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Optical and energy-loss data suggest that the soliton lattice, which accounts for the low Pauli suscepti-
bility X at average doping concentrations (y) & 4% to 6%, persists to higher (y). We have calculated the
eigenvalues for a trans-polyacetylene chain with the electrons in soliton states for the geometry and y
values appropriate to metallic Na-doped polyacetylene and the Coulomb potential of the ions and soli-
tons on other chains included. We find that, allowing for chains =100 C-H units in length, we can ac-
count for X in the metallic state.

PACS numbers: 71.30.+h, 71.20.Hk, 72.80.Le

The Pauli susceptibility of trans-polyacetylene,
(CH)„rises steeply when the average doping (y) is in-

creased beyond =4%%uo to 6%, ' the exact value depend-
ing on the dopant and on sample preparation. This sug-
gests that the doping causes a transition from the semi-
conducting state, with a gap =1.4 eV, to a metallic
state. In fact, conductivity close to that of copper has al-
ready been attained for carefully processed (CH)„with
=6% iodine doping. ' In the doping process donor (ac-
ceptor) impurities give up electrons (holes) to the po-
lyacetylene chain, which then undergoes relaxation. 4

(We shall speak of electrons in what follows although
the results apply to holes with obvious modifications. ) A
single electron added to the chain gives rise to a polaron,
with spin, whereas a pair of electrons gives rise to a pair
of solitons, each spinless because the extra electron is

paired with a valence-band electron. 4 In the usual the-
ory the soliton levels are centered at midgap, all filled,
and separated by a substantial gap from valence and
conduction bands. 4 Early attempts to account for the
semiconductor-metal transition were based on disorder,
specifically a highly disordered arrangement of the dop-
ing impurities causing the soliton states to spread
throughout the gap. s 6 Strong disorder was also suggest-
ed to cause a transition to an incommensurate Peierls
state with a large density of states in the gap. A serious
diSculty with these suggestions is that structure studies

by x-ray, neutron, and electron scattering establish that
above very small doping levels, =0.4%, the impurities,
although concentrated in a second phase, are not disor-
dered but form chains with constant or nearly constant
spacing. For Na doping, for example, there are sev-

eral different ordered phases, each with three (CH)„
chains per Na chain. ' " The ordered phase seen up to
(y)=6% has a spacing between ions of Sa, a being the
average distance between C-H units, thus corresponding
to y =6.67%. ' According to electrochemical evidence,
the phase with next larger y has an ion spacing of 4a, '

corresponding to y =8.33%%uo. The regular arrangement of
the ions, plus the lack of spins, suggested the existence of
a soliton lattice in the impurity-rich phase below (y)

=6%%uo. The steep increase in Pauli susceptibility X
found above =6'%%uo doping led to the proposal of a phase
transition from a soliton to a polaron lattice, ' which, in
addition to spins, would give metallic conductivity by vir-
tue of the uppermost (polaron) band being half filled. 4

A strong argument against this suggestion is the fact
that the three doping-induced infrared absorption lines
attributed to solitons at low concentrations have been
found to increase more or less linearly with ion concen-
tration in K-doped (CH), up to the maximum possible
K doping of =18%%uo'; theoretical calculations have
shown that these absorptions should be quite unobserv-
able for a polaron lattice at such concentrations. ' Fur-
ther, electron energy-loss experiments on heavily Na-
doped (CH)„show levels spread well across the gap,

'5

whereas a polaron lattice would result in two narrow
well-separated bands in the gap.

The energy-loss and infrared experiments suggest that
the electrons given up by the ions go into regularly
spaced solitons, specifically a soliton lattice, for all (y)
&0.4%. '6 In contrast to the usual theory, ' however,
the soliton states are not centered at midgap when we
take into account the Coulomb potential of the ions. Not
only does this attractive potential lower the soliton states
but it pulls levels down from the bottom of the conduc-
tion band (and valence band), as shown by Bryant and
Glick for a single donor ion, '7 tending to make a contin-
uum of levels. To determine whether the Coulomb
effects can account for metallic behavior above (y)=6%
(y =6.67% in the ordered phases), we have carried out
calculations of the energy-level structure for a chain of
Na-doped (CH)„with a soliton lattice for y~ 6.67%
taking into account the Coulomb potentials due to im-

purity ions and solitons on neighboring (CH)„chains.
We find for y =6.67% that for chains up to =100 C-H
units in length, and appropriate boundary conditions,
there is a relatively large gap between levels at the Fermi
energy EF, as well as between some pairs of deeper lev-

els. For y=8.33%%u, the next ordered phase, ' however,
for chains &100 sites long the large gaps are reduced
and all level spacings are of the order of that between
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V(') = —g

e& [(n n~ )a 2+ (eI/e~)d 2] I/2 ' (2)

where e is the charge on the electron, eI and e~ are the
components of the dielectric tensor parallel and perpen-
dicular to the chains, respectively, n; is the site on the
chain which the ion is opposite, a is the average distance
between sites, d is the distance of the ion from the chain,
and Nt is the number of ions. V„was taken as the sum
of (2) and similar terms for the contribution of the (neg-
atively charged) solitons on neighboring chains. Vp

equals N Pv„. The inclusion of Vp in (1) shifts the
energy scale of the eigenvalues so that their matrix
remains traceless. The geometry used to determine V„
was essentially that of Ref. 11, which finds each (CH)„
chain to lie along the side of an equilateral triangle with
the ion column equidistant from the three chains. We
took d =2.4 A, ' in close agreement with 2.26 A found
between Na+ ions and graphite planes in intercalated
graphite. P Outside its own triangle the largest Coulomb
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FIG. 1. Density of states vs energy calculated from the
Hamiltonian (I) for a 132-site polyacetyiene chain with ten
solitons spaced twelve lattice sites apart. The Coulomb poten-
tial is due to 32 nearest-neighbor positive ions and 22 charged
solitons plus polarons on neighboring chains.

valence-band states. An example is shown in Fig. 1.
Metallic behavior and Pauli susceptibility are therefore
expected for the large chain lengths at these concentra-
tions. The onset of this susceptibility as (y) increases
should be sharp because, as will be discussed, X in-

creases rapidly with increasing doped chain length when

y in the ordered phase goes beyond 6.67%.
To find the energy levels of the x electrons on the

chains the Hamiltonian used was' 's
N —

1

H = —g [tp+ a(u„—u„+ I )][ct+ Ic„+H.c.]
n 1

N

+ g (V„—Vp)c.'c„. (1)
n 1

Here u„ is the displacement of the nth lattice site, to is
the transfer integral when u„0 for all n, a —8t/Bu,
c„t and c„are creation and annihilation operators for a z
electron on the nth site, and N is the number of sites on
the chain. The contribution to the Coulomb potential V„
at site n due to the ions is

potentials experienced by a given chain will be due to
another ion column at about the same distance as the
one in its own triangle, and the solitons on second- and
fourth-nearest-neighbor (CH), chains. " In the absence
of information about the distances to all these other
chains, we assumed for the calculations two Na+ ion
columns at 2.4 A from the chain and four (CH)„chains
with centers at 2.443 A from the center of the (CH)„
chain. The particular geometry assumed cannot be of
prime importance because a similar rapid increase of X
occurs for other dopants' for which doped (CH)„has
quite different geometry. 9 The contributions of more
distant ions and (CH), chains were neglected because
they should be well screened. The presence of solitons on
the chain was incorporated by our taking

W,

u„= -(-1)"up+ tanh (3)
j 1

where up is the displacement in the perfectly dimerized
chain, N, the number of solitons on the chain, / the
half-length of a soliton, and b the spacing between soli-
ton centers, a function of y. For three (CH)„chains per
ion chain and an ion spacing of Sa (y=6.67%), b =15
sites, while for an ion spacing of 4a (y 8.33%), b =12
sites, and for 3a (11.1%), b =9 sites.

Calculations were carried out for two sets of dielectric
constants: eI 7.08, ' e~ =1.77, ' and a more recent set
eI =11.5, e& 2.5. ' Only the results using the latter
set are reported here, although both sets gave qualita-
tively similar results. Other numerical values used were
tp=2 5eV, a=.4. 1 eV/A, 's a=1.22 A, 's

up 0.0427 A.

(taken as the half-gap 6 0.7 eV divided by 4a), and
7 sites. ' Although it has been shown that I decreases

to five sites in the presence of a single ion 2.4 A from the
chain, ' it is to be expected that the presence of addition-
al ions five or fewer sites away would counteract the
shrinkage. The results of Fig. 1 are for 3N, ions on the
chain, corresponding to N, solitons on each of the three
chains surrounding the ion chain. We have also done
calculations for 3N, +2 and for 3N, +6 ions in the
chain, corresponding to shallower wells. The latter
boundary condition is more appropriate when Inost of
the sample is doped. Although these three different
boundary conditions made for big differences in the ener-

gy levels for shorter chains, the differences in the states
around EF were not important for chains with N & 100.
We note that ordered chain lengths of several hundred
sites would not be unreasonable. Molecular weights in

typical undoped Shirakawa samples correspond to aver-

age chain lengths of =1000 sites. Some of the defects
that limit the coherent length, such as random cis in-
clusions and gradual bends of the fibrils, need not hinder
the diffusion of ions with accompanying polarons or soli-
tons.

The eigenvalues of the Hamiltonian (1) were obtained
for various chain lengths, corresponding to 2, 4, 6, etc. ,
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solitons for b=15, b =12, and b=9. For the short
chains, as indicated earlier, gaps of several tenths of an
electronvolt remain between pairs of levels around EF.
At 6.67'%%uo doping, even for N =134, a gap of 0.2 to 0.3
eV remains. For the higher dopings, however, at this
chain length all level spacings are close to the average
spacing in what had been the valence and conduction
bands. The results for b =12 with N =132 are shown in

Fig. 1. Results for b =9 with N=134 (14 solitons) are
very similar. For b =12 (8.33%), in the absence of the
Coulomb potential the states would spread from —5.0 to
5.0 eV, with a gap of 1.68 eV. The average spacing be-
tween the soliton levels in the gap would be =0.1 eV,
with the lowest and highest separated by 0.38 eV from
the closest band edge. It is seen from Fig. 1 that the
Coulomb potential, which corresponds to a well depth of
4.4 eV for the boundary condition chosen, causes the
filling in of the gaps between the lowest and highest "sol-
iton" levels and the closest band edges, with the result
that all the states can now be considered to occupy a sin-

gle band. It is clear from the wave functions that none

of the states within 3 or 4 eV of EF in this band are lo-

calized. However, the Coulomb potential does cause the
lowest-energy states to be strongly localized. The strong
concentration of the low-energy wave functions at the
center of the chain is refiected in the highest-energy
wave functions being more concentrated at the ends of
the chain. This prevents the latter from taking advan-

tage of the potential well, pushing up their energies. It is

expected that this effect would be larger the higher the

energy level, and that is indeed seen in Fig. 1 in the
spread of states above the remains of the band-edge
singularity at 4.2 eV.

The model just described leads to predictions in good
agreement with many different kinds of experiment. In
particular, it predicts a rapid increase in Z when b de-

creases below fifteen sites. We show below that, with the
next stable phase corresponding to b =12, ' the increase
should match that observed experimentally. X arises
from the (small) shift in occupation probabilities for
electrons with spins parallel and antiparallel to the mag-
netic field. For the shortest doped chain length (two soli-

tons) with twelve- or nine-site spacing, the energy inter-

val 20 between the highest occupied and lowest empty
level is large compared to kT and only these two levels

contribute to X, giving essentially X CX:exp( —0/kT).
As this doped chain length LD increases, decreasing 0,

increases, exponentially at first, and then less rapidly.
Significantly, for LD =84 sites (6 solitons), and b =12 or
less, 0 is down to 2.5kT and the calculated Z has at-
tained about half the theoretical maximum. That max-

imum, calculated for b =9 or 12 and LD a few hundred

carbons, corresponds to a density of states at the Fermi
energy N(EF) =0.14 states/eV C atom. The calculated

for LD =84 sites corresponds to 0.06 states/(eV C
atom). This value is close to that of 0.08 states/(eV C

atom) deduced from the maximum X observed by
Moraes et al. at =8% doping, suggesting that the aver-

age LD in their samples is =100 sites. It is reasonable to
identify the (y) value at which the rapid rise in X be-
gins, 0.055 or 0.056, as the value for which the ion

spacing begins to decrease from fifteen sites. ' At
(y) =0.060, where the average ion concentration has in-
creased by =7% or 8%, Z has increased sharply to al-
most half of the maximum measured value. The ap-
parent saturation of I observed at (y) =8% is addition-
al evidence that the next stable phase corresponds to
b =12. The 7%%uo or 8% noted above corresponds to —,

' or
of the 25% increase in y required to go from b =15 to

b 12 throughout the sample. Given the rapid increase
in X with LD and 0 remarked on earlier, —,

' of the sam-

ple in the next stable phase could easily contribute half
of the maximum Xp observed for that phase. Slower
growth of I beyond (y) =0.060 could be due to the de-
creasing rate of growth with increasing chain length.
Also, some of the doping beyond (y) =0.060 might in-

volve very short chains and disordered regions that con-
tribute little to Z. It may be noted also that observation
of sizable Z for very low (y), &1% for iodine-doped
(CH)„, ' for example, can be accounted for by inhomo-
geneous doping, the surface regions being more heavily
doped than the interior. 5

In summary, we have shown that the metallic state of
polyacetylene is achieved by (1) the donated electrons or
holes being in soliton states and (2) the Coulomb poten-
tial of the doping ions and the solitons in other chains
causing a redistribution of the states in energy. Calcula-
tions for a structure resembling that of Na-doped (CH)„
lead to a continuum of levels for Na+-ion concentrations
of 8.33'%%uo or higher, supposed to be characteristic of the
metallic phase, for chain lengths &100 sites. The
insulator-metal transition, characterized by a rapid rise
in I, occurs as this length is achieved for a sizable per-
centage of the doped, ordered regions in the sample. In
addition to accounting for the observation of doping-
induced infrared absorption at concentrations above the
"insulator-metal" transition, the addition of many states
within the gap allows the model to account for the wide
range of continuous optical absorption seen within the

gap for (y) below the transition. 2
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