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The ultrafast relaxation of Siclusters following laser excitation is studied as a function of energy and
duration of the laser pulse. We perform molecular-dynamics simulations based on a tight-binding Hamiltonian
and take the form and duration of the laser pulse explicitly into account. We show that the occurrence of the
different relaxation channels is strongly dependent on the duratioiithe exciting pulse. Very short pulses
(7<50 fs) may induce melting or fragmentation of the cluster, depending on whether the intensity of the laser
pulse is low or high, respectively. On the other hand, long pulses favor structural changes and an expansion of
the cluster structure. By studying the response of the cluster as a function of the laser parameters we determine
generalized “phase diagrams” for the occurrence of solidlike, liquidlike, and fragmented clusters as a product
of the laser excitation. For certain values ofind energy of the laser pulse structures are produced, which
show a small energy gap. The laser induced “metallization” of small silicon clusters is also discussed.
[S0163-18299)07919-9

[. INTRODUCTION allowed to expand in one or more directions. As a matter of

Since the development of the femtosecond spectrodcopyact, the system will tend to expand as a consequence of the
much attention has been payed to the investigation of ullaser-excitation process, in which binding electrons are ex-
trafast processes in microscopic systérifie availability of  cited into antibondindrepulsivé orbitals.
commercial lasers with pulse durations down to 10 fs to- In the above mentioned theoretical investigations, the du-
gether with the instrument of Pump & Probe spectroscopyation 7 of the exciting pulse is not explicitly taken into
make possible the investigation of an abundance of microaccount. A sudden excitation of the system is assufmerb
scopic phenomena, like, for instance, the nonequilibrium dyduration. Finite pulse durations are of fundamental impor-
namics of highly excited systems. The high power that cariance, since they induce interesting physical processes that
be reached by ultrashort laser pulses permits to create esre different from those involved in the limiting cases
treme nonequilibrium states in solids, clusters, and mol+—0 (sudden excitationand 7—co (adiabatic excitation
ecules. The subsequent relaxation of the atomic and eled-he role of the pulse duration on the laser induced dynamics
tronic degrees of freedom towards equilibrium is ahas been shown to be essential for optical control of micro-
fundamental problem that has become a major research subeopic processe§Pump & Control. On the field of atomic
ject. In particular, the phenomenon of laser-induced phasand molecular physics already first coherent control sce-
transitions in semiconductors has attracted considerablearios have been investigated.
attention>° In most studies, a very fast melting of the crys-  The goal of the present paper is to perform a theoretical
talline structure is observetf, with a time scale of a few study of the laser-induced ultrashort-time dynamics of small
hundreds femtoseconds. The question, whether other kind &i, as a model example for the study of laser-induced phase
laser-induced transitions, like structural transformations andransitions in solids. Clusters, having a few degrees of free-
changes in the bond character, are possible to achieve ljom can be used as model systems to understand the relax-
suitable adjustment of the laser parameters, still remaination mechanisms after excitation. We take explicitly into
open. account the duration of the exciting pulse. In the study of the

Different theoretical approaches have been used to deelaxation dynamics we deal with the question, under which
scribe the ultrafast melting of silicdh® These methods are, conditions the clusters undergo a transition to a liquidlike
however, not suitable for studying arbitrary ultrafast struc-phase, as it was observed in crystalline semiconductors. Fur-
tural changes due to the following reasons. First, the voluméhermore, we perform a study of the induced dynamics as a
is assumed to remain constant during the relaxation. Due tfunction of the laser parametefsnergy and duration of the
this constraint, the silicon lattice is not allowed to expandpulse to find out if other kind of transitions, like structural
and therefore it is not surprising that the system melts aftechanges(iisomerization can take place. For this study, we
absorbing the laser energy. perform molecular-dynamics simulations based on a tight-

In laser ablation experiments, however, not the volumebinding Hamiltonian.
but rather external pressure is kept fixed and the system is Some experimental groupgained evidence, that in bulk
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silicon the laser-induced liquid phase has metallic charactethis basis, we can then treat the atomic motion in the Born-
We discuss, to which extent this applies to small systemsOppenheimer approximation.
We also show that the laser excitation can lead to multiple Note that the approximation of separable time scales for
bond breaking in the clusters and study the fragmentatiomtoms and electrons was also used by C. A. Ulletfal. to
dynamics as a function of the laser parameters. treat the ultrafast dynamics of electrons in highly excited
Small Sj, clusters are not only interesting as model sys-metallic clusters3
tems to understand bulk properties, but also due to their po- In a first step we calculate the electronic energy of the
tential applications to micro- and nanoelectronics. Recentlyground-state configuration by diagonalization of a tight-
the relaxation dynamics of Sclusters following femtosec- binding Hamiltonian. The action of the laser is then consid-
ond laser excitation has been experimentally investigated bgred by inducing electronic transitions from occupied to un-
Gerberet al!° They studied the photoionization and photo- occupied tight-binding states. Since we assume an
fragmentation of Si clusters with pulses of 100-200 fs durainstantaneous thermalization of the electrons, the occupation
tion and intensities between #0W/cn? and 16° W/cn?,  of the excited states is given by a Fermi-Dirac distribution
for which multiple ionization occur. The resulting mass spec-determined by the laser-induced temperaflige
trum of the ionized clusters was compared to a spectrum The total energy of the excited electronic system is a
taken under identical source conditions but using nanosecorfdnction of atomic coordinates. Thus, it provides the poten-
pulses. The spectra differ dramatically. These experimentdlal energy surface to perform molecular-dynamics simula-
results show that Siclusters undergo a much stronger frag- tions. The forces governing the atomic motion are obtained
mentation if they are excited using fs laser pulses. So fausing the Hellmann-Feynman theorem.
there is no theoretical description of this behavior. The same
group® has performed time-resolved experiments, in which
the concentration of Siclusters excited by the pump pulse
was recorded as a function of time after excitation. The re- For the microscopic description of Stlusters we use a
sulting curves show an exponential decrease for all clustedamiltonian built up by an attractive term, derived in the
sizes with time constants between 2 and 9 ps. The decayght-binding approximation, and a potential accounting for
times are shown to be dependent on laser intensity. the core-core repulsion
In this paper, we also address the problem of laser-
induced fragmentation of neutral ;Sclusters. Although a
comparison with the experimental results is not possible be-
cause the intensities of the pulses and the relaxation products Hei=Hrgt ;] Prep(Rij) (1)
we study are different from those investigated in experiment,
we give a qualitative theoretical explanation of why short ) . .
pulses may lead to more fragmentation than long pulses. ' N€ tight-binding part is given by
The paper is organized as follows. In Sec. Il, we present
our model Hamiltonian, our approach for the calculation of

A. Hamiltonian

N

the coupling between the laser pulse and the cluster. We also Hrp= 2 &iaClyoCiaot E tﬁ’cfwcj yo s 2
describe the method used to determine the forces on the at- tar wila

oms and to study the relaxation dynamics of the clusters. In '

Sec. lll, we show our results and their connection to the +

experimental observations on bulk-silicon ang Siusters. Whereci, (Ci,) refers to the creatiotannihilation) operator

Finally, in Sec. IV we summarize our results and present thd0r an electron with spirr at the orbitale of atomi. The
conclusions. quantitiese;, are the on-site energies and ttfg’ the hop-

ping integrals between orbitaler and jy. These integrals
are functions of the distance vectgj between atomsand
Il. THEORY j. The angular dependence of ttfg” is taken into account
Iaser-inducedfonow'ng Slater and Costéf For the distance dependence

of the hopping elements and the repulsive potential we used
dependent field acting on the electrons. In the following, we

the scaling form proposed by Het al®

. 2 ro n le Nea ro Nea
assume that the time scales for the electron and atomic mo- ta(Rij):ta(rO)(R_) ex;{n —(—) +(—) ]
tion can be separated. This assumption is justified by experi- ij Mea Fea
mental results on bulk-materials!? which indicate that the )
relaxation-time for the electrons is extremely sm@o fs
compared with the time scale for the motion of the atomswherea denotes the four tight-binding matrix elementsr,
Since we are interested in structural changes with time scalespo, ppo, andppm. r, determines the range of the inter-
that are larger than 10 fs, the even-if drastic assumption odction,n., the decay of the scaling forma.is the hopping
separated time scales should work reasonably. As a consexponent, and, the nearest-neighbor separation in the equi-
qguence of this separation of time scales we can study thiorium diamond structure of silicon. The repulsive potential
dynamics of the cluster in the adiabatic limit and consideris a sum of a functionaf of the repulsive pair potential
that electrons thermalize immediately after excitation. On¢(R;;) (Ref. 19

For the theoretical description of the
ultrashort-time dynamics of Stlusters we perform molecu-
lar dynamics(MD) simulations based on a tight-binding
Hamiltonian. The femtosecond pulse is described by a time




13424 K. ZICKFELD, M. E. GARCIA, AND K. H. BENNEMANN PRB 59

In order to illustrate the determination Af,,(t), we first
> (b(Rij)] consider a laser pulse modeled by a temporal delta function
! (laser pulse duratiom=0). In contrast to pulses with a finite
width, the positions of the ions now are fixed during the laser
excitation process. Since the energigsand the potential
Eep are functions of the atomic coordinatg$x(}) only, Eq.

Rij me rO me
-\w + P . (4 (8 reduces to

Erep=2i f

f(X)=C X+ Cox2+ C3x3+ C x4,

¢(RIJ):<|;_:) exp[m

B. Electronic energy

The total electronic energy of the Slusters for a given  \yhere the step functiof(t) arises from the time integration
electronic configuration described by the set of occupationgs the delta pulse.

{ny} of the tight-binding eigenstates is obtained by diagonal-  Now, we take form and duration of the laser pulse explic-

izing the tight-binding Hamiltonian and evaluating the ex- ity into account, by assuming that laser energy flows into the

pression system following a Gauss profile. Thus, the energy absorbed
by the electrons at timeis given by the integral

t —(t'—tg)%41In2
Aabs(t)zlof dt’ exg —————
0

T

Aabs(t>=2k[nk<Te|>—nk(Te|=0>]ska<t>, (9)

E({Rj})=; 2n (D Hrgl @)+ Erept EoNag.  (5)
, (10

The attractive term is a sum over the eigenvalgiesf filled
tight-binding Sta_teSEfeP the _potentlal energy dye to the wherer is the pulse duration. The intensity of the laser pulse
core-core repulsion, anyN,; is the energy oN,-isolated .
; . . 1qis related to the total absorbed enedyy,(t— =) by I
Si atoms. The factor 2 arises, because each state is occupiet
. . : . =4A p(t—)yIn 2/7/T.
by two electrons with opposite spin. The total electronic en- Si the at I d to displ ¢ thei .
ergy depends through the Hamiloniafy, and the energy | SInce the atoms are allowed to displace from their equi-
Erep ON the atomic coordinategR;}), thus providing the P 9 '
potential energy surface that determines the atomic motion. A b =E[Te/ IR ()} ] E(T¢=0t=0)
We assume that the cluster is initially in its ground-state, ~ ° et e
i.e., at zero temperature. The action of the laser pulse con-

sists in producing electron-hole excitations. In our model, the = ; N Ter AR (D} el {R (D} + Eref {Rj(1)}]
electronic system is always in equilibrium at the laser-
induced temperatur&,, i.e., the laser produces thermalized —E(Tg=0t=0), (11

electron-hole pairs. The occupation number of the tight-

o . . Nirac-dictrinntion Where E(Te=0t=0)=E[T,=0{R;(t=0)}] is the total
binding statesy is then given by a Fermi-Dirac-distribution energy of the electronic subsystem before the action of the

laser pulse, with initial condition$,(t=0)=0.
S — (6) For timest smaller than the duration of the pulse elec-
eflem 41 tronic temperature, chemical potential and occupation of the
electronic states have to be computed again at each timestep.
After irradiation we keep the electrons in their excited state
%nd continue the molecular-dynamics simulation in the mi-
crocanonical ensemble. Ondg(t) has been determined, it
is possible to calculate the concentration of excited electrons

N, ) (holes as

N(Te) =

where 8=1/kgT.;. The chemical potentigk can be deter-
mined by the constraint, that the number of electrons in th
system is constant

Nei= X efle—m 41 =4

To get a better comparison with experimental parameters, §=k>EkF Ni/Nei (12)
it is convenient to characterize the laser by the energy it
transfers to the electrons, which are assumed to be initially at
To=0. This energy is referred to as the total absorbed en-
ergy E.ps.X® The energy absorbed by the cluster until the In a Born-Oppenheimer molecular-dynamics like scheme

C. Short-time dynamics

time t can be written as the trajectoriedR;(t)} of the atoms are determined by the
potential energy surfadg[{R;(t)}] corresponding to the to-
Aap(t) =E[Te(1)]—E(T¢=0). (8 tal energy of the electronic system. The force acting on atom

E(T.=0) is the electronic ground-state-energy of the clus' ' thus given by

ter, i.e., the energy before the action of the laser puise ( Fi=—VRE([R})

—»). Given a fixed amount of energy that the system ab- ' Ri !

sorbs, we get the electronic temperatliggand the chemical

potentialx by solving simultaneously Eqé7) and(8). From =-Vg 2 20Dy Hrg| Py} + Erept EgNag |-

the definition of the total absorbed eneffgy,s and Eq.(8) it K

is clear thatE = A ;p(t— + ). (13
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FIG. 1. Ground-state geometries of, $h=3—8) calculated as
the global minima of the PEFEQ. (5)] at T;=0. The bond lengths @
are given in A . Note that these structures are in good agreement T=100fs  Egy = U eV

with ab initio calculations(Refs. 17 and 1Band experimental re-
sults (Ref. 19.

0.0 20
This equation can be further simplified by making use of the ime (ps)
Hellmann Feynman theorem FIG. 2. Time evolution of the kinetic energy of,Sluring and
after the action of laser pulse for increasing pulse enefgjgsand
o _ pulse durationg=0 andr=100 fs. For constark ,,the response
Fi=— 2 n(®|VrHrgl P~ VrErp. (14 abs

of the cluster shows a qualitatively different behavior for both pulse

. . durations.(a) The cluster oscillatesth) The cluster expandgc)
We treat the dynamics of the atoms classically and solve thgyetinglike behavior.(d) Expansion and oscillations around the

equations of motion by using the Verlet integrator. new equilibrium.

. RESULTS the action of the pulse is instantaneous=0). In the fol-
] ) ) _lowing we show, that the relaxation dynamics resulting from
We have studied the relaxation dynamics of laser excitegycitation by pulses with a finite width differs dramatically
Sip-clusters using the theory outlined in Sec. Il. The param+.om the behavior obtained assuming 0. Delta pulselike
eterization of the hopping integrals %nd the repulsive potenaycitations are simulated by determining the Fermi-Dirac
tial is taken from the work of Het al.™ The time step used istripution of the electrons at the laser induced temperature
for the molecular dynamics simulation wa$=0.05 fs. We  1_ and keeping the occupation of the tight-binding states
followed the time evolution of the clusters over a time inter- -onstant during the MD-simulation intervidee Eq.(11)].

val [0:tg] of 5 ps. The relaxation dynamics of Sfor a pulse durationr=0 and
absorbed energies of 4 and 14 eV is displayed in Fig. 2
A. Ground-state structures and Zc). After absorbing 4 eV, which corresponds to an

initial electronic temperature of 10200 K and an electron-

The ground-state geometries of the, Slusters G=2 . y
—8) were determined by simulated-annealing as follows!0le concentratio=10%, the system performs harmonic

Initially, the clusters were given random coordinates and veoScillations around the equilibrium structliéig. 2@)]. New
locities and then MD simulations were performed on thef€atures appear for larger absorbed energies. For instance, if
Eaps=14 eV (T=23000 K, {=20%), the cluster oscil-

ground-state potential energy surfd&ES given by Eq.(5) ) . i
at To=0. At fixed time intervals the cluster velocities were 12t€S harmonically during the first few hundreds of fs after

scaled to zero, removing the kinetic energy from the SyS.[enc?xcitation. Then, the oscillations become anharmonic and the
and forcing it to relax towards a minimum of the PES. ThisSYStém shows a melting like behavior after 900 2(c)].

procedure was repeated for several sets of initial coordinates O €xcitations with pulses of finite duration we use Eq.
and velocities, in order to find the global minimum of the 10- The fundamental difference to delta functionlike excita-
PES. The resulting ground-state configurations are illustrateions i that atoms move while the excitation process takes
in Fig. 1. Note that our calculated structures and their bondP!ace. Since in both cases investigated above, the kinetic

lengths are in good agreement with those proposed by Rag&n€"9Y increased strongly within 20 fs,. we expect a change
vachari et al” (all-electronab initio molecular-orbital ap- N the response of the clusters for durations larger than 20 fs.

proach and Fournieret al® (local-density approximation Figures Zb)_ and Zd) show th_e ti_me evolution of the kinetic
approach energy during and aft_er excitation by a 100 fs pulse for the
same absorbed energies as above. At a pulse energy of 4 eV,
the kinetic energy shows a sharp peak and then performs
small oscillations. The peak corresponds to a cluster expan-
In previous theoretical work$ about the laser-induced sion, as will be discussed below. By keeping the pulse dura-
phase transition in crystalline silicon, it was assumed, thation constant and increasing the pulse energy up to 14 eV the

B. Dynamics of Sj as a function of laser pulse duration
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each cluster size of a generalized “phase diagram,” where
the relaxation producté‘phases”) are plotted as a function
of pulse duration and absorbed energy. If the relaxation pro-
cess takes place in form of structural changissmeriza-
tion), then we consider the final state as belonging to the
“solid phase.” If meltinglike behavior occurs as a conse-
quence of the laser excitation, the final state is considered to
be in the “liquid phase.” Finally, if the relaxation process
leads to a fragmentation of the cluster, we consider the final
state as belonging to the fragment@rhsy “phase.” Since
we investigate systems under extreme nonequilibrium condi-
0.0 05 . 10 15 tions, the observed phases are not stationary but undergo an
AR=R-R (A) evolution in time. The Sicluster, for example, may for cer-
_ _ ) . tain laser parameters melt and at later time fragment. Thus,
FIG. 3. Potential energy of as a function of the changes in o \D-simulation interval plays a decisive role in the char-

the interatomic distanceAR) when the cluster is expandédon- 5 cterization of the points in the phase diagrams. We used a
tracted homogeneously and isotropically. The different curves refer,

) ; : N time interval[0:tg] of 5 ps. Test calculations for selected
to increasing concentration of electron-hole excitatignsduced -
o ; values of the laser parameters show that no dramatic energy
by the laser pulse. Arrows indicate the evolution of the system for. ~ ~~". = . - .
. : redistributions occur beyond this time. This means that after
different pulse durations. . S
5 ps a considerable thermalization of the cluster has taken
place and we expect the coexistence lines between the solid-
liquid and solid-gas phases to remain almost unchanged if
the simulation interval is increased. However, the liquid-gas
transition line should further depend ondue to the occur-
rence of statistical fragmentation.
For the set-up of the diagrams we have to define criteria

E, (eV)

main feature is conserved: the system expdnuwe than for
E.ps=4 eV) and performs small oscillations around the
new equilibrium structure.

In order to give an intuitive illustration of the results
shown in Fig. 2, we plot in Fig. 3 the potential energy of Si

\?vi:nfut?](:l?;?ug{etrh?scgingﬁéel(gcm?r;rc];i;jathooﬁr]r:% d;t:ﬁf suitable for classifying the cluster behavior and marking the
P 9 Y transition from one phase to another.

and isotropically. Increasing the concentration of electron- As described in Sec. 11l B the liquidiike phase is charac-

e o, o ne Polenlal ener0) rize by acontous change ofcuser geomety. A quan
9 that seems appropriate to describe this behavior is the

When the pulse energy flows into the system instantaneous : :
(7=0), the cluster is vertically excited from the ground state ean square bonding length fluctuation

(é€=0) to an excited PES and relaxes towgrds the minimum, 2 /—<ri2j>_<rij>2
corresponding to an isomer of the cluster in its excited state. 5= >
If the kinetic energy achieved by the cluster is lower then the N(N-1) (rij)

]
potential energy barrier, the cluster remains trapped in th . - i i i )
potential minimum and oscillates around the new geometryt) defines the mean value over a MD-simulation time inter-
Increasing the energy absorbed by the system, the gaine@®! [0:ts]- The dependence af on the absorbed energy is
kinetic energy may be large enough to overcome the poterillustrated in Fig. 4 for a delta pulser¢&0). The curve

tial barrier, permitting to the system to explore severalShows arapid increase afteg,=8 eV.We have observed
minima of the excited PES. This continuous isomerization ighat & good qualitative estimate of the solidlike to liquidlike
what we define as meltinglike behavior. When we again in{ransition can be obtained assuming the validity of the
crease the strength of the laser pulse, a considerable part indemann-criterioff for nonequilibrium dynamics. This

the electrons may be excited from the bonding to the antiMéans, that the system may be considered to be molten when
bonding states, leading to a repulsive PES and thus, to fragbe bondlength fluctuations exceed 15%. For a delta pulse
mentation of the cluster. 7=0) this occurs folE,p=13 eV. _

If the excitation pulse has a finite duration, the cluster is AS mentioned in Sec. Il B, for high energetic laser pulses
allowed to relax during the excitation process and thereforéh€ system fragments. We define the system as fragmented
an adiabatic transition becomes favored. The evolution of th&/hen at least one atom has left the cluster, i.e., when the
system along the potential energy curves is now indicated ifistance to the remaining atoms exceeds the cutoff radius of
Fig. 3 by .. As the laser energy flows into the system, thethe attractive potentialr¢=4.16 A), and the translational
cluster is transported from minimum to minimum of the PESKinetic energy of the leaving atom becomes time indepen-
corresponding to the respective degree of excitation. Sincéent. The fragmentation timeg,4 are determined as a func-
for increasingé the minimum is shifted towards larger dis- tion of the laser parameters.

tances between the atoms, this path results in an adiabatic USing the discussed criteria we are now able to character-
expansion of the cluster. ize the “phases” of the cluster dynamics resulting from ex-

citation by pulses of different energy and duration. For the
construction of the generalized phase diagrams we proceed
as follows. First, we determine the separation line between
The fact that Sj clusters show a different behavior when the fragmented and the nonfragmented phase by monitoring
varying the laser parameters suggests the construction féhe bond lengths. Then, and in order to distinguish between

C. Generalized phase diagrams



PRB 59 THEORETICAL STUDY OF THE LASER-INDUCED ... 13 427
0.50 T T — 1.0 T
| 0| =06 <=20fs
040 i l 3 ;%, 0.5
| uF 05 i ;
0.30 |- ! 1 b /
i 0'Oo ‘1‘0 40 0'00 = 55 56 = 7'5
w© l time (fs)
020 L | | . 0.06 . :
1 02 ©=50fs ©=100fs /
| 0.04 [
| s =
010 | ! 1 3 2
| £0.1 4 €
: 1 uF 0.02 ;
0006 50 100 150 200 00 ——2 : 1 000 ——== Ve
- . . . - 0 50 100 150 200 0 100 200 300 400
E,. (eV) time (fs) time (fs)

FIG. 4. Mean-square bonding length fluctuatiérof Si, as a
function of absorbed energy for a delta pulse=0). The curve
shows a rapid increase afté, ;=8 eV. The dashed line indicates
the value ofE,, from which the Lindemann criterion is fulfilled.

FIG. 6. Time evolution of the kinetic energy forsSisolid line)
upon excitation through the laser pul&ashed ling for pulse du-
rationst of 10, 20, 50, and 100 fs and an absorbed energy of 15 eV.
For very short pulses7=10,20 fs) there is a large relative delay
between the excitation and the response. For longer pulses (

liquidlike and solidlike,& was calculated as a function of the =50,100 fs) the delay between the two curves is relatively small.
laser parameters and separated into two regions correspond-

ing to 5<0.15 ands>0.15. The area lying between the line ynderstood with the help of Fig. 3. For long durations and
6=0.15 (Lindemann criterion and the line delimiting the |ow values of E,y the cluster evolves from minimum to
fragments characterizes the liquid phase. The remaining ar¢@inimum of the PES's along the path indicated By and
belongs to the solid phasg¢expansions and structural cannot hecome the kinetic energy needed to escape the po-

changeys

Figure 5 displays the “phase diagrams” for,3ind Si in
a range of very short pulse durations. Both diagrams sho
the same feature: a liquid phase is only observed for pulse.
durationst<<30 fs. For longer pulses, the transition occurs
directly from the solid to the fragmented phase. This can bé
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tential minimum. This results in an expansion of the cluster.
For a certain value dE,,sthe minimum in the PES is so flat,

“hat the the potential barrier can be easily overcome. This

Situation defines the onset of fragmentation. For higher ab-
orbed energies, fragmentation occurs.

To give further insight into the mechanism, which pre-
vents the cluster from melting at longer pulse durations, we
introduce the response timg,, of the cluster with respect
to the laser pulse. The response of the clusters to the excita-
tion manifests itself in an increase of the kinetic enetgy,
may thus be defined as the time delay between the maximum
of the laser pulse and the first increase in the kinetic energy.

In Fig. 6, we show the kinetic energy of the excited clus-
ter and the time development of the laser pulse as a function
of time for different pulse durations. For very short pulses
(7=10 fs),tespis large. Atoms begin to move when almost
the entire energy has flown into the system. This corresponds
to an almost vertical excitation from one PES to anotsee
Fig. 3. The achieved kinetic energy is large enough to in-
duce a meltinglike behavior. For increasing pulse duration,
the relative delay between the pulse and the kinetic energy
curve as well as the kinetic energy itself decrease. At a pulse
duration =100 fs, the overlap between the two curves is
complete, the achieved kinetic energy very small. No melt-
ing is observed, the cluster expands adiabatically. As shown
in Fig. 6, tesp=20 fs for Sk, independently of the pulse
duration. We may qualitatively state, that a meltinglike be-
havior will be observed, if the pulse duration is shorter or
comparable to the response time of the cluster.

FIG. 5. Generalized “phase diagramg8ee texk for the prod-
ucts of the laser excitatiosolidlike, liquidlike, and fragmented Figure 7 illustrates the generalized phase diagram fpr Si
clusters as a function of the pulse duration and absorbed energyfor pulse durations=50-350 fs and absorbed energies in
(a) and(b) refer to excitation of Siand Si, respectively. the range 12—30 eV. As discussed previously, the longer the
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FIG. 7. Generalized “phase diagram” of Sisee text for the Cluster size

products of the laser excitation as a function of the absorbed energy FIG. 8. Concentration of electron-hole paifge;;, which must

and pulse durations larger than 50 fs. A liquidlike phase is notpe excited to induce a transition to a liquidlike phase, as a function

observed for pulse durations in the range 50—-350 fs. of cluster size for a delta pulse€0) and a pulse of 10 fs duration.
The curves decrease with increasing cluster size and are shown to

laser pulse, the lower the kinetic energy achieved by th&€ lightly dependent on the pulse duration.

cluster and thus the higher the energy, which the cluster must
absorb to fragment. D. Laser-induced structural changes

At fixed pulse energies short pulses produce more frag- e now investigate whether stable structural changes,
mentation than long pulses. Such dependence of the frage  without subsequent melting or fragmentation, going be-
mentation beha_vlor on th_e pL_JIse dl_Jratlon has also been O%nd a simple expansion of the ground-state geometry may
served in experiments using intensive laser pulSes. be achieved by a suitable choice of the pulse parameters.

Notice, however, that the source of fragmentation in ourkjgyre 9 shows the stable relaxation products af iBithe
study and in the experiment are different. We describe fragfangeEabS=3—18 eV, r=100-900 fs. All the geometries
mentation due to the excitation of electrons into antibondingy¢ the excited cluster, which can be reached by means of
states, whereas in experiment fragmentation is due to mulygiapatic structural changes, are distorted and/or expanded

tiple ionization of the clustefCoulomb explosion forms of the ground-state trigonal bipyramid. The angle
Our estimated fragmentation times are smaller than 10 ps

and depend on the pulse duration and absorbed energy. For
fixed pulse durations the fragmentation times decrease with 0
increasing laser energy. A careful calculation of fragmenta-
tion times should involve a statistical averaging of the many 0
different initial conditions, i.e., finite initial temperatu(see
Refs. 21 and 22 for more detailSuch study is however, out ’
of the scope of this paper. °

For Si, Sk, Sig we observe a similar behavior to that
shown by Sj and Si: a liquid phase appears only for very 900
short laser pulses. For longer pulses the clusters expand or
undergo structural changes.

As is evidenced by the comparison of Fig&a)sand §b),
the absorbed energies for which the phase transitions take
place, are shifted towards larger values with increasing clus-
ter size. This is not surprising, since the total number of
electrons increases with cluster size and therefore the energy
needed to achieve the degree of excitation inducing the phase
transitions becomes larger. Note that the threshold absorbed
energies of the different clusters are dependent also on the
inter-level spacing near the Fermi energy.

Figure 8 illustrates as a function of cluster size the con-
centration of electron-hole paié,¢|; which must be excited
to induce a transition to a liquid phase. The curves decrease
with increasing cluster size, showing small odd-even oscilla-
tions. The bulk value lies around 8%The threshold values
Emerr @re shown to be dependent on laser pulse duration. This

may be understood by the observation, that the pulse dura- G, 9. The stable structures ofsSesulting from excitation by
tion prescribes the patlfrig. 3) on which the system evolves pyises in the rangg,,=3— 18 eV, r=100-900 fs are distorted
along the PES’s. Since the potential energy well correspondrigonal bipyramids. The angla characterizing the structures is
ing to the ground-state geometry is not necessarily symmeiHustrated in the upper part of the figure. The grey area corresponds
ric, different paths mean different potential energy barrierso a=120°. The white and the black area indicate the resulting
that have to be overcome. structures characterized fay=180° anda=72°, respectively.

pulse duration (fs)

6 8 10 12 14 16

absorbed energy (eV)

18
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. Our approach yields for the ground-state geometries of

7=T700fs Ezp=3 eV

the clusters SiSig energy gaps in the range 0.64 eV {)Sio

2.4 eV (S}, Sis). The bulk value is 1.17 eV. Two scenarios
may lead to a metallizatior(i) the clusters undergo a con-
tinuous isomerization, such that the effective energy gap is
given by the mean value over the isomers, (@), a stable

energy gap (eV)

R e structural change to a geometry with a comparable small

o energy gap occurs. Figure (H) displays the time evolution

wol ¥ of the energy gap of Sifor pulse parameters B¢,

120 =3 eV, =700 fs) leading to a stable isomerization.
Lo When, after 2.1 ps, the transition to the new geometry oc-

100 curs, the energy gap is strongly reduced. Note, that the tran-

00 sition is volume conserving.

ey R 20 When investigating structural changes involving a cluster

ime (ps]

expansion, a definition of the metallic character taking vol-
FIG. 10. (@) Time evolution of the energy gap of Sior laser ~ UMe into account, is needed. A suitable way may be the

parameters E,,.=3 eV, 7=700 fs) inducing a stable structural Ccalculation of the Kubo microscopic conductivity in the form

change. When the transition to the new isomer occurs, the gaproposed by Imry and Shiréh

decreases stronglyb) Relative Kubo conductivitys of Sis as a

function of time for the same pulse parameters as aboyés the 2e%h (ni=ny

conductivity of the cluster in the ground state. Since the isomeriza- 0= > 772 P i Pl ) % 3

tion is volume conserving, the decrease of the energy gap corre- Qm . o (Sj_gi) t7

sponds to a “true” increase in metallic character. (15)

g; is the energy anah; the occupation number of thgh

characterizing the structures in the diagram, is illustrated inight-binding sate(i|p,|j) the dipole matrix element in the
the upper part of the figure. The extended gray area corretirection,{) the cluster volume, anah the electronic mass;
sponds to the geometries that result by simply expanding theharacterizes the width of the energy levels, resulting from
ground-state structurea=120°). The white and the black the assumption for small systems of an inelastic lifetime of
areas indicate the structures characterized by an angfe  the electrons. We have use¢=0.05 eV. The time-
180° and 72°, respectively. Structural changes, which argependence af is shown in Fig. 10. Note that, although Eq.
volume conserving, occur fdE,,s=3 eV, 7=500-900 fs (15) is actually applicable to a system coupled to a reservoir
andE,ps=15 eV, 7=800-900 fs. The diagram shows, that and not to a free cluster, it yields a qualitative picture of the
at fixed absorbed energies the structural transitions are n@ime dependence of the electronic properties of the cluster
necessarily the same for different pulse durations. We havgfter excitation.
already discusse@Sec. Il B), that the duration of the exci-
tation prescribes the path along which the system evolves on
the PES. For different pulse durations, the cluster may thus
be trapped in different minima, corresponding to different In this paper, the laser induced ultrafast relaxation gf Si
isomers of the excited PES. Note that, since the transition telusters (=5—8) was studied, as a function of energy and
the new geometry is almost adiabatic, the resulting isomeduration of the laser pulse, by performing molecular-
does not necessarily correspond to the global minimum oflynamics simulations based on a tight-binding Hamiltonian.
the PES of the excited state. We have shown, that the duratianof the exciting pulse
plays an important role in the relaxation dynamics. By vary-
ing 7 it might be possible to control the relaxation path and
the relaxation products. We have obtained that excitation by
In the following we investigate, whether a transition to avery short pulses{<30 fs) may induce vibrations, melting
metalliclike phase, like the observed in bulk or fragmentation of the cluster for increasing intensities of
semiconductor3 may be induced also in small systems. Onethe laser pulse. On the other hand, longer pulses lead to an
could define as metallic the clusters that have a negligiblexpansion of the cluster structure and, at high intensities, to
energy gap between occupied and unoccupied states. Horagmentation, while no melting of the cluster is observed.
ever, since an expansion of the cluster structure always leads By analyzing the relaxation products after a reasonably
to a reduction of the interlevel spacing, this definition is suit-long simulation time as a function of th@xternal laser
able only for investigating transitions that are strictly volumeparameters we were able to determine generalized “phase
conserving. Furthermore, since in the excited state certaidiagrams” for the occurrence of solidlike, liquidlike, and
levels lying above the Fermi energy are occupied and fragmented clusters. The liquidlike phase appears only for
levels lying beloweg are empty, one could argue, that the very short pulses. By defining a response titng, of the
concept of energy gap between highest occupied and lowestuster with respect to the laser pulse, we observe, that for all
unoccupied levels makes no sense. However, we show imvestigated cluster sizes a liquidlike phase occurs if the
Fig. 10 that, in spite of this problem, the energy gap maypulse duration is shorter or comparabletfg,,. The thresh-
give, in certain cases, a good characterization of the metalliold energies for the phase transitions are shifted towards
state. larger values with increasing cluster size, while the number

IV. SUMMARY AND CONCLUSIONS

E. Laser-induced metallization
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of excited electron-hole pairs leading to meltigg,; is  produce multiple ionization of the clusters, and only ionized
shown to decrease, approximating the bulk val8@o). clusters are detected. In order to achieve a guantitative de-

For Si-Sig, longer pulses favor stable structural changesscription of the experimental results by Gerlatral 1° both
going beyond a simple expansion of the ground-state geonthe multiple ionization and the atomic motion have to be
etry. For certain values of and energy of the laser pulse taken into account. So far, there is no theory able to treat
isomers are produced, which show a small an incipient mecorrectly and on equal footing laser-induced multiple ioniza-
tallic character. tion and atomic motion in clusters.

Since the approach presented in this paper does not take
into account multiple ionization of the cluster, it should
break down for large absorbed energies. For low-absorbed
energies it yields a well-defined theoretical model for the We thank G. Gerber and collaborators for communicating
excitation, from which the time-dependent forces on the attheir results to us prior to publication. Useful discussions
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