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Physics and application of ferroelectric domains
V.Ya. Shur

School of Natural Sciences and Mathematics, Ural Federal University, 620000 Ekaterinburg,
Russia

vladimir.shur@urfu.ru

The difference between ferroelectric and magnetic domains, modern methods of domain
imaging and the main stages of the domain kinetics are presented. Particular attention is paid to
strongly nonequilibrium switching conditions. The results of systemapierarental study of the
domain shape are considered. The explanation of obtained effects is based on the analogy between
growth of domains and crystals from the liquid phase.

Ferroelectrics are often considered as the electric analog of ferromagnets thanks to existence
of hysteresis loops, structural phase transitions and domain kinetics in the field. At the same time
the screening of depolarizing fields in ferroelectrics wiiak no analogue in ferromagnets leads
to stabilization of metastable domain structures, thus opening the way for domain engineering.

The evolution of domain structures during polarization reversal was studied in single crystals
of various uniaxial ferroelectrics. It was shown that the convex polygonal domain shape with walls
parallel to the main crystallographic directions were fornmdeffective screening only. The
irregular polygons are formed if screening is ineffective. The rapid recovery of the polygonal shape
after domain merging is due to the appearance of the ultrafast domain walls deviating from the
main crystallographic diréons. To explain the shape of growing domains, we considered: (a)
stochastic step nucleation with an equiprobable position of nucleation centers leading to rounded
domain shape, (b) determined step generation at the polygon vertices stimulating thieshage
by the crystal symmetry. Stochastic nucleation at the elevated temperature, due to increase of the
bulk conductivity, opened the way to fractal and dendritic domains.

The evolution of selhssembled structures has been investigated by high resolution domain
imaging and direct observation of domain kinetics. The kinetic approach was used for analysis of
obtained results considering the decisive role of the residual adega) field caused by bulk
screening delay. This field appeared behind a moving domain wall and slowed down the domain
growth. The domain shape changes at highly nonequilibrium switching conditions leads to
appearance of sedimilar domain structures.hg& simulations of the shape change have been
carried out.

The micre and nanedomain engineering is an important step in the manufacturing of the
electreoptical and nonlinear optical devices. The periodically poled crystals allowed to develop
the light sources with record frequency conversion efficiency usiagytiasiphasematching
effect. The prospects for domain engineering are very broad. The production of sulthiakon
singlecrystalline thin films of lithium niobate and lithium tantalate by ion cleavage, opens the
possibility for creating nonlinear op#it waveguides with submicron domain periods. The
development of the domain wall control will be important for nanoelectronics with walls as the
active elements.
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Basics of elastic domains

A. Roytburd, |. Lubomirsky

tUniversity of Maryland, MD, USA
2Weizmann Institute of Science, Rehovot

Similar to ferromagnetic and ferroelectric domains, elastic domains define the behavior of
materialundercorresponding external field. The theory of elastic domains passed a long way from
the interpretation of twinned structures of martensite phases [1] to the prediction of polydomain
structures of epitaxial films [2]. At the end of 1980s, the possibilitprmduce defect free
crystalline materials made the concept of elastic domains indispensable for modern functional
materials [35].

The formation of elastic domains is an effective way to reduce internal stress in crystalline
structures and it is currently considered as the mechanism of the stress relaxation. It has also been
shown in ref [5] that besides the elastic domains, whicledse and, sometimes, completely relax
the internal stress, there are also elastic domains, which may stabilize the internal stress, keeping
it constant, during deformation of thin films. In this report, we present an outline of the theory
supporting thigphenomenon for the transformations in crystals and rods.

As an example of polydomain structure evolutions under stress and strain, we present the
analysis of a tetragonal to orthorhombic transformation. It is shown that different transformation
seltst rai n pr oduclei keel t dire {like fesaperttessttatn iamd temperature
stress diagrams describing the formation of equilibrium polydomain structures. The elastic
anisotropy of the product phase may result in the formation of additional polydomain structures:
AReutlkickeoe case prodpeest addi toonaaHdsifkoeromacta s
produces add-lt kenoatraesfectmati ons.

1. A.L. Roitburd, Domairstructure ofcrystalsformed insolid phaseSov. Phys. Solid Stat@, 2870(1969.

2. A.L. Roitburd Equilibriumstructure ofepitaxial layers Phys Status Solidi 87, 329(1976.

3. A.L. Roytburd Elasticdomains angbolydomainphases irsolids, Phase Transit45, 1(1993.

4. A.K. TagantseyL.E. Cross J.Fousek Domains irferroiccrystals andhin films. In Domains inferroic
crystals andhin films (Springer: Berlin, 2010

5. A.L. Roytburd J.Ouyang A. Artemey, Polydomain structures in ferroelectric and ferroelastic epitaxial
films, J. Phys CondensMat. 29, 163001(2017).
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Magnetic nanomaterials for biomedical sensoric:
selected exampleand requests

G. Kurlyandskaya

Ural FederalUniversitynamed after the First President of Russia B.N. Yeltsin, 620002, Ekaterinburg, RF
galinakurlyandskay@urfu.ru

Many traditional nantmaterials and composi
requirements of the fagirowing number of microsystems designed for environmental control,
biosensingbiomedical applications, drug delivery and others. The need for-naiedbnanoscale
sensors continues to challenge the materials science community to develop novel magnetic and
composite materials that are suitable for such purposes. Magnetic nanalmatere extensively
studied for the last 30 years. There afdifferent types of nanostructured magnetic materials
suitable for different sensor applications.

Recently special attention was paid for the design and development of magnetic biosensors.
A magnetic sensor is a device, which measures changes in a magnetic field: a magnetic transducer
converts a magnetic field variation into a change of frequencyeraurroltage, light intensity etc.
A magnetic biosensor is a compact analytical device incorporating a biological, a biomimetic or a
biologically derived material associated with either physicochemical magnetic transducer or
transducing microsystem {]. Different effects have a capacity to support magnetic biosensor
development: search coil, Hall effect, fluxgate, superconducting quantum interference device
(SQUID), magnetoresistance, optical pumping, magnetoelastic resonance, magnetoimpedance
(MI) and sane others [5]. MI shows an advantage of the possibility of magnetic noise reduction,
thin film designs up to simple pokaff-care compact devices and sensitivity at room temperature
comparable with potential sensitivity of a SQUID-§6 There were workslescribing Mi
prototypes adapted to microfluidic technologies;dake-chip packaging and sensor array design.

Magnetic nanomaterials have been studied for use in biosensors both as the sensitive element
and in the form of microbeads, which work as biomolecular labels or magnetic carriers. Although
the properties of the individual particle are the most importaranpeters, it is also essential to
test the processes of the particlesd accumul
might obtain in a device. Measurements of the properties of an individual magnetic particle enable
us to avoid difficultis in interpreting the data derived from assemblies where dipolar interactions
between the particles can play important roles and must be taken into account. Magnetic particles
in biosensors play a double role: they work as labels and as the carriersitté¢hed biological
molecule. The improvement of the detection limit supposes not only the achievement of the
optimal functional characteristics for each part of the device separately but also the

development of pairs of best performance adapted to the conditions of the particular test. Here we
will discuss the possible use of nanostructured materials as the basis for a new generation of

sensors for electronics, biology, chemistry, drug deliveryraedicine
Thi s wor k was supported by t he R2%s si an
00025, https://rscf.ru/project/232W025/).

1. N.J. Darton, A. lonescu, J. LlandiMagneticnanoparticles inbiosensing ananedicine CUP,
172 (2019).

2. D.R. Baselt, G.U. Lee, M. Natesan, et Biosens. Bioelectrl3, 731 (1998).

. T. Uchiyama, K. Mohri, Sh. Nakayama, etlBREE Trans. Magn47, 3070 (2011).

. G.V. Kurlyandskaya, D. de Cos, S.O. VolchkBwus. J. Nondestr. Tedt5, 377 (2009).

. A. Kumar, SMohapatraV. FatMiyar, et al.,Appl. Phys. Lett91, 143902 (2007).

. G.V. Kurlyandskaya, F.A. Blyakhman, E.B. Makarova, e#dP Advance40, 125128 (2020).
. N.A. Buznikov, A.P. Safronov, I. Orue, et Blosens. Bioelectrl17, 366 (2018).

. G.Yu. Melnikov, V.N. Lepalovskij, A.V. Svalov, et &ensor1, 3621 (2021).
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Introduction to SAXS (Small-Angle X-ray Scattering)
characterization of nanomaterials

P. ZelenovskKii

School of Natural Sciences and Mathematics, Ural Federal University, 620000 Ekaterinburg, Russia

Department of Chemistry and ClI CECOT Avei fl®9 | nstit
Aveiro, Portugal

zelenovskiy@urfu.ru

SmallAngle X-ray Scattering, widely known as SAXS, is one of the most universal methods
for the characterization of nanomaterials. It can be applied to solids, powders, gels, and colloids.
The studied materials can be amorphous or crystalline. In cotdragbical powder or single
crystal Xray diffraction, SAXS is a lowesolution method. Instead of the information on the
crystal structure and atomic positions, SAXS provides information on the size and shape of the
particles, volume and specific surfemea, molecular weight, and many others.

This tutorial aims to introduce the audience to the basic principles of SAXS measurements

and familiarize them with the main instrumental blocks and modern equipment. A practical part is
devoted to the examples of SAXS data analysis and interpretation.
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Shape and orientation of the domain walls iuniaxial ferroelectrics

V.Ya. Shur

School of Natural Sciences and Mathematics, Ural Federal University, 620000, Ekaterinburg, Russia
vladimir.shur@urfu.ru

The variety of the domain shapes and domain wall orientations appeared in uniaxial ferroelectric
crystals during polarization reversal in uniform electric field will be presented, classified, and described
The revealed dependence of the domain wall atemt on the switching conditions will be considered
in terms of kinetic approach to domain structure evolution based on analogy of domain and crysta
growth.

The domain structure evolution has been studied experimentally in wide temperature and fielc
range using various complimentary methods of domain imaging at the surface and in the bulk including
optical microscopy, scanning electron microscopy, piezoresgonse microscopy and Cherenktype
confocal Second Harmonic Generation (CSHG). The main attention was paid to resuisuafptical
imaging of domain growth with high temporal resolution and bulk domain imaging using CSHG. The
single crystals of uaxial high-quality lithium niobate LiNb@and lithium tantalate LiTagfamily have
been studied as the model materials.

It is important to point out that the classical theoretical approach predicted the random orientatior
of the 180degree domain walls in uniaxial ferroelectrids. The formation and growth of convex
polygonal domains with wall orientation along main crystallographic axis were obtained in classical
experiments. Our detail experimental study allows to reveal that the wall orientation and domain shap
can be widely ontrolled by variation of the temperature and parameters of the applied electric field
pulses [3,4].

The domain wall motion has been considered because of the generation of elementary steps wi
pair of charged kinks and kink motion along the wall. The step generation rate and kink motion velocity
are proportional to the excess over the thresholds dbta value of the electric field produced by
applied voltage and partially screened depolarization field. The effect of the retardation of the bulk
screening on the wall orientation was demonstrated. It was shown that the straight domain walls appear
for determined step generation at fixed points (vertexes of the polygonal domains) and anisotropic kin
motion in directions determined by crystal symmetry, whereas the stochastic step generation realized
the elevated temperatures leads to curved domalis #,5).

The determined step generation at the domain vertices stimulated formation of the conve»
polygonal domains with walls parallel to the main crystallographic axis which shapes match to the
crystal symmetry. The wall deviation and formation of the irregubdygmns and stars are caused by
screening retardatiord [5].

The fast restoration of the initial wall orientation after domain merging is due to arising of the
shortlived superfast domain wall§7]. The measured giant velocity increase of the deviated domain
walls was attributed to increase of the kink concentration.

The equi pment of t he Ur al Center for Shar
University (Reg. "~ 2968) which is supported b
Pr oj e €l52021:67F)Avas used. The research was made possible byaR&sence Foundation
Pr oj e-t2t00210). 1 9

—

. I.S. Zheludev, L.A. ShuvaloXristallografiya 1, 681 (1956).

. J. Fousek, V. Janovek, Appl. Phys40, 135 (1969).

. V.Ya.Shur A.R. AkhmatkhanovPhil. Trans. R. Soc. 876 20170204 (2018)

. V.Ya. Shur, E.V. Pelegova, M.S. Kosobokadverroelectrics569, 251(2020.

. A.A. Esin, A.R. Akhmatkhanov, V.Ya. Shukppl. Phys. Lettl14, 092901 (2019).
. V.Ya. Shur, A.A. Esin, M.A. Alam, et ahppl. Phys. Lett111, 152907 (2017).

. A.A. Esin, A.R. Akhmatkhanov, V.Ya. Shukppl. Phys. Lett114192902(2019).
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New quantum technologies of ultrashorpulse laser nanoinscription
in bulk dielectrics

S.I. Kudryasho¥?, M.S. KosobokoY, A.R. Akhmakhanoly; P.A. DaniloV, V.Y. Shut

!School of Natural Sciences and Mathematits| Federal University, 620000, Ekaterinburg, Russia
sikudryashov@urfu.ru, kudryashovsi@lebedev.ru

2L ebedev Physical Institute, 119991, Moscow, Russia

In our studies, tightly focused (numerical aperture NA =®0285) ultrashort laser pulses with a
central wavelength of 1030 or 106 and a duration of 053 ps produced in a setfonsistent manner
in the filamentation mode (peak powers 858 MW) in the volume of amorphous and crystalline
dielectrics (amorphous fused quartz, crystalline lithium niobate, calcium fluoride, and diamond)
extended microscale tracks of a uniformly modified material, characterized by dark field optical
microscopy ingle the saple, scanning electron microscopy and atomic force microscopy in the sample
cross section after polishing. Along with a homogeneous modification, the tracks include ordered array
of nanocavities with periods on the order of a wavelength, which formhechigrast Bragg grating.
Their spectral response is dominated by +wearelength periodical modulation of the laser induced
supercontinuum, peaked at the central pump wavelength of 1030 or 1050 nm. The plasmonic mechanis
of formation of an array of nanaeities along a continuum plasma microchannel of filamentation nature
is discussed.

This research was funded by the Ministry of Science and Higher Education of the Russian
Federation (Ural Federal University Program of Development within the PfRORY Program).
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Ferroics in strong THz fields
E.D.Mishing K.A. Brekhov, N.E. Sherstyuk

MIREA- Russian Technological University,11948pscow, Russia
mishina_elena57@mail.ru

Terahertz radiation and the effects induced by it can have great potential for practical applicatior
both for thedevelopment of new generation photonic and electronic devices and for fundamental
research aimed at revealing new properties of-lWwedwn functional materials. For ferroelectric
materials, the advantage of using THz radiation lies in the possibility eieatrodeless application of
an electric field to a ferroelectric and thus affecting its polarization in the pico(femto)second time range

Changes in the polarization state of the material caused by a picosecond THz pulses wer
investigated by time resolved-pay diffraction and optical methods (pumpobe techniques). -xay
techniques directly prove shift of the ion sublattice in a crystdéuelectric field of THz pulse. Among
optical techniques, the second harmonic generation method is the most adequate to study transient sh
of ions which result in dielectric polarization modulation or dynamic polarization switching. On the
other hand SHG intensity dependence on electric field may have pure electronic nature, such as ir
semiconductors at low fields (electric field induced SHG or EFISH). Thus, a direct prove of ion
movements is extremely important for the SHG results interpretatiomeVés, a time resolved XRD is
available mostly at synchrotron sources. On the contrary, SHG provides a much less expensive, but ve
fast and informative method for studying the polarization behavior. This includes information on the
dielectric polarizatia (re-)orientation (switching) under the action of ultrashort electric field pulse due
to the general proportionality of the SH field to the ferroelectric polarization vector.

Over the past decade, a large number of ferroelectric materials under THz pulse excitation hav
been studied, including model crystals (SrI[@], BaTiOz [2]) and technological materials as well
(BaSrTiG films [3], PbTiGy/SrTiOs heterostructures [4], BST/PZT ferroelectric photonic crystals [5]).

In THz scheme, electric field is applied-prane. Such configuration is used while considering
modulators, phase shifters, tunable filters, phased antenna arrays, sensors, and gy @fani@mory
elements. Nevertheless, domain structures with a polarization vector lying in the plane of the film have
been little studied, despite the fact that they can potentially be useful in optical devices in which domain
with vertical domain walls can be manipulated optically.

In this work, we report the results of experimental studies of polarization modulation induced by
strong picosecond THz pulse in several ferroelectric mateBaRbGeO and TGS crystaBaSrTiQ
andBisTi3O12 films on different substrate. SHG as a measure of polarization is used. The dependence
of the SHG intensity on the THz field, as well as polarization hysteresis loops, are discussed. Criteriol
is introduced for estimating the fraction of polarizationoiwed in modulation.

The work is supported by Russian Science Foundation, Grasit22@334.

Li, T. Qui, J. Zhang, et dcience364, 1079 (2019).

Chen, Y. Zhu, S. Liu, et &hys. Rev. B4, 180104 (R) (2016).

Bilyk, N. llyin, E. Mishina, et alScripta Materiala214, 114687 (2022).
Ji, S. Zhou, J. Zhang, et@ti. Rep8, 2682 (2018).

1. X
2. F
3. V.
4. .
5. J. Zeng, W. Wang, F. Ling, J. Yd@hot. ResearcB, 1002 (2020).
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Soffmode fApuzzled in relaxor fer:i

S.G. Lushniko¥, N.K. Derets, A.l. Fedoseey R.S. Katiyaf, J-H. Ko®

lloffe institute, 194021 St. Petersnurg, Russia
sergey.lushnikov@mail.ioffe.ru

2University of Puerto Rico, PR 110007, San Juan, USA
3Hallym University, 24252ChuncheonKorea

Relaxor ferroelectrics (relaxors) with the perovskite structure have been a challenge to the
scientific community in thdast 60 years, since the first reports of observed anomalies of physical
properties. The unique dielectric and piezoelectric characteristics of relaxors have been widely
demanded by the industry, and their nature is still the subject of wide discussdiro@ld, frequeney
dependent permittivity anomaly is not associated with a structural phase transition, which makes i
difficult to consider the classical lattice dynamics in the framework of ansadie approach in these
compounds. The analysis of possilshechanisms of the dielectric response anomaly in relaxors was
considered in detail in [1], but no unified concept has appeared. The existence of the contribution o
relaxation mechanisms associated with polar nanoregions has been experimentally shibwenwas
not enough to correctly describe the behavior of the dielectric response with temperature change
Studies of the lowirequency region of the vibrational spectrum using vibrational spectroscopy indicate
the appearance of a soft mode in the hgghperature region [2, 3]. A detailed analysis of its behavior
with a decrease in temperature left more questions than answers. Starting with how many soft modes ¢
observed in experiments and ending with the question of a theoretical model describlymathes of
the crystal lattice of relaxors. This motivated us to return to the question of threat#tdynamics of
relaxors and build a gener al picture of-pdnhe b
of Brillouin zone. PbMgsNb2203 (PMN) is chosen as an example on which we will consider the
behavior of longwave optical phonons, the studies of which are most complete.

The PMN crystal is a model object in studying the lattice dynamics of relaxors. The symmetry of
the crystal remains cubic up to helium temperatures, while a wide maximum of the dielectric constant i
observed near Ja 270K. In the dynamics of the PMN lattice, another characteristic temperature
T* & 400K is distinguished, at which many physical properties experience anomalies, but the nature o
these anomalies remains unclear. Studies of soft modes in the PMN vibrational spectrum, which coul
be responsile for the anomalies of the dielectric response near Tm, have been going on for many years
and the results of experiments on neutron scattering, IR spectroscopyRaypan scattering do not
always agree with each other. This report contains the publigselts of studies of the softode
dynamics of the PMN crystal by various methods, which are supplemented by the results of oul
measurements of Raman scattering of light in a wide temperature rang&@1208). The behavior of
the main phonon modes amgasielastic light scattering was analyzed in the scattering spectra of
polarized light. Temperature dependences of intensity, frequency and width of phonon modes ar
constructed. It is shown that in the region of 85there is a reversible disappearance of the Raman
spectra of the first order and quasastic scattering. PMN cooling does not lead to anomalies in the
frequency and halfvidth of phonon modes near the Burns temperatuged (40K ) . A fAsoft
observed at P400K and a AtT<BB0K wera fougddn thee temperature dependences of
the frequency of lowying modes. The comparison of the obtained results showed good agreement with
the literature data on neutron, IR and hyRaman spectroscopy, complementing the general picture of
the tenperature evolution of the lodvequency vibrational spectrum PMN. The discussion of the
behavior of lowfrequency optical phonons in PMN will be conducted within the framework of modern
ideas about the physics of relaxors.
1. A.A. Bokov, Z-G. YeJ. Adv. Diel.2, 1241010 (2012).
2.R.A. Cowley, et.al.Adv. Phys, 60, 229 (2011).
3. S.Kambag APL Mater 9, 020704 (2021).
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Investigations of magnetic thin film nanostructures in the M.N.Mikheev Institute
of Metal Physics of Ural Branch of Russian Academy of Sciences

A.P. Nosov

M.N. Mikheev Institute of Metal Physics of Ural Branch of Russian Academy of Sciences, 620118,
Ekaterinburg, Russian Federation
nossov@imp.uran.ru

Spintronicsalso known aspin electronicsis the field of modern physics aimed at investigations
of numerous phenomena originating from the existence of intrinsic property aifspelectronand
its associatednagnetic moment, in addition to its fundamemdaktronic charge, which is widely
exploited in contemporary sohstate devices.

Utilization of spin degree of freedom except for the charge one at least eliminates the Joule heatin
in physical phenomena involving electron transport. It can be used to boost the efficiency of nex
generation devices for data storage, manipulation, and transfer.

Spintronic phenomena are most prominent in nanostructurestificial thin film-layered
structures consisting of materials with different magnetic and/or conductive properties. Typical
thickness of individual layers can vary from fractions to tens of maters. The exact value being
critical for realization of such physical mechanisms as interlayer exchange coupling, spin polarizec
tunneling, direct and inverse spin Hall effect and others.

Depending on the magnetic properties of materials used, one can distinguish ferromagnetic (FM
[1] andantiferromagneti¢AFM) [2] spintronics.

In the field of ferromagnetic metallic spintronics the classical 3d metallic ferromagnetic materials
and their alloysare used. The activities in the IMP in this area are concentrated on mbtskc
nanostructures and multilayers in which the giant magnetoresistance effect (GMR) can be realized. Tt
nanostructures are prepared by magnetron sputtering. Such structymiesvasves and multilayers can
be prepared. The unique properties of the obtained nanostructures are due to the choice of the optin
composition and the use of original magnetic and-magnetic alloys in them. Exchangeupled
metallic CoFeNi/Culn superlattices have been developed that exceed the foreign analogs in terms
magnetoresistance, minimal hysteresis, and high magnetidifieltity and are the best in their class
of magnetically sensitive nanomaterials. Such nanostructures are resistant to high temperatures up
T=300AC and can serve as initial magnetically
applicatons. Their transport, optical and high frequency properties are extensively studied.

In the field of antiferromagnetic spintronics the activities in the IMP are concentrated on
nanostructures with such materials as Ykek®20s, NiO. They can be used for realization of such
interesting spirdependenphenomena as spin transfer torque, direct and inverse spin Hall effect, spin
accumulation and others in which the relativistic Bpmbit coupling plays the primary role. The
investigations are aimed at growth of high quality single crystalline filmshiohwboth FM and AFM
resonances with thieequencies in the sdierahertz frequency range can be observed. This frequency
range is of primary importance for development of 5G telecommunication systems and devices. Th
AFM films can be used in the investigations of ultrafast magnetization réef@ardavelopment of next
generation data storage technologies. Complex investigations of their transport, optical and higl
frequency properties are carried out.

The researchwas carried out within the state assignment of Ministry of Science and Higher
Education of the Russian Federa).i on (theme AF

1. C.ChappertA. Fert F.van Day Naturematerials6, 813 (2007).
2. T. Jungwirth X. Marti, P.Wadley, Naturenanotechnology.1, 231 (2016).
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On the origin of non-classical electrostriction in ion conductors

[. Lubomirsky
Dept. of Molecular Chemistry and Materials Sciendizmann Institute of Science

Electrostriction is a second order electromechanical response observable in all solid dielectrics
According to the scaling law presented more than two decades ago by Prof. R. Newnham (Penn Statt
the electrostriction polarization coefficient for a widgamge of classical electrostrictors scales with the
ratio of the elastic compliance to the dielectric constant.

In 2012, Gddoped ceria, one of the most studied oxygen ion conductors, was reported to exhibit
an unusually large electrostriction. This first report was followed by reports orclassical
electrostriction (NCES) in othaliovalentdoped ceria, on (Nb, ¥3tabilized cubic BOsz and accepter
doped, hydrated barium zirconate, suggesting that strong electrostriction may be an inherent property
superionics. At room temperature, these ceramics exhibit a longitudinal electrostriction strain coefficien
|M3g| > 10'm?/V2. However, with elastic modulus >&Pa and dielectric constant <100, the
experimental @oefficients of these materials ardesist 100 times larger than values predicted by the
classical scaling law. Of the three ceramics, aliovatiepied ceria is the most studied. BelowZ, | Vs3]
for 10mol% Sm or Gddoped ceriareaches 1% m?V? relaxing to<10'® m?Vv? above 100 Hz.
Aliovalent lanthanide dopants with smaller ionic radii than that of Gd, such as Lu or Yb, raisat|M
100Hz t @'m’&/i 0

Acceptordoped BaZ1xXxOzx 1 Houprotonconducting ceramics, where X= Ga, Sc, In, Y or Eu,
and 0.050x 00.2, exhibit nonclassical electrostrictive strain for all dopants in both the dry and
hydrated states: i = (1-7 ) Ein®Vv2b e | o w, %1@l@n?/\& abdve, the Debytype relaxation
frequency. Hydration does not significantly affecisMbut raises the relaxation frequency by a factor of
10 to 100, indicating that protdrased elastic dipoles can respond more quickly than those based on
oxygen vacancies.

According to our current understanding, NCES emerges from electrigrittlded rearrangement
of highly polarizable elastic dipoles induced by point defects: oxygen vacancies or proton interstitials.
In this model, elastic and dielectric properties amgdly defined by the host lattice, while electrostrictive
strain is controlled by the strength of the elastic dipoles. We suggest thalassital electrostriction
may be a common feature for crystalline dielectrics containing mobile point defects.
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Nanocrystalline state and nanomaterials.
The stateof-the-art - advances and challenges.

A.Ye. Yermakoy M.A. Uimin, A.S. Minin, Yu.S. Ponosov, |.V. Byzov,
E.A. Kravtsov, Yu.A. Salamatov, A.S. Konev

M.N. Mikheev Institute of Metal Physics of Ural Branch of Russian Academy of Sciences, 620137,
Yekaterinburg, Russia
yermakov.anatoly@gmail.com

In the talk the nanocrystalline state, synthesis of nanocrystalline materials and different
applications will be discussed. Special attention will be paid on the recent advances and perspectives
this area (novel nanomaterials, including metal and comg®uwvith carbon and graphene coating;
medicine applications and so on). But the most important point of the lecture we will try to underline
and to consider the main problems and challenges in this field.

The research was carried out within the state assignment of Ministry of Science and Higher
Education of the Russian Feder&tion (theme AM
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Dynamic susceptibility of ferrogels

A.Yu. Zubarev

Ural Federal University, 620000, Ekaterinburg, Russia
A.J.Zubarev@urfu.ru

Ferrogels are smart composite materials, consisting of a host polymer gel and embedded magne
nano particles. These systems attract considerable interest of researchers and engineers due to rich s
unigue physical properties valuable for many indalsémd biemedical applications. Dynamic reaction
of magnetic composites on alternating magnetic fields is one of the most interesting, from the point o
view of basic research, and important, from the viewpoint of-tegh applications, characteristiok
these materials. One of the most perspectivent@dical applications of magnetic gels is magneto
hyperthermia (MH) method of therapy of cancer diseases. The key idea of this method is in injection o
magnetic nanoparticles into the region with the dasgic tumor. The ill cells anchor these particles.
Then the tumor region is placed in an alternating magnetic field, which heats the particles and, therefor
the tumor cells. If temperature of this cell exceeds some threshold one, usually estimaf€j w42
tumor cell dies. At the same time the healthy cells remain uninjured da3C.

There are two main mechanisms of the heat production by the magnetic nanoparticles in
surrounding medium. The first one is rotation of the particles and energy loss because of the viscol
friction between the particles and the medium. The second omeermal (Neel) remagnetization.
Experiments show that magnetic nanopatrticles, being embedded into biological cells, as a rule, a
tightly bounded with the tissue and, therefore, they are immobilized. Therefore, the Neel mechanisn
must be dominating fothe particles in biological tissues; for example, at organization of the MH
therapy.

The classical theoretical investigations of dynamic remagnetization of ferromagnetic nanoparticles
deal with the simplest systemofnomt er act i ng particles (fAideal
their concentration is very small. However magnegdaction of composites with low concentration of
the particles is too weak for many practical
to enhance of effect of their magnetic interaction. At the same time numerous experiments show the
ferroparticles, injected in a biological tissue for the MH therapy, very often conglomerate to various
structures where the #fAi deal gaso approximati o

We present results of theoretical study of effect of magnetic interparticle interaction on dynamic
magneticsusceptibilityand magnetic hyperthermia in systems of shugimain ferromagnetic particles,
immobilized in a host medium. These systems can model ferrogels, solid magnetic nanocomposite:
biological tissues with embedded particles and other similar materials.

Two kinds of the systems are considefiedhe ones with homogeneous (d&g) spatial
distribution of the particles and, secondly, composites with the simplest heterogeneous interna
structures (dimers, consisting of two particles). It is supposed tleag\eof the internal magnetic
anisotropy of the particles is significantly more than the thermal energy of the sy&hésris typical,
for instant, for the magnetite particles wittameterabout and more than @¥8nm, which can provide
significant respnse of the system on an alternating magnetic field.

Analysis isbasedon the solution of the Fokkétlanck equation for the distribution function
(density of probability) of a given orientation of magnetic moments of the interacting ferroparticles. For
the systems with gdike spatial distribution of the particles, thiguation has been solved in the frames
of the weltknown pair approximation. As a result, simple linear differential equations for the statistically
mean (measurable) magnetic moment of the particle have been obtained. Note that these difemt
from the phenomenological Debye equations, very often used for the analysis of the relaxatior
phenomena.

One of the most important characteristics of the dynamic reaction of the systems on the externsg
field are statisticasusceptibilityof the composite and time of magnetization relaxation to the alternating
field. Our resultsshowthat increase of the field amplitude decreases the characteristic time of the Neel
remagnetization of the particles.
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Figure 1. Relaxation timé | of the single particle remagnetization vs. dimensionless magnetic field
amplitudeh for two angles between the applied field and the particle axis of easy magnetization.
t.is the Larmor damping time.

If the field amplitude is smallh(< 1), magnetic interparticle interaction increases time of the
particle momentelaxation For the homogeneous spatial distribution of the magnetite particles with the
diameter 1818 nm, this increase is about@0%. For the clusters of the particles this increase can
achieve B4 orders of magnitude. This means that the clustered particles will be excluded from the
dynamic response of the systems on the fields oscillating with the period, comparable with the time o
relaxation of the single particle.

In the opposite casef the strong external field, this interaction decreases this relaxation time
(about a few tens of per cent for the particles with volume concentration about several per cent). Thu:
effect of the interparticle interaction on the rate of the remagnetizataetermined by the applied field
amplitude.

The equilibrium mean (measured) magnetic moment of the particle increases due to the
interparticle interaction both for the clustered and homogeneously distributed particles. Effect of these
factors on the intensity of the heat production under the dsujlanagnetic field (magnetic
hyperthermia) is discussed.
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Theory of localized sheasthickness resonances in quartz microbalance sensors

P.V. Yudin'? A. Dejneka

Institute of Physics of thecademy of Science of the Czech Republic, 18221, Prague, the Czech Republic
yudin@fzu.cz

2Kutateladzenstituteof thermophysics SB RAS, 630090, Novosibirsk, Russia

Quartz crystal microbalance (QCM) is widely used in biology, chemistry, and material science to
detect small amounts of matter attaching to a surface. The device uses a piezoelectrically excited she
thickness acoustic wave confined in a quartz plate,redsea mass attached to the plate surface
effectively changes the resonator thickness and therefore shifts its frequency peaks. Currer
understanding of mass sensitivity of QCM sensors not often goes beyondlanensional model in
the direction normab the quartz plate. However real devices use the principle of acoustic lenses, where
the oscillations are confined in a small area with asieiped amplitude profile. Here we focus on the
distribution of oscillation amplitude along the lateral coordisadnd trace its effect on the resonant
frequencies and losses.
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Figurel. Schematic for CM biosensor with distributed propertid&dlue arows show local
vibratory displacement®lack is a polymeric brush grown on the surface ofattached
golden electrode of the resonator. Red particles are the proteins or bacteria to be detec

We startwith a simple 2D model to elucidate the effect of vibrational energy trapping, which
occurs in a finite number of modes, characterised with their frequencies and amplitude profiles. Thes
are most often enabled by the added mass of electrodes on tapqfdttz crystal plates. Similarly, a
point mass locally added on the resonator surface slightly perturbs the amplitude profile and shifts th
frequency of the resonance. Analytical expressions are obtained for the frequency shift due to ma:s
loadng. These are generalized to a universal expression covering the case of a QCM sensor wit
distributed parameters, such as a biosensor having a polymeric coating operating in a {kig. dl|
Along the existing theories, the presence of a viscous fluid and a viscoelastic polymeric brush is
described by an evanescent wave with implications for both the frequency and the dissipation factor.

Further a widespread case of QCM resonators with circular electrodes is analytically described
The resonance modes form a thdémensional array withwave u mber s U( n, m, ),
are the numbers of nodes of the corresponding oscillatiofitadgprofile along the three cylindrical
coordinates. The frequencies of the resonances are found and compared to the results of experimer
tests. The analysis shows that the approximation -piane elastic isotropy, used in the model is
sufficient b describe the ground modes, usually used for the mass detection. A perturbation theory i
developed to accurately describe higheter oscillatory modes and their eigieequencies.
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Scanning probe microscopy and spectroscopy for investigations of structures
and properties of nanostructures

V.A. Bykov, An.V. Bykov, A.A. Bykov, Yu.A. Bobrov, V.V. Kotov, S.I. Leesment,
V.V. Polyakov, S.V. Timofeev

NT-MDT Company, Moscow, Russia

Scanning probe microscopy emerged in the early 1980s. Today SPM include a number of differen
methods named modeglifferent topographies, magnetic contrasts, conductivities registrations, Kelvin
modesi registrations of surface electric potential, dimttions of electric capacity between cantilever
and surface structures, hardness distributions, distributions of adhesin interactions, piezoelectri
properties registrations and not only. It is possible induce of modification of surface structuresto creat
of single active elements. In a combination with spectroscopies methods and laser technic it is possib
greatly increase of investigations power of systems.

Significant development of the SPM market began after the invention of scanning with a cantilever
vibrating at a resonant frequendye "tapping” mode. In recent years, adaptive logic systems have been
developed that make it possible to create devicdh efiements of artificial intelligence, which
significantly reduces the requirements for the level of the device user. Already at present, the function
of the devices have been introduced with the ability to quickly, automatically select scanning paramete
in the "Tapping” mode, which makes our company's atomic force microscopes accessible tc
technologists, materials scientists and even schoolchildren, makes it possible to obtatqualitigh
image of the surface topography.

Modern models of our NMDT AFMs allow fully automatic adjustment of scanning parameters
in a semicontact AFM (ScanTronic module): cantilever oscillation amplitude, value of the operating
oscillation amplitude, feedback gain, scanning speed.

To study fragments of integrated circuits, a powerful system has been craaednning probe
microscope VEGA, which allows you to work with objects with an area of 200mn¥ and at the
same time obtain atomic resolution, efficiently and repeatedly study fragments of an integrated circui
in various parts of the plate.

Figure 1. Scanning probe microscope VEGAor complex investigations of samples with the size up to
200x200 mrAwith return to the testing points with accuracy up to 1 micrometer.

0 02 04 06 08 10 12 14 16 um

Figure2. SPM VEGA scanning results: atomic resolutions at HORGM ( | ef t ) , N BLAH(
30 30 nm? and integral scheme fragment in ScanTronicsTM mode with automatic parameter scan
in Tapping node.
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It can be confidently stated that by now Russia has developed and organized the production of &
almostcomplete set of instruments and methods for studying micro and nanostructures using scannin
probe microscopes, with the exception of ultrahigh vacuum SPMs. For laboratdaeges of the
NTEGRA line were created, for the education system in schools@edes- budgetary, but rather
powerful NANOEDUCators and SOLVERANO, and for research worHdevices briefly described in
this article. It should & noted that the development of nanoelectronics, the creation of a new element
base make it possible to further improve devices, more and more introduce artificial intelligence system
into software with the disclosure of the capabilities of the develoglglgent base of controllers, the
obsolescence of which today is about 5 years.
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in uniaxial ferroelectrics
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Physics Institute, Czech Academy of Sciences, 18221, Prague, Czech Republic
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The influence of humidity on the domain growth during local switching by a biased tip of a
scanning probe microscope (SPM) has attracted considerable attention during recent years. It w:
demonstrated that the external screening processes related tasteacexof adsorbed water surface
layer strongly influences the domain wall kinetics during local switching [1,2]. However, the detailed
study of this phenomenon is not presented yet.

We have studied the domain wall motion during local polarization reversal under controllable
humidity conditions in single crystals of Rloped potassium titanyl phosph&&iOPO; (Rb:KTP)
(&2v Symmetry)and deuterated triglycine sulphdt¢H.CH.COOHEH.SQs (DTGS) (12 symmetry).It
should be noted that the threshold fields in these crystals differ by two orders of magnitude. Qualitative
change of domain structure evolution during local polarization reversal in a high humidity atmosphere
as compared to switching in a dry atmoseheais been revealed.

The field application in DTGS crystals using a biased SPM tip in a dry atmosphere resulted in
formation of partially switched area, strongly elongatecidrystallographic direction. At the same time,
switching at high humidity led to a circular shape of the area [3]. The effect was attributed to the chang
in the governing screening mechanism from anisotropic bulk conductivity to isotropic surface
conductvity through an adsorbed water layer [3].

The increase of humidity during local switching in Rb:KTP resulted in the change of the isolated
domain shape from regular hexagonal to elongated hexagonal. The domain length/width ratio in thi
case increases with pulse duration and reaches 3.5 fout@ted and decreases to unit for longer pulse
durations [4]. The effect was explained by th
crystallographic direction and Afasto wall s ¢
realized by the motion of fast walls, and the domain widenimgthe motion of slow walls. We have
shown that the motion of fast wall is limited by the external screening current through the adsorbed wate
layer, while the motion of slow wall is limited/lits mobility.

The research was made possible by the Russian Foundation for Basic Research (projg@&no. 21
10160) . The equi pment of t he Ur al Center for
University (Reg. " 2968) whi ch eiasd HghepBoucationeRFE b
( Pr oj e €lt-2021:677)Aas used.

1. C. Blaser, P. ParucNew J. Physl7, 013002 (2015).

2. A. Brug r e, JApp.®hydld0n05201® (201Gaut i er ,

3. A.P. Turygin, V.A. Shikhova, M.S. Kosobokat al.,ACS Appl. Electron. Mated, 5215 (2022).
4. E.V. Shishkina, E.V. Pelegova, M.S. Kosobal&val.,ACS Appl. Electron. MateR, 260 (2021).
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Room-temperature optical and magnetoelectric response in A and B site
co-doped layer structured Aurivillius ceramics

M.S. Alkathy?, F.L. Zabottd, M.H. Lenté, E.B. Araujc®, I.A. dos Santag JA. Eiras
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The mutual control of the (anti)ferromagnetic and ferroelectric orders by electrimagetic
fields, respectively, based fundamentally on the magnetoelectric (ME) coupling, is essential for the
fabrication of new multifunctional devices. In a broad context, for example, it refers to the possibilities
of creating norvolatile memories withmagnetic reading and electrical writing operations, among
countless other potential applications. The existence and nature of the magnetoelectric coupling at roo
temperature in solid solutions is still debated and is not well established experimBesiiye the high
technological interest generated by magnetoelectric (ME) multiferroic materials, there are few single
phase materials that exhibit magnetoelectric coupling at room temperature. Typical approaches to indut
multiferroic state in ferroeleatss, as well as to tune other physical properties (dielectric, piezoelectric,
optical, magnetic, é&), is to use specific pro

In this work single phase layer structured Aurivillius bulk ceramics (bismuth titB&tateased
ceramics), with A and B site adoped (B 25A0.75Tisx(Co, Fe)2012, where A=La, Nd or Sm % 0, 0.1,
0.2, 0.3, 0.4), were prepared through the conventional oxide mixture process. The influence of the isc
and heterovalent doping in the structural, dielectric, ferroelectric, magnetic and optical absorption hav
been investigated. The experimentsults, that show changes in the band gap (red shift) ané in th
room temperature multiferroic state, are discussed correlating with changes in the electronic structure
octahedral tilting angles, bond lengths, octahedral distortions, and oxygen vacancies formation, stil
maintaining a ferroelectric spontaneous pakaion.

Acknowledgments:
The authors gratefully acknowledge the Brazilian funding agencies CNPq and FAPESP.
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Novel multiferroics for Magneto Electric T Spin Orbit - like devices
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The development of new computing technologies and enecgnsuming devices requires the
implementation of highech multiferroic materials. The use of multiferroics allows the realization of
competitive energy efficient scalable logic and storage de@sem alternative to traditional CMOS
technology. The low power consumption in Magneto Eledtri8pin Orbit (MESO) logics [1] and
MRAM components is provided by magnetoelectric switching in multifetremed systems by a lew
energy electric field. A sigficant decrease in the dissipation energy of the ordeii ®fQL0 € J/ c n
demonstrated recently in BiFe@3Jheterostructures, indicates their potential advantage and the need to
search for multiferroic materials with strong magnetoelectric effect anddrigielectric and magnetic
response.

Our work concerns the modelling of the magnetoelectric (Mig)n orbit (SO) logics with a focus
on the ME component responsible for low power consumption. We considairtbigle of operations
of MESO-based logic devices; discuss the physical mechanisms, responsible for converting charge int
spin in ME input and spin to charge in SO output; and simulate magnetization reversal processes in M
component of MESO.

To addresghis, we develop a model of magnetization switching in ME heterostructures, which
leverage multiferroics (MF) to control magnetic states in a ferromagnetic (FM) layer via electric field.
As an example, we take welktudied multilayers, combining such BMs metals (Co, CoFe, Ni and
permalloy), half metals (e.g. §&s) and insulators (iron garnets, Ba&jPcoupled with MFs (BiFe§)

Cr20s, Ruddlesderi Popper structures) [2]. Representing the system in a form FM{{2)-MF with

a top layer of @oft ferromagnet FM(1) and a bottom layer of multiferroics (MF) separated by a pinning
layer FM(2), we explore the magnetic states in the top FM (1) at different ME states in MF [3]. The ME
states in a perovskitelike MFs (e.g. BiFeG) are determined by the pairwise perpendicular ve&ors

L, M, whereP is an electric polarization, is an antiferromagnetic vectady] is a weak ferromagnetic
vector. Exchange coupling between antiferromagnetic MF and FM leads to emergence of the
unidirectional anisotropyn a pinning layer FM(2), which affects the magnetization states in the top
FM(1). Unidirectional anisotropy axis (UAA) is associated with vettaroupled with spontaneous
polarizationP. Reorientation of polarizatioR induced by electric field or strains affect orientation of
UAA and as a conseguence magnetic states in the top FM layer.

The ability to incorporate a number of factors (such as the geometry and dimensions of the systen
the presence of several phases, interfacial interactions and -@figcggnt external influences) makes
developedapproachpromising for studying ME heterostructures and their compatibility with-cgan
switching schemes. Hybrid magnetoelecirigpin orbit (MESO' like) systems play an important role
in pursuit of low- energy consuming devices and expected to providafakt dynamics and ultdaw
power consumption.

Support by the Russian Science Foundation Ne2230225 is acknowledged.

1. S. Manipatruni, et alNature565, 35 (2019).
2. E. Gradauskaite, P. Me i s e nPhys.iSon ke, 2000072NRO20). e r J
3. M.D. Davydova, K.A.Zvezdin, A.A. Mukhin, A.K. ZvezdiRhys. Sci. Re, (2020).
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Phase transitions in multiferroics ferroborates with huntite structure
A.S. Krylov

Kirenskylnstituteof Physics FRC KSC SB RAG0036, Krasnoyarsk, Russia
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The ferroborates with the huntite structure with the general formula of ¥BX®g)s (Ln = rare
earth cation, Me = Fe, Ga) are the objects of many studies due to the wide range of promising physic
propertiesTheyare multiferroic, combining the mutual influence of magnetic and electrical subsystems,
where transition points may be varied by substituting as rare earth element as a magnetid\en [1]
present the Raman spectroscopy result of the investigation of single crystals and a solid solution.

Temperatureneasurements were performed in the temperature ra@dg@aR. This study aims
to investigate the possible existence of a soft mode related to structural order parameter and effects
magnetic transitions on Raman spectra. Analysis of the experimental Raman spectra, temperatu
dependences of the provisions of tdemters of lines, their width and relative intensity was carried out,
as well as theoretical temperature approximation for some lines. Some anomalies in the temperatu
dependences of the spedtlines associated with the occurrence of magnetic order. It was found that
significant changes are observed in the spectrum ofdeguency range (below 100 &in- there is a

mode corresponding to twmagnon scattering. The structural phase transition accompanied
condensation of soft mode [2]

The phasediagram Temperaturie Composition (Fig1) has been acquired for several systems.
Structural transitions manifest clearly by soft mode restoration, and abnormal changes of line positiol

indicate a temperature of magnetic ordering [3]
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The phase diagram Press{remperature has been acquired for several systems. Stability of R32

phase isincreasewith increasing temperature and pressure. There are no new phases found during
investigations.

RFBR funded the reported stud¥p2laddg& or di ng t o
S. Krylov et alSolid State Commua74, 26 (2013)

1. A
2. E. Moshkina et aCryst. Growth. Desl6, 6915 (2016)
3. E. Moshkina et aCryst. Growth. Des20, 1058 (2020)
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Multiferroic ordering and cross coupling effects in 2D magnetic materials
A.P. PyatakoyA.S. Kaminskiy, N.V. Myasnikov

M.V.LomonosowWoscow State University, 119991, Moscow, Russia
pyatakov@physics.msu.ru

Theadventof 2D magnets [1], and 2D multiferroics [2] in particular, provides a new prospective
for study of crosoupling effects between magnetic, ferroelectric and mechanical subsystems of
crystals. Due to their geometry the 2D materials are naturally prdrentbng deformation [3] as well
as electric field application without screening effects [2].
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Figurel. (a) the ferrovalleymediated multiferroic ordering in \dSilayer (the gray arrows are electric
polarization, the red and the blue arrows are Vanadipims,K" arecritical points inBrillouin
zone corresponding to two vallgyd], (b) the strain nduced magnetsbilayart i on
(M is onelayer magnetizatiorR is curvature radiug] is the interlayer distance)

a)

The graphendike materials have another electron degree of freedom, the valley oN&;In
bilayer the valleypolarizationplays the role of the mediator between the electric polarization and the
antiferromagnetic orderind-(g. 1a) providing the new type of magnetoelectric coupling in crystals [4].

The coupling between mechanical and ferroelectric subsystems in 2D materials manifest itself ir
flexoelectric effect since the strain gradient induces polar direction in crystal. The nontrivial
consequence of bending can be flexomagnetism, i.e. the appeafadecompensated magnetization in
antiferromagnetically coupled bilayensig. 1b).

The enhanced magnetoelectric and flexomagnetic effects in 2D magnetic materials are not only c
fundamental interest, batso of practical importance for spintronics and straintronics.

The support of Theoretical Physics and Mat
JuniorLeaderProgram) is acknowledged.
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Unique properties of functional materials are achieved due to the effects associated with the
complex composition of the interface structure. The creation of -qasiimensionaklectron gast
the interface and the ability to control such states by magnetic and electric fields is impossible withou
the use of new design interfaces. A higbbility electron gas is observed at the interface of
heterostructure LaAl©and SrTiQ when the number of LaAlgayers is larger than three [1, 2]. Such
a system undergoestransition to a superconducting state at temperature 300 mK [2]. We have studied
heterostructures based on ferroelectric and dielectric oxides with the #aaMdO; and
BaTiOs/La,CuQy type structures, and, using calculations from the first observations, we have modeled
the electronic and magnetic properties of this heterostructure. It was found that, as a result of th
destruction of the BaTi€lLaMnOs and BaTiQ/La,CuQy heterostructures, the band gap in the region of
disappearance is forbidden, and tlystem is established in a state with metallic conductivity at the
interface. In this work, we investigated the properties of the interface between ferroelectric oxide anc
insulating oxide irheterostructures BaT#.aMnOz; on LaMnO;s single crystal and iheterostructures
Bap.sSro.2TiO3/LaMnOs/Bay.sSro.2TiO3z andLaMnOs/BisTiz012/Bap 4Sih 6TiOz on MgO substrate and the
effect of illumination on the properties of this heterostructures.

Previously the numerical simulations of the structural and electronic characteristics of the
BaTiOs/LaMnOs interfacehave been performed. The conductivity and photoconductivity properties had
been studied for these heterostructures. For both of heterostructures it was found experimentally that
the samples with polarization of ferroelectric film directed perpenditaltre surface, below certain
temperature the electrical resistance exhibits metdicbehavior. Thus, the evidence of a transition to
the state with 2DEG at the interface is demonstrated. The effect of a liBhs.&81 2TiOs/LaMnOszand
on LaMnOs/BisTiz012 interface had been investigated. The resistivity properties of the interface
Bao.sSro.2TiOz/LaMnOs and LaMnOs/BisTiz012 interfaces greatly changender uniform illumination
incident on the surface of the ferroelectric filexhibiting negative photoconductive propertiébe
effect of metallic conductivity is explained by the discontinuity of ferroelectric polarizatiegatNe
photoonductive can be associated wipartial screening of the ferroelectric polarization by
photogenerated charge carriers causes the reduction of the carrier concentration at the interfac
Measurements in the Kelvin mode of atomic force microscopy showed that illumination has a similar
effect on the surface charge concentration, which confirms our hypothesis.

The reported study was fundég RussianScientific Foundation, research project No-12t
00179.

A. Ohtomo, H.Ywang,Nature427, 6973 (2004).
N. R

1.
2. eyren, S. Thiel, A. D. Caviglia, et éhcience317, 1196 (2007).
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Low-temperature phase transitions in ANLT4.5 ceramics
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Silver niobateandlithium tantalate are functional materials belonging to the perovskite family.
particular, AgNbQ was shown earlier [2] to be promising as an active medium in energy storage
systems, however, the disadvantage of this material is its instability in stronger electridtfietas.
shown in [34] that tantalum and lithium additives stabilize this material and increase its energetic
capacity.

Several authors have observed up to six phase transitions in single crystals, polycrystals, an
ceramics of silveniobate but most of them were found at higher temperatures. More interesting for
practical applications, the region near and below room temperatures has been little studied.

In mixed compositions at room temperature, the most promising for practical applications wide
hysteresis loop with full saturation was found in ceran@i@55AgNbOsi 0.045LiTa0s [5], and,
therefore, this composition was studied in this work.

In this work, the Raman scattering method was
 AgNbO3 a used to studyceramicsin this work, the Raman
— 95.5% AgNbOg3+4 5% LiTaOs 300K scattering method was used to stGd955AgNbCsi
0.045LiTaOs and AgNbOs ceramics in the
| temperature range @015 K. For their interpretation,
| DFT simulation of the lattice dynamics was
‘ i performed using the PBE (GGA), PBEsol (GGA)
functionals. INAgNbO3 ceramics in the region of
320/ 350 K, a soft mode was observed, apparently
related to the known ferroelectric phase transition
1 : . : : Pbcmi Pm@i. A similar anomaly is also observed in
200 400 600 800 1000 1200 0.955AgNbOs1 0.045LiTa03 ceramics 3K below
(Tc = 310 K).

In the region of 50120 K, the spectrum of
AgNbOs shows the appearance of new lines in the
region of low (130150, 160 crit, Ag and O
vibrations) and medium (515 ¢l O vibrations)
frequencies. Presumably, this is doeanother phase
transition in the region of 12K.

Partial substitution of Nb for Ta leads to the
T o e e ioao 7200 disappearancef the 22 crht line in the spectrum of
Wavenumber, cm” 0.955AgNbGsi 0.045LiTa0s; this  vibration
Raman spectra dfgNbOs (black) corresponds to movements of Nb/'!'a ions in t.h.e layer.
and 0.955gNbOsi 0.045LiTa0s (red) ceramics: As the temperature decreases, this composition also
ai300 K, bi 10 K. exhibits a phase transition in the region @280 K).

Raman Intensity, rel. un.

Raman Intensity, rel. un.

1.Y. Tian, L. Jin, H. Zhanggt al.,J. Mater.Chem A 4, 17279 (2016).

2.Y. Tian, P. Song, G. Violat al, J. Mater.Chem. ALQ, 14747(2022).

3. A. Niewiadomski, A. Kania, G. E. Kuged al, Mater. Res. Bull65, 123 (2015).
4.S. Li, H. Nie, G. Wanget al, J. Mater.Chem. C7, 4403 (2019).

5.T. Lu, Y. Tian, A. Studeret al, IUCrJ 6, 740 @Q019).
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Hafnium oxide films for the implementation of ferroelectric field effect transistors
and ferroelectric tunnel junctions

A.A. Chouprik V.V. Mikheev, |.G. Margolin

Moscow Institute of Physics and Technology, 141700, Dolgoprudny, Russia
chouprik.aa@mipt.ru

Doped(or alloyed) HfQ-based thin polycrystalline ferroelectric films have emerged as viable
candidates for nonvolatile ferroelectric memories [1] because of their full compatibility with modern
silicon microelectronics technology. Many efforts have been focused on the degptagithree known
types of ferroelectric memories based on Fif@erroelectric randoraccess memory (FeRAM),
ferroelectric fieldeffect transistors (FeFETs) and ferroelectric tunnel junctions (FTJ). While the
performances of Hf@based ERAM are excellent (except for their retention issues), the benefit of using
of this material in FeFET and FTJ is not yet obvious due to poor performances [2]. This is caused by th
specific properties of hafnium oxide films. This talk will discuss theaathges and disadvantages of
this material (compared to perovskite ferroelectrics) for FeFET and FTJ memory implementations, an
will also make a general comparison using hafnium for FeRAM.

A common feature of FeFET and FTJ is the origin of the informative sigrthle readout signal
(the current flowing during the read procedure either through a semiconductor inversion channel o
across an ultrathin ferroelectric layer) is determined byatlerage value of the surface charge of
spontaneougolarization. On the one hand, this feature of both memory concepts provides a non
destructive readout procedure, which can potentially improve the memory endurance. On the other han
it induces a numbeaf implementation challenges compared to FeRAM. For example, this is the cause
of faster retention loss. Indeed, in all Hidased ferroelectric memory devices the retention loss
originates from the imprint effect, which consists in the emergence of airbfidid that increases
logarithmically with time [3]. In FeFET and FTJ, it causes a proportional decrease in the infermat
current signal, whereas in FERAM it causes another temporal dependence of the polarization loss, whi
can be much slower thahne logarithmic one. Other challenges are related to the polymorphic structural
phase composition of the hafnia film, the domain structure and its transformation, charging interface
traps and surface states as well as with the dielectric interlayer. Ad gagasitic issues play a more
crucial role than in FERAM. To overcome these challenges, the material and interface engineering c
functional structures is currently underway, and there are already a number of promising results that wi
be overviewed ithe talk.

Implementation of Hf@based FTJ memory is more challenging than FeFET. Additional parasitic
factorscontributesignificantly to the performance of FTJs and ferroelectric memristors. Among these
are the minimal critical thickness of film (4 nm) [5], leakage current along the grain boundaries and
through the grains of the paraelectric phase [6] and the mobile anaggeing across the ferroelectric
film [7]. In this talk, technological approaches to minimize these effects and scientific methods for their
differentiation will be described and discussed.

The work was financially supported by the Ministry of Science and Higher Education of the
Russian Federation (agreement No.-032023106, project No. FSM&0220031.

S. B°scke, J. etil:Abdl. Bhys,. Let9 10B903(20h1a u s ,
houprlk D. Negrov, Y. Tsymbal, A. Zenkevich, Nanosda88e11635 (2021).

. Tagantsev, |. Stolichnov, N. Setter, J.S. Crds&ppl. Phys96, 6616 (2004).

ikheev, E. Kondratyuk, A. ChouprilRhys. Rev. Applietl8, 064084 (2022).

ikheev, A.Chouprik, Yu. Lebedinskiiet al.,Nanotechnology1, 215205 (2020).

houprik, A. Chernikova, A.M. Markeeet al, Microelectron. Eng178 250 (2017).
ikheev, A. Chouprik, Yu. Lebedinskigt al, ACS Appl. Mater. Interfacekl, 32108 (2019).

zozzxo

29



119

Ultrahigh electrostrictive effect in Sm**-doped
Pb(Mg13Nb23)O3-PbTiO3 ferroelectrics ceramics

YunyaoHuang Li Jin

Electronic Materials Research Laboratory, Key Laboratory of the Ministry of Education, School of Electronic
Science and Engineering, Xi'an Jiaotong University, Xi'an 710049, China
ljin@mail.xjtu.edu.cn

RareearthSnm**-dopedPb(MgisNbz/5)Os-0.25PbTiQ (PMN-0.25PT) ferroelectric ceramics with
doping amount between 8% weredeveloped via a conventional seBthte method. The doping effect
of Sm** ions on the PMMND.25PT matrix was systematically investigated on the basis of the phase
structure, temperatw@ependent dielectric, ferroelectric and electrotechnical properties. Due to the
disruption of longrange ferroelectric order, the addition of ¥Bnons effectively lowers thém
(temperature corresponding to maximum permittivity) of the samples, leading to enhdaced re
ferroelectric (RFE) characteristic and superior electric fietticed strain (electrostrain) properties at
room temperaturdntriguingly, a considerable larggignal equivalent piezoelectric coefficiédt of
2376 pm/V and a very small hysteresis were attained in the-@I2B5PT component doped with
2.5mol.% Sni*. The findings of piezoelectric force microscopy indicate that the addition 8f Sm
increases the local structural heterogeneity of the FEMISPT matrix, and that the enhanced
electromechanical performance is due to the dynamic behavior of polar nanoregions. Importantly, stron
temperaturaependent electrostrain and electrostrictivefocent Qsz are observed in the critical
region aroundnin al Sm**-modified PMN0.25PTceramic samples studied. This work elucidates the
phase transition behavior of Siwloped PMNO.25PT and reveals a critical region where electrostrictive
properties can be greatly improved due to a strong tempegpendent characteristic.
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Characterization of structure, microstructure and functional properties of
modified lead-free perovskite ceramics

E.D. Politovad, G.M. Kaleva, S.A. lvano¥, A.V. MosunoV, S.Yu. Stefanovich
N.V. Sadovskayh D.A. KiseleV, T.S. lliné, V.Y. Shup, A.D. Ushakov, M.Z. Faizullir?
IN.N. Semenov Federal Research Center for Chemical Physics RAS, 119991, Moscow, Russia
politova@nifhi.ru

2Lomonosov Moscow State University, 119991, Moscow, Russia

3SRC ¢Crystallography and Photonicseée RAS, 119333,
‘National University of Science and Technology i Ml
°School of Natural Sciences and Mathematitsl Federal Universityg20000, EkaterinburgRussia

®Instituteof Thermal Physics, Ural Branch RA&,0016 Ekaterinburg, Russia

Leadfreeperovskiteoxides promising for development of materials for various applications based
on perovskitegKosNaos)NbOz (KNN), BaTiOs (BT), BaZrOs (BZ), NaNbQ (NN), (Ko:sBio.s)TiOs
(KBT) and (Na.sBio.5) TiO3 (NBT) wereintensively studied last years in order to replace the widely used
Pb-based ones

We studied influence of cation substitutions and preparation conditions on phase content, structure
microstructure, dielectric, ferroelectric, and local piezoelectric properties of compositions from
Morphotropic Phase Boundaries (MPB) in N, NBT and NN oxidesnodified by BT, KBT and
BZ up to 10 mol %

Ceramic samples were prepared by the-$tap solidstate reaction method at temperatures up to
1450 K andcharacterized using -Kay Diffraction (XRD), Scanning Electron Microscopy (SEM),
Second Harmonic Generation (SH)ielectric Spectroscopy (DS) and Piezoresponse Force
Microscopy (PFM) methods. Polarization switching current and dielectric hysteresis loopalseere
measured.

The unit cell volume changes and crystallite size distribatiere observed by the XRD method
in ceramics prepareth NBT-BT samples modified by KBT increaséthe volumeweighted crystallite
size distribution function asobservedvith KBT additive increasingndicating to changes in relative
content of polar nanoregions in tetragonal nonpolar matrix.

Ferroelectric phase transitions at ~ 400 K were confirmed by polarization measurements and
using the DS and SHG methods. Decrease in temperatures of phase transitions wasioliseN&d
NN, and KNNbased samples with amoumtisadditives increasing. INBT-basedceramics additional
effects of dielectric relaxation were observademperatures > 800Kaused by formation aixygen
vacancies in compositions with aliovalent substitutions.

The observed increase in polarization and energy storage performance confirmed positive
influence of BZ dopants on functional properties of the- lihd KNN-based ceramics.

Using the PFM method increase in effectilgepiezoelectric coefficient in some ceramics studied
correlated with increase in dielectric permittivity and spontaneous polarization values at the room
temperature was observed thus confirming improvemehitnaftional properties angrospects of new
leadfree piezoelectric and electrocaloric materidésselopment on the base of modified KNN, NN and
NBT-based compositions.

The work was supported by tiRussian Foundation for Basic Reseafgtant 2153-12005) and
by the Ministry of Higher Educatioand Science of the Russian Federation in the framework of State
assignments ANanostructuredandsyisgees fohcta ona
(registration number 12204050000 and wi t hin the state assignm
Phot oni cso RAS.

PFM studiesvereper f or med at Center for Shared Use
Nati onal Uni versity of Science and Technol ogy
and Higher Education of the Russian Federation (Project Ne152521-696).

The equipment othe Ural Center for Shared Use Moder n n an d&taleFederalo | o
University (registration number 2968) was used funded by the Ministry of Science and Higher Educatior
of the Russian Federation (grant @I/2021677).
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Evolution of the dipole moment in crystals and films of strontium barium niobate

A.M. PugacheyA.A. Sokolov

Institute of authomation and electrometry RAS, 630090, Novosibirsk, Russia
apg@iae.nsk.su

The subject of research is tpelar states in films of strontium barium niobate1 {8aNbOs
hereinafter referredo as SBNx). In the lowtemperature ferroelectric phase, this is spontaneous
polarization, and in the centrosymmetric paraelectric phase, it is electric fields in local polar regions
(Apol ar nanoregi onso) t hat a p p e aoolingiup to thé ghase e n
transition, their size and concentration change. The temperature evolution of dipole moments depent
on various factors, such as local mechamsti@sses, the chemical composition of the film, the type of
substrate, the growth method, etc. The nature of the influence of various factors remains unexplored
present and requires additional systematic studies.

Our aim is a study of the nature of dipole moments in thin ferroelectric films as a function of
temperature, local mechanical stresses, the chemical composition of the film, substrate, and other factc
that areimportantin the growth and operation of products based on ferroelectric films. In this study,
spectroscopic methods are used: optical second harmonic generation (SHG), Raman scattering (RS),
spectroscopy. These methods are-contact and nodestructive, butlao make it possible to study the
properties of thin films that are difficult or impossible to study by "traditional” methodsayX
diffraction studies, dielectric spectroscopy, pyroelectric effect, etc.).

The SBNfilms of various thicknesses were obtained by rf sputtering on various substrates with
various electrodes.

Special attention is paid to the pyroelectric effect in thin films. Film pyroelectric sensors are
sensitive in a widespectralrange, have high sensitivity and can operate without cooling. The authors
found an exceptionally high sensitivity of special SBN films. An explanation for the observed
phenomenon is proposed with the help of the emergence of moving elements in thdisystem g t r a t
bottom electrodé ferroelectrici t op el ectrodeo . As an exampl e,
from the feroelectric or the detachment of the lower electrode from the substrate under the additiona
assumption of the presence of local conduction channels in the sample.

The work was supported by the State Assignments of the IA&E SB RAS FRIQEG0004 and
FWNG-2021-0014. Some of experiments were carried out at the-Reggolution Spectroscopy of Gases
and Condensed Matter Center of Multiple Access in the Institute ofraatium and electrometry of the
SiberianBranch of the Russian Academy of Sciences (Novosibirsk, Russia).
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2D Nanocomposite for the photocatalytic degradation of various pollutants: Textile
dyes, Heavy metal ions, Antibiotics

M. Khanuja
Centre for Nanoscience and Nanotechnology, Jamia Millia Islamia, New Delhi, 110025

The release of untreated noxious pollutant into the water bodies are causing irreversible damac
to the ecosystenThe widespread increase in population leading to unacceptable concentrations of wast:
pollutants in wateposesthreats to human and ecosystem. Here, various 2D nanocomposite including
WS;, MoSe, g-CsN4, and their composites with Polyaniline (PANI), Polypyrrole (PPY), and Metal
Organic Framework (MOF) has been synthesized via hydrothermal method followed by in situ
polymerization. The synthesized nanocomposite was characterized by several technigagsigiieh
resolution transmission electron microscope (HRTEM), Field emission scanning electron microscope
(FESEM) Energydispersive Xray (EDX) spectroscopy,-Xay diffractogram (XRD), Fourier transform
infrared (FTIR) spectroscopy, Zeta potential, Taptds, Photoluminescence (PL) spectroscopy, Fime
ResolvedPhotoluminescend@RPL), and BET. The 2D nanocomposite showed excellent
photocatalytic activity for the photodegradation of various pollutants such as textile dyes: Anionic
(Methyl orange, Congo red, Direct red), Cationic (Methylene blue, Malachite green, Crystal violet);
Heavy metal ions (Chromium VI) and Antibiotics (Nitrofurantoin, Tetracycline, Metronidazole). A
scavenger experiment was also done to confirm the formation of photoinduced reagptiee species
( AOH a“h drurtl@r, photocatalytic results revealed that all the nanocomposites exhibited
significantly enhanced photocatalytic activity with 100% degradation efficiency. The enhanced
photocatalytic activity was attributed to the improved separation of phdtwedelectrorhole pairs
and surface area.
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Exotic water structures and diffusion in peptide nanochannels

P. Zelenovskfi?, P . BY.% Bysdtrod F. Figueiredt L. Mafrat, A. Kholkin?*

DepartmentoChemi stry and CI CECOT Aveiro | nsti t19tAeiropf Ma
Portugal

2School of Natural Sciences and Mathematics, Ural Federal University, 620000 Ekaterinburg, Russia

3Institute of Mathematical Problems of Biology, Keldysh Institute of Applied Mathematics, RAS, 142290
Pushchino, Russia

‘Depart ment of Physics and CI CECOT Avei rd93Aveisof i t ut e
Portugal

zelenovskiy@urfu.ru

Water confined in nanochannels possesses various unique properties essentially different fror
those in amacroscopidulk state. Most studies are focused on water within carbon nanotubes, which
are hydrophobic and weakly interact with water molecules. In contrast, nanochannels made of organi
species form strong hydrogen bonds with water thus completely determinbehésior and biasing
the properties. Therefore, the study of such systems is of great fundamental and practical importance.

In this work, we analyzed the structure and dynamic behavior of water confined in the
nanochannelsadeof different dipeptides, such as dileucine (le2u, LL), alaninevaline (AlaVal,
AV), and diphenylalanine (PHehe, FF) These dipeptides sedissemble into microporous crystals
consisting of nanochannels with the pore size below 1 nm. The molecular structure of the water confine
in the channels was determined byag diffraction and confirmed by computer modeling, and its
dynamic behavior was analyzby?H solid-state nuclear magnetic resonance methoti8R) and the
dynamic vapor sorption (DVS) measurements.

Water molecules captured in the nanochannels actively form hydrogen bonds with the ionic
functionalgroupsat the peptide shell, which dictates water the spatial organization and the behavior.
Depending on the shell configuration and the pore size, the linear chains, single and double spirals
water molecules were observed. The analysis 2df NMR spectra allowed distinguishing
crystallographically inequivalent water molecules in the nanochannels, whereas the determined spir
spin relaxation times indicatee mode of their diffusion. Direct DVS measurements were used to derive
the coefficients of seldliffusion for different types of water.

The obtained results demonstrate a great potential for peptide nanotubes usage for th
transportation of water and other small molecules in various fraaeb nanofluidic devices.

This work was developed within the scope of the project CICEAE€ro Institute of Materials,
UIDB/50011202Q0 UIDP/50011/2020, and LA/P/0006/2020, and the project UniRCell
(SAICTPAC/0032/2015, PO@1-0145FEEDER016422) financed by national funds through the
FCT/MEC (PIDDAC). NMR spectrometers are part of the National NMR Network (PTNMR) and are
partially suppoted by the Infrastructure Project 022161 (cofinanced by FEDER through COMPETE
2020, POCI and PORL and FCT through PIDDAC). This work has rectinelihg from the European
Research Counci l (ERC) wunder the European Uni
(Grant Agreement 865974).
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Directional motion of domainwalls in iron garnet crystals

S.E. PamyatnykhM.S. Lysoy, L.A. PamyatnykhG.A. Shmatov

Ural Federal University, 620026, Ekaterinburg, Russia
PamyatnykiSergey@urfu.ru

Domain walls (DWSs) contro{control of the parameters and position of the/€) is a topical
problemboth from the point of view of fundamental science and possible technical appli¢a}iorse
motion of the DW system as a whole (DiNft) is related tahemotionof topological defects magnetic
dislocations (MB) [2], which originate ircertainnucleationcenters local regions of the sample with
reducedvalues of the material constant$e intensity of thé1D nucleationcenter (up) is the number
of MDsthat originag in this centeiper second

The results ostudy of thedrift of stripe domainsatticein the direction perpendicular to the DW
plane iniron garnet crystals with different s of magnetic anisotropy inh@armonic magnetic field
H = Hosin(2" ft) (f = 301000Hz, Ho up to2,200* A/m), which was applied perpendicular to the sample
plane, are presented. Dynamic DS was visualized usengéignetooptid-araday effect and recorded
with a high-speed digitatamera ffame rateup to 2000 fps) using a stroboscopic installation based on
a pulsed laser with a wavelength of 532 nm and a pulse duration of 10 ns.

A changeof the direction otthe DW drift in (TbErGdg(FeAl)sO12 iron garnet(110) platewith
anisotropyof shape with an increase thie amplitude of alternating harmonic magnetic field has been
experimentally establigl. The DW drift velocities (Fig.1a) and intensitadsMD nucleation centers
(curves 1, 2 and 3 in Fidb) were measured@he change of direction of DWs drift (Fifja) is related
to the sharp increase of the intensity of the MD nucleation center ELid\t the external magnetic
field frequencyf=100Hz the drift velocity changes sign with increase of the field amplitude at
Ho = 10,3520° A/m, while the intensityf the center E increases sharply from 0 to 400 MD/s.

It is proposedhat the reason for the changkthe direction of thddW drift is a change ofhe
direction of thegradient ofdemagnetizing fieldin the sample with an increasd the external field
amplitude. The changén the configuration of the internal magnetic field is indicated by an
experimentally established change in the activity of the centers of MD nucleation with an in€thase
amplitude of the external field. A model is proposed in which the direction and velocity[@#\tlekift
are de¢rmined by the gradient of the magnetic field in the sample [3].
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Figurel. (a) Dependences of DW drift velocityyAdn harmonic magnetic field amplitude. Curves 1 and 2
are DW drift velocities dt= 100 Hz and = 40 Hz (b) Dependences of intensity of MD nucleation
centers E, A, D on harmonic magnetic field amplitude at frequend00 Hz.

This work was performed within the framework of the state assignment of the Ministry of Science
and Higher Education of the Russian Federation (Project FEUZQUZ3).

1. D. Kumar, T. Jin, R. Shiaa et @&hys. Rep958 1 (2022).
2. L.A. Pamyatnykh, B.N. Filippov, L.YAgafonovandM.S. Lysov,Sci. Rep7, 18084 (2017)
3. L. PamyatnykhM. Lysov, S. PamyatnykrandG. ShmatovJMMM 542 168561(2022).
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Structural and ferroelectric properties of hafnia in presence of an electric field:
first-principle and experimental insight

[.G. Margolin E.V. Korostylev, E.B. Kalika, D.V. Negrov, A.A. Chouprik

Moscow Institute of Physics and Technology (Research Institdt&§00, Dolgoprudny, Russia
margolinig@phystech.edu

Because of its compatibility with semiconducb@rsed technologies, HHO s t oday 0 s
promising ferroelectric (FE) material for applications in memory devices. Nevertheless, understanding
of the ferroic and electromechanical properties of thigyghlortant compound is still lacking [1]. Even
the origin of ferroelectricityn HfO> thin films remains debated {Z).

One of the white spots in the knowledge about this material is the influence on the structural anc
ferroelectric properties of the built electric field [5, 6], which is always present, whether due to the
presence of a contact potential difference, c@ thu oxygen vacancies at the Hfdetal electrode
interface or due to other mechanisms. Here we demonstrate a deeper insight into how the presence ¢
built-in homogeneous electric field in a FE Hféffects its structural and ferroelectric properties.

Ideally, owing to the symmetry, the two states of polarization up and down should correspond tc
the same lattice constanksecisely because of the symmetry, in the absence of an electric field, there
are only even degrees in the decomposition of free energy by degpesarafation

F =Fo+ aP?+ bP%, (1)

whereF is free energy anB is polarization (see the phenomenological theory of ferroelectricity [7]).
Therefore, two states of spontaneous polariza®eandPg correspond to the same ground state energy.
But in the presence of an electric field, an odd tde®appears in the decomposition of free energy

F=Fo+aP?+ bP*i EP, )

hereE is an electric field. In this case, two equilibrium states of polarization up and down correspond to
different ground state energies and may well correspond to different lattice constants.

Indeed, using Xay microdiffractometry on the DESY synchrotron research facility, we have
shown that when switching polarization, structural properties change: lattice constants and, as
consequence, the interplane distance. Moreover, there is a dh# ofterplane distance with cycling
of the structure. We assume this behavior is related to the presence ofia éleitttric field, which
leads to the appearance of vertical asymmetry. Based o#priinsiples calculations, we present a
confirmationand an explanation of how the existence of a{miltomogeneous electric field leads to a
difference in the structural properties of Hffor the two polarization states. Furthermore, based on
calculations, it is possible to say which mechanism of the-inuitlectric field dominates in the
appearance of structural differences for the two polarizations.

Theworkwas financially supported by the Russian Science Foundation (Project-H&-02370,
https://rscf.ru/en/project/209-00370/).

1. S.Duttg P. Buragohain, S. Glinsek et &lat Commun12, 7301 (2021).

2.T. Shiraishj K. Katayama, T. Yokouchi et alAppl. Phys. Lettl08 262904 (2016)

3. T. SchenkC.M. FancherM.H. Parketal., Adv. Electr. Mater. 5, 1900303(2019)

4. M.D. Glinchuk, A.N. Morozovska, A. Lukowiak et all, Alloys Compd830, 153628 (202Q)
5V.Lenzi J. P. Si | yvEnergyEnvirot iMatelel25a0 (2623).

6. A. Chouprik D. Negrov, E.Y. Tsymbal, A. ZenkevicNanoscalel3, 11635 (2021)

7.V.L. Ginzburg Usp. Fiz. Nauk38, 490 (1949)
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Shapeevolution of the hysteresis loog in relaxor ferroelectric PMN -0.28PT
A.D. UshakoV, M.S. KosobokoV, Q. HWf, X. Liu?, Z. X?, X. We#, V.Ya. Shut

!School of Natural Sciences akththematics, Ural Federal University, 620000, Ekaterinburg, Russia
bddal@ya.ru

2Electronic Materials Research Laboratory, Key Laboratory of the Ministry of Education and International
Center for Dielectric Research, Xiéan Jiaotong Un

This researchconducts an wuepth analysis of the dielectric hysteresis loop transformations
throughout the heating process in sirdtenain PMNO.28PT plates, initially in the rhrombohedral phase

at room temperature. The typical ferroelectric hysteresis loop changesit t r i pl e | oop
unt il 124AC, at whi c h -lpopona.fAslimtbysteresia lnop is presensbeyond t
150AC (Fig. la). These observations can dbg in

bound charges at the phase borders during the relaxor state.

The emergenceof the triple hysteresis loop beyond the freezing temperature is linked to the
emergence of nonpolar inclusions within the polar matrix, which expand with the temperature rise. The
internal bias fields, induced by local depolarization fields near thefanes, are responsible for the
modification of the hysteresis loop shapes [1, 2].

The abruptransitionof the loop shape from a triple to a typical for relaxors double configuration
at 126 AC [ 3, 4 ] can be explained by the per
inclusions to a nonpolar matrix embedded with polar polydomain clusters @ grékdual reduction in
cluster size with temperature coincides with the emergence of slaglain polar regions (polar
nanoregions), exhibiting switching without hysteresis.

Support forour proposed model comes from Finite Element Method (FEM) simulations of the
hysteresis loops in the crystal with the bias fields caused by nonpolar inclusions (Fig. 1b).
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Figurel. Triple hysteresis loop (upper images) and the corresponding charge derivative (bottom images
obtained (@) inPMMN . 28 PT si ngl e obyFEMdimaulhtions of prappseédin@del. ( b

The research was supported by the Ministry of Science and Higher Education of the Russiar
Federation (project no. 07B5-2021-1387) and the National Key R&D Program of China (grant no.
2021YFE0115000). The work was performed using the equipment of the Unalr @anShared Use
"Modern Nanotechnologies" UrFU (reg. No. 2968).
1.V.Ya. Shur, Phase Transition§5, 49 (1998).

2.V.A. Shikhova V.Ya. Shur, D.V. Pelegov, et akerroelectrics398, 115 (2010).

3.C.H.Hong H. Guo, X. Tan, et alJ. Mater.5, 634 (2019).
4.V.Ya. Shut in Handb. Adv. Dielectr. Piezoelectric Ferroelectr. Mataxdited by ZG. Ye (Elsevier, 2008),

pp. 622 669
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Study of dielectric and polarizatiaen r
(Bd6= Fe, Ni , shhgecryBas= Nb, Ta)

V.G. Zalesskij A.A. Levin, T.A. Smirnova, S.G. Lushnikov

loffe Institute RAS, 194021, Saint Petersburg
vg.zalessky@gmail.com

The family of complex perovskit e santheirlsolid he
solutions demonstrate a wide range of physical states: ferroelectrics, relaxor ferroelectrics
antiferroelectrics, etc. [1]Of particular interest are compounds that have magnetically active ions of
variable valence in one of the@®sitions.Some compounds of this family are multiferroics and some
exhibit phase separation [2].

The talk presents results of a study of the structure, dielectric permittivity, conductivity, and
pol arizati af B6E PbBOBOO Co; Bo= Nb, Ta) Si ncg
published data [1], all the above compounds exhibit the broad and freepegpeydent maxima on the
temperature dependence of complex dielectric permittivity. This gave the reasolude ithe crystals
into the family of relaxor ferroelectrics. However, the study of the polarization properties of some
crystals was ecompanied by contradictory results in which the dielectric hysteresis loops differed
significantly from those for typical ferroelectrics and ferroelectric relaxors. For exampleRhedps
close to saturation were observed only in an extreme eldetidcat temperature of liquid nitrogen.
Moreover, the dependence of the polarization on the field became linear when the crystals were coole
down to helium temperatures, despite an application of intense field up to the breakdowmramlue.
some crystalsf this family, there are even fewer published data on dielectric and polarization properties.
Therefore, the temperature response of the dielectric and polarization behavior of the crystals require
detailed studies.

The talk presents the results of studies of the crystal structure usagpowder diffraction, the
temperature dependences of the complex permittivity in the frequency range from 12 Hz to 100 kHz
and ac/deconductivity in thetemperature range of 3700 K. The remanent polarization was studied
by method of thermally stimulated depolarization (TSD).

As a result, the followingdataave been obt a(Béd Ffer RbLDBOBOO
single crystals

1) Crystal structure and crystal cell parameter.

2) The magnitude of the maximum on the temperature dependence of the complex periisttivity,
temperature, width, and frequency dependence.

3) Values of acand de conductivity, their temperature dependence, and activation energy of
charge carriers.

4) The magnitude and temperature range of existence of the remanent polarization induced by &
external field.

A comparative analysis of the data obtained for different compounds makes it possible to
determine the effect afertainions on the relaxor state and other physical properties of the complex
perovskites. The research results are discussed in terms of the phase separation model previou
proposed for the related Pbdlby20s crystal [2].

1. G.A. Smolenskyf-erroelectrics and Related Material@NY: Academic Press) (1981).
2. B.Kh. Khannanov et alJETP 130, 439 (2020).
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Jahn-Teller magnets with charge transfer

A.S. Moskvin

Ural Federal University, 620083, Ekaterinburg, Russia
alexander.moskvin@urfu.ru

By JahnTeller (JT) magnets we include compounds based onTalter 3d and 4dions with
configurations of thex§"ey"? type in a highly symmetrical octahedral, cubic, or tetrahedral environment
and with ground state orbit&-doublet. These are compounds based on-teingplexes with the
configurationd® (Ti®*, V#*, CP"), low-spin (LS) configuratiom® (V2*, Cr**, Mn**), and highspin (HS)
configurationd® (Fe?*, Cc®), octacomplexes with H®onfigurationd* (Cr?*, Mn®*, F&"*, RU*), low-
spin configuratiord’ (Co?*, Ni®*, P&*), as well as octaomplexes with configuratiod® (Cu?*, Ni*,

Pd*, Ag?"). The class of Jfagnets includes a large number of promising materials that are the focus
of modern condensed matter physics, sudi@sV0O,, (Sr,Baj}Cr.0s, CrO, Crk, manganites RMn§)
oxoferrates (Ca,Sfffe, (Ca,Sr)Fe@ (Ca,SrjFeOr, ruthenates RuO2, (Ca,&RuOy (Ca,Sr)RuqG,
(Ca,SnRw0O7, a wide range of ferropnictides (FePn) and ferrochalcogenides (FeG@Qo®ia 3D
nickelates RNi@ (Li,Na,Ag)NiO,, cuprates CuO, CuFK>CuF, KCuRs, 2D cuprates (L&uQy, ...)

and nickelates RNig) silverbased compounds AgO, AgRKAgFs, CsAgF.. These materials have a
rich spectrum of unique properties from various types of magnetic and charge ordering-tosultiir
transitions and superconductivity.

The lifting of the orbitalE-degeneracy in the higlymmetry "progenitor" JMmagnets can be
associated both with the specifics of the crystal structure, as, for example, ifré&gyeXD cuprates
(Nd2CuQy) and RNIQ nickelates, and with the conventional Jateiler effect, which, as a rule, leads
to the formation of a loveymmetry insulating antiferromagnetic ¢CaiQy, KCuks, LaMnQ;) or
ferromagnetic (KCuF) phase with orbital order. A competing mechanism for removing orbital
degeneracy in JT magnetsnetered above is "anlahnTeller", "symmetric"d-d-disproportionation
according to the schens+d"- d"!+ d"!, assuming the formation of a system of bound or relatively
free electronicd™?! and holed™ centers, differing by a pair of electrons/holes [1]. Formally, an
electron/hole center can be represented as a hole/electron center with a pair of electrall&lholes
localized at the center. In other words, a disproportionate system can be formally represented as a syst
of effective local spirsinglet or spirtriplet composite electron/hole bosons "moving" in the lattice of
hole/electron centers. Note thatframes of the toy model the disproportionation enégyformally
coincides with the energy of local correlatiddss, which gives reason to associate symmedrat:
disproportionation with the negatié¢ phenomenon. We argue that the unusual properties of a wide
class of J¥magnets with different crystal and electronic structures, with an unusual charge and magneti
order can be explained within a unified scenario [1,2].-8mtdisproportionation in alhese JTImagnets
leads to the formation of a systavheffective local composite spsinglet or spirtriplet, electron or
hole St ype bosons fAmovingo on magnetic or nonma
localized or delocalized, magnetic or nonmagnetic phase states, including unconvehaogealar
spincharge orders, spisinglet (cuprates, nickelates) or siiplet (manganites, FePn/Ch, ruthenates)
superconducting state.

In the talk we consider in more detail all the peculiarities of theJdntilisproportionation in
different JT magnets, spin and orbital structure of the effective composite bosons, effectoreasp
hamiltonians for singleand tweband JT magnets. Review of the electronic structure and phase
diagrams of a wide class of JT magnets will be given.

1. A.S. Moskvin,J. Phys.: Cond. Matte25, 085601 (2013).
2.A.S. Moskvin, Yu.D. Pano\JMMM 550, 169004 (2022).
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Ab initio characterization of magnetoelectric coupling
in ferromagnet/ferroelectric heterostructures

K.V. EvseeV, |.I. Piyanzind? RF. Mamin'-2

Yinstitute of Physics, Kazan Federal Univers#20008 Kazan, Russia
ekv97@mail.ru
Zavoisky Physical echnical Institute, FRC Kazan Scientific Center of RAS, 420029 Kazan, Russia;

Todaymultimode tunable flexible spintronics based on ferromagnet (FM)/ferroelectric (FE) oxide
heterostructures is of particular interest due to higher speed, smaller size, and more efficient energy th
their traditional currentontrolled counterparts [1, 2]

In this work, Fe/BaTi@ Fe/SITiQ (STO), Co/BaTi@, and Co/SrTi@film heterostructures were
studiedusing density functional theory (DFT) calculations. The choice of the listed components of the
heterostructure is motivated by the fact that Fe and Badi©e t wo fAcl assi cal 0
well-known bulk properties. In addition, bcc Fe and Balh@ve a very good lattice constant match (the
mismatch is only about 1.4%), which allows to carry out the faydayer epitaxial growth of Fe =
BaTiOs multilayers without significant misfit dislocations, as well as to simulate the heterostructure on
a computer. Further, since the Fe/BTO heterostructure was deeply studied e&ilién [Bis work we
present a comparison with heterostructures basednilaiscompounds: ferromagnetic Co and quantum
paraelectric SrTi@(potential ferroelectric), in which the ferroelectric phase transition is suppressed by
guantum fluctuations.

Ab initio calculations were carried out on the basis of the density functional theory. Exchange anc
correlation effects were taken into account using the generalized gradient approximation (GGA) using
the PBE functionals (Perdue, Burke, and Ernzerhoff parametenathe KohaSham equations were
solvedusing projectively extended wave potentials and wave functions. All calculations were carried
out using the VASP (Vienna abitio Simulation Package) program built into the MedeA computational
software [6.

In this work, the cells of heterostructures were modeled in such a wayl)Rfat six atomic
layers of Fe accounted for twelve atomic layers of BTO (or STO). A vacuum regiorfof 20h i ¢ k v
also added to avoid interaction of the surfaces with their periodic images. To simulate substrats
conditions, the bottom (right side in Fifj four atomic layers were "frozen" during the optimization
procedure (their atomic positions were not changed).

jt\) J{ Fe

Ba
C.DTi 9 o "J
? \

® O ,;t;)J

LZ P Ti out of O-tetrahedron center displacement

=
f o @ o R J_j:t_j_s_d_s_j_z_f) Y
© § 0o o8 8 o8 o8 08 o8 o
E— - 8388823888 88
\ ~ Frozen in order to mimic
Fully optimized the substrate conditions

D o O
o © oo

oTi o0 2 Fe/Co @ Ba/Sr

Figurel. The unit cells of BaTiO3 in the tetragonal phase and bcc Fe; and the heterostructures
Ba(Sr)TiG/Fe (Co) used fosimulations with arrows showing the displacement of Ti from the
center of oxygen octahedra and corresponding ferroelectric polarization in Eki3. z

The structural, electronic, and magnetic properties of ferromagnet/ferroelectric heterostructure:
were studied for Fe/BaTi) Fe/SrTiQ, Co/BaTiQ, Co/SrTiQ. It was found that the structural
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properties depend on the type of ferroelectric used in the heterostructure, for example, cobalt caus
strong structural distortions associated with the displacement of barium and titanium. Taken togethe
these distortions lead to the appearance of polarization directed from the interface towards the
ferroelectric substrate. It was shown that the magnetic properties of the heterostructures are also differe
for different ferromagnetic films used: while in the heterostmestwvith cobalt the magnetic monie

are uniformly distributed over the thickness of the ferromagnet, the BTO/Fe and STO/Fe
heterostructures have a nontrivial and different distribution.

1.S.S.Won, H. Seo,M. Kawaharagt al.,Nano Energy5, 182(2019.

2.J.Yao, X. Song,X. Gao,et al.,ACS nand 2, 6767(2018.

3.P.V.LeksinN.N.GOr i f dy @®®E v feual ApplnPhys. Lett97, 1025052010.

4. C.G.Duan E.Y. Tsymbal,S.S.Jaswal, Phys. Rev. Let@7, 047201(2009.

5.Y. Zhag R. Peng,Y. Guoet al.,Adv. Funct. Mater31, 20093762021).

6. MedeAversion 3.6; MedeA is a registered trademark of Materials Design, Inc., San Diego, USA
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About determination of effective coupled temperature coefficients of
nanostructured pyropiezoelectric composites
by effective moduli and finite element methods

A.V. Nasedkin

Southern Federal University, 344090, RostovDon, Russia
nasedkin@math,sfedu.ru

To determine the effective moduli of nanostructured pyropiezoelectric (thermoelectroelastic)
composites, static boundary problems are considered, in which the scale factor is taken into accou
according to the generalized GurMurdoch theory by introdueg surface thermoelectroelastic fields
at interface boundaries. In this model, surface moduli significantly affect the macrocharacteristics, if
only the inclusions or pores are nanosized.

As is known, the effective moduli of piezoelectric nanostructured composites without temperature
fields can be found from solutions to homogenization problems, when linear essential or constant natur
boundary conditions are accepted at the external loyrad the representative volume element of the
composite [1]. Then, from the conditions of the energy balance between the composite and th
comparison medium, the effective moduli are expressed in terms of the averaged stress or strain fiel
and electriagnduction or electric field strength. In this case, when surface effects are taken into account
averaging is carried out both by integration over a representative volume, as well as by integration ove
interface boundaries [2].

Here, in order to find the complete set of effective moduli, it is necessary to solve, in the genera
case, nine boundamalue homogenization problems, when individual mechanical or electrical external
influences are not equal to zero. To solve thesel@md it is convenient to use the finite element
method and algorithms for the formation of representative volumes, which describe the main features ¢
the internal structure of the composite.

The paper shows that the effective temperature coupled coefficients can be determined in a simil:
way if the effective material moduli of the composite without temperature fields are known in advance.
Thus, the effective moduli of temperature stressefoarel from solutions of boundary value problems
for certain nonzero mechanical external influences on the outer boundary of a representative volume at
for a constant nonzero temperature field inside the volume, while effective pyroelectric constants ar
calculated from solutions of boundary value problems for given nonzero electrical external influences
on the outer boundary and again at a constant nonzero temperature field in the volume. Th
corresponding formulas for the effective temperature coupliodutn here are also obtained from the
energy balance equations.

The results of numerical experiments made it possible to analyze the dependences of effectiv
moduli on the choice of essential or natural boundary conditions, on the percentage and nanosize
inclusions or pores, and on the relative areas of interfacedanies.

Note that due to the weinown analogy between the problems of thermoelasticity and
poroelasticity, it is possible to determine effective moduli of pepesoelectric composites (fluid
saturated porous piezoelectric media), including those with ineedtects, similarly to how it was
described in [3] for poroelastic nanostructured composites.

Author acknowledges the support of the Russian Science Foundation (grant numberlldo. 22
00302), https://rscf.ru/project/2P1-00302/, at the Southern Federal University.

1. A\V. Nasedkin,M.S. ShevtsovaFerroelectrics andsuperconductors: Properties and applicatiois. 1.A.
Parinov. (Nova Science Publishers; W), 231 (2011).

2. A. NasedkinFerroelectrics509, 57 (2017).

3. M. Chebakov, MDatcheva, ANasedkin, ANasedkinaR. lankov,Numerical Methods anépplications. 16
Int. Conf NMA 2022, Borovets, Bulgaria, Augusti 28, 2022, ProcLecture Notes in Computer Scieri®858
114 (2023).
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Properties of Hydroxyapatite with various substitutions

V.S. BystroV}, E.V. ParamonovaL.A. Avakyarf, S.V. Makarova, N.V. Bulina®

linstitute of Mathematical Problems of Biology, Keldysh Institute of Applied Mathematics1 42280
Pushchino, Russjasbys@mail.ru

’Physics Faculty, Southern Federal University, 344090 Restedon, Russia
3Institute of Solid State Chemistry and Mechanochemistry, Siberian Branch of RAS, 630128 Novosibirsk, Russi

Hydroxyapatite (HAP) is a widely used biomaterial in medical applications due to its
biocompatibility with human bone tissues, being the main mineral component of human bones and teetl
In the bone structure, HAP crystallizes in the form of platelet ngstads (33 nm thick and ~2&45nm
in size) in the interstices of tropocollagen fibrils, forming and strengthening the bone striijctidisH
has many useful properties, including piezoelectric properties, which are important for bone tissue
remodelingprocessesHowever, the mechanical properties of synthetic HAP are noticeably lower than
those of human cortical bodeoure HAP turns out to be a rather brittle material. Therefore, such HAP
is actively used ahin ceramiccoatings on more durable titanium implankere it ensures the survival
of the implant. At the same time, biological HAP is also distinguished by the presence of a significant
amount of various impurities, iommdmolecular ionic groupsl]. Therefore, to improve the properties
of biocompatibiity, synthetic HAP is usually modified by introducing similar additives and substitutions
of atoms into itExperimentally it is quite laborious to carry out a series of various substitutions in HAP.
Therefore, one of the effective ways to study structural changes and substitutions in HAP is compute
modeling andhumericalstudies, especially with the help of modern methods of density functional theory
(DFT) [1-3]. The formation and properties of bone tissue are also significantly affected by other ions: F,
Sr, Mn, and others, but Magnesium is still the most important in maintaining bone strength and
remodeling. Previously, we have already performed DFT calculations of the structure and properties c
HAP modified with Sr, Mg, Fe, etc. Our results showed Betmparted magnetic properties to HAP
[3], while Sr, Mg changed the piezoelectric properties of HAP [

In this work, we present the results of modeling and DFT calculations for the substitution of Ca
by Mg and Mn ions at different concentrations. Here we continue and develop our numerical studies
based on the HAP supeell model (352 atoms and 8 elementary hexagonal cells of 44 atoms each). The
relaxation of the HARMg lattice by DFT methods is carried atcording to the technique developed
by us [1-3] in 2 stages: 1) optimization with the PBE functional, 2) calculations with the hybrid HSE
functional (asan option, here a point calculation is performed for already optimized structures). This
makes it possible to obtain highly accurate and correct values of both the cell parameters and the ba
gap. Currently, the main DFT calculations are carried out wan@m ESPRESSO. We modeled the
relaxation of the HARMMg structure by substituting Ca atoms for Mg atoms in different Cal and Ca2
positions with different numbers of substituting Mg atoms: nMg/Cal, nMg/Ca2 atn=1, 2, 4, 8, 12, 16
in the supercell HAP a352 atoms, in which there are 80 Ca atoms, which corresponds to 1.25; 2.5; 5;
10; 15; 20% Mg.

The results obtained show a decrease in the cell parameters with an increase in the amount of M
in good agreement with the experimental data. In this case, differences are observed in the substitutio
of Mg in the Cal and Ca2 positions, and characterasid different changes occur in tbestances
between the C®, Mg-O, and CeH atoms. Narrowing of the HAP OH channel is noted, and it is
noticeably asymmetric for Mg/Ca2 substitutions. There is also a change in the band gap, which also h:
a different daracter for the nMg/Cal and nMg/Ca2 substitutions. The resulting dependence of the
formation energy Ef of substitutions is ~ 0.095115 eV/f.u. and has a different character for nMg/Cal
and nMg/Caz2, a critical point at 10% Mg. These works are ondoirgfine these result¥he obtained
results ofDFT calculationsvere analyzed in comparison with various experimental data. The work was
supported by the Russian Science Foundation grant Nt2-p0251.

1. V. Bystrov,E. Paramonoval,. Avakyan, et al. Nanomaterialsll, 2752(2021)

2. N.V. Bulina,S.V. Makarova, et alMinerals11, 1310 (2021).

3. L. Avakyan, E. Paramonova, V. Bystrov, et ldanomaterialsl1, 2978 (2021).

4. V.S. Bystrov, E.V. Paramonova, A.V. Bystroeaal.,Ferroelectrics590, 41- 48 (2022).
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Characterization of the polyimide doped with carbonbased nanostructures
N.V. Kamanin&??3

!Lab for Photophysics of Media with Nanoobjects at Vavilov State Optical InstituRet8tsburg, Russia
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Among different optoelectronic materials the organic ones can be considered as the good matri
for the sensitization [1]. It should be mentioned that at the present time the doping process of the organ
materials (such as the polyvinyl carbazole, polyaejl pyridine, polyimide, etc.) using namely the
perspective nanostructures occupies the specific place in order to reveal the change of the basic physic
chemical properties of these materials. Moreover, after extensive use of the laser tools irytbe stud
the doped organics the refractive characteristics can be considered as the main ones [2]. It is due to 1
reason that the refractive parameters change is connected with structural, spectral and photoconducti
features modifications. The perspectiapant agents such as: the fullerenes, carbon nanotubes (CNTSs),
graphene oxides (GrO), shungites (Sh), etc. cablased nanoparticles can be used for this aim.

In the current research the polyimide photosensitive materials doped with the large groups of the
carbonbased sensitizers are investigated. The unique optical limitingfteighency Kerr effects, UV
treatment of the doped polyimide are discussed. lardadexplain the efficiently of the doping process
the intermolecular charge transfer complex formation is taken into account.

The basic photorefractive characteristics were studied using thevéwar mixing technique. The
second harmonic of the nanosecond pulsedasdr operated at the wavelength of 532 nm was used.
The energy density was chosen in the range 600,19 2 The amplitudephase thin gratings were
recorded under the Ramd&fath diffraction conditions at the spatial frequenty 6f 90, 100 and
150mm. Indeed, the condition for the thin amplitugdlease holograms recording under the Raman
Nath conditions was implemented, when the thickness of the medium under the test is less than tt
period of the formed lattice. It should be remembered that the pf@tctive parameters were revealed
not only for the nanosensitized polyimide films, but for the pure ones too, for the comparison. Some
experimental and calculated results are shown in Taf8e]L

Table 1. Comparative data of las@rduced change of the refractive indBr; for the currently studied and
investigated before polyimide materials at the wavelength of 532 nm.

Studied Dopant Energy density, L, Laser pulse Dn; References
structure content wt.% JBcem? mm™* width, ns
Pure PI 0 0.6 90 20 10*-10° [3]
Pl %u 0.2 0.50.6 90 10-20 4.2810° [3]
Pl 7ot u 0.2 0.6 90 10-20 4.68 10° [3]
Pl +Shungite 0.1 0.5 100 20 4.1310° current
Pl + Shungite 0.15 0.5 90 10-20 5. 2F . current
Pl + Shungite 0.2 0.5 100 20 5. 5% . current
Pl + Shungite 0.2 0.6 150 20 5. 3% [4,5]

Pl +CNTs 0.1 0.50.8 90 10-20 5.710° [3]

Pl +CNTs 0.2 0.6 100 20 5.510° current
Pl +GrO 0.1 0.1 100 20 7.5310° current
Pl +GrO 0.2 0.3 100 20 7. 7103 current
Pl + GrO 0.1 0.1 150 20 6.310° current

The author would like to thank her Lab colleagues at Vavilov State Optical Institute and other
Scientific Centers for their partial help in this study. Some results have been shown and discussed at tl
Applied Optics conference (SaiRetersburg, Decemb2022).

1. F. GutmanL.E. Lyons Organic Semiconductord. Wiley & Sons, New York, 858 p., 1967.
2. N.V. KamaninaMaterials (MDPI)15, 2153 (2022).

3. N.V. KamaninaD.P. Uskokovi¢c Mater. Manuf Process23, 552 (2008).

4. N.V. Kamanina S.V.Serov, N.A.Shurpo, N.N. Rozhkovy&ech.Phys.Lett. 37, 949 (2011).

5. N.V. KamaninaS.V.Serov, Y.Bretonniere, Ch. Andrayd. Nanomaterial2015 278902(2015)
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The impact of various factors on the surface of Xcut lithium niobate
and properties of proton-exchange waveguides

A.V. SosunoV, 1.V. Petukhov, V.I. Kichigin!, R.S. Ponomarey, A.¢ . Mololkin?, [ . Kunev&

!PermState University614990Perm, Russia

2FomosMaterials, 107023, MoscovRussia
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Lithium niobate(LN) is an excellent optical material and not without reason is referred to as
6silicon of photonicsé. It stands out among
and electreoptical properties. Due to these properties, waveguide andidastructures can be formed
on the LN surface for various photonic applications.

It is well known that LN is anisotropic crystal, and each cut has its peculiar properties. The
ferroelectric properties of different surface planes were described [tlut Xs nonpolar and
technologically simple. This allows one to form the electrodesnapler topology on the Xut surface
for broadbanapticalmodulators. On the other hand,c¥t LN surface has perpendicular orientation to
the crystal cleavage planes [2]. This results in better permeabilitycat ¥r hydrogen; thus, the-&ut
surfa@ is prone to damage, defect formation, and larger strains during PE [3,4].

The aim ofthiswork is to perform the complex analysis of the effect of various impacts (thermal,
plasma, chemical) on the lithium niobatecit surface on the structure and optical characteristics of
protonexchanged (PE) waveguides made thereafter.

Congruentithium niobate crystals, X cut (Fomddaterials, Russia) were used for stuthgpact
on LN sample before PE was carried out by one of the following procedures: (1) annealing in air a
500Au for 4 hours; ( 2)-rapaphagoelectrop $pecsostapyMphas aysteme n t
(Thermo Fisher Scientific) with builb equipmenfor plasma treatment. The treatment was carried out
in two successive stages with duration of 3 min, beam power was 3 keV; (3) exposure of the samples
various adil solutions sulfuric acid and hydrogen peroxide (30 wt.%) with mixing ratio 4:1°Gtf60
10 min, or to a mixture (2:1) of concentrated

Proton exchange was doneinldak ee zi rconi um reactor in mol
After protonexchange t he sampl es wer e anne adydiffractiom XPS; r
prism coupling method, optical microscopy and profilometry, as well as computed tomography were
used as research methods.

Preannealing of | ithium niobate in the optim
inhomogeneityof the crystal and improves properties of PE waveguides. As a resultanmpealing,
[Li]/[NDb] ratio on the LN surface approaches the congruent value.

Figurel. LN surface after treatment with Alasma and proton exchange. Surface prafileset in the
upper right corner.
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Argon plasmareatment has a pronounced effect on the phase composition of PE layers and lattice
strains during PE. As a result of plasma treatment, strip defects up to 500 nm in height are formed aft
proton exchange (Fig. 1). The strip defects are detected aldd\Nosamples after prannealing;
however, in that case the defects are much smaller.

XPS results suggest that immersion in #5564 + H.O; solution decreases the Li concentration
and increases oxygen content on the LN surface. Immersion in & HNB mixture decreases the
[Nb]/[O] ratio. These changes in surface chemistry affect the adsorption of benzoic acid on lithium
niobate and transfer of protons across the lithium niobate/benzoic acid melt interface. As opposed t
plasma treatment, acid stibns do not affect the structure of PE phases. Nevertheless, tepoire
to acid mixturesnfluences the refractive index in annealed PE waveguides (Fig. 2).

In summary, different factors (pannealing, plasma treatment, exposure to acids) can manifest
themselves iifferentways when the waveguides for integrated optical devices are manufactured. A
combination of factors can have a considerable effect on proton exchange, structure and characteristi
of the waveguides. The results are of importance for improving stabilitpraionexchanged
waveguides in integrated optical circuits for various systems in instrument making industry.
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Figure 2. Profiles of waveguides during different chemical exposure of surface LN
This workwasfunded byRFBR and PernRegion[grant number 2@12-596001]

1. S. SannaW.G. Schmidt J. Phys. Condens. Mattet9, 413001(2017)
2.P.Ne k v i etdl.oQp®§ Mater.19, 245 (2002)

3. S.M.Kaostritskii et al, J. Eur. Opt. Soc. Rapid Pulfl, 14055 (2014)
4. A.V. Sosunowet al, Ferroelectrics.506, 24 (2017)
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Degenerate anisotropic Bragg diffraction on the regular domain structure
in lithium tantalate crystal

A.V. DubikoV}, S.M. Shandaroy N.I. Burimow, E.N. Savchenkdy A.R. Akhmatkhano¥,
M.A. Chuvakova, V.Ya. Shuf

Tomsk State University of Control Systems and Radioelectronics, Tomsk, Russia, rossler@mail.ru
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Degeneratanisotropic Bragg diffraction on the acoustic waves was described in [1]. Herein, we
study thedegenerate anisotropic Bragg diffraction the regular domain structure (RDS) in lithium
tantalate, which has been observed for two temperature segments within the range between 10 a
100C. The examined RDS with spatial period bf= 7.99 nm was formed in a stoichiometric
1%MgO:LiTas amp | e wi t h s {aegtheXoY, and 4 aXds,Gespactively, by electric
poling method. The used experimental setup is schematically showruie Eig

The vector diagrams for degenerate anisotropic Bragg diffraction on RD®gO:LiTaQ
crystal attwo temperaturesvhen first of them is below the isotropic point whereas the second one lies
above of this point are illustrated by Hrgs 2a and 2b, respectively.

Both types of these degenerate anisotropic Bragg diffraction were realized in the experiments, a
are shown in Figres 3 and 4. In the case of low segment of temperaarextraodinary polarizated
probe beam idirectedalong the Yaxis of the sample. We have observed by the temperature atBut 42
two simmetrical Bragg diffracted odinary polarizated output beams on the screen spaced at the distan
of 1 m from the crysnal, as it is shown in the photo (Fig. 4).

Temperature
Sencor

I 6 Temperature
E indicator

He-Ne laser
632.8 nm

1

Figure 1.Schematidllustration of degenerate anisotropic Bragg diffraction on RDS.

AY AY

- I e - U

Figure2. Vectorsdiagrams oflegenerate anisotropic Bradifraction onRDS in 1%MgO:LiTaQcrystal.

(a) at low temperaturgb) at high temperaturd.z T RDS grating vectorsk i wave vectors for
"o"/"€" 1 ordinaryextraordinary polarized waves|"/"r" i left/right, q 1T angles of diffraction.
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Figure3. Degenerate anisotropic Bragg diffractifor the extraodinary polarizated probe beam (in the
middle) into two simmetrically located odinary polarizated outgams, which is observed at
the temperature about W2at the distance of 1 m from the crystal.

Figure4. Degenerate anisotropic Bragg diffractifam the odinary polarizated probe beam (in the middle)
into two simmetricallylocatedextraodinary polarizated output beams, which is observed at the
temperature about 8D at the distance of 1 m from the crystal.

One can see in Fig. 5 the same effecoftinary polarizated probe beam at the temperature about
90T wheretwo output light beams have extraodinary polarization.

Temperature dependences of diffraction efficiencyldéir(A) and right @) diffraction maxima

pointed in Figs. 4 and 5 are shown in Fig. 6 both for extraordinary (a) and ordinary (b) polarized probe
beams.
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Figureb. Diffraction efficiency for the degenerate anisotropic Bragg diffraction vs. the temperature for (a)

extraodinary and (b) extraodinary polarizated probe light beaimleft maximum,® i right
maximum.

This study was funded by the Ministry of Science and Higher Education of the Russian Federatior
in theframework of the state assignment for 22225 (joborder FEWM20230012). The study was
performed using the equipment provided by Ur
Ural Federal University (Reg. No. 2968) supported by the Ministry of 8eiand Higher Education of
the Russian Federation (project 6/%2021-677).
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The nonsilica oxide glass are studied as a perspectivetafyaction index materials which does
not contain lead [1,2] . The lanthanum and niobium oxides are promising high refraction index materials
but their glasgorming ability is weak, so that gda can be formed only in extreme conditions. using
containerless processing technology in aerodynamic levitation furnaces [3,4] , which is not suitable fo
industry. The addition of boron oxide allows [5] to producaOs-N bOs-B>Oz( i n t hei lf MdB)l o w
glass with refraction index using convenient glpssduction technologies. The obtained samples are
transparent and have refraction index of 11I798(depending on the boron oxide concentration) which
is lower than in binary glass system (2.25), but higher than in silica or phosphate dl&gs Despite
of the practical importance of such glass systems, their atomic structure is not well established. |
particular, the spatial arrangement of Nb&tahedra in glass systems is debated. Masuno et al [3]
proposed that Nb{polyhedra are connected by corners and by edges in the glass, while the last is no
expected in lowdensity glass structures. lordamoet al [6] states that both octahedral Np@nd
tetrahedral Nb@groups are present in amorphous framework. Arcaetra [7] insisted on the high
static disorder of the first coordination shell-b(Nnbo ~ 6,Rv0~1.92 . 1 ) whkdgrobps.n o I

In order to reveal the atomic structure of the obtained LNB samples we applied the IRahi K
La Ls- XAFS spectroscopy methods aneray total scattering (PDF). The studied LNB glass samples
have the nominal composition of 22.508, xXNb2Os and (77.51 x)B20s with x = 5 ... 30, which are
denoted in the following as 5LNB, ... 30LNB.

Here we focus the consideration on the pair distribution function analysis. The experimental
scattering patterns were obtained at beamline P02.1 within the rapid access program 2021A of PETR
[l (DESY, Hamburg). The scattering patterns were processed GASII [8] and PDFgui [9] codes.

(b)

—wes | {\

—-—-- LNB20
—— LNB30

(a)

G(R), arb.units.

Figurel. (a) The comparison of experimental PDFs for LNB samples with theoretical ones obtained from
model structures. (d) lllustration of model structures cut from bulk iz oxide. Color notation
at right panels: blué Nb, redi oxygen.
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(a)

——— LNB15

—— LNB30

G(R), arb.units

Figure2. (a) The comparison of experimental PDFs for LNB samples with theoretical ones obtained from
model structures. (d) lllustration of model structures cut from bulk-0g oxide. Color notation
at right panels: greeinlLa, redi oxygen, grayi boron.

Figuresl and 2 compares the obtained experimental pair distributions funG{&)gor LNB
samples with the theoretical functions, calculated for different atomic structures, which are generate
from the crystal structures of bulk b (I4/mmm, COD ID 1528723, see Fifj) and LaBOs, (I112/al,

COD ID 1510925, see Fi@) oxides [10]. The full crystals are denoted with number 1, while structures
modified by fragments removalwith numbers 2 and 3.

TheG(R) peaks at low distances 85 ) are correspond to-B, Nb-O and LaO bond lengths and
are in a good agreement with reference data and the results of our XAFS analysis [5]. However, th
nature of middleange order distance peaksl&; ) is not clear. Th&(R) peakat~4 can be f ¢
both by Lai La and Nbi Nb correlations bridged by oxygen. While peaks 6t5-and 13 ar e o wi
to the presence of LaBs phase.

The PDF analysis of the considered samples allows to conclude that:

i. NbOs octahedra are connected only by corners with the average length of the chain below
0.5nm; The study of glass of another systere, BaONb>Os-P-Os, lead to similar distribution of Nb
ions;

ii. LaOg polyhedra are dominately connected through borate groups;

iii. The length of La@ polyhedra chains extends abogexm.

The work was financially supported by a Russian Science Foundation, grati®#0206.
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Much attention is paid to the development of new and improvement of existing materials for the
electronic component base. Important criteria include reducing the size of end devices, environment:
friendliness, as well as the need for high energy efficiency. In the matter of energy efficiency, it can be
noted that there are quite a wide range diffiéconcepts and solutions related to the creation of compact
and efficient energy sources. One of these solutions are dielectric capacitors, in some cases superior
power, compactness and efficiency to other devices for storing and delivering ejediaitever, they
also require the development of a new component base for their modernization. They hase a set
distinctive physical characteristics, are effective when exposed to strong electric and magnetic fields ar
canboth maintairand predictably change its properties in a wide range of temperatures. However, mosi
high-performance ferroelectric materials &adcontaining compound$he release of leacbntaining
ceramics into the environment leads to its contamination and harms human hegttle, processing of
lead-containing ceramics is still a challenge.

One of the interesting leddee ferroelectric materials is BaTiGt has a high dielectric constant,
distinctive pyroelectric activity, and low dielectric loss factor. Barium titanate lsafiddsolutions are
widely used in multilayer capacitors, pulse generation devices, convert@is,Tle high efficiency,
energy density and significant breakdown voltage achieved in the systems;BEBa400; [3,4],
BaZrGsi BaCaQi BaTiOz [5-7], and BaZrGi BaTiOsi BiNaTiOz [8] are high.

In this paper, we consider the effect of precursors mechanical activation to optimize the
technological process of obtaining solid solutions of the FaZtOs system, while maintaining optimal
electrophysical properties.

Earlier it was found that this system of solid solutions, in addition to the ferroelectric phase, has &
region of a diffusion phase transition, a wide region in which relaxor properties are manifested, and ca
also pass into the state of dipole glass. ABaZkTi1.xOz ceramics have a higher dielectric constant at

x00. 15, and, therefore, exhibit hi gher pi ezo
However, to obtain solid solutions, BaZrixOz high quality is required: much attention shibbk paid
to the preparation of raw material s, a | ong h

application of pressure up to 1500 bar. One of the ways to reduce the cost while maintaining th
properties can be the use of various methogsegaring raw materials. For example, using the method
of mechanical activation, it is possible to increase the reactivity of the synthesis components, whicl
leads to an increase in the completeness of sintering and a decrease in the temperatureorafjuired f

In this study two groups of solid solutions Baldi«Oz prototypes where = 0, 0.1, 0.15, 0.2,
0.25,0.3, 0.45 by the method of twatage soliphase synthesiwere obtained Before sintering, the
objects were divided into two groups, one of which was processed in a mechanical activation chambe
for 20 minutesfollowed by its sintering carried out dt=1733 K,t=2 hours. BRCQ; (99%),ZrO; (99%)
were used as feedstock, Bi(®9%). The phase composition and completeness of the synthesis were
controlledusing X ay di ffraction at t he -ZdfflattometervAtdaehn gt
stage of the tecluhogical process, a stdyy-step optimization of the conditions for the formation of
solid solutionscarried out Determination of the experimental and relative density of the samples was
carried out by hydrostatic weighing iractane.The dielectric constant was measured over a wide range
of temperature§fT=8 0 6 500 K) anfdl0fPHR)quenci es (

It has been established that both groups of solid solutions are not homogeneous and at roo
temperature. Two phases with similar parameters of the unit cell are coexist in them. It is shtven that
use of mechanical activation leads to a significant increase in the density of solid solutions. A nonlinea

52



change in density in the regions of morphotropic phase transitions for two groups of solid solutions wa
found. The study of thalielectric constant indicated the concentrations at which there is a gradual
decrease in the Curie temperature and in the region of the unstable ferroelectric state for both groups
solid solutions. The paper also discusses changes in piezoelectridipsoged other macroresponses
that could be caused by mechanical activation.

The research was carried out with the financial support of the Ministry of Science and Higher
Education of the Russian Federation, state task in the field of scientific activity, project No.-FENW
20220033.
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BaMgisTasOs( BMT) bel ongs to the complex perovsk
(A=Ba, BNy = Mg, BNjNj = Ta) . l't is known that BN
@@D430000 GHz) , mo d e r atDe24)dl, 2.I1BMT tan becused asndeelectrio t
resonators, filters, or oscillators. Some experimental articles have been devoted to lattice dynamics. F
example, articles on Raman spectroscopy [3, 4], neutron scattering [5];Bnilboain scattering [6],
infrared aberption [7], and inelastic Xay scattering [8] have been published before. The theoretical
first-principal studies have been performed to study the a@iderder phenomena of thedie cations
in BMT and to explain vibrational spectra in other compleropskites. Thus, it became necessary to
explain the accumulated experimental data using a theoretical calculation of the lattice dynamics.

BaMgizTa303 has an ordered trigonal phase as well as a disordered cubic phase depending o
the preparation temperature [9]. This work is devoted to studying lattice dynamics, vibrational spectra
and electronic band structure of the BMT in the trigonal phase. Tlwetioal calculation was
performed within the framework of the plamave basis based on the density functional theory in the
CASTEP software package. The experimental data were taken as initial data (lattice parameters, atorn
positions). Tle cell geometry was optimized by minimizing the total energy. To minimize the energy,
we used the BroydeRletcherGoldfarbShanno (BFGS) algorithm. ThedEhas been chosen to be 990
eV. A MonkrostPack 3x3x2 kpoint grid was applied. The convergence of the total energy was’1x10
eV/atom. We have used nomonserving potentials for all atoms. Then the lattice dynamics was
calcul ated i n 4, A, H, K, M, L highly symmetr
show the trigonal phase of the BN stable. The calculation results were analyzed in comparison with
the experiments. The calculations are in good agreement with the experimental data.

Krylova S. N. thanks the Russian Foundation for Basic Research and DFG project number No 21
52-12018 for partial financial support.
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The effects of photoinduced conductivity during $#mdgap illumination for the Bragg
electroopticabiffraction on periodic domain structures (PDSp#MgO:LiNbOscrystal with the walls
inclined to the its polar axis at the angle = RNh@s ré&dénfly been demonstrated [1]. In this report,
we present the direct method obnsteadystate photeEMF for studying of photoconductive
parameters of the abowveentioned PDS, which is based on registration of alternating current occurring
in a photoconductive material illuminated by an oscillating interference pattern [2].

The schematic configuration for experimental observation of thesteaalystate photeEMF is
shown inFigurel. The singld r equency | aser beam with wavel e
Pout =200 mW is split into two beams, one of which is phaelulated with amplitud® = 0.36 using
an electreoptical modulator. The beams are forwarded at a specified angle to the crystal with PDS,
where an interference pattern is formed with average intdpstgntrasin= 0.26 and spatial frequency
K. The laser enssion has the polarization vector along Xxes that is perpendicular to the incidence
plane. The current occurring in the crystal creates the voltage drop on load mRsrst@r0 MW (or
100kWw for a frequency range up to 150 kHz). This voltage drop is amplified and then measured by
selective voltmeter.

In the experiments we have studied the same PDS in the crystal 5%MgOzabli®[1] with
inclined wallsand aperiod®&. 79 Om. Speci men di méaorgt®g¥andr e
Zaxes, respectivel y. El ect r o3 usiag siver paste. fhe recosded t
gratingvector and excited transient holographic current are parallel to the polar axis of the crystal.

In the experiment on the identification of the phase of registered signal it was established that thi
PDS is characterized loytype of conductivity. Dependencies of nsteadystate photeEMF amplitude
on the modulation frequency, which is also interference pattern oscillation frequency, are shown in
Figure 2.

Lock-in
voltmeter
Laser 2 [) % [)
1
Amplifier Amplifier
Ry
—{—1—¢

\ J©

Electrooptical

BeamSplitter modulator

Mirror Mirror

Figure 1. Norsteadystate photeEMF effect experimentsl| setup for 5%MgO:LiNbOystal
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Figure 2. Frequency dependencies of-stadystate photeEMF amplitude measured for different light

intensitesk = 1.6 Om

It can be seen that the experimental data (points) foisteadystate photeEMF currentJ” are
in goodagreementvith its theoretical dependences (solid lines) on the modulation frequency [3, 4]:

Jr = -Snt( D2)0, E ivJ o
1-v2 G0+ (v 4)( &)
whereSi s t he el eistherspedifie pratocenauyctivity of the materid, is diffusion field,
Ui = ee/ distheMaxwellr el ax at i o Ipisthe eeetion litktine andl diffusion lengths 30
is the permittivity e is the electric constant.

The dependencie®f the signal amplitude versus the intensity and spatial frequency of the
interference pattern were also studied. The analysis of these dependences allows determining tl
following effective photoelectric parameters of the materials of PDS in 5%MgO:lsiN&G 0. 32 O
= 8.0 ms and U = 22 0Os. SpeckEfidc 3p\iont @ tghtn d u
intensitylo = 21Wi/cnf.

In summary, excitation agfonsteadystate photeEMF in the PD®n the base &%MgO:LiNbO3
crystal was performed. The registered signal demonstrated the behavior typycal for the diffusion mod
of light-induced spaceharge recording. Photoelectric parameters of the PDS/gO:LINbOs
crystal were determined for the light wavelength of 457 nm.

This studywas funded by the Ministry of Science and Higher Education of the Russian Federation
in the framework of the state assignment for 20035 (joborder FEWM20230012). The study was
performed using the equipment pr oWiadhed ey ntol
Ural Federal University (Reg. No. 2968) supported by the Ministry of Science and Higher Education of
the Russian Federation (project 6/%2021-677).

E.N. Savchenkoyet al.,Opt. Mater.122 11813 (2021).
M.P. Petroy I.A. Sokolov, S.I. Stepanov, G.S. Trofimalk Appl. Phys68, 2216 (1990).
S. StepanoyAcademic Press, Burlingtd?) 205 (2001).

1.
2.
3.
4. |.A. Sokoloy, M.A. Bryushinin,Nova Science Publishers, Inc., New Y0229, (2017).

56



016

Investigation of the oxygen vacancies distribution
in non-stoichiometric PMN- based solid solutions
A.R. Lebedinskayh, A.G. Rudskaya

'Academy of Architecture and Arts, Southern Federal University, 344090, Roson, Russia
lebed1989@rambler.ru

2The Department of Physics, Southern Federal University, 3448080pvon-Don, Russia

The wide application of relaxor ferroelectrics in modern electronic sensors, converters and othe
electronic devices [1,2] is due to a set of unique properties observed in these materials and explains t
constant interest in studying and improving thagtesf the properties of these materials. An intensive
study of the physical properties of relaxor ferroelectrics has not yet provided an unambiguous
relationship between the observed physical properties and the structure of these materials. The me
factas explaining the observed relaxor properties are the compositional substitutional disorder in the
positions of cations in th& andB- sublattices and various defects and vacancies in the crystal lattice,
in particular, the resulting oxygen vacancies [3].

It has been found that oxygen vacancies in relaxor ferroelectrics with the f@rghuld [0z affect
their physical properties, while the perovskite structure is retained even at a high concentration of thes
oxygen vacancies [4]. The loss of negative oxygen charges in the presence of a vacancy, possibly for t
preservation of electrical neutrigli includes a compensatory mechanism that causes redistribution of
cations in theA- andB- sublattices. Changing the concentration and distribution of oxygemaiasa
can open up an effective way to control the relaxor properties of these materials, which is the reason fi
the purpose of their study in this work.

In this work, the objects of study were ferroelectric ceramic samples, in which initially there was
an oxygen deficiency and the ratio of cations in Bagublattice was set to 1:1, which violated the
electrical neutrality. Ceramics were synthesized from a mixtuPdOf MgO, andNb,Os oxides selected
in appropriate proportions, corresponding to compositifirg) PbMg/sNb303 T XPbMg/2Nby 202,75,
wherex varied from 0 to 1 with a step of 0.1 [5].

For all values of the parametein these samples, the perovskite structure was retained, the cell
remained cubic, but a nonlinear dependence of the cell paramieteras found.

The dielectric parametetf&andtgti were measured, which also showed a nonlinear dependence on
the parameter x: the highest values were observed®® 0.6. As noted by other researchers, vacancies
tend to accumulate near any inhomogeneities, surfaces, and interfaces, since the energy of vacar
formation in such places can be much lower than in a homogeneous volume [6]. In places wher
vacancies accumuks, they can create sufficiently strong fields, which in turn can lead to the appearance
of new phasein relaxors, for example, polar (ferroelectric) phases.

Further, in the work, a model analysis of the distribution of cations iB-théblattice was made
depending on the concentration of oxygen vacancies due to the composition of the sample. Based on t
results obtained, it can be assumed that the transition to the ferroelectric phase can be caused in
relaxor by the influence ofxygen vacancies, which are elastic dipoles at some sufficiently high
concentration of vacancies.
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The development of methods of setanized formation of domain structures during polarization
reversal in nonequilibrium switching conditions is an important branch of domain engineering, a field
of knowledge related to creating the ferroelectric domain structures with a given geometry for various
practical applications.

Lithium niobate (LINbQ, LN) is widely used for applications in nonlinear optics due to its large
electreoptical and nonlinear optical coefficients. Domain engineering techniques in LN allow to create
devices for light frequency conversion with record efficiency based on-piasematching effect [1].

This paper represents study of formation of quegular stripe domain structures in LN single
crystals during polarization reversal from initial state, consists of the 2D matrix of hexagonal domains,
arranged in square or hexagonal lattices. We haveesittite evolution of the domain structure during
polarization reversal (1) at room temperature with free polar surface and (2) at elevated temperature wi
polar surface covered by an artificial dielectric layer for investigation the influence of redarofabiulk
screening on domain kinetics.

In case of switching without the artificial dielectric layer in samples with a square lattice, isolated
domains stretch along one of the Y crystallographic directions coinciding with the lattice basis vector of
the 2D structure [2]. It is shown that thelogties of the domain walls in samples with 2D structure
exceed the velocities of domain walls with the same orientation in monodomain samples by orders c
magnitude [3,4].

19.5kV, -& Monodomain CLN
¢ ® 2D square CLN

< 108
5.10°
210!
310
=10%7[0,-1]

’ [-1,-2]
me (a) Y+ Y

Figurel. (a)-(b) Domain walls, observed in CLN with square matrix of domains during switching in room
temperature (&= 19.5 kvV/mm): (a) main types of domain walls; (b) comparison of Wulff plots
(angular dependences of domain wall velocity) for square matrix CLN and monodomain CLN;
(c) SEM images of domain structure revealed by selective chemical etching in CLN with
hexagonal domain matrix covered by dielectri

[1,-2]

During polarization reversal i n LN with an
rays with a width of about 300 nm and a period about 800 nm are formed at the domain walls o
hexagonal domains. The rays are oriented mainly along Y cogtafihic directions. A branching
process was observed at a ray spacing of more tham It is shown that the quasegular structure is
formed in the neasurface layer with a thickness of aboutelb.
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The experimental observation of polarization reversal in the bulk lithium tantalate @.iC&P
plate with a charged domain wall in uniform electric field was demonstrated.

Congruent crystals LT (CLT) grown by the Czochralski method have a deviation of Li
concentrationd) about 1.5 mol.% compared the stoichiometric composition (&F,50 mol.%) [1].
Postgrowth annealing of-at CLT plate in Lirich powder (6amol.% Li>COs + 40 mol.% TaOs)
at 11001300 was us e dc;inthe bulk doagpglar direction [2]. The dependence ()
was measured by confocal Raman microscopy [2].

Annealing was performed at a temperature above Curie temperature thus during cooling
a ferroelectric phase transition occurred. As a result, in the absence of an external field, a charged dom:
wall (CDW) is formed at the place where the compositionigragdthanges sign, since this gradient acts
as an internal bias field [2].

The static domain structure (DS) was imaged using optical microscopy after selective chemica
etching in HF for B5 min. DS imaging in the bulk was carried out by the Chereityjoe second
harmonic generation microscopy [3].

Transparent indium tin oxide electrodes were deposited on the polar surfaces of the sampl
by ionplasma sputtering. The polarization reversal was carried out in a constant field at elevatec
temperature (350 ). Rect angul aikvinmeahdda dpratibns e s
of 107 40s were appliedin situ imaging of the DS evolution at the polar surface was carried out
in transmitted polarized light with an image recording frequency of 500 tofif)d@s/s.

The first experimental study of the polarization reversal in uniaxial ferroelectric with a CDW
by formation and forward growth in the bulk of ledges at the wall. An analysis of the time dependence
of the area fraction occupied by domains on the polaraserfivas realized using modification
of KolmogorovAvrami approach. The main stages of the DS evolution on the polar surface during
the decay of a CDW including formation of a domain maze have been revealed. The obtained results a
attributed to the spily inhomogeneous decrease in the screening efficiency of the depolarization field
during shift of the CDW in the applied field. It was shown by COMSOL simulations that the local values
of residual depolarization field increase with increase of the tarahture of the CDW. This fact allows
to explain the formation of ledges at the tops of the teeth of a real CDW, which leads to appearanc
of isolated domains on the polar surface.

The equi pment of t he Ur al Center for Shar
University (Reg. no. 2968), which is supported by the Ministry of Science and Higher Education RF
(Project no. 078.5-2021-677), was used.

1.D.S. Hum, et a) J.Appl. Phys101, 093108 (2007).
2. E.D. Greshnyakov, et.aFerroelectrics604 31 (2023).
3. Y. Sheng, et alOptics Expres48, 16539 (2010).
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The ultrafast interaction of tightly focused femtosecond lpskses with bulk ferroelectric media
in direct laser writing (inscription) regimes is known to proceed via complex-sualte light, plasma
and material modification nanopatterns, which are challenging for exploration owing to their
mesoscopic, transieand buried character.

In this study, we report on the experimental demonstration and analysis of hierarchical multi
period coupled longitudinal and transverse microtracks and nanogratings in bulk lithium niobate
inscribed in the focal region by 1030 nm, 300 fs laser pulsdinecently proposed sditamentary
laser inscription regime [1]. The longitudinal Bralgge topography nanogratings, possessing thedaser
intensityd e pendent periods a 400 nm, consi st of t
perpendiculartote | aser pol arization and exhibit much
microtracks ferroelectric nanodomains were formed in the bulk [2]. The microtracks and related
nanodomains were imaged by optical, scanning probe and confocal $ecomalic generation
microscopy methods. The nanoscale materiatsttlzture in the microtracks was visualized in the
sample crossections by atomic force microscopy (AFM). The piezoresponce force microscopy (PFM)
revealed std00 nm ferroelectric domains foed in the vicinity of the embedded microtrack seeds,
indicating a promising opportunity to arrange nanodomains in the bulk ferroelectric crystalémand
positions. Our analysis and modeling support the photonic origin of the longitudinal nanogratings,
appearing as prompt electromagnetic and corresponding ionization standing waves inftical pre
region due to interference of the incident and plasgflacted laser pulse parts. The transverse
nanogratings could be assigned to the nanoscale materidlaatah by interfacial plasmons, excited
and interfered in the resulting longitudinal array of the plasma sheets in the bulk dielectric material. Ou
experimental findings provide strong support for our previously proposed mechanism of such
hierarchicalaser nanopatterning in bulk dielectrics, giving important insights into its crucial parameters
and opening the way for directional harnessing of this technology.

This research was funded by the Ministry of Science and Higlkercation of the Russian
Federation (Ural Federal University Program of Development within the PfROBY Program). The
equi pment of the Ur al Center for Shared Use i
no. 2968), which is supported byetMinistry of Science and Higher Education RF (Project no-1%¢5
2021677), was used.

1. S. Kudryashov, et aNanomaterialsl2, 4303, (2022).
2. S. Kudryashov, et aNanomaterialsl2, 4147, (2022)
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by femtosecond laser irradiation
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The interest of ferroelectrics using is related with possibilities of development of microresonators
[1], and laser frequency convertors [2] and piezoactuators [3] due to the creating of stablemaicro
nanodomain patterns which is a field of domain eegring. Creating of domains because of ultrashort
laser pulses influence represents a perspective method of domain engineering allowing realization ¢
polarization reversal in the bulk and cregtof threedimensional domain structures.

Lithium niobate crystals are widely applied in photonics, due to the outstanding noolntieait
and electrooptical properties. Mgf@ped lithium niobate (MgO:LN) owing less polarization switching
fields and higher optical damage threshold comparingtgmrent LN has been chosen as a studying
material.

1-mm thick singledomain MgO:LN plates cut perpendicular to the polar axis were fixed at the
motorized table for local laser inscription. Yiber system TETALO (Avesta Project, Russia) emitting
irradiation at the wavelength of 1030 nm, 240 fs pulse ourat00 kHz frequency and pulse energies
2712 OJ was wused as source of | aser irradiat.
focused by the microobjective (50x, NA = 0.65) at depthsi28® 0 O m.

To visualize microtracks and domains in the bulk and on the surface three methods were usec
1) optical microscopy (Olympus BX1, Olympus, Japan), 2) Cherenkiype second harmonic
generation confocal microscopy (Ntegra SpectrasNNOT, Russia), 3) scanning electron microscopy
(EVO LS 10, Carl Zeiss, Germany) after selective chemical etching.

|t was shown that mi crotracks representing
formatted in the bulk because of focused laser irradiation action. Using optimal values of focusing deptl
and pulses energy allowed to realize ferroelectric domaowstly from microtracks. Domains grown to
the surface had typical for LN crystals hexagonal shape.

Domain growth and formation were attributed to the action of spatial nonuniform pyroelectric
field, emerging during the cooling after the local heating by laser pulses [4,5].

The results represent the great interest for domain engineering methods development and usit
them in photonics due to the allowing to realize creating of periodical domain structures without using
of external electric field.

1. JLin., Y. Xu, M. Wang, et al.Sci. Rep5, 8072 (2015).

2. X.Chen, PKarpinski, V.Shvedov, et alQpt. Lett.41, 2410 (2016).

3. E.D.Greshnyakov, V.IPryakhina, B.lLisjikh, et al.,Ferroelectrics592, 26 (2022).

4. V.Ya.Shur, M.SKosobokov, A.V.Makaev, et al.Acta Materialia219, 117270 (2021).
5. B.I. Lisjikh, M.S.Kosobokoy A.V. Efimoy, et al, Ferroelectrics604, 47 (2023).
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Magnetic domain structures in thin films have gained importance because of the promise of nev
types of spintronic devices [1]. The formation of ordered structures from initially disordered domain
patterns is known as selfganization of magnetic domainkhe spontaneous nucleation of dynamic
spiral domains (Figla) from a labyrinthine domain pattern in iron garnet films subjected to an
alternating magnetic field is one of the most impressive examples of sucbrgseiization
processef2]. Chains of magetic spiral domains (Fidlb) are formed by simultaneous action of
homogeneous oscillating field and constant gradient magnetic field [3].

The spontaneous nucleation of spiral domains has been studied experimentally and by numeric
simulation. The phase field modelp} was used to numerically simulate the dynamics of the domain
structure of a thin magnetic film. The scalar continuous 2Dakbke e« "I represents a normal
component of the reduced magnetization of the film. The Hamiltonian of the model has the form

O Es-ls E-| QO "l e "l e " "OTRT QI QA
where each of the terms is related to the exchange interaction, the perpendicular magnetic anisotroy
the interaction with an external magnetic field and the magnetostatic interaction, respectively. The
eqguation of the model dynamics is

T o o
c‘)p°loh

where the effective magnetic fieldds | @ -

In the simulation, a disordered labyrinthine domain structure was obtained from a bubble phase a
a consequence of a series of shape instabilities. The dynamic spiral domalrc) kigs formed under
the action of an alternating magnetic field. The formation of topologically different dynamic domain
structures was revealed within the framework of a 2D scalar phase field model.

)

Figurel.(©) The dynamic spiral FeGai,fiim in anifornmroscillatinmga r n e
magnetic field with frequencly= 2400Hz and amplitudé® t 1 A(b) The chain of dynamic
spiral domain in iron garnet (YLuB{FeGajO.. film in an oscillating magnetic field
(f=5000Hz, 0 o1 A and constant gradient magnetic fiel€ O 4 A x p mAAT).
(c) Thesnapshot of the simulated domain pattern. The parameters of the thodgft p 1 ,
N ®Q QOB ma &tpTm.

This work was performed within the framework of the state assignment of the Ministry of Science
and Higher Education of the Russian Federation (Project FEUZQUZ3).

1. D. Kumar, T. Jin, R. Shiaa et @&hys. Rep958 1 (2022).

2. G.S. Kandaurov&hys-Usp. 45, 1051 (2002).

3. A.G. Pashko, et alSolid State Phenori68 227 (2011).

4. E.A. JaglaPhys Rev B 72, 094406 (2005).

5. D. Andelman, R.E. RosensweilyPhys ChemB 113 3785 (2009).
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Calcium orthovanadate €&0Os). (CVO) is a hightemperature ferroelectric with Curie
temperatured=1110N10AC and spont an e€md[1]. Noninally pureartdi o n
doped with rare earth elements, CVO single crystals possess the nonlinear optical properties, whic
make them promising materials for second harmonic generation [2, 3]. The creation of a periodic domai
structure can significantlymprove the efficiency of radiation frequency converters, which makes it
important to study the patization reversal in CVO.

The investigated CVO plates 0.4 mm thick were cut perpendicular to the polar axis. The
polarization was switched at an elevated temperature by series of electric field pulses with strength u
to 5 kV/mm and durati on f r omn soptitally visullieed with . D
simultaneous recording of the switching current. Confocal Raman microscopy and Chéygekov
second harmonic generation microscopy were used for domain structure visualization in the bulk.

Polarization reversal in CVO with the initial domain structure consisting of isolated domains with
charged domain walls (CDWSs) located in the bulk proceeded via formation of the ledges on the CDW
and their growth in the polar direction. The shape anddizsolated domains appeared on the polar
surface remained constant upon further switching.

The most surprising feature of the obtained domain kinetics is that the domain appearance at tf
surface continues for minutes after termination of the field pulse application [4]. This fact can be
attributed to the CDW unstable state formed as a resapglication of the field pulses series. The
stability of CDW at the initial state is due to effective bulk screening of the depolarization field.
Application of the field pulses series leads to oscillation of the wall, decreasing of the screening
efficiency and growth of ledges under the action of partially screened depolarization field [5].

Thus, in CVO crystals, the domdiimetics upon polarization reversal was experimentally studied
by applying a series of electric field pulses at an elevated temperature. The observed features indicat
the formation of stable domains with neutral vertical walls as a result of ledge iforraathe CDW
and growth to the polar surface. An anomalous discrete switching was observed for the first time afte
termination of the field pulses application.

The reported study was done under financial support of the Ministry of Science Higher Education
of the Russian Federation (state task FE20230017). The equipment of the Ural Center for Shared
Use fAModern nanotechnol ogy o 68rwad used avithehe dinancidl n i
support of the Ministry of Science and Hi5gher
2021-677).

A.M. Glass et al.Ferroelectrics17, 579 (1978).

P.S.Bechthold, JLiebertz,Opt Commun27, 393 (1978).

I.S.Voronina, V.V.Voronov, E.E. Dunaeva et all, Cryst. Growttb55 125965 (2021).
V.V. Yuzhakov, M.A.Chuvakova, E.V. Shishkina et dkerroelectrics604, 99 (2023).
E.V. Shishkina, M.AChuvakova, V.V. Yuzhakov et all, Appl. Phys132 184101 (2022).
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Characterization of the magnetoelectric coupling
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Single phase magnetoelectric multiferroic materials are a prominent class of compounds due t
their high potential impact on the developing of novel multifunctional devices such as sensors, non
volatile memories and transducers [1]. Besides scare singkse phultiferroic compounds at room
temperature, up to now it is not clear why there are so few magnetoelectric multiferroic materials a
room temperature and satisfactory models. In this work, a systematic production, characterization an
phenomenological analyses of the physical properties of single phase)Rb(Zr, Ti)Os-
xPb(Fe;Nb12)Os ceramics (PZ&X PFN) , with 0.10 O x O 0.35 is
intriguing dependence of the magnetoelectric coupling at room temperature on the composition. Fa
x=0.10 higher magnetic order and magnetoelectric coupling were observednatteoperature,
followed by very week ones for x=0.30 and 0.35. On the other hand, within compositional range
0.10<x<0.30 the samples presented neither magnetic order nor magnetoelectric coupling. The
obtained results are discussed on the light of th&t know theoretical models proposed in the literature.

1.Y. Ly R. Fei X. Lu, et al., ACS Appl. Mater. Interfacel?, 6243 (2020).
2. M.D. Glinchuk E.A. Eliseey A.N. MorozovskaJ. Appl. Phys116 054101(2014).
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In 2020, for the first timat was experimentallyobservedn our labthat it is possible to control
the magnetization structure in planar multidomain square CoNi microparticles deémrsltghium
Niobate(LiNbO3) singlecrystal substratehen heating or cooling sample [The rearrangement of the
magnetization in such microparticles occurred when the sample was heated or cooled due to tf
thermally induced magnetoelastic effeSince the thermal expansion coefficients of LiNsdhgle
crystal are sigricantly different along mutually perpendicular axes, a change of sample temperature by
only a few tens of degrees leads to the induction of uniaxial magnetoelastic anisotropy in ferromagneti
microparticles.This made it possible to form a quét®mogeneous magnetization in a lower external
magnetic field and to significant decrease of the switching fild

Changing theemperature of the sample is used in Hesdisted Magnetic Recording (HAMR).
In this case, it is necessary that, after magnetization reversal, thehqomagjeneous state of
microparticle magnetization with new orientationgiableafter the external magnetic fieleasturned
off and temperature is lowered to the initial value RBjr these purposea,submicron singlelomain
particles with configurational shape anisotropy are suitablel{4s possible to rotate the quasi
homogeneous magnetizationit by 180Jby heating the heterostructure amplyingexternal magnetic
field to it. Obviously,the ferromagnetic metals and alloys with a large value of the magnetostriction
constant should give a stronger thermally induced magnetoelastic &ffaddition, there should also
be a small saturation magnetizatigvhhen compared CoNi and alloys of common ferromagnetic metals,
the nickel is most suitable choif®. For increasing the effect, substrates with bigger difference in the
thermal expansion coeffents along mutually perpendicular axes in compare to LiNda@le-crystal
are needed. As an alternative, a Lithium Triborate {O#} single crystatan be used amibstrate

In this work, the Ni particlesof size9 001 3001 30 nm were formed o
polishedLiB 305 singlecrystal(by HG Optronic$. According to manufacturer's data, the temperature
expansion coefficients along different axes ofsimgle crystaldiffer by a factor of Jfor LiINbO3 the
factor is 2) A solid Ti film 5 nm thick was preliminarily deposited onto the kB surface. To remove
the electrostatic charge during the experiments, this film was grounkedleposition of solitNi film
on LiB3Os with Ti coverwas carried out at 32 @ ultrahigh vacuum in an Omicron Multiprobe he
Ni particles wereengravedfrom the continuous film by scanning probe lithography. The Ntegra
ScanningProbeMicroscope and a D300 diamond proB&&Dprobeswas used for these purpos#s.
particlesweremade.

The image from atomiforce microscope (AFM) of 5 of 18 Niarticlesis shown on Fig. la.
During registration in magnetic force microscope (MFM), it was possible to set and maintain the sample
temperature and apply-plane constant external magnet@n all MFM images, all the 18 particles
were recorded simultaneousihe magnetic field was directed along the long side gbdintcles MFM
measurements were carried out using a sipghs techniqueThis made it possible to reduce the
influence of proben the magnetization distribution particles At the initial state, the particles were
magnetized by a field 60 mT. TheobtainedMFM image corresponded to singlemain particles
(Fig. 1b) magnetized in one directiddext, the magnetic field was increased stepwise in the opposite
direction from 0 to +20 mTA series of experiments was carried out at sample temperatures of 25, 35
and 450 CThe switching of the magnetization of a particle was detected by a chatsgel#M image,
when the magnetic contrast was rotated byU{i8ig. 1c).
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Figurel. AFM image of 5 out of 18 Nparticlesi (a), MFM images ofhepatrticlesatthe initial statg (b)
and after magnetization rever$gc). Scalebar is 500 nm. The range of contrast for (a) is 45 nm,
(b) and (c) is U

The number of particles that changednagnetization orientation to the opposite was determined
from MFM imagesThe graphs of the increase in the number of remagnetized particles with an increase
of external magnetic field at certaemperatur@are shown on Figre2. Since he Niparticleshad certain
deviations in size and shgphevalues of their switching fieldsave aspread Fromthe dependences,
one carmakea conclusion about the influence of temperature on the switchingTietdaverage value
of this parameter is determined as field at which the maximum amopattafies is switched into new
magnetizatin orientation. It is decreased with increasing temperature and is 12, 80vanhdt 25, 35
and 45U (respectively.
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Figure2. Increatg the number of remagnetized Marticlesas a function oexternal magnetifield at
different sample temperaturéfhe dashed lines are gatssproximation curves, it used for
determination of average switching field for each temperature

When the magnetization reversal of the emaeticlestook place, the heating of sample and the
external magnetic field were successively switched off. After that,ptrécles held their new
magnetization direction due to the shape anisotropy.

The work support e2D0008). RSF (grant -~ 23
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Widely believed to be the most abundant class of magnetically ordered materials,
antiferromagnets, unlike ferromagnets, for a long time have not received proper scientific attention, an
as such, have been left out of most research. All that despitecthéhtt antiferromagnets have been
extensively used in a variety of industrial products, such as magnetic storage devices, and a multitude
different sensors [1]. The reason for that is the ability of antiferromagnets to pin the magnetization o
adjacemferromagnetic layers in thin films, effectively displacing their hysteresis loops, thus giving rise
for the exchange bias effect. Much as with the search foremthfree materials for permanent
magnets, there is an going search for antiferromagsethat do not contain platinugroup metals
[2]. One of such candidates is the antiferromagnetiM@ al | oys, i n bul k for
temperature of up to 700 K [3].

In this work we study the antiferromagnetic-k@n alloys in thin magnetresputtered films with
focus on their ability to provide the exchange bias effect. We employ a varietyayf dffractometry
measuring geometries to thoroughly study the crystattsire of Ta/GiMn/Ta films. By analyzing
these results, we are able to construct a remmperature phase diagram of-l@n in magnetron
sputtered films (Fig.1), assess its lattice constant and mean grain size, and draw some conclusions on
principles @ its growth. We then study the magnetic properties of FM@HFeoNisd/Ta films,
emphasizing those in which the exchange bias effect is present. Based on the results of temperatt
measurements, including those obtained in accordance with a specialized measurement protocol, v
establish that the high value of the maximumchking temperature, of up to 540 K, and the assessed
value of the effective anisotropy constant ofm, suggest that @vin can be considered for industrial
use as a pinning layer it heterostructures with exchange bias.
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Figurel. Manganes&oncentration dependence mfscan FWHM and RT GKn phase diagram for
Ta/CrMn/Ta films.
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The presence of ferroelectric as a component of heterostructure gives us new outstandin
functionality which can be used in possible electronic devises basedTdraitks to the presence of
spontaneous polarization in the ferroelectric thin film, thedimoensional gas (2DEG) can occur at the
interface [1]. The electronic properties of arising state can be tuned by an external field through the
ferroelectricdipole8 di recti on change. Besides, the pres
field is favorable in the possible structures with spibit (SO) splitting. The control of SO splitting by
ferroelectric polarization is a desirable property fornspiic applications. Natural materials
demonstrating both gigantic and ideal states of Rashba are extremely rare, so computer simulations cot
help in this problem [5].

Another property which can be useful for electronic application is magnetoelectric coupling. This
property is associated with possibility of controlling the ferromagnetic ordering at the interface due to
interactions of spins through conduction electrond with arising of multiferroic properties of all
heterostructure. Multiferroic materials are compounds where at least two order parameters coexist in tf
same phase. One very important but extremely rare group is ferroelectric ferromagnets, which hav
reently stimulated an increasing number of research activities for their scientific uniqgueness anc
application in the novel multifunctional devices. Magnetoelectric materials are mainly interesting due to
the possibility to control magnetic properties by external electric field. Due to the extraordinary
challenge of creating multiferroic compounds, it was essential to create superlattice multicomponen
materials as more efficient [6].

So, the present research dedicated to aheinitio study within the DFT approach [7] of
heterostructures having a ferroelectric as one of the components. The aim is to investigate th
possibilities of controlling the interfacial properties (2DEG, Rushba effect, ME coupling) via
ferroelectric polarization.

1 V.V. Kabanov, |.l.Piyanzina, Yu.VLysogorskiy et al.Mater.Res.Expresg 5 (2020).

2. M. Chen F. Liu, et al.,Natl. Sci. Rev8 (2021).

3. E.I.RashbaV.l. ShekaFiz. Tverd.Telai Collected Paperg¢Leningrad) I, 162 (1959) [in Russian].
4. Yu.A. Bychkoy E.I. RashbaSov. Phys: JETP Lett.39, 78 (1984) [in Russian].

5. A.D. Caviglia, M.Gabay, SGariglio et al, Phys. Rev. Letl.04, 126303 (2010).

6.1.1. Piyanzina, R.FMamin, J. Mater. Sci 57, 21620 (2022).

7. G.Kresse, JF u r t h rRyk.Ree. B54, 11169 (1996).
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Spatially-resolved study of the electronic transport and resistive switching
in polycrystalline bismuth ferrite

A. Abramoy, B. Slautin, V. Pryakhina, V. Shur, A. Kholkin, D. Alikin

School of Natural Sciences and Mathematics, Ural Federal University, 620000, Ekaterinburg, Russia
alexander.abramov@urfu.ru

Ferroelectric materials attract much attention for applications in resistive memory devices due tc
the large current difference between insulating and conductive states and the possibility of carefull
controlling electronic transport via the polarizatsatup [1]. Bismuth ferrite films are of special interest
due to the combination of high spontaneous polarization and antiferromagnetism, implying the
possibility to provide multiple physical mechanisms for data storage and operations [2]. Macroscopic
conductivity measurements are often hampered to unambiguously characterize the electric transpor
because of the strong influence of the diverse material microstructure.

Here, we studied the electronic transport and resistive switching phenomena in polycrystalline
bismuth ferrite using advanced conductive atomic force microscopy (CAFM) at different temperatures
(Fig. 1) and electric fields [3]. The new approach to the CA§pdctroscopy and corresponding data
analysis are proposed, which allow deep insight into the material band structure at high lateral resolutiol
Contrary to many studies via macroscopic methods, postulating electromigration of the oxygen
vacancies, we deomstrate resistive switching to be caused by the pure electronic processes of
trapping/releasing electrons and injection of the electrons by the scanning probe microscopy tip. Th
electronic transport was shown to be comprehensively described by the abombaf the space charge
limited current model, while a Schottky barrier at the interface is less important due to the presence c
the builtin subsurface charge.

E,=0.19 eV

27 30 33 36
1000/T, K1

Figure 1. BFO thin film: (a) Topography, (b) eaftplane PFM, (c) dependence ofAEM current density
(J) on reverse temperature,-(f)) CAFM in BFO thin film in dependence on temperature: (d) RT,
(e) 50°C, (f) 80°C.

The equi pment of the Ur al Center for Shar
University (Reg. no. 2968), which is supported by the Ministry of Science and Higher Education RF
(Project no. 078.5-2021-677), was used. The research funding from theiditly of Science and Higher
Education of the Russian Federation (Ural Federal University Program of Development within the
Priority-2030 Program) is gratefully acknowledged.

1. R. Waser, M. AonolNanoscience and Technology: A Collection of Reviews from Nature Jovdatid
Scientific Publishing Co., GRublished with Macmillan Publishers Ltd), pp. 1385 (2009).

2. A. SawaMater. Todayll, 28 (2008).

3. A. Abramov, et al.Sensor23, 526 (2023).
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Superconducting spin valve Fel/Cu/Fe2/Cu/Pb
on a piezoelectric substrats®MN-PT

A.A. KamasheyN.N. Garif'yanov, A.A. Validov, R.F. Mamin, .A. Garifullin

1Zavoisky Physicalechnical Institute, FRC Kazan Scientific Center of RAS, 420029, Kazan, Russia
kamandi@mail.ru

The properties of a superconducting spin vdfed/Cu/Fe2/Cu/Pb on a piezoelectric substrate
PMN-PT substrate ([Pb(MgNb2/3)Os]1x - [PbTiOz]x) under the influence of an electric and magnetic
field have been studied. The magnitude of the shift of the superconducting transition temperature in th
magnetic fieldH = 1 kOe equal to 150 mK was detected, while the full superconducting spin valve effect
was demonstrated. Abnormal behavior of superconducting transition temperature was shown, whic
manifests itself in the maximum values of superconductingsitian temperature with orthogonal
orientation of the magnetization vectors of ferromagnetic layers, when studying the angular dependenc
of superconducting transition temperature in an external magnetic field1jFighis may indirectly
indicate the fixation of the magnetization vector of the-lg&r on a PMNPT piezoelectric substrate.

It was found that with an increase in the magnitude of the applied electric field to th@P&hbstrate,
the shift in superaaducting transition temperature of thelfCu/Fe2/Cu/Pb heterostructure increases.
The maximum shift was 10 mK when an electric field of 1 kvV/cm was appliedZJ-ig

é

0 30 60 90 120 150 180
a (degrees)

Figurel. Dependence df. on the anglé&between the direction of the cooling field used to fix the direction
of the magnetization of the Fel layer and the applied magnetidHield kOe that rotates the
magnetization of the Fe2 layer.

1.0 -0-0 kV/em
-0-0.6 kV/em
1kV/em

£

420 421 4.22 423 4.24 4.25
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Figure2. Superconducting transitions curves for the sample for the sample - PMN
PT/Fel(3nm)/Cu(4nm)/Fe2(1nm)/Cu(1.2nm)/Pb(60nreNSivhen applying an electric field to
PMN-PT substrate: shift ofc is 5 mK when applying an electric field 0.6 kV/cm; shiftTgfis
10 mK when applying an electric field 1 kV/cm. The error of the experiment corresponds to the
size of the characters.

The reported study was funded by Russian Science Foundation according to the research proje
No. 21-72-10178.
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Phase evolution and relaxor to ferroelectric phase transition boosting
ultrahigh electrostrains in (1-x)(Bi12Naw2) TiO 3-x(Bi12K 12) TiO 3 solid solutions

R.Y. Jing X.Y. Wei, L. Jin

Electronic Materials Research Laboratory, Key Laboratory ofittieistry of Education & International Center

for Dielectric Research, School of Electronic Science and Engineering, Faculty of Electronic and Information
Engineering, Xi'an Jiaotong University, Xi‘an, 710049, China

ryjing@xjtu.edu.cn

Owing to thecomplex composition architecture of these solid solutions, some fundamental issues
of the classical (x)Bi12Nay2TiO3z-xBi12K12TiO3 (BNT-XxBKT) binary system, such as details of phase
evolution and optimal Na/K ratio associated with the highest strain responses, remain unresolved. In th
work, we systematically investigated the phase evolution of the-BXIT binary solid solution wittx
ranging from 0.12 to 0.24 using not only routineray diffraction and weakignal dielectric
characterization, but s temperaturedependent polarization versus electric fighd ) and current
versus electric fieldl{ E) curves. Our results indicate an optimal Na/K ratio of 81/19 based on high
field polarization and electrostrain characterizations. As the temperature increased abaveti€x
=0.19 composition produces ultrahigh electrostrains (> 0.5%) with high thermal stability. The ultrahigh
and stable electrostrains were primarily due to the combined effect of efegdtiitnduced relaxoto-
ferroelectric phase transition and ferroelexto-relaxor diffuse phase transition during heating. More
specifically, we revealed the relationship between phase evolution and electrostrain responses based
the characteristic temperatures determined by both -felak dielectric and higHield
ferroelectric/electromechanical property characterizations (Fig. 1). This work not only clarifies the phase
evolution in BNTFXBKT binary solid solution, but also paves the way for future strain enhancement
through doping strategies.
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Figurel.(a) A schematic phase diagram of BMBKT ceramics. (b) Positive and negative remnant
polarization P;), permittivity of the sample before and after poling as a function of temperature
for BNT-0.19BKT ceramic. Corresponding the polarization versus electric fiel&)( strain
versus electric fieldg E) and current density versus electric field ) curves and schematic
diagrams of the domain growth and reorientation under electric field at some characteristic
temperatures for BNFD.19BKT ceramic
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Luminescent MgAl>O4 optical nanoceramics doped with carbon particles
A.N. Kiryakov!, A.S. Kocyh!, T.V. Dyachkovd, A.P. Tyutyunnik

Ural Federal University, 6200QZEkaterinburg Russia
arseny.kiriakov@urfu.ru

?|Institute ofSolid State ChemistryUD of RAS620108 Ekaterinburg Russia

The current pace of development dictates the need to create promising phosphors with improve
radiative characteristics. Recent advances in the field of creation and functionalization of carbor
nanodots show the promise of this type of nanoparticles &®talpminescent material for sensors,
sensors, and various types of detectors [1]. The key problem in this case was and remains the task
creating bulk structures whose photoluminescent properties are determined by stabilized quantum dot
In most caseghe peculiarity of creating such materials is the need to use aggressive media to obtain
volumetric transparent medium. In this regard, the purpose of this work is the thermobaric synthesis ar
certification of optically transparent MgADs nanoceramics doped with carbon nanopatrticles.

MgAl>0s nanopowders synthesized by -p@cipitation from a solution of aluminum and
magnesium nitrates were used as the starting material. Subsequently, this powder was used to form
optical medium for carbon particles. Carbon was introduced into the nanopovwderways. The first
one consisted in the mechanical grinding of spinel nanopowder with a graphene additive in a sapphit
mortar (to exclude additional impurities due to the strong abrasive properties of spinel). The secon
method consisted in the sye#is of carbon nanoparticles by the wet chemistry method and subsequent
impregnation of the spinel nanopowder with this solution. A mixture of spinel powders and carbon
particles was subjected to quasidrostatic compression at 6 GPa for 10 min and aeeatyre of 600
oC. As a result of thermobaric treatment, transparent M@AC nanoceramics were forméeig. 1).

1 mm
Figure 1. Photo of MgAD.:C nanoceramics.

It has been established that the mechanical milling of graphene in spinel hanopowder makes
possible to form additional PL centers, previously assigned to graphene quantum dots, characterized |
a wide distribution of geometric parameters. A complexcttiral analysis was carried out using XRF,
Raman, optical and EPR spectroscopy. Graphene nanoparticles are characterized by pronounced e
vibrations, mode D', which is apparently due to nanosized graphene inclusifiig) [ D).

| MgAl,0,:GDs 1340 em”  A1610cm’
D G'

| Intgnsi’gy, a.u.

N

1000 1200 1400 1600
Relative wavenumber, cm™’
Figure 2. Raman spectrum of ceramics doped with graphene particles.
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Optical ceramics with nanoparticles synthesized by wet chemistry methods also provide a wide
spectral range of photoluminescence, which is not inherent in pure nanoceramics. However, the sign
strength is much lower than expected. Apparently, the impledéachnological process, in which the

necessary operations are carried out, is not applicable for such objects and its improvements are requir:
more research is needed.

1. J.Liu, R.Li, B. Yang,ACS Central Sc, 2179(2020)
2. L.G.Cancadeet al, Phys Rev. Lett. 93, 247401(2004)

73



031

Crystallization and recrystallization of spherulite thin PZT films

|.P. Pronin

loffe Institute, 194021, St. Petersburg Russia,
Petrovich@mail.ioffe.ru

The physical properties of thin ferroelectric films differ significantly from the properties of their
macroscopic analoguederroelectric single crystals or ceramic (polycrystalline) samples. To a large
extent, this is due to the action of mechanicatssies caused by the difference in the temperature
coefficients of linear expansion of the thin film and substrate, and in the case of epitaxial growth, with
an additional contribution to mechanical stresses due to the difference in their lattice paraneters
important role is also played by the level of tfim fabrication technology used, which makes it
possible to form singlphase structures. At present, thin lead zirconate titanate films (PZT) hold absolute
primacy in practical applications, and tiin microelectronic substrate is silicon covered by electrodes
of platinum group metals.

This paper reviews experimental studies on the features of crystallization and recrystallization of
thin PZT films fabricated by RF magnetron sputtering on platinized silicon substrates
(PZT/PUTIO/SIO/Si). The microstructure of the films was perovskite spherulites either with stepped
(Fig. 1) or radiant growth (Fig?) [1,2]. The microstructure and films composition were analyzed using
scanning electron microscopy, atomic force microscopy, and nonlinear optical microscopy. The result
of a study of thedrroelectric properties with a change in the synthesis temperature of the perovskite
phase are presented, the mechanisms of formation (growth) of spherulite islands, and the role of por
in the process of crystallization (recrystallization) of the pentegihase are discussed. The features of
the piezoelectric response of the spherulite structure and the signal of the second optical harmonic a
presented and discussed.

Figurel. SEM images of spherulite crystallization and recrystallization with a stepped growth
microstructure characterized by different porosity in thin PZT films .

A

Figure2. SEM and SHG images of radiant spherulite perovskite islands in pyrochlore matrix of PZT thin
films.

1. V.P.Pronin, S.V.Senkevich, E.YuKaptelov, I.P Pronin,J. Surf. Invest. Xay 4, 703 (2010).
2. A.S.Elshin, I.P.Pronin, S.VSenkevich, E.D. Mishindech. Phys. Let#46, 385 (2020).
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Synthesis of graphene on Ni and ADs nanoparticles by chemicalvapor deposition

Yu.A. SalamatoyE.A. Kravtsoy, Yu.V. Korkh, Yu.S. PonosoyA.Ye. Yermakoy
M.A. Uimin, T.V. Kuznetsova

Yinstituteof Metal PhysicsUB RAS 620108 Ekaterinburg Russia
salamato@imp.uran.ru

Studies of graphene (Gr), a tiWbmensional allotropic modification of carbon with a thickness of
one to several atomic monolayers, are currently being conducted very widely, motivated by the uniqu
properties of graphene and the possibilities of its wjg@ication in various field8y present timgthe
synthesis of graphene by the CVD methodulk metal (Pt, Cu, Fe, Ni) substrates is well mastehsd.

a novel composites and substrates,n#eopowders consisting of graphertated metal and dielectric
nanoparticles have been of great interest, due to their unique physicochemical properties and tf
possibility of their wide application in various fields from catalysis to the productionoofiddical
materials However, theobtaining such nanopowders is a complex and not fully solved task, and so far,
researchers have managed to synthesize a small number of such systems.

In this paper, we report for the first time on the successful synthesis of Ni@Gr #Du@r
nanopowderdNi and AbOs nanopowders were produced by gas condensation (flow levitation) synthesis
[1]. Particle size was in (85) nm interval. Ni nanoparticles were covered with NiO shell as a result of
passivation in air. Powders or tablets with a diameter®idmn and a tltkness of 1 mm were used as
initial objects.Graphene synthesis was carried out at a CVD facility using methane as a carbon source
The ontrol of the number of deposited graphene monolayers and the degree of iteedafieag carried
out usingRaman spectroscopy

During the synthesis of Ni@Gr nanopowders prepared in tablet fosferancegraphene sample
was simultaneously synthesized on Ni foil. Initially, the samples were annealed in a reactor at ¢
temperature of 1075AC for 30 minutescmi/mnaga hy c
pressure of 10 Torr). Graphene synthesis was
when a mixture of hydrogen and methane was fed into the reactor (flows afd/a@in and S5cm?/min,
respectively, pressui 10 Torr). Cooling was carried out in a flow of 286%/min of pure hydrogen
at a pressure of IDorr.

Figures 1la and 1b show the Raman spectra measurtbe foit and nanopowder at various points
of the samplesurface Multilayer graphene was formed trereference sample of nickel foihfensity
ratio Iop/lg < 1, the number of layers is more than 3). When synthesizéuedoablet fromthe pressed
nanocrystallineNi-NiO powder, a complete reduction of ®bccurred with the formation of Ni@Gr
nanopowders. As can be seen from the Raman spectrum in Fig. 1b, regions wipetn®o/lc > 1)
and regions with singtayer (bo/lc > 2) graphene were formed. Graphite is present at some points of
the sample. There are nofdeals in all Raman spectra of both samples, which indicates the absence of
disorder, deformations and defects in the crystal structure of graphene.

During the synthesis, partial sintering of Ni@Gr nanopowder was detected, cahitieavoided
by using a mixture oNi-NiO nanoparticles with ADs nanoparticles. Figure 1c shows the Raman
spectrum forfor mix of Ni-NiO and AbOs nanopowders (1:3 mass parts) after graptsgnthesisThe
ratios of the heights of the 2D and G peaks in the presented spectra (Fig. 1c¢) correspond thainly to
two-layer graphene. At some points, the number of layers reaeheddlike the previous samples of
pure nickel, a wak Dpeak (~1350 cr¥) appears here, which indicates the presence of minor defects in
the atomic lattice of graphene. Thus, the addition eDAhanoparticles slightly degrades the quality of
graphene and slightly increases the number of layers, but at the same time protects the Ni@C
nanopowder from sintering.
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Figure1l. Raman spectra measured at various points of the sar(@l®$:foil; (b) Ni-NiO nanopowder in
the tablet form;(c) a mixture of Ni-NiO+Al.Os; nanopowders in the tablet forng) Al.Os
nanopowder in the tablet form.

Changing the gas flows (reducing the hydrogen flow ter&min and increasing methane flow
to 15cm®/min) and increasing the exposure time (90 minutes), it is possible to obtain grapleee
Al>03 nanoparticles with a thickness eRImonolayers, the Raman spectra of which are shown in Fig.
1d. The ratio of peak intensities G and 2D (Fig. 1d) indicates the presen2dayfeks of graphene. The
large halfwidth of the peaks, the high peak D and tippearance of the peak(ext to the peak G)
are de to a large number of defects. Similasultswereobtainedn [1].

Thus, in this work, Ni@Gr and AD:@Gr nanopowders were synthesized for the first time by
chemical vapor deposition. When usiNg-NiO nanoparticles, ND is completely reduced with the
formation of Ni@Gr nanopowders, where the thickness of grapher2 mdnolayers and its defect is
completely absent. Partial sintering of nanopatrticles is observed, which can be avoided if a mixture o
these nanoparticlesith Al.Os nanoparticles is usetllsing larger gas flows and an extended exposure
time, it is possible to obtain a graphene coating witthickness of <2 monolayers on the ADs
nanoparticles, however, in this caasjgnificant graphene defewsss observed.

The research was carried out within the state assignment of Ministry of Science and Highel
Education of the Russian Feder-3gtitome nfet hNha g ni
1220210000349).

1. H.J.Song et al.,Nanoscale4, 3050(2012).
2. M.A. Uimin, et al.,Phys Metals Metallogr 122 (2021).
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Magnetoelectric coreshell nanoparticles based obiocompatible MnFexO4
and Bap.oCao.1Tio.9Zr 0.103 for biomedical applications

R.V. ChernozemP.V. Chernozemyl.A. Surmeneva, A.L. Kholkif, A.G. PershinaR.A. Surmenev

Tomsk Polytechnic Universjt§34050 Tomsk Russia
r.chernozem@mail.rtholkin_al@tpu.ry rsurmenev@mail.ru

The magnetoelectric (ME) nanoparticles (NPs) are considered the most promising materials fo
the targeted drug delivery, theranostics, and regenerative medicine due to their unique possibility of th
provision of noninvasive precise locomotion and eleatrstimulation [32]. However, there are two
important challenges, such as the usage of potentially toxic materials and sophisticated synthes
technology, which arise numerous challenges for clinical application of ME NPs as follows:
biocompatibility, repoducibility, biodistribution,etc. Thus, the present study aims to design novel
biocompatible ME NPs for biomedical applications using simple aneetfesitive technology.

ME coreshell NPs were formed via microwaassisted hydrothermal synthesis. First, to avoid
NPs agglomeration, ain-situ synthesis of biocompatible magnetic MpBe (MFO) cores with their
surface functionalization using citric acid w:
perovskiteBap «Ca 1TiooZro1Os(BCZT) shell was fabri cat emhgnatic 2 2
phases, all NPs after the formation was washed out using magnetic separation. The morpholog
structure, composition and physical properties of ME NPs was characterized using transiessiom
microscopy, Raman spectroscopyra§ photoelectron spectroscopyagnetometer and atomic force
microscopy (AFM). The cytotoxicity of NPs was studied using M&3t.

The analysis of the morphology and internal structure confirmed the formation ofsgbasical

ME coreshell NPs with BCZT shell thickness of ~20 nm on the surface of MFO cores with the size of
38.5N16.2 nm. The struct urd the tgprca bpina iansl peroeskite a |
structure for MFO and BCZT, respectively. The phase ratio between MFO and BCZT in ME NPs was
39%/61%, respectively. The formation of the BCZT shell resulted in the reduced average magnetizatio
and increased coercivifyor ce of MFO cores from 41.4N1.2 em
to 69N5 Oe, r-testgemandtratedehe gbsenctdf the toxicity of the developed ME NPs
on the cells, such as fibroblasts and cancer cells.

83 nm

Figurel. AFM images of (A) MFO and (B) ME coighell MFO@BCZT NPs

The developed novel biocompatible ME NPs can be considered as a promising platform for the
theranostics and other biomedical applications.

The work wadinancially supported by the Ministry of Science and Higher Education #&75
2021588 from 1.06.2021andRussian Science Foundation (proj#28-23-00511). Authors thank Dr.
D.V. Wagnerand Dr. K.N. Romanyuk for the assistance with the NPs characterization.

X.Z. Chen, et al.Adv. Mater. 29, 8 (2017).
F.

1.
2. F. Mushtagq, et alAdv. Func Mater. 29, 12 (2019).
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Thermophysical properties of relaxor ceramics PbFesNbo.s0O3
S.N. Kallaev, A.G. Bakmaev, Z.MDmarov

Institute of Physics, Dagestan Federal Research Center, Russian Academy of Sciences, Makhachkale
Russia
bakmae@mail.ru

In recent years, a class of materialgerroelectricsrelaxors, in which a magnetic structure
(multiferroics) is realized, has attracted considerable interest from researchers. They have both magne
and electrical ordering and are promising materialsdbd-state electronics. One of the classic model
objects for studying such materials is lead ferroniobate #2biBesOs (PFN) perovskites.
PbFesNbosO3 ceramic samples were obtained using conventional ceramic technolegy. X
diffraction measurements aoom temperature showed that the samples are guhglee and have a
cubic (space group Pm3m) perovskite structure.

The thermophysical properties of the PfdbosOs ferroelectric in the temperature range of
3003800 K are studied. As can be seen from the figures, in the temperature dependences of the he
capacity of PFN in the temperature rangéd 3 8 0 K , an anomaly of the fe
observed, which has a fismearedo character cha
dependences{u) of PFN exhibit an anomalous behavior characteristic of phase transformations.
Possibly, nanogdar regions begin to appear in the PFN relaxor ceramics in this temperature range.
Those.atd@ 6 70 K, a phase transition occur s, whi ch
nanoscale regions and the appearance of polarization in them. However, the correlation length of suc
regions is very small and no macroscopic polarization ocaurgui case, the anomalous behavior of
the heat capacity of PFN, which begins to be observed experimentally in the region of 670 K, is really
close to the Burnemperaturesqd 6 6680 K, determined on the basis of structural and acoustic studies
of PFN [L5].
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Figure 1. Temperature dependence of the heat capaditfthe ferroelectric PblggNbo sOs.
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Figure 2. Temperature dependence of thermal diffusion of ferroelectrig Nif€Os.
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Figures 2 and 3 show the temperature dependences of thermal diffasidthermal conductivity
& of PFN samples in the temperature ranged800 K. The dependencefu) and a{u) exhibit
anomalous behavior, as well as the dependesgfs), in the temperature range of the diffuse
ferroelectric transition of the phase transitiond 3 8 0 Kgaanéd7 0 K. An addi t i
observed in the dependerd{®) in the temperaturerangé 4 70 K. |t is possi bl e
T*a470 K, the nanopol ar r divged dipole regmesr(rareoscalenphase |
transition associated with random fields), because in many known relaxor ferroelectrics based on Pb, t
temperature T* is in the temperature rangeds® K [1, 3].

As can be seen froffigures2 and 3, in the temperature range of the diffuse ferroelectric transition
Troom < T < T* (T*> T¢), when PFN is heated, a slight increase in thermal diffusion and thermal
conductivity is observed, which is usually characteristic of amorphous and glassy bodies. It can b
assumed that such a behavior of the thermal conductivity coefficient in the #gs@@5470 K is
explained by the decay of ferrodomains into disordered dipoles (i.e., the formation of a dipole glass)
which can le considered as defects in the crystal lattice and on which the phonons involved in the proces

of heat transfer are scattered
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Figure 3. Temperature dependence of the thermal conductwitihe ferroelectric PbleNbo s0s.

As can be seen from Rige 2, in the temperature range IT< Ty, when PFEN is heated, first an
increase to a temperature T* & 470 K is odser
which may be due to an increase in the decay above T* ofliketd) static polar regions into smaller
dynamic nanopolar regions with increasing temperature, which leads to an increase in phonon scatteri
centers. AtT>Fa650 K, nanopolar regions disdangi®Er (
cations), which leads to a significant decrease in lattice distortions; scattering centers, and, according!
a noticeable increase in thermal diffusion in the region § (Fif. 2).

The results of the studies and their analysis indicate that the main mechanism of phonon scatterir
in a relaxor PFN is local distortions of the crystal lattice caused by polar shiftd*afrfebNS* cations
and displacement of oxygen from their initial positions and the resulting nanopolar regions and glas:
dipole phase. On the temperature dependences of heat capacity, thermal diffusion and therm
conductivity, anomalies characteristic of phasesitaons of the ferroelectricatd 380 K, " na
a T*andButhsatJd 670 K. 1t is shown that studies o
to determine all temperatures characteristic of ferroelectric relaxors associated with the appearance a

temperature evolution of a nanopolar structure.

1.E. Dul 6ki n, AMat. Rea Exp. 5 Q16106. (20Rh t h
2.B. Mihailova, B. Maier, C. Paulmanat al.,Phys. Rev. B7, 174106 (2008)
3. B. Dkhil, P. Gemeiner, A. ABarakaty et al.,Phys. Rev. B0, 064103 (2009).
4 .M. Rot h, E. M @t ala Rhys., ReVE Letf8D265701K200V).

5. J. ToulousgeFerroelectrics369,203 (2008)
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M ultip lexing in sandwich magnonic crystal/ferroelectric/ferromagnetic

V.V. Balayeva O.V. Matveyev, M.A. Morozova
Saratov State University named after N.G.Chernyshevsky, 410012, Saratov, Russia
vkonda200@mail.ru

Layered structures of the type based on ferroelectric and ferromagnetic layers are artificial
multiferroicsand exhibit properties characteristic of both ferromagnets and ferroelectrics separately, a:
well as completely new properties associated with the interaction of magnetic and electrical subsystem
This advantage opens up wide opportunities for the useabf structures as basic elements in a number
of functional devices of microwave electronics [1].

In this paper the features of the propagation of hybrid electromagnetic spin waves in a sandwich
structure based on a ferromagnetic film with a periodic system of grooves (a magnonic crystal),
ferroelectric layer and a ferromagnetic film without grooves are inastigFig. 1a).

A pecularity of periodic structures is the presence of bragg resonances, which cause band gaps
norrtransmissiorbands- appear in the spectrum of propagating waves [2, 3]. A feature of the coupled
structures is the pumping of power, however, in the periodic structure, the signal supplied to the
ferromagnetic film at the band gap frequency is not pumped betwekyéhns.
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Figurel. (a) The structurechemeand the principle of demultiplexing. (b) The dependence ol
transmittancecoefficients of the ferromagnetic film and the magnonic crystal on
frequency at different values of the external magnetic field and the permittivity ¢
ferroelectric.

This feature allows to implement the function of demultiplexing based onstiueture
investigated. Depending on the frequency, the signal exits through different output ports of the structur
(Fig. 1a), i.e. the structure under study allows for frequency channel separd#iomultiplexing. The
frequency range coming out to tiert is determined by the value of the dielectric permittivity of the
ferroelectric (the value of the electric field applied to the ferroelectric) and the value of the magnetic
field applied to the ferromagnetic layers.

Theresearcrwas supported by Russi an-798@0R7¢ nce Foun:
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Today hafnium oxide (Hf) is considered one of the mgstomising materials for electronics
application, as it has several advantages compared to standard pettoasiédderroelectric materials.
Orthorhombic phase Hfilms demonstrate ferroelectricity mnometeiscale thickness, which allows
to minimize the size of ferroelectrinateriatbased nonvolatile memories [1]. They are also convenient
due to their compatibility with CMOS complementary metgide semiconductastandard processing
conditions [2]. However, the origin of ferroelectric properties f©Hs still not understood well. It is
particularly debated how mechanical stress affects the ferroelectric properties of the material.

Several studies are confirming that mechanical deformation influences ferroelectricity an HfO
First of all, the metastable orthorhombic phase in hafnia is usually stabilized by the following procedure
amorphous Hf@based thin films deposited on Si substrate with bottom electrode are crystallized by
rapid thermal processing after the deposition of the top eledBafeOn the other handythorhombic
phase was barely observed for films that were thermally processed without top electrodes [5].eTherefor
it is considered that the ferroelectric phase may originate from mechanical stresshy dag¢edifferent
thermal expansion coefficients for film and substrétevas also shown that lanthanitsioped HfQ
exhibits large remanent polarizatidhis likely that in this case #plane strain impacts the formation of
the ferroelectric phase during annealing]. [Furthermore, Dutta et. al. has demonstrated that
piezoelectric response in hafnia varies greatly depending on the film thickness,redutdtesthe
mechanical stress of the filrd][

Current research reveals that mechanical stress in filili@ impacts the ferroelectric properties.
Moreover using density functional theory with Perd®urke-Ernzerhof potential for solids (PBEsol)
[8] and Berry phase approach [9, 1@ demonstrated that by varying the mechanical strain it is possible
to control the ferroelectric and dielectric properties of Hfidm, particularly its spontaneous
polarization, band gap and dielectric permittivity. This result was not only theoretically predicted, but
we were also able to create an experiment, which denatestthe possibility to vary the properties of
the Hb.5Zro.502 film due to its mechanical deformation.

The work was financially supported by the Russian Science Foundation (Project1s0@870,
https://rscf.ru/en/project/209-00370/).
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Films of alloys of the RI type attract the interest oésearchers due to the presence in them of a
wide range of functional properties that provide a huge potential for technical applications in the field
of magnetomicroelectronics. Thus, the presence of magnetostriction in these systems allows us
consideithem as components of composite multiferroics [1]. Films-®f&loys are also of fundamental
interest due to the observation of rmollinear magnetic structures in them, such as speromagnetism,
asperomagnetism, and helical magnetic structures. Undéirstathe features and mechanisms of
formation of such structures is important for the development of promising scientific and technical areas
in particular, chiral spintronics [2, 3]. At present, alloys with a high content of-#lerfient have been
widely considered due to the manifestation of various magnetic properties at room temperature
However, insufficient attention has been paid todRed alloys, which can be of no less important
fundamental and applied importance. Thus, this work is devotibe &tudy of the magnetic properties
of films of the RCo type (R=Gd,Tbh,Dy,Ho) in a wide concentration range (from 0 to 100 at.% of the R
element).

All film samples were obtained on an AJA ORI&@Nmagnetron sputtering unit in the presence of
a magnetic field of 200 Oe in the substrate plane. The films were deposited on Corning cover glas
22022 mm. The deposition was carried out ii#® an
Torr. A PANAlytical diffractometer was used to certify the structural properties of the films. The
magnetic properties were studied using a SQUID magnetometer and a PPMS complex in fields up t
70kOe and a temperaturenge from 5 to 350 K.

In this work, the characteristics of the magnetic structure and macroscopic magnetic properties @
thin films of alloys of the RCo type are obtained in a wide range of composition, temperature, and
magnetic fields. It is shown that in a number of systertis a high content of the -Blement in the
nanocrystalline state, there is a strong frustration of the exchange interaction and magnetic anisotrop
leading to the appearance of a nhoncollinear magnetic structure. For all systems under study, a magne
phase diagram has been constructed, an example of which is shown in Figure 1.

O L 1 1 1 1 L L
0O 10 20 30 40 50 60 70 80 90 100
X (at.%)

Figurel. Magnetic phase diagram in-XI coordinates of G&o films. 11 asperomagnetic, 2
ferromagnetic, 3 ferrimagnetic, 4 paramagnetic states. The dash line on the picture represents
T of Gd-Co films including pure Gd and Co. The bold red line represents ferromagnetic state for
pure Co.
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83



P5

Formation of Bragg resonances in a multilayer structure
of magnon crystals with different periods

N.D. Lobanoy O.V. Matveev, D.V. Romanenko, M. A. Morozova

Saratov State University, 410071 Astrakhanskaya 83, Saratov, Russia
nl_17@mail.ru

At present, there is a rapid development of radio engineering and electronics, but the reduction ¢
classical semiconductor devices to nanometer sizes inevitably leads to quantum limitations. In thi
regard, the development of quantum electronics, inquéati such a field as magnonics, has started.

Magnonics is a science that studies the magnetic properties of materials and ways to control thel
by means of spin wave propagatior3jlL Spin waves arise when the spins of electrons oscillate along a
certain direction in a magnetic material, resultingostillations of magnetic moments around that
direction. These oscillations of magnetic moments result in the propagation of a spin wave along th
material. Note in this case the higher speed of signal transmission and energy efficiency compared 1
classi@l electronics. Magnonics ideas are used to create new types of microelectronic devices, such :
magnetic transistors, magnetic memory, signal generators, magnetic filters.

This paper investigates a structure consisting of two magnon crystals separated by a dielectri
interlayer. Magnon crystals are ferromagnetic films with a periodic system of grooves. The grooves ar:
etched in this case on ferromagnetic films of irgitrium garnet. In this kind of periodic structures, it
is interesting to study the formation of band gaBsagg resonances, i.e. areas, where the wave does
not practically propagate [4, 5].

The transition from a single magnon crystal to coupled magnon crystals leads to splitting of the
spin wave into two modes: symmetric and antisymmetric. Also due to inhomogenrgigemdic
grooves reverse symmetric and antisymmetric waves are formmaas, ¥ types of waves appear in the
structure and formation of up to 4 band gaps in the range of the first Bragg resonance is possible.

By changing the geometric and magnetic parameters it is possible to influence the formation o
the band gaps. In the case of equatiods there are 2 band gaps. Varying the period for one of the
magnon crystals results to the formation of 4 band gaps. Moreover, increasing the ratio of periods wil
significantly affect the width and position of only two band gaps, while the othavitidhange weakly.

By keeping different periods locked and increasing the magnetization ratio of the ferromagnetic layers
initially one band gap disappears, and by further increasing the magnetization ratio, only 2 of the 4 ban
gaps remain.

It can be seen that structures based on coupled magnon crystals due to effective control ¢
geometric and magnetic parameters can be used in microwave electronics as tunable microwave filtel
phase shifters, delay lines.

This work was supported by t he -7B20%29)i an Sci e
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Hard magnetic materials and permanent magnets made of them are widely used in modern higt
precision measuring systems, systems, used as functional and structural. Thus, the former are used
power engineering, space technology, household devices. Salunaterials are widely used in nuclear
power, gas and oil production.

Practical application of nanostructured alloys in these areas requires a detailed understanding
remagnetization processes, depending on which ways to achieve thepéiglvity state will differ.

The issue of remagnetization processes in rapidly haddalioys has been investigated many times;
however, there is still no definitive unequivocal answeB][1

The aim of this work is to investigate the ways to achieve the-duglcivity state and the
remagnetization mechanisms in the rapidly quenched nanostructured alloys of@wesystem.

SmCa system alloys of stoichiometric compositions were synthesized as samples. The alloys wer:
obtained by induction melting in a quartz crucible of the initial components followed by casting on a
copper disk with disk rotation speeds ranging from 20 m/s m/SqFig. 1).
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Figurel. Magnetic hysteresis loops of the SmG&Gystem obtained at different rotational speeds of the
quenching disk

To determine the preliminary hysteresis properties and select the best samples for further studie
the obtained tapes were measured by means of a KVAMBromagnetometer at room temperature.
Then, the tapes of the SMC®y st em wer e annealed in vacuum a
1050 for 30 minutes and/ or 1 hour .2)cSubgdyuesti n
measurements of the magnetic hysteresis properties were carried out using a DynaCool 9 T measuri
system in the temperaturange from 2 K to 300 K.
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Figure2. Magnetic hysteresis loops of the SmGgstem obtained at different temperatures and annealing
times
The best magnetic hysteresis properties are possessed by the tapes obtained at a quenching ¢
speed of 35 m/s and annealed at 1000C for 30 minutes. The coercive force for this sample is 44 K
which is the best result presented in the literature. Prddyymaucleation is the prevailing mechanism
of remagnetization for the S@o system. The mechanisms of remagnetization and the results obtained
will be described in more detail in the repdtigures should be embedded in the text. Size of the figure

labek should not exceed 11 pt at the final figure size (not to be bigger than the text).
Support by g72-BH0hogis &EBwledged® 1
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Simulation spirtriplet boson systems is currently relevant as it allows for thermodynamically
describing classical and quantum systems and obtaining special phase states such as superfluidity, Bo
Einsteincondensation, and supersolid. Systems that are naturally described by lattice boson mode
include an ultrecold atomic gas in optical lattices, dimer antiferromagnets [1],-trazhtional
superconductors [2], and materials with charge disproportion&]jon |

AgF. is considered as a potential unconventional superconductor, particularly due to its
isostructural similarity to cuprates [4]. Therefore, there is a hypothesis that the charge disproportionatio
mechanism present in cuprates [3] is realized in silver cangm[2, 4]. Based on this, we simulation
valence mixing (cationic disordering) by a system of $pplet charged bosons.

We consider bosons with sp81, which move from node to node of a square lattice. The basis
is introduced at each node of the latfitég where n is the number of bosons &rislthe spin projection,
includes 4 state$0 0g|1 14 |1 04 |1 -1a The Hamiltonian of this model,

= 0 60 00 w &€& 0 Y Y h

describes the transfer of (t) boson to the nearest node while conservation the spin projection, charg
charge correlations (V) that do not depend on the boson spin projections, antiferromagnetic isotropi
exchange (J) between bosons in neighboring nodeshaninteraction of bosons with a magnetic field

(2]

We have implemented the classical Monte Carlo algorithm in which the density of bosons is
conserved at each elementary step, and phase diagrams are calculated within the canonical and gr:
canonical ensembles. The paper discusses the peculiarities afgtrghm related to the need to
organize an uniform sampling of states from the phase space and the possibility of organizing paralle
computations. The obtained results are compared with the results of simulation within the granc
canonical ensemble andtivlimit cases for a system of local (hardre) bosons.

The work is supported by the FELZD230017 project of the Ministry of Education and Science
of the Russian Federation.
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For low-dimensional and especially for the esienensional magnets, a characteristic feature is
the presence of frustrated phases in the ground state. Frustrated states may be associated with vari
exotic properties of these systems, such as magnetizatteaus, quagihases or pseudoansitions.

The source of frustrations in magnets, in addition to the lattice geometry, can be impurities. The simple:
model of such magnets is a dilute Ising chain. In a zero magnetic field, this model has an et@gat sol
[1]. Accounting the magnetic field, the standard transfer matrix method allows us to study the
thermodynamic properties of this model by numerically solving a system of nonlinear algebraic
equations [2]. However, the properties of the ground stepecelly the concentration dependences of
various physical quantities, within the standard framework can only be investigated at a qualitative leve
from the analysis of the numerical solution at low temperatures.

Earlier [3], an analytical method was considered for calculating various physical properties of the
ground state of a dilute Ising chain based on the principle of maximum residual entropy, the explicit
expression for which is derived from the Markov prapesf the systeni]. In the present paper,
correlation functions and properties of local distributions of frustrated phases of the ground state of a
Ising chain diluted with nomagnetic interacting impurities in a longitudinal magnetic field are olataine
and investigated.

An explicit form of dependences on the impurity concentration for impurity and spin correlation
functions, as well as the average length and average length dispersion for various types of period
sequences: spin ferromagnetic, spin antiferromagnetic ritpund impurityspin are found. It is shown
that for the weakly diluted case, both the spin and impurity correlation length in the magnetic field is
finite for the frustrated ferromagnetic and infinite for the frustrated antiferromagnetic phase.ahthe s
time, from the point of view of the properties of local distributions these phases are equivalent. It is
shown that the fieldhduced transition from the nerustrated antiferromagnetic ground state to a
frustrated one is accompanied by the appearahcbarge ordering for nemagnetic impurities. The
properties of the frustrated paramagnetic phase of the ground state, which is realized in the highly dilut
case, are also investigated. The obtained characteristics are compared with the casensagnetio
field, for which the results of an exact solution are kn¢#yn
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Threedimensional carbon nanocomposites with subnanometer channels, a high specific surfac
area with a defective outer shell, and a tunealsetronic structure differ significantly from carbon
nanotubes and graphene. These structural and morphological characteristics make suchlikelerene
materials a new platform for energy conversion and storage, photonics, medicine, and chemistry [1]
The development of this new platform is possible with the use of magnetic nanoparticles, expanding th
functionality and properties of this family of composite materials. However, this requires investigation
of their basic physical properties.

Such materials open up new approaches to the study of phase transformations in a matri
containing clusters of ferromagnetic metal nanopatrticles isolated from each other, capableaoifirst
secondorder phase transitions. This gives prospects for thergence of a new scientific direction in
solid state physics: phase transformations in matrix nanostructures.

The object of study is threimensional composite carbon nanocomposites, which are
ferromagnetic Co nanoparticles coated with several layers of carbe@)(@Gynthesis of an array of
Co-C nanocomposites was carried out using pyrolysis in nitrogen ateresfj.

Morphological ad structural properties of studied materials were characterized by the high
resolution transmission electron microscopy (HRM) system (JEOL JEM 2010) operating at 200 kV
with a Gatan Multiscan CCD in imaging and diffraction modes. Samples were prepatexpping 2
eL of NPs solution onto a carbaiwated TEM copper grid and subsequent drying at ambient conditions.
Analysis of selected area electron diffraction (SAED) pattern was performed using ProcessDiffractior
v.8.7.1 software.

The results are presented in fig. 1. The structure of the samples has a homogenepaslaose
network of CeC nanoparticles with a size of33nm.

The thermal properties of the studied samples were determined using an STA "Jupiter" 44¢
instrument (Netzsch Holding). Heating was carried out in an argon atmosphere at airdteKhan.

The gas flow rate was 280 ml/min. The results are presentedign 2.

Comparison with the data olrtad for the massive Co (mCo)][@lows us to ma& the following
generalizations: (Ipol y mor phi ¢ t r an s f mamocompositeseatindocours alayver Co 1
temperatures than in mC&)the t her mal ef fect of nanbcempositefld s f o
J/g)is by several times greater (3.4 J/g) than the values during thetpdrasfermation into mCo3j
the activation energy of phase transformations duresjing inC o T n@anocompositegoes not depend
on heating gcles. Inthis case, it is significantly less than the values determinddr similar conitions
for mCo ( 230 800 riakodompositeseheating is characterized by transformation
temperature shift towards higher temperatures compartite tmitial heating and is accompanied by
increase in théhermal effect of transformation.

Taking into account the very small size 6b-C particles and the relatively low phase
transformation temperature amagdtivation energy, it can be assumed that ttagsitionoccurs by a
diffusionless massive mechanism.
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Topology provides a framework for an understanding of emergent phenomena in various fields
such as the appearance of new results in the field of spintrfapicBhe past decade has witnessed
dramatic progress related to various aspects of emergent topological textures in HM/Fidxmdetal
nanostructures displaying vortices and skyrmions, among others. The new emergent states of matter jc
together with exoticunctional properties (such as chirality) that, along with their small size and ultrafast
dynamial response, make them potential candidates in multifunctional devices provided the fertile
background for the dawning of the skyrmions era.

This work addresses the micromagnetic modelling of chiral spin textures in heavy metalttérri
ferromagnetic (FM) metallic nanostructures.

As a main result of the work, the effect of interlayer indirect exchange coupling in multilayer
structures on the topological structure and behavior of chiral spin textures was investigated by
micromagnetic modeling methods, and the damping of spin textymamics depending on the
magnitude and sign of the VDM under the influence of spin current was estimated.

Based on the simulation results the following conclusions were made about the stabilization anc
movement of the skyrmion under the action of current in a FM and ferrimagnetic (FIM) structure:

1) the region of magnetic parameters corresponding to the stable existence of the skyrmion is muc
wider in the case of FIM than in the case of FM. The depth of the potential pit limiting the stable state
of the skyrmion in the case of FIM is much greater timathne case of FM, therefore the skyrmion in
FIM is much more stable,

2) the speed of movement of the skyrmion in the case of FIM is two orders of magnitude higher
than in the case of FM. Such an increase is associated with the tendency of the total topological char
of the skyrmion in the FIM to zero as it approaches the cosgt®n state,

3) under the action of a spipolarized current, the skyrmions in the FIM moves almost
rectilinearly, due to the compensated action of the gyrotropic force.

The disadvantages of FIM include:

1) a high potential barrier preventing the destruction of the skyrmions. If in the case of FM the
skyrmion can be obtained as a result of demagnetization, then it will require local external action fot
FIM,

2) the magnetic moment of the FIM strongly depends on the temperature, which means that th
magnitude of the current will greatly change the properties of the skyrmions due to Joule heating. |
imposes restrictions on the choice of FIM composition

Support of t he Russi a-i2-28&0i(lEtpse/rscf.riFen/projett&ZP-i o n
20160) is acknowledged.
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Within the previously developed [1,2] pseudospin model of HTSC cup#at@s, planes are
considered as a square lattice where nodes represent stat@s/dfisters. Possible charge states(i,1
for # O/ and|1-10or # O/ - are spin singlets, while the chele state [LAfor # O/ s
aspini pfcdoubl et. As a r &aeathngde dorsists ob astiess {| JTPAOM; ¢
1/2 1/2)] 10; 1/21/2Q| 1-1; 00F. The effective pseudospin Hamiltonian of the model cuprate considers
local and norlocal charge correlations, three types of correlated sipaytecle transfer, twgarticle
transfer, and antiferromagnetic Heisenberg exchange interactio# for/  center states. The total
charge of the system, counted from the charge of the lattice made #pldf  centers, corresponds
to the degree of cuprate dopieigTo calculate temperatuphase T, €) diagrams, it is necessary to
consider n constant. In terms of pseudospin operatorspZ0 B “Y, where for théY operator, the
valence states of the O / cluster are eigenstate¥| IMO= M | 1IMO

In the standard approach, the constancy of n is ensured by introducing & tBriiY into the
Hamil tonian, where € is the chemical potent.i
canonical ensemble, obtaining reliabled) diagrams that describe the phase separation in the system
is difficult due to the influence of metastable states. We consider a semiclassical algorithm, where th
state at each node is defined by random complex coefficients of the wave funct@ndiN1; 0@+
| 10; 1/2 1/D* G| 10; 1/2-1/20+ & | 1-1; 000 The elementary Monte Carlo step involves changing
the states of a pair of nodes while maintaining the total charge and ensuring homogeneity of the sta
sampling in the phase space for a given parameterization of the coeffisients

The state selection algorithm for the quelsissical Monte Carlo simulation that conserves the
total charge consists of the following steps:

(i) calculation of the total chargg ¢ € j for the randomly selected pair of sites 1 and 2;

(i) calculation of the value from equatiordO ¢ <l r, wherer v 1ip is the uniformly
distributed random value, and the functiGhé | is the cumulative distribution function of the
charget at the site 1 for the fixed pair charge;

(iii) calculation of the value ce €

(iv) calculation of value$ ,"Q ph, from equationsO | ¢ r , wherer v 1ip is the

uniformly distributed random value, the conditional distribution functord € is defined by
equation:

Ta a £ 1€
1o p ¢ 1 &€s
(v) calculation ofn ,"Q plt, from equationd& I & & 74 ;
(vi) calculation off ,"Q pht, from equationd T @ & ;
(vii) generation of uniformly distributed random valuas ~ tita ,'Q plt,'Q  ph pfF¥
ands N TinIg¢, ,'Q ph.

The paper discusses the features of implementing the algorithm and compares the results wit
modeling within the grandanonical ensemble.

Ao R IE:>
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1. A.S. Moskvin,Phys Rev B 84, 075116 (2011)
2. A.S. MoskvinJ. Phys: Cond Matter 25, 085601 (2013)
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Influence of microstructure features on the mechanism
of high-coercive state in NdFe-B type permanent magnets

A.N. Urzhumtse¥?, V.E. Maltsevd, A.S. Volegov
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2POZ-Progress Ltd., 624092, Verkhnyaya Pyshma, Russia

Rareearth permanent magnets (PM) of-RelB type arenecessary for modern industry, in
particular for devices for electrical energy conversion. Their application is limited by the operating
temperature within 1584 in view of irreversible changes in their magnetic state. It is known that this
class of magnets is characterized by a change in their coercivity mechanism from nucleation to pinnin
as the temperature increases [1]. This paper shows that such variagoalscapossible at room
temperature, depending on the brand and microstructural featuhes dbss of PM.

For today, the study of the processes of remagnetization and formation of high coercivity in hard
magnetic materials as Nee-B and Sm(Co, Fe, Zr, Cuis based on the study of their microstructure
using SEM and PEM microscopy, micromagnetic modeling, and magnetic measurements. This pape
focuses on the interpretation of magnetic measurements with elements of structural analysis an
modeling.

The most common textured sintered PM grades of thE&8 type N35, N48 and N48SH based
on the NdFesB phase, provided by the enterprise PRdgress Ltd. were chosen for the study. Their
microstructure was studied using SEM and EDX analysis on a Tescan Mira3 LMU microscope.
Magnetic measurements were carried out on MPMS XL 7 measuring complexes ingheféelds
N7 Tesl a and Dy naTesarespdctivelyt Magnetizadion guedésiandi(H) from
the thermodemagnetized state, revmesimagnetic susceptibility curveXH) under an excitation
alternating magnetic field~ with an amplitude of 3.0e and a frequency of Hz, reversible
magnetization contribution curves { ;)(H), and partial hysteresis loops were obtained and analyzed.

Figure 1 shows reversible magnetic susceptibility cuefid3 in the DC magnetic field and in the
state of residual magnetizatiofH = 0), after switching off of DC field.
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Figurel. Dependences of reversible magnetic susceptibid) and magnetic susceptibility after
switching off of the fields(H = 0) of sintered microcrystalline material of N35, N48, N48SH
grades.

Reduction ofg(H) level practically to zero is a consequence of sample reaching technical
saturation. The figure shows that in the thermodemagnetized state, for all samples therezsra non
level of susceptibility in the residual magnetization stafild = 0), which is a consequence of
displacement of unfixed domain boundaries under the action of a weak AC magnetic field. This is alsc
observed for sintered magnet samples such as Sm(Co, Fe, Zrty@a)[2]. When approaching
saturations(H = 0) reaches atable level maintained by the effect of rotating magnetic moments due to
magnetic texture disorders. When N35 and N48 are demagnetized, there is a response from tt
displacement of loose domain walls, indicating the existence of manyenedgy pinningcenters,
which is practically not observed in N48SH. The analysis of the angular dependences of the coercivit
shows that the curves for N35 and N48 within the magnetostatic interactions approximation correspon
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to the pinning model [3]. In N48SH, the remagnetization of the grains is predominantly irreversible, and
the domain boundary passes through the entire grain volume almost without delay and is hard fixed c
its boundary, which corresponds to the represensbf the nucleation mechanism.

Figure 2 shows the curves of the reversible contribution to the magnetizatian)(H) obtained

during magnetization from the thermal demagnetized state and demagnetization from magneticall
saturation.
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Figure 2. Curves of the reversible contributiond €i;)(H) magnetization.

During magnetization from the thermodemagnetized state, all the samples in Rigsthg 2how
an increase inl(i 0r)(H), then a decrease. This is due to the process of leaving and fixing the domain
walls beyond the grain boundaries of the main phas€&lB. During demagnetization two situations
are possible: anomalous growthreduction of reversibility on((i Gr)(H). This behavior of the curves
(G7 G)(H) is indirectly related to the mechanism of the higlercivity state of this PM samples.

The paper shows that in PMs the presence of impurity phases based-earttaraetals oxides
both in the main phase bfk4sB of the magnet grains and in the intergranular boundaries, the basis of
which is the NdF&4 phase, leads to the difficulty of magnetization to saturation from the thermal
demagnetized state, while reducing the coerchdity

The paper analyzes the results based on magnetometric techniques by which the role of tf
nucleation and pinning mechanism in the remagnetization processes of a wide rangeedd bldss
PMs samples can be determined. The concept of thecbigfteivity sate mechanism for this hard
magnetic material is presented. In the study presents a method for obtaining and interpreting th
dependences of the rever si blidl)(H) andr an external fieldy t
which shows the influence dhe local demagnetizing fields of grains on their nearest neighbors, in
consequence of magnetostatic interactions. The results of this approach are consistent with the resu
for reversible mHAgd.etic susceptibility cf(

The results show that within the same class of permanent magnets, depending on thei
microstructure, both the nucleation mechanism and the pinning mechanism may prevail. The hypothes
is presented that the presence of oxygen in the main phase of PMsfgraia local pinning centers
and prevents easy magnetization, while the formation of oxides in the intergranular boundary phas
reduces the nucleation energy of the domain walls, which reduces the maximum coercive force by almo
30% and causes the predmance of the pinning mechanism over nucleation. It is shown that the
superposition of the remagnetization mechanisms leads to a violation of the monotonicity on the partic
hysteresis loops.

This work was financi al-F21018dupported by RSF

1. Y. Matsuura, NKitai, R. Ishii, et al, IMMM 398 246 (2016).
2. A.N.Urzhumtsev, V.EMaltseva, A.SVolegov,JMMM 551, 169143 (2022).
3. A.N.Urzhumtsev, V.EMaltseva, V.Yu.Yarkov, A.S.Volegov, Phys. Metals Metallogri23 1054 (2022).
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Piezocomposite manufacturing is one of the most promising technologies that leads to new
developments in different industrial fields. The materials produced find its application in medicine,
machinery, aerospace engineering, and electronic devices.

An exhaustive structural properties description is an important step of RnD process in materia
science. I n the case of piezocomposite compou
dielectric | oss t angent heé palameters dbf intecest.dThe iteratweé t
measurements under different external conditions lead to a data set formation. The latter is used to bui
a characteristic spectrum of the variables under consideration.

To fit the results and analyze a generalized structural response an approximation approaches &
often applied. One of the most widely used is Havrilldgami modelln comparison with analogues,
it combines simplicity, reliability and universality. It is applicable in different branches of science such
as chemistry, medicine, hydrodynamics, geophysics, genetics, magnetism and so on. However, this lea
to a disadvante of parametric description that requires lots of experiments and observations.

To solve this issue in the field of electrical conductivity, a particular solution was developed and

described in [#4]. The model obtained allows the complex tempera@guency response estimation
for different materials and formulates as follows:

el

A Dg, W 1
g =g +21—(1+(iwz;)1'a)" +e,"we+ie, ' we (1)
a :kE—TIn(QD) (2)

whereo* = oo+ i00i total complex permittivity U, andUp i real and imagery permittivity parts Gf
when¥Y D ;Upy Wi singular part responsible for conductivity valuéisy &)i additional partgmn=

osni 9p s N number of relaxation process= dpn1; U b= 17 Ui parameters of the temperature
frequency distribution of dielectric losses in piezocompogt€J01 , b® @y = U/t quality

factor measured at high frequencyY(D) . The system is completed
calculation formulated as:

0

Cﬁi‘)e —CC (3)

The system presented allows a high accuracy approximation of piezocomposite dielectric spectr:
It was applied to analyze the structural characteristics of afleadoolymefcontaining compound
(1-x)KNN-LTSN-xPVDF.

The results obtained are showrtled Figures1, 2. The data presented shows a good agreement
between experimental data and approximation curve. It demonstrates a great potential of the model
the field of piezoelectric materials description. The future research is concentrated-girttvo
measurment model that will allow significantly reduce the experimental costs.

95



10

107+

1.Y.l. Yurasov, A.V. Pavlenko, A.V. NazarenkBrogram for PC

3

mo
~~
)

2

tgd

80

120

ALl

40 40 80__ , 120
T.°C , C
Figurel. Temperaturdrequency dependencies for piezocomposit&x)KNN-LTSN-xPVDF  with
x =50mol.%.
B f, Hz
—— fitting by the formula (1) — — — — — —
expfgrieén/tzl point PVDF 50% tg d/ 10 102 104 106
&lgdo uv=120 ¢ o 10%4 PVDF 50% ,éngv@@mﬁ
10* S| v=120% @7
“ =§ fitting by the formula (1)
— 3 _ { — M (M)
5. 1074 experimental poin M'(f)
10 § e A M(M) —M(H)
g & V()
AL o M(f)
10°° 104
1Ji07

0

Figure2. Behavior of 0/0(f), tgii(f), oof) (@ andMafy, Maf}, MaNa )

xPVDF withx=50mo | .

%.

at

120AC.

6.
M' &0

(b) f

or

12

POAKEN-LG8Ns mp o s

This work was financially supported by the Ministry of Education and Science of the Russian
Federation SSC RAS (No. 12202010025412202010035%). On the equipment of the Central
Collective Use Center of the SSC RAS No. 501994.

2.Y.l. Yurasov, A.\V. Nazarenkdci South Russl4, 35 (2018).
3.Y.l. Yurasov, A.\V. Nazarenkdci South Russl5, 31 (2019).
4. A.V. Nazarenko, A.V. Pavlenko, Yu.l. Yurasal/,Adv. Dielectr. 12, 2160013 (2022).
5.Y.l. Yurasov, A.V. Nazarenkal. Adv. Dielectr. 10, 2060006 (2020).
6.Y.l. Yurasov, M.I. Tolstunov, A.V. Nazarenket al, J. Adv. Dielectr. 11, 2160015 (2021).

2019 620000 3 8

96



P14

Simulation of vacancy distribution in TiO2 nanodots
for memristive neuromorphic structure design

A.A. Avakyan', V.I. Avilov?, I.L. Jityaev?, V.A. Smirnov?2

'Southern Federal University, Institute of Nanotechnologies, Electronics and Electronic Equipment
Engineering, Research Laboratory Neuroelectronics and Memristive Nanomaterials (NEUROMENA Lab),
347922, Taganrog, Russia

izhityaev@sfedu.ru

2Southern Federal University, Institute of Nanotechnologies, Electronics and Electronic Equipment
Engineering, Department of Radioelectronics and Nanoelectronics, 347922, Taganrog, Russia

This work reporton thestudy of distribution processes of electric field strength and conductive
filaments in titanium oxide nanostructures (ONS) formed by the local anodic oxidation (LAO) method.
Modelsthat consider generation/recombination processes of oxygen vacancies and their migration unde
the action of an electric field in defeftee oxide structures.

Bottom electrode is a titanium film. The shape of the oxide nanostructure correspaAds to
technology.The microscope probe is the top electrode. Such a structure is most often used in practice i
local studies of nanoscale structures. The radius of the probe varied #inrh. A decrease in the
probe radius should contribute to an increase in the electric field strength at its tip and, accordingly, i
the oxide in the interelectrode gap. In turn, the electric field strength affects the value oéripe e
barrier, which must be overcome to activate the processes of vacancy generation in the oxid
nanostructure.

Figure 1a shows a general view of the model, where the probe (top electrode) is shown in pink
the oxide layer formed by the LAO is in yellow, the titanium layer (bottom electrode) is in violet, and
the vacuum medium is blue.

The study of memristor oxide structures using a probe is accompanied by its local insertion intc
the nearsurface region of the oxide. It follows from the simulation results (Hiythat this leads to the
appearance of two points in the probe/oxide contact zone with the maximum electric field strength
Increasing the probe tip radius makes it possible to localize the maximum points farther apart, but at tr
same time contributds the achievement of lower values of the electric field strength.

The oxide regions with the maximum electric field strength beamn&esvhere vacancies are
generated in the oxide. Figure 1c shows the resuttseedibrmation otonductivefilamentsin the ONS
with a roundingradius of the probe top of 50 nm. Areas with vacancies are shown in red; gradient
contour lines show areas with the highest concentration of vacancies.
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Studies have shown that the configuration of the probe affects the shape of the conductive
filaments in the interelectrode gap of the ONS. It was found that four types of conducting filaments car
form in the considered ONS during the generation and migraif vacancies: two unconnected
filaments; two filaments connected at intermediate positions between the electrodes but reaching tf
bottom electrode by two conductive filaments; two joined filaments and reaching the bottom electrode
with a single conduste filament; a single conducting filament in the entire interelectrode gap. The
simulation results make it possible to understand the processes of conductive filament formation in ON.
for the subsequent design of neuromorphic memristive devices.

The reported study was funded by the Russian Federation Government (Agreement-Ns. 075
20221123).

97



P15

Using Atomic-Force Microscope
for isolation a single upconversion luminescent nanoparticle

A.P. Chuklanoy N.I. Nurgazizov, E.OMityushkin, D.K. Zharkov, A.V. Leontiev, V.G. Nikiforov

Zavoisky Physical echnical Institute, FRC Kazan Scienti@enter, Russian Academy of Sciend26029
Kazan Russia
a.chuklanov@gmail.com

Luminescent nanoparticles with an upconversion type of excitation (when twenlergy IR
photons are absorbed and a visible spectrum photon is emitted) arie usaay areasn particular,
due to the unambiguous dependence between the intensity of luminescent lines on temperature, Su
nanoparticles can be used as ultrasensitive thermometers with high spatiateresolution[1]. If
UpconversionNanarticles (JCNP) are used as temperature sensiis,measurement occurs by
recording the ratio of lia intensities in the spectrum of rare earth ions, which isrtbeof thesimplest
and most accurate method for remote measure®aetof theproblemsof using UGNP in applications
is the strong variatiof size and shapbecause ofynthesis technology. This, in turn, leads to a
noticeable difference in the luminescence spectra and to difficulties in calibration. To solve the problen
described above, it is necessary to sel&iXP by size Therefore,n this work we propose the combined
use of atomic faze microscopy (AFM) and confocaptical microscopy(COM).

The synthesis of YVQUCNP doped with E¥* and YI3* was carried ouby hydrothermal method
[2]. PolishedSi and glasplateswith mechanically microscratch marks were used as the substrate. The
width of the microscratches was selected in such a way that they could be visbattzéd-M and
COM. Thus, it is possible to compare AFM a@6®M data To makemanipulationswith UCNP the
SolverBio (NT-MDT) AFM combined with a conventional optical microscopas usedN11-A AIBS
probes with hardness of 3 N/m and a resonant frequency of 6G/&slased.

The UCNP manipulation algorithm consisted of several stages: (i) finshpgropriateplace was
chosen in the SolveBio optical microscope (near the intersections of mankgoscratcheson
substrate), (i) an AFM image of the surface was recorded in thecamtaict mode with a large lateral
scanning field (Fig. 1a), (iii) a suitable object was selected (for example, 8djectFig. 1a), (iv) the
AFM was switched to contact mode and a series of scans were performed, the starting point, size at
direction of which were chosen in such a way that as a resultomgesired object remained in the
field under study and (v) the results obtained were controlled in thecgenaict modeThus,the one
UCNP wasisolated on the glass substralichas a polarizatiom luminescence spectrurthatis not
observed in spectia UCNPs ensemble.

Figurel. AFM images of surface wittJCNP: (a) initial image; (b) after clearingy AFM; (c) after
clearing zoom. Al is the region containinguitable objectA2 is a surface area with a
characteristic shape defect that remained unchanged in the process of manipulating (the loca
contrast of theé\2 area is increased for clarity)

The work support e20066). RSF (grant -~ 23

1. C. Zaldq Adv. Nanomat335(2018)
2.D.K. Zharkov, A.G. Shmelev, A.V. Leontyev, et bhser Phys. Lettl7, 075901 (2020)
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When a conducting contact is rubbed against the surface of a semiconductor substrate (withot
external el ectrical voltage) an -sabsteatetxrtiecr ncaulr rl
circuit [1]. This phenomenon is called triboelectric getion, which was previously demonstrated when
the probe is rubbed against the surface of Si [2], GaAs [3], InP [4], and other semiconductor materials
The mechanism of triboelectric generation in semiconductor materials is debatable, and possibl
explanaions include the tribovoltaic effect [5], tunneling of hot carriers through a natural surface oxide
[6], flexoelectricity [7], and other models.

For the practical application tiboelectric generators, it is necessary to maximize their efficiency
and achievable output power. One way to increase the output power is to increase the short circL
current. It has been shown in a number of works that an increase in the densityoef states leads to
a significant increase in the short circuit current [2]. il \llsemiconductors, the density of surface
states is several orders of magnitude higher than in Si, and high triboelectric current densities can
achieved during frictionThe purpose of this work was to study triboelectric generation during friction
of a conducting probe against a and rGaAs surface and to discuss possible mechanisms that
determine its efficiency.

The generation of a triboelectric current upon friction of a conducting probe against a GaAs surfac
with a natural oxide layer is studied. It is shown that the triboelectric current in GaAs is two orders of
magnitude higher than the current in Si, anddheent polarity is determined by the work function
difference between the probe and the GaAs surface. An increase in the triboelectric current in GaA
compared to Si is due to the high density of amphoteric surface states and the tunneling of etaatrons f
the probe to them during friction.

. R. Yang, R. Xu, W. Dotet al, Nano Energy33, 105849 (2021).

. S. Lin, R. Shen, T. Yaet al, Adv. Sci 6, 1901925 (2019).

. M. Wang, J. Yang, S. Liet al, Adv. Mater. Tech 8, 2200677 (2023).

. V.A. Sharov, P.A. Alekseev, B.R. Borodgt,al, ACS ApplEnergy Mater?2, 4395 (2019).
. Z. Zhang, D. Jiang, J. Zhaat,al, Adv. Energy Mater 10, 1903713 (2020).

. J. Liu, M. Miao, K. Jianget al, Nano Energy8, 320 (2018).

. K.P. Olson, C.A. Mizzi, L.D. Marks\lano Lett22, 3914 (2022).
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Molecular seassembly is the spontaneous arrangement of molecules into ordered structures
through norcovalent weak interactions. Short chain peptides (oligopeptides) have a number of
advantages, such as simple synthesis, a variety of properties, iglpp®f functionalization, and
high biocompatibility [1]. SeHassembly makes it possible to create nanomaterials based on
oligopeptides with a specific spatial structure. Depending on the chemical composition and externa
conditions, oligopeptides aeble to form nanofibers, nanorods, nanovesicles, nanotubes, etc. [2]. Such
structures are widely used in various fields, for example, in materials science, medicine, and energ)
Despite the fact that various studies of nanostructures based on oligapaptiderrently being carried
out, controlling the selassembly of oligopeptide molecules in thin films and predicting the surface
morphology and shape of the resulting crystals remains a difficult task.

In this work, we have proposed a method for obtaining amorphous films of the dipegitay+
L-phenylalanine (AléPhe) from solutions in methanol and hexafluoroisopropanol on the surface of a
silicon substrate. It is shown that the saturation of amorphalanyl -phenylalanine films with
methanol vapor results in the formation of miaaod nanosized structures on their surface. In this case,
the type of structure and its shape depend both on the solvent used to obtain the film and on the time
its interaction with methanol vapor. The possibility of atomic force microscopy for determining
amorphous and crystalline structures based on oligopeptides has been demonstrated.

The work was carried out within the framework of the state task of the Federal Research Cente
"Kazan Scientific Center of the Russian Academy of Sciences" (A.S. Morozova, E.O. Kudryavtseva,
A.A. Bukharaev), as well as at the expense of the strategicrazatkadership program of the Kazan
(Volga Region) Federal University (Ziganshina S.A., Ziganshin M.A.)

AFM measurements were performed on the equipment Solver P47 Pro of the Central Collective
Use Center of the Federal Research Center of the Kazan Science Center of the Russian Academy
Sciences.

1. S. Yang, M. Wang, T. Wangt al, Mater. Today Bio100644 (2023).
2. D. Mathur, H. Kaur, A. Dhalkt al, Computers in Biology and Medicid83 104391 (2021).
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Aluminum surfaces with superhydrophilic properties were produced by direct femtosecond laser
micro- andnanostructuring. The created surfaces demonstrate excellent drop spreading performance
room temperature. The obtained effects highlight the potential of femtosecond laser structuring ir
controlling the wettability of metal surfaces for various apploai

The surfaces of O-Bim-thick aluminum substrates were treated by ytterbium laser system
T-10W200K (OO0 Femtonika, Troitsk, Russia) with a wavelength of 1035 nm and a pulse duration of
240fs. The imaging of obtained surface structures was made by scanning electron microscop:
EVO LS 10 (Carl Zeiss). The surface wettability was characterized using the static contact angle. The
contact angle was measured by a drop shape analyzer DSA25S (KRUSS, Germany) using the sess
drop technique.

The superhydrophilicity of structured surfaces is determined not only by strong surface oxidation
after laser treatment, but also by a branched system of microcapillaries. The femtosecond laser treatme
of aluminum surfaces leads to formation of periodc&rochannels, the inner walls and outer edges of
which are decorated with irregular shapes with sizes from several nanometers to several micrometer
Thus, because of processing by laser radiation, a naananoscale hierarchical structure is cakate
on the surface of aluminum plates.

The developed surfaces were tested for wicking performance at room temperature. The tests shc
that the spreading is not uniform: in the direction of the microchannels, the water has spread much furth
and faster than in the perpendicular direction. Alteveral iterations, the average drop spreading
velocity decreased significantly. This effect was accompanied by an increase in the contact angle, whic
characterizes the surface transition from a hydrophilic state to a hydrophobic one.

The transition of lasestructured surfaces from a superhydrophilic to a hydrophobic and
superhydrophobic state can be attributed to several contributions: partial decomposition of oxides on tt
surface [1], formation of hydrophobic functional groups om dbrface [2], adsorption of hydrophobic
hydrocarbons from ambient air where processed samples are stored [3]. In addition, the very process
measuring the contact angle can also affect the properties of the surface, since when measuring t
contact ang, the interaction of the surface with water occurs, which can lead to an increase in some 0
the above effects.

1. F.M.Chang, S.LCheng, S.JHong,et al, Appl. Phys. Lett96, 114101(2010)
2. P.Bizi-bandoki, SValette, E. Audouard, SBenayounAppl. Surf. Sci273, 399(2013)
3. KM.T. Ahmmed, CGrambow, A:M. Kietzig, Micromachines, 1219(2014)

101



P19

Growth and characterization of physical properties
of photovoltaic (K,Ba)(Ni,Nb)Os single crystals
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The increasing demand of the society for energies free from fossil fuels has demanded thi
development of new sources of green energy. In this context, photovoltaic devices arkreowell
safety solution to convert solanergy into electricity. Concerning light absorber materiaftspélectric
oxides are promising candidates for substitutinrh&ied compounds in solanergy conversion devices
due to their relative low cost and the bulk photovoltaic effect instead of the classigaigtion.In this
work, (K,Na)(Nb,Ni)@ (KBNN) single crystal was grown by the Bridgm&itockbarger method and
their physical proprieties were characterized. Regarding the growth process, such as soaking tim
temperature gradient at thejlid-solid interface and crystal growth rates, were chosen based on the
thermal properties of the precursor oxides and theoretical heat transfer models proposed in the literatul
Structural, chemical, and optical properties of thegrasvn KBNN crystals wre characterized. The
results revealed a pure perovskite crystal structure and negligible compositional segregation. The optic
data showed a reshift of the absorption edge from the UV to the visible range due to the introduction
of the Ni element intthe ferroelectric host lattice.

1. 1. Grinberg, D.V. West, M. Torresgt al, Nature503 509 (2013).
2. R.C.Gennari, R. Lang, J.A. Eiras, M.H. Lenfie Amer. Ceram. Sot02, 3923 (2018)
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Characterization of singlewalled carbon nanotubes by Raman spectroscopy
E.A. Levkevich? R.M. Zakalyukif?

Shubnikov Institute of Crystallography, Federal S
Russian Academy of Sciences, 119333, Moscow, Russia
levkevich.k@crys.ras.ru
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Singlewalled carbon nanotubes (SWCNwWgre studied by Raman spectroscopy using a 3D
scanning laser Raman spectrometer Confotec NR500 using three lasers: gneen(53233eV), red
633nm (~1.96eV) and infrared 785m (~1.58eV).

Several characteristic features can be observed in the spectra ofwstigtk carbon nanotubes
(Fig. 1): firstorder phonon modeis RBM (radial breathing mode ~100300cm™) and G (graphene
mode ~15001 1600cm?), seconebrder phonon mode$ D (disorder induced mode ~13Q0
1350cm?), 2D (second harmonic of the D mode ~26@700cm™). As a rule, the G band is the most
intense in the spectrum; however, one can observe that as the laser energy decreases, the relative inter
of the RBM band incr&ses, and at 1.58/ it becomes maximally intense. The intensity of the D band
is about 5% of the intensity of the G band, which indicates the minimum number of defects in the sample

RBM G —— 785 nm
—— 633 NMm

—532 nm

2D

Relative intensity

|

0 500 1000 1500 2000 2500.
Raman shift, cnit

Figurel. Raman spectroscopy of singhkalled carbon nanotubes.

Of greater interest is a more thorough study of the RBM and G bands of the spectra. The forme
characterizethe distribution of SWCNT over diameters, while the latter characterize their electronic
state. For this purpose, these spectral regions were studied with another diffraction grating (1800/50
instead of 300/600). An analysis of the RBM peaks positiatisates that SWCNT with diameters from
1.3 to 1.7nm occur in the array of the studied nanotubes, with the predominant diameter being abou
1.5nm. As for the G bands, in the semiconducting resonance windown(dahd partially 638m)
thereare three components (G+ otds G- or Gro, Gezg). When metallic SWCNT are in resonance
(785nm and partially 638m) G band has another three components: G+&r& or Gro, Gewr. The
data obtained are consistent with the Kataura[f]ot

1. H. Katauraet al.,AlP Conference Proceeding86, 328 (1999).
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Graphite, thermally expended graphite (TEG), oxidated graphite (OG), graphenewsitgte
carbon nanotubes (SWCNWere studied by Raman spectroscopy (Fig. 1) using a 3D scanning laser
Raman spectrometer Confotec NR500 using green lasenb322.33eV).

All spectra contain characteristic features of carbon structures (Table 1):

G-band (graphite/graphene mode, ~1580'coharacterizes graphene/graphite in the plane of the
sp? vibrational mode and displays the degree of the material crystallization. Unlike graphene/graphite
the Gband of carbon nanotubes consists of several peaks due to twisting effects. Two main component
G+ (oscillations of atoms parallel to the nanotukis & LO phonon mode); &(oscillations of atoms
along the direction perpendicular to the nanotube axis tangentially to ité pladinon mode TO). At a
lase energy of ~2.38V SWCNTSs of the semiconductor type are excited.

D-band, secondrder mode (disordeénduced mode, ~1350 cHhreflects the degree of structural
disorder. The ratio of the Raman peaks intensities of the two bafid$ i3 used to calculate degree of
material disorder.

2 D (-b@nil,)secondrder mode (~2700 c® i second harmonic of the-Mode. As applied to
graphene, it is used to estimate the number of carbon layers if it is possible.

For SWCNT, due to their cylindrical geometric shape, there are features that are characteristit
only for this type of structure. RBMands, firstorder modes (radial breathing mode, ~12850 cm?)
correspond to radial vibrations of carbon atoms. It is possible to estimate the diameter distribution o
SWCNTs from the positions of the peaks. Positions of the most intense peaks indicate that SWCNT
with a diameter of 1.8 2.2 nm predominate in theray of the studied carbon nanotubes.

Tablel. Comparison of the main bands of the Raman spectra of the studied carbon materials.

Material D band, cnit G band, cm? o/l 2D band, cmt
graphite 1353.24 1581.19 0.081 2707.12
oG 1360.16 1580.63 0.013 2706.01
TEG 1350.67 1579.31 0.035 2706.17
graphene 1349.09 1577.90 0.044 2695.25
G+ 1588.10
SWCNT 1345.71 G- 1562 42 0.027 2670.61
532 nm G
graphene
— TEG
- | —o0G
5 graphite
c -
*qé SWCNT 2D
[ |
kS
(0]
[0
RBM
=i ;’«;’S'—;;)";\—(

500 1000 1500 2000 2500 3000
Raman Shift, cnit

Figurel. Raman spectroscopy of carbon materials.
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S.A. Melnikov, M.S. Kosobokov, L.V. Gimadeeva, D.K. Kuznetsov, V.Ya. Shur, D.O. Alikin

School of Natural Sciences and Mathematics, Ural Federal University, 620000, Ekaterinburg, Russia
mihail.kosobokov@urfu.ru

The determination of thaetomic force microscopy (AFM) cantilever stiffness is everyday routine
in the nanomechanical measurements and other techniques required quantification of the forces actil
on the probe. Typically, manufacture provides a range of the values for cantiiéfiwess, as the
technological process involved in probe fabrication introduces variability that affects the probe's
geometry, particularly its thickness. Therefore, it is often the user's responsibility to accurately calibrate
the probes. Over the laswWealecades, reputable metrological institutions have proposed several highly
accurate techniques for cantilever calibration, with an average error often below 3% [1,2]. However
many of these techniques present challenges in terms of implementation or exqueinsive external
equipment, which is often not accessible to the average user. Fortunately, there are simpler and mc
widely available calibration techniques: analytical calculation the stiffness based on dimensional
parameters or eigen frequenciesjaluation the stiffness from the parameters of the cantilever's
constrained vibration (known as the Sader method) [3], or determination the stiffness through the
measurement of thermal noise [4]. Another method involves performing quasistatic measuoéments
the cantilever stiffness by applying pressure against a reference cantilever with known parameters [5].

In this report, we compare the results obtained from these techniques with the measurement da
from a Doppler vibrometer, which is provided by the probe manufacturer. Furthermore, we verify these
results by conducting an-gtepth analysis of the cantilavstiffness using finite element simulations,
both in simplified and realistic geometries. We discovered that the values of cantilever stiffness obtaine
using the dimensional and dynamical methods require correction due to the distributed nature of th
probe. These methods, along with the advanced Doppler vibrobested method, provide cantilever
values that do not account for the stiffness of the probe. This omission can lead to significant errors i
the force measurements with loaded beam end. To sxithis issue, we propose a novel algorithm for
determining cantilever stiffness. This algorithm is based on finite element simulations of the probes ir
realistic geometries, and it optimizes the geometric parameters by fitting the cantilever eigen
frequerties. The values obtained through this approach demonstrate the closest agreement with tt
results of thermal noise measurements, which also consider the stiffness of the probe. Therefore,
combination of complimentary thermal noise measurements and HEMatons offers a robust
approach to calibrate cantilever stiffness and sensitivity and avoid direct contact with the surface, therek
preserving the probe's integrity and preventing deformation.

The research funding from the Ministry of Science and Higher Education of the Russian Federatior
(Ural Federal University Program of Development within the Prie2@@0 Program) is gratefully
acknowl edged. The equi pment Modéeéehe ©Naabt e€emhn
Federal University (Reg. no. 2968), which is supported by the Ministry of Science and Higher Educatior
RF (Project no. 0445-2021677), was used.

1. T.U.llmenau, P. Bundesanstaik|EKO 239 TC3, 13 TC5 4" TC22 Int. Conf.Helsinki, Finl. (2017).
2. R.S. Gates, J.R. Prattanotechnolog®7, 375702 (2012).
3. J.E. Sader, J.A. Sanelli, at, &ev. Sci. Instrun83, 103705 (2012)

4 . R. Pr ok s c h,., Ndnotéchnoldyt5h1344 {2@04), at al
5. R.S. Gated\l.G. ReitsmaRev. Sci. Instrun¥8, 086101 (2007)
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Morphological and functional changes inFexOs films
under a thermal treatment at different temperatures
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UFe0s (hematite) is the oldest known iron oxide and is widely distributed in rocks and soils. This
oxide has not only found wide applications in human life, but also are promising materials for such high
tech industries as microand optoelectronics, roboticg&omputer science [1], antiferromagnetic
spintronics [2]. The hematite phase has a corundum crystallographic structure [3] with a bulk lattice
constant of c=1.37489 nm. Hematite has unique magnetic properties: it is antiferromagnetic below th
Morin temperéure of 260 K and "weakly" ferromagnetic in the temperature range from 260 K to the
Nel temperature of 950 K, above which it is paramagnetic. Hematite is a centrally symmetric
antiferromagnet with an even principal axis of symmetry, in which the "weakhfiegnetism is due to
the symmetry of the magnetic sublattices [4] and the anisotropic superexchange interaction [5]. Th
main studies on the physical properties of hematite have been carried out on bulk materialaifchono
polycrystals). In recent yeareowever, modern applications of nanospintronics have mainly required
thin films and nanoheterostructures based on them.

The phase composition of hematidd-eOs thin films (100 nm) on -&l.03 substrates prepared
by magnetron sputtering followed by heat treatment in the temperature range-d1&33K in 50 K
steps was investigated.

Figurel. (a) Dependenceof the phase composition a}Fe0s films (100 nm) on the heat treatment
temperature, (b) Dependence of the lattice parameter frothRB£; phase on the heat treatment
temperature. Dotted line is the value of ¢ for the bulk single crystal [6].

According to the results of Xay diffraction analysis (Fig. 1a), it was found that the samples are
singlephase at the heat treatment temperatures up to 973 K. As the heat treatment temperature increa
from 1023 K to 1173 K, the Fe304 magnetite phasadditionally formed in the films. The lattice
parameter of thetFe203 phase for the films (Fig. 1b) has a lower value than for the bulk single crystal
and systematically decreases with insieg heat treatment temperature

This work was carried out within the framework of the stetsignment of the Ministry of Science
and Technology of the Russian Federation (subject "Function", state registration number
12202100003%).
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