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Abstract. The work provides the description of theoretical and numerical modeling techniques
of thermomechanical effects that take place in absorbing micro- and nanostructures of different materials under
the action of pulsed laser radiation. A proposed technique of the numerical simulation is based on the solution
of equations of motion of continuous media in the form of Lagrange for spatially inhomogeneous media.
This model allows calculating fields of temperature, pressure, density, and velocity of the medium depending
on the parameters of laser pulses and the characteristics of micro- and nanostructures.
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Introduction

The photoacoustic effect is the formation of sound waves due to pulsed heating
of the absorbing medium upon the absorption of electromagnetic radiation. Currently, the
photoacoustic effect is widely used in biomedical research [1], photoacoustic spectroscopy [2], and
other applications. The studies of the interaction of pulsed laser radiation with absorbing micro- and
nanostructures are of particular interest. The absorption of laser pulse energy in micro-
and nanostructures makes it possible to excite acoustic vibrations in the frequency range
from gigahertz to terahertz. Such oscillations are of particular interest for fundamental research
and have many potential applications (acoustic visualization of nanoobjects, acoustic nanocavities,
phonon crystals) [3-7].

This work is devoted to the development of a technique for modeling the problems
of thermooptical excitation of acoustic vibrations in absorbing micro- and nanostructures, based
on the numerical solution of the equations of motion of continuous media in the Lagrange form. Using
the developed technique, the problems of excitation of ultra high-frequency oscillations in spherical
micro- and nanoparticles of various materials are considered.
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Theoretical model

The Lagrange equations for one-dimensional spherically symmetric motion of a continuous
medium have the following forms [8]:

— equation of continuity:
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Here V,, V are the initial and current specific volumes ¥, =1/p,, ¥ =1/p, where p,, p are

the corresponding densities, » is the Lagrangian coordinate, ¢ is the time.
As an equation of state in the problems under consideration, it is advisable to use the Mie —
Griineisen equation in its two-term form [9]:
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Here I'=—"= is the Griinheisen coefficient, § is the volume expansion coefficient, C, is

14
the heat capacity, and u, is the sound speed in the medium.

To find the change in the temperature of the medium, we will use the following heat
conduction equation:
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Here k, is the coefficient of thermal conductivity of the medium. The quantity O, is
determined by the source of energy release: Q¢ =k, [ (r,t) , where £, is the absorption coefficient
of the medium, I(z,r)=1,f,(¢) f,(r) is the intensity of the light beam. A power-exponential function
f,(t)zt/tp ¢ was chosen as the temporal shape of the laser pulse, where ¢, is the duration

,r<R
of the laser pulse; the spatial function has the form f,,(r)z{o I;) , which, in the case
,r >R,

of the spherical geometry of the absorbing particle, corresponds to a sphere of radius R, .

The solution of the system of equations (1) — (5) makes it possible to calculate the space-time
dependences of pressure, temperature, density, and velocity, to estimate the contribution of thermal
and acoustic mechanisms to the change in the physical parameters of a continuous medium. Note that
if it is necessary to describe thermomechanical phenomena in metallic nanostructures under the action
of ultrashort laser pulses, this approach should be supplemented with the usage of a two-temperature
model of metal heating, which makes it possible to study processes at times shorter than the electron-
phonon relaxation time. In this case, the heat equation takes the following form [10]:
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Here the values p (density), C (heat capacity), T (temperature), k, (thermal conductivity)

with the index “e” refer to the electronic subsystem, with the index “/” — to the ionic one. The
parameter vy determines the rate of energy relaxation from the electron gas to the ions of the crystal

lattice.

To approximate the equation of state of a metal nanoparticle, we use the Mie — Griineisen
equation, which, taking into account the separation of two subsystems (electronic and ionic), takes
the form [6]:
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Here V,,, V,, are the initial and current specific volumes, V,,=1/p,, V,.,ezl/p[’e,

where p,,, p;, are the corresponding densities, I';, are the Griinheisen coefficients, u,, is the sound

ie Om
speed in a metal particle.

The numerical solution of this system of equations was carried out by constructing a finite-
difference approximation using artificial viscosity to stabilize the solution in the presence of pressure

jumps [11].

Results of numerical simulations and discussion

Before proceeding to the discussion of the results of numerical simulations, let us establish
approximate requirements for the duration of a laser pulse for efficient excitation of acoustic signals
in micro- and nanoparticles. To implement isochoric heating, it is necessary that the duration
of the laser pulse be less than the acoustic relaxation time ¢, of the heated region (less than the time

of passage of a sound wave through it). For a spherical particle ¢, =2R, /u,. For typical values of the
sound speed, this value can be estimated for micron-sized particles as ¢, ~10”s, and ¢, ~10™"s for

particles with a radius of 10 nm. Consequently, in the first case, it is advisable to use laser radiation
with a pulse duration of the picosecond range, and to excite acoustic vibrations of nanometer particles,
it is necessary to use radiation of a subpicosecond (femtosecond) duration.

As the first example, consider the problem of the excitation of acoustic pulses in a spherical
microparticle simulating an agglomerate of close-packed carbon nanotubes [12]. We assume

the radius of the absorbing particle R, =1 pm, the absorption coefficient k, =2.4-10°cm™',
the duration of the laser pulse #, =10™'"'s, and the intensity /, =10° W/cm®. The rest parameters used

in the calculations are the typical values for single-walled carbon nanotubes and water
as environment.

As the second example, the problem of the excitation of acoustic vibrations in spherical gold
nanoparticles in an aqueous environment is considered. In this case, a two-temperature model of metal
heating under the action of an ultrashort laser pulse (equations (6)—(7)) and equation of state (8) were
used. The radius of the gold nanoparticle was assumed equal R, =10 nm, the absorption coefficient

ko, =5-10°cm™, the duration of the laser pulse 7, =107"s, and the intensity I, =10° W/em®.

The calculations were performed for typical thermophysical parameters of gold.

The results of numerical modeling of two problems are presented in Fig. 1 and 2. Let's carry
out a comparative analysis. In the first case, the duration of the laser pulse is sufficient, according to
the theoretical estimation, for effective excitation of acoustic vibrations of the microparticle (Fig. 1, a)
and for the formation of a train of acoustic vibrations in the environment surrounding
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the particle (Fig. 1, ). A train of compression-rarefaction pulses in the environment is formed due
to the reflection of a pressure wave at the interface between the absorbing particle/external
environment. The period of oscillations (changes in the radius of a spherical particle) in this case
is T ~200 ps.

In the case of a metal (Au) nanoparticle, a change in temperature due to the absorption of the
laser pulse energy also initiates the appearance of radial pressure waves AP, density Ap, and the
velocity of motion of particles of the medium u, propagating at the speed of sound inside the
nanoparticle and reflected from its surface and the center of symmetry. In this case, the presence of
wave-like motion of particles of the medium can be considered as the emergence of its radial
oscillations. For example, Fig. 2 shows the time dependence of the relative radial displacement
of the nanoparticle surface. The period of the excited acoustic oscillations is 7 = 6.2 ps for the case

under consideration, the amplitude of the oscillations is directly proportional to the intensity
of the exciting laser pulse. A pressure wave propagating inside a particle upon reflection
from the interface between two media on the surface of a nanoparticle initiates pressure fluctuations
in the environment. In this case, the first peak in the time dependence of AP (r= 10,1 nm) (Fig. 2, b)
is associated with the heating of the near-surface layer of the liquid at the time of the laser pulse
action, while the rest are the result of the partial passage of the compression-rarefaction wave through
the gold—water interface.
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Fig. 1. Time dependence of changes in the radius of carbon microparticle (a) and pressure in the environment ()
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Fig. 2. Time dependence of changes in the radius of gold nanoparticle (a) and pressure in the environment ()

Conclusion

In conclusion, for the theoretical description of thermomechanical phenomena in absorbing
micro- and nanostructures under the action of pulsed laser radiation, a technique has been developed
for the numerical simulation of the equations of continuous media motion in the form of the Lagrange
equation and the heat conduction equation. It is shown that, when the duration of laser pulses is
shorter than the acoustic relaxation time, effective excitation of acoustic vibrations in micro- and
nanostructures occurs. Examples of carbon microparticles and gold nanoparticles are considered in
details.
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