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energy-level structure, charge densities, and
collective interactions can be studied and under-
stood with inelastic light-scattering spectroscopy.
Somewhat surprisingly, we find that the energy-
level structure remains unchanged by photoexci-
tation, indicating that for densities as high as
-Sx 10" cm ' (equivalent to -10"cm ') there is
no spatial separation between electrons and holes.
Such measurements also provide a means to de-
termine directly the electron energy-level struc-
ture in quantum wells. The collective excitations
display a complex behavior due to coupling among
different quantum-well excitations and also with
LO phonons. The spectra presented here are
broadened by the varying plasma density in dif-
ferent wells. Extension of these studies to single
quantum wells should allow one to obtain more
quantitative information from spectra.
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It is shown that at low temperatures, phonon-assisted electron hopping between soliton
bound states may be the dominant conduction process in a lightly doped, one-dimensional
Peierls system such as polyacetylene. The presence of disorder, as represented by a
spatially random distribution of charged dopant molecules, causes the hopping-conduc-
tion pathways to be essentially three dimensional. Calculated values of the conductivity,
thermopower, and transverse spin diffusion constant compare favorably with experiment.

PACS numbers: 72.20.-i, 05.60.+w, 72.80.Le

Recently, considerable th'eoretical' ' and ex-
perimental' ' interest has been focused on the
properties of trans-polyacetylene, (CH)„. Proba-
bly the most successful theoretical model of (CH)„
to date is the soliton model of Su, Schrieffer„and
Heeger' (SSH), and others. ' In this paper, cer-
tain effects of the presence of disorder on the
properties of the soliton model are considered.
The results provide a satisfactory explanation of
the transport properties of lightly doped poly-
acetylene. In addition, some novel aspects of the

conduction mechanism, electron hopping between
dynamical defects, make the problem quite inter-
esting in its own right. In a forthcoming paper
(Ref. 3, hereafter called paper II) a, microscopic
model of polyacetylene is considered, and the
present phenomenological results are made quan-
titative.

According to the model of SSH, undoped poly-
acetylene is a semiconductor due to a commensu-
rate Peierls distortion which doubles the unit cell
(dimerization) and opens a band gap at the Fermi
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energy EF. The soliton is the boundary between
regions of the two different senses of the dimer-
ization. Associated with each soliton is a mid-
gap, localized electronic state. In the neutral
soliton, this state is singly occupied, and the
soliton has spin —,'. If the state is doubly occupied
or unoccupied, the soliton is charged and spin-
less. According to SSH, the width of the soliton,
$ ~~, is about 7a where a is the in-chain lattice con-
stant, and the soliton effective mass, m*~6m„
is surprisingly small.

Upon doping, charged solitons are formed which
are bound to the oppositely charged impurity with
a binding energy E,& 0.3 eV. One possible con-
duction mechanism" involves the thermal libera-
tion of bound charged solitons, followed by free
charged-soliton conduction. At low impurity con-
centrations, such a mechanism leads to a simply
activated conductivity, o, and a strongly tempera-
ture-dependent thermopower, S, similar to those
found in doped semiconductors,

0 = af exp -~, S = — ~ + const

where the exponential factor reflects the popula-
tion of free solitons. Because of the large binding
energy, E„, at reasonable temperatures this
population is extremely small.

Another less strongly activated conduction
mechanism, electron hopping between solitions,
will be dominant at low temperatures. To under-
stand this mechanism simply, consider a nega-
tively charged soliton bound to a positively charged
impurity on one chain and a neutral soliton on
another, nearby chain. It is always possible for
the electron to make a phonon-assisted transi-
tion, or hop, from the charged solition to the
neutral soliton. If the neutral soliton happens
to be near another impurity, the activation energy
is small. In fact, as the temperature approaches
zero, the activation energy for hopping tends to
zero.

To explore the consequences of the hopping pic-
ture and compare them with experiment in a con-
sistent fashion, we will consider a phenomenolog-
ical Hamiltonian appropriate to solitons in poly-
acetylene.

Because of the large size of the band gap, 24,
= 1.4 eV, compared to both the temperature and
the phonon energies, excitations of the valence
and conduction bands play a relatively minor role
in determining the transport properties of lightly
doped (CH)„. Thus we consider a. reduced Hilbert

space with one electronic state (the midgap lo-
calized state) per soliton. The Hamiltonian of the
soliton-impurity system is then

H=e RV; pR + pnz*82

(2)

where o. labels a phonon state with energy 5&
and b is the corresponding phonon creation
operator. Additional terms that might appear in
the reduced Hamiltonian are discussed in paper
II.

The hopping conductivity is determined by the
rate at which an electron hops between a pair of
solitons. Such a hop is only energetically feasible
(at low temperatures) if each soliton is near an
impurity. Consider two solitons in the vicinity
of the impurities at R and R', respectively. When
an electron hops, both solitons change their
charge state so that the interaction energy be-
tween the two solitons and the impurities neces-
sarily changes. If E,. and Ef denote, respectively,
the initial and final energies of the two-soliton
system, then the energy Ef —E, must be provided
by the absorption (or emission) of a phonon. The
rate at which this transition occurs is given by
Fermi's golden rule:

off (E~ -Ez)=2~5 '(E; -E&) jn(E&-E, )g(E&-E&)

+I1+n(E, -E,)]g(E, -E,)),

(4)

+Hph +He $ ph

where the set PRj labels the positions of the soli-
tons, aR, is the creation operator of an electron
with spin s in the bound state of the soliton at 8,
e Qg =e (Q,a f, aa, —1) is the charge on the soliton,
V; p(R) is the electrostatic potential due to the
charged impurities acting on the soliton at 8, and

Hp Q and &, ~ p h are, respectively, the phonon en-
ergy and the electron-phonon interaction. Each
soliton is confined to a single chain. Within the
Born-Oppenheimer approximation the effect of the
full valence band is incorporated in the model
solely in the values of the phonon energies, and
of the soliton effective mass since the valence-
band electrons follow the ionic motion adiabatical-
ly. The important term in H, $ ph is the off-diag-
onal term which causes electronic transitions
from one soliton bound state to another,

H, , ~„= Q Q@~„A.„(R,R')
R~R'

S

+(+Ra ~R' +R's +R )(& ' —& ),
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where n(E) is the average Bose occupation num-
ber. This rate must be averaged over a thermal
distribution of initial and final soliton energies:

dz dz P(E;) Pay) E
Z(T) Z(~) kT

xvRf '(Et -Ey) i (5)

er(T) g y y h 2BR,
kTN Ro (y „+y,h)2

(8)

whe~eA =0.45, B =]..39, y„andych are the con-
centration of neutral and charged solitons per
carbon atom, respectively, R, =—

l. (4~/3)c; ] ' ' is
the typical separation between impurities with c;
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where p(E) is the density of states of the charged
soliton and Z(T) = JdE p(E)e ' . The most im-
portant 8 dependence of v arises from the overlap
factor &(R —R') between the electronic bound

states on the two solitons. Thus

v,-,-.= [y(T)/N]&2(H - H ),
where N =Z(~) is the number of carbons per
(CH)„chain. The seemingly strange factor of 1/N
reflects the fraction of the time that a neutral
soliton is in the vicinity of the impurity at R .
S(R) falls off exponentially with distance and is
highly anisotropic as a result of the quasi-one-
dimensional nature of polyacetylene:

1 I.S(R))= - I(R „/& )'+(R./~, )']", (7)

where Rii (Ri) is the component of R parallel to
(perpendicular to) the chain direction, and $ ii and
$ i are the appropriate wave function decay lengths
(4i(& ii).

An important qualitative question is whether the
conduction process is predominantly one or three
dimensional. The typical separation between im-
purities on a given chain is proportional to c
where c; is the concentration of impurities,
while the typical three-dimensional separation be-
tween impurities is proportional to (c ) ~'. At
low impurity concentrations the typical intrachain
hopping distance is much greater than the typical
interchain hopping distance, and so interchain
hopping dominates despite the wave function ani-
sotropy. Therefore, the percolation problem re-
duces to the well-known three-dimensional &-
percolation network. Thus, the approximation
scheme of Butcher, Hauden, and McInnes' (see
paper II) can be used to calculate the hopping
conductivity:

&hop

S = (k/e) r~/kT + ln(y „/y, h) +lnZ(T)], (9a)

where & is the average energy transported from
the charged to the neutral soliton per hop,

p~RR dz dz z p( ') p( ') exp —~' Z(T) Z(~) kT

x pRp. (E( —Eq), (9b)

The first term in Eq. (9a) is independent of im-
purity concentration; the second is the usual sta-
tistical term, (k/e)(p/kT), which changes sign
depending on whether the soliton band is more or
less than half full. Since the first term is typical-
ly the larger, Eq. (9a) has the remarkable pro-
perty that the sign of the thermopower depends
only on the type of doping, not on the filling frac-
tion of the soliton band.

In order to evaluate the expressions in Eqs. (7)-
(9), values of g(E) and $| must be obtained. In
paper II it is shown that the electron-phonon coup-
ling is greatest to band-center optical phonons.
As the temperature is lowered, these phonons
are frozen out, leading to a rapid decrease in
y(T). A simple single-peaked model, g(E)
~E"exp(-xz/@no), is adopted with@no =0.15 eV
and x-9, chosen so that the peak center and width

the concentration of charged impurities, and $ is
the dimensionally averaged decay length $ = ($ li

x $i')' '. o is a very rapidly increasing function
of c, (despite a possible decrease in the number
of neutral solitons, y „, upon doping) because of
the exponential dependence in Eq. (8) on R,. This
dependence reflects the electronic overlap be-
tween soliton bound states separated by a charac-
teristic distance between impurities BR,.

Only the magnitude of the conductivity, and not
its temperature dependence, is sensitive to the
impurity concentration. This is a consequence of
the fact that each site is equivalent. The tempera-
ture dependence of z(T) is due solely to the dy-
namic disorder associated with the soliton mo-
tion.

The equivalence of the sites also implies that
the thermopower, S, is independent of the perco-
lative aspects of the problem. In fact, one might
guess that the energy current is zero, as in a
molecular crystal, since the bvo transition rates
between a pair of sites, ~«(E) and v~~ (E), are
equally affected by a local temperature change.
However, the total transition rate v~~ depends
on the thermal distribution of soliton excited
states at the initially charged site R'. Thus, the
thermopower is
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of g(E) are the same as in the phonon spectrum
calculated by Mele and Rice.' This model leads
to the predictions

y(T)-yoT"" and o(T) -T'*"'. (10)

A roughly temperature-independent thermopower
S= (k/e)[(pc+8)/2+In(y„/y, h)] also results. This
simple model may be expected to be reliable so
long as a substantial range of energies contrib-
utes to the integrals in Eqs. (4) and (9). At lower
temperatures the hopping rate is sensitive to the
detailed behavior of g(E) at small E, and so a
more elaborate model is necessary. An addition-
al complication arises at low temperatures as a
result of the slight differences in the energetics
of different sites which we have ignored. $~ de-
pends on the interchain spacing b and the inter-
chain hopping matrix t&. In paper II a reasonable
value of I &= 0.1 eV is shown to lead to && = T'5

=2.3 A.
In a single crystal of (CH)„a slightly anisotrop-

ic conductivity, (o,~/o~) =(g ~~/(&)', would result
from the fact that the typical hop has a larger
component in the parallel direction than in the
perpendicular direction. Real polyacetylene,
however, is disordered and so an isotropic con-
ductivity, o = &(o~~ +2o~), is quoted in Eq. (8).

Accompanying the charge motion is spin diffu-
sion. The hopping contribution to the spin diffu-
sion constant, Dh, p, is related to the conductivity
by an Einstein relation:

Dh, p= (1/e')(kT/c; )o.

Because of its light mass, the neutral soliton is
likely to have a large diffusion constant' D„. Thus,
we expect that the parallel component of the spin
diffusion constant is dominated by neutral soliton
diffusion (D„»Dq, z), and so the measured paral-
lel spin diffusion constant is not expected to obey
Eq. (11). However, solitons cannot move between
chains, so that the perpendicular component of
spin diffusion must proceed via electron hopping
and so must satisfy Eq. (11). This is one of the
strongest predictions of the hopping picture.

Experimentally, the thermopower is found to be
large, S-k/e (10), and roughly independent of
temperature. Up to impurity concentrations of a
couple tenths of a percent, S is also independent
of impurity concentration, as is the functional
form of the conductivity, even when the magni-
tude of the conductivity is changed by almost two
orders of magnitude by the incorporation of
dopants. ' The conductivity can be wel1 approxi-
mated by a power law [in accordance with Eqs.

(8) and (10)], while it definitely cannot be said to
be simply activated. Also, a spin diffusion fre-
quency has been measured in putatively undoped
polyacetylene. An extremely large anisotropy
has been observed, with v ~~, the parallel diffu-
sion frequency, equal to about 6x10" Hz at room
temperature and v&- 4.5&10' Hz. To obtain an
estimate of D~, we assume D =5'v .

In both its magnitude and its independence of
temperature and impurity concentration, the theo-
retical thermopower is in agreement with the ex-
periments. This is one of the most notable suc-
cesses of the theory. In paper II, the magnitude
of the conductivity is calculated with the use of
Eq. (8) and the microscopic model of (CH)„
sketched above. A quantitative comparison be-
tween theory and experiment is made there. The
qualitative agreement with experiment is excel-
lent, as to both the temperature dependence (sub-
activated) and the extreme sensitivity to dopant
concentration of the magnitude of the conductivity.
Finally, although the parallel spin diffusion con-
stant is much larger than would be predicted from
the Einstein relation in Eq. (11), the perpendicu-
lar component of the spin diffusion constant pre-
dicted by Eq. (11) is close to its measured value.
A typical value of the room-temperature conduc-
tivity in putatively undoped polyacetylene is 2
x10' 0 ' cm ' which, according to Eq. (8), cor-
responds to an accidental doping concentration of

y, q=8x10 '. If we use these values in Eq. (11),
we obtain the result D~/b'= 10' Hz, in reasonable
agreement with experiment. Further measure-
ments of the temperature and impurity concentra-
tion dependence of the perpendicular spin diffu-
sion constant to check the validity of the Einstein
relation in Eq. (11) will provide a crucial test of
the hopping picture.

It should be noted that another picture of conduc-
tion in polyacetylene, which denies the existence
of solitons and instead invokes the existence of
metallic clusters, has been proposed, ' but it is
hard to reconcile with the spin diffusion data, as
well as with other evidence that supports the soli-
ton model. "
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