AHOTANIA

binuy I.B. Oco0MBOCTI NMPYKHUX, MATHITOMPYKHUX TAa I’ €30€JeKTPUYHUX
BJacTUBOCTell MarnitoenekTpukiB TbFes(BOs)s, HoFe3(BOs)s Ta HoAl3(BOz)s npu
HM3bKMX TeMmnepaTtypax. — Kamidikaliiiina HaykoBa Ipalis Ha MpaBax pyKOIHCY.

Hucepranist Ha 3700yTTS HAyKOBOTO CTyINeHs JokTtopa (inmocodii 3a
cnemianpHicTIO 104 «®i3uka Ta actpoHOMIs». — DI3UKO-TEXHIYHUN 1HCTUTYT HU3BKUX
temmnepatyp iMeHi b.I. Bepkina HamionanpHoi akanemii Hayk Ykpainu, Xapkis, 2021.

Hucepraiiiiina poboTa mpuUCBsiY€HA JOCTIIKEHHIO MPY>KHUX, MArHITONPY>KHUX,
II’€30€TIEKTPUYHUX Ta  MArHITOI €30€JeKTPUYHUX €(EeKTIB B MOHOKpHUCTAJIax
piakicHo3emenbHux OopaTiB ThFe3(BOs)s, HOFe3(BO3)s Ta HoAl3(BO3)s npu HU3BKHX
TEeMIEpaTypax.

VY Beryni KOpOTKO OOIPYHTOBaHA aKTYalbHICTh TEMU JUCEPTaliiHOI poOOTH,
BU3HAUCHI METa Ta OCHOBHI 3aBJaHHS JOCIIKEHb, O0’€KTH, TpPEAMET 1 METO/IH
nocnimkeab. ChopmyboBaHa Ta BUKIIAJeHA HAYKOBA HOBU3HA M MPAKTUYHA 3HAYUMICTh
OTpUMAaHUX pe3ybTariB. HaBeaeHo qaH1 mpo 0COOMCTHI BHECOK AUCEPTaHTa, alpooartio
pobotu Ta myOmikamii 3a TEMOI IucepTalii, a TaKoX MOJAaeTbca 1HQOpMAIlS TPo
CTPYKTYpY Ta 00CST AUCEpTaIliiHOT poOOTH.

Hepmmii po3ain «PigkicHo3eMesibHI 00paTH: CTPYKTYpa Ta BJIACTHBOCTI
(Orasip Jitepatypm)» MPHUCBSIYECHO aHAI3Y JITEpAaTypHUX JAHUX IIOJO CTPYKTYPH Ta
pany GI3UYHUX BIACTUBOCTEHM JOCHIIKYBaHMX 00’€KTiB. OXapaKTEpU30BaHO TMOHSTTS
MynbTU(EPOIKIB Ta MarHitoenekTpuyHoro edekrty. HaBegena indopmaliisi CTOCOBHO
KPHUCTATIYHOI CTPYKTYpH piakicHozemenbHux OopariB RM3(BOs)s (R-Y, La-Lu, a
M — Al, Sc, Cr, Fe, Ga) Ta po3risiHyTi MartiTHi, MarHiTONPY»Hi, MarHiTOCIEKTPUYHI Ta
MarHiTon €30€JeKTPUYHI BJIACTUBOCTI O3HAUYECHUX CIIONYK.

Y apyromy po3aiii «MeToauka eKCnepuMeHTY» OMHCAHO METO/ OJTHOYAaCHOTO
BUMIPIOBaHHSA BiJTHOCHUX 3MiH IIBUKOCTI i MOTTIMHAHHSI 3BYKY. HaBeieHO BUCOKOTOUHY
METOJIMKY BUMIPIOBaHHS a0COJIIOTHUX 3HAYECHb MIBHAKOCTI 3BYKY. JleTaqbHO OmucaHo
METO/]T HEPE30HAHCHOT aKyCTOCIEKTPUIHOT TpaHCcPopMallii, SKHii BHKOPHUCTOBYBABCS TSI

IMPOBCACHHSA I[OCJIiI[)KeHB 1o BHUBYCHHIO H,ESOeHGKTpI/I‘-IHOFO Ta



MAarHiToOn €30€JeKTPUYHOr0 e(exTiB y MoOHOKpucTanax. HamaHo ommc KOHCTpyKIii
KpiocTaTta Ta TEPMOMETPii, a TaKOX MPOLEAYpPH MIATOTOBKH 3pa3KiB J0 aKyCTHYHHUX
JTOCITIIKEHD.

Tpertiit  po3gin «Moayji mNpyKHOCTI Ta II’€30€JNeKTPUYHHHA  MOIYJb
TbFe3(BOs)s, HoFes(BOs)s Ta HoAl3(BOs)s» npucBsueHnii BU3HAYEHHIO IIBUAKOCTEH
3BYKY, PO3paxyHKy KOMIIOHEHT TEH30pPiB MOJIYJIB NPYXHOCTI Ta I €30€JIEKTPUYHUX
TeH30piB B MOHOKpHCcTanax TbFes;(BOs)s, HOFe3(BOs)s Ta HOAI(BO3)a.

Briepire 3 Bucokoro TouHicTIO (TIoxuOKa ~ 1+3 %) BUMipsiHO aOCOTFOTHI 3HAYCHHS
MIBUAKOCTEHN 3BYKY B JIOCHIKYBAaHMX MOHOKPHUCTAJIaX.

Hapano anroputM BH3HAU€HHS OCHOBHMX KOMIIOHEHT TEH30pa MOIYJIB
NPYKHOCTI Ta 1’ €30€JEKTPUYHOrO TEH30pa KPUCTANIIB, II0 HaJeXaTh 0 MPOCTOPOBOL
rpynu R32.

Po3paxoBaHO OCHOBHI KOMIIOHEHTH TEH30pIB MOJAYNIB MPYXHOCTI i
I’ €30€TEKTPUYHUX MOAYIIB JOCTIIKYBAaHUX CIOJYK.

[Tokazano, mo kpuctanu P3 OopariB XapakTepu3ylOTbCA IiJBUIICHOIO
KOPCTKICTIO TIO BIJHOIIEHHIO 70 AepopMaliiii po3TAryBaHHA-CTUCHEHHsS B Oa3uCHIN
TUTOIIMHI.

Ha miacraBi oOTpuMaHMX 3HAa4Y€Hb II’€30€JIEKTPUYHUX KOHCTAHT 3pOOJIECHO
BUCHOBOK, 1IN0 I1HTEHCHUBHICTh I €30C€JICKTPUYHOI B3a€EMOMII B MOHOKPHUCTaIax
TbhFe3(BOs)s, HoFe3(BOs3)s ta HOAI3(BOs3)s noBoai Brcoka, TOMYy iX MOKIHBO
PEKOMEHTyBaTH JIJIsl MPAKTUYHOTO 3aCTOCYBAHS.

Y 4erBepromy posaini «IIpy:xkHi Ta marnitronpyxHni epexkrun y ¢pepodopari
TepOil0» HaBEACHO pe3yabTaTh HHU3BKOTEMIIEPATYPHUX JOCHIPKEHb IOBEIIHKH
OpYKHUX Ta MAarHITONPYKHUX XapaKTEpUCTUK MOHOKpucTana (epobopaty TepOiro
No0JIN3Y CTPYKTYPHOTO Ta MarHiTHUX (pa30BUX MEPETBOPEHb.

[TokazaHo, M0 B TeMIepaTypHiii MOBEMIHIN MIBUIKOCTEH Ta MOTJIIMHAHHS 3BYKY
NPOSIBIISIIOTECA  CTPYKTYpHUHM (a3oBuil mepexiy 1-ro pomy Ta mepexil MarHiTHOI
HiicuCTeMH B aHTH(EPOMAarHiTHO-BIIOPSAIKOBAHUN CTaH.

BusiBneno icToTHI aHOMallii y MAarHiTONOJBOBUX 3aJI€KHOCTSIX IIBHIKOCTEH

MOMEPEYHOTO 3BYKY, IO CYNPOBOKYIOTH peopieHTalliiHui (a3zoBuil mnepexin,



1HAYKOBAHUU 30BHIIIHIM MAartHiTHUM IIOJIEM, CIIPSIMOBAHHMM Y3[0BX TPUTOHAJIBHOI Bici
cuMeTpii (HanpsMOK “JerKoi’ Bicl).

BusnaueHo nianma3oH KyTiB BIAXUJIECHHS MiX BICCIO JISTKOTO HaMarHidyBaHHS Ta
30BHIIIHIM MAar”iTHUM TMoJeM @ < @ =~ 15°, B sKOMYy TMEpeKUJaHHS MiATPaTOK
OJIHOBICHOTO aHTH(epOMarHeTrka BiI0yBaeThbCs K (pa30BUil IEpexi MepIioro pomay.

JlomenHa cTpykTypa depobdopary TepOito, sika iCHye B IPOMIKHOMY MarHiTHOMY
CTaHi, UMOBIPHO, MPOSBIISETHCA B SBUII TCTEPE3UCY, IO CIOCTEPIraBcsi B MOBEIIHII
MIBUAKOCTI Ta MOTJIMHAHHS 3BYKY MOOJIU3Yy 1HAYKOBAHOTO MarHiTHUM MOJEeM CHiH-(Ion
EPEXOy.

3anmpornioHoBaHa (EHOMEHOJIOTIYHA Teopis, IO SKICHO OIHUCY€E TOBEIIHKY
IpYKHUX MOJYJIIB IPH peati3allii B CIOIyLI 1HAYKOBAHOTO MarHiTHUM 1oJieM (a30BOro
TIEPEXOIy.

Y  mwaromy  po3auni  «MarHiTONpy»KHiCTb,  MATrHITOEMHICTL  Ta
marHiton’e3oesiekrpuunuii edpektr y HoOFe3(BOz)s» mnpencraBieni pesynbraTu
eKCIIEPUMEHTAIbHUX JOCTI/DKEHh MArHITOTPY)KHHUX, MAarHITOMICICKTPUYHUX Ta
MarHiToN €30eJeKTPUIHNX e(PeKTiB y hepodopati robMiro.

BusiBieHO MarHiTomn’€30€J1eKTpUYHUM e(DEeKT B MOHOKPHUCTall TOJIbMIEBOTO
dbepobopary. JlocmiKeHO CIiH-3aJeXHl BKJIaAd B MIBHAKICTb 3BYKY, IICJICKTPUYHY
INPOHUKHICTB 1 II’€30BIITYK B aHTU()EPOMArHiTHOMY CTaHi.

BusnadeHo mapaMeTpw MarHiTOGIEKTPUYHOTO Ta MAarHiTONPYXKHOTO 3B’SI3KIB Y
JIETKOIUIOUIMHHIM ~ MarHiTOBIOpsIKOBaHIA  ¢a3i. BcraHoBIeHO, 10 KOHCTaHTa
MarHitonpyHoi B3aemonii npu T ~ 15-20 K 3MiHI0€ 3HaK, NpUBOASYM, UMOBIPHO, 10
TIOSIBH TEJIIKOIMaTbHOTO TUITY MarHiTHOTO BITOPSIIKYBaHHS.

3anpornoHoBaHa (PEHOMEHOJIOTIYHA 1HTEepIpeTalis e(eKTiB, SKi CIIOCTEPIratoThCs.

Y mocromy po3aiii «IIpy:Hi, MATHITONPYKHi, MATHITON’€30€JIEKTPUYHI Ta
marHitomiesekTpuuni xapaktepuctuku HoAl3(BOs)s» HaBeneHo pe3ynibTaTH
eKCIIEPUMEHTAJIbHUX JOCITIKEHb MPYKHUX, MarHITONPYXHUX, MarHiTOA1eIeKTPUIHUX

Ta MarHiTOI €30€JICKTPUIHUX XapAKTEPUCTUK AITFOMOOOPATY TOJIBMIIO.



BusiBneno riraHTChKe TEPEHOPMYBAHHSA I1’€30€NEKTPUYHOTO €(PEeKTy B
napaMarHeTHKax, sike BUKJIMKaHE PO3BUTKOM B 3pa3Ky HEMAaTONOAIOHOT mapamMarHiTHOI
dazu.

[TokazaHo, 10 TeMIepaTypHi 3aJeKHOCTI MICJIEKTPUYHOT TMPOHHUKHOCTI,
I’ €30BIATYKY W MmBHAKOCTEH 3BYyKy BuIle 5 K g00pe OmucyroThbes 3 BUKOPHUCTaHHSIM
BiJIOMOTO CIIEKTPY OCHOBHOTO MyJbTHILIETY i0HiB Ho®', mo ¢opMyeThes B3aeMoIieo 3
KPUCTAJIIYHUM TIOJIEM.

BusiBiiena 3Ha4Ha HEBIATBOPIOBAHICTh PE3yJIbTATIB, 1110 BAHUKAE, BIPOT1AHO, Uepe3
3aJIEKHICTh TPAEKTOPIi pyXy AMUPEKTOpa HEeMATOnmoAiOHO1 (ha3u TPy BIUIMBI 30BHIIIHIX
OJIIB BiJl BUMIAJAKOBUX JE(PEKTIB TEPMOIPYKHOTO MOXOIKEHHS.

ITpoBeneHo BHMIpIOBaHHS 3MiH wmBUAKOCTI Mogu C,, Ta BHBYEHO mpouec ii

MOM’SIKIIICHHS B CYOKeJIbBIHOBIHM 00J1acTi TeMIepaTyp.
Kurouosi ciioBa: mynbTu(epoiku, aHTU()EPOMArHETUKH, MATHITONIPYXH1 ePeKTH,
piaKicHO3eMeNnbH1 (GepodopaTH, PiAKICHO3EMENbHI altoM000paTH, MIBUAKICTH 3BYKY,

MOJYJIl PYKHOCTI, I’ €30€JEKTPUYHUMN eEeKT, MarHiTON €30€ICKTPUUHUN e(PEKT.



ABSTRACT

Bilych 1.V. Features of elastic, magnetoelastic and piezoelectric properties of
magnetoelectrics ThFes(BOs)s, HoFe3(BO3)s and HoAlz(BOs)4 at low temperatures.
— Qualification scientific paper, manuscript.

The thesis to obtain a Doctor of Philosophy degree in the speciality 104 “Physics
and astronomy”. — B.1. Verkin Institute for Low Temperature Physics and Engineering of
the National Academy of Sciences of Ukraine, Kharkiv, 2021.

The thesis is devoted to the study of elastic, magnetoelastic, piezoelectric and
magnetopiezoelectric effects in single crystals of rare earth borates TbhFe3(BOs)s,
HoFe3(BOs)4 and HoAl3(BOs), at low temperatures.

The introduction briefly justifies the relevance of the dissertation topic, defines
the purpose and main tasks of the research, objects, subject and research methods. The
scientific novelty and practical value of the obtained results are formulated. The
information about the publications, the personal applicant’s contribution and the
approbation of the results of thesis is given. The information about the structure and
volume of the dissertation is also given.

The first section “Rare borates: structure and properties (Literary review)” is
devoted to the analysis of literature data on the structure and a number of physical
properties of the studied objects. The concept of multiferroics and the magnetoelectric
effect are characterized. The information about the crystal structure of rare-earth borates
RM;3(BOs)s (R-Y, La-Lu, and M- Al, Sc, Cr, Fe, Ga) is given and the magnetic,
magnetoelastic, magnetoelectric and magnetopiezoelectric properties of these
compounds are considered.

The second section “Experimental Technique” describes the method of
simultaneous measurement of relative changes of the velocity and attenuation of sound.
The high-precision method for measuring the absolute values of the sound velocity is
given. The method of the non-resonant acoustoelectric transformation is described in

detail; it is used to the study piezoelectric and magnetopiezoelectric effects in single



crystals. The description of the construction of the cryostat and thermometry, as well as
the procedure of preparation of samples for the acoustic research is given.

The third section “The elastic moduli and the piezoelectric module of
TbFe3(BOs)s, HoFe3(BOz)s and HoAlz(BOs)s” is devoted to the determination of sound
velocities, calculation of the components of the tensor of the elastic modulus and the
piezoelectric tensors for single crystals TbhFe;(BO3)s, HoFe3(BO3)4 and HoAl3(BO3)s.

For the first time, absolute values of the sound velocities in the studied single
crystals are measured with a high accuracy (the error of measurements ~ 1+3 %).

The algorithm for the determination of the main components of the elastic modulus
tensor and the piezoelectric tensor of crystals, which belong to the space group R32, is
given.

The main components of the elastic modulus tensors and the piezoelectric module
of the investigated compounds are calculated.

It is shown that the crystals of rare earth borates are characterized by the increased
rigidity relative to stress-strain deformations in the base plane.

Based on the obtained values of piezoelectric constants, it is concluded that the
intensity of piezoelectric interaction in single crystals TbFe3(BOs)s, HoFe3(BOs)s and
HoAl3(BOs), is quite high, so they can be recommended for practical application.

The fourth section “Elastic and magnetoelastic effects in terbium ferroborate”
presents the results of low-temperature studies of the behavior of elastic and
magnetoelastic characteristics of the terbium ferroborate single crystal near structural and
magnetic phase transformations.

It is shown that the first-order structural phase transition and the transition of the
magnetic subsystem to the antiferromagnetically-ordered state are manifested in the
temperature behavior of the sound velocities and attenuation.

Significant anomalies in the magnetic field dependence of the transverse sound
velocities accompanying the reorientation phase transition induced by an external
magnetic field directed along the trigonal axis of symmetry (the direction of the “easy

axis™) are revealed.



The range of deviation angles between the axis of the easy magnetization and the
external magnetic field ¢ < @ =~ 15 is determined; in that range the overturning (spin-
flop) of the sublattices of the uniaxial antiferromagnet occurs as the first-order phase
transition.

The domain structure of terbium ferroborate that exists in the intermediate
magnetic state is probably manifested in the phenomenon of hysteresis, which is observed
in the behavior of the sound velocity and attenuation near the magnetic field-induced
spin-flop transition.

The phenomenological theory is proposed that qualitatively describes the behavior
of elastic modules when the phase transition induced by a magnetic field is realized in a
compound.

The fifth  section  *“Magnetocapacitance, = magnetoelasticity, and
magnetopiezoelectric effect in HoFes(BOz)4” presents the results of experimental
studies of magnetoelastic, magnetodielectric and magnetopiezoelectric effects in
holmium ferroborate.

The magnetopiezoelectric effect is detected in a single crystal of holmium
ferroborate. The spin-dependent contributions to the sound velocity, dielectric
permittivity and piezoelectric response in the antiferromagnetic state are studied.

The parameters of magnetoelectric and magnetoelastic couplings in the easy-plane
magnetically ordered phase are determined. It is established that the constant of
magnetoelastic interaction at T ~ 15-20 K changes its sign, probably leading to the onset
of a helicoidal type of magnetic ordering.

A phenomenological interpretation of the observed effects is proposed.

The sixth section “Elastic, magnetoelastic, magnetopiezoelectric, and
magnetodielectric characteristics of HoAl3(BOs)4” presents the results of experimental
studies of elastic, magnetoelastic, magnetodielectric and magnetopezoelectric
characteristics of holmium alumoborate.

A giant renormalization of the piezoelectric effect in paramagnets is detected; it is

caused by the development of a nematic-like paramagnetic phase in the sample.



It is shown that temperature dependences of the permittivity, piezoelectric response
and sound velocities above 5 K are well described using the known holmium ion’s main
multiplet spectrum, formed by the interaction with the crystal field.

A significant variability of the results is detected, which appears, probably, due to
the fact that, the motion trajectory of the director of the nematic-like phase under the
action of external fields depends on random defects of a thermoelastic origin.

Changes in the C44 mode are measured and softening is studied in the sub-Kelvin
temperature range.

Keywords: multiferroics, antiferromagnets, magnetoelastic effects, rare earth
ferroborates, rare earth alumoborates, sound velocity, elastic modulus, piezoelectric

effect, magnetopiezoelectric effect.
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