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Quantum lattice Auctuations and luminescence in C6p
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We consider luminescence in photoexcited neutral C60 using the Su-Schrieffer-Heeger model applied
to a single C6o molecule. To calculate the luminescence we use a collective-coordinate method where our
collective coordinate resembles the displacement of the carbon atoms of the Hg(8) phonon mode and ex-
trapolates between the ground-state "dimerization" and the exciton polaron. There is good agreement
for the existing luminescence peak spacing and fair agreement for the relative intensity. We predict the
existence of further peaks not yet resolved in experiment.

In a recent experiment, Matus, Kuzmany, and Soh-
men' measured luminescence from C6Q films and inter-
preted their results in terms of an exciton polaron. The
main purpose of this paper is to support the above au-
thors' interpretation with some simple calculations and to

I

clarify a few points.
We interpret the luminescence in C6Q within the Su-

Schrieffer-Heeger (SSH) model applied to a single C6O

molecule. That is, we work with the Hamiltonian

H = g . — t —a(X,"—a) g [c, c +H. c. j+—(X; —a) .+ Ug n, &n;t+ —,
' g m

drj

(i,j) 0

Here r is the Cartesian coordinate of the jth carbon
atom, a is the bare carbon-carbon bond length, and X," is
the distanc- between the ith and jth carbon atoms. Our
experience with luminescence in conducting polymers
leads us to two assumptions: (i) We neglect intermolecu-
lar hopping. (ii) We set U =0 (explicit electron-electron
interaction is neglected). When considering vibrational
properties of conducting polymers this is a good zeroth-
order approximation. In C6Q we also believe assumptions
(i) and (ii) to be good approximations.

Physically we expect assumption (i) to be reasonable in

C6o since C6O is a weakly (intermolecularly) bound Van
der Waals solid. If we examine the optical absorption of
C6Q solutions versus C6Q films the major features are very
similar, giving strong experimental evidence that in-
tramolecular interactions are dominant. Vibrational
properties are also seen to be dominated by intramolecu-
lar interactions. As evidence of this, note that the experi-
mental Raman frequencies of solid C6Q are in good agree-
ment with single molecule calculations.

The justification of assumption (ii) is similar to the
standard arguments given in conducting polymers. In
both conducting polymers and C6Q it is likely that U is
considerably larger than t. ' Nevertheless, in conducting
polymers, the Hubbard term can be treated perturbative-
ly due to the gap in the single-particle spectrum. Since
the single-particle spectrum is also gapped for C6Q we also

expect the U =0 case to be a good zeroth-order approxi-
mation. We further expect electronic properties to be
more greatly affected by electron-electron interaction
than vibrational properties. Our main concern here will
be phonon sideband peaks and consequently we set
U =0.

A number of authors have treated the above Hamil-
tonian (I) using these approximations under the further
restriction that the lattice (the 60 carbon atoms) is treated
classically. For our purposes, the most important result
of these studies is the formation of the exciton polaron
when an electron is promoted from the H„orbital to the
Ti orbital. That is, the lattice distorts in the sense that
the dimerization (the difference in the two different bond
lengths) is virtually destroyed on a ring circling the C6o
molecule. Concurrent with the lattice distortion, two
electronic states are pulled into the gap. Electrons occu-
pying these states live predominantly on the distorted
part of the lattice (i.e., the ring). It is important to note
that the exciton polaron does not break the inversion
symmetry of the system.

Our picture of luminescence in C6Q is then as follows:
By a complex dynamical process the photoexcited C6Q

molecule evolves into the state where one electron occu-
pies the lower gap energy level and one electron occupies
the upper gap energy level. By spontaneous emission the
system then decays into the electronic ground state and a
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possibly excited lattice vibrational state. A complication
here is that the exciton polaron does not break parity and
the transition from the highest occupied molecular orbit-
al to the lowest unoccupied orbital is dipole forbidden.

The above picture entails that we must treat the lattice
quantum mechanically. We continue to work within the
adiabatic approximation. However, it is dificult to work
in the adiabatic approximation without further approxi-
mation since the lattice has 180 degrees of freedom. We
therefore adopt the collective-coordinate method, reduc-
ing the problem of 180 degrees of freedom to a single jud-
iciously chosen collective coordinate. This method has
been used with reasonable success to calculate the absor-
bance and luminescence in nondegenerate conducting po-
lymers.

The key ingredient for the collective-coordinate
method is, not surprisingly, a good choice for the collec-
tive coordinate. In conducting polymers, a good collec-
tive coordinate has been found to be a one-parameter
family of lattice configurations that extrapolates between
the ground state and first excited state classical lattice
configurations. In the case of C6p, the ground state of the
lattice is dimerized, the bonds separating hexagons from
hexagons, h-h bonds, have a length l&, and the bonds
separating pentagons from hexagons, p-h bonds, have a
length /2. Experiment gives a value of l, =1.40 A and

0l2=1.45 A. For the first excited state, calculations with
the SSH model tell us that the bond length pattern is
largely the same as that of the ground state other than on
a ring circling the molecule. On this ring, consisting of
20 carbon atoms, the difference in bond length between
the h -h and h -p bonds is suppressed. We therefore
choose a collective coordinate u so that carbon atoms not
on the ring are fixed and for r,- on the ring

r, =[ia+( —I)'u]x (1 ~i &20), (2)

where the index i labels the carbon atoms on the ring.
Here we treat the ring as a chain along the x axis with
periodic boundary conditions. This is a simple and
reasonable approximation since the quantity entering into
the total energy is the bond length difference. The pa-
rameter a, the renormalized bond length, is equal to a
minus the average bond length shrinkage, where a is the
unrenormalized bond length. (For the parameter values
we have adopted the h-h shrinkage =0.11 A and the p-h
shrinkage =0.16 A, the average shrinkage being there-
fore =0. 14 A. ) In this choice of collective coordinate,
u =0 approximates the distortion of the exciton polaron
and u =(p-h bond shrinkage minus h-h bond shrink-
age)/4 approximates the ground-state dimerization. We
emphasize that our collective coordinate is not an un-
reasonable approximation to the Hg(8) phonons' ob-
tained from microscopic calculations. " In particular,
these calculations show that the 20 carbon atoms on the
ring are displaced almost parallel to the x axis.

It may seem somewhat counterintuitive that we are
considering lattice motions restricted to the 20 carbon
atoms on the ring. However, this is quite a plausible ap-
proximation since the electronic states that interact most
strongly with the lattice are the highest occupied molecu-
lar orbital (HOMO) and the lowest unoccupied molecular

orbital (LUMO). In the situation we are considering, the
HOMO and LUMO correspond to the lower and upper
gap states, respectively. When we look at single-particle
states when the exciton polaron is present, we find the
upper (lower) gap state has a probability of 0.72 (0.75) of
being on the 20 carbon atoms of the ring. Therefore, the
HOMO and LUMO are peaked on the ring and the dy-
namics for the ring is the most important part of the lat-
tice dynamics for electron-phonon interactions.

We can give a slightly more formal justification of our
choice of collective coordinate as follows: The process of
going from the exciton polaron to the dimerized lattice
can be viewed as a tunneling process i.e., more pictori-
ally, imagine going from a higher valley to a lower valley.
To go from one valley to another the most eKcient path
is such that the gradient of the total energy is parallel to
the path. Explicit calculations for nondegenerate con-
ducting polymers' show that such a path is well approxi-
mated by a straight line connecting the two "valleys, " in
our case the exciton polaron and the dimerized lattice.
Since the exciton polaron and the dimerized lattice
configurations differ principally on the 20 carbon atoms
on the ring our collective coordinate consequently only
involves "moving" the 20 carbon atoms on the ring.

We proceed to examine the consequences of our collec-
tive coordinate. The lattice kinetic energy [Eq. (1)] then
reads in terms of the collective coordinate u

du=
—,'gm

I = I

2
Pu

2 dt

2

where M=20m is the mass of 20 carbon atoms. With
this kinetic energy it is easy to write down the collective-
coordinate Schrodinger equation,

fi d + v(u)Q=EQ .
2M d~u

(4)

V(u), the adiabatic potential energy, is computed as the
total energy of the SSH Hamiltonian for a fixed value of
u. In Fig. 1 we have plotted the adiabatic potential ener-
gy for the electronic ground state and the first excited
state. Of course, to obtain such a curve we have used pa-
rameter values for t, e, and K. For polyacetylene, we find
that t =1.35 eV, a=7.0 eV/A, and K =53 eV/A work
rather well to reproduce the experimental optical proper-
ties and dimerization. If we use these parameter values
for C6p we obtain a bond length difference that is slightly

0
too large (i.e., 0.06 A) and an optical gap that is some-
what too large (=2.2 eV). We expect a to show the
most significant variation in going from one ~ electron
system to another. By fixing a value of a, the bond
length difference is determined since we determine the
bond lengths by finding the minimum value of the energy
of the Hamiltonian (1), treating the X, 's as classical de-
grees of freedom. Therefore we only have one free pa-
rameter to fit both the bond length difference and the en-
ergy gap. We have consequently adjusted a to give the
experimental bond length difference by decreasing o. to
6.3 eV/A. Such a value of n reduces the classical gap
(see below for further discussion of this point) to 1.96 eV
in better agreement with the experimental optical gap of
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FIG. 1. Adiabatic potential energy vs collective coordinate u.
0

For our parameter values u =0.0125 A corresponds to a dimer-
ized lattice and u =0 corresponds to the exciton polaron.

1.9 eV. ' In any case, we should not expect quantitative
agreement for an electronic property (the energy gap)
without explicitly including electron-electron interaction
or broadening from intermolecular hopping.

By solving the collective-coordinate Schrodinger equa-
tion in the lower adiabatic potential we obtain a series of
discrete levels separated by about 0.21 eV. The energy
differences between these levels should correspond to the
energy difference between vibronic peaks in lumines-
cence. There is consequently reasonable agreement be-
tween our calculation and experiment since Matus,
Kuzmany, and Sohmen' report prominent peaks at 1.70
and 1.52 eV; that is an energy difference of 0.18 eV. Ac-
cording to our calculation, there should be additional
equally spaced peaks. We attribute the absence of such
peaks (which we calculate to have smaller intensity, see
below) to experimental uncertainties, material problems,
etc. An earlier measurement of luminescence in C6o films
by Reber et aI. ,

' in fact, seems to resolve three peaks
differing in energy by =0.17 eV. Preliminary results of
Iwasa, Koda, and Koda' also indicate the presence of
additional peaks. Our value of energy-level differences of
0.21 seems relatively insensitive to parameter choices, for
example, if we let a=7.0 eV/A we get a level spacing of
0.2 eV.

A consequence of our theory is that the energy
difference between peaks in luminescence should depend
on the isotope of carbon present in the C6O molecule.
Since the adiabatic potential is very close to harmonic
(for the lower curve) the energy spacing depends on the
mass of the carbon atom m like m ' . It therefore may
be interesting to do experiments on luminescence in C6O
films made using C' .'

We next turn to the intensity of the luminescence. The
intensity of the luminescence is proportional to (with an
energy independent constant)

2
co f g,*(s)g&(s)Q (s)ds (5)

where P, , f& are the initial and final vibrational wave
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Energy (ev)

FIG. 3. Relative intensity of absorption vs energy. The large
dots are our calculation.

Energy (ev)

FIG. 2 Relative intensity of luminescence vs energy. The
large dots are our calculation, the dashed curve is an envelope
of the experimental data from Reber et al. (Ref. 14), and the
solid curve is from the experiment of Matus, Kuzmany, and
Sohmen (Ref. 1).
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functions, and Q(s) is the electronic matrix element for
the lattice configuration with a fixed collective coordinate
s. The difficulty here is that in the dipole approximation
for an isolated C60 molecule (and our collective coordi-
nate) Q(s) is zero. We expect that oxygen impurities,
coexisting C70, and/or solid-state physics effects (other
C6O molecules) will make Q (s) nonzero even in the dipole
approximation. Such effects are not simple to estimate;
fortunately Q(s) is probably only weakly s dependent.
Therefore, we can treat Q (s) as a constant and pull it out
of the integral. In calculating relative intensities, Q then
does not enter; we need to consider the quantity

2
CO 5 f 5 C6 (6)

A straightforward calculation yields Fig. 2. In Fig. 2, the
solid circles are our calculation, while the solid curve is
the experiment of Matus, Kuzmany, and Sohmen, ' and
the dashed curve is the experiment of Reger et al. ' Our
calculation is by no means in perfect agreement with ex-
periment; it does, however, seem to be not unreasonable
especially for such a simple theory. (Actually our calcu-
lated relative intensities agree remarkably well with the
experiment of Reger et al. )

Lastly, we consider absorption. Our model for absorp-
tion is that the lowest vibrational wave function in the
first adiabatic potential makes a transition to various vi-
brational wave functions in the second adiabatic poten-

tial. We have plotted the absorption in Fig. 3. The most
intense absorption occurs at 1.9 eV. It is probably
beyond the accuracy of our simple theory to calculate the
onset of absorption due to the effects (as previously men-
tioned) of direct electron-electron interaction and inter-
molecular hopping. However, we do believe it is reason-
able to compare our theory to the peak in the photo-
current measured by Mort et al. ' For low-energy pho-
tons the photocurrent peaks at 1.9 eV in apparent agree-
ment with our calculated most intense absorption.

In conclusion, we have considered luminescence within
a simple model. Our model agrees well with the existing
experimental energy differences and there is fair agree-
ment with the relative intensity. We predict that more
extensive experiments will see more peaks in lumines-
cence and an isotopic shift for the luminescence peaks if
C' is replaced by C' .

This work was partially supported by the Sam Houston
State University research enhancement fund, by the
Robert A. Welch Foundation, and by the Texas Center
for superconductivity at the University of Houston under
Prime Grant No. MDA 972-88-G-002 to the University
of Houston from the Defense Advanced Research Pro-
jects Agency and the State of Texas. One of the authors
(K.H. ) thanks Dr. S. Abe for many fruitful discussions.
We also acknowledge helpful conversations with Profes-
sor W. P. Su and Dr. Y. Iwasa.

*Present and permanent address.
'M. Matus, H. Kuzmany, and E. Sohmen, Phys. Rev. Lett. 68,

2822 (1992).
2A. J. Heeger, S. Kivelson, J. R. Schrieffer, and W. P. Su, Rev.

Mod. Phys. 60, 781 (1988).
K. Harigaya, J. Phys. Soc. Jpn. 60, 4001 (1991);B. Friedman,

Phys. Rev. B 45, 1454 (1992); K. Harigaya, ibid. 45, 13676
(1992).

4B. Friedman and W. P. Su, Phys. Rev. B 39, 5152 (1989).
5S. L. Ren et al. , Appl. Phys. Lett. 59, 2678 (1991).
K. Wang et al. , Phys. Rev. B 45, 1995 (1992).

7G. F. Bertsch, A. Bulgac, D. Tomanek, and Y. Wang, Phys.

Rev. Lett. 67, 2690 (1991).
~B. Friedman and J. Kim, Phys. Rev. B 46, 8638 (1992).
F. Li, D. Ramage, J. S. Lannin, and J. Conceicao, Phys. Rev.

B 44, 13 167 (1991).
Y. Iwasa, T. Koda, and S. Koda (unpublished).
G. B.Adams et al. , Phys. Rev. B 44, 4052 (1991).

~2J. P. Sethna and S. Kivelson, Phys. Rev. B 26, 3613 (1982).
~3J. Kim and W. P. Su, Synth. Met. 49-50, 83 (1992).
~4C. Reber et al. , J. Phys. Chem. 95, 2127 (1991).
~5C. C. Chen and C. M. Lieber, J. Am. Chem. Soc. 114, 3141

(1992).
J. Mort et al. , Chem. Phys. Lett. 186, 281 (1991).


