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We present a theoretical study of ultrafast phase transitions induced by femtosecond laser pulses of arbitrary
form. Molecular-dynamics simulations on time dependent potential-energy surfaces derived from a micro-
scopic Hamiltonian are performed. Applying this method to diamond, we show that a nonequilibrium transition
to graphite takes place for a wide range of laser pulse durations and intensities. This ultrafast transition
(~100 fs) is driven by the suppression of the diamond minimum in the potential-energy surface of the laser
excited system[S0163-182@9)50730-3

The understanding of the mechanisms for ultrafast nonsupercell ,p~10° A%) using periodic boundary condi-
equilibrium phase transitions is a fundamental problem intions, nearly homogeneous rapid volume and shape changes
solid-state physics. In the last years several laser-inducesre expected upon excitation.
ultrafast phase transitions have been observed, which open Our physical picture for the nonequilibrium dynamics of
the possibility for the study of qualitatively new effe¢ts.  the considered MD supercell of diamond is the following.
Particularly interesting are laser-induced ultrafast transition®ue to the action of the laser pulse, electrons are excited
between two crystalline structures, about which little isfrom occupied to unoccupied levels with a time-dependent
known at present. probability which is proportional to the intensity of the laser

In this paper we present calculations of a nonthermalfield. As a consequence of the extremely fast excitation pro-
femtosecond graphitization of diamond as an example for &ess, a nonequilibrium distribution of electrons is created.
nonequilibrium phase transition between two crystallineThrough electron-electron collisions this electron distribution
phases induced by an ultrafast laser excitation of electronghermalizes to an equilibrium occupation of the electronic
We develop a computational approach to treat electronic eflevels. Simultaneously, hot-electron transport from the ex-
fects in molecular-dynamiodviD) simulations with multiple  cited region into the rest of the material sets in. During this
potential-energy surfaces. We describe excitation of eleccomplex electron dynamics the lattice undergoes a restruc-
trons with a laser pulse of arbitrary shape and energy, takinturing process in response to the dramatic changes in the
into account explicitly electron thermalization and diffusion potential-energy surfacéPES. These structural changes
effects. may lead to another crystal phase.

Note that recent theoretical studies of the diamond graphi- In view of the above discussion and in order to allow
tization describe a thermally induced transition with elec-deformations and expansions of the MD supercell, we per-
trons and lattice in thermodynamical equilibrifnOn the  form simulations at constant presstfe? which are based
other hand, the ultrafast melting of solids via laser irradiationupon a Lagrangian of the form
was theoretically analyzed under the assumption that the vol- N N
ume remains constant along the transition gatf. L= mi ThThs—> O(r; ,)+K—-PQ. (1)

In contrast, we analyze the laser-induced graphitization of =12 i=1 .
diamond by allowing volume changes, since crystalline dia-
mond and graphite have rather different densities. Our studifere, the coordinates of the N atoms are taken relative to
concentrates on a subregion of voluflg,~1° A% inthe the vectorsa, b, andc that form the MD supercell and con-
center of the much larger irradiated volume(),( stitute the matrixh=(abc). The absolute coordinates of the
~10' A®). In the subregion, which we simulate by a MD atoms are given by,=hs,. Q) =det() is the volume of the

j#i
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MD supercell andP is the external pressure. The second (a)t=50fs (b) t=70fs (c)t=280fs
term represents the PES, which is determined from a micro-

scopic theory as described below. The third and fourth terms
of the Lagrangian are introduced to simulate the time evolu-
tion of the MD unit cell*>*® The third termK describes the
kinetic energy of the MD supercéit:'® Using the Euler-
Lagrange formalism,N+9 equations of motion for the

atomic coordinates and for the MD cell coordinatds,, are

derived from Eq.(1).1>13 .0’
The forces which enter the equations of motion as

dd(rj;)/ds, are determined using the Born-Oppenheimer (d)t=90fs =100 fs (f) =100 fs (rotated)

approximation and the Hellmann-Feynman theorem and are '
given by
oH 9B ep
fi—_% n(sm,t)<m£ m>— 073 s /
where m labels the electronic levels, which are the eigen- "‘

states of the electronic HamiltoniarH(rq,---,ry).
Erep(ra,--+,ry) contains the repulsive interactions between
the atomic cores The forces for the MD supertelésult in
close analogy®*3In Eq. (2) n(e,,t) refers to the occupa-  FIG. 1. Snapshots in th@ 10) direction of the ultrafast dynam-
tion of the energy levet,, at timet, which changes due to ics of diamond =64 atoms) upon excitation with a laser pulse
the action of the laser pulse, Coulomb interactions, and difof duration 7=20 fs (Gaussian shapet is the time delay with
fusion effectsn(en,,t) is initially given by a Fermi distribu- respect to the peak of the pulse. The energy absorbeff,js
tion at the temperature of the lattice. During the excitation by=1.3 eV/atom(f) View along an axis perpendicular to the graph-

the laser pulse, this distribution changes in time according tdiﬁ layers formed after 100 fs. Bonds longer than 1.6 A are not
shown.

dn(ep,,
(—m f dog(w,t=At{[n(en—fo,t—At) V#(r;;) the hopping integrals. For the description of carbon,
the 2s, 2p,, 2p,, and 2, orbitals are taken into account.
+n(em+thio,t—At)—2n(ey,,t—At)]} For the radial part of the hopping integrals and kg, we
0 employ the functions proposed by >at al. (Ref. 16.
_ N(em,t) —N"(em) ) At the short time scale of a few picoseconds, the main
T ' process causing dissipation of the absorbed energy is the

) . . . diffusion of hot electrons into the surrounding cold lattice.
Here, the first term describes the laser-induced excﬂaﬂoq-hls is taken into account by a further rate equation

processes ,— &= fiw Which are weighted by the spectral dT.(t)/dt=—[To(t) = T,(t)]/ 7, i.e., within a diffusion time

function g(,t) of the laser pglse at each tlme st@p The constantr, the electron temperatur€.(t) approaches the
second term of Eq(3) takes into account, in a simple ap- lattice temperaturd(t).

plroxtlmatlon” the th_le_Lmallzanon l[ﬁ)roceszest %u? to elfctron The time evolution of the system after excitation with a
€ ?C ron co |S|gns Fe n(_)ng_qw_g rl_umo IS n_t;/um@sm, ) pump pulse is usually studied experimentally by measuring
relaxes towards a Fermi distribution”(e) = 2{exd (em the reflectivity with the help of a probe pulse as a function of

_'“)/kBTﬁ(t)]Jrl} with a time constant;. ) the pump-probe delay. Thus, in order to compare with ex-
The time-dependent electron temperatligft) contained  poriment or to make predictions we estimate the time-

in n%e,,) is obtained from the time evolution of the total dependent dielectric function frome(w,t) = egg(®,t)

energy +€p(w,1), wherew is the frequency of the probe pulsess
N refers to the dielectric function for the ground state of
E(t)=2, ®(r; 1)+ Ein() =E{(0)+Eqpdt), (4)  diamond.’ wherease, corresponds to the contribution of the
i=1 excited electrons under the assumption that the electron-hole
plasma shows metalliclike behavitFrom this dielectric
function the reflectivityR is calculated in the standard way.
S€Twe have performed the MD simulations using diamond
super cells consisting di=64 andN=216 atoms, and pe-

j#i
whereE;,(t) is the kinetic energy of the atoms afkg,,(t)

is the energy that has already been absorbed from the la
pulse at time t. The PES is determined by

SiLiZj @ ) =Znn(em Dem(T, - In), Where em  ogical boundary condition® The derivatives of the matrix
are the eigenvalues of the Hamiltonian elements oH(ry, - - -,ry) and of the repulsive potentigl,q,,
are calculated analytically. The equations of motion are in-
H=> €, ni,+ > Vﬁﬂ(fij)cracm- (5)  tegrated using the Verlet algorithm.
T ijap We characterize the laser pulse by a Gaussian of duration

171 7 and by the quantit¥,,s, which is the energy absorbed by
Here, €, is the on-site energy of atoinand orbitale. ¢,  the system and is proportional to the intensity of the pulse.

and c;, are the creation and annihilation operators, andSince we do not include multiphoton effects we set the fre-
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FIG. 3. Time evolution of the reflectivitR for Aw=2 eV.
Squares correspond to the experimental results of Ref. 3. The thick
ES line refers to the excited electrons, the thin line to the ground-state
(b) contribution (see Ref. 1Y The parameters used wetre=50 fs,
laser E.n=1.35 eV/atom(corresponding to a fluence of 1.1 JAm
pulse | thermal andy=1.43<10"* s ! (see Ref. 18 The comparison with experi-
7N ment is only qualitative, since the experimental data refer to laser-
/ \ GS induced melting.

nonthermal

PES

!

is to be expected that the system will eventually transform
towards one of these two standard structures of graphite, in

diamond ~ graphite the tight binding method no energy difference between dif-
- - ferent layer arrangements is observed because the interplane
reaction coordinate van der Waals interactions are not taken into account. The

graphite structure remains intact until our maximal simula-
tion timet=5 ps. However, we believe that further relax-
=1.3 eV/atom(solid line). The dashed lines refer to the potential ation leads to a d|§ordere_d graphite lattice, which can prqb-
energy along the same graphitization path but calculated by assunf'il-bIy only be descnbed using very large MD super cells. It is
ing different electronic temperatures. Fog=300 K the energy IMmPortant to point out that, although we allow volume ex-
barrier between diamond and graphite is 0.17 eV/ai@nlllustra- pansions in all directions, these only occur in the direction
tion of the mechanism for the laser-induced nonequilibrium graphif€rpendicular to the newly formed graphite planes. Note that
tization of diamond as suggested tg). GS and ES refer to the OUr volume expansions upon graphitization relate to the con-
ground state and excited state, respectively. The dashed arrow indiidered subregion due to our use of a MD super cell with
cates graphitization occurring for thermodynamical equilibrium. ~ periodic boundary conditions. While the electronic transition
sp®—sp? behind the graphitization occurs very fdst less
quency of the pump pulse to he,,n,~=6 eV, i.e., larger than 50 fg, the time scale for the following volume and
than the energy gap of diamond. shape changes is characterized by the velocity of typically
We investigate the response of diamond to laser pulses far.,~0.03 AJts, which may be compared with the velocity
different values ofr andE,;s. Below the ablation threshold of sound in diamondgp,=0.18 Affs.
(which we define by the complete destruction of the diamond We found that the time scale for the collective atomic
cell) we obtain, for all pulse durations investigate=20  motion shown in Fig. 1 is independent of the size used for
—500 fs) and for absorbed energi€s,s ranging from the MD super cell N=64 andN=216), and thus the size
E.p,s=1 eV/atom toE,,=2.5 eV/atom an ultrafast graphi- chosen is large enough. Furthermore, as long as the subre-
tization of the initial diamond structure. gion studied is much smaller than the laser irradiated region
In Fig. 1 we show, for given values of and E,,s, the  (Qj, ~10" A3), our assumption of homogeneous volume
ultrafast graphitization in thé110) direction of the diamond and shape changes of the subregion should be valid and the
crystal. The 64-atom sample of diamond was excited by a 2@ffects due to the interface between the laser excited and the
fs laser pulse, and the Figs(al-(e) show the structural cold material should be negligible.
changes at different times: the bent hexagons of the diamond In Fig. 2(a) the influence of the laser-induced electron-
lattice in the(110) direction break up to form the even planes hole excitations on the potential-energy barrier between dia-
of graphite, while in the direction perpendicular to the newlymond and graphite is analyzed. Along the graphitization path
formed planes the originally bent hexagons become flat andbtained by a 100 fs, 1.3 eV/atom laser pulse we plot the
form the even hexagons of the graphite latfisee Fig. 1f)]. PES corresponding to occupatiomge,,,t) at electronic
Note, that in this freshly formed graphite lattice, which is in temperature§ =300 K (ground statg T,=15000 K, and
a high vibrational excitation, the planes are still all equiva-T,=30000 K (highly excited statgs The abscissa has the
lent, and the familiar structure of hexagonal and rhombohemeaning of a time scale for the curve corresponding to the
dral graphite with layering sequences #ABABAB and actual electron-hole plasma causing this trajectory, while for
ABCABG respectively, has not yet been formed. Although itthe other PES’s it corresponds to the reaction coordinate.

FIG. 2. (a) Potential energy as a function of time upon excita-
tion with a laser pulse ofr=100 fs and absorbed enerdy,s
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In Fig. 2(b) we illustrate schematically the microscopic 620 nm wavelength. The result f&{(t) is shown in Fig. 3.
mechanism of the nonequilibrium ultrafast graphitization ofNote, that the short time behavior 8{t) is dominated by
diamond as follows from Fig.(2). Before the action of the the contribution of the excited electrons and thus does not
femtosecond laser pulse both the structure of graphite aneontain sufficient information to distinguish between differ-
that of diamond correspond to deep minima of the PES an@nt phases obtained by graphitization or melting, for ex-

are well separated by a high potential barfisee Fig. 2a)
for T.=300 K]. However, for increasing energy,; ab-

ample. However, since the free electrons in the conduction
band play the essential role, we expect similar behavior of

sorbed by the electronic system the minimum correspondinf(t) for graphitization or melting. Thus, in the absence of

to the diamond structure becomes weaker, and for a critic

E.ps it disappeardsee Fig. 2a) for T,=15000 K andT,

ata for ultrafast graphitization, we compare with experi-
ments referring to melting of diamond at a fluence of

. L 5.5 Jicnd.2
=30000 K, respectivelly In contrast, the graphite minimum . . .
of the excited PES is less sensitive to the creation of We have also performed calculations without the third

electron-hole pairs and remains stable. This results phys-nd fourth terms in the Lagrangiafqg. 1) by studying the

cally from the different binding character in graphite and gmtosgcond laser e’$c"at'°” of a diamond fiimFor the
diamond. As a consequence of tisg? hybridization in simulation of such a film we considered a MD super cell of

graphite, the electrons in thep orbitals of carbon are not 320 atoms with rigid boundary conditions in the horizontal

essential for the stability of the bonds and can thus be exciteg'recuons. and vacuum in the perp.end|cular. directiah)
. . . . : as used in Ref. 8. These calculations confirm the constant
into antibonding states without destruction of the structure,

Now, due to their large DOS below and above the Fermp'essure results presented n Figs. 1-3, namely, rap|d graphi-
tization and volume expansions due to the repulsion of the

level a large part of the laser excited electron-hole pairs be-

3 - : graphite planes. For the film, the time scale of the volume
long to the D, symmetry. In thesp*hybridized diamond change is characterized by the velocitywef=0.05 A/fs (v

bond, however, all valence electrons are in the same way " - cer thanv,). This result supports our belief that we
responsible for stability, and excitation immediately weakens~ . ger thanvep) . ) pport o
ained insight into the basic mechanism of nonequilibrium

the cohesion of the diamond lattice. The trajectory followedgra hitization on a femtosecond time scale already by as-
by the system during the transition is strongly dependent o'apP y by

the pulse duration and intensity. For instance, the potential

energy barrier in the excited state shown in Fi@) 2s lower
than that obtained using a laser pulse of duratier20 fs.

In order to contrast this new nonequilibrium transition with

previous studies we also indicate in FigbRa path for the

known equilibrium graphitization as described by DeVita
et al® where the energy barrier between diamond and dia

mond structures is overcome by thermal activation.
We have determined(w,t) and the reflectivityR(t) for

suming constant pressure.

Summarizing, we presented a theoretical approach to cal-
culate the nonequilibrium graphitization of diamond induced
by a laser pulse. We believe that the mechanism for nonequi-
librium phase transitions shown in Fig(k? is quite general
and could be applied to other laser-induced structural trans-

formations.
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