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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 def{aythin 1 ps after excitationby monitoring both
the fundamental and second-harmonic generat8G) 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 X.%he 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.

Our understanding of femtosecond laser interactions witlindicative of an electronic disorder associated with lattice
metals is largely based on the so-called two-temperaturdeformations and structural phase changes. Therefore, elec-
model® An ultrashort laser pulse, with a duration less thantronic motion plays key roles in both electronic- and heat-
the excited electron energy-loss lifetime, can heat electronmduced structural deformations and phase transitions in
in a metal to a very high temperature while leaving the latticemetals*®1® Motivated by these findings, we investigate here
relatively cool since the heat capacity of the electrons ighe possibility of electronic effects near zero pump-probe
much smaller than that of the lattice. Although this two-time delay, before phonons are highly excited by the hot
temperature model has been shown not to be strictly valig¢lectrons(in contrast to Ref. 19, where the time scale inves-
during the first few hundred femtoseconds) following la-  tigated is mainly beyond a few psSince the change of the
ser excitatior?;® in most cases, however, thermalization of dielectric constant due to structural change in heat-induced
the hot electrons can be assumed to occur instantaneoussjructural deformations and phase transitions is relatively
due to the short electron-electron interaction time, and theresmall before the phonons are highly excitédhew tech-
fore the overall picture of a nonequilibrium system in metalsniques with higher sensitivity are needed to reveal the nature
is normally described as constituting two subequilibrium sys-of any electronic effects at this ultrashort time sda¥éhin 1
tems, the hot electrons and a cold lattic@his transient ps after excitation
two-temperature system will tend to reach equilibrium within  In this paper, we perform optical pump-probe measure-
a few picosecond&s) through electron-phonon interactions ments to investigate the ultrafast heat-induced structural
as well as electron transport out of the excited region. In thg@hase change in Au at early time delaysi ps and before
perturbative regime, the excited region of metals will reachsignificant transfer of energy from hot electrons to laitice
equilibrium with little disorder, and the dynamics of monitoring the time evolution of both the fundamental re-
electron-electron and electron-phonon interactions in metalfectivity (1.55 e\j and surface second-harmonic generation
has been studied over the past two dec&dét.the incident  (SHG at 3.1 eV from the probe beam. The ratios of the time
laser fluence is high enough to elevate the final lattice temresolved fundamental reflectivity and SHG signal with re-
perature to the melting point, the metal will begin a solid tospect to low-intensity reference curves reveal clear changes
liquid phase transformation. However, the understanding ofimmediately following pump excitation for pump intensities
the dynamics of this phase change in metals is not well unabove 0.X the permanent melting threshold,{) that is
derstood. absent for intensities below 0,§. These observations are

The study of ultrafast melting dynamics has been vigor-indicative of a disordered lattice due to electronic heating
ously pursued in semiconductors. Especially, phenomena aand suggest that a nonthermal component exists in the heat-
sociated with electronic-induced nonthermal melting ofinduced structural deformation and phase transition in Au.
semiconductors have been studied systematically with a va- The experimental system follows the basic setup de-
riety of semiconductor materiafs!’ More recently, we dem- scribed in Refs. 18 and 19. Briefly, we perform cross-
onstrated electronic-induced melting in a metallic systenpolarized optical pump-probe p¢polarization for probg
through a resonant interband excitation in alumin@fur-  measurements using an amplified Ti:sapphire laser system
thermore, we also investigated the conventional heat-inducedinning at a 1 kHz repetition rate, producing over 800
melting in metals®>?°In Ref. 19, we study the dynamics of wJ/pulse in 110 fs pulses with a central wavelength of 800
structural deformations and phase transitions in noble metalsm. The repetition rate of the laser pulses can be further
by monitoring the time evolution of dielectric constants: thereduced with a pulse selector. The pump beam is weakly
change of the dielectric constants due to intense laser heatifigcused near the normal incidence onto the sample, while the
is relatively small at short time delays<(l ps after laser probe beam, incident at 52°, is focused to an ard# times
excitation), increasing significantly at time delays longer smaller than that of the pump beam to ensure probing of a
than a few ps when the phonons become highly excitedyniformly excited area. Surface SHG is generated by the
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FIG. 1. A set of typical time-resolved fundamental and SHGPUMP pulse is plotted around the zero time delay.

signals for Au following pump excitation. . ) . .
established technique from the study of intensity-dependent

weak probe beam that does not cause any modification of tHenization yields of atonfs'**and molecule¥~*®in intense
sample. The collinearly propagated reflected fundamentdaser fields based on the ratio curve of two ion yields, where
and SHG beams are separated by a dichroic beamsplitter addsmall componente.g., nonsequential ionization compo-
monitored simultaneously. Polarizers and narrow bandpag3end can normally be detached from an overall ionization
interference filters centered at 800 and 400 nm are used f@ignal’* We analyze here the ratio of time-resolved funda-
detection of the fundamental and SHG signals, respectivelynental reflectivity or a SHG signal at two different pump
An intensity window circuit is used to restrict the data col- intensities. For the results discussed here, the reference traces
lection to within a fluctuation range of 5% for a certain for both the fundamental and SHG data were acquired at a

incident pulse energy. The Au sample used in these experPump intensity of 0.68,=1.02<10"* W/cn? (ly,=1.5
ments is a polycrystalline, thick, optical film<(1 wm) pre- X102 W/cn¥). The ratio curves are then obtained with
pared by high vacuum deposition. The sample is mounted ofiaces at various pump intensitiésoth above and below the
a high-speed and -precision motion system consisting of damage thresholdvs the reference traces. Note there is no
rotation stage on top of a translation stage, permitting posiparticular reason to choose the reference curve atl (§.68
tioning of the sample to a fresh spot between laser shots. the conclusions reached are qualitatively similar as long as
The dynamics of the relaxation process following intensethe reference curve corresponds to an intensity below;0.9
pump excitation in Au can be studied by monitoring both the(discussed latgr The time-dependent ratios of the funda-
fundamental and SHG signals from the probe pulse. Sincgental and SHG signals are plotted in Fig. 2 for a pump
the onset of major interband transition in AR.45 e\) ex-  intensity of 0.68,, versus 0.4h;,. (Note, to be consistent,
ceeds the fundamental laser photon energy used in the ewe always plot the ratio of a higher-intensity trace versus a
periment(1.55 eV}, any laser-induced change in Au is ex- lower-intensity trace The ratio starts at around 1 before
pected to be predominately an ultrafast heating protess.pump excitation, and we can see there is a smooth increase in
Therefore, the structural change studied here in Au is a heathe ratios of both fundamental and SHG due to pump exci-
induced structural deformation and phase transitfomhich  tation before a delay of-300 fs, followed by relatively con-
is in contrast to the electronic-induced melting in metalsstant values in the ratio curvegdote that the relatively large
caused by interband excitatiéh.A set of typical time- changes in the SHG ratio curves at time detag00 fs, in
resolved fundamental and SHG signals for Au following aboth Figs. 2 and 4, result from electron thermalization, which
pump pulse are plotted in Fig. 1. Both the fundamental andias been discussed in detail elsewhe@nd is relatively
SHG signals initially decrease after pump excitation, reachunimportant to the major discussions in this pap&he slow
ing minimum values, and then recovering, consistent witnincrease of the ratiosmostly during the presence of laser
previous observations that attributed the observed signals faulse$ characterizes a dynamic process of the electron re-
laser heating and the ensuing relaxation due to electrorsponse to laser heating before thermalization is reached. The
phonon coupling®?! As pump intensity varies, the ampli- ensuing relatively constant values of ratio curves indicate a
tude of the induced change in the probe signals, at both fursimilar time-dependent behavior of the induced changes at
damental and SHG, varies at each delay time. However, thdifferent intensities below melting. Qualitatively similar tem-
overall shape of the probe signals is qualitatively similar atporal behaviors are found in the ratio curves at both funda-
different pump intensities, both above and below the damagemental and SHG signals as long as the pump intensities for
threshold; little can be learned directly by studying onlythe numerator and denominator traces are each belowy, 0.9
these probe tracéé.New techniques need to be introduced (discussed latgr
to unravel the underlying electronic dynamics, if any, asso- Now we plot the ratios of the fundamental and SHG sig-
ciated with structural change. nals for pump intensities at three intensities around the melt-
In order to enhance the signature of electronic effects agng threshold  (0.9g,=1.43x 10" W/cn?, 1,=1.5
sociated with structural change, we introduce a well-x10'2 W/cn?, and 1.18,,=1.7x10' W/cn?) with re-
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FIG. 3. Ratio curves for the fundamental reflectivity for pump ~ FIG. 4. Ratio curves for the SHG signals for pump intensities at
intensities at 0.9, 1y, and 1.18,, versus 0.6y, . The temporal ~ 0.9, Itn, and 1.18y, versus 0.68,, . The temporal shape of the
shape of the pump pulse is plotted around the zero time delay. PUMp pulse is plotted around the zero time delay.

spect to the same reference trace in Fig. 2 acquired &henomena and time scales have been found experimentally
0.68 . These ratios are plotted in Figs(fBndamentaland i semiconductor®” This transiently disordered lattice
4 (SHG). We can see that the ratio curves first increase at thgiate can be formed from the constituent atoms moving away

rising edg_e of the pump pulse re_flecting'differept reSPONS§om their equilibrium positions by a substantial distance
dynamics in Au between different intensities, as in Fig. 2. In

contrast to the ratios acquired for pump intensities belov&e'g" 1/4 internuclear distarjceue to electronic bond weak-
. . . .~ ening induced by the strong pump. An estimation shows that
0.9, (Fig. 2), however, there is a clear drop in the ratio g y g pump

ves immediatelv after a zero time delav in Figs. 3 and 4it requires only a velocity of X 10° m/sec for an atom to
curves edialely after a zero ime delay 9s. 5 and 4,46 a distance of 1/4 lattice space in Au in 100 fs, and this
This drop shifts to an earlier delay time and the magnitud

?/elocity is already comparable to vibrational velocity of

Increases fo_r hlgh_er pump intensity. Furthr—;rmore, for thﬁattice.10 In fact, the atoms can move faster than vibrational
same pump intensity, the drop occurs earlier in the SHG rati elocity as the electronic bonding strength greatly

(Fig. 4) than the fundamental ratifFig. 3. With this tech- changes®**® Furthermore, the drop in signal occur faster

nigue, we observe that the onset pump intensity for this rati('i>n NP :
; ) ; ; - the surface SHG ratiof-ig. 4) than in the fundamental
drop is about 0.8y; the drop first appears in the SHG ratio ratios (Fig. 3 for the same pump intensity, indicating that

curve and then in the fundamental ratio curve as intensit)fhe disorder occurs first on the surfagaobed by SHG
increases. Finally, we observe a systematic increase in th[

change of amplitude and a shift to an earlier time delay for?Ien moves into the bulfprobed by fundamentaiconsistent

the ratio d ith ; tensity. indicating th twith the fact that the atomic bonding on surface is weaker
€ ratio drop with increasing pump Intensity, indicating thaty, , , i pylk. These observations lead us to conclude that a
this drop is caused by the pump excitation.

Since the ratio drops at high pump intensitiEigs. 3 and nonthermal disordered lattice state exists in the structural de-
ince the ratl P 'gh pump INtENSIIEHS. S a formation and phase transition in Au induced by ultrafast
4) are in distinct contrast to the slow rising of the ratios at

. o X . laser heating.
lower intensitiegFig. 2), these drops have to be attributed to In summgry we have investigated the dynamics of the
3:&:%?2; rS;?ﬁg'@iIferg;qomgtrgts:J%szg'sntlezzﬂﬂgfrﬁ?é atrﬁeat-induced structural deformation and phase transition in
. . ' | rly tim I ithin 1 r pump excitation
fact that the ratio drops occur only at intensities close to th old at early time delaywit ps after pump excitatio

iting threshold st \v indicates that th o d y monitoring both the fundamental and SHG signals of the
metting threshold strongly indicates that the ralio drops are ;e heam. The ratios of the time resolved fundamental and
due to lattice motion instead of purely electronic response

However. the tim le of the ratio dr in the fundament HG signals with respect to low-intensity reference curves
OWEVer, e ime scaie of the ratio drops € lundamenialy o, clear changes immediately following pump excitation
and SHG signals occurs within 150 fs after pump eXC|tat|onf

much less than the time scale of a thermal process needed or intensities at_)ove Ol% that is qbsent at Iowe_r intensities.
T . ‘F?wese observations indicate a disordered lattice due to elec-
significantly transfer energy from hot electrons to the Iatt'cetronic heating and suggest that a nonthermal component ex-
in. Au (at 'Ieast a couplle of piposeconﬁ_sTherefore, lattice ists in the heat-induced structural deformation and phase
d!sorder, '.f any, assomate_d W'th.the ratio drops appears to bt"f“ansition in Au. The findings presented in this paper provide
directly driven by electronic motion rather than thermal heat'microscopic insights to form a more complete understanding
ing. Unlike permanent damage, the onset pump intensityof physical mechanism of metal melting

(~0.9,) to induce the ratio drops is below the melting '

threshold indicating that this disorder is reversible. It is rea- We acknowledge technical assistance from G. Rodriguez
sonable that the lattice can be transiently driven to a reversand J. P. Roberts. This research was supported through the
ible disordered state due to strong electronic excitation bekos Alamos Directed Research and Development Program

fore permanent thermal melting occurs, and similarby the U.S. Department of Energy.
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