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Response of C60 fullerene to a 40 fs full-width at half-maximum laser pulse with a photon energy of 2.0 eV and different
laser intensities is studied by semiclassical dynamics simulation technique. The simulation results show that soon after the
irradiation with a strong laser pulse, many CZC bonds abruptly break but no fragments are produced. The breaking of
multiple CZC bonds induces a quick increase in the kinetic energy and potential energy and a decrease in electronic energy.
These results suggest that the opening of the C60 cage is an effective channel for the conversion of electronic energy to
kinetic energy for the electronically excited C60 fullerene.
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1. Introduction

Fullerene (C60) exhibits an extremely fast response upon

laser irradiation [1–3], and therefore becomes a model

system for studying the electronic and nuclear dynamics

induced by ultrafast laser pulses [4,5].

One of the interesting topics in this field is photon

fragmentation of C60 [1–6]. Assisted with mass spec-

troscopy, the fragmentation patterns of C60 have been

quite well studied experimentally and theoretically [2,4–

9]. However, the mechanism behind photo-induced

fragmentation is not well understood. It has been

suggested that the fragmentation at different laser pulse

durations follows different mechanisms [7,10–12]. For

nanosecond laser pulses, mass spectrum shows a bimodal

mass distribution with a series of small fragments Cn and

large fragments C6022n generated by a sequential loss of

C2 unit [2]. This fragmentation pattern can be explained by

statistical processes since nanosecond excitation allows

fullerene to achieve the complete equilibration of

electronic energy and thermal energy through coupling

between vibrational and electronic degrees of freedom [7].

For femtosecond laser pulses, the mass spectrum shows a

large distribution of multiple-charged heavy fragments

[3,4]. As the excitation time scale is smaller than or similar

to the electron–phonon coupling time (,250 fs) [7], the

response of C60 fullerene to ultrafast excitation becomes

more complicated [10–12]. It has been proposed that the

relaxation of femtosecond laser excitations is proceeded

through different channels, including thermal and non-

thermal fragmentations, which produce a superposition of

ionised and neutral fragments [3,12]. When the duration of

a laser pulse is as short as 9 fs, which is well below the

characteristic time scale for electron–phonon coupling,

the excitation generates a fragmentation pattern which is

predominated by Cþ
60 ions at low laser intensities [3].

All experimental observations suggest that laser-

induced fragmentation is a complicated process. Several

mechanisms might be responsible for these observations

[3]. C60 has an icosahedral symmetry closed cage

structure, which consists of 32 faces with 20 being

hexagonal and 12 being pentagonal. In C60, each carbon

atom is bonded to three others through sp2 hybridisation.

Upon irradiation with a laser pulse, the cage of C60

fullerene vibrates and the CZC bonds break. The breakage

of any CZC bond leads to the opening of a C60 cage and

the fragments are released after the C60 cage is opened. C60

cage opening is therefore a primary event for fragmenta-

tion. Examination of this fundamental process can provide

supplemental information for understanding fragmenta-

tion mechanisms. Mass spectroscopy cannot provide any

information on cage opening, as mass spectrum displays

the ratio of the mass of a C60 over only its charge, but does

not show the conformational feature of the C60. In this

paper, we report a semiclassical dynamics simulation

study of the cage opening of an isolated C60 fullerene

irradiated by a 40 fs (full-width at half-maximum, FWHM)

laser pulse. The simulation study is focused just on

excitations below the continuum levels and the relaxation

channels lead to the formation of neutral fragments.

Although ionisation is an important channel of de-

excitation especially at high laser intensity, Jeschke and

co-workers [13] concluded from the phase-space argument

that the processes without ionisation of the C60 fullerene
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should contribute significantly to the relaxation channels if

the laser intensity is not extremely high.

2. Methodology

In the semiclassical dynamics simulation method, the state

of the valence electrons is calculated by the time-

dependent Schrödinger equation, but the radiation field

and the motion of the nuclei are treated classically. A

detailed description of this method has been published

elsewhere [14,15], so only a very brief explanation

is presented here. The total energy of a molecule is

described by

Etotal ¼
Xocc

i

kCijH0jCilþ
X
a.b

UrepðjXa 2 XbjÞ; ð1Þ

where the first term is electronic energy and the sum goes

over occupied Kohn–Sham orbitals, which are presented

by an optimised linear combination of atomic orbitals

(LCAO) basis set. The second term is the effective

repulsion potential, which is approximated as a sum of

two-body potentials as follows:

Erep ¼
X
a.b

UrepðjXa 2 XbjÞ: ð2Þ

The Hamiltonian matrix elements, overlap matrix

elements and effective nuclear–nuclear repulsion are

obtained by the density functional-based tight-binding

method [16]. This approach has been tested in detail for

reaction energies, geometries, rotational and proton

transfer barriers for a large set of small organic molecules

[17] and yields very good results for homonuclear systems,

such as silicon and carbon, and hydrocarbon systems [18].

The one-electron states are calculated at each time step

by solving the time-dependent Schrödinger equation in a

non-orthogonal basis:

i�
›Cj

›t
¼ S21·H·Cj; ð3Þ

where S is the overlap matrix for the atomic orbitals. The

laser pulse is characterised by the vector potential A,

which is coupled to the Hamiltonian through the time-

dependent Peierls substitution [19]:

HabðX2 X0Þ ¼ H0
abðX2 X0Þexp

iq

�c
A·ðX2 X0Þ

� �
: ð4Þ

Here, HabðX2 X0Þ is the Hamiltonian matrix element for

the basis functions a and b on atoms at X and X0,

respectively, and q ¼ 2e is the charge of the electron.

The nuclear motion is solved by the Ehrenfest equation

of motion:

Ml

d2Xla

dt 2
¼ 2

1

2

X
j

Cþ
j

›H

›Xla

2 i�
1

2

›S

›Xla

›

›t

� �
Cj

2 ›Urep=›Xla; ð5Þ

where Xla ¼ kX̂lal is the expectation value of the time-

dependent Heisenberg operator for the a-coordinate of the

nucleus labelled by l (with a ¼ x; y; z). Equation (5) is

derived by neglecting the terms of the second and higher

order in the quantum fluctuations X̂ 2 kX̂lal in the exact

Ehrenfest theorem.

A unitary algorithm obtained from the equation for the

time evolution operator [20] is used to solve the time-

dependent Schrödinger equation (2). Equation (5) is

numerically integrated with the velocity Verlet algorithm

(which preserves phase space). A time step of 50

attoseconds was selected for this study. It was found that

this time step produced energy conservation better than 1

part in 106 in a 1 ps simulation.

The strengths of the present approach are that it retains

all of the 3N nuclear degrees of freedom, and it includes

both the excitation due to a laser pulse and the subsequent

de-excitation at an avoided crossing near a conical

intersection. The weakness of this method is that it

amounts to averaging over all the terms in the Born–

Oppenheimer expansion [21–25] rather than following the

time evolution of a single term. However, when the process

is dominated by many electron excitations, like the

interaction of the C60 fullerene with intense laser pulses,

many electronically excited states are involved and the

wave packet actually moves along a path weighted by all

these electronic potential energy surfaces. In this case, the

present approach yields very good results [26].

The initial geometry of the C60 fullerene was simulated

for 2000 fs relaxation at 298 K using the present technique

prior to application of the laser pulse. The calculated

lengths of the double bond and single bond are 1.397 and

1.449 Å, respectively, in close agreement with the

experimental values [27]. The calculated HOMO–

LUMO gap is 1.81 eV, which is in good agreement with

the experimental value of 1.9 eV [28]. The ordering and

degeneracy of the molecular orbital energy levels within

10 eV of the HOMO level are also in good agreement with

experimental measurements [28]. A Gaussian shape laser

pulse of 40 fs (FWHM) with a photon energy of 2.0 eV was

chosen for this study. The C60 fullerene was simulated for

an additional 1000 fs without the laser pulse to generate

the initial geometries for the dynamics simulation. From

this trajectory, five geometries taken at equal time

intervals were selected as starting geometries. Each

trajectory was propagated for 4000 fs from the application

of the laser pulse. In this paper, we focus on the response
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of C60 to three different laser intensities: 0.44 £ 1012,

2.55 £ 1012 and 2.96 £ 1012 W/cm2, which are denoted as

intensity A, B and C, respectively, in the following

discussion. For each of the laser intensities, the five

trajectories yield very similar results and only one

representative trajectory will be presented and discussed.

The criterion for bond breaking is that the distance

between two related carbon atoms becomes greater than

1.9 Å and no recombination of these two atoms is found in

later simulation. The fragmentation criterion is that the

distance between any two carbon atoms of two different

fragments is greater than 1.9 Å and no bond formation is

found between any two atoms in later simulation.

3. Results and discussion

Four snapshots taken from the simulation with the laser

intensity B at various times are shown in Figure 1. Starting

from the equilibrium geometry in the electronic ground

state at 0 fs, the C60 fullerene is electronically excited by

the laser pulse. At about 200 fs (120 fs after laser

irradiation), a greater number of CZC bonds have broken

and the C60 cage has been torn open. At about 800 fs, a C2

dimer is observed to leave from the C60 cage. After that,

until the end of 2000 fs, no further bond cleavage has been

observed. For the simulation with the laser intensity A, no

CZC bond is found to be broken and the cage just takes

vibrational motion during the simulation course. The

trajectory with the laser intensity C shows a similar

behaviour regarding the cage opening and fragmentation

to the simulation with the laser intensity B.

Kinetic energy variations of C60 with time for three

trajectories resulted from three different laser intensities

are presented in Figure 2. The number of CZC bonds

broken at different times is also plotted in Figure 2 for

comparison and discussion. For the laser intensity A

(Figure 2(a)), by the end of laser irradiation, kinetic energy

has risen up to about 1.2 eV because of the laser excitation

of nuclear motion. This energy increases slightly after

laser irradiation as a result of energy conversion. On the

other hand, for the laser intensity C (Figure 2(c)), kinetic

energy reaches to 6.0 eV at the end of the laser irradiation.

Most impressively, kinetic energy has a quick increase

after 80 fs, which is the duration of the laser pulse, and

comes as high as 19.8 eV at 140 fs. The added kinetic

energy after 80 fs comes from electronic energy through

internal energy conversion, which is discussed in the

following section. The increase in kinetic energy after the

Figure 1. Snapshots taken at (a) 0, (b) 200, (c) 460 and (d) 808 fs for the simulation of C60 fullerene response to a laser pulse of 40 fs
(FWHM) with a photon energy of 2.0 eV and intensity of 2.55 £ 1012 W/cm2.
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laser irradiation is closely related to the breaking of the

multiple CZC bonds, which leads to the opening of the

C60 cage but does not generate any fragmentation. Since

the most significant bond dissociation is ahead of the

maximum of kinetic energy in time, we, therefore, infer

that the bond cleavage from 80 to 140 fs is a course rather

than a result of kinetic energy increase. After 140 fs,

kinetic energy starts to decrease and the rate of CZC bond

breakage slows down. Dissociation of the CZC bonds at

the times indicated by green bars in Figure 2(c) leads to the

formation of fragments. Comparison of Figure 2(c) with

(a), where no CZC bond breaking and no kinetic energy

decrease are observed after 150 fs, indicates that the

decrease in the kinetic energy of the C60 for the laser

intensity C is caused by the CZC bond breaking. The

energy lost is converted to potential energy, which is

discussed more in the following section. For the laser

intensity B, as presented in Figure 2(b), the trajectory

shows a similar relation between the kinetic energy

variations and CZC bond breakage to the one observed for

the trajectory with the laser intensity C.

Time variations of the electronic energy of C60 for

three trajectories resulted from three different laser

intensities are presented in Figure 3. Compared with

kinetic energy, the electronic energy gains a big increase

due to the laser irradiation in each case, because of the

excitation of multiple electrons from occupied molecular

orbitals to unoccupied molecular orbitals [29]. Starting

from 22922 eV, it increases to 22854 eV for laser

intensity A, to 22589 eV for B and to 22536 eV for C. For

laser intensity A, the electronic energy oscillates about its

average value after the laser pulse duration. However, for

both laser intensities B and C, the electronic energy shows

a noticeable decrease from 90 fs to about 140 fs and a

fluctuation about a constant value thereafter. The decrease

in the electronic energy concurs with the increase in the

kinetic energy in both cases, indicating that the partial

electronic energy converts into the kinetic energy

generated by CZC bond breakage during this period of

time. In addition, as discussed in the following section, this

process also leads to the conversion of a small fraction of

electronic energy to potential energy.

Variations with time of potential energies of C60

subjected to laser irradiation are plotted in Figure 4 for

three different laser intensities. In each case, the potential

energy shows a consequential drop after laser irradiation.

From an initial value of 106 eV, it becomes 85 eV for

the laser intensity A, 42 eV for B and 40 eV for C. After the

application of the laser pulse, the potential energy for

the laser intensity A varies around a constant value. The

regular oscillation feature of the potential energy

variations is associated with the breathing vibration of
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the C60 cage. On the other hand, soon after the end of the

laser pulse, the potential energy for each of the laser

intensities B and C starts to increase in a rate that is more

pronounced before 140 fs. The quick increase in the

potential energy before 140 fs results from the opening of

the C60 cage and the energy gained comes from the

electronic energy through internal energy conversation. A

slow increase in the potential energy after 140 fs for each

of two laser intensities is also associated with CZC bond

breaking but the energy gained comes from the kinetic

energy. This is supported by the fact that the increases in

the potential energies are accompanied by the decreases

in the kinetic energies for this period of time, as shown in

Figures 2 and 3.

By examining the variations of electronic, potential

and kinetic energies, and comparing these variations with

the features of CZC bond breakage, we arrive at the

following conclusions. The C60 cage opening induced by

ultrafast laser pulse irradiation is an ultrafast non-thermal

process. This ultrafast process provides a decay channel

for photon-excited C60 fullerene and converts partial

electronic energy to kinetic energy and potential energy.

Consequently, the C60 fullerene gets very hot because of a

quick increase in kinetic energy. The hot and damaged C60

may take thermal fragmentation or non-thermal fragmen-

tation. To explain the production of the hot C60 cage,

Laarmann and co-workers proposed the following

mechanism: a strong, shaped laser pulse triggers a

multielectron excitation via the t1g doorway state and the

electronic excitation is followed by an efficient coupling to

the symmetric breathing mode of the nuclear backbone of

C60 [30]. The simulation results presented above suggest

an alternative heating mechanism. The bond breaking at

the later process leads to the conversion of the kinetic

energy into potential energy and eventually cools down the

hot C60 cluster. This process may or may not lead to

fragmentation, as shown in Figure 2.

4. Conclusions

We have performed a semiclassical dynamics simulation

study for the response of the C60 fullerene to ultrashort

laser pulse. The simulation results are summarised below.

(1) Irradiation with an ultrashort laser pulse deposits

energy into the C60 cage mainly through the

excitation of multielectrons from the occupied

molecular orbitals to unoccupied molecular orbitals.

The increase in the potential energy and kinetic

energy after the irradiation is relatively small.

(2) Irradiation with a strong ultrashort laser pulse leads to

CZC bond breaking and fragmentation. However,

sudden breaking of many CZC bonds in the early

process leads to the opening of the C60 cage, but does

not generates any fragments. This is an ultrafast non-

thermal process where a small fraction of the

electronic energy is converted into the kinetic energy

and potential energy. Consequently, C60 is effectively

heated up.

(3) CZC bond breaking after the ultrafast non-thermal

process has the character of a thermal process, which

leads to the conversion of kinetic energy into

potential energy. Breakage of CZC bonds after the

ultrafast non-thermal process may or may not

generate fragments.

Some interesting questions concerning this simulation

study are: (1) what is the threshold of laser intensity for

C60 cage opening, (2) is the ultrafast non-thermal process

described above still a dominated one, if laser pulse

intensity is just above the threshold and (3) how does the

C60 cage respond if laser intensity is much higher? Studies

are under way to address these questions.
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Electronic Structure, Dynamics, and Spectroscopy, World Scientific,
Singapore, 2004.

[25] M. Baer, Beyond Born–Oppenheimer: Electronic Nonadiabatic
Coupling Terms and Conical Intersections, Wiley, Hoboken, NJ,
2006.

[26] B.R. Torralva, T.A. Niehaus, M. Elstner, S. Suhai, T. Frauenheim,
and R.E. Allen, Response of C60 and Cn to ultrashort laser pulses,
Phys. Rev. B 64 (2001), 153105/1–4.

[27] C.S. Yannoni, P.P. Bernier, D.S. Bethune, G. Meijer, and J.R.
Salem, An NMR determination of the bond lengths in C60, J. Am.
Chem. Soc. 113 (1991), pp. 3190–3192.

[28] D.R. McKenzie, C.A. Davis, D.J.H. Cockayne, D.A. Muller, and
A.M. Vassallo, The structure of the C70 molecule, Nature 355
(1992), pp. 622–624.

[29] H.J. Li, H. Tang, and Y. Dou, Laser induced nonthermal
fragmentation of C60 studied by semiclassical dynamics simulation,
Mol. Phys. 107 (2009), pp. 2039–2044.

[30] T. Laarmann, I. Shchatsinin, A. Stalmashonak, M. Boyle, N.
Zhavoronkov, J. Handt, R. Schmidt, C.P. Schulz, and I.V. Hertel,
Control of giant breathing motion in C60 with temporally shaped
laser pulses, Phys. Rev. Lett. 98 (2007), 058302/1–4.

Molecular Simulation 991

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
0
4
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1


