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It is shown that a metal-insulator transition takes place in a Peierls system with half-
filled bands at a critical concentration, c«, of excess electrons. At c& c~, the elec-
trons form pinned (chaotic) soliton states; at c& c« the solitons form an unpinned con-
ducting lattice. %'e find c« = a /'& E 0, where l o is the width of the solitons. The theory
may explain the metal-insulator transition observed in doped polyacetylene at c„-19o.

PACS numbers: 71.30.+h

Recently it has been proposed by several au-
thors' ' that when a Peierls sys tern with half-
filled bands (and corresponding dimerization of
the lattice) is chemically doped with donors or
acceptors, the excess electrons or holes form
localized soliton states rather than going into
higher-lying bands. In the one-soliton state the
lattice distortion at the nth site may be written

u„=(- 1)"6,&„,

b,„=h(n) = tanh(na/l, ),

the discrete p4 form

E= g —.'Z(~„- ~„,)'+ V(~„),

where V(4„) is the double-well potential

In the continuum approximation the energy be-
comes

E~,= f „[2 A.(d b,/dn)'+ y ( b,' - 1)'] dn.

The stable configurations fulfill the Euler-La-
grange equation"

(2)

(4)

where a is the la'tice constant and b, the distor-
tion in the dimerized state. The solitons are thus
amplitude solitons with width I, rather than the
phase solitons which are usually used to describe
commensurate -incommensurate transitions. ' The
estimates of l, are in the range 2.8a & l', &Vg."'

In this paper we show analytica1ly and numeri-
cally that at a critical dopant concentration the
system undergoes a transition from an insulating
(or semiconducting) state where the solitons are
pinned to the lattice, to a conducting state where
the solitons form a regular lattice of their own.
The critical concentration depends only on the
soliton width, c«-a'/s'l, '. We believe that this
may explain the metal-insulator transition ob-
served in polyacetylene, ' and the depinning transi-
tion in NbSe, .

The energy of the system, expressed in terms
of the lattice distortion, may be taken to be of

Zd'a/dn' —4ya(a' —1)=0

which has the soliton solution (1) with I,/a =(A/
2y)"~'. In general, the solution to (4) is a soliton
lattice with distance l =a/c between solitons. The
soliton lattice is conducting since the solitons
are charged (+e) and the lattice can be shifted
along x without any cost of energy. We shall now
see that if the discreteness is taken into account
this is not the case: If the solitons are too far
apart (at low concentrations) the exponential re-
pulsion between solitons cannot overcome the en-
ergy gain from locking the solitons to the lattice,
and the solitons will be pinned. The analogous
consideration relating to discrete sine-Gordon
solitons was used by Pokrovsky. " A different
approach leading to the conclusion about the pin-
ning of the solitons was developed by Aubry. "

Let us first estimate analytically the critical
concentration. The energy (2) is written as

E= Q JdnE(n)exp(i2wnm)= J „dnE(n)+2 J „dnE(N)cos(2mn)+ ~ ~,
ln=

(6)

with E(n) = ~ A(dh/dn)'+ V( b(n)). The first term is the continuum approximation. When A(n) =tanh[(na
—x,)/I, ] is inserted, the second term is a periodic function of the soliton position x, which is maxi-
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mized when x, = 0, and gives an estimate of the pinning energy

for l, /a»1. The pinning energy thus decreases
exponentially with /„as could be expected. " The
soliton interaction energy can be derived by ex-
panding the energy of the soliton lattice in terms
of the soliton concentration c for small c (within
the continuum approximation):

E=LcE,[1+Cexp(-a/l, C)+ . ].
The second term is the soliton interaction, E;„„
and E,= &(2')'~' is the soliton energy. The tran-
sition takes place when Ep, „=E;„, or, for f,/a

c„=a'/ii'l, '. (9)
The critical concentration depends on nothing but
the soliton width! At small l „Eq. (9) may under-
estimate c„because of the large numerical fac-
tor in Eq. (1).

The critical concentration can be found, proba-
bly more accurately, by numerical methods. The
b.„'s which minimize (2) are found among the so-
lutions to an infinity of coupled difference equa-
tions

Since the curve which is eventually traced out is
exactly the same, the energy of the shifted. state
is also the same. A charge *2e is associated
with each revolution around (0, 0), and so the sys-
tem exhibits Frohlich conductivity. Near (0, 0)
where the amplitude (the Peierls gap) is small,
the lattice distortion is almost sinusoidal. The
period is also small and so the state is highly in-
commensurate. As the amplitude becomes larger
and larger, the invariant trajectories describe
states which more and more take the form of
soliton lattices, at least for l, =4a, but the sys-
tem is still conducting. The islands marked 1-8
for E, =1.5a describe a high-order commensu-

0.6—
W

0.2—
Sp

=(4y/Z) a„(a„'—1). (10)
0 ~ ' Q7P2,

''

2/. '

Introducing 9'„=6 LaE y this defines a recursion
relation for W„(and b,„):

W„„=W„+ (4y/~) ~„(~„'—1),

+n+1 +n ~n+1'

Figure 1 shows the results of computer itera-
tions for la=a(A/2y)'~' =4a, which may be a good
estimate for polyacetylene, "'and for l, =1.5a,
where the effects of discreteness are more pro-
nounced. Initial values of the parameters were
chosen as regularly spaced points (~;„,W;„) on
the S'„=0 axis. The interpretation of the various
trajectories is quite analogous to the interpreta-
tion in the discrete sine-Gordon case."'"

The fixed points P, and P, =(+1, 0) are the two
symmetric dimerized states with no extra elec-
trons or solitons. The closed orbits around (0, 0)
are invariant trajectories associated with incom-
mensurate conducting states. As the iteration
proceeds, the points (6„,W„) form a continuous
curve. The sliding mode can be described by
simply choosing initial values of 6;„and 5';„
which are slightly shifted along the trajectory.
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FIG. 1. Results of computer iterations of Eq. (11)
(a~)o=1.5 a d g»~o=
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@cr+ pin' (12)

The pinning energy is extremely sensitive to the
soliton width, and it is difficult to give reliable
estimates, say for polyacetylene. In the charge-
density-wave system NbSe, a depinning transition
at a critical field has actually been observed. '
The wave vector is almost commensurate [q
=(0, 0.243, 0)]"and the system could be in the
chaotic regime. Our mechanism would then pro-
vide a simple explanation for this transition.

When applying the theory to polyaeetylene it
should be borne in mind that this material is far

rate state where the distance between solitons is
4a, which is stable for c= &.

When the average distance between solitons
(for sufficiently large A;„) exceeds a critical val-
ue l „(=a/c„)no regular incommensurate solu-
tions exist but the iterations exhibit chaotic be-
havior. "'" In the chaotic regime metastable
states are formed by random distributions of
pinned solitons. The lowest-energy states at a
given concentration can be found by using meth-
ods developed in Ref. 11. These states are in-
sulating since it is not possible to move the so-
litons without a cost of energy. The islands 1-12
in the chaotic regime describe a high-order com-
mensurate phase which is not surrounded by con-
ducting trajectories. This C phase is stable only
for c= ~2. We find the following critical concen-
trations:

la=1.5a: c„20%%uo

l, = 4a: c„1.78%%uo.

These values are somewhat higher than the ana-
lytical estimate Eq. (9). The chaotic regime is
extremely narrow for /, =4a and is not visible on
the figure. The critical concentration compares
very favorably with the one observed in trans-
polyacetylene, ' where at c„-1%the conductivity
changes by several orders of magnitude.

The pinning energy for l, =4a is extremely low
(-10 'y) and so for an isolated chain the solitons
would be effectively depinned even at very low
temperatures. However, three-dimensional in-
teractions cannot be ignored, even in polyacety-
lene, and the pinning energy should be multiplied
by an effective number of interacting chains. The
solitons are walls rather than isolated kinks in a
three-dimensional system.

An electric field will also depin the solitions. .
The critical field E„, above which the solitons
are freely moving, is given by

from an ideal crystalline system as assumed
here. It has been suggested that the transition is
actually a Mott-like transition, where the solitons
are bound to impurities up to a critical concentra-
tion. '" Beyond this concentration the bound
states are destroyed. A transition based on this
mechanism would probably be smeared, whereas
the mechanism presented in this paper is intrin-
sic and gives a sharp transition like the one actu-
ally observed.

Finally we estimate the role of Coulomb inter-
action. One has to subtract the energy of the
regularly arranged solitons from the total energy.
The energy associated with the deviation u of a
soliton from its equilibrium position is Ez=e'u'/
2~l' (per unit length), where e is the dielectric
constant. For l0=4a and y=A/32, @=10, and
with use of the previously obtained values, we
find Eo/E&, „~0.15.

To summarize, we have shown that a Peierls
system described by the phenomenological model
defined by Eqs. (4) and (5) with half-filled bands
necessarily undergoes a transition from an insu-
lating phase to a conducting phase at a critical
excess concentration of electrons. The theory
gives a possible explanation of the metal-insula-
tor transition in trans-polyaeetylene and the de-
pinning transition in NbSe, .
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This paper reports measurements of electrical impedance versus frequency on photo-
electrochemical solar cells and metal-insulator-semiconductor junctions using poly-
crystalline, electrodeposited n-CdSe electrodes. A simple power law in frequency for
the photoelectrochemical cell impedance is interpreted in terms of a percolation conduc-
tion at the semiconductor-electrolyte interface with use of arguments supported by
measurements on. this and related systems.

PA CS numbers: 73.40.Mr, 73.40.Qv, 73.60.Fw, 85.60.-q

Electrical impedance spectra with a simple pow-
er law in frequency have been observed for bulk
systems such as composites exhibiting percola-
tion conduction or semiconductors with random
doping or potential distributions and exhibiting
hopping conduction. ' We report on the in situ com-
plex eleetrieal impedance-versus-frequency spec-
tra for photoelectrochemical (PEC) solar cells
with electrodeposited CdSe photoanodes in either
polysulfide or sulfide-free electrolyte. The spec-
tra for both systems are consistent with a percola-
tion-dominated conduction. For the first time,
we demonstrate a systematic experimental ap-
proach to locate the source of the disorder and

determine that the semiconductor-electrolyte
interface is responsible for the disorder-domi-
nated conduction.

The PEC solar cells with a polysulfide (S '/S/
NaOH 1:1:1M)electrolyte and a Ni counterelec-
trode show promising stability and have approxi-
mately 80% peak quantum conversion efficiency.
The best cells have achieved a simulated terres-
trial efficiency of 6%. We show in Fig. 1 the im-
pedance spectra for a PEC cell with an electro-
deposited CdSe photoanode. These spectra cannot
be described in terms of a finite, resolvable set
of parallel, f requency-independent RC elements.
However, these spectra are consistent with the
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