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When C60 is photoexcited, a self-trapping exciton~STE! is formed: The bond structure is distorted from
symmetry I h to D5d while the statesA1u and A2u are pulled into the energy gap from highest occupied
molecular orbital and lowest unoccupied molecular orbital, respectively. A dynamical scheme is employed to
simulate the relaxation process of STE. The evolution of both bond structure and electronic states shows that
the relaxation time to form STE is about 100 fs. It should be noted that this relaxation time is much shorter than
that of charge transfer in C60. The origin for this large difference is discussed.@S0163-1829~96!03920-3#

Recently, photoinduced charge transfer~PCT! in the C60
complex has attracted considerable attention. Ultrafast PCT
in C60/N.N.dimethylaniline was conducted by Sension
et al.,1 although the fraction of charge transfer (d) in their
experiments was not clear, the ultrafast linear absorption
spectrum definitely showed that the time scale of charge
transfer ~CT! state formation was picoseconds. Sariciftic
et al.2 extensively studied PCT in many C60 complexes,
such as C60 poly@2-methoxy, 5-~2’-ethyl-hexyloxy!-
p-phenylen#, and found the relaxation time of PCT to be
shorter than 1 ps.

Although experimental research on PCT has been per-
formed extensively, theoretical studies about PCT are lim-
ited. The existing theoretical work about the excited states in
fullerene mainly concerns its static properties. Fagerstro¨m
and Stafastro¨m3 and Suzukiet al.4 discussed the Jahn-Tellar
effect in the excited states of C60 with different schemes,
i.e., the former through electron correlation under config-
uration-interaction and the latter through thehg modes. By
the Bogoliubov–de Gennes formalism, Wanget al.5 exam-
ined the lattice relaxation of a self-trapped exciton~STE! and
biexciton. However, none of these studies were concerned
with the dynamics of the excited states, which is crucial to
understand PCT.

As has been shown in the static studies,6 the original bond
structure of the excited C60 with symmetryI h is not stable,
and the bond structure is distorted to form a polaronlike ex-
citon, which actually is a self-trapping exciton. Conse-
quently, both the electronic states and the lattice configura-
tion are changed. Originally, highest occupied molecular
orbital ~HOMO! is fivefold degenerate, and lowest unoccu-
pied molecular orbital~LUMO! is three-fold@see Fig. 1~a!#.
After C60 is photoexcited, HOMO is split intoA1u , E1u , and
E2u , whereE1u and E2u do not distinctly shift from the
original HOMO level, butA1u is lifted up into the gap.
Meanwhile, LUMO is split intoA2u and E1u , and only
A2u is pulled down into the gap. These gap statesA1u and

A2u are bound states localized in the equatorial area of the
fullerene. In the bond structure, its symmetry is reduced from
I h to D5d . The bond distortion is also mainly in the equato-
rial area, with the largest change of bond length in the sev-
enth layer@see Fig. 1~b!#. So the dynamical relaxation pro-
cess from the electron-hole pair to STE can be described by
two evolutions: one is the evolution of levelsA1u andA2u
split from HOMO and LUMO, respectively; the other is that
of

FIG. 1. ~a! When C60 is photoexcited, HOMO and LUMO are
split into A1u , E1u , E2u , andE1u , A2u , respectively, with sym-
metryD5d . ~b! The changes of the bond length in different layers.
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changes of the bond lengths. Then the relaxation time can be
estimated from these two evolutions.

In this paper, a dynamical scheme is employed to study
the evolution of excited state in C60. A similar method has
been used to study the dynamics in polyacetylene7 and the
MX chain.8 From our calculation, it is found that the relax-
ation time for the self-trapping exciton is about 100 fs and
the largest change of the bond length is 0.02 Å. In compari-
son with the relaxation of CT, one discovers that the relax-
ation of the exciton is about three times quicker than that of
CT, and the bond distortion of STE is twice as large as that
of CT.

C60 is a quasi-two-dimensional system withp electrons
on the spherical surface. A band theory calculation9 clearly
shows that the interball electron hopping is very small, so
that the bandwidth is very narrow. Fitting theab initio re-
sults, Chenet al.10 found that the interball hopping is typi-
cally at 0.01 eV, which is much smaller than the intraball
hopping 1.8 eV~see below!. Therefore, the bulk properties
of C60 are well characterized by the on-ball characters. Since
the electron hopping between nearest-neighbor~NN! sites on
the ball is much more important than the other hoppings, the

tight binding approximation is commonly accepted in C60
studies and gives reasonable results for the characteristics of
C60, such as the energy gap and the bond length.

11 Under the
above assumption, we can write down the Hamiltonian as

Ĥ52 (
i , j ,s

t i j ~Ĉi ,s
† Ĉj ,s1H.c.!1

K

2(i , j ~ ur iW2r jW u2d0!
2,

~1!

where Ĉis
† creates ap electron at sitei with spin s, and

t i j5t02a(ur iW2r jW u2d0) is the hopping integral between the
nearest-neighbor atoms sitting atr iW andr jW . The first summa-
tion in ~1! is for the electrons, while the second one is for the
elastic energy. These two summations run over NN sites
only. Through fitting two bond lengths, 1.43 and 1.39 Å, and
the optical gap, the above parameters are found to be
t051.8 eV , a53.5 eV/Å, and K515.0 eV/Å2. Also,
d051.54 Å. The total energy can be calculated from

E~rW i !5(
a

occ

Ea~$rW i%!1
K

2 (
i , j

~ urW i2rW j u2d0!
2, ~2!

FIG. 2. Time-dependent variations of the
bonds, where~a!–~e! display changes of the bond
length at times 0, 20t, 40 t, 60 t, 120t, respec-
tively. The number refers to the bond layer~see
Ref. 12!.
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where Ea($r iW %) is the electronic energy spectrum. The first
summation is taken over the occupied orbitals only.

After C60 is photoexcited, there appears an electron-hole
pair, namely, an electron in LUMO, while leaving a hole in
HOMO; the original equilibrium configuration with symme-
try I h is not stable. Due to the electron-lattice interaction,
atom i experiences a force calculated by

f iW52
dE~r iW !

dr iW
. ~3!

For the photoexcited C60, the initial condition is that one
electron is in LUMO and one hole in HOMO, while all the
atoms are at their original positions. With this initial condi-
tion, one can solve the combined dynamical equations step
by step. Each step should last a very short intervalt so that,
within this interval, the change of forces can be ignored.
~The details of the calculation is described in Ref. 12.! As
before, we chose the step intervalt52.11 fs, which is much
shorter than the periodt0 of atom vibration 10214 s, and the
dampingl51013/sec, should be much smaller than 1/t0 .

A prominent feature of the movement of the atoms should
be mentioned. The atoms move in three-dimensional space,
but the numerical result shows that the relaxation, in the
radial direction, is much smaller than in the tangential direc-
tion, which means that the atoms mainly move on the sphere.
The reason for this feature is that the coupling between the
electron and pure radial phonon mode is very week. Thus,
the radial displacements can be neglected. Consequently, the
positions of all atoms on the sphere at any time can be cal-
culated, and the corresponding electron spectra are obtained.

In Fig. 2~a!–~e!, we plot the relaxation process of bond
distortion at different timest50t,20t,40t,60t,120t, where
the small dots represent the bond-length modification from

its original length and the numbers denote the layers in C60
~see Ref. 12!. At t50, an electron is in LUMO and a hole in
HOMO, and the atoms begin to move while the bond lengths
begin to change. At earlier stages@e.g., t520t, Fig. 2~b!#,
the changes of the bonds are rather diverse, even the bonds in
the same layer experience very different modifications,
which is similar to the relaxation process of CT. After about
50 t, the typical laminar structure appears roughly, and the
changes of different bonds in the same layer get close to each
other @see Fig. 2~d!#. From this evolution, one can estimate
that the relaxation timeTex is about 100 fs, and at
t5120t, the bond distortion@see Fig. 2~e!# is very close to
the equilibrium configuration of excited C60 @see Fig. 1~b!#.
In a comparison with the relaxation timeTCT of charge trans-
fer, which is estimated as 0.4 ps in our previous work,12

Tex is much shorter.
For the evolutions of the gap statesA1u and A2u , the

difference between photoexcitation and charge transfer is
more prominent. The results are shown in Fig. 3, where the
ordinate is the level of the stateA1u and the abscissa the
level of A2u . Each dot represents the values of levelsA1u
andA2u at different time; for instance, the dot in the upper
left corner represents the values of levelsA1u and A2u at
t50. The arrow denotes the direction of time going, and the
time interval between two successive dots is 1t. The center
of the dark area in Fig. 3 denotes the final positions of the
gap statesA1u andA2u . From Fig. 3~a!, one can easily ob-
serve that, for photoexcitation, it takes only about three turns
to reach the dark area, which again indicates the relaxation
time Tex is about 100 fs. Comparatively, for CT@see Fig.
3~b!#, it needs to run more than ten turns to reach the dark
center. Thus, the evolutions of both the bond structure and
electronic states indicate thatTex is three times shorter than
TCT. This large difference between STE and CT is not a
surprising result. Actually, the same phenomenon has been
observed in polymers.7 In trans-polyacetylene, there are also
two kinds of relaxations:~a! the relaxation of charge transfer,
i.e., one electron~or hole! is transferred into the conduction
band~or valence band!, where it interacts with the lattice to
form a negative~or positive! polaron, and its relaxation time
is about 0.2 ps; and~b! the relaxation of photoexcitation,
where an electron-hole pair decays into a soliton and anti-
soliton pair, and the relaxation time is about 40 fs, which is
5 times faster than CT.

This large difference must have some physical reasons.
Although a complete understanding is not available, one
plausible reason is that, in the case of photoexcitation, an

FIG. 3. Evolutions ofA1u andA2u , where~a! is for STE and~b!
for CT. FIG. 4. Evolution ofA1u without damping.
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electron sits in the LUMO state, while the hole is in HOMO,
then both the electron and the hole exert the forces on the
atoms. Under these forces, the atoms move quickly to a new
equilibrium configuration. However, in the formation of a
polaron, there is only one electron added in the LUMO, such
that the force is relatively weaker than that of the former.
Therefore, the formation of STE is faster than that of a po-
laron. This origin can also be used to explain why the dis-
tortion of the exciton is almost twice as large as that of
charge transfer.

To make our simulation more convincing, we have stud-
ied whether the relaxation depends on the damping. Figure 4
shows the evolution of theA1u state without damping. In a
comparison to the case with the damping 1013/s, one finds
that the main feature of the evolution process does not
change. At the beginning, theA1u level sits at21.41 eV, and
after several periods, it oscillates around a new equilibrium
position at21.29 eV with a small amplitude.

Finally, to check the results of the numerical simulation,
we employ the multiphonon theory13 to calculate analytical-
lythe relaxation time of the excited states. We find that the
relaxation time for STE is about 100 fs, which is shorter than
the relaxation time of the polaron formation. Since the dy-

namical simulation clearly reveals the difference between
photoexcitation and charge transfer, we prefer that some rel-
evant experiments should be performed to confirm these fea-
tures. Some feasible experimental programs can be proposed.
For the relaxation of the excited states, one may use time-
resolved femtosecond absorption spectroscopy, where an ul-
trafast laser with time resolution 40–50 fs is now widely
available. If the resolution is 10 fs, one may observe quan-
tum beats, which reflects atomic vibrations. For the relax-
ation of charge transfer, the femtosecond time-resolved Ra-
man gain spectroscopy can confirm the relaxation time by
observing the appearance of the typical spectra line of
charged C60.
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