VoLUME 39, NUMBER 21

PHYSICAL REVIEW LETTERS

21 NOVEMBER 1977

’G. A. Thomas, A. Frova, J. C. Hensel, R. E, Miller,
and P. A. Lee, Phys. Rev. B 13, 1692 (1976).

3W. Miniscalco, Ph.D. thesis, University of Illinois,
Urbana, 1977 (unpublished).

4C.-C. Huang, to be published.

SM. Altarelli and N, O. Lipari, Phys. Rev. Lett. 36,
619 (1976), and private communication.

8Y. Pokrovskii, Phys. Status Solidi (a) 11, 385 (1972).

'R. W. Martin, Solid State Commun. 19, 373 (1976).

8M. Lax and J. J. Hopfield, Phys. Rev. 124, 115

(1961).

9C. Benoit & la Guillaume, M. Voos, and F. Salvan,
Phys. Rev. B 5, 3079 (1972).

VR, W, Martin, Phys. Status Solidi (b) 61, 223 (1974).

M. Droz and M. Combescot, Phys. Lett. 51A, 473
(1975).

121,, M. Sander and D. K. Fairobent, Solid State Com-
mun. 20, 631 (1976).

Bw. D. Kraeft, K. Kilimann, and D. Kremp, Phys.
Status Solidi (b) 72, 461 (1975).

Dimerized Organic Linear-Chain Conductors and the Unambiguous Experimental
Determination of Electron—Molecular-Vibration Coupling Constants

M. J. Rice and N. O. Lipari®
Xerox Webster Research Centev, Webster, New York 14580

and

S. Strassler
Bvown Bovevi Reseavch Centev, 5401 Baden, Switzevland
(Received 25 July 1977)

We demonstrate that dimerized organic linear-chain conductors afford an unambiguous
experimental determination of symmetry-allowed electron—molecular-vibration coupling

constant.

The relevance of organic linear-chain conduc-
tors to the study of electron-molecular-vibration
(E-MV) interactions in the organic solid state
has been stressed by a number of authors,'* The
purpose of this Letter is to demonstrate that po-
larized-infrared (IR) reflectance measurements
on the subclass of organic linear-chain conduc-
tors which exhibit dimerization afford, for the
first time in the organic solid state, an urnambig-
uous experimental determination of symmetry-
allowed E-MV coupling constants. The physical
mechanism involved is different from the charge-
density-wave phase-oscillation effect previously
considered®* and, unlike the latter mechanism,
enables the E-MV coupling constants to be experi-
mentally determined independently of the details
of the actual natuve of the electvonic states in the
crystal. Moreover, we believe that the accuracy
with which the E-MV coupling constants can be
determined will be limited only by the accuracy
of the experimental reflectance data. These con-
siderations are explicitly verified for the dimer-
ized anion radical salt potassium-tetracyanoquin-
odimethane® (K-TCNQ) for which the required po-
larized-IR reflectance data has been recently ob-
tained by Tanner et al.®

The physical effect we consider is reminiscent
of the Ferguson-Matson “charge-oscillation” ef-

fect” known for molecular charge-transfer (C-T)
complexes. Inthe present case the mixing of the
unpaired electrons of pairs of molecular ion radi-
cals plays the role of a potential C-T complex.
Consequently, the molecular vibrations which
couple to the unpaired electrons drive long-wave-
length plasmalike electvon oscillations in the
range of molecular frequencies, polarized in the
direction of the linear chains. That an effect of
this kind would be necessary to account for break-
down of vibrational selection rules in ion-radical
salts has been stressed by Anderson and Devlin.?

We consider a molecular crystal whose salient
structure is that of a system of parallel linear
stacks of planar ion-radical dimers and whose
electronic and vibrational excitations are de-
scribed by the Hamiltonian (7=1)

H=21 Eqn;y+V+ 25 wolb ofb, s ot 3)

FN iAo

+ 2138 (1)
F2 W

The subscript j denotes the crystallographic posi-
tion, ﬁj, of the jth dimer and A =1, 2 the subposi-
tions of the two member molecular ions compris-
ing the jth dimer. In the absence of vibronic
coupling the exact crystalline electronic states
of the unpaired electrons originating from the
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molecular ions are described by the first two
terms, H, of H, inthe representation of the un-
paired-electron molecular-orbital (MO) states of
the isolated ions. The latter are assumed nonde-
generate. n;, denotes the occupation operator
for the MO state of energy E, at the (j, ») ion
site. The exact interaction operator V, peculiar
to the crystalline state, is arbitrary: Among
other things, it will lead to states describing in-
tradimer and interdimer C-T excitations in the
chain direction z. The complex frequency-depen-
dent conductivity associated with such excitations
will be given by o, (w) = (w/9)(N,e2a®/4)x(w) where,
from (zero-temperature) linear response theory,

x(w)= 225K B1o7|0) [P2wge/[ wge? = (w+i0)2]  (2)

is the reduced C-T electronic polarizability in
which dn=N""2(n;, = n;,), wg=Eg—E,, and Ig)
and Eg are the exact eigenstates and eigenvalues
of H,. =0 labels the ground state. N denotes
the total number of dimers and N, the number of
dimers per unit volume. In view of the Coulomb
repulsion which the unpaired electrons will be
obliged to overcome, the characteristic C-T ex-
citation frequencies wg, may be anticipated to be
of the order of an electron volt.°

The third and fourth terms of H describe, re-
spectively, the symmetric (a g) internal vibra-
tions of the molecular ions and their linear, sym-
metry-allowed,'°*! coupling to the unpaired MO
states. @;, o=0;x «*0j, ol denotes the dimen-
sionless normal-mode displacement operator of
the symmetric vibrational mode o (=1, 2,..., G)
of the (j, ) ion, where b;, .t is the usual vibra-
tional creation operator. The quantities g, de-
note the G symmetry-allowed E-MV coupling con-
stants. The vibrational frequencies are denoted
by w,. It will be convenient to introduce the nor-
mal-mode operators for the jth dimer: (g, 5 o)
=27Y%(Q,1,a F Q;2,0). According to (1) their equa-
tions of motion are

q.j,a+ waij.dz - \/Eg(xwocanp (3)
§; +w0(231',0(: _ﬁgawaNji (4)

5a

where on,;=n;, —n;, and N;=n;,+n,,.

Equation (3) shows that a nonvanishing value of
the antisymmetric mode g, , induces an electron-
ic C-T polarization in the z direction at the jth
dimer site. Long-wavelength (K-0) oscillations
;0= qo(w) exp(iK- R, + iwt) will therefore drive
plasmalike bulk electron oscillations in the range
of molecular frequencies, polarized in the z di-
rection. On the other hand, the mean dimer elec-
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FIG. 1. Fit of Eq. (5) (-) to the experimental data
(A) of Tanner et al. The primary electronic C-T band,
accurately described by the sum of two Lorentzian line
shapes, determines the reduced C-T polarizability
X (w).

tron occupation v=N"'2J /N, is invariant with re-
spect to long-wavelength oscillations in the sym-
metric mode s; , and, consequently, the only ef-
fect of the vibronic coupling in (4) is, at long
wavelengths, to lead to the usual polaron shift in
the MO energy E,. The k=0 oscillations in S
which will be Raman active, occur at the unshift-
ed molecular frequencies w,.

If we treat the perturbation of the electronic
C-T polarization by'the antisymmetric modes
within the framework of linear response theory,
0,.(w) in the presence of vibronic coupling may
be calculated in a straightforward fashion.!? The
result is

0,(w) = (w/i)(N,e2a?/4)x (w)/[1 = X (w) D(w)], (5)
where ¥(w) = x(w)/x(0) and
D(w) =27 qw 2/ (Wl = w? =iy ) (6)

in which the dimensionless constants A = (g,%/
wy)x(0) characterize the strengths of the individu-
al vibronic couplings, and y, denote the natural
widths of the originally uncoupled vibrational
modes. That the ) , may be expected to be small
(A4~10"2 eV/1 eV) justifies the use of linear re-
sponse at molecular frequencies. Equation (5)
shows that the reduced C-T polarizability is re-
normalized to

Xy )

x(@)X(w)D(w) |
1-3(w)D(w) X'¢

1-x(w)D(w)’

the latter term describes the additional presence
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FIG. 2. Fit of Eq. (5) (=) to the experimental data
(&) of Tanner et al.: the region of molecular frequen-
cies.

of a series of G sharp absorption bands in the re-
gion of molecular frequencies. These will be
well separated from the primary electronic tran-
sitions wg, described by the former term, and to
a good approximation their frequencies will be
given by the G solutions of ReD(w)=1. The merit
of Eq. (5) is that is expresses the apparent IR
activity of the molecular a g modes generally in
terms of the polarizability y(w) of the vibronical-
ly uncoupled electron system, a quantity which
may be experimentally determined in the range
of the primary C-T frequencies wy,.

The data of Tanner et al.® for Reo,,(w) for
K-TCNQ are shown in Figs. 1 and 2. Eight nar-
row absorption bands appear in the range of the
molecular vibrations of the TCNQ anion. The
full curves are a fit of Eq. (5) to these data. With
the known values® N;=1,8x10%! cm ™% and a=3.4
A, and the value x(0)=2.53 eV ! obtained from
fitting the primary electronic C-T band (Fig. 1),
the fit in the region of molecular frequencies
(Fig. 2) determines unique values for the sets of
parameters (w,, £, ¥o) for eight of the ten possi-
ble' a, molecular modes of the TCNQ anion. The
uniqueness of these values are determined solely
by the quality of the experimental data. The ab-
sence of a vibrational band in the region of the
TCNQ~ a, C-H stretch mode (=3050 em ™) indi-
cates negligible coupling of this mode to the bzg(ﬂ)
MO, in accordance with previous conclusions.*!3
The incompleteness of the data below 200 cm™*
precludes the expected observation of a vibration-
al band in the region of the lowest-frequency

TABLE I. TCNQ" electron—molecular-vibration
coupling parameters.

Wy TCNQ? a La g (calculated)
(cm™!) modes? (cm 1) Ay  (meV) (meV)
2225 2229 0.049 73 52
1632 1602 0.086 83 131
1395 1454 0.073 71 49
1206 1207 0.028 41 28
848 948 0.043 42 29
723 711 0.012 21 33
485 602 0,022 23 2
333 334 0.031 22 24
2Ref, 14.
bRef, 13.

TCNQ™ a, mode (=~ 140 cm™!), We have verified
that allowance in Eq. (5) for a range of theoreti-
cally assumed couplings to this mode leads to in-
significant changes in the values deduced for the
eight sets of parameters (w,, £, vo). The eight
values determined for w,and g, are listed in
Table I, in which the values of g, are also com-
pared with the recent MO and valence-force-field
calculations of Lipari ef al.'® The natural widths
were found to be y,=30+5 cm™ for all a. Also
displayed in Table I are the deduced coupling
strengths X , and the known'* a, frequencies of the
neutral TCNQ molecule. Further discussion of
these results will appear in a full account of the
work of this Letter.

Since dimerized organic linear-chain compounds
exist for a variety of ion-radical species, the ef-
fect and method outlined here suggest the possi-
bility of a comprehensive program of experimen-
tal and theoretical study.

We are particularly grateful to the authors of
Ref. 6 for the communication of their experimen-
tal data in advance of publication.

(dpresent address: IBM Thomas J. Watson Research
Center, Yorktown Heights, N. Y. 10598.
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By a careful analysis of the pyroelectric effect in LiTaO;3 between 10 and 200°K, we
have demonstrated for the first time the dominance of the lowest-order (polar-mode)
contributions to the primary pyroelectric effect over a wide temperature range in a
strongly pyroelectric material. In doing so we confirm, as an excellent approximation
for the effect, a simple analytic form the theoretical origins of which go back to a paper

by Boguslawski in 1914.

The first calculation of the pyroelectric effect
based on nonclassical physics was presented by
Boguslawski! more than sixty years ago using an
Einstein-oscillator formalism. The theory pre-
dicted an expression for the temperature depen-
dence of the pyroelectric coefficient Il = |dP/dT|
(where P, is the spontaneous polarization) pro-
portional to the Einstein specific-heat function.
Since the lowest-order contributions to the pyro-
electric coefficient for a crystal at constant
strain (the so-called primary pyroelectric coeffi-
cient Hprim) are now recognized as coming from
the polar optic lattice-vibrational modes, for
which an Einstein approximation per mode is
presumably quite realistic, Boguslawski’s find-
ing remains essentially valid in the slightly em-
bellished form,

O n=2;CE(hQ;/2kT), (1)

in which C; are coefficients describing the rela-
tive amplitudes of the contributions from each
pertinent Einstein mode ¢ (of frequency ),
superscript (1) denotes the lowest-order contri-
bution, and the Einstein function is given by

E(x) =x?/sinh%* , (2)

In spite of the striking simplicity of this find-
ing, no convincing experimental verification that
Einstein terms of the form (1) do indeed dominate
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the primary pyroelectric coefficient Il ,;, for
any pyroelectric has ever been forthcoming. In-
deed, controversy continues concerning the pos-
sibility that higher-order terms may dominate
the primary coefficient in real pyroelectrics®™®
and even as to what form these higher-order
terms should take.*”® This Letter provides a
verification of Eq, (1) over a wide temperature
range for LiTaO,, Lithium tantalate is actually
a high-temperature ferroelectric with Curie
temperature T ~890°K, However, below room
temperature it is a conventional pyroelectric
(i.e., with essentially temperature-independent
phonon modes) and with a moderately strong
pyroelectric coefficient at 300°K of 0,018 + 0,001
uC em™2 K™%,

In general, a convincing experimental verifica-
tion of the form (1) is difficult for two reasons,
Firstly, conventional measurements of II are
performed either statically or at frequencies
well below the fundamental crystal resonances,
They therefore measure the pyroelectric re-
sponse II=1I ;1 + 1. at constant s¢ress which
includes, in addition to the constant-strain term
M,im, a secondary contribution

Mec=d;;C 104, (3)

where 7, j, and & label coordinate directions
(with direction ¢ parallel to the spontaneous po-



