belonging to the CN and
CH stretching modes, respectively, will be discussed
further.

A significant result is the change in the transmis-
sion spectra as samples are cooled below the Peierls
transition temperature of TTF-TCNQ. Of principal
importance is the appearance of a new set of struc-
tures as the Peierls distortion sets in. These new
structures are characterized by peaks in transmission
preceded by minima of comparable width on their
low-energy side.’! The energy, w?, and width, dw?,
of these structures are tabulated in Table I. The fre-
quencies of these structures appear to be related to
the frequencies of some of the totally symmetric a,
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TABLE I. The frequency (wg) and width (8wg) of the @, modes of TTF-TCNQ that have IR
activity in the Peierls distorted state. wy is the unperturbed zone-center frequency measured by Ra-

man spectroscopy.

a, mode wy (cm™) 3wy (cm™) wy (em™1)2
0, 215
03 ' 1580 50 1604
0, 1385 30 1423
Qs 1185 20 1200
06 975 20 1000
] 712
QOg 595 15 600>
0, 320 20 332
F 1515
Fy 1400 100 1454
Fa 1095 10
Fs 725 30 746
Fq 350 50 500

2From Temkin and Fitchen, Ref. 32.

modes of TTF-TCNQ. In the other column in Table
I we have reproduced these frequencies, measured by
Raman spectroscopy, for comparison.’?3? Our as-
signment of Raman lines to a, modes of TCNQ and
TTF is by comparison with the a, modes assignments
in TTF® and TCNQ?® and in their radical ions. For
example the 1454-cm™' Raman line has been previ-
ously assigned to a,(Q4).3%33 Noting that the fre-
quency of this mode varies from 1454 cm™ in
TCNQC to 1391 cm™! in TCNQ™ makes the assign-
ments of Table I more appropriate. Instead we have
assigned the 1454-cm™ line to a,(F3;). The frequen-
cy of this mode varies from 1518 cm™ in TTF? to
1420 cm™! in TTF*.

The most apparent low-temperature structure is a
60-cm™! wide peak at 350 cm™! shown in more detail
in the inset of Fig. 3. The broad minimum preceding
the peak appears to have a somewhat sharper, 20-
cm™! wide, transmission minimum superimposed on
it. The sharper minimum centered at 320 cm™ ap-
pears to have a similar temperature dependence as
the peak. Their temperature dependence, shown in
Fig. 3, is representative of all of the new structures
presented in Table I. We note that the fastest rate of
growth for these structures coincides with the Peierls
transition temperature at 53 K.° The intensity of
these structures seem to decrease rather slowly as the
temperature is raised above 53 K. This behavior
should be contrasted with the sudden disappearance
of the superlattice satellite intensities associated with
the three-dimensional phase transition at 53 K.3

YFrom Kuzmany and Stoltz, Ref. 33.

Another significant result is seen in the tempera-
ture dependence of the characteristic CN-stretching
vibration of TCNQ molecule shown in Fig. 4. At
room temperature this structure contains the most in-
tense absorption line of the spectrum at 2216 cm™.
The apparent distortion in the shape of this line at
room temperature is due to the presence of KBr ma-
trix. This is due to the so-called Christiansen effect
which arises from the competition between the in-
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FIG. 3. Temperature dependence of the intensity of the
vibronic mode associated primarily with ag(F,,) of the TTF
molecule. Inset shows the transmission spectrum at 7 =20
K detailing this vibronic mode. :
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FIG. 4. Temperature dependence of the CN-stretching
mode.

dices of refraction of KBr and TTF-TCNQ near a
sharp absorption line.

At the lowest temperature in Fig. 4 the intense
CN-stretching line is clearly seen to be split into two
lines at 2222 and 2216 cm™!. The splitting is gradual,
affecting the line by broadening it first. This can be
seen in the trace taken at 90 K in which the line is
broadened, instead of being narrowed due to lower-
ing of the temperature, and has shifted to 2218 cm™.
The line broadening becomes detectable at about 150
K, close to the temperature where the 2k streaks ap-
pear in the x-ray diffuse scattering results.'® An esti-
mate of the splitting for the unresolved traces of Fig.

4 can be found by fitting the trace to two lines of the
same width as in the room-temperature line. The
temperature dependence of the splitting is then plot-
ted in Fig. 5. We note that the sharp rise in splitting
‘occurs at the Peierls transition temperature.’

Figure 6(a) shows the result of polarized reflectivi-
ty measurement at 20 K in the region of the CN-
stretching mode of TTF-TCNQ. The sample used
was an oriented mosaic of single crystals laid down
on their flat ab face. The unpolarized trace in Fig.
6(a) shows the two split lines seen in the absorption
data of Fig. 4 in the same temperature range. The
important result is that the two lines appear to have
two different polarizations. The 2222-cm™ line ap-
pears to have no component parallel to b axis, and
the 2216-cm™! line has no component parallel to a
axis. No information on the component of the vibra-
tion parallel to the c axis can be obtained with this ar-
rangement.

Figure 6(b) shows room-temperature traces in the
same frequency range as in Fig. 6(a). The width of
the single line, taken as the width of the region
where the reflectivity rises rapidly, is less than 2 cm™!
which is close to the instrumental resolution. It,
therefore, appears that the unresolved modes seen as
a single absorption at 2216 cm™! are degenerate at
room temperature. The degeneracy is removed at
lower temperatures when the mode with no com-
ponent parallel to the a axis shifts to a lower frequen-
cy.

The temperature dependence of the CH-stretching

3 & .
3
TTF -TCNQ 1
2 c= N STRETCHING\\\\\\\%'_

SPLITTING (cm™h

MODE

o 1 L 1 l J— L 1

o) 50 100
T (K)

FIG. 5. Temperature dependence of the splitting of the
two IR-active modes associated with the CN-stretching vi-
bration.
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vibrational mode is shown in Fig. 7. No detectable 1 l |
change in the frequency or the width of the two lines 2400 2200 2000
is observed from 10 to 300 K. This behavior can be E (Cm—1 )
contrasted with the changes seen in the CN-

stretching vibration as a function of temperature, FIG. 8. Polarized reflectivity in the vicinity of the CN-
(see Fig. 4). stretching modes for T =300, 210, and 150 K.
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The polarized reflectivity from 1900 to 2300 cm™!
is shown in Fig. 8 as a function of temperature. The
result of interest is a strong absorption seen at about
2050 cm™! at 300 K. The absorption has a width of
about 80 cm™! and is primarily polarized parallel to
the b axis. The temperature dependence of the in-
tensity of this absorption band is complementary to
that of the effects already discussed in Figs. 3 and 5.
The functional form of the variation in intensity of
the structure in Fig. 8 with temperature cannot be
obtained unambiguously due to the limited data avail-
able. We note that the frequency of this structure is
relatively close to that of the CN-stretching vibration,
as clearly seen in the room-temperature trace of Fig.
1. It is, therefore, reasonable to associate this struc-
ture with the CN-stretching mode.

III. DISCUSSION
A. Electron-intramolecular-vibration coupling

The electron-intramolecular-vibration (EIMV) cou-
pling in TCNQ salts can be simply realized by the fol-
lowing consideration, first noted by Gutfreund et al.®
In order to accommodate the extra electron in going
from TCNQ? to TCNQ™ all bond lengths change, but
the change preserves the molecular symmetry. Asa
result, if the amount of extra charge on a TCNQ
molecule is modulated at «°, the frequency of a total-
ly symmetric a;, normal mode of vibration, that par-
ticular a, mode would be excited. Inversely if an a,
mode of a TCNQ molecule is excited optically the ex-
tra charge on it would be modulated at «°, provided
that a mechanism for charge transfer exists. Gut-
freund et al. then argued that the dimensionless
electron-intramolecular-vibrational coupling, \,, for
the nth mode may simply be estimated from

A =0, |2(BR)* M 0PN (Ef) ,

where |y, |? is the density of the extra electron on the
relevant bond, 3R is the change in the bond length as
one electron is added to the molecule, M 0? is the
force constant for the bond, and N (Ef) is the elec-
tronic density of states. They suggested a large cou-
pling constant of A\, =0.3 for the a, mode which has
primarily a CN-stretching characteristic.>* This is
about an order of magnitude larger than its real value
as found in a more rigorous treatment of the problem
outlined below.

A more rigorous theoretical treatment of the
electron-intramolecular-vibration coupling (EIMV) in
organic conductors, in particular in TTF-TCNQ, is
given in several works by Rice and co-workers.?!=%’
Lipari et al. noted that the predominant mechanism
for EIMV interaction is through the modulation of
the energy, E;, of the molecular-orbital (MO) state
which contains the conduction electron.?’” This in-

teraction would lead to a linear EIMV coupling pro-
vided that the irreducible representation I'; of the
electronic state is contained in the direct product of
I'yand T',,, T, being the irreducible representation of
the nth normal mode of vibration. I'; and T,
represent the molecular point groups. Since both
TCNQ and TTF molecules have no degenerate elec-
tronic states, Lipari et al. pointed out that in TTF-
TCNQ only the totally symmetric a, modes contri-
bute to a linear EIMV coupling. Keeping the linear
terms in the expansion of the MO energy E; in terms
of the dimensionless normal-mode coordinates, Q,,
would result in?’

E(Q,,)—E(0)+2 6))

BQ,.
Q.’s are related to the mass-weighted coordinate of

atomic displacements in the »th normal mode. The

energy of vnbratlon of the nth normal mode is simply
given by 5 Thel(Q2+ Q,,) resulting in the vibrational
contributlon to the Hamiltonian of the form

Hy= 3, 3w, (9)[6](9)b,(q) +51 )
n q

where b, (b,) create (annihilate) an optical phonon
(intramolecular vibration) of wave vector g, and are
related to Q, by 0, (g) =b,(q) +b,(—¢). From

Eq. (1) the EIMV coupling is then of form

8,0.(g) p(—q), where the EIMV coupling constant is

| 8g
gn_[aQ"] . (3)

The operator p(q) = 3, a'(k)a(k +¢q) creates an
electronic density fluctuation of wave vector q. a'(a)
is an electron creation (annihilation) operator. The
resultant contribution of EIMV coupling to the Ham-
iltonian is then

Hop=— 3 ot +5/(-0)lp(-0) . @
n g

In a theoretical model calculation Rice has studied
the effect of EIMV on a system of one-dimensional
(1D) conduction electrons by considering the total
Hamiltonian H

H=H¢ +He-ph +th » (5)

where H;,h and H,_,, are modified to take into ac-
count the contributions from acoustic phonons. H, is

H,= Y eala+ VIipQkp) +p(=2kp)] ,  (6)
k

i.e., the electronic contribution to the Hamiltonian
describes a system of 1D conduction electrons mov-
ing in a periodic potential ¥ (2kz) of wave vector
2kr, twice the Fermi wave vector. The action of V
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induces the conduction electrons to form a charge-
density wave of wave vector 2kr. That in turn opens
a Peierls gap of 2A at the Fermi level resulting in a
semiconducting state. Motivated by the result of the
anomalous IR activity in the triethylamnonium salt
TEA(TCNQ), chain system Rice? considers a fixed
phase for V with respect to the lattice. This in turn
fixes the phase of the CDW’s. The CDW field
through H,.,, induces a periodic distortion in the
molecular lattice. Thus, the expectation value of
0,(gq) becomes nonvanishing for ¢ = +2kz. Asa
result the CDW state is further stabilized by the
molecular distortion which it initiated.

A most significant result of EIMV coupling mani-
fests itself in the appearance of a new set of IR-active
modes polarized parallel to the chain axis. These
modes arise from the collective oscillations in the
phase of the combined lattice and CDW about their
zero equilibrium value.?® Such oscillations involve a
bodily displacement of the CDW and are, therefore,
optically active along the chain direction. The optical
oscillator strengths involved are electronic rather than
ionic in origin, hence they may be quite substantial.
Collective oscillations in amplitude of the same
modes also give rise to a new set of Raman-active
modes with oscillator strengths of the same nature.
These Raman-active modes correspond to collective
oscillations with wave vector 2k and should not be
confused with the usual zone-center a, modes. The
observation of Temkin and Fitchen that there is not a
strong temperature dependence in their Raman spec-
tra of the a, modes indicates that they are the usual
zone-center modes, not the amplitude vibronic
modes.??

The frequencies of new IR-active modes are close
to those of the totally symmetric (a,) modes which,
in the isolated molecule, are not infrared active. The
shift in frequency of each collective IR oscillation
from that of the a, mode responsible for it depends
primarily on the EIMV coupling constant g,. For
) < 2A, where decay of a collective mode via
electron-hole pair excitation is not possible, these
modes show up as a series of sharp absorption bands.
For w? > 2A these modes are damped by electron-
hole pair excitation and would give rise to indenta-
tions in the adsorption envelope. Horovitz et al.,
who have carried out an independent calculation with
emphasis on the 2 > 2A range, show that the width
of such indentations is about A,,.’® The dimen-
sionless EIMV coupling, A,, is related to g, in Eq.
(3) via A, =g2N(Er)/wl.

Rice and his collaborators have applied his model
calculations,?® or a modified version of it relevant to
the case where charge motion is primarily intradimer
oscillation, to TEA-(TCNQ),, % the N-methyl-N-
ethylmorpholinium salt MEM-(TCNQ),, % and the
potassium salt K-TCNQ.2* In these single-chain com-
pounds they successfully manage to produce the most

accurate experimental determination of the EIMV
coupling constants yet attempted for TCNQ. From
their results one would expect in TTF-TCNQ a value
in the range 0.02—0.05 for A, compared to A, =0.3
based on simple arguments.*’

In TTF-TCNQ, as can be seen in Figs. 1 and 2, the
vibronic modes are considerably weaker than those
seen in the dimeric compounds. This is due to the
small amplitude of the CDW, a result of a weak ini-
tial distortion potential V. In their assignment we
have relied on, (1) the variation of their intensity
with temperature, (2) the proximity of their frequen-
cies to their associated @, modes, and (3) their width
which should be of order of 8w, = \,»0.>® In order
to find A,’s and the total electron-phonon coupling
constant, A= 3,, \,, we use Egs. (6) and (7) of
Rice? in the limit of weak initial distortion,

V << 2A, ie.,

2_)‘1 o _ 1
TN 0l-0d 1426 f1(w)

where @ =w%/2A and f;(w) the real part of the func-
tion f(w) defined as

wi+In[(1—-5)/(1+5s)]
2

2s®
with s = (1 —w™2)!/2, The solutions of the set of cou-
pled equations in (7) are wy’s, the frequencies of the
vibronic modes. For A, << A, as is the case for
TCNQ molecule with ten a, modes, to the first order
in \,’s, the set of equations in (7) decouple to give
—w? A

0 M

wﬂ
! 2

)]

flw) =

’

%+F(5),)] , ®)

where F(&,) =a.fi(w) and is plotted as a function
of @ in Fig. 9. \,’s can then be determined using the
experimental values for »? and w? with \ as the sin-
gle adjustable parameter.

The upper part of Fig. 9 covers the vibronic modes
inside the gap, i.e., ) < 2A. This is the region
where most of the a, modes of the TCNQ molecule
in the compounds studied by Rice and co-workers are
situated.>25 In TTF-TCNQ the only mode we can
observe in this region is the a;(Qy) at w$ =320 cm™.
This mode is shifted down from w$ =332 cm™!, the
original zone-center Raman-active mode of TTF-
TCNQ (see Table I). Because F(@&,) is positive in
this region (w? — w?) is always positive and not very
sensitive to the variation in the value of A. For ex-
ample, a variation in the total electron-phonon cou-
pling constant of the TCNQ stacks from A=0.3 to
0.4 in Eq. (8) changes the calculated value of g from
Ao =0.016 to 0.019, respectively.

In the lower part of Fig. 9 we show the variation of
F(&,) for the vibronic modes in the region w? > 2A.
This is the region where most of the vibronic modes
of TTF-TCNQ are situated. We note that in contrast



24 COUPLING OF ELECTRONS AND INTRAMOLECULAR . .. 4967

F (w/2A)

-3 1

[ WL W S
t 2 3 4 5 6 7 8
X

FIG. 9. Dependence of F(&) =@>f;(®) on &=w/2A, see
Eq. (8).

to the previous case F(®,) is negative in this range,
and has a comparable value to that of A™! for the
TCNQ chains. As a result, the experimental deter-
mination of A,’s in this region depend critically on
the exact choice of A\. For an a; mode in this range,
depending on its frequency relative to the gap energy,
its vibronic counterpart can be at a lower or higher
frequency.

Using Eq. (8) and the data of Table I we have cal-
culated the value of the EIMV coupling constants for
the a; modes of TCNQ in TTF-TCNQ as a function

of \. We find that for A > 0.4 the self-consistency
equation A= 3, \, is violated. For A <0.3, on the
other hand, the intrinsic EIMV coupling constants,
i.e., &’s, become too small compared to those values
found for the other three TCNQ compounds. The
best agreement with the previous results?*~2’ is with
A =0.35 for the TCNQ stacks in TTF-TCNQ. For
this value of A the experimentally determined dimen-
sionless and intrinsic EIMV coupling constants, \,’s
and g,’s, respectively, of TCNQ stacks are presented
in Table II. In order to calculate g,’s from \,’s we
have used N (Er) =2.5' states/eV, appropriate for a
tight-binding band structure with a transfer integral
19 =1200 cm™" and a band filling of p=0.59. The
other columns of the table show for comparison the
intrinsic EIMV coupling constants reproduced from
the previous studies of Rice and co-workers.23%

The lack of completeness in determining all of the
EIMYV coupling constants of TCNQ in TTF-TCNQ is
because of the following reasons. The vibronic mode
of a,(Q,) which should be around 3100 cm™ is usu-
ally undetectable due to its very small coupling con-
stant to the CDW’s.2»2* The vibronic mode of
az(Q,) is expected to have a sizable A\, =0.03, es-
timated by using the values of g, from previous stud-
ies. Using Eq. (8) the frequency of this vibronic
mode is not expected to shift much from w}=2220
cm™!, and is, therefore, hidden underneath the
strong ordinarily-IR-active modes of the CN-
stretching vibration (see Fig. 4). The vibronic mode
of a,( Q) is expected to shift down slightly from
»3==712 cm~!. The considerably stronger vibronic
mode of a,(F,) of the TTF molecule at about 725
cm™!, however, overshadows that of a,(Q;) (see
Figs. 1 and 2). Finally the frequency of a,( Qo) is
outside the range of the present study.

A rough estimate of Ay, the coupling constant of
the electrons to the acoustic phonons, can be ob-

TABLE II. The electron-intramolecular-vibration coupling constants for TCNQ molecules.

Mode TTF-TCNQ K-TCNQ® TEA-(TCNQ), MEM (TCNQ),¢
A g, (cm™) g, (cm™) g, (cm™) g, (cm™)
0, (0.025) (430) 589 339 350
03 0.041 460 670 524 540
Q4 0.057 - 510 573 419 500
Qs 0.025 310 331 323 300
Q¢ 0.044 380 339 194 85
Q7 (0.014) (180) 169 177 190
Qg 0.011 146 105 50
Q9 0.017 140 177 234 180

28From Rice, Lipari, and Strassler, Ref. 24.
bFrom Rice, Pietronero, and Bruesch, Ref. 23.

°From Rice, Vartsev, and Jacobsen, Ref. 25.
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tained by the following considerations. Since g, is an
intrinsic property of the TCNQ molecule we can as-
sume, to a first approximation, that its value is in-
dependent of the environment in which a TCNQ
molecule lies. This is a reasonable approximation as
can be seen by the comparison of the results in Table
II. We have, therefore, used the average value of g,
from previous measurements as its representative
value for the undetected vibronic mode in TTF-
TCNQ. These results are shown in parentheses for
a,(Q,) and a,(Q) in Table II. The total EIMV cou-
pling constant for the TCNQ molecule in TTF-TCNQ
thus is about 0.25. Subtracting this value from

A ==0.35 results in a rough estimate for the coupling
constant of the electrons to the acoustic phonons,
i.e., A= 0.1.

The relative success of the above analysis is partial-
ly due to the small EIMV coupling constant for the
individual vibronic modes of the TCNQ molecule.
This is not the case for the TTF molecule. A theoret-
ical,? as well as an experimental, estimate of A,’s us-
ing A, = 8wy/wy (Ref. 35) agrees with a very strong
EIMYV coupling in TTF molecule. The strongest vi-
bronic features detected in TTF-TCNQ at about
wg =350 cm™! and wj=1400 cm™! are associated with
the TTF molecule with estimated dimensionless cou-
pling constants of A =0.3 and \3 =0.2, respective-
ly.22 In such strong-coupling regimes the vibronic
modes are not independent of each other. In other
words their strong coupling to the CDW provides a
mechanism for their interaction. As a result, the in-
teraction between two strongly coupled vibronic
modes would shift their frequency considerably so
that the use of Eq. (8) would be meaningless.
Nonetheless, as seen in Figs. 1 and 2 and summa-
rized in Table I the frequency of the observed vi-
bronic modes of the TTF molecule are in qualitative
agreement with their expected value.

The temperature dependence of the vibronic
modes reveals important information about the
growth of the CDW amplitude with decreasing tem-
perature. In Fig. 3 the temperature dependence of
the intensity of the vibronic mode associated with
ag(F,) of the TTF molecule is shown. This vibronic
structure shows up as a peak at wg =350 cm™ in the
transmission spectrum as seen in the inset to Fig. 3.
This structure has red-shifted by about 150 cm™!
from its unperturbed zone-center mode at wg==500
cm~.323 The large shift in its frequency as well as
the relatively large oscillator strength is due to its
large EIMV coupling constant.?? The temperature
dependence of the intensity of the vibronic mode has
its fastest rate of change at a temperature of about 50
K concurrent with the Peierls transition temperature
in TTF-TCNQ. In this context, since the vibronic
modes of each molecule are primarily coupled to the
CDW on its own segregated stack, such a measure-
ment should in principle be able to show the onset of

the Peierls transition on that stack. The uncertainty
in these data, however, does not allow a distinction
between the Peierls transitions on TCNQ stacks at
T.=53 K (Ref. 9) and on TTF stacks at 7, =49K.’

The temperature independence of the frequency of
the vibronic structures indicates that the a, modes
couple to the uncorrelated 1D CDW above the tem-
perature for 3D ordering in the same manner as they
couple to the three-dimensionally-ordered CDW.
This is expected because in the time scale of a molec-
ular vibration the sliding incommensurate CDW ap-
pears to be stationary. As a result the position of the
vibronic structure should not change as the system
undergoes Peierls transition. This indeed is reflected
in Rice’s treatment of the EIMV coupling and is
shown by the absence of CDW amplitudes in Eq.(7).2

The intensity of a vibronic mode, on the other
hand, is closely associated with the amplitude of the
CDW to which it is coupled. In the Peierls distorted
state the amplitude of the CDW, at a given point has
a nonvanishing mean value. For T < T, the tem-
perature dependence of the vibronic mode shown in
Fig. 3 then reflects the temperature dependence of
the Peierls order parameter. In the regime where
there are fluctuating uncorrelated CDW’s the ampli-
tude of the CDW has a vanishing mean value. In
this case the intensity of the vibronic mode reflects
the root-mean-square (rms) value of the CDW am-
plitude. The sizable intensity relative to T =0 of the
vibronic structure of Fig. 3 at temperatures well
above the 3D transition temperature indicate the rms
value of the CDW amplitude is quite large in this
temperature regime. The slow decrease with the in-
crease in temperature for T > T, as seen in Fig. 3,
and in Fig. 5 for the anomalous EIMV coupling dis-
cussed below, indicate that rms amplitude of the
CDW stay large for temperatures as high as 7 =150
K. This shows that the contribution of the sliding
CDW to the dc conductivity is not limited to a small
temperature range just above the Peierls transition,
consistent with the recent measurements of Andrieux
et al.?® that show the sliding mode contribution to the
conductivity is observable up to temperatures as high
as 150 K and with the earlier results of Heeger and
collaborators.!?

B. Anomalous electron-intramolecular-vibration coupling

The first-order coupling of the a, modes to the
CDW phase oscillation is not the only mechanism for
EIMYV coupling. This is clearly shown in the data of
Figs. 4 and 5. The vibrational mode of interest has a
primarily CN-stretching characteristic and is situated
at about 2220 cm~!. Figure 4 shows the temperature
dependence of this structure which is the strongest
normally IR-active mode in TTF-TCNQ. The main
absorption of this structure is at 2216 cm™! at room
temperature. It corresponds to the two IR-active vi-
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brational modes of the four CN groups; i.e., v19 and
v33 both observed at 2228 cm™! in TCNQ°. In Fig.
10(a) we show the atomic and charge displacements
associated with these modes. vy and v33 correspond
to oscillating dipoles along the long and short molec-
ular axes, respectively. As the temperature is de-
creased below the Peierls transition v, appears to
split off from v3;3 and shift to lower frequencies. The
temperature dependence of the splitting shown in
Fig. 5 appears to follow closely that of the CDW am-
plitude.

The assignment of the two split modes to vi9 and
v3; is due to their polarization. Figure 10(b) shows
the arrangement of the TCNQ stacks in TTF-TCNQ.
It is seen that the dipole moment associated with vy
mode has components along the b and c axes, while
that of v33; has a component along the a axis only.
The polarized reflection data of the CN-stretching
mode shown in Fig. 6 has been taken on a mosaic of
TTF-TCNQ single crystals laid flat on their ab face
with the incident light direction close to normal to
the ab plane. The two polarizations Ellband E1b
(Ella), therefore, couple to the dipole moments of
v19 and vj3, respectively. At room temperature the
two modes appear to be degenerate. At T'=20 K the
data shown in Fig. 6(b) clearly show that the mode
shifted to the lower energy is 19 which has a dipole
polarized along the long axis of the molecule.

The anomalous result of the EIMV coupling to an
asymmetric IR-active mode has not been considered
‘in TTF-TCNQ or any of the other 1D organic sem-
iconductors. The present result does indeed call for a
new mechanism to explain such a coupling. The
results of Fig. 3 indicate that such a coupling does
not split the two modes symmetrically. Due to ther-
mal stiffening of the modes in lowering the tempera-
ture, v3; blue-shifts to 2222 cm™! by about 6 cm™ to-
gether with all the other IR-active modes. The split-
ting is then caused by the lowering of the frequency
of vi9 by 6 cm™!. The temperature dependence of

TCNQ
(a) (b)

FIG. 10. (a) Atomic and charge displacement associated
with IR-active modes of the CN-stretching vibration. (b) A
perspective view of TCNQ stacking in TTF-TCNQ, adopted
from R. Comes in Ref. 3.

the splitting shown in Fig. S clearly indicates that the
frequency shift of vy is a result of its coupling to the
CDW amplitude. .

A strong coupling of vy to the CDW is expected if
the Peierls distortion is a result of molecular motion
in the bc plane (see Fig. 10). Such considerations as
the position of CN groups at the four corners of the
TCNQ molecules, a large density of unpaired = elec-
trons on the CN groups, the close interchain separa-
tion of CN pairs on the neighboring TCNQ
molecules, and the direction of polarizability associat-
ed with vy all tend to emphasize its coupling to a
molecular motion in the bc plane. Such a motion has
recently been found in the isostructural selenium
analog of TTF-TCNQ, TSeF-TCNQ, which also
shows a similar splitting of »,9 and v33 modes with
the onset of Peierls transition.?® The detailed analysis
of a recent x-ray diffuse scattering results indicates®?
that the Peierls distortion in TSeF-TCNQ appears to
arise from a two-dimensional ordering of the donor
and acceptor molecules in their respective sheets in a
be plane.” We note that although the detail of the
molecular motion associated with the CDW in TTF-
TCNQ is not established the distortion has primarily
b and c components.!

We have also considered other mechanisms to ex-
plain the anomalous results of Figs. 4—6. An altern-
tive possibility is that the splitting is caused by the vi-
bronic structure of a,(Q,) which has the right quali-
tative features. Such an assumption, however, would
result in too small a value for A,. Further such a
mode is expected to have a width of about \e$; i.e.,
dw? =60 cm~! which is an order of magnitude larger
than that of the observed structure. The fact that the
two absorptions have different polarizations rules out
other possibilities such as band folding which should
result in the appearance of new zone-center modes,
asymmetric displacement of the unpaired electron on
TCNQ and subsequent formation of the Wigner con-
densation on the TCNQ sublattice.*

The size of the splitting of v;9 mode from v3;; mode
should in principle depend on the amplitude of the
molecular displacement which is a measure of the
CDW amplitude. Therefore, the temperature depen-
dence of the splitting should follow that of the CDW
amplitude. The similarity between the temperature
dependence of the splitting (Fig. 5) and that of the
intensity of the vibronic mode Fig. 3 supports this
point of view. - Due to the weak intensity of the vi-
bronic structures in TTF-TCNQ, evaluation of the
temperature dependence of the CDW amplitude
through the measurement of the splitting is potential-
ly more accurate. Whereas the strongest vibronic
structure shown in Fig. 3 becomes undetectable
above =70 K, the splitting shown in Fig. 5 is detect-
able for temperatures as high as about 150 K. The
uncertainty in the magnitude of the splitting at higher
temperatures arises primarily from the finite absorp-
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tion width of microcrystalline samples dispersed in
KBr pellets.

Besides the sharp structure associated with the
CN-stretching mode at about 2220 cm™! a broad ab-
sorption band is also observed at about 2050 cm™! at
room temperature (see Fig. 1). The position of this
broad absorption band relative to the CN-stretching
vibration region indicates that they are closely related.
Figure 8 shows the polarized reflectivity result in the
region of the CN-stretching vibration for several tem-
peratures. The broad structure is primarily polarized
parallel to the stacking axis and it is not observed for
T <150 K. We note the disappearance of this struc-
ture is concurrent with the onset of 1D order in
TCNQ chains. The sizable integrated oscillator
strength of this anomalous structure and the fact that
it is polarized parallel to the stacking axis suggests
that it is electronic in origin.

C. General discussions

The result of above discussion clearly indicates the
intramolecular vibrations are strongly coupled to un-
paired 7 electrons in TTF-TCNQ. As aresult a
study of the vibrational spectrum, in particular as a
function of temperature, can be a powerful tool for
probing the electronic as well as lattice dynamics of
TTF-TCNQ. A study of the vibrational spectrum can
be performed with relative ease using not so ela-
borate spectroscopic technique. The well-developed
IR spectroscopy can in principle provide a different
view of the electronic properties of organic solids
such as TTF-TCNQ. The high resolution achieved in
conventional IR spectroscopy in some respect can
provide a more accurate description of the behavior
of the  electrons, reflected in the microscopic struc-
ture of the intramolecular vibrations, than the con-
ventional x-ray and/or neutron-diffraction spectros-
copy. We have thus far discussed the behavior of
electronic CDW as seen through the intramolecular
vibrations, and the role that the sizable total EIMV
coupling constant may play in stabilizing the Peierls
distortion.

Based on the difference in the structure factor for
neutron scattering of protonated and deuterated crys-
tals, Carneiro*® suggested that the Kohn anomaly in
TTF-TCNQ occurs in CH- (or CD) stretching modes
rather than in an acoustic phonon. The result of Fig.
7 shows that this cannot be the case: We do not ob-
serve any sudden change in the frequency or intensi-
ty of the CH-stretching modes at the transition tem-
perature. ’

The nature of the ground state of TTF-TCNQ at
low temperatures has also been a subject of consider-
able controversy. Based on the suggestion that the
Coulomb correlation energy is larger than the
bandwidth,*! Yamaji has suggested that at 7 =0
TTF-TCNQ is in an antiferroelectrically ordered

ground state.*? In his model a Wigner crystal is
formed by the unpaired electrons of the TCNQ sub-
lattice. The electrons are then localized on two CN
bonds at opposite ends of two TCNQ™ neighbors
which are separated by a TCNQ? along the stacks. If
such a model were correct we should have seen two
distinct sets of modes associated with TCNQ? and
TCNQ™ as the temperature is lowered below T,. The
experimental results presented in this work refute
such a possibility.*?

IV. SUMMARY AND CONCLUSION

We have presented the experimental evidence for
electron-intramolecular-vibration coupling in TTF-
TCNQ. Linear coupling of totally symmetric vibra-
tions of the a, modes to the csciiiation in the phase
of the CDW give rise to a set of vibronic modes
which correspond to the bodily displacement of the
CDW along the stacks. We have also discovered that
some normally IR-active modes can couple to the
CDW. Such a coupling is a result of the molecular
displacement due to the onset of Peierls distortion.
This coupling has been observed in the CN-stretching
mode of TCNQ that is very sensitive to molecular
motion in the bc plane.

The temperature dependence of the intensity of the
vibronic modes, as well as the splitting of the CN-
stretching mode caused by the molecular displace-
ments, are used to monitor the growth of CDW in
TTF-TCNQ with decreasing temperature. The inten-
sity of the vibronic modes and the size of the split-
ting indicates the fluctuating CDW’s in the range
53 < T <150 K have large amplitude. These results
support the point of view that the collective contribu-
tion to the conductivity due to sliding CDW’s is not
limited to the region close to the transition at 7,; =53
K. We note that in contrast to the previously studied
systems the low transition temperature in TTF-TCNQ
provides a unique opportunity to study the tempera-
ture dependence of the CDW amplitude.

We have found that the dimensionless EIMV cou-
pling constants for the a, modes of the TCNQ
molecule in TTF-TCNQ are in good agreement with
their theoretical estimates, as well as the values ob-
tained by extrapolating the result from previous stud-
ies. For our experimental determination of A,’s we
have derived an expression for the difference
between the frequency of a vibronic mode and its un-
perturbed zone-center a, mode. This expression
valid in the limit of weak coupling is quite sensitive
to the value of X used as the single parameter for the
fit. We have, therefore, obtained a value of A =0.35
for the total electron-phonon coupling constant for
the TCNQ stacks.

We have also pointed out the significance of the vi-
brational mode studies as a function of temperature
in providing insight into the electronic properties and
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lattice dynamics of organic solids. The attraction of
such approach arises primarily from the relative ease
that high-resolution IR spectroscopy can be per-
formed.
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