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Acoustic microscopy study on elasto-mechanical
properties of Lu3Al5O12:Ce single crystalline films
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This article presents experimental, theoretical, and numerical studies of the propagation of guided

ultrasonic waves in a layered epitaxial structure of garnet compounds. A microscopic model, which yields

dispersion equations based on material and geometrical properties, is developed. Acoustic microscopy

experiments on a YAG:Ce crystal substrate and an epitaxial structure containing LuAG:Ce single crystalline

films, grown using the liquid phase epitaxy growth method onto a YAG:Ce crystal substrate, reveal distinct

phase velocity behaviors. The YAG substrate exhibits consistent velocities, minimally influenced by

frequency, while the epitaxial structure shows dispersion, indicating frequency-dependent phase velocities.

Experimental results are compared with numerically calculated dispersion curves, showing high agreement

in the low-frequency range and minor deviations at higher frequencies. An optimization procedure is

developed and applied, starting with the YAG substrate and extending to the LuAG:Ce film/YAG:Ce crystal

epitaxial structure. The procedure allows for the extraction of material properties, offering valuable insights

into the mechanical characteristics of the all-solid-state LuAG:Ce film/YAG:Ce crystal structure. This

research represents a significant advancement in understanding ultrasonic wave dynamics in layered

structures, particularly unveiling previously unexplored elastic properties of LuAG:Ce single crystalline films

as a well-known scintillation material.

1. Introduction

Garnet crystals, valued for their optical and scintillation
properties, play a key role in scientific research and
engineering of different types of detectors for monitoring
various types of ionization radiations.1–6 In recent decades,
there has been a notable interest in the LuAG (Lu3Al5O12)
garnet, attributed to its remarkable attributes including high
shock resistivity and exceptional chemical, thermal, and
radiation stability. Primarily recognized for its efficacy as a
heavy, high-response scintillator, Ce3+ and Pr3+ doped LuAG
garnets exhibit fast and efficient luminescence due to the 5d–
4f radiation transitions of activators, yielding a high light
output upon excitation by various forms of ionizing

radiation.7,8 In addition to bulk crystal production through
conventional methods such as the Czochralski or modified
Bridgman techniques7,9 and the fabrication of transparent
ceramics via various solid-state reaction pathways,10–12 single
crystalline film (SCF) scintillators based on the LuAG:Ce
garnet have been developed using liquid phase epitaxy
(LPE)6,7 and pulse laser deposition (PLD) growth
methodologies.13 These thin film scintillators, typically
several micrometers thick, demonstrate suitability as heavy
screens for X-ray image visualization, even enabling
submicron spatial resolution in micrographic devices utilizing
conventional X-ray sources and synchrotron radiation.14–17

Moreover, the LuAG:Ce garnet stands out as a superbly
temperature-stable green phosphor suitable for white LED
lighting. Additionally, the quenching temperature for Ce3+

within the LuAG host is notably high, starting above 700 K
due to the relatively wide energy band gap of this garnet
being equal to 8.0 eV at room temperature (RT). However,
notable variations of LuAG properties exist depending on the
material structure, such as bulk crystals, SCFs, ceramics, or
powders.18

The fundamental premise of the LPE method is to
induce supersaturation within the growth solution
contained in a liquid flux. This enables the growth process
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to be conducted at relatively low temperatures, typically
around 1000 °C (ref. 19). LuAG:Ce SCFs are typically
synthesized using the LPE method from melt-solutions
based on the PbO–BaO flux at significantly reduced
temperatures, and exhibit a truly stoichiometric content and
excellent structural quality compared to their bulk crystal
counterparts. Additionally, they demonstrate a lower
concentration of main type intrinsic defects of garnet
compounds such as LuAl antisite defects and oxygen
vacancies typical for their crystal analog, grown from the
melt at high (∼2000 °C) temperature in an oxygen-free (Ar)
atmosphere.

This paper focuses on the important role of measuring
elastic properties in understanding the mechanical
interactions of both bulk garnet crystals and thin SCFs grown
by the LPE method. The adaptability of the LPE method
allows for the precise adjustment of the properties of garnet
compounds in the form of films, expanding the possibilities
of their use in the design of optical materials. Central to this
exploration is the careful measurement of elastic properties,
with techniques like acoustic microscopy playing a key role
in understanding the elastic properties of single crystals and
SCFs. Insights into elasticity offer information on structural
integrity, response to external stimuli, and potential
applications in different optoelectronics devices. The
measured elastic properties, particularly for unconventional
compositions, show promise in discovering materials
customized for specific uses.20–22

However, this poses a significant challenge, as the
conventional bulk wave theory may not be applicable in this
context. Elastic waves in plates or epitaxial layered structures
are guided, and in theory, the interpretation of the elasticity
of layered structures should employ the guided wave
model.23,24 Guided waves exhibit dispersion, meaning that
the phase velocities vary with frequencies. The elastic
properties of the epitaxially grown film can be obtained by
fitting the experimentally measured dispersion relation with
a theoretical model. An experimental method for measuring
wave velocities at different frequencies in layered systems,
where the thickness is comparable to the wavelength,
involves employing techniques such as acoustic microscopy
or ultrasound imaging.25,26 These methods enable the precise
determination of wave velocities within the layered structure,
allowing for a comprehensive analysis of the mechanical
properties.27–29

2. Materials

The LuAG:Ce SCF/YAG:Ce SC epitaxial composite structures
were prepared at the Chair for Optoelectronic Material of
the Faculty of Physics of Kazimierz Wielki University in
Bydgoszcz, Poland. Namely, the LPE growth of LuAG:Ce
SCFs was performed onto Czochralski grown [111] oriented
YAG:Ce crystal substrates, specially prepared by chemical–
mechanical polishing in the Institute for Single Crystals,
Kharkiv, Ukraine. The film growth was performed in a Pt

crucible from the supercooled melt solution based on PbO–
B2O3 (12 : 1 mole/mole) flux and 4 N purity garnet-forming
oxides: Lu2O3, Al2O3, and CeO2. The content of garnet
components was stoichiometric, calculated regarding the
flux composition, see [Materials, 2022] for details.30

Throughout the film growth process, the substrate,
horizontally attached to the platinum holder, was rotating
at 60–80 rpm in the melt solution. The SCF growth
temperature Tg was in the 950–1025 °C range. Under the
described conditions, the growth rate was in the fs = 0.35–
1.6 μm min−1 range. Fig. 1 presents the photos of the
samples of the YAG:Ce crystal substrate and LPE grown
LuAG:Ce SCF onto a YAG:Ce substrate.

The determination of film thickness was accomplished
through the precise weighing of the substrate both before
and after the growth cycle of the SCFs. The thickness (hf) of
the SCFs was calculated using the formula:

hf = m − ms/2Sρ. (1)

In this equation, m represents the mass of the substrate with
the grown SCF in grams (g), ms is the mass of the substrate
in grams, S is the area of the substrate in cm2, and ρ is the
density of the film in g cm−3. The values of densities are ρ =
4.55 g cm−3 for YAG and ρ = 6.67 g cm−3 for LuAG.

3. Experimental techniques
XRD measurements

XRD measurements were conducted using a DRON 4
diffractometer with a CuKα X-ray source, covering the 2θ
range from 91° to 95° with a step of 0.02°. This was
undertaken to determine the structural quality and misfit
values between the LuAG:Ce SCF and the YAG:Ce substrate.
The diffraction profile of the (888) plane of a LuAG:Ce SCF
grown on a YAG:Ce crystal substrate is illustrated in Fig. 2.

Fig. 1 Photos of the YAG:Ce crystal substrate and LPE grown LuAG:
Ce SCF onto a YAG:Ce crystal substrate. The film thickness is
conveniently specified for one side of the composite converter, and it's
important to highlight that the film maintains uniform thickness on the
opposite side of the substrate.
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The diffraction pattern shows two types of peaks separated
from each other, corresponding to reflections from the film
and substrate. The peak from the LuAG:Ce film is slightly
shifted towards larger angle values due to the decreased
lattice constant compared with the YAG:Ce substrate. XRD
analysis also verified the exclusive presence of the LuAG
phase in the film, with no discernible peaks attributed to
other crystalline phases within the precision of the XRD
setup. Additionally, the high structural quality of the LuAG:
Ce SCF is confirmed by comparing the XRD peak width (Δ) of
the epitaxial films with that of the YAG:Ce crystal substrate.
Notably, a closely matched value of the peak width (Δ = 0.14°)
is observed for the LuAG:Ce SCF, closely aligning with the
YAG:Ce crystal value of 0.15° (see Fig. 2). The measured
lattice constant of the YAG:Ce crystal substrate was
determined as asub = 12.0063 Å, while the lattice constant of
the LuAG:Ce SCF was af = 11.9082 Å. Consequently, the lattice
mismatch between the substrate and the film was estimated
as m = (af − asub)/asub × 100 = −0.82%.

Micro-CT measurements

The LPE grown LuAG:Ce SCF onto a YAG:Ce substrate has
been meticulously examined using X-ray tomography,
providing a detailed insight into the epitaxial structure (see
Fig. 3). The tomography structure analysis was performed
using a high-resolution Micro-CT Bruker Skyscan 1272 with
phase-contrast object shape detection up to 0.4 μm.

The obtained images reveal a distinct contrast between
the left and right pictures. The right image presents a direct
visualization of the epitaxial structure, showcasing its
inherent features. On the left, a reconstructed image from
the tomography process is displayed, where a density filter
has been applied to enhance the clarity of the LuAG film and
YAG:Ce substrate. The density of the LuAG film is
determined to be 6.67 g cm−3, while the YAG:Ce substrate
exhibits a density of 4.5 g cm−3. Notably, the substrate
density has been muted in the reconstruction, allowing a

focused observation of the LuAG film on both sides of the
substrate. The epitaxial structure, as depicted in the images,
appears to be regular, displaying a commendable uniformity
with only minor deviations in thickness. This slight variation
can be attributed to the relatively small size of the grown
sample. Typically, epitaxial structures for commercial
applications are grown on larger substrates, commonly with
a diameter of a few inches.

Acoustic microscopy

Acoustic microscopy uses an ultrasonic pulse from the
transducer to probe the sample and monitor the reflected
echoes from a series of time delays of the pulses induced
after interacting with the internal structure. In this research,
the V(z) curve method in conjunction with scanning acoustic
microscopy was used to evaluate the elastic properties of
epitaxial structures. Fig. 4 presents a schematic diagram
illustrating the propagation of different types of surface
waves (the Rayleigh waves being the most common) between
the acoustic lens and the specimen via a coupling medium
(water).

Rayleigh waves arise at the interface between a solid and
non-solid medium, originating from incident waves
impinging at the Rayleigh angle θR. The generation of a
surface acoustic wave at a liquid–solid interface is achievable
when the half aperture angle of the acoustic lens exceeds the
second critical angle associated with that particular surface.
Interference between the specularly reflected acoustic waves
(path #1 in Fig. 4) and the surface acoustic waves (path #2) at
the acoustic sensor (microscope transducer) leads to the
generation of alternating maxima and minima in the acoustic
output signal. The occurrence and spacing of these
interference patterns depend on the distance between the
acoustic lens and the specimen and is commonly referred to
as the V(z) curve. The velocity of the surface acoustic wave
(SAW) can be determined by measuring the spacing Δz
between the consecutive minima in the interference pattern.
This arises from considerations of the difference in the path
and phase change during the interference of two waves. As
the specimen (depicted in Fig. 4) is displaced from z = 0
towards the acoustic lens by distance z, paths #1 and #2
undergo distinct phase changes. When the specimen is

Fig. 2 XRD pattern of the (888) plane of the 11 μm LuAG:Ce film
grown onto the [111] oriented YAG:Ce substrate.

Fig. 3 Micro-CT scan reconstruction of the YAG:Ce substrate (a) and
LuAG:Ce single-crystalline film (b) grown on a YAG:Ce substrate.
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positioned at distance z from the focal plane of the lens, the
phase changes δ#1 and δ#2 can be expressed as follows:21

δ#1 ¼ −2B0·kw ¼ −2zkw; δ#2 ¼ −2A0C ·kw þ AC·kr (2:1)

The relative phase change between the two paths can be
described as follows:

Δz ¼ δ#2 zð Þ − δ#1 zð Þ ¼ 2z kw 1 − 1
cosθR

� �
þ kR tanθR

� �
(2:2)

where kw is the wavenumber in the water, while kR is the
wavenumber of the surface wave.

Based on eqn (2.2) and applying Snell's law, the following
expression can be obtained:

Δz ¼ νw

2 f 1 − cosθRð Þ (2:3)

Here, νw represents the acoustic velocity in water, f denotes

the working frequency, and the Rayleigh angle is sinθR ¼ vw
vR
.

In the paper, the V(z) curves were recorded with a custom-
made acoustic microscope operated with frequencies at 35,

100, and 200 MHz.31 The coupling medium employed in this
study to establish the interface between the lens and the
specimen was distilled water. All measurements were
performed at a constant room temperature throughout the
experiment.

In Fig. 5, the images acquired through acoustic
microscopy revealing the surface quality are shown. The
substrate surface appears smooth and uniform with faint
traces of polishing. However, the film, following the growth
process, was not subjected to polishing, revealing a non-ideal
post-growth surface.

4. Modeling of elastic wave
propagation in layered structures

The main aim of the application of acoustic microscopy to
study the composite material is the determination of the
V(z) curve.24,25 Analysis of the V(z) curve in connection with
an appropriate model of wave propagation in the material
can be used for the effective extraction of the material
properties. The elastic waves propagating in layered
structures are guided and the phase velocities vary with the
frequencies. To obtain the dispersion relation, the equations
of the motion of plane waves in a liquid and a solid are
used to describe the wave propagation in the layered
structures. Two simplified models of ultrasonic wave
propagation are proposed in this study, corresponding to
the measurement conditions of the substrate (designated as
model M1) and the substrate with a single crystalline film
grown on it (referred to as model M2). The schemes of
these models are depicted in Fig. 6.

For the modeling of wave propagation in the YAG
substrate with the thickness of L = 500 μm, the simplified
model of two adjacent half spaces is considered. The
upper half-space is occupied by fluid (water) or air, while
the lower is by the solid substrate. Considering the

Fig. 4 A schematic diagram that demonstrates the fundamental concept of the V(z) curve.27

Fig. 5 Acoustic images of the YAG:Ce substrate (a) and LuAG:Ce/YAG:
Ce (b) surface.
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substrate layer as a solid half-space is justified by the fact
that the thickness of the substrate (L) is much greater
than the wavelengths (λ = 20–80 μm) calculated for the
range of frequencies (35–200 MHz) used in acoustic
microscopy experiments. Similar reasoning is applied for
modeling wave propagation for the YAG:Ce substrate and
LuAG:Ce SCF with the thickness of h ≈ 30 μm grown
onto it. In this case, two half-spaces of the YAG:Ce
substrate and coupling fluid are separated by a thin layer
(film). For low frequencies (∼35 MHz), the wavelengths (λ
∼80 μm) are greater than the film thickness. For the
higher frequencies (100 and 200 MHz), the wavelengths (λ
= 20–40 μm) became closer to the film thickness and
justified the choice of the model.

The guided waves propagate along the x1-axis within the
x1–x2 plane. The system of displacement components will be
expressed in terms of the scalar and vector potential
functions.23,32

u1 ¼ φ1;1 þ ψ1;2; u2 ¼ φ1;2 −ψ1;1

us1 ¼ φ2;1 þ ψ2;2; u
s
1 ¼ φ2;2 −ψ2;1

u f
1 ¼ φ3;1; u

f
2 ¼ φ3;2

8><
>: (3:1)

where u, us, and uf are the displacement vectors in the film,
substrate and fluid layer, respectively (the subscript denotes
the component in the x1 or x2 direction); φi (i = 1, 2, 3) is the
scalar potential function for the film, substrate and fluid, the
vector potential is written similarly ψj ( j = 1, 2), and the
partial derivative concerning the coordinate is written as the
second subscript.

When considering the guided wave propagating along the
x1-axis, the corresponding potentials are:

φi = φ0i(x2)exp[i(kx1 − ωt)]
ψj = ψ0i(x2)exp[i(kx1 − ωt)] (3.2)

Substituting this expression to the motion equations for a
solid and liquid, we obtain a system of wave equations of the
longitudinal and shear waves propagating in the
medium:23,32

∂2φi
∂x21

þ ∂2φi
∂x22

¼ 1
c2li

∂2φi
∂t2

∂2ψj

∂x21
þ ∂2ψi

∂x22
¼ 1

c2t j

∂2ψj

∂t2

8>>><
>>>:

(3:3)

where: cli ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λi þ 2μi
� �

=ρi

q
, cl3 ¼

ffiffiffiffiffiffiffiffiffiffiffi
λ3=ρi

p
and ct j ¼

ffiffiffiffiffiffiffiffiffiffi
μj=ρi

q
.

The potential components for the solid and fluid can be
written as:23,32

φ1 ¼ a1e−iα1x2 þ b1eiα1x2
� �

eikx1 ; ψ1 ¼ c1e−iβ1x2 þ d1eiβ1x2
� �

eikx1

φ2 ¼ a2e−iα2x2 þ b2eiα2x2
� �

eikx1 ; ψ2 ¼ c2e−iβ2x2 þ d2eiβ2x2
� �

eikx1

φ3 ¼ a1e−iα1x2 þ b1eiα1x2
� �

eikx1

8><
>:

(3:4)

where:

α1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2l1 − k2

q
, α2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2l2 − k2

q
, α3 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2l2 − k2

q
,

β1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2t1 − k2

q
, β2 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2t2 − k2

q
,

kl1 = ω/c11, kl2 = ω/cl2, kl3 = ω/cl3, kt1 = ω/ct1, kt2 = ω/ct2.
To ensure that there are no displacements in both the

substrate layer and the fluid as x2 approaches infinity, the
values of b2 and d2 should be 0, and similarly, a3 = 0.

The equations describing the stresses in each layer look
like the following:23

σij ¼ μ1 ui; j þ uj;i
� �þ λ1uk;kδij

σsij ¼ μ2 usi; j þ usj;i
	 


þ λ2usk;kδij

p ¼ −λ3u f
k;k

8>><
>>: (3:5)

In the context of stress and pressure at a fluid–solid
interface, the Cauchy stress in the thin elastic layer and
substrate layer is denoted σij and σsij, respectively. The
pressure exerted by the fluid is represented by the
symbol p.23,32

To find analytical solutions for both models, the
relationships concerning the displacements eqn (3.1) and
stress components eqn (3.5) for a specific medium need to
satisfy specific interfacial boundary conditions (ICs). For both
models, we will consider that the upper half-space can be
occupied by liquid fluid (water or air), and thus two sets of
ICs are proposed:

• Interfacial boundary conditions (x2 = 0) for model M1:

(3:6)

• Interfacial boundary conditions (x2 = 0 and x2 = h) for
model M2:

Fig. 6 (a) Fluid/substrate (model M1) and (b) fluid/film/substrate (model M2).
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(3:7)

Substitution of appropriate expressions for the
displacements eqn (3.1) and stresses eqn (3.5) into interfacial
conditions eqn (3.6) or eqn (3.7) leads to a set of linear
algebraic equations, which can be generally written in a
matrix form as:

M[a1, b1, c1, d1, a2, c2, b3]
T = 0. (3.8)

The matrix M for both models (M1 and M2) is a function
of the Lamé constants (λ, μ), densities of the components
(ρi), the layer thickness (h) and frequency ( f ). The exact form
of the matrices is presented in the Appendix.

The requirement for the existence of nontrivial solutions
of eqn (3.8) is that:

det(M) = 0, (3.9)

determines the dispersion relationships of the guided waves,
which can be used for the evaluation of phase velocity as a
function of frequency.

5. Acoustic microscopy investigation
of the YAG:Ce substrate and LuAG:Ce
film/YAG:Ce crystal epitaxial structure

For both samples (the YAG:Ce crystal substrate and LuAG:Ce
film/YAG:Ce crystal epitaxial structure), a V(z) curve was
obtained by using an acoustic microscope. The velocity of the
surface acoustic wave (SAW) can be determined by measuring
the spacing Δz between consecutive minima in the
interference pattern (V(z) curve – see Fig. 6). This arises from

the considerations of the difference in the path and phase
change during the interference of two waves. The Δz value
was measured for each specimen at different wave
frequencies ( f = 35; f = 100; f = 200 MHz), and the SAW
velocity was calculated using the following formula:27

VSAW ¼ νwffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 1 − νw

2 f Δz

	 
2
r (4:1)

where νw represents the acoustic velocity in water. To
minimize measurement errors, the V(z) curve was measured 5
times for each sample at different positions of their surfaces.

First, acoustic microscopy measurements were performed
for the YAG:Ce crystal substrate. Fig. 7 demonstrates the
exemplary V(z) curve for the YAG:Ce substrate sample with a
thickness of 500 μm obtained using a 200 MHz transducer.

The velocity of the surface acoustic wave was determined
by measuring the spacing Δz between successive minima and
maxima in the V(z) curve pattern. The calculated phase
velocities measured at different excitation frequencies for the
YAG:Ce substrate are presented in Table 1.

It can be seen from the table that measured values of the
phase velocity are very close and weakly depend on the
frequency of the excitation wave. Thus, we conclude that the
dispersion in the experimental frequency range (35–200
MHz) is small. The wavelengths calculated as a ratio of wave
velocity and transducer frequency (λ = velocity/frequency)
range from 130 μm (for a 35 MHz transducer) to 23 μm (for a
200 MHz transducer). The obtained results for the YAG:Ce
crystal substrate are expected because the above-mentioned
wavelengths are at least 5 times smaller than the substrate
thickness (500 μm). Thus, it seems justified to conclude that
in this case, a nondispersive surface Rayleigh type of wave
propagates in the YAG:Ce substrate material. In the second
stage, the V(z) acoustic curves for the epitaxial structures at
different frequencies were measured. In Fig. 6b, the
exemplary curve measured using a 100 MHz transducer is
shown for the epitaxial structure containing the YAG:Ce
crystal substrate with 500 μm thickness covered by the LuAG:
Ce SCF with a thickness of ∼30 μm from both sides. The
calculated values of the phase velocities obtained at three

Fig. 7 (a) Exemplary V(z) curve for the YAG:Ce crystal substrate measured using a 200 MHz transducer and (b) for the LuAG:Ce SCF/YAG:Ce
crystal substrate epitaxial structure measured using a 100 MHz transducer.
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frequencies are summarized in Table 1. The SAWs in the
epitaxial structure exhibit a dispersive nature, meaning that
their phase velocity depends on their frequency. This
dispersion is a consequence of the complex interaction of
the surface wave with the layered structure of the
material.

6. Comparison of model predictions
with experimental results

To obtain a dispersion curve experimentally, a significant
number of measurements need to be conducted using
ultrasonic transducers with a precise frequency increment.
The other solution is to use the wideband transducers and

ultrasonic spectroscopy method. The above-mentioned
experimental methods are difficult to apply for samples of
small dimensions. Thus, the present study employs an
alternative approach that involves the validation of
experimental data by comparing them to predictions derived
from a theoretical model. Solving numerical models of
physical processes is crucial as it provides a deeper
understanding of complex phenomena and enables the
exploration of inaccessible conditions. In the paper, the
MATLAB programming software was used to solve
numerically the dispersion equations.

Initially, the microscopic material parameters used in the
model were taken from the literature.26,27 Table 2 presents a

Table 1 Measured phase velocities for three frequencies in the YAG:Ce crystal substrate and LuAG:Ce SCF/YAG:Ce crystal epitaxial structure

Frequency,
MHz

YAG:Ce SC LuAG:Ce SCF/YAG:Ce crystal

Phase velocity, m s−1 Phase velocity, m s−1

35 4633 ± 57 4177 ± 95
100 4648 ± 33 3986 ± 150
200 4596 ± 45 5052 ± 135

Fig. 8 Phase velocity dispersion curve for the M1 model (two-
adjacent half-spaces). The upper half-space is occupied by water or air
while the bottom half-space is by the YAG:Ce SC substrate.

Fig. 9 Comparison of calculated (red continuous and dotted line) and
measured (blue squares) phase velocities for YAG:Ce substrate (a) and
for YAG:Ce/LuAG:Ce epitaxial structure (b).

Table 2 Input (initial) parameters for the numerical calculations of the
models

Parameter Symbol Value

Density of bulk substrate YAG:Ce ρs 6000 [g cm−3]
Density of bulk film LuAG:Ce ρl 4500[g cm−3]
Density of the fluid ρf 1000 [gcm−3]
Density of the air ρa 1 [g cm−3]
Speed of sound in the fluid Vf 1500 [m s−1]
Velocity of a longitudinal and shear
wave in the YAG:Ce crystal substrate

csL, c
s
SH 8500, 5070 [m s−1]

The velocity of a longitudinal and
shear wave in the LuAG:Ce film

clL, c
l
SH 7000, 4500 [m s−1]
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list of initial parameters that were utilized in the numerical
calculations related to the M1 and M2 models.

Fig. 8 demonstrates the numerically calculated dispersion
curves for the M1 model. To simulate experimental
conditions, two cases were examined i.e. the case when the
upper half-space is occupied by water or air while the bottom
half-space was the YAG:Ce crystal substrate.

In ultrasonic microscopy experiments, the focused probe
is immersed in water (coupling medium) to ensure the
transmission of the wave to the sample. The wave
propagates mainly in the solid sample, but some of its
energy leaks to the coupling medium which, in general,
may lead to the dispersion. The results presented in Fig. 8
show that the theoretical predictions of the dispersion
curves differ very little when the water is replaced by air
(within 2–3 m s−1). Thus, we conclude that the presence of
water or air in the top half-space practically does not
influence the wave velocity in the substrate (solid) and in
further analysis, a simplified model (with air in the upper
half-space) will be used.

In Fig. 9a, the experimental results (from ultrasonic
microscopy) with error bars for the YAG:Ce crystal substrate
are compared with the dispersion curves numerically
calculated for the simplified M1 model. The experimental
values overlap to a large extent with the simulated results
in the low-frequency region. For a frequency of 200 MHz,
there is a deviation of the experimental data to the region

of lower phase velocities, which can be associated with
experimental errors.

In Fig. 9b, a similar comparison of the measured and
theoretically predicted phase velocity dispersions for the
epitaxial structure of the LuAG:Ce SCF/YAG:Ce crystal is
shown. Within the considered frequency range, the theory
predicted the existence of three different modes (B0, B1,
B2). The B0 (fundamental) mode exists in the whole
frequency range, while the higher order modes (B1, B2) are
at the higher frequencies only. Based on the results shown
in Fig. 9a and b, one can conclude that in the experiments
for the epitaxial structure of the LuAG:Ce SCF/YAG:Ce
crystal, only B1 and B2 wave modes are observed. The
absence of experimental results lying in the region of the
B0 mode is most likely associated with the sensitivity of the
measuring equipment.

7. Extraction of material properties
based on the optimization procedure

The model's accuracy and reliability need to be assessed
by comparing its predictions with experimental data from
well-designed experiments. This validation process helps
establish confidence in the model's ability to accurately
represent the physical process under investigation. The
optimization procedure involves comparing the calculated
or predicted wave modes with the experimental results.

Fig. 10 The estimation of convergence of the optimization procedure: (a) – longitudinal velocity depends on layer thickness, (b) – shear velocity
depends on layer thickness, (c) – longitudinal velocity depends on shear velocity, and (d) – density of the layer depends on shear velocity.
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This process aims to find the best set of parameters or
conditions that can reproduce the observed modes most
accurately. During the optimization, various parameters
related to the material properties or experimental setup
may be adjusted or fine-tuned. These parameters can
include dimensions, compositions, boundary conditions, or
any other relevant variables that affect the wave modes.
The optimization procedure typically involves iterative
steps, where the calculated values are compared with the
experimental data. Based on the level of agreement or
discrepancy between the two, the parameters are adjusted, and
the calculation is repeated. In the context of modeling,
optimization is often used to minimize a cost function. The cost
function represents the measure of error or discrepancy between
the predicted and actual values.

In the context of this work, a standard genetic algorithm
toolbox embedded in the MATLAB libraries was chosen.33

The cost function (CF) is defined as follows:

CF ¼
XN
i¼1

vi fð Þ − c b; f i
� �� �2 (5:1)

where:
vi – vector experimental phase velocities,
f – frequency,
c – model predictions (phase velocity) for a given

frequency ( f ) and,
b – vector of identified parameters [clL, c

l
SH, ρ

l, h].

Since the ultimate goal is to determine the mechanical
parameters of the LuAG:Ce SCF, first the optimization of
the parameters for the YAG:Ce substrate was performed,
and then these values were used in the optimization
procedure for the LuAG:Ce SCF/YAG:Ce SC epitaxial
structure.

The estimation of convergence of the optimization
procedure for four identified parameters of the film is
shown in Fig. 10. It is a visualization of the initial and
final (after optimization) pairs of identified parameters.
The red circle shows the area of convergence of the
parameters.

Based on the minimum, optimal, and maximum values
of the identified parameters (obtained from the
optimization procedure), three dispersion curves for the
LuAG:Ce SCF/YAG:Ce SC epitaxial structure were plotted
together with the experimental values observed for the B1 and
B2 modes (see Fig. 11).

Table 3 summarizes the results obtained from the
optimization procedure. The mechanical properties (Young
modulus and Poisson ratio) are calculated based on the
optimal values of the velocities of the longitudinal and shear
waves and the density of the layer using the well-known
formulas, which can be found elsewhere.17

At present, the literature remains devoid of information
concerning the mechanical properties of LuAG:Ce in the
SCF form. Table 4 shows the values for LuAG in the
single crystal and ceramic forms,34–36 which could be
found in the literature in comparison to optimal values
obtained for LuAG:Ce SCFs. As can be seen from Table 4,
the mechanical properties of the crystals are approximately
the same, while the ceramics have slightly lower values,
which are explained by the presence of a significant
content of air pores in the ceramics. The density value for
the LuAG film (6799 ± 149 kg m−3) slightly exceeds the
literature values for single crystals. Such difference can be
explained by the large concentration of LuAl antisite
defects in the LuAG crystals, grown from the high-
temperature melt and non-stochiometric composition
Lu3LuxAl5−xO12 of these crystals, where x = 0.024.37

The values of Young's modulus and Poisson's coefficient
are in line with literature values, but it's important to note
that direct comparisons cannot be made with materials in
different crystalline forms. It's worth emphasizing once
more that there is currently no existing literature that
specifically investigates the mechanical properties of garnet
SCFs. It's crucial to recognize that the low-temperature melt
growth technique results in a minimal concentration of

Fig. 11 Dispersion curves for the LuAG:Ce SCF/YAG:Ce crystal
epitaxial structure. The dotted line shows the dependence for the
minimum and maximum values of the parameters, and the solid line
shows the optimal curve. The minimum optimal and maximum values
are summarized in Table 3.

Table 3 Mechanical properties of the LuAG:Ce film obtained from the optimization procedure. E – Young modulus; ν – Poisson ratio

Parameter Minimum value Optimal value Maximum value

E, [GPa] 278 290 302
ν 0.22 0.23 0.24
Film thickness [μm] 21 22 23
Film density [kg m−3] 6650 6799 6948
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defects in these materials, distinguishing them from
counterparts in different crystalline forms. Consequently, we
have successfully determined the elastic properties of LuAG:
Ce SCFs for the first time.

Conclusions

As part of theoretical and numerical research, a microscopic
model for a layered epitaxial structure was developed to
explain the propagation of ultrasonic waves with
wavelengths comparable to the thickness of the film. The
dispersion equations for two models were obtained, which
are defined by the mechanical and acoustical properties of
materials. The measurements using acoustic microscopy
were conducted to determine the phase velocity of acoustic
surface waves on the YAG:Ce crystal substrate and the
LuAG:Ce SCF/YAG:Ce SC epitaxial structure. The resultant
phase velocities (∼4600 m s−1) at distinct excitation
frequencies for the YAG:Ce crystal substrate are very close
and weakly depend on the frequency of the excitation wave.
However, the surface acoustic waves in the epitaxial
structure exhibit a dispersive nature, meaning that their
phase velocity depends on their frequency. This dispersion
is a consequence of the complex interaction of the surface
wave with the layered structure of the material.

It is concluded that the presence of water or air has a
negligible effect on wave velocity in the substrate, leading to
the use of a simplified model with air in the upper half-
space for further analysis. A specific optimization sequence
is described, starting with the optimization of parameters
for the YAG substrate. The values obtained in this initial
step are then utilized in the optimization procedure for the
LuAG:Ce SCF/YAG:Ce crystal epitaxial structure.

Experimental results, obtained through ultrasonic
microscopy, were compared with the dispersion curves
numerically calculated for the considered model. This
comparison reveals a high degree of agreement in the
low-frequency region, with slight deviations at higher
frequencies, possibly attributed to experimental errors.
The optimization procedure for extracting material
properties illustrates its practical implementation in
analyzing the LuAG:Ce SCF/YAG:Ce crystal epitaxial
structure and offers valuable insights into the
mechanical characteristics of this material. The obtained
values of Young's modulus (290 ± 12 GPa) and Poisson's
coefficient (0.22 ± 0.01) are in line with the results
found in the literature. This highlights the unique and
pioneering aspect of this research, specifically in

uncovering the elastic properties of LuAG:Ce SCFs, the
well-known scintillation materials, an area that had
remained unexplored in prior literature.

Data availability

The data supporting the findings of this study, titled
“Acoustic microscopy study on elasto-mechanical properties
of Lu3Al5O12:Ce single crystalline films” (Manuscript ID: CE-
ART-01-2025-000068), can be found in the repository. The
data is accessible at the following link: https://repod.icm.edu.
pl/dataset.xhtml?persistentId=doi:10.18150/BNMREE.

Author contributions

Anton Markovskyi and Michał Rosiak analyzed the
experimental materials and drafted the manuscript. Vitalii
Gorbenko performed the growth of LuAG:Ce SCFs using the
LPE method. Yuriy Zorenko contributed in the methodology
and resources of the experiment and corrected the draft of
the paper. The XRD measurements were performed by
Alexander Fedorov. The micro-CT measurements were
performed and analyzed by Zbigniew Szczepański and
Mieczysław Ciezko. The experimental data from acoustic
microscopy were obtained by Jerzy Litniewski. The
interpretation of the results and the optimization procedure
were carried out by Mariusz Kaczmarek and Michał Pakuła.

Conflicts of interest

The authors declare no conflict of interest.

Appendix

For model M1 and the liquid in the upper half space, the
matrix (3 × 3) can be written as:

Mwater
1 ¼

−α2 − k α3ω

μ2k
2
2 2μ2kβ2 0

2μ2kα2 μ2k
2
2 0

2
64

3
75 (A:1)

where k22 = (k2 − β22).
When the water is replaced by air, the simplified version

(2 × 2) of the relationship eqn (A.1) can be derived:

Mair
1 ¼ μ2k

2
2 2μ2kβ2

2μ2kα2 μ2k
2
2

" #
(A:2)

Table 4 Mechanical properties of LuAG bulk crystals and ceramics32,38–41

Source C11 C44 E [GPa] ν ρ [g cm−3]

M. J. Weber et al.34 values for bulk crystals 339 113 282.7 0.251 6.71
P. D. Dragic et al.35 values for bulk crystals 342 115 286.7 0.246 6.71
Fu et al.36 values for LuAG:Yb ceramics — — 275 6.65
Our results 320 122 290 0.23 6.8
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In turn, for model M2 and the liquid in the upper half space,
the matrix (7 × 7) can be written as:

where k21 = k2 − β21.
When the water half-space is replaced by air half-space,

the simplified (6 × 6) version of the relationship eqn (A.3) can
be derived:
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