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Interchain coupling and localized vibration modes in conjugated polymers of finite length
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Department of Physics, Shandong University, Jinan, Shandong 250100, China
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~Received 1 May 1997!

The effects of interchain coupling on vibration modes localized around a polaron in polyacetylene of finite
length are investigated. It is shown that the eight localized modes found in an isolated finite chain are
delocalized between chains due to the interchain coupling. New modes of lattice vibration emerge because of
the delocalization of the charged polaron. The well-known Goldstone zero-frequency mode becomes pinned by
the chain ends for sufficiently short chains. Our results can qualitatively account for the frequency shifts
observed recently in Raman scattering and infrared absorption spectra.@S0163-1829~97!04844-3#
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I. INTRODUCTION

Extensive studies of nonlinear electron-phonon coupl
systems in recent years have led to a good understandin
various excited states in quasi-one-dimensional conjug
polymers.1,2 Much of the electronic and optical properties
degenerate or nondegenerate conducting polymers are u
stood in terms of the low-lying excitations such as kink
polarons, and bipolarons.2–6 Most of the early theoretica
predictions are based on the one-dimensional model of
lated chains. The single-chain calculations yield good
proximation in many cases as spinless electrical conduc
ity, dimerization amplitude, and optical absorption. This
because the interchain hopping energy is generally one o
of magnitude smaller than that of the intrachain hopping7

There are, however, also cases in which qualitative dif
ences may result from the interchain coupling. For exam
the parallel ordering bonds on neighboring chains8 is pre-
ferred because of the change of the interchain elec
transfer,9 and the interchain coupling may provide the ne
essary binding for a stable bipolaron.10 On the other hand, it
is shown on the molecular crystal model11 that the interchain
coupling is too strong in polyacetylene for a polaron to
stable.12–14 A more careful numerical study of an extend
Su-Shrieffer-Heeger model15 then reveals that for both de
generate and nondegenerate conjugated polymers there
a discontinuous change in the degree of delocalization
critical value of the coupling strength.16 A polaron remains
stable as long as the interchain coupling is smaller than
critical valuet i

c .
Very recently, a two-chain system with one- and tw

bond random couplings was considered to study the e
tronic diffusion. It was found that a particular type of co
ducting band structure can explain the unusual trans
properties of highly conducting polymers.17 Furthermore, a
number of experiments on films of polyacetylene, polyp
role, polythiophene, and polyaniline have indicated that
terchain interactions and finite chain length have appa
effects on the electroluminescence and photoluminesce
efficiencies of conducting polymers in light-emittin
diodes.18–21
560163-1829/97/56~20!/13162~5!/$10.00
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In realistic samples of herringbone structure, atomic d
placements and energy levels resulting from adding an e
tron to a cluster oft-PA chains have been calculated for th
tight-binding model.22 The work was later extended to in
clude the coupling between chains of different lengths.23 It
was found that polarons stabilize only in long chains. If it
excited in a short chain, it will hop to a neighboring lon
chain provided that there exist interactions between
chains, even very weak ones. In the case of strong interc
coupling, the polaron delocalizes between chains. While
effect of interchain coupling on static polarons has been w
studied, effects on the lattice vibration around a polaron
main open to investigation.

Vibration modes around a polaron int-polyacetylene and
around a bipolaron in polythiophene have been obtained
finite chains.24,25 Localized surface modes near free ends
the chain are found in these calculations and the result
Ref. 25 appear to be consistent with resonant Raman sca
ing experiments. A recent study of electronic absorption a
vibration spectroscopy of doped polymers revealed that
the polaron that is generated by doping in most nondege
ate conjugated polymers instead of the bipolaron, as has b
generally believed.26 Charged solitons or polarons int-PA
are important self-localized excitations, depending up
whether the number of carbon atoms in the chain is odd
even. It is therefore interesting to calculate vibration mod
around a polaron int-PA to help interpret Raman and infra
red spectra.

We investigate in this paper effects of the interchain co
pling on the localized vibration modes in finite chains. W
consider two parallelt-PA chains with a charged polaro
stimulated in one of them. It is found that the polaron
delocalized by increasing the coupling strength and at
same time localized vibration modes can be identified. T
model Hamiltonian is given in Sec. II, where the scheme
a self-consistent calculation is also outlined. In Sec. III,
describe the results of our numerical computation and
cuss the effects of interchain interactions.

II. THEORY

For the isolatedj th chain, we assume the tight-bindin
SSH Hamiltonian
13 162 © 1997 The American Physical Society



n
nt

ai

l

o

in
on
u
s
l

n

lf

pin

ve

from
-
ra-
ce
-
-
s is

of
,

ing
ling

a-

iar
ot
par-
ed

d

not,

is

no
ed
to

ns

56 13 163INTERCHAIN COUPLING AND LOCALIZED VIBRATION . . .
H j52(
n,s

@ t02a~uj ,n112uj !#~cj ,n,s
† cj ,n11,s1cj ,n11,s

† cj ,n,s!

1 1
2 K(

n
~uj ,n112uj ,n!21 1

2 M(
n

uj ,n
2

1K8(
n

~uj ,n112uj ,n!, ~1!

where the notation is standard. The transverse vibratio
not considered here because we are focusing on the i
chain interactions. The last term in Eq.~1! is added to stabi-
lize the free ends of the finite chain ofN sites andK852
4a/p.23 The interchain interaction is represented by thep-
electron transfer integral perpendicular to the ch
direction,19

H52(
n,s

t'~n!~c1,n,s
† c2,n,s1c2,n,s

† c1,n,s!, ~2!

where t'(n)5t11(21)nt2 stands for the transfer integra
between sites labeled by the same indexn on two different
chains. There are four possible configurations for a pair
identical chains, as shown in Fig. 1. Whent250, the inter-
chain couplingt5t1 is a constant and the dimerization
each chain is not independent, resulting in the configurati
A1 andA2. The latter has lower energy according to calc
lations. Whent2Þ0, the coupling between the pair of site
labeled by odd or evenn is no longer the same. Numerica
calculation shows thatB1 has lower energy.

For a small deviation from the equilibrium configuratio
$uj ,n%, the vibration matrix is given by

Bi , j ,m,n5
2

pl
d i , j~dm,nd̄m,11dm,n21d̄m,N1dm21,nd̄m,1

1dm,nd̄m,N!12~21!m1n( 8
m,n

cmn
im cmn

jn

em2en
, ~3a!

cmn
im 5Zi ,m,m~Zi ,m21,nd̄m,12Zi ,m11,nd̄m,N!

1Zi ,m,n~Zi ,m21,md̄m,12Zi ,m11,md̄m,N!. ~3b!

The p-electron eigenvaluesem and eigenstatesZi ,n,m along
with the static lattice configuration are determined se
consistently by the eigenequation

FIG. 1. Possible configurations for a pair of interacting chai
(A) t250 and (B) t2Þ0.
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2 d̄n,1@11~21!n21~f i ,n1f i ,n21!#Zi ,n21,m

2 d̄n,N@11~21!n~f i ,n111f i ,n!#Zi ,n11,m

2 d̄ i , j@ t11~21!nt2#Zj ,n,m5emZi ,n,m , ~4!

and the static equilibrium condition

f i ,n111f i ,n5~21!nplS ( 8
m

Zi ,n11,mZi ,n,m2
2

p D , ~5!

where we have introduced the order parameterf in5aun /t0
and electron-phonon coupling constantl52a2/pKt0 , both
of which are dimensionless. We have also definedd̄m,n51
2dm,n with the Kronecker deltadm,n . The prime indicates
summing over occupied electron states only and the s
index is neglected. The subscriptsi , j label the chain and
m,n label the site on each chain which has a total ofN ~CH!
groups.

The calculation procedure is as follows. We first sol
Eqs. ~4! and ~5! numerically for a given value oft. The
iteration begins with a stimulated lattice configurationf in in
each chain. The eigenvalues and eigenstates obtained
Eq. ~4! are substituted in~5! to find a more stable configu
ration. The calculation is repeated with this new configu
tion. The criterion for self-consistency is that the differen
between values off i ,n111f i ,n from two successive itera
tions is less than 1025. The resulting equilibrium configura
tion together with the electron eigenvalues and eigenstate
then substituted in Eq.~3a!. All vibration modes can be
found by diagonalizing the matrixBi , j ,m,n and we only pick
the localized ones for further investigation.

To study the effects of free ends, we consider chains
various lengths from 8 up to 120~CH! groups. In this paper
the numerical work is carried out fort-PA with l50.24. All
energies are measured in units oft0 , and frequencies in units
of (2/pl)1/2v0 , wherev05(4K/M )1/2 is the bare phonon
frequency. We consider three cases with different coupl
strengths between the two chains, that is, the weak coup
t',0.05, intermediate coupling 0.05,t',0.1 and strong
coupling t'.0.1.

III. RESULTS AND DISCUSSION

For a singlet-PA chain of infinite or finite length with
periodic boundary conditions, we find eight localized vibr
tion modes around an electron~or a hole! charged polaron.
Figure 2 shows their vibration configurations. Two pecul
modesg7 and g8 known as staggered modes which do n
exist in the continuous model appear here. They are ap
ently resulting from the discrete nature of the chain assum
in our calculation.g1 , g4 , g6 , g8 are odd-parity modes an
hence are infrared active, whileg2 , g3 , g5 , and g7 , are
even-parity modes and Raman active. A mode that has
to our knowledge, been reported thus far isg28 which is only
weakly localized. It has the same parity asg2 and its vibra-
tion structure including the frequency and configuration
also quite close tog2 .

For short chains, the periodic boundary condition is
longer suitable. The free-end boundary condition introduc
in Ref. 25 for the treatment of finite chains is now applied

,
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13 164 56XIE, WEI, LIU, MEI, AND LIN
study the effects of chain ends on the vibration modes. I
found that the frequency of all modes depends on the ch
length as is illustrated in Fig. 3. For nonstaggered modes
frequency increases slowly with the decreasing chain len
to N;40. When the length decreases further, the freque
increases at a much faster rate. Of particular interest are
frequencies of modesg7 andg8 , which are relatively insen-
sitive to the length change and vary little with the decreas
length. Moreover, we also find the enhancement of local
tion of vibration modes as the chain shortens except forg7
andg8 for which the localization is again insensitive to th
variation of chain lengths.

To study effects of the interchain coupling, let us consid
a negatively charged polaron initially stimulated in o
chain. When the interchain interaction is turned on, the e
tric charge of the polaron begins to share between the
coupled chains. The amplitude of the original polaron d
creases gradually and a secondary ‘‘polaron’’ with small a
plitudes appears in the second chain. The process of ch
transfer keeps going steadily with the increasing coupl

FIG. 2. Localized modes of lattice vibration in an isolated cha

FIG. 3. Frequencies of localized vibration modes vs the ch
lengthN.
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strength up to a critical valuet'5t'
c . Then the system

reaches a stable state in which the two ‘‘polarons’’ oscilla
with the same amplitude and share equal charge. Fur
increase of the coupling then does not change the modes
more.

Because of the delocalization of a polaron betwe
chains, the vibrational structure may change greatly. We
consider the interaction of various strengths between an
tiparallel ordered (t250) pair of identical chains withN
5120. For cases of weak interchain coupling witht'
50.025t0 and 0.05t0 , the polaron can maintain its integrit
in the first chain with only a small fraction of charge tran
ferred to the second. All eight modes around the polaron
the first chain still maintain their structures. Our calculati
indicates, however, that localized vibration modes emerg
the second chain with a small amplitude for all nonstagge
modes. They result from the secondary charged ‘‘polaro
excited very weakly in this chain. On the other hand, t
amplitudes and configurations of theg7 and g8 modes re-
main completely unchanged. Therefore, the interchain c
pling has little influence on the staggered modes.

Vibration frequencies of all localized modes are found
decrease with increasing interchain coupling strength acc
ing to our calculation. Numerical results are shown in Ta
I. This is not difficult to understand because the interch
coupling delocalizes the polaron. It is also seen from
table that the higher the vibration frequency the smaller
resulting frequency shift is under the same coupling stren

These results are consistent with recent observations27,28

Frequency shifts in Raman spectra have been reported
cently. From the observed Raman bands of aPA film heavily
doped with SO3 it is found thatp-type ~n-type! doping re-
sults in upshift~downshift! of phonon frequencies.27 This
may be understood as follows. Thep-type doping supplies a
hole in the chain, and the negatively charged acceptor
tween chains works against the possible electron excha
and hence tends to weaken the interchain coupling. Co
quently, phonon frequencies upshift uponp doping, as we
have seen from Table I. On the other hand, then-type doping
supplies an electron to the chain and the positive donor in
delocalized polaron between chains enhances electron
change. Thus,n-type doping tends to strengthen the inte
chain coupling and downshifts phonon frequencies.

n

TABLE I. Vibration frequency change due to the intercha
interaction.

Localized mode t150 t150.025t0 t150.050t0

g1 0 0 0
g2 0.799 0.723 0.324
g3 1.278 1.269 1.166
g4 1.504 1.501 1.474
g5 1.716 1.710 1.574
g6 1.799 1.736 1.589
g7 1.592 1.588 1.550
g8 1.897 1.795 1.702
g8 1.796 1.739
g9 1.900 1.777
g- 1.792
g99 1.917
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56 13 165INTERCHAIN COUPLING AND LOCALIZED VIBRATION . . .
We believe that the interchain coupling is responsible
frequency upshifts observed in recent infrared absorp
measurements of Durham-polyacetylene after long-time
posure in air. The observed upshifts of photoinduced infra
absorption peaks are attributed to~1! a charge transfer to
oxygen absorbed and~2! chemical reaction of oxygen with
the chain.28 In our opinion, the oxygen atom absorbed wor
as ap-type doping which leads naturally to upshifts of ph
non frequencies.

As illustrated in Figs. 4 and 5, the weak oscillations of t
localized modes in the second chain are present but

FIG. 4. Localized vibration modes in a pair of coupled cha
with t150.025t0 and t250.

FIG. 5. Same as Fig. 4 exceptt150.05t0 and t250.
r
n
x-
d

ot

clearly seen in Fig. 4 because of the small interchain c
pling, but they become observable in Fig. 5. It is also fou
from these figures that extra modes of localized vibration
created due to the coupling. Fort'50.025t0 , we find an
even-parity modeg8 at a frequencyv851.796 and an odd-
parity modeg9 at v951.900, while four extra modes ar
excited for t'50.05t0 , two even modes atv851.739 and
v-51.792, and two odd modes atv951.777 andv99
51.917. It is interesting to note that these extra modes
show larger amplitudes around the secondary polaron in
second chain than in the first chain.

For strong interchain coupling such ast'>0.075, the vi-
bration frequency may change so much that modes
hardly be traced as more new modes are created. The re
obtained fort'50.075t0 are shown in Fig. 6. The deloca
ization of polarons becomes apparent. The ‘‘polaron’’ in t
first chain has a little more charge than that in the sec
according to the numerical results but cannot be easily s
in the figure. It is clear, however, that the staggered mo
are still least affected by the interchain coupling.

When the coupling strength increases further, each ch
has a polaron of the same charge of one half electron w
equal amplitudes. The two chains become equivalent i
spective of the initial condition. Figure 7 shows the resulti
13 localized modes fort'50.10t0 . The maximum ampli-
tudes of each mode in both chains are equal. The local
configurations in two identical chains for each mode have
same parity, a property that does not depend on the stre
of coupling. It is difficult to trace these modes back to th
initial states in an isolated chain. Hence they are no lon
labeled. On the other hand, there are still only two stagge
modes that can easily be distinguished from others.

We now turn our attention to a pair of parallel orderin

FIG. 6. Same as Fig. 4 exceptt150.075t0 and t250.
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13 166 56XIE, WEI, LIU, MEI, AND LIN
chains with a charge polaron stimulated in one of the
When t2;0, the results are found to be similar to what
discussed above. Whent2Þ0, we find more staggered mode
emerging in the case of strong coupling. For example, lo
ized mode fort251.5t1 , and t1>0.075t0 are presented in

FIG. 7. Same as Fig. 4 exceptt150.10t0 and t250.
on
ta

ev
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Fig. 8 in which four staggered modes are clearly identifi
namely, two even-parity modesg7 and g78 and two odd-
parity modesg8 andg88 . Thus, the configuration ordering o
the two interacting chains determines the number and
quencies of the staggered modes.

FIG. 8. Same as Fig. 4 exceptt150.075t0 and t251.50t1 .
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