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Nonthermal component in heat-induced structural deformation and phase transition in gold
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Using an ultrafast optical pump-probe technique, we study the dynamics of the heat-induced structural
deformation and phase transition in gold at early time delays~within 1 ps after excitation! by monitoring both
the fundamental and second-harmonic generation~SHG! signals of the probe beam. The ratios of the time-
resolved fundamental and SHG signals with respect to low-intensity reference curves reveal clear changes
immediately following pump excitation for intensities above 0.93 the melting threshold that is absent for
lower intensities. These observations indicate a disordered lattice due to electronic heating and suggest that a
nonthermal component exists in the heat-induced structural deformation and phase transition in gold.
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Our understanding of femtosecond laser interactions w
metals is largely based on the so-called two-tempera
model.1 An ultrashort laser pulse, with a duration less th
the excited electron energy-loss lifetime, can heat electr
in a metal to a very high temperature while leaving the latt
relatively cool since the heat capacity of the electrons
much smaller than that of the lattice. Although this tw
temperature model has been shown not to be strictly v
during the first few hundred femtoseconds~fs! following la-
ser excitation,2,3 in most cases, however, thermalization
the hot electrons can be assumed to occur instantaneo
due to the short electron-electron interaction time, and th
fore the overall picture of a nonequilibrium system in met
is normally described as constituting two subequilibrium s
tems, the hot electrons and a cold lattice.1 This transient
two-temperature system will tend to reach equilibrium with
a few picoseconds~ps! through electron-phonon interaction
as well as electron transport out of the excited region. In
perturbative regime, the excited region of metals will rea
equilibrium with little disorder, and the dynamics o
electron-electron and electron-phonon interactions in me
has been studied over the past two decades.2–7 If the incident
laser fluence is high enough to elevate the final lattice te
perature to the melting point, the metal will begin a solid
liquid phase transformation. However, the understanding
the dynamics of this phase change in metals is not well
derstood.

The study of ultrafast melting dynamics has been vig
ously pursued in semiconductors. Especially, phenomena
sociated with electronic-induced nonthermal melting
semiconductors have been studied systematically with a
riety of semiconductor materials.8–17More recently, we dem-
onstrated electronic-induced melting in a metallic syst
through a resonant interband excitation in aluminum.18 Fur-
thermore, we also investigated the conventional heat-indu
melting in metals.19,20 In Ref. 19, we study the dynamics o
structural deformations and phase transitions in noble me
by monitoring the time evolution of dielectric constants: t
change of the dielectric constants due to intense laser he
is relatively small at short time delays (,1 ps after laser
excitation!, increasing significantly at time delays long
than a few ps when the phonons become highly exci
PRB 620163-1829/2000/62~18!/11921~4!/$15.00
h
re

ns
e
s

id

sly
e-
s
-

e
h

ls

-

f
-

-
s-

f
a-

ed

ls

ing

d,

indicative of an electronic disorder associated with latt
deformations and structural phase changes. Therefore,
tronic motion plays key roles in both electronic- and he
induced structural deformations and phase transitions
metals.18,19 Motivated by these findings, we investigate he
the possibility of electronic effects near zero pump-pro
time delay, before phonons are highly excited by the
electrons~in contrast to Ref. 19, where the time scale inve
tigated is mainly beyond a few ps!. Since the change of the
dielectric constant due to structural change in heat-indu
structural deformations and phase transitions is relativ
small before the phonons are highly excited,19 new tech-
niques with higher sensitivity are needed to reveal the na
of any electronic effects at this ultrashort time scale~within 1
ps after excitation!.

In this paper, we perform optical pump-probe measu
ments to investigate the ultrafast heat-induced struct
phase change in Au at early time delays (,1 ps and before
significant transfer of energy from hot electrons to lattice! by
monitoring the time evolution of both the fundamental r
flectivity ~1.55 eV! and surface second-harmonic generat
~SHG at 3.1 eV! from the probe beam. The ratios of the tim
resolved fundamental reflectivity and SHG signal with r
spect to low-intensity reference curves reveal clear chan
immediately following pump excitation for pump intensitie
above 0.93 the permanent melting threshold (I th) that is
absent for intensities below 0.9I th . These observations ar
indicative of a disordered lattice due to electronic heat
and suggest that a nonthermal component exists in the h
induced structural deformation and phase transition in Au

The experimental system follows the basic setup
scribed in Refs. 18 and 19. Briefly, we perform cros
polarized optical pump-probe (p-polarization for probe!
measurements using an amplified Ti:sapphire laser sys
running at a 1 kHz repetition rate, producing over 8
mJ/pulse in 110 fs pulses with a central wavelength of 8
nm. The repetition rate of the laser pulses can be furt
reduced with a pulse selector. The pump beam is wea
focused near the normal incidence onto the sample, while
probe beam, incident at 52°, is focused to an area;10 times
smaller than that of the pump beam to ensure probing o
uniformly excited area. Surface SHG is generated by
R11 921 ©2000 The American Physical Society
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weak probe beam that does not cause any modification o
sample. The collinearly propagated reflected fundame
and SHG beams are separated by a dichroic beamsplitte
monitored simultaneously. Polarizers and narrow bandp
interference filters centered at 800 and 400 nm are used
detection of the fundamental and SHG signals, respectiv
An intensity window circuit is used to restrict the data co
lection to within a fluctuation range of 5% for a certa
incident pulse energy. The Au sample used in these exp
ments is a polycrystalline, thick, optical film (;1 mm) pre-
pared by high vacuum deposition. The sample is mounted
a high-speed and -precision motion system consisting o
rotation stage on top of a translation stage, permitting p
tioning of the sample to a fresh spot between laser shots

The dynamics of the relaxation process following inten
pump excitation in Au can be studied by monitoring both t
fundamental and SHG signals from the probe pulse. Si
the onset of major interband transition in Au~2.45 eV! ex-
ceeds the fundamental laser photon energy used in the
periment~1.55 eV!, any laser-induced change in Au is e
pected to be predominately an ultrafast heating proces19

Therefore, the structural change studied here in Au is a h
induced structural deformation and phase transition,19 which
is in contrast to the electronic-induced melting in met
caused by interband excitation.18 A set of typical time-
resolved fundamental and SHG signals for Au following
pump pulse are plotted in Fig. 1. Both the fundamental a
SHG signals initially decrease after pump excitation, rea
ing minimum values, and then recovering, consistent w
previous observations that attributed the observed signa
laser heating and the ensuing relaxation due to elect
phonon coupling.18,21 As pump intensity varies, the ampl
tude of the induced change in the probe signals, at both
damental and SHG, varies at each delay time. However,
overall shape of the probe signals is qualitatively similar
different pump intensities, both above and below the dam
threshold; little can be learned directly by studying on
these probe traces.22 New techniques need to be introduc
to unravel the underlying electronic dynamics, if any, as
ciated with structural change.

In order to enhance the signature of electronic effects
sociated with structural change, we introduce a we

FIG. 1. A set of typical time-resolved fundamental and SH
signals for Au following pump excitation.
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established technique from the study of intensity-depend
ionization yields of atoms23,24 and molecules24–26 in intense
laser fields based on the ratio curve of two ion yields, wh
a small component~e.g., nonsequential ionization compo
nent! can normally be detached from an overall ionizati
signal.24 We analyze here the ratio of time-resolved fund
mental reflectivity or a SHG signal at two different pum
intensities. For the results discussed here, the reference t
for both the fundamental and SHG data were acquired
pump intensity of 0.68I th51.0231012 W/cm2 (I th51.5
31012 W/cm2). The ratio curves are then obtained wi
traces at various pump intensities~both above and below the
damage threshold! vs the reference traces. Note there is
particular reason to choose the reference curve at 0.68I th ,
the conclusions reached are qualitatively similar as long
the reference curve corresponds to an intensity below 0.I th
~discussed later!. The time-dependent ratios of the fund
mental and SHG signals are plotted in Fig. 2 for a pum
intensity of 0.68I th versus 0.45I th . ~Note, to be consistent
we always plot the ratio of a higher-intensity trace versu
lower-intensity trace!. The ratio starts at around 1 befor
pump excitation, and we can see there is a smooth increa
the ratios of both fundamental and SHG due to pump ex
tation before a delay of;300 fs, followed by relatively con-
stant values in the ratio curves.~Note that the relatively large
changes in the SHG ratio curves at time delay;300 fs, in
both Figs. 2 and 4, result from electron thermalization, wh
has been discussed in detail elsewhere27 and is relatively
unimportant to the major discussions in this paper!. The slow
increase of the ratios~mostly during the presence of lase
pulses! characterizes a dynamic process of the electron
sponse to laser heating before thermalization is reached.
ensuing relatively constant values of ratio curves indicat
similar time-dependent behavior of the induced change
different intensities below melting. Qualitatively similar tem
poral behaviors are found in the ratio curves at both fun
mental and SHG signals as long as the pump intensities
the numerator and denominator traces are each below 0I th
~discussed later!.

Now we plot the ratios of the fundamental and SHG s
nals for pump intensities at three intensities around the m
ing threshold (0.95I th51.4331012 W/cm2, I th51.5
31012 W/cm2, and 1.13I th51.731012 W/cm2) with re-

FIG. 2. Ratio curves for the fundamental and SHG signals fo
pump intensity at 0.68I th versus 0.45I th . The temporal shape of the
pump pulse is plotted around the zero time delay.
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spect to the same reference trace in Fig. 2 acquired
0.68I th . These ratios are plotted in Figs. 3~fundamental! and
4 ~SHG!. We can see that the ratio curves first increase at
rising edge of the pump pulse reflecting different respo
dynamics in Au between different intensities, as in Fig. 2.
contrast to the ratios acquired for pump intensities be
0.9I th ~Fig. 2!, however, there is a clear drop in the rat
curves immediately after a zero time delay in Figs. 3 and
This drop shifts to an earlier delay time and the magnitu
increases for higher pump intensity. Furthermore, for
same pump intensity, the drop occurs earlier in the SHG r
~Fig. 4! than the fundamental ratio~Fig. 3!. With this tech-
nique, we observe that the onset pump intensity for this r
drop is about 0.9I th ; the drop first appears in the SHG rat
curve and then in the fundamental ratio curve as inten
increases. Finally, we observe a systematic increase in
change of amplitude and a shift to an earlier time delay
the ratio drop with increasing pump intensity, indicating th
this drop is caused by the pump excitation.

Since the ratio drops at high pump intensities~Figs. 3 and
4! are in distinct contrast to the slow rising of the ratios
lower intensities~Fig. 2!, these drops have to be attributed
a different mechanism from that at lower intensities that
dominated by purely electronic responses. Furthermore,
fact that the ratio drops occur only at intensities close to
melting threshold strongly indicates that the ratio drops
due to lattice motion instead of purely electronic respons
However, the time scale of the ratio drops in the fundame
and SHG signals occurs within 150 fs after pump excitati
much less than the time scale of a thermal process need
significantly transfer energy from hot electrons to the latt
in Au ~at least a couple of picoseconds.7! Therefore, lattice
disorder, if any, associated with the ratio drops appears t
directly driven by electronic motion rather than thermal he
ing. Unlike permanent damage, the onset pump intens
(;0.9I th) to induce the ratio drops is below the meltin
threshold indicating that this disorder is reversible. It is re
sonable that the lattice can be transiently driven to a rev
ible disordered state due to strong electronic excitation
fore permanent thermal melting occurs, and simi

FIG. 3. Ratio curves for the fundamental reflectivity for pum
intensities at 0.95I th , I th , and 1.13I th versus 0.68I th . The temporal
shape of the pump pulse is plotted around the zero time delay
at
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phenomena and time scales have been found experimen
in semiconductors.10,17 This transiently disordered lattic
state can be formed from the constituent atoms moving a
from their equilibrium positions by a substantial distan
~e.g., 1/4 internuclear distance! due to electronic bond weak
ening induced by the strong pump. An estimation shows t
it requires only a velocity of 13103 m/sec for an atom to
move a distance of 1/4 lattice space in Au in 100 fs, and t
velocity is already comparable to vibrational velocity
lattice.10 In fact, the atoms can move faster than vibration
velocity as the electronic bonding strength grea
changes.10,11,18 Furthermore, the drop in signal occur fast
in the surface SHG ratios~Fig. 4! than in the fundamenta
ratios ~Fig. 3! for the same pump intensity, indicating th
the disorder occurs first on the surface~probed by SHG!,
then moves into the bulk~probed by fundamental!, consistent
with the fact that the atomic bonding on surface is wea
than in bulk. These observations lead us to conclude th
nonthermal disordered lattice state exists in the structural
formation and phase transition in Au induced by ultrafa
laser heating.

In summary, we have investigated the dynamics of
heat-induced structural deformation and phase transition
gold at early time delays~within 1 ps after pump excitation!
by monitoring both the fundamental and SHG signals of
probe beam. The ratios of the time resolved fundamental
SHG signals with respect to low-intensity reference curv
reveal clear changes immediately following pump excitat
for intensities above 0.9I th that is absent at lower intensities
These observations indicate a disordered lattice due to e
tronic heating and suggest that a nonthermal component
ists in the heat-induced structural deformation and ph
transition in Au. The findings presented in this paper prov
microscopic insights to form a more complete understand
of physical mechanism of metal melting.

We acknowledge technical assistance from G. Rodrig
and J. P. Roberts. This research was supported through
Los Alamos Directed Research and Development Prog
by the U.S. Department of Energy.

FIG. 4. Ratio curves for the SHG signals for pump intensities
0.95I th , I th , and 1.13I th versus 0.68I th . The temporal shape of the
pump pulse is plotted around the zero time delay.
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