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Abstract

We present atomistic simulations of laser induced structural modifications in nanodiamonds. The method used is based on a
microscopic approach for the interaction between femtosecond laser pulses and nanostructured materials. It allows us to describe
the ultrafast change of bonding type produced in diamond-like nanostructures as a consequence of the laser excitation. In contrast
to a thermal processing of nanodiamonds, an ultrashort laser pulse can eliminate all sp> bonds in the system on a sub-picosecond
time scale, opening the possibility for the production of graphitic nanostructures and the creation of nanocontacts between carbon

nanoclusters and other nanostructures.
© 2005 Elsevier B.V. All rights reserved.
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In recent years many theoretical and experimental
works have shown that it is possible to produce rever-
sible and irreversible ultrafast material modifications
in solids and nanostructures using femtosecond laser
pulses. Such laser induced structural changes can occur
in form of solid-liquid [1-3] or solid-solid transitions
[4-8]. In the case of nanostructures there exists a third
possibility, which consists in the “cold” removal of parts
of the system, like, for instance, the ejection of clusters
out of thin films [9] or ejection of the caps of a carbon
nanotube [10]. These findings can become of fundamen-
tal importance since they open the possibility of mani-
pulating lattice arrangements, bond types and general
shapes of nanostructures.

One of the typical laser induced changes of bonding
type is the ultrafast graphitization of diamond [11].

* Corresponding author.
E-mail address: garcia@physik.fu-berlin.de (M.E. Garcia).

0927-0256/$ - see front matter © 2005 Elsevier B.V. All rights reserved.

doi:10.1016/j.commatsci.2004.09.051

The excitation of a large fraction of the valence electrons
across the diamond gap fills antibonding states and
makes the compact sp> structure unstable. In contrast,
the effect of the laser excitation on the stability of the
sp? bonding type is not important. As a consequence,
the system undergoes a rapid formation of graphite
layers.

Based on these results one would expect that, when-
ever a diamond-like material is excited by a femtosecond
laser pulse, formation of graphite layers is obtained.
However, the formation of other, more interesting, gra-
phitic-like structures is a priori not excluded.

In this paper we show that laser excitation of dia-
mond-like clusters (nanodiamonds) leads to the forma-
tion of curved sp>-bonded structures.

Recently, a study focusing on the thermal mechanism
of the transition from nanodiamond to a fullerene has
been reported [12]. In these investigations, tight binding
molecular dynamics were employed to follow the time
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evolution of a heated nanodiamond for more than
100 ps. The authors identified a number of mechanisms
working together to bring inner carbon atoms to the sur-
face of the cluster and to form a uniform fullerene cage.

We show here that the use of femtosecond laser
pulses leads to a more efficient transformation nanodia-
monds to graphitic structures.

In order to simulate the dynamical process of laser-
induced structural transformations, we employ a non-
adiabatic MD method combined with a density matrix
formulation to describe the coupled dynamics of valence
electrons and ionic cores, previously employed in studies
of ultrafast ablation and melting [2,7,13,14].

Briefly, our treatment is based on a microscopic elec-
tronic Hamiltonian Htg + Hiae(f), Where Hyg is a
tight-binding Hamiltonian with hopping matrix ele-

ments which depend on the interatomic distances {r;},
and Hi,e.. (1) accounts for the coupling of the valence
electrons of the nanostructure with a time-dependent
laser field of shape E(¢) and frequency w. We assume
that the nondiagonal elements of the density matrix
vanish rapidly in time due to dephasing effects. From
the Hamiltonian Hryp we calculate forces fi({r{?)},?)
acting on the atoms [11]. They depend on the (time-
dependent) occupations n(e,,, ) of the electronic energy
levels (eigenvalues of Hrtg). Note that, while in thermal
equilibrium the occupation numbers are calculated from
a Fermi-Dirac distribution function n°(e,,) = 2/(1 + exp
{(e,, — WlkgT.}) at a given electronic temperature T,
electronic nonequilibrium is accounted for by solving
equations of motion for the occupation of electronic

states:

Fig. 1. Snapshots of the nonthermal and thermal transition of nanodiamond to a fullerene in comparison. The top structure shows the initial
nanodiamond cluster as obtained from ab initio structure optimization and subsequent annealing with tight binding MD. The left two structures
show the structure at # = 300 fs and at 7 = | ps. Note that the pulse maximum occurs at 40 fs, the pulse duration is = 50 fs, and the intensity is
Eo = 1.0 eV/atom. The right two structures show the result of 300 fs and 1 ps of thermal annealing at 7"= 2000 K, respectively. Black atoms and
bonds correspond to sp> hybridization, grey atoms and bonds to sp? character.
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W = / dog(w,t — At){[n(e, — Fiow, t — Ar)

+ n(en + o, t — At) — 2n(en, t — At)]}

n(em,t) —n’(e,)
- (1)
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This equation is derived from the equation of motion
for the density matrix under the assumption described
before. Thus, the electronic distribution is at each time
step folded with the pulse intensity function g(w, f). This
means that at each time step, the occupation of an
energy level ¢,, changes in proportion to the occupation
difference with respect to levels at ¢, —Aiw and at
€n + hw. In Eq. (1), constant optical matrix elements
are assumed. The second term of Eq. (1) describes the
electron—electron collisions that lead to an equilibration
of the electronic system with a rate equation of the
Boltzmann type for the distribution #n(e,,, ). Hence, with
a time constant 7y, the distribution #(e,,, f) approaches a
Fermi-Dirac distribution 7°(e,,,).

With this theoretical model, and using the previously
determined tight-binding parameters for carbon [15], we
have performed simulations of the response of nanodia-
monds. The time step of Az = 0.1 fs was used in treating
both the electron and ion dynamics. The relaxation time
T._o Was taken to be t; = 50 fs, consistent with the value
used for other carbon nanostructures [16].

We have considered a single diamond-like carbon
cluster with a total of 293 carbon atoms. The initial
structure has been obtained after optimizing the atomic
coordinates from an ab initio calculation. This calcula-
tion was performed in the Car—Parrinello approach
[17]. Norm-conserving pseudopotentials were used with
s and p nonlocality for C [18]. Wave functions were ex-
panded in plane waves with an energy cutoff of 40 Ry.
Then, we have subjected the optimized structure to a
thermal relaxation within a tight-binding molecular
dynamics for 300 fs. It is important to mention that
after the thermal equilibration was achieved, the car-
bon cluster kept most of the bonding features of the
initial structure and only small bond length relaxations
were observed. The internal carbon atoms are sp°
hybridized, while atoms on the surface relax to sp’
and sp hybridization. This surface reconstruction has
been reported previously on carbon nanodiamond by
Raty et al. [19]. There is a fullerene-like formation on
the surface and the cluster core corresponds to a per-
fect diamond-like structure. After the thermal relaxa-
tion at 300 K was achieved, the carbon cluster was
excited by a laser pulse of 7 = 50 fs duration and a cen-
tral laser frequency of 1.96 eV (which corresponds to a
typical experimental value). The peak maximum of the
laser pulse was placed at r =40 fs. Total energy of the
laser pulse was varied to study its effect on bond break-
ing. The value of Ey=1.0eV/atom that was used for
the results we are reporting here is well below the

threshold energy required to let atoms leave the
cluster.

The application of the laser pulse leads initially to
cluster expansion. This means that, similarly to the case
of other nanostructures, during the first stages of laser
excitation only a coherent breathing mode is active.
After the pulse is over, the structure of the cluster starts
exhibiting remarkable changes. Between 50 fs and 100 fs
after the laser application, already more than 90% of the
sp’ carbon atoms have changed their hybridization to
sp” in an exponential decay in time as is clearly shown
in Figs. 1 and 2. Here we have defined the hybridization
by the number of neighboring carbon atoms with dis-
tances of less than 1.8 A. The bond breaking starts from
the cluster inner core and after 100 fs most of carbon
atoms are sp”> or sp hybridized, as shown in Fig. 1.
The top figure shows the initial configuration after the
thermal equilibration and then we can see from the
structures on the left of Fig. 1 that after 300 fs (the first
50 fs correspond to the laser pulse) almost no carbon
atoms present sp> hybridization.

To confirm the advantages of the femtosecond laser
pulse in performing structural transformations on car-
bon nanoclusters we have considered the same system
but under thermal exposure only. We have started with
the same initial configuration and subjected the system
to a temperature of 7°=2000 K for 1 ps. Fig. 1 shows
the temperature effects on the same time scale as in the
laser case. The first observation is basically that the ther-
mal transformation also tends to decrease the sp’
hybridization but the number of carbon atoms that have
undergone this process is not as high as in the laser case.
To give a more precise description, we have calculated
the number of atoms with a given hybridization as func-
tion of time. Figs. 2 and 3 show very clearly that after
300 fs, the laser has been able to break 99% of the sp®

S0——7T——71T T 1T T "~ T T T T T

— Laser 1.0 eV/atom
- Thermal 2000 K

100

50

number of sp> bonds

Il I Il i L
100 200 300 400 500 600 700 800 900 1000
time (fs)

| S W PO I Sys ST R —

(=]

Fig. 2. Time evolution of the number of sp> bonds in a nanodiamond
consisting of N =293 atoms. The solid and dotted lines show the
number of sp> bonds for the laser and thermally induced transitions,
respectively.
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Fig. 3. Time evolution of the number of sp> bonds in a nanodiamond
with 293 atoms. The solid and dotted lines show the number of sp’
bonds for the laser and thermally induced transitions, respectively.

carbon bonds while in the thermal case the percentage is
much lower. Another important difference is in the
dynamics of the transition. While in the case of the laser
pulse, the breaking of sp® bonds happens from the core
to the surface, in the thermal case it starts from the sur-
face with only limited bond modification in the cluster
core.

In conclusion, in a series of MD simulations, we pro-
vided a microscopic picture of the response of nanodia-
mond to ultrafast laser pulses. We have shown that a
much more efficient transformation of sp’ to sp? bond-
ing is achieved with the help of a femtosecond laser
pulse than by means of thermal heating.
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