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BBEJIEHUE

Ou3nKa KOHASHCUPOBAHHOTO COCTOSIHUA U (DYHKIIMOHAJBHAS 3JICKTPOHUKA B MOCIEIHUE TO-
JIbl PA3BUBAIOTCS TAKUMHU TEMIIaMU, YTO yueOHasl JuTepaTypa He yCleBaeT JOHOCUTh IO CTYACHTOB
HE TOJIBKO CaMoO CoJiepaHue (PU3NUYECKUX OCHOB, JISKAIIUX B OCHOBE HOBBIX HAay4YHBIX HaIpaBe-
HUM, HO U OCHOBHBIX TEHJCHIMH UX pa3BUTUA. Tak B MOCIEIHUE TOAbI MOSBUINCH HOBbIE HApaB-
neHus (UMK KOHACHCHPOBAHHOTO COCTOSHUS W (DYHKIIMOHAIBHOM HIEKTPOHHMKH, TAaKHE Kak
CTpEHHTPOHUKA, CHUHTPOHHKA, MEMPUCTUBHAS JIEKTPOHUKA, CBEACHHS O KOTOPHIX MOKHO HAaWTH B
CTEMANbHBIX HAYYHBIX JKypHanax u MoHorpadusx. IIpemnaraemoe yueOHOEe MOcOOME YaCTUYHO
BOCTIOJTHSIET 3TOT MPOOeIt.

Jucnuummmna «CoBpeMeHHbIe TeHICHIIMN Pa3BUTHS (PYHKIIMOHAIBHOW JIEKTPOHUKN Y, YUTA-
emasi Ha (akyibTeTe PUIAMOTEXHUKH U 31ekTpoHuKU BI'TY, Briarouaer ¢usmueckre OCHOBBI ATHX
HanpaBiIeHU (PU3MKH KOHJIEHCUPOBAHHOTO COCTOSHUS U (DYHKIIMOHAIBHOW 3JIEKTPOHUKH, TEHACH-
[IMU X Pa3BUTHUS U MPOOJIEMBbl, peliaeMble B IPOIECCEe Pa3BUTHS STUX HAIIPABICHUH.

YyebHOe mocoOMe mpenHa3HA4YeHO Ui CTYACHTOB CTaplIMX KypCOB, OOYYaloLIMXCS IO
HarpasieHuto 11.04.04 «3nexkTpoHMKA U HAHOAJIEKTPOHUKAY, Tpodmib «MaTepuansl U yCTpOHCTBa
(YHKIMOHATIBLHON AIIEKTPOHUKN», a TakKe OyJIeT MOJIEe3HO acIupaHTaM, HAyYHBIM paOOTHHKAM H
WHXEHepaM, CIIeHUATU3UPYIOLIUMCS B 001acTH (PU3UKU KOHJIEHCUPOBAHHOTO COCTOSIHHUSL.

CoBpemeHHast TBepAOTENbHAsI 3JIEKTPOHUKA Pa3BUBAETCS M0 ABYM IVIaBHBIM HalpaBICHUIM:

1) WHTErpajbHOU ICKTPOHUKH, HIIH MUKPOIJICKTPOHHKH;

2) (GYHKIMOHATIBHOM JICKTPOHUKH.

CoBpemeHHasi TBepAOTeJbHAasl JJIEeKTPOHUKA Oa3upyeTcsi Ha MHTETrpallM JUCKPETHBIX
AJIEMEHTOB AJIEKTPOHHOW TEXHHUKH (TTACCHBHBIX M aKTHBHBIX ), TIPU KOTOPOH Ka)bIi 3JIeMeHT (op-
MUpPYETCSl OTIEIbHO Ha MOJYNPOBOAHHKOBOM KpHcCTajuie. B OCHOBE 3TOro HampaBliEHUS JEKHUT
MIPUHLIMII AJIEMEHTHOM MHTETpaIiy, CONPOBOXKAAIOIINICS MUKPOMUHHATIOpU3aLlUEl 3J1eMeHTOB. B
MHUKPODJIEKTPOHUKE COXPAHSAETCS OCHOBHOM MPHUHIIUIT TUCKPETHON AIEKTPOHUKH, OCHOBAHHBINM Ha
pa3paboTKe MEKTPUIECKON CXEMBI 10 3aKOHAM TEOPUH IIeTICH.

@OYHKUMOHAJIBLHASI MUKPOYJIEKTPOHMKA TPEJCTABISICT OTACIBHBIM paz/iel MHKPOIJICK-
TPOHUKH, KOTOPBIA M3y4aeT METOABI peayn3anui 0a30BBIX (DYHKIMI SIEKTPOHHOW ammapaTypel,
OCHOBAHHBIE HENOCPEACTBEHHO Ha (DU3WYECKHUX SBIEHHUSIX B TBEPJIOM Tele — 0e3 NMpUMEHEHHs
CTaHJIAPTHBIX 3JIEMEHTOB. B 3TOM ciyuyae jokagbHOMY OOBEKTY TBEPAOIrO Teja MPUIAOTCS TaKue
CBOWCTBA, KOTOpbIE MO3BOJSAIOT BBINOJHATh HYXKHYIO (DYHKILHIO, @ TPOMEXYTOUHBIA 3Tall Mpea-
CTaBJICHUS 3JIEMEHTA B BHJI€ SKBHBAJIEHTHOU cxeMbl He Tpebyercss. O0bekTaMu (PYHKIIMOHAIBHON
3JIEKTPOHUKU MOTYT BBICTYNATh MOJIYHNPOBOJHHUKH, IPOBOJHUKH, CBEPXIPOBOJHUKH, (heppoMarHe-
THUKH, CETHETORIEKTPUKH, KOMIIO3UI[MOHHBIE MaTepHaJIbl U3 Pa3HbIX (YHKIIMOHAJIBHBIX MaTepUaIOB
u T.1. IlepepaboTka u xpaneHre MHGOPMAIIUK TIPU ITOM OCYILECTBIISETCS 3a CUET IEKTPOIPOBO/I-
HOCTH, AeQopMaIii, MarHUTHBIX, aKyCTUYECKUX HJIM ONTUYECKUX SBJICHUH, MPUCYIIUX TOMY WU
MHOMY OOBEKTY (DYHKIIMOHAILHON 3JIEKTPOHHKH.

B nocnennue rosapl nomy4usau MHTEHCUBHOE Pa3BUTHE HOBbIE HaIlpaBlIeHUs (DYHKIMOHAIb-
HOM JJIEKTPOHUKHU: CTPEUHTPOHUKA, CIMHTPOHHMKA, MEMPHCTHUBHAS JJIEKTPOHUKA, aKyCTORJIEKTPO-
HUKa, ONTOAIEKTPOHUKA U Apyrue. Pa3znen 31eKTpOHUKHU, CBA3aHHbBIN C U3ydYeHHUEM (PU3HUECKUX 5B-
JIeHUH, 0OBEAUHAIOUIMX IEKTPUUECKUE U ONTHUECKHE MPOIIECChI, a TaKXkKe ¢ pa3paboTKoH, mpous-
BOJICTBOM U MPHUMEHEHHUEM ONTO3JIEKTPOHHBIX IPUOOPOB HA3BIBAIOT ONTOIIEKTPOHUKOI.

Hanpumep, npubopamu ans npeoOpa3oBaHus 1 00pabOTKH CUIHAJIOB, OCHOBAHHBIX Ha MC-
M0JIb30BAHUN TMOBEPXHOCTHBIX aKyCTHMYECKHUX BOJH 3aHUMAETCSl aKyCTOXJIEKTPOHMKA, aKyCTHUYe-
CKUIl CHTHAQJI B KOTOPBIX HPEACTaBIsieT cO00i BOJHY YNpPyruxX MEXaHWYECKHX BO3MYILICHHMH, pac-
TIPOCTPAHAIONIMXCA B TBEPJOM Tejle CO CKOPOCThI0 mpruMepHO 10° cM/c (CKopocThio 3ByKa). s
npeoOpa3oBaHus HEKTPUUYECKOr0 CUTHAJIA B 3BYKOBYIO BOJIHY M 0OpaTHO MCHOJIb3YIOT OOpaTHBIN U
MPSIMON MTbE30JIEKTPUYECKHUI 3PPEKT.



CTpelHTpOHMKA TMPEACTaBIsAeT co00M yCTpOHCTBA (DYHKIIMOHAIBHOM AJIEKTPOHUKHU, OCHO-
BaHHbIE Ha M3MEHEHUU (PM3MUECKUX CBOICTB TBEPIOro Tesa Moj AelcTBUeM JedopManuii, KOTo-
pbl€ BO3HHMKAIOT B MUKPO- U HAHOCIOSX, & TAK)KE B TETEPOCTPYKTYpPAX MOJA ACHCTBUEM BHEIIHUX
YIPaBJISIOLUX HOJIEH.

Pazngen kBaHTOBOW 3JIEKTPOHUKH, 3aHUMAIOLIUMCA M3YUYCHUEM CIMHOBOTO TOKOIIEPEHOCA
(CIMH-TIONIAPU30BAaHHOTO TPAHCIOPTA) B TBEPAOTEIbHBIX BEIIECTBAX, U COOTBETCTBYIOILIYIO MHXKE-
HEpPHYIO O00JIaCTh HA3BIBAIOT CIWHTPOHUKON. B ycTpoiicTBax CHUHTPOHUKH, B OTJIMYHE OT
YCTPOMCTB OOBIYHON 3JEKTPOHUKHU, SHEPTUIO WM UH(DOPMALIUIO TIEPEHOCUT HE DJIEKTPUUECKUHN TOK,
a MoK CNUHOS.

Pa3nen snekTpoHMKH, 3aHUMAIOIIUICS pa3pabOTKOM AIEKTPOHHBIX YCTPOICTB C MpUMEHe-
HHUEM MEMPHUCTOPOB, T.€. JIIEMEHTOB, Y KOTOPBIX BEJIMYUHA MPOBOJUMOCTH YIIPABISAETCS CUIbHBIMU
3IEKTPUUYECKUMH TOJISIMU, HA3bIBAIOT MEMPUCTUBHOM 3JIEKTPOHUKOM.

Takum 00pa3zoM, GyHKIIMOHAIBHAS AJIEKTPOHHUKA SBISAETCS 00JIACTHIO MHTETPAIBHOM 3JeK-
TPOHUKH, OCHOBaHHAsI HA UCIIOJIb30BAaHUU (PU3UUECKHUX MPHUHIIMIIOB MHTETPAllUU M JUHAMUYECKUX
HEOJIHOPOJAHOCTEH, 00eCIeUNBAOIINX HECXEMOTEXHUYECKUE MPUHIIUIBI PaOOTHl TBEPAOTEIBHBIX
ycTpoiicTB. B cymecTByromux ycrporicTBax (yHKIHMOHAIBHOW SIEKTPOHUKU MPUMEHSETCS OJHA
cpenaa, HarpuMep, MOTYMPOBOAHUK, THE30IEKTPHK, TUIIIEKTPUK, (EpPOMArHETHK H T.JI.

AHanu3upys npuOopbl GyHKIIMOHATBHON AIEKTPOHUKH, MOXKHO BBIJEIUTH OOIIUE dIIEMEH-
ThI, XapaKTEPHbIE JIJIS1 BCEX KOHCTPYKLIMIA:

1) KOHTHHYyaNbHAS Cpe/a, B KOTOPOM MOXKHO CO3/1aTh KaK CTaTUYECKHE, TaK U JTUHAMHYE-
ckue HeogHopoaHocTu. Cpena MOKET HaXOAUThCS B JIFOOOM arperaTHOM COCTOSIHUH, OJIHAKO, B OC-
HOBHOM HCIIOJIB3YETCSl TBEPAOE TEJI0, UMEIOIIEe KPUCTATUIMYECKYIO WIIH aMOpPHYI0 cTpyKTypy. [1o
CBOUM (PM3UKO-XUMHYECKUM CBOWCTBAM Cpe/ia JOJDKHA OBITh OJJHOPOAHOM HAa BCEM TPAKTE Pacipo-
cTpaHeHus: UHGOPMAIMOHHOTO CUTHAIa TUHAMHYECKON HEOJTHOPOAHOCTH;

2) reHepaTopoM JUHAMHYECKONH HEOJHOPOJHOCTU CIYXKHUT CTaTHYECKash HEOAHOPOJHOCTb.
CuutbiBaHUE M BBIBOJA MH(OpMALUKU U3 KaHaia OCYIIECTBISET JETEKTOp - CTaTUYeCKas HEOJTHO-
POIHOCTH. YTIPaBICHHE CUTHAIOM, BBOJ B HETO HY>KHOW MH(OpMAIINH, €€ HAIIPABICHHBIH ITEPEHOC,
peryjaupoBaHue CKOPOCTHU MEPEAAUN OCYILIECTBISAECTCA CTATUYECKON HEOAHOPOIHOCTHIO.

Lensmu npenonaBanusi AUCHUIUTMHBI «COBpeMEHHbIE TTPOOIeMbl (DYHKITMOHAIBHON 3JICK-
TPOHUKHY» SIBISIOTCS OCBOCHHE CTYIEHTAMH C HOBBIMH HAMpaBICHHUSAMH (YHKIIMOHATHLHOU dJEK-
TPOHUKU (UBMUECKUX TPOIIECCOB, JCKAIIMX B OCHOBE NEHCTBUS TaKMX MPUOOPOB (YHKIIMOHAT b-
HOM 2JIEKTPOHUKH, B OCHOBHOM T€X, KOTOpPBIE JIeKaT B 00JIaCTH MHTEPECOB Mpero/iaBaTeNeii, Hayd-
HBIX COTPYJIHUKOB, aCIIUPAHTOB U CTYJEHTOB Kadeapbl GU3UKU TBEPJOTO Tela.


https://ru.wikipedia.org/wiki/%D0%9A%D0%B2%D0%B0%D0%BD%D1%82%D0%BE%D0%B2%D0%B0%D1%8F_%D1%8D%D0%BB%D0%B5%D0%BA%D1%82%D1%80%D0%BE%D0%BD%D0%B8%D0%BA%D0%B0
https://ru.wikipedia.org/wiki/%D0%A1%D0%BF%D0%B8%D0%BD
https://ru.wikipedia.org/wiki/%D0%A2%D0%B2%D1%91%D1%80%D0%B4%D0%BE%D0%B5_%D1%82%D0%B5%D0%BB%D0%BE
https://ru.wikipedia.org/wiki/%D0%AD%D0%BB%D0%B5%D0%BA%D1%82%D1%80%D0%B8%D1%87%D0%B5%D1%81%D0%BA%D0%B8%D0%B9_%D1%82%D0%BE%D0%BA

1. COBPEMEHHBIE TEHIEHIIUW PA3BUTUA CTPEMHTPOHUKHA

CoBpeMeHHbIE TEHACHIUN Pa3BUTHS UH()OPMAIIMOHHBIX TEXHOJOTHH, BIpA3UBIIEECs B I1O-
SIBICHMHM TaKMX HOBBIX oOiacteii, kak bombime manneie (Big Data) u memouku OJI0KOB JaHHBIX
(blockchain), mpenmonararoT nanpHeifee yBeIMYCHUE MOIIHOCTH BBIYUCIUTEIBHBIX YCTPOMCTB.
ITo ouenkam cnenuanucTos [1], mpu coXpaHeHUH TeX ke TEMIIOB POCTa MH(POPMALIMOHHBIX TEXHO-
JIOTUH U HEW3MEHHBIX XapaKTEPUCTUKAX YCTPOUCTB 3JEKTPOHHON TeXHUKHU K 2030 r. 10 10JIOBUHBI
noTpeOIsIeMOi 4eTI0BEYECTBOM AIIEKTPOIHEPIUU OyeT MPUXOIUThCS Ha BBIYUCIEHHS, 4TO B abco-
JIIOTHOM BBIP@KEHMH TIPEBBICUT OTMETKY roioBoro notpedienus B 10 [IBt-y (10* Br). Takas Ten-
JCHLUsl CTUMYJIHMPYET IMOUCK HOBBIX 3HEProcOeperarnmx TeXHOIOrni oO0paboTku HMH(popMaluy,
TaKWX KaK CIUHTPOHUKA, MEMPUCTHUBHAS 3JIEKTPOHHKA, @ TAK)KE HOBOE HAyYHOE HampaBieHHE Qu-
3MKH KOH/IEHCUPOBAHHOT'O COCTOSIHUS, KOTOPOE Ha3BaJIM CTPEHHTPOHHUKA.

«CTpeiHTpOHUKON (0T aHrja. Strain — HaTsHKEHHE) Ha3bIBAIOT, HAIpaBJICHHE (PU3UKH
TBEPJOro Tejaa, KOTOpOe UCIOoNb3yeT (pusndeckue 3hPeKThl, BOZHUKAIOUINE B TBEPIOTEIbHBIX
reTepOCTPYKTYpax MOJ JEHCTBHEM BHEIIHMX YIPaBJISAIOUIMX IMOJIEH M 00yclOBIEeHHbIE Aedop-
ManusaMu. IlpunoxxeHue K TBEpAOMY Tely BHEUIHEI0 MEXaHWYECKOro, MarHUTHOIO WJIM 3JIEK-
TPUYECKOTO TOJSI MPUBOIUT K U3MEHEHHSIM 30HHOW CTPYKTYpBI, YIPYTHX, MAarHUTHBIX, JJIEK-
TPUYECKUX, ONTUYECKUX U APYIMX CBOWCTB MAaTepuajoB, YTO MO3BOJISET peagu30BaTh HOBOE
MOKOJICHHE YCTPOMCTB (PYHKIIMOHATBHOMN 3IEKTPOHUKH, CEHCOPHBIX M MH(OPMAIMOHHBIX TEX-
HoJioruit» [1].

B nacrosiiee Bpems pa3BUBAIOTCS JIBE BETBU CTPEHHTPOHUKU (puc. 1.1), pa3BuBaBuiuecs
PaKTUYECKU HE3aBUCUMO.
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Puc.1.1. OcHOBHBIE HanpaBICHUs CTPEUHTPOHUKH
(a) YcrpoiicTBa, OCHOBaHHBIE Ha yNIPABICHUU YJIEKTPOHHON CTPYKTYPOH C IOMOIIBIO YIPYTHX
nedopMaliuii: MexaHH9eCKH-UHYIMPOBAHHBIN MEPEX0JT OT MPSMO30HHOM CTPYKTYPHI K HETPSIMO30HHOH B
KpEMHHEBBIX HAHOTpYOKax u Moaudukanus 30861 bpuimosHa B rpadene;
(6) YcrpoiicTBa MAarHUTHOH CTPEHHTPOHUKH: MarHUTHAS MAMATh U JIOTUKa» [1]

«IlepBoe HampaBiieHHE CTPEUTPOHUKH OepeT cBoe Hayajio ¢ paboT, CBSI3aHHBIX C U3Yy4e-
HUEM TEH30PE3UCTUBHBIX CBOWCTB reépMaHHs M KPEMHUs, B KOTOPBIX ObUTO OOHAapyXeHO aHO-



MaJbHO OO0JBIIOE U3MEHEHHE 3JIEKTPUUYECKOTO CONPOTUBICHUS MO JACHCTBUEM MEXaHUYECKOH
nedopMaluy BCIEACTBUE MOAU(PUKALMHM 30HHOH CTPYKTYphl HOJIYIPOBOJHHUKA, M CBSI3aHO C
BIIMSTHUEM MEXAHUYECKUX HANPSKEHHUM Ha JJEKTPOHHBIE CBOMCTBAa. Pa3sBuTHE 3TOr0 Hampasie-
HUs B IIOCJIEIHUE TOJBI CBSA3aHO, IPEXKIE BCEro, ¢ JBYMEPHBIMU MAaTEpHAIIAMH — FE€KCaroHallb-
HBIM HUTPUAOM 0Opa, TOHKMMH IJICHKAMH OKCHJIa IIMHKA, TpaeHOM, a TaKKe yJIbTPATOHKUMHU
CJIOSMU XaJIbKOTE€HUJOB IEPEXOIHBIX METAJJIOB: MOJYNPOBOJAHUKOBBIMU MOHOcHosmMu MoSz,
WSe,, PdS;, WTe, u ruranapHbIMU T€TEPOCTPYKTYpaMHU Ha MX OCHOBE. MexaHW4ecKoe Harmpsi-
KEHHE B TaKUX MaTepHallax B3auMOJCHCTBYyeT ¢ (pepMHOHAMU MOJOOHO 3JIEKTPOMArHUTHOMY
MOJII0, YTO TOPOXKIAET TNIyOOKHEe aHAJIOTHH MEXIy KBAHTOBOM Teopued moyist U (PU3UKOU KOH-
JICHCUPOBAHHOT'O COCTOSIHUSA BellecTBay [2].

Bropoe HanpaBiieHue CTpEHHTPOHUKH Pa3BUBAETCA B pAMKAaX MarHUTORJIEKTPUUECKON AJIEK-
TpoHUKU. OCHOBHBIE UJIEU 3TOTO HAINPABIIEHUS CBSI3aHbI ¢ PU3UKONW MyIbTU(GEppOouKoB [3], a B Ka-
4yecTBE OOBEKTOB MCCIIEOBAHUN ITOrO HANpABICHUS CTPEHHTPOHUKU CIYXKAT TeTEPOCTPYKTYPHI
MarHUTOCTPUKLMOHHBIA ()eppOMarHeTHK — Mbe30JEKTPUK, aHU30TPONHS MArHUTHOTO CJIOSI B KOTO-
poii 3agaércst nehopMmaririel mbe303JIEKTPUKA MK TTOAJI0KKH, Ha KOTOPOM HaHECeH (peppoMarHeTHK
(BepxHsis yacTh puc. 10) [4]. [Tockoabky nedopmanust sIBISETCS TJIABHOW CBA3YIOIICH COCTaBIISIO-
el MeXIy MarHUTHOH M TbE303JIEKTPHUECKON (ha3aMu, TO TEPMUH «CTPEHHTPOHUKA» HCIIONIb3Y-
eTcs B CTaTbe, TeMaTHKa KOTOPOM HaXOJIUTCs Ha CThIKE (PU3MKM MArHUTORJICKTPUYECKUX KOMIIO3H-
TOB U CIIMHOBOH AJIEKTPOHUKHU «[ MOpHIHAS CIIMHTPOHMKA M CTPEHHTPOHWKA: MarHUTHAsI TEXHOJIO-
I'Msl KOMIIBIOTEPHBIX BBIYMCICHUNH M 00paOOTKU CUTHAJIOB CO CBEPXHM3KUM HHEPrONOTPEOICHUEM»
[5]. Tem HE MeHee, MHOTHE UCCIIEIOBATENH 10JIaratoT, «YTO UMEHHO B MarHUTHOM CTPEHHTPOHUKE
MIOJTHOCTBIO PEaTn3yeTcsl BO3MOXKHOCTh CBEPXHU3KOI'O SHEPronoTpelieHus, 3al0KeHHasi B caMoi
ujiee yrnpaBieHUs CIIMHOBOM CTeNeHb0 cBOOObI. COrlacHO OLIEHKaM, SHEPTUsl MEePEKII0YCHUS 3a-
TIOMUHAIOMMX YCTPOHCTB cTpeitaTponuku 6yner menbie 1 aJlx (1078 [Ix), npubmmsxasch Kk Beu-
YMHAM, OTPAaHUYCHHBIM TOJIBKO (PYHIaMEHTAIBHBIMH TEPMOJIUHAMUYECKIMH TPUHIMIIAMH, B YacT-
HOCTH npedenom Jlanoayspa KsTIN2 — MUHUMATBEHOMN SHEPTUEH, BBIICISEMON PU CTUPAHUU OJTHO-
ro 6ura mHpopmammm» [6]. Takumu xe ynbTpaManbIMH TOTEPSIMH SHEPIHA MOTYT 00JaaaTh
CTPEHHTPOHHBIE JIOTMYECKHE YCTPOMCTBA U aHAJIOroBble ycuunTenu. K 3asBICHHBIM MOKa3aTENsAM,
OCHOBAHHBIM Ha TEOPETHYECKHX OIEHKax (puc. 1.2, 3amrpuxoBaHHas 001aCcTh), aBTOPHI MOCIIEIHE-
ro 003opa B 3Toi obsactu [1] mpocsAT NOAXOAUTH C OCTOPOKHOCTHIO, TOCKOJIBKY 3KCIIEPUMEHTAIIb-
HbI€ TIPOTOTHUIIBI TAKUX YCTPONCTB CTPEHHTPOHUKH JAIOT 0oJjiee HU3KUE 3HAYEHMsI, CUIIBHO OTJINYa-
IolIMecs OT MpeAenbHbIX (puc. 1.2, 061acTh CIIOMIHON 3aIUBKH).

«TeM He MeHee, BTOpOE HaIlpaBlIEHUE CTPEHMHTPOHUKH, OCHOBAaHHOE Ha NMPUMEHEHUM Mar-
HUTHBIX IUICHOK, TMpejacTaBiseTcs Oojee OMM3KOM K NPaKTUYECKOH peanu3aliy, 4YeM IepBoe
HaIpaBJieHUE, OCHOBAaHHOE Ha BJIMSHUU HAIPSDKEHUS Ha DJIEKTPOHHBIE CBOWCTBA, UTO BRIPAXKAETCS B
ee MPEeBOCXO/CTBE B MOJITOpPa-/IBa pas3a Mo KOJMYECTBY MyOnuKkanuil. JIonogTHUTEIbHBIM TOCTOMH-
CTBOM MAarHUTHBIX YCTPOICTB CTPEWHTPOHUKH SIBISETCS UX HIHEPrOHE3aBHCHUMOCTbH, T.€. COXpaHe-
HUE COCTOSIHUSL B OTCYTCTBUE DIIEKTPUYECKHMX HMCTOYHHMKOB IHMTAHUS, YTO IO3BOJIIET B OJHOM
yCTpOMCTBE 0OBETUHUTH TOCTOMHCTBA 3JIEMEHTOB [TOCTOSIHHOM U ONepaTUBHON MaMsaTu» [6].

B nacrosmeit riase yue6GHOro moco6ust Mbl yJeIMM OCHOBHOE BHHUMAaHHE MMEHHO BTO-
poil Pa3HOBUJIHOCTU CTPEUHTPOHHKH, OCHOBAHHOW HAa MAarHUTORJIEKTPHUYECKOM B3aUMOJECH-
CTBUU U CBSI3aHHBIMU ¢ HUM 3 dextamu. [Ipu sTom, aBTOpHl 00630pHOIT paboTs! [1] oTMeuarorT,
4TO0 (DyHJaMEHTAJIbHBIE MOJOKEHHS 3TOr0 HAIpaBJIEHMS BCIEACTBUE CBOEH OOLIHOCTU MMEIOT
HEMOCPEJICTBEHHOE OTHOIIEHHE K 000MM HaIlpaBJICHUSAM pa3BUTHUS CTpeHHTpoHUKH. Hampumep,
oA jAeiicTBUeM U3ruba 3JIeKTPUUECKUX MOoJIe M HEOJAHOPOAHBIX pacipeieneHuil nedopmannuu
U TeMIepaTypbl B 00bEMHBIX U ABYMEPHBIX MaTepHallax BOSHUKAIOT pa3HOOOpa3Hble A (DEKTHI,
BbI3BaHHbIE MOHWKEHUEM CHUMMETpPUH, YTO CBA3AHO KAaK C AJEKTPOHHOHN, TaKk M MarHUTHOM
CTpYKTypoil mMaTepuana. Ocoboe BHUMaHUE B TOW TiaBe OyAeT yJeIeHO MarHUTOIJIEKTpHYe-
ckoMy 3¢ (deKxTy B pa3auyHBIX MaTepuaax U MOJYUYEHHUIO CIOEBBIX FE€TEPOCTPYKTYp deppomar-
HETUK-TIb302JIEKTPUK A1 (OPMUPOBAHMS 3aJaHHBIX CBOWCTB IOCPEACTBOM MEXaHMYECKHX



HAIPSKEHUN U CTPYKTYPHBIX UCKAKCHUHU. B 3aKkiIt0ueHue I1aBbl IPUBEIEM HEKOTOPBIE NIPAKTU-
yecKue 00J1acTu NPUMEHEHHS CTPEHHTPOHUKH.

10°
” STT-yerpoficaa
=10
;. : cMos
B oqo0 [\ SRNPOROAEG
T E BAH WEEKTPOHHEL o
= E CTpeia Tpo HHE 3
¥, C
5“ ' e anr TFET
= E
z sl
S L
M :
1073
E TR RRTT| R BT 171 N e S S L a 11| B A I R AR 111 B B AR 1]
1 107 1 1 107 10%

Bpema saneposin, nc

Puc. 1.2. lnarpamMmma n3MeHeHHs TapaMeTPOB HEKOTOPHIX JIEKTPOHHBIX YCTPOUCTB CTPEHHTPOHUKH
B KOOPAMHATAX: pacceusaemas IHepeus nepexioietus - 8pems 3a0epicKu
1 — ans yCTpOHCTB MOTYTIPOBOIHUKOBOU SJIEKTPOHUKH (BBIIEIEHO TOIYOBIM IIBETOM),
2 — CHUHTPOHUKH (00J1aCTh KOPUYHEBOTO I[BETA),
3 — CTpeHHTPOHUKH (BBIJCICHO KEITHIM I[BETOM) [1]

1.1. Bausinue nedopMalUMU HA JTEKTPOHHYI0, MATHUTHYIO
U IUIJIEKTPUYECKYI0 CHCTeMbI KPHUCTAJLIAa

MexaHuueckoe HampspKeHHE, MPUIIOKEHHOE K KPUCTaUly, BBI3bIBAe€T B HeM Jedopma-
L[1I0, KOTOpas AJid CTPEHHTPOHUKU UTPAET POJIb «IIOCPEHUKA», C MOMOIIbI0 KOTOPOTO H3Me-
HAIOTCA U IpYTHE CBOMCTBA KpHCTAJIA: 3JIEKTPOHHBIE, MATHUTHBIE U TUIJIEKTpuueckue. Takoe
B3aMMOJICHCTBUE B KPHUCTAJJIE CIIOCOOCTBYET BOZHHMKHOBEHHUIO B KPUCTAJIE TAKUX MEPEKPECT-
HbIX 3(PEeKTOB, KaK MarHUTOZJIEKTPUUYECKUN, MAarHUTOYNPYTUi, MbEe30PE3UCTUBHBIN, IMbE30-
AIEKTPUUYECKUH, FIEKTPOCTPUKIIMOHHBIN U Jp. (puc. 1.3).

Mazenumoynpyeuti 3¢pgpexm unn a¢pgpexm Bunnapu, oTKpbITHIN eme B 1865 r. u 3akiro-
Yaloluicsl B I3MEHEHUH HAaMarHWYeHHOCTH (eppOMarHeTHKa MpHU ero MexaHu4yeckou aedop-
MalM¥ — MPUCYL] B TOM WM MHOM CTENEHM BCEM MAarHUTOYNOPSJOYEHHBIM KpucTauiam. Mar-
HUTOYNpPYrui 3pdekt sBusercss oOpaTHbIM 3(P(HEKTOM MO OTHOLIECHHUIO K MACHUMOCMPUKYUL,
omkpwvimou na 20 nem panee JI.I1. Ixoynem (1842 r.) u 3axirovaronieiicss B U3MEHEHUU OTHO-
cuTenbHON aedopmanuu (peppoMarHeTuka, MOMEIEHHOI0 B MarHUTHOE mose. MarHuroynpy-
ruit 3QpeKT nHOrAa Ha3bIBAIOT OOPATHBIM MarHUTOCTPUKIIMOHHBIM 3P HEKTOM.

O6a mpuBeaeHHBIX BhIIEe 3P (HEKTa MPEnCTaBISIOT COO0H MPOSBICHUE MACHUMOYNPY2020
83aumooelicmeus, OCYUIECTBISIONIET0 B3aUMOCBSA3b CIIMHOBOW MOJCUCTEMbI KpUCTAa C
KpucTtajudeckoi pemérkoit. [Ipu BozneiicTBUM Ha KpHUCTaIbl (peppoMarHeTuka MeXaHM4eCKHX
HamNpsOKeHUH Ha KPUCTAIIOrpaUYecKyl0 aHH30TPONHUIO HAKJIAJbIBAETCS MAarHUTOYIpYTas
aHU30TPONUS, BbI3BaHHAS JOIMOJHUTEIbHBIM MarHUTHBIM B3aHMOJIEHCTBHEM aTOMOB BCIIEICTBHE
UCKAKEHUS aTOMHOM PEIIETKH KpUCTaa.



HamarnmuynBanue KpucTamia MEHSAET XapakTep 3TOro B3aUMOJEWCTBHS, YTO CIOCOO-
CTBYET U3MEHEHUIO PACCTOSHUN MEX]ly YaCTHIIAMH, 1, HA00OPOT, U3MEHEHUE PACCTOSTHUSA MEX-
Iy aTOMaMH BCIIEJICTBUE MEXaHUUYECKON ne(opManuu BIHSIET HA CUITy B3aUMOJCHCTBHUS MEXKIY
MarHUTHbIMH MOHAMM, IPUBOJAS K U3MEHEHMIO CPEAHMX MArHUTHBIX MOMEHTOB (HaMarHU4eH-
HOCTH ), TeMIiepaTypsl Kiopu, MarHUTHONH aHU30TPONHMH U JPYTUX CBOMCTB (peppOMarHeT uka.

Puc. 1.3. [lepexpéctHbie 3 (PeKTh, BOSHUKAIONIUE B KPUCTAIIJIE U CBA3BIBAIOIINE
MEXaHHYECKYI0, MATHUTHYIO H AJIEKTPHYECKYIO CHCTEMBI TBEPJIOTO Tela:
1, 2 — mpe30MarHUTHBIA U MAarHUTOCTPUKIIMOHHEIH 3¢ (EeKTHl COOTBETCTBEHHO;
3, 4 — MbE303NIEKTPUYECKHI U IIEKTPOCTPUKIIMOHHBIH 3P PEKTH COOTBETCTBEHHO;
5, 6 — MmarauTosneKTprUecKue 3P PEeKTH (JTUHEHHBIH U KBaJIpaTHUHbIN M0 M cOOTBETCTBEHHO);
7, 8 — mpsamoi n 0OpaTHBIN (uieKcOMarHuTHEIE 3P (EKTH COOTBETCTBEHHO;
9,10 — npsMoii u oOpaTHbBIN (iekcornekTpuiaeckue 3pPeKThl COOTBETCTBEHHO;
11, 12 — npsimoii 1 00paTHBINA (BIeKkcoMarHuToeKTpuIeckue 3QPEeKTH COOTBETCTBEHHO:
M, P, Ujj— HaMarHU4eHHOCTb, IIEKTPHUYECKask MOJSPU3ALUSI 1 KOMIIOHEHTBI TEH30pa
nedopmMariu COOTBETCTBEHHO [1]

I[J'ISI ciIy4dasa CUJIBHBIX YIIPYIrUX HaHpHX(GHHfI, I[Gf/iCTB}HOHH/IX B HaIIpaBJICHUHW MAaroHuTHOT O
I10JI4 H, HaMarHM4eHHOCTh M MOJKET OBITh OIIpEACJICHA U3 BBIPAKCHUS |

M o (L.1)

M=M_cosa=-
) 3o

I71€ 0. — YUCIEHHBIH KO3 UIIMEHT, PaBHBIH,
AS — MAarHUTOCTPHUKIIUS HACBIILICHUS.
AHaJIOrOM MarHUTOCTPUKLUMM B JUAJIEKTPUUYECKUX MaTepuanax sBIsSeTCS 9/eK-
mpocmpuxkyus, m.e. AeopManus AUIEKTPUKA, TOMEIIEHHOTO BO BHEIIHEE HJIEKTPUUYECKOE IM0-

7€, TPONMOpIHOHANBHAS KBAJApPaTy HAMPSIKEHHOCTH TIOJNS W HE 3aBUCAIIAsS OT M3MEHEHHUsS ero
HampaBJeHHs Ha oOpaTHoe (B oTiMuue oT oOpaTHoro mbe3zodddekra). Ilon neiicTtBuem 3mek-
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TPUYECKOTO TOJSI aTOMbl U MOJIEKYJbI, U3 KOTOPBIX COCTOUT JUAJIEKTPUK, CMEIIAIOTCS, U B pe-
3yJAbTaTe MPOUCXOIUT FNEKTPOCTPHUKIIMS, KOTOpas MPUCYIIa BCEM TBEPIbIM U KUIKUM JTHUAJIEK-
TPUKaM HE3aBUCHUMO OT UX CUMMETPHUU U CTPYKTYPHI.

B TBepabIxX Tenax 3JIeKTPOCTPUKLMUS BbIpaxkaeTcs KBaAPAaTUYHON (HOpMyIIOil:

p (B) =2 D dym B E, (12)
i

re Uim — KOMITOHEHTa TeH30pa JehopMalnu;
Ei u Ej— cocTaBnsromme HanpsyKeHHOCTH 3JIEKTPUUECKOTO TTOJISL;
j ;

Qijim - KO3 PUIHESHTHI K TPOCTPUKITHH.

C npyroii CTOpOHBI, CO3JJaHNE MEXaHMYECKUX HAMPSDKCHUH B BEIISCTBAX, 00JIQTArONINX
AIEKTPOCTPUKIKEH, HO HE SBISIOUIUXCA MbE303JIEKTPUKAMU, HE COIPOBOXKJAETCS BO3HUKHOBE-
HUEM DJIEKTPUUYECKOU MOJIAPU3ALHMH U COOTBETCTBEHHO 3JIEKTPHUYECKOTO IMOJs: B Cpeaax, odna-
JAIOIIUX LIEHTPOM CHUMMETpPHH, OJHOpOAHAas AedopMalus, BOSHUKAIONIAs MO JACHCTBUEM Me-
XaHUYECKUX HANpPSKEHHUH, BBI3BIBAET OJHOPOJHOE HM3MEHEHHUE PACCTOSIHUNA MEXAY 3apsijgamMmu
aTOMOB H, CIIeJJOBAaTEIbHO, HE MPUBOJIUT K MOSBICHHUIO DJIEKTPUYECKOIO MOMEHTA, T.€. MOJIAp U-
3aluu.

Bo3HUKHOBEHHE TONSPHU3AIUHN TUAIEKTPUKA MO/ ACHCTBHEM MEXaHHUYECKUX HAMpPSKEHHM
MIPEJICTaBIISIET COOOU MPSAMOM Mbe303eKTprUecKkuii 3(h(eKT, B TO BpeMsi Kak BOSHHKHOBEHHE MeXa-
HUYecKuX aedopMaiuii B AUIEKTPUKE, TOMEIICHHOM BO BHEIIIHEE AJIEKTPUUYECKOE MOJI€ HAa3bIBAIOT
0o0paTHBIM Tbe303IeKTpuuecKuM 3P dpexktoM. Takum 00pazoM, pu MPIMOM MbE303TEKTPUUECKOM
s dexre nedopmalus MbE303IEKTPUUECKOTO 00pa3iia IPUBOAUT K BOSHUKHOBEHUIO 3JIEKTPHY €-
CKOTO HaIMpsIKEHUSI MEXKIY MOBEPXHOCTAMH J1ehOPMUPYEMOTO TBEPJIOTO Teja, a Ipu 00paTHOM
MbE303JIEKTPUYECKOM I (eKTe MPUIIOKEHUE IIEKTPUUECKOTO HAMPSIKEHUS K TeNly BBI3BIBAET
ero aehopmMaluio.

YpaBHeHHUSI TPSIMOTO M OOPAaTHOTO MbE30AIEKTPUYECKOro >PGPEKTOB HUMEIOT JTHUHEHHYIO
CBSI3b MEXJIY ITApaMETPOM TMOPsIKA U JePOopMaIuei:

Pi = dijk Ujk; (1.32)
ok = djik Ei ; (1.30)

rje dijk — TEeH30p MbE303IEKTPUICCKUX MOIYJICH,
P- QJICKTpHUYCCKa MMoJIsIpu3anus,
Ojk — TEH30P MEXaHUUYECKUX HAMPsHKEHHH,
E — HanpspbkeHHOCTD ANEKTPUYECKOTO OIS,
Ujk — TeH30p nedopmaruu.

AHanoruusbiil 3¢p(eKT — Nbe30MarHuTHEIA 3PPEeKT (BOSBHUKHOBEHHUE CIIOHTAHHOTO MarHuT-
HOT'O MOMEHTA IPU HAJIOKEHUH YNPYTUX HANPSOKEHWN) U JIMHEHHas MarHUTOCTPUKIUS (M3MEHEHNE
JUHEHHBIX pa3MEpPOB MPHU HAJOKEHUU BHEUIHET0 MarHUTHOTO M0JisA) — HaOItogaeTcsa B aHTudeppo-
MarHeTHKax u cyiadbix peppomarHeTukax. [Ibe30MarHUTHBI MOMEHT CpaBHUTENBHO Mail. [TosTomy
MPAKTUYECKH HAO0JII0/IaTh €r0 MOXKHO TOJIBKO B aHTHU(EPPOMArHEeTUKax, KOTOpble B HOPMAJIbHBIX
YCIOBHAX HE 00J1a/Ial0T CIIOHTAaHHBIM MAarHUTHBIM MOMEHTOM. TeopeTuueckoe uccie0BaHHE Mar-
HUTHOW CUMMETPUHU U3BECTHBIX aHTU(eppomMarHeTukoB no3sonawio U. E. J[3snomuackomy (emé 10
TOT0, KaK OBbLJIM HaiIeHbl BCE MAarHUTHBIE KJIACCHI, IOMMYCKAIOIINE Tbe30MAarHUTHBINA A3 QEeKT) HallTH
cpemu Hux psn BemecTB (FexOs, FeCO2, MnF,, CoF,, FeF2), B KOTOphIX TOCIETHHUNA HOKEH
HabII0AaTHCS.
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B nocnenHue roasl ycTpoWcTBa CTPEHHTPOHMKU W3rOTABIMBAIOT HA OCHOBE I'€TEPOCTPYK-
Typ, AepopManus B KOTOPbIX HABOAMUTCS IEKTPUYECKU. J[JIs1 3TOro MCMONB3YIOT CION MbE30IEK-
TpPHUKa, MEXaHUYECKU CBSA3aHHOTO CO CJIOEM MAarHUTHOTO Marepuaina (CTpyKTypaM (eppOoMarHTuk-
IIB303JIEKTPUK OYyAET MOCBSIIEH OTAENbHbIN pa3zein). B pe3ynbTare BO3AeHCTBUS JIEKTPUUECKOTO
IOJIS1 HA MHE30JICUTEKTPHK MOCIEAHNN 1eOPMHUPYETCS U U3MEHSET MarHUTHOE COCTOsSTHUE (eppo-
MarHeTHka, T.€. MOXHO TFOBOPUTb 00 3((PEKTUBHOM MacHumosIekmpuieckom B3aUMOACHCTBUM.
Y4auThiBas TO 00CTOATENBCTBO, YUTO MArHUTORJIEKTPUIECKOE B3aUMOICHCTBIE B TAKUX KOMITIO3UTaX
ABJISICTCA, 110 CYTH, IIPOU3BEJCHUEM Ibe303J1eKTprudeckoro (1.3) u maruutoymnpyroro (1.1) B3aumo-
NENCTBUM, TO OHO OyAEeT KBaJpaTUYHBIM 10 HAMATHUYEHHOCTH UM JIMHEWHBIM IO 3JEKTPUUECKOMY
1oJr0. 110CKOIBKY MarHUTORIEKTPUYECKOE B3aMMOJCHCTBUE KBaJPAaTUYHO 110 HAMATHUYEHHOCTH,
TO NEPEKIIIOUEHUE IEKTPUUECKON MOIIPHOCTH NPUBEIET K IOBOPOTY BEKTOPOB HAMAarHUYEHHOCTH
Ha 90°, a He Ha 180°.

O6a »ddekra mpencTaBissroT co00il MPOSBICHUE MACHUMOYAPY2020 63AUMOOECMBUS,
OCYILIECTBIAIOLIETO B3aUMOCBS3b CIIMHOBOW IIOJCHUCTEMBI KPHUCTaUIa C KPUCTAJUIMYECKON peIeTr-
koii. [Ipu Bo3#EHCTBIM HA KpUCTAJUIBI (peppoOMarHeTHKa MEXaHMYECKUX HANpsKEHUH Ha KpHCTa-
norpau4ecKyr0 aHM30TPOIIUIO HAKJIAbIBACTCSI MArHUTOYIIPYTas aHU30TPOINHMs], BbI3BaHHAs! AOMOJI-
HUTEJBHBIM MarHUTHBIM B3aUMOJICHICTBUEM aTOMOB BCIJIEJCTBUE HCKA)KEHMSI aTOMHOM pEIIeTKH
KpHUCTaJljia.

Cpenu nepexpecTHBIX 3 ()EKTOB BBLACIAIOT €IIe OJHY TPYIIY SIBICHHI, KOTOPHIE B CBO-
€M Ha3BaHHUH COJCPXKAT MPUCTABKY ¢iexco (ot nart. flexura — usruo).

Dnexcodnekmpuieckum Ha3bIBAIOT dPPEKT BOZHUKHOBEHUS AJIEKTPHUECKON MONSAPH3AINN
B BelecTBe npu usrude. Takol 3pPeKT OTHOCAT K MPSAMBIM, B TO BpeMs, KAK BOSHUKHOBEHHE Me-
XaHUYeCKo nedopMaluu B HEOJHOPOAHOM 3JIEKTPUUECKOM I10JI€ Ha3bIBalOT O0OpaTHBIM (ieKCo-
IeKTpUUECKUM 3P PekToM. DIeKCONEKTPHUUECKOe B3aUMOACHCTBUE ONUCHIBAETCS BKJIAIOM B TEP-
MOJUHAMHUYECKHIA TOTEHIINAT (POPMYJIION:

Friexoe= /2 (P ou/ox — u oP/ox), (1.4)

rjae f — koHcranTa QuiekcosnekTpuueckoro 3¢ dekra,
P — snexTpuueckas monspusarms,
U — nedopmanusi.

MarautHbeIM aHanoroM (uekcoanexkTpuueckoro 3¢ dexra ABISIETCS hrexcomMacHUmHbl
aghghexm, 3akmoyaONUIICSd B BOZHUKHOBEHMM HaMarHMYEHHOCTH M NpH HallO)KEHUM Tpaau-
€HTHOro nojs aepopmanuiit Ay (mpsimoit ¢prekcoOMarHuTHBIA 3PPEKT) 1 BOZBHUKHOBEHUH MeXa-
HUYeCKOH edopmaliii B HEOAHOPOIHOM MAarHUTHOM 1osie (0OpaTHBINA (IeKCOMarHUTHBIN 3 (-
¢bexT).

Tpetsio rpynny ¢aexkcorpdexToB o0pa3yroT ¢rexco- maznumosnekmpuyeckue dQpgex-
Mbl, KOTOPBIE CBSI3BIBAIOT MATHUTHBIE M DJIGKTPUUYECKHUE IMapaMeTphl MOPSIKA M MX T'PaJACHTHI
(crpenku 11 u 12 Ha puc. 1.3). bnaronaps npsiMmomy (uieKCOMarHUTO3IeKTpuIecKoMy 3P ekTy
MPOCTPAHCTBEHHAS MOIYJISIHS HAMAarHUYEHHOCTH TIOPOKIAeT B MYJIbTU(EPPOUKAX IIEKTPHUIEC-
CKYIO TOJIIPU3ALMIO, a JIEKTPUUECKOE MOJIe MOXKET BO3JIeHCTBOBATh HA JOMEHHBIE I'PaHMIIBI,
BHUXPH, CKHPMHUOHBI ¥ JPYrHe MarHUTHBIE Toronorudyeckue nedexrter. OOpaTHBIA (aexkcomar-
HUTO-3JIEKTpUYECKUN 3((PEKT BBI3bIBAET U3MEHEHHE MATHUTHOI'O COCTOSIHUS MyJbTH(]eppouka
BCIICJICTBUE TPAJMEHTHOTO pAaCHpEIeTIeHHUs] AJIEKTPUUECKOW IOISIpHU3alii, CO3aBaeMOr0 B
CHJIBHO HEOJHOpOAHOM moJie. Hampumep, B pesynbTaTe HaJOXEHHUS Ha oOpaszer] TOYeHUHOIo
3JEKTpOJa UM KaHTUBeNepa 30HA0BOro MUKpockona. drekcoMarHuTosaekTpuieckue 3 dex-
Thl MOTYT PEaJH30BBIBATHCS KaK MOCPEACTBOM MEXaHWYECKOH aedopmanuu (Hampumep, NmpH
n3rube Kpucramia), Tak u 6e3 aedopmMamuu, Korjaa TBEPAoe Teao ocTaércs HenehopMUpOBaH-
HeIM. Korja Teno ocraercs HeneH(OPMUPOBAHHBIM, «M3TH0» HabmoaeTcs He B o0Opasle, a B
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MarHUTHOW MOJICHCTEME B BUJI€ CIMHOBBIX IUKJIOU. [1o100HBIE MPOCTPAHCTBEHHO MOIYIIHPO-
BaHHBIC CHMHOBBIC CTPYKTYpPHI BOSHHUKAIOT IO JECHCTBHEM 3JIEKTPUYECKOTO IOJISI B HEMaTHY e-
CKUX KHJKUX KPUCTAJIaX U ABIISIOTCSA aHAJIOTOM MOJIEKYISIPHBIX IIUKIOU].

Jlis co3nanusi MEXaHM4ecKoi nedopManiy B MarHUTHBIX IJIEHKAX NMPUMEHSIOT pa3ind-
Hble c1ocoObl (puc. 1.4):
- UCIIOJIb30BAaHMEM IMOJJIOKKU C OTJIMYAIOIIEHCS OT Marepuayia TUIEHKH IMOCTOSHHOW pe-
MIETKU WIM HETIOCPEACTBEHHO C MOMOIIBIO H3ruba;
- HAJIO)KEHUEM BHEIIHEr0 JIEKTPUYECKOTO IMOJISA, MPUBOAIIET0 K 0OpaTHOMY ITbe303JIeK-
TpuueckoMy 3 PexTy (B MAarHUTOIIEKTPHUIECKUX KOMITO3UTAX);
- IyTeM HarpeBa MarHUTHOW IUIEHKM HA TOJJIOKKE, pa3inuyaromuecs Kod(p(UIIUEHTHI
TEPMHUYECKOTO PaCIIUPEHUS;
- IyTeM HarpeBa MarHUTHOH IUIEHKH Ha TOJUIOXKKE, KOTOpas uMeeT (a3oBBIH mepexon
KpucTamorpaguueckoil CTpyKTyphI;
- ONTUYECKUM BO3JECHCTBHEM Ha MYJIbTU(EPPOUK, MPUBOAIIINM K (POTOMHIYyIIHMPOBAHHOM
ctpukiuu. Takoe Bo3aeiicTBUEe Hanbosee MepCrneKTHBHO, MOCKOIBKY 1aeT BO3MOXKHOCTbH IIep e-
KITIOYCHHS MEXaHMUYECKUX HAINPSDKEHUH C TUTa- M TeparepoBOil 4acTOTOM.

Bo3moskeH 1 KOMOMHUPOBAHHBIN MOJIX0/I, COUYETAIONNN B ce0e HECKOIBKO METOJIOB.

H

Puc.1.4. Bo3MOKHBIE CXEMBbI yIIpaBleHUsI HAMAarHUYEHHOCTHI0 M B yCTPOHCTBaX CTPEHHTPOHUKH:
1) HemocpeICTBEHHBIM BO3/ICHCTBUEM MAarHUTHOTO MOJIS; 2) MOCPEACTBOM Je(opMalivii, BOSHUKAIOMINX MPH
HaJIOKEHUH MEXaHWYEeCKUX HanpspkeHui; 3) nedopmaruii mpe3oanekTpudaeckoro agdexra, 4) nepopmanmii
TEPMOMHIYLIUPOBAHHBIX U (POTOMHIYLHNPOBAHHBIX 3()(HEKTOB

[Tpuémbl nedopMalliOHHON MHXKEHEPUH, DIEKTPOUHYLUPOBAHHOTO U TEPMOMHAYLIUP O-
BAHHOTO BO3JEHCTBUS, IPUMEHSAEMBIE B YCTPONCTBAX MarHUTHON CTPEMHTPOHUKHU, UCIIOJIB3 YIOT
B ¢u3uke nByMepHbIX (2D) marepuasioB, OTHOCSIIMXCS K NEPBOMY HalpaBiIEHUIO CTPEHHTpO-
Huku (puc.l.l). Hampumep, 31eKTpOMHIYyIMPOBAHHOE BO3AEHCTBHE Ha rpadeH MOXKHO OCY-
HIECTBIISITh, €CJIM MIOMECTUTh €70 Ha MbE302JEKTPUUYECKYIO MOMI0KKY. MOKHO Takxke JEeTHUp o-
BaTh rpadeH JIUTHEM, B pe3yibTaTe YeTo MOCIEIHUN NpUOOpeTaeT Mbe303JeKTPUIECKrue CBOM-
cTBa. Tak, MexaHWYECKHE HANPSHKEHUS B rpadeHe MoJydaroT TakKe TEPMUYECKUM BO3AeHCTB U-
€M, UCIIOJIb3YsI Pa3HUIY B K03 (UIMEHTaxX TEIUIOBOro pacmupenus rpadena (wiu apyroro 2D-
MaTtepuasa) U MOMJIOKKH, a JIJIsl U3MEPEeHUs BIUSHUS JedopMannil Ha 3JIeKTpUYeCKHe CBOKWCTBA
rpadeHa ero NOMemawT Ha THOKYIO MOJJI0KKY U3 MOJTUMEPA.

BrimenpuBenéuable IpUMeEpPHI MOKa3bIBAIOT OOIIHOCTh N3yYaeMbIX MPOOJIEM U MPUMEH s-
€MBIX MMOAXOJ0B B CTPEHHTPOHUKE MYJIbTH(PEPPOUKOB U MAarHUTHBIX MaTEPHUAJIOB, C OJHOM CTO-
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POHBI, U B CTpEHHTPOHUKE TpadeHa U IBYMEPHBIX Cpell, ¢ ApYroi cTopoHbl. Takue mpuMepsl,
[0 MHEHHUIO aBTOPOB Pa0OTHI [1], MO3BOJSIOT HaAEATHCS, YTO HEKOTOpas W3Ha4ajbHAas JBOW-
CTBEHHOCTH MOHSATHSI CTPEHHTPOHUKH OyAET MpeojojeHa B XOAe NajJbHEHIIero pa3BuTus, Oa-
rosaps KOHBEPreHIUH IBYX €€ HallpaBJICHUN.

1.2 MaruuTtosnekTpudeckuii 3¢ dexr

W3 Bcex MepeyuclIeHHbIX BbIIIE MEPEKPECTHHIX 3(PPEeKTOB HAMOONBIINI UHTEpEC UCCIE0-
BaTelieil BHI3BIBACT MarHUTOUIEKTPHUECKUI 3(h(ekT B MynbTU(EPPOUTHBIX MaTepHaiaxX, KOTOPBIHA
MIPOSBIISIETCS. B BUJE U3MEHEHUS MoJspu3aluu Marepuana P mon aeiictBuemM MarHUTHOrO mnoss H
(mpsimoit 3 deKT) 1 U3MEHEHHUs] HAMarHUYeHHOCTH M Ml T0JIst aHU30TPONIMK MaTepuasia 1o Aei-
CTBUEM dJIeKTpudeckoro mojis E (oOpatHeiii addexr). Marnurosnekrpuueckuit (MD) addext Obut
BIIEPBBIC MPEJCKa3aH COBETCKUMHU (U3MKaMHU-TeopeTukamu akagemukom JI.JI. Jlannay [7] u unen-
koppecnionienToM AH CCCP E.M. Jludpmunem (Muctutyr dusnyeckux npodiem AH CCCP) B
1956 rony [8].

Jl1si MarHeTosIeKTpUKa, MOMEIIEHHOTO B OJHOPOIHBIC 3JIEKTPUUECKUE U MarHUTHbBIE OIS,
BBIpaKEHHE JIJIs1 CBOOOIHOM »Hepruu F nmeer Bun [9]:

oS s, 1
F(EH)=F,~P°E, -MH, - i
L L HH o EH. 26 EHH H.E E (9)
oM T j‘gﬁijk ik ik kT

rae PS u MS — cnionTaHHas nosisApusanys U CIOHTAHHAS HAMATHHYEHHOCTh COOTBETCTBEHHO;
€ij ¥ Wij — TEH30pbI IUDJIEKTPUYECKON U MarHUTHOW ITPOHUIIAEMOCTEN COOTBETCTBEHHO;
€0 U o — DJIEKTPUYECKAss U MAarHUTHAs IIOCTOSIHHBIE COOTBETCTBEHHO;
aij, Bijk, Yijk — TeH30pBI M3 3 heKToB.

Torma nuddepennmpoBanue Boipaxenus (1.5) mo snextpuueckomy Ej u mMarautHomy Hi
TIOJISIM TIPUBOJIUT COOTBETCTBEHHO K BBIPAXKCHUSM JIJIS TIOJISIPH3AIIHH

oF 1
P.(E,H)= - P’ +e,6,E +oH, +§B”kHij +7,HE, —... (1.6)
M 11 HAMarHHIuBaHMS
oF 1
M(E' H): _aF = Mis +“0“‘inj +aijEi +BijkEiHj +§YijkEjEk T (1.7)

B Boipaxenusx (1.6) u (1.7) BUAHO, 4TO TEH30p 0lj CBSI3bIBAET MOJSPU3ALUIO0 C MATHUTHBIM
I10JIEM WJIM HAMarHMYMBAHUE C DJIEKTPUUYECKUM I0JIEM, TO €CTh SBJIAECTCSA TEH30POM JIMHEHHOTO MO
s¢pdekra. Bmecte ¢ Tem nuHeiHbI MD addext nononHseTcs kBaapatuyHbiMu MO sddexramu,
KOTOpBIE XapaKTepU3YIOTCs TeH30paMHu Pijk U Yijk.

DKkcrnepuMeHTaabHoe Habmoaerne MO saddekra B 1959 roay OTKpHIIO BO3MOKHOCTH ISt
€ro MPAaKTUYECKUX IPUMEHEHHH, TPaHMIBI KOTOPBIX K HACTOSILIEMY BPEMEHHU CYIIECTBEHHO
pacmmpuinck. [Ipu uzydennn npsimoro MO a¢dekTa MarHuTOJIEKTPHUUECKUI 00pa3er] MOMENIaloT
B MOCTOsIHHOE mosie H= u mepemeHHoe H- MarHUTHBIE MOJS U PErHCTPUPYIOT T€HEpUpyeMoe
nepeMeHHoe HanpsokeHue U.

Jlis XapakTepUCTUKU BEIMYUHBI MPSIMOTO MAarHUTOIJIEKTPUUECKOTo 3PQeKTa HCIONb3YIOT
K03 (HULUEHT MPSIMOTO O MAarHUTOZJIEKTPHUUECKOT0 IPeoOpa3oBaHus:
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ag = E/H- = (U/b)/H- [mB-emt-3], (1.8)

rae E — anekrpudeckoe moie;
b — Tommuna obpasia:
U — u3MepsieMoe TepeMeHHOE HarpshKeHHE.

[Tpu n3ydeHnn 0OpaTHOrO MarHUTOAIEKTPHUYECKOTO AP PeKTa K 00pa3ily MarHeTOAICKTPHKA
MIPUKJIA/IBIBAIOT TIEPEeMEHHOE HanpspkeHne U U perucTpupyroT M3MEHEHHEe MarHUTHON WHIAyKnu B
oOpasma. st XxapakTepuCTUKH BeJIWYUHBI 00patHoro MO 3¢ dekToB nucnonb3yroT Ko3hOUIHEHT
00paTHOTO 0l MArHUTOIJIEKTPHUUECKOTO MPeoOpa3zoBaHus

og = B/E = B/(U/b) [T'c-em-BY], (1.9)

rae E — anekTpuyeckoe noie;
b — ronmmuHa obpasia.

1.3 M3 3¢ ¢exT B KpUCTALIAX

B 1959 rony noktop ¢usuko-maremarnyeckux Hayk W.E. JI3snommnackuit (MHCTUTYT Teo-
peruyeckoit ¢puzuku AH CCCP) BrnepBbie TEOPETHYECKU TMOKa3aJl BO3MOXXHOCTh CYIIECTBOBAHUS
KJIACCOB MarHUTHBIX KPHUCTAJIOB, ISl KOTOPBIX 0j # 0 , ¥ y’Ke K KOHILYy 3TOr0 rojia IOKTOp TeXHH-
yeckux Hayk J{.H. ActpoB (Bcecoro3Hblli HaydyHO-HCCIEI0BATENbCKUNA HHCTUTYT (DU3HKO-
TEXHUYECKUX M PAAMOTEXHUYECKUX M3MEPEHUI) SKCIepUMEeHTaNbHO Habmonan MD sddexr B an-
tudeppomaraernke Cro03. DKcrepuMeHT OBUT MOCTABIICH CleayrommM o0pazoM: kpuctamt Cr20s3
MOJIBEPrajicsi BO3JIEHCTBUIO MEPEMEHHOTO JIEKTPHUUECKOro MOl M OJIHOBPEMEHHO PETUCTPUPOBA-
JI0Ch M3MEHEHNE HaMarHW4eHHoCTH (00patHbIii MO s¢ddekr).

[To3anee, B kpucramiax Cr,03 Obu1 oOHapyxeH npsmoit MD s dexT u paccmorpeHa cBs3b
MD sddekra ¢ cuMMeTprel KpUCTANTHIECKOH CTPYKTYpBI; OblIa TPeAsioKeHa MUKPOCKOITUYeCKast

teopust 1 MO sddexra B kpucramie Cr203. YCTaHOBICHO, YTO CllaraeéMoe OLiJEiH | * 0 cnpa-

BEJTUBO TOJBKO B MarHUTOYIOPSAIOUYEHHBIX MaTepuaiax. [IpoBeneHHbIE HCCIIeOBaHUS TIOKA3aIH,
4yTo B 0oJHO(a3HbIX Marepuanax (takux kak Cr203), a3pdexT, kak mpaBuwiio, Mall MO BEIUYHUHE U
HabromaeTcst MO0 MPH HU3KKUX TEMIIEpaTypax, JIM00 B OOJBIINX MAarHUTHBIX MOJISIX.

B nanbHelieM ucciae1o0BaHUsS MarHUTORIEKTpUYeCcKoro 3ddexra ObUTH MPOBEACHBI B IPHU-
POIHBIX ¥ CHHTE3MPOBAaHHBIX TOMOTEHHBIX KPHCTa/UIaX, a TakkKe B TBEPABIX pacTtBopax: 11203,
BaCoFs, Ni3B7013l, PbMn20s, Co1,75Mn12504 u ap. Kpome marautosnekrpudeckux 3((HeKToB,
WHIYIUPYEMBIX BHEITHUMH MAarHUTHBIMH M AJIEKTPHUECKUMH TOJISIMH, B OJHO(A3HBIX KpPHCTaJLIaX
CYIIECTBYIOT CIIOHTaHHbIE MarHUTO3JIEKTpUUecKre 3((eKThl, KOTOpbIe 00YCIOBICHBI COCYIIECTBO-
BaHUEM B KpHCTAJJIe CHOHTAHHON HAMarHMYEHHOCTH W CIIOHTaHHOW TOJspu3auu. B oTeuecTBeH-
HOW JMTepaType Takue KPHUCTaUIbl Ha3blBalOT CETHETOMAarHeTHKaMH, a B 3apyOexHoil — deppo-
AJIEKTPOMArHETHKAMH.

CerneromMareTusM OblJ1 OOHApYXeH B psZie TBEPABIX PACTBOPOB U XMMHYECKHUX COEIMHE-
HUH CIIO)KHOTO COCTaBa: CO CTPYKTYpPOH MEPOBCKHTA, CO CTPYKTYPOH HINMHWHENN, B TPUTOHAIBHBIX
OopanuTax, B peAKo3eMeIbHBIX MOJMOAaTax, B peako3emenbHbIX (eppodoparax, B CuGeOs, B
MaHTaHWUTax, BO (ropuaax, B II€HKax (eppuTOB-rpaHaToB. B nampHeiimem ObL1 npoBenéH (eHo-
MEHOJIOrHYeckuii ananu3 M3 auarpamm manranurta tepoust TbMnOgz, TeopeTHUecKkn UCClie0BaHbI
MD B3aumojeiictBust Bo ¢propuae BaMnF4 u Obina yctaHoBieHa cBsi3b MO pe30HAHCOB C MbE30-
ANIEKTPUUECKUM (P (HEKTOM.
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B marHuToynopsijoueHHBIX KpUCTallaX MaKpOCKONMYECKOH HEOJHOPOJHOCTH HaMarHu-
YEHHOCTU M B MOJYJIMPOBAHHBIX MarHUTHBIX CTPYKTypaxX MOKET BO3ZHUKHYTb HEOJHOPOAHBI MO
3¢ (eKT, KOTOPHI BO3MOXKEH B KpUCTAILIAX JTIO00H CUMMETPHUH.

Marnurosnexkrpuyeckuii 3pdexr B kpuctamuiax oOyCIOBICH BIMSHHUEM BHEIIHUX BO3/EH-
CTBHI Ha SHEPTHI0 OOMEHHBIX U CIIMH-OPOMTAIBHBIX B3aUMOJCHCTBUN B KPUCTAJUIAX, CBS3BIBAIO-
IIUX [IPOCTPAHCTBEHHOE JIBUKEHUE JIEKTPOHOB U B3aUMHYIO OPUEHTALIMIO UX MArHUTHBIX MOMEH-
TOB.

OpHako uCHoNb30BaHUE OAHO(MA3HBIX CETHETOMArHUTHBIX CPEJ B IMPAKTHUECKUX LENIX
orpaHu4eHo Majioi BennunHoi MO s¢ddekra B Hux ~ 1 — 20 MB/(cm*3), a Takxke TeM, uro MD 3¢-
(GeKxT B cerHeTOMarHeTHKax HaOJIroAaeTcss IpU TeMIeparypax ropasio HUXKe KOMHATHOM, 4YTO
CBS3aHO C UX HU3KUMHU TeMIieparypamu Heena nnu Kropu.

B nanbHeiineM OblIM CO3/1aHbl pa3IMYHbIe TEOPUHM CETHETOMArHUTHBIX BELIECTB, B YaCTHO-
CTH TPOBENIEHO (PEHOMEHOJIOTMYECKOE ONMMCAHNE CETHETOMArHeTHKOB Ha OCHOBE Teopuu Jlanmay
11 (ha30BBIX MEPEX0/I0B 2 poJa, B KOTOPBIX MPEANOIarajoch, YT0 MEXaHU3M CBSI3U PELIETOUYHON U
MarHUTHOM TOJCHCTEM SIBJISIETCS CTPUKLMOHHBIM WM crUH-opOuTansHbiM. B [10] Teopus cerne-
TOMAarHeTUKOB ObLIa MOCTPOEHA Ha OCHOBE 00O0O0IIEHUS TEPMOIMHAMUYECKUX TeOpUil heppomarte-
TU3Ma U cerHeTodJIeKTpuuecTBa. B padote [11] obcyxaaeTcs BIMsIHUE BHEITHETO JIEKTPUUECKOTO
IOJIS Ha 4acTOTY aHTU(EPPOMArHUTHOIO Pe30HaHCa B MarHuToaekTpukax. B [12] Teoperuuecku
HCCIIEI0OBAaHO OOMEHHOE ycuiieHne MO CBsI3u B CETHETOMAarHUTHBIX BellleCTBaxX. PaccMoTpeH Ho-
BbIM THI (pa30BBIX MEPEXOJ0B B KPUCTAIUIAX, CBA3aHHBIA ¢ BO3HMKHOBeHHEM MO s¢ddekra. IIpen-
CKa3aHO CYIIECTBOBAHUE 3JIEKTPUUECKOHN IMOJISIpU3AaLUN MAarHUTOYHOPSAOYEHHBIX Cpell B 00JacTH
MarHUTHOM HEOJHOPOJHOCTH (HampuMep, BHYTPU JTOMEHHBIX rpanul). B padore [13] roBopurcs o
TOM, yT0 MD B3auMOJIeliCTBUE B CETHETOMArHeTUKAaX MOYKET IPUBOJUTH K JABM)KEHUIO IOMEHHBIX
rpaHull JaXe B OTCYTCTBHE BHEUIHEr0 MarHUTHOTrO mojs. s JKene3oMTTpUEeBOro TIpaHara
(Y3FesO12) TeopeTnyecku ObLIM ONMUCAHBI YCIOBHS MOSBICHHS HenuHeiiHOro MD addekra [14].
CornacHo TepMOAMHAMUYECKOMY PAcCMOTPEHHUI0, B paboTe [15] Obul0 ycTaHOBIEHO, YTO 3 dek-
TUBHOCTh MO B3auMO/IEHCTBUS OTPAaHUYNBAETCS CIEAYIOIIUM COOTHOILIEHUEM:!

aiij? < i Wj. (1.10)

N3 cootHomenus (1.10) BunHo, uto MD OTKIMK MOKET OBITH OOJBIIMM TOJIBKO B Bellle-
CTBax C OOJBIIMMH BEIMYMHAMU Eii U |4jj, TO €CTh B KOMIIO3UTaX Ha OCHOBE CETHETORIEKTPUKOB U
(beppOMarHeTHKOB.

Coznanue MD KOMIO3UTOB MO3BOJIUIIO IPEOAOIETh TPOOIeMy MOBbIIEHUsT MD OTKINKA U
pabouux Temmeparyp.

14 M3 3¢ ¢ekT B KOMIIO3UTAX

OcoObIil MHTEpec s CTPEHHTPOHUKH U HMCCIEOBAHUS MArHUTOIIEKTPUUECKOro 3¢-
(dexTa MpeACTaBISIOT KOMIO3ULIMOHHBIE MaTepHalbl, COAEp)Kalllue MarHUTHYIO U INbE303JIeK-
TPUYECKYIO (a3bl, CBOMCTBA KOTOPBIX M3MEHAIOTCS Mpu AedopManuu. BzaumoneiictBue >tux
¢a3 mexay coboi MPUBOIUT K BO3HUKHOBEHHIO COBEPIIEHHO HOBBIX, KOMOMHHPOBAHHBIX,
cBOICTB. B MarHuTHO! (paze KOMIO3ULIMOHHOTO MaTepuaga UMEeT MECTO MAarHUTOCTPUKIIMOH-
Has aedopmanus MoJ JeWCTBHEM BHEIIHET0 MarHUTHOIO TOJIsS, a Mbe30dJIeKTpuueckas ¢asa
KOMITO3UIIMOHHOTO MaTepuaina obnanaer nbe3odddexrom. BzanmozaeiicTBue MaruHuTHON U Ibe-
309JIEKTpUYECcKON (ha3 KOMIIO3ULIIMOHHOTO MaTepuana 4epe3 nedopManuio Ha TpaHULax UX pas-
7ieNa U TPUBOJUT K BOSHUKHOBEHUIO MAarHUTO3JIEKTpUUECKOro 3 dexra kak KoMOMHAIIMM Mar-
HUTOCTPUKIIMHU U Mbe303(P(eKTa, T.€. K CBSI3U MarHUTHBIX M DJIEKTPUUYECKHUX MTapaMeTpoOB B Ma-
Tepuaie.

[Tpu mpsmom MDO-3¢dexTe npuiIoKeHHOe K MaTepuaay MarHuTHoe mojie H BciaeacTBue
MarHUTOCTPUKIMU cO3/aéT B eppoMarHuTHOU (aze nedopmanuio, kotopas nepenaércsa dep-
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poasieKTpudecKkor (ase, B KOTOPOH BCIEACTBHE MPSIMOTO Mhe303PdeKTa HHAYIUPYETCS Tep e-
MEHHO€ HamlpsiKEHUe, M0 KOTOPOMY ONpeesioT KOd()PUIUEHT NpsIMOTO O MarHUTORJIEKTPHU-
yeckoro npeoopazosanus (1.8).

[Ipu oOpaTHOM MarHUTORJIEKTPUUECKOM MPEOoOpa3oBAHUM SJIEKTPUUYECKOE TO0JIE, BBI3bI-
Bas neopMaluio Mbe303ICKTPUIECKON (a3bl KOMIIO3UTA, MOXKET BCIICICTBHE OOPATHOTO IIb -
309 dexTa gedhopmMupoBaTh MarHUTHYIO a3y, IPUBOIS K U3MEHEHUIO HAMAarHWYEHHOCTHU, YTO
MO3BOJISIET OMPEACTUTH KOIPDUIIMEHT 0OpaTHOTO 0B MAarHUTOIJIEKTPUUECKOTO MPeoOpa3oBaHus
(1.9).

Ha pucynke 1.5 cxemaTnuecku n300pakeHbl OCHOBHBIE BUJBI JBYX(a3HBIX KOMIIO3HT-
HBIX MaTepuanioB ¢ Aedopmarusamu tumna 0-0, 0-3, 1-3 u 2-2 [1]. ITapsl undp o603HAYAIOT YKC-
JI0 IPOCTPAHCTBEHHBIX KOOPAMUHAT, BJ0OJb KOTOPHIX Mepenaércs nedopmanus B Kaxaou u3 ¢as,
npuyéM nepBasi nudpa OTHOCUTCS K MAarHUTHOHN ¢ase, a BTOpas — K CErHETOAIEKTPUUYECKOM.
Kowmnosur ¢ nedpopmanusamu tuna 0-0 mpencrasisier co00i MarHUTHBIE U CETHETOXJIEKTpUY e-
CKHME YacTHUIlbl, BHeAPEHHBIE B HeWTpanbHyl0 MaTpuly. Kommosut ¢ nepopmanusmu tuna 0-3
COJIEPKHUT OT/IEIbHbIE MAarHUTHBIEC YAaCTHUIIbI, PACIIOJIOKEHHBIE B CETHETOAIEKTPHUUECKON MaTp H-
e, a KOMIO3UT ¢ negopmanusiMu Tuna 1-3 mpeacTaBiser co0oil CTep>KHU U3 MAarHUTHOTO Ma-
Tepuana, HaXOJSIINeCs B CETHETOANEKTpHIEeCcKoi maTpuie. [Ipu 3TOM YacTHIBI U CTEP)KHU B
kommno3zutax 0-0, 0-3 u 1-3 Moryt ObITH pacipejeieHbl B MAaTpUlle KaK XaOTHUYECKH, TaK U B
onpenenéHHoM nopsiake. Hanbonpmunii mHTEpEC BHI3BIBAIOT KOMITO3UTHI C Ae(OpMalusIMHI THUTIA
2-2, KOTOpbIE BBITJISAIAT KaK IJIaHApHBIE CTPYKTYPHI U3 JBYX HIJIM OOJiee YepeayroUIuXcs mar-
HUTHBIX U CETHETORJIEKTpHueckux ciioéB. [logbupas marepuansl a3, COOTHOUIEHHE UX O0BE-
MOB U BapbUpys pa3Mepbl 00pa3IoB MOKHO B IIUPOKUX Mpejaeliax U3MEHATh MAarHUTOSJIEKTPH-
YECKHE CBOKWCTBA KOMIIO3UTOB.

Puc. 1.5. Kommo3uTHbIe CTPYKTYpBI ¢ Je(OpPMAIUSIMH PA3INIHBIX THIIOB:
(a) 0-0; (6) 0-3; (B) 1 -3; (T) 2-2.
JKEnteiM IBETOM BBIJIENIEHA MaTPHUIIA; OEKEBBIM OTMEUECH MThE303JIEKTPUK,
a CHHHM — ()eppOMarHeTHK

[TepBbie MarHuTORIEKTpHUecKUe Komro3uTsl Fe-Co-Ti-Ba-O Obutn momydeHbl METOIOM
HanpaBlieHHOW kpuctamusanuu B 1976 rogy van den Boomgard u van Run u mpencraBisiiu
co0oif Yepeayrourecs: CJI0M MarHUTHOW IIMUHENHM U NbEe303JEeKTPHUUECKOro neposckuta [16].
BennunHa MarHUTO3JEKTPUYCCKOTO OTKIMKA B TaKUX KoMIo3uTax ¢ gpodasnenuem TiO2 (1,5 %
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o Becy) coctaBuina 50 MB/(cm:3), Torga kak ans APYyrux COCTABOB BEIMYMHA 3(P(HEKTHUBHOCTU
MarHUTOAJIEKTPUYECKOTO B3aUMOJICUCTBHS TpuHUMana 3HadeHus 1—4 mB/(cm D). Tlo3xke BbI-
[IeyKa3aHHbIM METOAOM ObLIa CHHTE3HpOBaHa 3BTeKTHYecKas kommno3uius BaTiOz — CoFe20s4,
11 KoTopoir MO koaddunneHT o HampsbkeHutro, paBHbeii 130 MB/(cMm-D), modtn Ha MOpsIOK
npeBbimaeT MO ko3)PUIMEHT MO HAMPSKEHUI0 MOHOKpUCcTauHaeckoro Cra0s.

B nanpHeiimem MeTon HamnpaBIeHHONW KPHCTAUIM3AlMM HE IOJIYYMJI CBOErO pa3BUTHS, I10-
CKOJIbKY TpeOyeT TIIATEeIIbHOTO KOHTPOJISl COCTaBa, 0COOCHHO, KOTJa OJHUM U3 €ro KOMIIOHEHTOB
ABJIsieTcA ra3 (Hanpumep, kuciopon). [loaTromy ans cuHTe3a MarHUTOIEKTPUUYECKUX KOMIIO3UTOB
MOJTYYHJT Pa3BUTHE KepaMUUecKue TeXHomornu. CUHTE3upoBaHHbIE KepaMuiyeckue MD KoMIo3u-
Thl MPOLIE B U3TOTOBJIEHUU U UMEIOT HU3KYIO CE0ECTOMMOCTb IO CPaBHEHHIO C IBTEKTHUECKUMHU
cucremMami. [lepBbie COOOIIEHUSI O MarHUTOAIEKTPHUECKOM 3(deKTe B KepaMUYECKHX KOMITO3H-
TaX, U3TOTOBJICHHBIX U3 CMeCceH, IPEIBAPUTEIBHO 000XIKEHHBIX U CIICUEHHBIX IIPU ONTHUMAJIbHBIX
TEeMIIepaTypax MOPOIIKOB MATHUTOCTPUKIIMOHHOTO M MTHE303JIEKTPUIECKOT0 MaTEPHAIIOB, B3STHIX
B 33JIaHHOM COOTHOIICHHWH (CMeceBble KOMMIO3UTHI). Tak B padote [16] ObLIM CHHTE3MPOBAHHI Jie-
TMPOBaHHbIC KOOAIBTOM U MapraniieM kepamuueckue kommno3utsl BaTiOz — NiFe2O4 ¢ MD oTkiu-
koM 25 MB/(cm-3), a B nanpHeleM ObUIM H3y4eHbl KepaMuueckue MD KOMIIO3UTHI TOM K€ CUCTe-
MbI ¢ U30bITKOM T102, KOTOPBIH MO3BOIMI NOBBICUTH 3 dekTuBHOCTE MD B3aumoeiictBus 10 80
MB/(cM-3). B pabote [17] Ob110 HCCIEIOBAHO BIMSHUE pa3Mepa YacTHIl, CKOPOCTH OXJIAXKICHUS U
MOJISIPHOM KOHIIEHTpaluu o0enx (a3 KoMIo3uTa Ha BeMW4YHHY 3P ¢dekTuBHOCTH MO B3ammopei-
creusi. Bunget u Raetchi uccnenoBanu BiusiHEE BENUYUHBI MPUIOKEHHOTO MArHUTHOTO MOJIS HA
MD sddext B kommoszurax (Ni, Zn) Fe2O4 — Pb(Zr, Ti)Oa.

HecmoTps Ha TO, 4TO B 00BEMHBIX KOMIIO3UTAX MPEACTABISAETCS BOZMOXKHOCTh KOMOMHUPO-
BaHUS (a3 C pa3HBIMU KPUCTAITHUECKUMHE CTPYKTYPAMHU, 3TH KOMITO3UTHI UMeNH Ooiiee Hu3kne MO
KO3 (QHUIMEHTH! M0 HANPSDKEHUIO, B OTIMYME OT 3BTEKTUYECKMX KOMITO3UTOB. OCHOBHAs MPUYHHA
CHIDKEHHSI MarHUTORJIEKTPUYECKOTO B3aMMOACHUCTBUS B OOBEMHBIX KOMIIO3UTAX, MOJyYEHHBIX IO
KepaMHUYeCKOM TEXHOJIOTHH, 3aKJII0Yajach B TOM, YTO BO3HHUKAIOLIEE IIPU UX BBICOKOTEMIIEpATyp-
HOM CIIEKaHUHM B3aWMHOE JIETMPOBAaHHE KOMIIOHEHTOB CETHETOAIEKTPUKA C HU3KOHM 3JIEKTpOIpo-
BOJIHOCTBIO U (heppOMarHeTHKa ¢ BHICOKOM 3JIEKTPOMPOBOJHOCTBIO YCIOXKHSIET MPOLECC MOoJspu3a-
uuu. [locnennee He MO3BOJISIET XOPOLIO 3AMOJIIPU30BATh CETHETOAIEKTPUK U MOIYYUTh 00Jiee BbI-
cokue 3HaueHuss MO koapdunuenton. Brots 10 2001 rona MO a¢ ek, B OCHOBHOM, H3ydascs B
CMECEBBbIX KOMITO3UTaX Ha OCHOBE (heppuTOB H mbe303aekTpukoB BaTiO3z uam Pb (Zr, Ti)Ogz, a pe-
3yJIBTaThl €T0 U3MEPEHUs He MPEJICTABIISUIN CYIIECTBEHHOTO I1ara BIepé/] B HayKe.

BrICOKYIO CTETIeHb MOISPU3AINH THE30IEKTPHUECKOW KOMITOHEHTHI i MaJlble TOKH YTEYKH
yJIQJIOCh PEaln30BaTh MPU CO3AAHUHU CIOUCTHIX KOMIIO3UTOB, COCTOSIIMX U3 CI0EB (peppoMarHeTH-
Ka U MOJISIPU30BAHHOTO CETHETOAJIEKTPUKA, MOCKOJIBKY MbE30JIEKTPUYECKasi KOMIIOHEHTA C BbICO-
KHUM YZI€JbHBIM COMPOTHBICHHUEM M30JMPOBAIaCh OT MAarHUTOCTPUKIIMOHHON KOMIIOHEHTHI ¢ OoJiee
BBICOKOHM MPOBOAUMOCTBIO AUAIEKTPUUYECKON IIPOCIOUKON. BeiiencTBre 3TOro CIIOMCThIE MarHUTO-
AJIEKTPUUYECKUE KOMITO3UTHI 00JaatoT nmy4dinedt 3¢ ¢dexktuBHOoCcTEIO MD B3aumoeiictus. B kaue-
cTBE (DEPPOMATHUTHBIX CIIOEB CIIOMCTHIX KOMIIO3UTOB MPUMEHSFOT MaTepHAIIbI C BBICOKOW MarHUTO-
CTPUKILMEH HACBIIIEHUS As B MAJbIX MOJAX, a MbE303JIEKTPUUECKHE CIOM OOBIYHO M3rOTABIUBAIOT
u3 1upKoHaTa-TutaHata cBuHua (PZT) nnm marunonmoOarta-turanara ceunua (PMN-PT), 6naro-
Japsi X OOJIBIIMM MbE303JIEKTPUIECKUM K03 duiimeHTam.

D¢ dekTHBHOCTH PSIMOTO MAarHUTOAIEKTPHUUECKOTO B3aMMO/ICHCTBHSI CIIO€BBIX KOMITO3UTOB,
cozieprKalux JBa cios, u3 peppomarnernkoB metayuioB Ni u Fe, crtaBoB nepmenropa (49 % Fe +
49 % Co + 2 % V) u randenona Fei1xGax wim ¢peppuToB HUKEIS U KOOAIThTAa HE MPEBBIIMIACT OF ~
1,5 B-em*-2? | TIpu 310M KO3(DHIUEHT NPAMOTO MarHUTOIIEKTPMUECKOTO IPeodpa3oBaHus MO-
’KeT OBITh YBEJMYEH Ha OJuH-IBA mopsaaka g0 ~ 40 B-em™-D7 mna tpéxcmoitnoii crpykrypst Ni —
PZT — Ni, no ~ 84 B-em -2 s Tpéxcnoitnoit crpykrypst [lepmenmtop — PZT — Ilepmeniop, 10
~ 50,7 B-em™*-2 s aByxcmoiiHoit cTpykTypsl FeosGaoz — PZT u ~ 15 B-em™-2? mna muoroO-
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CIIOMHBIX CTPYKTYp HUKEJEBBIH (peppuT — mbe3odnekTpuk PZT, xorpa yacToTa MOIYIUPYIOIIETO
MarHUTHOTO TIOJISI COBITAAET C YACTOTONW MEXaHHUYECKUX PE30HAHCOB KOMITO3UTOB.

Hcnonb3oBanue B MD KOMITO3UTaX peaKo3eMenbHOro ciutaBa Tepdenona (ThixDyyFer-y)
JAa€T BO3MOXKHOCTh YBEIIMYMUTH OE 10 ~ 5,9 B-em-971 Ha wacrorax Bianmm oT 4acToT AJIEKTpOMeEXa-
HIYECKOr0 Pe30HaHCa KOMIO3UTHOTO obpasua u 10 94 B-em™-D7 B ycnosusax snexrpomexanude-
CKOTO pe30oHaHca. B kadecTBe JIpyrux MbE303JIEKTPHUUECKUX MATEPHAIOB MArHUTOAIECKTPUICCKHX
KOMITO3UTOB MCIOJb30BAIUCH Takke BiaTizO12, monuBuammmaenpropua (PVDF), PbMg1/3V2303 u
PbX13Nb2303-PbTiO3 (X = Mg, Zn), a B KauecTBE aJbTEPHATHBHBIX MarHUTOCTPHUKIIHOHHBIX Ma-
TepuanoB — manranuTel, LiFesOg u xkene3outtpuessiii rpanar (Y1G).

B cBsi3u ¢ pa3BUTHEM TEHACHIMI K MHUHUATIOPU3AIIUHU JICKTPOHHBIX YCTPOKWCTB B MOCIE/I-
HUE TO/bl BO3HHUKJIA MOTPEOHOCTh B MOJYYEHUH MArHUTOAJIEKTPUYECKHX KOMIIO3UTOB, COBMECTH-
MBIX C TUTAaHApHOHM TexHoJioTuel. B cBs3u ¢ atum, B 2004 rogy METOJOM T€TEPOIMUTAKCUHA ObLIH
CO3JIaHbI TepBbIe cToyIOUaThie HaHOCTPYKTYphl BaTiO3 — CoFe204, cocrosiiiue U3 HaHOCTOJIOUKOB
CoFe204, KOTOpBIC BBIpAICHBI MEPIECHAUKYISIPHO Toaoxke SrTiO3 u BHeApeHbl B MaTpuily Ba-
TiO3 (Puc. 1.6, a) [18].

Cronbyaras CTpyKTypa UMeeT BO3MOXKHOCTH JeopManuu (pacTsHDKEHUIO/ CKATHIO) HAHO-
CTOJIONKOB B BEPTHKAIBHOM HANpaBJICHWUH, OJarogaps 4eMy HAHOKOMITO3UT MOXKET UMETh SIBHO
BBIPQ)KEHHYIO MarHUTOIEKTPUUECKYIO CBS3b, B OTJINYME OT SMUTAKCHUAIBHO BBIPAIEHHBIX MHOTO-
cioitaeIx MO HanocTpykTyp (Puc. 1.6, 0), roe HabmogaeTcst )kECTKOE CIETUICHNUE CIOEB ¢ MO0 K-
KOI, Ha KOTOpYIO HambuIsieTcsl IuI€HKa. Takas reoMeTpus CTPYKTYpbl JejJaeT HEBO3MOXKHBIMU Jie-
dopmanmy B MIOCKOCTH, M COOTBETCTBEHHO, AehOopMaIy B MEPICHIUKYISIPHOM HAIMPaBICHHH.
MarHuToseKkTpuueckuii OTKIMK B crosbuaroii crpykrype BaTiOs — CoFe204 He Obutl onpenenéH
KOJIMYECTBEHHO, HO CKauyKOOOpa3HOEe M3MEHEHHE HAMAarHMYCHHOCTH BOJIM3U CETHETORJIEKTpUYe-
ckoit temmneparypbl Kropu BaTiOs (Tc = 390 K) ykasbiBaer Ha siBHyt0 MD cBsi3b. [Ipu aTOM st
CIIOMCTBIX CTPYKTYP M3-3a CIEIUICHHs CJIOEB C TOUIOKKON MOJOOHOTO CKa4KOOOPa3HOTO M3MEHe-
HUS He HaOJIr0/1a710Ch.

6)

Puc. 1.6. MarauToaneKTpuiecKue snuTakcuanbabie cTpykTypbl BaTiOs — CoFe;04,
BBIPAIICHHBIC HA MOJUIOKKE: cTOJIOUaThIe () U ciiouctsie (0)

B cronbuateix crpykrypax cocraBa BiFeOz — CoFe20s mepekimoucHre HaMarHH4eHHOCTH B

Ha"ocTos0ukax CoFe204 ocymiecTBIsUIOCH MMyTEM MPHIIOKEHUS SJIEKTPUIECKOT0 HanpspKeHus + 12
B k mbe3oanexkrpuueckoit marpuiie BiFeOs ¢ momorpio 30H1a aTOMHO-CHIIOBOIO MHKPOCKOMa (B
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nepecuére Ha TonmuHy miIEHKH 200 HM 3TO HampspkeHHe cooTBercTByeT momo 0,6 MB/em) [18].
Jocturnyras BenuurHa 3P GEeKTUBHOCTH oOpaTHOro MO mpeoOpa3oBaHUs ISl TaKOH CHCTEMBI
uMera 3navenue 1,0:1072 Tc-em/B.

WNHTepecHbie pe3ysbTaThl OBUTH TOJIYYeHBI KUTacKuMu yuéHbiMu J.-g. Wan u np. [19], ko-
TOpBIE YCTAaHOBWJIM KOPPEIIUI0 MEeXAy MD CBOWHCTBAMH M CBSI3HOCTBIO (ha3 KOMITIO3UTHBIX
nanoriéHok CoFe;0s — Pb (Zr, Ti)Os3 (Puc. 1.7), moay4eHHBIX METOIOM HUMITYJIHCHOTO J1a3¢pHOrO
ocaxxaenus. U3 pucynka 1.7 ciemyer, 4To it KOMIIO3UTHOM CTPYKTYpbl ¢ HaHochosimu (X)CoFe204
— (1-X)PZT cBsi3HoCTh (ha3 CHIBHO BIMACT HA MOBEACHHE MarHUTOMJICKTPUYECKOrO KOd(PHIMEeHTa
10 HATIPSDKEHUIO B 3aBUCHMOCTH OT HANPSHKEHHOCTH MOCTOSHHOTO MarHUTHOTO TTOJIS.

CnenyeT OTMETUTH, YTO BETUYMHBI MO K03()PHUIMEHTOB MO0 HANPSIKEHUIO JUIsI KOMIIO3UT-
HBIX CTPYKTYp ¢ HAHOMETPOBBIMHU TOJIIIMHAMU HE B PE30HAHCHBIX YCJIOBHSX, KaKk MPaBUIIO, HE 00-
nee 100 mB/(cM* D), 9TO CBSI3BIBAETCS ¢ MAJIBIMH TOJIIMHAMU TUIEHOK.

a) ceA3HOCTE (a3 0-3 x=0,75 6) cBA3HOCTB Qa3 3-3 x=0,50 |
60 40

]

6\ I \‘\\k’_‘_‘/‘
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Puc. 1.7. BnusiHre MOCTOSTHHOTO MarHUTHOTO OIS Hpjas HA BETUYUHY MAarHATOMIEKTPHYECKOTO
Kod(pHIIMEeHTa 110 HANPSHKEHUIO O OT MPU HAJIOKEHUH MEPEeMEHHOT0 MarHuTHoro nojst 10 3 ¢ wacroroii 10
K[t st kKoMno3uTHBIX TUIEHOK (X) COFe204 — (1-X) PZT HaHOMETPOBO# TONIIMHBI ¢ PA3TIHIHBIM
00BEMHBIM cojiepxkanueM ¢a3z: (a) X = 0,75; (6) x = 0,50 u () x = 0,25, () — cxemaTHuecKas UILTIOCTPALIUS
B3aUMO/ICHCTBUS MEXK/y CETHETOICKTPHUECKON 1 (peppOMarHuTHOM azamu

B Hacrosee BpeMs 71 TOJIy4E€HUS MATHUTOAJIEKTPUUECKNX KOMIIO3UTOB IIPUMEHSIOT pas3-
JIUYHBIE METOJbl CUHTE3a, BBIOOP KOTOPOTO JUISl CIIOMCTBIX CTPYKTYpP OOBIYHO ONpENensercs TOJ-
IIMHOM c110€B. TOJCThIE MArHUTORJIEKTPUUYECKHE KOMIO3UTHI U3 (heppOMArHeTUKa U Mbe303JIEKTPH-
Ka (ciosiMu TONIIMHOM Oosee (0,2 MM) TOJIY4alOT CKJIEMBAaHUEM C MOMOIIBIO AMOKCHUIHOTO KOM-
nayHaa. [Ipm 3TOM INbE302JIEKTPUUECKUN CIIOW NPEABAPUTEIBHO MOJISAPU3YIOT B ONTUMAJIbHBIX
YCIIOBUSIX, COOII0/1asi HAallpaBlIeHUs MOJISPU3ALUH.

bonee Tonkne koMno3uTsl (co caoamu ToamuHoi 10 — 50 MKM) mosy4aroT METOAOM IIE-
HOYHON KepaMUYEeCKON TeXHOJIOTMH. B 3TOM ciyyae MCMOib3ylOT (eppOMarHUTHbBIE U MbE30-
ANEKTPUYECKHUE TOPOIIKU C Pa3MEpPOM YacTUIl MEHee | MKM, KOTOpBIE OTJEIbHO IEPEMEIINBa-
IOTCSI C OPTAaHMYECKUM CBS3YIOIIMM, MIACTU(UKATOPOM U AMcCIepcaHTOM. Bs3kue cucremsl dep-
pPOMAarHeTHKa M MbE303JEKTPHUKA KaXJI0TO COCTAaBa HAHOCATCSA Ha POBHYIO T€(DJIOHOBYIO MOBEpX-
HOCTh M C IOMOIIBIO CIIeHaIbHOTO HOXa GpopMupytoT i€Hku 20 — 50 MxkM. 3aTeM MIIEHKHU OT-
JeNA0TCs OT Te(hJIOHOBOM MOBEPXHOCTU M HApE3aroTCs 10 ONpEeaeIEHHBIX pa3MepoB (Kak IMpaBH-
10, 10 x 10 mm?). TlonydenHble MIEHKH HAOMpPAIOTCA B CTPYKTYpPY C UepeaylomuMucs (eppo-
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MarHUTHBIMU U TbE303JIeKTpUuecKUMU ciosiMu. CPopMupoBaHHAS TaKUM 00pa3oM CTPYKTypa
cripeccoBbiBaercs oA nasieHueM ~ 30 MIla npu temneparype 100 °C, mocie yero HarpeBaercs
1o 700 °C gns ynajneHusi opraHudeckoro cpsizyroniero. Ha 3aBepuiatoiiem sramne CTpykTypa OT-
x)uraercst mpu temmeparype crnekanus (~ 1150 — 1200 °C) B Teyenue 1 — 2 yacoB ¢ mocieayto-
UM €€ OXJIAXKJICHUEM B PEXKUME BBIKIIOUEHHOW reud. [InéHouHas kepamuueckas TEXHOJIOTHS
MO3BOJISIET U3TOTABIMBATH KOMIIO3UTHBIE 00PA3Ibl C OOJIBIIUM YHCIOM CIOEB (HECKOJIBKO J1ECST-
KOB) ¥ BBICOKOM MEXaHMYECKOU CBS3BIO MEXK/Y CIOSIMU.

TOHKOIJIEHOYHBIE KOMIIO3UTHI CO CIOSIMU TOAMUHON 10 HM — 1 MKM M3roTaBiIuMBarOT My-
TEM TIOCJICIOBATEIILHOTO HaHECEHUsT (DEPPOMATHUTHBIX U MHE30ICKTPUICCKUX CIIOEB METOIaMH
MarHeTpOHHOI'0 WJIM MOHHO-Jy4Y€BOTO HAIbUICHUS, TEPMHUUECKOTO OCaXKIEHUs, JIa3epHOM adiis-
IUU U JPYTUMHU METOJaMU BaKyyMHOTO ocaxieHus. [ HaOI01eH!sT MarHUTORJIEKTPUIECKOTO
s dexTa B TaKUX KOMIIO3UTaX KOMIIO3UTHI MOJISIPU3YIOTCS MOCIHE MPEABAPUTEILHOTO HAHECEH U
Ha UX HanOOJIbIINE MOBEPXHOCTH METAJUNIMUYECKUX AIEKTPOAOB. [Ipu 3TOM HEKOTOpbIE MHE303JICK-
TPUYECKHE CIIOU, COCTOSIINE U3 ABYX KOMIIOHEHTOB, HE TPEOYIOT MOJIAPU3ALIUHU TUICHOK.

1.5. Teopun MarHuTO3J1eKTPUIECKOr0 3(P(PeKTa B CJIOUCTHIX KOMIIO3UTAX

OnHOM M3 OCHOBHBIX TEOPHH JJIs1 ONUMCAHUS MAarHUTO3JEKTpUUEecKoro 3¢pdexkra B KOMIO-
3uTax (heppoMarHeTHK — MbE30ITEKTPHUK SBISACTCS MOJENIb, OCHOBaHHAs HAa MeToJe (P(HEeKTHB-
HBIX IapaMeTPOB COCTABJIAIOIIMX KOMIIO3UT MaTepuanoB. B kauecTBe Takux mapaMeTpoB HcC-
MOJIb3YIOT (PP EKTUBHBIE MOJYJIH YIIPYTOCTH, Tbe303((HeKTa, MAarHUTOCTPUKIINH U TIP., KOTOPHIE
BBIPAXKAIOTCS Yepe3 napaMerpbl GeppOMarHUTHON U MbE303JIEKTPUUYECKON COCTaBISAIOLIUX KO M-
IIOHEHT KOMIIO3MTa, UX y/AEJIbHBIX KOHLIEHTPALUN U CTEIIEHHU CBA3HOCTH.

O¢ddexTuBHBIE TapaMeTpbl, XapaKTePU3yOIue KOMIO3UIIMOHHBIN MaTepuall, MOKHO HC-
M0JIb30BaTh, TOJBKO B TOM Cllydae, KOTJa XapaKTepHbIE MacIITaO0bl M3MEHEHUS BHEIIHUX BO3-
JeMCTBUIl MHOTO 0OJiblIe pa3MepoOB CTPYKTYPHBIX €AMHMI. [ CIOMCTBIX KOMIO3UTOB TaKUM
rapaMeTpoM SIBJISIETCS TOJIIIMHA CIOEB PEPPOMArHUTHOMN U NIbE303JEKTPUUYECKON COCTABIISAIOIINX
CTPYKTYpBI.

B [20] mnst nByXCIOMHBIX CTPYKTYp OBLTH pacCMOTPEHBI MOTEPEUHBIA U MPOAOIbHBIA MO
s dexTrl. B 3T0i Mojenu paccMaTpuBaeTcs HeuJiealibHas CBSA3b MEXKIY COCTAaBHBIMU YacTSMHU U
BBOJIUTCS TIApaMeTp CBs3H K:

k = (°Si - PSio) / ("Si - PSio), (1.11)

rae PSio — BHYTpEeHHSIsI KOMITOHEHTa TeH30pa Je(hOpMAIMHU The303IEKTPUUCCKON KOMITOHEH-
ThI IIPY HAJIO’KEHUU MarHUTHOTO I10JIS;

M™PS; — dakTHueckas reopmarusi B CBA3aHHBIX MATHUTOCTPUKIIMOHHBIX M U MTHE303JICK-
TPUUYECKHX P COCTABHBIX YACTSIX CIOEBOTO KOMIIO3UTA.

BBeneHHbI B paccCMOTpeHHE MapaMeTp CBSI3U OMpPENENsSeT Ty CTENEHb CBSI3HU, 10 KOTOPOil
nedopmarus Mbe30d3JeKTPUUYECKOTO CIIos cileayeT 3a AedopMarieil MarHUTOCTPUKIIMOHHON Cr0s
rocJie KOppeKLUUU Ha BHYTPEHHIOKO Ae(pOopMaluio.

PaccunTanHble 1O JAaHHOW MOJETN MarHUTO3JIEKTpUYecKrue KO3((UIMEHTHI MO HAIpshKe-
HUIO OTPAKaIOT CIEAYIOLNE 3aKOHOMEPHOCTH, KOTOPBIE XOPOILIO COTIacylTcs C IKCIEPUMEHTAb-
HBIMH pe3yJbTaTaMU:

- MEKCJIOHHOE TPAaHUYHOE COeTMHEHHE HaeanbHo mpu K = 1;

- BEJIMYMHA MarHUTOYJICKTPHYECKOTO OTKIIMKA YMEHBIIACTCS CO CHIDKEHHEM K;

- MIOTIEPEYHbI MarHUTOZJIEKTPUUECKUN OTKIIMK B M3YYEHHBIX cuctemax PZT — ¢epput 6o-
JIe€ BBIPAXKEH, YEM IIPOJOJIbHBIN OTKIIHK.

YacToTHbIE 3aBUCUMOCTH MarHUTORJIEKTPUUECKOTO KO3(PPHUIIMEHTa 110 HAPSKEHUIO, BKITIO-
qasi OSABJIEHUE JIEKTPOMEXAHNYECKOTO0 U MAarHUTHOI'O PE30HAHCOB U UX BIIMSHHUE Ha MarHUTORJIEK-
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TPUYECKUI OTKIIHMK, OBUTH OIUCAHBI TEOPETUYECKU M MOKA3ald OYSHb XOPOIIee COOTBETCTBUE IKC-
NEepUMEHTa U TEOPHH.

B [21] paccmoTpena Teopust MO addexTa, ocHOBaHHast HA MeTOe APPEKTUBHBIX IMapaMeT-
POB, JJISl ABYXCJIIOMHOTO KOMITO3UIIMOHHOTO MaTepHaia, MPEeJCTaBISIONIEro coO00H MeXaHHYecKoe
coeanHeHue peppomartHeTrka u npesosekrpuka (Puc. 1.8).

Puc. 1.8. JIByxcnoifHas CTPyKTypa MbE303JIEKTPUK — (DeppOMarHeTHK JIJIsl pacdeTa MarHUTOAIEKTPHUIECKOTO
B3aNMOJICUCTBHS:
1 — nbe303JIeKTPHK, 2 — (hePPOMATHETHK, 3 — METAJUIMYCCKUE FICKTPOIbI

IIpenyioxkeHHass Teopus IPUMEHUMA B TOM CJIy4ae, KOI/la MaTepual MOXKHO CUHUTATh OJHO-
POIIHOM Cpenoy, TO €CTh TOJIMHA CIOEB B MHOI'OCIOWHBIX KOMIIO3UTaX MHOIO MEHBILE JJINHBI
3BYKOBOHM BOJIHBL. IlycTh 0oOpazell mojsipu3oBaH 10 HOPMAIU K IUIOCKOCTSIM KOHTAKTOB, TO €CTh
B10Jb ocu X3 (Puc. 1.8). [TocrosiHHOE MOAMarHMYMBaroOIIee U NEPEMEHHOE MarHUTHBIE M0JI1 MOTYT
OBITh HAIIPABJICHBI KaK BJOJb OCH X3, TAK M BJIOJb OCH X1; B COOTBETCTBUU C 3TUM PA3IHYAIOT MPO-
JOJIbHBIN 1 nionepedyHbiit MO 3 peKkTsl COOTBETCTBEHHO.

[lepemeHHOE MarHMTHOE IOJIE BCIEACTBHUE SIBJICHMSI MarHUTOCTPUKIIMK BBI3bIBAET KojeOa-
HUS B peppOMarHeTHKe, KOTOphble paCIpOCTPAHAIOTCS KaK 0 TOJIIIUHE, TaK U B IJIOCKOCTH 00pa3-
na. B Mozenu orpaHMYMBAIOTCS pacCMOTPEHHEM TOJIBKO OOBEMHBIX KOJICOaHUH, pacpOCTpaHsIO-
MIUXCs BAOJB TiacTHHKM. [Ipu 9TOM monaratot, yro tonmmua "h + Ph 1 mmpuHa rmactHHKY ropas-
1o Menble e€ anuHbl L. [Tockonbky rpanu miacTUHKY CBOOOJHbBIE, HAIIPSKEHUS Ha €€ MOBEPXHO-
CTSAX paBHbI HYJIO. B TOHKON M y3KOH IUIACTUHKE MOXKHO CUMUTATh, YTO KOMIIOHEHTBI HAIIPSKEHUN
T2 u T3 paBHBI HYJIIO HE TOJBKO HA TOBEPXHOCTSAX, HO U BO BCEM 00BbEME U OTIIMYHOM OT HYJS KOM-
MIOHEHTON TEH30pa HampspkeHui Oynet Toiabko Ti. BenencTBue SKBUIIOTEHIIMATBHOCTH BEpXHEH U
HIKHEW IpaHel IUIACTUHKU OTJIMYHOM OT HYJISI KOMIIOHEHTON BEKTOPA HANPSKEHHOCTHU dJIEKTpUYe-
cKoro moJist Oyzet Tosnbko E3. YpaBHeHus i TeH30pa JeGopmanuii S1 1 MHIYKIMH JIEKTPUUYECKO-
ro nonst D3 mpu nmonepeunoit opuentanuu nonet H u E umerot Bujg

mSlzmSllmT1+mqllHl’ (1.12)
pSlZpSin1+pd31E3, (1.13)
p D3=p833E3+pd31pT1, (1.14)

m 193
rae  S;,— K03(pdUUUEHTH NOAATINBOCTY MarHUTHOM (pa3bpl MPU MOCTOSHHOM MarHUTHOM
N(0)) (H

pS11 — kK03 (DUIUEHTHI MOJATIMBOCTU THE303JICKTPUKA MPH MMOCTOSTHHOM 3JICKTpHYE-
CKOM IIOJIE;

P 833 — KOMITOHCHTA TCH30pa ,[[HBJICKTPH‘-ICCKOIZ MMPOHUIIACMOCTH IIbE303JICKTPUKA,
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m v 19
g, n pd31— MbE30MarHUTHBI U TMBE30AJIEKTPUUYECKUl KO3 (PUIIMEHTHI COOTBET-

CTBEHHO.
Jnst mpomosibHOM opueHTarmu noseit ypaBaenus (1.12) - (1.14) Oyayt umeTh ciaeayonmi
BHJ!
mSlZmSllmTl_I_mqalHS’ (115)
PQ _Pg P P .
S,=*s,,°T,+"d,E,, (1.16)
_p P P 1.17
st_ 833Es+ d31 T1- ( )

IIpu rapmoHHYeCKOM HM3MeHeHMHM Hi B MarHMTHOM cpezne BCIEACTBHE MarHUTOCTPUKLUU
OyzeT pacnpocTpaHAThCs ynpyras BojaHa. KoneOaHus cpelibl MarHeTHKa M3-3a MEXaHUYECKOM CBS-
3M C IIb€303JIEKTPUKOM BBI30BYT B HEM K0JI€OaHUs, KOTOPbIE MOXKHO MPEACTaBUTh B BUJIE CYINEPIIO-
3ULIUHU KOJIeOaHUH, 00YCIIOBIEHHBIX CBSI3bI0 C MArHETUKOM, U COOCTBEHHBIX KOJICOAHUH ITbE303JIEK-
TPHUKA, BBI3BAHHBIX MHAYLUPOBAHHBIM ICKTPUYECKUM IT0JIEM. PelnB ypaBHEHUE JBUKEHUS CPEbI
IIbE30UIEKTPUYECKON MIIACTUHKH, MOKHO TOJYyYUTh BBIPAXKCHHE [UIsI MAarHUTOIIEKTPUYECKOTO KO-
s dUIHIeHTa 110 HAPSHKEHUIO MTPH MOTIEPEYHON OPHEHTAIMH JIEKTPHYECKOTO U MATHUTHOTO TOJIEH

B *d,"a,  tg("x)  °h

Oy =— —L . (1.18)
Y+B Peg,"S, A, K h +°h
n HpOHOHLHOﬁ OpI/ICHTaI_II/II/I BHGKTpI/IquKOFO 1 MAardamTHOTI' O HOHeﬁ
°d.." tgl "k ’h
NN B Pl M g("x) | w19

v+B "ene,’s, A, "k "h +°h

P/ P 2 -1 M /M 2
pre A, =1-[1-(1-B)-(tg " /")~ B*(y+B) - (tg " /" )} - K,
1/2
K,,="d,,/ (p €448, " 511) — K09((UIMEHT 3JIEKTPOMEXaHUYECKOW CBS3H IbE303JICK-
TPUKa TPH TUIAHAPHBIX KOJIEOaHUsX;
—(r m mp/PRh)-
y=(s./"s.,X"0/*h);
P\/="Ph / (p h+" h) — 00BEMHAS JIOJTS TTHE309IIEKTPHKA;
P="K"L:
® = ®'+ly — kpyrosas yacToTa;
¥ — MMapaMeTp, XapaKTepU3yIOIIHI 3aTyXaHHE;
B — koapduuueHT cBs3u pas;
"L u ? L aJmHBI MarHUTOCTPUKIMOHHON M MBE302JIEKTPHYECKOMN MLIACTHH;

"h u "h— Tonmunbl MArHUTOCTPUKIIMOHHOTO ¥ MbE303IEKTPHUECKOTO CIOEB COOTBET-
CTBEHHO.

BonHOBBIE umcia 1711 MarHUTHOM M THE30AJIEKTPHUUECKOW COCTABIISAIONICH OyayT ompene-
JISATHCSI COOTBETCTBYIOLIMMHU BBIPAKEHUSIMU

"= o("p"s, (1.20)
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Pk = (D(p o 311)]/2- (1.22)

B atom Metone i yuéTa HEHIEATBLHOTO KOHTAKTa MEKIY CIOSMHU CMELIEHHE IMhEe303JIeK-
TPUYECKOTO CIIos PUx(X) BeIpaXkaeTcst uepes cMelneHune GeppoMarHuTHOTO ¢osi "Ux(X) TPy MOMOIITH
COOTHOIICHUS:

U, =B"u, () + (1=} ul(x), (122)

rae f — ko3¢ dunueHt cpsazu Pas;
0
"u L ] (X) — CMEIICHHUE MTbE303JICKTPHKA B OTCYTCTBUE CBS3H C ()ePPOMArHETUKOM.

[Tpu pacuére cmenieHnid peppOMAarHUTHON M THE30JICKTPHUECKON (a3 UCIIONIB3YIOTCS BOJI-
HOBBIC ymclna it cBoOOIHBIX co€B (1.20) u (1.21). B cywae uneanbHoro konrakra § = 1 HeoOxo-

19 . m
TUMO 00€CIIeYNTh PAaBEHCTBO CMEIIECHUH JBYX CIIOEB HA TPAHUIIC P UX(X): UX(X), a PTO HEBO3-

moxuo ripu ' K#"K . TIosToMy 5TOT MeTos HenpuMeHUM J1JIst CITydast HEalbHOl CBA3H (a3 KOMIIO-
3uTA.

JIs ONMCaHMs MarHUTOXJIEKTPUYECKOro >P(eKTa B CIOUCTHIX KOMIO3UTAX MOYXKET ObITh
HICIIONIb30BaHA TEOPETUYECKass MOJelb, OCHOBAHHAS HA TOYHOM PELICHUH yPaBHEHUH IBMKCHHUS
Cpe/Ibl C UCTIONBb30BAaHHEM MATEPUANbHBIX MApaMETPOB MCXOIHBIX KOMIOHEHTOB CTPYKTYpHL. JlaH-
Hasg MOJENb UCXOAUT M3 TOTO, YTO MEXaHMYECKHe KOJieOaHUs MAarHUTORJIEKTPUYECKOH CTPYKTYpHI
BbI3BaHbI IEPEMEHHBIMU MATHUTHBIM U 3JIEKTPUYECKUM MOIAMH. ECIM pazMepbl KOMIIO3UTa MHOTO
MEHbIIIE JJIMHBI 3I€KTPOMATHUTHOM BOJIHBI, TO MOKHO IIpeHeOpedh IpaueHTaMu T0Jlel (MarHuT-
HOTO U 3JIEKTPHYECKOr0) BHYTpH 0Opasia. Toraa ypaBHeHUE ABUKEHHS CPEIbl IPUMET BHUL:

82ui p apTii p amTiJ'
P ="V +(1- V)W’ (1.23)

J J

T7€ 1, ] — MHACKCHI OCeH;
Uj — CMelIeHrne KOMIIO3UTa BIIOJb OCH Xi;
p — CpeIHsIs TUIOTHOCTH BEIIECTBA KOMITO3UTA,

Ti;“ u Ti? - KOMIIOHEHTHI T€H30pa HalpsbKeHUH 11 eppOMarHuTHON U MbE303JIEKTPU-

YECKOM COCTABJISIFOLIEN COOTBETCTBEHHO.
CoBMmecTHOe perieHre 3akoHa ['yka u ypaBHeHus (1.23) mo3BossieT HaWTH MarHHTOAJICK-

Tpuuyeckuil Ko3ppuumeHT no HanpspKeHHro. s 3TOro paccMOTPUM CIIOUCTYIO CTPYKTYpY, IpUBe-
NEHHYIO Ha pucyHke 1.9, kotopas umeeT popMy TOHKOM MiaacTUHbI AauHON L 1 mmpunoit W.

) :

L X

Puc. 1.9. Tonkas crnoucTas miacTuHa (peppoMarHeTHK-TIbE303JIEKTPUK
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Bripaxkenus miist TeH3opa aedopmaruii Si u anekrpuueckoro cmenienus PD3 B ciydae noa-
MarHM4YMBaroILEro MoJjs, HaIPaBICHHOIO BAOJb OCH Z, UMEIOT BUL!

"S,="s,, " T,+"s,," T,+"d,,E,, (124)
"S,="s,," T, +%s,," T,+°d,E,, (125)
"S="8, " T 4", " T,+" 0y H,, (1.26)
'S, ="s, T +"s, " T+, Hy, (1.27)
pD3:p833E3+pd31(pT1+pT2)’ (1.28)

rie PTi — KOMITOHEHTHI HANPSKEHHSE B TIHE30JICKTPHUECKOi (hase;
"T; — HanpsDKEHHUE B MArHUTHOM (hase;
Es u H3 — HanpsKEHHOCTH 3JIEKTPUYECKOTO M MATHUTHOTO TI0JICH COOTBETCTBEHHO.

m m
BOau3u aeKTpoMeXaHUYECKOro pe3oHaHca oOpasia Tl» T2 U pT1 >>pT2, II02TOMY Be-

auauHamu " 12 1 P T2 MokHO nipeHeOpeus. Beipakenust i HanpsokeHuid " T1 1 PT1 MOXHO HalTH K3
dopmyn (1.25) u (1.27). Ilpu ux noacranoske B (1.23) momyunm:

u, = Acos(kx)+ Bsin(kx), (1.29)

+ m
°S,, S

(pv 1—pvJ1
e K=o [p :

11

[Ipou3BoabHBIE KOHCTaHTBI A U B HaxoAsTCs U3 COOTBETCTBYIOUIUX I'PAHUYHBIX YCIOBUM.
st HaxoxxaeHus: MO kK03 PUIMEHTA 110 HAPSHKSHUIO UCTIONB3YETCSl YCIOBHE PAa30MKHY-
TOU LIENU.

J‘ p ngX -0, (1.30)

noJicTaBuB B KoTopoe BoipakeHue (1.24) u ¢ yuérom (1.25), nomyuum BbIpaskeHue i Mpo-
nosibHOTO0 MD K03 dULIMEeHTA 110 HATTPSIKEHUTO!

Oy g = 2pd31mqslpsllpv(l_pv)tg(kl—z) (1.31)
e Sl(p d;l_psll "€ )kL -2 dgl i Vmslltg(kLz)

rae Sl=p \VAk S, +(1—pV)p Si;

I[J'I}I HOHGpG‘IHOﬁ OpHUCHTAllUU MATrHUTHOI'O U 3JICKTPHUYCCKOI'O moJiei 6y/:[eM UMETh.
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A 2°d,, "Gkl Sy, " V(- Vg (kL2) (1.32)
B9 s, (Pd? —Ps, P, KL—2°d2, PV sBg(kL2)

1

rae 8,=" Vs +1-"VFs .

S, msflm“nkl— (1'33)
" S1Bl-|'m 9121 " Mn)kl-sz +2" 9121 ) My ’ 511(1_pv)tg(k|—2)

Heg :(

W3 ypauenwuii (1.31) u (1.32) Bugno, 9T0 MD KO3POUIMEHT IO HAMPSIKSHUIO TTPOMIOPITHO-
HaJICH [IPOU3BEICHHUIO MbE30AJIEKTPUUECKOT0 U MbE30MAarHUTHOTO MOJTYJICH.

Jlna npumepa Ha pucyHkax 1.10 u 1.11 npuBeaeHbl SKCIIEpUMEHTAIbHBIE PE3YJIbTAThI IS
JIBYXCIOWHOM CTPYKTYphI TepheHOI - upkoHaT-Tutanat ceunmna (TDF — PZT) mmunoit 6 MM, miu-
pHHOI 6 MM U pa3Hoi TonmuHOM cinoeB [9]. Ha 3THX pucyHKax mokasaHbl Pe30HAHCHBIC [TUKH, BbI-
3BaHHbBIC KOJeOaHUSIMU 00pasia BAOIb pa3inyHbiX ocell. Ecnu Ha puc. 1.10 npeacraBneHsl pe3yiib-
TaThI JIS1 IBYXCIIOWHBIX CTPYKTYpP MOCTOSIHHOM TOJIIIUHBI, TO HA puc. 1.11 TOMIMMHBI TIacTUH pa3-
HBIE.

[Tockonpky B MD KOMMO3UTaX BOSHUKHOBEHUE TOJIIPU3AIMU B MAarHUTHOM I10JI€ TTPOUCXO-
IUT Onarofaps MEXaHMYeCKUM HAIMPSKEHHSIM, TO BOJIM3U YaCTOT AJIEKTPOMEXAHUYECKOTO pEe30HaH-
ca (OMP) ob6pa3na BenmumHa MD OTKIIMKa CYIIECTBEHHO BO3PACTAET. DKCIIEPUMEHTAIBHBIE pe-
3yNbTaThl, MPOBEIEHHBIEC ISl IBYXCIOWHON CTpyKTypsl TDF — PZT, moarBepxnator 3To. 3aBUCH-
MocTh MD ko3¢ uIMeHTa 031 OT YaCTOThI IEPEMEHHOI0 MarHUTHOTO moiis f, mpeacrasieHHas Ha
pucynke 1.10, mokaspiBaeT, uro Ha kpuBo# 031(f) HaGm0at0TCS pe3kuii Uk Ha yactore 51,5 kI, a
taoke uku Ha vactotax 140,4 xl'm u 224,3 k', CooTBETCTBYIONIME 3HAUYEHUS] YaCTOT COOTBET-
CTBYIOT YacTOTaM 3JIEKTPOMEXaHHYECKHX PE30HAHCOB KOMIIO3UTHOTO 00paslia B IeJIOM, KOTOpbIE
OTPEIEISAIOTCS TEOMETPUUECKUMH pa3MepaMy U TapameTpaMu Kak (eppoMarHeTuka, Tak U Mbe3o-
AJIEKTPUKA, ONIMCAHHBIMU BBIIIE.
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Puc. 1.10. BiausHue 4acToThl MEXaHHMUECKUX KosiebaHui oOpasiia Ha BeTMuuHy MD koadduirenTta
o Hanpspkeruto st crpykrypsr 0,3 TDF — 0,3 PZT
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AHaJIOTUYHbIE 3aKOHOMEPHOCTH HAOMIOJAIOTCS M AUl ABYXCIOMHBIX cTpykTyp 1,5 TDF —
0,3 PZT (puc. 1.11), rae Takxe HaAOIIOAAINUCH TPU PE30OHAHCHBIX MAaKCHMYMa.
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Puc. 1.11. Bausinue 4acTOThl MEXaHUYECKUX KosieOaHuii 0Opasia Ha Bennuuny MO koadduiinenrta
o HanpspKeHuto i cTpykTypsl 1,5 TDF — 0,3 PZT

"u

(@)

[Tocne pacuéra BCEBO3MOMKHBIX THIIOB KOJICOAHUH JBYXCIOMHBIX CTPYKTYp OBUIO YCTAHOB-
JICHO, YTO TIEPBBII PE30HAHCHBIM MUK f1 CBsA3aH ¢ M3rMOHBIMHU KOJICOAHHSIMHU IO JUTMHE 0Opasia
(puc. 1.12), Bropoii f2 u tperuii f3 — ¢ nmpogOIBHBIMEU KOJIEOAHUSIMH 110 JAJIMHE M IIHPHHE COOTBET-
ctBeHHO (puc. 1.13). Bce aTu pe3oHaHchl HaOIOJAIOTCS ISl IEPBBIX TAPMOHUK COOTBETCTBYIOIIMX
KoJIeOaHUH.
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B F1 aKcnepumeHTanbHble

«  F2 akcnepumeHTarnbHble

140 4 +  F3 akcnepumeHTansHbie
—— Fp1 (M=2) u3rnbHble AnuHa-TonwmuHa
<« Fp2 (m=3) n3rubHble AnuHa-TonwuHa
Fp3 (m=4) n3rubHbie AnuHa-TonwmHa

120
100

80

f, klMy

60

40

20

0 T T T T T T T T T T

— T T — T T — T 1
0,00 025 050 075 100 125 150 175 200 225 250
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Puc. 1.12. CpaBHeHHE YaCTOT IKCIEPUMEHTAIbHBIX U TEOPETUUECKUX PE30HAHCHBIX KOJIeOaHM
JUTS Pe30HaHCHO# yacToThI f1
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= F1 aKkcnepumeHTanbHble
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=~ Fp npogonkHsle No AnvHe
= Fp NpofionkbHbIe Mo WHpnHe
»__Fp nposjonkHbie no TonwmHe
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Puc. 1.13. CpaBHEeHHE 4aCTOT SKCIIEPUMEHTAIBHBIX U TEOPETUICCKUX PE30HAHCHBIX KOJICOAHUH
JUTs pe30HaHCHBIX YacToT T2 u f3

TakuMm 06pazoM, /Uit IpOAOIBHON OpHEHTAlUHU moiel BennunHa MO addexra MeHbIe mo-
YTH Ha TOPAJIOK. DTO CBSI3aHO C CYIIECTBOBAHUEM Pa3MarHMYMBAIOIIETO MOJIs, KOTOPOE YMEHBIIIAET
BHYTpEHHEe 1oJjie B peppoOMarHUTHON KOMIIOHEHTE.

1.6. 9 PpekTHBHOCTH MPAMOIr0 MATHUTOIJIEKTPHUUYECKOI0 MPe00pa3oBaHus B CMeCeBbIX
KOMIIO3UTaxX

N3BecTHO, YTO NMPSAMON MarHUTOIJIEKTPUYECKUN OTKIMK KOMIIO3UTOB OIIPENEISAETCS CIEeNy-
IOLMMU TJIaBHBIMU ITapaMeTpaMHu:

1) MarHUTOCTPUKIIMOHHBIMU U THE303JEKTPUUYECKUMHU KO3((PUIIMEHTAaMU COCTaBIISIFOIINX
CJIOEB KOMIIO3MTA;

2) B3aMMHOM OpUEHTalMe HaMarHUYEHHOCTHU U MOJISIpU3alK CJI0E€B KOMITO3UTA,

3) BeMUUMHON HANPSKEHHOCTU MPUII0KEHHOTO TOCTOSSHHOTO MAarHUTHOT'O TOJIS;

4) yacTOTO! M BEIMUYMHON HAIPSKEHHOCTH IEPEMEHHOI0 MarHUTHOTO TOJIS;

5) 00BbEMHOM JT0JIeH COCTABJISIONINX CIIOEB KOMIIO3HUTA;

6) TemnepaTypoil u3MepeHus;

7) reoMeTpUYECKMMHU pa3MepaMu o0pasia;

8) MeTo/1aMH MPUTOTOBIICHUSI KOMIIO3UTOB.

[Tockonbky M3 3¢pdexT B KOMIIO3UTaX 00YCIOBIEH HEMOYKOH CBA3EH «MarHUTOCTPUKIIHS —
yrapyras JnedopMainus — Ibe303JIeKTpudeckuil 3pdexT», T0 3PPEeKTUBHOCTH MArHUTOIJIEKTpUYE-
CKOTO B3aMMOJEUCTBHUS B KOMIIO3UTaX MOKHO IMOBBICUTH MOJ0OOPOM KOMIIOHEHTOB C BBICOKHMH
MarHMTOCTPUKIIMOHHBIMU U TTbE303JIEKTPUUYECKUMH KO3 pUlleHTaMu.

Ha puc. 1.14 npexacraBieHo BIUsSHUE yria O MEXAy HalpaBIeHUEM BEKTOPA MOJISIPU3ALNU B
MbE30JIEKTPUYECKOM KOMIIOHEHTE U HaIlpaBJI€HHEM HaMarHMYE€HHOCTH (HEeppUTOBOM KOMITOHEHTHI
Ha BeIMuuHy MD ko3¢ dunnenTa oe mo HanpspKeHHIO Uit cMeceBoro MO komnosura cocrasa 0,7
PbZros53Tio 4703 — 0,3 Mno 4Zng sFe204.
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U3 pucynka 1.14 BunHo, uto mist kommosuta 0,7 PbZros3Tio 4703 — 0,3 Mng,aZnosFe2O4 Be-
nuyuHa o mpu 0 = 90° (momepeunsiii MO 3¢ dexT) npeBocxoauT BenuunHy o mpu 6 = 0° (mpo-
nonsHBI MO addekt) npumepHo B 3 pa3a. Takas 3aKOHOMEPHOCTh CBsI3aHA C TEM, YTO TOIMEpeY-
HbIE MD sddext BozHHMKaeT Oiarojgapsi MpoaoIbHON MAarHUTOCTPHKIIMK A11, & TPOJOJbHBIH MD
3¢ ekt onpeaenseTcs MONepeyHOd MarHUTOCTPUKITUEH A13. [TOCKONBKY JJIs1 MapraHel-IIMHKOBOTO
bepputa A11>A13, TO 3HaAUeHHE MomepeuHoro MD kodduiMeHTa MO0 HAMPSUKEHHIO 031 OyaeT
0oJbI1Ie IPO0JIBHOTO0 MD K03 dHUIIMEHTA 110 HAIIPSHKCHHIO 033.

164
144
124

104

o, MB/(eMD)

4 T T T
40 60

o, rpanyc

80 100
Puc. 1.14. BausiHue yria d MeXJ1y HallpaBJI€HUEM BEKTOPa MOJISIPU3ALUN B IbE€30JIEKTPUUYECKON

KOMIIOHEHTE ¥ HalPaBJIeHHEM HaMarHUYEHHOCTH (PEPPUTOBOM KOMIIOHEHTHI HA BEJMYUHY OF IS
cmeceBoro kommosuta 0,7 PbZros3Tio4703 — 0,3 Mno 4Zno sFe204 nipu koMHATHOI TeMIiepaType

DKCrepUMEHTAIbHBIE PE3YIbTaThl HA MHOTOCIHONHBIX Kommo3zutax PZT — CoogeZNo,4Fe204
IIOKAa3aJii, YTO Ha 3aBUCUMOCTSIX MONEPEYHOro U MpoosibHOro MO ko3¢ puiMeHToB no Hamnpsxke-
HUIO OT HAMPSDKEHHOCTH MOCTOSHHOT'O MArHUTHOTO TIOJISE HA0Ir01af0Tess MakcumMymbl (puc. 1.15).

Hab6monaembie Ha pucynke 1.15 makcumymsl ipu 500 D u 2000 3 cOOTBETCTBEHHO ISl TIO-
JIEBBIX 3aBUCHUMOCTEH 031 M 0133 CBSI3bIBAIOTCS C TE€M, YTO BEJIMYMHA COlij MPSIMO MPONOPIMOHATIBHA
k03 durenTy nbe3omarautHo cBsizu (ij = dAij/dH=. CnenoBatenbHo, 3aBucumoctb oij(H=) ompe-
JeTNseTCS N3MEHEHHEM MarHUTOCTPUKIIMHU OT HAMIPSHDKEHHOCTH MAarHUTHOTO TIOJIS.

300 T T I 1
200 + f‘\‘h‘_ %y 1
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'5 e ® .‘?"‘!Aﬂa‘.
5 0 B T .—:
£ L :‘h. . A
3 -100 + * A A -
y
200 %3 Al .
_300 | 1 1 1
-3000 -2000 -1000 0 1000 2000 3000
H_.,D

=3

Puc. 1.15. Bausinue Hanpsip>KeHHOCTH BHEIIHEr0 MarHUTHOTO 1nojist H= Ha Benmuuuny
MarHUTO3JIEKTPUIECKUX KOI(P(DUIIMEHTOB 0131 U 0133 AJISI MHOTOCJIOMHBIX
komno3uToB PZT — C0o,6ZNo,4Fe204 mpn KOMHATHO# Temmepatype
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Ha BenmumHy MarHUTORJIEKTPHUYECKOTO B3aUMOJICHCTBUSI OOJBIIOE BIMSHUE OKA3bIBACT CO-
OTHOIICHHE OOBEMHBIX JOJIEH COCTABIAIOMIMX KOMIIO3UT CIIOEB M UX YHpyrux moxmyned. Tak mms
cmeceBoro kommosuta (X)NFO — (1-X)PZT koaddurment oij kKak GyHKIHsS 00bEMHOM 10U CO-
CTaBIISIIOIIMX KOMITO3UT CJIOEB MIPOXOIUT Yepe3 MUK, MPUXOISAIIMNACST Ha KOMIIO3HT ¢ X = 0.45, y KO-
Toporo 3¢ heKTUBHOCTF MD npeodpa3oBaHus MPOSBISACTCS HAKMIYUIIHM 00pa3om (cm. puc. 1.16).

[Tockonbky 3¢ dexTnBHOCT MO mpeobpazoBaHus KOMIIO3UTOB 3aBHCUT OT MarHUTOCTPHK-
IIUOHHBIX U IbE303JICKTPUICCKUX KOIPPHUIIMEHTOB COCTABIISIONINX CJIOCB, a BEJIMYMHBI MarHUTO-
CTPUKIOHHBIX KOA(P(PHUIMEHTOB MAarHUTHBIX MATEPHAJIOB M MbE303JEKTPUUECKUX K03(umeHToB
MBE303JICKTPUKOB, B CBOIO OUYEpE/ib, 3aBUCAT OT TEMIIEpaTypsl, TO Ha 3 dekTnBHOCTE MO ipeobpa-
30BaHMsI KOMIIO3UTOB OOJIBIIIOE BIMSHUE OKa3bIBaeT Temreparypa. s nmpumepa Ha pucynkax 1.17,

1.18 u 1.19 npencraBiieHbl SKCIEPUMEHTAIBHBIE PE3YyIbTAThl, MOATBEPKIAIONINE BBIIIECKA3aHHOE
YTBEPKJICHHE.

2.8

Puc. 1.16. Biusiaue 06bpEMHOM 10111 a3 HA BEIMYUHY IPOa0JIbHOTO MD ko3 duirenta mo
HaNpPsDKEHUIO 033 Tt Komio3uTHOU kepamuku (X)NFO — (1-X)PZT Ha pe3oHaHCHO# 4acToTe
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Puc.1.17. BnusiHue 4acTOThl MEXaHUYeCKUX Kojebanuii oOpasia
Ha BEJMYMHY reHeprupyeMoro MO HanpsKeHHe u 111 MOHOJIUTHOI'O PE30HaTOpa
IUPKOHAT-TUTAHAT CBHHIIA — HUKENb TpH Temrepatypax (210 — 350) K
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a,,, MB/(cm-3)

Puc. 1.18. YacTotHble 3aBUCUMOCTH 031 151 Komriozuta 0,6 TDF — 0,3 PZT npu pa3iuuHbIX TeM-

nepatypax. BeraBka: TemmeparypHasi 3aBUCHMOCTD PE30HAHCHOM 4acTOThI M3THOHBIX KOJIeOaHmii
o ymmne f1 g 0,6 TDF - 0,3 PZT

't pPMN-PT  ZEAU) a

155 160

Puc. 1.19. BausiHue 4acTOThl MEXaHMUECKUX KosebaHuii o0paslia Ha BeJIMYUHY reHepupyemoro MO
HaMpsHKEHUS U JUIsl KOMIIO3UTOB MarHMOHUOOAT-TUTAHAT CBUHIIA — HUKEJb: @ — IIPU MOCTOSIHHOMN
temneparype 295 K; b, ¢ — npu Temneparypax 215 — 340 K (3HaueHus TemrepaTtyp npuBe1eHbI
Ha prcyHKax). Ha BcTaBke: cxemaTndeckoe n300pakeHne oopasia

B 3axmirouenue sToro pasnena OTMETHM, 4yTO BeandrHa MO sddekxra B KOMIO3UTaX 3aBUCHUT
OT UX TEOMETPUYECKHUX pa3MepoB, (GopMbl (IJIaCTUHA, IUCK, LWIMHIAP, TOPOUI M TMp.) H
0COOEHHOCTEH MoydeHus 00pa31oB.
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1.7. 3¢ dekTHBHOCTH 00PATHOT0 MATHUTOIIEKTPHUYECKOI0 Peodpa3oBaHus
B KOMIIO3UTAX

DddexkTuBHOCTE 00paTHOrO MD B3aUMOJCHCTBUS B KOMITO3UTAX ONPEICISCTCS TEMH KE
napameTpam, 4to u npsamoit M3 sddext (cm. 1. 1.6).

[Tpu u3yyenun obpatHOro MD sddexTa kK 00pa3iy MPHUKIAABIBAIOT IEPEMEHHOE HAIPsDKE-
Hue U 1 perucTpupyroT M3MEHEHHEe MAaTHUTHOW MHAYKIMKU B xommo3ura. [|jist XapakTepuCcTUKH Be-
auauHbl oOpaTtHOTO MD sddekra ucmonapzyror kodhdumueHt odbpatHoro MO npeobpazoBanus,
OTIpeeIIsIeMBIii 10 Gopmyie

.. _B Uing / U ;
=c-= 1.34
® E  N-Sgy-2nf/ bee | (1.34)

rzae E — Hanpsk€HHOCTD JIEKTPUUYECKOTro MOJIs;
Uind — HaBeJEHHOE B HAMOTAaHHOI Ha o0pa3el KaTyllKe HHAYKTUBHOCTH HalpsKEHUE;
N — 91CcI0 BUTKOB KaTyIIKU HHAYKTUBHOCTH;
SFm — II0MIAh TOTIEPEYHOTO CeUeHUs PePPOMATHUTHOTO CII0SI KOMITO3UTA,
f — gacToTa MPUIIOKEHHOTO AIEKTPHYECKOTO MOJISL;
Pre — ToNIIMHA THE303JIEKTPHUYECKOTO CII0SI KOMITO3UTA.

Ha pucynke 1.20 npeznctaBieHbl 4acTOTHBIE 3aBHCUMOCTH Kod(dumueHTa odpataoro MO
npeoOpazoBanus kommnosuta 0,3 TDF — 0,3 PZT npu pa3nuvHbIX 3HAYCHUSAX HANPSHKEHHOCTH T10-
CTOSTHHOT'O MarHWTHOTO TOJs. [t MccneqoBanusl MarHUTOAIEKTPHYECKOTO KO PUIIMEHTA K DIIEK-
TPOJaM MbE303IEKTPUYECKON KOMIIOHEHThI MPUKIIAAbIBAJIOCh MEPEMEHHOE IIEKTPUUECKOe HaIpsi-
xeHue ¢ yactorol 30 — 250 x['u u ammutyznoit 4 B, koTopoe co3aBajio B IbE303JIEKTPUUECKON
IUTACTUHE TEepEeMEHHOe dJeKTpuueckoe nosne ammutynoi 130 B/cm. B kaTyiike MHIyKTHBHOCTH
IIPU 3TOM PETHCTPHPOBATIOCH U3MEHEHHE MarHUTHON MHAYKIIUU BCIEACTBHE Je()hOpMAIH TUIACTH-
Hbl peppomarueruka TDF, oOycnoBinennoe o6patueiMm MO addexrom. [Ipu komHaTHOM Temmepa-
Type U3MEPSUINCh 3aBHCUMOCTH aMILTUTY/Abl MHIYIIUPOBAHHOTO B BUTKAX KATYIIKH HHIYKTUBHOCTH
anekTpuueckoro HanpspkeHUs! Uing OT 4acTOTHI AIIEKTpUYEecKoro mois f mpu mocTOsSHHON Hampsi-
KEHHOCTH MarHUTHOTO 1oJtst H-=.

—=—00D
—e— 1D
0,0040 -| —a— 1,52
s 2D
0,0035 -| | =270

0,0030

0,0025
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aB, I'c*cm/B
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0,0005 4

160 2(‘)0
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Puc. 1.20. BiausHre 9acTOTHI MEXaHUYECKHUX KoJIeOaHwi 00pa3ia Ha 3 (HEeKTUBHOCTH 0OPAaTHOTO OB
MarHUTOIEKTPUUYECKOro mpeoOpa3oBanus ais cioeBoro komnosura 0,3 TDF — 0,3 PZT
NPY HANPSHKEHHOCTSAX MOCTOSTHHOTO MarHUTHOTO TIOJIS:

1-09;2-1x9;3-1,5k9;4-2x0;5-2,7xD

32



Ha npencraBnenHoii Ha puc. 1.20 9acTOTHON 3aBUCMMOCTH KOMITO3UTOB HAOIOIAIOTCS TPU
MMKAa, YaCTOThl PE30HAHCA KOTOPHIX MO BEIMYMHAM MPUMEPHO COBIAJAIOT C MHUKaMH, Habroae-
MBIMU TIpH TIpAMOM 3 dexTe (cM. puc.1.10). Takum 00pa3om, MOKHO MPEANOIOKUTH, YTO HAOIIO-
naemble Ha puc. 1.20 TUKKU COOTBETCTBYIOT U3TMOHBIM KOJI€OaHUSM IO JJMHE (TIEPBBIM MHUK) U MPO-
JOTBHBIM KOJICOAHUSIM TI0 JUTHHE (2 MHK) U 10 mupuHe (3 mHuK) oOpasia s epPBBIX TAPMOHUK CO-
OTBETCTBYIOUIMX Kosiebanuil. HeOounbiioe pa3nuune 4acToT JUisk IPsIMOIO0 MarHUTO3JIEKTPUUECKOTO
s dekra (puc. 1.10) u obparaHoro marautodnexkTpuueckoro dddexra (puc. 1.20) cBUAENEIBCTBYET
0 TOM, 4To TIpsiMoii MD addekT mposiBiIsSeTCs Ha YaCTOTE€ aHTHUPE30HAHCa, a oOpaTHBIE MD 3¢-
(eKT— Ha YacTOTe pe30HaHCa UCCIIEAYEMOro 00pasia.

Ha s dextuBHOCTS 0OpaTHOrO MarHUTOSIEKTPUUECKOTO NMPEoOpa30BaHMs OKA3bIBAIOT BIIH-
SIHUE TAKKe BEJIMYMHA HAIPSHKCHHOCTH AlieKTpudeckoro moiist (Puc. 1.21).

T T T T T T T T T T
0,8 L 0,50
L 0,45
0,7
L 0,40
ﬁ.; 0,6 i
3 10,35
0,5
10,30
0,4+ 10,25
T T T T T T T T

LB T T T T T T T L
60 80 100 120 140 160 180 200 220 240 260
E, . B/em

Puc. 1.21. BausiHre BEIUYMHBI IEPEMEHHOTO 3JICKTPUYECKOT0 1ot Em Ha aMIIMTYly MAarHUTHOM
UHAYKIUH Bm 11 aByxcioiHoro kommosuta PbZros3Tio,4703 — Mo aZno sFe204
Ha PE30HAHCHOU 4acTOTE

Takum 00pa3oM, B JABYXCIOWHBIX KOMIIO3MTaX Ha YaCTOTHOM 3aBMCHMOCTH Kak IMpPsIMOTO,
Tak 1 00paTHOr0 MarHUTOAJIEKTPUYECKOT0 KO3PPUIeHTa HabI0JaeTcsl TP PE30HAHCHBIX MaKCH-
MyMa: NEepBbIi pPEe30HAHCHBIA MUK KO3 PUIIMEHTa CBA3aH C NEpBOM rapMOHMKON M3rMOHBIX KOJe-
OaHuMii 110 AJIMHE, BTOPOU — C TIEPBOM FApMOHMKON MPOJI0JIbHBIX KOJIEOaHUH MO JIMHE, a TPETUH — C
NepBOI rapMOHUKOM MPOJOTIBHBIX KOJIeOaHU IO IHUPUHE.

1.8. HpaKTI/I‘leCKOC NPUMEHCHUEC MATHUTOIJICKTPHYECCKUX MaTEPHUATIOB

ITpn paccMOTpeHUN NMPAKTUYECKUX NMPUMEHEHUN MArHUTOXJIEKTPUYECKUX MaTEpUaIOB B
YCTPOMCTBAX CTPEHHTPOHUKH CIIEYET MCIIOJIb30BaTh YK€ U3BECTHBIC UIEH Pa3IWYHbIX MPUIIO-
KEHUI B 3JEKTPOHUKE, KOMIBIOTEPHON MaMATH, SHEPTOCOEPEralInX TEXHOJIOTUAX, CBEPXBBI-
COKOYacCTOTHOM M CEHCOPHOHN TeXHUKE, KOTOpble M3HA4yaJIbHO pa3padaThIBAJIUCh JJI MYJIbTHU-
(beppoMKOB M MAarHUTORJIEKTPUKOB. lcmonp30BaHME KOMIIO3MIIMOHHBIX MaTE€pHAlIOB H
CTPEHHTPOHHBIX T€TEPOCTPYKTYP MO3BOJUIIO PACIIMPUTH U BOILUIOTUTH B )KU3Hb MHOTHE U3 ITUX
UJeH WIN O KpaiiHel Mepe MpUOIU3UThCS K uX peanusanuu [1]. ABropsl pabotsl [22] monara-
10T, YTO Ha OCHOBE CIIMHTPOHHBIX MAaTEPHUaJIOB MOYXKHO CO3/1aBaTh MarHUTHBIE CEHCOPbI, EMKOCTHbIE
3JIEKTPOMArHUTHI, 3J1€MEHTHl MarHuTHOW nmamstu, CBY ¢uneTpel u apyrue ycrpoiicrsa. Paccmor-
PUM HEKOTOpbIE U3 TAaKUX MPUMEHEHUH.
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1.8.1 Marnurosiexkrpuniyeckune CBY ycrpoiicTBa

Pa3paborka CBY npubopoB Ha OCHOBE MarHUTONIEKTPUUYECKOro 3(deKTa, Mo3BOIAIOUIMX
MOCTPOUTH CUCTEMY B BHUJIE NMEPEAAIONINX, TPUEMHBIX, WM MPUEMO-TIEPEAAIoONNX MOTy el (as3u-
POBaHHBIX AHTEHHBIX PELIETOK C 3aJaHHBIMM XapaKTEePUCTUKaMH, IIPEACTaBIIeT O0JIbLION HAyUYHbIN
U npaktuueckuii uHTepec [23]. MarHuTOo3IeKTpUYECKUEe YCTPOMCTBA JIOJKHBI 00ECIICUMBATh BbI-
IIOJTHEHHE pa3IMYHbIX TPeOOBaHUM K (a3sMpOBaHHBIM aHTEHHBIM PELIETKaM IO YyBCTBUTEIBHOCTH,
MOIITHOCTH, TUAla30Hy 4acToT, JHarpaMMe HalpaBJIEeHHOCTH | Jip. Vcnoap30BaHue CIOUCTHIX (ep-
PHUT-IIbE303JIEKTPUUECKUX CTPYKTYpP B COUYETAaHMM C PE30HAHCHBIMU SIBJICHUSIMHU COYETaeT B cede
3HAYUTENIbHbIC TPEUMYIIECTBA, HEOOXOUMBIE IS POSKTHPOBAHUSI MarHUTOdeKTpudeckux CBY
YCTPOMCTB, MOCKOJIBKY MCIIOJIb30BAaHUE 3JIEKTPOMEXaHUUYECKOT0, (PEPPOMArHUTHOIO U MarHUTOAKY-
CTHUYECKOI'0 PE30HAHCOB, MArHUTOAUIIOJIBHBIX U AJIEKTPOIUIIONIBHBIX [IEPEXO/I0B B ATUX CTPYKTYpax
IIO3BOJIIET YNIPOCTUTH IPOEKTHpoBaHMEe HOBBIX CBY ycTpolicTB M co31aBaTh Ha OCHOBE
CTPEHHTPOHHBIX MaTEpUAJIOB PA3IMUHbIE MOAYIIH.

B o0nactu cBEpXBBICOKMX 4aCTOT MarHUTOIEKTpHUECKUi 3peKT cuabHee BCero npossis-
eTcs B BHUJE CIBUIAa PE30HAHCHOH JIMHUH (PEPPOMArHUTHOTO PE30HAHCA IO/ ICHCTBUEM YIpPaBIIs-
IOLIETO IEKTPUUECKOTO I0JIsl, YTO MO3BOJISET pa3pabaThiBaTh caMble pa3HOOOpPa3HbIe KOHCTPYKIIUU
CBY umenno Ha 3ToM 3¢ dekre. Tak B npuemusiii CBY Moaynb MOTYT BXOJUTH: IPUEMHAs MUKPO-
II0JIOCKOBAsl aHTEHHA; (PUIIBTP-TIPECETIEKTOP, MPEIOTBPAILAIOIINNA NTeperpy3Ky MPUEMHOIO TPAKTa;
aTTEHI0ATOP, 00ECNEYUBAIOMUI aMIUIUTYAHOE PACHPENCIICHHE CUTHAJIa IO PACKpPbIBY PEIIETKHU;
¢azoBpararesnp, 3aa01MI (a3oBoe pacrpeseneHue CUrHaia; rupaTop, uid o0ecreyeHus coria-
COBaHUS JJIEMEHTOB TPAKTa; YCHJIUTENb, COCTOSIIUI M3 OJHOrO MM 0ojee KacKaloB aKTHUBHOIO
YCHJICHUSI, ¥ JICTEKTOP, AJIsl BBIACICHHS Orudaroieii curnana [24].

[ToMuMoO (GYHKIMOHATBHBIX MarHUTOAJIEKTPUUYECKHX YCTPOWCTB, KOTOPHIE OOECTICUYMBAIOT
(GyHKLHMIO BBINTOJHEHUsI OCHOBHOM 3aaun CBY ycTpoiicTBa, NpUMEHEHNE MarHUTO3JIEKTPUIECKUX
3JIEMEHTOB IIO3BOJIUT PEAIIN30BaTh BTOPOCTEIICHHBIE 33/1a4i. B 4acTHOCTH, MarHUTORJIEKTPUYECKHE
CEHCOPBI MOT'YT Ha/IEKHO KOHTPOJIMPOBATH IEKTPUYECKUE TOKU U DJIEKTPOMAarHUTHBIE I10JIS Ha IIe-
YaTHBIX IJIaTaX U HETIOCPEICTBEHHO Y CUJIOBBIX MPOBOJIHUKOB. Takue CeHCOpbl MOT'YT paboTaTh Kak
JATYUKU U IPELyNPEXKICHUS IIEPCOHANA O HATMYMK CHUIJIBHOTO 3JIEKTPOMArHUTHOIO MOJIS B 30HE
npeObIBaHMs, a TaKXKe Ul 3allUThl OT MEPEerpy30K MO LENsSM MHUTaHUsA. MarHUTO3IEKTpUUYECKUE
CEHCOPBI MOT'YT BBINOJHATh (YHKIHMU cOOpa M HAKOIUIEHUS YHEPIUH, 00ECIeYrB TaKUM 00pazoM
OecriepeOoitHOE MUTaHUE AJISl Pa3IMUHBIX TPUOOPOB M YCTPOMCTB, KOTOPBIE HE JOMYCKAIOT, Mepe-
PBIB B SHEPro0OeCIeYeHNH.

1.8.2 Marnurodiekrpudeckuii pazopamaresr CBU-guanazona

HccnenoBanusi, MpoBOJMMbIE B 00JIACTH UCCIIEI0BaHUS MarHUTOJIEKTPHUUECKUX MaTepHa-
noB u ycrpoiicte CBU-nuana3zoHa, MOKa3bpIBalOT MEPCHEKTUBHOCTh MPAKTHUECKOTO MPUMEHEHUS
TAKOro THIAa YCTPOMCTB Kak (pa30BpaIiaTesib JUIsl pa3IMyHbIX IPUMEHEHUH, B TOM YUCIIE JUI UHTe-
rpajibHON TEXHUKHU. 3a MOCJEIHNE TO/Ibl YIIPaBIISIONIee HaNpsyKEHUE TaKOro pojJia yCTPOUCTB ObLIO
CHMIKEHO C KWJIOBOJIBT JIO COTEH BOJIBT, COXPAHUB XOpolHe (ha30Bble XapaKTEpUCTUKH TPUOOPOB, U
B Onpkaiiiue roJpl clieAyeT 0KMJIaTh JalbHeWllee CHUKEHHUE 10 JIECSITKOB BOJIBT, a B IEPCIEKTH-
BE€ - IO HECKOJIbKUX BOJIBT. Takas TEHIEHIMs CTUMYIHUPYET pa3pabOTKy HOBBIX MarHUTOAJIEKTPH-
YEeCKHUX MaTepuayoB u yctporcts CBU-nnana3ona.

Ha puc. 1.22 npencrabneHa 070K cxema YCTaHOBKU Ul M3MepeHHs (a30BBIX XapaKTepH-
CTHUK 00pa3IloB MarHUTOIEKTPUICCKUX KOMIO3UTOB [24]. KOMOMHUPOBAaHHBIN H3MEPHUTEIh PA3HO-
ctu a3z O®K2-33 (mubo ®K2-14) npennasHaueH JUist U3MEPEHUS Pa3HOCTH (a3 CUTHAJIOB U OTHO-
HIEHUS] UX aMIUTUTY] [PU MPsIMON, HEMPEPhIBHOW M OJHOBPEMEHHOW MHAMKAIMK (a30BbIX U aM-
IUIUTYAHBIX COOTHOLIEHUH CUTHAJIOB paAuo4acTOTHOrO auarnaszoHa. lIpenenst namepenus pasHoctu
(a3 curnanoB ot 0 + 180°, OTHOIICHHS aMIUTUTY/] B TMHAMHYECKOM nuarna3one ot -60 ab mgo +30
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nb. N3mepenust pazHocTH (a3 MOTYT IPOU3BOIUTHCS MPU KaYaHUHM YacTOTHI B JIIOOOH OKTaBe Jua-
nazona 0,11-4 I'T nwim o pukcHpoBaHHBIM YacTOTHBIM ToukaM B auama3one 0,11-18 I'T'r (0,11-7
I'T1). KomOuHMpoBaHHBIM MPUOOP MO3BOJISET BBINOIHATH HECKOJIBKO (DYHKIMHA: aHAIU3HPOBATH
XapaKTePUCTUKH LieTieH, (B TOM YHUCIIe: IPSIMOE OIpEeIeJIeHUE M MHIUKALMs [IapaMeTPOB pacCcesiHus
(S-mapametp)); BBIOIHSTH HAOIIOICHUS (Ha30-YACTOTHBIX XapPAKTEPUCTUK JFOOBIX YCTPONCTB B IMa-
HOPaMHOM PE&XXHMMe€; ITPOBOAUTH AHAIU3 IapaMETPOB TBEPAOTEIbHBIX IIMPOKOINANIA30HHBIX LICTIEH
U T.J.

I enepaTop
Komnewrep e 2-33 Kauawneics
YACTOTH
bnok nuTaHuA
laycomeTp INCETPOMATHHTE
S - Heromans -
Hecaenyemei - INEETPOMATHHT

YNPABIARHMIETD
HANPAKCHHA

daloEpamarenk

Puc. 1.22. brok-cxema H3MEpUTEIHFHON YCTAHOBKHU ISl I3MEpEeHHsI (Pa30BBbIX
XapaKTEPUCTHK 00Pa30B HATHUTOIIEKTPUIECKUX KOMIIO3UTOB

Jlis uccnenoBaHus napaMeTpoB pa3padaThiBaeMOro (asoBparaTesss UCI0JIb30Balach KOM-
NO3ULMOHHAsA cTpykTypa Ha ocHoBe cMmecu MK (20 %) u LITC (80 %). MarHuTosnekTpuuecKkuii
o0pasel] CHHTE3UPOBAHHON KOMIIO3ULUHU MPEACTABISI COOOM TUCK JUAMETPOM 5 MM, TOJIIUHON
0,5 MM, Ha KOTOPBIN OBLIIM HAHECEHbI METAJUIM3UPOBaHHbIE 00KIanku. MccaenoBanus ObLIM IpoBe-
nenbl Ha yactotax 7+9 I'T'u. Ilo pe3ynpraraM uccienoBaHuii ObUT pa3paboTaH ICKU3 MaKeTa Mar-
HUTORJIEKTPUUECKOTO (ha3oBpaIaTeisi, KOTOPBIA MpeacTaBieH Ha puc. 1.23.

M amement NOJLIOHES mackdy A8

N / =
7

B erxoa o

/ PAZRCM

Bxompnoi

pazhémM

= \ R

KOHACHCATOPE mackHgs 308 YOpapnawmnini eETRpO

Puc. 1.23. Dcku3 MakeTa MarHuTodIekTpudeckoro (azoppariarens CBU-nnamnazona
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MuKpomnoaocKoBast JIMHUS Nepeaaddl COAePKUT J1Ba nuieiida ¢ anuHamu A/8 u 3A/8 mns co-
3mannst CBY mosns kpyroBoi mosisipu3aiiiy Ha BRIOpAaHHOM YacToTe CUTHala A. /[MCKOBBIM MarHu-
TO3JICKTPUUECKUN DJIEMEHT (IKCIIEPHUMEHTABHBIA 00pasell, MpeABapUTEIbHO HCCISIOBAHHBIM Ha
AKCIIEPUMEHTAIBHON yCTaHOBKE pHC. 1.22) OB YCTaHOBJIEH B OTBEPCTHE B MOMJIOKKE IO IIICH-
damu. s pas3Bsi3kd MO MOCTOSHHOMY TOKY OBLIM HMCIOJBb30BaHBI KOHaeHcaTopbl (puc. 1.23).
VYrpasisromue 31eKTposl ObUTH MOJABEACHBI C JBYX CTOPOH K METAJUTM3UPOBAHHBIM OOKJIAIKaM
MarHUTORJIEKTpUYECKOro sneMenTa. da3oBasi XxapakTepuCTHUKa yCTPOWCTBA MOKa3aHa Ha puc. 1.24.

da3oBasi XapaKTepUCTHKA PabOTHI CIIPOSKTUPOBAHHOIO YCTPOMCTBA B Oojiee y3KOM JIuara-
30HE YacTOT MpejcTaBlieHa Ha puc. 1.25. AHanu3 MpeAcTaBICHHBIX PE3yJIbTaTOB IMOKa3al, YTO B
MarHUTOIEKTPHUECKOM (pa3oBpalarese BO3MOXKHO MOITy4eHHE O0JIBIIOro caBura ¢as3sl B 00J1acTu
MaJbIX morepsb. @eppomarauTHbI pe3oHanc (PMP) ¢ukcupyercs B MAarHUTOAJIEKTPUIECKOM PE30-
HaTope TaKKe NpH noaMarHuuuparomeM nogae 2495 O. lllupuna nunuun ®MP pasna 5 O. Ananus
MOJIYYEHHBIX 3KCIEPUMEHTABHBIX JAHHBIX MO3BOJWJI aBTOpPaM YCTaHOBUTH, YTO pabOYMM THUIIOM
Kosiebanuii paspaboTanHoro (azoBpariarens ssisercs moaa (4, 3, 0).

130 + ——TeopnA

B SECNRONUAHT

MocToRMAOE NoaMarHMYHBEarowee none Ho, 3

Puc. 1.24. ®a3oBas xapakTepuCcTUKa MarHUTOAJIeKTpuyeckoro ¢azospamarens CBU-auanazona

200 1

———Teopua (E=0)

A Dxenepusient (E={)
150 =+

= = = =Teopua (E=2 kB/am)

100 = @ Dxcoepnsent (E=2 xBlau)

L

Pasa, rpagyce

3407 =
1643

1615

Lh

Sl 4

Tiry

-150 +

200 <+
HocTosnnnoe nogMarananeawmee noae Ho, =

Puc. 1.25. Cour (a3bl mox AeliCTBHEM YIIPABISIONIETO HApsDKeHMst 2 KB
B MarHuTORJIeKTpuueckoM ¢azoppaiuarene CBU-auanazona
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Maruautoctarnueckue konebanus (5,4,0), (6,5,0), (7,6,0), (2,2,0), (2,1,0), (3,3,0) B uccneny-
€MOM MarHUTOZJIEKTPUUYECKOM dJIEMEHTE HaOMIOJANNCh TIpH Toyisax npumepHo ot 1500 mo 300 D3,
o0pa3yst 30Hy OOJBIIMX PE30HAHCHBIX MOTEPbh. BiMsHME HANPSHYKEHHOCTH IMOIMArHUYHMBAOIIETO
T0JIL ¥ HAMPSDKEHUS YIPABJISIOUIETO AIEKTPUYECKOro MOJisl Ha cIBUT (ha3bl MOJI MOKa3aHO Ha PHC.
1.26 u 1.27. Puc. 1.26 noka3sIBaeT, 4YTO MOJIOKEHUE MEPECEUEHUsI KPUBOM CIBUTA C OCHIO MOJMAr-
HUYHMBAIOLIETO MOJs, T.€. TaM, I/ie cABUT ¢a3bl paBeH 0, Mpu U3MEHEHUH BEJIUYUHBI YIPABISIOLIETO
HaIlpsDKEHUs CMeIaeTcs B CTOpoHy ciasura quHud @MP. [IpeacrasieHHas Ha 3TOM PUCYHKE 3aBU-
CHUMOCTb TOKa3bIBa€T 30HY MOJIMAarHMYMBAIOIIETO MO, B KOTOPOW CABHUT (a3bl B 3aBUCUMOCTH OT
MPUIIOKEHHOTO HANpsHKEHUSI nMeeT HanOoJbinee 3HaueHue. Ilotepu B Hell He MPEBBIIAIOT YPOBHS
1,5 n1b. D10 30Ha ONTHUMAIBHOW PAOOTHl MArHUTORJICKTPUIECKOTO YCTPOIMCTBA.

BnusiHue HampshKeHHs YNPaBISIOLIETO IMOJS Ha CABHUT (a3bl MoKa3zaHa Ha pucyHke 1.27.
JIuHeitHasg 3aBUCUMOCTh YIPABIIAIONIEH XapaKTEPUCTUKN CBUJIETEIIBCTBYET O TOM, 4TO MO pe3oHa-
TOp moJsipu30BaH. B ToMm ciydae, ecnmn MD o0pasen He NOISpU30BaH, HAOIIOJaeTCsl KBaIpaTHIHAS
3aBUCHUMOCTh CABUTa (pa3bl OT YNPaBJISIOUIET0 HAmpspKeHUs U caM 3((EKT Mo BeJIWYHMHE MEHbIEe
JIMHEWHOTO.
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= o Chcnepaavens
=
2 o0t
g.
-

a5

IocTosHBGE MoaMarmmHeainwee moswe Ho, =

Puc.1.26. Bnusiaue HanpsKeHHOCTH MOAMArHUYMBAIOIIETO MATHUTHOTO TOJIST HA DJIEKTPH-
4yecKU yrnpasisieMblid ciBUT (assl (E=2 kB/Mm)
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Ynpapanwimee HanpREenne, B

Puc. 1.27. BausiHue yIpaBIIsSIONIETo HAPSHKEHUS HAa CIBUT (pa3bl B MArHUTOAICKTPUICCKOM
¢azoBpamarene CBY-aunamna3ona
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s nocTrkeHus: 60JIbIIOro ciBUra (asbl aBTOPHI MPEIaraloT UCIOIb30BaTh ABYIIOISPHOE
HNUTaHKUe, PErynupys ynpasistomee HanpsKeHUue oT -Unur 10 Unyr. [ HanbHeimero ycopepuieH-
CTBOBaHMS KOHCTPYKIMH NMPHUOOpa HEOOXOAWMO YMEHBIICHHUE YIPABISIONUIETO HAMPSDKEHHS, a 3TO
TpeOyeT yBeIMUYeHHE MArHUTORJIEKTPHUYECKOro Kod(h(UIMEHTa B YIPABISIONIEM 3JIEMEHTE. JTOT
BBIBOJ] €Il pa3 MOJUYEPKUBAECT HEOOXOIUMOCTh Pa3padOTKH HOBBIX MaTepuasioB. [l MOCTHXKEHUS
0osiee BBICOKMX MapaMeTpPOB MAarHUTO3JEKTpHUUecKUX komro3utoB CBY-nuamnazona, HeoOX0IUMbI
MBE303JICKTPUKN C 00Jee BBICOKHUM IbE303JICKTPUYECKUM KO3(PPHUIMEHTOM, a TaKKe CIOHUCTHIC
TOHKOIJICHOYHBIE MaTepHUabl HAHOMETPOBOI'O JHANa30Ha.

AHanu3z, npoBeIEHHBIN B paboTax [24-25] moka3bIiBaeT MEPCIEKTUBHOCTh BHIOPAHHOTO MYTH
UCCIIEIOBaHMM, HamNpaBJIeHHBIX Ha pa3pabOTKy HOBBIX M COBEPIICHCTBOBAHHE CYIIECTBYIOIIMX
npubopoB u ycrpoiicte CBU-31eKTpOHUKHM Ha OCHOBE MarHUTOAJIEKTpuyeckoro 3ddekra, a Taxxke
3¢ (HEeKTUBHOCTU UX MPUMEHEHHSI B PA3IMYHBIX PAJUOTEXHUUYECKUX cucTeMax. BuactHocTH, B pado-
Tax [26-27] npeanokeHa MpPaKTUYECKas pealu3alus MUHHATIOpU3ALMM aHTEHH C IOJUIOKKON U3
beppuT-IUAIEKTPUYECKOT0 MaTepuaia, OCHOBAHHOTO Ha MPUHLHUIIE MUHUATIOPU3ALUH, IPU KOTO-
poi ynaéTcsi COBMECTHUTD JBa JIEMEHTA: HJIEMEHT U3ITy4eHHs U (a30BpaIlaTelib.

1.8.3 Maruurto3JieKTpu4ecKHe CeHCOPbI

CeHcopbl Ha MO Matepuanax yxe B HACTOSIIEE BPEeMs IIUPOKO UCIOJB3YIOTCS B pa3iany-
HBIX OTPACISIX HApPOAHOIO X035 CTBAa U UMEIOT OOJIBLINE MEPCIIEKTUBBI JUIsl TAIbHEHIINX PUMEHe-
Huil. CoBpeMeHHBIE MarHUTOAIEKTPHUECKUE CEHCOPHI MTPeHA3HAUEHBI /I pabOThI B IIETISAX MTOCTO-
SIHHOT'O M TIEPEMEHHOT0 TOKA M CIIy’KaT JJIs U3MEPEHUs KaK ePEMEHHOI0 JIEKTPOMArHuTHOIO 10-
75, TaK W MOCTOSTHHOTO MAarHUTHOTO MoJis. JlOCTaTodHO MIMPOKOE PacIpoCTpaHEHHE IMOTYyUYHIIN
MarHUTOIEKTPUUYECKUE JaTYMKH B KAYECTBE aHAJIOTOB TaKUX YCTPOWCTB, KaK JaTYMKU XOJIa, UH-
IOYKIIMOHHBIC KaTyIIKH, B TOM uucie karymku [ enpmronsiia, SQUID cencopsr (Superconducting
Quantum Interference Device — «CBepXMpOBOISAIIUI KBAHTOBbIH HUHTEPHEPOMETP») - CBEPXUYB-
CTBHUTEJIbHBIE MAarHUTOMETPHI, UCIIOJIb3YeMbIE TSI U3MEPEHUSI OYEeHb CIIA0bIX MAarHUTHBIX TOJIEH,
(beppo30H/1bl, MAarHUTOTPAH3UCTOPBI, MAarHUTOAMOABI, MAarHUTOPE3UCTOPBl, MArHUTOONITUUECKUE U
BOJIOKOHHO-ONITUYECKHE CHCTEMBbl, W Jp. CpaBHUTEIbHBIE XapaKTEPUCTUKU HCIIOIB3YEMBIX Ha
MPAKTUKE CEHCOPOB MpHUBEIEHbI B Ta0MI. 1.1.

MarHuTO JIEKTPHYECKUE NATYMKA MOTYT HAWTH MIMPOKOE MPUMEHEHHWE B MEIWIUHCKOU
TEeXHUKE B Ka4eCTBE M3MEPHUTEIeH MarHUTHBIX MOJIEH YeloBeKa M *KUBBIX CYILECTB Ui U3MEPEHHS
MarHUTOOMOJIOTHYECKHX PEaKIUi, AIEKTPUUECKHX CHTHAJIOB CEep/Ia, MOUCKa (GeppoMarHUTHBIX
BKJIFOYEHUH, CUTHAJIOB CKEJIETHBIX MBIIII, IJ1a3, (OHOBOM M BBI3BAHHOW aKTMBHOCTU MO3ra, KIeT-
YaTKH TJ1a3a U APYrux 1eneil. boipime mepcrnekTuBbl MPUMEHEHUS] MATHUTOMJIEKTPUIECKHUX TaTIH-
KOB MMEIOT B OXPaHHBIX CHCTEMaXx, I'7leé OHM MOTYT OBITh MCIIOJb30BaHbl KaK JAaTYMKH JABMKEHUS U
npuOopbl MeTatonckaTesneid. MarHUTOAIEKTpUYEeCKUe JaTYMKU MOTYT HallTU NMpPUMEHEHHE B aB-
TomobunectpoeHun: B cuctemax ABC, cucremax ynpapieHHs ABUraTeieM; B poOOTOTEXHUKE: IS
KOHTPOJISl YITIOBBIX W JIMHEHHBIX TMEpEeMEIIeHUH; B M3MEPUTEIHHON TEXHHKE: /IS TPOHU3BOJICTBA
MarHUTOMETPOB, MPHOOPOB I W3MEPEHUs XaAPaKTEPUCTUK MArHUTHOIO MOJS M MarHUTHBIX
CBOWCTB MaTEepHAJIOB; B YCTPOWCTBAX aBTOMATHKH M AJIEKTPOHUKHU: KaK OCCKOHTAKTHBIC TATYHKH
Toka. BooO11ie roBopsi, NpuMEHEHNnEe MarHUTORJIEKTPUIECKHUX TaTYNKOB UMEET TaKue IIUPOKHUE rep-
CTIEKTHBEI, YTO ceidac JaKe HEBO3MOYKHO BCE IMEPEUUCITUTD.

KoHcTpynpoBaHHIO MarHUTOZJIEKTPUUECKUX JATYUKOB U UCCIIEIOBAHUIO KOMIO3UIIMOHHBIX
MaTEepUajIoB JUIsl HUX MOCBALIEHO OO0JIbIIOE KOJUYECTBO padOT OTEYECTBEHHBIX U 3apyOEKHBIX aB-
TOPOB, UYTO CBHJIETEIBCTBYET O OOJIBIION aKTyaJlbHOCTH TEMBI UCCIIEOBAaHUI U BOCTPEOOBAaHHOCTU
TAKOTO poja yCTPOMCTB.

38



Ta6mn.1.1 CpaBHEeHHE MAarHUTOIJIEKTPUUECKUX JATYMKOB C TPAAULIMOHHBIMU

Hetexmpyemoe none (["aycc)

MATHHTHBIE TATHHKH W0 Tw T’ Jw ]t Jw ]

. UHAyKIMOHHEBIE KATYIIKH *
I
|
|

2. Peppoz0HIE]
3. MargurHele TATYHKH C ONITHYECKOH

HaKa4dKOoH

4. ATOMHEIH MarHUTOMETP Ha 1IeTOTHBIX

METammax

5. CKBH ]

6. datunku Ha addexre Xoma F
7. MarHUTOpE3UCTHBHEBIC TATYHKH #
8. Marguroamo e W
0. MarHHTOTPaH3HCTOPEI #

10. BonokoHHO-0NTHYECKHE MATHHTOMETPEI [~ — ]

| 1.MarguroonTHYecKkHe TATIYHKH F
12. MaruuTod 1eKTpHtecKHe aTIHKH W

Jlns npumepa Ha puc. 1.28 npeacraBieHa KOHCTPYKLKS MarHUTOIEKTPUYECKOTO 3JIEMEHTA,
KOTOPBIN MPECTaBIIeT COO0N CTPYKTYPY, COCTOSIIIYIO U3 TOHKOW TUIacTUHBI nbe3okepamuku L[TC
{0.9[Pb(Zro52Tio.48)03]-0.1[Pb(ZNn1/3Nb213)]03+3 mol % MnO2} u nByX MeTalUIMYECKUX MArHUTO-
CTPUKIIMOHHBIX OOKJIAI0OK U3 aMOP(HOro MarHUTOMATKOTO CIIJIaBa Ha OCHOBE else3a - Mertriac
(FeBSiC). CnoéB amopHOTro MarHUTOMSITKOTO CIilaBa MeTriaca MOKeT OBITh B OJTHOM OOKJIaJIKe
HE OJIMH, a HECKOJIbKO, B 3aBUCUMOCTH OT HEOOXOAUMOM YyBCTBUTEIBHOCTH.

T T EETTETEEEETEEETT T rrrrrrrrrre
2 .

T I T I I I I I I I I I T I I I I X I I T I I I I I T I T I I I T I T I T I IF I T I TITTT

Puc. 1.28. KoHCTpyKIIMSI MATHUTORIIEKTPUYECKOTO TATUHKA:
1 — nusnexrpuueckas npocioiika u3 LITC, 2 — marautHbIe ciion amopdHOro criaBa Merriac,
3 — MarHUTORJICKTPUIECKUN DIIEMEHT
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OcHOBHBIE TTapaMeTpbl IPUMEHSIEMbIX B MATHUTOAIEKTPUUECKOM AaTUUKE MAaTEPUAIIOB MPH-
BeneHbl B Ta0. 1.2. u tabn. 1.3. O6knaaku Metrnaca coenunsuiuch ¢ L{TC mocpeacTBom kiieeBoro
COCIMHEHHMS, KOTOPBIN moadupaics u3 cooOpakeHUH TEXHOJIOTUYHOCTH U Han&xHOCTH. TommuHa
KJIEEBOTO COEAMHEHHUS JJOJIKHA CTPEMHUTHCSI K MUHUMYMY U HE MPEBbIIIAaTh HECKOJIBKUX MUKPOH.

Jlist u3MepeHuil MarHUTOANEKTPUUYECKOTO Kod((HIMeHTa CHHTE3MPOBAHHOTO KOMIIO3UTA
JUIS aT4MKa MCIIOJIb30BallaCh YCTAHOBKA, MOKa3aHHas Ha puc. 1.29. YcraHoBKa BKIOYana B ceds
KaTylmku ['eapMrosibla Jijisi CO3/JaHus IEPEMEHHOT0 U MTOCTOSTHHOTO MarHUTHOTO MOJIEeH, TeHepaTop
HU3KOYACTOTHBIX KosieOaHMil, NBYXJy4eBOM ocuuuiorpad, MCTOYHHUK IMOCTOSHHOIO TOKa, rayc-
cmetp [24]. Karymiku [enbMrosbiia co3aBaiu NepeMEHHOE MAarHUTHOE 10JIe BennyuHou 10 10 D u
MOCTOSIHHOE MarHuTHoe nosie — 10 100 . JIyist co3ianusi MOCTOAHHBIX CUIIBHBIX MarHUTHBIX MOJICH
TaKKe HCIOJIb30BAJICS AJIEKTPOMArHUT U MOCTOSIHHBIE MarHUTHI. JJisi Mcciae10BaHi UCTIOIb30BAJI-
cs1 natunk ¢ pasmepamu LITC 20x5x0,5 mm3, pazmeps! o6k1agok Merriaca coctapism 20%5x0,02
MM, Komnaectso cnoés Metriaca N BapsupoBasioch ot 1 10 8 mrt., o 4 cios MeTriaca Ha Kaxk-
oyt oOKkIaaky MakcumyM. Mccienyemblii MarHUTORJIEKTPUYECKUN JaTYMK MOMEMIANCS B IIEHTP
MEXy KaTylmkamMu [ eTbMrosiblia v MoABEPrajcs UCCIIeT0BAHUSIM.

Pe3ynbrarhl U3MepeHuil perucTpupoBainch Ha ocuusuiorpade. /laHHble dKCHepUMEHTANb-
HBIX U3MEPEHUI MPUBEICHBI HUKE.

Tab6m. 1.2 OcHOBHBIE TapaMeTPhl IPUMEHSIEMBIX B MAarHUTOAIEKTPHYECKOM JTaTYUKE MTbE303JICK-
TPUYECKUX MATEPUAIIOB

Qboznaucane. Exnnmnna LTC-19

[Tapametp H3MepeHH A
[lopucrocts Yo |
OTtHocHTensHAsA AHINTEKTpHIeCKas MPOHHIIAEMOCTh £'/ep 1869
Tanrenc yrna aMaIeKTpHYeCKHX MOTePh tg o, % 1,68
Koa(puumeHTsl aeKTpoMexaH Hueckoi ca3u: TOJILIUHHOH MO/IBI 0,523

Konebanmii, k;

TUIAHAPHOH MO/IBI 0,550
KoJleDaHuil, kp HE Donee

OTtHoOEeHHE ki/ky 0,950

[Ibe3031eKTpHYIECKHE MOIYIIN: NOnepeuHO MOJLI 175

- 12 .
Kojaebanns, di, 107" Kn/H

NPOJI0ILHOH MO/IBI 494

- 12
Konebanus, d3, 10~ Kn/H

- )] ‘
(CKopocTs 3BYKA V. 107 me 4.47

AKyCTHYECKHH MMITE/IaHC TOMIHHHON MO/IBI Konebanuii | Z, , Mrayl 33.6

B pe3ynbrare mpoBeEHHBIX U3MEPEHHI OBLTH TTOJTyYEHBI SKCIIEPUMEHTAIBHEIC TaHHBIC, KO-
TOpbIe npeacTaBneHs! Ha puc. 1.30-1.36.
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Tab6:m.1.3. OcHOBHBIE TapaMETPhl IPUMEHSIEMbBIX B MArHUTOAIEKTPHUYECKOM JTaTUHKE

MAariuTHBIX MaTCpHUAJIOB

Metrnac
[Tapametp Ha ocroge Co Ha ocHoge Fe
AmmnTya MarH. HHAYKUIHH, By, (T) 0,58 1,56
Kospuutuenas cuna, H, (2) 0,005 0,03
HauanbHas npoHHIIaeMOCTB, |L; 60000 5000
MakcumansHas TPOHHLIAEMOCTB, |im 1000000 50000
Y nenvHoe compoTHBIEHHE, P (Lo/cM) 120 130
Temmepatypa Kropy, T, (°C) 255 415
Temmepatypa kpuctanamsammy, Ty (°C) 530 550
Koad. npamoyronsrocTH, Br/Brm, (%) 90 -
[IpenemsHas pabouas remmepatypa, T (°C) 90 150
Ontim, o6nacTs pabounx gactor, f (k') 10...1000
Tonmumna, MEM 20
["avcemerp ["eneparop Ocunmnorpag
Hetounuk Jlartunk
NUTAHHA
MOCTOAHHOTO KaTvIikn
TORE [eabMronblia

Puc. 1.29. Cxema usmepuTeabHON yCTAaHOBKHU IS UCCIIETOBAHUS
napamMeTpOB MarHUTOAJIEKTPUIECKOTO B3aMOICHCTBHS

Bmustaue konudecTBa cio€B amopdHOro criiaBa Metriac B 00KIaakax JaTIYMKa Ha BEJTUIH-
HY MarHUTORJIEKTpUYEeCKOro kodpduimenTa oe npeacrasieHo Ha puc. 1.30. YBenuueHue koinde-
CTBa CJI0EB MPUBOAMT K poCTy Kod(h(PUIIMEeHTa O, CTPEMSICh K HACBIILIEHHUIO YK€ MU 6 CII0sIX, ocie
7 ciost IpUPOCT BEJIMYMHBI MATHUTOIIEKTPUUYECKOT0 KOd(pUIIMEeHTa y)Ke He3HauuTesneH. Makcu-
MaJIbHBIH K09 (UIMEHT IpH BochbMHU closix Metrmaca gocturan 0,54 Bxem™?x22,
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Puc. 1.30. Bausinue konudecTBa ciio€B aMoppHOTO crutaBa MeTriiac B 00KIaKax JaTdyuka
Ha BEJIMYMHY MarHUTORIEKTPHUECKOTO KOd(ppuimeHTa ae

BrusiHue gactoThl KonebaHuii 00pasiia Ha BEIMYMHY MArHUTOIJICKTPHUECKOTO KOAPPHUIH-
€HTa O B mHUpoKoM auanazoHne yactot oT 20 I'm go 200 kI’ qyis gaTdmka, comaepskamiero mno Tpu
ciosi Metrnaca B 0/IHOM OOKIaJKe ¢ KaKJIOW CTOPOHBI MOKa3aHO Ha pucyHke 1.31. 3aBHCHUMOCTH
HOCHUT HEJIHMHEHHBIN XapakTep. DKCIepUMEHTAIbHO U3MepeHHbIH Ha 20 11 KoapPUIHMEeHT o nmen
sennunny 0,16 Bxem™xD™?) mocrenenno yBenmumBasich M gocTHras JOKadbHOIO MakCHMyMa Ha
gacrorax 200 — 400 'y B pasmepe 0,46 Bxem™xD, 3atem yOrpBas no Bemuumnst 0,16 Bxemxdt
Ha yactote 2500 'y u menee, 10 0,04 Bxem x93 Ha wactore 16 k', YMeHbIeHHE koa(hpurmeH-
Ta O Ha HU3KOM yactote (psia 1 puc. 1.31), aBTOpbl pabOTHI CBSI3BIBAIOT C U3MEHEHHUEM BXOJHOIO
MMIIEZIaHCa HCII0JIb30BAHHON M3MepUTeNbHON anmnaparypsl (ocuumiorpad C-61), 94To npuBOIUT K
HCKQXEHUIO peallbHOTO pe3yibTara. VcTuHHas BennunHa KOdpUIMEHTa OF HAa HU3KUX 4acTOTaX
HE YMEHBIIIAETCsl, a OCTAETCs Ha OJHOM ypoBHe (psin 2 puc. 1.31), uro nmoaTBep:kaaeTcs pe3yybra-
TaMM MOJIEJIMPOBAHMUS W JAHHBIMU M3MEpPEeHMH Npyrux uccienosareneid. Ha uacrore 88,22 kl'n
HMMeEeTCS BTOPOH MaKCUMYM O, KOTOPBIN 00YCIIOBJIEH pPa3MEpPHBIM PE30HAHCOM B IIJIACTHHE MHE30-
anekTpuka. ITuk gocturan 3Hadenus 3,9 Bxem™xD7, npepsimas 3HaueHne Hepe3oHAHCHOTO KOA (-
¢dumeHTa B OKPECTHOCTH MaKCUMyMa B CTO pas.
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Puc. 1.31. BiausHue yacToThl Kojiebanuit oOpasiia Ha BEIMYMHY MarHUTOJIEKTPUIECKOTO
Koa(uImeHTa o A5 AaTYNKa, COAEpIKAIIEro Mo Tpu ciiosi MeTtriaca B 01HOI OOKIaike
C KaXX10i CTOPOHBI
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3aBUCUMOCTh MarHUTOAIEKTPHUECKOTO KO3 (UIMEHTa O HAa YacTOTaxX BOJM3HM pe30HaHC-

HOM 4acCTOThI OKa3aHa Ha puc. 1.32.
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Puc. 1.32. 3aBUCUMOCTh MAarHUTORIEKTPUUECKOTO KOIPPHUIIMEHTA OlE OT YACTOTHI
BOJIM3U PE30HAHCHOM

BnusHue mocTossHHOro MarHMTHOIO IIOJISL Ha BCJIIMYMHY MArHuTO3JICKTPUYICCKOI'O K03(1)(1)I/I—

LIMEHTA O UCCIEAYEMOTo JaTyiKa Ioka3zaHo Ha puc. 1.33.
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Puc. 1.33. BousiHue NOCTOSIHHOTO MarHUTHOTO TOJIs1 HA BETUYUHY
MarHMTOAIEKTPUYECKOro KO3 (DUILIMEHTa OE UCCIETYEMOro AaTYuKa

JIJIsi MarHUTOSIEKTPHYECKOro JaTurka ¢ pasmepamu 1[TC 20x5x0,5 mm®, pasmepamn 06-
KITa0K U3 amopdHoro cmasa Merrmaca 20x5x0,02 mm3, komuuectBoM cnoés MeTrinaca Tpu Ha
KOKJIyI0 OOKJIaIKy, 3aBUCUMOCTh MMeJa CICAYIOMNUA XapaKkTep: HyJeBas YyBCTBUTEIHHOCTh JAT-
YHKa COOTBETCTBOBAJa HYJIEBOMY MO0, Janee, KOOPPUIMEHT O MPAKTUYECKU JIMHEHHO TMOBBI-
[Iancs Mpy yBETUYCHUH BEIWYHHBI MOCTOSHHOTO MAarHUTHOTO TOJsS M jgocturan 3Hadenus 0,46
Bxemxd1 Mpy MOJAMAarHUYMBAIOIIEM Tosie Okojio 45 O. B nmanpHeilmem uccieayemasi Kpubas
MMEEeT HETMHEWHOE CHUKEHUE, JOCTUrasi MPH MOJAMarHuYMBaroIieM nojie okoso 350 O BenuyuHsbI

0,04 Bxem™x27 (puc. 1.33).
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3Ha‘-II/ITeJIbHO yBeJII/I‘-II/ITL I-I}/BCTBI/ITE?.]II:;HOCTB MaFHI/ITOE)JIeKTpI/I‘IeCKI/IX JOAaTYUKOB aBTopaM
HCCIIEIOBAHUH YAAJIOCh, COCIMHSA UX MOCIEI0BATEbHO B OJIHY 1IETb, KaK MOKa3aHo Ha puc. 1.34.

Puc. 1.34. CoctaBHOli CEHCOP U3 YEThIPEX MAarHUTONIEKTPUUECKUX JATUUKOB:
1 — a7eMeHTHI ceHcopa, 2 — IEKTPOIbI

BnusiHue konuuecTBa 3JEMEHTOB B COCTABHOM CEHCOpPE HAa BEIMYMHY MArHUTOSJIEKTpUYe-
ckoro ko3 duimenTa o npeacraBieHo Ha puc. 1.35. B mpeacTaBiieHHOM SKCIIEPUMEHTE HCITOJb-
30BauCch AaTumku ¢ pasmepamu LITC 20x5x0,5 mm3, pasmepamu 06kmazok aMopdHOTO CIUIaBa
Mertrnac 20x5%0,02 mMM3, KonHdecTBOM CIOEB aMOpP(hHOTO CIiaBa MeTriiac 4eThipe Ha KaIyko
00KJIaIKy. AHaIU3 MOJYYCHHBIX PE3YJIbTATOB IMMOKA3BIBACT, YTO MPSIMOTO CYMMHUPOBAHHS HAIPSDKE-
HUS Ha BBIXOJIE CUCTEMBI HE MPOUCXOJIUT, KaK 3TO BUIHO Ha puc. 1.35. MakcuManbHO JOCTHKUMBII
MarHUTORJIEKTPHYECKHi Kod(G(UImenT o nocturan Benmdunsl 1,28 Bxem™x3L. Dror pesynprar
aBTOPBI pabOTHI OOBACHSIOT (Pa30BBIM CABUTOM, PaBHBIM 45° Ha KaXKIbIH 3JIEMEHT COCTaBHOTO /1aT-
yuka. [lonydaeMyro wnmrocTpannio, Hab0JaeMy0 Ha 3KpaHe ocuusuiorpada U NOSICHSIONIYIO 110-
Jy4EeHHBIN pe3yibTaT, HoKa3biBaeT puc. 1.36. Ananu3 puc. 1.36 noka3bIBaeT, YTO KaXKbli SIEMEHT
COCTaBHOTO JlaT4YMKa Ja€T CIBUT (a3 M, B KOHIE KOHIIOB, YK€ IATHIM 371€MEHT HauWHAeT CHUKATh
COBOKYITHYIO YyBCTBUTEJILHOCTh CXEMbI. T€M HEe MeHee, C IIOMOIIbIO JaHHOW CXEeMbI yAaércs MOjI-
HATh YyBCTBUTEJILHOCTh MPUOOpPA NPAKTUUECKHU B JIBa C ITOJIOBUHOM pa3a.
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Puc. 1.35. BausiHue Koau4ecTBa 3JIEMEHTOB B COCTABHOM CEHCOPE
Ha BEJIMYMHY MarHUTORJIEKTpU4eckoro koddduimenra oe
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Puc. 1.36. BnusiHue xonu4ecTBa 3JIEMEHTOB B IaTYMKE U CJIBUTA (a3bl
Ha BEJIMYMHY MarHUTOIEKTPUUYECKOro Kod(duureHTa ae

JlanpHeiiiee MOBBIIIEHNE YYBCTBUTEIBHOCTH MarHUTOIJIEKTPHUUECKUX CEHCOPOB CBSI3aHO C
IIPUMEHEHUEM COCTABJISIIOIIMX KOMIIO3UT MAaTE€pHaJIOB, HMEIOLIUX JIYYIIME XapaKTEPHUCTUKH.
Hanpumep, ucnons3ys MaTepualisl ¢ 0oJibIIel BEIMUUHON MbE303JIEKTPUIECKOro KoddduiuenTa u
OoJbIIel BETMYNHON MarHUTOCTPUKIIMY HACKHIIIECHHSI, BAPBUPYS TOJIINHY CI0EB U GOpPMY CEHCOpa,
UCMOJb3Yysl HOBEHIINE TEXHOJIOIMUECKUE MPUEMBI MTOTYyYEHHUs KOMIIO3UTOB, YMEHbINAs IIyMbl CEH-
copa, noadupas HEOOXOAUMbIE PEKUMBI pabOThI, MIPOBOS TOYHOE MOJEIMPOBAHUE YCTPOUCTBA.
Ecnu npuMeHHUTh yCUIIEHHE CUTHAJIa CEHCopa U IPOBOAUTH COOTBETCTBYIONIYIO 00pabOTKy CUrHaia
C IIOMOIIBIO PATUOIIEKTPOHHON anmapaTypsl, TAKXKEe MOKHO JTOOUTHCSA TpeOyeMblil Juana3oH 4yB-
cTBUTENbHOCTU. MccnenoBanust, mpoBea€HHBIE B [28], HOATBEPKIAIOT BBICOKYIO YyBCTBUTEIBLHOCTh
MDD naTuukoB U IpUOOPOB C UX MPUMEHEHUEM.

B 3aknroueHue 3TOH TIJ1aBbl OTMETHM, YTO COBPEMEHHBIE YCIEXH CTPEHHTPOHUKH BO
MHOI'OM OCHOBBIBAIOTCSI Ha IOCTH)KEHUSIX TEXHOJOTUN MOJYIPOBOJIHUKOB, MMHE303JEKTPUUECKUX
U MarHWTHBIX MarepuanoB. Tak, BO3MOXHOCTh MEXAaHOMHIYLMPOBAHHOI'O M3MEHEHMS 30HHOMN
CTPYKTYpBI MOJYIPOBOJHUKOB CTaIM HCIOJIb30BaTh B TE€H30JaTUMKax €€ ¢ cepeauHbl XX B.
PoxneHne MarHuTHON CTPEMHTPOHUKU HA CTHIKE CIIMHOBOM AJIEKTPOHUKH M (PU3UKU MArHUTO-
JNEKTPUYECKUX MAaTEPHAIOB HA4aJIOCh C OCO3HAHUS TJIABHOIO €€ NMPEeuMyIEecTBa Mepes Cylle-
CTBYIOILIMMH TEXHOJOTHSAMHU — MAJIOM DHEPTUM MEPEKIIOUECHUSI MEKIY IABYMs JIOTHUYECKUMU CO-
CTOSIHUSIMHU.

KoHTposibHBEIE BOIIPOCHI

1.1. Kak Ha3pIBalOT HayYHOE HaIpaBleHHE, UCTIOJIb3YIolee (GU3nUecKue IBICHHUS B TBEPABIX
Tenax, o0ycinoBlIeHHbIE neopmarueii?

1.2. Tlepeuncnute OCHOBHBIC HAMPABICHUS CTPEHHTPOHUKH.

1.3. B d4ewm 3akimrouaeTcs MAarHUTOAICKTPUUISCKU N dPPerT?

1.4. ]laiiTe onpeneneHue SBICHUIO MAaTHUTOCTPUKITUU.

1.5. B 4ewm 3akirodaeTcs sIBICHHE dJIEKTPOCTPUKIIMHN M YE€M ITO SIBJICHHE OTIMIAETCS OT 00-
paTHOTO MbEe303JIeKTpUUecKoro 3 dexra?

1.6. JlaiiTe onpeneneHue Mbe30MarHuTHOTO 3 (deKTa.

1.7.  [laiite onpenenenue QuexcolrnekTpuyeckoro 3¢ dexra.

1.8.  Jlaiite onpenenenue (irekcoMarauTHOTro 3 dekTa.

1.9. [TIlepeuncnure cmocoObl CO3aHUSI MEXaHUYECKON JeopMalui B MATHUTHBIX TOHKUX
MJIeHKAaX.
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1.10. Kakoii popmymnoii onuceiBaeTcs MpsSMOE MarHUTOAIEKTPHUECKOE MpeoOpa3oBaHue B
KOMIIO3UTax?

1.11. Kakoii popmymnoii onuceiBaeTcsa 00paTHOE MarHUTOAIEKTPUIECKOE TIPeoOpa3oBaHuE B
KOMITO3UTax?

1.12. Ha3zoBuTe OCHOBHBIC HOCHTEIM MarHeTU3Ma.

1.13. U3 kakux ¢a3 cOCTOUT MAarHUTODJICKTPUIECCKUI KOMITO3UT?

1.14. Tlepeunciute OCHOBHBIC KOMIIO3UTHBIC CTPYKTYPHI C IePOPMAIUIMHE PA3TUIHBIX THUIIOB.

1.15. Ha3zoBute OCHOBHBIE HaNPaBJiIEHUA MOBBIIIECHUS 2P (HEKTUBHOCTH MATHUTOIIEKTPUUECKO-
ro B3aUMOJICHCTBHS.

1.16. Kak BiusieT yacToTa MEXaHMYECKUX KOJeOaHUN Ha BEJIMYMHY MAarHUTORJIEKTPUUECKOTO
B3aUMOJCUCTBUS?

1.17. TlpuBeaute nmpuMepbl IPAKTUYECKOTO MPUMEHEHHUSI MAarHUTOAIEKTPUYECKUX KOMIIO3UTOB
B obsnactu CBY-nuanasona.

1.18. MoHO 11 MarHuTORJIEKTpUUECKUM 2 (PEKT UCIOTB30BaATh I U3MEPECHUS HANIPSIKEH-
HOCTH MarHUTHOTO TIOJISI?

1.19. MoOHO 11 MarHUTORJIEKTPUIECKUN 3P (HEKT UCIOIB30BATh JJIS U3MEPECHUS HAIIPSIKE H-
HOCTH 3JIEKTPUYECKOTO MOos?

2. CoBpemeHHBbI€e P00JIeMbl B H3y4YeHMH MEMPUCTOPOB
BBenenue

Pe3uctuBHAas naMsaTh ¢ MPOU3BOIBHBIM A0CTYNIOM (RRAM) siBisieTcs mMOTEHIMATBHON alb-
TEPHATUBOW COBPEMEHHOW OCHOBHOM IMaMSTH H3-3a €€ MPEUMYILIECTB B BEICOKOCKOPOCTHOM HEpe-
KIIFOUEHUH, MTOTeHIINAaJe MUHUATIOpU3aluu 1 Oojiee HU3KOM sHepronorpednennn. RRAM ocHoBa-
Ha Ha HEProHE3aBUCUMON pe3ncTuBHOM koMMmyTanuu (RS), koTopas MHTEHCUBHO MCCIIE0BAJIaCh B
OKCUJHBIX TOHKUX IUIeHKax [29]. Hanpumep, RS ¢ BbICOKOI CKOPOCTHIO NMEPEKIIIOUEHHMS], BBICOKOM
BBIHOCJIMBOCTBIO U JUIMTEIBHBIM BPEMEHEM YJep)KaHus ObUIM 3apEeTUCTPUPOBAHBI B PA3IMYHBIX
JBOMHBIX MIU TPOMHBIX OKcHIaX. B 3THX TOHKHX IUIEHKaX OKcHJa ObUIO JO0Ka3aHO, YTO Iepepac-
IpesieJIeHre KUCIOpoAHbIX BakaHCHM (Ovs) CO3AaeT JOKaJIM30BaHHbIE MPOBOJSAIINE HUTU WIA MO-
IOYTHpYeT BBICOTY Oapbepa rpaHUIlbl pa3jiena U, CIeI0BaTelbHO, BbI3bIBAET 0OpaTUMble M3MEHEHUS
ANEKTPUYECKOTO COITPOTUBIICHHUS.

C npyroit CTOpOHBI, TaKU€ CTPYKTYpPbl MOTYT OBITh MCIOJIBb30BaHBI JUJIsl CO3/IaHUSI MEMPHU-
CTOpPOB, (PYHKIIMOHAIBHO SMYJIUPYIOMIUX JEUCTBHE CHHAIca (COSAMHEHUs) B OHOJOTMYECKOU
HelpoHHoi cetn (Mo3re) [30]. B maHHOIi cBsA3M B pa3BUTUU MH(GOPMAIIMOHHBIX TEXHOJIOTHA B TO-
clieJHee BpeMsl pe3KO aKTUBHU3MPOBAIHMCH PadOTHI 10 pa3zpaboTke HEMPOMOP(PHBIX BHIYMCIUTENb-
HbIX cucteM (HBC), Monenupyromux BakHble (PyHKIMHM Y€JIOBEUECKOTr0 MO3ra MpH PEHIeHUH aH-
TpOroMOp(HBIX 3aJ]a4 TaKHUX, KaK paclio3HaBaHUE 00pa30B U €CTECTBEHHOI'O S3bIKa, CIIOCOOHBIX K
00y4YeHHUIO U TIp.

Pazpabotka anmapatubeix peanuzanuii HBC B Hactosiee Bpemsi akTHUBHO BEIETCS O He-
CKOJIbKUM HAITPaBJIEHUSIM: CO3/1aHUE LU(POBBIX YCTPOUCTB, aHAJIIOTOBBIX U aHAJIOTOBO-IIM(PPOBBIX.
Hapsiny ¢ pacnipoctpanenuasivMu hopmanbasiMu HBC B miocennee Bpemsi pe3Ko aKTHBU3UPOBAIUCH
paboThl MO pa3paboTKe, TaK Ha3bIBAEMbIX, CHAMKOBBIX HEWPOHHBIX BBIUYUCIUTEIBHBIX CUCTEM
(CHBC) [31]. CneunanusupoBanHble annapatHele Mojenu CHBC, B npuHIune, MoryT mo3BoJUTh
3HAYUTEIbHO CHU3UTH BHEPronoTpediacHue (MpubIM3UB ero K OMOJOTHUECKOMY MPOTOTHUITY), YBe-
JUYUTH [TPOU3BOIUTENBHOCTh HEUPOBBIUMCIIEHUH U peann3oBaTh o0yuenne CHBC kak ¢ yuurenem,
Tak ¥ 0e3, Ha OCHOBE TPaBHJI H3MEHEHHSI BECOB MEX/1y CBs3aHHBIMH Heriponamu tura STDP (spike
timing dependent plasticity), koropbie XapakTepHBbI 11 OMOJIOTHIECKUX CHCTEM.

KitoueByro poiss B moctpoernn CHBC urparot pe3sucTuBHbIE 371€MEHTHI (MEMPHUCTOPHI), KO-
TOpbIE O] AEHCTBHEM MPUIOKEHHOTO JIEKTPUUECKOTO MOJIsi MOTYT KBa3MHENPEPHIBHO U3MEHATH
AJIEKTPUUYECKOE CONPOTHUBIIEHHE B HEKOTOPOM OKHE (Ron, Roff) 1 COXpaHATH €ro mocie CHATUS UM-
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IyJIbCA HAIPSDKEHUsI. DTO CBOMCTBO MO3BOJISET BCETO JIMIIL OJHUM JIBYX3JIEKTPOAHBIM 3JIEMEHTOM
MOJIETIUPOBATh JIEHCTBUE IMJIACTUYHOTO CHHAIca (COeqTuHEHHs) B OMOJIOrMYECKUX HEWPOHHBIX ce-
TAX, 0€3 KOTOPBIX UX (PYHKIIMOHUPOBAHHE HEBO3MOXKHO.

Haubonpimunii uHTEpeC B HACTOAIIEE BpeMs yIAEISeTCsl CTPYKTypaM THUIla MEeTall-OKCHUJ-
merain (MOM), B koTopbix HaOmtogarTcs 3¢dekrsr pesuctuBHoro nepekitoueHus (PII). Pesu-
CTHUBHOE MEPEKIIOUEHUe, MpeACTaBIstonee coool o0paTuMoe U3MEHEHUE BEIMYHHBI JJIEKTpUYe-
CKOT'O CONPOTHUBIIEHUS] MaTepHalla MoJj AeHCTBUEM 3JIEKTPUUECKOTO 110JIs1, COXPAHSIOLIEECs IIPU OT-
KItoueHuH HanpspbkeHus. O6prdHO PIT cBA3BIBAIOT € mpolieccamMul 3JIEKTPOMUT ALK BaKaHCUN KHC-
nopoza Vo B cioe oKcua Uiu KaTHOHOB MeTaiuioB (tumna Cu, Ag) B OKCHJI U3 aKTUBHOTO 3JIEKTPO-
1a MOM cTpyKTYpBbI, OJTHAKO TIOJIHOTO TIOHUMaHK (PU3NYECKUX SIBJICHHUH, Jekamux B ocHoBe PII,
710 CHX TIOpP HET, XOTS U CYIIECTBYET HECKOJIBKO MOJIENIEH sl OOBSACHEHHSI 3TOTO SIBJICHUSI.

2.1. D¢ dexT nepexT0YeHNs ITEKTPHYECKOT0 CONPOTHBJICHUS

HccnenoBanue XaubKOI€HUIHBIX CTEKJIO00pa3HbIX MoaynpoBogHUKoB (XCII) oreuecTBen-
HbiMH yueHbIMbI b. T. Konomuiiniem u H. A. T'oproHoBoil B cepeaune 1950-x rogoB yaanoch OT-
KPBITh PAJl HEOOBIYHBIX CBOMCTB ATHX coeauHeHui [32]. B nmanpHeleM B Takoro pojia CTeKJax
ObUTH OOHApYKEeHbI S — 00pa3HbIe BOJNbT-aMIepHble XapakTepucTuk (BAX) (B yacTHOCTH, B CTEK-
nax cucteMbl As — Te — J, a taxke B creknax cucrembl Ti — As — Se(Ti)). danuble HaOIOACHUS
MO3BOJIMITH C/I€TIaTh BBIBOJ O HAJIMYMH Y MEMPHUCTOPOB yyacTka BAX ¢ 0061acThi0 OTPULIATENBHOTO
maddepennmansaoro conporusienus (O/1C), kK KOTOPOMY MPUBOAST CIEAYIONINE MEXaHU3MBI:

1) mporecchl, MPU KOTOPBIX MPOUCXOIUT JIKOYIIEB Pa30rpeB dJIEKTPOHOB MPOBOJUMOCTHU, B
pe3yJibTaTe Yero U3MEHSETCS UX YUCIIO WIN MOJIBUKHOCTD;

2) mpolecchl, MPH KOTOPBIX BO3HUKAIOT Clieln(PUIECKUE paclipeie]IeH s TPOCTPAaHCTBEHHO-
ro 3apsja;

3) mporecchl, IpU KOTOPHIX MPOUCXOAAT (Ha30Bble MPEBPAIICHUS WU TIEPEMEIICHHS aTOMOB
B BELIECTBE JIUAIEKTPUKA.

Jis OONBIIMHCTBA XaJIBKOTCHUIHBIX CTEKIO00Pa3HBIX MOIYNPOBOJHUKOB U HEKOTOPBIX
JPYTUX BEIIECTB, KOTOPBHIM CBONCTBEHHA 00JACTh OTPHLATENHLHOTO AM(QEepeHInanbHOTO COnpo-
TUBJICHUS, XapaKTEPHO BO3HUKHOBEHHME TaK HA3bIBAEMBIX «TOKOBBIX IIHYpOB». IIpu uccienoBanuu
XaJBKOTCHUIHBIX CTEKOJ crcTeMbl Te-As-Si-Ge BrepBbie ObuUT 00HApYX eH dPGEKT MePeKITIOYCHUSI
U3 COCTOSIHMSI C BBICOKMM COIPOTUBIIEHUEM B COCTOSIHUE C HU3KUM CONPOTHBIIEHHEM, YTO BBI3bIBA-
€T TIOBBLIIICHHBI MHTEPEC HCClieoBaTeel K AToMy siBieHuto (puc. 2.1). B Hacrosiee BpeM u3-
BECTHO HECKOJIBKO BUAOB TAaKOTI'O NMEPEKJIIOUEHNUs, UMEIOLINX MECTO B pa3jIWYHbIX BellecTBax. Be-
POSITHOCTB TOTO, YTO 3a MPOLIECC NMEPEKIIOYEHHS BO BCEX 3TUX CIIydasX SIBISETCS OJMH MEXaHU3M,
IIPAKTUYECKHU paBHA Hy0. CyliecTBYOIME NEPEKIIOYATENN HA OCHOBE XaJIbKOT€HUIHBIX CTEKOJ
COCTOSIT U3 CJIOA TAHHOTO MaTepHhalia TOJIMHOM 1-5 MKM, HAXOJSAIIEroCs MEXKIY ABYMS SJIEKTPO-
namu. Kak B cTek1000pa3HbIX XaJbKOT€HUIaX, TaK U B KPUCTANIMYECKUX TBEPJBIX TeJax B Kaude-
CTBE BO3MO>KHOI'O ME€XaHH3Ma IpesiaraeTcsi 00pa3oBaHue MPOBOSAIIETO KaHaua, Ipupoaa KOTOpo-
IO IIPU 3TOM B KaXJIOM KOHKPETHOM cllyyae cBos. Bo3HMKalOT pa3Horiacus U B IpUYMHAX 00pa3o-
BaHUA Takoro kaHana. OJHU aBTOPbI IPUJIEPKUBAIOTCS MHEHMSI O TETIJIOBOM MEXaHU3Me 00pazoBa-
HUS IPOBOJALLIETO KaHaa. [[pyrue — yTBepKJarT O IEKTPOHHOM IPOLIECCE B CHIIBHOM JJIEKTPH-
YEeCKOM I10JI€, aHAJIOTUYHOM IPOIIECCY JBOMHON MHXKEKLNHU, YTO 00EeCTIeYNBAET OTPULIATENILHOE CO-
IIPOTUBJICHUE.

AHaJOrMYHble pe3yapTaThl ObUIM TMosiyueHbl B 1968 1. OBHIIMHCKUM Ha COCTaBe
Si1zTessAsz0Gero (STAG) [33]. O ormerun, uto B monsx ao 10% B/cM saexTpuueckoe cONpoTHB-
JIeHUe MaTepuaja MOCTOSIHHO, a IPH JalbHEeHIeM YBEIMUYEHUHU MO 3JIEKTPUUYECKOe COIPOTUBIIE-
HUE MOHOTOHHO yObIBaeT. [locne Toro, kak MpUIOKEHHOE HaNpsHKEHUE CTAHOBUTCS OOJIbIIE HEKO-
TOPOTO MOPOroBOro 3HaueHus Vin, MPOUCXOIUT OBICTPOE MEPEKIIOYEHHUE B IPOBOISIIEE COCTOSIHHE
BJIOJIb JIMHUM Harpy3ku. B mpoBozsiieM COCTOSHHUU HampshKeHHE Ha oOpaslie OCTaeTCsl MOCTOSH-
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HBIM, @ TOK MOXXCT MCHATBHCA B IINPOKHUX IMPCACIIaX. Ha ocuoBanuu storo OBIIKMHCKHIT cJcjaall BbI-
BOJI O BOBHUKHOBEHHH B 00pasiie mHypa Toka [34].

Bospamascs k paboram Konomwuiiniea u JlebeneBa, MOXXHO OTMETUTH, YTO TPH MPUIIOKE-
HUU TPSMOYTOJIbHBIX UMIIYJIBCOB HampspKeHUs: HaOmoaancs 3¢(deKkT ckaykooOpa3HOro yMeHble-
HUS DJIEKTPUYECKOTO COIMPOTHBIICHUS 00paslia Mocie HEKOTOPOro BpEMEH 3aJEp)KKH, KOTOpOe
YMEHBILAJIO0Ch NPU YBEIMYCHUH NMPUIIOKEHHOTO HanpsbkeHus. Kpome Toro, 66110 00Hapy)eHO, YTO
o0paserl CrocoOeH COXpPaHITh MPOBOJISIIEE COCTOSIHIE B TEYEHUE HECKOJIBKUX JIECATKOB MUKpOCE-
KYH/I TIOCJIe CHSTHS HANpSOKEHUs, IEPeXo/Is 3aTeM B UCXOJHOE COCTOSIHUE C BBICOKUM AJIEKTpUYe-
CKHM COIPOTUBIICHUEM. BriociencTBum qaHHbIA 3PPEKT 00paTuMOro CKaukooOpa3HOTO YMEHbIIIe-
Hus conpotuBieHus XCII B CHIIBHBIX 3JEKTPUUYECKUX MOJSAX ObLT Ha3BaH d((PEKTOM MepeKiIroue-
Hus (puc. 2.1).

JloctaTouHo OBICTPO CTANO ACHO, YTO 3TOT 3(PPEeKT cBA3aH C MEPEexXoJ0M MaTepuaia U3
aMOp(HOTO CTEKII000Pa3HOTO COCTOSIHUS B KPUCTAJUIMYECKOE COCTOSHUE C HU3KUM 3JICKTPUUYECKUM
COIPOTUBIIEHUEM, YTO, KaK ObUIO YKa3aHO BBIIIE, U SBJSETCS OJHUM U3 MEXaHM3MOB BO3HHUKHOBE-
Hus OJIC. [lomydyeHHbIe pe3ybTaThl BEI3BANIN JIaBUHOOOpa3Hoe yBenuuenue unrepeca k XCII. On-
HAKO MOMBITKH co3faHus Ha ocHOBe XCII HafeXHBIX ANEKTPOHHBIX KIIOUEH WM S4YEeK MaMsTH
HATAJIKUBAJINCh Ha s/l CYLIECTBEHHBIX TPYIHOCTEH, Cpeld KOTOPBIX TJIaBHBIMU OBbLIM HECTAOMIIb-
HOCTb pabOThl YCTPOWCTB U AeTpajialiusi UX CBONCTB CO BPEMEHEM.

i b
Switching effect Memory effect
i ...-
. ! .__,.;:.:""’-' siate
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¢ . ;
/ ‘
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Fh Fin Fth

Puc. 2.1. DddekT nepexintoueHns 1 NaMsITh B XaJbKOTeHUAHBIX cTekax [34]

MeMpHCTHBHOE TIOBEIEHHE HEKOTOPBIX CTPYKTYp OBUIO TeopeTHdYecKH ommcaHo 40 yer
Ha3aj1, a CBS3b MEX/y TEOPHEH U SKCIIEPUMEHTOM ObljIa ycTaHoBiieHa Tobko B 2008 roxy. B 1960-
X TOAAX MPOTPecc B TOHKOIUICHOYHOW TEXHOJIOTHH MO3BOJIMII TIOJTYYUTh OYEHb BBICOKHE DIICKTPHU-
YECKHUE TOJISI B CBEPXTOHKHX TUICHKAX METaJII/OKCH]I/METaII U HaOJI0[aTh MEMPHUCTHBHOE TTOBEIE-
Hue. TeM He MeHee, MOCIe JIECATH JIET MHTEHCHUBHOTO M3YYSHHS, HHTEPEC YUSHBIX K ITUM yCTpPOHi-
CTBaM IOCTCIICHHO Yrac, 4To HC YJAUBUTCIBbHO, YYUTBIBAd POCT TEXHOJOIMHU KPEMHHCBBIX HHTC-
rpaibHBIX cxeM. VlHTepec ocTaBasicsi HU3KUM BILUIOTH 10 KOoHIa 1990-X TooB, KOraa MmocTerneHHoe
COKpalI€HUC Mporpecca B KPEMHUECBLIX TCXHOJIOTHUAX IMPUBCIIO K BO300HOBJIEHUIO HHTCpECa K ajib-
TEpHATHBHBIM KOMMYTAIIMOHHBIM YCTPOWCTBAM U CPEJCTBAM MaMSITH.

2.2. ¢ dexT MEMPUCTUBHOCTH

MeMpHuCTOpPBI MPEACTaBISIIOT CO00i MACCUBHBIE AJIEMEHTHI MHKPOAJIECKTPOHUKH, KOTOpBIE
MOTYT U3MEHSTh CBOE AJIEKTPUYECKOE COMPOTHUBIIEHUE IO JEHCTBHEM IMPHIIOKEHHOTO HaIlpsiKe-
Hus. OHU 001aJat0T BBICOKUM OBICTPOJICHCTBHEM, XapaKTEPU3YIOTCS HU3KUM SHEPronoTpedIeHu-
€M, MaJbIMU pa3MepaMy U MOTYT ObITh MCHOJIb30BaHbl IPU XPaHEHUU U 00pabOTKe MH(OpMAaIIH.
Onnako MHOTHE (PM3MYECKHE MPOLECCHI, MPOTEKAIOIINE B MEMPHUCTOpAX, JI0 CUX TOP OCTAIOTCS 70
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KOHIIa HE MCCIIEJOBAHHBIMU, YTO SIBJIIETCS CYIIECTBEHHBIM MPEMATCTBUEM JJI UX MPAKTHUECKOTO
MIPUMEHEHHS.

Co3nanue mepBoro OmbITHOrO 00pas3la MEMPUCTOpPa UMEHHO KaK (DYHKIIMOHAIBHOTO 3JIe-
MEHTa 3JIEKTPUYECKOM 1IeTH ObLIO OCyIecTBIeHO HeMHOoro 6osee 10 et Hazax [35], x0T ucropus
MempucTopa 0eper cBo€ Hauano B 1971 roxy c¢ rumote3bl amepukanckoro ¢usuka Jleona O. Uya
[36]. CormacHO 3TOM TUIOTE3€ MMOMUMO TPEX MACCHUBHBIX JIEMEHTOB (pEe3UCTOpa, KOHJEHCATOpA U
KATYIIKH WHIYKTUBHOCTH) JOJDKEH CYIIECTBOBATH YETBEPTHIN Oa30BBIN 3JIEMEHT JJCKTPHUCCKUX
CXEM, OIMHUCHIBAIOIINNA B3aMOCBS3b MAarHUTHOTO MOTOKA C 3apsAaoM. M XoTs Takoii 31eMeHT HEeBO3-
MO>KHO COCTaBUTbh U3 IPYTUX 0A30BBIX MMACCUBHBIX 3JIEMEHTOB, €70 MOJIEIb YK€ TOTJa MOKHO OBLIO
C03/1aTh, OCHOBBIBAsICh HA KOMOMHAIIMH aKTUBHBIX 3JIEMEHTOB.

[Tpeanonoxenue Yya cOCTOSIO B TOM, UYTO JJOJKHBI OBITH COOTHOIICHHSI, CBSI3bIBAIOIINE BCE
YeThIPe OCHOBHBIC TIEPEMEHHBIC IEKTPUUCCKUX ICTE: TOK I, HampshHKeHUe U, 3apsii U MarHuT-
HBI TIOTOK ¢ (puc. 2.2). Bcero Takux COOTHOIICHUN MOXET OBITh IMIECTh. [ITh U3 HUX B DIIEKTPO-
TEXHHUKE XOPOIIO U3BECTHBI:

- 3apsi/l IPEJCTABIISIET UHTErPall IO BPEMEHH OT TOKa;

- 3aKOH 2JIEKTPOMarHUTHOM MHIYKIUU Dapajes onpenessieT CBA3b MeXAy HalpsKeHUEM U
MarHUTHBIM TIOTOKOM;

- HalpsDKEHUE U TOK 110 3akoHy OMa CBsI3aHbI uepe3 2JIeKTPUIEeCKOoe CONpoTuBIeHuE R;

- 3apsi ¥ HANIPSHKCHHE CBSI3aHbBI Yepe3 eMKocTh C;

- MAarHUTHBIN TIOTOK ¥ TOK — Yepe3 HHAYKTUBHOCTD L.

OTCyTCTBYET 1IECTOE COOTHOIIEHUE, CBA3bIBAIOLIEE MOTOK U 3apsi, kotopblie Uya npeaso-
KHJI CBSI3aTh MIPU MOMOIIIM HOBOTO 3JIEMEHTa — «MEMPHUCTOPa», KOTOPbIN 007a/1aeT «MEMPUCTUBHO-
cTbio» M, 3aBucsILEel OT 3apsaa (:

de(g) = M(q(t)) - da. (2.1)

Wcnonb3ys cootromenust do=v-dt u dg=i-dt, MOXHO yCTaHOBHUTH CBSI3b MEXIy TOKOM H
HaMPSHKCHUEM MEMpPHCTOpa:

u(t) = M(a(®) i), (2.2)

a TaKKC MOTCHIHAJIIOM U 3apA10M

M(a) = do(a) / dq. (2.3)

Takum 00pa3om, SJIEKTPUUECKOE COMTPOTUBICHIUE MEMPUCTOPA 3aBUCUT OT BEIIMYUHBI 3apsi-
Jla, KOTOPBIA TMPOTEKACT MEXKY €ro KOHTAKTaMH, & €ro BOJbT-aMIIepHAs XapaKTEePUCTHUKA TIPe/I-
ctaBisier coboii ¢urypy Jluccaxy (puc. 2.3). IlpuHuunuanbHOe OTIWYHE HOBOTO MACCHBHOTO
DIIEMEHTA OT JIPYTHX AJIEMEHTOB IEKTPHUECKUX CXEM 3aKIF0YaIoCh B TOM, YTO MEMPUCTOP HECeT
B ce0e MmaMsTh O CBOeM MpouuioM. Ha mpakTuke 3TO 03HAa4YaeT, uTo AJIEMEHT JEHCTBYeT KaK pe3u-
CTOp, Y KOTOPOTO 3HAYEHUE JJICKTPUUECKOTO COIPOTHBIICHUS M3MEHSECTCS B COOTBETCTBUHU C TO-
KOM, TPOTEKAIOLINM Uepe3 Hero, MpUYeM 3TO 3HAUEHUE 3aIIOMHHAETCS MOCIe TOr0, KaK TOK B LIETH
ucue3aer.

BonbpramnepHbie XapaKTepUCTUKU pPeaTbHBIX MEMPUCTOPHBIX CTPYKTYp, MOJTYYCHHBIX Ha
OCHOBE TOHKHX IIJICHOK ITOJTYITPOBOIHHKOB ¥ IUJICKTPUKOB, OTIHUYAIOTCS OT MX MAaTEMAaTHIECKOTO
omucaHus. B Takux CTpyKTypax MpH JOCTHKEHHU HEKOTOPOTO KPUTHUYECKOTro (IIOPOTOBOTO) 3HA-
YEHUS 3JICKTPUICCKOTO HANPSDKEHUS MPOUCXOTUT PE3KHH IMepexo ] B MpOoBoIsIIee (HU3KOOMHOE)
COCTOSTHUE U HA00OPOT, YTO MPUHATO HA3BIBATh MPOIECCOM BKIIOUYCHHS/3AMMCH WM BBIKJIIOYE-
Hus/ctupanus (puc. 2.4).
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B
Conpotvenenuwe | 7 KonaeHcarop
dv = Rdi $ dq = Cdv
dq = idt q
Karyluka nHIYKTMBHOCTH Memprcrop
dp = Ldi dp = Mdq
MeMpPE3UCTEHTHBIE CHCTEMBI

Puc. 2.2. Yetbipe 0a30BBIX 3JI€MEHTA AINEKTPOTEXHUKU

[To xapakTepy MepeKIFOYCHUS] TOHKOIUICHOUYHBIE MEMPHUCTOPHBIC CTPYKTYPHI Pa3IeisioT Ha
nBe Oonpluue rpynnsl (Tuna). OgHa rpynmna MEeMpPUCTOPOB 00JaaeT YHUIIOJSIPHBIM XapaKTepoM
nepexstoueHus (puc. 2.5), Ipu KOTOPOM TMEPEKIIOYEHHE OCYIIECTBIISETCS SJIECKTPUUECKUM Hampsi-
’KCHHUEM OJIHOM TOJISIPHOCTH. [ JTaBHBIM HEIOCTATKOM YHUIIOJISIPHOTO THIIA SIBIISIETCSI BBICOKUI ypO-
BEHb TOKA BO BPEMsl NIEPEKIIFOUCHUS U3 HU3KOOMHOTO COCTOSIHUSI B BBICOKOOMHOE, BCIICACTBHE YETrO
PE3KO BO3pacTaeT SHEPronorpedieHue.

I, MA

Puc. 2.3. Teopernueckast BOIbT-aMIIepHast XapaKTepPUCTHKA MEMpUCTOpa B Buze purypsl Jluccaxy

pyras rpymnmna MeMpUCTOpOB 00JiaaeT OWIOJSPHBIM XapaKTepoM MepeKIItoueHus (puc.
2.6), y KOTOpO# 0OpaTHBINA MPOIIECC BHIKIIOUCHUS/CTHPAHUSI BO3MOXKHO OCYIIECTBUTH TOJIBKO MPU-
JI0’KEHUEM 3JIEKTPUUECKOT0 HAIPSHKEHUS MPOTUBOMOJIOKHON NOJIAPHOCTH. PU3NUYECKHE TTPOLIECCHI,
JIeXKAIIHe B OCHOBE ATUX MEPEKITIOYCHUHN, pACCMOTPUM HUXKE.
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Puc. 2.4. TunuuHas BonbTaMIIEpHasi XapaKTEPUCTUKA PEAIbHOTO TOHKOIUIEHOYHOTO MEMPHUCTOPA
(set — mporece BKIIFOUEHHSI/3AIHUCH, reset — MPOLECC BBIKITIOUCHNUS/CTUPAHNS )

LA
ON
i S cC
OFF l
CG- amlmmmm -
N

Puc. 2.5. BonpTamnepHast xapakTeprCTHUKa MEMPUCTOPOB, UMEIOIUX YHUIIOISPHBIN
THUII IEPEKITIOYEHUS

LA

Puc. 2.6. BoipTammepHas XxapakTepHCTHKa MEMPHUCTOPOB, UMEIONITUX OUTIOJISPHBII
THUII IEPEKITIOUCHUS

51



2.3. lIpuHOMNbI KJIaccupuKkanuu MEeMpPHCTHBHBIX YCTPOICTB

MeMpUCTHBHBIE YCTPOWCTBA, KaK JIIOOBIE YCTPONCTBA 3JEKTPOHHOM TEXHHUKH, MOTYT OBITh
KJ1acCU(UIUPOBaHbI 0 PA3JIUYHBIM IIPU3HAKAM, TAKUM KaK MEXaHWM3M IMEPEKIIOUCHUs, THII Tepe-
KJIFOYECHMS WJIM HCIOJIB3YEMBIM MaTepHalaM, U3 KOTOPBIX M3rOTOBJIEHBI MEMPUCTOpPHI. I yrpo-
LICHMSI ONIMCAHUS MEXaHU3MOB IIEPEKIIIOUEHNUS, HIOHHBIE MEMPHUCTUBHBIE YCTPOICTBA, KaK IPABUJIO,
pa3aesdIoT Ha JBE KaTErOpUU — aHMOHHBIE U KaTUOHHBIE yCTpoiicTBa [37].

2.3.1. MeMpHCTOpPbI AHHOHHOI'O THIIA

B mempucropax aHMOHHOTO THIA B KAa4eCTBE MEPEKIIOYAIONIETO AJIEMEHTA HCIOJIb3YIOT
TOHKHME IUIEHKH TaKMX MaTepUaJIOB, KaK OKCHJbl NEPEXOAHBIX METAJJIOB, CIIOKHBIE OKCHUIbI, TH-
AJIEKTPUKH C OOJBIION MIUPUHON 3alpeIIeHHON 30HBI, HEKOTOPBIE HUTPHUAbI U XalbKOTE€HHUIBL. B
OOJIBIIMHCTBE OKCHUJIOB METAJUIOB KUCIIOPOJHBIE aHHOHBI (TIOJIOKUTENILHO 3apsHKEHHBIE KUCIOPOI-
HbIE BAKaHCHH) CUATAIOTCS MOABMKHBIMU M UTPAIOT ONPEIEIISIONIYIO POJIb B IIpOIlecce epeKiIroye-
Hus. HekoTopble aBTOpBI CUMTAIOT, YTO JBHKEHHME KHCIOPOJHBIX BaKaHCHUN IMPUBOAUT K M3MEHeE-
HUIO BAJICHTHOCTH aTOMOB MeTajuia (KaTHOHOB), YTO BBI3BIBAET M3MEHEHUE HIIEKTPUUYECKOTO COIPO-
TUBJICHUSl MaTepuaia, XOTs KOHKPETHbIH MEXaHM3M TaKOro HNEpeKIHYEHHUs HAXOAUTCA B CTaJuU
WCCIICIOBAHUS U Pa3pabOTKH.

ITo MHEHUIO APYrUX aBTOPOB, MEPEKIIIOUCHHUE FNEKTPUUECKOr0 CONPOTUBICHUS MOXKET IIPO-
MCXO/UTH U3-32 1e(DEKTOB B CTPYKTYpE AUIIIEKTPHKA, KOTOPhIE 00Pa3yIOTCS B TOHKUX IUICHKAX MPU
HAJIO)KEHUH CUJIBHOTO 3JIEKTPUYECKOrO IMOJIsl, BIUSIOT Ha 3JIEKTPOHHBIN TPAaHCHOPT U ONPEIEIISAIOT
nporecc nepeKiroueHus. Takum 00pa3oM, OYTH BCE M3OJSIIIMOHHBIE OKCHIbI METAJUIOB TPOSIBIISI-
IOT IOBEJCHUE NEPEKIIOUEHUs 3JIEKTPUUYECKOro CONpoTHBIEeHUs. B teopuu, Habmonats 3¢ ekt
MEPEKITIOYCHUST BO3MOXKHO U B OOJBIIMHCTBE JAPYTUX BHIIOB M30JSTOPOB, TAKMX KaK TaJIOTCHHIBI,
6opunsl, kapouasl U Gocuasl. Kimrouom K MosiydeHHIO YIpaBisieMOro Mpolecca NepeKIroueHus
SBIISIIOTCSI MCKYCCTBEHHBIE CTPYKTYPHBIE J€()EKThI, MOTy4YEeHHBIE C MOMOIIBIO TEXHOJOTHUECKUX
IIPOLIECCOB IPU U3TOTOBJIECHUH YCTPOUCTB MIIM BO3JEHCTBYSI HA TOHKOIUICHOYHYIO CTPYKTYPY CHIIb-
HBIM DJICKTPUYECKUM TOJIEM.

[Tockonbky nepBoe HAOMIOIEHUE SBICHUS MEPEKITIOUCHHSI HIEKTPUYECKOTO COPOTHBIICHUS
npou30nuIo okono 50 JeT Ha3zaj Ha XaIbKOT€HUIHBIX MOTYIPOBOIHUKAX ¢ aMOP(GHON CTPYKTYPOH,
IPOIIJIO JOCTATOYHO BPEMEHHM Ul M3YYEHHUS OKCHJOB, KaK aHHOH-COJIEpKallluX MaTepuanoB, 00-
nanarommx 3G(EeKToM MepeKTIoYeHUsT dIEKTPUIECKOTO COMPOTHUBIICHHS, BKIIOYAs TaKUE OKCHJIBI
kak MgO, TiOyx, ZrOx, HfOx, VOx, NbOx, TaOx, CrOx, M0oOx, WOx, MnOyx, FeOx, CoOx, NiOx,
CuOy, ZnOy, AlOx, GaOy, SiOyx, SiOxNy, GeOy, SnO2, okcHIBI PeIKO3EMEIbHBIX METAIIOB, BKITIO-
vas Y, Ce, Sm, Gd, Eu, Pr, Er, Dy u Nd, a Taxxe nepoBckutbl — SrTiO3z, Bag7Sro3TiOs, SrZrOs,
BiFeOs, Pro7Cag3s, MnOs, Lao33Sroe7FeOs, PrylLaoe2syCaoz7sMnO3z. Cpenu eiie 6ojiee MHUPOKOTO
KJIacca HEOKCHUJIHBIX M30JISTOPOB HECKOJIBKO NMPUMEPOB dPdeKTa NepekItodeHus: OblIo IpoaeMOH-
cTpupoBaHo B HuTpujax (Hanpumep, AIN, SisNg), temnypunax (Hanpumep, ZnTe) u cenenugax
(mampumep, ZnSe) [38].

2.3.2. MeMpPHCTOPBI KATHOHHOI'0 THIIA

B ycrpoiicTBax Ha 60a3e KaTHOHOB MOABMKHBIMH YaCTULIAMH, OTBETCTBEHHBIMHU 3a ITPOLIECCHI
MEPEKITIOUEHHUS SBISAIOTCA METAIINYEeCKHe KaTHOHBI. OCOOEHHOCThIO KATHOHHBIX YCTPOWUCTB SBIIS-
€TCsI TO, UTO MX DJIEKTPOJbI CAENIAaHbl U3 MIEKTPOXUMHUYECKH aKTUBHOI'O MaTepuaia, Takoro kak Cu,
Ag, wn crutaBoB, Hanpumep, CuTe. KaTnoHHBIM MEXaHNW3M NMEPEKIIOUEHUsT COOTBETCTBYET MeEXa-
HU3MY aHHOHHBIX YCTPOMCTB, 32 UCKIIFOUEHHEM TOI'O, YTO B IIPOLECCE NEPEKIIOYEHUS TPUHUMAIOT
ydyacTue KaTHOHBL, a HE aHHUOHBL. DJEKTpOo(OpMOBKa B KATHOHHBIX YCTPOWCTBAX MPHUBOIUT K
CTPYKTYPHBIM M3MEHEHHUSM B BJIEKTPOJIMTE U (OPMHUPYET HaHOpa3MepHbIe KaHaJbl, KOTOPbIE CO-

52



Jiep’KaT aKTUBHBIE METAJUIbI I MOCIEAYIOINX NEPEKIIOUYEeHNN. BONbIIMHCTBO KaTHOHHBIX Iepe-
KIIIOYEHUH SBJISIETCS] OMITOJIAPHBIM. YHUIIOISIPHOE MEPEKI0YEHUEe MOXKET MPOUCXOIUTh U B KaTH-
OHHBIX YCTPOMCTBAaX BCIEICTBUE y4acTUs B IPOLECCE MEPEKII0YEHUs JHKOYIeBCKOro Harpera. K
Ipoleccy MepeKIIOYeHNs] B KATHOHHBIX MEMPUCTOPAX Mbl BEPHEMCS HIDKE.

2.3.3. IIpyHUMIIBI TePEeKJIIYEeHUsI MEMPUCTOPOB AHMOHHOTO THIIA

MHuorue ¢Gu3MKO-XMMHUYECKHE B3aMMOACHCTBHSI BHYTPH TOHKOIUIEHOYHOTO MEMPHUCTOpa
BO3MOXKHBI TOJIBKO I0JI BO3JEHCTBUEM CHJIBHOTO 3JEKTPUUECKOIO I0JIA U JDKOYyJIeBa Harpesa, Io-
3TOMY U1 TIOHMMaHHUA Mpollecca MEepeKIoueHUs] He0OX0IMMO YYUTHIBATh (PM3UUYECKHUE CBOMCTBA
BCEX MaTEpHUaJIOB MEMPHUCTUBHOM CTpPYKTypbl. Hanpumep, HE TOJIBKO TOHKas IUIEHKAa OKCHJa Me-
Tajuia, HO W AJIEKTPOJI WU AaKe MAaTepral NOAJI0KKHA MOTYT OKa3bIBaTh CYIIECTBEHHOE BIMSHHUE HA
npouecc nepekiarodeHus. IloaTomy onpeneneHue Kia4eBOro MaTepuania, OTBEYAIOIIEro 3a MeXa-
HU3M NEPEKITOYEHUS, SABISAECTCS CI0XHBIM U PELIAIOIIMM [IEPBBIM IIAroM K IOHUMAHHUIO MEXaHU3Ma
MIEPEKIIIOUEHUSI.

M301MOHHBIE OKCU/BI METAJJIOB MOXKHO TaKK€ PacCMaTpPUBATh KakK IOJYINPOBOJHUKH, B
KOTOPBIX M3HAYAJIbHO COJEP’KUTCS HEKOTOpasl JIETHUpYollasi IPUMECh, B KaUeCTBE KOTOPOW MOTYT
BBICTYNATh Ae(PEKThl COOCTBEHHOM CTPYKTYpPHhI, 00YCIOBIEHHBIE NEe(UIIUTOM KUCIOpoaa (TOIyIpo-
BOJIHUK N-TUNa, Hanpumep, Ti02.x) uiu U30bITKOM KUCIIOpoia (TIOIYIIPOBOAHUK P-THIIA, HAIPHMED,
C01x0). TepMuuecku WU NEKTPUUECKH aKTUBUPYEMOE 00pa30BaHUE U JBUKEHHUE ITUX TpUMeceit
MPUBOANUT K XMMHYECKIM M3MEHEHUSIM B OKCHJIAX, YTO MOXKET MPUBOIUTH K 3 dekTy nepexiroue-
HUS 3JIEKTPUUYECKOr0 CONpoTUBIeHUs. KOHLIEHTpalys KUCIOpOAHBIX BAKAHCUM U MOJBUKHOCTh Ka-
TUOHHBIX MEXIOY3JIMH B TAKUX CHCTEMax JIOCTATOYHO BBICOKA, OCOOEHHO B OKCHUJAX MEPEXO0IHBIX
MeTaisioB. [103ToMy MPUHATO CUMTATh, YTO UMEHHO TAKOTO poiAa Ae(eKThl ABISIOTCS OTBETCTBEH-
HBIMU 32 3PPEKT MEMPUCTUBHOCTH, M TMOATBEP)KAACTCS MHOTHMH IKCIIEPUMEHTAIBHBIMU Pe3yibTa-
TaMH UCCIIEJOBaHUM.

O6JacTh NEPEKIIIOUEHUsI B MEMPUCTUBHOM YCTPOMCTBE COCTABIISIET pa3Mep MOPsAJIKAa OJHOIO
MUKpPOMETpa WM OOJbIIe U OOBIYHO MPEICTaBISIET COOOM JIOKaTM30BaHHBINA KaHAI 3JIEKTPHUUECKON
MIPOBOJIMMOCTH B JICCATKHA WM COTHH HAaHOMETPOB AMAMETPOM. DTOT KaHall OOBIYHO CO31aeTCs B
nporecce AekTpodopmupoBanus (HOpPMOBKH), MPEACTABISIONINI cO00I OrpaHUYEHHBINA MO TOKY
CMSITKUI JIEKTPUUYECKHI MPOoOO B MPOIECCE MEPBOTO MEPEKIIOYCHUS TUYCHKA B COCTOSTHUE HU3-
KOOMHOT0 conpotusienus (puc. 2.7). [Ipouecc popmMoBKH MmoipasyMeBaeT JOKaIbHbIE U MOYTH I10-
CTOSIHHbIE U3MEHEHUS IEKTPUUYECKUX CBOMCTB CTPYKTYPHI, BbI3BAaHHbBIE TPUIIOKEHNEM HEKOTOPOTO
MUHHUMAaJIBHOTO HanpsbkeHus: Uy — HanpskeHus: OpMOBKH.

Tok, A

HanpsxeHwe, B

Puc. 2.7. BonpT-aMriepHast XxapakTepuCTHKa, IEMOHCTPUPYIOIIAs HATUYHE
nporiecca GOPMOBKH B MEMPHUCTOPE
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[Tpexne, yeM MepexoauTh K BO3MOKHBIM MOJEISIM MeXaHH3Ma (OPMOBKH, PacCMOTPHM
BIIUSIHUE CUJIBHOTO BJIEKTPUYECKOIO IOJIS Ha BJIEKTPOIPOBOJHOCTD MOIYIPOBOAHUKOB U THUIJICK-
TPHUKOB, KOTOPOE MOTYT OBITh pea30BaHbI B Iporiecce GOPMOBKH.

2.4 Bausinue CHJILHOIO JICKTPHYECCKOT0 IIOJA HA 3JEKTPOIPOBOAHOCTL HIMPOKO30H-
HBIX MMOJYIIPOBOAHUKOB H JUIJICKTPUKOB

B nmonynpoBonHukax, 001aJalonMX BHICOKUMH 3HAUEHUSIMH YAEIBHOTO 3JEKTPOCOMPOTHUB-
JICHUS, ¥ IUAJIEKTPUKAX, KOHLIEHTPAIMs CBOOOIHBIX HOCUTENEH KpaifHe Majla U UX 3JIEKTPOIIEPEHOC
OIpe/eNsieTCs] HAJIMYMEM JIOBYIIEK B 3alpelieHHOW 30HE U IIYOOKO JIeKaluluX B HEll JOHOPOB.
CBoiicTBa TOHOPOB NMPUHLIMITUAIBHO OTIMYAIOTCA OT CBOMCTB JIOBYIIEK, IMOCKOJBKY JIOBYIIKH HE
MMEIOT CBOUX 3JIEKTPOHOB, a TOJBKO 3aXBATHIBAIOT «4Y)KHE» 3JIEKTPOHBI. JJOHOPHI k€ UMEIOT CBOU
anekTponsl [39]. B 1938 r. ®penkenb npeiokun TEOpeTUYECKoe 0O0CHOBAHKUE IKCITOHEHIUATb-
HOM 3aBHCUMOCTU TOKa OT AJICKTPUYECKOTO MOJIs JJId MOJYINPOBOAHUKOB ¢ JioBymikamu [40]. B
HacTodlee BpeMs AaHHas Mojaenb dpeHkens moiaydywia MHUPOKOE PacIpOCTpaHEHHUE ISl UHTEp-
MIpeTalny MepeHoca 3apsiga B HECTEXHUOMETPUUECKUX OKCHUJIaX METAJUIOB, SJIEMEHTAPHBIX MOJIYIPO-
BOJIHUKAX (TepMaHUU, KPEMHHUH), TIOTYIPOBOJHUKAX C BBICOKOW IMAIEKTPUYECKON MPOHHUIIAEMO-
cThlo, (eppoanexTpukax. [Ipennoxennas dpeHkeremM Moelb UOHU3AIMUHU JIOBYIIEK B MOIYIPO-
BOJIHUKAX KOPPEKTHO OMHCHIBACT SKCIIEPUMEHTAIBHBIC PE3YNIbTAaThl TOJBKO B CIA0BIX IIEKTpHUYE-
ckux nonax (<103B-cM ™). B CHIBHBIX S1MEKTPUUYECKHX TOMAX I ONMHCAHMS YKCIIEPUMEHTATbHBIX
Pe3yIbTATOB 110 HOHU3AIMH JIOBYIIEK MPUBJICKAIOT MEXaHU3M MHOTO(OHOHHON HOHHU3AIINH.

B nByx mpenenpHBIX Ciaydasx 3JIEKTpUYEcKas MPOBOAMMOCTh MOXKET OTPaHMYUBATHCS WH-
KEKLMEeH HOCUTeNell Ha KOHTaKTe (puc. 2.8a) Wiu MepeHocoM 10 JIoBYyIIKaM B 00béMe. Takoe pas-
JIeNIeHUE AIIEKTPUYECKONM MPOBOJUMOCTH YacTO SIBISETCS YCIOBHBIM, B 3aBHCHUMOCTH OT TOTO, KaK
CWJIBHO MPOCTPAHCTBEHHBIN 3apsi/i, HAKOIJIEHHBIH Ha JIOBYIIKAX, SIKPAaHUPYET JIEKTPUUECKOE T0JIe
Ha KoHTakTe (puc. 2.80).

Puc. 2.8. UnxeK1us 2JIeKTPOHOB Ha KOHTAKTE U MIEPEHOC DIIEKTPOHOB B 00BEME MOTYITPOBOIHHUKA
(mmanexTpuka): (a) IPOCTPAHCTBEHHOTO 3apsiia HeT, (0) uMeeTcst MPOCTPAHCTBEHHBIN 3apsijT
JIEKTPOHOB

B O6I_I_ICM CJIydac 3JICKTpHUYCECKad IMPOBOAHMMOCTL B IMOJYIIPOBOJHUKAX SABJISICTCSHA 6HHOHHp-

HOM, TBYX30HHOI. 3 oTpHIIaTebHO CMEIIEHHOTO KOHTAKTa (KaToJa) MHKEKTUPYIOTCS 3JIEKTPOHBI,
a M3 MOJIOKHUTEIHHO CMEIIEHHOTO (aHO/Aa) — ABIPKU. B 3TOM ciydae B MPUKOHTAKTHBIX OOJIACTSIX
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MOKET UMETh MECTO PEKOMOHMHALUS AJIEKTPOHOB C JIBIPKAaMH Ha JIOBYIICYHBIX LIEHTPaX. DHEPrus
ANEKTPOHHBIX U ABIPOYHBIX JOBYIIEK B ITUPOKO3OHHBIX MOJYIPOBOJAHUKAX U AUAIEKTPUKAX JICKUT
B nuamnazone 0,5 — 2 3B. Kpome TOro, u3 sKClepUMEHTANbHBIX PE3YyJIbTAaTOB MO HCCIIETOBAHUIO
ANEKTPUYECKON MPOBOAMMOCTH CJEAYET, YTO B HCXOJHOM COCTOSHUHU JIOBYUIKHM HE 3allOJHEHbI
QJICKTPpOHAaMH U ObIPpKaMHU. B CHUITy 3TUX 00CTOSITENILCTB JIOBYHWIKH HEC IMOCTABJIAIOT B 30HY IIPOBOIN-
MOCTH U BaJICHTHYIO 30HY CBOOOJIHBIE 3JIEKTPOHBI U IBIPKH, B OTJIIMYUE OT JOHOPOB U aKLIENITOPOB B
MOJIYIIPOBOAHUKAX ITPU OTHOCUTCIIBHO BBICOKHUX TEMIICpATypax (TaKI/IX, IIPpU KOTOPBIX MPOUCXOAUT
MOHM3AIMS JIOHOPOB U akUEenTopoB). TakuM oOpa3oM, MPOBOAMMOCTH IIMPOKO30HHBIX MOIYIPO-
BOOAHHUKOB U JUIJICKTPHUKOB MOKCT OCYHICCTBIIATHCA HCPABHOBCCHBIMH JJICKTPOHAMU M AbIPKAaMU,
WHXEKTUPOBAHHBIMH U3 KOHTAKTOB.

2.4.1 KOHTaKTHO—OTrPpAHUYEHHbIE MEeXaHU3Mbl HHKEKIMH 3JIEKTPOHOB M JAbIPOK

Kak oTmeuanoces paHee, MOKHO yCIOBHO BBIJCIINTH JIBA MEXAHU3Ma IEKTPUUECKOU IIPOBO-
JUMOCTH TOHKHX ITOJYIIPOBOJHUKOBBIX U JUNIEKTPUYECKUX IUIEHOK: MHKEKIUS HOCUTENEH 3apsia
U3 KOHTaKTa B 00bEM U MEPEHOC MHIKEKTUPYEMOT0 3apsiia B 00beMe TOHKOM IIeHKH. Ha koHTakTe
OOBIYHO peaNM3yIOTCs TpU MexaHu3Ma umHxekuuu: 3pdexr Paynepa — Hopareilima, Tepmudecku
obsieruéHHOe TYHHEIMPOBaHUE U TepMOodJieKTpoHHas amuccus [lotku (puc. 2.9).

2.4.1.1 TyHHeJbHAsl MHKEKLIHMS HOCHUTEJIell Ha KOHTAKTe mo MexaHusmy PDaysiepa—
Hopareiima

B ciydae CHMIIBHBIX 3JIEKTPUYCCKHUX TOJICH M HU3KHX TEMIIEpaTyp, KOTJa HOCHTEIH 3apsja
MOTYT TYHHEJIHUPOBATh U3 30HBI MPOBOAMMOCTH KOHTAKTa (IOJYIMPOBOJIHUKA HIIM METAJlIa) B 30HY
MIPOBOAMMOCTH TIOJTYIIPOBOIHMKA, JOMUHUpYeT MexaHu3M daynepa — HopareliMa (aBTORJIEKTPOH-
Has smuccus) (puc. 2.9, crpenka 1). TyHHenbHBINH 3¢ deKT, nexalnii B OCHOBE 3TOr0 MEXaHHU3Ma,
MMEET KBAaHTOBYIO TIPUPOJIY U HE 3aBHCHT OT TEMIIEPATyPhl, OJHAKO YHCIIO CBOOOTHBIX HOCUTEIICH
3apsizia Ha ypoBHe Depmu MeTallia 3aBHCUT OT TEMIIEPATYPhI, B PE3yJIbTAaTE YEro B BHIPAKCHUU JIJIS
TOKa TIOSIBJISICTCS CJTa0asi TeMIepaTypHasi 3aBUCHMOCTb.

7/ T T— gj 1
Anmecen X
Dy I

I

—eFx

Puc. 2.9. MexaHu3MBbI HHXEKITUH 3JICKTPOHOB Ha KOHTAKTE METAILI-IIOTYITPOBOHHK:
1 - TynHenbHas nmkekuus Gaynepa-Hopareiima, 2 - TepMudecKu 00JIer4€HHOE TYHHETHPOBaHHE,
3 - HagOapbepHas smuccens - dp ekt HloTkn
3amrpuxoBaHHas 00JacTh Ha PUCYHKE IOKA3bIBACT METAJUTMIECKUI KOHTAKT
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YpaBHeHME Ul TOKA IIPU MHXKEKLUU JJIEKTPOHOB M3 MeTaula 110 MexaHusmy Paynepa —
Hopareitma umeer Bun:

j=AFZexpl ————— 2|, (2.4)

BVm 3?2
F

e 812
roe A = , B= .
8nhd, 3he
J — INTIOTHOCTH TOKA,
F — HanpsOKEHHOCTD AIEKTPHUYECKOTO OIS,
@p — BBICOTA TPEYrOJIBHOTO MOTEHIIMAIILHOTO Oapbepa Ha TpaHULe pa3zesa dIEKTPOI —
MOJTYIIPOBOTHHK,
m" — TynHensHas > dexkTUBHAs Macca.
[Tockonbky s Mexanu3zma umxeknun @Daynepa — Hopareiima temmeparypHasi 3aBHCH-
MOCTh TOKa cJiabasi, TO 3TOT MEXaHHU3M IPOSIBISICTCS B CHIIBHBIX AJICKTPUUICCKUX IMOJISIX, Korja Oa-
phep UIsl TYHHEJIMPOBAHUS CTAaHOBUTCS JOCTaTO4HO Yy3KkuM. Dddexkr daynepa — Hopareiima
Ha0JII0TaeTCs MPU JOCTATOYHO BBICOKHMX Oapbepax Ha IPaHMIIC KOHTAKT — ITOJYTPOBOIHUK.
DKcIepuMEHTAIIbHBIC Pe3yabTaThl Mmokasanu, 4ro 3¢ ekt daynepa — Hopareiima mumutu-
PYET MHXKEKIUIO 3JICKTPOHOB B CTpyKTypax Si—SiO>—Me. BonbT—amiepHbie XapaKTePUCTUKH TaKUX
ctpykTyp (Si—SiO2—Me) ¢ pa3HbIMH METAJUTMYECKUMH KOHTAKTaMH MPeICTaBIeHbl Ha puc. 2.10.

103
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Puc. 2.10. Bonbr-amnepHsie XxapakTepUCTHKH reTepocTpykTyp Si-SiO2-Me npu HHKeKIHu
AJIEKTPOHOB M3 METAJIOB C Pa3HOM pabOTOM BBIX0/1a

Bricora Gapbepa st 37eKTpoHOB Ha rpanune Me—SiO2 3aBucuT oT paboThl BEIXOJIa METaI-
7a, a BENIMYMHA TOKA YTEYKH JKCIIOHEHIIMAIBHO 3aBHUCHT OT PalOTHI BBIXOJA MeTawia. BoabT—
aMIIepHbIE XapaKTEPUCTHKH CHPAMIISIIOTCS B KOOPJMHATAX, COOTBETCTBYIOIIUX BBIpakeHHIO (2.4)
(puc. 2.11) [41].
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Puc. 2.11. BonbT-amriepHble XapaKTePUCTUKH reTepocTpykTyp Si-SiO2-Me B koopanHartax,
COOTBETCTBYIOIIMX 3aKoHy Paynepa — Hopareiima

2.4.1.2 Tepmuuecku 00/1er4éHHOE TYHHEJTHPOBAHHE HA KOHTaKTe

B obnacTtu cpenHux mosiell U CpelHUX TEMIIEpPATyp AOMUHUPYET TEPMHUUECKH 00JIer4yéHHOE
TYHHEJIMPOBaHUE, IIPU KOTOPOM TEPMHUYECKOM 3HEPrHH €elle HeOCTATOUHO I IPEOA0JIEHUs 6apb-
epa Ha KoHTakTe 1Mo Mexanusmy LlloTku. Cam mporecc TepMudeckn 00JIeT4EHHOTO TYHHEINPOBa-
HUS Ha KOHTaKTe (puc. 2.9, cTpenka 2) MOKHO YCJIOBHO pa30uTh Ha JiBa 3Tana. Ha nmepBom stame
HOCHUTEIN 3apsa BO30YKIAIOTCS 10 HEKOTOPOW DHEPTUU 3a CYET TEPMUYECKOH aKTHBauH (poHO-
HOB, a Ha BTOPOM — TYHHEJIMPYIOT Yepe3 TpeyrojbHbIi Oapsep. BoipaxkeHue 11 TOKa MpU MHKEK-
MM HOCUTEJEH M3 MeTajlla M0 MEXaHU3My TEPMHUYECKH OOJIErYEHHOIO0 TYHHEJIMPOBAHMSI HUMEET
CIEAYIOLIUN BU:

)= Crexp| %t —(1/6)(hei4 (4nkT\/F )) | 9

e C = (an*kT)‘/z (e/h)2 :

[Tpu Tepmuyecku 001€r4€HHOM TYHHEIMPOBAHUU MJIOTHOCTh TOKA 3KCIIOHEHLIUAIBHO 3aBU-
CHUT OT KBaJiparta I0JIsl, SHEPTusl aKTUBALIMU BO3PACTAET C TEMIEPATYPOI, TOK CUIIBHO (9KCIIOHEHIIH-
aJIbHO) 3aBUCHUT OT paboOThl BbIXOJa MeTayula. TepMuuecku 00Jerdy€éHHOE TYHHETUpOBaHHE ObLIO
Mpe/ICKa3aHo JJIsl CUCTEMbl METAJIJI — BaKyyM M TEOPETHYECKH IPOAHAIU3UPOBAHO HA IPaHULIE Me-
TaJul — MOJIYIIPOBOJIHUK B [42].

2.4.1.3 Tepmo3JieKTPOHHAsSI IMHCCHS HA KOHTaKTe — dpdexT HoTKkH
Tepmoonexktponnas smuccus Llotku (puc. 2.9, ctpenka 3) B otnuyne ot smuccun daynepa

— Hopareiima npeo0aiaeT mpy MOBBIIIEHHBIX TEMIIEPATypax, KOTJa TEPMUUECKON YJHEPTHH 10CTa-
TOYHO JJI MPEOJ0JIEHUs] MOTEHLIUAIbHOr0 O0aphepa Ha KOHTAaKTE€ W HOCUTEIH 3apsijia CIIOCOOHBI C
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ypoBHsI DepMU KOHTAKTa BO30YAUTHCS B 30HY MPOBOAMMOCTHU MOJYIMPOBOJHUKA, U MAJbIX 3HaYe-
HUSI TOTCHIMAIBHOTO 0aphepa Ha KOHTAKTE METaJUT — MOJTYIPOBOIHUK — ITOTYITPOBOIHHUK.

CusbHas 3aBHCHMOCTh TOKAa OT HANPSHKEHHOCTU 3JIEKTPUUECKOro Toka B 3ddexre LloTkn
00ycIIOBJICHa TOHM)KEHHEM Oapbepa 3a CuéT cuil u300pakeHus. BeipaskeHne 11 TOKa MpHU MHXKEK-
[IUH U3 METaJl1a B NOJIYNpoBOIHUK B 3¢dekre [lloTkn nmeer Bua:

g Y2
J= ,A\T2 exp _M , (2.6)
KT

rne A= (47T,m kze)/ (mch2)=120m / My A-cm?rpan? — mocrosuHas Puyapsicona —

Jemmana,

2
Bsy = (es/(47csw80 ))]/ — nocrosiHHast [lotkw,
€2 — BBICOKOYACTOTHAS AMAIICKTPUYCCKAs IPOHUI[AEMOCTb.

s smuccun otk xapakTepHa SKCIOHEHIIMAIbHAs 3aBUCUMOCTD TOKA OT TEMIIEPaTyphl U
HaIpPsDKEHHOCTH 3JIEKTPUYECKOro Mojs. BonbT—aMmepHble XapaKTEpUCTUKH, COOTBETCTBYIOIIME
s¢dexry Ilotkn u mocTpoerHsle B koopauHarax lg J = f(FY?), npeacrapnsior co6oii mpsMble JTH-
HUU. DIEKTPUYECKUH TOK B 3TOM Cllydae SKCIIOHEHIIMAIBLHO 3aBUCUT OT padOThI BIX0O/Aa HOCUTENEH
3apsija U3 KOHTaKTa (BBICOTHI Oapbepa Ha rpaHulle pa3ziesia KOHTAKT — HOTYIPOBOIHUK).

OKCHepUMEHTAJIbHBIE PE3YJIbTAThl TEPMUUECKU 00JIErYEHHON MHKEKIMU JBIPOK HCCIIE0Ba-
Hbl Ha TpaHHIlE 30J0TO-HUTpUI KpemHus. [lis mpumepa, Ha puc. 2.12 mpeacTaBieHbl BOJIbT—
aMIIepHBIC XapPaKTEPUCTUKH MPU WHKEKIMH JBIPOK M3 30J0Ta B HUTPUJ KPEMHHS B KOOpPJMHATAX,
COOTBETCTBYIOIIUX MEXaHU3MY TEPMUYECKH 00JIETYEHHOTO TyHHEenupoBaHus (puc. 2.12a) u s dex-
Ty lotku (puc. 2.126). B ciayuae (a) BosibT—aMIepHbIE XapaKTEPUCTUKH CIIPSMIISIFOTCS IIPU TEMIIe-
patypax 523 u 593 K, B ciyuae (0) BOJIbT—aMIIepHbIe XapaKTEPUCTUKU HE CIIPSMIISIFOTCSI.

10-12
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Puc. 2.12. BonbpT-aMinepHble XapaKTepPUCTUKH MTPU UHXKEKLIUHU IBIPOK U3 30JI0Ta B HUTPHU KPEMHHUS
B KOOPJIMHATAX, COOTBETCTBYIOIINX MEXaHU3MaM TEPMHUECKH 0OJIETYEHHOTO TYHHEIMPOBaHUS (2)
u 3¢ dexry LloTku (6). Teopernueckas 3aBucumocts i d3pdexta [otku npu 523 K (5).
Kpussie npu = 593 K (1), 523 K (2, 4), 77K (3)
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2.4.2 Mopenu HOHM3ALMH JTOBYIIEK

Ecnu B mOoTynpoBOJHUKE MMEETCS BHICOKAs KOHIEHTpAIHs JIOBYIIEK, TO 00BEMHBIN 3apsia
HA HUX OIPaHUYMBACT MHKEKLHIO U3 KOHTAKTa M BEJIMYMHA MPOBOAUMOCTH OIPEIENSIETCS CKOPO-
CTBIO MOHM3ALMU JIOBYILIEK. B muTepaType IIpu ONMCcaHuu MOJENEH JIOBYLIEK TOMUHUPYIOT JBa Me-
XaHMW3Ma MOHU3aluK JoBylek: 3¢¢pext DpeHkens 1 MHOTOTOMOHHBIM MEXaHW3M HMOHM3aLuu. B
IIOJIYIIPOBOJIHUKAX IPU HAJIMYMKM MEJKHMX JIOBYILIEK IPU HU3KUX TEMIIEpaTypax, KOIrZa HOCUTENIH
3apsi/ia JIOKAJIM30BaHbl Ha JOBYILIKAX, HAOII0AAETCs PBIKKOBAs IPOBOAUMOCTb.

2.4.2.1 Uonu3zanus JIOBYLIEK M0 MexaHusMy dpeHkeJist

Oddext Openkens 3aKiI0UaCTCs B TOHMKEHUU KyJIOHOBCKOTO IMOTEHIMANIA U30JIMPOBAaHHON
JIOBYILIKHU MO BO3JIEUCTBHEM MPUIOKEHHOTO 3JeKTpudeckoro mojis (puc. 2.13). Ilpu paccmorpe-
HUU MEXaHHW3Ma MOHU3ALIMHU JIOBYIIEK MPEINOoaraeTcs, 4To B 3anpeiiéHHol 30He MOIYIPOBOAHUKA
HUMEIOTCS JIOKAJIM30BaHHBIE COCTOSIHMS (JIOBYILIKH) C 3aXBAaYEHHBIM 3JIEKTPOHOM, KOTOPbIN B3aUMO-
neicTByeT no 3akoHy KyioHa ¢ MmosioKUTenbHO 3apsKeHHbIM aedekToM. B kauecTBe TakuXx JOBY-
LIEK MOTYT BBICTYIATh MOJOKUTEJIBHO 3apsKEHHBIE KMCIIOPOIHBIE BAKAHCUH B OKCHUJIaX METAJLIA.

[Tpu HallO)KEHUU BHEIIHETO AJIEKTPUYECKOrO MOJS K MOJYMPOBOAHHUKY (IUAIEKTPUKY) MO-
TEHUUAIbHBIN Oapbep MOHUKAETCS, YTO IPUBOJIUT K YBEIMUEHUIO BEPOSITHOCTH NIEPEX0/Ia IIIEKTPO-
Ha U3 JIOKAIIM30BAHHOTO COCTOSTHUS B 30HY MPOBOJIUMOCTH. BO3MOXKHBI TpH MeXaHHW3Ma HOHU3ALIUU
JIOBYULIKH.

1. HagbaprepHas noHHM3aIus JIOBYILIEK, KOTOpas Mpeo0siafaeT Mpu JAOCTATOYHO BBICOKHX
TEMIIEpPAaTypax U OTHOCUTEIbHO HU3KHUX HANPSDKEHHOCTSAX IOJIs, TaKUX, YTO IIMpPHHA Oapbepa J0-
BOJIBHO CYILIECTBEHHAs], @ BEPOATHOCTh TYHHEIHPOBaHUs yepe3 Oapbep HebombIast (puc. 2.13, cuy-
yaif 1). OToT ciryyail paccMOTpeH B OpUrMHaIbHBIX pabotax dpenkens [40].

2. Tepmuuecku o6serdi€HHOE TyHHEnUpoBaHue (puc. 2.13, ciyyaii 2), mpeacTaBisioliee mne-
PEXOAHBIN Cilydail MeX/ly TYHHEJIIMPOBAHUEM U Ha10apbepHON HOHU3aLUE.

3. TynHenupoBaHue uepe3 MOTEHIMAIBHBIN Oapbep (puc. 2.13, cmydyaii 3) npeobnamaer B
00JIaCTH HU3KUX TEMIIEPATyp W BBICOKHX HANPSIKEHHOCTEH OIS (IIPH KOTOPBIX IIMPUHA TTOTEHIIH-
abHOTO Oaphepa (TOMIIMHA TJIEHKH ) JOCTATOUYHO Malla A7l TYHHEIHPOBAHUS Yepe3 Hero).

E
g Fr
r i
Hapbapreprad yMHACCHA
iy ..'/‘{:' 2
/ Teprmrgeckn obner4EHROS
e TYHESIHPOBAIHE 4
TyHreTHpOBAREE Y& Pt
L e e e . P pe

MOTEHIHATEHEI Gaphep

Puc. 2.13. Mexanu3m nonuzanuu no OpeHKennto: NOHWKEHNEe KYJIOHOBCKOI'O OTEHIIMAaa JOBYILIKH
B ayieKTpudeckoM mnosie. CTpenkaMy yka3aHbl BO3MOXHbIE MEXaHU3Mbl HOHU3AIINH:
1-trepmuueckas HajgOapbepHast SMUCCHS, 2 - TEPMUYECKH 00JIeT4Y€HHOE TYHHEIMPOBaHHE,

3- TYHHETbHAst NOHU3AIIHSI.
3neck Q- 3apsij AIEKTPOHA, I' - IPOCTPAHCTBEHHAs KOOpAMHATA
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Jns repMudeckoil (HagOapbepHO) HOHHU3AIMK JIOBYIIEK (IPOIecC, KOTOPhIM M Ha3bIBAIOT
s dexrom Openkenst) BhIpaKeHUE A1 CKOPOCTH MOHHU3AIMHY JIOBYIITKA UMEET BUJL:

_W-peVF

P=vexp T

1 (2 ' 7)
r7€ V— 9aCTOTHBIN (haKTop,

3 2
= 7T - IIOCTOsIHHAaA CHKCJIA.
B Er e /( 800 & 0 ) q)p

Jis TepMudecku OOJErd4EHHOTO TYHHEIMPOBAHUS BEPOSTHOCTh MOHU3AIMH JIOBYIIKH B
€AVHULY BPEMEHU IIPUHUMAET BUJ:

W_BFr\/E + A% »

P=vexp|— —
KT KT
_ 2 *
xj(\)N eV exp (_%_ﬁ ;(;\/Zm (eV(x)-¢) dxj de (2.8)
V(x)=W-— % _Fx
4neg00

T'AC € — SHEpIrus B036Y)K,HéHHOFO YPOBHH,
X1, X2 — KJJACCUYCCKHUE TOYKH ITIOBOPOTA, OIPCACIACMBIC KaK:

2.
1W—¢ _ eF 12 (29)
= 1+|1-
ne,g0(W —€)

X =
1,2 2

TyHHennpoBaHUE Yepe3 KyJIOHOBCKUU MOTEHIMAIbHBIM Oaphep HaOMI0JaeTcss IpU HU3KHUX
TEMIIEPATYpax U B CHIIBHBIX AIEKTPUYECKUX MOJAX. B ciaydae BBICOKON KOHLIEHTPALMU JIOBYLIEK
MMeEeT MECTO MOHM)KEHHE Oaphepa BCIEICTBUE NEPEKPHITHS KYJIOHOBCKUX MOTEHIIMAIOB COCEAHHUX
noBymek (puc. 2.14). Ilpu BeICOKMX TemmepaTypax Ui OJHOMEPHOM MOJENu BbIpaKEHUE JUIs
BOJIbT-aMIIEPHOIN XapaKTEepUCTUKU UMEET BUJI:

2.10
J=veN%? exp(— ﬂj sinh (e_FJ (210)
kT 2NY3KT

B cunbHBIX TOMNAX JorapudM TOKa IPOMOPIMOHATICH HAMPSIKEHHOCTH AJIEKTPHYECKOMY TO-
o (3akoH Ilyma).
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a/2 a2

Puc. 2.14. TloHmKkeHNe MOTSHIIMAILHOTO Oaphepa 3a CUET MEPEKPHITHS KyJTOHOBCKHX MOTCHIINAIOB
OJIM3KO PaACTOIOKEHHBIX COCETHUX JIOBYIIEK (MOo1eh XUIIa)

2.4.2.2 MHOro()oTOHHASI HOHU3ALUS JIOBYLIEK

B sT0i#t MOgenu npenmnonaraercs, 4To CBOOOAHBIN 3apsaa MOXKET 3aXBaThIBAThCS HA JePeKTax
PEIIETKH MOJIYIIPOBOIHUKA, KOTOPbIE B 00IIEM ciydyae MOTYT ObITh HeiiTpanbHbIMU. Kak yka3biBa-
JIOCh BBIIIIE, JOBYIIKH B HOJYIPOBOJHUKAX TIIyOOKHE U PaUyC JIOKAIU3ALUU 3aXBaUEHHOIO B HUX
3apsia Mant. Takoil cocpeoTOYCHHBIN 3aps AehopMuUpyeT Onmxaiiiiee OKpyKEHHE JIOBYIIKH, YTO
B CBOIO OYepe/ib TaKXKe BJIMSACT Ha YPOBEHb SHEPIMH 3aXBaue€HHOro 3apsaa. Takum oOpa3oM, B 3TOH
MOJIETIM CUUTAETCS, YTO MMEETCA CUJIbHAs B3aUMOCBS3b MEKIY DHEPrueil JIOBYHIKH M PeIIETKON
HOJIYyIIPOBOJIHUKA (TaK Ha3blBaeMasi (POHOHHO—CBS3aHHAs JIOBYIIIKA).

[Tockonpky Ha TIIYOOKMX LEHTpax SHEPIUsl CBSI3U DJIEKTPOHOB MHOTO OoJiblIe cpeaHen
SHepruu (OHOHOB, TO TEPMHUYECKash MOHU3ALMUSA BO3MOXKHA TOJBKO Ojaronaps MHOTO(pOHOHHBIM
npoueccam. Teopust MHOTO(OHOHHON MOHM3AIMH OMUCHIBAET MEPEXO JIEKTPOHA U3 JIOKAIU30BaH-
HOT'O COCTOSIHUSI B JICJIOKAJIM30BaHHOE B TEPMUHAX KOH(UTYpAIllMOHHBIX AUarpamm. B aTom ciydae
KoseOaHus aedexra n OIHKaWIIero K JOBYIIKE OKPY)KEHHUS ONMCHIBAIOTCS U3MEHEHHUEM KOH(UTY-
pannoHHol koopauHaThel Q. KoHeuHo, npu HaIW4Yuu OGOJBLIOrO Yucia OarKaiiluX aTOMOB OKOJIO
JIOBYIIIKK TaKO€ OJTHOMEPHOE OIMHUCaHue siBisieTcs npuodmkenueM. Ha pucynke 2.15a npeacrasie-
Ha KOHQUTrypalMoHHas 1uarpaMma aedexra (JIOBYLIKN) A MyCTON JIOBYIIKH M JIOBYLIKH C 3aXBa-
YeHHBIM 3JIeKTpoHOM. [lotennmanbuas kpuBas Uf(Q) COOTBETCTBYET Cydaro, KOT/Ia JIEKTPOH 3a-
xBaueH Ha JoBylKy, a Uo(Q) — ciyuaro mycroii noByiiku. HakiioHHast mpsiMasi OKa3bIBacT 3aBH-
CUMOCTb JHEpruu 3axBayeHHoOro sjekTpoHa &(Q) oT koHpurypamuoHHoil koopauHaThl. Korma
€(Q) < Ec (Ec — kpaii 30HBI IPOBOAUMOCTH MOIYITPOBOIHHUKA), IEKTPOH CUYMTACTCS 3aXBaAYCHHBIM;
® — gactoTa konebanus nedexra, Wph = ho— sHeprus jokanpHOro GoHOHA.

Kak BuzmHO n3 puc. 2.15, BO3MOXHBI 1Ba IyTH MOHU3ALMNU JIOBYIIKH. B mepBom ciyvae me-
peXoa U3 OCHOBHOT'O COCTOSTHUSI B BO30OYXKIEHHOE OCYIIECTBIISETCS 3a CUET BEPTHKAIBHOIO Iepe-
xofa (onTuueckuit mepexon). Takoil mepexoa MPOUCXOMUT NMpH (pUKCHUpOBaHHOM 3HaueHUH Q u
TpeOyet sHeprun Wopt (onTruyeckas Heprus MOHM3AUMU JOBYIIKH). Ilpu ontuueckom mepexojne
3JIEKTPOH CTaHOBHUTCA CBOOOJHBIM, a Orpkaiiiiee K Ae(eKTy OKpy>KeHHE OCTa&TCsl B MEPBBIA MO-
MEHT Je(OpPMUPOBAHHBIM. 3aTeM 3Ta SHEPrus AedopManuu pa3HOCUTCA (POHOHAMH IO MOIYIpPO-
BOJIHUKY. Bo BTOpOM cityuae Bo30yXJI€HHE 3JEKTPOHA MPOUCXOAUT 3a CUET MOTJIOUIEHUS (POHOHOB
C U3MEHEHHEM KOH(PHUTYypaAIMOHHONH KOOPAUHATHI, Tak 4To0bI cTano &(Q) > Eo. Ha s3T0 HeoOxoauma
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sHeprus Wr (Tepmuueckas 3Heprust nonnzauuu). Wopt Bceraa 6ospiie Wr. MUHUMYM 3HEPTHH JIO-
BYIIKH C 3aXBaYCHHBIM 3JIEKTPOHOM gocturaetcs npu Q = 2(Wopt - Wr).

Us(Q) a

UAQ)

4 )
Wope - 0

#Q)

OO OwOwwO

Puc. 2.15. (a) knaccuueckuii mpuMep KOHPUTYpallMOHHON AHArpaMMBbl JIOBYIIIKH B TEOPUU MHOTO-
dononnoi norm3auu. [Torernmansr Us, 1 Ug COOTBETCTBYIOT JIOBYIIIKE C 3aXBaYCHHBIM JJICKTPO-
HOM ¥ MOHM30BAaHHOM JIOBYIIIKE COOTBETCTBEHHO; (0) MOJIENIb OCHMILISATOPA B PABHOBECHOM COCTOSI-
HUU JIJIS1 WLTIOCTPAIIMA MHOTO(OHOMHOM HOHU3AIUH JIOBYIITKH; (B) MOJIENIb OCIIHIIISTOPA B BO3MY-
MIEHHOM COCTOSIHUH, WJUTFOCTPUPYIOIICH BBIXOJ] B HEIIPEPBIBHBIN CIICKTP

B npocreiitiem cityuae riy0okas JIOBYIIKA HMEET OJJHO CBSI3aHHOE COCTOSTHUE, TPU KOTOPOM
MIOJIOKCHUE JIOKATBHOTO YPOBHS OIPENEISICTCs] MOTCHIMAIOM, HABOIUMBIM Je()EKTOM, W CYIIe-
CTBEHHO 3aBHUCSIINM OT PAaCCTOSHUS MEXAY Ne(EeKTOM U COCeTHUMHU aTroMaMmu. B aToM ciyuae, Ko-
nebanust nedekTa MOAYITUPYIOT MOJOKEHHE YPOBHS JIOKAJTU30BAHHOTO 3JIeKTpoHa (puc. 2.158). B
Cllydae CUJIBHBIX TEIUIOBBIX KOJNEOaHU (YTO peann3yeTcs MPH MOBBIIICHHH TEMIIEPATyphl) TOKAIb-
HBII YPOBEHb MOXKET BBINTH B HENPEPBIBHBIN CIIEKTP, YTO U MPUBOJUT K HOHU3ALUN JIOBYIIIKH.

JloBy1ika MOKET MOHU30BATHCA MO JEHCTBHEM MOCTOSTHHOTO AJIEKTPUYECKOTO MOJIs, MPU-
qéM CKOPOCTH MOHHU3AIUN CYHICCTBCHHBIM 06p330M 3aBUCUT OT TEMIICpPATYypPHhI. B kBasukiaccuue-
CKOM MPUOIMKEHUH ISl OMHCcaHusl KojeOaHuil nedexTa BepOoSITHOCTh HOHU3ALNUU B €IMHUILY Bpe-
MCHH BBIPAKACTCA KakK.

* 2
P o —Ll\/%wa/%+4V\/°'°t_wT m o Wopt oy Vn | (2.11)
2 /Zm*Wopt 3 heF P Woe 7 e?F2 2T

HpI/I KBaHTOBO—MEXaHHUYCCKOM OIKMCAHUU KOJIeOaHU I I[e(beKTa I BEPOATHOCTH MOHU3AalIUN
JIOBYIIKHU CITPABEAJINBO BBIPAKCHUC!
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MW, W, —W W
P=>exp 2k'T'h — 0{);\/ T coth 2kah x

" o (2.12)

W, . — W. '

1 “opt — 77T P (Wy +nw,, )

W,, sinh(W,, /2KT )

F 42
P(W) = ———exp| — = w32 |, (2.13)
2v72m W 3 heF

rae In — MmogudunmpoBannas Gynkius beccens,
Pi(W)— BepoATHOCTb TYHHEIMPOBAHHS Y€Pe3 TPEYTOJIbHbBII Oapbep BHICOTONH W.

2.4.2.3. Ilepenoc 3apsaa 3a C4ET TYHHEJTUPOBAHUS MEXKY JOBYIIKAMHU

B teopun nepenoca Illoknu — Puna — Xonna npenmnonaraercs, 4to 3apsj (s onpeaesieH-
HOCTH, KaK MPaBUIIO, MIPUHUMAIOT 3JIEKTPOH) U3 KOHTAKTa MHKEKTHUPYETCS B 30HY MPOBOAMMOCTHU
MOJTYIIPOBOJTHUKA U B 00BEME IMOITYIIPOBOIHNKA MOXKET 3aXBaThIBATHCS JIOBYIIKOW. 3aTeM 3TOT 3a-
XBAUYEHHBII AJIEKTPOH MOXET OCBOOOJIUTHCS B 30HY NMPOBOJUMOCTH U CHOBA 3aXBATUTHCA JIPYron
CBOOO/IHOM JIOBYILIKOM HMKE IO TOJIIO.

HmeeTcst mepexoJHbIi MPOLIeCC 3aM0JHEHUs JIOBYIIEK, A0 TeX MOp, MOKa CKOPOCTh 3aroj-
HEHUs CBOOOJHBIX JIOBYILIEK HE CPABHSIETCSA CO CKOPOCTbIO MOHU3ALIMU 3all0JIHEHHbIX JoBylIeK. [1o-
CJie ATOr0 HACTYIAET CTAllMOHAPHBIH Mpoliece IepeHoca 3apsaaa.

B tom cJIydac, Korjga KOHUOCHTpalus JIOBYHICK BCJIMKAa U PaCCTOAHUC MCXKIY HUMH MAJlo,
ANEKTPOH MOKET HEMOCPEACTBEHHO TYHHEIHPOBATh MEXAY COCEIHHMH JIOBYIIKaMH, T.e. 0e3 BbI-
Xo0/la B 30HY mpoBoguMocTH. Ha puc. 2.16 nmokazaHa auarpamMma TYHHEJIHPOBAHMS SJIEKTPOHA U3
OJTHOM (POHOHHO — CBSI3aHHOW JIOBYIIKH B JIPYT'yI0O Ha PAcCTOSHUE @, B MPHUCYTCTBHUH BHEIIHETrO
aneKTpudeckoro nois F.

UA0)%

wr @

Puc. 2.16. JluarpamMMa TyHHETUPOBaHUS JIEKTPOHA U3 OAHON ()OHOHHO CBSI3aHHOM JIOBYIIIKH B
JIPYTYIO HA PacCTOSIHHE a BO BHEIIHEM dJIeKTpuieckoM moie F. CIolHbie IMHUN COOTBETCTBYIOT
Ha4yaJbHOMY COCTOSIHHIO CUCTEMBI 10 TYHHEIMPOBAHUS AJIEKTPOHA, MYHKTUPHBIE — KOHEYHOMY CO-

CTOSIHUIO CHCTEMBI MTOCIIe TYHHETUpOoBaHus. [ Opu3oHTaIbHAS IITPUXOBAs IPsIMast 0TOOpaXkaeT

TYHHEJIbHBIN MIEPEXO0/T AJEKTPOHA U3 OJHOM JIOBYIIIKH B IPYTYIO

CrutoniHele TMHUM HA pUC. 2.16 COOTBETCTBYIOT HAYAIIBHOMY COCTOSIHUIO CHCTEMBI J10 TYH-
HEJIMPOBAHMA JJIEKTPOHA, IYHKTUPHBIE — KOHEYHOMY COCTOSIHUIO CUCTEMBI ITOCJIE TYHHEIUPOBAHMUSL.
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Bo BHemniHeM 371eKTpUYecKOM MoJie YPOBHH 3JIEKTPOHOB B COCEIHUX JIOBYIIKAX HE COBNAAAIOT, MO-
STOMY TYHHEJIbHBIA Mepexo] JOHKEH Pealn30BbIBAThCSA C ydacTHeM (OHOHOB, T.€. UCIYCKaHUEM
WJIH TIOTJIONMEHUEM (DOHOHOB KPUCTALTMYECKON PEIIETKH, JUIsl TOTO YTOOBI CKOMIIEHCUPOBATH pa3-
HOCTb SHEPTHUH.

B pamkax monenu (hOHOHHO—BSI3aHHOM JIOBYIIIKH 9acTOTa TYHHEIBHOTO MEPEX0/ia dJIEKTPO-
Ha MEX]y JIOBYIIKaMU Ja€TCsl ypaBHEHUEM!

W, ot — Wy +eFa 2ay2m" Wy
=— T exp| - Xexpl - —— |. (2.14)
m a’Q,VkT 2kT h

B yucneHHol MOAenu mepeHoca HOCUTEIIECH 3apsiia UCIOJb3YETCS CIEAYIOUIEE YPaBHEHUE
JUISL CKOPOCTH 3aIOJIHEHUS JIOBYILIEK BHYTPU MOIYIIPOBOTHUKA:

0 n; n;_
—n,=P_yini4|1-—|=P. n. [1-—L 14
i i-Litti-1 Li-1'
(2.15)
n; n;
i i+1
+ PN [ 1= | =P | 1-—=
N
t t
rae Nt — rmosHas IIoTHOCTH JIOBYIIIEK,
Ni — IIOTHOCTD 3aMOJIHEHHBIX 3JIEKTPOHAMH JIOBYIIIECK B y3Ji¢ | paCUETHON CETKH.
Paccrosinne Mex 1y y3amMu paBHIIETCS CPEIHEMY PACCTOSHHIO MEXIY JOBYIIKAMH, 8 = N3
- 4aCcTOTa TYHHEJIMPOBAHMS AJIEKTPOHA U3 y31a 1 — | B y3en 1, 00paTHBII IPOIecC OMUCHIBACTCS Ya-
CTOTOM TyHHeNupoBaHus Pij-1.

3anoJHeHUe caMOM MEePBOH JIOBYIIKH 3JIEKTPOHOM IMPOUCXOIUT U3 KOHTAKTA U OMHUCHIBAETCS
YPaBHEHUEM

0 ny n,
anlzvinj(Nt_nl)_vionnl+P2,1n2 1_Nt -Pon 1_Nt ) (2.16)

TA€ Vinj — CKOPOCTb 3aIl0JHEHUS JIOBYILKHU JIEKTPOHAMH U3 KOHTAKTa U
Vion - CKOPOCTh OOpaTHOW MOHU3AINH JIOBYIIIKH B KOHTAKT.

I[J'IS[ HHUX CIIPAaBCAJIMBLI BHIPAXKCHUA:

O - W.
Vinj = exp(— . j Vion:
KT

V
out

V: =
on =] 27~/27kT

(Q - Qo)2 4 (Zm*)]/2 ((_ 8)3/2 _ (_ eF7 — 8)3/2)
2KT 3 eFn

-1
x (1+ exp(— breverz ‘;_r i D dQ,

€ :_QO(Q_QO)_Wopt’

x exp| — % (2.17)
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rae @ — pa3sHOCTb HPHEPrUi JAHA 30HBI NIPOBOAMMOCTHU IOJYIPOBOAHUKA U ypoBHSA Depmu
KOHTAaKTa,
Z — pacCTOsIHUE OT JIOBYIIKH JO KOHTAKTa,
Vout - CKOPOCTb OCBOOOMBILETOCS U3 JOBYIIKHU 3JIEKTPOHA B KOHTAKTE.

Ha IIPOTHUBOIIOJIOKHOM KOHIEC ITOJYIIPOBOAHHMKA B KAYCCTBC I'PaAaHUYHOI'O0 YCJIOBHUA IIPEAIIO-
JIaracTces, 4To JIOBYIIKA BO3JIC KOHTAKTA SABJISACTCA HyCTOﬁ.

2.4.3 IIpocTpaHcTBeHHbII 3apsiA B NOJynpoBogHuke u ypapHeHus llloxau — Puma —
XoJs1a

DKCIEepUMEHTAIbHBIE PE3YJIbTaThl CBUICTEIBCTBYIOT O TOM, YTO B HCXOIHOM COCTOSIHUH
JIOBYIIKH B TOJIYIIPOBOJHHUKE KaK AJICKTPOHHBIC, TAaK U JBIPOYHBIC SIBJISIOTCS HE3aIIOJHCHHBIMH U
HelTpanbHbIMU. HakoruieHHe 2JIeKTPOHOB | JBIPOK HA JIOBYIIKAX B MOJNYIPOBOJHHUKE MPHBOIHUT K
00pa30BaHUIO IPOCTPAHCTBEHHOTO 3apsna. [lepeHoc 3apsiaa, 3aXBaT 3JIEKTPOHOB M JIBIPOK, HHIKEK-
THPOBAHHBIX M3 KOHTaKTOB Ha JIOBYIIKH, U HMOHH3ALMs JIOBYIICK ONHUCHIBAIOTCS YPaBHEHHSIMU
ok — Puna — Xomna (2.18)—(2.21):

an(x, t) _ 1 &]n(X,t) —owm (x,'[)(N(t3 - nt(X,t))‘i‘

ot e oXx (2.18)
n,(x,t)P(x,t)— o, (x,t) p,(x,1)
%zcvn(x,t)(Nf—nt x,t))+ ’ (2.19)
+n (%) P(x,t) = w(x,t)n¢(x,1)
B0u) L) ) -y 020
+p (X, 1) P(x, t) = 5w (x,t) n (X, 1)
o )N -px) 020
p(X,t)P(x,t) =5 vp(x,t)n (x,1)

rae N 1 Nj KOHICHTpaluu CBO60)IHI:IX 1 3aXBaYCHHBIX 3JICKTPOHOB COOTBCTCTBCHHO,
P 4 pi. KOHIOCHTpalluu CBO60)IHBIX H 3aXBaUCHHBIX ABIPOK COOTBETCTBCHHO,

? u NP —KOHIICHTPAIIMH JJICKTPOHHBIX U IBIPOYHBIX JIOBYIIEK COOTBETCTBEHHO,

F(x,t) — HanpsHKEHHOCTD JIOKATBHOT'O JIEKTPUIECKOTO TIOJS,

€ — 3aps SJIEKTPOHa,

O, — CeueHHe 3aXBaTa JIOBYIIKHU, CEUEHHE PEKOMOMHAIIMU MEXy CBOOOHBIMH U 3aXBa-
YEHHBIMH HOCUTEJISIMU MIPOTHBOIIOIOKHOTO 3HAKA,

V — npeiidoBasi CKOPOCTh IEKTPOHA,

€ — HU3KOYACTOTHASI IMAJIEKTPUIECKas IPOHHUIIAEMOCTb,

P — BepOsSITHOCTh MOHHM3AILIMH 3aITOJTHEHHBIX JIOBYIIEK B CIMHUILY BPEMEHHU.

JpefidoBast CKOPOCTH AEKTPOHOB CBSA3aHA C INIOTHOCTBHIO TOKA COOTHOIIEHHEM J = env.

B kauecTBe rpaHUYHBIX YCIOBUM IS 3TUX YPAaBHEHUW HCIIOJB3YKOTCS COOTBETCTBYIOIIME
3akoHbl MHXKekiun (Paynepa — Hopareitma, apdext [LloTku, Tepmudeckn oberyéHHOe TYHHEIH-
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poBanue u Ap.) IIpocTpaHCTBEHHBIN 3aps 3JEKTPOHOB U ABIPOK, JOKAJIN30BAaHHBIX Ha JIOBYIIKAX,
onuceiBaeTcs ypaBHeHueM Ilyaccona:

%Z_ent(x,t)—pt(x,t)’ (2.23)
OX €€

/1€ — HU3KOYaCTOTHAS JUAJIEKTpUYECKasi IPOHUIIAEMOCTb.

Kak u3BecTHO, AyeKTprudecKas MPOBOJAUMOCTh KPUCTAUIMYSCKUX MOTYIPOBOJTHUKOB OOBIY-
HO OCYILIECTBIISIETCSI CBOOOIHBIMH 3JICKTPOHAMU WM (M) IbIPKaMH, BOSHUKAIOIIMMU B pe3yJIbTaTe
HMOHU3ALMK MEJIKUX JJOHOPOB U aKIENTOPOB WA B PE3yJbTaTe T€HEpallK, 30Ha — 30HA BCJICICTBHE
HEOOJIBIIION MIUPHUHBI 3anpeméHHon 30HbI. [Ipn HU3KKX Temrepatypax (T20 K), korma Hocutenu
BBIMOPQKUBAIOTCSA HA JIOHOPBI M aKIENTOPHI, MPOBOJAUMOCTH MOJIYIIPOBOJHUKOB OCYIIECTBISETCS
COTJIACHO MPBDKKOBOMY MEXaHU3MY.

2.5. MexaHu3Mbl NepeKJIHYeHUsI MEMPUCTUBHBIX YCTPOICTB
2.5.1 Mexanu3mbl (p)OPMOBKH B AaHHOHHBIX YCTPOHCTBaX

Kak ormedasiocs BblIlIE, Ul IOJIYYEHMS NEPEKIIOYATENEH ¢ YCTOMYMBBIMA XAPAKTEPUCTH-
KaMHU HEKOTOpbIE YCTPONCTBA OOBIUHO MOJBEPraloT «dJeKTpuueckoit opmoBke» (puc. 2.7). DTOT
MPOIIeCC MPECTABISET COOON MpEeABAPUTENHHOE MPUIIOKEHUE BBICOKOTO HAINPSHKEHUS K MEMPHU-
cTUBHOM cTpykType. [Iporecc hopmMoBKkH HEOOXOUM ISl IEPEBOIA CTPYKTYPHI U3 UCXOJHOTO BbI-
COKOOMHOT'O COCTOSIHUSI B HU3KOOMHOE COCTOSTHUE ¢ YCTOWYMBBIMU XapaKTEPUCTHKAMHU.

Cy1iecTByeT HECKOJIBKO OCHOBHBIX MoOjefeil mporecca (pOPMOBKH aHHOHHBIX YCTPOWCTB,
KOTOPBIM HOCUT YEPThl AUDIEKTPUUECKOTO MPoOO0s B OKCUIHON IUIEHKE. XUKMOTT MPENIIOKUT MO-
Jiellb, OCHOBaHHYIO Ha MOHHM3AIUU MPUMECEH OKOJIO CEpeIUHBI 3allpelIeHHON 30HBI, MPEAIOKEH-
Hyto Openkenem (puc. 2.13), 1 3aKIIOYAIONIYIOCS B 00pa30BaHUU MPUMECHON 30HBI U3 JIOKAIBHBIX
COCTOSIHMI M MPOCTPAHCTBEHHOI'O 3apsja, CIIOCOOCTBYIOIIET0 MHKEKIUU 3NeKTpoHoB [43]. dupH-
Jied MPEeIONKUIT MOJIETh JOKAIBHOTO IpOpacTaHusl MPOBOSINIETO IMIHypa depe3 IuieHKy [44]. s
CUMMETPUYHBIX YCTPOMCTB ATOT MPOIIECC ONMpEAeIseT MOISIPHOCTh ero nepexatodeHus. HanpoTus,
JUTSl aCUMMETPUYHOTO OUTIOISIPHOTO YCTPOMCTBA TOJIIPHOCTH MEPEKITIOUEHUS YaCTO ONpPEIeIsIeTCs
reoMeTpuel yCTpOICTBa, a HE MOJIPHOCTHIO HAMPSHKEHUS dNEKTPOPOPMHUPOBAHUS KaHAlIA MTPOBO-
AUMOCTH.

OpaHako He3aBUCHUMO OT MeXaHu3Ma (GOPMOBKHU, OOIIMM JAHHOTO IMpoliecca SBIsIETCs TO, YTO
ANEKTpUYECKUi MpoOoH mpoTeKkaeT B ABa 3Tana. Ha mepBom artame, 3a cueT CHIIBHOTO JIEKTpUYe-
CKOTO TOJIS (MU AJIEKTPOTEPMUYECKOTO Mpoliecca) HaOMI0AaeTCs IOKATbHBINA POCT SIEKTPUUECKOM
IIPOBOJIMMOCTHU JMDJIEKTPUKA, B PE3YJbTATE€ YETO OH yTPAauMBAET JJIEKTPUUYECKYIO IPOYHOCTh. Ha
BTOPOM 3Tarie MPOUCXOTUT JIOKATbHOE BBIIEJICHHE SHEPTUH, UTO MPUBOAUT K POCTY TEMIEPATYPhI U
JIOKAJbHON MOIU(PHUKALNU TUIIEKTPUKA, KOTOpash 3aKaHYMBAETCS (H)OPMHUPOBAHHEM BBICOKOIIPOBO-
JSIIEeTo KaHalla, XMMUYECKUI COCTaB KOTOPOTO MOXKET OTIUYATHCSA OT COCTaBa TUAJIEKTPUKA.

B 3aBrcuMocTH OT MaTepuaga MEMpHUCTOpa 00pa30BaHUE BBICOKOIIPOBOSIIETO KaHajda MO-
KET TIPOUCXOUThH 3a CUET ANEKTPUUYECKOTO OIS UK JXKOyJieBa Harpesa. J[>KoyineB HarpeB OKasbl-
BaeT KII0YeBOE BIMSHUE MPU BHICOKUX TIOTHOCTAX Toka (mopsmka > 108 A/cm?), koTopsie 00bIYHO
TpeOyIOTCS AJIsi OCYIIECTBIICHUS MEPEKIIOUEHUSI KaK B OUIOJISIPHBIX TaK U YHUIIOJSIPHBIX YCTPOM-
cTBax [45].

2.5.2. duznyeckue Mpoueccyl, MPOTEKAOIINeE MPH Pe3HCTHBHOM MEPEKII0YeHUH
DJeKTpUYECKOe TMOJIe U JPKOYIIEB HAarpeB OOBIYHO COCYIIECTBYIOT BO BCEX MEMPHUCTOPHBIX

CTPYKTYypax, XO0TA UX OTHOCHUTCIBbHOC BIMAHHUEC HA MPOLECCHI MECPEKIIOYCHHA BAPbUPYIOTCA B 3aBH-
CUMOCTHU OT CTPYKTYPBI YCTPOﬁCTBa U MaTCpraIoB. 9T0 MMPUBOAUT K YCTBIPEM OCHOBHBIM KJIaCCaM
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nepexioueHus (puc. 2.17, a-T), oObIYHO HAONIOAaeMbIM B MEMPUCTOpPAX HA OCHOBE OKCHUJOB: OW-
MOJSIPHOE HEJTMHEWHOE, OUTOJIIPHOE JTMHEHHOE, HEMOMIpHOe OMCTAOMIIBHOE W HETOJSPHOE TOPO-
rosoe nepekioueHue [46]. Ilpu 3ToM He3aBUCUMO OT KJjlacca MEPEKJIIOUYEHUSI B HEM MOTYT y4yacT-
BOBaTh KaK caMa IUICHKAa M 3JIEKTPOJ, TaK U MaTepHall MOJJI0KKUA. BaxxHpIiMU Bompocamu Ajsi mo-
HUMAaHHS MEXaHW3Ma MEePEKIIOYCHNUs ABIISIOTCS: Kakas (pa3a OTBETCTBEHHA 3a MEPEKII0YCHUE U Ka-
KM€ HOCHUTEIH 3apsiia y4acTBYIOT MO/ JEHCTBUEM 3JIEKTPUUECKOro Bo30yxaeHus. Cuurtaercs, 4To
MOJBMKHBIMH YaCTUI[AMH, YYaCTBYIOIIMMHU B PE3UCTHBHOM IEPEKIIOYCHUH, SIBIISIOTCS BaKaHCHUU
KHCIIOpOJIa UM MEXJI0y3elbHble KaTHOHBI. [10BMKHOCTh M KOHLIEHTpALUA BaKaHCHIl KHUCIOpOJa
WA MEXJOY3€JIbHBIX KaTHOHOB JJOCTATOYHO XOPOIIO M3MEHSIOTCS NPU U3MEHEHUU TEMIIEPaTypHl,
0COOCHHO B OKCHJIaX MEPEXOAHBIX METAJIIOB.

Bo Bcex yerblpex Kiaccax MEpeKIIOYCHUsT UMEIOTCS YeThIPe OCHOBHBIC TBMKYIIUE CHIIBL,
KOTOpbIe pabOTaIOT HE3aBHCUMO APYT OT JIpyra WM COBMECTHO BIIMSIOT Ha JBM)KEHUE WM Iepe-
IPYNIIUPOBKY MOABWKHBIX CTPYKTYPHBIX €AMHUIL: TPATUCHT AJIEKTPUUYECKOTO OIS, KHHETHYECKas
SHEPTHs JIEKTPOHOB, IPATUEHT KOHLEHTPALUU YaCTUI[ U TPaJUueHT Temmneparypsl (puc. 2.17, n-3).
BbIcOKMil TpaiMeHT 3JEKTPUUECKOT0 OISl MOXKET IEpEMEIIaTh 3apsHKEHHbIE HOHBI IIPUMecel (puc.
2.17, n). IpyruM MexaHU3MOM MOKET CIYKUTh MepeMelleHUe aTOMOB UJIM HOHOB IPU CTOJIKHOBE-
HUU C BBICOKOCKOPOCTHBIMH IeKTpoHamu (puc.2.17, €), 9To ObUIO MPOJIEeMOHCTPUPOBAHO MPHU 00-
paTUMOM MEPEKIIOUYEHUN JJIEKTPUUECKOTO COMPOTHBIICHUS HAHOMPOBOJOKU U3 30i0Ta [47]. Kak
AIIEKTPHUYECKOE TI0JIE, TAK U KHHETUYECKasi SHEPTHs SJICKTPOHOB 3aBHCAT OT MOJSIPHOCTH HAIpsiKe-
HUS U MOTYT BBI3BIBATh OUMOJISIPHOE TMepekiitoueHue. Poib mxoysneBa HarpeBa 6osee CI0KHA U ellle
HE /10 KOHIIa U3y4eHa.

[ToBpilIeHNE TeMIIEpaTyphbl 3HAUUTEIBHO BIMSIET Ha Jpeiid HocuTenel 3apsana (puc.2.17, r)
u muddysuro nonos (puc. 2.17, x). [logoOHO TpagUeHTY IEKTPUUSCKOTO MOTCHIIMAIA WA TPaIu-
€HTY KOHIEHTPALMU, BBICOKHM TPaJMEHT TeMIepaTypbl MOXKET TaKKe HHIYLIMPOBATb MacCOBBII
nepeHoc aToMoB U MOHOB (puc.2.17, 3) [48]. B To BpeMs Kak 3JIEKTPUUECKOE IMOJIE BHI3BIBACT Jpeii(
BJIOJIb MTPOBOJISIIETO KaHalla, TPAJAUEHT TeMIIepaTypbl MOXKET CIIOCOOCTBOBATH IBUKEHHUIO MPHMeE-
ceil B O0koBOM HampasieHud. uddy3us MOKET MPOUCXOAUTH B 0OOMX HAIMPABICHHUAX, TOTOMY
YTO IPaJUEHThl KOHLIEHTPAIIMH JIEMEHTOB CYIIECTBYIOT KakK MO BEPTUKaNIU (BAOJbL MPOBOISIIETO
KaHaja), TaK U COOKY (BOKpyr kaHaia). HakoHer, Uisi KaKJOro MUKPOCKOIIMYECKOTO COCTOSHUS
YCTPOMCTBA C ONpPEIEICHHBIM PACHOI0XKEHUEM IpUMecel U 1eeKTOB, BOJIBT — aMIIepHas XapakTe-
PHUCTHKA ONpeAeTsieTCs pa3HO0Opa3HBIMU MEXaHU3MaMH JIEKTPOHHOTO TPAHCIIOPTa, HEKOTOPBIE U3

KOTOPBIX MBI paCCMOTPUM HUKC.
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B obmem ciydae mporecc NepekIroueHUs] UMEeT TeHICHIUIO ObITh OWUIOJSPHBIM, €CIIH B
KauyecTBE JABIKYILEH CUJIbI BBICTYMAET JEKTPUUECKOE MOJIe, U YHUIIOJISPHBIM, €CIIU JOMUHUPYIO-
IIMMU ABISIOTCS TerioBble 3 dextol. Ha pucynke 2.17, a cxeMaTHUHO MPEACTaBICHO MEMPHCTHUB-
HOE YCTPOMCTBO, yIpaBisieMoe 3JIEKTPUUECKUM 1osieM. POCT U yMeHbllIeHne KaHaia MPOBOAUMOCTH
B 00JaCTH OKCHJIHOTO IUDJICKTPUKA MPOUCXOIUT BEPTHKAIBHO IMOJA JCHCTBUEM 3JIEKTPUYECKOTO
noJis (B pe3yibTare (OpMUPOBAHUS KAHAJIOB U3 KUCIOPOIHBIX BaKAHCHI), YTO MPUBOAUT K TUITHY-
HOUM BOJIbT-aMIIEPHOM XapaKTepucTtuke (BcTaBka Ha puc.2.17, a), rae KpuBasi, COOTBETCTBYIOIIAS
BBICOKOOMHOMY COCTOSIHUIO, uMeeT BuJ BAX Beimpsmistoniero kontakta. CuMMeTpuyHasi Helu-
HEelHas KpUBasi B COCTOSIHUM C HU3KUM COIPOTUBICHUEM OTPAXKAIOT NIEKTPUUYECKUI TOK, OrpaHu-
YEHHBIN MMPOCTPAHCTBEHHBIM 3apsAoM ((hu3uuecKkue Mpoecchl HHXEKIMN 00BEMHOT0 3apsijia B 1U-
ANEKTPUYECKYIO IJIEHKY PACCMOTPUM HHXKE).

Ha pucynke 2.17, 6 mokazaH Apyrod TUI OMIOJSAPHOTO MEPEKIIOUYEHUs, KOTOPBIH WMEeT
JIMHEHWHYIO BOJBTAMIIEPHYIO XapaKTEPUCTUKY B COCTOSIHUSIX C BBICOKUM U HU3KUM 3JIEKTPUUECKUMU
COINPOTHUBIICHUSIMU. B TakoM ycTpoOHCTBE CyIIeCTBYeT KaHaJl MPOBOAMMOCTH, CBSI3bIBAIOIINN BEepX-
HUW ¥ HWKHUU 3JIEKTPOABI B TEYEHUE BCETO BPEMEHU LIMKIIA NIEPEKIoueHus. MI3MeHenne aekTpu-
YEeCKOT0 CONPOTUBIICHUS CBSI3aHO C U3MEHEHHUEM COCTaBa, 00beMa WM FeOMETPHUH KaHaia, 4To SiB-
JSeTCs pe3yabTaTOM KOMOWHAIIMKM HECKOIBbKHX 3(h(deKkToB: ¢ derra BepTUKaIbHOrO apeida, uH-
OYLUHUPOBAHHOTO AJIEKTPUUECKHUM I0JIEM, U TEPMUYECKH YCUICHHOH 00K0BOM muddy3uu.

Bospacrarommas poib TermnoBoro 3G QexTa MpuBOIUT K YHUTIOISPHOMY THITY TEPEKIIOUCHUS
(puc. 2.17, B), Tae 1uisl yCTaHOBKU M COpOca HU3KOOMHOT'O COCTOSIHUSI MEMPHUCTUBHOTO YCTPOICTBA
MOJKET MCIIOJIb30BaThCS OJIHA U Ta K€ MOJISIPHOCTh HanpspbkeHus. Pu3nka yHUNOISIPHBIX IEPEKIIio-
yeHuil Bce eme crnopHa. C 0JHOM CTOPOHBI, TEMIIEPATYPHBII TPAJAUEHT, MMOKA3aHHBII Ha PUCYHKE
2.17, 3 MOXeT, MPUBECTH K Apei(y KUCIOPOJHBIX BaKaHCHW MM MEXY3€JIbHBIX HOHOB K 00JacTh
MIPOBOJISAIIETO KaHaja, IePEeBOs YCTPONUCTBO B COCTOSTHUE C HU3KHUM AJIEKTPUYECKUM COMPOTHUBIIE-
HueM. C 1pyroil CTOpOHBI, 3TO NEPEKIIOYEHNE N3HAYAJIbHO HAIIOMUHAET «MSITKHID JIEKTpUUYECKUN
po0Ooii TUANEKTPUKOB MO ACHCTBUEM 3JIEKTPUUECKOTO MMoJisd. MHOTHE HUCccieIoBaTeNu MpUaepKu-
BAIOTCS MHEHUS, YTO 3TO KOMOMHHUPOBAHHBIN JBYXCTYIEHUYATHIM MPOIECC, KOTJA JEKTPUUCCKUIA
po0oii MPUBOAUT K YBEIHMUEHHUIO TOKA, YTO B CBOIO OU€pe/lb MPUBOJIUT K HArpeBy U aperidy noHoOB
10/l BO3/ICMCTBUEM TemmeparypHoro rpaauenta [48]. COpoc YHUIIOISPHOTO YCTPOHUCTBA B COCTOSI-
HUE C BBICOKUM COIPOTHUBIEHHEM OOBIYHO OMMCHIBACTCS KaK Pa3pbIB MPOBOMAIIETO KaHaia, BbI-
3BaHHBIN TPaJIMEHTOM KOHIIEHTpAlUH, TEIUIOBOM Auddy3ueil niu nmpoueccamu (Ha3oBbIX MpeBpa-
IICHH, BEI3BAHHBIX HATPEBOM HITU DJIEKTPUUECKUM TTOJIEM.

Hakonen, nepexioueHue, moka3aHHOEe Ha pUCyHKe 2.17, T Ha3bIBaIOT MOPOTOBBIM TIEpe-
kimoueHneM. C yBETMUEHHUEM AJIEKTPUYECKOTO HAIpPsHKEHUS M3OJSIMOHHBIN MaTepual BHE3almHO
HAa4YMHAET MPOSBIATH CBOICTBAa METAJUIa, YTO CONPOBOXKIACTCS PE3KUM YBEIMYEHHEM TOKa Ha
BOJIbTAMIIEPHOM xapakTepucThke. OJHAKO IMOCIE CHUYKEHHUS BBICOKOTO YPOBHS 3JIEKTPUYECKOTO
HaNpsDKEHUsT MEMPUCTUBHOE YCTPOMCTBO CHOBA CTaHOBUTCA M3oaupyroum. Iloporosoe nepexito-
YeHHE Yalle BCEro HabIr0IaeTCs B OKCHIaX MEePeX0JHbIX MeTauoB, Takux kak VO2, NDO2 u Ti203,
I/l MPUCYTCTBYET SIBJICHUE OTPULATENBHOTO AU(EepeHInaaIbHOr0 COMpoTUBIeHUs. JloKanbHbIHM
HarpeB MaTepuaia MEMpPHUCTOpa Mpeodpa3yeT MaTepua, CliocoOCTBYS MEPEXOTY OT U3OSIIHOHHBIX
CBOMCTB K METaJUNIMYECKUM, YTO MPUBOJUT K PE3KOMY YBEIMUEHHUIO TOKA. Y MEHBIIIEHHE TOKA CHU-
KaeT TeMIlepaTypy, BOCCTaHaBIMBas M30JHpyrouiee coctosHue. 11oaToMy Takol Tun nepexsiroye-
Hus (puc. 2.17, r) paccmaTpuBaeTcss Kak YUCTO TEIUIOBOM 3(PPeKT.

TakuM 00pa3oM, pacCCMOTPEHHBIE BBIIIE THITHI PE3UCTUBHBIX MEPEKIIOYCHUN SBISIOTCS pe-
3yJlbTaTOM BO3ACHCTBHUSI, KaK IEKTPUUYECKOTO MOJIs, TaK U TEIIOBOro Harpesa. PesuctuBHbIe nepe-
KIFOUEHHUS! B aHUOHHBIX YCTPOWMCTBAX MHOTHE HCCIEAOBATENH CBSA3BIBAIOT C 00pa3oBaHUE MPOBO-
JSIIer0 KaHaja, IpHUpoJia KOTOPOro MPU 3TOM B KaXKIOM KOHKPETHOM ciy4yae TpakTyercs IO-
pazHomy. BO3HUKArOT pa3HOIIacusi U B MPUYMHAX 00pa30BaHUs Takoro kanana. OHU aBTOPHI IPU-
JEpKUBAIOTCS MHEHUS O TEIUIOBOM MeXaHu3Me oOpa3oBaHHs MPOBOJANIEro kaHana. Jpyrue —
YTBEPKAAIOT O DIIEKTPOHHBIX MPOIIECCaX, BEI3BAHHBIX UCKIIOYUTEIBHO IEKTpUYecKuM noiem. [Ipu
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3TOM HEKOTOPHIE aBTOPHI MOJIATAl0T, YTO MO MEPe H3MEHEHHS DJICKTPUYECKOTO COMPOTHUBIICHUS
MEMpHCTOpa (2 BMECTE C HUM M TOKa) BKJIQJIbI CBA3aHHBIX 3(PPEKTOB (TEMIOBOTO M DJICKTPUUECKOTO
0JIeH) MOT'YT JUHAMUYECKU U3MEHSATHCS.

2.5.3. Ilepek/1roueHHe B KATHOHHBIX YCTPOHCTBaX

KatnonHbIl MEXaHU3M PE3UCTUBHOIO MEPEKIIOYEHHS] COOTBETCTBYET MEXAHU3MY IIEPEKIIIO-
YeHHs] aHUOHHBIX YCTPOUCTB. DEKTpOo(OPMOBKAa B KaTHOHHBIX YCTPOMCTBAxX MPHUBOJIUT K CTPYK-
TYpHBIM U3MEHEHHSM B 3JICKTPOJIUTE M (POPMUPYET HAHOpPA3MEPHbIE KaHAJbl, KOTOPHIE COAEPIKaT
AKTUBHBIC METAJUIbl ISl MOCIEAYIOUX MepekiatoueHuil [49]. BoabIIMHCTBO PE3UCTUBHBIX IEpe-
KIIIOYEHUH KaTHOHHBIX YCTPOMCTB SBJISETCS OUIOJSPHBIM, YTO yKa3bIBaeT Ha OapbepHbIN 3 deKT.
YHUNonasipHOE NEPEKIIOUEHUE B KATUOHHBIX YCTPOHCTBAX MOXET MPOUCXOAUTDH TOJIBKO B pe3yJibTa-
T€ TEIUIOBOro Harpesa. [[Jisi HEKOTOPBIX JEKTPOIMTOB, TAKUX Kak cTpykTypa Ag/H2O/Pt, mporecc
PE3UCTUBHOTO MEPEKII0UYEeHUs 00BSICHEH CPABHUTEIBHO XOPOILO: B MPOLECCe BKIIOUEHUS, IIPH T10-
JIO’)KUTEJIbHON TMOJSPHOCTU BBICOKOTO HANPSDKEHHS Ha aKTUBHOM 3JieKTpojie (Ag) aTombl cepedpa
OKHCJIIOTCS U MIPEBPALIAIOTCS B KATUHOHBI Ag+, KOTOpBIE PAaCTBOPSIIOTCS B asekTponute (puc. 2.18).

PacTBOpeHHbIE B IEKTPOIUTE KaTUOHBI cepedpa Mol BO3ACHCTBHEM SJIEKTPUUECKOTO MO
OCYIIECTBISIOT Jpei( B AIEKTPONUTE K MPOTHUBOIIOIOKHOMY AJIEKTPOAY M3 IUIATHHBI, DJIEKTPOXH-
MHUYECKH BOCCTaHABIUBAIOTCA 10 METAJUIMYECKOTO cepedpa U OCaKIAI0TCs Ha MOBEPXHOCTHU IJIaTH-
HOBOT0 3JIeKTpoja. TakuM 0o0pa3oM, OocakJaeMmble aToOMbl cepedpa IMOCTENEHHO MPOpacTaroT OT
IJIATUHOBOTO 2JIEKTPOJIa K CepeOpSHOMY IIEKTPOAY, co3/laBas (hUIaMeHT U3 MPOBOJISALIETO MeTaslia
(cepedpa), KOTOpBIN BBICTYIAET B KaYECTBE MPOBOJAIIETO KaHAJa, COEIUHSIOIIETO JIBa AIEKTPOa,
a CTPYKTypa MpHU 3TOM MEPEXOIUT B HU3KOOMHOE cocTossHue. Koraa ke moJoKUTeNbHOE HapshKe-
HUE TPUKJIAIBIBACTCS Ha TUIATHHOBBIN AJIEKTPOJ], OHO pa3pymaeT GUIaMEeHT U YCTPOHCTBO MEPExo-
JUT B BBICOKOOMHOE COCTOSIHUE.

B paccMoTpeHHOM mprMepe pe3UCTUBHOIO MEPEKIIOUEHUs 3JIEKTPUUECKOE I0JIE SIBIISIETCA
€IMHCTBEHHOM JBIKYILEH CUJION JaHHOTO MEXaHM3Ma, B TO BpeMs Kak JKOYJIEB HArpeB OKa3bIBAET
MIPEHEOPEKUMO MajIoe BIHSHHUE, YUUTHIBAs MBI TOK, MPOTEKAIONINHA B 3TUX ycTpoiicTBax. OnHa-
KO /715l BBISICHEHHUS MUKPOCKOIIMYECKOW KapTUHBI MEPEKIIIOUEHUSI B KATHOHHBIX YCTPOHUCTBAX, OCO-
OCHHO B T€X, B KOTOPBIX HE MPUMEHSIOTCS TPAAUIIMOHHBIE 3JIEKTPOJIUTHI, TaKHE KaK OKCHUJbI WU
aMop(HBIN KpeMHUN, HEOOXOAUMBI TOTOTHUTENbHBIE UCCIIETOBAHUS.
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Puc. 2.18. Mexanu3Mm nepekiroueHus KaTioHHOro ycTporictBa Pt/H2O/Ag:
a) BBICOKOOMHOE COCTOSTHHE MEMPUCTHBHOTO YCTPOWCTBA;
b) HU3KOOMHOE COCTOSHIE MEMPUCTHBHOTO YCTPOWCTBA
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Taxum 06pa3zom 3¢ (HeKT nepeKTIoUeHUs HIEKTPUIECKOTO COMTPOTUBICHUS MOXKET OBITH 00Y-
CJIOBJICH OOJIBIIMM KOJMYECTBOM (DaKTOPOB, BIUIOTH J0 MHUKPOCKOITMYECKOTO COCTOSHHS KaXXI0TO
OTAENBHOr0 MaTepuaiga. MIMEHHO OTCYTCTBHE OOILEHNPUHATOrO MEXaHU3Ma SIBICHUS MEepEeKIIoYe-
HUSI, 3aTPYAHSAET BBIXOJ MEMPHUCTOPOB Ha PHIHOK BBICOKOMHTETpUPOBaHHOW mamsiTH. OIHAKO CTH-
MYJIOM K PELICHHIO ATOH MpoOJeMbl SBISIOTCS MPEUMYIIECTBA, KOTOPBIE MOKET MOJApUTh Pe3U-
CTHBHAsI IAMSTh.

2.5.4. AToMucTHYeCKHE MOIeJIU MPoIecca NnepeKJaIrnyYeHust

Kak o6cyxmanoch Bbllle, MATKHM U KECTKUN MPOOOH AUIIEKTPUUECKUX CIIOEB MEMPHUCTO-
POB HaCTO OTHOCSTCS K arperaliiy KUCJIOPOAHBIX BAKAHCUI B PE3YJbTAaTE BBICOKOIO AIEKTPUUYECKO-
ro HampsibkeHus. HecMOTps Ha MHTYUTHUBHYIO IIPUBJIEKATEILHOCTD 3TUX MOJIENEH, aTOMUCTUYECKHE
MEXaHHU3MBI [IPOLIECCa arpErupoBaHUsl BaKaHCUN OCTalOTCs HEACHBIMU. OHUM OTHOCATCS K CO3JIaHUIO
JIOTIOJIHUTEIBHBIX KUCIOPOIHBIX BaKaHCUI BOJIHM3M CYIIECTBYIOIIMX paHee BaKaHCHUM, a TaKkxe pac-
poCTpaHeHrne M 00pa30BaHUIO HOBHIX BakaHcHil. HemaBHue moxenupoBanus [S0] mponmnm HeKo-
TOPBIIl CBET HA OCYIIECTBUMOCTh TaKMX MEXaHH3MOB. MCHonbp3ys YHCIIEHHOE MOJEIUPOBAHHE
CTPYKTYPBI OKCHJIOB METAJJIOB M YHEPTUH CBSA3U TUMEpOB (UMEp mpencTaBisieT CI0KHYI0 MOJIe-
KYyJly, COCTaBJICHHasi U3 JABYX 0OoJiee MPOCTHIX MOJIEKYJ, HAa3bIBAEMbIX MOHOMEpPAMH JTAHHOW MoJie-
KYJIb) © TPUMEPOB (B XHMHH TPUMEP TPEICTABISICT COO0M MOJIECKYIy WM aHUOH, 00pa30BaHHBIN
KOMOMHAIIMeW WK accolMaluell TpeX MOJIEKYJ UM MOHOB OJHOTO M TOTO K€ BEIIEeCTBAa), aBTOPHI
YCTaHOBHJIH, YTO TUMEPBI H TPUMEPHI 00pa3yoT B AUIIEKTPHUUECKUX IJICHKAX YHepreTudeckue Oa-
prepbl A quddy3un HHANBUAYAIBHBIX BakaHCHUH, a Takke 3((eKThl 3axBaTa JIMIIHUX 3JIEKTPO-
HOB Ha BaKaHCHUAX. TeOpeTHYeCcKre pacueThl MOKa3aId HAIMYNE BHITOAHBIX TUIOMAI0K uist di-u tri-
BaKaHCHIi IyTeM arperamnuy KiacTepoB B AMAIEKTPHUECKUX IUIEHKaX. B yacTHOCTH, KOT/1a ypOBEHb
®epmu cucteMsl Boilie 6,4 3B, 9TO OTHOCUTCS K MpeAeiabHO BaleHTHOMY Si02, BaKaHCHSI KHCIIOPO-
J1a MOXKET TOTJIOTUTH J10 2 JOTMOJHUTENBHBIX AJIEKTPOHOB OT 00BEMHOr0 Si WX 3JIEKTPOJa MeTaj-
na. Cpennue nud¢y3noHHBIE Oapbepsl A JBaXIbI 3apsSKCHHBIX BaKaHCHW COKPAIIAIOTCS TPH-
MepHo 110 2,0 eV [51]. OnHako, OTHOCUTEIBLHO BBICOKAs BEPOATHOCTh MOTEPH 3aXBAYCHHBIX AJICK-
TPOHOB B 30HY mpoBoguMoctd SiO2 cuiabHO yMeHbmaeT d(h(ekTHBHOCTH 3TOTO U Py3HOHHOTO
KaHasa.

[TosryueHHBIE pe3ysbTaThl CBUETENBCTBYIOT O KJIACTEPU3AlMKM KHCIOPOJHBIX BAKaHCHH B
a-SiO2 u B Apyrux OKHCIax MyTeM TepMuueckor aktuBarmu [50-51]. B 4acTHOCTH, COTIIaCHO Tep-
Moxumuuecko E monenu, renepanus 1e(eKTOB B JAMAIEKTPUKE BO3HUKAET MyTEM OcCIabIeHUS
MEXATOMHBIX CBSI3€H 3a CUET B3aMMOJECHCTBHUS C BHEIIHMM DJIEKTPUYECKHM IOJIEM. BEPOSITHOCTH
paspytienus cBsizu Si-O 3aBUCHUT HKCIIOHEHIIUATBFHO OT MPOYHOCTH CBsi3H, AHo, a Takxke oT Hamps-
KEHHOCTHU 3JIeKTpUdecKkoro nous, E. YBenuueHue nocieHero NoHWXaeT SHEPreTHYeckuii 6apbep
JUTSL pa3pbiBa MEXATOMHBIX CBSI3€M M CO3/a€TCsl yCToWuMBas mapa aedeKkToB B aMOp(HOM ceTke.
Tepmoxumuueckast E Mozenb npenckaspiBaeT 3KCIIOHEHLIMAIBHYIO 3aBUCUMOCTh BPEMEHHU MPOo0os
oT HanpsbkeHHocTu noist E. XoTs Takoe moBeieHHe 3KCIEPUMEHTANIbHO HAaOII0AaI0Ch B TOHKHX
JIURJEKTPUYECKUX IUIEHKAaX MPH HU3KOM YpPOBHE HAINpPsDKEHHOCTH mojsi, E-mMoznens He oOBsCHsET
MOJIAPHOCTD IOJIEBOM 3aBUCUMOCTH MPOOOS THUANEKTPUKA. DKCIIEPUMEHTAIbHBIA PE3yabTaT TAKXKE
MOKa3bIBaeT pa3HOe BpeMs MpoOos IPU OJJHOM U TOM K€ 3HAYCHUH HANPsHKEHHOCTHU MOJIs B PpUOO-
pax ¢ pa3IMYHOM TONIMHONW auaniekTpuka. OnucaHue oKcuja MpH TaKUX MPeJCTaBICHUSIX, pel-
II0JIAraroIIUM JETPAJALNI0 KaK YMCTO MOJIEBON MPOLECC, ABIIAETCSA YPE3MEPHBIM YIIPOILEHUEM.

OpnnHako, arperupoBaHue KHUCIOPOJIHBIX BaKaHCUW W IeHepalusi KUCIOpoJa MOTYT ObITh
o0JieryeHbl BBEIEHUEM HJIEKTPOHA B OKCHJI OT METAJTMYECKOr0 AJIEKTPOJa BO BpeMsl MPUIIOKEHHUS
ANeKTpUYecKoro HanpsbkeHus. [Ipexie, yeM nepexoanuThb K MepeHocy 3apsajia B HU3KOOMHOM pe3H-
CTUBHOM COCTOSIHMH, PACCMOTPUM BIIMSIHUE CHJIBHOTO JIEKTPUYECKOTO MOJIS HA DJIEKTPONIEPEHOC B
YCIIOBUSIX MPBIKKOBOM MPOBOJIMMOCTH.
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2.5.4.1. IIppIKKOBBIH MeXaHM3M IEPEHOCA B MOJYNPOBOIHHKAX
NP HU3KHUX TeMIepaTypax

CormacHo Motty [52] B aMOpdHBIX MOJYNMPOBOAHUKAX B 00JIACTH HU3KKUX Temreparyp (6e3
TEPMHUUYECKON aKTUBALIMM HOCUTENIEH B 30HY IPOBOAUMOCTH), 3JIEKTPUUECKUN EPEHOC HA MOCTO-
STHHOM TOKE OCYIIECTBIISIETCSl IIyTEeM MPBDKKOB HOCHUTENEH 3apsiia ¢ MepeMEeHHON JJIMHON MPbhDKKa
0 JIOKAJM30BaHHBIM COCTOSIHUSAM BOJIHM3HU ypoBHSI Depmu.

BepostHocTs P TOro, 4TO MPBIKOK HOCUTEINS MPOU30UIET 3a €AMHUILY BPEMEHH, SIBJISIETCS
IIPOU3BEICHUEM CIIEYIOIINX MHOXKHUTEIECH:

a) 00JIBIIMaHOBCKOTO (hakTopa, onpeaensemoro kak exp (-W/KT),

rae W—pa3HoCTb 3HEpruil IByX COCTOSIHUI;

0) MHOXKUTEJNS Vph,, KOTOPBIH 3aBUCHUT OT CIIEKTpa (POHOHOB;

B) (pakTOpa, 3aBUCSILIETO OT MEPEKPHITHS BOIHOBBIX (DYHKIIHH.

B ciydae cuiibHON JTOKaNIMU3alMK AJIEKTPOH COBEPIIACT MPBIKKU MEKIY BO3ZMOKHBIMU OJU-
KANIIMMU COCTOSTHUSIMU, TaK Kak BennuuHa exp(-2aR) ObicTpo cnagaer ¢ paccrosiuueM. Takyro cu-
TyalHIo Ha3bIBAIOT «IPBIKKOBON MPOBOAMMOCTBIO MEXY OJIMKaUIITUMHU COCEASIMU.

BeipaskeHne, COOTBETCTBYIOIIEE IIOTHOCTH TOKA |:

: W e-R-F
J_Z-e-R-k-T-N(EF)-vph-exp _Z'a'Rk-T -sh T ) (2.24)

rie F - HanpspkeHHOCTh 3JIEKTPHUYESCKOTo MOJIs,
€ - 3apsi]l DIEKTPOHA,
R - paccrosinue npbikka,
k - mocrosinnas bonbimana,
T - abcoroTHas TeMIiepaTypa,
N(EF)- mutoTHOCTH cOCTOSIHU# Ha ypoBHE Depmu,
Vpv - GaKTOp criekTpa (POHOHOB B3aUMOJCHCTBHS,
W - sHeprus akTuBanuy,
Ol - paaryc JIOKAJTU3aI[UK BOJIHOBOK (DYHKIIUH JIEKTPOHA.

B cnyuae ciaObix HanpspKEHHOCTEH AJIEKTPHUYECKOTO TIONS DIIEKTPUYECKas MPOBOJIUMOCTh
paBHa:

622, exp|-2.a. RNV
G—F—Ze R Voh N(EF) exp|—2-a Rk-T’ (2.25)

Ecmu orRo >> 1, rie Ro - cpenHee paccrosiHue Mexay OMmKalIIMMU COCEISIMU, TO MPBDKKU
MPOUCXOAAT TOJBKO MEXIY ONMKaUIIUMK coceIsiMU. TakuM 00pa3oMm, MPBDKKOBAsi MPOBOAUMOCTD
¢ akcrmoHeHIHanbHbIM MHOKUTETIEM eXP(-W/K-T) MoxeT ObITh SKCIEepHMMEHTaTbHO OOHApy)KeHa
TOJIBKO B TOM CJydae, €CJTU COCTOSIHHSI JIOKAIIM30BAaHBI BO BCEW 30HE, TaK YTO Kpal MOJBHIKHOCTH
JISXKUT B 00JIee BHICOKOM 30HE.

Ecnu BennunHa O(,RO CpaBHMMA UM MCHBIIC €AWHUIBI, 4 TAKXKC B CIIy4a€ AJOCTATOYHO HU3-
KHUX TEMIICpATyp, BCEraa CICAYCT OXHUAAThb ABJICHHC HpBI)KKOBOﬁ IMPOBOAUMOCTH C HepeMeHHOﬁ
JUTMHOM MPBIKKA, a JITUHA MPBDKKA R mpu 3 TOM yBenTM4MBaeTCs ¢ yMEHbIIIEHUEM TeMITePaTypHhI.

CpenHee paccTossHHME U1 IPBIKKA PABHO:
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31/4

R= , (2.26)
/4 y
2-7-a-NER) -k-Tf
BBIpa)KeHI/Ie JJISA BHGKTPHHCCKOfI IMPOBOAVMOCTH 3aITUIICTCA KakK.:
_e2.R2.,, . cexp| B
c=e"-R Voh N(EF) exp T]j4 : (2.27)
3 1/4
TR =166 —
k-N(EE)

B cnydae, korna MoJiesb MPBDKKOBOM MPOBOJIUMOCTH MOTTa C IEPEMEHHOM JUTHHOM MPBIK-
Ka OTPaHUYUBACTCS PAMKaMU JBYXMEPHOT'O MPOCTPAHCTBA, MTOKA3aTeNh CTCTICHH TEMIICPATyPhI JIJIs
(2.27) pasen 1/3.

KonunuecTBeHHOE pa3/ielieHue dICKTPUUYSCKUX TI0JIeH Ha CHIIBHBIC M ClIa0ble NP TPBDKKO-
BOM MEXaHU3ME MPOBOJMMOCTH MOYKHO BBIPA3UTh YCIOBHEM:

e-F-R<<k-T, (2.28)

TJe € - 3apsa DJICKTPOHa,
F- HAIPs>)KCHHOCTD 3JICKTPUYCCKOT'O I10JIA,
R - CpeaHEC PACCTOAHUC MCKAY COCCAHUMMU Y3JIaMHU.

Ecnu HanpspkeHHOCTh 3JIEKTPUYECKOro MOJIs MO MOPSIKY BEJIMYMHBI 3HAYUTEIBHO MPEBOC-
XOIHUT YKa3aHHOE 3HAu€HHE, MOTYT BO3HHMKHYTHh TPW THIA SBJICHUH, KOTOPHIX HE OBLJIO B CiIydae
crabbIX moJeit:

a) MOYKET U3MEHHUTHCS BEPOSTHOCTH OCBOOOKICHHUS DJIEKTPOHOB C JIOKAIBHBIX IIEHTPOB;

0) cpenHss SHEPrus HOCUTENEH 3apsaa Ha JIOKAJbHBIX YPOBHSAX MOXKET YBEJIMUUTHCS, YTO
OTBEYAET BO3PACTAHUIO YPPEKTHBHOIN TeMIepaTypbl HOCHTEIEH Ha JTOKAJIBHBIX YPOBHSX;

B) Ha T€ YPOBHHU, HA KOTOPHIX HOCHUTEJEH 3apsa IpyU paBHOBECHOM pacIipe/lelIeHud He Obl-
710, U30BITOYHBIE HOCUTENN MOTYT MOCTABISATHCS JTUOO WHXKEKIMEH U3 KOHTAKTOB, MO0 MpoIecca-
MU JJABUHHOT'O THIIA C HIDKEJIEKAIUX YPOBHEH.
[lepexon 371E€KTPOHOB M3 BaJICHTHOMW 30HBI B 30HY NMPOBOJUMOCTH WUIH 3PPeKT 3MHHEpa MOKHO
HaGMII01aTh B TIOMYNPOBOAHHUKAX C 3alpelleHHoit 30H0i He Gomee 1,5 2B mpu F > 106 B-cm™,

[ToneBble 3aBUCIMOCTH MPBIKKOBOM MPOBOJUMOCTH B YMEPEHHBIX ITOJISIX OMUCHIBAIOTCS BBI-
paskeHHeM Il IPbIKKOBOW MPOBOIMMOCTH:

(2.29)

e-F-y.RJ
KT

_e2.R2., . exp| ——B_|.
c=e"-R Voh N(EF) exp T1/4 exp(

rae R - mmmHa npehkKa B ¢1a00M DIIEKTPHYECKOM TI0JIE,
v =0.17 B TpeXMEPHOI CUCTEME,
v = 0.18 B AByMEpHOH CHUCTEME.
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[IIkoBCKUN OTMEYAET, 4YTO MPUMEHEHHE MHOXUTENS (2.29) CHUIBHO 3aHWKAET BIHSHHE
HaAMpPSKEHHOCTH 3JIEKTPUUYECKOTO TMOJISA, U C MOMOIIBI0 METO/a SKBUBAJICHTHOM CETKH AJIEKTpUYe-
CKOTO compoTuBiieHUss Muiuiepa U AOpaxamca TOTYyYWs JAPYroe BBIPAKEHUE T HEOMUYECKOU
MPBLKKOBOM MPOBOAUMOCTH [S53]:

1

o “1/4
J(E,T)=o(T)-F. -exp | const era ey (To , (2.30)
c KT T

rae v = 0.9 - kpuTudeckuit MHAEKC pajinyca KOppesuy MOJICETKH MPbIKKOBOM TPOBOANMOCTH.

Ecnu cnegoBate MoTTy, B aMOp(HBIX MOTYIMPOBOJHUKAX BMECTO 3aNPEIICHHOW 30HBI CY-
LIECTBYIOT ITOJIOCHI SHEPTUH C MAJIOM, HO OTIMYHOM OT HYJISl INIOTHOCTBIO COCTOSIHUSA, TO IIPU OYEHb
HU3KHUX Temiieparypax ypoBeHb depmu (ukcupoBaH BOIM3HM cepeIuHBI 3alpelIeHHON 30HBI. B
JAHHOM Cilydae BceMH 3¢ ¢deKTamMH, CBI3aHHBIMU C IIEPEXOAAMU HOCUTENEH B pa3pelleHHbIe 30HbI
(marmpumep, 3¢ dexrom Ilyna-Openkens) MokHO TpeHeOpeyb. 1 B CHIIBHBIX 3JEKTPUUECKUX TMOISIX
paboTaeT 0e3aKTUBAIIMOHHAS «M3JTydaTesIbHAs» IPbDKKOBAs IPOBOJUMOCTb.

Toxk B 3TOM cilydae He 3aBUCHUT OT TEMIIEPATYPBI U PACTET C YBEIUYECHUEM T10JIA 110 3aKOHY:

I(F) ~ exp —F_% . (2.31)

IIkmoBCcKM NPUBOIUT JAPYTro€ BEIPAKCHUE AJIS1 TOKA B TAKOM MECXaHU3ME IPOBOAMMOCTH .

-\
I(F)~exp |- E : (2.32)
0

rie Fy =Ty /(e-a).

DKCTepUMEHTANIbHBIE JaHHbIE MO amMOpGHOMY TE€pPMaHHIO TOKa3bIBAIOT, YTO B 0O0JAaCTH
CBEPXHHU3KHUX TeMmIiepaTyp Oosiee crpaBemmBo st onucanus BAX Beipakenue (2.32). Brousiaue
CHJIBHBIX DJIEKTPHUUECKUX TOJIeH Ha TPAHCIIOPTHBIE CBOMCTBA aMOP(HBIX U KPUCTALTUYECKUX I10-
JTYMPOBOAHUKOBBIX CTPYKTYpP C AJEKTPOHHOU MPOBOJUMOCTHIO K HACTOSIIIEMY BPEMEHU H3Y4YEHO
JIOCTATOYHO XOPOIIO. DTU Pe3yabTaThl MOKA3bIBAIOT HKCIIOHEHIMAIIBHYIO 3aBUCUMOCTh JJIEKTpUYE-
CKOM TTPOBOJIMMOCTH OT TEMIIEPATYPHI.

2.5.4.2. Moaeanb nepexkJIl04eHusi B HU3KOOMHOE COCTOsIHHE

Ecau npuiioXuTh BBICOKOE HANpPsDKEHHE K TUAJICKTPUYECKOH TuieHKe, (Hampumep, a-SiO»
[51]), TO HOMOMHUTENBHBIE HJIEKTPOHBI, BBEIEHHBIE B IJICHKY, MOT'YT HOIJIOTUTHCSI HA BHYTPEHHE-
NPUCYINUX pa3pbiBax B ceTH a-SiO2 u co3naTh TiIyOOKHE YPOBHH B 3alpeIIeHHOM 30HE. DTH BHYT-
PEHHE-TIPUCYIINE JOBYIIKH (OPMUPYIOTCS MHUPOKUMHU yriamu cBszsimu O-Si-O (>132°), B aTom
cllydae HeIpepbIBHAs CilydailHas CeTb MOXET MPUHATH O 2 AJIEKTPOHOB, UYTO COIPOBOXKIAETCS
CHJIBHBIM UCKaXEHHEM CETKH. B pe3ynbTare 3axBara IByX 3JEKTPOHOB BO3HUKAIOIINN SHEPreTHYE-
CKUl Oapwep [uid pa3pbiBa ogHON u3 Si-O cBsA3el, IpUiIerauX K JOBYIIKE, OMyCKaeTCsa B CPell-
HeM J10 3HaueHus okoio 0,7 eV, ¢ 6apbepamu, KOTOpble B HEKOTOPBIX MecTax MOryTt ObiTh 0.4 eV
[51]. DnekTpudeckoe HaMpsKEHUE MOXKET YMEHBIIUTh 3TOT Oapbep ele 0oJiblie, YTO MPUBOAUT K
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00pa30BAHUIO MAphl HEUTPANBLHBIX KHCIOPOAHBIX BakaHcui, Vo' M OTpHUIATENBHO 3apsAKEHHOTO
Mexy3enpHoro nona O%. B oTinume oT APYrHX THIIOB MapHBIX AedekToB, HanpuMep, Vo' n 0%
MeXI0y3eNbHble HOH, HeliTpanbHbl Vo', ¥ OTpHIATENLHO 3apsKeHHbIe HOHBI O, CO3IaHHbIE STHUM
MEXaHU3MOM HE MOTYT PEKOMOMHHPOBATH JIETKO, Tak Kak Vo 3aHATO ABYMs iekTpoHamu. Ilocie
TOrO KaKk OHH OT/AENSIOTCS, MEKI0Y3ebHbIi Hon 0% MoxeT quddysauposats B a-SiO2 3 dexTus-
HBIM TOBOPOTHBIM MEXaHU3MOM C XapaKTEepHBIM OaphepoM C HHM3KOW 3Hepruei okoiyo 0.3 eV, u
CMEILAThCS B DJIEKTPUUYECKOM I0JIE K IOJIOKUTEIBHOMY IEKTPOAY. DTOT MEXAaHU3M IPOUILIIO-
cTpupoBan Ha puc. 2.19. CrenosarensHo, o6pazopanue Vo°, He0OX0AUMO I MOIEPKAHHUS JIBH-
KEHUSI AJIEKTPOHA uepe3 ieHKy a-Si02, 1 MoOmiIbHOCTH HoHa O.

Takum 006pa3zoM, KIIFOYEBBIM KOMIIOHEHTOM 3TOI0 MEXaHU3Ma SIBJISIFOTCS 3JIEKTPOHHBIE JIO-
BYIIKH, XapakTepHbie st a-SiO2, KOTOpbIe OTCYTCTBYIOT B KpucTauimiaeckoM SiO2. KoHneHTpaus
5THX J0ByIIeK B a-SiO2 Obl1a oneHeHa kak okono 4 x 10%° cm 3. Ha puc. 2.19 cxemMaTH4eCKH MoKa-
3aHbI OCHOBHBIE COOBITHSI, IPUBOAAIINE K HAYAIbHOM Jerpajaliii OKCHIA.

MecTomnonoxeHue MPUCYIIUX MUPOKHUX YIioB cBsi3u O-Si-O 3J1eKTPOHHBIX JOBYIICK OBLUTH
CO3JIaHBI CIyYailiHbIM 00Pa30M JUIsl KaXI0TO MOJACIHPYEMOro o0pasiia ¢ paBHOMEPHBIM MPOCTPAH-
CTBEHHBIM pachpejelieHneM. [lepBoHavallbHO, JIEKTPOHBI, BIPBICHYTHIE B IUIEHKY a-SiO2, morio-
IICHBI Ha BHYTPEHHUX YYacTKaxX 3aXxBaTa B IUIEHKE W HOBBIC JEPEKTHI paclpeieleHbl MPAaKTHIeCKU
paBHOMEPHO O BceMy 00beMy okucia. [Ipucyiee 1aHHOMY MECTy BO3MYILEHHE 3JIEKTPUUYECKOIO
T0JISI, BBI3BAHHOE MX 3aPSAOBBIM COCTOSHHMEM, MOBBIMIAET BEPOATHOCTH renepanuu Vo® nedekra,
KOTOpast OJIM3Ka K CYLIECTBYIOIEH KOHLEHTpaluu JoByliek. [lepeHoc 35ekTpoHOB dyepe3 mpeasio-
KEHHBI MEXaHM3M YBEJIMYUBAETCS IO MEpe CO3JaHusl HOBbIX BakaHcuil. [IpuunnHa nmosopora je-
¢exTa, 3TO paccenBaHUE SHEPIMU U MECTHOE IOBBIIIEHUE TemmepaTypsl. [loBblIeHue Temmnepary-
pHI BbIie (POHOBOW YBETMYMBAET KOJIMYECTBO JIe(eKTOB BOIM3M 00sacTH OoJiee BHICOKOH TemIiepa-
Typbl OKHMCHOM TIIEHKM. DTOT MpOIEcC 3aBepiuaeTcs ciydaiubiM dopmuposanuem Vo© kiactepa
(okoz0 25 BakaHcH IIpU B3aUMHOM paccTosiHUM He Oonee 0,6 HM), BEAyIIEMY K CYLIECTBEHHOMY
YBEJIMUYEHUI0 MECTHOTO pacCEeMBaHMs Macchl M yBenuueHHto temnepatypsl Ha 20 K. Ycunupaercs
resepanus A1e(eKToB B OKPECTHOCTH TOPSIYEH TOYKH, BBI3BIBAsS TEPMOYIPABISIEMYIO TOJIOXKHUTEIb-
HYI0 OOpaTHYIO CBS3b MEXKIY TOKOM, TEMIEpaTypoil, M cKOpocThio TeHeparuu Vo', 4To OBICTPO
MPUBOAAT K CO3JIaHUIO TSTHA MPOOOS B 0OJIACTH C BBICOKMM KHCIOPOIHBIM JeUIMTOM. B pe3yib-
TaTe, HapacTaHUEe TOKa MOXET OBbITh MPOKOHTPOJIUPOBAHO TOJIBKO IIyTEM OTPAHUYEHUSI MaKCUMallb-
HOT'O TOKa, MPOTEKAIOIINNA Yyepe3 IUICHKY, T. €. TOK TpeOyeTcs Kak AJisl AIeKTpohOpPMOBKU B MEMPHU-
CTUBHBIX YCTPOMCTBAaX.

B nacrosimiee BpeMs OJHUM M3 OCHOBHBIX HEJJOCTATKOB MEMPHUCTUBHBIX CTPYKTYP aHUOHHO-
ro THUIIA SBISAETCS IUIOXas BOCHPOM3BOJMMOCTH MAapaMETPOB NEPEKIIOUEHUS NMPU MHOIOKPAaTHOM
(mkmveckoM) BO3/eHCTBUY HanpsbkeHus. Hanboree BepOsTHOM MPHUYMHOM 3TOTO CIYKUT CTOXa-
CTHUYECKHI XapaKTep MEXaHW3MOB 00pa30BaHUs MPOBOSIIMX TOK myTeil ((pumameHTOB) mpu (op-
MOBKE MEMPHUCTOPA U MOCIEAYIOUINX NMEepeKIoYeHHUsIX. PUIaMeHThl OOBIYHO 3apPOXKAAI0TCS Ha KOH-
LEHTPATOPax 3JEKTPUYECKOrO IMOJIsA, CBS3aHHBIX C TAaKMMU OCOOEHHOCTSIMM, KaK LIEpPOXOBATOCTh
IpaHuLBl pa3jiena IEKTPOA-TUNIEKTPUK, (PIYKTyallun CTPYKTYpbl U XMMHMUYECKOTO COCTaBa AU-
AJIEKTPUKA, YTO TPYAHO KOHTPOJUPOBATH IIPU U3TOTOBIEHUY MEMPUCTUBHBIX CTPYKTYp [54].

Ha puc. 2.20 npencraBieHa 3KcriepuMeHTalIbHasi KapTuHa (DUIAMEHTOB, HAOJIIOAaeMbIX B
TOHKMX TuleHKax NiO, mocie MArkoro npo6os MpH MEepeKIIOUeHUH 3IEKTPHUUECKOro COMpOTHBIIE-
HUs B HU3KooMHoOe coTosinue [30]. I'panuna 3epen Ha puc. 2.20 0603HaYeHa KPACHBIMU JTHHUSIMU
Ha ToHKOM TuieHke NiO. Ha puc. 2.20 6 BuAHO, YTO MOCIE MEePEKITIOUEHUS HIEKTPUIECKOTO COTMpPO-
TUBJICHUS MOSBUJIMCH HOBBIE TPAHMIIBI C KEIATHIMU JIMHUSMH, MPEACTaBISIONINE COOOM KaHaJbl
pOBOIUMOCTH ((prmaMeHTsl), oOecreunBarole MepeHoc 3apsaa B HU3KOOMHOM COCTOSTHUHU. AB-
TOPBI CYUTAIOT, YTO MPOBOASIINE KIIacTEPhI (IEPKOJSALMUOHHAS CETh) 00pa3ylOTCs Kak Ha TpaHUIaxX
3epeH, TaK U Ha TPaHMIAX AIEKTPUYECKOTO MPoOOs MPU PE3UCTUBHOM IMEPEKIIOYEHUH B HU3KOOM-
Hoe cocTosinue. [Ipexne yem, mepexoAuTh K OMUCAHHIO MEXaHW3Ma MEepeKNIoueHus B oOpaTHOE
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(BBICOKOOMHOE) COCTOSTHUE, PACCMOTPHUM OJIMH U3 BO3MOXKHBIX MEXaHHU3MOB MEPEHOCa B HU3KOOM-
HOM COCTOSIHUHM (B TUAJICKTPUKE ¢ (PUITaMEHTaAMH).

sii

Strain ©"

Induced
1' Trap -v
) [v]
Vacancy
Cluster

Puc. 2.19. Cxema HHKEKITUH SJICKTPOHOB, CIIOCOOCTBYIOIIAsA co3Aanuio nedekra B a-SiOo:
1) HaTtypaibHO BeTpeydaromuecs mmpokue yriibl O-Si-O MOryT mo/ieiicTBOBaTh Kak 3JICKTPOH-
HbIE JIOBYIIKU B aMOP(HOM CTPYKTYpE;
2) BHyTpeHHe-npucyias joByika (T) 3axBaTbIBaeT 2 3JIEKTPOHA OT MOJIOKKH, YMEHbILas Oapbep
st popmupoBath nedexra Openkens;
3) o6pasyroTcs HeiiTpanbHas Bakancus kuciopoaa (Vo) u 6bICTpo paccenBaromuiicss non O
4) 2 sneKTpoHa MOTYT MOTJOTUTHCS Ha 3aHOBO CO3/1aHHO BakaHcuu O;
5) B pe3yabTaTe HANPSHKCHUI BOZHUKAET HOBAsK BHYTPCHHSIS JIOBYIITKA;
6) 06pa3yloTcs HOBas BaKaHCHUs KHUCIOPOA U MEKI0y3elbHbIH non O,
B pe3yJibTaTe 4ero JOpMUPYETCS TUBAKAHCHS.
B pe3ynbrarte nanpHeiiero 3axaara 31eKTPOHOB 00pa3yrOTCs 0OJBIIOE YHCIIO
KHCIIOPOJ/THBIX BAKAHCHH PSIIOM

2.5.4.3. Tok, orpaHnYeHHbIN NpocTpaHCcTBeHHBIM 3apsaaoM (TOII3)

[Tpr omMHuUecKoM KOHTaKTe M3 AJIEKTPoAa (KaTona) B JUAIEKTPUK MHIKEKTUPYETCs 0O0BbeM-
HBIM 3apsi]l 3JIEKTPOHOB, KOTOPBIN paclpesiesieH B HENOCPEACTBEHHON OJIM30CTH y TPAHUIIBI HJIEK-
TPOI-AMUANEKTPUK. [Ipu NpUIOKEHUH 3IIEKTPUYECKOTO MO HWHKEKTUPOBAHHBIE B JTUAJIEKTPUK
3JIEKTPOHBI BTATHUBAIOTCS BIIYOb JUAJIEKTPUKA M, MPOXOJsS CKBO3b IUAJIEKTPUK MO MPOBOISAIINM
KaHayaMm ((prtaMeHTam), BBI3BIBAIOT MPOTEKAHUE DJIEKTPUUECKOTO TOKA. DTO OY/ET TOK, CBI3aHHBIN
HE C COOCTBEHHBIMH HOCHUTENSIMH 3apsja (JIEKTPOHAMHU B 30HE NMPOBOAMMOCTH), a C MHKEKTUPO-
BaHHBIMH U3 KaTOJa.

DnexkTpuyeckas MPOBOJUMOCTb B JAHHOM Cilydae 0OYCIIOBJIEHA JIOBYIIKAMHU U MMEET 3 CO-
CTaBIISIONIIIE: OMHYECKas 001acTh, KBaJApaTHAS 3aBUCHMOCTH 110 3akony Yaitnma (I ~ U?), u xpyToit
MOJIEM B BBICOKOM 3JIEKTpHuUecKoM mojie [55]. B cmaboMm snekTpuyeckoM mose, UCIOIb3yeMOM B
HU3KOOMHOM COCTOSTHUM MEMPHUCTOPOB, B MEXaHM3ME TOKOB, OTPaHHMYEHHBIX NMPOCTPAHCTBEHHBIM
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3apsioM, Ipeo0IagaloT TEPMUYECKH T€HEpUPOBAHHBIE CBOOOIHBIC 3NEKTPOHBI. [IIOTHOCTH 3Jiek-
TPUYECKOTO TOKA OTPENIETSAETCS BRIpaKeHUEM [56]:
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Puc. 2.20. HabGnrogenue rpaHul] MATKOTO Po00st B TOHKUX TuieHKax NiO
IIPY NIEPEKITIOYECHUN NIEKTPUIECKOro conpoTusieHus [30].
a) ['pannna 3epen 0003HaYeHa KPACHBIMHU JIMHUSMH Ha TOHKOH rieHke NiO.
(0) IMocne nepexitoueHMs CONPOTUBIICHUS TOSBUINCH HOBBIE IPAHUIIBI C KEITHIMU JTUHUSIMU

J=9/8e10U%d 3, (2.33)

rae J-IIOTHOCTh TOKA, YIPABIIEMOro MPOCTPAHCTBECHHBIM 3apsI0M JIOBYIIIEK,
€ - TUDJIEKTPHYECKas IIPOHUIIAEMOCTh OKCH/IA,
L - TOABMYKHOCTh HOCUTENEH 3apsa,
0 - COOTHOIIICHUE «3AHATHIX» M CBOOOIHBIX JIOBYIIICK,
U — HanpsbKeHHE MPHI0KEHHOTO OIS,
d — TonmmHa audIEKTpHYEcKoro ciost (6)

Ipu HanpskeHUn 601buieco U? Bee TOBYIIKU OKAa3bIBAKOTCS 3allONHEHHBIMUM, TOK CTYTICH-
YaTO MOBBIMIAETCS 32 CYET MHKEKTUPYEMBIX HOCUTENEH U OyIeT YAOBIETBOPITH COOTHOIICHUIO J ~
U", roen> 2.

Takum 00pa3oM, ONHMCAHHBIM BBIINIE MEXaHH3M IEPEHOCA AIEKTPUUYECKOTO 3apsjga MOKET
OOBSICHUTH HEIMHEHHYIO 3aBUCHMOCTH BOJIETAMIICPHOW XapaKTEPUCTUKU aHHOHHBIX MEMpPHUCTHB-
HBIX YCTpOUCTB OunossipHoro tuna (puc. 2.17a).
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2.5.4.4. MoneJsib nepek/JIl04eHUsl B BLICOKOOMHOE COCTOsIHHE

Jlnisi pe3UCTUBHOTO MEPEKIIOYEHUS] MEMPUCTOPA B BBICOKOOMHOE COCTOSIHHE HE00XO0IUMO
BHOBb 3allOJIHUTh MPOBOASIIME KaHalbl ((priIaMeHThl) MOHAMU KUCIOPOJa, KOTOPbIE HE MOTYT
PEKOMOMHHMPOBATh C BaKaHCHSAMHM KHUCJIOPOAA JO TeX IOp, IMOKa HAa HHUX HAXOAATCA TMaphl
ANMEeKTPOHOB. J1Jis TOro, YTOOBI CTUMYIUPOBATEH ATOT MPOLECC K CTPYKTYpPE HEOOXOAMMO MPUIIOKUTh
OoJbIII0€ OTpHUIIATEIbHOE HAIPsDKEHUE (oTpuIaTeiabHas BeTBb BAX, KOTOpoe 0CBOOOIUT JIOBYIIKH
(KUCIOpOJHbIE BaKaHCHM) OT JJEKTPOHOB U CTUMYJIHPYET AQHHUTWISILIMIO TOJOKUTEIBHO
3apSOKEHHBIX KHCIOPOAHBIX BaKaHCUHW C OTPULIATENbHO 3apsDKEHHBIMM HOHAMHM  KHCIOpPOJA.
Pe3ynbratom Takol aHHUTUISIUHU OyJeT «3ajJeuMBaHKE) MPOBOIAIINX KaHAIOB AUAIIEKTPUUECKON
IIPOCIOMKM OKCHJAa MEMPHUCTOpA, IEPEBOAsl MCCIEAYEMYIO CTPYKTYpy B «BBICOKOOMHOE
COCTOSIHHEY.

CrnepnoBarenbHO, IPOLECCHI IEPEKIIOUEHNS B UCCIEA0BaHHBIX CTPYKTYpPax MOYKHO CBSI3aTh C
mpoueccaMy TEPMOAKTUBHPOBAHHOTO OCBOOOXKICHMSI W 3alOJHEHHUS MPOBOJALIMX KaHAJIOB
JTUBJIEKTPUUECKON IIPOCIONKN OKCUAA 3apsyKEHHBIMA HOHAMM KHCIIOPO/aA.

2.6. IlepcriekTBHBbIE 00/1aCTH PHMEHEHHUS MEMPHCTOPOB

Hayunsblii mHTEpEeC Uil HMCCIEAOBAaHUMN MEMPUCTHBHBIX YCTPOWCTB CBSI3aH C JKEIaHUEM
HallTu uneanbHbli Moayb namsaTH. [ nOpuansie cxemsl ¢ ucnoibzoBanueM KMOII TexHonoruu u
MeMprcTOpoB (puc. 2.21, a), B 4aCTHOCTH, C KpoccOapHoii apxutekTypoir «Crossbar» (puc. 2.22),
MOTYT MOTEHIMAILHO COBMEIaTh B ce0e Bce KellaeMble CBOMCTBA «YHUBEPCAIBHOW MaMaTU», Ta-
KM€ KaK BBICOKAs CKOPOCTh, HU3KAasi DHEPTHUS MOTPEOICHHS, BBICOKAsE YCTOMYUBOCTh ONEPATHBHOTO
3alIOMUHAIONIET0 ycTporcTBa U Jip. HecMoTpst Ha TO, YTO OOJIBIIMHCTBO MCCIIEIOBAHUN COCPEAOTO-
YEHO Ha OJJMHOYHBIX MEMPUCTOpAX, B JIUTEpAType BCTpeuyaeTcsl BCE Ooubliie paboT ¢ UCIOJIB30Ba-
HUEM MEMPHUCTOPOB, U3TOTOBJIEHHBIX 10 «Crossbary TexHonoruu [57].

B nacrosimiee Bpems hyHIaMeHTaNbHbIE (PU3HUECKUE IPUHIIUIIBL, JICKAIINE B OCHOBE (PIIdIII-
MaMsTH, HAKJIaIbIBAIOT €CTECTBEHHBIE OTPAaHUYEHHS HA €€ BO3MOKHOCTH U Ha MEPCIEKTUBBI €€ pa3-
BuTHs. K OCHOBHBIM HEOCTAaTKaM 3TON MaMATH OTHOCUTCS, O€3yCIIOBHO, HU3Kasi CKOPOCTH 3aITHCH.

Puc. 2.21. I'n6punasie KMOIT / MeMpUCTOpHBIE CXEMBI:
a) rubpuaHas mempuctopHas «Crossbary cxema, oobenunennas ¢ KMOII cxemoit; 0) cTpykTypa

MeMpHUCTOpHOI «Crossbar» cxembl; B) BoJIbTaMIIepHast XapakTepucTika Mempucropa (VrH— nopo-
rOBOE HaNpPsKEHUE CYUTHIBAHUSA, VWRITE — HAIPSDKEHUE 3aTUCH, VREAD — HAIIPSKEHUE CUNTHIBAHMS)

B Ta6J'II/II_IC 2.1 MNPUBCACHO CPAaBHCHUC OCHOBHLIX IMAPaAMCTPOB HCHOHBSyeMOﬁ n HCpCHeKTHBHOﬁ
nmaMsTH, IOHHUMAadA, 4YTO UX 3HAUYCHUA I HOCJ'Ie,ZIHeI\/’I ABJIAIOTCA OPUECHTUPOBOYHBIMH.
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Puc. 2.22. MunumanbHas 00JacTh KpUCTaIa, HEOOX0uMast sl OUTOBOM STUSHKH IMaMSTH,
IIPH HCIIOJIE30BAHUH KPOCCOap-apXUTEKTYpPhI

Tabn. 2.1. OcHoBHBIE TapaMeTPbl UCHIOIB3YEMON U EPCIIEKTUBHON MaMITH

[TapameTp Flash Flash MRAM | PCM | FRAM | ReRAM
NOR NAND

ITnowane syenku 10F? 4F? 8F2- 20F2| 4F? 22F2 4F% — 8F2

YnCI0 MUKIIOB TIEPE3anicH 10° 10* >10%2 10° >10% | 10%2

Hamnpsbkenue 3anucu/mepesanucu, 10 15 1.8 3 13-33|1-15

B

Hanpsokenue cunteiBanus, B 1,8 1,8 1,8 1,2 13-15(0,1-0,5

Bpewmst nepezanucu 1l mxc — | 0,1-1 | 35HC 100HC | 40HC [1—10HC
10 mc MC

Bpewms xpanenus, 10 10 >10 10 10 >10

JeT

Benuuuna F, npencrasisier co00if MUHUMaJIbHBIE MapaMeTpbl, KOTOPbIE MOTYT OBITH J10-
CTUTHYTBI C HCIIOJIb30BAHUEM COBPEMEHHBIX IMPOLECCOB JUTOrpadpuu. MHUHUMAIBHBIA JOCTHKU-
MBI pazMep GUTOBOI sueiiku ans naHHON F ecth 4F2. DT0 3HaYeHHE COOTBETCTBYET 0OIACTH TOY-
KM TIEpECEUYEHUs MEXKIY ABYMS JIMHUAMHU LIMPHUHON F M MX OTHENEHMs OT MOCIENYIOIINX JTUHHH,
Kak MOKa3aHo Ha pUCyHke 2.22.

I'n6puansie cxemsl, ocHoBaHHble Ha KMOII snemenTax u mempucropax (puc. 2.21, a, 0)
MOTYT UCKJIIOUUTh OCHOBHYIO HE3(D(PEKTUBHOCTH MTPOrpaMMHUpPYEMbIX BeHTWIbHBIX MaTpull (FPGA -
field-programmable gate array), cBsi3aHHYIO ¢ XpaHeHHEM HHPOPMALUK O KOHPHUTYPAIIMU CXEMBI B
nokanbHON namsaTu. B Tpagunnonnsix FPGA xoHdurypanuonHas namsTh peaan3oBaHa Kak CTaTH-
YyecKas olepaTuBHAs WM (IALI-MaMATh U OOBIYHO 3aHMMAET OOJBIIYIO TUIOIIAAb YHMIA — HOPsIKa
50 — 90 % [58].

B rubpuansix cxemax FPGA undopmaius o KOHGUTryparuu MOXKeT XpaHUThCS B HAHOPa3-
MEpPHBIX MEMPHUCTOPAX JJISl YBEIUUEHHUS TUIOTHOCTU PACIONIOKEHHUS JIEMEHTOB B JAECSITKH U COTHU
pa3 1o CpaBHEHUIO C OOBIYHBIMH CXeMaMH. bblla MpoJeMOHCTPUpOBaHa HOBAs BEpCUsi THOPUIHOM
FPGA c ucnonb3oBaHreM HaHOpPa3MEPHBIX MEMPUCTOPOB Ha OCHOBE ABYOKHcH TUTaHa T102-x, COB-
mereHHbIX ¢ KMOIT anementamu. MeMpuCTOpBI Takke ObUIH MPEUI0KEHBI I pealn3auu J0ru-
YECKUX AJIEMEHTOB, B KOTOPBIX OYyJIEBBI JIOTMUYECKHE COCTOSHUS XPAHATCA KaK COCTOSIHUS DJIEKTPU-
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YEeCKOT'O CONPOTUBIICHHUS YCTPOICTB, @ HE YPOBHU HANpPSHKEHUS, KAK B OOBIYHBIX JIOTHUYECKUX CXe-
max [59].

Wnes ucronp30BaHus YCTPOMCTB, 001a1at0MKX dPPEKTOM MEPEKITIOYCHUS dIEKTPUIECKOTO
COIIPOTHBIICHUSI B MCKYCCTBEHHBIX HEHPOHHBIX CETAX, UMEET NOJTYI ucTopuio. OQHAKO OHA HE
ObuIa peann30BaHa, TIIABHBIM 00pa30M M3-3a MOSBJICHUS MEPBOTO YCHEUTHOTO MU(PPOBOTO MUKPO-
poreccopa, KOTOpblid ObICTPO CTaj] JOMUHUpYIOLIeH niaatdopmoil 11t BerurciaeHuid. HexoropeiMu
3HAYUTEIBHBIMHA COOBITUSMU B 3TOW 00JACTH SBISIFOTCS CO3/JaHUE YCTPOMCTB HA OCHOBE TOHKOILJIE-
HOYHOI'O OKCH/a BOJIb(hpama ¥ THUAPUPOBAHHOIO aMopdHoro kpemuus Si:H, HO pe3ynbTaThl OKa3a-
JUCh HEIOCTATOYHO OOHA/ICKUBAIOIUMHU, YTOOBI POBOJAUTH NaTbHEHUIINE HccaeaoBanus [60].

MotuBanuen Uil pa3BUTUS UCKYCCTBEHHBIX HEWPOHHBIX ceTel fABIsAeTcd TOT (PaKT, 4To
MO3T MJICKOTHUTAIIIUX OCTaeTcs ropa3fo Oosnee 3(h(EeKTHBHBIM, YeM OOBIYHBIC MPOIECCOPBI IS
MHOTMX BBIYMCIIUTENIBHBIX 3ajlady, HalpuMep, TaKUX, Kak paclo3HaBaHUEe 00pa3oB U Kiaccupuka-
1S, HECMOTpPsSI Ha HKCIOHEHLMAJIbHBIA mporpecc B mnpousBoaurenbHoctd KMOII TexHosorui.
CTpyKTypa UCKYCCTBEHHBIX HEHPOHHBIX ceTell Oblja ¢ JIETKOCThIO BOCCO3/laHa HA OCHOBE TMOpH /-
HbIX KMOII — MeMpUCTOpPHBIX CXEM, a IrpyOble OLIEHKM IIpENIoJiaratoT, YTO CXEMbl Ha OCHOBE
KMOII-TexH010ruu 1 MEMPUCTOPOB MOT'YT OPOCUTH BBI30B CIOXKHOCTH YEJIOBEYECKOI'0 MO3ra.

bonbuine nepcrnekTuBbl NPUMEHEHHUS MEMPHUCTOPOB SIBJISETCS OOY4YEHHE M0 JIOKAIbHBIM
6uonono6ubM npaBuiaaM STDP, uTo MOXeT SIBIATHCS OCHOBOM /ISl CO3/1aHUSI HEHPOMOpP(HBIX ce-
Tell ¢ MEMPUCTUBHBIMU CHHAIITUYECKUMHU CBSI3SIMU C CaMOAJalTUBHBIMU CBOMCTBaAMHU U 00y4eHUEM
6e3 yuutens [61]. I[lomumo knaccuueckoro oOyuenus STDP, HenaBHO ObLT MpeasioskeH MPOCTOi
MOAXOJ Uil UMUTAlMU HEHMPOMOIYJIUPOBAHHON CHHANTUYECKOW IMJIACTUYHOCTH, YTO BAXKHO IPHU
o0y4yeHuH ceTell ¢ moakperuieHueM [62]. B gactHOCTH, OBLIO MOKA3aHO, YTO KIACCUYECKYIO (hopMy
okaa STDP moxxno momu¢umnmpoBars B antu-STDP (ocnabnenue cuibl CBSI3U MPH HATHYUH TIPH-
YUHHO-CJIEICTBEHHOM CBSA3M M YCHJIEHHE IIPH €€ OTCYTCTBHMHM), «KOJOKOJI000pa3Hyto» (ycuieHue
CHJIBI CBSI3U KOPPEIMPOBAHHBIMHU CHAMKaMM) U «OTPHIATEIBHYIO KOJIOKOJI000pa3Hyo» (ocmadiie-
HUE CWJIbI CBSA3U KOPPEIMPOBAHHBIMU cllaiikaMu) (OpMbI IIyTEM BBEJECHUS BapbUpyeMbIX K03(pPu-
LIMEHTOB aMIUTUTYJ] CIIalKOB Ipe- U MOCTCUHAIITUYECKUX HEHPOHOB. MIHTEpECHO, UTO TUIIbI KPUBBIX
STDP kauecTBEeHHO COBMAJAIOT Il pa3HbIX (HOPM UMIYJIBCOB U 3aBUCIT B OCHOBHOM OT KO3 HU-
LIMEHTOB aMILJIUTY/ Mapbl HEHPOHOB [63].

Crenyromum 1marom sBiseTcst JeMOHCTpaIHsl CIOCOOHOCTH HEMPOMOP(HO CUCTEMBI K, TaK
Ha3bIBaeMOMY, X3000BCKOMY (4aCTOTHO-KOAMPOBAHHOMY) OOYYEHHIO HAa OCHOBE JIOKAJIbHBIX Ipa-
Bun STDP. [Ins sToli nenu B JaHHO#M paboTe Oblia co3aaHa mpoctas HeiipomopdHas ceTh, COCTOS-
1ast U3 4YeThlpex NMpPecUHANTUYECKUX HEMpPOHOB, cBA3aHHbIX yepe3 HK mempucTuBHBIE CHHAIICHI C
MOCTCUHANTUYECKUM HelpoHoM. [IpecnnanTuyeckre HEHpOHBI ObUIM 3alIpOrpaMMHUpPOBAHBI Ha Te-
HEpaLMIO MOCIEA0BATEILHOCTEN, pacnpeaenaeHublx no [lyaccony cnailkoB ¢ 3aJaHHOM YacCTOTOM.
[Toctcunantuyeckuit HeWpoH Obl aHanoroBeiM [63]. IlepBoHavanbHO Bce 4 MEMPUCTHBHBIX CH-
Harica ObutH iepeBezicHbl B HRS, uTo cooTBeTcTBYET NMormdeckomy coctosiHUIo «0» (Ompenesnsiioch
KaK COCTOsIHME C MpoBoaAnMOCThI0 HIbke 200 MxCm). 3areM mpecHHaNTHYeCKUue HEHpOHBI ObLIN
pa30ouTHl Ha JABE IPYMIbL: /IBa HEMpoHa FeHepUpOBaU crlailku ¢ BbIcokoi yactotol (10 I'm), a nBa
Apyrux — ¢ HU3Koi yacroroil (2 I'm). [locTcunanTryeckuii HeHpoOH reHeprpoBaj Craiiku 0 METOAY
«UHTETpHpOBaTh-U-cpaboTaThy» (integrate-and-fire), obecneunBas oOy4denue mo npasuiam STDP.
Ha xaxxaom mare cpabaThlBaHUSI MOCTCHMHANTHUYECKOI'O HEWPOHA M3MEPSUIOCHh TEKyIee 3Ha4eHHe
Ka)KJJOT0 CHHAIITHYECKOI0 Beca (MMPOBOIUMOCTh MEMPHUCTOPOB).

B 3aknroueHne OTMETHM, YTO COBPEMEHHBIE MEMPHUCTOPHBIE YCTPONCTBA BCE €I1IE NATEKH OT
HIMPOKOTO MPAKTHUECKOTro MpUMeHEeHUs (B OoJblieil Mepe M3-3a OTCYTCTBHUS HAAEKHOM TEXHOIIO-
MM U3roToBiIeHUs). Ha HauaibHOM 3Tane pa3BUTHS, MEMPHUCTUBHBIE YCTPONCTBA MaMATH, CKOpEe
BCero, OyIyT KOHKYpHUpOBaTh C CYIIECTBYIOIIMMH YCTPOWCTBAMHU, a 3aMEHATh TpaJULIMOHHbBIE
yCTpOICTBa XpaHeHHUs] UH(OPMAIIMM MOTYT TOCJIE UCCIEAOBAHUS M MOHUMAHUS (U3NYECKUX TPO-
L[ECCOB PE3UCTUBHOTO MEPEKIIOYEHUS U pa3pabOoTKU Ha€KHOM TEXHOJIOTHH UX U3TOTOBJIECHHUS.
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KoHTponbHbIE BOIPOCHI

2.1. Kak Ha3bIBAIOT AJIEKTPUUECKUE FIEMEHTHI, KOTOPBIE MOT'YT COXPAHATh COCTOSIHUE BHYTPEHHETO
ANEKTPUYECKOTO CONPOTUBIICHUS, 3aBHUCSILEE OT PaHEee MPHUIIOKEHHOTO HAMPSKECHUS ?

2.2. Kakoit 3 peKT JIeKUT B OCHOBE pabOTHI MEMPHUCTOPOB?

2.3. llepeuncanre MexaHu3Msl, npuBosne K BAX ¢ otpunarensubiM auddepeHuanbHbIM co-
MIPOTHBIICHUEM.

2.4. YKaxxuTe OCHOBHOM MEXaHUXM MEPEKIIIOUEHUS AIEKTPUIECKOTO COMPOTUBOJICHUS B XaJIbKOT'e-
HUJIHBIX CTEKJIaX.

2.5. Ilepeuncanre yeTbipe 0a30BBIX AJIEMEHTA JIEKTPOTEXHUKH.

2.6. B ueM 3akio4aeTcsi NPUHIUITHAIBHOE OTIMYUE MEMPUCTOPA OT JPYTUX MMACCHBHBIX AJIEMEHTOB
ANEKTPUYECKUX CXeM?

2.7. Kak kmaccu(uuupyroT MEMpPUCTHBHBIE YCTPOKCTBA?

2.8. Kakue sneMeHTBl UCHIOTB3YIOT B MEMPUCTOPAX KATHOHHOTO THIIa?

2.9. [lepeuncinte aHMOH-COIEPIKAIIUE MAaTEPUAITBI, 00sanaronre d3(h(HEKTOM NepeKITIoUeHUs dJeK-
TPUYECKOT'O CONPOTUBIICKHHUSI.

2.10. KakoB MexaHU3M MEPEKITIOUEHHS] B MEMPUCTOPaX KaTHOHHOTO THIIA?

2.11. KakoBa nenb nmpoBeaeHus: GOPMOBKH B MEMPHUCTOPE?

2.12. TlepeunciuTe OCHOBHBIE MEXAaHH3MBbl MH)KEKITUU HOCHTEJIEH 3aps/ia B MOJIYIIPOBOTHUKAX B
CHJIBHOM 3JIEKTPHUYECKOM TIOJIE.

2.13. TlepeuncnuTe OCHOBHBIC MOEIH HOHH3AINH JIOBYIICK B ITOJIYIIPOBOAHUKAX M JUICKTPUKAX.
2.14. JlaiiTe XapaKTepUCTUKY MEXaHU3MOB (POPMOBKH B aHHOHHBIX MEMPUCTOPAX.

2.15. JlaifTe XapakTepUCTUKY IBMKYIINUX CHJI IepeHoca 3apsna 1 BAX B aHHOHHBIX yCTPOICTBaX.
2.16. OxapakTepu3yiiTe MOJICIH MEPEKIIOYCHUS AIMEKTPUUECKOTO COIPOTUBICHHS B aHHOHHBIX
MEMPHUCTOPAX.

2.17. Ilepeuncnute OCHOBHBIE MEXaHU3MBI IIEPEHOCA 3apsi/ia B TOMYMPOBOJIHUKAX MPU HUZKUX TEM-
nepaTypax.

2.18. JlaiiTe XxapaKTepUCTUKY TOKA B TUAJIEKTPUKAX, OTPAHUYECHHOTO IPOCTPAHCTBEHHBIM 3aPSIOM.
2.19. Tlepeuncnute nepcrneKTUBHBIC 00JIACTH TPUMEHEHHUS MEMPUCTHBHBIX YCTPOMCTB.

3. TenaeHunu pa3BUTHUSI MATHUTOPE3UCTHUBHOM YJIEKTPOHUKH
BBenenue

Marnutocomnporusiesue (MC) uam MarHUTOpPEe3UCTUBHBIN 3P QeKT, 3aKmouaeTcs B U3Me-
HEHHH HJIEKTPHYECKOTO COTMPOTUBIICHUS TBEPABIX TEJI MO ICHCTBHEM BHEIIHEIO0 MATHUTHOTO TTOJIS.
B ogHOpOHBIX TBEpABIX Tenax (MeTalsibl, METAIUIMYECKUE CIUIABbI, TOJTYIPOBOJHHUKH - T.€. TOMO-
TeHHBIE MaTepUalbl) MIPHYNHA MATHUTOPE3UCTHBHOTO dPPEKTa KPOETCS B MCKPUBICHUU TPACKTO-
pHif HocuTeneil Toka B MarHUTHOM 1osie. O4eBUIHO, YTO MO ITOM MPUYUHE JJIs1 TOMOTEHHBIX MpO-
BOJIHUKOB OMPEIEISIONIeH XapaKTePUCTUKON SBISICTCS B3aMMHO-TIEPIICHANKYIISIPHAST OpUEHTAINS
3JIEKTPUUECKOTO0 TOKAa M MArHUTHOTO TMOJS TPU H3MEPEHHUH MAarHUTOPE3UCTHBHOIO 3(dexTa.
OOBbIYHO oTIpeeNnsieTcsl OTHOCUTEIbHOE MarHUTOCONIPOTHUBIIEHUE B BUjIE [65]

Ap/ p, =[R(H) - R(0)/ R(0)]-100%, (3.1)

rae R(H) — snekTpudeckoe CONPOTUBIICHHE B KAKOM-TTHOO (DUKCHPOBAHHOM I10OJIE,
R(0) — anekTprueckoe CONpPOTHBIICHHE B HYJICBOM MarHUTHOM TOJIE.

VY MeTannoB U UX CIIJIABOB OTHOCHUTEIBHOE HM3MEHEHUE SJICKTPOCONPOTUBJIICHHUA IIPU HAJIO-

KEHUH BHEIIHETO MarHWTHOTO TOJISl TP KOMHATHOW TeMIlepaType BEChbMa HEBEIMKO U COCTABIISET
0,01-0,1 % B monsix 10 k2. Kak mpaBuio, Takoe MarHUTOCOIIPOTHBIICHHE MOJI0KUTENIBHO, T.€. YBE-

80



JMYEHWE MarHUTHOT'O IOJI NMPUBOAMUT K BO3PACTAHUIO 3JIEKTpoconpoTuBieHus. Ciuenyer eue pas
MOTYEPKHYTh, YTO BCE CKA3aHHOE BBIIIE OTHOCUTCA K MPOBOJHUKAM, CTPYKTYpa KOTOPBIX XapaKTe-
pHU3yeTCsl TOMOT'€HHOCTBIO.

CoBpeMeHHasl TEXHOJOTHSI CHUHTE3a Pa3IMYHBIX TBEPIBIX TEJN MO3BOJWIA CAENATh CEpPhe3-
HBIW ar B 00J1aCTH MaTepUAIOBEICHHUS U OTKPbLIA BO3MOXKHOCTH MOJYYSHHS CIIOKHBIX KOMITO3H-
[IMOHHBIX MAaTEpUATIOB M COCIMHEHHM, XapaKTepU3YIOIUXCs TeTepOoreHHOM, MHOT0(a3HOI CTPYK-
TypOW WM 3HAYUTEITBHON HEOJHOPOAHOCTHIO (PU3MUECKUX CBOMCTB Ha MUKPOCKOIIMYECKOM YPOBHE
(rpaHynMpOBaHHBIE KOMIIO3UTBI, MHOTOCJIONHHBIE CTPYKTYpPbI, MYJIbTU(GEPPOUKH, CHHTETUYECKUE
IIEPOBCKUTHI HA OCHOBE OKCHJIOB MapraHiia — MaHraHaThl U Ipyrue cuctemsl). B Teuenue nocnen-
HUX JECSATUJIETHI OBbLJIO YCTAaHOBJIEHO, YTO B TaKHUX TIETEPOTEHHBIX CTPYKTYpax OTHOCHTEIHHOE
MarHMTOCOIIPOTUBIIEHUE, MOXKET JTOCTUraTh JECATKOB, COTEH U Jake JECITKOB ThicAY (!) mporeH-
TOB B CHJIBHBIX MarHuTHBIX nosigax. 3HadyeHuss MC B HOBBIX MaTepuanax HaCTOJIBKO BEIUKH, UTO
ObUIM CHEIMATbHO BBEIEHBI TEPMUHBI «TUTAaHTCKOe MarHutocomportusieHue» (I'MC) u «koimoc-
canpbHOoe MarautoconpotuieHue» (KMC). (YcnoBumces, uto nanee mo Tekcty abopeBuarypa MC
OyZeT OTHOCUTBCA TOJIBKO K Matepuanam, npossisiromuM ['MC nu KMC). CoBepiieHHO 04€BHIHO,
YTO MEXaHM3MbI, 00ycioBiuBaromye Bo3HukHOBeHUss | MC u KMC uHble, HEXel B IPOCTHIX MPO-
BOJHHKAX, U 3HAYUTEIHHO OoJiee ciaoxHbie. B 3aBucuMocTH ot Tria marepuana MC cBsizaHo b0
C paccessHUEM MOJSPU30BAHHBIX HOCHUTENEH 3apsiia (3JEKTPOHOB) HA CTPYKTYPHBIX HEOIHOPOIHO-
CTSIX TMPOBOAHUKA, TMOO ¢ TYHHEITUPOBAHUEM IOJISIPU30BAHHBIX AJIEKTPOHOB Yepe3 HEMPOBOISAIINE
Y4aCTKU KOMITO3UTA, JIN0O ¢ U3MEHEHHEM MPOBOIAIINX CBOMCTB BCEro MaTepHana (Tepexo/ u3os-
TOP-METAaJLN).

Bce 3T rereporeHHble CUCTEMBI, a TAKXKE MEXaHU3MBI, OTBeYaromue 3a nossienue MC, ak-
TUBHO HCCIIEAYIOTCS B HacTosee BpeMs, MOcKoiabKy MC upe3BblYaiiHO IPUBIIEKATEIbHO IS
MPAKTUYECKOT'O UCIOIb30BAHMS U MHTEPEC K U3YUCHHIO STOTO SIBICHUS MOJ0TPEBACTCS MOCTOSHHO
BO3HUKAIOIIMMU HOBBIMU BapuaHTamu npumenenus MC B Texnuke. Hambonee TpaaunivoHHbIE
HaNpaBlIeHUs] MCIOJIb30BaHUS MaTepuasioB, obnagaroumx MC, 3TO H3rOTOBJICEHHE TOJOBOK IS
CUMUTBHIBAaHUS MHPOPMAIMM C MarHUTHBIX HOCHUTEJEH, CO3/JaHUE HOBBIX, Ha/IEKHBIX HOCHUTENEH MH-
dbopMaruu, MPOU3BOACTBO HOBBIX CBEPXUYBCTBUTEIbHBIX JATYUKOB MarHUTHOTO IMOJS U TEMIepa-
TYpBI U T.JI.

3.1. ®u3uyecKue 0OCHOBbI pPa00Thl MATHMTOPE3MCTHUBHBIX 3J1eMEHTOB
3.1.1 Buabl MarauToOpe3ncTUBHOIO Y deKxTa

Kak yxe oTmedeHo Bbilie, MarHUTOpe3ucTuBHEIN (MP) s dexT, 3axmrouaromuiics B u3Me-
HEHHUH DJICKTPUYECKOTO COTPOTUBIICHUS MaTepuaya IoJ BIUSHUEM BHEIIHEr0 MarHUTHOTO TIOJIA,
u3BecTeH yxe 6osee 140 ner. B deppomarnerukax BeIMYUHA IEKTPUIECKOTO COMPOTUBICHUS 3a-
BHCHUT OT OPHEHTAIIH BEKTOPAa HaMarHM4eHHOCTH M OTHOCHTEIHFHO HAIPABJICHUS DIIEKTPHYECKOTO
TOKa B MaTepuane. DTy pasHoBUIHOCTH MP addekra Ha3pIBalOT aHM3OTPOIHBIM MAarHUTOPE3U-
cruBHbIM (AMP) adpdexrom. Koapdurment AMP sddekra He npessimaer 30 % (s crutaBoB Ni-
Co) mpu 4,2 Ku 4,2 % (nns 00beMHBIX 00pa3iioB epMaslios) Npu KOMHATHOHN Temmepatype [66].

Mpuorocnoitnass AMP cTtpykTypa numeeT BUA:

M/N/M, (3.2)

rae M - deppomaruuTHas IIeHKa,
N - pa3zgenuTenbHas HEMAarHUTHasl MPOCIOWKA C BBICOKUM DJIEKTPUYECKHM CONPOTHB-
JICHUEM.
3aBUCUMOCTh M3MEHEHHsI AJIEKTPHUECKOTO COMPOTHBIIEHUS aHM30TPONMHON cTpyKTypsl AR
OT yIja (¢ MEeXJIy BEKTOPOM HamarHudeHHOCTH M QeppoMarHeTvka M HamnpaBiIE€HUEM IPOTEKaro-
IIET0 Yepe3 Hero 3IeKTpuyeckoro Toka | umeer Bua:
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AR=(Ap/p)Rcos?op, (3.3)
rae (Aplp) - koapdunuent MP s dekra.

B 1988 r. B MarHuTHBIX MaTepuaiax Obul oOHapyxeH HOBbI MP s ek, HazBaHHBIN «TH-
rautckum» ('MP) apdexrom. DToT 3ddexT Habmomancs B cBepxpemerkax Fe/Cr, H3roroBIeHHBIX
METOAOM MOJICKYJISIPHO-TTyYEBOU SMUTAKCHH M TPEACTABIISIIOMUX COO0H MEPUOINIECKYIO CTPYKTY-
Py U3 YEepenyIOIIMXCs CI0EB Kejie3a TONIIMHON 3 HM U Xpoma ToimuHoi 4 HM. M3ydeHue 3Toro
SIBJIEHUSI TI0KA3QJI0, YTO IIPU TOJIIIMHE HEMArHUTHOM MPOCIIOMKU XPOMa, ITPU KOTOPOU MEXKIY CIIO-
SIMU Kelle3a CYIIECTBYET CHIIbHOE aHTU(EPPOMArHUTHOE B3aUMOJICHCTBUE, FIEKTPUUECKOE COMPO-
TUBJCHHE R CBepXpemeTkd Npu NPUIOKEHUHM MArHUTHOTO TOJS CYIIECTBEHHO YMEHBIIACTCS.
DJeKTpUUecKoe CopoTuBIeHHe cBepxpenieTku Fe/Cr mpu OTCYTCTBUM BHEIIHETO MOJIsl, KOTJa BeK-
TOPBI HAMATHHYEHHOCTH COCEAHHX (pepPOMATHUTHEIX cloes antumapamiensust - R(TY, H=0), cy-
IIECTBEHHO OOJIblIIe, YeM KOTJa CBEpXpellleTka HAaMarHu4eHa /10 HaCBIIICHHs], a BEKTOPbl HAMarHu-
genHocTH opuenTuposans! oanHakoso - R(TT, H>Hs), rae Hs - none Hachimenns. [Ipu 5TOM OTHO-
CUTEJIBHOE H3MEHEHHE AIEKTPHUECKOTO COPOTUBICHUS:

AR/R= (R(T¥, H=0) - R(TT, H>Hs)) / R(T, H=0) <100 %, (3.4)

cocraBuiio npu 4,2 K oxosno 50 %, a u3sMeHeHHEe yAEeIbHOr0 3JIEKTPUUECKOTO COIIPOTUBIEHUS Ap -
23 MkOM-cM (it peppomarneTukoB Tumna Fe uau Ni Ap ve npeBbimaet 1 MkOM-cM).

s onucanust 'MP addekra Obu1 BBeieH U APYyroit 6oee yaoOHBIH 1715 SKCIIEPUMEHTAIb-
HOTO OTIPENICIICHUS TTapaMeTp:

AR/R(H=Hs) = (R(T, H=0) - R(TT, H>Hs)) /R(T, H=H), (3.5)

[puuem, tak kak R(TT) < R(TY), To AR/R(H = Hs) > AR/R(H=0), a AR/R(H=Hs) moxeT mpeBbI-
math (B otmune ot AR/R(H=0)) 100 %. B wactHocTH, 1uisi cBepxpemietku Fe/Cr nmpu onTuMu3a-
I[UU YCJIOBUI M3TOTOBJICHHUS BIOCIEACTBUN ObLTH moiydensl 3HadeHus AR/R(H=Hs) = 150 % npu
4,2 Ku 28 % mpu 300 K.

bonbuine 3HaueHus, MpakTUyeckass HE3aBUCHUMOCTb OT OPHEHTAllMd MAarHUTHOIO MOJS U
3HauMTeNbHOE yBennueHne AR/R mpu yBenMUYCHUH YHCIA TIEPUOJOB CTPYKTYPBI, & TAKIKE YMEHb-
IIEHUE JIEKTPUUECKOr0 COMPOTHBIIEHHUS MPU MPHIIOKEHUH MarHUTHOTO MOJIS - BCE 3TO yKa3bIBaJlIO
Ha HOBBIK MexaHu3M (OpPMHUPOBAHUS MarHUToconpoTusieHus. B nanpHeimem ['MP s3ddexT Ob11
obnapyxen B cBepxpeimietkax Co/Cu, Co/Ru, Co/Cr, Fe/Cu, Co/Au, NiFe/Ag u ap. [67]. OTauuu-
TEIbHOW 0COOEHHOCTHIO ATOTO KJIacca MaTepHalioB ¢ CUIIbHBIM aHTHU(EPPOMAarHUTHBIM B3aHUMO/IEii-
CTBHMEM SIBJISIETCSI HEOOXOIUMOCTh MPHIIOKEHHSI JOCTATOYHO CUIIbHBIX MarHUTHBIX IOJIEH HaChIIIe-
Hust (10-20 x3). B pesynbrare kodpdunuent MP gaysctButensHoct (AR/R(H=HSs))/Hs stux cuc-
TEM MEeHblIe, yeM y nepMaiios. JIpyroit 0COOEHHOCTBIO TAKUX CBEPXPEIIETOK SIBJISIETCS OBBIIICH-
Hasi YyBCTBUTEIBHOCTh MarHUTOPE3UCCTHBHOTO AP dekTa AR/R K TEXHOIOrHYECKUM TTapaMeTpam u
K TOJILIUHE CJIOEB, 0COOEHHO MPOCIOEK.

BTopeiM Ki1TaccOM MarHUTHBIX MaTepHalioB, B KOTOPbIX OblT 00HapyxeH [ MP sddexT, sBu-
JIUCh MHOTOCJIOMHBIE CTPYKTYPBI - COHJIBUYU U MHOTOCIIOMKH ¢ ()epPOMarHUTHBIMU CIIOSIMH, OTIH-
YAIOLUMHUCS APYT OT JpYra yAepKUBAIOIUMH CHJIaMH, B KOTOPBIX aHTU()EPPOMAarHUTHOE B3aUMO-
neiictBue Mexay (eppOMarHUTHBIMH CIOSIMH JIMOO OTCYTCTBYET, JHOO HE3HAUUTEIbHO. OTHU
CTPYKTYpHI ITOJyYHIIM Ha3BaHHUE CIIMH-BEHTHJIBHBIX (SPin-valve) MP (CBMP) ctpykTyp.

Crtpykrypa CBMP caniBrua umeer BUI:
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[Tomnoxka/moacnoi/ @M 1/HM/DOM2/DC/3amuTHbIN CIIOH. (3.6)

B Takoii cTpykType OCHOBHBIMH 3JI€MEHTaMH SBISIOTCS J1Ba (heppoMarHuTHBIX ciost ®M1 u
®M2 u3 Co, Ni wmu NiFe, pasgenennsie nmpocioiikoi HemarautHoro meramia (HM) - Cu, Ag, Au
WIA JPYroro MeTajjla ¢ BBICOKOW MPOBOAMMOCTHIO. B KauecTBe aHTH()EPPOMArHUTHOTO CIIOS
00bIYHO Hcnoab3yeTcss FEMN. DToT cioi, koTopbelid Ha3kiBatoT Gukcupyrommm cioem (DC), cozna-
eT OOMEHHYIO aHH30TPONHIO B ciioe @M2, B CHIly 4ero BeKTOp HaMarHM4eHHOCTH cinosi DM2 mo-
KET OBITh IEPCOPUEHTUPOBAH JIUIITH B CPABHUTENIBHO Ooybmux mojsx (6omee 200 - 300 D), Torma
Kak crnoit ®M1 nepemaranumnBaercs B cia0dbix noisx (meree 20 3). [lis Toro, 4T00bI UCKITIOYHTH
0oOMeHHYI0 CcBs3b Mexay ciosMu @M1 u ®M2, B CBMP crpykrypax Tommmuaa HM mpocnoiiku
BEIOHMpAETCst OOJIBIIE, YEM B CBEPXPEIICTKAX.

Ecmu B ucxomguom cocrosianu (H=0) B CBMP conasuue FeNi/Cu/FeNi BekTOpbl HaMaruu-
YEHHOCTH (PEPPOMArHUTHBIX CJIOE€B OPHEHTHPOBAHBI OJIMHAKOBO, TO B MEPEMarHUYMBAIOIIEM II0JIE,
He npebimaromeM 10 D, BEKTOp HaMarHKMYeHHOCTH CBOOOIHOTO ciiosit DM 1 opueHTUpyeTCsl aHTH-
[apajuIeIbHO BEKTOPY HAMArHUYEHHOCTH ciiosi PM2, 4To CONpOBOXKAAECTCA YBEIMUEHUEM IJIEK-
TPUYECKOT'O COMPOTUBIICHUSI CTPYKTYpHL. [lpu manpHeiieM yBelnyeHUN HAMPSHKEHHOCTH MarHHUT-
HOT'O IIOJI /10 YPOBHS HachIllleHUs1 Hs, IpeBbIIIaOIero HanpsyKEHHOCTh MOJsi 0OMEHHOM aHU30-
TpOIuH, nepeMaranunBaercs u cioid ®M2. [Ipu sTom, KaK U B CBEpXpEIIETKAX, INEKTPUUECKOE CO-
IIPOTUBJICHUE yMeHbIIaeTcs. Jlydiine pe3ynbTaThl MOJy4YEHbl JJIs MEPMaIOEBBIX WM KOOAIbTO-
Boix CBMP coHzBHUYCH, y KOTOPBIX B MOJISIX, He npeBbimaronmx 10 - 20 3, AR/R cocrasiser 5 -
10 %.

B03MOXHOCTh U3MEHSATh OTHOCUTEIHHYIO OPUEHTAIMI0 BEKTOPOB HAMArHUYEHHOCTH B Clia-
OBIX MOJISIX HAOJIOJAETCA U B MYJIBTHCIOWHBIX CTPYKTYpax, (OpMUPYEMBIX YepeNyIOIUMUICS Mar-
HUTHBIMU CIIOSIMU C Pa3UYHON KOIPIUTHUBHOU cuiioi. B aTuxX cTpykTypax (uxcupyromuii cioi
oTcyTcTBYeT, a ciou ®M1 u M2 paznuuarorcs 1o Ko3puuTuBHOM cuiie. [lo nuanasony Hamps-
KEHHOCTE! MarHUTHBIX ToJiel u ctenenu nposisueHus [ MP s dexra MmynpTucioiiHbie CTPyKTYpHI
aHAJIOTUYHBI CBEpXpelIeTKaM. B MynbTHCIOSIX ¢ MAarHUTHBIMU IJIEHKaMU Pa3IM4HON KOAPLUTHUB-
HOM cumoii 3¢ (eKT ycHIuBaeTcs C yBeJIMUYEHUEM YKciia IEPUOJIOB.

B cBepxpemerkax u Mmynbruciosx I'MP a¢dext Bo3MokeH, Korja TOK B CTPYKType IpoXo-
JUT JTUOO0 B MIJIOCKOCTH CJIOEB, JIM00 MEepHeHIuKyIsIpHO eil. Bo BTopom cityuae koadduunent I'MP
s dexra 60mbI1Ie, YeM B TIepBOM (B yacTHocTH, Aig Co/Cr oH pocturaer 170 % mpu temneparype
4,2 K) u MeHee 4yBCTBUTEJIEH K TOJIIIMHE Npociaoiku. [TokazaHo, YTO B OJHUX U TeX ke oOpa3iax
IpU NEePHEHANKYIIPHOM MPOXOoKAeHUH Toka kodpduurent I'MP sddekra B 3 - 10 pa3 Gomblie,
YeM IPU MPOTEKAHUH TOKA B MJIOCKOCTH.

CnuH-BEHTWIBHOE TYHHEJIMPOBAHUE MOKHO IMOJIYUYUTh PAa3IMYHBIMU KOMOMHauusMU ¢ep-
POMAarHETMKOB, HOPMAJIbHBIX METAJIJIOB M CBEPXIPOBOJHUKOB. BO BCcex cilydasx MMeeTCs MU30Ju-
PYIOIINI CJION, KOTOPBIN JAEUCTBYET Kak Oapbep JUIsl TUIAaHAPHOTO TyHHENupoBaHUs. COOTBETCTBY-
Iol1ast BBICOTA Oapbepa B U30JIATOpe 00ECIIeYrBAET yUyacTHe B MPOLECCe TYHHETUPOBAHUS IEKTPO-
HOB C 3aKpbITOr0 ypoBHs PepMmu, T.e. S, P-3JEKTPOHBI, Y KOTOPBIX OoJiee paciiupeHa BOJHOBas
dysxums. TnoTHOCTS SekTpoHHbIX cocTosteuit NT Ha ypoBHe MepMmu BbIlIe IS S, P-3IEKTPOHOB,
4eM IUIOTHOCTh COCTOSIHHEL N4 S, p-ameKTpoHOoB. ClIe0BaTeIbHO, GOJIbIIEe YHCIO HIEKTPOHHBIX
crmroB NT SMUTHpyeTCs Ha TpaHHIle MEPexoa H BCTPEUAIOTCS C BBHICOKOH IIOTHOCTBIO MYCTHIX
(HEe3amOJHEHHBIX) COCTOSHUM, KOI/la MarHUTHbIE OpUEHTAIMM NapaienbHbl. CreaoBarenbHO,
ANEKTPUYECKOE CONTPOTUBIIEHUE CTAHOBUTCS HU3KUM. CIIMHOBAs MOJISIpU3aLUs IIPU ATOM ONPEEIs-
eTCsl Kak

nT-nd

el ray

(3.7)
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O06o03Havasi TeHEpaLUIo IBYX 3JEKTPOHOB C Pa3IUYHOM CIIMHOBOM mosisspu3anueit kak P1 u
P2, monyuum popmyny mis AR/R.

AR (1y_g)= 2PP:

= : (3.8)
R 1+ PP,

B 1992 r. Ob1 oOHapykeH eme OAuH Kiacc MarHeTukoB ¢ I'MP sddekrom -
rpanynupoBannbie (kinactepubie) cucreMbl THIA COxCUix, CoxAgix, (FENI)xAQi-x. C moMoInsko
ONITUMH3UPYIOIIETO OTKUTa B HUX (DOPMUPYETCs CTPYKTYpa, MPEACTABISIOMmas OO0 OJHOPOIHO
pacripeieleHHble B HEMarHUTHOM Marpule (eppOMarHUTHbIE YaCTHIBI - KJIACTEephl (TPaHyJIbl) - C
panuycoM, ONM3KUM K pauyCy OJHOJOMEHHOCTH. B OTCYTCTBHE MarHHUTHOTO TOJS BEKTOPHI
HaMarHM4E€HHOCTH OTJENIbHBIX KJIACTEPOB OPUEHTUPOBAHBI XAaOTUYHO, a IPU MPHIIOKEHUH MarHUT-
HOTO I10JIs1 BEKTOPbl HAMarHUYEHHOCTU CTPEMATCS OPUEHTUPOBATHCS 110 TOJII0, YTO COIIPOBOXKAAET-
Csl YMEHBIIIEHUEM 3JIEKTPUUYECKOTO COMPOTHBICHUS Takor cTpYKTypbl. Koaddurment 'MP s dek-
Ta B 3TUX CUCTEMaXx, KaK MPaBHIo, OOJIbIIE, YeM B MYJIBTUCIIONX TOTO XKE COCTaBa ¢ TOKOM B ILIOC-
KOCTH CJIOEB, HO MEHBIIIE, YeM IIPH TOKE, NEPHEHIUKYISIPHOM IIOCKOCTH clioeB. [losie HachlmeHus
B TPaHYJIMPOBAaHHBIX CUCTEMaxX B CHIIy T€OMETPHUECKOW (HOpMBI (heppOMArHUTHBIX YaCTHUI] HE MO-
KeT ObITh MEHbIIIE HECKOJBKUX JECATKOB KHJIO3pCTE, T03TOMYy MP 4yBCTBUTEIBHOCTh Y HUX HU-
Ke, YeM Y IIepMaliosl.

B nocnennee Bpems BeleTcs MOMCK HOBBIX MAaTE€PUaloOB WM THOPUAHBIX CTPYKTYp, TAKUX,
KaK COH/IBUYHU U3 T'PaHYJIMPOBAHHOMN IUIEHKH U OJHOPOAHOrO cios. MIHTepec cpeau HOBBIX MaTepu-
aJIOB NPEJICTABIIAIOT aMOP(HbIE MATHUTOMATKUE (PePPOMATrHETUKH.

3aMeTHM, 4TO BO BCEX PACCMOTPEHHBIX CIydasX W3MEHEHUE 3JIEKTPUUYECKOTO COIPOTHUBIIE-
HUS [IPOUCXOUT MIPU U3MEHEHUSX JIOKAIBbHBIX MarHUTHBIX KOHQUIypauui, COM3MEpPUMBIX 10 pa3-
Mepy CO CpeIHeH JUIMHOM CBOOOIHOTO Tipobera Hocutener Toka. [Ipuaunoit 'MP a¢dekra sBiser-
Csl 3aBHCAIIEe OT OPUCHTALIMY CIIMHA paccessHue HOCUTeNel TOKa B 00bEMe (peppOMarHUTHBIX CIIOEB
U Ha NOBEPXHOCTU MX pazjena. M3MeHeHue JOKaJlbHbIX MarHUTHBIX KOH(Urypanuil NpUBOAUT K
M3MEHEHMIO CIIMH-3aBUCUMOTr0 paccesHus, 4To U NpUBOJUT K nosiBieHuto 'MP sddexra. To, uro B
NePEeXOIHbIX (DEpPPOMArHUTHBIX METAJJIaX U CIUIaBaX BKJIAJbl AIEKTPOHOB MPOBOJUMOCTH CO CIIH-
HOM BJI0JIb Y IPOTUB BEKTOPA HAMATHUYEHHOCTH B CONPOTUBIIEHUE MOTYT CYHIECTBEHHO OTJINYaTh-
Csl, U3BECTHO JIOCTaTOYHO J1aBHO. [Ipu mepexose ayeKTpoHa co CHMHOM, OPUEHTHUPOBAHHBIM BIOJIb
BEKTOpPa HaMarHMYEHHOCTHU, U3 OJHOIO CJIOSl B COCEHUHN XapaKTep €ro IBHKEHUS B MarHUTHOM
HoJie OyJIeT 3aBUCETh OT OPUEHTAMU BEKTOpa HAaMarHUYEHHOCTH 3TOTO CJI0 OTHOCUTEIBHO NEPBO-
ro (00bEMHOE CITUH-BEHTHIIbHOE paccestHue). C Apyroi CTOPOHBI, OTPAXKEHUE U MPOXOXKACHUE Ye-
pe3 IpaHully pasjiena CIHUH-TIOJIIPU30BAaHHOTO 3JIEKTPOHA TaKXKe 3aBUCUT OT OTHOCUTENIbHON OpH-
SHTallM¥ BEKTOPOB HAMAarHWYEHHOCTH MAarHUTHBIX IJICHOK BJOJb 3TOM MOBEPXHOCTH pasjena (1o-
BEPXHOCTHOE CIIMH-3aBUCHUMOE paccesiHue). B Hacrosmiee Bpems pazpaboTaHbl KBa3UKIacCHYECKas
u kBaHToBas Teopun ' MP sddexra B mynbrucnosx, CBMP crpykTypax ¥ rpaHyIMpOBaHHBIX Ma-
Tepranax. C MoMoIbI0 MEXaHU3Ma CIIUH-3aBUCUMOTrO PacCEesTHUS 3JIEKTPOHOB yJIAETCsl OOBSICHUTD
MHOTHE U3 SKCIIEPUMEHTAIBHO BBISBICHHBIX 3aKOHOMEPHOCTEN.

Benenne Co B nepMasioil NpUBOAMT K YBEIMUEHUIO HE TOJIBKO MO aHu3oTponuu Hk HO 1
kodpuurenta CBMP s¢ddekra. Ilpumenenne BoicokoaHu30TpomnHbIx mieHok (BIT) u Huzkoanuso-
TponHbIx mieHok (HII), a Taxke oquMHAKOBBIX MJIEHOK MPHU CIIEHHUATIbHOM METO/IE€ YIPaBIIEHUS 1103~
BOJISIET OTKA3aThCs OT (PUKCUPYIOLIETO CII0s1, CO3JaHHe KOTOPOTo TpeOyeT YCI0KHEHUS! TEXHOIOT U
3a CYeT HAMbUICHUS JOMOJIHUTEIBFHOTO0 MaTepualla U MPUBOJIUT K MOSBICHUIO B COHJIBUYE CHIIBHO
3aBUCAIIMX OT YCIIOBHM HamblJICHUss OOMEHHBIX MarHUTHBIX MOJEH.

3aBUCUMOCTh U3MEHEHUS AJIEKTPUUECKOTO CONPOTUBIEHUSI CTPYKTYPhl AR 0T yria ¢ Mexmay
BEKTOpAaMH HaMarHU4eHHOCTH (PMKCHPOBAHHOW M CBOOOJHOM COCEIHMX MarHUTHBIX IJIEHOK Mh M
M onuceiBaeTcs ypaBHEHUEM:

84



AR = 0,5(Ap/p)R(I-cos o). (3.9)

MuHuManbHOE U MaKCUMAaJIbHOE 3JieKTpuueckoe conpoTtuiieHuss CBMP cTpykTypsbl cooT-
BETCTBYIOT NAPAIUIEIbHOMY 11 M aHTHIIAPAIUICTBHOMY T PACIIONOKEHHIO BEKTOPOB HAMATHUYCH-
HOCTH B COCETHUX MAarHUTHBIX IIJICHKAX.

B nutepatype CTpYKTyphl ¢ TyHHEIUPOBAHUEM O3JIEKTPOHOB MOJYYWIM Ha3BaHUE CIIHMH-
TyHHENbHBIX MarHuTope3ucTuBHbIX (CTMP) nepexosoB, u B JanbHEiIIeM Mbl OyAeM MPHIEPKU-
BaThbcs ATOro ompenenacHus. B 1982 r. coobmanock 0 TyHHEIWPOBAHWUHU CIHH-TIOISIPU30BAHHBIX
anekTponoB 4epe3 nepexon Ni/NiO/Ni, neMoHCTpHpPOBAINCH HOBBIC DJICKTPOHHBIC U MarHUTHBIC
CBOMCTBA ATUX CTPYKTYP.

B pesynbrare TeopeTHUEeCKHX HMCCIEIOBAaHUMN OBLIO MOJYYEHO BbIpaXXEHHUE AJISl U3MEHEHUS
ANEKTPUYECKOTO CONPOTUBIIEHUS B 3aBUCUMOCTH OT INIOTHOCTH COCTOSIHUM CIMH-TIOISPU30BAHHBIX
AJIEKTPOHOB:

Aplp=2P\Pn/(1-P1Pp), (3.10)

rae Py u Ph - monsapuzanuu ¢peppoMarHuTHBIX IJICHOK.

CTMP nepexon UMeET CAeAYIOLINI BU:

My/D/Mn, (3.11)

rae Mih — marHuTHbIe 1IeHKH, & D - pasmenurenbHblil quanekTpruyeckuil cioii. B kauectse
MarHUTHBIX CJIOEB OOBIYHO HCHONb3yroT nepmainioii, CoFe, FeNICo u np., a B KauecTBe AUAIICK-
tpuka — Al2Os.

CTMP s¢ddext 3axmrodaercss B ToM, 4to, kKak u npu CBMP s dekre, anexkrpudeckoe co-
HPOTHBICHUE CTPYKTYPHI 3aBUCUT OT yrila MEXIy BEKTOPaMH HAMArHWYEHHOCTH COCCIHUX Mar-
HUTHBIX TUICHOK U UMEET TY K€ 3aBUCUMOCTb M3MEHECHHS COMPOTUBIICHUS CTPYKTYPBI UIIH MIEPEX0-
na AR oT yrma Mexay BEKTOpaMH HAMarHMYEHHOCTH COCEIHMX MarHUTHBIX IUICHOK. OTauuus
CTMP sddexra — B MpoTeKaHNH TYHHEIBHOTO (CEHCOPHOTO0) TOKA Yepe3 MHOTOCIONHYIO CTPYKTY-
PY OPTOTOHAJIBHO IIOCKOCTH TUICHOK W B OOJIBIIIOM CONPOTHBICHUU TYHHEIBHOTO MEpPEXoja, YTo
NPUBOJIUT K MaJIbIM 3HaYEHUSIM CEHCOPHOTO TOKA ¥ PACCEMBAEMON MOIITHOCTH.

3.1.2. IlapameTpbl MATHUTOPE3UCTUBHBIX CTPYKTYP

K ocHOBHBIM napaMeTpaM TOHKOMJIEHOUHBIX MP cTpyKTYp, BIUSIONIUM Ha XapaKTePUCTUKU

3JIEMEHTOB, MOYKHO OTHECTH:

- Hanmmuue oceit erkoro (OJIH) u tpynHoro namaranuusanus (OTH);

- [10JIe MArHUTHOM aHM30TPONUM Hk MarHUTHBIX IIEHOK CTPYKTYPBHI;

- KOOPUUTHUBHYIO cHily He MarHUTHBIX MJIEHOK CTPYKTYPBI;

- koo durent MP addexra (Ap/p);

- [10JI€ WJIM SHEPTUI0 0OMEHHOT0 B3aUMO/IEHCTBUS MEX/1y MATHUTHBIMU TJIEHKaMH CTPYK-
TYpBI;

- TOJILIUHY MAarHUTHBIX U HEMarHUTHBIX CJIOEB.

OHUM U3 OCHOBHBIX (haKTOPOB, OMPEENIAIONINX YCIEIIHOE CO3/IaHIe FIIEMEHTOB Ha OCHOBE
MHOTOCTONHBIX MP cTpyKTYp, sBIIsIeTCsl oOecTieueHre OIaronpusITHBIX YCJIOBHH sl TIepeMartu-
YMBaHUS MAarHUTHBIX IUIEHOK CTPYKTYpPbl KOT€PEHTHBIM BPALEHUEM BEKTOPOB HaMarHWYEHHOCTH
COCEIHMX MAarHUTHBIX IUICHOK, a HE IBU’KEHUEM JOMEHHBIX TpaHull. J[BH)KeHHE JOMEHHBIX IPaHuUIl
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COIMPOBOXKAAETCSI OONBIIMMU HU3KOYACTOTHHIMU MAarHUTHBIMHU IIIYMAaMH; CIIYYalHBIM XapaKTepOM
MepeMarHiYMBaHMsl MarHUTHBIX IJICHOK M3-3a Hanu4us 1e(eKkToB; 3pPeKToM CHoa3aHus JTOMEH-
HBIX TPAHHUL, Pa3pYyLIAIONIUM 3aMCAHHYIO B 3alIOMUHAOIIEM 3JieMeHTe (39) nH(popMaImo; HeBOC-
MIPOU3BOJIMMOCTBIO U3MepeHU MarHuTHoOro nojisi B MP natumkax. [lepemarnnunBanue mytem Ko-
TEPEHTHOT0 BpAICHHUs] BEKTOpAa HAMarHWYEHHOCTM MAarHUTHOW IUIEHKHM CBOOOIHO OT 3THX HEIO-
CTaTKOB U MPOUCXOJTUT ropa3fo ObicTpee, 3a equHUIBl HaHOCeKyHI. OJTHO U3 yClIOoBHiA Ipeobdiaaa-
HUS Tpoliecca KOTepEeHTHOrO IepeMarHuurMBanus - npespliieHue Hyg Hag He B coueranuu ¢ tpebo-
BaHHEM, 4TOObI OCHOBHOE ME€peMarHU4YMBAIOIIEe MarHUTHOE IOJIE UMEJIO IOCTATOUYHYIO COCTaBIIs-
I0111Y10, HanpaBiaeHHyo Baojib OTH.

OnsbIT pa3paboOTOK 3JIEMEHTOB Ha OCHOBE OJHOCIOMHBIX CTPYKTYp MOKa3al, 4To u3-3a 00JIb-
IIMX pa3MarHUYMBAIOIIMX T0JIEH HA KpasX MarHUTHBIX IUIEHOK JUIsl HUX 3TUX YCIOBHMM HEOCTATOY-
Ho. KapanHanbHO ynydniaeT CUTyaluo UCIOIb30BaHUE MHOTOCIONHBIX TOHKOIJIEHOUHBIX MAarHUT-
HBIX CTPYKTYp (B UaCTHOCTH, IBYXCIOWHBIX). B OAOOHBIX CTPYKTypax Ha KpasX IUIEHOK IPOMCXO-
JUT MOYTH MOJIHOE 3aMbIKaHHE Pa3MarHUYMBAIOUIMX MArHUTHBIX MOJICH, SIBISIFOIIMXCS UCTOYHUKOM
CO3/1aHHS JOMEHHBIX TpaHMIl. JTO MPUBOJIUT K PE3KOMY YMEHBIIEHHUIO FMCTEPE3UCa M BEIUYMHBI
KOAPLUTUBHON CHIIBI CTPYKTYp. TONIIMHBI MarHUTHBIX IJIEHOK MOXXHO MEHSTh B OTPaHHYEHHOM
nuanasone, ocooenno B 'MP crpykrypax. x BenuunHa omnpenenseTcss Kak pa3MarHu4MBaIOIIUMU
MOJISIMU, TIPOMOPIIUOHATIBHBIMU TOJIIIMHE MAarHUTHOM TUIGHKH U BIUSIONIMMH Ha TaKue XapakTepu-
CTHKH 3JIEMEHTOB, KaK YyBCTBUTEJIbHOCTh K MATHUTHOMY IIOJIIO, TAK U YCJIOBUSMHU CYIIECTBOBaHUS,
u ko3pdunmentom I'MP rddekra B MHOTOCIIONHON CTPYKTYpeE.

OdeHb BaXXHBIM IS pabOTOCIIOCOOHOCTH AIIEMEHTOB SIBJISIETCSI BRIOOP MaTepuaia mpociaoi-
KM MEXIY MarHUTHBIMH IJICHKaMU U €€ TOJIIMHA. Pa3nenurenbHbIi CIOM TOMDKEH yCTpaHsSTh 00-
MEHHO€ B3auUMOJICHCTBUE, YTOObl MarHUTHbIE TUIEHKH BeNU ce0s HE3aBHCHMO, YTO HAKJIaJbIBAET
orpaHuuyeHue cHuzy Ha ero tonmmHy. B CBMP cTpykTypax B kadecTBe pa3AelUTENILHOTO CIIOS
MOYET MPUMEHSITHCA TOJBKO HEMAarHUTHBIA METa/l C XOPOIIEH 3JIEKTPUYECKONH MPOBOJIUMOCTHIO,
o0bruHo Cu, Ag win Au tonumHou 10 1,5 - 2,0 am. B CTMP cTpykTypax B KauecTBe pa3ienu-
TEJIBHOTO CJIOSI UCTIONB3YETCs TUAIEKTPUK, 00braHO Al2O3, mpumepHO TO# ke TosmuHb! - 1,5-2,5
HM.

BaxHbIM (pakTOpoM SBIISETCS TEMIIEpaTypHas CTa0MIbHOCTh MAarHUTHBIX ITapaMeTpOB ILIe-
HOK. /{7151 €€ moBbIIIEHUS UCTIOIB3YeTCsl MarHUTHBIN oTxkur. [locne 3toit onepaunu AMP ctpykTy-
pslI BeiaepkuBatoT Harpes 10 300 °C, a 'MP crpyktypsl - 10 230 - 300 °C. [IpaBuibHO poBeaeH-
HBI MarHUTHBIA OTXKUT CYIIECTBEHHO YIy4IllaeT U ctabunusupyer napametpsl MP ctpykryp. s
I'MP ctpykTyp 3Ta nporenypa MOKET yBeJIMUMBaTh BEIUUUHY KoadduuuenTa apdexra 1o 1,5 pas.

3.1.3. AHM30TpPONHBIE CTPYKTYPHI

B kauecTBe MarHUTHBIX MaTepHalloB B OAHOCIOWHBIX AMP cTpykTypax wucmnonb3yercs
MepMalyiol, a B MHOTOCIIOWHBIX CTPYKTYpax - MepMauiol U 00J1a1afolIie MOBBIIICHHBIM 3HAYEHU-
em nosst anu3oTponuu criaBel FENICO. TomnmrHa uxX - gecaTkd HaHOMeTpoB. KoapuutueHas cuia
AMP ctpykTyp 00b19HO cocTaBiser 1 -2 3 (80 - 160 A/m), a mojie MarHUTHOM HABEJIEHHON aHU30-
TPOIIUU - 10 HECKOJBKUX dpcTel Aia nepmaimios u a0 20 3 (1,6 kA/M) i criiaBoB ¢ KOOAIbTOM.
Tunuunas BennmunHa kodpounuenta AMP addexra nocturaer 1,5 - 2,0 % 1 nepmaiiioeBbIX
CTpyKTyp U okouio 2,0 - 2,5 % - nns FeNiCo ctpykryp.

B kauecTBe pa3ieauTenbHOro ciiosi B MHOrociaoiHbIX AMP cTpykTypax HCIOJIb3yeTcsl BbI-
COKOpE3UCTUBHBII HEMarHUTHBIA MaTtepuan, oObidHO Ta, Ti MIIM UX HUTPHUIIBI TOJIIIUHON €TUHUIIBI
HaHOMeTpoB. OrpaHUyYeHUE CBEPXY Ha TOJIIUHY 3TOTO CJIOSl CBA3aHO C UIYHTUPOBAHHWEM MarHuT-
HOW CTPYKTYphl M C MEXaHHMUECKMMHU HANpPSDKEHUSMHU HAa TPaHMIAX C MAarHUTHBIMU IUICHKaMH.
OrpaHu4eHrueM CHU3Y SIBISieTCs ci1aboe BIIMSHUE Pa3felIuTEIbHOrO CJI0si HA MarHUTHBIE XapaKTe-
puctuku AMP ctpyktypel. McciaenoBaHne MHOTOCIOWHBIX IMEPMaNIOEBBIX CTPYKTYp C pas-
JeNUTEeNbHBIM clioeM Ta mokasaso, 4TO ONTHMAaJIbHOE YKCIO MarHUTHBIX CJIOEB PABHO JIBYM, a OII-
TUMaJbHas TOJIIMHA PA3AEIUTENBHOIO €105 COCTaBIAET 3 - 4 HM. YBEIUYEHHE YMCIa MAarHUTHBIX
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U pa3feNUTENbHBIX CIIOEB, @ TAKXKE UX TOJIIMHBI cabo BIUSET HA MAarHUTHBIC XapaKTEPUCTUKU
MHOTOCJIOMHBIX CTPYKTYP.

B nomukpucrammuecknx mienkax FeNiCo mpu pa3mepax KpHCTAIUTOB, CPAaBHUMBIX C
UIMPUHOM JOMEHHOW TI'PAaHMIBI, INPOMCXOAMUT Pa3ylNopsJOYMBAHUE HAIPABICHUN KPUCTAJJIUTOB.
bbI0 mokasaHo, 4TO IS MEPMAIIOEBBIX IUICHOK MAarHUTOKPUCTAIUIMYECKAs aHU30TPOIUSA paBHA
Hy 10 B miockocT (111). DTo 03HayaeT, YTo B TaKMX IUIEHKAaX BO3MOXKHO CO3JjaHHE HaBEIEHHOMN
aHM30TponuH. BBUmy 0cobeHHOCTEH MUKPOCTPYKTYpPBI TAKUX TUICHOK, JJISi HUX XapaKTepHbl MeXa-
HUYECKHUE HANPSDKCHMS, XOTS CYyIIECTBYIOT COCTAaBBl, B KOTOPBIX 3T HAIIPSKEHUS MUHUMAJIBHBI.

3.2. CnuH-BeHTH/IbHBbIE CTPYKTYPbI
3.2.1. CTpyKTYpHI ¢ ILIaHAPHBIM 3¢ dexToM

B Ta6n. 3.1 npuBenenst CBMP cTpykTyphl, Hanboiee mOAXOASIINE IO CBOMM XapaKTepH-
CTHKaM JJIsi IPUMEHEHUS B JaTYMKaX M TOJOBKAaX CYMTHIBaHUSA. [IpH OTXKHUre TaKUX CTPYKTYp BO3-
HHKAaeT JIONOJIHUTENbHAS 00nacTh pasaena mexay FENiICo u Cu crnosmu. [Ipu TemMneparype cBbliIe
200 °C Benmuunna MP s¢ddexra ymenpiaercs, Ho 0OHapykeHO, YTO BBeneHue cioeB Co yBenuyu-
BaeT TeMIepaTypHyto crabuibHocTh 110 230 °C.

Crpykrypsl NiFe/AQ NpuHIMNHATIBHO MO-UHOMY PEarupyrOT Ha OTXKHI U3-3a ciIabol cMme-
IIMBAEMOCTH 3TUX MaTepuajioB. Y 3TuX CTpykTyp MP cBoiicTBa yiydmaioorcs mociie OTKura a0

300 °C.

Ta6:m1.3.1 CTpyKTYpBI CO CIUH-BEHTUIBHBIM MP addexTom

CTpyKTypHI CBMP-s>¢ddexr, Hyax, D
NiFe/Cu/Co/Cu 14 80
NiFeCo /Cu/Co/Cu 16 50
(1,5 am NiFeCo / 2,2 am Cu)so 15 100
(2,1 am Cu/2,5 am CogoF€10)10 24 80
(1 am CogoFe10/2 am Cu/3 HM — 16 50
C090Fe10/2 HM Cu)lo
(2 HM NigoFEzo/ 1 um Ag)n 12 100
NiFe/Cu/NiFe/FeMn 5 -
NiFe/Co/Cu/Co/NiFe/FeMn 8 -

Tpebosanust Kk CBMP cTpykTypam a5 3alIOMHUHAIOIIMX JIEMEHTOB OTJIMYAOTCS OT TpeOo-
BaHUM K CTPYKTypaM AJIs JaTYUKOB U TOJIOBOK CUUTHIBaHUA. OCHOBHBIE pa3In4Usl CBOAATCS K TOMY,
yto 11 30 TpebyeTrcss ycTONYMBOCTD 3allMCAaHHOW MH(OPMALIMU U HE TaK BaKHA YyBCTBUTEIBHOCTh
K MarHUTHOMY IOJIF0. DT0 o3HayaeT, 4To CBMP ctpykrypsl ans 33 10KHBI 0071a1aTh MOBBIIICH-
HBIMH MOJISIMU TIEpEMAarHMUMBaHUs U MAaKCUMAaJIbHO Pa3IMYyarolIUMHUCA MOJISIMUA IepeMarHiyuBaHus
CBOOOHON M (PUKCUPOBAHHOMN TIEHOK.

Kak moxxno Buzmetrs u3 1abn. 3.1, npu uccnegoBanuu CBMP cTpykTyp cymiecTByeT He-
CKOJIBKO HaIpaBJIeHUH. PaccMOTpuM MaTepuansl 1uI KaKJ0TO €0 CTPYKTYPBI.

1. ®eppOMarHuTHBIN CIIOM.

B kadecTBe (eppOMarHUTHOTO CIIOSI MPUMEHSIOTCS UCKITFoUnTeNnbHO nepmasuiond NiFe u 06-
Ja/1alolye MOBBIIIEHHBIM MoJIeM MarHuTHO# anuzotponuu civiaBel FeNiCo. brnarogaps sBnenuto
CIIMH-3aBUCUMOT0 PacCesHUS UMEHHO B CTPYKTYpax ¢ MPUMEHEHHEM dTUX MaTepUaJIOB IPOSBISAET-
cs1 3ameTHbIE CBMP s dexr.

2. HeMaruuTHbIN pa3ieNUTEIbHBIN CIOM.
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JUnisi yMEHBIICHUSI CIUH-HE3aBUCUMOTO pacCcesHus B KauecTBe OOJIACTH pasjiesia CIO0eB
Han0oJiee MOAXOAAT HEMArHUTHBIE METAJIIbl C BBICOKOM 3JIEKTPUYECKON MPOBOAMMOCTBIO, TAKHUE,
kak Cu, Ag u Au.

3. @ukcupyromuii (aHTU(HEPPOMATHUTHBIN) CIIOM.

B nHacrosiiiee Bpemsi HaliIGHO TPU THIIA MaTEPHAJIOB, MOAXOMAIIMX B KauecTBe (PUKCUPYIO-
IIero cjos: cruiaBsl Y-FEMN, amopdHbIe cruiaBbl epexoaHbIX peakodemenbHbix MetaiwioB ThCo u
okcuasl NiO, NiCoO u NiO/CoO.

Kaxnplii n3 3TMX MaTepuaaoB 00jafaeT JOCTOMHCTBAMHM M HEAOCTATKaMHU, U HUX BBIOOD
OIIpEAEIIAETCS METOAOM U3TOTOBJIEHHS U MIPEATIONAaraeMbIM IpuMeHeHueM. [Ipu 3Tom ncnonb3yror
CJIEYIOIIME OCHOBHbIE KOH(UTypauu pacnosioxxeHus cioeB B CBMP crpykrypax:

1) OcnoBHas koHurypanusi: ®M/HM/OM/DC.

Ora KoHGUrypamus Obula UCCIEOBaHA MEPBOM M OCTAETCS Jy4YIIEeH IO XapaKTepHUCTUKaM
CTPYKTYpoii. DUKCUPYIOIIUIA CII0I MOXET pacroiarathes Boiiie (top spin-valve) wim wmwke (bottom
spin-valve) CBMP ctpykrypbl. Yacto i yiIydlieHHsS XapaKTEPUCTHK MEXIy IOIOKKONH M
cTpykTypoil ciost @M1 BBOAAT NPOMEKYTOUHBIA CIIOW, YCHJIMBash TeM caMbiM (popMupoBaHUEe
HY)XHOH Kpucrawiorpapuyeckoir dasel. B crpykrypax bottom spin-valve o0brdHO HCHONB3YIOT
¢bukcupyromuii cioit u3 NiO.

2) CTpyKTrypa ¢ pa3JMYHbIMH MATHUTHBIMU cJiosmMu: M1/HM/®M2.

JIOCTOMHCTBOM 3TOTO BapuaHTa SBISETCS BO3MOXKHOCTh ycuienus CBMP s¢ddexra myrem
nondopa marepuana. Hempocratok - HEOOXOIMMOCTh JTOTIOJIHUTENLHOW MMILIEHHU B HalbUIUTEIbHON
YCTaHOBKE.

3) Ctpykrypa ¢ nonoauuteabubivu ciaossvmu Co: NiFe/Co/Cu/Co/NiFe /@C.

BBenenue Mex 1y MarHUTHBIMH IJIEHKaMU [IEPMaLIOS U Pa3JeNIUTENbHBIM CIIOEM MEIU CIIO0S
Co ToNIIMHON B HECKOJIBKO MOHOCIOEB yBennuuBaeT kodppuuuent CBMP s¢ddekra Basoe. Onna-
ko Co yBelIMYMBACT M KOIPUUTHUBHYIO CHIIy CBOOOIHOTO CJOS, YTO YXYALIAET XapaKTEPHUCTUKU
2JIEMEHTOB. B KauecTBE KOMIIPOMHCCHOIO PEUICHMS] MOYKHO BBOAUTH c0M CO TOJBKO PSAOM C
(UKCUPYEMBIM MTEPMAJIIOEBBIM CIIOEM.

4) CummeTpuuHas cTpykrypa: ®C/@M/HM/®@M/HM/®M/PC.

JIOCTOMHCTBOM CHMMETPUYHOM CTPYKTYpHI siBisieTcst yBenuuenne CBMP s dekra 3a cuer
HAJINYMS YeThIpex obsiacTel pasjena BMecTo ABYX. OCHOBHOW HEOCTATOK — CIOXHOCTh M3IOTOB-
JICHUSL.

Mexny cocegHMMM MAarHUTHBIMH CJOSMM CYIIECTBYET OCTaTOYHOE MAarHUTHOE B3au-
MOJIEHCTBHE, KOTOPOE ONMHCHIBAETCS SIMIIUPUIECKON (HOPMYIION:

E;=J(1-cose), (3.12)

e J- SHEPTHs CBA3U,
O - YIroJ MCKIYy BEKTOpaM HAMarHM4€HHOCTU MariHuTHBIX IIJICHOK.

st «top» CBMP crpykryp ¢ nepmamutoeBsiMu uinu FENICO rieHKkaMu 3TO B3auMojeii-
CTBUE OOBIYHO MposiBisieTca. OHO MOJOKUTENBHO, T.€. BHITOJHO NapajuIeIbHOE PACOI0KEHUE BEK-
TOPOB HaMarHW4eHHOCTH. C pOCTOM TONIIMHBI pazaenurenbHoro ciosgs CU B3auMOJEHCTBUE
YMEHBIIAETCA, CTPEMSICh K TOCTOSIHHOW BEJIMYUHE.

W3mepsiemoe B3aMMOJCICTBHE SIBISETCS CYMMOW MO KpaiiHell Mepe nBYyX 3(QeKTOoB:
HeeneBckoro B3anmoselicteust 1 PKKU (ocummmupytromero oOMeHHOTro B3aumo/ieicTeusi). Heenes-
CKO€ B3aMMOJICHCTBHE BO3HUKAET M3-3a Je()EKTOB CI0EB (B T.Y. IIEPOXOBATOCTH MOBEPXHOCTH).
VYu4er 3TUX B3aUMOJICUCTBUN Ta€T YIOBIETBOPUTEIBHOE COBIAJIEHUE C SKCIIEPUMEHTOM.

OO6menHOe (UKCHpYIOIee B3aUMOJICHCTBUE, MPUBO/SIIEE K BOSHUKHOBEHHUIO B (DUKCHpYe-
MO¥ TUICHKE HEeHAITPaBJIECHHON aHU30TPOINHU, OTIUCHIBACTCS TOU Ke (hOPMYJIIOi.
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3.2.2. CTpYKTYpHI € NepHeHAUKYJISAPHBIM 3 peKToM

OcHOBHOI 00BEM MPOBOJUMBIX B MHUPE MCCIICIOBAHUN PUXOAUTCS HA U3YYCHHUE TIIAHAPHO-
ro CBMP s¢dexra. 310 00bsicHseT mpocToToi n3Mepenus. Koraa ke TOk mMpoXoauT NepHeH UK Y-
JSIPHO TUIOCKOCTH TUICHOK, DJIEKTPHUYECKOE COMPOTHBIICHUE CTPYKTYPBI OMpPEICNSeTCS TOJIIIUHON
IUICHOK, U TIO9TOMY KpaifHe Maio. B aToM citydae ans yBelIMYEHHS 3JEKTPUYECKOTO COMPOTHUBIIE-
HUS UCTIONB3YIOT 00pa3ibl ¢ HAHOMETPOBBIMU pa3MepaMu, a JUIsi YMECHBIICHUS BIUSHUS COIPOTHB-
JIeHUsS KOHTAKTOB M3MEPEHMs MPOBOJAT MPH HU3KHUX TeMieparypax. [lnara 3a Takue ycunus - cy-
miecTBeHHO Oombiuii kodddunrenT CBMP a¢dekra, HOBbIE (hH3UYECKHE PE3YIbTaThl U BO3MOXK-
HOCTh TPUMEHEHHUS TOIYYEHHBIX PE3yJbTaTOB B HOBBIX MAarHHUTOPE3UCTHBHBIX JJIEMEHTax. B
HACTOsIIIee BpeMs Il SKCIEPUMEHTATbHBIX HCCIICAOBAHUA HCIOIB3YIOTCS HECKOJIBKO METOJUK:
CTIIMH-UH)KEKTOPHAsI TEXHHMKA, TEXHOJIOTHS CBEPXIPOBOASAIIMX KOHTAKTOB, HAHOTEXHOJIOTHSA, OCa-
KJIEHUE MYJIbTUCIIOCB Ha TOJUIOKKY C KaHAJIaMH, JIEKTPOJIUTHYECKOE BhIpAllMBaHUE HA MeMOpa-
Hax.

3.2.2.1. CinH-HHKEeKTOPHAasl TEXHMKA

[Ipsimast cimHOBast HHXKEKIKS B HeMarHuTHble MeTauibl CBMP cTpykTypbl 6€3 TYHHENTBHOTO
Oapbepa Habmromanack B 1985 r. 3a Tpu roga 10 otkpeitus I’ MP addekra. B aTux skcnepumenTax
CIUH-TIOJISIPU30BAaHHBIA TOK MHXKEKTHUPOBAJICSA W3 MEPMAIIIOCBOM MUKPOCTPYKTYPHI B Tojacioi Al.
Pa3zbananc cnMHOBOTO TOKa JIETEKTUPOBAJICS APYroil MepMasioeBO MUKPOCTPYKTYpOM, pacnomo-
KEHHOU B JIECATKaX MHUKPOMETPOB OT SMHUTTEPA HA TOM K€ aTFOMUHHEBOM CJIO€. DTU SKCIIEPUMEH-
ThI BIIEPBBIE MMPOJIEMOHCTPUPOBAIH CBSI3b MEXKY DJIEKTPOHHBIM 3apsiIOM U CIIMHOM B 00JIacTH pas-
Jena MeX 1y peppoOMarHeTHKOM i HEMarHUTHBIM MeTajuioM. MHpopMaIus o cinHOBOM pa3baiiance
B Al myieHke ObLIa mojydeHa 6yaroaaps K3MEHEHHIO OTHOCUTEIbHOM OPHEHTAIIMN BEKTOPOB HaMar-
HUYEHHOCTH COCEIHMX IMEPMAJUIOEBBIX MHUKPOCTPYKTYpP NpPH NPHUKIIAIBIBAHUM MArHUTHOTO MOJIS
WJIU TIPY U3MEHEHUHU PACCTOSHUS MEXAY NMEepMAJIIOEBBIMH MUKPOCTPYKTYpaMu. MarHutHoe mose
BBI3BIBAET MPELECCHIO CIIMHOB B AJIEKTPOHAX, B PE3YJbTATE YEr0 BO3HUKAET CIMHOBO-CBA3AaHHBIN
CUTHAJI, 3aBUCSIIHUNA OT BEJIMYUHBI MATHUTHOIO MOJS. BpUIO TEOpEeTUUECKH MMOKa3aHO, YTO HEYCTOM-
YUBOCTh COCTOSIHUSI HAMAarHMYEHHOCTH, BO3ZHUKAIOLIAA M3-32 MPOTEKAHUS CHUH-TIOJISPU30BAHHOIO
TOKa 4epe3 00acTh paszzena, BeJeT K BOSHUKHOBEHHIO «MarHUTOAJIEKTPUYECKON» CUJIBI, IEHCTBY-
IOIIEeH TIPOTUB MPWIOKEHHOTO JIEKTPUUYECKOTO TOJIs M JTAlOIIe CBOM BKJIAJ B COMPOTUBIIEHHE 00-
JIaCTH paszena.

3.2.2.2. MeToa cBepXIPOBOASIIMX KOHTAKTOB

OnuH U3 MeTo10B HccienoBanus nepneHaukyasipaoro CBMP s¢ddekra coctout B Gpopmu-
POBaHMM MaKpPOCKOIHUYECKUX 00pa3lloB C MCIOJIb30BAaHUEM IJIAHAPHON TEXHOJOTHUU U CBEPXUYB-
CTBUTEJIBHOM TEXHUKU M3MEPEHMS CUTHAJIOB. Takas METOIMKA C MCIIOJIIB30BAHUEM CBEPXIIPOBOJIS-
X KBaHTOBBIX MHTepdepeHunoHHbIX aatunkoB (CKBU/I) Obuta npemnoxkeHa B MUYMTraHckoM
VYHuBepcuTeTe U CTajla MOIHBIM MHCTPYMEHTOM JIJIsl UCCIIEJOBAHMSI CIIMH-3aBUCHUMBIX IPOIIECCOB
paccenBaHMs B MArHUTHBIX MHOTOCJIOMHBIX CTPYKTYypax.

OTta MeToAuKa MO3BOJIseT NMpoBoauTh usmepenus npu 4,2 K. JloCTOMHCTBOM ee SIBIseTCS
OTHOCHUTEJIbHAs MpocToTa ¢popMupoBaHus oOpasua. Ilpu momomuy 3Toi METOAMKHN OBLIN UCCIIENO-
BaHbI MHOTOCITOMHBIE CTpyKTYphl Ag/Co, Cu/Co, Cu/NiFe, Ag/Ni, Co/Cu/(Ni-Fe)/Cu, (Ag-Sn)/Co,
(Ag-Mn)/Co, (Cu-Mn)/Co, (Ag-Pt)/Co. B nocneanux ciiydasix B HEMarHUTHbBIE TUICHKH OBUIH J0-
0aBIIEHBI HECKOJIBKO aTOMHBIX MporieHToB Mn, Pt m Sn. Bce cTpykTypbl OBUTH W3rOTOBIICHBI TIPU
YIBTPABBICOKOM BaKkyyMme ¢ carn(upoBBIMH MOJUIOKKAMU JJIsI CTPYKTYp ¢ AJ U ¢ KpeMHUEBBIMU
MOJJI0KKaMH 11 cTpyKTyp ¢ Cu.
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3.2.2.3. Ucnob30BaHue 00pa3noB ¢ HAHOPa3MepaMu

Hpyroii moaxo, MpUMEHsIeMbIH 1J1s1 uccienoBanus nepneHaukyisipporo CBMP sddekra -
MCIOJIb30BaHUE JTUTOTpaPUUECKON TEXHUKH I (OPMHUPOBaHUs 00pa3lioB ¢ HaHOpazMepamu. Ko-
JIOHHOOOpa3Hble 00pa3Lbl CTPYKTYP ¢ HAHOPAa3MEpPaMU MMEIOT 3JIEKTPUYECKOE CONPOTUBIICHUE T10-
psaaxa 10° Owm, 9TO T03BOJIAET HCIOIB30BATH OOBIYHYIO H3MEPUTEIBHYIO TEXHUKY. B Toxke Bpems,
3TO CONPOTUBIICHHE MaJIO IO CPAaBHEHHIO C COINPOTHUBICHUEM KOHTAKTOB, M MOKET MOTPeOOBAaThCS
HCTIOJIb30BaHUE CBEPXIIPOBOAALINX KOHTAKTOB. B HacTosiee Bpems 3T NpoOIeMbl pelialTcs 3a
CUeT TUIATEJIbHOTO M3rOTOBJIEHUS OOpa3LOB U NPUMEHEHUS KOHTAKTOB OIPENEIEHHOW (hOPMBI.
3nech xe BO3HUKAET IpobieMa KpaeBbixX 3(h(eKToB, IPUBOAALINX K HEOJHOPOIHOMY NMPOTEKAHUIO
TOKa uepe3 obpasen. [loaToMy 17 mpaBUIIbHONM HHTEPIPETALIMU PE3YIbTATOB HAJ0 3HATh pealbHOEe
pacmipenenenue Toka B oopasue CBMP cTpykTyphl.

JUis MOHMMaHUsl HEKOTOPBIX ABJICHUN Ha puc. 3.1 mpelcTaBieHa ONTHUKO-NOJIApU3allMOHHAS
aHaJIOTHsl. DJIEKTPOHBI MPOBOJAMMOCTH CTAaHOBSATCS CIMH-TIONSPU30BAaHHBIMH, Ojaromaps pacces-
HUIO HA MarHUTHBIX MEX(a3HbIX MOBEPXHOCTIX. AHTUIIApaJIebHAs OpUEHTALUs IBYX (eppomar-
HUTHBIX CJIOEB AKBHUBAJICHTHA MPOXOXKICHHIO ONTUYECKH MOJSAPU30BaHHOTO (uibrpa. (OT™METHM,
yto 90° BpaleHns ONTHYECKOro MoJsApu3aTopa cootBeTcTByIoT 180° BpalieHuIo s SMeKTPOHHOrO
MOJISIPU3aTOpa, MMOCKOJIBKY CIIMH (POTOHA paBeH 1, a CIIMH JEKTPOHA PaBEH Y2).

I'nranrckoe MaruuToconporusnesue (IMC)
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Puc. 3.1. Yopouennas cxema nonumanus I’ MC no aHanoruu ¢ OonTHYECKUM HOJIIPU3ATOPOM.
Mexda3zHbie peppoMarHUTHBIE CIIOU JEHCTBYIOT KaK MOJISPU3aTOPhl CIUHOB. DJIEKTPUUECKUN TOK,
NEepIEHINKYIAPHBIN K MeX(a3HO! TpaHULle, YBEIINUMBAETCS, KOTJ1a MArHUTHAS! OPUEHTAIMS CITH-
HOB I10J1 ICHCTBUEM BHEIIHETO 0JIS IIEPEKIIIOYAETCS U3 aHTUIIAPAIIEIBHON K apaJlIeIbHON

CrnenoBarenbHO, TPAHCMUCCUOHHBIN 3JIEKTPOHHBIM TOK HU30K MPU aHTUIAPaIeIbHOW KOH-
¢urypanun. Takass KapTHHAa MOXeET ObITh Kaue€CTBEHHO IPEJICTaBlIeHa B BUJE JBYXKaHAJIbHOU MO-
JIEJH, TJI€ 30HbI ¢ MaKOPHBIMU M MAUHOPHBIMM CIIMHAMM CUUTAIOTCS OTAEIbHBIMU TOKOBBIMM KaHa-
JIaMU, IIPOBOJAMMOCTB KOTOPBIX CKJIabIBAETCA.

CrnuH-3aBHCHMOE 00BEMHOE paccesiHhe 00yCIOBICHO CO3JAHUEM DJICKTPOH-IBIPOYHBIX Iap
Ha ypoBHe Depmu, KOTOpble 3((EKTUBHBI, ITABHBIM 00pa30M, B MOJ30HE MUHOPHBIX CIHHOB, IO-
CKOJIbKY TUTOTHOCTh COCTOSIHUS UX BbIllie Ha ypoBHe Depmu 1o kpaiineit mepe s Co u Ni u criun
3aKOHCEPBUPOBAH B TEYEHHUE HTOI'O TUIIA pACCESHUs. B IPEeANonoKeHuu Toro, 4To Ma>KOpHBI CIIMH
30HHO# cTpykTyphl Co 1 Ni mogobeH criimHy OaropogHoro Meramia, d-30Ha TOJHOCTBIO 3aIIOJTHE-

Ha.
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TpaHCIIOpTHBIE U3MEPEHHsI Ha MEPIEHAUKYISIPHBIX MHOTOCIOWHBIX CTPYKTypax IMOKa3aiu
CIIOCOOHOCTH K 3acelieHuio. Ecii uMeroTcs MeXImoBepXHOCTHBIC 3((PEKThI, TOr1a MarHUTOCOIIPO-
TUBJICHUE JOJDKHO YBEIHUYUTHCS C YBEJTMUEHHEM YHCIIa MEX(a3HBIX MOBEPXHOCTEH WIIH CIIOEB B
osoke. Eciu mosiBisieTcst 00beMHbIN (D PEKT, TO BCE 3aBUCUT OT IMOJTHOM TOJIIIMHBI 0J10Ka, HO HE OT
qucia ci1oeB. Pe3ynabpTaTel U3 TaKOro aHain3a MPUBOAAT K MEX(a30BOMYy MOBEPXHOCTHOMY OTHO-
IIEHUIO paccesiHus oa/B = 10 U OTHOLIEHUIO OOBEMHOIO PAacCesHUs OlA & 3 MEXIy MUHOPHBIMU U
Ma)KOPHBIMU CITMHAMH 3JIEKTPOHOB, KOTOPOE TMOKA3bIBAET, YTO MEkK(a30BOe MOBEPXHOCTHOE pacce-
sTHUE sBIIsAeTCS AoMuHHpYyronuM (aktopom B 'MC. He3aBucumoe n0Ka3aTeabCTBO KPUTHYECKOM
poau Mex(pa3HOM MOBEPXHOCTH BBISBISECTCS B IKCIIEPUMEHTAX, I71€ MArHUTOCOTPOTUBIICHUE CHITh-
HO YCHUJIUBAETCS 3a CYET MOKPBHITHS Mex(pa3HOM MOBEPXHOCTH MOHOCIOEM JAPYroro Marepuaia
(Mexxda3HOe MOBEPXHOCTHOE JonupoBaHne). Beenenue B Mex(ha3Hyto OBEPXHOCTh GeppoMarHe-
THKa ¢ OOJBIIMM MarHUTHBIM MOMEHTOM, Hanpumep, Co, mo3BoJmIo 6ojiee 4eM B JiBa pa3a yBelH-
YUTh MAarHUTOCONPOTUBIEHUE. CIIEKTPOCKOMNYECKOE UCCIICI0OBAHNE TAKUX MEXK(Pa3HBIX IIOBEPXHO-
CTel OOHApYKUJI0O M3MEHEHHsS] MOBEPXHOCTHBIX COCTOSIHMM C KOHCTAHTOM 3aTyxaHHs B 00JacTu
MOHOCJIOSI, YTO YKa3bIBAa€T Ha CBSA3b C MOBBIIICHUEM OTPAXKATEIHHON CIIOCOOHOCTH MEHBIIMHCTBA
CIIMHOB HE3aIlOJHEHHOH 30HbI 3JIEKTPOHOB B ciioe Co.

Takum 00pa3zom, K HACTOAILIEMY BPEMEHH IPOBEIEH OONBIION 00BEM TEOPETHUECKUX U IKC-
NepUMeHTaIbHBIX HccnenoBaHnuii CBMP cTpykTyp ¢ miiaHapHBIM U MEPHEHAUKYISIPHBIM MPOTEKa-
HUeM Toka. [lomydeHHbIe pe3yabTaThl CTAJIM OCHOBOMOJAraromed HayqHoil 0a3zoil s pyHaameH-
TaJdbHBIX pazpaboTok paznuyHbix CBMP snemMeHTOB ¢ mpuMeHEHHEM OIMCAaHHBIX BBIIIE MHOTO-
CIIOMHBIX TOHKOIUICHOYHBIX CTPYKTYP.

3.3. CiuH-TyHHeJIbHbIE IIePexX0/bl

K Hacrositiiemy BpeMEHH BBIICIHIINCH JIBa HAINPABJICHUS B UCCIIECIOBAHUSIX W pa3paboTKax
CTMP nepexo/1oB — 3TO MEPEXOAbl C JUIIEKTPUUECKUM U C MOITYIPOBOAHUKOBBIM Pa3AeTUTENb-
HbIM clioeM. OCHOBHOM 00BEM HCCIICIOBAHUHN U PE3YIbTATOB MIPUXOAUTCS HA MIEPBOE HAIIPABJICHUE,
1 uMeHHo Takoro tuna CTMP nepexobl MoJI0KeHbI B OCHOBY pa3padaThiBaeMbIX dyieMeHToB. O1-
HaKo, 00bEAMHEHNE MarHUTHBIX U TIOJYIPOBOJHUKOBBIX MAaTEPHAIOB BBISIBUIIO MHOTO MHTEPECHBIX
(bu3nyecKuX ABIEHUN M OOeIlaeT JaTh BBIXOJ HA HOBbIE MpakTHYecKue mpumeHeHus. OIHUM U3
MIPUMEPOB MPAKTUYECKUX BO3MOXKHOCTEH TaKUX MEPEXOOB SBISAECTCS CO3JaHUE MarHUTOYYBCTBU-
TEJbHBIX JIEMEHTOB, PEArNPYIOIINX U Ha CBET.

3.3.1. Ilepexoapl ¢ ANIIEKTPHYECKUM Pa3IeIUTETLHBIM CI0EM

Hauanom axtuBHbIX uccienoBanuii CTMP nepexomoB MoxHO cuntath 1995 r., koraa Obun
onmyOJIMKOBaHbI pe3ysbTaThl HccieaoBanuii mepexoaoB CoFe/Al203/Co nnu NiFe, o6HapyxuBIITE
MP sddexrt Benuunnoit 22 %. OgHoBpemenHo B nepexoaax Fe(100 um)/A1203(5,5 um)/Fe(100 um)
IIpY KOMHATHOM TeMiieparype Habmonan MP adpdext 18 % u oneHnnm nosispuzanunio 371€KTPOHOB
B 39 %.

B mocneayrommx paborax B Ka4eCTBE AUIIEKTPHUECKOTO CJI0s Hcmoib3oBanuch Al2Osz, HfO
U Jip. MarHuTHBIMHE CIIOSIMU B TaKHX mepexojaax ciykar toukue mienku Co, Fe, CozsFezs, NizoFeor,
amop¢Hbie heppoMarHeTUKu u ap.

Jns onurcaHusl SKCIIEPUMEHTANIbHBIX M TEOPETUUYECKUX ucciaenaoBanuil 3apucumoctu CTMP
s dexTa OT BeMMUUHBI HAPSDKCHUS TUTAHUS UCCIIEIOBAJICS TTEPEX0/T CIETYIONIETO BU/IA:

Si/Si02/FM1(12,5 um)/A1203/FM2(15 um), (3.13)

rae FM1 - NiFe i FeNiCo, FM2 - Co mum CoFe.
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W3y4anuck ABe rpymibl NepexoaoB: B mepBoit rpymnme cioit Al2O3 tommuHo# 1,7 HM dop-
MHPOBAJICS B TICIOIIEM pa3psiie TPU BHICOKOM KatogHoM HamnpsbkeHuu 1000 B, Bo BTopoi rpymme
cioit Al,O3 TonmuHo#i 2 HM GOPMHUPOBANICS OKUCICHHUEM B KUCIOPOJHON IUIa3Me ¢ HANPsHKEHUEM
40 B. IIpu koMHaTHOU TeMIiepaType o0pa3iibl IEPBOM Tpymbl moka3zanu Haauurne MP addekra Be-
auunHoi 10 17 %. WccnenoBanus npoBOAMINCH B AMAIIa30He HanpspkeHuid nuranus ot 10 go 500
MB u ¢ Harpesom 10 100 °C. B T0 ke BpeMst BO BTOpOii rpyIie oOHapyXeH HeOonbIIon Y eKT.
Kpome Toro, nmepexo/isl U3 MepBOi TPYIIBI OTIMYAIOTCA 0oJiee ¢1aboi 3aBUCUMOCTBIO OT HaIpshKe-
Hus nutadus. Tak, B nepBoit rpynne npu 400 MB addext ymensimaercs B 2,5 pasza, a BO BTOpoi
yxke nipu 200 MB - B 5 pa3. Bropas rpymnma xapakTepu3yercsi U O0JIbIINM BO3pacTaHHEM TOKa yepes
MEePEeX0/i C POCTOM HAIPsHKEHUSI, U OBICTPBIM YMEHBIIEHHUEM COMPOTUBIICHUS IMEpexoja C POCTOM
TEMIIEPATYPHI.

ABTOpPBI TPEJIOKUIN (PEHOMEHOJIIOTUYECKYI0 MOJIEb, OOBSICHSIOUIYIO MOJIY4YeHHbIE pe-
3ynbrathl. CUiibHaAs TEMIEpaTypHas 3aBUCUMOCTb JUJIsl BTOPOW IPYIIIbl HA OCHOBE OOLIEHPUHATON
TEOpUU HE 00BACHSAETCSA. ABTOPHI MPEANOIOKUIN, YTO B Pa3JIECIUTEILHOM CJIO€ CYIIECTBYIOT JIO-
KaJIbHBIE 1e(heKThl. DTU Ae(PEeKTHI UCIIONB3YIOTCS JUIS IBYXIIarOBOTO TYHHEIUPOBAHHS 3JICKTPOHOB
yepe3 pa3JesUuTeNbHbINA CION U aKTUBUPYIOTCS MPH MOBBIIICHUN TEMIEPATyphl WU MPU MPOXOXK-
JICHUU DJICKTPOHOB C BBICOKOM dHeprueil. Tak Kak 3Tu Je()eKTHBIE YPHEPTETHUECKHE COCTOSIHUS HE
MOJIAPU30BaHbl, TO U CaM MEXaHU3M JBYXIIIArOBOIO0 TYHHETUpPOBaHUs HE BHOCUT Bkiaga B CTMP
s¢pdext. Tok HOBOro MeXaHW3Ma TYHHEITHUPOBAHHS MPOMOPLHHOHAJICH IUIOTHOCTH BaKaHTHBIX CO-
CTOSIHUN J1e(DEeKTOB M, ClIeJIOBATEIbHO, OBICTPO BO3pACTaeT C POCTOM HAMPSIKEHHS MUTAHHUSI. JTO
BeaeT Kk ymenbieHnio CTMP addexra. ITOT MEXaHU3M Tak K€ OTBETCTBEHEH 3a POCT TOKA C I10-
BBIIIICHUEM HANPSHKEHUS TUTAHUS.

B nurepaTtype onucaHo BiIMSHME MarHUTHOM CTPYKTYpBI IIEpeXo/ia Ha MPOLECCHl €ro nepe-
MarHuuuBanus. PaccMorpeno npa tuma nepexoos: NiFe(27 um))/Co(27 um)/ Al203(5 um)/NiFe(27
um) u Co/NiFe/Al,03/NiFe ¢ Temu *xe TonuHaMu. beliin 00HapYKEHBI IBa BH/Ia IPOIIECCOB Mepe-
MarHM4YMBaHUs: BpalieHue BekTopoB HamaruudeHHoctd B NiFe/Co cTpykType B mepBOM THIIE Tie-
pexoja u JBwkeHue JgoMeHHbIX rpanul] B CO/NiFe ctpykType Bo BTOpoM Tuie mepexona. Takue
pa3nuuus BBI3BAHBI pa3HUIICH B MOPSAIKE HAMBUICHUS JBOMHBIX MAarHUTHBIX IJIEHOK. JlopeHIoBa
MUKPOCKOIHS TOKa3bIBAET, YTO KPUCTAJUIMTHI BEPXHErO MEPMAIOEBOTO CJIOS B O0OUX Cllydasx
OpPUEHTUPOBAHBI IPOU3BOJILHO. B EpBOM THIIE EPEXOI0B KPUCTAJLUIUTBI HUKHETO N1EPMAJITIOEBOTIO
CJIOS OPUEHTHUPOBAHbBI TAK JK€; MPOU3BOJIBHO, a IUIEHKAa KOOajlbTa MMEET KOJIOHHOOOpa3HbIE KpHU-
cTayuiuThl. Bo BTOpOM cityyae ¢opma KpUCTAJUTUTOB B NEPMAIITIOEBOM MJICHKE MOBTOPSET KOJIOHHO-
o0OpasHyto ¢GopMy KPUCTALTUTOB HIKHEHW KoOanbToBOM muieHkH. [llepoxoBaTtocTs 00macTu pa3aena
JABYXCIIOIHOM MarHUTHOH cTpyKTypbl 1 Al203 Bo BTOpOM THIIE Mepexoja HEMHOTO YMEHBIIAeT 00-
MEHHYIO CBfI3b, YTO MPUBOJUT K YMEHBIIEHHUIO JHMAaIa30Ha MOJIeH, MPU KOTOPBIX CYILIECTBYET aHTH-
NapajulesbHasl OpUEHTALMSI BEKTOPOB HAMArHUYEHHOCTH MarHUTHBIX IIJIEHOK.

WccnenoBanus 3aBUCUMOCTH MPOBOJAMMOCTH mepexona U kodpouuuent MP sddekra ot
TOJILMHBI AIFOMUHUEBOH MTPOCIONKH MOKA3aJId, YTO MPHU TONIIMHE Ipocioiku MeHee 0,9 HM nepe-
XOJIbl UMEIOT KpaliHe HU3KOE COMPOTHUBIICHHE, a IIPU TOJIIUHE CBBIIIE 1,3 HM - yJaenbHOE COMpo-
TUBJIEHUE NMOCTOsIHHO. Bennunna MP s dekra magaer ¢ pocToM TOMIIMHBI HPOCIOWKH CBBILIE
1,5 aMm.

Janbreiimue uccnenoanuss CTMP nepexoqoB B MHOTIOCIOHHBIX CTPYKTypax ITO3BOJIST
pa3paboTaTh U OPraHHU30BaTh CEPUHHOE MPOU3BOJCTBO CIMHOBBIX TPAH3UCTOPOB, Y KOTOPBIX B OT-
JMYUE OT OOBIUHBIX IOJYMPOBOJHUKOBBIX TPAH3HCTOPOB, UCIONB3YETCS pa3jindve OpPHEHTAIMU
CIIMHOB 3JIEKTPOHOB.

3.3.2. [lepexoab! ¢ MOJYNPOBOJHUKOBBLIM pa3ieJIuTeJIbHbIM CJI0eM

3a npetoxkeHHbIM B 1990 T. TpaH3UCTOPOM CO CITUH-3aBUCSIIUM ITOJIEBBIM 3P dexTom (Spin
FET) nmocnenoBanu paboThl MO M3YYEHHUIO CTPYKTYpbl HAa OCHOBE TMOPHIHBIX (eppOMarHUTHO-
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MOJTYIIPOBOTHUKOBBIX CTPYKTYp. Takue CTpyKTypbl 00€IIaloT yBeIrnueHHe OBICTPOICHCTBUS U MHU-
HUATIOPU3AIUIO 3JIeMEHTOB. biarogapsi cnuH-opOUTaIbHOMY B3aUMOJCHCTBUIO ONTHYECKUM CIIO-
cOOOM MOXET OBITh JOCTUTHYTa CIIMHOBas MOJSPU3alUs B HEMarHUTHOM IIOJIYIIPOBOJHUKE.
Hanpumep, HHKEKTHPOBAHHbIE HEPABHOBECHBIE CITUH-TIONSPU30BAHHBIE HOCUTENN MOTYT OBITH Jie-
TEKTUPOBAHBI Oarojaps MoJiipu30BaHHOMY U3Ty4eHHI0. CIMH-TIOISPU30BaHHbIE HOCUTEN MOTYT
co3aBatbesa (HOTOBO3OYKIECHHEM CBETOM C KPYTOBOHM MOJsipu3aldell - Tak Ha3bIBaeMOW OINTHYe-
CKOM CIIMHOBOM OpUEHTALIUEH.

B takoMm nepexoje ucroinb3oBanach GaAs MOII0KKa, a B KAUECTBE Pa3ACIUTEILHOTO CIIOS -
Al2O3 unu AIAS. MarautHbsIM MaTepraioM Obuia tieHka Co ¢ HAaHECEHHOM YIbTPATOHKOM TICHKOM
MnAs. B 3tux nepexojax cBeT IPOXOIMII Yepe3 MarHUTHYIO IJICHKY Iepej MoNaJaHueM B MOJly-
npoBoAHUK. [Ipu npoxone yepe3s MarHUTHYIO IJIEHKY U3MEHEHUE HAMpPaBICHUs] ONTHUYECKOM IMOJIs-
puzanuu coctasisier okoio 0,01. [[pyrumu cioBamu, KOrja npuMeHsIeTCsl METOIMKa MOYJIMPOBa-
HUSI ONTHUYECKOW MOJSAPU3ALMUA OJHOBPEMEHHO C MOIYJISALMEN CIIMHOBOW MOJIAPU3ALMM DJIEKTPO-
HOB, TO KOJINYeCTBO (POTOBO3OYKICHHBIX HOCUTENIEH TaKkKe MOAYIHPYETCS.

O6pa3upl ¢ AlAs pa3fenuTenbHBIM CI0eM ObUTM MPUTOTOBJIEHBI METOJOM MOJEKYJISPHO-
my4eBoil snuTakcuu Ha GaAs noanoxke. s co3aaHus SMUTAKCHAIBHOTO POCTa MarHUTHOTO Ma-
Tepuasia Ha AlAs ucnonp3oBaiack mieHka MnAs. DTOT MaTepuan MpeacTaBisieT co00i MeracTa-
ounpHyt0 (asy nHTepMaTetamdeckoii MNAl ¢ TerparoHaqbHOMN SYEHKY, YTO XOPOIIO COTIacyeT-
csi ¢ GaAs. Ha AlAs pa3ienuTtenbHbIA cI0i HambUsIach yIbTPAaTOHKAs IUICHKAa MnAs Ui STIUTaK-
cuu Co.

B mporecce uccinenoBanus GaAs(Al/Al203)Co Obutd BhIpallieHbl TPU TPYIITBI 00pPa3IoB.
[TepBast rpynma He coaepkana Al/Al,O3 ctpykrypy. O6pasiibl 6€3 pa3aeauTeIbHOTO CIIOSI TOJIKHBI
o0iajaTh MHUHMMAJIBHBIMH CIIMH-TYHHEIIbHBIMH CBOMCTBAMH, M TJABHYIO pOJIb B CIUPAIBHON
acummetpuu Al/l xak GyHKIMH SHEPriK HOTOHA UTPAFOT MATHUTOONITHYECKUE dPPEKTHI.

Bropast rpynna o0pa3noB OblLia IPUTOTOBJIEHA C OCAKJIECHUEM €UHCTBEHHON IUIEHKH Al
TOJIIIUHOM 8 HM, KOTOpas 3areM okucisiack. Cioit AlO3 umen ToNMHy 0KOJI0 2 HM, TaK YTO IO~
psinka 6 HM Al octaBanock Mexay GaAs u Al,O3z. U3-3a npoBosiieit mwieHkn Al Ha TOBEPXHOCTH
MOJIYIIPOBOJIHUKA B ATUX o0Opa3liax Takxke He HabOmronancs Mmakcumanbabii CTMP addexr.

Tperbs rpynna o0pas3LoB cofepxana JBa pa3feIuTeIbHbIX CII0s, T.€. IuIeHKa Al TonmuHoM
OKOJIO 2 HM ObljIa IBX/Ibl HANlbUIEHA U OKHUCJEHA. Tak Kak IJICHKU TOHKHE, NPeIoarainoch, 4To
OHU TOJIHOCTHIO OKHCIJIEHBl. DKCHEPUMEHT MOKa3al pPe3Koe OTKJIOHEHHE MOBEACHMS CIUPAIbHOMN
aCUMMETPUU IPU HU3KOH 3Hepruu (OTOHOB OT TEOPETUYECKUX PACUETOB, YUUTHIBAIOUIUX TOJBKO
Marauroontuyeckue 3gpdextrel. ITo oTKiIoHeHue BbI3BaHO CTMP sddexrom. [Tonspuzanus cnun-
3aBHCUMOTI0 TOKa Obla oneHeHa B 15 %. ABTopamu Obula pazpaboTaHa MOJIENb CIIMH-3aBUCUMOTO
nepeHoca B (OTOBO30YXk/1aeMOM MarHUTOINOJYIPOBOJHUKOBOM TYHHEIBHOM Iepexoze. Mogeinb
II0Ka3ajia, 4TO BKJIAJ CIIMH-3aBUCHMOI0 TOKa IIPONOPLUOHAJIEH TYHHEIbHOW MPOBOJIUMOCTH U CITH-
HOBOMY PACIIETUICHUIO KBa3U-ypoBHS DepMu HA MONMYNPOBOJHUKOBOW MPOCIOMKe. MakcuMaibHas
YYBCTBUTEJIBHOCTb TYHHEJIBHOTO TOKA IIPX 3TOM OIPENEIAETCS YCIOBUEM, YTO TYHHEIbHAs NPOBO-
JUMOCTh MEHbIIIe poBoAUMOCTH Oaprepa LIIoTTKH, T.€. KOrjja TYHHEJIbHbIM TOK BHOCUT HE3Ha4Yu-
TEJIbHOE BO3MYILEHUE B TIOJYIIPOBOJHUK.

B nanbueiimem uccnenoBanuss CTMP addexkra B MarHuTOnoaynpoBOAHUKOBBIX CTPYKTY-
pax 6buM npoAospKeHsl. OOpa3naMu 6bUTH MOTOKKH GaAs ¢ MepMalIoeBBIMH CIIOSMHU TOJIIUHON
5 HM, HaIlbUIEHHBIMU NPU CBEPXBBICOKOM BakyyMe. CHUMaJIUCh 3aBUCUMOCTH TOKA OT Halps>KEHUS
Kak ¢ ()OTOHHBIM BO30YXKIECHUEM, TaK U 0e3 Hero. Vcroibp30BaKch JIyd Jlazepa ¢ KpyroBoi Mosis-
pu3anuel 1 BHelIHee MarHUTHoe nosie. Popma KpuBoii 3aBucena oT Oapbepa IlloTTku, 6maronaps
yeMy aBTOpaMH OBLIM ONpeeNIeHbl ero OCHOBHBIE MapaMeTpbl. bbula Mcmonb30BaHa MOMYIALUS
Ja3epHOro Jyya JAjs BblieNeHus Bkiaga ¢poroToka. Habmonancs ¢porotok 50 MKA npu oTCyTCTBUH
HanpspkeHus Ha mepexoje. [lepmanoit Obu1 BEIOpaH M3-3a 0OJBINON pa3HUIBI B YpoBHAX Depmu
JUISL COCTOSIHUN C MPOTUBOIOJIOKHBIMY HalpaBieHUssMU criiHa. OOHapy>KEHHBIE 1Ba MUKA CBSI3bI-
BAIOTCS C NMEPEHOCOM Yepe3 MAarHUTHO-TIOJIYIIPOBOJAHUKOBYIO 00JacTh paszjesna mepexoia U C pe-
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KOMOMHAIMEW 3JIEKTPOHOB M JBIPOK. 3aBHCHUMOCTH PAa3HOCTH OOIIETr0 TOKa, MOJXy4eHHBbIE NpU
HaJIMYUU U OTCYTCTBHH BHEIIHEIO0 MArHUTHOIO IOJIA, U NapauIeIbHOrO M aHTUIAPAJUIEIbHOIO
HaIlpaBJICHUI MarHUTHOI'O T0JI1 OTHOCUTENBHO NOJIIPU3ALMU JIyda Ja3epa, pa3InyaroTcs, 4To Cly-
KUT J0Ka3aTeIbCTBOM HAJINYMS CIIMH-3aBUCUMOI0 TOKA Y€pe3 MarHUTOIOIYITPOBOJHUKOBBIN IIepe-
XOI.

3.4 I'panyIMpOBaHHbIE MATHUTHBbIE HAHOKOMIIO3UTHI
3.4.1. O0ume cBeneHus

I'paHyIMpOBaHHBIMH MarHUTHBIMM KOMITO3UTaMHU Ha3bIBAlOT TBEPIbIE Tesa, COJepiKallue
(beppOMarHuTHBIE TPaHyNbl, pa3MeIleHHbIE B HEMAarHUTHOH cpeae (MaTpuie), KOTOpas MOXKET
OBITh, KaK M30JISITOPOM, TaK U NpoBoJHUKOM [68]. Kak BCsikasi MCKyCCTBeHHAs TBEpAOTENbHAS Cpe-
14, TPaHYJIMPOBAHHBIE HAHOKOMIIO3UTHI UMEIOT CIOXKHYIO CTPYKTYpPY HaHOMETPOBOTO MacmTada
(pa3Mmepsl rpaHyJl COCTABIAIOT OT HECKOJIBKUX HAHOMETPOB J0 HECKOJBKUX JIECITKOB HAHOMETPOB).
Hcnonb3ys 3TM 0COOEHHOCTH I'PAaHYJIMPOBAHHBIX HAHOKOMIIO3UTOB, MOXXHO MaHUIYJIMPOBaTh MX
(GU3M4YEeCKUMHU CBOMCTBAMHU M IPU 3TOM HM3MEHATh MX CTOJb 3HAYMTEIbHO, YTO IMOSIBJISIOTCS BO3-
MOKHOCTH HE TOJIBKO M3y4aThb pa3HOOOpa3Hble (pu3MUYecKHe sSBJICHUS, HO U MUCIOIb30BATh 3T Ma-
Tepuaibl B COBPEMEHHON TeXHHMKE. BakHbIM mapamMeTpoM, BIIMSIOLUIMM Ha CBOWCTBA I'PaHyIUPO-
BaHHBIX MaTEpUAJIOB, SBJISIETCS pa3Mep I'paHyll, KOTOPbIH KOHTPOJIUPYETCS YCIOBUSAMHU MOJIy4YEHUS
1 00beMHOM JoJiel MeTauia (Xm), KoTopas MoKeT u3MeHAThes oT 0 1o 1.

Ecnu matpuna rpanyaupoBaHHOTO Marepuaia siisiercst audnektpukom (SiO2, Al203, MgO
U T.J.), TAKWE MaTepuabl 4acTO Ha3bIBAIOT I'PaHyJIMPOBAHHBIMH HAaHOKOMIIO3UTAMH WJIM, B aHIJIO-
SA3BIYHON JIUTEpaType, kepmeramu (Cermet). J{inst KoMIo3uToB ¢ Manoi BeaMunHOM Xm MeTauinye-
CKHE T'PaHyJIbl JIEKTPUUYECKU M30JMPOBAHBI PYT OT Jpyra B 00beMe MATPULbI, U TOITOMY TaKue
cpelbl OJIM3KU 110 CBOUM 3JIEKTPUUYECKUM CBOMCTBaM K H3oJsiTopaM. [IpoBOIMMOCTh B TaKUX KOM-
MIO3UTaX OCYILIECTBISETCS B OCHOBHOM 3a CUET TYHHEIUPOBAHMs JIEKTPOHOB MEXIy MeTajinye-
CKMMH TpaHyjJaMH WJIM 32 CYET MPBDKKOBOM NMPOBOJUMOCTH IO JIOKAJHM30BAaHHBIM COCTOSIHUSIM B
auaaeKTpudeckoil Marpune. C TOUKM 3peHUs MarHeTU3Ma BCE I'PaHylbl B KOMIO3MTaX SIBIISIOTCS
OJIHOJIOMEHHBIMH, a IMOCKOJIbKY OHU 00JIaJJal0T KPUCTAINIMYECKOW CTPYKTYPOU M XapaKTepU3YIOTCs
KpHUcTauiorpaduyeckoit aHM30TPONHUEH, TO MPOSBISIOT MPH 3TOM BBICOKOKOAPIIUTUBHBIE CBOICTBA.
C npyro# CTOpOHBI, AJIsl CIUIABOB € OOJBIION BETUYMHON Xm, U3 METAIUTMUECKUX I'paHya GopMUpY-
eTcs cBoeoOpa3Has CIUIOLIHASL «CETKa», BJI0JIb KOTOPOW OCYLIECTBISETCS MeTalIndyecKas MpOBO-
auMocTh. BMecTe ¢ BOSHUKHOBEHHEM METAJUIMYECKON MPOBOAMMOCTH I'paHyJbl HAUMHAIOT B3aUMO-
JeWCTBOBATh JAPYT C JPYrOM MarHuTHO M, CIE€I0BAaTeIbHO, (OPMUPYIOTCSI MarHUTOMSTKHE CBOM-
CTBa KOMIIO3UTA.

[TpoTsxeHHast MPOBOASIIAS «CETKa» U MAarHUTHAsl 3aMKHYTasi CTPYKTYpa BO3HUKAIOT B KOM-
MO3UTaX MPU JOCTUKEHUH TaK Ha3bIBAEMOT'0 MEPKOJISLIMOHHOIO Mpezena (mopora nporekanus) Xp.
[Topor npoTekaHus 3To Takas oObeMHas J10JI1 METAJIMUECKOW (a3l B KOMIO3MUTE, MPU KOTOPOH
oOpa3yercs KOHEUHasl «CeTh» U3 METAIIMYECKUX IpaHys BO BceM o0beMe o0paslia, HHaue roBops,
00pa3yIoTCsl CIUIOLIHBIE KaHAIbI ¢ METAJUIMYECKON MPOBOAUMOCTBIO. DKCIIEPUMEHTAIBHO YCTAHOB-
JIEHO, YTO JUIsl OOJBIIOT0 KOJIMYECTBA TPAHYJIMPOBAHHBIX KOMIIO3UTOB BEJIMYMHA Xp HAXOAMUTCS B
npenenax 0,5-0,6 (puc. 3.2).

st 6onpIMHCTBA OOIIEN3BECTHRIX METalIoB, Takux Kak Fe, Au, Co, Cu, rpaHysibl MOTYT
UMETh pa3Mmep OT | 10 HECKOJBKUX JECSITKOB HAaHOMETPOB. JTa Ta 00JacTh pa3MepoB, B KOTOPOU
IpaHyJibl CTAHOBATCS OJHOJOMEHHBIMH M BO3MOKEH MEPEXO0Jl B CyleprnapaMarHUTHOE COCTOSTHHE.
BenenctBue cBoedl yHHMKaabHOM HAHOCTPYKTYPHl TPaHYJIMPOBAHHBIE KOMIIO3MTHI TMPOSIBIISIOT
OTPOMHOE pa3zHOO0Opa3ue MPOBOISIINX, CBEPXIPOBOISAIINX, ONTUYECKHX, MATHUTHBIX, MEXaHUYe-
CKUX U JIPYTUX (U3UYECKUX CBOMCTB.
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Puc. 3.2. 3aBHCUMOCTH yISIBHOTO 3JIEKTPUIECKOTO COMPOTUBIICHHUS OT aTOMHOM J0JIM MeTaJlia
Ipy KOMHATHOH Temreparype Komno3uToB (C0s1Fe39B20)x(S102)100-x (kpuBast 1) u
(Coa1Fe39B20)x(Al203)100-x (kpuBast 3) B HICXOAHOM COCTOSIHMH U IIOCIIE OTKHra B TeueHue 30 MuH
npu T =400 °C (kpuBble 2,4) COOTBETCTBEHHO

['panynupoBaHHBIC KOMIIO3UTBHI MOTYT TPOSIBIISATH U CBOMCTBA, MPUCYIIUE UX JTUIICKTpUUE-
ckuM Matpuiam. [Tockonbky Takue audsiekTpuku kak SiOz, Al2O3, MgO 00b14HO MexaHuUYecKu 00-
Jiee TBEPJbI, YeM METANTUYECKHE CIUIABHI, a TAKKe 00Jee XUMHUSCKU- ¥ U3HOCOCTOMKH, 0KH1aeT-
Csl, YTO M KOMIIO3UTBI OYAYT MPOSIBIISTh aHAJIOTMYHBIC CBOICTBA.

3.4.2. OqHOAOMEHHBbIE YACTUIIBI M CyllepIapaMarHeTu3M

Jns ynpTpamansix MarHUTHBIX YaCTHUI CYLLIECTBYET KPUTHUYECKUIN pa3Mep, HUXKE KOTOPOTO B
rpaHyJiax MOET CYIIECTBOBATh TOJIBKO OJIMH JIOMEH, JJa)k€ B HYJEBOM MarHuTHOM mnoJje. s Fe,
Ni, u Co KpUTHYECKHI pa3Mep rpaHys 3aBHCUT OT (JOPMBI M HE MPEBBIIIAET HECKOJIBKHUX JIECATKOB
HM. MarauTtHas ocb OJHOJOMEHHOHN YaCTHIBI OINPENENSIETCS] SJHEPrueid MarHUTHOW aHU30TPOIUH
(EaV), rae E. - o0mias sHeprus MarHuTHOW aHU30TPONHMU Ha €AMHUILY o0beMa U V - 00beM 4acTH-
ubl. [Ipy HU3KMX TemmnepaTypax OpHEHTalHs OCe HAMarHWYE€HHOCTH OJHOJIOMEHHBIX TpaHyJl CIly-
yaiiHa U «3aMOpOXKEeHa». ITO NPUBOAUT K HYJIEBOW HAMarHMYEHHOCTU TPaHyJIMPOBAHHOTO MaTepH-
ana. [lon nelicTBeM BHEIIHUX MArHUTHBIX TOJIEH BCE MarHUTHBIE OCH OYIyT MOBOpPAYMBATHCS, /1a-
Bas BKJIaJ] B HAMarHWYeHHOCTh HachbimeHus (Ms). Korya BHeriHee MarHuTHOE MOJe YMEHbBIIIAeTCs
10 HyJis, oOpaselr 00J1aJaeT HEKOeW OCTaTOYHON HaMarHM4eHHOCThIO (M), KoTopas B o0IIeM ciy-

1
4Jac paBHa MMOJOBUHC HAMAIrHUWYCHHOCTHU HACBIIIICHUA (Mr = EMS ), MMOCKOJIBKY OCH HaAMAarnn4icH-

. 1 o
HOCTHU clTy4yaliHbIM 00pa3oM OpUEHTHUPOBAHBI B nosycdepe 1 > cos 6 > 5 371ech O TenecHbI yroma

B KOTOPOM OPHEHTHUPOBAHBI MAarHUTHBIE MOMEHTHI TPaHyJ, a YCPEIHEHUE MPOBEICHO B Mpeeiax
Bcel monycdepsl.

[Tpu cymiectBenHo Oosiee Bbicokux Temmepatypax (E.V << KT) Gapwepbl, 00yCIOBICHHBIE
SHEPrUeil MAarHUTHOW aHU30TPOIUHU OJTHOIOMEHHBIX YaCTHI], MOTYT OBITh MPEOIOJICHBI 32 CUET Tel-
JIOBOM HHEPTUM U B MaTepHajie BO3SHUKAET CylepriapaMarHuTHOE cocTosiHue. B mpocreiiiem ciiydae
cyleprapaMarHuTHas peiakcaiys B HYJI€BOM MAarHHUTHOM IOJIE MOXET OBbITh OINMCaHa 3aKOHOM
Appenuyca:
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T = 10 exp(E/RT). (3.14)

rae Ks - nocrosinnas bosbimMana,
T0 - XapaKTEPUCTUUYECKOE BpPEMH,
T - abcomtoTHas Temieparypa.

JIBe 0coOEHHOCTH, OMpeeliieMble SKCIIEpUMEHTAIbHO, MOTYT YKa3bIBaTh Ha () OPMUPOBAHUE
CylieprapaMarHUTHOTO COCTOSIHMS. Bo-IepBBIX, 3TO OTCYTCTBHE MAarHUTHOIO TMCTEpE3HCca, a BO-
BTOPBIX, 3aBUCUMOCTh CyMMapHOW HAMarHWYEHHOCTH OT TEMIEPATYPbl U BHEUIHETO MAarHUTHOTO
noJist, kak ot uH/KT, rae | - MarHUTHBIN MOMEHT rpaHyiibl, H - HanpsyKeHHOCTh MArHUTHOTO TOJISL.
DTO 3HAYUT, YTO KPUBbIC HAMAarHMYMBAHUs, U3MEPEHHBIE IIPU PA3HBIX TEMIEPATypax U MEepecTpo-
ennble B koopauHarax H/T, nomkuel coBnagars. CyneprnapaMarHUTHOE COCTOSTHUE MOKET TaKKe
HaO0JI0IaThCS TIPU UCIOJB30BAaHUU METOJIOB, MO3BOJISIIOIIMX (UKCHPOBATH HU3MEPSEMOE BpeMs Ti
IIpU TeMIIepaTypax BbIIE TaK Ha3biBaeMoi Temmeparypsl OigokupoBanus (Ts), KoTopas 3amuchiBa-
€TCsl B BUJIE!

EV (3.15)

a

5= kB[ln(ri /ro)] l

CynepnapamarHeTusM U CBSI3aHHOE C HUM SIBJIEHUE OJIOKMPOBAHMS, MOXKET HaOJII0AaThCs B
MarHUTHBIX TPaHYJIMPOBAHHBIX MaTepHajax HeCKOJbKMMHU MeTogamu. OTHAKO, €CIH TPU 3TOM HC-
MOJIb3YETCSl TOJBKO OJHO H3MEpsieMOe BpeMs, TO UYMCIIEHHbIE 3Ha4deHUs To U E.V HeBO3MOXKHO
oIpesesIuTh He3aBucuMoO. CHUTyalMsl yNpOLIAeTcs, €CIM MUMEIOTCS JBa HE3aBUCHMBIX METO/a C
OOJIBIIINM pa3IMYNeM XapaKTePUCTHUECKUX BpeMEH u3MepeHus. [y 3Toi 1enu Jrydiie BCero je-
natb u3Mepenus ¢ nomousto CKBU/[-marneromerpa u Mecco6ay3poBCKOM CIIEKTPOCKOINH, IS KO-
TOPBIX XapaKTepucTUdeckue BpeMeHa usmepenus t1=10 cex u 1=108 cex, coorBercTBenHO. Bonee
TOT0, C OMOILBIO 3KCTPAINOIALNN PE3YIbTATOB, OJYYEHHBIX NPU U3MEPEHUSAX B HU3KUX MarHUT-
HBIX IOJISIX, U UCHOJb3Yys BblpakeHUe (3.14), MOXKHO MOITYYUTh 3HAUCHHS XapaKTEPUCTHK NP HY-
JIEBOM MarHUTHOM TIOJIE.

C nomouipto U3MepeHuil HaMarHMYeHHOCTH M BOCHIPUUMYMBOCTH MOXKHO OINpPENeNUTh TB1
(3.15), xoTOpasi COOTBETCTBYET TEMIIEpaType, MPH KOTOPOM OCTATOUYHASsT HAMAarHUYEHHOCTh YMEHb-
IIaeTCs 10 HyJIs WIKM TeMIIepaType, COOTBETCTBYIOLIEH MakCUMyMy BOCHPHUHUMYHMBOCTH MPU OXJIa-
KJIEHUH B HYJICBOM HJIM MaJIOM MarHUTHOM TIOJIE.

pyras orauuuTenbHasi 0cOOEHHOCTh IPaHYIMPOBAHHBIX MAarHUTHBIX CUCTEM - 3TO MarHuT-
Hasi BOCIIPUUMYHUBOCTH ()) U €€ TeMrepaTypHas 3aBUCUMOCTb. J[J1s1 OOBIYHBIX MapaMarHUTHBIX CH-
CTEM C aTOMHBIMH MarHUTHBIMH MOMEHTaMHM, BOCIIPUMMUMYHBOCTb  XOPOILIO OMMCHIBAETCS M3BECT-
HbIM 3aK0oHOM Kropu-Belicca:

=5, (T-0)

CnenoBarenbHo, 1/y OyneT TMHEWHO 3aBUCETh OT TeMIEpaTyphl. B ciayyae rpaHy/lIMpOBaHHBIX Mar-
HUTHBIX cucteM nipu T > Tg, 11 HEB3aMMOAEHCTBYIONIMX TPaHyJl MOKHO TMOJIYYUTh CIEAYIOLIEE
BbIpa)KEHUE!

PVM; (3.17)
3kpT

VY4er nHTEepakTUBHBIX 3(PPEKTOB MO3BOISAET MOIYUUTD CIEYIOIIEE BEIPAXKEHUE
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MZ(T) (3.18)
/1/ oCcC———.
Tr-T,

N3 sToro ypaBHeHus cienyeT, 4yTo kak Ms(T), Tak u 1/y, HenuHelHo 3aBucsT ot T, 4TO Co-
riacyercs ¢ skcrepuMeHToM. Bennunna To MokeT ObITH omnpejiesieHa Mpy MOCTPOSHUU 3aBUCUMO-
cru 1/ ot T, kak TemnepaTypa, Ipu KOTOpoil 1/ yMeHbIIaeTCs 10 HYJIS.

3nas 3HaueHust To as 00pasloB, MOXKHO ONPEACTUTh TEMIIEPATYPHYIO 3aBUCHUMOCTh CIIOH-
TaHHON HaMarHU4EeHHOCTH (heppoMarHuTHBIX yacTll - Ms(T). DxcnepumMeHTanbHO OBIIIO HAWACHO,

4TO ;((T - TO) uMeeT 3aBucuMocTh ~ T2, 1.e. Ms cenyer 3akony Broxa:

M(T)= M (1- BT*?). (3.19)

ToT (hakT, 4TO HAMATHMYEHHOCTh 3aBHCHUT OT Temiepatypsl kak T%2, ykaseiBaer, Ha To, uTO
HECMOTpPSI Ha Majble pa3Mepbl PeppOMArHUTHBIX YACTHUI], UMEETCSI CITMH-BOJITHOBOE BO30YXKICHHE.
OnHaKo CIUH-BOJIHOBAsl KOHCTaHTa B rpaHynupoBaHHBIX YacTull Fe 04eHb CHIIBHO OTJIMYAETCSl OT
o6beMHOT0 xerne3a. CrimH-BonHOBas KoHcTaHTa B=4,4-10° K3 my1s Feso(SiO2)60, 4TO 3HAUMTEITHHO
Gonbie BennunHbl B=3,3-10° K3 mis o6bemuoro Fe. Yeenuuenne B MOXKeT ObITH CBA3AHO C
M300MIIMEeM MarHUTHBIX TIOBEPXHOCTEH, M M3MEHEHUS CIIMH-BOJIHOBOT'O CIIEKTpPa 3a CUeT 00pe3aHus
CIIMHOBBIX BOJIH C JUTMHOM BOJHBI OOJIBIICH, YeM (DU3WUECKH pa3Mep YacTHII.

3.4.3 DaekTpuyecKue CBOWCTBA 1 MATHUTOCONPOTHBIIEHNE IPAHYTHPOBAHHBIX
KOMIIO3UTOB MeTAJLI — ANIJIeKTPUK

BriepBbie MarHUTOCOMPOTHUBIICHNE B TPaHyINPOBAHHBIX KOMITO3UTaX TUIA METAJLT - IUAJIEK-
TpuK ObUTO 0OHapykeHo emie B 1970 roay. B rpanymupoBanHoM matepuane Ni-Si-O, moiaydeHHOM
pacrbluieHHeM, ObUIO 0OHAPYKEHO HE3HAYMTEIbHOE M3MEHEHHUE 3JIEKTPOCONPOTUBIICHNS BO BHEII-
HEM MarHuTHOM mose. MHTepec K momoOHBIM MaTepHuaiaM BCIBIXHYNI BHOBB B cepenuHe 90-x B
CBSI3U C TE€M, UTO B psijie TPaHyIUPOBAHHBIX KOMIIO3UTOB MPU KOMHATHOHN TeMIieparype Obu1o oOHa-
pyxeHo 'MC, nocturatomiee 8 % B nomnsix 10 k3. 3a mocieHue HECKOJIBKO JIET OBIJIO UCCIIEI0BAHO
noctarouno mMuoro kommo3utoB (Co-Al-O, CoFeB-SiO, Co-Si-O, Fe-Hf-O, Fe-Mg-F, Ni-Si-O u
Ip.) ¥ y’K€ MOKHO cJielaTh HEKOTOpbIe 0000IIEeHHUS.

VY aenpHOE 3JEKTPUYECKOe CONPOTUBIICHHE (P) MPaHyIMPOBAHHBIX KOMIIO3UTOB MOHOTOHHO
BO3PACTaeT C YBEIMUYCHHUEM JIOJU AMIJICKTPUKA, IPUIEM ¢ H3MEHEeHHeM 3Toi gomm ot 0 1o 1 smek-
TPUUYECKOE CONPOTHUBIICHHE YBEIMUUBACTCA Ha HECKOJBKO MOpsAAKOB (puc.3.2). B koHIEeHTpaloH-
HOM 00JacTu 70 mopora mpoTeKkaHus (KOrjaa rpaHyiibl eile He KOHTAaKTHUPYIOT JIPYr ¢ APYroMm) u3-
MEHEHHUE JIEKTPUYECKOT0 COPOTUBIICHHUS] HOCUT 3KCIIOHEHIIMAIBHBINA XapakTep.

OdeBuaHO, YTO MpH OOJBIION [0JI€ METaNIMYecKoW ¢a3bl (32 MOPOroM MPOTEKaHUS),
rpaHyibl (GOPMHUPYIOT TMPOBOAAILIYIO CIUIOIIHYIO CETh W IPOBOJUMOCTh MaTepuaia B LEJIOM
SBIISICTCS METAJUTMUECKOW. TUMHWYHBIE 3HAYCHHUS YIENBHOTO DSJIEKTPOCONPOTHBICHHUS B JTOH
obnacTu HaxonaTcs B npefenax (10! - 10°) MmxOM-cM, a TemmepaTypHas 3aBUCHMOCTb P HEBBICOKA,
9TO XapakKTepHO [UIsl KPHUCTAUIMYECKUX M aMOpPHBIX MeETalUIMYecKux IUuteHOoK. Jlo mopora
MPOTEKAHMS, METAUTHIECKNE TPAHYIIBI U30JIMPOBAHBI B JUAJICKTPHUUECKOW MATPHIIE, P MPEBBIIIACT
10* MxOwm, a TemmepaTypHblii KOS()(HUIMEHT >JIEKTPOCONPOTUBIECHUS OTPMIATENEH U
XapaKTepu3yeTcs: OONBIIMMA 3HAYCHUSIMH.
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B oOnactu HU3KHMX TeMIepaTyp B OIpPEICIIEHHOM HWHTEpBAJIE AKCIEPUMEHTAIBHO ObLIO
HalJCHO, YTO JJIEKTPUYECKass MPOBOJUMOCTE G B TPaHYJIMPOBAaHHBIX CTPYKTYypax H3MEHSAETCA C
TEMIIEPATYPOI B COOTBETCTBUH C 3aKOHOM:

Inc oc T, (3.20)

rae a=1/4, KOTOphIi CIIpaBeUIUB B Clly4ae MPBLKKOBOM MPOBOJMMOCTH MO JIOKATW30BaHHBIM CO-
CTOSTHUSIM, JISKALIUM B Y3KOI mojioce sHepruii BOam3u ypoBHs Depmu. DIIEKTPUUECKYIO TPOBOIH-
MOCTb B 3TOM CJIy4ae MOXHO OIMCAThH CICAYIOIIUM YPABHECHUEM:

1/4 (3.21)
a=e2-R2-vph-g-exp(—TEj )
rac

16 (3.22)
a®k-g(Eg)

€ — 3apsi1 AIEKTPOHa,

R - paccTosiHUE IPbIKKA,

Vpv - pakTop crekTpa (pOHOHOB B3aMMOICHCTBHS,

T - abcomoTHas Temneparypa,

g(EF) - III0THOCTH COCTOsTHMIA Ha ypoBHE Depmu,

a - paauyc JOKaJIn3aluy BOJIHOBON (YHKIIMM 3JIEKTPOHA,
k - mocrosinHast Bosbiimana.

Ha puc. 3.3 mpeacrasieHsl TeMnepaTypHble 3aBUCUMOCTH JIoTapu(ma 37IeKTpU4IecKoil mpo-
BOJMMOCTH B KoopauHartax In(c/co) oc (U/T)Y* ans xommosutos (CossFessZrio)x(Al20s)i00-x B HH-
tepsase Temnepatyp 80 — 180 K npu pa3HbIX KOHIEHTpaLUsAX MeTaIInueckon (asbl. 3aBUCUMOCTH
In(c/c0) oc (1/T)Y* m03BONSAIOT ONpPEIENINTE 3HAUECHHS BEIMUMH B IS H3y4aeMBIX COCTABOB KOMIIO-
3UTOB. 3Hasi B, Ais pa3HbIX COCTaBOB KOMIIO3UTOB ObUIM ONpeJeleHbl 3HaueHus 3(pdekTuBHON
IUIOTHOCTH COCTOSIHMM Ha ypoBHE DepMH, KOTOPBIE MIPEACTABIEHBI HA PUC. 5 ¢ pe3ybTaTaMH pac-
yera Ui Jpyrux KoMo3uToB. Eciu skcrpanonuposath 3aBucumoctH g(Er) — X(Co) k KoHIleHTpa-
UM METAITMYECKOM (a3bl, COOTBETCTBYIOLIEH MOPOTy MPOTEKAHUS, a 3aT€M UCHOJIb3ys COOTHOIIIE-
HUeE!

g(EF)XC = 0o X, (3.23)

rae g(EF)XC- s dekTrBHas TUIOTHOCTh COCTOSIHMM KOMIO3uTa Ha YypoBHe @epmu,

JKCTPAIlOJIMPOBAHHAS K IIOPOTY IIPOTEKAHUS,
Jo — IJIOTHOCTh COCTOSIHUIN Ha ypoBHE DepMu i MeTanyeckon asbl,
Xc — mopor NMpOoTEeKaHUsi, MOKHO OLIEHUTh 3(P(PEKTUBHYIO MIIOTHOCTH JIEKTPOHHBIX
COCTOSIHMM Ha ypoBHe DepMH METATUIMYECKUX TPaHYIL.

HOJ’Iy‘-IeHHI)Ie OLCHKH IINIOTHOCTH COCTOSIHUM HMCEIOT OYCHb BBICOKHE 3HAUYCHMS
BCJICACTBHUEC TOI'0O, 4YTO HWCTOYHHKaAMH JIOKAJIHM30BaHHBIX COCTOSIHUM MOT'YT OBITh HE TOJIBKO
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00OpBaHHbBIC XUMHUYECKUE CBSA3H MATPHUIIBI (I€PEKTHI CTPYKTYPbI TUIICKTPUIECKON MAaTPHILIbI), HO U
IpaHuLa pa3fella MaTpULA-TPAaHyJIa, a TaK)Ke DJIEKTPOHHBIE COCTOSHUS caMuXx rpany’. llpuuem c
YBEIIMYEHUEM KOHIICHTPALUU METAIMYECKOH (a3l W NPHOIIKEHHEM K TOPOTY MpPOTEKaHHS
IUIOTHOCTb COCTOSTHUM MPHUOIMIKaeTCs K 3HAaYEHUSM, XapaKTEePHBIM JUIsl aMOP(HBIX METaJUIMYECKUX
CILIaBOB.

IIpu yBenuueHUMM KOHLEHTPALUU JUAJIEKTpU4eckoil (a3l HaOmogaeTcs CHUKEHHE
IUIOTHOCTH COCTOSHMM Ha ypoBHe dDepmu, BeaMuMHA KOTOPOH NPUOMMKAETCS K TUIHYHBIM
3HA4YEeHUSM, XapaKTEpHbIM A aMOP(HBIX IMOJYNPOBOAHUKOB, IOIYYEHHBIX pPACIbUICHHUEM M3
ra3oBoi (hasbl.

o/c, 163 124 95 75 T K

OB o

0,5

0,26 0,28 0,30 0,32 0,34

T -1/4
Puc. 3.3. TemnepaTypHble 3aBHCUMOCTH JioraprudMa dJIEKTPUIECKOI MPOBOAUMOCTH B KOOPIUHA-
Tax In(c/co) oc (1/T)Y* nnst kommosuTos (CossFessZrio)x(Al20s)100-x B mHTEpBane Temmeparyp 80 —

180 mpu pa3HBIX KOHIEHTPAIUAX METAUINYEeCKOH (asbl X aT.%:
1-31.7; 2-34; 3- 36.3; 4-37.3; 5 - 38.7

XapakTepHOl  OCOOCHHOCTBIO  TOJYYEHHBIX  Pe3yJbTaTOB  SBISETCS  3aBUCHUMOCTD
3¢ (HeKTUBHON MIIOTHOCTH COCTOSIHUN Ha ypoBHe DepMu OT cocTaBa MaTepuaja rpaHyll: BEIUYUHA
g(EF) pacter B HaHOKOMMIO3UTax ¢ rpaHynamMu CoNbTa — CoFeB — CoFeZr (puc. 3.4). Cnenyet
OTMETHTb, YTO Ul KOMIIO3UTOB C OJUHAKOBOH MaTpuuel, 3¢(eKTuBHas MIOTHOCTh COCTOSHHM
uMeeT OJIM3KUHI yrosl HakJioHa Ha 3aBHCHUMOCTH OT KOHIIEHTpallMd METaJUInYecKo ¢asbl, B TO
BpEeMsl, KaK COCTaB IPaHyJI IPHBOIUT K CYLIECTBEHHOMY U3MeHeHHo BennunHbl g(EF).

B cooTBeTcTBHMU € COBpEMEHHBIMU IPEACTAaBICHUSIMU MarHUTOCONPOTUBIEHHE B I'PAHYJIMPOBaH-
HBIX KOMIIO3UTaX ONpeAesseTcss TYHHEIUPOBAaHUEM HIEKTPOHOB uepe3 HenpoBoasauuii 6aprep. Ec-
JU paccMOTPETh JIB€ (heppOMArHUTHBIE I'PaHYJIbl, pa3Jesi€HHbIE TUIEKTPUUYECKUM OapbepoMm, TO
IIEPEHOC 2JIEKTPOHA U3 OJHOW I'PaHyJIbl B APYTYIO MOKET OCYIIECTBIATHCS TOJIBKO 3@ CUET TyHHE-
naupoBaHus. B Takoit cucreme (MeTai/IMdIeKTPUK/METAILT) SJICKTPOH C OMPEIeICHHBIM CITHHOBBIM
COCTOSIHUEM MOXET TYHHEIUPOBaTh uepe3 Oapbep TOIbKO B TOUYHO TAKOE )K€ CIIMHOBOE COCTOSIHHE.
BeposiTHOCTh TYHHETMPOBAHHUS 3JIEKTOPOHA B COCTOSIHUE C MPOTHUBOIOJIOKHBIM CIMHOM paBHA HY-
JI10. JTO, B CBOK OUY€pe/lb, 03HAYAET, YTO MHTEHCUBHOCTh TYHHEIMPOBAHUS, a, CIEI0BATEIbHO, U
TYHHEJIBHBIM TOK, 3aBHCST OT OTHOCUTENIbHOM OpHEHTallud MarHUTHBIX MOMEHTOB rpaHyil. B Tom
cllydae, KOrjla MMEeTCs TpaHyJIMpOBAaHHBIM KOMIIO3UT C HEMETAJUIMUECKON MPOBOAMMOCTBIO (Tpa-
HYJbl M30JMPOBaHbBl B MaTpUIE) U CyleplapaMarHUTHBIMH CBOMCTBaMH (MarHUTHbIE MOMEHTHI
rpaHysl OpMEHTUPOBAHbI CIy4aifHBIM 00pa30M), TO B OTCYTCTBHE BHEUIHETO MarHUTHOTO TOJIS TyH-
HEJIbHBIA TOK HU30K. YBEJIWYEHHE MAarHUTHOTO IMOJISI IPUBOJUT K TOMY, YTO MAarHUTHBIE MOMEHTHI
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rpanyJl CTAaHOBATCA MapaJUICIIbHBIMHU, 4 3TO NPUBOAUT K POCTY TYHHCIILHOTO TOKAa U, COOTBECTCTBCH-
HO, K CHIDKEHHIO JICKTPOCOIIPOTHUBIICHUS MaTepHraia. BenmnunHa n3MeHEHHs 3JIEKTPOCOTPOTHBIIE-
HUS IPU IPUJIOKEHUU MarHUTHOTO I10JIsI 3aBUCUT OT COCTaBa KOMIIO3UTOB (puc. 3.5).

1022 L

[EEY

(@]
N
=

[EEY

(@]
N
S}

9(Ep).eVicm”
o

[N

o
N
©

17 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

20 30 40 50 60 70
Me, at%

Puc. 3.4. KoHleHTpaIlMOHHBIE 3aBUCUMOCTH [IOTHOCTH 2JIEKTPOHHBIX COCTOSHHUI
Ha ypoBHe Pepmu HaHOKOMITO3UTOB (Fes5C0452r10)x(Si02)100-x (1),
(CoasFessZr10)x[Pbo.g1Sro,04(Nao,sBio5)0,15(Zr0,575 Ti0,425) O3] 1-x (2) (FeasC0asZri0)x(Al203)100-x (3),
(Coa1Fe39B20)x(Si02)100-x (4) 1 (CosaNb14Ta2)x(Si02)100-x (5)

10

Hmeercsi HEKOTOPOE COOTHOIICHHE MEXKIYy METALTMYECKOW M IUAIIEKTPUYEeCcKOo (azamu,
COOTBETCTBYIOLIEE MAKCUMAJIbHOMY 3HAUYCHHIO MarHUTOCONPOTHBIIeHUs (puc. 3.6). OueBuaAHO, 4TO
MakcuMyM ['MC cooTBETCTBYET TaKOMY COOTHOIIEHMIO (ha3, IpuU KOTOPOM IpaHyIbl ele He chop-
MHUPOBAJHN CIUIONIHYIO CE€Th C METAJTMYECKOW MPOBOJUMOCTBIO, HO Oapbepbl MEXAY I'paHyllaMu -

MUHUMaJbHBI. Takas CTpyKTypa peaau3yercsi B TpaHyJUPOBAaHHBIX MaTepuanax BOJM3M MOpOTra
IIPOTEKAHUS.

D -
x At
w
27 ' '-..___...
AT ‘m
| x=44
Ar M ¥=41

H, kQe

Puc. 3.5. MarauToconpoTtuBieHne aMOp(HBIX TPaHyINPOBAHHBIX
koM103uTOB (C041F€39B20)x(S102)100-x Tipu 300 K
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ARIR , %

2,54 © . @
2,0t _

-1,0t _

ARIR, %

0,0 ©

ARIR,, %
S
N

20 30 40 50 60 70 80

CopepkaHue meTannuyeckon gasbl, at.%

Puc. 3.6. Konuentpaunonusie 3aBucuMoctd 'MC amMoppHBIX TpaHyIMPOBaHHBIX KOMIIO3UTOB.
BenmunHa MarHUTOCOMPOTHBIICHHS KOMITO3UTOB OTIPEIENSsIach B MATHUTHOM TI0JIE
HaIpsDKEHHOCTHIO 11 KO:
a — (Cos5Fe452r10)x(SiOn)100-x ; 6 — (C041Fe39B20)x(SiOn)100-x; B — (C0g6 Ta12ND2)x(S10n)100-x

OKCHEepUMEHTAIIbHO OBLIO YCTAaHOBJIEHO, YTO MarHUTOCOIPOTUBIIEHHE TI'PaHyJIUPOBAHHBIX
KOMITO3HTOB TPONOPIMOHATLHO KBaApaTy HaMarHudeHHocTH (Ap/po oc -(M/Ms)?, rae Ms Hamarau-
YEHHOCTh HACBIIIEHUSI, YTO MOKET ObITh MOKAa3aHO, UCXO/AS U3 MPOCTHIX (PU3NUECKUX COOOpAKEHHN.
Kak Obu10 1MOKa3aHO BbIIIE, U3MEHEHHUE P NMPH YBEIUYEHHUHU IOJIs 00YCIOBICHO CHHH-3aBUCHMBIM
TYHHEIUpPOBaHUEM. TyHHEIbHBINA TOK, a 3HAYUT U MarHUTOCOIIPOTUBJIEHHUE, IPONIOPLIMOHAIBHBI OT-
HOCHUTEJILHOMY YTJIy MEX]ly BEKTOpaMHU HAMATHUYEHHOCTH T'paHysl, MEX1Yy KOTOPBIMU IPOUCXOAUT
TYHHEJIMPOBaHUE, T.€.

(p—py)oc(1-cosdy), (3.24)

rae 6, - yrom Mexay BeKTOpaMK HaMAarHU4eHHOCTH, SBISIOMUiicS GyHKIMEH MarHUTHOTO
oJIs,
ps-3to prpu G, =0.
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B cnydae Oonbiioro ancam6isi GapbepoB, Kak 3TO PEaJM30BaHO B PEaJbHOM KOMIIO3UTE,
HEOOXO0JMMO MPOU3BECTH YCPETHEHUE U TOTAa MOKHO MOJYYUTH CIEAYIOIIEe BEIpaKeHHE:
2
(p-pg) o ((1-cosg))) =((1-cos( ~6))) =1-(cosd,) =1-(M/ M)’ (325
ij i

i

T€ Ps - COIPOTUBIICHUE IIPU IIPAKTUYECKH NAPAIIICIBHOW OPUEHTALA MAarHUTHBIX MOMEH-
TOB IpaHyl,
6, - yrom Mex1y BeKTOpaMu HAMAaTHHYEHHOCTH ONMKalIIuX i-oi U j-Toii rpaHys,

6 v 6 - HanpaBlieHNs] BEKTOPOB HAMArHUYCHHOCTH OJIMDKAMIIMX 1-OU U |-TOH rpaHyII.

Ycpennenune (0)ij nmpoBeneHO Ui BCeX OMMKAWMIMX coceHUX -] map. YcpenHenue (0)i
MIPOBEJICHO ISl BCEX rpaHyn ancaMmOust. Beipaxkenwne (3.25) mokas3piBaeT, 4TO U3MEHEHUS P, CBSI3aH-
HbI€ C MPUCYTCTBUEM MAarHUTHOTO MOJI, O0YCIOBIIEHBl «CTATMBAHUEM» MAarHUTHBIX MOMEHTOB K
OJTHOMY HAITPaBIICHHIO, YTO MPOMOPIMOHAILHO KBAaIpaTy CpeAHel HaMmarHuueHHocTH. To, 4To JKC-
TIepUMEHTAILHO MOJTyYeHO COBIAJIEeHHe 3aBHCUMOCTell p U -(M/Ms)? OT HaNpsSKEHHOCTH MATHHT-
HOTO TOJIS MOATBEPkKAAET TyHHENbHYIO Mpupoay I’ MC B rpaHy/IMpOBaHHBIX MaTepUaliax.

3.4.4. BansiHue noJiynnpoBOAHUKOBOM MPOCJIOHKHA HA MATHUTOCONIPOTUBJICHHE
kommno3uTta (CosoFes0B20)339(Si02)66,1

MeTooM HMOHHO-JIYYEBOI'O pACHbUICHUS OBUIM IOJYYEHbl MHOTOCIIOWHBIC IUIEHKU
[(CosoFes0B20)34(Si02)66/ZN0]112. ITo maHHBIM peHTreHoAU(PPAKIMOHHOTO aHaIN3a B HCXOIHOM CO-
CTOSIHUU IUIEHKa UMEET PEHTIeHOaMOP(HYIO CTPYKTYpY, TepMHUUecKH cTadmibHyto a0 723 K. Uc-
ClIeIOBaHUS TU(PAKIMA METOJOM TMPOCBCUMBAIONICH 3JCKTPOHHON Mukpockonuu (IIOM) mon-
TBEPIWIA aMOP(HYIO CTPYKTYPY COCTABIISIONINX CJIOEB IUICHKU (BCTaBKa K puc. 3.7), a MuUKpodo-
torpaduii momepeunoro ceuenuss cucteMbl (C0aoFes0B20)32(Si02)66/ZN0O - GopmupoBaHUE KOMIIO-
3uTHBIX 1pociioek (C040Fe40B20)34(Si02)es 1 MHOTOCTOMHON cTpyKTYpHhI (Puc. 3.7), mpu 3ToM TOJ-
mmHa mpociioek (C040Fes0B20)34(Si02)66 Ob1a paBHa 1.1 HM, a ZNO 1.2 HM.

Mopdosnorust maorocioitHoi mieHkn [(Co4oFes0B20)34(Si02)s6/ZN0O)112 MOKET IPUBOIUTH K
MOSIBJICHUIO TYHHEJIBHOTO CIIMH-3aBHCUMOTO MarHUTOCOTIPOTHBIICHUS, KaK 3TO UMEET MECTO B KOM-
no3ute (CosoFes0B20)34(Si02)es [66], KoTOpOE BBhIUKCIAIOT 110 hopmyie (3.1).

JIeHCTBUTENBHO, B HCCIIEAYEMBIX 00pa3nax OblI0 00HApYKEHO OTPUIATENEHOE MAarHUTOCO-
NPOTUBJICHHE (C YBEIMYCHHUEM HAINPSHKCHHOCTH MarHuTHoro moss ‘Ktrnhbxtcrjt comporusienue
YMEHBIIAN0Ch) ~ 2.5 % npu kKoMHaTHOH Temmneparype B none 9 kD (Puc. 3.8, xpusas 2). C ymeHb-
IIICHAEM TeMITepaTypbl U3MEPEHUH 3HAYCHHE MarHUTOPE3UCTUBHOTO 3 dekTa Bo3zpacraet 10 ~ 9 %
(Puc. 3.8, xpuBas 4). JlaHHbIC 3HAYCHHS MAarHUTOCOIIPOTUBIICHUSI OKA3aJIKCh BBIIIC, YEM B YHCTOM
kommo3ute (C0s0Fe40B20)34(Si02)es (~ 1.5 1 6 %, puc.3.8, kpuBbie | 1 3 COOTBETCTBEHHO).

Jnst 0ObsICHEHHST OTPUIATEIFHOIO MarHUTOCOIIPOTHBIICHHS B HAHOKOMITO3UTaX (peppomar-
HUTHBIA METAJT — JUAJICKTPUK TPEIIOKEHO OOJBIIOE YHCIO KOJIMYECTBEHHBIX MOJEIel MarHUTO-
CONPOTHUBIICHHSI, U3 KOTOPBIX BBIACIHM JIBE, KOTOPBIE MOXHO Ha3BaTh 0Aa30BBIMU M KOTOPBIE OTpa-
KAIOT J[Ba Pa3IMYHBIX TOAX0/Ia K KOJMYSCTBEHHOMY OITMCAHHUIO MPOIIECCOB CITMH-3aBUCHMOTO TYH-
HEJTMPOBAaHUS TIOISPH30BAaHHBIX AIEKTPOHOB [65]. CTpOro roBops, 3TW MOJEIU CO3JABAIHCh LIS
OIMHCaHMsI CBOWCTB €IMHHYHOTO TYHHEIBHOrO Tmepexoaa (tunnel junction), koraa mo0o0i 1omepKo-
JSIMOHHBIA HAHOKOMIIO3UT MOYKHO TPEJICTaBUTh, KAK COBOKYITHOCTH OOJBIIIOrO YHCIIA €AMHUYHBIX
MePEX0/I0B, COSANHEHHBIX JIPYT C APYTrOM CIIydaiHbIM 00pa30M M TOT/A aJeKBaTHOCTh MOJENCH He
OyzeT BbI3BIBATh COMHEHUIA.
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Puc. 3.7. Mukpouzobpaxenune [19M mnomnepeqHoro ce4eHnst MHOTOCIIOMHON CTPYKTYpBI
[(Co40Fe40B20)34(Si02)66/ZN0]112 (Ha BCcTaBKe IpecTaBicHa MUKPO AU paKiius
UCCIJIETyEMOH TUIEHKH)

MC, %
300 K
77 K
-9000 0 9000
H, D

Puc. 3.8. 3aBHCHMOCTH MarHUTOCOIPOTHBIICHHSI OT HAIPSDKCHHOCTH BHEITHETO MArHUTHOTO TIOJIS
MHOTOCIONHHOMN cTPYKTYPHI [(Cos0F€40B20)34(Si02)66/ZN0O]112 (kpuBBIE 2, 4) ¥ KOMITO3UTA
(CosoFes0B20)34(Si02)e6 (kpuBsie 1, 3) mpu T=300 K u T=77 K cooTBeTCTBEHHO

B pamkax nepBoii Mojieniu paccMaTpUBAIOTCS /IBa NMPEAETbHBIX OPUEHTAIIMOHHBIX COCTOSIHUS
(beppOMarHUTHBIX 3JEKTPOAOB (C MapayyIeNbHON U aHTHMAPAIUIECTHHON OpUEHTAIMel MarHUTHBIX
MOMEHTOB), Pa3eIEHHbIX TOHKUM CIIOEM H30JIATOpa, OTBEYAIOIMIUX MaKCUMaJIbHON M MHHHUMAaJb-
HOM NMPOBOJUMOCTH COOTBETCTBEHHO. JlenoKann3oBaHHbIE AJIEKTPOHBI B ()ePPOMArHUTHBIX 3JEK-
TPOJAX SIBJISIOTCS CHUH-TIOJIIPU30BAaHHBIMU, a BEJIMYMHA MAarHUTOCONPOTUBIICHHS] TAKOTO TYHHEIb-
HOTO Tepexoja 3aBUCUT OT CTENEHH MOJSIPU3ALUU 3JIEKTPOHOB, KOTOpPAas, ONpEAENseTcsl CIHH-
3aBUCUMOM IJIOTHOCTBIO COCTOSIHMM Ha moBepxHocTu Pepmu. B cooTBEeTCTBUM € KilaccHMuecKOu
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MOZCIIbIO TYHHCIIMPOBAHUA TTPOBOAUMOCTL NCPEXOJAa NPONOpIHOHaIbHA TNIOTHOCTHU COCTOSIHUM B
«IIpaBOM» U «JICBOM) JJICKTPOaaXx. H03TOMy BCJIMYMHA TYHHEJIbHOTO MAarHuTOCOIIPOTHUBIICHUS €CTh.

AR/R = 2P Pr/(1 + PLPg), (3.26)

rae PLu Pr— nonsipuzanus geBoro v mpaBoro 3J1€KTPOJA0B COOTBETCTBEHHO.

C mpuMeHeHHEeM PAacCMOTPEHHOM MOJIENH TPYIHO OOBSCHUTH pa3iiniyve B BEIMYMHAX Mar-
HUTOCOIPOTUBJICHUS MHOTOCJIOEK U KOMIIO3UTOB.

Hpyras 6a3oBasi MOJeNb TYHHEIHUPOBAHUS MEKTY ABYMs (PEpPPOMArHUTHBIMH HJIEKTPOIAMU
npemiokena Crionuesck (J.C. Slonczewski). Dta Momens paccMaTprBaeT MEPEHOC 3apsia |, COOTBET-
CTBEHHO, JICKTPUUECKHUI TOK Uepe3 IMPsMOYTOJIbHBINA Oapbep, pa3Iessiomui peppoMarHuTHeIC MeTal-
JIbI C TIOYTH CBOOOAHBIMU AneKTpoHaMu. B Mozaenn CrioH4eBCKU MPEAIoiaraeTcsi 3HauuTeIbHOE BIIUS-
HHE BBICOTHI TYHHEJIBHOTO Oapbepa Ha OPHEHTAIMIO CIIMHOB AJICKTPOHOB, TYHHEIHPYIOIIHMX Yepe3 H30-
JSTOp MEXIY NBYMs (DeppOMarHUTHBIMU 3JIEKTPOJAMH, a, CIIEA0BATEIbHO, Ha CIMHOBYIO IOJISIpU3a-
M0 1 0OMEHHOE B3aUMOJCHCTBIE MEXIY (eppoMarHeTHKaMu. B cOOTBETCTBHM € MOJEINBIO AIIEKTPO-
MIPOBOAHOCTh 4Y€pe3 M3OJUPYIOLIMA Oaphep MPOMOPIHMOHATbHA KOCHHYCY yIJla MEXIYy BEKTOpamu
HAMarHMYEHHOCTH METAITMYECKUX JIEKTPOIOB:

o = oo(1 + P%cos0), (3.27)
rac 9— Yroja Mexay BEKTOpaMU HAMArHUWYCHHOCTH METAJNIMYCCKUX 3JICKTPOIAOB.

U3 Beipakenust (4.5) cnenyer, uto (Rs—Ru) ~ (1 — cos0),
rae Rs — CONpOTHBIIEHHE MTEPEX0/Ia B COCTOSHUM MarHMTHOTO HaChIIIeHust (To ecTh ipu 0 =0, a
coso =1),
RH — COMPOTHBIICHHE ITEPEX0/IA B IPOU3BOILHOM MarHUTHOM ToJie H,
0 - yros Mexy BeKTOpaMi HaMarHHYEHHOCTH HaHOTpaHy B 1ojie H.

[Tpumenenue 3Toi MOJENM K TPaHYJIMPOBAHHBIM KOMITO3MIIMOHHBIM MaTepHaiaM (KOTOpbIe
MO’KHO TPEJICTaBUTh, KaK COBOKYITHOCThH OOJIBIIOTO YKCiIa TYHHEIbHBIX MEPEX0JI0B (PeppOMarHeTHK—
JMANIEKTPUK—(pEPPOMArHeTK), 1 yCpeIHeHHe M0 BO3MOXKHBIM COCETHUM IapaM IpaHysl MO3BOJIHIIO
MOJTyYUTh BBIPA)KEHUE, B KOTOPOM (UTYpUPYET HE Yroi MEXIy BEKTOpamMH, a MaKpOCKOIHWYECKHM
[apaMeTp — OTHOCUTEIIbHAS HAMarHUYEHHOCTD!

(R-Rs) o0 <(1- cosi)>ij = 1 - (I/Is)? (3.28)

rre Rs- anekrpuyeckoe conpoTHBIEHUE NPU MapajuleNbHOW OpHUEHTAlMd MarHUTHBIX MOMEH-
TOB I'PaHyII,
0jj- yroJ Mex 1y MarHUTHBIMH MOMEHTaMH rpanyi i 1 j, | u |s HaMarHM4YeHHOCTh ¥ HaMar-
HUYEHHOCTD HACBILLEHH, COOTBETCTBEHHO.

C y4eToM BTOPOW MOJENH TYHHEIMPOBAHUS MOJISPU30BAHHBIX 3JIEKTPOHOB UMEETCS BO3ZMOXK-
HOCTh OOBSICHUTH Pa3IMuve B 3HAUYCHUSX MArHUTOCOIPOTHBIICHUS KOMITO3UTOB W MHOTOCIIOEK, €CITH
MPENOJIOKUTh PAa3IMYMe€ B ITHX CTPYKTYpax OTHOLIEHHWS HAMarHM4€HHOCTH K HaMarHUYE€HHOCTH
HacbleHus. CreoBareNbHO, /Ui OKOHYATENILHOTO PeLleHUs] BOIpoca TPeOYyIOTCs JOMOIHUTEIbHbIE
WCCIIEZIOBAHUS IPYTUX MHOTOCIOWHBIX CTPYKTYpP, KOMIIO3UTOB U UX MOJIEBBIX 3aBUCUMOCTE HaMarHu-
YEHHOCTH, KOTOPBIE 3aIUTAHUPOBAHBI HA CIIEYIONINHN 0T KCCIISTOBAHHIA.
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3.5. KoMno3uThI 4 MHOTOC/I0iiHbIE CTPYKTYPbI (heppOMATrHUTHBII
MeTaJll - HeMarHUTHBIN MeTaJl1

[ToryuuTh reTeporeHHbIe CTPYKTYPhl, KOTOpPhIe ObUIM Obl HEOAHOPOIHBI 110 OTHOIICHUIO K
MOTOKY 3JIEKTPOHOB MPOBOJIUMOCTH, MOYKHO HE TOJBKO 32 CYET MCIIOJIB30BAaHUS OKCHUIHBIX COEIH-
HEHUI WM KOMIIO3UIIMOHHBIX MAaTEPUAaJIOB THUIIa METAILI-AUAIEKTPUK. MICoab3ys TOT ke MPUHIIHII,
KOTOPBIH JIGKUT B OCHOBE MOJYYCHHUS KOMIIO3UTOB METAJLI-TUAJIEKTPUK, MOXKHO JIETKO MOJIYy4aTh
IpaHyJMPOBAHHbIE KOMIIO3UTHI B CHCTEMax MeTall - MeTal. J(efCTBUTENbHO, CYIIECTBYIOT OU-
HapHbIE (JBOMHBIC) METAUTUYECKHE CHCTEMbI, B KOTOPBIX B3aWMHAas PaCTBOPHUMOCTH KOMITOHCHT
Kpaiine mana (He 6onee 1-2 ar. %), a mpoMexKyTOUHbIe coeuHeHusl He oOpasytorcs. K takum cu-
cTeMaM MO>KHO OTHECTH CILIaBbl (heppomMarHuTHBIX 31eMeHTOB (CO, Fe, Ni) ¢ BEICOKOIIPOBOISIIH-
MU, HeMarHUTHBIMU 371eMenTamu (Cu, Ag, Au). [lanHbie heppoMarHuTHBIE 1 HEMAarHUTHBIE METaJl-
JIBI TIPAKTHYECKU HE PACTBOPSAIOTCA JIPYT B Apyre M He cMemuBaroTcs. [1oaToMy npu olHOBpeMeH-
HOM HambUJICHUH TaKOW Mapbl METAJUIOB Ha MOJIOKKH MPOUCXOAUT (OPMUPOBAHUE IPAaHYINPOBAH-
HOW CTPYKTYpHI, TOJOOHOM CTPYKType KepMeTOB. Pa3zMepsl rpaHyi, Tak ke, Kak U B KEpMeTax, CO-
CTaBJIAIOT HECKOJILKO HAHOMETPOB, 00BIYHO He Oosee 10 HM.

HecmoTtpst Ha TO, 4TO 002 KOMIIOHEHTa B CIUIaBaX SIBIISIOTCS MPOBOSIIMME METAJJIAMHU, B
HUX, TaKKe OOHApPY>KMBAETCS TMTAHTCKOE MarHUTOCOINPOTUBIIEHUE, MPUYEM BEJIMYMHA 3TOTO Mar-
HUTOCONPOTUBJICHHUS 3aBHCHT OT B3aUMHOW OpPWEHTAIIMHU HAINpaBJICHHUS TOKa W moys. [loatomy B
METANTMYECKHX CIUIaBaX yMoTPeONIsIOT TEPMUH aHU30TPOIHOE MarHuToconpotusienue» (AMC), u
COBEPIIEHHO SCHO, 4TO MexaHn3M AMC oTinyaeTcs OT MEXaHNW3Ma, PEATH3YIOUIeT0Cs B KOMIIO3H-
Tax TUMa METall - AU3IeKTpUK. OUeBUIHO, YTO B TPAHYJIUPOBAHHBIX METAJUIMYECKUX CIJIaBaX MpH
OTIpeIeIEHHBIX COOTHOUICHUSAX KOHIICHTPAIMU METAJIOB HE CYIIECTBYET CIUIOUIHBIX KAHAIOB JIJIS
AJNIEKTPOHOB MPOBOJUMOCTH, COCTOSIIIUX M3 YHUCTOrO (PeppOMAarHUTHOIO METayljia WM U3 HeMmar-
HUTHOTO MeTajuia. CieoBaTenbHO, IPU JIEKTPOIIEPEHOCE Yepe3 TaAKOH MaTepuall SJIEKTPOHBI TPO-
BOJAMMOCTH HEMUHYEMO JOJDKHBI IIepeceKaTh IPaHMIlbl pa3zelia rpanyia-MaTpulla, YTo 0€3yCIOBHO
BIIUSICT HA TPAHCIIOPTHBIC CBOMCTBA CIUIABOB (HEOOXOIAMMO TAaKXKE IMOMHHUTH, YTO MPOBOIMMOCTH
MaTepuajga MaTpHIlbl MPUMEPHO B TPHU pa3a BHIIIE, YeM y marepuana rpanyn). [Ipuunnoit AMC, B
JaHHOM ClTydae, SIBISETCS CIUH-3aBHCHMOE PacCesiHHE Ha MOBEPXHOCTH W/WIM B o0beMe deppo-
MarHUTHBIX TPaHyJ, HAXOJASAIIUXCS B BHICOKOIIPOBOIAIICH HEMAarHUTHON MaTpHIle. DTO paccesHue
3aBHICHT OT BHEIIHETO MAaTrHUTHOTO ITOJIS, & 3HAYUT U OT OPHCHTAIMM MAarHWUTHBIX MOMEHTOB I'pa-
HYIL.

[Tpu onmcannun AMC B TpaHy/TMPOBAaHHBIX METALTUYCCKUX CIIaBaX MPEIIoaraeTcs, 4ro B
(beppOMarHUTHBIX TpaHylaX CYHIECTBYIOT JBE TMOJ30HBI AJIIEKTPOHOB CO CIMHAMHU «BBEPX» U
«BHH3» (TTPOTUBOTIOJIOKHO HAMPABJICHHBIC CITUHBI) TI0 OTHOIICHUIO K MArHUTHOMY MOMEHTY TpaHy-
JBI ¥, YTO MPOBOJUMOCTH 3TUX MOJ30H G+ U G- - pa3Has. [[poBOAMMOCTh MAaTPHIIBI TAKKE 3aBUCHUT
OT HAIPaBJICHUS CITUHA 3JICKTPOHOB MPOBOJAMMOCTH BCIICJCTBUE MX TMOJIIPU3ANUHU TOIMAarHHIUBA-
IOIUM ToJieM Tpanyd. [Ipu ABMKEeHUHU TEKTpOHA Yepe3 MaTepuai MoJl 1eHCTBUEM MPUTI0KEHHOTO
HaNpsDKEHUST OH BCTPEYaeT Ha CBOEM MyTH (PEePPOMATHUTHYIO TPAHYITy C MAarHUTHBIM MOMEHTOM,
OpPUEHTUPOBAHHBIM BJIOJb HEKOETO €MHUYHOTO HampasieHus N. [IporcxonuT paccesiHue 3IEKTPo-
Ha Ha TpaHUIIe pa3/elia MaTpUlla-TpaHysia U JIEKTPOH MOXKET OKa3aThCsl B OJHOW M3 JBYX MOJ30H.
BeposATHOCTh paccesHHs dIEKTPOHA B OJHY U3 TOA30H MPONOpIHOHAIbHA C0S%(0/2) nmm sin?(6/2)
JUIS TIApaJuIeNbHOM WM aHTHUIApAJIEIbHON OPUEHTAllMU CIIMHA MAarHUTHOMY MOMEHTY TpaHyJIbI,
COOTBETCTBEHHO. 371eCh 0 - yroi MeXIay OpUeHTaIlMell MarHUTHOTO MOMEHTA T'paHyJIbl U HalpaBJie-
HUEM BHEIIHETO MarHUTHOTO Moiis. Toraa Tok 4epe3 (heppOMarHUTHYIO TpaHyTy MOXKET OBbITh 3a-
MHACaH CIEAYIOMNUM 00pa3oMm:

J ()= P(n)cos*(0/2);" () +sin*(0/2);" (0.)]. (3.29)
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3nech nnaekc T XapaKTepu3yeT HAIpaBJeHHE CIHHA 3EKTPOHA OTHOCHTENBHO CPEIHEH HaMarHu-
YEHHOCTHU (BHEILIHEro MOoJs), TOra KaK MHJAEKChl + XapaKTepU3yIOT HalpaBlIeHUE CIMHA OTHOCH-
TEJILHO JIOKAIbHOW HAMarHWYeHHOCTH JaHHOUW rpanyiibl. Bennunna P(N) 3TO BEpOsSTHOCTH BCTpEUH
JIEKTPOHOM MAarHUTHOM I'paHyJibl ¢ BEKTOPOM HaMarHWYEHHOCTH BJOJb HampasieHusa N. CpenHuii
TOK uepe3 oOpaser OyJeT onpenesThes Kak:

("), =r(h), +a=ni, (3.30)

rue f - oObeMHast 1oyst heppoOMarHUTHBIX TPaHYJI,
(J)u 03HAaYaeT ycpeqHEHHE O BO3MOXKHBIM HAIPABJICHUSIM MarHUTHOTO MOMEHTA JTAHHOM
IPaHyJbI |l C IUIOTHOCTBIO BeposTHOCTH P(N) M ycpeaHeHue mo BeNWYMHAM MarHUTHBIX MOMEHTOB
rpaHy’1, HaXoaAmxcs B oobeme V.

BHemrHee MarHuTHOE I0JIE MPUBOIUT K POCTY BeposTHOCTH P(N), 4TO B COOTBETCTBUU C
(3.29) mpuBOAMT K YBEIHYCHHIO MPOBOAMMOCTH. KpoMme Toro, Koraa BEKTOpa HaMarHHYEHHOCTH
IpaHyJl CTAHOBATCS NapaJuIeIbHBIMU, IPOMCXOAUT OJHO3HAYHAS MOJIAPU3aLUs 3JIEKTPOHOB IIPOBO-
JUMOCTH, HAaXOIUIMXCA B MAaTpPULE. DTO BBI3BIBAET POCT BEPOATHOCTH PACCESAHUS IEKTPOHOB B
MIO/I30HY TPaHyJIbl C TEM K€ JIEKTPOHHBIM COCTOSIHUEM, UTO M B MaTpHIlE. Y BEIMUEHUE MAarHUTHO-
ro mojs o0yclaBiaMBaeT AAJbHEUIIMH POCT 3TOW BEPOATHOCTH M, COOTBETCTBEHHO, pPOCT OOIIeH
IIPOBOAMMOCTH CIUIaBa. B KOHEYHOM MTOre 06a 3TH MEeXaHU3Ma MPUBOAAT K YMEHbBILEHUIO 3JIEK-
TPOCOIPOTHUBIIEHUS NPHU NPUIOKEHUH BHEIIHEIO MarHUTHOIO MOJIsI, YTO, COOCTBEHHO, U SBISAETCA
MIPU3HAKOM HAJIMYMsI MArHUTOCOIPOTUBIICHUS B MaTepUalle.

B cooTBeTCTBUM ¢ Ipyro MOJENbI0 BEPOSITHOCTh PACCESIHUS JIEKTPOHOB B IIOJ30HBI 3aBU-
CHUT OT IIJIOTHOCTH 3JIEKTPOHHBIX COCTOSIHUI Ha ypoBHe PepMu. BHelHee MarHuTHOE 110JI€ BBI3bI-
BaeT MU3MEHEHME IUIOTHOCTU COCTOSHHUU B I'paHyllax, a 3TO IPHUBOJUT K pOCTy npoBogumoctu. K
COYKAJICHUIO, HA CETOJHSALIHMI MOMEHT OKOHYATEJIbHO HE YCTAHOBJIEHO, KaKOM M3 MPUBEIEHHBIX
MEXaHU3MOB HIPAET AOMHHHMPYIOUIYIO pPOjib M 4TO Oojiee BaKHO - paccesHue MNOJSPU30BaHHBIX
AJIEKTPOHOB Ha TpaHulle pa3zeina (a3 Uiu paccesHHe MOISIPU30BaHHbBIX JJIEKTPOHOB B 00BEME Ipa-
HYJIBL.

[TonobHO KepMeTaM MarHUTOCONPOTHUBIIEHHWE TPAaHYIMPOBAHHBIX METAIMUYECKUX CIUIaBOB
MPOSIBJISIETCS. HE MPH BCEX KOHIEHTPALUAX, a JIUIIb B HEKOTOPOM MHTEpBAJIe COCTABOB (XOTS U J10-
CTaTO4YHO UPOKOM). Kak U B KepMeTax - BBOJUTCS MOHSATHE NOpPOra MPOTEKAHUs, T.€. KOHLEHTpa-
uH (W 00beMHOHN 10711) (heppOMAarHUTHOTO MeTajla MPH KOTOPOH IpaHysIbl HAYMHAIOT (HOPMHU-
poBaTh HENpEephIBHbIE KaHAJIbI MPOBOJUMOCTH, 10 KOTOPHIM 3JEKTPOHBI MOTYT IMPOXOIUThH Yepe3
CIUIaB, HE MepeceKas I'paHullbl pasfena. TeopeTuueckrue 3HaYEHHs] OOBEMHOM /10JIM MarHUTHOTO
MaTepuasa, COOTBETCTBYIOLIME MTOPOTY NPOTEKAHMsI, ONPEEIIEHbl B paMKaX TEOPUU MPOTEKaHUs U
cocraBisiotT 0.5 - 0.6, 4TO coryiacyercs ¢ 3KCIEPUMEHTATBHBIMU JTaHHBIME JUTst cucTteMbl CO-CU u
Co-Ad (cm. puc. 3.9).

[Tockonpky (hopMHupOBaHME TPaHYIMPOBAHHOW CTPYKTYPhI NMPOMCXOAUT B OCHOBHOM IpHU
OCaXKJIEHUH M3 ra30Bol (a3bl, Mosyyaemas CTpyKTypa sBiisieTcst MetactabuiabHoi. [loaTomy oTxH-
I'Yl TPaHYJIUPOBAaHHBIX CIIJIABOB CIIOCOOHBI B 3HAYUTEIBLHOW CTETIEHHU BIIMATH HAa CTPYKTYPY CILJIaBOB
Y Ha UX MarHUTOPE3UCTUBHBIE CBOMCTBA. Y CTAHOBIIEHO, YTO OT)KUTH BEAYT K POCTY pa3MepOB Ipa-
HYJ ¥ YaCTUYHOMY pacraiy TBEPIBIX pacTBOPOB Ha OCHOBE KOMIIOHEHT, COCTAaBIISIFOIIMX CIIaB. B
cucreme Co0-Cu, Hampumep, B pe3yibTaTe OTKHUIOB MPOUCXOAUT (HOPMUPOBAHHE KIIACTEPOB KO-
OanbpTa U MeIu, pa3Mepbl KOTOPBIX B 2 - 3 pa3a Oouiblie, 4eM pa3Mepbl UCXOAHBIX IpaHyi. Kak He-
MarHuTHasE MaTpHIla, Tak U caMH (eppOMarHUTHBIE IPaHyJIbl CTAHOBSITCS O0Jiee YUCTHIMHU, T.€. CO-
Jiep’KaHue B HUX BTOPOro KOMIIOHEHTa CHUXaeTcs. B To ke camoe Bpemsi rpaHuIia pasjiena rpaHya
- MaTpHIla CTAaHOBHUTCS OoJiee YETKOM M pe3Koi. DTU MPOLECCH MPUBOIAT K 3HAYUTEIBHOMY POCTY
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MAarouTOCONPOTUBJICHUA CIIJIAaBOB U, CJICAOBATCIBHO, OTXKUTHU MOTYT OBITh HCITOJIb30BaHbI JJIA
YIYy4YIICHHUA U CTa6I/IHI/ISaHI/II/I MarHuTOpE3UCTHBHBIX CBOMCTB CIIJIaBOB.
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Puc. 3.9. KonnenTpanunonHnas 3aBUCMMOCTb MarHUTOCOIIPOTUBIICHHS
rPaHyJIUPOBAHHBIX METAUITMUECKUX KoMI03uTOB Co-A(Q

Crnenyer n1006aBHUTh, YTO HAPSAY C IPaHYIMPOBAHHBIMH CIUTABAMH TOJIYYAIOT U UCCIEAYIOT
MHOT'OCJIOHBIE METAJUIMYECKHE CIUIaBbl C YepeJoBaHUEM (EePPOMArHUTHBIX M HEMAarHUTHBIX CJIO-
¢B: Fe-Ag, Co-Cu, Fe-V u ap. B Takux HCKYCCTBEHHBIX CTPYKTypax TakKe UMEET MECTO MarHuTO-
COIPOTHUBIICHHE, JTOCTUTAIOIIEE HECKOIBKHX JIECSITKOB IPOLICHTOB, & MEXaHU3M €T0 BO3SHHKHOBEHUS
aHAJIOTHYEH MEXaHU3MY, KOTOPBIH pealn3yeTcsi B M30TPOIHBIX IPaHYIMPOBAHHBIX CIIJIaBaX.

3.6. HpI/IMeHeHI/Ie MaTEepHuaJIOoB ¢ THTAHTCKHUM MarHUTOCOIIPOTUBJICHUEM

Kak Buaum, Kpyr MaTepuasnoB, 00JiaJjalollMX TMIaHTCKUM MarHUTOCONPOTHUBIIEHUEM, J10CTa-
TOYHO HIMPOK. Pa3HOOOpa3Hbl U BapuaHThI UCIIOJIb30BaHMS TOTO SIBJIEHUS Ha npaktuke. OnHO U3
OUYEBUIHBIX HAIIPaBJICHUN MPUMEHEHHUS] HOBBIX MAaTEPHAJIOB C TUTAHTCKUM MarHUTOCONPOTHUBIICHHU-
€M - 3TO CO3/JaHHE BBICOKOUYBCTBHUTEIBHBIX TOJIOBOK JJISi CUMTHIBAaHUS MH(MOPMALIMU ¢ MAarHUTHBIX
HOCHUTENEeH (MarHUTHAasl JIEHTa, MarHUTHBIA AUCK U T.II.). CUnThIBaIOIIas rojIOBKa «pacro3Haér
MH(OPMaIINIO, COXPAaHEHHYIO Ha HOCHUTEINSX, MOCPEACTBOM JIETEKTUPOBAHUS KPaeBbIX IMOJEH, BO3-
HUKAIOIIMX HA FPAHULIAX JOMEHOB C NMPOTHUBOIIOJIOKHON OpUEHTAlMel MarHUTHBIX MOMEHTOB. JTH
MOJISL JIETEKTUPYIOTCS pabouyMM MaTepHuajoM TOJIOBKH, O00JaJarolIMM MarHUTOCOIPOTHBIIEHUEM,
T.€. COIPOTUBJIEHUE YYBCTBUTEIHHOI'O JIEMEHTA U3MEHSETCS MPONOPIHMOHATBHO U3MEHEHUIO Mar-
HUTHOTO 1oJs. ITpy mpounx paBHBIX yCIOBHSX UyBCTBUTEIBHOCTh TAKOW T'OJIOBKHM 3aBUCUT OT Mar-
HUTOPE3UCTUBHBIX CBOMCTB MaTepHaa, UCIOJIb3yEMOT0 B KA4YeCTBE CEHCOPHOI'O AJIEMEHTA.

B HacTos11€€ BpeMsi B MATHUTHBIX I'OJIOBKaX B Ka4eCTBE MAarHUTOPE3UCTHUBHOIO MaTepuaia
ucrnosbp3yercs cruiaB nepmamioi (NigoFezo). MarHuToconpoTHBICHHE 3TOrO CIIaBa COCTABISET 2-
2,5 % B nomsix 5-10 O npu komMHaTHOI Temnepatype. [IoHSITHO, YTO IpUMEHEeHHe MaTepuainos, 00-
JaAI0IMX TMFaHTCKMM MarHUTOCONPOTHUBIIEHUEM, WIHM CO3[aHHME CIEHUAIbHBIX CTPYKTYp, 0Oia-
naromux ['MC — 3To peasibHBIN ITyTh YJIy4YIIEHUs TAPaMETPOB CUUTHIBAIOIIECH anmnaparypsl.

Mertamndeckue peppoMarHuTHbIE CIIJIABBI, KaK M YIIOMSHYTBIN BBIIIE MEPMaJUIOi, i TOrO
9TOOBI MUHUMH3UPOBATh CBOOOIHYIO SHEPTHIO, BCET/Ia pazbuBatoTcs Ha qoMeHbl. Koraga takoii ma-
TepHall IOMEIIAETCS BO BHEIIHEE IEPEMEHHOE MArHUTHOE I0JI€, TO JOMEHBl HAUYMHAIOT IEepeMar-
HUYHMBATHCS co00pa3Ho ¢ 3TUM nojeMm. [lepemarnnunBanue GpeppoMarHUTHOIO MaTepuasa Mpouc-
XOJIMT 3a CU€T ABMKEHHs JIOMEHHBIX cTeHOK. Koraa yactora KoneGaHui Mot TOCTUTAET AECATKOB
MI'11, MMHHUHTOBAaHUE JOMEHHBIX CTEHOK Ha BCEBO3MOXKHBIX CTPYKTYPHBIX JAe(eKkTax HauMHAeT
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IIPEMSITCTBOBATh IpPOLIEcCaM NEPEMAarHUYMBAHMS M, COOTBETCTBEHHO, YXYAIIAET SKCILIyaTaluOH-
HbIE XapaKTePUCTUKU U3ACTUN U3 TaKMX METAIUIMYECKHUX CIUIaBOB. [ paHylIHpoBaHHbIE MaTepUAIIbI
JMILIEHBI 3TOr0 HepocTaTtka. OOBIYHO pa3Mephl TPaHyIl COCTABISIOT OT HECKOJIBKUX HAHOMETPOB JI0
HECKOJIbKUX JIeCTKOB HAaHOMETPOB. DTOT MacuITad pa3MepoB HACTOJIBKO Maj, YTO TpaHyibl He
pa30MBaIOTCsS HA HECKOJBKO JIOMEHOB, a MPEICTABISIOT COOO0W eauHbI MOHOAOMEH. [Ipu Takux
YCIIOBUSIX MPOIIecC NepeMarHuuuBaHusi eppOMarHUTHOTO CIJIaBa HE OCTIOKHSAETCS IIepeMEIeHHEM
JIOMEHHBIX CTEHOK M, CJIEZI0BATEIbHO, YACTOTHBIE IPAHUIIBI KAUECTBEHHON pabOThl IpaHyJIMpPOBAH-
HBIX MaTe€pHaJIOB 3HAUUTENILHO BBIIIE, YeM Y TOMOT€HHBIX CIIABOB. YUMTHIBAs BBILIE CKa3aHHOE, B
cepenuHe 90-X romoB Hadanu pa3pabaThiBaTh BHICOKOKAYECTBEHHBIC MAarHUTHBIC T'OJIOBKU C HC-
M0JIb30BAHUEM T'PAHYJIMPOBAHHBIX MAarHUTOPE3UCTUBHBIX MaTepuanoB. EJMHCTBEHHBIM MHUHYCOM
pa3paboOTaHHBIX TOJOBOK OBLIO TO, YTO AJISI JOCTHXKEHHS TMTAaHTCKOT'O MarHHUTHOCOIPOTHBIICHHS
TpeOoBaIKCh MarHUTHBIE TOJISl MTOPSIIKA COTHU 3PCTENl, a 3TO0 Ooibinne 3HaueHus. [losTomy cieny-
IOLIHH IIar B MPaKTHYECKOM HCIOJIb30BaHUM MAarHUTOCOIPOTUBIICHNS ObLI CAENaH B HAINPABICHUU
CO3/IaHUS UCKYCCTBEHHBIX CTPYKTYp, 00JIaJal0IINUX CBOMCTBAMYU I'PaHyIUPOBAHHBIX MaTepUasoOB.

Hcnomnp3ys SBIEHHE CIIMH-3aBUCHUMOIO PACCESHUS AJIEKTPOHOB, YIaJOCh CO3JaTh YHUKaJIb-
HbIE CTPYKTYpPBI, COCTOSIINE U3 HECKOJBKUX METAJUIMUECKUX CIOEB. DTU CTPYKTYPHI MOIYUUIIU
Ha3BaHUE «CIIMHOBBIC BEHTWJINW» (SPIN valve) mim «CTpyKTyphl CO CIMHOBOW OJIOKMPOBKOW» M Xa-
PaKTEepHU3yIOTCS OHU BBICOKOW UYBCTBUTEIBHOCTHIO K MAarHUTHOMY IOJIIO MPU OOBIYHOMN (KOMHAT-
HOI) Temneparype. OCHOBHAsi 0OCOOEHHOCTbh TaKUX CTPYKTYp 3aKJIHOYAeTCsd B TOM, YTO MarHUTHBIN
MOMEHT OJIHOTO U3 CI0EB (pUKCUpyeTcs Uil OJOKUPYETCs, TOTa Kak B IPYTrOM MarHUTHOM CIIO€ OH
CBOOO/IEH U JIETKO M3MEHSET HAIlpaBJICHUE MO AEMCTBUEM BHEIIHEr0 MarHUTHOro nojist. CTpykTy-
pa CIIMHOBOT'O BEHTHJISI COJEP>KUT OOBIYHO TPU MAarHUTHBIX ciosi. Hampumep, cHavana Ha MO0 k-
Ky OCakaaeTcs mepBblit mepmautoeBbiit cioi (NiFe) Tommunao#i 5,0 HM, 3aTeM - CJIOH MeIH TOJIIIH-
HOM 2,5 HM, MOBEpPX KOTOPOTO HAIBUIAETCS OMSATH CIOW MEpMasuiosl TOW K€ TOJNIIMHBI, YTO U Mep-
BEI, ITOCJIC YeTo MOCIIEeIOBATEIbHO OcaxaatTcs anTudeppomarautHeiii MNFe u 3amuTHBIN o
OJIHOM U TOM K€ TONIIUHEI - 5,0 HM.

B Takoii MHOTOCIOMHON CTpYKTYype Onarogaps 0OMEHHOMY B3aMMOJICHCTBUIO MEXITY aHTH-
(beppOMarHuTHBIM U BEPXHUM MEPMAJUIOEBBIM CIIOEM BO3HHKAET OJIOKHPOBKAa MAarHUTHOI'O MOMEHTA
BepxHero ciost NiFe. B To e camoe BpeMs, mepeMarHiuyuBaHKe NMEPBOTo (HMKHET0) MepMalioe-
BOT'O CJIOSI, HE CBA3aHHOIO OOMEHHBIM B3aumopelcTBueM ¢ MnFe, jerko ocyuiecTBisieTcs BHEII-
HUM MarHuTHBIM mosieM. Takum 00pa3oM, U3MEHEHHs] BHEIIHETO MOJsl MEHSIOT B3aUMHYIO OpUEH-
TalMI0 MarHUTHBIX MOMEHTOB JIBYX ME€PMAJUIOEBBIX CIIOEB, @ OTHOCUTEIbHAS! OPUEHTALIUSI MATHUT-
HBIX MOMEHTOB 3THUX CJIOEB OIpENEsIeT BEJINYNHY 3JIEKTPUUECKOTO CONPOTUBIIEHUSI CTPYKTYphI B
nesioM. @akTUYecKy CIMHOBBIA BEHTUJIb paboTaeT Kak yCTPOMCTBO, COMPOTUBICHUE KOTOPOIo M3-
MEHSeTCs P U3MEHEHUH MOJIS U YyBCTBUTEIBHOCTh TAKOTO YCTPOMCTBA IOCTATOYHO BBICOKAS.

Ha ocHOBE CIIMHOBBIX BEHTHJIEN CO3/1aHbl SKCIIEPUMEHTAJIBHBIE CUNTBIBAIOIINE MOJIOBKH, KO-
TOpbIE OKa3aIHuCh ropaszio 3ppexTuBHee, 4eM rojIOBKU, UCIOJb3YEMbIE B HacTosIee Bpems. Pa3pa-
00TaHbl BBICOKOUYBCTBUTEIbHBIC JATUMKH MAarHUTHOTO MOJIA (MarHUTHBIE pelie) MOpor cpadaThiBa-
HUS KOTOPBIX MOKHO perynupoBatk. Ha puc. 3.10 nmpuBeaeHna cxema Takoro jatduka. Yepes Bepx-
HUH CIO0M CTPYKTYpH! (JIMHUS CMELEHHsI) MPOIyCKaeTCsl CMELIAaloNuii, IEpeMEeHHbII TOK, CO3/1at0-
LUl B CEHCOPHOM CJIO€ NEPEMEHHOE MarHUTHOE IoJie. 3HaYEHUs] aMIUTUTY/Ibl TOKa (KaK MOJI0XKH-
TEJIBHOT0, TaK U OTPHULIATENILHOTO MOJIYNEepro/ia) MoJ00paHbl TaKUM 00pa3oM, YTOOBI pPe3yJIbTUPY-
I0I[ee MArHUTHOE TI0JI€ B CEHCOPHBIM ciioe Obu10 paBHO Hr- Ah u Hf- AH, cootBeTcTBeHHO. B 3TOM
cllyyae 3JIEKTPHUECKOE CONPOTHBIICHHE JAaTYMKA OCTAETCS MOCTOSIHHBIM (0a30Boe 3HAYCHHE), IMO-
TOMY YTO TOJIOKUTEIBHOE 3HAUCHHE pe3yabTUpyrolero mois Hr - Ah oka3siBacTcsi MeHbIe, YeM
nmoporoBoe Hr. Eciu Tenepp Kk gatunky npusioxeHo BHemHee mose Hex, mpuaem, Ah ( Hext ( AH, TO
3TO PaBHOCWJIBHO TOMY, YTO BHEIIIHEE IMOJIE€ CMEIIAeT «IETI0 COMPOTUBICHU» B 001aCTh OTPHUIIA-
TeabHOro 1noJjs. Tenepp MakCHUMaIbHOE MOJIOXKHUTENBHOE TI0JIE B CEHCOPHBIM clioe OyAeT paBHO Hr -
Hext ¥ 3TO 3HaYeHHE OKA3bIBAETCS MEHbBILIE TOPOTOBOTO 3HAYEHHSI, 00YCIIOBIEHHOT'O TOKOM CMelIle-
Hust Hr - Ah. Takum 00pa3om, Teneps SJIEKTPUYECKOE COMPOTHUBIICHUE JaTYMKa OYJeT MEHSThCS,
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MOBTOpAA U3MCHCHHUSA TOKa CMCILCHUA. Ouenb CYIICCTBCHHO TO, YTO YYBCTBUTCIBHOCTH TAaKOI'O
JaTyrKa Sa,Z[aéTCH BEITUUMHOMN CME€IIaroIIero Toka.

.TOK CMeLueHn,

NTMHNA cMeleHA

H3onUpYIOLWMIA PAGo4UI cnon
cnon

Pa&o4qMi cnon
CNHHOBLIA BEHTUNbL

MNoanoxka

Puc. 3.10. Cxema JaTdyruKa MaroHuTHOI'O 110JI1 Ha OCHOBC CIIMHOBOI'O BECHTUJIA

[TooOHbIE TpEXCIOMHBIE CTPYKTYPBI, COCTOSIIIME U3 MarHUTOTBEPJIOTO CJIOSI, MArHUTOMST -
KOT'O CIIOSI U TUDJIEKTPUYECKOMN MPOCTIONUKH (T.€. 3/1eCh UCIIONIb3YeTCsl TYHHEIMPOBAHUE SJIEKTPOHOB
gyepe3 JUAIIEKTPUUYECKU Oaphep) HCIONB3YIOT Il CO3JaHHMsS CHHH-TYHHEIBHBIX II€PEXOJIOB,
yIpaBIsieMbIX MarHUTHBIM ToJIeM. Ha Takux s1eMeHTax co3JaHbl Jake HAHOMETPOBBIC STUCHKHU Ta-
MSATH.

['panynupoBaHHbBIE N30TPOIHBIE MaTePUANIBl - KEPMETHI - MOTYT OBITh HCIIOJIb30BAHbI B Ka-
YEeCTBE CBEPXUYBCTBUTEJBHBIX JaTYMKOB TEMIIEPATYPHI, IOCKOJBKY TEMIIEpaTypHasi 3aBUCUMOCTh
ANEKTPOCOMPOTUBIICHHUS Y HUX MPEBBIIIAET YYBCTBUTEILHOCTD UCIOIb3YEMbIX B HACTOSAIIEE BPEMS
YTOJIBHBIX U MOJIYIPOBOJIHUKOBBIX TEPMOJATUUKOB IPUMEPHO Ha MOPSA0K. OHU TaKkKe MOTYT OBITh
UCIOJIb30BaHbl KAaK YYBCTBUTENBHBIC NATYUKU MOJSA (3aMEHa JaTYMKOB XOJUIa), OJHAKO 3/1eCh
HE0O0XOMMO TOMHHUTH O CHIJIBHOHM TeMIepaTypHOI 3aBUCHMOCTH 3JEKTPHUUECKOTO COTPOTHUBIICHHUS
1 o0ecreynBaTh KaUeCTBEHHYIO TEPMOCTAaOMIN3ALIHIO JATYHMKOB.

[TepoBCKUTHI, KOTOPBIE JTUIUPYIOT MO BEIMUYMHE MarHUTOCOMPOTHUBIIEHNUS, HE COBCEM yJ100-
HBI JUIsl IpUMeHeHus, ockonbKy uX KMC nocturaercst B BBICOKMX MarHUTHBIX IOJISIX U B Y3KOM
MHTEpBaJie TeMiieparyp. Tem He MeHee, Ha OCHOBE MAaHT'aHUTOB JIaHTaHa YK€ CO3J/IaHbl IIEPBbIE U3-
nenusi — 3To TenedoHHass MeMOpaHa. [IneHka MaHraHuTa HAaHOCUTCS Ha MeMOpaHy, KoTopas Io-
MeEIIaeTcs B HEOJHOPOJIHOE MarHWTHOE MOJi€ MarHuTta. 3BYKOBbIE KOJeOaHUS BBI3BIBAIOT IepeMe-
LICHNE TUIEHKH B 3TOM II0JIE U, CJIEI0BATEIbHO, U3MEHEHHUE €€ CONPOTUBIIEHU. MeHseTcs nanenue
HaIpsDKEHUs Ha ATOM TuieHke. Jake 0e3 yCuiHuTeNnei dJMeKTPUYECKUd OTKIMK Ha 3BYK COCTaBIIsET
BHYIIUTEIbHYIO BEIMUYMHY - HECKOJIbKO mB. Takum 00pa3oM, HCIOIb30BAHNE MAHTAHUTA JIAHTAHA
B KayeCTBE JJaTYMKOB Pa3IMYHOIO Ha3HAUEHUS SBJISETCS BBHITOJHBIM U MEPCIEKTUBHBIM HaIlpaBiie-
HueM. boiiee BIeUaTIIAIOMNM MPEACTABISAETCS UCIOIb30BAHUE TAKOTO POAA CTPYKTYP B KaueCTBE
MH(OPMALIMOHHOTO MaTeprasa ¢ BBICOKON IIIOTHOCTHIO 3aKCH.

KoHTpoIibHBIE BOITPOCHI

3.1. Mo kakoit popmyIre ONpeesIsiio MAarHUTOCOTIPOTUBIICHNE TBEPBIX TEl?

3.2. Kakoii 3HaK UMeeT MarHUTOCONPOTUBJICHHUE Y OJJHOPOAHBIX MaTepHaoB?

3.3. Kakoe MarHITOCONPOTHUBIICHHE HA3bIBAIOT TUTAHTCKUM?

3.4. Kakoii 3HaK UMeeT MarHUTOCONPOTUBJICHNE Y TPaHYJIMPOBAaHHBIX KOMIIO3UTOB (peppoMarHeH-
THK-JTARJIEKTPUK?
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3.5. Ilpu KakuxX KOHIEHTpauusix peppomMarHuTHOM (hazbl B 00BEMHOM KOMITO3UTE HAOII01aeTCs
3¢ PEeKT TITAaHTCKOTO MAarHUTHOTO COMTPOTHBIICHUS?

3.6. Kakyro pa3HOBHIHOCTh MarHUTOPE3UCTUBHOTO 3(PeKTa Ha3bIBAIOT AHU30TPOITHBIM?

3.7. Kak 3aBHCUT U3MEHEHHUE 3JIEKTPUUECKOr0 COMPOTUBIICHUSI aHU30TPOITHON CTPYKTYPHI OT yria
MEXy BEKTOPOM HaMarHM4EeHHOCTH (peppOMarHeTuka U HalpaBICHUEM MPOTEKAIOIIETO Yepe3 Hero
ANEKTPUYECKOTO TOKa?

3.8. B xakux cTpyKkTypax HaOIr0/1aeTCsi TATaHTCKU MarHUTOPE3UCTUBHBIN 3P dexT?

3.9. [lepeuncanTe OCHOBHbBIE MapaMETPbl TOHKOIUIEHOYHBIX MarHUTOPE3UCTUBHBIX CTPYKTYP, BIU-
SIOIIMX Ha XapaKTEPUCTUKHU DJIEMEHTOB.

3.10. [JaiiTe onucanne MEXaHM3Ma TUTAHTCKOTO MarHUTOCOITPOTHUBIICHHUS 110 aHAJIOTUU C ONTHYE-
CKUM HOJIIPU3aTOPOM.

3.11. JlaliTe xapakKTepUCTUKY CIMH-BEHTWJIbHBIX U CIIMH-TYHEJIBHBIX TIEPEXO/I0B.

3.12. OxapakTepuxyiTe MarHUTHBIE TPAHYIMPOBAHHBIE KOMIIO3UTHI M METO/IbI UX IOJyYEHUS.
3.13. Kak MeHseTcs 2JIEKTPUYECKOE COTPOTUBIIEHNE HAHOKOMITO3UTA OT KOHIIEHTPAIIMH METalIu-
geckoid (hazp1?

3.14. OnuimuTte KOHIEHTPAIMOHHBIE 3aBUCUMOCTH TJIOTHOCTHU AJIEKTPOHHBIX COCTOSIHUM Ha YpOBHE
depmu pa3IUYHBIX HAHOKOMITO3UTOB.

3.15. Kak BrnusieT noJayrnpoBOJHIUKOBAS MPOCIIOKa HA MATHUTOCOIPOTHBIICHHE KOMIIO3UTA
(CosoFe10B20)34(Si02)66?

3.16. JlaiiTe XapaKTepUCTUKY KOHIICHTPAIIMOHHON 3aBUCUMOCTHA MAarHHUTOCOIIPOTHUBIICHUSI HAHO-
KOMITO3UTOB METaJllI-METaJLI.

3.17. Ilepeuncnure 001acTU MPUMEHEHUS MAaTEPUATIOB C THTAHTCKUM MarHUTOCOTPOTHUBIICHUEM.
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3aka4eHue

B nocnennue roabl MHTEHCUBHO Pa3BUBAIOTCS HOBBIC HAIpaBiCHHUS (U3MKU KOHIEHCHU-
POBAHHOTO COCTOSHUA U (YHKIHMOHAJIBHOW DJJIEKTPOHUKHU: CTPEHHTPOHUKA, CIUHTPOHHKA,
MEMPHUCTHUBHBIE YCTPOMCTBA IEKTPOHUKH. C TOUKH 3peHHS IHEProcOepeKeHHUsI CTPEHHTPO HHbIE
YCTPOMCTBA BBIUTPHIBAIOT HE TOJIBKO Y CIIMHTPOHHBIX YCTPOMCTB 3allMCH, OCHOBAHHBIX Ha Mepe-
Ja4e CIMHOBOTO MOMEHTA, HO U JaXK€ y CUMTHIBAIOUIMX I'OJIOBOK HAa TyHHEJIbHOM MarHeToCoO-
MPOTUBJICHUU.

He meHbIIyI0 pOosib B CTAHOBJICHUH CTPEHHTPOHUKU MTPAJU BBI3OBBI (PyHIAMEHTAIBHOTO
xapaktepa. Tak, cumMmeTpuiiHOMy 3amnpety Ha 180-rpagycHoe mNEpeKkIloYeHue Ha-
MarHM4eHHOCTH M croco0aM ero o0xo/ia MOCBSIIEHO 00IbII0E YUCIO padoT, XOTS C MpaKTHYe-
CKOW TOYKM 3pPEHHUS 3TOT BOIPOC HE CTOJb BaXKEH: cXeMbl ¢ 90-rpayCHBIM MEPEKIIOUYECHHEM
HaMarHMYEHHOCTH TaK)K€ BO3MOXHBI. B TO ke BpeMs Majlo BHUMaHHUS YJEIA€TCsl OUEBUIHOMY
U3bSIHY CTPEHHTPOHHBIX TEXHOJOTUH — OTHOCHTEIHHO OOJBIIMM BpEeMEHaM IMEPEeKIIOUCHHUS.
Jlaxxe B TeOpeTHUYECKUX pacu€Tax, MPU3BAHHBIX UIUTIOCTPUPOBATH "ObicTpoe 180-rpanycHoe me-
pekitoyeHue", BpeMeHa pellakCcalli HaMarHM4YE€HHOCTH HCUYUCISAIOTCS HECKOJbKMMU HaHOCe-
KYHJ]JaMH, B OTCYTCTBHE SBHO C(HOPMYIMPOBAHHBIX OrpaHMYeHUN Ha ObicTponeiicTBue. [loka
HanOosnee KOMPOPTHHIMUA HUILIAMH JAJISI CTPEHHTPOHUKU OCTAIOTCA MPUIIOKEHUS, B KOTOPHIX HE
TpeOyeTCsi CBEPXBBICOKOTO OBICTPOACHCTBUS: CEHCOPHI MAarHUTHOTO MOJISL, TpaHC(HOpPMATOpPHI U
aBTOHOMHBIE MaJIOMOIIHbIE TeHepaTophl. IHTepecHbIe MepCneKTUBBl OTKPHIBAIOTCS TAKKE B 00-
JACTU UMILJIAHTOJIOTUH, HAHOMEAUIMHBI U IPYTUX MEAUIMHCKUX NpHiioxeHui. Mcnonp3oBanue
TEXHOJOTUM CO3/IaHHS MHUKpPO- M HAHOSJIEKTPOMEXAHMYECKHUX CHCTEM MOXKET JaTh JOMOJIHU-
TEJIbHBI UMITYJIHC PA3BUTHIO TAHHOHM 00JaCTH HU3KOYACTOTHOM JIEKTP OHHUKH.

Bo3M0kHBII TPOPHIB B 00J1aCTh BBICOKMX U CBEPXBBICOKUX YACTOT MEPEKIIOUCHUS CYIISAT
TEXHOJIOTUH Ha CTHIKE (POTOHUKU U CTPEHHTPOHUKH, KOTOPHIE MOXHO O0O3HAYHTh TEPMHUH aMHU
"ontocrpeiintponuka" (light-mediated straintronics) wmu "¢orocTpelHTpoHHKA", a TaKKe
CHUHTPOHUKH. POTOMHAYLUPOBAHHAS CTPUKIUS B CETHETORIEKTPUUECKUX MaTepuanax U Myib-
TU(EepporKax BBHIBOJUT CKOPOCTh MEPEKIIOUYCHUS] CTPEHHTPOHHBIX SJIEMEHTOB B TEpareproBbli
Jara3oH.

B unrepBane yactot ot 26 10 38 GHz B pabore [69] BBINOIHEHO SKCIIEPUMEHTAIBHOE HC-
CJIEJOBaHHE MUKPOBOJIHOBOTO TMTAaHTCKOTO MarHUTOPE3UCTHUBHOrO 3(d@dekTa B OTpakK€HUHU BOJIH.
DKCIEPUMEHTHI BBIMOIHEHbI Ha cBepxpemieTkax cucteMsl (COFe)/Cu, KOTOpble UMEIOT TUTAaHTCKOE
MarHUTOCOMPOTUBJICHKE. Y cTaHOBJICHA BeanunHa dpderTa (10 +3 % B MaKCUMyMe) U ompe/esicHa
€ro 3aBUCUMOCTb OT MAarHUTHOI'O MOJIS.

OtkpeiTue B Manranutax 3¢pdexra KMC ¢ mapamerpom MR > 1 crano BeI30BOM ISl CyIlie-
CTBYIOILIEH DJIEKTPOHHOM TEOPHH BEIECTBA. XOTS 3a MPOLIEAIINE 25 JIET HAlIUCAHBI THICSIYU CTaTeH,
MOCBSIIEHHBIX 3TOW IMpobieMe, ocaeaoBaTelbHasi MUKPOCKONIMYECKasi TEOpHsl CBOMCTB MaHTaHU-
TOB TaK M HE co3/1aHa U TpedyeT cBoero pemeHus [71].

CneunanbHpIM HalpaBiICHUEM Pa3BUTHS MOJYNPOBOJIHUKOBON CHMHTPOHHUKH, OTKPHIBAIO-
IIMM HOBBIE IEPCHEKTHUBBI CO3/IaHUS HOBBIX KBAHTOBBIX TEXHOJIOTMM, SIBJIETCS KOT€PEHTHOE
yIpaBieHUE OJWHOYHBIMM CIUHAMH, MPEXAE BCEro Mo IEHTpaM OKpacku B aiMas3e U KapoOuue
kpemHus [71]. IlepekmtoueHne HaMarHMYEHHOCTH OTHAENBHBIX ()EPPOMArHUTHBIX HMITYIbCAMHU
ANEKTPUYECKOTO TOJS MEPCIEKTUBHO JUIsl CO3/1aHUs 3JIEKTPOHHBIX YCTPOMCTB MCKIIOUUTEIBHO Ha
OCHOBE METAIJIMYECKHUX AIEMEHTOB, UTO JAaCT IPEUMYILECTBA C TOUKH 3PEHUS MUHUTIOPU3ALUU U
yIIy4dlleHUsl KadyecTBa TEII00TBOIA.

B Oyaymem HE0OX0IMMO PEUIMTh MHOTHE TEXHOJOTMYECKHE MPOOJIEMBl U MPH pa3padoTKe
MEMpPHUCTHUBHBIX YCTpPOHCTB. Tak, B HACTOALIMH MOMEHT IIMPOKOE MPAKTUYECKOE MpPHUMEHEHUE
MEMPHUCTOPOB CAEPKUBACTCS HEJOCTATOUHOM cTaOMIBHOCTHIO mapameTpoB PII, Takux kak Hamps-
KEHHE MEePEKITIOYeHHs] MIIEHOK (QYHKIIMOHAIBHOTO JUAJIEKTPUKA U3 COCTOSIHUS C BBICOKUM COMpPO-
tujieHueM (CBC) B cocrosiaue ¢ Huzkum conportunienueM (CHC) — tak HaswsiBaembiii SET mpo-

111



necc — u ooparHo (RESET npouecc) (User 1 UReseT COOTBETCTBEHHO), 3HAUYEHHSI CHJIBI TOKA Yepe3
mempuctop B CBC u CHC (lorr 1 lon COOTBETCTBEHHO), a TakKe JAerpajallieii MEMPHCTOPOB B
nporecce dKciuryatanuu [72]. Paszpymenune u BoccTaHOBiIeHHE (DUIIAMEHTOB HOCSAT CTOXAacTHYe-
CKHUI XapakTep, MOCKOJIbKY TUITHYHBIC MTOTIEPEUHbIC pa3Mepbl pUIaMeHTOB cocTaBisiFoT ~ 1—10 nm,
a B MEPEKJIFOUCHUSAX yIaCTBYET JIMIIb OrpaHUYeHHOE (Majioe) KOJMYeCTBO HOHOB KHCIoponaa (Kuc-
JIOPOJIHBIX BaKaHCHIi) BOJIM3M OKOHEYHOCTH (priiaMeHTa, OnkaiIiel K HHTepeicy ¢ 3JIeKTPOIOM.
B HacTosimiee BpeMsi pa3BUBAeTCs sl Pa3IMUYHBIX IMOAXOJOB K IMOBBIIICHUIO CTAOMIBHOCTH Iapa-
METPOB MEMPHCTOPOB: BHIOOP ONTHMAJIbHBIX KOMOWHAIMI MAaTCPUAIIOB IUAJICKTPHKA U 3JICKTPOIOB
[73], ucmonb3oBaHre MHOTOCTIONHBIX AUIICKTPUKOB [74], MpUMEHEHUE MEPEKITIOYAIOIIIX CUTHAIOB
crienuanbHoi (Gopmbl [75], MOIX0A K PEIICHUIO MPOOJIEMbI TOBBINICHHS CTA0MILHOCTH MEMPHUCTO-
POB, OCHOBaHHBIA Ha HMCIOJIB30BaHUU d(D(PeKTa KOHCTPYKTHBHON POJM IIymMa B HEJIMHEHWHBIX CH-
creMax [76], I3MCHEHHEM ITapaMeTPOB MEMPHUCTOPA O] ACHCTBHEM 00yducHus noHamu Xe+ [54]
u JIp.

HecMoTpst Ha 3HAYUTENIBHBIN TPOTPECC B 00IACTH MOBBIIICHUS TOJTOBEYHOCTH MEMPHUCTO-
POB, JOCTUTHYTBIA B MOCJEAHUE TOAbI (TaK, B AKCIEPUMEHTAIBHBIX 00pa3iax ObUIO AOCTUTHYTO
gycno mepexmodenuii o 10° [74]), mpo6rema IONTOBpeMEHHON HECTAOMIBHOCTH MApaMETPOB
MEMPHUCTOPOB €IIe JajieKa OT OKOHYATEIHbHOTO PEIICHUS.

HakoHel, HECOMHEHHBIH HHTEpeC ¢ (yHIAMEHTAIbHON TOYKH 3pEHUS MPEACTABISAIOT YIIPY-
rue KaJuOpOBOYHBIC MOJS B HEOTHOPOAHO JIehopMUPOBAaHHOM rpadeHe, mo3Bostonme husu-
YCCKHU MOJICIIMPOBAThH MOBEACHHE 3JICKTPOHOB B CHIIBHBIX (B HECKOJIBKO COTEH Tecja) MarHuT-
HBIX MoysiXx. HaydHass akTHBHOCTh B 3TO# 00JacTH emi€ TOJbKO Pa3BOPAYMBACTCS, U OHA KAET
CBOMX HcchenoBarenei [1].
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