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BBEAEHUE
OU3NUKA CETHETO2JIACTHUKOB B PA3BBUBUTHUU

CerHerosnacTuKu  ABJSIIOTCA ~ HamOoJiee  MHOTOYMCIEHHBIM  KJIACCOM
KPHUCTAJIJIOB, UCTBITHIBAIOIINX CTPYKTYpHBbIE (Pa3oBble MEPEXObl, U B TO K€ BpeMs
Hambosee yaoOHBIMU 00BEKTaMHU JUIsl MX U3ydeHus. bmaromapst cBouMm pusndeckum
CBOMCTBaM OHHU HAaxOJIAT Bce OOJbIIEe MPUMEHEHHE B COBPEMEHHOW SJICKTPOHHOU
TEXHUKE.

[Io 5TUM TpUYKMHAM UHTEpPEC K 3TUM MaTepHaliaM MpPOJI0JDKAET PacTH, YTO
HATJIAIHO JEMOHCTPUPYIOT PETYJSIPHO MPOBOAMMBIE KOH(PEPEHUIUH U CEMUHAPHI 1O
BOIpocaM (PU3HUKHU U MPAKTUYECKUX MPUMEHEHUN CETHETOAIACTUYECKUX KPUCTAILIOB.
Ouepennori 10(15) MexayHapoaHblii ceMuHap 1o ¢usuke ceraerodnactukon (ISFP-
10(15)) opranumsyercs  Jga0OpaTOpHel  CETHETOIIEKTPUKOB  BopoHekcKoro
roCy/1apCTBEHHOI'O0 TEXHUYECKOIO0 YHUBEPCUTETAa COBMECTHO ¢ HayuHbIM coBeTOM 1O
CErHETOAJIEKTPUKAaM U JAM3JIeKTpuKaMm Poccuiickoil akaaeMun HayK B ceHTs0pe 2022
roaa B r. BopoHexe.

OT0 yXe NATHAALATBIN 110 CYETY HAYUHbI CEMUHAp, MOCBALLEHHBIN podieme
CETrHETO3JIaCTUKOB. A mepBblii coctosuicst B Poccun, B r. bosoroe, B 1978 r. mo
nHunmaTtuse 1.¢.-M.H., mpodeccopa JI.A. lllyBanosa. Ero nienbto crana KoHCOIUAAIUS
VCWIMH  yYeHBIX, HAMNpPaBICHHBIX Ha  W3y4eHHWE  (PU3WYECKMX  CBOMCTB
CETHETORJIaCTHUECKUX KPHUCTAJUIOB, MX KPHUCTAJUIMUECKON CTPYKTYpPHI, MPOIECCOB
BBIpAIIMBaHUSI U BO3MOXHBIX NpuMeHeHuii. Cemunap B bosioroe u mocnemyromue 3a
HUM ceMuHapsbl (Boponex — 1982 r., XapskoB — 1985 r., lnenponerpoBck — 1988 1.,
VYxkropoa — 1991 r., Boponex — 1994 r., Kazaub — 1997 r., Boponex — 2000 r., 2003
r., 2006 r., 2009 r., 2012 r., 2015, 2018 r.) OBUTM MOCBSIIIEHB HAYYHBIM JTUCKYCCHUIM
1o HanboJsiee BaKHBIM aCTIEKTaM CETHETOAIACTUYHOCTH.

ISFP-10(15) — mepBoe HayyHOE MEPOIPHATHE B ITOM Psay, OPraHHU3yeMOe
nociie kopoHoBupycHoit nmangemun (COVID — 19). Cyns nmo mnpeacTaBiICHHBIM B
JaHHOM COOpHHKE Te3ucaM JOKJIaJ0B, MOXXHO KOHCTAaTUPOBaTh, 4YTO (U3MKA
CETHETODJIaCTHKOB, HECMOTpST Ha BCE W3BECTHBIC TPYAHOCTH, MPOJIOJIKAET
pa3BuBaThCs. BMecTe ¢ TeM, BEKTOp HayYHBIX H3bICKAHUN YUCHBIX ITOCTETICHHO MEHSET
HANpaBlIEHUE OT HCCIEIOBAaHUHN, TIOCBSAIIEHHBIX OOBEMHBIM KpHUCTAIaM, K
DKCIIEPUMCHTAJILHBIM M TEOPETUYECKUM padoTaM, CBS3aHHBIM C HW3YYCHHEM
(M3UYECKUX CBOMCTB CIA00YIOPSIOYCHHBIX (PEPPOUKOB U PA3THMUHBIX T€TEPOTESHHBIX
MaTepuajioB C MHUKpPO- U HAHOPAa3MEPHBIMH HEOJHOPOJHOCTSIMU, B TOM YHCIIEC
CBEPXPEIIETOK THUIA CETHETODIEKTPUK (CETHETORJIACTUK) — CETHETODIEKTPUK WU
CETHETORIEKTPUK (CETHETORIACTUK) — TUAIEKTPUK.

OcoOplii MHTEpEeC K MOAOOHBIM CTPYKTypaM CBS3aH C HUX HEOOBIYHBIMU
(M3UYECKUMHU CBOMCTBAMH U BO3MOKHOCTSIMU UX MPAKTUIECKOTO MUCTIOIB30BAHMUS.

Mbl  mpennmaraeM  YMTATENI0 O3HAKOMUTCS C HOBBIMH  pe3yJjbTaTaMu
WCCJIEIOBAaHHUI CETHETONIACTUKOB U CTPYKTYP Ha UX OCHOBE.
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JEB AJJEKCAH/IPOBUY LIIYBAJIOB 1 HOBBIE HAITPABJIEHUSI
B HEUTPOHHbBIX NCCJIEJOBAHUAX KPUCTAJIJIOB

A.B. benymkux
I-p duz.-mat.H., belushk@nf.jinr.ru
Jlaboparopus HerTponHoi puzuku um. U.M.Dpanka, OUAU, Jlyona
HUIL] «KypuaToBckuiit UHCTUTYT», MOCKBa
Kazanckuii ¢penepanpublil yauBepcuret, Kaszanb

JleB Anexcanaposud LllyBanos (15 Hoss6pst 1923 roga — 6 nekabps 2004 roma)
NPUHAAJICKUT K IUIEAE BBUIAIONIMXCS YYEHBIX HAIIel CTpaHbl, CHEIUAINCTOM B
obnactu kpuctamiorpaduu. Aprop 6osee 700 Hayunbix padot u 20 uzodbperenuii. I1o
€ro MHUIMATUBE W NPU aKTHBHOM JMYHOM YYacCTHUU MPOBEIEHBI OOLIMPHBIE IIUKJIIBI
MCCJIEIOBAHUM C UCIIOIb30BAHUEM PA3IMYHBIX METOJIMK PACCESIHUS HEUTPOHOB. B mnx
YUCJI€  YCTAHOBJEHUIO  OOIIMX  3aKOHOMEPHOCTEH  JIOMEHHOM  CTPYKTYpBI
CErHETOAJIEKTPUKOB M €€ BIMSAHUS Ha MaKpPOCKOIMYECKHUE CBOMCTBA TaKHX
KpUCTAUIOB. BaXHEWIIMM pe3ylbTaTOM CTalO0 OTKPBITUE M BCECTOPOHHEE
HCCJIEIOBAHME HOBOIO Kjacca KpPUCTALIOB C CYIEPUOHHOW IPOBOJUMOCTBIO
(cyneprnpoTOHHBIX IMPOBOJAHUKOB) — psifia CEMEICTB IMIETOYHBIX THMAPOCYIb(ATOB U
TUAPOCEJICHATOB, a TaKXE COCAMHEHWM C  KBa3WJIBYMEPHBIM IIPOTOHHBIM
CTEKJIONOI0OHBIM COCTOSIHUEM.

B noxiiane paccMOTpeHBI pe3yJibTaTbl HEUTPOHHBIX HUCCIEAOBAHUM JTOMEHHOMN
crpykrypel  KD,PO, (DKDP) u ee wu3MeHeHMid TOJ JCHCTBHEM BHEIIHETO
anekTpuueckoro nois. Hwke toukm ¢aszoBoro nepexona (T < T¢) B oTCyTCTBHE
anekTpuueckoro mnojsi B kpucrasie DKDP nHabntomaercss goMeHHas CTPYKTypa,
cocTosimas u3 AByx (Sa u Sp) koHbuUrypamuii, u He HaOmMogaeTcss P kondurypanus
nomeHoB. [Ipu nepenonsipuzanuu 0dpasia OT 0JJHOrO MOHOJIOMEHHOTO COCTOSIHUSA B
IPYroe KpUCTAUl MPOXOAUT CTAIUIO TMOJUJAOMEHHOIO COCTOSHUS. XapakTep H
MOCJIEIOBATEILHOCTh ~ 3TAllOB  Mpollecca MOJSAPU3alUd  MOTYT  CYIIECTBEHHO
pa3ianyaThCs U, B OOIIEM Cllydae, ONpPEIeNsIOTCs CTENEeHbI0 OJIM30CTH KpUcTaia K
UJCANTBHOMY.

Bropas gacte qoKi1a1a NOoCBANIEHA U3YYEHUIO MUKPOCKOIIMYECKOTO MEXaHU3Ma
au¢pdy3un  MPOTOHOB B HOBOM KJlacCe CYNEPHPOTOHHBIX IMPOBOJHUKOB C
BOJIOPOJHBIMU CBSI35IMHU, KOTOpbIE€ OBbLIM OTKPHITHI B sabopaTopuu JI.A.lllyBanosa B
Nucturyte kpuctramiorpaduu uMm. A.B.lllyOGnukoBa. PaccMOTpeHBI CTpYKTypHBIC
acnekTbl (ha30BOro IMepexoja B CYNEPIPOTOHHOE COCTOSIHUE, AHTapMOHHU3M
KOJIeOaHWIl MPOTOHOB HA BOAOPOIHBIX CBS3MX, T'€OMETPUYECKUE M BpPEMEHHbIC
XapaKTepUCTUKU Tpouecca nuddysun nporoHoB. Taxxke NpUBEACHBI PE3yIbTaThl
UCIIONIb30BaHUM  MeTrojga  oOpatHoro  Monrte-Kapno  anga  Busyanuzauuu
MEPKOJISIIIUOHHBIX KaHAJOB, MO KOTOPHIM MPOUCXOJUT TPAHCHOPT HPOTOHOB B
BBICOKOTIPOBO/IsIIEH (haze.
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FORWARD GROWTH OF FERROELECTRIC DOMAINS WITH CHARGED
DOMAIN WALLS. LOCAL SWITCHING ON NON-POLAR CUTS

V.Ya. Shur
Chief Researcher, vladimir.shur@urfu.ru
Ural Federal University, Ekaterinburg, Russia

The wedge-like domains with high ratio of length to width (up to 30) and charged domain
walls grew in polar direction during local switching on nonpolar cut by biased tip of scanning probe
microscope. The domain growth is caused by step generation under the action of the field appeared
in the vicinity of the tip and kink propagation in polar direction in the field produced by the
neighboring charged kinks.

Keywords: domain structure, polarization reversal, domain engineering, lithium niobate,
lithium tantalate, bulk screening process.

The domain growth under the action of biased tip has been studied in the
nonpolar cut single-domain samples of lithium niobate LiNbO3 and lithium tantalate
LiTaOs3 crystals. It was revealed that the experimentally observed domain length was
up to tens of microns whereas the computer simulation allow to show that the domain
width about 1 um is close to the size of the area in which the field produced by the
biased tip is above the threshold value. The explanation of this unexpected fact was
considered in terms of the kinetic approach based on analogy with crystal growth
controlled by appearance of nucleus of different dimensionalities. The domain wall
motion by step generation and propagation of the charged kinks was assumed. In this
case the step generation rate and kink motion velocity depend on the excess of the local
field polar component over the corresponding threshold values. It was proposed that
the local field consisted of the several inputs: the external field produced by a biased
tip, the depolarization field produced by charged kinks, and the screening fields.
According to the simulation of the field spatial distribution, the domain forward growth
Is caused by the step generation in the vicinity of the tip and the kink propagation in
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the depolarization field produced by the neighboring kinks. This mechanism allows
explaining the domain growth far from the tip in the area with negligible value of the
field produced by the tip.

It was shown that the switching by scanning with a biased SPM tip led to
formation of the self-assembled arrays of the wedge-like domains with the length
alternation. Three modes of the domain length alternation with various periodicity
coexisted in each array: doubling, quadrupling, and chaotic. The fractions of the
different modes in each array depended on the applied voltage. The statistical
characterization of the domain arrays by plotting of the return map proved the high
order of the studied domain arrays. The obtained formation of the self-assembled
domain arrays was considered in terms of the kinetic approach taking into account the
influence of the depolarization fields produced by three neighboring domains. The
screening retardation of the depolarization field leads to variation of the domain shape
after termination of the applied field.

The proposed mechanism can be applied for the tip-induced switching on the
polar cut of bulk samples. In this case, for forward domain growth it is enough to
generate the steps at the domain wall on the polar surface, whereas the domain
elongates by kink motion in the field produced by the charged kinks. The obtained
knowledge allows to explain the creation of periodical strip domain structures in bulk
crystals, which is very important for improving the domain wall engineering methods

in ferroelectric materials.

The equipment of the Ural Center for Shared Use “Modern nanotechnology” Ural Federal
University (Reg.Ne 2968) was used with the financial support of the Ministry of Science and Higher
Education of the Russian Federation (Project Ne 075-15-2021-677). The research was made possible
by Russian Science Foundation (grant 19-12-00210).
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FERROELASTICITY AND MULTIORDERED STATES
ON THE PYROCHLORE LATTICE

M.V. Talanov!, V.B. Shirokov?, V.M. Talanov®
1Senior researcher, mvtalanov@gmail.com
2Senior researcher, shirokov-vb@rambler.ru
3professor, valtalanov@mail.ru
IFSAEI HE “Southern federal university”
2FSBIS “Federal research centre the Southern scientific centre
of the Russian academy of sciences”
SFSAEI HE “South-Russian State Polytechnic University (NPI)”

The report presents the results of a theoretical study of the multiordered states in crystals with
pyrochlore sublattices. The order parameters responsible for atomic, orbital, and spin ordering are
established, and their relationships with the appearance of symmetry-induced properties:
ferroelasticity, ferroelectricity, and multiferroicity, are shown.

Key words: Pyrochlore, magnetostructural transformations, spin order, phase diagram, long-
range ordering, order parameter.
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Pyrochlore sublattice is an integral structural component of numerous families
of electronic and magnetic materials, including pyrochlores, spinels, and Laves phases
C15, which exhibit plethora of magnetic behavior and multiple functionalities. The
geometrical frustration inherent in the pyrochlore lattice leads to the formation of a
broad diversity of unconventional magnetic states with unique physical properties [1].
This report focuses on the symmetry-based concept of the Landau order parameter
(OP) for uniform description of the most common types of long-range ordered
magnetic structures (aristotypes) and related multi-ordered states derived from the
pyrochlore lattice [2]. Based on the combination of group-theoretical and
crystallographic approaches the symmetry hierarchy of the magnetic structures and the
corresponding OPs are established. The symmetry analysis reveals the role of the
secondary (improper) OPs in the magnetic structure formation and emergent
phenomena such as spin-driven ferroelasticity, ferroelectricity and orbital ordering.
Within the framework of Landau thermodynamics, possible phase diagrams including
multicritical points are determined. This study shows the potential of applying OP
concept in a wide range of tasks, from the construction of microscopic theories to the
search for new advanced magnetic and electronic materials.

The reported study was funded by Russian Science Foundation (RSF) research
projects no. 22-22-00183.
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THE SIZE EFFECTS IN A FIRST ORDER PHASE TRANSITION
AND THE RELAXOR BEHAVIOR OF NANOCOMPOSITE
FERROELECTRICS

V.N. Nechaev'and A.V. Shuba?
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2Cand. of phys.-math. sci, Assoc. prof., shandvit@rambler.ru
Military Educational and Scientific Centre
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The phase transitions features in a nanosized ferroelectric particles are discussed. Based on
piecewise parabolic approximation of the free energy the critical nucleus size in a sample with the
first order phase transition is estimated; the size of the ferroelectric particle is calculated, lower of
which a change in the mechanism of the phase transition is possible. The width of the temperature
hysteresis depended on the size of the ferroelectric particle is determined. The possibility of the
relaxor behavior of ferroelectric particles in a nanocomposite material is shown.

Keywords: first order phase transition, critical size nucleus, temperature hysteresis.

12


https://journals.aps.org/rmp/
mailto:wladnic@mail.ru
mailto:sitnikov04@mail.ru

The size effects in a case of the first order phase transitions (PT) are very diverse,
which are related with the appearance of a new parameter of a length dimension — the
critical nucleus size R¢. It is important to note that this parameter depends on
temperature. If the sample sizeR <R _, then the transition will occur according to the

cr
mechanism of sustainability loss, as in the case of the second order PT. Note that the
temperature of the spinodal decomposition Ts, as well as the temperature of the second
order PT, depends on the ferroelectric particle (FEP) size. If the sample is cooled below
the temperature PT To of the bulk crystal the inequality R<R, violates until the
temperature Ts, then at the temperature T, the first order PT occurs.

The value of R, is estimated for a ferroelectric sample of radius R with spherical
symmetry and free energy

Az2 PBgs Vgs, K 2
F=|| =P —-=P"+=P°+—(VP) |dV, 1
J(Z 4 +6 +2( )J @)

where « = ¢, (T —TC),,B,y are the expansion coefficient in series; x~a? is the correlating

constant, a is the lattice parameter; P =P(p)g is the polarization vector, € is the ort,

directed along the polar axis; V =4zR*/3 is the crystal volume. To linearize the
equilibrium equation with the retention of the free energy nonlinearity we approximate
the homogeneous part of the expression (1) by three parabolas, obtained by expanding
it into a series in polarization near the extremum points P, P3 up to second order terms:
F'(P)=aP?/2, |P|<R; F'(P)=F(R,)-a(P-P,)’ /2, B <|P|<P,;
F"(P)=F(R)+a,(P-R)* /2, |P|>P, with the preservation of the temperature
dependence of the extremums F(P,),F(P,) and the curvature a, of the parabola F"'(P)

of the primary expression (1). Stitching points of parabolas P, P, and curvature o, of

the energy barrier F(p,) we determine from the conditions of their conjugation
F'(R")=F"(R") and smooth stitching aF"(R,)/oP =aF " (R,)) /0P, F"(R,)=F"(P)).
The general solutions of the equilibrium equations for the approximated free energy
functional are three functions that depend on six integration constants, smoothly
stitched in a two unfixed points. Numerical determination of the listed parameters for
a BaTiOg crystal allows one to find the free energy F, and from the condition F(T)=0
to determine the critical size of the nucleus R, which is capable of further growth at a
given temperature (Fig. 1a). With a decrease in the sample radius R<67 nm, the PT
temperature T, defined as the sustainability loss point of the high-temperature phase
according to the first eigenvalue of the boundary value problem
KAP+0, (T, ~T,)P=0; P(R)=0, is decreasing and the temperature hysteresis width

AT =T_—T, is increasing (Fig.1b,T = °/(4a,y)~399.2K).
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From Fig. la shows that in the case R=R, at the sample radius
R =167a~67nm its temperature T, of the first order PT reaches the hysteresis lower

bound T¢=393 K, and at smaller sample sizes the transition to the ferroelectric phase
take place according to the second order PT mechanism. This fact corresponds to the
experimentally observed change in the PT mechanism in NaNO; particles with radius
R=25 nm, embedded in a porous glass matrix [2].

In composite materials, where one of the components is FEPs, one more size
effect is possible, which is significant for applications. If Ts<T,<T,, then in the
temperature interval (Tp, To) the most of FEPs will be in the ferroelectric state, which
Is not thermodynamically stable. Such states are easily controlled by weak external
influences, which is typical for the relaxor ferroelectrics.
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LINKS BETWEEN NON-180° DOMAIN AND HETEROPHASE
STRUCTURES IN FERROELECTRIC SOLID SOLUTIONS: FROM STRESS
RELIEF TO PHASE CONTENTS

V. Yu. Topolov
Professor, vutopolov@sfedu.ru
Department of Physics, Southern Federal University, 344090 Rostov-on-Don, Russia

Perovskite-type ferroelectric solid solutions are systems that undergo various
structural phase transitions (mainly the first-order phase transitions) and have
complicated non-180° domain (or twin) and heterophase structures that influence their
physical properties, phase contents [1] etc. As is known, jumps of the spontaneous
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polarisation and unit-cell parameters at the first-order phase transition lead to internal
mechanical stress fields, and conditions for stress relief are of importance at forming
the physical properties and their further evolution in wide temperature and molar-
concentration ranges. The present review report is concerned with non-180° domain
and heterophase structures in some perovskite-type ferroelectric solid solutions, with
an influence of these structures on the phase contents.

The crystallographic algorithm and matrix approach developed in Ref. 1 enable
us to interpret experimental data on the heterophase states and phase contents in terms
of unit-cell distortions in the coexisting phases, by taking into account plausible non-
180° domain orientations therein. Orientations of planar stress-free interfaces between
the polydomain (twinned) phases at their elastic matching are consistent with
conditions for the complete stress relief at every interface, e,g, at a non-charged domain
wall, domain boundary and interphase boundary [1, 2].

In our study, lead-containing ferroelectric solid solutions (group 1) and lead-free
ferroelectric solid solutions (group 2) are analysed. Typical representatives of these
materials with the perovskite-type structure are
Pb(Zri«Tix)Ozand (1 — y)Pb(A13Nb23)O3 — yPbTiOs, where A = Mg or Zn (group 1),
and (1 — w)(NayBiip)TiO; — wBaTiOs, (BagssCaois)(Tio.90Zr0.10)03 and Ba(Tis-
:M;)TiO3, where M = Ce, Hf, Sn, or Zr (group 2).

The complete stress relief at interfaces is achieved in the overwhelming majority
of the studied heterophase strictures of ferroelectric solid solutions. Reasons for the
incomplete stress relief are analysed for specific cases of the phase coexistence and
related non-180° domain structures in the adjacent ferroelectric phases. Hereby the role
of specific domain orientations and an anisotropy of spontatenous unit-cell strains (or
distortions) in the stress relief at the phase cexistence is analysed. Examples of
heterophase structures with intermediate monoclinic phases near morphotropic phase
boundaries are considered. Of independent interest is a comparison of the two- and
three-phase states in some lead-free ferroelectric solid solutions by taking into account
a restricted number of the non-180° domain types and stress-relief conditions in
different two- or three-phase regions [2].

Results on the non-180° domain and heterophase structures, and phase contents
are compared to available experimental data on ferroelectric solid solutions from the
groups 1 and 2, and agreement between calculations and experimental results is
observed.
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PAMAHOBCKOE PACCESAHUE CBETA B PEJJAKCOPHOM
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B pabote npezacrasieHsl pe3yabTaThl UCCIEIOBAHUS AMHAMUKN KPUCTAIUIMUECKON PelETKN
penakcopHoro cerHerodsnekrpuka PhMg1zND2303 ¢ moMolpio paMaHOBCKOTO paccesiHus CBETa B
IIMPOKOM TeMIIepaTypHOM HHTepBasie. Haliromaemple aHOMaanM B TEMIIEPATypPHOM IOBEICHHUU
(OHOHHOM TOJCUCTEMBI M PENAKCAMOHHOW MOJBl OOCYXJAIOTCSI B paMKaX COBPEMEHHBIX
npeacTaBIeHUN (U3NKH KOHJICHCUPOBAHHBIX CPE/I.

KitoueBble c0Ba: PpPENAaKCOPHBIE CETHETORJIEKTPUKU, PAaMaHOBCKOE pACCESIHUE CBETa,
(OHOHBI, MATKasI MOJIa, KBa3UYTPYTOE PACCESTHUE CBETA.

KyOuueckue penakCOpHbIE CETHETOANEKTPUKU 00pa3yloT OOMIMPHYIO TPYIITY
KpUCTAJUIOB C aHOMAJIbHBIM TOBEJACHHUEM MHOTUX (PU3NYECKHUX CBOWMCTB, KOTOPBIE
HaOMIOAAIOTCA B OKPECTHOCTU IIMPOKOIO, YACTOTHO-3aBUCHMOIO MaKCUMyMa
TUAJIEKTPUYECKOr0 OTKIMKA. OTPOMHBIE 3HAUYEHUS Tb€300TKINKA U TUAIEKTPUIECKOM
IIPOHHUIIAEMOCTH B 3THX COEIMHEHHUAX JEJAI0T UX WHTEPECHBIMH KaHIWJIATaMU JUIS
IIPUMEHEHUN B NPOMBIIIJIEHHOCTH. MeEXaHu3Mbl BO3HUKHOBEHHs JITHX CBOMCTB
ABJISIFOTCSI IPEAMETOM IrOpSYMX JUCKYCCUH B JIMTEPATypE Ha MPOTSHKEHUH MHOTHX JIET.
Kpucramaer PbMQ1sNby303 (PMN)  sgBisitoTcss  MOJCIBHBIM — OOBEKTOM  IIPH
UCCJIEJOBAaHUM JUHAMUKH PELIETKU PEIaKCOPHBIX CETHETORIEKTPUKOB (PEIaKCOpOB).
CuMMeTpHst KpUcTajula OCcTaeTcs KyOM4ecKol BILIOThH JI0 FEeIUEBBIX TEMIEpaTyp, Ipu
3TOM UIMPOKHM MAKCUMYM AMAJIEKTPUYECKOW MNPOHUIAEMOCTH HaOMIOAaeTcsl B
okpecTtHOCTH T~ 270 K. Tlouck u aHanuM3 MSATKUX MOJ B KOJIEOATETLHOM CIEKTpPE
PMN mnponpomxkancs mHoro netr [cMm. ccbuiku B 1, 2]. IlomyudeHHble pe3ynbTaThl
DKCIIEPUMEHTOB 1O paccesHuro HeuTpoHoB, WK cnekrpockonuu, rumep-
PaMaHOBCKOMY M PamMaHOBCKOMY PAacCCESHUIO HE BCEr/la COTJIACOBBIBAIMCH MEXKIY
co0oii. MHorouucnennsle uccinenoBanus PMN mokaszanu, 4to KIHOYEBYHO pojib B
BO3HMKHOBEHUM AHOMAJUN B MOBEACHUM (PU3UUYECKUX CBOMCTB MIPAIOT MOJSPHBIC
HaHO00J1aCTH, BO3HUKAIOIIME B OKpecTHOCTH TemmepaTypbl bepuca (Tq =~ 640 K) [1].
B aunamuke pemetkn PMN BblIensiioT emie OAHY XapakTEpHYIO TeMIepaTypy
T = 400 K, mpu koTOpoii MHOTHE (PU3UUYECKUE CBOMCTBA UCIIBITHIBAIOT aHOMAJINH, HO
MIPUPOJA 3TUX AHOMAJIUIA OCTAETCSI HESICHOM.
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B HacTosiiiem foknazie npecTaBieHbl Pe3ysbTaThl UCCIIEOBAaHUN TUHAMUKHU
pemretkn kpuctamia POMgasNb2s03 (PMN) ¢ momoripio paMaHOBCKOTO pacCestHHSI
cBeTa B IHUpoKoM puamasone temmeparyp (80 —1150 K). B monspu3oBaHHBIX
CIIEKTPax paccesiHUs CBETa AaHATU3UPOBAJIOCH TOBEIEHNE OCHOBHBIX (DOHOHHBIX MO U
KBa3UWyNpyroro paccessHusi cBeta. I[locTpoeHbl TeMIiepaTypHble 3aBUCHMOCTHU
WHTEHCUBHOCTH, YaCTOTHI U MUPHUHBI (HOHOHHBIX MOJI, MHTETPATbHON HHTCHCHBHOCTH
U mupuHbl Ha monyBbicoTe (I') MONAPU30BAHHBIX KOMIIOHEHT KBa3HYIPYTOro
paccesausi cBera (QELS). Ilokazano, uro B okpectHoctu 950 K nHabmomaercs
oOpaTUMO€ HMCYE3HOBEHHWE pPAMAHOBCKUX CIEKTPOB TIEpBOr0  MOpSAKa U
kBaszuynpyroro paccesuus. Oxnaxaenne PMN He TpUBOIUT K OSIBJICHUIO aHOMAHIMA
YacTOThl W TOJYIIMPHUHBI (DOHOHHBIX MOJ B OKPECTHOCTH Temmeparypbl bepHca.
OOHapyX)eHO CMATYeHUE HU3KOJIESXKAIUX MOJ] (CM. pUC.), U UX BOCCTAHOBJICHUE NPHU
T < 350 K. ConocTaBiieHue MoayuyeHHBIX PE3yJIbTaTOB MTOKA3aJI0 XOPOIIee COTIacue ¢
JUTEpPaTypHbIMM  JaHHbIMM 10 HeWtpoHHod, MWK wm rumnep-pamanoBckon
CHEKTPOCKONHUsIM. B TeMriepaTypHOM MOBEACHHM KBa3HyIPYroro paccesHUsl CBETa
ocoOble Toukd B auHamuke pemetku PMN mposiBiasiorcss B Buae aHOMalvii B
MOBE/ICHUH MIMPUHBI U UHTETPAIIbHON NMHTEHCUBHOCTH COOTBETCTBYIOIUX KOMIIOHEHT
QELS. Ananu3 TemnepaTypHBIX 3aBHCUMOCTEH BpEMEH pellakcalliii, TOTyYeHHBIX U3
noBenenus [(7) xommonenT QELS mo3Bonmn ompenenuTs 3HAYEHHS DHEPTHiA
aKkTuUBalMu. PaccMarpuBanuch pa3inMyHble MEXaHU3MBI PETAKCAIIHOHHBIX MPOIECCOB
B PMN u ux Bk1aj B moBeJIcHUE KBa3UYTPYTroro paccesiHus CBeTa.
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SHIFT OF COIL-GLOBULE TRANSITION IN POROUS POLYMER FILMS
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The universal state equation for the swelling ratio of porous polypropylene films in various
electrolyte solvents has been derived. In the frame of “beads on a string” model of Gaussian subchains,
the reduced parameters of this equation have been: the volume of the “bead (v) and the critical value of
the Flory-Huggins interaction parameter ¥, , at which #-conditions are realized. It was shown that for the

correspondence with experimental data on measuring the thickness of these films, it is necessary to shift
“coil-globule” transition point (6- point) to higher values of Flory-Huggins parameter.

Key words: 2-nd virial approximation, polymer films, porous separator swelling ratio, coil-globule
transition, lithium-ion batteries

It is kwon, that in low-dimensional [1] or limited [2] conditions, physical
systems manifest unusual properties comparatively to bulk,three-dimensional ones.
The mechanical stability of inactive polymer components may play an important role
in the long term performance of different devices [3], e.g. porous separators in lithium-
ion batteries (LIB). The authors [4, 5] showed by experimental measurements that the
decrease in the elastic modulus of the polypropylene (PP) separator could be due to its
swelling in solvents. They explained results based on analysis of the Flory-Huggins
interaction parameter of the polymer with the solvent.

The simplest physics-based model for swelling of non-porous polymers induced
by solvents, is the “beads on a string” model of Gaussian subchains [2], which can be
described by Flory equation for the swelling ratio of the chains o. However, for porous
polymers in solvents, it is preferable to use the state equation

a®-a =3v(1l — 1)VN /4ma3, (1)
where v is own volume of the bead, a is the root-mean-square distance between
adjacent beads, N is the number of strings (subchains).

The effects of bulk interactions in swollen polymer films in solvents are
described by the reduced Flory-Huggins interaction parameter  =y/yo. The value ye
corresponds to a @-solvent in that polymer chains are in no swollen state, and there is
known phase “coil-globule” transition [2]. At =1 (% = %e), EQ. 1 gives a trivial solution
of a=1, i.e no swelling. Polymer chains in good solvents (t >1) are swollen Gaussian
coils (@ > 1). The case (1 >1) corresponds to poor solvents, where polymer chains are
in globular state (a < 1).

In Flory theory, the value ye = 0.5. However, the experimental data [4, 5] show
that the value a = 1 corresponds to a different, noticeably higher value of the parameter
. Since Eq. 1 captures the physics of polymer swelling, we assume that Eq. 1 is still
applicable to the porous films considered here, but the value of the Flory-Huggins
parameter is shifted by a constanty, . Then, we can rewrite Eq. 1 as
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a’ —a=9(1- 1), (2)
where © =y/ 7o, U =3vVN /4ma® is renormalized volume of a bead, ¥, = 0.5 + ¥,.
Figure shows the left hand side of Eq. 2, i.e. the function «°-a, calculated
based on the experimental measurements of the film thickness d [4, 5], as a function of
the Flory-Huggins parameter y. The solid line represents the linear fit, which includes
all the data points except for the two solvents: cyclohexane and cyclopentane.
Immersion of polymer separators in all solvents, except those two, did not cause
irreversible changes in polymer samples elasticity. These two solvents, however, not
only showed the maximum swelling, but also partially dissolved the polymer, so that
after removing the solvent and drying, the initial Young’s moduli of the films were not
recovered [4, 5].
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Figure. The dependence f(a) = a® — a (*) calculated from the experimental swelling data [4,5] on
the Flory-Huggins parameter for the PP-solvents. The solid line represents the linear fit (excluding
cyclohexane and cyclopentane); horizontal dashed line shows the corresponds toa = 1, i.e. the dry film;
the vertical dashed line corresponds to the ®-point (Y,= 2.32)

The linear fit shown in Fig.1 provides the two dimensionless parameters of Eq.
2: =0.032 u j}, =2.32. The latter gives the shift of the @-point to higher values of

Flory-Huggins parameter. We attribute this constant shift to the porosity of the polymer
film.
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TEMPERATURES OF PEROVSKITES DIFFERENT PHASE TRANSITIONS
DEPENDING ON THEIR INTERATOMIC BOND STRAINS
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The perovskite structure binary oxides ABOs, possessing the consecutive different phase
transitions (PTs): ferro- (FE) or antiferroelectric (AFE) ones at Curie temperature Tc and at Neel
temperatures - different magnetic PTs, and fluorides ABFs with different rotational PTs are
considered. Some correlations between their interatomic bond strains in their structure, on the one
hand, and temperatures of their different PTs have constructed. They showed dependences of different
PT’s temperatures on this elastic structure characteristics value.

Key words: perovskite structure, phase transition, ferroelectrics, antiferroelectrics,
multiferroics, Curie temperature, Neel temperature.

Perovskite structure binary oxides ABOs, possessing the consecutive different
phase transitions (PTs): ferro- (FE) or antiferroelectric (AFE) at Curie temperature T¢
and at Neel temperature Ty - ferro- (FM) or antiferromagnetic (AFM), and fluorides
ABF; with different rotational PTs: ¢- or y-type. Oxides with magnetic properties can
be named multiferroics (MFs), and they have in their composition the so-called
"magnetic" atoms: Fe'"', Co"', Ni'"" or Mn"".

We would like to find out whether the cooperative properties and Ty of the
multiferroics under consideration are influenced by their structural features and, if so,
which ones and how. Temperatures Tc and 7y are important characteristics for a
multiferroics: the higher they are, the more functional it can be, but the value of T¢-Ty
difference is equally important. The smaller it is the better. Many works have been
devoted to attempts to bring these temperatures closer by technological sophistications
for the corresponding multiferroics practical use, but attempts to systematize and
analyze the data of experimental studies of various properties of known multiferroics,
including Tc and Ty values, in particular, by crystallochemical methods, have not
received sufficient attention. For this purpose, the possible correlations between their
temperatures 7c and Ty, on the one hand, and interatomic bonds A-O or B-O strains in
their perovskite cells, on the other hand, are revealed. The interatomic bond A-O and
B-O strains are determined from quasielastic model of perovskite structure [1].

The goal is to find out to what extent the areas of change in their interatomic
bonds A-O strains, 8,¢, are separated from each other together with their different
nature PT's temperatures, or how much they overlap with each other by constructing
these areas using the calculated values of &,5. Previously, we studied all of these
characteristics for different perovskite categories or separately, or together. It was
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noticed that ternary MFs with FE PTs occupy the §,¢ intervals: §,0= 0.1...1.4%,
where Tc = 203...385, and Ty = 11...213 K, that are less than those observed for the
binary MFs with FE PTs: 640 = 1.1...4.4%, where 7c =200... 1100 K and Ty =4.2 ...
643K (Fig. 1). For example, the PTs temperature variation areas of classical binary
ferroelectric and antiferroelectrics with their interatomic A-O bond strains change are
clearly separated from each other, in contrast to MFs with FE and AFE PTs areas,
which intersect with each other partially, as well as with the classical AFE oxides area.
In these cases, the intervals of differences 7¢-7Tn in the same §4¢ intervals are as
follows: for ternary MFs Tc-Ty =50 ... 214 K, and for binary MFs it is much wider: 43
... 452 K. However, binary MFs with AFE PTs area is clearly separated from classical
FE and AFE oxides areas (See Fig. 1), what can not be said about magnrtic PTs.
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Figure 1. FE (triangles for classical ferroelectrics or ones inserted into rhombuses for MFs), AFE
(squares for classical antiferroelectrics or ones inserted into rhombuses for MFs), FM (circles),
AFM (rhombuses) PTs temperatures vs. interatomic bond A-O strains for binary perovskite oxides
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Figure 2. Rotational PTs: @-type (circles) and y -type (triangles) temperatures vs. interatomic bond
A-O strains for binary perovskite oxides and fluorides and also dependences of FE PTs temperatures
from Fig.1 (solid line on left) and AFE PTs (solid line on right) on interatomic bond A-O strains
are shown for comparison
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Constructed correlations show that the temperatures Tc [2] and Ty [3] depend on
the corresponding a0 both for binary and ternary oxides by a certain way for most of
the considered perovskite oxides. Similar dependences (Fig. 2) on the interatomic bond
A-O strains are observed also for the rotational PTs temperatures of some oxides and
fluorides. Change T or Ty rectangular areas were shown with o0 change (See Fig. 1).
They have shown how far or close T¢ and Ty change areas are there from each other in

the correlation field for considered binary oxides.

The study was financially supported by the Ministry of Science and Higher Education of the
Russian Federation [State task in the field of scientific activity, scientific project No. 0852-2020-0032
(BAS0110/20-3-08IF)].
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I'MI'AHTCKASA CITIOHTAHHAA ITIOJAPU3ALUA B IBYOCHO
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C momomipi0 pacueToB U3 MEPBBIX MPUHIMIIOB U3YUYEHO BIMSHUE ABYOCHOM JedopMariuu Ha
KPUCTAJUTHIECKYIO CTPYKTYpY coenuHerns CSSnBrs co cTtpykTypoit neposckuta. [lokazaHo, 4to npu
JBYOCHOM PpACTSDKEHUM KpHCTaljla B e€ro ()OHOHHOM CIHEKTpe IOsBIsETCS HeycToiunBas
CETHETORJIEKTpUYeCcKasi MoJa, MPHUBOJAIMAs K (a3oBOMy Iepexony B MOMspHYO (azy Pmn2;.
Pacuets! pu3nueckux cBONCTB HaiIeHHOH (ha3bl HAXOJAT B HEH HEOOBIYHO BBICOKYIO CIIOHTaHHYIO
nonspu3anuio, gocturaromyio 0.917 Kn/m? npu nedopmarmu B 3%.

KnroueBble ciioBa: CErHETO3JEKTPUYECTBO, CIIOHTAHHAS MOJIApH3alMs, JAedopMaliOHHbIE
3¢ (}eKThl, pacueThbl U3 NEPBHIX MPUHIUIIOB.

["amoreHuaHbIC MEPOBCKUTHI ¢ 00mIeH Gopmyioit ABX; (A = Cs; B = Ge, Sn, Pb;
X = CI, Br, I) B HacTosmee BpeMs SBISAIOTCS OJHUM M3 HauOoJiee WHTCHCHBHO
HCCIIeTyEeMbIX KJIACCOB MAaTEPHUAJIOB B CBSA3U C OOHAPYXKEHUEM y HUX YHHKaJIbHBIX
(hU3UYECKUX CBOMCTB, MEPCIICKTUBHBIX IS CO3JaHUs ONTO3JISKTPOHHBIX TPHOOPOB H
peoOpa3oBaHms COMHEUHON 3HEprur. OCOOEHHOCTBIO 3THUX MaTEPHAJIOB SBJISIOTCS
MPOUCXOMSINNE BO MHOTUX W3 HHUX CTPYKTYpHbie, B TOM 4YHCJIE U
CETHETORJICKTpUUECKUe, (a3oBbie TEpPeXOAbl, XapaKTepHbIE I CTPYKTYpPHI
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nepoBckuta. [Ipu HopMansHoM nasienuu U 300 K cerneroanekTpuyeckre cBOMCTBA
HAOJTI0IAI0TCS TOJBKO B coeauHeHnsx CsGeXs [1,2].

3amauyei, MOCTaBJIEHHOM TMepe] HacTroswmed paboTod, ObUIO H3yYeHHE
BO3MOXXKHOCTH pacCIHIMPEHHUs] Kjacca CErHETORJIEKTPUKOB CpPEOu TajOreHHIHBIX
MEPOBCKUTOB 32 CUET HCIOJIb30BaHUA Je(hOpMalMOHHBIX 3(P(GEKTOB IS
WHAYLUUPOBAHUS CETHETORJIEKTPHUUECTBA B COCAUHEHMSIX, KOTOPbIE B HOPMAaJIbHBIX
YCIIOBUSIX HE SIBISAIOTCA MOJSApHBIMU. OCHOBaHHMEM [JIsi 3TOTO SIBJISIETCS TO, YTO
nedopmarus 0-pa3HOMY BITUSICT Ha CErHETOAIEKTPUUECKYIO u
aHTU(hEpPPOJUCTOPCUOHHYIO  HeycToMuMBOCTh B Kpuctamiax. C  addexkramu
nedopmaliviv, Mo-BUIUMOMY, CBA3aHO TOSIBJICHHE CETHETOAIEKTPUUECTBA B MaKETaxX
HAHOIUIACTMHOK M KBaHTOBBIX Toukax CSPbBr; [3,4]. B kauectBe 0OBeKTa IS
JeTaJbHbIX MCCIIEI0BaHUM B HacTOsIIIeH paboTe OblT BeIOpaH kpuctayn CsSnBrs.

Kpucrannnueckas CTPYKTYpa, (dboHOHHBIE CHEKTPHI Pa3IUYHBIX
HU3KOCHUMMETPHUYHBIX (Da3 U uX (PU3MUecKre CBOWCTBA PACCUMTHIBAIUCH U3 MEPBBIX
MPUHIUIIOB METOJIOM (PYyHKLIHOHANA IUIOTHOCTU ¢ momounpto nporpammbel ABINIT.
Jliss yMEHBIICHHUS CHCTEMaTHYECKHX OIMMOOK B pacuerax MmapaMeTpOB PEIICTKH U
CBSI3aHHBIX C MOCTIECAHIUMH buznyecKkux CBOWCTB MCTIOJIb30BAJIHCh
TMICEBIOTIOTEHIIMUAITBI, TOCTPOSHHBIE 110 cxeme PBESOI.

Pacuetsl ¢oHOHHOTO crmekTpa JIsi BBICOKOTeMIlepaTypHou ¢azer Pm3m B
CsSnBr; oOHapyXHBarOT B HEM KJIACCHYECKYI0 aHTH(EPPOIUCTOPCHOHHYIO
HeycTolunBocTh B Toukax M wu R Ha rpanumax 30Hbl  Bpumosna.
CerHeTodyieKTpUYECKOM HEYCTOMYMBOCTH MPU HOpMaJIbHOM JaBiieHuu B CSSNBr; He
Ha0JII01aeTCsl, XOTS AUDJIEKTPUUECKast TIOCTOSIHHAS OKAa3bIBAETCS IOCTATOYHO BHICOKOM
(€ = 65). Cpeau BO3MOXKHBIX (Da3, KOTOPBIC MMOJYYAIOTCS NMPH UCKAKCHUN KyOUIeCcKOn
CTPYKTYpbl B COOTBETCTBUM C HaWJEHHBIMU COOCTBEHHBIMH BEKTOpaMHU
HEYCTOWYUBHIX (DOHOHOB, (Ha30if ¢ HAMMEHBIIIEH YHEPTUEH OKA3bIBACTCS HEMOJISIpHAs
¢daza PNnma, 4yTo MOJHOCTBIO COOTBETCTBYET SKCIIEPUMEHTY. PacueTHble mapameTpbl
pemetku 5Toit dasel (a=8.221, b =11.520, ¢ =7.955 A) mennoxo cornacyrorcs ¢
SKCIIEepUMEHTaIbHBIMU JaHHbIMHU (A = 8.197, b = 11.583, ¢ = 8.024 A).

JUIs MHOYyIUMPOBAHMSI CETHETOXJIEKTPUYECKOM HEYCTOMYMBOCTH KyOuyeckas
cTpyktypa CsSnBr; moasepranack AByocHoU aedopmarmn. PacTsokeHne CTpyKTyphI B
IUIOCKOCTH TPHUBOAMIO K OBICTPOMY BO3pACTaHUIO 3HAYEHUH TUAIICKTPUUIECKOU
IIPOHULIAEMOCTH Exx U €yy, a IpH AepopManuu B 1.5% (npu gaBieHnu okoso 8.5 k0ap)
B (poHOHHOM criekTpe (a3sl Pnma nosiBisiach HEyCTOWYMBAs CETHETORICKTPUYECKAsT
MO/1a, YKa3bIBaIOI[as Ha MOSIBJICHUE CerHeToAIeKTpruyecTBa. Hanbonpmmii Bkiaa B 3Ty
MOJy NaloT B3auMHbIe KoyiebaHust atomoB CS u Br, nmexamux B OJHOM CJO€, YTO
OTJIMYAET rajJOreHHUIHbIE IEPOBCKUTHI OT OKCUAHBIX CETHETORIEKTPUUECKUX CHCTEM.
CpaBHeHME YHEpriil BceX BO3MOKHBIX MOJSIPHBIX (Pa3, BOZHUKAIOIIKX MTPU UCKAKEHUN
CTPYKTYpBl PNMa, MpuBOAUT K CTPYKTYpE C HAMMEHBIIIEeH sHeprueit — paze Pmn2;.

Pacuersl QoHOHHOrO chHekTpa W ynpyrux Moayied g ¢aszer Pmn2;
noATBepxkAaT, yto npu aedpopmamuu B 1.5-4% »sta momspHas ¢dasza ycTolumBa
OTHOCHUTEIIFHO BCEX aKyCTHUYECKUX M ONTHUYECKUX HCKAKCHUU U, CIIEAO0BaTEIbHO,
SIBJIIETCS OCHOBHBIM COCTOSIHUEM. PacyeTbl CErHETOIEKTPUUYECKUX CBOMCTB ATOU
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(a3bl 0OHAPYKMBAIOT B HEW HEOOBIYHO BBICOKYIO CIIOHTaHHYIO nojsipuszaruto (0.917
Kn/m? B manpasnennu [110] nceBnoky6u4eckoll CTPYKTyphl) OpH pacTsokeHun 3%,
KOTOpast OKa3bIBaeTCA Iaxke BbIlie, 4eM B PDTIO3. 3aciryxnBatoT BHUMaHWSI 1 BBICOKUE
AIEKTPOONITUICCKIE CBOICTBA ATOM dazbl (e11 = €22 =106 M/B).
[Ipe303nmeKkTpruyecKre CBOMCTBA (pa3bl PU yKa3aHHOM PaCTSKEHUH, IpaBia, HE CTOJb
sesukn (dig = dpp = 1.57 Ki/m?). TMomyueHHBIE pe3ybTaThl IOKA3BIBAIOT, YTO IPH
BBIPALIUBAHUHN TaJOTEHUJHBIX MEPOBCKUTOB HAa MOAXOSAIIMX MOJJIOXKKAaX B ITHUX
KpUCTAJIaX MOTYT OBITh MOJy4Y€Hbl UHTEPECHBIE CETHETOANEKTPUUECKUE CBOMCTRA.

Jluteparypa

1. Thiele G. Kiristallstrukturen und Phasentransformationen von Caesiumtrihalogeno-
germanaten(ll) CsGeXs (X = ClI, Br, I) / Thiele G., Rotter HW., Schmidt K.D. // Zeitschrift fiir
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2. Zhang Y. Ferroelectricity in a semiconducting all-inorganic halide perovskite / Zhang Y.,
Parsonnet E., Fernandez A., Griffin S.M., Huyan H., Lin C.-K., Lei T., Jin J., Barnard E.S., Raja A.,
Behera P., Pan X., Ramesh R., Yang P. // Science Advances. — 2022. — T. 8. — Brim. 6. — C. eabj5881.

3. Wu Z. Alloying n-butylamine into CsPbBrs to give a two-dimensional bilayered perovskite
ferroelectric material / Wu Z., Ji C., Li L., Kong J., Sun Z., Zhao S., Wang S., Hong M., Luo J. //
Angewandte Chemie. — 2018. — T. 57. — Bsin. 27. — C. 8140.

4. Li X. Evidence for ferroelectricity of all-inorganic perovskite CsPbBr3 quantum dots / Li
X., Chen S., Liu P.-F., Zhang Y., Chen Y., Wang H.-L., Yuan H., Feng S. // Journal of American
Chemical Society. — 2020. — T. 142. — Boin. 7. — C. 3316.

VJIK 544.015.4

BJIUAHUE CTEIIEHU PASMBITUA ®A30BOI'O ITIEPEXOIA
HA TEMIIEPATYPY JENOJAPUZALINHN
B PEJIAKCOPAX PAZHOTI'O TUIIA

JI.C.Kam3una
C.u.c., k.puz-mar.Hayk, ASKam@mail.ioffe.ru
Ousuko-texuuueckuit THCTUTYT UM. A.D. Nodpde PAH, 194021, Canxt-IletepOypr, Poccus

W3mepeHsl TemmepaTyphl JAenojispusanuu U Mop¢oTpomHoro ¢a3oBOro mnepexoaa B
penakcopax ¢ pa3HOW CTENEHbIO pa3MbITHs (a30BOTO MEPeEXo/a.

OOHapyXeHO, UTO Ha PACIIONIOKEHUE ITHX TEMIEPATyp OTHOCHTEIBHO JPYT JAPYyra 3aBHCUT
OT CTPYKTYpPbI HU3KOTEMIIEpaTypHBIX (a3.

KiroueBble ciioBa: penakcopbl, WHAYIUPOBAHHBIA (Ha30BBIA TIepexon, TeMIleparypa
JETIONIIPU3ALHH.

W3ydeHa cBsi3b MEXK Iy TemrepaTypamu aenosspusanu (Td) u mopdoTponHoro
¢dazoBoro nepexona (Tr.r) B KpUCTANIMYECKUX PETAKCOPHBIX TBEPIBIX pacTBOpax
pa3sHOro Tuia, TAKMX Kak Pngl/ngg/303—29PbTi03 (PMN-ZQPT), sznl/ngg/gog -
9PbTiO3; (PZN-9PT) u NaBiy,Ti1,03 -xBaTiOs; (x=5, 7.5%) (NBT-xBT). C aroii
LEJIbI0 MPOBOJMINCH TUAIEKTPUUECKUE HW3MEPEHUs TMOJSIPU30BAaHHBIX 00pasloB, a
TaK)K€ MCCIEAOBAJICS MPOIeCC WHAYLUMPOBAHUS CETHETORJIEKTPUUECKON (pa3bl B
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AIIEKTPUUYECKOM I10JIe, MPHIIOKEHHOM HIbke Temmepatrypbl Trr OOHapy>KeHO, 4TO
CTPYKTYypa HU3KOTEMIEPATyPHBIX (a3 B ATHX COSAWHEHHSIX pa3Has, YTO MPHUBOINT K
CYILLIECTBEHHBIM PA3NUYHUSAM HE TOJBKO MPH MUHIYLMPOBAHUH CETHETOIIECKTPUUECKOM
¢da3pl, HO U K B3aUMHOMY pacIoJIOKeHUI0 Temmepatyp Tq U Trr B PMN-29PT
00pa30BaHUIO CETHETOUIEKTPUUECKUX (a3 MNpeIIecTBYeT HEKOTOpoe BpeMs
3aJIepP’KKH, KOTOPOE SIBISIETCS OJHUM M3 MPU3HAKOB HEIPrOJMYECKON CTEKOJIHHOU
da3el, u B 3TOM ciaydae temnepatypsl 1d u Ter coBnagator. B PZN-9PT u NBT-5BT
MHTyIIUPOBAHUE CETHETOANEKTPHUUECKOM (ha3bl MPOUCXOIUT HETIOCPEACTBEHHO TOCIIEe
HPUIOKEHHUS 10Nl 6e3 BpeMEHH 3a/IepP’KKU, YTO CBUAETEIBCTBYET O TOM, UYTO HUXKE
TeMIepaTypbl Tr.r HEIProAuyecKasi CTeKoJIbHasl (a3a He BOZHUKAET, M TEMIepaTypbl
Td u Ter B HUX He coBnanaroT. [lomydeHHBIE pe3yNnbTaThl OOCYXKIAIOTCS C TOYKH
3peHHs pa3HOU CTENEHH pa3MBITHs (Ha30BOro Mepexo/ia U pa3HbIX pa3MepOB MOJIIPHBIX
obnactedi. BrickazaHo mpenamnonoxenue, 4ro coBnaaeHue Temrepatyp 1d u Trr
SBIISIETCS CJIEJICTBUEM HEIPrOAMYECKONM CTEKONBbHOW (pa3bl W MajblX pPa3MepoB
MOJISIPHBIX 00JIaCTEN.

YK 538.911

HECOBCTBEHHASA CETHETO2JIACTUYHOCTDb U HAKJIOHbI
OKTAD3/IPOB B IIEPOBCKHUTAX

M.B. Tananos?, E.I'. Tporenko?
'Benymmit nayunslii corpyaauk, mvtalanov@gmail.com
?Crynent, Katerinatrocik@mail.ru
OI'AOY BO «IOxHblii penepanbHblil YHUBEPCUTET»

[Ipemiockena knaccupuKauss HECOOCTBEHHBIX CETHETOINACTHKOB, 00pasymoomuxcs B
pe3ybTaTe HAKIIOHOB OKTa3IPOB B KPHCTAJLIAX CO CTPYKTYPOH MEPOBCKUTA
KntoueBble cnoBa: IlepoBCKMT, HaKIOH OKTa’ApoB, (ha30BbI Iepexoj];, HecOOCTBEHHBIHN
napameTp MopsIKa, CETHETOIIACTHK.

CoenvHeHusT W TBEpIbIE PACTBOPbl CO CTPYKTypoil mnepoBckuta ABX3
MPEACTABISIIOT  HauOojiee  MHOTOYHMCIEHHOE  CEeMEHCTBO  (DYHKIIMOHAJIbHBIX
MaTepUalioB, XapaKTEPU3YIOIIUXCA TEXHOJOTUYECKH BAXKHBIMH  (U3UYECKUMU
CBOMCTBaAaMHU, B YAaCTHOCTH CErHETOAIacTHYeCKUMHU. CaMmbIM pacipOoCTpaHEHHBIM
TUTIOM HCKAXEHUM KPUCTAUIMUECKOM pEelIeTKH TEPOBCKUTOB TIPU BHEIIHHUX
BO3JICHCTBUSIX W/WIW M3MEHEHUU XHMHUYECKOTO COCTaBa SIBJSIIOTCS HAKJIOHBI
AHUOHHBIX OKTadIpoB BXs, KOTOpPBIE OKA3bIBAIOT CYIIECTBEHHOE BIUSHUE HAa MHOTHE
¢usmueckue cpoiictBa [1]. llenpro Hacrosiielr paboOTHl SIBUIOCH YCTaHOBIICHUE
CUMMETPUIHO-00YCITOBJICHHBIX KOPPEJSIIIUA  MEXAY HAKJIOHAMH OKTaj’ApOB W
WHYIIMPOBAHHBIMU UMHU CETHETOAIACTHUECCKUMU JIePOPMAIIASIMH.

Ha ocHOBaHuM pe3yJIbTATOB TEOPETUKO-TPYIIOBOTO aHajiv3a IMOCTPOeHa
KJaccu(uKaiys BceX BO3MOXKHBIX HU3KOCUMMETPUYHBIX CTPYKTYP, POPMUPYEMBIX B
pe3yJibTaTe HAKJIOHOB OKTA3JIpOB, B 3aBUCUMOCTH OT XapakTepa HHAYLHPOBAHHBIX
CErHETOAIaCTUUYECKUX OAHOPOIHBIX MUCKAXKEHUH (pacTsKEeHUe/CxKaTue, CABUTH). DTU
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nedopMalii IPOSIBIISIIOTCS B BHUJI€ BTOPUUYHBIX 3(P(HEKTOB B pe3yJibTare (Pa3oBbIX
MEPEXO0JI0B, CBSI3aHHBIX C HAKIIOHAMH OKTa’ApOB, U OMHCHIBAIOTCA HECOOCTBEHHBIMU
napamMeTpamMu  MOps/Ka, KOTOpble  MpeoOpa3yroTcsi MO  HENPUBOAUMBIM
npencrasienusam [ u ['f npoctpancTBeHHOM rpynmbl PmM3m BhICOKOCUMMETPHYHOM
CTpyKTyphl mpadaspl. Hamu, mokazaHo, uro u3 14-TH HHU3KOCUMMETPHUYHBIX (a3,
00pa30BaHHBIX HAKJIOHAMHM OKTa’ApoB [2], TOJBKO OJHA CTPYKTypa C

HpOCTpaHCTBeHHOﬁ rpynnoﬁ Im3 He ABNsAETCS HECOOCTBEHHBIM CETHETORIACTHKOM.

HccnenoBanue BHITIOJHEHO 3a cyeT rpaHTa Poccuiickoro HayuHnoro ¢onma (mpoekt 22-72-
10022).

Jluteparypa
1. Aleksandrov K.S. Structural distortions in families of perovskite-like crystals / K. S.

Aleksandrov, J. Bartolome// Phase Transitions. — 2001. — V. 74. - Iss. 3. - P. 255-335.
2. Howard C.J. Group-Theoretical Analysis of Octahedral Tilting in Perovskites / C.J.
Howard, H.T. Stokes// Acta Cryst. B —1998. — V. 54. - P. 782-789.

VJIK 548.736

WUHJIYIIUPYEMBbBII SJIEKTPUUECKHUM IOJIEM ®A30BbIN MEPEXO/I
B MHOTOKOMITAHEHTHOM KEPAMUKE
HA OCHOBE PbMgi3Nb2303— PbTiOs

W H. 3axapuenxo’, M.B. Tananos?
CTapIINi HAy4HBIN COTPYAHUK, zinik46(@mail.ru
2Belymuii Hay4HBIH COTPYIHUK, mvtalanov@gmail.com
Hayuno-uccnenoBarenbckuii ”HCTUTYT Gu3uku FOxxHbIi PenepanbHblil YHUBEpCUTET

1

[IpencraBiaensl  pe3yiabTaTbl  PEHTIEHIU(PPAKLUOHHOTO  HCCIEAOBAaHHUS  KEpaMHUKH
Pbo.9sBao.os Tio.275ZN0.034Ni0.0s1Mgo.157ND0 48303 B snekrpuueckom mone. OOHapYKEHBI U3MEHEHUS
TU(PPaKIMOHHON KapTHHBI MO AEHCTBHEM 3JIEKTPHUUECKOTO IO0JIs, KOTOPbIE CBHJIETENBCTBYIOT O
CYILLIECTBOBaHUM (a30BOTo Mepexo/ia U3 MceB1oKyOnYecKoil B TeTparoHanbHyo (asy. BeimonHena
OLIEHKa JI0JIM JJOMEHHBIX MEepeKII0UeHUI B MHAYIIMPOBAHHON TeTparoHaabHOH Qase.

KiroueBsle cioBa: penakcopsl, (a3oBblil mepexoa, TeTparoHaabHas (aza, IMEKTPUIECKOe
noJe.

CerHeTorIeKTPUKU-PEIAKCOPhl U TBEP/AbIC PACTBOPHl HAa HMX OCHOBE, B
YaCTHOCTH KpPHCTaUIbl M KepaMuku cuctembl PbMQisNDbys03 —  PDOTIOs,
NPEACTABISIOT  TOBBIINICHHBI  WMHTEpec  Oyiarogapsi CBOUM  PEKOPIHBIM
AIEKTPOMEXaHUYECKUM OTKJIMKaM. PaHee HamMu OBLIM  BBIJEIEHBI COCTaBbI
MHOTOKOMIIOHEHTHBIX TBEPBIX PacTBOPOB Ha OoCHOBE cucteMbl PDMQ1s3Nb2 303 —
PbTiO3, KOTOphIE OTIMYAIOTCS IOBBLIIMIEHHBIMM 3HAYCHUSMHU  MPOJOJIBHOM
nehopmanny, HHIYLIUPOBAHHOW snekTpudeckuMm mosieM [1]. Ileapio paGoThI
SBJIIETCSI YCTAHOBJICHUE CTPYKTYPHBIX MEXaHU3MOB (OPMHUPOBAHUS BBICOKUX
AIEKTPOMEXAHUYECKUX CBOMCTB UCCIIENYEMON KEPAMUKHU.
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PentrenandpakunoHHbIe UCCJIeI0BaHUS TBEPJOTO pacTBopa
Pbo,gsBaolo5Ti0.275zn0.034Nio_oslMg0.157Nbo,48303 IMPOBOJUIINCHL Ha I[I/ICI)paKTOMCTpe
JIPOH3, CoKo-m3mydenme. OOe TIIOCKMX IOBEPXHOCTH oOpasiia — TaOJeTKU
nuamerpoMm 10MM, TONIMHON 1MM MOKpBIBAIMCH cloeM akBajara. CrenuaibHbIN
Jepkarenb Ha JuGpakToMeTpe MO3BOJISI TPOBOJUTH PETUCTPALINIO pedieKCoB MpH
OJIHOBPEMEHHOM JEeHCTBUN AIEKTPUYECKOTO oI, HaIpaBJIECHHOTO
NEPHEHANKYJIIPHO TMOBEPXHOCTU oOpa3ua. Perucrpamusi ocymiecTBisuiach MpH
CKaHMPOBAaHUU TI0 MeToay 0/20 co ckopocThio BpamieHus aeTekropa (1/4) rpagyca B
MUHYTY.

Ncxonnbiii oOpasenn XapaKkTepuszyeTcs MICEeBIOKYONUECKOM
(caboycKakeHHOH) CTPYKTYpoil ¢ mapamerpoM sdeiiku a = 4.025 A. Ysenuuenue
HaIpPsHKEHHOCTH TTOCTOSIHHOTO 3JIeKTpruyeckoro noJist (E) npuBoauT K mocTeneHHoMy
WHYIIUPOBAHHOMY TIEPEXOAY B TETparoHaidbHyI0 (pa3y. B CHIIBHBIX AIEKTPUUECKUX
nosix (E = 12 xB/cMm) cTpykTypa omuchiBaeTcsi TETparoHaJIbHOW CHUMMETPHUEH C
napameTrpamu sueiikn ¢ = 4.036 A, a = 4.021 A. JlomeHHoe mnepekioyeHUE
OIICHUBAJIOCH 110 COOTHOIICHUIO MHTETPATbHBIX UHTEHCUBHOCTEH JABYX M30paHHBIX
pedaekcos [2]. Ucnonb3oBanuck pediekcsr 002 u 200 my1s1 onpeaeneHus mapaMerpa
r B ¢yakoum  Mapua-Jlommaca  [3], xapakTepu3yromieli  OJHOOCHYIO
MIPEUMYIIECTBCHHYIO OpHueHTaruio. CTemeHb MPEeUMYIIECTBEHHON OpHUEHTAIlUU M)

OIIpeIeIIsIach Kak:
1/2

n =100% [(H;]

1-r
3HaueHHE T 0Ka3aJoCh paBHBIM ~ 35%, 4TO yKa3bIBaeT Ha BHICOKYIO (111 KEPAMUKH )
CTeNeHb MOHOJIOMeHMu3auu oopasiua npu E = 12 kB/cMm.

Pe3ynbraThl peHTreHau(paKkIIMOHHBIX HCCIIESIOBAHNN HAXOASITCS B COTJIACHH C
pe3yJbTaTaMu  U3MEPEHUM  MpOAOJbHOW  nedopmalriuu, MONSpU3ALUM U
OTHOCHUTEIBHOW JMAJIEKTPUUYECKON MPOHUIIAEMOCTH TPH aHAJIOTHYHBIX PEKHMax

IMPUITOKCHUSA ITOCTOAHHOI'O 3JICKTPHUYCCKOI'O ITI0JIA.
Pabora BeimoHeHA MpH PUHAHCOBOM MoAIep:kke MUHUCTEPCTBA HAYKU U BBICIIETO
obpazoBanus Poccuiickoit ®enepannu (I'ocynapcTBeHHOE 3a1aHue B 00JaCTH HAyUYHOU

nesrenbHOCTH, FOxHBIN denepanbhblii yHusepcuret, 2020 r., HayuHslit mpoekT Ne 0852-2020-
0032), (bA30110/20-3 -08UD).

Jluteparypa

1. Talanov M.V. Effects of crystal chemistry and local random fields on relaxor and
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2. Zolotoyabko E. Determination of the degree of preferred orientation within the March—
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272.
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JAUDIJIEKTPUYECKHUE CBOMCTBA BECCBHUHIIOBOI'O TBEPJI0OI'O
PACTBOPA 0,7(KosBiosTiO3s) — 0,3(BaNio33Sho6703)

C.A. I'punnes?, U.10. Ko6sxor?, A.Jl. Knenau®
T-p dus.-mar. Hayk, mpodeccop, s_gridnev@mail.ru
?Acnupant, kobyakov.vania@yandex.ru
3pakamnagp, toni.kass.kas@mail.ru
OI'bOY BO «BopoHnexckuil rocy1apCTBEHHbIN TEXHUUECKUN YHUBEPCUTET

B pabore mnpencraBieHbl pe3yibTaThl MCCIEIOBAaHHUS TEMIIEPATYPHBIX 3aBHCUMOCTEH
JMAJICKTPUYECKOH IPOHUIIAEMOCTH M TAHT'€HCA yTITa IUAJICKTPHUYECKUX MTOTEPh JIJISI HOBOTO TBEPIOTO
pactBopa 0,7(KosBiosTiO3) — 0,3(BaNio33Shos7Os). YcranoineHo, 4ro Ha TeMIepaTypHBIX
3aBUCHUMOCTSIX TaHTEHCAa yIJia JUAJICKTPUYCCKUX TOTEPh M JTUAJIEKTPUYCCKONH MPOHHIIAEMOCTH B
temreparypaoM auanazone ot 370 K mo 390 K npucyrcTByeT yObIBaromuii ¢ pocTOM 4acToThl 10 20
k[l MUK, HE CMEMAIIUKCA BBEpPX IO TeMIeparypHoi mikane. OmpenesneHo, 4To MNPUYMHON
BO3HUKHOBEHMUSI IAHHOTO TTHMKa sIBJIsieTCs (Da30BBI Mepexo] IEPBOTO poja.

KiroueBble ciioBa: TBEpbId pacTBOp, MUAIICKTPHUYCCKAs IPOHUIIAEMOCTh, JUIJICKTPUICCKUE
notepH, $pa3zoBbIH MEPEXO/I.

Hccnenyemble  oOpasmbl  TBepaoro  pactBopa  0,7(KosBigsTiO3)  —
0,3(BaNig 33Sh 6703) ObLIM MOTYYCHBI 1O CTAHIAPTHON KEPAMHUYCECKON TEXHOJIOTHH.
Cunres u cniekanue npooawinch mpu tremneparype 1030 °C B Teuenue S 4acos.

W3 pe3ynbTaToB pEeHTTCHOCTPYKTYpHOTO (Pa30oBOro aHajim3a CIEAyeT TO, YTO
TBEPABI pacTBOpP NPEACTABIAET co00M cmech OCHOBHOW a3zl (97%) c
TeTparoHanbHbIM TuroMm pemetkd (P4mm, a = 3,9388 A, ¢ = 3,9613 A) u aByx
npumecHbIX $a3 (3%).

AHanu3 TOJYYEHHBIX 3aBUCHUMOCTEH IMOKa3aJl OCOOEHHOCTh MX YaCTOTHOTO
MOBEJICHUS B 3aBUCHMOCTHU OT TeMiiepaTyphl. B temneparypuom auanazone 370 — 390
K kak Ha 3aBucumocTtsx amdnekrpudeckod mnponuraemoctu ¢€'(T), Tak u Ha
3aBUCUMOCTSIX TaHTEHCa yria JaudyiekTpuueckux noteph tgd(T) nabmromaercs muk,
KOTOpBIN yObIBaeT ¢ pocToM 4acToThl 0 20 k['11 6e3 cMeleHus: o TeMrepaTypHon
mkaine (puc. 1).

sooo ' 2 0,7(K, 5Biy s TI0y) - 0,3(Ba;NiSb,0,) —25Hz
1800 - ; i . 100 Hz 14 o B0Hz
s 0.7(K, 5By s TIO,)-0.3(Ba,NiSb,0,) st A ) 100Hz
Lo - 200 Hz ——120Hz
1200 LA - 500 Hz + 200Hz
- ; - 1000 Hz ~ B00Hz
© 2000 Hz - 1000 Hz

5000 Hz
+ 2000 Hz
©
10000 Hz S - 5000 Hz

S
—— 20000 Hz
50000 Hz
100000 Hz
200000 Hz
500000 Hz
1000000 Hz

100000 Hz
200000 Hz 0.1
500000 Hz

1000000 Hz

400

30 0 20 350 400 450
T.K T,K
a) 0)
Puc. 1 TemneparypHble 3aBUCUMOCTH AUDJIEKTPUUECKON MPOHUIIAEMOCTH (2) U TAaHTE€HCa yriia
JTUDJICKTPUIECKUX TIOTEPh (0)
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[lomyyeHHple  naHHBIE  MO3BOJWIM  HPEANOJOKHUTH, 4YTO  IPUYHHOM
BO3HMKHOBEHHUSI JAHHOTO TMHKa MOXET CIyXHuTh (a3oBbiii mepexox. s
MOJATBEPXKJICHUSI JAHHOTO TMPEANONOKEeHUsT ObUT mpoBeAeH auddepeHIanbHbIi
tepmuueckuid ananus (JITA) B Toif s)xe o6nactu Temmeparyp (puc. 2) [1].

0,020
0,015 |
0,010 -

0,005 1 y

dT

0,000 -
00054 i P
00104 LA

-0,015 4

32ID 340 3&0 3é0 460 450 440 4:30
T,K
Puc. 2 Kpusas JITA mist tBépmoro pactsopa 0,7(KosBiosTiO3z) — 0,3(BaNio33Sho,6703)

Ha xpuBoii /ITA B TOM e TeMIIepaTypHOM JUaria3oHe, Iie HabIt0aar0TCs TUKH
€'(T) u tgd(T), obHapyKEH SPKO BHIPAKECHHBIN IMIHUPOKHUI SHIOTCPMUICCKHUM MUK, YTO
CBHJICTEJIBCTBYET O HAIMYUM (pa30BOTr0 MEpexoia MepBoOro poja.

Jluteparypa
1. CurnukoBa, B. E. Meroasr Tepmudeckoro ananuza. [Ipaktukym / B.E. CutHukoBa, A.A.
ITonomapeBa, M.B. Ycnenckas. — CII6: Yuusepcuter UTMO, 2021 — 152 c.

29



Session 2. Crystal Growth, Structure and Physical Properties

YK 544.163.2

KOH®OPMAIIMOHHBIN MOAXO0/I K MEXAHU3MAM }
KPUCTAJUIM3ALIMY TOJUMETHJICUJIOKCAHOBBIX )KUJKOCTEM B
HEOJHOPOJHOM TEMITEPATYPHOM IOJIE

H.H. Matsees, B.W. Jlucuupn?, H.C. Kamanosa®, H.IO. Escuxosa*, C.B. Baykoa®
-p dus.-mar. Hayk, mpodeccop, Nmtv@vglta.vrn.ru
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OI'BOY BO «BopoHnexckuil rocy1apCTBEHHBIHN JIECOTEXHUUECKUN YHUBEPCUTET
nmenu ['.d. Mopo3oBa», Boponex, Poccus

B pabGore Ha mnpumepe MOJIMMETHICHIOKCAHOBBIX JKUAKOCTEH IIOKa3aHa BO3MOXKHOCTh
IPUMEHEHHS KOH()OPMAIIMOHHOTO IMOAX0/a ISl OMMCAHUS KHHETUKU KPUCTAJUIN3ALUH MTPH (Ha30BBIX
[ePexoAax pPacIuIaB-KpHCTaLlI B HEOJHOPOJHOM TEMIIEPATYPHOM IIOJIE€ U ONIpEAEICHUs 00JacTh
MOJIIPHBIX Macc, COOTBETCTBYIOLIEH M3MEHEHHIO MEXaHU3Ma KPUCTAJIM3alUU. Y CTAaHOBJIEHO, YTO
KpHBasi 3aBHUCHMOCTH CpPEIHEro KBaJpaTa AUIIOJBHOIO MOMEHTAa MaKpOMOJIEKYJbl OT CpEeAHEH
MOJIIDHOM MacChl KPEMHHHOPraHMYECKOrO IIOJMMEpPA COACPKHUT TPU Y4YacTKa, Ha KaXKIOM U3
KOTOPBIX JIEUCTBYET CBOM MEXAaHNU3M KPUCTALUIA3ALUH.

KntoueBble cnoBa: KOH(OPMAIMOHHBIA MOJIXOA, IOJUMETUICUIOKCAHOBBIE >KUJKOCTH,
BA3KOCTb, MAKPOMOJICKYJIA.

[TomumeTuncunokcanoBsle xxujkoctu (IIMC) npeacTaBiastor codoi MoIMMepbl
JIMHEHHOTO Pa3BETBICHHOTO CTpoeHus [1], OTIHYMTETbHONH OCOOCHHOCTHIO KOTOPHIX
OT JPYruX KPEeMHUHOPraHMYECKUX >KUIKOCTEH sBIsieTca ciabas 3aBUCHUMOCTH
BSI3KOCTU OT TEMIIEpaTyphbl, YTO OMPENEISeT MIUPOKYI 00JacTh UX MPUMEHECHHS.
OcHoBHOI KuHeTHYecKud (parmeHT B 1ienu makpomodiekyisl [IMC mpencrasiser
coboii aumonb Si—O, KOHPOPMALMOHHBIA CKEJIET KOTOPOrO paccMaTpUBacTCs B
moHorpaduu II. ®nopu [2]. Tlomamas B dyeKTpUUEecKoe TMoOJie, B pe3yibTaTe
OpPUEHTAIMOHHON TOJISIpU3alUA MPOUCXOAAT HM3MEHEHUsS B KOH(OpMalMM Ienu
MaKpOMOJIEKYJIbI, CJIEIOBATEIIBHO, U3MEHSIOTCS TPOCKIIUK JTUTIOJIBLHBIX MOMEHTOB Ha
HaIpaBJICHUE BEKTOPA HAMTPSIKEHHOCTH JIEKTPUUYECKOTO TIOJIsI, MPUBOJIS K U3MEHEHUIO
MOBEPXHOCTHOM IUJIOTHOCTU CBSI3aHHBIX 3apsAliOB, T.€. TNMOJSIPU30BAHHOCTH. J[aHHBIN
(haKT MOJI0KEH B OCHOBY KOH(OPMAITMOHHOTO MOIX0/1a K PEIICHUIO 3a]1a4 O BIUSHUU
TC€OMETPHH 1IEITH MaKPOMOJIEKYJIbI Ha pa3IMYHbIC CBOMCTBA MOJUMEpOB [3].

B crarbe [4] monydeHO BBIpaKeHHE JJIsi CPEAHEro KBajapaTa IUIOJBLHOTO

MOMEHTa <|§2> MAaKpPOMOJIEKYJIbI B HEOAHOPOJHOM TEMIIEPATYPHOM I10JI€

<p,2> _ 3kTP(8 —1)6'0 <|V| > ’
N,onyAT
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rne k—nmocrosuHas bonbiMana; P — monsipu3oBaHHOCTh Tipu  Temmeparype 7

€ — IUDJIEKTpUYECKas MPOHHULIAEMOCTb; £0 — DJIEKTPUYECKas MOCTOSIHHAS,
<M> — cpennsisi mosisipHasi macca, Na —uucino ABorazpo; p — INIOTHOCTh MOJIUMEPA;
1] — CTENEHb KPHUCTAJUIMYHOCTH; ¥ — MUPOSIICKTPUUECKUN ko3 uIHeHT;

AT — uHTEpBaJ TEMIIEPATyp, 00ECIICUNBAIOIINN HEOOXOUMBIN TPAJIHCHT.

[Tonarasi, 4T0 CcTENEHb KPUCTAUIMIHOCTH KPEMHUUOPTAaHUYECKHUX >KUIKOCTEH
MaJo  pasidyaercs JUIS  pa3auuHbIX  Bs3kocted (7 ~0,89), B  pamkax
KOH(GOPMAITMOHHOTO ~ TIOJIXOJa TIOMy4YeHa 3aBHCHMOCTh CpPETHETO KBajpara
JUTOJIBHOTO MOMEHTa MaKpOMOJIEKYJbl OT cpeaHed MomsipHod maccsl [IMC B
HEOTHOPOTHOM TEeMIIepaTypHOM TI0JIe, PEACTaBICHHAs Ha PUCYHKE.

<p?=,105"(Kn-m)?

L Ll L I I I Il

2700 2900 3100 3300 3500 3700 3900 4100 <M>, kr/Monb

PucyHnok. 3aBuCMMOCTb CpeJHETO KBagpaTa AUIOIBHOIO MOMEHTAa MaKPOMOJIEKYJIbI
oT cpenHelt MossipHoit Macesl [IMC

[Tomy4yeHHY0 3aBHCHMOCTH MOXHO pa3OWTh HAa TPH Yy4YacTKa, KOTOPBIC
OTHCHIBAIOT KHHETUKY KPUCTAJIH3AIINN:

| — kpuctamnmm3anus ¢ BEITAHYyTEIMA TienisiMu (KBI) — ymeHbIIeHHE BETUIMHBI
CpEeIHEro KBajpaTa IUIOJBPHOTO MOMEHTA CBS3aHO C YBEJIMYCHHEM BS3KOCTH W
YMEHBIIIEHUEM TTOIBMYKHOCTH KHHETHYECKUX (PparMeHTOB;

Il — B Touke <M> = 3000 kr/monb (kputmyeckas Mmacca [1]) mpoucxomut
M3MEHEHHE MexaHn3Ma kpuctamusanuu oT KBII k kpuctammzamum co CioKeHHBIMA
uersivmu (KCLT);

Il — mpu 3HAUeHMSIX <M> > 3200 K1/MOJIb TIOSIBISIETCS (PU3MUECKAs CETKa Y3JI0B
3alleTUICHUs, YTO NPUBOJUT K YMEHBIICHHIO TMOABMXHOCTH (ParMeHTOB IICTH
MaKpOMOJICKYJIBI.

Taxkum oOpa3zoM, MPEAJIOKEHHBIA TOIX0]T MOXXHO MUCTIOJIb30BaTh ISl OTICAHUS
KHHETUKNA KPUCTAUTM3AINHN TOJIMMEPOB JIMHEHHOTO Pa3BETBICHHOTO CTPOCHUS U
onpenencHuss 00JacTH MOJISPHBIX MaccC, COOTBETCTBYIOIICH M3MECHCHHIO MEXaHU3Ma
KpUCTAJUTH3AIINH.

JIureparypa
1. Cobonesckuit M.B. CoiicTBa 1 001acTé NPUMEHEHUSI KPEMHUHOPraHNYeCKUX MPOAYKTOB
/ M.B. Cob6onesckuit, O.A. My3osckas, I'.C. ITonenosa. — M.: Xumus, 1979. —296¢.
2. ®nopu I1. Cratuctudeckas MexaHuka nonuMepHbix mMoiekys / I1. daopu. — M.: Mup,
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IHHOJYYEHUE U CTPYKTYPA MOHOKPUCTAJIVIOB 1
MOJUKPUCTAJJIOB CJIOXKHOTI'O OKCHUJA PbSc14ln14Nb1ysTa1403

W.I'. lllentyn®, B.I. Cmotpaxos?, 10.A. Kynpuna®, K.A. Ue6simes®, H.B. Tep-Oraunecsn®
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13HUM dusuxu ®TAOY BO "HOxHblii henepanbHbii yausepcuter” . Poctos-Ha-JloHy
‘TOY BIIO «JloHeuKkuil HallMOHAJIbHBINA YHUBEPCUTET» T. JloHEnK

SHUU dusuxu GTAOY BO "HOsxublit penepansusii yaupepeutet” T. Poctos-Ha-JloHy

B nanHoii paboTe ormcaHbl CHHTE3 M HCCIIEI0BAHHE UIIEKTPHUYECKIX CBOWCTB CIIOKHOTO OKCHIA
PbScyalnyaNbysTaysO3 B MOMMKPUCTAITAYECKOM ¥ MOHOKPUCTAUTHYECKOM BHe. [ToiydeHsl 00pasiibl
KEpaMHUKH CO CTPYKTYPOU pazynopsA0ueHHOro KyOHYecKoro IepOBCKHTA.

KinroueBble  ciioBa: TEPOBCKHUT, BBICOKODHTPOIIMHHBIE  COCIUHCHUS, PEIAKCOPHbBIE
JUDIICKTPUKH.

B meposckutax trma PbB'1,B"1,0; (B' = Sc, In; B" = Nb, Ta) natmomarorcs
pa3IMYHBIC JIUAICKTPUYCCKAE CBOMCTBA B 3aBHCHMOCTH OT CTEIICHH YIOPSIOYCHUS
katroHoB B' u B" — penakcopononoOHbie ¢ pa3MbIThIM (Pa30BbIM MIEPEXOIOM MIPU TTOTHOM
pa3ymopsIoueHU WM 0ojice pe3KHe B YIOPSIOUEeHHOM cocTtosHuM [1]. YBenmueHue
KOJINYECTBA PA3HOCOPTHBIX aTOMOB MPUBOJIHUT K YBEIMYCHUIO KOMOMHATOPHOM SHTPOTIHH,
YTO JIOJDKHO CIIOCOOCTBOBATH YBEJIMUYECHUIO 3HAYCHHUS TEMIIEPATYPhI YIIOPSI0YCHUSI.

CuHTe3 MOJMKpUCTALIMYECKUX 00pa3ioB PbSCi/alngysNDb14Ta405 npoBommmm
KJIACCHYECKUM TBEPAO(A3HBIM CIIOCOOOM W3 OKCHIIOB COOTBETCTBYIOIIMX METAJUIOB,
MEXaHOAKTHBUPOBAHHBIX B IUIaHeTapHOH MenbHHIE fritch co ckopocteio Bpamenus 400
MuH ', Bpems omona cocTasisio 4 yaca. IlepBblii 00T poBoaum pu Temneparype 800
°C 4 4, propoii nipu 900 °C 2 4 ¢ MPOMEKYTOYHBIM TTOMOJIOM, TOA0OP ONTUMAILHOTO
peXrMa CHHTE3a OCYIIECTBISUICS C HCIOJBb30BAaHHEM PEHTTeHO()a30BOro aHalm3a,
PEHTTEHOTPaMMBI IPUBEICHBI Ha pUCYHKE 1.

C wuCrmojp30BaHMEM CHHTe3upoBaHHOro Tmoporika PbSCyslnisNbysTay,Os wu
YHHUBEPCATHLHOTO CBUHIIOBO-00PATHOTO PACTBOPUTEIISE METOJIOM Pemeliku ObLTH BBIPAITICHBI
KpUCTAUTBL. TemmeparypHblii uMHTEpBaN KpucTaumzammu coctaBmsur  1160-1050 °C,
cKopocTh oxyaxaeHus 5.5 °Clyaac. B pe3ybprate MacCOBOM KPHCTAILTU3AIMH B TUIATHHOBOM
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TUre OBbUIM TOJyYEHBI MPO3PAYHbIE KPUCTALIBI MPEUMYIIECTBEHHO H30METPUYECKON
(OpMBI € OrpaHKO# MO IIOCKOCTSIM IIEPOBCKUTHOTO Oasrca u pasMepoM pedpa 10 2 MM.

PbScy4In,4Nb,,,Ta,,,05

800°C/4h
A 4AJ L A J\ DIPN A_,‘_

800°C/4h+900°C/2h
A _ R A A

J 800°C/4h+900°C/2h+1100°C/2h
A L A A A A

1 1 1 1

20 30 40 50 60

Puc. 1. Perrrenorpammsel kepamuku PbSci/4ln14Nb14TaysO3 Ha pa3nnyHbIX dTanax CHHTE3a

PGHTTGHO(baBOBBIﬁ AHAJIN3 ITIOPOLIKA KPHUCTAJUIOB I10 PC3yJibTaTaM PCHITCHOI'PAMMEI,
HpPIBGI[GHHOﬁ Ha PUCYHKC 2, MOATBCPIKAACT o6pa303aHHe IICPOBCKUTA.

1800 Pb(ScInNbTa), O

1743

' f

1200 |

1600

1400

1000 I \
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600 | . ‘
a00 | | I

200 ‘

0 ~ Ny c o eI e
10 20 30 40 50

2 theta, deg
Puc. 2. HOpOIJ_IKOBaH PEHTTCHOIpamMMa IMEpETCPThIX KPUCTAIIOB

[IvxTy A7t HOMy4eHUs] KEpaMUKU U3MENTbYAIN JI0 pa3Mepa 4acTull ~ 1 MkM, aasee
YaCTUIIbI TOMOTEHH3UPOBAIH ¢ J00aBiIeHneM 5%-HOro pacTBOpa MOJMBHUHMIOBOTO CIIHPTA
B KoydecTBe 5%; npeccoBaiu B aucku d = 12 MM u criekamu tipu 1150°C B Teuerue 2 u.

CoryacHO PEHTreHOCTPYKTYPHBIM JaHHBIM MOJHKPUCTALTUYECKUE O00pa3Ilbl
SBJISIFOTCSL Pa3yINoOpPsIOYEHHBIMH, B TO BpeMs KaK MOHOKPHUCTATUYECKHE 00Ia1at0T
BBICOKOW CTENEHbIO AaTOMHOTO yropsiaoueHus. TemmepaTypHasi 3aBUCUMOCTD
TASJIEKTPUYECKOU MIPOHUIIAEMOCTH g’ TSt MOJy4YEHHOU KEPAMUKHA
PbSci1/aln1aNDb14Ta1405 umeer mmpokwii TemmepaTypHbIi MakCUMyM C CHIIBHOMN

YaCTOTHOM 3aBHCUMOCTbIO, UYTO TOBOPUT O PEJIAKCOPHOM TOBEICHUH 00pa3la.

Pabora BeinonHeHa npu punancoBoit noaaepxkke Poccuiickoro Hayunoro gonna (mpoext Ne
22-22-00678).

Jluteparypa

1. Chu F. The spontaneous relaxor-ferroelectric transition of Pb(ScosTaos)O3 / F. Chu, N.
Setter, A. K. Tagantsev // J. Appl. Phys. 1993. — T. 74. — C. 51209.
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THE CURIE TEMPERATURE IN BARIUM TITANATE CERAMICS
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The work is focused on the detail study of the polar phase conservation in the paraelectric
phase of barium titanate ceramics using local methods of the piezoresponse force microscopy. The
conservation of c-domains confined in the polar nano-regions were demonstrated and explained by
the action of the residual bulk screening electric field.

Keywords: piezoresponse force microscopy; barium titanate; BaTiOs; domain structure.

The existence of residual regions of the polar phase (polar nanoregions) was
predicted in the paraelectric phase of ferroelectric materials in the middle of the 20th
century [1]. This prediction was confirmed later by measurements using the second
harmonic generation method in barium titanate ceramics crossing Curie temperature
(Tc) [2]. Recently, polar nano-regions have been visualized on the atomic scale
resolution in barium titanate 20 °C higher T, [3, 4].

In this work, we studied the change of the domain structure, spatial distribution
of the electromechanical response and surface charge in barium titanate ceramics in
vicinity of ferroelectric-paraelectric phase transition. Piezoresponse force microscopy
(PFM) allowed to visualize the domain structure and measure the piezoelectric
properties in the individual grains during heating and cooling and find correspondence
between local and macroscopic responses. The temperature control of the ceramics
surface was carried out by a micro-thermocouple immediately in the process of
microscopic measurements, which giving a chance to accurately determine the
characteristic temperatures of the domain structure and piezoelectric properties
changes. The performed local measurements were supported by the macroscopic data
of dielectric, piezoelectric and electrostriction measurements.

A slight change of the PFM response was observed during increase of the
temperatures up to T.=125°C (Curie temperature according to dielectric permittivity
measurements). When the phase transition temperature was reached, twinned a-
domains disappeared in the bulk of the grain, while the contrast of the ferroelectric
domains was persisted. Moreover, local ferroelectric hysteresis loops retain their shape

34



above T, at 140°C. The partial retention of the polar state above the phase transition
temperature can be attributed to the conservation of the bulk screening electric field
associated with the localized charged defects. In the grain boundary region, the polar
phase regions had a higher response and persisted to a higher temperature, which is
due to an increased concentration of defects.

The equipment of the Ural Center for Shared Use “Modern Nanotechnology”
UrFU was used. The research funding from the Ministry of Science and Higher
Education of the Russian Federation (Ural Federal University Program of Development
within the Priority-2030 Program) is gratefully acknowledged.
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The morphotropic phase boundary (MPB) region of the BFO-BTO solid solution is studied

by comprehensive macroscopic and local methods, focusing on the synthesis conditions that influence
the final phase composition and functional response. The difference between the phase distribution
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and local switching behavior in two sets of the BFO-BTO solid solutions prepared with different

applied pressures is revealed and attributed to the local chemical inhomogeneity forming due to

certain differences in the solid-state sintering reactions. More homogeneous mixing of the polar and

non-polar phases stimulates the non-polar-to-polar phase transition and widening the MPB region.
Keywords: bismuth ferrite; piezoresponse; PFM; relaxor-like.

One of the most important practical application of piezoelectric ceramics are
piezoelectric actuators and electromechanical sensors widely used in modern industrial
and electronic devices [1]. Despite the fact that ceramics based on lead zirconate
titanate (PZT) are currently used in devices, the search for new possible candidates to
replace PZT is relevant due to the necessity to avoid lead-containing materials, which
cause significant harm to the environment and humans during production and
processing. The main mechanism for enhancing the piezoelectric response is the
creation of compounds near the morphotropic phase boundary (MPB), which can be
realized by chemical substitution or creation of solid solutions [1, 2]. An interesting
MPB was found in lead-free BiFeO3-BaTiO; (BFO-BTO) solid solutions, where the
formation of a cubic phase is nominally observed according to X-ray diffraction data
[2], which does not allow the presence of piezoelectricity, however, in these solutions,
nevertheless, a piezoelectric response is observed [2 ,3]. Such a macroscopic state was
attributed to the formation of a ferroelectric phase of the relaxor type [4, 5]. However,
the origin and properties of this relaxor-like state in this solid solution are still poorly
understood.

In this work, we investigated the local piezoelectric properties of BFO-BTO solid
solutions close to MPG, prepared with different pressing conditions during synthesis
[6]. It has been found that MPB can be quite sensitive to slight changes in the pressing
conditions during the synthesis of samples, which leads to different degrees of the
nonpolar pseudocubic and polar rhombohedral phases mixing, which is chemically
caused by the local separation of bismuth and barium ions. It has been established that
polarization switching occurs differently depending on the conditions of phase
coexistence. Thus, the nonpolar phase was irreversibly transformed into a polar phase
under the electric field action in a wide range of BTO concentrations in a set of
ceramics pressed at high pressure and having a nanosized distribution of structural
phases. In opposit situation, ceramics pressed at low pressure, where the phases coexist
at the micro scale, showed a much narrower concentration range in which an
irreversible phase transition induced by the electric field is found. Thus, the creation of
ceramics at elevated pressure leads to a more homogeneous distribution of phases,
which in turn stabilizes the polarization and provides higher values of the remnant
polarization in the ceramic. The results obtained provide new insights into the unique
relaxor behavior of the BFO-BTO system, which is an important factor for obtaining
ceramics with improved performance.

The research funding from the Ministry of Science and Higher Education of the
Russian Federation (Ural Federal University Program of Development within the
Priority-2030 Program) is gratefully acknowledged. The equipment of the Ural Center
for Shared Use “Modern nanotechnology” UrFU was used.
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JHEPI'UA JEHOJIAPU3YIOHIETO ITOJIA U JOMEHHBIX I'PAHUILL
KPUCTAJUJIA TPUTJIMHUHCYJb®AT BbJIN3U TOUYKHU KIOPHU

O.M. FonHuLIHal, C.H. I[pO)KZ[I/IHZ
'Kann.¢us.-mar. Hayk, nouent, golitsynaom@yandex.ru
2JI-p du3.-mar. Hayk, podeccop, drozhdin@phys.vsu.ru

OI'BOY BO «BopoHnexckuil rocy1apCTBEHHbIN YHUBEPCUTET

MeTtoiom aTOMHO# critoBoi Mukpockonuu (ACM) B pesknMe Mbe3031eKTPUYECKOro OTKIINKA
uccieioBaHo  (opMupoBaHME ~ KBAa3UPABHOBECHOM  JOMEHHOM  CTPYKTYpbl  KpHUCTasuia
tpurmuiuHcyiabpat (TI'C) Bomm3u touku Kropu (322 K) u uccnenoBaHo BpeMEHHOE NMOBEIECHUE
SHEPruil IEMOJIAPU3YIOLIETO MOl U JOMEHHBIX IPaHULL.

KiroueBsle coBa: aTOMHas CHJIOBasi MUKPOCKOIIHS, KPUCTAJT TPUTIUIMHCYIb(AT, SHEPTUN
JETOSAPU3YIOILETO NOJIS U IOMEHHBIX TPAHMII.

@da30BbI MEPEXOJI B OJHOOCHOM CETHETORJEKTPUKE — OTO NEpexXo] u3
HEYTOPSI0YCHHON OJHOPOTHOM (HETIOSIpHOM ) (Da3bl B yIOPSATIOYCHHYIO 00JIaCTh BYX
xKoukypupyromux ¢a3 (180°-x moMeHOB), KOTOpas Mocie OBICTPOro OXJIAKIACHHUU
KpucTajuia 4depe3 Touky Kroopu IUTENbHO HBOJIOLMOHUPYET K COCTOSIHUIO C
MHHUMAaJIbHOH CBOOOIHOHN »Heprueil. YcraHoBiieHO [1], YTO MpOCTpaHCTBEHHBIC
oOnactu 06enx (a3 — JOMEHBI - CO BPEMEHEM PACTYT, a Pa3Jeisiolue UX JOMEHHbIC
TPaHUIBl COKpalaroTcs Mo Imiomaan. OnucaHue 3BOJIONUHM TMOAOOHBIX CHCTEM
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IpeicTaBisAeT OOJBIION MHTEpec, OCOOCHHO B TeMIlepaTypHOM o0yiacTu (pa30BOro
nepexoza, T/ie MOTYT CTAaHOBUTHCS CPAaBHUMBIMH TI0 BEJIMYUHE 00HEMBI, 3aHUMAEMBbIC
JOMEHAMH ¥ JIOMEHHBIMU CTeHKaMH. CETHETOANEKTPUK BOIM3U TEMITepPaTyphI
¢dazoBoro nepexoaa T¢ 4yBCTBHTENEH K JIFOOBIM MAJICHITUM M3MEHEHHUSM BHEITHUX
YCJIOBUM, 4YTO BBI3BIBACT OMNPECICHHbIE TPYAHOCTH B SKCIHEPUMEHTAIBHBIX
UCCIICIOBAHUSIX, KOTOPhIE K HACTOAIIEMY BpPEMEHU KpalHE MAaJOYUCICHHBI U
MPOTUBOPEYUBHI.

B Hacrosimieit pabore meTonoM aToMHOM cuiioBod mukpockonuu (ACM) B
KOHTAaKTHOM PEXUME MbE303JEKTPUUECKOTO OTKIUKA HCCIEeN0BAaHO (HOPMHPOBAHUE
KBa3HUPABHOBECHOU JOMEHHOU CTPYKTYpBI MOZEIBHOTO OJIHOOCHOT'O
CErHEeTOAJIeKTpruUecKoro kpucrtawia tTpurauiuncyibdata (TI'C) BOau3u Touku Kropu
(0.1K < ATc < 1.0K), u 1O MOJIyYEHHBIM JKCIICPUMEHTAILHBIM JIaHHBIM HW3yUYCHBI
3aKOHOMEPHOCTM  BPEMEHHOIO TMOBEIECHUSI SHEPruil JEHNOISPU3YIONIETO IO U
JTOMEHHBIX TPaHUII.

[I1OTHOCTH  DHEPTUM  JAENOJAPUBYIOUIErO0  MOJs  PacCUUThIBAjIach IO
Kiaccuueckon popmyse [1]:

1,7 2

g, '1+,fgz £,

TJ€ ; U x — JURJIEKTPUYECKUE MPOHUIIAEMOCTH OJHOJOMEHHOIO KPUCTAJIA BAOJIb OCH
CIIOHTAaHHOM TOJISIPU3alMM W NEPHEHAUKYJISIPHO K HeW; Ps — CIOHTaHHas
noJisipu3anus; d- mupuHa aoMeHa. s onpeneneHus SHEPruM JOMEHHBIX CTEHOK

TaKXKe UCIOJIb30BaIach U3BecTHas [ 1] popmyna:

Wer :E'G

d  raoe h- TonmuMHA KPUCTAJUIMYECKON IUIACTUHKHU; O - TOBEPXHOCTHAs
IJIOTHOCTh YHEPTUU OAHON JOMEHHOU CTEHKHU.
[Tokazano: 1) B nporecce sBomtounu 3HaueHus sHeprud Wygn i Wer MeHsSIOTCS

W e = P} d

BO BPEMEHM M BapbupyloTcs 1o Ttemmeparype. 2) BOmuzu T¢ sneprus Wer
W3MEIIBYEHHOM JIOMEHHOM CTPYKTYPBhl NPEBOCXOAWUT 3HAYECHUS JHEPTUu Wipm, ¢
TEYEHUEM BpeMeHU 3HaueHus Wer ymenbmatorcs Ha ¢one pocta Wigm 3) Ilpm
YKPYITHEHUU IOMEHOB, HAa0JII0JJaéMOM KaK BO BpEMEHH, TaK U U IPH yAalleHuu ot 7¢,
TEHJEHIMs B YMEHbIICHUM 3HAueHUW Wer coxpaHsieTcs NOpU 3HAYUTEIBHOM
YBEJIIMYCHUU 3HaYCHUU W gy .

Jlurepatypa

1. A. K.Tagantsev, L. E. Cross, J. Fousek. Domains in Ferroic Crystals and Thin Films
(Springer, New York).-2010.-830 p.
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INFLUENCE OF MECHANICAL ACTIVATION ON THE CRYSTAL
STRUCTURE AND PHYSICAL PROPERTIES OF YbFeOs3

K.G. Abdulvakhidov
Doctor of Sciences in Physics and Mathematics, Professor, phys.kam@mail.ru
Southern Federal University, Smart Materials Research Institute

Rare-earth orthoferrite YbFeOs was synthesized by the solid-phase method. Samples with
different concentrations of structural defects were obtained by the method of mechanical activation
of powders. The structure and physical properties of both powders and ceramics have been studied.

Keywords: Orthoferrite; mechanical activation; impedance; magnetization; bandgap

In this work, the influence of mechanical force action on the physical
properties of the synthesized YbFeO; (YbFO) was studied. Bridgman anvils were
used to form the crystal structures of YbFO powders with different concentrations
of structural defects. It was found that during mechanical activation, the tilt angles
of FeOs 0xygen octahedra change in the range 6 = 12.69°-28.45°. The size of the
coherent scattering regions D decrease by more than 90% at the maximum
mechanical activation pressure (1.2 GPa).

It has been established that YbFO has a threshold mechanical activation
pressure (800 MPa), above which the dislocation density starts to decrease.
According to the results of impedance spectroscopy, a non-Debye nature of
relaxation and an increase in the activation energy from 0.649 eV (for the starting
sample) to 1.395 eV (for the mechanically activated sample at a pressure of 1 GPa)
were observed. The bandgap Eq4 of the ceramic samples was determined from the
optical absorption spectra.

The magnetization curves M(H) were approximated using the law of
approximation to magnetic saturation, and the critical crystallite size D, at which
the H, maximum is observed, turned out to be 50 nm. The spectroscopic splitting
coefficient g and the half-width AH of the EPR spectrum reach maxima for the
sample with D = 105 nm.
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HNCCJIEJOBAHUA HU3KOUYACTOTHOM JNHAMMUKHA
B KPUCTAJIJIAX CssH3(SO4)4-H20

A M.Denocees?, C.I.JIymnuukos?, S. Kojima®
YCrapmmit HayuHslit cotpynauk, fedoseev@mail.ioffe.ru
23apeyrommii mabopatopueii, Sergey.Lushnikov@mail.ioffe.ru
3npodeccop, kojima@bk.tsukuba.ac.jp
L2dI'BYH ®usuxo-rexuuueckuii uactutyt um. A.®. Uodde PAH, C.-Ilerepbypr, Poccus
3Institute of Materials Science, University of Tsukuba, Tsukuba, Ibaraki 305-8573, Japan

B pabote uccienoBanocs BIMSHUE JUHAMHYECKOTO Pa3yMoOpsI0UYEHUS] Ha HU3KOYACTOTHBIN
koseOarenpHblii  cekTp Kpuctamuia CSsH3(SO4)a'XH2O  mpu  BO3HHKHOBEHHH  ITPOTOHHOM
MIPOBOJIMMOCTH C TOMOIIBIO MaHJENbIITaM-OpHILTIODHOBCKOTO paccestHus cera. Habmomaembie
AHOMAJIMU B TEMIICPATYPHOM TOBEJACHUM (DOHOHHOW MOJCHUCTEMBbI M PEIIAKCAIIHOHHOW MOJIBI
00CYKIaI0TCsl B paMKaX COBPEMEHHBIX NIPECTABICHUN (DU3UKU KOHJICHCUPOBAHHBIX CPE]l.

KnroueBble  croBa:  MaHJENbIITaM-OpPHJUTFOHOBCKOE — paccesHue  CBeTa, (DOHOHBI,
KBa3WyTMPYyTroe PacCEesTHUE CBETa, CYIIEPHOHHBIC KPUCTAILIBI, (Da30BbIN MEPEXOI.

B mocnemnee Bpemsi WHTEpec HCCIEAOBaTele MPUKOBAaH K CHUCTEMaM C
pa3IMuHOM MpUPOAOU Oecropska B KPUCTAUNIMUECKON pEIIeTKE, 3HAYUTEILHO
U3MeHsomero ux (Qusnyeckue cBoiictBa. C  3TOM TOYKM 3pEHHUS] OYEHD
MEePCIEKTUBHBIMU  SIBJIAIOTCS  MCCIEJOBAaHUS B KpHUCTAUIaX  TEHTalle3Ui
tpuruapocyiabpara CSsH3(SO4)s'xH20  (PCHS), xapaktepHoii  0COOESHHOCTHIO
KOTOPBIX SIBJISIETCS CYIIECTBOBAHUE Pa3yHOPsA0YEHHOM CETKH BOJOPOJHBIX CBSI3EH
[1]. TIlpu xomuaTHOU Temmneparype PCHS oOnamaeT rekcaroHaiabHOM CHMMeETpUEH
P6s/mmc [2]. CtpykTypa oOpa3oBana ciosiMu B (001)-TUTOCKOCTSIX ¢ ABYMS THIIaMHU

-2 -2
TETPadIPOB: “crarnyeckux” SO (1) u nuHamMHuUYeCcKH pa3ynop;1z[oquHHXSO4 (2). B

okpectHocTU T = 360 K PCHS ucnbiTeiBaeT u30CTpyKTypHBIA (Pa30BbIi TIepexo,

CBSI3aHHBIA C N3MEHEHHMEM JIOKATbHON CUMMETPUH 50;2(1) terpa’apos. [Ipu T¢ =
414 K peanuzyercsi CyneprnpoTOHHbBIN (Pa30BbIi Epexo ¢ U3MEHEHUEM CUMMETPUU
1o P6/mmm, npu 3TOM MPOBOAMMOCTH B BRICOKOTEMIIEPATYPHOU (haze peamsyercs
3a CYET AMHAMHUYECKOM CETKH BOAOPOAHBIX CBsizel. C NMOHMKEHUEM TEMIEPATYPHI
JUHAMUYECKUN OECTIOpsIIOK MEPEXOIUT B CTATUUECKUH (KaK OpUEHTAMOHHBIN, TaK U
No3ULMOHHBIN), 1 ipu Ty = 260 K Habmonaercs nepexo B a3y KBa3uaABYMEPHOTO
MPOTOHHOIO cTekKa [3].

B nannHoit pabote Mbl U3y4yaly BIUSHUE YKAa3aHHOTO BBIIIE PAa3yNoOpsI0UYEHUs
Ha HHU3KOYACTOTHBIM KojiebaTenbHbI crekTrp PCHS ¢ momompio MaHIEIbIITaM-
OpUJUTIOPHOBCKOTO paccesiHusl CBeTa B HHTepBasie Temmeparyp 294 — 450 K.
N3mepenust npoBoaunuch B 180-rpamyCHON reOMETpUU PacCEsHUsl C MOMOIIBIO 6-
npoxoaHoro wuHTepdepomerpa Dabpu-Ilepo ¢ BoMHOBHIM BekTOpoM (HOHOHA,
HaIpaBJIECHHOTO BJI0JIb U IEPIIEHIUKYJIIIPHO TekcaroHanbHoi ocu (Ce). ITO O3BOIHIIO
MOAPOOHO UCCJEeNOBaTh BIUSHUE KAaK CTaTUYECKOTr0, TaK M JUHAMUYECKOIO
Oecrniopsiika MPOTOHHOM MOJICUCTEMbl Ha AMHAMUKY (Da30BBIX MPEBpPAILECHUNA KakK B
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obnactu Te, Tak u B o0nactu T.i. B ciekTpax paccesHus cBeta ObL1 0OHApyKEH BKJIa
kBasuymnpyroro paccesaus (QELS), omuceiBaemblii kak 1e0aeBCKUN perakcaTop.
AHanu3 CHEKTPOB IPOJEMOHCTPUPOBAI aHU30TPONHUIO KBAa3UYNPYrOro pacCesiHUs U
€ro HETPUBUAJIBHYIO TEMIIEPATYpHYIO 3aBUCHUMOCTB: Kak B oOmacth T Tak U B
obnactu T.; HaOMIOZAIOTCS aHOMAJHMHM KaK B MOBEACHUM IIUPUHBI HA TOJYBBICOTE
(oOpaTHO TPOMOPIMOHATFHON BpPEMEHHM pEJIaKcalluu), TaKk W B HMHTETPATBHOU
MHTEHCUBHOCTHU (IIPSAIMO MPOIMOPLIMOHAIBHON BOCIPUUMYUBOCTH) 3TOM KOMIIOHEHTHI
paccesiHug (CM., HalpuMep, pUCYHOK HUXKE).
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Pucynoxk. TemnepaTypHbIe 3aBUCHMOCTH ITapaMeTPOB KBa3UYTIPYTOTO PACCESTHHSI CBETA
B kpuctaiie PCHS npu BoitHOBOM BekTOpe, HanpaBiIeHHOM BJ10Jb ocH Ce

@OHOHHAS MOJCUCTEMAa KPUCTAIUIA TaKXKE JAEMOHCTPUPYET HETPUBHAIBHYIO
HBOJIIOLMI0O B OKPECTHOCTH CYNEPIPOTOHHOTO (a3zoBOro mepexoja: HaOmrogaeTcs
JIBYXMOJIOBO€ MOBEJEHUE JIJIsl NPOAOJIBHOTO aKyCTHYECKOro (POHOHA, KOrja B 00J1aCTH
3-4  rtpamycoB  okomo  T¢  cocymecTBYOT  (JOHOHBI  OJHOBPEMEHHO
HU3KOTEMIIEPATYPHOU U BBICOKOTEMIIEpaTypHOU ¢a3. B y3koit ob6nactu Temmeparyp
Bhillie T, Takke OOHApY>KEH 3alpelIleHHbId MpaBWIaMd OTOOpa TOINEePEYHBIN
akyctudeckud  (onoH. IlomydeHHble pe3ynbTaThl OOCYXKIAIOTCS B  paMKax
COBPEMEHHBIX TpEACTaBICHU (PU3MKH  (Pa30BBIX MEPEXOJI0B B  YACTUYIHO
Pa3ynopsii0YEHHBIX KpUCTAJIaX.

JIureparypa
1. A.l. Baranov, O.A. Kabanov, B.V. Merinov, L.A. Shuvalov //Ferroelectrics. 1992. — T.127.-
C. 257.
2. 10.1. 10310k u ap. //Kpucramiorpadus. 1994. — T.39. — C.70.
3. Lushnikov S.G. Evidence for a Quasi-Two-Dimensional Proton Glass State in CssH3(SO4)4
- XH20 Crystals /S.G. Lushnikov, S.N. Gvasaliya, A.l. Fedoseev, V. H. Schmidt, G.F. Tuthill, L.A.
Shuvalov //Physical Review Letters. 2001. — T.86. — Beim. 13. — C. 2838-2841.
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NbE30- U MAPOSJIEKTPUYECKHUE CBOMCTBA IIJIEHOK
NOJIMBUHUJINMAEH®TOPUIA, COOPMUAPOBAHHBIX
C UCITIOJIB3OBAHUEM AJZIMTUBHbBIX TEXHOJIOT U

H.B. BOCTpOBl, A.B. Connbikun?, .M. MOpC&KOBg, A.H. Benos*
1-3TBepckoii rocynapcrennsiii yausepeuret (TBI'Y), 170100, Treps
“HanmoHAIBHbIH MCCIIEI0BATEbCKHIH yHuBepcuteT «MUIT», 124498, 3enenorpan, Mocksa

Pabora mnocBslneHa HU3Y4YEHUIO TMOJSPHBIX CBOICTB OO0pa3lOB IOJMMEPOB Ha OCHOBE
nonuBuHUIHAeHpTOpUuaa (PVDF), monyuennsix merogamu 3D-mieyatv U meyatw MOTMMEPHBIMH
YepHUJIAMH, COACPKAIIMMU BSI3KHE PACTBOPHI CETHETO3JIEKTPUUECKUX MoilumepoB. PaccMorpena
MOpP(OJIOTHS TOJSAPU30BAHHBIX M HETIOJISIPH30BAHHBIX 00PA3IlOB HA OCHOBE JAHHBIX CKaHUPYIOIIEH
anekTpoHHOW  mukpockonuu  (COM).  [luposnekTpuyeckue  U3MEpPEHHs,  BBINOJIHEHHbBIE
JUHAMHYECKUM METOJIOM, CBUETEIbCTBYIOT O HAJIMYUU 3aMETHOTO OTKJIMKAa Ha MOJYJIHPOBaHHOE
TEIJIOBOE BO3/ICHCTBHE. MI3MepeHHbIE MTbe303ICKTPUUECKIE MOy IH (31 1 (33 TOKA3bIBAIOT 3HAYCHUS,
ONMM3KMe K AaHaJOTMYHBIM BenmuduHam Uit oOpasuoB PVDF, moiydeHHBIX TpaauIIMOHHBIMHU
METOJIaMHU.

KiroueBblie c0Ba: CErHETOANEKTPUUECKUIN TOJIMMEp MOJMBUHIWIAACH(DTOPUA, aaIuTHBHBIE
TEXHOJIOTUH, CKaHUpYIOUIas JJIEeKTPOHHAas  MUKPOCKOMUS, MHPOIEKTPUYECKH  3dexT,
[IbE30JIEKTPUYECKUE MOYJIIH.

beicTpoe pa3BUTHE COBPEMEHHOW 3JIEKTPOHUKH, OCHOBAHHOE HAa THOKUX
KOMITIOHEHTaX, TpeOyeT MCIOJb30BaHUs HOBBIX MATEpUaOB U 00Jiee COBEPILICHHBIX
TEXHOJOTMM MOJydeHUsl 3JIEMEHTOB, B YacCTHOCTH, JI1 CEHCOPUKH, B O0OJACTH
CO3[IaHUSI MUKPOIJIEKTPOMEXAHUYECKUX CUCTEM, YHEPIOHE3aBUCUMOMN IAMATU U [IP.
JlocTOMHCTBA CErHETORJIEKTPUYECKUX IIOJIMMEPOB Ha OCHOBE
nosmBuHWIHAeHPTOpUAa (PVDF) nenator ux maeaqbHbIMUA KaHAUAATAMH TSI OTHX
npuMeHeHud. OJHaKo I HEKOTOPBIX KOHKPETHBIX NPWJIOKEHUH IOJUMEPBI Ha
ocHoBe PVDF nomkHbI OBITH HE TOJBKO 3JIEKTPOAKTUBHBI (CETHETO-, MbE30- WM
MUPOIEKTPUUECKH), HO U HHTETPUPOBAHBl B Pa3IMYHbIE CHUCTEMBI HA MOJJIOXKKU
BAPBUPYEMOW IUIOIIAAM W B TpPEXMEpPHbIE CTPYKTypbl. Kpome Toro, wuHorma
HE00X0AMMO, YTOOBI YCTPOMCTBO pearupoBaio ¢ ONpPEEIECHHBIM NPOCTPAHCTBEHHBIM
Y BPEMEHHBIM Pa3pelICHUEM. DJIEKTPUUECKN aKTUBHBIE CTPYKTYPBI C KpaliHE MaJIbIMU
TOJIIIMHAMHU, TaKUE€ KaK yJIbTpaTOHKUE MieHKH (<100 HM), Takke TpeOyroTcs s
HEKOTOPBIX MPUIIOKEHUA MHKPOIJIEKTPOHUKU. OJTU TpeOOBaHHUA HE MOTYT OBbITh
BBIIOJIHEHBI KOMMEpYECKU N0CTYNHBIMU IuieHKamMu PVDF, nmockoneky ux pasmep u
dopma orpanudensl. [lpuBneKaTenbHBIMM METOJAMHU  MOJYYEHHUS  CIIOKHBIX
AIEKTPOAKTUBHBIX CTPYKTYP SIBISIOTCS aAJAUTUBHBIC TEXHOJIOTMHU C UCIOJIb30BAHUEM
IIOCJIOMHOrO  HAIUIABJICHHUS HUTH WIM Ie€4aTb NOJMMEPHBIMM  YEPHUIAMM,
COZIEPIKAILNMHU BA3KHE PACTBOPHI CETHETONIEKTPUUECKUX ITOJTUMEPOB.

B nacToseit pabote noayyeHsl INIEHOUHbIE CTPYKTYpPbI MeToZoM 3D-neuatu ¢
WCMOJIb30BaHUEM TMOJMMEPHOM HUTHM Ha ocHOBe PVDF wu mewatn nonuMmepHbIMU
YepHUJIAMH, BBIIIOJHEHBI HCCIEIOBAHUS OCOOCHHOCTH TOMOrpaduu 3THX CTPYKTYp
METOJIOM CKaHHUPYIOIIEH 3JeKTpOHHOU MUKpockonuu (COM), mbe303JeKTPUIECKUX
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CBOWCTB CTATHYECKUM METOJOM U OIPEICIICHbl MaKPOCKOMHMYECKUE 3HAYCHHUS
MBE303JICKTPUICCKUX MOJYJICH TOJyYeHHBIX 00pa3IoB, H3Y4YeHBl OCOOCHHOCTH
MTUPOIICKTPUICCKUX CBOHCTB.

Ha pucyHke mpuBeneHBI IONYYCHHBIE C IOMOIIBIO CKAaHHPYOIIECTO
AIIEKTPOHHOTO MUKPOCKOIIA Tororpadguu cBoO0HOM moBepxHocTH 00pasnos PVDF.

Pucynok. Tomorpadus moBEpXHOCTH TUICHOK, TIOTYYSHHBIX METOI0OM ITOCTIOMHOTO HAIUIABIICHUS
HUTH: ClIeBa — HETMOJIIPU30BaHHBIN 00pasell, cripaBa — MOJSIPU30BAHHBIN.

BuaHo, 4To B HEMOJSIPU30BAaHHBIX 00pa3liax 0e3 OPUEHTAIIMOHHON BBITSKKU
CymiecTBylOT naBe ¢aspl: amopdHas M KpUCTALIMYECKas B BHUJE KPUCTAJUIMTOB,
HarnoMuHaromux crepxxHu. K amopdHoil (a3ze OTHOCAT HemoisipHyro o-dasy, a
KPUCTAJUTMUECKYIO CTEPKHE000pa3Hyto (pa3zy paccMaTpuBarOT Kak MOJSpHYIO B-da3y.
[Iporiecc monsgpu3auy CUIBLHBIM AJIEKTPUUECKUM TOJIEM MIPU BBICOKON TeMIIepaType
MIPUBOJUT K YBEJIMUCHUIO JIOJIM MOJSIPHOH (ha3bl.

HccnenoBanusi MUPOIIEKTPUUYECKUX CBOMCTB, MPOBEIACHHBIE TUHAMUYECKUM
METOJIOM B YCJOBHUSAX MOAYJSILMH TEIJIOBOTO MOTOKA MUMITYJILCAMU MPSMOYTOJbHON
(opMBbI, TMOKa3bIBAIOT, YTO KHUHETHUKA MHUPOIIEKTPUUECKOTO TOKAa MPAKTUYECKU
BOCIIPOM3BOAUT BPEMEHHYIO 3aBUCHUMOCTh TEIUIOBOTO MOTOKAa, €CJIM TMEepUoj
MOJTYJISIITUY MEHbIIIE TETIOBOW MOCTOSIHHOM BpeMeHH o0pasiia. ITO CBUJIETEIIbCTBYET
O MPAKTHUYECKH OJTHOPOJIHOMN MOJSPU3ALUK MO TOJNIIWHE TJICHKU 32 MCKIIOUYECHUEM
TOHKOTO CJIOSl Y TIOBEPXHOCTH, OOpaIeHHOW BO BpeMs MOJSIpU3AIMU K KaTOXy.
3nauenue mupokoddpumuenrta cocrapiser ~ 5 — 7 MxKn/(M?K) mpu KOMHATHOIMA
temriepatype. I[lpu yBenuueHun TemmepaTrypbl HAOTIOJAETCS POCT BEIUYUHBI
MAPOAJIEKTPUIECKOTO KodurueHTa.

CratudyeckuM METOJIOM 3apETUCTPUPOBAH  MBE303JIEKTPUUECKUNA  OTKIIUMK
noysipu3oBaHHbIXx TuieHOK PVDF, mnony4eHHBIX Kak METOJIOM IOCIOHNHOTrOo
HaIJIaBJICHUS HUTH, TaK M C TIOMOIIBIO TCYAaTH IMOJUMEPHBIMA YCPHHUIIAMH,
coaepxkamumu Bs3kuii pactBop PVDF. Ha ocHoBe ompeneneHusi HakaminBaeMoro
3apsiia B TIPOIIECCE MEXAaHWYECKOrOo BO3JEHCTBHS Ha o0Opaszell Ipu  MNPSIMOM
MbE302JIEKTPUIECKOM 3P eKTe paccunTaHbl Mbe30MOAYIH U3 1 O33, OHU paBHBI 16 U
21 nKn/H, cooTBeTCTBEHHO. DTH 3HAYEHHUS OJIM3KHM K aHAJIOTHYHBLIM BEJIMYUHAM IS
o6pasioB PVDF, nonydeHHbIX TpaAUIIMOHHBIMU METOaMHU.
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DIELECTRIC SPECTROSCOPY OF SOLID SOLUTIONS OF AN N-
COMPONENT SYSTEM OF THE FORM (1-y-a-2)(NaosKosNbOs)-yLiNbOs-
aCdosNbOs-zPb(ZrosTios)Os3
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For the first time, solid solutions (SS) of an n-component system of the form (1-y-a-
Z)(Nao sKo.sNbO3)-yLiNbO3z-aCdosNbOs-zPb(ZrosTios)Os (I section with y=0.05, a=0.025, x=0.475,
0.15<z<0.5; 1l section with y=0.10, a=0.050, x=0.425, 0.15<z<0.5). A different nature of the
manifestation of the dielectric properties of SS, depending on their composition, has been established.
The media are revealed, which are characterized by the relaxation behavior of the Curie temperature,
Te. A critical dependence of T on the PZT (Pb(Ti, Zr)Os) concentration has been established, namely,
its shift towards lower temperatures with increasing PZT content. The conclusion is made about the
expediency of using the obtained results in the development and creation of similar materials and
devices based on them.

Keywords: PZT, KNN, LiNbOs, CdosNbOs, solid solutions, multicomponent systems,
dielectric spectra.

The accelerated development of electronics and instrumentation has led to the
need to develop piezoactive materials for a wide range of tasks. If in the 1960s the
deeply studied binary system PZT [1, 2] was widely used, then at the beginning of the
1970s it became clear that its possibilities were practically exhausted, and a transition
was made to n-component systems based on it. It should be noted that several
legislative initiatives adopted by the European Parliament [3, 4] push scientific groups
to search for alternative bases that can significantly reduce the content of toxic
elements in the composition of electroactive ceramics. The electrophysical properties
closest to the basic PZT system are those of sodium potassium niobates (KNN). In
connection with the foregoing, the development of KNN-based n-component systems,
containing compositions with fundamentally different properties, and their study in
order to determine the limits of applicability of the created active media seems to be
relevant.

The objects of the study were the SS of two sections of the system of the form
(1-y-a-z)(NapsKosNbO3)-yLiNbO3-aCdysNbOs-zPb(ZrosTios)Os: | section  with
y=0.05, a=0.025, x=0.475, 0.15<z<0.5; Il section with y=0.10, a=0.050, x=0.425,
0.15<z<0.5. The dielectric spectra of SS were studied on a special stand designed at
the Research Institute of Physics of the Southern Federal University using Agilent
4980A precision LCR meters. Measurements were carried out in the temperature range
(300...900) K and in the frequency range (20...10°) Hz.
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It has been established that in all the investigated SSs belonging to section I, in
the region of transition to the nonpolar phase, smeared maxima of the relative
permittivity, e/ey, are observed, which decrease, blur and shift to higher temperatures
with increasing frequency, which is typical of ferroelectric relaxors. A similar
“behavior” of elgg is also observed in SS 1 of the section with z>0.25.

In the SS belonging to section Il with z=0.15, the formation of two &/ep maxima
at T~300K and 525K was revealed. The first has a form characteristic of classical
ferroelectrics, the second shifts to lower temperatures with increasing frequency, which
Is probably due to the effect of electrical conductivity. In SS with z=0.25, the presence
of a strongly smeared Tc maximum in a wide temperature range, which does not shift
in temperature with a change in f, was revealed.

A critical dependence of the dielectric properties of SS on the elemental
composition has also been found. Thus, in the SS of section I, Tc changes as the z
content increases from 0.15 to 0.35 to lower temperatures from ~470 K to 330 K. After
reaching the specified value z=0.35 Tc increases by (5+15)K. In section Il, similar
phenomena take place at z equal to (0.15+0.35).

In the paraelectric region at T>600K, in all the investigated solid solutions, a
rapid increase in &/e0 is observed, which may be the result of redox processes
associated with the variable valence of NbG =" and Ti“"3" [5], which contribute to
the formation of oxygen vacancies and form an anion-deficient nonstoichiometricity.
Weakly associated with the structure of the material, these vacancies are sources of
electrical conductivity and make an additional contribution to the formation of the
dielectric properties of solid solutions.

It is advisable to take into account the results obtained in the development and

creation of such materials and devices based on them.

The study 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, scientific project No.
(0852-2020-0032)/(BAZ0110/20-3-071F).

The equipment of the Center of Research Institute of Physics SFedU, “High-Tech” SFedU
was used.
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TRANSIENT POLARIZATION IN STO CRYSTAL STRAINED BY MID-
INFRARED PUMP PULSES
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Researcher, abalmasov@iage.nsc.ru
Institute of Automation and Electrometry SB RAS

Recently, metastable ferroelectricity in SrTiOgz crystal strained by series of mid-infrared pulses
was observed by T. Nova et al., Science 364, 1075 (2019). The crucial role of the flexoelectric effect
in creating of two domains with opposite polarization was revealed. However, the polarization lasting
for several hours after irradiation has not been explained. | show that when strain dynamics is taken
into account, the produced strain turns out to be not strong enough to induce a ferroelectric phase
transition in the crystal. At the same time, the transient electric field due to the flexoelectric effect
during each pump pulse can lead to the migration of free electric charges in the crystal. The
polarization created by these charges persists for a long time until they recombine and can be
interpreted as metastable ferroelectricity.

Key words: ferroelectricity, flexoelectricity, SrTiO3, mid-infrared pump, second harmonic
generation.

SrTiO; (STO) is a prototypical quantum paraelectric that is very close to a
ferroelectric phase transition at low temperature, which, however, does not occur due
to quantum effects. At the same time, in the course of a long and extensive study of the
crystal in the past, it was found that the ferroelectric transition is possible under various
kinds of crystal perturbations, such as applied stresses, strains, or isotopic substitution
of oxygen ions [1].

In [2], a lasting for hours polarization in STO crystal probed by the second-
harmonic generation gradually appeared after minutes of high-intensity femtosecond
mid-infrared pumping, resonant with the 19 THz phonon mode, at low and up to room
temperatures (Fig. 1a). A salient feature of the observed effect was the creation in the
irradiated spot of two domains with opposite polarization (Fig. 1b). Flexoelectric
coupling was thought to explain this effect as it is sensitive to the strain gradient
expected to be directed towards the center of the spot. The strain itself arises due to the
electrostriction coupling with the resonantly excited infrared phonon mode.

| show that when the ultrashort pump pulse duration of 80 fs and the subsequent
strain dynamics are taken into account, it turns out that the produced strain itself is not
strong enough to induce a ferroelectric phase transition in the crystal. At the same time,
the electric fields arising due to the flexoelectric effect during each pumping cycle
could cause the migration of free charges and their accumulation in certain areas.
Presumably, these charges could be electrons and holes created by the pump and probe
pulses, or oxygen vacancies known to exist in STO.

A simple model of the plate capacitor suggests that the relaxation time is
proportional to the electrical permittivity and resistivity, = = ep. Given the relaxation
time of the order of 10° s and the relative permittivity ¢,.=10* at a temperature of T = 4
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K [2], this gives a reasonable estimate of the resistivity of the order of 102 ohm m.
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Fig. 1. Sketch of the experiment with mid-  Fig. 2. The calculated polarization distribution
infrared pumping of the STO crystal that appears after pumping by mid-infrared
pulses of the Gaussian shape in the plane
perpendicular to the pulse incidence

| note that the described above situation differs from the experiment [3], where
a single-cycle THz pump pulse with a peak frequency of about 1 THz induced a
metastable state on a very short time scale of 10 ps at temperatures below 30 K and
pump pulse electric fields above 340 kV/cm.
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3a (oTorasibBaHUYECKHE TOKU B Cpefax 0e3 IeHTpa CUMMETPUH OTBETCBEHHbI
HEPABHOBECHBIE HETEPMAIM30BaHHbIe HocuTenu 3apsiaa [1,2]. HepaBHoBecHbIe
HETEPMAIM30BaHHbIE HOCHUTENM 3apsJa HMEIOT DSHEPrui0 HAMHOIO OOJIBIIYIO
TEIUIOBOTO BKJIaAa TO €CTh By yer>>Eren M MOATOMY TEIUIOBBIM BKJIAJIOM B SJHEPTHIO 3TUX
HOCHUTENEeH  3apsna  MOXHO  mnpeHeOpeub[2].TemmepaTypHas  3aBUCHMOCTH
IIOJBUYKHOCTH HEPABHOBECHBIX HETEPMAJIM30BAHHBIX HOCUTEJIEH 3apsia OTIMYHA OT
TEMIIEpPATypHOIN 3aBUCHUMOCTH TEPMAJIM30BAaHHBIX HOCUTENEH 3apsina. B cpemax 0es
LIEHTEpa CUMMETPUU 00JIaJalOIINX TbE30UIEKTPUUECKUM 3PPEKTOM U copepKalIuM
IPUMECH MIPU OCBELIEHUH B 00JIACTU MPUMECHOTO JINHEHHOTO (POTOBOJIBTAUUYECKOTO
s¢pdexTta MOHM3ALMS ~ ATOMOB  NPHUMECH  NPHUBOJAUT K  BO3HUKHOBEHUIO
MUKpoaedopMalfii, KOTOpble MNPUBOAAT K POCTY HHTEHCUBHOCTH PaneeBkoro
paccesinus| 1,2].Kunetnka pocta HHTEHCUBHOCTH P3JIe€BKOTO paccesHus ITATENIbHAS
nopsinika (40-50) MUHYT BO MHOTMX KPHUCTaJJIaX, 4YTO OOYCJIOBIIEHO JIMTEIbHOCTHIO
oOpa3zoBaHusl MUKpoaepopMalMii TpHU OCBelIeHHs Kpucrtamia, [lpu yuere Bcex
MEXaHU3MOB pACCESHUS HOCHUTENEH 3apsAna BBIPAKEHUE Uil CPEOHEr0 BPEMEHH
penaKcaluy 3aBUCUT OT BpDEMEHHU PacCesHUA Ha aKyCTHYECKUX KOeOaHusl T, ,BpEMEHU
paccestHisl Ha ONTHYECKUX KOJeOaHUsX T, U CyMMapHOI'O BPEMEHH pacCesiHUs Ha
CTaIlMOHAPHBIX JAedeKkTax U MukpoaepopManusx t.. Bcimm 1L (T, + T,) TO
ITOJABHKHOCTHh HEPABHOBECHBIX HETEPMAJIN30BAHHBIX HOCUTEIIEH 3apsA/1a HE 3aBUCUT OT
TEMIIEpaTypbl KpUCTAIIA, €CIIH Tc > (Ta + To) TO MOJBMKHOCTH HEPAaBHOBECHBIX
HETEPMAJIN30BAHHBIX HOCUTEJEN 3apsA/ia MOXKET, 3aBUCHUT OT TEMIIEPATYPhI KpUCTaJLIa
KaK JIMHEHHO, TaK ¥ HETMHEIHO B 3aBUMMOCTH OT BKJIa/1a T, B OOIIYIO CYMMY.
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1. B.M.®puakun. AnoManbHbiil hoToBObTanueckuit a3¢pexr./ B.M.@punkun, b.H.ITonos.
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HccnenoBaHo BIMSHUE OCTOSIHHOTO 3JIEKTPUUECKOTO 110JIsl HA BHYTPEHHEE TPEHUE U MOJTYJIb
YIPYTOCTH B CETHETOAIECKTPHYECKOM TBEPIOM pacTBope BaogSro,2TiO3 B OKpeCTHOCTH TeMIIEpaTyphbl
Kropu. YcTaHOBI€HO, UTO NMPHIOKEHHOE IOCTOSHHOE 3JIEKTPUUECKOE I10JIE€ NPUBOJUT K POCTY
BHYTPEHHEIO TPEHHsI U MOAYJS YNPYrOCTH B CETHETONIEKTPUUYECKOW (aze M IMPaKTUYECKH He
OKa3bIBa€T BIUSHUS B Mapa’eKTpuuyeckod (asze, CBUAETEILCTBYS O JIOMUHHUPYIOIIEM BKJIAJE
JIOMEHHOI'0 MEXaHHU3Ma B MEXaHUUECKHUE MTOTEPH.

KiroueBsie cioBa: TuTaHaT OapUsi-CTPOHLIUS, CETHETOAIEKTPUUECKask KepaMUKa, BHyTPEHHEE
TpPEeHUe, MO/1yJIb YIIPYTOCTH.

O0pasiisl Bag gSro 2 TiO3 ObLIM PUTOTOBJICHBI 10 TPAJAUIIMOHHON KEPAMHUYECKOM
texHosoruu [1]. Cunre3 npoBoauics B armocdepe Bo3ayxa mpu Temmeparype 1300
°C B TeueHue 2 4, criekanue — npu temneparype 1360 °C B teuenue 4 4. Mzmepenus
TeMIEPaTypHbIX 3aBUCUMOCTEM BHYTPEHHErO0 TPEHHS W MOIYJs YIOPYrocTH
MPOBOIMIIA METOJIOM CBOOOIHOTO 3aTyXaHHUs N3TMOHBIX KoJjicOaHuii oOpasma [2].

Ha pucynke mpuBeeHBI TEMIIEpaTypPHBIC 3aBUCUMOCTH BHYTPEHHETO TpeHus Q
! (a) u mogyna ynpyroctu E (6) B oOpasue BaggSro,TiOz B oTcyTcTBHE U IIpn
BO3/ICHCTBUM BHEUTHETO MOCTOSHHOTO JIEKTPUYECKOTo moJist E-.

0+ L ‘

2,51 '
~ 20
o
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160+ R
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Pucynok. TemnepaTtypHble 3aBHCHMOCTH BHyTpeHHero Tperns Q7 (a) u Moxyns ynpyroctu E (6)

B CETHETORIIEKTPUIECKOM TBEPIOM pacTBope BaogSro2TiO3, n3mepennsie Ha yacTote ~ 13 'l mpu

Pa3HBIX 3HAYCHHUAX BHEIITHETO 3JIekTpuyeckoro moist E=: 1) — 0 kB/cMm, 2) — 2 kB/em; 3) 4 kB/em;
4) — 6 xkB/cwm; 5) — 8 kB/em; 6) — 10 kB/em

0,0

[IpunoxeHHOe TOCTOSHHOE 3JEKTPUYECKOE IOJie YBEIMYMBACT BHYTPEHHEE
TpEHUE U MOJYJb YIPYrOCTH B CETHETORNIeKTpuueckon ¢aze. B obnactu dazoBoro
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nepexona ysenudenue E- Bmiote 10 4 kB/cm BeiseiBaeT poct Q7 manbmeiimee
yBenudyeHne E- mnpuBOAMT K YMEHBIIGHHWIO BHYTPEHHETo TpeHus. B
napa’IeKTpUIecKon (pa3e IMEKTPUIECKOE MoJie HE OKa3bhIBACT 3aMETHOTO BIUSHUS Ha
TEeMIIEpaTypHbIE 3aBUCHMOCTH BHYTPEHHErO0 TPECHHUSI W MOMYJSA YNPYTOCTH, YTO
TOBOPUT O JOMUHHUPYIOIIEM BKJIAJE JOMEHHOTO MEXaHW3Ma MOTEPh BO BHYTPECHHEE
TpEHHUE.

[Tocme MIPYIIOKEHUS MTOCTOSIHHOTO AIEKTPUIECKOTO TTOJIS K
CCTHETODJICKTPUUECKON  Kepamuke BaggSro,TiO; HaOmMomamTcss  BpEeMEHHBIC
3aBUCUMOCTH BHYTPEHHEIO TpPEHHUS, KOTOpPbIE XOpPOIIO aNlIpOKCUMHUPYIOTCS
AKCTIIOHEHITMAIbHON (DyHKITHEH

o =Q;1+[Q51—Q;1]exp[— 3) M

rae Q, ! _ 3Havenue BHyTpennero Tperns mpu t = 0, Q" — ycTaHOBUBIIGECS 3HAUCHHE
BHYTPEHHETO TpeHHUsl, t — Bpemsi, T — BpeMs pelaKCaluu.

bonee BpICOKOE 3HAaUEHHE BHYTPEHHETO TPEHUS B CETHETOIIEKTPUUYECKOM (aze
[0 CPAaBHEHHUIO CO 3HAYEHUEM 10 MOJAYM MOJS OOBICHSIETCS B3aMMOJEHCTBHEM
JOMEHHBIX TpaHull C To4YeuHbIMU Jedekramu. [lpunoxkenue £E- NPUBOAUT K
BO3HMKHOBEHUIO HABEJIEHHOMN MOJSIPU3ALMU U YBEIMYECHHUIO MOAYJIS YIPYTOCTH, B
pe3yabpTaTe 4ero MPOMCXOAWT YMEHBIICHHE SHEPrUU B3aUMOJAECHCTBUSA JIOMEHHOMN
CTEHKHU M TOUYEUYHBIX 1€(DEKTOB, UTO BEAET K YBEIMUEHUIO BHYTPEHHETO TPEHUS.

HccnenoBanre BBITIOIHEHO MPU PUHAHCOBOM NoIep:kke MUHHUCTEPCTBA HAYKH

1 BbICIIEro oOpa3oBanus Poccuiickoit ®denepanuu B pamMkax T'OCYJIapCTBEHHOTO
3ananus (mpoekt Ne FZGM-2020-0007).
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B pabore na mpumepe anammza HMK-creKTpoB MHKpPOCpPE30B JpEBECHHBI COCHBI IOKa3aHa
BO3MOXKHOCTh NMPUMEHEHHUSI METOJa TayCCOBBIX KPHUBBIX JJISI pa3/eieHUs MOJIOC MOTJIOMICHUS MPH UX
HAJIOKCHUH B pE3yJbTaTe H3MEHEHHs BJIXHOCTH. YCTAHOBJIEHO, YTO B IIPOIECCE BBICHIXAHUS
MHKpOCpe3a I0J0ca IOTJIOMICHHUsST BAJCHTHBIX KOJEOaHWI THIPOKCHIBHBIX TPYII, 3HAYUTEIHHO
YMEHBIIAETCSl 10 INUPUHE W NPAKTHYECKH HE CMEINaeTcsi, a ee MaKCHMallbHas HHTEHCHBHOCTD
[peTepIieBaeT yBEIMUCHUE Yepe3 HECKOJIbKO CYTOK IOCJE U3BATHUS U3 OIOKCHI, YTO CBUIETEILCTBYET O
nepepacnpeieNeHUn SHepriuy KosiebaHui B UCciieyeMoM OMOKOMIIO3UTE.

Kirouessie cnoBa: MK-cniexTp, mosioca noriomieHus, MeTo/l TayCCOBBIX KPHUBBIX.

B Hactosmmii  mMomeHT wmetoabl HMK-cnekTpockonmuu HanuM - MIUPOKOE
MPUMEHEHWE B  HUCCJICNOBAHMUSIX  (PUBHKO-XUMHUYECKHX  CBOMCTB  CIIOKHBIX
o6nokomno3uToB [1, 2]. CoXHOCTh MPUMEHEHHS TAKUX METOJIOB COCTOUT B TOM, YTO
npu aHamu3e HMK-CekTpoB BBICOKOMOJEKYJISIPHBIX MaTEpUalOB BO3HUKAIOT
TPYAHOCTH WHTEPIpPETALMUA IOJOC M3-3a MX YACTHYHOrO HalokeHus. Hampuwmep,
MOCJI€ BBIIEP)KUBAHUS MUKPOCPE3a COCHBI B OIOKCE C HACBIIICHHBIMU TMapaMu BOJbI
nonoca norsomenus (3350-3450 cm™) BaneHTHBIX KOIe0aHUI THAPOKCUIBHBIX TPYIII,
YYaCTBYIOIIMX B MEXK- U BHYTPUMOJICKYJSIPHBIX CBSI3SIX B IE/UIIOJI03€ W JUTHUHE,
NPAKTHYECKH CIMBAeTCA ¢ ToJocoi mornomenus (2750-3000 cm™) BaneHTHBIX
konebannit CH-cBsi3ell METUIIBHBIX U METHJICHOBBIX IPYIII JJUTHUHA (CM. PUCYHOK).

Takum 00pa3oM, TpH aHadu3€ CHEKTPOTpaMM MPAKTUYECKA HEBO3MOMXKHO
ONpENEIUTh BIUSHUE W3MEHEHHs] BIAXHOCTH Ha Iepepacnpe/iesieHue SHEPruu
konedanuit OH-rpymnmn.

Jns  anamuza UK-crekTpoB wucciemyeMoro OHOKOMIIO3UTA — Pa3IMYHOMN
BJIQKHOCTH TPHUMEHSUICS METOJ MOJEIUPOBaHUS MPOGUIS TMOJOC MOTJIONICHUS C
MTOMOIIIBIO TayCCOBBIX KpUBHIX [3]. B pe3ynbrare criekTp npeacTaBiseT co0oi cymmy
KoJIeOaHMi ¢ HOPMAIBHBIM pacipeielieHueM HHTEHCUBHOCTHU TTOTJIONICHUS

M) =3 A exp(- £ by, (1)

rae A(K) — moruonieHre mpu BOJHOBOM YHCIIC k, A(K); P2 — normomenue mpu K;
(MakcUMyMe TIOJIOCHI);  0j— IapamMeTp, XapaKTePU3YIOUIMA IIMPUHY TOJIOCHI
MOTJIOIIEHUS; M — YHUCIIO MepeKpbIiBaeMbIX moJioc. [Ipu mMopenupoBaHuu mpouis
MOJIOC TIapaMeTPhl TayCCOBBIX KPHBBIX OINPEACISUIMCH C TIOMOIIBIO KpPUTEPHS
s¢pdextuBHocTH Homra-Catknudda (ME) [4]:
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raie A(K)*™ — mannbie  m3mepenuit;  A(K), — pe3yabTaThl  BBIYHCIMTEILHOTO
skenepuMenta (110 cooTHOweHUuO  (1));  A(K)mean — cpetnee  3nauenme  A(K)n™.
Onrtumu3anus napaMeTpoB OCYIIECTBIIIACh METOJIOM MakCHUMuU3alu kputepus ME
(cm. pucynok). Takum 00pa3om, NMpU HHTEPHPETALUMH MOJEIH C PpPe3yJibTaTaMu
IKCTIIEPUMEHTATIBHBIX M3MEPEHUI OyIyT ONpEAessThCsS BCE MapaMeTpbl H3MCHCHHS
I0JI0C MOTJIONIEHHS B HE3aBUCUMOCTHU OT MX HAJI0XKCHHUSI.
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Pucynok. ®@parment MK-ciekTpoB MUKPOCPE30B COCHBI U PE3YJIbTAThl MOAEIUPOBAHUS TPOPUILS
H0JI0C B 00JIACTH MOTJIOIIEHUS THAPOKCUIBHBIMU I'PYyNIIaMu

Pe3ynbTaT BBIYMCIMTENBHOTO DJKCIEPUMEHTA II0Ka3aJd, YTO YMEHBIICHUE
BJIQKHOCTH MHKPOCPE3a MCCIEAYEeMOTro OMOKOMIIO3UTA MPAKTHYECCKH HE BIIMSCT Ha
MTOJIOKEHHUE TI0JI0C TTOTJIONICHMSI, TOT/Ia KaK IMWPUHA IMOJIO0CHI BAJICHTHBIX KOJICOAHMIA
TUAPOKCUIBHBIX TPYII EJUTIONO03bI U JTUTHUHA 3HAYUTEITLHO YMEHBIIAETCS, TIPU STOM
MaKCUMyM WHTEHCHBHOCTH K MOMEHTY MPAKTUYECKU MOJHOTO BBICKIXaHUS oOpasiia
yBENIUYHMBAETCS Ha ()OHE YMEHBIIECHUS HHTETPaIbHOW WHTEHCUBHOCTH IIOJIOCHI B
neiaoMm. Takum  00pa3oMm, pe3ynbTaThl HUCCIENOBAHUS  CBHUJETEIHCTBYIOT O
MEpPCIEKTUBHOCTA  TMPUMEHEHHUS MpeiaraéMoro Mmojxoja JJid  IOJy4YeHUs
uHOpMAIIMU O CTENEHU BIMSHUS BIIAXXHOCTH Ha IepepacnpeesieHue SHEPruu
KOJIeOaHWI B MUKPOCTPYKTYPE CI0KHOTO OMOKOMIIO3HUTA.
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FEATURES OF THE THERMOELECTRIC PROPERTIES OF MEDIUM-
ENTROPY PbSnTeSe ALLOY

E.N. Yaprintseva!, A.E. Vasil’ev?, M.N. Yaprintsev?, O.N. lvanov*
1.2.4Belgorod State Technological University named after V.G. Shukhov
3Belgorod State University, Belgorod 394015, Russian Federation

Reactive spark plasma sintering has been applied to prepare medium-entropy grained
PbSnTeSe alloy. Thermoelectric properties (specific electrical resistivity, Seebeck coefficient and
thermal conductivity) of the alloy happened to be promising enough.

Keywords: medium-entropy alloys, reactive spark plasma sintering, thermoelectric properties,
structural instability.

Aim of this work is to prepare medium-entropy PbSnTeSe alloy by reactive
spark plasma sintering (RSPS) and analyze features in thermoelectric properties of this
alloy. Developing high-entropy (consisting of five or more principal elements in
equimolar or near-equimolar ratios, which compete for the same position in crystal
lattice) and medium-entropy (consisting of three or four principal elements) alloys is
effective approach in modern thermoelectric materials science. These alloys possess
intrinsically low lattice thermal conductivity, originated from effective scattering of
phonons by lattice disorder. Medium-entropy PbSnTeSe alloy is one of prospect p-type
thermoelectric for various medium-temperature applications. To prepare PbSnTeSe
alloy, initial mixture of elemental Bi, Sb, Se and Te powders taken in stoichiometric
ratio was RSPS-treated under 20 MPa pressuring at 823 K for 15 min in vacuum.
Specific electrical resistivity, p, and Seebeck coefficient, S, were measured by using
ZEM-3 system, and total thermal conductivity, k, of the alloy was measured by TC-
1200 system. RSPS-treated material is single-phased and corresponds to cubic Fm3m
structure with lattice a=0.6216 nm parameter. The material is grained and consists of
irregularly-shaped grains with size of several dozens of nm. Dependences of p(T) and
S(T) are shown in Figs. 1 (a) and (b), respectively. Maximum of p(T) is observed at
high temperatures near Tnax,~670 K. Below the maximum, p gradually grows with
increasing T that results from carriers scattering by acoustic and optical phonons. In
this case, p(T) curve is fitted by empirical expression p ~T 2°. Above temperature
T'=490 K, fitting dashed line starts to deviate from the experimental curve. Above
Tmaxo, INtrinsic conductivity resulting in increasing p takes place. Seebeck coefficient
IS positive that corresponds to p-type conductivity. At heating, S firstly increases, but
at high temperatures S trends to constant value. Behavior of S(T) for degenerate
semiconductor obeys S~T link. This link, shown by dashed line, can be applied to
describe experimental S(T) curve only below T". Dependence of S(T) was applied to
estimate band gap, Eg, by the Goldsmid-Sharp expression. Eq was estimated as ~0.22
eV.
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Figure. Temperature dependences of p (a), S (b), k (c) and ZT (d) of the PbSnTeSe alloy

Temperature dependence of total thermal conductivity is shown in Fig. (c). With
increasing temperature, k is reducing trending to minimum at Tpin=670 K. Kink in
dependence of k(T) is observed at T *. Phonon thermal conductivity, calculated by the
Wiedemann-Franz law, is very low (~0.7 at ~755 K). Temperature dependences of p,
S and k were used to extract temperature dependence of thermoelectric figure-of-merit,
ZT (ZT=TS?%pk). As shown in Fig. 1 (d), with increasing temperature, ZT increases and
reaches maximum ~0.43 value at ~720 K. So, thermoelectric properties of the
PbSnTeSe alloy are promising enough. New finding of our work is observation of
anomalies in thermoelectric properties of PbSnTeSe at temperature T~ (T -anomalies).
Many compounds, which should be considered as related to PbSnTeSe (PbTe, Pb (Se,
Te), (Pb, Ge) Te), undergo true high-temperature phase transitions or are near structural
stability limit that can be destroyed by external pressure or internal stresses governed
by microstructural features. Similar structural instability may be responsible for

appearing the T -anomalies in chemically complex PbSnTeSe.
This work was supported by Ministry of Science and Higher Education of the Russian
Federation (grant number No 0625-2020-0015).
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HBE30OAKTUBHBIE KEPAMOMATPUYHBIE KOMIIO3UThI:
MUKPOCTPYKTYPHBIE OCOBEHHOCTHU "
QJIEKTPOMEXAHUYECKHUE XAPAKTEPUCTUKHAU

A.H. Pri0siHen
['maBHBIN Hay4HBIA COTPYAHUK, A-p Hu3.-MatT. HayK, arybyanets@gmail.com
OI'BOY «IOxHbIH denepanbHbIi YHUBEPCUTET)

B pabGote mnpencraBieHbl pe3yabTaThl pa3pabOTKM M KOMILIEKCHOTO HCCIIEI0BaHMS
MUKPOCTPYKTYPHBIX OCOOCHHOCTEH U 3JIEKTPOMEXAHWYECKUX XapaKTEPUCTUK IbE30aKTUBHBIX
KepamomaTpuuHbIx koMno3utoB (KMK) paznuunbix TunoB. PaccMoTpeHbl XapakTepHble IPUMEPHI
pazpaboranapix KMK, crmoco0bl BX MONMydeHUsi, MaTeMaTHYeCKUE MOJENH, a TaKKe Pe3ysbTaThl
sKcnepuMeHTanbHbIX HuccaenoBanuii KMK kepamuka/kepamuka, KepamMHKa/KpUCTalUl, a TakKKe
MOPUCTBIX  Ib€30KepaMuK. B  pe3ynpraTe NpOBEAEHHBIX  HMCCIEAOBAHUNM  YCTaHOBJICHBI
KOPPEJSLIUOHHBIE CBA3H MEXY AJIEKTPO(U3NIECKUMU XapaKTePUCTUKAMU U MUKPOCTPYKTYPHBIMU
ocobennoctssmu  KMK, a Takke  3aKOHOMEPHOCTH  (HOPMHUPOBAHHS  IKCTPEMAIIbHBIX
IEKTPO(U3NYECKUX XapaKTepUCTUK uccienoBaHHbix KMK.

KinroueBble  cioBa:  KepaMOMaTpU4YHBIE  KOMIIO3UTBI, IOPUCTBIE  MbE30KEPAMHUKH,
KOMIIJIEKCHBIE XapAKTEPUCTUKU, KOPPEISILIMOHHBIE CBA3H.

[[lupokoe  mpuMEHEHHWE B  aBTOMOOWJIbHOWM,  a’pPOKOCMHUYECKOU U
DHEPreTUYECKOM  OTpACisIX  MPOMBIIUICHHOCTA  HAXOJAT  KOHCTPYKI[MOHHBIC
kepamoMatpuunble Komro3utbl (KMK) ¢ ynydimmeHHBIMH TEPMUYECKUMU U
MEXaHUYECKUMU CBOMCTBaAMHU. B oTinMume OT KOHCTPYKIIMOHHBIX, (YHKIIMOHATHHBIC
KMK' wuccinenoBanbl B 3HAYMTEIIBHO MEHBIIEH CTEIEHU, 4 UX MCIIOJIb30BAHUE B
AJIEKTPOHHOM ITPOMBILUJIEHHOCTH B HACTOSILIEE BPEMS JIOCTATOYHO OrPAHUYECHO.
OcHoBHOI1 TIpoGIeMoli npu co3/laHuu Mbe30akTuBHBIX KMK siBnisieTcss koMripomuce
MEXAHUYECKUX U IBbE303JIEKTPUUECKUX CBOMCTB, B YACTHOCTH, YXYAIIEHUE TaKHUX
BAKHBIX MApaMEeTPOB, KaK MbE30MOAYIb U KOAIDPUIMEHT 3JIEKTPOMEXAHMUYECKOU
cBs3u. Ha ocCHOBe mpemyioKEHHOM HaMU KOHLENUIHH MHKPOCTPYKTYPHOTO
KOHCTPYMpPOBaHUS  NOJIMKPUCTAJUIMYECKUX  MarepuaioB Obuia  pa3paboTaHa
YHHUBEpCAJIbHAsA TEXHOJOTUSl TNbe30akTuBHBIX KMK ¢ pasnuuneiM  cocTaBowm,
CTPYKTYpO# 1 TUIIOM cBsi3HOCTH [1- 3].

B Hacrosimelt pabote paccMOTpeHbl XapaKTepHbIE MPUMEPHI pa3pabOTaAHHBIX
KMK, noka3zaHHble Ha pUCYHKE, CITIOCOOBI UX MOJIYYCHHS, MAaTeMaTHUYECKUE MOJIEIH, a
TAKXKE€ PE3yJbTAaThl KOMIUIEKCHBIX 3KCIEPUMEHTAJIBHBIX HCCIEAOBAHNUM, CICIYIOMINX
KepaMOMaTPUYHBIX KOMIIO3UTOB:

- TIOPUCTBIE KEPAMHUKH C OTKPBITOM, 3aMKHYTOW W METAJUIM3UPOBAHHOU

MOPUCTOCTHIO;
- KMK kepamuka/kepamuka (LITC/ITC, HTC/PbTiO,);
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- KMK KepaMUKa/KPUCTAILT (ITC/a-AlLOs, L TC/LiNDbOs,
(Na,Li)NbO3/ LiNbO3);
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U KepaMUKa/KepaMuKa (B)

Ha ocHoBaHMM MHUKPOCTPYKTYPHBIX, 3JIEKTPOPUIUUYECKUX U YIbTPa3BYKOBBIX
HCCIIEIOBAHUI, a TAKKE PE3YIbTATOB KOHEUHO-3JIEMEHTHOTO U KOHEYHO-PA3HOCTHOTO
MOJICJIUPOBAHUS YCTAHOBJICHBI KOPPEISAIIUMOHHBIE CBSI3U MEXK]Ly MUKPOCTPYKTYPHBIMU
O0COOCHHOCTSIMU U 3JekTpodusznueckumu cBoiicTBamu KMK pa3nuyuHbIX THUIIOB.
ITokazano, uro pazpaboranHbie crnocoObl mnoiaydeHus KMK obecneunBaroT
dhopMupoBaHHE€ MaKpO OJHOPOJHBIX KOMITO3UIIMOHHBIX CTPYKTYp C PaBHOMEPHBIM
pacnpeneNeHueM TOop W/WIM 4YacTULl KPUCTAUIMYECKOTO M KEPaMHUYECKOro
HaIOJHUTENSI B MUKPOIIOPUCTOM Mbhe30KepaMUueckoil matpuile 0e3 oOpazoBaHUs
MEePEXOIHBIX 00JacTed U JOMOJHUTENBHBIX KpUcTatndeckux ¢az. OOHapyKeHbI U
HCCIICIOBAHbl TUAJIEKTPUUECKUE, YIPYTHE U MHE303JICKTPUUECKUE MEPKOJISIITUOHHBIC
nepexoasl B KMK kepamuka/kpucrami, KepaMuKa/KepaMuKa W KepamHKa/MeTasll.

PaCCMOTpeHBI IICPCIICKTUBHLIC IIPUMCHCHUA KCPAMOMATPUYIHBIX KOMIIO3UTOB.
HccnenoBanue BBIOTHEHO 3a cueT rpaHTa Poccuiickoro HayuHoro ¢gonaa Ne 22-11-00302,
https://rscf.ru/project/22-11-00302/ B FOxxHOM (enepaibHOM YHHBEPCUTETE.
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STRUCTURE AND PHYSICAL PROPERTIES OF YbMn1.xFexOs
COMPOSITIONS

Z. Lit, K.G. Abdulvakhidov?, I.V. Mardasova®
1Ph.D. student, chi@sfedu.ru
2professor, Doctor of Sciences in Physics and Mathematics, phys.kam@mail.ru
3Associate Professor, Candidate of Sciences in Physics and Mathematics,
irina.mardasowa@yandex.ru
L2Southern Federal University

3Don State Technical University

In this work, the structure and physical properties of YbMni.xFexOs compositions,
synthesized by solid-phase reaction method, were study using complex methods. These complex
methods include: X-ray structure analysis, optical absorption spectroscopy, vibrating sample
magnetometer analysis, FTIR, dielectric and impedance spectroscopy.

Keywords: manganese, orthoferrite, phase transition, bandgap.

The X-ray structure analysis showed that the structure of YbMn;.FexO3 changes
with the Fe concentration (see Fig.1). In the concentration range (x=0.0-0.5) it has only
hexagonal structures, the unit cell parameter a, decrease and cy increase as the mole
fraction x increases. In the concentration range (x=0.6-0.8), the hexagonal and
orthorhombic structure coexist, almost all unit cell parameters (hexagonal and
orthorhombic) increase as the mole fraction x increases. In the concentration range
(x=0.9-1.0), it has only orthorhombic structures, the unit cell parameter a, increase then
decrease, b, decrease and c, increase as the mole fraction x increases. Complex
guantities such as dielectric permittivity ¢*(w), electric modulus M*(w) and impedance
Z*(w) were studied over a wide range of frequencies and temperatures using dielectric
and impedance spectroscopy. Two distinct relaxation behaviors were observed for
samples with the concentration x=0.2-0.5 in the temperature range 150-350 °C. For the
concentration x=0.4 and x=0.6-0.8 above 400 °C, a sharp decrease in the high-
frequency part of £'(T) is observed. This behavior of £'(T) is the characteristic of ferrites
and is due to their high conductivity at high frequencies. For the concentration x=0.0—
0.6, the bandgap E4 was in the concentration range 1.39-1.49 eV, for the concentration
range x=0.7-1.0, Eg4 increases significantly with increasing Fe concentration. Magnetic
hysteresis loops were fitted to the law of approach to magnetic saturation. As shown in
Fig 2b, the coercive field H., the remanent magnetization M;, have maximum values
when the mole fraction x approaches 0.5.
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Fig. 1. Dependencies of unit cell parameters on the Fe mole fraction x
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Fig. 2. Dependencies of magnetic hysteresis loops (a), coercive field He and remanent
magnetization My (b) on the Fe mole fraction x.
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OCOBEHHOCTHU JUAJIEKTPUUECKHUX CBOUCTB HAHOPA3MEPHBIX
CJIOUCTBIX CTPYKTYP HA OCHOBE CEI'HETO2JIEKTPUKOB
CEMEMCTBA NEPOBCKHUTOB

A.C.Cupopxun’, J.I1.Hecrepenxo? ,Y.Gagou®, P.Saint-Gregoire*
11 -p dus.-mat. Hayk, mpodeccop, sidorkin@phys.vsu.ru
2KaHI[. ¢wu3.-mart. Hayk, jgoueHT, lolital22@mail.ru
L2dI'BOY BO «Boponexcknii rocy1apCcTBEHHBIH YHUBEPCUTET
3LPMC, Universite de Picardie Jules Verne, 33 rue Saint-Leu, 80039 Amiens Cedex, France
41CGM, C2M, 34095 Montpellier Cedex, France, Laboratory MIPA, Department of Sciences and
Arts,University of Nimes, 30021 NIMES Cedex 01, France

DKCHEPUMEHTAIBHO HCCIEIOBAaHbl JUAJICKTPUUECKHE CBOMCTBA CIOUCTBIX CTPYKTYp Ha
ocHoBe THTaHarta cBuHIA: SITIO3/PbTiOs/SITiO3. B yka3aHHBIX CTpyKTypax HalOIomaeTcs
3HAYUTEIBHOE CMEIICHNE TOUYKH (Pa30BOT0 Nepexo/ia B CTOPOHY BEICOKHX TEMIIEPATyp MO CPABHEHUIO
¢ ogHOKOMITOHEHTHBIM PhTiOs3.

KiroueBble ciioBa: THUTaHAT CBWHI@A, THTAaHAT CTPOHIMS, CJOUCTBIE CTPYKTYPHI,
CETHETOAICKTPUIECKUiT (ha30BbIi IEPEXO/I.
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B Hacrosiiiee BpemMsi TOHKHE IIJIEHKM U MHOTOCJIOMHBIE CTPYKTYpPbl HA OCHOBE
CErHETOAJIEKTPUKOB SBJISIOTCS OJHUMHU U3 IEPCIEKTUBHBIX MAaTEPUATIOB JIJISl pa3BUTHUS
ANIEKTPOHUKH, BKJIIOYAs CO3JaHUE SHEPrOHE3aBUCHUMOW MaMATH C MPOU3BOJIBHOU
BBIOOPKOM, MHUKpPO 3JIEKTPOMEXaHMUYECKUX TMpeodpazoBarenei, HH(GpaKpacHBIX
YCTPOWCTB, THOPUIHBIX CTPYKTYP CETHETORICKTpUK-PeppuT u T.1. [1,2]. AKTUBHBII
MHTEPEC K JTaHHBIM MaTepHalaM OOYCJIOBJIEH UX YHUKAJIbHBIMU AUAJIEKTPUYECKHMH,
MbE303JIEKTPUUECKUMHU, TUPOIJEKTPUUECKUMH U 3IEKTPOONTUUECKUMH CBOKWCTBAMM.
Cpenu yka3aHHBIX CTPYKTYp Ha CETOJHSALIHMI MOMEHT, KaKk HauOojee MHTEpECHbIE
Ul TPAKTUYECKOTO MPUMEHEHUs, AKTUBHO pAacCMaTpUBAIOTCA MaTepHallbl Co
CTPYKTYpOl IEPOBCKUTA.

Llensto Hacrosimie paOOTHI SBISUIOCH SKCIEPUMEHTAIBHOE HCCIIEI0BAaHUE

IUDJIEKTPUYECKUX CBOWCTB TPEXCIOMHBIX CTPYKTyp TUTaHaT cTpoHuus SrTi0z -
tutaHat cBuHIa PbTiO3 - tutanat crponnus SrTiOz Ha momioxke St-Nb ¢ moacimoem
u3 mpoBozsmiero okcunaa LagsSrosCo0; (LSCO) B kadecTBe HMKHETO AJICKTPOJIA H
IJIATUHOBBIMH BEPXHHUMH 3JIEKTpoAamMH. TOJIIMHA CJIOS CETHETO3JIEKTPUYECKOIrO
PbTiO3; B maHHBIX cOCTaBax cOCTaBHJIA MPUOIU3UTEIHHO 4 HM.
PesynbpraThl MccIEenOBaHMS ~ TEMIEPATYPHOM  3aBUCUMOCTH  JIHAJIEKTPUUYECKOMN
ITPOHUIIAEMOCTH PACCMATPUBAEMOMN TPEXCIOWHOW CTPYKTYPHI IMOKA3bIBAIOT HAIMYHE
MakcuMmyma Tipu  temmneparype 544°C, KOTOpbI TMpOSBIIET BCE CBOMCTBA
CErHETOAJIEKTPUUECKOro (ha30BOro nepexona. YKazaHHas Temreparypa IpuMEPHO Ha
50 rpagycoB MpeBbIIAET TeMIEpaTtypy (pa3oBoro mepexoia B YUCTOM THUTAHATE
cBuHUa. Ilpu HarpeBaHuM U OXJIAKACHUM YKa3aHHBIA (pa30BbI HEpexo]
JEMOHCTPUPYET TEMIIEPATyPHBIN JUAIEKTPUUECKHUI TMCTEPE3NC IUPUHONW OKOIO 15
rpagycoB, KOTOPbIN XapakTepeH AJis (Pa30BbIX MEPEXO0I0B IEPBOT0O poja.
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Pucynok. TemneparypHasi 3aBHCUMOCTbD AUAIEKTPUIECKON MPOHUIIAEMOCTH CIIOUCTOM
TOHKOIIEHOUHO# cTpykTyphl SrTiO3/PhTiO3/SrTiO3: 1 — HarpeBanue, 2 — OXJIaXKICHUE
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Beimie TemnepaTypsl azoBoro mepexoja AUAIEKTPUYECKasl MPOHUIAEMOCTh
cremyer 3akony Kropu - Beticca ¢ koncranToii Kropu C = 4.7-10 4 K u Temneparypoii
Kropu — Beiicca 530 °C. 3aBUCHMMOCTh OOpaTHON IUAJIEKTPUUECKON MPOHUIIAEMOCTH
OT TEMIEepaTypbl HWXKE W BbIlIe TeMmneparypsl Kiopu IeMOHCTpUpYET pasHHILY
HAKJIOHOB IIPUMEPHO PaBHYIO 4,5, YTO TaKXKe SABISAETCA MOATBEPKIECHUEM TOTO, YTO
¢da30BbIl Tepexo B HCCIEAYEMOW CIOHCTON CTpyKType sBiseTcs (pa3oBbIM
IIEPEXOIOM IIEPBOTO POAA.
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BJIUSTHUE B3AUMOJIEMCTBUS CJIOEB HA ®A30BBIE IIEPEXO/IbI B
CJOUCTBIX MATEPUAJIAX CO CTPYKTYPOM IEPOBCKUTA

A.C. Cunopxun®, B.M. Jlapunckuii?, V. Iaroy?, I1. Cent-I'peryap*, I'.C. I'puropsn®

1.2 5Boponesxckuii rocyiapcTBeHHbIN yHuBepeuTeT, 394018, Boponex, Poccus
3Universite de Picardie Jules Verne, 80039 Amiens Cedex, France
41ICGM, C2M, 34095 Montpellier Cedex, France

Hccnenyercs BIUSHUE MEXaHUYECKUX HANPSDKEHHM, CBA3aHHBIX C HECOBIIAJCHUEM Pa3MEPOB
SYEeK KOHTAKTHPYIOUIMX CJIOEB CErHETORJIEKTPUYECKHX CYINEPPELIeTOK, Ha TeMIepaTrypy U poj
nepexofa B HUX B moisgpHyto ¢azy. IlokazaHo, uTo ¢ha3oBble mepexojbl B OONBIIMHCTBE
paccMaTpuBaeMbIX CBEPXPELIETOK IEMOHCTPUPYIOT MPU3HAKH (Da30BbIX EPEX00B BTOPOro poja Mo
CPaBHEHHIO C [IEPEXO0/IaMU B COCTABISIOIINX UX POJAUTEIBCKUX MaTeprallax.

KiroueBble ci0Ba: CETHETOANIEKTPHK, MHOTOCIONHBIE CTpyKTyphl BaTiOs/BaZrOs,
SrTiOz/BaTiOz u SrTiO3/PbTiOs, dazoBblii mepexof,

Co3naHue CJIOUCTBIX CTPYKTYp C OJU3KMMU TEPUOJAMU  COUJICHSEMBIX
AJIEMEHTAPHBIX SYEEK SIBIIACTCS OJHUM U3 HauOojee MPOIYKTUBHBIX CIIOCOOOB
MOJYYEHHS] CETHETORIEKTPUUECKHX MaTepHalioB B 3aJaHHbIMU MapameTpamu [1,2].
OcoObIit MHTEPEC CPeAr HUX MPEICTABISIOT CTPYKTYPhl HA OCHOBE TUTaHaTa Oapus,
Oylarozapsi XapakTEpPHBIM JJII HUX AJICKTPUUYECKUM XapaKTEPUCTHUKAM, YIOOHBIM IS
MPAKTUYECKOIO0 TPUMEHEHHUS] M OTPaOOTaHHBIM TEXHOJOTUSIM TOJYy4YeHUST Kak
OT/ICJIbHBIX COBEPIIECHHBIX COCTABIIAIONIUX UX CJIOEB, TAaK U CAMHUX CYIEpPPEIIETOK B
L[EJIOM.

B nactosimieit pabote mpoBOAUTCS CPaBHUTEIIBHOE HCCIICIOBAHUE TEMIIEpaTyp
(a30BbIX TEpPeXoJIoB B MOJAPHYIO a3y B  MHOTOCIOHMHBIX  CTPYKTypax
BaTiOs/BaZrOs;, SrTiOs/BaTiOs u  SrTiO3/PbTiO3; B BuHme mociaeaoBaTeabHO
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HAHECEHHBIX C TIOMOIIBI0 HMMITYJIbCHOTO JIA3€PHOTO HAMbBUICHUS Ha MOJJIOKKY
COCTABJISIFOIIUX WX AMUTAKCUATBHBIX CIIOCB.

Pesynbrarel HaOMOMCHWA O0OCYKIAIOTCS B paMKax KOHIICTIIIUN, YIUTHIBAIOIICH
BIIMSIHUE HAa CBOMCTBAa CHHTE3UPYEMBIX MATEPHAIOB 3HAYMTEIILHBIX MEXaHHUYECKUX
HalpsOKECHUH, BO3HHUKAIOIMIUX B  HCCICNYEeMBIX CTPYKTypax m3-3a dddexra
HECOBIAJICHUSI Pa3MEPOB DJIEMEHTAPHBIX SUEEK COCTABISIONIMX WX MaTEPHAIOB 0
COUJICHEHUS: pa3Mep sSUYeHKH TUTaHaTa Oapus BAOJL IJIOCKOCTH COWICHCHHS B
M30JIMPOBAHHOM MaTepuale cocTablseT Benuunny a=4,011 A, amanoruunsiii pazmep
y SA4YEeMKM TUTAaHaTa CBHUHIIA COCTaBsier a=3,899 A, nns turanara CTPOHIIUS
COOTBETCTBYIOIIMI pasMep SUeiku 171d M30IMpOBAHHOrO Martepuana a=3,905 A.
AHanu3UpyIOTCS TEMIEPATyphbl CETHETOAIEKTPUUECKUX (ha30BBIX MPEBpaIICHU B
CO3JJaBa€MbIX  CTPYKTypax, pona  (a3oBoro  mpeBpamieHusi,  MOBEICHUE
JURJIEKTPUYECKOW MPOHUIIAEMOCTH, HAaNpaBJICHHE W TeMIiepaTypHas 3aBHCHUMOCTb
CIIOHTAHHOU TOJISIPU3AIIIU B PacCCMaTPUBACMBIX MaTEpHaIax.

[IpoBencHHBIC WCCACAOBAaHHWS TIOKa3ajld, YTO BIWSHUE CBSI3aHHBIX C
HECOBITAJICHUEM PA3MEPOB SIYEEK MEXAHMYECKUX HAIPSHKEHUN CYIIECTBEHHO MEHSET
TeMIlepaTypy  mepexoma B TOsApHy0  (asy B CHHTE3MPOBAHHBIX
CETHETORJICKTPHUIECKUX CBEpXpEIIeTKaX. bONBIIMHCTBO W3 paccMaTpPUBAEMBIX
MaTepualioB BeAYT ce0s Kak MaTepuaiibl, 00Jagaronye Ga3oBbIM IEPEXO0M BTOPOTO
poJia B OTJIMYHE OT POJIUTEIBCKAX MATEPHUATIOB (00 ATOM TOBOPAT M HAJUYHE 3aKOHA
JIBOMKUA Jyis OOpaTHOM  JUAJNEKTPUUECKOM MPOHUIIAEMOCTH, M  OTCYTCTBHE
TeMIIepaTypHOTo rucTepesunca Touku Kiopn).
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JUIJEKTPUUYECKUE U TEIJIOBBIE CBOMCTBA KOMIIO3UTOB
HUTPAT KAJIUA — YIJIEPOJAHBIE HAHOTPYBKH

AJO. Mumunckwuitl, U.A. Uepreuxkun?, C.B. Bapsimaukos®

1-p. dus.-mat. Hayk, mouent, a.milinskiy@mail.ru
2AcnmpaHT, cer_nyb@mail.ru
311-p. duz.-mar. Hayk, mpodeccop, svbar2003@list.ru
OI'BOY BO «bnarosemeHcknil rocyJapCTBEHHBIN MEIarornyeCKuil YHUBEPCUTET»

B pabote mpencTaBieHBI pE3yNbTAThl HCCIICIOBAHUS KOMITO3MTOB, TMOJTYYCHHBIX ITyTEM
cMemmBaHusa cerHetosiekTpuka Hutpara kanus (KNOz) m yrinepoasnsix HanoTpyOok (YHT).
YcTaHoBIeHO, 94TO 3G (EKTH B3aUMOJICHCTBUS KOMITOHCHTOB KOMITO3UTA MPUBOJAT K PACIIHPEHUIO
TEMIIEpPaTypHON 001acTH CYIIECTBOBAHMS CETHETOANEKTPUUYECKON (pa3bl HUTpATa Kalus OT 22 s
gucroro KNOz nmo 37 K mis xomnosura ¢ comepkanueM YHT 2 00. %. Jmdnekrpudeckas
MPOHUIIAEMOCTh Kommo3uta Ha yactore | MIn c¢ comepxanmem YHT 2 06. %. B
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CETHETORJICKTpUYECKON (a3e yBenmnuuBaercs B 1,4 pa3a, a B BBICOKOTEMIIEPATYPHOU
napasJiekTpuueckoi ¢asze B 1,6 paza.
KitroueBsie c10Ba: KOMITO3UThI, HUTPAT Kajusl, YIIEPOAHbIE HAHOTPYOKH.

BxiroyeHuss HaHOpa3MEpHBIX YAaCcTHI[ B BEHIECTBE MOTYT IPUBECTU K
CYIIECTBEHHOMY HM3MEHEHUIO HEKOTOPBIX (PM3MYECKUX CBOWCTB MO CPAaBHEHUIO C
00BEMHBIM MaTepuaaoM. V3MeHEeHUsT MOTYT TIPOSIBISITHCS JTaKe MPU OTHOCUTEIHHO
HU3KOHM KOHIIEHTPAIIUH YaCTHI] BKITFOYCHHUH M3-3a X BEICOKOW TUTOIIAIX TTIOBEPXHOCTH.
Hcnonp30BaHre B Ka4eCTBE HAIIOHHUTEIS yTiepoaabix HaHOTpyOok (YHT) ocobernHO
WHTEpECHO OJ1aroaps OOJIBIION aHU30TPOITUU (POPMBI M YHUKAITLHBIM MEXaHUIECKUAM,
TEIUIOBBIM U 3JIEKTpUUECKUM cBoMcTBaM [1, 2]. M3-3a OONbIION AUAIEKTPUYECKON
MPOHUIIAEMOCTH SJIEKTPONPOBOASIINE YIIEPOJHbIE HAHOTPYOKHU MPUBIEKATEIbHBI B
KauyeCcTBE HAMOJHUTENEH I CO3/IaHUs KOMIIO3UTOB C BBICOKOM TUAJIEKTPUUECKOU
MPOHUIIAEMOCThIO. B nmaHHO# paboTe UCCIenyoTcs NUAJICKTPUUYECKUE U TEIJIOBBIC
cBorictBa komrno3utoB (KNO3)/(YHT)1x, TMONydYeHHBIX MyTeM CMEIIMBAHUS
certetoaiekTpuka KNO3 ¢ yriaepogasiMu HaHOTpyOKamMu

Hutpar xanus o6najgaeT cioHTaHHoi nonspusanueiil ~10 MxKi/cM? Tonbko B
pexumMe oxJnaxaeHus B uatepsaie temneparyp 124-100 °C [3]. B skcniepumente st
co3ganust koMio3uTtoB (KNO3)/(YHT)1x OblIM HCIOIB30BaHBI MHOTIOCIONHBIC
HAHOTPYOKH, TOJYYCHHBIE METOJOM XHMHUYECKOTO OCXKICHHUS W3 Ta30BOW (a3bl.
OO0BveMHOE copepkaHue HaAaHOTPYOOK B Kommo3uTax coctasisuio 0,5, 1 u 2 %. Ilo
JaHHBIM mpousBoauTens (cM. [4]), TpyOku uMenu BHEMIHMA auametrp 8—15 Hw,
BHYTPEHHUI — 3—5 HM, yHENbHYIO IIOBEPXHOCTh — 233 M%/r, ammHy — 3—12 MKMm,
YIEIBHYIO 3JIEKTPONPoBOHOCTE — 1000—1500 Omt - M2,

s OIIpELEIICHUS TEMIIEPATYPHBIX 3aBUCUMOCTEN CUrHajia
muddepennmansHoro Tepmuueckoro ananuza (JATA) npumensuics nepuBarorpad
Linseis STA PT 1600. Onpexnenenne 3aucumocteii €'(T) IpoBOAUIOCH C MOMOIIBIO
u3Mmepurenss ummutadca E7-25. VccnemoBanus TNPOBOAWIMCH B PEKUME
HarpeB—oxJaxaeHue co ckopoctbio 2 K/min B untepsaie ot 300 K 1o 455 K.

Ha pucynke nokasansl TemmnepaTtypHbie 3aBucumoctu curana JITA mis KNO3
u kommo3uToB (KNO3),/(YHT)1« ¢ conepsxkanunem YHT 0,5, 1, u 2%.
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Pucynok. Temneparypubie 3aBucumocti curnana JITA mis kommo3utoB (KNO3)yx/(YHT)1x st X =
0,5% (xBagpartsl), 1% (kpyru) u 2% (Tpeyronbauku) B cpaBHeHnu ¢ YucThiM KNO3 (pomOBb)
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VYBenuuenue coaepxkanusa YHT B komnozurax 10 2% npuUBOAUT K paCIIUPEHUIO
TEMIIEPATypHON 00JacTH CYIIECTBOBAHUS CETHETOANIEKTpUYECKO (a3pl HHUTpaTa
KaJIid B OCHOBHOM 3a CYET IOHWXEHUS TeMIlepaTypbl (a3oBoro mnepexona u3
CETHETORJICKTPUUECKONH B HHU3KOTEMIEpaTypHyIO mapasjiekTpuueckyio ¢dasy. Ilo
nanabiM  JITA wunTepBan cernerosnekrpuueckoid (asst KNOs; B kommosuTax
KNOs/YHT cocraBnser 22, 27 u 38 K npu comepxammu YHT 0,5, 1 u 2%
cootBeTcTBeHHO. J{71s1 unctoro KNOs saToT maTepBan cocraniser 22 K.

CornacHo pe3ysbTaTaM UCCIECIOBAHUS AUIICKTPUUECKUX CBOMCTB KOMIIO3UTOB
Ha yactrore 1 MI'n yBennuenne coxepxkanuss YHT mnpuBogutr Kk pocty
IUDJICKTPUUECKOM mpoHnnaeMoctr. Benmnuuna €' st kommno3utoB (KNOs3)/(YHT)«
c comepxanueM YHT 2% B monspuoit ¢aze yBenmuuBaercs B 1,4 pasa, a B
BBICOKOTEMIIEpATypHOU MapasyiekTpuueckoi daze B 1,6 paza.
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STRUCTURE AND PHYSICAL PROPERTIES
OF (1 — x)(CoFe;04) — X(PbTiOs) COMPOSITIONS

B.K. Abdulvakhidov
Lecturer, babdulvakhidov@mail.ru
Dagestan State University, Faculty of Physics, Makhachkala,

The compositions (1 — x)(CoFe204) — x(PbTiO3) were obtained by the solid-phase method,
their structure and physical properties were studied. It was found by X-ray diffraction analysis that
solid-state sintering of inverse spinel CoFe>O4 (CFO) and ferroelectric PbTiOs (PTO) is often
accompanied by the formation of additional phases - hexaferrite PbFe12019 (PFO) and solid
solutions.

Keywords: spinel, hexaferrite, solid solutions.

In this work, the compositions (1 — X)(CoFe,Q,4) — x(PbTiO3) were obtained
by the solid-phase method. Using X-ray diffraction and energy-dispersive analysis,
it was found that the joint synthesis of CoFe,O, (CFO) and PbTiOz; (PTO) at
different values of x is accompanied by the formation of a CFO/PTO composite,
hexaferrite PbFe;2,019 (PFO), as well as an anion-cation of defective solid solutions
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PbFeo42TiogsO335 —  PbFeps2Ti0gs0368 and  PbCo1s5F€9.46T112101016 —
PbCo1.e0F€s.24Ti1.2601757.

The dependencies of the unit cell parameters of the main components and the
PTO phase on x were studied at room temperature. A concentration interval (x = 0.3—
0.7) with extreme values of structural parameters and non-monotonic changes in
physical properties was established. The complex quantities ¢*(w) and the electric
modulus M*(w) were studied in a wide frequency and temperature range.

The polarization switching kinetics of the (1-x)(CFO)-x(PTO) compositions
were studied, and saturated ferroelectric hysteresis loops P(E) with a maximum
spontaneous polarization Ps of 132 nC/cm? were obtained for the first time. The band
gap Ey was determined by optical absorption spectroscopy at room temperature; Eq
varies depending on the concentration of PTO in the range of 2.11-2.57 eV. The
dynamic properties of the compositions were studied by FTIR and Raman
spectroscopy.

UDC 538.977

EFFECT OF RESTRICTED GEOMETRY ON STRUCTURAL TRANSITION
AND ATOMIC THERMAL VIBRATIONS IN THE NANOCOMPOSITE
NANO3+NANOPOROUS GLASS

O.A. Alekseeva !, A.A. Naberezhov 2, A.V. Kudriavtseva °
'Engineer, Peter the Great St.-Petersburg Polytechnic University, blackhole2010@yandex.ru
2Senior scientist, loffe Institute, St.-Petersburg, alex.nabereznov@mail.ioffe.ru
3Student, Peter the Great St.-Petersburg Polytechnic University, kdrvtsva.a@gmail.com

The results of diffraction studies of synchrotron radiation of the temperature evolution of the
crystal structure of NaNOs, embedded in porous glasses with average pore diameter of 7 nm, over a
wide temperature range of 300-515 K are presented. A significant decrease in the structural
(orientational) transition temperature by more than 50 K (up to 496 K) as compared to bulk NaNO3
was found. A crossover of the temperature dependence of the critical index B(T) at T* =455 K was
found. The parameters of the anisotropic temperature shift Uij were obtained for all atoms in
nanostructured NaNOz and it was found that they are larger than for bulk material and increase sharply
at temperatures above T * and up to Tc (496 K). An analysis of the results allows us to state that in
these nanocomposites, the atomic thermal vibrations play the principle role in the realization of the
structural transition.

Keywords: porous glasses, phase transitions, hanocomposite materials, sodium nitrate, size
effects.

Bulk sodium nitrate NaNOs undergoes an orientational (structural) “order-
disorder” phase transition at 549 K and melts at T ~ 580 K. At room temperature it
crystallizes in the calcite structure (space group R-3c) and upon heating gradual
orientational disordering of the nitrate molecular groups of NO3; occurs around a
threefold axis parallel to the crystallographic ¢ axis. At 549 K a structural transition R-
3¢ — R-3m takes plase. It is accompanied by the disappearance of superstructure
reflections at the Z points of the reciprocal space. The intensity of these peaks obeys
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the power law I = I4t?#, where 7 is the reduced temperature: T = (Tc — T) / Tc, B is the
critical index. In bulk NaNO3, the  index exhibits complex behavior upon heating. In
the wide temperature range (280—460 K) its value is B = 0.25 [1], then in the
temperature range 460-543 K the value of B decreases to 0.22, and then sharply
increases to 0.41 in the vicinity of the orientational transition [2].

The nanocomposites (NCM) were produced by embedding of NaNO3 from the
melt under pressure into the pore space of nanoporous silica glasses with the average
pore diameter 7 nm, which was determined by nitrogen adsorption and mercury
porosimetry. The total porosity of empty glasses was about 23%. The degree of filling
was about 90%. The studies were carried out by synchrotron radiation diffraction (line
BMO1A, ESRF, France, wavelength A = 0.703434 A).

From the temperature dependence of the intensity of the superstructural peak
(113) the dependence of B(T) for nanostructured sodium nitrite upon heating was
determined (Fig. 1) and a crossover on this dependence was observed at the
temperature T* = 455 K. The values of the critical index B(T<T*) = 0.25(2), which
coincides with the value for bulk NaNOs in this temperature range and B(T > T*) =
0.48(3) are obtained.
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Fig.1.Temperature dependence of the normalized intensity ~ Fig.2. Temperature dependences of atomic mean-square

of the superstructure peak (113) (points) and its
approximation above and below T*= 455 K by the power
function I = 1ot®® (lines). The squares indicate the
experimental points for the temperature dependence of the

displacements U1 (black squares), Uz, (blue triangles) and
Uss (red rounds) for Na, N and O atoms in NCM NaNOs +
PG7 (filled symbols) and bulk NaNO3; (empty symbols)
upon heating.

superstructural peak (-123) intensity of the bulk NaNOs.

The structural transition temperature Tc = 496(1) K has been determined, which
is significantly lower than T¢ = 549 K for bulk material. From Bragg peak broadening
the average size of nanoparticles at room temperature is estimated 40(5) nm, but it
increases sharply above the crossover temperature T* =~ 455 K. The linear temperature
expansion coefficients along (a;) and perpendicular (a2) to the c axis are larger than
for bulk in the entire temperature range, in addition, for a, a sharp increase is observed
at T =450 K. It is shown, that the values of anisotropic temperature displacements Ujj
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for all atoms in nanostructured sodium nitrate sharply increase (compared to bulk
NaNO3) near and above the crossover temperature T* (Fig.2). Simultaneously, at the
same temperature T*, a noticeable increase of the rotation angle of NO3 groups around
the ¢ axis begins. The analysis of the results allows us to state that in this
nanocomposite material, the atomic thermal vibrations play the principle role in
realization of structural transition and the phase transition model associated with the
rotation of NO3 groups around the c¢ axis adequately describes the microscopic nature

of this transition.
This work was supported by RFBR-BRICS grant 19-52-80019.
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CHHTE3UpOBaHbl JMHUTAKCHATFHBIE TOHKHE IUIEHKH HUOOATa HATPUS B TETEPOCTPYKTYpE
NaNbOs/SrRuO3z/MgO(001). JImdnekTpuueckue ¥ PEHTTEHIU(PPAKIMOHHBIE HWCCICIOBAaHUS U
CTIEKTPOCKOIHUSI KOMOWHAIIMOHHOTO PAacCesTHUS CBUACTENBCTBYIOT O HAJTMUUHU Pa3MBITOTO (a3oBOTO
nepexoga B miéHke NaNbOz mpu T =440 — 500 K, xoTopblii MHTEpIpeTHpoBaH Kak (ha30BbIH
Mepexo MeXy pa3INIHbIMH opueHTanusMu Q-¢pa3bl HHoOaTa HATPHSI.

KiroueBble cioBa: HIOOAT HATpHsl, TOHKKE TUIeHKH, Q-da3a, (a30oBbIii nepexo.
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Huobar natpus, NaNbO; (NNO), sBisercs oaHMM H3 CaMbIX CIIOKHBIX
NEPOBCKUTOB C TOYKH 3pPEHHUS TPOHMCXOAAIMMX B HEM (Pa30BBIX IEPEXOIOB.
KonkypeHmus HCIIBITHIBAEMBIX UM CETHETONIIEKTPHUYECKON u
AHTHCETHETOYJICKTPUUECKUX HEYCTOHYMBOCTEH MEPCIEKTUBHA IS MPAKTHYSCKUX
IIPUJIOKEHUM W IIPUBJICEKAECT BHUMAHME HCCienoBaTened. B TOHKOIIEHOYHOM
UCTIOJTHEHUU 3a cu€T aedopManyi HECOOTBETCTBHS TOSBISCTCS BO3MOXKHOCTD
Biausiais Ha umeromuecss B NaNbOs; HeycTOWYMBOCTH, OJHAKO Takoe BIUSHHE
OCTaéTcsl MJIOXO0 M3YyYEHHBIM KaK JKCIEPHMEHTANBbHO, TaK M TeopeThdecku. Hamu
meToqoMm BU-katogHoro pacmeuieHHsSs B aTMocdepe KHCIOpoaa  TOTy4YEHBI
SMUTAKCUAIBHBIE TOHKHE IUIEHKM HuoOaTta HaTpusi B TETEPOCTPYKType
NaNbO3/SrRuO3/MgO(001) ¢ pazmuuasiMu ToamuaamMu NaNbO3 u ucmons3yemoro B
KayecTBe HIKHEro 3tekTpoaa SIRUO; (SRO).

JInaekTpudecKke N3MEepPEHNs MOKa3bIBAI0T HATMYNE HE3aBUCAIIETO OT YaCTOTHI
Pa3MBITOTO MaKCUMyMa JTUAJIEKTPUUECKOW MPOHUIIAEMOCTH B 00JACTH TEMIepaTyp
440 - 500 K (puc. 1). CornacHo peHTreHIUPPaKIIMOHHOMY CKAaHUPOBAHUIO OOPATHOTO
MPOCTPAHCTBA TP KOMHATHOM TEeMIEparype HMEITcs oTpaxeHuss B R
[k=(1/2,1/2,1/2)] u M [k=(1/2,0,1/2) u k=(0,1/2,1/2)] Toukax 30HbI bpuiitosHa, 4To
TOBOPUT O HAJMUYUHU CBEPXCTPYKTYphl B ToHKOW TuiéHke NaNbOs;. C mnosblieHuem
TEeMIIepaTypbl  yKa3aHHble M-TOYKM TEpSIOT HWHTEHCUBHOCTh, TOrJa Kak
MHTCHCUBHOCTh PEHTTEHOBCKOTO THKa B Touke K=(1/2,1/2,0) pactér (puc. 2).

TeMmreparypHbie U3MEpPEeHHUsS] MO KOMOMHAITMOHHOMY PAaCCESHUIO CBETa TaKKe
nokaspiBalOT Hamure u3MeHeHud npu 400 u 500 K, cocTosimux B HMCUE€3HOBEHUU
HEKOTOPBIX JIMHUWA C TIOBBIICHUEM TEMMEpPaTypbl U HU3MEHEHUM TEMIIEPaTypHOIO
MOBEJICHUS TTOJIOKECHHUS JIMHUH.
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Puc. 1. TemneparypHasi 3aBUCUMOCTb TUIEKTPUIECKON MPOHUIIAEMOCTH T€TEPOCTPYKTYPbI
NaNbO3/SrRu03z/MgO(001)
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Puc. 2. TemnepaTypHbie 3aBUCUMOCTH TU(PPAKIUOHHBIX pe(IeKCOB B pA3IUUYHBIX TOUKAX
30HbI bpuiuirosHa

COBOKYITHOCTh TOJTYYEHHBIX IKCIIEPUMEHTAIBHBIX JTAHHBIX MO3BOJISIET CICTATh
BBIBOJI O TOM, YTO MOJY4YEHHBIC TUIEHKH HMOOATa HATPUS HCIBITHIBAIOT Pa3MbITHIN
($a3oBbIN MEepPexo]] MEXKIY pa3IMYHBIMU OPUEHTAIMSMU CETHETORJIeKTpuueckon Q-
da3pl, ommyaromumucs conpsbkeHreM ¢ STRUO3/MgO(001). Tlpu xomHATHOM
temnepatype NaNbO3 naxoaures B Q-dase ¢ cerHeToaNeKTPHUUSCKOM MoJIIpHU3alueH,
HaIpaBJICHHOW TOJ yIJIOM K TOJJIOKKE, Torja Kak Bbime nepexoaa Q-daza
MEPEOPUEHTUPYETCS TaKUM 00pa3oM, YTO MOJSPHU3AIUs CTAHOBUTCS NapaliebHOU

MOUIOKKE.
PaGora BrinmosiHeHa npu (prHaHCOBOM nojaepxkke Poccuiickoro Hayunoro ¢onna (rpant Ne 19-
12-00205).

VJIK 537.1

JUDJEKTPUUYECKUE CBOMCTBA CMECEBBIX HAHOKOMIIO3UTOB
BaTiOs — SrTiOs

®. JT. Ans Jxaadapu?, J1.H. Koporkos?, H.A. Toncteix?, H.A. Emenssros®, M.A. ITankoa*

! Department of Physics, College of Science, Wasit University, Al Kut, 52001. Iraq
2 dI'bOY BO «BopoHe)cKuii rocy1apcTBEHHBIN TeXHHUECKHIl YHUBEpCUTET», BopoHex,
Poccuiickas @enepanus
3dI'BOY BO «Kypckuii rocyjapcTBeHHbI yauBepcuTeT», Kypek, Poccniickas ®enepanus
*Boponeskckuii uactutyT MBJI P, Boponex, Poccuiickas ®eneparus

B untepBane temneparyp 100 — 500 K wu3yueHbl AMAIIEKTpUUECKHE CBOMCTBA CMECEBBIX
Hanokommo3uToB (1-x)BaTiOz — xSrTiO3z ¢ x = 0,0; 0,25; 0,50; 0,75 u 1,00, rae X — KOHIEHTpAIHS
TUTaHaTa CTPOHIIMA B BECOBBIX JOJAX. PeHTreHodasHbli aHanmM3 TOKas3al, 4TO NpU CIEKaHUU
oOpasnoB kommo3utoB npu Temneparype 1000 °C B Teuenne 5 4acoB HE TPOUCXOAUT 0Opa30BaHHE
TBEPABIX PACTBOPOB B PA3TMUYMMOM B dKCIIEpUMEHTE 00bemMe. OOHAPYKEHO CHIDKEHUE TEMIIEpaTyp
BCEX CTPYKTYPHBIX (Da30BBIX NIEPEXOJIOB B YACTUIIAX TUTAHATA Oapys C YBEIIMUYESHUEM KOHIICHTPAIAN
SrTiOz B koMmo3uTe.

KiroueBbie ci10Ba: HAHOKOMIIO3HWT, THTAHAT CTPOHIIMS, TUTAHAT Oapws, CTPYKTYpPHBIH
(hazoBbIil Tepexo, JUIIEKTPUIecKasi IPOHUIIAEMOCTb.
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N3BecTHO, 4YTO KOMIIOHEHTHI CMECEBOI'0 KOMITO3UTA OKA3bIBAIOT B3AUMHOE BIUSHUE
apyr Ha apyra. HawOonee CHIBHBIM OHO SIBISIETCS B Cllydae HAHOKOMIIO3UTOB,
Oylaromapsi MaJbIM pa3MepaM COCTaBISIOMUX WX dacTull. llenbp maHHONW pabOTHI
W3YYHTh BIMSHUE YaCTULl TUTAHATA CTPOHLIMS HA CTPYKTYpPHBIE (pa30BBIE MEPEXOIbI B
KOMITOHEHTaX cMeceBoro HaHokomro3uTa (1-x)BaTiOz — xSrTiOs.

JInst  KCnepuMEHTa MCHOJIb30BIM THUTAaHAT Oapus, CHUHTE3UPOBAHHBIA 110
KepaMu4ecKkol TexHojoruu. [loMon B TuiaHeTapHON MENbHMIIE TMO3BOJIHII MOJIYYHUTh
yJIBTPAUCIIEPCHBIE TTOPOIIKHU CO cpeaHUM pazmepom yactull = 100 — 600 am. Bropoii
KOMIIOHEHT KOMITO3UTa — KOMMEPUYECKUN MOPOIIOK TUTaHATA CTPOHIHUS C pa3MepaMu
gactury okoso 100 Hwm. Ilopomkm TIIATENPHO NEPEMENIMBAIN, 3aTEM HX
cripeccoBbiBaNIM U criekanu npu temneparype 1000 °C B teuenue 5 yacoB. Takum
obOpaszoMm, Obur moaydeHsl coctaBel ¢ x = 0,0; 0,25; 0,50; 0,75 u 1,00, tme x —
KOHIIEHTpAIUsl TATAHATA CTPOHIIHS B BECOBBIX JOJISX.

Pentrenodasnelii anann3, mpoBeAeHHBIN mpu Temmeparype 27 - 32 °C mokaszan
dbopmupoBanne Kyowmdeckoir a3zl M3M B oOpasnax THTaHATa CTPOHIUS W
TeTparoHajibHOM (aszel 4mm B oOpasmax TurtaHata Oapus. Ilpu sTom
pPEHTreHO U (DPAKIIMOHHBIN SKCIIEPUMEHT HE BBISIBUII 00pa30BaHUE TBEPIOTO pacTBOpa
BaSrTiOs.

B xone skcnepumenta B mHTepBaie Temrepatyp 100 — 500 K Oblna uzyueHa
JHMAJIEKTPUYECKast IPOHUIIAEMOCTH (€) KOMITO3UTOB (pHLC.).

Ha 3aBucumoctu &(T) ans HaHokpuctammmaeckoro BaTiOs (puc.) nmpucyTcTByOT
JIBa XapakTepHbIX Makcumyma. Onaun - BOnu3u Tc = 408 K cooTBeTcTBYET (hazoBOMY
Mepexoay MEXIy MapadIeKTPUIecKol KyOmdeckor (M3M) u TeTparoHaabHOM
ceraeTodiekTpuueckoir (4mm) ¢dazamu. Bropoii, okono temmneparypsl T1 = 306 K,
CBsI3aH C MEPEXO0I0OM MEXKIy CErHeTOdIeKTpuueckuMu (4mm) u pomoOuueckoi (Mmz2)
dazamu.

250 %‘
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100 200 300 400 500 T, K

Pucynok. TeMriepaTypHbI€ 3aBUCUMOCTH JUAJIEKTPUUIECKON MPOHUIIAEMOCTH
HAHOKPHUCTAJUTMIECKUX 00pa3IoB cMmeceBbiXx Kommo3uToB (1-x)BaTiOz —xSrTiOz ¢ x = 0,0 (1);
0,25 (2); 0,50 (3); 0,75 (4) u 1,00 (5), momydeHHsle B Xo/1e HarpeBa Ha yactoTe 10 k1
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B KoMIO3UIIMOHHBIX MaTepuajax Mo Mepe BO3pacTaHusl KOHIICHTPAIIMU TUTaHATa
CTPOHIIUSA X BEJIIMYMHA MAaKCUMyMOB €, COOTBETCTBYIOMHX (Da3oBBIM mepexoiam B
BaTiO3 cyIiecTBEHHO YMEHBIIIAETCS, & CAMU OHU CMEIIAIOTCS B HU3KOTEMIICPATyPHOM
HaIlpaBJICHUH (puC.).

AHaju3 I0JyYEeHHBIX Pe3yJbTaTOB IMOKa3al, uTo B yactuiiax BaTiOs, Bxoasmux B
COCTaB KOMITO3MIIMOHHOTO MaTepualia, peaiu3yeTcsi Ta >K€ IOCIIeI0BaTeIbHOCTD
CTPYKTYPHBIX (Da30BbIX MEPEXOI0B, YTO U B MOHOKPUCTAJUTMIECKOM TUTAHATE Oapusl.

OOGHapyXeHO CHIDKEHHE TeMIIepaTyp BCEX CTPYKTYPHBIX (hDa30BBbIX IMEPEXO0JOB B
JacTUIlaX TUTaHaTa Oapus C yBEIMYCHHWEM KOHIICHTpAIlMU TUTaHATa CTPOHITUS X B
kommosute. [lokazaHo, dYTO HaOIIOgaeMOE TMOHWKEHUE TeMIepaTtyp OO0OuX
CTPYKTYPHBIX (Da30BBIX MEPEX0I0B HE MOXKET OBITH CBSA3aHO C 00Pa30BaHUEM TBEPIOTO
pactBopa Ba-«SriTiO3 B mporiecce criekanus 00pasIos.

[Tpruunnel, 00ycaoBMBaomue Biusaue yacTuil StTiO3 Ha (a3oBbie COCTOSHHS B

HaHO4YaCTHIaX THUTaHaTra 6ap1/151, BXOAAIINX B COCTaB KOMIIO3HUTOB, O6CY>KI[&IOTC$I.
PabGora BbImonHEHa ©HpU YACTUYHOW NOJAEpkKKE MMHHMCTEPCTBA HAyKH M BBICILETrO
obpazoBanus PO B pamkax rocyaapctenHoro 3aaanus Ne FZGM-2020-0007.
EmenssnoB H.A. mnoxnnepkan rpantom Ilpesmpenta Poccuiickonn ®enepanum s
roCyIapCTBEHHON MOAJAEP/KKH MOJIOABIX POCCUMCKUX YYEHBIX — KAaHAMIaTOB HAYK U JOKTOPOB HAYK
Poccwiickoit ®eneparmu MK-3916.2021.1.2

YAK: 537.228.1

DIELECTRIC AND ELECTRIC PROPERTIES OF BaTiOs - SiO2
NANOCOMPOSITES

Firas Mohammed Dashoor Al-jaafarit, Mahdi A. Mohammed?, Shaimaa Hussien Shahad?,
L. N. Korotkov*, N. A. Tolstykh®

1-3Department of Physics, College of Science, Wasit University, Al Kut, 52001 Iraq.
45Voronezh State Technical University, Voronezh, 394026 Russia.

The dielectric properties of nanocrystalline barium titanate and BaTiO3z - SiO2 composite were
studied in the temperature range 25-190 °C. The samples for experiment were prepared by
conventional ceramic technology with following grinding in a planetary mill. The obtained particles
of the powder were sizes of d = 100 — 600 nm. The 10% SiO. was added to BaTiOz for synthesizing
of BaTiOsz - SiO2 composite material. The disc-shaped samples 10 mm in diameter and 1 mm thick
were pressed from the both pure BaTiOsz and the of BaTiOs - SiO. composite and then sintered at
1000 °C for 2 h. X-ray diffraction analysis (CuKa radiation) carried out after sintered showed a
formation of the tetragonal perovskite phase at room temperature.

The analysis of experimental results revealed that SiO, dopant leads to reduce of dielectric
permittivity, decrease of Curie temperature and diffuseness of ferroelectric phase transition in BaTiO3
- SiO2 composite. It means that silicon atoms partially penetrate the barium titanate lattice during the
sintering of the composite material.

Keywords: BaTiOs; BaTiOs - SiO2; Composite; Dielectric permittivity; Tangent of dielectric
losses.

It is known that the ABO3 perovskite materials have a high influence on the

development of electronic technology. For example, barium titanate BaTiO3; (BT) is
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one of the perovskite materials that uses in many applications because it has a high
dielectric constant, piezoelectric, and ferroelectric, but it has a lower breakdown field
[1, 2]. Moreover, the crystal structure of bulk BT is affected by the temperature of the
surrounding environment. It transforms from rhombohedral (R3m) to orthorhombic
(Amm2) at around -90 °C, from orthorhombic to tetragonal (P4mm) at 5 °C, and from
tetragonal to cubic (Pm3m) at Curie temperature T¢ = 120-130 °C [3]. Besides that, the
particle size and preparation methods of the BT directly influence the dielectric
properties [4]. As nanomaterials were studied in many fields, the dielectric properties
of the BT in nanoscale size were investigated and were shown to have different values
than the larger particles or bulk material.

To improve the breakdown strength of high storage ceramic capacitors, the glass
materials, such as SiO,, Al,Os3, and B,O3 have been used with ceramic materials as a
sintering agent. The result of adding the glass to the BT is either core-shell particles or
a mixture of the two materials [5]. This addition of the glass material shows to fill pores
and forms small uniform grains, however the glass with a high dielectric permittivity
constant has low breakdown strength [6].

The purpose of present work is the study of the dielectric properties of BaTiO3
nanoparticles (NPs) with a small amount of SiO,, sintering at 1000 °C.

The samples for experiment were prepared by conventional ceramic technology
with following grinding in a planetary mill. The obtained particles of the powder were
sizes of d = 100 — 600 nm. The 10% SiO, was added to BaTiO3 for synthesizing of
BaTiO; - SiO, composite material. The disc-shaped samples 10 mm in diameter and 1
mm thick were pressed from the both pure BaTiO3and the of BaTiO; - SiO, composite
and then sintered at 1000 °C for 2 h.

X-ray diffraction analysis (CuK,, radiation) carried out after sintered showed a
formation of the tetragonal perovskite phase at room temperature.

The temperature dependences of the dielectric permittivity (¢) of samples were
studied within the temperature range 25 — 190 °C using a capacity bridge at a
frequencies of 10 - 1000 kHz at heating/cooling regimes.

Obtained dependences of dielectric permittivity for nanocrystalline and
composite samples are showed in figure.

The analysis of experimental results revealed that SiO, dopant leads to reduce

of dielectric permittivity, decrease of Curie temperature and diffuseness of ferroelectric
phase transition. It means that silicon atoms are partially embed in to barium titanate
lattice during the sintering of the composite material.
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Figure. Temperature dependences of dielectric permittivity for nanocrystalline BaTiO3 and
BaTiOs - SiO2 composite
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ORIENTATION EFFECTS AND FIGURES OF MERIT IN 2-2-TYPE
COMPOSITES BASED ON [001]-POLED RELAXOR-FERROELECTRIC
SINGLE CRYSTALS

V. Yu. Topolov?, A. V. Krivoruchko?, C. R. Bowen?®, A. N. Isaeva*, and N. V. Prutsakova®

L. 4Department of Physics, Southern Federal University, 344090 Rostov-on-Don, Russia
2.5Don State Technical University, 344000 Rostov-on-Don, Russia
3Department of Mechanical Engineering, University of Bath, Bath BA2 7AY, UK

An interest in the 2-2-type composites based on relaxor-ferroelectric single crystals
(SCs) is associated not only with a high piezoelectric performance of these composites
and their SC components, but also with orientation effects [1]. The orientation effects
caused by rotations of the main crystallographic axes in the single-crystal (SC)
component with a specific non-180° domain structure are of value to improve some
effective parameters of the composites [2]. In the present study we analyse orientation
dependences of effective piezoelectric coefficients ds;” and gs;", traditional energy-
harvesting figures of merit (Qs;")? = d3;"gs;” and modified energy-harvesting figures of
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merit F3"? of 2-2 and 2-0-2 composites based on [011]-poled domain-engineered (1
— X)Pb(Zny3Nb23)Os—xPbTiO; SCs with compositions near the morphotropic phase
boundary. Hereby we consider the rotation of the main X and Y crystallographic axes
around the Z axis in each SC layer of the 2-2-type composite (Figure)

Type | layer
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Figure. A schematic of a 2-0-2 composite based on domain-engineered SC. (X1X2X3) is the
rectangular co-ordinate system. m and 1 — m are volume fractions of the Type | (or SC) and Type Il
layers, respectively. In inset 1, orientations of domains with spontaneous polarisations Ps;j and mode

of the rotation of the main crystallographic axes X and Y in the SC component are shown. ¢ is the
rotation angle. The Type Il layer is a ceramic / polymer medium (inset 2), and m; is the volume
fraction of ceramic therein

and observe a non-monotonic behaviour of the aforementioned figures of merit. We
also vary the volume fractions m of the SC layers and m of ceramic inclusions. Of
particular interest are

(i) large values of (Qs3")?~ 107" Pa! and Fz3°~ 107! Pa™!, and

(ii) a large anisotropy of (Qs;")? and Fs; @ in the 2-0-2 composite [2] where the Type I
layer consists of corundum ceramic inclusions and polyethylene matrix, i.e., piezo-
passive components with a large difference of their elastic moduli.

The figures of merit are compared to those known from literature data. Due to large
values of the figures of merit, the studied 2—2-type composites are suitable as active
elements of piezoelectric sensors and energy-harvesting systems.

Research was financially supported by Southern Federal University, grant No. VnGr-07/2020-
04-1M (Ministry of Science and Higher Education of the Russian Federation).
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SYNTHESIS AND PHYSICAL PROPERTIES OF COMPOSITES
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The compositions (1 — x)(PbFe12019) — X(PbTiO3) (x = 0.2, 0.4, 0.6, 0.8) were synthesized
through solid-phase reaction method, their structure and magnetic properties were studied by X-ray
structure analysis, vibrating sample magnetometer analysis, optical absorption spectroscopy,
dielectric and impedance spectroscopy.

Keywords: Hexferrites; hysteresis loops; bandgap; impedance.

To obtain PbFe;;0;9 (PFO), we took oxides 30% more PbO than the
stoichiometry mixed with Fe,Os, then ground in an agate mortar for 2 h in the present
of ethanol. The mixture was then pressed into a tablet and dipped into PZT powder to
reduce the PbO sublimation during sintering. The mixture was sintered at 1250 °C for
8 h until all excess PbO had sublimated. After synthesis, the sample was checked by
XRD. Then the resulting PFO was ground with different concentration of PbTiO;
(PTO) for 2 h, after which the mixture was pressed into cylinders, dipped into PZT
powder, and sintered at 1150 °C for 2 h. The composites were obtained.

The bandgap of the pure PFO is 1.72 eV, but decrease to 1.54 eV (for 0.2PFO-
0.8PTO) with increasing PTO concentration. The impedance spectroscopy was studied
on a PASTAT 4000 instrument. As shown in Fig. 1(a), the peak value Z" .« of each
sample is suppressed with increasing temperature and shifted to higher frequencies.
Cole-Cole diagrams in Fig. 1(b) show that the diameter of the semicircle decreases
with increasing temperature. The magnetic properties were studied on a Lake Shore
7404 vibrating magnetometer. As shown in Fig. 2(a), the magnetic hysteresis loops are
not completely saturated, the Ms was estimated by the law of approach to saturation.
As shown in Fig. 2(b), coercive field H, saturation magnetization M and remanent
magnetization M, reaches their maximum then decrease as the mole fraction of PTO
increase.
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MEPEKJIIOYATEJIBHBIE CBOMCTBA KOMIIO3UIIMOHHOI' O
MATEPHAJIA HA OCHOBE TPUIVIMHUHCYJb®ATA U
HAHOKPUCTAJLIMYECKOMH HEJJIOJIO3bI

A.C. Cunopxus?, JI.H. Kopotkos?, H.A. Toncteix®, I'.C.I'puropsu’

L4Boponexckuii TocymapcTBeHHbIi yauBepcuTet, 394018, Boponesx, Poccus
23BopoHesKCKHil ToCy1apcTBEHHbIH TeXHUUecKuii yHuBepcuTet, 394026, Bopouesxk, Poccus

Hccnenyrores 0CO0EHHOCTH MEePEKITIOUEHUS MOJISIpU3aLUU B CMECEBBIX
CETHETO3JIEKTPUUECKUX KOMITO3UTaX TPUIIIMLIUHCYIb(]AT - HaHOoLesuT0103a. [lokazaHno, 4yTo nosjenas
3aBUCMMOCTh TOKa TIEPEKIIOYEHUsT B KOMIIO3UTaX HWMEET JBE CTaJAUM: AaKTUBAIIMOHHYIO
SKCIIOHEHIIMATBHYIO CTaJMI0, CBSA3aHHYI0 C oOOpa3oBaHHMEM 3apojbllieil HOBOM ¢asbl, u
MOCIEAYIONIYI0 JTUHEHHYIO 3aBUCUMOCTh, OOYCIOBICHHYIO MX pa3pacTaHHEM 3a CYET JBIKEHUS
JIOMEHHBIX CTCHOK. ['paHHIla MEXIy YKa3aHHBIMH CTAJIUSIMH COBIIAJIa€T C KOIPIUTHUBHBIM IOJIEM
MaTepuana.

KiroueBbie cioBa: HAaHOKOMITO3UT, TPUTIUIUHCYIb(GAT, HAHOKPHUCTAJUINYECKas 1eJUTI0I03a,
TOK MEPEKIIIOUEHHUS.
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[TonyyeHue HOBBIX MYJIbTU(YHKIIMOHAIBHBIX MAaTEPUANIOB SIBJIETCS OJAHOU U3
HamOoJee akTyalbHbBIX 33/1a4 COBPEMEHHOTO (pu3nueckoro Matepuanonenenus. Oaun
3 A()PEKTUBHBIX METOJOB CO3JAHHS TAKUX MATEPUAJIOB CBSI3aH C TOJyYCHHEM
HAaHOKOMITO3UTOB, B KOTOPBIX Ojarojaps pa3MepHoMy 3P GheKTy, XUMHUYECKOMY U
MEXaHUYECKOMY B3aMMOJICHCTBUIO KOMIIOHEHT MaTepHall MPUOOPETAET YHUKAIbHBIC
¢usnueckue cpoiictBa. Llenpio HacTosmel pabOThl SABUIOCH MOTYYCHHE CMECEBBIX
KOMITIO3UTOB Ha OCHOBE CeTHETOdJIeKTpuka Tpuriauiuucyibdara (TGS) w
HaHOKpHcTaunaeckoi 1emttonossl (NCell) u nccenoBanue nx nepekr0YaTeIbHBIX
CBOWCTB.

Jlns  TpUTOTOBJIEHUS PACCMATPUBAEMBIX KOMITO3UIIMOHHBIX MaTepHUATIOB
UCIOJIb30BAIM TOTOBYIO COJIb TpUriuiuHCylb(ata Mapku OCY u KOMMEpPYECKYIO
HAHOKPHUCTAIUTMYECKYIO IEJUII0JIO3Y B BHUJAE IMOPOIIKA, COCTOAIIETO W3 YacTHI[ C
muamerpom 10-20 nm u ayuuo# 300 — 900 M, KpUCTaTUTMYHOCTH KOTOPOI cOCTaBUIIA
0K0110 92 %.

bpun cuHTE3UpOBaHbI KOMIIO3UTHI ClieAyromuX coctaBoB: X = 0; 0,2; 0,7 n 0,9,
nosiydeHHbie JooanierrneM NCell B cooTBeTCTBYIOMICH MPOITOPIIMN B BOHBIA pacTBOP
TPUTMIMHCYIb(AaTa ¢ MOCHEAYIONUM  THIATEIBHBIM  MEpPEeMEIIMBAaHUEM U
BBICYIIIMBAaHUEM 00Pa30BaBILETOCS KOJJIOMIHOIO PacTBOpA.

W3mepeHnst UANEKTPUUECKOW TMPOHMIIAEMOCTH (€) W TaHITeHca yria
JTURJIEKTPUUYECKUX MMOTEPh MPOBOJIUIM B YCIOBUSIX MEJIJICHHOTO HarpeBa/OXJIaKIeHUs
oOpasiia mpOBOUIH C TOMOIIBI0 aBTOMATHYECKOTO u3MepuTesss uMmmutanca E7-20 na
yactorax 1 — 500 xI'11.

JInst  BBISBIIGHHS 3aKOHOMEPHOCTEW TMEPEKIIOYEHUS CHUHTE3UPOBAHHBIX
CBEpPXPEIIETOK HCIOJIb30BaliuCh MoauduimpoBanHas cxema Coiiepa — Tayspa
UCCJIEIOBAHMUS  METeNlb  JUAJIEKTPUYECKOro0  TUCTepe3uca C  KOMIIEHCaluuen
MIPOBOJIMMOCTH, a TaKxKe MeToJuMKa Mepia, 3aKIovaronascs B PErucTpalud TOKOB
MEePEKITIOUEHUsT TMOJ JCHUCTBHEM OHWMOJSPHBIX  MPSIMOYTOJIBHBIX  HMITYJIHCOB
anekTpuueckoro mnoiisA. [Ipm m3yueHuu mnpoleccoB mnepenoisipusanuu o0pasloB C
MOMOIIIbI0 TOKOB TEPEKIIOUEHUsT Ha 00pasllbl MOJaBAIUCh PABHOOTCTOSIINE
OUMOJNISIPHBIC MPSIMOYTOIBHBIC MEPUOIUUECKUE UMITYJIbChI HAMPSIKEHUST OJIMHAKOBOM
JUTUTEIILHOCTH, JIJISI YETO MCIIOJIH30BAJICS TEHEPATOP CUTHAJIOB MPOU3BOJILHON (HOPMBI
Waveform Generator 2571, reHepupyromuii UMITYJIbChI C BPEMEHEM HapacTaHUs
MEePEKITIOYAIOIIEro HarpsikeHus: He 6omee 10 ns.

[IpoBeneHHbIC WCCIAEAOBAHHUS TIOKA3ald, YTO TMOJE€Bas 3aBUCUMOCTH TOKa
MEPEKIIFOYEHUSI B HCCIICIyEMbIX MaTepuaiaXx HMEET JBE CTaJuHu: aKTHUBAIMOHHYIO
CTaJuI0, CBS3aHHYIO C oOpa3oBaHUEM 3apojblllied HOBOW (a3bl, W JIUHEHHYIO
3aBUCUMOCTb, OOYCIIOBJIEHHYIO pa3pacTaHUEM 3apojblllieid IMyTeM JIBUXKECHUS
JOMEHHBIX TpaHull. ['paHulla MEXIy yKa3aHHBIMU CTQAWSIMHA COBMAJacT C
KOSPIUTUBHBIM TOJIEM MaTepHalia, OMpPEeAeNsieMOro Mo MeTNIAM AUDJIEKTPUYECKOTO
TUCTEpe3nca, M MEHSETCS B 3aBUCMMOCTH OT KOHIIGHTPAIlMM KOMIIOHEHT B
uccieayeMoM matepuane. MccnenoBanrue TOKOB NEPEKIIOYEHUS HA JIMHEWHON CTaJuK
BBISIBIJIA TEMIIEPATypHYIO 3aBUCHUMOCTh TOJBMKHOCTH JIOMEHHBIX TpaHUI[ B
HCCIIETyEeMbIX MaTepraax.
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MNUPOSJIEKTPUYECKU DPDEKT U MBE303JIEKTPUYECKHUE
CBOIWCTBA KOMITO3UTOB HA OCHOBE COITIOJIUMEPA
BUHW/IMAEH®TOPUIA C TPUOPTOPITUJIEHOM U
JEATEPUPOBAHHOI'O TPUTJIMHIIUHCYJIb®ATA

.M. MopcaKOBl, A.B. Conupirkun?, H.B. BOCTpOBl, A H. Benos?, . A. Kucenes®
'TBepckoii rocynapcreennsii yausepeurer (TBI'Y), 170100, Treps
’HarnuonanbHbli nccienosaTenbekuii yausepeuter « MU Ty, 124498, 3enenorpas
SHanmoHaIBHbIH MCCIIEI0BATEILCKHIM TEXHOIOTHYECKUT yHusepcuteT «MUCuCy

B pabGore momydeHbl KOMIO3HWIIMOHHBIC IUICHKH COMOJIUMEpa BUHWIHACH(TOpUIA C
tpudropstriiesom  P(VDF-TrFE),  comepkamiero  MHKPOKPHUCTAUIBI  JICHTEPHPOBAHHOTO
tpurmuiuacyIbdaTa (DTGS). MeTogoM aTOMHO CHIIOBOM MHUKPOCKOITUH MCCIIEA0BaHA TOMOTpadus
MOJIy4eHHBIX 00pa3noB. C MOMOILIBI0 CHJIIOBOM MHKPOCKOMHMH IbE30OTKIMKA IPOBEACHA
XapaKkTepu3alus IbEe30ICKTPUUCCKUX CBOWCTB HA JIOKATHbHOM YypoBHe. [lupolsnexTpuyeckue
U3MEpPEHUs] CBUACTENBCTBYIOT 00 JKCTpPEMalbHOM 3aBUCUMOCTH mNuUpokoddduimrenta ot
koHreHTpanud DTGS B kommosute. M3MepeHHbIe MbE303JCKTpUUCCKUE MOAyIu O3 u O3
[IOKAa3bIBAIOT HEOIHO3HAYHBIE 3aBUCUMOCTH OT 00beMHOU 10 BKirouenuii DTGS.

KiroueBsie cioBa: conoiaumep BUHUIMAEH(TOpUIA C TPUPTOPITUICHOM, JEUTEepUpPOBaHHBIH
TPUTTUIUHCYIbGAT, CKAHUPYIOIIAas  30HAOBas  MHUKPOCKOMHUS,  HUPOIIEKTPUUYECKHH U
BE303JIeKTPUIeCKUil 3 ek ThI

TexHoa0rn4eckoe pa3BUTHE MOJSIPHBIX MAaTEPUAIOB UMEET pelIatonee 3HaUCHHE
Uil pa3pabOTKW THOKUX 3JIEMEHTOB [UISl JJIEKTPOMEXAHUYECKUX M CEHCOPHBIX
ycTpoicTB. CyIlecTBYeT AOCTATOYHO OOJBIIOE KOJUYECTBO KPUCTALIMYECKUX H
KepaMUYECKUX MaTepUaIoB, 001aJat0lUX MUPO- U MTbE30JICKTPUIECKUM d(PdekTamu.
Bce oHM MMEIOT BBICOKME 3HAYEHUSI TUPO- U MbE30AIEKTPUUECKUX KOA(DPHUIIMEHTOB,
BapbUpyeMbI€ B IIMPOKOM Auana3zoHe. Bricokast )KeCTKOCTb U OTHOCUTEIBbHO HHU3KAs
MPOYHOCTh JIETAIOT TaKWe MaTepHalibl HENPUTOIHBIMHU [JI1 TUOKUX YCTPOWCTB,
TpeOYIOIMUX YacThIX U3rHOHBIX Bo3AeicTBul. [lonmuBunnnunendropun (PVDF) u ero
COTIONTUMEPHI SABJSIOTCS HauOoJiee MOMYJISIPHBIMU MaTepuajaMu, UCIOIb3yEMbIMHU B
rMOKHX CEHCOPHBIX M 3JEKTPOMEXaHMUYECKUX YCTPOMCTBaxX B nocienHue roasl. OHu
00J1aJ1af0T BBICOKOM TMOKOCTBIO, JIOCTATOYHO BRICOKOM UyBCTBUTEILHOCTHIO, BBICOKOM
AJIACTUYHOCTBIO,  OJIHAKO  HEOOJNBIIMMU  MUPO- U IBE303JIEKTPUUYECKUMHU
koapuuuenTamu. [ yBelIMUYEHHUS MOCIEIHUX [apaMEeTpOB HCCIEN0BATEIH
CTPEMSATCS] ONITUMHU3UPOBATh MaTepuaisl Ha ocHoBe PVDF n ymydmmrs nx cBoicTBa
C IOMOIIBIO PA3IMYHBIX CPEACTB JUIsl TOBBIIEHUS 3(PPEKTUBHOCTA MEXAHUYECKOTO U
ANEKTPUUECKOr0 MpeoOpa3oBaHUsl, B YACTHOCTH, NUPO- U MHE30JICKTPUUECKHE
ko3 duimentst PVDF u ero cononumepoB MOKHO 3(P(PEKTUBHO YIYUIIATH MyTEM
BBE/ICHUS BKJIFOUEHUN KEPAMUYECKHUX MM KPUCTALITMYECKUX CETHETOAIEKTPUKOB.

B Hacrosimelt paboTe BBINOTHEHO KOMIUIEKCHOE HCCIEAOBAHUE TOISPHBIX
CBOMCTB KOMIIO3MIIMOHHBIX IIJIEHOYHBIX CTPYKTYp Ha OCHOBE IOJMMEPHOIO
ceruetoaiektpuka  P(VDF-TrFE) u  kxpucraymioB  DTGS, a  umenHo,
IIbE303JIEKTPUUECKUX CBOMCTB HA JIOKAJIBHOM U MAaKPOCKOITMYECKOM YPOBHE.
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MeTtonoM KpucTaiM3aly U3 pacTBOpa MoxydyeHbl 00pasipl, coaepsxkaiue 0.5,
1.0, 2.0, 5.0 u 10 oObeMHBIX MPOIEHTOB KpucTamueckux BrmroueHuid DTGS.
OO6pas3ibl uccnea0BaIuCh METOJIOM CUIIOBOM MUKpPOCKONHU he300TKInKa (CMII) u B
pexxume KenbBUH MOIBI Ha CKaHUPYIOIIEH 30H10BOM HaHoabopaTopun Ntegra Prima
(NT-MDT, Poccus). IlupodiekTpuyeckas aKTUBHOCTh IUICHOYHBIX 0Opa3IoB
KOMITO3WTA M3y4YeHa JAUHAMHUYCCKAM METOJIOM HCCleAoBaHusl mupoddeKTa.
N3mepeHne Mbe303JEKTPUYECKUX XAPAKTEPUCTUK HAa MAKPOCKOIIMYECKOM YpPOBHE
BBITIOJIHSAJIOCh CTaTUUYECKUM METOJOM Ha OCHOBE OMNpEeiIeHHUs HaKarMuBaeMOro
3apsAia B IMPOIIECCE MEXaHMYECKOTO BO3JCUCTBUS Ha oO0pasell mnpu MNpIMOM
nbe303¢dexTe.

Meronom CMII ycTraHOBIEHO, YTO BCE MCCIEIyEMbIe KOMITO3UIIMOHHBIE
IUICHOYHBIE CTPYKTYPBI, copepxkaiiiue DTGS u He nmoaBeprapiivecs npeBapuTeIbHON
NOJIAPU3alUK, JOKAJbHO 00Jalal0T €CTECTBEHHON YHUIOJISIPHOCTBIO, KOTOpas
MPOSIBJISIETCS. B HAJIMYUMU  MbE30OTKJIMKA HAa  MHKPOMACIITAa0HOM  YPOBHE.
MakcumanbHasi BEIMYMHA OCTATOYHOM MOJSIpU3aIUMU W HAuMOOJIbIIME 3HAYCHUS
3PPEKTUBHOTO MHE303JICKTPUIECCKOTO MOAyisl 3z = 12.6 mm/B xapakrepHbl IIst
wieHku kommosuta P(VDF-TrFE) + 0.5%DTGS.

HecmoTpss  Ha ~ HanmuuuMe  JIOKaJIbHOM  YHHUIIOJSIPHOCTH,  MCXOJHBIE
KOMIIO3MIIMOHHBIE  IUICHKM HE  MPOSBISAIOT  IMbE303JIEKTPUYECKHX  CBOMCTB
MaKpOCKOIIMYECKH, a, CJEIOBATEIbHO, MW MHPOAIEKTpUUecKHil 3ddext He
oOHapyxuBaeTcs. JlJis mpuiaHus YHHUIIOJSIPHOCTH Ha MAaKpOCKOIHMYECKOM YPOBHE
KOMIIO3UIIMOHHBIE MJICHKU MOJspU30BaHbl B nojsix ~ 0.2 MB/cwm.

Ha ocHOBe aMIIUTYyIHBIX 3HAYEHMH NMHUPOIJIEKTPUUECKOTO TOKa JJIsi 00JacTH
gactoT ~ 100 I'it paccuuTtansl 3HaueHus nupokoddduimenta. Pe3ynpraThl pacuera
IUIsl KOMIO3MLMOHHBIX IUIEHOK CBHJIETEIBCTBYIOT O HEOJHO3HAYHOM BIIMSHHUH
BiuroueHuit DTGS Ha muposiekTpuieckue CBONCTBa KOMITO3UIIMOHHBIX MATEpPUAJIOB.
IIpn noseimenuu conepxkanust DTGS B uccnegyemom marepuane 10 2 % npoucxoauT
YBEIIMUCHUE  MUPOICKTPUUYECKOro  Kodpduimenta g JIIOObIX  3HAYCHUU
MOJISIPU3YIOMIMX TOJIeH, TpH MAaKCUMaJIbHOM 3HAYEHUHM MOJISPU3YIOLUIEro MOJis
nupokodduument gocruraer 3Hadenus ~107° Kin/(M?K). [anbHelinee MoBBIIIEHUE
KOHLIEHTpAallud  BBI3BIBAET  YMEHBLIEHUWE  BEJIMYMHBI  MHUPOIJIEKTPUUYECKOTO
ko3 urrenTa.

Kak mokazanu pe3ynbTaTbl MCCIEIOBAaHUMN MbE303JEKTPUUYECKOro 3ddekra Ha
MaKpOCKOITMYECKOM YPOBHE, 3aBHCUMOCTH IbE303JCKTPHUYCCKOTO MOAyJsi i3
ABIIIETCS SKCTPEMAJIbHOM, KaK M JJIsl MUPOITEKTPUUYECKOr0 KOIPPUIIMEHTA, OJHAKO
MakcuMyM ero BeiauuuHbl ~28 nKin/H npuxonutcs Ha 00pasibl KOMIIO3UTA,
coaepxaiire 5% kpuctaummdeckux BriodeHut DTGS npu MmakcuMaabHOM 3HAYEHUU
noJsipu3yroniero mois. Muade BemerT ceOs 3aBUCUMOCTh Mbe30MOIYJsl O3 OT
obbeMHOM noau BrmoueHui kpuctamuia DTGS B matpuiie P(VDF-TrFE) — mpu
yBenuyeHun KoHueHtpauuun DTGS HaOmogaeTcs MOHOTOHHOE —yMEHBIICHHUE
Mbe30MOYJIA. B cinydyae MakCHUMalbHBIX NOJIAPU3YIOIIMX I[OJe OH majaeTr oT
~12 nKn/H nns uncroro P(VDF-TrFE) no 7 nKn/H pnst P(VDF-TrFE) + 10%DTGS.
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NCCIEAOBAHUE MATHUTHOI'O U IIBE3O3JIEKTPUHYECKOI'O
OTKIMKA HAHOYACTUL ®EPPUTA BUCMYTA, IIOJIYYEHHbIX
METOJAO0OM COOCAXIEHUA THAPOKCOKAPBOHATOB

A.B. Byz[aeBl, H.A. EMenbsHoB?

"Mnammuit nayunslii corpyaauk, budartem@mail.ru
?JlonenT Kadeaps! Gu3MKH M HaHOTEXHONMOTHIT, emelianov@Kkursksu.ru
OI'BOY BO «Kypckuii rocyjapcTBEHHbIN YHUBEPCUTET»

B pabore npencraBieHbl pe3yiabTaThl UCCIIEIOBAHUS MbE303JEKTPUUECKOIO U MarHUTHOTO
otkiauka HaHoudactul] BiFeOs, pasmepamu 30-80 HM, MOJYYEHHBIX METOJOM COOCAXKICHHS
THJIPOKCOKapOOHATOB. MeT0I0M MarHUTHO-CHUIIOBON MUKPOCKOITUH ITPOJIEMOHCTPUPOBAHO HATUYHE
ciaboro (peppoMarHUTHOrO OTKIWKA. l3MepeHHs] MbE30TKIWKA OTIENbHBIX HAHOYACTHI]
JEMOHCTPUPYIOT OTCYTCTBHE BBIPAKEHHBIX METEIh TUCTEPE3HCa, KOTOPBIE CBUIETEILCTBOBAIIN OBI B
MOJIb3Y HAMYMsI Y HUX CETHETOANEKTPUUYECKOTO OTKIHMKA. B TO ke BpeMs, U3MEHEHHE pa3MepoB
YacTUI] B 3aBHUCHMOCTH OT TMPUIIOKEHHOTO HAMNpPSDKCHHS CMEIIEHUs TMOJATBEPKAAECT HX
ANEKTPOCTPUKIIUIO.

KittoueBsie cioBa: ¢eppuT BUCMYyTa, HAHOYACTHUIII, CUIIOBAasi MHUKPOCKOIHUS MTbE300TKIINKA,
MarHUTHO-CHJIOBasi MUKPOCKOIIUSI.

Hanouactunsl  ¢epputa BUCMYTa IMOJYyYEHbl METOJAOM COOCAXKIEHUS
I'HJIPOKCOKapOOHATOB. /171l 3TOro pacTBOPHI a30THOKHUCIIOTO BUCMYTa, @30THOKUCIIOTO
JKeje3a M YIJIEKHCIOr0 aMMOHHS CMEUIMBAJIMCh IIPU KOMHATHOW TEMIEPATYpE,
IIOJIYYEHHBIA OCaJOK BBIIEPKHUBAJICA B pacTBOpe B TeueHue 48 4acoB, a 3arem
BBICYIIMBAJICS U TIOABEprajics TepMuueckot oopadotke npu temmeparype 550 °C B
TeyeHue 9 yacoB B BO3AYyIIHOM arMmocdepe. Pe3ynbrarbl peHTTeHOCTPYKTYPHOIrO
(ha30BOro aHanM3a MOKa3ajiu, YTO YTO COAEpKaHue (peppuTa BUCMYTA B MOJTYUYEHHBIX
oOpasuax cocraBiger 86 %, Hapsny ¢ (HOpMUPOBAHHEM MPOMEKYTOUHOU (ha3bl
Bi2F8409 [1]

[TpoGomnoaroToBky HAHOYACTHII OCYULIECTBIISIN YJIBTPa3ByKOBBIM
JUCIEPTUPOBAHUEM B PACTBOPE M3OMPONMUIOBOIO CHUPTA, MOJYUYEHHYIO CYCIIEH3HUIO
3aT€M OCaXJAJIM HA CTEKJISHHBIE IOJUIOKKHA C HAHECEHHBIM B KAayeCTBE 3JIEKTPOAA
METOJOM MAarHeTpOHHOI'O PAaCIbUIEHHUS MOJCIOEM 30J0Ta TOMMLHUHOM ~ 40 HM u
BBICYIIMBAIM B cymnnibHOM 1mkadgy mpu Temreparype 100 °C. HccnemoBanue
MarHMUTHOTO M TbE303JEKTPUUECKOT0 OTKJIMKA TMOJIY4YeHHbIX 00pa3loB ObLIO
BBITIOJTHEHO Ha cKaHupyromiem 30H10BoM Mukpockone COJIBEP HEKCT (HT-MT,
Poccusi). MaruutHo-cuiaoBasi MHUKPOCKONUS BBIMIOJNHSUIACh C  HCIOJIb30BAHUEM
ka"nTwiesepoB MFM_LM ¢ marautaeiM nokpeituem COCr rtommuuHodt 15 HM #
TANUYHOW pe30HaHCHOM dyactoTrol okosno 70 kl'm. CumoBas MUKpOCKONUS U
CHEKTPOCKONMUSI TMbE300TKIMKA B 3aBUCMMOCTHM OT BHEUIHEr0 CMEIIAIOIIEro
HanpspkeHus: B auamnazoHe ot -10 mo 10 B BeIMONHsUIaCh € MCHOJB30BAHUEM
kaHTuiaeBepoB cepur FMG 01/Pt ¢ TUMMYHBIM palyCcoM 3aKpyTJICHUS 30Haa 25 HM.

CkanupoBaHue oOOpa3lOB B PpPEXUME MAarHUTHO-CHJIOBOM MHUKPOCKOIIUHU
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MO3BOJIMJIO BH3YQJIM3UPOBATh DPACHpE/ICICHUE TPaJueHTa MAarHUTHOTO TOJS IO
MOBEPXHOCTU MCCIEAYEMBIX 00pa3lioB, KaK CIEACTBHE HAJIWYHS y 00pa3loB ciaboro
(beppOMarHUTHOTO OTKITUKA, YTO MOJTBEP/IMIIO JAaHHBIE, TOTyYSeHHBIE paHEe METO0OM
BUOPAIIMIOHHOW MarHUTOMETPHH.
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Pucynok. Penbeda noBepxHocTH (a), rpaueHT MarHUTHOTO 10Jis (0) U Mbe300TKIUK OTIEIbHON
HaHovactuilsl BiFeOs

WN3MepeHHbIlE 3aBUCUMOCTH  [BE30OTKJIMKAa HAHOYACTUI[ OT BHEIIHErO
HANPSDKEHHUSI CMEIICHUSI HE JEMOHCTPUPYIOT METJIM THCTEPE3UCA, XAPAKTEPHOU I
CETHETOICKTPUYECKUX  HaHodacTHl [3] W  CBUACTEIBCTBYIOT 00  HX

ANEKTPOCTPUKIIMOHHOM OTKJIMKE, UTO BEPOSTHO, 00YCIOBIEHO pa3MEPHBIM 3(hPEKTOM.
Pabora BbimonmHena npu mnoanepxkke rpanta Ilpesupenra P® g rocymapcTBeHHOM
MOAJEP>KKH MOJIOABIX POCCUHUCKUX YUEHBIX - KanauaaToB Hayk (MK 3916.2021.1.2).

Jluteparypa

1. H.A. EmenbsHoB [luanexTpuyeckue cBoiicTBa HaHoudacTHll (epputa BucMyTa BiFeOs,
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JASJIEKTPHUYECKHAE CBOMCTBA KOMITIO3UTA HA OCHOBE ITOJISIPHOT'O
COINIOJIMMEPA (VDF70/Tr3) H HAHOKPUCTAJIJIMYECKOU HEJIJIFOJIO3bI

H.A. Toncteix!, A.C. Cunopxun?, T.H. Kopotkosa®, C.B. ITomos?,
K.A. Bepxosckas®, JI.H. Koporkos®

LS®I'BOY BO «BopoHesKCKHii roCyIapCTBEHHbII TeEXHUYECKHi YHUBEPCUTET», BopoHesk,
Poccuiickas @enepanust
?BopoHeKCKHil TOCYIapCTBEHHbI yHIBEpCHTET, Boponex, Poccuiickas deneparius
3B MBJI P®, Boponex, Poccuiickas ®enepars
“BYHII BBC «Boenno-Bo3xymHas akaaemus umenn npodeccopa H.E. Kyxkosckoro u FO.A.
I"arapunay, Boponex, Poccuiickas @enepanus
SUuctuTyT Kpuctannorpadguu um. A.B. Illy6uauxosa ®HULL «Kpucramiorpapus u
dboronuka» PAH, Mocksa, Poccutickas ®enepanus

B wunrepBane temmepatyp 20 — 150 °C wu3ydeHBl TeMIepaTypHBIE 3aBHCHMOCTH
IUAJIEKTPUYECKOM MNPOHMIIAEMOCTH CMECEBOTO KOMIIO3MTa OCHOBE IOJIAPHOIO  COMOJIMMEpPa
(VDF70/Tr30) 1 HaHOKpHCTaILTMYECKOH 11eiuTt05103b1 (NC). Pe3ybTaThl IPOBEACHHBIX SKCIIEPUMEHTOB
mokasainu, 4to B kpuctamumrax VDF7o/Trao, Bxoasammx B coctaB HaHokommosuTa (1-x)VDF7o/Trso-
XnC, temmepaTypa CETHETORJIEKTPUYECKOrO (Pa30BOr0 mepexojaa IMOHIKACTCA, a CaM IepPexo.l
pa3MbIBaeTCs. C POCTOM KOHILIEHTPALMU HAHOKPUCTAUIMYECKOH LEJUIH0JI03bl B KOMIIO3UIIMOHHOM
Matepuane. HaOmronaeMplii  MIMpOKHMH — TeMIepaTypHBIM  TMCTEPE3UC  JIUAIEKTPUUYECKOU
IIPOHUIIAEMOCTH YKa3bIBaeT Ha KpaliHe MEAJICHHOE YCTaHOBJIEHUE COCTOSIHUS TEPMOIMHAMUYECKOTO
PaBHOBECHSI B UCCIIEYEMBIX KOMIIO3UTAX.

KiroueBple  cioBa:  IUANIEKTpUYEcKass  NPOHUIAEMOCTb,  TOJSAPHBIA  CONOJIUMED,
HaHOKpHCTaJUINYECKas LEJUTI0103a, CMECEBOW KOMITO3UT, CETHETORIEKTPUUECKHUM (pa30BBIN TEPEXO.

CuHTe3 HOBBIX MHOTO(QYHKIHMOHAIBHBIX MAaTEPHAIIOB SIBISETCA OJHOWU U3
aKTyaJbHEHIIMX 3aJlad COBPEMEHHOro MmarepuanioBeneHus. OauH U3 CrocoOoB ee
pEIICHUS CBsI3aH C TPHUTOTOBJIICHHEM HAHOKOMIIO3UTOB. biaromapst pa3MepHOMY
ahPexTy, XUMUIECKOMY, ITEKTPOCTATHUCCKOMY U MEXaHUYECKOMY B3aUMOACHCTBHUIO
MEXIy yJIbTPAAUCICPCHBIMA YacCTHIIAMH  HAHOKOMITO3WIIMOHHOTO MaTepuasia
MOCJICTHUAN TTPHOOPETACT YHUKAIbHBIC (DU3UIECKHE CBOMCTBA.

[lenbto 1aHHOM pabOTHI CTAJIO MOJTYUYECHHE KOMIO3UIIMOHHBIX MAaTEpUAIOB Ha
OCHOBE MOJISIPHOTO COMOJUMEpa MOJMBHUHWIUIAECH(TOpHAA C TPUPTOPITUICHOM U
HaHOKpHcTaumndeckor memtono3oii  (1-x)VDF7o/Tryy — xNnC u wu3ydeHue wux
JUDJIEKTPUUECKUX CBOMCTB B MHTEpBasie Temmneparyp 20 — 150 °C.

Moxxno oxugaTh, 4To Omarojgapsi pasmepHomy dddexty U dddexty
B3aMMOJICUCTBHUS TIOJISIPHBIX MOJIEKYJl COTIOIUMEpa C TOJISIPHBIMH  MOJICKYJIAMH
HAaHOKPHUCTATNYECKON IEJUTIOJIO3bI aneKTpodusndeckre CBOICTBa
CETHETORJICKTPUIECKOTO MaTepralia CyleCTBeHHO U3MEHSITCS.

J11st mpoBeIeHUs SKCIIEPUMEHTA OBIITH CHHTE3WPOBAHBI KOMITO3HUTHI CJICTYOIINX
coctaBoB: x = 0; 0,25; 0,5 u 0,75, nonydennsie nob6aBaeHreM NC B COOTBETCTBYIOIICH
nporopiiid B pactBop comonumepa VDFo/Try B ameroHe ¢ mociemyrommm
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TIIATEJbHBIM TIePEMEIIMBAaHUEM W BBICYIIMBAHUEM OOPa30BABIIETOCS KOJUIOMIHOTO
pacTBopa.

W3mepeHnst IUANEKTPUYECKOW MPOHMIIAEMOCTH (€) W TaHTEeHca yria
JTUAJICKTPUYECKUX TTOTEPh ITPOBOJIMIINA B YCIOBHUSAX MEIJIEHHOT'O HarpeBa/oXJIaIeHUs
oOpa3s1ia mpoBOJIUIIM C ITOMOIIbIO ABTOMAaTHYECKOTo u3Mepurels nmmuTtanca E7-20 Ha
gactoTax 1 — 500 kI

[Monyuennsie mus coctaBa 0,5VDF7o/Trsp — 0,5nC ma wyacrore 10 kI'n
TeMIrepaTypHbIe 3aBUCUMOCTH € TIOKa3aHbl HA PUCYHKE.
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PucyHok. 3aBuCUMOCTH AMAIEKTPUUECKOIN MPOHUIIAEMOCTH OT TEMIIEPATYPhl AJIsi KOMIO3UTa
0,5VDF70/Tr3o — 0,5nC, mosyueHHbIE B X0/I¢ HAIPEBa U OXJIAXICHHUS

Pe3ynbTaThl HpPOBEICHHBIX SKCICPHUMEHTOB IOKA3alid, YTO B KPHUCTAJIUTAX
VDF7o/Trsp, BXoAstmux B coctaB HaHokommo3uTa (1-x)VDF7o/Trso- XnC, Temmeparypa
CETHETORJICKTPUIECKOTO  (a30BOTO Tepexoaa TOHMKACTCS, a caM  Tepexo]
pPa3MBIBa€TCSI C POCTOM KOHIIGHTPAIlMd HAHOKPUCTAUTMYECKOW IIEJUTIOJIO3Hl B
KOMITO3UITMOHHOM MaTepHalie.

MOXHO TPEIIOJIOKNUTh, YTO CHIDKCHHE TeMIlepaTypbl (a3oBoro mnepexoja
BBI3BAHO B3auMojelicTBUeM Mojiekysn comonmMepa VDF7o/Tryp m  monekyn
HAaHOKPHUCTAJUTMYECKOHN IEIUTFOJIOBHI.

BBIsSIBJICHO HAJTMYHE IIUPOKOTO TUCTEPE3Uca AUICKTPHUSCKON MPOHUIIAEMOCTH
B KOMITO3HMIIMOHHBIX MaTeprajaX BO BCEM HMHTEpBaJiC JOCTYIHBIX B JKCIICPUMEHTE
temreparyp. JlaHHOe O0OCTOSATENBCTBO yKa3blBaeT, Ha KpallHE MeEJJICHHOES
YCTAaHOBJICHHE B HWCCIEAYEMBbIX KOMIIO3UTAaX COCTOSHHUS TEPMOJIUHAMUYECCKOTO

pPaBHOBCCHA.
PaGora BeImonHeHa npu noAepkke MUHUCTEpCTBA HAYKH U BBICIIET0 oOpazoBanus PD B
pamkax rocyaapctsenHoro 3amxanus Ne FZGM-2020-0007.
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PHYSICAL PROPERTIES AND STRUCTURE OF MECHANICALLY
ACTIVATED SOLID SOLUTION Pb(Zro7Tio3)Os
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lvanekdmitrenko@gmail.com
2Professor, Doctor of Sciences in Physics and Mathematics, phys.kam@mail.ru
Schi@sfedu.ru
4 Professor, Candidate of Sciences in Physics and Mathematics, mari.sirota@ya.ru
Southern Federal University

In this work, the structure and physical properties of PbZry;Tio303 compositions, synthesized
by solid-phase reaction method, were study using complex methods. These complex methods include:
X-ray structure analysis, optical absorption spectroscopy, FTIR, dielectric and impedance
spectroscopy.

Keywords: PZT, mechanical activation, phase transition, bandgap.

In this work, the solid solution PbZry;Tio303 were obtained by the solid-phase
method. Bridgman's anvils were used to generate structural defects under a force action
combined with shear deformation (Mechanical activation). Using X-ray diffraction
analysis, it was found that PbZr,7Tio 303 is characterized by a non-monotonic change
in the unit cell parameters (a and o) of the dislocation density (pp) with an increase in
the mechanical activation pressure. By measuring the sizes of coherent scattering
regions (D) and microstrains (Ad/d), it was found that at a mechanical activation
pressure of 120 MPa, a recrystallization process develops in mechanically activated
powders, leading to the "healing™ of the crystal structure.

It is shown that by choosing the mechanical activation pressure, one can control the
temperature T, of the maximum of the dielectric permittivity em, the Weiss constant
Cw, and the degree of change in the first-order phase transition.

The microstructure of the compositions was studied using SEM, the dynamics of
the crystal lattice were studied by X-ray diffraction analysis, optical absorption and
FTIR - spectroscopy, where the controlled parameters were the root-mean-square static

displacements /U2, the bandgap E4 and the force constants k.
It was found that with a change in the pressure of mechanical activation, E4 changes

nonmonotonically within the range of 3.21-3.37 eV.
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Figure. The Weiss constant Cw and the temperature difference Tm-Tw 0f PbZro7Tio303 ceramics

dependencies on the mechanical activation pressures
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APT'YMEHTBI B I10J1b3Y MATHUTOJIEKTPHYECKOI'O
B3AUMOJIENCTBUS B SrTiOs(Mn)

U.A. Cnyuunckas®, A.1. Jle6enen?
Mouenr, irinasluch@gmail.com
’[Tpodeccop, swan@scon155.phys.msu.ru
MockoBckuii rocy1apcTBeHHbIN yHUBEpcuTeT uM. M. B. JlomoHocoBa

Metonom XAFS-CeKTpOCKONMH C HCHOJIB30BAHUEM COBPEMEHHBIX METOJIUK OO0pabOTKH
cnexktpoB EXAFS Haiineno ctpykrypHoe nosioxenue aromoB Mn B o6pasiax SrTiO3 ¢ pa3nmuyHbiM
OTKJIOHEHHEM OT CTEXHOMETPHUHU, OTOXOKEHHBIX IPH PA3IUYHBIX Temreparypax. C moMoIbko
pacueToB W3 MEPBBIX NPUHLHUIIOB YCTAHOBJEHA POJIb OJHOMOHHOW MAarHUTHOW AaHU30TPOIUU
HEICHTPAJIbHBIX AaTOMOB MapraHima B Yy3lax A CTPYKTypbl TEpOBCKHUTa B (HOPMHUPOBAHHU
MyJIbTH(GEPPOUIHBIX CBOKCTB B 00pasiax SrTiOz(Mn).

KitoueBbie ciioBa: MyJbTH(QEPPOUKH, HENeHTpanbHble arombl, XAFS-cmekTpockomms,
pacueTsl U3 MEePBbIX TPUHIIUIIOB, OJJHOMOHHAS MAaTHUTHAsI AaHU30TPOIIHS.

HeneHTpanbHOCTh IPUMECHBIX aTOMOB Maprasiia B y3jie A TuTaHaTa CTPOHLIUSA
CO CTPYKTYpOH MEPOBCKUTA ObLIa JOKa3aHa MPSAMBIMU METOIaMH C TTOMOIIbI0 XAFS-
crekTpockonuu B pabortax [1,2]. B mocnenHue roasl B JUTEpaType pasropenach
auckyccust o myabTudeppouHbix cBoiictBax SrTiOz(Mn). ABTops! [3] cumTarot, 4TO
ATOT MaTepual 001aaeT CBOMCTBAMU MYJIBTUCTEKJIIA, TOT/Ia KaK aBTOPHI [4 ] moararor,
YTO HaOJIOJABUIMECS B HEM MArHUTORJIEKTpUYECKHEe dS(PQPEKTbl CBA3aHBI C
BbIIeNieHUsIME BTOpoi (a3zbl Mn3O4. Takum 00pa3zom, BOMPOC O TOM, SBIAETCS JIH
omHodasubrid SrTiO3(Mn) MybTH(DEPPOUKOM, OCTAJICSI OTKPBITHIM.

B Hactosimieit pabore merogom XAFS-cnekTpockonuu ¢ HMCHOJIB30BAHUEM
COBPEMEHHBIX METOAMK 00paboTku crnekTpoB EXAFS yTouHeHO CcTpyKTypHOE
nonoxenue aroMmoB Mn B oOpasuax SrTiO3 ¥ ¢ MOMONIBIO PacyeTOB M3 IEPBBIX
IIPUHLMIIOB  YCTAHOBJIEHA POJb OJHOMOHHOW MAarHUTHOM aHU3O0TPOIIMHA B
dbopmMupoBaHUU MYIbTH()EPPOUIHBIX CBOHCTB B 00pasiiax SrTiOz(Mn).

Oopasipl SrTiO3(Mn) ¢ koureHTpanuedt nmpumeceit 2-3% W pa3IUYHBIM
OTKJIOHEHHEM OT CTEXMOMETPUU MOJIyUYaIuCh METOJIOM TBEpAO(a3HOro CUHTE3a MpHU
1100°C. Psn o0Opa3iioB JOMOJHUTENBHO OTXKUTAJICS TpU OOJee BBICOKHX
temneparypax (mo 1500°C). Jlng BBeaeHus npumeceit B y3ibl A WU B CTpYKTypbl
MEPOBCKUTAa COCTaB OOpa3lOB MPEJHAMEPEHHO OTKIOHSJICS OT CTEXHOMETpUU
COOTBETCTBEHHO B CTOPOHY H30bITKa TUTaHa uinu cTpoHuusd. Crnexktpel EXAFS
3aMKUCBHIBAINCh TYTEM PETUCTpaIMd PEHTreHOBCKOW (iyopecuenuun Ha K-kpae
norsomenuss Mn npu 300 K nHa cranmum KMC-2 ucTOYHHMKA CHHXPOTPOHHOTO
m3nyuenusi BESSY. O06pabGoTka CHekTpoB OCYIIECTBISUIACh C MOMOUIBIO TaKeTa
nporpamm |FEFFIT. Pacuersl reomerpyiyi M MarHUTHBIX CBOMCTB pPa3iUYHbBIX
npuMecHbIX IeHTpoB Mn B SrTiO3 u3 mepBhIX MPUHIIMIIOB MPOBOAWIKCH C TOMOIIIBIO
nporpamMmbl ABINIT B npubmmkennn LDA+U na 80-aromasix 'K cBepxbsuciikax.
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Jlnst onrcanust atoMoB Mn ¢ dacTuuHO 3anojHeHHO d-000JI09KO0# UCTIOIB30BATUCH
nceaonoTeHnuansl PAW.

HccnenoBanust peHtreHoBckoit mudpakmuu SrTiOz(Mn) mokazamm, uto Bce
o0Opasibl UMEIOT KyOumdecKylo cTpykTypy mnepoBckuta mpu 300 K, ogHako ToJBKO
omuH w3 o00pasnoB (SrTipe7Mngo3Os, otoxokennsridr tpu  1100°C)  sBisutcs
onHo(hazHeM. OCcTabHBIC 00PA3IIHI COAEPKATH HEOOIbIITHE KOJTNYECTBA BTOPOH (pa3wl
(TiO2 mmu MnTi03). Benenenuit Bropoit ¢azer MnzO4 He ObLTIO 00HAPYKEHO.

Ananu3 crekrpoB XANES nokazan, uto Mn B SrTiO; MoKeT HaXOIUThCS B
JIBYX 3apsIIOBBIX COCTOSHUSAX (+2 min +4). B o6pasnax SrTip.97MnNg 0303, 0TOXKEHHBIX
npu 1100°C u 1500°C, 66mbm1as yactb aToMmoB MN Haxoauaack B COCTOSIHUM +4, a B
Sro.97Mnp3TiO3, otoxokennom mpu 1500°C, — B cocrosuuu +2. B ocTanbHBIX
oOpasziax Mn npucyTcTByeT OJHOBPEMEHHO B 000UX 3apSA0BBIX COCTOSHUSX.

Ananu3 crnektpoB EXAFS mis omnodasnoro ob6pasma Sr(Tiopg7Mnoes)Os,
oToxokeHHOro rpu 1100°C, mokasai, 4To MOTyYEHHbIE CIEKTPBI XOPOIIO COrIacyOTCs
C MOJZIENbI0, B KOTOpPOl aTtoMbl Mn 3amemniatoT aTombl T1 M HaXOAsTCS B y3JOBOM
nmoyioxkeHuu. HaliieHHbIe pacCcTOSHUS 10 OJIMKANIIIMX aTOMOB XOPOIIO COTTIACYIOTCS
C pe3yJIbTaTaMU PacdeTOB U3 MEPBHIX MPUHITAIIOB.

Hist 06pasmoB (Sro.97Mnges) TiO3, OTOKKEHHBIX MPH BBICOKUX TEMIIEpaTypax
(1500°C m 1350°C), Haumyumee coOrjgacHMe€ pacyeTHbIX M SKCHEPUMEHTAIbHBIX
cnexktpoB EXAFS monyuanoce B mMoaenu, B KOTOpod atoMel MN ogHOBpeMEHHO
3aMeIIalT aToMbl SI, OyAy4d CMEIIEHHBIMU U3 Y3JI0B A CTPYKTYphI IIEPOBCKUTA B
HanpasieHuu [100], u atomsl Ti B y3max B. ATOMBI B 3THX KpUCTAJLIOrpapUUECKUX
MOJIOKEHUSX HAXOJISATCS B PA3HBIX 3apsI0BBIX COCTOSHUSIX. HECKOIbKO 3aBhIIIICHHBIC
M0 CPAaBHEHUIO C PACUETHBIMHU PACCTOSHUS 10 ONMXKANIIMX aTOMOB KHUCIOpoAa U
3aBBIIICHHBIE 3HA4YEHUsT WX J1e0ali-yoJUIepOBCKUX  (PAKTOpPOB  OOBSICHSIIHCH
IposBIEHHEM aHrapMoHusma. COIJacHO MONYYEHHBIM JaHHBIM, HMOHBI Mn?*,
3aMeIaroIue HOHbI Sr2*, cMeIIeHb! 13 y3JIOBOTO MoJ0keHus Ha 0.8 A.

PacyeTsl OJHOMOHHOM MAarHUTHOM AaHU3OTPONMHU JJIsi CMEIIEHHOTO B
HarnpasiaeHuu [001] HeueHnTpasbHoro atoma Mn B y3ine A 0OHapyXWIH CHIbHYIO
AHU30TPOITHIO, TP KOTOPOH CIMH MPEUMYIIECTBEHHO OPUEHTHPOBAH B TUIOCKOCTH
[x0z], a xapakrep ero OSHEPreTMKH COOTBETCTBYET MArHHTORJICKTPHUUYCCKOMY
B3aumozeiicTerio M2P, skcniepumenTansHO oOHapykeHHOMY B pabote [3].
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B pabGore mpeacraBieHbl pe3yabTaThl  HCCIEIOBAHUS  CTPYKTYphl W CBOWCTB
HAHOCTPYKTYpPHUpPOBaHHOW kepamuku coctaBa BiFeOs no u mocne Bo3neHCTBUS MIa3MEHHBIM
MTOTOKOM aproHa Ha pacCTOSTHUU ~25 MM B TeueHue ~20 cek. Y CTaHOBJIEHO, YTO Y IeTbHBIN TEIJIOBOM
TIOTOK, TEMIIEpaTypa U KOHLEHTPALMS YIEKTPOHOB B IPHOCEBOil mitazMe cocTapmsiii ~0.05 kB1/cM?,
npumepro 4-5kK u 10 cmcoorserctenno. Ilokasano, Bo3jeiicTBHe MIa3MOil MPUBOAMT K
CTPYKTYpPHBIM TpaHc(hOpMalusM B MPUIIOBEPXHOCTHOM ClIo€, K 00pa30BaHUIO «OIJIaBICHHBIX)»
3epeH, MMEIOLUIMX MOHOJINTHOE COMNpSIKEHHE. YCTaHOBJIEHO, 4YTO Uil KepaMHK Halnroaaercs
JUCTIepCHUs TUAIEKTPUYECKUX CBOMCTB B Auana3one yactotT oT 1 k['m qo 1MI'n. 3nauenus €' u tgo
MOHOTOHHO YMEHBUIAKOTCSA C YBEIMYEHUEM YaCTOTHI.

KitoueBsie cioBa: ¢heppuT BUCMYTa, CHHTE3, CTPYKTYpa, KepaMHKa, Iia3MeHHast 00paboTka.

Boszpocuuii B mocienHee BpeMsi 0coOblii HHTEpEC K HAHOCTPYKTYPUPOBAHHBIM
MyasTHdepporkam Ha ocHOBE BiFeO3 [1,2] 00yciioBiieH MpOsBIISIONIMMHU B IpeIeiax
OJIHOM (pa3bl MPU KOMHATHOU TEMIIEPATYPE YIOPATOUCHUSIMU: MAarHUTHBIM (G-TUIA) U
CETHETORJICKTPUYECKUM. J[7I1 MpakTUYEeCKUX MPUMEHEHUH O0CO000 TMEepPCHEKTUBHBI
I'paJME€HTHbIE MaTepUajbl HA OCHOBE MYJIbTU(PEPPOUKOB, B TOM YHUCIIE€ U TPAJUEHTHBIE
kepamuku [1]. OOecreueHue Takoro rpajveHTa MO CTPYKType M CBOMCTBaM B
npejenax OJHOTO oOpasla SIBISETCS JOCTATOYHO CIOKHOW 3a/ayei, mo3TOMy IS
3TOTO 3(PPEKTUBHO MPUMEHSIOT TIJIa3MEHHBIE TEXHOJIOTHH [2].

HaHocTpyKTypupOBaHHbBIE KEPAMUKH U3TOTOBJIEHBI M3 HAHOMOPOILIKOB COCTaBa
BiFeO;. Hanomopomiku ObUTM  CHHTE3UPOBAHBI  30Jb-T€Ib  METOJOM, IIO
pekomenaauusaM [3]. ['mumuH - HUTpaTHBIM BOAHBIM PAcTBOP IPU HENPEPHIBHOM
MEepEMEIINBAHNA HAa MarHUTHOM MENIAJIKe BBIMAPUBAJICSA O COCTOSIHUS Tejisl. JTOT
0CaJIOK BCIBIXMBAJI ¢ O00pa30BaHWEM arjOMEpUPOBAHHOTO MOpoIiKa. TepMuyeckas
oOpaboTka TOpOIIKa OCyIIeCTBIsIachk mpu Temmeparype ~500°C, a cnekanue
kepamuku — rpu temmneparype 600°C B reuenune 30 MUH COOTBETCTBEHHO.

[ToBepxHOCTH 00pa3lOB MOJABEprajach BO3JEHCTBUIO MJIA3MEHHBIM MOTOKOM
aproHa Ha pacCTosiHUM ~25 MM B TeueHue ~20 cek. YenbHbI TEIUIOBOM MOTOK,
TeMIlepaTypa U KOHIIEHTpALUs 3JIEKTPOHOB B MpUOCeBOU miiazme coctaBisui ~0.05
kB1/cm?, mpumepno 4-5kK u 10 cm3cootsercTBenHo.
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[IpoBeneHsl HccaeoBaHUA CTPYKTYpPhl MOBEPXHOCTH KEPAMHUKH /10 M TOCHe
Bo3aeiicTBHs. Tak Kak TemmepaTtypa crekanus Obuia He Beicokas (He Boiie ~600°C),
TO Ha MOBEPXHOCTU KEPAMUKH MPUCYTCTBYIOT CKOTICHUS! U3 HAHOYACTHII, HMEIOIINE
MOpUCTYI0 CTPYKTYpy (puc. 1). Ha cnekrpax (puc. 1) 3ieMEHTHOro aHanuza
MPUCYTCTBYIOT MUKHU TOJBKO OT 3nemeHnToB Bi, Fe u O. Kak Bugno (puc. 2), mocne
BO3/ICHCTBHS MOTOKOM I1JIa3MbI CTPYKTYpa y>K€ COCTOUT U3 MOHOJIMUTHO COTIPSIKEHHBIX,
OIJIaBJIEHHBIX 3€PEH.

L A
ﬂ OGnacts A
AL

5000 10000
Dueprusi, OB

Puc. 1. Mopdooruu npu pa3indHbIX YBEIWICHUSIX, TPODUITH BIOJb THHAH U YJIEMEHTHBIA aHAIH3
KepaMHuKu A0 Bo3aeicTus («O0macTb A» — 3TO MO BCEH MOBEPXHOCTH)

4000 8000 12000
Oueprus, I8

Puc. 2. Mopdonoruu npu pa3iuyHbIX YBETUYCHHUSIX, MTPOPUIH BAOIb JMHUU U JIEMEHTHBIN aHAIHN3
KEPaMUKHU I10CJIE BO3IEUCTBUS

B Gonbiiue 3epHa BkparieHbl 0oJiee MEJIKUE — BKIIOUEHUS TEMHOTO 11BETa (puC.
2). Conep:kaHue JIEMEHTOB B ATHX BKIIOUEHUAX (puc. 2, Touka Ne2) CyIIecTBEHHO
OTJIMYAETCSl OT BCEro o0bema, 0OHAPYKEHO TaM CHIDKEHHE KoyindecTBa Bi o ~ 72%.
Bo3MoxkHO, 4UTO BO3JIEMCTBHE, MIPUBEIIO HE TOJILKO K MepepacrpesneneHruo Bi mo
MOBEPXHOCTH, HO BEPOSITHEE BCEr0 M K YJIETYYMBAHUIO €ro C 0Opa3oBaHUEM
MIPOMEXYTOUHBIX COCTUHEHUH.

[IpoBeneHbl UCCAENOBAHUS KOMIUIEKCHOM AUAIEKTPUYECKON MPOHUIIAEMOCTH.
VYcraHoBieHo, 4TO ISl KepaMHK (0 UM TOcie) HaOMIoAaeTcs IUCTIepCHst
JTUAJICKTPUUYECKUX CBOMCTB B quarna3oHe 4actot oT 1 k' 1o 1MTI'1. 3Havenus €' u tgod
MOHOTOHHO YMEHBIIIAIOTCS C YBEIMYCHUEM YaCTOTHI.

Pabora BemmosnHena npu noanepxke rpantoB PODU Ne 20-08-00242A u uwactuuHo Ioc.
3anaaus FZNZ-2020-0002.
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MICROWAVE ABSORPTION IN SAMPLES OF BiFeO3s—Pb(FeosNbos)Os
SOLID SOLUTIONS WITH DIFFERENT GEOMETRIC PARAMETERS ON
A MICROSTRIP LINE
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The paper presents the information about the influence of the cylindrical multiferroic materials
samples height on their microwave absorbing properties using the method of measuring the
absorption coefficient on a microstrip line using a network analyzer. It has been established that the
error in the height of cylindrical samples of no more than 8% does not qualitatively affect the results
obtained.

Keywords: microwave absorption, microwave absorbing properties, lead ferroniobate (PFN),
bismuth ferrite (BFO), multiferroic.

Using conventional ceramic technology, two-component solid solutions (SS) (1-
X)BiFeO3—xPb(FeosNbos)Os were obtained in a wide range of Pb(FeosNbys)Os
concentrations (0.15<x<0.95) [1]. The materials were fabricated in the form of
cylindrical samples with a diameter of 12 mm. 2 groups of samples were prepared. The
average height of the samples of the first group was 0.76 mm with a height deviation
of each sample from the average value of about 8%, and the second — 1.04 mm with a
deviation from the average of about 3.75%.

Radio engineering measurements were performed in a measuring cell, which is
a straight segment of a microstrip line (MSL) using a vector network analyzer (VNA)
P9375A "Keysight" with an operating frequency range of 300 kHz — 26.5 GHz. During
the measurements, the samples were located in the center of the cell, on the surface of
the MSL, and the frequency dependences of the scattering matrix coefficients were
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recorded.
The absorption coefficient of the material is calculated by the formula:
D, =d, -d,

where, d; is the scattering coefficient of the MSL with the i-th sample, do is the
scattering coefficient of the empty MSL. The scattering coefficient, in turn, is
calculated by the following formula:

d=1-]S, |2 —| Sy |2_

The features of the measurement technique are described in detail in [2—-4].

The results of the study showed that in the samples of both the first group (Fig.
a) and the second group (Fig. b), peaks of the absorption coefficient are observed in
the frequency range of 5-7 GHz (rectangular regions highlighted by dotted line 1) for
samples of materials with a mole fraction of Pb(FeosNbys)O3 0.3-0.4 and 0.5-0.7.

10
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Figure. Dependence of the absorption coefficient on the frequency and composition of samples with
a large spread in height (first group) (a) and a small one (second group) (b). Rectangular regions 1 -
regions with high absorption associated with the occurrence of resonance in samples of material
with a certain composition, regions 2 - absorption minima independent of the composition

The composition-independent absorption minima in the frequency range 10-13
GHz (dotted line 2) redistributed in the samples of the second group, which may be
due to an increase in the average height of the samples within the second group. In
general, both in the first group and in the second, all fluctuations in the spectrum
features are insignificant and are within the error of the method used. This makes it
possible to study the influence of the materials composition on their radio-absorbing
properties using VNA and MSL without resorting to high-precision mechanical
processing of samples.

The study was carried out on the equipment of the Shared Research Facility Center of SFedU,
Research Institute of Physics with the financial support of the Ministry of Science and Higher
Education of the Russian Federation (State task in the field of scientific activity, scientific project No.
(0852-2020-0032)/(BAZ0110/20-3-071F)).
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PHASE FORMATION AND THE EFFECT OF PHASE FORMATION ON
THE DIELECTRIC AND MAGNETIC PROPERTIES OF SOLID
SOLUTIONS BiosLaosMnOs MODIFIED WITH Nb2Os
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The paper presents the results of a study of the effect of Nb2Os on the phase formation,
electrical and magnetic properties of ceramics BiosLaosMnOs.s. It was found that the presence of
Nb®* cations leads to higher emissions the quality of sintering, namely the increase in the experimental
and relative density of the studied solid solutions. It is shown that at room temperature the studied
ceramics are paramagnetic, and at T = 80K it has a significant negative magnetoresistance. On the
spectra of the dielectric constant obtained at T = (80+300) K anomalies were detected, the behavior
of which is associated with interlayer polarization of the Maxwell-Wagner type and the presence of
oxygen vacancies. The studied samples show no signs of ferroelectric phase transition in the
temperature range T = (80+300) K.

Keywords: multiferroics, specific electrical resistance, heat treatment, dielectric constant,
magnetoresistance.

In the physics of magnetoelectric phenomena, there is a search for various media
that provide a close relationship between the charge and magnetic subsystems. In this
regard, the most promising objects for research are multifunctional low-dimensional
structures, composites and bulk materials that exhibit the properties of multiferroics.
Examples of such media are ceramics BiixLaxMnOs;.5. These solid solutions (SS)
exhibit magnetodielectric effects and magnetoresistance effects, which have a wide
range of technical applications. However, the high electrical conductivity at room
temperature and the strong relationship of physical characteristics with thermodynamic
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prehistory significantly limits the scope of application of these SS. These problems
could be partially or completely solved by optimizing the manufacturing conditions
and introducing various modifiers that contribute to the achievement of the desired
properties.

In the work by the method of two-stage solid-phase synthesis, modified SS were
obtained based on Bii.xLaxMnOs.s. Modification was carried out stoichiometrically -
by the introduction of niobium oxide NDb,Os, in accordance with the formula
BiosLagsMnggsNbo 020545 Sintering was carried out according to the usual ceramic
technology. The structure of the ceramics was studied at the wavelength of CoKa using
the DRON 3 diffractometer. The study of the ceramic grain structure was carried out
using the KEYENCE VK-9700 color laser scanning 3D microscope. The electrical
resistance of the samples was determined using the Agilent 4339B high-resistance
meter in the presence of constant magnetic induction H =0.86 T, at T = 80 K. The
study of other dielectric characteristics was carried out in the temperature range from
T =(80+300) K and the frequency range from 100 Hz to 1 MHz using a precision meter
Agilent E4980A.

The results of X-ray diffraction phase analysis showed that ceramic samples are
single-phase and unadulterated, at room temperature they have a structure close to
cubic. With the help of a microstructure study, it was established that the structure of
the samples is porous and fine-grained. Grains have the shape of polyhedra, the
boundaries of crystallites are mostly flat, and with small grain sizes, their topology is
close to spherical.

On the spectra of the dielectric constant, the formation of maxima is observed,
shifting to the region of higher temperatures with an increase in the frequency of the
electric field. Experimental values of the tangent of the dielectric constant make it
possible to associate the results obtained with the effects caused by the increase in the
electrical conductivity of one of the types of layers of a multilayer structure formed by
grains and the boundaries between them. Similar anomalies were previously described
for oxygen-octahedral compounds containing ions of variable valence [1-5].

In the presence of an external magnetic field, negative magnetoresistance was
detected, the magnitude and nature of which make it possible to attribute it to a colossal
magnetoresistance. The magnetization study showed that the obtained SS at T = 300K
are paramagnets.

The paper discusses the correlations of the real structure of modified ceramics
with their granular structure, dielectric, and magnetic properties due to the qualitative
originality of the interaction of the magnetic and charging subsystems in dielectric
media with the jJumping type of electrical conductivity.

The study 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, scientific project No (0852-2020-0032)/(BAZ0110/20-3-071F) using the
equipment of the Collective Use Center “Electromagnetic, Electromechanical and
Thermal Properties of Solids” of the Research Institute of Physics.
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FOsxHbIi henepanbHblii yHHBEpcHTET, Hay4uHO-HCCIIeI0BATENbCKUI HHCTUTYT QU3UKH

[Tonyuens! TBepabie pacTBopbI cucteMsl (1-x)BiFeOs — x/2PbFe12Nb1/203 — x/2PbFe23W1303
B uHTepBasie KoHueHTpamuit 0.00<x<0.50. BeIsiBIIEHO OTKJIOHEHUE CTPYKTYPHBIX XapakTepucTuk TP
cuctembl (1-x)BiFeOs — x/2PbFe12Nb1203 — x/2PbFe23W1303 0T Momenn CTeXHoMeTpHIeCKOro
3amenienus. [lokazaHo paznuuue B CHMMETPUU Majlopa3MEPHBIX 00pasloB u OONBIIOr0 0Obema
MarepHaia, MOJYYEHHBIX TBepAO(a3HBIM CHHTE30M U CICKAHHEM 0 OOBIYHOW KepaMHYECKOi
TEXHOJIOTHH.

KitoueBsie cioBa: MmynbTueppouku, Gpa3zoodpasoBanue, TBepA0da3HbIil CHHTES.

OnnuM W3 HamOoJiee BAXKHBIX HAIPABJICHUN B MaTepUATIOBEIACHUM SIBIIACTCS
¢usuka mynsTUdeppouxoB [1-2]. OgHako cuHTE3 MyIbTH(GEPPOUKOB COMPSIKEH C
PAIOM TEXHOJOTUYECKUX TPYJIHOCTEH, a TAKXKE C KPUTUUECKON 3aBUCHUMOCTBIO HX
CBOWCTB OT TEPMOAMHAMHUUYECKOUN npeabicTopuu (yciioBuil nonydenusi) [3-4]. Kpome
TOTO, U3BECTHBIC B HACTOSIIEE BpPEMsI KEpaMUYECKUE OJHO(a3HbIE MYIbTU(HEPPOKH
MMEIT HU3KAKA YPOBEHb MArHUTOXJICKTPUUYECKUX B3aMMOJICMCTBUM NMPU KOMHATHOU
TeMIiepatype, OOYyCIIOBIEHHBI OCOOCHHOCTSMU MArHUTHOW W KPHUCTALTUYECKOU
cTpykTyp. Emie 60mee ociiabeBaeT MarHUTORJICKTpUIECKasl CBsA3b Os1aroaapsi O0IbIION
pa3HUIIe MEXAYy TemreparypamMu aHTU()EPPOMATHUTHOTO U CErHETOAIEKTPUUECKOTO
¢dazoBbix mnepexogoB. C 3TOM TOYKM 3peHUs HaubOojee WHTEPECHBI TaKHe
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mynsTudepporku, kak PbFe1,Nb:12,03 (Tc~380 K u Ty ~150 K) [5] u PbFey;sW1303
(Tc ~180 K u Ty ~350 K) [6], TBepabie pactBopbl (TP) Ha 0CHOBE KOTOPHIX MOTYT
oOnagath OJM3KUMHU TeMIEpaTypaMd MAarHUTHOIO M CETHETOXJIEKTPUYECKOIO
YIIOPSAOYCHUM.

B cBf3M C 3TUM, UEAbI0 JAHHOM padOThl SBISAETCS YCTAHOBJIEHUE
3akOHOMepHOCTer (hazoodpazoBanusi TP MHOrokommnoneHTHO# cuctemsl (1-x)BiFeOs;
— X/2PbFe12NDb1,03 — x/2PbFe23W1/303 B ycoBHSIX MacIITaOMpOBAaHUS TEXHOJIOTHH.

TP cucremnbr (1-x)BiFeO3; — Xx/2PbFe;;NDb1,0; — x/2PbFeysW1303 Obun
MOJIy4eHbl METOJIOM JIBYXCTaIUHHOrO TBEep/0(da3HOr0 CHUHTE3a U CIHEKAHHS 110
OObIYHOM KepaMuyecKkol TexHosioruu. B pabore Obulia mpoBelieHa ONTUMM3AIUS
ycioBuii (pazoobpazoBanusi Bcex TP. OntumalibHble peKMMBI CHHTE3a M CIIEKaHUs
cocraBmiu T = 800°C; T, = 850°C; 11 = 12 =10 wacos, T, = 870 - 890 °C, 1., =10
4acoB.

Pentrenorpaguueckne  MCCIE€IOBaHUS MPOBOAWIM C  HCIOJb30BAaHUEM
mudpakromerpa [IPOH-3 na ordumnbsrpoBannom CoOKo-uzmydeHust ¢ POKyCHPOBKOM
o bparry - bpeHTaHo; cTaHIapTHBIE METOJUKH pacyéTa CTPYKTYPHBIX MapaMeTpOB
(MHEHHBIX - @, b, C, yrIoBBIX - 0, £, 00b&Ma - V sdelikk nepoBCcKHTa). TOYHOCTD
OTIpeJICIICHUS TApaMETPOB MIEPOBCKUTHOM STYCHKH paBHA: JIMHEHHBIX Aa = Ac = Ab =+
0.003 A; yrnoBeix Aa = AR = + 0.05 % o6sema A V = + 0.05 A3, Onpenenenue
AKCIIEPUMEHTAIBHON TJIOTHOCTH  (Poxen.) OOpA3LOB  OCYIIECTBISUIA  METOJOM
THIPOCTATHYECKOTO B3BEIIMBAHUS B H-OKTaHE. OTHOCHTEIBHYIO IUIOTHOCTH (Porn.)

PACCUUTHIBAIIU TIO POPMYIIE: Pory = ‘faﬂ * 100%.

peHTr

B pabGore ObUIM yCTaHOBJEHBI KOppENSIIUM MeExXay (azooOpa3zoBaHueM,
dbopMHUpOBaHHEM CTPYKTYphl W MUKPOCTPYKTYpbl TP cucremsr (1-x)BiFeO; —
x/2PbFe12Nb1,03 — x/2PbFey3W1303, TTokazaHo, 4TO PH yBEIMYCHUH KOHIICHTPAIIUH
komoHeHTOoB PbFe1,Nb1,03 1 PbFessW1303 mponcXxoauT oTKIIOHEHHE CTPYKTYPHBIX
XapaKTEPUCTHK OT MOJEIH CTEXHOMETpHUYecKoro 3amemnieHus. OgHOW W3 TPHYMH
ATOTO MOXET OBITh 00pa3OBaHWE TOTOJHUTEIBHBIX KHCIOPOAHBIX BaKaHCHH W
M3MEHEHUE WX TIOJBIDKHOCTH, 4YTO CIIOCOOCTBYET BO3HHUKHOBEHHIO IIJIOCKOCTEH
KpUCTAJUIOTPa(UIECKOT0 CABUTa W TPUBOJUT K OTKJIOHEHHIO CTPYKTYpPHBIX
XapaKTEPUCTUK OT MOJEIN CTEXMOMETPUYECKOTrOo 3amMeleHus. PocT paznooOpasus
KaTHOHOB W YBEJIMYCHUE KOJMYECTBA KHUAKOW (a3pl B cucreme Mpu 00aBKe
PbFe;/,Nb;,03 1 PbFe,3sW1/303 [7] ciocobcTByeT nHTEHCH(UKAIIMHT ITPOLIECCa YCAAKU
Y TIO3BOJISIET MOJIYYNUTh KEPAMUKY C BBICOKOM OTHOCUTEIIBHOM INIOTHOCTHIO. [1oKa3aHo,
yro B TP cucremsr (1-x)BiFeOs; — x/2PbFe;;Nb1,03 — x/2PbFeysW130; mpu
MacImTaOMpOBaHUH TEXHOJIOTHH ITOJTYUYEHUs HaOIoAacTCs TpaHnchopMalys peanbHOU
CTPYKTYPBI KEPAMHKH, TPOSBISIONIASACS B W3MCHCHHUH CHUMMETPHH YCPETHCHHOU
AIIEMCHTApHOMN SYCHKH, YTO Ba)XKHO YUYUTHIBATH IIPH BHEJIPCHUH MaTEPHAIOB Ha €ro

OCHOBC B IIPOU3BOJACTBO.

VccnenoBanre BBIMOJHEHO MPH (UHAHCOBOW MOJIEp:KKe MHUHHCTEPCTBA HAYKH M BBICIICTO
obpazoBanus PO (I'ocynapcTBeHHOE 3a/1aHue B chepe HAYIHOM JEATSIIbHOCTH HAYYHBIH MPOEKT Ne
0852-2020-0032)/(BA30110/20-3-071®), nmpu ucnonb3oBanuu odopyaosanus LIKIT HUU ¢usuku
I0DY.
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CTPYKTYPA U MOP®OJIOT'UA HOBEPXHOCTH INVIEHOK
OEPPOHUOBATA BAPUA-HEO/IUMA

S.JO. Marsam?, JI.B. Ctprokos?, A.B. ITapnenko®
Mmxenep-uccaenosarens, matyash.ya.yu@gmail.com
Crapimuii Hay4qHbIH COTPYAHMK, K.¢.-M.H., strdl@mail.ru
%3aB. 126. ®I'BY IOHI] PAH «Hanopa3MepHBIX aKTHBHBIX CPEJl M MATEPUANIOB», 1.).-M.H.,
antvpr@mail.ru
®DenepanbHbIil HeeaenoBaTenbekuil neHTp OxHbI HayuHsii eHTp PAH

B pabote npeacTaBieHbl pe3ynbTaThl HCCIeI0BaHUS TUICHOK (heppoHnoOaTa Oapus-Heoauma
tommuaon 180 m 980 nm, momydeHHbix MetogoMm BU-kaTtomHoro pacmeuieHus. Meromgamu
PEHTTeHOBCKON Audpakiud U MarHUTHO-CHUJIIOBOM MHKPOCKOIUU YCTAHOBJIEHO, YTO IUICHKH
SIBJISIIOTCS  OTHO()Aa3HBIMH, SMUTAKCHAIBHBIMU W HE COJIepKaT MAarHUTHBIX Tpumeceil. [laHHbie
aTOMHO-CUJIOBOM MUKPOCKOIIUY CBUAETENIBCTBYIOT B MOJIb3Y TOT0, UTO IJIEHKU PACTYT IO MEXaHU3ZMY
Bonsmepa-Bebepa.

KitoueBbie crioBa: MyJbTH(EPPOUK, CETHETODEKTPHK, TETparoHajdbHas BOJbppaMoBas
o6ponza, BNFNO, aroMHO-CHIIOBasi MUKPOCKOTIHSI.

Tonkue trenkn Ba;NdFeNbsOi;s (BNFNO) oTHOcsTCS K MarepuagaMm co
CTPYKTYpOil TeTparoHaibHOW BoJb(PpamoBoit Opon3sl (TBB) wu sBmstorcs
MyJIbTH(GEPPOKaMH, 00bEIUHAIONINE B ce0e Kak cerHerodiekTpuueckne (C3), Tak u
MarHUTHBIE CBOWMCTBAa, YTO JEJaeT WX TMEPCIEKTUBHBIMU JUISI HMCIOJb30BaHUS B
AJIEMEHTaX YHEProOHE3aBUCUMOM MaMsITH, JaTdyMkKax W TpaHzucropax [1, 2]. B [3]
BIIEpBbIE cOO0IAN0Ch 0 cocymecTBoBaHuu CO u peppumarautasix (OM) cBOMCTB B
cuctemax (BagoxRox) (Nbg—xFe14x)O30, Tie R — peako3emenbubiii MmeTami. OnHaKo B
JTanbHEHIIEeM OBLIO ITOKa3aHO, YTO 3TO MOJXKET OBITh CBS3aHHO W C IPUMECIMHU
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BaFe12019 unu y-Fe;03, koTopble MPaKTUUECKH BCETJa IPUCYTCTBYIOT B IUICeHKax. B
TaHHOU paboTe MPUBEACHBI pe3yIbTaThl nccienoBanus ieHok BNFNO, momydeHHbIX
metonoM BU-katogHoro pacmbiieHHs B aTMOcdepe KHUCIOpoAa B OAHY CTaAHIO.
[Tnenku pepponmnobaTa OGapus-uneoauma TommuHoN ~ 180 1 980 nm OBLTH BRIpAIIIEHBI
Ha nomioxkkax MgO(001). Ctpykrypa u Mopdojorus MOBEPXHOCTH TOTYUEHHBIX
TOHKHX IUIEHOK OBLTH UCCIIEIOBAHBI METOJaMHU PEHTICHOBCKOM MU(PpaKIIK 1 aTOMHO-
CUJIOBOM MUKPOCKOIIUH.

Ha ocHOBe maHHBIX PEHTreHOAU(PAKIIMOHHOTO aHallM3a IMOKa3aHo, 4To 00e
IJICHKA  SIBJISIIOTCS  DIIMTAKCHAIbHBIMU, MPUMECHBIX (a3 TMpu  HaNbUICHUU
MyJIbTH(GEPPOUKA HE BOSHUKAET.

N3 ananuza ACM-CKkaHOB MOBEPXHOCTU (pUC. @, C) YCTaHOBIIEHO, YTO 00€
mieHku BNFNO sBnsitorcs omHodaszHbIMHU, TOp M KaBepH HE HaOI0IaeTcs, a
HaIlbUICHHE OCYIIECTBIISIETCS 1o MEXaHU3MY Bonbsmepa-Beb6epa.
CpenHexBaapaTHdHas MEPOXOBATOCTH MMOBEPXHOCTH C (pparMeHTa 5 UM ISl MIeHKH
tommuHor 180 nm cocraBuna 1.5 nm, a gag 980 nm — 21.2 nm. Taxxke g
MTOATBEPKICHUS JAaHHBIX PEHTTCHOBCKON TU(PPAKITUN 00 OTCYTCTBUU IPUMECHBIX (a3
CKaHWPOBAHHUE TNIEHOK OCYIIECTBISUIOCH B PEKMME MAarHUTHO-CHIIOBOM MUKPOCKOIIAN
(puc. b, d). B xozae ucciienoBanus HUKaKUX JOKAJIBHBIX 00JIacTell HAMAarHHYEHHOCTH
IUTsl 00enX IJIEHOK HE BBISBIICHO, a nepenaj ¢a3 He npessimain 0.7° npu tommune 180
nm u 0.4° nmpu 980 nm, cienoBaTenbHO, MArHUTHBIX IPUMECHBIX ()a3 B MOJTYYEHHBIX
mieHkax BNFNO ne COZICPIKHTCA.
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Pucynok. Tomorpadust moBepxHOCTH (@) U pacrpeieienne MarHuTHOro oTkinka (b) mist mienku
BNFNO Tonmunoii 980 nm u ek BNFNO Tonmunoi 180 nm (C) u (d), cooTBeTCTBEHHO

Pabota BeinosHeHa mpu noanaepskke rpanta PH® (mpoext Ne 21-72-10180).
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CTPYKTYPA U ®PU3UUYECKHUE CBOMCTBA TBEPIAbIX PACTBOPOB
LaMnixCuxOsz ¢ x=0.0-0.5

K.I'. Mockanes!, JI.B. Bonxos?, A.O. T'anarosa®, JI. 1. Pyncm&ﬁ“, A.B. Ha3apeHKo5,
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24O AOY BO «IOsxHbIH (enepanbHblii yHUBEPCUTETY, (PU3HIECKUI (haKyIbTeT
S®I'bYH «DenepanbHblil HccnenoBaTeNbCKUid eHTp HOHbII HayuHbI LeHTp Poccuiickoit
aKaJgeMU HAYK»

Metonom TBepro(a3HOTO CHHTE3a MPHUTOTOBIEHBI COCTABBI CUCTEMBI TBEPIBIX PAaCTBOPOB
LaMn1xCuxO3 ¢ xonmentpamussmu X = 0.05, 0.1, 0.15, 0.3, 0.5. IlpoBemeHbl KOMILIEKCHBIE
WCCIIEIOBAHMSI COCTaBa, CTPYKTYPBL, MHUKPOCTPYKTYPBI, DJIEKTPHUECKUX W MArHUTHBIX CBOWCTB
MOJy4eHHbIX 00pa3noB. HenuHeliHoe u3MeHeHne 00bEéMa >IeMEHTAapHOM sUelKn OOBSICHEHO TeM,
9TO C pocTOM KoHIIeHTparu noHoB CU ripu X = 0.0 — 0.3 yBennveHnne o0beMa CBA3aHO C 3aMEIICHHEM
1oHoB Mn3* Ha nousr Cu?*, a mpu X = 0.3. — 0.5 MeHseTcs XapakTep 3aMeleHHs U yBEeIMYUBACTCS
nons uonos Mn**,

KnroueBble cnoBa: cuntes, nepoBckut, LaMnOsz, LaMn1xCuxOs, TBepabie pacTBOPHI

HecMmoTps Ha TO, YTO MaHTaHUT JIAaHTAHA U3YYAETCS C CEPEIUHBI MPOILIOro BeKa
[1], uHTEpeCc K HEMy WU TBEPIBIM PAaCTBOpAM Ha €ro OCHOBE HE OcliabeBaeT W TI0
HACTOSAIIEE BpeMsi. DTO CBA3AHO C TEM, UTO CJIOKHBIE MOIU(DULIMPOBAHHBIE OKCUABI HA
ocHoBe LaMnO; ¢ 1ocTaTouHO MPOCTOM CTPYKTYpO# THIIA IEPOBCKUTA MPEACTABISIOT
MPAKTUYECKU MHTEPEC M MOTYT HCIOJIh30BATHCS KAK KATAIUTHYECKH AKTUBHBIC
MaTepuaibl, Kak MaTepHalibl, 00JaJar0IIe YHUKAIbHEIMI MATHUTHBIMU CBOMCTBaMH,
KaK KaToJbl JUIS TBEPJOOKCHIHBIX TOIUIMBHBIX 3JeMeHTOB [2-5]. [Ipu 3TOM 0COOBIit
UHTEpEC TPEACTaBIsICT M3ydeHHe H30MOp(hHOTro 3amernieHus: ogHoro 3d sieMeHTa
(Mn) nwa nmpyro#t 3d snement (Cu) B B moapemierke LaMnOs, Tak Kak TOJ00HOE
3aMeIleHNe MTPUBOIUT K PE3KOMY U3MEHEHUIO KaTAIUTUISCKUX M MAaTHUTHBIX CBOMCTB
MaHIraHMTAa JJaHTaHa [6-9].
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B pabote meTonom TBepaodazHoro cuntesa npu 1 = 1140 °C u BpemeHu oTxKUTa
T = 4 yaca npurotoBieHbl 00pasnbl LaMni.CuxO3 ¢ xortenTpamusamu X = 0.05, 0.1,
0.15, 0.3, 0.5 u3 crexuomerpuaeckoit cmecu okcuioB meau (CuO), manrana (La,O3) u
kapbonara wmapranma (MnCOs). CrpykTypHble MmapaMmeTpbl HW3y4eHBl Ha
mudpakromerpe  JAPOH-3M  (CuK,-m3nyuenwe, Ni  ¢wietp). OOpabotka
pEHTTEHOrpaMM TIPOBEJICHA C HCHOJb30BaHUeM mporpamMmbl Powder Cell 2.4.
YcTaHoOBICHO, YTO 0O0Opa3Ibl UMEIOT MEPOBCKUTOBYIO CTPYKTYPY M OIHCHIBAIOTCS
pombOo3ipruueckoit ¢azoni R-3C, xapakTepHoil i HecTexuoMmeTpuueckoro LaMnO:s.
[Ipu yBenuyeHnM KOHIEHTpauu HOHOB CU 00BbeMbI sueeK, MPUXOASAIINXCA Ha OHY
dbopmynbHyto equauily ABOs; nmuHeHO yBennuuBaroTcs BILIOTH J0 X = (.3, a 3atem
yMmenbarotes npu X = 0.3 — 0.5. Takoe nusMeHeHne 00bEMOB MOKET OBITh CBSI3aHO C
BCTpauBaHUEM MOHOB Meau CUZ* ¢ GOJIBIIMM 110 CPABHEHMIO ¢ HOHAMU Mapranna Mn3*
MOHHBIM pajguycoM B B moxpermerky (rey = 0.87 A >y, = 0.785 A) mpu x = 0.0 — 0.3,
a TMpU JAIBHECHUIIEM YBEIWMYCHUHW KOHIICHTPAIlMd WOHOB MEIM, BIIOJHE BO3MOXKHO
IPOMCXOANT YBEIMYECHHE KOHIIEHTpanuy HoHOB MN** ¢ MeHbIIMM MOHHBIM pagycoM
1o cpaBHeHUIo ¢ oHamu Mn®*" (r(Mn*) =0.67 A <r(Mn®")=0.785 A).

B noxmame OyayT mpeacTaBieHBl pe3yNbTaThl HCCIEIOBAHUS COCTaBa,
CTPYKTYPBI, MUKPOCTPYKTYPBI, IJICKTPUIECKUX W MATHUTHBIX CBOMCTB IMOTYYEHHBIX
00pasIoB.

Pabora BeimonHena npu nojaepxkke Hayanoro nmpoekra Nel'30110/22-01-DI1 «Pa3pabotka
(bYHI[aMeHTaHBHBIX OCHOB TEXHOJOTMH CHHTE3a (I)YHKI_II/IOH&J'IBHLIX HaHOMATCpUuaJloB  IJIA
9HEprod(HPEeKTUBHOW 3JIEMEHTHOW 0a3bl MUKPO- M HAHOAJICKTPOHHWKH, YCTPOWCTB CEHCOPHUKH,

npeoOpa3oBaHusl PHEPIUM U HEUPOMOP(HBIX CHUCTEM» B paMKaxX TI'OCYJapCTBEHHOIO 3aJaHus
MunucTepcTBa HaykH U Bbiciiero oopasosanus Poccuiickoit denepanuu.
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NCCJIEAIOBAHUE MATHUTHBIX U MAT'HUTOSJIEKTPUYECKHX
CBOUCTB MnCr:Ss METOAOM MOHTE-KAPJIO

A.B. MoueﬁKol, H.B. Tep-OFaHeC}IHZ
! Acrupanr, abc_alexey@mail.ru
’I'aBHBIIA HAYYHBIA COTPYIHHK, teroganesyan@sfedu.ru
HUWU ¢usuxu, KOxHBII QenepanbHblil yHUBEpCHTET, I'. PocToB-Ha-JloHY

Jns onucanus moseneHus: mynbTudeppouka MnCr:Ss B MarHUTHBIX TOJISAX TPEIIOKEH
MOJIE€TIbHBIN TAMUJIBTOHUAH € YYETOM OJHOMOHHOW aHU30TPOIMH, KOTOPBIN HCCIIEN0BAH C IIOMOIIBIO
metona MonTte-Kapmo. Iloctpoensr ¢a3zoBple nuarpaMMbl B KOOpAHMHATaX MAarHUTHOE IIOJNE —
Temneparypa. MarHuTo3J1eKTpUUECKUe CBOMCTBA OOBACHEHB! C MCIIOJIb30BAaHUEM OJHOCIHUHOBOIO
MEXaHU3Ma MarHUTOAIEKTPUIECKOTO B3aUMOICHCTBHUS.

KnroueBble ci0Ba: MarHuToaNeKTpuueckuil 3¢ddext, MarHuUTHbIM (a30BbId HEepexof,
IINMAHENH, cIiHOBOE ynopsinouenue SAdera-Kurremns, meroq Monrte-Kapio, ¢a3oBbie quarpaMmsi.

Kpucrammdecknii kimacc mmuHenn (oOmas xumudeckas ¢dopmyna AB;Xa)
JOIyCKAEeT MIMPOKUE BO3MOKHOCTH aTOMHBIX 3aMEIICHUN KaK B MO3UIUAX A U B, Tak
M B aHUOHHOM MojpemeTrke X, 4YTO MPUBOJUT Pa3HOOOPA3UI0 MarHUTHBIX CBOMCTB.
Mrunaens MNCr,S, aBrsercst My IbTHPEPPOUKOM U IEMOHCTPUPYET Oorathie (ha3oBbIe
auarpaMMbl B KOOpJHMHATaX MArHUTHOE IIOJ€ — TEMIEeparypa, HaJIU4He IUIaTo
HaMarHM4Y€HHOCTH, aHOMAJIUM CKOPOCTH 3BYKa, a TaKXKE CIIOXKHYIO 3aBUCHUMOCTD
AJIEKTPUYECKON TMOoJisipu3alMd OT MarHuTtHoro mnojisg [l]. B nureparype Ttakoe
MOBEeJICHUE OOBSCHAETCS BBEJCHUEM B PaCCMOTpPEHHE OMKBaIpaTHOTO oOMeHa [2].

B nanHoil paboTe mpeiokeH YUYUTHIBAIONIUN OJHOMOHHYIO aHU30TPOIHUIO
MOJICJIbHBIN TaMUITLTOHUAH sl ontucanus cBoMcTB MNCr,S, B MArHUTHBIX TIOJISIX, YTO
corjlacyercsi C OKCIEPUMEHTAIbHBIMU JAHHBIMM TI0 HAJWYHUIO MArHUTHOU
aHu3zotponuu [3, 4], B OTIMYME OT MCHOJIB3YEMOW B JIUTEPATypPE MOJECIHU C
M30TPONHBIM OWKBagpatHeiM oOMeHoM. C mnomompio Metona Mourte-Kapio
MPOBEJICHO CTATUCTUUECKOE MOJCIIMPOBAHUE M TOCTPOCHBI (Pa30oBbIE AUArpamMMbl B
KOOpAMHATAX MAarHUuTHOE II0Jie — TeMIleparypa MJisd pa3IMyHbIX HalpaBJICHUN
MarHUTHOTO TOJIA.

Ha pucynke 1 mokaszaHwl paccuuTaHHbIC (pa30BbIE TUATPAMMBI BO BHEIIHEM
MarHuTHOM Tmosie BAoJdb J€rkoil [001] u xéctkoit [111] oceit. YcraHoBieHBl Bce
panHee u3BecTHbIC (a3bl: peppumarauTHas, Tumna SAdera-Kurrens, acummeTprudHbIe
COCTOSIHUS CJIa00TO U CUJIBHOTO TOJIEH, TUIATO HAMarHWYEHHOCTH W MHTYITUPOBAHHOE
dbeppoMarHuTHOE COCTOsSIHME. B3anMHas oOpueHTalus MAarHUTHBIX MOMEHTOB
MOAPENETOK N300pakeHa cTpenkamMu: kpacHast — Cr (CoHanpaBiieHa ¢ MTPUIOKEHHBIM
noieMm), cuHss U 3enéHas — Mn; u Mn,. ®OuHoneTOBBIM MYHKTUPOM BBIJEIECHA U
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3allITPUXOBAHA 00JIACTh C HEHYJIEBOM 3JIeKTpUUYecKoM mosisipu3anuei. [lomydyeHnbie
pe3yJbTaThl HAXOASTCA B XOPOIIEM Kauye€CTBEHHOM COTIJIACHMM C JIMTEPATYPHBIMU
AKCIIEPUMEHTAIIbHBIMU TAHHBIMHU.
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Pucynok. Pacuérnblie ¢azoBbie quarpaMmmbl MAarHUTHOE 1oJjie — Temnepatypa aiast MnCraSs (a)
T10JI€ HAMPaBIIEHO B0JIb *kEcTKOM ocH [111] (6) mosie HanpaBieHo B0k J€rkoit ocu [001 ]

B pa60Te TaKXKC Haﬁ,Z[GHBI 3aBUCHUMOCTHU CHHH-HHHYHHpOBaHHOﬁ
BHGKTqueCKOﬁ nmosipu3aliii M HaAMAarHM4¢HHOCTHM OT MArdbMTHOIO IIOJII H
TEMIIEPATYPHI.

PabGora BeImonHeHa npu (uHAHCOBOW NoOIAEpkKe MMHHCTEPCTBA HAayKH M BBICIIETO

obpazoBanus PO (I'ocynapcTBeHHOE 3a/1aHe B chepe HAYyUHOM eATeIbHOCTH Hay4YHbIH MpoeKT Ne
0852-2020-0032 (bA30110/20-3-081D)).
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Chemical solution deposition of bismuth ferrite (BiFeOs) thin films is one of the most
commercially available techniques to produce large-scale low-cost coatings for further application in
memory devices. In this contribution, we implemented piezoresponse force and conductive atomic
force microscopies to study the layer-by-layer sol-gel deposition of BiFeOs thin films focusing on the
local phase distribution, morphology, piezoelectric response, and leakage current. The final properties
of resulting thin films are found to be determined not only by the composition of the gel and
crystallization step but by the gelation step as well. The drying temperature and treatment duration of
the solution are shown to drastically influence the film coverage, which finally determines the
morphology of the films and behavior of the crystallization process.

Keywords: sol-gel; bismuth ferrite; gelation; piezoresponse; PFM; C-AFM.

BiFeOs is a unique multiferroic material with high spontaneous polarization and
anti-ferromagnetic properties at room temperature [1,2]. The coexistence of these
properties allows to consider it in the applications to the different ferroelectric memory
devices with combined electric-magnetic writing/readout and in the sensors and
actuators compatible to the micro- and nanoelectronics. The most expensive part of the
technological processing of the BiFeOs; films is epitaxial growth demanding specific
equipment and challenging to scale properties uniformly.

The chemical solution deposition makes it possible to cover large-scale wafers
with thickness from a few to few hundred nanometers. To achieve the films with
thicknesses larger than 100 nm, the layer-by-layer deposition method is usually used.
It makes possible to increase the thickness of the film and keep the stoichiometry of
the initial solution, which excludes aggregation of reagents in the initial solution.
Nevertheless, the surface coverage and microstructure of the films are often imperfect.
As a result, the pores and micro-breaks can act as leakage channels in the material.

In our work, we study the role of the deposition and gelation steps of the sol-gel
process to the quality of the films’ microstructure and leakage current in the material.
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The local approach based on the piezoresponse force and conductive atomic force
microscopies combination was used to evaluate the functional properties of BiFeO;
thin films obtained by layer-by-layer deposition. The morphology, distribution of local
piezoelectric properties, and leakage current were analyzed depending on the number
of deposited film layers (Fig.). It was found that the final properties of the obtained
thin films are determined not only by the heat-treatment conditions at the crystallization
stage but also by the morphology of the film formed at the gelation stage. The film
coverage quality was demonstrated to strongly affect further crystallization kinetics,
the final morphology of the films, and their electromechanical properties.
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Figure. (a)-(d) Topography, (e)- (h) piezoelectric response and (i)-(1) dlstrlbutlon of the polar
(red)/non-polar (blue) phase in polycrystalline BiFeOs films obtained by the sol-gel method with
the various number of the layers
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B pabore mpencraBieHbl pe3yJbTaThl HMCCICIOBAHUS  BJIMSHUS ~ OCBCIICHHS HA
reTepocTpyKTypbl  BaogSro2TiOs/LaMnOs, cocrosiieii. M3  CErHETORIEKTPHUYSCKOW  IJICHKH,
HaHECEHHOU Ha MOHOKpPHUCTAJLI LaMnOs3 " Ha reTEPOCTPYKTYPBI
BaosSro2TiO3z/LaMnO3/BaggSro2TiO3, Ha  OCHOBE  IUIEHOK  CETHETOIJIEKTPHYECKUX W
IMRJICKTPUYECKUX OKCHIOB, Ha mnomiokke MgO. OOnapyxeH 5>(QQexT oTpuumaTerbHON
(bOTONPOBOAMMOCTH.

BriepBble 3JIEKTPOHHBIM Ta3 BBICOKOW MOABMKHOCTH OBUT OOHApy»KeH Ha
unrepdeiice mexny LaAlOs u SrTiO; [1]. B coequnenun LaAlO;z cion LaO u AlO;
SABJISIIOTCS.  PA3HO3APSDKEHHBIMU M C  3THUM  CBsSi3aH  A()@PEKT BO3HUKHOBEHMSI
KBU3HJIBYMEPHOTO 3JIEKTPOHHOT0 Ta3. Hamu ObUTN HcciieoBaHbl TETEPOCTPYKTYPHI HA
OCHOBE MIJICHOK CErHETOAJICKTPUUECKUX OKCHJIOB co CTPYKTYpOii
Bap sSro2TiO3/LaMnO3 na monokpucramiax LaMnOjs. [Toka3aHo, 4TO OHU HPOSIBIISIOT
KBa3UMETAJUIMYECKOE  TOBEJIEHWE TMPOBOAMMOCTH  HHTep(deiica. B  ciyuae
reTepocTpykTyp THma BaggSro,TiOs/LaMnOs; Bce ciaoum HeWTpalnbHB, W B
BapsSro,TiO3 cerHerosnekTpuueckas IMOJISIPU3AlMsA BO3HHUKACT H3-3a CMEIICHUS
atoMoB Ti W3 1eHTpa OKTadapa B IuieHke BaggSro,TiOs. I[Toatomy mnosiBisercs
BO3MOKHOCTH TIEPEKITFOUCHUS TAaKOH MOJIIPU3AIMH BHEIITHAM 3JICKTPUICCKAM ITOJIEM.

B rerepoctpykrype BaggSro,TiOs/LaMnO3; Ha 0oCHOBE MOHOKPHCTATUYECKOM
ook LaMnQOj3 aiiekTpUuecKkoe CONMPOTUBIICHUE 3HAYUTEILHO YMEHBIIAETCS C
TEMIIEPATYpOM HM)KE TEMIIEpAaTypel MakcumMyMa okosio 165 K, nemoHcTpupys
BBICOKYIO ITPOBOJIMMOCTD. Takke ObLITM TPOBEICHBI UCCIIEIOBAHUS METOIOM d(PdeKTa
Xomna. [Tpu uccnenoBanuu retepoctpykryp BaggSro2 TiOs/LaMnO; 611 00HapyskeH
cBoeoOpasHbiil A((EKT oTpUIaTEeTHLHON (POTOMPOBOJUMOCTH TETEPOCTPYKTYPHI BO
BpeMs OJTHOPOTHOTO OCBEIICHUS TeTePOCTPYKTYPHI co CTOPOHBI
CETHETORJICKTPUYECKON TIJICHKA CBETOM PAa3JIMYHOTO CIIEKTPAIBHOTO COCTaBa: MpHU
o0myueHun nHGpaKpacHbIM, 3e€JICHBIM U YIbTpaduoaeToBsIM CBETOM. B citydae, korna
MIPUMEHSIIOCh COBMECTHOE BO3/ICHCTBHE 3€JIEHOT0 M MH(PAKpaCHOTO cBeTa, dPHEKTHI
OT BO3JICUCTBHS CKJIAJBIBAJIUCh, M HaOMoAaics KyMyJISTUBHBIA 3(dext. bbuia
oOHapy»eHa cBoeoOpa3Hasi HEProAUIHOCTh 3TOro d(PpdekTa B ciryyae, Korjaa BHadase
U3MEPSIIOCh AJIEKTPOCONPOTUBICHHE 0€3 CBeTa, MOTOM BKIIIOYAJIOCh OCBEIICHHE
3eTICHBIM CBETOM, a Yepe3 HEKOTOPOE BPEMsI BKIIOUAIOCh HH(PAKpaCHOE OCBEIICHUE
0€3 BBIKJIFOUCHHMSI 3€JICHOTO cBeTa. [Ipu pasnmnyHOoM moCIeI0BaTeIbHOCTH BKITIOUEHUS
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M BBIKIIOYEHHS 3€JIeHOr0 M HMH(PPAKPACHOTO OCBEUICHUS KapTHHA HM3MEHEHUs
CONPOTHBIICHUS TPAKTUYECKH HE MEHsJIach TMPH TOBTOPHBIX IHMKIAX [2].
Habmrogarorcst U3BMEHEHHUS TIPH PYTOH IMOCIIEA0BATEILHOCTH BKITIOUCHHUS 3€TICHOTO U
uH(pakpacHoro cBera. O0mias BennynHa d(dexTa 3aBucena oT MOCIeI0BaTEIbHOCTH
BKJIIOUEHUS 3€JICHOTO U MH(PPAKPACHOTO CBETA.

Tarxke aHajJOTMYHBIC SBICHHS OBUIM HWCCICIOBAaHBI B TETEPOCTPYKTypax
Bag sSro 2 TiO3/LaMnOs/Bag sSro2TiO3 Ha OCHOBE IJICHOK CETHETOMICKTPUYECCKHX U
IMSJICKTPUYECKUX OKCHA0B Ha mnoioxkke MgO. B Ttakoii rerepocTpykType
AIIEKTPUUYECKOE COMPOTHBIICHUE 3HAYUTEIHHO YMEHBIIACTCA C TEMIEpaTypoil HUXe
TeMIepaTypbl MakcumyMma okosio 170 K, neMoHCTpHpysl BBICOKYIO HMPOBOJIUMOCTb.
[Tpu UCCIIEI0BAaHUH TUIEHOYHOM reTePOCTPYKTYPBI
Bag sSro2TiO3/LaMnO3s/Bag gSro 2 TiO3 ObLT Takske oOHApyKeH CBOeoOpa3HbIi 3hdeKT
OTPHLIATENLHOW (POTOMIPOBOIUMOCTH TETEPOCTPYKTYPHI BO BpeMsSl OJHOPOIHOTO
OCBEIICHUSI TETEPOCTPYKTYPHI CO CTOPOHBI CETHETOAICKTPHUUECKOW TUICHKH CBETOM
Pa3IMYHOrO CIEKTPAIBHOIO COCTaBa: MpHU OOJYyYEHUH WMH(QPAKPACHBIM, 3€JIEHBIM U
yIbTPadUOIETOBEIM CBETOM. B citydae, Korjia mpuMeHsUI0Ch COBMECTHOE BO3/ICHICTBUE
3€JICHOTO U HH(pPaKpacHOro cBeTa, d(PQPEeKThl OT BO3IAEHUCTBUS CKJIIAILIBAINCH, U
HaOmonancs  KymyJsTuBHbIM  3ddekt. bputa oOHapyxkeHa  cBoeoOpa3Has
HEIPrOAMYHOCTh 3Toro d¢¢dexkT B clydae, KOrja BHadale HU3MEPsUIOCh
AIIEKTPOCOIIPOTUBIICHHE 0€3 CBETa, TOTOM BKIIOYAIOCH OCBEILIEHUE 3€JICHBIM CBETOM,
a yepe3 HeKOTOpOe BpeMsl BKIIIOYAIOCh MH(PpPaKpacHOE OCBelIeHHE 0e3 BBIKIIOYCHHUS
3ereHoro ceera. BennmuuHa 3¢ dekra 3aBucena oT MOCIEOBATEIBHOCTH BKIIOYCHHUS

3CJICHOI'O U I/IH(bpaKpaCHOFO CBCTaA.
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B pabore mpeacraBieHbl pe3yJibTAaThl HWCCICAOBAHHUS TEMIIEPATYPHOTO ITOBEICHUS
COIPOTHBIICHUS TeTepOCTPYKTYp BaosSro2TiOz/LaMnO3, cocTosimuX W3 CETHETOAIECKTPHUYSCKON
IUICHKA, HaHECCHHOW Ha MoHOKpuctawi LaMnOs, a Takke TemreparypHOro TOBEICHHUS
COIIPOTHBIICHUST TeTepOCTPYKTYp BaogSro2TiO3/LaMnOs/BaosSro2TiO3, Ha o0OCHOBE IIJICHOK
CETHETORJICKTPUYECKMX W JIUAJIGKTPHYECKUX OKCHIoB, Ha mnojiokke MgO. IlokazaHo
BO3HUKHOBEHHE METAITMYECKOTO COCTOSIHHS Ha HHTEpeiice reTepoCcTPYKTYP.

DNEeKTPOHHBIA Ta3 BBICOKON TMOJABHKHOCTH BIIEPBBIE OBLT OOHApYyXXEH Ha
untepdeiice mexay LaAlOsz u SrTiOs [1]. beuto moka3aHo, 94To 3Ta TeTepOCTPYKTypa
obnagaeT ¢GeppOMarHUTHHIMA CBOWCTBAMH [2] ¥ TEPEXOAWT B CBEPXIPOBOJSIICE
coctosiHue pu Temneparypax ke 300 MK [3].

beimm  mcciaenoBaHBl TETEPOCTPYKTYPhl HA OCHOBE CETHETORJICKTPUYECCKUX
okcumoB co crpykrypoit Ttmma BaTiOs/LaMnQOs. Beumm momydeHsl  oOpasifsl
TETEPOCTPYKTYP Bag gSro 2 TiOs/LaMnOs. DKCIEpUMEHTAIIBHO U3MEPEHBI
CONPOTUBJICHUE OO0Opa3lOB M  I[OKAa3aHO BO3HUKHOBEHHUE  KBAa3UIABYMEPHOMU
MIPOBOJIMMOCTH Ha HWHTepdeiice reTepocTpyKTyphl. B o0Opasmax reTepocTpyKTyphI
Bay sSro2TiO3/LaMnOj3 snexkTprueckoe COMPOTUBICHUE 3HAUUTEILHO YMEHBIIIAETCS C
TEeMIIepaTypol Mpu Temiieparypax Hiwke makcumyMma npu 160-230 K, ykasbiBas Ha
METaJUIMYECKUIl  XapakTep TOBEACHHUS TMPOBOAMMOCTA HUHTepdeica HgaHHOU
reTepOCTPYKTYphl. Temmeparypa MakCMMyMa 3aBHCHT OT TEPMOIIMKIUPOBAHUS BO
BHCIITHEM MAarHUTHOM II0JI€, WU OHAa YBEIMYHMBACTCS C YBEIUYCHHEM KOJINYECTBA
mukioB. CWIbHOE BIWSHHE BHEIIHETO MAarHUTHOTO TIOJNS Ha COMPOTHUBIICHHUC
TeTEPOCTPYKTYPBI CBUACTEIBLCTBYET O TOM, YTO B 00ylacTh MHTEp(elica CymecTByeT
HEOJHOPOJHBIA MArHUTHBIA MOPSAAOK, KOTOPBIM IOCTENEHHO NEPEXOIUT K
OMHOPOJHOMY  TIOPSAKY  TpH  TPWIOKCHHH  MArHATHOTO  TOJS  TPH
TEPMOIIMKIUPOBaHNH. Benercs SKCIepHMEHTabHAas padoTa 10 HCCICIOBAHUIO
BO3MOKHOCTH TMEPEKIIIOUECHHS TOJSIPU3ALUU B CETHETODIEKTPUIECKOM TUICHKE.

Taxoke OBUTM  WCCIENOBAaHBI  TE€TEPOCTPYKTYpPhl HAa  OCHOBE  TUIEHOK
CETHETOINICKTPUYECKUX M JTUIJICKTPUYECKUX  OKCHJIIOB  CO  CTPYKTypoH
BapsSro,TiO3/LaMnO3s/BaggSro,TiO; na momtoxkke MQO. Ilpu wuccaemoBanuu
IUIEHOYHBIX TeTepOCTPYKTYp BaosSro2TiOs/LaMnO3s/BagsSro2TiOs/MgO  sddexr
AHOMAJIBHOM IPOBOJMMOCTH, CBUAECHTEIBCTBYIOUIMNA O IOSBICHUH METAINYECKOU
MPOBOJIMMOCTH Ha uUHTepdelice, Takke ObUl OOHApYX EH, HO TOJBKO TIPH
OTIpeICIICHHBIX TOJITMHAX TUICHOK. McciieqoBanus Ha MIIEHOYHBIX TETEPOCTPYKTYpax

C Pa3IUYHBIMU TOJIIIMHAMU TJIEHOK OyAyT MPOJAOJIAKEHBI.

HccnenoBanust BEITIOHEHBI 32 cUeT rpanTa Poccuiickoro Hayunoro ¢onma Ne 21-12-00179.
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B paborte nccie10BaHbl 3aBHCHMOCTH YIETbHOM SJIEKTPUIECKOM IPOBOANMOCTH aMOP(HBIX IIIEHOK
BiFeOs; oT BenM4MHBI HANpPSHKEHHOCTH 3JICKTPUYECKOrO TOJIS. YCTAHOBJICHO, YTO JJIsl MCCIISIOBAaHHBIX
00pas3IoB NMEKTPUUECKAsk MPOBOJUMOCTD HE 3aBUCHT OT HANPSHKEHHOCTH JIEKTPUYECKOTO MO 10 3HAYCHUS
E =2.1-10° V/m. DKcriepuMeHTaIbHBIE PE3YIIbTaThl 00CYKIAIOTCA B PAMKaX MOJENH WHKEKIIMU HOCUTENEH
3apsa U3 ATIOMHHHAEBOTO JIEKTPOAA B 30HY IPOBOAMMOCTH (eppUTa BUCMYTA.

KitoueBblie Ci10Ba: TOHKKE IIEHKH, YAEIBHOE 3JIEKTPOCONPOTUBIICHUE, UHIKEKIIUS HOCUTENEH

3apsia.

deppUuT BUCMYyTa OTHOCUTCS K OJTHOMY M3 MOIMYJISIPHBIX MYJIbTU(PEPPOUKOB CO
CTpyKTypoii nepoBckuta. Kpucrammmueckuii pepput Bucmyta BiFeO3z umeer Beicokue
Temmeparypbl ceraerodekrpuaeckoro (T, = 1083 K) [1] u marautHoro (Ty = 673 K)
[2] ynopsmoyeHus, T.e. 00JagacT MOCIEAOBATEIBLHOCTHIO (Ha30BBIX MEPEXOIOB,
COIMPOBOXIAIOIINXCS ~ MAarHUTORJIEKTPUYECKUMHU  B3auMmojencteusmu  [3].  C
MPAaKTUYECKOM TOUKH 3peHUs (DEpPUT BUCMYTa BBI3BIBAECT MOBBIIICHHBIN HHTEPEC KaK
MaTepuain g UCIOJb30BAHUS B CHUHTPOHHMKE, CEHCOPHOM TEXHHMKE, YCTPOMCTBaX
XpaHCHHUS U 3alicy uHpopmanuu [4].

JIis M3y4eHus: 3JICKTPUUECKUX CBOWCTB TOHKOIUIeHOUHOro BiFeOs; mMeToaom
BBICOKOYACTOTHOTO MAarHETPOHHOTO pPAaCHbUICHUS OBbUIM CHHTE3UPOBAHBI TUICHKH
toaurHo 500 HM ¢ KOHTaKTaMH U3 adloMUHUSA. B mpoliecce HanblICHUs B Kamepy
[OJIaBaJICS HEIPEPBIBHBIM IIOTOK aproHa M KHUCJIOpPOJa, a CKOPOCTh HX IOTOKa
peryiupoBasiacb B cooTHomeHun 4:1. Ilognokka B TpoliecCe HAMbLICHUS HE
HarpeBanachk. O1ieHKa ee TeMrnepaTypsl gaet 3HaueHue He Boime 150 °C. B kauecTtse
MO/JIOKEK HCIOJIb30BAIM IUIACTHUHBI HEO0OpaOOTAHHOIO MOHOKPHCTAIMYECKOIrO
KpeMHUS TONMHON 350 MKM, MMEIOIINE €CTECTBEHHBIM OKCHUIL.

Pe3ynbTaThl pPEHTTEHOCTPYKTYpHOTO (a3oBOro aHanausa IMOKa3alid, 4YTO
OCaXJICHHBIC TUICHKU CUHTE3UPYEMBIX CTPYKTYP SBJISIFOTCSI aMOP(PHBIMHU.

[Ipy wu3MEpeHHH SIEKTPUUYECKUX CBONCTB CUHTE3MPOBAHHBIX CTPYKTYp B
CUWJIBHBIX DJICKTPUYECKUX MOJIAX ObllIa UCTIOJIh30BaHA aBTOMATU3MPOBAHHAS YCTAHOBKA
Ha 0a3ze ucroununka nporpammupyemoro nmutanusit MOTECH. Ipornecc nu3mepenus u
cOOp IKCIEPUMEHTAIBHBIX JAHHBIX OCYIIECTBISJICS B aBTOMAaTHYECKOM PEXKUME C
MTOMOIIBIO MPOTPAMMHOTO 00€CTIeUeHHUS, Pa3padOTaHHOTO C UCIOJIb30BAaHUEM CPEIbI
LabVIEW [5].

Bonsrammnepnas xapakrepuctuka (BAX) cuHTe3MpOBaHHBIX TUICHOK (hepputa
BHCMYTa IPU KOMHATHOW TeMIepaType NMpeICTaBieHbl Ha puc 1.
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6f 11,2
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2}
al -11,8
6}
. , -12,0
3 2 1 0 1 2 3 o
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E? x10" V’/m?
a) 6)
Pucynok 1. BonpramnepHas xapakTepuCTHKa Pucynok 2. BonpramnepHas xapakTepuCTHKa TIPU
CHHTE3MPOBAHHBIX CTPYKTYp Ha OCHOBE (heppuTa MHKEKIINU HOCHUTEJICH 3apsaa U3 aTIOMUHNS B
BHACMYTa TOIMHHOHN 60 NM (a) 1 KOMITO3UTHBIX (heppuT BUCMyTa B KOOpJMHATAX,
IUIGHOK Ha OCHOBE HHOOaTa nuTHst (0) mpu COOTBETCTBYIOIUX MEXaHU3MY TEPMUUECKU
T=294K 00J1er9€HHOTO TYHHEJINPOBAHHUS

AHaM3 SKCIIEPUMEHTATFHON 3aBUCUMOCTH TIOKa3ajl, YTO YTO AJICKTPHYECKas
MPOBOJIMMOCTh HE 3aBUCHUT OT HAIPSKEHHOCTH AJIEKTPUUYECKOTO IMOJISI O 3HAYCHUS
E =2.1.10° V/m, onpenensiercs MHKEKIMEH HOCUTENIEH 3apsaaa U3 KOHTaKTa B 00beM

Y TIEPEHOCOM 3apsija B o0beMe MaTepuana (puc. 2).
Pabota BbITIONIHEHA IPH TIOAJIEPKKE TPAHTOB MUHHUCTEPCTBA HAYKH M BBICILIETO 00pa30BaHUS
Poccwuiickoit ®eneparnuu (mpoexkt Ne FZGM-2020-007)
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30 GHZ PHASE SHIFTER BASED ON BSTO/SIC STRUCTURE
FOR MICROWAVE APPLICATION
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Ferroelectric phase shifter for high power microwave application based on SiC substrate was
designed. Experimental sample of phase shifter was manufactured and experimentally investigated.
Key words: Thin films, ferroelectric, silicon carbide, phase shifter, microwave/

The perspective properties of ferroelectrics at microwaves such as high dielectric
nonlinearity, low losses, fast switching time and possibility to work under the high
level of operating power make them attractive to use in tunable microwave devices [1-
3]. Due to the active development of networks of the millimeter wavelength range, the
development of ferroelectric phase shifters is in demand. Phase shifter are key elements
in the design of antenna with the possibility of beam scan, which are widely used in
5G systems, due to the high attenuation coefficient of the mm-wave signal. One of the
requirements for such phase shifters is the stability of their operation at an increased
level of microwave power. In the case of thin-film ferroelectric phase shifters, this
requirement is difficult to fulfill. The use of dielectric substrates with low thermal
conductivity value (alumina, sapphire, magnesium oxide), that commonly use in
microwave devices/elements, is one of the reasons for the overheating of the active
area of thin-film element [4,5]. In this work the design of thin film ferroelectric phase
shifter based on high heat-conducting substrate SiC is presented.

Design of ferroelectric phase shifter is based on slot line structure. The design
parameters of the phase shifter were calculated for operation at frequencies in the
region of 30 GHz. Full wave analysis of frequency dependencies of phase shifter S-
parameters and phase shift value was performed.

An experimental sample of the ferroelectric phase shifter was manufactured.
Thin film of solid solution of barium-strontium titanite (BSTO) was used in phase-
shifter design as one of the most perspective ferroelectric material for microwave
application. BSTO films were deposited on SiC substrates by RF magnetron sputtering
of a Bap4SrosTiO3 ceramic target. Oxygen was used as a working gas at a pressure of
2 Pa providing optimal conditions for thin film deposition, oxidation of sputtered
atoms, and crystallization of perovskite phase.
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The characteristics of phase shifter were measured. The total phase-shift value
of measured slot-line phase shifter is A (55V/um)=225 deg at 30 GHz frequency while
the figure of merit value is 25 deg/dB.
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HccnenyroTcst CerHETO3EKTpUYECKHe KOMIIO3UTEl HA OCHOBE TUTaHAaTa Oapusi-CTPOHLUS U
JIETKOIIJIAaBKOT'O CTEKJIA, BBEIEHHBIX B (DEPPUTOBYIO MATPHILY, UX CTPYKTYPHBIE U JIEKTPHUUYECKHE
CBOMCTBA Ha CBEPXBBICOKUX 4aCTOTAaX.

Kirouessie cioBa: ToHKUE MIIEHKH, CETHETOAEKTPUK, Gpepput, CBY nuamnaszoH.

Cerneroanektpuueckue (CD) MaTepuaibl IPEICTABISAIOT OOJBIION HHTEPEC IS
cBepxBbicOKOYacTOTHOM (CBY) 35eKTpOHUKM H3-32 UX HEJIMHEMHOTO OTKJIMKA Ha
anekTpudeckoe nojie. OJHUM U3 MyTeH yinydlieHus (PyHKIMOHATbHBIX XapaKTePUCTUK
CO wmarepuanoB SBIAETCS CO3JAHUE KOMIIO3UTHBIX CTPYKTYp, COYETAKOLIUX
CErHETOANEKTpUKA ¢ ¢depputbl. Takoil  MOAXOJI  TMO3BOJIAET  YNPABIATH
TURJIEKTPUYECKON IMPOHUIAEMOCTBIO U MOTEPSIMU 3a CYET U3MEHEHUSI KOHIIEHTPALUN
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CErHETORIEKTPUYECKUX BKIIOYEHMH B Kommno3ute. IIpemmymectBoM mnoaxona
ABJISIETCSI BO3MOYKHOCTh CO3/JaHHSI MAaT€pUajoB C HOBBIMH CBOMCTBAMH: CTPYKTYP C
LEJICHANPABICHHO (POPMUPYEMOU JHCIEPCUOHHON XapaKTEPUCTHKOW; CTPYKTYp C
3aJIaHHBIM PACIpPEACIICHHEM CYOMUILTUMETPOBBIX HEOJHOPOAHOCTEN, OMPEAEISIFOIIIX
MX YacCTOTHYIO M MPOCTPAHCTBEHHYIO CEJEKTHBHOCTh IIPU B3aUMOJACHCTBUU C
AJIEKTPOMATHUTHBIMU BOJIHAMH; CTPYKTYp C JIO00M 3aJaHHOM IUANEKTPUYECKOU
MIPOHUIIAEMOCTBIO CO 3HAYEHUSAMHM OT €IMHHIL 10 HECKOJIbKMX COTEH JJIsl pealn3aluu
CJIOXKHBIX (DYHKIIMOHATBHBIX ycTpoicTB CBY-311eKTpOHUKHY.

[lenpto nmaHHOM pabOTHI SBISETCA M3YyYEHHE BO3MOXKHOCTEHW CO3MaHUS
CErHETOAICKTPUUECKUX KOMIIO3UTHBIX CTPYKTYp Ha OCHOBE THUTaHata Oapus-
CTPOHIIMSA U JIETKOIUIABKOTO CTEKJIA, BBEJACHHBIX B (PEPPUTOBYIO MaTpPHUIly, a TaKKe
XapakTepu3auus CTPYKTYPHBIX U 3JIEKTPOMArHUTHBIX CBOKMCTB MOJYYEHHBIX CTPYKTYP
Ha CBEPXBBICOKMX YaCTOTAaX.

Jlnst monmydeHus: KOMIIO3UTOB JierkoriaBkoe crekio (JIC), ucrnonbzyemoe Kak
cBA3yromias (asza 1 CErHeTORJIEKTPUYECKOTO MaTepuana, H3MENbYaloch C
no0aBJIEHWEM ATWJIOBOIO CHUpTa B IUIaHeTapHo MenpHULE. Ilocme 3toro
MOJIyYCHHBIM IOPOIIOK CTEKJIa cMemmBayics ¢ BagsSrosTiOs B MaccoBom
cootHomiennn  30JIC/70BaSrTiO;. Ilomnmoxku w3 ¢eppura € OTBEPCTUAMH,
BBINTOJIHEHHBIMU METOJ/IOM JIa3€PHOM pE3KH, pa3MelIaINCh Ha MPEAMETHOM CTEKIIE, Ha
HUX HacChINAJICA MOJYYEHHBIH MOPOUIOK, MOCIIE€ Yero o0paszel NpuKUMaics BTOPbIM
IIPEAMETHBIM CTEKJIOM, BPYUYHYIO 3allpeCCOBBIBAas CMECh B OTBEPCTHSI MaTpPHIIBL.
[TosyuuBIIMECS KOMIIO3UTHBIE CTPYKTYphl OOXHraiud B TEYEHHE dYaca Ipu
temriepatype 650 °C, 1ocTaTOYHOM JJIs OIUIABJICHMS CTEKIIA.

PentreHomudpakiinoHHBI  aHAM3  TMOKa3aJl HAJIWMYWEe B KOMIIO3HUTE
KPUCTAIINYECKOM (ha3bl THTaHaTa OapHusa-CTpOHIHMs cocTaBa Bag7SrosTiOs.

J11st o11eHKH 371eKTpOU3UUECKUX CBOMCTB (PEppUTOBOM MaTPHIIBI, COACpKaIIEH
CErHETOAIEKTPUUECKUI KOMIIO3UT, 00pa3lbl (eppuTa HAKIAABIBAIMCH CBEPXY Ha
MHKPOIIOJIOCKOBYIO JIMHUIO nepenadn ¢ conpotusiieHneM 50 Om. Bed KOHCTpyKUus
MOMeNIaIach B OJHOPOJIHOE MarHUTHOE TI0JIe, CO3/1aBaeMoe 3eKTpoMarautoM. [lome
OBLJIO HAMpaBJICHO B IJIOCKOCTH oO0pasla, MEepHeHAUKYISIPHO MHUKPOMOJIOCKOBON
auHuM niepenadd. Ilpum pacuere mapamMeTpoB HCCIENYyEMBIX CTPYKTYp CHadaa
PaCCUMTBIBAJICA ~ CHEKTP  PE30HAHCHBIX YacTOT  OJHOPOJHOTO  pPE30HATOPA,
ONPENEIIAEMBIN MPOU3BEICHUEM AUAIEKTPUUECKOW WU MATHUTHOW IPOHULIAEMOCTEM.
Omnpenensanace IUPUHA CHEKTPA MOIJIOIICHHUS B 3aBUCHUMOCTH OT JUAJIEKTPUYECKON
npoHunaemMoctd. Ha OCHOBaHMM COBNAJEHHs IIMPUHBI CIEKTPAa MOTJIOLIECHUS
ompejensiigach yCpeIHEeHHas: AUAJIEKTpUUYEecKas MPOHUIAEMOCTh 00pasloB. 3aTeM B
mporpaMme  3JIeKTpOJAMHAMHUYEecKoro  MojenupoBanus Ansys HFSS — Obuia
IIPOMOJIENIMPOBAaHA U3MEPUTENIbHAS TYEHKA B CITy4ae OJHOPOIHOTO AUIIEKTPUYECKOTO
pe3oHaTopa C pa3IM4YHbIM 3HAYEHHEM JUAIEKTPUYECKHX MPOHULAEMOCTEH.
Pe3ynbraTthl MOJEIMPOBAHMS B COMOCTaBICHUU C pPE3yJbTaTaMH 3KCIEPUMEHTa
MOKa3ajd POCT AUAICKTPUUYECKOW MpOHHUIIaeMOCTH oOpas3ioB oT 14 mo 80 c.
YBEIIMYCHUEM o0beMa bepputoBoi MaTpULBbI, 3alI0JIHEHHOTO
CErHETORIEKTPUUYECKUMHU BKIIFOUEHHSIMHU.
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Takum 00pa3oM, IMOKa3aHa BO3MOXKHOCTh peEaJM3allMd EPUOTUUCCKUX
CTPYKTYp Ha OCHOBE CETHETOAJICKTPUYCCKOTO KOMITO3UTa, BHEIPCHHOTO B
(beppHuTOBYI0 MaTpHIly, pa3paboTaHa TEXHOJOTHS WX HW3TOTOBJICHUS, UCCICIOBAHBI
IEKTPUICCKUE XAPAKTCPUCTUKH.

UDC 621.385.69

ELECTRICALLY TUNABLE POWER SPLITTER BASED
ON THE FERROELECTRIC THIN FILM CAPACITORS
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Electrically tunable power splitter based on ferroelectric capacitors was designed at ~2 GHz
central frequency. It was shown that the power-splitting ratio can be changed corresponding to the
value of the control voltage. Results of the experimental investigation are in good agreement with the
simulation.

Key words: Tunable power splitter, thin films, ferroelectric, microwave circuit.

Tunable dielectrics with dependence of the dielectric constant over applied
electric field, such as ferroelectrics, demonstrate a variety of implementation in
microwave electronic. The most common examples of devices based on ferroelectric
structures and elements are phase shifters [1], tunable filters [2,3] and delay lines [4].
Among the advantages of the ferroelectrics, there is one distinctive feature - high power
handling capability [5,6]. This feature allows producing electrically tunable high power
elements and devices at low cost. The tunable power splitter (TPS) was designed and
experimentally investigated for proof-of-concept.

The TPS is based on two resonant branches with ferroelectric capacitors. Both
branches have the same resonant frequency and quality factor and split power equally
while control voltage is absence. During application of the control voltage to one of
ferroelectric capacitors, the corresponding branch change its resonant frequency. The
shifting of the resonance produces mismatching of the branch, while power flow
through the second TPS branch increases. Thus, separate control over ferroelectric
capacitors in the branches allow to select active branch and isolate another.

Since ferroelectric has continuous voltage-capacitance dependence, the TPS can
provide continuous power splitting ratio depending on the applied control voltage to
the capacitor.

The proposed TPS was designed at the central frequency of ~2 GHz. The

experimental investigation demonstrated a good agreement with the simulation results.
This work is supported by the Russian Science Foundation under grant Ne 22-29-01607.
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The technology of multilayer structures based on ferroelectric ceramics and vanadium dioxide
films is presented. The results of structural analysis and electrophysical parameters investigation are
presented. The application of proposed multilayered structures in microwave electronic devices are
considered.

Key words: ceramic, thin films, ferroelectric, vanadium dioxide, microwave devices.

The search for new tunable materials for application in microwave devices is an
actual area of research at the present time [1,2]. The development of such materials
based on multilayer compositions combining materials with various electrophysical
properties is one of the most promising areas of this research. A feature of these
materials is the possibility of independent control of their parameters by electrical,
thermal, magnetic or optical impact. A classic example of such materials is artificial
multiferroics [3,4]. In this work, the multilayer structures based on ferroelectric and
vanadium dioxide were produced and investigated. These structures can be considered

111



as the basis for the development of tunable elements with independent control of
dielectric permittivity value and resistance.

The formation of the ferroelectric-vanadium dioxide structure was performed by
deposition of thin VO, film on ferroelectric ceramic substrate. The ceramic based on a
solid solution of barium-strontium titanate (Ba,Sr1-xT103) of composition x = 0.6 with
linear additives based on MgO was used in the experiment. The dielectric permittivity
of ferroelectric ceramics was 440 with a tunability value of 1.3 at a field strength
E =4 V/um. Vanadium dioxide films were deposited by magnetron sputtering in an
oxygen-containing medium.

The experimental investigation of multilayered structures' electrophysical
parameters was performed. Analysis of experimental data shows that multi-layered
structures with independent control of dielectric permittivity value and resistance were
successfully produced.

Obtained structures can be used in such elements and devices as varactors, phase
shifters, tunable filters, holding lines, etc. Their implementation based on the
ferroelectric-vanadium dioxide multilayered structures can significantly improve the

characteristics—operating frequency range, power handling capability, Q-factor.
This work is supported by the Russian Science Foundation under grant Ne 22-29-01607.
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Hayuno-uccnenoBatenbckuii HHCTUTYT (u3uku FOxHOro @enepaibHOr0 yHUBEPCUTETA

B pabote npecTaBieHbl pe3yabTaThl HCCIIEOBAHUS JUAarPaMMbI TNIOTHOCTH TIEPEKITFOUCHUS
tBépmoro pactBopa (TP) cocraBa 0.70NaNbOz — 0.20KNbOz — 0.10CdNb20Os. OOHapyxeHO
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dbopMupoBaHHEe ABYX O00JacTel auarpaMMmbl CO CKa4yKOOOpa3HbIM HW3MEHEHHEM ILIOTHOCTH
MIEePEKITIOUCHUSI.

KiroueBbie ciioBa: MpoIEcChl MEePEeKIIoUeHsI, OECCBUHIIOBasE KepaMuka, Mojeib [Ipeiizaxa,
JrarpaMmma IjI0THOCTH MEePEKITIOYCHHUS.

Kak wu3BeCTHO, TMEpeKIIoueHrWE TOJMSPU3ALMM  HANpSMYI0 CBSI3AHO C
TUCTEPE3UCHBIM TIOBeJCHHEM. JlmarpamMma TIJIOTHOCTH TEPEKITIOUeHUs (IBOMHAsS
CMelIaHHasi MPOU3BOJIHAS MOJSPU3ALMU IO AMIUTUTY/I€ U MTHOBEHHOMY 3HAY€HUIO
MPWIOKEHHOTO  AJIEKTPUYECKOTO TIOJIA) TO3BOJSET ONpEeAeNnTh, Kakas J0Jis
MOJIAPU3AIMOHHOTO  OTKJIMKA  COOTBETCTBYET  OMNPENEICHHOMY MO0 s
MEPEKITIOUEHUS MOJSPU3ALNH, KOTOPYIO HEJIb3s1 OTHO3HAYHO OIPENETUTh U3 IPOCTOTO
U3MEpEHUs TeTeNb TUcTepe3uca. Brpllieyka3aHHOE MOMOTAeT MOHITh MEXaHWU3MbI
MEPEKITIOUEHUsT  TOJISIpU3AIliM,  YTO  JIGKUT B OCHOBE  INPUMCHCHHUS
CETHETORJICKTPUIECKUX YCTPOUCTB .

B kauecTBe 00bekTa nccienoBanus 0bu1 BeIOpan TP cocrara (1-x-y)NaNbO; —
XKNbO;—yCdNb,O¢ ¢ y=0.10, x=0.20. O6pa3iisI moy4eHsl TBepA0ha3HbIM CHHTE30M
B JIBE CTQJMHU M CIIEYCHBI MO0 OOBIYHON KepaMU4eCKOM TeXHOIOTUH (T oumr 1= 1220 K,
71=5 4, Teum2 = 1240 K, 75=10 9 11 Tpex = 1190 K 7epe = 21).

CeMeicTBO TeTeNb AMAIIEKTPUUECKOTO TUCTEpPE3rca MOJIYYEHO MOCPEIACTBOM
MO/Ia4M CHHYCOUJIAJIbHOTO CUTHAJIA AJIEKTPUUECKOTO MOJISl HA U3MEPUTEILHOM CTEH]IE
STEP mpu xomHaTHO# Temmieparype u gactoTe 50 ['11 (kpaTkoBpeMeHHOE BO3/ICCTBHE
~ 1 muka).

[110THOCTB NEPEKITFOUEHUS TTOTYyYEHA C IIOMOLIBIO BBIpAKEHUA [1]:

2 p—
P (EEm) = 5EaE

rae E,,— ammumryna, E — MrHOBEHHOE 3HaYE€HUE DJIIEKTPUYECKOTro Tojs, P~ —
MOJISIpU3AITUs Ha HUCXOSIINX BETBSX METEb TUCTEpE3uca.

OOpatuMOoCTh Ha JOHWarpaMMme IDIOTHOCTH TEPEKIIOUCHUS  OTPEACIISIeTCS

BBIpOKEHUEM [2]:
. 0P (E,E,)
prev (E) - ELllII}E aEm

Ha pucyHke mnpexncrasiieHa JauarpaMma IUIOTHOCTH IepekiioueHust TP
0.70NaNbO; — 0.20KNbO3; — 0.10CdNb,Os. OOHapyxeHbl JaBa BHJIa 00J1acTH
nuarpaMmebl. [lepBast xapakTepu3yeTcsi TUKOM TJIOTHOCTH C IIeHTpoM BONu3u En = 16
kB/cm u E = -11 xB/cMm ¢ npotsbkenunem, napamienbHbiM ocu Eny. O6mactu BTOpOro
THIA XapaKTepU3yTCA HU3KOM MIIOTHOCTHIO MEPEKIIOUEHHUS U pacnoiaralorcs npu: E
=-30+-11 xB/cMm, En =29 kB/cm; E= 9 kB/cm, En= 31 kB/em; E = -7+-4 xB/cm, En =
20 xB/cm. [ansbiii 3pdhekT MOXKET OBITh CBSI3aH C BPEMEHHOW 3aBHCHUMOCTBIO
MEPEKITIOYEHUST  MOJISIPU3ALUU. OOpaTumble  COCTaBJISIONIME  IJIOTHOCTHU
MEPEKITIOYEHUS TPEUMYILIECTBEHHO JOKAIU30BaHkbl Ipu Em = 18,9 kB/cm, E = (14+16)
kB/cm.
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p(E,Em), MkKn/kB*2
0,2400
0,2045

— 0,1690

- 0,1335

0,09800
1 0,06250

- 0,02700

Em,kB/cm

-0,008500

-0,04400

Pucynok. [luarpamma miotHoctu nepexiroderus TP 0.70NaNbOs — 0.20KNbO3z — 0.10CdNb2Oe
[pY KOMHATHOW TeMIEepaType

[Tomy4yeHHble pe3ysbTaTbl MOTYT OBITh HCIOJIB30BaHbl MpPH pa3padOTKe

CCTHCTORJICKTPUICCKUX MAaTCPHUAJIOB U YCTpOﬁCTB Ha UX OCHOBC.

HccnenoBanue BHIOTHEHO MTpH (PUHAHCOBOM Mo iepkke MUHHCTEPCTBA HAYKH M BBICIIIETO
obpazoBanust PO (I'ocynapcTBeHHoe 3a1aHue B cepe HAydHOH AEATEIbHOCTH HAYYHBIH TPOeKT No
(0852-2020-0032)/(bA30110/20-3-071D)

JIutepatypa
1. Typuxk A.B. DKCHepuMMEHTAIBHOE WCCIEIOBAHUE CTATUCTHUUYECKOTO pacIpeIesieHUs
JIOMEHOB B cerHeTokepamuke // @usnka tBEporo tena. — 1963.—T. 5. — Beim. 10. — C. 2922-1924
2. Fujii I. Thickness Dependence of Dielectric Nonlinearity of Lead Zirconate Titanate Films
[/ Fujii 1., Hong E., Trolier-McKinstry S // IEEE Transactions on Ultrasonics, Ferroelectrics, and
Frequency Control. — 2010. — Vol. 57. — N. 8. —P. 1717-1723
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MHOI'OCJOMHBIE IU®POBBIE MATEPUAJIBI HA OCHOBE
MOPUCTOM NMbE30KEPAMUKU U ITOJJUMEPHOM MATPUIIBI C
BK/IIOYEHHUEM ITPOBOJAIIINX KOMIIOHEHTOB

J.N. MaKapbeBl, AH. Pesunuenxo?, H.A. IlIsernosa®, A .H. Priosiuern
! Crapmmii HayuHBIH cOTpyMHUK, KaH/. Gu3.-MaT. Hayk, dmakarev@rambler.ru
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*I'naBHBII HAy4HBIH COTPYIHUK, A-p QH3.-MaT. HAyK, arybyanets@gmail.com
OI'BOY «IOxHbIH denepanbHbIii YHUBEPCUTET)

[Tonyuen uudpoBoit mMaTepwanm B BHJAE KOMIIO3UTA, COCTOSIIETO W3 YaCTHI[ MOPUCTOMN
CErHETOINbE30KEPAMUKN U TOJMMEPHOM MAaTpUIlbl C BKIIOUYEHHMEM METAUIMYECKUX YaCTHIL.
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HccnenoBanbl CBOMCTBA JAaHHOTO MaTepuaia, a TakKe OTJIEIbHO CBOMCTBA MOJMMEPMETAINIMYECKON
Mmatpuisl. [Toka3aHo, 4To AaHHas MaTpuia o0JaZaeT BBHICOKOH JIOKAIbHOM MPOBOJMMOCTHIO. DTO
o0ecIeunBaeT MMEKTPUICCKUN KOHTAKT MEXKIY YaCTHIIAMHU MTOPUCTOM IMbE30KEPAMUKH, UTO SBIISICTCS
OCHOBHBIM (paKTOpOM, 00ECIICUHBAIOIINM HATHYNE ThE30CBOMCTB Y IAHHOTO KOMITO3UTA.

KiroueBsie cioBa: ajIMTUBHBIE TEXHOJOTHHU, MPOBOIUMOCTD, ITU(POBBIE TThe30MaTepUaIbI,
KOMITIO3UTHI, TOPUCTAs MMbE30KEPaAMHUKA.

PasBute agauTUBHBIX TEXHOJOTMHA WJIM TEXHOJOTMH TPEXMEPHOU IE€YaTH B
noclieqHee BpeMs CO3/a€T BO3MOXXHOCTb pa3pabOTKM METOAOB HM3TrOTOBJICHUS
IbE303JIEMEHTOB Ha OCHOBE OJHON U3 TakuX TexHoioru# [1]. Inst atoro Tpedyercs Ha
NepBOM dTane oToOpaTh Hambojee NOIXOIAIIYI0 aJAUTUBHYIO TEXHOJOTHIO,
ajanTUpoOBaTb €€ MOJ  IPOU3BOJICTBO  MbE30RJIEMEHTOB M  pa3paborarhb
COOTBETCTBYIOIIMIA LU(PPOBON MaTepuan, MpU MOMOIIA KOTOPOrOo MOXKHO OyJleT
MeYaTaTh AIEMEHTHI C UCIIOJIb30BaHUEM JAHHOM aIIUTUBHON TEXHOIOTMU. B KauecTBe
OTMIOPHOM MBI BBIOpATM TEXHOJIOTHIO TMOCJIOMHOTO CKJIEHMBAHUSI MOPOIIKOB. ITa
TEXHOJIOTHS TIO3BOJISIET CO3/1aBaTh H3JECIUs, COCTOAIIME WX METAUNIMYECKUX,
KEpaMUYECKUX U IPYTUX TBEPJIBIX YACTHI], TOMEIIEHHBIX B MOJIMMEPHYIO MaTpuily. B
KaueCTBE TBEPJBIX YACTHUI[ MbI B3SJIM YACTHUIIBI IOPUCTON CErHETONMBE30KEPAMUKH, a
Marpuila ObUla co3JaHa Ha OCHOBE aKpWjoBOro mojuMmepa [2]. OnHako HaiIuuue
HEYCTPAaHUMBIX TMOJMMEPHBIX MPOCIOCK MEXKAY YacTUIAMU IhE30KEPAMUKH
MPEMATCTBOBAJIO  TMOSIBJICHUIO TbE30CBOWCTB y Takoro wmarepuana. JlanHoe
MNPENsTCTBUE  MOTJO  OBITh ~ YCTPAHEHO, €clu Obl  TPOCIOMKH  UMENH
HKBUIMIOTECHIIMAJIBHYIO TOBEPXHOCTh, TEM CaMbIM OOECIEUMBAJICS Obl DJIEKTPUUCCKUIN
KOHTAaKT MEXAY COCTABJISIOIIMMU KOMIIO3UT YaCTUIIAMU MOPUCTON MbE30KEPAMUKH.
DTO 03HAYaeT, 4TO MPOCIOWKH MOJDKHBI ObITh MpoBoAsmUMU. [Ipyu 3TOM HOMKHBI
COTJIaCOBBIBATHCS JiBa KOHPUKTYyrOMMX ¢akTopa. C OJHOM CTOPOHBI, MOJIUMEpHAs
MaTpHIia JOJKHA ObITh JOCTATOYHO MPOBOJIAIICH B TOHKOM CJIO€, YTOOBI 00SCIICUUTh
DNEKTPUYECKUN KOHTAKT MexAy 4dactuuamMu. C Ipyrod CTOPOHBI, HMPOBOJWMOCTH
MOJIMMEPHON MaTpHIlbl B CJOSIX, COMOCTABHUMBIX C Pa3MEpPOM MbE30KEPaAMUUYECKHUX
YacTUIll JOJDKHA OBITh JIOCTAaTOYHO HM3KOM, YTOOBI MaTpuiia B oObeMe wumena
TUDJICKTPUUECKNE CBOMCTRBA.

Ham ypanocs co3math TakodW Marepuan MyTeM BHECEHHS B  MaTPHILy
METATMYECKUX YaCTHUI[ OIpPEJEICHHBIX pPa3MEpPOB U HYXXHBIX KOHIICHTpAIUH.
JleHcTBUTENBHO, YACTHUIIBI B TOJIMMEPE CIIOCOOHBI CIMNATHCS B IPOBOISAIINE KJIACTEPhI
WM UENOYKH. BeposITHOCTh MOSIBJICHUS LIEMOYKM WJIM KJIacTepa, COCTOSIMIEro U3 N
YacTHII, 3aBUCUT OT KOHLIEHTPALIMK YaCTHI] B IOJIUMEPE U CaMoro uuciia yactun N. Jlo
JOCTIKEHUSI KOHIIEHTPAIi MPOBOMSAIINX YACTHI], OJIM3KUX K MOPOTY TEPKOJISIIHH,
Ha0rogaeTcst 00paTHast 3aBUCUMOCTh BEPOSITHOCTHU TIOSIBJIICHHSI KJIacTEPa, COCTOSIIIETO
13 N 4acTHIl OT 3TOTrO yncia yactuil N. Yem OombIle 4acThIl B KJIacTEPE, TEM MEHBIIIE
BEPOSITHOCTh €T0 TMOSBIICHUA. TakuM 00pa3oM, BEpPOSTHOCTH MOSBICHUS MAajoro
MPOBOASAIIETO KJIaCTepa, 0OCCIEYMBAIOIIETO JTOKAIbHBINA ANEKTPUUECKUN KOHTAKT B
TOHKOM CJIO€ MEXIY JIBYMSI COCEIHHUMH YAaCTHUI[AMU IMMhE30KEPaMUKU BO MHOTO pa3
BBIIIIE, YEM BEPOSITHOCTH MOSBJICHUSI OOJIBIIOTO KjacTepa, CIIOCOOHOI0 3aKOPOTHUTH
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BHEIIHUE 3JIEKTPOIbI 00pa3lia UM CO3/1aTh SKBUIIOTEHIIMAIbHYIO TOBEPXHOCTH BOKPYT
YJaCTHIIBI TbE30KEPAMUKH.

Takum oOpa3oM yJaercs cO34aTh NOJMMEPMETAUIMYECKYI0 MaTpuly C
HY>KHBIMUA CBOHCTBaMH. BBIITM M3rOTOBICHBI 00Pa3Ilbl MHE30KOMITO3UTOB C YaCTUIIAMH
nopuctoil nmbe3okepamuku [IKP-1 ¢ mopucrocteio ot 20% 1m0 40% u xapakTepHbIM
pasmepom 1 - 3 mM. KoHIleHTpauss MeTaInyeckux dactul] pazmMepom oT 10 go 40
MKM cocTaBisuia 3.6% oOBeMHON J0Ju KOMITO3HWTa. Takwe oOpasibl o0jagaim
IbE30CBOMCTBAMH. 3HAYEHUS Mbe30MOoayJel y obpasuoB cocrtasisiio 10 - 15% ot

COOTBCTCTBYHOIINUX 3HAa4YCHUM I/ICXOI[HOﬁ IMIbC30KCPAMUKMU.

PaGoTa BbeIonHEHa Npu mojziepkke HaydHoro mpoekta Ne 1'30110/22-01-DI1 B pamkax
rOCYJapCTBEHHOTO 3ajaHus MUHHCTEpCTBA HAayKM U BBICIIEro oOpa3zoBanus Poccuiickoi
Oenepanuu.

Jluteparypa
1. IIumxosckuit U.B. OCHOBBI aJJIUTUBHBIX TEXHOJIOTMH BBICOKOTO paspemeHus / W.B.
MumkoBckuit. — Cankr-Iletepoypr: OO0 «M3natenscTBo «Ilutepy, 2016
2. MakapwseB J[.11. O BO3MOXXHOCTH co37aHUsI ITU(POBBIX IMHbE30MATEPHATIOB HA OCHOBE
CMECEBBIX KOMITIO3UTOB «ITbe30Kepamuka-monumepy / JI.1. Makapnes, A.H. Pei0sinen, I.M. Masik //
ITucema B XKT®. - 2015. - T. 41. - Beim. 7. - C., 22-27.
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MEMPUCTOP HA OCHOBE ITIOJIMMEPHOI'O KOMIIO3UTA
HOJMNAHUINH/TTIOJIMBUHWINAEH®TOPUA-TPUDPTOPITUJIEH
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B pabote npezacraBieHsl pe3ysbTaThl UCCIIEA0BAHUS MEMPUCTUBHBIX CBOMCTB JIBYCIOWHOTO
MOJINMEPHOTO  KOMIIO3UTA IOJIMAHUINH/TMOIUBUHUAECHPTOPUI-TPUPTOPITUIIEH, TEPEKITIOYCHHE
MEXIY PE3UCTUBHBIMU COCTOSHUSAMU B KOTOPOM OCYILECTBIIACTCS IIyTEM U3MEHEHUS HAIPABICHUS
CETHETO3JIEKTPUUECKON MOJspU3allil HAaHOPAa3MEPHBIX BKIIOUEHUM, HaxoJAMMXCS B aMop(HOI
matpuie. [TokazaHo, yTo U3MEHEHHUE M01X0/1a K (OPMHUPOBAHUIO MHTEp(deiica MeXIy yKa3aHHBIMU
ITOJIMMEPAMH ITO3BOJISIET CYIECTBEHHO YBEJINYUTh IUIOLIAAN IIETEIb TUCTEPE3NCA BOIBT-aMIIEPHBIX
XapaKTEePUCTHK, YTO MPOBOJHT K yBenuueHuto cooTHomenus lon/loff mis mccnenyempix cTpykTyp
npu 0oJiee HU3KUX YIPABIISIOMINUX HAMPSKEHUSIX.

KiroueBble cioBa: MEMPHCTOP, MOJIUAHWINH, TOTUBUHUINAEHPTOPUI-TPUPTOPITUIIEH.

Co3ztanre MEMPHUCTOPOB HA OCHOBE MOJMMEPOB HE TOJIBKO JOCTATOYHO MPOCTOM
Y JIeMEBbIN cr1oco0 MOMyYEHUs NApUTETHBIX XapaKTEPUCTUK, KAK Y HEOPTaHMUECKHUX
MEMpPHUCTOPOB, HO TaKXe IMOJIUMEPHBIE MEMPHUCTOPH HUMEIOT 00Jie€ BBICOKYIO
OMOCOBMECTUMOCTh, YTO JA€T BO3MOXHOCTh MCIOJIb30BaTh MX B HeWpoMopdHO
WHXEHEPUH, B TOM YHCIE ISl CO3JaHMSI OMOCOBMECTUMBIX HEHPOATEKTPOHHBIX
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UHTEP(DENCOB 1 aHATIOTOBOM CXEMOTEXHUYECKOM peanu3aiuu Heripoceren [1].

B pabote [2] noka3aHo, 4TO OCHOBHOM NMPUYMHOMN Jerpajallii MEMPUCTUBHBIX
CBOMCTB HCCIIEAYEMBIX CTPYKTYp SIBJISUICS HaOJIOnaeMblil (pa30BBIid MEPEXo]] B CI0€
noymBuHWIHACHPTOpUA-TpHdTOpITUIEeHa (P(VDF-TrFE)) 3 ceraerosnexTpuaeckoi
B-ba3er B mapadnexTpudeckyio o-a3zy 1moa ACHCTBHEM DKOYJIeBa  TeEIUIa,
BBIJICIISIFOIIETOCS TIPY MPOTEKaHUM TOKa 4yepe3 MexdasHbiii narepderic. Taxke 310
CBSI3aHO C MCIIOJIb30BAHUEM TOJMCTUPOJIa B KA4yeCTBE MATPHUIIbI JJISl YaCTHI]
MOJIMAHUJIMHA, YTO TPUBOJIUIIO K JIOMOJHUTEIILHOMY HarpeBy MexX(asHbIX IpaHUl] B
3TOM CJIO€.

Takum 00pa3oM, MOCKOJIbKY CTPYKTypa HHTepdelica MOJIMMEpPOB OKa3bIBACT
pemiaroniee BIUSHUE Ha JErpajJallMOHHBIE MPOIECChl, ObLT HCIIOJb30BAH HOBBIM
noaxon K €€ (OpMHUPOBAHUIO: CBEKETIPUTOTOBICHHBIM COJITHOKHUCIIBIN MOJMAHUINH
MIPECCOBAJICA C MOMOUIBI0 METAINIMYECKOTO IMyaHcoHa npu gasinenun 20 Mlla B Buze
tabnetku. Ha modydeHHBId CI0W MOJMAHUIMHA HAHOCWUIIM METOJAOM U3 Karliu
P(VDF-TrFE), pacTBOpeHHBIi B aleTOHUTpWJIC, W CYINIMIA Ha BO3AyXE IIpH
temriepatype 25 °C. C noMouibo TOKOIPOBOISIIETO KII€sl Ha OCHOBE cepedpa ObLIH
chopMUpOBaHBl DBJIEKTPOJBI C ABYX MPOTHUBOIOJOXKHBIX CTOPOH HCCIECIYEMOIO
obOpasna. [Ipu uzmepennn BosbT-aMIiepHbIX xapaktepucTtuk (BAX) ucnons3zoBanach
CXeMa JICIUTEINs] HANpsDKeHUs, TAe U npamoi BeTkn BAX mmroc moakmrodancs K
nonuanuiauny, a Munyc Kk P(VDF-TrFE), a s oOpatHoi — U3MEHSIN MOJISPHOCTh
MOAKIIOYEHUS, TaK OBbLIO MPOBEICHO YEThIpE IMKIA HU3MEPEHHUs, C MHTEpBAJIaMU
MeXTy HUMU B 24 daca (pucyHok a). [liist atux mukiioB usmepenns BAX na0monanoch
YBEJIMUEHHE IIOAAN NIETEIb TUCTEPEHCA.

200 T T T T T T T - - 250
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-100 F B sl 2 unKkn SET U.B
¥
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(2) (6)

Pucynok. BAX mempuctopa 11t 4-X mocieoBaTeIbHbIX [IUKJIOB PE3UCTHBHOTO MEPEKIIOUEHUs (),
BAX 4-ro nukia pe3sucTUBHOTO MEPEKITIOUECHUS] MEMPUCTOPA

B nmuamazone or 0 B mo 0,43 B nanubiii mempuctop (pucyHok O0)
JEMOHCTPUpPOBAN cocTosiHue Bbicokoro comportuBieHusi (HRS, coorBercTByromiee
cocrosianio OFF), u Habnrogaiock MOCTENIEHHOE YBEIMUEHNUE TOKA MPU yBEIHMUCHUN
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HanpspkeHus. Peskoe camxenue conpotusienus o HRS o HuzkoomMHoro cocrosinus
(LRS, cootBercTtBytomee cocrossHuo ON) NOpoucXoAWwIo TpH  HANPSKEHUU
okojo 0,5 B [3, 4].

VYBenuueHue MiIouaau MeTelb TUCTepe3rca BOJIbT-aMIEPHBIX XapaKTEPUCTUK
CBUCTEIBCTBYET O POCTE COOTHOIICHHS MPOTEKAIOIIUX Yepe3 MEMPHUCTOP TOKOB
lon/loff (180/20 MKA) npu HU3KUX YIPABISIONINX HANPSHKEHHUSX, YTO MOXET OBITh
OOyCIIOBJIGHO POCTOM COJIEp’KaHUsI CETHETOANEeKTpudeckoil [-da3zel B croe
P(VDF-TrFE) mox aeificTBHEM BHEIIHETO SJIEKTPUUYECKOTro moJis [5].

HccnenoBanne BBIMOJHEHO TpH (uHAHCOBOM mojaepkke PODU B pamkax
HayuyHoro mpoekTa Ne 20-32-90126.
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OEHOMEHOJIOI'MYECKHME MOJAEJIM CETHETO3JACTUKOB
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Mertonamu Teopun KaTacTpod, YUUTHIBAIOINX CUMMETPHUIO TEPMOIMHAMUYECKONW CHCTEMBI,
MOCTPOEHBI  (PEHOMEHOJIOTMYEeCKHEe MoJenud  (a30BBIX  IEPEXOJ0OB B  COOCTBEHHBIX U
MICEBJOCOOCTBEHHBIX CErHETORIACTUKAX IS B3aUMOJIEHCTBYIOIIMX MapaMeTpOB MOPSIKa, OJUH U3
KOTOPBIX ~WHBAapUaHTEH OTHOCHTEIBHO BCEX IMpPeoOpa3oBaHUM CUMMETPHM  KpHUCTaula
(monHocumMmeTpuuHsblif). [lpoBenena kiaccuukanus Mojened MO YUCITY  YIPaBISIOMIKUX
[IapaMeTPOB, 3aBUCSIIUX OT BHEIIHUX TEPMOJANHAMUYECKUX YCIOBUH.

KiroueBble cioBa: CErHETOANACTUK, (Da3oBble MEpexojbl, (PEeHOMEHOJOTHYECKasi MOJEb,
TEOpHsI KaTacTpod, SKBUBAPUAHTHBIE BEKTOPHBIE MOJIS.

B coGcTBeHHbIX cerHeTodnmacTukax mnapamerpamu mnopsaka (I1I1) sBasroTcs
KOMOWHAIIMM TEH30pOB CIOHTAHHOW JedopMaluu — CHUMMETPHYHBIX TEH30POB
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Broporo panra. IIpm stom Hekotopeie IIII WMHBapuaHTHBI OTHOCHUTENIBHO BCEX
AJIIEMEHTOB CHMMETPHHM KpUCTaa, HApUMep E=exteyte,; WM E=g;. Llemnbrit
panuoHanbHbi 6a3uc wHBapuaHtoB (IL[PBU) takoro mnomnocummerpuynoro IIIT
COCTOMT M3 €AMHCTBEHHOTO MHBapuaHTa | =&, a rpynmna cummetpun L=C; (1). AHayim3
Mozenen ¢ oaHuM nonHocuMMerpuuHbIM Il cBoguTcs K paccMOTpPEHUIO
MHOT000pa3us katactpodsl coopku Az [1]. Bonbimii uHTEpec NpeACTaBIAI0T MOJIEIN
¢ B3auMozencTByrommMy [111I, onuH U3 KOTOPBIX NMOJIHOCHMMETPUYHBIM, @ BTOPOU
MMeEEeT HETpUBUAIbHYIO L-rpynmy. Tak, B HEKOTOPBIX CETHETO3JIACTUKAX, HAITPUMED B
napatemnypute [2], TIIT umerot Bua N=(ex — &y)/N2, =€, .

[IpumMeHeHre MeToI0B TEOPUHU KaTacTpod C UCIIOIb30BAHNEM YKBUBAPUAHTHBIX
BEKTOPHBIX IIOJIE TIO3BOJISIET HE TOJBKO CTPOUTH CTPYKTYPHO YCTOWYHBBIC
dbeHomeHonornueckue  Mojeiau  (Pa3oBBIX  MEPEXOAOB, HO U  MPOBOJUTH
KJIACCU(PUKALMIO MOJIETIEH MO YMCIy NapamMeTpoB, BAPbUPYEMBIX B 3KCIEPHUMEHTE.
IIpr >TOM HUCXOOHBIMH JAaHHBIMH ciykaT Toiapko [[PBM m wumcno ympasisrommx
MapaMeTpOB, 3aBUCAILMX OT BHEIIHUX TEPMOJUHAMUYECKHUX BEJIMYUH (TEMIIEpaTyphl,
JABJICHUS, XUMIIOTEHI[MAJIOB TpUMecel U T. A.). Ha ocHOBe Takoro mpuMeHeHus paHee
MIOCTPOEHbl M KJIACCU(ULIHUPOBAHbI (PEHOMEHOJOTUYECKHE MOJEIU C ABYyX- H
TpexkoMmmoHeHTHbIMU 111 ¢ unciom ympapmnstonmx mapamerpos C<5 [3].

B nanHo#i paboTe npoBeAeHO NOCTPOECHUE U KIaCCU(PUKALUA MOJIETEH ¢ IByMs
B3aMMOJEHCTBYIOIMMU OAHOKOMIIOHEHTHbIMH [1I1 M u &, oOpa3yrommx cocTtaBHOM
II1 ¢ L=C®C; ¢ LIPBU u3 n8yx unBapranTos Ji=n? J,=£ MeTo1aMi SKBUBAPUAHTHOM
TEOpHUH KaTacTpod.

Pe3ynbraTel Takoil knaccudukanuu npuBeAeHbl B Tabiuue. B nepBom cTondie
YKa3aHO YUCJIO YNPABIIAIONINX NapaMEeTPOB C, 3aBUCSIIMX OT YCIOBUW HA TEPMOCTATE,
BO BTOPOM — TepMOauHaMuyeckuil noteHuuan @ B 0e3pazMepHOil MaTeMaTHUYECKOU
(dbopme, COOTBETCTBYIOLIMI JAHHOMY YMCITY YIPaBISIOIUX TapaMEeTPOB, IPUUEM Kj —
MoAynu, (EHOMEHONOTHYeCKne KOIPOUIIMEHThI, KOTOpPhIE HE BapbUPYIOTCS.
BapbupoBanue Moaysieit ”3BMEHSIET TOMOJIOTHIO (ha30BOM JUArPaMMBI.

ITockonpky Mogmenu copepkar mnoJHocuMMmeTpuuHbid [III, HammeHblIas
KOpPa3MEpHOCTh (YMCIIO YIPABIAIOUIMX MMapaMeTpoB) Moaenau paBHa 4. B Tperbem
CTOJIOLIE MPUBEIEHO YMCIO HEBBIPOXKJIEHHBIX KPUTUYECKUX TOYEK |, HAa KOTOpHIE
pacnagaeTcsl BRIpOKICHHAS] KPUTHYECKask TOUKA.

Tabmuia
denomenonornueckue mojuenu ¢ L=Cs®C1
c O u
4 ar); + by + boJi +ci)il, I3+ K1 J5 + 3 6
7 a )1 + ayJ? + bif, + boJF + cifi)s + JiJF + )il + 15 + K2+ 9
7 | ay); +biJ, + byJ3 +b3)5 + b41§" tolib o+ IE )i+l +]5 | 10

Qs+ axf? + b + Z b + ulufs + Caluf} + ol + culuJ3

+ C5]1]2 + ceils +Ji + kil + ko Ji)5 + )3
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AHanu3 MoJieniel Mmoka3bIiBaeT, 4To obactu (a3zoBoit nuarpammsl assl (0,E) B
MOJICIISIX OTMPECISIFOTCS MHOTOOOpa3usiMH dJieMeHTapHbIX KatacTpod Az u As [1], a
CaMy MOJICJI MOKHO pacCMaTpUBATh KaK 4acTHbBIE Cirydar MIN-QyHKwmid Yoroq [4] €
r>0 u g=>0.
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BJIUAHUE MATEPHUAJIA KOHTAKTOB 1 BOPA HA HOHHYIO
IHPOBOAUMOCTD B CTPYKTYPAX COAEPKAIINX HUOBAT JINTUA
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dI'BOY BO «BopoHeKCKHii FOCyIapCTBEHHBIH TEXHUUECKHI YHHBEpCHTET», Boponex, 394026
L ®HarnmonaneHblit nccnenoBarensekuii meHTp «KypuaToBckuit mHCTUTYT», Mocksa, 123182

B pabote mpeacTaBineHsl pe3yinbTaThl HCCIIEAOBAHUS BIMSHUS MaTepuala KOHTaKTOB U Oopa
Ha WOHHYIO MPOBOJUMOCTh B CTPYKTYypax COJEpXKalluxX HHOOAT JUTHs. YCTAaHOBJIEHO, YTO B
crpykrypax Me/HK/Me u Me/HK//I/Me, tne B KauecTBe MAMIIEKTPUYECKOM IMPOCIONKH
npucytctByer LINDOs, HaOnromaercsi ocraToduHOe HANpsHKEHHE MOCIE MOJIEBOTO BO3JCHCTBHS Ha
o0pa3ipl. DTO HaNpsHDKEHUE CBA3aHO C MPOIECCOM dJIeKTpoMurpanuu noHoB Li. JloOaBnenue B
NOPUBOIUT K YMeHbIICHUIO 3¢dekTa 3a cyer oOpasoBaHus coeamHenuit B-Li. 3amena Cu kak
MaTepuajia HU)KHErO 3JIEKTPHUUEcCKOoro KoHTakTa Ha Cr yMmeHbmnaer 3QQeKkT u3-3a OTCYTCTBHA
pacTBOPEHUS TUTHS B XpPOME.

KitoueBble cioBa: HIOOAT JINTHSL, KOMIIO3UT, HOHBI JINTUS, OCTATOYHOE HAIIPSKEHUE.

MeMpHCTOPHBIE CTPYKTYpPHI OBLIM IOJYYEHBI METOJOM HOHHO-TY4EBOTO
pachblIEHUSI C HCIIOJIB30BAaHWEM MacCOK COOTBETCTBYIOIIMX pasMepoB puc.l.
WccnenoBanuch crnenyromme Bapuantel  cTpykTyp:  Cu/(CosoFeso)x(LiINDO3)100-
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X/CU/CI/ITaJIJI, CU/(C050FE50)X(Li NbO3)1oo-X/Li NbO3/CU/CI/ITaJIJI, CU/(CO40F€40 Bgo)x
(SiOz)loo-x/Li N bO3/CU/CI/ITaJIJI, CU/(CO4oFe4oBzo)x(Li N bOg)loo-X/CU/CI/ITaJ'IJ'I )51
Cr/Cu/Cr/(CospFeso)x(LINDO3)100-x/Cr/Cu/Cr/curamn. Tommuaa KOMITO3HTA
BappupoBaiach ot 0,4 mxm 110 0,2 MM, TomuHa pocioiiku LINDO3 cocraBmsna 15
HM, B CIIy4ae €€ OCaXJECHHUsI U3 COOTBETCTBYIOIIMN MUILICHU, U ~ 15 HM, eciin OHa
dbopMupoBasiach IyTeM CaMOOpPTaHW3allMd B HAYaJIbHBIH MOMEHT HAITBUICHUS
KOMITO3HTA.

Wsmepenne BAX wmcciaemyeMbIx CTPYKTYpP IMOKa3ajio OOJIbIIOE pa3sHOooOpasue
3aBHCHUMOCTEH. OT «KJIACCUYECKOT0» YMEHBIICHHS COPOTUBIICHHS IIPH MPHIOKCHUN
HOJIOKUTEIIBHOIO  CMEIIEHUS Ha BEPXHEM OJIIEKTPOJE M  YBEIMUYCHHUS IIPHU
oTpuiarelbHoM  HampspkeHuH it cTpykKTyp  Cu/(CosoFes0B20)x(LINDO3)100-
x/Cu/cutamn, wuHBepcHOro  Cu/(Co40Fe40B20)x(S102)100-x/LINDO3/Cu/cutamn  u

CUMMCTPHUYHOI'O YMCHBIICHHUA COIIPOTHBJICHHUA B BBICOKHUX JJICKTPHYCCKUX IIOJIAX
Cr/Cu/Cr/(CospFeso)x(LINDbO3)100-x/Cr/Cu/Cr/curam.

Metaaua
Kommno3zur
LiNbOs
MeTtana
MOAJIOKKA

Puc. 1 CrpykTypa ns u3sMepeHus MEMPUCTOPHOTO 3¢ dekTa

Hamu o6OHapyxeHo, 4TO TmoOcie KpaTKOBpeMeHHOTo (60 cek) IMoieBoro
BO3JICUCTBHSI HA UCCIENYEMbIE CTPYKTYpPbI, OHU 0O0JIaIal0T BBHICOKUM OCTATOYHBIM
HaIpsHKEHUEM, KOTOPOE CIaJlaeT B TEYCHHE MPOJOJDKUTEIHLHOTO MEPHOJia BPEMEHH.
AHanu3 BeTWYMHBI MAKCUMAIBHOTO OCTATOYHOTO HAMPSKEHUS OT COCTaBa KOMIIO3UTa
U CTPYKTYPHBIX OCOOCHHOCTEH MCCIEAYEeMbIX CHCTEM Tokasal (puc.2), 4To JaHHBIN
3¢ deKT 00yCIOBIICH EKTPOMUTPALIUECH HOHOB JIUTHUSI.

Kak v B TUTHIA-MOHHBIX aKKYMYJISITOpaXx, JUIsl BOSHUKHOBEHUS ) (PekTa 3apsiaKu
HeoOXOIUMBI JIBa pe3epByapa XpaHeHuss aToMoB LI u anmektpoaut. B Hamem citydae B
KadeCTBE PE3ePBYapOB BBICTYIAIOT MEIHBIN 3JIEKTPO C BO3MOYKHOCTBIO PACTBOPCHHUSI
Li 10 20% wu oxcun CO B cocTaBe KOMITO3UTa C BOBMOKHOCTBIO 00pa30BaHUs OKCHIA
LiC0O,. Dnekrpoautom siBiisiercst nmpocioiika LINDOs.
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U, mv Cu/(Cos0Fes50)x(LiNbO3)100-x/Cu/cutann U

mV Cu/(CosgFes50)x(LiNbO3)100-x/LiNbO3/Cu
)
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U, mVGCrICu/Cr I(CosgFes50)x(LiNbO3)100-x/Cr/Cull
°
0,04+
0,02+
0,00+
-0,02
-0,04
0,06 —4—m———m————————————
4 6 8 10 12 14 16 18 20 22 24
X, at %
PI/IC.Z. KOH]_IGHTpaI_II/IOHHI)IC 3aBUCUMOCTH OCTATOYHOTI'O HAIIPSAKCHUS PA3IIMIHBIX CTPYKTYP
Me/HK/Me u Me/HK/J1/Me

Jlo6asnienue B ymenbinaeT addexT usz-3a oopaszoanus coequnenuii B-Li, a Cr
Ha HMYKHEM KOHTAKTE MPENATCTBYET HAKOIJICHUIO aTOMOB LI, Tak Kak HEe KIMEET C HUM

TBEPJBIX PACTBOPOB.
Pabora BemonHeHa npu puHaHCOBOM nojaepxke Poccuiickoro HayuyHoro gouza (rpant Ne

16-19-10233).
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VJIK 538.911
CETHETODRJACTUYECKHUE ®A30BBIE MMEPEXO/BI B LiRh,0,
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1O AOY BO «HOxHBIi (eaepanbHblii yHUBEPCHTET
23’ AOY BO «IOPI'TTY (HITW) umenn M.U.IInatoBax»

B pabore nmpeanokeHO ONHMCAaHUWE CErHETOAJIaCTUYEeCKOoro (a3zoBoro mnepexojga B
CBEpPXIMPOBOAHUKE cO cTpykTypoi mmuHenn LiRh2Os4 ¢ pamkax teopuun Jlanmay. [TokasaHo, 4To
KPUTHYECKHI mapaMeTp MOpsAKa CBsI3aH CO CMEIICHUSIMH aTOMOB KHCIIOPO/a U YIIOPSI0UMBAHUEM
d-opOuraeii poausi.

Kntouesie cnoBa: IllmuHens, cBepXmpoBOIUMOCTh, (a30BbI MEpexoJ], OpOUTAIbHOE
YHOpSA0YEHHUE, HETPUBOUMOE IIPEICTABICHHE.

LiRh,O4 — cBEepXMPOBOJHUK CO CTPYKTYpPOH IIMHUHETH (IIPOCTPAHCTBEHHAS
rpynna Fd3m). Ilpu Temnepatype 230 K 3To BelecTBo npeTepreBaer CTpyKTypHBbIii
Gba30BBIN MEpPexo]] B TeTparoHajabHy0 (a3y (MpocTpaHcTBeHHas rpynmna [44/amd)
[1]. TIpu nmanpHelinieM noHwkeHuu temmeparypsl A0 170 K TerparonamsHas dasa
IpeBpamaeTcss B opropoMondeckyio a3y ¢ mpoctpancTBeHHou rpymmoi Fddd [1].
CtpykTypHsle npeBpamenus Fd3m < 4, /amd < Fddd reaepupyrorcs 1ByMepHBIM
HEMIPUBOANMBIM MPE/ICTaBICHUEM (HIT) rs TPYIIIBI CUMMETPUH
BBLICOKOCUMMETPHYHOM ucxonHoit Fd3m dasel. Ilo »ToMy mpeicTaBlIeHHUIO
IpeoOpasyroTcs KOMIIOHEHTHI mapametpa mopsaaka M= (1/V6) (2Uy-Usc-Uy) m
N2=(1V2)(Uxx-Uyy), THE Ujj- KOMIIOHEHTHI TEH30pa OIHOPOMHBIX jedyopMarmit
pactsxenus (cxarus). HIT ' BXoauT B cOCTAB MEXAHUYECKOTO MPEICTABICHUS HA
nos3unuax Yaiikopda 32e, KOTOpble B CTPYKType IINMUHETN 3aHUMAIOT aTOMBI
kuciopoga. Kpome toro, sro kputudeckoe HII BXoguT B cocTaB opOMTaIBHOTO
NPEJCTABICHUS CTPYKTYphl IHIMHHEIM Ha MO3uIMsIX Yaikodda 16d, xoTopbie
3aHUMAIOT aTOMbl pojausi. Takum 00pa3oM, CTPYKTYpPHBIM MeXaHU3M OOpa30BaHMUS
HU3KOCUMMETPUYHBIX (a3 pOJOHUTA JHUTHS CBA3aH CO CMEHICHUSIMH aTOMOB
KHCJIOpoAa W yropsaounBanueM O-opOurtaneit poaus. Hamu mocTpoeHbl KapTHHBI
aedopManii  MOMMAAPOB W TUNWYHBIE  (Ga3oBble  guUarpamMmbl s
(dbeHoMeHomornuecKkoro mnoreHnuana Jlanmay imecTtoil cTemeHH MO KOMIIOHEHTaM
napameTpa nopsaka (M, 12).-

HccnenoBanue BBITOTHEHO 3a c4eT rpanTa Poccuiickoro HayuHoro ¢oHaa (mpoekt Ne 22-22-
00183).
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