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Direct measurement of nonequilibrium electron-energy distributions
in sub-picosecond laser-heated gold films
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The electron-energy distribution in a gold film was measured with ~ 700 fs time-resolved photoemission spectroscopy following
laser heating by a 400 fs visible laser pulse. The measured distribution can be fit by the Fermi—Dirac function at an elevated
temperature except within 800 fs of the heating pulse (time-resolution limited), when a reproducible departure is observed. As a
result, the relaxiation of nonequilibrium electrons was found to be inadequately described by the standard electron-phonon

coupling model.

The fact that the electron—-phonon relaxation
time in metals is on the order of picoseconds has
led to many investigations with sub-picosecond
lasers. Model calculations suggest that it should
be possible to heat the electron gas to a tempera-
ture, T, of up to several thousand K for a few ps
while keeping the lattice temperature, T,, rela-
tively cold [1,2]. The observation of the subse-
quent equilibration of the electronic system with
the lattice affords the possibility of directly study-
ing electron—phonon coupling under various and
unusual conditions [3]. Detailed understanding of
the electron—electron (e—e) and electron—phonon
relaxation mechanisms should also provide
greater insight into chemical reactions [4] and
phase transitions [5] induced by ultrashort laser
pulses. Several groups have undertaken such in-
vestigations by relating dynamic changes in the
optical constants (reflectivity, transmissivity) to
relative changes in electronic temperature [6-10].
However, no direct measurement of electron
temperature has been reported so far. More im-
portantly, the fact that 7, is a valid concept only
if the electron gas is fully thermalized has often
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been ignored. Direct measurement of the dynam-
ics of the electron distribution by photoemission
spectroscopy provides a much more detailed pic-
ture of the mechanisms of relaxation of such
highly nonequilibrium systems. Not only are diffi-
culties of relating the dynamic changes of the
optical constants to the electron temperature re-
moved but the energy distribution could also re-
veal how well the electron gas is described by the
Fermi-Dirac distribution. It is of interest to note
that the Anisimov et al. [2] originally proposed
the measurement of photoelectric emission in
order to study the dynamics of picosecond laser-
heated metals.

We have directly measured the electron-en-
ergy distribution in gold films using sub-picosec-
ond laser photoemission spectroscopy. A 674 nm
wavelength (1.84 eV photon energy) pump pulse
of 400 fs duration was used to excite a 300 A
thick polycrystalline gold film. The heating pulse
fluence varied from 0.4 to 1.6 mJ /cm? and 15%
of the light was absorbed. The laser system con-
sists of a dual-jet synchronously pumped dye laser
amplified to 200 pJ/pulse by a 100 Hz excimer
laser-pumped dye amplifier system. The 225 nm
probe pulse (5.52 ¢V photon energy) was pro-
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duced by first frequency doubling the 674 nm
amplified dye laser output in a potassium dihy-
drogen phosphate (KDP) crystal and subse-
quently frequency mixing the 674 nm radiation
with the 337 nm second harmonic radiation in a
beta-barium borate (BBO) crystal. The probe
pulse duration was measured to be 700 fs by
cross-correlation with the visible 674 nm pulse.
The photoemission spectrum of the laser-heated
sample produced by the probe pulse was mea-
sured by the time-of-flight technique. Special
time-of-flight signal processing electronics were
used which allowed for the independent process-
ing of multiple electron counts for each laser
shot. All spectra were taken in the normal emis-
sion direction with an angular acceptance of +4°.

Extreme care was exercised to eliminate
space-charge effects on the photoemission spec-
tra. A relatively large probe beam spot size, on
the order of 1 mm?, was found to be effective in
eliminating space-charge broadening of the spec-
trum while maintaining an adequate photoelec-
tron count rate. Since the work function of gold
is 5.1 eV, the 5.52 eV probe photons produce
photoelectrons by single-photon photoemission.
However, at the pump intensity required to pro-
duce substantial electron heating, multiphoton
photoemission from the pump pulse could not be
completely avoided. The single-photon probe
spectrum was recovered by subtracting the spec-
trum taken with the pump alone from the raw
spectrum taken with both the pump and probe.
The photoemission spectra are plotted as elec-
tron counts per unit energy, dN(E)/dE versus
energy E.

Fig. 1 also shows the best fit of the Fermi-Di-
rac function multiplied by the free-electron den-
sity-of-states, ie: n*(E) = EY?/{expl(E —
w)/kT,] + 1} to the spectra. The fit was obtained
with a nonlinear least-squares fitting routine. In
these fits the chemical potential, u, electron tem-
perature 7, and an overall vertical scale factor
are used as fitting parameters. The random varia-
tion of the best-fit value of u (nominally u = E
= 5 eV) for spectra taken at different intensities
and time delays is around 10 meV. The fitted
temperature for the ¢ = — 0.8 ps spectrum is 360
K, which is higher than the actual substrate tem-

perature, 300 K. The lowest fitted temperatures,
even for spectra taken for unheated samples,
were consistently in the 330-380 K range, and
this is defined by energy resolution limit of the
time-of-flight electron spectrometer. Due to the
typical signal/noise ratio and the details of the
data analysis procedures, the temperature accu-
racy for all fits was determined to be +30 K. The
best fit temperatures are indicated in the caption
to fig. 1. The quality of the fits, particularly in the
edge-region, is quite good for the r= —0.8 and
+1.2 ps spectra. In fact, for all time delays > 0.8
ps, the spectra are well fit by the Fermi-Dirac
distribution.

On the other hand, there is a reproducible and
significant deviation from a simple Fermi-Dirac
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Fig. 1. Photoelectron spectra and least-squares best fits to the

Fermi-Dirac function for several different time delays. The

fits correspond to electron temperatures of 380, 483, 625, 582,

508, and 490 K for t = —0.8, —0.4, 0.0, +0.4, +0.8, and +1.2
ps, respectively.
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distribution for the t =0, +0.4 ps spectra. For
example, the best fit temperature at t =0 ps is
625 K, but there is a distinct difference from 0 to
+0.4 eV. We believe this deviation is due to the
finite time required for the “nascent” electrons
to equilibrate to a Fermi—Dirac distribution and
shall refer to it as a “hot tail”’. By nascent, we
mean the energy distribution as created by the
direct absorption from the photons prior to any
scattering. We rule out the possibility that the hot
tail is a density-of-states effect because, as men-
tioned above, gold is free-electron-like near the
Fermi-level so that the density-of-states is fairly
flat. A very large peak (of order 100% variation)
in the density-of-states from 0 to +0.4 eV would
be required to cause the deviation shown in fig. 1.
We do observe (10-15)% departure from the fit
in the —0.2 to —0.1 eV range. This is perhaps
due to density-of-states effects. Second, it was
found that, if a long laser pulse (1 ps) was used to
produce a distribution with the same fitted peak
temperature, the hot tail virtually disappear. We
also rule out the possibility that the hot tail came
from the laser pulse-to-pulse energy fluctuations,
which in our experiment were about +25%, by
explicitly simulating the spectrum which would be
obtained by summing different Fermi-Dirac
functions at different temperatures with a weight-
ing function given by our measured laser pulse
energy distribution. The fact that the laser pulse
distribution is quite symmetric about the mean
lead to a simulated spectrum which was itself
extremely well fit by a simple Fermi-Dirac func-
tion with a temperature equal to that of the
center of the distribution. We also rule out the
possibility that the hot tail is related to inhomo-
geneities in the laser beam profile by carefully
producing a nearly flat-topped beam profile. Fi-
nally we rule out the coherent effect because if it
were the case the hot tail should extend 1.84 eV
above the Fermi energy. We therefore conclude
that the hot-tail is genuinely a signature of non-
thermalized electrons.

We now examine the relaxation dynamics of
the electron temperature and how well it can be
described by the usual electron—phonon coupling
model [1,2]. Since the electron gas is not fully
thermalized for ¢ < 800 fs, one should keep in

mind the temperature is not exatcly a good pa-
rameter to characterize the system in this time
scale. In this model one describes the metals as
two coupled subsystems, one for the electrons
and one for the phonons. Each subsystem is in
local equilibrium so the electrons are character-
ized by a Fermi-Dirac distribution at tempera-
ture 7, and the phonon distribution is character-
ized by a Bose—Einstein distribution at the lattice
temperature 7,. The coupling between the two
systems occurs via electron~phonon interaction,
characterized by an exchange of energy at a rate
proportional to T,—7,. The time-evolution of
the energies in the two subsystems are given by
the coupled differential equations:

oT,
Ce(Tc)a—te = Vx(K VxTe) - G(Te - Tl)
+P(x, t), (1a)
oT,
Crar =G(T.~T)). (1b)

In egs. (1a) and (1b), 7, and 7, are the electron
and lattice temperatures, C(7T,) is the tempera-
ture dependent electronic heat capacity, C, is the
lattice heat capacity, « is the thermal conductiv-
ity, G is the electron-phonon coupling constant,
and P(x, t) is the energy density per unit time
absorbed from the incident laser beam.

In fig. 2 we show the electron temperature
(obtained by the best fit with the photoemission
spectra) versus time delay for measured absorbed
laser fluences of 0.09 + 0.03, 0.16 + 0.03, and 0.2
+ 0.06 mJ /cm?, In addition, we show the calcu-
lated electron temperatures obtained by numeri-
cally solving egs. (1). For gold C,=1vyT, with
y=715T m3 K% C,=1 K. P(x,t) was
proportional to the laser intensity pulse shape
and to the exponential depth dependence of the
optical absorption. The equations were solved in
one dimension and with the boundary conditions
appropriate for the thin film. The absorbed flu-
ences used in the calculations were adjusted to fit
the data. Due to difficulties in experimentally
determining the precise location of ¢ =0 ps (per-
fect overlap of the pump and probe pulses), the
time axis was artificially adjusted for both the
data and the calculations such that ¢ = 0 ps corre-
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Fig. 2. Time dependence of best-fit electron temperature for
three heating laser pulse fluences. Fits used the values of G
shown and heating laser fluences of (a) 0.10 mJ /cm?, (b) 0.21
mJ /em?, (¢) 0.37 mJ /cm?,

sponds to the point where the temperature
reaches its maximum.

As one sees immediately, there is no single
value of G that fits all three sets of data. Best fits
are obtained for values from (2.5-6) x 106 W
m~* K. In particular, for the highest fluence (fig.
2c), the early part of the curve requires G = 6 X
10'* W m~3 K and a much lower value for the
later part of the curve. Also, the value of ab-
sorbed fluence needed to fit the data in figs. 2b
and 2c is higher than the measured fluence. How-
ever, once the Fermi~Dirac distribution is ob-
tained (in these experiments ¢ > 800 fs) then a
single value of G=(3.0+0.5) X 10 W m—3 K
can be used to fit all of the data.

This is not a completely surprising result since
eq. (1a) does not properly take into account (1)
the finite time for the nascent electrons to relax
to the Fermi~Dirac distribution, and (2) the pos-
sibility of an increased rate of energy transfer to
the lattice when the electron energy distribution
is non-Fermi—Dirac. In order for eqgs. (1) to be
valid, the time required to relax to the Fermi~Di-
rac distribution must be much faster than the
time required for electron~phonon scattering so
no energy is transfered to the lattice. This as-
sumption is clearly not valid for our experimental
conditions. The rapid drop of the “best fit”
Fermi-Dirac temperature from 830 to 580 K
within 500 fs in fig. 2¢ directly shows that a
substantial amount of energy is transfered from
the electron subsystem to the lattice subsystem
during the transition from the nascent to Fermi-
Dirac distribution. On the other hand, once the
system is thermalized, the relaxiation dynamics is
well described by the coupling model and single
value of G could be used to fit all the data.

In summary, we have demonstrated that pho-
toemission spectroscopy could be used to mea-
sure the electron energy distribution in laser
heated metals on a sub-picosecond time scale. It
was confirmed that the coupling between the
electrons and lattice is weak on this time scale,
hence it is possible to highly excite the electron
gas while keeping the lattice relatively cold. How-
ever, the hot electron spectra could not be fit by a
Fermi-Dirac distribution at the earliest times
indicating a finite relaxation time for the elec-
trons from their nascent distribution to Fermi—
Dirac. As a result, an electron temperature can-
not be defined in this phase of the process and
hence the electron—phonon coupling model of
Anisimov et al. [2] commonly used to analyze
laser heating experiments, fails on the sub-pico-
second time scale. The detailed dynamics of the
relaxation of the nascent distribution to Fermi-
Dirac were not resolved and improved time reso-
lution will be required in order to do so.

We are pleased to acknowledge fruitful discus-
sions with H. Roskos, A. Chang, W. Knox, S.
Schmitt-Rink, J. Prybyla, S. Ulah, and A.F.J. Levi.
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