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We extend our previous analysis of the ultrafast laser-induced instability of the diamond structure of
semiconductors by including longitudinal optical-phonon distortions in addition to the instability of the
transverse acoustic phonons. Generally, longitudinal optical distortions enhance the instability of the
transverse acoustic phonons, increasing the kinetic energy of the atoms and the final lattice temperature.
These phonons make a transition to a centrosymmetric structure of GaAs with metallic properties possi-
ble. We present results for the time dependence of the instability of Si for the case where 15% of the
valence electrons have been excited into the conduction band. Thus, already 100 fsec after the excitation
of the plasma the atoms are displaced about 1 A from their equilibrium position and their kinetic energy
has increased to approximately 0.4 eV. Collisions between the atoms then lead to a rapid melting of the
crystal. These results are in good agreement with recent experiments performed on Si and GaAs.

1. INTRODUCTION

In our previous work! ~> we have shown that a very
dense electron-hole plasma results in an instability of the
transverse acoustic phonons of the diamond structure of
Si and related semiconductors (GaAs). This is in good
agreement with a series of experiments,* '° which
showed that the diamond structure of Si and GaAs be-
comes disordered and melts within a few hundred fem-
toseconds after excitation of a dense electron-hole plasma
by a strong pump laser pulse. The observed threshold in
the laser intensity® is also obtained in our theory.

The main cause for the instability of the transverse
acoustic phonons' is a repulsive interaction between the
atoms, which arises in the presence of the electron-hole
plasma. Thus we expect that longitudinal optical-
phonon-like distortions should be included in our theory
because they result in an additional increase in the aver-
age distance between the atoms (see Fig. 1). Actually, a
recent experiment performed by Govorkov et al.>$ on
GaAs supports strongly this idea. They used a short
pump laser pulse to excite a dense electron-hole plasma
and a second probe laser to observe the resulting changes
in the atomic structure. Time-resolved measurements of
the second-harmonic generation and of the linear
reflection at both the basic frequency » and at the second
harmonic 2o have been made. From the linear reflection
they obtained the corresponding time-dependent linear
susceptibilities x,(w)=[e(w)—1]/47 and x,(20). Thus
they could estimate the laser-induced time-dependent
changes in the second-order susceptibility y, from the ob-
served changes in the generated second-harmonic signal.
At sufficiently high pump laser intensities the second-
harmonic signal vanished within 200 fsec in the experi-
ment,® which could not be explained by the time-
dependent changes of the linear susceptibilities ,(w) and
X1(2w) alone. In fact, they had to assume that
X>(2w;w,®) vanished within less than 200 fsec after the
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pump laser pulse in order to obtain a good agreement
with their measurements. Note that )y, depends very sen-
sitively on the atomic structure and its symmetry. Using
the dipole approximation one has y,=0 for the bulk of
centrosymmetric materials because of the odd parity of
the electric field. The diamond structure of Si has an in-
version symmetry with its center in the middle of a
tetrahedral bond. This symmetry is destroyed in the
zinc-blende structure of GaAs because of the different
valence of Ga and As. Thus GaAs is not centrosym-
metric and y,70 before the onset of the laser pulse. On

FIG. 1. Illustration of the atomic structure: (a) The ideal dia-
mond structure, where the arrows show the transverse acoustic
distortion 3,. (b) An intermediate structure resulting from the
transverse acoustic distortion. Here the arrows show the longi-
tudinal optical distortion §;. (c) A new structure resulting from
the combination of both distortions, which contains fragments
of a simple cubic structure (shown in thick lines).
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the other hand, according to the experiment® y, vanished
within 200 fsec after the excitation of the electron-hole
plasma, which implies that GaAs has become centrosym-
metric. This can be achieved if the crystalline structure
of GaAs makes a transformation to a new centrosym-
metric configuration. Presumably, the atomic sites are
then the centers of the new inversion symmetry, which
requires that the distances between neighboring atomic
planes (see Fig. 1) all become equal. Note that this is in
strong contrast to the zinc-blende structure, where the
distances between planes have a ratio of 1:3 because of
tetrahedral bonding [Fig. 1(a)]. Thus a transition to a
centrosymmetric structure has to involve longitudinal op-
tical phonons at the I point, which change the relative
distances between these planes [Figs. 1(b) and 1(c)]. This
reasoning strongly suggests considering longitudinal opti-
cal phonons in a theory of the laser-induced instability of
the atomic structure of Si and GaAs. Further, one ex-
pects that the gap between the valence band and the con-
duction band vanishes for the new highly coordinated
centrosymmetric structure, resulting in metallic proper-
ties in good agreement with recent time-resolved experi-
ments.” These experiments also rule out the possibility
that GaAs merely becomes amorphous (thus Y,=0)
without losing its tetrahedral bonding structure, because
this would still give a nonvanishing gap and semiconduct-
ing properties.

Note that a phenomenological bond-charge mode
has been used earlier by other authors*~!> to estimate
the effect of an electron-hole plasma on the equilibrium
melting temperature of Si. However, the bond-charge
model does not include the repulsive force due to a laser-
induced electron-hole plasma. Thus one would not ob-
tain longitudinal optical distortions from such a theory
and the instability of the transverse acoustic phonon
would be underestimated. From this we conclude that
we need an electronic theory to examine the ultrafast
laser-induced instability of the diamond or zinc-blende
structure of semiconductors.

In the present paper we discuss in detail the role of the
longitudinal optical-phonon distortions for the laser-
induced instability of the diamond structure. Anharmon-
ic interactions with the transverse acoustic phonons
strongly enhance the effective instability of the diamond
structure in comparison to previous work® that did not
include the longitudinal optical phonon. We point out
that the present model is closely related to well-known
mechanical properties of the diamond structure. At high
hydrostatic pressure the diamond structure becomes un-
stable with respect to the B-tin structure. This phase
transition is essentially a shear distortion of the crystal
(being equivalent to a transverse acoustic phonon with
wave vector k=0), which suggests that the laser-induced
electron-hole plasma similarly induces an instability of
transverse acoustic phonons. Further, shear distortions
related to the c4, shear constant involve additional atom-
ic displacements, as first discussed by Kleinman. !¢ These
displacements actually correspond to the longitudinal
optical-phonon distortions, which are considered here.
In Sec. II we present the extension of our previous theory
and a detailed discussion of the physical nature of the in-
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stability. Results are given in Sec. III and Sec. IV gives a
short summary.

II. THEORY

First, we analyze the distortions caused by phonons
and then we examine the effect of the electron-hole plas-
ma on the cohesive energy. Finally, we discuss the effect
of the plasma on the phonon frequencies and the dynam-
ics of the instability.

A. Phonon distortions of the diamond lattice

As discussed previously! ~® the diamond structure be-
comes unstable against shear distortions in the presence
of a sufficiently dense electron-hole plasma. The resulting
time-dependent average displacement of the atoms is well
approximated by considering a single zone boundary pho-
non,’ which represents the most rapid shear distortions.
Thus we obtain the dynamics of the instability from the
phonon at the L point. Note that this phonon is easier to
treat than other phonons because the atomic displace-
ments can be directly obtained from the symmetries of
the crystal structure (see Fig. 1).

The wave vector at the L point is k; =7ay '(1,1,1)/3,
where a is the lattice constant of the fcc unit cell of the
diamond structure. The scalar product s =k; R, deter-
mines the displacement of the atom from its equilibrium
position Ry=(R,q, R, R,o). Choosing an appropriate
origin it is either s=nw or s =(n +1/4)m, where n is an
integer. Accordingly, the displacement of an atom due to
this transverse acoustic phonon is either AR=+38,e, for
even n or AR=—3,e, for odd n. Here §, is the ampli-
tude of the phonon. We use e,=—‘6_(1/2’(1,1,-—2) as the
transverse polarization vector instead of the other polar-
ization € =2""1/2(1,—1,0) because it results in larger
average distances between the atoms. In addition we now
also consider the longitudinal optical phonon at the I'
point (see Fig. 1), which has an important anharmonic in-
teraction with the transverse acoustic phonon in the pres-
ence of the electron-hole plasma. Note the similarity to
the harmonic coupling between shear distortions and the
longitudinal optical phonon. This coupling causes Klein-
mans internal displacement,'®!” which becomes impor-
tant in calculations of the c,, elastic shear constant.
However, because of the different symmetry, there is only
an anharmonic interaction between the transverse acous-
tic phonon and the longitudinal optical phonon. The
atomic displacements due to the longitudinal optical pho-
nons are also easily determined from the symmetry of the
crystal structure. They are AR= —3§,e; for s=nw and
AR=+38,e, for s=(n+1/4)m, where ¢, =3~/2)(1,1,1)
is the longitudinal polarization vector. A positive ampli-
tude §,; then increases the distance between those atomic
planes of constant s, which are close to each other (see
Fig. 1, As=17/4), and decreases the distance between
atomic planes, which are separated by a larger distance
(As=3m/4). Note that §,=3'2a,/24 results in equal
distances between adjacent planes. The combination with
transverse acoustic phonons then describes a transition
from the diamond structure to a new sixfold coordinated
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structure, which contains fragments of the simple cubic
structure [Fig. 1(c)].

B. Cohesive energy

We now calculate the cohesive energy per atom
E,(5,,6;) as a function of the phonon amplitudes §, and
6;. Note that the cohesive energy depends on the density
& of the electron-hole plasma. For convenience, we con-
sider here the cohesive energy E, per atom in contrast to
our previous work, '3 where we have used the cohesive
energy per tetrahedral bond. This causes differences by a
factor of 2 because there are two tetrahedral bonds per
atom.

We use Harrisons tight-binding theory'® for the
cohesive energy per atom, which has previously been dis-
cussed in more detail. '3 It has two contributions,

E,=E,+E, , (1)

where E, <0 is an attractive energy due to covalent bond
formation and E, >0 is a repulsive energy. The attractive
energy E, is determined by the electronic density of
states p(€) of the conduction and valence bands and the
occupation numbers f(g). Time-resolved measurements
of luminescence spectra of laser-excited GaAs (Refs. 19
and 20) showed that a dense electron electron-hole plas-
ma thermalizes mainly due to electron-electron scatter-
ing. The relaxation time decreases strongly for increasing
excitation densities. For an excitation density of 4 X 10'*
cm ™3 the relaxation time?® was about 15 psec and for a
density of 7X 10'7 cm ™3 a relaxation time of less than 100
fsec had been observed.!® Here we consider even higher
excitation densities of the order of 2X 10*2 cm ™3, which
is achieved if 10% of the valence electrons are excited
into the conduction band. This very dense electron-hole
plasma thermalizes very rapidly on a time scale of less
than 10 fsec, which is much faster than the movement of
the atoms (time scale of 100 fsec). Note that this is in
good agreement with previous experiments.?! ~2* Thus
the electron gas always has a well-defined temperature 7,
and we can use the Fermi-Dirac distribution
f(e,T,)={1+exp[(e—u)/k,T,]} ! for the electronic
occupation numbers. Then the attractive energy is

E.= [ef(e,T,)ple)de , %)

where the chemical potential u(T,) results from the equa-
tion [ f(e,T,)p(e)=4 because there are four valence
electrons per atom. Time-resolved Raman scattering
measurements?> done after pump-laser excitation of
GaAs have shown that heat exchange between the elec-
trons and the lattice is relatively slow and occurs on a
time scale of several picoseconds. Thus we can neglect
heat exchange during the lattice instability. Then the en-
tropy S, of the electron-hole plasma remains constant
(8Q =T dS,=0) and is the important control parameter
related to the instability of the lattice. This uniquely
determines the temperature 7, of the electron gas
through the nonlinear equation
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ST, )=~k [~ “deple){f(e,T,)Inf(e,T,)
+[1=f(e,T,)]
XIn[1—f(g,T,)1}
=const. (3)

The electronic density of states p(e) of the valence and
the conduction bands is determined by a tight-binding
Hamiltonian,!®* which depends on the position
R(5,,8;)=R,15,e,18;¢; of the atoms and thus on the
phonon amplitudes 8, and 8,. As in our previous work>
we use periodic boundary conditions and a cubic super-
cell containing 64 atoms to diagonalize the Hamiltonian.
The electronic density of states p(€) is represented by one
special k point,?® which corresponds to using eight ine-
quivalent points in the first Brillouin zone of the usual
fcc-lattice representation of the diamond lattice. Similar-
ly as E_, we obtain the fraction £ of electrons, which have
been excited from the valence band into the conduction
band, from

e=1 [ plei—fie,T)de )
4 v’ T ’
where the integral runs only over the valence band (VB)
and counts the number of holes.

The repulsive energy E, in Eq. (1) arises because of the
density-dependent kinetic energy E,; of the elec-
trons.'®?" For a free-electron gas the kinetic energy in-
creases for an increasing density 7 as E,;, <n>’ because
of the Pauli exclusion principle. From this we conclude
qualitatively that the most important contribution to the
repulsive energy E,= [8E,;[n(r)]d’r < [[n(r)]*d?r
comes from the region near the atoms, where the electron
density n(r) is highest. Thus E, is approximately in-
dependent of the number of electron-hole excitations,
which have only an important effect on the electron den-
sity in the bonding regions far away from the atoms.
Further, we note hat the total electron density of an sp>
hybridized atom is spherically symmetric and that E,
thus does not depend on bond angles.?” For this reason
we use the simple parameterized form

E,.(d)=A,exp[— A,(d—d,)], (5)

which depends only on the bond length d. The parame-
ters 4, and 4, have to be determined to give the correct
equilibrium bond length d, and bulk modulus B at
T,=0. Note that this theory is equivalent to the Born-
Oppenheimer approximation in the absence of laser exci-
tations (T, =S, =£=0).

We now use a phenomenological force-field model of
the bonding properties of semiconductors®!® to analyze
the numerical results of Egs. (1)-(5) for the cohesive en-
ergy. The total energy consists of two parts. The first
part determines the bond lengths. The second part de-
pends on bond angles and makes the diamond structure
stable against transitions to more compact metallic struc-
tures, such as the B-tin structure. Based on this model we
obtain the cohesive energy per atom in terms of powers of
the phonon amplitudes §, and §,. The geometry of the
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tetrahedral bonds in the diamond structure and the trans-
verse acoustic- and longitudinal optical-phonon distor-
tions as presented in Sec. II A result in

(02 wz
E,(8,,8,)= ";M[l—a(Se)]Sf-l——l’;ﬂS%
b(S,)
+¢,8%+c,8¢— 828, , (6)

2

where M is the mass of an atom. Without an electron-
hole plasma (density £=0 and entropy S,=0) we have
a(0)=b(0)=0. The diamond lattice is then a stable
minimum of the cohesive energy [Eq. (6)] and o,, and
o) o are the frequencies of the transverse acoustic and lon-
gitudinal optical phonons. The coefficients a(S,) and
b(S,) increase with an increasing plasma density £ and
entropy S,(§). Thus the frequency of the transverse
acoustic phonon decreases as w,(S,)=[1—a(S,)]"%w,,
until the phonon becomes soft for a(S,)=1. For larger
densities of the electron hole plasma the transverse acous-
tic phonon becomes instable, [w,(S,)]*<0, and the
fourth-order term c, 8} defines a new equilibrium position
(cy=const>0 and c,=const>0). The anharmonic in-
teraction term —b(S,)828,/2 then leads to additional
longitudinal optical distortions. Thus the equilibrium
value for the amplitude of the longitudinal optical pho-
non shifts towards positive values §, >0, which evens out
the distances between the atomic planes (see Fig. 1).
Note that the frequency of the longitudinal optical pho-
non remains nearly unaffected, w;(S,)=w,.

The instability of the diamond structure in the pres-
ence of a dense electron-hole plasma has a simple physi-
cal interpretation, ! which follows from Eq. (6) in the con-
text of Egs. (1)-(5) of our electronic theory for the
cohesive energy. Note that in the absence of an
electron-hole plasma (§=7T,=0) there is a strong attrac-
tive covalent bonding force due to E, [see Eq. (2),
S8E.>>0 upon an increase 8d >0 of the bond lengths].
This force is then compensated in the total binding ener-
gy E, [Eq. (1)] by the repulsive force due to E, [see Eq.
(5), the parameters A, and A, are adjusted to give
8E,=—08E.<<0 and thus 8E,=0 for d=d, and
£=T,=0]. Obviously, this is required for the equilibri-
um of the diamond structure. However, the attractive
covalent bonding forces are strongly affected by a laser-
induced electron-hole plasma, because a significant frac-
tion & of the electrons is promoted from bonding (VB)
states into antibonding conduction-band (CB) states. In a
simple bond-orbital picture these attractive forces vanish
if bonding and antibonding orbitals are equally occupied
[corresponding to f(£)=0.5 and thus £=0.5] because
the respective attractive (bonding, deyg > 0) and repulsive
(antibonding, 8ecg <0) parts of the integrand in Eq. (2)
then cancel, such that now 8E,.=0. On the other hand,
the electron-hole plasma has only a small influence on the
repulsive energy E, [see Eq. (5)]. Thus a net repulsive
force! arises between the atoms after the excitation of the
electron-hole plasma [see Eq. (1) for the total cohesive en-
ergy] because of the decrease in the attractive bonding
forces 8E, (from the arguments above it follows that
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roughly 8E, =2£8E,). The increase in the bond lengths
for large phonon amplitudes 8, and &, (see Fig. 1) then
leads to the negative energy terms [—a)ioMa(Se )82 /2]
and [—b(S,)828,/2] in Eq. (6). The diamond (zinc-
blende) lattice finally becomes unstable against transverse
acoustic displacements §, for sufficiently dense electron
hole plasmas as approximately a(S,) x£.

It should be noted that the phenomenological bond-
charge model'""!? does not include the repulsive forces of
a laser-induced electron-hole plasma. In this model a
weakening of the transverse acoustic phonons only re-
sults from a less important decrease of the effective force
constant against bond angle distortions. Thus
theories' !> based on the bond-charge model would
strongly underestimate the ultrafast laser-induced insta-
bility of the diamond structure.

The numerical results for the cohesive energy [Egs.
(1)=(5)] will now be used to obtain the dynamics of the
lattice distortions.

C. Dynamics of the instability

The frequency of the phonons is obtained from the
cohesive energy as

w}=M ~'(3?/38})E,(5,,8,) , @

where i =(¢,/) and M is the mass of an atom. Without
electron-hole plasma (§=0) the phonons are stable
(wf,o >0) and perform  harmonic  oscillations
8,(1)=29; ocos(w; ot +@;), where the phase ¢, is free. The
amplitudes §;, are estimated from the equipartition
theorem as

8202k, TM 'w;f, (8)

where T is the temperature of the atomic lattice. In the
presence of a very dense electron-hole plasma the trans-
verse acoustic phonon becomes instable as
w*=M 1(82/382)E, <0. Thus the frequency of this
phonon becomes imaginary, w,=i{},, where (), is a real
quantity. The oscillatory motion then changes into an
exponential growth, §,(z)xexp(—iw,t)=exp(€,?), as
long as the harmonic approximation remains valid. But
anharmonic energy terms become important after a short
period of time because of the rapidly increasing ampli-
tude 8,(¢). We thus have to solve numerically the equa-
tion of motion

M(d?/dt?)8,(t)=—(3/38,)E, )

for both §,(¢) and 8,(z). The appropriate initial condi-
tions at t=0 are 5,(0)=29,; ocosp; and
(d8; /dt (0)= —w; ¢d; osing;, where §,, is given by Eq.
(8) and g, is arbitrary. We proceed by fitting a B-spline
function to the numerical results for E, and by calculat-
ing the gradient of this function analytically. This makes
a fast numerical solution of the equation of motion possi-
ble.
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III. RESULTS

For our numerical calculation of the cohesive energy
E,(8,,5;,) we use Eqgs. (1)-(5) and the universal parame-
ters given by Harrison!® for the tight-binding Hamiltoni-
an of semiconductors. For Si the energy difference be-
tween the atomic s and p levels is e, —€,=7.03 eV. Note
that Chadi?® has proposed slightly different parameter
values, which yield similar oresults.3 The equilibrium
bond length is dy=2.35 A and the bulk modulus
B=0.99X10" ergcm 3, which determines the repulsive
interaction E,. The mass of a Si atom is M =28.1 amu.

As discussed in Sec. II B, all calculations are done for
constant entropies S, of the electron gas, which is the
relevant control parameter of the instability. Thus the
density £ of the electron-hole plasma varies slightly and
does not remain constant if the structure is distorted. It
also should be noted that the number of electron-hole ex-
citations is not well defined if the gap between the con-
duction and the valence band vanishes. Yet the entropy
S, is difficult to interpret. Thus we present the results in
terms of the fraction £(S,) of the electrons, which have
been excited initially by the laser pulse from the valence
band into the conduction band. £y(S,) is evaluated for
the ideal diamond structure [see Eq. (4), §,=8,=0] and
corresponds to the initial density of the electron-hole
plasma.

In the absence of excitation (§,=0) we obtain from Eq.
(7) phonon frequencies of ®,,=3.0X10" sec™! and
w;0=1.2X10" sec™!, which are in fair agreement with
the experimental values®* of 2.1X 10'* and 0.97 X 10"
sec”!. Thus we conclude that our theory gives reason-
ably accurate quantitative results. For increasing densi-
ties £, we obtained" a roughly linear decrease of the
square of the frequency of the transverse acoustic phonon
o? and of the elastic shear constant ¢;; —c,. If the den-
sity &, exceeded approximately £, =8%, then both w?
and c¢;; —c;, became negative. A very rapid instability
was obtained if significantly more than 8% of the elec-
trons were excited from the valence band into the con-
duction band (£,>>0.08). The present work shows that
the longitudinal optical phonon, which has not been con-
sidered previously, strongly enhances this instability.

In Figs. 2 and 3 we present the results for the cohesive
energy per atom E,(8,,8;) as a function of the amplitudes
of the transverse acoustic and longitudinal optical pho-
non using Egs. (1)-(5). The ideal diamond structure
(8,=9,=0) serves as a natural reference, thus we put
E,(0,0)=0. As expected, the diamond structure is a
stable minimum of the cohesive energy in the absence of
the electron-hole plasma (Fig. 2). This changes drastical-
ly in the presence of a dense electron-hole plasma. Figure
3 corresponds to the case where 15% of the electrons
have been excited from the valence band into the conduc-
tion band. Here the diamond structure is an unstable
saddle point of the cohesive energy surface. A deep val-
ley has opened, leading down to very large negative ener-
gies of E, =—0.45 eV. In comparison, our previous cal-
culation,® which neglected longitudinal optical phonons
(8;=0) gave a much shallower minimum for the cohesive
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FIG. 2. Cohesive energy per atom E, of Si [Egs. (1)-(5)] in
the absence of an electron-hole plasma (§,=0) shown as a func-
tion of the transverse acoustic distortion §, and the longitudinal
optical distortion §; of the diamond lattice. Here the ideal dia-
mond structure (§,=8,=0) is a stable minimum of the cohesive
energy.

energy of E, =—0.16 eV. This agrees qualitatively well
with the fact that the transverse acoustic phonon has an
effect on only one of the four different tetrahedral bonds
[see Fig. 1(a), the length of those bonds increases, which
are parallel to the (111) direction], whereas the combina-
tion with the longitudinal optical phonon expands all

Eo=0.15
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0.6
P” 02
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FIG. 3. Cohesive energy for Si [Egs. (1)-(5)] in the presence
of an electron-hole plasma of density £,=0.15 corresponding to
the excitation of 15% of the valence electrons into the conduc-
tion band. We use the same representation as in Fig. 2. Note
that the ideal diamond structure (8, =8, =0) has become an un-
stable saddle point.
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four bonds. This corresponds to a ratio of 1:4 and is
quite close to the ratio for 1:3 obtained from the respec-
tive minima of the cohesive energy. Note that the nu-
merical results presented in Figs. 2 and 3 are qualitatively
well reproduced by the phenomenological potential func-
tion of Eq. (6) and that the instability of the diamond
structure at high densities £, of electron-hole plasma is
rather well characterized by the terms [—w?,Ma8’/2]
and [—b62%5,/2] in Eq. (6), which arise from the internal
pressure of the electron-hole plasma. !

In Fig. 4 we show several trajectories resulting from
the numerical solution of the equation of motion [Eq. (9)]
and using the potential surface E;(5,,8;) of Fig. 3. The
crystal is stable before the laser pulse (1 <0) and performs
oscillations within the dark shaded region around the
ideal diamond structure (8,=0 and §,=0). The corre-
sponding phonon amplitudes are given by the equiparti-
tion theorem [Eq. (7)], which results in 8,,=0.14 A and
8,0=0.04 A at room temperature. As discussed in Sec.
II C different phases ¢, and ¢, resulted in different initial
values of 8,(0), §,(0), 8,(0), and §,(0) for the various tra-
jectories. Note that only the first 100 fsec after the exci-
tation of the electron-hole plasma are shown. All trajec-
tories are confined to a narrow region around the bottom
of the valley in the potential surface and are very similar
to each other. The deviation between the different trajec-
tories is directly related to the initial thermal energy of
the lattice. The gap between the valence and the conduc-
tion band decreases for increasing distortions 8, and §,,
leading to a metallization for a vanishing indirect gap.
Qualitatively, we obtain the indirect gap from
Ae=gcg(X)—eyg(l'), where eyg(T") estimates the energy

L I 1 1

0.3
3, A)

0.2 4

0.1

T T L E— T T

0 0.2 0.4 0.6 0.8 1 1.2
8, (A)

FIG. 4. Time-dependent evolution for the crystal lattice dur-
ing the first 100 fsec after the excitation of an electron-hole plas-
ma of density £,=0.15. Note that before the laser pulse (¢ <0),
the crystal is at room temperature and the atomic lattice per-
forms oscillations within the dark shaded area. Five trajectogies
are shown for 7 >0 resulting from the equation of motion [Eq.
(9)], where the cohesive energy E,(8,,8;) of Fig. 3 is an effective
potential. Inside the light shaded region the gap between the
valence and the conduction band vanishes, resulting in metallic
properties.
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at the top of the valence band and ecg(X) estimates the
energy at the bottom of the conduction band. Note that
the X point lies near the position of the minimum of the
conduction band.*® From an extrapolation for increasing
8; we then obtain a boundary line in the (§,8,) plane,
where the indirect gap vanishes, A€g(§,,6;)=0. This line
defines the light shaded region shown in Fig. 4, which has
metallic properties. Thus we conclude that the instability
results in a transition from the semiconducting diamond
structure to a metallic structure with a corresponding
change in the plasma frequency and conductivity. This
has recently been observed in time-resolved measure-
ments’ of the optical reflectivity of laser-excited GaAs.
Note that the decrease in the gap between the valence
and the conduction band lower the energy of the laser-
induced electron-hole plasma. This effectively reduces
the energy required for distortions of the diamond (zinc-
blende) lattice, which thus becomes unstable at very high
plasma densities.

In Fig. 5 the time dependence of the average displace-
ment d (¢) of the atoms from their initial position and the
average kinetic energy E,;,(¢) is shown. These results are
derived from the trajectories shown in Fig. 4. Note that
within 120 fsec the atomic displacement increases to
about 1 A, which is roughly half the bond length in Si
and leads to collisions between the atoms. In the same
time, the kinetic energy of the atoms has become larger
than 0.4 eV, which corresponds to a temperature far

1.2 . T \ .
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FIG. 5. (a) Time dependence of the average displacement
d(t) of the atoms from their position in the ideal diamond lat-
tice. (b) Time dependence of the average kinetic energy E,;,(?)
of the atoms. The same trajectories are used as in Fig. 4.
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above the melting temperature of Si. The atomic col-
lisions redistribute this energy between all phonons of the
crystal and a very rapid melting of the crystal occurs.
This destroys the diamond structure within a few hun-
dred femtoseconds after the excitation of a sufficiently
dense electron-hole plasma, in good agreement with re-
cent experiments. ~°

Note that these results also apply to other covalently
bonded semiconductors with diamond or zinc-blende
structure, such as GaAs. Quantitatively, the different
atomic mass M and bond length d result in different pho-
non frequencies and time scales for the instability. From
Harrisons universal tight-binding theory'® we obtain that
the hopping elements ¢ <d ~2. Thus the force constants
are k «(3?/3d*)E, «(3*/3d*)t <d~* and the frequen-
cies scale as w =< (k /M)'/><d “2M ~'/2. The bond length
in GaAs is d=2.46 A and the average atomic mass is
M =77.8 amu. Thus we obtain that the phonon frequen-
cies in GaAs should be lower by a factor of 1.8 in com-
parison to Si, which is in good agreement with experi-
ments.’® Then GaAs should have essentially the same
lattice instability as Si, but it will require about 200 fsec
instead of 120 fsec.

7305

IV. CONCLUSIONS

In summary, we have examined the instability of the
diamond lattice of silicon resulting from a laser-induced
electron-hole plasma. Detailed results are given for the
case, where about 15% of the valence electrons have been
excited into the conduction band. We obtain that first
the transverse acoustic phonons become instable. Strong
anharmonic interactions subsequently also affect the lon-
gitudinal optical phonons. The lattice instability results
in an atomic displacement of more than 1 A and a kinetic
energy of 0.4 eV within about 120 fsec after the laser
pulse. The gap between the conduction and the valence
band then vanishes and metallic properties are expected.
Afterwards the crystal melts very rapidly because of the
high kinetic energy of the atoms. These results also apply
to GaAs because of dominant tetrahedral covalent bond-
ing. The larger mass of the atoms and the slightly larger
bond length result in a slower movement. This increases
the time required for the instability to about 200 fsec.
Thus we obtain a good quantitative agreement with the
observed rapid decrease of the structure sensitive
second-harmonic reflection.
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FIG. 2. Cohesive energy per atom E, of Si [Egs. (1)-(5)] in
the absence of an electron-hole plasma (§,=0) shown as a func-
tion of the transverse acoustic distortion 8, and the longitudinal
optical distortion 8, of the diamond lattice. Here the ideal dia-
mond structure (8, =5, =0) is a stable minimum of the cohesive
energy.
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FIG. 3. Cohesive energy for Si [Egs. (1)-(5)] in the presence
of an electron-hole plasma of density £,=0.15 corresponding to
the excitation of 15% of the valence electrons into the conduc-
tion band. We use the same representation as in Fig. 2. Note
that the ideal diamond structure (8, =8, =0) has become an un-
stable saddle point.
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FIG. 4. Time-dependent evolution for the crystal lattice dur-
ing the first 100 fsec after the excitation of an electron-hole plas-
ma of density £,=0.15. Note that before the laser pulse (z <0),
the crystal is at room temperature and the atomic lattice per-
forms oscillations within the dark shaded area. Five trajectories
are shown for >0 resulting from the equation of motion [Eq.
(9)], where the cohesive energy E,(8,,8,) of Fig. 3 is an effective
potential. Inside the light shaded region the gap between the
valence and the conduction band vanishes, resulting in metallic
properties.



