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Polaron excitations in doped Cq,: Effects of disorder
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The effects on C¢, of thermal fluctuations of phonons, misalignment of Cq, molecules in a crystal, and
other intercalated impurities (C,y, oxygens, and so on) are simulated by disorder potentials. The Su-
Schrieffer-Heeger—type electron-phonon model for doped C is solved with Gaussian bond disorder and
also with site disorder. Sample averaging is performed over a large number of disorder configurations.
The distribution of bond lengths and electron densities are shown as functions of the disorder strength
and the additional electron number. The stability of polaron excitations as well as dimerization patterns
are studied. Polarons and dimerization in lightly doped cases (Cg;"" ~2) are relatively stable against disor-
der, as is indicated by peak structures in the distribution functions. In more heavily doped cases, several
peaks merge into a single peak, showing the breakdown of polaron structures as well as the decrease of
the dimerization strength. The possibility of observation of polaronic lattice distortions and electron

structures in doped Cq is discussed.

I. INTRODUCTION

Recently, the fullerenes C, which have a hollow cage
structure of carbons have been intensively investigated.
There are several experimental indications that the doped
fullerenes show polaronic properties due to the Jahn-
Teller distortion, for example: (1) The electron-spin-
resonance (ESR) study! on the radical anion of Cg, has
revealed the small g factor, g =1.9991, and this is associ-
ated with the residual orbital angular momentum due to
the Jahn-Teller distortion. (2) Photoemission studies® of
C¢, and C,, doped with alkali metals have shown peak
structures, which cannot be described by a simple band-
filling picture. (3) When poly(3-alkylthiophene) is doped
with Cgp,? interband absorption of the polymer is greatly
suppressed and the new absorption peak evolves in the
low-energy range. The Jahn-Teller splitting of the lowest
unoccupied molecular orbital (LUMO) in the Cq,™ state
and/or the Coulomb attraction of a positively charged
polaron to Cg,~ might occur. (4) The luminescence of
neutral Cg, has been measured. There are two peaks
around 1.5 and 1.7 eV below the gap energy 1.9 eV, inter-
preted by the effect of the polaron exciton. In addition,
the experiments on the dynamics of photoexcited states
have shown the interesting roles of polarons.’

Several authors®’ have proposed an interacting
electron-phonon model in order to describe the polarons
in doped Cg, The Su-Schrieffer-Heeger (SSH) model of
conjugated polymers® has been extended to fullerenes in
these works.®” The 7 electrons hop between nearest-
neighbor sites. The hopping integral depends linearly on
the change of the bond length. The bond modeled by the
classical harmonic spring is the contribution from the o
bonding. In the previous paper,’ we have calculated lat-
tice distortion and electronic. structures of the molecules,
where one to six electrons are added, or one to ten elec-
trons are removed. When Cg, is doped with one or two
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electrons (or holes) (the lightly doped case), the additional
charges accumulate at 20 carbon atoms along almost an
equatorial line of the molecule. The dimerization be-
comes the weakest along the same line. Two energy lev-
els, the occupied state and the empty state, intrude large-
ly in the gap. These are the polaron effects. The changes
of the electronic structure of the molecules with more
charges (the heavily doped case) have been reported in
Ref. 9. However, the complex changes of lattice
geometries and electron-density distributions have not
shown yet. Section III of this paper will be devoted to
this purpose.

In the study in Ref. 9, the molecule has been assumed
to be isolated and the calculations have been done within
the adiabatic approximation. However, it has been dis-
cussed'© that the width of the zero-point motion in conju-
gated polymers and fullerene tubules is of the order of
0.01 A. The same order of magnitude would be expected
in Cgy.!! This is also of the same order as the difference
between the short and long bond lengths: 0.05 A2
Therefore, the polaronic distortion described in the adia-
batic approximation might change its structures by
thermal fluctuations. The thermal fluctuation effects can
be simulated by introducing the bond disorder potentials.
The doped SSH system with Gaussian bond disorders will
be studied in Sec. IV.

It is known that C4, molecules contain a small amount
of Cy, as impurities.* Sometimes the Cq, films and solids
are contaminated with oxygen.*'* Misalignment of mol-
ecules in Cg, solids would remain. These effects would be
good origins of additional potentials acting on 7 electrons
at the carbon sites. They can be modeled by random site
disorder. Site disorder effects will be investigated in Sec.
V.

A sample average is performed over a large number of
independent disorder configurations. The distribution
functions of bond lengths and electron densities are cal-
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culated with changes to the disorder strength and the ad-
ditional electron number. We mainly consider stability of
polaron excitations as well as dimerization patterns. We
find that polarons and dimerizations in lightly doped
cases are rather stable against disorder. This property is
common to bond and site disorder effects. In more heavi-
ly doped cases, the several peaks in distribution functions
merge into a single peak. This indicates that polaron
structures are broken while the dimerization strength de-
creases, owing to doped charges and disorder.

This paper is organized as follows. We explain the
model in the next section. In Sec. III, the lattice and
electronic patterns of electron-doped Cg, are extensively
reported. In Sec. IV, bond disorder effects are studied.
Section V is devoted to site disorder effects. We close this
paper with a summary and a discussion in Sec. VI.

II. MODEL

The extended SSH Hamiltonian for the fullerene Cg,,°
Hewy = — t K 2
ssu= 2 (—totay;;)e;,c;,+H.c.)+ ) 2 Vij»
(G, j),o i)

(1)
is studied with Gaussian bond disorder,

Hypa=a 3 8y, lclc;,+Hoe.), 2)
(i,j),o

as well as with Gaussian site disorder,

Hsite = 2 UiciTaci,a . 3)
i,o

In Hggy, ¢;,, is an annihilation operator of a 7 electron;
the quantity ¢, is the hopping integral of the ideal undi-
merized system; a is the electron-phonon coupling; y; ;
indicates the bond variable which measures the change of
the length of the bond between the ith and jth sites from
that of the undimerized system; the sum is taken over
nearest-neighbor pairs (i, ); the second term is the elas-
tic energy of the lattice; and the quantity K is the spring
constant. The part Hy, 4 is the disorder potential due to
the Gaussian modulation of transfer integrals. The disor-
der strength is measured by the standard deviation y; of
the bond variable modulations 8y, ;. The mean value of
8y; ; is assumed to be zero. The term H . is the site dis-
order potential. The quantity U, is the strength of the
disorder at the ith site, with the standard deviation Uj.
The model is solved with the assumption of the adiabatic
approximation and by an iteration method used in Ref. 9.

III. POLARONS IN Cq,

In this section, we present a detailed discussion on the
polarons of the electron-doped Cq,. Further data con-
cerning the lattice and electron-density structures are re-
ported. In Ref. 9, only the electronic energy levels and
averaged dimerization strengths were discussed for heavi-
ly doped Cg,.

In Fig. 1, the unfolded figure of the truncated icosahed-
ron is shown. When we make the paper model of Cgy, we
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FIG. 1. Unfolded pattern of the paper model of C¢,. See the
text for the notations.

cut the figure along the outer edges of white hexagons.
After folding edges between neighboring hexagons and
combining several edges, we obtain a closed structure of
the molecule. The shadowed hexagons in Fig. 1 become
pentagons. The symbols A4 —L specify different penta-
gons.

The model equation (1) is numerically solved for the
parameters: tp=2.1 eV, a=6.0 eV/A, and K =52.5
eV/A?. These give the characteristic scales for the neu-
tral Cgp: the total 7-band width 6¢,=12.6 eV, the energy
gap 1.904 eV, and the difference of the bond length be-
tween the short and long bonds 0.4557 A. These values
are typical. They are slightly different from those in Ref.
9, but the qualitative features of solutions are not affected
by the slight modifications. Quantitative differences are
small, too. The total electron number is changed within
N =N,4=N +6,N =60 being the number of sites.

In Fig. 2, the magnitudes of bond variables are shown
in the upper figures by changing the electron number.
The bond is represented by a bold line when it is shorter
and y; ; <0. The bond is represented by a dashed line
when it is longer and y; ; > 0. The thickness of the line in-
dicates ly,-, j|. The valence number (the negative of the
additional electron number) of the doped molecule ac-
companies each figure. The lower figures show the addi-
tional electron density. The area in each circle is propor-
tional to the absolute value.

In Cg! ™27, most (about 70-80 %) of the additional
charges accumulate at 20 carbon atoms along an equa-
torial line of the molecule. At the same time, the
difference between the lengths of the short and long
bonds becomes smallest at sites along the same equatorial
line. This means that the dimerization strength is weak-
est. Two nondegenerate energy levels intrude largely in
the energy gap as shown in Fig. 2(a) of Ref. 9. These lat-
tie and electronic structures are the same as those of po-
larons in conjugated polymers, so we named the changes
polaron excitations. A fivefold axis penetrates between
the centers of the pentagons, 4 and H.

When Cq, is doped with three electrons, the symmetry
is highly reduced. There is only an inversion symmetry.
Only two sites have the same electron density. Only two
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bonds have the same length. As shown in Fig. 2, addi-
tional electron densities have large values at the 20 car-
bon atoms along the equatorial line as well as at the other
sites near the pentagons, A and H. The energy levels are
shown in Ref. 9. The 31st wave function has large ampli-
tudes at sites along the equatorial line, while the 32nd one
has larger amplitudes at the other sites. The distribution
of the electron density reflects this property.

When the molecule is further doped and the additional
electron number is 4, the dimerization pattern changes
qualitatively. The symmetry becomes higher and there is
a threefold axis which penetrates the center of the hexa-
gon surrounded by the pentagons, B, C, and L. The mol-
ecule doped with five electrons has the similar bond alter-
nation pattern and the same symmetry (the figures are
not shown for the simplicity). Finally, in the molecule
doped with six electrons, the dimerization almost disap-
pears and is rather negligible. The icosahedral symmetry
is recovered.

IV. BOND-DISORDER EFFECTS

The SSH model Hggy is solved with the bond disorders
H,,.4. The additional electron number, n =N, —N, is
changed within 0=<n <6. The most realistic origin for
bond disorders is the thermal fluctuation of phonons. So,
we shall change the strength of the disorder in the range
comparable with that of the amplitude of thermal fluc-
tuations. It has been discussed'’ that the width of the
zero-point motion of phonons is 0.03-0.05 A in conjugat-
ed polymers and is of the same order in fullerenes. So, it
is reasonable to assume that the maximum value of y, is
of the similar magnitude. We take y,=0.01, 0.03, and
0.05 A.

A fairly large number of mutually independent samples
of disorders are generated, and the model, Egs. (1) and
(2), is solved for each sample. The bond variable and
electron density are counted in order to draw histograms
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FIG. 2. Bond variables and
excess electron densities shown
on the unfolded pattern of doped
C¢o without disorders. The
upper figures show the bond
variables, while lower figures
display excess electron densities.
The number at the top is
N —N,. Notations are ex-
plained in the text.

of distributions. The sample number 5000 yields a good
convergence.

Figure 3 shows the distributions of bond variable D (y).
The thick, thin, and dashed lines are for y,=0.01, 0.03,
and 0.05 A respectively. The ordinate is normalized so
that the area between the curve and the abscissa is unity.
Figure 3(a) for neutral Cy, shows the two-peak structure,
related to the presence of the dimerization: the positive
y;; corresponds to the longer bond, while the negative
one corresponds to the short bond. The magnitude of the
zero-point motion would be of the order 0.01 A. For ex-
ample, the treatment of the H,-type phonon within the
framework of the SSH model by Friedman and Harigaya
has resulted in the magnitude being about 0.01-0.02 A as
the adiabatic energy curve in Ref. 11 indicates. The
curve of y,=0.01 A has two peaks which are clearly
separated. The curve of y,=0.03 A still shows distinct
peaks. Therefore, the dimerization survives thermal fluc-
tuations in the neutral molecule. Actually, the nuclear
magnetic resonance!? (NMR) shows the existence of the
dimerization. When doped further up to Cg! 227, the
dimerization seems to remain against disorder: the two
peaks can be identified. However, another peak emerges
between the two peaks for y, =0.01 A when doped with
two electrons. This peak corresponds to the small bond
variables which have been located along the equatorial
line in the impurity-free case. Thus, the polaronic distor-
tion seems to persist, too.

Figure 4 shows the distributions of the electron density
per site D (p). In p, the electron density of the impurity-
free half-filled system is subtracted. The notations of the
lines are the same as in Fig. 3. Figure 4(a) shows the
nearly uniform electron density. When doped with one
or two electrons, a shoulder develops at the positive-p
side of the curve. This is owing to the accumulation of
the extra charge in the limited carbon sites of the mole-
cule as found in Fig. 2. The dimerization begins to be
broken in the same portion. And also, the central peak
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around p=0 still remains, due to the smaller changes of
the electron density at sites of the pentagons, 4 and H, of
Fig. 2. Thus, the polaronic charge distribution persists in
the presence of bond disorders.

Next, we discuss heavily doped cases with n =23. In
the distribution function of the bond variables, the three
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peaks merge into a single peak centered around y =0 A.
This is owing to the dimerization, the strength of which
became very smaller. The polaronic distortion becomes
smaller also, as indicated by the averaged dimerization
(ly;, j|> presented in Table III of Ref. 9. The electron
distribution functions shown in Figs. 4(d) and 4(e) have a

FIG. 3. Distribution function D (y) of bond variables y of the doped Cg in the presence of bond disorders. The ordinate is normal-
ized so that the area between the curve and the abscissa is unity. The thick, thin, and dashed lines are for y,=0.01, 0.03, and 0.05 A,

respectively.
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largest peak centering the value n /N which is the result ~ samples up to 5000 yields a nice convergence of the dis-

of the uniform doping. This is also related to the break- tribution functions. We assume three values for disorder
down of the bond alternation pattern. strength: U;=0.5, 1.0, and 2.0 eV. The calculation of
the Madelung potential in the solid Cq, (Ref. 14) has

V. SITE-DISORDER EFFECTS yielded the variation of the potential on the surface of Cy,

within 0.5 eV. Therefore, the misalignment of Cg, in the
The model equations (1) and (3) are solved for each  solid gives rise to the similar strength of site disorder.
sample of site disorder potentials. Taking the number of  The other intercalated impurities (C,y,* oxygens,*!3
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FIG. 4. Distribution function D (p) of the excess electron density of the doped Cq, in the presence of bond disorders. The ordinate
is normalized so that the area between the curve and the abscissa is unity. The thick, thin, and dashed lines are for y,=0.01, 0.03,
and 0.05 A, respectively. p is measued in units of excess electron density.
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dopants,? and so on) might yield site disorder potentials
of the order of 1 eV. These are the realistic origins of site
disorders. The additional electron number » is changed
up to 6.

Figure 5 shows the distribution functions of bond vari-
ables D(y). The thick, thin, and dashed lines are for
U,=0.5, 1.0, and 2.0 eV, respectively. While the mole-
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cule is weakly doped (n =1,2), the dimerization tends to
survive disorder potentials. This is easily seen by thick
and thin lines in Figs. 5(b) and 5(c). The dashed lines
have a single peak. This is due to the strong disorder po-
tential comparable to the size of the energy gap of the un-
doped molecule; the dimerization becomes undiscernible,
when energies of the occupied and unoccupied electronic
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FIG. 5. Distribution function D (y) of bond variables y of the doped Cq, in the presence of site disorders. The ordinate is normal-
ized so that the area between the curve and the abscissa is unity. The thick, thin, and dashed lines are for U;=0.5, 1.0, and 2.0 eV,

respectively.



states are closer. The actual site potentials would not be
so strong as that of the dashed line, in view of the screen-
ing effects due to the 7 electrons spread over the surface
of the molecule. Therefore, the dimerization persists

(@)n=0
D(p)

-~ N
-1 -0.5 0.5 1
p
4 byn =3
N
N
-1 0.5 1
p
-1

FIG. 6. Distribution function D (p) of the excess electron
density of the doped Cg, in the presence of site disorders. The
ordinate is normalized so that the area between the curve and
the abscissa is unity. The thick, thin, and dashed lines are for
U,=0.5, 1.0, and 2.0 eV, respectively. p is in units of excess
electron density.
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strongly when site disorders are present.

When the doping proceeds further (3 <n <6), the two
major peaks join into a single peak in D (y). This shows
that the dimerization is easy to disappear due to the dis-
order potentials as well as the densely accumulated extra
charges.

Figure 6 shows charge-density distributions D (p). We
show results only for n =0, 3, and 6, because the qualita-
tive features are the same for all n. The notations are the
same as in Fig. 5. The charge density is directly modulat-
ed by the site disorder. So, each curve has the shape near
the Gaussian distribution. The value of p at the peak is
close to n /N.

VI. SUMMARY AND DISCUSSION

The effects on Cg4, of thermal fluctuations of phonons
have been simulated by bond disorder potentials. Next,
misalignment of Cg4, molecules in a crystal, and other in-
tercalated impurities (C,,, oxygen atoms, dopants, and so
on) have been studied with site disorder potentials. The
extended SSH model for doped Cg4, has been solved with
the assumption of the adiabatic approximation. The dis-
tributions of bond lengths and electron densities, D (y)
and D (p), have been shown as functions of the disorder
strength and the additional electron number. The stabili-
ty of polaron excitations as well as dimerization patterns
have been considered.

Our conclusions are common to bond and site disorder
effects. Polarons and dimerizations in lightly doped cases
(Cgo' 727 are relatively stable against disorders. This
property has been indicated by peak structures in distri-
bution functions. In more heavily doped cases, the
several peaks merge into a single peak, showing the
breakdown of polaron structures as well as the decrease
of the dimerization strength.

However, there exist qualitative differences between
bond and site disorder effects. In the bond disorder prob-
lem, the bond length is affected directly by the disorder
potentials, but the charge density is modulated indirectly.
In the site disorder problem, the charge density is modu-
lated directly by the disorder potentials. Therefore, the
distribution function of charge density shows the ap-
parent peak structure related to the dimerization and po-
laronic distribution in the bond disorder problem, but it
has only one peak in the site disorder problem.

Then how is our finding related with experiments? The
NMR investigation!? gives the evidence that there are
two bond lengths in Cg4,. The single molecule always will
be in the presence of some kinds of external potentials.
These potentials could be effectively regarded as disorder.
The presence of the two bond lengths in actual molecules
agrees with our result that the dimerization is relatively
stable against disorder. The ESR study' of the Cg,
monoanion in the solvent shows the reduced g factor.
This is interpreted as the result of the Jahn-Teller distor-
tion, in other words, the polaronic distortion. The mole-
cules in the solvent would be affected by the strong site
disorder as well as bond disorders. Nevertheless, the
effect related to polarons is observed. This is again in ac-
cord with our conclusion that polarons are stable in light-
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ly doped Cg, in disordered external potentials.

The electrochemical experiment!® can produce Ceo
anions doped with up to six electrons. The molecule can
be doped with six electrons in the solid also. The photo-
emission experiments’ show that the maximally doped
Cyp solid is an insulator. This agrees with the present cal-
culation. However, it is not certain whether or not the
dimerizations still remain in heavily doped Cq,. In view
of the fact that dimerizations are very small in heavily
doped Cg, and the width of zero-point motion of phonons
is of the order of 0.01 A, it is certainly possible that the
dimerization would not be observed in actual samples.
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