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Polarons in C6o
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A simple Su-Schrieffer-Heeger-type model of C«and doped C« is presented. The model is solved nu-

merically in the adiabatic approximation. In the half-filled case the cluster dimerizes, in agreement with
experiment and more complicated calculations. When an electron is added to half-filling, a polaron is
present in the ground state. This polaron possesses an unusual geometry; it is a loop circling the C«
cluster. For two added electrons a bipolaron forms with a similar geometry. It is suggested that this bi-

polaron may be observable in optical experiments.

There has been much recent interest in the molecule

C60 and slightly doped C60. ' Adding to this interest is

the discovery that by doping C60 with electrons it be-

comes a high-temperature superconductor. ' This
discovery poses a number of questions: How is doped C60
di6'erent and similar to other high-T, materials'? Is the
superconductivity in C60 surprising and to what extent is

it to be expected'? Unfortunately, at present, to address
these questions theoretically is very difficult. Instead, I
will present a simple model that describes some of the
normal-state properties of C60 and doped C60. Simple
consequences of this model will be presented and finally I
will discuss the rather speculative relation of this model
to high-T, materials. The most important point of this

wol k is that C60 should have very interesting properties
when "doped" with light. In the model, doping with

light will cause the formation of an unusual elementary
excitation, the string bipolaron. Hopefully, this bipola-
ron wi11 be accessible to experiment.

The model I propose is a simple variant of the Su-
Schrieffer-Heeger (SSH) model of conducting polymers
(for a review see Ref. 5). From our experience with con-
ducting polymers I expect electron-phonon coupling to
be the dominant interaction (that is, I neglect electron-
electron interaction). Furthermore, I expect that for a

good part of the physics of solid C60 I can neglect inter-

rnolecular hopping (again by analogy to conducting poly-
mers where a good part of the physics can be described
neglecting the interchain coupling). We are then led to
the Hamiltonian

As is well known, to treat this Hamiltonian without
approximation is difficult; for the purposes of this study I
use the adiabatic approximation and treat the lattice (the
l;~'s) as classical degrees of freedom. Again by analogy
with conducting polymers I expect this to be reasonable
at least for some properties. Under this approximation I
look for values of the Xk's =—I, —a satisfying

(e iaido&=0
k

such that the energy is a minimum. ('It is the wave func-

tion for the electronic degrees of freedom, which, under
the adiabatic approximation, consists of a single Slater
determinant. ) There are 90 distinct bonds so (2) is a sys-

tem of 90 equations. Under this approximation the kinet-
ic energy of the lattice does not enter and thus we leave it
unspecified. Since we are using bond variables (and the
adiabatic approximation) the geometry of the molecule
enters only insofar as it te11s us which sites are connected

by bonds to other sites. We do not have to deal with the
positions of carbon atoms in three-dimensional space.

I do not expect the above approximation to tell us

H= —,'k g (l,, —a)
(&j)
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+kinetic energy of the lattice .

Here, I,- is the length of the bond connecting the ith and

jth sites (see Fig. l), k is the "spring" constant, t is the

hopping matrix element, a is the unrenormalized carbon-
carbon bond length, the c's and c 's are fermion annihila-
tion and creation operators, and a is the electron-phonon
coupling constant.

FIG. 1. One side of the C«molecule. The length of the bond
connecting sites i and j is denoted by l,j. This figure is essential-

ly taken from Ref. 6. Note i,j is a h-h bond (it separates a hexa-

gon from a hexagon) while 1,5 is a p-h bond (it separates a pen-

tagon from a hexagon).
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much about superconductivity (see, however, the com-
ments below). When we move beyond treating the lattice
classically it is necessary to specify the lattice kinetic en-
ergy. At least for model calculations it may be possible
to use the simple (albeit unrealistic form)
—,'Mg, (dX, /dt) where M is a phenomenological mass
parameter. Such a model may be amenable to treatment
using fermion Monte Carlo calculations (see, for example,
recent ' calculations on the Holstein model). To treat
electron-electron interactions it may be reasonable to add
an on-site Hubbard repulsion. In the adiabatic approxi-
mation, such a term can be handled perturbatively for
Hubbard U sufficiently small. In the case of hole dop-
ing, ' such a term appears to be important. Since this pa-
per is my first study of the Hamiltonian (1) for C6o (and I
study electron doping) I neglect the Hubbard repulsion
leaving this term for a later investigation.

I now turn to the results of my calculation. In these
calculations the parameter values t =1 (energy is mea-
sured in units of the hopping parameter), a=2, and
k =25. These parameter values are of the same order of
magnitude as the analogous parameters in polyacetylene.
In describing hopping between pentagons and hopping
within pentagons the same parameter t is used. Any
difference in the length of the bonds arises from the cou-
pling of the electrons to the "lattice" by a.

We consider first the undoped C6o molecule. Since car-
bon has four valence electrons it is believed one should
assign one electron to each site of the C6O cluster, that is,
C6c is half-filled. (For all known high-T, materials there
is a parent insulating compound which is half-filled. ) In
the tight-binding model (a=0) there is a gap of 0.76t
separating the valence band (the 30 filled orbitals in the
unique ground state) from the conduction band. (For a
picture of the complete spectrum see Ref. 6.) When a=2
the gap increases to 0.93t and the lattice "dimerizes. "
(That is, two distinct bond lengths arise. ) More precisely,
bonds separating a pentagon from a hexagon (p-h bond)
become longer relative to the bonds separating hexagons
(h-h bond). From the unrenormalized carbon-carbon
bond a the p-h bond is shortened =0.075a while the h-h
bond is shortened =0.099a. Thus for the parameter
values I have chosen the differences in bond lengths is
=0.034 A (assuming an unrenormalized carbon-carbon
bond length of 1.4 A). This is in fair agreement with the
experimental measurement" ( =0.04 A). I performed
these calculations by numerically iterating Eq. (2). (By
tuning the parameter values one should be able to get
better agreement with experiment. ) This calculation is
consistent with more microscopic (and more complicat-
ed) molecular-dynamics calculations. ' We thus see at
half-filling the ground state is ordered due to bond dimer-
ization. This is ana1ogous to the antiferromagnetism in
the cuprates and the charge-density wave ordering in the
bismuthates. In graphite no such ordering is present in
the undoped case, thus it is not surprising that doped
graphite has a much lower T, relative to doped C6O. To
clarify this point I have examined a simple model of
graphite, namely, I have considered a single graphite
plane and used a SSH-type Hamiltonian Eq. (1) (here the
tight-binding model corresponds to a two-dimensional

honeycomb). To make this model amenable to solution
and for purposes of comparison to C6o I have made the
adiabatic approximation and have considered a 5X5
cluster (25 hexagons) with periodic boundary conditions
and the same parameter values as I used for C6o. For this
model I find, for half-filling, there is no type of bond al-
ternation; each bond is uniformly shrunk approximately
0.084a.

Another important point to note is that the ground
state of C6O is unique. Thus C6O is more similar to cis-
rather than trans- polyacetylene.

What happens when we add electrons to the C6O mole-
cule? First consider the case of one added electron. By
iterating numerically I find the lowest energy state is no
longer completely dimerized. There is instead a polaron-
ic excitation. This polaronic excitation has an energy of
=0.01t lower than adding one electron to the rigid
dimerized state and thus should be observable at
moderately low temperature (since an order-of-magnitude
estimate of t is 2 eV this means temperatures of approxi-
mately 100 K). From our experience with cis polyace--
tylene and the molecular crystal mode' it is not surpris-
ing that a polaron forms when C6o is doped with an elec-
tron. The interesting feature of this polaron is its
geometry. Namely, the order parameter (the degree of
bond stretching) is depressed mainly in a loop circling the
Cso cluster (see Fig. 2). It is therefore not inappropriate
to call this polaron a string polaron. Precisely what I
mean by order-parameter depression is the following:
Form the order parameter Y,. by subtracting the average
bond contraction at half-filling (=0.087a) from each of
the X s and then nortnalizing (divide by 0.012a). In the
half-filled case the Y; corresponding to h-p bonds will
have value 1 while the Y; corresponding to h-h bonds will
have value —1. For the string polaron, the Y,.'s are be-
tween 0.47 and 0.41 in absolute value with the h-p bonds
on the polaron being positive and the h-h bonds being
negative. All other bonds on the cluster have

~ Y; ~
& 0.75.

The single-particle energy spectrum is affected in the way
one would expect for a polaron: one state is pulled up
into the gap by =0.02t while another state is pulled
down into the gap by roughly the same amount.

It would be interesting to construct an analytic argu-
ment for the existence of such a polaron; unfortunately,
the evidence at present is solely numerical. (All calcula-
tions were performed in double precision =14 digits of
accuracy and thus I believe the calculations are quite reli-
able. )

When I add a second electron, the lowest energy state
is a string bipolaron (see Fig. 2). That is, the order pa-
rameter is most drastically changed in a ring around the
C6O molecule. The bipolaron resembles the polaron with
the difference being that the *'ditch" in the order parame-
ter is deeper for the bipolaron. That is, the order param-
eter for the bonds on the bipolaron (the Y s for the bipo-
laron) has values between 0.07 and 0.11 while the bonds
on the rest of the cluster have the absolute value of the
order parameter in excess of 0.6. On the bipolaron the
value of the Y,-'s alternates in sign as one goes from one
bond to another, for h-h bonds the Y,-'s are positive while
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FIG. 2. The string polaron and bipolaron. The heavy curve
indicates the path in which dimerization is suppressed for the
string polaron and bipolaron (the path is the same in both
cases). (a) is the front of the molecule while (b) is the back. The
numbers indicate how the front and back are glued together.
Note that the position of the string depends on the initial choice
of the X s in the iterative scheme.

for h-p bonds the Y s are negative. I have tried several
initial conditions and the self-consistent solution with the
lowest energy is the string bipolaron. It has an energy of
=0.04' lower than adding two electrons to a dimerized
rigid band. There are also self-consistent solutions of a
different geometry =0.0002t higher in energy than the
string bipolaron.

Recall that for the tight-binding model for C60 six
added electrons fill the lowest "band" above the half-
filled Fermi sea. It is thus not without interest to consid-
er what happens when we add six electrons to half-filling.
In this case I find perfect dimerization has been restored
with the h-p bonds being shrunk 0.0823a and the h-h
bonds being shrunk 0.0816a. The difference in bond
lengths is much less than in the half-filled case (about

3%) and here h-h is the longer bond. I expect since this
bond difference is so slight it will prove to be unobserv-
able. Thus effectively the picture is that starting from a
dimerized situation at half-filling the addition of six elec-
trons destroys the dimerization.

Finally we consider the case relevant to "doping" by
light, i.e., we keep 60 electrons (half-filled) but we now
make a particle-hole excitation from the highest occupied
to the lowest unoccupied single-particle energy level.
Iterating Eq. (2) from the initially dimerized solution we
again go to the siring bipolaron solution. In this case the
string bipolaron solution =0.04t lower in energy than
the energy of the particle-hole excitation in the rigid
band. [Starting from other initial conditions we can find
other self-consistent solutions slightly higher (0.01t) than
the string bipolaron. I have also done dynamical calcula-
tions using the simple form proposed earlier for the kinet-
ic energy and overdamped classical dynamics. Starting
from the initially dimerized state the lattice relaxes rapid-
ly to the string bipolaron. Note that in an optical experi-
ment the dimerized initial state is the physically correct
initial state. ] I expect if one excites a C60 molecule with a
pulse from a laser' it may be possible to observe the
string bipolaron.

What do these calculations tell us about superconduc-
tivity'? Given the existence of the polaron and bipolaron
it is not surprising that electrons have a negative binding
energy (i.e., b, =2E, Ez E0=—0.02—t, there is a tenden-
cy for particles to form bound states). The interpretation
of this negative binding energy is not unambiguous. Very
loosely speaking it is an indication of a tendency toward
superconductivity. In the adiabatic approximation, the
Holstein model possesses a polaron and bipolaron solu-
tion as well a negative binding energy near half-filling. '

Recent fermion Monte Carlo calculations have indicated
an elevated critical temperature near half-filling (recall a
half-filling there is a charge-density wave). I expect a
similar scenario for doped C60 where one replaces
"charge density" by the bond ordering present in un-
doped C60. In this scenario high T, is due basically to
effects within a single C60 molecule. Here I am viewing a
single C60 molecule as being analogous to the 8 X 8 cluster
studied in Ref. 8. This is perhaps not unreasonable since
one expects a small coherence length due to the fairly
high T, and low carrier density.
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