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Studies of the laser-induced ultrafast processes in thin films are of significant importance for the develop-
ment of microelectronics. These processes include the heating of an electron subsystem, relaxation and trans-
port of the absorbed energy, and generation and propagation of picosecond acoustic waves. In view of
this circumstance, to study the dynamics of variation of the differential reflection coefficient AR(#)/R, of a
73-nm-thick Ni film on a glass substrate, pump—probe measurements have been performed in this work with
the synchronous detection of a AR(f)/R, signal. High absorbed fluences up to 11 mJ/cm? have been reached
by increasing the period of following 7., of the sequence of heating (pump) pulses. An increase in #.,,; makes
it possible to better cool the film after heating. As a result, record temperatures 7, = 3 kK and 7; = 1 kK and

stresses up to 7 GPa have been reached for the first time to the best of our knowledge. These high values have
allowed the observation of nonlinear effects for the first time in experiments with synchronous detection.

DOI: 10.1134/50021364024603208

1. INTRODUCTION

Contactless noninvasive optical methods for analy-
sis of thermal and mechanical properties with the
nanoscale spatial resolution and femto- and picosec-
ond time resolution are necessary for the optimization
of the characteristics of thin films on substrates. Such
materials provide the foundation of the modern solar
energetics (photovoltaics) and electronic industry
(heterostructures, topological isolators, and devices
based on them). The implementation of such precise
measurements requires the application of femtosec-
ond lasers and synchronous detection methods [1—6].

An important consequence of the superfast heating
of a material by femtosecond laser pulses is the gener-
ation of picosecond acoustic pulses (or coherent
acoustic phonons) in the gigahertz and terahertz fre-
quency ranges [7, 8]. Laser-induced acoustic pulses
can be used, e.g., to detect the presence of hidden
interfaces and structures through optically opaque
materials (metals) with micron lateral and nanoscale
lateral and nanoscale depth resolutions [9, 10]. To
study optically transparent media using acoustic
pulses, the time-domain Brillouin scattering method
[11, 12] is used to obtain information on the acousto-
optical properties of a studied material and on the
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presence of structural inhomogeneities with a
nanoscale spatial resolution [13, 14].

The synchronous detection (SD) method allows
one to identify a desired signal with a low amplitude at
a certain frequency against the broadband noise back-
ground with a high amplitude. According to this
method, the time variation of the differential reflec-
tion, AR(?)/R,, or transmission, A7(#)/ T, coefficient
for the probe laser pulse is determined. Variations of
the coefficients R and T are due to internal transient
processes in an irradiated target, which are induced by
the action of a pump pulse. The description of pro-
cesses inside the target based on SD is similar in sense
to that based on the velocity interferometer system for
any reflector (VISAR) method [15—17], but at the
picosecond scale rather than at nano- and microsec-
onds. Thus, SD is applicable to the analysis of pico-
second acoustics.

The significance of this work is that we have suc-
ceeded to apply the highly accurate SD method at
increased fluences F,,, absorbed by the target, i.e., at
much higher temperatures and pressures compared to
those reached in the reported works with this widely
used method. A weak heating by means of femtosec-
ond laser pulses and the relaxation of the energy in
thin nickel films were studied using SD in order to
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reveal the dynamics of ultrafast demagnetization [18],
see also studies [6, 19] concerning opto-magneto-
acoustic and magnetoplasmonic phenomena. experi-
mental SD studies of fundamental laws of the interac-
tion between the electron and phonon subsystems, as
well as heat transport at nanoscales [3, 20, 21], were
carried out only at low overheating of the electron sub-
system.

The dynamics of the optical response using SD was
studied in [22, 23] at high fluences F,,,, which were
reached due to an increase in the time interval 7.,
between heating laser pulses for the target after heating
to return to the state at room temperature. However,
studies reported in [22—24] were focused on the deter-
mination of the parameter of interaction o between
the electron and phonon subsystems and the thermal
conductivity k¥ in gold under the two-temperature
(2T) conditions.

In this work, we consider opto-acoustical phenom-
ena at high fluences F,,,. Gold studied in [23, 24] is
inappropriate for the analysis of these phenomena
because the interaction parameter o of gold is low and
the thermal diffusivity x,r= x,;/c,, where c, is the spe-
cific heat of the electron subsystem, is high under the
2T conditions [25]. In metals, the 2T values 7, can be
two orders of magnitude higher than the one-tem-
perature (1T, 7, = T;) values ;= K, 7/c ~ 0.2—1 cm?/s
[25], where c is the 1T specific heat. For crystals with
one atom per unit cell, ¢ = 3nkg according to the
Dulong—Petit law. Electrons are strongly degenerate,
and their contribution to the specific heat is much
smaller than 3nky at relatively low electron tempera-

tures 7, up to ~1 eV, whereas the Fermi energies of
metals are ~10 eV. These circumstances are simply
explained in [25]. Correspondingly, the 2T state in
gold is very long (its duration is f,,) and the heating

depth in the 2T stage is very large: dr = 2\/Xyrteq ~
150—200 nm. The thermal wave during the 2T stage
leaves the skin layer at the supersonic velocity. The
acoustic stage follows after the end of the 2T stage and,
correspondingly, after the end of the supersonic prop-
agation of heat.

In this work, we study a nickel nanofilm on a glass
substrate. The film is bounded by the interface with air
from one side (it is the front edge) and by the nickel—
glass interface from the other side. The interaction
parameter o in nickel is larger than that in gold, the
duration of the 2T stage 7., is small, and the thermal
diffusivity %, and the heating depth d, are smaller
than the respective parameters in gold. The acoustic
stage begins earlier than in gold and its beginning is
sharper; therefore, this stage is clearly observed using
SD [26]. The thickness of the heating layer din nickel
is slightly larger than the thickness of the skin layer
Oy = 13 and 12 nm for the first (793 nm) and second
(396 nm) harmonics, respectively [27].
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As known, after the end of the supersonic 2T stage
(quasihomogeneous propagation of the absorbed
energy deeper through the electron subsystem in
almost immobile material), the pressure profile decays
into two waves according to d’Alembert’s principle.
One of these waves (compression wave) immediately
propagates deeper into the film. The other wave is
reflected from the front edge (which is mechanically
free), changes the sign of the amplitude, and propa-
gates as a rarefaction wave following the first wave. As
a result, the combination of the compression and rar-
efaction waves propagates into the film [28, 29]; it is
called the z profile or zigzag wave according to its
shape. In the linear acoustic approximation, a sharp
jump exists between the compression and rarefaction
waves. According to the experimental and numerical
results presented below, the steepness of the jump
decreases gradually due to nonlinear effects. This
steepness in the linear case is always infinite.

2. EXPERIMENT

The source of radiation was a Ti:sapphire femto-
second subterawatt laser system (Legend, Coherent)
with the regenerative amplification of chirped pulses.
The system generated 60-fs 793-nm pulses with a
repetition frequency of 1 kHz. A sample was a poly-
crystalline Ni film, which had the thickness d; = 73 =
2 nm and a surface roughness of 6 nm, deposited on a
150-um-thick borosilicate substrate by magnetron
sputtering in an argon atmosphere at a pressure of
0.05 Torr.

The time dynamics of the differential reflection
coefficient

AR(1)/ Ry, (1)
where AR(?) = R(?) — R,, R(?) and R, are the reflection
coefficient induced in the studied sample by the pump
pulse and the initial coefficient, respectively, was
recorded using the probe pulse in the pump—probe
scheme with SD [26, 30].

The pump pulse after the transformation into the
second harmonic in a BBO crystal had a duration of
toump = 150 fs and a wavelength of A,,,,,, = 396 nm. It
was focused by a 200-mm lens at an angle of incidence
of 45° into an elliptic spot with the 1/e-level dimen-
sions d, = 130 um and d, = 93 um. The variations of
the coefficient given by Eq. (1) were detected in the
center of the heating region using probe pulses. A
probe pulse had a duration of 7,,,,,. = 60 fs and a wave-
length of Ao, = 793 nm. This pulse was focused by
means of a 4X/0.10 micro-objective normally to the
surface into a circular spot with the 1/e-level diameter
d,=d,=15um.

An optical delay line was used to vary the time delay
T4e1ay DEtWeeEnN the pump and probe pulses in the interval
from —3 to 300 ps with the step from 30 fs in the early
stage to 400 fs in later stages.
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Small variations of the reflection coefficient speci-
fied by Eq. (1) with amplitudes of ~10~*—102 were
detected using SD, which allows one to measure weak
periodic desired signals at a given frequency against
noise using a synchronous amplifier [26].

Signals of the probe pulse, which was reflected
from the sample and was incident on the sample, were
detected by means of two photodiodes in the balance
regime and were guided to the differential input of the
synchrotron amplifier (SR830). In our variant of the
SD method, the signal of Eq. (1) is measured at
the repetition frequency 500 Hz of pump pulses
(behind the mechanical interrupter), and the repeti-
tion frequency of pump pulses was 1 kHz.

The process of measurements was automated using
software. The minimum detected changes in the signal
of Eq. (1) in the applied scheme were ~5 X 107>.

The heating and measurement of the reflection
coefficients given by Eq. (1) for the probe and pump
pulses were performed from the front surface of the
nickel film. Taking into account our measured value
R,ump = 0.14, the absorbed fluence F,, of the pump
pulse varied 0.906 to 10.87 mJ/cm?. It is very import-
ant that it is the maximum possible fluence at the rep-
etition frequency 500 Hz of pump pulses. In this case,
all changes in the sample were irreversible. The meth-
ods of measuring (a) the fluence of the pump pulse
incident on the target, (b) the reflection coefficient of
the pump pulse, and (c) the size of the focusing spot
were described in [24].

At higher F,; values, reversibility is lost and the
sample is destroyed. This destruction can be caused by
two factors. First, mechanical loads at first tens of
picosecond are quite high (see also [31]): field stresses
up to 7 GPa in the film and ~1 GPa in glass for
F,,=10.87 mJ/cm?. Second, the temperature is
accumulated in long series of pump pulses. It is still
unclear which of these two factors dominates in the
destruction.

3. GRADUAL HEATING AT MULTIPLE
REPETITIONS

According to the numerical simulation, in the time
interval 7., = 2 ms between successive pump pulses,
the film is cooled due to the heat removal. The radius
of lateral heat flow over the film in the time between

pump pulses is estimated at » ~ 2/ 7%.o; = 440 um,
where ;7 = 0.2 cm?/s. The ratio of the heating and
flow areas is about 20. The temperature of the film in
the center of the heating spot after electron—phonon
relaxation and the heating of the film over the thick-
ness at times 7 ~ 100 ps increases by

AT(F,, = 10.87 mJ/cm’) = 350 K. (2)

The glass layer having the thermal diffusivity ¥, =

5 x 107 cm?/s with the thickness d,, > 60 pum is
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heated under the film heating spot in the time #,,.;. The
thickness dy, is three orders of magnitude larger than
the thickness of the film d;. The specific heats of the
nickel and glass are 3.8 x 10° and 2.1 x 10° J/(K m?),
respectively. Due to the heating of glass in the time
..o, the increase in the temperature of the film
decreases by a factor of 500. It is seen that the cooling
of the film due to the heating of glass is stronger than
cooling due to the heat flow over the film. The
decrease in the temperature is determined by the ratio
20 x 500 = 10* of the initial and final (at the time 7,,;)
volumes, which is the product of the area of the heat
flow over the film and the penetration depth into the
substrate. The thermal energy diffusing in space is
concentrated in these volumes. The shape of this vol-
ume is elongated in area: the size of the heating spot on
the film is 440 wm, while the glass heating depth is
60 um, i.e., is smaller by a factor of 7.

Thus, the increase in the temperature of the film in
the time 7., immediately before the beginning of the
next pump pulse decreases from the value given by
Eq. (2) to

T* = AT(F,,, =10.87 mJ/cm?)/10* = 0.04 K. (3)

Three scans were carried out in the experiment con-
secutively; i.e., the end of one scan is separated from
the beginning of the next scan by the same time inter-
val ¢,,;. Measurements inside each of these scans were
performed for all required values 7;,,,. Approximately
175 pump pulses were spent for each #4,,, value. Mea-
surements for approximately 11004, values were
conducted in each scan. The total number of pump
pulses in three scans was N = 6 X 10° pulses. These
measurements continued about 20 min.

The increase in the temperature of the target after
M pump pulses is estimated in the form

ATy, = NT*. 4)

The substitution of the above N value and 7" given by
Eq. (3) under the assumption of the infinite size of the
film and the infinitely thick glass layer into Eq. (4)
gives 30 K. This estimate is based on the linearity of
the linearity of the heat equation, the increase in the

heating depth «<+/¢, and the summation of contribu-
. . =N
tions from successive pump pulses Z” 7%/ Jn.

The sizes and configuration of pump pulses should
be taken into account in a real estimate because the
duration of the experiment is long so that the heat
induced by pump pulses spreads to significant dis-
tances from the focusing spot. For example, the radius
of the heat spread over the film in 20 min is 30 cm. At
N =6 % 10° and an absorbed energy of 1.2 uJ per pump
pulse, the total energy transferred in a sample will be
0.7 J. Let the area of the film and the substrate be
1 cm? and the sample be thermally insulated. Then,
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Fig. 1. (Color online) Time variation of the differential
reflection coefficient given by Eq. (1) at the maximum
value Fy,s = 10.87 mJ/cm? at a frequency of 500 Hz

demonstrating three characteristic stages: (I) the two-tem-
perature stage lasting ~1 ps, (II) the stage of dominance of
the acoustic echo in the nickel film, and (III) the Brillouin
scattering of probe pulses on the acoustic wave propagating
in the glass substrate.

the sample will be heated in three scans by 20 K at the
uniform temperature distribution. Thus, the increase
in the temperature given by Eq. (4) can be reduced by
increasing the efficiency of the heat removal from the
sample.

The dashed horizontal straight line in Fig. 1 marks
the initial differential reflection coefficient of our tar-
get consisting of the film and substrate specified by
Eq. (1). This coefficient for the 793-nm wave normally
incident on a thick nickel sample is R, = 0.74. The
reflection of the sample increases in the short 2T stage
marked as I in Fig. 1. The correction given by Eq. (1)
in this stage is positive. The increase in the reflection
coefficient R is due to the redistribution of electrons

between the Ni s- and d-bands 3d*4s” or 3d’4s' [32].
The large centrifugal potential of the 3d-band raises 3d
electrons to the level of the fourth shell. The increase
in the reflection coefficient in the 2T stage is quite
typical of metals and the wavelength A at which the
reflection coefficient is low. The reflection of well-
reflecting metals decreases in the 2T stage [24].

The reflection coefficient specified by Eq. (1) in
the 1T stages indicated as II and 111 in Fig. 1 is primar-
ily negative due to the heating of the film and a
decrease in its density and, hence, in the plasma fre-
quency. In this work, we analyze acoustic phenomena
in stage II.

4. NONLINEAR LASER HYDRODYNAMICS

The features of strong nonlinear phenomena
became clear already in the first works describing the
interaction of ultrashort pulses with metals [33, 34].
They are, first, the formation of shock waves [35, 36],
second, the delamination of films [37, 38], reverbera-
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Fig. 2. (Color online) Instantaneous pressure profile in the
acoustic wave ABCD, which is formed by femtosecond
action and propagates to the right as indicated by the
arrow. The irradiated front air/nickel interface remains on
the left. In the linear approximation, the shape ABCD
with the vertical jump BC remains unchanged. The non-
linearity-distorted profile is shown by dashed. The slope of
the jump BC decreases gradually. The inset shows the
shape abcd of the asymptotic wave consisting of two shock
waves ab and cd and the family of characteristics bc.

tion in the heated layer [39], and, third, the break of
the condensed phase (nanospallation and cavitation)
[29, 33, 39—43] due to strong tension. In [39, 41, 42],
picosecond reverberations were observed in the solid
phase at spallation or in a melt at the femtosecond
laser ablation.

Nanospallation destroys the target after a single
pump pulse. For this reason, much weaker pump
pulses are used to apply synchronous detection (mul-
tipulse action). In this case, the acoustic field is
described in the linear approximation [1—4, 6].

The formation of a flow in the form of the “z wave”
after the supersonic heating of a metal by the thermal
electron wave was studied in [28, 29]. As mentioned
above, the z profile ABCD in Fig. 2 is formed due to
(a) the “instantaneous” (supersonic) formation of a
pressure layer/profile with the thickness d; in immo-
bile (u = 0, this is important) material, (b) the decay of
the supersonic-induced pressure profile according to
d’Alembert’s principle at p > 0 and u = 0, and (c) the
reflection from the interface with air.

The zigzag or z profile ABCD in Fig. 2 consists of
the forward compression wave AB (red segment) p > 0
and the adjacent rarefaction wave CD (blue segment)
p < 0. The sharp jump BC between these two compo-
nents (green segment) is due to the reflection condi-
tion at the front edge. A change in the sign of the pres-
sure and, thereby, the velocity u = p/z is caused by the
momentum conservation law, where z is the acoustic
impedance of nickel. The momenta of absorbed and
reflected photons can be neglected in the ratio of the
velocity of hydrodynamic motion to the speed of light.
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Fig. 3. (Color online) Fragment of the plot from Fig. 1
with two acoustic peaks. Two green vertical straight lines
mark the first arrival of the rarefaction wave RW at the
front edge fr, see Fig. 6. The green arrow marks the second
arrival of the rarefaction wave RW at the front edge fr, see

the main text.

The triangle shape in Fig. 2 is chosen for simplicity.
The real shape is formed in the 2T stage and is close to
Gaussian, which is the solution of the heat equation.

In the nonlinear case, the shape ABCD in Fig. 2
varies with time. At the points A and D, the wave
propagates at the speed of sound ¢, because the mate-
rial is immobile and the pressure at these points is
zero. However, the situation is different at the crest
(point B) and the dip (point C) of the wave. When the
nonlinearity is taken into account in the first order of
the perturbation theory, the velocity of the crest B is
higher than ¢, by Av = (1/z+ dc/dp)p. Thus, the
points B and C diverge with time at the velocity 2Av.

The first signature of the nonlinearity is a change in
the slope of the family of characteristics BC (see
Fig. 2). The nonlinear stage 1 ends with the wave
breaking: the blue and red inclined segments in Fig. 2
are transformed to the shock jumps ab and cd shown
in the inset of Fig. 2. The amplitude of the jumps ab

and cd in the nonlinear stage 2 decrease as 1 /\/;, see
[44], due to the absorption of the characteristics of the
family bc in shock waves ab and cd. The instantaneous
amplitude of the jump is determined by the pressure p
at the characteristic entering the jump at this time. The
pressure p at the characteristic entering the jump at a
longer time is lower. Correspondingly, the amplitude
of the jump decreases with time. Our experiments at
the highest fluences F,,, for the synchronous detection
technique and numerical calculations revealed for the
first time for this technique the development of opto-
acoustic processes in the nonlinear stage 1.

5. NUMERICAL SIMULATION
AND COMPARISON WITH EXPERIMENTS

Asin the VISAR method [15, 17], measurements of
the reflection coefficient specified by Eq. (1) [1] con-

JETP LETTERS Vol. 120 No.7 2024

535

—40

Position x (nm)

Fig. 4. (Color online) Acoustic field, which is the sum of
the wave ABCD with the jump BC marked by violet arrows
(see Fig. 2) and the rarefaction wave RW marked by blue
arrows. The red and black lines are the first and second
half-cycles each with a duration of =13 ps. In the first half-
period, the singularities BC and RW travel from the front
edge (fr) and the contact boundary CB, respectively. In the
second half-period, the first reflections of these waves
occur and the propagation directions are reversed. The
shifts of the front edge fr and the contact boundary CB are
less than 1 nm and are invisible in the presented scale. The
steepness of the rarefaction wave RW is determined by
the time of increasing pressure in nickel at the interface in
the two-temperature stage.

cern the signal from the edge of the target, where tran-
sient processes proceed. Let us analyze processes
inside the target using the 2T hydrodynamic simula-
tion (2T-HD code [45]) in the isotropic elastic body
approximation. Figure 3 presents in more detail
stage II from Fig. 1. Vertical straight lines ¢ = const
mark the times at which processes inside the target
were analyzed. Blue vertical straight lines refer to
Fig. 4. Figure 4 clarifies the structure of the acoustic
field inside the nickel film. Red vertical straight lines
refer to Fig. 5 and are required to understand the phys-
ics of the formation of an acoustic burst. The length of
the red horizontal bar over the first burst corresponds
to the time of circulation of the characteristics BC
through the skin layer (see Fig. 5). Green marks in
Fig. 3 refer to the rarefaction wave RW.

The pump pulse generates an acoustic wave of the
shape shown in Fig. 2 in the target. However, the
z profile in Fig. 2 propagates in the infinite volume. In
the case of our sufficiently thin 73-nm-thick film
comparable in thickness with the “instantaneous”
2T heating layer dy, the nickel—glass interface should
be taken into account.

The heating thickness d; in nickel at a wavelength
of 396 nm used for the heating and at absorbed flu-
ences F,,. = 10.87 and 0.906 mJ/cm? are d; = 30 and
20 nm, respectively. The thickness d; was determined
from the half-height of the increase in the instanta-
neous profile of the electron temperature 7,(x,7*)
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Fig. 5. (Color online) Reflection of the family of the char-
acteristics BC of the wave ABCD (see Figs. 2 and 4) from
the front edge fr at the times 25.7 and 27 ps marked by the
red vertical straight lines in Fig. 3. The characteristics BC
on the black profile are already reflected and move to the
left. The forward and backward passage of the section BC
through the 13-nm-thick skin layer takes 5 ps, which is
shown in Fig. 3 as the horizontal red bar above the first
acoustic burst (the first echo of the jump BC). The orange
vertical straight line presents the thickness of the skin layer
13 nm.

compared to room temperature at the time r* of
reaching the maximum temperature 7, at the frontal
(irradiated) surface obtained by the 2T hydrodynamic
simulation.

The supersonic electron thermal wave rapidly
(instantaneously for acoustic time scales) increases
the pressure at the interface on the side of nickel. The
acoustic impedance of glass is much smaller than that
of nickel. Consequently, the rarefaction wave RW
“instantaneously” begins to propagate from the inter-
face into the nickel film due to the fast “switching-on”
of the pressure in nickel at the interface.

Thus, two singularities of the acoustic field—the
jump BC (see Figs. 2 and 4) and the rarefaction wave
RW propagating from the interface (see Fig. 4)—prop-
agate in the film (see Fig. 4). At acoustic time scales,
they start at zero time into the film toward each other,
one of them from the front edge and the other from the
interface. Spikes on the dependences of the reflection
coefficient specified by Eq. (1) in Figs. 1 and 3 are due
to the arrival of these features at the skin layer for
probe pulses, both pump and probe pulses are incident
on the front side of the film, and the skin layer is adja-
cent to the front edge. The arrival of these features is
responsible for the fast change in the density and,
therefore, in the plasma frequency ®,. The increase in
the density of nickel in the skin layer increases the
reflection coefficient given by Eq. (1).

Figure 5 demonstrates the range of the density vari-
ation in the skin layer at the reflection of the family of
characteristics BC. We note that, although this range
is sufficiently large (1.4%), a change in the density at
the front edge itself is small (see Fig. 6). The hydrody-
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Fig. 6. (Color online) Reflection of the rarefaction wave
RW (see Fig. 4) from the front edge fr at the times 12.2 and
15 ps marked by the green vertical straight lines in Fig. 3.
The wave on the red (black) profile propagates to the right
toward (to the left from) the front edge fr, respectively. The

skin layer is marked by the script Skin.

namic approach is applicable at scales of several inter-
atomic layers. The dynamic boundary condition at the
boundary in this boundary layer has the form p, |, = 0.
This condition is responsible for the smallness of the
variation of pl, at the boundary. The density of nickel

is lower than its initial density p, = 8.907 g/cm?
because of the heating of the film. Therefore, the rela-
tive change in the density (p — p,)/p, in Figs. 5 and 6
are negative.

6. RELATION BETWEEN HYDRODYNAMICS
AND THE REFLECTION COEFFICIENT

The relative permittivity of nickel can be repre-
sented by the Drude formula
o, (1+p) . (1+p)

a=l-—5—, o=—r———- )

0) o (0T(1+17))
Here, ® = 2.4 x 10" s~ is the frequency of light oscil-
lations at a wavelength of 793 nm, p = (p — p,)/p, and
7. are the dimensionless corrections to the density and
collision time, respectively. The plasma frequency and
the mean free time determined from the reference
dielectric constant of nickel e, = —18.8 and e, = 21.45
for the wavelength A = 793 nm under normal condi-
tions are , = 1.06 % 10'®s~! and t = 0.39 fs disregard-
ing corrections to the deviation from these conditions.

The zeroth and first-order terms of the expansion
of the reflection coefficient R(p, 1) calculated in terms
of the functions given by Egs. (5) including corrections
in small corrections much smaller than unity have the
form

R =0.74 +0.11p + 0.0641. (6)
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Fig. 7. (Color online) Illustration of the enhancement of a
nonlinear phenomenon with increasing energy. Nonlin-
earity is manifested in the slope of the segment BC. It is
seen that the maximum of p in the stronger wave moves to
the right behind the maximum in the weaker wave due to
the slope, as marked by the green vertical straight lines.
This retardation leads to the shift of the maximum of the
acoustic peak indicated by the IT mark in Fig. 8. The
amplitude of the weak wave is increased by a factor of
1.2/0.1 = 12 in order to compare the weak and strong

actions, see the main text.

According to Eq. (6), the coefficient R increases with
the density (and, hence, the plasma frequency ®,) and
the mean free time. This behavior is natural.

We take the correction p = 0.014 and the average
decrease in the relative density p = —0.008 from Fig. 5
and T = 0. Then, according to Eq. (6), the correction
and the average decrease in the reflection coefficient
specified by Eq. (1) are 0.11 x 0.014/0.74 =2.1 x 103
and approximately —10~3. These values are in satisfac-
tory agreement with the dependence of the reflection
coefficient given by Eq. (1) in Fig. 3.

The reflection coefficient specified by Eq. (1),
which changes under the pump action, is called the
transient thermoreflectance [1]. Indeed, the heating
induced by the pump pulse generates the acoustic
wave (see Section 4) and reduces the density of the
film (p =-0.008 and AR/R, = —0.001 mentioned
above). On the other hand, the appearance of the
acoustic echo is due just to mechanical stresses.

7. NONLINEAR BROADENING
OF CHARACTERISTICS BC

A change in the slope and, correspondingly, the
broadening of the segment of characteristics BC are
qualitatively described in Fig. 2. The situations with
weak (the nonlinearity can be neglected at the consid-
ered times) and strong (the nonlinearity is significant)
pump pulses with energies of 0.1 and 1.2 uJ, respec-
tively, which differ by a factor of 12 and provide the
absorbed fluences F,,; = 0.906 and 10.87 mJ/cm?,
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Fig. 8. (Color online) Manifestation of the nonlinearity in
the detected delay of acoustic peaks under strong heating
actions (see the red line) compared to weak actions (cf. the
blue line with error bars). The corresponding delays for the
first and second echoes are indicated by Il marks.

respectively, are quantitatively compared in Fig. 7 at
the time # = 20 ps belonging to the second half-period.
The characteristics BC and the rarefaction wave RW
are reflected once from boundaries. It is seen that the
segment BC of the instantaneous profile of the stron-
ger pulse has a larger slope. Correspondingly, the max-
imum of the density and frequency , arrives the front
edge fr later. This is manifested in the delay of the
arrival of the peak maximum (see the IT mark in
Fig. 8).

Figure 8 presents the experimentally detected non-
linear effect. To compare signals of the transient ther-
moreflectance given by Eq. (1) with different F, val-
ues, the weak signal was increased by a factor of 12,
which is the higher-to-lower energy ratio. The error
for the blue line shown in Fig. 8 is not increased by a
factor of 12. The errors of the red line are the same and
are not shown to avoid overloading the figure. Conse-
quently, the weaker the action, the larger the relative
error of the signal of the transient thermoreflectance
given by Eq. (1).

8. CONCLUSIONS

Opto-acoustic phenomena have been analyzed in
synchronous detection experiments with a thin nickel
film and the two-temperature numerical simulation
taking into account the elasticity of nickel. To the best
of our knowledge, the process of approaching the front
edge by the rarefaction wave has not yet been analyzed.
The rarefaction wave is initiated in the short two-tem-
perature stage at the nickel—glass interface.

The synchronous detection method has been
applied at fluences extremely possible for it. The heat
accumulation at multiple repetitions of pump pulses
has been described. It has been discussed whether the
limit of applicability of the method is determined by
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the gradual heating or by thermocycling-induced
cracking or by their combination. The accuracy of the
acquisition of the measurement statistics for the coef-
ficient given by Eq. (1) is determined by heating,
whereas the destruction of the sample before its melt-
ing is determined the formation of a network of micro-
cracks (see [31]).

Manifestations of nonlinearity have been observed
for the first time in the synchronous detection widely
used in laser experiments. Previous works on this
important subject involved the linear acoustic approx-
imation.

Our approach with increasing energy in synchro-
nous detection experiments points to a way to the
development of combined methods for the measure-
ment of optical properties in a wide energy range. Syn-
chronous detection (multipulse actions) applied at low
energies is continuously transformed to single mea-
surements [29, 35] at high energies of the laser pulse.
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