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We present results of first-principles, density-functional calculations on isolated trans-polyacetylene
chains doped periodically at 100% and 33% concentration with Li, Be, B, C, N, O, F, Ne, or Na atoms
as well as results for undoped chains. We focus on the electronic orbitals and have not attempted to op-
timize the structures. The results indicate the presence of non-negligible interactions between the orbit-
als of the dopants and those of the polymer, as seen, e.g., in a broadening of the energy ranges spanned
by the dopant orbitals and in a fractional electron transfer between dopants and polymer. Although the
calculations suffer from various approximations, these results—observed for all the dopants—allow us
to make more general conclusions about the nature of polyacetylene when doped at lower concentrations
and/or with other dopants. It is thus suggested that the experimentally observed doping-induced in-
crease in electrical conductivity also is due to interchain interactions mediated through the dopants, in
agreement with the experimental results of Bernier and co-workers. Finally, as a by-product our results
demonstrate inaccuracies in electron transfers when studying weakly interacting systems using local-

density calculations.

I. INTRODUCTION

About 15 years ago Chiang et al.! reported that the
electrical conductivity of polyacetylene could be in-
creased by many orders of magnitude upon doping. Simi-
lar properties have in the meanwhile been reported for a
number of other related materials, and a large research
activity in the properties of the conjugated polymers is
currently been undertaken (see, e.g., Ref. 2).

Su, Schrieffer, and Heeger>* offered an explanation for
these observations according to which the dopants act as
passive electron reservoirs which only donate or accept
extra electrons to or from the polyacetylene chains. The
charge can be carried along the single polymer chains
with only little resistivity by means of solitons. Accord-
ing to this model the role of the dopants is limited and
the effects of the finite size of the chains and of interchain
interactions are ignored. Nevertheless, the model is be-
lieved to give the qualitatively correct description of the
system, although details of the predictions of the model
deviate from experimental findings (see, e.g., Refs. 5 and
6).

The role of the dopants may, however, be less secon-
dary than originally assumed in the model of Su,
Schrieffer, and Heeger. It is the purpose of the present
paper to report results of a study exploring this question.
We have performed first-principles calculations on an iso-
lated, periodic, infinite chain of trans-polyacetylene
doped at the very high levels of 100% or 33% with single
Li, Be, B, C, N, O, F, Ne, or Na atoms. Our aim is to
study the electronic orbitals, in particular those closest to
the Fermi level since these are the ones determining the
conducting properties of the polymer. We will focus on
electronic energy bands and wave functions and have
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therefore not attempted to optimize structural parame-
ters. It should be stressed that some of the dopants are
unrealistic from a chemical perspective. However, per-
forming the model study for the whole above-mentioned
series of dopants allows general conclusions to be drawn
that should be applicable also for more realistic materials
(i.e., for other dopants and/or conjugated polymers, oth-
er concentrations, other geometries, and for dopants em-
bedded in a multichain environment).

Before reporting the results of the present study we
will put them into perspective compared with other stud-
ies on doped polyacetylene. It has been experimentally
demonstrated that highly oriented polyacetylene samples
possess a crystal structure in which the polymer axes are
parallel. Doping these (e.g., with Li, K, Na, Cs, or Rb)
may lead to slightly modified relative arrangements of the
polyacetylene chains. Thereby channels between more
chains are created inside which the dopants are placed
(see, e.g., Refs. 7—14), and lead to situations in which the
dopants are placed symmetrically between the chains.

Of the few available theoretical studies in which the
modifications of the electronic properties of polyace-
tylene due to dopants are included, these mainly consider
the dopants as solely giving rise to an extra electrostatic
potential in which the 7 electrons of the polymer chains
move (see, e.g., Refs. 15-19). In a series of papers,?0~%2
Bernier and co-workers have, however, reported
electron-spin-resonance (ESP) results that show that the
spin of the charge carriers in the doped material couples
to that of the nuclei of the dopants. This observation
suggests that the dopants play a far more active role in
the charge-transport processes.

To our knowledge there exist only a few other theoreti-
cal studies of the electronic properties of
polyacetylene+dopant complexes. Most of these?> ™2’ as-
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sume the Hartree-Fock approximation is a good approxi-
mation, which, however, may not be fully justified as the
systems often are metallic. In contrast, our study and
that of Kasowski, Caruthers, and Hsu®® are based on the
Hohenberg-Kohn density-functional formalism, which
treats metals and semiconductors/insulators on the same
footing.

Furthermore, almost all previous studies have each fo-
cused on one or two types of dopants (Li in Refs. 23, 25,
26, and 28, Na in Ref. 29, K and I in Ref. 24, H, and LiH
in Ref. 27, but AsFs, AsF,, SbF,, and PF¢ in Ref. 30),
such that there have been no systematic studies as the
one to be presented here.

The paper is organized as follows. In Sec. II we de-
scribe briefly the computational method as well as the
structures we have considered. Section III contains the
results, which are discussed further in Sec. IV. We con-
clude in Sec. V.

II. THEORETICAL METHOD

The computational method has been described in detail
elsewhere’! “** and we therefore only give a few basic
principles here. Assuming the Born-Oppenheimer ap-
proximation to be valid, we make use of the Hohenberg-
Kohn density-functional formalism.** The eigenfunc-
tions to the Kohn-Sham equations*’

#”
— —2;\7 +VN () +Ve(r)+V, (1) |¢;(r)=€(r) (1)

are expanded in a basis of linearized muffin-tin orbitals
(LMTO’s). A set consisting of two functions on each site
and for each set of (I,m) is used, and s, p, and d functions
are included on all sites. As discussed elsewhere, this
basis set is constructed to produce good approximations
to the exact solutions of Eq. (1), although of limited size.
It should be stressed that we do not make any shape ap-
proximation for the potential.

Equation (1) is a single-particle equation, and the po-
tential V- + ¥V, depends only on the total electron densi-
ty

occ

p(r)=" |4,(r)]*. 2)

i

Vy is the electrostatic potential of the nuclei and V¢ is
that of the electrons. For the exchange-correlation po-
tential V,. we use the local approximation of von Barth
and Hedin. %

With our computer codes we can study the properties
of quasi-one-dimensional materials, which are character-
ized as being isolated, periodic, helical, and infinite, and
having a linear polymer axis. We make explicit use of the
helical periodicity by constructing helical Bloch waves.
We use a reduced k vector with kK =0 and k =1 being the
zone center and zone edge, respectively. A total of six k
points in the interval from O to 1 was used in the present
study. Since many of the systems are found to be metal-
lic, this number may be considered too small for obtain-
ing a detailed description of the materials. However,
since we here focus on trends, the limited number of &
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points is acceptable. Finally, in the present study a spe-
cial case of the helical periodicity is considered, namely
the zigzag symmetry.

The 1s electrons of Li, Be, B, C, N, O, F, and Ne and
the 1s and 2s electrons of Na are described within a
frozen-core approximation. Moreover, although it may
be relevant to allow the electrons to spin polarize, this de-
gree of freedom was not considered.

We will focus on a few key quantities, including the
single-particle band structures and the densities of states.
In addition we will examine the Mulliken populations.
For these we consider the atomic net populations of the
dopants for the single orbitals as a function of the corre-
sponding band energy. However, since more bands may
appear in the same energy region and since we use a
discrete set of k points we stress that the atomic net pop-
ulation as a function of the band energy does not appear
as a smooth function. In the limit of a continuous k vari-
able, the population as a function of the band energy will
not appear as a single-valued function but rather as a
more or less broadband. The discrete kK mesh may in-
stead lead to a rapidly oscillating function.

Furthermore, according to our definition of the net
populations they also contain overlap populations be-
tween equivalent atoms from different unit cells (see Ref.
33). Besides studying the atomic net population of the
dopants for the single orbitals, we also quote the calculat-
ed total atomic net populations (n;) and the total atomic
overlap populations (n,;,i7 ), as well as the total atomic
gross populations (N, ).

The two structures shown in Fig. 1 were considered in
the present work. By using the zigzag symmetry the

(a)

FIG. 1. Schematic representation of (a) 100% and (b) 33%
doped trans-polyacetylene. The carbon and hydrogen atoms are
represented by the larger and smaller filled circles, respectively,
whereas the dopants are represented by the empty circles. The
polyacetylene backbone is placed in the y =0 plane, and the
dopants in the [y|=3.5 a.u. planes. For more details the reader
is referred to the text.
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100%-doped polyacetylene chain of Fig. 1(a) consists of
unit cells of only three atoms, whereas that with 33%
doping has seven atoms per unit cell. The “naked” po-
lyacetylene chain was placed in the (x,z) plane. The C-C
bond lengths were set equal to 2.65 a.u., and the effects of
a bond-length alternation were accordingly neglected.
The C-H bond lengths were set equal to 2.10 a.u., and all
C-C-C and C-C-H bond angles were assumed to be 120°.
This gives us carbon atoms at (x,z)=(0.663,2n X2.295)
a.u. and at [ —0.663,(2n +1)X2.295] a.u., where n is an

integer. The dopants were placed at
(x,y,2)=(—1.163,—3.5,2n X2.295) au. and at
[1.163,3.5,(2n +1)X2.295] a.u. for 100% doping,

whereas 2.295 is to be replaced by 6.885 for 33% doping.
Our structure results in the following interatomic dis-
tances between the dopants and the atoms of the polyace-
tylene chain [see Fig. 1(b)]. The distance to the carbon
atom 1 is 3.95 a.u., those to carbon atoms 2 and 2’ are
4.22 a.u., that to hydrogen atom 1 is 5.26 a.u., and those
to hydrogen atoms 2 and 2’ are 4.48 a.u. For 100% dop-
ing the shortest interatomic distances between the
dopants are 4.59 and 7.73 a.u. The shorter distance espe-
cially is so small that we expect significant dopant-dopant
interactions, such that the results may be obscured by
them. For 33% doping the distances become 10.09 and
13.77 a.u. These are significantly larger than those for
100% doping, such that we expect the main dopant-
dopant interactions to be absent for this structure.
Experiments for K- and Na-doped polyacetylene have
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revealed |y|=4.5-6 a.u.,'®'*% which is somewhat larger
than our values. On the other hand, earlier theoretical
studies have used distances between carbon and the
dopants of around 4-5 a.u.,?*»?>?® and |y|=2.8-4.1
a.u., %82 of which those of Refs. 25, 26, and 28 were opti-
mized. Our chosen values thus appear appropriate.

The electron density plots will be shown in a plane
with y =1.75 a.u. The x coordinate will range from —4
to +4 a.u., and the z coordinate from —6 to +6 a.u.

Finally, it should be stressed that we studied the effects
of having different positions of the dopants by changing
their |y| values by +0.5 a.u. and their |x| values by
+0.25 a.u. The properties investigated in the present
work were influenced very little by these structural
modifications.

Before turning to our results we finally add two more
points of relevance for the following discussion. Since
the dopants are not placed in the plane of the polyace-
tylene chain, the symmetry is lowered and it is no longer
possible to split the orbitals into o and 7 orbitals. As a
consequence, no two bands are allowed to cross in the
band structures. A more fundamental aspect is that
throughout the paper we will assume the eigenfunctions
¥; and the corresponding eigenvalues €; [see Egs. (1) and
(2)] to be related to electronic orbitals and excitation
values, respectively, although there is no strict
justification for this. The experience from the past de-
cades has, however, shown this to be a good approxima-
tion (see, e.g., Ref. 38).
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FIG. 2. Band structures of (a) pure undimerized trans-polyacetylene, and undimerized trans-polyacetylene doped 100% with (b)
Li, (c) Be, (d) B, (e) C, () N, (g) O, (h) F, (i) Ne, and (j) Na. The dashed lines separate occupied and unoccupied orbitals. k =0 and
k =1 are the zone center and zone edge, respectively. Only the bands between —25 and 0 eV are shown.
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III. RESULTS

In Fig. 2 we show the band structures for the 100%-
doped materials and in Fig. 3 for the materials with 33%
dopants. In both figures we have included the band
structures for the undoped trans-polyacetylene chains as
calculated for the same structure as that used for the
doped chains. The band structures of Fig. 2 are compa-
rable with those presented in a preliminary report on the
present work.*

When comparing the bands of Fig. 2 with those of Fig.
3, we immediately notice that the former are character-
ized by generally larger widths. Although this to some
extent is due to the smaller unit cell, it also indicates that
for the 100%-doped structures the dopants interact
strongly. These dopant-dopant interactions are absent
for lower (and thus more realistic) dopant concentrations.
The results of Fig. 2 should therefore only be used in ob-
taining a qualitative insight into the properties of doped
polyacetylene. On the other hand, a number of the bands
in Fig. 3 are so narrow that the corresponding orbitals
are fairly well localized in position space. These are lo-
calized mainly to the dopants, which thus to a large ex-
tent become almost noninteracting.

Figure 4 shows the densities of states corresponding to
the band structures of Fig. 3, and Fig. 5 depicts the Mul-
liken atomic net populations on the dopants as functions
of band energy. A comparison between Figs. 4 and 5
gives a direct picture of the positions of the dopant-
derived orbitals. Figures 6—-10 show, for some of the
dopants and the bare polymer chain, the electron density
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of a few selected frontier orbitals in the plane described in
Sec. II. In order to help the interpretation of the results
in Figs. 6-10, Fig. 6(f) shows the underlying backbone of
the polymer and the positions of the dopants. Finally,
Tables I and II contain selected Mulliken populations
and a few single-particle energies.

Except for Be, B, and Ne, all dopants lead to atomic
gross populations on the dopants (Ny ), which are larger
than their number of valence electrons (Z ) (see Tables 1
and II). The exception of Ne is easily ascribed to the in-
ertness of that element, and the difference [Ny —Z 4| can
thus be taken as a rough estimate of the errors in inter-
preting Ny as the number of valence electrons on a par-
ticular dopant atom. The exception of B can be ex-
plained by comparable ionization potentials of the isolat-
ed B atoms and the isolated trans-polyacetylene chains.
For Be one should expect a fairly small charge transfer
due to the closeness of the Be 2s shell. That this is not
found indicates that the Be 2s orbitals are so extended
that there is a non-negligible interaction between the
dopants and the polymer. This is supported by the fact
that Be is that dopant for which Ny shows the largest
difference between the 33% and the 100% doped materi-
als, proposing significant interactions between the Be
atoms in the 100% doped case. It is finally surprising
that Ny >Z  for Li and Na. A possible explanation of
this is errors in the local-density approximation, as will
be discussed in the next section.

The atomic net populations on the dopants as func-
tions of band energy (Fig. 5) indicate the shell structure
of the atoms. Passing through the series Be-Ne we recog-
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FIG. 3. As Fig. 2, except that the concentration of dopants in (b)-(j) is 33% and that the bands in (a) have been obtained from

those of Fig. 2(a) by tripling the unit cell.
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TABLE I. Various quantities as calculated for 100% doped polyacetylene. The dopants are labeled
X and their effective nuclear charge (equal to their number of valence electrons) Z.z. ny, nc, and ny
are the total Mulliken net population on the dopants, the carbon atoms, and the hydrogen atoms, re-
spectively, whereas ny c and nyy; are the overlap populations between the dopants and the carbon and
hydrogen atoms, respectively. The Mulliken gross populations are labeled Ny, N¢, and Ny, respective-
ly. For reference, the second column contains the results for the undoped material.

X Li Be B C N 0 F Ne Na
Zos 1 2 3 4 5 6 7 8 7
ny 1.59  1.88 2.98 4.09 5.23 6.22 7.23 8.03 7.30
ne 358  3.04 351 3.54 3.46 3.44 3.35 3.29 3.45 3.08
ny 085 073 0.86 0.84 0.83 0.83 0.83 0.83 0.93 0.79
ny.c 007 004 —0.03 001  —0.07 0.04 0.09 0.00 0.19
Ny u 0.01  0.05 003 —003 —006 —007 —006 —0.08 —001
Ny .63 1.92 2.99 4.08 5.17 6.20 7.24 7.98 7.39
Ne¢ 3.87 336 3.86 3.85 3.78 3.72 3.69 3.65 3.79 3.50
Ny 113 101 122 1.17 1.14 1.11 111 1.11 1.23 1.11

nize two maxima (due to the 2s and 2p orbitals, respec-
tively), which gradually move toward lower energy with
increasing atomic number. The broadening of the
“peaks” as observed in Fig. 5 is due to the interaction
with the polyacetylene chain. With some good will this
broadening is seen to decrease with increasing atomic
number, which can be explained by the larger compact-
ness of the atomic orbitals. In particular the Ne 2p peak
is significantly narrower than the other dopant 2p peaks.
The difference between the atomic net populations and
the atomic gross populations is solely due to the overlap
populations, and a comparison between these for any
atom therefore gives the total overlap population of the
atom of interest. Such a comparison (cf. Table II) reveals
that the overlap populations contribute with about 1.3,
0.3, and 0.1 to the atomic gross populations for the car-
bon atoms and the hydrogen atoms of the polymer back-

bone, and for the dopants, respectively. Hence, the in-
teraction between the dopants and the polyacetylene
backbone has only a smaller—although non-
negligible—covalent component.

A comparison between the densities of states (Fig. 4)
and the Mulliken net populations (Fig. 5) shows that the
peaks in the latter correspond to peaks in the former.
This is a further indication that the dopant-induced orbit-
als are largely atomiclike and accordingly give rise to
bands with little dispersion. This is most pronounced for
Ne, as should be expected. It should be added that fur-
ther peaks in the densities of states can be related to the
bands of the pure polyacetylene backbone, as demonstrat-
ed by a comparison between Fig. 4(a) and the other parts
of Fig. 4. For lower dopant concentrations the densities
of states are expected to resemble those of Fig. 4, al-
though with a reduction in the height of the dopant-

TABLE II. Various quantities as calculated for 33% doped polyacetylene. The results are presented as in Table I with the exten-
sion that there are now two different types of carbon and hydrogen atoms labeled as in Fig. 1(b). Moreover, the positions (in eV) of
the bottom of the band with dominating (CH), components (€;) and of the Fermi level (€x) are included.

X Li Be B C N O F Ne Na
Z 1 2 3 4 5 6 7 8 7
ny 1.81 1.78 3.01 4.21 5.34 6.46 7.51 8.09 7.56
ne, 2.31 2.57 2.54 2.47 2.42 2.38 2.40 2.53 2.38
ne, 2.41 2.55 2.52 2.48 2.45 2.42 2.44 2.51 2.42
ny, 0.83 0.90 0.88 0.86 0.86 0.86 0.87 0.92 0.86
n 0.82 0.89 0.87 0.85 0.85 0.87 0.86 0.92 0.85

H,

n 0.11 0.08 0.13 0.16 0.15 0.13 0.13 0.06 0.10

x.c,
nx.c, —0.05 —0.04 —0.03 —0.01 0.01 —0.03 —0.07 —0.10 —0.01
n —0.04 —0.04 —0.04 —0.05 —0.06 —0.09 —0.10 —0.09 —0.03

X.H,

Ny 1.77 1.73 2.99 421 5.36 6.39 7.40 7.92 7.56
NCI 3.87 3.56 3.88 3.86 3.79 3.74 3.69 3.67 3.78 3.61
NC2 3.87 3.66 3.88 3.82 3.77 3.74 3.73 3.75 3.83 3.71
NH] 1.13 1.10 1.20 1.17 1.15 1.13 1.14 1.14 1.21 1.12
NH2 1.13 1.12 1.21 1.17 1.15 1.14 1.16 1.15 1.21 1.14
€ —194 —23.1 —21.9 —23.0 —23.5 —23.5 —23.4 —21.6 —19.9 —22.0

€r —2.6 —7.8 —2.0 —3.3 —4.6 —4.7 —4.6 —4.8 —1.8 —5.3
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FIG. 6. Electron densities for some selected orbitals for un-
doped undimerized trans-polyacetylene in a plane parallel to
that of the polymer backbone but 1.75 a.u. away from it. The
contour values are 0.10, 0.08, 0.06, 0.04, 0.02, 0.01, 0.005, 0.002,
and 0.001 a.u. The contour curves for the smaller value have a
tendency to be the least smooth curves, which makes them
recognizable. The size of the planes is 12X 8 a.u. Referring to
Fig. 2(a), the chosen orbitals are (a) band 3 for k =1, (b) band 3
for k =1, (c) band 3 for k =2, (d) band 2 for k =1, and (e) band
3 for k =1. The orbitals of (c), (d), and (e) are occupied, that of
(a) is empty, and that of (b) is at the Fermi level. For reference,
(f) shows the underlying polymer backbone as well as the posi-
tion of the only dopant (X) in the region of the figure.
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FIG. 7. Electron densities for selected orbitals for trans-
polyacetylene doped 33% with Li as Fig. 6. The orbitals are
[see Fig. 3(b)] (a) band 7 for k =0, (b) band 8 for k =0, (c) band
9 for k =0, (d) band 7 for k=1, and (e) band 8 for k =1. The
orbitals of (a), (b), (d), and (e) are occupied, that of (c) is empty.
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FIG. 8. Electron densities for selected orbitals for trans-
polyacetylene doped 33% with B as Fig. 6. The orbitals are [see
Fig. 3(d)] (a) band 9 for k =0, (b) band 10 for k =0, (c) band 11
for k =0, (d) band 9 for k =1, (e) band 10 for k =1, and (f) band
11 for k =1. The orbitals of (a) and (d) are occupied, those of
(b), (c), (e), and (f) are empty.

induced peaks relative to those of the polymer backbone.
This should be taken into account when comparing the
results of Fig. 4 with those of experimental optical studies
of doped conjugated polymers.

In Fig. 3 the occurrence of many bands in the neigh-

FIG. 9. Electron densities for selected orbitals for trans-
polyacetylene doped 33% with F as Fig. 6. The orbitals are [see
Fig. 3(h)] (a) band 11 for k =0, (b) band 12 for k =0, (c) band 10
for k=1, (d) band 11 for kK =1, and (e) band 12 for k =1. The
orbitals of (a), (c), and (d) are occupied, those of (b) and (e) are
empty.



FIG. 10. Electron densities for selected orbitals for trans-
polyacetylene doped 33% with Ne as Fig. 6. The orbitals are
[see Fig. 3(i)] (a) band 10 for k =0, (b) band 11 for k =0, (c)
band 12 for kK =0, and (d) band 11 for kK =1. All orbitals are oc-
cupied.

borhood of the Fermi level can be observed. Although
many of these bands have large components on the
dopants, they also have important contributions from the
polyacetylene backbone (cf. Figs. 6—10).

The variation in €, (Table II) is significantly smaller
than that in €. This is consistent with a picture in which
the largest interactions between the dopants and the poly-
mer are through the relatively delocalized m-derived or-
bitals of the polymer. A variation in the shape or occu-
pation of these 7 orbitals will only slightly modify the
single-particle energies of the localized o bonds between
the carbon atoms of the polymer. A further indication of
this is the fact that the lowest two bands in Fig. 3(a) in-
teract little with the orbitals of the dopants and are there-
fore recognizable for most of the 33% doped materials.
On the other hand, these results indicate that a change in
dimerization of the polymer backbone (including the oc-
currence of solitons and polarons) might be obtained as a
result of these dopant-polymer interactions.

Finally, our total energy as a function of the positions
of the dopants indicates—for the structural parameters
we have considered—a net attraction between the
dopants and the polymer for the dopants to the left in the
Periodic Table and a net repulsion for those to the right.
This is consistent with the trends in the total Mulliken
overlap populations between the dopants and the poly-
mer as reported in Table II.

IV. DISCUSSION

The most important findings of the preceding section
are the following. There are significant orbital interac-
tions between the dopants and the polymer which most
clearly show up in the broad Mulliken net populations on
the dopants as functions of band energy (Fig. 5). Fur-
thermore, only fractions of an electron are transferred be-
tween the dopants and the polymer, and dopant-derived
orbitals appear in most cases in the closest neighborhood
of the Fermi level. A rigid-band model in which the
dopants solely donate or remove an integral number of
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electrons from the 7 bands of the polymer accordingly
does not seem to be completely justified.

In the present section we will address the question of
how the obtained results depend on the approximations
made in the calculations; i.e., on the lack of spin polariza-
tion, on the local-density approximation, on the lack of
bond-length alternation in the polymer backbone, and on
the lack of multichain effects. Finally, we address the
question of whether the results can be considered general
for doped conjugated polymers.

Kasowski, Caruthers, and Hsu”™ presented density-
functional results for crystalline polyacetylene heavily
doped with AsFs, AsFg, SbF, and PF, together with re-
sults for the undoped material. Their results show strong
modifications in the uppermost valence bands upon dop-
ing. Moreover, the dopant-derived levels appear in the
nearest vicinity of the Fermi level and are those defining
(major parts of the) frontier orbitals, except for the PF-
doped material for which the band with dominating
dopant components occurs about 2 eV above the Fermi
level. *

In their ab initio Hartree-Fock study, Brédas, Chance,
and Silbey?* examined polyacetylene doped 33% with Li.
In the region spanned by the filled valence 7 and the
empty conduction 7 bands of the undoped material they
observe two extra bands with major components on the
Li atoms. In particular, one of those is found to be very
flat. Of further relevance for the present study is their
finding of only a fractional charge transfer between po-
lyacetylene and Li.

Further theoretical studies?*?%2® have also yielded a
fractional electron transfer for doped polyacetylene.
Other studies?>2* support our findings that there are
dopant-induced levels close to the Fermi level. Our re-
sults thus are seen to agree with those of other theoretical
studies on doped polyacetylene.

However, there is a discrepancy between our calculat-
ed electron transfer versus those derived from ab initio
Hartree-Fock calculations on the Li- and Na-doped sys-
tem and those expected from chemical intuition. Errors
in the local-density approximations as well as the neglect-
ed spin polarization may be explanations for this, but the
inability of the Hartree-Fock method to describe metallic
systems also may be responsible for the difference. We
shall return to the first proposal in more detail.

Since the dopant-polymer interactions are fairly small
(compared with the covalent interactions inside the poly-
mer) it is reasonable to compare our results with those of
the system of noninteracting dopants and polymers; i.e.,
the isolated polyacetylene chain and the isolated dopant
atoms. For the isolated polyacetylene chain we have pre-
viously demonstrated*>3 that the method applied here
does give results in good agreement with experiments.

On the contrary, Trickey** has calculated the ioniza-
tion potentials of a number of isolated atoms within a
spin-polarized local-density approximation and compared
them with the experimental values. He found the
theoretical values to lie consistently below the experimen-
tal values with a difference being about 2 eV for Li and
Na, 4 eV for Be and B, 5 eV for C, 6 eV for O, 7 eV for F,
and 8 eV for N and Ne. Thus, using a spin-polarized
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local-density approximation the uppermost atomic levels
will be too high in energy, with the largest discrepancy
for the elements to the right in the Periodic Table. As-
suming the bands for the bare polyacetylene chain to be
shifted rigidly upwards (compared to the correct posi-
tions) by an amount that is dominated by the error for
the isolated carbon atom (i.e., about 5 eV), the relative
positions of the Li- or Na-induced bands will as a conse-
quence be too low, whereas those of the F- and N-
induced bands will be too high. This will result in too
large a transfer of electrons from the polymer to the
dopants for Li and Na and too small a transfer for F and
N. Consequently, we estimate Ny to decrease for Li and
Na and to increase for F and N, which will bring our re-
sults on the alkali-doped materials into better agreement
with those of other studies. For the other dopants one
also has to modify the electron transfers, but to a smaller
extent.

As demonstrated by Jones and Gunnarsson, * the main
differences between spin-polarized and spin-unpolarized
local-density calculations for the atoms of our interest
show up for the atoms to the right in the Periodic Table.
The difference shows the same trend as that mentioned
above (although smaller), strengthening the conclusions
made.

For the 33% doped systems the dopant-dopant intera-
tomic distances are so large that the corresponding in-
teractions can be neglected. Thus, the observed broaden-
ing of the dopant levels (see, e.g., the Mulliken popula-
tions in Fig. 5) is due to orbital interactions between the
dopants and the polymer and are accordingly expected
also to be found for other (e.g., lower and hence more
realistic) concentrations as well as for other distributions
of the dopants (e.g., random or clustering). Moreover,
these will also be fairly independent of the precise struc-
ture of polyacetylene chain. We notice that the oc-
currence of a broadening is general and also found for the
inert-gas Ne. We will therefore expect it to be found for
any dopant, whether atomic or molecular.

Due to the orbital interactions it is possible to have a
fractional electron transfer between the dopants and the
polymer. The size of this transfer is determined such that
the Fermi levels of the two subsystems line up, and are
thus sensible to the type and concentrations of the
dopants as well as the structure and the number of the
neighboring polymer chains. Regarding dopants for
which the occupied and unoccupied orbitals are separat-
ed by not too large an energy gap, and for which the
valence orbitals do not lie too deep in energy (as for most
of the dopants considered here except for Ne), fractions
of electrons may be transferred between the dopants and
the polymer and enter or leave the band orbitals of the
polymer. The occurrence of these extra charges on the
polymer may lead to the formation of solitonic defects as
originally proposed by Su, Schrieffer, and Heeger® for an
integral electron transfer. The solitons may in turn be re-
sponsible for the large electrical intrachain conductivity
and together with a dopant-assisted interchain hopping
(through the orbital interactions) this gives a large mac-
roscopic electrical conductivity for the doped materials.
Furthermore, the presence of the dopants may modify
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the material from being quasi-one-dimensional to being
more three dimensional through the orbital interactions
such that the localization of the electrons due to the dis-
order is reduced, which also will lead to an increase in the
electrical conductivity.

Due to this fractional electron transfer one has to be
careful when discussing the variations in the physical
properties of the doped materials as functions of dopant
concentrations (see, e.g., Refs. 18 and 19), as the charge
of the chains may be related to the dopant concentrations
in a nonsimple fashion.

The interactions of the frontier orbitals are between
dopant orbitals and 7 orbitals of the polymer. Since 7
orbitals are found to be the frontier orbitals for most con-
jugated polymers, we expect results similar to those
presented here also to be found for other doped polymers.
The actual size of the dopant-polymer electron transfer
may be modified when considering dopants in a mul-
tichain environment. Some very simple model studies us-
ing a model Hamiltonian suggest, however, that the qual-
itative picture will remain unaltered when reducing the
dopant concentration and when including multichain
effects.

A very rough estimate of the size of the dopant-
polymer hopping integrals may be obtained in the follow-
ing way. We consider a periodic polymer chain with Np
Wannier orbitals per unit cell. The jth orbital of the nth
unit cell is denoted ¢/. With on-site energies and
nearest-neighbor hopping integrals equal to €} and t}, re-
spectively, the electronic Hamiltonian of the polymer be-
comes

ﬁp: >

i + ; ¥ +

J

€ 2, CinCintth 2 ()0 11C 0T 4Cj041)
j=1 n n

(3)

We have here neglected the spin degree of freedom and
let ¢; , and c;, be the creation and annihilation operators
for the jth Wannier orbitals of the nth unit cell.

The eigenvalues and eigenfunctions to the Schrodinger

equation
Hpp=ed @

are the well-known

e=¢}, =€h+2t} cos(mk) (5
and
_ 1 . .
$=¢/k)=—17s 3 e gl 6)
with
ke[—1;1] )

and N being the number of unit cells.

We now introduce a single dopant close to unit cell
number O such that the /th dopant orbital
¢fY(l =1,2,...,Ny) will interact with the Wannier func-
tions of unit cells —1, 0, and +1. The corresponding
hopping integrals will be denoted ¢/, t#, and t/,, re-
spectively. We assume ¢/ | =17/ I



15 842

The electronic Hamiltonian for the isolated dopant is

Ny
ﬁxz > G.IXCITXCI,X ) (8)
=1

and the solutions to the corresponding Schrodinger equa-
tion become

!

€=ey 9)
and

$=d% , (10)
respectively.

The interaction between the dopant and the polymer is
described by the electronic Hamiltonian

NP NX
6 = 1ot t
Hiy= 3 3 [th(cjoc,xte xco)
j=11=1
il .1 \
+t’1(cj'~1C1’X+C1,chy_1
el ey teke, o] (D

We focus on the changes in the dopant orbitals and
seek accordingly for a particular dopant orbital ¢/, the
dominating dopant-polymer interactions (i.e., that j with
the largest values of t//). For resonance

€ =¢ (12)

the eigenvalues become
e=eh [t +2t{ cos(km)] . (13)

Since ¢y and ¢.; may be of comparable size [cf. Fig.
1(b)], Eq. (13) indicates a broadening of the Mulliken net
populations of the order of roughly 4¢,. From Fig. 5 we
thus estimate ¢, =~¢, ~0.5 eV.

We stress finally that this value should only be con-
sidered as an order-of-magnitude estimate, due to the
number of approximations applied in arriving at it.

V. CONCLUSIONS

In this model study we have performed first-principles
density-functional calculations on a single periodic chain
of trans-polyacetylene doped with various atoms ranging
from Li to Na. For the low dopant concentration (33%,
which is still large) the dopant-dopant interactions were
found to be almost negligible, and the results could thus
also provide some information about the materials with
much lower dopant concentrations.

The shell structure of the atomic dopants could be
recognized in the band structures, densities of states, elec-
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tron densities, and Mulliken populations, although small
but non-negligible interactions between the orbitals of the
polymer and those of the dopants led to a broadening of
the atomic levels. Despite the fact that some of the stud-
ied systems may not be experimentally realizable, the
general trends in our results suggest that similar effects
should be expected for other dopants, other concentra-
tions, other dopant-polymer arrangements, and other
conjugated polymers.

As a consequence of the orbital interactions the
dopant-polymer interaction has a small covalent com-
ponent, such that the electron transfer between the two
subsystems need not be integral. Although inaccuracies
in the local-density approximation excluded us from
making accurate statements about the size of the electron
transfer, we believe such fractional electron transfer to be
a general phenomenon for doped conjugated polymers,
except when the dopants are closed-shell systems with a
large energy gap between occupied and unoccupied orbit-
als.

For almost all systems considered both dopant orbitals
and polymer orbitals were found in the closest vicinity of
the Fermi level. This, together with the above-mentioned
orbital interactions, indicates that the large electrical
conductivity in doped conjugated polymers is partly due
to structural intrachain defects (e.g., solitons and pola-
rons) and partly due to dopant-assisted hopping between
the chains. This is in accordance with the experimental
ESR results of Bernier and co-workers,?°”2? that the
dopants are active in the charge transport processes.

Due to the fractional electron transfer one has to be
careful in analyzing experimental data on physical prop-
erties of doped conjugated polymers as functions of
dopant concentrations. Finally, a rough estimate predict-
ed the dopant-polymer hopping integrals to be of the or-
der of 0.5 eV.

For the system where an alkali metal (Li or Na) has
been used as dopant, an erroneous direction of electron
transfer is observed, compared with other theoretical
studies. This unsatisfying discrepancy is explained as a
consequence of the too low atomic ionization potentials
obtained within the local- (spin-) density approxima-
tion.*? As a by-product of our study it is therefore seen
that one has to be careful when analyzing electron
transfers in weakly interacting systems such as when us-
ing those obtained with local-density calculations.
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