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Probing the ultrafast electron and lattice dynamics of gold using femtosecond mid-infrared pulses
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We study the ultrafast electron and lattice dynamics of thin gold films with mid-infrared transmission and
reflection pump-probe spectroscopy. We determine the time dependence of the dielectric function, which yields
the electron-phonon coupling constant G that determines the energy exchange rate between the electrons and
the lattice. From the experimentally obtained dielectric function, we determine the dependence of the electronelectron and the electron-lattice scattering rates on the electron and the lattice temperature.
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I. INTRODUCTION

II. METHODS

The study of ultrafast light-metal interactions has been a
topic of interest for a long time, from both theoretical and
practical points of view. From a theoretical point of view this
topic is highly interesting in view of the fundamental physical
processes that take place in metals at ultrafast time scales. Examples of these processes are electron thermalization [1–4],
thermoelectric heat transport [5–7], and propagation and excitation of coherent phonons [8,9].
One of the key aspects of ultrafast light-metal interaction
is the creation of a transient nonequilibrium state between
the electrons and the lattice. Kaganov et al. [10] showed that
when a conductor is heated by a rapidly oscillating electric
field, such as a femtosecond laser pulse, conduction electrons
are excited by this field, while the lattice initially remains
cool. The excited electrons thermalize [4,11] and cool by
energy transfer to the lattice [12,13]. These thermalization
and cooling dynamics change the optical [13,14] and thermal
properties [15] of the metal on a femtosecond timescale.
The understanding of the evolution of the nonequilibrium
state is very important as it makes it possible to exploit these
transient properties in technological applications. For example, the transient nonequilibrium state plays an important role
in laser cutting and in the processing of materials [15–17].
When an intense laser pulse hits a material surface, the leading
edge of the pulse can alter the optical properties of the material
with the result that the trailing part undergoes a very different
interaction with the material. This may lead to an increase
in the fraction of absorbed energy of the laser pulse by the
material [18].
In this paper we investigate the properties of gold following
ultrafast optical excitation using transient reflection (TR) and
transient transmission (TT) measurements in the mid-infrared.
The use of mid-infrared probing pulses allows for a selective
measurement of the electron dynamics within the conduction
band that allows for an accurate determination of the electronelectron and electron-phonon scattering rates.

We measure the electron and lattice dynamics of a thin
gold film on a CaF2 substrate. The sample is made by thermal
deposition at a pressure of 1 × 10−6 mbar. The resulting layer
is inspected with an atomic force microscope and shows a
thickness of 17 ± 1 nm. The AFM images show that the film
is uniform and continuous with an rms roughness of ∼1 nm
(averaged over a strip of 5 × 0.1 μm2 ). Some small surface
features are visible, which are reminiscent of the percolation
structure that is present below the percolation threshold (i.e.,
a nominal evaporated thickness of 10 nm) [19].
The linear optical properties of the film are determined using ellipsometry in the wavelength range from 0.7 to 1.4 μm.
The optical properties of the film are in accordance with
those of thicker films, as reported in Sec. III B 1. We also
perform Fourier transform infrared experiments in transmission to obtain the optical response of the film at mid-infrared
wavelengths up to 10 μm. The measured transmission spectrum does not show any shape-dependent resonances or other
anomalies. We therefore conclude that the film can be characterized as a uniform thin film with an unknown with an
unknown orientation of the crystalites.
In the femtosecond experiments we excite the sample with
a strong femtosecond laser pulse (pump), and we monitor the
TT and TR of the sample with a weak femtosecond probing
pulse as a function of the time delay between the pump and
the probe. We define the TR/TT signal as follows:
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T (t )
− 1,
T0
R(t )
− 1,
R(t ) =
R0

T (t ) =

(1)
(2)

where T (t ) and R(t ) are the transmittance and reflectance as
a function of the delay t between the pump and probe and T0
and R0 are the unperturbed transmittance and reflectance.
To minimize the effect of the scattering of the pump light
from the sample on the TT and TR signals, we perform a twocolor pump-probe experiment in which we tune the photon
energy of the pump and probe independently. The pump and
probe are generated by two optical parametric amplifiers. The
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reflection coefficients of the respective interface. In our experiment ña = 1.00, ñg = 1.17 + 26.10i, and ñc = 1.41 [21],
and θi = 45◦ . The complex angle of transmittance θt is related
to the angle of incidence θi via Snell’s law.
The complex refractive index n˜g = ng + iκg is directly related to the complex dielectric function of gold:


(7)
ñg = ng + iκg = εg,r + iεg,i = ε̃g,
FIG. 1. The experimental geometries used in the (left) TT and
(right) TR experiments. The frequencies of the pump and probe
are 0.42 eV (0.015 eV FWHM) and 0.34 eV (0.03 eV FWHM),
respectively.

with εg,r and εg,i being the real and imaginary parts of the
dielectric function of gold, respectively.
III. RESULTS
A. Femtosecond transmission and reflection measurements

pump is tuned at a photon energy of 0.42 eV with a bandwidth
of 0.015 eV FWHM, corresponding to a central wavelength
of 2.95 μm with a width of about 0.1 μm FWHM. The probe
has a photon energy of 0.34 eV and a bandwidth of 0.03 eV
FWHM, corresponding to a central wavelength of 3.65 μm
with a width of about 0.3 μm FWHM. A cross-correlation
measurement between the pump and the probe in a 2-mmthick Ge window yields a pulse width of about 120 fs. The
pump and probe pulses are focused on the sample by a gold
parabolic mirror with a focal distance of 10 cm to a spot
with a diameter of ∼240 μm FWHM and ∼120 μm FWHM,
respectively. After the sample, the probe pulse is collimated,
dispersed by a spectrograph, and detected using a 32-pixel
mercury cadmium telluride (MCT) array. A more detailed
description of the IR generation and data acquisition setup is
given elsewhere [20].
The time-resolved experiments are performed at a repetition rate of 1 kHz, and we chop every other excitation pulse,
meaning that the repetition rate of the pump is 500 Hz. No
transient signal is observed at negative time delays, which
implies that the thermal equilibration is complete within 2 ms.
The TT and TR experiments are performed separately. The
TT measurements are probed at normal incidence, whereas the
TR measurements are probed at a 45◦ angle of incidence with
a p-polarized probe. The experimental geometries are shown
in Fig. 1.
The time-dependent TT and TR signal can be converted
to a transient change in the complex dielectric function of
gold ε̃ using the relations between the transmittance T , the
reflectance R, and ε̃:


ω
 ta,gtg,c eiñg c d 2
 ,

(3)
T =
ω
1 − rg,c rg,a ei2ñg c d 
2

ω

ta,grg,c tg,a ei2ñg c d cos θt 

,
(4)
R = ra,g +
ω
1 − rg,c rg,a ei2ñg c d cos θt 
ñ2 cos θi − ñ1 cos θt
,
(5)
r1,2 =
ñ1 cos θt + ñ2 cos θi
2ñ1 cos θi
,
(6)
t1,2 =
ñ1 cos θt + ñ2 cos θi
with ña , ñg, and ñc being the complex refractive indices of
air, gold, and CaF2 , respectively; θi and θt being the angles
of incidence and transmittance; d being the thickness of the
sample; ω being the frequency of the probe; c being the speed
of light; and t1,2 and r1,2 being the Fresnel transmission and

Figure 2 shows the transient transmission and reflection
change as a function of the delay between the pump and probe
pulses for several pump intensities. Time delay zero is defined
as the delay point after the rapid change in the TT and TR
signals.
At time delay zero, the transmittance shows a strong increase, while the reflectance shows a strong decrease. These
abrupt changes in the optical properties are caused by the
heating of the conduction electrons of the gold film. The rapid
changes are followed by slower dynamics on a picosecond
timescale. These slower dynamics reflect the cooling of the
electrons and heating of the lattice by energy transfer to the
lattice, until thermal equilibrium between the electronic and
lattice systems is reached [10].
B. Time-dependent dielectric function and two-temperature
model

The TT and TR signals of Fig. 2 follow from changes in
the dielectric function that in turn follow from the evolution
of the electron and lattice temperatures that are induced by
the excitation of the gold film. Hence, to interpret the data
of Fig. 2, we will establish the relation between the dielectric
function and the electron and lattice temperatures, and we will
model the evolution of these temperatures in the gold film
after the excitation.
1. Intraband and interband dielectric response

The linear optical properties of metals in the infrared can
be well accounted for by the Drude model [22]. This model
includes the dielectric response of the conduction electrons
(intraband transitions) and the nonresonant response of the
bound electrons (interband transitions), which usually have
transitions in the visible and UV, and is given by
ε̃ = ε∞ −

ω2p
ω(ω + iγ )

γ = γep + γee ,

,

(8)
(9)

where ω p is the plasma frequency, ε∞ is the nonresonant background dielectric response due to bound electrons, and γep and
γee are the electron-phonon and electron-electron scattering
rates.
To obtain the Drude parameters of our gold sample at room
temperature (300 K), we fit the dielectric function of the film
ε̃g that we determined with ellipsometry to Eq. (8) and obtain
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(a)

(b)

FIG. 2. Transient (a) transmission and (b) reflection measurements for different pump intensities on a 17-nm-thick gold film when probed
at 0.34 eV. The solid lines are fits obtained using the procedure in Sec. III B 2.

h̄ω p = 8.81 eV, h̄γ = 0.03 eV, and εg,∞ = 7.24. These values
agree with previously reported values [23].
It is well known that the nonresonant background dielectric
response and the scattering rates depend on both the lattice
and electron temperatures. The nonresonant background represents the response of the interband transitions. These are the
electronic transitions from the valence band (d band) to the
top of the conduction band (s/p band), which is defined as
the Fermi level [22]. These transitions start absorbing around
2.4 eV [23], above the interband transition threshold.
Due to the Fermionic nature of the electrons, these transitions can occur only if a state in the s/p band is empty [22].
The occupancy of the s/p band is determined by the FermiDirac distribution [24]. When the conduction electrons are
heated, electrons below the Fermi level are thermally excited,
leaving empty states below the Fermi level while filling states
above the Fermi level. This is called Fermi smearing. Due to
this smearing, there is an increased absorption below 2.4 eV
and a decreased absorption above 2.4 eV [13].
A second effect that causes the occupancies to change is
that of Fermi shifting [24]. This is the effect in which the
Fermi level decreases with increasing electron temperature.
This shifting leads to fewer occupied states below the unperturbed Fermi level (i.e., the Fermi level at 300 K), thus leading
to a decrease of the interband transition threshold. Using a
Kramers-Kronig transformation [22], it can be shown that the
Fermi smearing and shifting lead to an electron temperaturedependent nonresonant background [4]


εg,∞ = a Te2 − 300 K2 ,

(10)

where a is a constant that has yet to be determined. Schoenlein
et al. did transient reflection experiments at optical frequencies [25] to study the temperature dependence of the electronic
occupancies in a temperature range similar to that in our
experiments. In this study a similar decrease of the electron
temperature after ultrafast optical excitation was observed as a
result of cooling to the lattice. This study also showed that the
interband transitions are primarily affected by Fermi smearing
and hardly by Fermi shifting.
The electron-electron scattering rate also changes with the
electron temperature because this rate depends on the width of
the Fermi-Dirac distribution, as the electrons with an energy
within kB T around the Fermi level are the only electrons
that can participate efficiently in electron-electron scattering
events [24].

Lattice vibrations, or phonons, are the main source of
electron-lattice scattering events at room temperature. Above
the Debye temperature, the number of scattering events is proportional to the number of phonon excitations. As the number
of phonon excitations is proportional to the lattice temperature, the electron-lattice scattering rate is also proportional to
the lattice temperature [24].
It can be shown that for electronic temperatures up to
3000 K and lattice temperatures up to 1200 K the following
proportionalities hold [26,27]:


γ = γep + γee = b(Tl − 300 K) + c Te2 − 300 K2 ,
(11)
where b and c are constants to be determined.
2. Two-temperature model

Using Eqs. (10) and (11), we can relate the transient dielectric function to the dynamics of the electron and lattice
temperatures. These dynamics can be accounted for by the
so-called two-temperature model (TTM) that describes the
energy exchange between the electrons and the lattice [10].
The TTM describes the system of conduction electrons and
the lattice as two separate heat baths that are coupled via the
electron-phonon coupling:
dTe
= −G(Te − Tl ),
(12)
dt
dTl
Cl
= G(Te − Tl ),
(13)
dt
with Ce being the electronic heat capacity constant, Cl being
the lattice heat capacity, Te and Tl being the electron and lattice
temperatures, respectively, and G being the electron-phonon
coupling constant.
This model assumes that at all delay times the lattice and
electronic systems can be fully characterized with distinct
temperatures. This means that the thermodynamics of the lattice are described by Maxwell-Boltzmann statistics, whereas
that of the electronic system is described by Fermi-Dirac
statistics. In our description of the TTM, we neglect electron
diffusion, as the thickness of the film is on the order of the
penetration depth of the pump pulse and we can therefore
assume that the system is uniformly heated.
The TTM does not account for the initial nonthermal phase
of the electron system that is induced by the femtosecond
optical excitation. It has been shown that the electronic system
can be nonthermal up to 2 ps [4]. The thermalization time of
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the electronic system is strongly dependent on the used pump
fluence and photon energy and is, in our case, always expected
to be smaller than 250 fs [4]. This is not within the duration of
the pump pulse. However, as the pump frequency (0.42 eV) is
small with respect to the Fermi energy of gold (5.53 eV) [24],
the electron system will not be far from thermal equilibrium.
Therefore, the studied system can be well described at all
times with an electron and a lattice temperature.
In order to relate the TT signal to the electron and lattice
temperatures, we need an expression for the transmittance
as a function of these temperatures. From the Drude model,
it follows that εg,∞ and γ are affected by the temperature
dynamics. Assuming that ε̃ is small compared to the unperturbed ε̃, we can expand T (t ) around the unperturbed
dielectric function in εg,∞ and γ , yielding
∂T
∂T
γ ,
εg,∞ +
∂εg,∞
∂γ



∂T
∂T  2
T = a
Te − 300 K2
+c
∂εg,∞
∂γ


∂T
(Tl − 300 K),
+ b
∂γ


T = α Te2 − 300 K2 + β(Tl − 300 K).

T =

(14)

The values of α and β can be determined from the TT experiments. The initial TT signal (0 ps) is due to only the heating of
the electron temperature, assuming that a negligible amount of
energy is exchanged between the electrons and lattice during
the excitation process. This is a good assumption as the pulse
length is ∼80 times shorter than the time it takes to equilibrate the electrons with respect to the lattice. After relaxation
(8 ps), the TT signal is mainly due to lattice heating because
almost all of the pump energy has been transferred to the
lattice. The change in the internal energy of a free-electron
gas is Ue = 21 Ce (Te2 − 300 K2 ), and the change in internal
energy of the lattice is Ul = Cl (Tl − 300 K). As the TT
signal shows the same dependence on Te and Tl as the internal
energy, and as the change in the internal energy U is proportional to the excitation energy, we expect that both the initial
and final TT signals scale linearly with the excitation energy.
We obtain α and β by varying the pump energy and fitting
the initial and final signals as a function of the intensity to a
linear function. The results and fits are shown in Fig. 3. The
initial and final signals are a linear function of the excitation
energy, as anticipated.
To obtain the electron-phonon coupling constant G, we first
calculate the electron temperature after excitation using the
measured values of the pulse energy, spot size, and absorbed
fraction of the excitation energy at the wavelength of the
pump, also called the absorptance A = 1 − T − R = 0.007.
Subsequently, we determine G by fitting the TT measurements
using the TTM temperature dynamics and Eq. (14). We use
Cl = 2.43 MJ m−3 K−1 and Ce = 62.9 J m−3 K−2 [13]. The
fits are shown in Fig. 2(a) and are in excellent agreement
with the TT measurements. We obtain G = 1.97 ± 0.15 ×
1016 W m−3 K−1 . In Fig. 4 the transient electron and lattice
temperatures that result from the fit of the TTM to the TT
measurements are shown.

FIG. 3. The initial and final TT signals as a function of excitation
energy. The dashed lines are linear fits.

The transient reflection data are measured with a different
experimental geometry than the transient transmission data,
which implies that the initial electron temperature may not
be the same as in the transmission experiment with the same
excitation pulse energy. To be able to determine the dielectric
function from the TT and TR data, we need pairs of transmission and reflection measurements under the same excitation
conditions, i.e., the same initial electron temperature. Hence,
we measure a large series of TR data with different excitation
energies. Subsequently, we model these TR data with the
TTM model using the value of the electron-phonon coupling
constant G determined from the TT data and using the initial
electron temperature as a fit parameter. With this approach we
can identify pairs of TT and TR measurements that have the
same initial electron temperature. In Fig. 2(b) we show the set
of TR measurements that most closely corresponds to the TT
measurements of Fig. 2(a).
C. Determination of the transient dielectric function

We determine the transient dielectric function of the gold
film from pairs of TR and TT signals that have the same initial
electron temperatures. The TT and TR signals are converted
into ε̃ using Eqs. (3), (4), and (7). The results of this conversion are shown as the data points in Fig. 5.
The dielectric function of Eq. (8) depends on the electron
and lattice temperatures through the electron-electron scattering rate γee , the electron-phonon scattering rate γep , and
the nonresonant interband dielectric response εg,∞ . Using the
time dependence of the electron and lattice temperatures as
given by Fig. 4, we can now fit the parameters a, b, and c that
describe the dependence of γee , γep , and εg,∞ on the electron
and lattice temperatures. We perform this fitting procedure for
each initial electron temperature independently and obtain the
following parameters:
a = εg,∞ (1.93 × 10−7 ± 3% K−2 ),
b = γ0 (3.18 × 10−3 ± 2% K−1 ),
c = γ0 (1.62 × 10−8 ± 6% K−2 ),
where γ0 is the electron-scattering rate at 300 K (γ0 =
0.03 eV). The resulting real and imaginary dielectric functions
are shown in Fig. 5 as the solid lines and are in very good
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(a)

(b)

FIG. 4. The evolution of (a) the electron and (b) the lattice temperature for different excitation energies, as modeled by the two-temperature
model with a fitted electron-phonon coupling constant G = 1.97 ± 0.15 × 1016 W m−3 K−1 .

agreement with the data points obtained from the TT and TR
measurements.
It is clear from Fig. 5 that εg,i and εg,r display dynamics
on the same timescale as the TT and TR data in Fig. 2, but
in a different direction. εg,r shows a decay returning almost
to zero after ∼8 ps, whereas εg,i show a further ingrowth,
reaching a maximum final value at ∼8 ps. We also note that
the dynamics of εg,r are very similar to those of the TT
signal, whereas the dynamics of εg,i resemble those of the
TR signal. This may seem surprising, as a change in εg,i is
usually associated with a change in extinction k and thus the
transmittance. This is, however, not the case for metals when
probing in the mid-infrared and can be understood as follows.
By taking the square of Eq. (7) and replacing ng by ng + ng
and κg by κg + κg, where ng and κg have the same order
of magnitude, we obtain
εg,r  2ngng − 2κgκg,

(15)

εg,i  2ngκg + 2κgng,

(16)

where we assumed that ng and κg are small compared
to both ng and κg. At the frequency of the probe (0.34 eV)
the complex refractive index is given by n˜g = 1.17 + 26.10i;
thus, κg  ng. It thus follows that εg,r ∝ κg and εg,i ∝
ng. The change in transmittance is mostly determined by
the change in the imaginary part of the refractive index kg,
whereas the change in reflectance is mostly determined by the
change in the real part of the refractive index ng. Hence,
T ∝ κg ∝ εg,r , and R ∝ ng ∝ εg,i .

D. Temperature dependence of the electron-electron
and electron-phonon scattering rates

Each data point in the time-dependent real and imaginary
parts of the dielectric function represents a measurement of
the dielectric function of gold at a particular combination of
electron and lattice temperatures.
Equation (11) constitutes relatively simple relations between the electron-electron scattering rate γee and the
electron temperature [γee = c(Te2 − 300 K2 )] and between
the electron-phonon scattering rate γep and the lattice temperature [γep = b(Tl − 300 K)]. We can test the validity of
the expression for γee using the data points of the different
curves in Fig. 5. For each data point, we use the values of
the electron temperature, the lattice temperature, γep , and εg,∞
resulting from the overall modeling, and we calculate the
value of γee that is required to obtain the experimental real and
imaginary dielectric functions of that data point. By repeating this procedure for all data points of all measured curves
(different excitation energies), we obtain γee values over a
large range of electron temperatures. In Fig. 6(a) we plot γee
as a function of the electron temperature together with the
theoretical expression of Eq. (11). It is seen that the obtained
values of γee follow quite closely the quadratic dependence
on the electron temperature that is given by Eq. (11), thus
validating this expression.
In a similar manner we can determine the electron-phonon
scattering rate γep from each data point of Fig. 5, using the
values of the electron temperature, the lattice temperature, γee ,
and εg,∞ resulting from the overall modeling. In Fig. 6(b) the
resulting γep is presented as a function of the lattice tempera-

(a)

(b)

FIG. 5. The time-dependent change in (a) the real part and (b) the imaginary part of the dielectric function at 0.34 eV calculated from the
data shown in Fig. 2 for different excitation energies. The legend shows the corresponding electron temperature directly after excitation.
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(a)

(b)

FIG. 6. (a) The dependence of γee on the electron temperature and (b) the dependence of γep on the lattice temperature. The points are
obtained using the procedure described in the text, and the solid lines represent the relations between γee and Te and between γee and Tl of
Eq. (11).

ture and compared with the theoretical expression of Eq. (11).
The thus obtained values of γep follow quite closely the linear
dependence on the lattice temperature of Eq. (11).
IV. DISCUSSION

We observed that the excitation of a gold film with
an intense laser pulse leads to strong transient changes in
the electron and lattice temperature, which in turn change
the dielectric function of the film. As the dielectric function determines the reflectance and transmittance of the
film, the excitation pulse will thus modify the transmittance
and reflectance and thereby the absorptance. The absorptance is given by A = 1 − R − T and can be approximated
by A(Te , Tl ) ≈ A0 [1 + 2.69 × 10−3 × (Tl − 300 K) + 1.80 ×
10−8 × (Te2 − 300 K2 )], where A0 = 0.007 and is the absorptance at 300 K. Thus, the absorptance increases as a function
of the electron and lattice temperatures. For light incident
on gold, the change in the absorptance A primarily results
from the change in the reflectance R, which decreases with
increasing electron and lattice temperatures. The extinction
coefficient κ of the gold film also decreases with increasing electron and lattice temperatures, leading to an increased
transmittance T as a function of the electron and lattice temperatures. However, T is already very small compared to R,
and therefore, the change in A will be mainly determined by
the change in R. As the optical properties of gold for photons
with an energy less than the interband transition threshold at
2.4 eV and greater than the electron relaxation rate of 0.03 eV
depend only weakly on the photon energy, the increase of A as
a function of the electron and lattice temperatures occurs for
all photons which satisfy these energy criteria.
When a laser pulse excites a gold film, the electron and
lattice temperatures, and thus also the absorptance, increase
during excitation, as excitation takes place in a finite time
window, i.e., ∼100 fs. From this, we expect that a selfinduced increase of the absorptance during excitation takes
place. To determine the magnitude of the self-enhancement
of the absorptance, we solve again the TTM, but instead
of taking an instantaneous temperature difference between
the electron and lattice, we include a source term S(t ) =
A(Te (t ), Tl (t ))P(U, t ) in Eq. (12), where A(Te , Tl ) is the absorptance that depends on the instantaneous electron and
lattice temperature and P(U, t ) is the intensity of the excita-

tion pulse (Gaussian envelope of 100 fs FWHM) at the sample
at time t, with a total pulse energy of U . The time-integrated
fraction of absorbed energy of the excitation pulse is equal to
Ue +Ul
, where Ue and Ul are the changes in the electron
U
and lattice energies after the excitation. We find that in order
to reach an electron temperature of 5000 K, we need a fluence
of 1600 Jm−2 when we take the self-induced increase of the
absorptance into account, whereas a fluence of 2500 J m−2 is
needed when no self-induced increase of the absorptance is
taken into account. This corresponds to an increase of ∼55%
in the energy that is absorbed.
In the analysis of the experiments presented here we did not
take into account the self-induced enhancement of the absorptance and we calculated the initial rise in electron temperature
using the unperturbed dielectric function. This approach is
valid since at the highest used fluence in our experiments,
170 J m−2 , the maximum self-induced change in the absorptance is ∼4%. This change is within the uncertainty of the
calculated absorbed energy using the unperturbed dielectric
function.
The electron-phonon coupling of Au has been studied
before, and a wide range of values for the electron-phonon
coupling constant have been reported, ranging from 1.4 ×
1016 to 4.0 × 1016 W m−3 K−1 [13]. This wide range of reported values can be explained from the different sample
preparation methods that have been employed, as the method
of sample preparation determines the film thickness and the
grain size within the film. These properties in turn affect
the relaxation dynamics of the electrons. There have been
several studies of the effect of interface and grain-boundary
scattering on G, but these experiments yielded contradictory results [13,28,29]. Here we find G = 1.97 ± 0.15 ×
1016 W m−3 K−1 , which is thus well within the range of reported values of G.
The electron-phonon scattering rate γep depends linearly
on the lattice temperature: γep = b(Tl − 300 K), with b =
γ0 (3.18 × 10−3 ± 2% K−1 ). This temperature dependence
agrees well with the results of other studies [27]. The linear dependence of the electron-phonon scattering rate on the
lattice temperature is also predicted by the Bloch-Grüneisen
equation [27], which relates γep to the phonon occupation
number.
The electron-electron scattering rate depends quadratically
on the electron temperature γee = cTe2 . For the coefficient
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c we find c = γ0 (1.62 × 10−8 ± 6% K−2 ). The coefficient c
can be calculated using the Fermi-liquid theory [11], which
yields c = γ0 × 5.74 × 10−8 K−2 . This theoretical value is
larger than the value that we obtain from the analysis of the
femtosecond data.
The above-mentioned theoretical result does not include
the effect of screening of the Coulomb interaction between
conduction electrons due to d-band electrons. This screening
√
effect reduces the scattering rate by a factor of εg,∞ [30],
where εg,∞ = 7.24 is the static dielectric response due to dband electrons. This screening effect decreases the theoretical
result to c = γ0 × 2.13 × 10−8 K−2 , which is quite close to
the value we obtain from our measurements. It should be
noted that the screening due to d-band electrons is dependent
on the electron temperature, thus making the actual temperature dependence of γee more complicated. However, within
the investigated pump fluence and electron temperature range,
the inclusion of the temperature dependence of the screening
does not result in a significant deviation from a quadratic
dependence of γee on the electron temperature.
A possible reason for the observed discrepancy between
the theoretically predicted and experimentally determined
temperature dependences of the electron-electron scattering
rate is the presence of grain boundaries. Grain boundaries
act as anisotropic scattering centers for electrons [31], and it
has been shown that these scattering centers can increase the
magnitude of the electron-electron scattering rate up to 50%
in noble metals.
The electron-electron and electron-phonon scattering rates
both depend on the shape of the Fermi surface [24]. As the
Fermi surface of gold is anisotropic, the scattering rates are
anisotropic as well. However, it has been shown that the
anisotropy of the electron-electron scattering is very small
[32] and that the electron-phonon scattering rate is only

anisotropic at temperatures below the Debye temperature
[33]. In our experiment, the excited electron distribution becomes thermal within 250 fs, which implies that the observed
electron-electron and electron-phonon scattering rates represent orientational averages over the different directions in the
gold nanocrystals that together constitute the thin gold film.
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