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Laser-induced ultrafast dynamics in C60
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When a laser shines on C60, electrons are initially excited out of the occupied states, and the laser energy is
mainly absorbed into the electron system. After the laser pulse is over, the lattice and the electron systems start
to exchange energy periodically. A time-dependent density-matrix simulation reveals that depending on the
incident laser frequency and pulse duration, the absorbed energy exhibits a higher-order dependence on the
field amplitude, consistent with the experimental findings. Interestingly, due to the Stark effect, on resonance
the absorbed energy may decrease with an increase in the field amplitude, which is important for future optical
limiting applications.
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I. INTRODUCTION

With its unique structure, C60 exhibits an extremely fas
response upon laser excitation.1 Early experiments showe
that relaxation occurs on a picosecond time scale,2 and with
improved laser resolution, the intrinsic relaxation time w
shown to be shorter than 100 fs.3 This is promising for ul-
trafast optical switching and optoelectronic gates. Sarici
et al.4 fabricated a prototype C60/polymer diode,5 while
Kraabelet al. and recently Lanzani6 found that charge trans
fer from semiconducting polymers to C60 occurs within 50
fs. As is well known, such a fast response is often a go
indication of a strong nonlinear optical effect. Kafafiet al.7

reported a third-order susceptibility off resonance up to
310212 esu~electrostatic unit8! at 1064 nm and observed
fifth-order contribution at higher laser intensities. Tutt a
Kost9 demonstrated optical limiting in C60 solution, with a
saturation threshold equal to or lower than those of
optical-limiting materials currently in use.10

These and other exciting experimental results have m
vated many theoretical studies. It has been shown that u
laser irradiation, the system will undergo a symmetry red
tion from I h to D5d or D3d .11–14 A dynamical simulation
shows that after photoexcitation, electrons quickly beco
self-trapped,13 and the bond structure develops into a p
laronic shape.14 These simulations were able to reproduce
correct order of magnitude of the relaxation time. One f
ture of these previous simulations is that they normally
not include the laser field explicitly and treat the dynamics
a dark evolution. In other words, the laser excitation is i
plicitly incorporated through ‘promoting’ electrons out of th
highest occupied molecular orbitals~HOMO! into the lowest
unoccupied molecular orbitals~LUMO!. This technique is
very straightforward and has been widely used in the lite
ture, in particular for conjugated polymers such
polyacetylene,15 but a direct comparison with experiments
0163-1829/2003/68~16!/165410~5!/$20.00 68 1654
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difficult as the laser field may substantially affect th
dynamics.16 Moreover, in C60 there is an additional difficulty.
Since its HOMO (H1u) and LUMO (T1u) both have unger-
ade symmetry, rigorously speaking, a direct transition fr
HOMO to LUMO is dipole forbidden. Therefore, a direc
comparison with experimental results becomes even m
difficult for C60, if not impossible.

In this paper, we include the laser field realistically a
employ the density-matrix formalism, which gives us fu
flexibility to simulate the ultrafast dynamics. Initially, th
laser frequency is tuned to excite the first dipole-allow
transition from HOMO to LUMO11. As electrons are ex
cited out of the occupied orbitals, the electron-phonon c
pling results in the original fivefold degenerateHu states
localized in the wells ofE1u , E2u , and A1u , and theT1g
states in the wells ofE1g andA2g . The laser energy is firs
absorbed into just the electron subsystem. After the la
pulse is over, the electron subsystem swaps energy with
lattice subsystem. Our simulation shows that the experim
tally observed high-order nonlinearity at higher laser inte
sities sensitively depends on the laser pulse duration
frequency. In particular, on resonance the total absorbed
ergy may decrease with an increase in the laser inten
This could be useful for optical limiting applications.

The paper is arranged as follows. In Sec. II, we pres
the theoretical algorithm and results. In Sec. III, a compa
son with experiments is provided. Finally, we provide co
cluding remarks in Sec. IV.

II. THEORETICAL SCHEME AND RESULTS

C60 has theI h point symmetry. Neutral C60 has 60p
electrons, where its interball hopping is very small compa
with the on-ball hopping and therefore is neglected here. T
Hamiltonian for the whole system can then be written as14
©2003 The American Physical Society10-1
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H052 (
i , j ,s

t i j ~ci ,s
† cj ,s1H.c.!1

K

2 (
i , j

~r i j 2d0!2, ~1!

whereci ,s
† is the electron creation operator at sitei with spin

s(5↑↓).17,18The first term on right-hand side~RHS! repre-
sents the electron hopping, wheret i j 5t02a(ur i2r j u2d0) is
the hopping integral between nearest-neighbor atoms ar i
and r j , and r i j 5ur i2r j u. Here t0 is the average hopping
constant,a is the electron-lattice coupling constant, andd0 is
the carbon-carbon bond length in diamond which is 1.54
The second term on the RHS is the lattice elastic ene
whereK is the spring constant. By fitting the energy gap a
bond lengths, we have determined the above paramete
t051.8 eV,a53.5 eV/Å, andK530.0 eV/Å2 ~see Ref. 14!.

For an unexcited C60, we compute the energy leve
scheme by directly diagonalizing the electronic part of
Hamiltonian in Eq.~1!. Figure 1~a! shows the energy level
vs degeneracies. The levels below 0 eV~Fermi level! are all
occupied, and above it they are all unoccupied. The fi
dipole-allowed transition is fromHu to T1g @see the arrow
labeled by 1 in Fig. 1~a!#, which leads to the first peak a
E152.37 eV in the optical absorption spectrum in Fig. 1~b!.
Since we are mainly interested in the excitation around
Fermi level, from here on, when we mentionT1g , T1u , Hu ,
and Hg , we always refer to those levels close to the ze
energy in Fig. 1~a!.

Different from many previous investigations,14,19we real-
istically and systematically include the laser field, which
described by

HI52e(
is

E~ t !•r i nis , ~2!

where uE(t)u5A cos„v(t2t0)…exp@2(t2t0)
2/t2# ~Ref. 20!.

HereA is the amplitude of the field,v is the laser frequency
t is the pulse duration or width,e is the electron charge,t is
the time, andt0 is the time delay.21 To describe the time-

FIG. 1. ~a! Energy levels vs degeneracy for C60. Below 0 eV, all
states are occupied.~b! Absorption spectrum. The first peak corr
sponds to the first dipole-allowed transition in~a! from HOMO
(Hu) to LUMO11 (T1g).
16541
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dependent ultrafast dynamics, we numerically solve
equation of motion for the electron density matrices,20

2 i\
]r i j s

]t
5^@r i j s ,H#&, ~3!

where H5H01HI , and the density matrix isr i j s

5^cis
† cj s&. The density-matrix formalism is advantageo

over the scheme with fixed electron filling since it allows f
fractional electron occupations and enables us to investi
the electron number change upon laser excitation. We t
the carbon atom classically by solving the Newton dynam
cal equation.14,22

We use a laser pulse with durationt510 fs, field magni-
tude A50.05 eV/Å, frequencyv5E152.37 eV exactly at
the first absorption peak in Fig. 1~b!, and time delayt050.21

Initially, the lattice is in its equilibrium, and all the 60 elec
trons occupy those 30 lowest energy levels with the res
levels unoccupied. Upon laser excitation, electrons are
excited. Figure 2~a! shows that the density of states~DOS!
changes with time at the very early stages. Att5240 fs, the
laser pulse has not arrived yet, and the corresponding c
represents the normal C60 DOS, where the highest energ
peak comes from theHu state~HOMO! and the second pea
from theHg andGg states. Att528 fs,21 the whole system
is already driven by the laser field since the duration is
fs,21 but there is no sizable DOS change. However, at
524 fs the DOS starts to shake up, and a very small hu

FIG. 2. ~a! Density of states as a function of energy at differe
times. The dashed lines highlight the shifts of the energy levels.~b!
The total electron number change in the states above~long-dashed
line! and below~dotted line! the Fermi level, where the left~right!
y axis should be used, respectively.~Inset! The symmetry is reduced
from I h to D5d , and the original degenerate levels are split in
several levels with reduced degeneracies.~c! Change of the total
number of electrons with the field amplitude. The long-dashed
dotted lines have the same meanings as those in~b!.
0-2
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appears slightly below 1 eV in the~LUMO11!. This hump
increases in amplitude while its position shifts to the low
energy side. In the meantime, a drop in the DOS of
HOMOs can be noted, but its position shifts slightly towa
the high energy side. We highlight these changes by
dashed lines. Underlying these energy shifts is the split
of the T1g and Hu states. Due to the electron-phono
coupling,11 T1g is split into E1g andA2g , andHu into A1u ,
E1u , andE2u @see the inset in Fig. 2~b!#. In other words, the
electron-phonon coupling results inT1g andHu states local-
ized in the wells of the reduced symmetry states,@E1g and
A2g] and @A1u , E1u , and E2u], respectively. Tunneling
among these wells is weak, thus the restoration of the or
nal symmetry is not possible until both lattice and electr
cool down to the ground state. We find these states are
equally populated or vacated. For instance,A2g gains 0.73
electron and the twoE1g gain about 0.60 electron eac
while the A1u state loses about 0.73 electron, the twoE1u
lose 0.60 each, and the twoE2u are dark states and are vi
tually unaffected. This suggests that the electronic transi
may proceed in a two-channel fashion@see the two arrows in
Fig. 2~b!#. We caution that while the group theory gives t
splittings of these levels, the ordering of these levels in
inset of Fig. 2~b! may change with time, and the two-chann
transition is a numerical result.23

The total electron number change as a function of time
shown in Fig. 2~b!. The long-dashed~dotted! line denotes the
total number of electrons in the states above~below! the
Fermi level, where the left~right! y axis should be used. W
see that att50 fs, approximately one electron is pumped o
of the HOMOs and into the LUMOs. The change reaches
maximum of about two electrons around 16 fs. There i
small peak which is highlighted with small circles. We c
verify that this peak originates from the lattice vibration
switching off the lattice. After 16 fs, the total occupatio
change is complete.

Figure 2~c! shows the total electron number change in
long-time limit vs the field amplitude, where the laser fr
quency and pulse duration are the same as above. Simi
the long-dashed and dotted lines have the same meanin
those in Fig. 2~b!. One can see that a stronger field shar
increases the number of electrons excited. But once the
plitude is larger thanAc50.067 eV/Å, the increase slow
down and becomes slightly saturated. The reason for su
saturation is due to the well-known Pauli blocking effect~or
state-filling effect! as frequently seen in semiconductors.24 At
Ac , the total electron number change is three, which co
sponds to the half-filling of the threefold degenerateT1g
~LUMO11! state. Due to the Pauli exclusion principle, on
some of the energy levels are filled, the number of availa
channels diminishes, and any additional filling has to go
other levels, which blocks further electron promotions. T
fact thatT1g can accommodate six electrons in total expla
why the occupations still increase with the laser intens
after Ac , but the blocking effect becomes stronger with
increase of the occupation, which ultimately leads to po
lation saturation aroundA50.2 eV/Å. Such a saturation ef
fect is a nice optical analog to the transport problem, wh
the current-voltage~I-V ! curve shows a flat step each time
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energy level is filled.25 We should stress that such a nic
relation between the occupation change and the laser in
sity is not possible to investigate within the previous form
ism, where the occupation of energy levels is fixed from
beginning. This demonstrates the beauty of the dens
matrix formalism.

The change of electron occupation certainly leads to
system’s energy change. Figure 3 shows how the laser
ergy is absorbed into the system, where the field amplitud
still 0.05 eV/Å and the other parameters are the same
those in Fig. 2~a!. The x axis denotes the time in units o
femtosecond, while they axis represents the energy chan
with respect to the original energy of the unexcited syste
The thick solid line denotes the total energy changeDETOT ,
the dotted line represents the total electron energy cha
DEEL , the dot-dashed line shows the total lattice poten
energy changeDEPOT, and the kinetic energy changeDEKIN
is denoted by the long dashed line. At first we focus
DETOT . One sees that upon laser excitation,DETOT in-
creases sharply and closely follows the shape of the la
pulse, which is shown in the lower left corner. WhileDETOT
continues to increase, it becomes slightly overheated aro
16 fs. After 20 fs,DETOT settles down at about 4.54 eV
From Fig. 2~b!, we know that the total number of electrons
about 1.94, so that each electron acquires 4.54 eV/1.94,
2.34 eV, which is almost exactly equal to the energy g
between the new HOMO and LUMO11 states. To see mor
clearly how the energy has been absorbed into the syste
an earlier stage, we enlarge a small portion around 0 fs~see
the elliptic circle! and showDETOT in the middle inset,
where thex andy axes are the same as in the full figure. W
rescale the laser pulse’s amplitude and superimpose it on
of DETOT . It is interesting to see that the system absorbs
energy in an oscillatory fashion, with a period almost half
the external laser field.

After 20 fs, althoughDETOT does not change, its compo
nents do. At the beginning of excitation, the absorbed ene

FIG. 3. Absorbed energy vs time. The total absorbed ene
changeDETOT , electron energy changeDEEL , lattice potential en-
ergy changeDEPOT and kinetic energy changeDEKIN are denoted
by the solid, dotted, dot-dashed, and long-dashed lines, respecti
The laser pulse is shown in the lower left corner. In a small wind
around 0 fs, the change ofDETOT is shown in the middle inset
together with the rescaled pulse shape.
0-3
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almost exclusively enters the electron subsystem, while
lattice gains no energy~see the dot-dashed line just before
fs!. After 0 fs, however, the change in the lattice ener
becomes obvious, with a major change in the potential
ergy DEPOT and a very small change in the kinetic ener
DEKIN . We notice thatDEPOT is always negative in ou
present case, indicating that the lattice loses energy,
DEEL gains more than the energy lost by the lattice. Th
the system as a whole still has a net gain in energy from
laser field. After the laser pulse is over,DEPOT and DEEL
oscillate periodically out of phase. The period of the oscil
tion is about 83.8 fs,26 which is close to the experimenta
value of 67 fs.3 This oscillation originates from the well
known Ag radial breathing mode.27

III. COMPARISON WITH EXPERIMENTS

Experimentally, Kafafiet al.7 found evidence for a fifth-
order contribution to the nonlinear optical response at h
laser intensities, but their fixed laser wavelength preven
them from investigating this problem systematically. He
by including the laser field, we can effectively address
problem. Our numerical simulation shows that the real p
ture is extremely rich. Note that the absorbed energy i
direct measure of the system’s polarizability. Thus, study
the absorbed energy will reveal similar information.

We begin with an off-resonant case as done experim
tally. The laser frequency is tuned tov52.0 eV, which is far
below the first resonance. In Fig. 4~a!, we show the absorbe
energyDETOT in the long-time limit as a function of the field
amplitudeA for different pulse durations or widthst. One
notices that ift510 fs, the absorbed energy superlinea
depends on the laser amplitude~see the solid line!, which is
well known in nonlinear optics and can be understood fr
perturbation theory,8,17 i.e.,

P5aE1gEEE1•••, ~4!

whereP is the total polarization,E is the electric field, and
EEE denotes the tensor product,8 anda andg are linear and

FIG. 4. Total absorbed energy vs laser field amplitude for d
ferent laser pulse durations for~a! off resonant and~b! resonant
excitations.
16541
e

y
n-

ut
,
e

-

h
d
,
e
-
a
g

n-

third-order polarizabilities, respectively. What is surprising
that when we increaset, we find that the dependenc
changes substantially. Fort515 fs, the increase is muc
sharper~see the dotted-line!. Further increase int leads to a
markedly higher-order increase, which is consistent with
experimental findings,7 but quickly the saturation starts a
0.15 eV/Å for t520 and 0.12 eV/Å fort525. Since it is
difficult to systematically change the pulse duration expe
mentally, to the best of our knowledge, such observation
never been reported. The main reason for such dependen
because for a longer pulse duration, the system has a lo
time to absorb the energy from the laser, thus allowing m
tiple excitations. For a given laser frequency, the numbe
states that the laser can access is limited even with mult
excitations taking place. This explains why the absorbed
ergy for a longert saturates at a relatively smaller fie
amplitude.

However, when we tune the laser frequency to the re
nancev52.37 eV~corresponding to the first dipole-allowe
transition from the HOMO to LUMO11!, a new story is
revealed. First of all, as expected, on resonance the abso
energy is much larger than that of off resonance. Seco
although the major dependence ofDETOT on the amplitude is
similar to the off-resonance case, an increase int causes a
dramatic effect of the laser intensity on the absorbed ene
where several shoulders and peaks appear. In particular
first left shoulder, highlighted by the arrows, moves towa
weaker field regions as the pulse width increases. Wha
remarkable is that for those largert ’s, the absorbed energ
starts to decrease and leaves a peak in the lower field reg
This is most obvious fort525 fs, where the peak appea
around 0.025 eV/Å. Such ‘‘darkening’’ is rather unexpecte
but is similar to a hole burning process,8 where state bleach
ing is the underlying reason. The physical origin for t
present darkening is complicated since, due to the S
effect, the energy levels shift strongly. For instance, atA
50.025 eV/Å, the gap between theE1g and A2g states
is only about 0.004 eV, but atA50.05 eV/Å, it becomes
0.023 eV. In the meantime, the HOMO-LUMO11 gap de-
creases with the field and introduces an earlier saturation
the larger gap betweenE1g andA2g suppresses the continu
ous increase of the absorbed energy and leads to the da
ing effect. This result is important for optical limiting
applications.9 In particular, it shows that though an increa
in the field amplitude generally increases the energy
sorbed into the system, when operating at resonant freq
cies, it is possible that less energy is effectively absorbed
the system as the field becomes stronger. This may pres
new opportunity for future experimental research.

IV. CONCLUSION

In conclusion, by realistically including the laser field, w
unfold a very rich picture of the ultrafast dynamics in C60.
Upon laser irradiation, the electron is initially excited out
the Fermi sea, and energy is mainly absorbed into the e
tron system. After the laser pulse is over, the lattice and
electron systems start to exchange energy periodically.

-
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pending on the incident laser frequency, the absorbed en
exhibits a higher-order dependence on the field amplitu
which is consistent with the experimental results. Intere
ingly, on resonance the absorbed energy may decrease
an increase in the field amplitude. This may suggest a n
way for future optical limiting applications.28
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