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Abstract. The response of carbon to femtosecond laser
pulses of arbitrary form, different durations, and different
intensities is studied theoretically. We perform molecular dy-
namics simulations based on a microscopic electronic Hamil-
tonian. We include in our model the theoretical description
of the pulse form, the electron thermalization, and diffusion
effects explicitly. We apply our method to diamond and C60
crystals. For the diamond case, we show that a femtosecond
laser pulse induces a nonequilibrium transition to graphite,
which takes place for a wide range of pulse durations and
intensities. This ultrafast collective motion of the atoms oc-
curs within a time scale shorter than100 fs. The laser-induced
melting of a C60 crystal under pressure is also analyzed. In
this case, an ultrafast melting of the system occurs. We dis-
cuss the mechanisms underlying these nonequilibrium phase
transitions.

PACS: 81.05.Tp; 79.20.Ds; 61.80.Az

As a consequence of the interaction between intense fem-
tosecond laser pulses and a semiconductor or insulator,
a dense electron-hole plasma is excited, which induces
dramatic changes in the interactions between the atoms.
Thus, during this short-lived nonequilibrium situation, bond-
breaking and bond-formation processes occur that usually
result in very fast nonthermal phase transitions.

In recent years a lot of experimental evidence for the ex-
istence of laser-induced ultrafast phase transitions has been
obtained [1–10]. In many experiments on different materials,
a variety of laser-induced ultrafast phenomena has been ob-
served, as for instance femtosecond melting [1–4, 6–8], sub-
picosecond disorder–order transitions [9, 10], and nonthermal
ablation [1–4, 6–10].

In most of these investigations either the initial or the fi-
nal state was a noncrystalline one (liquid or amorphous solid).
However, a laser-induced transition between two crystalline
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structures is also possible, namely the graphitization of di-
amond. It has been experimentally shown that laser pulses
induce a graphitization of a diamond surface [5].

The thermal transition from diamond to graphite is an
old problem, and the mechanism of graphitization upon heat-
ing is already known. When the system is heated in such
a way that the atoms acquire enough kinetic energy to over-
come the potential barrier between diamond and graphite, the
graphitization takes place. Recently, a theoretical study of the
graphitization of an (111)-diamond film under heating was
reported by Car and coworkers [11], who performed molecu-
lar dynamics simulations at constant temperature. Taking into
account that the response of solids to ultrashort laser pulses
is characterized by nonequilibrium processes, one expects
a nonequilibrium graphitization of diamond to also occur. Re-
garding this transition, many questions arise; for instance, is
the graphitization mechanism the same as in the thermal case?
What are the time scales for the structural transformation? In
this paper, we address these problems and perform calcula-
tions to clarify this point.

In recent years different experimental groups have under-
taken various attempts to achieve the transition from graph-
ite or graphite-like systems to diamond. Different techniques
have been used, ranging from irradiation with highly ener-
getic electrons [12] to laser heating of HOPG [13] or of
graphitic samples under pressure [14]. Other graphite-like
systems could also be a good starting point for the synthe-
sis of diamond or diamond-like carbon. Examples of such
compounds are C60 molecular crystals, which consist of C60
molecules arranged in close-packed fcc structures [15]. We
present in this paper calculations of the response of a C60
crystal to a femtosecond laser pulse. We show that under cer-
tain conditions (external pressure, high intensities and short
pulse durations), the system melts and could condense into
diamond-like carbon.

Recently, different theoretical methods have been de-
veloped and used to simulate laser-induced ultrafast phase
transitions [16–19]. In all theoretical works, a nonthermal
melting of different materials was obtained. This is not sur-
prising, since the mentioned simulations have been performed
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at constant volume (density). Note that under this constraint,
the solid is not allowed to expand, and the excess excita-
tion energy is only redistributed among the atomic degrees of
freedom. Consequently, the system either melts or, if the ex-
cess energy is not large enough, remains in the original lattice
structure.

In this paper we analyze the laser-induced graphitization
of diamond by allowing volume changes, since, for instance,
crystalline diamond and graphite have rather different densi-
ties. Our study concentrates on a subregion in the center of
the irradiated area that can change its structure, form, and
volume rapidly. In this way, and in contrast to the case of con-
stant volume, part of the energy pumped into the system by
the laser pulse is spent for expansion or deformation, prevent-
ing ultrafast melting [20]. Furthermore, the system is allowed
to explore new lattice structures, which are unavailable if the
volume is kept constant.

The paper is organized as follows. In Sect. 1 we outline
our theoretical approach. In Sect. 2 we present the results of
our molecular dynamics simulations. Finally, in Sect. 3 we
summarize our results.

1 Theory

Our physical picture for the interaction of the ultrashort laser
pulse and diamond is the following. Because of the action of
the pulse, electrons are excited from occupied to unoccupied
levels with a time-dependent probability which is propor-
tional to the intensity of the laser field. As a consequence of
this extremely fast excitation process, a nonequilibrium dis-
tribution of electrons is created. Through electron–electron
collisions, this distribution converges (within a characteris-
tic time scale) to an equilibrium (Fermi-like) occupation of
the electronic levels. In parallel to this thermalization pro-
cess, diffusion from the excited region into the rest of the
material sets in. During this complex electron dynamics,
the atoms do not remain fixed at their equilibrium positions
but undergo a relaxation process triggered by the dramatic
changes in the potential energy surface (PES). This struc-
tural relaxation may terminate in another crystal phase of the
system.

From the above discussion, it is clear that a description
of laser-induced nonequilibrium structural phase transitions
requires one to take into account as many atomic degrees
of freedom as possible. As was mentioned before, we ana-
lyze the dynamics of the system at constant pressure. For this
purpose, we employ a molecular dynamics (MD) technique
proposed by Parrinello and Rahman [21] that is based upon
a Lagrangian of the form

L(t)=
N∑

i=1

mi

2
ṡT
i hT h ṡi −

N∑
i=1
j 6=i

Φ(r ij , t)+ K− PΩ . (1)

Here, the coordinatessi of the N atoms are taken relative to
the vectorsa, b, and c that form the MD supercell. These
primitive vectors form the columns of the matrixh= (a b c).
The absolute coordinates of the atoms are given byri = hsi .
W is a parameter with the dimension of mass,Ω = det(h)
is the volume of the MD supercell, andP is the exter-
nal pressure. The second term represents the PES, which

is determined from a microscopic theory as described be-
low. The first two terms of the Lagrangian would lead to
the usual Newton equations of motion, while the third and
fourth terms are introduced to simulate the time evolution of
the MD unit cell, the coordinates of which are considered
as 9 extra degrees of freedom. The third term,K , describes
the kinetic energy of the MD supercell. In the original the-
ory of Parrinello and Rahman [21], the third term is writ-
ten asKPR= 1/2WTr(ḣT ḣ), whereas the improved version
due to Cleveland [22], which is independent of the choice
of the MD supercell, readsKC = 1/2WTr(ḣσTσ ḣT) with
σαβ = ∂Ω/∂hαβ. We used both approaches and obtained iden-
tical results. It has been shown that the LagrangianL leads
to the correct isoenthalpic, isobaric ensemble averages up to
order 1/N [26].

Through the use of the Euler–Lagrange formalism,N+9
equations of motion for the atomic coordinatessi and for the
MD cell coordinateshkl are derived from (1) by the use of
KPR for the third term:

s̈i = − 1

mi

∑
j 6=i

∂Φ(r ij )

∂r ij

(si − sj )

r ij
− g−1ġṡi (2)

ḧ= 1

WΩ

 N∑
i=1

miviv
T
i −

N∑
i=1

∑
j>i

∂Φ(r ij )

∂r ij

rij rT
ij

r ij
− P

 σ (3)

whereg= hTh, vi = h ṡi andσαβ = ∂Ω
∂hαβ

.
The forces which enter the equations of motion as

dΦ(r ij )/dsk are determined by the use of the Born–Oppen-
heimer approximation and are given by

fi =−
∑

m

n(εm, t) 〈m|∂H

∂si
|m〉− ∂Erep

∂si
, (4)

in which m labels the electronic levels, which are the
eigenstates of the electronic HamiltonianH(r1, . . . , rN).
Erep(r1, . . . , rN) contains the repulsive interactions between
the atomic cores. For the derivation of (4), the Hellmann–
Feynman theorem has been used. The forces for the MD
supercellf h

αβ are calculated analogously:

f h
αβ =−

∑
m

n(εm, t) 〈m| ∂H

∂hαβ
|m〉− ∂Erep

∂hαβ
. (5)

In (4), n(εm, t) refers to the occupation of the energy
level εm at time t. This time-dependent occupation changes
because of the action of the laser pulse, Coulomb interac-
tions, and diffusion effects. The occupationn(εm, t) is ini-
tially given by a Fermi distribution at the temperature of the
lattice. During the excitation by the laser pulse, this distribu-
tion changes in time according to

dn(εm, t)

dt
=

∞∫
−∞

dω g(ω, t− τ)
{

[n(εm−hω, t− τ)

+ n(εm+hω, t− τ)−2n(εm, t− τ)]
}

− n(εm, t)−n0(εm)

τ1
. (6)
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Here, the first term describes the laser-induced exci-
tation processesεm→ εm±hω, which are weighted by
the spectral functiong(ω, t) of the laser pulse at each
time stepτ. The second term of (6) takes into account,
in a simple approximation, the thermalization processes
due to electron–electron collisions. The nonequilibrium
distribution nεm(t) relaxes towards a Fermi distribution
n0(εm)= 2/{exp[(εm−µ)/kBTe(t)]+1} with an (energy-
independent) time constantτ1.

The time-dependent electron temperatureTe(t) contained
in n0

εm
is obtained from the time evolution of the total energy

Et(t)=
N∑

i=1
j 6=i

Φ(r ij , t)+ Ekin(t)= Et(t = 0)+ Eabs(t) , (7)

whereEkin(t) is the kinetic energy of the atoms andEabs(t) is
the energy that has already been absorbed from the laser pulse
at time t. The PES is determined by

∑N
i=1

∑
j 6=i Φ(r ij , t) =∑

m n(εm, t)εm(r1, . . . , rN), whereεm are the eigenvalues of
the Hamiltonian

H =
∑
iα

εiαniα+
∑
ijαβ
j 6=i

Vαβ

ij (r ij )c
+
iαcjβ. (8)

Here, εiα is the on-site energy of atomi and orbital α.
c+iα andcjα are the creation and annihilation operators, and
Vαβ

ij (r ij ) the hopping integrals. For the description of carbon,
the 2s, 2px, 2py, and 2pz orbitals are taken into account.
For the radial part of the hopping integrals and forErep, we
employ the forms proposed by Xu, et al. [25]:

S(r) =

( r0

r

)n
exp

{
n
[
−( r

rc

)nc+ ( r0
rc

)nc
]}
, r < r1

d0+d1(r − r1)+d2(r − r1)
2+d3(r − r1)

3, r ≥ r1

(9)

Erep=
∑

i

f
(∑

j

φ(r ij )
)

with

(10)

φ(r)=
φ0

( d0
r

)m
exp

{
m
[
−( r

dc

)mc+ (d0
dc

)mc
]}
, r < d1

c0+c1(r −d1)+c2(r −d1)
2+c3(r −d1)

3, r ≥ d1.

(11)

Thus, for distancesr > r1 and r > d1 respectively, the hop-
ping integrals andφ(r) are replaced by polynomials that go to
zero and are fitted smoothly to the functions valid forr < r1
and r < d1. The repulsive potentialErep is taken as a poly-
nomial of the functionφ(r). For all parameters in (9)–(11),
see [25].

At the short time scale of a few picoseconds, the main
process causing dissipation of the absorbed energy is the dif-
fusion of hot electrons into the surrounding cold lattice. This
is taken into account by a further rate equation

dTe(t)

dt
=−Te(t)−Tl(t)

τ2
; (12)

i.e., within a diffusion time constantτ2, the electron tempera-
tureTe(t) approaches the lattice temperatureTl (t).

2 Results

In this section we present results for the response of a di-
amond and a C60 molecular crystal to a femtosecond laser
pulse. We model the laser pulse by a Gaussian envelope of
durationτ. The parameterW was adjusted so that the fluctua-
tions of the MD cell volumeΩ, in the electronic ground state
of the system, take place on a time scale of3

√
Ω/cM, wherecM

is the speed of sound in the material.
In the diamond case, we consider a molecular dynamics

supercell consisting of 216 atoms and periodic boundary con-
ditions. The external pressure is1 atm.

In Fig. 1 we show, for given values ofτ and Eabs,
an example of the ultrafast graphitization in the (110)-
direction of the diamond crystal. The 216-atom sample of
diamond was excited by a20 fs laser pulse, and the four
panels in Fig. 1 show snapshots of the structure at differ-
ent times: the bent hexagons of the diamond lattice in the
(110) direction break up to form the even planes of graph-
ite, while in the direction perpendicular to the newly formed
planes, the originally bent hexagons become flat and form
the even hexagons of the graphite lattice. Note that in this
newly formed graphite lattice, which is in a high vibra-
tional excitation, the planes are still all equivalent, and the
familiar structure of hexagonal and rhombohedral graphite
with layering sequences of ABABAB and ABCABC, re-
spectively, has not yet been formed. Although it is to be
expected that the graphite formed here will eventually re-
lax towards one of these two standard structures of graph-

Fig. 1. Snapshots in the (110) direction of the ultrafast dynamics of diamond
(N = 216 atoms) upon excitation with a laser pulse of durationτ = 20 fs
(Gaussian shape).∆t is the time delay with respect to the peak of the pulse.
The energy absorbed isEabs= 1.1 eV/atom. The graphitization of diamond
takes less than100 fs. Bonds longer than1.6 Å are not shown
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ite, in the tight binding method, no energy difference be-
tween different layer arrangements is observed because the
interplane van der Waals interactions are not taken into
account.

For the simulation of the ultrafast relaxation of a C60 mo-
lecular crystal, we consider a supercell of 240 atoms and pe-
riodic boundary conditions. The external pressure is10 GPa.

In Fig. 2 we show snapshots of the destruction of a C60
molecular crystal induced by intense laser irradiation. The
laser pulse is characterized by a duration ofτ = 20 fs, and
during its action an energy ofEabs= 3.6 eV/atom is ab-
sorbed by the lattice. A constant external isotropic pressure
of P= 10 GPais applied to the system at all times. In the
figure, we indicate bonds up to a length of1.6Å with dark
grey, while bonds between1.6 Å and 2.1Å in length are
shaded in light grey and have a smaller diameter. Bonds
longer than2.1Å are not shown, as they contribute only neg-
ligibly to the binding energy, and thus atoms that are more
than 2.1Å apart can be considered unbound. At∆t = 0 fs
(Fig. 2a), i.e., at the pulse maximum, the atoms have not

Fig. 2. Snapshots of a C60 molecular crystal during and after irradiation
by an ultrashort laser pulse. Pulse duration isτ = 20 fs; an energy of
Eabs= 3.6 eV/atom is absorbed during the laser excitation. A constant ex-
ternal pressure ofp= 10 GPaacts on the crystal. Time delays∆t are given
with respect to the peak of the pulse. Bonds up to a length of1.6 Å are
shown in dark grey, and bonds between1.6 Å and2.1 Å in length are shown
in light grey and are thinner in diameter. For a detailed discussion of the
dynamics, please refer to the text

yet had time to react to the change in the PES due to the
absorption of nearly half of the laser intensity; they still
form the perfect fcc lattice of the solid C60 at 300 K. The
fact that in each of the C60 molecules a few atoms seem
to be missing, while several atoms can be seen that are
not directly connected to one of the four C60 molecules, is
a consequence of the periodic boundary conditions. The six
atoms on the bottom left of the first panel, for example, ac-
tually form a part of the C60 molecule in the background.
At ∆t = 20 fs (Fig. 2b), the C60 molecules have expanded
considerably, as can be seen from the many light grey (i.e.,
stretched) bonds that have replaced dark grey ones. At∆t =
60 fs (Fig. 2c), the expansion of the C60 molecules has pro-
ceeded beyond the elastic limit of the C–C bonds, and the
original form of the C60 molecules appears mainly in the
large hollow spaces not yet filled in by the hot carbon atoms.
Through the collision processes between the fragments of
the C60 molecules, the kinetic energy of the system has
now increased by2200 K to Tl = 2500 K. At ∆t = 160 fs
(Fig. 2d), the fragments of the destroyed C60 molecules have
filled up most of the available space, and the distribution
of matter approaches homogeneity. Up to a time delay of
approximately∆t = 120 fs, the volume of the system has de-
creased very rapidly by30% because the resistance of the
nearly incompressible C60 molecules to the external pressure
has vanished. The panels for∆t = 260 fs and ∆t = 860 fs
(Fig. 2e,f ) show rapid structural rearrangements of the very
hot (Tl ≈ 3000–3500 K) material. The density at∆t = 860 fs
is %= 2.5 g/cm3. A very long simulation of several hundred
picoseconds will be needed to determine the final structure of
the material after cooling takes place through slow processes
like heat diffusion.

In Fig. 3 we show the densities of state of (a) diamond
in the ground state and (b) the same system after excitation
with a laser pulse ofτ = 20 fsduration that leads to an ultra-
fast graphitization of the sample. The trajectory is the same as
that from which the snapshots displayed in Fig. 1 are taken.
During the laser pulse, an energy ofEabs= 1.1 eV/atom is
absorbed by the system. The Fermi levelεF is indicated
by a vertical line. The structure in the DOS close to the
Fermi level in Fig. 3 reflects the high vibrational excita-
tion of the graphite planes; in the course of the graphiti-

Fig. 3. Densities of state of diamond (a) before and (b) after irradiation by
a laser pulse ofτ = 20 fs duration. In the course of the excitation, an en-
ergy of Eabs= 1.1 eV/atomis absorbed. The DOS (b) is calculated at a time
t = 190 fsafter the pulse maximum. This figure corresponds to the graphiti-
zation trajectory shown in Fig. 1; (a) is the DOS for the structure in Fig. 1a,
and (b) is that for Fig. 1d. The energyε= 0 refers to the Fermi levelεF,
which is also indicated by avertical line



S53

Fig. 4. Densities of state of a C60 molecular crystal (a) before and (b) after
irradiation by a laser pulse ofτ = 20 fs duration. In the course of the ex-
citation, an energy ofEabs= 3.6 eV/atom is absorbed. The DOS (b) is
calculated at a timet = 860 fsafter the pulse maximum. This figure corres-
ponds to the trajectory shown in Fig. 2; (a) is the DOS for the structure in
Fig. 2a, (b) is that for Fig. 2f. The energyε= 0 refers to the Fermi levelεF,
which is also indicated by avertical line

zation process the lattice temperature has risen by1300 K
to a value of Tl = 1600 K. This temperature increase re-
sults from the difference in potential energy between the
electronically excited diamond structure, that at the time of
the graphitization is not a minimum of the PES any more,
and the lower lying graphite minimum of the PES. Thus,
the DOS in Fig. 3b will approach the equilibrium DOS of
graphite only after several hundreds or even thousands of
picoseconds, when the heat in the lattice has had time to
decrease to its previous value through processes like heat
conduction.

In Fig. 4 the densities of state of the C60 molecular crys-
tal before and after laser irradiation are presented. The laser
pulse has a duration ofτ = 20 fs, and the system absorbs an
energy ofEabs= 3.6 eV/atom. The DOS in Fig. 4b corres-
ponds to the last panel of Fig. 2 and is thus taken at a time
delay of∆t = 860 fsafter the pulse maximum. It is clear that
the small energy gap of solid C60 at the Fermi level that can
be seen in Fig. 4a has been filled with states in the course of
the collapse of the C60 molecules, and the DOS in Fig. 4b is
metallic-like.

3 Summary

We have calculated the response of diamond and a C60 crys-
tal to ultrafast laser pulses. We have obtained a femtosecond
crystalline solid to crystalline solid transition consisting in
a graphitization of diamond. This transition occurs for a wide
range of pulse durations and intensities. This study opens
up the possibility of control of the end product of the laser

excitation (e.g., graphite or liquid carbon). Our results are in-
dependent of the functional form for the kinetic energy of
the MD supercell, and also of the size of the MD super-
cell, at least forN = 64 andN = 216. For the ultrafast dy-
namics of a C60 molecular crystal under pressure, we obtain
a rapid melting of the system shortly after the laser excita-
tion. Although we cannot make predictions about the final
state after cooling, formation ofsp3 bonds might be favored,
since the density of the intermediate liquid state decreases
with increasing time.
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