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We review single-state measurements of the broadband (450-800 nm) dielectric function of gold
with a supercontinuum probe, which have demonstrated the first evidence of the existence of band
structure in ultrathin gold foils isochorically heated by a femtosecond laser pulse to energy densities
of 106-107 J/kg. The Drude component of the dielectric function increases with energy density while
the inter-band component shows both enhancement and red shift. Ab initio molecular dynamics
calculations based on thermalized electrons can not reproduce the experimental results, suggesting
a non-Fermi distribution of excited electrons.

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, the behaviors of warm dense matter are very dif-
ficult 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 ex-
perimental study also challenging. Data obtained from
expanding systems are 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 understanding the convergence between condensed
matter and plasma physics, as well as its relevance to
other areas including shock physics [2], inertial confine-
ment fusion [3] and astrophysics [4]. Among this broad
interest, a new focus is non-equilibrium warm dense mat-
ter. This is driven by its practical importance as tran-
sient states in laboratory-produced high energy density
matter and its fundamental significance in the study of
relaxation processes and phase transitions.

A key parameter characterizing warm dense matter is
its dielectric function, ε(ω). Encompassing contributions
from intra-band and inter-band transitions, it is central
to the understanding of electron transport and optical
properties. This can be seen in the imaginary part of di-
electric function, ε2(ω), of solid and liquid gold [5–7], as
plotted in Fig. 1 for photon energy Eph= 0.5-5.0 eV . The
ε2(ω) at the solid phase shows two pronouced features:
a Drude-like profile from free-electron contributions for
Eph= 0.5-2.0 eV, and a “bump” above 2.0eV which is due
to d-p transition in gold. In contrast, the ε2(ω) at the
liquid phase is just a monotonic decreasing function of
photon energy. Therefore, the dielectric function, espe-
cially broadband ε2(ω) in a photon energy range covering

FIG. 1: The imaginary part of dielectric function of solid and
liquid gold for a photon energy range of 0.5-5.0 eV. The data
are from Ref. [5–7].

interband transition regions, is a manifestation of band
structure and density of state effects, thus rendering it a
plausible means of probing structural phases.

It is of intense interest to the study of warm dense
matter produced not only by laser excitation but also
by shock compression. Changes in ε2(ω) in low energy
density states have been studied extensively in thermo-
modulation spectroscopy [8–15] including reflectivity and
transmissivity measurements. The only available single-
state data on the dielectric properties of highly non-
equilibrium warm dense matter are the DC and AC con-
ductivities of gold heated by a femtosecond laser to en-
ergy densities of 105-107 J/kg [16]. However, the latter
is measured at a single photon energy of 1.55 eV (wave-
length of 800 nm) and is thus the result of intra-band
transitions. On the other hand, ab initio calculation
of the dielectric function of aluminum across the solid-
liquid transition has been obtained [17]. Most recently,
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 [18].
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In this paper we review the experimental techniques
and results of the broadband measurements, which yields
the first single-state data at high energy densities with
simultaneous observations of intra-band and inter-band
components with sub-ps resolution [19]. The results ver-
ify Drude-like behavior at 800 nm. They also reveal an
enhancement and red-shift of the d-p band transitions
that persist until the heated sample disassembles. The
measured data provide a critical benchmark for theory
and point to the importance of adequate Brillouin zone
sampling to ensure convergence in calculations. The ab
initio dielectric function with thermal electron distribu-
tion, i.e., the Fermi distribution function, does not repro-
duce the interband transition peak above 2.3 eV, suggest-
ing a non-equilibrium distribution of excited electrons.

II. EXPERIMENTAL METHOD

The experiment is performed on the Europa Laser at
LLNL using a pump-probe technique (femtosecond laser
pump and supercontinuum probe [20]). The targets are
free-standing gold nanofoils (25-33 nm thick) with cen-
tral flatness better than λ/10 over a 300-µm region as de-
termined with a 632.8-nm Michelson interferometer. As
shown in Fig. 2(a), a 150-fs FWHM, frequency-doubled
laser pulse provides the pump for isochoric heating of the
gold foils. The 400-nm pump pulse is focused onto the
nanofoil at normal incidence with a spot diameter of 80
µm (FWHM). The incident, reflected and transmitted
pump light are monitored by both calibrated photodi-
odes 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 ballis-
tic range is ∼ 110 nm [21] that far exceeds the thickness
of the target. Combined with the 150-fs pulse width, this
results in uniform and isochoric heating of the nanofoil at
solid density and allows the determination of excitation
energy density ρE directly from the laser deposition mea-
surement. The energy density cited in this paper is the
average over the central 15-µm region where the profile
of the pump pulse is almost flat.

The supercontinuum probe is generated by focusing a
180-fs FWHM, 800-nm pulse onto a CaF2 crystal [22]. A
typical supercontinuum spectrum is shown in Fig. 2(b),
which extends from 1.50 to 2.85 eV. It is line-focused onto
the gold nanofoil at a 45◦-incidence, covering both heated
and unheated regions of the target as shown in Fig. 3(a).
The unheated region provides in-situ spectral calibration
since the room-temperature dielectric function of gold is
well known. The spatially-resolved reflected and trans-
mitted spectra, recorded with two intensified CCD cam-
eras, are displayed in Fig. 3(b). The ratio of reflec-
tion/transmission in the heated central 15-µm region to
the unheated region is obtained directly from the spectra
after background subtraction. The heated reflectivity R*
and transmissivity T* are then calculated by multiplying
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FIG. 2: (a) Experimental schematic. PI, PR and PT are
photodiodes for measuring input energy, reflected energy and
transmitted energy of the pump pulse. (b) Supercontinuum
spectrum.
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FIG. 3: (a) Image of the target with a line focus of the super-
continuum probe. (b) Spatially resolved reflected and trans-
mitted spectra.

the ratio with the values at the room-temperature for a
known target thickness.

The conversion from R* and T* to dielectric function
ε(ω) is carried out by numerically reversing the Fresnel
formulae for a gradient-free dielectric slab [23] in accor-
dance with the Idealized Slab Plasma concept [24]. An
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FIG. 4: (a) Setup for chirp measurement. (b) Frequency chirp
in the supercontinuum probe.

elegent algorithm by Paulick [25] is implemented to solve
for the complex refractive index n̂ = n+ ik instead of the
dielectric constant. The two are equivalent, related by
ε = (ε1 + iε2) = (n + ik)2 = n2(1 + iκ)2 = n̂2. The use
of n̂ enables us to take advantage of the physical mean-
ing of k/n = κ as an ’attenuation index’, determining
the exponential decay of the probe wave as it propagates
through the foil. For fixed n, T* decreases monotonically
with increasing k. The monotonicity allows us to reduce
the 2D problem of locating (ε1, ε2) to two 1D problems,
which can be solved more accurately and efficiently. In
the case of multiple solutions, we use the rule of thumb
that for noble metals the solution having the lowest real
part of the refractive index n̂ =

√
ε is the physical one

[26]. In the case that a true solution is not found (due
to measurement errors in R* and T*), we accept approx-
imate solutions [27] only if the percentage discrepancy
with the measured R* and T* values is less than 10%.
The data are averaged over 10 shots to further reduce
the measurement errors. The final error bars in (ε1, ε2)
are shown in Figs. 5 and 6.

This broadband probe transmits through optics before
reaching the target, therefore a frequency chirp is intro-
duced in the temporal profile. The chirp is measured
using the Kerr optical-gate technique [28] and the setup
is shown in Fig. 4(a). The Au target is replaced by a
100µm-thick glass. A polarizer is added in exiting path
of the S-polarized probe to minimize the transmission
of probe. The heating pulse is employed as the gating
pulse to induce nonlinear effects in the glass, which ro-
tates the polarization of the probe. As a result, part of
the probe pulse that temporally overlaps with the gating
pulse inside the glass leaks through the crossing polarizer
and appears as a bright spot in the spectrum. By scan-

ning the delay betwwen the gating pulse and the probe,
the temporal profile of the supercontinuum is obtained
as shown in Fig. 4(b). To remove the effect of chirp
in time-resolved measurements, spectral data are binned
in 10-nm intervals and appropriate temporal shifts are
applied using Fig. 4(b).

III. EXPERIMENTAL RESULTS AND

DISCUSSION

The temporal evolution of ε(ω) of gold at an excitation
energy density of (2.9±0.3)×106 J/kg is shown in Fig. 5.
The data have been corrected for the frequency chirp as
described above. Time zero corresponds to the on-set
of changes in R* and T* 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 [5]. The time span is chosen to
cover an initial transient followed by a quasi-steady state
as discovered in our earlier studies [16, 29]. At a photon
energy of 1.55 eV, the dielectric function showed 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 our
previous phase shift measurements [29]. A single ε(ω)
plot is presented for 1.2-4.0 ps since no significant change
in ε(ω) is observed in the interval, which confirms the
existence of a quasi-steady state for the observed spectral
range.

From photon energies 1.55 eV to 2.60 eV, ε1(ω) ap-
pears 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 sub-
stantial enhancements over their room-temperature val-
ues. Furthermore, by displaying ε2(ω) at different time
steps with an offset (Fig. 5(c)), it can readily be seen that
the intra-band component shows good agreement with
best-fitted Drude functions [30] that assume frequency-
independent electron collision time and density, except
possibly for a small region around 1.6 eV at the peak
of the transient at 800 fs. The electron collision time
and density deduced from the Drude fitting are listed in
Table. 1.

To examine the dependence of ε(ω) on the excitation
energy density ρE , we use measurements made on the
quasi-steady state. The results are presented in Fig. 6.
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.
Time zero again corresponds to the onset of observed
changes in R*, T* at 1.55 eV. For ρE 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 duration [29] allowing the
dielectric function to be determined over the entire spec-
tral range of 1.5-2.7 eV. However, at 1.7×107 J/kg no
accepatable solution can be found for ε(ω) from the R*,
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FIG. 5: (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.

T* data above 2.38 eV. This is due to the breakdown of
the uniform slab assumption as target disassembly gives
rise to gradients in the expanding foil. The cut-off point
at 2.38 eV corresponds to a probe delay of 1.9 ps that
is consistent with the disassembly time observed in the
earlier experiment [29]. Accordingly, dielectric function
measurement using a frequency chirped source offers a
new means of probing hydrodynamic disassembly 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. The fitting parameters are also given in
Table 1. 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
(1.55eV) [16]. 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. 5 carry information on the evolution of the
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FIG. 6: (a) ε1(ω) and (b) ε2(ω) for different excitation energy
densities. Sample error bars are included. The dashed curves
are best-fit Drude functions.

TABLE I: Parameters for Drude fitting in Figs. 5 and 6.

∆ǫ(106J/kg) Probe Delay τ (10−15s) ne(10
22cm−3)

(a) 2.90 150 fs 1.49 4.54
(b) 2.90 400 fs 1.16 6.01
(c) 2.90 600 fs 0.97 6.34
(d) 2.90 800 fs 0.87 6.45
(e) 2.90 1.2-4.0 ps 0.83 5.93
(f) 2.20 1.4-2.0 ps 1.00 5.10
(g) 4.70 1.4-2.0 ps 0.86 7.00
(h) 17.0 1.4-2.0 ps 0.77 8.40

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. 6 carry informa-
tion 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 conduc-
tivity, collision time and carrier density of warm dense
gold [16], thus significantly enhancing the utility of AC
conductivity measurement.

The appearance of inter-band transitions presents the
first evidence of the persistence of d -band in the quasi-
steady state of ultrafast laser heated gold. Based on
the theoretical formula for dielectric function, for ex-
ample, Kubo-Greenwood formalism, a peak in the ω-
dependence indicates the existence of a pair of parallel
band separated by a near-constant energy. If the system
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becomes disordered, it is expected that the band struc-
ture will be disturbed, and the peaks in the dielectric
function will be smeared out. Therefore, one could spec-
ulate that the observed enhanced inter-band transition
peak reflects the presence of long-range ordering of ions,
and that the quasi-steady state is the characteristic of a
super-heated solid which would be consistent with a re-
cent report based on an empirical two-temperature model
[18]. Equally important are the observed increases in red
shift and enhancement of d-p transitions with excitation
energy density. Red shifts in the inter-band transition re-
gion may result from temperature-induced changes in the
energy distribution of the electrons. The enhancement is
however unexpected. Calculations of optical absorption
spectrum of equilibrium solid and liquid phases of alu-
minum [17] show only red shifts in inter-band transitions
but no enhancements as the solid is heated to its melt-
ing point, consistent with observation [31]. In order to
understand the mechanism for the enhanced interband
contribution, we performed first-principle simulations as
discussed below.

IV. AB INITIO CALCULATIONS

The calculation of ε2(ω) is based on density func-
tional theory within local density approximation [32].
We approximate the ionic cores of the gold atoms us-
ing Troullier-Martins pseudopotentials [33] and we ex-
pand the electron wave functions in a plane wave basis
using a kinetic energy cut-off of 40 Ry. All the calcula-
tions are carried out at the equilibrium density of gold
at ambient condition (fcc unit-cell with the lattice con-
stant at 4.052 Å), since earlier measurements indicate the
absence of significant expansion during the quasi-steady
state of the gold foil [16, 29]. ε2(ω) is then calculated
using the Kubo-Greenwood formula [34], where only in-
terband contributions are considered and a frozen core
is adopted to approximate the all-electron valence wave
functions in our estimation of the necessary velocity ma-
trix elements [35]. A crucial aspect of such an ab initio
approach is the numerical convergence in integrating the
Brillouin zone. This can greatly impact the accuracy
in calculating inter-band contributions to the dielectric
function [17], especially in the case of gold, where the
characteristic transition peaks originate from a small area
in the Brillouin zone where branches of the bands in-
volved become parallel. Therefore, we first focus on the
assessment on the convergence of the dielectric function
with respect to the k-point mesh size to integrate the
Brillioun zone.

The calculation results of ε2(ω) for a perfect fcc gold
crystal at 0 K are shown in Fig. 7. It is clear that con-
vergence is reached using a uniform grid of 1283 k -points.
Our estimate of ε2(ω) is in excellent agreement with that
obtained from an all-electron localized basis-set approach
[36]. This indicates that for a 32-atom gold system, sam-
pling over 65,000 k -points is required to ensure fidelity

FIG. 7: ε2(ω) of gold at 0 K calculated with different Brillouin
zone sampling. Nk is the number of k -points.

of the calculation. It is also evident from Fig. 7 that
insufficient Brillouin zone sampling can readily generate
substantial fluctuations in the dielectric function. This
may account for the highly structured conductivities seen
in recent calculations of a 32-atom system with sampling
over only 4 k -points [18], which roughly corresponds to
83 k -points with a FCC unit cell. It may also contribute
to the spurious local maximum seen at 1.7-1.9 eV giving
it a non-Drude appearance in Ref. [18], which deviates
substantially from our observation described above.

We now turn to the ε2(ω) in the experimental con-
dition. The first challenge is the quantum mechanical
nature of the evolution of the system. The following is
a rough sketch of the dynamics of laser excited material.
At time t=0, only the electrons (not ions) are excited
by the laser pulse, then the excited electron would de-
cay through light radiation, phonon excitation and/or
electron-electron scattering. To calculate the time evo-
lution of ε2(ω), we need to know both the ionic con-
figuration and the electronic structure for a given time.
However, the processes described before are quantum me-
chanical in nature, meaning that it is given as the so-
lution of the time dependent Schrodinger equation, for
which a practical solution does not exist. Therefore, the
current approaches to this problem use crude approxi-
mations. In the most commonly used approach, the two-
temperature model, we assume that both electronic and
ionic degree of freedom are in thermal equilibrium condi-
tions individually, but each degree of freedom has its own
temperature. The energy dissipation between those two
degrees of freedom is described by a single parameter,
the electron-phonon coupling constant, which is usually
estimated from the one at ambient condition. Gener-
ally, considering that the thermal disorder will smear out
the structural feature in ε2(ω), it will be useful to ex-
amine if the low ionic temperature with high electron
temperature, which is essentially the condition that the
two-temperature model provides, could produce the main
feature of the quasi-steady state. The ab initio molecular
dynamics at Tion = 300K has been performed with the
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FIG. 8: Calculated ε2(ω) of gold at three temperatures.

32-atom supercell, from which a few ionic configurations
were selected. The ε2(ω) for those configurations were
calculated at Te = 10000K. For comparison, the ε2(ω)
with Tion = 1300K (near the melting temperature) and
Te = 10000K was calculated with the same procedure.
The results are shown in Fig. 8. Although the absolute
values of ε2(ω) at ω= 2.6 eV are in reasonable agreement
with experiments, we do not find the enhancement of the
inter-band transition peak near 2.5eV at all, which is in
conflict with experimental observation.

At last, we analyze the potential source of the dis-
crepancy. There are a few critical approximations in the
theoretical treatment: 1. The electronic degree of free-
dom is in thermal equilibrium, i.e., the Fermi-distribution
function was used; 2. The Kubo-Greenwood formalism
is applied in the Drude regime. Let us first explain the
second approximation. The Kubo-Greenwood formalism
account only the elastic electron phonon scattering, while
in the Drude regime, inelastic scattering is known to play
an important role. In our simulation, as we use the su-
percell, the band folding takes place, which introduces
the artificial intra-band scattering without the inelastic
electron-phonon scattering. Although the impact is not
precisely understood, it is reasonable to conjecture that
the Drude part will be overestimated due to the missing
scattering channel. Nevertheless, it is hard to conceive
that inclusion of the inelastic scattering explain the ob-
served enhancement on the inter-band transition peak;
this effect should affect on the lower energy range, be-
low 2.5eV. The first approximation, the Fermi distribu-
tion function of electron, might have more crucial impact
on the structure of dielectric function. If the electronic
temperature is high, the contribution from higher energy

bands would increase due to the enhanced occupations of
electrons above the Fermi level. Generally, this contribu-
tion suppress the peak since a pair of bands with a similar
separation in higher energy is not expected. Therefore,
one might speculate that an enhancement of a peak in
dielectric function might require a non-equilibrium (non-
Fermi) electronic distribution function. On the other
hand, measurements of electron energy distribution func-
tion of ultrafast laser excited gold [37] have shown that
even at very low excitation energy densities (300 µJ/cm2

or equivalently ∼ 5×105 J/kg for a 30-nm-thick gold foil),
a small energetic electron tail appears to remain visible
670 fs after the laser pump pulse. We are thus led to con-
jecture that our observed enhancements in d-p transitions
are likely the manifestation of non-equilibrium density of
state resulting from the complex processes of electron-
hole recombination and electron-electron relaxation in
states driven to very high energy densities.

V. CONCLUSION

In conclusion, our broadband measurements have given
us some interesting insights to the behavior of ultrafast
laser excited gold. The existence of a quasi-steady state,
as observed in single-wavelength measurements, is con-
firmed for the whole visible region. It is found that the d-
band contribution in the dielectric function is persistent
through the quasi-steady state. This provides the first
evidence of band structure survival in non-equilibrium
warm dense gold. In addition, our data have provided
the first benchmark for testing theory. We believe that
insufficient Brillouin zone sampling is the likely cause for
the noted discrepancy between the published theoreti-
cal calculations [18] and our experiment. This points to
the need for examining proper convergence of numerical
calculations with regard to finite-size effects. Our mea-
surement have also shown the enhancement of d-band
component upon ultrfast laser heating, which can not be
reproduced in ab initio calculations of the dielectric func-
tion based on thermalized electrons. This might suggest
a non-Fermi distribution of excited electrons.
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