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Ultrashort laser pulses with a duration from several to about a thousand cycles have significant importance in
modern science and engineering. Such a pulse transfers a metal to an excited two-temperature state with hot
electrons where the temperature of the electron subsystem 7, is much higher than the temperature of the ion
subsystem 7;. The thermal conductivity in such systems differs from well-known reference values. The ther-
mal conductivity K and the energy exchange rate between the electron and ion subsystems o are the key
parameters of the two-temperature model, which are still poorly studied, although studies of these parame-
ters, particularly o, are numerous. New theoretical and experimental results that make it possible to deter-
mine the parameters K and o for gold have been reported in this work.

DOI: 10.1134/50021364022603050

1. INTRODUCTION

Ultrashort laser pulses are widely used in plasmon-
ics[1, 2], for micro- and nanoprocessing of the surface
(structuring [2—5] and hardening [6]), and for the
production of colloidal solutions of nanoparticles [7].
Consequently, the physics of action of ultrashort laser
pulses on metals is of great interest. Isolated atoms can
exist in the ground and excited states. The action of
ultrashort laser pulses on condensed matter results in
the appearance of an analog of an excited state. Pho-
toprocesses are responsible for the relaxation of exci-
tation, whereas relaxation in metals is due to the Che-
renkov emission of phonons by supersonic electrons
[8, 9]. The electron—ion relaxation coefficient o,
which is often denoted as g [10], is related to this
process.

The electromagnetic field of light lasers penetrates
into metals only in a thin skin layer with a thickness of
dyin = 10—20 nm because the plasma frequency is
higher than the laser frequency. Therefore, the cooling
of the skin layer caused by the electron thermal con-
ductivity plays a very important role in the kinetics of
relaxation (from the nonequilibrium two-temperature
to equilibrium one-temperature (7, = 7)) state) in
films thicker than the skin layer and in bulk samples.
Thus, the exchange coefficient o and thermal conduc-
tivity ¥ determine the physics of action of ultrashort

laser pulses. The aim of this work is to determine these
parameters.

2. ELECTRON—PHONON COUPLING

The important role of the electron—phonon cou-
pling in the relaxation of electron excitation was
emphasized already in the first works [8, 9]. Informa-
tion on the relaxation of electrons was obtained in the
1980s and 1990s in experiments on temperature-
induced change in the reflectivity (below, transient
thermoreflectance (TTR)) [11—14]. The electron sub-
system was heated slightly in those experiments: the
electron temperature 7, was higher than room tem-
perature by no more than a few hundred kelvin. Values
of 2—4) x 10 W K~! m— were obtained for the
parameter o in gold.

In more recent works [15—17], first, an ultrashort
electron or X-ray probe pulse was used for the diag-
nostic after the main femtosecond optical pump pulse,
and the current ion temperature 7; was determined
from the thermal broadening of lines of ions in the lat-
tice; and, second, reflected radiation and radiation
transmitted through the film was detected and the
energy absorbed by the film was accurately deter-
mined. The optical characteristics of gold in the two-
temperature state were determined from the reflection
and transmission coefficients [ 18—22]. The onset time
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of melting of an ultrathin (with a thickness of d; ~ d;,)
film was determined [20]; see also the description of
melting of gold in [23].

Laser energies and, correspondingly, maximum
electron temperatures 7, in [11—14] were low, whereas
the authors of [15—17, 24] introduced high energies in
ultrathin films with a thickness of d; ~ d,, so that the
melting (see [25—27]) and ablation [27—29] of films
occurred.

Calculations and measurements of the coefficient
o seemed satisfactory before (a) works [30—32], (b)
experiments [33, 34] with plotting of Laue diffraction
patterns with a relativistic electron beam on an ultra-
thin (35 nm) gold single-crystal film irradiated by a
femtosecond laser, and (c) molecular dynamics simu-
lation [35, 36] to interpret experiments reported in
[33]. A significant decrease in the coefficient o was
recently (September 2022) mentioned in [37].

According to [30], the situation with the coefficient
o is dramatic. Indeed, o7, = 15 kK) values calculated
in different theoretical works cited in [30, Fig. 1b] dif-
fer by a factor of 7. Some of these calculations are
based on a generalization [10, 38] proposed in [38].
This is a generalization to multiband metals of the sin-
gle-band Allen approach [39]:

nthMco
8s(er)

where gs(€) is the total electron density of states;
fr(EW(T,),T,) is the Fermi distribution of single-elec-
tron states in the energy €; W(7,) is the chemical poten-
tial, which is determined from the condition of nor-
malization to the number of electrons (the total num-
ber of s and d electrons in gold is 11; see, e.g., [26]);
and &g is the Fermi energy.

oT,) = MO [ (@00 /o)te, (1)

It is important that the factor in Eq. (1) is taken
from low-temperature measurements [40]. This factor
characterizes the electron—phonon coupling constant
and is used in the theory of superconductivity [10, 38,
39]. This generalization eliminates the difference
between bands of the electron spectrum and the func-
tion g5 (€) for the total (subscript X) electron density of
states is substituted into Eq. (1). Meanwhile, the d
band of gold is located deep (about 2 e€V) below the
Fermi level and is not manifested at cryogenic tem-
peratures. Consequently, the d band does not contrib-
ute to the factor in Eq. (1).

In other calculations [30—32, 40, 41] of the coeffi-
cient o cited above, the contributions of bands are sep-
arated, e.g., o = 0o, + 0, for gold (see [40]). In this
case, the oy values are smaller [30—32, 40, 42] than
those calculated by Eq. (1) (see, e.g., [42, Fig. 2]). We
also note that the magnitude of ax(7,) significantly
depends on the chosen screening [43]. We used four
types of screening (Thomas—Fermi, Lindhard, Hub-
bard, and Singwi—Sjoelander); the Thomas—Fermi
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Fig. 1. (Color online) Theoretical dependences oz (7,), see
the main text.

and Lindhard formulas give close results and the
Singwi—Sjoelander screening is apparently the best
(see [43, p. 6]).

Figure 1 presents theoretical dependences ois(7,)
taken from (red line) [10], (green line) [23], (sky blue
line) [43, Fig. 7a], and (blue and black lines) [32,
Fig. 1a]. As seen, the function o(7,) from [10] begins
to increase sharply according to Eq. (1) after an
increase in the electron temperature 7" when d elec-
trons and holes are involved in the electron—hole cou-
pling. In our two-temperature hydrodynamic calcula-
tions reported below, we used the dependence o, (7,)
from [23] (green line in Fig. 1). We varied the elec-
tron—hole coupling constant using the factor #:

(2)

The factor # in Eq. (2) is chosen such that the time
dependence of the normalized correction to the
reflection coefficient

—AR/Ry, AR = R(?) - Ry, (3)

which is determined in the numerical simulation,
reproduces our TTR measurements reported below. In
Eq. (3), R, is the reflection coefficient before laser
irradiation and R(¢) is the reflection coefficient as a
function of the time before, during, and after laser
irradiation.

o, > o,/n

3. THERMAL CONDUCTIVITY
UNDER TWO-TEMPERATURE CONDITIONS

The theory of the thermal conductivity K in two-
temperature states is more complicated than the the-
ory of the electron—hole heat exchange coefficient a.
The number of calculations of K is smaller [40, 42, 44—
47]. Meanwhile, as mentioned above, heat stored in
the skin layer of a bulk gold target during the ultrashort
pulse is removed primarily owing to the thermal con-
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ductivity. The thermal conductivity is the dominant
mechanism of a decrease in the electron temperature
in the skin layer. The cooling channel through the
electron—hole coupling o is less important.

Dependences k(7,, T;) are shown in Fig. 2, where
the dotted lines marked as Smirnov are taken from [47,
Fig. 9] and the two solid lines were obtained within the
model developed in [48]. This model was also used in
our two-temperature hydrodynamic calculations.
Within the model from [48], contributions to the ther-
mal conductivity from the electron—electron, x,,, and
electron—ion, K,;, collisions are calculated.

The thermal conductivity «,; is determined from
these partial contributions using the Matthiessen’s
rule of summation of thermal resistivities

1/KZT = 1/(keKee) + I/Kei' (4)

Here, k, is an additional parameter used to vary the
electron—electron contribution ¥, to the thermal
conductivity K,,in hydrodynamic calculation for the
best description of experimental data: the larger the
parameter, the smaller the contribution «,,.

We consider the single-temperature situation 7, =
T; in the temperature range from the Debye tempera-
ture to the melting temperature, where thermal con-
ductivity calculated within our model [48] weakly
depends on the temperature: X,; = K,, where ¥, is the
thermal conductivity at room temperature, because an
increase in the electron thermal conductivity ¢, o< 7,
in this range is compensated by an increase in the fre-
quency of electron—hole collisions v,; =< T}; v,, <V,
at these temperatures.

The thermal conductivity k¥ was calculated in [47]
disregarding electron—electron collisions with the fre-
quency V,,. For this reason, the dotted lines shown in
Fig. 2 are proportional to each other with the coeffi-
cient of proportionality equal to the ratio of ion tem-
peratures 7;. In our model, the frequency v,, plays an
important role.

The thermal conductivity K under two-temperature
conditions in theory increases strongly with the tem-
perature T, (cf. lines in Fig. 2 and the dashed line)
because the electron specific heat ¢, increases owing to
a partial removal of degeneracy under the heating of
the electron subsystem. The increase rate of the ther-
mal conductivity k,, caused by an increase in the spe-
cific heat ¢, because of increasing 7, decreases owing
to an increase in the frequency v,,. The frequency v,,
at high temperatures 7, increases slightly more slowly

than T: (see Figs. 8 and 10 in [44]).
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Fig. 2. (Color online) Theoretical dependences k(7,,7}).
The dotted lines marked as Smirnov are taken from [47,
Fig. 9]. The solid lines are obtained in the two-tempera-
ture hydrodynamic calculations in this work within our
thermal conductivity model [48]. The horizontal dashed

line indicates the thermal conductivity ¥k, at room tem-
perature.

4. TWO-TEMPERATURE HYDRODYNAMIC
SIMULATION

We used our two-temperature hydrocode verified
in previous problems (see, e.g., [49]). The system of
equations of two-temperature hydrodynamics was
presented in [49]. To solve it, it is necessary to know
the equation of state and the coefficients oc and K. The
ion part of the equation of state for gold is described by
the wide-range multiphase equation of state [S0—52],
whereas the electron part of the equation of state is
taken according to [53]. The coefficients o0 and K were
presented in Sections 2 and 3 and Eq. (4). The absorp-
tion coefficient of gold at a pump wavelength of
400 nm and an angle of incidence of 45° is 0.7 (see the
description of the experiment in [54] and Section 6
below). The Gaussian approximation of the time
dependence of the experimental pump pulse gives a
pulse duration of 150 fs at the 1/e level.

Figure 3 illustrates results of the numerical simula-
tion. We performed about a hundred two-temperature
hydrodynamic calculations with the parameters » and
k,in Egs. (2) and (4), respectively, chosen for the best
agreement with TTR measurements (3). The quasia-

diabatic decrease in the temperature 7; on the surface
in the first picoseconds is due to the stretching of a
thin surface layer by the electron pressure. The heating
of ions in this layer caused by the electron—ion cou-
pling o at these short times is smaller than adiabatic
cooling.

The calculations reported in Fig. 3 were performed
for absorbed fluences F,, = 7.42, 22.6, and

44.52 mJ/cm? corresponding to the weak, medium,
and strong laser actions, respectively. The best agree-
ment of these calculations with experimental data
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Fig. 3. (Color online) Time dependences of the electron
and ion temperatures on the surface obtained in calcula-
tions consistent with the measured reflection coefficient
(3). It is seen that the maximum of the ion temperature
even under the most intense action is much lower than the

gold melting temperature of 1337 K.

obtained for these fluences is achieved with the
parameters (n, k,) = (0.5, 0.25), (9, 4.5), and (15, 7.5),
respectively, which correct the dependences o( 7,) and
K(7,, T)). As shown in the next section, the propor-
tional variation of the parameters » and k, does not
change the temperature at the single-temperature
stage (i.e., at long times).

Dependences (3) in our experiments were mea-
sured for a bulk target (1 mm thick) to a time of 340 ps.
The length of the computational segment of 4 um is
sufficient for the numerical simulation of the bulk tar-
get in the time interval up to 350 ps.

5. TWO-TEMPERATURE THERMAL
PROBLEM. ESTIMATES

The most important characteristics of the flow
generated by the ultrashort laser pulse are the heating
depth (in nanometers)

1/5,,2/5 1/6,.1/3

dTN90Y1002950 EYS or 6571001?/(310 EYS (5)
17 17

at the two-temperature stage and the duration of this
stage (in picoseconds) [49]

/5 1/3
- Yioo /s Yoo pl/3
teq 8 1/5_4/5 EOO or 4 1/3 .2/3 EOO' (6)
10 O47 Xio G447

Here, ¥,00 = 7/100 J m=3 K2, ¢, = vT, is the electron
specific heat, o, =0/107 W m= K-, x,, =
Yor/10 cm?/s, x = K/c, is the electron thermal diffu-

sivity, Fipp = Fyp/100 mJ/cm?, and the left and right
expressions are obtained with two slightly different

JETP LETTERS Vol. 117 No.2 2023

approximations of solutions of the two-temperature
heat transfer problem with losses [49].

According to Egs. (5) and (6), the depth d, and
duration 7,, at fixed parameters ¥ and F,,; are deter-

mined by the coefficients o and x,;. It is important
that the proportional variation of the coefficients o

and x,, does not change the d, value! If d; remains
unchanged, the temperature at the single-temperature

stage (7, = T;) does not change at a fixed absorbed
fluence F,, (energy conservation law) because the
temperature is determined by the volume energy den-
Sity F, abs/ dT’

The duration of the two-temperature stage given by
two approximations in Egs. (6) increases

lpy < }14/5kel/5 or nmkel/3 @)
with the parameters » and k, in Egs. (2) and (4),
respectively, which reduce electron—hole relaxation

and electron thermal conductivity. The heating depth

dr and duration 7, also increase slowly with the

absorbed fluence F, ¢ according to Egs. (5) and (6),
respectively.

6. EXPERIMENT

The source of radiation was a Ti:S laser system
(Legend, Coherent) generating 60-fs pulses with a
repetition frequency up to 1 kHz. The time dynamics
of TTR was measured using the pump—probe tech-
nique, the phase-sensitive detection method, and an
SR830 Stanford Research Systems Lock-in Amplifier.

In this work, we implemented a specific regime of
the measurement of a TTR signal at a low repetition
frequency of pump pulses of 31.5 Hz, which were
amplified in a regenerative amplifier. This regime
allowed us to minimize collection effects and to obtain
new data at higher radiation intensities and tempera-
tures without the decomposition and degradation of
the target compared to conventionally used regimes of
the TTR measurement with a pulse repetition fre-
quency of 80—100 MHz and a lattice heating tempera-
ture by several kelvins [55—60].

Pump pulses with a duration of 150 fs at a second
harmonic wavelength of 400 nm were focused on a
polycrystalline bulk gold sample at an angle of 45° into
a 130 x 93-um elliptic spot at the 1/e level. The mea-
sured integral reflection coefficient of the pump pulse
from the target was 0.3. Probe pulses with a duration of
60 fs at a wavelength of 800 nm were focused normally
into a spot 15 pm in diameter at the center of the heat-
ing region. The pump and probe pulses had a Gauss-
ian spatial distribution.

An optical delay line was used to vary the time delay
between the pump and probe pulses. The scanning
steps were 100 fs in the interval from —2 to +5 ps, 1 ps
in the interval from 5 to 105 ps, and 3.5 ps at times lon-
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Fig. 4. (Color online) (Lines) Calculations and (vertical
bars) transient thermoreflectance measurements. The top,
middle, and bottom datasets are obtained under the
strong, medium, and weak actions, respectively. The red
lines are the best approximations of measurements. The
green lines are obtained with the parameters o and K close

to those shown in Figs. 1 and 2; see the main text.

ger than 105 ps (see Figs. 4 and 5). Each vertical bar in
Figs. 4 and 5 corresponds to one scanning step.

The time dependence of thermoreflectance (3) was
measured at three absorbed fluences F,,, = 7.4, 22.1,

and 44.3 mJ/cm?. Two or three scans were recorded
for each of these fluences with the subsequent averag-
ing of the measured time dependences. Errors were
determined as the standard deviation of these mea-
surements and are indicated by vertical bars in Figs. 4
and 5. All measurements were carried out at one place
on the target.

7. ANALYSIS AND DISCUSSION OF RESULTS

Figures 4 and 5 present the results of the numerical
simulation in comparison with experimental data. It
appeared that the experimental temperature at long
times of ~100 ps for all three fluences is reproduced
with a high accuracy at n/k, = 2 (see an example in Fig.
5). For this reason, we fixed this ratio and varied the
parameter # in order to reproduce a decrease in the
reflection coefficient (3) at the two-temperature stage.
The results are presented in Fig. 4.

Using the data presented in Fig. 4, we chose
(n, k,)= (0.5, 0.25), (9, 4.5), and (15, 7.5) for the
weak, medium, and strong laser actions, respectively.
These values correspond to the best approximations of
experimental data shown by red lines in Fig. 4. As
seen, in the case of strong action, there is a large cor-
rection in the direction of decrease for theoretical
dependences of o and k, which are shown in Figs. 1
and 2. At the same time, the o and « values in the case
of weak action are somewhat higher than the theoreti-
cal values.

0.015
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=
—

F
—
=
H
=
—_—
H
—
—F—
o

200
Time (ps)

0 100

Fig. 5. (Color online) Same as in Fig. 4 but at long times
under the medium action with the amplitude F,,, =

22.6 mJ/cm?.

The green line for strong action is obtained at the
values (n, k,) = (2, 1) close to the theoretical values in
Figs. 1 and 2. A significant difference between the red
and green lines in the case of strong action is seen in
Fig. 4. This difference is much smaller in the case of
medium action. The green line obtained at the values
(n, k,) = (2, 1) in Fig. 4 in the case of medium action
passes through the bottom edge of experimental data
(cf. strong action). The red and green lines in Fig. 4 for
weak action are obtained at the values (#n, k,) = (0.5,
0.25) and (2, 1), respectively.

These results are plotted in Fig. 6. The estimates of
the coefficient oo shown by crosses in Fig. 6 are
obtained by comparing the numerical simulation and
experimental data (see Figs. 4 and 5). To determine

—

— Lin, 2008

— Petrov, 2016
Estimates from

— simulation/experiment

Electron-phonon coupling (10" W /K / m®)

comparisons
0.1
0 4 8 1216 20

Electron temperature (kK)

Fig. 6. (Color online) (Crosses) Estimated o values under
weak, medium, and strong laser actions (see the main text)
compared to the theoretical dependences from Fig. 1. The
circle marks the o/ value obtained in old transient ther-
moreflectance measurements [ 11—14] under weak heating.
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the spread of temperatures 7, (the horizontal segment
of a cross), we took the maximum temperature 7, in
Fig. 3 and 2/3 of this value.

To determine the bottom and top points of the ver-
tical segment of the cross, we took three ou( 7)),,,,) val-
ues, where T, is the maximum value of 7, from
Fig. 3, according to the green lines marked as Petrov,
2016 [23] in Figs. 1 and 6 for weak, medium, and
strong actions. The indicated o7, values were
divided by # according to Eq. (2). The top and bottom
points of the vertical segment were divided by # for the
red and green lines in Fig. 4.

8. CONCLUSIONS

To summarize, we have performed numerous two-
temperature numerical calculations and pump—probe
TTR measurements with lock-in detection in the
absorbed fluence range from 7 to 45 mJ/cm?. A new
laser action regime with a low repetition frequency of
intense femtosecond pulses, which has not yet imple-
mented in such experiments, allows us to significantly
reduce the absorbed fluence compared to preceding
experiments with megahertz trains of low-intensity
pulses. The maximum temperature at the single-tem-
perature stage exceeds half the melting temperature

(see the time dependence of the ion temperature 7;(r)
shown by the red dotted line in Fig. 3).

A significant decrease in the most important
parameters o. and K of two-temperature physics has
been revealed at high temperatures (see Fig. 6). This
decrease correlates with o(7,) data recently obtained
in [37] (see Fig. 9 in [37]) at fluences F,,, above the
melting threshold. The thermodynamics and kinetics
of melting were studied in [33—37] with ultrathin films
(with thicknesses of about the thickness of the skin
layer). In this case, an important problem of the ther-
mal conductivity remains beyond our attention. The
both most important parameters of two-temperature
physics have been determined in this work. The
parameter o0 under strong action decreases together
with the two-temperature contribution ¥, to the ther-
mal conductivity K, (see Section 3).

Thus, a hidden objection to a decrease in the
parameter o is removed. Indeed, at small o values and
standard (i.e., high) K values (see Fig. 2), the absorbed
fluence F,,is diffused deep in the target. Correspond-
ingly, the threshold of thermomechanical (spall) abla-

tion F, |, and the crater depth d_,, |, at this thresh-
old for gold are much larger than the known theoreti-
cal and experimental values F |, ~ 0.2 J/cm? and
by =~ 0.1 um (see [61, 62]). If the parameters o
and K, are reduced proportionally to each other, the
threshold values hold together with the maximum ion
temperature 7; and the volume energy density F,/dr
at the single-temperature stage.
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