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Recent experimental results on light scattering and
absorption in polyacetylene are reviewed, and inter-
preted in terms of the soliton model. The data indic-
ate that injection of an electron-electron (hole-hole)
pair by chemical doping or photoinjection of an elec-
tron-hole pair invariably distort the lattice leading

to formation of a soliton-antisoliton pair. It is con-
cluded that unlike traditional semiconductors, the poly-
acetylene lattice is inherently unstable in the presence
of electron and/or hole excitations.

INTRODUCTION

The emergence of polymeric semiconductors as a new class of
electronic materials has attracted considerable attention.
The study of these systems has generated entirely new scien-
tific concepts as well as potential for new technology. As
polymers, these materials have a highly anisotropic quasi-
one-dimensional electronic structure. This one-dimensional-
ity makes such systems fundamentally different from conven-
tional inorganic semiconductors. First, the enhanced phase
space for the interaction of electrons and the lattice leads
to a spontaneous symmetry breaking; i.e., the well known
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Peierls instability. Second, theoretical analysis has shown
that the electronic excitations invariably involve lattice
distortions leading to formation of polaron and/or soliton
excitations. Whereas polarons have analogues in 3-d semicon-
ductors, solitons are nonlinear excitations peculiar to 1l-d
systems. As summerized in this review, the unusual features
of such nonlinear excitations in polyacetylene, the prototype
of these polymeric semiconductors,dramatically affect the
physical properties of this material. 1

Polyacetylene is the simplest conjugated polymer . It
consists of weakly coupled chains of CH units forming a
pseudo-one-dimensional 1att§ce. Three of the four carbon
valence electrons are in sp“ hybridized orbitals; two of the
o-type bonds construct the l-d lattice while the third forms
a bond with the hydrogen side group. The 120° bond angle
between these three electrons can be satisfied by two poss-
ible arrangements of the carbons; trans-(CH)_ and cis-(CH)
with two and four CH monomer per unit cell rgspectively (sée
Fig. 1).

In either isomer the remaining valence electron has the
symmetry of a Zgzorbital with its charge density lobes per-
pendicular to the plane defined by the other three. In terms
of an energy-band description, the o-bonds form low-lying
completely filled bands, while the m-bond corresponds to a
half-filled conduction band provided all the bond lengths are
equivalent. As a result of Peierls instability of the 1-d
metalz, the bondlengths are not equivalent and alternate in
size resulting in opening of an associated Peierls gap at the
Fermi level.

o 5 66 6B B B
VvyvVVVVR
VA VA Va Va Ve Va Va

o ® ® ® ® ® ® ®
- - - - - - - -

© © ¢le o @ o
TRANS - (CH),

Olz‘ O’:‘l) 0’ =\I) O’=\0

/N /N /N /TN

LS Y Y ]
CIS-(CH)y

FIGURE 1 The possible arrangements of stable distortion
patterns in (CH)x.
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Simple estimates lead to a picture of polyacetylene as
a broad band pseudo-one-dimensional semiconductor. In order
to describe the Peierls distorted state we consider, as an
initial approximation, a model in which the T-electrons of
trans—(CH) are treated in a tight binding approximation and
the o-electrons are assumed to move adiabatically with the
nuclei. Let u, be a configuration coordinate for displace-
ment of the nth CH group along the molecular symmetry axis
(x), where u = 0 for the undimerized chain. The Hamiltonian
is

+

i =7§Jto - B(un+1 - un)](Cn+1,s cn,s'+ h.c.)
K 2 M .2
HE ST R A i (1)

M is the mass of the CH unit, K is the spring constant for
the o-energy when expanded to, K second order about the equil-
ibrium undimerized systems, c (c_ ) creates (annihilates)
a T-electron of spin s on the™ith "°cH group, and B is the
electron-phonon coupling constant. The zero temperature
ground state of (1) correspond to a uniform dimerized state;
i.e.

u = i(—l)nuO (2)

The transfer integral then reduces to t =t = A-which
alternates between double and single bohds’and rgsul%s in an
associated Peierls gap of 2A = SBuO. The (*) in eq. (2) corr-
esponds to the two possible degenerate structures; double
bonds pointing "left" or "right" (see Fig. l1). The electron-
ic structure of the uniformly distorted system is fully char-
acterized by the two quantities, A and t, -

The overall bandwidth of the electronic states described
by eq. (1) is 4t = 10-12 eV; whereas the energy gap 2A dep-
ends on the magngtude of the distortion. The recent analysis
of X-ray scattering data from trans-(CH)_ has shown a sub-
stantial distortion of magnitude u_ = 0.5380 .3 The fact that
this distortion can account for the observed energy gap of
2A = 1.5 eV using a value for B in the accepted range (see
section III) indicates that the Coulomb interactions do not
play a dominant role. The basic validity of eq. (l) in def-
ining the electronic structure of (CH)_ is, therefore, just-
ified. Within the context of eq.(l), Zolitons in trans—(CH)
are the natural nonlinear excitations of the system, X
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In this paper we review the results of recent light
scattering and absorption experiments in cis- and trans-(CH)_.
We show that the strong coupling of these nonlinear excit-~
ations to the electronic structure of the polymer leads dir-
ectly to a number of unusual results which are fully compat-
ible with the soliton model. The organization of this paper
is as follows. In section II we review the relevant theor-
etical background, and the specific experimental evidence for
presence of solitons in trans-(CH)_. 1In section III we re-
view the results of optical absorp%ion experiments which
show that injection of an electron-electron (hole-hole) pair
by chemical doping distorts the lattice leading to formation
of a soliton-antisoliton pair. In section IV we study the
photoexcitations in (CH)_using the recent photo-luminescence
and photoconductivity reSults. It is shown that the exist-
ance of a broken symmetry degenerate ground state in trans-
but not in cis-(CH)_ has made a fundamental difference in
their photoexcitations. In trans-(CH)_ the photogenerated
carriersare free soliton excitations, whereas in cis—-(CH)
they are confined bipolarons. In section V it is concluded
that unlike traditional semiconductors, the polyacetylene
lattice is inherently unstable in the presence of electron
and/or hole excitations.

IT1 SOLITONS IN POLYACETYLENE

There has been growing interest in the study of the physical
properties of (CH) due to the fact that the structure of
trans-(CH) exhibi%s a broken symmetry and has a two-fold
degenerate” ground state. (see Fig. 1) As a result, one
expects soliton-like excitations, in the form of bond alter-
nation domain walls, connecting the two degenerate phases.
The properties of solitonqhkr (CH)x have been explored
theoretically in several papers, which show that the coupling
of these conformational excitations to the T-electrons leads
to unusual electrical and magnetic properties. The possibil-
ity of experimental studies of such solitons in polyacetylene,
therefore, represents a unique opportunity to explore non-
linear phenomena in condensed matter physics.

In an effort to characterize the soliton of polyacety-
lene, Su, Scheiffer, and Heeger (SSH) considered the two
domains with "L" domain to the left and "R" domain to the
right of a domain wall or soliton as shown in Fig. (7.

They determined the properties of the soliton (creation energy,
width, mass, spin, etc.) in terms of the microscopic para-
meters of equation (1) by minimizing the ground-state energy



Downloaded by [Tomsk State University of Control Systems and Radio] at 02:48 23 February 2013

ELECTRONIC EXCITATIONS IN POLYACETYLENE 47

of the system for a displacement pattern which reduces to the
"L" and "R" phases as one moves to the far left or right.
Using a staggered order parameter trial function wn’

v, = (—1)“uotanh(na/g) (3)

they find that due to the competition between the elastic
term (increases with a decrease in £) and the condensation
energy (increases with an increase in £) the soliton in trans-
(CH)_  is spread over approximately, 15 lattice sites. The
analytic expression for § is 2§ = 4o . 15; i,e. the soliton
excitation is also characterized by A and t 3,8

Associated with the soliton is a localized electronic
state situated at mid-gap; 1.e. half-way between the bonding
valence band and the antibonding conduction band. SSH have
pointed out that the solitons in trans-(CH)_ are not the
phase solitons which correspond to a 180° pﬁase shift of the
electronic charge-density wave, rather they are amplitude
solitons with reversed charge-spin relations. As a result,
if the localized state contains one electron the soliton is
neutral, with spin %, and therefore is paramagnetic. On the
other hand, if the localized state is empty (doubly occupied)
the soliton is positively (negatively) charged, with spin O,
and non-magnetic. The soliton creation energy in trans-(CH)_;
i.e., energy to generate a mid-gap state, is estimated by SS
to be E_~ .43 eV which is less than half the gap, A ~ .7 eV.
The anaiytical expression for ES has been found to be

_4
2E_ = A < 2A (4)

using the continuum limit approximation to the SSH mode15’8.
This result is of fundamental importance to the nature of the
photoexcitations and the process of chemical doping in trans-
(CH)x' Equation (4) clearly states that (within the model
described by equation 1) from energetic considerations trans-—
(CH) _is unstable to the presence of an electron-hole (e-h)
pair, or an e-e (h-h) pair in or near the conduction (valence)
band, and distorts to form two mid-gap states of appropriate
charge.

Specific evidence for the presence of neutral solitons
in trans-(CH)_ has emerged from studies of the spin dynamic
by ESR Linewidth studies,9 by the observation of an Over-
hauser effect O, and through measurements of the frequency 0.11
dependence of the nuclear spin-lattice relaxation rate, l/% 2
The experimental results indicate the presence of highly
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mobile spins, diffusing rapidly in one dimension. In a rec-
enflstudy of long time dynamics of this mobile spin Clark et
al™" have shown that the l-d diffusion persists uninterrupt-
edly for at least as long as 10°° second.; i.e. when the 1-d
motion is terminated by the crossover of spin to a neighbour-
ing chain, or begins to sense the end of the chain. The fact
that 1-d diffusion of the spin lasts for such a long time ind-
icates that it is not associated with a free electron which has
an interchain hopping rate of about t ~ 1013 (sec-l).

Both the rapid motion along the chain and the remarkably
long interchain cut-off times are expected for neutral solit-
ons in trans-(CH) . Since there is complete degeneracy (the
soliton can be an§where), and since the mass is small the
soliton is expected to be highly mobile along the chain, but
confined by topological constraints to move on a given chain.
The magnitude of the soliton translational mass;i.e.the iner-
tia of the bond alternation pattern and coupled electronic
state to motion along the chain, was shown to be m zM(uozlaE)
(Ref.7)The enormous reduction in the soliton mass from the
mass of a CH unit is due to the small amplitude of the bond
alternation. Using the experimentally determined values of
Ug and £, we estimate o~ m, where m, is the electron mass.

III SOLITON DOPING
(a) Effects on Lattice Dynamics:

Specific evidence for the formation of charged solitons upon
doping has emerged from infrared studies of the donor and
acceptor states in lightly doped polyacetylene. %5 a series
of experiments with various dopants in both (CH) and (CD)13
it was found that upon dilute doping new absorption modes X
appeared in the IR region, with remarkable intensity. The
doping induced modes are primarily polarized parallel to the
chain direction and their intensities grow in proportion to
the dopant level, becoming comparable to any of the intrinsic
IR lines of the undoped polymer at about 0.1%. Thus the dop-
ing induced IR modes have oscillator strengths enhanced by
approximately 103; such a large enhancement must arise from
coupling of the new vibrational modes (induced by doping) to
the electronic oscillator strength of the polyene chain.
These results are quite general; the same modes can be obsefv—
ed for iodine and AsF5 (p~-type), and for Na doping (n-type) 2,
Mele and Rice have been able to successfully interpret
these results in terms of a theory of Eae lattice dynamics of
solitons in trans-(CH)x or trans—(CD)x . In the frequency
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range of the vibrational modes they have found several inter-
nal modes peculiar to the soliton structure. In particular,
three of these modes were found to be strongly infrared act-
ive, deriving their oscillator strength from interactions
with the m-electrons. They have shown that the dominant
motions associated with the infrared active vibrational modes
(IAVM) of a soliton involve an antisymmetric contraction of
the single (or double) bonds on one side of the soliton
center and an expansion on the other, thus driving charge
back and fourth across the soliton center. Due to the spat-
ial spread of the soliton over about 15 sites, they find that
the asymmetric oscillation of the electronic charge generates
a large oscillating dipole moment consistent with the experi-
mentally observed enhanced oscillator strength of the dopant
induced IAVM.

The force field model constructed by Mele and Rice re-
lied on a single adjustable parameter B which included the
effect of nonlocal coupling of the atomic displacements
through their interaction with the extended m-electronic
states!®. The value of B was determined by a fit of the cal-
culated zone center frequencies of gerade modes to t?g observ-
ed Raman lines in unperturbed trans- (CH) and (CD)_.
comparison of the IAVM of solitons in trans—(CH) and trans—
(CD)_ 1is shown in Fig. 2. The dashed curves are” the experi-
mental results for a concentration of approximately 0.1%Z and
the solid curves are the result of the calculations with no
adjustable parameter (the value of B = 6.9 eV/&) was already
fixed). Besides the large frequency shifts upon deuteration,
the detailed structure of the soliton IAVM that is driven by
the higher frequency stretching oscillations is also changed.

As shown in Fig. 2, the calculated infrared absorption
associated with the IAVM of solitons is in remarkably good
agreement with the experimental results. First, the fre-
quencies are in agreement with the experimental results to an
accuracy of a few percent for all the IAVM for both (CH)_ and
(CD) Secondly, the increased width and asymmetry of the
higher frequency mode in (CD)_ appears to be accounted for
by the blue shifting of one ol the degenerate modes in the low
frequency line of trans-(CH) . Finally, the calculated absol-
ute integrated oscillator st¥engths correspond to ~ 20% of the
total associated with the added charge, and they agree with
the experimental values to within a factor of 2-3. The rel-
ative oscillator strengths of the different modes are even
more accurate. In (CH)_, the lower frequency mode is more
intense, whereas in (CD¥ we find that the higher frequency
absorption is more intense. In both cases the experimental
and theoretical intensity ratios are in close agreement.
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FIGURE 2 Comparison of the experimentally derived and the
theoretically calculated additional absorption due to the
infrared active vibrational modes (IAVM) of solitons in trans-
(CH)x and trans-(CD)X. (Ref. 13)

(b) Effects on Bandstructure:

We shall now examine, from the point of view of electronic
structure, the response of trans-(CH)_ lattice to the pres-
ence of an electron-electron (hole—hofe) pair in the conduc-
tion (valence) band. 1In contrast to the case of conventional
semiconductors, we find that donor (acceptor) doping does not
result in generation of localized states near the conduction
(valence) band. Instead, independent of the nature of the
dopant, addition or removal of electrons to or from the poly-
mer chain is invariably accommodated by formation soliton
induced localized states near mid-gap. Calculations of the
absorption coefficient (0) show that a soliton kink on a
chain suppresses the interband transition, whereas transi-
tions involving the soliton level are found to have a sign-
ificantly enhanced absorption cross-section. The results

are in agreement with the experimental absorption spectra



Downloaded by [Tomsk State University of Control Systems and Radio] at 02:48 23 February 2013

16

Takayama, Lin-Liu ahd Maki (TLM) = considered the contin-
uum limit of the linear chain model introduced by SSH to des-
cribe (CH)x. Their analytical results are in agreement with
the numerical results of SSH and allow explicit calculation
of wave functions and matrix elements. Using TLM's formul-
ism Suzuki et al"® have calculated the various absorption
coefficients and have compared the results with experiments.
They find that for a perfect dimerized chain (A(x) = A),
the interband absorption coefficient (per carbon atom), for
transitions from valence band (VB) to conduction band (CB),
is

ELECTRONIC EXCITATIONS IN POLYACETYLENE 51
obtained from trans-(CH)_1lightly dopgd with AsF_.

oy (W) = Af, () (5)

W = G87 [(’E‘i’-)z - 17

where A = (4ﬂhe2 |M Iz)/mznct E,E =27, e is the elec-
tron charge, c is tfe velgcitg Bt l%ght, 8nd n is the index
of refraction. Although o,(w) diverges as (Bw-E ), this
square root singularity wi}l be smeared out by d%sorder,
interchain coupling or fluctuations.

For a trans—(CH) chain with a static kink (A(x) =
A tanh(x/E}), the sol¥ton formation energy takes the minim-
um value ;-A, and one bound state appears at mid-gap. Us-
ing the results of TLM, Suzuki et al calculated a_, for trans-
itions between a soliton level (S) and the band sfates to be

2
a = 850 £_(w) 6)

Zhw, 2

_ 2w 2w, 2 k%
o) = 1659 )2-11%)

=i 2.
-1] sech {-2-[('—E—

g
The factor (NZE /a) in eq. (6) indicates an enhancement of
the soliton transition resulting directly from the delocal-
ization of the soliton wave function (£/g » 1). For W = l0eV
and E = 1.5 eV, one finds £ ~ 7a and (v°£/a) ~ 70. As a
resul%, the transitions involving the soliton level should be
observable even at extremely small concentrations. The inter-
band o,(w) (per carbon atom) in the presence of a kink is
correspondingly decreased and the overall oscillator strength
is conserved. Suzuki et al in collaboration with Gammel and
Krumhansl®*’ originally obtained a uniform suppression of the
absorption coefficient

2
0@ = o (-T2 L, %)
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for a chain with N (CH) units and one soliton at its center.

More detailed refgnt calculations have shown that equation

(7) is not exact ~. The uniform suppression is, however, an

excellent approximation in the frequency range hw 2 2-4A,ilg.,

the frequency range of importance to experimental studies.

It is interesting to note that the presence of a soliton on

a chain breaks the translational symmetry of the lattice.

As a result, the momentum conserving (vertical) interband16_18

transition is quenched and o! is due to non-vertical terms.
The oYtical absorption spectra of trans-(CH)_ are shown

in Fig. 3. 6 Curves 1 through 5 on Fig. 3 show the effects

of doping ; l-undoped, 2-very lightly doped with AsF_ (about

0.01%), 3-lightly doped with AsF_ (about 0.17), and Z4-sub-

sequently compensated with NH,; all data are from the same

(CH)x film. The doping was carried out in situ using extreme

care so that the results could be directly and quantitatively

OPTICAL DENSITY
a(10% cm™")

FIGURE 3 Absorption spectra of trans-(CH)_ : curve 1, un-
doped; curve 2, 0.01% AsF.; curve 3, 0.1% AEF ; curve 4,
compensated by NH3; and curve 5, 0.5% AsF.. he inset shows
the temperature dépendence of a(w) for unaoped trans—(CH)x.
(Ref. 16)
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compared., Curve 5 on Fig. 3 was obtained with a separate
film doped to a somewhat higher level (~.5%); quantitative
comparison was possible through normalization of the absorp-
tion curve prior to doping. The effect of temperature on
undoped (CH)_ is shown in the inset; data obtained at 77 K
and 4.2 K aré indistinguishable.

The strong absorption band with edge at 1.4 eV and peak
at 1.95 eV has been attributed to the direct interband trans-
ition in a one-dimensional (l-d) band structure, and can be
viewed as arising from a transition from the l1-d peak in the
density of states in the valence band to that in the conduc-
tion band. The rounding appears to shift the position of the
peaks in the VB and CB densities of states by about 0.2 eV.
In addition to the main peak, a weak absorption (see the in—
set to Fig. 2) is observed centered near 0.9 eV, correspond-
ing to a transition between the peak in VB density of states
and a level inside the gap. Relative to the VB edge, the
gap state occurs at about 0.7 eV; i.e., near mid-gap. On
doping with AsF_ the "mid-gap" absorption grows with increas-—
ing concentration and shifts slightly towards lower energies.

The characteristic features of the ''mid-gap" and main
absorption bands can be explained if we assume that the dop-
in$ proceeds through formation of positive charged solitons
(5') and that the low energy absorption band is associated
with the transition from the valence band into the St level
to form a neutral soliton (S°). The low energy absorption,
seen in the low temperature data of inset to Fig. (3), indic-
ates that soliton states are also present in the undoped
material. As the number of ST increases with AsF doping, the
strength of the low energy transition (S+ + e+ 789) grows
proportionally. Further, the calculations presented above
predict that the interband transition will be uniformly
suppressed with the introduction of soliton kinks, again in
agreement with the experimental results. Making a quantit-
ative comparison, the integrated intensity of the low energy
absorption band after 0.17% doping (curve 3) is about one tenth
of that of the main absorption baBd of the undoped sample.

We infer from eq. 6 a value for m“(£/a) ~ 102 in good agree-
ment with the theoretical value. The uniform decrease in
intensity of the interband transition is also evident in
curve 3 and corresponds to about a 107 reduction relative

to the undoped sample.

IV PHOTOEXCITATIONS IN POLYACETYLENE
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Interest in photoexcitation studies of (CH)_has been stim-
ulated by the recent calculations of Su and*Schreiffer , who
considered direct injection of an e-h pair and studied the
time evolution of the system. Their principal result was the
conclusion that in trans-(CH)_ a photo-injected e-h pair
evolves to a soliton—antisoli%on pair in a time of order of
the reciprocal of an optical phonon frequency. This is the
central experimental question addressed in this section:
Are solitons photogenerated in polyacetylene? The proposed
photogeneration of charged solitons20 has clear implications
which can be checked through studies of photoluminescence
and photoconductivity. We therefore present and discuss in
this section the experimental results obtained with these
two complementary techniques in cis- and trans-(CH)_.

In the scattered light spectrum from g;gf(CH)x, we find
a relatively broad luminescence structure peaking at 1.9 eV,
near the interband absorptjion edge, together with a series of
multiple order Raman lines21'22(see Fig. 4). Through a meas-
urements of the excitation spectrum, we have found that the
luminescence turns on sharply for excitation energies greater
than 2.05 eV. The luminescence structure (corrected for
self absorption effect) is compared with its excitation spec-
trum and the absorption coefficient of cis-(CH)_ imn Fig. 5.
The luminescence appears to consist of either a*broad single
line or a distribution Stockes shifted emissions as deep as
0.6 eV inside the gap. The luminescence intensity is essen-
tially independent of temperature from 7K to room temperature.

E(eV)

60 180 200 220 _ 240
= —
E
€| _
o]

é — pa—
- — —
| | | | | |
8000 6000 4000 2000 0
«—Ay (cm™)

FIGURE 4  Scattered light spectrum from cis—(CH)x showing
multiple overtone Raman structure superimposed on"a broad
luminescence background.
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Isomerization of the same sample to trans—(CH)x quenches the
luminescence; we find no indication of luminescence near the
interband absorption edge of trans-(CH)_ even at temperatures
as low as 7 K.Z2Recent experiments have®confirmed23 that any
luminescence from trans-(CH)_ in the region from mid-gap to
bandedge is at least two orders of magnitude smaller than

the result from cis-(CH)_shown in Fig. 4. It appears then
the absence of bandedge fuminescence in trans—-(CH) 1is not
due to the presence of a large Stokes shift.

The photocurrent (I h) spectrum for trans-(CH) is plott-
ed in Fig. 6 and compareg with the energy de endencé of the
absorption spectrum for trans-(CH)_ , o (w).2 I . has a
threshold at 1.0 eV, well below thé inEerband aggorption edge
at 1.5 eV, implying the presence of states deep inside the
gap. This is clearly shown in the inset to Fig. 6 where the
photoresponse and absorption are compared on a linear scale.
The threshold for the generation of free carriers is better
seen in the logarithmic plot of I . versus photon energy
(Fig. 6). The absence of structube in o (w) at the onset of
1 h implies a low quantum efficiency at Ehreshold. The free
carrier generation efficiency rises exponentially above the
threshold and changes to a slow increase above the onset of
the interband tranmsition. We also note the absence of any
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FIGURE 5 The luminescence spectrum of cis-(CH) compared
with the excitation anda typical absorption spectra.



Downloaded by [Tomsk State University of Control Systems and Radio] at 02:48 23 February 2013

56 S. ETEMAD et al.

structure in I p hear the sharp onset of the interband trans-
ition, indicatgng the photocurrent in trans-(CH)_ is not
determined by surface dissociation of excitons that might
also quench luminescence.

Measurements of I, in cig-(CH) were also attempted.
Under similar conditioRs any photoresponse in samples of 95%
cis-rich (CH) was below the noise level of our experiment.
The upper 1im¥t on I, in cis-(CH) _1is more than three orders
of magnitude smallerPthan I p in tfans-(CH)_. In situ isom-
erization of the same film Pésulted in the Sizeable I h shown
in Fig. 6. As detailed elsewhere, bolometric effectspglay no
role in the photoconductivity results summerized here. 4

In traditional semiconductors, photoconductivity and
recombination luminescence are intimately related, and both
are observed after photoexcitation. Photoconductivity indic-
ates the presence of free carriers generated by the absorbed
photons. Although the subsequent recombination of these
photogenerated carriers can take place either radiatively or
non-radiatively, recombination luminescence 1s commonly
observed, at least at low temperatures. The fundamental

FIGURE 6 The photocurrent (I h) and absorption (a_) spectra
t

of trans—(CH)x. I h and o, ar compared on a linear scale

in the inset. (Re?. 24)
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differences between such traditional data and those obtained
from polyacetylene can be seen by comparison of the (CH)
results with results obtained from cadmium sulfide (CdS)¥

The luminescence and multiple order Raman scattering data

from CdS23 are similar to the results obtained from cis-(CH) .
However, in CdS, a strong photoconductive response is observ-
ed for photon energies just above the band edge,2 whereas

in cis-(CH)_ significant photogeneration of free carriers is
not observed even for photon energies 1 eV above the band edge.

o H H H H H H

o T | I | l I i
D Vo % R 2 s
= NOOHW Wb R
(a)

—A —+—— B—le—A ——

H fli H H H H

| | | | =) é: |
™ §c/C\<';/($,\C'¢C\C/C\9/ \(l;/c\\
H

Z__—

H H H H
(b)

FIGURE 7a. Band diagram and chemical structure diagram for
trans—(CH) . The band diagram shows schematically the absorp-
tion of a %hoton and the creation of an e-h pair. b. A
trans—(CH)x chain containing a charged soliton-antisoliton
pair. Since regions A and B are degenerate, the solitons are
free and can move apart with no cost in energy. The corres-
ponding band diagram shows the mid-gap states associated

with the two solitons; one empty (+) and the other double
occupied (-).
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Isomerization to trans—-(CH)_ quenches the luminescence at all
temperatures, but turns on the photoconductivity. In neither
isomer is the traditional combination of effects observed.
These unique experimental results, therefore, lead us to con-
sider the proposed photogeneration of solitons in more detail.
A schematic diagram of the photogeneration of a charged sol-
iton-antisoliton pair in trans-(CH)_ 1is shown in Fig. 7. The
incident phaton (for hw 2 2A) genergtes an e-h pair within
the rigid lattice (Fig. 7a). The system rapidly evolves to
a charged soliton pair (Fi§. 7b) as shown by Su and Schrieffer.
After a time of order 107! sec, their results imply the pres-
ence of two kinks separating degenerate regions. Because of
the precise degeneracy of the A and B phases, the two charged
solitons are free to move in an applied electric field and
contribute to the photoconductivity. The simultaneous absence

(A)

~COr-ag--
(@]
|
O

C=C c=C | c—C C—
/ ! i
\c=c (+\)¢—c// \\c—c/ i\c—c/ \c=c

CIS-TRANSOID = TRANS-CISOID  CIS-TRANSOID

(B)
TS TRANS ~CISOID

(+)— +H- (=)

esssee(4)

////////// _,,- g :<>: CIS-TRANSOID

FIGURE 8(A) Chemical structure of cis-(CH)_ containing a
charged soliton-antisoliton pair. (B) The s%atial variation
of the order parameter (eq. 10) and the corresponding elec-
tronic state inside the gap for the two limiting case of
weak (o » 1) and strong (o € 1) confinement.
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of band edge luminescence in trans-(CH)_ even at lowest temp-
eratures is consistent with the proposed photogeneration of
charged soliton—antisoliton pairs. In this case, band edge
luminescence cannot occur since there are no electrons and
holes. The charged carrier pair consists of two kinks with
associated mid-gap states which cannot give rise to band

edge luminescence.

The topological degeneracy in trans-(CH) is not present
in cis-(CH)_, so that soliton photogeneration would not lead
to photoconéuctivity in the cis-isomer. Since the cis-trans-
o0id configuration has a lower energy than the trans-cisoid
configuration, domain walls would separate non-degenerate
regions (Fig. 8A). Consider the photoexcitation of a charged
soliton—-antisoliton pair as shown schematically in Fig. 8A.
The energy required is

Etot = 2ES +n AEO (8)

where E_ is the energy for creation of a single soliton (ana-
logous fo the soliton creation energy in trans-(CH)_),n is
the number of CH monomers separating the two kinks, and AE

is the energy difference between cis—transoid and trans-
cisoid configurations (Fig. 8A), expected to be a small frac-
tion of the full gap 2A ~ 2.0 eV in cis-(CH)_. Thus, as they
begin to form, the two solitons would be "coﬁfined", or

bound into a polaron-like entity; the farther apart, the
greater the energy. As a result, one expects the photogener-
ated pair to quickly recombine, thereby, quenching the photo-
conductivity in cis-(CH)_.

The unusual combina¥ion of photoconductivity and lumines-
cence results in cis- and trans-(CH)_ exist in spite of the
close similarity of their microscopitc structure. In particu-
lar the absorption spectra of the two isomers (see Fig. 5 and
6) are quite similar. We, therefore, do not expect any major
change in the electronic interaction upon isomerization. We
should also note that within the next-nearest-neighbour approx-
imation the two isomers are identical. The unusual changes
seen in the photoresponse and scattered light spectrum upon
isomerization of cis-(CH)_ to trans-(CH)_ are the result of
change in symmetry of the polymer and not to some extrinsic
effects. Thus, the observation of luminescence in cis-(CH)
but not in trans-(CH)_, and the observation of photoconduct=
ivity in trans-(CH) But not in cis-(CH) provide confirm-
ation of the proposgl that solitons are the photogenerated
carriers. In trans-(CH) , the degenerate ground state leads
to free soliton excitations, absence of the band edge lumin-
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escence and photoconductivity. In cis-(CH)_ the non-degen-
erate ground state leads to confinement of the photogener—
ated carriers, absence of photoconductivity, and to the ob-
served recombination luminescence.

The luminescence results in cis~-(CH)_as shown in Figs.
4, 5 provide some insight into the dynamigs of the system.
The energy given off to photons during the formation of the
lattice distortion would lead to a Stokes shift of the lumin-
escence relative to the minimum energy needed to make a free
e-h pair. Viewing the luminescence as a single broad peak
(rather than a distribution of emissions), a Stokes shift of
AES = 0.15 eV is observed relative to the onset of photo-
excitation at 2.05 eV (see Fig. 5). The magnitude of AE_ 1is,
however, much less than that expected for the complete form-
ation of either two free solitons or two free polarons. In
the case of two free solitons, the corresponding electronic
levels would be near mid-gap with the luminescence energy
going to zero in the limit of (AE /2A) - 0. In this limit
for a well-separated electron-polaron and hole-polaron -28
the corresponding luminescence energy would be hw, = v¥2ZA =
1.4A with an implied Stokes shift of AE_ = .6A. %he much
smaller experimental value of AE_ ™~ .073, therefore, indic-
ates that the absence of a degenerate ground state in cis-
(CH)_ has made qualitative changes in the dynamics of photo-
exci%ations in the two isomers.

Brazovskii and Kirova?/ have pointed out that because
of the confinement energy (eq. 8) the total gap in a comm-
ensurate Peierls distorted system arises from a sum of two
terms,

Ax) = Ai(x) + Ae (9

where Ai(x) is the intrinsic Peierls gap stabilized by 7-
electrons, and Ae is the incompressible contribution arising
from the o-electfon backbone structure. In trans-(CH) ,

A = 0 by symmetry; whereas in cis-(CH)_ A # 0 since Even
ifi the case of equal bondlengths the trinsfer integrals alter-
nate. The increase in the optical gap of cis—(CH)_ compared
with that of trans-(CH)_ implies a relatively large A .

Using this ansatze? Brazowski and Kirova defined®the
basic confinement parameter Y = A /AA (where A is the elec-
tron-phonon coupling constant) and developed a detailed theory
of the excited states in the presence of confinement. For
glgf(CH)x, they find for the gap parameter A(x) = (1-8(x))
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§(x) = tanha[tanh(x/E" + 0/2) - tanh(x/E" - a/2)] (10)

where 0 is a variable which depends on Ae and Ai nd is fixed
by minimizing the total bi-polaron energy, and " = £ cosh O
with § = 2t /A = 7a, For weak confinement (o > 1) the
excitation is equivalent to two well separated domain walls;
for strong confinement (0 << 1) eq. 10 describes a shallow
bi-polaron. (see Fig. 8B) On formation of the excitation,
two electronic states are pulled inside the gap at E =
+ Afcosh o relative to the gap center. If we assume’ that in
Eiﬁ‘(CH)x the optical excitation quickly comes to the minim—
um energy configuration described by eq. 10 then the lumin-
escence would occur at hw 2A/cosh o, and the Stokes shift
would be AE = 2A(1- l/cos&a) Using the experimental value,
AE 0. 15A we obtain o = 0.4 and y ~ 2.8 implying very
st%ong confinement (A » A,) and/or a much smaller A in
cis- than in trans-(C ) ﬁoth results are contrary to expect-
ation and indicate that™the peak in luminescence does not
correspond to the position of a localized electronic state
in equasiequilibrium with the lattice. The unusual combin-
ation of a broad luminescence structure together with a very
small Stokes shift can then arise from the dynamics of the
localized electronic state inside the gap (see Fig. 8B) before
coming to its quasiequilibrium at the minimum energy config-
uration. As suggested by Brazovskii, the luminescence is then
due to a distribution of emission (corresponding to confined
soliton-antisoliton pairs in various states of internal phonon
excitation) with the qugsiequilibrium luminescence indicated
by the low energy tail. Assuming 2A =~ 0.5 eV and A =
(as implied by the difference in the Sptical %ips of cis A
and trans isomers and the relation A = 2toe ) the confine-
ment parameter is Yy = 0.6, leading to a value of o = 1. This
value of o would imply the luminescence tail ends for energies
near -~ 1.3 eV, in reasonable agreement with the result of
Figs. 4 and 5. The corresponding bipolaron, when in gua51—
equilibrium with the lattice, would have a width of §
1.3£ « 20a, and a maximum depth of §(0) ~ 0.7A in the order
parameter defined by eq. 10.

\' CONCLUSION

The experimental results reviewed in this paper show that not
only are solitons present in polyacetylene but they are the
primary electronic excitations of the coupled electron-lattice
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in this semiconducting polymer. From the appearance of the
characteristic infrared active vibrational modes of a charged
domain wall concurrent with the enhanced mid-gap absorption
upon doping, it is concluded that doping in trans—(CH)x pro-
ceeds through formation of solitons. To avoid possible com-
plexities associated with soliton generation by chemical dop-
ing we have also considered experimental configurations that
have permitted us to study the response of the lattice to
direct photo-injection of e-h pairs. The existence of the
two isomers of polyacetylene has provided the conceptual and
experimental basis for the study of the photoexcitations in
the undoped polymer in terms of photogeneration of solitons.
Thus, injection of an electron-electron (hole-hole) pair by
chemical doping or photoinjection of an electron-hole pair
distort the lattice leading to formation of a soliton-anti-
soliton pair.

The theoretical interpretation of the experimental res-
ults has been based on a simple 1-d Hamiltonian, which des-
cribes the Peierls distortion in a system of noninteracting
electrons with strong coupling to the lattice. Solitons are
the natural nonlinear excitations of such a system. As a
result, unlike the traditional semiconductors, where electrons
and holes can be stable excitations, in polyacetylene the
lattice is inherently unstable to their presence.
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