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Optical Properties in Nonequilibrium Phase Transitions
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An open question about the dynamical behavior of materials is how phase transition occurs in highly
nonequilibrium systems. One important class of study is the excitation of a solid by an ultrafast, intense
laser. The preferential heating of electrons by the laser field gives rise to initial states dominated by hot
electrons in a cold lattice. Using a femtosecond laser pump-probe approach, we have followed the
temporal evolution of the optical properties of such a system. The results show interesting correlation to
nonthermal melting and lattice disordering processes. They also reveal a liquid-plasma transition when the
lattice energy density reaches a critical value.
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Phase transitions are fundamental processes of nature.
The most familiar among them are structural changes such
as melting or freezing, vaporization or condensation, and
sublimation that define the three states of matter, namely,
solid, liquid, and gas. Understanding phase boundaries and
transition kinetics has long been a focus of research in
material science, chemistry, and biology. While most stud-
ies are concerned with the behavior of states in thermody-
namic equilibrium, there is a growing interest in the
investigation of nonequilibrium behavior over time scales
pertinent to atomic and molecular motion, that is, femto-
second to picosecond. It holds the promise of discovering
new phases and metastable states, chemical reaction path-
ways as well as biological functioning processes. It is also
key to the understanding of radiation-induced damage
thresholds that impact a broad range of technologies rang-
ing from optics and electronics to biological imaging and
microscopy. Experimental studies in such time scales have
been both enabled and driven by advances in femtosecond
lasers. They offer unparalleled temporal resolution for
delineating the evolution of dynamical processes.

Ultrafast laser heating has been widely used to inves-
tigate phase changes in solid under nonequilibrium con-
ditions, including nonthermal melting [1–6], lattice
disordering [7], as well as desorption and ablation [8].
These studies were conducted at modest incident fluences
( � 70 mJ=cm2). Most [1–6,8] were made on thin films
deposited on top of substrates where the spatially varying
energy density resulting from nonuniform heating could
not be quantified directly. Recently, isochoric and uniform
heating of a solid by an intense femtosecond laser has been
demonstrated using a freestanding, 25–30 nm thick gold
foil in vacuum [9]. This renders it possible to characterize
the heated state by its initial mass density �0 and the exci-
tation energy density �" due to laser deposition. Both of
these quantities are obtained from direct measurements
without relying on model interpretations. Furthermore,
vacuum insulation allows the heated state to be free from
the effects of electron transport and thermal conduction
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losses to its surroundings. Used in a pump-probe experi-
ment, this new approach has enabled the first single-state
measurement of electrical conductivity of gold at energy
densities of 2:8� 105 to 2:2� 107 J=kg. At the same time,
the study reveals a quasi-steady-state behavior in the elec-
trical conductivity of the sample following laser excitation.
This hints at the existence of a metastable liquid phase over
picosecond time scales. The study also shows the onset of
disassembly of the heated sample, indicative of a liquid-
plasma transition.

In this Letter, we present a study of the temporal behav-
ior of the optical properties of gold under ultrafast laser
excitation. This is used to assess nonequilibrium melting
and liquid-plasma transitions over a wide range of excita-
tion energy densities. The study employs a variety of
pump-probe diagnostics including reflectivity, transmissiv-
ity, and phase shift to provide measurements with different
sensitivity to density gradient and hydrodynamic expan-
sion. Our results confirm the quasistability of the liquid
phase that follows nonthermal melting. They also identify
the liquid-plasma transition together with a measurement
of the energy density threshold for the transition. In the
experiment, 25–30 nm thick freestanding gold foils are
heated with 150 fs full width at half maximum (FWHM),
400 nm laser pulses at normal incidence. Spatial resolution
of the diagnostics is 5 �m. The excitation energy density is
determined from the measured reflectivity and transmis-
sivity of the pump laser. To examine the optical properties
of the heated sample, six different diagnostics are used.
Two of these provide measurements of reflectivity and
transmissivity of an S-polarized, 150 fs FWHM, 800 nm
laser probe incident at 45� to the normal of the foil target
[9]. For a more sensitive diagnostic of density gradient and
hydrodynamic expansion, the polarization of the probe is
rotated by 90�. The reflectivity and transmissivity of the
P-polarized probe are governed by not only the dielectric
function of the heated foil but also resonant absorption at
critical density [10]. To provide a more direct interrogation
of hydrodynamic expansion, frequency domain interfer-
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ometry (FDI) [11] is used with the S- or P-polarized probe.
This measures the change in phase shift, ��, of the spec-
ularly reflected light. The value of �� is determined by
both dielectric function of the sample and motion of the
critical density layer when hydrodynamic expansion
occurs.

Figure 1 shows the temporal evolution in the optical
properties of the femtosecond laser heated gold foil. For
all diagnostics, time zero is defined by the onset of detect-
able changes in the P-polarized probe reflectivity because
it shows the highest percentage change to laser heating. It
is remarkable that they all exhibit the same three stages of
temporal evolution. The response of the foil to laser exci-
tation begins with a transient that extends to t� 1:5 ps.
This is followed by a quasisteady state that lasts approxi-
mately 3.5 ps before the onset of another rapid change.
These results clearly confirm the quasisteady state behav-
ior and its interpretation as the absence of significant
hydrodynamic expansion. Otherwise, it would require the
spatially varying dielectric property of an expanding foil to
evolve in such a manner to mitigate precisely effects due to
density gradient or hydrodynamic flow for the entire dura-
tion of the quasisteady state. This is highly improbable.
The FDI measurement is particularly noteworthy. It pro-
vides direct evidence of hydrodynamic expansion subse-
quent to the quasisteady state. Furthermore, its sensitivity
to expansion renders it the best monitor of the quasisteady
state behavior. This is illustrated in Fig. 2, which examines
the phase shift data in the vicinity of the quasisteady state.
FIG. 1 (color online). Temporal evolution of optical properties
for �" of �4:0–4:5� � 106 J=kg.
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To understand the behavior of the optical properties of gold
under ultrafast laser excitation, we examine first its dielec-
tric function. Figure 3 shows an example for an excitation
energy density of 4:0� 106 J=kg. The results are derived
from S-polarized reflectivity and transmissivity measure-
ments for uniform, isochoric heating conditions as de-
scribed before [9]. Time zero is again defined by the
onset of detectable changes in the P-polarized reflectivity.
The dielectric function displays the same characteristic
signature of a transient response that lasts for �1:5 ps,
followed by a quasisteady state to t� 5 ps. Beyond that
time, disassembly of the foil gives rise to gradients that
render it invalid to derive dielectric function from reflec-
tivity and transmissivity data through solutions to the
Helmholtz equations [9]. During the transient, the dielec-
tric function reaches the equilibrium liquid value within the
first 200 fs. This is much faster than the �500 fs observed
in aluminum heated at a much lower laser fluence [5]. Such
a behavior has been attributed to nonthermal melting
where electronic excitation causes weakening of bonds.
Our data would suggest that, in the high excitation energy
density or strongly overdriven regime, nonthermal melting
takes place in a much faster time scale. On the other hand,
the �600 fs needed to reach the local minimum or maxi-
mum in �r or �i is dictated by the laser heating process
since 95% of the pulse energy is contained within that
duration. Then, it takes a further �900 fs for the dielectric
function to relax to a quasisteady state value. Like con-
ductivity, dielectric function is governed by both the
electron-ion scattering cross section and the ion structure
factor [12]. In the regime of interest here, the scattering
cross section is dictated by the electron Fermi speed, which
is a function of electron density only. Thus, the relaxation
of the dielectric function is a manifestation of changes in
FIG. 2 (color online). FDI data showing the duration of the
quasisteady state (shaded area). The error bars are uncertainties
due to the noise level of the measurement. The solid lines are for
guidance and illustrate the time-value extraction for Fig. 4(a).
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the ion structure factor as the lattice relaxes into a liquid
structure. The time scale of relaxation is slightly faster than
the 3.5 ps found in ultrafast electron diffraction measure-
ments on femtosecond laser heated aluminum at a lower
laser fluence [7]. The electron diffraction study also shows
that the structure factor of the nonequilibrium liquid re-
mains unchanged for tens of picoseconds. This can readily
explain our observation of quasisteady state behavior of the
dielectric function for several picoseconds. From Fig. 3 it
is evident that the quasisteady state dielectric function is
significantly different from that of an equilibrium gold
liquid. This is due to the substantial excited electron popu-
lation that exists in the nonequilibrium liquid at high
excitation energy densities.

Turning to the hydrodynamic disassembly of the heated
foil, we study the dependence of the onset of hydrody-
namic expansion on excitation energy density. We define
the time scale for disassembly, ��, as the period between
the end of laser heating that is signaled by the local
minimum or maximum of the transient optical property
and the onset of expansion that is signaled by the subse-
quent rapid change in optical property. For this analysis we
use S-polarized FDI data that offer the clearest temporal
signature as discussed above and illustrated by Fig. 2
which also shows the observed quasisteady state durations.
The results are presented in Fig. 4(a). Interestingly, the
observed functional dependence can be explained quite
well with the widely used two-temperature model [13].
This model treats electrons and lattice as two subsystems,
each characterized by a temperature. Thermal equilibration
between them is governed by a coupling constant g. In
their original form, the model equations are

Ce
dTe
dt
� �g	Te � Tl
 � SL�t�; (1)

Cl
dTl
dt
� g	Te � Tl
; (2)

where SL�t� � �"�Au=�tw
����
�
p
� exp	��t� t0�2=t2w
 de-

scribes the deposition of the femtosecond laser pulse, t0 �
FIG. 3 (color online). Temporal evolution of dielectric func-
tion for �" � 4:0� 106 J=kg.
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300 fs is the time for peak laser intensity, tw � 150 fs is
FWHM, g is the electron-phonon coupling constant, Ce is
the electron heat capacity calculated from the temperature
dependent chemical potential [14], and Cl � 2:5�
106 J m�3 K�1 is the lattice heat capacity [15]. To allow
for solid-liquid and liquid-vapor transitions, we have re-
placed the lattice temperature equation with that for lattice
energy density "l to take into account implicitly the un-
known latent heat of fusion and vaporization,

Ce
dTe
dt
� �g

�
Te � "l

�Au

Cl

�
� SL�t�; (3)

Cl
dTl
dt
� g

�
Te � "l

�Au

Cl

�
: (4)

The density of gold �Au is 19:3 g=cm3. In our calculation,
the lattice specific heat is assumed to remain unchanged for
the liquid phase. Figure 4(b) shows results of our calcu-
lation for an excitation energy density of 4:0� 106 J=kg.
A value of g � 2:2� 1016 W m�3 K�1 is used based on
results of extensive measurements for fluences up to
130 mJ=cm2 [16]. Peak electron temperature appears at
time �H to correspond to the end of laser heating. The onset
of hydrodynamic disassembly is marked by �D in the
figure. Accordingly, �� � ��D � �H�. During the quasis-
teady state period, the lattice energy density increases
substantially with only a minor decrease in electron tem-
perature. This is due to the assumed linear dependence of
electron specific heat on temperature in the model. Using
Fig. 4(b), �� can be correlated with a critical lattice energy
density "D. If the disassembly of the nonequilibrium liquid
is independent of the rate of energy transfer to the lattice,
FIG. 4 (color online). (a) Duration of quasisteady state phase
as a function of excitation energy density for g of 1:9�
1016 W m�3 K�1 (solid line) and 2:5� 1016 W m�3 K�1

(dashed line). (b) Calculated temporal evolution of electron
temperature and lattice energy density for �" � 4:0�
106 J=kg and g � 2:2� 1016 W m�3 K�1.
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the same "D should apply to observations made at all
excitation energy densities. With this hypothesis, we find
values of "D to yield the best fit curves for the data in
Fig. 4(a). It is evident that there is reasonable agreement
between the simple model and experiment. For the re-
ported value of g � �2:2� 0:3� � 1016 W m�3 K�1 our
result yields "D � �3:3� 0:3� � 105 J=kg.

To understand the process responsible for disassembly
of the nonequilibrium liquid, we examine first the temporal
behavior in phase shift �� determined from S-polarized
FDI measurements. As illustrated in Fig. 1(e), the increase
in �� at the onset of disassembly is indicative of an
expanding plasma in which the critical density layer moves
towards the probe source. This is followed by a decrease in
�� when density reduction in the expanding region domi-
nates. Such two processes become much less distinguish-
able at lower excitation energy densities as evident in
Figs. 2(c) and 2(d), depending on the interplay between
them.

In addition, we measure the time scale for disassembly,
�� as a function of background pressure from 3�
10�5 Torr (vacuum) to 100 Torr (helium). The onset of
target disassembly is found to be independent of the sur-
rounding pressure. This means that the critical energy
density "D for disassembly is also independent of back-
ground pressure. This is different from the process of
vaporization of a neutral liquid under equilibrium condi-
tions where the phase boundary is dictated by vapor pres-
sure. For gold under ultrafast laser excitation, the non-
thermally melted liquid is metallic with a significant popu-
lation of excited electrons. When it vaporizes, the gas
phase is thus a plasma. The dynamics of disassembly is
dictated by the plasma electron pressure that can readily
exceed several hundred kbar [17]. These observations
therefore suggest that the disassembly of the nonequilib-
rium liquid is the result of a liquid-plasma transition.

While first-principle calculations of phase transitions
and dynamical changes in optical properties of gold under
ultrafast laser excitation are not available, it is instructive
to present a qualitative discussion of the processes in-
volved. Laser absorption creates initially a highly nonequi-
librium density of state for the electrons as they are excited
by the 3 eV photons from either the s=p or the d band to
levels above the Fermi surface. Deexcitation via electron-
hole recombination and thermalization via electron-
electron scattering lead to a Fermi-Dirac distribution.
This is expected to occur in subpicosecond time scales
[18]. At the same time the high degree of electronic exci-
tation can cause weakening of bonds, thus reducing the
stability of the lattice and giving rise to nonthermal melting
[19]. Another coexisting but minor process is the excursion
of the excited electrons into the surrounding vacuum be-
cause of electron pressure. This is, however, limited by
space charge effect that allows only an electron plasma
sheath to be formed on the surface of the foil. The thick-
05500
ness of such a sheath would be less than 1 nm for electron
energy pertinent to this study. Amid all these processes,
electron-phonon coupling begins to heat the lattice. The
material will remain as a nonequilibrium liquid until suffi-
cient energy is transferred to the lattice to effect vaporiza-
tion. Since the nonthermally melted gold is a charged
liquid, its vaporization leads to the formation of a gaseous
plasma that can expand freely subject to ambipolar diffu-
sion [20] of the electrons and ions.

In conclusion, we have used the temporal behavior of the
optical properties of gold to examine nonequilibrium phase
transitions induced by ultrafast laser excitation at energy
densities up to 2� 107 J=kg. The initial transient response
in the dielectric function is consistent with nonthermal
melting followed by the relaxation of the lattice to a liquid
structure. The subsequent quasisteady state phase is attrib-
uted to a nonequilibrium liquid dominated by an excited
electron distribution. Disassembly of the liquid into a
plasma phase is found to occur at a lattice energy density
of �3:3� 0:3� � 105 J=kg independent of the laser excita-
tion energy density and background pressure. This pro-
vides the first observation of nonequilibrium liquid-plasma
transition in a strongly overdriven regime.
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