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An algorithm for analyzing double-crystal rocking curves from the near-surface layers of monocrystals has
been proposed, and corresponding software has been developed. It is taken into account that to obtain correct
results, both coherent and diffuse components of X-ray scattering need to be considered. The possibility of
simultaneous analysis of rocking curves from several reflections is provided. To approximate experimental rocking
curves with theoretical ones, an approach that simultaneously uses three different approximation methods has been
utilized. The effectiveness of the proposed approach is confirmed by verifying the uniqueness of the obtained
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Introduction

X-ray structural analysis is a primary source of
information about the crystalline structure of materials.
Additionally, this analysis is one of the main methods for
studying the structure of near-surface layers of
monocrystalline materials after various types of
processing [1, 2].

Most types of surface treatment or modification of
crystals lead to changes in the crystalline structure of their
near-surface layers. For example, ion implantation results
in the incorporation of implant ions into the structure and
the generation of radiation defects, which are unevenly
distributed throughout the thickness of the disturbed layer
[3]. This leads to changes in the interplanar distances in
the near-surface layer (formation of a strain profile). These
changes in interplanar distances cause additional peaks
and humps (additional oscillatory structure) to appear on
the X-ray diffractograms near the main Bragg peak from
the ideal part of the monocrystal. Analyzing this additional
oscillatory structure allows obtaining information about
the state of the ion-implanted layer of monocrystals and,
accordingly, about the quantity, characteristics, and depth
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distribution of radiation defects that cause changes in the
interplanar distances of the near-surface layer.

I. Analysis of the state of the problem

Unlike the analysis of polycrystalline materials,
which has a wide range of both commercial and free
software [4, 5], as well as the possibility of using more
complex [6] or simpler approaches [7], there are
significantly fewer programs in the field of analyzing the
defect structure of monocrystals and their near-surface
layers.

Existing programs for the analysis of near-surface
layers and layered structures are mainly focused on the
study of reflectometry data (XRR), and their analysis is
periodically conducted in scientific publications, for
example [8-10]. However, regarding diffractometry with
the implementation of scans in various modes (XRD),
such programs are practically unavailable for free access.
This is because each scientific group creates its own
software and does not make it publicly available. These
programs reflect the current and optimal approaches to X-
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ray diffraction modeling and solving specific scientific
problems relevant to the particular research group. There
are also specialized programs for analyzing
superstructures, layered structures, and ion-implanted
layers on the surfaces of monocrystals in respective
industries, but their commercial use is significantly
limited.

Nevertheless, different approaches to analyzing X-ray
diffraction patterns from surface layers of monocrystals
and thin films are described in detail in the literature.
Therefore, for those who need to analyze and account for
various effects, it is necessary to develop appropriate
software themselves. Thus, we will examine the main
approaches to analyzing the surface layers of
monocrystals and thin films described in the literature in
more detail.

At present, the analysis of surface layers of
monocrystals is performed using kinematic [11] and
dynamic [12-14] X-ray scattering theories.

Over the past decades, there have been many
publications on this topic, but the approaches to analysis,
fitting methods, the degree of uniqueness of the results,
and other important aspects of interpretation are usually
not specified. Work [15] is one of the few works that
details the logic of finding strain profiles from the
perspective of software architecture and describes the
minimization algorithms and analyzes them. The genetic
algorithm [16] and the annealing simulation algorithm
[17] are also used to determine strain profiles. These
methods allow for the determination of the strain profile
even without "assuming" its shape. However, when
analyzing the results provided by the program, one must
critically assess the physical validity of the obtained
dependencies.

It should be noted that in the determination of strain
profiles, diffuse X-ray scattering on defects is not taken
into account in a significant number of publications.

In general, most publications on the study of the
structure of surface-disturbed layers are limited to
determining deformation profiles. The diffuse component
of X-ray scattering on defects is also not considered, and
thus, defect parameters are not determined. Many works
define the parameters of the disturbed layer using a single
reflection or several reflections, but with a separate
analysis, which does not allow for the unambiguous
determination of the structural parameters of the surface-
disturbed layers of monocrystals and films. Therefore,
there are reasons to believe that existing approaches only
partially cover all the tasks involved in X-ray structural
analysis of surface-disturbed layers of monocrystalline
materials and films. This is why further work is needed in
the direction of developing approaches and software for
the correct determination of the structure of the surface-
disturbed layers of monocrystalline materials.

The aim of this work is to develop algorithms, models,
and software for the analysis of X-ray diffraction patterns
in the study of surface-disturbed layers of monocrystalline
materials or films after various types of treatment,
including ion implantation.
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Il. Approaches to modeling X-ray
diffraction in crystals

To analyze experimental rocking curves for
determining the parameters of the crystal structure of near-
surface layers in monocrystals and films, X-ray diffraction
modeling is used.

The development of software for X-ray diffraction
modeling is a labor-intensive and complex task. Without
delving into the specific formulas for calculations, we will
present a general scheme that describes the logic of the
modeling process.

When analyzing diffraction patterns from mono-
crystals, direct modeling of X-ray diffraction is performed
based on the parameters of the crystal structure and
parameters that characterize X-ray scattering by atoms.

In the modeling, it was taken into account that the
intensity of X-rays reflected from the crystal consists of
coherent Reon (takes into account X-ray scattering on an
"ideal" crystal lattice) and diffuse Rt (takes into account
X-ray scattering on crystal structure defects) component
[18]:

R(AO) = Reon(AO) + Raii(A D).

‘ X-ray scattering theories ‘

Kinematic
(polyerystals and mosaic monoerystals)

Describes X-ray scattering in:

—>

» mosaic crystals without defects
(I generation of materials diagnostics)

+ mosaic crystals with defects
(III generation of materials diagnostics)

Dynamic
(ideal single crystals)

Describes X-ray scattering in:

» ideal crystals without defects
(II generation of materials diagnosties)

+ ideal crystals with defects
(IV generation of materials diagnostics)

Fig. 1. Scheme of X-ray scattering theories application.

From the perspective of X-ray crystallography for
analyzing crystal structures, various X-ray scattering
theories can be applied to the analysis of diffraction
patterns (Fig. 1). In the developed software, the analysis
of near-surface layers of monocrystals is performed using
the kinematic theory of X-ray scattering [19], dynamic
theories based on the Takagi equations [20-24], and the
statistical dynamic theory of X-ray scattering [25-27].
Special attention is given to the highly detailed and
rigorous model of X-ray diffraction in monocrystals with
defects of any type and size — the statistical dynamic
theory developed by V.B. Molodkin (G. V. Kurdyumov
Institute for Metal Physics of the N.A.S. of Ukraine) [28-
30]. All of these approaches were utilized in the
development of the software for the analysis of near-
surface layers of monocrystals.



Analysis X-ray diffractograms from near-surface layers of monocrystals: development of models, algorithms and ...

A‘
Sublayers of the disturbed layer g 5
Sublayers of the disturbed layer g &
Sublayers of the disturbed layer (é,d B
Sublayers of the disturbed layer ‘(ﬁ: DE 3 -
Sublayers of the disturbed layer f{; .9 Kmel,nanc or
; o dynamic theory
Sublayers of the disturbed layer % @ f'X + seatt o
Sublayers of the disturbed layer (}}J B Ot A-ray scattering
Sublayers of the disturbed layer g}f %
Sublayers of the disturbed layer % E
Sublayers of the disturbed layer % =2
o
Dynamic theory
Perfect part of film yramue teory
of X-ray scattering
<7
@

Dynamic theory
of X-ray scattering

Monocrystal - substrate

Fig. 2. Crystal structure used for modeling.

The use of different theoretical approaches allows for
modeling with varying degrees of speed, complexity, and
detail, both in terms of diffraction description and the
complexity of the crystal structure of the studied near-

surface layers.
In the general case, the model of the investigated

system consists of a monocrystal substrate, an ideal part
of the film, and a near-surface disturbed layer, which is
divided into sublayers for the implementation of an
iterative procedure (Fig. 2). In each sublayer, defects are
assumed to be uniformly distributed, and the defect
parameters, deformation, and degree of amorphization are
considered constant. Thus, the intensity calculated from
the substrate serves as the input intensity for the ideal part
of the film, and the output intensity from the ideal part of
the film becomes the input intensity for the lowest
sublayer of the disturbed layer, and so on. The
experimentally observed intensity is the result of the last

sublayer of the disturbed layer.
In crystals, various types of defects are considered,

which can be described using parameters of specific types
of defects as well as parameters that indirectly describe the
defect subsystem. The schematic of the defect subsystem
used for X-ray diffraction modeling in dynamic case in

‘ Defects and their describing ‘

/

Describing through
specific types of defects

/

Dislocation loops

Isotropically
oriented

Clusters

AN

Describing through
indirect defect
parameters

scorrelation length

([22]. [23], [24D

Disk-shaped

Radius and concentration,

[ata‘nc Debye-Waller factor

Radius and concentration,
Burgers vector ==
sstatic Debye-Waller factor
sextinction coefficient

([26], [27]. [25])

Deformation at the boundary =>
sstatic Debye-Waller factor
sextinction coefficient

([26], [27]. [25D)

Anisotropically
oriented

Spherical defects,

point defects

Radius and concentration,

Radius and concentration,
Burgers vector, orientation =>
sstatic Debye-Waller factor
sextinction coefficient
([26]. [27]. [25]. [35])

Deformation at the boundary ==
sstatic Debye-Waller factor
sextinction coefficient

([26]. [27], [25])

Fig. 3. Scheme of the defect subsystem of the crystal considered in the modeling.
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this work is shown in Fig. 3. This diagram also presents
the main parameters of the theory and the corresponding
publications.

The disturbed layer can be described within different
models, as shown in Fig. 4. For each of these models, both
kinematic and dynamic theories of X-ray scattering can be
applied. Given that the inhomogeneous near-surface layer
is divided into sublayers for modeling purposes, the
distribution of various disturbed layer parameters with
depth (including the strain profile) is represented as a step
function (it can also be depicted as an averaging line in the
figures). A more detailed description of the structure of the
ion-implanted layer is provided in [31]. The use of various
models of the disturbed layer, scanning methods, and
approaches to obtaining information from them are
considered in [32-34].
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Fig. 4. Models of the disturbed layer:

a) perfect monocrystal, b) deformed monocrystal,
c) deformed monocrystal with disorder (with point
defects), d) deformed monocrystal with disorder (with
nonpoint defects).

For dislocation loops, possible orientations are also
taken into account. In the case of an equally probable
orientation of defects in all crystal equivalent directions,
most of the terms that arise when deriving the final
mathematical ratios are mutually compensated and a
relatively simple final mathematical expression is
obtained. The mathematical model that accounts for
anisotropy in the orientation of non-spherically symmetric
defects was developed by us and described in [35]. To
obtain the analytical expression considering anisotropy in
defect orientations, the terms mentioned above are not
zero and are not mutually canceled, so the computer
algebra system Maple was used to facilitate the derivation
of formulas and avoid errors.

A simplified scheme of the algorithm for modeling the
coherent component from monocrystals with a near-
surface disturbed layer is presented in Fig. 5. The purpose
of most modules is clear from their names.

The disturbed layer is divided into sublayers, in each
of which all the crystal structure parameters are
considered to be constant. The subdivision into sublayers
is meaningful as long as it affects the theoretical rocking
curves. The modules covered by the "Sublayer Iteration"
section are repeated in a cycle tens or even hundreds of
times.
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The model considers two types of X-ray polarization,
which is why most calculations (covered under
"Polarization Iteration™) are performed twice.

It is important to note that calculations from the
"Calculation of Polarization-Independent Parameters"”
module to the "Total Intensity Calculation" module
pertain to a single point on the rocking curve, that is, the
intensity at a specific angle. Therefore, "Angle Iteration™
means that all calculations covered by this iteration are
repeated in a loop thousands of times.

The calculation of the diffuse component follows a
structural scheme for modeling that is somewhat similar
but significantly more complex because it involves
calculating the diffuse components for many types of
defects. Consequently, the computation time increases by
several orders of magnitude. Additionally, accounting for
anisotropy in the orientation of non-centrosymmetric
defects further complicates the calculations and increases
the computation time by hundreds of times.
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Fig. 7. Diffraction rocking curves
(black — coherent, green — diffuse, red — total).

As an example, we present the result of modeling X-
ray diffraction on a monocrystal with a surface-disturbed
layer, where the strain profile is shown in Fig. 6, and
defects are present. The calculated rocking curve and its
components are presented in Fig. 7. Scattering on the
defects results in the formation of a diffuse component,
while scattering on the quasi-ideal part results in the
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coherent component. The coherent component clearly
indicates diffraction from specific sublayers where there
is a large deformation difference between them (sublayers
3-5), and interference effects in the case of smaller
deformation differences (sublayers 1 and 2).

I11. Software design and development for
analyzing X-ray diffraction data from
monocrystals

Based on the analysis of literature data and the needs
arising from the analysis of experimental X-ray diffraction
patterns, it was determined that the software should have
the following main functionalities and features:

—modeling of X-ray diffraction in crystals taking into
account the coherent and diffuse components of X-ray
scattering;

—taking into account when modeling the parameters
of monocrystals, including defects of various types;

—modeling of X-ray diffraction using the main
currently existing theoretical approaches;

—implementation of a mathematical and computer
model of X-ray diffraction, taking into account anisotropy
in the orientation of non-centrosymmetric defects within
the framework of the statistical dynamic theory of X-ray
scattering;

—simultaneous consideration in the analysis of several
reflexes with methods of assessing the degree of
coincidence of theoretical  diffractograms  with
experimental ones;

—availability of a powerful method of approximating
theoretically calculated diffractograms to experimental
ones.

Based on the aforementioned functionality, a software
package for analyzing monocrystals, monocrystals with
disturbed near-surface layers, film-substrate systems, and
multilayer structures has been developed using the C++
programming language (Builder). This software enables
the modeling of theoretical rocking curves given specific
parameters for the crystal defect subsystem. The interface
of the developed program is shown in Fig. 8.

When developing software, a lot of useful information
can be taken from the book [36]. The algorithm for
minimizing the deviation of theoretically calculated
rocking curves from experimental ones combined three
methods, a detailed description of which is given in [31,
37]. To compare the experimental and theoretical KDV,
the convolution of the calculated theoretical KDV was
made with the apparate function of the spectrometer.

The main stages of using the developed approach in
the previous version of the software are shown in the work
[31]. In particular, it demonstrates the sequential stages of
simultaneous analysis of several experimental rocking
curves, starting from the modeling of ion implantation and
ending with the consideration of anisotropy in the
orientation of radiation defects.
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Fig. 8. The interface of the developed program for modeling X-ray diffraction in real crystals.

Conclusions

1. Analgorithm and its software implementation have
been developed for analyzing monocrystals, films, and
near-surface layers of monocrystalline materials after
various types of processing.

2. Using the developed software, X-ray diffraction in
monocrystals (both ideal and real) can be modeled using
various theoretical approaches, including the calculation
of coherent and diffuse components of X-ray scattering.

3. The developed software has the capability of
simultaneously processing experimental rocking curves

[1] D.K. Bowen and Brian K. Tanner High Resolution X-
1998); https://doi.org/10.1201/b12575.

from a series of symmetric and asymmetric reflections. It
accounts for the presence of various types of defects and
deformations in all structural elements of the investigated
sample, which distinguishes it from its analogs with great
quality.

Yaremiy I. P. — Doctor of Physical and Mathematical
Sciences, Professor;

Yaremiy S. |. — Candidate of Physical and Mathematical
Sciences (PhD);

Vlasii O. O. — Candidate of Technical Sciences (PhD);
Vekeryk D. V. — student;

Tomyn Ya. |I. — PhD student.

Ray Diffractometry And Topography (CRC Press, London,

[2] U Pietsch, V. Holy, T. Baumbach, High-Resolution X-Ray Scattering. From Thin Films to Lateral Nanostructures,
(Springer New York, New York, 2004); https://doi.org/10.1007/978-1-4757-4050-9.

[3] lon beam applications in surface and bulk modification of insulators (International Atomic Energy Agency.

Vienna, 2008).

[4] 1. S. Yakimov, A. N. Zaloga, L. A. Solov’ev, et al., Method of evolutionary structure-sensitive quantitative X-ray

phase analysis of multiphase polycrystalline m
https://doi.org/10.1134/s0020168512140208.

aterials, Inorganic Materials, 48(14), 1285 (2012);

[5] Web-sourse: Company «Analyzetest» web: https://www.analyzetest.com/2021/03/11/495/.

[6] V. S. Bushkova, S. I. Mudry, 1. P. Yaremiy, V. I. Kravets, X-Ray Analysis Of Nickel-Cobalt Ferrite Nanoparticles
By Using Debyes—Scherrer, Williamsons—Hall And Ssp Methods, Journal of Physical Studies, 20(1/2), 1702

(2016); https://doi.org/10.30970/jps.20.1702.

418


https://doi.org/10.1201/b12575
https://doi.org/10.1007/978-1-4757-4050-9
https://doi.org/10.1134/s0020168512140208
https://www.analyzetest.com/2021/03/11/495/
https://doi.org/10.30970/jps.20.1702

Analysis X-ray diffractograms from near-surface layers of monocrystals: development of models, algorithms and ...

[7]1 A.V. Kopaev, V.V. Mokljak, I.M. Gasyuk, et al., Structure ordering in Mg-Zn ferrite nanopowders obtained by
the  method of sol-gel autocombustion, Solid State  Phenomena, 230, 114 (2015);
https://doi.org/10.4028/www.scientific.net/SSP.230.114.

[8] V. Penkov, I. Kopylets, M. Khadem, et al., X-Ray Calc: A software for the simulation of X-ray reflectivity, Original
software publication, 12, 100528 (2020); https://doi.org/10.1016/j.softx.2020.100528.

[9] G. Vignaud, A. Gibaud, REFLEX: a program for the analysis of specular X-ray and neutron reflectivity data,
Journal of Applied Crystallography, 52, 201-213 (2019); https://doi.org/10.1107/S1600576718018186.

[10] S. Stepanov, Transformation of X-ray Server from a set of WWW-accessed programs into WWW-based library
for remotecalls from X-ray data analysis software, Thin Solid Films, 515(14), 5700 (2007);
https://doi.org/10.1016/j.tsf.2006.12.011.

[11] C. Suryanarayana, M. Grant Norton, X-Ray Diffraction: A Practical Approach (Springer New York, New York,
1988); https://doi.org/10.1007/978-1-4899-0148-4.

[12] A. Authier, Dynamical eheory of X-ray diffraction (New York, Oxford Press, 2001).

[13] Z.G. Pinsker, Dynamical Scattering of X-Rays in Crystals (Springer Berlin, Heidelberg, 1978).

[14] W. H. Zachariasen, Theory of X-ray diffraction in crystals (Dover Publications, Inc., 1967).

[15] O. I. Liubchenko, V. P. Kladko, O. Yo. Gudymenko, Modeling of X-ray rocking curves for layers after two-
stage ion-implantation, Semiconductor Physics, Quantum Electronics & Optoelectronics, 20(3), 355 (2017);
https://doi.org/10.15407/spge020.03.355.

[16] A. Lomov, K. Shcherbachev, Y. Chesnokov et al., The microstructure of Si surface layers after plasma-
immersion He* ion implantation and subsequent thermal annealing, J. Appl. Cryst, 50, 539 (2017);
https://doi.org/10.1107/S1600576717003259.

[17] A. Boullea, A. Debelleb, Strain-profile determination in ion-implanted single crystals using generalized
simulated annealing. J. Appl. Cryst, 43, 1046-1052 (2010); https://doi.org/10.1107/S0021889810030281.

[18] M. A. Krivoglaz X-Ray and Neutron Diffraction in Nonideal Crystals, Springer Berlin, Heidelberg (1996);
https://doi.org/10.1007/978-3-642-74291-0.

[19] G. Balestrino, S. Lagomarsino, E. Milani et al., Reconstruction mechanism in ion implanted yttrium iron garnet
films. J. Appl. Phys, 63(8), 2751 (1988); https://doi.org/10.1063/1.340972.

[20] S. Takagi, Dynamical theory of diffraction applicable to crystals with any kind of small distortion, Acta Crystall,
15, 1311 (1962); https://doi.org/10.1107/S0365110X62003473.

[21] I A Vartanyants, M V Kovalchuk, Theory and applications of x-ray standing waves in real crystals. Reports on
Progress in Physics, 64(9), 1009 (2001); https://doi.org/10.1088/0034-4885/64/9/201.

[22] N. Kato, Statistical Theory of Dynamical Diffraction in Crystals. In: A. Authier, S. Lagomarsino, B.K. Tanner,
(eds) X-Ray and Neutron Dynamical Diffraction. NATO ASI Series, vol 357 (Springer, Boston, MA);
https://doi.org/10.1007/978-1-4615-5879-8 7.

[23] V.A. Bushuev, Statistical dynamic theory of X-ray diffraction in imperfect crystals taking into account the
angular distribution of intensities, Crystallography 34(2), 279 (1989).

[24] V.l. Punegov, Correlation length in the statistical theory of X-ray diffraction on one-dimensionally distorted
crystals with defects. Model of discrete layered structure, Crystallography 41(1), 23 (1996);

[25] P. H. Dederics, Effect of defect clustering on anomalous x-ray transmission, Physical review B, 1(4), 1306
(1970); https://doi.org/10.1103/PhysRevB.1.1306.

[26] V. B. Molodkin, S. I. Olikhovskii, E. N. Kislovskii et al., Bragg diffraction of X-rays by single crystals with
large microdefects. |. Generalized dynamical theory, Phys. Stat. Sol B, 227(2), 429 (2001);
https://doi.org/10.1002/1521-3951(200110)227:2<429::AID-PSSB429>3.0.CO;2-C.

[27] S. I. Olikhovskii, V. B. Molodkin, E. N. Kislovskii et al., Bragg diffraction of X-rays by single crystals with
large microdefects. 1. Dynamical diffuse scattering amplitude and intensity, Phys. Stat. Sol B, 231(1), 199 (2002);
https://doi.org/10.1002/1521-3951(200205)231:1<199::AID-PSSB199>3.0.CO;2-Y.

[28] S. I. Olikhovskii, V. B. Molodkin, O. S. Skakunova, et al., Dynamical X-ray diffraction theory: characterization
of defects and strains in as-grown and ion-implanted garnet structures. Physica Status Solidi B, 254(7), 1600689
(2017); https://doi.org/10.1002/pssb.201600689.

[29] V. B. Molodkin, S. I. Olikhovskii, E. N. Kislovskii et al., Dynamical theory of X-ray diffraction by multilayered
structures with microdefects. Phys. Status Solidi A, 204(8), 2606 (2007); https://doi.org/10.1002/pssa.200675686.

[30] V. B. Molodkin, S. I. Olikhovskii, E. G. Len et al., Dynamical Theory of Triple-Crystal X-ray Diffractometry
and Characterization of Microdefects and Strains in Imperfect Single Crystals, Metallofiz. Noveishie Tekhnol.,
38(1), 99-139 (2016); https://doi.org/10.15407/mfint.38.01.0099.

[31] I.P. Yaremiy, S.I. Yaremiy, M.M. Povkh, et al., X-ray diagnostics of the structure of nearsurface layers of ion-
implanted monocrystalline materials. Eastern-European Journal of Enterprise Technologies, 6(96), (12), 50
(2018);_http://dx.doi.org/10.15587/1729-4061.2018.151806.

[32] 1. M. Fodchuk, V. V. Dovganiuk, I. I. Gutsuliak et. al., X-Ray diffractometry of lanthanum-doped iron-Yttrium
garnet structures after ion implantation, Metallofizika i Noveishie Tekhnologii, 35(9), 1209 (2013);

[33] I. M. Fodchuk, I. I. Gutsuliak, R. A. Zaplitnyy, I.P. Yaremiy, The influence of high-dose irradiation by N* ions
on the Y2 gsLag osFesO1z crystal structure, Metallofizika i Noveishie Tekhnologii, 35(7), 993 (2013).

419


https://doi.org/10.4028/www.scientific.net/SSP.230.114
https://doi.org/10.1016/j.softx.2020.100528
https://doi.org/10.1107/S1600576718018186
https://www.sciencedirect.com/journal/thin-solid-films
https://doi.org/10.1016/j.tsf.2006.12.011
https://doi.org/10.1007/978-1-4899-0148-4
https://doi.org/10.15407/spqeo20.03.355
http://scripts.iucr.org/cgi-bin/citedin?search_on=name&author_name=Lomov,%20A.
http://scripts.iucr.org/cgi-bin/citedin?search_on=name&author_name=Shcherbachev,%20K.
http://scripts.iucr.org/cgi-bin/citedin?search_on=name&author_name=Chesnokov,%20Y.
http://journals.iucr.org/j/issues/2017/02/00/vh5073/
http://journals.iucr.org/j/issues/2017/02/00/vh5073/
http://journals.iucr.org/j/contents/backissues.html
https://doi.org/10.1107/S1600576717003259
https://doi.org/10.1107/S0021889810030281
https://doi.org/10.1007/978-3-642-74291-0
https://doi.org/10.1063/1.340972
https://doi.org/10.1107/S0365110X62003473
https://doi.org/10.1088/0034-4885/64/9/201
https://doi.org/10.1007/978-1-4615-5879-8_7
https://doi.org/10.1103/PhysRevB.1.1306
https://doi.org/10.1002/1521-3951(200110)227:2%3c429::AID-PSSB429%3e3.0.CO;2-C
https://doi.org/10.1002/1521-3951(200205)231:1%3c199::AID-PSSB199%3e3.0.CO;2-Y
https://doi.org/10.1002/pssb.201600689
https://doi.org/10.1002/pssa.200675686
https://doi.org/10.15407/mfint.38.01.0099
http://dx.doi.org/10.15587/1729-4061.2018.151806

I. P. Yaremiy, S. I. Yaremiy, O. O. Vlasii, D. V. Vekeryk, Ya. . Tomyn

[34] B. K. Ostafiychuk, I. P. Yaremiy, S. I. Yaremiy, et. al., Modification of the crystal structure of gadolinium
gallium garnet by helium ion irradiation, Crystallography Reports, 58(7), 1077 (2013);
https://doi.org/10.1134/s1063774513070122.

[35] I.P. Yaremiy, B. K. Ostafiychuk, U. O. Tomyn, et al., Effects of Anisotropy in Prismatic Dislocation Loops and
Disc-Shape Clusters Orientation in the Statistical Dynamical Theory of X-Ray Scattering, Metallofiz. Noveishie
Tekhnol., 41(6), 699-715 (2019) (in Ukrainian); https://doi.org/10.15407/mfint.41.06.0699.

[36] V.P.Kladko, O.M. Efanov, V.F. Machulin, V.Y. Molodkin, Dynamic diffraction of X-rays in multilayer
structures (Kyiv, Naukova dumka, 2009).

[37] L.P. Yaremiy, S.I. Yaremiy, V.D. Fedoriv, et al., Developing and programming the algorithm of refinement of
the crystal structure of materials with possible isomorphous substitution. Eastern-European Journal of Enterprise
Technologies, 5(5), (95), 61 (2018); http://dx.doi.org/10.15587/1729-4061.2018.142752.

L. II. Spewmiitt, C. 1. Spemiii?, O. O. Buaciii!, 1I. B. Bexepuk?, 5. I. Tomun?!

AHani3 X-npoMeHeBHX A paKkTorpam Bil NpUIIOBEPXHEBUX LIAPiB
MOHOKPHCTAJTIB: po3po0Kka Mojiesiel, aJITOPUTMIB Ta MPOrPAMHOIO
3a0e3ne4eHHs
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2Jeano-Dpanxiecokuil nayionanbnuil meouunuii ynisepcumem, leano-@panxiscok, Ypaina.

3anpornoHOBAaHO ~ ITOPUTM  aHANI3y JBOKPHCTAJbHUX KPHBUX JUdpakuiiiHOro BinOWBaHSI  Bix
HPHUIOBEPXHEBUX LIapiB MOHOKPHCTAJIB Ta PO3POOJICHO BiANOBIIHE NporpaMHe 3abe3nedeHHs. BpaxoBaHo, 1110
UL OTPUMAaHHA KOPEKTHHX pe3yJbTaTiB HEOOXiTHO BpPaxOBYBaTH SK KOTEPEHTHY Tak 1 AU(DY3HY CKIAIOBi
po3cisiast X-mpomeHiB. [lependadeHa MOKIIUBICTE OJTHOYACHOTO aHATI3Y KPHUBUX AUGPAKIiHHOTO BiAOUBAHHS Bif
KipKOX pedrekcis. [ HaOMMKEHHS eKCIEPUMEHTATBbHUX KPUBUX TUPPAKIIIHOTO BiAOMBAHHS TEOPETHIHUMH
BUKOPHCTAHO TIAXiJ, SKUH OJHOYACHO BHKOPHCTOBYE TpPH pi3HI Meronu HaOmmkeHHA. EdekTuBHICTH
3aMpPONOHOBAHOTO MiAXOAY MiATBEPKY€ELCS MEPEBIPKOI0 OTPUMAaHHX PE3yJIbTaTiB Ha 0OTHO3HAYHICTb.

KiawuoBi ciaoBa: KOMI'IOTEpHE MOJICIIOBAHHSA, alrOPUTM, PEHTIEHIBChbKAa AM(BPAKIis, KpUCTaTidHA
CTPYKTYpa, IIOBEpXHEBHH 1Iap, npodiyi nedopmanii, KpuBa roiaanHs, JeHeKTH.
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