PEJAKCAIIMNOHHLIE ABJIEHUA
B TBEPADBIX TEJIAX

MATEPHAIJIbI XXIV MEXIYHAPOJJHOM KOH®EPEHIIUU
(r. Boponex, 24-27 centsi6ps 2019 1.)

VORONEZH'2019

N\

RPS-24

Boponex 2019



MUHHUCTEPCTBO HAVKH U BBICIIIET'O OBPA3OBAHU S POCCUCKOM ®EJIEPALIAN

OEJIEPAJIBHOE I'OCY JAPCTBEHHOE BYOJDKETHOE OBPA30OBATEJIBHOE
YUYPEX/IEHUE BbICIIEI'O OBPASOBAHUA
«BOPOHEXCKUU I'OCYJAPCTBEHHBIN TEXHUYECKNN YHUBEPCUTET»

PEJIAKCAIIMOHHBIE ABJIEHUSA
B TBEPJIbIX TEJIAX

MATEPHAJIbI XXIV MEXYHAPOJIHOM KOH®EPEHIIMU

(r. Boponex, 24-27 centsops 2019 r.)

Boponex 2019



Y]IK 539.389(06)
BbK 22.37s14
P368
PenakcanmoHHble SIBJ€HHS B TBEPAbIX Tejaax: Matepranbl XXIV mexayHapoaHoM
P368  xondepenuuu (r. Boponex, 24-27 centsiops 2019 r.); ®I'BOY BO «BopoHexckuii rocy-
JAPCTBEHHBIN TEXHUYECKUN yHUBEPCUTET». - Boponex: U3n-so BI'TY, 2019. 220 c.

ISBN 978-5-7731-0795-8

COOpHUK COIEPXKUT PE3ybTaThbl HKCIEPUMEHTANBHBIX M TEOPETHUYECKUX HCCIEIOBAaHUM, BbI-
MOJTHEHHBIX BBICHIMMH Y4€OHBIMU 3aBEJICHUSIMHU, HAYYHO-UCCIIEI0BATEIbCKUMU WHCTUTYTaMH, 3aBOJI-
CKHMHU JIa0OpaTOPHUSMH U APYTUMU opranusauusmu Poccuiickoii @enepanyu u Ipyrux CTpaH B o01acTu
peraKkcaldOHHBIX SIBJIEHUN B TBEMIPBIX TENAX.

COopHuUK mpeaHa3HaueH g paOOTHUKOB HAYYHBIX YUPEKICHHI M BBICHIMX Y4e€OHBIX 3aBefe-
HU, 3aBOJICKUX MH)XEHEPOB-MaTEPHUAIOBEIOB, (PU3NKOB, a TaKXkKe I BCEX, KTO 3aHMMaeTcs (pru3nkoit
KOHJIEHCHPOBAHHOTO COCTOSIHUSA. Taxke OH OyJeT MoJe3eH I aCIUPAHTOB U CTYIEHTOB COOTBETCTBY-
IOLUX CHENUAIBHOCTEH.

Pe):[aKIII/IOHHa}I KOJIJICTUA:

Kopotkos JI.H. - I-p $u3.-MaT. HAayK, MPOd. - OTBETCTBEHHBIN PEIAKTOP
BopoHexckuil rocyjapCTBEHHBIM TEXHUYECKUN YHUBEPCUTET;
Kanunun 10.E. - I-p ¢u3.-MaT. HayK, MPOd. — 3aM. OTBETCTBEHHOT'O PEeIaKTOpa
BopoHexckuil rocyjapCTBEHHBIM TEXHUYECKUN YHUBEPCUTET;
XKunosa O.B. - KaHJ. pu3.-MaT. HayK, M.H.C. — OTBETCTBEHHBI! CEKpeTapb
Boponexckuii rocyapcTBEHHbI TEXHUUECKUN YHUBEPCUTET;
I'punnes C.A. - I-p ¢u3.-mat. HayK, Ipod.
BopoHexckuil rocyjapCTBEHHBIM TEXHUYECKUN YHUBEPCUTET;
NBanos O.H. - I-p Gu3.-mat. HayK, Ipod.
benropoackuii rocy1apCTBEHHBIN YHUBEPCUTET;
Cunopkun A.C. - I-p pu3.-MaT. HayK, Ipod.
Boponexckuii rocyaapCTBEHHbI YHUBEPCUTET;
Crorneit O.B. - I-p pu3.-MaT. HayK, Tpod.

Boponexckuii rocyaapCTBEHHBIA TEXHUUECKUN YHUBEPCUTET

YK 539.389(06)
BBK 22.37s4
Tleuamaemcs no peweruro Hay4Ho-MexXHULecKo2o co8ema
BopoHneaicckozo 20cyoapcmeenHo2o mexHuuecko2o yHugepcumema
ISBN 978-5-7731-0795-8 © ®I'bOY BO «Boponexckuii

rOCYIapCTBEHHBIN TEXHUYECKUM
yHHBepcuTeT», 2019



Conepxanue

BBEEHME. .........oo oottt e,
TJIEHAPHBIE JOKJATIBL. .....coooiiiiiiee e,

Topolov V.Yu.

STRESS-RELIEF CONCEPTS AND HETEROPHASE STRUCTURES IN PEROVSKITE-
TYPE FERROELECTRIC SOLID SOLUTIONS......coutiiiiiitie ettt
Bacun A.A., Boaxos A.A.

PEJIAKCALIMOHHBIE CBOMCTBA BOJDBI ML JIBIIA ...,
E¢gumos H.H.

MEJUIEHHASI MATHUTHA S PEJIAKCALMSI KOMIUIEKCHBIX COEJIMHEHUI
JTAHTAHIJIOB. ..o e e
Lushnikov S.G., Fedoseev A.l. and Kojima Seiji

ACOUSTIC PHONON AND RELAXATION DYNAMICS OF PbMg,;Nb,;;0; UNDER AP-
PLIED ELECTRIC FIELD. . ...ttt e e e e e,
Kosaneuxo O.B., Bacunves C.B., Tkau B.J.

KOPPEJIALMA MEXTY ITPEASKCITOHEHIITMAJIBHBIMU MHOXUWTEJISIMUA 1
OHEPT'MAMU AKTUBALIMU, KAK UTHIMKATOP MEXAHU3MA JUODY3UMN...............
Mitrofanov Yu.P., Kobelev N.P., Khonik V.A.

RELAXATION OF THE SHEAR ELASTICITY AS AN INTEGRAL INDICATOR OF RE-

LAXATION PHENOMENA IN METALLIC GLASSES. .. ..o,

Hlanumos IO.H.

TEIUIOOU3NYECKUE ABJIEHMA B SJIEKTPOXUMHWYECKUX CUCTEMAX..............

Llyp B.A., Axmamxanoe A.P. , Ecun A.A. , Yyeaxosa M.A.
TOITIOJIOTUYECKAS HECTABMJIBHOCTDb ®OPMbI JIOMEHOB B CETHETOJJIEK-

TPUKAX, BEI3BBAHHA A 3AITA3AbIBAHUEM OKPAHUPOBAHUA............coooeiinnt.

Ionomapenxo A.T., Lllesuenxo B.I.

PEJIAKCAIIMOHHBIE ITPOLECCEHI ITP1 TEITJIOBOM BOCIINTAMEHEHHWHM B PEAK-
TOPE ITPOTOUHOI'O THITA . ..ot e e e e
Leszek B. Magalas

HIGH-RESOLUTION MECHANICAL SPECTROSCOPY, HRMS: RECENT PROGRESS

AND NOVEL SOLUTIONS. .. .ot e

CEKIUOHHBIE 3ACEJAHMSL........ooooii oo,

I. BOITIPOCHI TEOPUH PEJTAKCAIIMOHHBIX ABJIEHUM. .................................

Maksimov A.V., Maksimova O.G.
KINETICS OF ORIENTATION AND ABSORPTION PROCESSES IN POLYMER SYS-

TEMS ON SUBSTRATES. ... e

Tlomepanyes FO.A.

PACCEAHUE 2JIEKTPOHOB U JIBIPOK I''TYBOKWMU ITPUMECSMMU B ITOJIYIIPO-
BOAHUKOBBIX TETEPOCTPYKTYPAX C KBAHTOBBIMU SAMAMMU...........c.cene
Nechaev V.N., Shuba A.V.

ABOUT THE RELAXATION SPECTRUM OF THIN FERROELECTRIC FILM IN A

PHASE TRANSITION POINT ... e

Nechaev V.N., Shuba A.V.
INFLUENCE OF EXTERNAL ELECTRIC FIELD ON PHASE TRANSITIONS IN THE
RESTRICTED FERROELECTRICS............

Palacheva V.V., Mohamed A.K., Mansouri Y., Cifre J., Mari D., Bobrikov L. A.,

Balagurov A.M., Golovin L.S.
MECHANICAL SPECTROSCOPY AS AN IN SITU TOOL TO STUDY FIRST AND SEC-
OND ORDER TRANSITIONS IN Fe-Ga ALLOYS AT ELEVATED TEMPERA-

Jlyeosas M.A., llleeyosa H.A., Pesnuuenxo A.H., Izbz6;meu AH. .
OBIIME COOTHOWIEHWS MEXOY VIIPYTI'OU JUCITEPCUEU U 3ATYXAHUWEM B
JUCCHUITATUBHBIX CPEIAX ... .ottt

Kynvkoe B.I'., Coiwyuxos A.A. .
BKIJIAJI BEPHOI'PAHMYHBIX ITOP B BBICOKOTEMITIEPATYPHBIM ®OH BHYTPEH-

HEI'O TPEHMA B METAJIJTAX C YJIBTPAMEJIKHUM 3EPHOM.......cocciiiiiiiiiiiiiiccene

3

11
12

12

13

15

16

17

19

20

21

23

24
26
26

26

27

29

30

32

33

35



Envnukosa JI.B.

MOJIEJIb CV- HIPUDDEPA-XUTEPA U AHAJIN3 TOIIOJIOT MUECKUX COCTOSIHUN
B JIMOTPOITHBIX CUCTEMAX C JIMCCUITALIEM. ...
Heoicun B.B.

O PAIMALTMOHHOM 3ATYXAHWU U3TMBHBIX KOJIEBAHUI IMCJIOKALIUU B
JAUCCHUITATUBHOM KPUCTAJIIIE. ... e e e e e
bonoapes A.B., bamapornos U.J1., lawyesa U.M.

KOMIIBIOTEPHOE MOJIEJIMPOBAHWE MATHUTHBIX ®A30BbBIX ITEPEXO/IOB B
AMOP®HBIX CITNTABAX HA OCHOBE PEJIKO3EMEJIbHBIX METAJIJIOB................
II. MEXAHUYECKAS PEJAKCAIIMSIL. . ... e,
Mumpoganos FO.I1., I'onuaposa E.B., Zhou H., Wilde G., Xonux B.A.

PEJIAKCALA MOAVYJIA CABUT'A B METAJIJIMUECKOM CTEKIJIE Pd4NigyP, I1O-
CJIE INIACTUYECKOU JE®OPMALIMU KPYUEHUEM I10J] JABJIEHUEM................
Hlanumos FO.H., Kyopsuu B.U., lllarumos /[.JI.

BHYTPEHHEE TPEHUME B CTPYKTVYPAX DJIEKTPOJIUTUYECKOI'O XPOMA............
Mohamed A.K., Zadorozhnyy M.Yu., Saveliev D.V., Chudakov 1L.B., Golovin LS.

FORMATION OF THE ENHANCED DAMPING STATE IN HIGH-PURITY COLD-
ROLLED Fe-18CT ALL DY ..ottt e e e
Mohamed A.K., Palacheva V.V., Cheverikin V.V., Pozdnyakov A.V., Balagurov A.M.,

Bobrikov LA., Gasser J.- G., Tabary P., Mounier T., Golovin LS.

STUDY OF STRUCTURE, PHASE TRANSITIONS AND ANELASTIC EFFECTS IN Fe-x
at.90Ga ALLOY S (X725, 27, 33 ittt it e e
Kanunun FO.E., Kapaesa O.A., Kyopun A.M., Osdax O.B., Kawupun M.A.
BBICOKOTEMIIEPATYPHOE BHYTPEHHEE TPEHUE CTEKJIOVYTJIEITJIACTHUKOB C
MATPULIET T-107 oo,
Konuaxos P.A., Makapog A.C., Mumpogaros IO.11., Xonuk B.A., Kobenes H.11.

O [TPUPOJJE BBLICOKOUYACTOTHOI'O BHYTPEHHEI'O TPEHHW S B METAJIJIMYE-
CKIUIX G E KT LA X . ..ottt e e e e,
Liying Sun, Islamov A.Kh., Weimin Guo, Cifre J., Zadorozhnyy M.Y., Golovin LS.

EFFECT OF SPINODAL DECOMPOSITION ON REVERSIBLE MARTENSITIC TRANS-
FORMATION IN Mn-15Cu AND Mn-12Cu-3Cr ALLOYS. ..o
Liying Sun, Cheng W.C., Balagurov A.M., Bobrikov LA., Cifre J., Chudakov 1.B., Cheverikin
V.V., Zadorozhnyy M.Y., Golovin LS.

STUDY OF MARTENSITIC TRANSITION IN Fe-Mn BASED ALLOYS........cviiiiveineenn.
Jlumanosckuii A.U., Caanun B.H., Txauenxo B.M., [{eemxos T.B., Ceupudosa E.A.,
Hapgenuii B.U., Bacunves C.B., Tepexos C.B., Txau B.H.

CTPYKTYPA U MEXAHUYECKUE CBOMCTBA OBPA3LIOB 13 BLICTPOOXJIA-
JKJEHHBIX CIIJIABOB HA OCHOBE Al, KOHCOJIMAMPOBAHHBIX METOJO0OM
KPYUEHMUA ITOJ BBICOKUM JJABJIEHUEM ... i
Bacunves C.B., Hapgenuti B.U., Ceupuoosa E.A., Txau B.H.

BJIMSIHUE COCTABA HA HECTALIMOHAPHbBIN XAPAKTEP 3APOXX/IEHU S KPH-
CTAJIJIOB B METAJUIMYECKUX CTEKIIAX ...ttt
HI. IUJTEKTPUYECKAS PEJJAKCAILIMAS. ...,
Baruzdina O. S., Maksimova O. G., Maksimov A. V.

SIMULATION OF THE SWITCHING IN THIN FERROELECTRIC FILMS.......cccccccovvnnn....
Tpucopsn I'.C., Conooyxa A.M.

OCOBEHHOCTU JUAJIEKTPUYECKON PEJIAKCALIMU HA TPAHULIAX 3EPEH KE-
PAMUYECKOI'O CETHETODJIEKTPUKA-TIOJYIIPOBOAHUKA. ...,
Burkhanov A.I., Al Walo Walo, Mednikov S.V., Ponomarev A.S.

PHOTOCHROMIC EFFECT IN THE PZT FERROELECTRIC CERAMICS.............ccccee.e.
Milinskiy A. Yu., Baryshnikov S. V., Charnaya E. V., Egorova l. V.

CONDITIONS OF THE FERROELECTRIC PHASE FORMATION IN DIISOPROP-
YLAMMONIUM IODIDE. .. ... i e e,
Mununcxuii A. FO., bapvuunuxos C. B., Yapnas E. B., Eeoposa U. B.

JUPJIEKTPUYECKUE CBOMCTBA CETHETODJIEKTPUYECKX HAHOKOMIIO3U-
TOB CﬁH]ﬁNBI‘/AlQO3 ........................................................................................

36

37

39
40

40

41

43

44

46

47

49

50

52

54

56

56

56

58

59

61



Stukova E.V., Koroleva E.Yu., Baryshnikov S.V., Sakhnenko A.V.

DIELECTRIC AND CALORIMETRIC STUDIES OF FERROELECTRIC COMPOSITIONS
((:61‘1161\1131')1_)(/(Bo':lTiO3)X .....................................................................................
Aboyneaxudos b.K., Caovikos C.A., Cupoma M.A., Imumpenxo U.Il., Conoamos A.B.,
Ab6oyneaxuoos K.I'., Byonuxk A.IL, Ilnaxa I1.C.

®U3NYECKUE CBOMCTBA TBEPIBIX PACTBOPOB PbMnsNbysO5..vnevveeeeeeean.
Aboyneaxuoos K.I'., Cupoma M.A.

VIIPABJIEHUE ®U3NYECKUMU CBOMCTBAMU CETHETO-2JIEKTPUKOB MEXA-
HUYECKUM CHJIOBBIM BO3JIEMCTBUEM. ... ..ouieieie e
bypyes A.B., Ileovro B.b.

CIIEKTPAJIbHBIN AHAJIN3 UMITYJIbCHBIX ITPOLIECCOB ITEPEKJIIOUYEHUS B
KPUCTAJIJIAX CETHETOSJIEKTPUKA-PEJTAKCOPA SBN....ooiiiiiiiiiiiieees
Nechaev V. N., Viskovatykh A. V.

DOMAIN STRUCTURE IN NANOSCALE FERROELASTICS.......cooiiiiii i
Nechaev V. N., Viskovatykh A. V.

INHOMOGENEOUS POLARIZATION FLUCTUATIONS AND RELAXATION OF THE
POLARIZATION OF THE FERROELECTRIC INCLUSIONS IN NANOCOMPOSITE
FERROELECTRIC-DIELECTRIC. ...ttt e
Gorbatenko V. V., Prasolov B. N., Gorbatenko S. A., Datsenko N. V.

THE RELIEF SHAPE CHANGING OF THE CRYSTAL Rb,ZnCl, ELECTRICAL ENERGY
DEPENDENCE FROM POLARIZATION IN THE DOMAIN STRUCTURE FREEZING
TEMPERATURE VICINITY (T*2150 K)...voiiiniii e e
Gorbatenko V. V., Prasolov B. N., Gorbatenko S. A., Datsenko N. V.

THE CRYSTAL Rb,ZnCl, ELECTRIC ENERGY TEMPORAL EVOLUTION AS A FUNC-
TION OF POLARIZATION IN THE FERROELECTRIC PHASE NEAR THE CURIE

Burkhanov A. L., Dikov R. V., Bormanis K.

REVERSIBLE CHARACTERISTICS OF DIELECTRIC PROPERTIES IN MODIFIED
FERROELECTRIC Ba0,95Pb0,05TiO3 CERAMICS . ... s
Golitsyna O.M., Drozhdin S.N., Lesnikova V.O.

RELAXATION OF NONEQUILIBRIUM DOMAIN STRUCTURE OF TRIGLYCINE SUL-
FATE NEAR THE CURIE POINT . ... e e,
Golitsyna O.M., Drozhdin S.N., Lun A.Yu.

EFFECT OF STATIC MAGNETIC FIELD ON THE DIELECTRIC AND FERROELECTRIC
PARAMETERS OF TRIGLYCINE SULFATE CRYS-TAL......ccoiiiiiii i
Ilviboe B.A., Cepuxos /.B., benonoeos E.K.

CHHTE3 TEKCTYPUPOBAHHBIX IIJTEHOK LiNbOs......ccuiuiiiiiiieiie e,
I'puones C.A., Kobaxos U.FO.

SJIEKTPOOUZUNYECKUE CBOMCTBA EECCBHHHOBOﬁ CETHETOKEPAMUKHA
B1N1067Sb03303
Kopomxkoe JLH., quapoe A H Haﬂkoea M A T oncmulx H A AJlb ,Hofcaaqbapu dD ,ZZ
PEJTAKCOPHOE INOBEJJEHUE HAHOKPUCTAJIJIMYECKOI'O SrTiO;... s
Kopomxkos JL.H., Kopomkosa T.H.

PETAPJALIMS HOJISIPUBALIMN B CETHETODJIEKTPUUECKOI ®A3E JUTUJIPO-
DOCDATA KAJIHA..

Jlebeoes A. M.

SK30TUYECKUE CTPYKTYPA U DJIEKTPOHHBIE CBOMCTBA

BAKAHCHUU TUTAHA B HAHOITJTACTUHKAX TiOg. ..o,
Jlebeounckas A.P.

CTPYKTYPHBIE UCCJIEJOBAHUSI HAHOPA3MEPHBIX OCOBEHHOCTEN HU3KO-
TEMIIEPATYPHOI ®A3bI B MATHOHUOBATE CBUHLIA..........eieeeeeeeeeeeeeeeeen
Jlyeosas M.A., Illemposa E.U., [lleeyosa H.A., Pvibsiney A.H.

[TPUMEHEHUE METOJIA UMIIEJJAHCHOM CIIEKTPOCKOITNH JIJ11 UCCJIEJJOBA-
HUA PEJTAKCALIMOHHBIX ITPOIIECCOB B CEI'THETOIIBE3SOKEPAMUKAX..............
Marakhovskiy M.A., Panich A.A., Marakhovskiy B.A.

EFFECT OF SINTERING METHODS ON THE FUNCTIONAL CHARAC-TERISTICS OF
THE FERROELECTRIC PIEZOCERAMIC MATERIAL OF THE PZT SYSTEM...............

5

63

64

65

66

67

69

71

72

74

75

77

78

79

80

82

&3

&5

86

88



Munosuoosa C.J[., Poeasunckas O.B., Japunckuit b.M., Huuyeoeckas E.C.

PEJIAKCALIMS JUAJIEKTPUYECKNX CBOMCTB HAHOIIOPUCTOI'O JUOKCUIA
KPEMHISL. ... e e e e s
Munosuoosa C. /1., Pocasunckas O.B., /lapunckuii 5.M.

BJIMSHUE N30ITPOITAHOJIA HA PEJTAKCALIMIO YHUITOJIAIPHOI'O COCTOSAHM S
KPUCTAJUIA TTC.. . .
Kubrin S.P., Raevski I P eruschenko M D Blkyashev E A Malltskaya M A Zakharchenko
LN., Raevskaya S.1., Titov V.V., Jian Zhuang

STUDIES OF THE ION SUBSTITUTION EFFECT ON THE MAGNETIC PHASE TRAN-
SITION TEMPERATURE OF BiFeO;.ATiO; (A=Pb, Sr) SOLID SOLUTION MULTIFER-

Mopcarxos UM., Coanviuuxun A.B., Heanos A., Beros A.H.

®OTOANAJIEKTPUYECKUN DODEKT B INIEHKAX CETHETODJIEKTPUKA -
TTOJIYITIPOBOIHUKA SnoPoSq. .. e e e e
Cuoopkun A.C., Gagou Y., Saint-Gregoire P., Hecmepenxo JIIL, Ilonpasxo H.I",

Tlaxomos A.IO.

CBOICTBA CJIOUCTBIX [TIEPOBCKUTOIIOJOBHBIX CTPYKTYP HA OCHOBE TU-
TAHATA BAPUI.. .
Petrov V.V., Polyakov V V Varzarev Y u. N Rozhko A A Kamentsev A S

RELAXATION OF THE STRUCTURE OF THIN PZT FILMS DURING RAPID THERMAL
ANNEALING . ... e e e
Illemposa E.U., Jlyeosas M.A., [l[epounun C.A., Poibsiney A.H.

VIIPYTUE AHOMAJIMHU B OBJIACTU PASMBITOI'O ®A30BOI'O IIEPEXO/IA B PE-
JIAKCOPHOM CETHTOIIBE3OKEPAMUEKE LITCIL. .. ceueieeie e,
Tpuones C.A., I[lonos U.U.

TIAJIEKTPUYECKUE CBOMCTBA CETHETORJIEKTPUYECKON KEPAMUKU
Bao,gsro,zTiO3 ...........................................................................................................................
Kanmenos E.JO., Cenxesuu C.B., Ilponun U.11., Bonvnsc B.A., Kozapes A.b.
BAPBHMPOBAHUWE COCTABA TOHKUX CETHETODJIEKTPMYECKUX ITJIEHOK, ITO-
JIYYEHHBIX METOJ1OM BbICOKOYACTOTHOI'O PACIIBIJIEHUA: SKCIIEPUMEHT
N MOJEJIMPOBAHUE. ... e e
Raevski I.P., Kubrin S.P., Shuvaeva V.A., Raevskaya S.1., Malitskaya M.A.,

ITorshin V.A., Zakharchenko LN., Titov V.V., Dellis J.-L., Li G. R.

EVOLUTION OF DIELECTRIC PROPERTIES IN THE (1-x)NaNbOj; - xGd,3sNbO; SOLID
SOLUTION S Y ST EM . ..ottt e,
Llseyosa H.A., I[lemposa E.U., Maxapwves J[. 1., Poibsiney A.H.

AKYCTHUYECKA CITEKTPOCKOIIMA KEPAMOMATPHUYHBLIX ITbE3OKOMIIO3U-
Pe3Huqu1<o A H ll[ep6uHuH C A ereuoe H A Pbl6ﬂHeL; A H

METO/] DJIEKTPOMEXAHUYECKOU XAPAKTEPU3ALINU CETHETO- U ITE30-
OJIEKTPUUECKUX MATEPUATIOB. ...t e e,
Cenxesuu C.B., Kucenes /].A., Kanmenos E.IO., Ilponun U.11.

MUKPOCTPYKTYPA U I[TbE3ORJIEKTPUUECKUE CBOMCTBA ITEPOBCKUTOBBIX
OCTPOBKOB B TOHKUX ITJIEHKAX PZT ...t e,
Usanos B.B., ['onybesa E.H., Cepeeesa O.H., Hexpacosa I'M., [Iponun U.11., Kucenes /. A.
KBA3UCTALIMOHAPHBIE ITPOLECCHI JINDJIEKTPUYECKOM PEJIAKCALIUU B
TOHKUX IINIEHKAX LITC. ..o e e e e e e
Cepuxos /1.B., [{vibos B.A.

CTPYKTYPA IUIEHOK Li-Nb-O I[TOCJIE TEPMUYECKOI'O OTKUT'A UJIU UMITYJIb-
CHOM ®OTOHHOM OBPABOTKH. ........uuiiiiiiee e,
Cupoma M.A., Bumuenxo M.A., Mapoacosa U.B., A60yneaxuoos K.I'., byonuk A.1l., [lnaxa
11.C., Hazapenko A.H., Conoamos A.B., Yepracosa C.B.

MEXAHOAKTI/IBAL[I/IH U ®U3NYECKUE CBOMCTBA AHTUCETHETODJIEKTPUKA
ll[eeuoe H A ﬂyeoeaﬂ M A ll[@euoea H A Pbl6}ZHeL; A H

VIIPYT'UE ITIOTEPU U I[I/ICHEPCI/IH B HOPI/ICTOI/I CET'HETOIIBESOKEPAMUKE......

&9

90

92

93

95

96

98

99

100

102

103

105

106

108

110

111

112



Ckpoinés A.B., Axbaesa I'M., Bypxanoe A.U., Conum A.B.

[TPOLIECCHI PEJIAKCALIMH TOJISIPUBALIMY B MHOT'OKOMITOHETHOM CETHE-
TOITBEBOKEPAMMKE B IIIUPOKOM OBJIACTU TEMIIEPATYP.. ... eeeeeeeeeeeeeeeeeeeeen
Llseyosa H.A., Maxapves /[.HU., [lempoesa E.U., Poibsiney A.H.

YACTOTHBIE 3ABUCUMOCTHU KOMIUIEKCHBIX KOHCTAHT BECCBUHLIOBOI
CETHETOIIBE3OKEPAMUIKI. ......ootiiiiii e e
Connvruxun A.B., Jlu U.JI., Mopcarxose U.M., Cenvrosckuii A./]., benoe A.H.
PEJIAKCALIMOHHBIE ABJIEHUWA ITPU JUHAMWYECKOM ITMPORJIEKTPUYECKOM
DODEKTE B CETHETOQJIEKTPUUECKUX ITNIEHKAX . ...ooiii e
Cmexnenesa JI.C., Kopomkos JI.H., Pvicaxesuu-Ilacex E.

JAUDJIEKTPUYECKAS PEJJAKCALIMA B HAHOKOMITIO3UTE Rb,ZnCl, — SiO,................
Tananose M.B., byw A.A., Kamenyes K.E., Heanos C.A.

JAUDJIEKTPUYECKAS PEJTAKCALIMA B MOHOKPUCTAJIJIAX BisTi;0q. v,
Fedoseev A.l., Lushnikov S.G., Zalesskii V.G., Katyiar R.S., Ko J.-H.

THE STUDY OF PHONON DYNAMICS IN RELAXOR FERROELEC-TRIC PbNi,;Nb,;305
Tpuones C.A., Xaxnenxos M.B., Toncmuvix H.A.

POJIb CETHETODJIEKTPUUYECKOI'O PEJIAKCOPA 0,89PMN-0,11PZT B MAT'HUTO-
DJIEKTPUYECKOM OTKJIMKE KOMITIO3UTA «PEJTAKCOP-®EPPUT»........oovvvnnnnn...
Llseyos U.A., Maxapwes /. U., [llgeyosa H.A., Poibosiney A.H.

VJIbTPA3BYKOBBIE METO/1bl UCCJIEJJOBAHU S PEJIAKCALIMOHHBIX SIBJIEHUN
B JUCCHUITATHUBHBIX CPEJJAX... . .
Hluxosa B.A., ®edoposvix B.B., qe32aH06 ,H C Bﬂacog E O 3eﬂeH0601<uu 17 C F pemnﬂxoe
E.JI., Heboeamuxos M.C., Lllyp B.A., Henesa JI.U.

JIOKAJILHOE IEPEKJIFOYEHUE ITOJISPUZALIMU 101 JEVICTBUEM OBJIVUEHUSI
OJIEKTPOHHBIM 1 MOHHBLIM ITYYKOM B MOHOKPHUCTAJIJTAX HUOBATA BAPUSI-
CTPOHLIIIA . ... e e e e e e e,
Lnatiowmerin U.B.

CPABHUTEJILHOE UCCJIEJOBAHME JUDJIEKTPUYECKON PEJIAKCALIMU
MOHOKPHUCTAJIJIOB PIN-PMN-PT METOZIAMU JINAJIEKTPUUECKOI CIIEKTPO-
CKOIIMHN U TEIUIOBBIX IIIYMOBL. . . ..o e e e,
IV.MATHUTHAS PEJAKCAIMS. ... el
Morgunov R.B., Bezverhnii A.1., Koplak O.V.

OSCILLATORY DYNAMICS OF MAGNETIC RELAXATION IN Pt/Co/Ir/Co/Pt SYN-
THETIC ANTIFERROMAGNET ...t e e
bezgepxnuii A.U., Tananyes A./]., Mopaynos P.b.

HEMOHOTOHHA S ITOJIEBA I 3ABUCMMOCTH CKOPOCTU JOMEHHOM CTEHKU
KAK CJIEJICTBUE B3AUMO/IEMCTBUS 3APOJIBIILIENT HAMATHUYEHHOCTU
PA3HOI'O 3BHAKA B CUHTETUYECKUX ®EPPUMATHETUKAX C IIEPIIEH/JUKY -
JISPHO MATHUTHOM AHU3OTPOITUEI Pt/CO/It/CO/Pt ...
Ivanov O.N., Zakhvalonskii V.S., Nikulicheva T.B., Yaprintsev M.N.

FEATURES IN TRANSVERSE ELECTRICAL RESISTIVITY OF MAGNETIC ZnMn,As,
SEMICONDUCTOR AT THANSITION INTO SPIN-GLASS-LIKE STATE.....................
Mopo3zosa H.B., Koxopun B.U., Moposoe U.JI., ['aspuniox A.A.

JTUHAMUNYECKUE MATHUTHBIE CBOMCTBA BbICTPO3AKAJIEHHBIX JIEHT
Fe73C012B15 n F681,5B13,5813C2 ...................................................................................
Cemenosa E.M., Jlaxosa M.B., Kapnenkxos A.FO., Cunkesuy A.U., [lacmywenkog FO.I.
TPAHC®OPMAILIUS JIOMEHHOM CTPYKTYPbBI, COOTBETCTBYIOIIA S PEJIAKCA-
IIMOHHBLIM ITPOLIECCAM HA ITOBEPXHOCTHU ®EPPOMATHETHUKA.....................
Lebedev A.L, Sluchinskaya L.A.

OPTICAL PROPERTIES AND ELECTRONIC STRUCTURE OF TiO, NANOSHEETS
DOPED WITH 3d ELEMEN TS .. e e,
Yavar Mansouri, Palacheva V.V., Koshmin A., Golovin L.S.

EFFECT OF THERMOMECHANICAL TREATMENT ON MICROSTRUCTURAL AND
MAGNETOSTRICTION PROPERTIES OF TERNARY Fe-Ga-NbC ALLOY....................

114

115

117

119

120

122

124

125

126

128
129

129

130

132

133

135

136

138



Komoe JI.H., Jlacéx M.11., Typkos B.K., Xononos /{.M., Vlasov V.S., Kanunun FO.E.,
Cumnuxos A.B.

MATHUTHAS PEJIAKCALIMS B KOMITIO3UTHBIX IJIEHKAX: METAJI — JUDJIEK-
TPUK/YTTIEPOL. ...t e e e e e,
Zhilova O.V., Sitnikov A.V., Babkina 1.V., Pankov S.Yu., Antsev A.P.

ELECTRICAL AND MAGNETORESISTANCE PROPERTIES OF MULTILAYER FILMS
BASED COMPOSITE-SEMICONDUCTOR.......c..oiiit i e e
V. PEJJAKCAIIMS B HAHOCHUCTEMAX . ... ..o,
Apanoe M. H., Bapabanos B.®., Ilodsarvnuwiit C.JI., Kenun C.JI.

PEJIAKCALIMS MYJIbTUCJIOMHOI'O TBEPJOI'O TEJIA U KOMIIOHOBKA EI'O

o P Y KT Y Pl .o e e e et
babrxuna U.B., Kawupun M. A., Cumnuxos A.B., Borouaee M.H., Yexonaockux M.B.
BJIMAHUE TEPMOOBPABOTKI HA CTABMJIBHOCTh HAHOPA3MEPHbBIX MHOI O-
CJIOMHBIX CTPYKTYP KOMIIO3UT — ITOJIYIIPOBOIHUK . ..o,
Bonouaese M.H., Mackoe B.I'., )Kucanos B.C., bvikosa JLE.

TOHKUE HAHOT'PAHYJIMPOBAHHBIE MATHUTHBIE TUIEHKN HA OCHOBE OK-
CUIHBIX U HUTPUIHBIX MATPHLL, [TOJIYYEHHBIE METOJIOM IJIAHAPHOI
METAJIIOTEPMUI. . ... e
Kabupos FI0.B., Cuoopenxo E.H., I[Ipyyaxosa H.B., Yebanosa E.B.

HECOBCTBEHHDBIE IIbE3OPE3UCTUBHBIE 1 MATHUTOPE3UCTUBHBIE DOPEKTHI
B ITOJIMMEPHBIX KOMITO3UTAX HA OCHOBE Lay7Sro3MnOs.....eeeeeeieieceeeeecieeeeeeneeenn
Koplak O.V., Morgunov R.B., Hehn M., Vallobra P., Mangin S.

AFTER-EFFECT OF FEMTOSECOND LASER IRRADIATION IN Ta/Pt/GdFeCo/IrMn/Pt
HETEROSTRUCTURES. ... e e e,
Komoe JLH., Jlacéx M.I1., YViawes A.M., Kanunun FO.E., Cumnukxos A.B.

BJIMSIHUE CTPYKTYPBI HA BY, CBY [TPOBO/ISIIME CBOMCTBA KOMIIO3MTHBIX
|00 02) & (0) (PP
Maxaeonos B.A., Ilanxos C.IO., [ pebennuros A.A., owun B.A.

BJIMSHHWE TEPMOOBPABOTKHM B BAKYYME HA DJIEKTPOITEPEHOC B TOHKHMX
IINIEHKAX AMOP®HOI'O YI'JIEPOJIA... ..

Maxkapos A.C., Mumpoghanos FO.I1., Konqakoe P A K06eﬂe6 H 17 Csach K

Qiao J.C., Xonuk B.A.

UHTEPIPETALINS UBMEHEHUI TJIOTHOCTHU B XOJIE CTPYKTYPHOM PEJIAK-
CALIMU 1 KPUCTAJUJIN3ALIMU AMOP®HBIX CITJIABOB. ...,
Maxapves J[.U., Jlyeosas M.A., Pe3nuuenko A.H., Poibsaney A.H.

YACTOTHAS 3ABUCUMOCTbD DJIEKTPOMEXAHUYECKNX CBOMCTB [IU®POBbBIX
MATEPHUAJIOB HA OCHOBE CMECEBBIX KOMIIO3UTOB CUCTEMbBI "IIbE3OKE-
PAMUKA-ITOJIUMEP".. .

Pankov S.Yu., Makagonov VA thlova 0 V SztmkovA V Kalmm Yu E

INFLUENCE OF THERMAL TREATMENT ON STRUCTURE AND ELECTRICAL
PROPERTIES MULTILAYERED THIN FILMS BASED ON OXIDE SEMICONDUCTORS.
Nechaev V.N., Shuba A.V.

INFLUENCE OF DISSIPATIVE PROPERTIES ON THE MAGNETOE-LECTRIC COEFFI-
CIENT IN MULTILAYER FILMS . ... e e,
Arosnesa K.C., Cmupnos A.H., Adunu X., Cmoenet O.B.

BJIMAHMWE TEPMHUYECKOI'O BO3ﬂEﬁCTBHH HA CTPYKTYPY U MUKPOTBEP-
JJOCTb HAHOKOMITO3UTHBIX ITOKPBITUM Ni-(A1ZIO).....oeee e e
Caiinynaesa JL.A., I'adxcuanues M.M., Anuberxos A.I"

PEJIAKCAILIMOHHBIE D®®DEKTHI B Cd;As,+44.7 Mm01.% MnAs ITPU BBICOKHX JTAB-
T EH I X oo e e ———
VL PABHOE . ... o
Iepmsaxos /I.C., Pembesa C.HU., Menvwurosa T.1".

BJIMSIHUE PEXXUMA TEPMOOBPABOTKU HA DJIEKTPOOU3INYECKUE CBOMCTBA
TIJIEHOK CuO, IIPUT'OTOBJIEHHBIX 30JIb-TEJIb METOIOM.........ccooiiiiiiiiiiiiaa,
benvix M.A., Pembesa C.H.

BJ'II/I}IHI/IE ITPUMECHU AJIIOMUHN A HA TTPOLIECCHI KPUCTAJIJIM3ALIMU ITJIEHOK
Zn0O..

139

141
143

143

144

145

147

148

150

152

153

155

156

158

159

161
163

163

164



Tonxosuuros B.E., Pembesa C.H.

BJIIMAHUE N3O0TEPMUHWYECKOI'O OTXHWUI'A HA ITAPAMETPBEI METAJIJIOOKCH/I-
HOH IJIEHKU, U3TOTOBJIEHHOM CIPEM-TIMPOJIA3OM. ... ... e,
basvikun B.B., Kanunun IO.E.

BJIMSIHUE TEPMUYECKOM OBPABOTKU HA TEPMODJIEKTPUYECKUE CBOMCTBA
OBBEMHBIX OBPA3LIOB PbTe. ...t e
bamaponos U. JI., Lynun I'. E., Kocmpioxoe C. A., Ilewikos B. B., Ilucapes C. B.
KOHEYHO-3JIEMEHTHBIN AHAJIN3 JUCCUIIATUBHBIX I[TPOLIECCOB B BOJIHO-
BBIX TBEPJOTEJIBHBIX THPOCKOITAX ... .o e e,
Bacun A.A., Boaxos A.A., Boaxos A.A.

TPAHCIIOPTHBIE CBOMCTBA XXUJIKOM BOJIbl B TEPMUHAX NOH-
MOJIEKYIISIPHOM MOIETIHL. ...
Alekperov A.S., Gasanov O.M., Adgezalova Kh.A., Huseynov Dzh.1.

OPTICAL AND ELECTRIC PHENOMENA IN AMORPHIC FILMS OF GeS DOPED REE..
Yaprintsev M.N., Vasil’ev A.E., Ivanov O.N., Zhezhu M. V.

ELECTRICAL RESISTIVITY AND SEEBECK COEFFICIENT OF THE COMPOSITES
CONSISTING OF “Big4Sb; ¢Tes (MATRIX) — SnSe (FILLER)”........ccciviiiiiiiiiieee,
3axeanunckuu B.C., Iumox E.A., Heanuuxun C.B., Kouypa A.B., 30 Xmem Ayne

CBOJICTBA TOHKUX IUIEHOK JIMPAKOBCKOTI'O ITOJIYMETAJUIA Cd;As,.............
3eseunyesa A.B., [llanumos FO.H.

PEJTAKCALIMOHHBIE SIBJIEHUS B DJIEKTPOXUMHWYECKHUX CUCTEMAX...............
3eseunyesa A.B.

MO/IEJIMPOBAHUE BOJIOPOJHOM ITPOHULIAEMOCTU METAJIJIOB C YUETOM
[IOJIE BHYTPEHHUX HAIIPSDKEHWHM PA3JIMYHOM ®U3UYECKON ITPUPO/IBI. ...
Kamanosa H.C., Mameees H H., Escuxosa H.IO., Jlucuyvin B.H.

OCOBEHHOCTMH ITPOLIECCOB PEJIAKCALIMU ITPUPOAHOI'O BUOITOJIMMEPA T1P1
[IEPEIAJIE TEMITEPATYPBI OKPYKAIOILEN CPEIDBL. .....vvveieeeie i,
Kamanosa H.C., Mameees H.H., Escuxosa H.IO., Cagpacosa H.A.

OLIEHKA U3MEHEHNS ITOJISIPU3OBAHHOCTU JIMHEMHOI'O ITMPORJIEKTPUKA B
HEOAHOPOJHOM TEMIIEPATYPHOMIIOJIE. ... ...,
Kamanosa H.C., [locmnuxos B.B., Caywxun B.B.

MOJIEJIMPOBAHME PEJIAKCALIMOHHBIX ITPOLIECCOB B ITOPAX ITPMPOJHOM
I'ETEPOCTPYKTYPHI IIOCJIE OBPABOTKHU UMITYJIbCHBIM MATHUTHBIM I1OJIEM
Kapmanosa O.B., lloosanvnvi C.JI., [Llymunun FO.®., Tuxomupos C.I"., Jleinosa A.C.
OCOBEHHOCTU PEJTIAKCALIMOHHO-KMHETUYECKOI'O XAPAKTEPA BYJIKAHU-
BALIAN CMECEM KAYUYKOB. ...ttt e,
Kocmiouenko A.B.

CTPYKTYPHBIE U CYBCTPYKTYPHLIE [TPEBPAIILIEHUS B POCOATAX KAJIbIUA
B ITPOLIECCE DJIEKTPOHHOI'O OBJIYUEHUA. ... i,
Maxapves /].U., Pesnuuuenxo A.H., Jlyeoeass M. A., Pvibsiney A.H.

N3MEHEHUME PEOJIOT'MYECKX XAPAKTEPUCTUK BHICOKOMOJIEKYJISAPHBIX
VIJIEBOIOPOJIOB ITOCJIE BBICOKOMHTEHCUBHOMN VJIIBTPA3ZBYKOBOI OBPA-

Munenun A.B., Oxcepenves B.B., /lepunacko C.A.

MOJEJIMPOBAHUE CTPYKTYPHOM CAMOOPIrAHM3AILIMU CITNTIABA CugZrs;...........
Oorcepenves B.B., Tumapenko A.O.

ATOMUCTHUYECKOE MOJIEJIMPOBAHUE JED®OPMAILIMU METAJIJIMYECKOI'O
Ilepeneuuna T.A., Pembesa C.U., Ceucmosa T.B.

M3MEHEHUE COITPOTHUBJIEHU METAHHOKCHHHOﬁ IIJIEHKHA SnO, 11O ﬂEfI-
CTBUEM I'A30B-OKUCITIUTEIIEM. ...t
Petrov V.V., Bayan E.M., Storozhenko V.Yu., Varzarev Yu.N., Starnikova A.P., Khubezhov S.A.
GAS SENSITIVE PROPERTIES SnO,-ZnO THIN FILMS........cooo i,
Puoioaney A.H., L]epounun C.A., Illseyos U.A., Maxapwves /. H.

ITPOLECCHBI TEIUIOBOM PEJIAKCALIMH B BA3KOVYIIPYT'MX CPEJAX ITPU BO3-
ﬂEﬁCTBHH VIIBTPA3BYKOBBIX BOJIH. ...t i

165

167

168

170

171

172

174

176

177

179

180

182

183

185

186

188

189

191

193

194



Puibsiney A.H., lllseyosa H.A., Illeeyos U.A., [l]epounun C.A.

SKCIIEPUMEHTAJIBHOE UCCJIEJOBAHUE HATPEBA BMOJIOT MYECKOM TKAHU
[IJIOCKUM VYJIbTPA3BYKOBBIM ITIPEOSPABOBATEJIEM C OXJIAXJIAEMOM I10-
BEPXHOCTEIO.. .
Camodgpanosa A.C., 36;12um;eea A B

CTPYKTYPHBIE U ITPUMECHBIE JIOBYIIKHA 1JIA ATOMOB BOJOPOJA B BJIEK-
TPOXUMUMUECKUX CUCTEMAX ...ttt e e e e e
Cepeees A.B., ['ones UM.

HEJIMHEMHBIE CBOMICTBA CTPYKTYPbI CBEPXIIPOBOIHUK-HOPMAJIbHBII
METAJII CUCTEMBI Bi-S1-Ca-Cu-O......ootiiiii e e e e e,
Cmupnos A.H., Cmoeneu O.B.

HMCCIIEJOBAHUE BJIMSHWA TEPMUYECKOI'O OTXXHUI'A HA DJIEKTPUYECKOE
COITPOTUBJIEHUE MHOT' OCJIOMHBIX HAHOCTPVKTYP Mg/(ZrAlO)gs. . .covvereeieennnnn.
Hlepounun C.A., lllseyos U.A., Konnauesa H.A., Pvibsiney A.H.

KOMIIbIOTEPHOE MOJIEJIMPOBAHUE HATPEBA BUOJIOT MYECKOM TKAHU
IUIOCKUM VJIBTPA3BYKOBBIM ITIPEOBPABOBATEJIEM C OXJIAXKIAEMO I10-
BEPXHOCTBHO . ...t e
Llepounun C.A., [lemposa E.U., Pe3nuuenxo A.H., Poibsaney A.H.

KOMIIbIOTEPHOE MOJIEJIMPOBAHUE HAT'PEBA BSI3KOYIIPYI'OM CPE/IbI CTOSI-
YUMU HWIMHAPUYECKHMU YJIbTPASBYKOBBIMU BOJIHAMM................ceeea .
Yaprintsev M.N., Vasil’ev A.E., Ivanov O.N., Zhezhu M. V.

THERMOELECTRIC PROPERTIES OF THE Bi, ¢Gd,;Te; COMPOUND SPS-PREPARED
AT DIFFERENT TEMPERATURES. ... e e e
Capoapnvt P.M., Caimanoe ®.T., Anuesa H.A.

[MPOBOAVIMOCTBD 110 JTIOKAJIM30BAHHBIM COCTOAHUAM TBEP/IbIX PACTBO-
POB TIGa N, €. e vt
VII. AKYCTHUYECKAS CIIEKTPOCKOIIUSA U EE IPUWIOXEHUS. .....................
Hanwowrun A.H., [lanwowxun H.H.

AOOEKTUBHA S TOJILINHA [JIOCKOM TOMOI'EHHOM OI'PAHUYEHHOM 3AILLU-
Hanwowrun A.H., IHanowxun H.H., 3onvnuxos B.K.

PACYET JIOKAJIBHOM J1030BOM HATPY3KU BHYTPU CIUIOLIHOM 3AILIUTHI B
DOOPME ITPSMOYTI'OJIBHOI'O IMAPAJIJIEJIEITUITIEA. ..
Tuxomupos C.I"., I[loosanvnuuii C.J1., Psccxkux B.U., Xeocmoe A A KapMCZHOG A B

BbBIBOP TEMIIEPATYPHO-YACTOTHBIX ITAPAMETPOB YHLTPABBYKOBOFO
KOHTPOJIS [TOKA3ATEJIEM KAYECTBA DJIACTOMEPOB. ... ..o,
Kycmoes A.U., Mucenv H.A.

AHAJIN3 TPAHCO®OPMAILIMU COCTOSHUSA KPUCTAJTJIIMYECKUX 1 AMOP®HBIX
MATEPUAJIOB C I[TOMOILBIO METOZIOB AKYCTUYECKOM CITIEKTPOCKOIIHH. . ....
3enenes B.M., Kycmog A.U., Muzcenv U.A.

U3YYEHUE BJIIUSIHUS [TAPAMETPOB BHEIIHUX BO3JEUCTBII HA XAPAKTEP
PEJIAKCALIMOHHBIX ITPOLIECCOB B TBEPJIOTEJIbHBIX MATEPUAJIAX METO-
JAMU AKYCTOMUKPOCKOITMYECKOM TEGPEKTOCKOIIUM. ... e
3enenes B.M., Kycmoeg A.U., Muzcenv U.A.

HNCCIEJOBAHUE JETPAIAILIMA ®USNYECKNUX ITAPAMETPOB MATEPHAJIOB B
JOJI'OBPEMEHHBIX ITPOLUECCAX U3MEHEHUM CBOJCTB METOJIAMHU AKYVY-
CTOMUKPOCKOITMYECKOUN JEDEKTOCKOIIUMU. .......veveeieeeie e,
Canoocnuros K.B., Huxonaes B.U., Kpvimos B.M., Kycmos C.F.

AKYCTUYECKOE UCCJIEJOBAHUE B3AMMO/JIEMCTBUS JBOMHUKOBBIX I'PA-
HUL[ C TOYEYHBIMU JJEOGEKTAMU B MAPTEHCUTHOM ®A3E MOHOKPUCTAJI-
JIOB NI-FE-Ga. . oo

10

195

196

198

200

201

203

205

206
208

208

209

211

212

214

216

218



BBEJAEHUE

COOpHHMK COIEPKUT MaTepHaIbl TOKIAJA0B y4acTHUKOB 24 MexmayHapoaHou KoHdbe-
PEHITNH T10 peJIaKCAllHOHHBIM SBJICHUSM B TBepabiX Tenax (RPS - 24). Opranu3aropamu KOH-
¢depenunu sBisitoTcst Poccuiickas akagemusi Hayk U1 BopoHexckuii rocynapcTBeHHbIH TEXHU-
YECKUH YHUBEPCUTET.

[IpencraBneHHble MaTEpUabl OTPAKAIOT MOJYYECHHBIE 32 MOCIEIHUE YEThIPE roja oc-
HOBHBIE PE3YyJIbTAaThl TEOPETUUCCKUX U IKCIIEPUMEHTAIIBHBIX UCCIEIOBAaHUN MEXaHU3MOB Pe-
JIAKCAIIMOHHBIX MPOIIECCOB B METaJlIaX, MOJIYIPOBOJHUKAX, CETHETOAICKTPUKAX, MarHETH-
KaX, MOJIMMEPHBIX MaTepHaiax M reTepocTpykTypax. B pabore koHpEpeHIINHU 3as8BICHO y4a-
CTHE TIPEJICTABUTENICH POCCUICKUX 00pa30BaTENbHBIX U HAYYHBIX OpraHu3ammii u3 benropo-
na, bnarosemencka, Bosrorpaga, Bomxkcka, Boponexa, ExarepunOypra, Mpkyrcka, Kpac-
Hospcka, Kypcka, Maxaukansl, MockBel, PocroBa-na-/lony, C. IlerepOypra, Taranpora,
Tamb6oBa, TBepu, Tomcka, Uepenorua, YepHoronoBku u ap. ropoqaoB Poccuiickoit dhenepa-
[IUH, & TAK)KE YUCHBIC 3apyOEKHBIX cTpaH — A3zepbOaiimkana, [lonsmm, Ykpaunsl, ['epmannn,
Kuras, ®pannuu, Erunta u 1p. ctpas.

Hapsny ¢ Mexaamdeckoi penakcarueid, pe3yinbTaThl UCCISAOBAHNN KOTOPOH 00CYyKaaroT-
Csl TPAIUITMOHHO TTOAPOOHO, HA JAaHHOW KOH(EPEHIINHN B 3HAYUTEILHOM 00bEeMe MpeCcTaBIIe-
HBI PaOOTHI, MOCBSIICHHBIC aHATN3Y MEXaHU3MOB, JUAICKTPUUECKON M MarHUTHOM perakca-
[IMH, a TAKXKE aKyCTHYECKOHN crekTpockonuu. Ocoboe BHUMAHHE YAEIECHO PellaKCallMOHHBIM
mpoIrieccaM B HEOJHOPOIHBIX U HAHOPA3MEPHBIX CUCTEMaX.

[IpemyiaraeMoe BHUMaHHIO YMTATENICd W3JaHUE COACPKUT MaTEpHaIbl, MOKA3bIBAIOIINE
COCTOSIHME BOIIPOCA M TEPCHEKTHBBI PA3BUTHS OJHOTO M3 aKTYyaJbHBIX pa3ieiioB (U3UKU
TBEPJIOTO Tella — TEOPUU U IKCIEPUMEHTATHHOTO M3YYCHHS MEXaHU3MOB MEXaHUYECKOM,
TURJICKTPUYECKOW M MarHUTHOM penakcaruu. [lomydeHHble pe3yabTaThl BeCbMa BaXKHBI IS
COBPEMEHHOTO MAaTEepHaJOBEACHUS, MMOCKOIbKY MO3BOJISIOT MPOTHO3UPOBATH MOBEJICHUE Ma-
TEPUAJIOB TIPU PA3JIUYHBIX TEMIIEPATYPHO-CUIIOBBIX YCJIOBHSX JKCIUTyaTalluH, MPH BO3/CH-
CTBUM PA3UYHBIX CpPEll, a TAK)KE aHATU3UPOBATh, MPOUCXOAIINE B HUX CTPYKTYPHBIC U3ME-
HEHUS.

COopHUK yOIMKYyEeMBIX CTaTel BKIIIOYAET cieayrommue pasneisl: . Bompockl Teopun pe-
JlakcauMoHHbIX siBlieHui; [I. Mexanuueckas penaxcauus; I1. JlusnekTpuyeckas penakcanus;
IV. Marnutnas penakcauus. V. Penakcauus B HaHocucteMax. VI. Pasznoe. VII. Akyctuue-
CKasl CTIEKTPOCKOTHS U €€ MPUITIOKCHHSI.
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HJIEHAPHBIE TOKJIAIbI

UDC 537.226.33+548.0
STRESS-RELIEF CONCEPTS AND HETEROPHASE STRUCTURES
IN PEROVSKITE-TYPE FERROELECTRIC SOLID SOLUTIONS

V.Yu. Topolov
Professor, vutopolov@sfedu.ru
FGAOU VO “Southern Federal University”, Rostov-on-Don, Russia

In the present review, results of the study on heterophase ferroelectric solid solutions with the
perovskite-type structure are described and systematised. ‘Unit-cell parameters — domain structures —
heterophase structures’ relations are discussed in the context of stress-relief conditions for various
regions where either two or three phases coexist.

Keywords: ferroelectric solid solution, domain structure, heterophase structure, stress relief,
interface.

Ferroelectric solid solutions with the perovskite-type structure are of great interest as
materials that undergo structural phase transitions (polymorphic, field-induced or mor-
photropic, mainly the first-order phase transitions) and have complicated non-180° domain (or
twin) and heterophase structures, important physical properties etc. [1]. These materials are
also regarded as modern active materials, and their properties can be analysed within the
framework of the well-known ‘composition — structure — properties’ triangle. The perovskite-
type solid solutions are of interest due to the vast isomorphism of their crystal structure and
due to a considerable dependence of the physical properties on modifying ions, domain and
phase contents, domain-wall mobility, and so on. Studies on the perovskite-type solid solu-
tions show that jumps of the spontaneous polarisation and unit-cell parameters at the first-
order phase transition lead to internal mechanical stress fields that influence phase coexist-
ence to a large extent [1], and a stress-relief path may shed light on the phase-transition kinet-
ics and physical properties in polydomain/heterophase samples. The present review report is
devoted to various heterophase states and related structures in the perovskite-type ferroelectric
solid solutions and to stress-relief conditions that are considered in some temperature and mo-
lar-concentration ranges.

The crystallographic algorithm and matrix approach are developed and applied to in-
terpret experimental data on the complicated heterophase structures and phase contents in
terms of unit-cell distortions of domain types in the coexisting phases [1]. Orientations of pla-
nar stress-free interfaces between the polydomain (twinned) phases at their elastic matching
are found by taking into account conditions for the complete stress relief at every interface
such as a non-charged domain wall, a domain boundary that separates polydomain regions,
and an interphase boundary.

Specifics of the unit-cell behaviour in the phase-transition region and non-180° do-
main types (mechanical twins) in the coexisting ferroelectric phases are described within the
framework of the matrix approach [1] that is suitable for various polydomain/heterophase
samples and for coexisting ferroelectric phases from various symmetry classes. This matrix
approach is applied, for instance, when analysing a link between the unit-cell parameters and
heterophase structures in wide temperature and/or molar-concentration ranges. ‘Domain vol-
ume fractions — phase contents’ diagrams are put forward to interpret the heterophase states
and role of several domain types in forming the heterophase structures and phase contents un-
der the stress-relief conditions, especially near the morphotropic phase boundary [1].

Our study is concerned with both lead-containing (group 1) and lead-free ferroelectric
solid solutions (group 2), and the most important representatives are

(1) Pb(Zr;.,Ti,)O3, (1 —y)Pb(A;3Nby3)O3 — yPbTiO3, where A = Mg or Zn (group 1),
and
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(11) (1 —W)(Nal/zBil/z)TiO3 —WBaTiO3 and Ba(Til_ZMZ)TiO3, where M = Ce, Hf, SIl, or
Zr (group 2).

It is shown that the complete stress relief is achieved in the overwhelming majority of
the aforementioned ferroelectric solid solutions with compositions chosen near the
morphotropic phase boundaries. Reasons for the incomplete stress relief are analysed for a
few specific cases of the phase coexistence and non-180° domain structures in the adjacent
ferroelectric phases.

Of independent interest are three-phase states near the morphotropic phase boundary.
For these three-phase states, model concepts are put forward, and related stress-relief
conditions are analysed for adjacent polydomain/heterophase regions. Hereby the active role
of an intermediate phase in the stress relief is analysed by taking into account specifics of the
perovskite unit-cell behaviour in the coexisting phases [1].

Results of the present study on the heterophase states, domain structures and phase
contents are consistent with known experimental data on the ferroelectric solid solutions from
the groups 1 and 2.

Reference
1. Topolov V.Yu. Heterophase ferroelectric solid solutions. Phases and domain states. 2nd
ed.— Cham: Springer Internat. Publ., 2018.
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[pucymuMm xuaKoit Boae u b1y HyHIAMEHTAIFHBIM CBOWCTBOM SIBJISIETCS JAUAJICKTpUYECKAst
nebaeBckasi penakcanus. B xuakoit Boge oHa oTBercTBeHHa 3a CBU-HarpeB M BBICOKOE 3Ha4YeHHE
CTaTHYECKOM JTUAJIEKTPHUECKOM poHuiiaeMocTH (€ ~ 80). [Iporcxoxaenue 1e0acBCKOM peslakcalliy ¢
TOYHOCTBIO HE OMPEAEINICHO - B BOJIE €€ CBA3BIBAIOT C MepeoprueHTanel TunoabHbIX Monekyn H,O, a
BO JIbAY — C TUHAMHKOW pEmIeTOYHBIX nedexToB. Hamm mpemmaraercs oOmmil Ans BOJBI W JIbJa
MEXaHU3M JIc0aeBCKOM peaKkcaiuy, COCTOSIIMI B OUMONISPHON (Y31 HOHOB.

KitoueBwie ciioBa: >kuikas Bofa, J€N, nebaeBcKas pelakcaiusi, CIIEKTP TUIEKTPHYECKUX
MOTePh, TUAIEKTHYECKAasl POHUIIAEMOCTh, TUHAMHYECKAs TIPOBOIUMOCTb.

Bona u nén umeer crnenu@puuUecKyro pelakCaliOHHO-PE30HAHCHYIO (OpMY AMAJIEK-
TpUueckoro otkiuka [1]. Penakcanuu u pe3oHaHChl NPUHIMIUAIBHO SBJSIIOTCS MEXaHU3Ma-
MU pa3HBIX MPOCTPAHCTBEHHO-BPEMEHHBIX MacIITaboB. B mMpokouana3oHHbIX AUIIEKTpU-
YECKUX CHEeKTpax (IMaHopaMax) OHHU JaJeKo pa3HeceHbl 1o yactore. [1o 3Toi npuynHe noHu-
MaHHUE B3aUMOCBS3H MEXAY PEIaKCAalMOHHBIMU M OCLMJLIATOPAMH MEXaHW3MAMHU MOJIIpU3a-
IIUU 3aTPYAHEHO.

Boga n nén ABIAIOTCS KJIACCUYECKUMH 3JIEKTPOHHBIMU JUAJIEKTPUKAMHU C IIMPUHOU
3arnpeieHHoi 3086l ~5 3B [2]. Onucanue ux 31€KTPOAMHAMUKH TPAJUIIMOHHO MPOBOAUTCS
Ha SI3bIKE JMAJIEKTPUUECKOM MpoHuIiaeMocTH, €*(®). B 3ToM npencraBieHun TOMUHUPYIOIIAs
pOJIb B IMAIEKTPUUYECKON MMaHOpaMe IMPUHAAJIEKUT MOIHON 110JIOCE TOIJIOEHHMS, T.H. J1e0a-
eBckoi penakcanuu. OHa pacnojaraercs B CIEKTpax AUIIEKTPUYECKOTO OTKIMKA B palioHe
10 I'Tu y Boxel 1 4-10 xI'x y nbaa. JlebaeBckas penakcariust BHOCUT 90%-HbIil AUdIeKTpHUe-
CKU BKJIaJ B CTAaTHUECKYIO JMAJIEKTPUUYECKYIO MPOHMIIaeMOCTh. Ha 3ToM (oHe BKIaabl Apy-
ITMX MUKPOCKONMYECKUX MEXAHU3MOB HUUTOKHBI.

JleGaeBCKyIO pesakcalMio B KUAKON BOJIE HEM3MEHHO CBS3BIBAIOT C BPALEHUEM MO-
JEKYJSPHBIX AUNOJeH. BpamaTenpHblii MEXaHU3M BCET[a PaCCMaTPUBAJICS B YHMCIIE IVIABHBIX.
['unepTpodupoBaHHbIN ClIEKTpaNbHBIN BUA 1€0a€BCKOM penakcali B CO3HAHUU ILIEJbIX MO-
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KOJIGHUH uccnenoBareneil runeprpodupoBan opueHTamonHoe apmwxkenne monekyn H,O [3].
B 1988 r A. Xunmenem chopmMyanpoBaH BBIBO, KOTOPBIN aKTyaJIeH 10 CEH IeHb: «we have a
sequence of ingenious and illuminating concepts but no valid theory at the present time,
neither for the static permittivity nor for the relaxation time» (y Hac ecTb HOAPOOHBIC U SICHBIC
NpeJCTaBICHUsA, HO HET pabovyell TeOpUU HH Ul CTATUYECKON TUAIIEKTPUYECKON MpOHUIIae-
MOCTHU, HU 17151 BpeMeHH penakcanuu) [1]. Apyrumu cioBamu, Kak He ObUIO, TaK U HET MOHU-
MaHHUs MOJIEKYJIPHOIO MEXaHM3Ma aHOMAJIbHO BBICOKOH cratmueckoi nponunaemoctu € (0)
~ 80 Boxp! 1 MomHoro CBU-morsomenus Ha minHax BOJH ~ 1—-10 em'l.

JleGaeBcKasi pesakcarus JibJa B JUJICKTPUIECKUX CIIEKTPax pacrojaraeTcs B Ha CEMb
MOPSAIKOB 10 YacTOTe HIbKE BOJSHON. [Ipu 3TOM €€ BKJIaa B CTATUYECKYIO IUAJIEKTPUUECKYIO
MPOHUIIAEMOCTh OTIIMYAETCS OT BOJISHOTO coBceM Mano, Ha 10 %: € (0) ~ 90. M3yuenue neda-
€BCKOH peJiakcallii BO JIbJIy Pa3BUBAETCS 1O COOCTBEHHON TPAeKTOPUH Yepe3 pacCMOTPEHUE
CJIOKHOM JTMHAMUKU 1€(DEeKTOB KpUCTAIUIMYECKON perieTku [ 1, 4].

B pabore [5] mMbl 00paTiiii BHUMaHHE Ha TO, 4TO Je0aeBCKOIO BHJA pElaKCallhio B
JURJICKTPUYECKOM OTKIIMKE BEIIeCTBa JaeT Mud@y3HOe NBIKEHUE 3apsHDKEHHOW YacTHIBI B
napabonudyeckoM MoTeHuuane. YacTuieil co3gaercs TOK, U ero omucanue Oosee ynoOHO B
TEPMUHAX MPOBOAUMOCTH, G6*(®). TEpPMUHOIOTHUECKH S3BIK MPOBOJUMOCTH UYXKI BOJE Kak
TUDIIEKTPUKY, HO, TIO CYTH, S3bIKU €*(®) U 6*(®) ’xBUBaNeHTHBI. CrekTp 6*(®) momyuaercs
IPOCTBIM YMHOXEHHEM €*(®) Ha 4acTOTy, YTO MHOTOKPAaTHO YBEJIMYMBAET BEC BBICOKOYA-
CTOTHOM, pe30HAaHCHOM, YaCTH CIEKTpa U JenaeT e€ HabmoqaeMol HapaBHe ¢ 0ojiee HU3KOYa-
CTOTHOM, penakcalMoHHOM. Iy BOJBI U JbAa MOSBISETCS BO3MOXKHOCTh HANpPSMYIO BUIETh
cBs13b U Py3un yacTuil ¢ BBICOKOYACTOTHBIMU OCUUJUISIIUSMH.

[lepexoa Kk TIPOBOJUMOCTH HE 03HAYACT MEPEXO0/l K HOBOW (PM3HKE, HO OTKPBIBAET BO3-
MO>KHOCTh TOCTPOEHUS AJISl BOJABI U JIbJ]a €IMHON MOJENH, BKIIOYAIOIed KaK BaXXHBIA KOM-
MOHEHT NepeMeIleHre HOHOB. Takast Moziellb pa3BuTa HaMu B pabote [6]. OT cyliecTBYIOIIUX
OHA OTJIMYAETCA KOHIENTYalbHO BaXKHBIM BBIBOJJOM O TOM, YTO AJIEKTPOAMHAMUKY BOJIBI
onpezenseT TMHAMUKa B3aWMOIPEBPAIICHUN MOJIEKYJ] U MOHOB, HaXOJSAIIMXCSA B TEIIOBOM
CTOJIKHOBUTEJILHOM JIBIDKEHUH B COCTOSHUU OunomsipHoit nuddysunu. MoHBI - KOPOTKOKH-
ByIllME, 00pa3ylOTCs Ha BpeMeHa ~ 2.5 1C U IPUCYTCTBYIOT B BOJIE B KOHLIEHTpALUX Ha 7 TO-
PSIKOB TNpeBbIIatoNIe npuHATy0. OHU 3aMeIaT coboil TpaAULIMOHHbBIE BOJOPOHbBIE CBS-
3 B KQU€CTBE CBA3YIOLIET0 cpeny (hakTopa.

Pa6ota BeImonHeHa npu noanepxke rpanta POOU - 19-02-00446 A.
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B pabote mpencraBieHBl NaHHBIC O HCCIICAOBAHUIO MEIJICHHOW MAarHUTHOW peJaKcalliu
KOMIUIEKCHBIX ~ COeAMHEHWH  JaHTaHuAoB. OOCYXHAOTCI TPUYMHBI  TOSBIECHUS  CBOICTB
MOJIEKYJIIPHBIX MAarHeTHMKOB B TAKHUX COEIWHEHUSX, METOAbl ONPENCIICHUS BPEMEH pellaKcaluuu, U
COBPEMEHHOE COCTOSIHME JaHHOU 00J1acTH 3HAHUH.

KiroueBsie €10Ba: MOJIEKYJISIPHbIE MATHETUKY, JJAHTAHU/IbI, MATHUTHASL PEJIaKCallUsl.

B HacTosi1ee Bpemsi, HccieJ0BaHuEe KOMILJIEKCHBIX COeIMHEHUH JJaHTaHUI0B o0Opala-
eT Ha ce0s BHUMAaHHME B CBSI3M C IOMCKOM HOBBIX MOJIEKYJSIPHBIX MarHeTHKoOB (single-
molecule magnets, SMMs). Takue coequHEHUsI CIIOCOOHBI COXPAHATh OCTATOYHYIO HaMarHu-
YEHHOCTb B TE€UEHHUE OIPENEICHHOIO BPEMEHHM B OTCYTCTBME BHEIIHEIO MATHUTHOIO IIOJIA
(MenneHHast MarHuTHas penakcanus) [1]. IloreHumanbHas BO3MOXKHOCTD MCIIOJIb30BAHUS 10-
JNOOHBIX COCTUHEHWH B KayeCTBE albTEPHATHBBI KJIACCHYECKHM MAarHUTHBIM MaTepuaiaM
00ycIaBIMBAaeT MHTEPEC YYECHBIX K IOJYYCHHIO U HCCIIEAOBAHUIO HOBBIX 3(PQPEKTHBHBIX
SMMs. OTu coenMHEHUs: MOTYT SIBJISITCS OCHOBOW 3JIEMEHTOB MArHUTHOW MaMSITH, 3aIIUCH U
XpaHeHUs HHPOPMALIKH, a TAKKE — JOTMYECKUX AJIEMEHTOB KBAHTOBBIX KOMITBIOTEPOB [2].

K 4uciy Ba)XHEMIIMX XapaKTEPUCTUK MHAMBUIYAJIBHOIO MOJEKYJSIPHOIO MarHeTHKa
OTHOCATCSL BEJIMYMHBI 3HEPreTudeckoro Oapbepa nepeMarHuuuBaHUs (Acp/Kp) U BpeMeHH
HauCKopenue penakcauuu (tp), XapaKTepU3yIOIIHe, COOTBETCTBEHHO, TEPMOJIUHAMUYECKUI
U KMHETUYECKHE aclleKThl Ipoliecca peslakcallil HaMarHW4eHHOCTH. TeMm He MeHee, 00b-
LIMHCTBO COBPEMEHHBIX MCCIIEIOBAHUN IIPEUMYIECTBEHHO OPUEHTHPOBAHBl HA YBEIUYCHUE
BBICOTHI Oapbepa nepeMarauunBanus. [IpoBeneHHble Kak TeopeTndyeckue [3], Tak U 3Kcrepu-
MEHTaJbHbIE [4] HWCCIeTOBaHUs CBUJIETEILCTBYIOT 00 OMpEAeNsoneM BIUSHUEM Ha SMM
CBOMCTBa KOHKPETHOTO KOMIUIEKCA T€OMETPUN KOOPAMHALMOHHOIO OKPY)KEHHs LIEHTPAIbHO-
ro atoma Y, B OOJbIIEH CTENEHH, CHMMETPHUH TOJIsI JTUraH10B. B cBoro ouepens, mociaenHss
OIpEeAEIAETC NPUPONON U B3aHUMHBIM PACIOJIOKEHUEM JIMTaHAOB. JloCTaTOYHO Ba)KHOM Xa-
paKTEepUCTUKON KOHKpeTHOro SMM sBiisieTcsl Tak)Ke ero yCTOMYMBOCTH (B IEPBYIO OUY€pellb,
XUMHYecKass MU TepMHYeckKas), T.K. UMEHHO OHa ONpeJensieT BO3MOXKHOCTb JalibHeiIero
MPAKTUYECKOI0 MCIOJB30BaHuUs ATOro coenuHenus. Hanpumep, cambie 3¢hpekTUBHBIE MOJIE-
KYJIIpHbIE MarHeTUKH [5-7], U3BECTHBIE B HACTOALIEE BPEMS, XOTh M JEMOHCTPHUPYIOT BIIE-
yaTIAoNIMe XapakTepucTuku SMM, SBISIOTCS XUMUYECKU HEYCTOMUMBBIMHU COECAMHEHUSIMH.

Taxkum oOpa3oM, anbHeiilee pa3BUTHE MOJIXOA0B K HAIIPABIEHHOMY BapbHPOBAHUIO
Kau4eCTBEHHOI0 M KOJMYECTBEHHOI'O COCTaBa KOOPAWHALMOHHOTO OKPYXEHMS IS KaKI0TO
ceMelcTBa KOOPJMHALMOHHBIX COEIMHEHUN — a Tak)Ke MOJIyYeHHE CTaOMIIbHBIX COeIMHEHHUH
— IPEJCTABIISAIOT HECOMHEHHBIN MHTEPEC C TOUKH 3peHus Moaudukanuu ux SMM cBOKCTB.

B noxiaze o6cyX1at0TCsl IPUYMHBI TPOSIBICHUS] KOOPIMHAIIMOHHBIMHU COEAMHEHUSIMU
naHTaHu10B cBoicTB SMM. [IpoBenieH cpaBHUTENBHBIN 0030p COBPEMEHHOTO COCTOSIHUS HC-
CJIEZIOBaHUI B 00JIACTH MOJIEKYJIIPHOT'O MarHeTu3Ma KomiiekcoB Ln. O6cyxiaeTcs BIusHUe
Ha cBorictBa SMM nipupoibt Ln’* i BaxHeHmIX CTPYKTYPHBIX OCOOEHHOCTEH (CTpOeHHE Me-
TaJIJIO0CTOBA, KOH(PUTypaIli KOOPAUHAIIMOHHOTO OKPY>KEHHS).

PaGora BeinoHeHa npu noaaepxkke rpanta POOU Ne 18-33-20155.
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This paper is devoted to Brillouin study of the influence of different regimes of electric field
application on the temperature behavior of a quasi-longitudinal acoustic phonon and quasielastic light
scattering in the temperature range from 77 to 300 K in PbMg,sNb,,30; (PMN) crystal.

Keywords: relaxor ferroelectrics, acoustic phonon, quasielastic light scattering, phase transi-
tion.

PbMg,3Nb,303 (PMN) is a model compound for studies of properties of a large fami-
ly of relaxor ferroelectrics with the general formula AB'B”"O3;. The PMN crystal lattice dy-
namics is characterized by a frequency-dependent anomaly of the dielectric response extended
for hundreds of degrees which is not related to a structural phase transition. The crystal sym-
metry remains cubic up to helium temperatures. The electric field application leads to a
change in the dynamics of phase transformations, i.e., a ferroelectric structural phase transi-
tion occurs in PMN. The results of PMN investigations under an applied electric field are
clearly visualized in phase diagrams [1]. It is well known that relaxor properties depend on
the applied field regimes. For example, Brillouin light scattering studies of the PMN proper-
ties in E # 0 revealed the electroacoustic effect which manifested itself in the dependence of
the behavior of the quasi-longitudinal acoustic (QLA) phonon velocity on the magnitude and
direction of the applied field E [2].

The goal of our studies reported here was to understand how the applied electric field
regimes (E = 5 kV/cm) affect the behaviors of the QLA phonon with a wave vector ¢|[110]
and quasielastic light scattering in the temperature range from 77 to 300 K. The following re-
gimes of electric field application were used: (1) Cooling in E = 0 (ZFC), the field application
at the liquid nitrogen temperature, and then heating in the field (FH); (ii) Cooling (FC) and
heating in the field (FH); and (ii1) Cooling in the field (FC), removal of the field at the liquid
nitrogen temperature and then heating in E = 0 (ZFH). The objects of the experiments were
PMN samples 5x3x1 mm’ in size with the largest faces on which electrodes were deposited
perpendicular to the crystallographic [111], [110] and [100] directions. The measurements
were carried out by Fabry-Perot tandem interferometer in a 180-degree scattering geometry.
The light source was a laser with a wavelength of 514.5 nm. It was found that the behaviors of
the QLA phonon and quasielastic light scattering exhibited anomalies that depended on the
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applied field regimes and direction of applied field. The results are discussed within the
framework of existing phase E-T diagrams and modern concepts of the physics of relaxor fer-
roelectrics.
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Figure. Temperature behavior of relative changes of sound velocity of QLA acoustic
phonon with different regime of applied electric field
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B pabote mpescraBiieHbl pe3yabTaThl aHAIM3a MAPaMETPOB TEMIEPATYPHBIX 3aBHCHMOCTEH
K03 GuIMeHToB rerepoauddy3ud B KPUCTAUTMIECKUX U KUIAKUX (ha3ax CIutaBoB Ha ocHoBe Fe u Al
n 3¢ dexTuBHBIX K03 PunreHToB AupQPy3un, KOHTPOIUPYIOIIUX KPHCTAJUIM3ALMIO CTEKOJI Ha HX
OCHOBE, B CBSI3H C COOTBETCTBYIOIINMH JTU(D(HY3NOHHBIMH MEXaHH3MaMHU.

KirodeBbie ciioBa: METaJUIMYECKUE CTEKNa, KpUCTAJUIM3anus dPdeKTrBHbIE K03QUIMeHTs!
TG Py3un, Mpea3KCIIOHEHIIMATBHBIE MHOXKUTEIH, SHEPTUH aKTUBAINU, MEXaHU3MbI Tu(hPy3nn.

[enpro pabOTHI SABJIAJICS aHAINW3 ApaMETPOB apPEHUYCOBCKUX TEMIIEPATypPHBIX 3aBU-
cumocteit 3¢ HeKTUBHBIX KOOPPUIIMEHTOB 11U y3un, KOHTPOIUPYIOLIEH 3apOXKIEHHE U POCT
KPHUCTANIOB B aMOP(HBIX METAIUTMUECKUX CIJIaBaX Ha OCHOBE jkene3a U anmoMuHus. Dddex-
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TUBHBIE KO3 umeHTsl quddy3un onpenenstoTcs MyTeM COMOCTaBICHHS dKCIIEPUMEHTAIb-
HBIX JIaHHBIX 10 CTPYKTYPE KPUCTAJUIN3YIOIIUXCS CTEKOJI U KHHETHKE 3TOr0 Ipoliecca ¢ 3aBU-
CUMOCTSIMH, PACCUMTAHHBIMHU B paMKax TeOpeTHuecKux mozeinel [1]. AHanu3 npoBoauiics B

pamkax npeioxensoro ®enopossiM [2] ypasuenuss Dy = AeXp(Q/ B ), CBSI3BIBAIOIIETO

3HAYEHUs NPEIIKCIIOHEHIMAIBHBIX MHOXUTENIEH Dy U SHEpruil akTUBALMKM IeTepo- U CaMo-
muddy3un nuddysuu Q. [Mozauee ObUTO0 ycTaHOBICHO [3], uTO ypaBHeHHEe DenopoBa, Mpe-
CTaBJIsiOLIEEe COOOM YacTHBIA ciaydail KOMIIEHCALIMOHHOTO 3aKOHA, BBIMOJHSETCA Ul KO3 (-
¢unmenToB rerepoardy3un Bo BceX KPUCTAIUIMYECKHUX CIUIAaBaxX C €IUHBIMH IapaMeTpaMu
A =107 m*c and B = 0,39 3B u Bcex aMOp(HBIX CIJIaBax ¢ mapameTpamu A = 102°-107"
m/c and B = 0,054-0,056 3B COOTBETCTBEHHO, @ 3HAYCHHUS [TAPAMETPOB OTPAIKAIOT MEXAHH3-
MbI T y3un.

AHanus, IpoBeIeHHBIN UIA TeMIIEpaTypHBIX 3aBHCUMOCTEH (P (EeKTUBHBIX KOdPdu-
UEHTOB AU((Dy3UH, KOHTPOJIUPYIOIIEH KpUCcTaIu3auo aMopdHbIX (a3 B cIlaBax Ha oc-
HoBe Fe u Al o nmepBUYHBIM M 9BTEKTHYECKUM MeXaHU3MaM, K03 duumentos rereponuddy-
3UM B KPUCTAJUIMYECKUX M KMJKUX CIlJIaBaX Ha ocHoBe Fe um Al u cpaBHeHHE MOIy4eHHBIX
JAHHBIX C 0000meHHbIMH Koppemsmusamu 1og(Do)—Q ans nuddy3un B KPUCTATUTUISCKUX
CIUIaBaX U METANIMYECKUX CTEKOJI [3], HO3BOIMI YCTAHOBUTH CIIEAYIOLINE 3aKOHOMEPHOCTH:
— koppesitun log(Dy)—Q s 3¢ dexktuBHBIX K03pPunmeHToB quddy3un, KOHTPOIUPYIOIIEH
KpHUCTaJNIU3aLMI0 CTeKoI Ha ocHoBe Fe u Al Xxopoio annpokcuMupyroTcs JIMHEHHbBIMU 3aBU-
CHMOCTSIMHE, OZ[HaKO ¢ pasmuasbiMi A ((3.7+0.7)x107" u (1.7 + 0.5)x10"° m*/c) u B (0.064 +
0.005 u 0.041 £0.006 3B) cOOTBETCTBEHHO;

Q, eV

a) 0)
Pucynok. Koppensinun Mexy 3Ha4eHUSIMH TPEI3KCIIOHEHIIMAIbHBIX MHOKUTEIIEH U SHEpruit
aKTHBAIlMU TEMIIEPAaTypHBIX 3aBUCUMOCTel KodhdunmeHToB nuddy3nun B craBax Ha ocHOBe Fe (a)
u Al (0): 1 u 2 — koapdurnentsr rerepoudPy3un B KpUCTATUTUIECKUX [4] W kuakux [4, 5] cruiaBax
COOTBETCTBEHHO, 3 — 3 QeKTUBHBIE KOADPUIIMEHTHI TUPPY31H, KOHTPOIUPYIOLIEH KPUCTAIUTU3AIUIO
amMop¢HBIX (a3, MTPUXOBbIE JUHUH — 0000IIEHHbIE TaHHBIE TT0 KoddduuernTaM rerepoaudy3uu
B KpUCTAIUTHYECKUX U aMOpQHBIX (azax [3]

— MapamMeTpbl KOppersiuil 111 KodQPUIIMEeHTOB rerepoaAuPdy3nu B KPUCTAITUIMYECKHUX CILIa-
Bax Ha ocHoBe Al u Fe, mocTpoeHHbIe IO JaHHBIM padoT [2, 4], OKa3aluCh pa3IUYHBIMU: A
((2.0+0.3)x10 "% 1 (4.8 £ 0.3)x10° M*/c) 1 B (0.161 + 0.010 1 0.144 + 0.008 5B);

— KOPPEJSAIUN MEXy 3HaYeHUSIMH TPEIIKCIOHEHINAIbHBIX MHOXKUTENIEH U SHEPTruil aKkTH-
BaIlM TEMIIepaTypHBIX 3aBUCUMOCTel kKoadduunenToB nuddy3uu B pacmaBax Ha ocHoBe Fe
1 Al nmeror mapamerpst A (4.9 + 0.1)x107° n (2.2+0.1)x10° m*/c) u B (0.126 + 0.016 u
0.071 + 0.005 3B) cOOTBETCTBEHHO;

— B paMKax npeanonoxenus [2,3], yTo 3HaueHus napamerpa B oTpaxkaloT MexaHu3M 1uddy-
3MH, CJieNlaH BBIBOJ O HAJMYMU BKJIAJa KOONEPATUBHBIX CMelleHul B 1udy3uio Ha TpaHHLIe
pazzena >KHJIKOW M KPUCTAIUTMIECKOU (a3.
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UDC 538.9
RELAXATION OF THE SHEAR ELASTICITY AS AN INTEGRAL
INDICATOR OF RELAXATION PHENOMENA IN METALLIC GLASSES

Yu.P. Mitrofanov', N.P. Kobelev?, V.A. Khonik’
'Cand. Phys.-Mat. sciences, assistant professor, senior scientist, mitrofanovyup @ gmail.com
*Cand. Phys.-Mat. sciences, senior scientist, kobelev@issp.ac.ru
’Dr. Phys.-Mat. sciences, professor, v.a.khonik@vspu.ac.ru
3Voronezh State Pedagogical University, Voronezh, Russia
*Institute of Solid State Physics Russian Academy of Sciences Chernogolovka, Moscow

Current literature presents quite a few facts evidencing that the energy barriers, which
control various relaxation processes in metallic glasses, are determined by the unrelaxed shear
modulus. This idea is put into the basis of the Interstitialcy theory of condensed matter states
assuming that relaxation phenomena in metallic glasses are governed by structural “defects”,
which by their properties are similar to dumbbell interstitials in crystalline metals. The for-
mation enthalpy of these defects is proportional to the shear modulus while the latter deter-
mines their concentration. Thus, precision measurements of the shear modulus allow monitor-
ing the defect concentration, which reflects the kinetics of relaxation phenomena in metallic
glasses.

This approach is being developed by the present authors during a few past years and
found to be quite fruitful. It was shown that various relaxation phenomena occurring upon
structural relaxation and crystallization of metallic glasses can be quantitatively explained
within the framework of this approach. This applies first of all to numerous examples of the
interrelationship between the relaxation of the shear elasticity and the heat effects (heat re-
lease or heat absorption). It was found that the excess internal energy of the non-crystalline
state with respect to the maternal crystalline state is mostly determined by the elastic energy
of the interstitial-type defects frozen-in upon glass production. This energy dissipates as heat
upon crystallization of glass so that the heat of crystallization approximately equals to the
elastic energy of these defects, which is controlled by the macroscopic shear modulus. The
same approach allowed explanation of the relationship between the enthalpies of structural
relaxation and crystallization of metallic glass with the melting enthalpy of the maternal crys-
tal. It was found that the excess enthalpy of metallic glass determined by the macroscopic
shear modulus also controls the height of the low temperature boson heat capacity peak of
metallic glasses.

This presentation is devoted to a review of the above approach, which clearly demon-
strates a genetic relationship of the relaxation of the shear elasticity with various relaxation
phenomena in metallic glasses.
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VIIK 544.6
TEIUIO®U3UYECKUE ABJIEHUSA B DJEKTPOXUMUYECKAX CUCTEMAX

D. A. I'paukus, 10.H. [amuvos’

J-p TexH. HayK, npodeccop, shalimov_yn@mail.ru
OI'BOY BO «BopoHexcKkuil rocy1apcTBEHHBIN TEXHUYECKUH YHUBEPCUTET

PaccMoTpeHBI BOMPOCH! peNlakcanyy 3JIEKTPOIUTOB B SJEKTPOXHUMUYECKOH CUCTEME AIIEKTPOJ
— BIIEKTPOIUT B PA3UYHBIX YCIOBHSAX AJIEKTpoin3a. [loka3aHbl OCHOBHBIC aclieKThl BPEMEHHOM pe-
JIAKCAIUK 3JIEKTPOJIMTOB PA3IMYHOIO0 XUMUYECKOTO COCTaBa, & UMEHHO 3JICKTPOJIUTOB XPOMHUPOBAHHUS
Ha OCHOBE CyJb(aTa Xpoma M 3JIEKTPOJIMTOB HUKEIUPOBAHHUS HA OCHOBE Cysbdamara HUKels ¢ 0e3yr-
JEPOTHON Oopcomeprkamieil 100aBKOH Kiracca MOIMIAPHICCKHAE OOpaThl. Y CTAHOBJICHO, YTO BPEMEH-
Hasl pejaKcalys ONpeAesaeTcsl yCTOHNYUBOCTHIO KOMILIEKCOB, 00Pa3yrOIIUX 3TH COSIMHCHUS.

KittoueBsbie ciioBa: BHYTPEHHE TPEHUE, UMITYJILCHBIN AJIEKTPOIH3, NEPEKTHI CTPYKTYPHIL.

[lepBble uccnenoBaHus B ’TOM HAIPaBJICHHH OCYIIECTBHI mpodeccop XapbKOBCKOTO
Vuusepcurera H.H. bekeros, koTopblil n3ydan 3QeKThl TEIIOBBIIEICHUS Ha JIEKTPOaax
IIPU OCYIIECTBIEHUU OKHUCIUTEIbHO-BOCCTAHOBUTEIBHBIX PEAKLIUNA B MPOILIECCE AIIEKTPOJIN3A.
ITepBONIpUYMHON ATUX SBJICHUN OH CUMTA] U3MEHEHHUE IIPUPOJBI BELIECTB HA JIEKTPOJAX B
3JIEKTPOXMMHUYECKHX cUcTeMax. BriociencTsuu, 3tu paboThl ObUIM MPOJODKEHBI Ha Kadeape
¢duznyeckoil XumMuM TOro e ynusepcutera npopeccopom J.H. I'punianom ¢ coTpyaHukamu.
[Tono6GHOrO poaa mccieaoBaHUs NMPOBOAMIIMCH Takke Ha Kadeape oOmed xumun Boponex-
CKOTO TIOJIMTEXHUYECKOTO MHCTUTYTA MOJA pyKoBojaACTBOM mpodeccopa A.U. danmuesoii. Ha
V Bcecoro3Hoil koH(epeHIIMH MO 3IeKTPOoXUMHUHN uieHoM KoppecnonaentoM AH CCCP
3.I'. JleBuueBbIM ObLIa OTMEUEHA NEPCIIEKTUBHOCTh 3TOTI0 HANpaBJIEHUs UcciaenoBanui [1-3].

Crnenyer OTMETUTh, YTO XapaKTep W3MEHEHMs TeMIIEpaTyphl JUIIb NPUOIU3UTEIHHO
OTpaXXaeT CyTh TEIJIOPU3NYECKUX MPOLIECCOB IPOTEKAIOLIUX HA 3JIeKTpoAax peakiuil. Cyiie-
CTBYIOLIME B HACTOSIIEE BPEMsI METOJUKHU HE MO3BOJISIIOT J1aXKe MPUOIU3UTEIBHO ONPEAETh
TEMIEPATYPY B 30HE AIEKTPOXMMHMUECKON peakuuu (B o01acTh ABOMHOTO 3JEKTPHUYECKOIO
ciost). OCHOBHBIE 3aTPyJIHEHMs CBA3aHbI C OOJIBLIIMM YHMCIOM M pa3HOOOpa3sHeM TEIIOBBIX
3¢ (eKTOB, KOTOPbIE MOTYT OTIMYATbCA HE TOJBKO BEJIMYMHOW HMX BKJIa/la, HO U 3HAKOM.
MMeHHO 3Ta mpuYMHA 3acTaBUila HAC MCKAaTh HE NPSMbIE, & KOCBEHHBIE NIYTH ONPEACIICHUS
TEMIEPATYpPbl B 30HE AJIEKTPOXUMHUYECKON peakuuu. TOT ¢akT, YTO MpH TaabBaHUYECKOM
crioco0e MONy4yeHHs MeTalsla U3 BOJHOIO PacTBOpa 3JEKTposiuTa (opMHUpyeMas aTOMHas
CTPYKTypa Majio OTIMYAETCS OT aHAJOTMYHOI'O METajljla MOJy4yaeMoro METOAOM IUIaBJICHUS,
HaBOJUT Ha MBICJIb O TOM, YTO B 30HE HEMOCPEICTBEHHOT0 (pOPMHUPOBAHHUS KlacTepa MeTajlia
peanu3yeTcsi «TeMIlepaTypHbI CKayeK» BEIMYMHA KOTOPOrOo Ha MOPSA0K OTJIMYAeTcs OT
CpeaHel TeMIiepaTypsl B 00beMe dIIEKTPoIn3epa.
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ITo cymecTBy, BO3HMKAaeT HEOOXOAMMOCTh HCCIEIOBAHUS TOBEACHUS BEIECTBA MPHU
npoxoxaeHuu ¢azoBoro nepexoza. [Ipu sTom, cieayer OTMETUTh, YTO Ul ATHX LeNel ciie-
JIyeT HUCII0JIb30BaTh KaK CTPYKTYPHO UyBCTBUTENIBHBII METOJ BHYTPEHHETO TPEHMSI, YCIIEIIHO
MPUMEHSIIOIIUNCSA TPU HCCIEI0BaHUU (Pa30BBIX MEPEXOJ0B B KOHJIEHCUPOBAHHBIX Cpelax B
COBOKYITHOCTH C 3JIEKTPOXMMMUECKMMHU M MarHeTOXUMHYECKMMM MeTtojnamu. Hamm npen-
CTaBJICHUS O MPOCTPAHCTBEHHOM pacIpeieICHUH TeMIIepaTypbl B yCIoBHsIX (ha30BOro mepe-
X0/1a, 10 MEHBIIIEH Mepe, TOJKHBI ObITh IEPECMOTPEHBI. DTO MOKET PUBECTH K HEKOTOPOMY
YCIIO’)KHEHHUIO pacueTHBIX (hOpMyII 3aTO AacT OTBET Ha MHOTHE BOIPOCHI CBSI3aHHBIE C MOJe-
KYJIIPHBIM [1IEPEHOCOM BEILIECTBA.

— Wo—+W, —+w — |——
ot p Yox Yoy Coz) p

Beipaxkenue (1) onpenenser U3MEHEHHE MMITYJIbCA SHTAJIBIIMK 33 CYET TPEX COCTaB-
JSIOIIMX (M3JIy4eHMs], KOHBEKTUBHOIO IMEpeHoca M MojeKyssipHod nuddy3un). Ilpu stom
o0 BUA ypaBHEHUS 10 (OpMe OCTAETCs MPEKHUM, a 3HAYCHUS TEMIIEPATyp MEePEeXoIsiT B
(GYHKLIMOHAIBHO-3aBUCHMBbIE OT KOHIIEHTPALMH BEILECTB HAXOAIIUXCS B OKHCICHHON U BOC-
CTaHOBJIEHHOW QopM. B 3TOM cityuae MOKeT OBITH OIpesiesieHa TeMIIepaTypa B 30HE peakuu
npu UCIIOJIb30BaHUU ypaBHEHUS Hepucra-Iletepcona Ui OKHCIIMTEIbHO-
BOCCTAaHOBUTEJIBHOT'O MOTEHIMANA, TOCKOJIbKY KOHIIEHTPAIIMM OKHUCIEHHOM M BOCCTAHOBJICH-
HOM (hOpM BeleCTBa MOT'YT ObITh OIPEIENICHbI SKCIIEPUMEHTANIBHO. Vcronb3ys Takoi Moaxox
K PELICHUIO 33/1a4, HaM YAaJIOCh YCTAHOBUTH UCTUHY B OIPENEICHUN MEXaHW3Ma aHOJHOIO
OKHCJICHUSI aJTIFIOMMHUS B paCTBOPE XJIOPUIA HATPHSL.

oi  AVT ol oi o) 1 . ——.
= - - divy jii, (1)
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TOMOJIOTUYECKASA HECTABUJIBHOCTH ®OPMEBI IOMEHOB
B CETHETODJIEKTPUKAX, BBI3BAHHAS 3ATIA3ABIBAHUEM
SKPAHUPOBAHUSA
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OI'AOY BO «Yp®Y umenn nepsoro [Ipesunenra Poccun b.H. Ensiunay, ExkatepunOypr

B pabote mpencTaBieHbl pe3yabTaThl UCCIEIOBaHUS GOPMUPOBAHMS ACHIPUTHON JOMEHHOM
CTPYKTYPBI B OJHOOCHBIX CETHETO3JIEKTPHKAX U CBEPXOBICTPOro MpeBpallieHHs TOMEHOB B (hopMe BO-
THYTBIX MHOTOYTOJIFHHKOB B BBINYKJIbIE. BbisiBeHHbBIE 3()()eKThl 0OBSCHEHB B paMKaX KHHETHYECKO-
T'0 TIOAX0/1a, UCTIOJIB3YIOIIET0 aHAJIOTHIO MEXy KHHETUKONH JOMEHOB M POCTOM KpucTamwioB. [lokaza-
HO, YTO 3ama3/bIBaHie OO0BEMHOTO SKPAHUPOBAHUS JIETOSPU3YIONIETO OIS UTPAET OIPEIENSIONIYI0
poIb.

KiroueBbie cnoBa: 1eHApHUTHI, HUOOAT JIMTHSI, TOMEHHAasi CTPYKTypa, JOMEHHBIE CTEHKH, Gop-
Ma JIOMEHOB.

UccnenoBano m3MeHnenne GopMbl W30JUPOBAHHBIX JOMEHOB MPH MEPEKIIOUYEHUHN T10-
JSpU3AIIH B OJTHOPOAHOM DIIEKTPUYECKOM I10JI€ B MOHOKPUCTAIIIIAX KOHTPYIHTHOT'O HHOOATa
mutus LiNbO3 (CLN) ¢ moMomipio ONTHYECKON BU3yalId3aIlii HETIOCPEACTBEHHO B MPOIECCE
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MEPEKIIIOUEHUS C BBICOKUM pa3pelICHUEM IO BpeMeHHU. J(OMOJHHUTENbHO HUCHOJIb30BATUCH
M300paKeHHs] CTaTUYECKONW JOMEHHOM CTPYKTYpBHI, MOJY4YEeHHbIE: Ha MMOBEPXHOCTU - C MIOMO-
b0 CKAaHUPYIOMICH JIEKTPOHHOM MUKPOCKOIHHU, B 00BEME — C IMOMOIIBI0 KOH(OKaIHHOU
MUKpPOCKONUU KOMOHMHaMOHHOTO paccesHus (confocal Raman microscopy) u renepanuu
Bropoii rapmonuku (Cherenkov-type second harmonic generation).

[Tokazano, yto npu nepexiaroueHun noisipuzauu B CLN npu 1oBbIIIEHHONW TeMIIepa-
Type HaOJIOAeTCs TOMOJIOTHYECKass HeCTaOMIBHOCTh (DOPMBI U (HOPMUPYIOTCS JIEHAPUTHBIC
nomensl [1,2]. PocT neHIpUTHBIX TOMEHOB HAOMIOAAICS B IJIACTHHAX C UCKYCCTBEHHBIMH I10-
BEPXHOCTHBIMHU JIUAJIEKTPUYECKHUMH CIOSMHU, KOTOPBIE YBEIHMUYUBAIN POJIb MEIJICHHOTO 00B-
eMHoro skpanupoBanus [3]. M3mepena 3aBucumocth GopMbl cHexHHOK (dendrite envelope)
OT HANPSHKECHHOCTU MPUIOKEHHOTO 1oJisl. J{st 00bsicHeHus: (hopMBbl U30JIMPOBAHHBIX JJOMEHOB
UCIOJIb30BaH KMHETUYECKUI MOJXOJ K POCTY JIOMEHOB 3a CUET IeHepaluu CTylneHer (mapbl
KUHKOB) U JABUKEHUSI KHHKOB BJI0JIb JIOMEHHBIX CTEHOK [4]. CKOpOCTH reHepalu CTyleHen u
JBUKEHHUSI KMHKOB IMPOIMOPLUOHAIBHBI MPEBBIIICHUIO HAJ MOPOTOM JIOKAJIBHON BETUYHHBI
CYMMBI IIPUJIO’KEHHOTO T0JISI U OCTATOYHOT'O JAETIONIAPU3YIOILIETO MOJISL.

N3menenue Gpopmbl 1OMEHOB, 00yCI0BIEHHOE (OPMUPOBAHKEM IUIEH(Pa OCTATOUHBIX
3apsaoB Tpu HeID(HEKTHBHOM SKPAHUPOBAHUU (MEIJICHHOW pelIaKCalliy) UCCIICOBAHO JKC-
nepUMEHTaIbHO U MojenupoBanueM [4]. [TokazaHo, 4TO poCT MHOTOYTOJIbHBIX IOMEHOB IpU
TeMIIepaType MeHee 200°C 00YyCJIOBJIEH JACTEPMHUHUPOBAHHBIM OOpPa30BaHUEM CTYIECHEH Ha
BEpILMHAX U aHU30TPOMHBIM JBHKEHHEM KUHKOB. DOpPMUPOBAaHUE BBIMTYKIBIX T'€KCAaroHalb-
HBIX JJOMEHOB, cooTBeTcTByIommxX cummerpun CLN, Habmromanocek npu 3¢pGEeKTHBHOM 3Kpa-
HUPOBAHUU JIEMOJIIPUIYIOIIETO TOJIs, a MPH 3aJIepP’KKe IKPAHUPOBAHUS POCTY HETPABUIBHBIX
MHOTOYTOJILHUKOB U 3Be37. BriepBrie nuccienoBan 3(h(ekT BOCCTAaHOBJICHHUS TeKCarOHATbHOU
(bOpMBI BBIITYKJIBIX TOMEHOB MOcie causHus [5]. PocT rekcaroHaibHBIX TOMEHOB 00YCIIOBJICH
CaMBIMH MEJICHHBIMU JIOMEHHBIMUA CTCHKAMH, & CKOPOCTh CBEPXOBICTPBIX CTEHOK, (HOpMHU-
PYIOLIUXCS] B BOTHYTBHIX MHOTOYT'OJIbHUKAX, B THICAYY pa3 Oosblle. AHAIIU3 POCTa BBITYKIIBIX
Y BOTHYTBHIX JOMEHOB IO3BOJIMJI OCTpOUTh KuHeTnueckuil Wulff plot nBuxeHHst TOMEHHBIX
CTEHOK [6].

TIpeobafanye HOHHON MPOBOXMMOCTH TIpH Temmeparype 6omee 200°C mpuBomuT K
MU30TPOMTHOMY POCTY JOMEHOB, Ojarogapsi CTOXacTHMYeCKO#l reHepaunuu crtyneHed. OTcyT-
cTBUe 3¢ (deKTa coxpaHeHus: pOpMbl OTKPBIBAET MYTh K (OPMUPOBAHUIO IOMEHOB CIIOKHOMN
(bOpMBI U IEHAPUTHOMY POCTY.

PaGora Brimonnena npu noanepxkke rpanta PH® Ne 19-12-00210. Mcnonbs3zoBaHo 060-
pynoBanue Ypaibckoro LIKIT «CoBpeMeHHBIE HAHOTEXHOIOTUNY Y paIbCKOTO (heaepaabHOro
YHUBEPCUTETA.
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YAK 541.127:541:128.21
PEJJAKCAIIUOHHBIE ITPOLHECCHI ITPU TEIIJIOBOM BOCIIJIAMEHEHHUH
B PEAKTOPE TIPOTOYHOI'O THUIIA

A.T. Tlonomapenko', B.T. [lleBueHKO
'TI-p xum. Hayk, T H. cOTp, anapon @ispm.ru
* JI-p XuM. HayK, 3aB. 1a6., shev@ispm.ru
OI'BYH UncTtuTyT cunTeTHYecKuX nmoaumepHbix Marepuanos uM. H.C. Enukononosa PAH

B nacrosmei pabore paccMOTpeHa BO3MOXHOCTH ONPEAEICHUS KMHETHUECKHX MapaMeTpoB
peaxkiuum, NpoTeKaroIlel B peakTope ¢ HEMOJABWKHBIM CJIOEM KaTajlu3aTopa, OMHUCAHO YCTPOWCTBO Ta-
KOTO PEaKTopa W CIEICTBUS sBICHHUA BociUlaMeHeHHs1. OOBbEKTOM HCCIIeIOBAHUS SIBISUICS KaTalUTH-
YecKHi CHHTE3 BhICIIUX cnupToB U3 CO 1 BoOpOJa Ha BOCCTAHOBJICHHBIX IJIABJICHBIX JKEJIE3HBIX Ka-
tanuzatopax. IIpeIoskeHHbIM TOIX0A MPUMEHUM TaKKe K COOTBETCTBYIOIIMM BapHaHTaM CHHTE30B
Ouiepa-Tpomina ¢ Heablo0 CHHTE3a YIIIEBOAOPOOB, a TAKXKE APYTUX CUHTE30B C HEMOJBHKHBIM CIO-
€M KaTalnu3aTopa U BBICOKUMH SHEPIUAMH aKTHBALUH.

KiroueBrbie ciioBa: MpOTOYHBIN peakTop, CI0i KaTalu3aropa, TEIUNIOBOE BOCITIAMEHEHUE, TEM-
neparypa rasa B spe MOTOKa, HOPAA0K peakiiy, 00beMHasl U JMHEHasi CKOPOCTh Ia30BOr0 MOTOKA,
COCTaB ra30BOro IOTOKA.

Karanutuueckue cunressl 3 CO U BOAOpOJa B HACTOSIIIEE BPEMS PaccMaTpUBAIOTCS
KaK aJbTePHATUBHBIC BApUAHTHI MOJYYEHHS TOIUIUB, CMA30K, NMPHCATOK W3 IMOMYTHBIX MpPU
no0brdye HeTH razoB, BbIACIsIEMBIX a0 100 M/ T noObiBaeMOl He(TH M, MO MHEHUIO
J.11.Menneneesa "cxxuranue mpoyKToB HepTeo0bur TO K€ CaMoe, YTO TOTIMTh aCCUTHAIIHU-
amu". He yIuBUTENBbHO MO3TOMY, YTO OTKPBITHIA B 1926 rony ®@.@umepom u I'.Tpomnmem
cuHTe3 yrieBoopoaoB u3 CO u BoJopoia B HACTOSIIEE BPEMSI HAXOJIUTCS HA YETBEPTOM I10-
KOJICHMU Pa3BUTHUS U MHTEHCHUBHO MPOAOJDKAIOTCA PabOTHI MO €ro COBEPUICHCTBOBAHUIO IS
MOBBIIICHHS CEJIEKTUBHOCTH U TTPOU3BOAUTENILHOCTH [1]. 371€Ch yMECTHO MPUBECTH CYXKACHUE
J.A. ®pank-Kameneukoro o ToM, 4To "psifi BAXKHBIX KaTaTUTHYECKUX MPOIIECCOB HAUBBITOI-
HeHmMuM o0pa3oM IMPOTEKal0T B HEYCTOMUMBBIX PEXUMaX, MOCKOJIbKY CKOPOCTh peaklUu B
HIDKHEM YCTOMUMBOM PEXUME OYEHb MaJla, a B BEPXHEM YCTOHYHMBOM PEKUME BEIHMK BBIXOJ
He)KeJlaTeJIbHbIX MPOAYKTOB peakuuu". Iy peanu3anuy Takoro 1noaxojaa Heo0XoauMo COOT-
BETCTBYIOIIIEE OCHAIIEHHE MOJIEIBHOTO J1abOpaTOpHOro peakTopa ¢ TeM, YTOObl Ha OCHOBA-
HUU TIOJYYEHHBIX PE3yJIbTaTOB OCYILECTBUTH anmnapaTypHoe opopMIIeHHE Ipoliecca B 00Ib-
ieM Maciiraoe.

OTnnuuTenbHON 0COOCHHOCTBIO paccMaTpUBaEMOTO B pabOTe MOAXO0/Aa SBISETCS HC-
NOJIb30BaHKE B KAUeCTBE JIMIUPYIOIIETO MapaMeTpa TeMIepaTypy ra3oBoil cMecH B sijipe Io-
TOKA, BBIXOJSIIETO MOCTE CII0s KaTalu3aropa U €e HapacTaHHe MOocCJe JOCTHKEHUS! KpUTuie-
CKOM Temreparypbl BOCIIJIAMEHEHHsI, a TaK)Ke HEMpPEepbIBHBIA XpomaTrorpaguueckuil aHanus
raza Ha cojepxkanue CO u MeTaHa, SBJSIOIIETOCs] MHIMKATOPOM CEJIEKTHUBHOCTHU IMpoliecca
[3].

OTOT MOAXO0]l MPUMEHUM JUIsl U3YUEHHS SK30TEPMHUUECKHUX MPOIIECCOB, MPOTEKAOIINX
IPU BBICOKUX OOBEMHBIX CKOPOCTSIX M MaJIbIX CTENEHsX MpeBpalleHus. B noknane mpeacras-
JICHBI YpaBHEHUS JUIs pacyeTa KHHETHYECKUX TTapaMeTPOB 110 HalIEHHBIM 3HAYCHUSM TeMITe-
paTypsl BOCIUIAMEHEHHS B 3aBUCUMOCTH OT YCIIOBHI mpoBeaeHus cunte3a. Ha puc.l u3obpa-
’KEH y3€J peakTopa, C MIOMOIILI0 KOTOPOTO MPOBOIUINCH YKa3aHHbIE U3MEPEHUS.

OTOT y3€1 COCTOSUI U3 TEPMOIIaphl, BBEJEHHOW B PEAKTOP BBICOKOTO JIABJIEHMS C IO-
MOIIBIO CHENMAIBFHOIO YCTPOMCTBA M3 OpraHuyeckoro crekna. Ha kepamuueckyro TpyoKy
TEpMOMaphl MPUKPEIICHA MoJI0UKa (§) Al BOCCTAHOBJIEHHOTO KaTallu3aTopa, 3arpykaeMoro
B TpyOKYy peakTopa B TOKE YIJIEKUCIOro rasza. B psjae ciydaeB OCyIIecTBISUIOCH JOBOCCTa-
HOBJICHHE KaTajn3aTopa B Toke Bojaopona mpu S0atm. Ha puc. 2 n3zobpakeHO M3MEHEHHE
Temrneparyp B OJOKE peakTopa M IMOCie CJosl KaTalu3aropa B OKPECTHOCTH TEMIIEpaTypbl
BocIIaMeHeHus. OTYeTIMBO BUIHO, YTO MPH MPUOIMKEHUU K TEMIIEpaType BOCIUIaMEHEHUs
TEMIepaTypa ras3a IMoclie CJIosl KaTajln3aTopa HauMHAET CTPEMUTENIbHO BO3pacTaTh U OJHO-
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BPEMCHHO PC3KO MCHACTCA CCIICKTUBHOCTL CUHTC3a B CTOPOHY 06pa30BaH1/1;1 MCTaHa U BOJHEI.
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Temneparypa "C

180
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Bpemsi, sun

Puc. 1. ®parmMeHT peakropa sl H3MEPECHIS Puc. 2. I'padux m3meHeHns1 TeMriepaTypsl B OJI0Ke
TEMIIEPaTyphl BOCIUIAMEHEHHS B PEaKTOpe peaxTopa 1 B siApe TMOTOKa ra30Bon
Bucokoro nasieHust 200 atM. 1 - yzen CMECH TIOCJIE MPOXOKICHHUS CJIOSA KaTaau3aropa
BBOJIa TepMoOINap; 2 - KOXKyX peaxkTopa, B OKPECTHOCTH TEMIIEPaTypbl BOCIUIAMEHEHHUSL.
3 - Teruion3onsnys, 4 - peakTopHasi TpyOKa, Kpyxku - Temmneparypa B 670Ke,
5- cimpainb Ui 3IeKpoodorpeBa, TPEYTOJIbHUKH - TEMIIepaTypa ra3a Ha BBIXOJIE CIIOS
6 — Tepmormapa B 0J10Ke, § - TI0JI0YKa KaTajau3aTopa

C OTBEPCTUSAMH, 9 - ATFOMUHHUEBEII OJIOK

ABTOpPBI HMCKpeHHE OjaroJapHbl  4Wi.-Kopp., npod. A.H.bamkupoBy, 1.X.H.
10.b.Karany, n1.x.H., ipod. A.S.Po3oBckomy, 4i.-kopp., 1.X.H. M.I.CintuHBKO U 1.X.H., Tpod.
C.M.JIokTeBy 3a COTPYIHHUYECTBO MPU M3yYEHUH KHMHETUKH CHUHTE3Ba BBICIIUX CIUPTOB W3
CO u Bogopoaa B 60-e rojipl MPOILJIOTO BeKa U MOCJIEIYIONIUE TOJIbI U 32 COBMECTHYIO pa3pa-
0OTKY IPUBEICHHOTO B JIOKJIAJIE METO/Ia, @ TAKXKE KOJIEKTUBY MEXaHHUKOB, aKTHBHO COJICHCT-
BOBABILIUX MTPOBEACHUIO SKCIICPUMEHTOB 101 PYKOBOACTBOM M. A. AHTOIIYKA.
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HIGH-RESOLUTION MECHANICAL SPECTROSCOPY, HRMS:
RECENT PROGRESS AND NOVEL SOLUTIONS

Leszek B. Magalas
AGH University of Science and Technology, Faculty of Metals Engineering
and Industrial Computer Science, Al. Mickiewicza 30, 30-059 Krakéw, Poland

The high-resolution mechanical spectroscopy, HRMS, was developed in a time span
from 2011 [1] to 2019 in Krakéw, Poland. In this lecture we present the multi-scale high-
resolution characterization of dissipation of mechanical energy in solids for low-frequency
mechanical spectroscopy. The high-resolution mechanical spectrometer is a very sensitive tor-
sion pendulum characterized by an extremely low internal friction background, tangp~ 2 x 10°
>, in the frequency range from 0.001 to 5 Hz. The sinusoidal external stress signal and the
symbiotic strain response signal are acquired with a resolution of 24 bits at a sampling rate of
around 10 kHz. The stress signal (harmonic or linear ramp) is generated by a 20-bit DAC.
Stress and strain signals are subjected to simultaneous coherent sampling.
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Progress in our ability to control and record low-noise stress and strain signals pave
the way to high-resolution measurements of complex mechanical susceptibility: extremely
small magnitudes of mechanical loss tangent, tan¢, high-resolution fine variations in shear
modulus, and, thus, very low internal friction background. It should be emphasized that high-
quality stress and strain signals are subjected to on-line Signal Quality Test, which involves
complementary and supplementary analysis of the signals in both the frequency and time do-
main. Experimental and computational tools exist to address both domains with high precision
such as interpolated discrete Fourier transform (IpDFT) and Hilbert transform, and computa-
tion of ‘true envelope’ [2]. Thereby, the stress and strain signals can be analyzed at each step
of the experimental procedure: (1) simulations carried out on synthetic signals, (2) analysis of
the reference harmonic signal and (3) output signal from a bipolar amplifier, (4) strain signal
acquired from a laser triangulation system, (5) signals’ deterioration caused by noise, (6) slow
drifts of the base line of strain signal (zero-point drift, ZPD), and (7) standard signal analysis.
The performance of computational methods and algorithms is also optimized. Recent experi-
mental results indicate that the mean background level in the high-resolution mechanical
spectrometer ranges from 1 to 2 x 107 in the frequency range from 10 to 5 Hz. Moreover,
the dispersion of experimental points is negligible: from *1 x 10™ to £2.5 x 10™. It can be
safely concluded that the overall performance of the high-resolution mechanical spectrometer,
HRMS, is more than one order of magnitude higher than current spectrometers (forced tor-
sion pendula). As of writing this text, new high-resolution mechanical loss spectra are being
measured; recent results are demonstrated, and new challenges and perspectives for the reso-
nant and subresonant mode are advocated. Furthermore, stochastic nature of investigated ma-
terial and imprecision in measurements are also tackled.

It is noteworthy that commercially available DMA analyzers suffer from high back-
ground (tangp = 5 x 10) and low resolution, which drastically limits practical applications of
DMA instruments.

Devised novel IpDFT methods provide precise estimation of the logarithmic decre-
ment, 6, and resonant frequency of exponentially damped sinusoidal signals embedded in ad-
ditive white Gaussian noise and corrupted by time-dependent zero-point drift (ZPD). As antic-
ipated, classical methods for determining the logarithmic decrement and frequency, for the
same input data, yield incorrect results, and these inaccuracies are quantitatively assessed. In
this context, we discuss the performance of the: (1) reference-resolution (RR) method de-
signed for ZPD-free exponentially damped sinusoidal signals embedded in additive noise, and
(2) high-resolution (HR) method designed for exponentially damped sinusoidal signals em-
bedded in additive noise and corrupted by ZPD is illustrated and discussed. Hitherto unattain-
ably high-resolution estimations of the logarithmic decrement and resonant frequency are suc-
cessfully obtained. The devised methods and algorithms can be used in a wide range of damp-
ing magnitudes, that is, for logarithmic decrement ranging from 1x 107 t0 0.5.

References
1. L.B. Magalas, Development of high-resolution mechanical spectroscopy, HRMS: status and
perspectives. HRMS coupled with a laser dilatometer, Arch. Metall. Mater. 60, 2069-2076 (2015).
2. L.B. Magalas, M. Majewski, Hilbert-twin: A novel Hilbert transform-based method to com-
pute envelope of free decaying oscillations embedded in noise, and the logarithmic decrement in high-
resolution mechanical spectroscopy HRMS, Arch. Metall. Mater. 60, 1092-1098 (2015).
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KINETICS OF ORIENTATION AND ABSORPTION PROCESSES
IN POLYMER SYSTEMS ON SUBSTRATES

A.V. Maksimov', O.G. Maksimova®
'Dr. Sci., Professor, a_v_maximov@mail.ru
? Ph. D., Associate Professor, 0g62@mail.ru

Cherepovets State University

In this paper, the kinetic theory of orientation and absorption processes in flexible-chain pol-
ymer systems on solid substrates is depeloped in the mean field approximation. Kinetic equation for
the order parameter was derived; its solution was obtained for two types of relaxation behavior during
transitions to the state of chains completely torn off from the surface and the chains fully adsorbed on
the substrate surface.

Keywords: mean field approximation, flexible-chain polymer systems, orientational order pa-
rameter, absorption, relaxation times, critical slowdown.

The investigation of physico-chemical properties of surface polymer structures: films,
layers, membranes, etc. has not only theoretical, but also practical meaning associated with
their unique characteristics important for use, for example, as protective coatings for sheet
metal [1, 2]. The solution of the problem of adsorption of macromolecules is nessecary for
constructing a theory of adhesion of polymers at interphase boundaries [2, 3].

For first order phase transitions of classical low-molecular systems, the description of
both phases and the study of equilibrium and dynamic effects associated with the finite size of
the system is a very difficult task [4]; it is achieved only by means of numerical calculations
and computer simulation methods.

In this paper, the critical behavior and dynamics of the orientation and absorption pro-
cesses of partially adsorbed polymer chains under the action of intermolecular orientational
interactions with elongated sections of other chains were studied in the effective mean field
approximation for the multichain version [5] of the “sticky tape” model [3].

a) b)
r I
I v v =5
\I; | \Il III [

Figure. The “sticky tape” model [3]: the schematic drawing of the polymer chain adsorbed on a plane
surface (a) and the chain nearly completely peeled-off from it (») at small and great intermolecular
interactions correspondingly. The multichain version [5] of the “sticky tape” model: an adsorbed
flexible macromolecule placed in mean field created by other chains (c). The energetic constants ¥
and V describe accordingly interactions with the surface and other chains
(they are shown by dashed lines)
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It is shown that the system has a first-order phase transition, accompanied by an in-
crease in fluctuations of the order parameter and adgesion degree, the presence of metastable
states, and jumps in the degree of elongation and heat capacity of the chains at the transition
point. Two transitions with different relaxation behavior were found: to the state of chains
completely cut off from the surface and the state of fully adsorbed chains. At the transition
point, a “critical slowing down” effect is obsered [6], which consistsin a sharp increase
in the relaxation times to the mentioned states.
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PACCESIHUE DJIEKTPOHOB 1 JIBIPOK I'JIYBOKAMM TPUMECSIMHA
B IMOJIYIIPOBOTHUKOBBIX TETEPOCTPYKTYPAX
C KBAHTOBBIMM SIMAMH
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Kana. ¢pus.-mar. Hayk, JoUeHT, pomerant_yu@mail.ru
OI'BOY BO «BopoHexCKHil rocyAapCTBEHHBIN I€Jarorndeckuil yHUBEPCUTET»

B nanHoli pabote ncciaeqoBaHO paccesHUue KBa3HMYacTHIl — 3IEKTPOHOB M JBIPOK — CHCTEMOM
IITyOOKMX MpUMecel B MOJIYIPOBOJHUKOBBIX T€TEPOCTPYKTYpax Ha OCHOBE apCeHUAA TalTHsl C JBYMS
KBaHTOBBIMU SIMAMH TIPH [TPOU3BOJIBHOM MTPOQUIIE IETUPOBAHUSI.

KitoueBbie ciioBa: MOIYHNPOBOAHUKOBBIE TE€TEPOCTPYKTYPHI, TIyOoKue mpumecH, dhdexTus-
Has Macca 3JIeKTpPOHa, KOPOTKOAEHCTBYIOIINMI NOTEHIIUAT IPUMECH.

I'myOoknMu npUMeECSIMH ONPEENISIOTCS MHOTHE 3JIEKTPUUECKNUE U ONTUYECKUE CBOII-
CTBa MOJYINPOBOJHUKOB, MO3TOMY IpobOjemMe TINIyOOKMX NPUMECHBIX LEHTPOB YAEseTcs
Oonbiioe BHUMaHue [1-3]. HecMoTpst Ha 3TO, MPOABMKEHUE B HANPABICHUM MOIYYEHUS KO-
JMYECTBEHHBIX PE3yJbTATOB, OTHOCSIIUMCS K KOHKPETHBIM MPUMECSIM WJIM UHBIM TOYEUHBIM
nedexTaM, HapyUMep, BaKaHCUsM, [TOKa HEe3HAUUTeNIbHO. MoienupoBaHue TOYEUHBIX Jedek-
TOB MPEACTaBISET YPE3BbIUANHO TPYAHYIO 3a7ady, U COOTBETCTBYIOIIME pPE3YyIbTaThl, KaK
IPaBUJIO, HE B COCTOSIHUU JaTh CKOJIBKO-HUOY/b IOJIHOTO U HA/IEKHOTO ONUCAHUS MTOBEICHUS
e(EeKTOB B TOIYIPOBOJHHKAX.

C npyroit cropoHsl, uMeeTcsi (pU3MUECKH HarjsaHas KapTUHA (GOPMHUPOBAHUS DIIEK-
TPOHHOTO YHEPreTUYECKOr0 CIEKTPa W KBAHTOBBIX COCTOSIHUM, OOYCIIOBJIEHHBIX HATUYHEM
IPUMECH, B CBS3M C OCOOEHHOCTSIMU 30HHOH CTPYKTYpBI MOJYIPOBOJHUKA, OCHOBaHHAs Ha
MOCJIEI0BATEIbHOM YY€T€ BKJIAJIOB PA3JIMUHBIX SHEPreTHUYECKUX 30H B BEJIMYUHY SHEPrUU
CBSI3U BJIEKTPOHA (WJIM ABIPKH) Ha MPUMECH, YTO MO3BOJISIET CPOPMYINPOBAThH MOITypeHoMe-
HOJIOTHYECKOE ONUCAHHUE MTYOOKHX MPUMECHBIX COCTOSIHMM B paMKax M3BECTHOTO METOJa I0-
TEHIIMaJa HyJeBOI0 pajuyca.

Jlnist BEpOSATHOCTH Tepexojia B €AMHUILY BpeMeHH (0OpaTHOro BPEMEHM pellaKkCalliH)
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W3 COCTOSIHHS |nk> AJIEKTPOHA TOJYMPOBOAHUKOBOK TreTepocTpykTyphl (I'C) B mroboe mo-

CTYITHOE COCTOSTHHE C MOMOIIBIO 30JI0TOTO0 MpaBuia @epmMu MOTYUYEHO BBIPAKEHUE
2 ~
w, (k) === U, [dz-c()1-c(2)A, (2)8,(E,(K)). )

3necy nmpoduns gerupoBanus ['C ompenensercs 1D mpumecHOW KOHICHTpamuei
c(2); a- nocrosinuas peutetku ['C ; g (E) - IIOTHOCTb COCTOSIHUIL B 1’ - Oif 1MOJ30HE pas-

MCPHOT'O KBAHTOBAHUS, KOTOPAA OIPCACIIACTCA BhIPAXKCHUCM

1
, = k' (k') — , 2
8 (E) =5 5 [4*K'5(E, () ~E) @

U, - riryOrHa NOTEHIMAIbHOM MBI IPUMECHOTO LIEHTPA, KOTOPBIHA paccMaTpUBaeTCs B Ipe-

JIEIIBHOM CJIy4ae CHJIBHOM JIOKAIU3aLlNU:
3
U(r)y=-U,a’5(p)5(z—2z,), 3)
Z, - KoopauHarta npuMecH B1ionb ocu I'C, p - monepeuHslii (B IIIOCKOCTH Xy) paJnyCc-BEKTOP

HOCUTEIIS,

A, (D)= Ff,@Df (2 f(2)a, (4)
Gynkuun f,(z) SIBIAIOTCA pelIEHHEM IIPOCTOro ogHoMepHoro ypasHeHus llpenunrepa, B

KOTOPOM IOTEHUMANIbHAsL SHEPTHsI MOJICJIUPYETCS COOTBETCTBYIOLIMM HAO0OpOM HMPSIMOYIOJIb-
HBIX KBAHTOBBIX SIM KOHEYHOH IiIyOuHBI. Taxke mpearnosaraercsi, 4To Ha reTeporpaHHuIax
9TH (PYHKIMHU YAOBJIETBOPSAIOT TPAHUYHBIM YCIOBUSAM, COXPAHSIOUIMM IUIOTHOCTh ITOTOKA Be-
POSITHOCTH, YTO U OTIPENENISET YHEPTETHUECKUI CIEKTP AIeKTPOoHOB U IbIpoK ['C. DddexTus-
Hble Macchl JbIpoK ['C BBIYMCISUIUCH ¢ UCHOJIb30BaHUEM (popmanu3ma JlaTTuHxepa, yduThl-
BAIOIIMM CMEIINBAHUE COCTOSIHUMN TSKEINBIX U JIeTKuX Jblpok ['C.

Ha ocnoBanuu ¢opmyssl (1) BbIUMCIIEHBI 3aBUCUMOCTH OOpaTHBIX BPEMEH peiakca-
LUH 711 JIEKTPOHOB U JBIPOK B Pa3HBIX MOJ30HAX Pa3MEPHOIO KBAHTOBAHUS OT SHEPIHU HO-
cuTensd JUis CMMMETpu4HOM nomynposognukosor I'C Al ,Ga,,As —GaAs 4-4-4 ¢ nByms
KBAaHTOBBIMH sIMaMH (IIMPUHA JIEBOI U NpaBOii KBAHTOBOM SIMBI paBHA 44, BHYTPEHHETO Oaph-
epa - 4a). B Tabnuue npuBeneHb! 3HAUCHUSI SJHEPTUH IEKTPOHOB, JIETKUX U TSXKEIBIX IbIPOK
I'C 4-4-4, orcunTaHHBIE OT AHA COOTBETCTBYIOIIEH KBAaHTOBOM SIMBI M U3MEPEHHBIE B meV, 1
3Ha4eHHs YPPEKTUBHBIX MACC B €MHUIIAX MACChl CBOOOIHOTO JIIEKTPOHA 71, .

Tabnuua
3Ha4yeHus1 PHEPTUH SJIEKTPOHOB, JIETKUX M TSHKETBIX JbIPOK U 3¢ dextuBHbIX Macc I'C 4-4-4
I'c |Cl C2 HHI HH2 LH1 LH2
4-4-4 | 121.8 180.75 | 57.158 65.228 84.97 131.098 | sueprus, meV

0.075 0.076 | 0.136 0.142 0.165 0.178 s . macca, m,

3aBUCHMOCTH O6paTHI>IX BPEMCH peIakCaluu OJid 3JCKTPOHOB M JBIPOK MOBTOPUIIA
I(YCO‘IHO—HOCTOSIHHHﬁ BUJ IINIOTHOCTHU COCTOSIHUM C Y4€TOM BKJIaZla UHTErpajia MEpeKpPbITUA

Idz‘c(z)(l—c(z))ﬁm,(z) BOJIHOBBIX ()YHKIIUH TPU TIOCTOSTHHOM TpOQUIe JICTHPOBAHHS

c(z) = const u Bknaga 5GQPEKTUBHBIX Macc m, MOA30H A pasmepHoro ksautoBamus IC.

Bpemena penakcauuu 1iis 2JIEKTPOHOB U ABIPOK M0 OLleHKaM coctaBuiu (1-10)ps .
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ABOUT THE RELAXATION SPECTRUM OF THIN FERROELECTRIC
FILM IN A PHASE TRANSITION POINT
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In the framework of the Landau — Khalatnikov theory, the spectrum of relaxation frequencies
and it temperature dependences in the near of the second-order phase transition point in a thin ferroe-
lectric film were determined depending on the film thickness and degree of polarization fixation on the
film surface.

Keywords: soft mode, ferroelectric film, phase transition.

The study of the relaxation time spectrum is necessary for understanding the general
laws control the physical kinetics of materials, in particular, their thermal and electrical prop-
erties, absorption and damping of various types of waves. In second-order phase transitions,
the shortest relaxation time in the system is the relaxation time of the order parameter. The
relaxation of the order parameter in the phase transition under conditions of limited geometry
and the influence of the environment is significantly different from the relaxation in the bulk
material. The purpose of this work is to determine the temperature dependences of the lowest
relaxation frequencies associated with the phase transition in a thin ferroelectric film for dif-
ferent thickness / and the degree of polarization fixation on the film surface. On the base of
the Landau-Khalatnikov theory we write the dynamic equation, describing the oscillations of
the polarization vector f’(O, 0,P):

where the first term is the variation of free energy F, and vy is the damping factor. We expand
the expression for free energy density [1] in a series near the Curie temperature 7¢ of an ideal
crystal:

F= lj{—gﬁ + E(VP)Z}JV + ljﬂﬁds, 2
vil 27 2 Vi

where o =aQ, (TC —T),OLX are the volume and surface decomposition coefficients, re-

spectively; K~ a’ is the correlation constant, a is the lattice parameter; V and § are the vol-
ume and surface area of the film, respectively. Substituting expression (2) into (1), and, as-

suming a simple harmonic dependence of polarization on time P (z,t) =P (z)e_im’, we get
the equation
Kdizgz)+(oc—imy)P(z):() 3
with boundary conditions
P o pz)| -0 @

dz

Substituting the solution of equation (3) into the boundary conditions (4), we obtain a homo-
geneous system of linear equations for the integration constants .Equating it’s determinant to
zero gives a transcendental equation for determining the temperature dependences of relaxa-
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tion frequencies
2 2 ’ 2 2
(OL‘Y _Jo +(,)2)Sin atNo o "(;'HD[ +20,sin wl -0, 5
those solution can be obtained only numerically. In fig. shows the dependences of the soft
mode ®, (T) for a model TGS crystal with parameters T¢=322 K, a0=3.92'10'3 K! [2] for

different values of the normalized film thickness //a and parameter o,/a of fixation polariza-
tion on the film planes.

woy — a&/a=02
0.20+ 0.15 --- @fa=07 e
----- a;fa=12 .— i
0.15} o ala=t] e _ -
0.10+ T e S
. = -
0.10} L L
-
. -
0.05 7
0.05} i /
/
; $ ’ ] -
\ i pof N { T.K S . . A - - T.K
300 305 310 315 320 305 310 315 320
a) b)

Figure. Temperature dependences of the normalized soft mode ®,y of the film for different

normalized thicknesses //a (a) and parameters a/a (b)

From fig. it can be seen that with decreasing temperature, the natural frequency o, de-
creases and drops sharply to zero at the point of phase transition. Temperature dependences of
relaxation frequencies ®;, ®,, within the framework of the task are linear. Apparently, taking
into account the own electric fields, will reveal the nonlinear character of these frequencies,
which will give the model more realism.
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INFLUENCE OF EXTERNAL ELECTRIC FIELD ON PHASE TRANSITIONS
IN THE RESTRICTED FERROELECTRICS
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On the base of Landau-Ginzburg theory, the shift of the phase transition temperature in a thin
ferroelectric film, located between electrodes, are investigated depending on the film thickness and the
type of polarization fixing on the film planes.

Keywords: thin ferroelectric film, phase transition temperature.

As is known, in a bulk ferroelectric at a phase transition (PT) temperature, its sym-
metry changes abruptly. In conditions of restricted geometry, for example in thin ferroelectric
films (FEF), the PT point shifts, as a rule, down the temperature [1], and the solvability of the
corresponding boundary value problem will be determined by the Fredholm alternative. In
this case, both the temperature 7y of the PT and the type of solution near the transition point
must change, which is associated with relaxation processes in the crystal. The purpose of this
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work is to determine the temperature shift of the PT in a FEF, placed between two electrodes,
and the temperature interval of the PT diffused depending on the thickness [/ of the film and
the type of polarization fixed on its surface.

We expand in series, near the Curie point ¢, the specific free energy of a FEF with a

polarization vector P= {O, 0, P} , lying in the (x,y) plane, limited to a second powers [2]:
o= K 2 = o= = = o =
F=|\|-——P +—(VP) —-E-P-E_-P|dV+|—=PdS, (1)
‘J; ( 2 2( ) “ ) :‘; 2

where o=, (TC —T) and o, are the volume and surface decomposition coefficients, re-

spectively; K~ a’ is the correlation constant, a is the lattice parameter; E and Em are the

vectors of own and external electric field strength, respectively; ¢ are contribution to the die-
lectric constant (mainly electronic), not considered using the order parameter; V and S are the
volume and surface area of the film, respectively From variating of expression (1) we receive

coordinate dependences
Ccos‘/ 7+ C sm,/ +C;;
2)

g\/_Ccos _Z_g\/_ \/—

where &, = a — 4 / €. The electric charges on the film planes are neutralized by the charg-

C,sin —z+a

es of the electrodes; therefore, leakage field do not arise here. The electric field strength from
the electrodes is represented as
L __9(1)-9(0)

)
whence the potential on the top plane is (p(l) =—hl + (p(O). Assuming for convenience of

b

calculations, the potential on the lower plane is equal to zero, we attain eventual the system
for determining the integration constants C;, Cy, C3, Cy:

Kd—P$ocsP =0,
dZ z=0,/
3
0(0)=0, )

o(1)=-

Equating the system determinant to zero (3) gives a transcendental equation

sja_[fsm\rsz— \/%lﬂ—ocﬁ{(az )SIn\F1+zaJ—CO3\/7}O(4)

for finding the first nontrivial solution that determines the temperature 7y of the PT. To

find the temperature T]f’ of the FP in the external field, we use the Kronecker-Capelli theorem

on the system compatible (3) (fig.).
The situation, considered in the paper, represents example of anomalous physical phe-
nomena, where an arbitrarily weak external force generates a finite response of the system.
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Figure. Dependences of the temperature T;’ (a) and shift temperature AT (b) of the PT on the

normalized thickness of the TGS film under the action of an external field
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Phase transitions and related anelastic effects are examined in Fe-xGa alloys (x = 8-33%) by
means of in-situ neutron diffraction, vibrating sample magnetometry, dilatometry, and three different
mechanical spectroscopy techniques: torsion forced pendulum, vibrating reed, and commercial DMA
Q800. Anelastic transient effects due to ordering-disordering (D0; «» A2) in Fe-19Ga, and first order
phase transitions (DO; — L1, — D0;9 — B2) in Fe-27Ga compositions, are discussed with respect to
phase and magnetic transitions.

Keywords: phase transitions, mechanical spectroscopy, Snoek effect, Zener relaxation.

Amplitude-independent thermally-activated and transient effects in as-cast Fe-(8-
33)%Ga alloys in a temperature range from 0 to 600°C and frequencies from 0.1 to 30 Hz
were investigated. Activation energies and characteristic relaxation time are evaluated and
analysed to conclude about the influence of Ga content on Zener relaxation, possible overlap-
ping of Snoek-type relaxation with another, still not well defined, mechanism [1-5]. The tran-
sient effect along with a sharp increase in the modulus is a sensitive tool to detect transition
from metastable to stable structure in the Fe-Ga alloys. First ever systematic study of anelastic
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effects in binary as cast Fe-Ga (with Ga < 33 at.%) alloys between 0 and 600°C is carried out
in this work. The following conclusions can be drawn:

- Three thermally activated IF effects (P1, P2 and P3 peaks) and a transient effect (Pry)
due to metastable/stable structure transition are recorded in Fe-Ga alloys and analysed. The
P1 peak is recorded in the alloys with Ga < 30 at.%, the P2 peak e below Ga < 25at.% and the
P2 peak - in the alloys with Ga > 25 at.%. The transient peak (Pr;) is observed in the alloys
with Ga > 24% and is accompanied by an increase in the elastic modulus. One more thermally
activated peak (P4) can be distinguished close to the upper temperature limit of our tests
(600°C), it is not discussed in this paper due to lack of experimental data in this temperature
range.

- The relaxation strength of the Zener relaxation in Fe-Ga alloys has a complicated
character: the relaxation strength increases with an increase in gallium content in the disor-
dered alloys with <19%Ga, then the relaxation strength decreases rapidly in the range 19 < Ga
< 25 at.% due to alloys ordering. This anelastic effect is denoted in the paper as the P3 peak.
In Fe-Ga alloys with Ga > 25 at.%, the P2 peak height increases with an increase in deviation
from stoichiometric composition Fe3Al, and it vanishes after transition from the DO; — L1,
structure. The values of the relaxation time for both P2 and P3 effects suggest point defect
relaxation and a smooth decrease in the activation energy on Ga concentration in Fe-Ga al-
loys, which is in agreement with the Zener relaxation and theoretical predictions.

This work was supported by RFBR grants No. 18-58-52007 (MNT _a) and No. 18-58-
53032 (GFEN _a) and also RNF grant No. 19-72-20080.
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OI'AOY BO «HOxHbIi penepanbHblii YHUBEPCUTETY

B HacTosimieit paboTe BBIITOJHEHO 3KCIIEPUMEHTAIBHOE HCCIICAOBAaHUE YACTOTHBIX 3aBUCHMO-
CTel KOMIUIEKCHBIX MOJYJIEH YIIPYrOCTH KEPAaMOMAaTPUUHBIX IIbE30KOMIIO3UTOB C BBICOKUMHU YIIPYTH-
MU TIoTepsIMH | auctiepcueit. OnpezeneHsl KOMIUIEKCHBIE HAOOPBI YIIPYTHX, AUIJIEKTPUIECKUX U TTbe-
30JIEKTPUYECKHUX MapamMeTpoB. [loaydeHHbIE SKCIIEpUMEHTAIBHBIE PE3YIbTATHI COMOCTABJIEHBI C TEO-
PETUYECKUMH DPEe3yJbTaTaMH, MOJYYEHHBIMH C HCIOJNb30BaHHEM oOUIMX cooTHomeHui Kpamepca-
Kponura.

KinroueBple  cioBa:  ympyrue TOTEpH, paccestHue, JAWUCIEpcHs, KepaMOMaTpU4YHBIE
IIbE30KOMIIO3UTHI, KOMIUIEKCHOE COIIPOTUBIIEHUE.

Mmnorogaznbsie kepamomarpuunble Komno3uTsl (KMK) sBistoTCst 0ueHb CIoKHBIMU
00BeKTaMu I TEOPETUUECKOT0 MOJENINPOBaHUsl, Hepa3pymiatomero koutposs (HPK) u ynb-
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TPa3BYKOBBIX u3MepeHwuii [1]. s TouHoro onucanus cBoicTB nmbe30akTuBHBIX KMK Heo0-
XOJIMMa OLIEHKAa MEXaHUYECKUX, MbE30ICKTPUUECKUX U TUIJIEKTPUUYECKUX NOTEPh C YUETOM
HecMH(pA3HOTO OTKIMKA MaTepuaja Ha BHEITHee Bo3aelicTue [2].

B nactosmeit pabore ObUIM HCCIIEOBaHBI YAaCTOTHBIE 3aBUCHUMOCTH KOMILJIEKCHBIX
MoayJier ynpyroctu st paznnuabix KMK ¢ cunbHOM poCTpaHCTBEHHOW AUCIIEPCUEN U BbI-
COKHMMH YIPYTrUMH NoTepsMU. [lomydeHHbIe SKCIEpUMEHTAIIBHBIE PE3YJIbTaThl COMOCTABIIEHbI
C TEOPETUYECKUMHU PE3yJIbTaTaMHU, IMOJTYYEHHBIMU C MCIOIb30BAaHUEM OOIIMX COOTHOIIECHUM
Kpamepca-Kponura. B kauecTBe 00pa3ioB [Jii MOJEIHPOBAHUS PACHpPOCTPAaHEHUS YIbTpa-
3BYKOBBIX BOJIH U DKCIEPUMEHTAIbHBIX MCCIEAOBAHUN C MCIOJb30BaHUEM IIbE303JIEKTpUYE-
ckoro peszoHancHoro ananusa (PRAP) u ynbTpa3ByKOBBIX M3MepeHHM ObUIM BbIOpaHbBI clie-
ayrongue Tunel KMK ¢ BBICOKMMM yIPYrUMU OTEPSIMHU:

- KMK kepamuka-KpucTami, cocTosiue u3 cerueromarkoi Marpuipl L[TC ¢ mpous-
BOJILHO pacHpeleieHHbIMU KpHUcTaUTndeckuMu BrioueHusMu (a-Al,Os, LiNbO3; u np.) ¢
Pa3IMYHBIM CPEHUM Pa3MepPOM U 0OBEMHBIM COJEP>KaHUEM YaCTHIL;

- nopuctas nbe3zokepamuka L[[TC ¢ pa3nuuHOil OTHOCUTENBHOM MOPUCTOCTHIO U pas3-
MEpOM I10p.

KommiekcHbie ynpyrue, AUAJIEKTPHYECKHE W THE30AJIEKTPHUECKUE KOAPPHUIIMEHTHI
nopuctoii kepamukn 1 KMK onpezgensuinch METOAOM MbE303JIEKTPUUECKOTO PE3OHAHCHOTO
aHaJn3a UMIEAAHCHBIX CIIEKTPOB M mporpammuoro odecrneuenuss PRAP [3]. MccnenoBanus
MUKPOCTPYKTYPBI 00pa31oB (CKOJIbI U MOJIHPOBAHHBIC MOBEPXHOCTH) BHIMOIHSUIUCH C ITOMO-
IBI0 CKaHupytomiero ekTporHoro (SEM, Karl Zeiss) u ontuaeckoro (NeoPhot-21) mukpo-
CKOIIOB.

Ha pucyHke B kauecTBe nmpuMepa MoKa3aHbl YaCTOTHBIEC 3aBUCHIMOCTH KOI(HUIIEHTOB

3aTyXaHUs U COOTBETCTBYIOIIMX CKopocTeit ymbrpasByka mmst KMK LITC/a— Al,O, ¢ pas-

JNTMYHBIM 00beMHbIM conepkanneM o — Al O, .
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HOKaSaHO, 4TO B 3aBHUCHUMOCTH OT AMaria3oHa 4acToOT U pasMEpa pacCCHUBAIOMIUX 4Ya-
CTUI] MCXAaHU3M PACCCAHUA MOKET MCHATHCA OT PaneeBckoro (ﬂ >> D) K CTOXaCTUYICCKOMY

tuny (A ~ D), 4T0o IPUBOJUT K COOTBETCTBYIOMIUM U3MEHEHHSAM JUCIEPCHOHHOTO XapaKTepa
U XOpOUIO coriacyercs ¢ 0omumMu cootTHomeHusiMu Kpamepca-Kponura:

m® dV (o 2V, (o ale
a(a)): Wj%) u AV =V(a))—Vo = 7[0 L}O a()/z )da)/ s (D

rZIe CKOPOCTh 3BYKa, V(a)) 3amnuceiBaercs Kak V + AV(a)) npu AV(a)) <<V, u coxpaHnsroTcs
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TOJILKO YJICHBI MOPSAKA AV(a)).

HccnenoBanue BBITIOIHEHO MpU (GUHAHCOBOM moaepxke MunoopHayku PD (Tema Ne
12.5425.2017/8.9, 6a3zoBas yacTh roc3zananusi) u Poccuiickoro ¢ponaa GpyHIaMeHTaTbHBIX UC-
cnenoBanuii (PODU Ne 16-58-48009-Una-omm).
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BOnpIIMHCTBO METOAOB IOJNYYEHUS METAJUIOB M CIUIABOB C YJIBTPAMEIKUM 3€PHOM
CBSI3aHO C IOSIBJICHUEM OCTATOYHOM MOPHUCTOCTU B KOHEYHOM Iponaykre. llocne Bblaepkku
oOpa3lia Mpu HECKOJIbKO MOBBIIIEHHOHN TeMIepaType Mopbl MPEUMYIIECTBEHHO paclojararoT-
Csl Ha M@XX3epeHHBIX IPaHUIlaX WU 3aJIe4MBaloTCs. B mepBoM ciiydae matepuan obiagaer mo-
BBIIIEHHBIM YPOBHEM BHYTPEHHEIrO TPEHHS IO CPAaBHEHMIO ¢ OeCHOpHUCTBIM aHaioroM. Iloxg
JEHCTBUEM NEPEMEHHOIO BHEUIHETO HANPSKEHHS HW3MEHSIETCS XMMHYECKMHM MOTEHLHasa Ba-
KaHCHIl B TpaHMIax 3epeH. B pesynbrare BO3HUKAIOT AU Y3MOHHBIE TMOTOKH BaKaHCHI
MEX/y MOpaMH M 00JIaCTSIMHU COTIPSDKEHUS 3€pEH, IPUBOASIINE K IepepacpeiesIeHUI0 Bele-
CTBa B 00yilacTu rpaHuil. becnopucTele y4acTKU T'paHUI] IOOYEPETHO UIPAIOT POIb UCTOUHHU-
KOB U CTOKOB BaKaHCUIH. JTO NPUBOJUT K B3aUMHOMY CMEIICHHUIO CONPATAIOIINXCS IO TPaHU-
1€ CMEKHBIX KPUCTAJIIUTOB, UTO SIBJISIETCSA IPUUMHON paccestHUs SHEPTUu KosneOaHui.

W3 perieHuss HeCTallMOHAPHOTO HEOJHOPOJIHOTO YpaBHEHUs Tudy3un ¢ nepuoanye-
CKMM HCTOYHMKOM BaKaHCHIl HaXOJIUTCS 3aBUCUMOCTb U30BITOYHOM MO CPAaBHEHUIO C PaBHO-
BECHOM KOHIICHTpAllMM BAaKaHCHUH OT KOOpJAMHAT M BPEMEHH. 3ajada UMEET ABYMEPHBIA Xa-
pakrep. Ha ocHOBe penieHust pacquThIBAETCS CKOPOCTh B3aUMHOTO CMEIEHUS KPUCTAJLUIUTOB.
W3 3aBUCHMOCTH XMMHYECKOTO NOTEHLMANa BAKaHCUN OT MX KOHIEHTPAlMM U BEJIUYHMHBI
HOPMAJIbHOTO HAIPSHKEHUS HAaXOIUTCS paclpesiesieHHe HaNpsKeHHs] B Pa3IMYHBIX 001acTIX
rpanuibl. Pacuer mpousBoauTcs ¢ yuyetoMm 3¢ ¢exta MoJCTPONKH HaNpspKeHUH, YUUTHIBAIO-
IIEr0 U3MEHEHHNE JIOKAJIbHOTO HANPSKEHUs B 3aBUCHMOCTH OT IepepaclpeiesIeHNs BENECTBA
B I'PaHUILIE.

3aBUCUMOCTB JoraprudmMa BHYTPEHHETO TPEHHUS OT 0OpaTHOW TeMIIepaTypbl UMEET BHUJL
JUHUM, UMEIOUIEN JBa MPSAMOJIMHEHHBIX y4acTKa ¢ M3JI0MOM. Pa3nnyHble BEIUYUHBI YIJIOB
HAKJIOHA MPSMOJIMHEHHBIX YUYaCTKOB CBUJIETENIbCTBYIOT O HAIMYUU JABYX 3()()EKTUBHBIX IHEP-
M akTHBALMU Tpollecca B Pa3IUYHBIX TEMIIEpPaTypHO-4acTOTHBIX obnactsx. Ilomoxenue
oOractel M370Ma 3aBUCUT OT T€OMETPUUECKUX Pa3MepPOB MOp U AUPPY3MOHHBIX XapaKTepH-
CTUK BakaHcUi. [1og00HBIM BUJ 3aBUCUMOCTH YPOBHS (DOHA BHYTPEHHETO TPEHUS XapaKTepeH
JUISL MaTEpPHUAJIOB C IPYTMMH HEOJHOPOAHOCTSMH, IPUCYTCTBYIOIIMMH Ha TPaHULAX 3€pPEH.
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YIK 538.915
MOJAEJIb CY-IHPUDPPEPA-XUT'EPA U AHAJIN3 TOIMOJIOI'MYECKHUX
COCTOSIHUH B JIMOTPOITHBIX CUCTEMAX C JUCCUIAITUENA

JI.B. EnpHUKOBa
Kann. ¢us.-mar. Hayk, H.c., elnikova@itep.ru
OI'BY «MHCTUTYT TeOpeTHIeCKON U dKCIIepIMEHTANbHON Qu3ukn umern A.M. Anmxanosa HULL
«KypuaTOBCKUN HHCTUTYT»

Paccmotpena monens Cy-Llpuddepa-Xurepa s ONeHKH SHEPTHH, TPOBOISIIINX COCTOSHHIMA
B MHOTOKOMITIOHCHTHBIX CHCTEMaX C aKTHUBHBIM U IACCUBHBIM PEKUMOM OHBOJIIOLUU IapameTpa
MOPSIKA B TPUBUAIBHBIX U TOTIOJIOTHYECKUX (pa3ax.

KitoueBsie cmoBa: Tomomormdeckue (aspl, moxens Cy-Llpuddepa-Xurepa, axkTuBHBIE
COCTOSTHHUSIL.

[ToBEpXHOCTHBIE TOIIOJIOTMYECKUE COCTOSTHUS UCCIIEYIOTCSI B CBSI3U C AKTYaJlbHOCTBIO
COBPEMEHHBIX CIIMHTPOHHBIX MPHUIIOKEHUH, pa3BUTHEM IIPOU3BOJICTBA (DOTOHHBIX, aKyCTHYE-
CKHUX M MEXaHMYECKHX METaMaTepHaloB U HAaHOKOMIIO3UTOB, aKTyaTOPOB KaK aKTHUBHBIX JIH-
HaMH4YeCKUX cucteMm [1].

CymectByet Teopernueckas moaens Cy-Ilpuddepa-Xurepa (CLLIX), npeqna3snayeH-
Hasl JUIsl ONUCAHUS TOMOJIOTHYECKHUX e()EeKTOB COIMTOHHOTO TUIA, KOTOPBIE OMPEIEIISIIOT Te-
PEHOC 3apsizia B JISTHPOBAHHBIX MaTepHaliaX, WM TOMOJIOTHYECKUH (a30BbIi nepexoa. Bnep-
Bble OHAa OblIa MPOWUIIOCTPUPOBAHA ISl Clydas MOJIMaleTUiIeHa [2], UMEIOIIero OauH 7-
AJIEKTPOH YIJIEPOJIHOM CBA3M B KAU€CTBE MPOBOJALIETO COCTOSHUA. B HacTosiiee BpeMsi Mo-
nens CHIX momyuniia pazBUTHE JUIsl pacdyeTa MPOBOASIIUX CBOMCTB IIMPOKOro Kiacca MOJH-
MEPHBIX KOMITO3UTOB, TOTIOJIOTUYECKUX H30JISTOPOB U rpad)€HOB, OHA aCCOLMHUPYETCs ¢ Pa3oit
3aka potonHbIX KpucTauioB [3-6] u nmp. CLUX - raMunbTOHHAH CUIBHOU CBsI3H [7] BBIpaXka-

€TCS KakK
4\/;0:

7K

1. K
HSSH = ZEMiriz +ZZ by
i ij

rae M; v ri— Macca U TOJ0KeHHEe BEKTOpa i-r0 aTOMHOTO y31a, by=|r;-r;| nnuHa cBs3u
MEX/ly aTOMHBIMH y3j1aMH, K — KOHCTaHTa TMHAMUYECKON JKECTKOCTH, fy — PENIEPHBII MPbIXK-
KOBBIN MHTErpall, o — JUHEHHAs dJIEKTPOH-(POHOHHAsS KOHCTaHTa CBsi3H y310B i U j, Ci' u C;—
OIepaTOphl POKJICHUS U YHUUTOXKEHHUS JIEKTpoHa B y3iie i. Yucnennoe pemenue (1) nokasa-
HO Ha pUC. KaK aHAJIOT U3MEHEHUs KPaeBbIX COCTOSHUH.

B o6mem ciayuyae mogens CIIX MoxkeT ObITh pacpocTpaHeHa Ha IUCCUIIaTUBHBIE CH-
cteMmsl [ 1], HarpuMep, NPUMEHSTHCS JUIs aHAJIN3a AKTUBHBIX KOJJIOWAHBIX ¢a3 [§].

=3ty —frab, (C7C,+CCH - CIC, (1)

ij

1

conductivity,arb.units

T T T T

T T 1
0.1 0.2 0.3 04 05 0607
B

Pucynox. PacueTHpIe TeMIIEpaTypHBIC 3aBUCUIMOCTH ITPOBOIUMOCTH ITOJTMMEPHOTO KOMITO3HUTA
MIPHU Pa3IMYHBIX KOHUEHTPALMIX HanoJHuTesnel. [lpuMeHeH peleTouHbii MEeTo
Mosnre Kapino ¢ ramunbronnanom (1) «maccuBaoity» momenn CIIX
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B ogHOoMepHBIX M BYMEpPHBIX aKTUBHBIX CHUCTEMax JEUCTBYET MEXaHU3M CaMOIIO-
JEP)KUBAIOIIUXCS KOJIEOAHNUM, aKTUBHPYIONTUN TOIMOJIOTHYECKUE KPAeBble COCTOSHHMS, TOT/IA
kKak B 3D 3TH CBsi3M pa3pymieHbl. ITO BBI3BIBACT MPOOJIEMY BBIYUCICHHS TOIIOJIOTHYECKOTO
WHBapUaHTa, HaPUMEP, YHUCIIa KpydeHUsi. BmecTe ¢ TeM M3MEHSAIOTCA MPOBOASAIINE U MEXa-
HUYECKHE CBOMCTBA KOMITO3UTOB.
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V]IK 548.4
O PAIMAITMOHHOM 3ATYXAHHMHU NU3TrUBHBIX KOJEBAHUI
JUCJIOKALIUU B ITUCCUITATUBHOM KPUCTAJIJIE

B.B. exun
Kann. ¢us.-mart. Hayk, noneHr, viktor.dezhin @mail.ru
OI'BOY BO «BopoHEKCKHIl rOCy1apCTBEHHBIN TEXHUUECKUN YHUBEPCUTET

Paccmotpenbl u3ruOHbIe KojieOaHUs JTUCIIOKAIMU B JAMCCUIIATUBHOM Kpucraie. HailineHs
BKJIAJIbl M3TUOHBIX KOJIEOaHMIA B PAJHAIMOHHOE TOPMOKEHUE JMCIOKAIINH IS CIEAYIONINX CIy4Yaes:
HU3KOYACTOTHBIC KOJICOAHUS B JJIMHHOBOJHOBOM M KOPOTKOBOJIHOBOM IIpejieiiaX, KOPOTKOBOJHOBBIC
KOJieOaHUs MPOU3BOIBLHON YaCTOThI, JUIMHHOBOJIHOBBIE KOJICOAHUS MPOU3BOIBLHON YaCTOTHI.

KitoueBsie cnoBa: muciokaius, M3rHOHBIE KolebaHus, 0000IeHHasT BOCIIPUIMYHBOCTD, JH-
HaMH4ECKOE TOPMOKEHHE.

Pannannonnoe 3aryxanue KoJICOMIOMIEHCS TPSIMOIMHEHHON TUCTOKAU (M3IIydeHUE
VIPYTUX BOJH TUCIOKalMel) BrepBbie paccMoTperno Dmienou [1]. [loznuee 3amaya 06 uzmy-
YEHUH YIPYTHX BOJIH JUCIIOKalUeN TPOU3BOILHON (DOPMBI B M30TPOITHON O€3MCCUITaTUBHON
cpene Oblna periena B padorax Hanwka [2, 3]. Hunomus [4] mony4un ypaBHEHUE TBUKCHHS
JUCIIOKALlMU B U30TPOMHOM Cpejie, UMEIollee MHUMOE cllaraeMoe, 0OyCIIOBJIEHHOE paaualiu-
OHHBIMHU TOTepsMU. B nanHO# paboTe ¢ yuerom omnpezaeneHus 0000IIEHHONH BOCIPUUMYNBO-
ctu [5] 1 Ha OCHOBE Pe3yNbTAaTOB [6-8] HalIeH BKJIaJ M3THOHBIX KOJECOAHUHN IMCIOKAINH B
paauanMoOHHOE TPEHUE AJI JUCCUIIATUBHOTO KPUCTAILIA.

I[Ipeanonaranock, yto ock (7 NEKHUT BIOJb JIMHAM AUCIOKALUH, KOTOPas COBEPIIAET
MaJible KoJIeOaHus BOIM3H MOJI0KEHUS PAaBHOBECHSI. Y YUTHIBATIOCH MIEKTPOHHOE TOPMOKEHUE
nuciokauuu. [lomydeHsl BoIpaykeHus 7S BKJIaJa U3rHOHBIX KoJieOaHWH B paJualliOHHOE 3a-
tyxanue W .

J1J11 HU3KOYaCTOTHBIX M3rMOHBIX KOJieOaHUI B ITTMHHOBOJIHOBOM Ipezesie
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rae C — KOHCTaHTa IOps/IKa eJMHUIBI, 3aBHCAIIas oT Kodduimenta [Tyaccona.

OTMeTuM, 4YTO TIOJIYYCHHBIC BBIPAKEHHS COOTBETCTBYIOT HWHTEPHEPEHIIMOHHOMY
BKJIaJly B 3aTyXaHHe KOJEeOaHWI TUCIOKALMU 3a CYET PaAHAllMOHHOTO TOPMOXKECHHS M B3au-
MOJIEHACTBUSA C TUCCUNIATUBHOMN CPEIOi.
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YK 519.87
KOMIIBIOTEPHOE MOJAEJIMPOBAHUE MAT'HUTHBIX ®A30BbIX
INIEPEXOJ0OB B AMOP®HBIX CIIJTABAX HA OCHOBE
PEJAKO3EMEJIBHBIX METAJIJIOB

A.B. bongapes', .JI. baraponos”, .M. HamyeBa3
"Kann. (u3.-mar. HayK, AOIEHT, bondarev_a_v@mail.ru
*JI-p du3.-Mart. Hayk, mpodeccop, i-bataronov@mail.ru
Kann. Texn. Hayk, noneHT, vapushka@yandex.ru
OI'BOY BO «BopoHeKCKHil TOCy1apCTBEHHBIN TEXHHYECKUH YHUBEPCUTET)

Metonom Monte-Kapiio uccienoBaHbl MarHWTHBIE CBOMCTBa aMop¢HBIX ciuiaBoB Re-Tb u
Re-Gd. Onpenenensl TeMiiepaTypsl Iepexoia B COCTOSIHAE CITMHOBOTO CTEKJIA, TOCTPOSHBI MAarHUT-
HbIe (a30BbIC AUarpaMMsl. MccnenoBana penakcanys HAMarHH9eHHOCTH.

KiroueBbie croBa: amopdHbie cruaBbl, TepOuii, ragonunuii, Mmeronx Monte-Kapio, cnnHoBOE
CTEKJIO, MATHUTHBIE (Pa30BHIE TUATPAMMBL.

JIBoiinbie amop¢Hbie cruiaBbl (AC) mepexoaHol MeTalll — PelKO3eMEeNbHbI MeTasll
(IIM—P3M) nipencTaBisitoT coO0H CUCTEMBI, 001aJar0IIe YHUKATbHBIMA MarHUTHBIMHU CBO¥-
cTBaMH. B mmpokoM HHTEpBane KOHIICHTPAIUi B 3THUX CIUIaBaX HAOIIOAAETCs Mepexo]] B CO-
CTOSIHUE CIIMHOBOTO cTeKna. [Ipupoaa ciMH-CTEKOIBHOTO COCTOSHUS B aMOP(HBIX CIUIaBaX H
MEXaHU3MbI PEJaKCAllM HAMarHWYE€HHOCTH SIBJIAFOTCS PEMETOM MHTEHCHUBHBIX UCCIIE0BA-
HUM B HACTOSAILIEE BPEMSI.

MeTo0M MONEKYISIPHOW AMHAMUKH OBUTH MOCTPOEHBI MOJEIU aTOMHOU CTPYKTYpBI
AC cucrem Rejpox-Tbx (x=5-91 at. %) u Rejpox-Gdx (x=4-93 ar. %), a Takxe UYUCTHIX
amop¢HbIX TepOus U ragonuHus. 3atreM MetonoM MotHe-Kapno B pamkax mozaenu I eiizen-
Oepra ObUTM WCCIEOBaHBI MarHWTHBIE CBOMCTBA JAHHBIX Mozelei. B ramunbroHnane s
AC Re-Tb yuutsiBamioch 00MEHHOE B3aMMOJICHCTBHE MEXKIYy MarHUTHBIMU MOMEHTaMH aTo-
MoB Tb, HaxoasmMXCA B Mpeenax NepBoil KOOPAUHAIMOHHOM cephl, U ciydaiiHast OTHOOC-
Has anuzotrponus. s AC Re-Gd yuuteiBanocs GpeppoMarHUTHOE B3aUMOJICHCTBIE MAarHUT-
HBIX MOMEHTOB aTroMOB (Gd B mpenenax nepBoi KOOpAUHAIMOHHOUM cephl U aHTHUhEeppoMar-
HUTHOE — B Mpe/ieNiaX BTOPOil KOOPAUHAIIMOHHOMN cephl.

B nponecce oxnaxkaeHuss MojeNedl pacCUUTHIBAINCH TeMIIepaTypHbIE 3aBUCUMOCTHU
CIIOHTAaHHOW HAMAarHWMYE€HHOCTH, MAarHUTHOM BOCHPHUUMYMBOCTH U MOTEHIMAIBHOU SHEPIHU
cuctembl. OrpesienieHbl TeMIepaTyphl IEpexo/ia U3 MapaMarHuTHOTO B CIIMH-CTEKOJIBHOE CO-
CTOSIHUE B 3aBUCHMOCTH OT KOHIIEHTpanuu atomMoB P3M, mocTpoeHbl MarHuTHble (ha3oBble
nuarpammbl. MccienoBaHo moBeneHHE MoAeNed MpU MPUJIOKEHWH BHELIHEr0 MarHUTHOTO
NOJIS: pacCUMTaHbl NETIM TUCTEpE3Uca INpH Pa3IUYHbIX TEMIEpaTypax U KOHLEHTPaLUIX
atoMoB P3M, mo KOTOpBIM ONpeaeNeHbl BEIMYMHBI KOAPLUUTUBHOM CHIIBI U OCTATOYHOMN
HaMarHU4eHHOCTH.

WccnenoBansl mpoleccsl pesakcalud HaMarHHYeHHOCTH B MOJEINSX MOCie OTKIHYe-
HUS BHEIIHErO0 MArHUTHOIO MOJs. 3aBUCUMOCTH HAMarHMYEHHOCTH OT BPEMEHH MOAUUHSIOT-
cs pasHbIM 3akoHaM 11t AC co ciydaitHoi anuzoTtpornueit (Re-Tb) u ¢ guykryarnusamu 00-
MeHHoro B3aumozeiictaus (Re-Gd).
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II. MEXAHUYECKASA PEJAKCATINA

VJIK 538.9
PEJIAKCALIMSI MOZYJISI CABUTA B METAJUIMYECKOM CTEKJIE PdyoNigoP2o
MMOCJIE IJIACTUYECKOM JE®OPMALIMN KPYYEHUEM MO[ TABJIEHUEM

10.I1. Murpodanos', E.B. FOH‘IapOBaz, H. Zhou®, G. Wilde', B.A. Xonux’
'Kany. ¢us.-Mar. HayK, IOLEHT, C. H. ¢. Kadeapsl obmeit pusnku, mitrofanovyup @ gmail.com
*Kanz. Gu3.-MaT. HAyK, M. H. ¢. Kapeaps! oduieit dusnku, goncharova.evg@mail.ru
*PhD student of the Institute of Material Physics, h_zhou04 @uni-muenster.de
*PhD in Materials Science, University Professor, Director of the Institute of Material Physics, Dean of
the Department of Physics, gwilde @uni-muenster.de

5 o . .
H-p ¢us.-mar. Hayk, mpodeccop, 3aB. kadeapoit oomieit Gusukwy, r. H. c., v.a.khonik@vspu.ac.ru
1’2’5B0p0He>i<CKI/H71 rOCyJapCTBEHHBIN MMeJarornueckuii yHuBepcureT, Boponex (Poccust)

*#*University of Miinster, Miinster (Germany)

HccnenoBana penakcanusi CABUTOBOM YIPYrocTd B MeTautmueckoM cTekie PdygNigyP, mocie
TUTacTUYEeCKOr nedopManu KpydeHneM moj AaBineHueM. Jledbopmarusi BIusSeT Ha KHHETHUKY
HEPETaKCUPOBAHHOTO MOJYJSl CIABUTa TpPH TepMOOOpaOdOTKE CTEKNa, YTO CBHUAETEIBCTBYET O
3HAUMUTEIPHOM M3MEHEHHU DHEPreTHUECKOrO0 CIEKTpa CTPYKTYPHOUM peJakCaluu BCIIEICTBUE
WHTCHCHUBHOM IJIACTHYECKON Je(OpMaIIny.

KiroueBble croBa: METaNIMYECKOE CTEKJIO, MOAYJIb CIABHra, pelaKcalus, IIacTHUYeCKas
nedopMarusi.

MeToabl WMHTEHCHBHOHM IUIACTHYECKOW AedopManuu  SBISIOTCS  d((EKTUBHBIM
UHCTPYMEHTOM MOJUGUKALUUA CTPYKTYPhl KPUCTAIUTMUECKUX CIUIABOB, MO3BOJISS CO3/1aBaTh
00BeMHBIC HAHOMATEepUaIbl ¢ 0COObIMH (u3HUecKUMHU cBoiicTBamu [1]. Bompoc o BmusHUM
TaKoro poja aedopmanuii Ha CTPYKTypy aMOp(hHBIX (HEKPUCTAIUTMUECKUX) CIIJIABOB OCTAETCS
B 3HAYHUTEIBHON CTENICHW OTKPBITBIM U SIBJSIETCS TPEAMETOM HEOCIa0eBaIOIIET0 WHTEpeca
(U3UKOB-METaIIOBE/IOB.

HepenakcupoBanublii MOysb ciBura G SBJISETCS BaKHEWIIEH TEPMOAUHAMUYECKOU
BEJIMUMHOM, KOTOpas XapaKTepu3yeT pelakCallMOHHYI (MeIJeHHYI0) W  aTOMHO-
MOJIEKYJISIpHYIO (OBICTpYI0) NHMHAMHUKY CTPYKTYphl aMOpP(HBIX BeIeCTB (KHAKOCTEH U
crexon) [2]. B wdacTtHOCTHM, IS METaJUIMUECKHX CTeKon BenuuuHa G OKas3bIBaeTCs
BaXHEHIIMM HMHTErpajbHbIM HHIUKATOPOM TEIIOBBIX 3()()EKTOB, KOTOPHIE COMPOBOXKAAIOT
IIPOLIECC peTaKCcallii HEKPUCTAJNINYECKON CTPYKTYpHI [3].

B nmanmHOM  wWccienoBaHUM — @nepsvie  OBUIM  BBINIOJIHEHBI  W3MEPEHHS
HEPEeNTaKCUPOBAHHOTO MOy cABura G TMpH HarpeBe OOpas3IOB METaNIMYECKOTO CTeKIa
Pd4oNigP;9, moaBeprHyThIX TpeaBapUTEbHOW WHTEHCHBHOW IUTacTHYECKOM nedopmaruu
METOJIOM  KpyuyeHuss mojJ  jJaBieHueM. W3mepernnss G OpOBOAWINCH — METOJIOM
AJIEKTPOMAarHUTHOTO aKyCTHYECKOI'0 pe30HaHca (JeTainu cM., Hampumep, B padore [4]). Ha
PUCYHKE TpEACTaBIEHBI pe3yibTaThl u3MepeHuil npu 3 K/mun ansa HenedopMUpOBaHHOTO
oOpasia (B BUJE OTHOCUTEIHHOTO u3MeHeHus Monyist casura g€ = G / Gsqox — 1, Tie Gaaox —
BennunHa Moayns casura npu 340 K), a Takke mocne mpeaBapuTeNbHON AeopMaliu npu
KOMHaTHOU Temmiepatype T, moa gasieHuem okosio 12 I'Tla mocme N = 3, 10 u 100 060poToB.
[Tnactuyeckass nedopmarusi BbI3bIBaeT m3MeHeHHe KuHeTHKH G (run 1). ITocme narpesa
obpaszua no 620 K > T, (rne T, — TemrepaTypa CTEKJIOBaHHUS) U MTOCIETYIOIETO OXJIaXKICHHs
1o T, peanusyercs pelnakCupoBaHHOE cocTosHUE. [Ipu 3TOM nTOrOBast BeNMUMHA pesaKkcaluu
MOJyJis cABHUTA (gr;) (cM. BcTaBKy Ha pucyHke aia 7' = 340 K) 3aBucur ot yucia o60poToB
N, T.e. oT 3¢ (eKTUBHON BETUYMHBI TTacTU4YecKoi aedopmanmu. KuHetnka Moynsi ciBUra B
penakcupoBaHHOM o0pasiie (run 2) OTJIMYaeTCss OT UCXOTHOTO (HE OTOXKEHHOT0) CTEKJIA.

B pabote 00cyxaatoTcsi BO3SMOXHbBIE TPUUMHBI U3MEHEHUS! KUHETHUKH G BCIEICTBHE
(bopMHUpPOBaHHUS [IOJIOC C/IBUTA ITOCJIE MHTEHCUBHOW IMJIaCTUYECKOM edopManuu.
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Pabora BbINoJIHEHa NpH Moiep)KKe MUHHCTEPCTBA HAYKH U BBICIIETO 00pa30BaHUsI
P® (3amanme 3.1310.2017/4.6).
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BHYTPEHHEE TPEHUE B CTPYKTYPAX DJIEKTPOJTUTHYECKOTO XPOMA
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B pabote paccMoTpeHbI BOPOCH (POPMHUPOBAHUSI CTPYKTYP M3 DIIEKTPOJIMTHYECKOTO XpOMa B
YCIOBUSX CTAllMOHAPHOTO ¥ MUMIYJIBCHOTO 3JeKTponu3a. [lokazaHo, 4To poiib 1e()eKTOB BBITOIHSIOT
TPaHULbI 3ePEH, 10 KOTOPBIM NIPEUMYLIECTBEHHO MPOUCXOIUT (POPMHUPOBAHNE METATIIOTHIPHIOB.

KiroueBbie cnoBa: MeTalIOTMAPHUIBI, 1€PEKThl CTPYKTYpPhl UMITYJIbCHBIH 3JEKTPOJIH3, BHYT-
pEeHHEe TpeHue.

N3BecTHO, UTO SIEKTPOMTHUESCKIE METAJUTBl U CTUIABBI KaK CUCTEMBI C MEHBIIIEH CTe-
MEHBIO YMOPSIOYCHHOCTH aTOMOB O0pa3yroT JA€PEKTHl CTPYKTYpPHI, O KOTOPHIM BO3MOXKHO
dbopMUpOBaHHE METAIUIOTHAPUIOB MPH YCIOBUHU MPOTEKAHUH COMPSIKEHHBIX MPOIECCOB Ha
karoje [1]. O0mmii BHI TaKUX MPOIIECCOB MPECTABIEH CXEMOU

Me " +ne—Me®, H'+e—H’ Me’+H’—MeH

Kak npaBuio, sHeprus cBs3u B 3TUX COCIUHEHMS HEBEIMKA U JJII XPOMOBBIX IOKpPHI-
T aexut B nipeaenax 0,45-0,6 eV, 4To COOTBETCTBYET TeMIepaType SKCTPAKIIMUA BOJAOPOIA
u3 ruapunaa B npexaenax 125-150°C. Takum oOpa3oM, BO3MOXKHOCTh THMAPUIHOTO XPaHEHHS
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BOJIOPOJIA VIS DJEKTPOJUTHUECKUX METAIOB M CIUIABOB 3HAYMTENBHO BBINIE, YEM JUIS Me-
TaJUIOB, TOJYYCHHBIX METOAOM IutaBieHHs. OJHAKO M Ui METajUIOB, ITOJyYEHHBIX MeTall-
JYpPrU4eCcKUMHU METOJIaMH, MOKHO C(OPMHPOBATh Ae()EKTHI MyTeM TEPMHUECKOW 00pabOTKU
WIIN MEXaHUYECKOTO BO3/ICHCTBUS ITyTeM 00paboTKe B pacTBOpE YIBTPa3BYKOM B PEKUME Ka-
BUTAIINU.

B kaudectBe mpumep paccCMOTPUM 3IIEKTPOIUTHYECKOrO (OpMUpOBaHUE Ne(EKTOB B
CTpyKType xpoma. Ha pucyHke mpencTaBiieHbl TEMIEpaTypHbIe 3aBUCHIMOCTH BHYTPEHHETO
tpeust Q (T) 3IEKTPOTUTHYECKOTO XPOMa, TOJYYEHHOTO W3 CEPHOKHCIBIX JIEKTPOJIHTOB
XPOMHUPOBaHHUS B YCIOBHUSX CTAllMOHAPHOIO M MMITYJIBCHOTO 3JIeKTposin3a [2]. AMIumMTyna
IMKa BHYTPEHHEr0 TPEHUSI MMEET MaKCHMalbHOE 3HAUYEHHE JUII PEKUMOB HECTAIMOHAPHOTO
aneKTpon3a. To ecTh YuCiIo AeEeKTOB CTPYKTYPHl YBEIHMUMBACT MPH MUMITYJIBCHOM PEXKHME
anextponu3a. C TOYKM 3pEHMS COBEPIIECHCTBA CTPYKTYPBI 3TO MO3BOJISICT yTBEPXKIATh, YTO
pocT uucia AeeKToB CBS3aH C YBEIMYCHHEM CyMMapHOW 3¢ (GEKTUBHON AJIMHBI TPAHUL 3€-
peH. UTo mo3BOIsIET MPEINOI0KUTh HATNYNE CTUMYIISIUE 00pa30BaHMs THUAPHUIOB Ha Jledek-
TaxX CTPYKTYPHI B 3TUX O0JIACTSX.

a*10°
1- HIMITYIBCHBII PEIKIM:
1,=35 A/nM>?, BpeMst HMITyTIbca
—1 15 cex, Bpems nay3ssl 10 cex;
26 I/
I 2 - IMITYJIBCHBII PEKIM:
’f\ [ i,=35 A/nm?, BpeMs IMITyIIbCa
Il — 15 cek, Bpems may3bl Scek;

3- i pesKIM:
If “\ B ix:};znj\)?;)::sﬂbm PeKIM

e 47 t
7/ \I';
<
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Pucynok. TemmnepaTypHas 3aBUCUMOCTb BHYTPEHHETO TPEHUS SIEKTPOIUTHUECKOI0 XpOMa, HOTy4eH-

HOI'0 U3 CCPHOKHCIIOTO 2JICKTPOJIUTA

YBennueHue NIMPHUHBI TUKOB (1) COOTBETCTBYIOILIUX HECTALUOHAPHBIM DPEXKUMOB
JJIEKTPOJIN3A CBUAETEIBCTBYET O PACIIPEAECICHUHN SHEPIUU aKTUBALUU IIPOLIECCOB, CBS3aHHBIM
¢ 00pa30BaBIIMMUCS TUAPUIHBIMU CTPYKTYpamMH. YTO TOBOPUT O BO3MOKHOCTH UCIOJIb30Ba-
HUS PEIYKLHMOHHOTO 3P deKTa NMpu NOCIeyIoUeM H3BICUYEHUH BOAOPOAA TP MPAKTHUECKOM
WCITOJIb30BAaHNU TAKMX TMIAPUIHBIX CUCTEM B Ka4eCTBE HAKOIUTENEH BOIOPOIA.

B 3aBucHMOCTH OT CBOMCTB 3JIEKTPOJIMTOB YCIOBUS 00pa30BaHUs 3JIEKTPOIUTHUIECKUX
OCaJIKOB MOTYT CHWJIBHO pa3jIM4yaThCs 34 CUET BEJIWYMHBI BPEMEHM pEIaKCallMM MpPU pean3a-
UM 3JIEMEHTApHOTO aKkTa. B 3JIeKTposinTax XpOMHUPOBaHMsS Ha OCHOBE XPOMCYJIb(aTHBIX
JIEKTPOJIUTOB MPOLECC BOCCTAHOBJIEHUS XPOMa OCYILECTBIISIETCS M3 aHMOHHON (OpMBI Ha
karoge. PopMUpPOBaHUE aTOMAPHON CTPYKTYPBI IIPOTEKAET B COBEPIICHHO UHBIX YCIOBUSX,
4YEeM B DJIEKTPOJIMTAX Ha OCHOBE CEPHOKUCIIOTO XPOMAa, TaK KaK DHEPIMH DJIEMEHTAPHOIO aKTa
pasnnyaercs. KonnuecTBo Bofopoa B ciiydae XpoMCYIb(ATHBIX 3JIEKTPOIUTOB BBIJEIAETCS
3HAYUTENBHO OOJIbIIE Ha Karoje. TeM He MeHee, B CepHOKHCIBIX JIEKTPOJIUTAX o0paszyercs
6ombiie ruapuoB. [IpeanonoKuTenbHO B YCIOBUSX MMaCCUBALlMU TOBEPXHOCTH (POPMUPYIOT-
Csl TETEPOCTPYKTYPBI: XpOMa U OKCUJIA XPOMA.

Jluteparypa
1. @etrep K. Dnexrpoxumudeckas kuaetnka. M.: Xumus. 1967. 856¢.
2. Hayunas mxkona B. C. IloctHukoBa B Boponexckom nonurexe: A. A. llleTuHuH OTB. pen.
Boponex: Ksapra, 2015. 211c.

42



UDC 62-218.1
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The vibration level in industry can be reduced using various vibro-isolating and vibro-
absorbing devices based on viscoelastic organic materials [1, 2]. However, viscoelastic organ-
ic materials are characterized by low elastic modulus, and application of these materials re-
duces rigidity of the assembly. Also, organic materials cannot be used at elevated (higher than
200°C) or low (less than -70°C) temperatures, for instance in the satellite systems, where a
small vibration of the laser beam makes the system useless. It is well-known that vibration,
acoustic and operating properties of various precision devices can be improved with the help

of High Damping Metals (HIDAMETsS) [3, 4].

ADIF (Forced vibrations) ADIF (Free decay)
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Fig. 1. Dependence of damping capacity Fig. 2. Dependence of damping capacity
on the annealing temperature on the annealing temperature
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Fig. 3. Dependence of max. damping capacity on annealing temperature

The main structural mechanism of damping for the Fe-Cr alloys is magneto-
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mechanical damping due to irreversible motion of magnetic domain walls (DWs), which also
leads to a magnetostriction effect. In this investigation, we used cold-rolled (CR) sheets of a
high-purity Fe-18Cr alloy to find out the correlation between heat treatment and damping ca-
pacity as well as magnetic properties including magnetostriction and grain size. Damping ca-
pacity of the samples was measured in several structural states after different annealing treat-
ments using forced vibrations by means of dynamical mechanical analyzer Q800 TA Instru-
ment and self-made vibrating reed with free-decay of bending vibrations. The results show
that the optimal properties for Fe-18Cr binary alloy were achieved after 800°C annealing of
the CR sheets. Slow cooling of the samples after high-temperature heat treatment causes a
marked decrease of the impact toughness, reduction of damping capacity and increase in the
coercive force of the Fe-18Cr alloy. This effect is caused by spinodal decomposition of the
Fe-Cr solid solution and formation of local zones enriched with Cr. Damping capacity results
are shown in the following Fig. 1, 2 and 3.

The work was carried out with support from the Ministry of Education and Science of
the Russian Federation in the framework of increase Competitiveness Program of NUST
“MISIS”, implemented by a governmental decree dated 16th of March 2013, No 211. This
work was supported by the RNF project 19-72-20080.
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One of the reasons for the promise of Magnetostrictive materials in a host of applica-
tions is the development of a new class of structural magnetostrictive materials. Iron—gallium
alloys (galfenol) exhibit moderate magnetostriction (~350 ppm) under very low magnetic
fields 100 Oe (8000 A.mfl), have very low hysteresis, and demonstrate high tensile strength
(500 MPa) and limited variation in magnetomechanical properties for temperatures between
—20 and 80°C [1]. They have a high Curie temperature [1] and are corrosion resistant [2] and
biodegradable [3]. The raw materials used to produce FeGa alloys are relatively inexpensive
[2].

Several research techniques were used to study structure and phase transitions at heat-
ing and cooling of three Fe-Ga alloys with 25, 27 and 33 at.% Ga. Structure of these alloys in
the as cast state and after different annealing regimes were characterized by XRD, SEM,
MFM, HV and low-temperature heat capacity. Using high resolution neutron diffraction, it is
proved that initial state of the as cast samples has the high temperature BCC-derivative D0s
phase which is metastable at room temperature. Heating of the as cast samples and their sub-
sequent cooling lead to a cascade of phase transitions changing sample’s structure, mechani-
cal and physical properties including damping capacity. The phase transitions were character-
ized by in situ neutron diffraction, internal friction, resistivity, vibrating sample magnetome-
try, dilatometry, and differential scanning calorimetry. Activation energy and relaxation time
were calculated for thermally-activated relaxation peaks. Transition from metastable D03 to
stable L1, phase at heating or isothermal annealing leads to significant changes in macro
(grain size) and micro (atomic ordering) structure, hardness and magnetic properties (magne-
tostriction, magnetization and internal friction). According to our structural studies ND which
shown in the following figure, composition Fe-25.5 at.% Ga below ~600°C belongs to a sin-
gle phase (L1,) range in contrast with existing equilibrium phase diagrams.
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Figure. Temperature dependences of the intensities of fundamental diffraction peaks and their first
derivatives (transformation rate, right upper Y-axe) of different phases during the transition from
the initial (DO; phase at RT) to the final (A2 phase above 750°C) state of the alloy Fe-25.5Ga (a),

and of the alloy Fe-26.9Ga as well (b) during heating
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[IpencraBieHsl pe3ynpTaThl UCCIEIOBAHUS TEMIIEPATYpPHBIX M AMIUINTYAHBIX 3aBHCHMOCTEH
BHyTpeHHero TpeHus (BT) ruOpuaHbIX KOMIIO3UTOB M3 YIJIEPOAHBIX OJHOHANPABICHHBIX BOJOKOH U
CTEKJIIHHBIX TKaHe! B SMOKCUIHON pacmuiaBHoM matpuiie T-107. 1o BeICOKOTEMIIEpaTypPHOMY y4acCT-
Ky ()OHa BHYTPEHHETO TPEHMS C YIETOM HHU3KOTEMIIEPAaTypHOTO ydacTka (oHa Oblia CAelaHa OLIEHKa
SHEPTUH MUTPAIMHA ¥ 00pa30BaHUsI BAKAHCHOMOI00HOTO JedekTa aMopPHONH MaTPHUIIBI UCCIIETyEMbIX
CTEJIOYTJICTIACTUKOB.

KitroueBsie croBa: yrileminacTuk, CTEKJIOIUIACTHK, SMTOKCUIHAS MaTpUlla, BHyTpEHHEE TPEHHUE.

Lenp paboThl 3akitoyanach B UCCIEJOBAHHHM BBICOKOTEMIIEPATYPHON 3aBUCHUMOCTHU
BHYTPEHHET0 TPEHHsI THOPHIHOTO MOJUMEPHOro Komro3uiuonHoro marepuana (ITIKM) na
OCHOBE yTJie- U CTEKJIOBOJIOKOH C Pa3HbIM IPOLEHTHBIM COOTHOUIEHUEM KOMIIOHEHTOB B MaT-
pulle pacIuIaBHOTO 3MOKCHAHOTO cBsizytomero mapku T-107, coctaB kKoTOporo paspaboTan
xumuyeckuM ¢akynpreroM MI'Y [1]. B xauecTBe apMUpPYIOLIETr0 HAMOJIHUTEINS UCIOJIb30Ba-
JUCh OJIHOHANpaBJIEHHAs JEeHTa C yriepoaHbiM BoiokHOM Formosa TC-35 (12K) (o=4000
Mlla, E=240 I'Tla) [2] u creknotkans T-10-14 [3]. [Ipenpern Ha OCHOBE yriie- M CTEKJO-
HaroHUTENeH 1 cBs3ytomero T-107 6putH mosrydensl MmetogoM Hot-melt ¢ momomibio TexHo-
norudeckoro koMiiekca nponutku COS.T.A. [4]. Ha puc. 1a npeacrasieHsl TeMriepaTypHble
3aBUCHUMOCTH BHYTPEHHETO TpPEHHUs CTEKJIoyrieriactTukoB B marpuie T-107 ¢ pasnuyHbiM
COJIEp’KaHUEM YTIIEPOJHBIX U CTEKIIIHHBIX BOJIOKOH. [Ipy KOMHAaTHOM TemnepaType BEIUUNHA
BHYTPEHHETO TPEHUS IPAKTUYECKH HE OTIMYAECTCS U COCTABIISICT Q"' ~ 5:10”. Tossimenwue
temneparypsl 10 T~ 450 K conpoBokgaeTcs HE3HAUUTEIbHBIM POCTOM, KOTOPBI CMEHSAETCS
sKcroHeHInanbHeIM poctoM BT. IIpu npubnmxenun k temmneparype crekiaoBanus (T = 458
K) Benmunza Q' ere GonbIe BO3pacTaer.

Habnromaempie sKkcriepuMeHTaIbHBIE PE3YIIBTATHI IPH TEMIIepaTypax, OJIM3KHX K TeM-
nepaType CTEKJIOBaHUs, T0Ka3bIBaoT, uT0 BT 3aMEeTHO BO3pacTaeT M 3TOT POCT CBSI3aH C MO-
JTUMEPHOW MaTpuIle, a He C MaTepUaIOM HAIOJHHUTENA. Takoi pocT 0OBIYHO HA3BIBAIOT BHI-
cokoTtemrneparypHbiM (GoHoM BT u OH onuchIBaeTCsl 3KCIOHEHIMAIBHON 3aBUCUMOCTBIO OT
obpatHoit TemmepaTtypsl [5]. Ha puc. 10 mpeacraBieHa 3aBHCHMOCTh HATypaJbHOTO JOTa-
pudma BT oT oOpaTHOI Temmeparypsl A CTEKIOYIJENIacTUKa, YIJIeImIacTUKa U CTEKJIO-
mactuka ¢ marpunei T-107. Kak BunnHo u3 puc. 1 6, B 001acTH BRICOKOTEMIIEPATYPHOTO (PO-
Ha Ha 3aBUCHUMOCTIX an'1 ~ (1/T) nabmrogaroTcs ABa MPSIMOJIMHEWHBIX ydacTKa (0 TeMrepa-
TYpbI CTEKJIOBaHUSI U [1OCJI€ TEMIIEPATyphl CTEKJIOBAHUS).

ITpoBeneHHBIN aHaIM3 MOKa3all, YTO, AIPOKCUMHUPYS MOJTYyYEHHBIE 3aBUCUMOCTU BHYT-
PEHHEro TPEeHUs A0 TeMIIepaTypbl CTEKJIOBAaHUS, MOKHO OLEHUTh SHEPrUI0 aKTUBALMU MU-
rpanuu Ae(eKToB Ui MaTPULIbl UCCIEAYEMOT0 KOMIIO3MTA [0 TAHTEHCY yIila HAKJIOHA 3aBU-
cumoctn InQ ™! ~ (1/7T).
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Pucynok. TemmepaTypHble 3aBUCIMOCTH BHYTPEHHET'O TPEHUS JIJTsI cTekIomactuka (1),
yraeruiactuka (2) u crexnoyrierniactuka (3) ¢ marpuneit T-107
B koopauHatax Q' ~ T (a) m InQ™' ~ (1/T) (6)

O1eHKkM NOKa3aly, 4YTO 3HaYeHUE SHEPIHMH aKTUBALlMM MUIPALUU TOYEUHOTo aedekra
MaTpHIlbl, KOTOpast okaszanach paBHoil Ey = 0,70 £ 0,05 5B, a sHeprus oO6pa3oBaHus BakaH-
cuono1o0Horo aedexra aMop(hHOM MaTPUIIBI UCCIEYEMBbIX CTEJIOYIIICIUIACTUKOB paBHOH E,
= 0,66 £ 0,05 3B. ITonydeHHOoe 3HaUEHUE YHEPTUN 00pPa30BaHUS BAKAHCHOIIOI00HOTO Je(hek-
Ta aMOP(HON MaTPHUIIBI B TIPEAeIax MOTPEITHOCTH COBIAAAET CO 3HAUEHUEM DHEPTUU MUTpa-
LUH.

Pabora BeImonHeHa pU o Iep:)Kke MUHOOPHAYKH B paMKax MPOEKTHON YacTH TOCy-
napcTBeHHOTO 3a1anus (mpoekT Ne 3.1867.2017/4.6).
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BuyTtpeHnnee Tpenue B Mmeraummueckux crexiax (MC) odeHb 4yBCTBUTENIBHO K JIO-
KaJbHBIM aTOMHBIX IIEPECTPOIKaM, MO3TOMY €ro HM3Y4YeHHE MPENCTaBISIeTCS YpEe3BbIYAHO
BaXHBIM Ul IOHUMaHMs penakcaluoHHbIX npoueccoB MC. CoriacHo COBpEMEHHBIM IIpe-
cTaBJIeHUsAM, cTpykTypa MC mpencraBiser co6oi eTnHO00pa3HyI0 M0 CBOUM XapaKTEePUCTH-
KaM aMOp(HYI0 MaTpUIly, B KOTOPOW MMEIOTCS JIOKAJIbHBIE HAPYIIEHUS — CTPYKTYpHBIE Jie-
(beKThbl, KOTOpPbIE U OINpPENEsIOT KUHETUKY CTPYKTYpHOU penakcanuu. OnHuM U3 Hambosee
NEPCHEKTUBHBIX MPEJICTABICHUH O MPUPOJE 3TUX JEPEKTOB SIBISCTCS MEXKy3elIbHas Teopus
[1]. CornacHo 3TO# Teopuu, MpupalieHue BHyTpeHHeH sHeprun U amopdHOro Tea mpu us3-
MEHEHUU OTHOCHTEIBHON KOHIICHTPALUU ¢ 1e()EKTOB MEXKY3eIbHOTO THIIA ONUCHIBACTCS BbI-
pakeHueM

dU = aGQydc. (1)
rae G — moznynb casura, Q) — aTOMHBIH 00beM, (/' — NapameTp, XapaKTepU3yIOLIHii 1oJie
yIpyrux HanpsbkeHuit nedexra. Bennunna G cBsizaHa ¢ X KOHIIEHTPALIUCH:

G = uexp(—-afc), (2)
e (4 — Momyib capura Ge3nedekTHoro Marepuana, a [; — CIBMrOBas BOCIIPUMMYHBOCTh
(XapaKTepu3yeT aHrapMOHM3M BellecTsa, T.K. 5 =-3y,/ i, tae y, — MOmy/nb cIBHra Yet-
BEpTOTO Nopsika [2]).

IlycTs &, — cpenHsas NokanbHas Aepopmanus, co3naBaemas nedexrom, N, — ducio

nepekToB Ha exuHUIly 00bema, () — 00BeM, OXBaThIBAEMBIN 3JIEMEHTAPHOMN MEepPecTpoii-

event

Koit, a V  — akTuBaimoHHbI 00beM. Torna BHyTpeHHEE TPEHHE MOXKHO 3aIUCaTh B BUJIE

] V.G ot
= &GNy Qo 2 ————> 3)
Q 0" " 0= Zevent kBT 1+a)2T2

rie 7 =7,exp(aGQ/k,T), ) — obbem, npuxonsmuiics Ha atom. Panee nono6Hoe BHIpa-

JKEeHHE ObLIO MMOJIyYEHO B paMKaxX MOJIEIM CUMMETPUYHOIO IBYXbSIMHOIO IoTeHIHana [3]:
0'=a S P @)
Tl1+ot

rJie TapaMeTp ¢, 3aBUCUT OT YHCIIA PENAKCAIMOHHBIX IIEHTPOB (I€(DEKTOB).

Ha pucyHke mpencraBieHbl dKCIIEpUMEHTalIbHAs KpHUBask TEMIEPATypPHOH 3aBUCHUMO-
CTH BHYTPEHHETO TPEHUS B peIakcupoBaHHOM cTekie Pdss 2CungNig P2 v pe3ynbratel pacue-
Ta 1o gopmyie (4), UCHOIb3Ysl IKCIEPUMEHTaIbHbIE JaHHbBIE IO peJaKCalluy MOJYJIs CBUTA.
Jletanu MeTOJMKHU 3KCIEpUMEHTa onucaHbl B pabote [4]. 13 pucyHka BUJHO, UTO pacueT U
AKCIEPUMEHT OTJIMYHO COTJIACYIOTCS MEXKY COOOM.
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Effect of spinodal decomposition on structure and rerevsible f.c.c. <> f.c.t. martensitic trans-
formation in as-quenched Mn-15Cu and Mn-12Cu-3Cr alloys is investigated after different ageing
treatment. According to the small angle neutron scattering, degree of spinodal decomposition in Mn-
15Cu samples aged for 8 h at 480 °C is maximal, whereas for samples aged at 440 °C, degree of spi-
nodal decomposition increases by increasing ageing time up to 120 hrs in agreement with DSC and
internal friction results.

Keywords: Mn-Cu alloys, spinodal decomposition, martensitic transformation, damping capac-
ity, SANS.

Mn-Cu alloys are well-known materials with a remarkable damping capacity, shape
memory effect and good mechanical properties [1-3]. Functional properties of Mn-Cu alloys
are based on the f.c.c. < f.c.t. thermoelastic martensitic transformation (TEMT) [4, 5]. Mar-
tensitic transformation in Mn-Cu alloys leads to a lattice structure change from the face cen-
tred cubic (f.c.c.) parent phase to the face centred tetragonal (f.c.t. with c/a < 1) martensite
phase [6-8]. Mn-Cu alloys have a small transformation thermal hysteresis and phase transfor-
mation temperature is strongly affected by Mn content and heat treatment [9].

The structure of studied as-quenched from 850 °C alloys is f.c.c., f.c.t. phases and a-
Mn, while an ageing treatment leads to a change in the volume fraction of co-existing phases
and in the transition temperatures. The heat flow (DSC) and internal friction (IF) results show
that the temperatures of the direct and reverse MT in Mn-12Cu-3Cr alloy approximately line-
arly increase by increasing ageing temperature from 400 °C to 520 °C at ageing time for 8 h.
After ageing at 440 °C from 1 to 8 h, temperatures of MT of as-quenched samples sharply in-
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crease, further long-term ageing leads to a slower increase. During MT, softening of elastic
modulus is observed. Quenched Mn-12Cu-3Cr samples after ageing at 440 °C for 5 h have
enhanced amplitude dependent IF. According to the small angle neutron scattering (SANS),
the degree of spinodal decomposition in the Mn-15Cu samples aged for 8 h at 480 °C is max-
imal, whereas in the case of samples aged at 440 °C, the degree of spinodal decomposition
increases by increasing ageing time in agreement with DSC and IF results. Variations in tem-
peratures of direct and reverse MT due to ageing of the studied alloys are explained by spi-
nodal decomposition of Mn-Cu solution and formation of sonez enriched by Mn. Ageing
temperature and time, i.e. decomposition of the solid solution, have also a pronounced effect
on the samples hardness.
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The microstructural changes, volume fraction of co-existent phases, microstrains and
internal friction of Fe-16Mn-8Cr-2Cr, Fe-22Mn-3Si and Fe-26Mn-4Si (wt.%) alloys have
been investigated.

From in situ neutron diffraction tests, we found that microstrains are isotropic in the y-
austenite in the samples, whereas microstrains in the e-martensite are apparently higher and
strongly anisotropic. During thermal cycling, the internal friction and DSC peak of Fe-Mn
based alloys for the direct martensitic transformation shifts in the direction of a lower temper-
ature, for the reverse martensitic transformation shifts to a higher temperature, enhancing the
thermal hysteresis AT.

Keywords: Fe-Mn based alloys, martensitic transformation, microstructure, in situ
neutron diffraction, internal friction.

The Fe-Mn based alloys are known as materials with an excellent combination of high
strength, high ductility, and enhanced damping capacity [1-4]. They have been extensively
investigated in recent years, and have even been given a special name HIDAS (high damping
steels) [5].

After thermal cycling between room temperature and 350 °C with a 10 min holding
time at high temperature over the phase transformation, volume fraction of e-martensite in the
annealed Fe-26Mn-4Si samples increases, while volume fraction of e-martensite in the cold
rolled samples decreases. These results explain the changes in the hardness with thermal cy-
cling by increasing the ratio ¢/y in the annealed samples and by decreasing the ratio &/y in the
cold rolled samples. In situ neutron diffraction tests reveal that microstrains are isotropic in
the y-austenite in the samples, whereas microstrains in the e-martensite are pronouncedly
higher and strongly anisotropic. During thermal cycling, the internal friction and DSC peak of
Fe-22Mn-3Si alloy for the direct martensitic transformation shifts in the direction of a lower
temperature, for the reverse martensitic transformation shifts to a higher temperature, enhanc-
ing the thermal hysteresis AT (Fig. 1). The transmission electron microscope and neutron dif-
fraction results demonstrate that lattice defects accumulation in the y-austenite and &-
martensite phases due to the volume difference of the transformed phases. They explain cor-
responding increase in the martensitic transformation hysteresis. Transient peaks height of the
Fe-16Mn-8Cr-2Cr alloy (Q7) are dependent on a function K(T/fxgy) (07 = 3,5x107°T; Q7. =
7,5%10% 1 + 7,3%1073; 0, = 4,1x107g; + 0,01) during heating for reverse martensitic trans-
formation in accordance with the Wang model On contrast to Ni-Ti and Mn-Cu alloys, the
elastic softening does not take place during martensitic transformation in Fe-Mn based alloys.

Q-1 Fe-22Mn-3Si annealed 20+ GO0l  Fe-22Mn-3Si
3 K/min heating - f
1 Hz R B = cycle N
Ly n. cycles: % Annealed ;
‘ —o—1 > sample 3
- . 30 4
0.04 COOlIng —3 E 5
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——5 T sample 74
——6 - -8
0.02- 9
20 —10
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=
0.00 mm— : : , heating
50 100 200 250 T, °C . . - :
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a b

Figure. Effect of thermocycling between 0-350°C on the position and the shape of (a) the internal
friction peaks (f =1 Hz, g, =3.6 x107°, T = 3 K/min, n is cycle number); and (b) the DSC peaks
during martensitic transition in Fe-22Mn-3Si alloy
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VJIK 539.385
CTPYKTYPA 1 MEXAHUYECKHUE CBONCTBA OBPA3LIOB
13 BBICTPOOXJIAKIEHHBIX CIIJTABOB HA OCHOBE Al,
KOHCOJIMJINPOBAHHBIX METOAOM KPYUYEHHUS
[MOJ] BBICOKUM JIABJIEHUEM
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B pabote mpencraBieHbl pe3yabTaThl SKCIIEPUMEHTOB 110 KOHCOIUIAIMHA METOIOM KPYUYEeHHSI
MOJT JaBJICHUEM IaKETOB M3 OBICTPOOXJIXKICHHBIX Yemyek criaBa Algs3Cry;Zro7Mo; 3 ¢ KpUCTaILIH-
YECKOUM CTPYKTypou ¥ aMop(dHbIX JieHT ciiaBa Alg;NigGds. YcTaHOBICHBI KPUTHYECKHE BEITMUYUHBI
nedopMariy, HeoOXOAMMBIE IS TTOYYeHUST KOHCOIHINPOBAHHBIX 00Pa3IloB M HCCIISIOBAHO BIIHSHHE
JIaBJICHUS U J1e(OpPMAIIMU Ha UX CTPYKTYPY U MEXaHUYECKHE CBOMCTBA.

KiroueBrsie ci0Ba: alFOMHUHHEBBIE CIUIABHI, HEPABHOBECHBIE CTPYKTYPHI, KOHCOMUAAIMS, KPY-
YEHHE 10T BEICOKUM JaBIICHUEM.

CnnaBel Ha ocHOBe Al ¢ aMmopdHOM 1 HAHOKOMIIO3UTHON CTPYKTYpaMH MPeACTaBISIOT
OOJIBIIION TIPaKTUYECKUM MHTEpEC, Ojaronaps BHICOKOMY YPOBHIO Tpefesia MpOYHOCTH, 3Ha-
yeHus: koroporo pocturaioT 1,0 u 1,56 I'lla coorBerctBenHo [1]. OaHako, BCiencTBUe HU3-
KOW CKJIOHHOCTH K amopdu3anuu paciuiaBoB Al juisi mojydeHuss 0O0BEMHBIX 00pPa3IoB C
HEPABHOBECHBIMH CTPYKTypaMU HE0OX0IMMa KOHCONMUIAIUS OBICTPOOXIIAXKIEHHBIX TUCTIEPC-
HBIX MTPOJTYKTOB 3aKaJIKH.

OObekTamMu HccIeI0oBaHus B padoTe OBLIN MOMyYeHHBIC 3aKAITKOW U3 paciijiaBa JEHTHI
crmaBa  Alg7NigGds mmpuaol 10 MM u  TOmmmHOM 66 =+ 8 MKM YeHIyHKH CIJIaBa
Algs 3Crp 7719 7Mo01 3 JJIMHON HECKOJIBKO CAHTUMETPOB M TOJIIMHON 45 + 2 pm. B ncxoanom
coctossHUU JeHThl craBa AlgyNigGds umenu aMopdHyIO CTPYKTypy, a JupakTOorpaMMbl
YelryeK CoJieprKalli IPeuMyIIeCTBEHHO JIMHUM TBEPJOro pacTBopa Ha ocHose Al (puc. 1 a,0).
DKCIMEPUMEHTHI TI0 KOHCOJTUIAIUHU JICHT TPOBOIUIN METOJAOM KPYYEHHS IMOJ BHICOKUM JaB-
nennem (KBJI) [2] mexny nByMs myaHcoHamu (HakoBalbHsMU bpumxmena) B popme yce-
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YEHHBIX KOHYCOB C IUIOCKUMH TOBEPXHOCTAMU AuaMeTpoM 5 MM. O6paboTKa Mponu3BoAnIach
NPy KOMHATHOM TemmepaType Mpu NpuaokeHHOM aaBieHun 2 GPa co cKopocThio BpalieHus
HIDKHETO TOJIBIKHOTO IyaHcoHa | o0/mMuH. Benmumna uctunHOW aedopmaiyu KpydeHuUs
paccunThIBajach 1o cootHomenuo [2] ¥ =9r /1, rae $ — yron nosopora (B paauaHax), r —

paccTostHUE OT LIeHTpa oOpasiia, a [ — TomuHa aepopMupoBaHHOTO 00pasIia.

Al {111) Al (111)
] 5 .
=] « <
d - Al (200 >
« Al 200) = (200 =
%- @ @ 2GPa, 3
c 2 2 35%, 21nm
2 2 IS =
—
- 2 2GPa, 1
17%, 41nm
1 L”:“L’jJ i
30 40 50 60 40 50 60 40 529 ] 60 70 80
, de
26, deg. 26, deg. 9
a) 0)
B)

Pucynok. lnudpakrorpammsl: (a) OBICTPOOXJIaXIEHHBIX JIEHT cruiaBoB Alg;NigGds, (6)
yemyek cruiaBa Algs 3Cr, 7Zro7Mo1 3 (0) B ucXoaHOM cocTostHuU (1) M KOHCOIMINPOBAHHBIX JTUCKOB
nocre nedopmaruu (2); (B) TPEXCIONHBIX MMAKETOB «JICHTa-UeIyHKa-IIEHTa

DKCHEPUMEHTHI 0 KOHCOIHMIAIMHU IBYXCIOWHBIX MAKETOB U3 JIGHT U YEIlIyeK U TpeX-
CJIIOMHBIX <JICHTA-4eIyHKa-JIE€HTa» [TOKA3aJIH, 4TO

— nedopmanus neHt cruiaBa AINiGd nmpuBOAMT K YaCTMYHOW HAHOKPUCTAIUIM3AIUU
amop(hHO# MaTpuIbl — GOPMHUPOBAHUIO HAHOKPUCTAIUIOB Al co cpenHuM pasmepoB 13 nm u
o0wvemHoi noneit 21% (puc. 1a);

— nedopmanust neHt criaBa AlCrZrMo mpuBOAMT K CyIIECTBEHHOMY YMEHBIICHHUIO
obnacreii korepeHTHOro paccessHus (ot 128 10 44 nm) 1 yMEHBIIICHUIO CTETIEHU HACBIIIIEHHO-
CTH TBepAoro pacteopa (puc. 10);

— B TPEXCJIOHHBIX MaKeTax (popMUpyeTcs HAHOKOMITO3UTHAsA CTPYKTypa CpelHU pas-
Mep HaHOKpHUCTaIIOB Al, B KOTOpOH yMEHbIIAETCs, a A0JS PacTeT 0 MEpEe YBEIMUEHUs CTe-
neHu gegopmanuu (puc. 1B);

— OLICHEHHbIE IO MaKPOCTPYKTYpE MONEPEUHBIX CEUEHUN TUCKOB KPUTHYECKHE 3HaYe-
HUS JedopManuii o UCHOIb30BaHHBIM B paboTe pexxumam KBJI, HeoOxoaumble a1 KOHCO-
muaauun amopdHbIx JeHT ciiaBa AINiIGd u kpuctamnmueckux yemyek craBa AlCrZrMo,
COCTaBIAIOT 52.6 1 25.6 COOTBETCTBEHHO;

— MHUKPOTBEP/IOCTH, U3MEPEHHBIE BAOJIb TUAMETPOB 1€(POPMUPOBAHHBIX UCKOB, BO3-
pacraroT oT LeHTpa K nepudepun u gocrurarot 3HadeHuit 3.34 u 2.1 GPa B cnmaBax AINiGd
u AlCrZrMo cooTBeTcTBeHHO, 4TO Ha 31.4 1 60% BbIe 3HaYeHUil H, MCXOAHBIX Hexedop-
MHUPOBaHHbIX 00Pa31IOB;

— MaKCHMaJIbHbI€ 3HAYEHHUSI MHUKPOTBEPAOCTH MOBEPXHOCTHBIX CJIOEB TPEXCIONHBIX
nakeToB Bo3pacTaroT oT 3,1 10 4,1 I'Tla mo mMepe yBenuueHuss MakCUMalbHOU Ae(opMaru oT
218 no 720.

Jlutepatypa
1. Louzguine D.V. Full or partial replacement of Y by rare-earth and some other elements in
the AlgsYsNisCo, alloy / D.V. Louzguine, A. Inoue // J. Light Metals. —2001. — V. 1. — P. 105-1009.
2. Valiev R.Z. Bulk nanostructured materials from severe plastic deformation / R.Z. Valiev,
R.K. Islamgaliev, I.V. Alexandrov // Progr. Mater. Sci. —2000. — V. 45. — P. 103—189.

53



VK 539.213.27:548.5 _
BJIMAHUE COCTABA HA HECTAIMOHAPHBIN XAPAKTEP 3APOXJIEHUSA
KPUCTAJIJIOB B METAJIVIMYECKUX CTEKJIAX
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[IpoBeneH aHaM3 HM30TSPMHUUYECKON KPUCTALTM3ANMK MeTamndeckux crekonl FeNiPB m
FeCoPB wu ompenenensl TemmepaTypHBIE 3aBHUCHMOCTH XapaKTEPHBIX BpPEMEH KPHUCTAJUTH3AINM.
VYcTaHOBJIEH HECTAI[MOHAPHBIM XapaKTep 3apOoXkKICHHUS B HUCCIENOBAHHBIX CIUIABAaX U €ro BIMSHHE Ha
TEPMHUYECKYIO YCTOWIHBOCTh aMOP(HOTO COCTOSTHHS.

KiroueBble  c0Ba:  METAJUIMYECKHE  CTEKJIA, KpUCTAUIM3alUs, HECTAllMOHAPHOCTb,
TEPMUYECKAsT yCTOWYUBOCTb.

@DaxTophl, ONPEIEISIONINE TEPMUUECKYIO0 YcTOHUNBOCTh (TY) cTpyKTypbl MeTajIn4e-
ckux crekon (MC), npeacTaBistoT HE TOJIBKO MPAKTUUYECKUH MHTEPEC B CBSI3U C LIMPOKUM
UCTIOJIb30BaHUEM, HO U Ba)XXHBI C ()YHIAMEHTAIILHOW TOYKH 3PEHUS Ui MOHUMAaHUS U KOH-
TpOJI MpoLeccoB Kpuctamau3anuu. Hanbonee nepcreKTUBHBIM MyTeM AJIS PELIeHUs 3TON
3a/la4M MPEACTABIISAETCS aHAINU3 SKCIEPUMEHTAIbHBIX JaHHBIX B paMKax a/IeKBaTHBIX Teope-
TH4eckux mozenei. OueBusiHo, uyto TY aMop¢HBIX a3 onpenensiercss CKOPOCTAMH 3apOoxKie-
HUSL U POCTa KPUCTAJUIOB, UCCIIEIOBAHUSAM KOTOPBIX TOCBSIIEHO OOJBIIOE YHCIO PadboT, Of-
HAKO IPAaKTUYECKU HE M3YYEHHBIM SIBISETCS BIUSHUE HECTALMOHAPHOCTH CKOPOCTH 3apOiK-
JICHUSL.

B pabote npuBeneHbl pe3ynbTaThl aHaIM3a KUHETUKY U30TEPMHUYECKON KpUCTAIIN3a-
oun TpeEx MC F€40Ni40P14B6, FC40CO40P14B6 n Fe4gC032P14B6 [1] C BBICOKMM YPOBHCM Mar-
HUTHO-MATKUX CBOMCTB. [IpeacraBnenue 3aBucumocrtenl X(f) B koopauHaTtax ABpaMH Jajlo
3HaueHus nokasarenst ABpamu n > 4 (puc. la), 4To yka3pIBaeT Ha HECTALMOHAPHBIN XapaKkTep
3apoXkKAeHUs. AHAJIN3 HECTAI[MOHAPHOCTH OBbLI MPOBEAEH B paMKaX aHaJIMTUYECKOTO ypaBHe-
HUS KAHETUKH KPUCTAJUTM3alMU [2], TPEeACTaBISIONIETO cO00M KOMOMHAIIMIO MHTETPaIbHOM
dopmbl KMHETHYEeCKOTo ypaBHeHHs: KonMoroposa [3] u Moaeny HeCTallMOHApHOTO 3aporKie-
Hus Kammena [4]

. 27 (tlz,) s (t/z,,) 312°(t/7,)

T 3 4
X, (t)==J Ut |(t/7, +z |, (1)
(1) 30" (t/2) 3 30 630
1272 & (-1)" )t .
rme X =48 + exp| —m” — | |. 3mech: Xexe — pacHIMPEHHBIH 00BEM, Jy —
1200600 2 o P - t T PAcHEp t

CTaIMOHApHAsE CKOPOCTh 3aposkaeHust, U — CKOPOCTb POCTa, a Tps —BPEMsI HECTAIIMOHAPHOCTH,
XapakTepu3yrollee MPUOIMKECHHE CKOPOCTH 3apOXKICHUS K CTallMOHAPHOMY 3HaueHHi0. O0b-

14
y 3
CIMHSIS BeNUIUHEI Jo 1 U B eUHBII Hapametp 7, = |:(7Z / 3)J o :| — XapaKTepHCTUYE-

CKO€ BpeMsl KpUCTaJUIM3alliuK, MOJIy4aeM, 4TO B KHHETUYECKOM ypaBHeHHH (1) ocraroTcs 1Ba
CBOOOJTHBIX TTAPAMETPA T¢ U Tys.

AHanu3 mokaszai, uTto ypaBHeHHE (1) KOPpPEKTHO OIUCHIBAET KMHETHMUYECKUE KpPUBbBIE
KpI/ICTaJ'IJ'II/ISaHI/II/I HNCCIICAOBAHHBIX CTCKOJI U IIO pe3ynLTaTaM IIOATOHKHN pvaeTHBIX 1 DKCIIC-
PUMEHTANBHBIX TaHHBIX OBLTU OIEHEHBI 3HAUYCHUS T, U Tps, TEMIIEPATypPHBIC 3aBUCUMOCTH KO-
TOPBIX AIMMIPOKCUMHUPYIOTCSI ypaBHEHHEM Tura AppeHuyca. [IocTpoeHHbIe TT0 ATUM JaHHBIM
TEeMIIepaTypHbIE 3aBUCUMOCTH MapaMeTpa HECTAMOHAPHOCTU Z = T,¢/T. IOKA3aHHbIE HA PULC.
16, CBI/II(eTeJII)CTBy}OT, YTO C HNOBBIIIICHUCM TeMnepaTypH I/I3OTepMHLIeCKOFO OT>XXHUra CTCriCHb
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HecrannoHapHoctu Bo3pactaeT B MC FesoCo40P14Bg B oTiinume ot nByx apyrux crekosn. Pasz-
JIMYHBIA XapakTep HW3MEHEHHUsS HECTAaIllMOHAPHOCTH CBSI3aH C PA3JUYHBIM COOTHOIIECHUEM
SHEPIrUui aKTUBALIUU BPEMEH T U Tys.

e Fe,Ni, P, B

F 40' a0 1476 )y

= Fe,Co,P, B .

40~Y40" 1476

4 Fe,Co,P. B

48~Y32" 1476

d 1
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10t

[e2)
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N

. 1
" e e
- - -~

1.;1-0 1.;14 1.;18 1.;:')2 1.;:36 1.60

TK 1000/T, K

a) 0)
Pucynok. TemnepatypHble 3aBUCUMOCTH IapaMeTpoB (Moka3aresnst ABpaMu, 71, U OTHOILIEHUS BpeMEH
KpUCTAJUIM3AalMY U HECTAIIMOHAPHOCTH, Z), XapaKTEPU3YIOLIUX CTEIECHb
HECTAaLMOHAPHOCTU CKOPOCTEH 3aposkaeHus kpuctamwioB B MC
Fe4oNigP14Bs (1), Fe4Co40P14Bs (2) 1 FegyCosP14B6 (3)

[IpoBenennsiit ananu3 nokaszan, yto nosbimeHHas TY MC FesyCos0P14Be mo cpaBue-
Huto ¢ FeqoNiyP14Be Tpy moBBIIIEHHBIX TeMIepaTypax OTKUTa B CYLIECTBEHHOW Mepe 00y-
CJIOBJICHA PA3IMYHON CTETICHBIO HECTAIMOHAPHOCTH Tporecca Kpuctawmu3anuu. O0CykIeHO
BO3MOXXKHOE BIUSIHUE (DUKTHBHBIX TEMIEPATyp CTEKOJ] Ha pellaKCallMOHHBIE MPOLIECCHI, CBS-
3aHHBIE ¢ (POPMHUPOBAHUEM PABHOBECHBIX PACIPEICICHUN JOKPUTHYCCKUX 3apOIBIIICH 10
pasMmepam.

JIutepatypa
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In this paper, the results of simulation of the switching in thin ferroelectric films are demon-
strated. A study of the effect of boundary conditions is presented. The study was conducted using the
Ising model by the Monte Carlo method.

Keywords: hysteresis curve, computer simulation, ferroelectric thin films, Monte Carlo meth-
od, depolarizing field, film thickness.

To study the switching in thin ferroelectric films, we used a modified three-
dimensional Ising model. It is taken into account that under the influence of an internal elec-
tric field caused by spontaneous polarization, free particles move to the outer surfaces of the
film and create an additional depolarizing field which depends on the value of the long-range
orientation order in the film. The polarization was calculated by the Monte Carlo method.

The hysteresis curves were calculated as a function of the frequency and the amplitude
of the field, the temperature and the film thickness. The influence of the depolarizing field on
the hysteresis curves for thin ferroelectric films has been investigated. To study this effect, the
dependences of the area of the hysteresis curves for different values of film were also calcu-
lated. The effect of the depolarizing field weakens with increasing thickness of the film. This
effect has a negligible influence for the film thickness of greater than 10 unit cells.

The dependences of the magnitude of the coercive field on the film thickness are pre-
sented.

Acknowledgement: The study was supported by the Russian Foundation For Basic
Research, Project Ne 19-32-50032.
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OCOBEHHOCTH JIUAJIEKTPHUYECKON PEJAKCAIIUA HA TPAHUIIAX
3EPEH KEPAMHUYECKOI'O CETHETO2JIEKTPUKA-IIOJYIIPOBO/HUKA

I.C. FpI/IrOp}IHl, AM. Conozlyxa2
'Kanp. pus.-Mar. Hayk, accucTent, gri7287 @yandex.ru
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OI'BOY BO «BopoHnexckuil rocyaapCTBEHHbIM YHUBEPCUTET»

[IpencraBieHbl CTPYKTYpHBIE JaHHBIC, 4 TAK)XKE PE3yNIbTaThl UCCICIOBAHUS B CIA0BIX
MEKTPUIECKUX TOJSX METOJAOM HMMIIEIAHCHON CIIEKTPOCKOTIMH PEaKCAIlMOHHBIX MPOIIECCOB
B 00nacTu TeMIlepaTyp HIDKE U BBIIIE CETHETOdEKTpuYeckoro (a3oBoro mepexoja
KepaMHUUYECKOTO CETHETOAJICKTPUKA-TIONYNPOBOIHIKA. HTEepIIpeTaIus pe3ynbTaTOB U pacyeT
IJIOTHOCTU 3JIEKTPOHHBIX COCTOSIHMM Ha MEX3EPEHHBIX TpaHMIIAX MPOBOIATCA B paMKax
Mozean XerBaHra.

KitoueBbie crnoBa: penakcamusi, HMIEIAHC, CETHETORJIEKTPUKU-TIOIYIPOBOIHUKH,
IITKC, monens XeiBanra.

Kepamnueckue mnoaynpoBOAHUKOBBIE MAaTEPHUANbBI CO CTPYKTYPOW IEPOBCKHTA IPHU-
BJIEKAIOT BHUMaHHE HCClIeoBaTeNei B 00JacTH MPOU3BOJACTBA AIEKTPOHHBIX KOMIIOHEHTOB B
CBSI3U C IMPOKUMH BO3MOKHOCTSAMHM IPAKTUYECKOT0 MPUMEHEHUS ITUX COECIUHEHUN.
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B nanHoil pabore mccienoBanu Kepamuueckue obpasibl coctaBa Bag 7St 3TiO3 ¢
nob6aBkamu noHoB La u Ce (0.35 u 0.60 at. % COOTBETCTBEHHO), OJyYEHHBIE IO CTaHAAPT-
HOU TBepA0(}a3HOM TEXHOJIOTUH JUIS MO3UCTOPOB. [IpU COOTBETCTBYIOIIMX pEKUMaX HOHBI
TPEXBAJICHTHOI'O JIAaHTaHa, BHEAPAACH B PEIIETKY MEPOBCKUTA, 3aMEIAIOT HOHBI ABYXBAJICHT-
HOTO Oapusi, 9YTO MPUBOIUT K (OPMHUPOBAHUIO MOIYIPOBOJHUKOBONH KEPAMUKH C JIEKTPOH-
HBIM THUIIOM NPOBOJUMOCTHU. {11 YeThIpEXBaJIGHTHOTO LIEPUSI BO3MOKHO HM30BaJICHTHOE 3a-
MEIICHHE MOHOB THUTaHA, YTO BBI3BIBACT pa3MbITHE (PA30BOrO mepexoja U oOpa3oBaHHE pe-
nakcopa [1].

Mopdosnoruro, ¢pa3oBbIif COCTaB U CTPYKTYPY 00pa3iioB KOHTPOIUPOBAIU C MTOMOIIIBIO
METOJIOB PEHTI'€HOBCKOro (ha30BOT0 aHAIU3a U PACTPOBOM AIEKTPOHHOM MUKpockomuu. J{is
AJIeKTpudecKuXx n3Mmepenuil ucronb3oanu RLC-merp Wayne Kerr 4270.

TpakToBKa IMAIEKTPUYECKOrO OTKIMKA 00pa3loB MOJIYIPOBOJIHUKOBON CErHETOKe-
paMHKU SBJIIETCS HENPOCTOM 3a/adyeil, T.K. OTpaXaeT UX CIO0XKHYIO CTpYKTypy. CorinacHo Mo-
nenu XewBaHra [2] BIOJIb TpaHUIL 3€PEH CETHETOAICKTPUKA-TOJIYIIPOBOJHUKA CYIIECTBYET
nBoiiHoi 6aprep IoTTKH, KOTOPBIH (OPMHUPYETCS MPH 3aXBaTe NEKTPOHOB AKIETITOPHBIMH
YPOBHSIMU Ha MEK3EPEHHBIX I'paHUIaX. DTO MPUBOAUT K 0OPa30BaHUIO MOTEHIMAIBHBIX Oa-
pPhEpOB U OOCTHEHHBIX HOCHTEISIMU 3apsna objacTeil, KOTOpble AAal0T BKJIAX B AJIEKTPOEM-
KOCTh 00Opa3ua. JlonoiHUTeNbHBIA eMKOCTHOM 3(PPEKT MOTYT AaBaTh CTPYKTYpHBIE 1e(EKTHI,
HaIpUMep BaKaHCUU MOHOB Oapus U KUCIOpOAa.

Ha npencraBieHHOM pHCYHKE BUIHO, YTO CMEUIEHHE Pa3MbIThIX MaKCUMyMOB & 1 M"’
C POCTOM YacCTOThI TECTOBOTO CUTHAJIa IPOUCXOAUT B CTOPOHY HU3KHUX TEMIEparyp. ITO yKa-
3bIBaeT Ha npucyrctBue B RC-1ienouke, onpeensiomeld BpeMs pejaKcauu, CONMpPOTUBIICHUS
TpaHUIl 3epeH, KOTOPOE PE3KO BO3PACTAET B MApadIEKTPHIECKOH (ase.

4.10%

20 48 76 104 132 160
TeMieparypa ic

Pucynok. TemneparypHble 3aBUCUMOCTU JEHCTBUTENBHON YaCTH JUAIEKTPUUECKOM
MPOHUTIaeMOCTH (KpuBBIe 1, 2, 3) 1 MHIMO YacTH AIEKTPUIECKOTO MOy (KpuBkIe 4, 5, 6)
o0pas3Iia Ha pa3INYHBIX YaCTOTaX TECTOBOIO CUTHAJIA:

1 k' (1,4), 10 k' (2, 5), 100 k[ (3, 6)

YuuTteiBas 1aHHbIE CTPYKTYPHBIX M AJIEKTPUYECKUX UCCIEAOBAHUMN, a TaK:Ke POPMYIIBL,
onuckBaroue nudpy3noHHsIi apeid HocuTenei 3apsaa depes3 6apnep [lorTku [3], MOKHO
HOJYYHUTh CIIEAYIOIIYIO0 3aBUCUMOCTb CONpPOTHBIEHUS R o00pa3ia Ha MOCTOSIHHOM TOKE OT
TeMmneparypsl 7:

R(T)=R,exp(e’N,d / 8€0eqnkT ),

rae Ry — KOHCTaHTa, e — 3aps] 3JeKTpoHa, N, — IUIOTHOCTh 3aIlOJIHEHHBIX AJIEKTPOHHBIX CO-
CTOSIHMI Ha IpaHMLAx 3€peH, d — CPEJHUI pa3Mep 3€peH KEPAMHUKH, €, Egp — AUDICKTPHYE-
CKas MOCTOSIHHASI M OapbepHas IUAJIEKTpUUYECcKas MPOHUIIAEMOCTb, k — mocTosiHHas bonbima-
Ha.
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The photochromic effect in unpolarized thin ferroelectric ceramics PZT was investigated. The
numerical characteristics of the time dependences of the decrease in the optical transmittance during
the exposure of the samples to the full spectrum of a fluorescent lamp at room temperature, as well as
the numerical characteristics of the time dependences of the restoration of their optical transmittance
upon subsequent exposure of the samples under darkened conditions, were obtained. The effect of
thermal annealing of the exposed samples on the restoration of their initial light transmittance was
studied.

Keywords: photochromic effect, ferroelectrics, piezoelectric ceramics, kinetics of photo-
chrome color change, thermal annealing.

The photochromic effect is understood as a reversible change in the optical properties
of a substances (transmission, absorption, reflection, luminescence) induced by electromag-
netic radiation [1]. The most attractive type of photochromism is a reversible change in opti-
cal light transmittance.

The photochromic effect was studied in samples of the PLZT transparent ferroelectric
system [2-3]. In this work, we investigated the reversible change of optical transmittance in
thin samples of the PZT (IITC-19) standard ferroelectric ceramics, which were previously
subjected to prolonged aging under darkened conditions.

Samples with a thickness of 0.3 mm were irradiated with the full spectrum of a Camel-
lon fluorescent lamp (PESL-SF2 11 W / 865 E14). Registration of the light flux passing
through the sample was carried out using an SF-4 photo element. Fig. 1A shows the kinetics
of a decrease in the relative light transmission of samples T (t), in fig. 1B the kinetics of resto-
ration the initial light transmission T (t) after the end of the exposure is shown.

The kinetics of growth of the photochromic effect is described by the exponential

function
T(1)= (l—Bl)-(eXp [_—tDJrBl :
7

and the kinetics of light transmission restoration after the end of exposure is described by the
exponential function
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T(t)=(1-B,)- l—exp(_—tJ +B,.

TZ
The obtained values of the constants of these exponents are: 1, = 14.82 + 3.24 min, B,
=0.79+0.04, 1,=13.10 = 1.54 min, B, =0.78 + 0.03.
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Figure. A. The kinetics of reducing the light transmittance of samples during exposure;
B. Kinetics of the restoration of light transmittance of samples after the end of the exposure

[=]

In contrast to the results of Caixia Xu et al [3], the kinetics of both processes in the
PZT-19 ceramics are characterized by the same kinetic parameters of the exponents.

The initial light transmission of the samples is fully restored after they are exposed in
air at a temperature of +55 + 3 °C for 10 minutes. Such small values of both the temperature
and duration of thermal annealing suggest the physical nature of the photochromic effect in
the PZT ceramics, which is caused by the presence of small traps in the band structure of lead
zirconate — titanate.

The obtained results are considered with using a Dember's photo effect theory for
structures with point defects.
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Temperature dependences of dielectric constant for the organic ferroelectric of diisoprop-
ylammonium iodide (C¢H;¢NI) have been investigated. It was found that upon the first heating, only
one phase transition occurred without the presence of ferroelectric phase. For samples preheated over
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420 K, two phase transitions at 363 and 378 K appeared in heating process, and the ferroelectric state
was also observed between them.

Keywords: diisopropylammonium iodide; organic ferroelectrics; phase transition; dielectric
properties.

Diisopropylammonium iodide (C¢H;¢NI) belongs to the family of organic
ferroelectrics, which have several advantages over the widely used inorganic ferroelectrics in
relation to light weight and environmental friendliness because of the absence of heavy metals
in their structure [1-3]. In this regard, the present work is devoted to clarifying dielectric and
thermal properties of polycrystalline sample of diisopropylammonium iodide.

In the present work, diisopropylammonium iodide was synthesized through the reac-
tion between diisopropylamine and acidic aqueous solution of hydroiodic acid with mole ratio
of 1:1. The diisopropylamine (Sigma-Aldrich, 99,95%) and HI (Scharlau chemie S.A., 57.0%)
were utilized for the preparation process. The reaction mixture was stirred for 30 min and then
filtered to get a solid residue, which was recrystallized from ethyl alcohol at 350 K. After
evaporation of the solvent, acicular colorless diisopropylammonium iodide crystals were ob-
tained and then dried in a desiccator with calcium chloride. A crystalline powder formed after
drying was carefully washed by diethyl ether and dried again in the desiccator with calcium
chloride. Finally, the synthesized power was compressed into tablets of 12 mm in diameter
and 1.5 mm in thickness under a pressure of 7500 kg/cmz.

The obtained results for temperature dependences of dielectric constant €' for samples
of DIPAI at different frequencies are presented in Fig. 1. Upon the first heating to 390 K, an
anomaly found at 381 K as seen in Fig. 1 corresponds to the transition from the orthorhombic
P2,2,2; to monoclinic P2;/m phases [2]. Upon cooling, the transition temperature decreased
and was detected at 361 K. For temperature dependences of tgd(7), there were two minima at
381 and 361 K observed during heating and cooling, respectively (the inset, Fig. 1). Besides,
the increase in measuring frequencies led to the reduction of &' and tgd values, indicating the
presence of dielectric dispersion. This dependence is in good agreement with the experimental
data obtained for single crystals of DIPAI [2].
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Fig. 1. Temperature dependences of dielectric Fig. 2. Temperature dependences of dielectric

constant €' for polycrystalline samples of DIPAI constant €' for polycrystalline samples of DIPAI
upon the first heating/cooling round up to 390 K at  at 1 kHz upon the first heating/cooling round up
frequencies of 1 kHz — 1, 10 kHz — 2 and 100 kHz  to 390 K (closed symbols) and after preheating to

— 3. The inset shows temperature dependences of 420 K (open symbols). The inset shows
tgd(7) obtained upon the first heating/cooling temperature dependences of tgd(7) obtained upon
round at 1 kHz the first heating/cooling round at frequency

of 1 kHz after preheating to 420 K

It was found that the heating history strongly affected the sequence of phase transitions
in polycrystalline samples of DIPAI. Indeed, after preheating samples up to 420 K and higher,
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two phase transitions at 363 and 378 K appeared upon heating (Fig. 2). Correspondingly, two
minima at 363 and 378 K in tgd(7) dependence were also observed in heating mode. Mean-
while, upon cooling, these phase transition temperatures were slightly different from the heat-
ing ones (within 1 degree) (Fig. 2).

Thus, the influence of thermal prehistory on the appearance of ferroelectric state in
polycrystalline samples of DIPAI was clarified. After preheating samples over 420 K, the fer-
roelectric phase was found between 363 and 378 K. During cooling process, the ferroelectric
state occurred from 361 to 300 K. In the case of keeping samples at room temperature over
24h, polycrystalline DIPAI was completely converted into the paraelectric phase.
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B pabote mpoBeneHbI AMANEKTPHUYECKHE HCCIICAOBAHUS OpoMHIa JHUH30IPONAIAMMOHUS,
BHEJPEHHOTO B MAaTPHIBI OKCHIA AITIOMHUHHUS C pa3IMuHBIMH pasMepamu 1op. VcciemoBanus
BBISIBIUIM CMEIIeHHEe Temmeparypbl Kiopm K HU3KMM TemrmepaTypaMm TeM OoJblle, YeM MEHbIIe
pasmep nop miaeHok Al,O;. g nanouactunr DIPAB B mopax Al,O; pasmepom 60 nm HaGmonatotces
IBa (a30BBIX MEPEX0a, MEKIY KOTOPBIMH (JOPMUPYETCS CETHETOMIeKTprYeckas (a3za.

KiroueBble cioBa: pasMepHble S(QQEKThl, OPraHUYECKHE CETHETODJIEKTPHKH, (a30BbIH
Hepexo, IUIEKTPUIECKHe CBOICTRA.

CTpyKTypbl Ha OCHOBE YIOPSJAOYEHHBIX MATpHI] (Onaj, MJICHKH MOPUCTOTO OKCHUJIA
ATIOMHUHUS U JIp.), 3aNI0JTHEHHBIE CETHETOANEKTPUKAMH, MOTYT MCIIOIb30BATHCS ISl U3TOTOB-
JICHUS Pa3IMYHbIX 3JIEMEHTOB HAHO3JIEKTPOHUKU. ONIHAKO, BIUsSHUE 3(PPEKTOB, CBA3AHHBIX C
pa3MepaMu U T€OMETpUEl CEeTKH IOp, B3aUMOJCHCTBUEM YACTHUIl CO CTEHKaMU MOpP U MEXKAY
co00i1 MPUBOJAAT K TOMY, YTO CETHETO3JIEKTPHUUECKHE CBOICTBA YaCTHIl B MaTPUIIAX Pa3HOTO
TUIA MOTYT OTJIMYaThCsl. B KauecTBe OAHUX W3 MEPCHEKTUBHBIX MATPHIL, UCHIOJIb3YyEMBIX AJIS
MOJIy4YeHUs HaHOCTPYKTYp, siBisiercst okcup amomuuus (Al,Os3), mpeacrapnstomuii coboi
IJIEHKY C PETYJSIPHO PACIIOIO0KEHHBIMU ITOPaMH, OPUEHTUPOBAHHBIMU MEPIEHIUKYISIPHO O-
BepXHOCTH. B paHHOI paboTe MPUBOIATCA PE3yIbTAaThl MCCICIOBAHWUN JTUHEHHBIX U HEIH-
HEWHBIX JIUAJIEKTPUUYECKUX CBOMCTB OPraHUYECKOrO0 CETHETORJIEKTPHUKA AUU3OMPONHUIAMMO-
uus opomuy (CeH ¢NBr, DIPAB) BHenpennoro B matpuisl Al,O3; ¢ nuamerpom mop 330, 100
u 60 HM.
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JlunzonponuiaMMOHHs OpPOMUL, HMEET CIIOHTAaHHYIO nossipusanuio (Ps ~ 23 [1Cxem™
%) 6JIM3KYIO K TUTAHATY GapHsi, BHICOKYI0 Temmeparypy Kiopu (7, = 426 K) 1 neMOHCTpHpYeT
XOPOIINI MbE303JEKTPUUYECKUNA OTKIIMK [1]. DTH aTpuOyThI AENIal0T €ro allbTepHATUBOU Ie-
POBCKUTOIOAOOHBIM CETHETORJIEKTpUKaM. B Hammx uccieqoBaHUsIX AUU3ONPONUIAMMOHUS
Opomu OBUT MONYYEeH peaknuel nuusonpornmwiamMuaa ¢ 48%-HeIM BOJHBIM pacTBopoMm HBr
no meroauke, npuBeneHHoil B [2]. CormacHo cnektpy XRD, mpu KOMHAaTHOUM TeMmmepaType
00bemublii DIPAB uMeeT CerHeTosneKTpudecKyto CTpykrypy (P2y).

Ha puc. 1 u 2 npencrasnenst 3aBucuMoct €'(7T) B pexkuMe HarpeBa - OXJaXACHUs 1JIs1
obwemHoro oopasua DIPAB u 3anmonHeHHBIX TUIeHOK Al,O3 ¢ pa3nuyHbIME pa3MepaMu Top.
MakcuMyMbl Ha KPUBBIX g'(T) JUTst 00beMHOT0 00pasiia HaboJatTes Ipu Temmeparype 426
K, dro coorBercTByer cTpykTypHOMYy mepexony P2; — P2//m wu cormacyercs c
pe3yibTaTamMu, NpeAcTaBlieHHbIMH B padoTtax [3]. [Ipu oxnaxaeHuu MakcuMyM g’ cBUTaeTCs
B CTOPOHY HM3KMX TeMmIieparyp npumepHo Ha 3-4 K. Jlns nanoxommnosutoB DIPAB/ALO3
anomanmuu €'(T) B oOmactu (pa3oBOro mepexona MeEHEe BBIPAKEHBI IO CPAaBHEHHUIO C
00BeMHBIMU 00pa3LiaMu U CIIBUTAIOTCS B CTOPOHY Oo0Jiee HU3KHUX TeMIepaTyp.

300 7 300 1 - 120
+ 100
250 4

250 -
200 4 200 o
% 150 o 150 -
100 A 100 -

50 1

+20 504

0+ ‘ ‘ ‘ ‘ 0 0 ‘ ‘ : : 0
340 360 380 400 420 440 340 360 380 400 420 440
T (K)
T (K)
Puc.1. 3aBucumoctu €'(T) nns DIPAB Puc.2. 3aBucumoctu €'(T) nns DIPAB
(TpeyronsHUKH, JIEBask OCh) U 3aITOJTHEHHBIX (TpeyrompHUKH, neBas ock) u DIPAB/ALO;
DIPAB/AIL,O5; anamerpom 330 HM (KpyTH, ¢ nuameTrpom nop 60 HM (KpyTH, IpaBasi 0Ch)
MpaBasi OCh) B peKMME HAarpeBa U OXJIaXIeHUS B PEKMME HarpeBa M OXJIAXKICHUS
Ha gactore 1 kHz Ha gactore 1 kHz

JUis yTOYHEHHs] TeMmIepaTypHOW 0O0JIaCTH CYHIECTBOBAHUS CETHETO-AJIEKTPUUYECKOM
¢da3pl B HAHOKOMITO3UTAaX OBLIM HCCIIEAOBaHbl MX HEJIMHEWHbIE CBOMCTBAa B CPAaBHEHUM C
o0vemHbIM DIPAB. CornacHo pe3ynbrataM 1o reHepaluu TpeTbel TapMOHMKH, MOTYYEHHBIM
npu Harpese, A DIPAB u xomnosutos DIPAB/ALO3 ¢ pasmepamu nop 330 u 100 nm
BBICOKME 3Ha4yeHUsi KOdPQUIIMEHTA Y3, HAOMIOJAIOTCS B HMHTEpBAJIE TeMIeparyp OT
KOMHaTHOH 110 426, 423 n 420 K cooTrBeTcTBeHHO. BbIle yKa3aHHBIX TEMIEPATYP V3w
MEHSIETCSl HE3HAYUTENIbHO, YTO CBSI3aHO C IEPEX0J0M 00paslloB B Mapa’IeKTPUUYECKOe
cocrosHue. Jlpyras kapTuHa HaOmronaetcs s komnosuta DIPAB/ALO; ¢ pazmepamu nop
60 nm, rae pe3kuit poct kodpduimenta y3,(7) HabmrogaeTCs B HHTEpBasie Temmepatyp 403-
418 K npu Harpese u 401-416 npu oxnaxaenuu. [Ipu BTopoM u nocienyomux npoxoaax
TaK)Ke MPOCIIEKUBAIOTCS JBa (Pa30BbIX Mepexo/a.

Taxum 06pa3omM, MOXKHO 3aKIIHOUUTH, uTO JuId HaHo4YacTul] DIPAB B mopax 60 nm npu
HarpeBe M OXJAKICHUM peanusyercs JABa (a3oBBIX MEpexona, MeXAY KOTOPHIMU
(dopmupyeTCs cerHeTodIeKTpruIecKas ¢asa.
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This work given results of dielectric and colorimetric researches of ferroelectric composite
(C¢H NBr),../(BaTiO;),. It is shown, that mutual influence of composite components can lead to
change an order of phase transitions.

Keywords: organic ferroelectrics, phase transition, ferroelectric composite, dielectric permea-
bility

When studying of dielectric properties of ferroelectric composite (see [1-3] and refer-
ences therein), it was found that for such systems mutual components influence on both prop-
erties is possible. For composites (KNOs)./(BaTiO3),,
(KNO3);./(KNbO3), expansion of potassium nitrate ferroelectric phase existence was ob-
served [1, 2]. Significant shift of Curie temperature for AgNa(NO;), was found in composite
AgNa(NO,),]oo/[BaTiOs]o [3].

In recent years, a number of organic compounds with polar point group at room tem-
perature and relatively high melting point (~450K) were discovered. Particularly, such ferroe-
lectrics include diisopropylammonium bromide (CsH;sNBr) P ~ 23 ~C/cm2, T. =426 K [4].
Diisopropylammonium bromide has a spontaneous polarization close to that of barium titan-
ate, high Curie temperature and exhibits good piezoelectric response. Experimental results of
BaTiO; particle influence on phase transitions of composite (C¢H;sNBr1),.,/(BaTiO3), for x=
0.05, 0.1 are given in the present work.

In experiment samples of C¢H;sNBr and C¢H;¢NBr with BaTiO3 volume fractions of
inclusion 5 and 10%. Broadband dielectric spectrometer Novocontrol BDS-80 with frequency
range from 0,1 Hz to 10 MHz was used to complex dielectric constant measurement.

As dielectric studies shows (Fig.1), at room temperature C¢H;¢NBr is ferroelectric
(with P2, symmetry). At frequencies about several Hz spontaneous polarization gives signifi-
cant contribution to dielectric permittivity and minimum €'(T) corresponds to phase transition
due to spontaneous polarization equal zero. According colorimetrical and dielectric studies, at
T=421,6K C¢HcNBr converted into paraphrase (with P2;/m symmetry), and when cooling
down lower T=419K shifted back to polar (with P2; symmetry).

For composite (C¢HsNBr)o.o/(BaTiO3)0 1 (Fig.2) at room temperature realize the ortho-
rhombic phase with space group P2,2,2;, which is ferroelectrically inactive. During heating
above 415K it goes to polar structure with P2; symmetry. This structure exists at range from
415 to 421K. At temperature, higher than 421K a transition occurs to non-polar monoclinic
phase P2/m. When cooling down at 418K C¢H;¢NBr structure changes directly from P2,/m
to P2, symmetry). Determination of phase transitions temperatures from the maximum dielec-
tric constant is not accurate because of composite (C¢H;sNBr1),.,/(BaTiO3), maximum temper-
ature depends of frequency and changes from 419,8K at 1Hz to 424,5K at 500 kHz. At the
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same time according to calorimetric measurements this value is 426,5K. It means that compo-
site present relaxor properties.
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Fig. 1. Dependence ¢'(T) for C¢H ¢NBr at heat- Fig. 2. Dependénoe g'(T) for
ing and cooling (the inset) (C6H6NBr)o o/(BaTiO3),; at heating

and cooling (the inset)

Non-polar phase instead of polar one implementation is connected with the fact that
composite free system energy includes components energy and the energy of dipole-dipolar
interaction. In this case dipole-dipolar interaction of BaTiOs; and C¢H;sNBr polar particles
leads to increase of free energy and ferroelectric state will be disadvantageous.

References

1. Stukova, E.V. Stabilization of the ferroelectric phase in (KNO;),_,— (BaTiOs), composites /
E.V. Stukova, S.V. Baryshnikov // Inorganic materials: applied research. — 2011. — V.2, N5. — P. 434-
438.

2. Stukova, E.V., Baryshnikov S.V. Dielektricheskiye issledovaniya segnetoelektricheskikh
kompozitov na osnove (KNO;), x — (KNbOj), / E.V. Stukova, S.V. Baryshnikov // Perspektivnyye
materialy —2011. — N13. —P. 801-805.

3. Baryshnikov, S. Dielectric  properties of the ferroelectric =~ composites
[AgNa(NO,),]oo/[NaNO,]y; and [AgNa(NO,),]oo/[BaTiOs]o; / S. Baryshnikov, A. Milinskiy & E.
Stukova // Ferroelectrics. —2018. — V.536 — P. 91 - 98.

4. Fu, D.-W. Diisopropylammonium bromide is a high-temperature molecular ferroelectric
crystal / D.-W. Fu, H.-L. Cai, Y. Liu, Q. Ye,W. Zhang, Y. Zhang, X.-Y. Chen, G. Giovannetti, M.
Capone, J. Li, and R.-G. Xiong // Science. —2013.— V.339. —P. 425-428.

VJIK 538.9
®U3UYECKHUE CBOCTBA TBEPIBIX PACTBOPOB PbMn;/;Nb,;0;
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B pabote npencraBineHbl pe3ybTaThl U3yYSHUsI CTPYKTYPBI U TUICKTPHUECKUX CBOMCTB Kak
YUCTOTO, TaK M IOMUPOBAHHOTO cerHeTOMarHeTuka Pb(Mn;;;Nb,3)0;.
KittoueBsie ciioBa: peiakcop, TBEp/Ible PacCTBOPHI, ITUPHUHA 3aIPEIICHHON 30HBI.

64


mailto:oksanchik2603@mail.ru
mailto:babdulvakhidov@mail.ru
mailto:ssadyk@yandex.ru
mailto:mari.sirota@ya.ru
mailto:phys.kam@mail.ru
mailto:abudnik.sfedu@yandex.ru

Teepawie pacTBopsl Ha ocHOBe PbMn;3Nb,;303 SBISIOTCS WHTEPECHBIMU M MaJIOU3Y-
YEeHHBIMU COCTaBaMH, OOJAJAalOIIMMU TOBEIEHHUEM CETHETORJIEKTPUUYECKOTO pelakcopa u
CIIOHTAaHHBIM HaMarHU4YMBaHUEM. JIUTepaTypHBIX JAHHBIX 110 KOMIUIEKCHOMY M3yY€HHUIO KOH-
[EHTPAIMOHHBIX (ha30BBIX MEPEX0J0B TBEPAbIX pacTBOPOB (1-x)Pb(Mn;/3Nb,/3)O03-x(PbTiO3)
MPAKTUYECKH HET, IIOATOMY HAIIIEH IEIBIO SBISETCS BOCIIOIHEHHUE YTOTO Mpoodera.

B paGote npencTaBieHbl pe3yabTaThl U3yUEHUsI CTPYKTYPHBIX MapamMeTpoB, AUAJICK-

TPUYECKUX CBOMCTB, yACJIbHOU 31eKTponpoBogHOCTH (1-X)Pb(Mn;/3Nby3)03-x(PbTiO3) u on-
TUYECKUX CIIEKTPOB B IIUPOKOM KOHIIEHTPAIMOHHOM JIMara3oHe.
[Tokazano, uro cummerpusi PbMn;3Nb,;303 nydiie Bcero OmMCHIBAETCS MPOCTPAHCTBEHHOU
rpynnoii R3m, u oH sBIAETCS pelakcopoM. YBEIWUYECHHE KOHUECHTPALIMU AOMUPYIOMIEH KOM-
noHeHTHI 710 0.15PbTiO; npuBOAUT K MOAABICHUIO PEAKCOPHOTO MOBEIACHUS U (OPMUPOBa-
HUIO MopdoTtponHoit obactu (MO), mpencraBisronieii COBOKynHOCTh R3m+P4mm ¢a3. O06-
gacte MO mpocTtupaercss A0 KOHLEHTpanuu fomnadta, paBHoil 0.25 PbTiOs;. OGHapyxeHo,
YTO HIMPHHA 3alpelleHHON 30HbI E, Takke M3MEHSETCS B 3aBUCHMOCTH OT KOHLEHTPALH
JIOTIaHTA.

ABTOpbI Onaronapssl 3a nojaepxkky Bu.rp. Ne 07/2017-08 FOxHoro ¢enepaibHOTO
yausepcuteta v ['3 FOHIL PAH na 2019 r., Ne rp. npoexkta AAAA-A19-119040390084-3.
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VIIPABJEHHUE ®U3NYECKUMUA CBOMCTBAMHU CETHETOJJIEKTPUKOB
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1

B pabote npezncraBieHbl pe3yibTaThl U3YUEHUS! BIMSHUS CHJIOBOTO BO3JEHCTBUS B COYETa-
HUH CO CIBUTOBOW Jnedopmaiieii Ha (hu3nvecKkrue CBOWCTBA CETHETOANEKTPUKOB, CETHETOPENIAKCOPOB,
AHTHCETHETORJIEKTPUKOB U MYJIbTH()EPPOUKOB.

MexaHN4YecKoe CHIIOBOE BO3/ICHCTBHE Ha TBEP/IbIE KPUCTATUTMIECKHE TeJIa C TIOMOIIBIO
HakoBaJieH bpuJukmeHa sBIseTcs OJHUM U3 METOJI0B (OPMHUPOBAHUSA (PHU3UUYECKUX HX
CBOMCTB.

B nmpeniaraeMom 10Ki1a1e M3y4eHO BIMSHUE TAKOT'O BO3IEMCTBUS Ha CBOMCTBA CUHTe-
3MPOBAHHBIX KJIACCHYECKHX CErHETOIJIEKTPUKOB, aHTHCETHETOAIEKTPUKOB, CErHETOIJICKTPH-
KOB - PElakcopoB U MYJbTH(EeppouKkoB. KoHTpomupyeMbIMH MapaMeTpaMu HpU U3y4YEeHUH
MOPOILIKOBBIX 00pa3ioB BeicTynanu pasmepsl OKP u mMukponedopmanmu, napamerpsr UK -
CIEKTPOB, MapaMeTphbl KPUCTAJUIMYECKON pEIIeTKH, KOHLEHTpauu (a3, cpeaHeKkBaapaTuy-
HbIE CMEIIICHHS, XapaKkTepucTudeckas temreparypa Jlebas u dpaxrop Jlebas - Bamnepa.

JUist KOHTPOJIS BAMSHUS MEXaHOAKTHBALMM Ha (PU3NYECKHUE CBOMCTBA KEpaMHUECKUX
00pa3loB U3yYAIUCh JAUICKTPUUYECKUE M ONTHUYECKHE CIIEKTPHI, YIEIbHYIO 3JIEKTPONPOBO/I-
HOCTB ¥ TETUIOEMKOCTb, IETITH MAarHUTHOTO ¥ CErHETOAIEKTPUIECKOTO TUCTEPE3HCA.

ABTOpHI OnarofapHsl 3a noaaepkky Bu.rp. Ne 07/2017-08 IOsxnoro ¢enepanbHoro
yHuBepcutera U TeMbl AAAA-A19-119040390084-3 FOxHOr0 HayyHoro nentpa PAH.
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CIEKTPAJIbHBIN AHAJIN3 UMITYJIbCHBIX MTPOLECCOB MEPEKJIIOYEHMS
B KPUCTAJLJIAX CETHETODJIEKTPUKA-PEJTAKCOPA SBN

A.B.Bypues', b.5. Ileapko
'lexusbur @inbox.ru
000 «1IK «AnpToHnKaY, T. 3eJIeHOTpajl, Hau-K MMPOU3BOICTBA
’Kaug. (u3.-mar. Hayk, AekaH, boris_pedko@mail.ru
OI'BOY BO «TBepckoii rocy1apcTBEHHBI YHUBEPCUTET», T. TBEPD

B naHHO# paboTe mpenCTaBICHBI PE3yJbTAaThl CHCKTPAIBLHOIO aHaIW3a WMITYJIbCHBIX
MPOIIECCOB TMEPEKIIOUCHUS, WHUIIMUPOBAHHBIX BHEIIHUM DJCKTPUYCCKUM TMOJEM U H3MEHECHUEM
TEMIEpaTypel, B  KpHUCTaNIaX  CEeTHETOANEKTpHKa-perakcopa SBN ¢ mpumeHeHmeM
MOJIEPHU3UPOBAHHOHN KIIACCHYECKON YCTAaHOBKH I10 MCCIIEIOBAHHIO TEII0BOTo d(hdexra bapkrayseHa.

KiroueBsie ci0Ba: CIEKTPaIbHBIN aHAN3, TPOLIECCH] TIEPEKITIOUCHHUS.

Pesynbrate uccnenoBanus s¢dexra bapkraysena (3b) B kilacCHYECKHX CETHETOAIICK-
TPHUKaX AOCTATOYHO XOpPOIIo u3BecTHHI [1]. TpaguiroHHO OCHOBHBIE 3aKOHOMEPHOCTH TOBE-
JIEHUS CKauYKOOOPa3HBIX MUMIYJIbCHBIX MPOILIECCOB MEPEKIIOUEHUS MHUIIMUPOBAHHBIX MPUIIO-
YKEHUEM BHEIIIHETrO AJIEKTPUUYECKOTO IO CBS3BIBAIOTCS C DJIEMEHTAMHM IMETIH JUAJIEeKTpUude-
CKOI'O THCTepe3Hca, a TEMIEPATypHOro MOBEIEHUS C TEMIEPATypPHOH 3aBUCHUMOCTBIO CIIOH-
TaHHOW mosspu3anuu. MHas cuTyanusi BO3MOXKHA B CETHETORIEKPUKaX-pellakcopax, XxapaKTe-
PUBYIOIIUXCS Pa3MBITBIM (ha30BbIM TiepexofoM [2]. OTMETHUM, YTO CHEKTPAJIbHBIA aHAIH3
UMITYJIBCOB MEPEKII0YCHHSI, HA OCHOBAHUU KOTOPOTO MOKHO FOBOPUTH O KOHKPETHBIX MeXa-
HU3Max M UX BKJIAJ€ B MPOLIECC CETHETORIEKTPUUECKOIO NEPEKIIIOUEHHUS B PEIaKCOPHBIX Ce-
THETOAJIEKTPUKAX MPAKTHUECKU HE TMPOBOIUIICS.

B nanHoi#i paboTe npoBeaeHbI UCCIEA0BAHNS [TPOLIECCOB MEPEKIIOYEHHS B KpUCTAILIAX
ceruerodnekTpuka-penakcopa Sr0.61Ba0.39Nb206 (SBN), mocTpoeHbl CEKTPbl aMILTUTY/T
UMITYJIbCOB, KOTOPBIE ONPEIEISIIOT MPOTEKAIOIME B KPUCTALIE MPOLECCH MEPEKITIOUEHNUS,
MOJTyYEHBI CIIEKTPHI BPEMEHU MPOTEKAHUS OJUHOYHBIX UMITYJIbCOB, TPOBEJICHA OIICHKA 00HE-
Ma MEePEKITIOYCHUST KPUCTAIIA JIJISl OTACIBHBIX MEXaHU3MOB UMITYJIBCOB U WX BKJIAJ B OO
00BEMa MepeKITIOYeHN S, UTHUIIMUPOBAHHOTO TEPMUYECKIUMH BO3/IEUCTBUSMHU.

Uccnenyembie kpuctawisl SBN Beipamiensl MeTo oM YoXpanbCKOTO U MOATOTOBJICHBI K HC-
cnenoBaHusM B HHCTHTYTe (husuku r. OcHadprok, OPI'. MccnenoBanus mpoBOAUIUCH HA YH-
crom kpuctauie SBN u ¢ npumecsm Ce, Cr, Rh, Ru 1 ux xomOuHammsx.

JInsi “THUIUMUPOBaHUS TPOLIECCOB MEPEKIIOUEHUsT KPUCTAIUIbI MOJBEPrajiuCh BO3/AEH-
CTBUIO BHeEIIHEro aekTpuueckoro moist 50 u 100 B u HarpeBanmucek no temmepatyp 200C
(BBIIIIE MAKCHUMYyMa TEMIIEPATYPHOI 3aBUCMMOCTH JAUAJICKTPUUYECKON MpoHUIaeMocT). B ka-
YECTBE OCHOBBI UCCIIEIOBATENILCKON YCTAHOBKH NPUMEHSIIACh MOIEPHU3UPOBAHHASL aBTOPaMHU
YCTaHOBKA IS UCCIEeN0BaHUs TeraoBoro 3¢ dekra bapkrayzena. DneKTpUYecKue UMITYIIbCHI
NOCTYyNaJId Ha BXOJ| BBICOKOCKOPOCTHOT'O OIEPAI[MOHHOTO YCWJIMTENS, a IOCJIE YCHJICHUS
¢dukcuposanuck miaaroit AL L-783 OO0 «JI Kapn».

3aBUCUMOCTh UHTEHCHUBHOCTH CJI€IOBAaHUSI MMITYJIbCOB MEPENOSIpU3allui OT TeMIle-
patypsl B kpuctaiax SBN, 4uCTBIX U C NpuUMecsIMH, BO BCEM HHTEPBAJE HUCCIEHOBAHHBIX
TeMIeparyp B OOJBIIMHCTBE KPUCTAIJIOB UMEET TPU MAKCHMyMa, COOTBETCTBYIOIIMX TPEM
TeMIepaTypHbIM oOiacTsimM: 1 — 00nacTh MpOTEKaHUsI UMITYJIbCHBIX MPOIIECCOB MEpEeKIoye-
HUS B KpUcTalljie 10 «(}a3oBoro mepexoaa», 2 — o0iacTh TeMIepaTypbl, OJIH3KOI K TeMIepa-
Type MakCUMyMa AUBJIEKTPUUECKON MPOHUIIAEMOCTH, 3 — 00JIaCTh MPOTEKAHUS UMITYJIbCHBIX
MIPOLIECCOB CYIECTBEHHO BBIIIE ITOW TemmepaTypbl. Hannuue Tpetheit o0aacTu HexapakTep-
HO JJI1 CETHETO3JIEKTPUUECKUX KPUCTAIJIOB U MOXKET OBITh OOBSICHEHO PEIaKCOPHBIMU CBOM-
ctBamu SBN.

O6paboTtka nmanHbiX, 3adukcupoBaHHbXx Allll, mpoBoaMIach C MOMOIIBIO MPOTPAMMHOTO
obOecrieueHus, pa3pabOTaHHOTO aBTOopamH. Pe3ynbTaThl OOpPaOOTKU MO3BOJMIA TOTYYUTh
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CHEKTPBl pacrpeAesieHus] aMIUTUTY HUMITYJIbCOB, UX JJIMTEIHHOCTH, OLEHUTh 00BEM Tepe-
KJIIOUMBIIEHCS 00JIaCcTH.

CrekTpsl B psific CIIy4aeB JEMOHCTPHPOBAINA HATMYHE HECKOJIBKIX MAaKCUMYMOM, YTO
aBTOpPaMH TPAKTYeTCS KakK JI0Ka3aTeJIbCTBO HAJIMYHUS HECKOJbKHX MEXaHHU3MOB MPOTEKAHMS
MPOLIECCOB MEPEKIIIOUCHUS, HAPUMEP, TAKUX KaK 3apOJbIIIe00pa3oBaHUE W JABUKCHHE JIO-
MEHHOM CTCHKH.

Ha puc. npuBeneHbl TUNMHYHBIC TOTYyYEHHBIC CIIEKTPOB JUIS TEMIIEpaTyp, B KOTOPBIX
ObUTH 3aUKCUPOBAHBI MAKCUMYMBI CJICIOBAHUS UMITYJILCOB TIEPEKITIOUCHUS.
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Pucynok. CrieKTpbl aMIUTUTY I, BPEMEHH CIIEAOBAHUS M PACCIMTAHHOTO OTHOCHUTENIBHBIX
eaMHAIIaX 00BEMA TepeKiTIoueHus KprcTamia o kpuctamia SBN ¢ mpumecero S00ppmCe
npu Temneparypax 63 u 134 C

YcTaHoBIIEHO, YTO 00BEM MEpeKIIOUUBIIEHCs 00JacTH HEe BCErAa NpsMO MPONOPLHO-
HaJIeH aMIUTUTY/Ie UMITYJIbCOB M MX JUTUTeNbHOCTH. Hanbonpmuit Bkiaa B 00muii o0beM, me-
PEKIIFOYUBIIMINACS MPU TEPMUUECKOM BO3AECUCTBUU, MOKET ObITh BHECEH TEMH THUIIAMH CKad-
KOOOPa3HBIX MPOILIECCOB, KOJINIECTBO KOTOPHIX CYIIECTBEHHO MEHBIIIE.
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DOMAIN STRUCTURE IN NANOSCALE FERROELASTICS
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* PhD student, ostrogvisk @mail.ru
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In this work, in the framework of the thermodynamic theory of Landau for phase transitions, it
is shown by an exact numerical solution of a nonlinear system of differential equations that a ferroe-
lastic nanoparticle has a domain structure in the low-temperature phase. This structure depends on the
size and shape of the particle, as well as on the boundary conditions for the order parameter.

Keywords: ferroelastic, domain structure, phase transition, nanocomposite.

Nanoscale materials are of great interest both from the point of view of studying phys-
ical laws in low-dimensional systems and from the practical side - they are associated with the
search for materials with new properties. The main reason for the difference between the
properties of nanoscale materials and the properties of bulk analogs is associated with an in-
crease in the proportion of atoms on the surfase of the particle. As a result, the balance of var-
ious contributions to the free energy of a material changes and its ground state may change [1-
3]. In [1-2], it was shown that the ground state of a ferroelectric nanoparticle formed during
the phase transition from the high-temperature paraphase is inhomogeneous domain-like. The
heterogeneity of the order parameter refers to a change in the direction (sign) of the order pa-
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rameter, and not a change in the order parameter in magnitude. Such a heterogeneous struc-
ture depends on the temperature, shape and size of the sample, boundary conditions for the
order parameter, the presence of external fields, etc. The same situation occurs in thin ferroe-
lectric films [3]. But the basic state in magnetic materials, in particular in frustration magnets,
1s most studied [4-7].

The purpose of this study is to study the structure of the low-temperature phase in fer-
roelastic nanoparticles.

The thermodynamic potential of a ferroelastic nanoparticle is the sum of three compo-
nents: the elastic potential, the contribution to the thermodynamic potential associated with
the order parameter, and the term that takes into account the interaction of the order parameter
with elastic stresses.

- 1
¢, = fqul(T]dV = fgsxmmffm O dV, (1)
= 1 1 1
@, =f@z(TJdV=f(5H(?n)2 —-an? +;ﬁ?}"‘)d'f’, 2)
@; = [ @:(F)dV = — [n0;,dV. 3)
where §;p, 1, 18 the elastic compliance tensor, having the following form in an isotropic elastic
environment:
1 v 1+v
Sikim = 3 (51681 + 52 (8:18km + GimGrr)], 51 = 2= “4)

where §; u §; is two independent components are expressed in terms of the Young modulus
E and the Poisson’s ratio Vv, gy, is the elastic stress tensor, &, [5 are the Landau coefficients

of the bulk ferroelastic, ¥ is the correlation constant.
In addition, when writing expressions (1) - (3), it was assumed that as a result of a

o . . . : (p)
phase transition in the material there is a spontaneous (plastic) shear deformation i, , taken
as a parameter of the order 7], as in potassium trihydroelenite KH3(SeO3),. This assumption

explains the kind of expression for @.

As an object of study, we consider a paralelepiped nanoparticle, which is a homogene-
ous ferroelastic crystal. Its size is 30 X 30 X d nm, where d is the thickness (height) of the

nanoparticle.

The plastic deformation distribution also has a domain-like structure in a ferroelastic
nanoparticle below the Curie temperature similarly to the domain-like picture in ferroelectric
nanoparticles. As it was shown, the cause of the division of ferroelectric particles into do-
mains is depolarizing electric field. In the case of a ferroelastic particle, the elastic fields are
the cause. At d = 8 nm, the phase transition at Curie temperature occurs in a single-domain

state. At 9 nm < d < 12 nm a two-domain state is observed. For d = 13 nm it is observed

three and more domains.

In conclusion, we note that the formation of the domain structure of a ferroelastic na-
noparticle, in addition to the size and shape should certainly be influenced by the following
parameters. These are the boundary conditions for the order parameter and mobility of the
boundaries of nanoparticle, the presence of stresses at the nanoparticle boundaries, thermal
stresses, primarily due to the production technology, the presence and concentration of de-
fects, and others. All this complicates the analysis of such states and is the subject of future
research.

Referenses
1. Nechaev V.N. On the Change in the Phase Transition Mechanism in the Ferroelectric Inclu-
sion of Ferroelectric—Dielectric Nanocomposite as a Function of Its Size / V.N. Nechaev, A.V. Vis-
kovatykh // Physics of the Solid State. — 2015. - V. 57. - No 4 - P. 722-727.

68



2. Nechaev V.N. Inhomogeneous polarized states in ferroelectric inclusions in a ferroelectric-
dielectric nanocomposite / V.N. Nechaev, A.V. Viskovatykh // Izvestiya Vuzov. Physics. — 2018. — V.
61.-Ne 2. P. 12-18. (in Russian)

3. Nechaev V.N. On inhomogeneous polarized states near the phase transition point in a thin
ferroelectric film / V.N. Nechaev, A.V. Shuba // Physics of hhe Solid State. — 2018. — V. 60. - No 7 -
P. 1322-1327. (in Russian)

4. Vasiliev A.N. Spin Crack in Low-Dimensional Magnets / A.N. Vasiliev, M.M. Markina,
E.A. Popova // Physics of the Low Temperature. 2005. - V. 31. - P. 272-299. (in Russian)

5. Kassan-Ogly F.A. Frustrations and Ordering in Magnetic Systems of Different Dimensions /
F.A. Kassan-Ogly, A.I. Proshkin // Physics of hhe Solid State. — 2018. - V. 60. - Ne 6 - P. 1078-1085.
(in Russian)

6. Kamilov I. K. Monte Carlo Studies of Phase Transitions and Critical Phenomena / L.K.
Kamilov, A.K. Murtazaev, Kh.K. Aliev // Phys. USP. — 1999. - V. 42. - Ne 6 — P. 689-709.

7. Dotsenko V.S. Critical Phenomena and Quenched Disorder / V.S. Dotsenko //
Phys. USP. — 1995. - V. 38. - Ne 5 — P. 457-496.

UDC 538913
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This paper presents an approach for determining the oscillation spectrum of ferroelectric na-
noparticles of different shapes in a dielectric matrix. The spectrum of their oscillations determines
many important thermodynamic and kinetic characteristics. On the basis of this approach, the influ-
ence of the size, shape and concentration of ferroparticles on the macroscopic properties of the nano-
composite material is determined.

Keywords: ferroelectric, phase transition, nanocomposite, eigenvalues, polarization relaxation.

The fluctuations spectrum of a material determines its many important thermodynamic
and kinetic characteristics, such as heat capacity, thermal conductivity, electrical conductivity,
acoustic and optical properties, etc. [1]. A fundamental reorganization of the fluctuations
spectrum occurs in the composite material due to the presence of inclusions of another phase
in the matrix phase. The purpose of this work is to study the features of the fluctuations spec-
trum of a ferroelectric-dielectric nanocomposite, necessary to clarify a number of fundamental
issues of their behavior.

Consider a representative cell of a composite material, which is a parallelepiped of a
dielectric with a ferroelectric particle located in its center. For this representative cell, we pro-
ceed from the Lagrangian of the form:

L=, {fup? —x2(VP) + lap? —1pP*lav + [, fasP?}ds. o)

where pi is the mass coefficient for the fluctuations of polarization, P = {0,0, P} is
the vector of polarization, which plays the role of the order parameter in the phase transition;
@ = g (T —T) and B are the Landau coefficients in the expansion of free energy [15],

T, is the Curie temperature of homogeneous infinite crystal, T is the current composite tem-

perature, K is the correlation constant, & is the coefficient of the quadratic term characteriz-
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ing the order parameter at the border [2]. The integration is taken over the volume I/ and the
surface § of the ferroelectric particle.

The mass coefficient pt for polarization oscillations is estimated as
Mg

p=_. ()
where 111, is the mass of unit cell, N is the number of cells per unit volume. Evalua-
tion of p for TGS (triglycine sulfate) gives: it =~ 0,8 - 10723 cex? [3].

Varying expression (1), we obtain an equation describing the oscillations of a ferroe-
lectric nanoparticle, and the boundary condition to it:

mP—kAP —aP +fP3=0; MED )
xz—P+a5P=D. Qerl 3)

i

where P(M) =P(x,y,2z),x,y,z€ D; P(Q)=P(x,v,z),x,y,Zz €T;
= a
D = D U T is the area of the space occupied by the nanoparticle, with the border I'; —ap is the
n

derivative of the normal to the surface I, external to the region D).

—iwt

For stationary oscillations P = p e the equation (2) takes the form:

—mw*p—KkAp —ap =0. 4)

The boundary condition (3) does not change.
The problem of finding the oscillation spectrum of ferroelectric inclusions in a nano-
composite is posed as an eigenvalue problem.

Equation (4) is the eigenvalue equations for the parameter A = a + mw?. Solving
problem (3) - (4) we obtain the set of eigenfunctions {’pﬂ} and eigenvalues {,ln 1. The lowest
eigenvalue A, corresponds to the phase transition and determines the phase transition temper-

ature shift. Higher eigenvalues determine the eigenfrequencies @, of the nanoparticle oscilla-
tions::

Ap—c

Wy, = k=12, 5)

m

The eigenfrequencies @), depend on the temperature according to (5), on the size and

shape of nanoparticles. A ferroelectric particle of elliptical shape and particles of the simplest
geometries (spherical, cylindrical forms) are considered in the work. For particles of spheri-
cal, cylindrical and parallelepiped-shaped, the solution can be obtained in general form
through Bessel functions. The spectrum of oscillations is analyzed depending on the size,
shape of particles, and boundary conditions for polarization.
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The group A,BX model crystal - chlorzincate rubidium Rb,ZnCl, repolarization process under
the harmonic electric field action with the amplitude above the coercive field intensity in the domain
structure freezing temperature vicinity (T*=150 K) by the harmonic analysis method was investigated.

The study of the current density harmonics that arising in the sample under the harmonic field

action allowed constructing the sample volume unit electric energy W, dependence on the polarization
P measured in the dynamics. It is shown that in a relatively small temperature range in the T*vicinity

there is a significant dependence W_(P,) potential relief shape change.

Keywords: polarization, phase transition, incommensurate phase, ferroelectrics.

It is known that the behavior of dielectric and polarization Rb,ZnCly crystal properties
in the ferroelectric phase in the temperature range from the Curie point T¢ to T*=150 K is de-
termined by the dynamics of ferroelectric domain boundaries as solitons, and their contribu-
tions values significantly depend on the crystal background and in particular on the tempera-
ture and samples holding time in the paraelectric and incommensurate phases [1,2].Structural
changes like phase transition in the domain wall are observed in Rb,ZnCl, in the vicinity of
T* 150 K [3, 4], accompanied by a change of the domain wall width. The domain wall width
decrease results to a sharp decrease in its mobility due to increased interaction with lattice de-
fects, which is accompanied by the coercive field sharp increase with a small polarization
change [5].

In order to remove the soliton structure dynamic contribution to the crystal dielectric
and polarization properties the experiment was carried out as follows. First, the sample was
cooled below T* by 20 K, where, as was established in [2], the soliton structure disappears
almost completely, and thenthe sample was heated to 151 K. Thepolarization harmonics and
current density components measurements at the sinusoidal electric field amplitudes E_

above the coercive one that was applied to the test sample at itsisothermal exposure in the
temperature range from 151 K to 159 K were carried out. The study of the current density
harmonics that arising in the sample under the harmonic field action allowed constructing the

sample volume unit electric energy W_ dependence on the polarization P, measured in the

dynamics. The dependence W_(P,)measured at the test sample isothermal exposure at a
temperature T=159 K and application to the test sample plates harmonic electric field with

amplitude E_=3.2- 10* V/m and frequency f,=0.3 Hz shown in Fig.
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Figure. Dependences of thetest sample volume unit electrical energy W_ on its polarization P,
constructed by means of harmonic analysis

It is found that in a relatively small temperature range in the T* vicinity there is a sig-
nificant dependence W_(P,) potential relief shape change.
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The group A,BX, model crystal - chlorzincate rubidium Rb,ZnCl, repolarization process un-
der the harmonic electric field action with the amplitude above the coercive field (E, ) in the ferroe-

lectric phase (FF) near the ferroelectric phase transition temperature T, was researched by the har-

monic analysis method. The current density harmonics study arising in the sample under the harmonic
field action allowed constructing the sample unit volume electric energy W_ dependence on the polar-

ization P, measured in the dynamics. The dielectric hysteresis loops time evolution after exposure of
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an alternating electric field E with a frequency about 20 kHz and an amplitude higher than E, in the
FF near T, to the sample was studied in detail by the harmonic analysis method. The temporal evolu-
tion of the dependence W_(P,) after exposure to the sample E, was obtained. It is established that

there is a significant change of the dependence W_(P,) potential relief shape during relaxation.
Keywords: polarization, phase transition, coercive field, electric energy, ferroelectrics.

On the base of Rb,ZnCly crystal samples dielectric and polarization studies it was
shown [1] that relaxation of nonequilibrium dielectric permittivity (€, ) above the ferroelec-

tric phase transition temperature ('T,~199.4 K) is associated with the ferroelectric domain
boundaries (DB) detachment from the stoppers and the subsequent domain structure disap-
pearance in a incommensurate phase. There is a peak of dependence € (T) recorded during

the test sample heating at T temperature. It is noteworthy that in equilibrium conditions in
the T, vicinity in FF there is a temperature-independent behavior of E, obtained after dielec-

tric hysteresis loops processing measured at a frequency of 0.3 Hz. In [2] it is shown that
E,=E.+E, where E_- the field strength due to losses occurring in the sample, and E,, - the

switching field strength. The field strength E is a value that must be added to E_ for main-
taining almost full test sample monodomainisation. In equilibrium conditions in the T_ vicini-
ty in FF E tends to zero when T approaching, and E_ increases. It was suggested that in ul-
trapure crystals the value E _associated with losses will not give a significant contribution to
E, andE, will be determined practically by the Evalue, i.e.E, will tend to zero when
T, approaching, as follows from the thermodynamic representations [3].According to the
Landau-Ginzburg-Devonshire theory, in the case of a uniaxial ferroelectric, it is possible to
decompose the free energy W, into powers of a P, single component. The Landau-Ginzburg-
Devonshire theory use for quantitative estimates of the Rb,ZnCly crystal polarization proper-
ties measurements results is applicable if the free energy W, is decomposed by degrees of a
single polarization component limited to terms up to the fourteenth degree [4]. Thus, we

have: W =laP2+le4+lcP6+ldP8+ieP‘0ifP"+igPl4—EP , where a, b, ¢, d, e, f, g -
2 4 ° 6 8 10 12 ° 147° °

coefficients having a certain physical meaning [3], E — the electric field strength. In [4] the

Rb,ZnCly crystal repolarization process under the harmonic electric field action with ampli-

tude higher than the intensity E, was investigated by the harmonic analysis method.The cur-

rent density time dependenceJ (t) which occurs in the sample under the harmonic field ac-
tion whose intensity is higher than the coercive has a complex periodic form. The harmonics
J_(t) study allowed to construct the sample unit volume electric energy W,_ dependence on

the polarization PC measured in the dynamics, to determine the values of the coefficients a, b,
c,d, e, fand g. In [1] it was shown that, if E  are applied to Rb,ZnCly crystal samples in FF
at isothermal exposure, then after E disconnection € andE, relaxation are observed. The
field E  influence on the sample leads to a E, decrease which confirms the DB releasing
process from defects. After E, shutdown the reverse process occurs — the DB fixing defects
process which reveals in an E, increase.

In this paper the dielectric hysteresis loops temporal evolution after E  exposure to the

sample in the FF near T, was studied in detail by harmonic analysis method. The dependence
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W_(P,) and expansion coefficients a, b, ¢, d, e, f, g time evolution is obtained.It is estab-

lished that there is a significant change of the dependence W, (P.) potential relief shape dur-
ing relaxation.
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The effect of cobalt concentration on the character of the reversive dependences of the dielec-
tric constant €'(E-) in the Bag ¢sPbg ¢sTiO; ferroelectric ceramics is studied.
Keywords: ferroelectric ceramics, dielectric constant, reversible dependences.

Despite the huge number studies of the physical properties of ferroelectric materials
based on barium titanate, interest in them continues unabated today. The study of the proper-
ties of modified barium titanate and their structure remains an urgent problem of time stabil-
ity of electrophysical properties (aging) and in the process of cyclically changing loads (dura-
bility of work) and continues to attract the attention of developers of end products [1].

In this study, the reversible dependence of the dielectric constant €'(E-) in ferroelectric
ceramics (1—x)Bag 9sPbg 0sTi03+xCo0,03, obtained from high-purity oxides by the 2-step solid-
phase synthesis method with different content of the cobalt modifying additive was studied.
The dielectric response measurements on plane-parallel samples of size S = 15 mm? (covered
with silver electrodes) and thickness d = 0.5 mm were carried out by the bridge method device
with a weak alternating field of frequency 1000 Hz and with a stepwise supply of constant
bias field E- with a step 0.85 kV/cm.

It was found that in the nominally pure composition Bag 9sPbg ¢sTiO3, in addition to the
maxima &'(E-), corresponding to the coercive fields £E., for some values of the bias field
|E_| > |+E.|at the increasing and decreasing of E., the local minima of €'(E-) appears. These
minima of €'(E-) are most likely due to the effect of piezoelectric clamping of antiparallel
domains (Drougard — Young effect) [2]. The presence of cobalt into ferroelectric ceramics
leads to the fact that in the used interval E- local minima €'(E-) disappear. At the same time,
the diffusion of the maxima €'(E-) in this region of E. increases with a simultaneous increas-
ing the values E..

The behavior of €'(E-) at room temperature for x = 0 and x = 0.5 (Figure) indicates that
the curves are asymmetric with respect to E = 0, which is probably due to the preliminary po-
larization of the structural elements.
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Figure. Reversive dependences of €'(E.) in (1—x)Bag 9sPbg 0sTiO3+xC0,03
compounds (x = 0 and 0.5 wt%) at T =25 °C

Increasing the cobalt content (Co>0.5 wt%) leads to a significant smearing of the max-
imum &'(E-) at E., which agrees well with the behavior of temperature dependences €'(T) in
the region of the ferroelectric phase transition [3]. There was found that modifying by admix-
ture of Co to change substantially the thermal anomalies of dielectric properties and shift the
ferroelectric phase transition temperature.

The nature of the dielectric response €'(T) in (1—x)Bag 9sPbg0sTiO3+xC0,03 composi-
tions have shown that the phase transition at x>0.5 wt% becomes substantially diffused, and
can be described in the framework of existing approaches to the relaxation of polarisation in
ferroelectrics with diffuse phase transition.

The obtained results are interpreted within the framework of the contribution of do-
main and phase boundaries to the processes of polarization and depolarization with different
arrangement of the structure of the ferroelectric material under study.

The authors are grateful to A. Kalvane for the synthesis of the samples.
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Relaxation of the non-equilibrium domain structure of a ferroelectric crystal triglycine sulfate
(TGS) rejuvenated by a short-term exposure in the paraelectric phase was studied in the temperature
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range AT =1 °C near the Curie point Tc. The domain structure had been observed by means of AFM
technique.

Keywords: triglycine sulfate, Curie point, non-equilibrium domain structure, relaxation, corre-
lation length, scaling.

Relaxation of the non-equilibrium 180°-th domain structure emergent at the ferroelec-
tric phase transition of the 2-nd order can be described using the ideas developed for the anal-
ysis of the ordering dynamics of two-phase systems described by the scalar order parameter
[1].

In this paper, the relaxation of DS, visualized in ferroelectric crystal TGS by means of
AFM technique in the temperature interval Tc - 1°C < T < T¢ was investigated. Before these
measurements, the aged samples were "rejuvenated" by exposure for 30 min at T =60 ° C and
as a result a fine striped domain structure [2] emerged initially in the ferroelectric phase just
near Tc. Over time the enlargement of the domain structure occurs. This process is rather
complicated and involves the various stages of transformation of the domain pattern.

Earlier studies were carried out, either by nematic liquid crystals for lenticular domain
structure [3], or at a much greater distance from the 7¢ [4].

A quantitative description of the evolution of two-phase systems is carried out usually
using a space-time correlation function of the macroscopic order parameter K(r,f) = <n(r, t ) n
(r', t )>, from which the characteristic length Lc(f) can be determined. According to [1], the

dependences Lc(7) are power-law: L ()~ (t — t)%, where o = 0,5 for the non-conserved or-

der parameter and o = 0,3 - for the conserved one.

As aresult of the studies was found the following:

1) the characteristic length L. increases with time according to the power law L.(¢) ~ 1 *
(Fig.1); the decrease of the absolute values of the exponent a on the lowering of a tempera-
ture from 7¢ in the temperature range under study is a consequence of the transition of the
domain structure during its evolution from the non-conservative state to the conservative one;
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Fig. 1. The time dependences of the characteristic length for pure TGS: a) at a temperature

T'= 48,9 °C along the crystallographic directions [001] and [100];
b) the same at a temperature I = 48°C

2) the correlation functions, presented for different time moments as dependences

Clr,t) = f (Ll) = f(x), have near the temperature of ferroelectric phase transition the

form f(x) = 1 — 0.5x (for 0 < x < 2), which is the universal for ordering kinetics of two-
phase systems with scalar order parameter (Fig.2).

76



C(r/LM)
1,0 -

08}
06}
04} .

02}

0,0 L)

02 |- ‘ . i

0,4}
o 1 2 3 4 5 6 7 8 9 l‘/L“ (D)

Fig. 2. Dependences C(r,t) = f (LLJ for the time moments from 2 to 80 min for AT = 1 °C, along
the crystallographic direction [001]
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The influnce of weak static magnetic field on the nominally pure ferroelectric crystal tri-
glycine sulphate (TGS), which depends on the mutual orientation of the vectors of magnetic induction
and spontaneous polarization, leads to a long lasting and non-monotonic change of the dielectric per-
mittivity, the tangent of the dielectric loss angle, the coercive field and the spontaneous polarization of
the crystal.

Keywords: static magnetic field, ferroelectric tryglycine sulphate crystal.

The effect of the magnetic field on ferroelectric crystals leads to certain changes in
their electrophysical properties [1-3], but the insufficiently studied mechanisms of these phe-
nomena are currently unclear, that requires further research.

In the present work the influence of weak static magnetic field (permanent magnet, B
= 0,3 T, exposure time 30 minutes) on the dielectric permittivity &, the tangent of dielectric
loss angle tg J, the coercive field, Ec, the spontaneous polarization Ps of nominally pure tri-
glycine sulfate ( TGS) - chemical formula (NH,CH,COOH)3*H,SO, -uniaxial ferroelectric
crystal with the model second order ferroelectric phase transition at a temperature Tc =49 °C
had been studied.

Measurements of these parameters were carried out in the temperature range from 20 °
C to 47 ° C. The influence of the magnetic field on the value of the Curie temperature 7¢ was
also studied.

The following regularities were established.

77


mailto:asder793@mail.ru

1) The magnetic effect is essentially anisotropic and depends on the mutual orientation
of the vectors B and Ps : the effect is completely absent when the vectors B and Ps are collin-
ear; it is most strongly expressed when B and Ps are mutually orthogonal and the magnetic
field is oriented along the crystal axis a. The effect is considerably weaker if the magnetic
field is oriented along the crystal axis c.

2) The temporal behavior of the studied parameters is non-monotonous after exposure
of the crystal in the magnetic field: after removal of the sample from the magnetic field a sig-
nificant increase of the values of €, a small increase of the values of Pg and a decrease of the
values of the Ec take place initially. After about 30 hours these parameters reach their extreme
values, and after that a long (tens of hours) restoration of their original values occurs (Figure).
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Figure. Temperature dependences of the dielectric permittivity &: 1 — before placing
the sample in a magnetic field; 2 — through t = 0.5 h; 3 — through t =30 h; 4 — through t =168 h after
removal of the sample from the field

3) At a simultaneous action on a crystal of magnetic field and of electric field E col-
linear to Ps (E = 2E(¢) the observed effects are expressed more strongly in case of the ac elec-
tric field E.. , instead of dc field E- .

The relaxation nature of the observed effects, as well as the influence of the electric
field on them, may point to the participation of the charge and defect subsystems of the crystal
and of its domain structure in the processes under study.
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VJIK 538.9
CHUHTE3 TEKCTYPUPOBAHHBIX IUTEEHOK LiNbO;
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OI'bOY BO «BopoHeXCKHil rocy1apCTBEHHBIN TEXHUYECKU YHUBEPCUTET»

B pabGore ycranoieHo, uto B nporecce BUMP mumienn LiNbO; Ha HemogorpeBaeMoii 1mo-
BepxHoctu NiSi/Si hopmupyercst amopdusiii cnoit Li-Nb-O, xotopsiii B npouecce TO mpu 550°C
KpHucTamwmsyercs ¢ oopazoBanueM (azpl LiNbO; ¢ mpousBoibHONM opueHTanuel 3epeH. B mponecce
BUMP mumenn LiNbO; u ocaxnenun Ha noBepxHocth NiSi/Si npu 550°C dopmupyercs moaukpu-
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CTaJIJIMYECKas IJICHKA, OCHOBHAS JOJISI KPUCTAJUIMTOB KOTOpoi - ¢a3za LiNbOj;; mieHka uMeeT akCcH-
anpHy0 TekcTypy [000.1].
KitoueBsbie ciioBa: HIOOAT JIUTHS, BBICOKOYACTOTHOEC MAarHETPOHHOE PACIIbIUICHUE, CTPYKTYpa.

['eTepocTpyKTyphl Ha OCHOBE HHOOATa JTUTHA - 3JEMEHTHas 0a3a COBPEMEHHOM 3JIeK-
TPOHUKH U ONTOAIEKTPOHUKH. Llenb paboThl — ompeseneHue ycaoBUM HaHECEHUS! TEKCTYPH-
POBaHHBIX IJICHOK HHOOATA JTUTHSI HA TIOBEPXHOCTH MOHOKPHCTAIIIMYECKOH MIaCTUHBI Si.

Jlisa pemeHusi JaHHOM 3a/layd NEPBOHAYAIBHO OBUIM MOJYYEHBI SIMUTaKCHATIbHBIC
rieHku NiSi Ha (111) Si MeToaOM TEPMHUYECKOTO HAMbUICHUS B BaKyyMe Ha MOJOTPETYIO J10
550°C nonnoxky. Ucxomuble Torkue miaeHkn Li-Nb-O Tommunaoi ot 0,1 g0 0,2 MKM HaHO-
CHJIM B MPOIIECCE BHICOKOYACTOTHOTO MarHeTpoHHOro pacmnbuienus (BUMP) mumenu mono-
KpUCTAJUTMYEeCKOro HUobOara jauTHs Ha moaorpeBaemyro (550°C) m HemomgorpeBaeMmyro IuUia-
CTUHY KPEMHHUS C MOJCIIOEM UTAKCUATIBHOTO CUINIMAA HUKeNs (nmoayoxkka NiSi/Si), cunte-
3UPOBAHHOIO B MIPOIECCE TEPMUUYECKOTO B3PHIBHOIO HCIAPEHUs U KoHJeHcauuu Hukens. Da-
30BBIi COCTaB M OPUEHTALMIO IUICHOK M3y4alu MeTogamu 3yekTpoHorpaduu (3I-100M, me-
TOIMKA «Ha OTpaxkeHue»). [IneHku, HaHeceHHbIe Oe3 HarpeBa MOAOKKH, TEPMUYECKU 00pa-
6arsiBanu (TO) npu remneparype 550°C B Bo3ay1IHOI cpene B TeueHue 1 vaca.

P
012 104 110| [1
202

Pucynok. Onexrponorpamma mieHku Li-Nb-O, nanecenHoit B nponecce BUMP
Ha nogorpeBaemyto 10 550 °C nmomnoxky NiSi/Si

VYcranoneno, uro B mporecce BUMP mumenn LiNbO; Ha HemomorpeBaemoil mo-
BepxHocTH NiSi/Si popmupyercs amopdnsiit cioit Li-Nb-O, kotopslit B mporiecce TO npu
550°C kpucramnusyetcsi ¢ odpazoBanueMm (a3pl LiINbO; ¢ mpou3BOJIILHON OpUEHTAIMen 3e-
peH.

B nmponiecce BUMP mumenu LiNbO; u ocaxknenun Ha noBepxHocTh NiSi/Si mpu 550
°C ¢opmupyercsi MOJUKPUCTAIIIMYECKas MJIeHKa, OCHOBHAs JIOJIl KPUCTAJIJIMTOB KOTOPOH -
¢aza LiNbOs3; nnenka umeet akcuanbHyro Teketypy [000.1].

Pabora BbimonHeHa npu ¢uHaHcoBoi mojaepxkke PODU (mpoekr Ne 18-29-11062

VJIK 538.95
SJIEKTPO®U3NUYECKHUE CBOMCTBA BECCBUHIIOBOM
CEITHETOKEPAMMUKM BiNig¢7Sby.330;3

C.A. FpI/I):[HeBl, N.10. KoGsikos”
'II-p du3.-mat. Hayk, nmpodeccop, s_gridnev@mail.ru
*Acrnupanr, kobyakov.vania@yandex.ru
OI'BOY BO «BopoHexCKHil rocyAapCTBEHHBIN TEXHUUECKUH YHUBEPCUTET»

Ha wacrotax or 500 Im mo 1 MIm wu3mMepeHsl TeMIlepaTypHble 3aBHCHMOCTH
JTUDIIEKTPUYECKON MPOHUIIAEMOCTH M TaHTEHCa yIila TUAJIEKTPHYECKUX MOTeph B OECCBHHIIOBOU
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ceraeTokepamMuke BiNig¢;Sbg3303. MakcuMyM IUAIIEKTPHUYSCKHX IOTEPh WMEET PeJIaKCAIlOHHYIO
MIPUPOJTY, CBA3aHHYIO ¢ KMCIOPOIHBIMU BaKaHCHUSIMH.

KiroueBbie  croBa:  OECCBHHIIOBAasl ~ CETHETOKEpAMHKA,  PEJIAKCAI[MOHHBIA  IMPOIIECC,
KHCJIOPOTHBIC BAKAHCHH.,

Ha pa3Hbix uacTtoTax H3MEpeHbl TeMIIEpaTypHbIE 3aBUCHUMOCTH JIUAJIEKTPUUECKOU
MPOHUIIAEMOCTHU € M TaHTEHCa yria JUAJIEKTPUYECKUX MOTeph tgd B 0Opasuax 0ecCBUHIIOBON
cerHeTokepamuku BiNig ¢7Sbg 330s.

[IpoBoast aHanM3 3aBUCUMOCTEH, MOJYYEHHBIX B XOJ€ IKCIEPUMEHTA, MOXKHO BbIfE-
JUTH Pl 0COOCHHOCTEH MmoBeneHus KpUBBIX. Ha TeMiieparypHoi 3aBUCMMOCTH TaHT€HCa yT-
Ja ITUAJIEKTpUYecKuXx norepb BOmM3u 360 K oOHapyx)uBaeTcs SPKO BBHIPAKCHHBIM IIUPOKHUIA
MUK, CMEIIAIOIIMKACS BBEPX MO TEMIIEpAaTypHOH IIKaJle MpH M3MEHEHHH 4acToThl OT 0,5 kl'1g
10 1 MI'u, yTo cBHIETENBLCTBYET O €ro penakcauuoHHol npupone. Ha 3aBucumoctsx €(T)
SIBHO BBIPQKEHHBIX MaKCUMyMOB HET, HO NMPHUCYTCTBYET U3JIOM, KOTOPbIH aHAJIIOTUYHBIM 00-
Pa30M 3aBUCHUT OT YaCTOTBHI.

[lepectpoiika TeMnepaTypHOil 3aBUCMMOCTH BPEMEHHU pPeJaKCalluu T B KOOpAWHATaX
Int(1/T) maét nuHeiHy0 3aBUCUMOCTD. [0 TaHreHCy yrila HakJIOHa MPSIMOM pacCUUTaHO 3Ha-
YeHHE SHEPTUU aKTHBAIMK perakcanuonHoro mpoiecca E, = 0,81 sB. IloxyyenHoe 3HaueHue
SHEPrUM aKTHBAIMK OJIM3KO K YHEPTHH B3aMMOJCHCTBHS JOMEHHBIX TPAHHI] U TOYCUHBIX JIC-
¢bexToB (BakaHCUSIMH IO KHUCJIOPOJY) B CETHETOAIEKTPUKAX UMEIOIIUX CTPYKTYpPY MEPOBCKU-
ta [1]. g moATBEpKAeHUS THIIOTE3bI, YTO U3y4aeMbIi pellaKCAllMOHHBIA MPOIIECC CBSI3aH C
KHCJIOPOJHBIMU BaKaHCHSIMH ObLT ITpoBeieH oTkur oOpasnoB BiNig¢7Sbg 3303 B BoccTaHOBH-
TeILHOM cpene yriiepona mpu temneparype 600 °C B Teuenue 48 4acoB U U3MEPEHBI TEMIIE-
paTypHbI€ 3aBUCHMOCTH TaHTE€HCA YIJla TUAJIEKTPUUECKUX moTeps Ha yactore 1 kl'1. Beicora
MMKa IOCJEe OTKUTa 3HAYMUTEIHHO YBEJIUYHJIACh, YTO CBS3aHO C POCTOM KOHIEHTPAIMH TO-
YeYHBIX Je(PEKTOB, MOITOMY MOKHO YTBEp)KJIaTh, 4YTO pEIAKCAIMOHHBIA MpOIECcC B
BiNig 67Sbg 3303 cBsi3aH ¢ KUCIOPOIHBIMU BaKAHCHUSIMH.

Jlutepatypa
1. Gridnev S.A. // Ferroelectrics. 2002. V. 266. P. 171-209.

VJIK 538.9
PEJIAKCOPHOE IMOBEJEHNE HAHOKPUCTAJLTMYECKOT O SrTiO;

JL.H. Kopotkos', A.W. Bouapos®, M.A. [Taukosa’, H.A. Toncteix’, ®.J1. Anb Hxaadapu’
'TI-p puz.-mar. Hayk, mpodeccop, 1 korotkov@mail.ru
*Benymmii nmkenep, lekha.bocharoff@yandex.ru
*K.1.H., ipenoioBaresb, m_a_pankova@mail.ru
*Benymuii mmxenep, mad_nik@bk.ru
> Acnimupanr, fdashoor77@mail.ru
P243DIBOY BO «BOpOHEKCKHIi TOCYIAPCTBEHHEINH TEXHUUECKHIl YHHBEPCHTET»
Bopouexckuii nHCTHTYT — (pumuan ®IEOY BO UTICA T'TIC MUC Poccun

[IpoBenen CPaBHUTEJIbHBIN aHaJIN3 JIUDIIEKTPHUUECKHUX CBOICTB 00pa3uos
HaHoKpucTaumyeckoro SrTiOs;: mpousBeaeHHoro ¢upmoii «Sigma Aldrich» u momy4eHHOro myTeMm
MepeMasblBaHusl TMPEIBAPUTEIHHO CHHTE3UPOBAHHOIO MaTepransa B IUIAHETAPHOW MeEJbHHUIIE.
[lokaszano, 4to mepBbIil 0Opas3en AEMOHCTPUPYET CBOWCTBA KBAaHTOBOT'O Mapa’ieKTPUKa, TOT/A Kak
BTOPOH, MOKET OBITh HACHTH(PUIUPOBAH KaK PEINaKCOPHBIN CErHETOAIEKTPUK.

KitoueBsle cioBa: HAHOCTPYKTYpHPOBAaHHBIM — MaTepHall, KBAHTOBBIM Iapa’leKTPHK,
PENIaKCOPHBIM CETHETORIEKTPUK, JUIEKTPUUECKas pelaKcalusl.

Turanat cTpoHLUS — MOJAETBHBIN KBAHTOBBIM Mapa’IeKTPUK CO CTPYKTYPOH IMepoB-
CKHTa, B KOTOPOM «OXHJAE€MBbIil» CETHETO3IEKTpUUECKU (ha30BbIil epexol He peannu3yeTcs
BCJIEJICTBHE CHIIBHBIX KBaHTOBBIX (hiykTyaruii [1]. Bmecte ¢ Tem, nonupoBaHue marepuaia
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HEKOTOPBIMU MPUMECHBIMUA aTOMaMU MOAABIIAET 3TU QuykTyanuu, 6rnaronaps yemy B SrTiOs
MIPU HU3KUX TeMIlepaTypax oOpasyercs nmossipHas ¢asa.

BBeneHnHbie B HEOONBIIIOM KOJTHYECTBE MPUMECHBIC aTOMBI, TIO0 CYTH, SBISIOTCS Je-
dbexTaMu KpUCTAITHYECKON pelIeTKH. B CBA3M ¢ 3TUM Ipe/CTaBiIsieT HHTEPEC BBISICHUTD, MO-
JKET JIM CerHeTOoAIeKTpuyeckas (paza mosBUThCS B HaHOKpucTaumdeckoM SrTiOs, rae 60ib-
nrasi yJenbHasi TOBEPXHOCTh MOTEHIIMAIBHO MOXKET MOJaBUTh KBAaHTOBbIE (DIYKTyallll U CTa-
OMITM3UPOBATh CETHETORNIEKTpUYecKyto (a3zy. Llenpro manHON paboThI cTaja 3KCIepUMEH-
TajbHas MPOBEPKA ITOTO MPEANOI0KECHHUS.

Jiis uneHTUUKAIMY HU3KOTEMITEPATYPHOTO COCTOSIHUS B ynbTpaaucnepcHoMm SrTiO;
yI0OHO BOCIIOJIB30BATbCS METOJOM JAMAJICKTPUUECKON CHEKTPOCKOINHU, YYBCTBUTEIBHON K
CETHETORIIEKTPUUYECKOMY (Da30BOMY MEpEXOy.

B skcnepumMenTe ucnosab30Baiu o0pas3ibl B BUe TaOJIETOK TUaMeTpoM OKoio 1 cMm u
TONMIIUHON — 1 MM, Ha OOJIBIIINE TTOBEPXHOCTH KOTOPHIX OBLIM HAHECEHBI CEpeOPSHBIC dIIEK-
Tpoasl. Tabnerku GopMupoBaiy U3 MOPOIIKA TUTAHATA CTPOHIMS, TPOU3BEIEHHOTO (hUPMOIi
«Sigma Aldrich» (o6pasen Nel) u moporka, MoIy4eHHOTO IMyTeM MepeMabIBaHMsI, pe/Ba-
puTenbHO cuHTe3upoBaHHOro SrTiO; B maHeTapHoU MenbHUIE (0Opaser] Ne2). Jluamerp 4a-
CTHUIl B 000UX ciTydasx cocTaBiisl okojo 100 uM. M3mepenus mpoBOIUIN C UCTIOIB30BAaHUEM
n3mepurenss ummutanca E7-20 na yactorax 25 I'uy — 1 MI' u cyxoro reaueBoro kpuocrara
Janis Heliy Cryodyne CCS-350S B pexume MeUIEHHOT'O Harpesa.

[TomyueHHble TeMIEpaTypHbIE 3aBHCHUMOCTH JIUAJIEKTPUYECKOM MPOHUIIAEMOCTH €
IIPEJICTaBJICHbl HA PUCYHKE.

Bun kpusoit &(T) mis o6pasna Nel ananoruden Tomy, uto HabIOgaeTCS A1 00BEMHO-
ro Tutanara cTpoHuus. OTCyTCTBME MaKCUMyMa Ha TEMIIEPATypPHOW 3aBUCHUMOCTH JIUAJICK-
TPUYECKOH MPOHUIIAEMOCTH TOBOPUT 00 OTCYTCTBHH MEPEX0JIa B CETHETOINEKTPUUECKYIO (a-
3y, 0 KpaiiHeil mepe, npu TemnepaTypax Bbie 10 K.

B cnyuae o6pasua Ne2 na 3aBucumoctu €(T) B okpectHOocTsix 40 K nHabnromaercs pas-
MBITBIA MAaKCUMYM (puC. 2a), OJIM3U KOTOPOTO UMEET MECTO CHJIbHAS JUCIIEPCUS JAUIICKTPHU-
4yecKoro oTkiMka. Temrieparypa Makcumyma € - T, CYIIECTBEHHO 3aBUCUT OT YaCTOTHI U3Me-
PHUTENBHOTO MOJS U CMEIaeTcs BBEPX 10 MEpPEe €€ MOBBIIICHUS], YTO yKa3bIBaeT Ha pellakca-
LHUOHHYIO IPUPOAY AUAIEKTPUUECKON aHOMAIUU.

€ a)
400 |

350 |

300 |

200 -

150 | \

100
(o]

s s s L L s
50 100 150 200 250 300T,K

Pucynok. TemneparypHsbie 3aBucuMoctH € s oOpasna Nel wa wacrore 10 k11 (2) u o6pasma Ne2 (b)
Ha vacrorax 0,025 (1), 0,120 (2), 1 3)u 5 (4), 10 (5), 50 (6), 100 (7), 200 (8) u 500 (9) xI'1y

AHanu3 AUAIEKTPUYECKUX MOTEph MOKa3al, 4To HaOyonaeMasi B okpecTHocTAX T, pe-
JaKcanus JUAJIEKTPUUECKON MPOHULIAEMOCTH XapaKTEPU3YETCsl Pa3MBITBIM CIIEKTPOM BpEMEH
pellakcalyy, 3aMeTHO PacIIMpPSIIONIMMCS 110 Mepe TOHMKEHHUS TemrepaTypsl. Takoe moBeze-
HUE IUIJIEKTPUUYECKOTO OTKIIMKA XapaKTEPHO Il PETAKCOPHBIX CErHETONIEKTPUKOB.

Pe3y.]'II)TaTI)I OKCIICPUMCHTA IMMO3BOJIAIOT CACIAaTh CJICAYIOIKUE BbIBObI.
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1. HaHokpHcTalnIM4ecKuil TUTAaHAT CTPOHLMUS NMPOU3BEACHHBIN (pupmoit «Sigma Al-
drich» 1o ruapoTeManbHON TEXHOJIOTHH JIEMOHCTPHPYET CBOMCTBA KBAaHTOBOTO IapadieK-
TpHKA.

2. JledekTbl KpUCTAIUIMUECKON peleTKy, o0pa3oBaBIIMECS B XOJE MepeMallbIBaHUs
SrTiO3; 10 HaHOKPHCTAUIMYECKOTO COCTOSHUSI OOYCIOBIMBAIOT MEPEXOj MaTepuana B pe-
JIAKCOPHOE COCTOSIHME IIPU HU3KUX TEMIEpaTypax.

3. HaGmromaemsiii BOmu3u Ty, perakcalMmoOHHBIA MPOIECC XapaKTepu3yeTcs MIMPOKHM
CIEKTPOM BPEMEH pelIaKCalliH.

Jannast pabora BeinosineHa npu noajepxke POOU (I'pant Ne 18-52-00039 ben_a).

JIuteparypa
1. ®msuka cerneroanexTpudeckux seiaennit / [.A. Cmonenckuii, B.A. bokos B.A. VcymoB u
np.; mox pexn. . A. Cmonenckoro. — JI.: Hayka, - 1985. — 476 c.

VJIK 538.9
PETAPJIALMS MTOJIAPU3ALIMM B CETHETOJIEKTPUYECKOM ®A3E
TUTUIPOPOCDATA KATUASA

JI.H. Koporkos', T.H. Koporkopa®
'TI-p du3.-mar. Hayk, nmpodeccop, 1_korotkov@mail.ru
*Kanz. gu3.-MaT. HayK, JOLEHT, tn_korotkova@mail.ru
'®I'BOY BO «BopoHe)CcKHil roCy1apCTBEHHBII TEXHNUECKHil YHHBEPCHTET
*Bopouexckuii uHcTHTYT MBJ] PD

[IpoBeneHsl pe3ynbTaThl 3KCHEPUMEHTAIBHBIX HCCIEJOBAHUA BPEMEHHBIX 3aBHCHUMOCTEM
MOJNISIpU3aIli B CeTHeToANeKTpuieckoit (aze monokpucramuia KH,PO, B cmabom moctosHHOM
eKTpUUecKoM nose. OOHapyKEHO, YTO XapaKTEepHOE BpeMs pellakcallii T HEMOHOTOHHO 3aBUCHM OT
temneparypsl. Bomusu 117 K 3asucumocts T(T) mpoxoguT uepe3 MakcUMyM, a MpH TeMIeparypax
Hiwke 90 K HaOmronaercst cuiibHOE BO3pacTaHHE BPEMEHH PelaKkcaliy, 00yCIOBIEHHOE IPOLECCaMu B
JOMEHHOH CTPYKTYpe KpHCTallia.

KiroueBsie cioBa: BpeMEHHash 3aBUCHMOCTH MOJISIPU3AIMM, BpPEMs pelaKcalud, JTOMEeHHas
cTpyKkTypa. 3akoH Porens - Oymgepa.

Huruapodocdar kamus (KH,PO4 — aG6pesuarypa KDP) nperepneBaer nepexoa B mo-
nsipHyo ¢asy npu temreparype Tc =~ 122 K. U3 nuteparypsl usBectHo [1], uto Hike T B
KpHUCTalJIe BO3HUKAET IMOJBMXKHASI JOMEHHasl CTPYKTYypa, OOYyCIOBIMBAIONIAS BBICOKYIO JH-
ANEKTPUUECKYIO MpOoHHUIIaeMocTh Kpuctamia. Okono 100 K moaBMXHOCTh JOMEHHBIX TPaHUI]
cyliecTBeHHO cHuxkaercs. OO 3TOM, B YaCTHOCTH, CBUJCTEILCTBYIOT PE3yIbTaThl MHOTOYKC-
JICHHBIX HCCJIEOBAaHUM JAMAIEKTPUUECKOTO OTKJIMKA KpUCTallia, IPOBEIECHHBIE B MHTEpBaJe
gacror 107 - 10° I'.

Bmecre ¢ TeM sKclepUMMEHTaJbHbIE JAHHBIE KacaTelbHO IUHAMHUKU IOJIIpU3ALUU
KpHUCTaJIJIa B MAJIOM ITOCTOSIHHOM 3JIEKTPHUYECKOM I10JI€ PAKTUYECKU OTCYTCTBYIOT.

B cBs3M ¢ 3TUM 1enbi0 JaHHOW padoThI CTajI0 U3ydyeHUE peTapJaluy Mosipu3alui B
kpuctaiie KDP B unrepBane temnepatryp 80 — 125 K npu noznade cnaboro 3jieKTprHuecKoro
OJIA.

Jlnist SKCepUMEeHTa MCToIb30Banu o0pasibl ¢ pazmMepamu 10x10x1 MM, BbIpe3aHHBIE
u3 MoHokpuctaiina KDP, Takum 06pa3oM, uTo OoJbIINe WX TPaHHU ObLIN MEepHEHAUKYIISPHbI
HoJIsIpHOM ocH z. Ha Gonblie moBEpXHOCTH METOJJOM TEPMUYECKOTO PACIbIJICHUS B BAKyyMe
OBLIIM HaHECEHBI cepedpsHbIe AEeKTPoabl. OOpa3ibl HOMENaId B KPHOCTAT, TJIe TeMIepaTypa
n3MeHsanacs B npegenax 80 — 300 K u konTponuposaace ¢ norpemsoctsio + 0,1 K.

Ckaukoobpaznoe Hanpsbkenue 1 — 10 B mogaBanu Ha npeBapUTENbHO OXJIAXKASHHBIN
JI0 3aJlaHHOM TeMIiepaTypbl oopaserl. [lonspuzamuio oopasma (P) usmepsiim B pexume Tepmo-
CTa0MIIN3aLUU C TIOMOIIBIO AJIEKTPOCTATUYECKOTr0 BosibT™MeTpa B7-30 1 3TallOHHOTO KOH/IEH-
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catopa eMkocTbio 4 MK®D. BpemeHHbIe 3aBUCUMOCTH MOJSPU3ALUN 3aMUCHIBAIA C TTOMOIIBIO
JIBYXKOOPJUHATHOTO CaMOTIHUCIIA.

[TorydeHHbIE BpEMEHHBIE 3aBUCUIMOCTH TOJISIPU3AIMHA MOTYT OBITh YIOBIETBOPUTEIIb-
HO OIMMCAHBI COOTHOIIICHHEM BHA:

P(t) = Po[ 1-exp(-t/1)'], (D
rae Py = P(t—o0), T - BpeMeHH perakcaiuu, y - napameTp, NpuHUMaromui 3nadenue ot 0 1o
3.

[Tonyyennas U3 SKCIIEPUMEHTAIBHBIX JaHHBIX TEMIEpAaTypHas 3aBUCUMOCTh BPEMEHHU
pellakcaluy n300pa)keHa Ha pucC.

T.C

0.4}

0,2

0’0 1 1 1 1
80 90 100 110 120 T,K

Pucynox. TemneparypHas 3aBUCUMOCTb T

Ona npoxoaut yepe3 MakcUMyM B okpecTHocTAX 117 K, Huxe KoToporo B MHTEpBaje
temneparyp 95 -110 Bpems t ciabo 3aBucut oT TemmepaTypsl. Himke 90 K naGmromaercs
CWJIBHBI POCT T MO Mepe MOHIKEHUS TeMIepaTyphl, KOTOPBHIH MOXET OBITh YJOBIETBOPH-
TEJIbHO OMUCAH AMIIUPUUIECKUM cooTHOomeHneM Dorens - Oymuepa:

T = 10exp[U/k(T-Ty)], 2)

I/I€ Tp — BpeMsl, IPUXOJIIeecss Ha OJIHY IOMBITKY IMPEo0JIeHUs MOTeHIMaIbHoro 6apsepa U,
k — nocrosaHas boneumMana, Ty — remneparypa @orens — @yndepa. B cirydae nccnemgyemoro
kpuctayina KDP remneparypa Ty = 83 K.

[lonydyeHHbIE SKCIIEpUMEHTANIBHBIE PE3YNIbTaThl O00CYXKIAIOTCS B paMKax MOJIENH,
[IPEAYCMAaTPUBAIOIIECH CIIOHTAHHYIO IIEPECTPOUKY TOMEHHOM CTPYKTYpPBI KpUCTAILIA.

Jlutepatypa
1. Cerneroanexrpuueckue kpuctauibl rpynnsl KH,PO,. / C.A. I'punnes, JI.H. Kawmbiiiesa,
A.C. Cunopkun, iox pea. C.A. I'punnesa. Boponex: BIIN, 1981. 116 c.

YAK 538.911
3K30TUYECKHUE CTPYKTYPA U JIEKTPOHHBIE CBOMICTBA
BAKAHCHUU TUTAHA B HAHOIIVIACTUHKAX TiO;

A . Jlebenes
J-p dus.-mar. Hayk, npodeccop, swan@scon155.phys.msu.ru
MockoBckuil rocynapcTBeHHbIN yHUBepcuTeT uM. M.B. JlomoHOCOBa

BakaHcuu TMTaHa ¢ KOHIIEHTpaIMe# okono 9% Bcerja Hen30eKHO MPUCYTCTBYIOT B HAHOILIA-
CTUHKAX JIBYOKHCH THUTaHA C TOJIIIUHOW B OJMH MOHOCTION. B paboTe mpecTaBieHsl pe3ylbTaThl TEO-
PETHUYECKUX PAcCUYETOB T€OMETPHU U DJIEKTPOHHBIX CBOWCTB BakaHCUM ThTaHa. OOHApyKEHO, UTO Tie-
PEHOC 3JICKTPOHOB C BHEIIHUX 110 OTHOIICHUIO K HAHOIUIACTUHKE aTOMOB WJIM MOJICKYJl Ha HaHOILIa-
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CTHUHKY MPUBOJIUT K CYIIECTBEHHOI MepeCTpoiike reoMeTprn feekTa 1 HEMOHOTOHHOMY U3MEHEHHIO
noJoxeHus: ypoBHs DepMu B cuctemMe. ITH CBOMCTBA JIeDEKTOB ONPENCISIOT CTATUUECKUI OTpHUIla-
TEJNBHBIN 3apsi, KOTOPBIA OHHM MPOSBISIOT B SKcHepuMenTe. OOBsICHEHO, moueMy IeeKThl ¢ Moa00-
HBIMH CBOMCTBaMHU MOTYT BO3HHKATh TOJIBKO B KBa3HIBYMEPHBIX CHCTEMAX.

KitoueBsie ciioBa: ABYOKHCH THTaHA, HAHOTUIACTHHKY, BaKAHCHH, PACUEThl U3 MEPBBIX IMPUH-
ITUTIOB.

Hanonnactunku u3 nsyokucu tutada TiO, TONIMHON B OJJUH MOHOCIION B IIOCIIEAHEE
BpeMsl CTaJId 0OBEKTOM 3HAYUTEIILHOTO BHUMAHUS B CBSI3U C UX YHUKAJIbHBIMHU (PU3HMUECKUMU
U XUMHUYECKUMU CBOWcTBamH [1]. B 4acTHOCTH, B HAaHOIUIACTHMHKAX, JETUPOBAHHBIX KOOAIb-
TOM U XKelle3oM, Obu1 oOHapyxeH deppomarnerusm npu 300 K, HaOmromamuch ruraHTCKUMA
MarHeTOONTUYECKUN FIPPEKT U UHTEPECHBIE (POTOKATATUTHYECKIE CBOMCTBA.

B nanomnactunkax TiO,, KOTOpbIE MOTYYAIOTCS yTEM paCIICIJICHUS] TPOTOHUPOBAH-
HBIX CJIOMCTBIX coenuHeHui coctaBa H,Ti;,0,0, cO CTpyKTypoH JIENUIOKPOKHTA, BCETAA
IIPUCYTCTBYIOT BAKAHCUM TUTAHA C KOHLIEHTpauuen okoio 9%. KoHuenrpanus BakaHCUil MO-
KeT OBbITh yBelIMuYeHa INpu JjerupoBanuu TiO, nuTHEM WIM MarHueM. JTO O3HAYAET, YTO
CBOICTBA HEJIETUPOBAHHBIX M CJIa00 JIETUPOBAHHBIX HAHOIUIACTUHOK B 3HAUYUTEIHHOU CTelle-
HU ONPEICIISIOTCS MPUCYTCTBUEM 3TUX Ae(PEKTOB.

B nactosmeit pabore mpeacTaBieHbl pe3yabTaThl TEOPETUUYECKUX PACUETOB I€OMET-
pUU U SJIEKTPOHHBIX CBOMCTB BaKaHCHM TUTaHA B HaHOIIacTUHKaX Ti0,, a Takke M3MEHEHUM
3TUX CBOMCTB B PE3YJIbTaTE€ B3aMMOJICHCTBHS HAHOIUIACTUHOK C OKPYKAIOUIMMHU aTOMaMHu.
Berancienust mpoBOIMIIMCE METOAOM (DYHKIIMOHAJIA TUIOTHOCTH C MCIIOJIB30BAaHUEM ITPOrpaM-
Mbl ABINIT.

Pacuerbl reomMeTpuu M 3JEKTPOHHOM CTPYKTYpbl HAaHOIUIACTMHOK cocTaBa Tipg750»
(xoHLIeHTpanusi BakaHcuil TuTaHa 12.5%) oOHapyXuid, 4TO 3TOT MarepHall SBISETCS IU-
ANEKTPUKOM — B OTIMYHE 0T 00beMHOT0 Tig 8750, ¢ Takol ke KOHIIeHTpalueil Bakancuii. He-
OOBIYHOCTH 3TOTO pe3yJbTaTa CBS3aHA C TE€M, YTO IMpPH MepepacrpeeIeHu 3apsa0B B HOH-
HOM COEJMHEHHWU HEIOCTATOK YHMCIIa AJIEKTPOHOB, BO3HUKAIONIMK W3-3a Je(QHINTA THTaHA,
JIOJKEH MPUBOAUTH K IMOSIBJICHUIO HE3AMOJIHEHHBIX COCTOSIHUN B BAJICHTHOW 30HE, TO €CTh K
(GOpMHUPOBAHHIO BBIPOKACHHOIO MOJYNPOBOJHUKA p-TUMA (TaK MPOUCXOAUT B OOBEMHOM
Tip8750,). [IlpuunHa Takoro moBeAeHUs Obla YCTAaHOBIIEHA M3 aHAIM3a TEOMETPHUM paccMart-
puBaemoro nedekra. Oka3anioch, YTO MpHU YAAJIEHWH aTOMa TUTaHa U3 HAHOIUIACTUHKH IMpO-
MCXOJIUT CYILIECTBEHHAs MEPECTPOMKA B MOJOKEHUH IIECTH OKPYXKAIOLUX TUTAH MOHOB KHC-
J0poAa, KOTopast MPUBOIUT K (POPMHUPOBAHUIO JIBYX TIEPOKCHI-MOHOB. T0, YTO IEPOKCHI-MOH
UMeEeT 3apsl 2—, OOBSICHSET, TOUeMy MepepacipeieieHne 3apsiioB B 3TOM 1eEeKTHOM MaTe-
pHajie OCTaBJIsIeT €0 B TUAIEKTPUUECKOM COCTOSHUU.

AHanu3 MnoBeleHHs] HAHOIUWIACTUHOK Tigpg7502, B3aUMOACHCTBYIONIMX C pPa3IUYHBIMHU
okpyxarmumu ee aromamu (Ar, K, Ca, Mg, Y, Cl, H) u nmapamu aToMOB, MOKa3bIBaET, YTO
IIPU BBITIOJIHEHUH ONPEICICHHBIX YCIOBUM MEXAY HAHOIJIACTUHKOW M BHEUIHUMHU aTOMaMH
MOJKET MPOUCXOJUTH MEPEHOC IEKTPOHOB. IlepeHoc MeKTPOHOB HAa HAHOIUIACTUHKY COMIpPO-
BOXKJIA€TCSl CYIIECTBEHHON MEepecTpOoWKOW reoMeTpuu AedekTa, Mpu KOTOPOW MPOMCXOAUT
NOCJIe0BaTENbHBIN paciaj MEepOKCHA-UOHOB, CIEICTBUEM KOTOPOIO OKa3bIBa€TCSd HEMOHO-
TOHHOE U3MEHEHHUE MOJIOKEHUs1 ypoBHs Depmu B cucteme. Tak, Mpu yBEIMUYEHUH YUCA Tie-
PEHECEHHBIX 3JIEKTPOHOB HAHOIIJIACTMHKA HECKOJIKO pa3 MEepeXOoUT U3 MPOBOASILEro (IOJy-
MPOBOJIHUK p-THUMA) B TUIIEKTPUUECKOE COCTOSHHE, ITOKA HAKOHEI] OHA HE CTAHOBUTCS MOJY-
MPOBOJAHUKOM n-TUNAa. B 00BbeMHBIX MaTepuajgax Takoro MOBENEHUsS HHUKOTAa He Haliona-
JIOCh.

[Tomy4yeHnHble pe3ynbTaThl COTJIACYIOTCS C SKCIEPUMEHTAIBHBIMHA JAaHHBIMH [2], CBHU-
JIETENbCTBYIOUIUMHU O TOM, YTO ypoBeHb DepMu B HAaHOIJIACTUHKAX HA MJIATUHOBBIX MOJJIOXK-
Kax pacroyiaraetcs BOJIM3U CepeNHbI 3allPEIIeHHON 30HBI.

Haiinennple cBolicTBa BaKaHCHM TUTaHa OOBSICHSIOT MPUYUHY (POPMHUPOBAHUS CTATH-
YECKOr0 OTPULIATEIBHOIO 3apsia HaHOIUIACTUHOK, KOTOPBIH OHM MPOSIBJIAIOT B SKCIIEPUMEH-
Tax B KOJUIOMJHBIMHU pacTBOpPaMH.
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[TokazaHo, 4TO MOHBI BOAOPO/A, KOTOPbIE MOTYT TIONAIATh B Y3JIbl TUTaHA B MPOLIECCE
THIIPOJIH3a CIIOMCTOTO COCTUHEHHUS, JISTHPOBAHHOTO JINTHEM WJIM MarHueM, JejaroT HEBO3-
MOKHBIM OIIMCaHHOE BbIIIE MoBeaeHne. OHAKO YYUTHIBAsI TO, YTO PHEPTHs TAKMX KOMILICK-
COB 3aMETHO MPEBBIIIACT SHEPTHUI0 HAHOIUIACTUHKU C aTOMOM BOJIOPOJia Ha IMOBEPXHOCTH, B
IKCIIEPUMEHTE CKOpee BCEro OyayT 00pa3oBBIBATHCSI HMEHHO MOCIEIHNE KOHPUTYPALIUH.

[TpuBeneno oObsicHEHUE, TTOYeMY Ae(DEKTHI ¢ TOTOOHBIMU CBOMCTBAMHU HEBO3MOJXKHBI B
00bEeMHBIX 00pa3iax ¥ HaOJNIOJA0TCs TOJIBKO B KBA3WABYMEPHBIX cucreMax. [IpeanoxkeHs
PUMEPBI IPYTUX CUCTEM, B KOTOPBIX IMOJA0OHBIE e(EeKTh MOTYT HAOIIOAATHCS.

Pab6ota BemonHaena npu noajepxkke rpanrom POOU Ne 17-02-01068.
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VJIK 538.9
CTPYKTYPHBIE UCCJIEJTOBAHASA HAHOPASMEPHBIX OCOBEHHOCTE
HU3KOTEMIIEPATYPHOM ®A3bI B MATHOHUOBATE CBUHIIA

A .P.JleGenuuckas
Kann. ¢us.-mart. Hayk, moueHt, lebed1989 @rambler.ru
OI'BOY BO «tOxHbI (heaepanbHBI yHUBEPCUTET

B nmanHOii paboTe mTpencTaBieHB pPE3yIbTaThl PEHTTCHOCTPYKTYPHOTO HCCIIETOBAHUS
MOHOKPHUCTAJUIOB MarHoHuoOaTa cBuHma (PMN), nposenenHoro npu temmneparypax (103 K, 183 K,
203 K) 6e3 mpuiioKeHHsS BHEUIHETO AJIEKTPHYECKOro Most. [lomydeHHbIe pe3yibTaThl MO3BOJSIOT
TOBOPHTh O CYIIECTBOBAaHHU COTJIACOBAHHBIX ITOBOPOTOB KHCIOPOIHBIX OKTa3IpOB B IIpeeax
HaHOPa3MEPHBIX 00JIaCTeH B KpUCTAJLIe MAarHOHMO0ATa CBHHIIA TIPH TEMIIEpaTypax UCCIIeJOBAHMS.

KiroueBble  c0Ba:  CErHETOINEKTPUK-PETAKCOpP, IMEPOBCKUT, AaTOMHBIE  CMEIICHUS,
MarHoHHOO0AT CBUHIIA, MOHOKPUCTAJLI, HU3Kas TeMIIEpaTypa.

PenakcopHble CerHeTOIEKTPUKH ObLTH OTKPHITHI O0JIee MATUIECATH JIET Ha3a U C TeX
MOp HAayYHBIX UHTEPEC K HUM He ociabeBaer Osiaroapsi MX yHUKaJIbHBIM CBOMCTBaM, IIUPOKO
UCTOJIb3YEMbIX, B YACTHOCTH, B 3iekTpoHuke [1,2]. He cMoTps Ha 60bl10€ KOJTUYECTBO HUC-
CJIEIOBaHMM MO TaHHBIM O0BEKTaM MOJHOTO NOHUMAaHUS MPOUCXOIAIINX MUKPOCKOTTMUYECKUX
MEXaHU3MOB, KOTOpble O0YyCIOBIMBAIOT MPUKIIAJAHbIE MaKPOCKOIMMYECKHE CBOWCTBA, HE J10-
CTUTHYTO.

BosIbIIMHCTBO PENaKCOpPOB SBISIOTCS CMEIIAHHBIMM KyOMYECKHMHU IE€pPOBCKUTOIO-
JOOHBIMM KpHUCTaJJIaMH, clieln(drKa CBONCTB KOTOPBIX OOYyCJOBJIEHA HAOII0JaeMOM B HUX
CTPYKTYPHBIM pa3ynopsijoueHuem [3].

PeHTreHoCTpyKTypHbIE UCCIIEJOBaHUSI MOHOKPUCTAJIJIOB MarHoHMoOaTa CBUHIA IMPO-
BonmiMck npu temneparypax: 103 K, 183 K, 203 K co crabunuzanueit remmneparypsl ¢ TO4-
HocThIO 0.5 K. M3MeHeHne aTOMHBIX TapaMeTPOB OLICHUBAINCH B CPABHEHNUH C UX 3HAYEHH-
MU, 3aUKCUPOBAHHBIMU TIPU KOMHATHOU Temriepatype 293 K (KOHTpoIb).

B Tabnuue npeacraBieHbl ONpeiesieHHbIE B XOJ€ UCCIIEI0OBaHUS IMapaMeTphbl Kyouue-
ckou ssueriku PMN nipu pa3HbIxX Temneparypax.

OneHka M3MEHEHHH aToMHOU cTpyKTypsl PMN ¢ mnoHmkeHuem TemmepaTypsl MO
CpaBHEHHIO co cTpykTypoid PMN npu KoMHaTHO#H TemmnepaType ObLia IMpoBe/eHa Ha OCHOBE
aHaJIM3a 3aBUCHUMOCTEH OTHOLIEHUM MOJYJIEH CTPYKTYPHBIX aMIUIUTY] , U3MEPEHHBIX MpU
pa3IHUHEIX TeMiepaTypHbix pexumax (T=203K, 183K, 103 K) ot (Sinf)/A, A, rae 0 - yroxn
paccesiHusl, a A - IJTMHA BOJIHBI PEHTT€HOBCKOTO U3JTyYEHUS.
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Tabnuma
ITapameTps! kyoudeckoit sraeiikun PMN mpu pa3HbIX TeMIeparypax
WCCJIEOBaHMUS, TpyIa cummerpun Pm3m

[TapameTpsl Temneparypa

STYUCHKU T=293 K T=203 K T=183 K T=103 K
a, A 4.033(2) 4.029(3) 4.028(1) 4.034(1)
b, A 4.034(1) 4.030(2) 4.028(1) 4.035(1)
c, A 4.034(7) 4.029(3) 4.028(1) 4.033(1)
0, ’ 90.0(1) 90.17(5) 90.0(1) 90.0(1)
B, "’ 90.0(1) 90.04(5) 90.0(1) 90.0(1)
Y, 0 90.0(1) 90.04(5) 90.0(1) 90.0(1)

AHanu3 pe3ysibTaToB MPOBEACHHOTO MCCIIEOBAHUSA U PACCUNTAHHBIE ITO3UIIMOHHBIE U
TEIUIOBBIE MapaMeTphl Bcex aToMoB PMN mo3BossieT copMynupoBaTh CIEIyIONIYI0 BEpPOSIT-
HYIO MOJIeJIb TIOBEJICHUSI aTOMOB cBHHIIA, TUa B (Mg/Nb) u kucnopoja: noimydyeHHbIe 3Haue-
HUS ATOMHBIX CMEIICHUN YKJIa/IbIBAlOTCS B MOJIEIIb COTJIACOBAHHBIX IOBOPOTOB KHCIOPOIHBIX
OKTa’/IpOB, UMEIOIIMX MECTO B OTpaHHUEHHBIX (hparmMenTax kpucramia (1o 10 um). M3-3a ma-
JOCTH (YHKIHUHA aTOMHOTO PACCEeSTHHS KUCIIOpOJa II0 CPaBHEHUIO ¢ (PYHKUIUSMH aTOMHOTO
paccestHus Oonee Tspkenbix atomoB Pb, Mg, Nb HaOmoaaTh COOTBETCTBYIOIINE CBEPXCTPYK-
TypHBIE pedIIeKChl B PEHTTCHOBCKOHW JU(PPAKINU YPE3BBIYANHO CIO0XKHO.

JlanHble BBIBOJBI HE MPOTHBOpPEYAT paHee MOJIYYSHHBIM pe3ylibTaTaM paboT IpYrux
nccienonarenei [3-5].
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B )_'[aHHOf/i pa60Te BBITNIOJIHCHO HUCCIICAOBAHUC PCIAKCAIIMOHHBIX ITPOUECCOB, NPOUCXOAANINX B
CCTHCTONBEC30KCPAMUKE TI0/ ,Z[eﬁCTBPIeM MOCTOSAHHOI'O J3JICKTPUYCCKOI'0 II0JIA. I[J'Iﬂ HU3MCPCHUA
BPEMCHHBIX 3aBUCUMOCTEH KOMIIJICKCHBIX YOpyrux, JIUIJICKTPUYCCKUX U IIBE303JICKTPUUCCKUX
napamMeTpoB  CCTHCTOIBEC30KECPAMUYCCKUX 06pa3u013 HCIIOJIB30BaH  MOAYJIb c60pa JaHHBIX
CKaHHUpPOBAHWA IO BPEMCHU MPOIpaMMbl aHaJIM3a IbE30PE30HAHCHBIX CIICKTPOB PRAP. HpOBC,[[eH
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CPaBHUTEJBHBI aHAIW3 PAa3MYHBIX METOJIOB XapaKTepu3allid W MpeAyiokeHa (u3ndecKas
WHTEPIPeTalus MOJTyIeHHBIX Pe3yIbTaTOB.

KinroueBpie  clioBa:  CETHETONMBE30KEPAMHUKA, PE3OHAHCHBIC  CIEKTPHI, HMIICJAHCHAS
CIIEKTPOCKOIMUS, pelaKCallMOHHBIC MTPOLIECCHI.

N3ydyeHne nepexoHbIX MPOLECCOB M PEJIAKCAIIMOHHBIX SIBJIEHUM B CETHETOINbE30KE-
paMUKax [P BHEIIHUX BO3JEHCTBUAX SBIISETCS OJHOM M3 BaXKHBIX MPAKTHUECKUX 3a1a4 (U-
31u4eckoro marepuaioseeHus [1]. MccnenoBanue nojieBbIX U TEMIEPATypPHBIX 3aBUCHUMOCTEN
YIPYTUX, AUVIEKTPUUECKUX U MbE30UIEKTPUUECKUX apaMETPOB CErHETONbE30KEPAMUYECKUX
MaTepHaJIOB IMPEJCTABISACT CYLIECTBEHHYIO TPYAHOCTb M3-32 BPEMEHHBIX M3MEHEHMH Iapa-
METPOB, BBI3BaHHBIX MEPEXOAHBIMH IpoIreccamMu (perakcanus 00bEeMHOTO 3apsijia, TOMEHHO-
OpHUEHTAlMOHHBbIE Iporecchl). CTaHIapTHBIE METO/bl HAX0XKJICHHUS KOHCTAHT MbE303JIEKTPHU-
YEeCKUX MaTepualioB [2], HE YUYHMTHIBAIOIIUME HECHMH(A3HBIN OTKIMK MaTepHaja Ha BHELIHHE
BO3EHUCTBUS, MAJIOTIPUTOIHBI JIUIsl UCCIIEI0OBAHMsI IIPOLIECCOB PEIAaKCAllMU MIPH BHEIIHUX BO3-
JENCTBUAX B CETHETOKEPAMHKAX.

B Hacrosueit pabote pesakcallMOHHbIE IPOLIECCHI, MPOUCXOISAIIUE B NTbE30KEpaMUKe
[P BO3/IEUCTBUU MTOCTOSTHHOTO 3JIEKTPUUECKOT0 O0JIs, ObUIM UCCIIEI0BaHbI C UCIIOJIb30BAH -
€M METOJ1a UMIIEJJAaHCHOU crieKTpockonuu [3].

s u3MepeHusi BPEMEHHBIX 3aBUCUMOCTEH KOMIUIEKCHBIX YIPYTUX, IUAJIEKTpUYe-
CKUX M IbE303JEKTPUUYECKUX NapaMEeTPOB CETHETOIbE30KepaMHUYECKUX 00pa3loB ObLI HC-
[10JIb30BaH MOAYJb COOpa JaHHBIX CKAaHUPOBAHMS 11O BPEMEHHU IIPOrpaMMbl aHAJIN3a IIbE30pe-
30HaHCHBIX cieKTpoB PRAP [4].

B xadecTBe 00BEKTOB MCCIIETOBAaHMS OBUIA BBIOPAHBI «CETHETOMSTKHE» KEPAaMHUKH Ha
OocHOBe TBepablx pacTBopoB cucremsl LITC. M3Mepenus npoBOAMIIMCE C HCIIOJIB30BAHUEM
aHannzaropa umienanca Agilent 4294A co BCTpOEHHBIM MOJYJIEM MOJA4YM IOCTOSHHOI'O
3JIEKTPUUECKOTO HAIPSKECHUS.

Ha pucynke npuBejieH npumep UMIEIAHCHBIX CIEKTPOB, U3MEPEHHBIX Ha JBYX PE30-
HAHCHBIX MOJiax (TOJIIMHHAS U paJualibHasi MOJIbl) Ib€30KepaMHUECKOro odpasua.

[locnenoBarenbHOE HM3MEpPEHUE C 33aJaHHBIM BPEMEHHBIM HMHTEPBAJIOM U 00paboOTKa
MMIIEJAHCHBIX CIIEKTPOB MO3BOJISIET MOJIYYUTh BPEMEHHBIE 3aBUCHMOCTH COOTBETCTBYIOIIMX
KOMIUIEKCHBIX IapaMeTpOB 3KCIEPUMEHTAIBHOTO 00pasiia, 0OyCIIOBIEHHbIE pelaKcalloH-
HBIMH ITPOLIECCAMU B CETHETOINBE30KEPAMUKE MO JEHCTBUEM IEKTPUUECKOTO TOJIS.
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PesynbTaTel CpaBHEHUA pa3IMYHbIX METOOOB XapakTepu3alnuu

CCTHCTOIBEC30KCPAMHUYCCKUX MATCPUAJIOB IIPH BHCIIHUX BOS)I@fICTBI/IS[X IIOKa3ajan, 4TO
p8.3pa6OTaHHLIﬁ METOJ HMHeHaHCHOﬁ CIICKTPOCKOIIUHN ITO3BOJISICT MOJTYIUTH 0oJlee TOYHBIE
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JAHHbIE O TMEPEXOJHBIX IPOILECCaX B CETHETONbE30KEPAMUKE C YYEeTOM HECHH(pa3HOTO
OTKJIMKA MaTepHalla Ha BHEIIHUE BO3ACUCTBHS.

HccnenoBanue BHIIOIHEHO MpU (MHAHCOBOU mojaepkke MunoOpuayku PO (tema Ne
12.5425.2017/8.9, 6a3oBas yacTb roc3agaHusi).
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In this paper, we investigated the possibility of adjusting the functional parameters of a
ferroelectric piezoceramic material by changing the technological parameters in the manufacturing
process. Changing the structure of the ceramic frame of piezoelectric ceramics allows to increase the
values of its density, piezoelectric modules, mechanical quality factor.

Keywords: piezoceramic material, technological factor, sintering method, hot pressing, spark
plasma sintering.

In the piezoelectric instrument making of great practical interest are ferroelectrically
hard materials designed to operate in power modes. Ferroelectronic materials are resistant to
external influences and have a high temperature stability of the parameters, which allows
them to be used in various devices, including those designed for extreme conditions (accel-
erometers, piezoelectric motors, piezotransformers) [1]. To expand the scope of application of
existing piezoceramic materials of different compositions (PZT-8, APC-840, APC-841, PCR-
8 [2]) the question of increasing their functional parameters is relevant. This problem can be
solved not only by creating new chemical compositions, but also by improving the technology
of manufacturing piezoceramics and optimization of technological factors. Correction of fu-
ture electrophysical parameters of ceramics is possible at the sintering stage, since mechanical
and electrophysical properties are inextricably linked with each other.

In the present work we investigated the possibility of varying the functional parame-
ters of PbZrp44Tip44(Mn;;3Nb23)0.06(Zn13Nb2/3)0.0603 signature the piezo by changing the
modes and methods of sintering [3].

In the process of the study, various sintering methods were tested: traditional sintering
in a chamber furnace, hot pressing method, hot sintering with agglomeration in a chamber
furnace, and the method of spark plasma sintering (SPS).

The quality of the sintered piezoelectric ceramics was estimated by the results of X-ray
phase analysis, scanning electron microscopy and density values.
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The study found that the sintering of piezoceramics by hot pressing and SPS leads to
an increase in the density by 5% and the piezoelectric module (ds;;) by 60%. In addition to in-
creasing the values of the main parameters, the hot pressing method allows to reduce the sin-
tering temperature by 70 °C, and the SPS method reduces the sintering temperature by 250 °C
and reduces the duration of the sintering process up to 50 times! All these advantages of the
SPS method reduce energy consumption in the manufacture of piezoceramics and reduce its
cost.
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OI'BOY BO «BopoHexckuii rocy1apcTBEHHbIN YHUBEPCUTET»

B paGore mnpexactaBieHBl pe3yNbTaThl HCCICAOBAHHUSA BIMSHHUS YacTOTBI Ha €& H  tgd
HaHOIIOPUCTOr0 NHUOKcHJa KpeMHHus. [IokazaHO yMEHBIIEHME ATHX MApaMETPOB C POCTOM YacCTOThI
W3MEPUTENHHOTO MOJSl U UX POCT C YBEIWYeHHEM BIaXHOCTH. OOCYKIaeTcsi BOSMOXKHOCTh CO3aHUS
CErHETO3JIEKTPUYECKOI0 COCTOSIHUSI BOJIbI B HAHOPa3MEPHOM COCTOSIHUH.

KitoueBsie ciioBa: HAaHOIOPBI, MOJIEKYJIbI BOJIbI, CETHETOIIEKTPUYECTBO.

B pabote [1] o6Hapyx’eHO, YTO CBOIICTBA HAHONOPUCTBIX MATPHI] C CETHETOAIEKTPH-
KaM# B OOJIBIIION CTETICHHU 3aBHUCST OT BJIAXXHOCTH OKPYKAIOIICH CPEIbI.

1,0 tgd

Pucynok. 3aBucuMocTh tgd OT TemiepaTypsl o0pasiia HaHonopucroro SiO,
NP pa3IMYHbIX YactoTtax: 1- 0,12; 2-0,5; 3-1,0; 4-10; 5-100 k'
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[IpoBeeHHbIC HCCIEIOBAHUS TEMIIEPATypHON 3aBUCUMOCTH € 00pa3lioB HE3aIlOJHEeH-
HBIX CETHETOAIEKTPUKAMHU HAHOIIOPUCTOTO JTUOKCHIa KPEMHHUSI MTOKa3adl 3HAUYUTEIbHOE YBe-
muuenwe € ot 10+20 exunni g0 107 ¢ pocrom BraxkuocTH ot 0 10 ~ 80 % BO BCeM JHAa3oHe
TeMnepaTyp OT KOMHATHBIX +150°C [2]. Poct 3HaueHuii € HaOIIOAETCA M C YMEHBIIICHUEM
4acTOTHl U3MEpUTEIbHOrO mnoJid. Ha prcyHke mpencTaBiieHbl TEMIEPATYPHbIE 3aBUCUMOCTH
tgd. C pocrom vactotsl noJist oT 0,1 1o 100 x['11 AudIeKTpUYECKHE TOTEPH YMEHBIIAIOTCS 110-
YTH Ha MOPSIOK.

[Ipu KOMHATHBIX TeMIepaTypax HabIo1aeTcsl HaOI01aeTCsl POCT UM YMEHbBIICHUE €
CO BPEMEHEM B 3aBUCHUMOCTHU OT BJIAXKHOCTU OKpYyXkarouieil cpeasl. Ho, eciim Ha kBapueByro
MOJIJIOKKY HAHECTHU KaIUII0 BOJIbI, TO € Ha IJ1a3aX yBEJIMYUBAETCS IMMOYTH B 2 pasa.

[Tonmy4yeHHble pe3ynbTaThl MOTYT OBITh CBSI3aHBI C MOSIBJICHUEM CyIepHapalieKTpuye-
CKOT'O WJIM CETHETORJIEKTPHUUECKOTr0 COCTOSIHUS BOJIbI B HaHoMmopax SiOy.
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OI'bOY BO «BopoHexCcKuil rocy1apcTBEHHbIN YHUBEPCUTET»

B pabote npescraBieHbl pe3yiabTaThl MCCIEAOBAHMS BIWSHUS MOJIEKYJ HM30MPONAHOJA Ha
JTUDIIEKTPUUECKYI0 HEJTMHEWHOCTh W MHpod3JekTpudeckue cBoiictBa kpuctauia TI'C. Ilokazano
BO3HMKHOBCHHE BHYTPEHHHX CMEINAIOIIMX MOJNEH, KOTOphle NPUBOAAT K CTaOMIBHOCTH
NHUPODIICKTPHYECKUX CBOWCTB TIOCIE TEIUIOBBIX M IIOJIEBBIX BO3/ICHCTBUI pa3sHOM aMIUIUTYABI H
YaCTOTHI.

KiroueBble cioBa: JIHMANIEKTpHYECKash HEIMHEHHOCTh, HHPOKOI(PPHUIMEHT, BHYTPEHHEE
CMeIIaroIee mose.

HccnenoBanue CBOWCTB CETHETOMIEKTPUUECKUX MATEPUAIIOB MIPOJOIIKAET OCTaBaThCSA
aKTyaJIbHbIM HampaBiIeHUEM (U3NKH KOHJIEHCUPOBAHHOTO COCTOSIHUS B CBS3HM C MEPCIEKTH-
BaMM HUX IPUMEHEHHUs B HOBEHUIIMX YCTPOMCTBAX MUKPO-, HAHODJIEKTPOHUKHU U TEIEKOMMY-
HUKALHM.

N3yuenne cBOUCTB 00BEMHBIX KPUCTAJUIOB ABISETCS OJHUM M3 HEOOXOIUMBIX U BaXK-
HBIX YCIIOBHM JUISl CO3JaHUs Pa3IMYHBIX HAHOKOMIIO3UTOB Ha MX OCHOBE.

Homunanbno uncteie kpuctasuibl TI'C UMEIOT HECTaOMIBHYIO IOMEHHYIO CTPYKTYPY,
YTO MEMIAET MX IMPAKTHYECKOMY NPUMEHEHHIO. J[JI1 cO3/1aHMsl yCTOMYMBOTO K PA3IMYHBIM
BO3/JEHCTBUAM COCTOSIHMS, T.€. YHUIIOJSIPHOCTH, KpucTaysioB TI'C B HUX IIpU BBIpALIMBAaHUU
BBOJIST CIIEIIUATIbHBIE TIPUMECH HIIA 00JIydaroT 00pa3iibl PEHTTeHOBCKUMU Jrydamu [1].

Kak nokasanu Hamm vccinenoBaHus [2] co3naTh YHUIIOISPHOE COCTOSHUE MOYKHO ITy-
TE€M U3MEHEHMS BOJOPOAHBIX CBSI3€H MyTeM BhlpamuBanus kpucramia TI'C mpu otpunarens-
HBIX TeMIIepaTypax.

B nanHO#ll pabGoTe nNpPHUBOIATCS pe3yJNbTaThl HMCCIEAOBAHUS MHPOIIEKTPUUECKUX
cBoiicTB kpuctayioB TI'C, BeIpallleHHBIX NPU OTPULIATENILHON TEMIIEpaType U3 BOJHOTO pac-
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TBOpa HOMHHAJIBHO YUCTHIX U MPUMECHIO MOJIEKYJ U30MPONAHOJIA 110 METOAUKE, OMHCAaHHOU
Hamu B [3].

[TuposnexTpruyeckue uccie10BaHus MPOBOJWINCH B PEKUME HENPEPBIBHOIO HArpeBa.
YHUNOJSPHOCTh OLIEHMBAJACh 10 CMEIICHUIO METeb AUAICKTPUUECKOTO THCTEepe3nca U my-
TEM HEMOCPEICTBEHHOTO HAOIIOICHHUS IOMEHHON CTPYKTYPBI.

Ha puc. npencraBiensl TeMieparypHble 3aBUCUMOCTH NMUpokKoddduireHTa a1 Ho-
MuHanbHO unctoro TI'C, BeIpalieHHOro ImpH OTpUIATENIBHBIX TemmepaTypax (a). PocToBas
YHUIIOJISIPHOCTH, KOTOpasi 0OHapyKUBaJIach 10 CMEUICHUIO METeNIb TUCTEpe3rca B AIeKTpUuye-
ckom moinie yactoroit S0 I'm (Eqy ~ 50 B/cm) [2], ucuesaer mocne mepeBoa odpasma uepe3
touky Kropu. [Tuposnexrpuueckuii ko3((GULIHUEHT MpU MOBTOPHOM M3MEPEHUU IMPAKTHUECKU
paBeH (KpuBas 2 puc. a).

B o6pasmax ke kpucramax TI'C + UIIC 3nauenus nupokoddduiiuenHTa y 3HaunTeIb-
HO 00JIbllIe BO BCEM TeMIlepaTypHOM HHTepBaie (kpuBas 1 puc. b). IIpu noBTOpHBIX U3Mepe-
HUSIX 3HAUEHUS y HE3HAYUTENIbHO YMEHbIIATCs (KpuBas 2 puc. b).
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Pucynok. 3aBucumocts nupokoddduimenrta ot remneparypsl unctoro kpucramia TI'C (a)
u TI'C ¢ uzonponanoniom (b): 1 — nepBoe u3mMepenue, 2 - NOBTOPHOE U3MEPEHUE

Mouekynbl M30IpOIIaHoia UMEIOT OOJIBIIINE pa3Mepbl IO CPAaBHEHUIO C MOJIEKYJIaMu
BOJIbI U SIBJISIFOTCS TUTIOJISIMM, KaKk M MOJeKynbl L, o — ananuHa [1]. OHM Takke MOryT 3ame-
IaTh YacTh MOJIEKYJ TJIMIMHA, CO3/1aBas B KPUCTAJJIE MEXAaHUYECKHE U DJIEKTPUUYECKUE
HaINpsDKEHUsl PUBOJAIINE K TOSBICHNUIO BHYTPEHHET0 CMEIIAIOLIEero Mojisl, K cTabuian3anun
JIOMEHHOH CTPYKTYpBI U KaK CJEICTBUE MUPOJIEKTPUUECKUX CBOWCTB, UTO U HaOIIOAaeTcs B
uccienyemoM kpucramie TI'C ¢ n3omnpomnanosnom.
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Mossbauer and magnetization studies of 0.5BiFeO;-0.5ATiO; (A=Pb, Sr) solid solution
compositions prepared using solid phase reactions route have been carried out. Temperature Ty of
magnetic phase transition for 0.5BiFeO;-0.5PbTiOj; is about 150 K, while for 0.5BiFeO;-0.5SrTiO; it
is only = 20 K. This dramatic difference in Ty values is ascribed to additional contribution of the
magnetic superexchange between Fe'* ions via the empty 6p states of Bi** and Pb** ions to the overall
superexchange in accord with theoretical predictions.

Keywords: multiferroics, Mossbauer effect, BiFeO3, magnetic superexchange.

BiFeOs 1s the most widely studied multiferroic due to high temperatures of both ferro-
electric and magnetic phase transitions. Recently a possibility of magnetic superexchange be-
tween Fe’* jons in BiFeO; via the empty 6p states of Bi** was predicted theoretically [1]. Ear-
lier we showed the role of Pb** ions which also possess the empty 6p states, in the enhance-
ment of the magnetic phase transition temperature Ty in perovskite Pb; yAsFe;»Nb;»,03 (A=
Ca, Ba) solid solutions [2, 3]. However this mechanism of magnetic superexchange seems to
become noticeable only at high enough dilution of the Fe-sublattice, i.e. in solid solutions.

The 0.5BiFe03-0.5ATiO3 (A=Pb, Sr) solid solution compositions were prepared using
solid phase reactions route. The XRD study revealed that the samples are single phase and
possess the perovskite structure. Room temperature Mossbauer spectra of both compositions
consist of the quadrupole-split double lines. The main reason of quadrupole splitting in such
systems is a compositional disorder in B-sublattice. All spectra contain 2 or 3 doublets with
different values of quadrupole splitting. The isomer shift values of doublets correspond to the
Fe’* ions in oxygen octahedron. The presence of 2 or 3 doublets indicates that Fe’* has 2 or 3
different environments in the lattice which may be a fingerprint of B-cations short-range or-
dering or clusterization [4]. To estimate the temperature of magnetic phase transition (Tx) we
performed the measurement of Mossbauer spectrum line intensity I, under subsequent tem-
perature lowering. Near magnetic phase transition the Mossbauer spectrum transforms from
doublet into sextet and I, decreases dramatically. Mossbauer studies have shown that while
for 0.5BiFeO3-0.5PbTiO; the Ty value is about 150 K, for 0.5BiFe03-0.5SrTiOs it is only =
20 K. This dramatic difference in Ty values seems to be due to additional contribution of the
superexchange between Fe’* ions via the empty 6p states of Bi** and Pb** ions to the overall
superexchange in accord with predictions of De Sousa et al. for BiFeOs [1] and the experi-
mental findings for PbFe;,,Nb;,,Os—based solid solutions [2, 3].

For both compositions magnetization M studies in the 5 K- 200 K range revealed only
a maximum at 20-25 K in the zero-field cooling mode. In the field-cooled mode this maxi-
mum was not observed. Such behavior is typical of spin glasses. In PbFe3+1/zBS+1 03
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(B>*=Nb, Ta) perovskite multiferroics a spin-glass state is known to coexist at low tempera-
tures with the antiferromagnetic state [2]. The absence of the M(T) anomaly at around 150 K
for 0.5BiFe03-0.5PbTi03 composition seems to be due to the strong diffusion of this anomaly.
Similar "disappearance” of the M(T) anomaly corresponding to antiferromagnetic phase tran-
sition was observed, e.g. for some compositions of the PbFe;;W;303-PbTiO; and
PbFe;,»Nb;,»,05-PbTiO; solid solutions [5, 6].

This work was supported in part by RFBR project 19-52-53030 GFEN_a and by the
Ministry of Education and Science of the Russian Federation (research projects
3.1649.2017/4.6 and 3.5346.2017/BP).
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OI'BOY BO «TBepckoii rocy1apcTBEHHBI YHUBEPCUTET
HaunonansHelil ncciaenoBarenbckuil yausepcutet « MU Ty»

B nmanHOW paboTe paccMOTpEHBI IUAIIEKTPUYECKHE CBOWCTBA IUIEHOK Sn,P,S¢ ¢ yderom
BO3/ICHCTBHS M3JYy4YEHUS! BUAUMOTO AvanasoHa. IlokazaHo, YTO MOCTOSHHASA MOACBETKA MPUBOIUT K
YBEJIMUEHHUIO JUIJICKTPUUECKONW INPOHUIIAEMOCTH W TaHT€HCA Yyrja JUIJIEKTPUYECKHX IOTEPb.
YCTaHOBIEHO HAJIMYME CIBHra MAaKCUMyMa TEMIIEpaTypHOW 3aBHCHUMOCTH JIU3JIEKTPUYECKOU
NPOHHULAEMOCTH B BBICOKOTEMIIEPATYPHYIO 001aCTh O] IEHCTBHEM CBETA.

KiroueBbie cioBa: hoTonudnekTpuueckuil 3pGeKT, CerHeToINeKTprIecKast IIeHKa.

[IneHKH cerHeToaNeKTpUKa-MoIyNpoBOAHNUKA THOorunoudocdara onosa SnyP»Se sB-
JSIOTCS MEPCTIEKTUBHBIMU MaTepuajgaMH JJIsi MUKPO3JIEKTPOHHBIX MPUMEHEHUH. JTOT Mare-
pHai B MJIEHOYHOM HCIOJIHEHUU ABISETCA YAOOHBIM IS SKCIIEPUMEHTA ¢ TEXHUYECKOH TOU-
KU 3pEHUS, YTO, MPEXKJIE BCEro, CBSI3aHO C HAIMYHEM SPKO BBIPAXKEHHBIX CETHETO3JIEKTpHUe-
CKUX U NbE30IEKTPUUYECKUX CBOUCTB. KpoMe TOro, OH HCKIIOUUTENBHO yI00€H Kak OOBEKT
JUTSL UICCIIEZIOBAHUS BIMSIHUSI JIEKTPOHHOM MOJICUCTEMBI HAa CETHETOAIEKTPUUECKUE U TUIJIEK-
TPUYECKHE XapaKTEPUCTUKHU TUIEHOUHBIX CTPYKTYp. OOBEKT MO3BOJISIET U3MEHATh KOHLIEHTPA-
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IIUI0 HEPABHOBECHBIX AJIEKTPOHOB B MIUPOKUX MpeAesiaX MyTEM OCBEIICHHS, TaK KaK 00JagaeT
(GOTOMPOBOAMMOCTBIO B BHAMMOW oOnacTu cnekrpa. Llenpio HacTosmeld paboThl SBISIOCH
UCCIIC/IOBAaHUE BIIMSHUS HEPABHOBECHOM AJIEKTPOHHOW IOACHUCTEMBI, BO30YXIaeMOM 3IeK-
TPOMAarHUTHBIM U3JTYYEHUEM, HA IUDJICKTPUUYECKUIN OTKIIUK MIIEHOK SnyP)Se.

OOBEKTOM HCCIIEeIOBAaHUS SBISUTNCH CETHETORICKTPUUYECKUE TUICHKU Sn,P,Se, moiry-
YEHHBIE 30J1b-TeJIb MeTOAOM. VccnenoBanuch MIEHKU Ha aTlOMUHUEBOM MOJUIOKKE C HaIbI-
JICHHBIMHU QJIFOMUHUEBBIMU AJIEKTpoJaMu. HecMOTpst Ha Hanu4ue BEPXHEro aJlOMHUHHEBOTO
3EKTpoAa, 00pa3lbl MJICHOK SIBISIOTCA (POTOUYBCTBUTEIBHBIMU 0ObeKTaMu. B mHTepBasne
temmeparyp 20°+120°C mIeHKH CEerHEeTO3JIEKTPHUKA-TIONYIPOoBOAHMKA Sn,P,Se oOHapyxuBa-
10T HEeCTal[MOHAPHBINA (DOTOBOIBTAMYECKUN OTKJIMK IIPU BO3IEHCTBUU CBETa BUJUMOTO JHara-
30Ha MPU COOCTBEHHOM W HECOOCTBEHHOM IOTJIOMIEHUU. MakcUMyM (DOTOBOJIETAUYECKOTO
OTKJIMKA MPUXOJIUTCS Ha JUIMHY BOJHBI ~510 HM Mpu KOMHATHOM TeMIiepaType, UTO COOTBET-
CTBYEeT MaKCHMyMy CTallHOHAPHOTO ()OTOAIEKTPUYECKOTO TOKA M Kparo COOCTBEHHOTO TO-
romeHus matepuana Sn,P>Se. IIpu sToM (poToBONBTaMUECKU OTKIMK HAOMIOAACTCS B J0-
CTAaTOYHO HMIMPOKOM CIIEKTPAILHOM JHaIa3oHe.

B pabote nomyueHsl BOJIbT-(papagHbie XapaKTepUCTHKH TIEHOK Sn,P,S¢ B oTCyTCTBUM
U MpU HAIMYAUA TIOCTOSIHHOM MOJCBETKU. V3MEpeHus BBIMOIHEHBI C MOMOIIBI0 U3MEPUTES
ummuTanca E7-20. B kauecTBe HCTOYHUKOB U3TyYEHUS MCIOIb30BaHbI JJaMIla HAKaTUBAHUS U
CBETOAMO/IbI, U3JIy4alole CBET C Pa3jIM4HON JUIMHOW BOJHBL. Ha puc. mpuBeIeHbI BOJIBT-
dapannasie xapaktepuctuku (BOX) mieHok Sn,P,Se.
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Pucynok. 3aBUCHMOCTH 3JIEKTPHUECKOI €MKOCTH (2) M TaHT€HCa yIila IUAJIEKTPHIECKUX
NOTEPh OT BHELIHET0 CMEIIAIOLIEro HanpsbkeHus. HikHue KpuBble Ha rpaguKkax — B OTCYTCTBUH
OCBEIIEHUS; 0 — IIPU BO3JECHCTBUM CTALIMOHAPHOTO CBETOBOI'O IMIOTOKA JIAMITbI HAKAJINBAHHS

Kak cnenyet u3 npusenennsix BOX (puc. a), 3aBucumoctu C(U) ABIsAtOTCA TUCTEPE-
3UCHBIMU U XapaKTEpHBI JJS TUIEHOK, O00JaJaoluX CETHETOANEKTPUUECKUMHU CBOMCTBAMH.
Bo3zaeiicTBre cTalimOHaApHOTO MOTOKA U3JIYUYEHUs IPUBOAUT K POCTY 3HAYCHHHN €MKOCTHU TLIe-
HOK SnpP,S¢, ocTaBmnsiss Hem3MeHHBIM xapakTtep 3aBucuMoctedt C(U). AHanoru4Hslid pocT Xxa-
paKkTepeH | JUIsl TAHTeHCa yIJla TUAJEKTPUUECKUX MOTEPh MPU BO3JEHCTBUM CBETA. Y BEJIMUe-
HUE €MKOCTH U JUPJICKTPUUYECKUX MOTEPh CBSI3aHO C YBEIMUYEHHWEM KOHIIEHTPAIMU CBOOO-
HBIX HOCUTENEH B IJIeHKaX Tuorunoaudocdara oiosa moa aeiicTBreM cBeTa.

B pabote momyueHbl TeMIepaTypHbIE 3aBUCUMOCTH JJIEKTPUUYECKOM €MKOCTH U TaH-
reHca yria AUDJIEKTPUUECKUX MOTepPh KaK B OTCYTCTBHH MOCTOSHHOHN TOJICBETKH, TaK U IPH
BO3/ICHICTBUM CTAllMOHAPHBIX CBETOBBIX MOTOKOB. TeMIepaTypHbIe 3aBUCUMOCTH €MKOCTH 00-
pasioB OOHAPYKHUBAIOT MAKCUMYM JUAICKTPUICCKON MPOHUIIAEMOCTH UCCIEAYEMBIX IICHOK
npu temreparype Tmax e = 70°C. lanHas Temneparypa O61u3ka K TemmepaTrype (a3oBoro me-
pexojsia 00BEMHBIX 00pa3iioB MOHOKpUCTAIIOB SnpPrSe (T.=66°C). [Ipu moacBeTke moCcTosH-
HBIM HM3JIy4e€HUEM BUIUMOTO JMara3oHa €eMKOCTh 3aMETHO Bo3pacraeT. llomokeHne Makcu-
MyMa JUDIEKTPUIECKON MPOHUIIAEMOCTH Ha TEeMIepaTypHOU 3aBHCHUMOCTH CMeIIaeTcs B 00-
JacTh OoJiee BHICOKUX Temneparyp Ha ~5°C npu BO3ICUCTBUH CBETA C JJIMHON BOIHBI 520 HM,
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YTO MPHUOIU3UTEIBHO COOTBETCTBYET Kpat0 COOCTBEHHOTO IMOTJIOMIeHUs. Pe3ynbraTsl 00Cyx-
JIAIOTCS B paMKaxX BIIMSHUS 3JEKTPOHHOM IMOJCHCTEMbI Ha N3MEHEHHE CIOHTAHHOW MOJISIpU3a-
[IUH IUIEHOK SnoP,Se.

PaGora BeimonmHeHa mpu (uHAHCOBOHM momnep:kke MUHHCTEpCTBAa 00pa3oBaHUS U
Hayku P® (ynukanbnblii Homep npoekta RFMEFIS7517X0129).
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DKCIIEPUMEHTANTBHO HCCIICAOBAHbl JHAICKTPUICCKAE W TICPETONSAPU3ANUOHHBIC CBOWCTBA
CJIOUCTBIX CTPYKTYp Ha ocHOBe THTaHaTa Oapus: SrTi0s/BaTiOs/SrTiOs. YcraHoBneHo, 4To HaOIr01a-
€TCsl 3HAUMTEIILHOE CMEIICHUE TOYKH (Da30BOT0 Mmepexoja B CTOPOHY BBICOKHUX TEMIIEPATyp MO CpaB-
HEHHIO ¢ OTHOKOMIOHEHTHBIM BaTiO;. [To meTiisM AU3NeKTpUIeCcKOro THCTepe3nca OnpeieCHbl 3Ha-
YEHUS CIIOHTAHHOM MOJISAPU3AIMK U KOOPIIUTHBHOTO TIOJIS.

KiroueBnie ciioBa: TUTaHaT Oapwuisi, TOHKUE IUICHKH, CETHETO3JICKTPUYCCKUM (ha30BBINA Tepe-
XOJI.

B mocnennee BpeMs cTanu WHTEHCHBHO H3y4daThCsl SMMTaKCHUAIbHBIE HAHOMACIITAO0-
HBIE TETEPOCTPYKTYPHI HA OCHOBE CETHETORJIEKTPUKOB BCIEACTBUE UX MOTEHIIMATBHOTO TIPaK-
TUYECKOT0 MPUMEHEHHUS B Pa3IUYHBIX YCTPOMCTBAX MUKPO U HAHOZJETPOHUKHU. DTO CBSI3aHO
C TE€M, YTO TOJIy4aeMble MHOTOKOMITOHEHTHBIE CTPYKTYPBI MMOKA3bIBAIOT JIyUIlINE CBOMCTBA TIO
CpaBHEHHE C OJIHOKOMIIOHEHTHBIMU U IIPH 3TOM €CTh BO3MOXHOCTb YIPaBJISATh STUMHU CBOM-
ctBamu [1,2]. Tak co3maHue CIOUCTHIX TOHKOIJIEHOYHBIX CTPYKTYpP C MCIIOJIb30BAaHUEM TUTA-
HaTa Oapus BaTiO; u apyroro nepoBCKUTONOAO00OHOTO MaTepuaia MPUBOAUT K 3HAUUTEIHHO-
MY U3MEHEHUIO JTUAJIEKTPUUECKUX, MbE30JIEKTPUIECKUX U CETHETOAICKTPUUECKUX CBOMCTB B
MPOTUBOMOJIOKHOCTh OJIHOKOMIIOHEHTHOMY MarepHally B 00bEMHOM HWJIM TOHKOIIEHOYHOM
BHJIC.

Llenpto naHHON PabOTHI OBLIO PKCIEPUMEHTAIBHOE HCCIIENOBAaHUE AUAICKTPHUECKUX
CBOWCTB CJIOMCTBIX CTPYKTYp C 4YepenoBaHueM TuTaHara ctpoHius SrTiOs u Turanata Oapwust
BaTiOs. Uccnenyemble 00pa3ipl ObUTM TOMYyYEHBI MPU MOMOIIM HUMIYJIBCHOTO JIa3€pPHOTO
HaIbUICHUS] KOMIIOHEHTOB W TMPECTAaBIISUTH COOOW TpU TOCIIEIOBATEIHFHO HAHECEHHBIX SITH-
TaKCUaJbHBIX CJOA THTAHATa CTPOHIMS, TUTaHaTa Oapus, TUTaHaTa CTPOHIIUS
SrTi03/BaTiO3/SrTiOs, koTOophie OBUTH CHHTE3WPOBaHBI HA MOHOKPUCTAJUIMUECKON TMOIIOK-
ke ST-Nb ¢ npoBogsuM okcuaHbiM noacsioeM u3 LaSrCoO; B kauecTBe HUIKHETO 3JIEKTPO-
na. TommmHa cerneroakTuBHOTO cios BaTiOs; B maHHO#M CIIOMCTON CTPYKTYpE COCTaBIIsLIa
7,51 um. [l mpoBeleHUsl TUAIEKTPUUECKUX W3MEPEHUM B CHUCTEME METalll-AU3JIEKTPHK-
MeTaul Ha €€ TTOBEPXHOCTh ObUTH HaHECEHBI Pt 3JeKTpoJbl, TaKKe MCIOJIB3YS UMITYIHCHOE
Ja3epHOE HalbUICHUE.

B ykazaHHBIX CIOHMCTBIX CTPYKTypax OblIa MCCIIeOBaHA CTPYKTYypa, TeMIepaTypHas
3aBUCUMOCTD JMAJIEKTPUYECKONH MPOHUIIAEMOCTU €, TEMIEPATYPHbIE 3aBUCUMOCTH MOJISIPU-
3amuu Py u xosprutuBHOTO mOJsi E.. PeHTreHOCTpyKTypHBIE MCCIENOBaHMS TMOKA3aJId UYTO
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c(OpPMHUPOBAHHBIE CJIOW HAXOASTCS B TMOJHOW IMHUTAKCUU C TOJUIOKKOM, a TakKe MOATBEP-
KIal0T TOT (DaKT, YTO CPOPMUPOBAHHBIE MHOTOCIIONHBIE CTPYKTYpPhl UMEIOT KpPUCTAJUIMYe-
CKYIO PEUIETKY ¢ TapaMeTpoM, KOTOPBIA HaXOAUTCS MEXAy 3HaueHUsMH pemieTok BaTiO; u
SrTiOs3. Cam mapameTp pemeTKn HCCIeayeMbIX CIOUCTBIX CTPYKTYp cocTaBiseT 3, 987 A.
HccenenoBanus TeMIlepaTypHOM 3aBUCUMOCTH JUAIEKTPUYECKOW IPOHULAEMOCTH €
MOKa3bIBAIOT HAJIMYME Pa3MbITOrO MakcMMyMma B TemmeparypHoM uHtepBaie ot 310 °C mo
320 °C, 3HaueHHe € KOTOPOro coctaBuiio okojio 700 u BTOPOro AONOJHUTEIBHOTO MaKCUMY-
Ma B unTepBasie oT 100 °C no 150 °C co 3nauenuem ¢ nopsiaka 40, yto cocrasisier 6 % oT
nepBOro Makcumyma. llpudyeM cernero’iekTpuueckuid (pa3oBbIi Mepexol B HCCIEIyEeMbIX
CJIOMCTBIX CTPYKTypax MPOMCXOJIUT UMEHHO B TemmeparypHoM uHTepBasie 310-320 °C. Oto
MOATBEPKIACTCA U TEMIlepaTypHbIMU 3aBUCUMOCTSIMU Py u E., moka3aHHbIMU Ha PHUCYHKE,

HCXOJd M3 KOTOPBIX MOJIIPpU3alra U KOOPUUTHUBHOC II0JIE CTAHOBATCA PaBHBIMH HYJIIO ITOCIIC
320 °C.
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Pucynok. TemneparypHasi 3aBUCHMOCTb CIIOHTAHHOM MOJISIPH3aLUH (a) U KOAPILUTHBHOTO 110115 (0)
CJIOMCTON TOHKOIUIEHOYHOH cTpyKTypbl SrT103/BaTiO3/SrTiO3

Pabora BrmonHeHa npu GpuHaHCOBOI moauepkke Poccuiickoro Hayynoro ¢onna,
npoekt Ne 17-72-20105.
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This paper presents the results of the influence of rapid thermal annealing (RTA) on the crystal
structure of lead zirconate titanate (PZT) films formed by the method of high-frequency reactive plas-
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ma spraying. It is shown that with an increase in the temperature of the RTA from 500 to 700 ° C, the
number of crystallites growing in the (110) direction increases.
Keywords: lead zirconate titanate, crystal structure, rapid thermal annealing.

Thin ferroelectric PZT films of Pb (Zr, Ti)O3 composition were deposited on silicon
substrates on the “Plasma-80» installation using high-frequency reactive plasma spraying in
an oxygen atmosphere with a pressure of 0.51 Torr [1, 2]. The thickness of the PZT film ap-
plied to the silicon substrate was 1.0 = 0.1 um. In the future, the samples were divided into
several parts. One part of the samples was subjected to rapid thermal annealing (RTA) with
halogen lamps in the ITO-18 installation at temperatures of 500, 600 and 700 °C and anneal-
ing times of 30 s, and a number of the samples remained without exposure to RTA.

Using X-ray phase analysis, it was found that the films that did not undergo RTA have
a PZT phase with a predominant crystallite growth in the (110) and (001) directions. And in
the films that underwent RTA, the crystal structure changed, namely, the maximum of the
peak of the perovskite phase (001) shifted towards smaller angles 26, and the maximum of
peak (110), conversely, shifted towards larger angles 26, as shown in the table. These results
indicate that at higher RTA temperatures (600 and 700 °C), the transformation of the PZT
crystal lattice towards the predominance of the tetragonal phase is observed.

This conclusion is also confirmed by an estimate of the crystallite size of the PZT,
which was produced by the Scherer equation, as well as by the ratio of the intensities of the
maxima of the I10) and o1 peaks, which are presented in the table. The calculation showed
that there is an increase in the size of crystallites of the crystallographic orientation (110) and
a decrease in the size of crystallites of orientation (001).

Energy dispersive analysis of the film structure showed that the ratio of elements in
the Zr / Ti film is 0.36 / 0.64. This fact, according to the PZT phase diagram [3], also indi-
cates the predominance of the ferroelectric tetragonal phase.

Table
The sizes of crystallites PZT

Sample number Angle 26 for the maximum | PZT crystallite size for Peak intensity

of the PZT peak for orien- orientations ratio

tations
(001) (110) (001) (110) 10y Toon

PZT 22,22 31,32 51 12.8 1,2
PZT + RTA 500°C 22,22 31,32 47 20.1 1,2
PZT + RTA 600°C 22,22 31,34 47 30.6 1,3
PZT + RTA 700°C 22,18 31,36 17.6 35.2 1,6

The results were obtained using the equipment of the centers for collective usage “Mi-
crosystem Engineering and Integrated Sensory” and “Nanotechnologies” of Southern Federal
University.

Thanks to Pavlenko A. V. and Stryukov D. V. for conducting x-ray phase studies.

This work was supported by the RFBR grant No. 18-29-11019.
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B nmanHOUW paboTe mpecTaBiIeHbI Pe3yabTaThl UCCISAOBAHUS aHOMAIUN AIIEKTPOQU3HUSCKUX
mmapaMeTpoB ITIPO3pAadHON CeTHeToAIeKTpuueckoi kepamuku cuctembl LITCJII (X/65/35) BOmm3u
pasmbIToro (azoBoro mnepexona. IlomydeHbl HAOOPHI KOMIUIEKCHBIX JUAJIEKTPUYECKUX, YIPYTHX U
MBE303JICKTPUUECKUX MTAPAMETPOB ITHX MATCPUAJIOB B ITUPOKOM JTUAITA30HE YaCTOT.

KiroueBbie cnoBa: (ha3oBbIii TiepexoJl, pPEIaKCcOpHAas CETrHETONMbE30KepaMHUKa, YIpPYyTHe
KOHCTAHTHI.

bnaronaps cBoMM 0COOBIM CBOMCTBAM CETHETOIEKTPUKHU C PasMbIThIM (a30BBIM IIe-
PEXO0JIOM SIBIISIFOTCS TEPCIIEKTUBHBIMU MaTEpUAIaMu JIJIsl IPUMEHEHUS B Pa3IMYHBIX 00J1acTIX
COBpEMEHHOM TeXHUKHU. Cpenn U3BECTHBIX CErHETORJIEKTPUKOB C Pa3MbITHIM (ha30BbIM Iepe-
XOJIOM HauOOJNBIINHA MPAKTUYECKUN W TEOPETHUECKUI MHTEpEC MPEICTaBISIECT CErHETOIICK-
Tpuueckas kepamuka cucteMsl LITCJI, koTopast JeMOHCTpUpYET HIMPOKHM TUana30H JU3JIeK-
TPUUECKUX U MbE303JIEKTPUUECKUX [TapaMETPOB U MPEJACTaBISIET OO0 YHUKaIbHBIH O0BEKT
JUI MOJEIUPOBAHUS IPOLIECCOB, MPOUCXOIAIUX B CErHETOIIEKTPUKAX C Pa3MbITHIM (ha3o-
BBIM Tiepexojiom [1].

OnHako, HECMOTPS Ha JJIMTENIbHYIO HCTOPUIO UCCIIE0BAaHUM, KOMIIJIEKCHBIE YIIPYTHE,
JUBJIEKTPUYECKHUE U MbE303IEKTPUUECKUE MapaMeTpbl CErHETOIEKTPUUECKOM Mbe30KepaMu-
ku cuctemsl L[TJI (X/65/35) u mapameTpsl pacpoCTpaHEeHUs! TOBEPXHOCTHBIX aKyCTHUECKUX
BOJIH B OKPECTHOCTH Pa3MbITOro (a3oBOro rnepexoja He ObUIN MCCIIEI0BaHbl U OMYOJIUKOBA-
HbI Ha CETO/IHSILIHUH JIEHb.

B kadecTBe 00beKTa Hcciae0BaHUs ObUla BIOpaHa CErHETOIIEKTPUUECKas KepaMuKa
cuctemsl (Pb; Lay)(ZrgesTio35)03 ¢ comepkanueM JiaHTaHa x=6.5 - 8.5%. DkcnepuMeHTaIb-
Hble 00pa3ubl cerHerosnekTpudeckoi kepamuku L[TCJI Oblav M3roTOBIEHBI METOJOM TrOpsi-
yero npeccoaHus. [lnoTHocTs momyueHHbIX oOpas3noB kepamuku LITCJI cocraBuna 7.715
r/cM’. MEKPOCTPYKTYPHbIE HCCIEIOBAHHS POBOAMINCH HA ITOMHPOBAHHBIX U TPABICHBIX IT0-
BEPXHOCTSIX O0Opa3lOB C MCIOIb30BaHUEM oNTHYECKOro Mukpockorna NeoPhot-21. Usmepe-
HUSI KOMIUIEKCHBIX YIPYTHX, JUAJIEKTPUUYECKUX U IMbE303JEKTPUUYECKUX MapaMeTpoB Ibe30-
DIIEMEHTOB MPOBOJIMIIA HA CTAHIAPTHBIX 00pa3iax ¢ UCIOIb30BAHUEM MMIICJAHCHOTO aHAaJH-
3aropa Agilent 4294 A u nmporpamMMbl aHanu3a pe3oHaHCHBIX ciekTpoB PRAP [2].

B pesynbraTe nccnenoBaHus ObUIM MOJYYEHBI TEMIIEPATYpPHbIE 3aBUCUMOCTH JUAJIEK-
TPUYECKHX U aKyCTHUECKHX MapaMeTpoB, a Takke HaOOpbl KOMIUIEKCHBIX YIPYTUX, JUAJIEK-
TPUUECKUX U The303JIeKTpruieckux mapamerpoB kepamuku L[TCII (6.5/65/35). ObnapyxkeHbI
AHOMAJIMHU B NOBEJCHUM CKOPOCTH M 3aTyXaHUsS MOBEPXHOCTHBIX aKycTuueckux BosiH (IIAB)

it cerHeTodnekTpuueckoil kepamuku L[TCII (7.5/65/35) B okpecTHOCTH TeMIiepaTypbl T,

KOTOpasi pacroyio’keHa Hibke Touku Kropu. DTa Temreparypa COOTBETCTBYET JOTIOTHHUTETb-
HBIM MaKCUMyMaM TaHT€HCa yIJa JAUAIEKTPHUUECKUX MOTEPh U JTUAJIEKTPUUYECKON MpOHUIae-
MOCTH H (CM. PUCYHOK).

B cooTBeTcTBHM ¢ OOLICTIPUHATHIMU NPEICTABICHUSMH O pasMbITOM (ha30BOM mepe-
xoJzie B cerHeToanekTpuyeckoit kepamuke L[TCJII (X/65/35) oOHapykeHHbIe aHOMAJIUU TEM-
HepaTypHBIX 3aBUCUMOCTEH JUAJIEKTPUUECKUX MAapaMEeTPOB U MapaMeTpoB PacHpOCTpaHEHUS

[TAB B oOmactu Temreparypsl (Td ), OBIIT MHTEPIIPETUPOBAHBI HAMH KaK Pe3yJbTaT MCUYe3-
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HOBEHHUS JAJIbHETO CETHETOXJIEKTPUUECKOr0 MOPsJIKa U pa3pylIeHUs] HABEACHHOTO MOIspHU3a-
[IMel MaKpOJOMEHHOTO COCTOSHUS.
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HccnenoBanue BHIIOIHEHO MpU (UHAHCOBOU moiepskke MuHoOpHayku PD (Tema Ne
12.5425.2017/8.9, 6a3oBas yacTh roc3agaHusi).
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VJIK 538.95
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OI'BOY BO «BopoHEekKCKHIl rOCy1apCTBEHHBIN TEXHUUECKUN YHUBEPCUTET

Ha wacrorax or 25 Im go 200 kI'm wu3MepeHbl TeMImepaTypHble 3aBHCHMOCTH
JURJICKTPUUECKOW  NMPOHMLAEMOCTH M TaHIeHca  yIyla  JTURJICKTPUYECKUX  IOTEph B
CErHETO3JIEKTpUUYECKOH Kepamuke BaggSrg,Ti05. IlepBblii MakcHMyM JUAJIEKTPHUUYECKHUX IOTEPh
CBSA3aH C CETHETOIEKTPUIECKHM (ha30BBIM IepexoaoM. BTopoit MakCUMyM MMeeT pelakCalliOHHYIO
MIPHUPOTY.

KiroueBbie ciioBa: TUTaHAT OapHUsI-CTPOHIMS, (ha30BbIM MEPEX0/1, peslaKCallMOHHBIH POoLIecC.

Ha pa3sHbIX yacToTax M3MEpEeHBl TEMIEpaTypHbIE 3aBUCHMOCTH JUAJIEKTPUYECKON
IPOHMIIAEMOCTH € U TaHI€HCa yIyla AUAJIEKTPUYECKUX MOTEph tgd B 00pa3liax CErHEeTOdJIeK-
TpUUYECKOro TBeproro pactsopa BagsSrp,TiOs. Ilpu T = 70 °C nabmronaeTcst MUK €, CBSI3aH-
HBII ¢ (a3oBbM nepexogoM. Omnpeneneno 3HaueHne KoHcTanThl Kropu-Beiicca C,, = 10° K,
XapakTepHoe 1J1s1 (ha30BOro nepexoja 1-ro poaa.
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Ha 3aBucumoctu tgd(T) HabmogaroTcsa ABa MakcuMymMa. TemrmepaTrypHoe MOJIOKEHHE
MEPBOro MuKa tgd MPaKTHUYECKHU HE 3aBHCHUT OT YAaCTOThl U3MEPHUTEIBHOrO IMOJs, YTO CBUAE-
TENBCTBYET O €ro MPUHAICKHOCTH K (Da30BOMy mepexony. YBEIHMUEeHHE YaCTOThI U3MEpH-
TenbHOro noiig ¢ 25 'n no 1 k[’ mpuBOAUT K yMEHBIIEHHUI0O MaKCUMAaJIbHOTO 3HAUYEHUS tgo.
[Tpu yBenuuenun ckopoctu HarpeBa ¢ 1 1o 7 °C/mMuH HaOII01a€TCs pOCT BHICOTHI MAaKCUMyMa
tgd. Takue 3aBUCUMOCTH OOBSACHSIOTCS C MOMOIIBI0 HU3KOYACTOTHOTO ()IYKTYAI[HOHHOTO
MEeXaHU3Ma JUAICKTPUYECKUX MOTepb IpH (a3oBoM nepexoje 1-ro poaa [1], KoTopsliid mpe-
CKa3bIBaCT JIMHEHHYIO 3aBUCUMOCTbH BBICOTHI ITUKA tZO OT CKOPOCTH HAarpeBa W oOpaTHOM 4a-
CTOTBI, YTO COTJIACYETCsI C pe3yIbTaTaMHU HKCIIEPUMEHTA.

Ha uacrore 200 I'm BTOpoi mHHMK tgd IOCTMraeT MaKCHUMAaJbHOTO 3HAu€HUs Mpu
T =79 °C. YBenuuenue yactorsl 10 200 k['II mpUBOAUT K CMEIICHHUIO TTUKA B CTOPOHY Ooliee
BbicOKUX TemriepaTyp (T = 113 °C), 4To CBHAETENBCTBYET O €ro pejaKkCallMOHHOW MPUPO/IC.
ITepecTpoiika TeMnepaTypHO 3aBUCHMOCTH BPEMEHU pellakcaiuu T B kKoopauHarax Int(1/T)
JAET JMHENHYI0 3aBUCUMOCTB. [I0 TaHreHCy yriia HakjaOHa IPSIMOM pacCYUTAHO 3HAYCHUE
SHEPruu aKTUBALMU pellakcalmoHHOro mpouecca E, = 1,6 3B, yto 01M3K0 MO 3HAYEHUIO K
SHEPruu akTUBAIUU TU(PPY3Un KUCTOPOAHBIX BakaHcuil [2]. [Ipupoga penakcanioOHHbBIX MH-
KOB 00Cy>KIaeTcsl.
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SKCNEPUMEHT M MOJIEJIMPOBAHUE
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*>OIAOY BO Cankr-IletepGyprekuii rocy1apcTBEHHbIH IEKTPOTEXHHUECKH YHUBEPCUTET
«JIOTW» um. B.W. YnpsraoBa (Jlennna)

[Toka3zaHo, 4TO M3MEHEHHEM JaBlieHUs paboyero rasa B ycraHoBke BU marHeTpoHHOTro
pPaCIbUICHHsS] MOXHO HM3MEHATHh COCTaB TOHKHMX IUIEHOK TBEPABIX PAacTBOPOB LHUPKOHATA-
tutaHata cBuHua (PZT) Wutepnperanusi MOIy4EHHBIX IKCHEPUMEHTANbHBIX pPE3YyIbTaTOB
IIPOBEICHA HA OCHOBE CTATUCTUYECKOIO0 MOJEIUPOBAHUSA IPOLECCOB TEPMAIM3ALUUA U
muGdy3un NOTOKOB pacnblIeHHBIX aToMOB Pb, Zr u Ti.

KiroueBple cnoBa: BBICOKOYACTOTHOE MAarHETPOHHOE pAaclbUIEHHE, TOHKUE IUIEHKU
MPKOHATa-TUTaHAaTa CBUHIA, CTAaTHUCTUYECKOE MOJIECIUPOBAHME, TEpMalIM3alrs aTOMOB B
I1a3Me.

ToHkue MIIeHKU HUpKOHaTa-TuTaHata cBuHUA Pb(Zr,Ti)O; (PZT) sBistoTCs OJHUMHU
13 OCHOBHBIX MAaT€PHAIIOB COBPEMEHHOW OKCHIHOW MHUKPOAJIEKTPOHUKH U HAXOMST MIUPOKOE
MIPUMEHEHUE B PA3JIMYHBIX YCTPOMCTBAX MUKPOIIEKTPOMEXaHUKH. [IpakTHuecku 3HaYNMbIMU
ABIISAIOTCS TBEpJbIe pacTBOpbl PZT, cocTaB KOTOPHIX COOTBETCTBYET 007aCTH MOP(HOTPOIHON
dazoBoii rpanuisl (M®OI'), rae GOMBIIMHCTBO (PU3MYECKUX MapaMeTPOB MATEPHAIIOB JAOCTHU-
raroT MaKCUMAaJIbHBIX 3HaueHWH. J[J1s1 onmTuMmu3ainum cocraBa mieHok PZT HeoOxoauMo Bia-
neTh 3¢ (HEeKTUBHBIMUA METOAAMH TOHKOTO BaphbHpOBaHUS cocTaBa B mpenenax MOI', a Takxke
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KOHTPOJIMPOBATh COJEpXKaHNE M30BITOUHOTO CBUHIIA, JIOKATM30BAHHOTO 100 Ha MHTEp(eii-
cax, TM00 B MEKKPUCTAIIMYECKOM MPOCTPAHCTBE CETHETORIEKTPUUECKOTO ciios. OgHUM U3
TaKUX METOJIOB siBJsieTcs: MeTo], BU MarHeTpoHHOro pacnublieHusl, B KOTOPOM M3MEHEHUE CO-
CTaBa IJICHOK JOCTUTaeTCsl M3MEHEHUEM JaBJieHuUs paboueii razoBoii cmecu [1].

B macrosimeit pabore wuccnenoBalioch BIMSHHE JIaBJICHUS Ta30BOW  CMecH
80% Ar + 20% O, B ycranoBke BU MarHeTpoHHOIro pacnbUICHUSI HA COCTAB TOHKUX IIEHOK
PZT, coorBerctBytomwmii oomactu MOI'. TonmuHa ocaxaeHHBIX cI0eB cocTaBisuia ~ 800 HM,
Temiieparypa cuHresa rmieHok — 600 °C. Jlus ompejenenus cocTaBa IUIEHOK MCIONb30BAICS
CKaHUPYIOLUHN 3JIeKTpOHHBIN Mukpockonn EVO-40 (Zeiss), OCHAILEHHBIH SHEProJnCIEpCH-
onHo# nipuctaBkoi INCA.

[Tonyyennble JaHHBIE TOKA3AJIM, YTO 3JIEMEHTHOE COACp>KaHUE aTOMOB CBHHIIA MOHO-
TOHHO BO3pacTajio ¢ yBEJIMUEHUEM JIaBlieHUs pabouero rasa B Auamna3one 2-8 Pa (kpuBas 1 Ha
puc. 1,a). [Ipu 2 Pa pukcupoBascs HeIOCTaTOK CBUHIA B 7% OTHOCUTEIILHO CTEXUOMETpUIE-
ckoro coctaBa PZT , a npu 8 Pa naGnronancst 3HaUUTENIbHBINH H30BITOK ATOMOB CBHHIIA BEJIH-
qrHOU B 21%. 3aBUCHMOCTB 3JIEMEHTHOTO COOTHOIIEHUs T1/Zr ¢ poCTOM JIaBICHUS TaKXe HO-
CUJIa MOHOTOHHBIN XxapakTep (puc. 2,0). JlnanazoHn u3MeHeHus cocTaBisl ~ 2,5%, oxBaTbiBas
0oyt yacth oomactu MOI'.

a 12f 0
) ) 0,47
0,46 -
=11+ — >
T £
p u
S & o045t .
3 =
o [
1,0 0,44 +
0,43+
2 3 4 5 6 7 8
Pressure, Pa Pressure, Pa

Puc. 1. I3amenenue anemeHTHOTO cooTHOIeHus: Pb/(Zr+Ti) (a) u Ti/(Ti+Zr) (6)
MIpH BapHalvy JaBJIeHus ra3oBoii cMecH B meHkax PZT. Kpusas 1 Ha puc. 1,
a COOTBETCTBYET COACPKaHMIO CBHUHIIA B OCAKACHHBIX (aMOP(HBIX) MIICHKAX, KpUBas 2
OTpaXkaeT Coiep)KaHNe CBUHLA B OTOXOKEHHBIX IUVIEHKAX B (ha3e MEePOBCKUTA

Pe3ynbTarhl CTaTUCTHMUECKOIO MOJEIMPOBAHUS MPOLECCOB TEpMaIu3aluu U AUPdy-
3UM TIOTOKOB PACIIBUIEHHBIX aTOMOB, NPECTABIEHHBIX, B YACTHOCTH, Ha PUC. 2, IIOKA3bIBAIOT,
YTO B HAOJIOJAEMOM MHTEpBAJIE JAaBICHUN pPabOYero ra3a MpoOMCXOIUT TEPMalIU3aLUs TsKe-
JBIX aTOMOB CBHMHIIA, B TO BpeMsl Kak JJis 6osiee Jerkux aroMoB (Zr u Ti) 3TOT mporecc npak-
TUYecKH 3aBepuieH. CpaBHEHUE SKCIIEPUMEHTAIBLHOM M pacuyeTHOW 3aBUCUMOCTEN 3JIEMEHT-
HOT'O COOTHOIIEHUSI aTOMOB IIOKA3bIBAET, YTO UX IMOBEIEHUE XOPOLIO KOPPEIUPYET BO BCEM
JMara3oHe U3MEHEHHsl JaBJIeHUs paboyvero rasa.

6,8x10°}
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Puc. 2. BeposiTHOCTH TOCTaBKH pacrbUIeHHBIX aTOMOB Pb, Zr 1 Ti Ha moII0XKKyY
[IPU Pa3IMYHBIX JaBJICHUSAX paboyero rasza
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Dielectric studies of (1-x)NaNbO; - xGd;;NbOj; solid solution compositions prepared using
solid phase reactions route have been carried out in the temperature range 12-700 K. The permittivity—
temperature dependences of the compositions studied were found to change, as x grows, from
relatively sharp maxima typical of usual antiferroelectrics to the diffused but frequency-independent
maxima typical of ferroelectrics and antiferroelectrics with diffused phase transition and then to the
smeared and frequency-dependent maxima typical of relaxors.

Keywords: antiferroelectric, diffused phase transition, NaNbQOs, relaxor.

One of the main trends of modern materials science is the replacement of lead-
containing electronic materials with their lead-free analogues. Among the most prospective
representatives of the new generation of lead-free functional materials are sodium niobate
NaNbOs -based solid solutions. Previously the main attention was paid to the ferroelectric
NaNbO; - KNbO3; and NaNbOs - LiNbOs3 solid solutions prospective for piezoelectric appli-
cations [1, 2]. Nowadays a far more promising application of NaNbOj3 and its derivatives is
considered to be high energy storage capacitors, where the antiferroelectric nature of the ma-
terial is utilized.[3].

Solid solutions of NaNbO; may be divided into two groups [4]. In solid solutions of
the group I ( e.g. NaNbO3 - KNbO3; and NaNbOs - LiNbOs3) high temperature ferroelectric
(FE) phase appears at small (a few mol.%) content x of the second component, concentration
dependence of the temperature T, of dielectric permittivity € maximum is rather smooth and
the ¢(T) maxima are sharp. In solid solutions of the group II the antiferroelectric (AFE) phase
remains stable up to a comparatively high threshold x=x, value (x¢ is usually about 10-15
mol.% [5]) while in compositions with x>x( the phase, usually referred to as FE or ferrielec-
tric becomes stable, which is accompanied by an abrupt drop in Ty, values and dramatic
smearing of the &(T) maxima. Solid solutions of the group II are most prospective for high
energy storage applications [3]. Though at room temperature NaNbOs is an AFE, a sufficient-
ly strong electric field induces in NaNbO; an othorhombic (space group Pmc;;) FE phase Q
which remains stable after removing the field and it is destroyed only by heating up to high
temperatures [3]. Recently stabilized antiferroelectricity and superior energy storage proper-
ties were reported for the compositions of the NaNbOj -based lead-free ceramics with A-site

102



vacancies obtained via a Bi,Os substitution -solid solution system [S5]. The scope of the pre-
sent work was the study of evolution of dielectric properties in the similar solid solution sys-
tem with A-site vacancies (1-x)NaNbQOj; - xGd;5NbOs .

Ceramic samples of (1-x)NaNbO;3 - xGd;;3NbOs compositions with x=0, 0.05, 0.10,
0.15 and 0.20 were prepared using solid phase reactions route. All the investigated composi-
tions were single-phase and have a structure of the perovskite type. Dielectric studies carried
out in the 12 K-700 K temperature range have shown that the T,,(x) dependence has an abrupt
drop at x = xo = 0.1. While Ty, values of compositions with x<xy do not depend on frequency,
compositions with x>x exhibit a frequency dispersion of ¢(T) and a frequency shift of T, i.e.
the increase of Ty, with frequency. The frequency shift of Ty, for the compositions with x>xg is
well described by the Vogel-Fulcher relation typical of relaxors. Diffusion of the &(T) maxi-
mum increases as X grows and the &(T) maxima for compositions with x>x( exhibiting relax-
or-like properties appear to be very smeared.

Acknowledgment. This study is supported by the Russian Science Foundation (project
19-12-00205).
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VJIK 538.95
AKYCTHYECKASI CHIEKTPOCKOITNSI KEPAMOMATPAYHBIX
MBE30KOMITIO3UTOB
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OI'AOY BO «HOxHbIi enepaibHblii yHUBEPCUTETY

B nmanHOil paboTe mpoBeAEHO MHOTOCTOPOHHEE HCCIENOBAHHWE PA3IUYHBIX THUIOB
KEPaMOMaTPUYHBIX IbE30KOMIIO3UTOB, BKIIIOYANOIIEE TPEXMEPHOE KOMIIBIOTEPHOE MOJEIUPOBAHUE,
AHAJIU3 NbE30PE30HAHCHBIX CIEKTPOB U YJIbTPA3BYKOBbIE U3MEPEHUS. B pe3ynbrare KOMIBIOTEPHOIO
MOJCIIMPOBAHUS UM  SKCHEPUMEHTAJIBHBIX  HCCIENOBAHMM  BBISBJIECHBI AHOMAJIMM  YAaCTOTHBIX
3aBHCUMOCTEH KOMIUIEKCHBIX MOJAYJEH ympyroctu B olOnactu ympyroi aucnepcuu. I[IpoeneHo
CpaBHEHUE HKCIIEPUMEHTANIBHBIX JAHHBIX C PE3YyJIbTaTaMU KOMIIBIOTEPHOI'O MOJAEIUPOBAHUS.

KirroueBble c0Ba: 3XO-UMITYJIbCHBIE H3MEPEHMSI, HMIICIAHCHBIE CIEKTPBI, TPEXMEPHOE
MOJIEIMPOBaHNE, KEPAMOMATPUYHBIE KOMITO3UTHI, IbE30PE30HAHCHBIN aHAU3.

MeTo akyCTHUECKON CHEKTPOCKOIIMYU UCIOJIb3YETCS ISl ONPEIEIICHUs] CBOMCTB WM
CTPYKTYpbI BEUIECTB MOCPEACTBOM HCCIEAOBAHUS YaCTOTHBIX 3aBUCHMOCTEH CKOPOCTH pac-
NPOCTPAHEHUs U 3aTyXaHUs yIbTPa3BYKOBBIX BOJIH. 3aTyXaHHE YJIbTpa3ByKa, BBI3BAHHOE I10-
[JIOIIEHUEM WM PacCesHUEM YIbTPa3BYKOBBIX BOJIH Ha HEOJHOPOJHACTSAX CPEMbI, a TAKXKe
penakcalMoHHBIMU (P PeKTaMu HEn30€KHO MPUBOIUT K YACTOTHOM 3aBUCHMOCTH CKOPOCTH
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yJIbTpa3ByKa WM aucnepcuu. Mcnonp3oBaHue aKycTUYECKONW CIIEKTPOCKONHMU B TPaJULMOH-
HOM HCIIOJHEHUU JJIsl TE€TEPOTreHHBIX CPEJl, a TAKKE HEOJAHOPOIHBIX TBEPABIX TEJ C pa3Mepa-
MU HEOJHOPOIHOCTEH CTPYKTYphl ONU3KUX K JUIMHE BOJHBI CBS3aHO C CYIIECTBEHHBIMU
TpyIHOCTAMHU. Tak, HarpuMmep, IPOCTPAaHCTBEHHAs JUCIEPCUS U PACCEesIHUE yIbTpa3ByKa B
kepamoMarpuuHbix komno3utax (KMK) ¢ HeoqHOpoiHOHM CTpYKTYpOil M BBICOKMM 3aTyXaHHU-
€M YJIbTPa3BYKa MCKAKAIOT XAPAKTEPUCTUKHU YJIBTPA3BYKOBBIX UMIYJIbCOB M MOTYT CHENATh
yJIbTPa3BYKOBbIE U3MEPEHUS CKOPOCTH U 3aTyXaHUs HEoJHO3HauHbIMU [1]. Jlns nbe3oakTus-
HBIX MaTEpPHUAJIOB U3MEPEHUE YACTOTHBIX 3aBUCUMOCTEN CKOPOCTH M 3aTyXaHHs YJIbTPa3BYKO-
BBIX KOJE€OaHWH MOXKET OBITh OCYIIECTBIEHO METOJaMH WMIEAAHCHOW CIIEKTPOCKONHU WIIH
aHaJiM3a MbEe30PE30HAHCHBIX CIIEKTPOB [2].

B kauecTBe 3KCIEPHMMEHTAIBHBIX O0PA3LOB IJII MOJICIUPOBAHUS PACHPOCTPAHEHUS
YJIBTPa3BYKOBBIX BOJIH U CPABHEHHMSI C PE3YJIbTATAMH aHAJIN3a UMIIEJAHCHBIX CIIEKTPOB U YJib-
TPa3BYKOBBIX M3MepeHuit 0puH BeiOpansl KMK ¢ cuiibHOM IpOCTpaHCTBEHHOW JHcIiepcreit 1
BBICOKMMU MOTEPAMH [3]:

- KMK xepamuka/kpucramn (marpuna L{ITC ¢ mpou3BoiabHO pacmpeneneHHBIMU KPH-
cTajuinueckuMu BKIoueHusMu (0-Al203, LiNbO3));

- KMK kepamuka/meramn (Matpuna L{TC ¢ mpou3BoIIBHO pacrpeneCHHBIMUA MeTall-
JTUYeCKUMHU BKItoueHussMH (Pt, W)).

KomrmnekcHple ynpyrue, IU3JIEKTPUYECKUE U Mbe303IeKTpuueckue napamerpsl KMK
ONpPEEIIUCh METOIOM UMIIEJAHCHON CHEKTPOCKONHUH C UCIIOIb30BAHUEM IPOTPAMMBI aHa-
nu3a nbe3ope3oHaHcHbIX cieKTpoB (PRAP) [2]. CkopocTs 3ByKa U 3aTyXaHHUE MPOIOJIbHBIX U
MONEPEYHBIX BOJIH U3MEPSIIUCH YIIBTPAa3BYKOBBIMU 3X0O-UMITYJIbCHBIM U TEHEBBIM METOJAMHU.

Ha pucyHke B kadecTBe ImpuMmepa MOKa3aHbl YaCTOTHBIE 3aBUCHUMOCTU JICUCTBUTENb-
HBIX YacTel MOJyJIEW YIIPYTrOCTH U COOTBETCTBYIOIIMUX TAHI€HCOB ynpyrux noreppb ainss KMK
KepaMHuKa/MeTall.

Pe3ynbrarhl mpoBEEHHBIX UCCIEIOBAHUM IOKA3ald, YTO 3XO-UMIIYJIbCHBIE H3MeEpe-
HUA 3aBUCUMOCTEN ynpyrux cBoucTB 1t KMK ¢ BBICOKMMHM ITOTEPSIMU U JUCIIEPCUEN SIBIISA-
IOTCSI HETOYHBIMU UM HEOJHO3HAYHBIMHU. B CBOIO ouepenp METOJl aHaIM3a PE30HAHCHBIX CIIEK-
TpoB (PRAP) no3BosisieT mojiydnTh TOUHBIE U BOCIIPOM3BOAMMBIE PE3YyIbTaThl, KOTOPbIE XO-
POLIO COIJIACYIOTCS C PE3YJbTaTaMH TPEXMEPHOTO MOJEIUPOBAHUS, BBIIIOJHEHHOTO METOJOM
KOHEYHBIX pazHoCTel ¢ ucnonb3zoBanuem nakera Wave 3000 Pro.
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HccnenoBanue BHIOIHEHO MU (UHAHCOBOU mojiepskke MuHoOpHayku PO (tema Ne
12.5425.2017/8.9, 6a3oBas 4acTh roc3agaHusi).

Jlutepatypa
1. Rybianets A.N. New "damped by scattering" ceramic piezocomposites with extremally low
Qu values / A.N. Rybianets // Ferroelectrics. - 2007. - V. 360. - Issue 1. - P. 84-89.
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2. Rybianets A. Impedance spectroscopy characterization of highly attenuating piezocompo-
sites / A. Rybianets, Y. Eshel, R. Tasker // Proceedings of the 9th European Conference on Non-
Destructive Testing (ECNDT 2006). - 2006. - Paper 129. - P. 1-9.

3. Rybyanets A.N. Ceramic Piezocomposites: Modeling, Technology, and Characterization /
A.N. Rybyanets // Nova Science Publishers Inc. - 2010. - Chapter 3. - P. 113-174.
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OI'AOY BO «tOxHBIH (enepanbHbI YHUBEPCUTET»

B nanHO#l paboTe mpeAcTaBIeHbl OCHOBBI TEOPUHM METOJAa JIIEKTPOMEXaHWYECKOH
XapaKTepU3allud  CETHETONbE303JICKTPUUECKUX  MaTepuaioB. OmmucaHbl  3KCIIEPUMEHTAIbHBIC
YCTAaHOBKM W TIporpamMMmHoe obecneueHue. lIpencraBieHbl SKCIEPUMEHTAIBHBIE PE3yJbTATHL,
NOJy4YeHHbIE B  pe3yibTaTe aHanmM3a INeTenb TucTepesuca W jaedopMmaunuu  Uid  psa
CETHETONbE30IEKTPUIECKUX MAaTEPHAJIOB U yCTPOICTB.

KiroueBble ci0Ba: DIEKTPOMEXAHWYECKUIl OTKIMK, METIS THCTepe3uca, Mbe303¢QQexT,
CErHeTONbe30MaTeprabl.

HoBble nbe3okepaMuyeckue UM MbE30KOMIIO3UTHBIE MaTepuaibl B HACTOSIIEE BpeMs
HIMPOKO MCIOJIB3YIOTCS B MbE30UIEKTPHUUECKUX M YIBTPa3BYKOBBIX IIPE0Opa3oBaTeisix C Bbl-
COKOM pa3pemaromnieil crocoOHOCTRI0, TYBCTBUTEIBHOCTBIO U 3 dexTuBHOCTRIO [1]. st He-
KOTOPBIX COBPEMEHHBIX MaTepUAJIOB ¢ HEOAHOPOAHOH CTPYKTYpPOH M BBICOKUMH IOTEPSIMU
npsiMoe ucnosb3oBanue cragaapra IEEE nius onpeneneHnss KOHCTaHT Marepuaia IpUBOIMT K
3HaYUTEIbHBIM OIMOKaM. CyliecTByeT MHOXECTBO METO/IOB, HCIIOJIB3YIOUIMX KOMIUIEKCHbIE
MaTepuaibHble KOHCTAHTHI, AJI TOTO, YTOOBI yYECTh MOTEPHU B MaTepuanax ¢ HU3Kou 100poT-
HOCTBIO U npeonosieTs orpanndenus cranaapra IEEE [2]. Utepaunonnsie Metonsl [3, 4] na-
10T BO3MOXXHOCTb TOYHOT'O ONPEENIEHNs] KOMIUIEKCHBIX KO3()PUIIMEHTOB B IMHEHHOM JHara-
30HE Ha OCHOBE PE30HAHCHOTO M3MEPEHUs KOMIUIEKCHOTO MMIIEJAaHCa MbE30KEpaMUKu. Me-
TOJ Tibe3ope3oHancHoro aHanusa (PRAP) taxke ucnomnb3yeTcst njisi mojHOro Habopa cTaH-
JTAPTHBIX T€OMETPUI M PE30HAHCHBIX MOJ], HEOOXOAUMBIX JJIs TOJHOM KOMIUIEKCHOW Xapak-
TEepPU3aLUH IIUPOKOTO CIEKTPa MbE303JIEKTPUUECKUX MAaTepUaIOB C BHICOKUMHU M YMEPEHHbI-
MU noTepsiMu [35].

Jlia ompeneneHusl 3JIEKTPOMEXAHUYECKMX XapaKTEPUCTHK CErHETONbe30MaTepuaoB
HaMM ObliIa MCMOJIb30BaHA MIPOrpaMMa aHaiu3a sJeKkTpomexannueckoro otkiaunka (STEP) [6],
CoUeTaroIlasl MOJCINPOBAHNE MEXAHUYECKOIO U AJIEKTPUYECKOrO MOBEJCHHUS CETHETO3JIeK-
TPUYECKUX, IbE30IEKTPUUYECKHUX, IJIEKTPOCTPUKIIMOHHBIX U aHTUCETHETONIEKTPUYECKUX Ma-
TEPHUAJIOB B CUJIbHBIX IOJIAX C MCUYEPIbIBAIOIIMM UHTephEHcoM AJisl MOTY4YeHUs TaHHBIX O 3a-
BUCHUMOCTsX Aedopmarun (S), HanpspkeHus (T), anekrpuueckoro nons (E) snekrpuueckoro
CMeEIIeHUs WIH 3JeKTpuyeckoil noispuzauuu (P) ot BpemeHu.

Monynpe nbe3oanekTpuyeckoro aHanusza STEP MOXHO HMCIIonb30BaTh ISl U3MEPEHUs
Y aHaJIM3a BHICOKOCUTHAJIbHBIX KBa3UCTATUUYECKUX MbE303JIEKTPHUECKUX, TUIIEKTPUUECKUX U
YIPYTUX CBOMCTB MaTepHaoB. B ciyyae CErHeTONbE303JIEKTPUYECKOr0 MaTepuala MOJENIN
MPEJoJIaratoT, YTO MaKCUMAaJIbHOE IPUIIOKEHHOE T10JI€ HUYKE KOIPLUTHUBHOTO OISl MaTepH-
ajia IpM 3a1aHHOI TeMIIepaType U3MEPEHUS.

Ha pucynke npencraBieHbl MpUMepbl NeTenb AepopMaliui U AUSIEKTPUYECKOTO TH-
CTEpEe3Hca, UCIOJIb3YEMBIX [UIsI aBTOMAaTUYECKOTO aHAIM3a C HCIIOJIB30BAHMEM INPOTrpamMMBbl
STEP.
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PI/IcyHOK. Tunuyseie OSTIN HC(bOpMaLII/II/I U JUBJICKTPUYECKOTO TUCTCPE3UCa
AJIsL CETHETOJJICKTPHUICCKOTO MaT€puraia

Ananuz OJICKTPOMCXAHUYCCKOTO OTKJIMKA IMO3BOJIACT OIPCACINTD Ha6op1)1 OCHOBHBIX
KOHCTAHT, OIPCACIAOMNUX ITOBCACHUC CCTHCTOIIBC30KCPAMHUUCCKUX MATCPpUAIOB B CHJIIbHBIX
MOJISIX € YUYCTOM Ir'uCTCpe3unca.

B pabore mnpexacraBneHa 0azoBas TeOopuss METO/A OIPEICIICHUS XapaKTEPUCTUK
anekTpomexanndyeckoro orkiuka (STEP), a Takke sKkcriepUMEHTaNbHBIE PE3YJIbTAThl IS
LIMPOKOTO CIIEKTPA IIbE30- U CETHETOIEKTPUUECKUX MaTEpUaJIOB U YCTPOUCTB.

HccnenoBanue BHIIOIHEHO MpU (PMHAHCOBOU moiep:kke MunoOpHayku PD (tema Ne
12.5425.2017/8.9, 6a3oBas yacTh roc3agaHusi).
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B pa60Te HUCCICIOBAHEBI 0COOEHHOCTHU MOp(bOJ'IOFI/II/I U TIBC303JICKTPUICCKOTO OTKJIMKaA
OTACIIBHBIX IEPOBCKUTOBBIX OCTPOBKOB B TOHKHUX INJICHKaX PZT, OCAXXACHHBIX Ha IJIATUHUPOBAHHYIO

KPEMHHEBYIO TOMIOKKY. OOCyXmaercs NPUIWHBI HEOMHOPOIHOTO PAIHATBLHOTO pacIpeneIeHMs
MbE300TKIIMKA [0 OCTPOBKAM U BIUSHHUE pa3Mepa OCTPOBKOB.
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KroueBrie CJIOBa: MUpPKOHATa-TUTaHaTa CBHUHIIA, CHUJIOBas MHKPOCKOITHA
IMBE303JICKTPUUYCCKOI'O OTKIIMKA, TOHKHUEC IIJICHKH.

OpnuM 3 6a30BBIX MaTEpHANIOB IS CO3JaHUS Pa3sHOOOPA3HBIX YCTPOMCTB MHKpPO-
AJIEKTPOMEXAHUKHU  SIBIISIIOTCSI  CETHETOAJIEKTPUUECKUE TBEpAbIE PacTBOPbl IMPKOHATA-
tutanara ceuHa Pb(Zr,Ti)O3; (PZT) B Buge ToHkux 1ieHOK [1]. IlneHku, coctaB KOTOPBIX
COOTBETCTBYeT obsacTu MopdoTpornHoi (azosoit rpanuiiel (M®I'), pa3aenstomieii TeTparo-
HAJIBHYIO U POMOO3APUYECKYI0 MOIU(UKAIIMHM CETHETOIIEKTpHUECKOl (ha3bl, 00J1a1a0T MaK-
CUMAJIBHBIMU JJIEKTPOMEXaHUYEeCKHMH mapameTpaMu. Cepbe3HbIM MPEeuMyIecTBOM 00mama-
I0T YHUIOJSIpHBIE (CaMOIOJIAPU30BAaHHBIC) IUJICHKH, JJIi KOTOPbIX HE TpeOyeTcsl AOMOJIHU-
TeJIbHas MpoLEeaypa MOJISIPU3ALNUU, U B KOTOPHIX MAKPOCKOTTMYECKAs TOJIAPU3AIIUS TOCTUTAET
BEJINYMH, CPABHUMBIX C BEJIMUMHOW CIOHTAHHOM TMOJIsIpU3anuu [2].

B paborte uccienopanoch BiusiHue Temieparypbl oTkura (Tom) Ha dazoBoe cocTos-
HUE, COCTaB U (PU3NYECKUE CBOMCTBA CAMOMOJIIPU30BAaHHBIX TOHKUX IUIeHOK PZT. Ilnenku
tonmuHon 500 HM ocaxknanuck MeTooM BY MarHeTpoOHHOTO pacnbUICHUS Ha IJIATUHUPO-
BAHHbIE KPEMHHEBBIE IIACTUHBI C TOCIEAYIOIUM OTKHUIOM TIPH Tome = 530-570 °C. Cocras
IUIEHOK cooTBeTcTBOBaN obnactu M®I'. Meroamu pacTpoBOi 3J€KTPOHHON MUKPOCKOIINU
(Zeiss EVO-40) u cunoBoit mukpockonuu npe3ootkinuka (Ntegra Prima NT-MDT) uzyuanace
CTPYKTYypa c(hOpMUPOBAHHBIX IUICHOK. /{151 M3ydeHUST TUANEKTPUUYECKUX CBOMCTB HMCIIOJbB30-
BaJiCsl aBTOMaTU3UPOBAHHBIN KOMILIEKC Ha 6a3e usmepurens ummurtanca E7-20.

BEIsSIBICHO HEMOHOTOHHOE W3MEHEHHE CKOpOCTH 00pa3oBaHHs (ha3bl IMEPOBCKUTA B
MaTpulie (pa3pl mUpoxyIopa ¢ poctoM T Ha Kpasix TemnepaTypHOro nquana3zoHa KpUCTaUIH-
3anust (pa3el MEPOBCKHUTA TPOUCXOHIIA BO BCeM 00BbeMe IICHOK, TOTa KaK MpH Topm = 550-
560 °C dopmupoBanach aByx(aszHas CTPYKTypa NEPOBCKUT-TIMPOXJIOp. BenuuuHa Iudiex-
TPUYECKOHN MTPOHUIIAEMOCTH YMEHbBIIIAIach OOJiee 4eM B JBa pas3a, a CoJepKaHue H30BITOYHO-
r'0 CBUHIIA YBETUYUBAIIOCH (pHC. 1).

AHanu3 MOJIy4eHHBIX JTaHHBIX MMOKAa3ajl, YTO TaKOE€ MOBEJIEHUE SBIISETCS CIEICTBUEM
KOHKYPEHIIMM MEXaHU3MOB 00pa3oBaHMs (a3bl MEPOBCKUTA HA CBOOOJHOW IMOBEPXHOCTH
IJIEHKUA U Ha TPaHUIIE TUIEHKU U MOJIOKKH, YTO IPUBOJUT K YMEHBUIEHUIO CKOPOCTH pa3pac-
TaHUsI OCTPOBKOB (ha3bl MEPOBCKUTA M3-3a HAKOIUICHUS M30BITOYHOTO OKCHIA CBHHIIA HA WX
rpaHuIaX.
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Puc.1. 3aBucuMocTy AMAIEKTPUIECKON MpoHUIIaeMocTH € (dactota u3Mmepenus 10 kI') (a)
u aneMeHTHOTO cooTHOmeHus Pb/(Ti+Zr) (6) ¢ poctoM Temmeparypsl oTxkura Ty

HccnenoBanus Mbe302JIEKTPUIECKOTO OTKIMKA BBISBHIN P ocoOeHHOCTEH. Penbed
MIEPOBCKUTOBBIX OCTPOBKOB XapaKTEPH30BAICSA PaJIUATBHON HEOTHOPOJHOCTHIO M YBEIHYEC-
HUEM O00beMa HHU3KOTEeMIIepaTypHOU ¢asbl mupoxjopa B oOnacTé (Ga3oBOil T'paHUIBI IH-
pOXJIOp-TIepOBCKUT (puc. 2,a,0). BenmnunHna mbe300TKIMKAa B OCTPOBKAxX TaKXKe OTJIMYAIACh
paauaIbHOM HEOAHOPOTHOCTHIO (pHC. 2,B,T'), CTENEHbh ITON HEOJHOPOJAHOCTH BO3pacraia Io
MEpPE YMCHBUICHUA JUaMETPa OCTPOBKOB. BennuuHa 1be300TKINKA B OTACIBHBIX OCTPOBKax
¢da3bl MEepOBCKUTA CYIIECTBEHHO MpPEBBIIIAIa MEE300TKIUK B OJHO(DA3HBIX MEPOBCKUTOBBIX
mieHkax. B pabore o0Cy)maar0TCss MPUYMHBI aHOMATBHBIX U3MEHEHHUH MHE302JIEKTPHUIECKOTO
OTKJIHKA.
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Puc. 2. Tonorpaduueckoe nzodpakeHne MIEPOBCKUTOBOTO OCTPOBKA (), mpoduis
MMOBEPXHOCTH OCTPOBKA MO JIMHUH (0), MEE303IEKTPHUECKUIN OTKIMK OCTPOBKA (B) U PO UITH
MbE303JIEKTPUIECKOr0 OCTPOBKA MO JIUHUH (T). Tore = 555 °C
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HCCHGI{OB&HBI KBa3UCTAaTUYCCKUEC MPOUECCHI pelaKCalun I[I/IBHGKTPI/I‘IGCKOﬁ MIpOHNIa€MOCTH,
BO3HUKAIOIHUEC B PE3YJIbTATC MCPCKIITOUCHUSA MOJUKPUCTAINIMNIYCCKUX TIJICHOK LITC, KpUCTaJLJIN30BaH-
HBIX IIPHU PA3JIMYHBIX TEMIICPATYpPaAX OTKUTA. HOK%aHO, 4TO IMPOLCCCHI pCIaKCalluN XapaKTCPUIYHOTCA
TPEM BPEMCHAMU pEIaKCalu, 3aBUCAIIUMHA OT TEMIICPATYPhl KpUCTAJUIM3alluU, U, KaK CICIACTBUEC, OT

JJOKaJIM3all OKCHaa CBUHIIA B 00beMe IIJICHKH.

KaroueBrle c10Ba: TOHKHE IJICHKH I_[TC, PpeiIaKCallTMOHHBIC TPOLECChI, JUIJICKTPUICCKAA IIPO-

HUIIAEMOCTb, CaMOIIOJIApU3aIIU.

B cBsi3u ¢ Tem, uyTo TOHKHME TUIEHKM IMpkoHara tuTaHara cBuHma (L[TC) sasercs
HaubOosee 3HAYMMBIM (DYHKIIMOHAIBHBIM MaTepUATIOM ISl 3JIEMEHTOB JHEPTrOHE3aBUCHUMOU
MaMsTH, UCCIEA0BAHUS UX MEPEKIIOYATEIbHBIX CBOMCTB U COMPOBOXKAAIOIINE UX peaKcaly-
OHHBIX SIBICHUH SBISIOTCS aKTyadbHOW HayYHOM 3amaueli, TeM Ooliee, YTO B HACTOSIIEE Bpe-
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Msl HET OJJHO3HAYHOT'O 3aKJIIOYEHUSI O IPUPOJIE ITUX sBJIeHUM. B [1] moka3aHo, yTo B IJIEHKAX
LITC, mony4eHHBIX 30J1b-T€Ib METOJOM, PEJIaKCAIIMOHHBIE MPOLIECCHI CBSI3aHbI C BBIKIIIOUEHU-
€M YacTH TepeKIioyacMoro odbeMa 3a CUeT 3aKpEIUICHUS 3apOJIbIIel 0OpaTHBIX JOMEHOB
3apsKeHHBIMU JeeKkTaMu. ABTOpPHI [2], U3y4as pelaKkcaluio TOKa B OTJIEIbHO B3SITOM 3€pHE,
OOBSCHSIIOT €€ MEIICHHOU Iepe3apsiIKol rTyOOKHX YPOBHEH, JTOKAIM30BAHHBIX HA TPAHUIIAX
3epeH BOJIM3U 3JEKTPOJOB, UCKIIOYas BKJIAJ JOMEHHOro MexaHusMma. [lo MHEHHIO aBTOpOB
[3] cyliecTBYIOT TpH Mpolecca pelaKcaldd TOKa MEPEKIIIOUeHHs] ¢ pa3HbIMH BpEMEHAMH U
MeXaHU3MaMH.

B nacrosmieit pabote, ¢ 1eIbI0 YTOYHEHHS BKJIaJa JOMEHHOTO MEXaHHW3Ma B KBa3HU-
CTalloHapHble Mpouecchl nepekaodeHus wieHok L[TC, xpucranin3zoBaHHBIX MpPU Pa3HbIX
TEMIIEPaTypax, UCCICAYETCS pelaKcalys JUIIEKTPUICCKON MPOHUIIAEMOCTH B OOJIACTH TIO-
CTOSIHHBIX TOJIeH, COOTBETCTBYIOIINX €€ MaKCUMyMy Ha BosbT-(hapaanbix (C-V) 3aBucumo-
ctax. [Inenku HUTC Tomumuuoit 1000 M nonydensl metogoM BYU marHeTpoHHOTO pacmblie-
HUSl Ha «XOJIOAHYIO» IJIATUHUPOBAHHYIO KPEMHHEBYIO MOJIONKKY KepaMHUYEeCKOW MHILIEHU
coctaBa PbZr( 54 Tio 4603, conepxanieit nononautensio 10 moia. PbO, ¢ nocneayrommm oTxu-
roM Ha Bo3ayxe npu 580-650 °C mis kpucrammuszanuu B a3y nepoBckura. B kauecTse Bepx-
HUX 3JIEKTPOOB MCIOJIb30BAJIaCh IJIATHHA.

PenakcarmonHble sSIBJICHUS, COMTPOBOXKIAIOIIUE TIpoliece nepekitoueHus mienoit L[TC,
M3Y4YaJIUCh TPEMs HE3aBUCHUMBIMU METOJIAMU: TUHAMUYECKUM METOJOM HCCIEAOBaHUS TTHUPO-
s dexTa, METOIOM CUIIOBOM MUKPOCKOIUU MbE300TKIIMKA U M0 PEellaKCallMOHHBIM 3aBUCUMO-
CTSIM JTUDJICKTPUUYECKON MPOHUIIAEMOCTH B O0JIACTH TOCTOSIHHBIX IOJI€H, COOTBETCTBYIOIIUX
ee mMakcuMymaMm Ha C-V xapakTepuCTHKaX. AMNMPOKCHUMAIMS pPEeIaKCaIlMOHHBIX 3aBUCHMO-
CTeH JMDIIEKTPUYECKOW MPOHMUIIAEMOCTU CBHJICTEIBCTBYET O HAIMYMHM TPEX HE3aBUCHUMBIX
MPOLIECCOB C Pa3jIMYHbIMH BPEMEHAaMHU pellaKCcallid, KOTOpbIe MPOUCXOIAT ObICcTpee Mpu Ie-
penosspusanuu wieHok L[TC B HanpaBieHnH BHEIIHETO TMOJIs, COBMAIAIOIIEM C OpUEHTAIMEH
BEKTOpa camornoispusanuu, puc 1,a. Ilporecc, conpoBoxaammunics penakcaimei co BpeMe-
HeM T; (puc. 1,a), accouuupyercs HaMH € JIOMEHHBIM BKJIaJI0M IPU KBAa3MCTaTUYECKOU Iepe-
nonsipu3anuu mwieHok [{TC B mOCTOSHHBIX MOJSIX.

900 . . . . 1 : : : :
& =
ET‘ PCaM Q)- |
T=7% E 0
8501 =35¢ | o
13=350 ¢ ) J
1 -
&
=
8004 E ﬂ Peau i =)
1=10¢ > % 2
H=55¢ w0 b
13=450 ¢ =
750 T -3 : : : T T T

0

200

t,c

a)

400

600

t,c
6)

Pucynok. PenakcauinoHHble 3aBUCUMOCTH: a - TUAJIEKTPUUECKOM poHuLiaeMocTu B reHkax L{TC
(Torx = 580°C). KpuBasi 1 cooTBeTCTBYET (ETPeun); KpuBas 2 — (ETP.ay). 6 — mbesoTkimka. Toukn —
AKCTIEPUMEHTATBHBIE PE3YNIBTATHI, CIUIONIHBIE JIMHAH — allPOKCUMAIIMOHHEIC 3aBUCHUMOCTH

Jloka3aTenbCTBOM MOXKET CIIY)KMTh M XapaKTep peslakCcallud Mbe300TKIUKa B MOCTO-
SIHHOM T10J1e Tipu nepekitouenuu mwieHku LITC, puc.1, 6. B pabore oOcyxnaeTcs BKIaJ JIOKa-
JN3alUu OKCHJA CBUHIA C YBEJTMUYEHUEM TEMIIEpaTypbl OT)KUra U €ro BIUSHUS Ha BEUYMHBI
BPEMEH pellaKCalluM JUAIEKTPUYECKON TPOHUIIAEMOCTH.

Jlurepatypa
1. Cunopkun, A.C. BiusHHIE TIPOIECCOB YCTAIOCTH HA TOKHU MEPEKITIOUEHUS B IICHKAX THTA-
HaTa CBUHLA U IupkoHara-tutaHata cBuHua / A.C. Cunopkus, JL.II. Hectepenko, A.1O. Ilaxomos //
®us. B. Tena. —2012. — T. 54. — Bein. 5. — C. 947-949.

109



2. Unexpected behavior of transient current in thin PZT films caused by grain-boundary con-
duction/ L.A. Delimova [et al.] // J. Appl. Phys. —2017. — V.121.— 224104 (1-9).

3. Depolarization currents in thin ferroelectric films / Yu.V. Podgorny [et al.] // Ferroelec-
trics. —2012. — V. 439. — P. 56-61.

YK 538.9
CTPYKTYPA ILTEHOK Li-Nb-O IIOCJIE TEPMAYECKOI'O
OTXXUT A WX UMIIYJIbCHOM ®OTOHHOM OBPABOTKH

JI.B. Cepuxos', B.A. Jlsi608”
'Mnanumit Hay4Hblit coTpyHuK, dmitry.tut@mail.ru
*Mnammmii HayaHbIi coTpyaHHK, dybovvlad @ gmail.com
OI'BOY BO «BopoHeXCKHil ToCy1apCTBEHHBIN TEXHHYECKUH YHUBEPCHUTET

B pabote mpenacTaBicHa MPHHIIUIHAIBHAS BO3MOXHOCTH MOJYYCHUS MOJHKPUCTATUTHICCKUX
TieHoK cucteMbl Li-Nb-O TepMuU4eckuM OTKHUTOM M UMITyJbCHOW (DOTOHHOW 00pabOTKOW TeTepo-
cTpyKTyp «amopgHas mienka Li-Nb-O/Si0,/Si».

Kitouersie ciioBa: HIOOAT JIMTHS, UMITYJIbCHAsI ()OTOHHAsI 00paboTKa, TepMo0oOpadoTKa.

N3-3a yHUKaQJIBHBIX SJEKTPOONTUYECKUX, AKYCTOONTHYECKUX U CETHETOAJICKTpHUYE-
CKHX CBOWCTB TOHKHE IJIEHKU HHOOATA JINTHUS - IEPCIEKTUBA PA3BUTHUS OMTOAIEKTPOHUKH [1].
Lenb paGoTsl BEISIBICHUE 3aKOHOMEPHOCTEH CTPYKTYypOoOOpa3oBaHus B TUIEHKAX CHCTEeMBbI Li-
Nb-O B mpoueccax ummyiabcHoi (ororHON 00padotku (MPO) U TepMHUUYECKOTO OTXKHTa
(TO).

Ucxonubie Tonkue mieHku Li-Nb-O TonmuHo#i 1.5 MKM HaHOCHJIM Ha HEMOJIorpeBae-
MYIO IUIACTUHY OKHCJIEHHOI'O KPEMHUS B IPOLECCE BHICOKOYACTOTHOIO MarHETPOHHOI'O pac-
neuieHus: (BUMP) mumenun MoHokpucrammuieckoro Huobara nutus. UPO o6pasiioB npoBo-
qu B yctaHoBke YOJIII-1M wuznydeHuem razopaspsaHbIX KCEHOHOBBIX jamm (A=0,2-1,2
MKM) Ha BO3/YyX€; JUIMTEIbHOCTh uUMMyibca 1,0 ceKkyHAa, 4TO COOTBETCTBYET IUIOTHOCTH
sHepruu E, = 120 Jix-em . TO (1 1ac) nposoawin Ha Bo3ayxe npu 600 °C. Ctpykrypy mie-
HOK m3ydanu meronamu [IOM u POM mno npodunbHbBIM H300pakeHUsIM (METO/IMKA «Cross-
sectiony).

Puc. 1. IIBM (a), POM (0) u3o0parkeHUs 1 JIEKTPOHOTPaMMBbI (a) HOMEPEeYHOro cpesa
ucxonHoi rerepoctpykTypsl Li-Nb-O/Si0,/Si (a) u nocie TO (0)
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I[1OM, POM wuzoOpaxenus U (parMeHTHl 3JIEKTPOHOIPAMM IIONEPEYHBIX CpPE30B
LiNbO/Si0,/Si cBUAeTENbCTBYIOT O TOM, 4TO B pe3ynbTate BUMP mumenn LiNbO; Ha mo-
BEPXHOCTH HemojorpeBaemoii miactunbl Si0,/Si popmupyercs amopdras mienka (puc. la).
B npouecce TO nmpoucxoaut oOpazoBaHue KPYIMHO3EPEHHOU CTPYKTYPHI (pa3Mep KpUCTAILIH-
ToB 0T 0,4 10 1 MKkM) ¢ cucremoil Ha"omop (oT 10 1o 80 HM) O MEX3EepEeHHBIM I'PaHULIAM
(puc. 16).

B mpouecce DO dopmupyeTcst ynbTpanopucTas HaHOKPUCTAJUIMYECKast CTPYKTypa,
pasMep HaHOIIOp U HaHOKpHUCTALIOB ~50 HM (pHcC. 2).

Puc. 2. POM wu3o0paxkeHue MOMepedHoro cpesa rerepoctpykTypbl Li-Nb-O/Si0,/Si nocne UDO

[lokazana nmpuHIMNMAIBHAS BO3MOXKHOCTbh 3aBEPIIECHUS CHHTE3a IMOJIMKPUCTAILIINYE-
ckux mieHok B nporeccax TO u @O amopdHbIx mieHok cucteMbl Li-Nb-O.

O¢dexr OpicTpoit @O mposiBIsSeTcs B YCKOPEHUH MpoIecca KPUCTALTU3AINH T10
cpaBHeHuto ¢ TO.

Pabora BeimonHena npu ¢uHaHcoBoM momaepxkke PODU (mpoekt Ne 18-29-11062
MK).

Jlurepatypa
1. Pan X., Shuai Y., Wu C., Luo W., Sun X., Zeng H., Zhang W. Rectifying filamentary resis-
tive switching in ion-exfoliated LiNbO3 thin films // Appl. Phys. Lett. 2016. V. 108. P. 032904.

YK 53.043, 53.091
MEXAHOAKTHUBAIIMS 1 ®PU3HUYECKHUE CBOMCTBA
AHTUCETHETOJJIEKTPUKA PbZrO;

M.A. CI/IpOTal, M.A. Buruenko’, .B. MapnaCOBaS, KI. A6,Z[YJ'IBaXI/II[OB4, A.IL BYI[HI/IKS, I1.C. Ins-
Ka(’, A.H. Ha3apeHI<o7, A.B. Connaros®, C.B. qepKaCOBa9
' AcrmpanT, mari.sirota@ya.ru
*K.d.-M.H., gorient, phys.mar@yandex.ru
’K.¢.-M.H., 011eHT, irina.mardasowa@yandex.ru
4[[.(1).—M.H, JIOLIEHT, phys.kam @mail.ru
K X.H., JOLEHT, abudnik.sfedu@yandex.ru
°K.d.-M.H., moneHT, pavstef@mail.ru
’K.¢.-M.H., HayuHBIi COTpYIHHK, avnazarenkol @gmail.com
¥11.d.-M.H, ipod., soldatov@sfedu.ru
® Acrimpanr, cherkasova.svetlana.o@gmail.com
'"FOsxHBIi (enepanbHblii yauBepcuTet, PocToB — Ha - J[oHY
** [lonckoii rocy1apcTBeHHbII TeXHUUECKHii YHUBEpCHTET, POCTOB - Ha- J[oHy
3T Oxnprit Hayunsii neatp PAH, PoctoB — Ha - Jlony
$*MesxayHapoiHblil HCCIIeI0BATENBCKUIT MHCTHTYT HHTEIUICKTYalIbHBIX MaTepuanoB ODY
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Hupkonar ceunna PbZrO; sBnsieTcst nepBbIM COEAMHEHUEM, Y KOTOPOTO 3KCIEPUMEH-
TaJbHO OBUIM OOHAPY)KEHBI aHTHUCETHETORJICKTPUYECKHEe cBOWCTBA. OH SBISIETCS OJHUM W3
OCHOBHBIX KOMITIOHEHTOB TBEPABIX pacTBOpoB PbZr| TiyO3, oOiagarommx MIMPOKUM CIEK-
TPOM IIEJIEBBIX CBOMCTB, (POPMHPOBAHUE KOTOPBIX TOCTUTACTCS M3MEHEHHUEM KOHIICHTPALIUU
KaTHOHOB Zr 1 Ti Wiy JoNUpOBaHUEM ITPUMECSIMH.

B nanHo# paboTe HaMU TpEICTaBICHBI SKCIEPUMEHTAIBHBIC PE3yJbTaThl M0 H3Yy4e-
HUIO BJIMSIHHSI MEXaHHUYECKON aKTHBAIlMM CHHTE3WpoBaHHOTO PbZrO; Ha ero ¢usudueckue
cBoiicTBa. MexaHoakTuBalusa nopomkoB PbZrOs; ocymiecTBisiiach ¢ MOMOIIBIO HAKOBaJEH
bpukMena, HUXKHSASL U3 KOTOPBIX Bpallajiach B 33IaHHOM YIJIOBOM MHTEPBAJIE CO CKOPOCTHIO
0.05 o6/mun. IToaHOE YMCIO 00OPOTOB paBHSIOCH NBYM. IlpukiagsiBacMoe NaBlIeHHUE IS
KaXKJ0ro Tocieayronero oopasna ommyanock Ha 40 MPa. MakcumalibHOE JJaBJICHHUE PaBHSI-
sock 320 MPa.

Meronamu JUAIEKTPUYECKOM U ONTUYECKOM CIIEKTPOCKOIINH, a TAKKE JPYTUMU dJIEK-
TPOPU3HMUESCKUMHU METOJIaMU U3YYCHBI CBOMCTBA U CTPYKTYPY aKTHBHPOBAHHBIX MOPOIIKOB H
KEepaMUYECKHX 00pa3IoB.

PentrennndpakroMeTpuueckuM METOAOM IPU KOMHATHOW TeMIlepaType H3MepeHa
KOHIICHTPAIUs TUCIIOKALUI, pa3Mepbl 00J1acTeil KOTEPEHTHOTO paccessHus M MUKpoiehopMa-
MU KaXKJIOTO TTOPOIIKOBOTO 00pasia.

B mapasnexkrpudeckoii (haze u3ydeHbl 3aBUCUMOCTH CPETHEKBAIPATUIHBIX CMEIICHHM,
temneparypsl Jlebas u daxropos Jlebas - Bamnepa ot naBnenuss Mmexanoaktuauuu. OGHa-
PYXXEHHBIC 3aBHCHUMOCTH JTHX MapaMETPOB HE SBISIOTCS MOHOTOHHBIMHU, YTO OOYCIIOBJICHHO
pa3IMYHOI KOHIIEHTpalUeld CTPYKTYpPHBIX AePeKTOB, MU} PY3HOHHBIMH MPOILIECCAMU, Pa3BH-
BAIOIIMMHUCS MTPU MEXAHOAKTUBALIMH TIOPOIIKOB U, CJIEIOBATEIIbHO, PAa3IUYHBIMU CTAPTOBBIMHU
YCIOBUSIMU 00PA3IOB MPHU CIIEKAaHUH KEPAMUKH.

VJIK 538.95
YIPYIME MOTEPU M JIMCHEPCUS B IIOPUCTOM
CETHETONBE3OKEPAMUKE

n.A. H_[BCLIOBI, M.A. HerBaﬂz, H.A. LHBGLIOB3.3, AH. PBI6$IH€I_I4
' AcniupanT, wbeg @mail.ru
*Acrnmpanr, lugovaya_maria@mail.ru
3 Acrmpanr, yfofif_71@bk.ru
*II-p hu3.-MaT. HayK, IJIaBHEIH HayYHbIH COTPYIHHK, arybyanets @ gmail.com
OI'AOY BO «HOxHbIi penepanbHblii yHUBEPCUTETY

B Hacrosmeit pabote BBIMOTHEHBI KOMIUIEKCHBIC HWCCICJOBAHUS YIPYroW IWCIEPCUH H
MOTEPh B MOPHUCTBIX CETHETOINBE30KEPAMHUKAX PA3IUYHBIX CHCTEM, BKIIOYAMONIUE B ce0sl KOHEYHO-
Pa3HOCTHOE MOJEIMPOBAHHME, TbE30PE30HAHCHBIM aHAIW3 W YJIbTPa3BYKOBBIE H3MEPEHHS.
PaccMoTpeHBl MHKpPOCTPYKTYpHBIE M (DM3MYECKHE MEXAaHU3MBI YNPYTHX, NbE30AJIEKTPUUYECKUX U
JUIIEKTPUYECKUX MTOTEPh U IPOCTPAHCTBEHHOM JUCIIEPCUM B IIOPUCTOM IIbE30KEPAMHUKE.

KitoueBple ciioBa: MHbE30PE30HAHCHBIM  aHANW3, JAWUCHEPCHdA, 3aTyXaHMs, IOpHUCTas
CErHETOIbE30KEPAMHUKA.

B Hacrosimee Bpemsi HaONrOAaeTcs TEHACHIMS K 3aMEHE BBICOKOIUIOTHBIX U COBEP-
IIEHHBIX B XMMHYECKOM M CTPYKTYPHOM OTHOIIIEHWW aKTUBHBIX MaTEPUAJIOB HA HECOBEPIIICH-
HbI€ B CTPYKTYPHOM OTHOLIEHWH, HU3KOIUIOTHBIE MAaTE€pUalIbl C T€TEPOTCHHOU CTPYKTYpOil
(Mbe30KepaMUKH Ha OCHOBE THTAaHATa M METaHHOOAaTa CBUHIA, KOMIIO3UTHI KEpaMu-
Ka/TIOJIMMEP CO CBSA3HOCTHIO 1-3 M mOpHCTHIE Mbe3okepaMuku [ 1]).

[Topucras mbe3okepaMHuKa Ha OCHOBE Pa3IMYHBIX MbE30KEPAMUUYECKUX KOMITO3HITHI
ObLJT1a TpeIoKeHa B Ka4ecTBEe 3aMEHbI METaHNO0aTa CBUHIIA ISl MCIIOJIb30BAHUS B IIUPOKO-
MOJIOCHBIX YJIBTPa3BYKOBBIX IMpeoOpaszoBareisx [2]. OpraHuzauuu NpOMBIIUIEHHOTO MPOU3-
BOJICTBA MOPUCTOM MbE303JEKTPUUYECKON KEpaMUKU C BOCIPOU3BOAMMBIMU CBOWCTBAMH U
KOHTPOJINPYEMOU TMOPHUCTOCTHIO MPEIIIECTBOBATN HHTCHCHUBHBIE TEXHOJIOTHYECKHE U Hay4-
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HO-HCCIIeIOBATENILCKUE PAa0OTHI, a TAKXKE TOSBICHUE HOBBIX YCOBEPIICHCTBOBAHHBIX TEXHO-
Jorui [2].

B mactosmeit pabote nmpoBeIeHbBl MHOTOIUIAHOBBIC MCCIICOBAHMS YIPYTON IUCIIep-
CHU Y TIOTEPh B MOPUCTHIX CETHETONMBE30KEpaMUKaX Pa3IMYHbIX CUCTEM, BKJIIOYAIONINE B ce0s
KOHEYHO-Pa3HOCTHOE MOJCIIMPOBAHUE, XaPAKTEPU3ALUIO C HCIIOJIb30BAaHUEM HMIEHAHCHOU
CIIEKTPOCKOIHMH U MbE30PE30HAHCHOTO aHAJIN3a, a TAKXKE YJIbTPA3BYKOBBIE 3XO-UMITYJILCHbBIC
U3MEPEHHUSL.

B kadecTBe 0OBEKTOB JIJIsl MCCIICIOBAHUS OBLIN BHIOPAHBI MTOPHCTHIE CETHETONBE30Ke-
pamuku Ha ocHoBe LITC ¢ oTHOCuTENbHOM MOpHUCTOCTHIO 10 50% U CpelHUM pa3zMepoM Top
10-30 MKMm.

KoMruiekcHbie yrpyrue, DUAICKTPUYECKUE M MMHE303JICKTPHUSCKUe KOIPPUITUSHTHI
MOPUCTOM MBE30KEPAMUKU OMPEACISUIMCH METOJOM MUMIIEIAHCHON CHEKTPOCKONMUHU C UCHOJIb-
30BaHHEM MPOrPaMMHOTO OOecIeueHus sl ITbe3ope3oHancHoro ananu3a (PRAP) [3].

Ha pucynke npuBeeHbl UMIIEIAHCHBIN CHEKTP JJISI TPEX MEPBBIX TAPMOHUK TOJIIIUH-
HOUW MOJIBI KOJICOAHUH Mbe30KePaMUIECKOTO JUCKA, a TAK)KE YACTOTHBIC 3aBUCUMOCTH KOM-
IUIEKCHBIX ~ MOJYJIEM  YHNPYrocTH Uil TMOPUCTOM  CErHETONbE30KEPaMUKH  COCTaBa
Pb0’45Ti0’4521'()’53(WI/ZCdl/Z)()’0203 (HKP-I) C OTHOCHTEJIbHOU MMOPHUCTOCTBIO 18%.

B pe3ynbrare npoBeieHHOr0 KOMIUIEKCHOTO UCCIEN0BaHUs, BKIFOUAOIIEr0 KOHEYHO-
pazHoctHoe 3D-MonenupoBaHue, UMIEAAHCHYIO CHEKTPOCKONUIO U YJIbTPa3BYKOBBIE H3Me-
pEeHMsI, TOKa3aHO, YTO YAaCTOTHBIC 3aBUCUMOCTH YIPYTUX MOAYyJEH (TUCHepcus) U 3aTyXaHue
yIBTPa3ByKa B MOPHUCTHIX MbE30KEPAMHUKaX OO0YCIIOBIIEHA PACCESHUEM YIPYTUX BOJIH HA IO-
pax.
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Pucynok. UmnenancHble crieKTpsl 1 anmpokcumanud PRAP s TommuHHBIX KonebaHui (a)
. . /D /E
Y 3aBUCUMOCTH KOMITJIEKCHBIX MOAYJIEH yIPYTOCTH (JIeHCTBUTEIHHBIX C 33 » U3y M MHHMBIX
ID AIE .
C33 R C33 yacTeii) nopucroro nucka [IKP-1 @310 x 0,5 mm

VCTaHOBJIEHO, YTO B YAaCTOTHOM JIMAIa30HE, COOTBETCTBYIONIEM YCiOBHIO A >> D

o 3 4
CKOPOCTh U 3aTyXaHUC YJIbTPA3BYKOBBIX BOJIH YBCIWYHUBAKOTCA C 4aCTOTOH, KaK f n f

cooTBeTcTBEHHO. C POCTOM 4acTOTHl M MPUOINKEHUH AxD (4 <A< 10) XapakTep pac-
CCSIHHUSI MCHSICTCS OT PAJICCBCKOI'O K CTOXAaCTUUCCKOMY, 3aTyXaHUC U JUCHCPCUS YCUIIMBAIOTCA

2
" OIIMCBIBAIOTCA YaCTOTHBIMH 3aBUCUMOCTIAMHA f u f COOTBCTCTBCHHO.

HccnenoBanue BHIIOIHEHO MPpU (UHAHCOBOM noyiep:kke MunoOpHayku P® (6azoBas
yacTh roc3zafganus, tema Ne 12.5425.2017/8.9) u Poccuiickoro gonna ¢pyHnaMeHTanbHBIX UC-
cnenoBanuii (PODU Ne 16-58-48009-Un-omn).
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3. PRAP (Piezoelectric Resonance Analysis Program). TASI Technical Software,
Inc.; www.tasitechnical.com

YK 537.226
MMPOIECCHI PEJIAKCAIIMU HOJISIPU3AIIMA B MHOI'OKOMITOHETHOM
CETHETOIIBE3OKEPAMUKE B IIUPOKOM OBJIACTHA TEMIIEPATYP

A.B. CKpHJ‘IéBl, .M. Ak6aeBa’, A.1. BypxaHma3 , A.B. Corur®
"Mnammmnit Hayusslii coTpyauk, skrylyov@sfedu.ru
*HayuHEIii COTPYIHHK, K.¢.-M.H., gakbaeva@mail.ru
3I[oueHT, I.¢.-M.H., burkhanov@inbox.ru
*Tlouent, a.¢.-M.H., sandrej74@mail.ru
lI/IHCTI/ITyT BBICOKHMX TEXHOJIOTHH M Mbe30TeXHUKH, KOxXHBIH (henepaibHbI YHUBEPCUTET
*HayuHo-HCCIIeI0BATENbCKMH HHCTHTYT (u3uku, FOKHbIH (enepanbHblii yHHBEPCUTET
*Bonrorpackuii rocy1apcTBEHHbII TEeXHUYECKHH YHHBEPCHTET

B nanHo# paboTe McciaenoBaHbl MPOIECCHl PEJIAaKCAIIUH MOJIIPU3AIUH B MTbE30KEPAMHUYECKOM
Matepuane Ha ocHose L[TC B mmpokoit o6mactu TeMreparyp.

Kirouessie cnosa: cuctema L{TC, cerHeToMArkasi mbe3oKepamMuKka, AUCIEPCUs, NOIApU3aLuUs,
pa3MbIThIC (Da30BBIC MIEPEXOIbI.

N3BecTHO, YTO B MHOTOKOMIIOHEHTHOM Ib€30KEpaMHKE IPU ONPEIEICHHOM COOTHO-
[IEHUH KOMIIOHEHTOB TBEPJIOTO PacTBOpa U MOAHPHUIMPYIOIIUX MpUMecel, (pa30oBblil mepe-
XOJI U3 CETHETORJIEKTPUUECKOM (ha3bl B MAPadIEKTPUUECKYIO IPOUCXOAUT B HECKOJIBKO ITAIlOB
[1,2]. IIpu 3TOM TeMnepaTypHBIi HHTEPBaJ, TAKUX CTPYKTYPHBIX U MOJSPU3ALUOHHBIX U3Me-
HEHUI, MOKET JJOCTUTaTh COTHU I'PaJlyCOB.

B nacrosieit pabore ncciae10BaHbl IPOLECCHl pelaKcaluy MOISpU3alU B IIHPOKOI
objmacTu Temreparyp B Ibe€30KepamMHueckoM Marepuaise Ha ocHoBe [L[TC -
0.35PbTi0; — 0.21PbZr0, — Pb(Ni, /3 Nb, ;)05 — Zn, /;Nb, /5 0,.

Ha pucynke 1 npencrasiensl netrinu noisipusanuu Ha yactorax 0,1, 1 u 10 I'u npu

Pa3sIMYHBIX 3HAYECHHUAX aMIUIMTYIbI CHHYCOMAANBHOro nons E v npu pasnmuuneix remnepary-
pax. [Ipu T = 22°C mabnrogarorcs MUNIb YaCTHBIE HUKJIBI TIETENb HOISPH3AIUH C 3aMETHBIM
oTiHumeM creneHyu pazsopaunBanus; npu 1T = 7 5°C Haunnaer yMeHbIIAaThCA KOAPIUTHBHOE

none ¢ ymenbmenueM 4dactotel, mpu 1 = 137°C — npossanarcs Bknag mpoBoguMocTH Ha
0,11 — meTnm mossipu3auu 3akpyrsitores, a Ha 1 u 100’ Takxke MposIBISIETCS YaCTOTHAS
3aBUCHMOCTh KodpuutusHoro nois E., va 1T oHo Menbuie, yem Ha 10T 1 Kak cliencTBue

3HAYEHUS NOJIPU3ALUH BBILIE.

[TonydeHHble pe3ynbTaThl OOCYKIAIOTCS B paMKaxX CYIIECTBYIOIIMX IOAXOJOB pac-
CMaTPHUBAIOIIUX B3aWMOJICHCTBHE OMEHHBIX I'paHMIl C PAa3JIMYHOTO TUMNa jAedeKkTaM xapak-
TEPHBIMU JIJIs1 HEYIOPSAJOUEHHBIX CTPYKTYP.
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YK 538.95
YACTOTHBIE 3ABUCUMOCTHU KOMIIVIEKCHBIX KOHCTAHT

U IIPU Pa3InYHBIX TEMIIEPATYPAX

Jlutep

aTypa

BECCBHUHIIOBOI CETHETONNBE3OKEPAMUKHA

H.A. IlIgenosa', I. . Makapses®, E.H. ITerposa’, A.H. Pri6snen’
' Acrupanr, yfnfif 71 @bk.ru
*Hayumnslit cotpyank, dmakarev@rambler.ru

*Hayumnblit corpyuuk, harigamypeople @ gmail.com
*]I-p u3.-MaT. Hayk, TIIaBHbI HAY4YHBIIT COTPYHUK, arybyanets @ gmail.com
OI'AOY BO «tOxHbIi penepanbHblid yHUBEPCUTETY
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Pucynoxk. Iletnu monsipuzanuu ucciaeayeMoro cocraBa Ha yactorax 0.1, 1 u 10 I'ig

1. A.V. Skrylev, A.L. Burkhanov, G.M. Akbaeva, L.A. Dykina, Electrophysical and mechani-
cal properties of PZT-based soft ferroelectric material in wide range of temperatures // Ferroelectrics,
V. 538, Issue 1, P. 146-153, 2019.

2. A.B. Ckpsinés, A.W. Bypxanos, .M. Ax6aea, A.E. [1aany, /Iu3iekTpruuecKie u ynpyrue
CBOWCTBA B 00JIACTH Pa3MBITOTO CTPYKTYPHOTO (pa30oBOro mepexojia B MHOTOKOMITOHEHTHOH CHCTeMe
Ha ocHoBe LITC // U3Bectus Poccuiickoii akanemun Hayk. Cepus ¢pusuueckas. 2018. T. 82. Ne 3. C.
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B nmanHO#i  paboTe  MccnenoBaHBl  YacTOTHBIE — 3aBUCHUMOCTHU KOMILJICKCHBIX
[IbE303JIEKTPUIECKHUX, JURNIEKTPUUECKUX u YIPYIUX apaMeTpoB 0€CCBUHIIOBBIX
CETHETONbE30KEepaMUK Ha OCHOBE TBepIbiXx pacTBopoB cuctembl (Na,Li)NbO;. IlokazaHo, uto
UCCIIeIOBaHHbIE OECCBHHIIOBBIC CETHETONBE30KEPAMHUKH XapaKTEPU3YIOTCS HU3KHM 3aTyXaHHEM
YABTPa3ByKOBBIX BOJH M OTCYTCTBHUEM IHCIIEPCHUH B IIMPOKOM [HAINlA30HE YacTOT UM MOTYT OBITh
UCIIOJIb30BAaHbI B BEICOKOYACTOTHBIX YJIBTPa3BYKOBBIX IPEOOpa30BaTessiX Al MEAULIMHCKONW TEXHUKU U
HEepa3pyLIAOIeT0 KOHTPOJISL.

Kirouessie CJIOBa: OeccBUHLIOBAS CETHETONbE30KEPAMHKa, MUKPOCTPYKTYpHBIE
HCCIIeIOBAaHUsl, KOMIUICKCHBIE TapaMeTPbl, UMIIEJAHCHBIN CIIEKTD, AUCIIEPCHS.

HuTepec k GECCBUHIIOBBIM CErHETOMBE30KEPAMUKAM CBSI3aH C TEM, UYTO B IOCIEAHEE
BpeMsl Bce OOJIbIIIC BHUMAHUS YIESETCs YKOJIOTHYEeCKUM IpodiiemMaM. BHuMaHue uccienoBa-
TeJel B HAaCTOAIIEe BPEMsI KOHIICHTPUPYETCS Ha yXKE CYIIECTBYIOIUX OECCBUHIIOBBIX KOMIIO-
3uusx [1].

Cpenu U3BECTHBIX OECCBHHIIOBBIX COCTABOB Ha OCHOBE HHOOATOB ILEIOYHBIX METal-
JIOB HauOOJBIINIA MPAKTHUECKUI UHTEPEC MPEACTABISIOT CETHETONMBE30KEPAMUKH Ha OCHOBE
TBepabix pacTBopoB (Na,Li)NbO; [2], neMoHCTpupYIOIIHe OPUTUHATIBHBIA HA00p JUIEKTPU-
YECKUX, YIPYTUX M MHE30ITCKTPUUSCKUAX MApaMETPOB, YTO JIENAeT UX KOHKYPEHTOCIIOCOO0-
HBIMU ¥ TIEPCTICKTUBHBIMU JJIS PsiZIa BBICOKOUYACTOTHBIX YJIBTPA3BYKOBBIX IPUMEHEHUM.

B nannoii paGoTe BBINOIHEHO SKCIEPUMEHTAIFHOE HCCIIEOBAHUE YAaCTOTHBIX 3aBH-
CUMOCTEH KOMIUIEKCHBIX MBE30ICKTPUUCCKUX, AUIICKTPUUCCKUX U YIPYTUX MapaMeTpOB
OCCCBHHIIOBOM cerHeTopbe3okepamuku Ha ocHoBe (Na,Li)NbO; B aumamazone wactot o 100
MI'n. B xauectBe 0OBeKTa MccieqoBaHUs ObUla BbIOpaHa CETHETONhE30KEpaMHUKa COCTaBa
Nayg g6625L10,12375510,01Nbg 988 Al 0102995 (ITKP-35), monyduennas MeTooM ropsiuero npeccona-
Hus [2].

N3mepeHus: KOMIUIEKCHBIX YIPYTUX, TUAICKTPUYECKUX U MbE30AJIEKTPUUYECKUX Mapa-
METPOB MMHE303JIEMEHTOB BBIMTOHUIMCH Ha CTAHJIAPTHBIX 00pa3Iiax ¢ MOMOIIBI0 aHAIN3aTopa
umnenanca Agilent 4294A u nporpammbl aHanuza pe3oHaHCHBIX criekTpoB PRAP [3]. ns
MCCJIC/IOBAHMS YAaCTOTHBIX 3aBUCUMOCTEH KOMIUIEKCHBIX IMMapaMeTPOB JKCIEPUMEHTATbHBIX
o0pa3ioB B nuanazoHe 10 100 MI'11 ucnonb3oBaics MeTO aHaIu3a PE30HAHCHBIX CIEKTPOB
Ha OCHOBHOM YacCTOTE M PE30HAHCAX BBICIIMX MOPSAKOB [3].

Ha pucyHke mnoka3zaHbl 4aCTOTHBIE 3aBHCHUMOCTH JIEWCTBUTEILHOM YacTH MOJYJIA

C/D o QD _C/D/C//D
YIIpyroctu 33 s a TaKXKE MCXAaHHNYCCKOH ]106pOTHOCTI/I M Y3 33 IMbE30KCPAMHUKU

[TKP-35, nony4eHHbIe B pe3ysibTaTe aHAIN3a UMIEIAHCHBIX CIIEKTPOB FAPMOHMK TOJIIUHHON

MOJbI KOJICOAHMI BBICIITUX TIOPAAKOB.
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C33 ¥ MEXaHW4eCKOH T0OPOTHOCTH QM = C33 / C33 nbe3okepamuku [TKP-35

/D o
Kak BUJHO M3 PUCYHKAa MOIAYJIb YHPYTOCTU C33 N3MCHACTCA JIMHCHUHO W HC3HA4YH-
TCJIbHO B HCCJIICJOBAHHOM IHAIIa30HC YaCTOT, B TO BPEMA KaK MCXAaHUYCCKaAsA I[O6p0THOCTL
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D o o
QM TOJIIIMHHON MOJbI KoJIeOaHU CYHICCTBCHHO CHMXACTCA C pOCTOM YaCTOTHI, YTO 00BsiC-

HSIETCSA POCTOM 3aTyXaHUsl yJIbTPa3BYKOBBIX BOJIH.

HccnenoBanne 4acTOTHBIX 3aBUCUMOCTEH 3IEKTPOPU3HUECKUX MMApaMETPOB B YACTOT-
HoM auanaszone a0 100 MI'n noka3zaino, 4to cerneronbe3okepamuka [IKP-35, napsny ¢ Hus-
KOM TUAIEKTPUUECKON MPOHULIAEMOCTBIO, HU3KOW TUIOTHOCTBIO U BBICOKOM CKOPOCTBIO 3BYKa,
XapaKTepHU3yeTcs OTCYTCTBUEM 3aMETHOM YNPYroW IHUCIIEPCUU MU OTHOCHTEIBHO HU3KHUM, IO
CpaBHEHHUIO C nbe3okepamukamu cuctembl L[TC, 3aTyxaHuem ynbTpa3ByKOBBIX BOJH B BBICO-
KOYaCTOTHOM JHara3oHe, U MOXKET OBITh UCIIOJIb30BaHA B BRICOKOYACTOTHBIX YIIBTPAa3BYKOBBIX
npeoOpa3oBaTelIsX JUisi MEIUIIMHCKONW TEXHUKU U HEepa3pyIIaoero KOHTPOJIS.

HccnenoBanue BBITIOJIHEHO MPpU (puHAHCOBOW noanaepkke MunoopHayku PD (Tema Ne
12.5425.2017/8.9, 6a3oBas yacTb roc3ajgaHusi).

Jlutepatypa

1. Saito Y. Lead-free piezoceramics / Yasuyoshi Saito, Hisaaki Takao, Toshihiko Tani, Tatsu-
hiko Nonoyama, Kazumasa Takatori, Takahiko Homma, Toshiatsu Nagaya, Masaya Nakamura // Na-
ture. - 2004. - V. 432. - P. 84-87.

2. Reznitchenko L.A. Piezoelectricity in NaNbOj; ceramics / L.A. Reznitchenko, A.V.
Turik, E.M. Kuznetsova, V.P. Sakhnenko // J. Phys.: Condens. Matter. - 2001. - V. 13. - P. 3875-
3885.

3. Rybianets A.N. Automatic iterative evaluation of complex material constants of highly at-
tenuating piezocomposites / A.N. Rybianets, R. Tasker // Ferroelectrics. - 2007. - V. 360. - P. 90-95.

VJIK 537.9
PEJIAKCAIIMOHHBIE SIBJEHWS ITPM IMHAMHUYECKOM
IMUPOIJIEKTPUYECKOM DOPEKTE
B CETHETODJEKTPUUYECKUX IIJIEHKAX

A.B. Conubiukun’, UJL. JIn?, .M. MopcaKOB3, AL CenbkoBekuii', A.H. Beos’
'I-p du3.-mar. Hayk, mpodeccop, a.solnyshkin@mail.ru
CryneHT, lee-irisha@mail.ru
*Couckarens, i.morsakov@yandex.ru
*Acmupanr, ads @rambler.ru
>JI-p TeXH. HayK, BeyIIHi HayuHbIH COTPYAHHK, nanointech@mail.ru
®I'bOY BO «TBepckoil rocyJapCTBEHHBI YHUBEPCUTET»
HanmonanpHbIH nccaenoBareabckuii yHuBepcuteT « MU TH»

B nanHoii paboTe paccMOTpeHa KHHETHKA MUPOAIICKTPUUECKOrO TOKA CErHETONICKTPUUECKUX
TUIGHOYHBIX CTPYKTYp, COPMHPOBAHHBIX Ha KPEMHHUEBBIX U METAIUIMYECKUX MOJUIOKKaX. [lokazaHo,
4T0 (hopMa MUPOIIIEKTPUUECKOTO OTKIIMKA, PETUCTPUPYEMOTO JTMHAMUYECKUM METOJIOM, M CBSI3aHHBIC
C HEHl pelakcalMOHHBIE MPOIECCHl PA3UYHBl JUIS BBILICYKA3aHHBIX MaTephajioB. JTO CBS3aHO C
JIOTIOJTHUTENHBIM [TBE303JIEKTPHICCKIM BKJIAJI0M, OOYCIOBICHHBIM TEIUIOBBIMH JAe(hOpMALHIMH B
reTepPOCTPYKTYpE.

KitoueBbie clioBa: MHPOIIEKTPHICCKHN d(P(PEKT, CErHETOAEKTPUUESCKas IUICHKA, TEIIOBbIC
JneopMaIim.

B mocnenHee Bpemsi MHTEHCHUBHO IPOBOAATCS HCCIEAOBAaHUS (PU3NUYECKUX CBOWCTB
MOJIAPHBIX MaTEpUasIoB B MJIEHOYHOM HCHOIHEHUU. OHUM 13 6Aa30BBIX MaTepUANIOB JIJISl BbI-
HI€yKa3aHHbIX IPUMEHEHUH SIBIISIOTCS CErHETONIEKTPUYECKUE TUIEHKH, U3TOTOBIIEHHBIE B BU-
JIe TeTePOCTPYKTYP METaJlI-CerHETOIEKTPUK-MeTaI-NToAN0kKa. [Ipn aHanus3e nuposiex-
TPUYECKON AaKTHMBHOCTU TaKUX CTPYKTYpP HEJOCTaTOUYHOE BHUMAHHUE YAEIAETCS MEXaHu4de-
CKHUM HAaMpsOHKEHUSIM, KOTOPbIE CBSI3aHBI C TEIUIOBBIMH AePOpMAIMsIMHU MOAJIOXKEK, dJIEKTPO-
JIOB U JApYrux mnozcioes. JledopmanroHHbIe sBIEHHs, 00YCIOBICHHbIE TEIUIOBBIM BO3JEH-
CTBUEM, Hapsly C U3MEHEHUEM MOJISIPU3alMK IPU POXOXKIECHUN TETJIOBON BOJIHBI OKa3bIBa-
IOT BJIMSHUE Ha PENIaKCallMI0 MHPO3JIEKTPHUUECKOro OTKIMKA, HaOJII0JaeMoro B JTUHAMUYe-
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ckoM pexume. [loaTomy nenpio Hacrosimeil paOoThl ABISUICS aHATN3 KUHETUKUA MHPOIJICK-
TPUYECKOTO TOKA, PETUCTPUPYEMOTrO IIPU BO3IEUCTBUU MOIYJIUPOBAHHBIX TEIUIOBBIX OTOKOB
Ha CErHETOAJIEKTPUYECKUE IIJICHOYHBIE CTPYKTYPBI.

B xadyecTBe 00BEKTOB MCCIIETOBAHMS UCIIOIB30BATUCH MOTUKPUCTAIUIMYECKHIE TUICHKH
UpKoHaTta THTaHaTa cBuHIA PZT, chopmupoBaHHbIE Ha KPEMHHEBBIX U METALTUYECKUX
noaoxkkax. [Iuposnexkrpuueckuii 3pPexT uccieoBan TMHAMUYECKUM METOAOM C UCIOJIB30-
BaHHUEM JIa3epHOT0 U3IY4YEHUS, MOAYINPOBAHHOTO HMITYJIbCAMH MPSIMOYTOJIBHOU (POPMBI.

OKCIEPUMEHTAIBHO MOJIYYEHHBIE pE3yJbTaThl HCCIEAOBAaHUN NPHUBEACHBI HA PHUC.
dopMa NMUPONIEKTPUYECKOTO OTKIMKA, KOTOPBIA PETHCTPUPYETCS NPHU OCBEIICHUM IUICHKU
PZT, chopMupoBaHHONW Ha METALNTMYECKON IMOIOKKE (PUC. a), TIOJTHOCTHIO BOCIIPOU3BOIUT
dbopMy TEIJIOBOTO WMITYNbCa, T.C. SBISETCS MpsAMOYyroipHOW. B cimyuae tuienkun PZT Ha
KPEMHHEBOM MOJIOKKH 3aBUCUMOCTH MUPOIIEKTPUYECKOTO TOKA OT BPEMEHHU Iyyyp0(f) UMEIOT
HayYaJIbHBIA BBIOPOC TOKA C MOCIEAYIOIINM pelaKCallMOHHBIM CIaIOM JI0 HYJIEBOTO 3HAYCHUS
(puc. 0).

Pacuer KMHETHKN NUPOVIEKTPUYECKOrO OTKIIMKA, YYUTHIBAIOIINM TOIBKO CKOPOCThH U3-
MEHEHHUSI TEMIIEPaTyphbl CErHETOAIEKTPUUYECKOIO CJI0sl, KOTOpas MOCJe MPOTrpeBa MICHKHU Tell-
JIOBBIM IIOTOKOM B T€YEHHME HECKOJIBKMX MWJIIMCEKYHJl YMEHBIIAETCS 10 HyJs, MOKa3all, 4To
pacCUETHBIE 3aBUCUMOCTHU [,p,(f) IPU yKa3aHHBIX YAaCTOTaX MOAYJSALMM TEIJIOBOIO MOTOKA
COOTBETCTBYIOT 3KCIIEPHMEHTAILHO HAOII01aeMbIM TONBKO st ieHok PZT, chopmupoBan-
HBIX Ha MOJIOKKAX U3 KPEMHHUS.

o e R e, i \
= v v

N } T
T T 7

0 .22. 44 66 88 ﬂD‘ 13‘2 154 176 EMC 0 o 1020304050501Mc
a) 0)
Pucynok. OciipmiorpaMmMbl TUPOOTKIUKOB (KpUBBIE 1), pErUCTPUPYEMBIX TUHAMHYECKUM METOI0M
TIPH BO3JIEHCTBUH MOIyTMPOBAHHOTO TEIUIOBOTO MOTOKA (KPUBEIE 2) HA TUIEHOYHBIE CTPYKTYPBI: a —
Al/PZT/cTanbhas nognoxka, 6 — Pt/PZT/Pt/Si. YacToTa MoAysiuu TeTIoOBOro moroka — 18 I'n

MexaHu3M, OTBETCTBEHHBIN 32 MOSBIEHUE OTKJIMKA MPSMOYTOJIbHOU (hOPMBI, 3aKITt0Ua-
€TCd B BO3HHUKHOBCHUHN TCIIJIOBBIX Ile(i)OpMaHI/II\/'I IIOVIOKKH, MEXAaHUYCCKU CBSI3aHHOM C ce-
THETOAJIEKTPUYECKON TIIEHKOH. 3HaYnTeNbHOE paznuyne B Kod(hduUllMeHTaxX TerIoBOro pac-
MHUPCHUA INIICHKU U MeETaJUINYECKOU IMMOJIOKKH BBI3BIBACT OOIMOJIHUTCIIBHYIO z[e(bopMaumo
CETHETORJIEKTPUYECKOTO CJI0sl, 00YCIOBIMBas MOSIBICHHUE MbE30ANEKTPUUECKON KOMITOHEHTHI
OTKJTUKA.

W3meHeHne nossipyu3aiui CErHETOANEKTPUUECKOTO CII0s, BBI3BAHHOE €r0 HarpeBOM H
nedopmarusiMu, 00yCIOBIEHO U3MEHEHUEM TOJISIPU3AIIH MPY BaphbUPOBAHUHN TEMITEPATYPHI,
a TaKkKe BKJIAJIOM MbE303JIEKTPUUECKON COCTaBIIONIEH B BeIMUMHY nossipuzanuu. [lpu onu-
HAKOBBIX 3HAYCHUAX KOB(l)CbI/IHI/IeHTa TCIJIOBOI'O paClIMPECHUA, KaK 9TO UMECT MECTO JIA Ma-
tepuana PZT u kpeMHuUs1, CTPYKTypa HarpeBaeTcs TeIUIOBBIM MIOTOKOM, U Jeopmaius cloeB
HMECT OAHMHAKOBOC 3HAYCHHE IMPHU IMPOXOXKIACHHUUN TEMIOBOM BOJIHEI gepe3 CHUCTEMY IIJICH-
Ka/TIOJIOKKA, T.€. JIOMOJHUTEIIEHOE MEXaHUYECKOe BO3JIEHCTBUE HA CETHETOIICKTPUUECKYIO
MJICHKY CO CTOPOHBI MOJJIOKKH OTCYTCTBYET. bonbImasi pa3Huiia B BeTudnHax kod(duimen-
TOB TEIUIOBOTO PACUIMPEHMS CIOEB, KaK 3TO uMeeT mecto s PZT u merannuyeckoi moj-
JIOKKH, PaCTATUBACT 00 CXKUMAaeT IJICHKY B IIIOCKOCTU CJIOCB, BBEI3hIBAS IMbE303JICKTPHUYIC-
CKYIO MOJISIPU3AIINI0, KOTOPAs CBSI3aHA C MhE303JIEKTPUIECKUMH KOd(PPUITMEHTaMU €3] U €3, B
CITy4ae CETHETOAICKTPUICCKOM TUICHKH, OPUEHTUPOBAHHOM B HampasieHuu [111].
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Pabora BimonHeHa nmpu (pUHAHCOBOM Mmoaepkke MuHHCTEpcTBa 00pa30BaHUs U HAYKU
P® (yaukansubiii HoMep npoekta RFMEFIS7517X0129).

VJIK 538.9
TADJIEKTPHYECKAS PEJJAKCALIVSI B HAHOKOMIIO3UTE Rb,ZnCl, — SiO,

JI.C. Crexnenesa', JLH. KOpOTKOBz, E. Poicsikesuu-Ilacex’
1AcnI/IpaHT, lubov_stekleneva@mail.ru
*I-p ¢u3.-mar. Hayk, npodeccop, 1_korotkov@mail.ru
3 [I-p dunocoduu, ewa.rysiakiewicz@pwr.edu.pl
L20I'BOY BO «BopoHEKCKHit TOCYJAapCTBEHHBIA TEXHUUECKUI YHUBEPCUTET
Or/ieeHne FKCIepUMEHTATBHOM GU3NKH (BaKy/IbTeTa (yHIaMEHTAIBHBIX ITPOGIeM
TEXHOJIOTHH BpoIIaBCKOT0 YHUBEPCUTETAa HAYKH U TEXHOJIOTHH

[IpencraBiensl pe3ynbTaThl UCCIEIOBAHNS TUAIEKTPHUECKON pelakcallii B HAHOKOMITO3UTE
Rb,ZnCly — SiO, BOnM3M TeMmmepaTypsl 3aMOpPaXMBAHHUA JAOMEHHONW CTPYKTyphl B YacTHIAX
TeTpaxJOpLUUHKaTa pyOWaus. YCTaHOBJIEHO, 4YTO BpeMs  pelaKkcald  JUAJICKTPUUECKOU
MPOHULIAEMOCTH cienyeT 3akony dorens — Oymnuepa.

KittoueBsie ciioBa: CETHETORIEKTPUK, IOMEHHAS CTPYKTYPa, KOMITO3HUT, TOPUCTOE CTEKIIO.

TerpaxnopuuHkaT pyouiusi — U3BECTHBIM CETHETORIEKTPUK C Hecopa3MepHO (a3oil.
[Tepexon W3 mapal’nekTpuydeckol Pnma B HecopasMmepHyr (azy Pnma: —lss peanusyercs
okoio Ti = 303 K, a u3 Hecopa3mMepHOH B COpa3MEpHYIO CErHETO3JIEKTPUYECKYIO a3y
(Pn21a) — B okpectHOCTAX Tc = 195 K. DTOT nepexos conpoBOKIaeTCs CHOHTAHHBIM IOSIB-
JICHHEM JOMEHHON CTPYKTYpPBI, TIOJBIKHOCTb KOTOPOH Huke Temmeparypst T ~ 154 K cy-
[IECTBEHHO YMEHBIIAETCS, YTO O0YCIOBJICHO, IO-BUAMMOMY, (Pa30BBIM MEPEXOJOM B JOMEH-
Ho# cucteme [1].

B T0 ke BpeMsl U3BECTHO, YTO COCTOSIHME ITOM CHCTEMBbI 3aBUCHUT OT psja (pakToOpoB, B
TOM 4HcCIie, JOPMBI, TEOMETPUIECKUX PA3MEPOB U I'PAaHUYHBIX YCIOBHI HA MOBEPXHOCTH KpPH-
cTajia. B cBs3M ¢ 3TMM MOXHO 0’KMJIaTh, YTO JTOMEHHAsl CTPYKTYpa U €€ CBOMICTBAa B HAHO-
KPUCTAJJIMYECKOM CETHETORJIEKTPUKE OYyJEeT 3aMETHO OTJIMYAThCS OT TAaKOBBIX B OOBEMHOM
MaTepuaie.

Lenbto nanHON pabOTHI CTAI0 U3y4YEHHE BIMSHHS OTPAaHUYEHHOW M€OMETpPUM Ha Ju-
HaAMHUKY 3aMOpPaXMBaHHUS JOMEHHBIX I'DaHUI] B HAaHOKPHUCTAUNIMYECKOM TETPaxXJIOpPLUHKATE
pyouus.

OOpa3ipbl Ui UCCIIeOBaHUN MOMyYalau IyTeM BHEIPEHUs TeTpaxJjopLUHKaTa pyOu-
musi B nopuctele MaTpuibl SiO; cO CpeAHMM JUAaMETPOM CKBO3HBIX MOpP OKOJIO 23 HM u3
HaCBILIEHHOI'O0 BOAHOIO PacTBOpa.

B xone skcriepumenTa 00pa3iibl HOMENaId B KPUOCTAT, I/1€ TEMIIEpaTypa U3MEHsIIach
B nipenenax ot 100 qo 350 K. M3mepenus AN3IEKTpUUECKONW MPOHUIAEMOCTH g n JIADIIEKTPU-
YeCKHX TOTeph & MpoBOmMIM Ha dacTotax f = 5 — 500 kI’ ¢ momoms m3mepurens E7-20.
IMonmyuennsie 3aucumocti € (T) i €'(T) n306pakeHb! Ha PHCYHKE HUKE.

BunHO, 94TO B OKPECTHOCTSAX TEMIIEPATyPhI T" = 156 K Habmroaiorcs MaKCUMYMBI JIH-
AIIEKTPUUYECKON MPOHHUIIAEMOCTH U MoTepsk. [Ipu 3ToM 06a MakcuMyMa CMEIIaloTCs B HAallpaB-
neHue 0osiee BHICOKUX TEMIIEpPATyp C MOBBIIIEHUEM YacTOThl U3MEPUTEIBHOIO OIS, YTO YKa-
3BIBAET HA MX TEPMOAKTHBALMOHHBINA XapakTep. IIpHHEMAs BO BHEMAHHE, YTO MaKCHMYM &'
HabmoaeTcst npu ycinoBun ot=1 (o = 2xnf, a T - Bpems penakcalun), MOKHO ONpEAETUTh
3aBucuMocThb T(T).
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AHanu3 TeMnepaTypHoi 3aBUCUMOCTHA BPEMEHU pEJIaKCalluu T, I0Ka3al, YTO OHA yJ0-

BIJIETBOPUTENIBHO ONUCKIBaeTCs 3akoHOM Dorensa — Oymyepa
T = 19°exp[U/k(T - To)], (1)

r7ie To — BpeMsi, 00paTHOE YacTOTE MOMBITOK MPEOJOJICHUS MOTEHIIUAIBHOIO Oapbepa
U, k — nocrosinnasa bonbumana, Ty — temnepatypa ®@orensa — Oymnuepa, HHTEpOpETUPYEMast
KaK TeMIiepaTypa CTaTHYECKOTO 3aMOPaXKHUBAHUS SJICKTPUUECKUX JUTIOJICH.

Haunyumas annmpokcumanus 3KCIIEPUMEHTAIbHBIX JAHHBIX JIOCTUIAETCs MPU 3HaYe-
HUSAX TAPaMETPOB: Tp & 0,3-10°13 ¢, U~0,032Bu Ty~ 149 K.

[TonyyeHnHoe 3HaueHHE TeMIEPAaTyphl CTATUYECKOTO 3aMOpa)KMBaHHs Ty XOpOLIO CO-
riracyercs co 3HaueHueM (148,3 K), momyuenusiM B [ 1] st o0beMHor0 06pasmna Rb,ZnCly.

Takum 00pa3zom, pe3yiabTaThl SIKCIIEPUMEHTA MO3BOJISIOT CIENaTh CIEAYIOUINe BhIBO-
T,

1. Bo BHeIpeHHBIX B MOPUCTYIO CTEKIIIHHYIO MaTpHIly HaHOYacTuax Rb,ZnCly Huxe
Tc BO3HUKAET JOMEHHAS CTPYKTYpa.

2. CyllecTBEHHOE CHUXEHUE MOJIBU)KHOCTH JIOMEHHBIX T'PaHMI] HUXKE T, BEPOSITHO,
CBSI3aHO C (Pa30BBIM MIEPEXOJIOM B JIOMEHHBIX CTEHKAaX.

3. JluHamMuKa 3aMOpaXKUBaHUS MOJBUKHOCTH TOMEHHBIX TPAHUI] MOKET OBITH OMKCaHa
AMIIMPUYECKUM COOTHOILIeHHeEM Dorenst — Dymyepa.

Jlutepatypa
1. I'punnes C.A., 'opOarenko B.B., [Ipacosios b.H. O dazoBom nepexone B JOMESHHON CTCHKE
B Rb,ZnCl, Bomm3u 150 K//Kpucramnorpagus. 1997. - T. 42. - Ne 4. - C. 730 - 734.

VJIK 537.9
JTADJIEKTPHYECKAS PEJTAKCAIIASI B MOHOKPUCTAJUIAX Bi,Ti,O;

M.B. Tamanos', A.A. Bymz, K.E. Kamenues’, C.A. Baunos’
'Kanz. pus.-mar. Hayk, mvtalanov@gmail.com
*JI-p Texn. Hayk, aabush@yandex.ru
*Kamz. TexH. Hayk, valkame @yandex.ru
*II-p du3.-mar Hayk, isa@angstrom.uu.se
'OIOOY BO «OxHblil (enepaabHblil yHHBEPCHTET»

>*®I'BOY BO PTY MHUPDA
*HUDXU um. JI.51. Kapriosa

B  nanHoii paboTe mpeACTaBIEHBI  PE3yNbTaThl  WCCIEAOBAHMS  JAUAIICKTPUUECKOU
IIPOHMIIAEMOCTH MOHOKpHCTaIoB Bi,Ti,0; B muanasone temmeparyp 4.2 — 1000 K u wacror 25 — 10°
I'u. [TokazaHo, 4TO MO CBOMM AMANEKTPUYECKHM mapamerpam kpuctamisl Bi,Ti,0; mpu T = 200 K,
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BOJIM3M YacTOTHO-3aBUCHMOW  aHOMAIWW, ONM3KH K KepaMHU4ecKuM oOpazmam. OmgHako

JTUDJICKTPUYUECKAsl — pellakcalys  WCCIEAYyeMbIX  KPHUCTAJUIOB  OMUCHIBAIOTCS — OMIHUPHYCCKHM

cootHomeHneM Dorens-Oymuepa, a He AppeHuyca, Kak B Cllydae KepaMUIeCKUX 00pa3IioB.
KittoueBsbie ciioBa: TUTaHAT BUCMYTa, MOHOKPUCTAJUIBI, TUJICKTPHUYCSCKAs peaKCallysl.

Turanat Bucmyra Bi,Ti,O7 sBisieTcst coeAMHEHUEM CO CTPYKTYpPOM MUPOXJIOpa, KOTO-
poe ObLIO BrepBble CHHTE3UPOBAHO B 1969 roay u ¢ Tex MpUKOBBIBAET K ceOe BHUMaHUE HC-
ciemoBarelniell 6arogaps CBOUM JAUAIEKTPUICCKUM U (DOTOKATATMTUIECKUM cBoWicTBaM [ 1,2].
OTHOCUTENBHO BBICOKHE 3HAYEHUS AMDIICKTpUUECKOr mpoHuiaeMocty (g ~ 100), Hu3kue nu-
JNEKTPUUYECKUE TIOTEPH, HAPSAAY C HU3KUMHU TeMmIepaTypamMHu CHHTE3a, JIeNal0T ero mepcrek-
TUBHBIM MaTEpUajoM JUIsl UCIOJb30BaHUS B PA3JIMYHBIX KOHJeHcaTopax. Ha TemneparypHbIx
KPUBBIX € TUTAHATa BUCMYTa MPUCYTCTBYET YACTOTHO-3aBUCUMAsI aHOMAJIUsl B BUJIE CTYIIECHb-
ku pu T ~ 200 K, koTOpas M3HaualIbHO CBS3BIBAJIACH C CErHETOIIEKTPUUECKUM (Pa3oBbIM
nepexoqom [3]. [lo3zaree 6110 TTOKa3aHO, uTO BiyTipO7 sIBIsETCS TUHEHHBIM TUAICKTPUKOM,
COXPAHSIIONINM KyOMYecKyro cumMmeTpuro [4]. Ha ceromHsimHuii 1eHb HET €IMHOTO TTOHUMa-
HUSI BO3MOXKHBIX MEXaHU3MOB, OTBETCTBEHHBIX 3a TUAJIEKTPUUECKYIO penakcanuio B Biy Ti,07.
[To mHeHUIO psifa uccneaoBaTenei [4] nmoseneHrne AMAICKTPUUECKONW MTPOHUIIAEMOCTH CBsI3a-
HO C MEPECKOKU aTOMOB BUCMYTa MEX/Y IIECThI0 CUMMETPUYHO SKBUBAJICHTHBIMU MO3UILIH -
MH, UTO, TaKXX€ XapakTepHO U i JPYyroro BUCMYT-COJAEPXKAILIEro MHUPOXJIOpa
Bi;5Zn09oNb; 50692 [5]. OnHako B HegaBHUX paboTax YTBEP)KIAETCS, YTO pellaKCaluu Mpo-
CTPaHCTBEHHOTO 3apsi/ia IPUBOJIUT K MOSBICHUIO TEMIIEPATypHO-YaCTOTHON aHOMaJIUU B Ke-
pamuKe THUTaHata BucMmyTa [6]. OTMETUM, UYTO B U3BECTHBIX paboTax HCCIEOBaHUE AUDIICK-
TPUYECKHX CBOMCTB MPOBOAMIIOCH HA KEPAMHUYECKUX 00pa3iax, YTo 3HAYUTEIHHO YCIOKHSIET
MHTEPIIPETALNIO SKCIIEPUMEHTANBHBIX Pe3yibTaToB. TakuM o0pa3oM, IEeNbl0 HACTOsIIEeH pa-
OOTBI SIBIIACTCS U3YUYCHUE TUAJICKTPUUYECKUX CBOMCTB MOHOKpHUCTaLOB Bi,Ti,O; u ycTtanoB-
JIeHHE MPUYUH BOZHUKHOBEHUS YaCTOTHO-3aBUCUMOM aHOMAJIHH.

BeipamuBanue MOHOKpPUCTAJIJIOB MPOBOJUIM B YCIOBHUSIX MEIJIEHHOI'O OXJIAXJIECHUS
pacruiaa cmecu (1-x)BiO3xTiO;, x = 0.6 B cTaOMIM3UPOBAHHBIX HTTPHUEM OKCH/I-
[IUPKOHUEBBIX TUIIIAX. B pe3ynbrate oxinaxaenus paciwiaa cmecu ot 1200°C mo 900°C co
CKOPOCTBIO 7.5 Tpaja/d ObUIM MONy4YEHBI MPO3payHble MOHOKPUCTAILIBI KEITO-KOPUIHEBOTO
[[BETa M30MeTpHuecKoro raburyca pasmepamu 10 10 mm B momepeunuke. Ha ocHoBanum
pEeHTreHo(a30BOr0 aHadN3a yCTaHOBJIEHO, YTO AU(]paKTOorpaMMa MOPOIIKa KPHUCTAJIIOB IO
MOJIO)KEHUIO U UHTEHCUBHOCTH PEHTTEHOBCKUX PE(IIEKCOB COOTBETCTBYET AU(]paKkTorpamme
dazsr Bi;Ti;07 co cTpykTypoii mupoxiiopa. JusnekTpuueckue U3MepeH s BHIIOTHEHBI C 1M0-
MOIIBIO M3MepuTenst mmmuTanca E7-20 (OAO «MHUITN», Munck) Ha gacroTax 25 — 10° 'y
B obnactu Temnepatyp 4.2 — 1000 K.

YacTtoTHO-3aBUCHMAasl aHOMAJIUS AUDJIEKTPUUECKON MPOHUIIAeMOCTH OblLia oOHapyxe-
Ha npu T=200 K, 4Tr0o conoctaBUMO ¢ NpeAbIAYIINMHI pe3ylbTaTaMH, OJy4YeHHbIMHA Ha Kepa-
Mu4eckux obpasnax [4,6]. Makcumanbhbie 3HaueHus € paBHbl 116 (mpu f = 500 x['11), a tan &
< 0.01, yTo Takke oueHb OJU3KO K pe3ysbTaTaM B yKa3zaHHBIX paboTax, rie € = 115 [4]. On-
HAKO OTMETUM U pa3nuuus: npu yactorax meHee 10 kI'1 He HaOMIOAaeTCA HUKAKUX JTOTIOTHU-
tenbHbIX anoMmanuii ipu T > 200 K, kax B padore [5]. IIpu yBenuuenuu f npoucxoaut cMe-
nieHue temmnepatypsl Mmakcumyma (Ty,) Ha 6osee uem 50 K. [TonbiTkn onucate nmosenenue Ty,
(f) ypaBuenuem Appennyca (1) npuBoamiu K GU3NYECKU HE 3HAYUMBIM BEJIMUMHAM YaCTOTHI
IOTIBITOK TIPEOIOICHHIS OTEHIMAIBHOT0 Gapbepa fo ~ 10%). OnHako GBUIO YCTAHOBICHO, UTO
TOJTy4EHHBIE SKCTIEPHMEHTAIBHBIE Pe3yIbTaThl Xopomo (¢ R? = 0.994, R - koadduiment me-
TEPMHMHALINK) OMHUCHIBAIOTCA 3MIUpHUUYECKUM cooTHoueHueMm @orens-Dymuepa. [Tpuunnbl
MOSIBJICHUS] YaCTOTHO-3aBUCUMON aHOMAJIUS JUAJIEKTpUUecKoil mponumnaemoctd BirTipO7 Oy-
IyT 00CYXJIaThCS B IOKJIAJE.

Pabota BeimonHeHa npu nozaepxkke mnpoekra Ne3.1099.2017/IT4 Munobpaayku (Bym
A.A.), rpanta PH® 18-72-00030 (TananoB M.B.).
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Detailed temperature studies of the dielectric responce, conductivity, Brillouin and Raman
spectra are presented in this work. Analysis of the obtained data revealed a number of anomalies in the
phonon dynamics of the relaxor ferroelectric PbNi;;Nb,;03; (PNN), which are not found in typical
relaxor ferroelectrics, such as PbMg;3Nb,30; (PMN).

Keywords: dielectric permittivity, local and bulk conductivity, optical and acoustic phonons,
quasi-elastic light scattering.

PbNi;3Nby303 — (PNN) single crystals belong to the family of complex perovskites
with the general formula ABB’|.<Os. The physical properties of this family of perovskites are
the subject of intense research, but PNN crystals have been poorly studied, which can be ex-
plained by difficulties in synthesis of ceramics and growth of single crystals.

The lattice dynamics of the PNN crystal has been studied by dielectric spectroscopy
[1], Brillouin and Raman light scattering [2,3] earlier. Raman light scattering experiments
have confirmed the existence of polarized scattering spectra which change with temperature
[3]. The behavior of low-frequency optical phonon is characterized by anomaly in the vicinity
of the phase transition from cubic to a ferroelectric rhombohedral phase T, = 153 K [4]. A
wide anomalies of the frequency shift (which is proportional to the velocity) and the full
width at half maximum (FWHM, which is proportional to the attenuation) of longitudinal
acoustic (LA) phonon are a characteristic features of relaxor ferroelectrics [2]. But in contrast
to PbMg;sNby303 (PMN) - typical representative of relaxor ferroelectrics, the minimum in
velocity and the maximum in attenuation in PNN do not correlate with the temperature of
maximum in the dielectric permittivity Ty, which is equal to T.. The temperature evolution of
quasi-elastic light scattering (QELS) in PNN is nontrivial. Thus, in spite of a seeming similar-
ity between the two compounds, PMN and PNN have different lattice dynamics. This moti-
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vated our detailed studies of dielectric, Brilloun and Raman experiments in a wide tempera-
ture range 77-700 K.

The PNN single crystals were grown by solution in the melt. The dielectric response
and AC- conductivity were measured by a Good Will LCR-819 impedance-meter at the fre-
quency range 12 Hz -100 kHz and at temperatures 78 -750 K. The DC-conductivity was
measured by an electrometer with sensitivity up to 1 pA. In our measurements the maximum
of the real permittivity at a frequency of 1 kHz reaches &', = 5500 at 7}, = 153 K and width of
maximum is A7 = 145 K (PMN, for comparison: &',=11400, T,,= 265 K and AT = 80 K). A
local conductivity due to the characteristics of the Ni atom was obtained in the temperature
range 100200 K. At the temperature above 600 K an appreciable increase in bulk conductivi-
ty was found.

The temperature investigations of the light scattering spectra were carried out in the
backscattering geometry by using an advanced Sandercock's (3+3)-tandem interferometer
(TFP-2) for Brillouin measurements and the T64000 spectrophotometer for Raman study.
Raman measurements showed the difference in the behavior of optic phonons of PNN and
PMN crystals. The intensity of Raman spectra of PNN increases with decreasing temperature,
at the same time new phonon lines appear. The "softening" of the frequency shift, the maxima
of the intensity and full width at hath maximum (FWHM) of the low-lying optical phonon in
the region T, = 153 K are revealed. Unusual temperature dependences of quasi-elastic light
scattering parameters are found. The maximum intensity of QELS is observed at the room
temperature, while the anomaly of the FWHM of QELS is shifted to ~ 460 K.

When we compared the Brillouin spectra of the PNN and PMN crystals, discrepancies
were also found. At temperatures above T. in the PNN crystal, where cubic symmetry is as-
sumed, at backscattering geometry of experiment with phonon wave vector along [001]-
direction according to the selection rules only longitudinal acoustic phonon (LA) should be
observed, as it was for PMN. However, we found additional transverse acoustic modes (TA)
in the spectra of PNN, which are forbidden in Brillouin spectra by the selection rules for cubic
symmetry. It can be assumed that the symmetry of the PNN crystal at these temperatures is
different from cubic symmetry. It should also be noted, that two additional peaks were found
in the temperature dependence of the FWHM of the LA phonon at temperatures T; ~ 560 K
and T, ~ 440 K. These anomalies correspond to weak anomalies in the temperature depend-
ence of the frequency shift of this phonon. In the low-temperature region, in the temperature
range between T3 ~ 212 K and T4 ~ 130 K, there is a noticeable slowdown in the change in
both the frequency shift and the FWHM of the LA phonon. As a result, their peak anomalies,
which were expected at T, for PNN crystal, were in fact suppressed. The results of measure-
ments in PNN crystals are discussed in the framework of modern concepts of the physics of
relaxor ferroelectrics.

Acknowledgment. This work was supported by Russian Foundation for Basic Re-
search (Grant N18-502-51050).
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OI'BOY BO «BopoHexckuil rocyA1apcTBEHHBIN TEXHUYECKUN YHUBEPCUTET

OKCIMEPUMEHTATLHO HM3YYCHO BIMSHUE [MOCTOSHHOTO OJEKTpHUYeckoro monss E  Ha
AIeKTpOMexXaHnIeckue cBoiicTBa pemakcopa 0,89PMN-0.11PZT n MarHuTO3IEKTPUICCKOTO OTKITHKA
B CJIONCTOM KOMITO3HUTE Ha €T0 OCHOBE.

KiroueBsie  ciioBa: CIIOUCTBIE ~ KOMITO3UTBI,  MAarHUTO3JCKTPHYCCKUN 3 deKT,
CETHETORIICKTPUICCKUI peraKkcop.

CoBpemeHHOE pa3BUTHE 00JacTell HAYKU U TEXHUKH HY)KJAE€TCs B HOBBIX MOJXOAAX U
psiie HOBBIX ()YHKIIMOHATIBHBIX perneHnid. OQHUM U3 MHUPOKO U3BECTHBIX M MHTEHCHUBHO pa3-
BUBAIOIIMXCSl HANpaBICHUH B MaTepHAJIOBEICHUU SIBIIAETCS MarHurtoajiekrpuueckue (MDO)
KoMro3uThl. [l apdexruBHOM paboTel MD KOMIIO3UTOB HEOOXOIUMO TOCTOSTHHOE IO/ IMAar-
HUYHMBAIOLIee 1oJ1e, TpeOyrollee SHEPro3aTpaTHbIX U KPYMHOTa0apuTHBIX yCTpoiicTB. B nan-
HOM paboTe mpearaeTcsl UCHOIb30BaTh B TAKUX KOMIIO3UTAaX HE MArHUTHOE, a AJIEKTpUYe-
CKOE CMEIIEHHE, [T01aBAEMOE HA CErHETORIEKTPUUECKUM peslakcop Uil yBenudeHus M3 ot-
KJIMKa KOMIIO3UTA.

OO0pa31bl OTyYeHbI IO KEPAMUUECKOW TEXHOJIOTUU U aTTECTOBAHHOTO Ha PEHTTE€HOB-
ckoM nudpakromerpe Bruker D2 Phaser.

Ha TemmnieparypHoii 3aBUCHUMOCTH AUAJIEKTpUUecKoi nponunaemoctu (Puc. 1) Habito-
JTAeTCsl SIBHO BBIPAXKEHHAsI AUCIIEPCHS € C XapaKTEPHBIM CMEIIEHUEM TEMIIEpaTypbl MAKCUM Y-
Ma € B CTOPOHY OoJiee BHICOKHUX TeMIIepaTyp MpH YBEIMUEHUH YaCTOThl M3MEPUTENBHOTO I10-
JI51, YTO CBUJIETENILCTBYET O TEPMOAKTUBUPOBAHHOM MPUPOJIE peaKkcalyu noyuspuzanuu [1].

Ha 3aBucumocTy 00paTHON JUAIEKTPUYECKON MPOHUIIAEMOCTH OT TEMIIepaTypbl UMe-
eTcst 00J1acTh, B KOTOPOW He BBINOJIHSAETCS JMHEHHbIH 3akoH Kropu-Beiicca. YcranosneHo,
4TO B ATOM 00JaCTH TeMIepaTyp JOCTATOYHO XOPOLIO paboTaeT «KBaapaTU4HbIM 3akoH Kro-
pu-Beticca», KoTopblii cneayet u3 Mojenu GiaykTyanuii cocraa Cmonenckoro—lcymosa ais
CETHETORJIEKTPUKOB C PAa3MBIThIM (ha30BBIM IIEPEXOAOM.

_ 200 Ty
20000 500 1'n 5471 ¢ mBlom? e
e, &l 5‘2 i 31 /
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10 &y, 46
14000 4 20 kL '
12000 30l a3 ’
100 «T'n 4,21
10000' 200 =My, 4,0
8000 M 38
6000 1 T.C 34] ° F_10° B/m
15 30 45 60 75 90 105120 50 100 150 200 250 300 350
Puc.1. TemneparypHas 3aBUCUMOCTD Puc.2. 3aBrucHMOCTD MOTIEPEYHOTO
TUDIIEKTPHYECKON TPOHUI[AEMOCTH MarHUTORJIEKTPHYECKOTO KO PUITHEHTA 03
B KEPaMUYECKOM TBEPAOM PacTBOpE IIPH pa3INYHBIX 3HAYECHUSAX TOCTOSTHHOTO
0,89PMN-0,11PZT npu pa3iauuHBIX 9acTOTaX 3IEKTPUYECKOTO IO

U3MEPUTEIIBHOI'O I10JIA
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[Mockonbky uccnenyemsiii pernakcop 0,89PMN-0.11PZT obnagaer 601bIIUM HHIYIIH-
pPOBaHHBIM TTbe303(hekToM, 3aBucAIIM OT 1oJist E, To oH OBLT UCIIOIB30BaH B CIIOMCTOM MO
KOMITIO3UTE B KQ4eCTBE MbE30CII0s, CKIIEEHHOTO ¢ (heppHuTOBBIM ciioeM Mng 4Zng ¢Fe,Oy.

Ob6napyxeHo, uto MD K03QIUIMEHT MO HAMPSDKEHUIO 03] YBEIUYHMBACTCS POCTOM
HaIpspKEHHOCTH 1oJis E B oTcyTecTBHE cMelaronero MmaruutHoro nosis (Puc. 2), uto no3so-
JSIET YHPaBJISITh MAarHUTORJIEKTPUUECKUM MpeoOpa3oBaHreM 0e3 MOCTOSIHHOTO MOJAMAarHu4u-
BaHMUSI.
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B nanHO#f paboTe mpencTaBiIeH HOBBIA METOH, HCIIONB3YIONIUI MTOBEPXHOCTHBIE
akyctuueckue BojHBI (IIAB) st oneHku mapameTpoB Marepuaiga U H3YYEHHUS pPeIaKCal[MOHHBIX
IPOLIECCOB B  CErHETOMIEKTpUKaX. JleTalbHOE AKCIEPUMEHTAIbHOE MCCIIEAOBAaHUE BIMSIHUA
MIOCTOSIHHOTO 3JIEKTPUYECKOTO MOJIsl Ha mapameTpsl pacrnpocTpaHeHus [IAB B mbe3okepamukax ¢
Pa3INYHON «CETHETOXKECTKOCTBIO» MO3BOJIMIIO Pa3paboTaTh HOBBIM METOJA UCCIENOBaHUS JOMEHHO-
OpPUEHTAllMOHHBIX IIPOLIECCOB U  IIPOLIECCOB  pENaKCallud IPOCTPAaHCTBEHHOIO 3apsga B
CETHETONbE303IEKTPUKAX.

KitoueBbie cioBa: MOBEPXHOCTHBIE aKyCTHUYECKHE BOJIHBI, pellaKcalts, CErHETORJICKTPUKH,
JIOMEHBI, ITPOCTPAaHCTBEHHBIN 3apsiI.

B HacTosmee Bpemsi moBepXHOCTHbIE akycTudeckue BoiHbl (IIAB) mmpoxo mpume-
HAIOTCSA B aKyCTOXJIEKTPOHHBIX YCTPOMCTBAX W UI UCCIIENOBAaHUS CBOMCTB mMaTepuainos [1].
BimsiHue BHEIIHMX BO3JIEHCTBHI Ha PACIPOCTPAHEHUE NMOBEPXHOCTHBIX AKYCTHYECKUX BOJIH
(ITAB) B mbe30371€KTpUUECKUX MaTepHaigax ObLJIO MPEeIMETOM aKTUBHOTO 3KCIIEPHUMEHTAlb-
HOT'O M3YYEHHS B OCHOBHOM M3-32 BO3MOYKHOCTU CO3JIaHUSI YIPABISEMBIX YCTPONCTB 00pa-
OOTKM CUTHAJOB MJIM KOMIIEHCAIlMM TeMIlepaTypHbIX 3aBucumocteil ITAB mapamerpos. C
npyroi cropoHsl, IIAB siBisieTcst MOIIHBIM yJIBTPa3BYKOBBIM CPEJICTBOM JUIsl U3MEpPEHUs Ia-
paMeTpoB MarepHuaiga M U3ydeHUs (PU3NUYECKUX MPOLECCOB B MbE303JIEKTPUUECKUX MaTepua-
nax [2].

B HacTosimielr pabote Mbl 00OOIIMIM PE3yabTAThl JETAIBHBIX AKCHEPUMEHTAIBHBIX
VICCJIEIOBAHMM BIIMSIHUS TOCTOSTHHOTO 3JIEKTPUYECKOIO TOJI Ha MapaMeTpbl pacipocTpaHe-
Hus [TAB B nbe3okepaMukax ¢ pa3iMyHON «CETHETOXKECTKOCThIO». B kauecTBe 00BEKTOB HC-
cienoBaHusl ObUlM BbIOpaHbl «cerHeromsirkue» coctaBbl cucrembl L[TC, npunannexamiue
MOpGOTPONHON 00JIACTH, C HU3KUM KOAPIMTHUBHBIM IMOJIEM U BBICOKOW JIAOMIBHOCTBIO J10-
MEHHOW CTPYKTYphI, poMOo3iprnueckue 1 TeTparoHaibublie coctaBbl LITC co cpenneit crene-
HBIO «CETHETOXKECTKOCTU», & TAKKE «CETHETOKECTKUE» TETParOHaJIbHbBIE COCTAaBbl HA OCHOBE
IITC u turanara ceunna (TC) ¢ BBHICOKMM KOIPLUUTHUBHBIM IMOJIEM M CHJIBHO 3aXaTON TOMEH-
HOU cTpykTypoi [3]. Bpems 3anepxku u 3aryxanue IIAB nsmepsanucey craHgapTHBIMU METO-
JlaMH HaJIO’KE€HUS BBICOKOYACTOTHBIX PaJUOUMITYNIbCOB [1, 2].
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Ha pucynke B kauecTBe npumMepa NpUBEJICHbl U3MEHEHHUS TapaMETPOB PACIIPOCTPaAHE-
Hus [TAB B «cerneroxectkoi» kepamuke Ha ocHOoBe TC mpu BO3AECUCTBUU UMITYJIBCOB IO-
CTOSTHHOTO 3JIEKTPUUECKOTO HAMPSIKEHMUSL.
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Pucynok. Usmenenus 3atyxanus O u Bpemenu 3anepxku A7 /7 TIAB npu nonaue
OTPHUIATETHHOTO (a) ¥ MOJIOKUTEITHHOTO (0) UMITYITECOB IMTOCTOSTHHOTO HANIPSHKEHUS JUTUTETHHOCTRIO |

=150 ¢ u ammutyno 720 B (‘E ‘ =12 xB/cm) anst cocraBa Ha ocHoBe TC (ITKP-55)

KauecTBeHHBIN aHAIN3 BIUSHUSA NIPOLECCOB OPUEHTALMH JIOMEHOB U PENAKCALUHU IIPO-
CTPaHCTBEHHOIO 3apsifa Ha pacnpocrtpaHenue I[IAB nox Bo3melcTBHEM MOCTOSIHHOIO 3JIEK-
TPUUECKOT'0 MOJIs MO0Ka3all, YTO XapakTep u3MeHeHus napamerpos I[TAB 3aBucur ot crenenu
«CETHETOXECTKOCTU» U PETYJINPYETCS CIEAYIOIUMHA MEXaHU3MaMU:

- JUI «CETHETOXECTKOW» NMbEe30KepaMuKH - B3aumojieiictsueM [1AB ¢ npuwxymumucs
HOCHUTEJISIMU TPOCTPAHCTBEHHOI'O 3apsja, SKPaHUPYIOIIMMH IHPHIOKEHHOE JJIEKTPUYECKOE
II0JIE ¥ NIPEAOTBPALIAIOIINMH IIEPEKIIIOYECHHE OIS PU3ALINH;

- Il «CETHETOMSTKON» Ib€30KepaMMKH - B3aumozeiicteuem IIAB ¢ nBmwxymmmucs
JIOMEHHBIMH CT€HKaMH (IIPOLIECChl OPUEHTAIIMH JOMEHOB).

HccnenoBanue BHINOIHEHO MpHU (puHAHCOBOU mojiepskke MuHoOpHayku PO (tema Ne
12.5425.2017/8.9, 6a3oBas 4acTh roc3agaHusi).
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B nmannoii pabote mpoBeneHO uccienoBanue GOPMHUPOBAHHUS JOMEHHOH CTPYKTYpHI IpHU 00-
JYy4EeHUH 3JCKTPOHHBIM M MOHHBIM ITyYKOM B MOHOKpHCTAJIaX HHOOATa Oapus-CTPOHLMS, C YHCTOH
MMOBEPXHOCTHIO W TIOBEPXHOCTHIO, TIOKPHITON AMAIEKTPUIECKUM ciioeM. [lomydeHsl 3aBUCIMOCTH pas-
MEPOB U TIyOHHBI JOMEHOB OT JI03bI OOTy4EHHUSI.

KitoueBbie ciioBa: penakCOpHbIE CETHETOMIEKTPUKH, HI00AT Oapusi-CTPOHLIMS, IEPEKITI0YCHUE
MOJISIPHU3AIINH, JOMEHHAs CTPYKTypa, 00ydeHHEe AIEKTPOHHBIM ITyYKOM, O0JTydeHHE HOHHBIM ITYIKOM.

bruto nccnenoBaHo OKaabHOE MEPEKIIOYSHHE MOSIPU3AlUU O] AecTBUEM 00Iyde-
HUS DJIEKTPOHHBIM U MOHHBIM ITYYKOM CPEIHUX SHEPTHil B MOHOKpHCTaUIaX HHOoOaTa Oapusi-
ctponius (Sr0.61Ba0.39Nb206, SBN).

Monoxkpucraiel SBN Obutr BeIpaiieHsl mo MoauduupoBaHHoil Metoauke Cremna-
HOBa. Mccnenyembie MIacTHHBI ObUTH BBIPE3aHbl MEPIEHANKYSIPHO MOISIPHONM OCH U OTIIONIH-
pOBaHbI 0 ONTHYECKOTo KayecTBa. OOayyaemasi HOBEPXHOCTh Oblla KaK «4MCTOI», TaK U I0-
KPBITOM TUAIEKTPUIECKUM ciioeM ((oropesucrom) [1].

Jlnist o0irydeHus! SIEKTPOHAMH M MOHAMH CPETHUX YHEPTUI HCIIONIb30BAIICS CKAaHHUPY-
I0ILUI 37eKTPOHHBIH MuKpockomn Auriga Crossbeam (Carl Zeiss) [1]. IIpumensanucsy paznud-
HbIE€ peXUMBbI 00s1ydeHus: (1) ToueyHoe o0aydeHHE ¢ PACCTOSSHUEM MEXKY TOUKaMHU HE MEHEe
100 MkM; (2) ToueuHoe oOyueHue MaTpulel 5X5 ¢ paccTOsTHUEM MEXAYy TOYKaMu 7 MKM U
15 mxMm; (3) momocoBoe obiydenue ¢ nepuoaomM 7 MkM. [lpu monocoBom oOIydeHUHU 3aMuch
MPOU3BOIUIIACH BJIOJIb Y KpPHUCTAIUIOrpaduyecKoro HarpaBieHus u noja 450 Kk Hemy.

JloMeHHBbIE CTPYKTYpbl BHU3YalIM3UPOBAINCH HA MOBEPXHOCTU KPHUCTAJUIOB METOA0M
CHJIOBOM MHMKPOCKOIIMU IbE€30UIEKTPUYECKOro OTKIMKa. Jlid HccinenoBaHus JOMEHHOHN
CTPYKTYpPHI B 00BEME KPHCTAIIOB HMCIOJIB30BAMCH KOH(POKATbHAS MUKPOCKOIHS KOMOWHA-
LIMOHHOT'O paccesHus [2] U MUKPOCKONMs I€HEPAallud BTOPOM rapMoHuKH Tuna YepeHkosa
[3].

B pesynbprare ToueuHoro oOiydeHus (HOpMUPOBAIUCH M30JMPOBAHHBIE KPYTJIbIE J0-
MeHbl. 30TponHbIi pocT ObUT 00YCIIOBJIEH TeHepalel CTyleHel Ha JOMEHHON CTEHKE B pe-
3yJbTaTe CIAMSHMA C OCTaTOYHBIMHM HaHoJoMeHamH. HabGmiomanmach JnuHelHash 3aBUCHUMOCTb
NEPEKIIIOUEHHON IMJIOMAAN OT J103bl 00JydeHHs, KOTOpas Obljla OTHECEHa 3a CUET dKPaHUPO-
BaHUS JICTIOJISIPU3YIOIIETO T0JIs 3JEKTPOHHBIM IydkoM. [Ipu 3anmucu matpuibl 66u10 0OHapYy-
JKEHO HACBIIICHHE 3aBUCHUMOCTH TMEPEKIIOYEHHON TUIOMAAN OT J03bI OOJy4eHHUs, 00yCIIOB-
JIEHHOE 3JIEKTPOCTATHMUYECKUM B3aUMOAECUCTBUEM COJNMKAIOLIMXCS 3apsDKEHHBIX JTOMEHHBIX
CTEHOK.

B pesynbrare monocoBoro odiryueHust pOpMHUPOBAINCH KBa3HUPETyJIspHbIE LIEMU U30-
JUPOBaHHBIX oMeHOB (mpu go3ax meHee 100 mxKi/cM2) u monocoBsie JOMEHBI (IIPH 103aX
6onee 100 mxKn/cm2). llluprHa MOIOCOBBIX JOMEHOB JIMHEWHO YBETUYUBAIACH C POCTOM JI0-
361 10 300 MxKu/cm2. [llupuHa mosocoBbIX JOMEHOB IIPH 3allUCH BJIOJIb Y HampaBlieHUs: Obl-
Ja GoJble, YeM JIOMEHOB, 3alMCaHHBIX MO 450, UTO OOBSACHIETCS aHU30TPONHUENH CKOPOCTH
JBUKEHUS IOMEHHBIX CTEHOK.

J1st TOYEYHOTO U TOJIOCOBOTO 00y4YeHHUsl ObUIM U3MEPEHBI 3aBUCUMOCTH IITyOUHBI CO-
3JaHHBIX JIOMEHOB OT J103bl 0OJy4yeHus. MakcumanbHas TiyOMHA JIOMEHOB JOCTHTraja
100 MxM.

Haunnyuiiee kayecTBO JOMEHHBIX CTPYKTYp OBLJIO JOCTUTHYTO B 00paslax C JIOKaIH-
3anuel EeKTPOHOB B TUDIIEKTPUYECKOM Clloe. 3anucaHHble JOMEHbBI 00J1ajai BEICOKOW CTa-

127


mailto:zelenovskiy@urfu.ru
mailto:ivleva@ran.gpi.ru

OunpHOCTHIO. [lomydeHHbIe pe3yabTaThl MOTYT OBITH MCIIOJIB30BaHBI Ul Pa3BUTHS TOMEHHOM
WHXEHEPUU B MOHOKPHUCTAJUIAX PEIaKCOPHBIX CETHETOIEKTPUKOB.

Pabora BrimosnHeHa ¢ ucnonszoBanueM obopynosanus YLIKII «CoBpemeHHbBIE HaHO-
texnonorun» MEHuM VYp®V. HUccrnenoBanue BBINOIHEHO 3a cueT IpaHTa Poccuiickoro
Hay4yHoro (onaa (mpoekt Ne 19-72-00008).
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Bricoko3(peKkTuBHbBIE MBE303TEKTPUUECKUE MATEPUANIbl CO CTPYKTYpOH IEPOBCKHUTA
IIPEJICTABIISIIOT MHTEPEC KaK JUIsi MHOTOYMCIICHHBIX TEXHUYECKUX PUMEHEHUM, TaKk U I UC-
CJIEJOBaHUSI MEXAHU3MOB MOJSPU3ALMM JAUANEKTPUKOB. OJTHUM U3 TaKUX KJIACCOB COEJMHE-
HUHN SBIIAIOTCS KPUCTAJUIMYECKHUE TBEPJIBIE PACTBOPHI THUIIA PEIAKCOP-CETHETODIEKTPUK Ha
ocHoBe MarHoHHOOaTa cBuHLA (PMN) u tutanata cunua (PT). JlobaBnsis B TBepable pac-
TBOpbl PMN-PT paznuuHble npuMecH MO>KHO MEHATh I'PaHUIIBI TEMIIEpaTypHOU 00acTu, rie
MPOSIBIISIETCS. MX BBICOKAsl MbE303JEKTpUUECKas aKTUBHOCTh. B dacTHocTH, n00aBKa MHIUS
MOBBIIIAET TeMIepaTypsl (a30BBIX MEPEXOJIOB B 3TUX TBEPJIBIX PACTBOpax, paciiupsis o0-
JacTh UX MPAKTUYECKOTO MPUMEHEHUS.

B npencraBieHHOM JOKJIafe peub UIET O TBEPAOM pacTBope, coneprkauiem 49% mar-
HOHHMOOATa CBUHIA, 27% THTaHaTa cBUHIA U 24% wHIoHMOoOaTa cBuHIA (PIN). Takoe coot-
HOLIIEHHE KOMIIOHEHT M03BOJIsIeT Ha0M01aTh (ha30BbIe Mepexo bl BOIM3U MOP(OTPONHOIl da-
30BOM TPAHMUIIBI, IPH KOTOPHIX 3HAYEHHS MHE30UEKTPHUECKUX KOI(DHUIIMEHTOB JOCTHTAIOT
0COOEHHO BBICOKMX 3HaueHUH. OJHAKO B 3TOM 00JacTH TakKe MOBBILIIAETCS YYBCTBHUTENb-
HOCTb KPUCTAJIJIOB K BHEIIIHUM BO3JEHCTBUAM U UX MPEIABICTOPUH.

CpaBHUBAIOTCS peE3yJabTaThl U3MEPEHUN AUDIEKTPUUECKUX XAPAKTEPUCTHUK, IOTY4EH-
HBIX Ha JKCHEPHUMEHTAIbHBIX YCTAHOBKAX, MCIHOJB3YIOIIMX METOJ AMAJIEKTPHUUECKON CHeK-
TPOCKOIINYU U PA3IMYHBIE PEAIM3ALIMYA METO/1a TEIUIOBBIX IIyMOB. [lo/TydeHHbIE 1aHHbBIE OTIIN-
YalOTCS 3HAYUTENIbHBIM pa3Hoo0pa3ueM, OJJHAKO MOYKHO OTMETHTh 3aMETHOE CXOJCTBO TEM-
HepaTypHBIX M YaCTOTHBIX 3aBUCUMOCTEH TaHI'eHCa TUAIEKTPUYECKHUX MOTEPh (PUKCUPYEMBIX
U3MEpPEHUSIMU, TPOBEIEHHBIMU BCEMHU HUCIIOJIB3YEMBIMUA METOJIAMHU.

OO6cyxaaroTcss BO3MOXHBIE MEXaHHU3MbI JTUAJIEKTPUYECKON pelakcalliil B TBEPIBIX
pactBopax PIN-PMN-PT, cornacyrommuecs: ¢ HaOII0JaeMbIMU 3aBUCHMOCTSIMH JTUAJICKTpUIE-
CKHX XapaKTEPUCTHK 3TUX MOHOKPHUCTAJUIOB. AHAJIU3UPYIOTCS pa3IN4HbIE BKJIAJbl B IIPOLIEC-
ChI AMDJIEKTPUUECKOMN pelaKcaliy, UX CBA3H ¢ 0COOEHHOCTSIMH M3MEPHUTENIbHBIX MPOLeayp U
IPEIBICTOPUN 00PA3IIOB.
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Tuning of the thin layer thickness and temperature causes coincidence of the critical magnetic
fields of the two or even three interstate transitions. Double coincidence results in non-monotonic
single extreme magnetic relaxation, while triple point (coincidence of the three critical fields) causes
oscillatory magnetic relaxation.

Keywords: synthetic antiferromagnets, domain walls, perpendicular anisotropy, magnetic
relaxation, dynamical system, oscillations.

The spin valves and SAF are the simplest devices of spintronics. They consist of two
ferromagnetic thin films of different thicknesses (~ 1 nm) and a non-magnetic spacer separat-
ing the films (Figure 1). Deliberately small thickness of the ferromagnetic layers (typically <
2 nm) provides the interface with a perpendicular anisotropy which dominates the bulk mag-
netic anisotropy. Ferromagnetic layers have either a single domain (at linear size < 10 nm) or
a multi domain (at linear size > 100 nm) magnetic structure. Large SAFs are required as a
spin-valve platform for the industry of the magnetic sensors applicable in the medical and bi-
ology analysis. The magnetization reversals and the dynamics of magnetic relaxation affect
speed and critical field of the spin valve sensors and SAF structures [1, 2].

Fig.1. A sketch of the spin valve, with the denoted areas filled by AP+, AP- and P- domains

In this paper, we present a detailed study of the oscillating magnetic relaxation in the
synthetic antiferromagnet (SAF) with two ferromagnetic Co layers of different thicknesses
separated by an Ir spacer. The four stable magnetic states of the SAF are determined by the
mutual alignment of magnetizations in the layers and are controlled by both the magnetic in-
terlayer exchange interaction and the Zeeman energy. The specific variations in the thickness-
es of the layers and/or temperature allows the existence of a ‘triple point’, which corresponds
to a coincidence of the critical switching fields for two or three interstate transitions. In this
case, two or even three different types of magnetization reversals occur simultaneously and
competitively. The paper is dedicated to the description of the methods and exploration of the
results of the experimental investigation regarding the reversal of the magnetization per-
formed for that very case. A non-monotonic dependence of the domain wall speed on magnet-
ic field H and an oscillating time dependence of magnetization M in a constant magnetic field
were observed in a Pt/Co/Ir/Co/Pt synthetic antiferromagnet with perpendicular anisotropy
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due to interplay between the magnetic nuclei produced by Dzyaloshinskii-Moria Interaction
(DMI) (Figure 2).
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Fig. 2. Oscillating magnetic relaxation in Pt(3 nm)/Co(1.05 nm)/Ir(1.5 nm)/Co(0.7 nm)/Pt (3 nm) in
magnetic field - 1370 Oe at T = 100 K. The solid lines are exact solutions of the dynamical system

The proximity of two or three (triple point) critical fields of SAF switching is the nec-
essary condition for both a non-monotonic magnetic relaxation and an oscillating time varia-
tions of the magnetization. The dynamical model describing the interaction and subsequent
evolution of the magnetic nuclei demonstrates that this non-trivial magnetic relaxation obeys
a simple Schrédinger equation.

The work was supported by Ministry of Education and Science of the Russian Federa-
tion (grant 3.1992.2017 /4.6). We are grateful to Prof. S.Mangin for fruitful discussions and
samples presented in our disposal.
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HEMOHOTOHHAS OJIEBASI 3ABUCUMOCTB CKOPOCTH JOMEHHOM
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HAMATHUYEHHOCTH PA3HOI'O 3HAKA B CHHTETUYECKHX
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1,2,3

B cunTermueckoMm (eppuMarHeTMKe C MEPIEHAMKYJSPHOM MAarHUTHOM aHHU30TPOIHEH
Pt/Co/Ir/Co/Pt ckopocTh pacHIMpeHHs 3apoJbllIeli HAMAarHUYEHHOCTH Pa3HOro THIA 3aBHUCHUT OT UX
OKpYKeHHA APYyruMu 3apoabimaMu. CKOpOCTh paciupeHus 3apoapimeid AP™ 3aBUCHT OT OISl HEMO-
HOTOHHO, TaK KaK ¢ POCTOM MOJIs 9TH 3apOJIBILIN OKPYKEeHbI CHavana ¢asoii AP*, 3areMm ydyactkamu
¢a3 AP"u P" 1 B CUIIBHBIX TIOJISAX — TOJIBKO (ha3oii P,

KirodeBble  ciioBa:  CHMHTPOHHMKA,  CHHTETHYECKHH  (eppUMarHeTHK,  peraKcarus
HaMarHWYeHHOCTH, 3apPOBIIIA HAMarHHYEHHOCTH.
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Cunternueckue  Qeppumaretuka (CP) ¢  NepHeHIAUKYISIPHOH  MarHUTHOMN
annzorponueii (IIMA) 3To TeTepoCTPYKTYPBI COCTOSIINE U3 CBEPXTOHKUX (DeppMOArHUTHBIX
CJI0EB pa3HOM TONIIUHEI (~1 nm) pa3ieaeHHbIX CBEPXTOHKUM CJI0EM HEMArHUTHOTO METaia
(~1 nm). OOwmennoe antudeppomarauTHoe  B3aumoneiicteue RKKY — mexny
(beppOMarHUTHBIMH CIIOSIMH 00€CTIEYMBACTCS IEPEKPHITUEM BOJHOBBIX (DYHKIHH 3JIEKTPOHOB
MPOBOAMMOCTH. OJTO B3aUMOJACHCTBHE OOECHEUYMBAET 4YEThIpe CTAOUIIBHBIX COCTOSHUS
HamarHuyeHHocTu B C®P: 1Ba COCTOSAHUS C NapajuIeIbHOW OpUEHTALMEel HAMarHUYEHHOCTH B
cnosx peppomarneruka (P* — 11, P — ||) u aBa ¢ antunapamnensuoit (AP — |1, AP — 1)).
Panee namm Obum OOHApyXeHBI HEMOHOTOHHas [l] W ocHwUIMpyrOmas pelakcaluu
HAMarHWYeHHOCTHU JUIUTeIbHOCTHIO ~ 40 min [2] B Pt/Co/Ir/Co/Pt B TOCTOSTHHOM MarHUTHOM
none. [Ipy HEMOHOTOHHOM PeIaKCalli CUCTEMA MEPEXOAUT U3 HAYaIbHOIO cocTosHus AP™ B
BBITOJIHOE 10 BHepruu coctosHue AP uyepe3 mnpomexyrounoe P . [lng onwucanus
HEMOHOTOHHON pelakcaly HaMarHudeHHocTd B [1] Obuia  wWcmonb3oBaHa MOJETH
MaKpOCIHHA, HE YYUTHIBAIOIIAS JOMEHHYIO CTPYKTYpY M B3aMMOJCHCTBHE 3apOJbllIeit
HAMAarHMYEHHOCTH. JTa MOJAEIb HE CHocoOHAa KOJIMYECTBEHHO OIMUCATh  PE3yNbTaThl
u3MepeHuil. J{ns yu€ra mOMEHHOW CTPYKTYpHI MPH OMHCAHUU HEMOHOTOHHOH penakcanuu
HEOOXOJUMO YCTAaHOBUThH JAMHAMUYECKUE XapaKTEPUCTUKHU 3apojbllliedl HaMarHWYEHHOCTH.
Jist yero ObUT UCTIONB30BAH METOJ] MATHUTOONTHYECKON MuKpockomnuu Keppa.

Llenp paboTBI 3aKIIOYAETCS B YCTAHOBJICHUH 3aKOHOMEPHOCTEH JIMHAMUKHU
BO3HUKHOBEHHS, aHHUTWISILIUU U PACHPOCTPAHEHUS 3apOjiblilield HAMarHUYEHHOCTH PA3HOTO
tuna (AP*, AP, P)) B mose, OIM3KOM K IIOJNIO HEPEXOJa MEXKIY THMH COCTOSHHSAMH
HamarauyeHHoctu B C® ¢ IIMA Pt/Co/Ir/Co/Pt.

[Ipn wm3MepeHUM CKOPOCTH JOMEHHOM TIpaHuUIlbl 3apoabiimiel AP, BOnM3M mnoss
IEPEKIIOUYEHUS MEXKIY COCTOSHUAMHU HamarnuueHHoctn APY, AP™, P~ Obuia oOHapykeHa eé
HEMOHOTOHHAsI 3aBUCUMOCTb OT MPUIIOKEHHOTO TMOJIs (puc.).

1
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PrcyHok. 3aBHCHMOCTb CKOPOCTH JOMEHHOU TpaHunbl AP~ OT moJist 1S IByX OTJENbHBIX JOMEHOB /
u 2. [lepen HauaaoM u3MepeHus: oOpa3el] HaChIIaiCcs B MOCTOSIHHOM MarHuTHOM mojie +1200 Oe.
BeprukansHoi uHuen H IOKa3aHo moJie NePEKIIYEHUs MKy cocTosuusamu AP, AP, P
L[BeTamMu 0003HaUYEHBI MHTEPBAJIBI MOJICH B KOTOPBIX MEHSETCS OKpYXEeHHE 3aposiiia AP~

[Toneble 3aBucuMOCTH I U 2 CKOPOCTH ABYX OTIENbHBIX 3apoibiiiel AP sBistoTcs
HEMOHOTOHHBIMHM, YTO YKa3blBa€T Ha BOCIPOU3BOJUMOCTb pPE3yJbTaTOB H3MepeHuil. B
nuanaszone noneil or — 433 Oe 1o — 480 Oe (puc. 1 o6macts APY), ckopocTh Bo3pacTaer ¢
abCOIIOTHBIM 3HaYeHHeM MoJisi. Takoe moBeeHNe CKOPOCTH IOMEHHOW IPaHHUIIbl XapaKTEPHO
JUTISL PeKUMa TTOJA3YYECTH M XOPOIIIO U3BECTHO B uTepatype [3]. B uaTepBane moneit ot — 490
Oe 1o — 549 Oe ckopocTh NOMEHHOW TpaHMIB! 3apoisiia AP~ yMmeHbpIIaeTcs ¢ pocToM
a6comoTHOrO 3HaueHus nons. B untepsane ot — 490 Oe 1o — 510 Oe (puc. o6macte AP P7)
3apoapiiun AP~ okpyxkeHsl oHOBpeMeHHO (Gaszamu AP u P, a B unTepBane noneit or — 511
Oe 10 —549 (puc. obmacts P) oHn okpyxeHbl ToJbKO ¢dazoi P~ CMeHa OKpyKeHUs SBISICTCS
BO3MO>KHOHM NPUYUHON HEMOHOTOHHOH IOJIEBOM 3aBUCUMOCTH CKOPOCTH IOMEHHOM T'PAHUIIBI
AP’ (pucyHok).

PaGora BrInonHeHa npu noaepkke rpanta 3.1992.2017/4.6 B pamkax KOKypca Hayd-
HBIX IPOEKTOB, BBIMOJHAEMBIX HAayYHBIMHU KOJUIEKTMBAMM MHCCJIEIOBATEIbCKUX LEHTPOB U
(unM) Hay4HBIX JJabopaTopuil 00pa3oBaTeIbHBIX OPraHU3aALMHI BBICIIET0 00pa30BaHMS.
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Temperature (7) and magnetic field (B) dependences of the specific electrical resistivity (p) of
magnetic semiconducting ZnMn,As, single crystal have been studied below freezing temperature 7; =
32 K. The p(B) dependences recordered below Ty are hysteretic curves of a “butterfly” type. The
magnetic hysteresis loops resulting in these dependences were recovered. Both the p(B) dependences
and the hysteresis loops demonstrate a ferromagnetic-like temperature behaviour.

Keywords: magnetic semiconductors, ZnMn,As,, spin-glass-like state, ferromagnetic ordering.

Magnetic semiconductors are materials that exhibit both semiconducting and magnetic
response. These materials are promising for various technological applications and interesting
from basic condensed matter physics point of view [1]. Magnetic properties of the ZnMn;As;
semiconductor are due to presence of magnetic Mn ions in its crystal lattice. Several phase
transitions can take place in ZnMn,As; as follows [2]: (i) ferromagnetic (or ferrimagnetic)
transition at the Curie temperature 7¢ = 310 K, (i1) antiferromagnetic phase transition at the
Neel temperature 7y = 175 K, (iii) transition into incommensurate phase at 7;,. = 118 K, (iv)
transition into spin-glass-like state occurs at 7y = 32 K. The transition into spin-glass-like state
is most unusual and interesting to study in detail. The aim of this work is to find and analyze
the patterns in the temperature and magnetic field behavior of the specific electrical resistivity
of the ZnMn,As, single crystal within temperature range corresponding to forming of the
spin-glass-like state.

The modified Bridgeman method was applied to grow the ZnMn,As; single crystal. A
Mini Cryogen Free Measurements System (Cryogenic Ltd, UK) was used to measure the
temperature and magnetic field dependences of the specific electrical resistivity. ZnMn;,As,
has disordered layered structure. During the experiments, electrical current was flowed along
layers containing magnetic Mn ions, whereas magnetic field applied perpendicularly to these
layers.

Drastic p(T) growth due to variable-range hopping conductivity of the Mott type was
observed just below 7. Under external magnetic field, p found to be remarkably decreasing
that is corresponding to negative transverse magnetoresistance. The p(B) dependences re-
cordered below T are hysteretic curves of a “butterfly” type as is shown in left part of Fig.
The magnetic hysteresis loops resulting in these dependences were recovered as is shown in
right part of Fig. The @(p, B) function, satisfactory to the clear p ~ d®/dB condition, was
found by a graphical integrating of the hysteretic p(B) dependence. This function can be de-
fined as #(p,B) = [ p (B)dBE.
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Figure. The p vs. B (left) and @ vs. B (right) dependences taken at various temperatures below T

Both the p(B) dependences and the hysteresis loops demonstrate a ferromagnetic-like
temperature behaviour and, hence, can be originated from a ferromagnetic ordering develop-
ing in spin-glass-like state under strong enough magnetic field. So, the properties of both fer-
romagnet and spin glass are seemed to be at the same time combined in ZnMn,As; below T7.
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B pabote mpencraBieHbl 3aBUCUMOCTH TUHAMUYECKUX MAarHUTHBIX [IApaMETPOB OBICTpO3aKa-
neHHbIX JIeHT cocTaBa Fe;3Co1,B1s 1 Fegy sB135S13C, oT TeMrieparyp u yria mpeaBaputenbHON TepMO-
MarHUTHOW 00pabOTKH, a TaKkKe MPUKIIAJILIBAEMBIX B TPOIIECCE U3MEPEHHS YIIPYTHX PACTATHBAIOIIIX
HaIpsKEHUH.

KiroueBbie cioBa: ObICTpO3aKajeHHbIE HAHOCTPYKTYPUPOBAHHBIE JICHTHI, TEPMOMAarHUTHAS
00paboTKa, TMHAMHYECKNE MATHUTHBIE TTAPaMETPHI.

beicTpo3akanénnble crutaBel Ha ocHOBe Fe u Co SBIAIOTCS NMEPCHEKTHBHBIMM HAHO-
CTPYKTYPHUPOBAHHBIMH ()€PPOMArHUTHBIMU CIUIABAMU C TOYKH 3PEHUS U3YUEHUSI B3AUMOCBSI3H
CTPYKTYpBl HAHOCTPYKTYPUPOBAHHOTO KOHJAEHCUPOBAHHOTO COCTOSIHUSI C MArHUTHBIMH XapakK-
TEPUCTUKAMHU. BBICOKOMAarHUTOCTPUKIMOHHBIE HAHOCTPYKTYPHUPOBAHHBIE CIUIABBI IIOMUMO
3TOTO SIBJISIFOTCS] YJOOHBIM MOJENIbHBIM OOBEKTOM JIsl YCTAHOBJIEHUS! B3aMMOCBS3H IPOLIECCOB
W3MEHEHHUs JOMEHHOM CTPYKTYpbl MarHUTOMSITKOTO (heppOMarHeTUKa C €ro MarHUTHBIMHU H
MarHuTOYIPYTUMH XapaKTEPUCTUKAMM.
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st HaOnroieHus U3MEHEHUH JMHAMHYECKUX MArHUTHBIX XapaKTEPUCTHK 0] BO3-
NEICTBUEM BHEUIHUX PACTATUBAIOLIMX HANpsOKEHUH ObUIM BBIOpaHBI JIBE Cepur aMOpQHBIX
MeTaumueckux JieHT coctaBoB Fe;3Co1,B s u Feg) 5B135S13C, moaBepruyThix TepMOMaruut-
HOM 00paboTKe B MHUPOKOM MHTEpBAJIC TEMIEPATYp U Pa3IMUHON OpUEHTalUel OCH HaBeIEH-
HOU aHu3oTponuu. M3 IMpOKOil JIEHTH! BIOJb OCH MPOKATKH BBIPE3AIHUCh 00pa3Ibl JUTMHOM
0,05 M u umpusoii (9-10)-10*m. Tommuna nent - (25-30)-10° M. BbIGOp JIGHT cBSI3aH C HX
BBICOKMMH MAarHUTHBIMA U MarHUTOYNPYTHMH XapaKTepUCTUKaMU (HaMarHW4eHHOCTh Mg=
(1,3+1,8)-10°A/m, Marauroctpukumsi Hackimenus As=(20+35)-10°) u BbiCOKOil 4yBCTBH-
TEJIbHOCTBIO XapaKTEPUCTUK K JEHCTBUIO PACTATMBAIOILMX HanpsbkeHud. Ilepen mposeneHu-
eM M3MEpEHHil JICHTHI IPOXOMIN TEPMOMATHUTHYIO 00paboTKy B Bakyyme 10~ M. pT. cT.
JUIMTENBHOCTHI0 30 MUHYT B TEMIIEpaTypHOM HHTEpBaJIe 300° -450°C IIpU Pa3iIMYHOU OpUEH-
TallMd MarHUTHOTO IOJII OTHOCUTENIBHO OCH MX NPOKAaTKH. BenuunHa MarHUTHOTO MOJS B
npouecce TMO cocrapisna Hosp= 40 kA/M. BappupoBaHnue yriia npuiaoKeHHs MarHUTHOTO
noist B nponecce oopaGorkn (90°, 60°, 50°C) OTHOCHTENBHO OCH IIPOKATKH HMENO LB
HaBEJCHUE OJHOOCHOM MarHWTHOW aHU30TPONHUU, OPUEHTUPOBAHHOM 110/ pa3IMYHBIMU YIJla-
MU K JJIMHHOM CTOPOHE 00pa31oB.

B pabote npexacraBieHbl 3aBUCUMOCTH MAarHUTHBIX MapaMEeTpoB (OCTATOYHOW Mar-
HUTHOW MHIYKIUH, KOOpUUTHUBHOU cuiibl) TeHT Fe;3Co1oBs u Fegy sB135Si3C,, obpaboran-
HBIX I10]] pa3HbIMU YTJIAMU K OCHU IIOJIOCOK OT TEMIIEpaTypbl TEPMOMArHUTHOM 00paboTku Tosp
Y BEJIMYUHBI YIIPYTUX PACTATUBAIOMIMX HAMPHKEHUH G.

_ 1.5
Tosp =320°C 15 Tosp= 340°C B, Th /7
B, Ta '

(

H, Afm
H, Afm -1500 1500
o=0MMa
-1500 o=0MmMma 1500 o= 0,06 Ma
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o=0,15MMNa
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Tasg= 360°C Tasp =380°C
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o=2,86 MMa

H, A/m [ .:' H, Afm
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Pucynok. MarunTHsli rucrepesuc JieHT coctaBa Fe;3C01,B s oT Tos, M 6 npu yrite 50° MEX/]1y OCBIO
MIPOKATKU JICHTHI U HamlpaBiieHueM MarHuTHoro noyst B TMO

HauGospieli 4yBCTBUTEIBHOCTBIO K JCHCTBHIO G 00J1a7al0T JeHThl coctaBa Fe;3C0.,Bis,
npomenmue TMO npu oTHOCHTENBHO HU3KMX Temneparypax (320°-360°C). Ilpu mpoTexaHuu mpo-
necca KPUCTAIIM3ALMU YYBCTBUTEIBHOCTh HCCIEJOBAHHBIX JIGHT K JCHCTBUIO PACTITHUBAIOIIMX
HaIPSHKEHUI YMEHbBIIAETCSI.

BripaxkeHHast OJHOOCHAsE aHM3OTPONHS HABOJUTCS B JIGHTaX cocTtaBa FegsBi3sSi;C, mpu
TMO B obnactu T, =430°C. Benuuuna HABEJICHHOM MAarHUTHOM aHM30TPONHMU B JIEHTaX COCTaBa
Feg; 5sB13551;C, 3aBUCHT OT OpUEHTAIMM MAarHUTHOTO IIOJIS, IPUJIOKEHHOTO B TIporiecce 00paboTKH.
OpueHTarms 0CH HaBEACHHOW aHW30TPOIHMH II0J] YTIIOM 60° 10 OTHOIIEHHIO K OCH MPOKATKU JICHTHI
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B nanHO#t paboTe mpencTaBieHBI pe3yNbTaThl KCCIEAOBAHUS MAarHUTHOH JOMEHHOM
CTPYKTYpbl ~ TIOBEPXHOCTH MOHO- W  TOJUKPHCTAUIMYECKUX  OOpa3lloB  PEIKO3eMETbHBIX
HHTCPMCTAUIMAOB B YCJIOBHUAX MEXAHHUYCCKHUX HaHpH)KCHHﬁ. 3KCHCpI/IMeHTaJII)HO IIOKa3aHoO, 4YTO
CIIEZICTBUEM MEXAaHMYECKHX BO3ACHCTBHH Ha IOBEPXHOCTh SIBISETCA (OPMUPOBAHHE TOHKOIO
HaIpsDKEHHOI'O CJIOsl, B KOTOPOM BO3HUKAeT HEPaBHOBECHOE MAarHUTHOE cocTosHME. B cioe
dopmupyercs coOCTBEHHasl JOMEHHas CTPYKTypa, KOTOpas JEMOHCTPHUPYET pesIaKCallOHHOE
MOBEJICHUE, IPU KOTOPOM B OTCYTCTBHE BHEIIHHX MAarHUTHBIX IOJIEH Ha MOBEPXHOCTH C TCUCHHEM
BpeMeHH (hOPMHUPYETCs] pABHOBECHASI CTPYKTYPa 3aMBIKAIOLINX JTOMEHOB.

KiroueBble ciioBa: JOMEHHast CTPYKTYpa, (heppOMarHeTuK, peaaKcarys.

JloMeHHast CTpyKTypa (eppoMarHeTHKa SBISETCS WHAMKATOPOM €r0 MAarHUTHOTO |
CTPYKTYPHOTI'O COCTOSIHUS. B cilyuae MarHeTMKOB ¢ MarHUTOKPUCTAJUIMYECKONH aHU30TPOIUEH
(MKA) tuma «och Jerkoro HaMarHMYMBaHUS» MapaMeTpbl JOMEHOB CIIYy)KaT OCHOBOW JUIs
MUKPOMAarHUTHOTO aHAJIM3a U ONPEJEICHHs TOBEPXHOCTHOM INIOTHOCTH SHEPIUU JOMEHHBIX
rpaHull. B paBHOBECHOM COCTOSIHMM Ha MOBEPXHOCTH MACCHUBHOI'O KPHUCTAJUIa MEPIEHINKY-
JSIPHOW OCH JIETKOTO HaMarHUYMBaHUS (OpPMUPYETCS CTPYKTYpa 3aMbIKAIOIIUX JIOMEHOB,
MPEJICTaBISIIOIIMX COOO0M 3aMKHYThIE 00JIaCTH OJTHOPOJIHON HAMarHM4eHHOCTH, OKaliMJIEHHbIE
BOJIHUCTBIMHM TPaHMIIAMHU, & HA IMPHU3MATHYECKOM IUIOCKOCTH — mosocoBsle 180-rpamycHsle
JIOMEHHI [ 1].

OpHMM W3 3TaloB SKCIEPUMEHTA IO BBISBICHHUIO JIOMEHHOW CTPYKTYpPBI SIBISETCS
MOJITOTOBKA TIOBEPXHOCTH, TIPU KOTOPOH OCYIIECTBIISIETCS NUTH(OBKA U MOJIMPOBKA C TIpUMe-
HEHMeM abpa3uBHBIX cpelcTB. [1o cymecTBy 3Ta npoueaypa sBiaseTcs JOKaIbHBIM MeXaHHue-
CKMM BO3/ICHCTBHE HAa MOBEPXHOCTh MAaCCHUBHOIO KpHUCTaJlJa, BBI3BIBAIOIIMM HAINPSKEHHOE
COCTOSTHUE TOHKOT'O IPUIIOBEPXHOCTHOIO CJI0sl. B 3TOM citydae pekoMeHyeTcs nepes IpoBe-
JI€HUEM JKCIEPHUMEHTa MPOBECTU KPATKOBPEMEHHBIN OTKUT 00pa3lioB WM JIEKTPOXUMUYE-
CKYIO MOJIUPOBKY, /Uil TOIO 4TOOBI BOCCTAHOBUTH CTPYKTYPY MPHUIIOBEPXHOCTHOTO CIIOSI MIIH
yIaJduTh €ro. B ciayyae BICOKOAHM3OTPOIHBIX OJIHOOCHBIX MarHeTHKOB MOJI00HAs MPOLEY-
pa, Kak MpaBuio, He TpeOyeTcs, TaK KaK 3aMBIKAIOIIIE JOMEHBI IOCIIe JII000Tr0 MEXaHUYECKO-
IO BO3JEHCTBUS COXPAHSAIOT PaBHOBECHYIO KOH(uUrypauuio. VckiitoueHue cocTaBisIlOT Marte-
pHaJbl, Y KOTOPbIX UMEIOTCS BbIPA)KEHHbIE MAarHUTOCTPUKLIMOHHBIE CBOWCTBA U (MJIN) CIIUH-
NepPEOPUEHTALIMOHHBIE (pa30BbIe EPEX0/Ibl BOJIM3M KOMHATHON TEMIIEpaTyphl.

B nannoii paboTte paccmaTpuBaeTcs MOBEACHUE TOMEHHOM CTPYKTYpbI, KOTOpas ¢op-
MUpPYETCsl Ha MOBEPXHOCTH MarHeTHKa I0cjie MEXaHWUYECKOro BO3/IEHUCTBUS Ha Hee adpa3uB-
HBIMHU CpeJCTBaMU. B kauecTBe 00bEKTa HMCCIIEIOBAHUS B3SIT BHICOKOAHM3OTPOIHBIN peaKo-
3emenbHbI MHTepMeTamua DyFe; Ti y xotoporo mpu temneparype ~275 K nabmronaercs
CIHMH-TIEPEOPUEHTAMOHHBIN (a30BbIi nepexos oT MKA «ock Jierkoro HaMarHM4MBaHU K
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«IUJIOCKOCTh OCEH JIErKOro HaMarHu4yuBaHus». COeIMHEHUE XapaKTePU3yeTCsi TeTparoHasb-
HOM KPHUCTAIUTMYECKON CTpyKTypoil Tuma ThMn,, BBICOKOH HAaMarHMYEHHOCTHIO U TIOJIEM
aHuzotponu [2,3].

Ha pucynke B kadecTBe mnpumepa MpeICTaBICHO H300pa)KeHHE MPU3MATHUYECKON
wiockoct obpasna DyFe;Ti, moiyueHHOE METOJOM MAarHUTHO-CHJIOBOH MHKPOCKOIIHUU
(MCM) cpa3zy nociie MexaHHM4eCKOH MOJIMPOBKHU MMOBEPXHOCTH (PUCYHOK a) U uepe3 20 yacos
(pucyHOK 0).

Pucynoxk. M3o06pakenue, nonyuenHoe MetogoM MCM Ha nmpu3MaTudeckoil miockocTi odpasia
DyFe, Ti. Pazmep m3o6paxenns 100x100 Mmxm

BunHo (pucyHOK a), 4TO JOMEHHasi CTPYKTypa, KOTopas (OpMHUpPYETCss Ha OBEPXHO-
CTH TIOCJIE MEXAHWYECKOM MOJIMPOBKU, OPUEHTUPOBAHA MEPIEHIUKYISPHO OCHOBHBIM II0JIO-
coBbIM JoMeHaM. IIponecc penakcanuu K paBHOBECHOMY COCTOSIHUIO (PUCYHOK 0) IIPOMCXO-
JUT TIpY KOMHATHOM TeMIepaType B OTCYTCTBHE BHEIIHMX MarHUTHBIX Noiel. B pabore 00-
CYX/Ial0TCsl IPUYMHBI (POPMUPOBAHUSI JOMEHHON CTPYKTYphl TOBEPXHOCTHOT'O CJIOS M MeXa-
HU3MBI peaKcaluu.

Pabora BeimonHena npu nojgaepxxke Poccuiickoro Hayunoro ®@onna (mpoext Ne 18-
13-00135).
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TiO, nanosheets having a thickness of one monolayer and doped with 3d-elements (Mn, Fe,
Co, Ni, Cu) were prepared by chemical methods. Typical lateral dimensions of nanosheets were 0.1-1
4. The optical studies reveal the fundamental absorption edge as well as specific features of the impu-
rity absorption which were different for different impurities. First-principles calculations were used to
calculate the electronic structure, magnetic state, and local environment of 3d impurities in doped
nanosheets.

Keywords: titania nanosheets, 3d impurities, optical properties, first-principles calculations.
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Bulk titanium dioxide TiO, (titania) have attracted considerable attention due to its
unique physical and chemical properties, in particular the photocatalytic ones. TiO, doped
with different impurities is of interest for the hydrogen generation and photocatalytic water
purification systems activated by solar radiation. Moreover, Co-doped TiO, was the first
transparent compound in which the room-temperature ferromagnetism was discovered [1].
Such ferromagnetic materials have many potential applications, for example as spin injectors
in spintronic devices.

In recent years, TiO, nanosheets which have a thickness of one monolayer (7 A) be-
came a subject of intensive studies. These nanosheets can be prepared both as colloidal solu-
tions and thin films. When doped with various 3d elements, they exhibit interesting magnetic
and photocatalytic properties. For example, TiO, nanosheets doped with Co and Fe are ferro-
magnets at room temperature [2] and exhibit giant magneto-optical response [3,4]. The physi-
cal nature of these phenomena is not clear. These materials may be of interest to spintronics,
since insulating ferromagnetic oxides are very rare materials. The photocatalytic properties of
doped TiO; nanosheets are of interest, too [5].

The purpose of this work was to study the optical properties of TiO, nanosheets doped
with 3d elements, to determine the electronic structure, magnetic state of impurity centers
formed by these impurities, and to establish the relationship between the structure of these
centers and their properties.

Titania nanosheets were prepared by delamination of proton-substituted Kgg(Tis-
+M)O4,5 compound with the layered lepidocrocite structure in a tetrabutylammonium hydrox-
ide solution. The concentration of dopants (M = Mn, Fe, Co, Ni, and Cu) was 20%.

The obtained samples were colorless or slightly colored colloidal solutions. The lateral
dimensions of the nanosheets were from 0.1 to several microns as determined by scanning
electron microscopy.

The optical absorption studies of colloidal solutions of doped nanosheets revealed a
fundamental absorption edge at 273-280 nm, whose position weakly depended on the type of
the dopant. A strong shift of the absorption edge with respect to bulk TiO, is due to the quan-
tum size effect. In samples doped with Mn, Fe, and Co, the tails in the absorption spectra ex-
tended to the visible region and determined the color of colloidal solutions. The tails were in-
dividual for each impurity and in some case could be resolved into a sum of broad bands. For
Ni and Cu impurities, the absorption tails were much weaker.

The electronic, magnetic, and local structures of TiO, nanosheets doped with V, Cr,
Mn, Fe, Co, and Ni impurities were calculated from first principles using the ABINIT pro-
gram in the LDA + U approximation using PAW pseudopotentials. In the calculations it was
assumed that all impurities are in the charge state of 4+. The magnetic moments of the impuri-
ties were found to be S = 1/2 for V, 1 for Cr, 3/2 for Mn, 1 for Fe, 1/2 for Co, and O for Ni.
For Co and Cu impurities, the complexes with the oxygen vacancy were also studied. For the
Co impurity, the energy of the complexes containing the impurity and an oxygen vacancy at
several sites was additionally calculated. The structure with a vacancy located on the surface
of the nanosheet had the lowest energy.

The calculations of the electronic structure of doped TiO, nanosheets predicted the ap-
pearance of deep levels in the forbidden gap, which can be responsible for the observed opti-
cal properties of the nanosheets.

This work was supported by the RFBR grant No. 17-02-01068.
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The effect of thermomechanical process (rolling and heat treatment) on the microstructural
and magnetostriction properties of ternary Fe-Ga-NbC alloy was investigated. As comparison with as
cast sample, a decrease in magnetostriction strain in rolled samples and then an increase in in magne-
tostriction of heat treated samples was observed. The tendency to formation of Goss texture due to
heat treatment is proved.

Keywords: hot-rolled, complex-rolled, annealing, Goss texture, magnetostriction.

Ferromagnetic Fe-Ga (named as Galfenol) exhibit large magnetostriction at low mag-
netic fields which can be used in acoustic sensors, transducers, generators, linear motors, ac-
tuators, damping devices, torque sensors, positioning devices, speakers, microphones and etc.
[1, 2]. Due to the anisotropy of magnetostrictive performance of Fe—Ga alloy, the n-fiber tex-
ture with (001) grain orientation parallel to the rolling direction (RD) is desired in the sheets,
such as Goss texture {110}{(001) and cubic texture {100}{(001) [3]. It is why that texture of
rolled Galfenol sheet should be align with the magnetic easy axes, <100> directions. There-
fore, the development of strong <100> | RD (RD is rolling direction, ND is normal direction
to the sheet surface and TD is transverse direction) texture in the rolled sheets is critical in
order to achieve maximum performance [4]. In addition to this, the dispersion of NbC parti-
cles resulted in promotion of the abnormal grain growth (AGG) of {011} grains in a process
that is similar to the inhibition of normal grain growth (NGG) in Fe—Si electrical steel which
occurs due to precipitation of second-phase particles such as AIN and MnS [5, 6].

Two thermomechanical process were employed to shape an as-cast ingot of a ternary
(Feg3.4Gaj6.6)0.99(NbC)o o1 alloy: (i) hot rolling at 900°C from 3.00 mm to 0.50 mm and (ii)
complex rolling including rolling at 700°C from 3.00 mm to 0.85 mm, 400°C from 0.85 to
0.84 mm and an intermediate heat treatment at 450°C for 30 minutes and finally cold rolling
from 0.54 mm to 0.5 mm. The recrystallization process for the complex rolled sample starts at
about 500°C and it is completed at 600°C. The DSC results revealed that the Curie temperature
of alloys is around 714°C. In order to measure the magnetostriction strain, a new set-up was
designed and tests were carried out with sticking sensors on the samples. The parallel (Al)
magnetostriction for as-cast, rolled and heat treated samples were measured. The magneto-
striction results show 42 ppm, 27 ppm, 24 ppm, 59 ppm and 62 ppm for as cast, hot rolled,
complex rolled, heat treated after hot rolling and heat treated after complex rolling, respec-
tively. It is shown that the magnetostriction strain firstly drops after rolling, because of inter-
nal stresses which led to pinning of domain walls. Then the heat treatment after rolling leads
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to stress relaxation in the rolled samples, Goss and cubic texture formation and caused the
domain walls move more easily. Also heat treatment led to formation of {011} and {001}
grains. The EBSD and IPF figures proved the formation of the Goss {110}<100> and cubic
{001}<100> texture after the final heat treatment leading to an increase in magnetostriction
strain of the samples. Two theories of grain growth phenomena (Coincident Site Lattice
(CSL) and High Energy Grain Boundary (HEGB)) explain the formation process of the Goss

and cubic textures.
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Figure. Effect of thermomechanical process on magnetostriction of (Fegs 4Gaj6.6)0.99(NDC)o o1 alloy
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B pabote mpuBeneHsl pe3yiabTaThl HCCIEIOBAHUNA CTPYKTYPHBIX, MATHUTHBIX PE30HAHCHBIX U
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peTaKcarnoOHHBIX CBOMCTB KOMITO3HTHBIX IJICHOK: METaJUI-TUNICKTPHK COCTaBOB
{(CoysFe5)x+(Si02)qxn} 1 Metama-yriepos coctaBoB{(Cog4FeosBo2)x+(Ca)awn}. [lokazano Baus-
HUE CTPYKTYpPHOHM pellakcaluy, KOHIECHTPAMI MarHUTHOW METAJNTMYECKOM, TUAIEKTPUUECKOMU, YIiie-
poJiHOM (pa3 KOMIIO3UTHBIX TUICHOK HA YaCTOTY MarHUTHOW PEJIaKCallUi U HA XapaKTEPUCTUKU (heppo-
MarauTHoro pezonanca (ODMP).

KunroueBblie ciioBa: MmarautHas penakcanus, @®MP, KOMIIO3UTHBIE TIJIEHKH, METaJLI-IUIEKTPUK
/ yraepon, CTpyKTypa.

Pabora mocBsIeHa WCCICIOBAHUIO CTPYKTYPHBIX M MArHUTHBIX PETaKCAIIMOHHBIX
CBOMCTB KOMITO3UTHBIX IUIEHOK: MeTaJI-IU3JIeKTpuK cocTaBoB {(CogsFeqs)x+(Si02)1-x3},
0.42<x<0.87 u meram-yraepon coctaBoB {(Cop4Fep4Bo2)x+H(Ca)a-xn}, 0.4<x<0.8. Hambuie-
HUE TUIEHOK OCYIIECTBISUIOCH METOIOM MOHHONW OOMOapIHpOBKM MHUIIEHEH METATTMYECKUX
CIUJIaBOB, JMAJICKTPUKA U YIJIepoja Ha CTEKISHHbIC MOI0XKKH [1]. ToammMHbl KOMIIO3UTHBIX
MJIEHOK COCTABIISUIM: METAJUI-IUAIEKTPUK - 0.22+0.45 MkM u MeTaiui-yriiepos - 0.1+0.2 MxM.
Penved, ¢da3oBblii KOHTpacT W MarHUTHBIC TMOJSI HA MOBEPXHOCTH KOMITO3UTHBIX TUIEHOK
OTIPENICTISITUCh aTOMHO-CHIIOBBIM MHKpockorioM (ACM) ARIS-3500 ¢ ucmons30BaHUEM KaH-
twieBepa ND-MDT. MarauTHast CTpyKTypa IUIEHOK MCCIEA0BAIACh C UCIOJIb30BAHUEM KaH-
TuieBepa ¢ MarHUTHBIM 30HAOM CoCr. XapakTepucTUKH (TMOMYIIMPUHA JTUHUA U Pe30HaHC-
HbIe Toys1) eppomarHuTHOTO pe3onanca (OPMP) mienok ompenensumuch ¢ nmomorpo D[P
paanocnekTpomerpa PO 1306 Ha yacrote nois 9.36 I'Tu. YacToTel MarHUTHOM penakcaluu
HAXOJWINCh U3 3Ha4eHUH mmpunbl Tuann OMP AH: f, =1/t = y"AH , Tae 1, — BpeMs perax-
caluu KojeOaHui BEKTOpa HaMarHM4eHHOCTH, y'= 2.8 MIy/D — rupoMarHuTHOE OTHOIIECHUE
JUlsl crivHa 3yekTpoHa [2]. Ha puc. 1 mpuBeneHbl 3aBUCMMOCTH 4aCcTOThl MarHUTHOM pellak-
cally OT KOHIIGHTPAIMH METAJUIMYECKOM (ha3bl KOMITO3UTHBIX TUICHOK: METaJUI-TUAICKTPUK
(xpuBas 1), metami-yriepo (2, 3). Kak BunHo u3 puc.1, 11 TUICHOK C YIJIEPOJAOM CYIIECTBY-
€T /Be MOJbI (KpUBBIE 2, 3), KOTOPBIE XapaKTePU3YIOTCS PA3IMYHBIMU 3HAYEHUSIMU PE3OHAHC-
HBIX U PEJaKCAlMOHHBIX YaCTOT. DTO CBHUJETENLCTBYET O TOM, UYTO B IUIEHKAX C YIJIEPOJIOM
CYIIECTBYET, MO KpaiiHel Mepe, ABa pa3IUYHbIX XMMHUECKUX COCAMHEHUS B METAJUTMUYECKON
daze: FeCoC u CoFe. Insi MeTaJI-yriaepoOaHBIX TUIEHOK ¢ OOJBIIMMH X YaCTOThI MarHUTHOMN
penakcanuu B 8-10 MeHblIe, 4eM ISl METaIUT-AUIEKTPUUECKUX TIEHOK.

DTO CBHJETETHCTBYET O TOM, UTO YIIEPOJ OOBEIUHSIET MEXIYy COO0N METaTITMYECKUe
MarHUTHBIE YaCTHIIBI M O00JIACTH TaKuUM OOpa3oM, YTO B COCETHUX YACTHIIAX Pa3HHIA B COO-
CTBEHHBIX YAaCTOTaX MAarHUTHBIX KOJEOAHWI yMEHBIAeTCs, U BEKTOpa HAMAarHWYEHHOCTH B
COCETHUX YaCTUIaX HAYMHAIOT KojebaTbes B ¢aze Oosiee qnmurenbHoe BpeMs. HauanbHoe
YBEJIMYEHUE YaCTOTHI peaKcallii OT X CBSI3aHO C YBEJIIMYEHHEM pa3dpoca pa3MepoB MarHuT-
HBIX YaCTHI[ C POCTOM X, MPUBOJIAIIEE K HAMYUIO POCTa pazdpoca pa3MarHMYUBAIONIUX I10-
Jieil MarHUTHBIX YacTHIl (KpuBkle 1, 2).
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Pucynok. 3aBHCHUMOCTH YaCTOThI MATHUTHOM penakcanuu f, OT KOHILICHTpAaLM1 X KOMIIO3UHBIX
METAJI-AU3JICKTPUYCCKUX (1) M MCTAJUI-yTJICPOAHBIX (2, 3) KOMIIO3UTHBIX IIJIEHOK

MaxkcuMyMbl Ha 3aBUCUMOCTSIX f(X) — 3T0 00JaCTH KOHIIEHTPAUi X, 151 KOTOPBIX Xa-

PAKTCPpHO CIUAHUEC MCTAIMYCCKUX YAaCTHUL UM TPOUCCC NCPKOJISAINU. HpI/I 9TUX IIponeccax
HAYMHAIOT BO3HUKATH OOJILIINE IO pasMe€paM MarHUTHBIC METAIJIMYCCKUEC 06J'IaCTI/I, JJIsL KO-
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TOPBIX XapaKTepHO KOTEPEHTHOE KoJieOaHHe BEKTOpa HamMarHudeHHocTu. J{ms obnacteil me-
TaJJI-yTJIEPOIHBIX MJICHOK, TAIOIIUX BKJIaJ BO BTOPYIO MAarHUTHYIO MOJy KoyieGaHHii, ONUCHI-
BaeMbIX KPUBOHU 3, 3TOT MpOIIECC MPHU UCCIEAOBAaHHBIX X He Habmomaercs. [Ipu yBenmueHun
KOHIEHTPAIlMU X KOCBEHHAsi 0OMEHHasl CBSI3b BO3pACTAET JJIsi COCETHUX MarHUTHBIX oOsiacTeit
cocraBoB (FeC+Co), narouux Bkiazx Bo BTopyto Moany. Bropas moga ®MP xapakrepusyercs
MEHBIIIUMH f,(X) TI0 CPaBHEHHUIO C TIEPBOM MOJOM, 0OYCIIOBIIEHHOH MarHUTHBIMH KOJICOAHU sI-
MU B obnactsax cocraBa CoFe.

Pabora Bemosnena npu momuepxkke PODU (rpanter: Ne 17-02-01138a, Nel7-57-
150001n).
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ELECTRICAL AND MAGNETORESISTANCE PROPERTIES
OF MULTILAYER FILMS BASED COMPOSITE-SEMICONDUCTOR
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'Cand. Phys.-Mat. of sciences, junior researcher, zhiloval05@mail.ru
*Dr. Phys.-Mat. sciences, professor, sitnikov04@mail.ru
3Cand. Phys.-Mat. of sciences, docent, ivbabkina@mail.ru
“Ingeneer researcher, srgpank @mail.ru
>Student, takker358 @gmail.com
Voronezh state technical university

Thin films based on a composite with interlayers of indium oxide In,Os/(CogFes0B2g)
34(810,)¢6 were studied. Such a system was obtained by ion beam spraying. X-ray analysis showed that
the films have a multilayer structure. The introduction of In,O; interlayers into the
(CoyoFeq9Bag)34(S10,)s6 nanocomposite leads to a decrease in the resistivity. All the samples studied
have magnetoresistance both at 77 K and at room temperature, which is typical for ferromagnetic met-
al-dielectric nanocomposites.

Keywords: multilayered structures, indium oxide, electrical resistivity, magnetoresistance.

Nanogranular composites are widely studied both from a fundamental point of view
and from the point of view of practical applications. Such nanocomposites consist of ferro-
magnetic nanoparticles embedded in semiconductor or dielectric matrix.

The magnetic and physicochemical properties of these nanocomposites strongly de-
pend on the preparation method, particle size, concentration, and chemical bond between the
nanoparticles and the matrix. There are significant limitations in the composition of the heter-
ogeneous system, which through self-organization forms a nanocomposite structure. In addi-
tion, from the point of view of practical application of thin-film nanocomposites, it is advisa-
ble to make multilayer nanogranular structures. Therefore, in this work, the effect of the In,O3
wide-gap oxide semiconductor layer embedded in the composite  matrix
(CosgFes0B20)34(S107)¢6 on the structure, electrical and magnetoresistance properties of the
nanocomposite was studied.

Experimental samples of the system [In,Os/(CosoFe40B20)34(Si02)e6lo2 Were obtained
by the method of ion beam sputtering.
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The resulting multilayer system had 92 bilayers. Sample thicknesses (h) were meas-
ured using an MII-4 interferometer, and were in the range of 0.20 - 0.60 um. The bilayer
thickness (h;+h;) changed from 1.6 to 6.3 nm.

The diffractograms of the I(20) thin-film system of different thicknesses have the ap-
pearance of a wide halo.

The reason for such a dependence of 1(2®) is the summation of diffractions from three
different amorphous phases (metallic granules CosoFes0B2o, a-SiO; u a-In,03).

Small angle X-ray diffraction confirmed the presence of a multilayer structure.

A comparative analysis of the dependences of the resistivity on the thickness (p(h)) of
the In,O3, (Cos0Fes0B20)34(S102)66 and [InyO3/(CosoFes0B20)34(S102)eslor films showed that,
with a decrease in the film thickness, the electrical resistivity of the multilayer structure in-
creases and tends to p of the bulk composite, and with increasing thickness, p(h) decreases,
but does not reach the specific electrical resistance of the In,O; film. The increase in p can be
explained by the small effective thickness of the semiconductor layer of ~ 0.4 - 0.5 nm, which
is not enough to create a continuous conducting medium. Therefore, the main electrical trans-
fer is carried out in the composite. When the thickness of the semiconductor layer becomes
sufficient for the formation of a conducting medium, a significant difference with p of the
In,O3 film is associated with the amorphous structure of the phases under consideration rela-
tive to the crystalline structure of the indium oxide film. Thus, it was found that the thickness
of the In O3 semiconductor layer affects the value of the electrical resistivity.

The figure shows the dependences of the magnetoresistance of the investigated thin
films (MR).

"8 6 4 2 0 2 4 6 8
H, kOe

Figure. The magnetic field dependencies of magnetoresistivity for thin films
(hbl —-5.52 nm; h]n203 =1.44 nm)

A negative MR means that the resistivity decreases with increasing magnetic field
strength. Lowering the temperature from 300 to 77 K leads to an increase in the maximum
value of the magnetoresistance obtained at 8 kOe. Such field dependences of the magnetore-
sistance for thin films are characteristic of ferromagnetic metal-insulator systems. The intro-
duction of In,O3 semiconductor interlayers and their subsequent increase decreases the mag-
netoresistance for thin films. This may be due to an increase in the distance between the
CogoFes0Byo ferromagnetic metal granules in adjacent layers of the (CosoFes0B20)34(S102)e6
composite.

This work was supported by the Ministry of Education and Science of the Russian
Federation as the project part of the state task (No 3.1867.2017/4.6).
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V. PEJJAKCAIIMA B HAHOCUCTEMAX

VJIK 519.6
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Er'O CTPYKTYPBI
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OI'BOY BO «BopoHeKCKHil TOCyIapCTBEHHBIN TEXHHYECKUH YHUBEPCUTET

B nmanHO#i paboTe mpeacTaBieH KOMIUIEKCHBIM MOAXOJ K PEIICHHIO 33Ja4d ONTHMHU3ALMH
CTPYKTYPBI MYJIbTUCIIOMHOTO OOBEKTA, HAIIPaBJICHHON Ha yJIy4IlIEHHE €r0 TEeIJIOBBIX XapaKTEPUCTUK.
PaccmoTpeHsl  BOIPOCHI MAaTeMaTH4ECKOTO MOJEIUPOBAHUS TEMIIEPAaTYPHOIO paclpeleseHUs
MYHLTHCHOﬁHLIX O6T>CKTOB, BBISABJICHUA U YCTPAHCHHA PUCKOB KPUTUYCCKOT'O IIEPLErpeBa.

KnroueBble cnoBa: MynbTUCIOWHBIE OOBEKTHI, KapTa TEIUIOBOIO  pPacHpeAesCHus,
TE€HETUYECKUIN alNTOPUTM.

C pa3BUTHEM HAHOTEXHOJIOTUI CTAHOBATCS HanOosee aKkTyalbHBIMU BOIPOCHI peak-
Caly TBEPAbIX MYJIbTUCIOMHBIX 00bEKTOB. K TakuM 00BEKTaM OTHOCSTCSI HOBEHIIHME TPeX-
mepHo uHTerpupoBanubie CBUC (3D-IC), kpaiiHe 4yBCTBUTENbHBIE K TEMIIEPATYPHBIM pe-
xumam [1,2]. Ha mpouecc ycTtaHOBIEHUS TEPMOJAMHAMUYECKOTO PAaBHOBECHS (peslaKcallun)
TaKuX OOBEKTOB BIMSIOT MHOKECTBO (haKTOPOB, B T.4. B3aUMHOE PACIOJIOKEHHUE COCTaBHBIX
AJIEMEHTOB U ciioeB [3]. D10 TpeOyeT ONTUMHU3AIMU CTPYKTYPhl MHOTOCIIOWHOTO OOBEKTA, C
y4eToM TepMoauHaMHUKH. CTerneHb MHTErpalul HAaHOYPOBHS IpeamnosaraeT 0oJbIIoe KOJIH-
4ECTBO Pa3HOPOJHBIX JIEMEHTOB, YTO YCIOKHAET KaK pacueT TEpPMOANHAMUUYECKUX I1apaMeT-
POB, TaK W 33124y ONTUMHU3AIMHN pa3MenieHus [4].

JU1g OCTpOEHUs KapT paclpelesIeHUs] TEMIEPATypbl U BBIUMCICHMSI TEIUIOBBIX Napa-
METPOB MYJIBTHCIONHOTO 00BEKTa, ObUTO amanTupoBaHO ypaBHeHHE Dypne-Kupxroda wu
IPEUIOKEHO €ro pelIeHrne MeTo10M KoHeuHbIX pasHocTel (MKP) ¢ komOuHUpOBaHHEM sIB-
HOUM U HEABHOM pacueTHbIX cxeM. s coOnrofeHus] yCTOWYUBOCTU NPU UCIOJIb30BAHUU SIB-
HOW CXeMbI MPENJIOKEH AITOPUTM aJalTUBHOIO Iepepacuera BpeMeHHoro mara. IIpennara-
€TCsl MOHUTOPUHT COOTBETCTBHUSI KPUTEPUIO YCTOMYMBOCTH B IPOLECCE pacyera, U ycTpaHe-
HUE BO3MOYKHBIX IIPUYMH HEYCTONYUBOCTH.

[IpencraBieH anroput™ BbIOOpa METOAOB MOJEIMPOBAHUS, YUYUTHIBAIOIIMM OCOOEH-
HOCTH ¥ JAMHAMHUKY pa3BUTHUS PEJIAKCALlMOHHOTO IMpoliecca MyJIbTUCIOHOro o0bekTa. [Ipu-
MEHEHHE JIaHHOTO aJIrOpUTMa MO3BOJIUJIO CHU3UTHh TPEOOBAaHUSA K BBIUMCIMTEIBLHOM MOIIHO-
CTH CHUCTEMBI 0€3 3HAUUTEIBHOI0 YXYALIEHUS TOYHOCTH PacCcyeToB. DKCIIEPUMEHTHI MOKa3a-
JIM COKpallleHne BpeMeHH MojenupoBanus Ha 10-15% npu norepu Tounoctu nopsiaka 1.5%.

Onucad anropuT™M ONTHUMM3ALMHU Pa3MELIEHUS COCTABHBIX 4YacTed MYJIBTHCIOWHOTO
00BbeKTa, HAIPaBJIEHHBIM Ha CHUKEHHE PUCKOB BOSHHUKHOBEHMS JIOKAJIBHOTO NEperpeBa Wiu
nepeoxynaxaeHus. JlaHHBIH aNrOpUTM SIBIISETCS aJalTHPOBAHHBIM M MOJIU(MUIIMPOBAHHBIM
FeHEeTUYECKUM aJIFTOPUTMOM ONTHMHU3ALMU pa3melieHus. [IpuBeaeH nmpuMep ycHemHoro pas-
merenus Gynkuonansueix enquaun CbUC Ha npoctpancTBe kpuctamia [5).
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VYIK 539.269
BJIUAHUE TEPMOOBPABOTKH HA CTABMJIBHOCTH HAHOPA3MEPHBIX
MHOT OCJOMUHBIX CTPYKTYP KOMIIO3HUT - IOJYIIPOBOJIHUK
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B mpencrasnenHoi paboTe nu3yueHa MHOTOCIIOWHAs TeTepOreHHasi CUCTeMa, cocTosmas u3 85
yepenyronmuxcs cinoeB kKommnozuTa (CoyFe 0Ba):4(Si0y)¢s 1 okcunoB ZnO u In,O;, momyueHHas
METOIOM HOHHO-TY4eBOro pacmbuieHus. CTpyKTypa 00pa3iioB UCCIIeIOBaHA METOIOM PEHTTCHOBCKOM
TUuGpaKkiMi B HMCXOJHOM COCTOSHHUM W IOCHE TepMUYeckod 00paboTku. OOpasipl SBISIOTCS
crabuibHbIME BILTOTh 10 500 C. B mporecce omkuros obpasyrorcs ciemyromue dassl: Zn,SiOy,
InBO;, CoFe n In,0s.

KnrodeBbie c0Ba: MHOTOCIOWHBIE CHUCTEMBI, PEHTICHOBCKAs IU(paKius, amopdHas
CTPYKTYypa, TepMHUUIecKas o0paboTka.

[[InpoKk030HHBIE OKCHUIHBIE TOJYNPOBOJHUKU SIBJSIOTCS OCHOBHBIMHM (DYHKIIMOHAJIb-
HBIMHU MaTe€pUajlaMi, UCIIOJIb3YEMBIMH B IIPO3PAYHOM 3JIeKTpOoHUKE. [1oaTOMY M3ydeHHe BO3-
MO>KHBIX TBEPAOTEIBHBIX PEAKIMM, MPOTEKAIOINX MEXKAY MOJIYIPOBOJHUKOBBIMM, TUIJIECK-
TPUYECKUMH M METAJUIMYECKMMHU (a3aMu IMPH CO3JIaHUM JIEKTPOHHBIX MPUOOPOB SBISETCS
aKTyaJIbHOM 3ajadeil. B 3TOM ciiydae yHUKaJIbHBIM MOJEJIBHBIM MATEPUAJIOM MOKET BBICTY-
MaTh MHOTOCJIONHAs IJIEHKA C HAHOMETPOBBIMU TOJIILIMHAMU CIIOEB, I7I€ BO3MOXHO BBISBIIEC-
HUe 00pa30BaHMs PA3IMYHBIX COCTUHEHUH MPU B3aUMOJCHCTBHU Pa3IMYHBIX (a3 U X B3a-
MMHOE BJIUSIHUE.

OO0pa3ubl A5 UcciieJOBaHUM ObLITM TOTyYeHbl METOI0M HOHHO-JIy4Y€BOT'O PACIIbUICHUS
TpeX MHUIICHEH Ha BPAIAIOLIYIOCsd KPEMHUEBYIO MOJJIOKKY C U3MEHEHUEM OOIIel TOIMHBI
IJIEHKHA B IIPOLIECCE OJHOIO HAIbUICHMS. TONIIMHBI INIEHOK U3MEPSUINCH IIPU ITOMOIIM OITH-
yeckoro uHTephepomerpa MUM-4. Jlns nanbHEUINX HccleA0BaHUN ObLTH BEIOpaHBI MIIEHKU
tommuHoM 307 HM; 385 HM; 434 Hm; 517 HM u 428 HM. Hannune MHOTOCIOWHON CTPYKTYpBI
IUIEHOK MOJITBEPKAATIOCh IKCIEPUMEHTAMHU 10 MAJIOYTJIOBOM PEHTI€HOBCKOM Audpakuuu B
UHTEpBajie OparroBeckux yrioB 20=1-10° u uccienoBaHUEM MONEPEYHOIO CEUEHUS MHOIO-
CJIIOMHOM CTPYKTYpPBI METOJIOM MPOCBEUMBAIOIIEH 3IEKTPOHHOW MUKpockonuu. CorocTasiie-
HU€ 3HAYEHUN TOJIIIUH MEepHUOAa MHOTOCIONHON CTPYKTYpPbl PAaCCUYUTAHHBIX Pa3HBIMHU CIIOCO-
06aMu XOpOILIO COTIacyeTcss MeXAy COO0M M HaXOAUTCS B Iuara3oHe ot 3,6 10 6 HM.

B uncxognom cocrosiuun Bee 00pasibl [(CosoFes0B20)34(S102)66/Zn0/Iny03]gs umeroT
aMOpHYIO CTPYKTYpy. B TO Bpems, kak M3ydeHHbIE paHee OJHOCIOWHBIE MJIEHKH OKCHIOB
Zn0 u In,O; ABIATUCH KPUCTALTHYECKUMH, a TUIEHKH Kommo3uTa (CosoFes0B20)34(S102)66 —
aMOp(HBIMHU. PeHTreHoCTpyKTypHBIi aHaJIn3 JIBYXCIIOMHBIX CTPYKTYp
[(C040Fe40B20)34(Si02)66/ZnO]112 u [(C040Fe40B20)34(Si02)66/1n203]92 TAK>X€ HC BBISIBHUJI ITUKOB
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Ha TudpaKkTOrpaMMax B UCXOJHOM COCTOSTHUH. TakuM oOpa3oM, BBEJICHHE B MHOTOCIOHHYIO
ctpykTypy kommosuta (CosoFes0B20)34(S102)s6 CTOCOOCTBYET HAPYIICHUIO KPUCTATUTHYHOCTH
MOJIYITPOBOTHUKOBBIX MTPOCIIOCK.

Taxoke miis TIeHOK MHOTOCTONHOM CTPYKTYPHI [(Co0Fe10B20)34 (S102)66/Zn0/Iny03]3s
ObLJ1a BBITIOJHEHA TepMHUYecKast 00paboTka B uHTepBajie Temmepatyp 250-645 °C ¢ marom B
50 °C u Boimepxkoit B Teuenue 30 munyT. [Tocie kaxxaoro omkura odpaser UCCiIeI0BaIu Ha
Tu(dpaKTOMETpe, pe3yabTaThl U3MEPEHUN MPUBEICHBI HA PUCYHKE.

6000 T T T

(104)

5000 -

Zn2Si04 (113)

InBO3

25104 (023)

203 (400)
InBO3 (110)
InBO3 (202)

S
o
o
o

T

116)

.~ Zn2Si04 (202)

f;;* InBO3 (012)
4
f%

e

\
A{CoFe (110)
03 (431)

In203 (222)

(018)

(

Zn2Si04 (003)

InBO3

?

n203 (400)
nBO3

1n203 (611)

3000 |-
645 °C

600 °C

2000 MW% 500 °C
] 450 °C

1000 m” o ggg 8
e w0 e

250 °C

MNHTEHCMBHOCTL,0TH.€[,.

20,rpag.

Pucynok. Iudpakrorpammer mneHOK [(CogFeqB2o)34(Si0;)66/Zn0/Iny05]ss TommmHOM
427,6 HM mocIe TepMOOOPaOOTKU B HHTEpBase Temmepatyp 250 — 645 °C

Bce 00pa3mel coxpaHsim peHTreHoaMophHYI CTpYKTYypy Biioth a0 500 °C. Unen-
tudukanus audpakTorpaMM BhIABHIIA Hamuyue cienyromux ¢asz: Zn,SiO4, InBO;, CoFe u
In,O3, KOTOpbIE HAYATH MPOSBIATECS MPAKTHYCCKH OAHOBpeMeHnHo mpu 600 C. BeposTHo,
POCT KPUCTAILTUTOB, HAXOSAIINXCS B OTPAaHUYCHHON BEPTUKATBHON T€OMETPHH, 3HAUUTEIHHO
3aTpyIHEH.

CpaBHMBasi TpollecChl KPUCTAUIM3ALUU ABYXCIOMHBIX M TPEXCIOWHBIX CTPYKTYP,
MOXHO BHJIETh, YTO B TOCJIEIHHX OTCYTCTBYIOT MPOCThIE€ OKCHJHBIE coenuHenus ZnO u
Fes;04, 3a ncxmoyenneM okcuaa nHAUA In,Os.

Jlyis BBISBIEHMSI CTAaOMJIBHOCTH CJIOUCTOM CTPYKTYpHI MOCIE KaXKIAOro OTKWra Oblia
MpoBeJicHa MaoyloBasi peHTreHoBckas audpakuus. Beime 500 °C Hauanock pe3koe pa3mbl-
THE TPaHUL], HapylIeHHe NepuoanyHocTH, a Boiie 600 °C mpoucxoausio paspyueHue ciaou-
CTOM CTPYKTYPBL.

Pabora BeImonHeHa Mpu noIep:kke MUHOOPHAYKH B paMKax MPOEKTHON YacTH TOCY-
napctBeHHoro 3amanus (Ne3.1867.2017/4.6).

VJIK 537.9
TOHKWE HAHOTPAHYJIMPOBAHHBIE MATHUTHBIE TUTEHKHA
HA OCHOBE OKCHIHBIX 1 HUTPAJTHBIX MATPHIL, MTOJTYYEHHBIE
METOJIOM ILTAHAPHOU METAJLIOTEPMUM

M.H. BonoqaeBl, BI. M}IFKOBZ, B.C. )KI/IraJIOB3, JLE. Beikosa®
' Kanz. ¢us.-mar. Hayk, volochaev@iph.krasn.ru
*JI-p ¢u3.-mar. Hayk, miagkov@iph.krasn.ru
3 JI-p pus.-Mat. Hayk, zhigalov@iph.krasn.ru
* Kauz. ¢us.-mar. Hayk, lebyk @iph.krasn.ru
WuctutyT duszuku um. JI.B. Kupenckoro ®ULL KHI[ CO PAH, r. KpacHosipck

[IpencraBnensl 000OIIAONINE PE3YNBTAThl HCCIEIOBAHUN CTPYKTYPHl W (DU3HUYECKUX
XapaKTePUCTUK  HAHOTPAHYJIMPOBAHHBIX  TOHKUX  IUIGHOK,  COJCPIKAaIllMe  HAHOYACTHUI[bI
deppomarautaoro meramia (Fe, Co) B okcumuori (In203, ZnO, ZrO2, AI203, TiO2) matpuie,
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MOJMy4YEeHHBIM METOJOM IUTAHAPHOW METAIIOTepMHH. TakKe BIIEPBBIE IIOKa3aHa BO3MOXHOCTh
MPUMEHEHUS JAaHHOTO METOa ISl TOJTYYeHH HaHOTPaHYJINPOBAHHBIX MAarHUTHBIX TUIEHOK HA OCHOBE
HUTPUIHBIX MATPHIL.

KinroueBbie clioBa: HAHOTPAaHYIMPOBAHHBIE MArHUTHBIC IUICHKH, METAIUIOTEPMUYECKUE
peaxium, IIaHapHasi MeTaIJIOTEPMUSL.

HaHorpanynupoBaHHBIE TOHKOIUICHOYHBIC MaTEpHAJIbI, COJAEpIKAIINEe HaHOYACTHIIBI
deppomaruetuka (Fe, Co, Ni), BctpoeHHbIe B TonynpoBogHUKOBEIE (InyO3, TiO,, ZnO, SnO,)
wiu audnekTpudeckue (Si0,, Al,O3, MgO, ZrO,) MaTpuilsl, LIMPOKO UCCIEAYyI0TCs, Onaroia-
PSl YHUKQIHPHOMY COUCTAHUIO (PU3NYECCKUX CBOMCTB, O0YCIOBIEHHBIX UX CTPYKTYPHBIMH OCO-
OeHHOCTSIMHU. MaruuTHbele U PU3HKO-XUMHUUYECKHE CBOMCTBA TAKUX MAaTEPUAJIOB CUIILHO 3aBH-
CAT OT croco0a MOJIy4eHHsl, pa3Mepa YacTHUIl, KOHIICHTPALMH U XUMHUYECKON CBSI3H MEXKITY
HaHOYACTHIIAMHU U MaTpuiied u np. [1]. 1j1st ©3roToBieHUs TaKUX TOHKOTUICHOYHBIX MaTepHa-
JIOB YCHEIIHO MPUMEHSIIOTCA KaK XUMHYECKHUE (30/1b-Tellb METOJl, MUKPOAIMYJIbCHOHHBINA Me-
TOM, IJCKTPOXHMHUUYECKOE OCAKJICHHUE) TaK M (PU3MYECKHUE METOJbI M3TOTOBJICHUS (MarHe-
TPOHHOE COpAaCHbUICHUE, UMIYJIbCHOE JIA3€PHOE OCAXKICHUE, MOHHAS MUMIUIAHTAIUSA U T. [.).
TeMm He MeHee IMOMCK HOBBIX METOJOB M3TOTOBJIECHHMS TOHKOIIJIEHOUYHBIX HAHOKOMIIO3HTHBIX
MAaTEepHUAJIOB TAKKE ABJISETCS BECbMa aKTyaJbHOW 3aJa4ueH.

B nannoii pabote npeacraBieHbl 000IIAIOIINE PE3YIbTAaThl UCCIEAOBAHUN CTPYKTYPHI
U PU3NUYECKHX XapaKTEPUCTUK HAHOTPAHYJHWPOBAHHBIX TOHKHX IUICHOK, MOJYYCHHBIX METO-
JIOM TUIAHAPHON METAIJIOTePMHEH, coAepKalluX HaHOTPaHylbl (EeppOMArHUTHOTO METaslia
(Fe, Co), pacnpenenennbie B okcuaHout (In,Os3, ZnO, ZrO,, Al,03) marpuue [1, 2]. Janubrit
Croco0 Moy4eHHUs] HaHOTPAHYIMPOBAHHBIX TOHKOIUIEHOYHBIX MaTepUajioB OCHOBAaH Ha MpO-
BEJICHUH METANIOTCPMHUYCCKHIX PEaKIMid MKy HAaHOCIOSIMH OKcHIa (heppOMarHUTHOTO Me-
tamna (Fe,03, Co304) u meramia-BoccranoButens (In, Zn, Zr, Al) mocpeacTBoOM BaKyyMHOTO
OT)KHTa CIIOMCTHIX TOHKOIUICHOYHBIX peareHTOB. ToHkoreHoyHble peareHThl Fe,O3 u Co304
OBLIM MOTYYeHBI METOJIOM PEaKTHUBHOIO MAarHETPOHHOTO pacnbuieHus mutienu Fe, mu6o Co B
atMochepe Ar + O,, ci1ou MeTalIa-BOCCTAHOBHUTES TIOJTYYSHBI MAarHETPOHHBIM PaCIbUICHH-
eM B aTMocdepe YUCToro aproHa. Takoi croco0 mo3BOJISIET U3rOTaBIMBATH MHOT'OCIIOMHBIC
TOHKOIUJICHOUHBIE TIpeKypcophl. [locie HambUieHUs MPEeKypcopbl MOABEPrajd BaKyyMHOTO
OTXKHUTY C In Situ U3MEPEHUEM 3JIEKTPOCONPOTUBIICHHS, PE3KOE U3MEHEHHE KOTOPOTO YKa3bl-
BaJI0 HA WHUIIMMPOBAHHUE METAUIOTEPMUUYECKOU PEaKIMU B TUICHKE, TP KOTOPOW MPOUCXO-
muino BocctanoBneHne Fe (Co) u3 ux okcuaoB. Ha BoccTaHOBIEHHE MeTalla YKa3bIBalIO Tak-
)K€ TIOSIBJIEHME HAMAarHUYeHHOCTH B TUICHKAX, IMOCJIE BAKYYMHOTO OTXKUTA BBIIIE TEMIIEPATypPhI
unuuupoBanus. [Ipu ato namepenust R(T) u M(Tormx) HaXoAsTCS B TECHOM KOPPEISAIIHIH.

MeToapl 37€KTPOHHON MHUKPOCKOIHWU U PEHTI€HOBCKON AU(PPAKIMM MOKa3aJd, YTO
peakuu MpoXOAsT B JBa dTama, ¢ 00pa3oBaHHEM HHU3ILIEr0 OKCHAA, KaK MPOMEXYTOYHOTO
MPOJIYKTA PEAKIINH, & KOHEYHBIM MPOIYKT PEAKIIUHU MPEACTaBIsET COO0H TOHKYIO IJIEHKY, CO-
CTOAIIYIO U3 HAHOTPaHyNl (peppOMarHUTHOTO MeTaiia, PaBHOMEPHO PacCHpe/eeHHbIX B OK-
cuaHoM matpure [ 1, 2].

[lo cpaBHEHUIO C IPYrMMHU METOJAMU MOJTYYEHUS HAHOKOMHO3UTHBIX IJIEHOK aHAO-
TUYHBIX COCTABOB, IJIEHKH, M3TOTOBJIEHHBIE METO/IOM IJIAHAPHON METaNIOTEPMUH, 00J1aJal0T
BBICOKOW BPEMEHHOH, TEPMHUYECKOH M XUMHUYECKOW CTAOMIBHOCTHIO (IIOCKOJIBKY pPEaKIIHs
BOCCTAHOBJICHHUSI HEOOpAaTUMa), a TAK)KE OTCYTCTBHEM arjioMepaliiy U CIIeKaHus HAHOYACTHII,
MOCKOJIbKY YacCTHUIbI MTPOYHO CBSI3aHbI C OKCUJHOM Marpulei. HemanoBakxHsIM mpenmyiie-
CTBOM TPEJCTaBICHHOTO METO/A SBJSETCS BO3MOKHOCTh U3TOTABIMBATH TJICHKH C 33/IaHHBIM
pa3MepoM HaHOTPaHyJ, KOTOPBIM MPUMEPHO paBEH TONIIUWHE MCXOTHOTO CIOS OKcuaa dep-
POMarHUTHOTO MeTaJlja.

OnHako METAIIIOTEPMUUYECKHE PEAKLIUU MOTYT MPOTEKATh HE TOJIBKO MEXIY OKCHUIAOM
U MeTauIoM. B KadecTBe MpeKypcoOpoB MOTYT BBICTYIATh M APYTHE COCIUHEHHS] METaJLIOB:
HUTPUIBL, GTOpUIbl, HOCPUABL. A METOIBI PEAKTUBHOTO MAarHETPOHHOTO PACIIBUICHHUS B CBOIO
odepeib MO3BOJIIOT MOJTy4YaTh TaKue MpeKypcophl. [103TOMY B TaHHOM COOOIIIEHUH BIIEPBHIC
MOKa3aHa BO3MOXKHOCTh MPUMEHEHHS JaHHOTO METOJa ISl MOJyYeHUs HaHOTPaHyJIWPOBAH-
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HBIX MarHUTHBIX TJICHOK HA OCHOBE HUTPUAHBIX MAaTpPULl. BTN M3rOTOBIEHBI MHOTOCIIOIHBIE
npekypcopsl FeN/Ti, koTopble ObLITN MOABEPTHYTHI BAKYYMHOMY OTXKHTY ISl (DOPMUPOBAHUS
HaHoOrpaHynmupoBaHHbIX Fe-TiN TOHKUX IJIEHOK, 00JIAJaroIINX METATMYECKIM XapaKTepoOM
IIPOBOJIMMOCTY M MarHUTHBIMHM CBOWMCTBAMM, XapaKTEPHBIMU JJI TPAHYJIUPOBAHHBIX MAarHUT-
HBIX Cpejl.

PaboTa BeIMONHEHA MpU MTO/IEpKKE coBeTa 1o rpaHTam Ilpesunenta Poccuiickoit de-
neparuu (CI1-1262.2019.1).
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OI'AOY BO «tOsxHbIi penepanbHblii yHUBEPCUTET
OBI'OY BO «/loHCKOM rocyaapCcTBEHHBIN TEXHUUECKHI YHUBEPCUTET

B nameii pabore ¢ 1enbl0 CO3JaHUS MaTepHaloB, O00JajalOMIMX HECOOCTBEHHOM
NbE30PE3UCTUBHOCTHIO M MAarHUTOPE3UCTHBHOCTBIO OAHOBPEMEHHO, CHHTE3UPOBAHBI IOJHMMEpPHBIE
KOMMO3UThl Ha ocHoBe MaHrauuta La0.7S5r0.3MnO3 (LSMO) u monaudTuieHa HM3KOW IUIOTHOCTH
(LDPE) cocrara (100-x)LSMO/(xLDPE) pu x = 7, 8, 9, 12, 15, 17, 18, 22 mMaccoBbIX MPOIIEHTOB.
O06pa3upl ¢ KoHUEHTpauue X = 15 % nposBiIsiIoT HeCOOCTBEHHYIO MbE30PE3UCTUBHOCTD MOpsAaKa 17
% B obmactu masnenwit 0 - 270 xlla. MakcumaibHblE 3Hau€HUS OTPULATENBHOM H3O0TPOMHOM
TYHHEIILHOH MAarHUTOpe3uCTHBHOCTH KOMIO3UTOB 88%LSMO/(12%LDPE) wuMeroT Benmu4uHBI
nopsiika 2 % B MarHUTHOM mosie 15 k0.

KiroueBbie ciioBa: MaHraHUT, KOMIIO3UT, TbE30PE3UCTUBHOCTD, MArHUTOPE3UCTUBHOCTD.

JonmpoBanHbIii ManTaHuT Lag7Sro3MnOs; (LSMO) usBecten kak mpoBojsmiee dep-
POMAarHUTHOE COEMHEHHUE C BBICOKOM CTENEHBIO CIIMHOBOM MOJSPHU3ALUU HOCUTENEH 3apsiia
u temreparypoit Kropu 360 K [1]. Ha ero ocHoBe cuHTe3upyroTcs AByX(a3Hble KOMIIO3UTHL,
oOajaromuye Npu KOMHATHON TeMIIepaType MarHUTOPE3UCTUBHBIMU CBOWCTBAMM, CBS3aHHBI-
MU C MEKIPaHyJbHBIM CIUH-3aBUCUMBIM TYHHEIMPOBAHUEM DJIEKTPOHOB B ITOCTOSIHHOM Mar-
HUTHOM 110J1e [2]. Hy)kHO OTMETUTh, YTO TaKHe COCTaBbl THUIA MTPOBOJHUK/TUIEKTPUK MPO-
ABJISIIOT MaKCUMaJIbHbIE 3HAYEHUS] MarHUTOPE3UCTUBHOCTH BOJIM3U nopora nepkossiiyu [3]. B
Ka4yecTBE BTOPOH, TUAIIEKTPUUYECKON (a3bl MOTYT ObITh MCHOJIB30BAHbI KaK HEOPraHUYECKHE
MaTepuaibl, Tak U oprannyeckue. [IpenmyinecTBa cMHTE3a MarHUTOPE3UCTUBHBIX MaTepHa-
JIOB C TMOJMMEPHON MaTpulieil O4eBHJIHBI — 3TO MCKIIOYeHHE TU(PY3MOHHBIX MPOLECCOB U
XUMHYECKHX peaklUd, XapaKTepHBIX ISl TPAJULMOHHOTO TBEpAO(}Aa3HOr0 KepamMHYeCKOTo
CHHTE3a BO BpPeMs NMPUTOTOBJIECHUS KOMIO3UTOB. CeHCOPHI IaBIE€HUSI HA OCHOBE HECOOCTBEH-
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HOTO IMbE30Pe3UCTUBHOTO 3(ekra He TpeOyIoT yCHIUTENeH U CIOXKHBIX Mpeodpa3zoBarenei
curHana. B Hameit paboTe BriepBble CHHTE3UPOBAHBI U U3yY€HBI TE30PE3UCTUBHBIE, a TAKKE
MarHUTOPE3UCTUBHBIE CBOMCTBA KOMIO3UTHBIX MarepuanoB coctaBa (100-x)LSMO/xLDPE
mpu x =7, 8,9, 12, 15, 17, 18, 22 maccoBsix nporentos, riae LDPE — low-density polyeth-
ylene, monMATMIIEH HHU3KOW IUIOTHOCTH. BBIOOp MONMATHICHOBOW MaTpHUIBl OOYCIOBIECH
CBOMCTBaMH MOJHMATUIICHA HU3KOM TUIOTHOCTH — BBICOKOM XMMHUYECKOM CTaOMIBHOCTBIO, Je-
[IEBU3HOM, MO CPABHEHUIO C JAPYTMMH OpPraHUYECKUMH coeAuHeHusiMU. Pacuer mbezopesu-
ctuBHocTU PR mpoBoauiics no popmyse:
PR = ((Ro—Rp) / Rp) -100% ,

rae Ry — anekrpudeckoe conporusieHre oopasua 0e3 MpUI0KEeHHOro AaBieHus, R, — 3Haue-
HUE AJIEKTPUYECKOTO COMPOTUBIICHUS MO laBiieHueM P.

13 500 ™
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12500

12 000 5 L]

R Q

11 500 + -

°
11 000 . o °

10 500 T T T T T T 1
0.0 50x10°  1.0x10°  15x10° 20x10° 25x10°  3.0x10°

P, Pa
PucyHok. 3aBUCHUMOCTD 3JIEKTPUUECKOro conpoTuBieHus oopasua 85%LSMO/15%LDPE
OT MIPHUIIOKEHHOTO JaBieHus. CTpenkamMu OTMEUeH MPSIMON U 0OpaTHBIN X0/

[Ipu omHOMepHOM ckaTuu uccienyemoro oopasua 85%LSMO/15%LDPE, naxons-
nIerocsi BOJIM3W KOHIICHTPAIIMOHHOTO IOpOra MPOTEKaHUs, 3a CUeT Je(opMamuy MoJIMITHIIC-
HOBOMW MAaTpHIIbl, B KOTOPOH PacloNIOKEeHbl KPUCTAIITUTHl MAHTAaHUTA, YMEHBIIIAETCS PACcCTOs-
HUE MEXIy KpHCTauIuTaMu. [l03TOMY CONpPOTHBIIGHWE HCCIEIyeMOro oOpaslia TakkKe

YMEHBIIIAETCsl.
B HCCIIEI0BAHHON obnactu JABJICHUHN YyBCTBUTEIBHOCTh oOpasna
85%LSMO/15%LDPE nocturaer 8.40 mQ/I1a.
Hau6onbmme BEJIMYMHBI MarHMTOPE3UCTUBHOCTHU MOKa3aIn COCTaBbI

90%LSMO/10%LDPE n 88%LSMO/12%LDPE. [Ingd HHMX MarHUTOpE3UCTUBHOCTb OT
HANpPsDKEHHOCTH MAarHUTHOTO TOJIS 3aBUCUT JIMHENHHO U Jocturaet 2% npu 15 k9.
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Femtosecond laser single pulses can be used for accurate local thinning of the multilayered
Ta/Pt/Gd21.6Fe67.8Co10.5/IrMn/Pt heterostructures, allowing local control of the ferromagnetic lay-
er. Laser burned craters have perfect round shape with no large defects, cracks and melting traces, if
the fluence does not exceed a threshold value 12 — 15 mJ/cm2. Indentation tests showed a decrease in
the elastic modulus inside the crater by 1.2 times. A change in hardness was not detected, although the
shape of indentation imprints indicates a clear change in plastic properties. These changes can be ex-
plained by impressing of the surface material into the film under external stresses. Local changes of
the magnetization detected by MOKE and MFM indicate edge demagnetizing field of the crater. The
laser irradiation as well as mechanical indentation create internal mechanical stresses and structural
defects affecting magnetization in the crater. Internal mechanical stresses diminish local saturation
magnetization in the heterostructure, decreases scattering of the switching field. The structural defects
cause two different switching fields in the crater. The laser treatment can be used for accurate control
of magnetization, demagnetizing field and surface topology.

Keywords: magnetic heterostructure, demagnetizing field, femtosecond laser fluence, thin
films, nanohardness

The GdFeCo alloys were demonstrated to be good candidates for ultrafast memory de-
vices based on all-optical switching (AOS) of magnetization under polarized light of femto-
second laser [1]. Thin Gd21.6Fe67.8C010.5 films are typically amorphous ferrimagnets with
Curie temperature around 500 K, which can show perpendicular magnetic anisotropy (PMA),
and low coercivity. Combination of the ultrafast light-induced switching of magnetization
with convenience of the GdFeCo films for spin valves gives nice opportunity to develop light
controlled spintronics. The GdFeCo/IrMn heterostructures are usually optimized through the
variation of concentrations of chemical elements in the layers [2]. In this paper, we have de-
veloped local control of magnetization of the GdFeCo/IrMn film by single ultrashort laser
pulses. Laser treatment of the thin films is cheaper and faster in comparison with e-beam li-
thography, commonly used for surface nanoengineering.

Irradiation of the heterostructure glass/Ta/Pt/GdFeCo/IrMn/Pt (Fig. a) by 50 fs ultra-
short laser pulses causes local thinning of the film down to ~ 12 — 30 nm depth. These pits
are distinguished by Atomic Force Microscopy (AFM), while their stray magnetic fields were
detected by Magnetic Force Microscopy (MFM) (Fig. b).

The crater was formed due to layer- by -layer evaporation of the material. No sign of
melting was found in the vicinity of the crater at subthreshold laser fluence, but exceeding of
the threshold caused destruction of the layers. Energy-dispersive X-ray spectroscopy (EDX)
revealed depletion of Gd, Fe and Co, responsible for magnetic properties of the subthreshold
crater. The amplitude of the local MOKE signal decreased down to 1.7 times in the irradiated
area, while thinning of the ferromagnetic layer was 1.1 times. No proportional change of
magnetization was caused by bias effect of [rMn layer. Decreased elastic modulus was found
inside the subthreshold crater in the irradiated areas.

Laser engineering of the surface of GdFeCo thin films opens the way for local control
of energy balance between magnetic anisotropy, exchange coupling and Zeeman energy. This
can be used for creation of individual separated sectors on the surface of the magnetic films
for capture, storage and analysis of the ferromagnetic nanoparticles and magnetically labeled
biomolecules and cells.
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Figure. (a) Structure of the sample, (b) MFM profile of crater burned by femtosecond laser

The work was supported by Ministry of Education and Science of the Russian Federa-
tion (grant 3.1992.2017 /4.6). We are grateful to Prof. S.Mangin for fruitful discussions and
samples presented in our disposal.

References
1. Hohlfeld J., Gerrits Th., Bilderbeek M., Rasing Th., Awano H., Ohta N. // Phys. Rev. B. —
2001. - V.65. - P.012413
2. Kato T., Nakazawa K., Komiya R., Nishizawa N., Tsunashima S., and Iwata De
S./[Transactions on magnetic.- 2008.- V. 44.- P. 3380 - 3383.

V]IK 537.9
BJIMSIHUE CTPYKTYPBI HA BU, CBY TPOBO/ISIINE CBOIICTBA
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OI'BOY BO «BopoHEekKCKHIl rOCyAapCTBEHHBIN TEXHUUECKUN YHUBEPCUTET

B pabote mpencTaBieHbl SKCIEPUMEHTAILHO TONYYeHHbIE M cMojenupoBannsie BY u CBY
CIEKTPHl  pacCceMBaeMOM MOLIHOCTH B JIMHUM Tepefad C  KOMIIO3UTHBIMH  IJIEHKAMHU
(Coo.s6+Nbg 12+ Ta0.02):+(Si02) 1 23 lomyueHsl 3aBUCUMOCTH TOJIHOTO YJIEJIBHOTO CONPOTHUBJICHUS OT
KOHIIGHTPAIIMM METaJUIM4ecKOi (a3l KOMIO3UTHBIX TUIeHOK Ha yactotax BY m CBY nuamazona.
Iloka3aHO BIIMSIHME MMKpPO- HAHOCTPYKTYpbI, MATHUTHBIX CBOWCTB KOMIIO3UTHBIX IUIEHOK Ha BY u
CBUY npoBosiue CBOMCTBA KOMIIO3UTHBIX TUIEHOK.

KiroueBsle cnoa: BY m CBY cnekTpsl MOIIHOCTH MNOTEPb, KOMIIO3UTHBIE IIEHKH,
MIPOBOAUMOCTb, MUKPO- U HAHOCTPYKTYpa, EPKOJISIINS, MAarHUTHBIE CBONCTBA.

[TpoBoaumocTs komMmo3uTHBIX TIEHOK HA BU m CBY TOKe uccnemyeTcs: ¢ UCmoib30-
BAHHMEM TEXHOJOTUN OTPa)K€HUs 3JEKTPOMArHUTHBIX BOJIH OT IJIEHOK B BOJHOBOAAX [l] u ¢
MTOMOIIBIO 2-30HJ0BOTO METO/a U MPEIU3NOHHOTO MOCTa MEPEMEHHOTO ToKa [2]. DTu uccrne-
JIOBaHUs MO3BOJIAIOT onpeAensats nposoguMocts B BU u CBY nuanazonax. IlpoBoaumocts
KOMIO3UTHBIX IJIEHOK B IUANAa30HE OT COTE€H Merarepil 10 JECATKH TUrarepil U BbIIIE SIBISCT-
Csl HEIOCTATOYHO HcclieqoBaHHOM. KpoMe Toro, B B TMHUAX MepeJayll CUTHAIOB MOKa HE CY-
IIECTBYET TaKOW Cpebl TIEpeiauu, Py MPUMEHEHHH KOTOPOH HE BO3HUKAIIA OBl IOMEXH, HC-
kakeHus ¥ norepu curHasioB BU u CBY toka. [loaToMy onpenienenne BIUSHUS CTPYKTYPHBIX
M MarHUTHBIX XapaKTEPUCTHK KOMMNO3UTHBIX mI€HOK Ha BY u CBY mpoBomsimme cBoicTBa
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AIIEKTPUIECKOTO TOKA SIBISETCS HE MPOCTOH 3a/1a4eil, 1 TpedyeT MPUMEHEHHSI HOBBIX METOJIOB
U OTIpeCTEHHBIX MPUOTNKEHHH.

Hccnenyemble komnosuTHble IIEHKH (Cog s6+Nbo 10+ Ta 02)x+(S102) 153 (Te x ~ 0.14
+ 0.78) ¢ TommmuuamMu oT 250 1o 370 HM OBUTM MOJYYCHBI HOHHO-JIYYEBBIM PACIIBIIICHUEM B
Bakyyme npu gasiernn 10 Topp Ha curammossix momroxkkax [3]. MccrenoBanne pebeda n
MarHuTHOTO ()a30BOT0 KOHTPACTa MOBEPXHOCTH 00Pa3lioB MIPOBOAMIOCH C IIOMOIIBIO aTOMHO-
CUJIOBOTO MUKPOCKOMA. Y I€JIbHOE COIIPOTUBIICHUSI IUIEHOK OT KOHLIEHTPALUK METaJlIa U3Me-
psanock MeraommeTpoM E6-17. BU u CBY snekTpuyeckue NoTepy MOIIHOCTH ONPESISINCh
C MOMOIIBIO YCTAaHOBKH, cocTosield u3 ananuzaropa crekrpa GSP-7830, reneparopa kaua-
IoIIeics 4acTOThl ¢ Auana3zoHom ot 12 MI'u go 3I'Tn 1 BeixoaHOM MolHOCThIO 1MBT, 1BYX
KOaKCHaJIbHBIX KaOeseil ¢ BOJHOBBIM conpoTuBiieHneM 50 OM U MOAKI0YaeMOro MOAyJis, B
KOTOpPBIN BCTaBISIMCh Uccieayemble TEHKU [4]. [lomyyensl u cmonenupoBansl BU u CBY
CIEKTPBI JIMHUM TEepeJayll ¢ KOMIO3UTHBIMH TUI€HKamMu. [Ipu mMonenupoBaHuM IUIEHKH C
00JIBIION KOHIIEHTpAMe MeTauia Oblila MPEICTaBiIeHa B BUJE MPOBOIIIINX KaHAJIOB, pac-
[10JIara€MbIX B OJJHOW IUIOCKOCTH C MONEPEYHBIM CEYEHUEM, COU3MEPUMBIM C pa3MepaMu He-
OJIHOPOAHOCTEH, HAOII0JaeMbIX Ha MOBEPXHOCTH. POCT mOTeph MOIIHOCTU TOKa C yBEJIHUYe-
HUEM YacTOThI IPU KOHLIEHTpauuu Metaia x=0.78 10 noTeph MOILIHOCTU C KOHLEHTpauuen
meTaia x=0.62 cBs3aH ¢ BIMAHUEM CKUH ¢ dekTa. BoiTecHeHHne ToKa ¢ MOBEPXHOCTH KaHala
C POCTOM YacCTOThI UAET UHTECHCUBHEE 32 CUET OOJBIICH MArHUTHON MPOHUIIAEMOCTH TIPOBO-
JSIIMX KaHaJoB, KOTOpas IMpU KOHIEHTpauuu meTamia x=0.78 B pa3bl BbIlIE, YeM Y IUIEHOK
npu x=0.62. [lo cnexTpam oInpeneacHo MOBEAEHUE YIEIbHOIO MOJIHOIO CONPOTUBIICHUS KOM-
MO3UTHBIX IJIEHOK C POCTOM YacTOTHI, A0 M Mocie mopora nepkonsuuu (puc.l). MuaTepBan
KOHIICHTPAIlUK METAJJIOB X, JI1 KOTOPOTO CBOMCTBEHHBI MPOIIECCHI MEPKOJISALINU, XapaKTepU-
3yeTcsl PE3KUM CIaJoM TOJHOW yJeNbHON 3MeKTpruueckoit nposogumoct Ha BY u CBY ua-
crotax. lllupuna MHTEpBaJIa X U BHICOTA CKAaYKa MPOBOJAUMOCTH YMEHBIIIACTCS MPU yBEJIUYe-
HUU YaCTOTHI TOKA.
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PI/IcyHOK. 3aBUCHMOCTH MOJIHOTO YACIBbHOT'O COIMMPOTUBJICHUA KOMIIO3UTHBIX IUIEHOK OT X IIpU Pa3HbIX
JacToTax 2JICKTPUUYCCKOI'0 TOKa

[TpoBeaéH oTKUT KOMIO3UTHBIX TIEHOK B atMocdepe npu temrneparype 550 °C u no-
Jy4eHbl U300pakeHus penbeda U MarHUTHbIM (pa3oBBI KOHTpAcCT, 10 M MOCIE OTXKUTA, IPU
KOTOpPOM BO3HMKAET KPUCTAIJINYECKAsi CTPYKTYpa B aMOP(HBIX IJIEHKAX.

Pabora Bbemmonnena mnpu nogaepxkke PODU (rpantsr: Nel7-02-01138a, 17-57-
150001n).
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BJIUAHUE TEPMOOBPABOTKU B BAKYYME
HA 9JIEKTPOIIEPEHOC B TOHKHUX IIVIEHKAX AMOP®HOI'O YIVIEPOJA
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OI'BOY BO «BopoHexcKkuil rocy1apCcTBEHHBIN TEXHUYECKUN YHUBEPCUTET

B paOote mpencraBieHbl pe3yiabTaThl UCCIACIOBAHUS BIMSHHUS TEPMUYECKOW 0OpabOTKM Ha
AIIEKTPUYECKHE CBOWCTBA TOHKUX TUIEHOK aMOpP(HOTO yriepona. Y CTaHOBJIEHO, YTO TepMooOpaboTKa
B BaKyyMe HE XYXKe 10* Topp NpUBOIUT K MOHMKEHUIO YAEIBHOIO 3JIEKTPOCOIPOTUBIIEHUS U POCTY
TEPMO3ZC, MpPU 3TOM TEeMIEepaTypHBIH KO3(p(ULUEHT CONMPOTHBICHUS, M3MEPEHHBIH B IUANa30HE
temrnepatyp 77-300 K MeHsieTcss ¢ OTpULATENBHOIO HA IOJIOXKUTEIBHBI IOCIE OTXUTa IpH
temmeparypax oosiee 350°C. B TOHKHX TUIEHKaX, TOJABEPrHYTHIX TEPMOOOPAOOTKE MPHU TEMIIepaTypax
Beime 200°C  oOHapyXeHO OTpullaTenbHOe MarHutoconpotuBieHue mnpu 77 K, cBsi3aHHoe ¢
nposiBJIeHreM dddekTa cradbol ToOKaIH3alny.

KiroueBbie cnoBa: aMOpQHBIA YriepoJ, TOHKWE TUICHKH, YJeIbHOE AJIEKTPOCONPOTUBIICHHUE,
TEPMO3/IC, TEPMOOOPAOOTKA, MEXaHU3MBI AIEKTPONIEPEHOCA, MATHUTOCOPOTHBIICHHE.

Tonkue TIeHKU yriaepoaa ToImuHou ~ 40 HM ObUTH MOJIYYEHBI IO METOJIMKE MOHHO-
Jy4eBoro HambuieHus. Ocax/IeHHe MPOBOAMIOCH IIPH JaBNeHNN aproHa ~ 6-10™ Topp Ha ke-
pamMuuecKue Mook u3 cutaia mapku CT-50, myTem pacnbuleHNs MULIEHU THPOJINTHYE-
ckoro rpaguTta. Temrneparypa Moag0kKKu B poliecce ocaxaeHus He npesbimana 50°C.

Pe3ynbTaTthl peHTreHOCTPYKTYpHOro (pa3oBOro aHanu3a MOKa3alld, YTO OCaKJICHHbIE
IUIEHKU YIIIeposa sBJSAOTCS aMopdHbIMU. /{11 nccnenoBaHus BIUSHUS TEPMOOOPaOOTKH Ha
CBOICTBa TOHKUX IUIEHOK aMOpP(HOTO yriepo/ia, ObLI0 MPOBEIEHO CPAaBHEHUE AIIEKTPHUECKUX
CBOMCTB 06pa3Ia B HCXOZHOM COCTOSHHHU | TI0CTIE TepMooOpaboTky B Bakyyme 107 Topp mpu
Pa3THYHEIX TEMIEPATypax B Bakyyme He xyxe 10 Topp.

TepmooOpaboTka TOHKHMX IUIEHOK aMOp(HOTro yriepoia IMpH TeMIepaTypax HHKe
450°C npuBOAMT K MOHMKEHUIO YIEIbHOTO 3JEKTPOCONPOTUBIIEHUS U POCTY 3HAUEHUU Tep-
MO3/IC, U3MEPEHHBIX NMPH KOMHATHOW TemmepaType. TemmeparypHblii ko3dduiueHT conpo-
TUBJICHUS, U3MEpPEHHBIN B nuana3zoHe temneparyp 77-300 K meHsieTcst ¢ oTpunaTesibHOroO Ha
MOJIOKUTENBHBIN Mocie oTxura npu temmneparype 6onee 350°C (puc la), mpu 3TOM 3HaK
TEPMOJ/IC COXPAHSETCS] U SBISETCS OTPHUIATEIbHBIM, YTO YKa3bIBA€T Ha BJIEKTPOHHBIM THUIT
IIPOBOAMMOCTH HCCJIEIOBAaHHBIX TOHKHX IUIEHOK KaK B MCXOJHOM COCTOSIHUH, TaK U IOCIE
TEPMOOOPaOOTKH.

Jlyig mosydeHHbIX 00pa3loB IMOCe OTXKHUIa MpH TeMieparypax Beime 225 °C 6bl10
O00Hapy>KE€HO HaJIMYUE OTPHIATEIBHOTO MarHUTOCOIPOTHBIIEHUS, TIPU 3TOM TEPMOOOpabOTKa
IIpU HE OYEHb OOJIBIION TeMIepaType MPUBOAMUT K MOSBICHUIO OTPULIATEIHHOIO MarHUTOCO-
NpOTHUBIIEHUS Ha (hOHE MOJIOKUTENbHOrO (puc 10), XapakTepHOro ajis aMOp(HBIX MOIYIpPO-
BoHUKOB [1]. C pocToM TemmepaTypbl TEpMOOOPaOOTKHA BETHMYNHA MAarHUTOCOITPOTHBIICHHS
yBenuuuBaeTcs. M3BecTHO, 4TO TepMOOOpabOoTKa TOHKUX IUIEHOK aMopdHOro yrieponaa, mo-
Jy4EHHBIX METOJOM HOHHO-JIY4YE€BOI'O PaCHbUICHHs, MPUBOJUT K YBEJIUYEHHUIO COJAEPIKAHUS
sp> — THOPHAN3MPOBAHHOTO rPpadUTONOI06HOr0 yriepoaa [2], I KoToporo xapakrepen 2D
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ANIEKTPOTIEPEHOC B YCIOBHIX CIa00M JOKATU3AUH YJIEKTPOHOB MPOBOAUMOCTH [3].
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PucyHok. 3aBHCHMOCTH yIEIBHOTO 3JIEKTPOCOIPOTHUBIICHUS OT TEMITEPATypPHI ()
W MarHUTOCONPOTHBIICHUS (0) TOHKUX MJICHOK aMOP(HOT0 yriiepoia B UCXOJJHOM COCTOSIHUH H TIOCIIe
TepMOOOPaOOTKHU TP Pa3IMYHBIX TEMIIEpaTypax

Takum oOpazoM, TepmMooOpabOTKa TOHKHX IUICHOK aMOP(HOro yriepoja, Mmojy4deH-
HBIX METOJIOM HOHHO-JTy4€BOTO PACIBUICHHS, MPUBOJUAT K CMEHE MEXaHH3Ma JJICKTPOIPO-
BOJIHOCTH OT MPBIKKOB MOTTOBCKOTO THIIAa C TIEPEMEHHOM JUTMHOW MpPBhDKKa [2] K crmaboit Jo-
KaJIW3aIli1 1 TIOSIBJICHUIO KBAHTOBBIX MOMPABOK K MPOBOAUMOCTH [4].

Pa6ora BeinonHeHa npu noaepxke rpantoB PO®OU Ne 19-48-360010 p_a.
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B xone ananm3a skcriepuMeHTATBFHBIX JaHHBIX JUJIATOMETPUIECKUX UCCIEOBAaHUN U
W3MEPEHUH HEPEeTaKCHPOBAaHHOTO MOJTYJISl CIBUTA YCTAHOBJIEHO, YTO M3MEHEHUS MJIOTHOCTH,
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HPOUCXOISIIHE TIPH CTPYKTYPHOH pelakcaiy U KPUCTAINIM3AIMH aMOP(HBIX CIIABOB TECHO CBSI3aHBI
¢ pemakcanueid Momyns caBura. IlomydeHHbIE pe3ynbTaThl OOCY)KIAIOTCSI B paMKax MEXKy3eIbHOH
TEOPUHU.

KiroueBbie crioBa: CTpyKTypHas pelakcalus, KpUCTauIM3anust, Ae(eKThl, peslakCcallMOHHbIA
00BEM, MeXy3eTbHas TeOpHsl.

[TnotHOCTH amopdHbIX crutaBoB (AC) B moaaBIIsitoeM OOJBITUHCTBE ciiydaeB Ha 0,3—
2% MeHbIIE B CPaBHEHUH C KPUCTAJUIMUYECKUM aHaoroM. YmioTHeHHe AC Takxke Mpoucxo-
TuT 1ipu cTpykTypHoil penakcauuu (CP). B xone CP ono cocrasnser 0,1-0,5% B 3aBucuMo-
CTH OT XMMHYECKOTO cocTaBa U crocoda npurotoieaust AC [1]. 3MeHeHue MI0THOCTH OT-
pakaeT BHYTPEHHUE aTOMHbIE [IEPECTPOUKH, TPOUCXOASIINE B HEKPUCTATUNIMYECKON CTPYKTY-
pe AC npu CP u xpucrammszauuu. [Io3ToMy NoHMMaHue UX BHYTPEHHEN MPUPOABI ABISIETCA
po0JIeMOoil MePBOCTENIEHHON BaXXHOCTH U1 (PU3UKU HEKPUCTAJUTMUECKUX MaTepuanoB. B nu-
TepaType UMEKTCS HECKOJIBKO MOAXO0A0B K 3TOH npobieme. PaHHME MHTEprpeTaluy IpUIlu-
ChIBAJIU M3MEHEHUS IUIOTHOCTH B aMOP(HOM COCTOSSHUM K W3MEHEHHUIO TOIOJIOIMYECKOTo
OnmKHero nopsaka [2] nin yMeHbIIEHHIO ¢BOOOIHOr0 00bEéMa (00IaCTH MOHMKEHHOW JIO-
KaJbHOM TUIOTHOCTH ymnakoBku) [3]. B nmanbHeinieM u3MeHEHHs MJIOTHOCTH Haydainu oObsic-
HATh U3MEHEHHEM KOHIIEHTPAIMHU ONPEEIECHHbBIX CTPYKTYPHBIX Je(pekToB. K TakoBbIM MOX-
HO OTHECTH «CBOOOJHBIM 00BEM» (free volume) m «uedexTsl TeueHus» (flow units) [4-5].
Hecmotps Ha To, 4TO TpobaeMe ObUIO yaesneHo 0oJbIIoe BHUMAHUE, TOJIHOIIEHHOTO TOHUMAa-
HUS IPUPOJIBI U3MEHEHHUs TioTHOCTU nipu CP/kpucTaminzanuu B paMKax U3 3TUX MOAXO/0B
JIOCTUTHYTO HE OBLIO.

B Hacrosimieit pabote st uHTEpIperanuu u3MeHeHus mioTHoctd AC Oblia MCTONb-
3oBaHa MexysenbHas teopus (MT) [6]. Ilpouecc mmaBnenus: kpucramwioB MT Hepa3pbIBHO
CBS3BIBAET C T€HEpallell MeXy3elIbHBIX 1e(DEeKTOB B pacHIeINICHHON (TaHTeNbHON) KOH(DUTY-
pauuu. DT Ae()EKTHl OCTAIOTCS YCTOMYMBBIMH OOBEKTaMH KaK JKUIKOM, TaK M TBEPIOM
amop(hHOM cocTosiHUSAX. TakuM 00pa3oM M3MEHEHUs (PU3UKO-XUMHUYECKUX CBOMCTB AC MOX-
HO CBSI3aTh C BapualUsAMU KOHLEHTpAUUH 1e()EKTOB TUIIA MEXKY3€IbHBIX TaHTEJIEH B KpH-
cTaax.

[Ipu GpopmMupoBaHUM KOHIIEHTPALMH MEKY3€IbHbIX J1e(heKTOB ( MPOUCXOAUT 0XKHJa-

eMoe oTHocHTenbHOe yBenuueHue oobéma AV /V =(a.-1)c, rne AV — usmenenue o0néMma,

Ql; — penakcalMoHHbI 00bEM Mexy3enbHOro aedekra. MT CBs3bIBaeT KOHIEHTPAIMIO Jie-
dexToB ( ¢ HepenmakcupoBaHHbIM Moxayinem capura AC G T1pu TIOMOIIU COOTHOIICHHS
G = pexp(-a,fic), Tie (4 — MOIyNb c/IBUTA KpUCTaax, ¢, ~1 Ge3pasmMepHas KOHCTAHTa, CBsl-
3aHHAsl TIOJIEM YIIPYTUX HaNpsbKeHUH fedekra, S —CIBUroBasi BOCIPUUMYHUBOCTh. C yyeToM

B3aMMOCBSI3M MEXK]Iy U3MEHECHUSMH 00bEMA U TUIOTHOCTH MOXHO NMPUHTH K COOTHOIICHUSM
JUTSE OTHOCUTENFHOTO M3MEHEHHs TUIOTHOCTH TpH u3otepmudeckort (1) u uzoxponnoit CP u
kpuctamumsanuu (2) AC:

{Ap(z)} _a-1, GO

p B G, ()
Mp(T) _ _111{& G(T)}
P B LG, wD) (2)

rne G, u G — momymn casura AC o (mpu t=0) 1 mocie perakcamus (B TeISHIHE BPEMEHH

) coorBercTBeHHO. HIkHUI HHIEKC «rt» 0003HAYAET COOTBETCTBYIOIIYIO (DU3UUYECKYIO Be-
JUYMHY IPU KOMHATHOU Temneparype. [{unatomerpuyueckre U3MEpEeHHsl U U3BMEPEHUs] MO Y-
751 cABUTa Ha 4yeThipex coctaBax AC mokasanu, uro ypaBHenwus (1) u (2) obecnieunBaroT Xo-
pollee COrIacue MEXAY SKCIEPUMEHTAIBHBIMU U PACUETHBIMU 3aBUCUMOCTSIMU IIJIOTHOCTH.
AHaJIUTHYECKHE COOTHOIICHHUSI, TPUBEIECHHbIE B JAHHON paboTe, MOTYT OBITh UCIOJIb30BaHBI
JUISL OLIEHKU M3MEHEHUH MIIOTHOCTH, MPOUCXOASIIMX B pe3ynbTate TepMooopadboTku AC.
PaGora BeInoHeHa npu nogaepkke rpanta MunoOpuayku PO Ne3.1310.2017/4.6.
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OI'AOY BO «lOxHBII (henepanbHBI YHUBEPCUTET»

[IpencraBieHbl CIOCOOBI MONMYYCHUS ITU(PPOBBIX MHE30MATEPHUAIOB HAa OCHOBE CMECEBBIX
KOMIIO3UTOB  CHUCTEMBI  'Mbe3oKepaMmuKa-mmoaumep" U "Ihe30KepamMHuKa-ToJIuMep-MeTa ",
Npe/IHA3HAYCHHBIX JUIS WCIOJNB30BaHKMsS B KadecTBe pabOYuX MaTepualoB MpPU H3TOTOBICHUHU
MbE303JICMEHTOB 110 TEXHOJIOTMM TIOCJIOWHOIO CKJCHBAHMs IOPOIIKOB. [loka3aHbl METOMbBI
HCCJICA0BAaHNA JaHHBIX MaTCpUaioB U YaCTOTHBIC 3aBUCHUMOCTH HUX DJICKTPOMEXAHUYCCKUX CBOMCTB.

KnrodeBbie cnoBa: aJIMTHBHBIC TEXHOJOTUH, IH(POBbIC MMbE30MATEPHANTBI, CMECEBBIC
KOMITO3UTHI, TbE30KePAMHUKA, MTOJIUMEPHI.

AJUTUTUBHBIE TEXHOJIOTMH B TIOCIIEIHEE BpPEMsI Pa3BUBAIOTCS OYpHBIMH TEMIIAMU U
MIPOHMKAIOT B PA3JIMYHbBIE OTpAciId HapoJHOTO Xxo3siicTBa [1]. [IpeaBapuTenbHblil aHAINU3 M1O-
Ka3bIBAET, 4TO psij TexHoiorui 3D neuaTtu MokeT ObITh OTOOpaH U aJanTUPOBAH JJIsI IPOM3-
BOJICTBA 3JIEMEHTOB U KOHCTPYKLUN U3 aKTUBHBIX MaTEpUAIOB, B T.4. U MbE303JIEMEHTOB. W3-
TOTOBJICHHE ITHE303JIEMCHTOB C MCIIOJb30BAaHHEM aIAUTHBHBIX TEXHOJOIMH B HACTOSIIEE
BpEMs OTPAaHUYMBACTCS OTCYTCTBUEM MaTEpUajIOB, KOTOPbIE MOTJIM OBl UCIIOJIB30BAThCS B Ka-
YecTBE pabouux.

B kauecTBe onopHoit Hamu ObLiIa BRIOpaHA TEXHOJIOTHS IMOCIOWHOTO CKJICUBAHUS TI0-
pomikoB. CorjacHO AaHHOM TEXHOJIOTHH, W3IeJIME WM3TOTABJIMBAETCS MOCIOWHO: CHavyajla Ha
paboumnii CTONT HAHOCUTCS CIIOW MOPOINKA, KOTOPBIA CKIEUBAETCS B HY)KHBIX TOYKaX MpH TO-
MOIIIH KJIesl, KOTOPBIN, B CBOIO OY€PE/ib, HAHOCUTCS B HY)KHBIE TOUYKH MPU TTOMOIIN TPEXKOOP-
JMHATHON CUCTEMBI MMO3UIIMOHUPOBaHUA. Eciy B kauecTBe MOPOIIKA UCIOJIb30BAaTh YaCTULIbI
MbE30KEPAMHUKH, & B KA4E€CTBE KJIesl TOJIUMEP C HY>KHBIMUA CBOWCTBaMH, TO TIPH TIOMOIIK Ta-
KOW TEXHOJIOTUU BO3MOXHO CO3/1aTh KOMIIO3UTHYIO CTPYKTYPY B BHJI€ YACTHUIl MbE30KEpaMHU-
KM B MTOJIMMEPHOW MATpHIIE.

KoHkpeTHO mpy M3rOTOBIEHUU 00pa3lloB TAKOTO KOMIIO3UTA ObLT UCTIOIB30BaH IBYX-
KOMITOHEHTHBIN TOJIUMEP, OJUH U3 KOMIIOHEHTOB KOTOPOTO MPEICTaBISI COOOM MOPOIIOK,
JIpyroi ObLI )KUIKUM. B KauecTBe 4acTUI] MbE30KEPAMHUKHU OBLIN MCIOIh30BaHbl YACTHIIBI TTO-
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pucroii nee3okepamuku IIKP-1 ¢ nopuctocteto ot 20 1o 40%. TBepablil KOMIIOHEHT MOJIU-
Mepa CMELIMBAJICS C YaCTHUIIAMH ITbE30KEPAMHMKH, MOCJIE YErO0 Ha MOJIYYEHHYK) CMECh HaHO-
CWJICS KUIKUH KOMIIOHEHT. MHOTOCIOWHBIM KOMITO3UT HE HMEJ Tb€30CBOMCTB. DTO OOBICHS-
€TCsl OIPOMHOM pa3HULIEH B JUAIEKTPUUECKUX IPOHULIAEMOCTAX MbE30KEPAMUKH U MTOJIUMEPa
[2]. IIpy M3roToBIEHUH KOMIIO3UTA IO JAHHON TEXHOJOTMU IOJIMMEP OOBOJIAKMBAET YaCTH-
IIbl KEPAMUKHU U MPAKTUYECKHU MPENATCTBYET NPOHUKHOBEHUIO B HEE JIEKTPUUYECKOIO MOJIS.
Komno3ut, cocTosimuii u3 OJHOrO €J0sl MbE30KEPAMUKH, YAaCTUII KOTOPOI'O BBIXOAWIN OJ-
HOBPEMEHHO Ha 00e, CHa0XEHHbIE DJIEKTPOJIaMU MOBEPXHOCTU MbE303JIEMEHTa, UMEJ Ibe-
303 ekt [3]. MaTtepuan omimyancs TeM, 4TO 001anan HU3KUMHU TUIOTHOCTHIO, TOOPOTHO-
CTBIO U YaCTOTHOM MOCTOSIHHOM. B yacTHOCTH, €ro yaelbHOe aKyCTUYECKOE CONPOTUBIICHUE,
OIpe/eNAEMOE KaK IPOU3BEACHUE IUIOTHOCTH MaTepHuaja Ha CKOPOCTb 3BYKa, COCTAaBIISET
(9+14)x10° kr/v’c.

KomOuHamnmst 3TuX CBOWCTB MO3BOJSIET 00ECHEUNUTh HIMPOKYIO IMOJIOCY MPOIYCKAaHUS
IIPU UCIIOJIb30BAHUU TAKUX MATEPUAIOB B KaU€CTBE aKTUBHBIX 3JIEMEHTOB B IIMPOKOIOJIOC-
HBIX U CBEPXIIMPOKOIOJOCHBIX U3JIydaTeNsIX U MPUEMHUKAX YyibTpa3Byka. Hampumep, mupu-
Ha I0JIOCHI IPOITYCKAHUs TAKOr'0 3JIEMEHTA C pe30HaHCHOU yacToToi 235 k', HarpyKeHHOro
Ha BOJy 0€3 COriacyromux ciioeB, coctaBuia 96%. [Ipu 3ToM naHHBIN AIIEMEHT HUCIOJIb30-
BAJICS. B KaU€CTBE M3JIydaTelld yJabTpa3Byka. B kauecTBe MpHEMHHKA MCIOJb30BAJICS HIMPO-
KOIIOJIOCHBIN YJIbTPa3ByKOBOM IIpeoOpazoBarenb ¢ LEHTpalbHOUM yactoToit 5 MI'1, He umero-
IIUH pe30HaHCOB B Auana3zoHe yacToT oT 50 1o 900 kI'm. Manplii Bec U rabapuThl 3JIEMEHTOB
U3 JIaHHOTO MaTepuaia MO3BOJIET HUCIIOJIb30BATh €r0 B KaUECTBE OCHOBBI JUISI KOMIIAKTHBIX
yIbTPa3BYKOBBIX MTPe0Opa3oBaTeneil, a TakKe APYrUX KOMIAKTHBIX HU3KOYACTOTHBIX yIbTpa-
3BYKOBBIX YCTPOMCTB.

HccnenoBanue BHINMOIHEHO TP GUHAHCOBOM nojaepxkke MunobpHayku PO (6azoBas
yacTh roczaganus, Tema Ne 12.5425.2017/8.9) u Poccwuiickoro ¢onna pyHnameHTanbHBIX HC-
cnenoBanuii (PODU Ne 16-58-48009-Una-omm).
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Multilayered (In,O3/Sn0O,)e thin films were obtained by ion-beam sputtering. XRD and TEM
analysis showed that (In,Os/SnQO,)¢9 samples are multilayered and In,O; and SnO, layers are
amorphous. The results showed that the multilayered samples were thermally stable up to the heat
treatment temperature T <400°C. An increase in the temperature of heat treatment above 400°C
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simultaneously leads to the crystallization of the amorphous phase for all values of the bilayer
thickness and the destruction of the layered structure at bilayer thicknesses hy; > 2.5 nm.

Key words: multilayered heterostructures, oxide semiconductors, heat treatment, electrical
resistivity, XRD.

At present time, multilayered heterostructures consisting of oxide semiconductors lay-
ers attract significant and growing interest for electronics devices application [1-3], gas sen-
sors [4], etc. In most cases, such heterostructures exhibit improved or new physical properties
and can combine the properties of two different materials. Multilayering is also a tool for reg-
ulating such structural parameters as the band gap width by influencing the structure of one
layer on the structure of another [5,6].

In this paper, we presents results of research influence of thermal treatment on struc-
ture and electrical properties (In,O3/SnO,)s9 multilayered heterostructures prepared by ion-
beam sputtering. The structure of the samples was studied by X-ray diffraction methods
(XRD) on a Bruker D2 Phaser diffractometer (Acukq1 = 1.54 A). Heat treatment was provided
in the vacuum chamber at the pressure is 107 Torr and in the temperature range 250-600 °C
within 30 minutes.

XRD analysis showed that (In,O3/SnO;)e samples are multilayered and In,O3; and
SnO, layers are amorphous (showed on figure). The results showed that the multilayered
samples were thermally stable up to the heat treatment temperature T < 400 °C. An increase
in the temperature of heat treatment above 400°C simultaneously leads to the crystallization
of the amorphous phase for all values of the bilayer thickness and the destruction of the lay-
ered structure at bilayer thicknesses hy; > 2.5 nm.

For samples with both small and large hbl, the conduction mechanism is thermally ac-
tivated, in the temperature range close to room temperature. The results of the estimation of
the activation energy correspond to the energy levels of oxygen vacancies in single-crystal
SIlOz.
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Figure. XRD patterns for (In,O5/SnO,)q multilayered thin film sample
(bilayer thickness hy, = 2,939 nm) (original and after annealing)

This work was supported by the Ministry of Education and Science of the Russian
Federation as the project part of the state task (No 3.1867.2017/4.6).
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INFLUENCE OF DISSIPATIVE PROPERTIES ON THE MAGNETOELECTRIC
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The dissipative properties of a two-layer ferromagnetic-piezoelectric system are taking into
account to estimate the maximum value of the longitudinal coefficient of the magnetoelectric coupling

Keywords: longitudinal magnetoelectric effect, dissipative properties of the ferromagnet-
piezoelectric system.

At the transition from a bulk sample to a film, as a result of the transition to another
mathematical model — boundary problems for differential equations — the dependence of
the magnetoelectric (ME) coefficient ag on the geometric dimensions of the system is appear-
ing. However, the restricted geometry consideration [1,2] can’t change the order of effect
magnitude in resonance condition in the general case. If don’t consider the energy dissipation

processes in the structure, the response of the system will be abnormally large (0( - OO)

Let the two-layer structure of a ferromagnetic- plezoelectrlc be located in the xOy plane

perpendicular to the polarization P and magnetization M vectors. The equations of motion
of the ferromagnetic (1) and piezoelectric (2) layers with /,, and [, thicknesses have the form

mLu(l) e O’u (l) + W 63"‘)(:) . (1)
or o2 T el
2 (2) 2 (2) 2 3 (2)
PP gt e, OO @ 0u
or’ 0z 0z otoz 2)

are the densities, shear modules, internal friction coefficients and

=() _ {(J) (/)

Z

where p(j) G( ),77( J) )(C

components of displacement vectors u } for ferromagnetic (1) and piezoelec-

tric (2) layers, respectively; ¢ is the electric potential of piezolayer; €,,, d.\, are the compo-
nents of the permittivity and piezoelectric modules tensors.
Solutions of equations (1), (2) will be found in the form

o(z1)=h(z)e™,
where o is the frequency of external magnetic field oscillations, applied parallel to the P,

M vectors. Substituting functions (3) into equations (1), (2), we obtain the equations for the
amplitudes of the unknown functions:

3)
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where ¢ :\/(G(l) —ia)n(l))/p(l),C(z) :\/(G(z)gzz /(gzz —47TdizG(2))—iw77(2))/P(2) are rates propa-

gation of elastic waves in the layers. Consideration the expression for the ME coefficient

where <EZ> is the average value of the electric field strength of the structure, and, linearizing

()

the denominator of the obtained expression for the coefficient of viscosity 7', we get ME
ratio for resonant frequencies o; (i=0,1,2,3,...):
3
. 87zdmp(2)C(l)(C(2)) a
a =
- gmlpa)l.2 cos(a)ilm / C(l))cos(a)ilp /C(Z))
)

cos(a)[lp/C(z))—l

X
2

7 |enc"s(c?) ) tg(el, 1C?)

p(z)C(z) cosz(a).l /C(z))

i'p

wl c? /(C(”

i“m

1)
~tg(wl, /C") |+ 1
g( o ) pc? cosz(a).l /ct

im

The results, obtained by formula (5) for the nickel/PZT system, are shown in table.

Table
The values of the ME coefficient ;" , V/ (Cm-Oe) at natural oscillations frequencies @=®,,MHz,

i=0,...3 of the composite at different thicknesses [, of the piezoelectric layer and thickness /,, = 1
mm of the ferromagnetic layer

Piezolayer i=0 i=1 i=2 i=3
thickness max max max max
lp’ mm w; OCE w; OCE w; (ZE w; OCE

0.5 6.0621 | 4.418 | 12.1792 | 2.199 | 18.2384 | 1.468 |24.3036 | 1.102
1.0 4.5440 | 125.533 | 9.0858 | 62.780 | 13.6319 | 41.844 | 18.1715 | 31.391
1.5 3.6346 | 18.610 | 7.2413 9.341 10.8919 | 6.210 | 14.5011 | 4.664

It should be noted that the evaluation method Otgm in the papers [1,2] is not clear,
since the parameters of the dissipative materials are absent in the corresponding formulas.
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HUccnenoBano BIusiHUE OTXKHUTOB, TPoBOAUMBIX Tipu 700 C B BO3AYIIHOMW cpelie U B BaKyyMme,
Ha MHKPOTBEPJOCTh U CTPYKTYPY HAHOKOMITO3UTHBIX MOKPBITHI Ni-AlZrO u NiO-AlZrO.

KiroueBbie  ci0Ba:  HAaHOKOMITO3UT,  MHKDPOTBEPAOCTh, CTPYKTYpHas  peliakcarus,
PEHTTEHOBCKAs! UG PAKIIHSL.

Hanokomnosutasie mokpeitusi Ni-AlZrO mony4eHbl HOHHO-JIYYEBBIM paclbUICHUEM
COCTaBHBIX MUIIIEHEN B aTMoc(epe aproHa. B ucxomnHOM COCTOSHUU MOKPBITHS MPEACTABISI-
0T cO00Ml HaHOKOMIO3HTHL: OJHOpoAHas amopdHas matpuna AlZrO ¢ KpUCTAITMYECKUMH
HanovacturiamMu OLIK Ni. Cpegnuii pazMep HaHOUYACTHIl HE3HAYMTEIIBHO YBEITMYHMBACTCS C
poctoMm conepkanus Ni (4-6 Hm). 3HaueHus MukpoTBepaocty (Hy) ucxoaHsix mokpeituii Ni-
AlZrO cnaGo 3aBHCAT OT KOHLEHTpAIMKU HUKeNs (uccrnenpoBad uHTepBan 5-70 ar.% Ni) u B
cpenneM coctaBisitoT 1000-1200 en. Kuymna, uto B Tpu pasa Bblllle, 4eM 3HaueHus Hy yucroro
amopduoro nokpeitus AlZrO. Omxur B Bo3nymHoU cpeae npu 700 C mpuBOIUT K OKUCIIE-
HUIO HUKEJEBBIX HAHOYACTHUIL, KpHUCTAUIM3alMu aMop(HON ¢a3bl B TUOKCUJA LUPKOHHS
(ZrO,), ymenbiienuto Hy B koMIio3uTax, HaXOASIMIMXCS 3a MOPOrOM MEPKOJISAIUHU, B IBa paza
(puc.1) 1 HEKOTOpOMY pPOCTy 3HaueHuM Hy B TOMEpKOISIIMOHHON| 00IacTH.
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Pucynok. MukpotBepaocts mokpeituii Ni-AlZrO B MICX0JHOM COCTOSIHUY (O) U MOCe
omxwra ripu 700 C (e) — Bo3ayX, (A) — BakyyMm

Omxur B Bakyyme npu 700 °C He mpUBOIUT K OKHCJIEHMIO HUKENEBOH (a3bl, XOTS
KpHUCTaTU3a1s aMOPQHON MaTpUIbl B JUOKCUA TPOUCcXo T (ZrO,). [Ipu 3TOM n3MeHeHus
MUKpPOTBEPJOCTH B KOMITO3UTaX, HaXOAIIMXCS 33 MOPOrOM MEPKOJISALUHU, aOCOIIOTHO COMO-
CTaBUMBI C U3MEHEHUSAMH, IPOUCXOAAIIMMU MOCJE OT)KUTAa B BO3AYIIHOM Cpeae.

[Ipenmnonaraercs, YTO U3MEHEHHUS MUKPOTBEPIOCTH MOKPBITUIN CBS3aHbI C U3MEHEHU-
€M Cpe/IHEro pa3Mepa 3epHa HuKenecojepxameil ¢paspl. JledcTBUTENBHO, OCHIE OTXKUTA B Ba-
Kyyme pasmep HaHorpanyn Ni ysenuuwiics (10-30 HM, B 3aBUCMMOCTH OT KojmdecTBa Ni).
[Tocne oTxura mokpbITHA Ha Bo3ayxe pasmep rpanyn NiO Takxke BbIpoc U coctaBui 10-30
HM, B 3aBUCUMOCTH OT cocTaBa. CHMkeHue 3HaueHnit Hy 3a moporom nepkossiuuu (korna ¢da-
3a HUKEJSl CTAHOBUTHCS HENPEPHIBHOW) MOXKET SIBJIATHCS MPOSIBICHUEM SMITUPUYECKOTO 3aKO-
Ha Xosuta-Ilerua ns HaHOKpucTamwioB. Poct Hy 1o mopora nepkonsiuuy cBs3aH ¢ U3MEHEHHU-
eM (ha30BOro cocTaBa — MOSIBICHHEM TpaHyl U3 Oojee TBepaoro Marepuana NiO no cpaBHe-
HUIO C YUCTHIM HUKEJIEM.
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[IpoBeneH aHaIM3 3aBUCUMOCTH BPEMEH PEIIaKCAIUU 3JICKTPOCOIPOTUBICHUS U TEPMO3JIC OT
nasienus B komnosure Cd;As,+MnAs (MnAs — 44.7%). YcranoBieHo, uto B untepBaiie 30-33 I'Tla
HaOJFOIaeTCs 3HAYUTEIHHOE YBEIMUCHUE BPEMEHH PENIAKCAIIMH 3JIEKTPOCOTPOTUBIICHHS U TEPMOIJIC,
CBSI3aHHOE C BO3MOXKHBIM CTPYKTYPHBIM HIJIH 3JICKTPOHHBIM (ha30BBIM MEPEXOJIOM.

KittoueBsie ciioBa: gaBieHUE, TEPMOI/IC, JEKTPUIECKOE COMTPOTHRIICHHUE, (Pa30BbIi Mepexo.

Ha puc. 1 npencraBinena 3aBUCUMOCTD 3JIEKTPOCOIIPOTUBIICHHS, U3MEpPEHHasl B 00J1a-
ctu aasinenuit ot 15 I'Tla no 50 I'Tla. Ilpu yBenmuenun nasnenus ot 15 no 24 I'Tla compo-

TuBJIeHUEe pe3ko nagaer. Haumnas ¢ P33 I'Tla, oHo meHsierca oueHb MemyieHHO. Ecnu

IPEIOI0KNUTh, YTO IPU aTMOC(EPHOM JABICHUH SJIEKTPHUECKUE U MAarHUTHBIE CBOMCTBA B
OCHOBHOM OIIPEJEIISAIOTCS TIOBEACHUEM HAHOKIACTEpoB MnAs, Kak U B Cllydyae KOMIIO3HUTa
Cds;As; + MnAs (52.7 mac. % MnAs), TO B yCJIOBUSIX BBICOKUX JABJICHHUN 3HAYUTEIIBHYIO
pOJIb TaK)Ke€ MOTYT UTpaTh U U3MEHEHHE PACCTOSIHUM MeXIy rpaHyjJaMH, 1 BO3MOXHbIE IIPO-
ABJICHUS OCOOEHHOCTEH CTPYKTYPHBIX XapaKTEpUCTUK M CBOMCTB MAaTpUIbl KOMIIO3MTA.
HaGnronaemoe moBeleHHE 3JEKTPOCONPOTUBICHUS HCCIEAYEMOIO0 HaMH Marepuaia ¢
n3MeHenueM aasnieHus ot 15 I'Tla go 50 I'Tla cBs3aHO, B nepByro ouepenb, ¢ U3MEHEHUSIMU
XapakTEepUCTUK 3eKTpoHHOW moacucteMbl CdsAsp, eciu NpPUHATE BO BHHUMaHUE
YCTOHYMBOCTh MOHOKJIIMHHOHM KpucTayutueckoi ¢aszel Cds;As; Bmiots 1o 50 GPa [1]. IIpose-
JICHHBIHM aHaINU3 3aBUCUMOCTU BPEMEH PEIaKCcalliU 3JIEKTPOCONPOTUBIICHUS OT JaBJICHUS 1103-
BOJIUJI YCTaHOBUTH, 4TO B MHTepBajie 30-33 ['Tla nabmromaercs 3HaYMTENbHOE YBEIMYEHUE
BPEMEHH PENNAKCALMM JIEKTPOCONPOTUBIICHNUS, CBA3AHHOE C BO3MOXKHBIM CTPYKTYPHBIM HJIU
AJIEKTPOHHBIM (pa30BbIM nepexofoM. [Ipu oneHke BpeMeH penakcainuu 3JIeKTPOCONpPOTHUBIIE-
HUS TOJ 1aBJIeHUEM HaOII01alM CIIelyIoNyl0 3aKOHOMEPHOCTh: IPU (PUKCUPOBAHHbBIX 3HAYe-
HUSX TOCTENEHHO YBEIUYMBAIOIIETOCS AABJIEHUS 3aBUCUMOCTH 3JIEKTPOCONPOTHBIEHUS OT
BPEMEHHU aAIlNPOKCUMHUPYETCS TBOMHON IKCIIOHEHTOMN R(t)=Ale't/t1+Aze‘m2.

Ha puc.2 npencraBieHsl pe3yabTaThl IBYX, CIEIYIOUIMX OJUH 3a IPYTMM, Ha OJHOM U
TOM ke o0pasiie, u3mepeHuit repmosac it Mmatepuana Cds;Asy;+MnAs (MnAs—44.7%).
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Puc. 1. bapuyeckue 3aBUCHIMOCTH 3JIEKTPOCOTIPOTHBIICHUS
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Ha Bcex rpadukax B okpectHocTH PA33 I'Tla MoxHO HaOMOAaTh OCOOCHHOCTH B BH-

Jie To4yek rnepernda. B obmactu yka3aHHBIX JaBieHH ObLTH OOHAPYXEHBI 3aMETHBIC PelaKca-
IUOHHBIE (PPEKTHI P UCCIICAOBAHUH MTPOIECCOB IEKTPOCOPOTHBIICHHS.
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Puc. 3. bapuueckue 3aBUCUMOCTH BPEMEHH peTIaKCAIMH JIEKTPOCOTPOTUBIICHUS
tmin=min{t;,t;}, OLIEHEHHOTO U3 3aBUCUMOCTEM IIEKTPOCOMPOTUBIIEHUS OT BpeMeHH R(t)=A e’
"+A2e™, (1), 1 BpeMeHH penakcaimn TepMOd/IC ty, OLIEHEHHOTO U3 3aBUCHMOCTEH TePMODIC

OT BPEMEHU S(t)=Ae't/t0(2)

Jlurepatypa
1. Lanpo He. Pressureinduced superconductivity in the three-dimensional topological Di-

rac semimetal Cd;As,/ Yatinglia, Sijia Zhang, Xiaochen Hong, ChangqinglJin and Shiyan Li/ npj
Quantum Materials.-2016.- 1.- p. 16014.
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V1. PASHOE

VJIK 537.9
BJIMSIHUE PEKMMA TEPMOOBPABOTKH HA DJIEKTPO®U3UYECKHUE
CBOWMCTBA IIJIEHOK CuO, TPUTOTOBJEHHBIX 30JIb-TEJTb METOJIOM

J1.C. TlepmsixoB', C.1. Pembesa’, T.I'. MeHbIHKOBa®
'Maructp, Dima.P.S @yandex.ru
*J1-p du3.-mar. Hayk, npodeccop, rembeza@yandex.ru
3)1011. KaHauaat, Gus.-MaT. Hayk, menshikova.vrn @mail.ru
OI'BOY BO «BopoHeXCKHil ToCy1apCTBEHHBIN TEXHHYECKUH YHUBEPCUTET)

B nmanHO# cTaThe paccMaTpuBaeTCs BIUSHUE BPEMEHH OTXHUTa Impu Temmepatypax 400 u
500°C. Ha snekTpodusudeckue cpoiictBa ieHOK CuQ, MPUTOTOBICHHBIX 30Jb-T€lb METOJAOM Ha
OCHOBE HM3OIPOIMIOBOTO CHHPTA, alleTara MEeIu W IUATHIaMHHA. TonmmHa TuileHOK coctaBmia 440
oM. Omnpeznenensl (a3oBBIl COCTaB, AIIEKTPOCONPOTHUBICHHUE, THUI MPOBOJWMOCTH, ONTHYECKUE
CBOICTBA IJIEHOK.

KitoueBsie coBa: OKCHA MeIH, 30Jb-Tellb, TOHKHE IUICHKH, pEeHTEeTHO(]A30BbIM aHau3,
yAETBHOE COTPOTUBIICHHE, OTKHT, ONTHYECKHE CBOKCTBA.

CuO — HETOKCHYHBIN NPSIMO30HHBIM MOJIYIPOBOJIHUKOBBIM Marepuan ¢ IPOBOJUMO-
CTBIO P-THIIA, BHICOKMM KO3()(PHUIIMEHTOM MOTTIOUICHUS JIi BUAUMOTO CBETa W IMIMPHHOM 3a-
npemieHHon 30Hb1 1,4-2,9 3B[1]. CBolicTBa OUEHb CHUJIBHO 3aBUCAT OT METOJUKH MOTYYECHUSI.
Oxkcua Menu 00J1aJaeT MOHOKJIIMHHON KpucTtaummueckon pemietkoi[3]. Inenky CuO MoxHO
MOJIYYUTh TAKUMHU METOJAAMHU Kak NUpoau3[2], 30ib-renb[3], TepMuueckuili oTxur(4], mero-
JIOM XMMUYeCKOU BaHHBI[S] U T.A4. DTOT MaTepra MOXKET IPUMEHATHCSA B COJTHEUHOH 3Hepre-
THKE, Ta30BbIX JaTUYMKAX, (POTOKATAIUTUYECKUX PACHICIUTENAX BOAbI[ 1] U Apyrux momaympo-
BOJIHUKOBBIX MPHUOOPAX M aHATUTHUECKUX YCTPONUCTBAX.

[Tnenxa CuO ObLia nony4yeHa 30/1b-rejib METOJI0M Ha OCHOBE M30MIPONHIIOBOTO CIIHp-
Ta, anerara Mead u AudTUiIamMuHa. OOpa3ibl ¢ TUIEHKOW OTXKHUTajIuCh TPYIaMyd B KBa3u3a-
MKHyTOM 00Beme 1ipu 400 u 500 °C. CompoTuBieHure 00pasoB KOHTPOJIUPOBAIOCEH IIPU I10-
CTOSIHHOM TEMIIEpAType, ¢ MOMOIBIO MUIIYINEro MyibTuMeTpa, npu 500 °C conpoTuBieHUe
IUIEHKH CTabHIM3upoBaiiock OsicTpee ueM 1pu 400 °C. Pe3yibTaThl IPUBEIEHBI HA PHC.

Rﬁ]{n1

400°C

06 \\ '\q_NUH.k*‘

N \ M

04 e T

2 e R . ]
so00c

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
t,c

Pucynok. OtHocurensHoe conporusienue mwieHkn CuO ot Bpemenu npu 400 u 500°C

Jns nccnenoBanus (a3oBOro COCTaBa IUIEHOK ObLIAa BBHIOJIHEHA PEHTI'CHOBCKAs IU-
dbpakumsi. PentreHoBckas audpakuus noareepauia $a3ossiii coctaB mieHkn CuO. MoxHO
CKa3arh, YTO IUIEHKA mosydeHHas npu 250 °C npakTHYeCKH He KPHCTAUTM30BaHa, TaK KaK Ha
Hel HaOoaaeTcst eMMHCTBeHHBIN peduieke cooTBercTByromuii CuO (1,1,0) 31,7°. B pe3ynsb-
Tare 0JHOYACOBOro oTxura 1ieHoK 1npu 400 u 500 °C mpoucXoauT KPUCTALTM3AIUS U IIPO-
spistitorest pedurexcer: (1,1,0) 31,77, (-1,1,1) 35,5°, (1,1,1) 38,8°, coorBercrBytomue CuO.
Tonmuua mieHok cocraBwia 440 HM. YaenbHOe compoTuBieHUE BapbHupyeTcss oT 350 Ha
HEOTOXOKEHHBIX 00pa3zuax g0 20 OM-cM Ha OTOXKEHHBIX oOpasiax. OnTuyeckue napaMmerphbl
MOKa3aJii MPO3PavHOCTh 0KOJI0 45% 1 KO PHUIMEHT MOTIIOIICHUS 4-10° 1/cM B Mama3oHe OT
300 no 1100 HM ¥ WMPHUHY 3aMpPEIIeHHON 30HbI 2,65 3B. M0XHO caenaTh BBIBOJ, YTO OTKUT
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yaydmaeT napamerpsl wieHoK CuO. CoBOKYNHOCTh ONTHUECKUX U 3JIEKTPUUECKUX MapaMeT-
POB TOBOPUT O BO3MOXHOCTH NpuMeHeHHs MieHKH CuO B COJIHEUHOM AHEPreTHKe, B Kaue-
cTBe 3((HEKTUBHOTO MOTJIOMIAIOIIETO CIIOSL.
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VJIK 538.975
BJIMSIHUE TIPUMECH AJIIOMUHUS HA ITIPOLECCHI KPUCTAJTAZALINA
IIJIEHOK ZnO

M.A. Benbix', C.11. Pembesa’
'Maructp, belykh.maks@yandex.ru
*JI-p du3.-mar. Hayk, npodeccop, rembeza@yandex.ru
OI'BOY BO «BopoHexckuil rocyapCTBEHHbI TEXHUYECKUM YHUBEPCUTET)

Pabora mocesiieHa UCCIICAOBAHUIO BIUSHUS PUMECH AJIFOMHHUS Ha MPOIECCHl KPUCTAIIIH3a-
LUU IUICHOK, MOJTYYEHHBIX 30JIb-T'€JIb U UX 3JIEKTPUUYECKUE CBOMCTBA.

KiroueBrbie ciioBa: 3eKTPOIPOBOAHOCTb, 30JIb-T'€lIb METOA, KPUCTAILIU3ALINS, TIOBEPXHOCTHOE
COIPOTUBJIEHUE.

OnexTponpoBoAHOCT, ZnO HampsMyro CBs3aHa C YHCIOM CBOOOJHBIX 3JIEKTPOHOB.
DeKTPOHBI, 00pa3yroIuecs B pe3yabTaTe HOHU3ALUU MEXI0Y3€JIbHOTO aToMa IIMHKA U KHUC-
JIOPOAHBIX BAaKaHCHM, BIMSIOT Ha AJIEKTPONPOBOAHOCTH KpuctauioB ZnO [1]. ZnO o0Obr4HO
JEMOHCTPUPYET MPOBOJIUMOCTb N-TUIA, TJE€ AONAHTHI BHOCAT JOIOJIHUTEIbHBINA BKIA CO3/a-
Bast M30BITOK OTPHIIATETBHBIX HOCHTENEH 3apsia. YIPOIEHHAS CXeMa 3aMeIeHns HoHa Zn”"
Ha noH Al** mokasana Ha puc. la, 16.

0=—In —0 Zn o] In
Zn = 0= In, T — ci
OTCYTCTBHE OCHOBHBIX
5 -
| | +1e- ~=— (JCHOBHBIE HOCHTETH Al Al HOCHTeTelt 3apaia
o —Al——p 3apAna
a) 0)

Puc. 1. Bo3mo)xHbBIE MECTA BHEAPESHUS HOHOB Al * B pemetk IIMHKHUTA: a — 3aMeIlleHUE NOHAa Zn’* B
y
y3JIe PEETKU HAa MOH AP *; 0 — non Al 3aHMMaET COCEIHHUE UK TIPOKCUMAJILHBIE Y3JIbI PEIIETKH

CnumkoM BBICOKass KOHIICHTPAIUS MOXKET MPUBECTH K TOMY, YTO MOHBI JIOMAHTa OY-
OyT  3aHAMaTh  COCEJHUE WU  TNPOKCUMAIbHBIE  Y3JbI  pEIIeTKH, KaKk  Ha
puc. 1 O BbI3bIBas MOHHBIE BaKAaHCHH, MIPUBOJIL K HEUTpambHOMY JedeKTy, KOTOPBIH HE BHO-
CHUT BKJIQJI B MPOBOUMOCTD. [IpH BEICOKOTEMITEpaTypHOM OT)KHUTE CHIDKAETCS PACTBOPHUMOCTH
Al B ZnO [2].
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Jlnst sKcnepuMeHTa ObUIM OTOOpaHbl, paHee U3TOTOBJICHHBIE 30Jb-T€Ib METOIOM 00-
pasipl IJICHOK, IpolieAmue oTkur npu temmeparype 550 °C 30 MunyT. 3ateM ObUT MpOBEACH
noBTOpHBIN OTkUT Tipu 550 °C ¢ 3arpy3Koi IJIAaCTHH B IPEJBAPUTEIBHO PAa30IPETYIO MEUKY U
BbIIepkKe 60 MuHyT. [ToBepXHOCTHOE CONMPOTHUBIEHUE O0PA3OB ObUIO U3MEPEHO YEThIPEeX-
30HJ0BBIM METOJOM. Pe3ynbTaTsl U3MepeHnii pecTaBieHbl B Ta0u. 1.

Tabnnna
IToBepXHOCTHOE COIPOTUBIIEHHE 0OPA3IIOB C PA3IHYHBEIM BPEMEHEM OT/KUTA
O6pa3ert 8U 5A 4T Bpewms
% 0,5 % 0,75 % 1% OT)KHUTA,
MHUH
CormpoTuBiieHne 4,88 3,353 0,686 30
MOwm 9,06 4,86 2,688 60

ITo pe3ynbraram 000X IKCIEPUMEHTOB MOCTPOEH rpaduk (puc. 2).
10

2-

MOm
o

(3]
s

0 02 0.4 0.6 0.8 1.0 1.2
%
1 - Bpema oTxmra 30 MuH; 2 - BpeMa oTxura 90 MuH
Puc. 2. I'paduk 3aBUCMMOCTH COMPOTHUBIICHUS IJICHOK OKCHUJIA IUHKA
OT KOHLICHTPALIUY JINTaTyPhl U BPEMEHU OTXKUTa

W3 npusenennoit Tada. 1 u rpadukoB puc. 2 BUJHO, YTO KPUCTAIIIM3ALMUS C YBEIHYE-
HUEM JIETHPYIOLIEH MPpUMECH aJIFOMUHUS pacTeT, O3TOMY CONPOTUBJICHHE 00pa3I0B CHHUKA-
eTcsl. YBeIn4YeHne BpEMEHH OT)KUTa MPUBEJIO K YBEJIMUEHHUIO COTIPOTUBIIEHUSI 00pa31O0B.

Jlutepatypa
1. Lee J. -H. Electrical and op-tical properties of ZnO transparent conducting films by the sol-
gel method./ J. —H. Lee, K. —H. Ko, and B.-O. Park // Journal of Crystal Growth. — 2003. — V. 247. —
Nel-2.—-P.119-125.
2. Serier H. Al-doped ZnO powdered materials: Al solubility limit and IR absorption proper-
ties / H. Serier, M. Gaudon, and M. Mntrier // Solid State Sciences. —2009. — V. 11. -Ne 7. - P. 1192 —
1197, 2009.

V]IK 538.975
BJIUSTHUE NU30TEPMHUUYECKOI'O OTKHUT' A HA ITIAPAMETPBI
METAJUIOOKCHUJHOM IIJIEHKH, N3 OTOBJIEHHOM CITPEH-TIMPOJIN30M

B.E. [Monkoeuukos', C.1. PemGe3a’
'Maructp, polkovnikov.vova.net@yandex.ru
*JI-p ¢u3.-Mat. HayK, podeccop, rembeza@yandex.ru
OI'BOY BO «BopoHeXCKHil Tocy1apCTBEHHBIN TEXHUYECKUH YHUBEPCUTET)

B nanHnoii pabote npeacTaBiieHa TEXHOJIOTHS U3TOTOBICHHUS METAJUIOOKCUIHON TUIEHKH OKCU
menu (II) meromom crpeii—nuponusa. PaccMoTpen Ha npumepe moiay4eHHOH mieHkd okcuna meau (1I)
MPOIIECC U3MEHEHNS TIOBEPXHOCTHOTO COMPOTHUBIIEHHUS OT BPEMEHHU OT/KHTa.

165



KiroueBrsle citoBa: CHped—THPONN3, METALIOOKCHAHBIE TUTeHKH, okcun wMemu  (ID),
INEKTPOPUINUECKUE TTAPAMETPBHI.

[TonynpoBoaauKOBBIC TUICHKH okcuaa meau (I1) p-tuna [1] umeer Beimarommecs ra3o-
YYBCTBUTEJIbHBIX, 3JIEKTPOIPOBOASIINE U ONTUYECKHE CBOMCTBA, TAHHBIN MOJIYIPOBOIHUKO-
BbIil MaTrepuaJl MOXXHO IMOJIYYHUTh Pa3IMYHBIMH METOAAaMH: 30JIb-Tellb, TEPMOBAKYyMHOE
HanblieHue, BY-marnerponHoe pacnbuieHue u Jp. Copel-nmuposiu3 MO3BOJISAET NOJYyYUTh
CuO ¢ HeOOJIBIIION MMPUHOK 3aMpeIeHHON 30HbI Tl 3Toro Marepuana 1,3 — 1,7 aB[2].

Hns co3manus wienku CuO p-Tuma TpOBOJUMOCTH ObUT MPHUTOTOBIIEH PACTBOP M3
CuCl; - 2H,0 o6wemom 200mi1, B Ka4eCTBE pacTBOPUTENS ObLIa MCIIOJIb30BAHA JUCTUILUIAPO-
BaHHas Boja. JlaHHBIN pacTBOp MMeN MOJIsIpHOE cozepkanue menu 0,1 Mo/ mepemeninBa-
ACh C IOMOIIIbI0 MAarHUTHOM MeIIaJku B TeueHue 10 MUHYT.

[Monyuennslit pactBOp HaHocwics Ha Harperyio 10 300 °C momnoxky. [Tapamerpst
HaHEeCceHMsI ObUIM BbIOpaHbI CIEAYIOUINE: JaBieHue kommpeccopa 1,5 6ap, paccTosHue OT HC-
TOYHHKA a3po30Js (adporpada) 80 cm, pacxon pactBopa B MUHYTY 7 mil/muH. [l oaaep-
JKaHUSI TEMIIEPaTypHOTO pexkuMa Ipoliecca yepe3 Kakple 6 MUHYT BBIAEP>KMBANach May3a
JUIUTEIBHOCTHIO 4 MUHYTHI.

Cpa3y mociie HaHeceHHs IUICHKa Oblla HEIOCTaTOYHO KPHUCTAJUIM30BAHHOH, O 4YeM
CBUJIETEIICTBYET BBHICOKOE NTOBEPXHOCTHOE conpoTuBienue 1,8 Mowm/[] u naHHbIe peHTreHO-

¢dazoBoro ananuza Ha puc.1,2.
Counts
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Puc.1 Penrrenodasossiii ananmus okcuaa meau (1) mocie omkura npu 520 °C

19 1 GuO 300 (0.6).raw
185 1 PDF 00-002-1040 Cu O Tenorite
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ozz
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Puc.2 Penrrenodasossriii anamus CuO cpasy mocie nanecenust mpu 300 °C

ITo BBICOTE MUKOB OTYETIMBO BUIHO, uTO MuieHKa okcuaa meau (1) mocne omxkura mpu 520 °C
MMEET CYILIECTBEHHO 0oJiee KPUCTAUIMYECKYIO CTPYKTYPY, HEXKENU IJIeHKa, HaHECEHHas Ipu
300 °C. CHWKeHHE TOBEPXHOCTHOTO CONMPOTHBIICHHUS M KPUCTAIUTM3AIUS TIPOUCXOIAT MOCIIE
omkura npu 520 °C. KoHeyHoe CONpOTUBIIEHHE TOCIIE OT/KUTA B TEYEHHE 2 9aCOB COCTABUIIO
389 Kowm/[], kak BUIHO U3 3aBUCUMOCTH U3MEHEHHSI COIIPOTHBIICHHUS] OT BPEMEHH U30TEpMHU-
YECKHMM OT/KHUT HE UMEET CMBICIAa MPOBOANUTH ciycTs 33 muHyThl. Ha puc.3 nokasana 3aBucu-
MOCTb CHHKEHWSI IOBEPXHOCTHOTO CONPOTUBJIEHUS OT BpeMeHu omkura pu 520 °C.
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Puc.3 Cumxenus MMOBCPXHOCTHOI'O COMMPOTUBJICHHA OT BpEMCHU OTKHUT'a

Jlutepatypa
1. Yang Y. Cu20/CuO Bilayered Composite as a High-Efficiency Photocathode for
Photoelectrochemical Hydrogen Evolution Reaction / Y. Yang, D. Xu // S-cientific Reports. — 2016. -
V. 6:35158.
2. Chafi F. Z. Characterization techniques of Fe-doped CuO thin films deposited by the Spray
Pyrolysis method/ F. Z. Chafi , L. Bahmad , N. Hassanain , B. Fares , L. Laanab, A. Mzerd //Faculty
of Science- BP. 1014- Av. Ibn Batouta Rabat, Morocco — Jul 2018.

YK 537.9
BJIUSHUE TEPMI‘{I‘IECKOI?'I OBPABOTKU HA TEPMOJJIEKTPUYECKHUE
CBOUCTBA OBBEMHBIX OBPA3IIOB PbTe

B.B. Basbikut', 10.E. Kanmuuus®
' Acniupanr, threeroad@mail.ru
*JI-p du3.-mar. Hayk, npodeccop, kalinin48@mail.ru
OI'BOY BO «BopoHexckuid rocyapCTBEHHbI TEXHUYECKUH YHUBEPCUTET)

B nmanHO# paboTe mpeacTaBieHa TEXHOJOTHS W3TOTOBIICHUS CPEIHETEMIIEPATYPHOTO TEPMO-
anekTpudeckoro marepuana PbTe, uzyueHo BiusiHHE TeMIepaTypbl OTXKHTa Ha €r0 TEPMOAIIEKTpHYe-
CKHE CBOMCTBA.

KiroueBsie cioBa: mpsiMO€ CIUIABJICHUE UCXOJIHBIX KOMIIOHEHTOB, TEPMORJIEKTpUUECKas J100-
POTHOCTb.

B nacrosiiiee Bpems, Koraa Bce O0JbIIEe YBETUYUBACTCS NOTPEOHOCTh B aBTOHOMHBIX
aIbTEpHATUBHBIX MCTOYHHMKAX JHEPIHM, MOBBIIIEHHE 3(P(HEKTUBHOCTU TEPMOAIEKTPUUECKUX
MaTepUasoB SBJISAETCS NEPBOCTENEHHON 3afaueil. JlernpoBaHHbIE MaTepHalbl HA OCHOBE TEJI-
JypHUia CBUHIA MPUMEHSIOTCS IJIs MPSMOT0 NpeoOpa3oBaHUsl TEIJIOBOM SHEPIUU B dJIEKTPU-
YecKyl0 B TepMoreHeparopax, padoTaromux npu temmeparypax ot 500 go 900 K. [Tosire-
HUE TEPMODJIEKTPUUECKON 3((HPEKTUBHOCTH 3TUX MATEPUAIIOB BO3ZMOXKHO 3a CUET YCIOMKHEHUS
COCTaBa, a TaKXKe ONTUMH3AIMHU TEXHOJOTMYECKUX IPOLIECCOB M3TO-TOBJIEHUS OpPUKETOB:
TEMIEPATypbl CUHTE3a, pa3Mepa (PpakiMii, AaBJIeHUS MPECCOBa-HUA, TEMIIEPATyp OTKUTA U
Jp. YuuThIBas BBIIIECKa3aHHOE, LIENbI0 JJAHHOH pabOThl SBISIOCH MCCIIEAOBAHUE BIUSHUS
TEPMUYECKON 00pabOTKH Ha TEPMOIJIEKTPUUYECKHE CBOMCTBA 00BeMHBIX 00pas3iioB PbTe. B
KadecTBe Jiernpytouieit o6asku npumensiiu 0,023 mace.% Pbl,.

3arpy3Ky aMInyJsibl Jeiajiy B CIeAYIoLel MOCiIel0BaTeIbHOCTH: MEPBBIM 3arpyxaiu
CBHUHEII, 3aTeM Jiernpymouryto 106asky Pbl, u mocnenquum — temnyp. AMITyay OTKauuBalId
10 maBnenns 3,5x107 TTa u 3amasumi. CHHTE3 Te/UTypH/Ia CBUHIA POBO/MIH MPSMBIM CILTAB-
JIEHHEM UCXOJAHBIX KoMIoHeHTOB (cBuHel Mapku C1C u Temunyp mapku T-cU), B3ATBIX B cTe-
XHOMETPHUUYECKON Mponopuuu mpu remneparype 1270 K.

B npensapurensHo Harperyro 10 900 K neus noMemnanu aMmiyity ¢ 3arpy<eHHbIM Ma-
TepuanoM. 3aTem Bkitouanu HarpeB o 1270 K. Ilpu Beixozie nmeyn Ha 3a/laHHYIO TeMIepary-
Py OCYILIECTBIISIIM CUHTE3 B TEUEHUE 65 MUHYT, OCYLIECTBIISAS KAUaHHUE [1€YU B T€YCHHUE 3 MU-
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HYTHI yepe3 Kaxasle 10 MUHYT BbIIEPKKHU. 3aT€M aMIlyjly C pacIylaBOM HU3BJIEKAJINA U IIPOBO-
TN OBICTPOE OXJIAXKICHHE, TOTPYXKasi 4aCcTh aMITyJIbl B BOAY.

[TosydeHHBIN CIUTOK ApOOWINM U MpOCEUBaIN 4yepe3 cUTO. BepxHuii npenen sueiiku
curta coctaBisl 1 mm, HuxHU 0,064 Mmm. [IpeccoBanre maTepuasna MPOBOJIUIN B CTAIbHBIX
npecc-(popMax ¢ IUIOMAIbI0 OCHOBaHHs 34X 18 MM B JBE CTaaiH: OPUKETHPOBAHKE HA BO3-
JlyXe MpH J1aBJeHUU 3 T/em?; ropsiuee npeccoBanue npu temmneparype 700 K B Bakyyme nipu
J@BICHHH 5 T/cM” ¢ BbIIEPKKOM 10 MUHYT.

N3 Opukera BhIpe3asii KOHTPOJIBHBIA 00pazer; pazmepoM 10x10x2 MM Ternmonpo-
BOJHOCTH 00pasia uccienoBanack Ha ycraHoBke Netzsch LFA 467, sanexkTpudeckyio mpoBo-
nuMocTh U ko3¢ dunrent Tepmo-3/IC - Ha ycraHoBke Netzsch SBA 458 B untepBaine temrie-
paryp 300 — 800 K. 3arem obpazen moaseprayics TepMooOpadOTKe B BAKyyMe MpU TeMIIepa-
type 850 K 1 BpemeHneM BbIJIEpKKH 6 4acoOB, MOCJIE Yer0 BHOBD I€peaBajiCsl Ha UCTIBITAHUSA.
Ha pucynke 1 mpuBeneHbl TeMnepaTypHbIE 3aBUCUMOCTH Oe3pa3MepHON TEpMO3JIEKTpUYE-
ckoii moopotHoctu ZT coenunenus PbTe, nerupoBaHHOTO HOAOM.

- -y - initial
—@®— heat treated
1.0 -
0.8 =
5 0.6+
0.4 -
0.2 -

300 400 500 600 700 800
T,K
Pucynok. Temneparypusle 3aBucumoctu ZT TepMoaniekTpuyeckoro coenunenus PbTe,
JIETUPOBAHHOTO MOJIOM initial — ncxomHbIi oOpaselr; heat treated — TepmooOpadoTanssrii mpu 850 K
B Te4eHue 6 4acoB

W3 pucynka BuAHO, 4T0O OTXKUT npu Temnepatype 850 K B TeueHue 6 4acoB mpakTuye-
CKU HE BJIMSET HAa TEPMODJIEKTPUUYECKYIO0 JTOOPOTHOCTh MaTepHuala, 4TO CBUAETENbCTBYET O
BBICOKOM TEPMHYECKOW YCTOMYUBOCTH CHHTE3UPOBAHHOI'O TEPMONIEKTPUUECKOT0 MaTEpPHAIIA.
Pa6ota BemonHena npu noaaepxke POOU (mpoext Ne 19-48-360010).
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OI'BOY BO «BopoHexCKHil rocy1apCTBEHHBIN TEXHUUECKUN YHUBEPCUTET

MeTo/IoM KOHEUYHBIX JJIEMEHTOB peIleHa KpaeBas 3ajjada Ha COOCTBCHHBIC 3HAUYCHHS
ypaBHEHUs  KOJeOaHWW  IMJIMHAPUYECKOTO  PE30HATOpa C  IbE30RJIEMEHTAMH  BOJHOBOTO
TBEPJAOTEIHLHOTO THPOCKONA C YIETOM TUCCUTIATHBHEIX MPOIIECCOB B €70 KOHCTPYKTUBHBIX dJIEMEHTAX.
Onpenenena MEPeHOPMUPOBKA CIIEKTpa COOCTBEHHBIX YAacTOT W JOOPOTHOCTH PE30HATOpPA HA ITHX
4acTOTaX.
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KnroueBble ciioBa: BOJHOBOM TBEPAOTENbHBIM THPOCKOI, MHE303JEMEHThl, KOHEYHO-
3JIEMEHTHBIA aHaIN3, COOCTBEHHBIC YaCTOTHI, JOOPOTHOCTD.

Jliig pa3paboTKi ONTUMU3UPOBAHHBIX KOHCTPYKLHNA BOJHOBBIX TBEPAOTENIBHBIX THPO-
ckonoB (BTI') ¢ meTtamnnueckuMu pe3oHaTOpaMy, UCIOIb3YIOIIMX IIE303JEMEHTHI AJIs pac-
KayK{ U chEMa CUrHaia, HeoOX0IUM pacu€T BIMSHUS IUCCUTIATUBHBIX MPOIIECCOB B UYBCTBU-
TenbHbIX 7emMenTax BTI Ha ero merponoruueckue napamerpsl [1]. Tak, Hapumep, B padbote
[2] METO1I0M KOHEUHBIX JIEMEHTOB ObUIM PACCUUTAaHBl TEPMOYIIPYTHE MOTEPU B LIMIUHAPUYE-
ckux pezoHaropax BTI', U3roTOBIEHHBIX U3 PAa3JIMYHBIX MATEPUATIOB.

OCHOBHOH 1I€TIbI0 JTAHHOW pabOThI SBISETCS KOHEYHO-3JIEMEHTHOE MOJEIMPOBAaHUE
BJIMSIHUS BA3KUX IOTEPh B KOHCTPYKTUBHBIX Marepuasnax BTI' Ha cnekTp coOCTBEHHBIX ua-
CTOT U IOOPOTHOCTh €ro pe30HaTopa ¢ y4ETOM IMbE303JIEMEHTOB.

B xauecTBe mpoToTHNA /Il BRIYMCIUTEIBHBIX KCIIEPUMEHTOB ObLIa B35iTa YIPOUIEH-
Has KOHCTPYKTHBHasi cxeMa ojHoro u3 BapuantoB BTI', Beimyckaembix ¢upmoit Innalabs
(Ireland) [3].

[Ipeanonaranoce, yto metasmuyeckue nerand BTI uU3roroBieHsl U3 ANMHBApPHBIX
CIUIaBOB, a nbe3031eMeHThl u3 PZT xepamuku. IIpu pacuérax ucCronb30BanuCh TUIUYHBIE
3HaYeHUS PU3NYECKUX MTapaMeTPOB ITUX MAaTEPHUATIOB.

Jlig onpeneneHus cuekTpa COOCTBEHHBIX YacTOT (PE30HAHCHBIX U aHTHUPE30HAHCHBIX )
U JOOPOTHOCTH PE30HATOpa Ha 3THUX YacTOTaX pelajach KpaeBas 3agada Il ypaBHEHUH
ANEKTPOYIPYTrOCTH KyCOYHO-HEOTHOPOIHOM CIUIONIHOM Cpelbl ¢ BsA3KOCThIO [4]. Ha moBepx-
HOCTHM JIOHHOM 4YacTh OcHOBaHus natuuka BTI' 3amaBanock rpaHM4HOE yCIIOBHE KECTKOTO
3aKperieHus, a OCTaJbHbIE MOBEPXHOCTU CUUTAIUCH CBOOOJHBIMU. PEe30HAaHCHBIE YaCTOTHI
ONpPENESUIUCh MPU 3aJJaHHOM HYJIEBOM IOTEHIMAlEe Ha BCEX METAJUIM3UPOBAHHBIX T'PAHAX
[IbE€3032JIEMEHTOB, @ AHTUPE30HAHCHBIE YAaCTOThl HAXOAUJIUCH IIPH 33JaHHOM HYJIEBOM IOTEH-
[[Maje TOJbKO Ha I'PaHsX, KOHTAKTUPYIOUIUX C PE30HATOPOM, TOI/Ia KaK HA OCTAJIbHBIX METall-
JU3UPOBAHHBIX TPaHAX 334aBAIMCh YCIOBUS ITOCTOSIHCTBA NOTEHIMAA.

Pemena taxke cMmelaHHas KpaeBasl 3aJada 3JEKTPOYNPYTOCTH U MOJy4yeHa BpeMEH-
Has 3aBUCHUMOCTb AMILUIUTY/bl T€HEPUPYEMOIO 3JIEKTPUUECKOIO MOTEHIMaIa Ha 3JIEKTPOJaxX
b€3032J1IeMEHTOB. OIpeeeH0 MUHUMAaJIbHO HE00X0IMMO€E BpeMsl pacKaukl pe3oHaTopa AJis
BBIX0JIa Ha Pa0OYMi PEKUM.

Jljig peeHus MOCTaBJIEHHBIX KPaeBbIX 3a/1ad U pacdy€ra JIOKAJIbHBIX U MHTErpalbHbBIX
XapaKTEpUCTUK HCIOJIb30Balach MHTETPUPOBAHHASI CHCTEMA KOMIIBIOTEPHOIO MOJEINPOBA-
HUA pusnko-Mexanndeckux npoieccos B BTT [5].
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TpaHcropTHBIE CBOMCTBA XUAKOW BOABI - KO3QduimeHt camomuddysun D, BI3KOCTh 1 U
TEIUIONPOBOJHOCTE O pacCUUTHIBAlOTCA B paMKax EIMHOTO TMOAXO0Ja W3 aHajiu3a CICKTpa
JIUDIIEKTPUYECKOi mebaeBckoit pemakcanuu. JlemoHcTpHpyeTrcs coBmaaenne pacdérHeix D, n u 0 ¢
AKCTIEPUMEHTAIbHBIMH JAHHBIMHE B ITMPOKOM WHTEpPBaje TeMIEpaTyp.

KitoueBnie cioBa: Boma, camomu¢ysusi, BI3KOCTh, TEIUIONPOBOJHOCTD, JUAICKTPUUCCKAS
MIPOHUIIAEMOCTb, le0aeBCcKas peakcarus.

HecMmoTpst Ha )KM3HEHHYIO BaXKHOCTb BOJIbI M 00JIbIION 00bEM HAKOIUIEHHBIX JaHHBIX
no ee (U3MKO-XUMHUYECKUM CBOWcTBaM [l], yIOBIETBOPUTENHHOIO MOHHUMAHUS AaTOMHO-
MOJIEKYJISIPHOTO YCTPOMCTBA BOABI CETOJHs HET. DTO KacaeTcsl U TPAHCHOPTHBIX CBOMCTB —
camomuddysun D, Bsiskoctu 1 u teronpoBogHocTr O. CoBpeMeHHbIe TIpeAcTaBiIeHus Gpop-
MUPYIOTCS [I0]] BIIEYaTJICHHUEM KOMIIbIOTEPHBIX MOJIeIUpOBaHuil [2].

B paborax [3, 4] HamMu TIpeIOKeHA HOH-MOJIEKYJIIpHAs MOJIENb BOJIbI, MPEIOCTABIIS-
IOI1as BO3MOKHOCTh aHAJIMTUYECKHU aHAIM3UPOBAThH CBA3M MEXAY MUKO- U Makponapamerpa-
MHU. MBI HCIIONB30BAIM TOT (aKT, YTO CIOKHBIE aTOMHO-MOJIEKYJISIPHBIE TPOIIECCH B BOJE
HepeaaTcs B AUIIEKTPUUECKUX CIIEKTpax MPOCTON peslakcaliMoHHON (popMoii ¢ eMHCTBEH-
HBbIM BpEMEHEeM pejnakcaluu Tp [5]. JlaBHO akTyalleH BOIPOC: KAKOMY IPOCTOMY MHKPOCKO-
IUYECKOMY IpOLIECCy Takas MpOcCTas pellakcaloHHas ¢opmyna orBevyaer? Hama monens
MCKOMBI MeXxaHu3M npeziaraer. OHa TpakTyeT /1e0aeBCKYI0 PETaKCcaluio KaK OTKIMK Q-
(by3MOHHOTO ABMKEHMSI YaCTUIBI MAacCOM m ¢ 3apsiioM q nof JeiicteueM noist E B mapabomiu-
YECKOM IMOTEHIIMAJIE B3aUMOJIEUCTBUA € cocesiMU. UTO BakHO, MOJIENb MPEIoaraeT B3au-
MOTIPEBPAILEHHE COCTABJIAIOMINX BOy 9acTuil — Monekyn HyO u nonos H;O" u OH'.
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Pucynok. TemmniepatypHblie 3aBUCHMOCTH K02 GuireHToB nuddy3un D, BI3KOCTH 1),
JTUDIIEKTPUUYECKOTO BKJIaZa Ag ¥ TEIJIONPOBOIHOCTH O KuaKoi Boabl. UepHbIe JINHUN — SKCIIEPUMEHT
[1], cepble nuHUHU — pacu€T. Mcrons30BaH eounsbiti 1J1s1 BCEX KPUBBIX MOATOHOYHBINA HapamMeTp
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B nHacrosimiem cooOIIeHHH NEMOHCTPUPYETCS MPUMEP COBMECTHOTO OMHCAHMSI JIEK-
TPOAMHAMHYECKUX M TPAHCIOPTHBIX MAapaMETPOB KUIKOM BOJbl B paMKax IpeasiaracMoi
MOH-MOJIEKYJISIpHOI Mojenu. TemnepaTypHble 3aBUCUMOCTH Kod(dduuuentos auddysuu D,
BA3KOCTH 1], TEIUIONPOBOJHOCTH © U AUAIEKTPUUECKOTO BKJIaAa A€ MPEICTABISAIOTCS B aHa-
JUTHUYECKOM BBIPAXKEHUU Yepe3 KOHUEHTPaLKi0 Ni KOPOTKOKUBYIIIUX HOHOB.

Non-MonexynspHas MOJieib IPOTUBOPEUUT OOLIETIPUHATHIM IIPEICTAaBICHUSIM, HO He-
IPOTUBOPEYMBA U MOcieoBaTeNbHa. E€ BO3MOKHOCTH B OMMCAHUU CBOMCTB BOJIbI 110 OXBATy
napaMeTpoB MTPEBOCXOUT JIFOOBIE IpyTrHUe, HaM U3BECTHBIE [2].

PaGora BeimonHeHa npu nojaepxkke rpanta POOU-19-02-00446 A.
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Thin-film amorphous films are widely and successfully used in information recording and
display systems, solar energy, sensor technology, etc. One of the promising areas for further
expanding the capabilities of this new class of semiconductors is the creation on their basis of “nano-
crystalline media”, which are compositions of a large number of “crystals” of nano-meter dimensions
that form in the amorphous matrix at the initial stages of the crystallization process developing in it.
The resulting nano-crystals are inherently atomic clusters that form not in the crystal lattice, but in an
amorphous medium.

Keywords: amorphous films, atomic clusters, germanium monosulfide.

The purpose of this work was to study the effect of Nd atoms on the optical and elec-
trical properties of amorphous germanium monosulfide films obtained by thermal spraying.
The absorption spectrum was studied in the region of the absorption threshold, as well as the
temperature dependence of the electrical conductivity of amorphous GeS and Ge;«Nd,S films
(x = 0.005; 0.01). It has been established that during thermal spraying a homogeneous solid
solution of Nd in GeS is not formed. Addition of Nd causes a tendency to clustering Nd-rich
regions in the GeS matrix.

All measurements were performed on samples with a diameter of 10 mm. Ohmic con-
tacts were created by soldering silver acid. Optical measurements were carried out on a set-up
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assembled base of the aperture monochromator MDR-2. X-ray phase analysis was performed
on a D8 ADVANCE diffractometer.

Thermo-optical phenomena are observed in Ge;4NdiS thin films, their role is en-
hanced with increasing Nd concentration. As the Nd content increases, the conductivity of
the films increases, which leads to their Joule heating in an electric field, which causes ther-
mal switching. However, based on the obtained data, it can be argued that the addition of Nd
leads to the appearance of new states associated with clusters in the band gap. The same states
are responsible for the “shoulder” observed in optical absorption.

Along with the effect on the optical properties, the Nd impurity has a great influence
on the electrical properties of thermally deposited Ge;xNdxS films. It was found that the ef-
fect of Nd atoms on the physical properties of thin films is greatly enhanced by thermal an-
nealing.

Measurements were carried out both when heated to a temperature close to the soften-
ing temperature Td, and during cooling. For amorphous films, the only values of activation
energy for this technology of 0.75 eV films were given.

Thus, experiments conducted by us with thin amorphous films, thermal evaporation
confirm:

1. Impurity atoms of rare earth elements (in this case, Nd) contribute to the formation
of clusters in the amorphous matrix of germanium monosulfide.

2. Formed nanocrystals in an amorphous matrix lead to the appearance of new states in
the band gap.

3. With an increase in the Nd content, the anisotropy of thin films decreases.

4. With an increase in the concentration of impurity atoms Nd, the conductivity of the
films increases, which leads to heating, and ultimately to

thermal switching thin film.

5. The amorphous GeS matrix provides “comfortable” conditions for the formation of
practically non-stressed clusters, where these amorphous films are widely used in systems for
recording and displaying information.
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Composites consisting of “Big4Sb; ¢Te; (matrix) — SnSe (filler)” with various weight content
of filler (0, 10 and 20 wt. %) were prepared by spark plasma sintering method. With increasing the
filler content, p was decreasing, whereas S is decreasing. In spite of such p and S degrading, thermal
conductivity of the composites developed can be assumed to be low enough to compensate this
degrading, resulting in improving in the thermoelectric efficiency.

Keywords: thermoelectric composite, spark plasma sintering, electrical resistivity, Seebeck
coefficient.

Actual problem of material science is developing new semiconductor materials with
enhanced thermoelectric efficiency, which is characterizing by the thermoelectric figure-of-
merit, ZT. Lower thermal conductivity and specific electrical resistivity and higher Seebeck
coefficient should be at the same time combined for effective thermoelectric material to reach
higher ZT value. These thermoelectric properties are intimately but adversely inter-dependent:
optimizing one often degrades the others. Tin chalcogenides due to their layered structures
have rather low lattice thermal conductivity and acceptable electronic properties, which
makes it possible to consider them as ones of the most promising candidates among potential
high-performance thermoelectrics. But, owing to poor mechanical and high anisotropy in
physical properties, practical application of these compounds is sufficiently limited. However,
tin chalcogenides can be applied as fillers with low thermal conductivity to prepare the com-
posites based on conventional thermoelectrics (bismuth telluride and bismuth telluride based
solid solutions with electron and hole conductivity). The aim of this work is (i) to prepare the
composites consisting of “Bip4Sb;¢Tes; (matrix) — SnSe (filler)” with various weight ratios
between the matrix and filler, and (ii) to trace the composition effect on the specific electrical
resistivity and Seebeck coefficient.
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Figure. Temperature dependences of p, S and P for the composites with various compositions

Starting Bip4Sb;¢Te; and SnSe powders were used to prepare the composites corre-
sponding to different contents of filler (0, 10 and 20 wt. %). Spark plasma sintering (SPS)
method by using a SPS-25/10 system was applied to compact powder mixture at pressure of
40 MPa, temperature 620 K and sintering time of 5 min and, hence, prepare bulk samples. X-
ray diffraction (XRD) analysis of the bulk samples was performed by a Rigaku Ultima IV dif-
fractometer with Cuk, — radiation. The specific electrical resistivity, p, and the Seebeck coef-
ficient, S, were measured by using a ZEM-3 system. According to the XRD pattern, the bulk
samples consist of individual Biy4Sb ¢Te; and SnSe subsystems, that is these samples are re-
ally composites. Besides, all the compositions were found to be highly textured. Due to this
texturing, strong anisotropy in p and S, measured along directions parallel and perpendicular
to the SPS-pressing direction, was found. These properties were found to be enhanced ones

173



for the parallel orientation. With increasing the filler content, p was decreasing, whereas S is
decreasing within whole temperature range, presented in Fig. Naturally, power factor, P, de-
fined as P:SZ/p is naturally decreasing. p is gradually increasing with increasing in measuring
temperature for all the compositions, that is characteristic of degenerate semiconductors.
Maxima observed in the S(7) curves are originated from a bipolar effect, when electrons and
holes are simultaneously thermally generated in semiconductor due to intrinsic conductivity.

In spite of degrading in p and § in the composites developed, their thermal conductivi-
ty can be happened to be low enough to compensate this degrading, and, hence, to result in
improving in the thermoelectric efficiency. The thermal conductivity measurements are in
progress now.

References
1. Sassi S. Transport properties of polycrystalline p-type SnSe / S. Sassi, C. Candolfi, J. B.
Vaney, V. Ohorodniichuk, P. Masschelein, A. Dauscher, B. Lenoir // Mater. Today Proc. —2015. V. 2.
P. 690—698.

VJIK 537.9
CBOWMCTBA TOHKHX ILTEHOK JMPAKOBCKOT'O IIOJIYMETAJLJIA CdsAs;

B.C.3axpanuucknii', E.A. TTnmox’, C.B. MBanunxun’, A.B. Kouypa®, 30 Xter Aynr’

'I-p du3.-mar. Hayk, momeHT, v_zaxval@mail.ru

’K-T )u3.-Mat. HayK, T0LeHT, pilyuk @yandex.ru
’ Acriupanr, seregious@yandex.ru

OI'AOY BO «benropoackuii rocy1apcTBEHHbIN HAllTMOHAIBHBIN HCCIEI0BATEIbCKUN YHUBEPCUTET
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B nmanHOif paboTe mpeicTaBlieHa TEXHOJOTHS TOMYYeHHS TOHKUX IUIEHOK JMpakoBCKOTO
nonymeraiia Cd;As,. IlpuBeneHsl pe3ynbTaThl HCCIACIOBAHMS TOHKMX IUIEHOK METOAAaMHU
CKaHUPYIOLIeH JIIEKTPOHHOW MHUKPOCKOIIMHM, PAaMaHOBCKOH CHEKTPOCKONMH U JIU(PPAKIHOHHOTO
pEeHTreHoBcKoro aHanm3a. llokasaHo, 4YTO MOJlydeHHBIE IUIEHKM COOTBETCTBYIOT CTEXHOMETPHUHU
Cd;As;, SIBISIIOTCS CIVIOLIUHBIMYM U UMEIOT TPaHyJIMPOBAHHBIN XapaKTep.

KitoueBbie ciioBa: BY- MarHeTpOHHOE HaNbUICHUE, TOHKHE IUIEHKH, Cd;AS,.

[To pesynpTaTam TeopeTudeckux [1] u skcriepuMeHTaIbHbIX [2] HcclieI0BaHui, OBLUTO
yctaHoBieHO, uTo Cds3As; OTHOCUTCS K 0COOOMY KJIacCy TOIMOJIOTUYECKUX U30JSTOPOB - JH-
PaKOBCKUM IOJIyMETa/llaM, B KOTOPBIX HOCHUTENH 3apsijia - JUPAKOBCKHE (PEPMUOHBI UMEIOT
HYyJEeBYIO 3(pPEeKTUBHYIO MacCy W MOJUUHSIIOTCS PENSATUBUCTCKUM 3aKOHaM JBrkeHus. [lo-
NOOHBIE CHCTEMBI PAacCMaTPUBAIOTCS KaK HEKHH aHAJIOT TpexMepHOro rpadeHa, a moToMy
MPEJICTABIISIIOT 3HAYUTENBHBIN HHTEPEC, KaK ¢ TOUYKH 3peHHs HyHIaMEHTAIbHON HAyKH, TaK U
C TOUKH 3pEHUS TOTCHIIUAIBHBIX TTPHIIOKEHHUH.

Hamu s manbinenust roieHok CdzAs, ObUT MpUMEHEH MarHeTpOHHBIM METOM, Mo-
CKOJIbKY OH OTJIMYAeTCsl JAOCTATOYHO PAaBHOMEPHBIM paCHbLJICHHEM Pa3IMYHBIX aTOMOB MH-
[IEHH W Cclabol 3aBHCHMOCTBIO MpOIlecca POCTa IMJICHKUA OT PAa3HUIIBI JaBIEHUS HX TapoOB.
Kpome Toro, B umeromieiicss mureparype HeT CBEJIEHUI O MOJyYeHHUH IJICHOK U CTPYKTYp Ha
OCHOBE apCeHUa KaMHUsI T0100HBIM METOIOM.

B nannoit pabote HanpuieHre TOHKUX TIEHOK Cd3As; TPOBOIUIIOCH B BAKYYMHOM CH-
creme BH-2000, ocHameHHO# npuctaBkoil BY - MarHeTpoHHOr0 HEPEAKTUBHOI'O HAIIBUICHUS.

Pentrenodazossriii ananms (POA) nieHOK ObUT BHITTOTHEH C TIOMOIIBIO PEHTTE€HOBCKO-
ro muppakromerpa GBC EMMA (u3nyuenne Cu Ka, A = 1.5401 A) npu xomMHaTHO# Temme-
partype.

J1ia vccaenoBaHus CTPYKTYPBI 00pa3IloB, UX COCTaBa M paclpeieieH s 2JIEMEHTOB Ha
MMOBEPXHOCTH UCIIOIB30BAJICSI CKAHUPYIOMINNA JIEKTPOHHBIN MuKpockor (COM) JSM-6610LV
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(Jeol) ¢ mpucTaBKO#l 711 SHEPrOJUCIIEPCUOHHON peHTreHoBCKoM criekTpockonuu (JAPC) X-
Max" (Oxford Instruments). IIpi CheMKe MPUMEHSIINCH JETEKTOPHI BTOPHYHBIX U OOPATHO
paccesiHHbIX 3JIEKTPOHOB.

Crnextpbl komOuHanmonHoro paccesinusi ceera (KPC) uccnenyembix mieHOK ObUTH U3-
MepeHbl IPU KOMHATHOW TeMIeparype C MOMOIIbl0 KOoH(okaibHOTO crekrpomerpa KPC
OmegaScopeTM (AIST-NT Inc.) ¢ nmuHO# BOJHBI Ja3€pHOTO U3JIy4eHH 532 HM, MOIIIHOCTHIO
50 MBT 1 pasmepom msTHa cPOKYCHPOBAHHOTO CBETa Ha MOBEPXHOCTU oOpasma okosno 500
HM. CriekTpajibHOE pa3pernieHue npudopa cocrasisiio 0.8 em™

[TapameTppl KPUCTAIIMYECKONW PEHIETKH 00pa3loB U 0COOEHHOCTH HANBUICHHUS TIEHOK
IpUBE/ICHBI B TaOIHULIE.

Ta6mmima
ITapaMeTpsl KprCTALTHYECKOH penieTku ieHOK 0o.-Cds;As, ¥ OpoITKa UCXOTHOW MUTIICHU
Howmep Ormcanue [TapameTpsl KpHUCTAILTH- O0acTh KOTEPEHTHOCTH
oOpasiia yecKoii penretkn, A PEHTT€HOBCKOTO H3ITyUCHUS
a c L, am
I MTOPOIIOK MHUILIEHU 12.62 25.38 -
1I IUIHKA, TOMJIOKKA Si, HarpeB 12.69 25.38 31
IO ITIOXKKH
111 IJICHKA, MTO/JIOKKA Si, OTIKHT 12.66 25.38 28
v IJICHKA, MOJIoXKa Si, 0e3 12.77 25.58 -
HarpeBa MOJUIOKKH, HE OTXKU-
rajucs,
v IIeHKa, nomnoxkka o-AlO;s, 12.59 25.38 35
OTKHUT

HccnenoBanne koneOaHUN KpHUCTANIMYECKOW pemieTku ¢ nomoirsio crnektpoB KPC B
naneHet K- oGmactu (Puc.) moaTBepkaaer, To, YTO IUICHKH (OPMHPYIOTCS M3 apCeHUIA
Kaamus. [[Ba MMpPOKUX MUKa ¢ MOJI0KEHUuEM okoJio 196 em™ w247 em’, MpUpoaa KOTOPBIX HE
CBfI3aHA C KJIACCUYECKMM MEXAaHU3MOM HEYIPYroro paccesHusl CBETa 4acTO HCIOJIb3YIOT JJIs
XapakTepu3alud HAHOCTPYKTYp, coaepxkamux CdsAs,.
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Pucynok. Cnextpsl KPC Tonkux maraerpoHHbIX mieHOK Cd;As, (III - V).
Homepa KpHBBIX COOTBETCTBYIOT HOMEpaM 00pa3LOB U3 TAOIUIBI

PaGora BbIONIHEHAa TpU MOAJCPKKE TIpaHTa MHHUCTEPCTBA OOpa3oBaHUS U
Hayku Ne16.2814.2017/114.
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PaccMoTpenbl BOITPOCH! pellakcallii AICKTPOIUTOB B AIEKTPOXUMHUECKON CUCTEME 3JICKTPOJ
— BIIEKTPOIUT B PAa3IMYHBIX YCIOBHSX AJIEKTpoim3a. [loka3aHbl OCHOBHBIE acIEKThI BPEMEHHOU pe-
JIAKCAIIUU 3ICKTPOIUTOB PA3TMYHOTO XUMHUYECKOTO COCTaBa, & IMEHHO AJIEKTPOIUTOB XPOMHPOBAHHUS
Ha OCHOBE CyJIb(haTa XpoMa U JIEKTPOJIUTOB HUKEIMPOBAHUS Ha OCHOBE CyJib(haMaTa HHUKEIs ¢ 0e3yT-
JepoaHON Gopcoepikaliell 100aBKoil Kiacca moaudApuieckue Oopatbl. Y CTaHOBJICHO, YTO BpEeMEH-
Hasl peJlaKcarys ONMpeesieTCs] yCTOHUYUBOCTHIO KOMIUIEKCOB, 00Pa3yIOIUX 3TH COSTUHCHUSI.

KitoueBbie ClioBa: 3JIEKTPOXUMHYECKAs CHCTEMa, BPEMEHHAs pellaKcalus, 3JICKTPOJIHUTHI
XPOMUPOBAHUS ¥ HUKCITUPOBAHHUS.

Pabora cBsi3aHa ¢ BO3MOYKHOCTBIO XpaHEHHs BOJOPO/A B AIEKTPOIUTHYECKIX METaJl-
Jax W CIUIaBax, MOJIyYEHHBIX M3 DJIEKTPOJIMTOB Ha OCHOBE XpOMa M HUKENSA. DKCIEPUMEH-
TaJbHBIMU PE3yJbTaTaAMU YCTAHOBJIEHO, YTO B AJIEKTPOJINTAX XPOMHUPOBAHUS BpEMEHHas pe-
nakcauus Ha 1-1,5 mopsaka NpeBOCXOANUT BPEMEHHYIO PEIAKCALUIO B DJIEKTPOJINTAX HUKEIU-
poBanusi. B paborax [ToctHukoBa B.C. [1] Obu10 ycTaHOBIEHO, UTO BpEMEHHAs pejlakcalus B
anekTponute cynbdara Hukens (0,5 M NiSQy4) nexuT B 1uana3zoHe ~10" cex, a B 3JICKTPOJIU-
Te XxpoMupoBaHus Ha 0CHOBE Crp(SO4)3 ~107% cex.

CH0XHOCTb HCCIEeI0OBAHUS MTPOLECcCa 3aKJII0YaeTCsl B TOM, YTO Ha KaroJe npu GpopMu-
POBaHMM METAJUIOTUAPUIOB B KaueCTBE 3JIEMEHTOB HAKOIUIEHHMSI BOJOPOJHOrO TOIUIMBA,
UMEHHO 3TH 3JIEMEHTHI JIAal0T BO3MOKHOCTh aKKyMYJIMPOBaTh BOJOPOJ B KOJUYECTBaX HEOO-
XOJIMMBIX JJIsl MPAKTUYECKOTO HCIIOJIB30BAHMS B CUCTEMAaxX XpaHeHHs Bojopona. OCHOBHas
CJIOHOCTB 3THUX CHUCTEM COCTOUT B TOM, UYTO Ha KaTOJe MPOTEKaIOT NapaslieibHble peakluu,
B pe3yJbTaTe OJJHOW U3 HUX 00pa3zyeTcs CTPYKTypa MeTauIndecKoi (ha3bl C OJHOBPEMEHHBIM
IPOTEKaHUEM Ipoliecca 00pa3oBaHUs aTOMa BOJOPOJIa, UMEHHO JUIS 3JIEKTPOJIUTHUYECKUX Me-
TaJIJIOB U cruiaBoB. Hamu ycTaHoBieHo [2], 4T0 BEpOATHOCTh 00pa30BaHMs METAJIIOIHIPUIOB
OCYIIECTBIISICTCS IO JeeKTaM CTPYKTYPHI, a UX (OPMHPOBAHKE B CBOIO OYEPEIb SBISETCS
OCHOBHOM 3a/1ayeil ONpeaesstoleld EMKOCTb BOJOPOJHOro HakonuTensd. Mrak, Bpems penak-
canu (pakTHYeCKH OyIEeT 3aBHCETh OT CYMMAapHOTO BPEMEHHU JJIEMEHTapHOTO aKTa U B 00-
IeM ClIy4ae MOXKHO CKa3aTb, YTO HpPU MPeoOpa30BaHUU METAUINYECKOH (a3bl Ha Karoje
JUIUTEIBHOCTh TIpoliecca OyJIeT 3aBUCETh OT YCTOMUMBOCTH KOMILJIEKCHOTO COEJMHEHHUS TOTO
WJIM UHOTO 3JIEMEHTa B 3JieKTpoauTe. C Ipyroil CTOPOHBI, 3aBUCUT OT BEPOATHOCTH IIPOTEKaA-
HUSl peakiuu o0pa3oBaHUS T'MApHUAA NPU aTOMHOW CTPYKTYpe MeTajlla CO CBOOOJHBIM aTo-
MoM Bojiopoaa. Mtak, nepBas 3a1a4ya, KoTopast 00yciIaBIMBaeT 00beM €MKOCTH IO BOAOPOAY,
COCTOUT B (POPMHUPOBAaHUM JNEPEKTOB B CTPYKTYpE METAJIOB, B Ka4eCTBE NEPEKTOB MOTYT
BBICTYIIaTh TPAHUILIBI 3€PEH, BBIXOJ AUCIOKALMM HA MOBEPXHOCTH, YUACTKU JIEKTPOJA C pas3-
JIMYHOMN CTENEHbI0 MEXaHUYECKUX HAIpPSKEHUH, HalpuMep 3a CYeT BO3JEHCTBUS YIbTPa3BY-
KOBOTO TOJIs1 0OJIbIIIell HHTEHCHBHOCTH Ha TIOBEPXHOCTH AJIEKTpoJa. B ycloBUsAX KaBUTAIMH
BBICOKHE JABJICHUSI B CUCTEME WJIM Pa3psDKEHUS BOSHUKAIOT MEXaHUYECKHE HAlpsKEHUs, Ko-
TOpBIE UTPAIOT POJb Ae(PEKTOB CTPYKTYphl. BTOpas 3amada, KoTopasi CTOMT Hepea  Hccieno-
BaTEJISIMM 3TO ONpeEeNIeHne YCTOMUYMBOCTH Je(EKTOB MpU BO3JACHCTBUM OMPEEIIEHHON TeM-
HepaTypbl BO BPEMs TEMIIEPATYPHOIO DPA3JIOKEHMS METAUIOTMAPUAA U XOTA TEeMIEpaTypbl
pasioxenus ruapuaoB Ni u Cr 6iusku ~150 °C (3a cuer paspsiBa BogopoaHoi cs3u Ni-H u
Cr-H). IToaTomMy BOonpoc 3KCTpakIMK BOAOPOAA SABISETCSA BaXXHBIM IPU M3yYE€HHH BO3MOXKHO-
CTH HMCHOJIb30BaHUS HAKOMUTENS B HUKIMUYECKOM pEeXHUME: 3apsal — paspsaa. Pexxum zapsaku
OCYILIECTBIISIETCS. B BOJHOM pAacTBOpE JJIEKTPOJIMTA MPU  PA3pPsIKE KaTUOHA THIPOKCOHUS
H;0" MpY €ro MPeIBapUTEIbHON NETUIPATAlMU B 30HE JBOMHOTO 3JIEKTPUYECKOrO CJIOS IO
CXeMe:
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H;0" - H,O0 = HY
U TIOCJIEAYIOIIET0 BOCCTAHOBJICHHUS IO aTOMa BOAOPOJIA!
H"+ é=H°
B CTPYKType MeTalIn4eckoi (a3bl IpH MPUCOCAMHEHUH K HEMY 3JIEKTPOHA C JajJbHEHIINM
00pa3oBaHUEM THAPUIA:
Me® + H® = MeH.

OmnpenenuTs KOJIUYECTBO OOPA3yIOIMIErOCs THAPUAA METaIa YIAeTCs TOJBKO OIBIT-
HBIM ITyTeM, 100, KpOMe peaklMu 00pa3oBaHUs METAIIOTUAPUIA MPOTEKAET peakuus odpa-
30BaHUS MOJIEKYJISIPHOTO BOJIOPOAA:

H°t + |H° = HT|H.

KonnyectBo 00pa3yromerocsi MOJEKYISIPHOTO BOJOPOJAA 3aBUCUT OT IIENIOT0 psija
¢bakTOpoB, OTHUM U3 KOTOPBIX - 3TO BBIXOJI [0 TOKY BOJOPO/Ia, KOTOPBII MOKHO ONpEAETUTh
IKCIIEPUMEHTAIBHO, YTO KAaCaeTCsl CIICIU(PUKU YCTOMUUBOCTH OMPEIECICHHBIX KOMIUIEKCOB, TO
10 pe3yibTaTaM HAIIUX MCCIIeI0BaHUM [3] ObLJIO YCTAHOBJIEHO, YTO YCTOMYHMBOCTh KOMITJIEK-
coB Cr(Ill) npeBocxoaut ycroitunBocth komruiekcoB Ni(Il).

Takum 00pazoM, BpeMeHHas pesiakcaius B 3JEKTPOXUMHUECKUX CHUCTEMaX OMperens-
€TCSl B OCHOBHOM YCTOWYMBOCTBIO KOMIUIEKCHBIX COCIMHEHUH METAJUIOB, HO TaKke HE00Xo-
JTUMO YYHUTBIBATh BpEMs pelaKkcallii BTOPOTo KOMIIOHEHTa Bojopoaa. OqHaKo, Kak IpaBUIIo,
B pacCMaTPHUBAEMBIX JJIEKTPOJIUTAX BPEMs pElaKCalMK OMPEACNACTCS dJIEMEHTAPHBIM aKTOM
171 KaTHoHa MeTasuia Me™,
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VIIK 544.6
MOJEJITUPOBAHUE BOJOPOJHON MPOHUIIAEMOCTH METAJLIOB
C YYETOM MNOJIE BHYTPEHHUX HANPSI)KEHUM PA3JIMYHOMN
®U3NYECKOM MPUPOIbI

A.B. 3BsaruniieBa
Kann. TexH. Hayk, OLIEHT, Zvygincevaav @mail.ru
OI'BOY BO «BopoHEeXCKHIl rOCy1apCTBEHHBIN TEXHUUECKUN YHUBEPCUTET

B pabore mokazan mporeec co3maHUSA (PUIUKO-MATEMATHUYECKOW MOJIENH BOJOPOJIHOM
MPOHUIIAEMOCTH JJIEKTPOXMMUYECKUX CIUIaBOB, CHHTE3WPOBAHHBIX METOJIOM DJIEKTPOIH3a, B
3aBUCUMOCTH OT YypOBHS, 3HaKa M XapakTepa paclpeaelieHus BHYTPEHHUX HampspkeHuil. Ha
OCHOBaHUM HccienoBanus AU((y3nOHHBIX IPOIECCOB aTOMOB BOJOPOJA 4epe3 LHIMHIPHUECKYIO
000JI0YKY METaJUIOB IOJIyYeHa YIPOIIEHHAS MaTeMaTndecKas MOJIeb, KOTOPAas TO3BOJISET OTYYUTh
MpUeMJICMbIC aHAJIMTUUECKUE COOTHOIICHUs IIpH Iepexojae OT cBoOoaHOH nuddys3un aToMoB
BOJIOPOZia B MeTaJlaX M cIuiaBax K aupy3noHHOMY MpoIieccy B cpeiie ¢ 00pa30BaHHEM M PACHaioM
HETIOJIBUKHBIX KOMIUIEKCOB.

KitoueBbie ciioBa: 3JEKTpOXUMHUYECKAs CUCTEMa, BHYTPEHHHE HANpsKEHUs, udQysus, BO-
JIOpOAHAS TIPOHUIIAEMOCTbD.

B xoHTHHYyallbHOM TPUOIMKEHUU KAXKIOMY CTPYKTYPHOMY HECOBEPUIEHCTBY MOXKHO
MIOCTaBUTh B COOTBETCTBHE YNPYTyr Mojenb [1, 2]. DT0 MO3BOIMT MCHOIB30BAaTh XOPOIIO
pa3paboTaHHbIE METOJIbI MaTeMaTU4ecKol (GU3MKU Ui perieHuss AUPQPY3UOHHBIX 33434 C
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Y4ETOM I0JIEW BHYTPEHHUX HAIIPSKCHUM.
B nacrosmeli padote npu onucanuu qudPy3un BoAOpoia B METAIIAX C MPUMECHBIMH
JIOBYIIKaMU (JieeKTaMM) UCTIONB3YyeTCsl CIeNyIoIui moaxo, 6onee moapodHo B [1, 2]. [pu
onucaHud U((PY3MOHHBIX MPOLECCOB B MeETalaX, MOJYYEHHBIX AJIEKTPOXUMUYECKUM
croco6oM 1 00pa3yIInX, HaIpUMep, Takoi cucremy kak Ni—-B—H, 6op mpencrasisercs, Kak
MpUMECHas JIOBYIIIKA Majoro aroMHOTo pamauyca [2, 3]. Bxiatouenune atoma Gopa B HHKEIb
AIIEKTPOXUMUYECKUM METOJIOM OOYyCIaBIMBACT CTPYKTYPHbIE M3MEHEHHS B METaIe U, Kak
CJIEJICTBUE, - BOBHUKHOBEHHE CTPYKTYPHBIX JIOBYIIIEK.
Huddysuss aroMoB Bopopona yepe3 LUIMHAPUYECKYIO OOOJIOUKY € MPHUMECHBIMHU
JIOBYIIKAMH  OMNHCHIBAETCS HECTAlMOHAPHBIM ypaBHEHUEM IpU  COOTBETCTBYIOIIUX
HAYaJIbHOM M TPAaHUYHOM YCIOBHSX. YTPOUIEHHAs MaTeMaTHuYecKash MOJENb IO3BOJISET
MOJIyYUTh MpPHEMJIEMbIe aHAJIUTHUYECKHE COOTHOILIEHUS MpHU TMepexoae OT CBOOOAHOMN
muddy3un atoMoB Bojaopoaa K aud@y3moHHOMY Mpoleccy ¢ 00pa3oBaHUEM W PACIaOM
HEIOJIBUYKHBIX KOMIUIEKCOB, HAallpUMep, TaKuX, KaKk HUKeIb-00p-Bogopoa. Auddy3us aToMoB
BOJIOPOJIA Yepe3 MMIMHAPUIECKYIO 000JI0UKY C MPUMECHBIMH JIOBYIIKaMH (edeKkTaMu) npu
COOTBETCTBYIOIIMX HA4YaJlbHOM W TPAHUYHOM YCJIOBHSIX OIMCBHIBACTCA HECTAlMOHAPHBIM
ypaBHEHUeEM [2]:
i@=Ac—al{l(l—l(2)clc, I <r<R,
D ot (1)
c(r,O) =cy, c(ro,t) =0, C(R,t)z 0,

rae D — xooddumment auddysun aTomMoB BOAOPOAa, €, — JOJNA IPUMECEH 3aMElICHUs

MaJIOIro aTOMHOI'o pajanyca (HpI/IMeCHLIX J'IOBy'I_I_IeK) I1I0 OTHOIICHHMIO K arToMaM OCHOBHOI'O

MeTaua, ry 1 R — BHYTPCHHHH W BHCLIHWH PagnyChl LMIMHAPUICCKON 000JOYKH, € —

UCXOJHAsl KOHIIGHTpAIMsi aTOMOB Bojopoaa ¢ B MoMmeHT t = 0, o — kodddunueHt
s dexTrBHOCTH 00pasoBaHus KOMILIEKCOB, K, 1 K,— K03 duuenTsl 1 XapakTepuCTHKH

BEPOSTHOCTH 0OPAa30BAHMS 1 PACIIAa KOMILIEKCOB, OIPEAE/IIeMbIC MHOKHTEIISMH:
exp(— E—d] uex (_ ﬂ)
kT P\7w/)
rae E, u E, - JHeprMM aKTHBaUMH aToMa BOJOPOJA, COOTBETCTBEHHO, Ul CBOGOIHOM

mubdysun u B aedexre.

Pemienue ypaBHeHUs [ KOHIIEHTPALMU aTOMOB BOJIOPOJia HAXOJUM B BUJIE:

or,1)=plr.t)exp[- K a(l - K, )De;1]

Pemienue cooTBeTCTBYIOIIEH 3a7aul MPU HAJTMYUHM NPUMECHBIX JIOBYIIEK CBOIMTCS K

BBEJICHUIO DKCTIOHEHIIMATHHOTO MHOKHUTEIIS:
exp[- oK, (1- K, )Dc,t} 3)

B ob6mem crnyuae Bwipaxkenue (3) ompenensieT OTHOIIEHHWE KOHIIEHTPAIMd aTOMOB

BOJIOPOJIa B Cpeie C JIOBYIIKaMH c(r,t) K Mo100HOM BeIruuHe npu cBoOOoHON auddy3uu ¢(r,

t):

clr.1) =exp[-aK,(1- K, )Dc,t] (5)

o(r.1)
Ecmn K= 0 (KoMmIuIeKchl He 00pa3yloTcs), TO ;((: ’tt))zl. Jna K,= 1 (KoMIuIeKchl
MOMEHTAJIbHO PaclajaroTcsl) MOJy4aeM 3aBUCUMOCTb, TOKA3bIBAIOLIYIO, YTO aTOMBI BOJIOPOAA
He 3anepxuBaoTcs B JoBymkax. Ilpu gpyrux ycmosusx (K7 0 m K# 1) samennenue

nuddy3MOHHON KHHETUKH 3aBMCHUT OT JIOJIU JIOBYIIEK C,, Koddpuuuenra nuddysnn aToMoB
Boztoposa u Bpemenu (D, ¢, b).

Takum o06pa3om, CTPYKTYpHBIE M MPUMECHBIC JOBYIIKH YMEHBIIAIOT BOIOPOIHYIO
MPOHUIIAEMOCTh METaJlia.
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®I'bOY BO «BopoHeXCKHil ToCy1apCTBEHHBIHN JTECOTEXHUIESCKUI YHUBEPCUTET»

AHanu3 MpUBEACHHBIX B PadOTEe Pe3yJIbTATOB CYTOYHOH JAMHAMHKH Pa3HOCTH MOTCHIUAJIOB,
BO3HHUKAIONIEH B CTBOJIAX JIPEBECHBIX PACTCHUH IPHU Tepenagax TeMIepaTyphl OKPYXKaIOIIeH cpersl,
MOKAa3bIBACT, YTO PENIAKCAIMs B APEBECHHE CTBOJIA )KUBOTO JEepeBa HOCHUT ITOPOTOBBIA XapakTep U Xa-
pakTepu3yeTcs MPaKTHUYECKH HEU3MEHHOM BO BPEMEHH OTHOCUTENLHON pa3HOCTHIO MOTEHIINATIOB.

KiroueBble c0Ba: MOTOK HMOHOB COJIEH, Pa3HOCTb MOTEHIMATIOB, 3JIEKTPOU3MEPHUTENIbHBIE
TIpHOOPHI.

WHTepec k ucciegoBaHUsIM OTKJIMKA MOPUCTHIX OMOMOIMMEPHBIX KOMIIO3UTOB Ha BO3-
JeiicTBUEe BHEITHUX (PU3NYECKUX (PAKTOPOB BBI3BAH CTPEMIICHHEM pa3padOTaTh TEXHOJIOTHIO
HEPa3pyLIAOLEr0 MOHUTOPUHIA COCTOSIHUS KOMIUIEKCHBIX CHCTEM OpPraHMYeCKOIro IPOHC-
XOXKJEHUSI ¢ KOHTPOJIMPYEMON TOYHOCTHIO. OTCYTCTBUE TaKUX METOJOB SIBJISIETCS TJIaBHOMU
INPUYMHON 3aTPYAHEHHUN, BOSHUKAIOUINX IPU UCCIIEJOBAHUIX CJIOKHBIX MOJTMMEPHBIX CHCTEM
€CTECTBEHHOI'0 ITPOUCXOXKIEHUS, IPUMEPOM KOTOPBIX CIIY>KUT JIpeBecuHa [1, 2].

B nannoit pabote npecTaBieHbl pe3yabTaTbl HAOMIOJCHUS JUHAMUKNA OTHOCUTENIbHON
temneparypbl okpyxatoiieit cpenbl (7/Tmax, TA€ Tmax — MAKCUMAJIbHOE 3HAaYEHHE TeMIIepaTy-
pBl 3a BpeMsl HaOJIIOJIEHUsS]) U OTHOCUTENbHONU pa3HOCTH MOTEHUHUANOB (U/Umax, T1€ Umax —
MaKCHUMaJIbHasl BEJINYMHA PA3HOCTH MOTCHIIMAJIOB 32 BpeMs HAOJIIOJICHUS ), U3MEPEHHOU B JI€-
PEBBSIX PA3HOTO )KU3HEHHOTO COCTOSIHUA (CM. puc.) [1]. AHamu3 MpUBEIEHHBIX PE3yJIbTAaTOB
MOKA3bIBAET, UTO pejlakcallis B JPEBECHHE CTBOJIA KHUBBIX JE€PEBHEB HOCUT MOPOTOBBIA Xa-
paKTep U OTINYAETCS NMPAKTUYECKH HEU3MEHHOW BO BPEMEHU OTHOCUTENIBHON Pa3HOCTHIO I1O-
TEHIMAJIOB, 3TO MO3BOJISET B OMUYECKOM MPUOIMKEHUN ClIENaTh MPEANOI0KEHHE O TOM, YTO
CKOPOCTb OTHOCUTEJIBHOTO M3MEHEHUS NT0TOKA MOHOB coJiel dJ/Jdt 3aBUCHUT OT BEIMUYUHBI Ca-
Moro noroka J. B nmepBoM npulOimxeHuu ¢ y4eToM JaHHBIX SKCIIEPUMEHTA 3Ty 3aBUCUMOCTh
MOKHO MOJIEJINPOBATh, KaK JIMHEHHYIO:

dJ

XA )
rze f — ko3 UIHEHT, XapaKTepU3YIOUIHi BBI3BAHHOE U3MEHEHNEM J U3MEHEHUE CKOPOCTH )
OTHOCHUTENIbHOTO M3MEHEeHUs MoToka. Pemienne auddepenunansHoro ypasHenus (1) Haxo-
JUTCS] AaHATTUTUYECKHU:

J . i . )
Jo 1+l (" +1)/B
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OT/Tmax
1

v+ I+ - - + - - -1 - - —
o5+ - |} g p] ] ] ] ] ] e
s+ +—— - - - - - - - - —
w2+ +— - - - - - -1 -1 -1

0 tu
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08 foom gy boeetdeeenBb B F PSRN =B el S SN S

___|®Bepeaal ||
__.|®Bbepeaaz | |
A Bepe3salil
- s Bepeaal2 N

Pucynok. CyrouHasi JuHaMUKa OTHOCHTEJILHOU TeMriepaTypsl okpyskatomeit cpensl (7/T max)
U OTHOCHUTENBbHOM pa3sHocTH MOTeHIHaNoB (U/Uy,x), N3MEPEHHOM BJOIb CTBOJIOB KUBBIX
(bepesa 1 u bepesza 2) n meptBeiX (bepesa M1, bepeza M2) nepeBreB MeX Iy TOUKaAMH,
pacmnonoxeHHsIMU Ha paccTosiuun 0,25R oT ocu cTBoNa Ha BhicoTax 1,3 u 3 M
(rme R — panuyc cTBOJIA JepeBa Ha BbicoTe 1,3 M)

U3 (2) cieayeT, 4TO OTHOCHTENbHAS PA3HOCTh IOTEHIMAIOB, BhI3BAHHAS HAIPABICH-
HBIM JIBUKEHMEM HOHOB MUHEPAIBHBIX COJEH, OYIET ONPeNeIaThCS COOTHOIEHHEM:
U e”

U, 1+pJ (" +1)/y ©)

IlosydeHHBIE pe3yabTaThl O3BOJISAIOT IPEUIOKUTH UCIIOJIB30BAaTh OTKIMK IIOTOKA CO-
JIed B IIOpax APEBECUHBI HA U3MEHEHHE TEMIIEPATYPhI OKPYKAKOLIEN CPEebl B KA4ECTBE IIPUH-
una padoTel U(PPOBOro JaT4yMKa JJIsi MOHUTOPUHIA COCTOSIHUS JepeBbeB. Takoil mpudop
CTaHET HE3aMEHMMbBIM MHCTPYMEHTOM ISl UCCIIEJIOBAHUS OTKJIMKAa OMOIOIMMEPOB HPUPO/I-
HOT'O IIPOMCXOX/IEHUS Ha BO3JIeHiCTBHE BHEIIHUX (PU3NYECKUX (DPAKTOPOB ¢ KOHTPOIUPYEMOH
TOYHOCTBIO, UTO SBJISETCS AKTyaJIbHOW 3a7a4yeil.

Pabora Bemonnena npu nojaepxkke rpanta ®I'bOY BO «BIJITY» nHa npoekt «Pa3-
paboTka pyHIaMEHTAIbHON KOHIENIIMY METOJJOB U3MEPEHUS TEPMOIIOJIIPU3ALMOHHBIX JIEK-
TPUYECKHUX TI0JIEH B CTBOJIAX JPEBECHBIX PACTCHUN».
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2. Monens pacrpeaeneHrus HEOTHOPOIHOTO IIEKTPHUSCKOTO OIS TEPMHUECKOTO TIPOUCXOK-
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MpaKTHIecKoi KoHpepeHn, Boponex, 26-28 oktsiops 2005 r./ Boponex: BIJITA, 2005. - T. 1. —
C. 294-298.
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'3OIBOY BO «BOpOHEKCKHUI TOCYIapCTBEHHBIH TECOTEXHHECKHIT YHUBEPCHTET HMEHH
I".®. Mopo3zoBa»
*BoeHHBIH y4eGHO-HAYIHBIH LEHTP BOCHHO-BO3AYIIHBIX CHI «BOCHHO-BO3/yIITHAS AKAACMHS HMEHH
npodeccopa H.E. XKykorckoro u FO.A. arapuna»

B nanHoii paboTe npeacTaBieHbl Pe3yIbTaThl 3KCIICPUMEHTAIBHBIX UCCIICA0OBAaHUN N3MEHEHUS
MOJISIPU30BAaHHOCTH TONMUAMMUTHIICHIIOKcaHa ¢ gobaBienueM 0,5% metunBuauinoBeix rpynn CKTB-1
METOAOM TEpPMOIrpaMM IUIOTHOCTEH MOJSPU3ALMOHHBIX TOKOB B YCIOBHAX HEOAHOPOIHOIO
TEMIIEPaTypHOro MHojs. Pe3ynpTaThl 3KCIIEPUMEHTOB YOEOUTEIbHO CBHICTEIBCTBYIOT O TOM, YTO
3aBHCHMOCTD IOJIIPU30BAHHOCTH JTMHEWHBIX TUPOITIEKTPUKOB B HEOJHOPOIHOM TEMIIEPATypHOM IOJIE
OT TeMIlepaTypbl pH (a30BbIX IepexoJax HOCHT HOPOTOBBIN XapakTep.

KiroueBbie ciioBa: MOJSPU30BAHHOCTH, TEPMOIPaMMBbI IUIOTHOCTEH TOKOB, KPHUCTAJIM3ALUS,
TUIaBJICHUE.

HNutepec k ucciaeaoBaHUSIM OPUEHTAMOHHOM MOJIIPU30BAHHOCTHU JIMHEWHBIX MUPO-
AJIEKTPUKOB TMpH (PA30BBIX MEPeXoAax B HEOJHOPOJHOM TEMIEPATypPHOM IOJE OCHOBAH Ha
YCTOMYMBOM CTPEMJICHUHU HCCIEAOBATENIed PACIIUPSITH CHEKTP MOTCHIIUAIbHBIX UCTOYHUKOB
SHEpruu. YTIyOlleHHOE H3y4YeHHE IMPeoOpa3oBaHMs TEIJIOBOM IHEPIHMH B SJICKTPUUECKYIO
MO3BOJISICT PACIIMPUTHh METOBI HAOIFOICHHUS 32 U3MEHEHUSIMHU HAJAMOJICKYISIPHOU CTPYKTYPHI
MOJIMMEPOB 10/ BJIMSHUEM BHemHUX Bo3aeicTBuil [1-3]. Ilockonpky HaamolieKyspHas
CTPYKTypa BO MHOTOM OIIPECIIICT CBOHCTBA MOJIUMEPOB, TO TIOJJOOHBIC HCCIICTOBAHUS MOTYT
CTaThb OCHOBOM JUISl TEXHOJOTHI MOIY4YeHHs] MaTepUANIOB C 33JaHHBIMU CBOMCTBAMHU U SIBIISI-
IOTCSI AKTyaJIbHBIMU.

j10°% A2 1.5 -
10—

KpHCTANMMZALMA
05—
220 230 240 T, K
|

190 200 210

-05 1

nNaeneHue
-1.0 -

-15

PucyHnox. TepMorpaMMsl INIOTHOCTEN MOJISIPU3ALMOHHBIX TOKOB IIPU KPUCTAJUIM3AL[UU
v wiasnernn CKTB-1 (VT = 7,7-10% K/m)

B nanHoli paboTe mpencTaBieHbl Pe3yJbTaThl AKCIEPUMEHTAJIBHBIX HCCIEAOBAHUN
n3MeHeHus noisipusoBanHoctu CKTB-1 meTonom TepmorpaMM mioTHOCTEN NOJISPU3ALMOH-
HBIX TOKOB B YCJIOBUSIX HEOJHOPOAHOTO TEMIIEPATYPHOIO IOJSA ¢ TPaJUEHTOM VT=(10"+10")
K/m [1]. [lonydyeHHble TepMOrpaMMBbl MOJIIPU3ALMOHHBIX TOKOB IpPEJICTaBIECHbI Ha puc 1.
Oxnaxxnenue oodpasua co ckopoctsio (0,05+0,01) K/c npu remnepatypax Hike 213 K comnpo-
BOXKJIA€TCSl MOSIBJICHUEM MOJSPU3ALMOHHOTO TOKA, U KPOME OCHOBHOI'O MaKCHUMyMa IpHU
T=203 K na 3aBucumoctu j(T) Habmogaercs eme oauH MakcumyM npu T=199 K, oreuato-
LU, TO-BUAMMOMY, 3a BTOPYIO CTaJAMI0 KpucTaymu3anuu. [Ipu HarpeBanuu ¢ Toi e cKopo-
cThio 3akpuctaumzoBaHHoro CKTB-1 HaOmogaroTcst TOKM JAEMONSpU3allii, CBSA3aHHBIE C
IUTaBJIEHUEM, MPUYEM IYIUIETHOCTh IMHUKa COXpaHseTcsl (TeMIepaTypbl, COOTBETCTBYIOIINE
OCHOBHOMY U JIOKaJIbHOMY MakcuMyMmawm, paBHsl 230 u 222 K).

JIyNJIeTHOCTh MHKa CBUJETENBCTBYET O ABYXCTaJAUWHOM IpoLiecce KpUCTaIU3alNU,
4TO B CBOIO OYEPENb FOBOPUT O TOM, YTO 3aBUCHUMOCTbH NOJISIPU30BAHHOCTH OT TEMIIEPATYPhI
npu (a3oBBIX MEPEX0/1ax HOCUT MOPOTOBbIM XapakTep. DTO MO3BOJISET BBIIABUHYTH MPEIIO-
JOXEHHE O TOM, YTO CKOpPOCTh OTHOCUTENBHOI'O HAapacTaHUs KPUCTAIUITMUECKOW (ha3bl
dN/(Ndt) He sBnsSeTcs MOCTOSHHOM M 3aBHCHUT OT KOJMYECTBAa 0O0pa30BaBIIUXCS KPUCTAJLIIHU-
TOB:
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rne X U 3 — mapamerpsl KWHETUKH W3MEHEHHs HAJMOJIEKYJISPHON CTPYKTYpHI JIMHEH-
HOIO NUPOIEKTpUKa. BennunmHa napaMeTrpoB 3aBUCHUT OT OCOOEHHOCTEH CTPYKTYpPbI KpH-
CTAJJIMTOB U UX XMMHYECKOI'0 COCTaBA.

Takum oOpa3om, cooTHomeHue (1) MOXET Jiedb B OCHOBY aKCHOMATHUKH MOJETH s
BBIUMCJIUTEIBHOIO JKCIIEPUMEHTA IO ONPEIECIICHUIO NTapaMeTPOB KMHETHKH HAaIMOJIEKYJIAP-
HON CTPYKTYpbI JUHEHHBIX IUPOIJIEKTPUKOB II0 PE3YJIBTATAM DKCIIEPUMEHTAIBHBIX 3aBUCH-
MOCTEH UX MOJIIPU30BAaHHOCTH OT TEMIIEPATYPBI B HEOJHOPOIHOM TEMIIEPATYPHOM IIOJIE.

Pabora Bemmonnena npu noguaepxkke rpanta ®I'bOY BO «BI'JITY» Ha npoekt «Pa3-
paboTka ¢pyHAAMEHTAIbHOW KOHUENIIMA METOJIOB U3MEPEHUS TEPMOIOIAPU3ALMOHHBIX JIEK-
TPUYECKHUX I0JIEH B CTBOJIAX IPEBECHBIX PACTCHUI».

JIuteparypa

1. Polarization effect and crystallization PDMS, SKTV - 1 / N.N. Matveev // Proc. 9th Intern.
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«BopoHexcKuii rocy1apCTBEHHBIH JIECOTEXHUUECKUN yHUBEpcUTET nMeHU I'.dD. Mopo3oBa»

[IpencraBnensl pe3yibTaThl SKCHEPUMEHTAIBHBIX HCCIEIOBAHUN peIaKkcaldd CTPYKTYphI
moiekysn CO, B mopax mpUpOJHON TeTepOCTPYKTYPHI - IpeBecrHa Oepesbl. Pe3ynbrarsl skcriepuMeHTa
CBUJICTENILCTBYIOT 00 W3MEHEHHUSX HAJIMOJEKYISIpHOW CcTpykTypel Monekyal CO, B mopax
TeTEePOCTPYKTYPBI, HOCSILIHUX HOPOrOBBIM XapakTep.

Kirouessie cnopa: IK-cnekTpel ApeBECUHBL, 10JIOCA HNOTIOLICHUS], BOTHOBOE YHUCIIO.

Panee Obltn 0OHapy»keHbl 3¢ GeKThl Bo3aeicTBus cinaboro (B < 0,5 Ti) umMmynbcHOro
marautHoro nons (UMII) Ha ¢u3nueckue cBOHCTBaA LENOro psja AMAMATHUTHBIX MaTepua-
JIOB, B YaCTHOCTH, F€TEPOCTPYKTYP MPUPOIHOTO MpoucxoxaeHus [1,2].

B mpennaraemoii pabote mpeacTaBieHbl pPe3ybTaThl SKCHEPUMEHTANbHBIX HCCIEN0-
BaHUH pernakcanuu CTpyKTypbl Mojekysnl CO; B mopax TOHKHX CPE30B JIPEBECHHBI Oepe3bl.
HccnenoBanuss npoBoaunuck Metonom MK-cnexkrpockonuu. AHaIM3UPOBAINCH CIIEKTPbI
nponyckanus UK-uznydenns no Bosaeiicteusa MMII, a taxxe gepes 30c, 2,5 gaca, 1 cytku n
1 Hexento nocie BO3AEHCTBUS.

Kak BumHO U3 pucyHka, 10 BO3/eHCTBUS HaOM0AaeTcs 1ByropOas mnoioca B MHTEpBa-
Jie BOJHOBBIX urcen 2360-2330 cm™ (cruTomIHast TMHUSA), KOTOPYIO OTHOCST K 00JIaCTH KOJle-
O6anuit muokcuaa yraepogaa CO, [3]. Uepes 30 cexyHp mocie BO3ASHCTBUS dTa MOJI0ca UCUe-
3aeT (MyHKTUpHas juHus). [laneHeiimas Boiiepkka odpaboTanHoro obpasua B TeyeHue 2,5
YacoB CONPOBOXKJIAETCSI MOSIBICHUEM $ICHO BBIPAXKEHHOM IOJIOCHI MOTJIOIIEHUsI B 001acTu
2350 cM'. OTHOCHTENbHAS HHTEHCHBHOCTD TOJIOCH IIPH 3TOM YBETHUHBACTCA, 4 3aTEM C Te-
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4yeHueM BpeMeHH He MeHseTcs. Eciu sxe oOpasen Harpets 10 150°C B Teuenue 30 ¢, To moso-
ca TOTJIOIEHUS Mcue3aeT (TodeuHas JIMHUS), TIPH 3TOM ABYropOasi HCXO0IHas T0JIoca HE BOC-
CTaHaBJIMBACTCS.

0.3 A0 UM — ——uepes 30c  —--:- uepes 2,54

——————— vepes 244 - - = - yepes HeAeMO - NOCAE HATPEeBa

Pucynok. CpaBuutenbsabie quarpaMmmMbl UK-ciekTpoB (OTHOCHTENIEHOM MHTEHCUBHOCTH T10JIOC
TIOTJIONICHHUS) i1l 00Pa3IoB APEBECUHBI Oepe3bl B MHTEPBAJIEC YaCTOT, COOTBETCTBYIOIIMX OCHOBHBIM
konebanmsM Monekyisl CO, (k= 2300 - 2400 CM’l) 1o 1 nociie Bosaericreus UMIT

Pe3ynbTarthl SKCHEpUMEHTa CBHIETENBCTBYIOT 00 HW3MEHEHHUSAX HaAJAMOJIEKYISIpPHON
cTpyKTypbl Mojiekyn CO; B opax reTepocTpyKTypbl, IPUUEM CIEAYET OTMETUTH IOPOTOBBIN
xapakrep 3¢pdexra. CrumynupoBannsie UMII-Bo3neiicTBUEM HU3MEHEHHSI MOTYT OBITH CBS3a-
HBI C TapaMarHUTHBIMHU CBOMCTBAaMU aTOMOB KHCJI0poJa. B ocHOBe MojenupoBaHus penakca-
MU HAIMOJNEKYJIApHOH cTpYKTypbl CO,, MO-BUIMMOMY, JOJIKHO JI€XKATh MPEANOI0KEHUE O
BO3MOKHOCTH 00pa30BaHUs HEKOTOPOU MOJIEKYJSAPHOHN ynopsimodeHHocTH Mosekyn CO, mo-
cie Boznencteus UMII. Crenyer Takke 3aMETUTh, UYTO BO3HUKAIOIINE CTPYKTYPhI JOCTATOY-
HO CTaOWIIBHBI M TPEOYIOT TEIIJIOBOT'O BO3JICHCTBUS JIJIsi CBOCTO pa3pylICHHUS.

UccnenoBanust npoBeJeHbl B paMKax rpanta, BoleraeHHoro ®I'bOY BO «Boponex-
CKUH TOCYyAapCTBEHHBIM JIECOTEXHUYECKUM YHUBEPCUTET» Ha mpoekT «Paspaborka QyH-
JAMEHTAJbHOM KOHUENUUU METOAOB HM3MEPEHUs TEePMOMNOJSPU3ALUOHHBIX 3JIEKTPUUYECKUX
IIOJIEH B CTBOJIAX JIPEBECHBIX PACTCHUID.
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W3ydyeHn mpoliecc ByJIKaHW3AIMH CMECEH 3JIaCTOMEPOB, PA3IMYAIOMINXCS pENTaKalMOHHO-
KUHETHYECKUMH XapaKTePUCTUKAMH B MPUCYTCTBUU JEHCTBUTEIBHBIX areHTOB BYJIKAaHHM3ALMH Pa3HO-
ro cocraBa. MeToIOM TeMIepaTypHOI pelakcallud OLIEHEHO pacIpelelieHHe cepbl MexIay (azamu
Kay4yKOB, pacCUMTaHbl KO3()(UIMEHTHI pacmpelesieHus cepbl Mexay (azamu. Y CTaHOBIEHO, YTO
CKOPOCTH CBSI3BIBAHUS cepbl Kaydykamu m3mensercs B pagy CKJ[>CKC-30> CKH-40=CKU-3, gto co-
TJIACYETCsl CO CKOPOCTHIO PENIAKCAIIMH MAKPOILETICH NPH ByJIKaHNU3AINH.

KitoueBbie ciioBa: cMecH KaydyKoB, TEMIIEpaTypa CTCKIIOBAHUS, BYIKAHU3AIHS.

OCoOEHHOCTH CTPYKTYpPBI U CBOMCTB CMECei KaydyKOB B II€JIOM OOOCHOBAHBI JI0CTa-
TOYHO I10JIHO. BOJIBIIMHCTBO U3 OIyOJIMKOBAaHHBIX MAaTEpUAJIOB IOCBAILICHO aHaIU3y (a30Boii
CTPYKTYpHI IIpU niepepaboTKe U AKCIUTyaTaluu [1-2], Ho Ipu 3TOM MEHblIee 3HaYeHHE Mpuaa-
BAJIOCh pEAJIbHBIM IIpolieccaM, MPOUCXOIAIINM MPU CIIMBAHUM KOMOWHALMHA 3J1aCTOMEPOB,
O0COOEHHO B NPUCYTCTBUU PA3JINYHBIX BYJIKAHU3YIOLIUX CUCTEM. Pe3ylbTaThl 3TUX HCCIEN0-
BaHU MO3BOJIAT MOJIYYUTh JONOJHUTENIBHBIE CBEIEHUSI O MEXaHU3ME BYJIKaHM3aLUU Kaydy-
KOB, KOTOPBIN, KaK U3BECTHO, OCYIIECTBIISIETCS CO 3HAUUTENBbHBIM MpeobiaaHueM BKIaja B
Ipolecc BYJIKaHU3ALMK pellaKcallMOHHbIX Iporeccos [3].

[IpoBeneHsl uccieqoBaHMs MPOLIECCOB, MPOTEKAIOIINUX IPU BYJIKAHU3ALUU CUCTEM,
COCTOALIMX U3 IBYX 3JIACTOMEPOB, Pa3IMYAIOIINXCS PEeIaKCallMOHHO-KMHETHYECKUMU XapakK-
TEPUCTUKAMH B MPUCYTCTBUU JIEHCTBUTENbHBIX areHToB ByikaHuzauuu ([JAB) pasnoro co-
ctaBa. B M3yueHsl CTpyKTypa U CBOWCTBA pe3MH Ha OCHOBE PA3IMUHBIX 110 XUMUYECKOH Mpu-
polie u cBoiicTBaM KaydykoB — nosinOyraauena mapku CKJI, nonunsomnpena mapku CKU-3,
Oyraauen-ctuponbHoro comnonumepa Mapku CKC-30APKII [4]. B kauectBe mnomumepa-
MOCPETHUKA UCTIONB30BAIN OyTaaueH-HUTPIIbHBIN Kayuyyk Mapku CKH-40. Takum o6pazom,
uccienoBanu cmecu HecoBMecTuMbix KayuykoB CKH-40/CKJl, CKH-40/CKC-30APKII,
CKH-40/CKHU-3. [ns BHISBICHUS Pa3IMYHBIX MEXaHU3MOB BYJIKAaHU3AI[MH BaphHPOBAIN BU-
IIBI ycKopuTenen BYJIKQaHU3AIUU: JTUOCH3THA3OIMWIIUCYIb (U (ABTI), 2-
mepkantooen3trazon (MBT), n ux komOunanuu ¢ mupenmnryanuguaoM (IPI7) u no3upoBku
(ot 1 10 5 Mac.4.) yckopuTesnel pyu NOCTOSIHHOM OTHOILIEHUU «Cepa: yCKOpHUTenb»= 2:1.

MeTonoM TeMIiepaTypHON pejlakcalliy [0 U3MEHEHHUIO TeMIEpaTypbl CTEKIOBAaHUS B
CMecsAX KayyyKOB OLIEHEHO paclpesieieHue cepbl Mexay (asamu. PazpaboTana meToauka u
MPOBE/ICHA OlleHKa KO3 (UIIMEHTOB pacIipeiesieHus cephl B (pazax KaydykoB (Tald.).

VY cTaHOBIIEHO, UTO B MHTEpBaJle KOHIEHTpauuil cepsl oT 2 10 10 mac.4. B ByJakaHH3a-
Tax HaOMIoJaIach ClEAyroIas 3aKOHOMEPHOCTh ee cBs3biBaHus kayuykamu: CKJ[>CKC-
30>CKH-40=CKU-3. 13BecTHO [4], YTO aKTUBHOCTb MHIMBUIYaIbHBIX Kay4dyKOB IIPH BYJI-
KaHM3auuu Mensercs caeaytomum oopasom: CKMN-3>CKH-40>CKC-30>CK/], uro He coBna-
JIAeT C BBIIICTIPUBEACHHBIMU JAHHBIMU O CBSI3BIBAHUU CEpbl AITUMM KaydyKaMH B MX KOMOU-
Haiusax. OHAKO B yCIOBHUSX BYJIKAHU3ALHUU CKOPOCTh PEJAKCALlMU LENEH MEHsETCS B pALy
CKU 3<CKH-40<CKC-30<CK[/ [3], uTO COBIAJaeT CO CTENEHBIO MPUCOCIUHEHUS CEPhI K
Kay4yKaM B UX CMECSX.

Tabnuua
Koagduiments! pacnpesiesieHus Cepbl B ByJIKAHU3aTaX CMECel KayuyKoB
Bynkanusyoias rpyria CKJl/CKH-40 CKC-30/CKH-40 CKU-3/CKH-40
2 mac. 4. cepsl + ABT/] 1,42 1,16 0,82
5 mac. 4. cepsl + JIBT/] 2,42 1,63 0,86
10 mac. 4. cepsr + JIBT /I 2,63 2,07 1,86
5 mac. u. cepsl + (ABT/ADI=1/1) 2,10 1,63 0,82
5 mac. 4. cepnl + (JIBTI/ADPI'=3/1) 1,78 1,94 0,82
2 mac. 4. cepel + MBT 1,50 1,20 0,90
5 mac. 4. cepsl + MBT 2,44 1,50 0,88
5 Mac. 4. cepsl + (MBT /A®DI'=1/1) 1,94 1,94 0,83
5 Mac. 4. cepsl + (MBT /ADI'=3/1) 2,12 1,78 0,80
10 mac. 4. cepsl + MBT 2,64 1,80 1,50
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Bpewms penakcanun CKJ] namHoro mensuie, yem CKM-3 wnn CKH-40 npu temnepa-
Typax BynkaHuzanuu. [Ipu B3ammonerictBum kaydyka ¢ JJAB ckopocTs oOMeHa 1iernei y mo-
BepxHocTH [JJAB y CK/] 6onbure, uem y CKH-3. BeneacrBue nyumux (¢ JaHHBIX TO3ULIMNA)
penakcannonHo-kuHeTndeckux xapakrtepuctuk CKJl wimm CKC-30 npucoenuHsoT Oonbliee
KOJIMYECTBO BYJIKAHU3YIOLIETO areHTa.
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CTPYKTYPHBIE U CYBCTPYKTYPHBIE IIPEBPAILIEHUS B ®POCPATAX
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B pabote nccnenoBaHbl CTPYKTYpHBIE M CYOCTPYKTYpHBIE TpeBpallleHus B IUieHKax ¢ocdaTo
kapiust (DK) cocraa runpokcuanarura ('A) B mporecce BBIIEPKKH B MyYKe OBICTPHIX 3JIEKTPOHOB B
KOJIOHHE TPOCBEUYHBAIOIIETO AJIEKTPOHHOTO MHKpockoma. [lokazaH 3QeKT 31eKTpoHHOTO OOIydeHus
amop¢ubIx eHok DK, 3akirogaromuiicss B 00pa3oBaHUH KpUCTALTHYECKUX (a3 ['A 1 TpexKaIbIreBoro
¢dochara u popMUpOBaHUK HAHOIIOPUCTON CTPYKTYPBHI.

KitoueBbie ciioBa: 35IeKTpOHHOE 00JIyueHHe, THAPOKCHAIIaTHT, CYOCTPYKTYpa.

IIponecchl cuHTE3a, CTPYKTYpa M CBOMCTBA KEPAMUYECKMX MaTEpUAJIOB HA OCHOBE TUJI-
pokcuamnaruta (I'A, Ca;o(PO)4(OH),) m1st BocCTaHOBIIEHUSI KOCTHBIX TKaHEH B TEUEHHE psijia
JIeCATUIICTUI aKTUBHO MCClIeNyloTcs. B kauecTBe Hanbosee YyBCTBUTEILHOIO METO/IA B HCCIIe-
JIOBaHUU CYOCTPYKTYpbl MaTe€pHajoB HCIOJB3YIOT MPOCBEUMBAIOIIYIO JIEKTPOHHYIO MHKPO-
ckornuto (II9M), He UMerOIyI0 albTEepPHATHUBBI BCIEACTBUE €€ MPEAEIbHO BBICOKOW pa3peria-
IOl cIOCOOHOCTH, BO3MOKHOCTH KOJIMYECTBEHHOW OLIEHKHM KPUCTAJUIMYHOCTU CTPOEHHUS, BbI-
SIBJICHUS BTOPBIX (ha3 U UX MPOCTPAHCTBEHHOIo pacnpeneneHus. [Ipu 3Tom uMeroTcs cBeieHus
[1], uTo cTpykTypa KpuctaisioB ['A uyBCTBUTENBHA K BO3JEHCTBUIO OBICTPBIX AJIEKTPOHOB. B
CBSI3U C ATUM IIeJIb PabOThl — BBIABICHUE CTPYKTYPHBIX MpEBpalleHuil B IieHKax (ocdaro
kanbius (PK) coctaBa ['A B mporecce 06irydeHust ObICTPHIMH 3EKTPOHAMHU.

Jnst uccnenoBanust apdexra MEKTPOHHOro o6aydeHuss Ha HeHarperoM ckosie NaCl B
MPOLIECCE BBHICOKOYACTOTHOIO MArHETPOHHOTO pachblIeHUs] MUIIeHH ['A ObUIM CHMHTE3HMpPOBAHbI
tonkue 0,1 mxm rutenku @OK. MccnenoBanre BO3AEHCTBUS 3JEKTPOHHOTO 00Ty4eHUs! TPOBOAMIN
in situ B xoysioHHE AekTpoHHoro Mukpockomna (Karl Zeis Libra 2D) u snexkrponorpada (OI'-
100M), BeIIEeprKUBast 00pasiibl IJIEHKH B COKYCUPOBAHHOM My4Ke OBICTPBIX 3JIeKTpoHOB (120
k3B 1 80 k3B) ot 2 1o 45 MuH.

VicxonHble TUIEHKH UMeNu aMOpHYIO CTPYKTypy (puc. la): Ha KapTHHE MHUKPOIU-
bpakunn HabmIOMAI0TCST TOIBKO MakcuMyMmbl oT perneTku NaCl. [Tox BozaeicTBueM dJek-
TPOHHOT'O Iy4Ka HaOJII01aeTCsl BOIIOLUS CyOCTPYKTYPBI, BKIIOUAIOIIAs CAeTYIOIUE CTAIHN:
o0Opa3oBaHNe HAHOKPUCTAILIUTOB pazMepoM 1o 10 Hm (puc. 1 b, c); o6pa3oBanue u poct
Ha"onop 10 30 uM (puc. 1 d-f); Mmurpauus Hanonop k nepudepun odbaydaemoit odbnactu (puc.

185


https://link.springer.com/journal/11144
https://link.springer.com/journal/11144/123/2/page/1
mailto:av-kostuchenko@mail.ru

g-i). Kak cnenyer u3 ¢azoBoro kontpacra Ha [I9M-u3o0paxkernuu (puc. 2), B IUICHKE MOCIE
o0sydeHus B TeueHue 45 MUH (popMUpyeTCs HAaHOKpUCTAJUTHUECKash CyOCTpYKTypa C penieT-
kol ['A. Taxxe B TuIeHKe HAOIIOJAIOTCS HAHOTOPHI, UMEIOIME HECKBO3HOU XapaKkTep, O 4eM
CBUJICTENHCTBYET HAOMIOAaeMbIil B MX Ipejaenax (a3oBblii KOHTpacT oT pemetku ['A. Dop-
MHUPOBaHHE TIOP MOKHO OOBSICHUTH MCIIAPEHNEM MaTepuala B Mpolecce 00aydeHns TUICHKH.

Puc. 1. [13M unzobpakeHus: TOHKOU rutenkn K )1 () m rocre 00JTyYeHHS TTYYKOM OBICTPBIX
3JIEKTPOHOB (120 k3B) B Teuenue 2 (b), 4 (c), 10 (d), 14 (e), 20 (f), 30 (g), 35 (h) u 45 muH (i)

E |
261 333 225 335

o Loy a-Cas(POs):
Puc. 2. BPOM-u300pakenue yqactka A Puc. 3. DnexTpoHOrpaMMBI HCXOTHOW aMOp(HOI TITeH-
TUIEHKH TTOCIIe 00JTydeHus! OBICTPBIMU 3IIEK- ku OK (a) 1 mocrte (b) 00Ty4yeHnst OBICTPBIMIE JIEKTPO-
tpoHamu (120 k3B) B Teuenue Hamu (80 k3B) B Teuenne 10 Mun

45 MuH

Kak crnenyer u3 anextpoHorpammsl (puc. 3), mocie odnyuenns OK mieHku B TedeHue
10 mMuH. B KOJNOHHE H3JnekTpoHorpada mommmo (aser ['A mpoumcxomuT obOpazoBaHHE O-
TpukansiueBoro gocpata a-Caz(POy)s.
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[IpoBeneHb! UccIeNOBaHUS BIMSHIS BRICOKOMHTEHCHBHOTO YIIBTPa3ByKOBOTO BO3JICHCTBUS HA
pEOJIOTUYECKUE  XapaKTEPUCTHKH  BBICOKOMOJICKYJSIPHBIX  yIJIeBoJoponioB.  [IpeacraBieHbl
3aBHCHMOCTH HMX HM3MCHCHHS B 3aBHCHMOCTH OT YacTOThI B auamna3oHe oT 15 mo 87 kl'm mpum
MOCTOSSHHOW HMHTCHCUBHOCTH M JUIMTENBHOCTH YJBTPAa3BYKOBOTO BO3JeHCTBHUS. VcciemoBaHbl
MPOIIeCChl  pelaKCcallii KHHEMATHYSCKOH BSI3KOCTU JIaHHBIX BEIIECTB TIOCIE YIIBTPa3BYKOBOH
00paboTKM.

Kittouersie ciioBa: yiabTpa3ByK, He(pTh, KHHEMATHUECKas BA3KOCTh, PEIaKCaIIUs.

OcHOBHasI 4acCTh pa3BEaHHBIX HEPTIHBIX 3aacOB MPHUXOAUTCS HA MECTOPOXKICHUS
Tsokenor HedpTu. OaHAKO BBICOKAS BSA3KOCTH [1] Takux cOpTOB He(PTH CYIIECTBEHHO 3aTpy/-
HSeT uX JA00bay. OTHUM U3 CITOCOOOB YMEHBIIICHHUS BSI3KOCTH HE(DTH W yBEeTUYCHHS IeOUTa
CKBQKUH SIBJISIETCA CHJIOBOE YJIbTPa3BYKOBOE BO3JeicTBHE. B oTiinume OT Apyrux MeTolI0B
CHIDKEHUS BSI3KOCTH, TAaKUX KaK HArpeB IUIACTa WM NMPUMEHEHHE XUMHYECKUX PAacCTBOPHUTE-
Jeil, TaHHBI METOJ SIBJIIETCS MEHEee HHepro3arpaTHbIM U Oojiee SKOJOTHYHBIM. B kauecTBe
00BEeKTa HCCIIEAOBAaHUS HaMU ObUl pa3paboTaH akycTtudeckuid (aHtoMm miotHocThi0 .93
r/cM’, aHATTOTUYHBI 10 XUMHYECKOMY COCTaBY, IIOTHOCTH M PEOIOrHYECKHM CBOMCTBAM Tsi-
xenoil HepTH-93. B KauecTBE HCTOUHUKOB YJIBTPa3BYKOBOTO BO3JCHCTBUS ObLIa M3rOTOBIICHA
JUHENKa CUIOBBIX U3iydarenei Ha yacToThl 15.3 kl'n, 23.6 kl'n, 28.7 kI'u, 36.3 xI'y, 40 I,
63.5 xI'u u 87.4 xI'i. MomtHocts Bo3ekicTBus cocrasuia 20 Br, qurensnocts - 300 ¢. O0b-
eM o0pasnoB cocraBism 200 miI, MCXOMHAss KHHEMaTH4ecKas BSI3KOCcTh - oT 1230 mo 1290
Mm/c. B 1aGopaTopuu, B KOTOPOH MPOBOMMINCH IKCIEPHUMEHTHI, IPU IIOMOIIA CHCTEMbI
KIIMMaT-KOHTPOJIS MOJAJIEpKUBaIach nocrosHHas temieparypa 25°C. Ilockonbky 00pasiibl
HarpeBaJIuCh B Tpoiecce Y 3-BO3AEHCTBUS, YTO CYIIECTBEHHO BJIUSJIO HA MX BA3KOCTh, U3MeE-
peHHasi KWHEMaTU4YecKasi BA3KOCTh MPUBOAMIIACH K BA3KOCTU Ipu Temmeparype 25 °C.

I'padmk mepBBIX MATH YACOB MOCIE BO3JICHCTBHUS TMOKa3aH Ha pucyHKe. M3 pucyHka
BUJTHO, YTO HETIOCPEJCTBEHHO IMOCTIE BO3JICHCTBUS KHHEMATH4eCKas BSI3KOCTh 00pa3ioB BO3-
pactaer 10 2500-9000 MM?/c, 3aTeM B TedeHHE 2-3 4aCOB PEIAKCHPYeT K 3HaueHHsM 1500-
2000 Mm*/c, mocne dero crabunmsnpyercs. Takke BHAHO, YTO 3aBUCHMOCTD H3MCHEHHS KH-
HEMAaTUYECKOW BSI3KOCTH OT YacTOTHI YJIbTPA3BYKOBOTO BO3JICUCTBHS B JAHHOM JHAna3oHE
YacTOT HOCHUT HEMOHOTOHHBIH XapakTep. OHa MMeeT MakCMMyM Ipu udactorax 15-20 k[,
muHumMyM npu 40 kI, 3aTeM BHOBb Bo3pacTaeT. JlampHelne HaOMIOAEHUS 3a BA3KOCTHIO
MoKa3aju, 4To B TedeHue 10 cyTok mociie BO3ACHCTBHS OHA HE MEHSAETCS MM cllabo Bo3pac-
taeT (He 6omee 10%)

Takum oOpa3om, ObLIT clielaH BBIBOJ, YTO yIBTPAa3BYKOBOE BO3JCHCTBUE HA TSIKETIbIC
copra HedTH ¢ MIOTHOCTBIO 0.93 I/CM® HEMOHOTOHHO 3aBHCHT OT YacTOTHI 3TOTO BO3ZCH-
CTBUSI ¥ MIPUBOJUT K PE3KOMY MOBBIIIEHUIO BSI3KOCTH 00pa3IoB. TO CYIIECTBEHHO OTIMYAET
BIIMSTHUE TAKOTO YK€ BO3ACHWCTBUS Ha BHICOKOBSI3KHE HE(TEMPOIYKTHI, Takue Kak Ma3zyT M-100
u M-40 [2].

. 10000 10000
8 L _
g 8000 gopo =236k
fu f=28,7 xlly
= 6000 ; 6000
g N-..".', e f = 36,3 KLY,
8 s 4000 4 4000
E = 3 et = 40 KLY,
5 2000 ey 2000 f=63,5ry
%}
z 0 -0 f=87,4uly
x 0 5 10
—t—1f =153 Kly
Bpemsa penaKkcaumm, Jac.

Pucynok. OO61mast 3aBHCHMOCTb OT BpEMEHH peJIakCaliu npuBeeHHoi k 25°C
KMHEMAaTU4YeCKOH BA3KOCTH 00Pa3LOB aKyCTHUECKOTO (haHTOMA TSKEJION HETH MIIOTHOCTHIO
0.93 r/cM’ TIOCIIE YIBTPa3BYKOBOTO BO3ACHCTBHS YKa3aHHBIMH Ha TpahUKe 4acTOTAMH
u momHOcTEIo 20 BT. [murensHocTs Bo3aciicTBus 300 ¢. [lepBbie yackl mocie BO3ACHCTBIS
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HccnenoBanue BHIOIHEHO MPpU (DUHAHCOBOM noiep:kke MunoOpHayku P® (6azoBas
4acTh roczamanus, rema Ne 12.5425.2017/8.9).
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B pamkax merona MOJNEKYJISPHOW IHMHAMHUKMA Ha OCHOBE CTaTUCTUKO-TEOMETPHYECKOrO H
KJIACTEPHOTO aHaji3a BBIMOJHEHO HCCIIEJAOBAHME DBOJIIOLWU aTOMHOW CTPYKTYPBI HHTEpMETATUAA
CusZrs. Harpes cucrems ot 0 K 10 1010 K co ckopoctsio 3,33-10" K/c npuBomuT k 06pa3oBaHmIO
CIIOYKHOT'O MKOCa3APHYECKOr0 KilacTepa.

KiroueBble croBa: CTPYKTypHasi caMOOpTraHU3anusl, KOOPIUHAMOHHBI MHOTOTPaHHUK, MHO-
rorpaHHuk BopoHoro, nkocasap, kiacrep.

Huarpamma coctosiHust cucreMbl Cu-Zr 10CTaTOYHO CJI0KHA U J0 CUX IOP CUUTAETCS
He 710 KOHIa u3y4yeHHoil [1]. Cucrema oOpa3yeT HECKOJIBKO 3BTEKTUK M MHTEPMETALTUAHBIX
COEIMHEHUI 1 U3BECTHA CBOEH BBICOKOM CTEKII000pa3yroliel CHOCOOHOCTBIO.

Panee B paborax [2, 3] OblIM HU37I0’KEHBI MPEACTABIECHUS O CTEKJIOBAHUH, KaK O MPO-
1ecce oOpa3oBaHMs MEPKOJSIIMOHHOTO KjacTepa. ABTopamu paboT [4-6] B pamkax meTojna
MOJIEKYJISIPHOM TMHAMHMKH OBLJIO MMOKa3aHO, YTO B OCHOBE CTPYKTYPHOH IepecTpoiKy pacriia-
Ba MPU CTEKJIOBAaHUHU YUCTHIX METAJUIOB U CIUIABOB THIIA METaJI-MEeTall JIS)KUT IpoLecc 00-
pa3oBaHUs NEPKOJSLUOHHOTO KJIACTepa U3 KOHTAKTUPYIOIINX M B3aWMMONPOHUKAIOIUX HKO-
Ca’APOB, J0JIs1 KOTOPHIX B CUCTEME He mpeBbimaet 14%.

MounekynspHo-quHamudeckass Mozenb uHTepMmeraumga CugZrs, cocTosmas u3
167580 atomoB Cu u 62700 aToMOB Zr B OCHOBHOM siueiike 0e3 NepuoAuUecKuX rpaHUIHbIX
YCIIOBUM, CTPOMJIACH ITYTEM TPAHCISALMUHU DJIEMEHTApHOU sueiiku nHTepmeraumaa CugZrs ¢
pasmepamu a = 7.868A, b = 8.146 A, ¢ =9.977 A npocrpancTeennoit rpynnsl Pnma [7]. Uc-
XOJHBIM pa3Mep MoJeNU Mo ocsiM coctaBui L, = 149.48 A, L,=148.66 A, L.=148.09 A.
B3aumoneiicTBue Mexay aroMaMHu OMHMCBIBAJIOCh MHOTOYACTUYHBIM MOTeHIIMaIoM PUHHUCA-
Cunknepa [8].

CTaTuCTHKO T€OMETPUUECKUI aHAIIN3 UCXOJHOM CTPYKTYPBI HA OCHOBE MHOTOTPaHHH-
koB Boponoro (MB) ycTanoBun Hanuuue B cucteMme ukocadapoB (muaekc MB {0-0-12}) B
KoMuecTBe 26 % M TOMOJIOTUYECKH OJM3KUX K MKOCa’ApaM MHOTOIPAaHHUKOB C MHAEKCOM
MB {0-1-10-2} B xomuuectBe 34 %. B pesynbrate hopMupyercs Kiactep, COCTOSIIUN M3
55825 B3auMONPOHUKAIOUINX U KOHTAKTUPYIOLIUX MEXIY co00i nKoca’ipoB (puc.). JlaHHbIi
KJIacTep pacrpesieieH 1Mo BceMy 00beMy MOJENH, €ro OTJCNIbHBIE JIEMEHTHI MPEACTABISIIOT
co0oil opueHnTHpoBaHHble B HanpasieHuu (010) menoyky U3 B3aMMONPOHUKAIOIIUX UKOCAd -
POB, IIEHTPaMU KOTOPBIX SBIISIOTCS aTOMBbI Meiu. PaccunTannble 171 Bceil CUCTeMBl (PYHKITUS
paauaIbHOTO paclpesiesieHusl aTOMOB U YIJIoBasi KOPpEIsUOHHAs (YHKIUS CBUAETEIbCTBY-
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I0T O HAJIMYUK OJIMKHETO U JAJbHETO MOPSJIKA, XapaKTEPHOTO Ui KPUCTAIUTMYECKON CTPYK-
TYpBI.

X
X
X
X
X
X
X
%
X
X
X
X
X
X
o

AR ALERERLLLEL R
2z,
2

th, 00, 50, 05, 08, 00, %0, 0, U, 00, 00, 00 U5, 00, %, %,

A RN I S R RN 3

I

I,‘ttI:I:I:I:I:I:l:l:l:ﬁ:l:ﬁ:ﬁ ]
LI e Y

,'\
X
 d
X
 J
X
J
X
’\
L
J
2
d
7
2
z
7,

oh
X
3
X
‘k
s
133
s
3
¥
3
)
)
¥
)
2

‘
X
)
g
o
o
o
o
by
3
x
14
by
13
X
14
A
)

‘t’\'\’\'\‘t’\‘t’t‘!’\‘\‘\‘ /
s {~I~ﬁ~f~)'~l~l~ﬁ~!~l~i\l~f~! /
P e Sp Se de S5 5% %% 5 s dp Je S S¢ %% 4]
E l‘ltI‘l‘l‘i‘l‘l“‘ltﬁxl"ftl /
E I‘I‘i‘l‘l‘l‘l‘l‘l‘!‘ﬁ‘#‘l‘l /

b, 3% 5% ok 96 W5 4R 0 0 00 4R 3R 4R Y
d 'ﬁ‘t'\’t‘\‘t’\‘\‘t‘t’\'\'\‘ /

P e eS¢ Sp S5 5% 0% 5% % Sy 3p S % 3

by
.
i

X

X
FRRRELL L EERELLS

l‘l‘lﬁ"ﬁ‘l‘ﬁ‘l\I‘!~Itﬁxltltl /
b % 35 65, 000040 4R 4R R o6 W6 9.9 Y

e
.
.
o
.
.
.
Lot
.
.
.
.
o
.

X
X
X
X
X
X
x
X
X
RN S R SR A
o0
{

#
M]
1

X
X
X
X
X
X
X
X

e il
N(100) N(010) N(001)

Pucynok. Knactep 13 B3auMOINPOHUKAIONUX U KOHTAKTUPYIONIUX MEXTYy COO0H MKOCadIpOB
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Harpes cucremst 0 K 1o 1000 K co ckopoctsio 3,33-10" K/c mpuBoauT k pocty unciia
MKOCa’IPUYECKUX MHOTOTPAHHUKOB U 00Pa30BaHMIO MEPKOJISAIIMOHHOTO KlacTepa, COCTOAIIe-
ro u3 39438 B3auMONPOHMKAIOUIMX HMKOCad/pa. B mocTpoeHun Takoro kjiactepa 3aJeicTBO-
BaHO ~ 94% aToMOB cucTeMbl. JlanpHelnii HarpeB NPUBOAUT K Pa3ynopsI0UCHHIO CUCTEMBbI
W TU1aBJIeHUIo ipu Temneparype ~ 1700 K.
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MeToJioM MOJIEKYJApHOW JIMHAMUKHU TPOBEJEHO MOJIETMPOBAHUE OJIHOOCHOTO CXKATUS
Mertayunueckoro crekna CussPdss. [Ipm moMomm CcTaTUCTUYECKOro aHaiu3a MHOTOTPAaHHUKOB
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BopoHoro u BH3yaM3anyy BEIMYHUHBI KBAJIPATUYHBIX Hea(PUHHBIX CMEIICHUH aTOMOB HW3y4YCHBI
0CcOOCHHOCTH IBOJIIOIIMU ATOMHOW CTPYKTYPBI B Iporiecce e opMaInu.

KittoueBbie cioBa: METAUIMUECKOE CTEKIIO, MOJICKYJISIpHAsl MTUHAMHKA, MOJCIUPOBAHUE, Je-
(dhopmarus, KocadIp.

B nocnegnue roapl npu moMoIiu METOJ0B aTOMHUCTHYECKOTO KOMITBIOTEPHOI'O MOJIEe-
JUPOBAHUS AaKTUBHO U3Y4alOTCS MEXAHU3MBbI TUIACTUYECKOTO TEeUEHUSI METAITMYECKUX CTEKOJ
(MC) [1]. B nacrosimeit paboTe MpPOBEACHO KOMIIBIOTEPHOE MOACIUPOBAHUE OJIHOOCHOTO
ckatusg Metajuimueckoro crekia CussPdss 1 BbIOTHEH aHANM3 BOJIIOLIMUA AaTOMHOU CTPYKTY-
PBI Ha Pa3IMYHBIX CTAAMIX Mpolecca 1edhopMaluu.

Ucxonnas monens MC CussPdys Obuta nmonydeHa METO0M MOJIEKYISIPHOU JUHAMUKHU
B IIPOIIECCE 3aKAJIKU U3 paciuiaBa CoO CKOPOCTHIO 6-10"" K/c. Moznens coaepxkaia 500000 ato-
MOB ¥ uMena GopMy HunuHApa BeicoToit 320 A u paguycom 85 A, Brons ocu numHapa ObI-
JIM HaJIOKEHBI NEPUOAMYECKUE TPaHUuHbIe ycioBus. Mcronb3oBaics MHOIMOYAaCTHYHBIM MO-
TEHLIMAJI MEXKAaTOMHOTO B3aMMOJICUCTBUS, PACCUUTAHHBIA B paMKaX METOJa HOTPY>KEHHOTO
aroma [2].

OnnoocHoe cxaTue Mojenu (BIOJIb OCHU LMJIMHJPA) MPOU3BOJIUIOCH CO CKOPOCTHIO
~10" ¢!, mpu sTOM mOIEPKMBATACH TOCTOSHHAS temneparypa 60 K. B nponecce gedgopma-
[[UU PACCUUTHIBAJIUCH ATOMHBIE HANIPsDKEHUS [3] ¥ MpOBOAMIICS CTATUCTHKO-T€OMETPUUYECKUN
aHAJIN3 aTOMHON CTPYKTYphl HA OCHOBE IOCTPOEHUsI MHOrorpaHHukoB Boponoro (MB). Jlns
BBISIBJICHUSI JIOKQJIBHBIX 00JaCTei, MpeTepreBaroIiX HauOoIbIlIie HEYIPYrue MnepecTpoiky,

o min
BBITIOJTHSUICS PacyeT KBaIpAaTHIHBIX HeahPUHHBIX cMenieHuii atomoB Dy [4].

PaccuntanHas kpuBas 3aBUCUMOCTHU HampsikeHus (G) oT nedopmanuu (€) ©MeeT BU,
TUMIUYHBIN U1 MJIACTHYHBIX MaTepuanoB. [Ipu € =2 % HauMHaeTcs OTKJIOHEHHE OT JMHEH-
HOW 3aBHCHUMOCTH G(€), CBI3aHHOE C POCTOM YHCJIA 30H JIOKAJIBHBIX CABUTOBBIX MPeoOpa3o-
BaHuil. B unrtepBane € = 4,5+7 % HaOmonaercs cnaja BeIWYMHBbI HanpspkeHud. Kak mokasan
BU3YJIbHBIA aHAJIN3 BEIIMYMHBI KBaPaTUYHBIX HeadGUHHBIX CMEIICHUH (CM. pHC. a, HA KO-

TOPOM LIBET aTOMa 0003HAYaeT 3HAYCHHE Dém "), B 9TOM HHTepBane rIACTHUECKas aehopMa-
1S JIOKAJIM3YETCA B MAKPOCKOIMMYECKYIO IIOJIOCY CABUIA.

Jnsg ananu3a 3aKOHOMEPHOCTEN INMEPECTPOMKH aTOMHOW CTPYKTYpBI B IIpOLECCE Je-
(dopMaruu ObLI BHIMOJIHEH CTATUCTUKO-TEOMETPUYECKHI aHaJIN3 Ha OCHOBE NocTpoeHus MB.
Ha puc. 6 moka3zaHo U3MEHEHHUE J10JIM OCHOBHBIX TUIIOB MB B mporecce nedopmarium.

= 0-3-6-4
. 0-2-8-4
= 0-1-10-2
= * 00-12
M 22 0-2-8-5
S . 4 0365
S b 0-2-8-2
5 v 0446
=

E

£

a

Pucynok. M300pakenue mozenu npu aedopmanuu 8 % (a) 1 3aBUCUMOCTb JTOITU
OCHOBHBIX THIIOB MHOT'OI'paHHHKOB BopoHoro ot crenenu aedopmariuu (0)

Baxnyto posb B mporniecce mactudeckoit aedopmannn MC urparoT HKOcad ApuIecKue
KOoOpAnHaIMoHHbIe MHOTorpanHuku (MB {0-0-12}). U3BecTHO, 4TO JIOKaIbHBIE 30HBI CBU-
rOBBIX MTPe0Opa3OBaHUil BOZHUKAIOT MPEUMYILIECTBEHHO B TEX «PBIXJIBIX» 00JacTIX CTEKJa, B
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KOTOPBIX JOMHUHUPYIOT MB ¢ GONBIIUM KOJIMYECTBOM T'paHEH, a JOJs TUIOTHOYIMaKOBAaHHBIX
nkocadapoB Heenuka [ 1]. Kak BugHO U3 puc. 0, mporiecc GopMUPOBAHKS MAaKPOCKOTTUIECKOM
IIOJIOCHI CIABUTA COIIPOBOKIAETCS Pa3pyLICHUEM 3HAYUTEIBHOIO YUCJIA UKOCAdAPOB B COOT-
BETCTBYIOIIEH 00JaCTH MOJIETIH.
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HccnenoBanoch U3MEHEHHE 3JIICKTPOINPOBOJHOCTU METAITIOOKCHUIHBIX IJICHOK BCIEICTBUE
BO3/ICHCTBHS Ha HUX Ta3a-OKHCIHUTENS. BBUIO BBISBIEHO, YTO TUIEHKA IMOKCHIA OJIOBA pearupyer Ha
YIJICKUCTIBIN Ta3 JaXke MpU KOMHATHOM TeMmeparype, KaKk M Ha T'a3bl-BOCCTAHOBUTENN (HAIPHMED,
aMMHaK).

KitoueBbie crioBa: MeTaNJIOOKCHIHBIE TUICHKH, AMOKCH] OJIOBA, Ta30Basi YyBCTBHTEIHLHOCTD,
aMMHUaK, YTJIeKHCIIBIN ra3.

I'a3oBast 4yBCTBUTEIBHOCTD SIBJISIETCS MHAWKATOPOM HM3MEHEHMS CONPOTHUBIICHUS Me-
TaJUIOOKCHUJIHBIX MOJTYIPOBOJAHUKOBBIX IUIEHOK MPU B3aUMOJIEHCTBUHU MMOBEPXHOCTHBIX COCTO-
SHHUW ¢ MosieKynamu rasa [1]. Takue ruieHKM HaluIM MIMPOKOE IPUMEHEHHUE B MPOU3BOJACTBE
ra3oBbIX JATYMKOB M CIOKHBIX MPUOOPOB KOHTPOJIA cocTaBa Bo3ayxa. [IpuHumnm ux padboTsl
OCHOBBIBAETCS Ha SIBJIEHUM 00paTUMOM XeMOocopOLuy.

Tax kak B mocnenHue AECSITUIETHS Bce OOJbIIEe BHUMAaHUS yJensercd mpodiemam
HKOJIOTHUECKOM 0e30macHOCTH U 6Ee30MaCHOCTH Ha MPOM3BOJICTBE WM B OBITY, TO pa3paboTkKa
0oJjiee YyBCTBUTENBHBIX U SKOHOMUYECKH BBITOJIHBIX JATYMKOB, JIMOO YIIydllIEHUE MapaMeT-
POB YK€ M3BECTHBIX MaTepHajoB (HAaNpHMep, MOBBIIIEHUE BETUYUHBI OTKINKA, CEJIEKTUBHO-
CTH U OBICTPOAEWUCTBUS, YCUIIEHHE Ta30BOM UYBCTBUTEIBHOCTH) SABJSIOTCS JTOCTATOYHO aKTY-
AJIbHBIMU TEMaMH.

N3BecTHO, YTO 3JIeKTpUYecKas MPOBOJAUMOCTh IUICHKH OOBACHSETCS HECTEXHOMET-
PUYHOCTBIO COCTaBa M3-3a HAJIWYMS PA3IUYHBIX CTPYKTYPHBIX 1€(EeKTOB, 0OCOOEHHO Ha IO-
BepxHOCTH. SNO; sABJIsETCS MOIYNPOBOJHUKOM C MPOBOAMMOCTBIO N-TUIA, YTO OOBSICHSACTCS
HaJIMYMEM BaKaHCHI KHCIOpPO/a, BBHITOJIHSIOMIMX POJIb IIEHTPOB IMpoliecca XeMOCOPOLUU st
KHCJIOpo/a B aTMocdepe, KOTOPBIH afcopOMpyeTcsi Ha MOBEPXHOCTh B BHUJE PA3HBIX HOHOB
(9TO 3aBUCHUT OT MOBEPXHOCTHOU Temmeparypsl B obsmactu 200 — 500 °C). Takue noHbI, B3au-
MOJEHCTBYsI ¢ razaMHu-oKucauTesssMu (k npumepy, ¢ CO,, NOX unu 1p.), cnocoOCTBYIOT UC-
TOILIEHUIO TIOBEPXHOCTHOTO CJI0s (BCIEACTBHE 3aXBaTa 3JIEKTPOHOB), YTO MOBBILIAET COIPO-
TUBJICHUE METAJNIOOKCUAHOM IieHkH. ['a3bl-BoccTaHOBUTENW (HampuMep, Mmapbl aMMHAaka,
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ATUIIOBOTO U JIPYTUX CIIUPTOB, allETOHA U JIp.), HA000POT, yMEHBINAIOT CONPOTHBIIEHHE [2, 3].
OT0 BaXHO YUMTHIBATh HA 3Talle BbIOOpa MaTepuaia JJis JOCTHKEHUS HAWIY4IlIUX pe3ybTa-
TOB, TaK KaK JUIsl pabOThI C OKUCIUTEISMH JIy4Ille MMOJOMTyT HU3KOOMHBIE TUICHKH, a JJIsl pa-
00ThI C BOCCTAHOBUTEIISIMUA — BEICOKOOMHBIE. BoccTaHoBNeHHE a1cOpOLIMOHHON CITIOCOOHOCTH
(a 3HAUUT, U BO3BpPAT K BEJIMYMHE UCXOHOTO COIPOTUBIIEHUS) IPOUCXOIUT B PE3YJIbTATE BbI-
COKOTEMIIEPaTypPHOrO OTXHUTa (MHOTIA AMUTENbHOr0) Wi Y@ o0iydeHus HOBEpXHOCTH
IUIEHKH.

B nannoii pabote ObuH HCCeA0BaHbl TECTOBbIE 00pa3Ibl HA OCHOBE IMJICHKU JTUOKCH-
na onoBa (SnO;) ¢ nmpumecsio 1 at. % kpemuus. Pe3ynpTaThl HccaeqoBaHUsl OTPAXKaIOT ra3o-
BYIO UYBCTBUTEJILHOCTh, TO €CTh OTHOILIECHHE COMPOTHUBIICHUS IUIEHKH, U3MEPEHHOI'O B aTMO-
cdepe ra3a K COMPOTHBIICHUIO B BO3IYITHOM aTMocdepe.

W3MmeHeHus OTCIEeKUBAIUCH NP KOMHATHOW TEMIIEpaType y OTOKKEHHBIX ra30CceH-
COPHBIX CTPYKTYp, TaK Kak OHHU OoJiee cTaOMIbHBL. B kauecTBe raza ObUT BEIOPaH YTICKUCIBINA
(CO; ¢ xonnentpamueit 3366 ppm). Ha pucynke 1 BUgHO, YTO YyBCTBUTEIBHOCTH (M COMPO-
TUBJIEHUE COOTBETCTBEHHO) YBEJIUYMBAETCA B 2 pa3a U uyepe3 24 MUHYTHI BBIXOJIUT HA HAChI-
nienue. TakuM 006pa3zom, K ITOMY BPEMEHHU Ha BCEX MOBEPXHOCTHBIX COCTOSTHUSIX OKA3bIBAIOT-
csl alcOpOMpPOBaHHBIMM MOJIEKYJIbI yriiekucioro rasa. Ilpu stom B nepsbie 150 cexyHn npo-
UCXOIAT CTaOMIM3alMOHHBIE MPOIECCHl, KOTOPbIe MOTYT CHU3UTH comportuBieHue. [locme
HaIlycKa BO3/1yXa IPOUCXOJIUT HEOOJbIIOE CHUKEHUE COIPOTUBIICHMSI, OHAKO, OHO HE BO3-
BpalllaeTcs K Ha4allbHOMY 3HAYEHUIO, AJI 3TOr0 HEOOXOJUM OTXKHUT MPHU BBICOKON Temrepa-

Type.
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Pucynox. i3MeHeHne ra30B0il YyBCTBUTEILHOCTH OT BpeMeHH 1o Bo3aciicTBueM CO,
(3366 ppm) rpu KOMHATHOH TeMITepaType

Takum 006pazom, CTpYKTYphl Ha OCHOBE METaJUIOOKCHIHOU miieHkn SnO; + 1 at. % Si
ABJIIOTCS MOAXOMALIUMH JIUIsi OOHApY)KEHUS HE TOJbKO Ta30B-BOCCTAHOBUTENEH, HO U IS
oOHapy’KeHHsI ra30B-OKUCIIUTENEH TP KOMHATHOM TeMnepaType.
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This paper presents the results of a study of the gas-sensitive properties of thin (up to 100 nm)
Zn0O — SnO, films with respect to carbon monoxide (I). It is shown that the effect of CO molecules
leads to a change in the chemical composition of the films and the degradation of gas sensitive proper-
ties.

Keywords: gas sensitive properties, thin films, carbon monoxide (II).

Binary ZnO-SnO, (ZTO) thin films with varying SnO, concentrations were grown on
glass substrate. The influence of various factors such as synthesis conditions and properties of
the resulting films was studied. ZTO transparent films were obtained from organic com-
pounds of zinc (II) and tin (IV) by low-temperature pyrolysis. Ii was determined that crystal
structure formation starts at the temperature of 550 °C. Ii was found that the film materials
obtained by this method are uniform, dense, distribution occurs over the entire surface. The
thickness of the one-layer film is about 30 nm. The method allows to obtain films of a given
thickness by layer-by-layer formation. The study of multilayer films showed that high-quality
material can be obtained by two to four times the application and the firing temperature of
500-600 °C.

The properties of the synthesized materials were studied by X-ray (ARL X’TRA dif-
fractometer, CuK;-radiation), surface morphology and elemental microanalysis (scanning
electron microscope Nova Nanolab 600 with the system of energy-dispersive X-ray microa-
nalysis EDAX GENESIS 6000i). Electrophysical and gas sensitive properties by carbon oxide
(IT) were measured using an automated installation for determining the parameters of gas sen-
sors at the Center for Collective Use "Microsystem Technics and Integral Sensors" [1]. X-ray
photoelectron spectroscopy (XPS) has been used to characterize the elemental and surface
composition of the ZTO surface at a depth of several atomic layers (XPS) [2]. XPS makes it
possible to determine the relaxation of the surface structure of the films as a result of exposure
to CO molecules. The studies were carried out in an ultrahigh vacuum (vacuum level no
worse than 1,8'10'9 mbar) K-Alpha ThermoScientific installation with a monochromatic X-
ray source Al-Kalpha with quantum energy hv = 1486.6 eV.

Studies of the gas-sensitive properties of the films were carried out on the structures
on which V-Cu-Ni contacts were formed. Studies were carried out at a temperature of 300 °C.
It was clear that at the first ten CO exposures with a concentration of 50 ppm, the sensor re-
sponse was 34% of the initial resistance level. In further studies, the sensitivity dropped
sharply to a level of no more than 10% when exposed to 1000 ppm.

When conducting XPS studies, it was found that in the process of holding the sensors
in a gaseous environment, the chemical composition of the surface layers of the ZTO film de-
grades due to the chemical adsorption of CO molecules, which leads to the reduction of zinc
and tin to metals due to the breakdown of metal oxide bonds. This, in turn, leads to the for-
mation of hydroxides and zinc carbonates. In addition, desorption of tin compounds occurs
from the surface layers of the films.
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B pabote npencraBieHsl pe3yabTaThl SKCIEPUMEHTAIBHOTO UCCIIEAOBAaHUS MIPOLIECCOB TEILIO-
BOW peJlakCallud B BSI3KOYNPYTUX CpeAax NpH BO3JCHCTBUHU YJIbTPa3BYKOBBIX BOJIH. B kauectBe Mo-
JIETBHOTO 00pasiia BA3KOYIPYToi cpenbl ObuT BIOpaH nonmyperan Crumarepm 5020 1/3. Jlns Harpesa
00pa3ua KCIoJIb30BaJICS INIOCKUHN YIBTPa3BYKOBOW MPeo0pa3oBaTeib ¢ 0XJIaXAaEMOM IOBEPXHOCTHIO.
HOJ’Iy‘IeHI)I U UHTCPHPETUPOBAHBI BDEMEHHBIC 3aBUCUMOCTH PACIIPEACIICHUA TCMIICPATYPhI HA pa3jiny-
HOM ITyOrHE oIy peTaHoBOIro o0pasiia.

KiroueBbie cioBa: TemsioBasi pejakcanusi, yIbTpa3ByKOBOH HpeoOpa3oBareib, MOJMYpPETaH,
YJIBTPa3BYKOBOM Harpes.

OCHOBHbIE MEXaHU3Mbl YJIbTPA3BYKOBOIO BO3JEHCTBUS HA OMOJIOIMYECKHE TKAaHU
BKJIIOYAIOT B ce0sl HArpeB, KaBUTALMIO U MexaHnuyeckue 3dektsl [1]. Tennonble MeXaHU3MBbI
00yCIIOBJIEHBI TOTJIOIIEHUEM YIIbTpa3ByKa OMOJIOrMYecKOil TKaHblo. MccnenoBanue npoiec-
COB HarpeBa OMOJIOTMUECKUX TKaHEH in vivo Ha )KMBOTHBIX M MallMEHTaX KpaiHe 3aTpyIHU-
TenbHO. [loaTOMy HcmoOnb30BaHME aKyCTHUECKMX (DAaHTOMOB C TapaMeTpaMu OJIM3KUMHU K
CBOWCTBaM OMOJIOTMYECKUX TKAHEH SIBIISETCS OJHUM U3 OOILENPUHATBHIX METOJIOB HCCie10Ba-
HUS Pa3IMYHBIX POLIECCOB MPHU PACTIPOCTPAHEHUH yIAbTpa3ByKa [2].

B Hacrosimieit paGoTe BBIMOJHEHO 3KCIEPUMEHTAIBHOE HCCIEOBAHUE IPOLECCOB
TEIUIOBOM pejlakcalluu B 00pasliax MoJiMypeTaHa MpU BO3JEHCTBUHU YIbTPa3BYKOBBIX BOJH
Pa3IMYHON YacTOThl U UHTEHCUBHOCTHU. [lJ11 BO30YX/I€HUS YIbTPa3BYKOBBIX BOJH HMCIIOJIB30-
BaJICSl TUIOCKUHM yIBTPa3BYKOBOW MPeoOpa3oBaTesb ¢ OXJIaKIaeMOW IMOBEPXHOCTHIO, obecrtie-
YUBAOLIMH 3 PEKTUBHYIO TeHEPALUIO YIbTPa3BYKOBBIX BOJH C YacToTamu oT 2 1o 8 Ml
MPU U3JIydaeMou aKycTHuuecko momHocTu 10 20 BT u KoHTponmpyemoil Temmneparype mo-
BEPXHOCTH MbE303JIEMEHTa U Ouoiorudeckoi Tkanu B auamasone ot 20°C mo 36°C. B kaue-
CTBE MOJICJILHOTO 00pasiia BI3KOYIPYrou cpe/ibl ucnoib3oBaycs noauyperad Cunarepm 5020
1/3 co cnemyrommmu napamerpamu: TBepaocts no Illopy 20, miaotHocTs 1.1 r/em’, CKOpOCTb
3Byka 1390 m/c, 3aTyxanue 11 ab/cm Ha yactore 1 MI'L, KO3QPUIMEHT TEMIONPOBOAHOCTH
2-10 * Br/(cM-°C). TTnockuit yIABTPA3BYKOBOM MpeoOpa3oBaTellb ¢ OXJIAXKIAeMON MOBEPXHO-
CTBIO TIOMEIAJICS Ha MOBEPXHOCTh MOIMYpeTaHOBOro (hantoma. M3mepeHus pacrnpeaeneHus
TEMIEPATYphl MOJINMYPETAHOBOTO O0pa3lia Mo riayOMHEe M IMPOLIECCOB TEMJIOBOW pefakcaluu
BBINIOJIHSUIUCH € moMoIIbio TepMmope3uctopoB Epcos S861 (10 kOm, 1%, NTC), 3anuThix B
MOJINypeTaH Ha pa3HOU I1yOuHe.

BpemeHHbIe 3aBHCHMOCTH TEMIIEpaTyphl MOJIMYPETAaHOBOTO (paHTOMA, U3MEPEHHBIE Ha
pa3IMYHBIX INTyOMHAX MPH YIbTPAa3BYKOBOM HarpeBe, IPUBEIEHBI HA PUCYHKE.
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Pucynok. BpemeHHbIE 3aBUCHIMOCTH YIIBTPa3ByKOBOTO HarpeBa (4actoTa 6.85 MI 11, HHTEHCUBHOCTH
1 Br/cm’) momuypeTaHoBoro GpaHTOMa Ha Pa3iTHYHOi IyOHHE MPU MOCTOSHHOI TeMIIepaType
noBepxHoctu 36 °C

W3 pucynka BUIHO, UTO YCTAHOBUBIIHMECS 3HAUCHUS TEMIIEpaTyphl HA riayoune 5, 10 u
15 mm cocraBisaroT 55°C, 45°C u 35°C cOOTBETCTBEHHO MPHU MOCTOSIHHOW TeMIeparype Io-
BepXHOCTH paBHOH 36°C (mpocTpaHCTBEHHAs JIOKaau3alus 00JacTH Harpesa), IpUYeM Bpe-
MeHa BbIXOJa Ha HACBILEHUE COCTABISAIOT NPUOIU3UTENBHO 20 MUHYT U OIPEIEIISIIOTCS KOH-
KYpPUPYIOIIUM BIUSHUEM YIbTPa3BYKOBOTO HATPEBa, TEIJIONPOBOJHOCTH U OXJIKICHHS TO-
BEPXHOCTH 00pasia.

[TonydeHHble pe3yabTaThl, a TAKXKE aKyCTUYeCKUe (DaHTOMBI, U3MEPUTETIbHbIE CTEHIbI
U METOJWKH, pa3paboTaHHBIE B HACTOSIICH pabdOTe, MOTYT OBITh HCIIOJNIB30BAaHBI MPU KOH-
CTPYUPOBAHUU U KATUOPOBKE YJIbTPA3BYKOBON MEIUIIMHCKOMN amnmapaTypsl.

HccnenoBanue BHIIOIHEHO MpU (UHAHCOBOU moiep:kke MuHoOpHayku PO (tema Ne
12.5425.2017/8.9, 6a3oBas yacTh roc3agaHusi).
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B pabote npencTaBieHbl pe3ylbTaThl 3KCIIEPUMEHTAIBHOTO HCCIIEIOBaHUS HarpeBa OHOJIOTH-
YeCKOW TKaHH TUIOCKUM YIBTPa3ByKOBBIM MPe0Opa3oBaTesieM ¢ OXJIakIaeMOi TTOBEpXHOCThI0. Pa3pa-
0oTaHa KOHCTPYKIUS YJIBTPa3ByKOBOTO MpeolOpa3oBarens, obecreunBaromas 3QPeKTHBHOE H3ITyde-
HUE yJIHTPa3BYKOBBIX BOJH MPH MOJaBaeMON KOHTPOJIMPYEMOU TEMIIepaType MOBEPXHOCTHU MbE303JIe-
MEHTa W OMOJIOTMYECKOW TKaHH. Pe3ylbTaThl IKCIIEPUMEHTOB €X Vivo Ha oOpasrax OWOJIOTrHYeCKuX
TKaHeW MOTBEPIMIN d3PPEKTUBHOCTh, 0€30MaCHOCTh U CEJIEKTUBHOCTH Pa3padOTaHHOTO METO/A.
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npeobOpa3zoBaTenb,  OHWONOTHYECKass  TKaHb,

KnroueBble  cioBa:  yiIbTpa3BYKOBOH
YIIBTPa3ByKOBOM HArpeB, KOAT AL

TepaneBTudeckuii yapbTpa3ByK HCHOJB3YETCSl B MEIUIIMHE HAa MPOTSHKEHUH MHOTHX
aet [1]. HedokycrupoBaHHBI# yabTpa3ByK HU3KOM MHTEHCUBHOCTH (10 3 BT/CMZ) C 4acTOTaMH
MOPsIKa HECKOJIBKUX Merarepll MCIOJb3yeTCsl B OCHOBHOM ISl HHTEHCU(DUKAIIMK U CTUMY-
JSUN (PU3UOTOTUIECKUX TPOIIECCOB MPHU JICYCHUH TPaBM, a TaKXKe NI TEPAieBTHYECKOTO
HarpeBa. YIIbTPa3ByKOBasi XUPYPIusi UCIONb3YET YIbTPa3BYK BHICOKOW MHTEHCHUBHOCTHU (60-
nee 5 Br/cm®) Wi yIpaBIsieMOro H3GUpaTenbHOrO paspylieHus TkaHedl [1]. B mociemnee
BpeMsl K TPaJULMOHHBIM HHU3KOMHTCHCHUBHBIM TEpPANEBTUUYECKUM METOoJaM J100aBU-
JUCh METOMBI, B OCHOBE KOTOPBIX JIGKHUT HCIOJB30BAHNE BBICOKOMHTEHCUBHOTO (hOKYCHPO-
BanHoro ynbrpasByka (HIFU) nis HeMHBa3MBHOTO JIOKAJIBHOT'O HAIPaBJICHHOTO BO3JACHCTBUS
Ha OIMyXOJIM U Omoyorudeckue Tkanu [2]. OQHON U3 HOBBIX MEPCIEKTUBHBIX 00JIACTEH mpu-
MEHEHHS yIbTPa3BYKOBBIX METOJIOB M Y3 ammaparypsl 3a MOCJIEeIHUE TObl CTala HEMHBA3HUB-

Hasl SCTETUYECKas U pereHeparuBHas MmeauuHa [3].
Takum o0Opa3om, pa3paboTka HOBBIX METOJIOB M KOHCTPYKIUI yIbTPa3BYKOBBIX Ipe-

oOpasoBareieii, o0ecrieunBarOIMX d(OPEKTUBHYI0O U OC30IACHYIO TEPAIICBTUYCCKYIO M KOC-
METHYECKYI0 00pabOTKY MOBEPXHOCTHBIX TKAaHEH MAllMEHTa, SBJISETCS aKTyaJbHOH 3amaveit

COBPEMEHHOM ACTETUYECKON U BOCCTAHOBUTEJIBHOW MEIUIMHBI.
B nHacrosmieit paboTe BBIMOIHEHO SKCIIEPUMEHTAIILHOE MCCIIEAOBaHE Harpena

OMOJOrM4eCKON TKAHU IUIOCKMM YJIBTPa3BYKOBBIM IPe0oOpa3oBaTelIeM € OXJIAXJaeMOM Io-
BEPXHOCThI0. PazpaboTanHast KOHCTPYKLUS YJIbTPa3BYKOBOro ImpeoOpa3oBarelis obecrieunBa-
na 3¢ pekTUBHOE M3ITydeHHE YIbTPa3BYKOBBIX BOJH Ha YacToTax ot 2 1o 8 MI'l mpu moaBa-
eMoM 3JieKTpudeckord mMomHocTu 10 50 BT M KOHTposMpyeMoil TeMineparype MOBEpXHOCTH
IIbE303JIEMEHTa U OnosIornueckoil Tkanu B quanasone ot 20°C no 36°C.

Pe3ynbrarhl SKCIIEPUMEHTOB €X Vivo Ha o0pasiax OHOJIOTMYEeCKUX TKaHEeu
npuBeJeHbl Ha pucyHke. Ilmockuil ynbTpa3BykoBoi mpeoOpa3oBaTelb C OXJIaKAaeMOH Io-
BEPXHOCTBIO IOMEUIAJICS Ha MOBEPXHOCTb CBEKEH TOBsKbel mneueHu. lcrosb3oBaics ciie-
JYIOUIMHM MPOTOKOJ yIbTPa3BYKOBOM 00paOOTKM: yacToTa yabTpa3Byka 6.85 MI'n, akyctuye-
cKasi MHTEHCHBHOCTB | BT/cM”, Bpemst 06paGoOTKH 5 MUHYT, TeMITepaTypa MOBEPXHOCTH Ibe-
303JIeMeHTa U Ouosorndeckoit Tkanu 36°C, temneparypa oopasia OMOJIOrHYECKOW TKaHU Ha
riyoune 10 mm 56°C.

W3 pucyHka BUJIHO, UTO yJIbTPa3ByKOBOW HarpeB MPUBOJIUT K JIOKAJIbHON KOAryJsILUU
OMOJIOrMYecKOl TKaHU BHYTpH o0paslia 6e3 NOBpeXkAeHUs ero nosepxHoctu. O01acTy Koary-
JSUM JIOKaIM30BaHa Ha TiyOuHe oT 5 10 15 MM OT MOBEpXHOCTH 00pa3lia U OrpaHHueHa B

MOIICPCYHOM HAIIPABJIICHUH pasMEpaMU YJIIbTPAa3BYKOBOI'O npeoGpasoBaTeJm.
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ITpoBeeHHBIE SKCTIEPUMEHTHI MOATBEPANIN FPPEKTUBHOCTD, O€30MAaCHOCTh U CEJIeK-
TUBHOCTb pa3pab0TaHHOro MeToAa oOpabOTKK OMONOrMYecKON TKaHW M KOHCTPYKLIMH Yilb-

TPAa3BYKOBOTO npeo6pa3OBaTeJ151 C OXJIaXKJaeMOoM TMOBEPXHOCTLIO.
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PaccmoTpeno gopMupoBaHue CTPyKTYphl MeTalla ¢ ONPEACICHHONW CTENEHbIO Ae()EeKTHOCTH:
3a CUeT BBEJCHUE B OCHOBHOM METaJll IpUMecel HeMEeTaJIOB, CIIOCOOCTBYIOMIMX MOIYYEHHIO MENKO-
KPHCTAIUIMYECKOH CTPYKTYPBI C ONTUMAIBHOM CTENEHbIO Ae()EKTHOCTH (POPMUPYEMOH 3IIEKTPOXUMHU-
YECKOM CHCTEMBI, KOTOPBIE SBIISIFOTCSI MECTAMHU 3aKpEIUIEHUsT BOAOPOAA. BhICka3aH MeXaHHW3M HACHI-
nreHus: komrosuta Ni-B BogopomoM, yUuThIBAIOMINHN BAMSHUE O0pa Kak dJIEMEHTa UCKAXKAIOIIETo pe-
IIETKY OCHOBHOT'O KoMIoHeHTa Ni.

KiroueBbie cioBa: KOMIO3UT HHUKENb-00p, TOUECUHbIE AE(EKThl, IPUMECHBIE U CTPYKTYPHBIC
JIOBYIIKH, BOAOPOL.

B3aumogeiicTBre Bogopoa ¢ METAUIaMU SBJISIETCSl OTMPEIEIISIONIMM MPOIIECCOM, Kak
MUHUMYM, JBYX HalpaBJCHUW HayuyHbIX uccienoBaHuii. OIHO U3 HampaBlIeHUH
WCCJICIOBAHMS - BOJIOPOJHAS HHEPreTHKa, JTAaHHOMY HAMPABJICHUIO TOCBSIIEH IENBIA P
pabotr [1, 2]. Bropoe HampaBneHue - pazpaborka 3(P(HEKTHBHBIX MOKPHITUH C MLEIBI0
yAEepXKaHUS aTOMOB BOJIOPOJa B TPUIIOBEPXHOCTHOM CJIO€ DJJIEMEHTOB KOHCTPYKIIUH
pa3ianuHoro HazHaueHus [2]. B paboTe BHUMaHUE yAeneHO MPUMECSIM 3aMeIeHHs U BHeape-
HUS, KOTOPbIE MOKHO pacCcMaTpHUBaTh, KaK TOYEHHBIE JE(EKTHI PA3TUIHOTO MPOUCXOXKICHHUS.

Uccnenyemple B paboTe MaTepuanbl, TMOJIYYEHHbIE W3 BOJHBIX pPacTBOPOB
ANEKTPOXUMUUYECKHM CIIOCOOOM, CYIIECTBEHHO OTJIMYAIOTCS MO CBOMCTBAM OT METAJUIOB, MMO-
JYYEHHBIX KPUCTAILIM3ALMEN U3 pACILIaBOB M0 CBOMCTBAM, HO MPEXKIE BKIIOUEHHEM JIPYTUX
AJIEMEHTOB U BOJIOPOJA, CYIIECTBEHHO HMCKAXKAIOUUX KPUCTALTUYECKOE CTPOCHHE MeTalljia,
BILJIOTH JI0 M3MEHEHHs KpHcTauiorpaduyeckoil popmel BeiAensomerocs meramia. [Ipomecc
(GOpMHUPOBAHUST  DJIEKTPOIUTHUYECKUX METAUIOB (HUKENA) TMPOUCXOJUT TI0 CXEME C
MOCIEAYIONUM 000a30BaHleM TUAPUIHONW (a3pl (TIpU B3aUMOJECUCTBUU C aTOMapHBIM
BOJIOPOJIOM):

Me“++ne—>Me0;H++e—>H°; HO + H%— H,:Me’ + H’ = MeH.

Bxrouenne Bogopoma B KaTOMHBIN OCaTOK BO3MOXKHO TPEMsI BEPOSITHBIMH ITYTSMU:
aacopOlrelt aToMapHOTO BOAOPO/Ia HA MOBEPXHOCTH OCAKIAEMOT0 OCaIKa, KOTJa aTOMBI BO-
JIopoaa JIU00 3aHUMAIOT Y3JIbl KPUCTAJUTMYECKOW PEMIEeTKH MeTallia, JIMOO pacrojiaratoTcs
MEXy HUMH, 00pa3ysi TBEpAbIil pacTBOp BHEIPEHHs; 0Opa30BaHUEM THUAPUIOB C METAIIOM
MOKPBITHS, PaCcCHaJaroNIUXCsl BIOCIAEACTBUU B TMPOIIECCE BBIJCICHHUS BOJOPOJA; MEXaHHUYE-
CKHI1 3aXBaTOM BOJIOPO/Ia BCIEACTBUE 3aCTPANBAHUS TUIOCKOCTEN B PACTYILIEM OCAJKE.

HccnenoBanusiMu yCTaHOBIJICHO, YTO MPH JISTUPOBAHUN HUKEJIEBBIX MMOKPBHITUNA OOPOM
1o 1 % obpazyercst TBepabIii pacTBOp O0pa M BOAOPOJA B HHUKEJE, KPUCTAIIU3YIOMIEMCS C
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'K pemrerkoii xapaktepHoit 1 Hukens. C yBenuueHneM coaepkanus 6opa ot 0,1 mo 1 %
00. MPOUCXOTUT yYMEHBbLICHHE MapaMeTPOB KPUCTAUTMYECKON pemIeTKH (MEKIITIOCKOCTHBIX
paccTosSHUN M TepHoJa PEUIeTKH), pa3Mepa KPUCTAJUIUTOB, CHUKAETCS COBEPIICHCTBO TEK-
cTypsl <111>, xapakTepHOil JIIsl HUKEJs, BO3pacTaloT Aedopmanus U UCKaKEHUE KPUCTa-
JMYECKON pemieTku. Pazmep kpuctaiumtoB s Hukens usmensierca ot 60 no 200 HM, a
Ni+0,54B ot 20—120 am. JIyis HUKENIS YHCIO KPUCTALIUTOB pasmepom 0-400 A cocrans-
eT ~68 %, a ;11 komno3ura Ni+0,54B konuuecTBo KpucTalIuTOB 93 % HaxoauTcs B pailoHe
0-400 A. [TonydyeHHble SKCIIEpUMEHTAIbHbBIC JaHHBIE CBUJETEIBLCTBYIOT O MOJYYEHUU CTPYK-
Typ HaHOpPa3MEPHOTO AMAIa30Ha, MPH BKIIOYCHUH MPUMECHOTO aToMa Oopa (mpuMecHas JIo-
BYILIKA), KOTOPBII CO37aeT MPEAnOoChUIKH (OPMUPOBAHUS CTPYKTYPHBIX JOBYIIEK. Bomopon
e SBJISIETCS IPUMECHIO BHEJIPEHHUS, YBEIMYMBACT MapamMeTpsl pemeTkd Ni 1 pachookKeH B
TETpa U OKTamopax cucrteMsl. Jlamee MpoBEAEHO COMOCTABICHUE CTPYKTYPHOTO HM3MEHEHUS
MaTepuaia ¢ €ro CrocoOOHOCThIO aKKyMyIupoBaTh BogopoA. Ilpu Beenenuu ot 2 1o 10 at. %
0opa B HUKEIb MPOUCXOIUT MEPEX0/l OT KPUCTAIIMYECKON CTPYKTYpHI (10 5 aT. %) K HEeIBHO
BBIPQKEHHON KPUCTAJUIMYECKOH cTpykType (6-9 at. %) ¢ mepexogoM K amopdHOii, uTo co-
MIPOBOXKIAETCS YBETMYCHUEM SKCTParupyeMoro BoJI0pojaa u3 oopasiia, coaepx aHmue KOTOporo
OTPENIETSIOCh METOJIOM BaKyYyMHOM 3KCTPAKIIMUA METOAOM TepMozaecopOIuu [3].

Wtak, CTpyKTypHbIE JIOBYIIKH, MO CYTH, - JA€(PEKThl KPUCTAILUTUYECKOTO CTPOCHUS
MeTauioB. OCHOBHBIMH CPEIY HUX SIBIISIIOTCS] KPaeBbIe IUCIOKAINMHU, BEPIIMHBI MUKPOTPELIHH
M KIUMHOBBIE JUCKIMHAIMU. B OKpEecTHOCTH STUX CTPYKTYPHBIX HECOBEPIIEHCTB
(dopMHpYIOTCS. TIPUMECHBIE CeTperaliy W3 aToOMOB BOJOpOJdA WM THApUAHBIE (aspl, mpu
JTOCTHKEHUH Tpefiesia pacTBOPUMOCTH Bojaopoaa. CTPYyKTypHbIE JOBYIIKH 3aXBaThIBAIOT
aTOMBI BOJOPO/A Ha JUIUTENIBbHOE BpeMs. TEeXHHYECKUM pPe3yNIbTaTOM SIBISIOTCS CHHTE3UPO-
BaHHBbIE MaTepuabl HUKEIb-00P-BOIOPOA, UMEIOIINE CTPYKTYPY, CIIOCOOHYIO aKKyMyIHUpPO-
BaTh BOZAOPOJ 33 CUET BOSHUKAIOIIUX CTPYKTYPHBIX M IPUMECHBIX JIOBYIIICK.
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HEJIMHEWHBIE CBOMCTBA CTPYKTYPBI CBEPXITPOBO/ITHUK-
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npodeccopa H.E. XKXykosckoro u FO.A. ['arapunay

B nanHoi#i paboTe MpUBOIATCS Pe3yIbTaThl HCCIEIOBAHMA BIUSHUS aMIUTUTYbI IEPEMEHHOTO
MarHMTHOTO TIOJISi HA HAmpsHKeHHWE TPEThe TapMOHWKH CHTHANAa OTKIMKA CBEPXIPOBOIHHMKA CO
CTPYKTYpOii HOPMaJIbHBIH MeTalI-CBEpXIPOBOAHUK cucTteMbl Bi-Sr-Ca-Cu-O

KiroueBsle cnoBa: BBICOKOTEMIIEPATYPHBIM CBEPXIPOBOAHUK, IEPEMEHHOE MArHUTHOE IIOJIE,
CTPYKTypa CBEpXIPOBOJHUK-HOPMATbHBIN METaII.
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B HacTosimiee BpeMst HaOIIOAaeTCs OTPaHMYEHHOE MTPUMEHEHHUE BBICOTEMITEPATYPHBIX
ceepxnpoBosnux (BTCII) marepuanoB, He CMOTPSl HA YHHKAJIbHOCTh UX DJICKTPUUECKHUX U
MarHUuTHBIX CBOMCTB. [IpOMCXOIUT 3TO BCIEACTBUE TOrO, YTO HA KOHCTPYKIHMH YCTPOICTB, B
KOTOPBIX B KaueCTBE UYBCTBUTEIBHOIO 3jeMeHTa ucrnoinb3ytorcs BTCII-maTepuansl, B mpo-
1[eCCe IKCIUTyaTallii JIEUCTBYIOT MOCTOSHHBIE U IEPEMEHHbIC MAarHUTHBIC MOJS, YTO MpEeJ-
roJjlaraeT paccesHue PHEPrud MarHUTHOTO MOJs B 00beMe CBEpXIIPOBOJHMKA, U KaK CIEH-
CTBUE — MPOSIBJIICHUIO HEJIMHEHHBIX CBOUCTB [1].

B pabore [2] onuceiBaercs TexHosorus nonydeHuss BTCII-maTepuaioB Ha OCHOB CH-
ctembl Bi-Sr-Ca-Cu-O, umeroniux 00JbIIoe KOJIMIeCTBO MeKKPUCTAIUTHTHBIX TpaHul. [lomy-
YEHHbIE [0 TaKOM TEXHOJOTMH CBEPXIPOBOJHUKH CO CTPYKTYPOH CBEpPXIIPOBOJIHUK-
HOPMaJTBHBIA METAIUT 00JaTal0T MIMPOKUM JAHAIMTA30HOM TEMIIEPATyp CBEPXIIPOBOISAIICTO IIe-
pexoAa ¥ MaJIbIMH 3HAYEHHUSIM KPUTHYECKOrO TOKa, a TakKe 00JagaroT HEJIMHEWHBIMH Mar-

HUTHBIMU CBOMCTBaMHU.
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Pucynox. 3asucumoctu U;3(T)

bbun npoBeneHbl U3MEpEHUs TEMIIEPATYPHBIX 3aBUCHUMOCTEH HAaNpsKEHUs TPeTbei
TFapMOHUKH OTBETHOI'O CHTHaJla OT KaTYIIKM HMHIYKTUBHOCTH, HaMOTaHHOM Ha oOpasel
CBEPXIIPOBOJIHUKA, HAXOJAIIMICS B EPEMEHHOM MarHMTHOM mosie. B 3aBucumoctu ot co-
cTaBa oOpaslia, B AMAINla30HE TEMIIEpaTyp CBEPXIPOBOJIIEIO Mepexoia Ha KPUBBIX 3aBUCHU-
mocTtu Us(T) HaGmrogancst oAMH WM JBa MaKCHUMyMa, CBHJICTEIbCTBYIOIINE O BOSHHUKHOBE-
HUU JUCCUTIALIMU YHEPTUH NIEPEMEHHOIO0 MarHUTHOTO TOJIA, Kak onucaHo B [3, 4]. B uccneny-
€MBIX MaTepuaax Ha OCHOBE BUCMYTa CO CTPYKTYpPOH CBEpXIIPOBOIHUK-HOPMAaJIbHBIN MeTall
NPOSIBIIAIOTCS HEJIMHEHHbIE MarHUTHBIE CBOWCTBA, OOYCIIOBJIEHHBIE, B NEPBYIO OYepe/b, CHU-
cTeMOl cnalbbIX cBsized MexAy kpucraumramu (assl Bi-2223. Vnopapnsis cOOTHOIIEHHEM
HOpMaJIbHOU U cBepXIpoBoaduiel ¢a3sl Bi-2212 u Bi-2223, pa3mepamu KpUCTaIIIUTOB, BO3-
MOKHO YIPaBJISATh BEJIMYMHOW JMCCUNAIMM TEPEMEHHOTO0 MAarHUTHOTO MOJdsl B 0OBbeMe
CBEPXIIPOBOJHHUKA, U KaK CIEACTBUE — HEIMHEWHBIM OTKJIMKOM, YTO IO3BOJUT OTKPBITH HO-
Bble nepcrekTuBbl npumeHeHust BTCII matepuanos.

Jlutepatypa

1. Sergeev A., Golev 1. High-Temperature Superconducting Materials Based on Bismuth with
a Low Ceritical Curren// Materials Today: Proceedings 11 (2019) 489—493.

2. Majewski P. Materials aspects of the high-temperature superconductors in the system
Bi203-SrO-CaO-CuO. J. Mater. Res., V. 15. No. 4 (2000)., P. 854-870.

3. LM. Golev, A. V. Sergeev, V. G. Kadmenskiy, and O. V. Kalyadin Specifics of Third-
Harmonic Generation in Bi—Sr—Ca—Cu—O Superconductors in the Region of Superconducting
Transition Temperatures / Bulletin of the Russian Academy of Sciences: Physics, 2016, Vol. 80, No.
9, pp. 1077-1079.

4. ILM. Golev, A.V. Sergeev, O.V. Kalyadin Nonlinear Properties of Multiphase High-
Temperature Superconductors of the Bi—Sr—Ca—Cu—O System in the Temperature Range of the
Superconducting Transition / Physics of the Solid State. —2017. — Vol. 59. — No. 1. — pp. 16-20.

199



YK 537.9
UCCIEJOBAHUE BJIMAHUA TEPMAYECKOI'O OTKUT'A
HA DJIEKTPUYECKOE COITPOTUBJEHUE MHOTI'OCJIOMHBIX
HAHOCTPYKTYP Mg/(ZrAlO)ys
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B pabote u3ydeHO BIMSHUE TSPMIYECKOTO OTKUTa, IPOBOIMMOIO B BAKyyMe, Ha (ha30BbIi COCTaB U
ANIEKTPUYECKOE COMPOTHUBICHHE MHOTOCIOWHBIX HAaHOCTPYKTYp Mg/(ZrO+AlO),s ¢ pa3tidIHON TONIIMHON
METAJUINYECKUX CIIOEB.

KittoueBbie coBa: MHOTOCIIOWHAS HAHOCTPYKTYpa, TEPMUYCCKUI OTXKHT, TeMIIepaTypHas 3a-
BHUCHUMOCTb, MAJIOYTJIOBas peIeKTOMETPHSI.

Mmuorocnoiinas crpykrypa Mg/(ZrO+AlO)ys Obula TONMydyeHAa METOIOM HOHHO-
TUIA3MEHHOT0 PacIblICHUs ABYX MHUIlIeHeH: Metauuueckor (Mg) u okcuanoit (ZrO+AlO) ¢ no-
CIEIYIOIMM OCXACHUEM MaTepuasa Ha MOIOKKH, COBEPILAIOLINE KPYTrOBOE JABM)KEHUE BOKPYT
MHUIICHeH. MeTaut ocaxxnaiics yepe3 V-o0pasHbIil 3KpaH, a CMECh OKCHJIOB - 0€3 3KpaHa, Oaroa-
ps 4eMy MOIydeHHble 00pa3libl OTIMYAIUCH APYT OT Apyra TOJIMHON METAUIMYECKOro CIIOSL.
TosyHa OKCUIHOTO CJI0sI OCTaBalach OCTOSIHHOM U cocTabiisuia ~ 3 HM. OnpeieNieHne TOIIHUHBI
CJIOEB MarHusl, OCyLIECTBIEHHOE HA TECTOBBIX 00pasliax MoKa3alo, 4YTo OHa MeHseTces oT 1,8 HM 10
3,9 M.

3aBUCHMOCTb  3JIEKTPUYECKOTO CONPOTUBIICHUS MHOTOCJIOMHOI CTPYKTYpBI
Mg/(ZrO+AlO)4s ot TonuMHBI ciios Mg HEMOHOTOHHA, C PE3KUM YMEHBIIIEHUEM 3HaYE€HUI COIIpO-
THUBJIEHUS NIpU ToMHaX cnos 1,5 - 1,9 uM (puc.1), uTo no3Bosser npemnosaraTe HAUIMUKHE EepKo-
JSILMOHHOTO MEPEeXo/ia MO MPOBOAXMOCTH B IIOJyYEHHOH CUCTEME.

Jlo mopora nepKoJAIMU MarHueBble BKIFOUEHHUS B CIOSX HE (OPMUPYIOT CBS3aHHbBIE U
NPOTSDKEHHBIE 00J1aCTH, TIO3TOMY ITPOBOIMMOCTE OIPEJIENISETCs IEPEHOCOM Yepe3 OKCHIHYIO MaT-
pHILy, 4TO 00YCJIaBIMBAET BHICOKHE 3HAUEHHs CONMpPOTHBIEHUs (puc. 1). 3a HOPOroM mepKoIAIMI
CIJIOM MarHus MPEICTaBISIOT COOO0M CIUIONIHBIE TPOBOSAIIIE 00JIACTH, TIO3TOMY 3HAYEHHS COTPO-
THBJIEHUS B 3TOM CJIydae CPaBHUTENBHO HU3KUE U CI1a00 3aBUCST OT TOJIIMHBI MArHUEBOTO CJIOS.

HecMmortps Ha npeanonaraeMele CyllieCTBEHHbIE pa3inumsi B MOpdooruu o0pasioB Temrie-
paTypHble  3aBUCHUMOCTH  DJJIEKTPHUYECKOTO  CONPOTHUBIIEHHMS  MHOTOCIOMHBIX  CTPYKTYp
Mg/(ZrO+AlO)45s B OCHOBHBIX CBOMX OCOOCHHOCTSIX IOBTOPSIIOTCS KaK JUIsi MajOM TOJIIMHBI CIIOS
MarHusi, Tak u Jjs 0oJbIoi (puc. 2). XapakTepHoit 0COOEHHOCTBIO BCEX 3aBUCHUMOCTEH SIBISETCS
HaJIMYME YYacTKa C PE3KUM YMEHBILIEHUEM COIPOTUBIICHUS IIPUMEPHO IPU OTHOM M TOH XKe TeM-
neparype (250-270 °C) u HocIIeay oMM POCTOM 3HAYEHHMIA.
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Puc. 1. 3aBHCHMOCTB CONPOTHUBIIEHHS Puc. 2. TemmniepatypHasi 3aBUCIMOCTb COIPOTUBIICHHUS
MHOTOCJIOHOW HAaHOCTPYKTYPBI MHOTOCIONHOH CTPYKTYpbt Mg/(ZrO+AlO)ss
Mg/(ZrO+AlO) 45 0T TONMIIUHBI CITOSI MATHUS C PasnM4HOM ToMmMHON Oucnos: 1 — 1,8 Hm;

2-1,85uM; 32,3 1M, 4- 2,95 M, 5— 3,5 aHm
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PenTtreHomdpakiMoHHbie HccheoBaHus (pUc. 3) TOKa3bIBAIOT, YTO MPHU HArpeBe 00pas-
II0B IPOUCXOJIUT OKUCIIEHHE MarHus U ¢opmupoBanue ero okcuaa (MgO). lossnenue ciadoro u
Pa3MBITOTO MakCHMyMa, COOTBETCTBYIOLIEIO OTPaKEHUIO OT cemeiicTBa Iuiockocreil (200),
Habrofaercs yxke nocie omxura mpu 250 °C. D10 no3BoNIsSeT MPeoNoKUTh CIENYIOIee 00bsIC-
HEHHE HaOJro1aeMbIM 3aBUCUMOCTSIM. OKHCIIeHHE MarHusi BO3MOXKHO 32 CYET aTOMOB KHCJIOpPO/Ia,
COZIEPYKALMXCS B OKCUJIHBIX CJIOSIX MHOTOCJIONHOM cTpyKTYpbl. [Ipu 3TOM, «yX0/1» aTOMOB KHCIIO-
poza U3 MaTpUIlbl IPUBOJUT K CO3/IAHUIO OOJIBILIONO YMCIa JOMOJHHUTEIBHBIX KUCJIOPOAHBIX Ba-
KaHCHi1, uepe3 KOTOpbIe BO3MOKEH 3JIEKTPOIIEPEHOC.

T T T

5400 ¢

MgO (200)

WNHTEHCUBHOCTb, OTH. €,

20 40 60 80
20, rpag.
Puc. 3. JludpakrorpaMMbl MHOTOCIIOWHOM HAHOCTPYKTYpbl Mg/(ZrO+AlO),s : 1 — ucxomnoe
cocrosiaue; 2 — oTKHr B Bakyyme tipu T=250 °C; 3 - omxkur B Bakyyme npu T=300 °C; 4 - omxur
B Bakyyme ripu T=400 °C

B pe3ynbTare conporuBieHne MHOTOCTIOHHOM cTpyKTyphl Mg/(ZrO+AlO)ss camkaercs. B
MOJIB3Y JIAHHOTO MPEATOJIOKEHHUs TOBOPUT TOT (aKT, YTO TEMIIEpaTypHbIE 3aBUCHMOCTH COIPO-
TUBJIEHHS] MHOTOCIIOWHBIX CTPYKTYp, MCCIIEI0BaHHbIE B MHTEpBae -196 — 0 °C, nmeroT HemeTa-
muecknid xapaktep (TKC < 0) gaxe npu TomimHax MaraieBoro ciost 3,6 — 3,8 am. MHbMu ciio-
BaMH, MPOBOJMMOCTb HE SIBIISIETCS METAUTMYECKOM B YMCTOM BHJIE, HECMOTpPSI Ha CPABHUTEIILHO
HU3KHE 3HaYeHHs a0COMFOTHOTO COITPOTUBIICHHSI.

[Mocnemyronmii poct conporusienus (300-350 C) cBszaH, o BCel BUAUMOCTH, C PETaK-
careil MaTpuIIbl, QHAIOTMYHO TOMY, YTO HAOIIOAETCsl B KOMITO3UTAX METaUI-IUAIEKTPUK — Tep-
MHYECKHE OT)KUTY CHIDKAFOT TIOTHOCTh CTPYKTYPHBIX I€EKTOB, YTO TIPUBOJHT K POCTY AIIEKTPO-
cornpoTusienus [ 1].
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Hacrosimas paboTa mocBslieHa KOMIBIOTEPHOMY MOJEINPOBAHHIO HArpeBa OHOJIOTHYECKON

TKaH!U IIJIOCKMUM HCTOYHHUKOM YJIbTpa3ByKa C BHCIIHUM OXJIAXKICHUCM. PeSYJII)TaTBI IIPOBCACHHBIX
BBIYUCIUTCIBHBIX 3KCIICPUMCHTOB ACMOHCTPUPYIOT BO3MOKHOCTH HpOCTpaHCTBCHHOﬁ JIOKaJIU3allun
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MaKCHUMyMa TeMIIepaTyphl Ha 3aJaHHOH rTyOWHE MOCPEICTBOM MOA00pa pEXKUMOB PabOTHI HCTOYHHKA
yIIbTpa3ByKa.

KiroueBbie ciioBa: ynabTpa3ByK, HarpeB OWOJIOTMYECKOW TKaHW, KOHEYHO-3JICMCHTHOC
MOJICIIUPOBAHUE, TICEBAOCIEKTPAIBHBIE METO b, BEIYUCIUTEIBHBIN SKCIIEPUMEHT.

Y IbpTpa3ByKOBOM HArpeB TKaHEH Tella MCIONb3yeTCs B LIEJIOM psijie 00JacTeil KocMe-
TUYECKOW MEJUUMHBI: HEMHBA3UBHAs JIMIIOCAKIUS, 32KUBJICHUE PAH U 05KOI'OB, OMOJIOKEHUE
U MOATSYKKA KOKHU, JIEUEHUE LEUII0IUTa U T.1I1. Tak, 00BbEKTOM HCClIe0BaHNs HACTOALIEH pa-
0O0THI SBISETCS TUIOCKUM UCTOYHUK YIIBTPa3ByKa C OXJaKJaeMON MOBEPXHOCTHIO. [1o100HbII
yIbTPa3BYKOBOM MpeoOpa3oBaTeib MOXKET ObITh HUCIIOJIB30BAaH IJii 00pabOTKU MOBEPXHOCT-
HBIX TKaHEHW IMAlMEHTAa: MOJKOMXKHOIO KHPAa U MOBEPXHOCTHON MBIIICYHO-AMOHEBPOTUYECKOM
CUCTEMBI, IIPH ATOM 3a CYET OXJIAXKICHHSI MOBEPXHOCTU IMpeoOpa3oBaTessi BO3MOXKHO, BO-
NEPBbIX, COXPAHATh HAa KOXe KOM(OPTHYIO Ul MalMeHTa TeMIIEpaTypy H, BO-BTOPBIX, J0-
OUTHCSI U30UPATENILHOTO 110 TITyOHMHE HarpeBa /10 HEKOTOPOU 3aJaHHOW TeMIEepaTyphl.

KomnbroTepHoe mMozaenrpoBanue ObLIO MPOBEACHO JUIA JBYMEpHOH 3amaun. Paccmart-
pUBAJICS IUIOCKUM KBaJpaTHBIM y4acTOK JKUPOBOH TKaHU pazMepoMm 47.2 MM, Ha OJHOHN W3
CTOPOH KOTOpOTrO IOCEpEANHE pacrojarajics UCTOUYHUK YJIbTpa3ByKa IIUMHOW 23 MM. AKy-
CTUYECKHE pacyeThl NPOU3BOAWINCH C UCTIOIb30BaHueM nakera K-Wave [1], B koTopoM pea-
JIM30BaH ICEBJAOCHEKTPAIbHBIN METO/1 PEIICHUS CBSI3aHHBIX aKyCTUYECKUX YPAaBHEHUM I1E€pPBO-
ro nopsiaka [2]. PacueTHas MoJieib TaHHOTO IAKETa MO3BOJISIET YUUTHIBATh CTEIIEHHON 3aKOH
akyctuueckoro noryomeHus. [lo kpasMm mozaenupyeMoil oOnactu 3ajaBaiuch ClIoM (Tak
HasbiBaeMble PMLs: perfectly matched layers), momHocThio moriomiaronme yiabTpa3Byk. Pac-
YeT HarpeBa cpeibl MPOBOJAMIICS MOCPEIACTBOM DPELIEHUS KJIACCUYECKOTO0 ypaBHEHHUS TEIIo-
MIPOBOJIHOCTU METOJOM KOHEUHBIX 3JIEMEHTOB, JJII YEro HCIOJb30BAJICS MAKET MPOrpaMm
FEniCS [2, 4]. [Ipu 5TOM Ha TOW CTOPOHE pacUYeTHON 00JIaCTH, T/ie ObLUT PaCIOIOKEH HCTOY-
HUK YyJbTpa3ByKa, 3aaBajloChb I'PAaHUYHOE YCJIOBUE, COOTBETCTBYIOIIEE TEMIEpaTrype oXJjia-
XKJICHUS TpeoOpaszoBaTess, a Ha TPeX APYTUX - TeMIIepaTypa 4YelIOBEUeCKOro Tella, paBHas
37°C.

Ha pucynke 1 npencraBieHo pacnpesielieHue TeIIOBBIX MCTOYHHKOB, OPOXKIAEMOe
YJIBTPa3ByKOBBIM II0JIEM PacCMaTpPUBAEMOI0 MCTOYHMKA IpHU yacTore 4 MI'l 1 MHTEHCUBHO-
ctu ero mnygenus 0.5 Br/cm” (MCTOYHHK pacIioNoXkeH BIOIb ocH y). Ha pucyske 2 m306pa-
JKEHO PACIIpENEICHUE TEMIIEPATypbl BAOJb NpsMOW y = 0 uIsl Tpex pas3InyHbIX MOMEHTOB
BpeMeHM Ipu yactore uznydenus 4 MI'u, nnrencusHoctu 0.5 Br/cm® (Temmeparypa oxia-
xnaeHus pasHa 37°C). 13 3Toro pucyHka BHIHO HaJIW4YHe BBIPAKEHHOTO MakCUMyMa TeMIIe-
paTypbl, KOTOPbIH MEHSET CBOE MOJI0KEHUE C TEUEHUEM BPEMEHHU.

O [KBT/CM3]

Y.MM

X, mm
Puc. 1. Pacipenenenuie TEMIOBBIX HCTOYHUKOB, Puc. 2. Pacipenenenue temnepaTypsl BAOIb
MOPOKIAEMOE YIBTPa3BYKOBBIM IIOJIEM IJIOCKOTO npsMol y = 0 Ju1d Tpex pa3iauyuHbIX
HCTOYHHKA, PACIIOJIOKEHHOI'O BJIOJIb OCH Y, IIpU MomeHTOB BpemenH (t = 20, 60 u 100 cexynm)
yactote 4 MI' 1 uHTeHCHBHOCTH M3My4deHus 0.5 Ipu yacTtoTe u3nyueHus 4 MI'n,
Br/cm® untencuHoctu 0.5 Br/cM’, Temmepatypa

oxnaxaenus no 37°C

B nacrosmeit pabote ObUTH pacCYMTaHBI 3aBUCHMOCTH CKOPOCTU JBHIKEHUS MaKCH-
MyMa TEMIIEPATypbl U CKOPOCTH POCTa TEMIIEPATYPhl B 3TOM MaKCUMyMe€ OT YaCTOTHI U3JIyde-
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HUS, €F0 UHTEHCUBHOCTHU U OT TEMIEPATYyphl OXJaXKIeHUs. Pe3ynbTaTsl MpOBEAEHHBIX BHIYH C-
JUTENBHBIX JKCIIEPUMEHTOB IOKA3bIBAIOT, YTO ITYTEM H3MEHEHMS YKa3aHHBIX MapaMeTpOB
BO3MOXXHO PETyJIMpPOBaTh TIyOMHY, Ha KOTOPOH OyIeT JOCTUTHYTa HEKOTOpas 3aJaHHas TEM-
neparypa (B JaHHOM MCCJICIOBAaHUH BEJIMYMHA TaKOW TeMriepaTypbl Obu1a paBHa 48 °C). Tak-
K€ OBLJIO MPOBEICHO MOJICTUPOBAHUE YCTAHOBUBIIMXCS PABHOBECHBIX PEKUMOB HCCIEAYE-
MOU CUCTEMBI.

HccnenoBanue BHIOIHEHO MpU (UHAHCOBOU mojiep:kke MunoOpuayku PO (tema Ne
12.5425.2017/8.9, 6a3oBas 4acTh roc3agaHusi).
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OI'AOY BO «HOsxHbIii (enepanbHbI yHUBEPCUTET

B Hacrosmelr pabGore ObUIO TPOBEJEHO KOMIIBIOTEPHOE MOJEIMPOBAHHWE Harpena
BA3KOYIIPYTOM Cpenibl CTOSYUMH LWIMHIPUYECKUMH YIBTPa3BYKOBBHIMH BOJIHAMH, CO371aBa€MBIMHU
KPYTOBBIM UCTOYHUKOM. YacToTa M3IIydyeHHs COOTBETCTBOBAJIA YACTOTE TOJIIMHHON MOJIBI KOJIeOaHni
IbE30KEPaMUYECKOTO  IpeoOpas3oBareisi, BBIIOJHEHHOro B  (opMe  MOJOro  LWIMHIADA,
MOJIIPU30BaHHOTO MO panuycy. CKOpocTh HarpeBa cpeisl Oblla pacCyUTaHa B 3aBUCUMOCTH OT
WHTEHCUBHOCTH MU3JTyYEHHSI U €r0 YaCTOTHI.

KiroueBsle ci0Ba: yJibTpa3ByKOBOM HAarpeB, CTOSYME BOJHBI, KOJIBLIEBOM IIbE303JIEMEHT,
KOHEYHO-JIEMEHTHOE MOJIEITMPOBAHUE, TICEBJIOCIIEKTPAIBHBIE METOIBI.

VYapTpa3Byk HaXOJIUT IMIMPOKOE MPUMEHEHHUE B TEPANIEBTUYECKON M JUATHOCTUYECKOMN
MEAMIIMHE, KOCMETOJIOTHH, a TaK)Ke B IIEJIOM psijie 00JacTeil COBpEMEHHON HAYKU M TEXHUKH.
CrexTp pa3Iu4HbIX NPUMEHEHUN YIbTpa3ByKa IMOCTOSHHO PACUIMPSAETCS, YTO OIpEAessieT
AKTyaJIbHOCTh Pa3pabdOTKH TMHE303JEKTPUUECKUX TpeodpazoBaTeneil ¢ XapaKTepUCTUKAMU,
ONTUMU3UPOBAHHBIMU TOJI KOHKPETHYIO 3ajauy. Tak, IUisi HEKOTOPhIX KOCMETOJIOIMYECKUX
IpoIelyp MOTYT OBITh HCIIOJIb30BaHBl BHICOKOMHTEHCHBHBIE YIIBTPAa3BYKOBBIE CTOSYME I[HU-
JUHAPUYECKHE BOJIHBI, BO3HUKAIONIME BHYTPH MOJSIPU30BAHHOTO IO PaJUyCy KOJIbLIEBOTO
MbE303JIeKTpUUeckoro mpeodpaszosatens [1, 2]. Mcnons3oBanue mogoOHBIX Mpeodpa3oBarte-
Jeil MpencTaBiseTcs] MEPCHEeKTUBHBIM TaKXKe JUIsl Pa3KIKEeHUs TEeKylled BHYTPH TPYOBI
He()TH MyTEM €€ HarpeBa, a TaKXKe JIsl aKTHUBAITMHM CKBAKHUH TSDKENBIX HedTel.

dotorpadust mpeodbpazoBarens TaKOH KOHCTPYKIIUH, U3TOTOBJIEHHOTO U3 IMbE30Kepa-
muku L[TC-19, npuBenena Ha pucyHKe.
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Pucynok. Konb1ieBoii nbe3031eMeHT, U3roToBIeHHbIH n3 kKepamuku LITC-19 ¢ BHyTpeHHUM paanycom
60 MM 1 BHENTHUM paguycoM 70 MM. DJIeMEeHT MOISIPU30BaH 10 PaIHyCy

Panee ObU10 MOKa3aHO, YTO KOJBIEBOM mpeoOpa3oBaTelnb, padOTAOMINUN HA pagualb-
HOI MOJIe, HE CIIOCOOCH CO3JIaTh BHYTPU CEOS CTOSYUE YIbTPa3BYKOBBIC BOJHBI [2]. OaHAKO,
4acTOTa MOJIbI KOJIEOAHHM MO TOJIIMHE CTEHKH TaKOTO Mbhe303JIEMEHTa OKa3bIBAETCs JOCTa-
TOYHO OJIM3KON K pPE30HAHCHOMY YCJIOBHIO BO3HUKHOBEHMS CTOSUMX LIMIMHAPUYECKUX BOJIH
BHYTpPH HETO.

KomnbroTepHoe mozaenrpoBanue ObLTO MPOBEACHO UIA ABYMEpHOM 3amaun. Paccmart-
pUBAJICS KOJBLEBON NMbE30KEPAMUYECKUIN 3JIEMEHT C BHYTPEHHUM paauycom 60 MM U BHEUI-
HUM 70 MM, 3aIOJTHEHHBIN KaCTOPOBBIM MACIIOM U OKPY>KEHHBIH BO31yXOM. VICTOYHUK yiib-
Tpa3ByKa IOJIarajics COBMAJAIONINM C TPaHUIEH pa3zena cpell Macio/mbe3okepaMuka. Temn-
Jornepeiaya MKy MbE30KEpPaMUKON M BO31YXOM Iperojarajach HyJleBol. AKyCTHUECKHE
pacdeTsl NMPOU3BOJIMIUCH ¢ Mcnoib3oBaHueM mnakera K-Wave [3], B koTopom peann3oBaH
IICEBJOCIEKTPAIbHBII METOJ PELICHUsI CBSI3aHHBIX AaKyCTMUECKHUX YpPAaBHEHUH IEpPBOro IMo-
psanka [4]. PacueTHas MoJienb JaHHOTO IMAKeTa MO3BOJIAET YUUTHIBATh CTEIICHHOW 3aKOH aKy-
CTHYECKOro rnorjouieHus. Harpes cpenbl paccUUTHIBAICS MOCPEACTBOM PELIEHUS KilacCHye-
CKOr'0 YpaBHEHHMS TEIUIONPOBOJAHOCTA METOJOM KOHEUYHBIX 3JIEMEHTOM, JUIsl YETrO UCIOJb30-
Basicst maket nporpamm FEniCS [5].

bblmu poBeneHbl pacyeTsl Uil pa3IMUHbIX UHTEHCUBHOCTEH M 4acTOT YJIbTPa3BYKO-
BOT'O M3JIyY€HUS, a TaKKe JUIsl pa3IMUHBIX [apamMeTpoB MoJEIHpyeMoil cpenbl. Pe3ynbTaTsl
BBIUMCIUTENBHBIX YKCIIEPUMEHTOB MOKA3bIBAIOT, YTO HET HEOOXOAMMOCTH PEryInpoBaTh da-
CTOTY TOJILIMHHOW MOJIbI KOJIeOaHUN KOJIbLIEBOTO MpeoOpa3zoBaTelis MPHU UCIOJIb30BaHUH €r0
JUIl HarpeBa KOHKPETHOW Cpelbl: MbE303JEMEHT, N300pakeHHBI Ha PUCYHKE, AOCTATOYHO
3¢ (EeKTUBHO HArpeBaeT BHYTPHU ceOs 00y BA3KOYIPYIYIO Cpely B IIMPOKOM JHaIia3oHe
COOTBETCTBYIOIIUX TAKOW CpeJie TapaMeTPOB.

HccnenoBanue BBINONIHEHO IpHU pUHAHCOBOH noaepxke MunoopHayku PO (tema Ne
12.5425.2017/8.9, 6a3zoBas yacTh roczananusi) u Poccuiickoro ponma ¢pyHraMeHTaIbHBIX HC-
cnenoBannii (PODU Ne 16-58-48009-Unm-omm).
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Patterns in changes of the microstructure (grain structure) and the thermoelectric properties of
the n-type grained Bi; ¢Gd,Te; compound, spark-plasma-sintered at different temperatures (75 = 690,
720, 735, 750, 780, and 810 K), have been studied in detail. All the samples studied were highly
textured along 001 direction parallel to the pressing direction. The highest value of the thermoelectric
figure-of-merit equal to ~ 0.73 for the perpendicular measuring orientation was found for the sample
sintered at 750 K.

Keywords: thermoelectric properties, Bi; ¢Gd,  Te; compound, spark plasma sintering.

Various physical and technological approaches are developing and improving to opti-
mally combine of the Seebeck coefficient (S), the specific electrical resistivity (p) and the
thermal conductivity (k) and, hence, to maximize the thermoelectric figure-of-merit (Z7) of
the Bi,Tes-based compounds. One of modern technological ways to prepare such compounds
is spark plasma sintering [1]. The purpose of this paper is to find and analyze the patterns of
the spark plasma sintering temperature effect on the thermoelectric properties of the n-type
grained Bi; 9Gdy Te; compounds.

Microwave-solvothermal synthesis and spark plasma sintering were applied to prepare
the grained Bi; 9Gdo Tes samples. Spark plasma sintering method by using a SPS-25/10 sys-
tem was applied to compact the synthesized powder at pressure of 40 MPa and sintering time
of 150 s. Different SPS temperatures, Ty, equal to 690, 720, 735, 750, 780, and 810 K were
used.

It was found that all the bulk samples are highly textured along 001 direction parallel
to the pressing direction. Texturing observed is related to crystal structure features of the
Bi,Tes-based compounds. Orientation factor characterizing a texturing degree and estimated
from XRD patterns happened to be weakly Ts-dependent. Average grain size measured along
the SPS pressing direction was far less as compared to that measured in the perpendicular di-
rection.

A strong anisotropy in the specific electrical resistivity and the total thermal conduc-
tivity at measurements along directions parallel and perpendicular to the SPS-pressing direc-
tion was found. The thermoelectric properties for the perpendicular measuring orientation
happen to be better as compared to those for the parallel measuring orientation. All the ther-
moelectric properties, measured within 280-620 K range, were found to be Ts-dependent.
With increasing Ts, p was gradually decreasing, whereas k; is gradually increasing. In addi-
tion, p is gradually increasing with increasing measuring temperature for all the samples. This
behavior is characteristic of metals or degenerate semiconductors. All the k(7)) curves were
found to be rather complicated. The minima located at ~ 430 K can be attributed to changing
in the thermal conductivity mechanisms. Contributions from crystal lattice, carriers and bipo-
lar conductivity were taken into account to analyze in changing in the k(7) curves for the
samples sintered at different 7s. In contrast to Ts-effect on p and &, S was nonmonotonically
changing with increasing Ts. Owing to the highest S and the low enough p, the highest power
factor was observed for the sample sintered at 750 K. And vice versa, the sample sintered at
690 K has the highest p and one of the lowest § among all the samples, that in turn results in
the lowest power factor in this sample.
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Finally, the p, S and k values were used to plot the Z7(T) dependences for the samples
sintered at different 75 (Fig.).
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Figure. Temperature dependences of ZT for different T

All the ZT(T) dependences have clear maxima positioned at temperature of ~ 430 K.
These maxima can be obviously related to onset of the intrinsic conductivity at high tempera-
tures. The intrinsic conductivity is harmful for the thermoelectric efficiency enhancement.
The Ty - effect on the thermoelectric figure-of-merit of the grained Bi; ¢Gdy ;Tes compounds is
clearly expressed. The highest ZT value equal to ~ 0.73 was observed for the sample SPS-
sintered at Ts = 750 K. Although this sample possesses mean thermal conductivity value
among other samples, its highest power factor is dominant source favoring to the Z7 maximi-
zation.

M.N. Yaprintsev thanks the Ministry of Education and Science of the Russian Founda-
tion for Basic research for the financial support under project No 18-32-00415.
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B nacroseli pabote, npeacTaBiieHbl Pe3yIbTaThl UCCIEIOBAHUHN AIIEKTPONPOBOIHOCTH TBEP-
neix pactBopoB T1Gaj In,Se,. Usmepenus BemonHeHs! mais coctaBoB x=0; 0,1; 0,2; 0,3 B Temmepa-
TypHoit o6macti 100-300K u yactorHoM nutepsane 20 — 10° ', TepmorpahomeTpruecKkie HeCeno-
BaHMSIM, NIOKa3aJM HAIWYME PACTBOPHMOCTH B MCCIENYEMOM CHCTEME TBEpIbIX pacTBOpoB. ObiacTh
pPacTBOPUMOCTH HaxoAuTcs npu 3HadeHusx x=0+0.3 u mpu x=0,7+1. B KoHIIEHTpanMOHHO# 00nacTu
co 3HaueHUsMH X Mexay 0,3 u 0,7 umeeT MecTo pacTBOp IBTEKTHUECKOTo THma. llenbio HacTosmei
paboThI SBUIIOCH YCTaHOBJICHHE MEXaHHU3Ma MPOBOAMMOCTH TBepAbIX pacTBopoB T1Ga, In,Se, B koH-
HeHTpauonHoi obmactu x=0-+0.3, a Takxe.

Ha puc.1 u 2 npuBoguTcs TemneparypHasi 3aBUCUMOCTb ITPOBOJIMMOCTH B ApEHHYCO-
BBIX KOOPJMHATaX U B KOOpAMHATax MoOTTa, Kak BUJIHO U3 PUCYHKa 1 0OIIUM Ui BCeX HC-
CIIEyeMbIX KPHCTAJUIOB TBEPABIX PACTBOPOB, Il 3aBucuMocTei o(T), siBiaseTcss Hanuuue
JIByX YYacTKOB B TEMIIEpAaTypHON 3aBUCUMOCTH M3MEHEHUs YAeIbHON MpoBOAUMOCTH. B 00-
nactu Beicokux temreparyp (170-250K) 3aBucumocts 6(T) HOCUT 3KCHIOHEHLMANbHBIN Xa-
paKkTep U CBSA3aHA C MPOBOJUMOCTHIO IO I€JIOKAIIM30BaHHBIM COCTOSIHUSAM, TO €CTh, IPOBOAM-
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MOCTb OCYIIIECTBIISETCS] TP TTOMOIIH TEPMOBO30YKICHHBIX MPUMECHBIX HOCHTEJICH 3apsiia B
30HY npBoauMocTH. [1o Mepe yOpiBaHMs TeMIepaTypbl IPOUCXOAUT MpoIecC yObIBaHUS KOH-
[EHTPAILlMU MPUMECHBIX HOCHUTEJCH 3apsa, mpu Temmneparypax xe Hmwke 170K, ocobeHHOCTh
TEMIIEpAaTypPHOM 3aBUCHMOCTHU IPOBOJAMMOCTH CBSI3aHA C BHIMOPAKMBAHUEM IMPUMECHBIX HO-
cuTelnel 3apsaa. MOHOTOHHOE YMEHBIICHHE HakiIoHa KpuBoit o(1/T), cBsizaHa ¢ MpoBOIUMO-
CTBIO TIO JIOKQJTU30BAaHHBIM COCTOSIHUSIM ¢ ydacTHeM (OHOHOB [1-6]. OCOOEHHOCTBIO TeMIIe-
paTypHOM 3aBUCHUMOCTH TPOBOJUMOCTH HCCIEIOBAaHHBIX CMelIaHHBIX KpuctamioB TlGa;.
xInySe, sABIsSeTCs CUIIbHASI 3aBUCUMOCTh BEJIMYMHBI IPOBOJMMOCTH K U3MEHEHUIO TEMIEpary-
pBI, UTO TMO3BOJSIET pacCMaTPUBATh HUCCIEAYEMYIO CHUCTEMY TBEpJIbIX pacTBOPOB, Kak Mep-
CIIEKTUBHBIE TEPMOYYBCTBUTEIIbHBIE MATEPUAIBI.

[IpoBeaeHHbIC HcCIEAOBaHUS TEMITEPATYPHOI 3aBUCUMOCTH IMPOBOJAUMOCTH ITOKa3aJy,
YTO B UCCIEAYEMBIX cocTaBax TBepAbIX pacTBopoB TIGa;4In,Se, HaOmrogaeTcs nmepeckoko-
BbIl MEXaHM3M MPOBOBOJAMMOCTH IO JIOKAJTU30BAHHBIM COCTOSHUSAM C MEPEMEHHOW IITMHOMN
npblkKa ¢ ydactueM (hoHOHOB. PacueThl mapamMeTpoB HPBIKKOBOW MPOBOAMMOCTH, BBIMOJ-
HEHHBIC B paMKax MpHOMMmKeHuss MOTTa MOKa3ai, 3HAUYUTEIbHOE M3MEHEHHUE MapamMeTpoB
MPBDKKOBOW MPOBOJIMMOCTH B TBEPJIOM PACTBOPE MPU CPABHEHUU C KPAHUMHU COCTABIISIIO-
IIMMHU pacTBopa. Takoe 3HAYMTEIbHOE N3MEHEHHE MMapaMeTPOB XapaKTEPU3YIOIMIUX MPBIKKO-
BYIO IIPOBOJIMMOCTh, MOXET CBUAETENIbCTBOBATh HAJIMYUU JIONOJIHUTEIBHBIX BUJIOB HEYIIOPSI-
JIOYEHHOCTEH, YTO SIBJISACTCS MPUYMHONW BO3HUKHOBEHHS JOTOJHUTEIBHBIX JIOKAJIM30BAHHBIX
COCTOSIHMI B 3aIlpEIIEHHON 30H€E.

IIpoBeneHHBIE MCCIIEIOBAHUS TEMIEPATYPHOM M YAaCTOTHOM 3aBUCHUMOCTH IIEPEHOCA
3apsiaa B oOpasuax TBepabix pactBopoB TlGa IngSe, mo3BonuIN yCTaHOBUTH TEMIIEPATYp-
HbIE€ ¥ YaCTOTHBIC 00JIACTH CYIIECTBOBAHUS MPOBOJAMMOCTH MO JIOKAJTU30BAHHBIM COCTOSIHU-
aM. TBepapie pacTBOPHI MPEACTABISAIOT COOON CHCTEMY C HEYMOPSAIOYEHHOH KpucTainye-
CKOH pemieTkoi. B paboTe aHaIM3UPYIOTCS IPUYKUHBI OTBETCTBEHHBIE 3a IPBIKKOBBIA Xapak-
Tep IPOBOJUMOCTH B CMELIAHHBIX KpUCTAJLIAX.
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VII. AKYCTUYECKASA CHEKTPOCKOIINA U EE NPUJIOXKEHUA

VJIK: 621.78 . }
S®®EKTHBHAS TOJIMHA IIJIOCKOA TOMOTEHHOW
OrPAHUYEHHOI1 3AILUTHI

AH. HaHIOHIKI/IHl, H.H. [Manomkus
'Mmxenep 1-oit kareropuu alpanvw @ gmail.com
HaydHoe KOHCTPYKTOPCKO-TEXHOIOTHYECKOe O10po «Depput»
*JI-p Texn. Hayk, mpodeccop, nnpan @yandex.ru
OI'bOY BO «BopoHeXCcKuil rocy1apCTBEHHBIH JTECOTEXHUIECKUI YHUBEPCUTET»

[pennoxena mosaenb 3G PEKTHBHON TOMIIMHBI TUIOCKOW TOMOTCHHON OTPaHUYCHHOM 3allUTHI,
KOTOpasi MOXET OBITh HCIIOJIb30BaHA JUIS ONPEICIICHUS JIOKAJIbHBIX JTO30BBIX HArpy30K 3JIEMEHTOB
OOpTOBOI ammaparypbl, pa3MeIIeHHON B MPAMOYTOJBHBIX KOXKyXaX Ha MOBEPXHOCTH KOCMHYECKHX
anmnapaTtoB. [IpoBelleHHbIE YMCIICHHBIE 3KCIEPUMEHTHI [MOKA3aJIH, YTO JUJISl MPAKTUYECKH UCIOJIb3Yye-
MBIX T€OMETPHUYECKHX Pa3MEPOB OTPAHUYCHHBIX 3alIUT 3(P(GEKTHBHAS TOJIIMHA MOXET MPEBBINIATH
(U3MYIECKYIO TONIIMHY MPUMEPHO Ha TOPSIOK.

KiroueBrbie crioBa: 3amuTa, HOHU3UPYIOILIEE U3yYEHHUE, JIOKAJIbHAs J030Basl HAarpy3Ka, KOc-
MMUYECKHUH amnmapar.

B nacrosmiee Bpemsi cymecTByeT OoJblioe KonndecTBa 3apyOexHbix [1-3] u orteue-
CTBEHHBIX IPOrpaMM [4], NO3BOJISAIOIINX OLEHUTh OCJIA0JCHUE A03bl HOHU3UPYIOLIETO U3IYy-
yenust (M) xocmuueckoro npocrpancra (KII) 3a orpaHnueHHBbIMU 3alllUTaMU Pa3IUYHON
reomeTpun. B ocHOBe anropuTMoB (QYHKIIMOHHUPOBAHUS 3TUX IPOTrPaMM JIEXKHUT HCII0JIb30Ba-
Hue meroga Monte-Kapio u ero paznuunsix Mmoaudpukanuii ¢ yuerom suna MU, reomerpuu u
MmarepHaia 3kpaHa. PacueTsl o 3TUM mporpammaM TpeOylOT MHOI'O BPEMEHH, YTO OIpaHu-
YMBAEeT UX MpaKTU4YECKoe NpuMeHeHue. Pa3zpaboTanHas mMareMaTtudeckas MOJEIb MO3BOJISIET
OINEPATUBHO IPOTHO3UPOBATH 3(PPEKTUBHYIO TOJIIMHY IUIOCKOW 3aIIUTHI C y4eTOM e€ reo-
METPUYECKUX pa3MepoB. Mojenb sIBiISIeTCS COCTaBHOM YacTh0 MOJENH CIUIOUIHOW 3aIIMTHI C
IUIOCKMMHM TTOBEPXHOCTSIMH, KOTOpas MpeAHa3HAuYeHa Il ONPEEICHUs JIOKAIbHON J030BOM
Harpy3Ku 3JE€KTPO-pajino U3Jeiauii O0PTOBOM anmaparypsbl, pacloiloKeHHOW Ha OBEPXHOCTH
KOCMHUYECKHX anmnaparos.

DddexTrBHAs TOMIIMHA 3aIIUTHI ONPEEICHa CpeaHee 3HAUCHHE TOIIUHBI MOTJIONIa-
fo1ero ciost pazmepom ot 0 10 Xpax ¥ 0T 0 10 ymax

Xmax Ymax
1
dppp =——— J- J-d(x, y)dxdy ,
x]VIAX y]WAX 0 0

T XMAX> YMAX — MAKCUMAJIbHBIE JIMHEHHBIE Pa3Mephl 2JIEMEHTA MOTJIOMIAOIIETO CI0S BJOJIb
ocell OX M Oy COOTBETCTBEHHO. D(PPEeKTUBHAS TONIIMHA 3aIUTHl dppr CBsA3aHA ¢ (pU3MdecKon
TOJIIIUHON TIoTJIoIaroniero cios dy uepe3 koddduimeHT 3 HEeKTUBHOCTH Kppp

dgpr = kgprpdy.
[Tonydeno Beipaxenue s ko3 duiuenta >3pPeKTUBHOCTH B BUIE

12 Apax Buax \/1+tg2a+tg2,3

_ 0
kppp = P _[ 2 > dadp,
MAXYMAX |, ,  COsTacos S
rac
max = arcig s Puax = arctg ]
0 0

208


mailto:alpanvw@gmail.com
mailto:nnpan@yandex.ru

rae lp — kparyaiitee paccTosiHue (NMEPIEHAUKYIAP) OT 3alIUTHI 10 PACUeTHOM TOUKH; d, P -
MaKCHMaJlbHOE 3HaUEHHUE yIJia MaJleHus B INIOCKOCTAX, IPOXOSAIINX YePe3 PaCUETHYIO TOUKY
O 1 ocH 0OX ¥ Oy COOTBETCTBEHHO.

[IpoBeneHHBINH YMCICHHBIA SKCIEPUMEHT MOKa3all, YTO JUIsl pealibHbIX Pa3MepoB Mpsi-
MOYTOJIbHBIX 9KpaHOB 3()(peKTHBHAS TONIIMHA 3aIIUTHl MOXET IPEBBIIATh TOJIIIUHY CTEHKU
9KpaHa MPUMEPHO Ha MOPSAOK, B 3aBUCHMOCTH OT T'€OMETPUYECKUX Pa3MEPOB ILIOCKOCTH.
JIist crimonrHoM 3amuThl B opme moaoro kyba a¢dhekTuBHOCTL ocnabienus Ha 28% OombIie,
4eM JJIS 3aIIUThl ChepruIECKOr (hOPMBI.

Jlutepatypa
1. Halbleib J.A. Vandevender W.H. ETRAN?2. A user-oriented version of the ETRAN-
18b electron-photon Monte-Carlo technique. SLA-73-0834.Sandia National Laboratories, USA. 1973.
2. Halbleib J.A. [et al.] ITS Version 3.0. The integrated TIGER series of coupled elec-

tron/photon Monte-Carlo transport codes. SAND91-1634. UC-405. Sandia National Laboratories,
USA. 1992.

3. Seltzer S.M. Electron, electron —bremsstrahlung and proton depth-dose data for space-
shielding applications // IEEE Trans. on Nucl. Sci. 1979. Vol. NS-26, Ne6. P. 21-60.
4. 3unuenko B.®. Kommiekc mporpaMm s pacdeTra XapaKTEpUCTHK HMOHU3UPYIOLINX

M3Iy4YeHHH KOCMHUYECKOTO MPOCTPAHCTBA IIOCIE MPOXOXKISHUS 3aIIUThI Pa3InYHOi reomeTpun/B.0.
3unuenko, A.A. Pomanenko, B.M Yixkeros// Bonpocs! aromHo# Hayku u TexHuku: Cep.: dusuka pa-
JIUAIMOHHOTO BO3ACUCTBHS Ha paguo3IeKTPOoHHYIO anmnapaTypy. 2012. Bem. 1. C. 9-15.

VJIK 621.78
PACYET JJOKAJIBHOI JO30BOM HATPY3KH BHYTPH CILIOIIIHOM
3AIIIUTHI B ®OPME ITPSIMO YT OJIbHOI'O MMAPAJLIJIEJEIIAIEIA

A H. HaHIOI_HKI/IHl, H.H. HaHIOH_IKI/IH2, B.K. 3011bHHKOB’
'Mmxenep 1-oit kareropun, nnpan @yandex.ru
Hay4Hoe KOHCTPYKTOPCKO-TeXHOJIOTHIECKOe O010po «Depput»
*J1-p TexH. HayK, mpodeccop, nnpan@yandex.ru
*JI-p TexH. Hayk, nmpodeccop,wkz@rambler.ru
OI'bOY BO «BopoHexckuil rocy1apCcTBEHHbIHN JTECOTEXHUYECKUI YHUBEPCUTET»

[peoxkeHa MOEIb ISl ONPECTICHHUS JIOKATLHON JI030BOI HATPY3KH IEKTPOPATUOU3ICITHIA
PacroJI0KEHHBIX BHYTPH CIUIOIIHOM 3aIlUThI B (pOpME MPSIMOYTOJILHOTO Tapasuienenumeaa. Moenb
YUYUTBHIBAET 3aBUCUMOCTbD JIOKAJILHOMN JJ030BOM Harpy3Ku OT F€OMETPUUYECKUX pa3MepoB 3aiuThl. [1po-
BE/ICHHBIC YHUCIICHHBIC JKCIIEPHMEHTHI IMOKA3alld XOpPOIlee COOTBETCTBHE PE3YJIbTATOB pacuera co
CTIPAaBOYHBIMY JTAHHBIMHU, TPUBEJICHHBIMY JUIS TUTIOBBIX 3aIUT B (OpPME CIUIOIIHON Chephbl U MOY-
0EeCKOHEYHOH INIOCKOCTH.

KiroueBbie crioBa: MOHU3UPYIOIIEE U3MYUYCHHUE, /103a, JIEKTPOH, MPOTOH, KOCMHUYECKOE MPO-
CTPAHCTBO, KOCMUYECKHUH armapar.

Jlo3oBast nerpaganusi mapameTpoB anekTpopamuousaenuii (OPU) sBusercs ocHoBOU
NPUYMHON OTKa30B paanodJeKTpoHHOH ammnaparypbl (POA) xocmuueckux anmapatos (KA).
[ToaTomy rpamoTHOe TpoekTupoBaHue 3ammThl DPU oT monusupyromux uznydenuit (UMW)
kocmuueckoro npocrpancTsa (KII) u nocroBepnas onenka e€ 3¢ (heKTUBHOCTH SBISETCS MPHU-
OpUTETHOM 3amaueit s pazpadorunkoB POA KA. llenbio mpoeKTUpOBaHUS 3alUTHI SIBIISCT-
¢4 mostydeHue i Kaxaoro OPU makcumanbHO TOMYCTUMOTO 3HAYEHUSI JTOKaJIbHOU J030BOM
Harpy3ku (JIAH). [Ins pacuera JI/IH pexomenayeTcs NCHOIb30BAHUE JIyY€BOTO METOJa WM
MeToaa cekropupoBanus [1]. B coorBercTBHM ¢ aTMMU MeTomamMu Jiist Kakmoro Buaa M KIT
npou3BoaaT pacuer BenuuuHbl JIJIH. Cymmaphas nosa ot Bcex BugoB UM omnpepensiercs
CJIO’KEHUEM /03, MOJYy4eHHbIX OT Kaxaoro suaa M. Pacuer JIJIH npousBoadaT B nieHTpeE 3a-
IIUTHOTO dKpaHa, mosaras ero ¢opmy cepudeckoit. M3 pacueTHol TOUKH MpoBOIAT N JIy-
4yel, paBHOMEPHO pAacCHpeAesICHHbIX B MPOCTPAHCTBE, T.€. TEJIECHBIC YIJIbI MMOJIATAKOTCS OJIMHA-
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koBbIMH. KommuecTBo siydeld N moMKHO OBITH TaKUM, YTO B MpeJeNiaX KaKJOro TEIeCHOTO
yria, OTpaHU4YE€HHOTO JIy4aMH, TOJIIIUHY CTEHKH 3allUThl MOKHO ObUIO CUUTATh OCTOSITHHOM.

[IpakTHyeckn HCHOJIb3yeMble 3aAIIUTHI UMEET (OPMY CIIIOUIHOTO MPSMOYTOIBLHOTO
napajuiejenunea, No3TOMY TE€JIECHbIE YIJIbl MOTYT OTJIMYAThCS HA MOPSAJOK M TOJIIMHY 3a-
LIMTHI B IIpeieax KaKAoro TEIECHOIO yIila HEJb3sl CUUTATh [IOCTOSIHHOM M3-3a 3aBUCUMOCTHU
TOJIIIMHBI MTOrJIoNaromero cios ot yria naaeaus MM va miockocts 3anmThl. [Ipennaraemas
MOJENb MO3BOJISIET MPOBOAUTH pacuer JI/ITH ¢ ydyeTom reomerpuu 3amurbl U 3aBUCHMOCTH
3(PEeKTUBHON TONIIMUHBI CTCHOK OT yria naaeHus NH.

Pesynbrarel pacuera JIIH ans crutomHoi amOMUHHEBOW 3alUTHl B (OpME MPsSMO-
YTOJBHOTO MNapajuiejenuIesa ¢ TOJIIUHON CTEHKH 4 MM MOKa3aHbl Ha pUcCyHKe. Pa3Mepsl
BCEX T'OPU3OHTAIBHBIX peOep NPUHATH OAMHAKOBbIMM a=b=100 MM. Pa3mep BepTHKaIbHBIX
pebep Mensuics B auanazone oT 10 MM g0 1000 MM, mpu 3TOM OTHOIIIEHHE Pa3MEpPOB T'OPH-
30HTAJIBHBIX pedep K BepTUKaNbHBIM a/d n3mensiica B auanaszone ot 0,1 go 10. Pacuer rogo-
Boi JI/TH npoBoauiics B HeHTpe 3KpaHa JJisd ciydas COBMECTHOI'O BO3IECHCTBUS 3JIEKTPOHOB U
npoToHOB. Ha 3TOM ke rpaduke mpeacTaBIeHbl CIIPABOYHbIE JAHHBIC ISl TUIOBBIX 3aIIUT B
dopme crtomHoi# cepsl U B popMme noaydeckoHeuHo# minockoctH [2]. M3 rpaduka BugHO,
gyto JIIH umeer MmakcumyM 1ipu a=d, 9TO COOTBETCTBYET dKpaHy B hopme kybda. [Ipu yBenu-
YEHUU WK YMEHBIIEHUN OTHOCUTENIbHON BhICOTHI napamienenunena JI/IH camxkaercs, crpe-
MSICh K 3HAUEHHIO, COOTBETCTBYIOIIEMY OTYOSCKOHEUYHOM TIIOCKOCTH.

Takum oOpa3om, pe3ynbTaThl pacueta JIJIH mo mpeninoxeHHOH MOIETH XOPOIIO COTIacyloTCs
CO CIPaBOYHBIMH JAHHBIMU JUISL 3alIUT B (hOpMe CIUIOIIHOW cepbl M MOTyOeCKOHEUHOM
MIJIOCKOCTH.
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Pucynok. 3aBHCHMOCTD JTOKaIbHON
JI030BO HArpy3KH B LIEHTPE
IIPSIMOYT'OJIBHOIO IIapajuleenunesa
OT OTHOIIEHUS €T0 JITHHBI (IITHPUHBI)
K BBICOTE

Jlutepatypa
1. OCT 134-1034-2003. Anmaparypa, ycTpoiicTBa, mpruOOPsl 1 000PyIOBaHNE KOCMHUYECKUX
anmapatoB. MeToApl MCIBITAHUA W OLEHKU CTOHKOCTH OOpPTOBOHM pajMO3IEKTPOHHON ammapaTypbl
KOCMHYECKHX allapaToB K BO3AEHCTBHUIO 3JIEKTPOHHBIX M MPOTOHHBIX M3ITyYE€HUH KOCMUYECKOTO MPO-
CTPAHCTBA 110 J1030BbIM 3 deKTam.
2. MNanromxua H.H. Otuer 0 OKP «Anmaparypa ynpasinenus HA «I1buie-Y®», «Pacuer pa-
muanuonHo# crorikoctuy LICKII1.411734.006PP5.
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YK 534.8
BbIBOP TEMIIEPATYPHO-HACTOTHBIX IIAPAMETPOB
VJIBTPA3BYKOBOI'O KOHTPOJIS IOKA3ATEJIEM KAUECTBA
IJIACTOMEPOB

CrT. TI/IXOMI/IpOBl, C.JL. Tonsanbusiii’, B.M. Psmkckux’, A.A. XBocros®, A.B. KapMaHOB5
'I-p Texu. Hayk, npodeccop, tikhomirov_57 @mail.ru
*JT-p Texu. Hayk, podeccop, spodvalny @yandex.ru
*JI-p TexH. Hayk, podeccop, kaf. prmath@yandex.ru
*Acrimpant, andrikar93 @yandex.ru
'®I'BOY BO «BOpOHEKCKHIi TOCYIAPCTBEHHBIH YHUBEPCHTET MHKEHEPHBIX TEXHOIOTHID»
*OIBOY BO «BopoHeKCKHit roCyAapCTBEHHBI TEXHUUECKUM YHUBEPCUTET)
*BYHII BBC «BoenH0-Bo3y1IHas akagemust um. pod. H.E. XKykopckoro
u }0.A. T'arapuna»

B pabote paccMOTpeHBl METOIBI YJIBTPAa3BYKOBOTO KOHTPOJIS IPEeAEia IPOYHOCTH P Pa3phl-
B€ UM BA3KOCTU 10 MyHHM 3J1aCTOMEPOB C y4ETOM pa3pabOoTaHHOM MpoLeAypbl MUHUMHU3AIUHU MTOTPelll-
HOCTH H3MepCHHI>'I. HpOBeILeHI)I OKCIICPUMCHTAJIBHBIC UCCIICA0BAaHUA, HA OCHOBE KOTOPLIX OIIPCACIICHBI
ONTUMAJIbHBIE TEMIIEPATYpPHO-YaCTOTHBIE YCIOBUS H3MepeHuil nokazarteneil: 0,6 MI'nu, 373K ansa
OLICHKHU B3KocTy 1o Mynu u 2,5 MI'n, 293 K gy npezaena npoYyHOCTH NPU pa3phIBE.

KitroueBsie cioBa: ynbTpa3ByKOBONH KOHTpPOJIb, BSI3KOCTh 10 MyHH, TeMIepaTypHO-4aCTOTHbIE
napameTpsbl, Ipeaesl MPOYHOCTU IPH PasphiBe, 37aCTOMEPBI.

O/HUM M3 TIEPCIIEKTUBHBIX METOJIOB ONEPaTUBHOTO U3MEPEHUs TI0Ka3aTesei KauyecTBa
MIOJIMMEPOB SIBIISIETCS YABTPa3BYKOBOM MeToa. OIHAKO B CIy4ae OJJHOBPEMEHHOTO U3MEPEHUS
HECKOJIPKUX TIOKa3aTeliell KauecTBa €ro MpaKTUYeCKOe MPUMEHEHHE 3aTPYIHEHO, TaK Kak
BO3HUKAET HEOJHO3HAYHOCTh TPAKTOBKU PE3YJIbTATOB MPU PAINYHBIX YCIOBUSX H3MEPECHUN
(uacToTtax u Temneparypax) [1].

PaccMoTpensl crmocoObl yIbTPa3ByKOBOTO KOHTPOJIS TAKUX IIOKa3aTeliel KadecTBa
3]IACTOMEPOB KaK IpeJes IPOUHOCTH MIPU PaspblBe O, U €ro BA3KOCTh 10 MyHu M. B 3aBu-
CUMOCTH OT YCJIOBHUH WU3MEpCHHsI (4aCTOTBhI U TEMIEPATypPhl) BOSHUKAIOT CYIICCTBCHHBIE T10-
TPEUTHOCTH KOCBEHHOM OIIEHKH 3THX MOKa3aTelNeil KauecTBa ynbTpa3ByKOBbIM (Y 3) METOIOM.

JIyis perieHust 3aaud CHUYKCHHSI TTOTPEITHOCTH KOCBEHHOTO KOHTPOJIS TOKa3aTeyen
KauecTBa pazpaboTaHa mporenypa ux MunuMmusanuu. Chopmynupyem 3aqadqy ONTUMU3ALUN

KaK INOMCK ONTHUMAJIBbHBIX YaCTOTHI U TEMIICPATYpPhl HA JUCKPETHOM MHOXKCCTBC (_l.}i,_-, Ti’ MH-

HUMU3HPYIOIIMX ONTHMU3ALUN KPUTEPHI BHIA
2 -2 :
Suy, = A1y, (w;, T;) + A, (374 (w;,T;) m_’T min, (1

i+41

Iz { - HOMep 3JIeMeHTa MHOXecTBa Wy, 13, T — Temmneparypa obpasua; @ - yacrtora Y3 Bo3-

JIENCTBHSA, Ay, As - BECOBELIE K03 OULIUEHTHI;
aMplape)] \ anty ()| \°
Eapr = ( m Mp Lo, ) +( m Mhp i€ — (byHKIIMS YyBCTBUTEIBLHOCTH TIO U3Me-
“h = do o 1= de o
L 1

PUTEIbHBIM KaHallaM; 7 — KOJWYECTBO TOYEK U3MEPEHUS; (U & [m 1, W3, ..., mm); a, ¢ —

KO3 (UIIMEHT 3aTyXaHHs U CKOPOCTh Y 3.

OneHka 4yBCTBUTEIBHOCTH OCYIIECTBIISJIOCHh IO OTHOUIEHUIO U3MEHEHMSI ITOKa3aTeNs
KauecTBa K U3MEHEHUIO U3MepsieMoi BennunHbI [2]. 3a1aua BBIOOpa ONTUMAITEHON YacTOTHI U
TEMIIEPATYPHI IIPU OLIEHKE IPOYHOCTHU IIPU Pa3pbIBE pellajiach aHAJIOTHYHO.

Jl51s BBIOOpA ONTUMAJIBHBIX YCIOBUM U3MEPEHUN MTPOBEIEHBI KCIIEPUMEHTANIbHBIE HC-
cienoBanus 9 obpasuos kayuyka CKC-30. C nomouipio 1a00paTOpHBIX METOJIOB OIpeesi-
auck M), 1 00pasLoB G.

OrneHka moka3aTenel KauecTBa OCyIecTBIsuIack mo gopmymnam (2), (3) [3-4].
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it

2 2
My = 2, pac?/(w?- (14 (%)) ©)
_ . pczmz_ w?—g? 2 )’Jﬂ
Op = P ( ah (w24a2e?)2 3)

I/i€ p - IJIOTHOCTH MOJMMEpPA; i — pacCTOSHUE MEXAY IUIOCKOCTAMU Y3 unyuareneit; Z, Z, ,
P, p — napameTpsl, onpeaesieMble SKCIIEPUMEHTAIIBHO [5].

OneHeHbl MOTPEIIHOCTH PACYETOB MPU PA3IUMYHBIX YACTOTaX U TEMIEpaTypax U3Me-
peHusi. AHallu3 JaHHBIX IOKa3all, YTO BbIOpaHHBbIE MO KpuTepuio (1) ycrmoBust uamepeHus
o0ecrieunBarOT HAUITYYIINE METPOJIOTMUYECKUE XapaKTEPUCTHKU.

Haiinennpie Takum 006pa3om dactoThl U Temrepatypsl (0,6 MI't, 373K mns onienku M),
u 2,5 MI'n, 293 K 111 6,,) ABIAIOTCSA ONTUMATIBHBIMU JJIs OpeAeaeHus My, U G, B HCCIIEye-
MBIX TEMIIEPaTypHO-YaCTOTHBIX Auana3oHax. [IpeanokeHHas METoIMKa MOXKET OBbITh UCIIOJIb-
30BaHa /IS OLIEHKHU IOKa3aTeliell KauecTBa MOJIMMEPOB HA U3MEPUTENBHBIX YCTAHOBKAX, pea-
JU3YIOMIHUX Pa3JInYHbIe TEMIIEPATyPHO-YACTOTHBIE PEKUMBI.
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H.E.’Kyxosckoro u O.A.I'arapuna, Boponex, Poccuiickas ®enepanus

Pa3zpaboTransl 1 IpeIOKEHBI JIs aHATN3a COCTOSHUS KPUCTATMYECKUX U TUIIEKTPHIECKAX
MaTepraIoB METOJbI aKyCTHUECKOH creKTpockonuu. OHW OCHOBaHBI HAa MPUMEHEHUH aKyCTHYECKHX
BosH (AB) mis dopmupoBanus n300pakeHUd CTPYKTYphl OOBEKTOB HA HAHO- U MHKPOYPOBHSX, Ha
Pa3In4HON ryOHHE OT MOBEPXHOCTH, HA M3MEPEHUH 3HaueHHH ckopocTtell AB u ko3¢ dunmeHToB nx
3aTyXaHusl.

KiroueBsle ciioBa: akycTUYECKHE BOJIHBI, METO/IbI aKyCTHYECKOW MUKPOCKOIINH, peNaKCalusl.

OnHOM U3 BaXXHBIX MPOOJIEM COBPEMEHHOTO0 MaTepHUaJOBEACHUs SBISETCS MpolieMa
MTOJIy4EHUSI U30TPOITHBIX AMAIIEKTPUKOB C 3apaHee 3aJaHHBIMU CBOMCTBAMHM M KOHTPOJb HX
DKCIUTYaTallMOHHBIX CBOMCTB [1,2]. JIOCTOMHCTBA U HEJOCTATKU 3TUX MATEPUAJIOB CBSI3aHBI C
UX U30TPOMHOCTBHIO WIIM aHU30TPOIHOCTHIO UX CBOMCTB. YCHEIIHO PEIIUTh MpobIeMy UX Xa-
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pakTepu3ali BO3MOKHO MPU MCIOJIb30BAaHUU HOBBIX METOJIOB KOHTPOJISA, K KOTOPHIM OTHO-
carcs 1 AMJI-metonst [3,4]. ba3oit 1151 U3MEpPEHH ¢ X MOMOIIBIO ABJISIOTCS PEKUMBI BU3Y-
anu3auuu V(Z)-xpuBbiX [5,6].

B kxauecTBe 00bEKTOB Hccie10BaHUS OBbUIM BBIOPAHbI AUDIEKTPHUUECKUE MAaTepPHAIIbl, U
LTC-kepamuku - MaTepHuaibl, MOJy4aeMble IO MOPOIIKOBOW TexHoyoruu. PaboTtocmoco0-
HOCTb MHE30KEPAMUK OIpEAeseTCs] pa3MepaMu 3€peH, MOJIy4aeMbIX B IMPOLECCe CHUHTE3a,
pasmepamu, GOpPMOI U pacHpeAesICHUEM MOp B TeJIe MaTepuaia, ypoBHEM OJHOPOIHOCTH UX
CTPYKTYpBbI, 3HAUEHUSIMU JAUCIIEPCUU CBOUCTB. IIpu 3TOM, Ompenensionyo posib B mpolecce
AKCIUTyaTallMi UTPAOT TAKUE MapaMeTpbl MaTEpUajIoB KaK MOPUCTOCTh U IJIOTHOCTb, CTENIEHD
OJIHOPOJIHOCTH WX 3HaueHui. [Ipu 3TOM, Ha ceroaHsi, TOCTOBEPHO YCTaHOBJIECHO[7], uTo ¢u-
3UKO-MEXaHUYECKHUE XapaKTEPUCTUKU KOPPETUPYIOT C JIEKTPUUECKUMHU.

Onenka pazMepoB U (GOpMbI 3epeH M0 aKYCTUYECKUM M300paskeHHSIM MTO3BOJIMIIA OIIpe/e-
JMTh Psii IPOYHOCTHBIX XapakrepucTuk LITC-kepamuk. MeTos aHann3a MOIy4YEHHBIX C I1OMO-
0 CAM n300pakeHUi COBMECTUM C KOMITBIOTEPHBIMH TEXHOJIOTHSIMHU, YTO IMO3BOJISIET 3KC-
NPECCHO PacCUUTHIBATh MapaMeTphl CTPYKTYPhI (TIOPUCTOCT O , TUIOTHOCTD P, AUCIIEPCHIO Pa3-
MepoB 3epeH d, u mpod.). Ha puc.l mpencraBieHsl pe3ylbTaThl aKyCTHUECKON BH3YyallU3alluy
CTPYKTYpBbI IIbE30KEPAMHUKH, IIpUMEP FKcIiepuMeHTabHON V(Z)- kpuBoil nbe3okepamuku L[TC-
22, W CBSI3b 3HAUCHUM MOPUCTOCTH M JUAJICKTPUYECKOW mpoHumaemoctu (puc.ls). V(Z)-
KPHUBBIE MTO3BOJISIIOT OI[CHUBATH BIUSHHUE PEKHMOB TEPMOOOPAOOTKM Ha COCTOSHHE MaTepHa-
J1a, KaK KPUCTAITNYECKOTO (puc.2), Tak ¥ aMop(HOT0, U MOPOLIKOBOTO (pHcC.3).

3000 v 3896x-782,9

| R*=0,991
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B)
Puc. 1. Axyctuueckoe n300pakeHUe 3epPeHHON CTPYKTYpHI (@ — cTpoeHue nbe3okepamuku L[TC-19
Ha TiyouHe ~32 MkM (pa3mep 1o ropuzoHTanu 250 MKkM); 6) skciepuMeHTaabHast kpusas s [[TC-22
( MacIITa 110 TOPH3OHTAIH 5,2 MKM / i1, Tio Beprvkam — 0,3 B/ mert, AZx= 10,09 Mxm, ug = 2,29'10 ° m/c); 6)
KOPpENANrs ANIICKTPUIECKON POHHUIIAEMOCTH (€) M OTHOCUTEILHOU IIIOTHOCTH (/- 6) I1st OTHOTO
u3 tunoB L[TC- kepamuku

:J\;N TR

r)
Puc. 2. Tpancopmanus V(Z)-KpuBo# py U3MEHEHHH PeKUMa TepMO0OpabOTKH
U BpeMEHHOM BoIepkKe Ge <111> (vg = 2,87 10° m/c, AZyn = 13,25 MxM, (AV/V %) max = 68%,
Macmrab mo sepkam 1 nen.= 0,25 B, mo ropmortami— 1 gen.=11 Mxm)
25 .

0,% y = 0,0007x2- 22576x+ 1735
20 RZ=0,94
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Puc.3. (a) - 3aBucumocts LR OT Ty ITC-22, nonyuennas AM/I-meTonom; (6) - KpuBas
WM3MEHEHUS TIOPUCTOCTH B 3aBUCUMOCTH OT Temreparyp orxkura g L[TC- 22

Takum 006pazoM, MPOAEMOHCTPUPOBAHO, YTO METOJbI aKyCTHUUECKOU CIEKTPOCKOIIUU
00ecneunBar0T YKCIPECCHBIN aHAIIN3 COCTOSIHUS KPUCTAIUTHUECKUX M aMOP(HBIX MaTepUAIIOB.
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B pabote npencraBieHbl pe3ynbTaThl U3yUeHUS BIUSHAS MEXaHUIECKUX U TEPMHUYECKUX BO3-
JIEUCTBUI Ha MapaMeTphl MeTaJUIMUECKuX MarepraioB. C MOMOIBI0 HHHOBAIIMOHHEIX AM/JI-MeTo0B
UCCJIEOBAHUN MOJIYYE€Hbl 32aBUCUMOCTU XapaKTEPUCTUK PEJIAKCALIMOHHBIX MPOLIECCOB OT MapaMeTPOB
BO3JIEHUCTBUI.

KiroueBsie ci10Ba: aKyCTHUECKHE BOJTHBI, METOJIBI aKyCTHUECKOW MUKPOCKOIINH, pelaKcalus

AKTyalnbHOM COBPEMEHHOM 3aJayell ABJISETCA 3ajada MPOrHO3UPOBAHUS XOJa peyak-
CallMOHHOTO Ipolecca, ONpPEeAeTIeHHs ero napaMeTpoB U ux AuHaMuku. E€ apdextrBHOE pe-
[IEHHE BO3MOYKHO C TOMOIIbIO COBPEMEHHBIX METO/bI HCCleoBaHus MaTepuanos - AMJI-
MeTOJ0B [1]. OHM NO3BOJIAIOT HAJEKHO BBIABIATHE KOPPEISILIUMOHHBIE CBSI3U PACCUMTAHHBIX C
MOMOUIbI0 XapaKTepHBIX V(Z)-KpUBBIX [2] MPOYHOCTHBIX XapaKTEPUCTHK MaTEpUajioB CO
CTPYKTYPHBIMHU OCOOEHHOCTSIMH HM300pa’keHUH, NOTYYEHHBIX B PEeKUME aKyCTHUECKOW BU3Y-
anuzanuu [3].

Ha puc.la nemoHCTpupyeTcs akyCTHUECKOe U300pakeHUe CTPYKTYPhl OJTHOTO U3 THUIIOB
ctainy. OHO MO3BOJISET PACCUUTATh IO pa3Mepy 3€pHA 3HAUEHHE YCJIOBHOIO Ipesiena TeKyde-
ctu marepuana [4]. Ha puc.16 - 3aBucumocTts 3atyxanust (AV/V%) akyCTHUECKHX BOJIH B CTa-
m 15X2HM®A ot mryounst 3oumuposanyst (h). Micnonbiyst meton V(Z)-kpuBbix [4] paccunThiBa-
JIM BEJIMYMHY CKOPOCTH LR MOBEPXHOCTHBIX aKycTtuyeckux BoiH (IIAB). Ha cienytomiem sra-
ne TPaAULIHUOHHBIMU METOJIAaMH HaXOJWJIM IpeJiesl MPOMOPLUUOHATBHOCTH (Gypy), YCIOBHBIM
npeJien TeKy4ecTH (G 2), Mpeaen NPOYHOCTH (Gp). DTHU pacdyeThl IPOU3BOIIIN Ha 0ase Mmoiy-
YEeHHOW AKCIEPUMEHTAJIbHO KPUBOM G - €, BapHaHT 00JIaCTH MPEJesIbHON MPOYHOCTH KOTO-
poii mpexacrasieH Ha puc.l B. Ilocie BBeAEHMsI COOTBETCTBYIOIIMX OTPAHUUYEHUN U cUETa
¢byukun «llouck pemenus» MS Excel noiydanu onTumanbHble 3HAU€HUS MUCKOMBIX BENH-
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yuH (€., % = 19,64394, o = 311,184 - 10° [Ta), koTophie B mpenenax MOTPEHIHOCTH
COBITAJIAIOT CO CTAHJIAPTHBIMU 3HAYCHUSIMU [S].

VIV 0,0004x2 >0 g, T0° 2
=1 + =_ -
% Y ’ 300 Y +174,78x
1405,
250 RZ=0,9899
5 200
0
0 0/ 150 - €., %)
0 50 100 150 15 20 25
a o B

Puc. 1. I3MepeHne akyCTHIeCKIX XapaKTePUCTHK: a - aKyCTHIECKOe H300paKEHHE CTPYKTYPHI CTaIIN
(macmTad: 20 mxm/nen., Z = - 17 mxm; ctans 10X12H2BM®); 6 - 3aBucuMocTsb 3atyxanus (AV/V %)
aKycTuuecKkux BoJH Bcram 1 SX2HM®A or mmyOusb! 30HmpoBanyst (h); B— y4acTOK KpHBOK G-€ JIs OITHOTO U3
COPTOB CTAITH

B xauectBe anbTepHATUBHBIX (PU3UUYECKHX METOAOB OIpPEAETICHHS UCKOMBIX MapameT-
poB MarepuayioB ObuTH BbIOpaHbl AMJI-MeTonsl. OHU MO3BONHIIM PAcCUUTATh IJIS CTaICH
3HaueHUs ynpyrux moaynieu E u G, BenuuHy pazMepa 3epHa M yCIOBHOTO Ipeelia TeKy4e-
CTH 110 CKOPOCTH IOBEPXHOCTHBIX akycTHueckux BojiH (IIAB). 3nauenus ynpyrux mojuyinei
(E= 226'10° Tla u G = 88,3'10° [Ta) coBnanu B mpezeax MmorpeurHoCcTy CO 3HAYCHUSMH, TTPHU-
BOJIMMBIMH B M3BECTHBIX padorax [6].

3 450
3)1 Ur iﬁ 400
Mm/c Y[~ 0,0064x+ 2,89 7..4 as0
3 R*=0,9327 ;:; o =-0,0837x?+11,32x+ 15,75
200
d;., MKM .
2,9 !
50
0 5 10 15 20 25 30 0

a 0
Puc. 2. a) 3aBucumocts ckopoctu [IAB ot pasmepa 3epna (ct. 38XMIOA); 0) 3aBucHMOCTh
TOJIITUHBI CIIOS ¢ U3MEHEHHBIMU CBOWCTBAMU OT BpeMeHU a3otupoBanus B cranu (40XHMA)

Ha puc.2 — pesynbraTsel uamepenuii ckopoct [TAB B cTanu nocine e€ a30TupoBanus 1
pacuyer TayOMHBI a30THPOBAHMS B 3aBHCHUMOCTH OT BpeMeHM mpouecca. IlpeacraBieHHble
9KCIIEPUMEHTAJIbHBIE PE3YNbTAThl MOATBEPKAAOT pdekTuBHOCTE AM/[-MeTonoB npu pac-
4eTe NapaMeTpOB PEJaKCAllMOHHBIX MPOLIECCOB U aHAIN3€ BIUSHUSA HA HUX BHEIIHUX BO3JEH-
CTBUH.
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B pabote npogemoHcTpupoBana 3 (HeKTHBHOCTb METOJIOB aKyCTOMHUKPOCKOITUYECKON edek-
Tockonuu Wi AM/I-MeTonoB Ansl MccieqoBaHMs TMpolecca Aerpajanun (QU3n4ecKux MapaMeTpoB
MaTepHajoB. XapaKTEePUCTUKU U3MEPSIOTCS KaK B HENPEPHIBHOM PEXHME, TaK U Ha JJIUTEIbHBIX Bpe-
MEHHBIX IPOMEXKYTKaX, YTO 00ECIICUUBACT BBISBICHUE MTPECIBHBIX COCTOSHUI MaTepHajoB.

KitoueBbie croBa: aHanu3 Aerpajaliy, aKkyCTOMUKPOCKONUYecKash AeeKTOCKOnUs, Qpu3mye-
CKHUE MapaMeTphl.

Hakonuienne onpezneneHHoro ypoBHsi OJHOTO MM HECKOJIBKUX ITapaMeTpOB MaTepua-
Ja MOKET MPHUBOJHUTH K KaTtacTpodudeckomMy paspymennto. [103TroMmy, akTyaabHON SIBISIETCS
npobjgemMa MOHMTOpPUHIa TpaHchopMmauuu cBoicTB. O mepexone B MPEesIbHOE COCTOSIHHUE
(TITIC) roBopsAT B TOM CiTy4ae, €Ciid MaTepHal Mo BIUSHUEM BHEITHHX (PaKTOPOB HEOOPATUMO
U3MEHSET MapamMeTpbl (PU3UKO-MEXaHUYECKUX CBOMCTB, U MPOUCXOAUT ITO 33 CUET aKTHBH3a-
LIUU CTPYKTYPHOH XapaKTepUCTHUKH, HE sIBJIsBIIEICS paHee cyliecTBeHHOH [1]. PemuTs 3ana-
4y, HAIlpaBJICHHbIE HA Pa3pabOTKy COCOOOB OMpeAeIeHHs] KOJIUYECTBEHHBIX XapaKTEePUCTHK
[1C, mo3BOJSAIOT METOMBI aKyCTOMHUKpOCKOonuueckon nedexrockonuu [2]. C uX MOMOIIBIO
MOXHO (hOpMHUPOBATh aKYCTHUECKHE M300paKEHUs Ha Pa3TUYHON IIyOMHE WM aHaJIU3UpO-
BaTh CHelU(pUUecKre MHTEPPEPEHIIMOHHbIE KPUBbIE, MOIYYEHHbIE B aKyCTUYECKUX BOJHAX
(AB). IIpumep akycTHUECKOT0 N300pakeHUs JUIsl CTallU MpeICTaBlIeH Ha puc.la.

Lenbto uccnenoBanuii ObIO0 U3yueHUe n3MeHeHui xapakrepuctuk AB (AV/V% u vr)
B Ipoliecce Jerpajanuu (QpU3M4YecKuX MapamMeTpoB MaTepuanoB. KauecTBo akycTHMUECKHX
n300pakeHuii cBsi3aHo ¢ K03 duuuenramu otpaxxkenus u tpanchopmaiu AB. ITosTomy, Ha
AaKyCTMUECKMX CHUMKAxX pas3IMuHble MO CTENeHW AepopMaluu U KpucTaiorpaduueckoit
OpHEHTalM 3epHa (cM. puc.la) 3a cueT aKyCTHYECKOTr0 KOHTpACTa MPOSBISAIOTCS Kak OT-
JieJIbHbIE 00pa30BaHMUS.

B xone uccrnenoBaHuil Mpou3BOIMIACE XapaKTepu3alus o0nacTeil, oOpa3oBaBIINXCS
npu 1eOpPMAITMOHHBIX BO3JIEUCTBUAX, IJIs1 4ero mpumeHsuics meton V(Z)-kpuBwix. C ero
MOMOUIBIO Ul Ka)KJIOTO MaTepuala, pacCUNTHIBAJIN 3HAYEHUSI CKOPOCTH LR ITOBEPXHOCTHBIX
akyctuueckux BosiH (IIAB), uyBcTBUTENnBbHYIO K TapameTpam [1C. Benuunna vg, a Takxke BbI-
coTa rJIaBHOro0 MakcuMyMa V(Z)-KpUBbIX — HH(OPMAaTUBHbIE XapaKTEPUCTHUKU 0OBEKTa, M03-
BOJIIOIIME PACCUUTBIBATH KAaK 3HaueHHUd ynpyrux moxyieil E u G, Tak ¥ IIOTHOCTH, MOPH-
ctoctu. Ilo hopme V(Z)-kpuBbIX pacCUMTHIBATIN U 3HAUEHUS IIpeieNa TEeKYUeCTH Go o [2].
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Puc.1. AkycTOMHKpOCKONTMYECKas BU3YaJIM3alUsl CTPYKTYPBI CTAIN CO CTENEHbBIO AeopManiu
50%, MpOsIBIEHHOH 32 CYET TPalieHTa aKyCTHYECKOTo KOHTpacTa (Iuiud nepneHuKyspex
miockocTH npokatku; HyO, Z = -14 mxwm, macmtad 40 Mxm/nen.) — a); Tpanchopmarus (0 1 B)
V(Z)-xpusoii cranu 30XI'CMJI (vg = 3,18 '10° M/c, AZy = 14,68 MKM, (AVIV %) max = 37%, ipu
BBIIEpKKe mocite nemenTanuy (mpu 780°C), 120 uaco, Macuitab no Beprukamy 1 nen.=0,25 B,
1o ropu3oHTau — 1 gem.=12,2 Mkm)

LD 0,

g 103 M/ AV/¥%

'R 103 M/l | 50 K vy =0,0037x?F 0,65x + 25,86!
3,15 R?=|0,9963

31 15
3,05 10

: 5 ==
——
2,05 ] 0 .
X, MKM
2,9 ’
0 20 40 60®"" ° 20 40 o
a) 0)

Puc. 2. 3aBucumMocTb LR OT cTrenern aedopmary (a), s ctanmu 30XT'CMIT (vg = 3,18'10° m/c, AZx
= 14,68 mxm; m3menenne (AV/V%).x B Hukene (HO) mocne nedopmaimonHoro Bo3aeiictaus (0)

IIpu nedopmamuu o0bekTOB (M3 Menu M1) HabmrOmanM 3aBUCUMOCTH BEITHYUHBI
CyM-MapHOH aedopManuu ¥ BeTUYMHBl Kod(duinuenTta norjouenus AB B oOpasnax ot
BpemeHu (puc.3 a u 0).

VoY AV N 25
08 el 24 ®# 8% | - 58.06x2-0,0073x+ 23,729
' v =)Baﬁ - 2E-07x2 40,0004 + R?=|0,9149
0,75 e 0,675t 23 7
0,7 7/ R? =(0,9902 22 ——,
< 21
0,65 B M H 20 T, MMH
0 200 400 600 800 1000 0 200 400 600 800 1000
a) 0)

Puc.3. U3menenne ko3 dunuenta nornomenust AB Cu-mpoBosoku oT BpeMeHH nociie Aedopmarnun
co cKkopocThio 7,7 %/MHUH.) 1 3aBHCUMOCTh CyMMapHOH aedopmanuy npu
paspeise ot Bpemern (Cu — mpososoka; @=1,1 mm, 1 =70 mm; 3akanka ot 380 'C 1o — 50 C)

DKCIEepUMEHTAIBHO MOATBEpkAeHA dPPekTuBHOCTH AM/I-METOI0B NpU UCCaEAOBAaHUT
MIPOIIECCOB JIerpaialiuyl ((U3HMYECKNX mapaMeTpoB MaTepHAIIOB.
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VYnpyrue u Heynpyrue cBoicTBa MapTeHCUTHOH ¢a3bl cruaBa NissFesGay;, moaBeprayToro
pa3IMYHON TePMHUYECKON 00pabOTKe, MCCIIEA0BAaHbI Ha YIIBTPAa3BYKOBBIX dacToTax okomo 100 k[’ B
nuanaszoHax Ttemmepatyp 12 - 370 K u ammmryn koneGarensHoit aepopmammm 107 - 107
OOHapyKeHO CHJIBHOE BIMSHHE TEPMOOOPaOOTKH Ha BCE HCCIIEJOBAHHBIC CBOWCTBA, 00YCIOBIEHHOE
3aKpCIIJICHUEM HBOﬁHHKOBBIX T'paHull IOABUKHBIMU TOYCHYHBIMU I[C(beKTaMI/I. BrisBiaensl
TEMIIEpaTypHblE CTaOUM 3aKPEIUICHUs JABOMHMKOBBIX TPaHML, KOTOPHIE MOXHO CBf3aTh C
JUBAaKaHCHAMHU U MOHOBAKaHCHAMU.

Kimrouessie cnoBa: crutaB Ni-Fe-Ga, MapTeHCHUT, BHyTpeHHee TpeHue, monayinb HOHra,
JBOMHHUKOBBIC I'PaHULIbI, BAKAHCUH.

Ni-Fe-Ga alloys belong to a family of functional ferromagnetic shape memory alloys.
Thermal treatment along with composition changes are the simplest means of controlling the
functional properties of Ni-Fe-Ga alloys. Changes in the degree of atomic order and precipita-
tion of y phase are usually considered as factors determining the properties of Ni-Fe-Ga al-
loys, while the role of point defects, in particular, quenched-in vacancies, is either ignored or
analyzed in terms of their impact on the ordering process. However, point defects are among
the main factors affecting the mobility of linear and planar defects and thereby the functional
properties of alloys. Recently, we have found that quenching of NissFe;3Gay; single crystals
from an annealing temperature to the martensitic phase leads to a phenomenon of hyperstabi-
lization of the martensitic phase that has been explained by sweeping of quenched-in point
defects by moving interphase boundaries during reverse transformation [1]. It has been also
shown that the concentration of vacancies in a Ni-Fe-Ga alloy changes upon thermal treat-
ment in very broad limits and reaches up to 2500 ppm in samples quenched from high tem-
peratures [2].

This work is devoted to study of the elastic (effective Young’s modulus) and anelastic
(linear and non-linear internal friction, Young's modulus defect, anelastic strain) properties of
NissFe3Gayy alloy, subjected to different heat treatments, by means of resonant piezoelectric
composite oscillator technique at frequencies around 100 kHz, temperatures of 12-370 K and
strain amplitudes between 107 and 10, Samples were cut from rod-shaped NissFe ;sGay; sin-
gle crystals with [100]4 orientation along the rod. After annealing for 20 min. at 970 K, the
samples were subjected to three different heat treatments: 1) slow cooling in the air; 2) direct
quenching into room-temperature water; 3) step-quenching (quenching into oil at 390 K fol-
lowed by quenching into room-temperature water). The samples cooled in air were character-
ized by the forward and reverse martensitic transformation temperatures about 330 and 340 K,
respectively, and the Curie temperature of T, = 290 K. The samples directly quenched into
water were in a hyperstabilized state, where a small fraction of martensite exhibited reverse
transformation near 400 K, while the main fraction required overheating up to a temperature
about 580 K [1]. The magnetic transformation after quenching becomes smeared and shifts to
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T, = 270 K. The martensitic phase of the alloy, as analyzed by TEM, presents at room tem-
perature a mixture of 7-layered (14M) and non-modulated (2M) structures.

It has been shown that elastic and anelastic properties of the Ni-Fe-Ga alloy depend
crucially on the thermal treatment because of strong pinning of twin boundaries by quenched-
in point defects. The amplitude dependence of the internal friction, Young's modulus defect
and amplitude of reversible anelastic strain demonstrates stages corresponding to motion of
twin boundaries inside extended point defect atmospheres, breaking the twin boundaries
through the atmospheres and their oscillations outside the atmospheres [3]. It is concluded
that vacancies form atmospheres near twin boundaries, the density of which (but not their ex-
tension) strongly depend on the concentration of vacancies. Two stages are revealed in the
temperature dependences of the elastic and anelastic properties of the alloy that can be associ-
ated with pinning/depinning of twin boundaries by/from different point defects, most proba-
bly divacancies and monovacancies. Experimental data evidence that point defect diffusion is
defect-assisted, proceeding largely within lattice regions adjacent to twin boundaries over the
entire temperature range under study. Studying the effect of temperature on the amplitude de-
pendence of anelastic properties of the alloy enables us to follow the evolution of the point
defect distribution in atmospheres around twin boundaries.

This work was supported by Ministry of Education and Science of the Russian Federa-
tion, project no. 3.1421.2017/4.6.
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