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MAGNETOELECTRIC EFFECT IN THREE-LAYER COMPOSITES BASED ON
¢ MORPHOUS FERROMAGNERIC ALLOY AND RELAXOR CERAMICS

Kalgin A.V.
Voronezh State Technical University, Voronezh, Russia
Voronezh State University, Voronezh, Russia
E-mail: kalgin_alexandr@mail.ru

At various frequencies of an electric field f, strengths of a DC electric field r -,
strengths of a DC magnetic field 1 -, temperatures T and concentrations X, the
magnetoelectric (ME) effect in Fep4sC0045Zr0a/ (1 X)PbMg13NDb,303
(X)PbZry53Tio.4703/Feq45C0g 452101 three-layer composites obtained by ion-beam sputtering of
a FCZ <cast target 0 n t ox)PbMggNbh@sr gx@PHAr, 53 Holi7Oz g 10 f
X)PMN  X)PZT] ceramic plates was studied.

The layers of the ferromagnetic alloyhad si zes of 8 *dnd, Buefoth® . 01

low electrical resistivity of the alloy ( 6 A°100h mA rthey, were electrodes for samples as
wel. The ceramic platesimiese 8 1T 6 I 0.3 mm

The magnetoelectric effect was studied by measuring an induced electric voltage U,
across a measuring coil in which a composite sample was located under the action of
alternating E- and static E- electric fields as well as a DC magnetic field 1 -. The fields of E-
and 1 - were respectively directed along the thickness and length of a sample. The coill
consisted of 200 turns of 0.08 mm-diameter copper wire wound on a sample and was 5 mm
in length.

The measure of the ME effect was the coefficient of the inverse ME conversion

Un Y- 6L em, 1)

20INS’ h

where B, is the amplitude of a variation in the induction of the magnetic field in the magnetic
component of a composite, G; f is the frequency of an electric field, Hz; N is the number of
coil turns; S is the cross-section area of a magnetic layer of a composite structure, cm?; U- is
the voltage applied to sample electrodes, V; h is the sample thickness, cm.

The coefficient of the inverse ME conversion Us is found to increase with [ - and pass
through a peak with f, T, x, and 1 -. The dependences of Us on -, s on f, Us on T, Us on X,
Us on -are determined by the dependences of the deformation u of samples on -, uonf, u
on T, u on X, the piezomagnetic coefficient on 1 -, respectively. The highest Us of
31.5( mGA c nis) absérved for the composite with x = 0.11 at T = 26 4A ,i.e., for the
composite where the composition of ( 1 Xx)PMN X)PZT falls on the range of the
morphotropic phase transition, and ( 1 X)PMN  X)PZT itself undergoes the relaxor phase
transition. For a sample with x = 0.11 at T= 26 A+, the deformation u increases over a range
of 8 1 'H6 2B@th an increase in the effective piezoelectric modulus ds; over an interval of
407 7 627 pC/N in a DC electric field varying from 2 to 10 kV/cm. The values of ds;
significantly exceed the value of d;; =274 pC/N for one of the most effective piezoelectric
ceramics of the lead zirconate-titanate family, PZT-5H. The piezoelectric modulus ds;
depending on [ - varies over a wide range, which makes it possible to get rid of DC magnetic
field in the ME composites and control the ME response by DC electric field appliedtoa ( 1
X)PMN  X)PZT layer.
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MODERATE FIELDS, MAXIMUM POTENTIAL: ACHIEVING HIGH RECORDS WITH
TEMPERATURE-STABLE ENERGY STORAGE IN LEAD-FREE BNT-BASED CERAMICS

Li Jin
Xi'an Jiaotong University, Xi‘an, China, ljin@mail.xjtu.edu.cn

The increasing awareness of environmental concerns has prompted a surge in the
exploration of leadree, highpower ceramicapacitors. Ongoing efforts to develop ldesk
dielectric ceramics with exceptional eneigiprage performance (ESP) have predominantly
relied on multicomponent composite strategies, often accomplished under ultrahigh electric
fields. However, this appach poses challenges in insulation and system downsizing due to
the necessary working voltage under such conditions. Despite extensive study, bulk ceramics
of (BipsNaps)TiO3 (BNT), a prominent leafree dielectric ceramic family, have seldom
achieved arecoverable energstorage (ES) densityWed exceeding D/cnt. This study
introduces a novel approach to attain ceramic capacitors with high ESP under moderate
electric fields by regulating permittivity based on a linear dielectric model, enhancing
insuation quality, and engineering domain structures through chemical formula optimization.
The incorporation of SrTiQ(ST) into the BNT matrix is revealed to reduce the dielectric
constant, while the addition of Bi(MgNby5)Os (BMN) aids in maintaining polarization.
Additionally, the study elucidates the methodology to achieve high ESP at moderate electric
fields ranging from 300 to 500 kV/cm. In our optimized compositdB(Biy sNay 4Ko.1) TiO3-
0.5(2/3STF1/3BMN) (B-0.5SB)ceramics, we achieved W, of 7.19J/cnT with an efficiency
of 93.8% at 46&V/cm. Impressively, the 8.5SB ceramics exhibit remarkable thermal
stability between 30 and 140C  u n dk&/cm, Bdinfaining aVie. exceeding S/cn?. This
study not only estdishes the B0.5SB ceramics as promising candidates for ES materials but
also demonstrates the feasibility of optimizing ESP by modifying the dielectric constant under
specific electric field conditions. Simultaneously, it provides valuable insights ddiutbre
design of ceramic capacitors with high ESP under constraints of limited electric field.
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PRINCIPAL INFLUENCE OF PVDF-CoFe,O, COMPOSITE FILMS THICKNESS ON
MICROSTRUCTURE AND PHASE COMPOSITION

Vorontsov P.A.%, Salnikov V.D.}, Vorontsov S.A.}, Ershov P.A.}, Omelyanchik A.S.",
Shvets P.V.}, Rodionova V.V.*
Immanuel Kant Baltic Federal University, Kaliningrad, Russia
E-mail: pavel.voroncov.a@gmail.com

Polyvinylidene fluoride (PVDF) is a widely used polymer that has received
considerable attention in various fields due to its high thermal stability, chemical resistance,
ferro-, pyro-, and piezoelectric properties, which allow the material to be used in various
applications such as electronics, biomedicine, etc. [1-3].
Building on the inherent properties of PVDF, researchers have explored the possibility
of extending its capabilities by incorporating other materials. One of the most notable
approaches is the inclusion of cobalt ferrite (CoFe, 04, CFO) magnetic nanoparticles (MNPs)
as a filler. This combination results in a PVDF-based composite that exhibits both
piezoelectric and magnetic properties, creating a multiferroic material. Such composites have
expanded the applications of PVDFs, making them suitable for applications such as
magnetic field sensors, transducers, multistage memory devices, and filters [4].
PVDFisasemi-crystalline polymer that can exist in
b, 2, and u), t he f or ma tefet spatialfarramgbment lof CHzandd ue t o t
CF2 groups [ 5, 61}an dphases bavetthe strongesbpiezo- and ferroelectric
properties [7,8]. The phase composition of PVDF can be controlled by various processing
methods including heat treatment, cooling rate and addition of nucleating agents such as
inorganic nanopatrticles [9,10].
In this work, it was shown that the thickness of the composite film affects the resulting
microstructure (size of the formed spherulites and pores), as well as the formation of
el ect r o-aamtdiplases. bsing the Dr. Blade method, composite films with different
thicknesses ranging from 15 to 58 ¢ m ( E)iwgre obtained and characterized in terms of
their structural, morphological and magnetic properties. Cobalt ferrite nanoparticles were
synthesized by hydrothermal method. The resulting composite films were characterized
using various techniques including X-ray diffraction (XRD) which showed the presence of
el ect r o-amtdiphasges, canning electron microscopy (SEM) which showed that the
thick films had | argerensph2er7uNOC:. o8 sf ofBEM55NAnRi f me d 5
the elasticity of the composite decreased for thicknesses lessthan58e m. ( Young' s modul
for58em = 45 N 4, f em 4£-B332viP2)0Vibmatiomhl sdntple magnetometry
(VSM) showed no specific dependence on the thickness of the composite films. Differential
scanning calorimetry (DSC) was used to determine the degree of crystallinity of the samples
(31, 37,32,35% for 15,20, 47and 58e m t hi ck fi | ms, respectivel y). I
( RAMAN) techniques t hat thicker f i-dhases. FTt(ROnt ai ned
spectroscopy was used to quantify the phase composition of the polymer, the analysis
showed that the 150m t hi ccko nft iali m e dphased While ihe 58Om t hi ck fi |l m
contained 7t i me s -phase $2%)b This study is important because it examines the
possibility of controlling PVDF properties (microstructure and phase composition) by varying
a parameter such as composite film thickness. Understanding the effect of film thickness on
the morphostructural properties of the material provides valuable information for optimizing
the performance of PVDF composites.

Figure 17 SEM images of cross-sectional of PVDF-CFO composite films with different thicknesses.
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!Institute of Physics, Baku, Azerbaijan
“Scientific-Practical Materials Research Centre of the National Academy of Sciences of
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Introduction

The industrial focus on the development of high-frequency motor technologies
requires the production of new efficient, soft and hard magnetic materials with higher
parameters compared to existing metal magnetics. The use of such materials in the
preparation of the magnetic core can increase the strength of the magnetic field in the
electromagnetic coil by several hundred times compared to existing fixed metal magnetics.
From this viewpoint, the researches on new magnetic materials based on isolated metal
particles is of great interest for the study of the mechanism of magnetic exchange through
thin insulating layers and the formation of multiphase ferromagnetic order in the theory of
magnetism. As the magnetic cores get their final shape after compression and their final
magnetic and mechanical properties after hardening, they can be immediately wired and
assembled into the motor frame. This allows the magnetic core manufacturers both to
improve the design and simplify the engine manufacturing process. For such applications,
the use of M-type hexaferrites is more relevant. The fact that strontium-based ferrites have a
higher Curie temperature and are environmentally safe allows their use not only in electro-
technical devices, but also in medicine [1]. The literature studies show that the synthesis
methods used in obtaining nano-sized crystals affect the size, structure and properties of
these crystals [2-5]. It is important to develop effective (simple and cost-effective) methods
for obtaining small-sized nanodispersed crystals.

In the presented work, information is given on the preparation, structural and
magnetic properties of strontium hexaferrite (SrFe;,019) nanoparticles (NPs) by two different
methods.

Experimental
SrFe;,019 Nanoparticles were synthesized by two methods.

Method 1 (Sample 1). SrCl,=6H,O and FeCl;=6H,0 salts with 1:12 ration were
dissolved in 80 ml of deionized (DI) water and mixed on a magnetic stirrer at a speed of 1200
cycle/min. 1 gram of polyvinyl pyrrolidone (PVP) is added to the solution in small doses and
mixed. Then the solution is placed in an ultrasonic bath with a frequency of 68 kHz and
mixed for 30 minutes. 16 grams of NaOH dissolved in 60 ml of DI water added to the initial
solution in small doses and mixed. The mixing is stopped at pH=10.5, when a rapid
precipitation of dark cranberry color precipitate occurs. The obtained precipitate is washed
repeatedly by <centrifugation until pH = 8
chamber and calcinaursed at 800 UC for 4 ho

Method 2 (Sample 2). Two solutions are prepared separately: the 1st solution
consisting of SrCl,=6H,0 and FeCl;=6H,0 salts in a 1:12 ratio is added to 80 ml of DI water
and mixed on a magnetic stirrer under 1200 cycle/min speed. The 2nd solution consisted of
10% NaOH and10% NaCOs;. 50 ml of the 2nd solution is added to the 1st solution in small
portions and mixed in a continuous 68 kHz ultrasonic bath. The process is stopped when the
pH reaches 11 and rapid precipitation occurs. The obtained precipitate is washed repeatedly

by centrifugation until pH equals 8 and dried

and calcinated at 800 UC for 4 hour s.
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Results and discussion

XRD results

The structural characteristics of SrFe;,019 Were analyzed by Rigaku Ultima IV X-ray
diffractometer in grazing incidence diffraction (GIXRD) geometry at 1 degree of incident X-
Di ffracti-6eAAawgste
used to identify the crystal structure present in the samples. Williamson-Hall method was
used to determine the crystallite size of NPs. The results of X-ray diffraction analysis of
nanoparticle samples synthesized by both methods are shown in Fig. 1. According to Fig. 1,
hexaferrite SrFe;,019 nanoparticles have been obtained. The spectra in both figures were
compared with the positions on the reference XRD pattern of strontium hexaferrite from the
JCPDC data, which exhibits a hexagonal magnetic plumbite crystal structure with space
group P63/mmc (JCPDS card, No 33-1340) with lattice parameters, a = 0.5884 nm and ¢ =
2.305 nm. These values are found to be in line with the reported lattice parameters for the
SrFe;,0,9 materials produced by other methods [3-5]. However, it should be noticed that
there are some peaks of a-Fe,O3 in the XRD pattern of SrFe;,0,9 nanoparticles. It is well
known that in wet chemical preparation process of SrFe;;0;9, @ mass of Sr ions will lose
during the thermal decomposition process, so there are surplus Fe ions which will form a-
Fe,Os finally [1]. From the obtained peaks width of XRD patterns, by using the Williams Hall
method, the sizes of SrFe;,019 nanoparticles can be calculated to be 24 nm and 25 nm,
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Temperature dependences of the specific magnetization of ferrites were obtained in
the temperature range 807 800 K in 0.86 T magnetic field using the ponderomotor method
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Figure 21 Temperature dependence of the specific magnetization of nanocrystalline
SrFe;,049 prepared by two different chemical methods
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The specific magnetization value at 80 K is 67.55 A=m®=kg™ for ferrite 1 and 59.15 A=
m?=kg™ for ferrite 2, which is slightly lower than the specific magnetization value of 76 A=m?=
kg™ for strontium ferrite obtained by ceramic technology [1]. With increasing temperature, the
specific magnetization gradually decreases, and below the Curie temperature it decreases
quickly until becomes equal to zero. The Curie temperature is 702 and 706 K for ferrite 1 and
2. According to the theory of the spontaneous magnetization process, as the temperature
rises, the distance between atoms increases, reducing the effect of exchange interaction.
Besides, as a result the of thermal motion law of continuous destruction of the magnetic
moment orientation of atom, the saturation intensity of spontaneous magnetization
decreases as long as the temperature not exceeds the Curie point. This leads to the
destruction of the regular orientation of the magnetic moment of atom, the absence of
spontaneous magnetic moment and the transformation of the material from the ferromagnetic
phase to the paramagnetic phase.

Conclusions

The effect of technological regimes of producing nano-sized SrFe;,O;9 powder on
their structural and magnetic characteristics were studied. The X-ray diffraction study
revealed than obtained NPs exhibit a hexagonal magnetic plumbite crystal structure with
space group P63/mmc. However, there are some peaks of a-Fe,O; in the XRD pattern of
SrFe;,019 nanoparticles. It was established that according to the temperature increase, the
regular orientation of the magnetic moment of the atom is destroyed, which leads to the
absence of spontaneous magnetic moment and the transformation of the material from the
ferrimagnetic phase to the paramagnetic phase with a Curie temperature of about 700 K.

Acknowledgement: The work was supported by the Belarusian Republican Foundation for
Fundament al Resear c-B03)( grant -~ F22AZG
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RELATIONSHIPS ¢COMPOSITIONS 1T STRUCTUR[ ST FERROELECTRIC AND
MAGNETIC PROPERTIESe FOR PEROVSKITE-LIKE COMPOUNDS

Geguzina G.A.
Research Institute of Physics of Southern Federal University, Rostov-on-Don, Russia.
geguzina@sfedu.ru

The schemes of t he gener ali strugdreait proosén tpise sf
acting during search, preparation and study of the complex oxides with the oxygen-
octahedral structures, have been constructed [1]. It has been suggested for different direct
correlations between their chemical compositions, crystalline structure parameters and
ferroelectric and different magnetic properties values constructions to apply the unstrained
(free) interatomic bond lengths as a composition argument, and their strains as a structure
argument, calculated on their structure quasi-elastic [27 5] or a geometric [6] model bases.
Four perovskite-like structural families of complex oxides with structures of perovskite (Per),
binary ABO; compositions and with more complex compositions, I i-contained layered
perovskite-like (BLPL) of Bi,Am.1BmOsm+s type with different m values, tetragonal tungsten
bronze (TTB) of AsB10030 type, and pyrochlore (Pir) of A,B,O; type, having also more
complex compositions, are considered. Some of their representatives experience special
phase transitions that give rise to interesting for practice ferroelectric and/or magnetic
properties. The search for new representatives of these families in question has been
ongoing for several decades, but it was not always successful.

N & 3 .
250 260 2 0 245 138 165 278 185 295 308
Unstrained imteratomic bond 4-0 lenght G Unstrained interatomic bond 4-O, L* . A b
T T r T r T

Interatomsic hund 4-0 strsin 3, Ree.

2054 230444 ¥t +23% ¢ 240 4 oA
ScLuYbTm ErHoDyY GdEuSm Nd PrCe La

e
Figure 171 Some EAs of the complex oxides with different perovskite-like structures: Pers with
compositions of ¢ ' 1 3 type (a); BCLPL of two types (b); pers of all binary composition types (fr); TTB
(d); pirs of ¢)'B,’ O, -type (e) and all perovskite-like structures (f). Filled circles i known oxides,

empty onesi hypothetic compositions and crossed out circles - unformed compounds. Thick lines i
EA bounds.

For construction of their existence areas (EAs) we applied concepts of the perovskite
structure quasi-elastic model, the main operating variables of which are the unstrained
interatomic bond ¢-[ lengths, L%o0, the same but strained ones, Lo, and the interatomic
bond ¢-{ strains as result: lixo = (Lao - L%0)/L%0. Constructed here EA by values L%
(abscises) and Uao (ordinates), some of which are for sample (Figure 1), show that not every
possible combination of atoms A and B must result in the complex oxide composition that
can exist in one of these structures. The equations of the lower, upper and lateral boundaries
of these EAs [7] have been determined, by which it is possible to determine what new
composition of a certain type can be formed in each structure at normal pressure. General
rules for the formation of complex oxygen-octahedral structures have been established [4].
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However, not all constructed EAs have been widely published and it is necessary to fill this
gap, especially since their EAs can also help answer the question of the formation of solid
solutions between representatives of these different structures.

Known multiferroics (MFs), binary and ternary oxides with a perovskite structure, that
undergo successive phase transitions (PTs): ferroelectric (FE) or antiferroelectric (AFE) - at
the Curie temperature, T¢, and ferromagnetic (FM), antiferromagnetic (AFM) or ferrimagnetic
(FIM)-at the N®el Ty erengpresidesed. e essumed that the same structure
parameters can influence the temperature of different phase transitions. Similar
dependences of the T¢, Ty and their difference Tc-Ty values on the interatomic bonds A-O
strains in their structures, Uno, are constructed. Previously, we have constructed correlations
between Uxo and temperatures T of classical FE and AFE perovskites without any magnetic
PTs [7], as well as correlations between the strains of interatomic A-O bonds and
temperatures Tc, and for MFs Ty and the difference Tc-Ty [8, 9]. These correlations show
especially for binary perovskites, that the temperatures of their various PTs and the
difference between them depend in a certain way on their Uso. Some generalized (combined)
diagrams of the logical relationship between the strains Uso and FE or AFE PTs temperatures
Tc together with Ty of the corresponding magnetic PTs (Fig. 2, b), and their difference, T¢-Th,
were obtained.
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a
Figure 217 Combined diagrams (Uso, Ty) for binary and ternary classical ferroelectrics and
multiferroics with first ferroelectric PTs (a) or classical antiferroelectrics and
multiferroics with first antiferroelectric PTs (b). Legend: binary and ternary classical FEs -
empty triangles; classical AFEs i empty squares, first FE PTs temperatures of MFs - filled
triangles; first AFE PTs temperatures of MFs i filled squares, while every magnetic PT of
MFs - FM (filled circles); AFM (filled rhombuses); FIM (empty rhombuses). Abbreviations are
P-Pb',N-Nb", T-Ta",C-Co" and
Fi Fe" Bi Bi, etal. Each dependence drawn is a polynomial of degree 4.

The same interatomic bond A-O strain, Uao, IS used by us as arguments of the
structure of known binary and ternary perovskite oxides to establish correlations between
them and the temperatures of their FE, AFE, and magnetic phase transitions. There are two
minima on the T dependence and a maximum on the Ty dependence (See Fig. 2, a) for MF
with the first FE PTs at points corresponding to PbNbg sC0q 503 (PNd), PbTag sC0y 503 (PTC),
PbTagsFeqs03 (PTF) and PbNbgsNipsO3 (PNNi), due to PbNbgsC0q503 which the Tc-Ty is
sharply reduced. The results can be used in the construction of new systems of solid
solutions involving binary or ternary MFs. At the same time, for MFs with the first AFE PTs,
such an effect is not observed (See Fig. 2, b), and for which this difference only grows.

Thus, it is shown (Fig. 3, a) that the change Uy, areas for classical FE and the first FE
PTs of multiferroics are different in their length and do not overlap in any way, just like the
Uy change areas for classical AFEs and the first AFE PTs of the corresponding MFs. The
temperatures of the u, of classical FE and first FE PT of multiferroics (See Fig. 3, a, the left
curve) and the u, of classical AFE and first AFE PTs of multiferroics (See Fig. 3, a, the right
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curve) PT corr e badlues. Aiterlthe Tcwmaxtimam foriPeTiOg it drops rather
quickly (Fig. 3,b) wi t h i pdor reuttiferroinsgromiBiCoO; to EuTiOg, as, incidentally,
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Figure 31 Correlations between PTs temperatures of oxides and fluorides ABX; depending on the
Uao, Where the rotational PTs temperatures are shown: (-type (for oxides empty circles, for fluorides:
black ones) and
y -type (for oxides empty triangles, for fluorides black ones), as well as temperature dependences of
ferro- (triangles) and antiferroelectric (squares) PTs as a function of interatomic bonds A-X strains 1
a,
and two joint dependences of temperatures of the classical ferroelectrics (triangles) and first
ferroelectric PTs (triangles inside blue rhombuses) of the corresponding multiferroics as well as
classical AFE PT (squares) and first AFE ones of the corresponding MFs (squares inside rhombuses)
on their U values. i b.

When searching for new compounds of any families under consideration (See Fig. 3,
b), we can assume that these new compounds may be close in their properties to FE or AFE
or magnetic PTs, if their calculated Uy, fall into the corresponding area of their changes.
Similar diagrams were constructed for other considered perovskite-like families of complex
oxides. The dependences on the values Uy of different properties of considered compounds
of have also been studied. However, questions remain regarding some features of such
dependences not only for individual compounds, but also for solid solutions [10] based on
them.

vhis research is financially supported by the Ministry of Science and Higher
Education of the Russian Federation (State assignment in the field of scientific
activity, Southern Federal University, 2023, Project No. FENW-20231 0015).
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PECULIARITIES OF THE IMPURITY DISTRIBUTION IN FERROELECTRIC
LAYER-DOPED TGS - TGS + Cr CRYSTALS

Tolstikhina A.L.}, Gainutdinov R.V.}, Lashkova A.K.%, Zolotov D.A., Roshchin B.S.%,
Shut V.N.%, Mozzharov S.E.3, Kashevich I.F.*

'Shubni kov Institute of Crystallography, Federal
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3Institute of Technical Acoustics of the NAS of Belarus, Vitebsk, Belarus
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In the last two decades, influenced by the success of semiconductor superlattice and
guasi-matching (SHG) theories, the ferroelectric superlattice has become a hot topic in
materials science and photoelectronics. Ferroelectric superlattices can consist of two types
of ferroelectric materials or of ferroelectric and non-ferroelectric materials, composed
alternately layer by layer, forming so-called heterostructures [1,2]. However, most of them
consist of the same type of material, such as single crystals, in which the domain structure is
modulated, for example, by periodic external influences or changes in the concentration of
dopant impurities.

All physical properties associated with a third-rank tensor in a superlattice will be
modulated by domains, while the properties associated with even-rank tensors remain
constant. It is precisely the modulated physical properties that make such a material
particularly favorable for use in nonlinear optics and acoustics. Properties described by the
odd-rank tensor, such as nonlinear optical coefficients, electro-optical coefficients, and
piezoelectric coefficients, are no longer constant in the crystal: instead, they change sign
from the positive domain to the negative domain. Consequently, they become periodic
functions of spatial coordinates.

Interest in ferroelectric superlattices lies not only in the area of their fundamental
research, but also in practical applications. Some of these superlattices are used in new
optical and acoustic devices compatible with modern electro-optical technology. It is possible
in principle to obtain regular domain structures in any ferroelectrics, because a multi-domain
structure is more advantageous. But in reality, ferroelectric superlattices with a regular
domain structure, which find practical application in nonlinear optics, were obtained on high-
temperature crystals of lithium niobate and tantalate [1, 2]. In this regard, the creation of a
regular laminar domain structure with 180-degree domains on ferroelectric crystals grown
from solutions is almost never carried out, although such crystals can serve both as model
objects for fundamental research and as functional material for practical implementation.

The aim of this work was to obtain layered ferroelectric triglycine sulfate single
crystals (TGS-TGS+Cr) doped with a non-isomorphic impurity of trivalent chromium ions, to
study the profile distribution of chromium impurities over the crystals volume and
corresponding domain structure.

The formation of layered structures directly during crystal growth is one of the ways to
obtain regular inhomogeneous structures in crystals. Obtaining of TGS-TGS+Cr crystals was
carried out by sequentially growing layers of changed composition by alternately immersing
the crystal in liquid media of various compositions - pure and with impurities. With the
method of periodic immersion, it becomes possible to obtain layered structures with fairly
sharp differences in composition in adjacent layers and the possibility of obtaining layers
whose thickness can vary over a wide range, because it is determined solely by the growth
time (at a given growth rate). The crystals were obtained at temperatures below the Curie
point. Elucidation of the mechanism of the influence of spatial changes in composition on the
domain structure and characteristics of ferroelectric crystals can only be carried out under
the condition of a precision study of the inhomogeneous distribution of impurities over the
volume of the crystal. Despite the large number of developed modern techniques, many of
them turned out to be inapplicable for research in TGS-TGS+Cr crystals. This is due to the
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fact that in most methods for carrying out such studies, the creation of a high vacuum is
required, in which samples of doped TGS crystals, as practice has shown, change color and
transparency, which indicates a violation of the crystal structure.

Performed at the Institute of Crystallography named after. A.V. Shubnikov Federal
Scientific Research Center A Cr yst al |l ography and Photonicso o
Sciences, X-ray fluorescence analysis (XRF) and the use of probe microscopy methods
made it possible to obtain data on the width of the bands, impurity concentration and the
character of the impurities distribution profile in layered TGS-TGS+Cr crystals. Note that XRF
is a non-destructive method and used to monitor the content of impurities of various
elements with high accuracy and localization. At studying layered crystals difficulties arose
due to the fact that the area of illumination of the sample with exciting X-ray radiation should
be smaller than the width of the bands with different impurity contents. Piezoresponse force
microscopy (PFM) and scanning capacitive force microscopy (SCFM) were used to detect
the boundary between doped and pure bands. As our previous studies have shown [3] it
possible to successfully detect such boundaries in TGSi TGS+Cr crystals, both on poly- and
single-domain areas of the surface. Thus, Figure 1 shows images of the boundary of the
doped and pure bands for the crystal under study, obtained by the PFM and SESM methods.
At the boundary of the bands there is a sharp change in the morphology of the domain
structure, in addition, SESM demonstrates a change in contrast in the pure and doped
bands.
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Te— -100 . 35,98
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(a) MKM (6) MKM

Figurel1i |l mage of a section of the surface of a TGST TGS
and a TGS+Cr on the right: (a) PFM, (b) SESM.

Control of the boundary position in combination with XRF data on the width of the
bands allows one to measure the force curves approximately in the middle of both pure and
doped bands. The results of studying the profile distribution of chromium ion impurities in
TGS-TGS+Cr crystals by X-ray diffraction, obtained in [3], are presented in Figure 2.

It has been established that the impurity in the crystal is distributed according to a
sinusoidal law. A correlation has been revealed between the formation of a regular domain
structure and the nature of the impurity distribution for layered TGS-TGS+Cr crystals. The
formation of domain walls occurs predominantly in areas corresponding to a change in the
impurity concentration gradient, and in places where the sign changes from positive to
negative, smooth walls are formed, and from negative to positive the domain boundary has a
jagged, uneven outline.

Similar results were obtained for lithium niobate crystals [4]. However, the question of
the mechanisms of this phenomenon has not yet been clarified. Therefore, in the future it is
planned to conduct practical studies and theoretical calculations on the effect of the impurity
gradient on the formation of the domain structure and develop recommendations for
obtaining RDS in ferroelectric crystals grown from solutions.
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Figure 2 - Dependences of the intensities of the fluorescent radiation output of the CrkUline (1) and
the radiation transmitted through the TGST TGS
crystal. The dependences shown by triangles were obtained from calibration measurements of ruby
rystals with chromium ion concentrations of 0.05 (2), 0.12 (3) and 0.7 (4) wt. %. The dotted line shows
the corresponding mean intensity values fralculated from the calibration measurements for each
concentration. Z1 measurement area, mm [3].

Besides within the framework of testing the growth modes of layered ferroelectric
single crystals of triglycine sulfate doped with chromium, based on the study of the absolute
supersaturation of solutions with varying degrees of purification, the role of one of the
mechanisms of spontaneous nucleation in the process of growing such crystals was clarified.
The methods of X-ray fluorescence analysis and X-ray topography made it possible to
estimate the degree of uniformity of the impurity in the bulk of the crystals, as well as to
determine the width of the doped and pure layers, which subsequently simplified the study of
domain boundaries using microscopic methods.

It has been established that the impurity in the crystal is distributed according to a
sinusoidal law. A correlation has been revealed between the formation of a regular domain
structure and the nature of the impurity distribution for layered TGS-TGS+Cr crystals. The
formation of domain walls occurs predominantly in areas corresponding to a change in the
impurity concentration gradient, and in places where the sign changes from positive to
negative, smooth walls are formed, and from negative to positive, the domain boundary has
a jagged uneven contour.
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