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Warm Dense Matter (WDM) physics has been a growing field as part of high energy density
physics, driven by the fundamental urge to understand the convergence between plasma and con-
densed matter physics, and the practical need to understand dynamic behavior of material under
extreme conditions. A platform for creating and probing WDM by isochoric heating of free-standing
nano-foils has been developed recently to study the non-equilibrium processes. Results of optical
measurements reveal the existence of a quasi-steady state in the time history, during which the in-
terband component of the dielectric function shows both enhancement and red shift. First principle
calculations of the dielectric function suggest that the enhanced red-shift of interband transition
peak might be explained by a positive charge state of gold foil due to ejection of electrons by a
high intensity laser pulse. The impact of electronic sheath formation at the surface on the optical
property was examined by the Thomas-Fermi theory with local equilibrium approximation.

PACS numbers: 52.50.Jm, 52.25.Fi, 52.25.Os, 52.38.–r

I. INTRODUCTION

Warm dense matter lies in a regime where densities
are near the solid density and temperatures are between
0.1 and 100 eV. These warm and dense states are char-
acterized by comparable thermal and Fermi energies of
electrons and strongly correlated ionic cores [1] . At the
crossroad between condensed matter physics and plasma
physics, warm dense matter are very difficult to model
because they involve degenerate, strongly-coupled states
which evolve through non-perturbative, non-adiabatic
processes. On the other hand, the high-energy-density
nature of warm dense matter makes experimental study
also challenging. Data obtained from expanding systems
would be integrated over mixed states, thus difficult to
interpret. This has left warm dense matter a largely
uncharted frontier. Nonetheless, warm dense matter is
drawing increasing attention because of its role in under-
standing the convergence between condensed matter and
plasma physics, as well as its relevance to other areas
including shock physics [2], inertial confinement fusion
[3] and astrophysics [4]. Among this broad interest, a
new focus is non-equilibrium warm dense matter. This
is driven by its practical importance as transient states
in laboratory-produced high energy density matter and
its fundamental significance in the study of relaxation
processes and phase transitions.

A platform for creating and probing WDM by isochoric
laser heating of nano-foils has been developed recently
[5, 6]. In this scheme, a freestanding ultrathin gold foil
is irradiated by fs laser pulses. The thickness of the

foil is chosen to be shorter than the ballistic distance
of excited electrons so that the heating is mostly uni-
form in the longitudinal direction. The ultrafast heating
by fs laser pulse creates highly excited electrons semi-
instantaneously, leaving the lattice virtually in an un-
perturbed cold state. Therefore a non-equiliibrium state
of warm dense matter is initiated. Due to the small
electron-phonon coupling of gold, the lattice heating by
the excited electrons is expected to be slow in the laser
heated nano-gold foil. The optical measurements are per-
formed before the transition to liquid and hydrodynamic
expansion in order to probe the properties of warm dense
gold with minimum spatial gradients. A key parameter
characterizing warm dense matter, the dielectric function
including both the intraband (Drude) region and inter-
band region, has been measured for isochorically heated
gold foils. The results have revealed some novel phenom-
ena and properties of the warm dense gold, such as a
quasi-steady-state behavior in the time history [7], and
enhanced interband transition [8].

This paper is a review of the experimental results, as
well as theoretical efforts to understand the exotic behav-
iors. Development of theoretical models in this regime is
challenging due to non-perturbative and non-adiabatic
nature of WDM. As seen in Fig. 1, WDM regime ap-
pears as a critical void in the equation of state (EOS)
table of Cu as calculated by six models [9]. Recent ad-
vancement in computational capabilities has enabled sub-
stantial progress in first-principle simulations of a warm
dense system. Ab initio calculation of the dielectric func-
tion of aluminum across the solid-liquid transition has
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FIG. 1: Temperature-density map showing the subregions
covered by six theoretical models for calculations of EOS of
Cu (from [9]).

been obtained [10, 11]. Calculation of ac conductivity
of warm dense gold in a spectral range that covers both
intra-band and inter-band transitions has been reported
albeit based on very limited Brillouin zone sampling [12].

The paper is organized as follows. The Fourier domain
interferometry (FDI) and broadband measurements are
presented in Sec. II and III, respectively. A possible non-
neutral scenario is explained in Sec IV, and calculations
of the electron sheath formation is described in Sec. V.
Finally the summary is given in Sec. VI.

II. EXPERIMENTAL METHOD AND FDI
MEASUREMENTS

The experiment was performed on the Europa laser at
Jupiter laser Facility (JLF) at LLNL. The targets were
free-standing gold nanofoils (25-33 nm thick), as shown
in Fig. 2. The flatness of the foil was critical for opti-
cal measurements. The foil surface quality was checked
using a Michelson interferometer with a HeNe laser at
632.8nm, indicating flatness better than λ/10 over a 300-
µm region as shown in Fig. 2(a) and (d). The central
flatness within the pump focal size was comparable with
a λ/20 optical mirror, which enabled high-quality optical
reflectivity measurements.

Figure 3 shows the experimental pump-probe
schematic. A 150-fs FWHM, frequency-doubled laser
pulse provided the pump for isochoric heating of the
gold foils. The 400-nm pump pulse was focused onto the
nanofoil at normal incidence with a spot diameter of 80
µm (FWHM). The incident (Ein), reflected (Er) and
transmitted (Et) pump light were monitored by both
calibrated photodiodes with integrating spheres and
CCD cameras to yield measurements of laser deposition
across the focal spot with a spatial resolution of 5 µm.
While the skin-depth of 400-nm light is only ∼ 7 nm
in gold, the electron ballistic range is ∼ 110 nm [13]
which far exceeds the thickness of the target. Combined
with the 150-fs pulse width, this results in uniform and
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FIG. 2: (a) Fringe pattern across the foil surface. (b) Side
view of the free-standing foil. (c) and (d) are surface variation
of a λ/20 mirror and the gold foil over a 500-µm region.
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FIG. 3: Experimental schematic.

isochoric heating of the nanofoil at solid density and
allows the determination of excitation energy density
ED directly from the laser deposition measurement. The
energy density cited in this paper is the average over
the central 15- µm region where the deposition of the
pump pulse was uniform. The probe was incident onto
the target at 45◦. The reflected and transmitted probe
were directed into spectrometers with a CCD camera to
allow for either FDI or broadband measurements.

Fourier domain interferometry (FDI) was employed to
measure the phase shift of an 800nm probe reflected from
the laser-heated gold foil. The setup for FDI is illustrated
in Fig. 4 (top panel). The probe was split into two iden-
tical pulses traveling with a delay between them. The
first one reflected off the target before the pump pulse,
thus providing a reference phase. The second one inter-
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FIG. 4: Top: Illustration of Fourier domain interferometry.
(a)-(d) Phase shift as a function of time for four different en-
ergy densities. The quasi steady state behavior (yellow shade)
is observed at all the energy densities. The error bars are un-
certainties due to the noise level of the measurement. The
solid lines are guides for eyes and are to illustrate how the
steady state duration (∆τ ) in Fig. 5 was determined.

acted with the target after the heating pulse and hence
carried a phase shift relative to the reference. In the
spectrometer the delay between the two pulses was par-
tially compensated by the dispersion due to the grating.
Therefore the two pulses could overlap in time and in-
terfere to create fringes in the frequency domain. The
minimum phase shift that can be measured by this setup
is ∼ 10mrad, corresponding to a spatial sensitivity of
13Å.

The measured phase shifts of a s-polarized probe by
FDI as a function of time for four energy densities are dis-
played in Fig. 4 (a)-(d). At all the energy densities, the
quasi- steady state (QSS) behavior is clearly observed.
The duration of QSS varies as a function of pulse laser
energy density: the higher the energy density, the shorter
the QSS. Quantitatively, the QSS decreases from 20ps
to 1.7ps as the energy density increases from 5×105 to
1.5×107 J/kg, as plotted in Fig. 5. Such a time scale can
be compared with ultrafast electron diffraction (UED)
measurements by Dwayne Miller’s group on laser heated
gold foils [15], where the lattice dynamics for a range of
energy densities similar to our study were reported. It
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FIG. 5: The duration of the quasi-steady state vs. energy
density (red points). Also shown is the time for Debye-Waller
factor of the (220) diffraction peak to drop to 10% of its room
temperature value by UED measurements in laser-heated gold
foils (data from [15]).

is found that the durations for the Debye-Waller factor
of the (220) diffraction peak to decay to the 10 % of
its room temperature value agree quantitatively with the
QSS durations (see Fig 5). We point out that there are
some difference in the experimental conditions, for exam-
ple, the thickness of foil (FDI: d=30nm; UED: d=20nm)
and the wavelength of the pump laser (FDI: λ=400nm;
UED: λ=387nm), which might affect on the lifetime of
those states of gold created by laser pulses. Neverthe-
less, the both measurements indicate that those pumped
gold foils retain the fcc crystal order in its atomic con-
figurations to some extent during those durations. The
QSS behavior in optical properties, in contrast to the
continuously varying lattice dynamics as shown in UED
measurements, remains to be understood. However, our
work demonstrates that the temporal signatures render
FDI a plausible means of probing time scales of structural
phases.

The quasi-steady state behavior supports the validity
of our assumption used in the analysis of our data; the
gold foil does not expand during the QSS. The phase shift
is determined by both dielectric function of the target and
motion of the critical density layer when hydrodynamic
expansion occurs. Therefore, if the hydrodynamic expan-
sion is taking place during the QSS, 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 en-
tire duration of the quasi-steady state. This is highly
unlikely. Therefore, it is reasonable to assume that the
gold foil maintains its slab-like geometry, which enable
us to calculate the evolution of the dielectric function of
the warm dense gold from reflectivity and transmissivity
measurements of a probe. In the FDI experiment, the
photon energy of the probe is 1.55eV (800nm), which is
below the interband transition in Au. Therefore, the FDI
data present the intraband part of the dielectric function.
Based on the Drude formula [14], the DC conductivity,
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FIG. 6: Dielectric function of Au from 0.7eV to 5.0 eV at
ambient conditions, showing both the intraband and inter-
band components (data from [17]). The bandwidth of the
supercontinuum probe is marked.

free electron density and collision frequency can be ex-
tracted, which has been discussed in detail in Ref.[6–8].

III. BROADBAND MEASUREMENTS

To study not only the intraband but also the inter-
band components of the dielectric function, broadband
measurements were performed using a supercontinuum
probe. For Au there is a d-s/p transition above ∼2.3eV,
as seen in Fig. 6. The supercontinuum probe was gen-
erated by focusing a 180-fs FWHM, 800-nm pulse onto
a CaF2 crystal. Its spectrum extends from 1.50 to 2.85
eV, covering both intraband and interband regions, as
indicated in Fig. 6. Details of the supercontinuum setup
and characterization can be found in [16].

The temporal evolution of the dielectric function of
the warm dense gold, ε(ω), at an excitation energy den-
sity of (2.9±0.3)×106 J/kg is shown in Fig. 7. Time
zero corresponds to the on-set of changes in probe re-
flection and transmission from their room temperature
values. This is found to be the same for all frequencies
in the supercontinuum spectrum after chirp correction.
Also included in the figure are tabulated data of gold at
room temperature [17]. The time span is chosen to cover
an initial transient followed by a quasi-steady state as
discovered in the earlier studies [6, 7]. At a photon en-
ergy of 1.55 eV, the dielectric function shows an initial
transient consisting of a decrease (increase) in the real
(imaginary) part to a minimum (maximum) value at ∼
0.8 ps, then followed by an increase (decrease) to a quasi-
steady-state value at ∼ 1.2 ps. This is consistent with the
phase shift measurements [7]. A single ε(ω) plot is pre-
sented for 1.2-4.0 ps since no significant change in ε(ω) is
observed in the interval. The existence of a quasi-steady
state for the observed spectral range is consistent with
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FIG. 7: (a) ε1(ω) and (b) ε2(ω) at different times for an
energy density of 2.9×106 J/ kg, and (c) ε2(ω) displayed with
an off-set of +5 along the y-axis between time steps. Sample
error bars are included in (a) and (b). The dashed curves are
best-fit Drude functions [8].

the phase shift data, confirming the validation of ISP ge-
ometry as discussed in Ref. [7]. From photon energies
1.55 eV to 2.60 eV, ε1 (ω) appears relatively featureless.
However, intra-band and inter-band (d-p) components
are clearly discernable in ε2(ω) below and above ∼ 2.3
eV. They both show substantial enhancements over their
room- temperature values. Furthermore, by displaying
ε2(ω) at different time steps with an offset (Fig. 7(c)), it
can readily be seen that the intra-band component shows
good agreement with best-fitted Drude functions that as-
sume frequency-independent electron collision time and
density.

To examine the dependence of ε(ω) on the excitation
energy density ED, we use measurements made on the
quasi-steady state. The results are presented in Fig. 8.
These are not corrected for frequency chirp and the probe
delay varies from 1.4 ps at 1.55 eV to 2.0 ps at 2.6 eV. For
ED of 2.2×106 and 4.7×106 J/kg, the 1.4-2.0 ps probe
delay falls completely within the quasi-steady state dura-
tion [7] allowing the dielectric function to be determined
over the entire spectral range of 1.5-2.7 eV. However, at
1.7×107 J/kg no acceptable solution can be found for
ε(ω) from the R, T data above 2.38 eV. This is due to
the breakdown of the uniform slab assumption as target
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densities. Sample error bars are included. The dashed curves
are best-fit Drude functions [8].

disassembly gives rise to gradients in the expanding foil.
The cut-off point at 2.38 eV corresponds to a probe de-
lay of 1.9 ps that is consistent with the disassembly time
observed in the earlier experiment [7]. Accordingly, di-
electric function measurement using a frequency chirped
source offers a new means of probing hydrodynamic dis-
assembly of a heated solid.

With increasing excitation energy density, the quasi-
steady-state ε1(ω) begins to reveal the effect of inter-
band (d-p) transitions above 2.1 eV while ε2(ω) exhibits
increasing enhancements in intra-band and inter-band
transitions. The intra-band component continues to be
Drude-like as indicated by the best-fit Drude functions in
the figure. It should be noted that the quasi-steady state
collision time and electron density are in good agreement
with previous single-wavelength measurements at 800nm
(1.55 eV) [6]. The inter-band component also shows a
red shift that increases with excitation energy density.

A basic property contained in the spectral dielectric
function is electronic joint density of state. Thus, the
data in Fig. 7 carry information on the evolution of the
density of the d and s/p states driven by the processes of
photo-excitation of d -electrons, electron-hole recombina-
tion and electron-electron thermalization at high energy
densities. Similarly, the data in Fig. 8 carry information
on the dependence of density of state on excitation energy
density. For the range of conditions of interest, Drude-
like behavior of the intra-band component of ε2(ω) is
confirmed. This provides a crucial validation for the use
of ac conductivity at 800 nm to derive dc conductivity,

collision time and carrier density of warm dense gold [6],
thus significantly enhancing the utility of ac conductivity
measurement.

The observed inter-band transition peak in the QSS
presents the first evidence of persistence of the long range
ordering in warm dense gold. It is generally known that
a peak in ε2(ω) originates from a pair of parallel bands
separated by near constant energy. If the system be-
comes completely disordered, it is expected that the band
structure will be disturbed, and the peaks in the dielec-
tric function will be smeared out. Therefore, one could
speculate that the observed enhanced inter-band transi-
tion peak reflects the presence of long-range ordering of
ions, and that the quasi-steady state is the characteris-
tic of a (heated) solid which would be consistent with
a recent report based on an empirical two- temperature
model [12] and UED measurements [15]. Equally impor-
tant are the observed increases in red shift and enhance-
ment of interband transition peak with excitation energy
density. Calculated optical absorption spectrum of equi-
librium solid and liquid phases of aluminum [10, 11] show
red shifts in inter-band transition peak with significant
smearing as the temperature increases, which is consis-
tent with observation [18]. In this case, the mechanism of
red-shift could be understood as the scattering of those
parallel bands due to the thermal disorder, which will
lead to effectively lower interband transition onset (red
shift) at the expense of broadening of the peak. What
was observed in the ε2(ω) of pumped gold foil is the
clear red shift and enhancement of the interband tran-
sition peak, which cannot be explained by the scatter-
ing of band structure due to thermal disorder. it should
be noted that, those calculations of optical property of
heated aluminum were performed at thermal equilibrium
conditions, i.e., Tele = Tion, while Tele ≫ Tion is ex-
pected in our experiments. In order to understand the
origin of the red shift and the enhancement of interband
transition peak at highly non-equilibrium condition, we
performed first-principle simulations as discussed below.

IV. AB INITIO CALCULATIONS OF ε2 (ω)

In this section, we describe our computational proce-
dure, together with the actual physical problem, for cal-
culating the time evolution of the optical absorption of
gold induced by a femto-second laser pulse. In this pro-
cedure, we use the same assumptions taken in the two-
temperature model. We first present our results and their
interpretation and then discuss further implications.

Our problem of interest is as follows. At t = 0, the
photon pulse (~ω=3.1eV with a pulse width of 150fs)
hits the gold foil (d=30nm), and excites the electrons
in the occupied bands. Since the top of the 5d band
of gold lies ∼ 2eV below the Fermi level [19], a 3.1eV
photon is able to excite an electron in 5d band directly
into an unoccupied conduction band. Note that at the
pump laser fluences that were used in the experiments
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[6–8], the number of absorbed (3.1eV) photons reaches
about one photon per gold atom. In other words, the
initial electronic excitation is a massive perturbation of
the electronic system. The excited electrons relax via
electron-electron scattering and electron-phonon scatter-
ing, and, due to this latter inelastic channel, the lattice
temperature increases[20].

Here we introduce the first assumption: The relaxation
time scale within the electronic degrees of freedom is
significantly shorter than the electron-phonon relaxation
time scale, so that the electronic degrees of freedom are
always close to thermal equilibrium, with the electronic
temperature decreasing relatively slowly due to energy
dissipation into the lattice via inelastic electron-phonon
scattering. The time evolution of the ionic degrees of
freedom will be manifest as a gradual increase in ther-
mal disorder, whose rate is determined by the electron-
phonon coupling constant.

The above approximations enable us to calculate the
time evolution of ε2(ω) in the following way. First, the
time evolution of the electron temperature and lattice
temperature can be calculated using the two-temperature
model[20], where only the following information is re-
quired: the specific heat of electrons, the specific heat
of lattice, the electron-phonon coupling constant, and
the absorbed energy density from the pump laser pulse.
Then, atomic configurations corresponding to the ionic
temperature for the given time are generated by ab-initio
molecular dynamics simulations. Finally, the ε2(ω) is
calculated from the electronic structure associated with
those atomic configurations.

For these simulations, we do not take the presence of
surface into account. In the other words, all of the sim-
ulations presented in this section represent bulk gold. A
possibly more realistic system, a slab of gold in vacuum,
can be simulated in principle, however, such calculations
of ε2(ω) of hot gold foil with d=30nm in vacuum at el-
evated electron temperatures are currently intractable.
Instead, we examined the effect of gold thickness as well
as of the surface using the Thomas-Fermi model with a
local equilibrium approximation, which is presented in
the next section. In short, within those approximations,
the thickness of gold foil (d=30nm) and the presence of
surface does not qualitatively affect the results presented
in this section using bulk models for gold.

The specific heat of electrons was calculated from
the Electronic Density of States (EDOS) using first-
principles Density Functional Theory (DFT)[21] within
the Local Density Approximation (LDA)[22], for an fcc
atomic lattice at T=0K. We used a Troullier-Martins
norm-conserving non-local pseudopotential[23] of sepa-
rable form[24] for the ionic potential of gold. The 6s, 6p,
and 5d states were included explicitly as valence states,
with the 6S channel chosen for the local potential[25].
Planewave expansions with Ecut=80Ry were used to de-
scribed the electronic wavefunctions.

The pseudopotential was tested with respect to re-
production of the electronic band structure (see Fig.
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FIG. 9: The calculated electronic band structure of fcc gold.
The Fermi level is set to be 0eV.

FIG. 10: EDOS of fcc gold and the Fermi distribution func-
tions at Tele=300K, Tele corresponding to 2.4eV and 4.0eV.
The Fermi level at Tele=0K is set to be 0eV, and the work-
function of gold is +4.8eV indicated by the vertical arrow.
Free electron gas (3DEG) density of states of vacuum is plot-
ted above the work function.

9) and the equilibrium lattice constant (aDFT =7.68au,
aexp.=7.71au). Overall good agreement with the avail-
able data was confirmed. To calculate the EDOS, we
used the PWSCF code[26] where the tetrahedron inte-
gration scheme was employed on a 32x32x32 grid of k-
points in the First Brillouin Zone (FBZ). The calculated
EDOS is shown in the Fig. 10.

From the transmission and reflection measurements,
the amount of energy absorbed by the gold foil was esti-
mated. For the absorbed energy, we used a value normal-
ized by the mass of gold, ED (J/Kg). We assumed that
the absorbed energy in the target area is instantaneously
spread out homogeneously through the ballistic diffu-
sion of conduction electrons [27]. Using the electronic
specific heat calculated from EDOS, the initial electron
temperature at ED=2.9MJ/kg has been estimated to be
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Tele=2.4eV.
The atomic configurations corresponding to the ini-

tial state, Tion=300K were generated using Born-
Oppenheimer ab-initio molecular dynamics[28] with the
calculation conditions mentioned above, except that our
32 atom supercell calculations employed Chadi and Co-
hen’s two special k-points for the fcc lattice in order
to sample the FBZ[29]. Taking advantage of the large
atomic mass of gold (∼196.967), a relatively large MD
time step, δt=256 au (∼ 6fs), was used. After several
picoseconds of MD simulation at T = 300K, a some
equilibrated atomic configurations were sampled and the
imaginary part of dielectric function was calculated using
the Kubo-Greenwood formula[30]:

ε2(ω, Tele) =
8π2e2

Ωω2

∑

c,v,k

|〉v,k|p̂|c,k〈|2 (1)

×δ(Ec,k − Ev,k − ~ω)[f(Ev,k, Tele) − f(Ec,k, Tele)].

As demonstrated in previous work [8, 11], to obtain a
well converged profile for the dielectric function requires
a very fine k-point sampling grid, and the calculation cost
and the memory space for the eigenfunctions could be-
come unaffordable even for simple elemental solids such
as aluminum and gold. Here, we employed an improved
implementation[31] of the interpolation scheme originally
developed by Shirley [32].

This method was already used to calculate the opti-
cal conductivity of aluminum at wide range of tempera-
ture and pressure[11], and demonstrated good agreement
with the available theoretical and experimental data[11].
For gold, a similar assessment of the numerical conver-
gence was performed, and a 20x20x20 grid of k-points
was found to show a good numerical convergence for the
32 atom cell.

We have calculated the ε2(ω) at Tion = 300K for
two different electron temperatures, Tele=300K and
Tele=27851K (2.4eV), corresponding to before and im-
mediately after the incident pump laser with the ab-
sorbed energy density of ED=2.9MJ/kg (see Fig. 11).
As discussed in Sec. III, the measured ε2(ω) shows an
enhancement and red-shift of the interband transition
peak, which keeps its shape for up to t=4 ps (steady
state) at this ED; so-called quasi steady state (QSS) be-
havior. As seen in Fig. 11, the theoretical ε2 (ω) at
Tele=2.4eV does not exhibit a discernible interband tran-
sition peak at all, resembling instead a Drude-like mono-
tonic decrease. From a theoretical viewpoint, considering
the assumed thermal equilibrium of the electrons (i.e. the
Fermi distribution function with the high electron tem-
perature, Tele=2.4eV), it is naturally expected that the
ε2(ω) behaves similarly to the Drude term.

In general, the interband transition peak of gold, at
ω = ω0, in ε2(ω), originates from pairs of bands satis-
fying the following conditions: they are nearly parallel
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FIG. 11: Imaginary part of dielectric function of fcc gold at
Tele=300K and at Tele=2.4eV. The same atomic configuration
generated by the MD at Tion=300K was used.

and separated by approximately ω = ω0, they satisfy the
dipole selection rule (the angular momentum character
of the final state differs from that of the initial state by
unity), and the band occupations have a non-zero dif-
ference (at low temperatures, they will lie on opposite
sides of the Fermi energy). We note that in the case
of gold, the band structure is complex (see Fig. 9) and
parallel bands are realized only in small volumes of the
FBZ (unlike aluminum). Instead, the onset of the inter-
band transition peak at ambient temperatures is deter-
mined by the dipole selection rule, marking excitations
from the 5d occupied bands to unoccupied states with 6p
character, and so ω0 effectively marks the position of the
uppermost d-bands below the Fermi level. Furthermore,
as the electron temperature is elevated, and the Fermi
distribution function deviates more from a step-function,
smearing of the interband transition peak is observed.
This is in contrast to the case of aluminum, since the par-
allel bands span a wide energy range and the interband
transition peak persists even at high Tele[11]. Therefore,
raising Tele of gold would smear out the interband tran-
sition peak much sooner than it would for aluminum. In
fact, this is what we obtained in calculations: the inter-
band transition peak of gold at around 3eV is completely
smeared out at Tele=2.4eV, which is not consistent with
the feature observed in QSS. This strongly suggests that
some of the assumptions used to calculate the ε2(ω) are
not valid for analyzing the experimental results. Next,
we will explore a possible cause of this discrepancy.

One might speculate that for high laser intensity, the
excited electrons might never reach an equilibrated Fermi
distribution, and this might be responsible for the QSS
behavior. Although we do not completely exclude this
possibility, the non-Fermi occupation alone seems un-
likely to provide an explanation for the QSS behavior
based on the following observations. Generally speak-
ing, the electron-electron scattering time scale is inversely
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proportional to the excitation energy. The thermaliza-
tion time scale of electrons in gold foil has been measured
by time-resolved photo-emission measurements, and it
was reported that the electron occupation equilibrates to
a Fermi distribution within several hundred femtosecond
[33]. In that study, relatively low pump laser intensi-
ties were used in the experiments (roughly 1/20-th of the
damage threshold [27] for a gold foil), while our study
focuses on higher pump laser intensity. Therefore, the
above arguments rather suggest that the thermalization
time scale of electrons will be significantly shorter than
the QSS duration, τQSS=4 ps for ED=2.9MJ/kg. Recent
time resolved UED measurements showed monotonic in-
crease of thermal disorder in the lattice [15], where a
range of pump laser fluences comparable to our exper-
iments were explored (ED= 1.1∼2.85MJ/kg). In their
experiments, the estimated melting time scale behavior
qualitatively agreed with the duration of QSS behavior
(see Fig.5), suggesting that the states of gold foils in those
experiments are essentially equivalent, however, these ex-
periments measure the dynamics of the lattice[15] while
ours measures the dynamics of an optical property[8]. If
non-Fermi distributions of electron populations are re-
sponsible for the QSS behavior, the electrons would have
to keep relaxing in such a way that it does not change the
profile of ε2 (ω), while the lattice disorder is monotoni-
cally increasing, which does not seem to be plausible.

While we re-examined the details of our calculation
procedure, we found a potentially problematic assump-
tion that has been used. At Tele=2.4eV (correspond-
ing to ED=2.9MJ/kg), the tail of the Fermi distribution
function far exceeds the workfunction of gold (∼ 5eV )
[34–36] (See Fig. 10). Therefore, electrons having higher
energy than workfunction should be ejected from the gold
foil. The ejection of electrons due to a pulse laser is very
well known[37]. It is also known that the ejection of
electrons will charge up the gold foil, and consequently,
the workfunction will increase. It is generally considered
that the positive charge of the sample will pull back the
ejected electrons, and the electrons will stay near the gold
foil as a layer of electron gas, which is refered to as the
electronic sheath. However, we were not able to find any
information in the literatures that would allow us to de-
termine the amount of ejected electrons for a given ED

and for a given geometry (thickness) of gold foil, nor the
relaxation time scale for the ejected electrons to return
to the gold foil. Here we will tentatively make the fol-
lowing hypothesis: The ejected electrons do not return to
the gold foil within the QSS duration, therefore the gold
foil can be temporarily positively charged, and the Tele

within the gold foil can be significantly lower than the es-
timate without considering the electron ejection. Next,
we examine whether this charged gold exhibits the char-
acteristic feature of ε2(ω) of QSS, namely, the red-shift
and enhancement of the interband transition peak.

Using exactly the same atomic configuration used to
calculate the ε2(ω) in the Fig. 11, ε2(ω) of positively
charged gold at two electron temperatures, Tele=300K

1.6 1.8 2 2.2 2.4 2.6
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)

δρ=+0.1 per atom
δρ=0 (neutral)

FIG. 12: The imaginary part of dielectric functions of fcc

gold at Tion = Tele=300K: Positively charged (δρ=+0.1 per
atom) and neutral.

and Tele=2.4eV, was calculated (see Fig. 12). It can
be seen that, at low electron temperature, the positively
charged gold exhibits the enhancement and red-shift in
the interband transition peak, the characteristic feature
of ε2(ω) during the QSS. The mechanisms that yields
this red-shift and enhancement can be easily understood
in the following way. First, the positive charge is realized
by removing conduction electrons, which corresponds to
lowering the Fermi level below that of the neutral case.
Since the interband transition peak originates from exci-
tations of the occupied d-band to the unoccupied p-band,
and the d-band has a relatively flat dispersion compared
to the unoccupied p-band (see Fig. 9), lowering the Fermi
level will lower the transition onset (see Fig. 9, and eq.
1). Since there is a prefactor, 1/ω2, to the transition ma-
trix elements in the Kubo-Greenwood formula (see eq.
1), decreasing the transition onset (red shift of the inter-
band transition peak) will enhance the peak height. At
high electron temperature, the interband transition peak
of the positively charged gold can be smeared out for the
same reason as with the neutral case, which is seen in the
calculated ε2(ω) for high Tele (see Fig. 13). Therefore,
we reach to the following conclusion: If the Tele is, in
fact, much lower than the expected value, Tele=2.4eV,
the positive charge state of gold foil could account for
the enhanced and red-shift in the peak of ε2(ω) associ-
ated with the QSS. Therefore, as one possible explanation
for the QSS behavior, we tentatively propose the follow-
ing scenario. A femtosecond pulse laser with sufficiently
high ED (on the order of one MJ/kg) ejects a significant
amount of conduction electrons (e.g. on the order of 0.1
electron per one gold atom) from the gold foil (d=30nm
or less), and a significant portion of deposited energy
might be carried away by the ejected electrons, which
might lead to an unexpectedly low electron temperature
within the foil. Since the ejected electrons are physically
separated from the gold foil, they would not scatter the
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FIG. 13: The imaginary part of dielectric functions of ionized
(δρ=+0.1 per atom) fcc gold at Tion=300K with different
electron temperatures: Tele=300K and Tele=2.4eV.

electrons and the phonons in the gold foil as quickly as
the electrons within the foil would. This would effectively
slow down the heating of the lattice.

In the aforementioned UED measurements on the
pumped gold foil, the monotonic change of Debye-Waller
factor was reported, which corresponds to a mono-
tonic increase of thermal disorder[15]. The develop-
ment of thermal disorder continues until the liquid sig-
nal dominates its diffraction pattern, from which they
concluded that a gold foil pumped with a femtosecond
laser pulse exhibits thermal melt,[15] as opposed to semi-
instantaneous non-thermal melt observed with pumped
semiconductors[38]. They found that the rate of change
in DWF is significantly slower than the estimate by
the two-temperature model with temperature dependent
electron-phonon coupling[39]. They attributed the slow
rate of change in DWF to the lattice phonon hardening
due to the high electron temperature[40], which leads
to the slower rate of increase in the amplitude of lattice
vibration[15]. This interpretation, consistent within their
measurements, conflicts with the broadband ε2 (ω) mea-
surements since such a high electron temperature leads
to a Drude like ε2(ω) (see Fig. 11), while enhanced and
red-shifted of the interband transition peak in ε2(ω) was
observed.

Our interpretation discussed before turned out to be
consistent with both of those experiments[8, 15]. If large
amount of electrons are ejected with high kinetic energy,
it is perhaps possible that the majority of ejected electron
might not be able to return to the gold foil during such
a short period of time, which will slow down the lattice
heating and the rate of change in the DWF.

At last, to examine the validity of our hypothetical
interpretation, a more quantitative characterization on
the dynamics of ejected electrons is absolutely needed,
and we call for further theoretical/ experimental inves-
tigations on this issue. Nevertheless, the missing inter-

band transition peak at Tele = 2.4eV presented in Fig
11 indicates that, at a high ED, significantly higher than
the damage threshold, an extra caution in determining
the initial electronic state (or Tele) is absolutely needed,
which ultimately dictates the following dynamics of the
system.

V. MODEL OF ELECTRON SHEATH, A FINITE
TEMPERATURE THOMAS-FERMI APPROACH

As it was discussed in the previous section, the pres-
ence of surface (vacuum next to the gold foil) was omitted
in the ab initio calculations of ε2(ω). Unfortunately, an
ab initio simulation of the entire system (30nm gold foil
with vacuum at both sides) is not possible at this moment
due to unrealistic computational cost. In this section, we
introduce a model that assumes electronic thermal equi-
librium in a background of fixed ions after a prompt laser
excitation to investigate the surface effect on the ε2(ω) of
gold foil with a comparable geometry to the real sample.
This model provides a detailed description of the elec-
tronic structure near the interface of the metal (Gold)
and vacuum (electron sheath) at high temperatures.

The model presented is justified if the time scales
involved are short enough so that the atoms do not
have time to move from their lattice positions, but large
enough for electrons (which have a much faster dynam-
ics) to reach a state of thermal and electrostatic equilib-
rium. It also includes other specific approximations: the
jellium background model, rigid (temperature indepen-
dent) band structures and the Thomas-Fermi self consis-
tent field approximation. Once these approximations are
established we solve for a one dimensional model of the
metal-vacuum interface. Asymptotic behavior of electron
density is obtained numerically and analytically. A com-
plete model for the electron sheath is therefore obtained.

The use of this particular self-consistent model is in-
spired in the observation that for bulk density of states
at high temperature, an appreciable fraction of electrons
have energies above the work function (see Fig. 10). In
principle, this gives the impression that such fraction of
electrons will escape the material throughout the metal
surface to a far away region in the vacuum. This is a
possible picture, however, it is not an equilibrium state,
since the sample will have a net positive charge that will
tend to bring those electrons back. The Coulomb force
has a very long range of action, therefore it is unlikely
that a macroscopic number of electrons can leave the ma-
terial without compensation. In its turn, the electrons
that remain close to the surface will screen the electric
field. Eventually there will exist a stationary charge dis-
tribution that will allow the electrons to have a thermal
(Fermi) distribution and, at the same time, reach elec-
trostatic equilibrium.

This conceptual picture calls for the need of solving
this problem self-consistently with a coupled electrostatic
potential. Thomas-Fermi (TF) model is one of the sim-
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Gold               vacuum

}

FIG. 14: (color online) Planar model of metal/vacuum in-
terface. Ions are fixed (Tion = 0) and approximated as jel-
lium (uniform background of positive charge in the Gold re-
gion). Electronic density is dynamic, its stable distribution
controlled by thermal electronic equilibrium and electrostatic
self consistency. The electronic charge in the vacuum region
is called electron sheath. In the Gold and vacuum region,
electrons have different equilibrium densities of state.

plest descriptions that takes into account the described
self-consistency. The TF model is a quantum mechani-
cal description of the electronic structure based on the
approximation that at each point in space the electronic
state is determined by the density [41–43]. TF can de-
scribe electrostatically self-consistent electronic densities,
without invoking fitting parameters and with a minimal
computational cost it can give a good idea of the elec-
tronic density features at many different scales.

The ionic background is regarded as a jellium of pos-
itive charge (Fig. 14). This allows us to assert that a
macroscopic electrostatic potential is a function of the
unbalanced charge δn, with respect to the zero tempera-
ture charge distribution (δn(r) = n(r)−n0) via a Poisson
equation

∇2V (r) = −4πe2δn(r). (2)

Within the TF approximation the net electrostatic po-
tential itself enters in combination with the chemical po-
tential producing a modulation of the density in space:

n(r) =

∫

Dr(E)
1

1 + e
E+V (r)−µ

kBTele

dE (3)

This is based on the assumption that a meaningful den-
sity of states can be defined in regions where V varies
slowly. If this is the case, we can define an electronic den-
sity as a function of the local density of states (LDOS)
D. The hypothesis of thermal equilibrium (well defined
electronic temperature) enters through the Fermi func-
tion.

Finally, the chemical potential is obtained by con-
straining the conservation of charge

∫

δn(r)dr = 0. (4)

The above three equations (2), (3) and (4) constitute
the Thomas-Fermi equations at finite temperature.

Note that in the present variation of the TF equations
we allow the density of states to be a function of the posi-
tion. The local density of states D is an external param-
eter to the model. To represent the metal/vaccum inter-
face, we choose a discontinuous form of D as a function
of coordinates. Two different LDOS are used depending
on the region of space

Dr(E) =

{

DGold(E) if r ∈ Gold region
D3DEG(E) if r ∈ vacuum region

(5)

In vacuum, a natural choice for the LDOS is the
three dimensional free electron gas (3DEG) density of
states[44]

D3DEG(E) =
m

~3

1

π2

√

2m(E − W ) (6)

where m is the electron mass.
In the metal region, DGold is taken from a separate

calculation of valence and conduction band structure cal-
culations performed within the ab initio DFT-LDA-PW
framework (Section IV).

These densities of states are shown in Fig. 10. They
have to be properly aligned in the energy scale. The
experimental work function of Gold W = 4.8 eV [35] is
the parameter used to align the vacuum level (bottom
of the free particle LDOS) with the Fermi energy (EF)
in the metal. We set the bottom of the 3DEG LDOS to
W (EF = 0). Implicit is the assumption that the LDOS
does not depend on the electronic temperature.

Details of derivation and solution of the model equa-
tions can be found in Appendix. The asymptotic solution
of the density is found to decay polynomially at large dis-
tances in vacuum

n(x) =
kBTele

2πe2(x − x0)2
. (7)

The physical interpretation that we envision is the fol-
lowing: At high temperatures, a fraction of electrons have
energies above the work function, they are allowed to es-
cape the material surface and leave it positively charged.
These electrons do not travel far away due to the pos-
itively charged state of the metal, and stay close form-
ing an electron sheath. The negatively charged electron
sheath screens the positively charged material but only
partially. As we go to distances farther away from the
material there are less electrons available to compensate
the remaining part of the charge and the screening be-
comes less effective. This allows electrons to be present
in regions far from the surface, but always bound to the
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FIG. 15: Solution of the one dimensional Thomas-Fermi
model resulting from the integration of the one dimensional
equation at different temperatures. The vertical line (x = 0)
represents the Gold/vacuum interface. (a) Self-consistent ef-
fective chemical potential δµ(x). (b) Net density inside the
Gold region and in the vacuum (sheath). For comparison,

in bulk Gold the equibrium density is n0 = 0.6485 Å
−3

. At
each temperature, the area below the curves at a given tem-
perature add up to zero (charge conservation), on the left the
decay is exponential on the right the decays is quadratic.

surface although with a very weak logarithmic potential.
We expect the asymptotic solution to be valid at most
up to distances where the planar approximation breaks
down. In the experiment the heating laser hits a spot of
finite size, this size also gives an idea of the distance at
which the planar hypothesis stops being valid.

The one dimensional differential equation to solve is

δµ′′(x) = 4πe2I
(x)
T (δµ(x)) (8)

where

I
(x)
T (δµ) =

{

IGold
T (δµ) x < 0

I3DEG
T (δµ) x > 0,

(9)
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FIG. 16: Plasma frequency of the electron sheath as a function
of distance ωp(x) at different temperatures.

are the thermal averaged integrated EDOS (see defini-
tion in Appendix), and charge conservation appears as
boundary conditions

δµ(−∞) = δµ∗(T ) (10)

δµ′(+∞) = 0 (11)

The numerical method used to solve for µ(x) is a 4th
order Runge- Kutta. We perform the numerical integra-
tion in the range from −2.7 to 150 Å. The boundary
conditions at the extremes are handled by the shooting
method [45]. Solutions are shown in Fig. 15.

The model also predicts that, for this range of elec-
tronic temperatures, the charged state (electron deple-
tion) in the metal decays exponentially fast , and that
it is only confined to lengths smaller than the lattice pa-
rameter. This is the case as long as we assume thermal
electronic equilibrium.

It is interesting to analyze the electron sheath formed
near the surface in the vacuum region, for example, if we
calculate the plasma frequency of the free electron gas
based on the density ωp =

√

4πne2/m. The resulting
plasma frequency as a function of distance ωp(x) in the
vacuum region is shown in Fig. 16. The asymptotic
solution in vacuum is

ωp(x) ∼
√

2kBTele

m

1

x − x0
(12)

This is a function that decays very slowly with distance.
Using the Drude formula for the dielectric function of the
electron sheath,

εe(ω) = 1 −
ω2

p

ω(ω + i/τ)
(13)

where τ is the electron collision time, and a matrix algo-
rithm for dielectric function of multilayer films [46], we
calculated the effect of the electron sheath on the reflec-
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tion and transmission of the probe in the experimental
conditions. With a spatial cutoff of the sheath at 21Å,
and a large range of τ (from 1 × 10−17s to infinity), it
turns out that the electron sheath based on this model
has negligible effect on the optical properties.

This model is thermodynamic in essence. The model
does not rule out that a (thermodynamically) micro-
scopic but measurable number of electrons still can es-
cape from the material. A different kind of limitation is
imposed by the model itself. As density decays at large
distances there is no mechanism for thermal equilibra-
tion and the TF no longer holds. The results presented
in this section suggest that an assumption such as ther-
mal electron used in the two temperature model needs to
be carefully re-examined its validity for the range of ED

explored in those experiments.

VI. SUMMARY

To summarize, our FDI and broadband measurements
have given us some interesting insights to the behavior of
ultrafast laser excited gold. The quasi-steady state be-
havior, as observed in single-wavelength measurements,
is confirmed for the whole visible region. It is found
that the interband transition peak, an indirect evidence
of the presence of fcc lattice ordering, in the dielectric
function is persistent throughout the quasi-steady state,
which is consistent with the recent UED measurement on
the pumped gold foil[15]. Our broadband ε2(ω) measure-
ments have shown the enhancement and red shift of the
interband transition peak upon ultrafast laser heating.

The ε2(ω) of a pumped gold calculated by DFT with
thermal electrons assumption does not reproduce the
enhancement and red-shift due to the smearing effect
caused by the high electronic temperature (Tele=2.4eV
for ED=2.9MJ/Kg). On the other hand, a positively
charged gold with colder electrons does exhibit the en-
hanced red-shift. Therefore, we propose a novel charge
neutrality breakdown scenario to explain the observa-
tions. With such a high intensity of pump laser, a sub-
stantial amount of electrons might escape from the target
with large kinetic energy and do not come back before the
target melts and disassembles; the target might be kept
positively charged significantly.

A simple model assuming thermalized electrons is
shown to be able to describe the formation of a nega-
tively charged electron sheath on the surface. However,
the non-neutrality is confined to lengths smaller than the
lattice parameter due to strong screening, and the sheath
effect on the optical properties is negligible, which is not
consistent with the experimental observation.

Above disagreement between theory and experiments
suggests that the thermal electron assumption, used in
the two-temperature model, needs to be carefully re-
examined when the pump laser intensity far exceed the
damage threshold, on the order of one MJ/kg or higher
for gold. We call for further theoretical/experimental

investigations to study the mechanisms of the QSS be-
havior in the optical property of pumped gold foil.
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Appendix A

In Eqs. (1)-(5) the potential V (x) and the chemi-
cal potential µ can be absorbed in an effective position-
dependent chemical potential µ(x) = µ − V (x). Since
we are interested in changes with respect to the uni-
formly neutral bulk, we want to concentrate in changes
of the chemical potential with respect to the Fermi en-
ergy δµ(x) = µ(x) − EF. (We know a priori that at
T = 0 there is no macroscopic potential V (x) = 0 and
that µ(x) = EF.)

This change of variables allows us to simplify the set
of equations into

∇2δµ(r) = 4πe2IT (δµ(r)) (A1)

plus boundary conditions resulting from Eq. 4. Where
we define

IT (δµ) =

∫

D(E)
1

1 + e
E−EF−δµ

kB T

dE − n0. (A2)

This function can be tabulated for each given density of
states (3DEG or Gold), and at a given temperature.

In the case of 3DEG (Eq. 6 and n0 = 0) the function
can be calculated analytically:

I3DEG
T (δµ) =

m

~3

1

π2

√

mπ

2
(kBT )3/2F1/2(−W−δµ

kBT ) (A3)

where Fn is the Fermi-Dirac function [47–49]. In the case

of Gold (n0 = 0.6485 Å
−3

), IGold
T (δµ) must be computed

numerically from the ab initio D(E). Fig. 17 shows these
functions at different temperatures.

Note that in (A1) the resulting partial differential
equation is non-linear and that we choose the potential
δµ(r) as the main variable, the reason is that the poten-
tial must be a continuous variable. The density is not
necessarily a continuous function at points where Dr is
taken to be discontinuous.

For the problem of a planar metal/vacuum interface we
can simplify the equations by assuming that the system
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is one dimensional, i.e. the potential and the density only
depend on the linear variable x. For x < 0 we have the
Gold region and for x > 0 the vacuum (Fig. 14).

Before turning into the numerical solutions of the TF
equations, it is convenient to analyze the asymptotic lim-
its of the solution. Uniform solutions (δµ∗, δn∗) in large
regions where the density of states is spatially uniform,
have the condition

IT (δµ∗) = 0 (A4)

which naturally implies δn∗ = 0.
For Gold, δµ∗ is well defined at each temperature by

finding the roots of IGold
T (see Fig. 17(b)). Incidentally,

µGold(T ) = EF + δµ∗(T ) is the temperature-dependent
chemical potential of bulk Gold.

By linearizing the differential equation (A1) around
δµ∗ we can show that the uniform limit is reached expo-

nentially as a function of the position δn(x) ∝ e−κ|x| with

κ =
√

4πe2I ′T (δµ∗). At zero temperature this coincides

with the screening length of metal λ = 1/
√

4πe2D(EF)
[50]. Due to the high availability of electrons, the metal
is very effective in screening the electric field. For Gold,
λ = 0.58 Å.

In the vacuum region the situation is different, there
is no uniform solution for finite values of δµ at T > 0.
That is, for T > 0, I3DEG

T has no roots at finite values
(see Fig. 17(a)). Therefore, in the vacuum region the
effective chemical potential µ(r) decreases indefinitely.

This seems at first sight to be a contradiction, because
if the system is neutral then the potential should tend to
have zero gradient (no electric field at large distances).
On the other hand, the potential diverges according to
the previous argument. In one dimension, the only type
of divergence that compatibilizes both expected behav-
iors, is the logarithmic divergence, which can be shown
analytically as follows.

By taking the asymptotic limit of (A3) replaced in
(A1), we obtain the non-linear differential equation

δµ′′(x) = Aeδµ(x)/kBT (A5)

with A = 4πe2 m
~3

√

mπ
2 (kBT )3/2e

− W
kBT . The solutions of

this differential equation (parameterized by c1 and c2)
are

δµ(x) = kBT log

(

c1

AkBT (1 − cos(
√

c1x+c2

kBT ))

)

. (A6)

For c1 < 0 the solutions are linearly divergent as a func-
tion of x, and for c1 > 0 the solutions are periodic and
divergent for finite values of x. None of these solutions
correspond to a neutral system in a semi- infinite vacuum
region.

There is only one class of solutions that does not di-
verge for finite values of x, and does not diverge lin-
early either, it is the one characterized by c1 → 0 (and
c2/

√
c1 → x0). In this limit the solution is

δµ(x) = kBT log

(

2kBT

A(x − x0)2

)

. (A7)

Replacing back A, we obtain the full asymptotic solution:

δµ(x) ∼ W − kBT log(πe2 m
~3

√
m2π

√

kBT (x − x0)
2)
(A8)

for large x in vacuum. Therefore the electric field de-
creases very slowly with distance. In contrast with the
metal region, the vacuum region is very inefficient at
screening the charged surface.
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485 (1989); C. Tóth, G. Farkas, and K. L. Vodopyanov,
Appl. Phys. B 53, 221 (1991); C. Giannetti et al., Eur.
Phys. J. B 53, 121 (2006); A. N. Belsky et al., Appl.
Phys. B 78, 989 (2004).

[38] A. Rousse et al., NATURE 410, 65 (2001); A. M. Lin-
denberg et al., SCIENCE 308, 392 (2005); M. Herb et
al., Phys. Rev. Lett. 100, 155504 (2008).

[39] Z. Lin and L. V. Zhigilei, V. Celli, Phys. Rev. B 77,
075133 (2008).
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