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Behavior of y( ' during a laser-induced phase transition in GaAs
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We explicitly determine the second-order optical susceptibility of GaAs following intense femtosecond
laser-pulse excitation from second-harmonic-generation measurements. To separate the dependence of
the 4.4-eV second-harmonic signal on the second-order susceptibility from its dependence on the linear
dielectric constant, we use experimentally determined values for the dielectric constant of GaAs at 2.2
and 4.4 eV. The results show that the excitation of electrons and the resulting changes in the lattice
affect the behavior of the second-order susceptibility. At pump Auences of 0.6 kJ/m and higher, the ma-
terial loses long-range order on a time scale ranging from 100 femtoseconds to tens of picoseconds, de-

pending on the pump fluence. A recovery of the second-order susceptibility to its initial value at pump
Auences between 0.6 and 1.0 kJ/m shows that the loss of long-range order is reversible in this fluence re-
gime.

INTRODUCTION

Intense, femtosecond laser-pulse excitation of semicon-
ductors provides a unique opportunity for observing the
dynamics of a phase transition. The semiconductor-
metal transition that can result from such excitation'
is particularly interesting because it illustrates the critical
role high free-carrier densities can play in modifying the
electronic and structural properties of semiconductors.
Understanding the complex dynamics involved in laser-
induced phase transitions requires an explicit determina-
tion of the behavior of intrinsic material properties dur-
ing these transitions.

Because of its sensitivity to crystal symmetry, second-
harmonic generation has been used by a number of
researchers to study laser-induced phase transitions in
semiconductors. ' ' The sensitivity of second-
harmonic generation to the symmetry properties of a
nonlinear crystal arises from the dependence of second-
harmonic generation on the material's second-order opti-
cal susceptibility y' ', which reAects the symmetry group
of the crystal. ' A change in the material's symmetry
properties, such as may occur in a phase transition,
affects y' ' and results in a change in the detected
second-harmonic signal. However, the detected second-
harmonic signal depends on more material properties
than just y' '. In particular, it depends also on the values
of the linear optical susceptibility y'" (or, equivalently,
the linear dielectric constant e) at both the fundamental
frequency m and the second-harmonic frequency 2' of
the probe beam used for second-harmonic generation. '

Thus, to extract the behavior of g' ' from second-
harmonic generation measurements, one must first know
the behavior of E(co) and e(2co).

We combined experimental measurements of e(co) and
e(2co) following intense femtosecond laser-pulse excita-
tion of GaAs (Refs. 8 —11) with second-harmonic genera-
tion measurements under identical excitation conditions
to unambiguously determine the response of y' ' to this
type of excitation. This experiment is unique because the

response of g' ' to femtosecond laser-pulse excitation is
extracted from second-harmonic-generation measure-
ments by explicitly taking into account the experimental-
ly determined response of g"' to the same excitation
rather than by assuming that the effect of y"' on the
second-harmonic-generation measurements is small. In
fact, the experimentally-determined changes in g"' are
much larger than expected, "and our results show that
these changes have a significant effect on the detected
second-harmonic signal, contrary to earlier assump-
tions. ' ' This effect masks the behavior of y' ' at
Auences below 0.6 kJ/m, as will be discussed in Sec.
III B. Expressly incorporating the changes in the dielec-
tric constant in this experiment has uncovered previously
unobserved behavior in this Quence range marked by
recovery of g' ' to its initial value on a picosecond time
scale.

I. y AND y' ' DEPENDENCE
OF SECOND-HARMONIC SIGNAL

While second-harmonic generation requires a nonzero
g' ' in the dipole approximation, the dielectric constant c
also affects the strength of this process. The role of g' '

in second-harmonic generation is direct and straightfor-
ward: it determines the nonlinear polarization P' '(2co),
induced by an electric field E(co), which acts as a source
for the second-harmonic field E(2'). The role of y'" in
second-harmonic generation is less direct but still very
important. Changes in the dielectric constant can affect
both P' '(2co) itself as well as the amount of second-
harmonic radiation produced by a given P' '(2co).

The dielectric constant influences P' '(2co) by affecting
the orientation and magnitude of E(co) relative to the
crystallographic axes. As an example, if E(co) is oriented
in the y-z plane of a crystal and at an angle 0 to the z
axis, then the nonlinear polarization produced through
p+yz the xyz element of the y' ' tensor, is given by

P„' '(2co) =y„'s,'E(co)cosOE(co)sinO=y„','E (co)sin(28)/2 .

0163-1829/95/51(15)/9589(8)/$06. 00 51 9589 1995 The AInerican Physical Society



9590 E. N. GLEZER, Y. SIEGAL, L. HUANG, AND E. MAZUR

air :crystal: probe
570 nrem

70 fs

~ GaAs-

Z ax18 [1003

E52co)
PMT =

y axis. [010]::

FIG. 1. Effect of a change in the dielectric constant of a ma-
terial on the orientation of the electric 6eld in the material rela-
tive to the crystallographic axes.

If the beam at frequency ~ is initially incident on the
crystal in the y-z plane at some fixed angle 0; to the z
axis, then, through Snell's Law, s(co) determines the an-
gle 8 inside the material that appears in Eq. (I), as shown
in Fig. 1. Thus, changes in the dielectric constant affect
P' '(2') through the dependence of P' '(2') on 0. In ad-
dition, through the Fresnel formulas for reAection and re-
fraction, E(co) also determines the magnitude of the field
in the material for a given incident field. Note that the
field magnitude E(co) appearing in Eq. (I) is the field
magnitude inside the material, so changes in reAectivity
can have a significant effect on P' '(2').

Besides its eff'ect on the strength of P' '(2') itself, the
dielectric constant also affects the amount of second-
harmonic radiation generated from a given P' '(2') in a
number of ways. First, the index of refraction, given by
n(co) Re=[a(co)'~ ]det,ermines the phase velocity for
light at frequency cu. The e%ciency of second-harmonic
generation depends on n(co) n(2'),—which determines
the phase mismatch between the induced nonlinear polar-
ization and the resulting second-harmonic field: the
larger the phase mismatch, the less e%cient is second-
harmonic generation. ' The phase mismatch is impor-
tant because it determines the length scale over which
second-harmonic radiation generated by the propagating
fundamental (frequency co) beam adds with the proper
phase to the propagating second-harm. onic beam generat-
ed earlier along the beam path. Another way in which
s(co) and s(2') affect second-harmonic generation is by
determining the absorption depth at co and at 2'. The
absorption depth can afFect second-harmonic generation
by limiting the interaction length over which this process

FIG. 2. Probing geometry for second-harmonic-generation
measurements. A p-polarized probe beam in incident at 45' on a
(100) GaAs sample in air. An ultraviolet mirror separates the
reflected second-harmonic radiation, which is s polarized, from
the reflected fundamental radiation, which is still p polarized.
Notations are PMT (photomultiplier tube), PT (phototube), and
DBS (dichroic beam splitter).

takes place. ' If the energy depleted from the fundamen-
tal beam by second-harmonic generation is negligible, as
it is in our experiment, then the total amount of second-
harmonic generation produced is proportional to the
square of the interaction length. So if the absorption
depth at one or both of the frequencies becomes smaller
than the interaction length, production of second-
harmonic radiation will decrease accordingly. Finally, by
modifying the reAection of the second-harmonic radia-
tion at the surface of a material, changes in E(2') affect
the amount of second-harmonic radiation that gets out of
the material.

Because GaAs absorbs in the visible and the ultra-
violet, we carried out our second-harmonic-generation
measurements in a reAection geometry, as illustrated in
Fig. 2. One can derive an expression for the intensity of
the rejected second-harmonic radiation as a function of
E(co), e(2'), y' ', and the incident field magnitude E;(co)
and angle 0; of the fundamental beam. To do this, one
must first solve the Maxwell equations for the electric-
field amplitude inside the material, including the effects
of the nonlinear polarization. Then, the amplitude of the
rejected second-harmonic field is determined by impos-
ing the proper boundary conditions at the surface and us-
ing a nonlinear generalization of Snell's Law. ' ' For
CiaAs in the probing geometry illustrated by Fig. 2, ' the
reAected second-harmonic field amplitude is given by'

QE(co) —sin 8; —Qs(2') —sin 0;E„(2')= 4mP' '(2') . —
[s(co)—s(2') ][+a(2')—sin 8;+cos8; ]
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where

4sin8;cos 8;Qs(co) —sin 8,P' i(2a))=2y' iE; (co),
s(co)cos8;+ Qs(co) —sin 8,

(4)

where the function F[8;,s(co), e(2'�)] depends only on the
dielectric constant and incident angle and not on the
second-order susceptibility. We can define the normal-
ized second-harmonic signal S„or (P,t):$(g, t)IS(0,0—),
where S(0,0) is the second-harmonic signal detected in
the absence of any excitation. Similarly, we define

F„., (p, t)=—F(p, t)/F(0, 0) and y„".', (p, r)=y"'(p, t)l
y' '(0, 0). We can calculate F„„(g,t) with values for
s(co, P, t) and s(2', g, t) determined experimentally using
a two-angle reAectivity technique under similar laser-
excitation conditions as in the measurements of
S„„m(g,t) presented here. "' Then, with the mea-
sured values of S„„(g,t ), we get from Eq. (4) values for
lx.".',.(m, t) l':

IX.".',.(A, t)I'= F""
Fnorm

(5)

Equation (5) allows us to extract the desired information
on the behavior of the second-order susceptibility from
our second-harmonic-generation measurements.

II. EXPERIMENTAL SETUP

The experiment presented in this paper consists of
measurements carried out on an insulating (100) GaAs
wafer (Cr-doped, p) 7X10 0cm) in air. In this experi-
ment, 70-fs, 1.9-eV (635-nm) pump pulses excite the sam-
ple and 70-fs, 2.2-eV (570-nm) probe pulses monitor
second-harmonic generation and reAectivity at various
time delays with respect to the excitation. To generate
pump and probe pulses at different frequencies, we pass
the amplified output of a colliding-pulse modelocked
laser through a 20-mm, single-mode, polarization-

(3)

The intensity of the reflected second-harmonic signal,
and therefore the detected signal S, is proportional to
lE„(2~)I'.

In the experiment presented here, we want to extract
the behavior of ly' 'l following femtosecond laser-pulse
excitation from measurements of the second-harmonic
signal. In other words, we want to determine ly' '(P, t ) l,
where P is the fluence of the excitation pulse and r is the
time delay between the excitation pulse and the probe
pulse. Note from Eqs. (2) and (3) that we can separate
the dependence of the detected signal on the dielectric
constant from its dependence on the second-order suscep-
tibility as follows:

preserving optical fiber. ' Self-phase modulation in the
fiber broadens the spectrum of the input pulse from 5 to
200 nm. By splitting this continuum beam with a broad-
band beam splitter, we can independently amplify
different spectral regions within this 200-nm band width
using two separate amplifier chains. ' A three-stage
amplifier using the dye DCM produces a 300-pJ pump
beam centered at 635 nm with a 20-nm bandwidth; a
two-stage amplifier using the dye Rhodamine 66 pro-
duces a 30-pJ probe beam centered at 570 nm with a 10-
nm bandwidth. Both amplifiers are pumped by a
frequency-doubled, 10-Hz Nd: YAG laser. Separate grat-
ing pairs compress each beam temporally to a final pulse
width of 70 fs (full width at half maximum).

Figure 2 shows the probing geometry for the second-
harmonic-generation measurements. The pump beam ar-
rives at an incident angle of 63' with respect to the sur-
face normal while the probe beam comes in with an in-
cident angle of 45'. Both beams are polarized in the
plane of incidence and are focused to the same spot on
the sample. The (100) sample surface is set to a position
with two of the crystallographic axes in the plane of in-
cidence of the beams and the third one perpendicular to
it. To monitor a uniformly excited region, we focus the
probe beam more tightly than the pump beam: the
probed surface area is about 25 times smaller than the
0.01-mm focal area of the pump beam on the sample.
Uniform excitation in the probed region is further as-
sured by the small absorption depth of the second-
harmonic radiation generated in the sample (about 20
nm) compared to that of the pump beam (270 nm). In the
measurements of s(co) and s(2') the absorption depth of
the probe beams is also significantly shorter than the ab-
sorption depth of the pump beam. " The pump pulse
Quence at each pump-probe time delay is varied over a
range from 0 to 2.0 kJ/m . The probe beam fluence does
not exceed 0.1 kJ/m so as not to produce any detectable
changes in the optical properties to within our experi-
mental resolution. To avoid cumulative damage effects,
we translate the sample during data collection so that
each data point is obtained at a new spot on the sample.

To extract the behavior of the second-order susceptibil-
ity from the second-harmonic-generation measurements,
we need to combine these measurements of S„„(g,t)
with the previous measurements of c,(co, P, t ) and
s(2', g, t), as described in Sec. I. We checked the con-
sistency between the present data set and these previous
measurements by simultaneously measuring the linear
reAectivity along with the second-harmonic signal in the
present experiment. To this end, we used a dichroic
beam splitter to separate the second-harmonic radiation
generated in reAection from the rejected fundamental ra-
diation, measuring the second-harmonic signal using a
photomultiplier tube and the fundamental signal with a
calibrated phototube. The reAectivity values measured in
this way agree with the reflectivity values we calculate for
45' incident angle and polarization in the plane of in-
cidence using the measured dielectric constant from the
previous set of data, verifying that the excitation condi-
tions and fiuence calibrations for both sets of measure-
ments are indeed identical.
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tions. ' ' The locations of the minimum value of
F„„(g,t ) in each of the plots in Fig. 3 coincide with a
large peak in the imaginary part of the dielectric constant
at 2.2 eV described in previous papers. " The order of
magnitude decrease in the absorption depth of the funda-
mental beam accompanying this peak in Im[E(2. 2
eV,P, t ) ] plays a major role in the large drop in
F„„(p,r) since its leads to a corresponding decrease in
the interaction length for second-harmonic generation.
It is important to point out, however, that while the
changes in F„„(g,t) play an important role in the
behavior of S„„(g,t ), F„„(g,t ) never drops below the
experimental noise and therefore cannot account for the
vanishing of S„„(g,t). Thus, y' ' must go to zero for
S„„(g,t) to reach zero.

III. EXPERIMENTAL RESULTS

A. Eft'ect of the linear optical susceptibility
on the second-harmonic signal

B. The response of y' ' to the excitation

According to Eq. (5), dividing S„„(p,r ) (the filled cir-
cles in Fig. 3) by F„, (P, t) (the open circles in Fig. 3)
yields ~y'„,', (P, t)l . The resulting values of ~g„',', (P)~
appear in Fig. 4, shown at the same four pump-probe
time delays as in Fig. 3. Figure 5 illustrates the time
dependence of ~y„',', (r)

~
for various excitation strengths.

The results exhibit a range of behaviors, depending on
the excitation strength. At pump Auences of 0.8 kJ/m
and higher, y' ' goes to zero at a rate that increases with
pump fluence: at 0.8 kJ/m it takes about 2 ps to reach
zero, while at 1.5 kJ/m it reaches zero within a pump-
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Figure 3 summarizes the second-harmonic-generation
measurements and highlights the importance of taking
into account the effects of changes in the linear optical
susceptibility on the second-harmonic signal. The filled
circles in Fig. 3 represent the measured values of the nor-
malized second-harmonic signal S„„(P,t ) plotted versus
pump Auence P at four different pump-probe time delays
t. The open circles in the figure represent the values of
F„„(g,t) calculated using Eqs. (2) —(4) and the experi-
mentally determined behavior of the dielectric constant
at photon energies of 2.2 and 4.4 eV. ' ' Note from
Eq. (5) that the function F„„(P, t ) is identical to
S„„(P,t) if y„',', (P, r) is held constant at its initial value
of 1. In other words, F„„(g,t) (the open circles in Fig.
3) shows the changes that result in the second-harmonic
signal solely from the behavior of y'" following the exci-
tation; it does not include any effects from changes in
~(2)

As Fig. 3 shows, the changes induced in g"' by the ex-
citation have a significant impact on the measured
second-harmonic signal, contrary to previous assump-
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probe time delay of 130 fs. In contrast, at pump Auences
less than or equal to 0.6 kJ/m, y' ' undergoes a partial
decrease, but it does not reach zero. For pump Auences
below 0.5 kJ/m, y' ' recovers to its initial value on a
time scale of a few picoseconds.

Since y' ' must go to zero for S„„(P,t ) to reach zero,
the behavior of S„„atAuences for which it drops to
zero is similar to that of g' '. Thus, for high Auences the
conclusions from previous second-harmonic-generation
experiments, in which changes in the dielectric constant
are not explicitly taken into account, agree at least quali-
tatively with our y' ' data. In contrast, the behavior
we observe at lower Auences has not been reported be-
fore. At Auences for which g' ' does not reach zero, it is
particularly important to account for the effects of
changes in the dielectric constant on the measured
second-harmonic signal. In fact, Fig. 6 shows that the
S„„measurements at a Auence of 0.4 kJ/m are actually
misleading if one assumes that the behavior of ~y„',', ~

is

given directly by the second-harmonic signal. Under this
assumption, one would conclude from Fig. 6 that at this
fluence y„',', ~

first rises and then drops below its initial
value within a few picoseconds. However, our results
show that at these Auences ~y'„,',

~

first decreases and
then recoUers to its initial value within a few picoseconds.

C. Long-time behavior: Reversible versus irreversible changes

Although we focused our attention on the behavior of
g' ' during the first 10 ps following the excitation, we also
measured both the second-harmonic signal and the linear
reAectivity at a time delay of a few seconds, after the ma-
terial has reached its final state, shown in Fig. 7(a), as
well as the second-harmonic signal at a pump-probe time
delay of 100 ps, shown in Fig. 7(b). Figure 7(a) shows a
sharp demarcation at 1.0 kJjm in the final state of y' '.
For excitation strengths below 1.0 kJ/m, both the
second-harmonic signal and the linear reAectivity eventu-
ally return to their initial values. ' However, neither the
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FIG. 7. (a) Normalized second-harmonic signal (0 ) and nor-

malized 45 reflectivity (~) at a time delay of a few seconds,
after the material has reached its final state. (b) Normalized
second-harmonic signal vs pump Auence at time delay of 100 ps.
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second-harmonic signal nor the linear reflectivity ever re-
turns to its initial value for pump Auences above 1.0
kJ/m. Thus, the changes induced in the material by the
laser-pulse excitation are reversible if the pump fluence is
below 1.0 kJ/m but are irreversible if the pump Auence
is above 1.0 kJ/m . This conclusion is consistent with an
examination of the sample through a microscope. By
correlating pump pulse Auence with the size of damage
spots on the sample measured through the microscope,
we determined a threshold Auence for permanent damage
of 1.0 kJ/m, in agreement with the threshold for irrever-
sible change evident in Fig. 7(a). Figure 7(b) shows that
for Auences greater than 0.6 kJ/m, once S„„-vanishes,
it remains zero for at least 100 ps. Thus, the recovery of
g' ' to its initial value at Auences between 0.6 and 1.0
kJ/m occurs on a time scale which is orders of magni-
tude larger than the recovery times for Auences less than
or equal to 0.5 kJ/m .

IV. DISCUSSION

A. Three regimes of behavior

The results presented in the preceding section suggest
three main regimes of behavior for y' ' following laser-
pulse excitation. In the low-Auence regime, below 0.5
kJ/m, g' ' exhibits a partial drop but recovers to its ini-
tial value within a few picoseconds. At medium Auences,
from roughly 0.8 to 1.0 kJ/m, y' ' drops to zero on a
time scale between a few hundred femtoseconds and a few
picoseconds and remains zero for over 100 ps, but even-
tually also recovers to its initial value. In the high-
Auence regime, above 1.0 kJ/m, y' ' drops to zero within
a few hundred femtoseconds and never recovers to its ini-
tial value. While a clear boundary at 1.0 kJ/m separates
the medium- and higher-Auence regimes, no clear bound-
ary separates the low- and medium-Auence regimes.
Rather, the behavior gradually changes from low-Auence
behavior to medium-fluence behavior between 0.5 and 0.8
kJ/m .

The recovery time scale in the low-Auence range sug-
gests that the behavior of y' ' in this range is likely dom-
inated by electronic effects. The laser-pulse excitation of
electrons from the valence to the conduction band can
directly affect y' ' in a number of ways. First, delocalized
conduction electrons contribute little to y' ' in GaAs
compared to localized valence electrons. Thus, we
expect the excitation of a high density of electrons from
the valence band to the conduction band by the pump
pulse () 10 ' cm ) to cause a drop in y' '. Second, the
excited free carriers can also reduce the valence-band
contribution to y' ' by bleaching resonant transitions,
due to phase-space filling. In addition, electronic screen-
ing of the ionic potential by the free carriers will modify
the electronic band structure, further affecting the
valence-band contribution to g' '. Because the magni-
tude of these electronic effects should depend on the
free-carrier density, we expect y' ' to return to its initial
value as the excited free-carrier density relaxes through
Auger recombination and diffusion following the excita-
tion. The picosecond time scale for the observed

recovery of y' ' in the low-Auence regime agrees with the
time scale for Auger recombination and diffusion at free-
carrjer densities on the order of 10 cm . ' Whjle the
low-Auence recovery time is consistent with the expected
behavior of the free-carrier population, the source of the
initial 1-ps delay between the excitation and the max-
imum change in g' ' in this Auence regime is unclear.
One possible cause for this delay is that in addition to its
dependence on the free-carrier density, g' ' may be
strongly affected by the distribution of the free carriers in
the energy bands. In this case, continued heating of the
free-carrier population by Auger recombination may
counteract the effects of carrier density relaxation in the
picosecond following the excitation and result in the ob-
served behavior. Alternatively, it is possible that in this
fluence regime the electronic excitation drives a slight
structural distortion in the lattice, which is reversed
when the carrier density decreases through recombina-
tion. If it is a temporary distortion of the lattice that is
responsible for the partial drop in y' ', the picosecond de-
lay in the drop would result from the time scale of the
atomic motion.

Structural changes in the lattice most likely dominate
the behavior of g' ' in the medium- and high-Auence re-
gimes. The time dependence of g' ' in these two regimes
is not consistent with electronic time scales. First of all,
the recovery time for g' ' is greater than 100 ps in the
medium-Auence regime compared with electronic relaxa-
tion times of a few picoseconds in the low-Auence regime.
Moreover, the drop in y' ' to zero at Auences greater
than 0.6 kJ/m cannot be accounted for by the roughly
10% valence band depopulation achieved by the pump
pulse. A structural change in the lattice, however,
could lead to a vanishing of y' ' on the observed time
scales. Recovery times for reversible structural changes
should be comparable to lattice relaxation times, which
are much greater than 100 ps.

B. Loss of long-range order

What does the vanishing of g' ' imply about the
structural changes in the lattice induced by the pump
pulsed In the dipole approximation, y' '=0 in materials
that have a center of inversion. ' However, the loss of
bulk, dipole y' ' does not necessarily mean that the ma-
terial has taken on a true center of inversion within each
unit cell. A loss of long-range order on the scale of the
wavelength of light is sufficient to cause such a drop in
y' '. Experiments show that the degree of amorphization
induced by low-dosage ion implantation (1X10'—
6X 10' cm integrated Aux of g0-keV Te+ and S+ ions)
leads to a one-to-two order-of-magnitude drop in y' '.
The extent of ionic motion required for GaAs to lose
long-range order is much smaller than that required for
GaAs to take on a local center of inversion in each unit
cell. Given the time scales involved in the data, a loss of
long-range order is the most likely explanation for the ob-
served drop in g' ' to zero in the medium- and high-
Auence regimes.

The data in Figs. 4, 5, and 7(b) then support the con-
clusion that, for pump Auences greater than 0.6 kJ/m,
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the pump pulse induces an instability in the covalent
bonding of GaAs that leads to structural change in the
lattice. The instability, which results from the excitation
of a critical density of electrons from bonding valence
states to antibonding conduction states, ' ' occurs in-
stantaneously with the generation of free carriers. Be-
cause the zinc-blende structure is no longer stable, the
ions start to move away from their ground-state posi-
tions. As the ions start to move, the material loses its
long-range order, and g' ' goes to zero. A stronger exci-
tation results in a greater instability and, therefore, faster
ionic motion and a faster drop in y' '. This interpreta-
tion of the data is consistent with the previous set of
dielectric constant measurements mentioned in Sec. I.
The dielectric constant data, which indicate a collapse of
the band gap caused by structural changes in the lattice,
are fully discussed in other papers.

In light of the above interpretation, the material exhib-
its a particularly interesting response to the excitation in
the medium-fluence regime. As discussed in Sec. III C,
pump Auences greater than the damage threshold of 1.0
kJ/m induce irreversible changes in the material, while
the changes for pump Auences below this threshold are
reversible. Thus, in the medium-fluence range the crystal
reUersibly undergoes sufFiciently large structural changes
to lose its long-range order. The ability to induce such
large transient changes in a semiconductor's structural,
electronic, and optical properties may be relevant for the
development of optoelectronic switching devices.

V. CONCLUSION

We determined the behavior of g' ' following fem-
tosecond laser-pulse excitation from second-harmonic

generation measurements by explicitly taking into ac-
count the effect of changes in the linear dielectric con-
stant on the second-harmonic signal. We find that ac-
counting for the changes in the linear dielectric constant
is particularly important for pump Auences at which g' '

does not vanish, because the changes in the second-
harmonic signal at these Auences do not mirror the
changes in y' '. The results show three regimes of
behavior: (1) at low Iluences, below 0.5 kJ/m, y( ' exhib-
its a partial drop and a recovery to its initial value within
a few picoseconds; (2) at medium Iluences, between 0.8
and 1.0 kJ/m, g' ' drops to zero but recovers to its ini-
tial value on a time scale greater than 100 ps; and (3) at
high Iluences, above 1.0 kJ/m, g' ' vanishes and never
recovers to its initial value.

The structural changes that follow the laser-pulse exci-
tation in the medium- and high-fluence regimes result
from the destabilization of the covalent bonds by the ex-
citation. The resulting ionic motion leads to a loss of
long-range order, as indicted by the vanishing of g' '.
This loss of long-range order is observed even at pump
fluences below the damage threshold of 1.0 kJ/m, a re-
gime in which the induced changes are reversible.
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