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The method ofib initio molecular dynamics, based on finite-temperature density-functional theory, is used
to simulate laser heating of crystalline silicon. We found that a high concentration of excited electrons dra-
matically weakens the covalent bonding. As a result the system undergoes a melting transition to a metallic
state. We studied several structural, dynamical, electronic, and bonding properties of this phase of silicon. In
contrast to ordinary liquid silicon, this liquid is characterized by a high coordination number and a strong
reduction of covalent-bonding effects. However this phase is transient. In fact, by strongly reducing the level
of electronic excitation, liquid silicon reverts very rapidly to its usual properf®8163-1827)09631-9

I. INTRODUCTION served melting of silicon on a time scale of less than 1 ps
after a 90-fs pump pulse, as shown by optical reflectivity and
The processes that occur in a semiconductor under intens@cond-harmonic  generation.  Sokolowski-Tinten,  Bi-
laser irradiation have attracted considerable attention ovexlkowski, and von der Lindestudied laser-induced ultrafast
the years because of the relevant technological importancerder-disorder transitions in Si and GaAs by means of fem-
and theoretical interest of the laser-annealing effect. In ordetosecond time-resolved linear and nonlinear optical spectros-
to explain the observed phenomenology, contradictorycopy. Similar phase transformations, induced by strong fem-
explanation? were proposed. One of the first attempts totosecond laser pulses, were also obséhednSb. In spite
describe the microscopic mechanisms was the ‘“plasmaef this strong experimental evidence, a clear understanding
annealing” (PA) model? In this model it is suggested that a of the processes that take place is still lacking.
tetrahedral semiconducting material, subject to intense laser Reasonable estimafesuggest that the relaxation time for
irradiation, can be directly driven into a disordered state longhe electronsres~10"'*s, is much shorter than the electron-
before the system has time to become vibrationally excitedon relaxation timese~ 10 12 s. Therefore one can treat the
In fact, laser irradiation induces electronic transitions fromsubsystems of electrons and ions in a different way, by as-
the bonding to antibonding states, thus depleting the bonduming that, after irradiation and for times smaller than
charges. A high level of electronic excitation could severelythe electron subsystem remains in internal equilibrium at the
weaken the interatomic bonds, so that room-temperaturiitial laser-induced temperature, which is different from that
atomic motions can lead to the disordering of the lattice. Theof the ions. Instead the ions are allowed to evolve freely. In
alternative explanatidnwas that direct energy transfer be- order to describe this situation we used tlb-initio
tween the excited electrons and the ions leads to ordinargnolecular-dynamic§MD) simulation technique introduced
thermal melting(TM). by Alavi et al1° This method is based on finite-temperature
For laser pulses lasting 20 ps and longer, TM appears tdensity-functional theory(DFT), and incorporates self-
be?3 the dominant mechanism. However, for very short irra-consistently the effects of thermal electronic excitations and
diation times (100 f9, recent time-resolved experiments fractionally occupied states. Thus it is particularly suited to
strongly strengthened the PA model. In fact, with the use oflescribe the electronically hot subsystem. We find that, as a
ultrashort laser pulses, it is possible to excite the electronitesult of the large concentration of excited electrons, the ef-
states of a solid before appreciable energy is transferred f@ctive ion-ion interactions are changed. This leads to the
the lattice vibrational states. In particular, several grupsmelting of the crystal and to the formation of a liquid metal
observed laser-induced melting of a GaAs crystal under higlgl '-Si) with properties different from those of ordinary liquid
laser irradiation. Tom, Aumiller, and Brito-Cruizeported a  Si (I-Si). However, by reducing the electronic temperature to
loss of cubic order in crystalline Si only 150 fs after anthe average value of the ionic temperaturd 'e5i, the sys-
intense 100-fs optical pulse. Shank, Yen, and Hirlinfastm  tem is found to recover the usual behaviorl i in a very
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short time. A short preliminary version of our results waswhere f; are the Fermi-Dirac occupation numbers,
presented elsewheté. fi=(elEi~#/%eT+1)~1 and the ionic forces are calculated

The outline of the paper is as follows. In Sec. Il we using the Hellmann-Feynman theorem. The ionic degrees of
present our algorithm and provide computational details. Irfreedom were integrated using a time step of 25 a:t0.6
Sec. lIl the simulation of laser irradiation and the details offs). We are well aware that LDA underestimafethe energy
the observed melting process are described. Sec. IV contaiggp and that, furthermore, use of tliepoint only of the
the results of our study of structural, dynamical, electronicsupercell gives a poor representation of the density of states
and bonding properties of-Si. In Sec. V the effect of bond of the conduction band. However, the antibonding character
weakening, due to the presence of excited electrons, is illussf the conduction states is preserved and, at high levels of
trated by studying the equilibrium structure of three simpleexcitation, only the gross features of the conduction band are
molecules, namely, Silj Si,Hg, and Si. Finally, our con-  relevant, and these are well described by our approximation.
clusions are presented in Sec. VI.

Ill. SIMULATION OF LASER IRRADIATION
Il. METHOD AND TECHNICAL DETAILS AND MELTING PROCESS

Our ab initio MD simulation was performed at constant
volume, by assuming the experimental density of crystallin
Si at room temperature, namey=2.329 g cm 3 (Ref. 12.
We used norm-conserving pseudopotentiasith s nonlo-
cality only. Thel' point only was used to sample the Bril-
louin zone(BZ) of the MD supercell, containinl= 64 at-
oms with periodic boundary conditionéPBC’'s) of the
simple cubic type. The electronic orbitals were expanded
plane waves with a cutoff of 9.4 Ry.

Since we assumed that the electrons are in equilibrium
a temperaturd ;, their densityn(r) has to be computed by
minimizing the electronic free energy. Following Ref. 10,
we write

In the first part of the simulation the system was equili-
ebrated, for 0.3 ps, at a temperature of 300 K, the Si ions
being allowed to perform small oscillations around the sites
of a perfect diamond lattice. In this phase the electronic tem-
perature was kept equal to the average ionic temperature
(T4=300 K), that is, the electrons were assumed to be in
. thermal equilibrium with the ions. After that, the effect of
Maser irradiation was simulated by suddenly increadipgo
25 000 K. This electronic temperature corresponds to a typi-
aéal photon energy+2.15 e\ of the laser radiation pulses
used in experiments® After irradiation we kept the elec-
trons in this highly excited state, and we continued the MD
simulation in the microcanonical ensemble. In the first 0.1 ps
_ the silicon ions acquired a large amount of kinetic energy

F=Q+ uNe+ By, @ due to the fact that they were subject to interactions that were
where quite different from the ones operative Bt,=300 K. Then
the ionic temperature stabilized around a value-df700 K,
2 which is very close to the experimental melting point of Si
Q[n(r)]=— E|nde'(l+efﬁ(H7“))—J’ drn(r) (1680 K). In the following 0.3 ps we computed the averaged
values of several properties of the laser-heated system. The
d(r) 6Oy instantaneous values of the ionic temperafgg(t), the free
(T+5n—(r)) Qe 2 energy F(t), and the atomic mean-square displacement
R?(t), are shown in Fig. 1T,,,(t) is defined as
B= 1/(kBTe|) is the inverse electronic temperatuge,is the

N
. . . _ M
chemical potentialN, is the total number of valence elec Tior(t) = ENEE 2‘1 v,z(t), @)
e

trons, H=—3V?+V(r) is the one electron Hamiltonian
with the effective potential V(r)=2,Vq(r—R))+ ¢(r)

+ 8Q,./6n(r), ¢(r) is the Hartree potential of an electron
gas of densityn(r), Q,. the exchange-correlation energy in
the local-density approximatiofi. DA ), andE,, the classical 1 N

Coulomb energy of the ions. The functiorfdl is approxi- R2(t)= —E [R(t)— R|(0)]2, (5)
mated by itsT¢=0 expression, since its finite-temperature Ni=1

corrections are negligibté at the temperatures and the elec- whereR(t) denotes the coordinate of théh ion at timet.
tronic densities of our systenf. reproduces the exact finite- 1. remains stable for about 60 fs, after which it rises mono-
temperature density of the Mermin functiofdind was op-  tonically to reach an equilibrium value 6f1700 K. At this
timized for each ionic configuration using a self-consistentemperature the system behavior is highly diffusive. In fact

diagonalization methotf. In order to take the high level of R2(t) increases monotonically with an estimated diffusion
electronic excitation into account, we computed 300 singlegefficient ofD ~2.7x 10" 4 cm2 s~ L. a value comparable to

particle electronic states, that is, we included 172 extra statgfe resylt (2.%107% cm? s~ 1) obtained in theb initio MD

beyond the 128 needed for the calculation of the groundmyatiort” of I-Si. Several conclusions can be drawn from
state. The electronic density is expressed in terms of thg,e ghservation of Fig. 1. The system becomes disordered:

single-particle orbitals however the hypothesié®that this happens while the lattice
remains relatively cold can be rejected. Furthermore melting
n(r)=2 £y (D)2, 3) does notlplrgceed via a mech'an'lcal mstabll'lty_ due to phonon

. softening.~° In fact, after irradiation, the ionic instantaneous

wherekB is the Boltzmann constank] is the Si ion mass,
andv(t) the ionic velocity at timet, while R?(t) is given by
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FIG. 2. Pair correlation functiog(r). Full line: MD simulation
of 1'-Si, at Tg=25000 K; dotted line: continuation of the MD

‘3; 4.0 - simulation atT,=1700 K; dashed line: experimental res(Ref.
s 19) for |-Si; dot-dashed line: coordination numke¢r) of |’-Si.
[ i : . . : .
20 mann melting criterion, we believe that at this electronic
temperature one should also observe melting in a long
0.0 ‘ ‘ i i s it i
o 100 200 300 400 enough run. In simulations that use PBC'’s it is not infrequent

t (fs) to observe superheating of a perfect crystal. This is due to the
finite simulation time and the absence of nucleation centers
FIG. 1. Time dependence of the instantaneous values of thsuch as surfaces.
ionic temperatureT o (t), the free energyF(t), and the atomic
mean-square displacemeRri(t), after laser irradiation. IV. PROPERTIES OF LASER-HEATED SILICON

temperature initially decreases, and the free energy increases. A. Structural and dynamical properties

We estimated the effect of the distortions caused by The laser-induced change in the interatomic potential is
phonons, calculating the free-energy functional of @gifor  reflected in the form of the pair-correlation functiggr)
suitable, small atomic displacements from the equilibrium(Fig. 2 which, although somewhat noisy due to the short
positions of the perfect diamond lattice. According to ouryun, is clearly different from the same function bSi. In
calculation results, af =25 000 K, the phonon modes are particular there is a remarkable shift in the position of the
all positive, albeit somewhat softéof the order of 10% first peak which moves from thab initio MD value'”*° of
than in the equilibrium Tg=300 K) Si lattice. The same 2.4-2.5 Kexperimenta 2.40 A) for |-Si, to a larger value
result has also been obtained using a smaller simulation sigf ~2.7 A. Furthermore the first peak, In-Si, is substan-
percell, containing eight Si atoms, and a more thorough samally lowered and broadened. Due to an ill-defined minimum
pling (64 k points of the BZ. Melting therefore proceeds via after the first peak, it is difficult to define a coordination
a different mechanism. Laser irradiation changes the interaumber. We estimate it to be between 11 and 13, that is,
atomic potential rath_er abruptly. Thus the system finds itselfhuch larger than the valu@-7) of 1-Si and approaching the
in a metastable region of phase space. After about 60 fsigh coordination of simple liquid metals. Analysisee Fig.
under the action of the changed potential, it undergoes 8) of the distribution of the local coordinatidithe coordina-
collective transition to a different equilibrium state, which is tion shell being defined by,,= 4.0 A, that is, around the first
an interesting liquid form of siliconl(-Si), in order to lower  minimum of g(r)] indicates the presence of a broad distri-
its free energy. However this state of Siis only a transient. Irhytion of local coordination, dominated by the values 12 and
fact, when the electrons decay to their ground state and the3 However, bonding iV -Si is rather complex, as reflected

excess energy is diSSipated, Si will revert to its usual therby the asymmetry in the first peak and the presence of a
modynamic behavior. We explicitly checked this by continu-pronounced shoulder.

ing the MD simulation with a much lower electronic tem-
perature T¢=1700 K), approximately equal to the average 40
ionic temperature of the liquid phase. In a very short time, on
the order of 100 fs, the properties of the systeee Sec. IY

W
[=3
T

become very similar to those fSi, as observed in experi- 220 5;
ments andab initio simulations. =1 S
We also performed a simulation of the laser-irradiated or
silicon crystal in which the electronic temperature was equal 0 ‘ ‘ ‘ ‘ .
to Tg=15000 K (~1.29 eV\l. Under these conditions the ot 0 go(deg) 120 180

ions oscillated wildly around their equilibrium positions but

the system did not melt, at least on the time scale of the FIG. 3. Distributiond(N) of local coordinatior(left pane) and
simulation (~0.4 p3g. However, since the atomic mean- bond-angle distribution functiogs(6,r,,) (right panel for |’-Si.
square fluctuations were close to the critical value of Linde-The cutoff distance is equal 1g,=4.0 A.
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TABLE I. Si crystal in the diamond structure. Parameters of 1.0

Murnaghan’s equation of state, calculated at two different elec- .
tronic temperatures. The experimental values, in parentheses, were £
measuredsee Ref. 2lat 77 K. S 05 ;

N O 5
Tel VO/Vexpt P(Vexpt) (kbar) B0 (Mbar) B(’) :13:
300 K 0.96 -44.2 1.260.99 4.0(4.2 0.0 T e ==

0 100 200 0 50 100

25000 K 1.18 115.5 0.45 4.8 t{fs) Fo (meV)

FIG. 5. Dynamical properties. Left panel: velocity autocorrela-

In Fig. 2 we also report the pair-correlation function ob- tion functiopZ(t). Rig_ht panel: the co_rrespondin_g power spectrum
tained by continuing, for 200 fs, the MD simulation at the Z_(a)). FuII_Ilne: MD simulation ofl’-Si; dashed line: MD simula-
reduced electronic temperature Bf=1700 K, a value ap- ton of I-Si (Ref. 17.
proximately equal to the average ionic temperature reached
by the system after laser irradiation. In this case gffe)  tive B atV, can be obtained from the calculated free ener-
function was computed by averaging over the MD configu-giesF as a function of the volume. We comput&wf the Si
rations of the last 100 fs. Due to the limited number ofcrystal in the diamond structure for some atomic volumes, at
sampled ionic configurations there is a relevant noise in th& ;=300 K and atT,=25 000 K. Then we have fitted our
form of g(r), however it clearly resembles the experimentaldata to Murnaghan’s equation of stéte
pair-correlation function of-Si. Moreover the coordination
number is found to be 6-7, that is, just in the range of values
appropriate fot-Si. This means that thé-Si phase is only a V)= BoV
transient state. In fact, as a consequence of a sudden decrease B,
of the electronic excitation, the system returns very rapidly

to the usual behavior dFSi. At T,=300 K our fitted parameters are close enough to the

Additional information on the short-range order IfSi experimental values. Notice that our computed equilibrium
can be obtained from higher-order correlation functions, par(/orume is slightl sm.aller than the ex erimgntal oncé in such
ticularly by the bond-angle distribution functiogg(6,r ) gntly P ’

which measures triplet correlations. Heéeindicates the a way that alveyy the system has a negative pressure. This

angle between the two vectors that join a central particlécaCt IS In a%reement .W'th the results of prewoeml_s Initio
: . : calculationé® on semiconductors. The effect of increasing
with two neighbors at a distance smaller thap. Our

gs(6.r ), shown in Fig. 3, is rather broad with maxima Cen_the electronic temperature T,=25 000 K is quite_eviden_t.
tered 2t0~52° and 6~97°. It is similar to thegs(6.r ) In fact, atVe,,, the pressure of the system, with excited
function obtained in MD sirﬁulations 3£Si (Ref 137) rm electrons, is large and positive. This is due to the fact that, as

The effect of the high electronic excitation on the static® consequence of the weaker}mg Of. the c_oyalent bonds, _the
distance between nearest-neighboring Si ions tend to in-

structural properties of the Si crystal can be clearly under- i .
stood by inspection of Table | and Fig. 4. The equilibrium crease so that the system, in the diamond structure, would be

4 - in equilibrium at a volume significantly larger thary,.
volumeV, and the bulk moduluB, and its pressure deriva Interestingly, we found that, afe,y;, the fcc structure, which
is highly unfavored afl,=300 K, is instead significantly

lower in free energy 0.3 eV/atom than the diamond

(Vo/V)Bo
By—1

+1|+const. (6)

807 | 25000K | structure as the electronic temperature is raised to
To=25 000 K. Of course this behavior is in agreement with
_8.08 - / our previous analysis of the pair-correlation function, and

confirms that the laser-heated system tends to transform to a

£ 809 | v more closed-packed structure.
g The dynamical properties ¢f -Si are also modified with
& ‘ respect to those dfSi. As inl-Si (Ref. 19, our computed
o787 | 300 K 1 velocity autocorrelation functiofFig. 5)
(V(0)v(1))
-7.88 1 Z(t)= ———r 7
\/ V=owmo) "
-7.89 : is always positive, leading to the high value of the diffusion
08 10 ViVero: 12 14 coefficient. However, the decay to zero of di(t) appears
exp

to be slower than ih-Si. Obviously the opposite behavior is
FIG. 4. Si crystal in the diamond structure. Free-energy curve&Xhibited by the spectral densi#(w), obtained by taking

as a function of the atomic volunteormalized toVe,), computed the_ Fourier transform ofZ(t). Nonetheless, as found in

by fitting the Murnaghan’s equation of state, Taf=300 K (lower  |-Si, ourZ(w) has a pronounced shoulder at the frequency of

pane) and T,=25 000 K (upper panel ~25 meV (Ref. 24.
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B. Electronic properties

The metallic character df -Si is evident from looking at
the electronic density of stated(E) and the frequency-
dependent electrical conductivity(w). These quantities,

which are shown in Fig. 2 of Ref. 11, appear to be very

similar to those ot -Si (Ref. 17.

N(E), which was calculated by averaging over 20 uncor-
related ionic configurations, displays a metallic character, as ‘ : ' ‘

shown by the absence of a gap at the Fermi level. \XOi)

appears somewhat ragged due to the shortness of the run, the

limited energy resolution, and the use of thepoint only
sampling of the BZ. In spite of these limitations(E) is

rather free-electron-like. We expect that these general fea-

tures will not change with a more thorouggkpoint sampling

and with a much longer run, the main effect of which should

be simply to produce a smoother cuf/é&>

o(w) was computed by averaging, again over 20 uncor-

related ionic configurations, the result of the Kubo-
Greenwood formuf®

27e? 1 .
o(w,Rl)zsr:zw v (= flwlblul?
X 8(E;—Ei~fiw), (8)

wheree andm are the electronic charge and magg,is the
simulation box volumep is the momentum operator, ang
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FIG. 6. Electron-ion pair-correlation functiorgg,; in the dia-
mond lattice configuration. Upper pang.(25 000K) (full line),
06i(300K) (dashed ling ge produced by the superposition of

atomic charge densities (dotted ling. Lower panel:
it = Jei( 25 000K)— gei( 300K).

C. Bonding properties
In order to clarify the effect of the high electronic tem-

andE;, are the electronic DFT eigenstates and eigenvalueqerature, we considered a fixed ionic configuration, with the

calculated for the ionic configuratidik, }. Use of the Kubo-
Greenwood formula in the present metastable situa(tiarn
electrons, cold ionsis justified due to the assumption
Tee< 7. By extrapolatingo(w) to zero frequency, we ob-
tained a dc electrical conductivityy~17.5<10° Q!
cm™ 1, that is the same value calculated in the simuldfior
[-Si, and close enough to the experimental
(12.4<10° O~ * cm™ 1) measuredf in I-Si. As inl-Si (Refs.
17 and 28, our computedr(w) shows a Drude-like behav-
ior. By fitting a Drude curve

a(0)

olo)= 172

9

to our data in the rang€l.2—3.1 eV of the photon energies
investigated experimentally iRSi, we estimate a relaxation
time 7~ 1=2.15 eV. This value is comparable to the relax-
ation time measured experimentafly( 7 *=2.99 eV}, and
computed by simulatidf (7~ 1=2.93 eV} in |-Si.

ions located at the equilibrium positions of the perfect dia-
mond lattice, and computed the different electronic charge
distributions obtained by minimizings at different elec-
tronic temperatures. Figure 5 of Ref. 11 shows contour plots
of An(r), defined as the difference between the charge den-
sity computed atT,=25000 K and that computed at

valueT ;=300 K. It is evident that, af ;=25 000 K, a significant

amount of electronic charge, which can be estimated of the
order of 0.1 electrons per atom, is removed from the covalent
bond.

As in Ref. 29 we computed the electron-ion pair-
correlation functiong,;, which describes the correlation be-
tween the local density of the electrons and the local density
of the ions, according to

-

477r2n0N| -1

Q1) = fdr'n(r')aur'—Rll—r), (11

wheren, is the averaged density of electrons. In our simu-

The average concentration of photoexcited electron-holgations we only considered interactions between the valence

pairs ng,, at T¢=25000 K can be readily estimated by
means of the Fermi-Dirac occupation numbers. In fact,

> (),

>Ng/2

I’]eh:\/_b : (10

electrons and the $i ions, thereforen(r) is the pseudoch-
arge instead of the real charge density. As a consequence, the
actual shape of the electronic charge density at the atomic
cores cannot be accurately given by our calculation. This
inaccuracy, however, concerns a small region around the
atomic nuclei and has no effect on the charge density at

where brackets indicate an average performed over the Miarger distances, namely, in the region interesting for cohe-
configurations. We obtaing,= 3.4X 10?2 cm~3, correspond-  sive properties. In Fig. 6 we report the; functions obtained,
ing to a fraction of about 17% of the total number of valenceat T,=300 K and atT,=25 000 K, again with the ions
electrons. This value is in reasonable agreement with experlocated in the diamond lattice. Although the spherical aver-
mental estimatésbased on the density of absorbed opticalage implicit in the calculation of; does not allow it to give
energy. a precise description in terms of directional bonds, the clear
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TABLE 1. Bond lengthsd (in A) at two different electronic

temperatures.
- Si, SiH, Si,Hg
3 d(Si-S)  d(Si-H)  d(Si-Si)  d(Si-H)
25000 K broken 1.68 broken 1.73
300 K 2.24 1.53 2.35 1.54
’ ‘ Other simulations 220 1.52°
0.05 | Experiment 2.24 1.48¢ 2.33¢ 1.49¢
S 0.00 4Reference 31.
s PReference 32.
—0.05 ZReference 33.
Reference 34.
_0.10 I : : ‘ . - - - . B
0 1 2 &) 3 4 5 sufficiently large to make dispersion effects and interactions
r

between different images of the molecules negligible. The
FIG. 7. Electron-ion pair correlation functioms; obtained by ~ €IECtron-ion interactions Wereﬁamo_deled using a standard
averaging over many ionic configurations of the MD simulation, NOfm-conserving pseudopotenttalwith s nonlocality, for

Upper panel:g(25 000K) (full line), ge(1700K) (dashed ling  Si, and a local norm-conserving pseudopoteffidr H. A
Lower panel:ggi= gei(25 000K)— gei(1700K). standard steepest-descent method was used to minimize the

free-energy functionalF and to determine the equilibrium
structures of the molecules.

In Table Il we report the equilibrium bond lengths, com-
puted atT,=300 K andT,=25 000 K, together with the
results obtained by otheb initio simulations performed as-

difference between thge's computed at different electronic syming zero electronic temperature, and with the corre-
temperatures is evident. In the same figure we also plot theponding experimental data. Our resultsTat= 300 K, are
gei(r) function corresponding to a superposition of atomicvery close to the values computed in previous simulations
charge densities. As can be seen,dghér) atTo=25000 K and in experiments; however, increasing the electronic tem-
appears to be intermediate between the same function gerature toT,=25 000 K, the molecular structure dramati-
T=300 K and theg.j(r) produced by the superposition of cally changes. In fact, in Siithe presence of the excited
atomic charge densities. The analysigigfi=g.; (25 000 K  electrons makes the Si-H bond length significantly 10 %)
—Jei (300 K) is particularly illuminating. In fact a strong longer. In SpH ¢ the Si-H bond length is also increased con-
depletion of electronic charge, at a distance-df.2 A from  siderably (- 12 %), while the Si-Si bond is completely bro-
each Si ion, is evident. Since 1.2 A is just equal to half theken. The same is true for the Sinolecule, which is unstable
covalent bond length in crystalline Si, this means that in theat T,=25 000 K.
electronically excited system the strength of the covalent
bond is severely reduced. _ VI. CONCLUSIONS
In Fig. 7 we plotg,(r), obtained by averaging over many
ionic configurations of our MD simulation with excited elec-  In conclusion, we have presented the results ofaan
trons (T¢=25 000 K), together with the same function cal- initio MD simulation of laser-heated Si. Admittedly, our
culated by continuing the simulation @,=1700 K. The simulation is a rather simplified modeling of the experi-
behavior is similar to that observed in the previous analysignents. However we think that it captures the essential fea-
of the diamond lattice configuration. In fact, the curve rep-tures of the phenomenon. Basically, the presence of a large
resenting the difference between the two pair-correlatioreoncentration of excited electrons weakens the covalent
functions clearly indicates that the high level of electronicbonds of the crystal and changes the interatomic forces, so
excitation characteristic df -Si considerably reduces the ef- that under the action of this modified interaction the system
fects of the covalent bonds which are still effectivd i6i17  melts. In some sense our picture of the melting process is
intermediate between the PA and TM models. As in PA,
melting is triggered by a weakening of the covalent bonds,
V. BOND WEAKENING IN MOLECULES however the temperature of the ions is increased as in TM,
albeit via a mechanism rather different from that of a direct
To give further support to the concept of weakening of thetransfer of energy from electrons to ions.
covalent bond, due to the presence of excited electrons, we A detailed study of structural, dynamical, electronic, and
also determined the effect of the high electronic excitatiorbonding properties showed that the liquid, obtained by laser
(T¢=25000 K on the equilibrium structure of three simple heating Si, has properties remarkably different from those of
molecules, namely Siil (silang, Si,Hg (disilang, and [-Si. In particular it is characterized by a high coordination
Si,. The electronic orbitals were expanded in plane wavesiumber and a severe reduction of covalent bonding effects.
with an energy cutoff of 14 Ry for Sikl and of 10 Ry for However, this state of Si is only a transient phase, character-
Si,Hg and Si. The size of the supercell was chosen to beistic of the high level of electronic excitation reached by
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