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The polarized reflectance at room temperature of potassium-tetracyanoquinodimethane'(K-TCNQ) has been

measured. Analysis, using the Kramers-Kronig transforms gives the response functions (dielectric function and

conductivity) between 300 and 23 000 cm '. Attempts have been made to fit these functions with Lorentzian

oscillators and it has been found that at least two such oscillators were required to give a satisfactory fit to

the electronic transitions above 4000 cm '. a strong, sharp peak corresponding to interband transitions and a

weaker, broader absorption at higher energy from an intramolecular excitation. The oscillator-strength sum

rule indicates that the energy gap is much larger than that inferred from magnetic resonance measurements

and supports the view that Coulomb correlations are important in K-TCNQ. The molecular stretching modes

are found to be stronger for the infrared electric field along the chain axis than perpendicular to it. As

shown by recent calculations, this effect arises from electron —optical-phonon coupling eHects. From the

infrared data, we estimate the dimensionless electron —optical-phonon coupling constant to be X,pt -O.l.

I. INTRODUCTION

In this payer we report the results of polarized
reflectance studies in the infraxed and visible
(300-23000 cm ') of K-TCNQ (potassium tetra-
cyanoquinodimethane) and discuss these results in
the light of several recent papers. %'e will show
that in K-TCNQ there is evidence for two super-
imposed electronic transitions polarized along the
chain axis for photon energies in the range 0.7-
1.5 eV. In this we differ from the findings of
Torrance, Scott, and Kaufman' in a recent study
of optical properties of TCNQ salts. From the os-
cillator strength along the chain axis we will show
that 9%g of the direct electronic transitions occur
for photon energies above 0.8 eV. This reinforces
the conclusion of Khanna, Bright, Garito, and
Heeger' that the optical energy gap in K-TCNQ is
much larger than the triplet exciton excitation en-
ergy and hence that the Coulomb interaction in K-
TCNQ is relatively strong, in contradiction to the
analysis of Vegter and Kommandeur' and Hibma
and Kommandeur. Finally, we will discuss the
molecular stretching modes of the TCNQ ion and
the strength of their coupling to the electron gas.
The data are analyzed in terms of recent calcula-
tions by Rice. '

Infrared and optical studies of K-TCNQ have
been, reported previously by a number of authors.
Hiroma, Kuroda, and Akamatu' have measured tQe

polarized transmission between 8000 and 3'II' 000
em ', Khanna et a/. ' measured the polarized re-
flectance between. 5000 and 27 000 cm ', and Ander-

son and Devlin7 measured the polarized reflectance
between 600 and 3000 cm ' of K-TCNQ crystals.
All other experiments have been performed unpo-

larized on powder samples. These include the
studies of Iida' (4000-32 000 cm '), Vegter and

Kommandeur' (4000-44 000 cm '), Oohashi and

Sakata' (4000-36000 cm '), Torrance, Scott and

Kaufman' (4000-36000 cm '), and Iqbal, Christos,
and Dawson" (30-3500 cm '). The latter experi-
ments are noteworthy for the temperature-depen-
dent studies of the C =—N stretching modes. They
found one of the three absorption lines in the vicin-

ity of 2200 cm a weakened as the temperature wa

increased above 300 K, disappearing near 380 K.
This is close to the temperature (400 K), where

magnetic resonance measurements" indicate a
phase transition.

H. EXPERIMENTAL TECHNIQUES

K-TCNQ crystals were grown by diffusion in an

acetonitrile-filled U tube starting with KI and high-

yurity TCNQ. Crystals grown by this technique
have been reported by Hoekstra, Spoelda, and
Vos" to be quadruylets. The structure has been
discussed very clearly by Hibma and Komman-
deur. ' It is similar to that of Rb- TCNQ. '" Each
crystal domain contains two types of stacks with

the long axis of the molecule in two essentially
perpendicular directions. In a given crystal the
domains are arranged with all of their chain axes
(the crystallographic a direction) in the long

(needle) direction while the crystallographic b
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III. EXPERIMENTAL RESULTS

Figure I shows the measured reflectance over
the entire frequency range from 300 to 23000 cm '.
The data are shown for E((a as dotted lines and for
E((b, c as dash-dotted lines. The data show struc
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FIG. 1. Reflectance of K-TCNQ behveen 300 ~~~
23 000 cm ~. Data are shown for two polarizations. The
dashed line is a fit of the reflectance for the electric
field parallel to the chain axis by a single Lorentzian
oscillator; the solid line is a fit to the two-oscillator
model [Eq. O.&].

direction of a domain is nearly parallel with the
crystallographic c direction of its neighbors. The
optical properties parallel to the chain (E((a) and
perpendicular to it (E((b, c) are presumably inde-
pendent of the domain formation. An important
feature of the structure of K-TCNQ for the dis-
cussion in Sec. IV of this paper is the angle be-
tween the long axis, of the TCNQ molecules and
the chain axis. In Rb- TCNQ, the angle is" 76',
because of the similarity in the two salts, the
angle in K-TCNQ is probably not very different.
The chains in K- TCNQ are dimerized and the
charge transfer is very nearly unity.

Polarized reflectance spectra were measured
from 300 to 23 000 cm ' with the specimen at zoom
temperature. Over the frequency range 300-5000
cm ' we used a Perkin-Elmer 225 spectrophoto-
meter with wire grid polarizer and specular re-
flection insert, while between 5000 and 23 000
cm ' we used a Beckman DK-2 spectrophotometer
with a plastic polarizer and a homemade specular
reflection insert described earlier. In addition,
the transmission of K- TCNQ powders were mea-
sured between 20 and 300 cm ' as nujol mulls by
Fourier-transform techniques and between 300
and 4000 cm"' as KBr pell. ets with the PE 225. The
results of these latter measurements were sub-
stantially the same as those of Iqbal, Christoe,
and Dawson. '0

ture associated with molecular stretching and
bending modes at low frequencies and a broad
"metallic reflection" peak from direct electronic
transitions at higher frequencies. Because of the
wide bandwidth of the data, a Kramers-Kronig in-
tegral" should give detailed information about
line shapes and oscillator strengths in the molecu-
lar and electronic resonances. The following ex-
trapolation schemes were employed to roughly
simulate transitions above 23 000 cm '. R, was
continued smoothly- to the value R, = 0.28 at &,
= 27 000 cm ' and set equal to B,(&o,/(u)' for (u &e,.
R„was smoothly joined to a It, (&u,/~)' extrapolation
with R, = 0.04 and ~,= 25 000 cm '. These some-
what arbitrarily chosen extrapolations are expected
to influence the level of the resulting c,(to) and

&,(&o) data near the upper-frequency limits but not
the line-shapes. In the frequency interval 0&
& 300 cm ', R, and R( were continued at their 300-
cm ' values as appropriate for a semiconductor.

IV. ELECTRONIC ABSORPTION

Recently, Torrance, Scott, and Kaufman' have
proposed a universa, l explanation for the infrared
and optical properties and for the dc conductivity
of various TCNQ salts. It is based upon the obser-
vation of two absorption peaks polarized along the
chain direction in the complex TCNQ salts (i.e. ,
those with formally a fractional electron per TCNQ
ion) and in the conducting salts. Qn the other hand,
they apparently find only a single absorption peak
polarized along the chain axis in K-TCNQ. The'y

attribute the lower-energy peak to excitation of an
electron from a TCNQ ion to a neighboring neufr+I
TCNQ molecule and the highermnergy peak to ex-
citations to a neighboring already occupied TCNQ
ion. They describe the higher-energy peak as an
iriterband transition and the lower-energy peak as
an intraband transition (even though the complex
salts are not conducting). Since K-TCNQ is fully
charge transferred, '4 the lower-energy peak would
obviously not be seen. They conclude from the
optical data that the conducting salts have less than
integer charge transfer. X-ray'"" and neutron-
scattering'~ measurements show that TTF-TCNQ
has about 0.6 electron per TCNQ site. It has been
suggested from magnetic measurements" that
NMP- TCNQ has about 0.96 electron per TCNQ site.

This interpretation, however, depends on there
being only a single electronic absorption in K-
TCNQ, polarized along the chain axis in the fre-
quency region 4000-20000 cm '. We will show that
there is evidence that two such peaks are present.
In Fig. 2, there is a peak in o, (~) for El(b, c clear-
ly visible at 10000 cm '. For E((a there is a strong
transition at 7500 cm '. Khanna et al. ' made a
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FIG. 2. Real part of the conductivity 0&(u) of K-TCNQ
between 300 and 23 000 cm ~. Note the logarithmic
frequency since data are shown for two polarizations.
The solid line is a fit of 0&{~)for the electric field par-
allel to the chain axis by Aeo Lorentzian oscillators.
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vrith the follovring values and definitions:
= 1.50 is the high-frequency dielectric constant;

cm '.is the strength, no=10000 cm x the
center frequency, and I' = 6000 cm ' the width of a

least-squares fit to the reflectance for Ella using
a single Lorentzian dielectric function (as would
be appropriate for a single absorption):

(d
e(~) = ~„+

&d &- (0 —t(d/T

The parameters used vr ere &„=1.28, up = 10 100
cm-x (do= 7120 cm x, and 1/~ 2300 em-x The re-
flectance calculated from this dielectric function
is shown as the dashed line in Fig. 1. The calcu-
lated reflectance fails to reproduce the structure
on, the high-frequency side of the ref leetan. ce max-
imum, falling belovr the measurement near the
maximum crossing above at about 9000 em ', and
falling below it again between 11500 and 13000
cm '.

The situation is substantially improved if a tvro-
oscillator dielectric function is employed. This is
given by
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broad mode vrhieh is also present in the other po-
larization; up=10300 cm ' is the strength,
~,~= 7470 cm ' the center frequency, and I/r
= 1980 cm ' the vridth of a strong sharp peak mhich
is absent in the perpendicular direction. Using the
two-oscjllator dielectric function improves the re-
duced chi square of the fit by a factor of 3 (see solid
line on Fig. 1). The upper-frequency peak is prob-
ably a lovr-1ying excitation of the TCNQ, polarized
in the plane of the ion, vrhile the l.ovrer one is an
interband transition across the semiconducting
gap.

The real part Of the conductivity and dielectric
function calculated from Eq. (1) are shown as the
solid lines in Figs. 2 and 3. Figure 4 shovrs, in a
linear frequency plot, the measured conductivity
for El[a (the points) and the calculation (shown as
a solid line}. The eonductivities of the two indi-
vidual oscillators which are summed'to give the
total conductivity are shown as the dashed and dot-
dashed curves. If the strength of the dashed curve
is increased by about 6%, it will fit reasonably
vrell n.ear the peak, but mill. fall far baler the mea-
surement above 9000 em '.

While there is no a Priori reason to suppose that
a Lorentzian dielectric function describes the sin-
gle-particle excitations in K-TCNQ, such a dielec-
tric function. gives a good description, of other
quasi-one-dimensional systems, such as TTF-
TCNQ'' and the platinum chain salts (KCP).20 In
the case of K- TCNQ the band gap is probably large
compared to the bandvridths. If the bandwidths are
smal1. compared to the relaxation rates, then the
Lorentzian oscillator (which describes a two-level
system vrith lifetime effects broadening the transi-
tions) will be an appropriate dielectric function.

atria ill a I i s a s asl I
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FIG. 3. Real part of the dielectric function &&(~) of
K-TCNQ between 300 and 23 000 cm ~. Note the logarith-
mic frequency scale. Data are shown for two polariza-
tions. The solid line is a fit of ~~((d) for the electric field
parallel to the chain axis by tcoo Lorentzian oscillators.
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tor strength rises again due to the onset of other
intramolecular electronic excitations.

The principal point of Khanna et a/. ' was that the

gap in K- TCNQ indicated by optical and transport
measurements is larger than that infex red from
magnetic resonance measurements. Ne wish to
strongly reinforce that point here. The optical
gap, as determined above, -is 5(d,~=0.95 eV. The
temperature dependence of the dc conductivity in-
dicates an energy gap (twice the activation energy)
of approximately 0.7 8V. The relatively small dif-
ference between these two values may be due to
uncertainty in the definition of the optical gap
[thermally smeared onset of a, (&u) or peak in

I.orentzian fit]. Alternatively, the difference may
be genuine and be due to the minimum band gap
being indirect (i.e. , not a nk = 0 electronic transi-
tion). In any case, the single-particle energy gap
is much larger than the energy of the triplet exci-
ton lines as determined by Hibma and Komman-
deur' as 0.24 eV (2000 cm '). These authors view
the alkali-metal- TCNQ salts as simple semicon-
ductors with this activation energy being the semi-
conducting band gap. However, as seen in Fig. 3,
at this frequency (m/m~)N, ,f 0.004. Only 1% of
the interband oscillator strength has been used up

by this point. %'8 conclude that this activation en-
ergy is not associated with the semiconducting
(electronic) energy gap in K-TCNQ. The large
value of the energy gap implies that the electron-
electron Coulomb repulsive interaction t'J„f ls of
the order of 0.9 eV (U,i~-h&u, ~), larger than the
expected bandwidth. K-TCNQ, then, falls into the
intermediate-to- stx ong Coulomb coupling regime
in agreement with the conclusion of Khanna et al. '
The activation energy measured by magnetic reso-
nanc'8 techniques corresponds to spin wave or trip-
let excitons located within the single-particle gap. ,

These excitations should be magnetic dipole active
and would have transition probability weaker than
the electric dipole active interband transitions by
a factor of the fine stx'ucture constant squared
(e' =5 x 10 '). The exciton transitions may be
associated with the temperature-dependent struc-
ture seen by Iqbal, Christoe, and Dawson" in the
C =-N stretching region.

VI. ELECTRON-PHONON INTERACTION

An interesting feature of the data is the strength
and polarization of the conductivity peaks in the
molecular stretching region (1000-2000 cm ').
These modes are, in the molecule, polarized in
the molecular plane. In this salt, however, the
modes are largely po1.arized along the chain axis
which is nearly perpendicular to the molecular
planes. Furthermox e, these modes have an oscil-
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latox' strength %'hlch is Rt 18Rst Rn ox'der of magni-
tude larger than a molecular stretching mode os-
cillator strength. This effect has been noted by

, Anderson and Devlin' in studies of K- TCNQ and
has also been noted in charge-transfer salts of the
radical salt tetracyanoethelene (TCNE)." Similar,
but even larger effects have been observed in TEA-
(TCNQ), by Kaplunov, Panova, and Borodko" and

by Brau et a/. 2S In TEA-(TCNQ), the molecular
stretching modes are superimposed on a strong
electronic absorption while in K-TCNQ the molec-
ular Rnd electronic absorptions are rathex' neatly
separated in frequency. The conductivity in this
region is shown in more detail in Fig. 6. The con-
ductivity peaks for E[[a are seen to be both higher
and broader than for E[)b, c.

Recently Rice, Duke, and Lipari" and Rice'
have been studying the electron-intramolecular
coupling in TCNQ salts and have derived an ex-
pression for the conductivity which is vex'y similar
to the Lee» Rice~ and Anderson expx'esslon fox'

the conductivity of the (pinned) Frohlich mode in
one-dimensional conductors. If co &24, where 24
is the electronic energy gap (2b, - ~,~ here), and if
the phonon modes are well separated compared to
their widths, the conductivity calculated by Rice'
may be cast into the following Lorentzian form:

o, (&u) = Ite Q ', ,)+ (r,~(a&), (2)
ff 8

where o'„~ is the contx ibution to the conductivity of
excitRtlons Rcx'oss the gRp,

(4)

ls th8 effect1ve IIlass

FREQUENCY (em )

FIG. 6. Maingraph: Real part of the conductivityaf
K-TGNQ be@veen 1100 and 1700 cm ~ and betw'een 2000-
2300 cm-'. Data are shown for both polarizations. Upper
part: Real part of the conductivity of TTF-TCNQ be-
tween 2000 and 2300 cm ~. For the electric fieId paraOel
to the conductivity axis, the data are plotted as 0'&(u)-
500~ ~cm ~.
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V 2 & x/2
(5)

tan 'IX/(1 —X')"']
X(1 X')"2 (6)

The dimensionless electron-phonon coupling con-
stant is X =Z„X„. Within Rice's model the phonons
to which the electrons are coupled are the Ag to-
tally symmetric vibrational modes of the TCNQ
molecule. Normally, these modes are infrared
inactive and Raman active, but, due to their cou-
pling to the electron gas, they become infrared
active with polarization parallel to the direction
of electronic polar izability.

The plausibility of the model can be seen by a
simple physical argument. It is well known that
bond lengths in the TCNQ molecule change when
an electron is added to make the ion. These bond
length changes are symmetric and correspond to
static displacements in the normal coordinates of
the Ag modes. If the crystal is polarized by an in-
frared electric field of frequency &2&, the bond
length will be modulated at this frequency. There
will be peaks in the conductivity wherever the in-
frared frequency equals one of the mode frequen-
cies. If the electronic energy gap is such that

is the loaded frequency, &„ is the bare frequency,
I'„ is the width, and X„ is the dimensionless elec-
tron-phonon coupling constant of the nth phonon
mode. The index n runs over all of the symmetry-
allowed optically active phonon modes. Other pa-
rameters are N, the electron density (one per
TCNQ molecule); m„ the electron band mass;
V, the crystal potential, and

~ &2~ then the large amplitude of the phonon modes
at resonance tends to scatter the carriers and re-
duce the current. The affect is to reduce the con-
ductivity; the modes are seen as antiresonances.

The effective electron-phonon coupling constants
for the data in-Fig. 6 can be found from either Eq.
(4) for the effective mass or Eq. (5) for the shifted
frequency. We have chosen to work with the ef-
fective mass because we do not know V, the crystal
potential, or the frequencies of the A modes in the
TCNQ ion in the absence of electron-phonon cou-
pling. Results for K- TCNQ are shown in Table I.
The upper part is the data for E[(a, the lower for
E~~b, c. Column 1 gives the frequencies of the
modes. The next two columns give the frequency
and characterization of the stretching modes in
neutral TCNQ as determined by Takenaka" and
Girlando and Pecile." The shifts are seen to be
to lower frequencies in agreement with Eq. (5).
The next two columns give the mass M (in units of
103 electron masses) found from integrating the
absorption peak after subtracting out the back-
ground conductivity and making the following de-
finition

(7)

where N is taken as one (electron) per TCNQ
molecule. The limits of integration are from well
below the mode to well above it. The last column
gives the value for X„(for E~]a) calculated from Eq.
(4) using the observed phonon frequency and 2&
= a, = 7520 cm ' (0.9 eV). We find A.

"'=Q Xn = 0.10
where A.

"' is the total electron-optical phonon cou-

TABLE I. Parameters of K- TCNQ molecular modes.

Frequency
(cm ~)

Frequency in
TCNQ'
(cm-') Characterization

Mass
103M~

Electron-phonon
coupling constant

325
477

E [fs 715

822

1174

1320
1330

1571

2175

1365
1508

Ef[b, c

334
602
711

948

1207

1454

1602

2229

1405
1540

2228

Ring deformation
C(CN)& sissor
C-C stretch wing and

ring
C-C ring stretch,

C(CN)2 sissor
C-H bend, C = C ring

stretch

C = C wing stretch

C= C ring stretch
C-H bend

C == N stretch

C—H bend
C= C ring stretch

C =—N stretch

30
18
ll

7.6

2.6

12 2.0

3.2

1.3
50
18
14
3.4

-0.02
0.015
0.011

0.010

0.014

0.015

0.006

0.008
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pling constant. This value does not include the
contribution from modes below 300 cm '. There is
an Az mode at 224 cm ' in TCNQ' which, because

I/uP„, could have a sizeable contribution. There
could also be contributions from low-lying lattice
modes.

StrictIy speaking, this model should not apply to
the half-filled band case (such as K-TCNQ) be-
cause the phase (infrared active) and amplitude
(infrared inactive) collective modes become the
same (inactive) mode. This seems to be a general
feature of solving the Frohlich Hamiltonian within

a half-filled tight-binding model. '0 It is probably
a mathematical artifact and mould not occur within

any real band structure. Clearly, the effects de-
scribed above m.e seen in K-TCNQ.

Another interesting case is that of the highly
conducting salt TTF-TCNQ. At the top of Fig. 6

is shown the conductivity of TTF-TCNQ in the
C = N stretching region for both polarizations. "
The vertical scale is the same as in the main fig-
ure. For E()a there are two modes of nearly equal
strength; the lower-frequency one at 2190 cm ' is
the C =-N stretch, while the upper-frequency one at
2270 cm ' is the C Dstretc-h. The data for E([b is
superimposed on an, electronic background from
the energy gap so we have plotted o(&u) 500 fi '
cm '. The coupling of the electrons to this C —= N

stretching mode in TTF-TCNQ is very weak.
None of the other molecular stretching modes
were definitely visible in our data, as peaks.
Since the frequency is greater than the gap, how-

ever, the model predicts that these modes should

be visible as antiresonances or dips in o,(&u). As

has been pointed out previously, ""several dips
in o, (~) for TTF-TCNQ could be associated with

electron-optical phonon coupling effects. The
most obvious one extends from 1100 to 1800 cm ',
and'is actually two minima, at 1350 and 1450 cm '.
For &o &24, o,{e)can be found by substituting Eqs.
(4) and (5) into Eq. (3) and using

(8)

This function is now complex. The coupled-elec-
tron-phonon contribution to o, (&u) is negative. For
co-2~, the results of this model are strongly de-
pendent upon the numerical values of the gap.
Using 2& =1100as determined from infrared
studies, "one can estimate A.„=0.03 for &„=1350
cm ' and &„=0.04 for u„= 1450 cm

In the light of the results presented above and
those found in TEA-(TCNQ), it is clear that the
TCNQ salts form an excellent system for the study
of electron-phonon interactions in solids. The the-
ory can be compared with experimental results in,

three cases; a11 of the values for A.„are about the
same: A„-0.01-0.02. There does not seem to be
a big effect in the numbers obtained when the ma-
terial is conducting or when the electronic absorp-
tion overlaps with the phonon frequencies.

VII. SUMMARY AND CONCLUSIOXS

In this study we have measured the polarized re-
flectance of K- TCNQ and performed a Kramers-
Kronig analysis of the data. From these data we
make three main points.

{i) The electronic absorption for E()a (chain axis)
is a maximum at 7520 cm ' (0.9 eV) and has a
broad asymmetric wing on the high-frequency side.
From a fit to the conductivity we obtain values for
the single-particle gap {d,~= 0.9 eP, and electron.
relaxation time v'= 2.6 x 10 "s. To obtain a good
fit to the data we require two I.orentzian modes
and we conclude that there is some evidence for at
least two electronic absorptions in K-TCNQ for
frequencies between 6000 and 15000 cm '. If this
is the case, the entire interpretation of optical
properties of TCNQ salts made by Torrance,
Kaufman, and Scott' is not correct.

(ii) The oscillator strength for E[[a is very small
until the frequency becomes larger than 5000 cm '
(0.6 eV) where it rises very rapidly. At frequen-
cies corresponding to the activation. energy calcu-
lated from magnetic resonance measurements, '
2000 cm ~ (0.24 eV), only i%% of the interband os-
cillator strength is used up. This supports the
conclusion of Khanna et al. ' that this magnetic
excitation is a spin-wave mode located in the sin-
gle-particle gap.

(iii) The molecular stretching modes show ef-
fects of electron-optical phonon coupling. These
lead to a series of collective modes at frequencies
near the totally symmetric Ag phonon frequencies,
polarized along the chain axis. We have calculated
the electron-phonon coupling constants following
the discussion of Rice. ' The value for X"'-0.1.

Note added in Proof. It was pointed out to us by
Professor C. Pecile that the assignments of the
O'I'7-cm ' and 822-cm ' modes (Table I) may be
incorrect; see Ref. 29 for details. Since this
paper was submitted M. J. Rice, N. I,ipari, and
S. Str5ssler have constructed a theory appropriate
to the dimerized half-filled band case which allows
an unambiguous determination of the electron-
molecular vibration coupling constants. They find

,Xm= 0.3, somewhat larger than the esti-
mates in Table I.
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