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Ab initio extended muffin-tin orbital calculations are presented for trans-polyacetylene
heavily doped with AsF5, AsF6, SbF6, or PF6. For the hexafluoride dopants, AsF6 and

SbF6, hybridization of metal s states with polymer x states produces a partly filled metal-
lic band. This provides a band model of metallic conductivity within and between chains
consistent with anisotropic electric conductivity. This model should also apply to other
doped conjugated polymers.

It has recently been discovered that doping can
vary the electric conductivity of trans-polyacety-
lene [&-(CH)„] by about twelve orders of magni-
tude. "2 The highest conductivities (2000 0 '
cm ') were observed after doping with 10'%%uo AsF,
(t- [CH(AsF, )o,]„].AsF, and I, dopants have been
most widely used but other halides and metal
ions are also effective. For all these dopants,
an abrupt semiconductor-metal transition takes
place at l-2'%%uo doping, and metallic conductivity
is observed up to 20'%%uo doping. Recent x-ray ab-
sorption experiments' indicate that exposing t-
(CH)„ films to AsF, vapor actually leads to in-
corporation of AsF, as the effective dopant.
ESR measurements " indicate that the charge
carriers in lightly doped p-type semiconducting
samples are not the usual free holes seen in in-
organic semiconductors. Finally, other conju-
gate polymers are reportedly dopable up to metal-
lic levels of conductivity. e '

We present results of first-principles extended
muffin-tin orbital (ENTO)"" calculations on

pure, defect-free t-(CH)» and on doped mater-
ials, denoted t (CHA, )„,-in the high doping re-
gime, y =&. Dopants, A. , studied are AsF» AsF6,
SbF„and PF,. Our results show that heavy dop-
ing by AsF, and SbF, produces partly filled metal
s bands which imply strong metallic conductivity
along chains and weaker metallic conductivity be-
tween chains. Similar doping with AsF, yields a
semiconductor with a completely filled As s val-
ence band 2 eV below an empty C=C m conduction
band. t-[CH(PF, ),~6] „ is different in that its P
s band is empty; charge transfer to F atoms
partly empties a m band and implies metallic
conductivity along, but not between, chains. This
simple one-electron picture (a) explains aniso-
tropic metallic conductivity; (b) substantiates
the conclusion that AsF, is the effective dopant
in highly conducting t-(CH), films; and (c) pre-
dicts qualitatively different properties for sam-
ples doped with PF,.

Crystalline cis-(CH)„ is known to have an or-
thorhombic unit cell containing two chains. " The
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structure of t-(CH)„has not been completely
characterized. We have modeled the doped
polymer, t (C-HA, /, )„, by an orthorhombic unit
cell containing one unit of dopant and one chain
of 6 CH units. This is three times the length of
the t-(CH)„unit cell. We have used C-C, C= C,
and C-H bond lengths of 1.46, 1.34, and 1.09 A,
respectively. ' The C-C-H bond angle is 120
and the C=C-C angle is 125 .' Sb-F, As-F, and
P-F bond lengths are 1.95, 1.77, and 1.57 A, re-
spectively. The unit cell is taken to be 7.51 A in

x, 7.00A iny, and 6.90A in', where x is along
the chain direction and y and z axes connect ad-
jacent parallel chains. Fluoride dopants are po-
sitioned between two parallel chains so that one
F atom is directly above the center of a C=C
bond in each chain. The hexaQuoride dopants are
square bipyramidal; AsF, is triangular bipyra-
midal. We have varied C-to-F interaction by ad-
justing the dopant position in the unit cell, by
varying the z dimension of the unit cell, and by
rotating the dopant with respect to the polymer
chains. This model allows us the flexibility to
compare different dopants and effects of differ-
ent dopant-polymer orientations.

Our EMTO calculations"' use a first-princi-
ples potential calculated from overlapping atomic
charge densities [exchange parameter a =1.0
(Ref. 13)]. No spherical approximations to the
potential are used. This method has been success-
fully applied to the calculations of energy levels
and charge densities for isolated molecules, "
undoped polymers, ~ and molecule-surface inter-
actions. ' To establish our model doping struc-
ture, we first apply the EMTC method to undoped

t-(CH)„. The highest occupied (m) and lowest
unoccupied (n*) bands are shown in Fig. 1(a).
Because of our large unit cell, the Brillouin zone
ls 3 as long as the primitive unit cell, so that
there are three bands each for the 7t and m* states.
Our calculated band gap is 1.6 eV, in good agree-
ment with experimental estimates 1.4-1.9 eV.'
The flat bands from U to X (perpendicular to the
chain direction) are consistent with the observed
anisotropic conductivity. ' The band-gap min-
imum is at the zone edge of the primitive unit

cell. This agrees with the picture of a band gap
arising from alternating single- and double-bond

lengths driven by a Peierls distortion. ""' First-
principles extended tight-binding calculations"
have found zone-edge band gaps of 0.8 and 2.3
eV using, respectively, less and more bond al-
ternation than we use here. An extended Huckel
calculation has found a zone-edge band gap of
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FIG. 1. Energy bands of (a) t-(CH)„; (b) t-[CH
(AsF6) &~6]z with As F6 symmetrically placed between
two t-(CH)„chains; (c) t-I CH (AsF6)&y6]„, with AsF6
asymmetrically placed. 5' denotes Fermi energy; cir-
cles denote states which are predominantly As s levels.
I', X, and U denote the k points (0, 0, 0), (w/a, 0, 0),
and (m/a, 0, w/c), respectively.

0.96 eV." A CNDO/2 calculation found a zone-
center band gap of 7.455 eV,"and simple Huckel
theory predicts a vanishingly small band gap for
very long conjugated chains. ~"' The present
model clearly agrees with experiment at least
as well as any previous calculation.

Figures 1(b) and 1(c) show the effects of doping
with AsF, (47 valence electrons) and the effect
of varying F-to-C distances. In Fig. 1(b) the
dopant is placed symmetrically between parallel
t-(CH)„chains, with F-to-C distances of 1.81 A

in both directions. An As s band, denoted by
dots, has hybridized with, and pushed up, the
highest C=C m band. This s band is half filled,
as in a metal. Its dispersion in the x direction
results from hybridization with the C=C w band:
Direct overlap between s orbitals on As atoms
7.51 A apart is negligible. The s -band disper-
sion in the z direction is about equal to the dis-
persion in the x direction. This implies metallic
interchain conductivity, as well as intrachain
conductivity. Figure 1(c) shows bands for AsF,
asymmetrically placed with F-to-C distances of
1.60 A to one chain and 2.02 A to the other. The
effect of asymmetry is to reduce s-band disper-
sion a little in the z direction. Changing the F-
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to-C distance primarily affects the separation
between the highest m. band and the s band. Our
assumed structure does not accurately represent
the generally accepted geometric relationship
between adjacent (CH)„chains, in which neigh-
boring planes are canted by about 50' with re-
spect to the c crystallographic axis and nearly
orthogonal to each other along a. In order to
simulate the effects of such a rearrangement on
our model, we performed a caIlculation where the
AsF, was rotated 15' relative to the polymer
chains. We found the change to decrease only
slightly the As-s -band to C=C-band overlap.
Thus, for a range of reasonable F-to-C interac-
tions, metallic bands are produced parallel and
perpendicular to the chains. As a fiber contains
finite length chains, interchain conductivity is
necessary for a metallic behavior of the whole
fiber. This picture of interchain conductivity is
consistent with measured cross-fiber eonduc-
tivities of -10' 0 ' cm ', the lower end of the
metallic range. " This picture is quite distinct
from the rigid-band model proposed by Grant
and Batra in which interchain conductivity at low
doping levels occurs through the finite overlap
of adjacent chains. "

Figure 2(a) shows the very different effects of
doping with AsF, (40 valence electrons). Here,
as in Fig. 1(c), the F-to-C distances are 1.60
and 2.02 A. Now the As s band is Qat and eom-
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FIG. 2. Energy bands of (a) t-[CH(AsF&)&~6]„, (b) t-
[CH(SbF6)«6], and (c) t-[CH(PF, )«,j„. Labeling «n-

ventions as in Fig. 1.

pletely filled. The highest w band is pushed 2 eV
above the s band and is completely empty. These
bands are characteristic of a wide-band-gap semi-
conductor and incompatible with metallic conduc-
tivity. Figures 1(b), 1(c), and 2(a) support the
conclusion from x-ray absorption data' that ab-
sorption of AsF, into t-(CH)„ is followed by dis-
proportionation to AsF, and AsF, . A separate
experiment showed' that AsF, is weakly absorbed
and does not significantly increase conduCtivity.
Since the As s level in AsF, is already completely
filled, our model also predicts ineffective doping
by AsF, Both theory and experiment therefore
conclude that highly conducting samples are ef-
fectively doped with AsF, . This is further sup-
ported by Raman experiments' indicating that
doping with L or Brm results in disproportiona-
tion to I, or Br, as the effective dopants in f
(CH)„. AsF, disproportionationto AsF~ has also
been observed in graphite. "

For completeness, the dopants SbF, and PF,
have also been investigated. Results are shown
in Figs. 2(b) and 2(c). The F-to-C distances are
1.60 and 1.69 A for SbF,. This choice of dis-
tances produces strong hybridization and overlap
between the half-filled Sb s band and the C= C
m band. Like AsF, , SbF, produces metallic
conductivity along and between chains. For dop-
ing with PF, the F-to-C distances were taken
to be 1.60 A with both neighboring chains. The
bands, shown in Fig. 2(c), are very different
from those in Fig. 1(b). The P s band is empty
and lies among the m* bands. Perturbation''by
the dopant has half emptied the highest m band.
This band is Qat and empty in the z direction.
Metallic intrachain conductivity and insulating
interchain coupling are expected. Poor conduc-
tivity has been observed when t-(CH)„ is doped
with PF 22

Consider now how our results might apply to
the low-doping regime and to other doped conju-
gated organic polymers. All our calculations
show charge transfer producing a cationic chain
in contact with an anionic dopant. Similar charge
transfers probably occur with low doping. This
transfer may be expected to create a mobile,
spin-& hole in the valence band. Since ESR data
have indicated that the charge carriers are spin-
less, ~" it has recently been proposed that the
charge transfer could form a charged soliton of
spin zero instead'of the free hole. " Our model
provides a mechanism for the charge transfer,
but makes no prediction about soliton formation.

Our mechanism for metallic conductivity de-



VGLUME 'f4, NUMBER Io P HYSI GAL RK VIE%' LK

TYLER

S fo MARCH I980

pends on charge transfer from a C=C bond to
produce a partly filled dopant level. It also de-
pends on hybridization with this band to produce
dispersion of the metallic band in directions
along and between chains. Polymer -dopant sepa-
ration affects dispersion but not filling of the
metallic band. Because C P states participating
in m bonding are relatively reactive, we expect
the present mechanism to be very general. It
should apply to other doped conjugated polymers6 '
which lack the resonant ground states necessary
for soliton formation.

In summary, we have (l) presented the first
band theoretic treatment of doped polymers;
(2) provided the first detailed picture of metallic
conductivity arising from heavy doping; (3) ex-
plored the relative importance of dopant identity
and dopant-polymer separation; (4) proposed
mechanisms for interchain as well as intrachain
conductivity, consistent with observed anisotropy;
(5) shown that our results are compatible with
low-doping ESH measurements; and (6) argued
that the present model of conductivity should be
applicable to other doped conjugated polymers.
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