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ABSTRACT

The process of x-ray diffraction on the La3Ga5SiO14 (LGS) crystal modulated by surface acoustic waves (SAWs) near the K absorption edge
of Ga (E ¼ 10 367 eV) was studied. A redistribution of the diffracted x-ray intensity between the diffraction satellites occurs at the absorption
edge due to the change in the x-ray penetration depth into the crystal and an effective change in the interaction of x-ray radiation with the
near-surface crystal region modulated by SAW. The intensity distribution of the diffraction satellites starts to change smoothly immediately
after the K absorption edge of Ga with a decrease in the x-ray penetration depth into the crystal.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0002388

X-ray diffraction on the crystals modulated by SAWs is the opti-
mal method for studying the process of SAW excitation and propaga-
tion in solids and allows us to measure the wavelengths, velocities,
amplitudes, and attenuation of SAWs.1–8 Today, the crystals of the lan-
thangallium silicate family are one of the most perspective materials for
acoustoelectronics due to the high perfection of the crystal structure,
the absence of the phase transitions up to the melting point, relatively
high (compared to piezoquartz) piezoelectric modules, and low SAW
velocities, which allow us to create miniature devices.9–13 Note that the
number of crystal cuts has a zero temperature coefficient of frequency.

Earlier, the high perfection of the crystal structure of LGS family
crystals allowed us to observe the extinction of diffraction satellites
connected with the small penetration depth of x-ray radiation into the
crystal14,15 and splitting of diffraction satellites due to stretching and
compression of the crystal lattice in the SAW maxima and minima,
respectively.16

The aim of the present investigation was to study the change in
the process of x-ray diffraction on the LGS crystal modulated by
SAWs at the K absorption edge of Ga.

The Y-cut of an LGS crystal was used to study the process of x-ray
diffraction near the absorption edge of Ga. An interdigital transducer
(IDT) was fabricated on the crystal surface for the SAW excitation
with the wavelength of K ¼ 4 lm. The SAW propagation velocity in
the Y-cut of the LGS crystal along the X-axis is V ¼ 2278 m/s. The res-
onance SAW excitation frequency was f ¼ V=K ¼ 569:5 MHz.

Studies of x-ray diffraction on the LGS crystal modulated by
SAWs were performed in the meridional diffraction geometry in the
scheme of a double axis x-ray diffractometer, schematically shown in
Fig. 1 on the DIFFABS optical beamline at the SOLEIL synchrotron
radiation source and on the KMC 3 optical beamline at the BESSY II
synchrotron radiation source. X-ray radiation was collimated by pri-
mary slits of 1� 1 mm2. Then, x-ray energy was selected using a
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Si(111) double-crystal monochromator and was collimated by a
secondary slit of 50� 50 lm2. X-ray radiation at the Bragg incident
angle falls on the crystal under study. The reflection from planes
(100) in the Y-cut of the LGS crystal was used for studies.
Diffracted x-ray radiation was recorded using a standard NaI scin-
tillation detector. SAW propagation in the crystal leads to sinusoi-
dal modulation of the crystal lattice and the appearance of
diffraction satellites on both the sides of the Bragg peak in the
rocking curve.1,2 If the amplitude of the diffraction satellites is
determined by the amplitude of the SAW, the angular divergence
between the diffraction satellites is defined as

dHmRC ¼ md=K; (1)

where m is the number of diffraction satellites, d is the interplanar
spacing, and K is the SAWwavelength.

The investigation was carried out in the x-ray energy range of 10
300 to 10 500 eV. In this range, the rocking curves of the Y-cut of the
LGS crystal modulated by the SAW with an energy step of 1 eV were
measured. In kinematic approximation, the depth of x-ray penetration
in the LGS crystal is determined as a function of x-ray energy,

l�1z Eð Þ ¼ sinHB Eð Þ=2ll Eð Þ; (2)

where ll is the linear absorption coefficient and HB is the Bragg inci-
dence angle of x-ray radiation. Calculated from exp. (2), the dependence
of the x-ray penetration depth in the LGS crystal for reflection (100) is
shown in Fig. 2. The presence of the K-edge of Ga at E ¼ 10 367 eV
causes a radical change in the absorption coefficient and x-ray penetra-
tion depth, respectively. At the K-edge, the penetration depth decreases
from 3 to 1.6lm. It should be taken into account that the SAW penetra-
tion depth into the crystal does not exceed one SAW wavelength, and
the SAW amplitude in the crystal depth decreases according to the
exponential law.14,15,17,18 In this case, the efficiency of x-ray interaction
with the crystal region modulated by SAWs increases at the absorption
edge. As a result, this leads to the redistribution of the diffracted x-ray
intensity between the diffraction satellites.

The intensities of the diffraction satellites are described by the
Bessel functions of the corresponding orders in accordance with the
following expression:14,16

Im �
ð1

0

exp ð�lzzÞ � Jm h � qz � u zð Þð Þdz

������

������
2

; (3)

where Jm is the Bessel function of the mth diffraction satellites, h is the
SAW amplitude, uðzÞ is the normal component of the crystal lattice
displacement in crystal depth z, and qz is the modulus of the reciprocal
lattice vector. The dependences of the intensities of diffraction satellites
on the SAW amplitude (amplitude of the input signal U supplied to
the IDT) are shown in Fig. 3 for an x-ray energy of E¼ 10 500 eV. If
the intensity of the Bragg peak with the increasing amplitude of the
input signal supplied to the IDT (increasing in the SAW amplitude)
begins to decrease, the diffraction satellites appear on the rocking
curve at different SAW amplitudes, begin to grow with the increasing
SAW amplitude, and reach a maximum value. Thus, in our studies,
the first diffraction satellite reached its maximum value with the
amplitude of the input high-frequency signal supplied to the IDT
U¼ 20 V.

The results of x-ray diffraction on the Y-cut of an LGS crystal
modulated by the SAW with the wavelength of K¼ 4lm in the x-ray
energy range of 10 300 to 10 500 eV are shown in Fig. 4. The studies

FIG. 1. Experimental setup of a double axis x-ray diffractometer.

FIG. 2. X-ray penetration depth in the LGS crystal for (100) reflection vs x-ray
energy.

FIG. 3. Intensities of the diffraction satellites (m ¼ 0; 1; 2 ) vs amplitude of the
input signal supplied to the IDT U [circles—experimental data; solid line—calculations
from exp. (3)]. X-ray energy E¼ 10 500 eV; Y-cut of an LGS crystal; K ¼ 4 lm;
reflection (100); HB ¼ 4:919�.
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were carried out with the amplitude of the input signal supplied to the
IDT U¼ 20 V. Figure 4 shows the rocking curve measured before (a)
and after the K absorption edge of Ga (b)–(c). A strong absorption
begins at the absorption edge in accordance with Fig. 2, and a substan-
tial decrease in the x-ray penetration depth into the crystal occurs
from 3 to 1.6lm. The efficiency of x-ray interaction with the near-
surface region modulated by SAWs increases after the absorption edge
due to a decrease in the x-ray penetration depth. This leads to a redis-
tribution of the diffracted intensities between the diffraction satellites.
It can be seen from the rocking curves that before the K-edge of Ga,
the intensity of the zero diffraction satellite exceeds the intensities of
the first diffraction satellites because x-ray radiation diffracts on both
the SAW modulated near-surface region and the deeper nonmodu-
lated region [Fig. 4(a)]. After the absorption edge, the first diffraction
satellite slowly increases with respect to the zero diffraction satellite as
the x-ray penetration depth decreases [Fig. 4(b)], reaches its maximum
with the minimum x-ray penetration depth, and then starts to
decrease gradually with the subsequent increase in the x-ray penetra-
tion depth [Fig. 4(c)]. In the case of a SAW wavelength of K ¼ 4 lm
and an x-ray penetration depth of 1.6lm after the absorption edge,
the diffraction process corresponds to the kinematic diffraction since,
in this case, x-ray radiation diffracts only on the near-surface region
modulated by the SAW (the SAW penetration depth exceeds the x-ray
penetration depth).14,15 The angular divergence between diffraction
satellites on the rocking curve is independent of x-ray energy and is
dHmRC ¼ 0:011�, which corresponds to the calculated value from
expression (1). It should be noted that the number of diffraction satel-
lites on the rocking curve does not change.

Dependences of the diffraction satellite intensities vs X-ray
energy in the range of 10 300 to 10 500 eV are shown in Fig. 4(d). It is
clearly seen that the redistribution of the diffracted x-ray intensities
between the diffraction satellites begins at the K-edge of Ga. The inten-
sity of the zero diffraction order exceeds the intensities of the first
diffraction satellites before the absorption edge. The intensities of the
first diffraction satellites exceed the intensity of the zero diffraction
order after the K-edge of Ga due to a decrease in the x-ray penetration
depth into the crystal, and x-ray radiation diffracts only on the SAW
modulated near-surface region. Thus, at the absorption edge, there is a
redistribution of diffracted x-ray intensity between diffraction satellites
due to the decrease in the x-ray penetration depth.

It should also be noted that after the Ga absorption edge, when
the depth of x-ray penetration decreases, the intensity of diffracted
x-ray radiation increases. Previously, this phenomenon was observed
when studying x-ray diffraction on GaAs crystals.19 The present study
with the energy step of 1 eV allowed us to observe the oscillations
of the diffracted x-ray intensity after the K absorption edge of Ga
[Fig. 4(d)]. There are four oscillations that are related to the structure
of Ga atoms, which have four electron shells. The presence of these
oscillations does not affect the process of x-ray diffraction on the Y-cut
of the LGS crystal modulated by SAWs. Usually, the structure of atoms
and chemical bonds are studied using EXAFS spectroscopy,20,21 but it
turns out that this can also be observed in the process of x-ray Bragg
diffraction at the absorption edge.

These studies were carried out at the BESSY II and SOLEIL syn-
chrotron radiation sources and showed the same results. Investigations
of the x-ray diffraction process on the LGS crystal modulated by SAWs
demonstrated a change in the distribution of the diffracted x-ray

FIG. 4. X-ray diffraction on the Y-cut of an LGS crystal modulated by SAWs: (a)–(c)
rocking curve measured at x-ray energies of 10 300 eV, 10 400 eV, and 10 500 eV,
respectively; (d) intensities of the diffraction satellites (m ¼ 0; 1; 2 ) vs x-ray
energy. K ¼ 4 lm; reflection (100).
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intensities between the diffraction satellites in the rocking curve near
the K absorption edge of Ga due to the change in the x-ray penetration
depth into the crystal and an effective change in the interaction of X-
ray radiation with the near-surface crystal region modulated by SAWs.

This work was done according to the state task of Ministry of
Science and Higher Education of the Russian Federation (No. 075-
00920-20-00). We thank the Helmholtz-Zentrum Berlin f€ur
Materialien und Energie GmbH and SOLEIL for the allocation of
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