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Metal-insulator transition in trans-polyacetylene
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We have calculated the band structure for a chain of doped trans-polyacetylene using the elec-
tronic part of the Su-Schrieffer-Heeger Hamiltonian plus the Coulomb potential arising from ions
and charged solitons surrounding the chain. The lattice structure used was that determined by x
rays for Na-doped polyacetylene. To agree with a number of experimental observations the donated
electrons were taken to be in soliton states at all dopant concentrations. In obtaining the potential
of a point charge on a chain in the metallic state, the confinement of the free electrons to a chain
was taken into account. Because screening depends on the calculated energy levels, specifically on
the density of states at the Fermi energy, g(EF), in the metallic state, which, in turn, depend on the
potential used to obtain them, self-consistency was required in the calculations. The energy-level
structure was found to depend strongly on the ion spacing, conveniently measured in terms of the
average spacing a of C—H s along the chain. For ion spacing 5a, characteristic of the Na-ion-rich
regions up to an average dopant concentration of -6%, the chain remained semiconducting. For
ion spacing 4a, which appears to characterize the next phase for Na doping, metallic behavior was
found for a doped chain length of —100 sites or more. Self-consistency was fulfilled with g(EF)
equal to the value obtained from the saturation spin susceptibility in the metallic state. In addition
to sufficiently long chains that the level spacing is comparable to kT, the metal-insulator transition
is found to require considerable overlap of electron wave functions on adjacent solitons and a fairly
deep potential well. The transition is best described as a Mott transition. Our model predicts that a
sample in the metallic state at room temperature becomes semiconducting at lower temperature.
Evidence for this is found in the temperature variation of the spin susceptibility and of ESR
linewidth. It is argued that the energy-level distribution in the metallic state is similar for other
dopants. We show also that our model is consistent with the optical absorption observed for doped
polyacetylene.

I. INTRODUCTION

trans-polyacetylene, to be abbreviated ( CH )„, when
undoped has very low conductivity and a gap of —1.8
eV. With doping the conductivity rises, very rapidly up
to a concentration of y —

l%%uo and then less rapidly with
further increase in y. Doping-induced absorption over a
wide range of frequencies in the gap appears for y as
small as 0.3% with a gentle maximum around midgap,
and increases with y. At -6% doping the original gap
has disappeared. Temperature-independent susceptibili-
ty, i.e., Pauli susceptibility, is quite small for small y and
shows a strong increase around 4—6% doping. The de-
tails of the increase of the Pauli susceptibility, gz, with y
are quite dependent on the dopant and the sample treat-
ment. It is generally found, however, that for y -4—6%
g~ has increased to within a factor 2 of the value that
would be obtained if all the m electrons were conducting,
i.e., if the gap in the m band had disappeared, the band-
width remaining constant. The increase in y„with y is
particularly striking for Na-doped and C104-doped
(CH)„, where y~, for carefully prepared samples, goes
from ( I Xlo to -2X10 emu/mol in the range—5% &y & 7.5/o. Because the gap in the optical absorp-
tion has essentially disappeared at y-6% and the con-
ductivity is quite high, the rapid rise in y~ is taken to in-
dicate an "insulator-metal" transition. It has been pro-

posed that this transition is first order.
It is generally accepted that donation of an electron or

hole to a (CH), chain results in chain relaxation. When
two or more electrons or holes are added, the relaxation
takes the form of charged soliton states. ' Evidence
that this is the case, at least up to 4—6%, is the small
value of yp mentioned above, resulting from the pairing
of electrons or holes in the charged solitons. Early at-
tempts to account for the insulator-metal transition
showed that a highly disordered arrangement of the dop-
ing impurities would cause the soliton levels to spread
throughout the gap, quenching the Peierls distortion, at
high enough concentration. ' Another attempt to ex-
plain metallic behavior was based on strong disorder
causing a transition to an incommensurate Peierls state
with a large density of states in the gap.

A serious difhculty with transition mechanisms based
on disorder is that structure studies by x-rays, neutron
scattering, and electron scattering establish that above
doping levels -0.4% the impurities, although concen-
trated in a second phase, are quite well ordered within
that phase. ' In Na-doped (CH), in particular, the reg-
ular arrangement of ions, plus the small gt, below -6%
doping, suggested the existence of a soliton lattice in the
impurity-rich phase for y 5 6%. ' The steep increase in

above —5% doping led to the proposal that the
insulator-metal transition is a phase transition from a sol-
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iton to a polaron lattice. ' A strong argument against
this suggestion is the fact that the intensities of the three
doping-induced infrared-absorption lines [infrared-active
vibrational (IRAV) modes], established as being due to
solitons at low concentrations, "' have been found to in-
crease more or less linearly with ion concentration in K-
doped (CH)„up to —18%%uo,

' theoretical calculations
have shown that these absorptions should be quite unob-
servable for a polaron lattice at high concentrations. ' '
Further, electron-energy-loss experiments on heavily-
Na-doped (CH)„show levels spread well across the
gap, ' whereas a polaron lattice would result in two nar-
row well-separated bands in the gap. It was pointed out
by Fink et al. ' that the energy-level distribution they
find is consistent with the electrons remaining in soliton
states. Persistence of soliton states should give rise to
sufhcient variation of the charge density along the chains
even at large y to explain the observation of IRAV to
18% K doping. We conclude on these various grounds
that the insulator-metal transition does not involve a
change in the nature of the lattice relaxation; the soliton
lattice exists for y values above as well as below the tran-
sition.

Even though the carriers go into a soliton lattice, the
usual theories for the amplitude soliton lattice' or the
phase-amplitude soliton lattice' are not applicable be-
cause these theories neglect the effects of the ions. In
these theories the spacing of solitons is determined solely
by the number of electrons added to the chain, so that as

y increases the soliton spacing decreases steadily. In
practice, because of the two-phase nature of doped
(CH)„, the spacing of solitons in the doped phase
remains constant over wide ranges of y because the ion
spacing remains constant, an increase in y resulting in an
increase in the doped chain length. ' The soliton-lattice
theories' ' also neglect the Coulomb potential of the
ions, as, in fact, do all the theories mentioned above, with
the exception of that in Ref. 5. With the ions located be-
tween the (CH) chains and typically having a periodici-
ty 3a to 5a, where a is the average distance between CH
groups, this potential is clearly large. Calculations of
Bryant and Glick for a single impurity ion approximately
halfway between chains show that the potential of the ion
has a strong effect on the distribution of energy levels in
the conduction and valence bands. Actually, the effects
are considerably larger than calculated by them because
they assumed an isotropic dielectric constant e of 10,
whereas the transverse dielectric constant, in particular,
is much smaller. As a result of the ion potential, several
levels are pulled into the gap, and the location of soliton
or polaron levels is strongly affected. ' ' Thus it is essen-
tial to include the ion potential in band-structure calcula-
tions. Neglecting the ion potential, Stafstrom and
Bredas' found a large gap between the soliton band and
both valence and conduction bands to be maintained
beyond 6% doping. In the calculations of Bulka, the
effect of the ion potential was limited to the nearest-
neighbor C atom to a dopant ion. Here also the gap was
not found to disappear, even at high dopant concentra-
tions.

We have done band-structure calculations for a doped

(CH) chain with the electrons in soliton states and the
ion potential plus the potential due to solitons on nearby
chains included. We did indeed find the gap to disap-
pear for a structure approximating that found for Na-
doped (CH) by x rays, a reasonable value of chain
length, and a y value in accord with experimental data.
In this paper we carry these calculations further by using
the actual structure found for Na-doped (CH)„and do-
ing a more careful treatment of screening. It is clear that
with the ions and other charged solitons so close to the
(CH) chain, an accurate treatment of screening is im-
portant. For undoped polyacetylene the screening at
long distances from a charge is given by the dielectric-
constant tensor, for which the most recent values are
a~~=11.5 (Ref. 25) and a~=2. 5. Close to the charge the
screening is less, i.e., the potential greater, than these
values would indicate. With increasing doped chain
length the gap tends to decrease. A decrease in gap
would make the dielectric constant increase. Since the
gap is dependent on the potential, an accurate determina-
tion of the variation of the gap with doped chain length
requires, in general, a dificult self-consistent calculation.
Fortunately, when the chain is in the metallic state, the
problem is more tractable because screening depends only
on r)(E~), the density of states at the Fermi energy. Self-
consistency then requires that r)(EF) obtained from the
band-structure calculation agree with ri(E+) introduced
initially in determining the screening. As will be shown,
such a self-consistent calculation leads again to the metal-
lic state occurring at reasonable chain length and a dop-
ing concentration in accord with experiment. For the
doping concentration characteristic of the nonmetallic
phase in ¹doped (CH)„, we also obtain reasonable
self-consistency in that the gap changes calculated using
the e values for pristine material are quite small.

The plan of this paper is as follows. In Sec. II we de-
scribe our band-structure calculations and results. The
following section begins with the derivation of the depen-
dence of the spin susceptibility on properties of the chain
and the temperature T. Because the chain lengths at
which metallic susceptibility is predicted at 300 K are rel-
atively short, —100 C—H's, the spacing between levels at
the Fermi energy is still approximately the thermal ener-

gy (kT) at 300 K. Thus our model predicts that, as the
temperature is lowered, the "metal" will revert to a semi-
conducting state. Experimental evidence for this rever-
sion, from studies of ESR linewidths and the tempera-
ture dependence of y, will be given in Sec. III. In Sec. IV
we discuss the sample and dopant dependence of the
insulator-metal transition, as seen in susceptibility and x-
ray measurements. In Sec. V we describe how our model
accounts for the observed variation of the optical absorp-
tion with doping. Finally, we summarize our results and
conclusions in Sec. VI.

II. BAND-STRUCTURE CALCULATIONS

A. Hamiltonian

The Harniltonian used for these calculations was the
electronic part of the Su-Schrieffer-Heeger (SSH) Hamil-
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tonian plus the Coulomb potential of ions and solitons,
1,e.,

N —1

H= —g [to+a(u„—u„+, ) j(ct+,c„+H.c. )
n=1

+ g V„c„c„.
n=1

Here, u„ is the displacement of the nth lattice site, to the
transfer or overlap integral when u„=0 for all n, cx the
rate of change of the overlap integral with distance be-
tween nearest neighbors, c„,and c„creation and annihila-
tion operations for a m. electron on the nth site, and N the
number of sites on the chain. V„ is the sum of the
Coulomb potential due to the ions and solitons on the
other chains. We neglect the contribution of solitons on
the chain being calculated for because their potentials
should be strongly screened. For simplicity, the solitons
on the other chains were assumed to be point charges.

The presence of X, solitons on the chain was incor-
porated by taking

N

u„=—
(
—I )"uo Q tanh

n —jb
j —1

where uo is the displacement in the perfectly dimerized
chain, b the spacing between soliton centers, and l the
half-length of a soliton.

B. Structure

The relative locations of ions and (CH)„chains, shown
in Fig. 1, were taken to be those found in x-ray investiga-
tions of Na-doped (CH), . In earlier calculations we

FIG. 1. End-on view of a portion of the polyacetylene struc-
ture used for calculations. Each (CH) chain lies along the side
of an equilateral triangle with the ion column, indicated by +,
at a distance d from each of the three chains surrounding it.
The double line indicates the chain for which the calculations
were done. The two nearest ion columns and the six nearest sol-
itons will be referred to as the first shell of charge, the next-
closest pair of ion columns and set of six solitons the second
shell of charge, etc. The first and second shells are displayed in
the figure.

assumed a structure in which the equilateral triangles
were aligned base to base rather than apex to base as in
Fig. I, so that the center (CH)„chain, for which the cal-
culations were done was the common base for two trian-
gles. As a consequence, the two closest ion columns were
at a distance d from the center chain, rather than at d
and 2d, as in Fig. 1, and there were four nearest-neighbor
solitons rather than six. Each of the six nearest-neighbor
solitons is at a distance 2&3 from the center of the chain
for which the calculations were done. The distance d was
taken as 2.4 A, ' in close agreement with 2.26 A found
between Na+ ions and graphite planes in intercalated
graphite. Calculations were also done for charges more
remote than nearest neighbors, as will be discussed.

The existence of different phases for different doping
ranges has been established by x rays ' and electrochemi-
cal measurements. For Na doping with average con-
centration (y ) between -0.4% and -6%, the spacing
between ions in a column is 5a. With three (CH),
chains per Na column, the distance b between soliton
centers in this phase is 15a and the actual Na concentra-
tion in the phase is 6.67%. The ion spacing in the next
ordered phase is not as clear. According to the discus-
sion of Ref. 33, a spacing of 4a seems most likely, al-
though it is not possible to rule out 3a or a combination
of 4a and 3a. We have taken the value 4a, for which we
believe, as will be discussed in Sec. IV, there is further
evidence. That choice makes the spacing between soliton
centers in this phase 12a, corresponding to y=8. 33%.
As a consequence of the even spacing, alternation of soli-
tons and antisolitons requires alternation of the usual sol-
iton having (schematically) two single bonds at its center
with one having two double bonds at its center. Within
the SSH treatment, where Coulomb forces between the
electrons in the soliton are neglected, these two solitons
have the same energy. Close equality of the energy for
the two configurations has also been shown using the
Pariser-Parr-Pople (PPP) model.

According to Refs. 2—4, the increase in gz, and thus
the transition to the metallic state, begins at an average
concentration of —6%. Because (CH)„samples are nev-
er completely doped, presumably due to the presence of
amorphous regions and other defects, this suggests that
at (y ) -6% as much of the sample as can be doped has a
concentration 6.67%. The rise in y~ starting at -6%
then corresponds to the buildup of the next phase, which
we have taken as 8.33%. Because the states are widely
separated in energy for short chain lengths, the attain-
ment of metallic properties must require a sufficient
length of chain, Ld, doped to 8.33%. The determination
of Ld is one objective of these calculations. It is to be ex-
pected that Ld —100a because there is no evidence for
coherence lengths much longer than this by any measure.

C. Calculatioris with dielectric screening

We will first consider the case of 6.67%, corresponding
to an ion spacing of 5a. From the above discussion it is
reasonable to assume, at least for a first iteration, that
there is dielectric screening, with the e values those cited
earlier for pristine material. The Coulomb potential is
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then given by

ee;

6j [( n —n; ) a + ( e
()
/e~ )R; ]

(3)

where —e is the charge on the electron, +
~ e; ~

the ith
charge, n; the site on the chain that the ith charge is op-
posite, and R; the perpendicular distance of the charge
from the chain. For the calculation of V„, the "phase, "
or the arrangement of the solitons, on each chain was
taken to be determined by the position of the chain in its
equilateral triangle. Thus, for example, the soliton
centers would be located at the same set of sites on each
chain that forms the base of an equilateral triangle in Fig.
1, while for the chains that form the left and right sides
of the triangles the soliton centers would all be shifted by
five sites ahead and behind, respectively.

In calculating the energy levels from Eqs. (1)—(3), we
took the energy gap (=23, ) to be 1.8 ev, u0=0. 035 A,
to=2. 5 eV, a =1.22 A, and d=2. 4 A. Consistent with
these values and the SSH Hamiltonian a ( =b, /4uo) (Ref.
29) was taken at 6.42 eV/A and the soliton half-width
I (=2to/b, ) (Ref. 35) at 5.5 sites. Although it has been
shown that the soliton half-width is decreased below
2to/5 in the presence of a single ion, a decrease does
not appear likely when there is a row of closely spaced
ions. Calculations were done for chain lengths corre-
sponding to 2m solitons, 6m ions, and chain lengths of
(2m+1)b sites for odd b, (2m+1)b —1 sites for even b,
and m values 1 —10. For every value of m, 2m soliton lev-
els are introduced in the gap. If the Coulomb potential
due to the ions and other solitons is neglected, the soliton
levels, conduction band, and valence band are symmetric
about midgap. Because the soliton levels are taken from
the conduction and valence bands, the gap between the
bands widens somewhat in the presence of the solitons.
The gap of significance now, however, is the energy inter-
val between the top soliton level and the conduction-band
edge. We find from Eqs. (1) and (2) that for 6.67% and
V„=O the gap varies from 0.875 eV for two solitons to
0.716 eV for eight solitons (134 sites). With the inclusion
in the Hamiltonian of V„given by Eq. (3), for el

= 11.5
and @~=2.5, we found little decrease in the gap, -0.02
eV for a 134-site chain, and less for shorter chains. In
these calculations we included charges out to the second
shell (see Fig. 1), but there was not a significant change
between the values calculated with the first shell only and
those calculated going as far as second, third, or fourth
shells.

One reason that the effects on the energy levels are
much smaller than those calculated for a single ion is that
the positive potentials due to the ions are strongly corn-
pensated by the negative potentials due to the solitons.
The degree of compensation has been overestimated in
the calculation described above, however, by not allowing
for the variation of e, with distance, i.e., the incomplete
screening close to a charge. Calculations by Resta, for
example, for diamond, Si, and Ge show that the full value
of e is not attained until the distance from a point charge
is about equal to the interatomic spacing. Thus, in par-
ticular, we have overestimated the screening of the posi-

tive ion column closest to the chain. Resta's calculations
were done for cubic crystals and are, unfortunately, much
more dificult to do for a uniaxial crystal. To obtain an
estimate of the effect of the diminished screening, we as-
sumed, in the spirit of Resta's results, that each com-
ponent of e varies linearly from unity at the ion to its full
value (11.5 or 2.5) at one interatomic distance, equal to
1.22 A along the chains and 4.16 A perpendicular to the
chains. These calculations led to slightly larger gaps
rather than the smaller gaps expected; in fact, they tend-
ed to restore the gap calculated without the Coulomb po-
tential. The numerical calculations of the variation of the
gap with increasing Coulomb potential, to be described
later, show that this is typical behavior when V„ is small.
We conclude that at 6.67%%uo doping (CH) remains a
semiconductor with gap changed little by the Coulomb
potential. It is not certain that we have done a self-
consistent calculation; the dielectric constant used was
that for pristine rather than doped material. However,
we see no possibility for the dielectric constant to change
greatly, and thus none for the gap to be changed much at
the 6.67% concentration.

For 8.33% doping, according to the earlier discussion,
it is expected that the gap will not be decreased much by
the Coulomb potential at short chain lengths, so that the
dielectric constants for pristine material should still be
more or less valid. The calculated results for chains of
two and four solitons are consistent with this expectation.
For four solitons, with the e values taken as constants,
the gap decrease is only 0.01 eV. Allowing the e values
to decrease as discussed above near the closest positive
ions resulted in a gap decrease of 0.08 eV, still not a large
decrease. For longer chains the gap decreases grow
larger and it becomes necessary to take into account the
variation of dielectric constant with the change in gap.
We note that initially the expected increase in e with de-
creasing gap, which decreases the Coulomb potential,
should have the efFect of slowing the gap decrease with
increasing chain length. Thus when a self-consistent cal-
culation is done, the transition to the metallic state with
increasing chain length might be relatively abrupt.

D. Metallic screening

We now turn to the metallic region where, as indicated
earlier, a self-consistent calculation is feasible. Primary
consideration must be given to the screening. As pointed
out for the dielectric case, with the potentials of positive
and negative charges tending to cancel each other, the
detailed variation of screening with distance close to a
charge is very important in determining V„. An essential
complication here is that free carriers confined to chains
are less effective in screening than those that can move
freely in three dimensions. Thus a point charge on a
chain will be screened very little outside the chain by the
motion of carriers within the chain because the electronic
charge is essentially unable to adjust by lateral motion to
the presence of the test charge. The-test charge is nev-
ertheless screened in a material with an assembly of
parallel chains because the carriers can move between the
surrounding chains, by hopping, tunneling, or drift if the
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E. Band structure in the metallic range

We now calculate the band structure of a chain con-
taining eight solitons (108 sites) with spacing b = 12
(8.33% doping), assuming that the screening is metallic
with g(E~)=0.08 states/eVC-atom. In Sec. IV we will
show that a calculation of the density of states for the re-
sulting band structure leads to the same g(Ez), making
the calculation self-consistent. Thus chains of 108 sites
or more with 8.33% doping will exhibit so-called metallic
behavior of gz.

In Fig. 4 is shown the potential V„calculated for a
chain of 108 sites containing eight solitons, surrounded,
according to the geometry of Fig. 1, by similar (CH)„
chains and by ion columns of 24 ions spaced 4a apart.
Ions and solitons were all treated as point charges with
potentials versus distance given by Figs. 2 and 3. For the
calculation of V„, charges out to the fourth shell were in-
cluded. It was found that V„ is mainly determined by the
first shell. The next shell of charge did have some effect
on the gap and the rI(Ez ) ultimately obtained, but further
shells of charge had little effect, as anticipated from the
exponential falloff of the point-charge potential with dis-
tance shown in Figs. 2 and 3.

It is seen in Fig. 4 that the potential well has an aver-
age depth of -3 eV, with oscillations of amplitude 1.3
eV. The sharp minima of V„occur at the soliton centers
where the positive potential energy due to the off-chain
solitons is a minimum. The maxima occur at the sites
halfway between solitons on the other two chains in the
triangle, where their potential energy is a maximum.
Thinking that the maxima and minima would be less
sharp if the soliton charges had not been assumed to be
point charges, we redid the calculations with the elec-
trons spread out, self-consistently. This affected the po-
tential very little, the changes being of the order of a few
percent. In any case, we have been able to show that the

energy levels depend little on the height of the Auctua-
tions, but are determined mainly by the well depth and
shape of the well at the ends. It may be noted that the
height of the fluctuations is very much less for the
dielectric-screening case, where the potential falls ofF in-
versely with distance rather than exponentially.

The energy levels calculated for the potential of Fig. 4
are given at the extreme right of Fig. 5. To show how
these levels evolve as the Coulomb potential increases
from zero, they are plotted as a function of the fraction of
the Coulomb potential. In other words, it is considered
that the Coulomb potential is given by fV„and the plot
in Fig. 5 shows the level evolution as f increases from 0
to unity. It is seen that with the increase of f from zero,
the levels tend to separate in groups of eight, or multiples
thereof, as a result of the presence of eight solitons. At
very low values of f, eight localized levels separate off
from the bottom of the valence band. The progressively
greater electron concentration at the center of the chain
for these states with increasing potential results in greater
electron concentration at the ends of the chain for states
at the top of the valence band. Finally, two of the top
states are sufficiently concentrated at the edge of the well
that they can no longer lose energy with further increase
in f and they separate from the top of the valence band.
While they are in the gap the states stay localized at the
ends of the chain. When the pair joins the soliton band,
the wave functions are again delocalized throughout the
chain. As the fraction of the potential increases from
zero, levels separate from the top of the soliton band and
the top of the conduction band for the same reason as
just described for the pair at the top of the valence band,
going through the same types of change in their wave
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functions as described for that case. The most significant
change for the properties of the material is the separation
of the two highest occupied states from the soliton band
to join the conduction band at the full value of the poten-
tial. The highest occupied level, indicated by an arrow in
Fig. 5, is then 0.142 eV below the next level. This spac-
ing is seen to be of the order of the spacing between
conduction-band levels, although slightly larger. The
eigenfunction for this level is somewhat asymmetric, as
indeed all the eigenfunctions are because the potential
was slightly asymmetric for the b=12 spacing, but it
clearly does not represent a localized state.

In the next section we will derive the relation between
pp and the energy-level distribution around EF. It will
be shown that the distribution of Fig. 5 leads to
il(E+) =0.080 states/eV C-atom at room temperature,
thus satisfying the self-consistency condition. With the
chain length, 108 sites, a reasonable average length for
coherent doping, it appears that Fig. 5 gives a good
description of the energy levels in the metallic state.

In addition to sufficiently long chains, achievement of
the metallic state requires both good wave-function over-
lap in the soliton states and a deep potential well. Evi-
dence for the former requirement is provided by a calcu-
lation for 6.67%%uo doping with eight solitons (134 sites) and
metallic screening. The potential was very similar to that
shown in Fig. 4, having also a well depth =4 eV, but the
calculated gap between the highest occupied and lowest
empty levels was 0.43 eV. The big difference between the
6.67% case and the 8.33% case is poor wave-function
overlap for the former, with the soliton length, =21,
equal to 11 sites, while the distance between soliton
centers is 15 in the 6.67% case and 12 in the 8.33% case.
The requirement of a deep potential well is demonstrated
by calculations for 8.33% with everything identical to
that discussed above, except that V„was calculated as-
suming dielectric screening, i.e., ~~~

= 1 1.5 and ~~ =2. 5.
As was found also for the calculations with shorter
chains, this leads to a well depth —1 eV. Even with the
soliton length 2I taken as 14, a gap of 0.39 eV remained
for the 8.33% case with 10 solitons, a chain length of 132
sites, and the shallow potential well characteristic of the
dielectric screening.

Although we have concentrated on Na-doped (CH),
to this point, and structural details are undoubtedly
different for (CH) with other dopants, it is not un-
reasonable that 4—6% doping will lead to similar well
depths and the insulator-metal transition for other
donors. This will be discussed further in Sec. IV. How-
ever, very similar behavior has been found for C10&
doping, with an insulator-metal transition at -6%, and
i)(EF ) =0.08 states/eV C-atom in the metallic state. We
show now that this can be explained in close analogy with
our explanation for donor-doped material. For acceptor
doping, the solitons are positively charged and the
midgap soliton band found when the Coulomb potential
is neglected is completely empty, i.e., filled with holes.
V„ is positive rather than negative in this case and the
potential well is inverted to become a barrier. A plot of
the energy levels versus the fraction of V„ in this case
would show them tending to rise rather than fall. As the

potential energy increases, the lowest-energy states in a
band and, in particular, the lowest-energy states in the
soliton band, will tend to become concentrated toward
the ends of the chain, rather than in the center as for
donor doping. When the potential has increased far
enough, they will no longer continue to rise in energy
with increasing V„as do the remainder of the states in
the band, which will therefore separate from them. In
analogy to the n-type case the insulator-metal transition
will occur when the valence-band states rise sufficiently to
have closed the gap between them and the lowest soliton
states. The hole wave functions in the latter states will at
this point have again spread over the chain, and hole con-
duction can take place in the resulting band.

It should be noted that the calculated band structure is
not independent of boundary conditions because they
affect the well depth. This will not matter much for the
insulator side of the transition, because the gap changes
are so small anyway for 6.67% doping, but they could be
quite significant for the metallic side. The boundary con-
ditions for the case illustrated in Figs. 4 and 5 were, to a
great extent, determined by the fact that the outermost
ions and the solitons bound to them were opposite sites 8
and 100. Due to the strong screening their potentials
were small at the beginning of the chain, as seen in Fig. 4,
and thus made full contribution to the depth of the well.
The minimum distance of an ion from the end of the
chain should be I, or about five sites; a shorter distance
would not give rise to a stable soliton-ion configuration.
If the outermost ions had been at sites 5 and 103, the well
depth would have been smaller by -0.2 eV. As can be
deduced from Fig. 5, such a decrease in depth would have
had a noticeable effect, increasing the gap and decreasing
il(EF) somewhat. Because the gap decreases with in-
creasing chain length, self-consistency and the metallic
state could still have been achieved by going to a chain
with two more solitons, or 24 more sites.

It would also be possible to have deeper wells for a
given chain length than has been considered above.
These could be created, for example, by one or more of
the ions giving up its electron to an impurity elsewhere,
thus decreasing the number of negatively charged soli-
tons on the surrounding chains. This could result in a
chain shorter than 108 sites becoming metallic. In prac-
tice, one would expect a variety of boundary conditions
to occur in any given sample. What our calculation has
demonstrated is that the insulator-metal transition occurs
for one plausible set of boundary conditions at a reason-
able chain length. It appears that this should still be true
for a range of boundary conditions. In any case, not all
of the sample becomes metallic.

We conclude this section with a brief discussion of
some of the approximations and omissions in our model.
The use of a single-chain calculation, or basically a one-
dimensional model, appears justified by the observation
of the soliton IRAV in metallic samples, plus the large
anisotropy found in the conductivity of oriented metallic
samples. Nevertheless, interchain interactions might
smear out the level structure we have calculated, decreas-
ing the gaps. Another possible source of error is the use
of fixed soliton spacing, i.e., Eq. (2), rather than allowing
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the chains to relax. In calculations for a well with depth
increasing to a maximum at the center, when the chains
were allowed to relax the solitons were found to be short-
er around the center of the well, corresponding to the ex-
pected larger electron concentration there. Little error is
expected from this source in the present calculation, how-
ever, because as seen in Fig. 4 the average V„ in the well
is quite Hat except for a few sites at the ends. The rapid
increase in V„at the ends might cause a spreading of the
end solitons, but this is not likely to have much effect on
the energy levels. The neglect of electron-electron in-
teractions on the chain might be serious on the insulator
side of the transition. It should not be important on the
metal side, where screening along the chain should be
quite good. On the insulator side, however, the very ap-
proximate treatment of the screening must be a more im-
portant source of error than neglect of electron-electron
interactions. In any case, all these considerations are un-
likely to affect the conclusion that the gap is little
changed for 6.67% doping and for 8.33% doping of very
short chains.

III. MAGNETIC SUSCEPTIBILITY

Here, f is the Fermi-Dirac distribution, pz the Bohr
magneton, and the prime indicates that the summation
over i is over the states of both spin orientations in a unit
volume. Because kT »p&B for the usual magnetic fields
applied, f is well approximated by

f(E;+piiB)=f, [1+(1 f, )p~B/kT j—,

where f, is the distribution in the absence of a magnetic
field. This leads to

where now the summation over i is over all the energy
levels of the distribution in unit volume in the absence of
the magnetic field. In this form, Eq. (9) is valid for arbi-
trary level spacing. In the limit that the density of states
at EF is large, in the present case the long-chain limit,
Eq. (9) yields the familiar result for the Pauli susceptibili-
ty of a metal, y~ =p~ r)„(EF), rli, (E~) representing the
density of states at the Fermi energy in unit volume for
both spins. For the polymers it is usual to express y in
emu/mol. In that case y may be written

y(emu/mol) =(3.24X 10 )rl(EF), (10)

where q(Ez), the number of states of both spins/eV C-
atom, is given, according to Eq. (9), by

To calculate the magnetic susceptibility g provided by
the m electrons in our model, we derive an expression for
y valid for nonuniform level spacing, including spacing
large compared to kT. For an assembly of electrons in a
magnetic field of induction B, the numbers per unit
volume with spin parallel or antiparallel to B are given by
X+ and X, respectively, where

N+ =
—,
' g' f(E;+p~B) .

g(EF)=2+ f; (1 f—; )/NkT .

Here, kT is in units of eV and the summation i is over the
states (either spin) of a chain of N C-H's. The loss of the
temperature dependence of g(Ez) in a metal is due to
f (1 f —) being proportional to kT.

The general behavior of y predicted by Eqs. (9)—(11) is
clear. If the gap 2Q between the highest occupied and
lowest empty level is large compared to kT, only these
two levels can contribute to y. With EF lying halfway
between the two levels in this situation, the equations
lead to g ~ [exp( —0/kT)]. As seen earlier, 2Q depends
on the length of the doped chain, Jd. For the smallest
L,d, corresponding to two solitons, 2Q»kT. As shown
in the preceding section, for 8.33% doping, 20 decreases
with increasing Ld, with the result that g increases, ex-
ponentially at first and then less rapidly when, with in-
creasing doping, 20 becomes comparable to kT. In the
limit of large I.d and suScient overlap of adjacent soli-
tons, g should reach a saturation. It will be shown now
that these considerations can account for the observed
variation of yp with y.

The variation of gp with y for Na doping is given in
Fig. 6 of Ref. 2. For the samples of that study it is clear
that up to (y ) -5%, at least, the part of the sample in
the Na-rich phase must have y =6.67% or b =15. Ac-
cording to Eq. (9) and the results of our band-structure
calculations, for b=15 g depends exponentially on 0
and I/T for all reasonable chain lengths, remaining well
below 10 emu/mol, the upper limit found experimen-
tally, below (y ) -5%. ' We identify the doping concen-
tration at which gz is observed to begin increasing,
(y) =0.055 or 0.056, as the concentration where the
8.33% phase is beginning to build up. (We note that part
of the sample is generally undoped and it is, in any case,
difficult to determine (y ) accurately. ) At (y )
=0.060 pp has increased to between —,

' and —,', according
to the error bars in Ref. 2, of the maximum measured
value. With 0.060 representing an increase in ion concen-
tration over 0.055 of 7% or 8%, close to —,

' of the 25% in-

crease required to go from b =15 to b =12, it does not
appear difBcult to account qualitatively for the increase
at (y ) =0.060. This could not be done quantitatively in
any case without knowledge of how L,d builds up with in-
creasing (y ). One factor that could account for an ini-
tial rapid rise with increasing doping is the exponential
dependence referred to earlier of y on Q, which, in turn,
decreases rapidly with increasing Id. Another possible
factor stems from the dielectric-constant dependence on
the gap. One may speculate that the tendency of the
dielectric constant to increase with decreasing gap, de-
creasing the constant potential, would retard the decrease
of the gap with increasing y until y grows su%ciently
large in a local region for metallic behavior to be attained
locally.

In a number of experimental studies for dopants other
than Na, gp was also observed to saturate in the high
doping limit at (2—3) X 10 emu/mol, corresponding to
rj(E+ ) =0.08—0.09 states/eV C-atom, the difference being
within the error bars. It is of interest, then, whether the
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similar values for different samples indicate that they all
have average chain lengths —100 sites, or whether g is
independent of chain length in the metallic state. We
have carried out our calculations of band structure for
longer chains and find that the self-consistent g increases
slightly, to -0.

, 084 states/eVC-atom at 156 sites, and
then decreases slightly, to 0.082 states/eV C-atom at 252
sites. In view of the accuracy of the susceptibility mea-
surements, these results tell us that gz is essentially in-
dependent of chain length in the metallic state. Thus, in
particular, we can predict that gz will be essentially un-
changed for the higher-conductivity (CH) samples made
recently, ' ' despite the presumably longer chains.

It is a consequence of our model that, particularly for
chain lengths of ~100 sites, properties that depend on
the level spacing in the neighborhood of EI;, such as g~,
will be temperature dependent because the level spacing
is not small compared with kT. One type of study that
reveals temperature dependence of the insulator-metal
transition is that of the ESR linewidth. It has been
demonstrated by a number of groups that the ESR
linewidth. at 300 K changes dramatically around
(y ) -5%%uo'. ' ' Bernier and co-workers have also shown
that in samples with (y ) ) 5% the nature of the tempera-
ture dependence of the linewidth changes at low tempera-
tures. At high temperatures the ESR linewidth for these
samples increases with temperature, as is usually ob-
served for metals where the spin-lattice-relaxation rate is
controlled by spin-orbit coupling. Below -50 or 100 K,
however, the linewidth decreases with increasing temper-
ature, as expected for a semiconductor.

The temperature dependence of y~, from which the
gap could be deduced, is not easily obtained from
magnetic-susceptibility measurements because the mea-
sured y is a sum of the core susceptibility, a Curie contri-
bution yc due to localized defects with spin, and y~. Al-
though the core susceptibility is readily subtracted out, it
is not entirely straightforward to separate in the remain-
ing y, denoted p p' pc and pz when both are tempera-
ture dependent. At low temperatures, for many highly
doped samples, g,„;„has been found to show the 1/T
dependence characteristic of Curie spins. " With in-
creasing temperature, the 1/T region goes over into a
plateau or T-independent region. The plateau may per-
sist to room temperature or may go into a region of posi-
tive slope with increasing T. The latter behavior, found
in iodine, C104, and AsF5-doped samples at y values
in the neighborhood of the insulator-metal transition, can
only indicate an increase in yz with increasing tempera-
ture. Such an increase is expected from the foregoing
theory for 20) kT. Epstein et al. find that y~( T) for an
iodine-doped sample close to the transition ( (y ) =0.444)
can be fitted by an exponential corresponding to a gap
20=0. 11 eV. This temperature dependence is quite
close to what we obtain from our model for L,d

——100. Al-
though our calculations were not done for iodine doping,
the observation of such a temperature dependence for y~
is significant evidence for our theory. As will be dis-
cussed further in Sec. IV, however the dopant reorgan-
izes the lattice, the effect of the ion potential must be to

modify the density of states more or less as has been
found for the Na case.

It should be noted that Ikehata et al. , who also mea-
sured g, ;„versus T for AsF5 doping, did not find any T
dependence for gz, this was the result of assuming a T-
independent yz in deconvoluting their data. Moraes
et al. also claim that g~ is T independent for (y ) above
the insulator-metal transition. That claim is, however,
not warranted by the data they present. Indeed, they
show that the total y is independent of T down to -45 K
for y =0.057, where the sample is barely into the
insulator-metal transition. The 300-K g for this sample
is quite small, only about twice the constant background

documented by data points from y =0.003 to
y =0.045. In interpreting the total y for the 0.057 sam-
ple as y~, Moraes et al. have assumed that the back-
ground yc has completely disappeared at y =0.057, but
this is in contradiction to what has been seen by oth-
ers" in similarly doped samples. It could easily be
true that sufFicient gc remains to keep the value of g con-
stant down to 45 K, even though gz decreases, as pre-
dicted by our theory. The spins that cause the back-
ground yc might be neutral defects present in regions
inaccessible to the dopant ions, because the latter must
diffuse accompanied by a soliton or polaron. An example
of such a region would be a very short chain terminated
by chain breaks or sp defects.

IV. SAMPLE AND DOPANT DEPENDENCE
OF THE METAL-INSULATOR TRANSITION

The detailed variation of gz with y is quite sample
dependent. That makes it difficult to decide whether y~
is also dopant dependent; that question will be discussed
later in this section. Sample dependence is probably
largely due to nonuniformity of the doping, i.e., beyond
what is the result of a two-phase model. In the case of
iodine, for example, it has been found that rapid doping
can result in the surface regions of the fibrils being doped
into the metallic range before the iodine penetrates into
the interior. ' Even a more careful, slow-doping pro-
cedure can result in nonuniformity. yz for slow-doped
samples was found to reach a value of about one-tenth
the metallic value for y ( 1%, again suggesting surface
metallic regions. Still, this increase was followed by a
plateau of yz versus increasing y that persisted to the be-
ginning of the steep increase to the full metallic value at
-4%, consistent with the doped regions that grew up be-
tween l%%uo and 4%%uo being too small to be metallic. Indeed,
Pouget found, by x-ray analysis, that for this range of
iodine doping "the coherence length -25 A does not
change appreciably with (y ), which means that doping
occurs mainly by multiplication of small aggregates
which remain structurally uncorrelated as (y ) in-
creases. " These observations suggest that the variation
of gp with (y ) can be used to obtain information on the
growth of the dopant-rich phase.

In contrast to the iodine case, for the Na-doped sam-
ples that we have been discussing the variation of g~ with

y indicates that the 6.67% phase was established
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throughout (except for —10% presumably undopable
portions of the sample) before the buildup of the 8.33%%uo

phase began. It should be pointed out that achieving
such uniformity of doping requires special samples—
with small-thickness and small-diameter fibrils (100 A for
these samples) —as well as attention to the doping pro-
cedure. More recently, results for C104 doping simi-
lar to those for Na doping have been obtained. In the
new data the sharp increase in y~ occurs at -6—7%,
rather than at -4%%uo as found earlier.

Uniformity of doping is also affected by the concentra-
tion of conjugation-interrupting defects such as sp in-
clusions. Such defects can stop the motion of polarons or
solitons accompanying the diffusing ions and thus cause a
break in the doping. We conclude from this discussion
that, because of nonuniformity of doping and defects, in-
cluding amorphous regions, the (y ) value at which y~
begins an abrupt rise may be considerably diminished
from the value in homogeneous material.

Although, in principle, the evolution of the band struc-
ture with (y ) might be quite different for different
dopants, there is some evidence that the differences are
small in practice. One piece of evidence is the insensitivi-
ty of the shape and position of the midgap optical absorp-
tion to dopant type. ' Optical absorption in the metallic
phase is also quite similar for different dopants, notably
Na (Ref. 2) and C10~, ' which lead to quite different
geometric structures. Another piece of evidence for simi-
lar band structure in the metallic state despite different
geometric structure is the fact, noted earlier, that the sat-
uration value of y~ is about the same, leading to r)(E~) of
0.08 or 0.09 states/eV C-atom, for the common dopants.
Interestingly, there is some evidence that the metallic
phase corresponds to y —8%, or an average of 12 sites be-
tween donated electrons or holes, for a number of
dopants, notably I3, C104, FeC14, and several other
tetrahedral acceptors, just as it does for Na. This is a
correlation to be expected, perhaps, because a deter-
minant of metallic behavior should be the overlap of elec-
tron or hole soliton wave functions. The structure of the
metallic phase for the common acceptors appears to be
determined by their size being comparable to one of the
spacings between (CH) chains. A common feature of
acceptor doping revealed by x rays is a long interplanar
spacing corresponding to the sum of the diameter of a
(CH)„chain and the size of the acceptor molecule. '

This feature is consistent with a structure in which
dopant-rich planes alternate with (CH) planes. 8%
doping would correspond to the dopant-rich planes con-
sisting of half (CH)„columns and half dopant columns.
Alternation of (CH) and dopant columns would be ex-
pected because it reduces the Coulomb repulsion between
the ion columns. More direct evidence for such a struc-
ture of the metallic phase in the case of FeC14 doping is
the fact that the doping is found to be fully homogeneous,
i.e., the material is single phase, at -8% doping. In
the case of I3 doping the concentration in the metallic
phase has been deduced from a comparison of the intensi-
ty of the diffraction lines from a sample of pure trans-
(CH)„and a slowly doped sample from the same initial

film with 12.5% I. The ratio of the intensities showed
that about 50%%uo of the doped sample was actually not
doped. This implies that the concentration of I in the
doped phase is 25%, or -8% I3 ~

V. OPTICAL ABSORPTION

In undoped polyacetylene optical absorption is very
small below —1.4 eV, and then rises rapidly with increas-
ing photon energy, peaking at 1.9 or 2.0 eV. ' It is now
realized that the gap is —1.8 or 1.9 eV, the strong ab-
sorption below that energy being due to the creation of
soliton-antisoliton pairs or breather modes. Thus
the peak at -2 eV corresponds to valence-band edge to
conduction-band edge transitions. With small doping,
-0.4%, a broad Rat absorption arises within the gap, ex-
tending to 1.4 eV with a very gentle maximum at -0.7
eV. ' This absorption grows in magnitude, maintaining
its shape, as the doping increases, while the 2-eV peak de-
creases in magnitude and flattens. ' ' Finally, for y in
the neighborhood of the metal-insulator transition and
beyond it, the 2-eV peak is gone and the absorption de-
creases monotonically with photon energy from 0.7 to 2.5
eV, the highest energy for which data are generally
given. "'

It is readily seen that the band structures calculated in
Sec. II can account qualitatively for the changes in opti-
cal absorption with doping. For Na doping, as discussed
earlier, for 0.4 ~ (y ) ~ 5% the doped regions have

y =6.67%. At this concentration the band structure was
found to be not much affected by the Coulomb potential.
The band structure is then reasonably described as hav-
ing a number of localized soliton levels equal to the num-
ber of ions, distributed symmetrically around midgap ac-
cording to the SSH Hamiltonian. An example of this
structure for eight solitons is shown on the left-hand side
of Fig. 5, i.e., for zero Coulomb potential. This type of
band structure would give quite a wide absorption in the
gap, starting at a few tenths of an eV, with some struc-
ture visible. The continuous appearance of the optical
absorption, without structure, is due to the superposition
of the absorption spectra of chains with differing energy
levels as a result of different numbers of solitons, different
lengths, and probably different boundary conditions. The
latter effect would probably also extend the range of ab-
sorption. We suggest that the gentle maximum indepen-
dent of doping arises from a greater concentration of lev-
els around midgap due to short chains and chains with
few solitons. Actually, of course, the peak is at 0.7 eV
rather than midgap. That is presumably due to Coulomb
effects, specifically electron-electron interactions, which
have not been included in our Hamiltonian. The Aatten-
ing and decrease in the peak absorption at 2 eV with in-
creasing doping arises because the soliton levels are creat-
ed at the expense of the large densities of states at the
valence- and conduction-band edges.

For (y ) ~6%%uo, or past the metal-insulator transition,
in Na-doped (CH) the 8.33% phase is expected to be
predominant. We note that, although there are no longer
localized levels (except at the very bottom and top of the



E. M. CONWELL, H. A. MIXES, AND S. JEYADEV

n band), the selection rule for It will not restrict transi-
tions because the potential is not periodic. In addition to
the IRAV, there will now be low-energy transitions from
the highest occupied levels to what was the conduction
band, and continuous absorption beyond that (see Fig. 5).
As in the 6.67%-doping region, any possible structure in
the absorption would be smeared out because of different
numbers of solitons on a chain, different chain lengths,
and different boundary conditions for different chains.
For Na-doped and C104-doped material close to the
transition, there is still a peak at -0.7 eV, but the peak
in I3 -doped material for (y) above, but close to, the
transition, is at -0.3 eV. It may be that in this range
of doping the detailed variation of the absorption with
photon energy depends on the details of growth of the
doped chain length as (y ) increases.

VI. CONCLUSIONS

From our calculations we conclude that the conditions
required for doped (CH)„ to show metallic susceptibility
are (1) donated electrons (holes) in soliton states; (2)
sufhcient chain length so that the average spacing be-
tween levels is 8 kr; (3) small enough ion spacing so that
the wave function of electrons (holes) on adjacent solitons
overlap; and (4) high enough donor (acceptor) doping so
that there is a deep potential well (barrier). Using the
SSH Hamiltonian plus the Coulomb potential of the ions
and charged solitons, with screening treated carefully, we
have shown that these conditions are met for Na-doped
(CH)„with ion spacing 4a, corresponding to 12 sites be-
tween solitons (8.33% local doping) and a chain length of
~ 100 sites. There are indications that metallic behavior
corresponds to —8% local doping for a variety of other
dopants as well. It has been shown that our model is con-
sistent with the observed saturation Pauli susceptibility,
the variation of y~ with doping, and the optical absorp-
tion of doped (CH) . Detailed calculations of yt, varia-
tion for very short chains with 8.33% doping have not

been done, because they would require a more careful
treatment of screening for the semiconducting case, in-
cluding the contribution of solitons and perhaps free elec-
trons in the conduction band, and a self-consistent one.

It is clear from the preceding discussion that the
insulator-metal transition in polyacetylene is best de-
scribed as a Mott transition. The features that give the
transition the appearance of being first order arise from
the characteristics of the ion distribution. The sharp in-
crease in yp for Na-doped (CH)„at (y ) -6% is due to
the ion concentration, having achieved 6.67% (spacing
Sa) throughout the dopable regions of the sample, sud-
denly starting to increase locally from 6.67% to 8.33%
(spacing 4a). The other characteristic cited as indicative
of a erst-order transition is the hysteresis observed for

This also is clearly attributable to the ions,
specifically to the hysteresis of ion insertion and with-
drawal due to kinetic limitations. This hysteresis has
been well documented in studies of K and Na doping,
which show, for example, that the stable phases observed
are different for ion insertion and ion withdrawal.

A significant consequence of our model is that the
metal-insulator transition is temperature dependent as
well as dopant-concentration dependent. The degree of
temperature dependence depends on the doped chain
length and perhaps on the degree of doping. For samples
with (y ) not far above the transition, where Ld would be
close to the minimum value compatible with metallic be-
havior at 300 K, we have quoted experimental results for
yp that show a semiconducting gap of -0. 1 eV below
300 K. In samples with larger (y ), Ld could be larger,
resulting in smaller spacing between levels and therefore
a smaller gap. It is also possible that for larger (y ) a
new phase with smaller ion spacing, and therefore larger
wave-function overlap, could arise, which would also
have a smaller gap. It is in any case true that gz was
found to be less temperature dependent for samples with
su%cient iodine doping to be well past the transition. '

In principle, for long enough chains, doped (CH), could
be metallic down to extremely low temperatures.
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