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We show experimentally that the electron distribution of a laser-heated metal is a nonthermal
distribution on the time scale of the electron-phonon (e-ph) energy relaxation time 7z. We mea-
sured 7g in 45-nm Ag and 30-nm Au thin films as a function of lattice temperature (73 =10-300 K)
and laser-energy density (U, = 0.3-1.3 J cm™?), combining femtosecond optical transient-reflection
techniques with the surface-plasmon polariton resonance. The experimental effective e-ph energy
relaxation time decreased from 710-530 fs and 830-530 fs for Ag and Au, respectively, when tem-
perature is lowered from 300 to 10 K. At various temperatures we varied Uy between 0.3-1.3 J cm ™3
and observed that 7g is independent from U, within the given range. The results were first com-
pared to theoretical predictions of the two-temperature model (TTM). The TTM is the generally
accepted model for e-ph energy relaxation and is based on the assumption that electrons and lat-
tice can be described by two different time-dependent temperatures T, and T;, implying that the
two subsystems each have a thermal distribution. The TTM predicts a quasiproportional relation
between 7g and T; in the perturbative regime where 7g is not affected by U,. Hence, it is shown
that the measured dependencies of T on lattice temperature and energy density are incompatible
with the TTM. It is proven that the TTM assumption of a thermal electron distribution does not
hold especially under our experimental conditions of low laser power and lattice temperature. The
electron distribution is a nonthermal distribution on the picosecond time scale of e-ph energy relax-
ation. We developed a new model, the nonthermal electron model (NEM), in which we account for
the (finite) electron-electron (e-e) and electron-phonon dynamics simultaneously. It is demonstrated
that incomplete electron thermalization yields a slower e-ph energy relaxation in comparison to the
thermalized limit. With the NEM we are able to give a consistent description of our data and obtain
values for the e-e scattering rate K = 0.10 + 0.05 fs~'eV~2 for Ag and Au and for the e-ph coupling
oo = 3.5 % 0.5 x 10'® Wm™ 3K~ for Ag and 3.0 &+ 0.5 x 10*®* Wm3K™! for Au.
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I. INTRODUCTION

The nonequilibrium dynamics of laser-heated conduc-
tion electrons in metals and superconductors is a fasci-
nating area of intense research. Irradiating a metal by
a sufficiently short laser pulse can lead to a significant
(effective) temperature rise of the electrons with respect
to the ionic lattice. Several elementary processes such as
electron-electron (e-e) and electron-phonon (e-ph) colli-
sions will participate in the formation of a new thermal
equilibrium. These processes lie at the basis of a wide
range of phenomena in solid state physics. Electron-
phonon interactions are of major importance to the elec-
trical and thermal transport in metals and govern the for-
mation of the superconducting state. Electron-electron
collisions have attracted renewed interest as a result of
their key role in disordered metallic systems. Femtosec-
ond spectroscopy enables us to gain insight into those ele-
mentary processes by monitoring the relaxation of laser-
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heated electrons and phonons directly in the time do-
main.

In femtosecond thermomodulation spectroscopy an ul-
trashort “pump” laser pulse heats up the sample. A sec-
ond “probe” pulse is time delayed with respect to the
pump pulse. Measuring the change of the probe reflec-
tivity (or transmissivity) as a function of the time delay
between pump and probe pulse maps out the cooling on
a femtosecond time scale. The application of this simple
technique has led to a wealth of new information. Tran-
sient reflection and transmission experiments have been
performed on Au,! Cu,?> Ag,® and various conventional®
and high-T. (Refs. 5, 6) superconductors. One of the
great achievements obtained by the technique is the di-
rect determination of the e-ph coupling constant, relevant
to, e.g., the superconducting properties of the material.”
Other dynamical relaxation channels have been uncov-
ered such as the ballistic component in the electronic heat
transport.® The role of nonequilibrium heating in relation
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to the optical damage threshold was investigated® and ef-
fects of the lattice disorder on the energy relaxation have
been seen.!®

The nonequilibrium within the electron gas is a nearly
unexplored type of dynamics and has recently drawn
great interest.!171% In the interpretation of thermomodu-
lation data it was generally assumed that the electron gas
formed a thermal distribution within the pulse duration
(~ 100 fs) with the argument that the e-e scattering time
for electrons that are highly excited (2 eV) in the conduc-
tion band is very small (~ 10 fs). It has not been recog-
nized until recently'! that nonthermal effects are clearly
observable, even on a picosecond time scale, when condi-
tions of low laser excitation power and low temperature
are chosen. Under these circumstances, the e-e collision
rate becomes strongly suppressed as a result of the Pauli
exclusion principle reducing the phase space for e-e scat-
tering. Our sensitive thermomodulation setup, based on
the surface-plasmon polariton (SPP) resonance, enables
us to measure under low-power and low-temperature con-
ditions and thus provides the opportunity to observe e-e
dynamical effects in metals.

In this paper we report on a detailed study of the e-
ph energy relaxation process for thin Ag and Au films
as a function of lattice temperature and deposited laser
energy density. We observe a decrease of the effective
relaxation time (from 710-530 fs and 830-530 fs for Ag
and. Au, respectively) when the temperature is lowered
from 300 to 10 K. The relaxation time is found to be
nearly independent from the deposited laser energy den-
sity within the range of 0.3-1.3 J cm 3. The experimen-
tal results are compared to the two-temperature model
(TTM), which is the commonly accepted theory to de-
scribe the energy relaxation dynamics between electrons
and lattice and which is based on the same premises as
the famous Bloch-Griineisen law for the resistivity. We
find large discrepancies between our experimental data
and the TTM.

The discrepancies are resolved when we explicitly ac-
count for the finite e-e dynamics in a laser-heated metal.
It will be shown that under our experimental conditions
the excited electrons do not reach a thermal distribution
on the time scale of the e-ph energy relaxation. We theo-
retically show that the incomplete thermalization makes
the e-ph energy relaxation rate significantly slower be-
low room temperature and nearly insensitive to the de-
posited laser-energy demnsity, as compared to the ther-
malized limit. The presence of a nonthermal electron
distribution is in contrast to the major assumption of
the TTM. We introduce a new model, the nonthermal
electron model (NEM), which is based on the Boltzmann
equation accounting for both e-e and e-ph interactions
simultaneously. With this model we are able to give a
consistent representation of our measurements and ob-
tain quantitative results for the e-e collision rate and the
e-ph coupling strength. The measured values for the e-e
collision rate compare well with other experimental and
theoretical results.

Other groups have now found clear evidence of the
finite e-e dynamics. Room-temperature measurements
were made by femtosecond thermomodulation around the
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absorption edge on Au,'? picosecond ultrasonics on Al,'*
and subpicosecond photoemission on Au (Ref. 12) and
Cu(100).'® The interpretation of these measurements in-
volved a separate and sequential treatment of the e-e and
e-ph channels. However, our theory accounts for the si-
multaneous action of both channels which is essential for
a tightly coupled system.

Other groups have measured e-ph energy relaxation
in various metals and seen dependences on tempera-
ture or laser energy density. In two room-temperature
experiments!'1® on Au an increase of the e-ph energy re-
laxation time has been seen upon increasing the laser flu-
ence. However, the results were not interpreted in terms
of the TTM. In the study of the e-ph relaxation dynam-
ics of Nb as a function of temperature a decrease of the
relaxation time has been observed when temperature was
decreased.®

The presence of a transient nonthermal electron dis-
tribution has several implications. It is important in the
correct interpretation of the thermomodulation data and
the extraction of the e-ph coupling constant, as will be
shown in this paper. In general, the study of degenerate
electrons in metals will be beneficial to the understand-
ing of relaxation phenomena in highly doped (10° cm™3)
semiconductors. The presented technique is one of the
few others (such as hot-electron transport!” and low-
temperature resistivity'® measurements) by which we
gain access to the the dynamical interactions within the
conduction electrons of a metal.

Section II is devoted to the experimental technique and
gives a short overview of the measurements. The mea-
surements are interpreted using the TTM (Sec. II) and
the NEM (Sec. III). Section III starts with a theoreti-
cal introduction to the TTM (Sec. III A), followed by
the analysis of the experimental data (Sec. III B). In
Sec. III B 1 we focus on the dependence on the lattice
temperature, the dependence on the deposited laser en-
ergy density (Sec. III B 2), and the averaged e-ph energy
relaxation time (Sec. III B 3). Concluding remarks on
the TTM are made in Sec. III C. Section IV is devoted
to the nonthermal electron model. In the introduction
(Sec. IV A), the consequences of a nonthermal electron
distribution for the e-ph relaxation process are qualita-
tively discussed. The NEM is formulated in Sec. IV B.
The comparison between the experimental data and the
NEM, made in Sec. IV C, results in experimental values
for the e-e scattering rate for our samples. These values
are compared in Sec. IV D to theoretical and experimen-
tal results which have been found by others. Conclusions
are presented in Sec. V.

II. EXPERIMENTAL TECHNIQUES AND DATA

The use of the surface-plasmon polariton (SPP) res-
onance of metallic thin films and interfaces has been
widely recognized as a powerful method of enhancing
the electromagnetic field at surfaces.!'® Applications of
the SPP resonance can be found in studies of, e.g.,
electronic?® and vibrational?! surface relaxation and sur-
face second-harmonic generation.?? In our experiment
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the SPP resonance is combined with femtosecond pump-
probe techniques. We heat and probe the electron gas
by the excitation of SPP’s. A SPP is a coupled surface
mode of the electron gas and the electromagnetic field. In
our case where the laser frequency (2 eV) is much lower
than the surface-plasmon frequency (4.1 eV for Ag) the
polariton has mainly photon character. We may regard
the SPP as a photon, traveling along the metal-vacuum
interface. The SPP’s can easily be optically excited by
the method of Kretschmann,?3 based on attenuated total
reflection in a prism—metal-film—vacuum geometry. Res-
onant excitation of SPP’s occurs when the laser beam is
p polarized and internally reflected from the hypothenuse
face of a transparent prism, on which the metal film of
suitable thickness has been coated. At a critical angle of
incidence, the SPP-resonance angle ®spp, a sharp min-
imum in the reflectivity R(®) is found at which nearly
all the light excites SPP’s. The SPP’s travel along the
metal-vacuum interface and gradually decay due to the
finite conductivity of the metal. The electric-field in-
tensity of the SPP is concentrated at the metal-vacuum
interface and decays exponentially into the metal with a
penetration depth of ~ 12 nm. As the SPP decays, it
creates hot electron-hole pairs that rapidly redistribute
their energy in the Fermi sea via e-e collisions. Heat
transport by the ballistic or diffusive motion of electrons
occurs on a 20-50-fs time scale for our 30-50-nm thin
films. The electrons emit or absorb phonons and ex-
change energy with the lattice. Through this aspect of
the electron-phonon coupling, the heated electrons trans-
fer energy to the lattice and cool. The characteristic time
scale on which energy relaxation takes place is =~ 700 fs
for Ag at room temperature. The last relaxation step
is the nanosecond-time-scale diffusion of heat out of the
film into the prism.?*

Not only does the SPP resonance provide an efficient
way to excite electrons, it is also used to detect the
small hot-electron-induced change of the complex dielec-
tric constant Ae. The position, depth, and width of
the reflectivity curve R(®) depend strongly on Ae. By
tuning the probe angle to one of the two steep sides of
R(®) [where dR(®)/d® is extremal|, a maximal sensitiv-
ity to the hot-electron-induced shift of ®spp is attained.
In most thermomodulation experiments the probe pho-
ton frequency lies close to the interband transition. In
that case the thermal smearing of the Fermi level mainly
causes a change of the absorption of the probe beam. In
our case, the probe frequency (2 eV) lies far below the
interband freqencies (Ag, 4 eV; Au, 2.5 eV).25727 For the
latter condition it has been shown experimentally® that
the Fermi smearing appears as a dispersive modulation
at the probe frequency. This experimental result is ex-
plained theoretically in the Appendix, where it will be
shown that Ae¢ is mainly real. Moreover, we show that
it is proportional to the total excess energy contained in
the electron gas, provided that the energy of individual
excitations (electrons and holes) and the photon energy
(2 eV) is much smaller than the energy of interband tran-
sitions. As this inequality holds at any time (> 150 fs)
when measurements are performed, it is concluded that,
by recording the change of reflectivity, the energy relax-
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FIG. 1. Experimental pump-probe setup using the sur-
face-plasmon polariton resonance of a metal film.

ation of the electron gas is measured.

The experimental setup® (see Fig. 1) is based on a
colliding-pulse mode-locked (CPM) laser which delivers
150-fs pulses with a center wavelength of 630 nm (2 eV)
at a repetition rate of 95 MHz. The laser beam is split
in two. The pump beam is doubly amplitude mod-
ulated by an acousto-optic modulator (8 MHz) and a
chopper (500 Hz). In this way the influence of noise is
suppressed by the synchronous detection using a high-
frequency mixer and lock-in amplifier. The weak probe
beam passes a time delay stage. Both beams are focused
onto the prism-metal interface under SPP-resonant con-
ditions by a 50-mm focal-length achromatic lens to 20-
pm-diam spots. The deposited laser energy density by
the pump pulse is estimated to be Uy = 1.3 J cm™3.
The Ag films (45 nm thick) were evaporated on a sub-
strate in a standard vacuum chamber at 1078 torr. Un-
der these circumstances the films are known?® to be
polycrystalline. The substrates were single-crystal, op-
tically polished quartz plates, glued on the hypothenuse
of a quartz prism. The 30-nm Au films were epitaxi-
ally grown in a molecular-beam epitaxy chamber on the
freshly air-cleaved hypothenuse of a single-crystal NaCl
prism. The crystallinity of the Au films was checked by
reflection high-energy-electron diffraction (RHEED) dur-
ing growth. The NaCl prism or the quartz plate was ther-
mally anchored to the cold finger of a helium continuous-
flow cryostat.

III. TWO-TEMPERATURE MODEL

In this part we will show that the generally accepted
TTM fails to explain our experimental results. In the
first section, the basic features of the TTM are outlined.
A comparison of the experimental results and the calcu-
lated time dependence of the energy contents of electrons
using the TTM is made. Next, a detailed analysis of the
dependence of the measured deposited laser-energy den-
sity on the relaxation behavior is presented. It is shown
that the temperature dependence in combination with
the deposited energy dependence is in striking contrast
to the predictions given by the TTM.
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A. Theory

In this section we will outline the general features of
the TTM. The metal is divided into two subsystems: the
conduction electrons with a temperature T, and the ionic
lattice with a temperature T;. The TTM describes the
flow of heat between electrons and lattice which occurs
when T, > T; after laser excitation. The basic underlying
assumption in the TTM is that the electron and phonon
subsystems are each maintained in a thermalized state
by (Coulombic) e-e and (anharmonic) ph-ph interaction,
respectively. The time evolution of the energy (or tem-
perature) of the electron gas and the lattice is given by
two coupled heat equations?®

Ce% =V - (keVTe) — H(T., T;) + P(t)
(1)
aT;
Cim‘ =+4+H(T.,T;).

Here, P(t) is the amount of laser power (in W m~3) that
is dissipated in a unit volume of the electron gas and
C. and C; are the specific heats of electrons and lattice,
respectively. H is the energy transfer rate (in W m~3)
between electrons and lattice. The term V . (k. VT,)
describes the diffusive electronic heat transport out of
the excited region.

We will make the following approximations. First,
the electronic specific heat is given by C. =
212N (Er)k3Te = yT., where N (EF) is the density of
states at the Fermi energy. Including the renormaliza-
tion of the specific heat by the e-ph coupling would en-
hance the specific heat by a factor (1 + A) at temper-
atures T, < ©p. Here, Op is the Debye temperature
[= 210 (170) K for Ag (Au); see Ref. 30] and A is the e-
ph coupling parameter. For materials with a weak e-ph
coupling such as Ag (A = 0.12) and Au (0.15), we may
neglect this factor.”3! Second, the electron temperature
is assumed to be homogenous. Namely, the characteristic
time scales for diffusive transport,® 74 = C.d? /(2Ke) =
50 (30) fs, and ballistic transport, 7, = d/vp = 30 (20) fs,
for a 45- (30-) nm Ag (Au) film, are small compared to
the laser pulse duration t, = 150 fs [taking k. = 420
(310) Wm™! K1, C. = 4T}, v = 65 (66) J m—3 K2,
T, = 300 K, and vp = 1.4 (1.4) x 10° ms™! for Ag
(Au)]. In the latter argument we have taken into account
the fact that the large ratio between laser spot diameter
and film thickness causes the heat transport to be quasi-
one-dimensional. Below room temperature the diffusive
transport time will even decrease since the mean free path
for scattering with phonons increases. Third, the rise of
the lattice temperature may be neglected when calculat-
ing the electronic relaxation. Namely, the lattice specific
heat C; is a factor 100 larger than the electronic specific
heat at room temperature and still 10 times larger at 8 K.
In the fourth place, the steady-state lattice temperature
rise at the focus of the laser beams is negligible. On the
basis of the tabulated values3? of the thermal conduc-
tivity of our crystalline substrates we derived that the
relative temperature rise is less than 3%. This allows us
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to interpret the measured temperature of the thermome-
ter as the lattice temperature. Finally, the lattice heat
transport can be neglected since it occurs on a nanosec-
onds time scale. Hence, the heat equation becomes

T = —H(T.,T), 2)
where T; is now a parameter.

The energy transfer rate H has been calculated by
Kaganov et al.3® It is based on the same assumptions as
the electrical resistivity law of Bloch and Griuneisen (re-
lated to the momentum relaxation). The energy transfer
rate is a sum over all the elementary one-phonon absorp-
tion and emission processes, weighted with the energy
transfer (= phonon energy) per collision. The electrons
and phonons have Fermi-Dirac and Bose-Einstein distri-
butions, respectively. The acoustic phonon spectrum is
described with the Debye model. The total transfer of
energy per unit volume and per second from electrons to
phonons is

¥Te

H(Tea Ti) = f(Te) - f(Tz)a (3)
where

T\® [F o
f(T) =49 (53)/0 ef_ldx. (4)

In the literature of femtosecond spectroscopy the con-
stant g, is called the electron-phonon coupling constant
(in the literature also denoted by G). A useful quantity is
the first derivative of the function f(T") which we call the
electron-phonon coupling function g(T') = df/dT. For
T; < Op the function g(T;) varies as T} and for T; 2 ©p
the function g(73;) goes to the constant value go,. In the
limit T. — T; < T, the energy transfer function H may
be written as

H(TevT'z) :g(Tl)(Te—T!") (5)

The TTM offers a description of the time evolution
of the electronic temperature T, = T.(t) and the energy
U = Uc(t) = %’yTe(t)z. In order to make a compari-
son between the T'TM and the experiment we define the
instantaneous energy relaxzation time by

Ue(o0) — U,
(dU./dt)
_ (T2 -T})
~ 2H(T.,T:)’ (6)

TE'(Tea T'z) =

where Ug(c0) ~ 3yT?. After the above introduction,
the dependence of the e-ph energy relaxation time on
lattice temperature and deposited laser energy density is
discussed briefly.

The dependence on the lattice temperature T; is
demonstrated best in the low-excitation region, for which
AT.(0) = T.(0) — T; < T;. In this regime the electron-
phonon energy relaxation time is

T

) = gy

(7
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The energy content of the electrons gas, U, (t), decays ex-
ponentially with the time constant 7g(T;). Going from
a temperature T; high above the Debye temperature to
lower temperatures, the relaxation time first decreases
linearly due to the decrease of the electronic specific heat
[9(T3) = goo]. Below the Debye temperature, 7g is ex-
pected to pass a minimum and rises again T[3 as a
consequence of the dominating temperature dependence
of the e-ph coupling g(T;). The temperature dependence
of 7g is depicted later in Fig. 6. The minimum of 7g lies
for Ag at ~ 60 K.

The role of the deposited laser energy density U, is
important since it determines the peak electron temper-
ature

T.(0) = (T,? + gﬁ)m, (8)

assuming ¢, < Tg. Let us consider the high-temperature
limit T; 2 ©p of the initial energy relaxation time
Eq. (6):

~ WT(0) + T3]
me(T(0), T2) & —=5 —.

(9)
At a constant lattice temperature, the initial energy re-
laxation time will thus increase when the initial electron
temperature T, (0) or the energy density Uy is increased.
In our experiments a deposited laser energy density U, =
1.3 Jcm ™3 yields an electronic temperature rise of AT, =
61 K at T; = 300 K, which shows that the experiments
are performed in the perturbative regime.

B. Analysis of the experimental results

The time-resolved measurements have been performed
at a large number of different temperatures between 300
and 10 K and for different amounts of the laser fluence.
Several raw scans on Ag at different temperatures are
displayed in Fig. 2. Measurements on the power de-
pendence will be presented later. The measured signal
(AR ~ 10~* with an accuracy better than 1%) shows a

AR (arb. units)

time (ps)

FIG. 2. Time-resolved measurements of the change of the
reflectivity on Ag for various temperatures. The curves have
been vertically shifted in order to let the plateau levels for ¢t >
4 ps coincide and the vertical scales have been adjusted so that
the peak signals are equal. It is seen that the subpicosecond
relaxation speeds up as the temperature decreases.
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sharp rise on the time scale of the pulse duration followed
by a subpicosecond decay. Part of the signal around ¢ =
0 is attributed to a coherence artifact of the pump and
probe pulses. The decay is interpreted as the cooling of
the electrons. It is seen that the relaxation speeds up as
the temperature is lowered. The same phenomenon has
been observed in Au. The measurements show the same
trend as the quasilinear decrease of 7 (T;) in the TTM
for T; > 50 K. After a few picoseconds, a small contribu-
tion remains which is attributed to the heating of the lat-
tice. For Au the lattice contribution reaches a constant
value after several picoseconds. In the case of Ag, the
lattice contribution appears to vary linearly within the
time interval of 4-10 ps. This is due to an acoustic strain
wave,2* which bounces up and down in the film and re-
sults in a triangular pattern on AR(t) with a period of 25
ps. On the basis of this experimental fact we assume that
the lattice contribution consists of a contribution propor-
tional to the lattice temperature rise AT;(t) due to the
homogenous heating and a contribution proportional to
(at + b')AT;(t) due to the acoustic strain wave, where a
and b’ are constants. In most thermomodulation experi-
ments, a linear relation between the electron temperature
and the change of the dielectric constant (and hence AR)
is taken, assuming that AT, < T, for all times. However,
in the low-temperature regime this assumption may be-
come invalid namely when T; < /(2U;/7) [see Eq. (8)].
When this assumption is not made and when probing Ag
and Au with frequencies below the interband transition
we are able to show that the hot-electron-induced change
of the dielectric constant is proportional to the total ex-
cess energy < AT?2 of electrons. This result is based on
the theory of Rosei et al.2°727 as elucidated in the Ap-
pendix and will be used in our interpretation. The total
signal AR(t) is thus modeled by

AR(t) = AR; + AR, = (at + b)AU;(t) + cAUL(t), (10)

with a,b, and c fitting parameters to be determined. We
use the approximated coupled heat equations

TAE =~ onlT() ~ Ti)] + P(2)

. (1)
= 4 enlT() - Ti())

Il

Il

where T;(0) is given by the thermometer temperature
and where g7, and T.(0) are fitting parameters. From
the experimental curve AR(t), the best fit is obtained
for the five parameters a, b, ¢, gr,, and T.(0). The
parameters g7, and T.(0) are decoupled from the lattice
parameters a and b to a large extent, since a and b are
predominantly determined by the data at large times >
4 ps whereas g7, and T, (0) are largely determined by the
data in the time interval 0.25—4 ps. In Fig. 3 the fitted
curve and the experimental data for 7; = 180 K have
been plotted. The theoretical curve deviates less than
2% of the value of AR(0) from the measurement. This
deviation is comparable to the measurement accuracy.
The individual scans at a certain lattice temperature can
be well fitted by a set of five fit parameters. However,
the found fit values of T.(0) and gr, cannot be brought
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AR(t)/AR(0O)

time (ps)

FIG. 3. Experimental time-resolved change of reflectivity
of Ag at the substrate temperature of 180 K, together with
a fit to the two-temperature model (TTM). In the fit to the
TTM the lattice contribution is assumed to vary linearly in
time between 4 and 10 ps. The dashed line shows the fitted
lattice contribution. The fit of the sum of lattice and electron
contribution overlaps with the measurement.

in accordance with the TTM. This will be shown in the
following.

1. Dependence on the lattice temperature

In Fig. 4, we show a comparison of the measurements
on Au and the TTM in the time domain. The regular
subpicosecond oscillations on the measurements are an
artifact. The measured change of the reflectivity of Au
at 300 K has been used to derive the e-ph coupling con-
stant goo = 2.6 x 101®* W m~3 K~! | which value is in-
serted in the TTM to obtain the time dependence of the
electronic energy at 100 K for different amounts of the
energy density. It is seen that the measurement at 100 K
lies close to the 7.5-J cm™3 curve B, but differs greatly

0.5 0.0 0.5 1.0 1.5 2.0
time (ps)

FIG. 4. Time-resolved measurements on Au at a lattice
temperature of M1, 300 K, and M2, 100 K, compared to the
energy Uc(t) of the electrons in the two-temperature model
at various deposited energy densities. Curve A: 300 K and
1.9 J cm™3®. Curves B, C, D at 100 K have 7.5, 1.9, and
0.5 J cm™3, respectively. The regular subpicosecond oscilla-
tions on the measurements are an artefact.
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from the 1.9-J cm~3 curve C. If curve B would be the
correct description of the data, then a fourfold reduction
of the laser power would have given curve C. However, in
the next section it will be shown that the measurements
were independent of the laser fluence, so that measure-
ment curve M2 cannot be described by curve B. Using
the full expression for the e-ph energy transfer [Egs. (3)
and (4)] does not lift the discrepancy.

2. Dependence on the deposited laser-energy density

We now turn to the dependence of the measurements
upon the deposited laser-energy density. At a fixed tem-
perature two time-resolved scans have been taken: a scan
at normal pump power and a scan at an approximately
fourfold reduced pump power.. The reduction has been
performed by electronically attenuating the laser beam
deflection of the acousto-optic modulator. In this way
the spatial and temporal beam alignments are best pre-
served. From the two time-resolved scans the following
difference curve D(t) is obtained:

AR(t,Up) — aAR(t,Up/a)

b(t) = AR(0,Uy) ’

(12)

where a = 4. The difference D(t) should vanish at all
times when nonlinear effects are.absent. The exact value
of a has been determined by using the lattice contribution
AR(t) for t > 4 ps as a linear energy-density meter: a
is adjusted so that D(t) is zero on the average for large
times. In this way an extra simultaneous measurement
of the doubly modulated pump power is avoided.

In Fig. 5 the difference curve D(t) has been depicted
for two scans on Ag at 180 K. Within a time of the pulse
duration around zero delay time a considerable difference
is present which is attributed to coherence effects. The
e-ph relaxation occurs in the time interval 0.15-1 ps, in
which interval the difference is less than 0.01. This ex-
perimentally found upper bound is much smaller than
the difference as obtained from the TTM, which is max-
imal 0.04 for U; = 1.3 J cm™!. This procedure has been

0.15 ——r
0.12f
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FIG. 5. Dependence of the measured change of reflectivity
on the deposited laser-energy density U, on silver. The shown
differences D(t) should be zero when AR/R(t) depends lin-
early on U;. Lattice temperature 7; = 180 K. Solid line:
experimental difference. Dashed line: difference given by the
two-temperature model (TTM), at Uy = 1.3 J cm™ .
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repeated at different temperatures with the same result.
We conclude that the measured change of the reflectiv-
ity shows a nonlinearity which is much smaller than the
nonlinearity as predicted by the TTM.

3. Electron-phonon energy relaxzation time

In order to combine the information on temperature
and deposited laser-energy density dependence, a sec-
ond representation of the measurements and the TTM
is given in terms of the electron-phonon energy re-
laxation time. After subtracting the estimated lattice
contributions, the data are represented by relaxation
times averaged within the time interval 0.25-1.25 ps.
The TTM is represented by the instantaneous electron-
phonon energy relaxation time 75(7.(0),7;) taken at
zero time3* as a function of temperature. The calcu-
lation of 7g(Te(0),T;), as defined by Eq. (6), accounts
for the full energy transfer function H(Te,T;). The func-
tion 75 (T(0),T;) has been drawn in Fig. 6 for different
values of the energy demnsity U, ranging from 0 up to
5.2 J cm~3 together with the average relaxation time of
the measurements. For the sake of clarity the curves of
finite U; have been drawn only in the high-temperature
range [in which 7g(Uz) > 7g(U;) when U, > U; so that
curves do not cross and the averaged e-ph energy relax-
ation time is meaningful]. The deposited laser energy
is related to the peak electron temperature 7,.(0) by ex-
pression (8). At T; = 300 K the relaxation time of the
TTM can be made to match the corresponding experi-
mental data point taking g = 2.7 x 10'¢ and 3.1 x 10
W m~3 K~! for Au and Ag, respectively. However, at
lower temperatures a significant discrepancy arises: The
experimental slope of the relaxation time versus T; is 2—
3 times smaller than predicted by the TTM. One might
argue that the deposited energy must have been higher
at low temperatures so that the slope is effectively de-
creased, but in that case we should have observed a large
(30%) decrease in the relaxation time upon a (4 x) re-
duction of the laser energy. In the previous section it
was shown that this is not the case. For instance, the
measurement on Ag at 180 K should, on the basis of the
previous section, have had a relaxation time which lies
below line B of Fig. 6(a). Both the observed small slope
and the independence from laser energy are in striking
contradiction with the TTM.

C. Conclusions to the TTM

We have sought several explanations for the observed
discrepancies within the framework of TTM. First, we
found that part of the measured data could be repre-
sented by TTM if a substantially larger Debye temper-
ature (~ 400 K for Ag) was chosen. However, this is
unrealistic with respect to the obtained values from heat
capacity [210 K (Ref. 30)] or resistivity [230 K (Ref. 35)]
measurements.

Second, we considered the fact that the acoustic strain
wave in the case of Ag may indicate that a small spatial
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FIG. 6. Comparison between experimental data and the
calculated electron-phonon energy relaxation time 7g in
the two-temperature model versus temperature for various
amounts of deposited laser-energy density U, for Ag and Au.
Solid line: infinitesimally small U,. Dashed lines A, B, C:
Ueg = 0.3, 1.3, 5.2 J cm ™3, respectively. Dots: experimental
data. For the sake of clarity the curves of finite U; have been
plotted in a limited temperature interval.

inhomogeneity in the electron distribution is still left af-
ter the pump pulse. Calculations show that this does not
seriously affect the relaxation.

Third, possible effects of lattice disorder are discussed.
It is known3%37 that the presence of disorder enhances
the low-energy part of the phonon density of states. The
electron-phonon coupling is modified3® for phonon wave-
lengths of the order of the elastic mean free path £. We
performed experiments on samples with a nearly crys-
talline structure. The Ag films have a residual resistance
of 0.8 uf2 cm, corresponding to an elastic mean free path
¢ of 1200 A. The estimated energy range below which
the phonon density of states would be modified by the
disorder (hc,/[¢kp] ~ 1 K) lies far below the phonon
energies which are relevant to our experiment. The re-
sistivity at room temperature amounted to 2.4 pQ cm,
which lies close to the crystalline bulk value. Even a low-
temperature correction is of no importance to the discus-
sion of our data. We addressed the discrepancy between
our experimental data and the two-temperature model
which already occurs in the high-temperature (T3 2 ©p),
quasilinear part of 7g. In this regime quantities like resis-
tivity, collision rate, and energy relaxation are not sen-
sitive to details in the phonon spectrum. We conclude
that the effects of disorder are negligible in our weakly
disordered films.



11 440

The observed discrepancies are readily resolved when
the dynamics within the electron system is incorporated
in the relaxation model. This is accomplished in the next
part.

IV. NONTHERMAL ELECTRON MODEL
A. Introduction

In this part it will be shown that e-e dynamics in a
laser-heated metal plays an essential role in the e-ph re-
laxation on the picosecond time scale. Before presenting
the full model in the next sections, we will discuss its role
qualitatively.

Here, we will deal with the fact that the electron dis-
tribution in a metal, which has been irradiated by a fem-
tosecond laser pulse, has excited electron-hole pairs with
energies up to the photon energy (2 eV). This energy is
much larger than the typical energies (~ 1072 eV) the
electrons would have in a thermal nonequilibrium dis-
tribution. For quasiparticles with energies ¢ = F — Ep
close to the Fermi energy Er, the interactions within the
degenerate electron gas are well described by Fermi lig-
uid theory. One of its results is the quasiparticle lifetime
of an electron with energy e interacting with electrons
having a Fermi distribution of temperature T,

1 (wkpT)? + €2
Teee  1+exp[—¢/(ksT)]’

Here, the quantity K = m3/(87*A®)W,_ is the charac-
teristic e-e scattering constant that contains the angular-
averaged scattering probability We-.. An alternative way
of characterizing the e-e interaction®® is by means of the
energy € = (AK)~!. The characteristic energy Z is the
cutoff energy above which the quasiparticle is not a well-
defined eigenmode of the electron system. For highly
excited electrons which have € > kgT the quasiparticle
lifetime reduces to

(13)

T2 = Ke%. (14)

The evolution of the distribution function under e-e
quasiparticle scattering events is strongly influenced by
the Pauli exclusion principle. Let us consider the process
of thermalization of a quasiparticle at energy e (relative
to the Fermi energy). In a collision with a “cold” elec-
tron from the Fermi sea it will share a large fraction of its
energy. We approximate the e-e energy relaxation time
by the quasiparticle lifetime at 7" = 0 and describle the
energy loss of a single quasiparticle by
de €

== . 15
dt Te-e (15)

The “partial thermalization time” t;, for an electron to
cool from the initial energy €(0) down to the energy ¢ is
equal to

tin = t(é‘) =
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(see also Quinn*’). The approximate time to reach
for instance a 400-K thermalized distribution is ty, =~
1/(2Kk%T?) = 1.4 ps, where we have taken K = 0.3 fs—!
eV~2 . This time is already twice as long as the typical
e-ph energy relaxation time. It is concluded that the
electron gas will not have reached a thermal distribu-
tion long before the e-ph energy relaxation process sets
in. Notice that the first high-energy steps of thermaliza-
tion occur very rapidly but slow down as more energy
has been shared and the average electron energy moves
towards the Fermi level. During the thermalization the
number of quasiparticles (hot electrons) in the excess dis-
tribution grows exponentially.

What will be the consequence of a nonthermal elec-
tron distribution on the rate at which electrons lose their
excess energy by the electron-phonon interaction? We
adopt the above model and follow the quasiparticles in
time against a zero-temperature Fermi sea. The total
electronic energy of the electron gas will mainly decrease
by spontaneous phonon emission. Since the average elec-
tron energy in the excess distribution is much larger than
the width of the phonon spectrum during the e-ph energy
relaxation, each electron in the excess distribution has a
constant phonon emission rate named W. The amount
of phonon-emitting electrons n(t) is roughly doubled in
each step of thermalization. Therefore, the energy relax-
ation rate o Wn(t) to the lattice increases as the ther-
malization within the electron gas progresses. Reversing
the argument it is concluded that incomplete thermal-
ization reduces the e-ph energy relaxation rate of laser-
heated electrons. Based on these ideas we developed a
fully quantitative model for e-ph energy relaxation, the
nonthermal electron model.

B. Theory

We consider a nonthermal electron gas coupled to the
phonon system and calculate the energy loss to the lat-
tice during themalization. The Boltzmann equation de-
scribes the evolution of the electron distribution in time
and contains a two-particle e-e collision integral and a
one-phonon one-electron e-ph collision integral:

dne
= = Ceelne] + Copnlc] (17)

The electron-electron collision integral Cec[n.] is

Coclne] = K / / / dE,dE3dE48(c + By — Es — Ey)
x[n3na(l —ne)(1 — ny)

“"fl,—.;’l’lz(l — TL3)(1 —_ n4)],
(18)

where n; = n(FE;). The separation of angular and en-
ergy variables, which enter the derivation of Eq. (18),
is justified by the fact that the e-e interaction becomes
largely isotropic due to screening by the other quasiparti-
cles. Thus, screening is included to a first approximation.
The electron-phonon collision integral is%!
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3

l;‘@‘x‘ /qD q?dq(e + Ep) 3

m2k%0pgd Jo

X[Meeu(l = ne) Ny — 1 (1 — ne—y ) (1 + Ny)

Fetu(l = ne) (1 + Nu) = ne(l — neta) Vo],
(19)

Ce-ph [ne} =

where u = fwg is the phonon energy. The phonons have
a Debye spectrum characterized by a Debye temperature
Op and a Debye wave number gp. The screening of
the e-ph interaction by the presence of the electron gas
has been accounted for by the Thomas-Fermi screening
in the small-wave-number limit.*?> The above e-ph col-
lision integral is identical to the expression used in the
e-ph momentum relaxation (the Bloch-Griineisen law of
resistivity) or the e-ph energy transfer function H of the
TTM.

We performed an extensive numerical calculation
based on the Boltzmann equation. In the calculation
a thermal phonon distribution with constant tempera-
ture T; and an initially nonthermal electron distribution
n = nr, £ An which consists of a Fermi distribution
nr, at temperature 7; and a small Gaussian electron
(and hole) distribution +An(e) centered at & 0.3 eV are
taken with a width of 0.05 eV. The chosen energy is high
enough to mimic the distribution 150 fs after laser exci-
tation. After a few collisions a new nonthermal distri-
bution will have developed that bears no relation to the
initial distribution. The results are independent of the
choice of the initial mean energy of the excess distribu-
tion. The Boltzmann equation is solved by a fifth-order
Runge-Kutta numerical integration. A cubic-spline inter-
polation scheme has been used to evaluate the e-ph col-
lision integral. The electronic distribution is represented
by a discrete set {nc;} of j = 100-200 values within a
window of 1.0-1.4 eV around the Fermi energy. From
the calculated distribution functions the excess energy
Uc(t) = [en.(t)de has been calculated as a function of
time.

C. Comparison between the NEM and experimental
data

We will first separate the electronic contribution AR,
to the measured reflectivity curve AR(t) from the lat-
tice contribution AR;. At the basis of the NEM lies
the fact that energy is conserved within the system of
electrons and phonons between the time just after the
pump pulse ¢ > 150 fs and a several tens of picosec-
onds. In that time interval all (excess) electronic en-
ergy flows to the lattice so that dU./dt = —dU;/dt or
AU;(t) = C;AT; = U (0)—U.(t). Eventually, lattice heat
conduction drains the excess heat but this process has
no consequence for the description on a picosecond time
scale. Since the statement holds for the TTM of Eq. (11)
as well, the found description of the experimental data
by the fit Eq. (10) and (11) forms a good parametriza-
tion of the electronic and lattice contributions to the sig-
nal. In this way the comparison between the TTM and
NEM is not hindered by possible systematic errors in the
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determination of the lattice contribution. On the basis
of the energy conservation the parametrized lattice con-
tribution is subtracted from the experimental data. The
obtained curve represents the electronic contribution and
will be used in the following analysis of the NEM.

In Fig. 7 a comparison of the experimental and the-
oretical energy relaxation times averaged over the time
interval 0.25-1.25 ps is depicted for different tempera-
tures T; and values of the e-e collision rate K. The cal-
culations have been performed down to temperatures of
50 K. Below this temperature the accurate representa-
tion of the sharp Fermi edge led to a substantial increase
of computer time. The influence of the e-e dynamics con-
firms the qualitative picture of the introductory section.
The e-ph energy relaxation rate increases when the e-
e collision rate is increased for a constant e-ph coupling
Jgoo- The consequences of the nonthermal distribution be-
come much more important at lower temperatures. The
theoretical results given in Fig. 7 were obtained for U,
= 1-5 J cm™3. Varying U, in this range led to nearly
identical results, in agreement with the experimentally
found insensitivity of 7g to U,. The experimental data
can be fitted well with the electron-phonon coupling g
=354+ 05 x 10 W m™3 K~! for Ag and go, =
3.0 £ 0.5 x 10'® W m—3 K~! for Au. The experimen-
tal values of the e-e scattering rate amounts to K = 0.10
+0.05fs~! eV~2 for Ag and Au. In Fig. 8 the comparison
between the calculated excess energy of electrons and the
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FIG. 7. Comparison between experimental data and the
calculated average electron-phonon energy relaxation time
7g using a Boltzmann equation that accounts for both
electron-electron and electron-phonon scattering. Elec-
tron-electron scattering rate: solid line, K = 0.1 fs~2 eV,
long-dashed line, K = 0.2 fs™2 eV ™*; short-dashed line, K =
oo (thermalized limit). For Ag and Au the electron-phonon
coupling constant is geo = 3.5 and 3.0 x 10"®* W m™® K™%,
respectively. Dots: experimental data.
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FIG. 8. Comparison between the measured time-resolved
reflectivity and the excess energy Upg(t) of electrons calculated
with the Boltzmann equation incorporating electron-electron
(e-e) and electron-phonon (e-ph) dynamics as a function of
time at lattice temperatures of 100 K and 300 K. The e-e
scattering rate: K = 0.1, 0.2 fs™2 eV~ and K = oo for the
solid, long-dashed, and short-dashed lines. For Ag and Au,
the e-ph coupling is goo = 3.5 and 3.0 x 10®* W m~3 K1,
respectively. Energy density in the calculation, U,(0) = 1.9

J em™3.

measurements representing the electronic contribution to
the reflectivity as a function of time is displayed. The cal-
culated curves are somewhat more nonexponential than
the measured curves, but in general reproduce the mea-
surements well. The important result of the NEM is that
it is able to give a consistent picture of the e-ph energy
relaxation time as a function of both lattice temperature
and laser power.

The thermal excitations (kpT;) of quasiparticles en-
hance the e-e collision rate. This fact is elucidated by
expression (13) of the quasiparticle lifetime at finite tem-
perature 7. The characteristic temperature T,.c ¢.pn for
which the thermally excited quasiparticles make the e-e
collision time Eq. (13) equal to the e-ph energy relaxation
time Eq. (7) is

1/3
g
Te-e,e-ph = (W) )

which is of the order of 300-600 K. Below Te_c c.pn, effects
of e-e nonthermalization on the e-ph energy relaxation
are present, as is clearly demonstrated by the calculations
depicted in Fig. 7.

Comparing the dependence on the deposited laser en-
ergy density U, of the e-ph energy relaxation in the two
models, we showed that the dependence is much weaker
in NEM than in the TTM. Given a certain U,, elec-
trons are dispersed within a characteristic energy win-

(20)
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dow 0 < € < €,,,, where the characteristic energy ¢, for
the TTM is ~ kp+/(T? + 2U;/7), whereas ¢,, for NEM
is of the order of the photon energy Aw and thus gen-
erally much higher. The change of occupation is larger
for a smaller window. The relaxation rate is related to
the occupation of levels within the window. Hence, the
variation of the relaxation with U, will be larger in the
TTM than in the NEM.

Refinements to the presented approach could still be
made. In our calculation the e-ph and e-e scattering
was assumed to be isotropic and basic screening models
were incorporated. The influence of hot phonons and the
resulting phonon-phonon dynamics remain to be investi-
gated yet.

D. Comparison to other results

Several experimental and theoretical estimates for the
e-e scattering rate are available. In all cases a linear rela-
tion is found between the scattering rate and the square
of the energy difference (E — Er)? for energies close to
the Fermi energy.

The result of the calculation of the scattering rate by

means of the random phase approximation®3? can be
written as
V39 (.06 651 eV-? for A (21)
—2 = 0.06 fs .
128 EZ &

In hot-electron transport measurements on metal-
semiconductor thin-film structures,!” it was found that
electrons injected 0.83 (0.95) eV above the Fermi energy
in Ag (Au) have mean free paths £... of 440 (360) A,
corresponding to K = 0.04 (0.05) fs=! eV~2. As a third
estimate we quote the results of low-temperature (<4 K)
resistivity measurements by Kaveh and Wiser.'® They
found a contribution p(T)e.e = Ac.T?, with 4., =
0.3 (0.5) x107*® Q@ m K~2 for Ag (Au). This con-
tribution has been attributed to e-e umklapp scatter-
ing events. On theoretical grounds it was found that
umklapp events form a large fraction A = 0.35 of all
scattering events. The resulting e-e scattering rate thus
amounts K = 2ne?A.../(mn%k3A) = 0.04 (0.06) fs~!
eV~2 for Ag (Au). It is concluded that the e-e scattering
rates deduced from our measurements are of the same
order of magnitude as the quoted results.

As a conclusion to this section we will make a compar-
ison between the e-e scattering rates of metals and semi-
conductors with degenerate carrier distributions. Re-
cently, the carrier dynamics of high-carrier-density (107—
108 cm~3) GaAs has been studied by time-resolved*345
and tunneling?®%” experiments. In the latter experi-
ments, a carrier-carrier scattering time of 50 fs for 250-
meV electrons at a density of 10'® cm~3 in GaAs at 300 K
has been found. The corresponding value K = 0.3 fs~!
eV ~2 lies surprisingly close to typical values for metals.
This can be understood considering the dimensionless pa-
rameter r, = r9/ag, where rg is the effective electron ra-
dius and a g is the Bohr radius. Basic considerations lead
to the fact that 7, is equal to the ratio of the Coulomb
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interaction and the kinetic energy (= EF) of electrons,
so that 7, is directly related to the e-e scattering rate.
For a degenerate density of 10'® cm~32 in n-type GaAs
we find that r; = 0.6. The value r, differs only a factor
of 5 from the metals Ag and Au having r, = 3. The
difference of more than six orders of magnitude in the
density is partly compensated by the effective mass and
the static screening. [In the estimate for GaAs we used
rs = ro/a}y, where a}; = agemg/m} is the effective Bohr
radius. The effective Bohr radius in GaAs is much larger
(100 A) than the bare radius (0.52 A) as a result of the
relatively small effective electron mass m}= 0.07m, in
the I' band and the large static dielectric constant ¢ =
13.18.] The e-e dynamics in metals shows a large sim-
ilarity with the carrier-carrier dynamics in high-carrier-
density semiconductors in spite of the huge difference in
the carrier density. The example stresses the relevance of
time-resolved experiments on metals to the field of semi-
conductor physics.

V. CONCLUSIONS

We have performed femtosecond transient-reflection
measurements in Ag and Au thin films by using the the
surface-plasmon polariton resonance. This technique dis-
tinguishes itself from other femtosecond techniques by its
capability to detect small transient changes in the energy
content of the electron gas. With this method we have
studied the dependence of the e-ph energy relaxation
time 7g on the lattice temperature and the laser fluence.
The e-ph energy relaxation time decreases monotonously
as the temperature is lowered. The measured signal due
to electronic heating is linearly dependent on the used
laser fluence. Comparing the temperature dependence of
the measured 7g with the predictions of the commonly
accepted two-temperature model (TTM) in the pertur-
bative regime showed a large discrepancy. The measured
energy relaxation time is a factor of 2 higher than the
calculated energy relaxation time at low temperatures
(60 K).

We show that one of the most fundamental assump-
tions of the TTM is incorrect. Namely, the electron gas
cannot attain a thermal distribution by e-e collsions on
the picosecond time scale of the e-ph energy relaxation.
We have demonstrated that the electron gas has a non-
thermal distribution which results in an increase of the
e-ph energy relaxation time with respect to the thermal-
ized limit, i.e., the prediction of the TTM. With the new
model that accounts for the e-e and e-ph dynamics si-
multaneously, good agreement with our measurements is
achieved. We obtained the e-ph coupling constant and
the e-e scattering rate for Ag and Au which are in agree-
ment with other experimental and theoretical estimates.

Effects of e-e dynamics in laser-heated metals are best
visible when the lattice temperature is held below room
temperature and when the laser fluence is kept small.
Under these conditions the heated electron distribution
remains close to a degenerate distribution which causes
the e-e collision rate to be greatly suppressed by the Pauli
exclusion principle. The exceptionally sensitive time-
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resolved technique using surface-plasmon polaritons suits
these conditions well.
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APPENDIX: HOT-ELECTRON-INDUCED
CHANGE OF THE DIELECTRIC CONSTANT

We will calculate the change of the dielectric constant
of noble metals Ag and Au as a consequence of electronic
heating. We will outline the derivation for Ag. The di-
electric constant for frequencies in the visible contains
three contributions: a Drude-like intraband term and
two terms that account for interband transitions. The
interband transitions are the transition from the filled d
band to the Fermi level of the p conduction band (d-p)
and the transition from the Fermi level of the p band to
the empty s band (p-s). It is easily seen that the in-
traband part is largely insensitive to the heating of the
electron gas. Namely, the average density of electrons
is a constant and the Drude dephasing rate mainly de-
pends on the phonon density. In the following we will
focus on the d-p transition of Ag at 4.03 eV and adapt
the model of Rosei et al.2>727 The p-s transition and the
case of Au can be treated similarly. First, we take a ther-
mal electron distribution and later we will consider the
nonthermal case.

The model of Rosei et al. accounts for the fact that
the d-p transition is located near the L point (center of
the neck) in the zone scheme. The band structure is as-
sumed to have rotational symmetry along the I'-L direc-
tion and parabolic bands characterized by the effective
masses mq) = 2.58, mg = 2.075, my; = 0.172, and
myp = 0.32 (in units of the electron mass mo). The d-p
interband frequency is denoted by winter (4.03 €V). The
imaginary part of the dielectric constant around the in-
terband transtion is found to be

8776}‘1

€i-p(@ Te) = 5 ——|P(d — p)|*

x / Da_p(E,w)[1 — n(E, T.)E, (Al)

where P(d — p) is the transition matrix element and
where the integral (= the joint density of states) contains
the function Dy_,(F,w), which is called the energy distri-
bution of the joint density of states. The latter quantity
has the following proportionality:

[Udh(w - wlnter) - E]
\/vdh wxnter) - E

Dy_p(E,w) (A2)
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In this expression © is the Heaviside (step) function and
vg = mdl/(mdl +mp_1_) = 0.89.

We will focus on the electron-temperature-dependent
part of the dielectric constant Ae(w,T.) = e(w,T.) —
€(w,0). The Kramers-Kronig relations establish a con-
nection between the real and imaginary parts of the di-
electric constant. Since in order to calculate the to-
tal real part the imaginary part should be known over
the whole spectrum, this method is generally difficult
to apply. In the present case, however, the electron-
temperature-dependent imaginary part is nonzero only
within a small frequency interval around wi,ter so that
the corresponding real part Aeii_p can be easily derived:

p(w; Te)

Ay (W, T.) = 2P /wfm—— w,  (A3)
d—p\h s 0 w? — w? ’

where P denotes the principal value of the integra-
tion. The obtained electron-temperature-dependent part
of the real part is rewritten as

Ae:i_p(wl,Te)o</[n(E,Te)—n(E,O)]Z(E)dE, (A4)

with
aj

2“')1 Z \/’Udﬁ Winter — bj wl) + E

Z(E) (A5)

and a; = (1,1,-2), b; = (1,-1,0) for 5 = 1, 2, and 3.
In our case where fw; = 2 eV and wipter =2.5-4 €V, the
condition kg7, <« (winter—w1) is fulfilled and the function
Z(E) varies slowly around the Fermi level E = 0, so
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that the Sommerfeld expansion3® may be applied. In the
Sommerfeld expansion, the function Z(FE) is expanded in
a Taylor series around the Fermi level. The temperature-
dependent term of the real part is

A€ (wy,Te) o kBT Za Lj(wr) 1/2
- Z a; L;(w1)? 2} (A6)
with
Er
£J (wl) N vdﬁ(winter - wal) ' (A7)

The power-% terms are due to the hot-electron- induced
shift of the Fermi level (Fermi shift) and the power-3
terms are due to Fermi smearing. We find that the change
of the real part of € is proportional to the change of total
thermal energy vT2 of the electron gas.

The above derivation may be repeated for a nonther-
mal electron distribution, not far from the thermalized
state. When the energy of the individual excitations
(electrons and holes) and the probe photon energy are
much smaller than the interband energy, the Sommer-
feld expansion can be generalized resulting in the notion
that the change of the dielectric constant is proportional
to the total excess energy of electrons in the nonthermal
distribution.
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