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The dynamics of the melting of a surface nanolayer and the formation of thermal and shock waves in metals
irradiated by femtosecond laser pulses has been investigated both experimentally and theoretically. A new
experimental–computational method has been implemented to determine the parameters of laserinduced
shock waves in metallic films. Data on the strength properties of the condensed phase in aluminum films at
an extremely high strain rate ( V· /V ~ 109 s–1)under the action of a laserinduced shock wave have been
obtained.
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The physical processes in condensed matter irradi
ated by femtosecond laser pulses with moderate inten
sities of 1011–1013 W/cm2 have been actively investi
gated in recent years. In addition to the technological
aspects of the precision treatment of materials, inves
tigations of the thermodynamic and strength charac
teristics of the surface nanolayer of a substance under
the action of extremely short pump pulses are of great
interest. Femtosecond interference microscopy [1–3]
is one of the informative optical methods that make it
possible to follow with a high accuracy the highrate
deformation of the substance caused by the action of
femtosecond laser pulses. The corresponding space
and time ranges of the measurements are 1–1000 nm
and 0.1–1000 ps, respectively. In this respect, the
measurements with the application of femtosecond
interference microscopy miniaturize larger scale and
slower methods of the Doppler velocity interferometer
system for any reflector (VISAR) and the optically
recording velocity interferometer system (ORVIS),
which have exclusive significance for the diagnostics of
pulse phenomena in the microsecond and nanosecond
ranges [4–6]. The VISAR or ORVIS is used to analyze
the dynamics of acoustic perturbations inside plates
with thicknesses from tens of microns to millimeters.
Very high strain rates of materials V· /V ~ 109–
1010 s–1 are associated with femtosecond laser pulses
and submicron films. The diagnostics of the processes

initiated by femtosecond laser pulses in metals is of
great interest. For this reason, the experiments
described below and the numerical simulation of the
action of femtosecond laser pulses on thin aluminum
films were performed. The time dependence of the
displacement Δx(t) of the rear surface (opposite to the
heated surface) of a thin film was measured using fem
tosecond interference microscopy. This displacement
is caused by the action of an acoustic wave excited
owing to the heating of the front surface by femtosec
ond laser pulses. Then, the events occurring inside the
irradiated film were reconstructed by means of the
twotemperature hydrodynamic and molecular
dynamics simulation from the function Δx(t).
In this work, a titanium–sapphire laser system gen
erating pulses with an energy of up to 2 mJ and a dura
tion of τFWHM = 40 fs at a wavelength of 800 nm was
used as a source of femtosecond laser pulses. Alumi
num films with various thicknesses deposited by the
magnetron sputtering method on 150μm thin glass
substrates were used as targets. A pump pulse (whose
wavelength is λpump = 800 nm) generating an acoustic
wave in the sample was focused on the metal–glass
interface through a 150μm thin glass substrate in the
normal direction to the target surface by a lens with a
focal length of 150 mm (see Fig. 1). The Δx(t) depen
dence was measured by femtosecond interference
microscopy using a Michelson interferometer [2].
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Fig. 1. Layout of the experiment: (1) microobjective, (2)
beam splitter, (3) light filter, (4) target, (5) reference mir
ror, and (6) CCD matrix.

Probing was performed by pulses of the second har
monic of the laser whose wavelength was λprobe =
400 nm. The time interval between the pump and
probe pulses was measured using an optical delay line.
The high accuracy of the measurement of the phase of
the reflected probe wave (a phase error of about
≈π/200) was reached by the application of the algo
rithm of the twodimensional Fourier analysis of
interference patterns and the procedure of the nor
malization of images [1, 2, 7]. The optical scheme and
the methods of the measurements and analysis of
interference patterns were described in [1–3]. A target
was displaced to a new place by means of a threecoor
dinate microhandler after each pump pulse. The accu
racy of the positioning of the rear surface of the target
with respect to the object plane of the microobjective
of the interferometer was no more than 1–2 μm and
was controlled in terms of the contrast of the interfer
ence fringes.
To create the necessary pressure in the acoustic
wave and prevent the development of nonlinear self
focusing and absorption processes in glass [8], which
distort the spatial distribution of radiation at the focus
and prevent an increase in the pressure with the energy
of the pump pulse, the duration of the pulses was
increased to τFWHM = 150 fs. The time resolution of the
measurements at this duration was about 200 fs. The
spatial distribution of pump radiation at the focus in
the experiments was Gaussian with a diameter of
80 μm at a level of 1/e, which was much larger than the
thicknesses d = 350 and 1200 nm of the used metallic
films. This ensured the applicability of the one
dimensional approximation to the numerical simula
tion of the processes under investigation.
Let us present the picture of the absorption of laser
radiation, the heating of the metal, and the generation
of the acoustic signal. The absorption of femtosecond
laser pulses strongly overheats the electron subsystem
[3, 9]. Correspondingly, degeneracy is partially lifted
during the action of a femtosecond laser pulse; for this
reason, the electron–electron relaxation time is small,

Fig. 2. Propagation of the compression wave p+ from the
heated layer dT near the interface x ≈ 0 towards the rear
surface x = d. The shock wave in glass (at x < 0) is not
shown, because the evolution of the wave p+ in the film and
the action of this wave on the rear surface are of interest.

tee ~ 10 fs. Therefore, the twotemperature situation
appears in the time interval tee < t < teq. The relaxation
time to the onetemperature state at the used fluences
was teq ~ 3–4 ps. The heated layer is primarily formed
at the twotemperature stage, when the electron ther
mal wave propagates from the δskin ≈ 15 nm skin layer
with a supersonic velocity. In the time interval teq, the
absorbed heat penetrates to a depth of dT ≈ 100–
120 nm. In this case, the average velocity is 30 km/s,
which is almost five times higher than the speed of
sound. At t > teq, the thermal wave is transformed to a
usual subsonic propagation regime with a low velocity
of the thermal wave.
The broadband equation of state of aluminum [5]
and data from website [5] supported by Khishchenko
et al. were used in the twotemperature hydrodynamic
code [3]. The main parameters characterizing the two
temperature state are the electron–ion energy
exchange coefficient α and the electron heat conduc
tivity κe [3]. The wellknown coefficient for aluminum
is α ≈ 3.6 × 1018 erg s–1 cm–3 K–1 [10]. At a given
absorbed fluence Fabs, the heating depth dT and melt
thickness dm are determined by the heat conductivity
κe, because the coefficient α is fixed.
The function κe(Te, Ti, ρ) was taken according to
the model developed in [11], which ensures the best
agreement with the experimental data among the cur
rently existing models. As will be seen below, the two
temperature hydrodynamic calculations with κe
according to [11] are in good agreement with the
experimental data obtained in this work. At a given
absorbed fluence Fabs, the amplitude and length of the
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compression wave p+ shown in Fig. 2 depend on the
heating depth dT: with an increase in dT, the amplitude
of the wave decreases and the length of the wave
increases. In turn, the amplitude of p+ determines the
measured velocity u with which the motion of the rear
surface begins when the acoustic signal formed at the
twotemperature stage arrives at this surface.
It is known [12] that first, the fast heating by fem
tosecond laser pulses results in a sharp increase in the
pressure and the appearance of acoustic waves propa
gating from the heating layer. Second, the reflection of
these waves from the surfaces of the film leads to the
displacements of the surfaces. In this work, the dis
placement Δx(t) of the rear surface is considered. We
emphasize that the wave profiles in the aluminum film
on the glass substrate considered in this work are qual
itatively different from those in the free foil investi
gated in [12]. In the latter case, glass was absent and
both surfaces of the aluminum foil are in contact with
air at atmospheric pressure.
Figure 2 shows the propagation of the wave p+ in
the film. The time t is measured from the maximum of
the intensity of the pump femtosecond laser pulse,
which is approximated by the Gaussian I(t) =
2
Imaxexp(–t2/ τ L ) with τL = 90 fs and τFWHM = 150 fs.
Note that the low phonon thermal conductivity of
glass was neglected in the twotemperature hydrody
namic calculations. Since the characteristics on the (x,
t) plane in linear acoustics are parallel to each other,
the traveling wave p+ has the form p(x – cst) and its
shape is unchanged in time. In the case under consid
eration, the wave is moderately nonlinear: in contrast
to linear acoustics, the characteristics are focusing
(approach each other) in the section of an increase in
the pressure and defocusing (diverge) in the decrease
section. For this reason, the compression wave is bro
ken: the pressure jump is formed and, moreover, the
maximum p value decreases with the time and the rear
section is stretched along the x axis.
Figure 3 shows the “response” of the rear surface to
the reflection of the wave p+ shown in Fig. 2 from it. In
linear acoustics, the functions p(x – cst) and u(t) =
(d/dt)Δx(t) are similar at the appropriate scaling of the
t and x axes. Figure 3 is presented for a film whose
thickness is d = 350 nm rather than 1200 nm as in
Fig. 2. The compression wave p+ inducing the dis
placement Δx(t) in Fig. 3 has almost the same profile
as the wave in Fig. 2 at the time t = 20 ps. Correspond
ingly, the profile p(x, t = 20 ps) in Fig. 2 and the profile
u(t) in Fig. 3 are similar. To illustrate the connections
of the femtosecond laser pulse
the compression
wave p(x, t)
the displacement Δx(t), we took a
thinner film, because the structure of the wave p(x, t)
is simplified as the wave propagates. Indeed, since the
acoustic characteristics approach each other, a ther
mal precursor in front of the pressure jump is continu
ously weakened and the pressure increase section
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Fig. 3. Displacement Δx(t) and velocity u(t) of the rear sur
face of the film with the thickness d = 350 nm. The maxi
mum velocity corresponds to the bend in the Δx(t) depen
dence.

Fig. 4. Spinodal strength p(x) of the inhomogeneously
heated aluminum film and the envelope of the wave p(x, t).
The idea of the method for the location of the melting front
is based, first, on the significant difference between the
strengths of the solid and liquid phases and, second, on the
fact that the amplitude of the tensile stress varies slowly
when the wave propagates. In this method, the amplitude
of the wave should be between the nucleation thresholds in
the solid and liquid phases, see the main text.

between the pressure maximum and pressure jump
disappears gradually, cf. the profiles in Fig. 2. Note
that as will be shown below, the precursor was not
observed in the experiment with the d = 350 nm film,
because either it was weak or the accuracy of the mea
surements at small displacements was insufficient.
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As is known [4, 6, 12, 13], after reflection from the
free surface x = d, the compression wave p+ with p > 0
shown in Fig. 2 is transformed into a rarefaction wave
p– with negative pressure p < 0 propagating to the left.
Figure 4 shows the propagation of the reflected wave
from the rear surface towards the melt layer according
to the molecular dynamics calculation for the
absorbed energy Fabs = 130 mJ/cm2 and film thickness
d = 1200 nm. The envelope in this figure is plotted
through the maxima of the tension in the traveling
reflected wave. These maxima increase continuously
with the distance from the surface and are saturated at
a certain distance from the surface. Such a behavior is
due, first, to the boundary condition for the pressure
p(x = xrear(t), t) = 0 on the free surface x = xrear(t) and,
second, to saturation reached at the distance of about
the finite width of the wave p+ (see Fig. 2).
The rarefaction wave p– shown in Fig. 4, as well as
the wave p+ shown in Fig. 2, is moderately nonlinear:
its propagation is accompanied by the focusing and
defocusing of the characteristics. For this reason, the
absolute value of the amplitude of the pressure mini
mum in Fig. 4 decreases slowly as the wave propagates
(after the passage of saturation). In addition, the left
side of the wave is stretched, whereas the right side
becomes steeper, cf. the wave profiles in Fig. 4. Note
that the left side of the reflected wave is an image of the
jump in the compression wave p+ in Fig. 2, whereas the
right side is the rarefaction wave on the profile of p+. As
is seen, their character with respect to the focus
ing/defocusing of the characteristics changes after
reflection. The right side of the reflected wave p– is
broken and forms a jump (shock wave), cf. the wave
profiles in Fig. 4. The conditions on such a jump cor
respond to the continuation of the Hugoniot curve
behind the binodal to the metastable region. The jump
moves more rapidly than the characteristics. Conse
quently, the depth of the “well” in the pressure in
Fig. 4 decreases with time.
In linear acoustics, the amplitude of the wave p–
after the saturation is proportional to the amplitude of
the wave p+. Let us compare the cases with different
amplitudes of the wave p+. When the wave p+ is suffi
ciently strong, the negative pressure p– is higher than
the material strength σstr. In this case, spallation
occurs on the rear surface. This phenomenon is obvi
ously threshold in the amplitude of p+ or (equiva
lently) of p–. The thickness of the separated (spall)
layer dsp at the threshold is determined by the depth at
which the saturation discussed above occurs. This
depth corresponds to the minimum on the envelope in
Fig. 4.
The thickness dsp decreases with an increase in the
amplitude of the wave p+ above the spall threshold. A
spall in a homogeneous layer whose strength σstr is
independent of the coordinate x is absent below the
threshold. An unusual situation arises in the alumi

num film heated through glass under consideration. In
this case, a hot aluminum layer with the thickness dT is
formed near the interface with glass. It is important
that the strength σstr decreases with an increase in the
temperature [4, 6]. The strength can be estimated
using the spinodal curve pspin(T). We took it from [5,
14, 15] and the temperature profile T(x, t) from the
twotemperature hydrodynamic calculation. Let t cor
respond to the arrival time of the reflected wave p– at
the melted layer. In Fig. 4, t = 310 ps is taken. The
temperature at large times of about 100 ps varies
slowly; hence, T(x) can be written instead of T(x, t).
The calculated function σ(x) = pspin(T(x)) is shown in
Fig. 4 by the line marked as spinodal.
Let us compare the curves marked as spinodal and
envelope in Fig. 4. As is seen, the wave subthreshold
with respect to the cold solid phase is superthreshold
for a quite hot aluminum melt. This situation is
unusual. First, spallation in the solid phase changes to
cavitation in the melt and, second, the spall layer is
anomalously thick. Indeed, the maximum thickness
dsp is determined by the distance from the rear side to
the heated layer rather than by the saturation point in
Fig. 4. This distance can obviously be large in thick
aluminum films. We emphasize that the standard lin
ear formula σlin = ρcsΔu/2, where Δu is the difference
between the velocities at the maximum and minimum
of the u(t) dependence exemplified in Fig. 3, is inap
plicable to estimate the strength of the melt in the case
of deep location. This formula is applicable if spalla
tion occurs in the section of the increase in the ampli
tude of the tensile stress in the medium. In the case of
location, σlin provides the estimate of the stress sus
tained by the cold crystal through which the wave p–
has passed, see Fig. 4.
The molecular dynamics calculation of the wave p–
shown in Fig. 4 was performed for the fcc aluminum
crystal, which is in equilibrium (p = 0) at room tem
perature before irradiation by femtosecond laser
pulses, see [12]. The crystal is oriented in the 111 close
packed direction along the hydrodynamic motion axis
x. The power Eei transferred from hot electrons to ions
at the short twotemperature stage is calculated using
the twotemperature hydrodynamic code and is used
to simulate heating in the relaxation time teq in the
molecular dynamics code. The important advantage
of the molecular dynamics approach is the absence of
uncertainties associated with the hydrodynamic
description of metastable decay at p < 0 in the two
temperature hydrodynamic code.
Figure 5 shows the density distribution at 10 ps
after the beginning of cavitation in the melt. In the
case under consideration, the amplitude of the tension
wave and the strength profile of the melt are such that
liquid aluminum is foamed in the entire melt layer. A
surprising phenomenon of the propagation of the
nucleation front with a high phase velocity to the left is
JETP LETTERS
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observed owing to an increase in the temperature
(decrease in the strength) to the left along the x axis,
which compensates a decrease in the amplitude of
negative pressure. As mentioned above, the strength
profile σ(x) is determined by the temperature distribu
tion. The line marked as spinodal in Fig. 4 provides the
representation of this profile. Note that the dashed
part of the line marked as envelope in Fig. 4 indicates
the continuation of the envelope for the case of the
absence of nucleation. The amplitude of tension
induced stresses vanishes in the presence of cavitation.
Owing to the abrupt decrease in stresses in the cav
itation region, the acoustic signal called the spall pulse
is formed and propagates from the cavitation region
towards the rear surface. The upward arrow in Fig. 6
marks the time of the arrival of the spall pulse at the
rear surface in the solid line, which is obtained by the
molecular dynamics simulation. The downward arrow
in Fig. 6 marks the time of the beginning of the nucle
ation shown in Fig. 5. The profile of the acoustic wave
corresponding to the spall pulse is complicated owing
to the reflection from the melting front. The profile is
affected both by the reflection of the leftward moving
wave p– (see Fig. 4) and by the refraction on the melt
ing front of the spall pulse propagating from the inte
rior of the liquid layer to the right. This leads to the
appearance of the wide peak in the pxx curve at x ~
250 nm in Fig. 5. Unfortunately, the molecular
dynamics data in Fig. 6 are in worse agreement with
the experimental data at long times passing from the
arrival of the signal at the rear surface. This can be
caused by the electron heat conduction disregarded in
this molecular dynamics code. The temperature of the
liquid phase in the molecular dynamics simulation at
long times is correspondingly higher than that in the
twotemperature hydrodynamic calculation. More
over, the heating of glass owing to the partial absorp
tion of a femtosecond laser pulse in glass possibly
affects the late evolution. In the arrival time, the
experimental signal marked by the vertical linear seg
ment in Fig. 6 is similar to the discontinuity near or at
the glass–aluminum interface.
Figure 7 shows the calculations in comparison with
the experimental data for two (350 and 1200nm)
aluminum films on glass. The focusing conditions and
the energy of the femtosecond laser pulse (64 μJ) are
the same for both films. Similar experiments, but
without comparison with the theory, were performed
in [16] for nickel. In the experimental data, the time
texp is measured from the same time for films with dif
ferent thicknesses. Unfortunately, the arrival time of
the pump femtosecond laser pulse at the glass–alumi
num interface with respect to this time is unknown.
For this reason, the time texp in Figs. 6 and 7 is shifted
so that the sections to the maximum velocity in the
experiment and molecular dynamics simulation coin
cide with each other for the thinnest film with the
thickness d = 350 nm.
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Fig. 5. Density ρ averaged over the (y, z) cross section and
pressure in the case of cavitation in the aluminum melt
under the action of tensile stresses induced in the melt
layer by the wave p– at t = 359 ps. Dips in ρ are attributed
to large bubbles.

Fig. 6. (Solid line) Molecular dynamics, (dashed line) two
temperature hydrodynamic calculations, and (points)
experimental data.

It is seen that the compression wave p+ in the two
temperature hydrodynamic calculation moves slower
(see Fig. 7). The analysis attributes the twotempera
ture hydrodynamic signal delay increasing with the
thickness d to a lower speed of sound in the broadband
equation of state used in the twotemperature hydro
dynamic calculations. The reason is that the solid
medium in the twotemperature hydrodynamic calcu
lation is described in the plastic limit, which is valid
only above the dynamic flow limit σel [4–6]. Elasticity
should be taken into account in the flow regions where
stresses are lower than this limit. There are phenome
nological elastic–plastic models describing the forma
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Fig. 7. (Solid line) Molecular dynamics and (dashed line)
twotemperature hydrodynamic calculations in compari
son with the experimental points. In the molecular
dynamics simulation with d = 350 nm, nucleation begins
at the time t = 82 ps and the wave reflected from the melt
ing front and the spall pulse arrive at the rear surface at t =
92 and 110 ps, respectively.

into the elastic–plastic models. This is a future task.
We emphasize that the above molecular dynamics
results and experimental data indicate that aluminum
remains in the elastic state at sufficiently high pressures
that are an order of magnitude higher than σel values
known from the experiments at lower rates V· /V [4].
It has been shown above that the molecular dynam
ics calculations with the embeddedatom method
potential [12] are in good agreement with the experi
mental data on the propagation velocity of the wave p+.
Figure 8 shows the molecular dynamics results for the
strength of the aluminum melt. The four circles refer
to the four nucleation “flashes,” which are seen in
Fig. 5. The rates V· /V corresponding to these points
are (in the order of an increase in the temperature) 1.2,
1.9, 2, and 1.5 in units of 109 s–1. The square indicates
the strength of the aluminum crystal, 7.4 GPa, upon
tension in the 110 direction at the rate V· /V = 4.3 ×
109 s–1 [12]. The calculation reported in [17] yields a
strength of 8.4 GPa at a lower temperature of 100 K
and the same rate V· /V. In that calculation, it is
assumed that the crystal is plastically transformed in
the shock wave; this behavior is not observed in our
molecular dynamics simulations and experimental
data at ultrahigh rates V· /V.
To summarize, (i) the method for the acoustic
location of a melt through its thickness has been pre
sented, (ii) it has been shown that the aluminum crys
tal remains elastic at p ~ 10 GPa, and (iii) the strength
of the liquid aluminum phase has been determined at
ultrahigh rates V· /V.
This work was supported by the Russian Founda
tion for Basic Research, project no. 090800969a.
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