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Ultrafast electronic disorder in heat-induced structural deformations
and phase transitions in metals
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~Received 9 March 2000; revised manuscript received 26 May 2000!

Heat-induced structural deformations and phase transitions of gold and silver are studied using 1.55-eV,
120-fs ultrashort laser pulses. The dynamics of the heating process is monitored by measuring the time
evolution of the dielectric constants following optical excitation. Intensity-dependent dielectric constants in
silver and gold show similarities with the photon-energy-dependent dielectric constants, which is shown to
indirectly map out the degree of heat-induced electronic disorder in these noble metals. This observation
strongly suggests that the heat-induced structural deformations and phase transitions in metals are tied to the
electronic disorder and band-structure collapse.
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I. INTRODUCTION

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. Even though this tw
temperature model has been shown not to be strictly v
during the first few hundred femtoseconds following las
excitation,2,3 in most cases, thermalization of the hot ele
trons can be assumed to occur instantaneously due to
short electron-electron interaction time, and therefore
overall picture of a nonequilibrium system in metals is n
mally described as constituting two subequilibrium system
the hot electrons and a cold lattice.1 This transient two-
temperature system will tend to reach equilibrium within
few picoseconds through electron-phonon interactions
well as electron transport out of the excited region. In
perturbative low-intensity regime, the excited region of m
als will reach equilibrium with little disorder and the ultrafa
dynamics of electron-electron and electron-phonon inte
tions in metals has been studied extensively over the
two decades.2–6 In the high-intensity regime~intensity nor-
mally .1013 W/cm2), on the other hand, a plasma can
created from a metal surface due to intense laser radia
and the plasma-related phenomena, such as hydrodyn
expansion, resonance absorption, etc., need to be taken
account in studying laser-plasma interactions.7–11

In this paper, we present the results of a study of las
induced structural deformations and phase transitions in m
als with intermediate laser intensity that is only high enou
to elevate the final lattice temperature to the melting po
without creating any significant plasma~intensity normally
ranging 1011;1012 W/cm2). Although the solid to liquid
structural phase transition in metals is a vital problem due
PRB 620163-1829/2000/62~9!/5382~5!/$15.00
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its fundamental importance as well as wide applicability
materials processing and manufacturing, the understan
of laser heat-induced melting in metals still remains a
phenomenological level. Further investigation to understa
this problem at a more fundamental level is necessary.

Recently, the study of melting dynamics has been vig
ously pursued in semiconductors with ultrafast optical m
surements. One of the most interesting questions studie
semiconductors is so-called ‘‘plasma annealing,’’ a melti
of diamond structure semiconductors by means of electro
excitation rather than heating.12 This nonthermal melting has
been experimentally demonstrated by several groups wi
variety of semiconductor materials.13–18 The experimental
techniques in optical measurements have also evolved f
studying only the change in the optical reflectivity or secon
harmonic generation to directly determining the time evo
tion of the dielectric constant.19 The study of the dielectric
constant has fundamental advantages compared to stud
only the change in the optical reflectivity or secon
harmonic generation because the dielectric constant rev
the intrinsic optical properties of a material. The interpre
tion of reflectivity and second-harmonic data, in fact, oft
relies on an assumption of the functional form of the diele
tric function such that induced changes in the dielectric fu
tion are dominated by free-carrier contributions. Howev
such assumptions are correct only when interband transit
can be neglected.19

More recently, we reported on a study of structural pha
transitions induced by electronic excitation in metal
system.20 In aluminum, the structural phase change can
induced by a resonant interband electronic excitation ac
a pair of parallel conduction bands. A significantly low
threshold fluence and shorter time scale for this transit
compared to the traditional heat-induced melting indic
that this electronic-induced structural phase change res
from a fundamentally different process. Motivated by th
finding, we set out to study the traditional heat-induced m
5382 ©2000 The American Physical Society
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ing in metals from a fundamental point of view in order
understand the electronic disorder associated with ultra
heating.

In this paper, we investigate the heat-induced structu
deformations and phase transitions in both gold~Au! and
silver ~Ag! using 1.55-eV, 120-fs laser pulses. Since the
set of major interband transitions in both Au~2.45 eV! and
Ag ~4 eV! exceeds the fundamental laser photon energy u
in the experiment, any laser-induced structural phase cha
in both metals is expected to be an ultrafast heat-indu
process. The dynamics of the heating processes before
during a structural phase transition in both metals is mo
tored by measuring the time evolution of their dielectric co
stants following optical excitation. Intensity-dependent
electric constants in Ag and Au, however, show striki
similarities with the photon-energy-dependent dielectric c
stants, which is shown to indirectly map out the degree of
heat-induced electronic disorder in these noble metals. T
observation strongly suggests that the heat-induced struc
deformations and phase transitions in metals are tied to
electronic disorder and band-structure collapse.

II. EXPERIMENTAL SETUP

The experimental setup is similar to that described in R
20. The laser used in the experiment is an amplified Ti:s
phire laser system running at a 1-kHz repetition rate, prod
ing over 800mJ/pulse in 120-fs pulses with a central wav
length of 800 nm. The repetition rate of the laser pulses
be further reduced with a pulse selector. A pump-probe tr
sient reflectivity technique is used to determine the time e
lution of the dielectric constant at 1.55 eV following optic
excitation. The laser pulse is split into an intense pump be
and a weak probe beam. The pump beam is weakly focu
near normal incidence onto the sample, while the pro
beam is focused to;10 times smaller area than the pum
beam to ensure probing of a uniformly excited area. T
beam spot size is measured using a scanning edge techn
In order to extract both real and imaginary parts of the
electric constant, two independent measurements need
made.19 In our case, we further split the probe pulse into tw
beams with different incident angles on target. The t
probe pulses are individually delayed with high precisi
translation stages to arrive at the sample simultaneously.
reflectance from two angles is recorded at each time d
and used to extract the dielectric constant through num
cally inverting the Fresnel reflectivity formulas. A differen
tial measurement is also made by recording the incid
probe energy to minimize the effect of laser fluctuations. T
pump and probe beams are cross-polarized (S polarization
for pump andP polarization for probe! to minimize coherent
artifacts when the pump and probe overlap temporally.21,22

~In fact, no major conclusion in this paper is derived fro
the data points at zero time delay and therefore the poss
ity of coherent effects is not relevant here.! Polarizers allow-
ing only the p-polarized light ~probe! and 10-nm narrow
bandpass interference filters centered at 800 nm are ins
in front of the probe detectors to minimize the effect of pum
leakage and nonlinear or plasma radiation respectively s
the pump beam is intense. The Au and Ag used in the
periments are polycrystalline samples prepared by h
st
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vacuum deposition. The samples are mounted on a h
speed and high-precision motion system consisting of a
tation stage on top of a translation stage, which allows tra
lation of the sample to a fresh spot between laser shots.
dielectric constants of both metals at 1.55 eV are measu
with this two-angle technique first without laser excitatio
and the result shows excellent agreement with the publis
values.23

III. EXPERIMENTAL RESULTS AND DISCUSSION

By varying the pump laser intensity with a high quali
variable optical attenuator, time-resolved reflectivity me
surements are made at different pump intensities. T
intensity-dependent reflectivity change for Ag at time dela
of 0.2 and 5 ps are plotted in Fig. 1. The magnitude of
reflectivity change increases with incident laser intensity t
threshold value of about 1.1331012 W/cm2 for Ag. When
the pump intensity is further increased, the change of
probe reflectivity drops rapidly. Examination of the samp
under an optical microscope reveals that irreversible dam
appears when the laser intensity is just above this thres
value. Similar behavior is also observed in the intensi
dependent reflectivity change for Au. Therefore the sudd
change of the reflectivity indicates structural phase tran
tions in Au and Ag in our experiments.

The dynamic processes due to laser excitation in Au
Ag are studied by monitoring the time evolution of the
dielectric constants at 1.55 eV through the two-angle pro
measurement. Both real and imaginary parts of the dielec
constants of Ag and Au versus pump intensity at time del
of 0.2 and 5 ps are plotted in Figs. 2 and 3. The error b
correspond to a 5% uncertainty in the reflectivity measu
ments. Despite the relatively simple dependence of reflec
ity on intensity as shown in Fig. 1, these dielectric consta
exhibit a complicated dependence on intensity at the de
time of 5 ps~especially Ag!. The Re(e) of Ag at time delay
of 5 ps, in Fig. 2 for example, increases with intensity fro
222 to over zero, then drops drastically to around210 at an
intensity of 1.1331012 W/cm2, and increases slowly agai
with pump laser intensity. The Im(e) of Ag, on the other

FIG. 1. Intensity-dependent reflectivity change for silver at tim
delays of 0.2 and 5 ps. The probe beam is incident at 52°. The e
bars indicate a 5% uncertainty mainly due to the pump energy fl
tuations.
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hand, shows a corresponding change on a different sc
Note that the large changes in dielectric function occur
low the threshold intensity (1.1331012 W/cm2 shown in
Fig. 1! indicating that such changes occur prior to the me
ing.

For Ag, this rapid change of dielectric constant vers
pump intensity before melt is similar to the dielectric co
stant change versus excitation photon energy around
resonant absorption energy of 4 eV, as shown in Fig. 4~the
plotted dielectric constants of Ag versus photon energy
Fig. 4 is reproduced from Ref. 23!. The dielectric constan
for a metal can be decomposed into free and bound elec
contributionse f and eb. The free electron contributione f

will follow the Drude model over the whole photon energ
range, while the bound electron contributioneb will reflect
the resonant absorption. The values of Re(e) f and Re(e)b of
real part of the dielectric constant are negative and posit
respectively. The Re(e)b for Ag at 4 eV in fact is large
enough to overcome the small negative Re(e) f driving the
total Re(e) across zero to positive values, as shown in Fig
and discussed in detail in Ref. 24. The overall dependenc
dielectric constant on photon energy~Fig. 4! shows surpris-
ing similarity to our experimental results for the transie

FIG. 2. Dielectric constant of silver versus laser intensity at ti
delays of 0.2 and 5 ps.

FIG. 3. Dielectric constant of gold versus laser intensity at ti
delays of 0.2 and 5 ps.
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dielectric constant versus laser intensity~Fig. 2!, as well as
the similarity for the values of the maximum Re(e) in Figs.
2 and 4, although the dependent variables in the two figu
are totally different physical quantities, photon energy a
laser intensity.

Electron screening can occur when a large number of m
bile free electrons are created from bound states or a sig
cant change in the conduction electron distribution. Th
photoexcited electrons can partially screen the ionic poten
and change the electronic band structure in materials suc
semiconductors.25 The strength of electronic screening vari
with the free-electron density and the degree of redistri
tion, and the effects due to screening should be a maxim
right after the pump excitation since the subsequent rec
bination, diffusion, and relaxation processes will reduce
free-carrier density and the total change of the conduc
electron distribution.19 Unlike semiconductors, however, th
electron screening normally does not play a significant r
in metals since many excitations~e.g., intraband transitions!
in metals do not increase the number of free electrons
nificantly. Even assuming that many free electrons are c
ated from bound states through multiphoton excitation~since
the photon energy here is smaller than the onset interb
transition energies for both Au and Ag! and that the conduc
tion electron distribution is strongly modified by laser exc
tation, our experimental results show that the changes o
electric constant grow with time delay and the resonance
structures become clear several picoseconds after laser
tation ~Figs. 2 and 3!. Such a delay would not be observe
from the electron screening since the effect should be m
mum immediately after the excitation. Therefore electr
screening does not seem to play an important role in in
encing the intensity dependence of the transient dielec
constants in Ag and Au.

The increasing changes of the dependence of dielec
constant on intensity over picoseconds time scale for
suggests that the change involves phonon processes,
increasing lattice vibration and deformation. The electro
band structure of a noble metal is illustrated in Fig. 5, wh
consists of a free-electron band and a localizedd band. A
1.55-eV photon will not excite electrons from the filledd
band to the conduction band above Fermi level through o

e

e

FIG. 4. Dielectric constant for silver as a function of photo
energy. The data are reproduced from Ref. 23.
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photon excitation. However, the structure of a noble me
will start to deform when exposed to intense laser heat
and such a process becomes irreversible above the thre
intensity for damage. This structural change will induce
change in electronic band structure since the internuclear
tance of the metal atoms changes. To illustrate this point,
Fermi energy using a free electron model can be expresse
follows:26

eF5
50.1 eV

~r s /a0!2
, ~1!

wherer s is the radius of a sphere whose volume is equa
the volume per conduction electron anda0 is the Bohr ra-
dius. When the lattice constant orr s , in the nearly free-
electron noble metal Ag, increases due to intense laser h
ing, the simple expression in Eq.~1! indicates that the Ferm
energy will drop. The energy change of thed band will be
smaller since thed-band electrons are relatively localize
~non-free-electron like!. Now we can understand the strikin
similarity of the dielectric constant for Ag between its ph
ton energy dependence and pump intensity dependence
effect of the electronic-level shift due to the structure chan
will be lowering the Fermi level towards the filledd band in
a noble metal, as illustrated in Fig. 5. As the metal is illum
nated with increasing intensity, the decreased energy sep
tion between the Fermi level andd band scales as increasin
photon energy while fixing electronic band structure. The
fore the effects of increasing the pump intensity are in
sense equivalent to increasing photon energy while fixing
electronic band structure. Thus we observe the similar
pendence of the dielectric constant for Ag on pump inten
as on photon energy below the threshold intensity of ir
versible structure change, and the resonance feature obs
in dielectric constant indicates that the decreased en
separation sweeps through the 1.55-eV photon resona
The deviation between the dependence of the dielectric c
stant on intensity and photon energy above the dam
threshold is expected and reflects the liquid values.29 This
observation suggests that the heat-induced structural d
mation and phase transition in Ag are actually tied to el
tronic band-structure collapse. Laser-induced electronic

FIG. 5. Structural change decreases the energy separation
tween Fermi level andd band in a noble metal.
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order associated with structural changes has also b
studied in semiconductors.19 It needs to be pointed out tha
the free-electron-model-based Eq.~1! may not be able to
quantitatively predict the electronic-level shift in real meta
lic system due to its simplicity. The expression, howev
gives the correct direction of energy shift as do the full ban
structure calculations in noble and transition metals.27,28Fur-
ther theoretical investigation possibly using large-scale sim
lations is necessary to fully understand the highly dynam
process of electron disorder in structural deformations
phase transitions.

The electron disorder in Ag due to the lattice deformati
and phase change is studied here with intensities aroun
below the melting point and much lower than intensities
volving significant plasma effects, as discussed in the in
duction. Especially, the intensity corresponding to the int
esting structure appearing in the dielectric constants tha
maximum around 131012 W/cm2 is even below the melting
threshold to form a liquid~thus far from forming a signifi-
cant plasma!. Therefore the structural deformation we d
scribe here is different from high-intensity plasma pheno
ena, such as hydrodynamic expansion~normally with
intensity .1013 W/cm2).10 Furthermore, plasma-related e
fects normally become more significant with increasing
tensity, which cannot account for the resonantlike struct
in the dielectric constants around a certain intensity (;1
31012 W/cm2) in our observations. Therefore high intensi
plasma effects do not play any significant role in our me
surements.

The bound electron excitation contributes to the dielec
constant in Au at 2.45 eV, where the free-electron com
nente f is still relatively large. Thus the bound electron com
ponenteb does not modify the dielectric constant in Au a
drastically as in Ag, e.g., there is no clear resonance struc
in the dielectric constant in Au and the total Re(e) in Au,
unlike in Ag, is not driven across zero to positive values23

We can see from Fig. 3 that the dielectric constant ver
pump intensity for Au does not show as clear a resona
structure as seen in Ag below the melting intensity
1.5331012 W/cm2. The overall dependence of the dielectr
constant on intensity in Au below the melting thresho
again agrees reasonably well with the dielectric const
change versus photon energy reported previously.23,30 Such
agreement reinforces our argument that increasing the p
intensity has the same effect as increasing the photon en
with fixed electronic band structure and therefore the el
tronic structure is distorted with the pump excitation in Au
well, even before the structural phase transition occurs.
sudden jump of the dielectric constant in Au
1.5331012 W/cm2 occurs at the melting threshold, in agre
ment with the change of dielectric constants from solid
liquid values.29

IV. CONCLUSION

In summary, we describe the ultrafast heat-induced str
tural deformations and phase transitions in both Au and
using 1.55-eV, 120-fs ultrashort laser pulses. The dynam
of the ultrafast heating process is monitored by measu
the time evolution of the dielectric constants following op
cal excitation. Unlike the simple dependence of reflectiv

be-
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on intensity, the intensity-dependent dielectric constants
Ag, as well as in Au, show striking similarities with th
photon-energy-dependent dielectric constants, which
shown to indirectly map out the degree of the heat-indu
electronic disorder in noble metals. These results indic
that the heat-induced structural deformations and phase
sitions in metals are tied to electronic disorder and ba
structure collapse. Further theoretical studies are necessa
fully understand the dynamics of electron disorder in
structural deformations and phase transitions. The exp
mental observation presented in this paper demonstrates
nounced electronic effects in the thermal melting in meta
ev
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This result should provide direction for future theoretical i
vestigation that may lead to a more complete understand
of the melting mechanism in metals.
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