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Internship Topic and Implemented Skills

Internship Topic

The internship topic involves studying surface waves on transparent samples using picosecond acous-
tics techniques [I} 2]. This internship is divided into two parts. The first part focuses on the study
of surface waves (Rayleigh and head waves) in transparent samples under normal temperature and
pressure conditions, using glass samples coated with a thin aluminum layer. The picosecond acoustics
setup allows surface imaging, thereby enabling the visualization of surface waves. The second part
involves studying the surface waves of transparent samples under high pressure combining the picosec-
ond acoustics technique with a diamond anvil cell (DAC). The combination of measuring Rayleigh
and head waves [3] should provide insights into the elastic properties of the substrate, particularly in
determining the velocities of transverse waves, a challenging aspect in picosecond acoustics [4} 5.

List of Implemented Skills

e Measure and visualize surface acoustic waves by picosecond acoustics.

e Acquire an understanding of the instrumentation commonly used in picosecond acoustics, in-
cluding laser systems, interferometers, and diamond anvil cells (DAC), among others, and
master the operational techniques required to conduct experiments with these instruments.

e Master the fundamental principles of picosecond acoustics, including photoacoustic techniques
for generating and measuring surface acoustic waves.

e Learn sample preparation techniques, including laser cutting of samples.

Presentation of the Host Organization

The host institute for this internship is the Institut de Minéralogie, de Physique des Matériaux et de
Cosmochimie (IMPMC), a collaborative research unit of Sorbonne Université, CNRS, Muséum na-
tional d’Histoire naturelle (MNHN), and Institut de recherche pour le développement (IRD). Located
at Sorbonne Université in Paris, the IMPMC is multidisciplinary, combining expertise in physics,
biology, and mineralogy to explore the structure and behavior of matter and its interactions with
microorganisms.

The institute employs about 80 permanent researchers and faculty, alongside around 40 engi-
neers, technicians, and administrative staff. Research at IMPMC spans several areas, including the
study of synthetic and natural materials, properties of matter under extreme conditions, and mineral
transformations influenced by biological activities.



IMPMC'’s facilities include advanced equipment for a wide range of scientific investigations, from
electron microscopy to spectroscopy. The institute also features a mineral collection, which is a part
of its educational and research resources.

The official website of the laboratory is: https://impmc.sorbonne-universite.fr/
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Chapter 1

Surface waves on a layered sample at
ambient conditions

1.1 General introduction

In picosecond acoustics, generating and detecting shear waves in isotropic materials is a major chal-
lenge [6]. In anisotropic materials, such as silicon [7] or MgO [2], the focalisation of the pump beam
produces diffraction and permits easily to generate shear waves. However, in isotropic materials,
when photoelastic generation is based on thermoelastic effects, shear acoustic waves are not excited
at all in a single heated point in the material volume. Due to the isotropy of thermal expansion,
thermal expansion proceeds equivalently along all possible directions from the heated point, and the
particle displacement remains spherically symmetric, and no shear deformation occurs. Therefore,
shear acoustic waves are not naturally generated in homogeneous isotropic materials, and overcoming
this limitation requires breaking the material’s symmetry.

Another approach is to generate waves which combine longitudinal and shear properties (generally
surface waves) to indirectly determine the shear velocity [8, B, [0, [10]). This is called ”inversion
technique” (see Ref.[11]). For example, Mante et al (2008) [§] have used a nanostructured aluminum
film to excite and detect high-frequency acoustic waves. The vibration of the nanocubes, in the
limiting case where they are infinitely spaced, gives a velocity equals to the Rayleigh wave velocity.
Combining this with the determination of the longitudinal velocity from time Brillouin-scattering
and the knowledge of refractive index, enable the determination of the transverse sound velocity in
submicron films.

Xu et al (2013) [9] refined the method, measuring the Brillouin frequency at various incidence
to obtain an absolute value of the longitudinal velocity, and measuring Rayleigh wave velocity by
Phonon imaging and obtaining dispersion curve. Combined with a determination of the density, from
the amplitude decay of the echoes and evaluation of the impedance mismatch, they obtain a complete
characterization of the thin film under study with the minimum of assumptions.

In this study, we plan to obtain the longitudinal velocity and shear velocity by measuring the
velocities of Rayleigh and lateral waves by the picosecond acoustic technique. In the case where
the sample is transparent, an absorbing layer must be deposited on top, which affects obviously the
propagation of waves in a proportion that must be quantified.

1.2 Surface waves

Using picosecond acoustics, we can excite surface acoustic waves to assess the thickness of thin films
and the elastic constants of substrates. The types of surface acoustic waves excited include Rayleigh



waves and lateral Waves (sometimes called head waves).

Rayleigh waves are a type of surface acoustic wave that travels along the surface of solids. They
are characterized by their proximity to the surface and include both longitudinal and transverse
component motions. The amplitude of these waves decreases exponentially with distance from the
surface, and there is a phase difference between the component motions. In isotropic solids, Rayleigh
waves cause surface particles to move in elliptical paths within planes perpendicular to the surface
and parallel to the direction of wave propagation, with the major axis of the ellipse being vertical.
The velocity of the Rayleigh waves is slightly less than that of shear waves, dependent on the elastic
constants of the material (see Section [L.3)).

Lateral waves, equivalent to head waves at the free surface, are another type of surface acoustic
wave, typically travel faster than Rayleigh waves. They propagate at the same velocity as longitudinal
waves travelling parallel to the free surface and share the same geometrical shape as the boundary
between the different media (see Fig. using a two-dimensional finite-difference model [12]).
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Figure 1.1: Simulated waves propagating in a semi-infinite and isotropic solid (at the bottom) bounded
by a free surface (at the top), and excited by a point source located in (x,z)=(0,0) [12].

1.3 Rayleigh wave velocity

1.3.1 Case of a semi-infinite substrate

To calculate the Rayleigh wave velocity, the well-named Rayleigh equation is used, but Viktorov’s
approximation is often employed for simplicity.
The analytical Rayleigh equation is satisfied by vg [13] if

2 2 2\ 4
16( —”—fj)( _“_g)_(z_”_g) —0, (1.1)
vL, vr vr

where vy, and vr are respectively the longitudinal and transverse (shear) velocity in the substrate.
The Viktorov equation [I3], which gives a good approximation of vg, is frequently used :

vr  0.718 — (vp/vy)”

vr 0.75 — (vp/oL)? (1:2)

We can see in Table that the Viktorov’s equation give different (10-20 m/s) than the exact
solution. In the following, we will refer always to the exact solution.



Material Nature p v, vy wvg (Viktorov) wvg (exact)
(kg/m?) (mfs) (m/s)  (m/s) (m/5)
soda-lime glass [14] | amorphous (*) | 2490 5840 3460 3182.5 3169.4
borosilicate glass [I5] | amorphous (*) | 2230 6050 3690 3377.1 3364.0
aluminum (A1050) [16] | polycristalline 2700 6470 3150 2953.5 2942.8
ZnO [17] polycristalline | 5700 6000 2831 2659.2 2649.9
Si [I7] polycristalline | 2331 8945 5341 4906.6 4886.5
SiOq [1§] amorphous 2200 5970 3776 3430.7 3417.9

Table 1.1: Elastic properties of standard isotropic materials from literature data. (*) These glasses
are essentially rich in silica SiOq (70-80%), but borosilicate glass have a composition more rich in
boron trioxide BoO3, whereas soda-lime glass have more sodium oxide NayO.

1.3.2 Case of a layer deposited on a semi-infinite substrate

The deposited layer on the substrate affects obviously the propagation of the Rayleigh wave, depend-
ing on its thickness and nature. A complete modelisation was proposed by Farnell et al [17].

In the experiment, both the layer and substrate materials are non-piezoelectric and isotropic.
According to Farnell et al. (1972)[17], the boundary condition equations for isotropic media can be
divided into two distinct groups when electrical conditions are disregarded. One group involves roots
a, 1, and 2, which pertain to transverse displacement components. The other group involves roots 5,
6, 7, 8, ¢, and d, relating to displacements in the sagittal plane. This leads to two independent types
of solutions:

e "Love modes” for transverse displacements only and

e "Rayleigh-like modes” or simply ”Rayleigh modes” for sagittal-plane displacements, echoing
the Rayleigh waves on unlayered free surfaces.

We focus on Rayleigh modes, and therefore, only the six mechanical conditions detailed in section
I1.C of Farnell et al.’s paper (1972) are relevant. These conditions involve six constants C(?), labeled
5,6,7,8 for the layer, and ¢, d for the substrate.

Noting k£ the wave number, and v the velocity to be determined, the displacement for the layer is

aj (1‘17 T3, t) _ (0(5) a§5)eikb(5)a§3 + 0(6)(X§-6) eikb(ﬁ)xg + 0(7)0[5-7) eikb(7>z3 + O(S) aég)eikb(s):vg) eik(x1 —vt)’
(1.3)
whereas the displacement for the substrate is

Then Eq. (1.3)) and (1.4]) are used in combination with the mechanical sagittal boundary conditions
labelled (7)-(12) and leads to the equation (see Eq.(18) in [17] [f)

b ~1 —b® ~1 —b©) 1
-1 —p(©) -1 b(6) 1 b
(1—0p®2) 26(0) (1 —0®2) —2b) —r(1=b©2)  —2pp@
26(%) (1 - b2 —2p0®) (1 - 592 Do e —plezy| =0 (L1.D)
(1 _ b(5)2)€ib(5)kh 2b(6)eib(6>kh (1 _ b(5)2)e—ib<5>kh _2b(6)€7z’b(6)kh 0 0
2p(5) (@ kh 7(1 _ b(5)2)eib(6)kh _9p(5) g—ib®kh 7(1 _ b(s)z)e—ib(ﬁ)kh 0 0

ib® kh

TAn error was reported in the paper, in the fifth line and fourth column 2b®)e should be replaced by

9p(6) i@ kh



where h is the thickness of the layer, b9 = —iy/1 — U/UTQ, b = —iy /1 — v/vL2 for the substrate

with v, and vy are respectively its longitudinal and longitudinal velocity ; b® = 44/1 — v/vlTQ,

b6 = i/ 1—v/y L2 for the layer, with v;;, and v;p are respectively its longitudinal and longitudinal
velocity;

The influence of the material layer on the phase velocity of Rayleigh waves is explored for two
distinct cases, as illustrated in Figure (a) ZnO/Si (polycrystalline), a scenario previously analyzed
by Farnell [17], and (b) Al(1050)/soda-lime glass, which is the focus of our current study. For the
ZnO/Si case, the relevant values are provided in Table [L.1]

The relationship between the phase velocity and group velocity v,(kh) for Rayleigh waves is further
elucidated through the equation given by Farnell (see Eq. (27) in Ref. [17]):

duvy(kh)
dkh

vy, = vy(kh) + kh (1.6)
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Figure 1.2: Phase velocity (solid lines) and group velocity (dashed lines) of the Rayleigh wave vy as
a function of kh for two cases (calculated from Eq. [L5)): (a) polycrystalline ZnO/Si (with the first
three Rayleigh modes labelled Ry, Ry and R3) ; (b) Al/glass.

1.4 Experimental technique : picosecond acoustics

Picosecond acoustics [I] is an advanced nondestructive pump-probe technique used within ultrafast
optical methods to explore the mechanical and thermal properties of materials, particularly useful for
thin-film samples. This method uses a Ti:Sapphire laser, with a wavelength tunable now operating
at \p=960 nm an with a repetition rate of 12.494 ns. In our set-up, the laser generates ultrashort
pulses of 100 fs, split into pump and probe beams focused on opposite surfaces of the sample (see
Fig . The absorption of the pump optical pulse at the sample surface induces a temperature
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increase, causing thermal expansion and subsequent generation of acoustic strain fields. The probe
beam pass four times through a mechanical delay line (length 1 m) which allows to modify the time
delay between pump an probe up to 13.33 ns.

As these fields propagate, they influence the sample’s optical reflectivity due to the photo-elastic
effect and surface displacement. This change in reflectivity, captured through interferometry, is
analyzed using a stabilized Michelson interferometer, which facilitates the precise determination of
reflectivity changes. An acousto-optic modulator (AOM) allows to measure very weak signals by
modulation of the pump at 1 MHz and then demodulation of the photodiode signal by a lock-
in amplifier. Aided by high-resolution microscopy with a Mitutoyo 20X NIR objective (NA=0.4,
f=10 mm), both beams are sharply focused (the theoretical beam spot diameter is d = 2\o/TNA=
1.53 um), enabling imaging of the sample surface with the help of a piezoelectric X-Y stage. The
piezoelectric stage can explore areas up to 100 x 100 pm?2.

Ti:sapphire laser

l, 80 MHz, 100 fs, 2=960 nm
A2

JPumP [ Aom |

Camera +
ruby fluo.

rs \, i N
H T M
1
I 1
soum  PBS PBS !
Y sample

A4

ref.mirror EI—/ 20X obj. 20X obj.

Michelson interferometer

Figure 1.3: (left) A photograph of the set-up (at IMPMC). (right) Schematic view of the set-up.
PBS : polarizing beamsplitter ; AOM : acousto-optic modulator ; A/2 : half-wave plate ; \/4 :
quarter-wave plate ; PDA/PDB : photodiodes A and B ; XY(Z) : translation stages ; 20X obj. : 20X
near infrared objectives.

1.4.1 Time-domain Brillouin scattering

The transparency of the substrate allows the observation in the signal of typical ”Brillouin oscilla-
tions”. It appears in the relative variations of refractive index Ar/r induced by the propagating wave
as damped sinusoidal oscillations, when pump and probe beams are colinear. The oscillations arise
from interferences between the probe light reflected by the static interfaces and the moving acoustic
pulse [19]. This technique is often called time-domain Brillouin scattering (TDBS).

The frequency of Brillouin oscillations, denoted as fg, is determined by

2nvg,

fe= SV (1.7)

where n is the refractive index of the glass substrate at A\g, and v, represents the adiabatic longitudinal
sound velocity (or compressional in the case of fluid). During their propagation in the sample,
these Brillouin oscillations are attenuated. The Brillouin oscillations appears as damped sinusoidal
oscillations, and the relative variations of refractive index Ar/r can be described by

ar

r

(t) = Asin <27T% + (b) et (1.8)
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where A is an amplitude coefficient, ¢ is the phase at the origin, 7" is the period of the oscillations
simply related to the frequency fg by fg = 1/T and « is an attenuation coefficient. This coefficient
includes acoustic damping at the frequency fp (geometrical and intrinsec), optical damping at the
laser beam wavelength Ay (generally negligible in glasses), the focusing effect due to microscope
objective, and the geometrical damping due to diffraction of the acoustic wave [20].
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Figure 1.4: (left) Typical signal (average of 369 scans) of 100 nm Al layer on microscope slide glass
when pump and probe are collinear, in transmission configuration (pump beam on air/Al side, and
probe beam on Al/glass side) and in interferometric mode. The smooth decrease of the signal is due
to thermal relaxation. (right) Fitting of the Brillouin oscillations by Eq. (L.8)), after subtracting the
background by a Savitzky-Golay algorithm (500 points, polynomial order 2, see red line in the left
figure). It gives T' = 54.789 + 0.002 ps, and avy= 0.431 £ 0.005 ps~— .

1.4.2 Surface imaging

The probe beam pass through an objective mounted on a piezoelectric device which allows to perform
surface imaging of the sample, over an area of 100 x 100 pm2. The simultaneous use of the delay
line makes it possible to record the evolution of the waves arriving at the surface (bulk waves or pure
surface waves) as a function of time, what can be called a "movie”.

The propagation of surface waves on the sample’s surface, which have the shape of circles centred
on the spatial coincidence of the pump/probe beams for isotropic samples or have more complex
shapes for anisotropic solids, can be tracked using surface imaging. For these surface waves, the
radius of the circles increases linearly with the delay time, as shown in Fig.. We plot the
measured data as a graph of the radius as a function of the delay time, according to the equation
R(t) = vt. The surface wave velocity v is simply the slope of the R(t) graph, obtained from a linear
fit.



R(t)y

>t

Figure 1.5: (Left) Schematic diagram of surface imaging, after a certain delay time, representing a
circular ripple due to a surface wave. (Right) Schematic representation of the variation of the radius
of surface waves over time after processing the surface imaging (blue line). TDBS measurements are
performed at R=0.

1.5 Results

1.5.1 Surface waves on various substrates

On a preliminary study, to illustrate the capabilities of the technique, we obtained surface waves
imaging on various substrates [2I], as shown in Fig. . In the experiment, the samples we se-
lected consist of aluminum layers, each with a thickness of 150 nm, deposited on various substrates
(anisotropic or not) including quartz, LiF, sapphire, diamond, fused silica (SiO3), and finally an iron
(Fe) deposited on glass.
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a) Quartz ) LiF c¢) Sapphire

(d) Diamond (e) Vitreous silica (SiO2) (f) Fe

Figure 1.6: Surface waves on various substrates, visualised in the zy plane (area 100 x 100 pm?).
Note: white areas represent removed thermal signal or static reflectivity defects, which are very
intense with respect to waves and are not of interest in this study.

From Fig.( [1.6), we observe diverse surface wave patterns on different substrates. This variation
is due to the distinct crystal structures and anisotropic characteristics of these substrates, which
influence the shape of the surface wave patterns, allowing us to observe different acoustic wave
features :

e Quartz, as a hexagonal crystal system, exhibits significant anisotropy, with its surface waves
forming a six-pointed star pattern as shown in Fig. (|1.6a)).

e LiF is a cubic crystal system, characterized by anisotropy, and displays a slightly distorted
circular pattern in surface waves as seen in Fig. [L.6D]

e Sapphire, a trigonal crystal system, shows pronounced anisotropy, with its surface waves pre-
senting an elliptical pattern in Fig.

e Diamond, an anisotropic cubic crystal, and its high hardness contribute to a very unique surface
wave pattern. Due to the large difference of impedance between aluminum and diamond, the
layer of aluminum vibrates (phenomenon of ”ringing” [22]) and produces multiple fine ripples
(see Fig. [1.6d]).

e Silica (amorphous SiOy, UVFS grade) is a glass and thus elastically isotropic, and in Fig. [1.6€|it
is clear that the surface waves present a circular pattern. The Rayleigh velocity was determined
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to be vg = 3219 4+ 6 m/s (V,,:=0.39 GHz), and the head wave velocity vy = 5802 £+ 51 m/s
(Vmae=0.67 GHz).

e A layer of polycrystalline Fe (250 nm evaporated on glass), containing a large number of ran-
domly oriented grains, appears isotropic at the macro level, and in Fig. [L.6f, we can observe
that the surface waves also present a circular pattern. The multiple ripples are likely due to
dispersion. The Rayleigh velocity was determined to be vg = 2896 + 34 m/s, at kh =0.174.

1.5.2 Surface waves on glassy samples
The samples

The samples consist of a thin aluminum layer deposited on standard glasses : microscope slides and
cover slips, with characteristics indicated in the Table. (see Fig. left). This is test samples
which have been coated with nice layers of aluminium, and they are readily available in our labora-
tory. At the beginning of our work, the exact type of glass involved was unknown. To enhance the
adhesion of the layer, a preliminary etching with argon plasma was conducted, followed by deposition
through vacuum evaporation in the clean room at IEMN [23] (thanks to Silvia Boccato from IMPMC,
and Isabelle Roch-Jeune, from Centrale de Micro et Nanofabrication, Institut d’Electronique de Mi-
croélectronique et de Nanotechnologie, UMR CNRS 8520, Villeneuve d’Ascq, France). The nominal
thicknesses of the aluminum layers are 50, 100, 150, and 200 nm. Profilometry gave respectively
33—61ﬂ 99, 150 and 202 nm. The properties of the deposited aluminum are assumed identical to the
properties of the bulk polycristalline aluminum. The same aluminum layer was deposited on the two
kind of glasses, but different layers are deposited on different slides. In this work we assume that the
4 cover slips (and the 4 microscope slides) are from the same batch and have an identical composition.

Substrate material e | L m P

(mm) (mm) (mm) () (kg/m?)

microscope slide glass | 1.08 &£ 0.02  25.52 + 0.04 75.76 & 0.06  5.19 &£ 0.01 2490 &+ 50
cover slip glass 0.150 £ 0.005 22.46 £ 0.04 2246 + 0.04 0.168 £ 0.004 2210 £ 90

Table 1.2: Typical properties of glass substrates : e is thickness, [ width, L length, m mass and p the
density simply determined by p = m/elL.

TDBS measurements

We conducted Brillouin oscillation analysis on both types of glass, using damped sinusoidal wave
fitting, and obtained the results shown in Fig (right). According to this figure, we found significant
differences in the nv; between the two types of glasses. This suggests that the elastic properties of
the two kinds of glasses are different. We performed statistical analysis to obtain the mean values

shown in Fig.(1.7) and reported in Table (p. .

2The profilometer is not precise enough for 50 nm, hence only a trend is provided.
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Figure 1.7: (left) A microscope slide (top) and a cover slip (bottom) [Credit image : Wikipedia].
(right) Comparison of nvy, between the two types of glasses obtained by Brillouin oscillations. The
error bars of each point are derived from the fits. The statistical value indicated on the graph is the
arithmetic mean (no weighted), and the error bar is the corrected sample standard deviation.

Surface imaging

For each sample, surface imaging as a function of time was performed.

To enhance the signal-to-noise ratio, we integrated circular patterns and collected data on the
changing radius over time. This process yielded the radius R as a function of time ¢, as shown in
Fig. for the sample with 150 nm aluminum layer on microscope slide glass. In the three images
in Fig. [1.8] (upper part), the head wave is highlighted by orange arrow (top panel) or circle (bottom
panel), while the Rayleigh wave is highlighted by red arrow (top panel) or circle (bottom panel). The
white areas, which originally contained thermal signals, were removed as they were of no interest.

Since the relationship between the surface wave radius and time is linear, we were able to determine
the slope to calculate the velocities of the head wave and Rayleigh wave. The Rayleigh wave velocity
was determined to be vg =3164.3 £ 1.2 m/s, and the head wave velocity was vy = 5782 + 8 m/s.
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Data from 20240516_153912_1_|_03_0010_ns_030.dat , _Data from 20240516 153912_L1_09_0011 ns_090.dat

Data from 20240516_153912_|_|_06_0010_ns_060.dat
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Figure 1.8: (Above) Three pictures from surface imaging on 150 nm aluminum layer on microscope
slide glass, at different delay times, showing multiple circular patterns due to propagating surface
waves. From each picture, profiles are generated by integrating the circular patterns. (Below) Radius
as a function of time, showing only maxima (dark blue points) and minima (light blue points). Surface
waves appear as lines, and velocities v are obtained from a linear fit such as R(t) = v(t — to).

Using this method, we obtained the experimentally measured vi and vy values for glass substrate
covered by aluminum layers with nominal thicknesses of 50 nm, 100 nm, 150 nm, and 200 nm.

Based on the theory discussed in Section 4.4, we plotted the theoretical curves of vy versus kh
for the aluminum-coated microscope slide glasses and cover slip glasses. The determination of the k
value is challenging because surface waves are wave packets, which complicates their spectral analysis
compared to purely monochromatic waves. Where possible, we processed the experimental data
using a Fourier transform for time-frequency analysis. The peak position of the Fourier transform
was approximated as the mean frequency of the wave packet, 1,4, which helps in estimating the
most significant frequency component within the polychromatic spectrum.

In the case where surface imaging was done, the frequency v,,,, is deduced from the gap between
the maxima and minima linear curves. If we assume a simple bipolar shape f(t) for the Rayleigh
wave where the two maxima are separated by a delay 7, the Fourier transform (FT) is F(v)

f(t)
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f(t) = Ate~ % FT, F(v) = Alve ™™,
and then v,,,, = # Generally 7 ~ 1.5 ns, S0 Ve =~ 0.2 GHz.

Using this frequency in the equation k = /\af;;an = 2“5’;”, we calculated the corresponding kh
values, which allowed us to plot the theoretical curves of vy versus kh for the microscope slide and
coverslip, as shown in Fi(a). Astonishingly, the kh maximum depends strongly of the sample :
for microscope slide glass is 0.075 and for the cover slip glass it is 0.15. It could be due to the different
thicknesses of the glass’s substrates, 1 mm and 150 pm. The focalisation of the pump beam (and also
the probe beam) is altered by the thickness of the glass, a thick glass involving a bad focalisation.

In Fig. [1.9(a), the solid line represents the phase velocity, while the dashed line represents the
group velocity. For our data analysis, we primarily relied on the group velocity, as it is more suitable
for analyzing wave packets with a broad frequency range. Phase velocity is typically applicable to
monochromatic waves, but our experiment deals with wave packets. The mean frequency of the
wave packet is influenced by the lateral size of the laser spot, making group velocity a more accurate
representation of the wave packet’s propagation characteristics.

In our experiments, we used kh values of 0.2 or less.

At such low kh values, it is difficult to distinguish between different samples because the Rayleigh
wave velocity becomes independent of the layer thickness. This confirms that, regardless of the thin
layer’s thickness, we can measure the Rayleigh velocity of the substrate. Concerning the head waves,
they are considered independant of the layer thickness, and a statistical analysis can be performed

(see Fig. [1.9(b)).
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Figure 1.9: (a) Velocities of the Rayleigh wave as a function of kh for two types of glass substrates.
The calculated phase velocity and group velocity for soda-lime glass are shown for comparison. (b)
Head wave velocities for the two types of glasses. The mean of the data is the weighted arithmetic
mean, and the error bar is the standard error of the mean, both with instrumental weighting.

In the previous section, we showed that the Rayleigh wave is not slowed down by the aluminum
layer. The bulk properties of the substrate (here glass) are therefore determined from the surface
waves.

The surface waves permit to deduce v, and vy. As shown in Table[I.3] the elastic properties of the
two standard glasses are slightly different. Velocities of the microscope slide glass are significantly
higher than the velocities of the cover slip glass (which will be used in our experiments at high
pressure). The same trend is observed by the measuring method of Brillouin oscillations (see Fig{l.7)).

The properties of the microscope slide glass are very similar to the properties of soda-lime glass,
as reported in Table [I.1] About the cover slip glass, the density corresponds to that of borosilicate
glass, but not the velocities.
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The frequency fp of the oscillations (Eq. allows us to determine the refractive index of the
glass at \g = 960 nm. The refractive index, as searched in the Refractive Info database, corresponds
among many others to ”BK7"F| (crown borosilicate, n=1.5081) or ”Soda lime glass™[] (n =1.514).

The determination of the transverse velocity in the studied slides agrees very well with the known
values in such kind of glasses.

exp. calc. exp. calc.

p VH VR vy, vp /B nvr | n(Ao)
Substrate material | (kg/m?®) (m/s) (m/s) | (m/s) (m/s) | (GHz) (m/s)
microscope slide glass 2490 5793 3167 | 5793 3462 | 18.18 8724 | 1.506
cover slip glass 2210 5618 3092 | 5618 3244 | 17.60 8449 | 1.504

Table 1.3: Some properties of glasses used as substrate samples include both measured (denoted as
‘exp.’) and calculated (‘calc.”) values. The longitudinal velocity vy, is determined from the velocity
of the head wave vy, and the shear velocity vr is calculated from vg and vy using a numerical
resolution of Eq. Additionally, the product of refractive index n(\o) by vy is determined from
Brillouin oscillations by Eq. [1.7

1.6 Conclusion of this section

We have demonstrated that, in our set-up configuration, for a thin layer of aluminum below 200 nm,
the velocity of the Rayleigh wave on the layered glass substrate is equivalent to the velocity of the
Rayleigh wave of the substrate only. This indicates that, in this scenario, the Rayleigh wave velocity
depends solely on the properties of the substrate. Consequently, the surface wave velocities allow us
to measure the bulk velocities and determine the shear velocity by combining vg and vg.

Additionally, we have shown that the elastic properties of the two glasses used as samples are
slightly different and have been identified as distinct types of soda-lime glass. However, it is impos-
sible to measure the elastic properties and thickness of the thin aluminum layer using this method.
This limitation is significant, as the properties of thin layers can differ from those of bulk material,
potentially influenced by factors such as the deposition method.

3https://refractiveindex.info/?shelf=glass&book=BK7&page=SCHOTT
“https://refractiveindex.info/?shelf=glass&book=soda-1ime&page=Rubin-clear

16


https://refractiveindex.info/?shelf=glass&book=BK7&page=SCHOTT
https://refractiveindex.info/?shelf=glass&book=soda-lime&page=Rubin-clear

Chapter 2

Surface waves on a layered sample at high
pressure

In this chapter, velocities of surface waves were measured on a layered sample Al/glass submitted to
high pressure. To perform the experiments, a sample was loaded in a specific device called a diamond
anvil cell (DAC). This apparatus enables the application of high pressures, allowing us to investigate
how surface wave velocities change under such conditions.

2.1 High pressure experiments

The diamond anvil cell (DAC) is currently the only experimental apparatus that can routinely gen-
erate static pressures exceeding 300 GPa, 1 GPa representing 10000 atmospheres ! Diamonds are
chosen for generating such extreme pressures because they are the hardest known material and are
transparent to photons across a wide energy range. This characteristic allows diamonds to exert
tremendous pressure on a very small surface area. A moderate pressure, controlled by the user, is
applied to the external part of the diamond (around 100 bar) through a gas-filled membrane, and
then, by reducing the surfaces, the pressure at the diamond’s culet allows the gasket to be strongly
compressed. The maximum pressure achievable by this membrane is about 150 bars. The sample
chamber is drilled into a metallic gasket located between the two opposing diamonds. To ensure
hydrostatic pressure, the sample chamber is filled by a pressure-transmitting medium (PTM), gener-
ally transparent soft fluid or gas. The PTM is very important to reduce large pressure gradients in
the sample. The pressure on the sample increases due to the reduction in the volume of the sample
chamber. Conversely, when the pressure decreases, the mechanism involved is typically due to leakage
of the PTM between the gasket and the diamonds.

Below, Fig. provides a schematic diagram, offering a visual representation of the setup.

The DAC employs diamonds with a culet diameter measuring 600 pym and utilizes a rhenium
gasket. The initial thickness of the gasket was 285 pm, and it was indented to 182-185 pm, exerting
on diamond a maximum membrane pressure of P, =35 bars followed by material removal by laser
drilling. The sample chamber is drilled using a laser drilling system to feature a perfectly circular
hole with a diameter of 300 um. We use silicone oil (47 V 20, a polydimethylsiloxane (PDMS) oil,
from Rhodorsil manufacturer) as the pressure transmitting medium (PTM). This PTM was chosen
for its availability in the laboratory, and its ease of use to fill the sample chamber. The choice of the
PTM is crucial in high-pressure techniques, as we will see later.

The sample used for the experiment consists of a 150 pm thick cover slip coated with a thin layer
of aluminum, nominally 100 nm thick. The set-up is in configuration transmission (pump and probe
beams are in opposite sides of the sample), the aluminum layer is thick enough to be non-transparent
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Sample(Aluminum
coated glass)

PTM(silicone oil

Diamond

Figure 2.1: (left) Schematic view of the sample (Al(100 nm) deposited on cover slip glass 150pm
thick) inside the DAC. Here, the probe beam is shown probing the Al/glass side, but the DAC can
be rotated to probe the Al/oil side. (right) Binocular view of the sample inside the DAC, before oil
loading. The outer and largest circle represents the indentation of the diamond culet on the gasket,
and the inner circle is the hole drilled in the rhenium gasket. The small sphere at the upper left is
the ruby.

for the pump beam. In addition, the residual light from the pump is removed by spatial filtering. The
glass substrate was cut by hand, and then a piece was selected to match the size of the chamber hole
(see Fig. , right). This procedure can increase the number of defects on the aluminum layer, which
decreases the size of the "clean” zone where measurements can be done. Indeed, interferometric
measurements and their stabilization are very sensitive to defects. During the data analysis, it is
possible to apply a "mask” to the disturbed zones, as illustrated in Fig. 2.2]

Pressure measurement within the DAC is carried out using the ruby fluorescence technique. This
method involves observing the shift in fluorescence emitted by a ruby. The shift in the wavelength
of this fluorescence is directly proportional to the pressure applied [24]. For accurate measurements,
it is essential to determine the wavelength at ambient conditions, A\g = Ag, (P = 0), which represents
the fluorescence of the ruby under ambient pressure conditions. The raw pressure measurements were
adjusted by -0.2 GPa. In this work, we use two rubies to measure the pressure inside the DAC, but
only one was used for the analysis of data.

3401 ns (35/134)
100

T

Figure 2.2: (left) Surface imaging obtained at 4 GPa on the Al/glass side, at a delay time of 3.401 ns.
The color scale reflects the signal intensity. The wave patterns are due to inefficient stabilization of
the interferometer, while the blue/red zone represents a static defect (a zone of high or low optical
reflectivity). The horizontal and vertical scales are in pm. (right) This picture shows the ”mask”
applied to remove the defects; blue zones are excluded from the analysis.
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2.2 Scholte waves and leaky Rayleigh waves

In what follows, we will use picosecond acoustics to optically excite and detect acoustic waves at the
interface between liquid and solid. There are two types of interface waves may propagate on a plane
solid-liquid interface: the leaky Rayleigh wave and the Scholte wave [25].

Leaky Rayleigh waves propagate at a slightly higher velocity than ordinary Rayleigh waves
and attenuate more with distance because their energy continuously radiates into the fluid. If the
sound velocity in the liquid is less than the Rayleigh wave velocity at the solid-vacuum interface, the
corresponding surface wave at the solid-liquid interface becomes leaky, as it continuously radiates
compressional sound waves into the liquid.

Scholte waves at the liquid-solid interface are true interface waves. When the viscoelasticity
of the liquid and solid is ignored, they do not attenuate as they propagate. In our experiment, the
PTM used was silicone oil. Since the velocity of longitudinal waves in silicone oil is lower than the
velocity of transverse waves in the sample, the velocity of the Scholte wave is slightly lower than the
velocity of longitudinal waves in the fluid. In this case, the wave field propagates deeper in the liquid
than in the solid: the Scholte wave transmits more energy in the liquid than in the solid. Therefore,
Scholte waves are typically primarily located in the liquid, with a sound velocity lower than that in
the liquid (see Fig. [2.3)).

Figure 2.3: Numerical simulations obtained by the code elastodynamic finite integration technique
(EFIT) (Fig. 4 from Zhu et al [25])). It shows in the sagittal plane the different kinds of waves
propagating at the interface between a solid (bottom, concrete) and a liquid (top, water) submitted
to a transient point load. The P-wave, originally outside the figure, has been added for better
visualisation.

In the context of the dispersion equation (see Eq. (3.30) in Ref. [26]], the variable ¢ represents the
phase velocity of both Scholte and leaky Rayleigh waves, which propagate at the interface between
solid and fluid media. This equation is provided as follows:

2\ 2 2 2 4
-3 DD
vt VL vt PUp

where the parameters vy, vy, and vy denote the longitudinal, transverse, and fluid wave velocities,
respectively, while p and ps represent the densities of the solid and the fluid. This equation models
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two specific types of wave phenomena at the boundary between solid and fluid media: Scholte waves
and leaky Rayleigh waves.

This dispersion equation yields two ”physical” solutions, indicative of different types of interface
waves: one is a Scholte wave, associated with a real root, characterized by its propagation along the
interface without penetrating deeply into the fluid. The other is a leaky Rayleigh wave, associated
with a complex root, which indicates that this wave type undergoes attenuation as it propagates,
characterized by energy leakage into the fluid medium.

In our experiments, we utilized PTM, specifically silicone oil [27], which has a specific grav-
ity of 0.95, so the density of the silicone oil is py = 950 kg/mﬂ. For the glass, the density p is
2210 kg/m3. The longitudinal wave velocity v, in the solid is 5618 m/s, the transverse wave velocity
is v =3244 m/s, and the wave velocity in the fluid is v;=1020 m/s EI Regarding the weak viscosity
of the PTMEL we assumed it to be non-viscous for the purposes of our calculations (it is likely that
this assumption is not correct at the high pressures that are reached.).

The table presents numerical solutions for the velocities of leaky Rayleigh and Scholte waves.

solid substrate liquid calculations
vrL vt p vf P VR VLR VUSch
m/s m/s kg/m3?| m/s kg/m3 | m/s m/s m/s
Glorieux et al (2001) glass water
[11] 5712 3356 2500 | 1500 1000 | 3078 3091+:109 1496.1
this work cover slip glass silicone oil
5618 3244 2210 | 1020 950 | 3092 2988+:72.5 1019

Table 2.1: Calculations of the Rayleigh wave in the solid substrate alone (vg), leaky Rayleigh wave
velocity (vpr) and Scholte waves velocity (vse), from Eq. in two cases : glass/water (Glorieux
et al [11]), and glass/oil (this work). ¢ notes the imaginary number.
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Figure 2.4: Numerical resolution of the Scholte determinant (Eq. , showing the root due to the
Scholte waves (white X, at lower left) and the root due to the leaky Rayleigh wave (white +, at upper
right).

The computed wave velocity of vpr = 2988+i72.5 m/s represents the velocity of leaky Rayleigh
waves, where the imaginary part is related to attenuation. The velocity of the Scholte appears to be
slightly lower than the velocity in the fluid. For comparison, the velocity of standard Rayleigh waves
is 3092 m/s.

1See Ref. [27] p.8.
2See Ref. [27] p.18, section 13 ”Sound Transmission”.
3The kinematic vicosity is v = 20 x 1075 m?/s at 25°C (see [27], Table p.8).
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2.3 Results

2.3.1 TDBS measurements
In the glass substrate

At increasing pressure, we performed TDBS on the Al/glass side, therefore measuring the period of
the Brillouin oscillations in the glass and extracting nv;, (see Fig. 2.5)), where n(P) is measured at
Ao = 960 nm, and vy (P) at the frequency fp ~10-20 GHz. Our data are compared with the data
of Ayrinhac et al [I§] obtained in a pure silica glass (vitreous SiO2). We observed that as pressure
increases, the longitudinal sound velocity exhibits a specific trend: initially, the velocity decreases
with rising pressure, meaning there is a "softening” despite the applied high pressure, but it begins
to increase once the pressure reaches approximately 2 GPa. This behavior aligns with the findings of
Ayrinhac et al [18] in pure silica.

9.2 J L} I L] I T ' ) ' ) ' T I L} I L] I L] ' ) _
s o pure SiO2 [Ayrinhac et al (2011)] .
9.0 |- o Y% cover slip glass - this work o -
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Figure 2.5: nvy, in glass, determined by TDBS at ambient pressure (blue star) and as a function
of pressure (empty blue circles). The ”jumps” in blue data could be attributed to variations in fine
adjustments of the set-up (changes in pump and probe colinearity, position of the sample, beam focus,
and so on). Our data are compared to the data of Ayrinhac et al (2011) [I8] obtained in pure silica
(SiO2) by the Brillouin light scattering technique.

This counterintuitive phenomenon is in fact well-documented in amorphous silica (pure SiO3) [18]
28] and more generally in glasses. The microscopic structural origin of this anomaly is still debated,
with prevailing theories including local progressive transition [29] and network flexibility [30]. Ad-
ditionally, and astonishingly, the elastic properties of the glass depend on the pressure-transmitting
medium (PTM) [31] which can penetrate inside the voids of the glass structure. In our experiment,
fortunately the PTM used (silicone oil) possesses molecules much bigger than the voids of glass
network, avoiding the influence of PTM on elastic constants.
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In the fluid

At decreasing pressures, we performed TDBS measurements on the Al/oil side in the compressed
silicone oil (see Fig. . The spike in nvp ; at around 1 GPa (dashed black box in the figure) is
believed to be an anomaly, probably due to the sample being crushed between the diamonds at the
final stage of the experiment. In addition, expected nvy, . is added at ambient pressure (blue star)
from literature data : n(\g = 960 nm) = 1.3955@ and vg i = 1020 m/s. Our data are compared with
those of Hsieh [32], and those of Wang et al [33]. The liquid wave velocity v; increases greatly as a
function of pressure (it increases by a factor of 5 in 4 GPa, without taking into account the potential
phase transition and increase of viscosity). It seems clear that the condition vy < vy < vy, is not
fulfilled above 1 GPa (see discussion further).
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Figure 2.6: nvy, in silicone oil determined from TDBS measurements at increasing pressures (filled
blue triangles), and decreasing pressures (blue empty triangles). Abnormal data points are highlighted
with a dashed box. Data from this work are compared with the literature data (blue star), data from
Hsieh [32] (green points) and from Wang et al [33] (red light points).

2.3.2 Surface imaging measurements
Velocities of surface waves

At increasing pressure, surface waves velocities were measured on the Al/glass side, meaning that the
Scholte waves were not detectable. This is because theoretical considerations suggest that displace-
ment is lower in solids than in liquids (see p. 44 in Ref. [26]). Thus, we expected to detect only two
types of waves: leaky Rayleigh waves and head waves. However, surprisingly (see Fig. ,left), we
observed many parallel lines indicating the presence of four surface waves. In fact, it is likely due
to multiple acoustic generations. From the aluminum layer, the compressional wave is reflected by
an interface and returns to the aluminum, generating new leaky Rayleigh (LR) and head (H) waves

4Refractive index database, https://refractiveindex.info/?shelf=organic&book=polydimethylsiloxane&
page=Zhang-5-1
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approximately At =1.5 ns after the initial wave generation. It produces echoes in the temporal signal
(see Fig. 2.7 right).

Acoustically, there are two possibilities of the origin of this multiple generation : either the wave
propagates inside the glass and is reflected at the glass/oil (or more likely glass/diamond) interface,
or the wave propagates in the oil and is reflected at the oil/diamond interface.

The second case seems likely. The acoustic mismatch impedance between diamond and oil is very
strong, facilitating reflection of the waves. The time interval between the two echoes is At =1.5 ns.
It corresponds to a distance of d = JvsAt=4.5 pm, with v;(1.6 GPa) ~ 6000 m/s. It is too
short considering the difference between the thicknesses of the gasket and the sample. However, the
interval of time between two laser shots is Tj,se,=12.494 ns, which means that an echo appearing
in the time window of the delay line could be due to a wave generated n shots earlier. Therefore,
d = %vf (At + Tjaser) ~42 pm and this value is compatible with the 30 pm expected (see Fig. [2.1
NI

However, the exact origin of this multiple generation was not elucidated.
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Figure 2.7: (left) Surface imaging obtained at 1.6 GPa, on the Al/glass side showing integrated profile
as a function of time and radius (minima and maxima of the integrated profiles are shown respectively
by gray points and light blue points). The multiple linear ripples correspond to surface waves : head
wave (solid blue line), and leaky Rayleigh wave (dashed blue line). The identical ”delayed” surface
waves are shown by red lines. (right) Signal at R=0 pm (pump and probe are collinear). The echoes
are shown by the arrows, once the Brillouin oscillations was removed by a smooth background (red
line). The second echo arising at delay time ¢3 means that it could exist surface waves generated at
this time, but they are barely visible in the surface imaging.

Then, the evolution of the leaky Rayleigh wave velocity and the head wave velocity as a function
of pressure are shown in Fig. and Fig. 2.8D] The multiple acoustic generation provides at most
four values for vy g and vy in each movie (indicated by different symbols and colors). Reference values
at ambient pressure were added (pink stars). It appears that the velocities of leaky Rayleigh waves
are only increasing. The head wave initially decreases slightly with increasing pressure, then begin
to increase at approximately 1.5-2 GPa. This trend is expected in glasses, as previously discussed.

However, in both parameters, v,z and vy, a "bump” can be seen at around 2.5 GPa. This
"bump” is not seen in the TDBS measurements done in the glass, which indicates a probable origin
in the changes of the fluid properties and a connection with the anomaly discussed previously. The
fluid could be experience a phase transition (such as solidification) at this pressure. Indeed, a glass
transition was detected at around 3 GPa in a PDMS oil (Baysilone oil M1000) [34]. Another expla-
nation is brutal demixion of the oil (separation of the little polymeric chains from the bigger ones),
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but nothing was seen optically inside the sample chamber. The jump could also be due to a purely
acoustic phenomenon, as discussed in the final section (see p. .

We compared the head wave velocity vy with the longitudinal velocity, vy, obtained from TDBS
measurements (see gray points in Fig. [2.8b]). The value of vy, is calculated from nv; using a simple
dependence of the refractive index on pressure n(P) = ng+aP, where ng = 1.504 (see Table p,
and a =12+ 1 x 1073 GPa™! is evaluated from a silicate glass (see SAP1 in Table 1 of Ref. [35]).

It is clear from the Fig. that vz, from TDBS does not agree with vy, which are much higher.
How can this difference be explained ?
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(a) vpgr as a function of pressure, measured by the P (GPa)

surface imaging method (colored different sym-

bols). It is compared with vg, measured at am-
bient conditions and outside the DAC (yellow
star), and vrr determined by calculations (see

Table p- . As discussed in the text, the
exact nature of the wave at high pressure was

(b) vy as a function of pressure (colored differ-
ent symbols), and at ambient pressure outside
the DAC (pink star) measured by the surface
imaging method, and compared with TDBS
measurements (gray points).

not elucidated (Leaky Rayleigh wave or Stoneley
wave).

Figure 2.8

It is clear that the sound velocity in the silicone oil increases significantly : at 5 GPa, the sound
velocity in the oil is of the same order of magnitude as the sound velocity in the glass. This high value
could indicate the solidification of the oil, likely experiencing a glass transition. Thus, the experiment
evolves from a "hard solid-fluid” system (v; < vy < vy) [I1] at around 1 GPa, to a ”soft solid-fluid”
system (vp < vy < vy) at around 2-3 GPa. In this case, Glorieux et al |11}, demonstrated that the
observed leaky Rayleigh wave have a velocity which corresponds to the longitudinal velocity in the
fluid. At higher pressures, a ”solid-solid” system should be considered. The measured vy indicates
a possible mixing of velocities between vy gass and v solid oil- At a solid-solid interface, a new kind of
wave exists (Stoneley wave), and its existence and properties depends on certain elastic conditions of
the two materials and if the interface is welded or slipping [36]. It could be possible to relate the vy g
to vr in glass, but it needs further studies. As a conclusion, simply stated, the accurate determination
of the shear velocity from surface waves at high pressure is very complicated by the pressure-induced
changes in the PTM, as illustrated in the Fig. m with the silica/oil system, whose sound velocities
are well-known.
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Which PTM for future studies ?

Clearly, a softer fluid with well-known elastic properties is needed for future studies. Despite its high
velocity (see Fig. 2.9 right), the freezing point of He is high (12.1 GPa) and the hydrostaticity is
excellent up to 20 GPa [37] which makes it a good candidate for PTM ; however the gasket shrinkage
during compression is very high. Neon seems a good candidate among others, with the lowest sound
velocity, good hydrostaticity up to 15 GPa [37] and a freezing point at relatively high pressure
(4.8 GPa). A disadvantage of using Ne is the significant shrinkage of the gasket during compression
(although this is less than with He), and its current high cost]
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Figure 2.9: (left) Longitudinal and transverse velocities of fused silica (respectively filled and empty
red squares) and compressional velocity of the Baysilone oil M1000 [33] (green dots) as a function of
pressure. The velocity at ambient pressure is assumed to be 1.5 km/s. (right) Velocities of silica
(red squares) and of some fluids which could be used as PTM, as a function of pressure : Ny [Eq.(4)
in [38]], Ar [Fig.(4) in [39]], Ne [Table Il in [40]] and He [Table II in [40]].

To anticipate changes in sound velocities as a function of pressure, the Sholte determinant (Eq.
was solved in the case fused silica/Baysilone oil with tabulated velocities and densities (see Fig. [2.10}
left). The silicone oil is assumed to be liquid at any pressure. Then, all the roots are shown in
the Fig. [2.10 (right). It is clear that an abrupt transition is seen at around 1.5 GPa, which could
correspond to the "bump” seen in the vy g and vy data for our studied system at around 2.5 GPa.

SPrices, indexed to the price of nitrogen, were as follows in september 2024 : Ny (1), Ar (8.4), He (12.2) and Ne
(506).
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Figure 2.10: (left) Densities p of fused silica (blue line of Fig. 3 in Ref. [41]) and Baysilone oil M 1000
(Eq.(5) from Ref. [33]) as a function of pressure. (right) Solutions of the Scholte determinant as
a function of pressure, for silica/Baysilone system : real part of the leaky Rayleigh wave velocity
(red squares) ; Scholte wave velocity (green squares) ; longitudinal and transverse velocity of silica
(respectively continuous and dashed gray lines), and longitudinal velocity of the Baysilone oil M1000
(dotted orange line). The inset shows the imaginary part of the leaky Rayleigh wave velocity.

2.4 General conclusion and perspectives

We successfully generated and detected surface waves at high pressures on a layered sample of glass
by the picosecond acoustics thechnique combined with a diamond anvil cell (DAC). The propagation
of the surface waves was recorded using an imaging method. In addition, we performed time-domain
Brillouin scattering (TDBS) measurements. The results of nv;, measured in the glass substrate are
consistent with the trend of glass under high pressure, while the results measured by surface imaging
are not completely consistent. We believe that this phenomenon may be caused by the solidification of
the PTM under high pressure. We found that high pressure cause a large increase of sound velocity
in the silicone oil, resulting in a change in the type of measured surface waves, and the interface
changes from ”solid-liquid” to ”solid-solid”, which affects our analysis of the elastic properties of the
sample. It is then very complicated to obtain a accurate determination of shear waves velocity as a
function of pressure.

As our experiments used standard glass, loading the sample into the diamond anvil cell is chal-
lenging and random, and the thickness of the glass prevents reaching very high pressures. PTMs also
introduce some problems, such as the generation of multiple waves in the DAC sample space, which
can cause waves to interfere and obfuscate the useful signal. And as we said, in our experiments,
the analysis of surface waves is further complicated by the fact that the PTM solidifies gradually at
around 2 GPa. To avoid the problem of solidification at low pressure, we could use a softer PTM
that solidify at higher pressures, such as Ne or He, but unfortunately, sufficiently small molecules or
atoms can penetrate into the glass network of the glass and significantly change its elasticity.

Despite the encouraging results obtained, the determination of the shear velocity at high pressure
remains challenging. This is mainly due to the complicated sample environment in the diamond anvil
cell (DAC) apparatus.
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