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We report the direct observation of the thermalization of electrons in gold following 180 fs optical
pulse excitation. The evolution of the electron energy distribution from the nascent (as photoexcited) to
a hot Fermi-Dirac distribution was measured by time-resolved photoemission spectroscopy. Depending
on the excitation density, thermalization times as long as =~ 1 ps were observed. A model incorporating
both electron-electron and electron-phonon scattering, and using Fermi-liquid theory to properly ac-
count for screening is found to reproduce the main features of the experiment.

Electron-electron (e-e) scattering in metals has usually
been studied by transport' measurements. The contribu-
tion of e-e scattering to resistance can only be observed at
low temperature, because above the Debye temperature
electron-phonon (e-p) scattering completely dominates
the resistivity. According to Landau’s Fermi-liquid
theory,” the resistance due to e-e scattering is p, , = AT?,
where T is the temperature and A is a constant. Howev-
er, even at low temperature, extraction of p,., from the
measured resistivity is complicated by electron-phonon
(e-p) and defect scattering.’ Observation of the thermali-
zation of electrons excited by ultrafast optical pulses pro-
vides an alternative means to study e-e scattering. The
relaxation of an optically excited, non-Fermi-Dirac distri-
bution to a hot Fermi-Dirac distribution is mainly
through e-e scattering due to the large momentum ex-
change and large phase space available for the process
which involves quasiparticle energies in the range of an
electron volt.

In this paper, we report the first direct measurement of
the thermalization process in an optically excited metal.
We are able to observe the nascent (as photoexcited) elec-
tron energy distribution, and the time evolution from the
nascent distribution to a Fermi-Dirac distribution. The
thermalization process is found to take up to ~1 ps for
low optical excitation levels, and proceeds more rapidly
for higher optical excitation levels. Because thermaliza-
tion and electron-phonon energy relaxation occur on
similar time scales (on the order of ps), we find that even
in this regime it is necessary to simultaneously include
both e-e and e-p scattering to fully understand the dy-
namics. A model based on the Boltzmann transport
equation under the relaxation-time approximation is pro-
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posed to explain the experiment. Fermi-liquid theory is
used to properly account for Coulomb screening.
Time-resolved photoemission spectroscopy was used to
measure the time evolution of the electron energy distri-
bution following ultrashort laser pulse excitation of a
old sample. The sample was a room temperature 300-
A-thick gold film held in vacuum at 5X 107 !! torr. The
experimental apparatus was similar to that reported pre-
viously,* except that the temporal resolution was im-
proved significantly. The 1.84-eV visible excitation
laser-pulse duration in the present experiment was 180 fs,
and the 5.52-eV UV probe pulse duration was 270 fs.
Figure 1 shows the time evolution of the distribution
function for an absorbed fluence of 12040 uJ/cm?. The
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FIG. 1. Electron energy distribution function vs energy with
120 uJ/cm? absorbed laser fluence at five time delays. The
dashed line is the best Fermi-Dirac fit and the corresponding
electron temperature 7, is shown. The vertical scale is in units

of the density of states.
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best-fit Fermi-Dirac function is shown by the dashed line,
and the energy is referenced to Ep, the Fermi energy.
The procedure for deriving the joint density of states, and
using it to extract the energy distribution function from
the photoemission spectra has been described previously.*
At t=0 fs, a nearly flat distribution extends from 0 to
1.84 eV (the pump photon energy). The one-photon
cutoff, which is the signature of nascent distribution, can
easily be observed. At t=130 fs, a plateau from 0.7 to
1.8 eV reaches its maximum value. With this pump
fluence, if there were no energy relaxation, then a flat dis-
tribution extending from O to 1.84 eV (the pump photon
energy), with a value of 0.0035, would be observed. The
level in Fig. 1 is within a factor of 2 of what we would ex-
pect with no relaxation. This observation suggests that
the energy relaxation time for the 1.8-eV electrons is
about 1 the pump pulse duration, e.g., =90 fs.

We have investigated the possibility that the plateau
region is due to a “‘coherent artifact” arising from two-
photon (w+3w) photoemission with no intermediate re-
laxation. This effect would vary in time as the cross
correlation of the w and 3w pulses. Using a density-
matrix calculation, we find that for the 1.8-eV signal at
t =0 fs, the ratio of the two-photon coherent contribution
to the contribution arising from single-photon photoemis-
sion from the real population of photoexcited electrons is
roughly equal to the ratio between the dephasing time,
T,, and the energy relaxation time T of the 1.8-eV elec-
trons. Since T =2T,, the maximum artifact is 1 of the
observed signal. Thus, the maximum artifact is ~0.0005
at t=0fs.

At t=400 fs, the best-fit Fermi-Dirac temperature
reaches its maximum, 710 K. At this time approximately
30% of the energy remains in the hot tail although most
of the electrons > 1.0 eV are gone. The energy relaxation
time for an electron with energy E should scale as
(E—Ep) ?=8E ~? according to the Fermi liquid theory.
Qualitatively, this is what we observe in the experiments.
It is clear from these data that the electron system loses
energy to the lattice before it can thermalize.

Figure 2 shows data similar to that in Fig. 1 except the
absorbed fluence is 2.5 times higher, 30090 ;LJ/cmZ.
The plateau from 0.8 to 1.84 eV has the same shape as in
the lower fluence case and approximately twice the am-
plitude, nearly consistent with the fluence increase. In
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FIG. 2. Electron energy distribution function vs energy with
300 pJ/cm? absorbed laser fluence at five time delays.
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addition, the formation of a thermalized distribution is
clearly faster in this case. By 670 fs, the thermalization is
essentially complete. There are several factors which
contribute to the faster thermalization of the distribution.
First, since a larger energy density has been deposited,
the temperature of the thermal part of the distribution in-
creases more rapidly. This increases the number of avail-
able electrons with which the nonthermal electrons can
scatter, further increasing the scattering rate. Another
effect is that as the rapidly heating thermal component
overtakes and overlaps the nonthermal part of the distri-
bution, only the higher energy electrons remain in the
nonthermal part, and these electrons have the shortest
energy relaxation time. The net result is the thermaliza-
tion time decreases as the excitation density increases.

There have been a number of studies of the relaxation
of electrons in metals excited by ultrashort laser
pulses.’> 1 All of these have been analyzed within the
two-step relaxation picture,'>!* which assumes the elec-
trons first thermalize among themselves and subsequently
lose energy to the lattice. It has already been suggest-
ed'»!> that the time scales for electron thermalization
and for electron-phonon transfer are potentially overlap-
ping and that the electron temperature T, and the lattice
temperature T, are not well defined. A recent study'® of
the lattice temperature dependence of the e-p relaxation
time in Ag and Au has shown that the electron distribu-
tion is indeed nonthermal on the time scale of the e-p en-
ergy relaxation time. This effect is clearly demonstrated
in the present experiment. The e-p mean free path!’
is ~300 A. With Fermi velocity ~10® cm/s, the average
collision time is 30 fs. Thus within 1 ps the electron has
experienced approximately 30 phonon collisions. The
Debye temperature of gold? is 170 K, so on average an
electron will lose energy equivalent to 85 K at each pho-
non collision. Thus a substantial amount of energy is
transferred into the lattice during the ~ 1-ps thermaliza-
tion time.

Now we turn to the relaxation of nonthermal electrons.
The lifetime of an excited electron in a degenerate system
due to both elastic and inelastic e-e collisions is given by
Fermi-liquid theory under the random-phase approxima-
tion (RPA),'8 as

Ep
OFE

2

(1)

T=7'0

The square factor in the denominator comes from the
available phase space and 7, is the proportionality con-
stant. This scaling is strictly valid only at 7=0 when the
phase space of available initial and final states is strictly
given by 8E, but is a good approximation at finite tem-
perature for electrons with 8E >>kT,. 7, has been calcu-
lated using the Lindhard dielectric function.'®

128 1
To= =, (2)

0 V'3 ,
where w, is the plasma frequency. With w,=8 eV for

gold, 7p=2 fs. We can make an estimate of 75 by noting
that, experimentally, electrons 0.3 eV above the Fermi
energy are observed to have a lifetime of =700 fs. Thus,
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To is experimentally determined as ~5 fs. We believe
that the difference between the theoretical and experi-
mental values for 7, is attributable to the fact that this ex-
periment measures only the energy relaxation time, while
the theory describes the lifetime due to all e-e collisions,
and also that the theory neglects the effect of d-band
screening.'’

We now attempt to model the full evolution of the en-
ergy distribution function by considering the Boltzmann
transport equation under the relaxation-time approxima-
tion.”> The electron distribution function is divided into
thermal and nonthermal parts,

f:fnonthermal(E’t)+fthermal[Te(t)] . (3)
The thermal part is the Fermi-Dirac distribution,?
Sinerma =1 +(E—Ep)/kzT,(t)]"!.  The nonthermal

part is a function of both electron energy and time. We
choose the nascent distribution as the initial condition for
the nonthermal part. It extends from the Fermi energy
to 1.84 eV above the Fermi energy. The relaxation of the
nonthermalized part is governed by the equation
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The solution for the above equation is

2

OE t
fnomhermal(sE’t):foexp - E; ;‘; , (5)
where f, is the nascent distribution. Energy is

transferred from the nonthermal distribution into the
thermal distribution while e-p coupling transfers energy
from the thermal distribution to the lattice. The equation
governing the energy changes for the thermal distribution
is

T,
C,(T,) 5~ G(T.—T)
+-§; (f nonthermal (E3/*)dE | (6)

where G is the electron-phonon coupling constant.

The formulation of Eqgs. (4)-(6) neglects the depen-
dence of the relaxation time for f , wermal O T, (2) in or-
der to simplify the calculation.? As mentioned earlier,
this is expected to be valid for electron energies 8E > a
few times kT, e.g., for the higher energy electrons within
the nonthermal part of the distribution. We also ignore
the direct transfer of energy from the nonthermal distri-
bution to the lattice because it is small compared to ei-
ther of the terms in Eq. (6).

Figures 3 and 4 show the calculations for the two
fluences used in the experiments assuming the excitation
is instantaneous at t=0 fs. We have used the
G=4X10" Wm *K™! (Ref. 4) and experimentally
determined value of 7y=5 fs. Figure 3 is calculated for
an absorbed fluence of 80 uJ/cm?. This value was chosen
to match the peak calculated T, with the peak tempera-
ture fit to the data in Fig. 1 (corresponding to the dashed
line). Two important features are reproduced in the cal-
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FIG. 3. Model calculations corresponding to the low fluence
case shown in Fig. 1.

culations. First, there is still 30% of the excitation ener-
gy in the nonthermal part of the distribution at 400 fs.
Second, the full Fermi-Dirac distribution is not estab-
lished until ~1 ps. In Fig. 4, the thermalization time is
about half that exhibited in Fig. 3, which is consistent
with Fig. 2.

Recently, Kim et a have studied carrier-carrier
scattering in an n-modulation-doped quantum well with a
doping density ~5X10'7 cm™®. The n-modulation-
doped quantum well at low temperature ( > 10 K) is also
a degenerate system with Fermi energy =20 meV. These
authors have found that the dephasing time for electrons
with excess energies of ~1 meV is several ps while the
dephasing time for electrons of ~20 meV drops to <400
fs, and the results are consistent with Fermi-liquid
theory. It is interesting to compare this experiment to
the present one, in light of the fact that the electron den-
sities differ by five orders of magnitude.

We first note that these two systems are very similar as
far as Fermi-liquid theory is concerned. To see this, we
consider the dimensionless parameter r,, which deter-
mines the validity of the random-phase approximation in

1'21

Fermi-liquid theory,!%?2
|3 |mee )
R e 4reh? ’

where n is the total electron density, m is the electron
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FIG. 4. Model calculations corresponding to the high fluence
case shown in Fig. 2.
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effective mass, and ¢ is the dielectric constant. Physical-
ly, r, is a measure of the screening in the system. The
smaller r,, the larger is the screening. For Au,
n=6x10*? cm 3, my=~m,, and £=5.6,'° so r,~0.54.
For the modulation-doped quantum well, n~5X 10"
cm ™3, my;=0.067m,, and £=13.1, so r,~0.76. Thus,
even though their electron densities vary by five orders of
magnitude, these two samples are similar systems as far
as screening is concerned. We can now proceed to under-
stand the similar relaxation times of the two samples.
The relevant parameter in Fermi-liquid theory is the ex-
cess energy relative to the Fermi energy, 0E /E.. Our
observed ~700-fs lifetime of 300-meV excess energy
(8E /Er=5%) electrons in Au is consistent with the ob-
servation of dephasing times of several ps for 8E =~1 meV
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(8E/Ep=5%) electrons in n-modulation-doped quan-
tum wells.?!

In summary, we have measured the evolution of the
electron energy distribution from the nascent nonthermal
distribution to a hot thermalized distribution in an opti-
cally excited metal. A thermalization time as long as ~ 1
ps is reported, and is consistent with Fermi-liquid theory.
A model incorporating both electron-electron and
electron-phonon scattering is developed to describe the
relaxation of the nascent distribution, and gives good
agreement with the experimental data.

We thank D. S. Kim and W. H. Knox for helpful dis-
cussions. We are grateful to A. A. Grinberg for help in
setting up the theoretical model.
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