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AHOTAIIS

bypaakos B.O. EjekTpogisudHi BJIACTHBOCTI TOHKOILIIBKOBMX CTPYKTYP
(pepomarneruk-aiesieKTpuK-pepoMarieTuk 3a Mirpamii eJeKTPONPOBIIHUX
AOMilIoOK. — Pykomuc.

Juceprartiist Ha 3100yTTsI HAYKOBOT'O CTYIIEHS JOKTOpa (iocodii 3a criemiaibHICTIO
105 — mpukianHa izuka Ta HaHOMaTepianu.. — [HCTUTYT Metasiodizuku M. I'. B.
KypmtomoBa HAH Vkpainu, Kuis, 2020.

JucepralliifHy poOOTy NMPUCBIYCHO BHUBUCHHIO 3MIHM THUIY IMPOBIIHOCTI B
TOHKOILTIBKOBHX IreTepocUcTeMax (pepoMarHeTHK — ieIeKTPUK — (PepOMarHeTHK Ta
(epOMarHeTK — HAaIIBIPOBIAHUK 3 BUKOPUCTAHHSM EKCIIEPUMEHTAJIBHUX Ta
PO3PaxXyHKOBHUX METO/IIB.

B pamkax po60oTu Brepiie OTpUMaHO HEraTUBHUN JU(epeHUINHNANA ONlp IpH
JOCITIJIKEHI eNeKTpuyHuX BiactuBocTer cuctem Fe/MgO/(Fe+C), Fe/MgO/Ni Tta
Fe/MgO/Co. Takoro pe3ynbTaTy BHA€THCS JJOCSATTH 3aBISKH 3a0€3TCUCHHIO
HEOJHOPIAHOCTI TOBIIMHU Ji€JIEKTpUKA IMpPU BHUIOTOBIIEHI 3pa3KiB Ta BUOOpY
PI3BHOTUIIHUX METAJIB B SIKOCTI BEPXHBOTO Ta HIKHBOIO IApy AOCIIIKYBaHOI
rerepocTpykrypu. Lle 3a0e3nedye BIAMIHHICTD B 30HHIM Oy/10BI METally 1HXXEKTOpa
Ta MeTaly JETEKTOpa MPY MPOTIKAHHI CTPYMY Uepe3 BIAMOBITHUI KOHTAKT.

ExcrieprMeHTanbHO BCTAaHOBJICGHO, IO CTPYM SKUH TPOTIKAE depes
orpuMaHuii  KoHTakT  cucremu  Fe/MgO/(Fe+C)  crumymioe  mpouecu
eNeKTpoMirparii Byriemo B 3amisi. Lle B pe3ynbTaTi IPU3BOAUTH 10 3HUKHEHHS
00JacTl 3 HEraTUBHUM JAUQPEPEHLIIITHIUM OIMOPOM 1 3MIHU IIPOBIHOCTI HA OMIYHY.

BcraHoBiieHa 3aKOHOMIPHICTh, IO YMM CYTTEBIIIMN XapaKTep 3pOCTaHHS
CTpyMy THUM HI)KYa Hampyra 3a $KOI BHHHMKa€e o0O0OJacTb HEraTHBHOIO
nudepeHIIiHOro omnopy. 3a JOMOMOrOK ampoKCHUMallli OTPUMAHMX KpPUBHX
oOpaHor0 (GYHKIIIEIO MOKAa3aHO, 10 Ha TaKUW XapaKTep MPOBIAHOCTI BILTUBAIOTH
napaMeTpu, 0 BIJIMOBIIAIOTh 3a TYHEIIOBAHHS €JICKTPOHA Yepe3 MOTEHIITbHUN

Oap’ep SKUN CTBOPIOE [ICNEKTPHUK. J[OCHIIKEHHS eNEeKTPUYHHUX BJIACTUBOCTEN
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CUCTEMHU 3a 3HWKEHHS TEMIEpaTypd IOKa3ylTh MOJIMIIEHHS MPOBIAHOCTI Ta
30UIBIICHHS TToOKa3HuKa PVR nocmimkyBaHOTO KOHTAKTY.

TpuBane 3HaxomkeHHS 3paska cuctemu Fe/MgO/Fe 3a atmocdepu mpu
KIMHATHIA  TeMriepaTypl  NPU3BOAUTH JO BUHUKHEHHS  BHUIPAMIISIOUYHX
BJIACTUBOCTEHN XapaktepHux mis miona IIoTTki, Kooy CTpyM B OMHOMY HAIpPSIMKY
BIJIDI3HSIETHCS 33 BEJIMYEHHOIO BiJl CTpyMy B 3BOPOTHOMY Hampsmky. lle
CIPUYMHEHO YTBOPEHHSM JE€(PEKTIB B BEPXHHOMY IIapi HAMOPOUIEHOTO METaly
OB’ sI3aHUMHU 3 TU(PY31HHUMH MTPOLIECaMU OKHCIIIOBAHHS.

BcranoBneno, 110 JieryBaHHS ~ BYTJIEIlEM  KOHTAKTIB  3ajii3a  Ha
HaIMIBIPOBITHUKOBIA MIAKIAAII N-TUIY TMPOBIAHOCTI TPHUZBOJAUTH JO 3MIHU
MPOBITHOCTI 3 OMIYHOI OTPUMAHOI JJII YUCTOrO 3ajli3a B EKCIOHEHINAJIbHY
BUnpsMisirody. lle moB’si3aHO 31 30UIBIIEHHSIM POOOTH BHUXOAY E€JEKTPOHIB 1
BIIMOBIJTHO 3MEHILICHHIO eHeprii depmi 3aiiza Npu JIETyYBaHHI ByIJeleM. 3
OTPUMAHUX BOJBT-aMIEPHUX XaPAKTEPUCTHUK KOHTAKTY PO3PAXOBAHO 3MIHY B
poOOTI BUXOIy €JIEKTPOHIB B 31131 32 BIAMNOBIAHIUX YMOB JIETYBAHHS BYTJICLIEM.

Po3paxoBano edexTtuBHMII KoedilieHT audysii Byrjemoo B 3ami3l IOpH
MNPOTIKAHHI ~ €NEeKTPUYHOro CTpyMy. BiH Ha Tpu TOpSAKKA BHUIIMNA 32
TEPMOAKTUBOBAHUM Koe(illeHT Audy3ii, Le O3Hayae, M0 B TPAHCHOPTHI
XapaKTepUCTUKUA BYTJELIO B 3aji3l JJIsi OTPUMaHMUX 3pa3kKiB OCHOBHUN BHECOK
MOB'SI3aHUH 3 E€JIEKTPOMITPAITI€FO.

KarwuoBi caoBa: MTJ, BonpT-aMrepHa XapakTepUCTHKA, HETAaTHUBHUU
nudepeHiiaui omip, enexkrpoaudysis, mion Illortki, enepris depmi, podota

BUXOJ1y €JIEKTPOHIB, JepOMarHeTUK, HAIIBIPOBITHHUK.



ANNOTATION

Burlakov V. O. Electrophysical properties of thin-film structures ferromagnet—
dielectric—ferromagnet for migration of electrically conductive impurities. —
Manuscript.

Dissertation for a scientific the degree doctor of philosophy, specialty 105 — applied
physics and nanomaterials. — G. V. Kurdyumov Institute of Metal Physics of the
National Academy of Sciences of Ukraine, Kyiv, 2020.

As part of the work, a negative differential resistance was obtained for the first
time in the study of the electrical properties of the Fe/MgO/(Fe + C), Fe/MgO/Ni
and Fe/MgO/Co systems. This result can be achieved by ensuring the inhomogeneity
of the dielectric thickness in the manufacturing of samples and the choice of different
types of metals as the upper and lower layers of the studied heterostructure. It
provides a difference in the band structure of the metal of the injector and the metal
of the detector when current flows through the corresponding contact.

It has been experimentally established that the current flowing through the
obtained contact of the Fe/MgO/(Fe + C) system stimulates the processes of carbon
electromigration in iron. Consequently, the area with negative differential resistance
disappears and the conductivity changes to ohmic.

It is established that the faster the current increases, the lower the voltage at
which there is a region of negative differential resistance. By approximating the
obtained curves by the selected function, it is shown that this nature of conductivity
is influenced by the parameters responsible for the tunneling of the electron through
the potential barrier created by the dielectric. Studies of the electrical properties of
the system with decreasing temperature show an improvement in conductivity and
an increase in the PVR of the investigated contact.

Prolonged exposure of the sample of the Fe/MgO/Fe system to the atmosphere
at room temperature leads to the rectifying properties characteristic of the Schottky

diode, when the current in one direction differs in magnitude from the current in the
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opposite direction. This is due to the formation of defects in the upper layer of the
powdered metal associated with diffusion oxidation processes.

It is established that carbon doping of iron contacts on a semiconductor
substrate of n-type conductivity leads to a change in the conductivity from the ohmic
obtained for pure iron to an exponential rectifier. This is due to the increase in the
work function of the electrons and, consequently, the decrease in the energy of the
ferrous iron during carbon doping. From the obtained volt-ampere characteristics of
the contact, the change in the work function of the electrons in the iron during carbon
doping was calculated.

The effective diffusion coefficient of carbon in iron during electric current
flow is calculated. It is three orders of magnitude higher than the thermally activated
diffusion coefficient, which means that the main contribution to the transport
characteristics of carbon in the iron of the obtained samples is made by
electromigration.

Keywords: MTJ, I-V characteristic, negative differential resistance,
electrodiffusion, Schottky diode, Fermi energy, electron output, ferromagnetic,

semiconductor.
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ITEPEJIIK YMOBHHUX ITO3HAYEHb

MTJ — Magnetic Tunnel Junction (MaruiTHHI TyHEIBHUN TIEPEXi)
TMR — Tunnel Magnetoresistance (TyHensHUIT MarHiTOOIIIp)

FM — depomaruniTauii Metai

BAX — BosibT-amIiepHa XapakTepUCTUKA

HJO — HeratuBHuii qudepeHiiamuii onip

MJIM — meTan-aieneKTpuK-MeTal

MRAM — Magnetoresistive Random-Access Memory

DRAM — Dynamic Random Access Memory

ReRAM — Resistive random access memory

PCRAM - Phase-change random access memory

FeRAM — Ferroelectric random access memory

SRAM - static random access memory

TSRAM — Tunneling-Based Static random access memory

MFW — Magnetic Field Write (maruiTHe moJie 3amnucy)

PVR — peak to valley ratio, BiTHOIIIEHHS] BETUYMHU CTPYMYy Ha MOYATKY CHAJHOI
JIistHKE BAX 110 JIOKaJIBHOTO MIHIMYMY ITICJISL IKOTO CTPYM 3POCTAE
I'KT — rpadgeHOB1 KBaHTOB1 TOUKHU

EPC — enexTpopyiiiina cusia

g(E) — rycTiHa eJIeKTPOHHUX CTaHIB

€ — €JIEMEHTApHUN EJIEKTPUYHHN 3apsa]

Ec — enepris qHa 30HU MPOBITHOCTI

Ev — eHeprist BaJICHTHO1T 30HU

Er — enepria @epmi

Ec — mmprHa 3a00pOHEHO1 30HU JT1EIEKTPUKA



BCTYII

AKTyaJIbHICTh TeMH. BlIOCKOHaneHHS Ta CTBOPEHHS HOBUX CHUCTEM IS
3YUTYBaHHS, 3aMUCy Ta 30epekeHHs 1H(opMallli Ha OCHOBI MAarHITHOTO TYHEJIBHOTO
nepexony (MTJ) notpeOye MOCTIHOTO MOIMIIICHHS X XapaKTEePUCTHUK, OCHOBHOIO
3 AKUX € BeIuduHa TyHeiabHOTo MarHiTHoro omopy (TMR). 3abesneuenns ioro
ONTUMAJIBHOTO 3HAYEHHS JIOCATAIOTh IUIIXOM CTBOPEHHS 1 3aCTOCYBaHHS
MarHiTHUX MaTepialiB 3 BHCOKHMMH KOe(]illiEeHTaMu CIIIHOBOI MOJIsApH3aIlii.
KinbKicTh Takux martepiaiiB JOCUTH OOMEXeHa, ane, sk BusBuioch, TMR MTJ-
MPUCTPOIB MOKHA MOJIMIIUTH KOPUTYBAHHSIM 1X BOJIBT-aMIIEPHOI XapaKTEPUCTUKU
(BAX). Ile BmaBanoch JOCATHYTH TiakiIo4eHHsM 10 MTJ-cuctremu noaaTtkoBoro
eJIeMEHTa TUILYy TYHEIbHOro Aloja, akui Mae BAX 3 HeraTuBHUM JU(epeHIIHHUM
onmopom (H/IO). IIpore HasBHICTH JOJATKOBUX €JIEMEHTIB TMPHU3BOAUTH [0
3MEHIIIEHHS HAJ1HHOCTI €JICKTPOHHUX CUCTEM 1 3aiiBUX Omepaliii y X BUTOTOBJICHHI.
BUKTI0YMTH BUKOPUCTaHHS JOJIATKOBHUX €JIEMEHTIB MOHA ()OPMYBaHHSIM JUISTHKU
HJ1O ma BAX camoi MTJ-cucremu. Takwii miaxig 103BOJIUTH HE TIIBKU HOIIIIIATH
BJIACTUBOCTI €JIEMEHTIB i1 00poOKkM 1H(opMalii, ajge il 3HAUTU HOBI 00JIACTI
3aCTOCYBaHHS, SIK aJIbTEpPHATUBA BUKOPHUCTAHHIO HAMIBITPOBIIHUKOBUX MaTepialiB.

3B'A30Kk po00OTH 3 HAYKOBMMH MNpOrpamMaMu, IUIAHAMH Ta TeMaMH
Huceprariitna poOoTa BUKOHaHa y BiAAUT (PI13UKK Ta paloMETPii HEPIBHOBAXKHHUX
TpaHcnopTHUX siBuIl [HcTUTYTY MeTanodizuku im. . B. Kyparomoa HAH Ykpainu
B pPaMKax OCHOBHOI HAyKOBO-JOCHIAHOI pOOOTH 1HCTUTYTY «JlMHaAMIYH1 SBHILA Ha
MOBEPXHAX  PO3MEXKYBaHHS  METAIIYHUX  MaTepiaiB  MiJ  IMIYJIbCHUMHU
HaBaHTaxeHHIMu» Ne 050/17 3a OromkeTHOIO nporpamoro #0112U002229.

Meta Ta 3aBAaHHSI JOCJHiAXKeHHS. BCTaHOBUTH 3aKOHOMIPHOCTI 3MIHH
XapakTepy 1 THIY MPOBITHOCTI B TOHKOILTIBKOBUX IIAPYyBAaTUX T€TEPOCTPYKTYpax
dbepomarneTuk—nienekrpuk—pepomarnetuk. CtBopuTH (I3UUHI 3acaaud  1IOJ0
OTPUMaHHS HEMOHOTOHHOTO XapakKTepy TNPOBIIHOCTI B  TOHKOILUIIBKOBUX

CTPYKTypax Ha OCHOBI 3aJ1i3a.
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Joist JOCSAITHEHHSI MeTH MOCTABJIEHO HACTYIIHI 3a/1a4i:

e BCcTaHOBUTHU (i3WyHI YMOBH (popmyBaHHS HeMOHOTOHHUX BAX, 30kpema 3
HasiBHICTIO oOjacti 3 HJIO B  mocmipkyBaHUX CTPYKTypax (epoMarHeTHK—
nieneKTpUuK—(hepoMarHeTuK;

e xapakTtepuzyBaTu orpumany obsacte 3 HIIO na BAX ta BcTaHOBUTH (hi3M4HI
¢dakTopu, 110 BIUIMBAIOTH HA ii MapaMeTpH;

® BCTAaHOBUTH BIUIMB BYIJICI[IO Ta MOr0 MOXJIMBOI MIrpailii Ha eJeKTpodi3zuyHi
BJIACTUBOCTI TYHEJIHOTO MEPEXOy Ha OCHOBI TUTIBKU 3aJ1134;

® JIOCHTIIWTH BIUTUB TEMIIEPATypH Ha XapakTep €JEKTPOMPOBITHOCTI OTPUMAHUX
TETEPOCTPYKTYP;

O0’exkt pocaimkeHHs. ToukommiBkoBi rerepoctpyktypu Fe/MgO/Fe,
Fe/MgO/(Fe+C), Fe/MgO/Ni ta Fe/MgO/Co Ha cuTanoBiii miakiIa1il; TOHKI IT1BKA
3ajli3a Ta 3aji3a, JISTOBAHOTO BYTJICLIEM, HAa HAMIBOPOBIAHUKOBUX MMiAKIAIKAX
MOHOKPHUCTAJIIYHOTO KPEMHIIO N- Ta P-TUITY MPOBITHOCTI.

Ipeamer pocaimxenHs. Pi3MUHI 3aKOHOMIPHOCTI €JIEKTPOTPAHCIOPTY B
TPUIIAPOBUX HAHOTETEPOCTPYKTYpax (epoMarHeTUK—/IieIeKTpUK—(pepoMarHeTuk
32 YMOB HEOJHOPIJAHOCTI TOBIIMHHU Jie€NieKTpUKa. BIUTMB JieryBaHHS BYyTJEIleM
3aji3a Ha TPAHCIOPTHI BJIACTUBOCTI, & CaM€ EJIEKTPO- Ta MAaCONEPEHOCY CUCTEMU
MeTall—IieJeKTPUK—METall Ta CHCTEMH METaJl—HarliBIPOBITHHK.

Metoau nociigzkeHHsi. PEHTTeHOCTpYKTYpHUH Ta MeTanorpadiyHuil aHamis,
CKaHylOouYa eJEKTPOHHA MIKPOCKOMIS 3 TMPUCTABKOIO IS XIMIYHOTO aHami3y,
YOTUPHOX- Ta JIBOX30HA0BUH (y BUNIAAKY BUMIptoBaHHS BAX B cucremax metan—
HaIIBIPOBITHUK) METOJI BOJIbTMETpa-aMIepMeTpa.

HaykoBa HOBHM3HA OTPUMAaHUX Pe3yJIbTATIB:

1. Brepiie oTpuMaHO HEraTUBHUN AUQPEPEHIIIIHUI OMip B TOHKOIUTIBKOBHX
reTepoCTPYKTypax  (epoMarHeTUK—IIEeIEKTpUK—()EepOMarHeTuk  3a  YMOBHU
BUKOPHCTAHHS METAJIIB 3 BIIMIHHUMH 30HHUMH BJIACTUBOCTSIMH.

2. BusiBieHO 3aKOHOMIPHICTh: YUM BHINA JudepeHIiiHa MPOBIIHICT, Ha

no4JatkoBiit autsHI BAX, TM HIbK4Ya Hampyra, 3a sIKOi CIIOCTEPITaEThCS 00JIaCTh 3
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HO. Takuit xapaktep MPOBITHOCTI MOB'sI3aHUM 3 TapaMeTpaMH, 110 BiJMOBIIAIOTh
3a TYHEJIbHI BJIACTUBOCTI CUCTEMH, 30KpeMa, 3 €PEKTUBHOIO MAcOI0 €JIEKTPOHA.

3. Bunuknenns o6nacti 3 HIO ma BAX B cucremi QepomarHeTuk—
JEIEKTPUK—()EepOMarHeTuK  MOSICHEHO  HAsBHICTIO  JIOKAJIBHUX  oOJsactei
MIPOBITHOCTI MAJIOI TUTOIIT, 32 K01 chucTeMy MoxHa BBaxkaTu 1D uu 0D cTpykTyporo
Ta BHOOpPOM MaTepiaiiB 3 pPI3HOIO EJICKTPOHHOI T'yCTHHOIO CTaHIB B SIKOCTI
BEPXHBOT'O Ta HU’KHBOT'O METAJIIB.

4. Ha cucremax 3almi30—HamiBOPOBIAHUK p- Ta N- TUIY OPOBITHOCTI
EKCIIEPUMEHTAJIbHO BCTAHOBJICHO, IO JOJIaBaHHS BYIJICLIO B 3aji30 30UIbIIYE
poboTy Buxoy enekTpoHiB. Lle B pe3ynbTaTi Npu3BOIUTH A0 3MiHU MPOBITHOCTI 3
OMIYHOI Ha BHNPAMIIIOYY TIPU KOHTAKTI 3aji3a JIErOBaHOTO BYIJIELEM 3
HaIIBIPOBITHUKOM N-THITY.

HaykoBa i nmpakTu4Ha HIHHICTH OTPUMAHHMX Ppe3yJbTaTiB. Pesynprartn
JOCIIJIKEHb PO3MIHUPAIOTh (QyHIaMEHTaIbHI 3HAHHS TPO TYHEIbHI BIACTUBOCTI
reTepOCTPYKTYP METal—IielIeKTPUK—MEeTal 1 MOXKYTb MaTu NpPaKTHUYHE 3HAUYEHHS
JUIS. TIOJIIMIIEHHS BJIACTUBOCTEH KOMIPOK Tmam’siTi Ha ocHoBl MTJ-cTpykTyp.
OTprMaHu# TUI MPOBITHOCTI BBAXKAETHCS XapaKTEPHUM JJIsl HAIIBIIPOBITHUKOBUX
MartepiaiiB, TOMy HOro peanizauis B CHCTEMI METal—AieJIEKTPUK—METAI MOKE
HA/JaTU CyTTEBUH MOIITOBX PO3BUTKY Cy4aCHOT MIKPO- Ta HAHOEJIEKTPOHIKH.

OcolOucTnii  BHecok  3100yBaya. ABTOPOM  BUKOHAHO  MOIIYK,
CUCTEMATHU3ALII0 Ta KPUTUYHHUIM aHAJI3 JIITEPATypHUX JAHUX HIOJI0 €JIEKTPOHHOIO
TPAHCIIOPTY B TE€TEPOCTPYKTYypax (hepoMarHeTUK—AIeIeKTPUK—(pEPOMarHETUK Ta
MoxJMBHX Moaenen orpumanHsa HIO nHa BAX TOHKOITIBKOBUX CUCTEM, HA OCHOBI
AKUX 3p00JIeHO BUOIp MaTepiaiiB IOCHIIKYBAaHUX reTepocTpykTyp. Ocoluctuit
BHECOK aBTOPA MOJIATAE TAKOXK Y BUTOTOBJICHH1 JJOCIIIKYBAaHUX 3pa3KiB, MATOTOBII
1 TMpPOBEACHHI EKCIIEPUMEHTIB Ta BHUBYEHHI TPAHCIOPTHUX BJIACTHUBOCTEH
BUTOTOBJICHUX TETEPOCTPYKTYp, aHadi3l eKCHepPUMEHTaIbHUX JIaHUX Ta
y3arajJbHEHHI HayKOBUX pe3yJbTaTiB. [nes BCTAaHOBIIEHHS BIUIMBY JIETYBaHHS
ByIJIELIEM Ha eNeKTpO(I3MYHI BJIACTUBOCTI HAHOIUIIBKM 3aji3a MPU KOHTAKTI 3

HAIIBIPOBITHUKAMH PI3HOTO TUITY MPOBIAHOCTI Ta ii €KCIIEpUMEHTANbHE BTIICHHS
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HaJIeXUTh 3700yBauy. [locTaHoBKa 3a71a4 1OCTIIXKEHHs, OOTOBOPEHHS PE3yJIbTaTiB
Ta (OpMyIIOBaHHA OCHOBHUX BHCHOBKIB TPOBEJICHO CHUIBHO 3 HAyKOBUM
KEPIBHUKOM - TOKTOpoM (i3.-MaT. Hayk O. B. ®inaToBum, 10KTOpOM (Pi3.-MaT. HAyK
O. €. [loropenoBum.

Anpobanis podotu. Pesynbratu poOOTH IpeaCTaBiIeHI HA TaKUX HAyKOBO-
TEXHIYHUX BCEYKPATHCHKUX Ta MIXKHAPOAHUX KOHPepeHiisax: 17 MexayHapoaHbii
MOJOICKHBIH (GopyM «Paamosnektponnka u mononexb B XXI Bekey, XHY
paauosnexkTponnku (XappkoB 2013 1.),V MixHapogHa HayKOBO- MpPaKTHYHA
koH(pepeHnuis «CTpykTypHa penakcailisi B TBepaux Tiutax» (Bimnuns, 2015 p.),
HaykoBo mnpaktuuHa koH(pepeHuis «CydacHi mnpoOiaemMu (I3UKH METalB 1
metamiyHux cucrtem», (KuiB, 2016 p.), 8-ma MixHapogHa HayKOBO-TEXHIYHA
koH(pepenIlis «CeHcopHa eeKTpoHika Ta MikpocucTeMHI TexHoJorii — CEMCT 8»
(Opmeca, 2018 p.), International Conference «®yHKIIOHANBHI MaTeplaau s
iHHoBaniHoi enepretuku OMIE-2019» (Kuis, 2019 p.), VI wmixHapoaHa
koH(pepenuis HighMatTech, (KuiB, 2019 p.), VI HaykoBa koH}pepeHiis
HAHCHC2019: Hanopo3mipai cuctemu: 0yJ10Ba, BIaCTHUBOCTI, TexHoJorii (Kuis,
2019 p.), 12-th International conference “Electronic processes in organic and
inorganic materials” (Kam'saeup-ITominscekuii, 2020p.).

PesynbraTn  poOOTM  HEOJHOPA30BO  JIOMOBIAQINCH  aBTOPOM 1
O0OrOoBOpIOBAIMCS HA HAYKOBUX CeMiHapax BiAAuUTy Ta [HCTUTYTYy MeTanodi3uku im.
I'. B. KypatomoBa HAH VYkpainu.

Ilyoaikanii. 3a Matepianamu gucepTailiitHoi poOOTH OmyOJIiKOBAaHO YOTUPHU
CTaTTi, TPH 3 AKKUX y (PaXxOBUX HAYKOBHUX KypHAJIaX, 0 BIAHOCATHCS IO APYTOTo Ta
TpeTboro kpaptuito. Kpim TOro, numcepraniiHi pe3yiapTaTd OMyOJIKOBaHI Y
30IpHUKAX T€3 Ta MaTepiaiiB BUIE3a3HAYCHUX KOH(EPEHIIIi.

Crpykrypa Ta 00’em podotu. JlucepramiiiHa poOoTa CKIATAEThCA 3
aHoTaIli, BCTYMy, YOTUPHOX PpO3ILIIB, 3araJilbHUX BHUCHOBKIB, TMEPEIIKY
BUKOPUCTaHUX JpKepen, o MicTuTh 140 HaiimenyBanb. PoboTa mpencraBiieHa Ha

134 cropiHkax, MICTUTb 57/ pUCYHKIB, 11 TabauLp.
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PO3LI 1
OCOBJHUBOCTI NPOBIJHOCTI HAHOTETEPOCTPYKTYP
METAJ — JIEJTEKTPUK — METAJ

B nmanomy po3aiinl OpeAcTaBI€HO OIVIAJ Cy4YacHUX JITEpaTypHUX [aHUX,
MOB’SI3aHUX 3 PO3BUTKOM CHIHTPOHIKH, CTBOPEHHSM MArHiTHOTO TYHEJIBHOTO
KOHTAaKTy Ta BJIACTUBOCTAMH, IO B HbOMY MposBIsIOThCS. [IpuBeneHo aHami3
HOBITHIX CHUCTEM JIJIsS 3UMTYBaHHS, 3anuCcy Ta 30epexeHHs iHpopMmarrii. TexHomorii
OTpUMaHHs 0a30BUX €JIEMEHTIB CYYaCHHX KOMIPOK IaM STl Ha OCHOBI MarHiTHOTO
TYHEJILHOTO TEPEX0/1y, Ta NEPCIEKTUBHI MEXaHI13MH MOJIIMIICHHS X BIaCTUBOCTEN
3a paxXyHOK BUKOPHUCTaHHS JI0JaTKOBOTro enemeHTy 3 oosnactio H/IO na BAX.

[IpuBeneno excriepumeHTanbHl pesyiapbratu oTpumanHs HJIO na BAX B
PI3HOMAHITHUX HAHOCHCTEMAax Ta IPOAHATI30BAHO MOJKJIMBI MEXaHI3MH, L0 €
IPUYUHOIO TAKOTO THUIY MPOBIAHOCTI. PO3rIsSHYyTO TEOpeTHYHI NMEepenyMoOBU Ta
pe3ysibTaTd MEPUIONPUHIMIIHUX PO3PaxXyHKIB, IO BKa3ylOTh HAa MOXIIUBICTb
BuHUKHEHHA HJIO B TOHKOIUIIBKOBUX cHUCTeMax (PEpOMAarHETHK — JIEJIEKTPUK —
(epoMarHeTuk 3a YMOBH OCOOJIMBOIO PO3TAllyBaHHS EHEPreTUYHHX PIBHIB B

dbepoMarHeTuKy.

1.1 MarHiTHM# TyHeJbLHUI mepexiy

BinoMo, 110 eNeKTpOoHH, Kl € HOCISIMU CTPYMY B €JIEKTPUYHOMY JIaHI031,
BOJIOJIIOTH BJACHUM MAarHITHUM MOMEHTOM. OJIHaK BUKOPUCTAHHS JaHOTO €(eKTy
B NPAaKTHUYHUX MLIJISX PO3MOYAIOCH JIMIIE HA TMOYATKy HOBOTO THUCSYONITTA 3
PO3BUTKOM HOBOI Tayly3i HAYKH - CIIHTPOHIKHU. 3T1IHO 3 MPUHIIUIIOM KBAaHTYyBaHHS
MPOEKIIIi CIIIHA Ha 00paHy BiCh €JIEKTPOHU MOAUISIIOTH Ha IBA TUIIM HOCIIB CTPYMY:
€JICKTPOHU 31 CIIHOM Bropy 1 €JeKTPOHU 31 CIIIHOM BHHU3. Y JaHiil ramxy3i HayKu 1
TEXHIKA BUBUYAIOTHCS €(DEKTH B3a€MOJII1 BIACHUX MAarHiTHUX MOMEHTIB €JIEKTPOHIB
(CTiHIB) 3 €JIEKTPOMArHiTHUMHM TOJISIMHU 1 Ha iX OCHOB1 PO3POOJISIOTHCSA TaK 3BaH1

CITIHEJCKTPOHHI TPUCTPOI UM EIEMEHTH Cy4acHOI eleKTpoHiku [1].
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JIns CTBOpPEHHSI CHIHTPOHHOTO TMIPUCTPOI0 HEOOXiHA HASBHICTH JBOX
OCHOBHMX KOMITOHEHTIB - JIXKEpeJia CIiH-TIOJIIPU30BAHUX E€JIEKTPOHIB, 0 TEHEPYE
CJIEKTPOHM TEPEBAXHO OJHOTO HAMpsIMKy CIMiHAa, Ta TMPUAMAIOY0i CHCTEMH,
YyTIMUBOI A0 CHIH-TIOJISIPU30BAHUX €JICKTPOHIB (CIIIHOBUM JIETEKTOP). MaHImyIsIIis
CIiHAMH EJIEKTPOHIB B TMPOIECi TPAHCIOPTY MK JDKEPEIIOM 1 JIeTeKTOPOM
peanizyeThCsl 3a JOMOMOTOI0 30BHIIIHBOIO MAarHiTHOrO MmoJjsi abo 3a J0MOMOTrolo
e()EeKTUBHUX I10JI1B, BUKJIMKAHUX CITIH-OPOITaIbHUMH B3a€EMOIISIMHU.

HatinpocTimmii  croci® reHepanii  CHiH-TOJASPU30BAHOTO  CTPyMy -
IPOIyCKaHHsS cTpyMy depes epoMarHiTHui MaTepian (FM). [Ipukiagom cTpykTyp
Ha OCHOBI (pepOMar”HiTHUX maTepiajll € Mar"iTHUM TyHenbHuid nepexin (MTJ —
magnetic tunnel junction). Bin cknamaeTbes 3 qBox miapiB pepomarnetuky (Fe, Ni
a0o Co), po3aiieHoro TOHKMM ImapoM aienektpuka (MgO, Al,O, HfOy). Ilpu
BUTOTOBJICHHI TaKUX CTPYKTYp 3a0e3ledyeTbcs TOBIIMHA 130J5TOpa, 100
€JICKTPOHM MOTJIM TYHEJIOBAaTH NPU HU3bKINM MpUKIIafeH1ld Hanpy3l, HepeBakHO 1-2
Bonbsra. B MTJ TyHenbHUl CTpyM 3aJI€XKHUTh BiJl B3a€MHOI Opi€HTallli MarHiTHUX
MOMEHTIB KOXHOTO Mapy (epoMarHeTvka, siky MOKJIMBO 3MIHHTH 3a PaxyHOK
30BHIUIHBOIO MAar”iTHOTO MOJS. Y TOMY BUMAJIKY, SIKIIO BEKTOPU HAMarH14e€HOCTI
(epoMarHiTHUX IIapiB HAMpPSIMJIEHI B3a€EMOIAPAENbHO, €IEKTPUYHUIN omip Oyae
MIHIMQJIBHUM (BIANOBIIHO, OyJe cHocTepiraTUCs HaWOUIbIIEe 3HAYEHHS CHIIU
CTpyMy, IO TPOTIKA€); y pa3l MNPOTHIEKHOI CHOPSIMOBAHOCTI BEKTOPIB
HaMarHi4eHoCTi B BEpXHbOMY (DepOMArHeTUKy IO BIIHOIIEHHIO O HHKHBOTO OMIp
B cucrteMi Oyne MakcuMaidbHuUM. Onucanuii e(eKT Ha3WBAETHhCS TYHEIbHUM
maruitooropoM (TMR — Tunnel magnetoresistance), sikuii po3paxoBYEThCS 3a

dbopmyiioro:

TMR Ratio = “2=2ap (1.1)

Rap

ne Rap u Rp - omip mpu aHTUnmapanenbHOMY 1 MapajiellbHOMY HaNpsSIMKY

HaMarHi4eHoCTi JOMEHIB (hepOMarHeTHKiB, BiAMOBIIHO.
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Hnsa 3a6e3neuendss TMR B MTJ cucremax HaMarHideHicth omgHoro 3 FM
mapiB (piKCyrOTh, PO3MIIIYIOUH ITiJ HUM JOJATKOBUM aHTHU(EPOMArHiTHHM IIap.
Hawmarsniuenicts iHmoro FM miapy mMo’ke 3MIHIOETHCS 32 PaxyHOK 30BHIIIHBOTO
Mar”iTHOro mojs. B pe3ynbrari omip Takoi CHUCTEeMH MpHU MapajeabHOMY 1
aHTHUNapaneabHoMy HamarHideHi FM mrapiB Bigpi3HSAETHCS Ha JACKiIbKa MOPSIIKIB,
110 BianoBigae mokasHuky TMR. Ha choroani 1any oco0JMBICTE BUKOPUCTOBYIOTh
JU1s 3anucy iHdopMailii uepes goriuauii 0 ta 1. s mosinieHHs sSIkocTi 30epiraHHs
iHpopMarlii HeoOxiaHO 3abe3neunTy BUCOKI 3HadeHHs MR, mo B mepury depry
3QJICKUTh BiJ BIIACTMBOCTEH oOpaHuUX MatepiamiB. EnekTpudyHuit crpym y
(dbepoMarHiTHOMy Marepiajli CKJIAJa€TbCsl 3 JIBOX YACTKOBUX MOTOKIB, KOXKHHUU 3
SAKUX MICTUTh €JEKTPOHHM 31 CIIHOM BBEpPX Ta CHIHOM BHH3. BHUCOKHMI MOKa3HUK
TMR € pe3ynbTaToM BiIMIHHOCTI B €JIEKTPOHHIN HIUIBHOCTI CTaH1B Ha piBHI dDepmi
Er MeTana mixk enektporamu 3 mpoekiiro crina BBepX N (ErtT) i Bau3 N (Eg]) [2] Ta
BUOOpI JieNIeKTpUKa, M0 3a0e3MeyuTh CIIH mnojspu3aiiio crpymy. B Ta6m. 1.1.
HaBeJIeHO MopiBHAHHS nesikuXx MTJ cTpykryp, 3Haiinenux y miteparypi [3-23].

3 naHux npuBeaeHux B Ta0m. 1.1. BunHO, 1o 1is nepeBaxkHoi ouibmocti MTJ
CUCTEM B SIKOCTI JII€JIEKTPUKA BUKOPUCTOBYBABCA OKCHJ ATIOMIHIIO, IPOTE BapTO
BpaxyBaTH NEepPeBaru OKCUy MarHito, SKHA JEMOHCTPY€E BUCOKY aare3iro 3 Iapom
3aJ113a, 1110 HE € XapakTepHuM jJig 6aratbox MTJ cuctem. Y 3B's13Ky 3 TUM, 1110 TOHKI
Bk MgO MaroTh MepeBaKHO KPUCTATIYHY CTPYKTYPY, BOHU MOKa3yIOTh BHIII
MOKAa3HHUKK CIPSDKEHOCTI TPaTKH 3 MeTajaMu B TmopiBHsAHHI 3 amopdruM Al,Os.
30kpema, CriH ToJigpu3aiis (€JIeKTPOHU IMEPEBAKHO OJHOTO HAMPSMKY CITIHA)
cTpyMy ckianae 0mau3bko 85% st MgO [24] y nopiBasHHI 3 40-60% 151 okcuay
amoMmiHipo. MgO Tepmiuro ctabimpamii 10 700 K, xomu crtabimpricTh AlOs3
nopymyethbes mpu 600 K. Tomy npu 1ocmipkeHl MarHiTHAX BIACTUBOCTEH CUCTEM,
JUISL SIKMX 3a0€34yBaJIoCh HAPOIIYBAaHHS €MITAKCIAJIbHOTO IIApy KPUCTAIIYHOTO
MgO B sKOCTI HmieNeKTpHKa, CIOCTEpIraiuch OiIbIn BHUCOKI mokasHuku TMR B

MOPIBHSHI 3 CUCTEMAaMH JIJISl IKUX B SIKOCTI JII€JICKTPUKA HAMOPOITyBaIM aMOphHUN

AlyOs.



Ta6mung 1.1. OcHoBHI BacTuBOCTI Aesikux MTJ ctpykTyp

MTJ MR (%) T(K) | HS (kA/m) METO/T
Fe/Ge/Co 14 4.2 n/a n/a
Fe/Al,O5/Fe 18 RT 4,16 Sputt.
C0o.84 Feo.16/Al-O/C0p 84 Feo 16 40 RT 2 Sputt.
CO0o.75 Fep.25/Al-O/C0y 75 Feg 25 50 RT 2 Sputt.
Coo7 Feo3/Al-O/Cog 7 Feos 60 RT n/a Sputt.
C0,Cro6Feo.4Al/Al-O/CoFe 19/27 RT/5 poly
Co,MnSi/Al-O/CoFe 33/86 RT/10 poly
Co,MnSi/Al-O/CoFe 70/159 RT/2 Epitaxy
Co,MnSi/Al-O/ Co,MnSi 67/570 RT/2 Epitaxy
Co,MnAl/Al-O/CoFe 40/60 RT/5 poly
Co,MnAl/Al-O/CoFe 65/83 RT/5 Epitaxy
Co,FeSi/Al-O/CoFe 41/60 RT/5 Epitaxy
Co,FeAl/Al-O/CoFe 47 RT Epitaxy
CozFeAlysSios/Al-O/CoFe 76/106 RT/5 Epitaxy
Fe/MgO/Fe 180 RT 2 Epitaxy
Coo.s4 Feo16/ MgO / Coo7 Feos 220 RT 2 Sputt.
CoFeB/MgO/CoFeB 230 RT 2 Sputt.
C0o,MnSi/MgO/CoFe 90/192 RT/4.2
Co,MnSi/MgO/ Co,MnSi 179/683 | RT/4.2
Co-Mn-Si/MgO/ Co-Mn-Si | 354/1995 | RT/4.2
Co,MnGe/MgO/CoFe 160/376 | RT/4.2
Co-Mn-Ge/MgO/ Co-Mn-Ge 22/650 RT/4.2
Co,FeAl/MgO/CoFe 330/700 RT/10
CozFeAlysSios/MgO/ 386/832 RT/9
CozFeAlgsSios
Co,Cro6Fep.4Al/MgO/Co-Fe | 109/317 | RT/4.2
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1.2 CyuacHi TexHoJ10Tii 30epeskeHHs iHdopmaii

[TocriifHe 3pocTaHHsA IIUIBHOCTI MaMm’sTi, MiHIATIOpHU3allisl Cy4acHHUX
1HbOpMaIIHHUX MPUCTPOIB, SMEHIIIEHHS €HEPro3aTpaT CTUMYJIIOE MOIIYKH HOBHX
TUIIB MaMm’aTi 0e3 CTaTUYHOTO JKepena >kubiieHHs. lle moB’s3aHO 3 TUM, 1O
nepesanwc inpopmartiii B DRAM (Dynamic Random Access Memory) npoBoauThes
Ha KOHJICHCATOP1 3 MEBHOIO 4acTOoTO. CTpyM nepe3anucy CTPIMKO 30UIbIIYETHCS
13 3pOCTaHHSAM INUIBHICTIO Mam’saTi. EHeprocnoxuBaHHS B PEXXUMI OYiKyBaHHS
OlpIIIe HE MOXE ITHOPYBaTHCh, OCKIJIBKM II€ BXKE CTal0 MEPEHIKOI0I0 s
MOMANBIIOT  MIHIATIOpU3aIlli 00JIamHAaHHA 111 OOCIIYyTOBYBaHHS MOOUIBHHUX
TeneOoHIB, TUIAHILIETIB Ta 1HIIUX MOPTATUBHUX MPUCTPOiIB. PO3riasiHeMO OCHOBHI
aIbTEPHATHBHI TEXHOJIOT1 30epeXeHHs 1H(pOopMallii Ha CbOTO/IHI.

ReRAM (Resistive random access memory) 3a3Buyaii Takuil THI
OMEpPAaTUBHOI MaM'sITI HA3UBAETHCA pE3UCTHBHOIO MaM'saTi0 RRAM, ockuibku
30epiraHHs JaHUX BiAOYBa€TbCA Y BUIJISAI 3MIHM OMOPY MaTepially MK JBOMa
enektpogamu. [punnmnu 36epiranus iHpopmaiiii B ReRAM noainsioTbest Ha ABa
TUIH, OJIMH - OKCUJHA, a Ipyruil - nposigHa MoctoBa (CBRAM). Slk ocHOBHuiA
OpUHIMO Aii oOWJBa TUNKU BUKOPUCTOBYIOTH OKHUCHO-BITHOBHY PpEAKIIiIoO.
Y TBOpEHHsI BOJIOKHA, YU TO Y€pe3 BAKAHCIIO KUCHIO UM PyX aTOMIB METaly MiCHs
MPUKJIAJaHHS BUCOKOT HAIIPYTH, 3MIHIOE OIIp A1eJIEKTPUKA 1, 0TXKe, 3a0e3euye 1Ba
pi3HUX cTaHu 11 30epiranas 1aHuX. ReRAM e nepcrneKTUBHUM KaHIUIaTOM IS
nam'siTi HaCTYITHOTO TOKOJIIHHS 3aBASKM HACTYIMHUM TepeBaraMm. BoHa mae myxe
HU3BKY pO0OOUy HANpyTy Ta MOTY>KHICTh, HAA3BUYAHHO BUCOKI IIBUJIKOCTI 3aITUCY /
CTUPAHHS, EHEProHE3aJeKHICTh Ta BEIUKY €EMKICTh 30epiraHHsi, BIIAMIHHY
CYMICHICTh 13 TMpolleCaMH  IHTETpajbHOI  MIKPOCXEMHU Ta  MOKJIMBICTIO
macmrtabyBanss. Ognak ReRAM Bce 1ie cTpaxkaae BiJ NeBHUX IpoOJieM MacOBOTO
BUPOOHMIITBA Ta KOMEpIliani3allii, TAKUX sIK KOJIMBAHHS 3aMKUCY / CTUPAHHS 1] 4ac
po6oTH Ta mpobseMu HaailHoCTI [25, 26].

PCRAM (Phase-change random access memory) OnepaTiUBHa mam'siTh IS

3MiHM ($a3u BUKOPUCTOBYE XaJbKOTEHIJIHI MaTepiajid, SIKi 3aCTOCOBYIOTHCS B
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KOMIakT-nuckax. [lpuHuun poboTtu 0Oa3zyeThCsi Ha 3BOPOTHOMY  (ha30BOMY
MepeTBOPEHHI MK aMOp(PHUM Ta KPUCTAJIIYHUM CTAHOM XaJbKOTEHIJHOTO IIapy.
[lepeTBOpeHHSs 3A1MCHIOETbCS HArpiBaHHIM, 1[0 BUHHUKAE MiJ 4Yac MPOXOKEHHS
cTpyMy Mix aBoma einektpogamu. PCRAM nemMoHCTpye BHUCOKHI TOTEHIal
BUKOPHUCTAHHA y pekuMi 30epirannsa. OgHak Mae BEIHMKI TPYAHOII B HAAIMHOCTI
poboTH, dYepe3 KOPCTKUM KOHTPOJIb TMOXMOKM HarpiBaHHA MIDK CYCIJTHIMH
KOMIpKaMM TMam’sTi Ticis MaciuTtaObyBaHHS. SIKIIO BJIACTUBOCTI MaTepiany
XaJIbKOTeH1/11B Oy/e MOMIMIIEHO JJIsl TOCSITHEeHHs Oubinoi BuTpuBanocti, PCRAM
3Moxke crtatd 3amiHoro DRAM. IlIpore Ha chorogHi BiH 1HTEIpPOBAHUM 1
KoMepIIianizoBanui sk pizHoBua SCM [25,27].

FeRAM  (Ferroelectric  random  access memory)  Haiicrapia
eHeproHezajnexxHa mnam'atb, FeRAM  BHUKOpPHUCTOBYEe  CErHETOEIEKTPUYHUI
KOHJIEHCATOp B SIKOCTI KOMIPKHM NaM'iTl, AKUH JIETKO MO€JHYETHCS 3 JIAHLIOTOM
CMOS. IIpobnema FeRAM oueBuana. O6poOKa CErHETOCTIEKTPUUHUX MaTepialliB
Ta enekTpoaa 0e3 peakilli MK HUMHU Jy’Ke CKJIaJHa 1 11e 00OMEXye 3aCTOCYBaHHS
FeRAM 3 touku 30py macmiraOyBanHs. Sk pe3ynbrat, FERAM BHUKOPHUCTOBYETHCS
JIUIIE JUTS1 TOJATKIB 3 HEBEJUKOIO €MKICTIO 30€piraHHs JaHUX.

SRAM (static random access memory) HamiBnpoBiHUKOBa OmNEpaTHBHA
nam'athb, B SIKIM KOXEH JBIMKOBUH po3psa 30epiraeTbCs B CXeMl 3 J0JATHIM
3BOPOTHUM 3B'SI3KOM, 1[0 HE TMOTpeOye pereHepairii, HEOOXIAHOI B JUHAMIYHIN
nam'ati (DRAM). Ane 306epiratu nani 6e3 nepezanucy SRAM MOKIIMBO TUIBKY NpU
3a0e3MnedeHi MOCTIHHOTO KUBJIEHHS, TOOTO SRAM sBIs€ThCS €HEPro3aJIeKHUM
TAnoM mnam'ati. Hegoniku MOB’si3aHI 3 HU3BKOIO TYCTHHOIO  3aIHCY
1H(popMaIii(1icTh-BICIM €JIEMEHTIB Ha 01T maM’sIT1, 3amicThb 1BoX y DRAM). IIpote
BOHA Ma€ CBOE MICII€ 3aCTOCYBAaHHS B MIKPOKOHTpOJEpax, Je 00’eM Iam ATi He
BEJIMKUM 1 HEOOX1JHO HU3bKE EHEePrOCTIOKUBAHHS.

TSRAM (Tunneling-Based Static random access memory) HoBe mokostiHHs
CTallloHapHOi MaM'saTi Ha ©0a31 Si, sKa OCHOBaHA HAa TYHEJIbHOMY €(QeKT.
Po3rnsgaeTbest sIK )KUTTE3ATHE PIIICHHS ISl 3aCTOCYBaHHS B SIKOCTI BOYI0BaHOI

nam'aTi 3 HU3BKOIO POOOYOI0 MOTYKHICTIO Ta BHCOKOIO IMIBHAKICTIO 30€peKeHHS
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iHopMmaiii. CkitazaeTbesi 3 IBOX TYHEJIBHUX J10/1B, 3'€THAHUX MOCIIOBHO, OJUH
BUCTYNAE K EJIIEKTPONPHUBOJ, a APYrUi SK HaBaHTaXeHHs. Taka KoH]irypais
3abe3nedye poOOTy B 0iCTaObIILHOMY PEXHMI MPU TIEBHOMY Jiama3oHl HAMpyTh
)kuBieHHs. [HdopMarliis 30epiraeTbes y By3/1y 3UYUTYBaHHS, SIKUH MOXKHA 3MIHUTH
MOAYJIAIIEI0 CTPYMYy Yepe3 IMOJhOBUH TpaH3UCTOp. BBomsuum cTpym y BY307
3UUTYBaHHS, KOMIpKa MPUMYCOBO (ikcye BUCOKUM cTaH. I1in yac omepariii 3anucy
HU3BKOTO CTaHy MOJHOBUHN TPAH3UCTOP BUKOPUCTOBYETHCS TSI PO3PAIKH KOMIPKH,
BUTATYIOUH ITOTCHINIAJ 3UNTYBAIBHOTO By3J1a JI0 HU3bKOTO cTany [27]. He3paxkaroun
Ha JIEMOHCTpaIlil0 0araTooOIISI0UNX XapaKTEPUCTUK, SK MO IIBUJIKOCTI TaK 1 IO
PO3CIIOI0Yiil MOTYKHOCTI OCTalOThCS MPOOJEMU MAacIITa0yBaHHS JIs 3HUKEHHS
TyCTHHHU cTpymy [28,29].

MRAM (magnetoresistive random-access memory) Ha cworomni macus
TYHEJIBHUX 3’€JIHaHb ()EPOMArHETUK — JIEIEKTPUK — (PEepOMarHeTUK MoOxke OyTH
IHTETPOBAHUN 13 3BUYANHOIO EJIEKTPOHIKOIO JIJIi OTpUMaHHS (DYHKIIIOHATBHUX
CJIEMEHTIB omepaTuBHOI mam’sTi. Taka mam'sth Ha 06a31 MTJ-3'eqnanHs Mae
BEJIMKMM MOTEHLIAJl 3aCTOCYBAaHHA 3a pPAaXyHOK 3MIHHOCTI HaMarHideHoCTI
dbepomarniTHux mapiB. J[o Toro x, TYHEIbHUH CTPYM HE 3MIHIOE BIJHOCHOTO
HaMarHi4YeHHs! BEpXHbOT0 (PEepOMAarHiTHOro 1apy A0 HUKHBOTO - 1€ 03HAYae, 110
IIpY 3YUTYBaHHI Taka nam’siTh He pylHyeThcs. MTJ cuctemMu 1eMOHCTPYIOTh JyKe
XOpOIlll TOKAa3HUKH 30epekeHHs naHux. B Tabn. 1.2 mpuBenaeHO MOPIBHSHHA
ONMMCAHUX BHILE THUIIIB NaM STl 3 BpaXyBaHHSM TaKuUX NMapameTpiB, sIK IIBUJIKICTh
3UWTYBAaHHS, 3alllCy, CHEProHEe3aJe)KHOCTI, JOBIOBIYHOCTI, ITOBTOPIOBAHOCTI
3aMucy, po3Mip KOMIPKH Ta €HEPrOoePEKTUBHICTD.

3 nmnpuBeAeHUX AaHUX BUAHO, MO0 MRAM Ha ceoromni mae camuid
ONTUMAJIbHUM HaOlp XapakTEPUCTHK TMOPIBHAHO 13 1HIIUMHU ICHYIOUMMHU THUIIAMH
nam’siTi. ToMy BOHA SIBJIIETHCA OAHUM 13 HaaKTyaJbHIMIKUX OO0’ €KTIB BUBYEHHS B

Cy4yacHI1i HaHOEJIEKTPOHIIII.
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Ta6mung 1.2. [TopiBHSHHS PI3HUX TEXHOJIOT1M TBEPAOTUIBHOL Mam'sITi

KaTel“Opi}I SRAM | DRAM | FLASH | FRAM | TSRAM | MRAM | RRAM | PCRAM
Yac 3unTyBaHHs(HC) 2 30 10° 5 >20 | 6-20 | 1-20 | 4-19
4ac 3armcy(He) 2 50 108 10 >20 1-20 50 2
CHEPrOHE3AJIEKHICTh Hi Hi na na Hi Hi na na
JIOBrOBIYHICTH 6e3m. | 6e3m. | oOM. | oOM. | 6e3m. | Oe3m. | oOM. | OOM.
OHOBJIIOBAHICTh Hi na Hi Hi Hi Hi Hi Hi
posmipy komipku(F?) | >120 | 6-10 5 15-34 | Cep. | 6-20 | 6-10 | 4-19
HU3bKA HAIPYTa na | oom. Hi 00M. na na Hi aa

MRAM mpaiitoe 1o HaCTYIMMHOMY MPUHIUITY. SIKIIO BITHOCHA HAMArHIYeHICTh
nBox mapiB FM e mnapanensHoro, Tomi B MTJ cucremi omip HU3bKUH, IO
3anucyeTbcss 3a Oir 0, a KOJIM BIJHOCHAa HaMarHIi4YeHICTh JIBOX IIapiB
(epoMarHeTuKy € aHTUIApaJEeNbHOI, TO CIOCTEPIraeThCsl BHUCOKHM omip 1
BiamoBigHO 3amucyeThest OiT 1 (puc.1.1). Xowa MTJ i moxe 30epiratu OiHapHi
JTaHH1, BOHA MOBUHHA OYTH 1HTErpOBaHa 3 IATYMKOM JIJIsl 3UMTYBAHHS 30€peKEeHUX

NBIAKOBHUX JTaHHUX. MRAM, sKa CKJIaJa€eThCsl 3 II0JBOBOTO

[Ilo mopomxye
Tpan3zucropa N-MOH (mertan-okcuna-HamiBopoBigHuk) Ta TMR enemeHTty Hax
HuMm [30]. B sxoMy opieHTaIlisi HaMarHi9YeHOCTI HIWKHbOro FM-1mapy mocTiiiHO
3adikcoBaHa y BCIX THUMNax KOMIPOK. A HaMarHidyeHocTi BepxHboro FM-mapy
BIJIPI3HSETHCS B 3AJICKHOCTI BiJ JOCIIKyBaHOi komipku MRAM. BianosigHo npu
Bukopuctani MFW (Magnetic Field Write - MaruiTHe mosie 3anucy) ajis KOMipoOK
nam’siTi, HAMarHi4eHicTh BepXxHboro FM-1apy noBepraerbes mij J11€F0 MarHiTHOIO
MOJISI, 10 YTBOPIOETHCS KOJM CTPYM MPOXOJHUTH 4Yepe3 KOMIpKYy mam’sari. B
pe3ynbTaTi BIIOYBAE€ThCS OpIE€HTALlIS MATHITHUX MOMEHTIB M1/l IPSIMUM KYTOM, TUM
camuM 30epiratoun gaHi. Toli sk B cmiH 1HXeKTOpHiN koMmipiui MRAM, ctpym

nporyckaeTrbest yepe3 MTJ, Ge3nocepeHbO BUKIMKAIOYHM CITIH-TIOISPU3AI HHAN

TPaHCIOPT, OCHOBAHUI Ha 3MiHI HAMArHi4eHoCTI B BepxHboMy FM-mapi .



21

AHTUIIapaJIeIbHUNA CTaH [TapanensHuii cTan

-® -®

BiT "1 Bir "0"

Puc. 1.1. Ipunmun 36epexenns iHbopmaiiii B MTJ-cuctemi

[TopiBatotoun MFW xomipku MRAM, oTpumaHO 1[I0 CIiH 1HXEKTOPHI
MRAM koMmipku MarOTh MEHIII 3aTpaTH €Heprii mpu 3amuci iHdopmarlli, BOHU
HabaraTo KOMOakTHIMI, 9uM iHi TexHoJorii O311, MaloTh MEHIITY MOy KOMIPKU
nam’siTi Ta OUIBII MPOCTY CTPYKTypy. Hemae oOMexeHHS Ha KUIBKICTh IUKJIIB
3anucy iH(opmari 1 AEMOHCTPYIOTh HaJA3BMYAWHO Malli MPOMDKKH Yacy s
3amucy, 3unTyBanHs Ta crupanss [31]. MRAM mae xopomuii moTeHIian 1ist ayxe

IIUPOKOT'0 CIICKTPY 3aCTOCYBAHHS B CYy4YaCHHUX iH(bOpMaI_IiI‘(JIHI/IX IMPpUCTPOAIX.

Mar
TYHENbHUIA
nepexig

nosi

o

Puc. 1.2. Cxema MRAM-komipku Ha ocHoBi MTJ [32]
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Marpuiist maM’sTi CKIaJa€eThCs HE 13 OJIHIET KOMIPKH, a 3 MaCUBY KOMIPOK,
HIIKITI0OYEeHUX 10 0iToBuX Ta nu@posux miHiin. Komipka MRAM (puc.1.2) moxe
Oytu peamizoBaHa B BuAl MaTpuili mam’stTi (puc.1.3). Taka MaTpuIs Ha3UBAETHCS
TOYKOIO TEpPETUHY, KOJIM OiToBa JiHIA 1 HU(pPOBa MEPECIKaAIOTh OJUH OJIHY IiJl
OpsIMUM KyTOM 1 OTpUMaHa TO4YKa MepeTHHy B cykymHocTi 3 TMR ctpykTyporo

YTBOPIOE OJIHY KOMipKy ram’a1i MRAM

H » BiToea niHis

* MTJ

* Undbposa niHisa

" TNinis noBigoMneHHs

KOMipKa nam'sTi

Puc. 1.3. ITepexpechna apxitrektrypa MRAM - mam’siti [33]

Koxna TMR cTpykTypa Mae 4yTIuMBHI TpaH3UCTOP, MIAKIIOYCHUN 10 HET
JUISL 34MTyBaHHs 1HQopMauii. J{ns 30UIbLIEHHS IIUIBHOCTI 3amucy 1H(opMallii,
komipka MRAM (puc. 1.2), po3Milily€ThCsl B MATPHIII 3 KOMKHOKO JITHIEIO 3aIUCY, 110

OXOILTIOE COTHI a00 THCAYi OIT (puc. 1.3).

1.3 EnemeHnTH 3 HeraTUBHUM Ju(epeHIiiiHUM 0MOPOM B KOMipKax

nmam’aTi

Bnepmie  BUKOpHCTaHHS ~ JOJATKOBOTO  €JIEMEHTY 3  HEraTHBHUM
nudepeHIiiHuM onopoM B CyKynmHOCTI 3 MTJ-niepexoaom Oyiio 3arponoHOBaHO B
poborti [34]. Cxema ckimamaerscs 3 MTJ-mepexomy, mapaieibHO 3’€IHAHOTO 3
TyHeapHUM giogoMm (puc. 1.4, a). 3aBagku YoMy Ha BOJBT-aMIICPHIH

xapakrtepuctuii (BAX) oTpumaHoi cucTteMu 3’SIBISE€THCS 00aCTh 3 HETaTUBHUM
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nudepeniiitnum onopoM (puc. 1.4, 6), mo B pe3ynbTaTi 3HayHO nodinye TMR

xapaktepuctuku 3 11% no 103% (puc. 1.4, B).

2000
037 B
(@) word (©) | (8)™7 . 0,226 MA
P 1800 \
bit ° /7
H -~ 7
i é 02+ 2 47 10001
H % 4 \ ’
H > 4 N s
IMTJ %‘ wnnel = / S o] / & 103%
diode g 2
o @]
S g 10
i =
O napanenbHo
._l = == == aHTUnapanensHo 1000 4 e
—
- —
0 : . ) 800 L - : :
0 0.1 0.2 03 04 05 (V] S0 100 150
a Hanpyra, B MartiTHe none, E

Puc. 1.4. a) Cxematuune 300pakeHHs] CTPYKTYPU KOMIPOK, 110 CKIaTa€ThCS
3 Mar”iTHOro TyHesnbHOro 3'eqHanHs (MTJ), 3'eqHaHoro napanenbHO 3 TYHEIbHUM

nionom (TD), 6) I-V xapakrepuctuka, B) 3HaueHHsS | MR B MaraiTHOMYy 1o [34]

Y po6oti [35] mpeacraBneni aBi cxemu goctymy STT-MRAM: cxema
3UdTyBaHHS 3 HeraTuBHUM nudepenuiinum omopoM (NRRS), saxa rapantye
HEpyHHIBHE 3YUTYBAaHHS 3 KOMIpKM mam’sTi. Taka cxema 3amucy 3 HEraTUBHUM
mudepenuiiinum onopoM (NRWS) B cepeqHpoMy 3MEHIIIyE MOTYKHICTh HEOOX1Y
nst 3anucy Ha 10,5 %.

BaxxnuBoro XxapakTEepUCTHKY Cy4acHHX KOMIPOK Mam’sTi € podoya Hampyra.
MT]J cucremu MaroTh MoOTeHIiaa podotu npu Hanpysi meniie 0,4 B [36]. ITpote
MIJCUIIOBaY BUMIpIOBaHHS 3arpy3ku pMOS abo mijgcuioBad i 3MIlIEHHS
perutiku [37] He mpairoe npu ik Hanpysi. B po6oti [38] mpeacraBieHo 65 HM
apxitektypy s 8-M6 STT-MRAM mnam'sti, mo mpaioe Ha piBai 0,38 B.
3anponoHOBaHU BUMIPIOBAJIBHUN MiAcKIOBaY MicTUTh hMOS 3 mnocusieHuM
3arBopoM 1 pMOS 3 HeraTuBHUM JU(EPEHLIMHUM OMOPOM ISl 3arpy3Kd, L0
MaKCHMaJbHO 301IbLIye MeXy 34MTyBaHHA. OTpuMaHa CHCTEMa JOCSTa€e 4acy

mukiny 1,9 mxe (= 0,526 MI') npu 0,38 B. PobGoua moTyXHICTh CTaHOBUTH
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1,70 mxBt mpu i nHanpysi. Cxema otpumanoi cucremu 1 ii BAX

MIPOJIEMOHCTPOBaHO Ha puc. 1.5.

CLAMP Tr.J_
VDD - TT_ 40
MP‘1 MP‘I} Global Iload+ lneg1
obDa
IBE
M., I: :lh__ql: BL 30 II '11
In = neg .
hicad l = M 3 - g i ™
g =F|_ [ IF I-"F i \| MRAM E 20 - lﬁlP ."; \
i E ;
N e T3 I
1 T o F; 1
10 e HG-
' ! F | !
Read = REF AN ST T \
Enable SA : MTJ : 7 o e \
Iniiializing Dout I“WLH_I J; 0 Onﬁ#‘;—l:‘l T 11 012 L | 0|3 T ‘I-"I 0.4
switch 7777 i A . . L ‘
- Node S voltage [V]

Puc. 1.5. a) Cxema miacwienns koMmipku mnam’sti MRAM 6) BAX 3

oTpuMaHoi KOHCTPYKIIiT [38]

Takox BapTO 3a3HAYUTH, IO NI cydacHUX komipok nam’sti STT-MRAM
ICHY€ JIeK1JIbKa 3arajibHUX MpoOJeM, a came: :

1) Bucokwuii ctpym 3amnucy (10 100 MxA Ha 45-HM By371);

2) HU3bKUH 3anacu 9yTIUBOCTI [39];

3) cXuNbHICTH 10 mopyieHHs 3untyBanus [40][41];

Y pobGotri [42] 3anponmoHOBAaHO BUPIMIEHHS BCIX IUX MpoOJeMm,
BUKOpHUCTOBYIOUM criBBigHOIIEeHHS PVR(peak to valley) mpuctpoiB HeraTuBHOro
nudepeHIIiHOTO OMOopPY, TAKUX AK TyHeNbHI moiaboBi Tpanzuctopu (TFETs) [43] 1
tyHenbH1 gioau (TJI) [44] y cxeMi 3uuTyBaHHS Ta 3anucy. B pe3ynbTaTi 11e 00Mexye
HQUTMIIKOBUM CTPYM 3alucy 1 JO3BOJISI€ TOCWJIMTUA BIJHOIIEHHS CTPyMYy
3UNTYBaHHA BHCOKOro Ta Hu3bkoro craniB MTJ go PVR HeratuBHOrO
nudepeHIIiHOro onopy, sSKM Moxke OyTu Habararo OUTbLIMM. 3alpOrNOHOBaHI
KOHCTPYKLIi 3HAUYHO 3HUXKYIOTh EHEPTil0 3amMucy Ta 3MEHIIYIOTh MOPYIIECHHS
3YUTYBaHHS, 301IBIIYIOTH 3aMac YyTIMBOCTI Ta CIPOLIYIOTh CXxeMy 30H1yBaHHs. Lle
no3BoJiie  peanbHO BuUKOpUCTOBYBaTH STT-RAM  TexHONOTiI0 3 HU3BKOIO

HOTYKHICTIO, 110 TIPOJIEMOHCTPOBAHO B po0OoTi [42].
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Pesynpratu mpencrtaBieHi B gaHoMy maparpadi  TOKa3ymTh, IO
BUKOPHUCTAHHSA CHCTEM 3 HETaTUBHUM TUQEPCHIIMHUM OIMOPOM B CYKYITHOCTI 3
MTJ-nepexosaM [103BOJII€ BHUPIMIUTH YaCTUHY MpoOJeM, sKi BHHUKAIOTh B
Komipkax mam’saTi MRAM 1 miaBUIIUTH 3HAYEHHS TYHEJIBHOTO MAarHITOOIOPY.
[Ipore HasBHICTH JONATKOBHX €JEMEHTIB BEAE M0 3MCHIICHHS HaIIHHOCTI
CJICKTPOHHUX CHCTEM 1 3aBUX OIlepalliil y mpolieci iXx BUToToBJIeHHs. OTprUMaHHs
HETaTUBHOTO JH(EPECHIIIHOTO OIMopy Ha BOJBT-AaMICPHUX XapaKTEPUCTHKAX

camoro MTJ-niepexory MO>ke BUPIIIUTH II0 TPOOIEMY.

1.4 HeraTuBHuii 1udpepeHiiHuii onip B TOHKMX MJIiBKaxX

[lin HeraTMBHMMH 3HAYEHHSIMH TYHEJIbHOI MPOBIIHOCTI a00 TYHEIBHOIO
OMoOpy 3a3BUYail PO3yMIIOTh HAsBHICTh CHAHOI JUISHKA Ha BOJIbT-aMIEpHIN
3anexHocTi. Lle o3Hauae, 110 Ha i TUISHI KUIBKICTh €JIEKTPOHIB, 110 MPOUIILIN
yepe3 TYyHEIbHUM Oap'ep 3a OAMHUINKO Yacy, 3MEHIIYETHhCS 13 3POCTaHHSIM
NPUKIAJCHOT IO TYHEJIBHOTO IMepexoay Hampyrd. Sk 3a3HadeHo B poborti [45],
«SIBUIIIE HETATUBHOTO OIMOPY BAXKIIMBO HE TIIBKU B TBEPJOTUIbHIN €JIEKTPOHIL, Je
32 MOro JI0MOMOTrOK MOXHA OTPUMATH MOCUJIEHHS! CUTHANY, aje BOHO BaXKJIMBE 1
came 1o co00i, OCKUIbKH TMPOJIMBAE CBITIO Ha JesAKl (PyHIaMEHTAJIbHI PHUCH
TyHEJIBHOro epexTy». Edext HeratTuBHOro AudepeHintHoro onopy 0yno BIAKPUTO
B cepenuni XX cromitts Jleo Ecakm B TyHenpHUX miogax [46] 1 mo3Boise
BUKOPHCTOBYBATH MPUCTPOI HA HOTO OCHOBI, K IIIBUJIKI IEPEMHUKAY1 Ta TEHEPATOPHU.
[IpoTe TexHONOT1YHI NpOoOIeMH, TOB’ I3aH1 3 3AJIEAKHICTIO €(DEKTY BiJl MaTEpiaIbHUX
BJIACTUBOCTEH HAMIBIPOBITHUKOBUX KpHUCTadl 1 (DI3UYHHX TIPOIECIB B HUX
CIIOHYKAIOTh JIO TIONMIYKY ajdbTepHATUBHUX MartepianiB. Ilupokuii cnektp
nociipkedb HIO B pi3HOMaHITHHUX CTPYKTypax Ta CHCTeMax IOKa3ye, M0 I €
OJIHIEI0 3 HAWOUIBII BaXKIMBUX HENHIMHUX EICKTPUYHUX BiacTuBocTe. Ha
crorosiHi obiactek 3 H/IO BpaeThcs mochipKyBaTH I CUCTEM Ha aTOMapHOMY
piBai [47]. TlokpuTrs Ha OCHOBI TpadeHy TPHOXKOHTAKTHOTO IOJHOBOIO

tpaHnsuctopa [48], mpusBomMTH A0 cmocrepexeHHs B Hbomy HJO, mpo €
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pe3yabTaToOM aMOINOJIAPHOT TPAHCHOPTHOT MOBEIIHKH TpadeHy, He TOKIaIal0uHCh
Ha e(eKTH KBaHTOBOTO TyHemtoBaHHs. lle B cBOo uepry no3Bojisie OymyBaTu
KHUTTE3JATHI OOYMCITIOBANIbHI apXiTeKTypu He JoriuHoro Tuiy (non-boolean) 3
rpadeHoM ©Oe3 ITy4HO cTBOpeHoi 3aboponenoi 3ouu [49]. HJO, mro
cnoctepiraetbcs B cucteMi p-GaN/ (Aly15GaggsN nerosanuit Mg)/n-GaN, micis
JCKIIbKOX IMOCIIJOBHMX HpOIEAyp CckaHyBaHHs 3Hukae [50]. ABtopu 1e
noB’s13y10Th 3 epexrom [lyna-Dpenkens, o cTaB NPUINHOI BUHUKHEHHS CIIaIHOT
obnacti Ha BAX cucremu. Mexanizm HJIO OyB mependaueHuil y MONEKyISIPHUX
nepexogax [51], KoiM e€NEKTPOH-ENIEKTPOHHA B3AEMOJIS TPHUBOAUTH IO
PO3IIEIIJICHHS] PE30HAHCY, KA 3aJIeXKUTh BIJl CHEHU(]DIKA 3aCEICHHS €IEKTPOHHUX
piBHiB. Cunbhauii epext HO BuHUKaAE 711 aCUMETPUYHOTO TYHEIIIOBaHHS 4yepes
3a0oponeHi piBHi. HJIO Takok NpPOrHO3yeThCcs B IUIOCKUX TpadeHOBHUX
HaHOIUTIBKaX [52] KBaHTOBHMX TOYKax Ha OCHOBi rpadeny [53] Ta opraHiuHUX
ceiTmomioniB [54]. Cmin-3anexxna H/1O Oyna mepenbadena ajist 1BoX Oap'epHuUX
nepexoiB [55], a TakoxXk I MarHiTHUX KBAaHTOBHX miapiB [56], ame pe3oHaHCHI
YMOBHU, HEOOX1H1 JJIsl TAKOTO e€eKTy, BaxkKo qocsartu. CiiH 0Ji0Kaja B KBAHTOBUX
TOYKaXx MoOXke Takok mnpuBectn g0 HJAO [57]. 3a3Haummo, 110 B
HaIlIBIPOBIJHUKOBUX TE€TEPOCTPYKTYpaxX, sKI CKIAJalTbCcsl 3  IPOBIIHHMX
(HamiBIPOBIAHUKOBUX ) 1 1€JIEKTPUYHUX IAP1B, BAHUKHEHHS JUISTHKA HETAaTUBHOTO
ONOpPY € HACHIIKOM PE30HAHCHOIO TYHENIOBaHHS, KOJM EHEPris TYHEIIOIUYUX
€JIEKTPOHIB 30ITAa€ThCS 3 EHEPri€l0 JUCKPETHOTO EJIEKTPOHHOIO KBa3ipiBHS
BCEpPEANHI MOTEHIIIHHOI SIMU, CTIHKAMHU SIKOi € KOPJOHU CYCIJHIX HEMpPOBIIHUX
ninstHOK [58].

BuieBkazaHi yMOBH MOXYTh TaKOX 3'SBHTHCA 3aBISKA OCOOIHMBOCTSIM
€JIEKTPOHHOTO CIIEKTpa eJIeKTpo1iB. Hampukian, Ko MoBa ijie mpo TyHETIOBaHHS
31 3BUYAMHOTO MeTajay B JAIPKOBHM HAMiBNPOBIAHUK, TO MPHU HAIMpPy3l 3CYBY, IO
NEepeBUIYIOTh eHeprito depMi HaMiBOPOBIIHUKA, piBeHb DepMi BUXITHOTO
CJIEKTPOJIa BUSBIIAETHCS HABMPOTH 3a00POHEHOI 30HHM KIHIIEBOTO eJeKTpona. Y
pe3ysbTaTi IBOTO YHCIO TYHEIIOIOUMX €JEKTPOHIB 13 3pocTaHHAM V He

301IBIIYETHCS, Y TOW Yac K HMOBIPHICTh TYHETIOBAHHS 3MEHIITYeThes [59)].
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Cucremu MeTal-130J5ITOP-METaJ, JI€ B SIKOCTI BEPXHBOTO 1 HMKHBOTO 1IAPY
BUKOPHUCTOBYIOTbCSI OJIarOpPOJIHI MeTajlid Takl K 30JI0TO, CpiOji0 YW IIJIaTHHA
JEMOHCTPYIOTh P/l YHIKaILHUX BIACTHUBOCTEH onHiero 13 skux € HJIO. B pobGorti
[60] posrastHyTo CTPYKTYpy 3 €IEKTpoJaMu 13 30JI0Ta Ta JICJACKTPUKOM 13
MOJIIIUMETAJICITIOKCaHa B SIKUW J0OaBlIeHO HaHOYAacTUHKU Au. B pesynbrari Ha
BAX nposiBnsietsest o0nacts 3 HIIO. st nopiBHsaHHS oTpuMmano BAX s nanoi
cucteMr 0Oe€3 MPOBIIHMX BKIIOYEHb 13 Au B 130J1TOpi, SKa B pe3yJbTaTi Mae
MOHOTOHHHUU XapakTep. Taky OCOOJMBICTh aBTOPU TMOSCHIOIOTH THM, IO
BKJIFOUEHHS 13 AU CTBOPIOIOTH JIOAATKOB1 00J1aCTi IIPOBITHOCTI MPOTE iX KIJIBKICTh
oOMe’KeHa 1 MpU TMEBHIM HaIpy3l BiOYyBAa€ThCSA MEPEHACHUYEHHS, KOJU JIOKAIbHI
007acTi 13 Au B JIIENEKTPUKY HE MOKYTh PUKUMATH HOBI €JIE€KTPOHU TPOBIAHOCTI, a
YK€ 3aXOIJIEH] €JIEKTPOHU CTBOPIOIOTHh BHYTPIIIHE €EKTpUYHE moje. B pe3ynbrari
Ha BAX Bi0OyBa€eThCsl NMaJlHHA CTpyMy IpPH MIJIBUILEHI HAPYTH, 110 BiANOBIJIA€
HO. B [61] po3rmsmaeTses cucteMa i3 Ag/SiO,/Pt, ne B cepenuHi 130JIF0I0U0T0
mapy (GopMyeTbcsl MpoOBiAHA JaHKA 13 130JIbOBAaHUX HAHOKPHUCTATIB cpibna. B
pe3ynabTaTi MpU JOCTIKEH] €NEKTPUYHUX BIIACTUBOCTEH CHUCTEMH TMPOSIBISETHCS
obnacte ¢ HIO 3aBasiku 3apsiay/po3psiy HOCIiB CTpyMy B HaHOKpucCTajmax Ag.
AmnaJioriyai BiaacTuBOCTI mokasani st cucremu Ag/HfO,/Pt [62], ne yrBopeHHS
obnacti 3 HIAO mnosicH00Th €()eKTOM HAHOKOHJEHCATOpa SIKUM BUHHUKAE Yepe3
HASIBHICTh MPOMIXKKY MI>K TTPOBIIHUMH HAHOBOJIOKHAMU B JII€JIEKTPHUKY.

B po6oTi [63] Oyna 3ampornoHOBaHa MPUHIIMIIOBO HOBA CXeMa TYHEIIBHOTO
KOHTAaKTYy 3 HaMiBIPOBIJHUKOBUMH €JICKTPOJaMH, BOJIbT-aMIIEPHA XapaKTEPUCTHKA
SIKOTO MICTUTB IIISTHKY 3 HeratuBHOIO noxifHoto dl (V) / dV, sika Oyna peanizoBana
eKcriepuMeHTanbHo [64]. BoHa ocHOBaHa Ha TOMYy, IO, BIAMOBITHO IO 3aKOHY
aucrepcii, HalOLIBIIIOro 3racaHHs B Oap'epl BiAYYyBalOTh CTaHM, PO3TAIIOBaHI
nocepenuHi 3a00poHeHoi 30HU. Tomy, skumo piBeHb dDepMi HOCHIIKYBaAHOT
TYHEJBHOI CTPYKTYPH NOYATKOBO JICXKHUTh B HIKHIA YacTHHI 3a00pOHEHO1 30HHU, TO
KIHIIEBa HaIpyra 3MilIeHHs V 3pylIye piBHI TYHETIOIOUYUX EJEKTPOHIB B 001acTh
MEHIIOi 0ap'epHOi MPO30POCTI, 10 1 € Oe3MmocepeHLOI0 MPUUUHOK 3MEHIIICHHS

TYHEJIBHOTO CTPYMY.
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Ha ocHoOB1 BuIlle omucaHOTO MNPUHIMIY B poOOTI [65] 3amporioHoBaHa
MOJIe/Ib, KOJIM HETaTUBHUN TU(DEPECHIIINHUN OIIp MOXKE CIIOCTEPIraTUCh B CUCTEMI
MeTaJl — I1eJIEKTPUK — METal 32 YMOB, 110 piBeHb DepMi MeTalla 3pYIIYETHCS HUKYIE
cepequHN  3a00pOHEHOI  30HW  JIIEJEKTpUKA 32  paxyHOK  Hampyru
sMminieHHs (puc. 1.6). Bukinaneni B 3a3HaueHi it poOOTI MipKyBaHHS SBIISIOTHCS JIUIIIE
untocTpatiiero  ¢i3uuHOro  MexaHi3mMy BuHukHeHHs HJIO B TyHenbHHX
XapaKTePUCTHKaX CHCTEM MeTal — JMIeTIeKTPUK — METaj 1 MarTh TEOPETUYHHIA

XapakTep.

Puc. 1.6. BAX TyHENbHOrO KOHTaKTy MeETal-IieJIeKTPUK-METal, PiBEHb
®epmi SIKOTO 3HAXOAMTHCS UyTh HUXKYE CEpeAUHH 3a00pOHEHOI 30HU. 3MIHUM
napameTpoM SIBIsIEThCA eHeprist depMi 0JTHOTO 13 €1EKTPO/IIB, AKa 1opiBHIOE 3,4 eB

(xpuBa 1), 3,5 ¢B (2) u 3,6 eB (3) [65].

[TeprmonpuHITUITHI pO3paXyHKH TAKOX MOKa3yIOTh MOXJIMBICTh BUHUKHCHHSI
HeratuBHOTO Audepenmiinoro onopy B MTJ cucremax (puc. 1.7). Hampukiaz, B
poboTi [66] mpoBeneHOro PO3paxyHKH CHIH-3JICKHOTO MEXaHi3My BHUHHUKHEHHS
HJO y MarHiTHUX TyHEIbHUX 3'€THAHHAX 3 KYOIYHUX HEBIOPSAKOBAHUX KATIOHIB
kpuctaiiB AlOx a0o Mgi.xAlxO B SKOCTI JieneKTprKa, B SKMX MIUPHHA 3a00pOHEHOT

30HU MOKe OyTH 3MIHEHA 32 paxXyHOK KaTIOHHOTO JIETYBaHHSI.
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Puc. 1.7. (a) I-V mnsa napanensanx MomeHTiB y Fe /Al - O /Fe (x =0.327)
nepexoau 3 6, 7, 8 aromHumu mapamu B 6ap'ep; (0) Kpusi |-V mis nmapanenbaux
momeHTiB y Fe/Al;« O /Fe (x = 0,327), Fe/Mg1xAlO /Fe (x = 0,09), Fe / Mgix ZnO
/ Fe (x=10,025), Bci 3 6 atoMHUMU mapamu B 6ap'epi; (B) i () I-V kpuBi st TUX ke

KOHpiryparti, sik (a) i (0), aje 3 aHTUMapaIeIbHUMU MOMeHTaMu [66].

Konu nienexTpuk mae HEBEIUKY WIMPHUHY 3a00pOHEHOI 30HH, €JIEKTPOHHI
CTaHM MeETaly MOXYThb Jaonatu Oap'epHuil map. lle BHUKIMKae HaKOMUYEHHS
MPOCTOPOBOTO 3apsiAy B Oap’€pHOMY IIapi, 3aBASKU METaI-1HAYKOBaH1M MPOMIXKHIM
obomacti (MIGS- metal-induced gap state) [67], sikuii CTBOpIOE BHYTpIIIHE
eJIEKTpUYHE MoJie. Pe3ynbTytodue 3pylIeHHs €(PEKTUBHUX KpPAEBUX 30H 3MYIIY€
3a00pOHEHY 30HY cTaTu "apouyHol0" 1Mo TOBIIMHI Oap'epa. Taka BUrHYTa 3a00pOHEHA
30Ha eKcrepuMeHTalIbHO criocTepiraiacs B Fe/GaAs/Fe [68]. Apka nmpu3BoauTh 10
TOrO, 110 eHepris Pepmi Oyie 6IM3bKOIO A0 30HU MTPOBITHOCTI, a00 BaJICHTHOI 30HU

Oap'epa Ha TpaHUIll PO3ALTY 3 eleKTpojaaMu. BinmoBiaHO e(peKTHBHA TOBIIWHA
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Oap'epy mpu HyJIBOBOMY 3MillleHHI, OyJe MEHIIe HOMIHaJIbHOI TOBIIMHHU. [lpu
MIPAaBUJILHOMY TIOE€HAHHI apOYHOTO THITY 3200pOHEHE 30HHM 1 IPUKIIAJICHOI HATIPYTH
3CYBY, CHJIa CTPYMY MOYE 3HU3UTHUCS TIPU 301IBIICH] HAIIPYTH, 11O MPOSBIISETHCS B
HasgBHOCTI o6sacti HIIO na BAX.

B po6orti [69] BodbT-amMmepHi XapakTEpUCTHKH, OTPUMAaHi 3a JOTIOMOTOO
NEePIIONPHIMIHUX po3paxyHKiB mia Mozaem Fe/MgO/Fe mokasyioTh, 1o mnpu
aHTUIIapajeIbHOMY  HamnpsMKy  HaMmMarHideHHS  (epoMarHiTHHUX  IapiB
CIIOCTEPITaeThCsl 00JIACTh 3 HETATUBHOIO MU(EpEHITiHHO0 mpoBinHicTio (puc. 1.8).
Po3paxoBanuii koedimieHT TyHenbHOro marsitoonopy (TMR) mokaszye wmaiixke

100% picT.

Cuna cTpymy, HA

- - - al
2000 j \
1000 N R

0 /.» S —_— 4

-1000 B/

-2000 X« /’

-2 -1 0 1 2
Hanpyra, B

Puc. 1.8. BonbT-amnepHa XxapakTepucTUKa ISl aHTUIIapaJIeTIbHIX HAPSMKIB

HamarHidyeHHus cucremu Fe/MgO/Fe[69]

Ananituude moaemoBanas miast MTJ cuctemu CoFeB/MgO/CoFeB [70] 3
BUKOPUCTAHHAM MaKpOCIIHOBOI MOJIENI, 110 BKJIIOYA€ KPYTHUHA MOMEHT Tepeaadl
CIiHA Ta TEIJIOBI €(EeKTH, IEMOHCTPYE TUHAMIYHUN HETATUBHUN OIIp. 3aBISKU
YoMy BlaeTbcsd oTpuMmaTu 3HauHoro BY-mincunenns no 100 MI'u. Po3paxynku
MPOBOJMIINCH TTpU 30BHINTHIX MarHiTHUX noJsix B 0, 30,60 Oe 3a Temmepatypu 0 K

Ta 300 K (puc. 1.9).
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Puc. 1.9. Pesynbratu oOuucienHs [-V KpuBUX Tpu PI3HUX 30BHIIIHIX

MarHiTHHUX MMOJIsIX 3a Temneparypu a) 0 K i 6) 300 K [70]

[Tepmonpuniunuai SGGA po3paxyHKH 30HHOT CTPYKTYPH Il MarHiTHOTO
tyHenpHOro nepexony Co/MgO/Co [71] mpu 4oTHPBOX PI3HUX TeMIepaTypax
MOKa3yloTh HasBHICTH obnacti 3 HJO npu nanpysi Bume 2 B. Haitbinpmumii
nudepentiiinmii cnan nposigHocti dI/dV cniocrepiraerses aist temneparypu 233 K.
ABTOpHM BUCJIOBUJIM MPHUIYIICHHs, IO 3aBASKA I[OMY JaHa CHCTEeMa MOXKeE
BUKOPHCTOBYBATUCH B MIKPOXBUIILOBUX MPUCTPOSIX.

B pob6ori [72] 3pobneno mependaveHHs, mo ais MTJ-cuctem 3 BHCOKHM
nokazHukoM TMR(<500%) ripu 30BHIIIHLOMY MaruiTHOMY 1011, Hanpukiian 90 Oe,
Ha BAX moBuHHaA cnocTepiraTuch 00J1acTh HEFaTUBHOTO NUQEPEHIIMHOTO OMopy.
[le o3nauae, mo MTJ cuctema - 11e He TUIBKM IPUCTPIA MACUBHOTO MarHiTOOIOPY,
ajie i aKTUBHUU €JIEMEHT, KM JEeMOHCTpPY€E (DYHKIIi CIIOHTAHHOTO KOJIMBAHHS,
HEraTUBHUM oOmip Ta (YHKLII MOCUJIEHHS BHACIIJIOK KPYTHOIO MOMEHTY CIIIHA.
[Iporte, sik 3a3HaYalOTh ABTOPH, JIJIsI CUCTEM 3 HU3bKUM 3Ha4eHHSIM TMR ~ 100% 111
edeKTH HE MMOBUHHI CIIOCTEPITaTUCh.

3HaYHUM HEAOJIKOM 3rajlanux poOiT € Te, mo ¢izuuniii npupoai HJIO ne
OpUIISETbCST yBara ab0 BHKAa3aHHI NPUITYIIEHHS Ha ChOTOAHI HE BJAETHCS

pealizyBaTH eKCIIEPUMEHTAIBHO.
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1.5 Tunu npoBiAHOCTI B TOHKHUX IUTiBKAX

IcHy€e Tpr OCHOBHI MOJI€J11 111 TOTO, 1100 OMKMCYBATH MPOBIIHICTh B CKJIATHUX
HAHOILTIBKOBUX CHCTEMaxX YW OpPTaHIYHMX HAMIBIPOBIAHUKAX B SKUX MPUCYTHS
3a00pOHEHA 30Ha YK MOTeHIiaapHui 6ap’ep AE [73-74]:

e 3onHa Teopis [75], mo sikiit AE € pi3Humero eHeprii Mk BaJICHTHOIO

30HHOIO 1 30HHOIO MPOBITHOCTI a00 MACTKOBUMH PIBHAMHU JJOMIIIOK.

e crpubkoBa [/6 - 78], mo saxiii AE - eHeprisa, HEoOXiqHA JIJIT OTPUMAHHS

AKTUBOBAHOT'O KOMILIEKCY.

e TyHenbHa [79], 3rigHO 3 K00 AE - BHCOTa MOTEHIHOTO Oap'epy.

B pamkax 30HHOI Mojenl poO3rasAaroTbes €(EeKTH, 0 BUHHUKAIOTH IPU
HAKJIQJICHH1 BETUKUX eJIeKTpUYHUX 1oJiB: edekt [lyna-dpenkens i epext [oTTki,
a TaKOX CTPYyMH, OOMeKeH1 IpocTopoBHM 3apsiaom [80].

Edexr Ilyaa-®penkensi. He3paxaroun Ha Te, 0 IEPEBAKHO JT1CIICKTPUKH
HE TMPOBOJATH CTPYM, IpPU PO3IJIAAl TOHKOIUTIBKOBHX CHCTEM HEOOXITHO
BpPaxOBYBAaTH HASBHICTb B HbOMY IAaCTOK, OCKIJIbKH OUIBIIICT TOHKHX ILTIBOK €
amopuumu. Taki MacTKW yTBOPIOIOTHCA BHACIIIOK OOpUBY abo mepedyaoBU
3B si3kiB [81]. Ilpm BMIIydeHHI €JEeKTPOHA 3 TAaKOi MACTKH, CaM JOHOP OTPUMYE
nonatHii 3apsana. [ns Toro mo0 enekTpoH BiAipBaBCsA BiJ MACTKA HEOOXiTHO
MO/I0JIaTH KYJIOHIBCHKY CHITY, SIKA 3B’SI3Y€ MOTO 1 JOHOP. TaKuM YHHOM CTBOPIOETHCS
MOTEHIIIHA sMa.

dopmyina, mo onucye edekr [lyma-Openrkens, ToOTO 3pocTaHHS MTPOBITHOCTI

JEJIEKTPUKA Y 30BHILIHBOMY I0J1 32 HABHOCTI JOHOPHUX JTOMIIIOK:

AW = BE/? (1.2)

ne W — mposigHicts, f — crana Ilyna-®penkens, E — HamnpyxeHicTh

CIACKTPUYHOI'O IT0JIA;
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Pozainsttorh HOpMallbHUM Ta aHOMalibHMM (200 MoaudikoBaHuit) edexTu
[Tyna-®penkens. [Ipu HopmaabHOMY e(PeKTi, OKpIM TOHOPIB IPUCYTHI 1 aKIIEITOPH,
10 Ha €HEPreTHYHIN aiarpami po3TamoBaHi HKYe. Tol 3HAUYEHHS TYHEIHHOTO

CTpyMy MaTUMeE HACTYITHUMN BUTIISL:

U B U
I=e,u-nozexp T T (1.3)

7€ € — 3apsij] eNEeKTPOHA; { — PYXJHMBICTh €JIEKTPOHIB; No — KOHIIEHTpAIIisd
CJIEKTPOHIB y BijicyTHOCTI moisi; U — npuxnanena nanpyra; L — ToBmmMHA 1mapy

nienekTpuka; ff — crana [lyna-Openkens; K — crana boibnMana; 7 — TeMmeparypa;

[Ipu anomanbHOMYy edekti I[lyna-dpenkens, koM MNACTKU (AKLENTOPH)
po3TaloBaHi Ha EHEPreTHYHIM [aiarpami BHWILE JIOHOpIB, piBeHb Depmi B
30BHIIIHBOMY TOJI1 Oyze 3MINATUCh BJBIYl MOBUIBHIIIE, HIK PiBEHb JOHOPIB. B
TaKOMY BHUIIQJKy 3HA4Y€HHs CTpyMy Oyje BIIPI3HATUCh HAa MHOXHHUK 2 i
€KCIIOHEHTOIO.

Edexr IHorrki. [anuii edekT nposBISETbCS B CUCTEMI MeETall—
HaIIBIPOBIJHUK, KOJM poOOTa BUXOAY €JIEKTPOHIB 13 MeTajla MEHIIa 3a poOoTy
BUXOJy 13 HAIIBOPOBIJHUKA P-TUIY 1 HABIAKHW JJIA HAIIBOPOBIIHUKA N-TUMY. Y
IbOMY BUIIAJIKy Ha EHEPTeTUYHI J1arpami IHO 30HU IPOB1IHOCTI HAMIBIPOBIAHUKA
3HAXOJUTHCS BUILIE 3a eHeprito Depmi MeTana. J{aHuii cTad He € pIBHOBAXHUM, TOMY
B TpoIeci OOMiHY €JIEKTPOHAMH TMEPEBAXHO OYyIyTh MEPEXOIUTH EIEKTPOHH 13
CTPYKTYpH 3 OuTblION eHeprieto depmi B Ty, y K01 BOHA HWKYa. EleKTpoHU 13
HAITIBIPOBITHUKA 32 PaXyHOK IU(]Py31iTHOTO XapaKTepy CTPyMY, III0 BUHUKAE Yepe3
PI3HUILIIO B €HEPreTUYHUX PIBHAX, MOMaAar0Th B MeTal. [IpoTe 3BOpOTHIN CTpyM
YTPYAHEHUN Yepe3 HAasBHICTb Ha TPaHUIl PO3AUTY NOTEHI[aIbHOro Oap’epy.
Bracniiok 11010 MOBEPXHEBHI MMIap HAMIBIPOBIAHUKA 301THIOETHCS €IEKTPOHAMH,

TOOTO, B HbOMY 3'SIBJISIETHCS HECKOMIIEHCOBAHUI MO3UTUBHUM €IEKTPUYHUNA 3apsia.
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Ha mesxi HamiBIpoOBiIHUKA 1 METATy YTBOPIOETHCS €IEKTPUYHE TOJIE, CIIPSIMOBAHE B
0ik wmetany. lle mnose mnepemkokae TMOMATBIIOMY BHUXOJY €JIEKTPOHIB 3
HaIIBOPOBITHWKA B MeTal. KOHTaKTHa PIi3HHIM TMOTEHIIANIB  0O0YMOBIIOE
dbopMyBaHHS TIOTEHIIIMHOTO Oap'epy s enekTpoHiB. Lle Oap'ep HazuBaeThCs
Oap'epom IllorTki. KinbkicHa XapaKTepUCTHKA SIKOTO HA3UBAETHCS BHUCOTOIO
MOTEHIIIMHOTO Oap'epa, 10 BU3HAYAETHCA 3 PI3HUII POOOTH BUXOAY €JICKTPOHIB B
HAIIBIIPOBIIHUKY 1 MeTami[82].

[Tpu mocmiKeH1 eIeKTPUIHUX BIIACTUBOCTEH CHCTEM, B SIKMX BUHUKAE Oap'ep
[IIoTTKi, B MeBHIHA 00JACTI HAIIPYTH CIIOCTEPITAETHLCS MPOBIIHICTD, aHAJIOT1YHA P-N
nepexoay, KO CTPyM B OJJHOMY HaIlpsSIMKY BiIPI3HSETHCS 1O BEJIUY1HI B1Jl CTPYMY
B 3BOPOTHOMY HAIPSMKY.

CTpudkoBa npoBigHicTb. MexaHi3M MPOBITHOCTI, 32 SIKOTO TIEPEHOC 3apsiTy
3IACHIOETHCS IIJISAXOM TYHEJIbHUX MEPEXOAIB («CTPUOKIB») HOCIIB 3apsiay Mixk
PI3HUMHU JIOKaTi30BaHUMH cTaHaMU. CTPUOKHU CYIPOBOJIKYIOTHCS BUIIPOMIHEHHSIM
4u noriMHaHHsIM (oHoHiB [83].

B aMopdHuX miiBKax B OUIBIIOCTI BUIAIKIB CIIOCTEPIraeThCs CTPUOKOBA
MPOBIAHICTh 31 3MIHHOIO JOBXKHUHOIO CTpuOKa. BinOyBaeThcsi BOHA TP BUIIMX
TEeMIIepaTypax, HDK B KPUCTANIIUYHUX HAMIBIPOBIAHMKAX 4epe3 OuIbLly T'YCTUHY
CTaHiB.

CyTb ILOTO TUITY MPOBITHOCTI MOJISITAE B TOMY, 1110 HOCI 3apsay (€1eKTpOHH,
JIIpKW, 10HU) 3HAXOIAThCA B MOTEHUIWHIA sIM1 KpUCTadiyHOi Komipku. I[lotim
«TepecTpruOYIOThH» B CYCIIHIO KOMIPKY, 3HAXOIATHCS TaM JESKUIA 4ac 1 pyXaroThCs
nani. HeoOximHO 3ayBaKUTH HACTYITHE:

e EnexTpoH He «po3MazaHuii», a aBTOJOKATI30BAHUM.
e Mix cTpuOKaMHu YaCTHHKA JICSIKHM Yac 3HaXOAUTHCS B KPUCTATIUHINA KOMIPII],

a HE PyXaeTbCs BECh Yac 10 MaTepiaiy.

e (OcCKIIBKH €JIEKTPOH aBTOJIOKAJII30BAHHM, 3HAYUTh CEepEHOBHUIIIE

MOJISIPU30BaHe 1 1e)OopMOBaHE.
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TynenbHa mnpoBignicTh. J[aHWI THIT TPOBIAHOCTI CIOCTEPITa€ThCSA MPH
MOJI0JIaHl €JIEKTPOHOM TOTCHIIAJILHOTO Oap’epy, BHCOTA SKOTO BHINA 3a IOBHY
eneprito yactuakd (puc. 1.10), mo HasuBaeThcs TyHenbHUM edexTom. ILle
KBaHTOBO-MCXaHIYHUN MpOIEC, SKUW TIOB'SI3aHMA 3 XBUJIHOBOKO IPHUPOJIOIO
eJleKTpoHa. B cyuacHiii enexkTpoHilll 1aHui eeKT CoCTepIiraeThCs MpH AOCTIIKEH1
TeTEPOCHUCTEM 13 IBOX MPOBITHUKIB, PO3ILJICHUX TOHKUM IIIapOM JI1CJICKTPUKA, YU B

HaIIBIPOBITHUKOBUX CUCTEMax P-N THUIY, TAKUX K TYHEIbHUHN M10]1.

Puc. 1.10. IIpoxomKeHHS YaCTUHKHM 4Yepe3 TMOTCHIIHHWK Oap'ep B pamKkax
KBaHTOBOI MeXaHIkH Vo - BUCOTA MOTEHIIIHHOTO 6ap'epy, YaCTUHKA PyXa€ThCs 37T11Ba
Hanpaso; ¢° (X) - HMOBIPHICTh 3HAXOMKEHHS YACTMHKM B Touli X, ¢? (X>R) -

WMOBIPHICTh 3HAXO/KEHHSI YaCTUHKY 3a 0ap'epoM, R - mupuna 6ap'epy

Sk mpuKIag JaHOTO TUIY MPOBIIHOCTI PO3MVISIHEMO TyHENIbHUM miox. Lle €
HAIIBIPOBITHUKOBHM €IEMEHT 3 HEIHINHOIO BOJIbT-AMIIEPHOIO XapaKTEPUCTUKOIO,
Ha SIK1{ ICHY€ IUISHKA 3 HEraTUBHOO Ju(epeHiiHOI0 NpoBiIHICTIO. e o0nacTh Ha
AKIH CTPyM cHajaac 13 MiJBUIIEHHAM Harpyru. B TakoMy 110711 BUKOPUCTOBYETHCS
JeroBaHuil P-N mepexif, yepe3 sSKUil HOCIT 3apsily MOXKYTb TYHENIOBaTH 3a YMOBH
PIBHOCTI €HEprii JOHOPHUX PIBHIB €JIEKTPOHIB B N-00JaCTl Ta aKIENTOPHUX PIBHIB
JIpOK B p-o0macTi. Ane mpu 30UTBIIICHH] TPUKIIAICHOT Hanpyru piBeHb Depmi N-
o0nacTi MiAHIMAEThCA B 3a00pOHEHY 30HY p-oOmacti. lle mnpuszBoAUTH [0
3MEHIIIEHHS WMOBIPHOCTI TYHEJIIOBAHHS €JICKTPOHIB, IO O3HA4Ya€ 3MEHIICHHS

TYHEIILHOTO cTpyMy [84].
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1.6 Ilincymku orysiay JiTepaTypu Ta NOCTAHOBKA 3a71a4 A0CJiIzKeHHS

[TocTiiftHUI TIporpec Ta MiHIATIOPHU3AIlisl CYy4aCHUX €JIEKTPOHHUX MPUCTPOIB
HEMO>KJIMBI&@ 03 MOIIYKYy Ta BUKOPHCTAHHS HOBHUX TEXHOJOTiM Ta MarepiainiB. B
JAHOMY PpO3JUII MPEACTABICHO KPUTUYHUN aHali3 JITEpaTypHUX JaHUX TI0
Cy4JaCHHM HampsMKaM pO3BUTKY albTEPHATUBHUX MEXaHI3MIB 30epexKeHHs
iHopmarii. Ilokazano, mo Tumn mam’siti MRAM Mae HailBUIlll MMOKa3HUKH IO
OCHOBHMM XapaKTEPUCTUKAM 1 pO3TIIAIAETCS, SIK Halikpalia anbTepHatuBa DRAM,
SIKUH BUKOPUCTOBYETHCS HA CHOT'OJTHI.

[TominmieHHs: BIACTUBOCTEH MAarHITHOTO TYHEJIBHOTO TEPEXoay, SKUH €
0a3zoBuM eneMeHToM MRAM 3a3Buuail 1ocsATaeTbCsi CTBOPEHHSM 1 3aCTOCYBAHHIM
MarHiTHUX MarepiajiB 3 BUCOKMM KOE(ILIEHTOM CHIHOBOI mojspu3anii. OCKUIbKU
BUOIp TaKUX MaTepiajiB 0OMEKEHUH, JOCATTH MOJIMIICHHS MarHITHOTO TYHEJIBHOTO
OTOpPY BJAETHCA 3a PAXyHOK BIUIMBY Ha EJEKTPUYHI BIIACTUBOCTI CHCTEMH,
HAIPUKIIAJ, 32 PaXyHOK BHUKOPHUCTAHHS JOJATKOBOTO €JIEMEHTA TUITY TYHEJIbHOIO
Jio7a, 0COOMBICTh MPOBIIHOCTI SKOTO ToJiArae B HasBHOCTI objacti 3 HJIO Ha
BAX. Ilpore miakiatoueHHS TOAATKOBHX €JIEMEHTIB MPHU3BOJUTH IO 3MEHIICHHS
HAJIMHOCTI €JIEKTPOHHHUX CHUCTEM 1 JIOJATKOBUX CKJIQJHOIMIB Y iX BUTOTOBJICHHI.
BUKTI0YMTH BUKOPUCTaHHS TOAATKOBUX €JIEMEHTIB MOJIMBO, 3a0€3MEYMBIITN THIT
MPOBIAHOCTI, aHAJIOTIYHUHN TYHEIILHOMY 110y, Y CAMOMY MarHiTHOMY TYHEIbHOMY
nepexoi.

Taka MOXJIHBICTH IPOJIEMOHCTPOBAHA MTPU BUKOPUCTAH] TIEPIIOTPHHITUITHUX
pospaxyHkiB BAX MTIJ ctpyktyp [69-71] Ta 3a yMOBH 0COOJUBOTO PO3TAIIyBaHHS
CHEepreTHYHUX piBHIB cuctemu [66,106]. ExcriepuMeHTabHO TiATBEPIKEHO, IO
MJIM cuctemu 3 OnaropoHux metam nposBisitoTh epext HAO na BAX 3aBasiku
yYTBOPEHHS JIAHOK MPOBITHOCTI B ieleKTpuKy [60-62].

BpaxoByroun akTyaJIbHICTh TaKUX CHCTEM, TEXHOJIOT1UHI 3aJ1aul Ta MOXJIUBI
TEOPETUYHI HAMIPSMKH ii BUPIIIEHHS, JaHa poO0Ta MPUCBSYCHA MOIITYKY MaTepiajiB
Ta YMOB, IO PEai3yl0Th 3MiHY MPOBIAHOCTI /I HAHOIUTIBKOBOI CHUCTEMH, SIKa

CKJIaJIa€ThCs 13 IBOX (hepOMarHeTUKiB, PO3AICHUX J1E€JIEKTPUKOM.
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PO3/11 2
METOJWKH TA MATEPIAJI JOCJIUKEHD

B manomy po3mim oOrpyHTOBaHO BHOIp MartepialiB, OCHOBYIOUHCH Ha iX
XapaKTePUCTHKaX Ta BIACTHUBOCTSAX, SIKI HEOOXITHI JUII OTPUMAaHHSI HEMOHOTOHHHX
BOJIbT-aMIICPHUX XapPAaKTEPUCTUK B TOHKHUX TIUTIBKAaX. PO3MIISHYTO METOIUKY
MIJTOTOBKMA 1 OTPUMaHHS 3pa3KiB, BU3HAUCHHS CTPYKTYpU Ta XIMIYHOTO CKIady,

JTOCITIKEHHS eJeKTPO(dI3UUHUX BIIACTUBOCTEH.

2.1 XapakrepucTuka MartepiajiB, BUKOPUCTAHHUX y PO6OTi

Cucrema, 1110 BUBYAETHCS, BIIHOCUTHCS 10 KJacy MarHiTHMX TYHEIbHHUX
NepeXoAiB 1 CXEeMaTHYHO CKJIAJA€ThCs SIK MIHIMYM 13 JBOX (DEpOMArHeTHKIB,
po3aiUIeHNX JieJeKTpukoM. DepoMarHeTusMm - 11e MarHeTH3M KOOTIEPaTUBHOTO THITY
(BU3HAUHY pOJIb MAa€ B3a€MOJISl MK MAarHITHUMU MOMEHTaMH 10HIB), 110 MOJISTAE Y
BCTAHOBJIEHHI KOJIHEApHOCTI JAJEKOTr0 MOPSAAKY BCIX MAarHITHUX MOMEHTIB B
cuctemi. HamarsiueHicTb iCHy€e, TAKUM YUHOM, HaBITh 32 BIJICYTHOCTI 30BHIIITHHOTO
noyis (CIOHTaHHA HaMarHiyeHicTh). B imeanpHOMY (depomarHeTuky BCi 10HU
BOJIOMIIOTh 1JCHTUYHUMU CHOHTAHHUMM MAarHiTHUMM MOMEHTaMH 1 3aliMaroTh
1IEHTUYHI KpUCTaIorpadivHi MO3HIIii.

Cepen XIMIYHHUX €JIEMEHTIB (PEPOMArHITHI BJIACTUBOCTI MAalOTh MEpEeXiaHi
metanmu Fe, Co, Ni 1 pinko3emenbHi metaiu Gd, Tb, Dy, Ho, Er. IIpote nns
octanHiX Touka Kropi (kpuTHu4Ha Temneparypa, 3a sikoi epoMarHiTHI BIACTUBOCTI
3HHMKAIOTh 1 METaJ CTa€ MapaMarHeTUKOM) HI)KU€ KIMHATHOI TeMIlepaTypH, 110 He
3aJI0BOJIbHSIE YMOBAaM €KCIEPUMEHTY Ta HEJOULIbHO 3 TOYKH 30py MaiOyTHBOI
eKCIUTyaTallii 3pas3kiB, K 0a30BUX €JIEMEHTIB Mam’sTi B CyYacHIM eJIeKTPOHIl.
Tomy mnpu mArotoBli 3pa3kiB B SKOCTI  (pepOMar”HiTHOro  MeTaiy
BUKOpPUCTOBYBaioch 3am3o Fe, xobambt Co Ta Hikenb Ni. HeoOximui (iznuni

BJIACTHBOCTI 3a3HAaU€HUX METAJIB 3BeA€HO B Ta0I. 2.1.
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Ta6mui 2.1. OCHOBHI XapaKTepUCTUKH (DEpOMArHITHUX MaTepialliB, 1110

BUKOPUCTOBYIOTHCS MTPU BUTOTOBJIEHI 3pa3KiB

Fe Co Ni
['yctuna p, r/cm? 7,874 8,9 8,902
Tum rpatku OLK I'ekcaronanpHa I'gK
[lepiox rpaTku, A 2,866 a=2,505 3,524
c=4,089
Touxka Kropi T¢, K 1043 1403 631
I[IposignicTs 6 , CM/M? 107 1,601x107 1,5%107
[Tutomuii omip p, HOM*XM 96,1 62,47 87
Enepris ®epmi Er, eB 11,1 11,32 11,67
Po6Gota Buxony W, eB 440-4,71 4.4 491-501

3aiizo, HIKeNb 1 KOOAIBT € MpuKiIagaMu (GepoMarHeTUKiB, MarHeTU3M SIKUX
00yMOBJICHUH KOJICKTUBI30BaHUMH ellekTpoHamu [85]. BoHU MOKyTh BUKOHYBaTH
poJIb AK KpHUCTAMUYHUX (EepoMarHeTUKiB Tak 1 amopdHuX. BakimuBo Takox
BpaxyBaTH, IO CIEIIaJbHO MPOBEACH JOCTIAN MOKa3aiu, 0 B MeTaiax Ipynu
3ami3a (Fe, N1, Co) OCHOBHHUI BHECOK B MAarHITHUM MOMEHT aTOMa BHOCSTD CITIHOBI
MarHiTHI MOMCHTH. ATOMH IIMX METalliB MalOTh HE3alOBHEHI €JICKTpoHHI d-
000JIOHKH. Y 1KX O00OJIOHKAX YHUCIIO €IEKTPOHIB 3 CHIHAMU OJHOTO HANpPSIMKYy He
JIOPIBHIOE YUCITY €JICKTPOHIB, 110 MAIOTh aHTHITAPAJIENIbHI CIIIHKU. Y pe3yibTari B d-
0o0OJIOHKaX  4YacTMHA  CIIIHOBUX  MArHITHUX  MOMEHTIB  3aJIMIIAETHCS
HECKOMIIEHCOBAHOIO. IX BEKTOpHA CyMa i BU3HAYa€ MardiTHuii MoMeHT [86].

Sk mokazano B maparpadi 1.1 15is MarHiTHOro TyHEJIBHOTO NMEPEX0Ty B SIKOCTI
JieJIEKTpUKAa B OCHOBHOMY BUKOPHCTOBYIOTH OKCHUJ JIIOMIHIIO0 a00 OKCHJI MarHito.
HagenieMo MoOpiBHSJIBHY XapaKTEPUCTUKY JAAHMX JIIETEKTPUKIB Ha OCHOBI OCTAHHIX
JNOCTIKEeHb. Y 3B'A3Ky 3 THUM, IO TOHKI IUIBKH MgO MaioTh KpUCTAIIYHY
CTPYKTYpy, B TO€aHaHI 3 (EpOMarHiTHUMHU KPUCTAJIYHUMHU METaJlaMHd BOHHU

MOKAa3ylOTh JIMIII BlIacTUBOCTI HiK amopduuit Al,Oz. 3o0kpema, criHOBa
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nosisipu3aiiisl (€JIEeKTPOHU TEePEeBaXXHO OJTHOTO HANPSMKY CIiHA) CTPyMy CKJIajae
omusbko 85% nmns MgO [87] y mopiBHsHHI 3 40-60% U1t OKCHUILy aJIOMIHIIO.
Benmnunna TyHENBHOTO MarHiTOOTOPY TaKOK 3HAYHO BHINE IS CTPYKTYp 3 MgO
(600% 3a kimHaTHOi Temmniepatypu 1 1100% mipu 4,2 K), ik y Al,O3 (6xu3bko 70%
3a KiMHaTHOI Temneparypu). MgO tepmiuno crabinpauii 10 700 K, xomm y Al,Os
ctabuibHICTh TopyuryeThes npu 600 K. B pob6oti [88] nmpoaHaizoBaHO MarHiTHy
aHi30Tpomilo Ui 3amiza Ha mnoBepxHi MgO 1 Ha mnoBepxHi AlO3 Ta
IpOAEMOHCTPOBaHO, 110 1yist MgO BoHa BuIa.

B MTIJ-cuctemax Ha ocHOBi1 Fe BUKOpucTaHHS B SIKOCTI jgienekTpuka MgO
JIEMOHCTpPY€E I MOKa3HUKU CHPSHKEHOCTI KPUCTAIIYHUX TPATOK, MOPIBHSIHO 3
amopuanM Al;O3 (puc. 2.1). 3aBasgKku ITbOMY 3MEHITYIOTHCS MEXaHIUHI HAPY>KCHHS
MDK IIapaMHu IUTIBOK Ta KUIBKICTh JE(EKTIB, IO MPHU3BOJAHWTH 10 301IBIICHHS
3HAYCHHS TYHEJIBHOTO CTPYMY, OCKUIBKH TYHEITFOBAHHS CJICKTPOHIB 3QJIC)KUThH BiJl

CMYTOBOT CHMETIii, 1110 Ha3uBa€eThCs ehekToM crinoBoro ¢inerpa [89,90].

Fe(001)

Puc. 2.1. CxemaruuHi UTIOCTpallii TYHEIIOBaHHS EJEKTPOHIB Yepe3. a)

amop¢uuii 6ap'ep Al-O 0) kpucraniuamii 6ap'ep MgO (001) [89]

Y Tunosomy QepomarnitHomMy enekTpoai, takomy sk OLIK (001) Fe,
€JICKTPOHHI CTaHU B €JIEKTPOJl MAIOTh JACSIKl crnerudiuHl cUMeTpii: A; cUMeTpis

(BimmoBimae riopuan3oBaHuM ctanam SPd enekTpoHiB), A, cumerpis (d craHiB) Ta As
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cumetpis (Pd riOpuau3oBaHi cTaHu). SKIIO TyHEIbHHI Oap'ep € KpUCTATiYHUM
MgO, sk Ha puc 2.1(0), TO TUIbKH €JIEKTPOHHU 3 IIEBHOI 30HHOI CHMETpi€to (A1)
COPUAIOTH MPOBIIHOCTI B TMapajelbHOMYy CTaHl BIJHOCHOI HAaMarHi4eHOCTI
dbepomarnetukiB. TakuM YMHOM B aHTUNAPATIEIHLHOMY CTaH1 €IEKTPOHU MPAKTUYHO
HE TYHEIOITh, OCKUIBKH €JIEKTPOHH A; HE MOXYTh TpoWTH Oap’ep uepes
BIJICYTHICTh JOCTYNMHHMX BiIbHUX cTaHiB [91,92]. B 1mimomy edekT criHOBOIO
binpTpa mpu3BoAUTH A0 rirantcbkoi TMP y MTJ-cucremax i3 KpucCTaliyHUM
eJeKTpooM Ta Oap'epom. Bucoka kpucranmiuna skicte OIIK (001) MgO ta mBox
eJIEKTPOAiB Ha OCHOBI Fe 3 000X cTOpiH cnpsiMoBaHa Ha oTpuMaHHs Bucokoi TMR
B MTIJ nns 3acrocyBanns B MRAM-niam’ 1.

OcCHOByIOYMCh Ha MNPUBEICHHX BHUILIE AAHUX OyJI0 OOpaHO B SAKOCTI
nienekTprka MgO 1pu BUTOTOBIICHI 3pa3KiB JIJIsl MPOBEACHHS T0CT1KeHb. OCHOBHI

(bi3M4HI BJIaCTHBOCTI 3a3HAYSHOT0 MaTepiaiy HaBeaeHi B Ta0i. 2.2 [93].

Tabmui 2.2. OCHOBHI BIaCTUBOCTI OKCHTy MarHito

MounspHa Maca 0,004 kr/monb
['yctuHa 3580 kr/m 2 (25 °C)
Po3uunHiCcTh HEPO3UMHHUM y CIMPTax
Ton 3135 K
T 3873 K

Oxkcun marhito MgO 3a3Buyail po3risiAaroTh SIK AIENEKTPHUK 3 LIHPOKOIO
3a00pPOHEHOI0 30HOIO, BIIOMOCTI MPO MIUPUHY SKOT KOJHMBAIOTHCS B MEXKax
Ey = 7,2 — 7,8 eB B 3aJ1eXHOCTI BiJl TEXHOJIOTI] OTPUMAaHHS, METOly BUMipIOBaHHS
Ta iHTeprperalii pe3yasTariB [94]. Y poboTi [95] Oyiio TeopeTHYHO pO3paxoBaHO
mupuHy 3a00poHeHoi 30HU a1 MgO 1 orpumano pesynbrar Eg = 7,58 eB. Ile
3HAYEHHS BUKOPHUCTOBYETHCS MPHU MPOBEACHI BIAMOBIAHUX PO3PaxXyHKIB B pOOOTI.
MgO moBHICTIO BIMOBI/Ia€ HEOOXITHUM yMOBaM, K1 OyJin BU3HA4YEHI MPU BHOOP1

JI1eTIeKTPUKA.


http://uk.wikipedia.org/wiki/%D0%9C%D0%BE%D0%BB%D1%8F%D1%80%D0%BD%D0%B0_%D0%BC%D0%B0%D1%81%D0%B0
http://uk.wikipedia.org/wiki/%D0%9C%D0%BE%D0%BB%D1%8C
http://uk.wikipedia.org/wiki/%D0%93%D1%83%D1%81%D1%82%D0%B8%D0%BD%D0%B0
http://uk.wikipedia.org/wiki/%D0%A0%D0%BE%D0%B7%D1%87%D0%B8%D0%BD%D0%BD%D1%96%D1%81%D1%82%D1%8C
http://uk.wikipedia.org/wiki/%D0%A1%D0%BF%D0%B8%D1%80%D1%82%D0%B8
http://uk.wikipedia.org/wiki/%D0%A2%D0%B5%D0%BC%D0%BF%D0%B5%D1%80%D0%B0%D1%82%D1%83%D1%80%D0%B0_%D0%BF%D0%BB%D0%B0%D0%B2%D0%BB%D0%B5%D0%BD%D0%BD%D1%8F
http://uk.wikipedia.org/wiki/%D0%A2%D0%B5%D0%BC%D0%BF%D0%B5%D1%80%D0%B0%D1%82%D1%83%D1%80%D0%B0_%D0%BA%D0%B8%D0%BF%D1%96%D0%BD%D0%BD%D1%8F
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2.2 IlinroToBKA i Mpoiec HANMOPOIIEHHS 3Pa3KiB

[Ticns BuOOpy MarepialliB B SKOCTI MeTaly Ta JieJieKTpUuKa HeOoOX1JTHO
3a0€3MeYUTH TEXHOJIOTIYHI YMOBH JJisl SKICHOTO MPOBEACHHS EKCIEPUMEHTY. B
MepITy Yepry 1ie BUOip MiAKIaIKH Ha SKY HAIOPOIIYIOThCS MaTepiaiy.

B ineanpHOMY BHMaAKy MiJKIaJKa MOBUHHA BOJIOAITH MajiOl0 MHTOMOIO
CJICKTPOIIPOBIHICTIO, BHUCOKOK XIMIYHOK 1HEPTHICTIO, HHU3BKOK IIOPCTKICTIO
MOBEPXHI,  BHUCOKOIO  JIEJICKTPUYHOIO  MIIHICTIO,  BHCOKOI  IMHUTOMOIO
TEIJIOMPOBITHICTIO, HU3BKOI BAPTICTIO, HHU3BKUM PO3KUIAOM IO  ITiIKJIA]ITI
3HAYEHHS JI1eJIEKTPUYHOI MOCTINHOT, BUCOKOIO XIMIYHOIO 1 (D13UYHOIO CTIAKICTIO MPU
HarpiBanti 10 800 K y Bakyymi abo Ha mOBITp1, TeMIlepaTypHUM KoedillieHTOM
JIHIMHOTO PO3MIMPEHHS, [0 MOXJIUBOCTI, OJU3BKUM JI0 TEMIEPaTypHOIO
Koe(DIIIEHTY JIHIHHOTO PO3MIMPEHHS 3()OPMOBAHUX IIIAPIB.

BpaxoByroun Bce BuIlE cKazaHe, B Halliil poOOTI BHUKOPUCTOBYBaJIacCh
cutajgoBa makiaagka CT-50-2 3 cHHTETMYHUM XIMCKJIagoM Yy BaroBux %
MgO(7,5%) - CaO(8,5%) - TiO2(10%) - Al,05(13,5%) - Si0O,(60,5%) [96]. OcHoBHi

TeXHIuH1 mapaMmeTpu cutaioBoi miakmanku CT-50-2 3Begeno B Tabdm. 2.3.

Tabmums 2.3. [Tapamerpu cutanoBoi migkinaaku CT-50-2

ITapamerpu 3HaueHHs
[IopcTkicTs pobovoi moBepxHi Rz — HE HIDKYE 0,032 mxm
[opcTkicTh HEpoOOUOi MOBEpXHI Rz — He HIKUe 4 MKM
I'yctuna 2,65 r/em®
MikpoTBEpaICTh 6,9 I'Tla
TepmocTilKiCTh 483 K
EnexTpuuna MilHICTh 47 xkB/mMmm
TennonpoBigHICT 1,4 Br/mxK
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[Ipu BUrOTOBJIEHI MIJKJIAJOK TAaKOrO0 THUILy BUKOPHUCTOBYETHCS MOJIIPOBKA
HaHonopomikamMu Ha ocHOBI CeO; (IioKCH/T 1Iepit0) 3 TPaHYJIOMETPUYHUM CKJIaI0M
0,7 mxMm, Al,O3 (oxcup anroMiHiio) 3 rparyioMeTpuaHuM ckiagoM 0,05 mxm, SiO;
(miokcHua KpeMHII0) KOJIOITHOTO 3 TpaHysioMeTpuyHuM ckiagoMm 0,01 mxm. Tomy
Taka MiAKJIagKa Ma€ HU3bKY HIOPCTKICTh, IO AYKE€ Ba)JIUBO MPHU HAIMOPOIICHI
TOHKHX IIapiB IUTIBKH.

[ToyaTkoBUM €TaroM MiATOTOBKHU MiJKJIAJIKK MEepe]l HAOpPOIICHHSIM Ha Hel
MaTepiaiiB € yIbTpa3ByKOBa OUMCTKA. HasBHICTH 3a0pyIHEHB HA TAKIAAI ICTOTHO
BIUIMBAE SK Ha ajre3ir0, Tak 1 Ha €JeKTPo(I3UYHI BIACTUBOCTI IUTIBOK. SIKICTh
OUMUILICHHS 3a JOMOMOTOI0 YJIbTPa3ByKy Habarato BHINA, HDK 13 3aCTOCYBaHHSIM
IHIIMX 1CHYIOUHUX MeTOAIB. [IpuHIUM 11T yIbTPa3ByKOBUX YCTAHOBOK JJII OUUILICHHS
JieTaneil OCHOBaHUM Ha SIBUII YJIbTPa3BYKOBOI KaBiTallli, IlI0 BUHUKAE B PIAUHI NpU
BITMBI Ha HEl IHTCHCUBHUX YJIBTPA3BYKOBUX KOJMBAHb.

VYbTpa3ByKoBy OYHMCTKY MPOBOIWINM 3a JOMNOMOTOK0 YJIbTPa3BYKOBOI
BaHHOYKU. lle €eMHICTh JIJIsl CrieliaibHOT PIAMHM, 1110 CKIIAJAEThCS 3 TeHepaTopa 1
BUIIPOMIHIOBaYa KOJIMBAHb 3 YACTOTOIO YJIBTPA3BYKOBOIO J1ana3oHy (4acTOTH BiJ
18 no 120 KTI'm.). I'enepatop dopmye eNeKTpUUHI KOJMBAHHS, BUIPOMIHIOBAY
NEPETBOPIOE €JIEKTPUYHI KOJMBAaHHA B MEXaHI4HI, K1 IEPEIal0ThCs YePEe3 CTIHKY B
aKTUBHE PIJKE CEPEIOBHUIIIC.

CnoyaTky 111 yITPa3BYKOBOI OYMCTKU HAJTMBAIOTH BOJTY 3 MHIOYMM 3aCO00M
y OpU3HAYEHUH JUIsl OYMCTKH pPE3epByap MPUCTPOIO A0 BIAMOBIAHOI BIAMITKH.
[TinTpumaHHsT TOTPIOHOTO PIBHA PO3YMHY 3a0€3Meduye ONTUMAIbHY HHUPKYJISIIIO
pPO3UYMHY HABKOJIO JETaled 1 3axullae HarpiBayl 1 IepeaaBadl BiJ Hampyr 1
neperpiey. BupoOu, 1m0 miagalThCsd OYHUIIECHHIO, HE MOXHA pPO3MIIyBaTH
Oe3mocepelHbO Ha JIHI pe3epByapa, OCKUIbKM TepejiaBayi, sKi BHPOOJISAIOTH
yIIbTPa3BYyK, 3aKpiluieHi came TaM. Bupobwu, 1mo 3HaxoasTbest Oe3MmocepeiHhO Ha
JTH1, MOXKYTh TOIIKOJAWTH iX a00 3HMU3UTH pPiBeHb KaBiTailli. ToMy mjis OYuCTKA
BUKOPHCTOBYETHCSI CTIEIliaibHA CITKA, IO CIIPUSIE PO3MIIICHHIO ITiIKJIAIKA B MEXaxX
30HHM ONTHUMAJIbHOTO OYHUIIEHHA. TpUBANICTh MIATOTOBKM TMIJAKIAJKH B

yJIBTPA3BYKOBIM BaHHI CKJaaae nBa Uk npotsiroM 90 cexyna. [lo 3akiHueHHIO
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eTamny yJabTPa3BYKOBOI'O OYMINECHHS MIAKIAJAKA MPOTHUPAETHCA YOTHUPUXIIOPUCTUM
ByruieneM ta 96 % po34rMHOM €TUIOBOTO CIUPTY.

HacTtynuuMm etamom i OTpUMaHHA 3pa3ka € BHOIp Ta MiArOTOBKa MAacoK,
yepes sIK1 HaopOIIYTHCS BIMIOBIIHI €JIEMEHTH Ha MiAKIaAKY. MaTepia, 3 ssIKoro
CKJIa/Ia€ThCSl MacKa, He TMOBHMHEH BCTYMAaTH B XIMIYHI peakilii 3 eJIeMEHTaMHu,
oOpaHuMu Jyisl eKcriepuMeHTy. OCKUTBKY HAMTOPOIITY€EThCA HE TUIBKHU JIEICKTPHK, a
1 METaIM, MaTepiajl MaCKM He TTIOBUHEH IPOSIBIISATH MOJISIPHI BIACTUBOCTI MArHiTy 1
OyTH TepMiYHO CTaOUTPHUM MpU TemrepaTypax Biamany. Takoxx HEOOXiJHO
3a0€3MeUYUTH HU3KY TEXHOJOTIYHUX OCOOIMBOCTEH JUisl eKcriepuMeHTy. B mepiry
Yepry MeTajeBi IIapu MOBUHHI MAaTH SIKOMOTA MEHIIY IMMUPUHY IS 3a0e3MeueHHs
BHUCOKOI TYCTHHU CTPYMY, POTE IOCTATHHO MIMPOKUMHU, II0O HE OYJI0 MEXaHIYHUX
PO3pHUBIB MO JIOBXKMHI HAMOPOIIEHOT JOPIXKKHU. BiacTaHh MIDK OKpEeMHUMH
nepexoaamMu 0OUPaAETHCS TaKOI0, MO0 BUMIPH 3 OAHOTO HE BIUIMBAIHM HA Pe3yJIbTaT
JOCIIIJIKEHb CYCIJTHIX KOHTakTiB. Macka, depe3 sKy Hamnopouryetbcss MgO,
3a0e3rnevye MOBHE MOMAaIaHHA JIeJIEKTPUKa Ha TUIONLY METaJeBUX CMYKOK, MPOTE
3aXMUIIAE B1J] KOTO MOTPAIUISIHHS Ha CTEIaJbHO BiABEEHI IUISHKH, Yepe3 K1 3pa3oK
MIJKIIOYAETHCA B CJIEKTPUYHUN JIQHIIOT TPU  BUMIPIOBAHI BOJIbT-aMIIEPHHUX

XapaKTEPUCTHK.

LienekTpuKSs—71 —

MeTtan

Puc. 2.2. CxematnyHe 300pax€HHsI MaTPUIl TIEPEXO/IIB 3pa3Ka
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CxemaTH4HO 3pa3oK SKUH HEOOXIJHO OTpUMATH TIPEACTaBisie 13 cede
MaTpuIlto 3 16-Tu nepexois (puc. 2.2), e MiAKIIOYCHHS B CJICKTPUIHY CXEMY IS
BHUMIPIOBaHHA BiIOYBAa€ThCS 4yepe3 KPYroBl 00MAacTi HAa 3aKIHYEHHAX OTPUMaHHUX
JTOpiKOK. BiamoBigHo, 171 3a0€3MeueHHs BHUINE3a3HAYCHHX YMOB, MAacCKH
BUTOTOBISUIMCh 13 HEpXKaBifo4oi crtam. Macka, depe3 sKy BiIOyBa€eThCs
HaITOPOIIICHHS METaly, 300pa’keHa Ha puc. 2.3a 1 ABJsie COO0I0 KBaJIpaTHY IIACTUHY
po3mipamMu 2X2 cM 3 YOTUpMA MapalieIbHUMHU IHITHHAMHE, IPOPI3aHUMHU Ja3epoM,
mmpuHo0 50 MKM dYepe3 piBHI MPOMDKKM OpUOIM3HO 3 MM 3 KPYrOBUMH
3aKiHYCHHAMH AiaMeTpoM 2 MM. JlieJIeKTpHUK HAMOpOIIyBaBCs YepPe3 MACKy TaKOX
13 HepxaBitouoi cram (puc. 2.3, 0) po3mipamu 2X2 ¢M 3 KBaJpaTHUM BHPI30M IO
HEeHTpYy 31 cTopoHor0 15 w™m. IligroroBka Macok Tiepes] HAmoOpOIICHHSIM

MIPOBOJAUTHLCS AHAJIOTTYHO IMTIATOBII T AKIAIKH.

(@ R(D ~ m-a (6)

|

Puc. 2.3. Macku 117151 HAaOPOIICHHS: a)METalTiB 0) AiCIeKTpHKa

Bub6ip merony Hanmopomenusi. HamoporeHHss maTepialliB MPOBOIUIIOCH
CJIEKTPOHHO-TIPOMEHEBUM  METOJIOM. MeTo TEepMIYHOTO BHIIAPOBYBAaHHS 3
BOJIb)paMOBOro HarpiBaya a00 THUTIS HE MIAXOAWTh, OCKUIBKH B TIpOIECl
HAIOPOIIICHHS MOXYTh YTBOPUTHUCH IHTEPMETAIIH, TEMIIEpATypa TUIABJICHHS STKUX
MeHiie Bosibppamy. Tomy craHgapTHuUM  BoOJIbPaAMOBUM  THUTENb, SKUM
BUKOPHUCTOBYETHCA JIJIsi PO3MIIICHHS MaTepialiB y BaKyyMHIM YCTaHOBII, MOKe

PO3IUIAaBUTHUCS B MPOIEC] HAMOPOIICHHS. MeToJa MarHeTPOHHOI'O PO3IUJICHHS HE
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3aJI0BOJIbHSIE HEOOXITHUM YMOBaM JI0 MaTepialliB 3pa3ka, OCKUIBKUA IIUM METOJIO0M
MO>KHA pO3MOPOLTYBATH TUIBKK MPOBIIHUKH, a HE J1EIEKTPUKHU.

IlinroroBka po6ouyoro THCKy B Kamepi. /(i1 oTpumaHHS OJHOPITHUX,
YUCTUX 3pa3KiB, IMepe] IO0YaTKOM HAaMOpOIIEHHS HEeoOXiJHO 3a0e3neunuTu
BIJICYTHICTh HeOakaHUX eneMeHTIB B Kamepi cucremu BVYII-5M. [lns mporo
CIIOYATKy 3JIIMCHIOEThCS BUKAuUyBaHHS 00’€éMy BaKyyMHOI CHCTEMHU JI0
MONepeHLOT0 BaKyyMy 3a JomnoMoror dopBakyymMHoro Hacoca (®H). Ilicns
JOCSITHEHHSI THUCKY Ta3iB B kamepi 1o 3HadeHHs 0,13 Ila BigOyBaeTbes mepexia 10
BHUCOKOI'O0 BaKyyMmy, ISl IIbOIO BHUKOPHUCTOBYETHCS MAapOMACISIHUN AuQy31HHUN
Hacoc (/JJH) HBJ/IM-160.

Po3nopoliieHHs eleMeHTIB PO3NOYMHAIOCh, KOJIH poOOUYnid BaKyyM B Kamepi
He nepesuiryBas 6 — 12 x107 I1a.

Ionne TpaBiaenns. [lepen moyaTkoM po3MOPOIICHHS METATY Ha MiAKIAAKY
MIPOBOJIUIIOCH 10HHE TPaBJICHHS, 100 OYMCTUTH MOBEPXHIO MIAKIAAKH BIJ] JETKUX
JETIOYUX JIOMIIIOK Ta ajgcopOoBaHux TrasiB. lle mporec BupaneHHsS PEYOBUHU 3
MOBEPXHI TBEPAOTO Tija IMiJ BIUIMBOM 10HHOTO OoMOapyBaHHS. ATOMH ra3iB, K1
3AJMIIWINCH B KaMepl, 10HI3YIOThCA 1]l BIUTMBOM IMPHUCKOPIOIOYOT HAMpPYTH, SKa
CKJIaJIa€ NEeKIJIbKA KIJIOBOJIBT.

Jlist Toro, mo0 BiAOYBaJIOCh 10HHE TPABJICHHS, BAKYYM B KaMepl MOBHHEH
oytu Big 200 mo 10 Tla. Tomy 1eit mporec MPOBOJMIM HA TOYATKY BITKAUKH
MOTIEPETHROTO BakyyMmy. [Ipu TpaBieHHI MO3UTHUBHI 10HU, IO YTBOPUIIUCH, JICTAThH
B HAMNpSMKYy JO KaToay, SKMM € BCS TMOBEPXHsS POOOYOro 00’eMI] Kamepu Ta
BUOMBAIOTH 3 HE1 aJICOPOOBaHI ra3u Ta JIETKOJIETIOY1 3a0pyIHEHHS, 110 OCUIM Ha
MIJKIQAI Ta cTiHKax kamepu. IIpu mpoMy criocrepiraetbes sickpaBe (hioJeTOBE
CBITIHHS. TpUBaIICTh MPOBEICHHS 10HHOTO OOMOApyBaHHS CKJIaIa€ 5 XBHUIIMH.

Ionepenniii HarpiB miakiaaaku. s oTpumaHHS SIKICHOI HAHOIUIIBKU
BaXXJIMBO 3a0€3MMeYNTH BUCOKY anare3ito [98]. Aaresis - 1ie siBHIIE, 10 BUHUKAE MIPH
3'€eTHaHHI PI3HOPITHUX MaTEpialiB, MPUBEACHUX Y OMM3bKUN KOHTAKT, I TOLTY
AKX CJIJ JOKJIAcTH TMeBHe 3ycwuisd. [l nerasaimii moBepxHI MIAKIAAKUA Ta

3a0e3MedeHHs] aare3ii MK MIAKIAAKO Ta MaTepiajioM, SKHl HaMOpOIIYeThCA,
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MPOBOAUTHLCSA TONepeAHid HarpiB migkiaankud go temneparypu 400-500 K
0e3mocepeIHbO TIEpe]l MOYATKOM MPOIECY PO3MOPOIICHHS.

ToBIIMHM KOKHOTO i3 MAPIB MJIIBKM. BaXIIMBOIO 33/1auei0 € BUSHAYCHHS
TOBUIMHU [JIs KOXKHOTO IIapy MaTepialiB, 3 SKUX CKIAJA€ThCS MArHITHUN
TyHEeNnbHUHN mepexia. [ns 3abe3nedeHHs ONTUMaIbHOI TOBIIMHHU TEPIIOTO Iapy
MeTalia moTpiOHO BpaxyBaTH MIOPCTKICTh MOBEPXHI MIAKIAAKU. B HammoMy BUNaaKy
ne curtanosi miakiaagku CT-50-2 3 mopctkictio pododoi moepxHi 0,032 MM
(tabn. 2.3). Tomy s 3MEHIICHHS MEXaHIYHUX HaANpYXeHb, IOB’S3aHUX 3
HEPIBHOMIPHICTIO TOBEPXHI MIAKIAAKH, CEPEIHS TOBITHUHA EPIIOT0 HATTOPOIIEHOTO
niapy nepeBuIlyBajia MIOPCTKICTD 1 cKianana 45 HM.

Hactynuuii map, mo HamopoiryBaBcs, 1ie aienekTpuk MgO. OckiibKu
TYHEJIbHUM CTPYM Ma€ €KCIOHEHITIadbHY 3aJIeKHICTD BiJl TOBIIIMHHU JIEICKTPHUKA, TO
HaBITh HE3HAYH1 BIIXUJICHHS B TOBIIMHI CYTTEBO BILUIMBAIOTH HA BEJTUYUHY CTPYMY.
B Bumnasky, sxiio marepiaity Oyje HarmopouieHo 3a0arato, To KUIbKICTh €JIEKTPOHIB,
[0 TPOTYHENITh, Oyae 3amMaia, o0 BUHHK CTPYM B KOJI, SKHH MOXHa
3adikcyBaTd. A SIKIIO TOBUIMHA OyJ€ 3amaia, TO MpH MEBHIN Hapys3i BiAOyAeThCS
po0iii 11eIEKTPUKY 1 BOJIbT-aMIIEpPHA XapaKTePUCTHKA MaTUME JITHIMHUI XapakTep.
J1o TOrOo X, IpU OTPUMAaHHI1 TAKMX TOHKHUX I11apiB HEMOKJIMBO 3a0€3NEUHUTH 1€aJIbHY
PIBHOMIPHICTh MO TOBUIMHI. TOMy MOTpPIOHO HANWIMTH TaKy KUIBKICTh, 1100 B
HaWTOHIIMX MICIIX HE OyJIo MpoOor mieneKTpuky. s IbOro MpPOBEICHO
PO3paxXyHOK, BUXOJSUM 3 E€IEKTPUUHOI MIITHOCTI J1E€JIEKTPUKY, KA PO3PAXOBYETHCSA
3a HaCTYyITHOIO (hOPMYJIOHO:

_ U (2.1)
E= h

ne E - enexTpuyHa MiLHICTh AienekTpuka, U — Hanpyra, 3a SIKo1 B110yBa€eThCs
npo0iii, h - TOBIIMHA JieJIEKTPUKA B MicCIli IPOOOIO.
3 ¢opmynu 2.1, 3HaOUM eneKTpuyHy MilHICTE MgO Ta MakcuMaiabHY

HaIpyry, 3a SIKO1 TPOBOASTHCA JOCHIHKCHHS €NEKTPO(DI3UYHUX BIIACTUBOCTEH
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3pa3ka, MOXKHa pO3paxyBaTH MiHIMaJbHY HEOOXIJHY TOBIIHUHY AI€IEKTPUUYHOIO
mapy. st nanpyru B 3 B toBmMHa TOBIIMHA TIpoOoto ckianae 4,7 uMm. OTxe,
MIHIMYM B TOBIIIHMHI Ji€ICKTPUKA, HEOOX1THHI ITPU BUTOTOBJICHI 3pa3KiB, 11€ 4,7 HM.
HactynHum eranomM € BU3HAYEHHS MAaKCUMAJIbHO JTIOMYCTUMOI TOBIIMHHM, NP SIKINA
Oyze crocTepiraTuch 3MiHa CTPyMY B 3pa3Ky IpH MiIBUILEHH] HanpyTu. /s nboro
BapTO BPaxoOBYBAaTH KOEPIIIEHT MPO30POCTI NoTeHIiaibHOoro 6ap’epy MgO. Konu
TOBIIMHA 1Iapy OlIbIIe 8§ HM, IPU 3HAYEHHSX HANpyTH 10 3 B cTpyM mpakTU4yHO HE
oyne mpotikatu [99]. Tomy TOBIIMHA HAMOPOIICHHS Ji€JICKTPUKA CKIaaae Bix 5,5
o 7 HM.

JUIsi HamopouieHHs TPEThOrOo Iapy BUKOPUCTOBYBAINUCH (HDEpOMArHiTHI
metanu Fe, Co ta Ni ToBmmHOIO /10 25 HM. BiIMIHHICTS B TOBIIMHI M1’ BEPXHIM 1
HIDKHIM IIapOM MeTaJliB HeoOXiJaHa s 3a0e3leueHHs aHI30TPOIli MarHiTHHX
BJIACTHBOCTEH, KA HANPSIMY 3aJIe)KuTh Bij TOBIUHY IIiBkH [100]. Ockinbku Taki
CUCTEMHU B MEPCIEKTHUBI MOXXYTh 3aCTOCOBYBATHUCH SIK 0a30B1 €JIEMEHTH KOMIPOK
mam’aTi, Uil SKUX HEOOX1JHO 3a0e3NeUYWTH yYMOBH, KOJM BEpPXHIH IIap JIerKo
NepEeMarHiuyeThCsl, Ha BIAMIHY B1J HUOKHBOTO.

Ontumizaniss peskuMy HanopouleHHsl ejieMeHTIB. [[ns 3a0e3nedeHHs
PIBHOMIPHOCTI B TOBILIMHI KO>XHOTO OTPUMAHOIO IIapy HEOOXIJHO MPaBUIBHO
nia10paTi WIBUAKICTh PO3MOPOUIECHHS E€JIEMEHTIB, SIKY MOXJIMBO KOHTPOJIOBATH
3MIHIOIOYH 3HAYECHHSI CHJIA CTPYMY Ta MPUCKOPIOIOYOI HAMIPYTH.

Bci Tpu Metana, siki BAKOPUCTOBYIOTBCS IPU OTPUMAaH1 3pa3KiB, € MOPIBHSIHO
TYrOIUIAaBKUMH 1 TIOYMHAIOTh PO3TMOPOIIYBATUCh TUIBKM TIPU  MapaMeTpax
IPUCKOPIOI0YO0] HAMPYTH, 10 cKiaaae 2 KB Ta 3HaueHHi cunmm ctpymy B 15-25 MA.
BaxnuBo peTenbHO KOHTPOJIIOBATH 3HAYCHHS CHJIM CTPyMY, 1100 HE pO3MoYaoch
BUKHUIIAHHS HAMOPOIIYIOYOr0 Martepiaiay, 10 Ma€ HEraTUBHUI BIUIMB Ha SKICTh
OTPUMAHOTO 3pa3Ka 1 Ha eKCIUTyaTalild BakKyyMHOi ycTaHoBkH. IIIBuakicTs
PO3MOPOIICHHS METaliB, 3TITHO TOKAa3HHWKA KBapIIOBOTO JaTyWka, ckiamana I-
2 um/C.

[lin yac HamOpOUIEHHS OKCHIY MAarHito A 3a0e3reyeHHs PIBHOMIPHOCTI

TOBIIUHU Ji€JIEKTPUKA B TIEPIIYy YEpPry HEOOXITHO KOHTPOJIIOBATH IIBUIKICTH
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po3nopoiieHHs. B ymMoBax ekcmepuMeHTY BOHA HE IepeBulllyBaja | HM/C 3TiIHO
MOKa3HWKA KBapIIOBOTO JaT4rKa. HacTymHUM Ba)KJIMBUM ITapaMEeTPOM € TOBIIHHA
TeJIEKTPUKA, sIKa cKiianana 5,5...7 HM. JIJig OKCHTy MarHifo pexXuM pO3TOPOIICHHS
JOCSITAE€TBCST IIBUJIKO. B OCHOBHOMY TMIpH pO3MOPOIIEHI BUKOPUCTOBYIOTHCS
HACTYIHI mapameTpu: Harpyra ~1 kB, cuna ctpymy 10 MA.

B sikocTi neryroyoro marepiany B poOOTI BUKOPUCTOBYBABCS BYTJICIb, KU
PO3MOPOUTYETHCS 3 TPAPITOBOrO THUTJIIA, IO MA€E BUCOKY TEMIIEpaTypy IJIaBJICHHS
4117 K. ToMy mIBHIKICTh HAMOPOLIEHHS HU3bKa, mpubdau3Ho 0,2-0,5 Hm/c, Ta BUCOKI
napameTpy IpUCcKOprorYoi Hanpyru 2 kB 1 cunu ctpymy 25-30 MA. Po3nopoiienus
BiIOYBa€ThCSl TMOBEPX MEPIIOTO IMIapy 3aliza dYepe3 MacKy, Npu3HaueHy s
nienexktpuka (puc. 2.3, 06). Oapa3y micisi OTPUMaHHS TOHKOTO IIapy BYTJICIIO
npubau3Ho 1 - 2 uM, BigOyBaeThes Bianan 3a Temmepatypu 600 K tpusamictio

25...30 xB my1s1 3a0e3meueHHs qudy3ii B TOBEpXHEBUH IIap 3aii3a.

Puc. 2.4. 3pazok Fe/MgO/Fe micist HamopoIeHHs: Ha CUTAJIOBIH T IKIa I

OtpumaHuii 3pa30K Ma€ HACTymHWH BHTIAn (puc. 2.4) 1 TmpeacTaBise
MaTpHITO 13 16-TH mepexoiiB MeTal — AieNeKTpUK — MeTan tuiomiero 50x50 MxMm

KOKHMI 1 CyMapHOIO TOBUIMHOIO 10 100 HM.
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2.3 MeToauku, BUAKOPUCTAHI /IJ1s1 OTPUMAHHS Ta T0CTiI’KeHHs 3pa3KiB

BYII-5SM. BurotoBiieHHs 3pa3KiB BIIOYBajaoCh B IPOIEC] HAMOPOIICHHS 3a
nonomoroto ycranoBku BYII-SM. Bakyymuuii yHiBepcanbuuii moct BYII-5M
MPU3HAYCHUH JIJI1 OTPUMAHHS IIJT1BOK 3 PI3HUX MaTepiajiB, a TaKOX JJIS I1ATOTOBKH
3pa3KiB, JOCTIIKYBAaHUX 3a JIOMOMOIOIO0 E€JIEKTPOHHOTO MIKpPOCKOmMa a0 IHIIMX
aHamiTHYHUX npuiaamis [101].

OcHoBHI mepeBaru ta ocodauBocTi npumaay[101]:

e VYHIBEpCaIbHICTh MPOIECY JO3BOJISIE OTPUMATH TUTIBKH METAJIiB, CIIABIB,

HaIlIBIPOBITHUKIB Ta J1€JIEKTPUKIB.
e Bucoka MmMBHUIKICTh OCa/PKEHHS 3 MOXJIMBICTIO ii pEryialOBaHHS B
IITUPOKUX MEKax.

e [lpunan no3Bosie OTpUMATH BUCOKY aJIE€3110 TUTIBOK Ta MiAKIAIKH;

e MOKIJIMBICTh 3MIHU CTPYKTYPH 1 BIACTUBOCTEH TUTIBOK.

e MOKIIMBICTh PO3MOPOIIEHHS JIEKUIBKOX MaTepialiB 0e3 po3repmMeTu3ailii

KaMepH.

e Herenukuii TenaoBuii BIUIMB HA 0OPOOTIOBAHY CTPYKTYPY.

CkaHyBaJIbHUI eJIeKTPOHHUH Mikpockon Ha chorogHi po3risnaerbes
0e3J1i4 METOIUK IS TOCTIKEeHHS TOHKOILTiBKOBUX cucteM [102]. (SEM) - oaun 3
HalOUIbII YHIBEPCAIBHUX 1HCTPYMEHTIB, JOCTYIHUX JUIsl JOCHIJKEHHS Ta aHAII3y
MOPQOJIOTii MIKPOCTPYKTYpPH Ta XapaKTEPUCTUK XiMiuHOTO ckiany. B SEM 3pazok
3HIMAIOTh, BUKOPUCTOBYIOUHM BUCOKOEHEPI€THYHI €JIEKTPOHH, 1 aHAI3YIOTh BUX1/IHI
CJIEKTPOHU / PEHTTEHIBChbKI mpomeHl. LI BuUXigHI €IeKTpOHU / PEHTTEeHIBCHKI
MIPOMEHI1 AaroTh iHGopMaIlito mpo tomnorpadito, Mopdosorito, CKiIaa, OpIEHTAIIIIO
3epeH, Kpuctanorpadgiuny iHpopmariito Tomo. Mopdosoris Bkazye Ha dopmy Ta
po3Mip, B TOM Hac sik Tonorpadisi BKazye Ha 0COOIMBOCTI TOBEpXHI 00'€KTa, MOTO
TEKCTYypY, MIaAKICTh a00 mopcTKicTh. SEM - 11e mpoBigHU amapar, sikuit 371aTHAM
JOCSITTH  JISTAJTbHOTO  BI3YaJbHOTO 300paKEHHS YACTUHKH 3 SKICHOKO Ta

IPOCTOPOBOIO PO3ILIBHOIO 3AaTHICTIO 10 1 HM [103-105].
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OnHuUM 13 OCHOBHHUX IMapaMeTpiB MPU OTPUMaHI 300pakeHb 3a JOTOMOTOIO
SEM € mnpuckoproorya Hampyra. B 3aleXHOCTI Bil BEJIMYMHU SKOI JIaHi
OTPUMYIOTHCS a00 3 MOBEPXHEBOTO Iapy, ado 3 00’emy 3paska. [Ipu 3abe3meueHi
BHCOKOTO 3HAUCHHS TPUCKOPIOIOYOI HANPYTH ENEKTPOHHHUHA IMy4OK MPOHUKAE B
00’em 3pa3ka (puc. 2.5), mpoTe po3aiabHA 3AATHICTH OTPUMAHOTO 300paKeHHS

MOTIPITYETHCS.

Puc. 2.5. Otpumanns cTpykTypHOi iH(pOpMaIii Mpu JOCTITKEH] TTOBEPXHI

Tomy 1u1st BUBUEHHS MOBEPXHI OTPUMAHUX 3pa3KiB Ta iX XIMIYHOTO CKJIAIy
MPOBENICHO JIOCIIDKEHHS] 3 BHUKOPUCTAHHSM CKaHYBAJIBHOTO E€JIEKTPOHHOTO
Mikpockomny T-Scan Ta mpuctaBku s XiMiuHoro anamizy Oxford X-Max 50 3a
HACTYMHUX MapaMmeTpiB: npuckoproroua Hanpyra 3 kB 1 10 kB, wac Burpumku 3 c,
BIICTaHb BIJ 3pa3ka J0 Kpaw Qokycyrouoi cucteMud 13 MM, po3mip oOiacTi
dokycyBaHHst 98 HM. JlochimKeHHs 3a HU3bKOi MpUCKOpIowo4voi Hampyru (3 kB)
JO3BOJIMJIA  OTPUMATH 300paKeHHsSI TOBEPXHI 3pa3ka 3 BUCOKOIO PO3JIIHLHOIO
3JIaTHICTIO, TOJII SIK TOCTiKeHHs 3a Hanpyru 10 kB Hananu iHdopmaitiro 3 00’ eMy
3pa3ka.

JAPOH-3M  PeHTreHOCTpyKTypHUI aHali3 3pa3KiB TPOBOJIUBCS 34

JIOTIOMOTO10 T paKTOMETpa PEHTTeHIBCbKOTO BUpoMiHtoBanHsa JIPOH-3M, sikuii
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NPU3HAYEHUM ISl IPOBEACHHS LIMPOKOTO KPyra peHTreHOCTPYKTYPHHUX JIOCII/IIB
PI3HOMaHITHUX KpHCTanorpadiuHuX MaTepiaiB.

BuwmiproBanns BigOyBanucs 3a Hanpyru U = 29 kB, cunu ctpymy [ = 25 MA
ta kpoui B 0,1°, 3MIHHUM mapaMeTpoM OYB 4ac ekcro3uilli. PeHTreHorpamu
oTpumyBanu y BunipoMinenHi Cu K.

Metanorpadisi ['opuzonTansuuii Metanorpadiuauii Mikpockon MIM—8M
MPU3HAYCHUHN I JTOCIIKEHHS MIKPOCTPYKTYPH METaTIB 1 IHIIMX HEMPO30pUX
3pa3KiB B CBITJIOMY MOJIi IPH IPSIMOMY Ta KOCOMY OCBITJICHHI, a TAKOX B TEMHOMY
MOJT1 1 MOJIIPU30BAHOMY OCBITJICHHI. JIJIsl OTpUMaHHS KOCOTO OCBITJICHHS O0'€KTY
anepTypHy Aladpparmy MOKHa IEpeMIIaTi NEPHIEHANKYIISIPHO 10 OC1 OCBITJIIOBayYa.
Kpim Toro, miapparMmy MoxHa oOepTaTh HaBKOJIO OCl OCBITNIIOBaya. Jljist BIIIKY
BEJIMYMH MepeMillleHHs JllapparMu Ha 11 orpaBi 3HaXOAUTHCS IIKAJIA 1 IHJEKC.

Jlist 6e31mocepeTHbOr0 CIOCTEPEKEHHSI MIKPOCKOI MAa€ MOHOKYJISIpPHY Ta
OIHOKYJsIpHY Hacaaku — X 2.5. HalGip axpoMaTHUHHUX Ta amoXpOMAaTHYHUX
00’ekTUBIB 3abe3rnedye 30UIbIICHHS MIKPOCKOIY B HACTYIHHUX MEXax: MpHU
Bi3yaibHOMY criocTepekeHH1 — Big X100 mo x1350, mpu ¢oTorpadyBanui — Big x45
o x2000.

30uTbLIEHHST 300pa)KeHHs 00’€KTa MpHU PI3HUX 30UIBIICHHSX OO0’ €KTUBA
BHU3HAYAJIOCH 3a JIOMIOMOTOI0 KK 00’ eKT-MikpomeTpa. OO0’ €KT-MIKPOMETP SIBIISIE
co00I0 CKJISHY TUIACTMHKY 3 HAHECEHOH Ha Hel miKajnor. JIoBXKHHA IIKaIH
nopiBHiO€e 1 MM 1 po3auiena Ha 100 yactud. Takum 4MHOM OJHA MOMAIKA IIKAJIH
nopisHioe 0,01 mm.

MeToauka q10CiIzKeHHs eJIeKTPHYHUX XapaKTePUCTUK. /{15 BUMiproBaHHS
BOJIbT-aMIICPHUX  XapaKTePUCTUK HA OTPUMAHUX TYHEIBHHX TIEpPexoj1ax
BUKOPHCTOBYBABCS UYOTHUPHOX30HIOBUN MOAM(DIKOBAHUI METOJ BOJIBTMETpA-
aMIiepMeTpa, a caMme 3 JBOMa BOJIbTMETPAMHU, CIIPSHKEHUMU 3 KOMIT FoTepoM. OauH
BosibT™METp (V1) BUMIPIOBAB MaliHHSA HAMPYTH B KOJI, iHIIMHA 3MiHy Hanpyru (Vz) —
Ha JI0JaTKOBOMY, 3a37aJeriap BimoMoMy omopi Ry. JlomaTtkoBwuii omip HEOOXiIHUN
JUISL TOTO 1100 301IBIIMTH OMIp BOJBTMETpPA, MJIs MOJIMIIEHHS WOr0 YyTJIUBOCTI.

XapakTepuCTUKH BOJLTMETPIB HaBENIeHI B Ta0n. 2.4.
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Tabnuis 2.4. XapakTepucTUKU BOJILTMETPIB

BonbrmeTp Hianazon, B Po3nminesHa 3maTHICTE, MB TouHicTb, %
UTG60E (V2) 0,4 0,1
+ 0,8
4 1
AM-1118 (V1) 0,6 0,1 + 3,0
6 1 + 1,0

Cxema eleKTpUYHOrO KOJIa, B KM PO3MIIIyBaBCs 3pa3o0K, 300pa)K€HO Ha
puc. 2.6. KpiM 1BOX BOJIETMETPIB, 32 JOTIOMOTOIO SKHX ITPOBOIUIOCH BUMIPIOBAHHS
CTpyMy 1 MPUKIQJCHOI HANMpyrW B KOJI, HAa cXeMi NpHUCYTHIM peoctar R. 3a
JIOIOMOTOI0 HBOTO peryliroBajiach Hampyra B ko Big 0 mo 3 B, Buxomsuu i3
MIpKYBaHb II0JI0 HEOOXIAHOI Hampyru g CIOCTEPEKEHHS HEraTUBHOIO
TU(EPEHLIHHOTO ONOPY Ta PO3PAXyHKY HAIPYTH MpoOOI0 AJIsl JAHOTO AleJIEKTPUKa
MpU BIAMNOBIAHIN TOBIIMHI. [IpuCyTHINA TakoX MepeMHKad, 3a JOMOMOTOI SIKOTO
3MIHIOETBCS MOJIIPHICTh HANPYT'H, 110 HEOOXITHO 32 YMOBaMHU E€KCHEpUMEHTY. B
JOCIIJKYBAaHUX  3pa3kax B SIKOCTI BEPXHBOTO Ta HIDKHBOTO  METaly
BUKOPUCTOBYBAJIMCh  BIAMIHHI 332 CBOIMH  (DI3UYHUMHU  BIACTUBOCTSIMU
dbepomarnetuk. Tomy, 3MIHIOIOYM  TMOJSPHICTE  HANPYTH, 3MIHIOETHCS
1HKEKTOpHUM MeTan. OCKUIbKM 711 OTPUMAaHMX 3pa3KiB XapaKTepH1 BHUCOKI
3HaueHHs onopy, nopsaaky 10° Om, BUMipIOBaHHS CTpPyMy B KOJIi MPOBOAUIOCH HE
HANpsMY, a 4depe3 MaiHHA HAIPYrH Ha JI0JaTKOBOMY Bimomomy omopi Rg. Moro
BeJlMurMHa He mepeBuinyBasia 10% Bij 3arajbHOrO OMOpPY B KOJII 1 migOupanach
IHIUBIIYaIbHO JUISI KOKHOTO OTPUMAHOTO 3pa3ka B 3aJie’KHOCTI BiJ OIMOpY Ha
JTOCIIKYBaHUX Tiepexojax. Benmnunna nogaTkoBoro onopy ckiaaana 22 kOwm, 100
kOwm, 300 kOM a6o 1 MOwm.

BumiproBanHs BOJBT-aMIEPHUX XapPaKTEPUCTUK MPOBOIWIOCH HACTYITHUM
YUHOM: 3a JomnomMoroto peocrata R 30ubmryBanace Hampyra Big 0 mo 3 B 3i

mBuakicTio 50 MB/c, micns gocCSTHEHHS MaKCHUMalbHOI HAmpyrd B KOl 1l
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aHaJ'IOFi‘IHO, 3 TaKOIO X HIBI/I,Z[KiCTIO, SMCHIIYBAJIN OO0 O, 3MIHIOBAJIN HOHHpHiCTB Ta

MOBTOPSIIM TTPOLIEYPY.

Rd *—
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|+

Y

&4
II‘

{/

Puc. 2.6. EnextpuuyHa cxema JJii BUMIPIOBAHHS OINOPY TOHKOILIIBKOBUX

CTPYKTYD

JlaHi1 13 BOJBTMETPIB O€3MEPEPBHO 3aTUCYBAIUCH HA KOMIT FOTEP1 3 YaCTOTOIO
1 pa3 Ha cexkyHay. Pe3ynapTaT BUMIpIOBaHb HANPYTd, OTPUMAaHI 13 BOJIBTMETPA Ha
JI0JIATKOBOMY OITOPi, 32 3aKk0OHOM OMa MepeBOUINCH B CUITY CTpyMy. 31CTaBUBIIN
iX B 4Yaci 3 JJaHMMU HANpyrd, OTPUMAHUMU Ha BOJIBTMETPI, MIAKIIOUEHOMY 0

3paska, OyAyBajiach BOJbT-aMIIEpHA XapaKTEPUCTUKA JTOCIII)KYBAHOTO TIEPEXOY.

2.0mm| 6.35mm | 25mm

—
|

33.35mm

Puc. 2.7. IlianpyXuHIOIOUUA 30HA JJIs MIABEICHHS CTPYMY 10 KOHTAaKTIB

3paska
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J{ns 3a0e3nedeHHs SIKICHOTO CUTHAJTY KOHTAaKTH BOJILTMETPIB (h1KCYBaIUCh 3a
JIOTIOMOT'O10 CHEIlabHUX 3aKUMIB, 1110 YHEMOKJIMBIIOBAJIO MOTIPIICHHS! KOHTAKTY
mig vac BuMipioBaHHA. J[s  miAKIIOYEHHS 3pa3ka  BUKOPHUCTOBYBAIHCH
HIANPYKHIOKY1 30H/IH 13 MT030JI0TO0 (pHC. 2.7), VIS SIKUX TONEPETHBO MPOBOAUBCS
MIPOIIeC MEXaHIYHOTO 3TJ1a)KyBaHH HAKOHEUYHUKA MIKPOHHUM ILTi(hamnepom, moo

YHEMOKJIMBUTH MEXaHIYH1 MOIIKOJKEHHS TOBEPXHI 3pa3Ka.

Puc. 2.8. 3abe3nedyeHHss KOHTaKTy 30H/Aa 3 HAHOIUIIBKOIO MPU BUMIpIOBaHHI

BOJIbT-aMIICPHHUX XapPaKTCPHUCTHUK

OTpumaHuil 3pa3oK CKIAAAEThCsl 3 Marpuill 16-TH mepexoiiB, Ha SKHUX
MIPOBOJIATHECS BUMIpPIOBAHHS, TOMY HEOOXIJHO 3a0€3MeYUTH MOMIIUBICTH 3MiHU
MOJIOKEHHS MIANPYKUHIOIOUUX 30HJIB Il JOCIHIKEHHS PI3HUX HAMOPOIICHUX
KOHTaKTiB. [[1s 1boro 3pa3ok po3MillyBaBCs Ha IMiJICTaBKy 13 (roporuiacta
(puc. 2.8), B siKiii Ha MEBHIH BifCTaHi 3p00JICHO OTBOPH 3 Pi3b00F0. 3a JOMOMOTOI0
TBUHTIB, III0 BKPYUYYBAIHUCH B MJICTABKY, KOHTPOIIOETHCS BUCOTA MIANPKAUHIOIOYNX
30H/IIB 1 IIIJIBHICTh KOHTaKTy 3 poOOYOI0 MOBEpXHEI 3pa3ka. A 1uiede, IO
CTBOPIOETHCS MK 30HJIOM 1 TBUHTOM HAJa€ MOMUIMBICTh MiABEJICHHS 10 PI3HUX
MepexoiB OTPUMAHOTO 3pa3Ka.

Jlnsi BUMIpIOBaHb TEMIIEPATYpPHOI 3aJI€KHOCTI €JIEKTPUYHUX BIACTHUBOCTEU
OTPUMAHOTO 3pa3ka BHUKOPHCTOBYBABCS pIIKHM a30T, SKAWA 3HAXOIUBCH Yy

crieriaabHOMYy cocy/l (Tepmoci). it 3aHypeHHs 3pa3ka B cocy] 0yJI0 BATOTOBJICHO
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MIJICTaBKY 13 (PTOPOILIACTY AlaMeTpoM S5 cM, sika (PYHKIIIOHYE aHAJIOTIYHO BHIIIE

OMHCaHI! CUCTEMI 3 JOJIATKOBUM OTBOPOM, B SIKOMY 3aKpiIlIsiiach TepMoIapa.

2.4 OTpuMaHHS Ta MiATOTOBKA 3pa3KiB HA HANIBNPOBIAHMKOBIH

migKIaxmi

JInis BCTaHOBJIEHHS BIUIMBY BYIJICIIO Ha 30HHI BJIACTMBOCTI 3ali3a 3a
BIJIMOBITHAX ~ YMOB  JIETYBaHHS  NPOBEACHO  JOCHIKEHHS  EJICKTPUYHHUX
BJIACTUBOCTEH HAHOIUTIBOK 3aJli3a Ta 3ajli3a, JISTOBAHOTO BYTJICLIEM, NMPU KOHTAKTI 3
HaIIBIPOBITHUKOM. B SKOCTI HamiBIPOBIAHUKA BUKOPHUCTOBYBAJIM MIAKIAIKH JIBOX
tuniB: KED - MOHOKpHUCTaNIYHUI KpeMHIH, JeroBanuii ¢ochopom - 1aHa cucreMa
Mae N-tun nposigHocTi; 1 K/Ib - MoHOKpHCTamYHui KpeMHiil, JIeroBaHuii 00poM -
cucTeMa Mae P-Tumn npoBiaHOCTI. Ilepen HamopomeHHsSM MeTany 3 IOBEpXHI
MIIKIaAKA BUaaasaBcs okucHui map Si0z B 90% mmaBukoBiit KucinoTi. J{js 1isoro
nigkiaagka  (QIKCyBaliach — CHEUIAIbBHUMHM — IIMIYMKAMA 3 KepaMIYHUMU
HAKOHEYHUKAMH 1 MOMIIIAJIach B TMOCYJIWHY 3 KHCJIOTOIO Ha OJHY XBWIHHY 3

MOIAJIBIITUM OYMINCHHSIM B IUCTUIIbOBaHIi Boi. [Iporeaypa noBroproBanach JBivi.

Puc. 2.9. OrpuMaHHs KOHTaKTIB 3aji3a 1 3aji3a, JISTOBAHOTO BYTJEIEM Ha
KPEMHIEBUX MIAKIAIKAX,: a) Macka uepe3 Ky Bi0yBajIoCh HAMOPOIICHHS 0) 3pa3oK

MICTIsl HATTOPOIICHHS
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[licnst ouuilleHHS TIOBEpXHI MIAKIAAKA Bl OKHCHOTO IIapy BOHa
po3Millajachk Ha CHeliaJbHOMY JIMCKY JUIs 3pa3KiB B KaMepi BAKyyMHOI YCTaHOBKH
BVII-5M. Ilonepennbo Ha HAMiBIPOBIIHUKOBI MiAKIAIKUA 3aKPIIUTIOBAINCH MAacKu
JUTSl HATIOPOILIEHHS KOHTAKTIB, 110 MPEICTaBIAIOTh COO0I0 METaNIUHy IUIACTUHY 13
HepkaBitouoi craii ToBmuHOK0 0,5 MM, B sAKii 3po0ieHO 16 OTBOpIB AiameTpoM
2 MM Ha BiJicTadi 3 MM OJIMH BiJ ojiHOTO ( puc. 2.9, a).

HamopomienHss KOHTaKTHMX MaWJaHYMKIB 3 YHCTOro 3aiiza 1 3ali3a,
JIETOBAHOTO BYIJICIIEM, TPOBOAWIN E€JICKTPOHHO-TIPOMEHEBUM MeToaoM. Jliis
3a0€3IMeUeHHs] BIAMIHHOCTI B CTPYKTYpl JOCHII)KYBaHHUX KOHTAaKTIB Iepe.
PO3MOPOIICHHSIM TOHKOTO Iapy BYTJCII0 HA MOBEPXHIO MiAKIAJKK JBa KpalHIX
BEPTUKAJIBLHUX PsiZIKa OTBOPIB (3J1iBa 1 ClpaBa) 3aKpUBAIU CYILUIHBHOK MAaCKOKO 3
MetasneBoi goasru. HacTynmHuil eranm HamopoIlleHHs mapy 3ajiza TOBHIMHOI 20-
30 HM dYepe3 aHANIOTIYHY MacKy IMoBepX Byrierio. IIBHAKICTE PO3MOPOIICHHS
ckinagana 1-2 um/xB. Ilicns uporo mpoBoauBcs Bianan 3a Temmeparypu 600 K
npotarom 30 XBWIMH JIs 3a0e3neueHHs qudy3ii BYIJIelo B 3ai130.

Binomo, 1o Byrienps B KpeMHiil JudyHAy€e M0 MEXaHI3MY 3aMillIEHHS, TOMY
koedimieHT audy3ii HU3bKUHN 1 3a3BUYall BUMIPIOETHCS 32 BUCOKHUX Temrmeparyp. B
po6oti[122] Bkazano, mo npu Temmneparypi 1300 K Bin ckmamae 10 m%/c. 3a
dbopmynamu, npeactaBieHuMu B poooTi [123], po3paxoBaHo koediieHT Audy3ii

BYTJICITIO B 3aJ1i30 32 aHAJOTIYHUX TEMIIepaTyp:

[-50 (2.2)
D =827 x 107 7eNRT

B pesynbrati Oaummo, mo koedimieHT audysii Byriemw B 3ami3o Ha 7
MOPSAKIB BUIIE, HIK B KpeMHiH [123], Tok, MOXKHA BBaXKaTH, 110 BYTJICI[b IPOHUKAE
TITBKH B 3aJ1i30, @ HE B KpeMHIA. OCTaHHIM €TarmoM BHUTOTOBJICHHSI 3pa3ka OyJjio
posmnoportineHHst 3aiiza ToBimHO0 80-100 HM yepe3 macky (puc. 2.9, a) Ha Bci

KOHTaKkTH. CXeMaTHYHO OTPUMAHUHN 3pa30K Mae HacTynmHui Bursiy (puc 2.10).



57

Puc. 2.10. Cxema xonTaktiB Fe i (Fe+C) Ha HamiBOIpoBiTHUKOBIH MiAKIaIII

2.5 IneanbHMii KOHTAKT MeTaJl — HANIBNPOBiTHUK

B mitepaTypi KOHTAaKTH MeETal - HAMIBIPOBIAHHMK 3YCTPIYAIOTHCSA HEPIIKO,
OCKIJIbKM BOHM 3HAMIILIN MIMPOKE 3aCTOCYBAHHSA Y PaIl0CICKTPOHIIII, SIK 30BHIITHIN
BUBIJ] HAIMIBIPOBIJIHUKOBUX TMPUJIAIIB 1 B SKOCTI IIBUIKOIIIOYUX JIOJIB.
BianoBimHO pO3pPI3HAIOTH HEBUINPSMIISIOUUNM OMIYHUN KOHTAaKT, BOJIbT-aMIIEpHA
XapaKTEPUCTHKA SKOTO BiMOBIAa€e 3ak0oHY OMa 1 BUNIPSAMIISIOUH KOHTAaKT METall -
HaIIBIPOBIIHUK, SIKHH 4acTo Ha3uBatOTh Oap'epom ILIoTTKI, 1715 IKOTO XapakTepHa
HeJIHIMHA BOJBT-aMIIEPHA 3aJICKHICTh, aHajoriuna BAX p-n mepexomy [120].
BiaMiHHICTF B €NEeKTPO(]I3UYHUX BIIACTUBOCTEH LMX KOHTAKTIB IOB’s3aHa 3
BIJIHOIICHHSIM POOOTH BUXOAY JUIsl €JIIEKTPOHIB B MeETalli O POOOTH BUXOIY
CJICKTPOHIB 13 HAMIBIPOBIAHUKA BIAMOBIHOTO THIY €JIEKTPONpPOBiIHOCTI. B
pe3yabTaTi MOKIMBO YOTHpH Bunanku (puc. 2.11, puc. 2.12), ne Ws i Wy, — pobotu
BUXO/Y €JCKTPOHIB B HAIMIBIPOBITHUKY 1 MeTai BiAMOBiaHO, (EF)m I (EF)s — eHepris
@depmi B MeTanl 1 HamiBOPOBIAHMKY, Ey — BanmeHTHa 30Ha, Ec — nHO 30HU

MPOBIAHOCTI, ¢@;— KOHTAaKTHA p13HUILI noTeHianiB (0ap’ep oTTki)
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Puc. 2.11. 3onna pgiarpama MeTaja 1 HamiBOPOBIAHUKA N-TUITY

CJICKTPOIIPOBITHOCTI, 3711Ba JI0 €JIEKTPUYHOI'O0 KOHTAKTY, CIIpaBa — IICJIs KOHTAKTY 1

BCTAaHOBJICHHSA piBHOBa)KHOFO CTany

Axiio po6ota Buxoay Wy enekTpoHiB 13 MeTana Ouibiie po6oTu Buxoay Ws
13 HaMmiBIIPOBITHUKA, TO €JIEKTPOHU 3 OLIIBIIIOI0 HMOBIPHICTIO Oy1yTh IEPEXOUTH 13
HaIBMIPOBITHUKA B MeTall. Lle mpu3BOIUTh 10 YTBOPEHHS 301THEHOTO €JIEKTPOHAMU
NPUKOHTAKTHOTO IIIapy B HAIIBIPOBITHUKY N-THIY TpoBigHoCcTi (puc. 2.11, a). B
HAIBMIPOBITHUKY P-TUITY MPOBIAHOCTI YTBOPIOETHCA 30aradyeHuil JipKamu Iiap
(puc. 2.12, a). SIkimo BigHOMIEHHS POOOTH BHXOJY HPOTHIICKHE, TO EICKTPOHH
NepexoAsaTh 13 MeTasla B HalllBINPOBIAHUK. B pe3ynbTaTi B HAMBIPOBIAHUKY N-THUITY
CJIEKTPOIIPOBIAHICTh YTBOPIOE 30araueHuii enekrpoHamu map (puc. 2.11, 0), a B

HaMIBIPOBITHUKY P-TUITY — 301 IHeHMI Aipkamu 1map (puc. 1.13, 6) [121].
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Puc. 2.12. 3onmna pmiarpamMa wMmeTana 1 HamiBOPOBITHUKA P-TUITY
CJICKTPOIIPOBITHOCTI, 3711Ba JI0 €JIEKTPUYHOIO KOHTAKTY, CIIpaBa — IICJIs KOHTAKTY 1

BCTAaHOBJICHHSA piBHOBa)KHOFO CTany

B pesynbrati mis Bunankis (puc. 1.11, a) Ta (puc. 1.12, a) crnocrepiratotbes
YMOBH ISl BAHUKHEHHS BHUIIPSMIISIFOYOTO KOHTAKTY, OCKIJIBKU MPH MPHUKJIATaHHI
30BHIIIHKOI HAmpyru Oyae 3MIHIOBaTHUCh BHCOTa TOTEHIIAIIBHOTO Oap’epa,

3MIHIOIOYH TUM CaMHUM YMOBH JIsI IPOXOJDKEHHS HOCIIB 3apsy Yepe3 KOHTAKT.

2.6 MeToanka q0CTilxKeHHSI eJIEKTPUYHUX BJIACTHBOCTEN KOHTAKTY

MeTaJl — HAMiBIPOBITHUK

OckUIbKM 3pa3oK TNpeNCTaBiisgie 13 cede HAHOIUIIBKY, TO BHUMIPIOBAaHHS
CJICKTPUYHUX TMapaMETPIB CUCTEMH HANpsMy TECTEPOM HEMOXIIMBO Y€pe3 PU3UK

MOIIKOAUTH MOBEPXHIO IUIIBKU. TOMY OyJIO CKOHCTPYIOBAHO HACTYIIHY YCTaHOBKY

(puc. 2.13).
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Puc. 2.13. YcranoBka i1 BUMIPIOBaHHS ONIOPY OTPUMAHUX KOHTAKTIB

B saxocTi migBIIHUX 30H/IB BUKOPUCTOBYBaBCS ApIT aiamerpoM 100 mMkM 13
MOJTI0JIeHy, OCKUIBKHM JTAaHUW MeTajl He TMPosBIsie TUGY31HMHUX Y1 OKUCITIOBAIBHUX
IPOLIECIB 3a KIMHATHOI Temneparypu. i Toro mo6 3ade3nednty OUIbILY IOy
KOHTaKTy 1 HE MOMIKOJUTH TOBEPXHIO OTPUMAHOrO 3pa3ka, MiJBIIHI 30HAU
JOJJaTKOBO 3a0KPYTIJIIOBAJINCh Ha KIHISIX. 3a0KpyryieHa o01acTh MNONEpPEAHbO
nojipyBajiach HUTiQyBaJIbHUM marnepoM 3 3epHUCTICTIO B 10-20 MkM 1 Ha
MOJIIPYBAIBHOMY ~ Kpy3l MPOTATOM OJHIE] XBUJIMHU. MomiOeHoBI  JIpoTH
pPO3MILIATMCh, B MNOPONKHUCTUX IMIIHApAx 13 KepaMiku (3), ska, 3a3BUYail,
BUKOPUCTOBYETHCS B SIKOCTI 130JISILIIMHOTO MaTepially IpHU BUTOTOBJICHH] HArpiBayiB,
BIJIBEZICHHS KOHTAKTHHUX BUBOJIIB T€PMOTAp, TOIIO, TOOTO BHPOOIB, IO IPAIIOIOThH
B YMOBaXx BEJIMKOTO JAiana3zoHy Temneparyp. Po3MimieHHs Moi0IeHOBUX TPOBOIIB
y KepaMIYyHUX IWJIIHIpaX YHEMOXJIMBIIOBAJIO iX KOHTAaKT MK CO00I0 1
3a0e3medyBajio BIJILEHTPYBaHHsA Mnpu BuMipioBaHHl. Kapkac KoHCTpyKii
CKJIAQJAEThCsl 13 TPhOX €JeMEHTIB 13 ¢roporutacty. Huxuiil (1) BUKOHyE poOJb
MIJICTABKH, Ha SKY PO3MINIYETHCS 3pa30K 1 MPENCTaBIIIE COO0I0 KPYT J1aMETPOM
5 cM, Tak 100 KOHCTPYKI[}0O MOKHA OyJI0 MOMICTUTH B TEPMOC ISl PIAKOTO a30Ty
py TPOBEJEHI EKCIePUMEHTIB 3a HU3bKMX Temneparypax. [lmomagka (2) i3

GTOpOIUTacTy € PyXOMOIO YaCTHHOK i 3a0e3MedeHHs MianpyKuHoBaHHS (4)
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KOHTAKTY 1 BUKOHYE POJIb BiILIEHTPYBaHH IMiIBeIcHMX KOHTaKTiB. Ha rutormamii (5)
3aKpIIUTIOBAIIMCH WJIIHJAPY 3a JJOIIOMOTO0 HEBEJIMKUX I'BUHTIB. B BepXHiii o0acTi
JI0 MOJIIOICHOBHX MPOBOIIB MiABOIUIUCH 3BUYANHI MiHI TPOBOIHU 3 130JIAIIEIO 1
KOHTaKT 3abe3reuyBaBcsi MexaHiuHO (6). B pesynbTaTi oTpriMaHa KOHCTPYKIIis
npecTaBisie COO0I0 3BUYAMHUN TBO30OHIOBHI METO/I, [ 3a JOTIOMOTOIO MEPIIOro
nepeMukada (8) KOHTPOJIOETHCS, MIXK SKHMHU TapaMd KOHTAaKTIB BiOYBAa€ThCs
BuMiptoBaHHs. pyruit nepemukad (7) 3MiHIO€ TOJIIPHICTh MPUKJIAACHOT HAIIPYTH B
OTPUMAHOMY €JIEKTPUYHOMY KOJIi, III0 HEOOX1THO TIPU TOCIIKEH1 KOHTaKTy METall-
HaITiBITPOBITHUK.

BuwmiproBanass BAX oTpuMaHMX KOHTAakTIB MPOBOJIMUIIOCH JABO30HIOBUM
METOJOM 3 BHUKOPHUCTaHHSAM KOHCTPYKINI 3 MiANPYXHIOIYAMH KOHTaKTaMU
(puc. 2.8), ska migKiIrOYagach B eNCKTpU4YHHMU JjaHmor (puc. 2.14). Pisauns
NOTEHI[IaNIB TPUKIAAAIach MK HallOPOLIEHUMH ILTIBKAMH, B pe3yibTaTl CTpyM
MPOTIKAB Yepe3 Mapy JAOCIIKYBAaHUX IUIIBOK Ta MOBEPXHIO HAITIBIIPOBITHUKOBOT

MIJIKJIAIKH, THM CaMHUM 3a0€3IeUyr0Yr KOHTAKT METaJl-HaIlBITPOBITHHUK.

i
&

yocedg

3 O
o

Puc. 2.14. Cxema pa5is BHUMIpPIOBaHHS BOJBT-aMIIEPHUX XapaKTEPUCTHUK

OTPUMaHUX KOHTAKTIB CUCTEMHU METaJI-HaIMBIIPOBITHUK-METAJ 3 TOMIIIKAaMHU

3a gomoMorow pesucropa R KoHTposoBanach Hampyra B KOJI, SKa
BUMIPIOBAJach BOJIBTMETPOM V, MepeMuKaueM 3MIHIOBaIach MOJIAPHICTh. CTpyM,
110 MTPOTIKA€E uepe3 3pa3oK, BUMiproBaBcs amrnepMerpoM A. BoasTmeTp 1 ammiepmeTp
Oynu CHpsbKeH1 3 KOMITIOTEpOM, Ha SIKOMY 3alMCyBajMCh BIAMOBIIHI 3HAYEHHS

CTPYMY 1 HAIPYTH 3 NEPIOJUYHICTIO B OIHY CEKYH/LY.
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2.7 IlincyMoK /10 APYroro po3aiay

B pamkax aguceptamiiiHoi poOOTH  JOCHIIKYIOTBCA  €IeKTpOodi3nyHI
BJIACTMBOCTI CHCTEM, Ki BIIHOCSTHCS /10 KJIACy MAarHiTHUX TYHEIbHUX MEPEXOIiB,
110 CKJIaJIAI0THCA 13 ABOX (hepOMarHeTrKiB, po3AUICHUX AienekTpukoM. Ha choroni
OpU JIOCIIDKEHI TAaKUX CHUCTEM OOWPArOThCs CKJIaAHI (PepOMAarHiTHI CHOIYyKH
PO3JILICH] IIapoM JIIeJIEKTPUKA B ACKIJIbKa aTOMHHMX IepiofiiB. [IpoTe HEOOX1THICTh
BpaxyBaHHs 30HHO1 OyJIOBU JOCHII)KYBaHOI CUCTEMHU, MPOBEJICHHS PO3paxyHKiB Ta
MO>KJIMBI METOJIUKHM OTPUMAHHS 1 JOCIIPKEHHS 3pa3KiB CIpHsie BUOOPY KJIaCUYHOT
TPUILAPOBOI CUCTEMHU 3 BUKOPHUCTAHHSM TUNOBUX (pepomarHeTukiB. B maHomy
PO3/111 OOIPYHTOBAHO BUOIp MaTepialliB, PO3IMISIHYTO iX BJIACTUBOCTI Ta OMUCAHO
METOJIMKY OTPUMAaHHS 3pa3KiB OCHOBYIOYHMCH HA MMOCTABIICHUX 3a/1avyax.

PeanizoBaHO 4YOTHPHOX30HAOBUNA METOJA JOCHIHKEHHS €JIeKTPO(DI3UIHUX
BJIACTMBOCTEH, BUKOPUCTOBYIOUN MOAN(]DIKOBAHUI METO/I BOIBTMETPA-aMIIEpMETPa
3 IBOMa BOJIbTMETPAMH, CIPSHKEHUMU 3 KOMIT I0TepoM. UyTiHMBICTH BUMIPIOBAHHS
HU3bKHUX 3HAUY€Hb CTPYMY 3a0€311€Uy€ThCsl BAKOPUCTAHHAM JJOJJaTKOBOT'O OMOPY, L0
oOMpaEeThCsl B 3aJ€KHOCTI Bl ONOPY JOCHIKYBAHOTO KOHTAKTy. TexHOJOris
OTpUMaHHS 3pa3KiB 3a0e3Mevuye MOKIMBICTD TOCTIHKEHHS 16-TH mepexoaiB oHI€q
CUCTEMHU MarepiaiiB. BukopucTaHHs MIANPYKUHIOIOYUX  KOHTAKTIB  IPHU
BHUMIPIOBaHI JI03BOJISIE€ HANIPSIMY BUBYATH €JIEKTPO(DI3UYHI BIACTUBOCTI OTPUMAHHUX
3pa3kiB 0e3 CTBOPEHHS JOJATKOBUX ITOXHOOK, TOB’S3aHUX 3 NPHUINAKWKOI YH
MPUKJICIOBAaHHIM KOHTAKTHUX TPOBO/IIB.

st Bu3HaueHHss monaudikaiiii, B kil mepeOyBae 3aii30 B JAOCIIIKYBaHUX
3pa3kax, B aMOp(HIi 4¥ KpUCTAIIYHIN, MPOBOAWIA PEHTTEHOCTPYKTYPHHUI aHAaII3
Ha yctaHoBlUl JJPOH-3M. BuBueHHS NMOBEpXHI OTPUMAHUX 3pa3KiB Ta XIMIYHOTO
CKJIay AOCTIIKYBaJIOCh 3 BAKOPUCTAHHSAM CKaHYIOYOTO €JIEKTPOHHOTO MIKPOCKOITY
T-Scan Ta mpucrtaBku s ximigHoro aHamizy Oxford X-Max 50. 3apasku
MeTajorpadiyHOMY aHaTi3y OTpUMaHO 1H(OpPMAIlI0 MPO MPOIECH Ha TOBEPXHI

JOCTIA)KYBaHUX KOHTAKTIB.
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Jlnst BW3HAUYEHHS BIUIMBY BYIVICIFO Ha 30HHI BJIACTUBOCTI 3aji3a 3a
BIJIMOBITHAX YMOB JIETYBaHHS OOpPaHO METOJ JOCHIDKCHHS EJICKTPUYHHX
BJIACTUBOCTEH  KOHTAKTy METAJ—HAIIBNPOBITHUK. MeToAWKa MiATOTOBKU
HaITIBIIPOBITHUKOBHUX IT1JIKJIaJI0K, YMOBH HAMIOPOIIIEHHS BIIMOBIAHOTO KOHTAKTY Ta
JOCITIIKEHHSI HOT0 eJEKTPUYHUX BIACTUBOCTEH NETAJbHO OMUCAHO B JAaHOMY

PO3ILIIL.



64

PO3/11 3
3MIHA THUITY HPOBITHOCTI B CHCTEMI METAJI —
JTIEJEKTPUAK — METAJ

B nanomy po3aull mpenctaBieHl eKCIIEpUMEHTAIbHI PE3yJIbTaTH OTPUMAaHHS
OUISSHKA 3  HETaTUBHUM  JUQPEPEHLINHUM OMNOpOM Ha  BOJBT-aMIEPHUX
XapaKTepUCTUKaX CUCTEMHM METa-IIeIEKTPUK-METal 3 BUKOPHUCTAHHSAM PpI3HHUX
(epOMarHeTukiB B SIKOCTI BEPXHBOIO Ta HI)KHBOIO MeTallyHOro mapy. Jlus
OTPUMAaHHs JaHOI AUISHKH B CUCTEM 3 OJHOTHUIIHUMH METaJlaMU 3alpONOHOBAHO 1
peaaizoBaHO MOKJIUBICThH 3a0€3MEUeHHSI BIIMIHHOCTEH 30HHOT CTPYKTYPHU CUCTEMU
3a YMOBHU JIETYBaHHSI OJTHOTO 13 mIapiB ByrielneM. [IpoaHanizoBaHo 3MiHY ONOpY
TaKOi CUCTEMH MPHU MOCTIMHIN HAMpy3l, SIK pe3yJIbTaT eJIeKTPOMIrpallli JIEryro4oro
elleMeHTy. [IposeMOHCTpOBaHO, 110 BUIIPSMIISYl BJIACTUBOCTI, XapaKTEpHI Js
npoBigHOCTI mioxy IloTTki, MoximBo orpumaru miusi cucremu  Fe/MgO/Fe,
JOCTIKYIOUM BOJIBT-aMIEPHI XapaKTEPUCTUKU MICN TPUBAJIOrO 3HAXOIKEHHS

3paska B aTMocdepi 3a KIMHATHOI TeMIIepaTypHu.

3.1 ITocTaHoBKAa 3a7a4i Ta eKCIEPUMEHT

B maparpadi 1.3 nmeranbHO pPO3TISHYTO Cy4acHl MIIXOIW IO CTBOPEHHS
KOMIpOK mam’siTi Ha ocHOBI MTJ 3 mogaTkOBUM HaMiBIPOBITHUKOBUM €JIEMEHTOM,
BOJIbT-aMIICpPHA  XapaKTEPUCTHKA SKOTO MICTUTh JUISIHKY 3 HETaTUBHUM
nudepenmiiaum ornopom [34,35,42]. PosristayTo psa pooit, ae aas MTJ-cuctem
IIPY MOJICITIOBAHHI TICBHUX YMOB, BUKOPHCTOBYIOUH MEPIITOTIPUHIIAITHI PO3PAXYHKH,
Ha BAX mnposeisnace obmacte 3 HJIO [66,69-71]. Psn excniepuMeHTaIbHUX
pe3ynbratiB [60-62], oTprMaHKMX HEIOIaBHO, MOBIIOMIIAIOTH, 10 M/IM cuctemu 3
0JIarOpOAHUX METAIIIB MPOSIBISIIOTh €PEeKT HEraTUBHOTO AUGPEPEHIIHHOTO OIOopY.
OnHi€l0 13 NPUYMH TMPOSIBICHHA AAHOTO €(PEeKTy € YTBOPEHHS TOHKHX JIAHOK
MPOBITHOCTI B JieJIeKTpUKY. Y po6oti [106] meranbHO pO3TISHYTO TEOPETUYHI

nepeayMoBu s BuHUKHEeHH AutsiHkd 3 HJIO na BAX MTIJ. Sk npuknag tam
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posrasigaetbes cuctema Fe/Al,Os/Fe. [IpoTe BUKOpUCTaHHS B SIKOCTI J1€IEKTPUKA
kpucraigiygsoro MgO aeMOHCTpye JMill MOKa3HUKU CIPSKEHOCTI TPaToK
nopiBHsHO 3 amopduuM Al,O3. 3aBasdku [bOMY 3MCHINYIOTBCS MEXaHivHI
HaMpy>XeHHS MUK IIapaMu IUTIBOK Ta KUIBKICTh AC(HEKTIB, IO IMPU3BOAUTH 0
301IBIIICHHS 3HAYEHHSI TYHEIILHOTO CTPYMY, KOe(illieHTy CIIIHOBOI ossipu3artii [ 24]
Ta, B pe3yabrari, TMR.

Ha cporomni npu mochimkeni MTJ-cucteM BUBUYAIOTh CKJIQJHI CUCTEMH 3
MOYEProBO PO3MIMICHUMH OLbII, HDK 3-IIapamMH, BUKOPUCTOBYIOTH CKJIaJHI
(dhepoMarHiTHI CIIOJIYKH 1 MaJjil TOBIIMHM B JICKUJIbKa aTOMHHUX TiepioaiB. B Hamomy
BUIMAJIKY  BHKOPHUCTOBYBajgach  TpWIIApOBa  CTPYKTypa 3  THUIOBUMHU
dhepomMarseTukaMu, po3AUICHUX 1eJIEKTPUKOM. Lle 103BOJINITI0 BMEHIITUTH KIJTBKICTh
napamMeTpiB IS PO3PAXyHKOBOI YAaCTMHM 1 CHPOCTUTU  EKCIIEPUMEHT.
Bukopucranns pizaux metaniB Ni, Co, Fe B sskocTi pepomMaraeTukin 3a0e3mneqayBajio
BIJIMIHHOCTI B  €HEPreTUYHUX BJIACTHUBOCTSIX 30HHOI CTPYKTYpHU HIKHBOTO 1
BEPXHBOTO MIAPiB METaIy, IO € ojHier0 3 yMoB [106], HeoOXiqHUX JyIst TOTO, 1100
Ha BAX yTBoproBanacek obsacte 3 HJIO.

JloJlaBaHHS TOMIIIIOK TaKOK BIUTMBAE HA MOJIO0KEHHS piBHA Depmi, AKIIO0 IPU
IbOMY 3MIHHUTBCS JIOKaJdbHA KOHIICHTpAIlisl eJIeKTpoHiB. Tak, B poboti [107]
PO3paxyHKOBUM HUISTXOM MOKa3aHOo, 1110 301IbIIIEHHS BMICTY BYIJICIIO B 3aJ1131 MOXKE
noHu3uTH piBeHb Depmi. Tomy onuH 13 3pi3KiB, KWW BHUBYABCA B paMKax
JOCIIIJIKEHHS, CKJIaAaBcs 13 JBOX LIApiB 3aji3a, MpPOTe€ HUXKHIA OyB MoOneperIHbo
JICTOBAaHWW ByTJICIIEM. 3aBJsIKH BiAMaly 3a0e3nedeHo Audy3ito  JIETyHUYoro
€JIEMEHTY B BY3bKY IIPUIIOBEPXHEBY 00JaCTh METaTYy.

[3 3a3HaueHoro B maparpadi 1.3 BigomMo, 1110 BUKOPUCTAHHS J0JaTKOBOTO
HaMiBIpoBigHUKOBOTrO prcTpoto 13 HJIO pazom 13 MTJ-cucremoro nomimnirye TMR
XapaKTEPUCTUKU Ta MO3UTUBHO BIUIMBAE HA BJIACTHUBOCTI KOMIpOK mam’sTi. Tomy
OTPUMAaHHs CMagHOi OUISHKK cTpyMmy B camid MTJ-cuctemi nano OM HE TIIbKU
MOXXJIUBICTh ~ CIOPOCTUTH  CXEMY, Mo30aBUBIINCH  Bi  JOJATKOBOTO
HaIIBIPOBIJHUKOBOIO €JIEMEHTY, a BIAKPWIO OM P HOBHUX YHIKaJIbHUX

BrnactuBoctedt B MTJ-cuctemax, mpo MOKJIMBICTh SKMX MOKH IO BIJOMO TiJIBKHU 3
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TeopeTHYHUX poOiT. Tak, Ha CHOTOJHI HE MOBIAOMIISUIOCH MPO €KCIEPUMEHTAJIbHI
pe3ynbTaTH, B IKUX Baanock otpuMmat H/1O Ha BoJIbT-aMIIepHUX XapaKTepUCTUKAX
cucteMu (epoMarHeTUK — JMIeTEKTPUK — (EPOMArHeTUK KpIM THX, MO OyiIu
OTpUMaHi B Hamomy Bijaiai inctutyty [108].

AHa3yI0UM TIMOTE3y, 3amponoHoBaHy B poOoti [106], mo HeratuBHUI
nudepeHIIiiHUA OMip MPOSBISETHCS B PE3yJIbTaTi 3HUKEHHS piBHA dDepmi o1HOTO
13 MeTaJiB HIKYE CcepeAuHH 3a00pOHEHOT 30HU JieJIeKTpHKa, Oyio 00paHo
MeXaH13M JIETYBaHHS OJTHOTO 13 METaIB IOMIIIKOIO, sika 3a0e3meunia Ou Taki 3MiHN
B 30HHIN CTpYKTYypi cucteMu. OCHOBYIOUUCH Ha JJAHUX, MPEICTABICHUX B POOOTI

[107], B sskOCTI JIeryrouoro marepiany oOpaHO BYTJICIb.

(a) A © [ T~

Er

7

/
/L,

Puc. 3.1. IloreHmianpHa AiarpamMa TPUIIAPOBOI HAHOIIIBKOBOI CTPYKTypHU
Fe/MgO/Fe: a) 3 ynctuMu matepianamu, 0) MmcCiIs B3aEMOJIII JOMIIIOK 3 OJHUM 13

mapiB metany; Er — enepria @epmi, Eg — mmupuna 3a60poHeHOi 30HU

3onHa OynoBa /s yrctux MatepianiB Fe/MgO/Fe cxematuuHno Mae BUTIIS,
300paxennit Ha miarpami (puc. 3.1, a), Ha sKkiii eHepris Depmi 3amiza
PO3TaIIOBYETHCS TTOCepeAnH1 3a00poHeH0i 30HH MgO. 3MiIIeHHS TT0JIOKEHHS PIBHS
®depMi, Mpo sAKe TOBOPWIOCH BUINE, MOXKHA JIOCSTHYTH BBEIEHHSM BYTJCLIO B
iHTepdeiic Mk mapamu MgO 1 Fe 3 momanbmiuM audy3idHUM BiAMAIOM, IO
3a0e3MeynTh WOro MIrpaiilo B MOBEPXHEBUN Iap Meraidy. B Takomy BUDAAKy
piBeHb eHeprii depMi B 3a11i31 3 ByrjeleM 3HIKYEThCs Ha Benmnuuny AE ~ 2 eB, 1o

nociikeHo B 4 po3auii. OCKiIbKM B OTPUMaHIM CTPYKTYpi JIMILE OAMH 13 MIapiB
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3aJli3a JICTOBaHWM JIOMIIIKAMM, TO II€ MPHU3BEAE 10 MOHMKEHHs eHeprii depmi
BI/IMOBITHOTO 3 KOHTAKTIB, III0 HABEJEHO Ha MOTCHIIAJbHIN Jiarpami CHUCTEMHU
Fe/MgO/(Fe+C) (puc. 3.1, 6).

Burorosnennss OaraTomapoBoi HaHoIIiBKoBOi cuctemu Fe/MgO/(Fe+C)
BUKOHYBAJIM TIOCITIJTOBHUM HAIIOPOIIICHHSM BiJIMTOBITHUX €JIEMEHTIB Yepe3 MacKu Ha
nigknaaky 3 cutany tumy CT 50-2 3a momomororo enekTpoHHO-IPOMEHEBOIO
posmnopotuieHHs B ycraHoBIli BYII-5M. Byrnelp, sikuii BAKOPUCTOBYBABCS B SIKOCTI
JIOMIIIIKHA, PO3MOPOIIYBABCS TOBUIMHOIO JCKUTIbKAa HAHOMETPIB OJpa3y Micis
nepuoro GepoMarHiTHOTO 1apy 3 MoAaJbIIUM BijananoMm 3a temnepatypu 600 K 3
BuTpuMkoro B daci 30 xB. s 3abe3medeHHs audysii Byriemio y 3amizo. Ha
chopMOBaHMI TIap MOCHIOBHO HAMOPOIIYBAJIU IIapu AieieKkTpuka (6,5 HM) Ta
3aiiza (25 HM). B pe3ynbrari oTpuMyBasid MaTpuIlio 3 16 KOHTakTiB. BumiproBaHHs
CIEKTPUYHUX BJIACTUBOCTEH OTPUMAaHHX KOHTaKTiB MIPOBOTAIIOCH
YOTUPHOX30HIOBUM METOJIOM BOJIbTMETpa-aMIepMeTpa 3 JIBOMa BOJIBTMETPAMH,

CIIPSIKCHUMM 3 KOMH’I’OTCpOM.

SN
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Cwuna ctpymy |, mkA
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Hanpyra U, B

1
(o))

Puc. 3.2. BonbT-amnepHa XapakTepUCTHKa €TaJIOHHOTO OIOpYy, OTpMMaHa B

mporieci arpooOariii BUMipIOBaIbHOI CXeMHU
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JInst mepeBipKH BIAMOBITHOCTI YCTAHOBKH YMOBAaM €KCIIEPUMEHTY MPOBEICHO
ampoOalrito BUMIPIOBAJIBLHOI CXEMH Ha €TaJOHHOMY PE3UCTOpi, OIp SKOTO
CHIBPO3MIpDHUH 3 ONOPOM OTPUMaHUX KOHTAaKkTiB. BumiproBaHHs cTpymy
IIPOBOJIMIIUCH 33 3MiHU HanpyTH Bix -3 B 10 3 B nmpotsrom Tprox pas. Sk BumgHO 3
MIPEICTABICHOTO HA puc. 3.2 TpadiKy, BCl TOUKH JISATAIOTH HA OJHY MPSAMY JIIHIHHOT
3asiexkHocT. Ile o3Hawae, 1m0 BCl pe3ynbTaTH, OTPUMAHI MPU JOCIIIKEHHI
CJICKTPUYHHUX BJIACTUBOCTEH 3pa3KiB, OB sA3aH1 13 (PI3MYHUMU MPOIIECAaMH B CAMUX

3pa3Kax, a He 13 METOJIMKOIO0 BUMIPIOBAHHSI, Y MOXUOKOIO TPUCTPOIB.

3.2 Enextpogizuyni BiaactuBocti Tpumaponoi crpykrypu Fe/MgO/Fe,

JIETOBaHOI BYIJIeLieM

HocmimkyBana MJIM ctpykTypa siBisie cOO0I0 TPUIIAPOBY HAHOIUIIBKY, IO
CKIAJA€ThCsl 3 JBOX IapiB (¢epoMarHeTuky (3amiza), pPO3AUICHUX I1apoM
nienexktpuka MgO. Ilepmmii HanmopoueHuid map 3aniza ckiaaae 40 HM 1 MICTUTh
CTPYMONPOBIJIHI JOMIIIKH, APYTWi Imap 3aiiza — 25 HM 1 MDK HUMHU IIap
nienextpuka — 6,5 HM. JlonaTkoBHii omip, 1110 BUKOPUCTOBYBABCS B €IEKTPUYHOMY
KOJI1 IPY BUMIPIOBAHI BOJIbT-aMIIEPHUX XapaKTEPUCTUK cKiianas 22 kOM. TunoBuit
Burisimu BAX oTpumaHuii 3 OJHOrO 13 KOHTAaKTIB JOCIIPKYBAaHOTO 3pa3Ka

IpecTaBiIeHo Ha puc. 3.3.
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Puc. 3.3. BAX tpumapoBoi M/JIM ctpykrypu Fe/MgO/(Fe+C) npu: a)

nepimomMy 0) TOBTOPHOMY BUMIpIOBaHHI1
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Ax BuaHo 3 HaBeaeHoi BAX, B miamazoni 1.8 - 2.2 B cnoctepirarorbes
nistaky 3 HAO N-tuny. 1106 nmiaTBep T aHATITHYHO HAsSBHICTh JJAHOI 001acTi 1
MOPIBHATH 3HAYEHHS HETaTHUBHOI AU(EepeHIitHOI MpPOBITHOCTI ISl OTPUMAaHHUX
BAX neobxigno B3stu nepmy noxigny dI/dU 1 moOyayBatu 1i 3aJIeKHICTb BiJ

Hanpyru (puc. 3.4).

30 Ll | L] | |

=
6]
L]
L

o

dl/dU, mkCm
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Fe\MgO\Fe+C v

0,0 0,5 1,0 1,5 2,0 2,5
Hanpyra U, B

Puc. 3.4. 3anexuicte audepenuiinoro crpymy dl/dU Big Hampyru mis

cucremu Fe/MgO/(Fe+C) ans 3anexHocteit puc. 3.3 (a) i (0)

3 puc. 3.4 BUAHO, 110 3aJICKHICTh AUPEPEHIIIIHOT TPOBIAHOCTI BiJ] HANPYTH
MOCTYIIOBO 3pOCTa€, IO O3HA4Ya€ HENHIAHUN XapakTep BOJbT-aMIEPHOI
3anexHocTi. [Ipu meBHIN Hampy3i BiIOYBaeTbCsl MaJlHHA B BIJI'€MHY 00JIacTh
MPOBIIHOCTI, IO BIATOBIa€ HETaTUBHOMY audepeHiiinoro onopy. s rpadika
(puc. 3.3, 0) mamiHHsA OLIBII CYTTEBE, II¢ MOB’SI3aHO 3 THUM, IO B CHUCTEMI MpHU

BUMIpPIOBaHi Bi0yBaroThcs nudys3iiiHi nporecu (maparpad 3.3).
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Puc. 3.5. OcHOBHI mapaMeTpu JIsl XapaKTepUCTUKHU 00JIacTl 3 HEraTUBHOIO

nudepeHIIiHOI0 TPOBIAHICTIO

Ha mnpukmani BAX oTpumaHoi mnpu JOCHIJKEHI KOHTAKTIB CHCTEMH
Fe/MgO/Ni mokazaHo, ik BU3HAYAIOTHCSI OCHOBHI MapaMeTPH IS XapaKTEPUCTHKH
HAO B tyHenbHux paiogax (puc. 3.5). MiHiManbHUN Yac TEPEKIIOYCHHS
CIIOCTEPIraeThCsl B J1i0JIaX 3 BUCOKMM 3HaueHHsIM peak-to-valley ratio (PVR), me
BIJTHOIIICHHS MIKOBOTO 3HaueHHsI cuiu cTpyMy (Ipe) mepen moyaTkoM criajarodoi
ninsakrn BAX 1o MiHiManbHOTO 3Ha4YeHHs cTpymy (IV) micis skoro BigOyBaeThCs
NOAANIBIIMHI picT. BiMoBiAHO AJ TOTO, 00 XapakTepu3yBaTh OTPUMAaHy JIISHKY
HJ1O, HeoOXiIHO BU3HAUWTU Taki MapameTpH, ik VPE — 3HAYeHHs HaAnpyrd npu
MiKOBOMY cTpymi, VV — 3HaueHHs Hampyrd, KOJM crajgatoda auvisaka BAX
3aKiHayeThes Ta |pe/lv — BiIHOIIEHHS MaKCUMAJIBHOTO CTPYMY JI0 MiHIMAJIbHOT'O Ha
minsai - HAO.  Jlani mapameTpu  uisi  OTPUMAaHUX — 3aJICKHOCTEH  CHCTEMH

Fe/MgO/(Fe+C) 3Beneno mo tabma. 3.1.
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Ta6muis 3.1. OcHoBHi napamerpu AutstHkd HJ{O nns BAX otpumanux

koHTakTiB cuctemu Fe/MgO/(Fe+C)

[MapameTpu Fe/MgO/Fe+C
Ne (a) (6)
Vpe, B 1,52 2,12
Vv, B 1,92 2,22
Ipe/lv 1,388 1,825

[Ipote nana o6nacTe michs psAAy BUMIPIOBaHb 3HUKAE, a MPOBIAHICTh CAMOTO
nepexo1y 3MIHIOEThCS 3 TyHEJIbHOI Ha oMiuHy. [IpuumHa Takoi aerpananii BAX
MTJ-nepexoay Moxe OyTH OB’ si3aHa 3 MPOTIKAaHHAM AU(DY31HHOTO TTEpEPO3NOALTY
JOMIIIOK MDK (EepOMarHeTUKOM Ta jdiesiekTpukoMm. Takuii mpoiiec HMOBIPHO
CTUMYJIbOBAaHO TIPOTIKAHHSAM dYepe3 TMepexi]] BUMIPIOBAIBHUX CTPYMIB, IO
NPU3BOAUTL JO 3HIDKCHHS JIOKAJIbHOI KOHIEHTpAllli JOMIIIKKA BHACIIIOK

eneKTpoaAuy31HUX TPOIIECIB.

3.3 Eaxekrpoaundysiiini npouecu B miaisui Fe/MgO/(Fe+C)

Bimomo [109], mo Byriiens B 3a1i31 3HIXKYE 3arajibHy KOHIICHTPAIIIIO BUTBHUAX
eJIEKTPOHIB. Tomy B miporieci enekTpoaudy3ii po3noBCIOIKEHHS BYTJICIIO B 3aJi31
pU3BeEIiE 10 3HIXKEHHSI KIJIBKOCTI HOCIIB CTPyMY 1 B pe3yJIbTaTl OMip CUCTEMHU Oyie
3poctatu. [Ipo MOXIHMBICTH MPOTIKAHHSA TMPOIECIB eNeKTpoaudy3ii CBIIUYUTH

MmeTanorpadigHuil 3HIMOK iepexoay micst 3iioMku BAX (puc. 3.6, 6).
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Puc. 3.6. Meranorpadiuyauii 3HIMOK OJHOTO 3 TEPEeXOMmiB: (a) mics

HAIOPOIIIEHHSI OCTAHHBOTO APy 3aii3a, (0) oapa3y micis BumiptoBanas BAX
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XapakTepHy MyXHpYaTICTh HA MOBEPXHI IUIIBOK OJpa3y MICIs MPOTIKaHHS
cTpymy B po6oTi [110] nosicHtoBanmu enekrpoaudysiero 1oMimok. s nepeBipku
enekTpoaudy3iifHoi mpupoaw OyJI0 TPOBEACHO EKCIEPUMEHT, B  SKOMY
JOCTIKYBAIHA 3MiHY CTpyMy 3a IMOCTIMHOIO B 4aci MPUKJIAJACHOI0 Hampyroio. B
pe3yibTaTi 3 4acOM CTPYM IOCTYIOBO 3MEHIIyeThes (puc. 3.7) 1 mpuiiMae crane
3HaueHHs micisg 260 ¢ BuMiproBaHHS. Lle MOsSCHIOETHCS MPOXOKEHHAM Iu]y3ii
BYIJICI[IO BHACIIJIOK HOTO €JIEKTpOMIrpallii y 3aj1i30 Ha TIUOWHY, sKa MPUOIU3HO
BIJINIOBI/Ta€ TOBIIMHI TUTIBKK. Buxosiun 3 yacy BumiproBanHs (260 C) Ta TOBIIMHA
wiiBku (~40 HM), po3paxoBaHo e(heKTUBHMI KoeilieHT nudy3ii ByIIeIo B 3a/1i3HY
IUTiBKY IIPU IIPOTIKAHHI CTpyMy 3a KiMHaTHOI TemMmeparypu: Degs = 2,66x10728 m?/c.
Taka 3M1Ha CTpyMy HE OB ’si3aHa 3 HArPIBaHHSAM, YU MEPEMarHIyyBaHHSAM JIOMEHIB

MeTajy, OCKIJIBKH 110 3aBEPIICHHIO BUMIPIOBAHHS OITip MEepexoay 30epiracThesl.
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Puc. 3.7. 3minHa cuim cTpyMy 3 4acoM Jutst oaHoro i3 nepexois Fe/MgO/Fe+C

3a MIATPUMKHU cTajnoi Hanpyru 3 B

Byrnens B 3ami3i mae no3utuBHui edextuBHuil 3apsa [130], Tomy Ha #oro
€JIEKTPOMITpallil0 BIUIMBAIOTh JBa KOHKYpYIOUl (DaKTOpHU: €JIEKTPUYHE IOJ€e, 110

BIJIMOBIJIA€ TIOJIIPHOCTI MPHUKIIAIEHOT HANIPYTH 1 CTUMYJIIOE€ HOTO PyX B HANPSIMKY
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KaTo/y, Ta «EJIEKTPOHHUH BITEp», IKUI pyXxaeThcs B OIK aHOy. EneKTpoHu BITpy
3IITOBXYIOTHCSA 3 10HAMU BYTJICIIO 1 TepealoTh HOMY CBIH IMITYJIbC, 3MINIYIOUU
HOTO B HAMPSIMKY BJIACHOTO PyXy. EXCIIepUMEHTaIbHO BCTAHOBJICHO, 1110 B HAIIIOMY
BUIAJIKY BYTJIEIb PYXA€ThCs B HAMPSMKY aHOJY, IO MOKIIMBO MPU HAasBHOCTI
BHCOKOI TYCTHHH CTpyMy. 3a3BHuail mpoIliec enekTpoanudy3ii BYyTJEIo B 3ai30 B
00’ €MHOMY 3pa3Ky CIOCTEPIraloThcs 3a TyCTUHHU cTpymy ~1,5-10% A/em? [111]. B
HAHOIUIIBKaX TYCTHHA CTPyMY ISl TIOYATKy eleKTpoaudysii Moxke OyTH BHINA i
ckmagae ~10° Alcm? [112]. TIpoTe Ha MBUAKICTH IHOTO IPOLECY MOXKYTH BILIMBATH
1 0araTo 1HIIUX YUHHUKIB: JIOKAJIBbHI MeperpiBU MPOBIAHUKIB, CTPYKTYpa IUIIBKH, ii
penbed, Tunu 1 mbHICTh AedekTiB [110]. [upuHa H0OpikOK B JTOCHTIIKYBAHOMY
3pasky ckiaagana 50 Mxm, oTke mioma camoro MTJ nepexoay cTtaHoBHTS 2,5%107°
cM?, IO 32 OLIHKAMH BiJINOBifae cepeiHili T'yCTUHI CTPyMy IIPM BHMipIOBaHHI
J~0,16 A/cm?. 3rifHo NTiTEpaTypHUX JAHUX, TAKOI BEJIMYMHH OYJIO OU HE JOCTATHBO
JUIS TIOYATKY eJICKTPpoaudy31iMHUX mpolieciB. [[fo HEBIAMOBIIHICTh MOYKHA TTOSICHUTH
HAsBHICTIO JIOKAJbHUX JUISHOK TPOBIAHOCTI, $KI BHHHKAIOTh B MICISX 3
MIOHIDKECHOIO TOBIIWHOIO fiesiekTpuka (puc. 3.8), 0 MOXKIWBO IPH OTPHMaHI

TOHKHMX IIIapiB B MPOIIEC HAIOPOIICHHS AienekTpuka [135].

Puc. 3.8. CxemaTuune 300pakeHHs] HEOAHOPIIHICTh TOBIIMHU M1CJICKTPUKA

Ha OTPUMAHOMY MEepPEX0/il



74

ToBmMHA HAMOPOIIEHOTO MJICIEKTPHKAa KOHTPOJIIOBAJACh 3a 3CYBOM
PE30HAHCHOI YaCTOTH KBapIIOBOTI'O JAaTyYMKa, IO 3HAXOJUBCS IMOPYY i3 3pa3KoM B
mpoiieci #oro oTpuManHs. TomMy 3HaueHHS 6,5 HM € cepeHIM MO TUTOII i IKIIAIKH,
a peaJibHa TOBIIMHA 10 ToBepxHI MTJ mepexory Moxke KOIMBAaTUCh B Mexkax 3,9-
9,5 HM. Y TakoMy BHUMAIKY 3arajibHUI TYHEIEHUHA CTPYM JOCIIKYBAaHOTO KOHTAKTY
CKJIQJIA€ThCS 3 CYMH IMOTOKIB, KOKEH 3 SKMX BIJIOBIIA€ TUIONII JIOKAIBHOT JIJISHKH

3 IICBHOIO TOBIINMHOIO ,ZlieﬂeKTpI/IKaI

1 1 1 1 (3.1)
=L =L =l + et —I

ne Sp — 3arajbHa IIoIia 06JacTe MPOBITHOCTI 3 BIJIMOBITHOK TOBITUHOIO B
N aTOMHUX IJIOIIUH, |, — BeTu4rHa CTpyMy 4Yepe3 AaHy JOKaIbHY 00J1acTh

CtpyM B IOCTIIKYBaHIM CUCTEMI MAa€ TYHEIbHY IPUPOJY 1 TPOXOIUTH Yepe3
Oap’ep 3 oOkcuay MarHiro. fK BiJIOMO, BEJIMYHMHA TYHEJIBHOTO CTPyMy Mae
EKCIOHEHI[IaJIbHY 3aJICKHICTh Bl TOBIIMHHU JI€JIEKTPUKA, 3MiHA SKOI Ha OJUH
nepion rpatku (mist MgO 4,2 A), npusBoauTh 10 3MiHM BEIMYUHH CTPYMY Ha JBa
nopsiiku, T00To 11>>1,>>1; ... Ile o3Hauae, MO TyHENBHUIN CTPyM e()EKTUBHIIIIE
MPOTIKAE HE KPI3b BCIO MOBEPXHIO AIENEKTPHUKA, a BIPOTIJHINIEC Yepe3 JIOKaJIbHI
0o0nacTi 3 HAWMEHIIOK TOBIIMHOK. TOMy MOKHA 3HEXTYyBaTH BCiMa WICHAMH
piBHSHHS (3.1) OKpIM OJJHOTO 3 HAWMEHIIIOK TOBIIMHOIO. BUXOIs4M 3 TOPIBHSHHS
CepeHbO1 TYCTUHU CTPYMYy Ta T'YCTHHU CTPyMY, HEOOXIJTHOI IJis 3a0e3nedeHHs
MPOIIECIB eIeKTpoaAudy3ii, IIoIIa TaKuX 00acTeil moBMHHA OyTH Ha 4-5 TOPSIKH
HIKYOIO 32 IUIOILY MEepPEeXoy 1, BIIMOBIIHO, CUCTEMY MOKHA ONUCYBatu K 1D un
0D ctpykTypy. BpaxoByrouu, 1o miakiaaka, Ha Ky HalloOpoIIyBaJlach IUTIBKA, MA€e
neBHy mopcTkicTh (0,032 mMKM), MOBepxHs TUTIBKU Oyae HepiBHOMIpHOMO. [le
NPU3BOJUTH 10 HASBHOCTI penibedy Ta NOAATKOBUX JE(EKTIB, IO TAKOXK CIPUSE

BHECKY /10 TPAHCIIOPTHUX SIBHII 3 TU(DY31IHHIMHU TPOIECAMHU.
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Puc. 3.9. CxemaTuyuHa 1r0cTpalis e1eKTpoMirpaiii Byriemnto B 00’ €M ITiBKU

3aj1i3a MpHU BUMIPIOBaHI CTPyMy

OTtxe, nerpagaliiii mpoIiecu, 1o BigoyBatoThcs y MTJ-niepexoi 3 HasiBHOIO
obnactio 3 H/IO Ha iforo BAX, M0kHa MOSICHUTH HAaCTYITHUM YMHOM. BHacmijgok
npotikaHHs dyepe3 MTJ-nepexia jJoKanbHUX CTPYMIB, BEIMYMHA TYCTHUHU SIKUX €
JIOCTATHBOIO JJI MOYATKY MPOLIECY €IEKTPOMITpaliii JOMIIIKH, I KOHLIEHTpaLis Ha
iHTepdeict mocTynoBo 3MeHIyeTbes (puc. 3.9, a) 1 B pe3ynbTaTi 1HTErpaabHO
posnoauiseTbest B mmapi Merany (puc. 3.9, 0). Takuii mporec 3 KOXHHUM
BUMIpIOBaHHAM HaOmmxkye curyamiro (puc. 3.1, 0) 10 mepBHHHOI €HEPreTHYHOT
nmiarpamu (puc.3.1, a), BHacnigok yoro Ha BAX nmoctynoBo 3uukae odmacts 3 HJ1O
1 THUI MPOBIJIHOCTI 3MIHIOETHCS HA METATIYHUM.

3ano0irtu HeOa)KaHOMY 3HID)KEHHIO KOHIIEHTpAIlli JIEryr4oi JTOMIIIKH, 1110
3abesmneuye yrBopeHHs HJIO na BAX Ta moxe crabim3syBatu BiaactuBocti MTJ,
MOXJIMBO BBEACHHSAM JOJATKOBUX JOMIIIOK a00 MpPOIIApKiB, M0 OJIOKYIOTh

HeOakaH1 1udy3iiH1 TPOIIECH.

3.4 Po3paxyHOK TYHeJIbHOT0 CTPYMY

Jlist Toro mo0 MmepecBiTYUTUCH B TOMY, IIO CTPYM, SIKHW MPOTIKA€E 4epes
OTPUMAaHHM Nepexiji, € TYHETbHUM Ta pO3paxyBaTH peajibHy TOBIIMHY A1€JIEKTPHUKA,
3p00JIEHO PO3pPaxXyHOK TYHEJIBHOTO CTPYMYy 3a METOJUKOK 3alPOIIOHOBAHOK B

po6ori [106].
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V) = 2e—2Y— P(E.,0.V), mpu eV < E (3.2)
FaEn O F

f(Es,V) — dyHKIIIA sIKa BpaxOBY€ BKJIAJ €JICKTPOHIB 3 HCHYJIbOBHM CTaHOM

XBUJILOBOTO BekTOpa ki

. 2¢.— 2E — 2eV
) — arcsin( E (3.3)
G

dh? |2E 20, — 2E
f(E,, V) =— TG [arcsin (fpc—

eV G

P(E;,0,V) - Bupa3 i mpo30pocTi TYHEIBHOTO MEPEX0/ Ty, YTBOPEHOTO JBOMA
(dbepoMarHiTHUMU MeTajaMu, 3 pI3HUMU €()EKTUBHUMHU €JIEKTPOHHUMU MacaMu My,
M2 1 M3 B €IEKTPOJI-IHKEKTOpl, Oap'epi 1 B €JNEKTpOAI-pHiiMayl, BiAMOBIIHO,

oTpuMane bparkoBcrkuM [80]:

16mymym3ak ko ki (3.4)
=252 21,2 21,2 55~ exp(—2kpd)
(m3ki + miky)(m3ks + msky)

Ie:

V2my3Ep " \2m, @, (3.5)

k1,3:— b=

B ¢dopmynax (3.2) i (3.3) ¢irypyroTh HacTymHi mapamerpu: 0 — TOBIIMHA
mapy aienekrpuka, h — crana [lnanka, € — 3apsin enekrpona, V — Hampyra, Eg —
mupuHa 3a00pOHEHOI 30HM JieJIeKTpUKa, M — Maca €JeKTpPOHa, (¢ — BUCOTA

noTeHIianbHoro 0ap’epa, Ex — enepris @epmi.
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Puc. 3.10. BonpT-ammnepHa XapaKTepuCTHKa TYHEIBHOTO CTPYMY CHCTEMHU

Fe/MgO/(Fe+C): a) oTpuMaHa eKCriepUMEHTAIBHO; 0) 32 MiJICYMKaMH PO3pPaxyHKiB,;

JIns  po3paxyHKy  TYHEIBHOIO  CTPyMy  JOCIHIPKYBaHOI  CHUCTEMHU
BUKOPHCTOBYBAJINCh TaKl 3HAYCHHs MapaMeTpiB PIBHSAHHS: IIMpUHA 3a00pOHEHOI
30HU aienekTpuka Eg = 7,58 eB, enepris ®epmi metana Er= 11 eB ta edexTusHi
MacH eJIEKTpOHa M B KOXXHOMY i3 mmrapiB my = 1,27m, my = 0,4m, mz = 1,36m, niBuii
dbepomarHiTHUI 1map, MIENEKTPUK Ta TpaBuil (HEpOMATrHITHHM IIap BiJMOBITHO
(puc. 3.1). B pe3ynabTari OTpUMaNM po3paxyHKOBH rpadik TYHEIBHOTO CTPyMY,
KU Maike CIiBIagae 3 eKcrepuMeHTaIbHUMU nanuMu (puc. 3.10) 3a ToBuMHM
mienektpuka d = 3,37 um. Ilpu 30iNbHICHHI TOBIIMHHA Mi€JCKTPHKA HAa OIHY
MikaToMHy miuomuny (4,212 A), cuna crpymy 3mennryerses B 100 pasis 3a Hanpyru
B 3 B. lle o3Hauae, mo cTpyMm eeKTUBHIIIE MPOTIKAE HE KPi3b BCIO MOBEPXHIO
JEJIEeKTPUKa, a BIPOTIAHIIIE Yepe3 JIOKaIbHI 00J1acTi 3 HAMMEHIIOH TOBIIMHOIO.
Buxopsuu 3 NOpIBHSHHS T'yCTHHA CTPYMY HEOOX1IHOI 1J11 CTUMYJTIOBaHHS MPOIIECIB
enextpomudysii ~10% - 10° A/cm? Ta cunm cTpyMmy, IpH SKiM CIOCTEPIraroThes
IpolecH eNeKkTpoaudy3ii B oTpumMaHoMy 3pa3ky (puc. 3.6), MoxkHa 3poOUTH
MPUMYIIEHHS, 0 JIOKajdbHa TUIONIA JIeJIEKTPUKA 3 MIHIMAJIBHOIO TOBIIMHOIO HA

YOTUpU TOPSAKA HUXK4YA 3a (akTHuHy Iwionry nepexony. [Ipu Ttakux po3mipax
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JIOKaNbHUX JUISHOK MPOBIHOCTI JOCHIIXKYBaHy CHCTEMY MOKHa BBaxkatu 1D
CTPYKTYpOI0. ['yCTHHA CTaHIB [l HUX Ma€ MPUHIIUIIOBO 1HIINI BUTIIS, HIXK 1151 2D

cTpykTypH. ['ycTuHy craHiB g(E) MOKHA 3allicaTH HACTYIHUM ynHOM [113]:

m
_ E : _ - it 2D cTpykTypHn (3.6)
l

\2m - it 1D cTpykTypu (3.7)

9(E) = ———

1
nhL,L, 2 JE-E)

ne, g(E) — ryctuHa cTtaHiB, M — eekTUBHA Maca eJleKTpoHa, E — enepris
SJIEKTPOHIB, | — IHJIEKC MiI30HN PO3MIPHOTO KBaHTyBaHHS, @ — QyHKIIis XeBicaiina
3 mnpuBeaeHUX (GopMyn BUAHO, IO A 2D CTpyKTypu 3alleXkKHICTb

KOHIICHTpAIlli €JEeKTPOHIB BiJ eHeprii Oynae mpsmoro miHiero. Tomi sk ana 1D

CTPYKTYPH CIIOCTEPIraeThcsl criajaroya HariBrapadoia, 1o BiIIOBIIa€E JE 71. st
pO3paxyHKy TyHEIbHOro cTpymMy B M/IM cuctemax BUKOPUCTOBYIOTH (hOPMYJIU B
SIK1 He BXOAUTH TycTHHA cTaHiB [114,115] nanpuknaa moxens J.G.Simmons [116].
Toni sik cuma CTpyMy B TyHEJIbHIM MIKPOCKOITIT BBRXKAETHCS MTPOTIOPIIIHHOIO TYCTHHI
cra”iB. | mpu nocmijkeHHi 1D CTpykTyp TyHEJIBHMM MIKPOCKOIIOM OTpPHMaHi
rpadiku mudepeniiiinoi nposigHocti dI/dV [117] cxoxi 3 OTpuMaHUMHU B JaHil
po6oTi Ha puc. 3.4. Y monorpadii [118], aBTop, po3risgarour TYHHEITIOBAaHHS MiX
JIBOMa METaJaMH, 1110 3HaXOASIThCSI B HOPMAJIBHOMY CTaHi, MPUXOAUTH 0 BUCHOBKY
PO Te, 0 TYHEIBHUIN CTPYM MPHU MAIMX HAMpyrax MpsiMo MPOMOPIIAHUN I'yCTHHI

CTaHIB MeTalieBuX 00kIanok g, (E) i g,(E):

I(V) = Ag.(E) g2 (E)eV (3.8)

ne A - KOHCTaHTa, a V - Harpyra 3CyBY, IPUKJIaJIeHa 0 TYHEIBHOTO MEPEeX0oy
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B po6Gorax [60-62], npu mocmimkeHi MaTepiaiiB A PE3MCTUBHOI IMaM’sITi
RRAM, B sKHil OTpUMYETHCS aHAJOTIYHA CTPYKTypa MeETall-IieIeKTPUK-MEeTal,
TIIBKA B SIKOCTI  METAJIYHUX  €JIEeKTPOMAIB  3aMicTh  (hepOMAarHeTHKiB
BUKOPHUCTOBYIOTKCS 0J1aropo/IHI METaU: ¢pibi1o, 30JI0TO UM IJIATHHA, ITOKA3aHO, M0
YTBOPEHHS  CTPYMONPOBIAHMX JIAHOK B  JIIEJEKTPUKY MPU3BOJUTH  JO
cnoctepexenHss ob6nacti 3 HJIO Ha BodbT-aMIEpHHUX XapaKTEPUCTUKAX.
Pesynbratu, orpumani npu gocmmkeHHi cucremu Fe/MgO/(Fe+C) noka3yroTs, 110
aHAJIOTIYHUX  PE3YNIbTaTiB  BIAEThCS  JOCATTH  3aBASKA  3a0€3MEeYEHHIO

HEOIHOPITHOCTI B TOBIIMHI JieJIEKTPUKA ITPU OTPUMaH1 3pa3KiB.

3.5 3miHna Tuny nmpoBigHocTi B TOHKOMJIiBKOBiiH MJIM cucremi

Sk nmokazano B maparpadi 3.2, B pe3yJbTari JIETyBaHHS OJHOIO 13 HIapiB
3aii3a ByrielieM B cuctemi Fe/MgO/Fe na BAX cnioctepiraersest oomacts 3 HJO.
Takuii THO NOPOBIIHOCTI XapakTepHUW [ TyHenbHOro mioxy. Ilpote
enekTpoaudy3iiiHi  mpolecH, 10 BiAOYyBalOThCS TMPU MPOTIKAHHI CTPyMY
IPU3BOJATH JI0 TOTO, 110 00JaCTh 3 HETATUBHUM JU(PEPEHILIMHUM OIOPOM 3HUKAE,
a TUII MPOBIJTHOCTI 3MIHIOETHCSI HA OMIYHUHN. BaXkJIMBO 3a3HAYUTH, 10 BiJNA KU
MPOBOJIUTHCA TIPU BHUTOTOBJICHI 3pa3ka 1 3a0e3neuuB udy3ir0 BYTJICIIO B
MPUNIOBEPXHEBUI 1IAp 3132 € BaXJIUBUM eTanoMm. [Ipu qociiKeH1 KOHTaKTIB s
SKUX, MICJI HAIIOPOLIEHHS BYTJIELI0, HE MPOBOAMBCS Noaanbiui Bianaa BAX mae
TUTNOBUH TyHeNbHHUH xapaktep (puc. 3.11). AHaJOTIYHMHA THI MPOBIAHOCTI
CIoCTepiraeThesi pu gociipkeHi koHTakTiB cucremu Fe/MgO/Fe (puc. 3.12, a).
OTxe MOXHa 3pOOWTH BHCHOBOK, IO BYTJIEIb MpPH Biamaini AUGYHAYE B 3aji30,
3MIHIOIOYM KOTO 30HHI BJIACTMBOCTI TaKMM YMHOM, 110 B pe3yibrari Ha BAX
nosiBiisieTbest obnactb 3 HJIO. JlaHuii BHCHOBOK JOJATKOBO MiATBEPIKYIOThH
pe3yNbTaTH ONMUCaHI B 4 PO3/LIl MpU JTOCHIKEHI KOHTAKTIB 13 YHCTOTO 3aii3a Ta
3aj1i3a, JIrOBAaHOTO BYTIJICLIEM, Ha HAMIBIPOBIIHUKOBHUX MIJKIAJIKaX P- Ta N-TUILY

MPOBITHOCTI.
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Puc. 3.11. Bonbr-amriepna xapaktepuctuka cuctemu Fe/MgO/Fe 3 mapom

ByrJiento 1-2 HM Ha iHTepderict MeTan — IIeIeKTPUK 0e3 Bianary

[MIpu nmocmimkyBani koHTakTiB cuctemu Fe/MgO/Fe oppasy micis
HATIOPOIIIEHHS BOJIBT-aMIIEpHA XapaKTEPUCTHUKA TIPOSBIISiE CUMETPUIHICTH B 1 Ta 3
yBepTi (puc. 3.12, a). 3 yacoM Bi0yBalOTHCS MPOLIECH OKMCHEHHS BEPXHBOTO IIIapy
MeTaay 3 BIJAMOBIIHOI 3MIHOK KOHIIEHTpAIlli BUIBHMX eNeKTpoHiB. Lle 3miHio€
BEJIMYMHY TYHEIBHOTO CTPyMy B 3aJ€KHOCTI BIJ TMOJSPHOCTI MPUKIAIECHOI
Harnpyru. [llo mposiBisieTbest y acumeTpuydHocTi [-V XapakrepucTuku, 300paskeHol
Ha puc. 3.12 6. Takuii xapaktep npoBigHoCTi mpuTamanuuil 1151 BAX nioma loTTki
3 BUMPSIMIISTFOYMMHU BIIACTHBOCTSIMH.

JIyist oTpuMaHuX 3ajexxHocTel xapakTepHo (puc. 3.12, 0), 1mo cuia ctpymy B
1 yeTBepTI B TpU pa3u BUILA CHJIM CTPYMY B 3 YETBEPTI MPHU BIAMOBIAHIN HaIpy3i.
Bia’emHi 3HaYeHHS HANpPYrd O3HAYAIOTh 3MIHY HAMpPSAMKY CTPYyMY BiJl BEPXHBOTO
niapy metainy B HWkHiM. JlepekTH, ki BUHHKAIOTh B BEPXHbOMY IIapl METalTy
MOCTYTIOBO MPU3BOIATH /10 301IBIIICHHS €JIEKTpooIopy cucremu ( puc. 3.12, 6) Tomy
NpY BiAMOBIAHIN Hanpys3i cuia cTpymy aiast kpusoi (1) Buiie, yum s kpusoi (3),
JUISL IKOT BUMIPIOBAHHS TTPOBOAWIIMCH MI3HIIIE, KOJIU MPOUILTH AU y31iiHI Mpo1ecu

OKHCHCHHSI.
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(a) g | FeMgO\Fe [ Fe\MgO\Fe

(1) - 50 gHiB
21(2) - 55 gHis
(3) - 60 gHiB

Cwuna ctpymy |, MKA
o
Cuna ctpymy |, MKA

1 E 1 1 -1
$ 2 4 0 1t 2 3 3 2 41 0 1 2 3

Hanpyra U,B Hanpyra U, B

Puc. 3.12. Bonbr-amnepna xapakrtepuctuka Fe/MgO/Fe: a) ompasy micis
HAMOpOIICHHsT  0) acUMETpUYHAa  XapaKTePHCTHKA B PE3yJbTaTi TPHBAJIOrO

3HAXOJ/KEHHS 3pa3Ka B JabopaTopHiil atmocepi

3.6 EnexTpo¢iznuni BaactuBocti Tpumaposoi crpykrypu Fe/MgO/Ni

st nactynaoi MTJ cucremu, 1o AochipKyBajiach, BIAMIHHICT B €HEPTii
®epmi Ta poOOTI BUXOAY E€JIEKTPOHIB MIK BEPXHIM 1 HIXKHIM IIapOM METaIly
JOCSITANIOCh 3aBASIKM BUOOPY pi3HUX (hepomMarHeTukiB. [[is Hikemo po6oTa BUXOLY
cknagae 4,91-5,01 eB, mro 6inbie 3a poboty Buxoay B 3amisi 4,4-4,71 eB. Enepris
depmi TakoX BIAPI3HIETHCA, I 3ami3a e 11,1 eB, konu qis Hikento 11,67 eB.
Tomy Oyio 3po6ieHo npumnytieHHs, 1o Ha BAX 6yne nposisnsituck o6macts ¢ HJ1O
aHaJIoriuHo, sk 1 s cucremu Fe/MgO/(Fe+C). 3pa3ok BUTOTOBIISABCS €JICKTPOHHO-
MIPOMEHEBUM METOJI0M B BakyyMmHil cucteMi BYII-5M. CnouaTky Ha cHUTajIOBY
niaxnaaky CT-50(2) uepes BiAMOBIAHY MAaCKy PO3MOPOIITYBaIOCh 3aJ1i30 TOBIIUHOO
25 uM. OCKIJIBKH 3aJ1i30, B MOPIBHSHI 3 HIKEJIEM, aKTUBHO MIJIA€ThCS MPOIecaM
OKUCHEHHS, JUisi 3a0e3reueHHs 30epekeHHs (YHKI[IOHAIBHUX BIACTUBOCTEH
nepexoAy B yMOBax JAOCHIIPKEHHS B JiabopaTopHiil aTtMocdepl 3a KIMHATHOI
TeMIiepaTypd  HOro  po3MmillyBaiu  mij  Imapom  jienekrpuka.  MgO
BUKOPHCTOBYBABCS B POJI MICNEKTPUKA, SKUM, 3aBISKH TOMY, IO SBISETHCS

KPUCTAJIIYHOIO PEUOBUHOIO, IEMOHCTPYE BUCOKI MOKAa3HUKHU CIPSKEHOCTI IPATKH 3
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meTanamMu. CepeHs TOBIIMHA HATIOPOIIEHOTO IIapy JieeKTPHUKA 3TiJHO MOKa3aHb
KBapI[OBOTO JaTuMka ckiagaida 6,5 aM. [lopepx MgO uyepes BIANOBIIHY MacKy
pPO3MOPOIITYBAaBCSl HIKENIb TOBIIMHOI 45 HM. BuMiproBaHHS BOJBT-aMIICPHUX
XapaKTEPUCTUK MPOBOUIOCh Mpu BukopucTtaHi 22 kOm 1 300 kOM 10/1aTKOBOTO

OTIOPY, B 3aJICKHOCTI BiJ] OTIOPY MEPEXOY, PE3yIbTaTH MpeacTaBieH] Ha puc 3.13.

L] T T T L]
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(6)]
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Hanpyra U, B

Puc. 3.13. Tlpuknagy BOJdbT-aMIepHOI XapaKTepPUCTUKU s pizHUX (1-3)

KOHTakTiB cucteMu Fe/MgO/Ni

3 OTpUMaHUX 3aJIEKHOCTEH BUAHO, IO CIOYATKY BiOYyBa€ThCA HEMIHIWHE
3pOCTaHHs CTPYMY 0 MEBHOI MPUKIaAeHO1 HanmpyrH. [licis goro ctpym cragae 3a
MIJBUIIICHHSI HAMPYTH, 110 BiAMOBigae 00JIacTi 3 HEraTUBHOK AU(DEPEHIIIHOI0
MPOBIAHICTIO. UMM CYTTEBIIINI XapaKTep 3pOCTaHHS CTPYMY, THM HUK4Ya HaIpyra,
3a aKoi nposiBisieTbes obnacts 3 HO. Jlana 3aKOHOMIPHICTh CIOCTEPITAETHCS 1S
BCIX JIOCJIDKYBAaHHUX KOHTAaKTiB. BiAMIHHICTE B €IEKTPOMPOBITHOCTI PIZHHUX
nepexoAiB B MaTpuill ofgHOro 3paska Ha (puc 3.13) moke OyTu mToOB’si3aHa 3

po3Mipamu JOKaJbHUX 00J1acTeH MPOBIAHOCTI.
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dl/dU, mxCwm
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Puc. 3.14. [Iludepenniiina nmpoBiaHicTh oTpuMaHux KoHTakTiB Fe/MgO/Ni

Harnsigao Buano Ha puc. 3.14, yum Buie qudepeHiliiftia mpoBiAHICTb, THM
HUKYa Hampyra, 3a sikoi BimOyBaerbesi crian dI/dU nmo Bim’eMHUX 3HauY€Hb, IO
BigmoBigae odmacti HIO.

JUIsi TOSICHEHHSI OTPUMaHUX pe3ydbTaTiB MPOBILAHOCTI JOCIIIXKYBaHUX
KOHTAaKTiB MOKHA IMPOBECTU aHAJIOTIIO 3 TYHEIBHUM A10/I0M. SIK BiIOMO, JJIs1 HBOTO
yrBopeHHs ob0nacti 3 HIO na BAX noB’s3aHo 3 TUM, 110 ITpH 30UTbLIEH] HANIPYTH
piBerb @Depmi N-001acTi MITHIMAETHCA BIJHOCHO p-00JIaCTi TMOMAJAl0ud B
3a00pOHEHY 30HY p-00JacCTi, @ OCKUIbKH TYHEIIOBaHHS HE MOKE 3MIHUTH TOBHY
€HEPrI0 eJIEKTPOHA, TO UMOBIPHICTh MEPEXO1Y €JIEKTPOHA 3 N-00J1acTi B P-00J1aCTh
pi3ko 3meHInyeTbes. Le ctBoproe Ha nipsimiit nuisiHi BAX o6macts, fe 3011blIeHHS
HANpPyTH MPU3BOANUTD 10 3MEHIIEHHS CHIIA CTPYMY.

B namomy Bumanky 30UIbLICHHS Hampyru 3minrye piBeHb depmi metana
1HKEKTOpa Ha PIBEHb T'YCTUHHU €JICKTPOHHUX CTaHIB METaJla IETEKTOPa, 1€ KUTbKICTh
MOJKJIMBUX CTaHIB 3MEHIY€eThCsl. OCKITbKY TYHETIOBAaHHS TaKOXK HE MOXKE 3MIHUTH
MOBHY €HEPT1I0 eJIEKTPOHA, TO HMOBIPHICTh TYHETIOBaHHS pi3Ko nafgae. Lle crBoproe

CHaJHy JUISTHKY CHJIM CTPYMY IIPU 3pOCTaHHI HAPYTH.
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Bimomo, mo anms mMeraniB HeMae 3a00pOHEHHMX 30H, XapaKTepHUX s
HaIMBIPOBITHUKA. AJjie BUTJSAA (YHKIII T'yCTHHH CTAaHIB MOXE 3ajeKaTH BiJ
PO3MIPHOCTI AOCHIIKYBaHOI CUCTEMH. B HaloMy BUMAAKY 1€ MOXKE MaTH CyTTEBE
3HA4YCHHS, OCKUIBKH TIpY MPOTIKaHHI CTPYyMY 3ajlisiHa HE BCS IUIOIIA TMEPEXoiy, a
JOKallbHI 00JacTi MPOBIAHOCTI 3 HAWMEHIIO TOBIIMHOIO MIEJEKTPUKA, IO
CKJIa/Ial0Th MaJTy JIOJIIO BiJ] 3araJIbHOT TIIOMII TIepexoy. | Toli MU MOXKeM ONUCyBaTH
JTOCTKyBaHy cuctemy, sik 1D uu 0D cTpyKTypy 3 BiAIIOBIIHUM BUTJISIIOM (DYHKITIT

rycTuHHm cTaHiB (puc.3.15).

Dyl.) 1)) DfL) Dt

I

¥ [

')

¥y =

Puc. 3.15. Enexrpona ryctuna crasiB A 3D, 2D, 1D ta 0D cTpykTyp

VY BIAMOBIAHOCTI 3 11€0 MOJACIIIIO MOKHA MOSICHUTH BiJIMIHHICTh B HAMpPYy3i,
3a sikii crocrepiraetbes obdnacts 3 HJIO na BAX nig KOHTaKTiB OJHIET CUCTEMHU
matepianiB. Lle moB’s3aHO 3 PO3MIPOM JIOKIBHMX O0JIacTel MPOBITHOCTI. Sk
B1JIOMO, pO3Mip KBAaHTOBOI TOYKH BILJIMBAE HA PIBHI JJO3BOJICHUX CTAHIB €JIEKTPOHA
1, BIATMIOBIIHO, PY 3MEHILEH1 pO3Mipy B1AOYBa€ThCA PO3UETIEHHS 30H 1 BAHUKAIOTh
JIO1aTKOB1 3a00pOHEHI CTaHW NMpH OUIBII HU3BKUX Hampyrax, IO BiJIMOBIIAIOThH
obnmacti 3 HIIO na BAX. A 3HayHe 3MeEHIIEHHs IOl 00JacTi MPOBIAHOCTI
MOXJIMBO TIPU3BOJAUTH 0 CIIOCTEPEKEHHS Mekibkox aisiHok 3 HJIO na BAX npu
PI3HHX HaIpyrax.

Jlns npyroi 3anmexHocTi Ha puc. 3.14 crmoctepiraeTbesi AeKiibka AUISTHOK 3
HJO mpu 0,5 B, 0,85 B Ta 1,1 B. Taka 0co0auBICTh BOIBT-aMIIEPHOI 3aJICKHOCTI

HE € XapaKTEpHOIO JUIsl TYHENbHOro aioja. IIpu BUBUEHI HAHOCTPYKTYp BaXKIMBO



85

BpPaxOBYBaTH PO3MIPH JOCTIKyBaHO1 00sacTti. Tak B po6oTi [119] moBimomisieTbes,
[0 HEraTUBHUHN Ju(epeHIlIiHNI omip, BHUHUKAE B pe3ysbTaTi (QopMyBaHHS
rpadenoBux kBaHToBHX TOuoK (I'KT) B mumiBkax, cTymiHb (TOpYBaHHS SIKUX HE
nepeBulyBaB 25%. EkciepuMeHTanbHo 0yIi0 BUSBIIEHO, 1110 nosioxeHHs miky HJ1O
3aneXuTh Bia cTynens gropyBanus. [Ipu 3menmenni po3mipiB ['KT (30i1b1enH1
crynens ¢ropyBanHs) Ha BAX mimiBok 3'saBisieTbesi aekiibka gurstHok HJO 1
MOJIOKEHHS TIKIB 3CYBAa€ThCcsl B OIK MEHIIMX HAmpyr 3CyBy. Y pasi ciaabkoro
dropyBanns ~ 10% po3mipu rpadenoBux odmacteir 200-300 HM. VY Takux TUTiBKax
cnocrepiraiach oaHa obnacte 3 H/1O. B Bunaaky Ouibin cuinbHOro (propyBaHHsS
~17-23% po3mipu I'KT 3menmyrorecs 10 50-30 uM 1 Ha BAX cnocrepiraetbcs
nekuibka autHok HJIO. Ockinbku oani€ero 13 ymMoB cnocrepexxkenHs HJIO B
OTPUMaHUX HaMH 3pa3Kax € 3a0e3MeueHHs HEOTHOP1THOCTI B TOBIIMHI JIEJIEKTPHKA,
o o3Havae nepexin Bia 2D po 1D uu 0D ctpykrypu (nmaparpad 3.3 ), To po3mipu
oOnacTeil MpOBIAHOCTI MOXKYTh BIUIUBATH Ha KUTbKICTh AuUsHOK HJIO Ha BAX, mo
anasorii 13 I'KT.

30UIbIIEHHS TOBUIMHMU J1€JIEKTPUKA, Yepe3 SIKHUM TYHENIOIOTh €JIEKTPOHH,
MPU3BOJUTH /10 3MIHM CTPyMYy Ha JEKUJIbKa MOPSAKIB, IO BUIHO, MOPIBHSBIIN

3HAYEHHS MaKCUMaJbHOTO CTpyMy Ha puc. 3.13 i puc. 3.16.

0,4 L] L} L) T T
< 03} "
=
2 0,2f .
>
=
o
= 0,1} -
~
O
0,0 : : : :
00 05 10 15 20 25 30

Hanpyra U, B

Puc. 3.16. BosibT-amriepna 3aiexHicTh KOHTakTy cucremu Fe/MgO/Ni
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BigMiHHICTE B IPOBIAHOCTI U1 PI3HUX JAOCTIIKYBAHUX KOHTAKTIB OJHIET
CUCTEMH, 1110 CIOCTEPIraeThest Ha puc.3.14, moxke OyTy MOB’sA3aHA SIK 3 PO3MipaMu
oOnacTel MPOBIAHOCTI TakK 1 3 HASBHICTIO NEe(EKTIB Ta JOMIMIOK SIKI HEMOXKIIUBO
KOHTPOJIIOBaTH B YMOBaX OTpUMaHHs 3paskiB B cucteMi BYII-5M. Homimiku 1
nedeKTH BILTUBAIOTh Ha €PEKTUBHY Macy €JIeKTPOHA, SIKa, B CBOIO YEpry, BIIMOBIAAE
3a TyHEJIbHI BIaCTUBOCTI KOHTAKTY.

3ragaHi 3MIHA B (PI3UYHUX BIACTUBOCTSAX KOHTAaKTy B TMEpUIy Yepry
BIUTMBAIOTh HAa MPO30PICTh Oap’epa, sika MPOSIBISIETbCA B 3MiHI HAXUIY KPHUBOI
BOJIBT-aMIIEPHOI XapaKTepUCTUKHU. I[TinTBEpauTH, 1110 caMe BIACTUBOCTI Oap’epy
BJIMBAIOTh HA HANpyry, Mpu sAKid mnposBiasTees obmacts HJO, Bnaersc,
anpOKCUMYIOYM MOHOTOHHO 3pocTtatouy nuissHKy BAX Big 0 B 1o 0,8 B HactynHoro

dbyukuiero (3.9), mo nokazaHo Ha puc. 3.16:

I = GUexp(—2A4VE — U) (3.9)

ne | —cuna ctpymy, U — Hanpyra, A — Koepill€eHT, 0 XapaKTepu3ye TyHEIbHI
BJIACTUBOCTI CUCTEMHU 1 BKIIIOUA€ B ceOe, €PEKTUBHY MACy €JIEKTPOHA B JIIETIEKTPUKY,
Horo TOBIIMHY 1 T.N., E — BHcoTa moTeHuianbHOro 0ap’epa (MOJOBUHA IIUPUHU
3a00pOHEHO1 30HHU JienekTpuka, misg MgO cknanae 3,8 eV), G — koeditrienT, sikuii
3aJIeKUTH BiJl €IEKTPOQI3MUHUX TTapaMeTPiB METaliB, 30KpeMa, eHeprii depmi Ta
e()EeKTHUBHOI MacH €JIEKTpOHAa B METaJl.

3ayBaXUMO, IO anmpoKcuMyrouda (YHKIS HE € TOYHOKO IJISi PO3PaxyHKY
TYHEJIbBHOIO CTpyMy, aje BiloOpakae MWOro OCHOBHHMM (I3UYHUI CEHC.
ATNpOKCMMOBaHI JaHi, 0 IPEACTABIICHI Y BIAMOBIIHUX TAOIUIAX HA pUCYHKY 3.17,
00pe KOPENIOITh 3 SKCIEPUMEHTAIbHUMHU He Timbku it cuctemu Fe/MgO/Ni

(puc. 3.17 a,0), ane i Fe/MgO/(Fe+C) (puc. 3.17 B,r).



Cuna ctpymy, A

1,6x10° r T T .
Equation R*x*exp(-2*A*sqrt(E-x))

(a) A 1,19122 £ 0,00165 /
12105 Reduced Chi-Sqr 4,67477E-14 ) /
8,0x10°8
4,0x10C

0,0 1 1 1 1

0,0 0,2 0,4 0,6 0,8
Hanpyra U,B
Cuna ctpymy, A
(B) Equation ’ R'X*éxp(-Z*A‘sqrt('E-x))

- A 1,78641 + 0,00512
2 0x10°8 HReduced Chi-Sar 4,25301E-15 i
1,5x10°° .
1,0x10} -
5,0x107 b |

0,0 1 1 1 1

0,0 0,2 0,4 0,6 0,8
Hanpyra U,B
Puc. 3.17.

Cuna ctpymy, A

(6)

3x10°}

2x10°%

1x108 }
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Equation

FA

Reduced Chi-Sqr

R*x*exp(-2*A*sqrt(E-x))
1,61538 + 0,00241 e
1,09421E-14

Cuna crpymy, A

0,4 0,6
Hanpyra U,B

0,8

(F) Equation R*x"exp(-2*A"sqri(EX))

A 1,89686 + 0,00785 i

Reduced Chi-Sqr 6,0085E-15 /
8,0x107 J
4,0x107 F .

0,0 L 1 . 1

0,0 0,2 0,4 0,6 0,8
Hanpyra U,B

Anpokcumarntist ginsaku Bigx 0 go 0.8 B BombT-ammepHOi

XapaKTePUCTHKHU OTpUMaHuX KOHTAKTiB a,0) Fe/MgO/Ni B,r) Fe/MgO/(Fe+C)

BusiBuioch npu anpokcumaliiii BOJbT-aMIIEPHUX XapaKTEPUCTUK, YUM BUIIHMA

Koe(dimieHT A, TUM BHUIIlA HAIpyra MpH sKid mposBisieTbess obnacts 3 HAO. Jlna

3anexHocTi (puc. 3.17, 0), mo Bianosinae koHTakty (1) (puc. 3.13) koedimient A=

1,615 Ginpunit, Hik 175 KOHTAkTy (3) A= 1,191. Ile o3Hauae, 1110 napameTpu, skl

BIUIMBAIOTh HA IMOBIPHICTh TYHEJIIOBaHHS €JIEKTPOHIB, BIAMOBIAIOTH 32 HAIPYTY,

3a sIKOi MposiBIIsAE€ThCst 00sacTh 3 HJO.

[TapameTpu, 10 XapaKTepu3ylOTh 00JIACTb HETATUBHOTO AMQPEPEHIIHHOrOo

OTOpYy JUTISI BOJIBT-aMIIEPHUX 3JIKHOCTEH KOHTAKTIB B CHCTEMI

npuBeeHi B Tabm. 3.2.

Fe/MgO/Ni
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Ta6mui 3.2. OcHoBHi napametpu AutssHkd HI{O nns BAX otpumanux

koHTakTiB cuctemu Fe/MgO/Ni

[Tapamerpu Fe/MgO/Ni
Ne 1 2 3
Vpe, B 1,114 0,85 1,095 1,69 1,73
Vv, B 1,46 0,9 1,14 1,86 1,88
Ipe/lv 1,23 1,145 1,044 1,568 1,084

JIJist KOHTaKTIB 3 MEHIIOI TOBIIMHOIO JienekTpuka, BAX sikux 300paxeHa
Ha puc.3.13, xapakTepHo, UMM BHUIIla Hampyra Vpe, MpH AKii TOYNHAETHCA CIaIHa
JUISTHKA CTPYyMy, THUM Kpaill Tnoka3Hukd PVR. AmnHanoriynuii pesynbrar
cnioctepiraetecst s Fe/MgO/(Fe+C). 3aBnsku NPOBEACHHIO anpOKCHUMAIIii
rpadikiB, 3p0o0JEHO BHUCHOBOK, IO 3a BEJIUYMHY HANpyru Vpe, BIANOBIIAIOTH

napameTpH, 10 BU3HAYAIOTh MTPO30PICTh TYHEJIBHOTO Oap’epy.

3.7 Eaekrpogiznuni BaacTuBocTi Tpumaposoi crpykrypu Fe/MgO/Co

OcTtaHnHs Bapialis MaTepiajiB JJisl CACTEMH METa — A1eJIEKTPUK — METaJ, 110
JIOCITIIKYBaiach B paMKax aucepraiiiinoi podoru — e Fe/MgO/Co. AnanorivHo,
no cuctemu Fe/MgO/Ni, BiZMIHHICTE B 30HHIN CTPYKTYpi CUCTEMHU MiX €HEPTi€ro
depmi MeTana-iHKEKTopa 1 MeTalla-JIeTeKTopa OTPUMYBAJIACh BUKOPHCTAHHIM
pi3HHX (pepoMarHiTHUX MeTaniB. HamoporieHHs BIANOBIIHUX IIapiB BiI0OYBaIOCh
€JIEKTPOHHO-TIPOMEHEBUM METOAOM B BakyyMmHii yctaHoBul BYII-5M. Ockinbku
3a]1130 aKTUBHO B3Aa€EMOJI€ 3 KHCHEM, YTBOPIOIOYM OKCHUAM TIPU KIMHATHIN
TeMIIepaTypl, TO BOHO HAIOPOIITYBAJIOCh HUXKHIM IIAPOM Yepe3 BIJMOBIIHY MacKy.
ToBmmHA AOPIXKKM 3aji3a ckiaafana 25 HM. Jpyruii map - OKCHJ Marsiro, o
BUCTYIAa€ B SKOCTI JICNEKTPHKA, TOBIMMHOW 7-8 HM. | Tperii mmmap, 1o

HanopotryBaBcs — 1e Co toBmmHO 40 HM. BuMmiptoBaHHS BOJBT-aMIEPHUX
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XapaKTEePUCTUK TMPOBOJAMUIOCH 3 BUKOPUCTAHHIM JIOAATKOBOro omopy 15 kOMm i

1 MOM. BinnoBijiHi pe3ynbTaTu npeacTaBieHo Ha puc. 3.18.

Cuna ctpymy, MKA Cuna ctpymy, MKA
(a) ' ' (6)
4} Fe\MgO\Co /" 1 3.0x102} Fe\WMgO\Co / -
5 /
2,0x102}
2 B Kl-
e
; 1,0x102
..-l"‘".‘..

0 . . 0,0 acan-sann-= T .
0,0 0,5 1,0 1,5 0,0 0,5 1,0 1,5

Hanpyra U, B Hanpyra U, B

Puc. 3.18. BonbT-amMmiepHi xapakTepucTUKU KoHTakTiB cuctemu Fe/MgO/Co

3 P13HOIO TOBIIUHOIO JI€JIEKTPUKA

BigMiHHICTD B BeIMYMHI CTpyMy JUIsl 300pakeHux rpadikis (puc. 3.18, a,0)
oOyMOBJICHa PI3HHUIICI0 B TOBIIMHI JiellekTpuka. Haxum kpuBoi BUIIMM s
nepmoro rpadika (puc. 3.18, a) i BIANOBIIHO HAIpPyTra, 3a SIKOI CIIOCTEPIraeThes

obmactk ¢ HI1O, Hrkya, B opiBHSHI 3 apyruM rpadikom (puc. 3.17, 6).

Tab6muus 3.3. OcuoBHi napamerpu auisakd HIO nns BAX orpuMaHux KOHTaKTiB

[MapameTpu | Fe/MgO/Co | Fe/MgO/Fe+C Fe/MgO/Ni

No @ | 6 | @ | ®) 1 2 3 4

Vpe, B 0,67 | 1,13 | 1,52 2,12 1,114 0,85 |1,095| 1,69 | 1,73

Vv, B 1,24 | 1,17 | 1,92 | 2,22 146 | 09 | 1,14 | 1,86 | 1,88

PVR 2,714 11,449 11,388 | 1,825 | 1,23 |1,145|1,044 | 1,568 | 1,084

BiamoBinni xapaktepuctuku ob6macti 3 HIAO nns Bcix mocmipKyBaHUX B
naHii poboti M/IM-koHTaKTiB 3BefieHO Yy TaOu. 3.3. 3 MpUBEACHUX JaHUX BUIHO,

110 HaiBuimi mokasHuku PVR cniocrepiratorbes B cuctemi Fe/MgO/Co.
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3.8 BiiIMB MarHiTHOIO MOJIsl HA BOJILT-aMIIEPHI XapaKTePUCTUKHU

[Ipu BuMIpIOBaHi1 BOJbT-aMIIEPHUX XAPAKTEPUCTHK, JJI KOHTAKTIB CUCTEMHU
Fe/MgO/Fe B Ounmbiit mipi 1 aiist koHTakTtiB cucremu Fe/MgO/Co ta Fe/MgO/Ni B
MEHIIINA Mipi, CHOCTEPIra€eThCcsl TICTEpE3UC eneKTponpoBiaHocTi. CTpyM mnpu
3poctanHi Harpyr# Bif 0 10 3 B Hkumii 3a ctpym npu ii 3menmiedi Big 3 1o 0 B.
[le moB’s13aHO 3 HANIPSIMKOM HaMarHiuYeHHs JOMEHIB y pepomarHeTuky. [louaTkoBo
HaINpsMOK HaMarHi4eHOCT1 JIOMEHIB y BEPXHbOMY IIlapli MeTajla HE BIIIOBIJIAE
HAnpsSIMKy HaMarHi4YeHOCTl JOMEHIB Yy HWXHBbOMY. [IpuM MpoTiKaHHI CTpyMy
CTBOPIOETHCSI BJIACHE MAarHITHE MOJ€, K€ CIpPUS€ YaCTKOBOMY 3a0€3MEeUeHHIO
B3a€MOIApAJIENbHII HAMarHi4eHOCTI JOMEHIB Yy BEpPXHbOMY 1 HIKHbOMY
(dbepoMarHeTrky. 3a paxyHOK IIbOTO CTPYM 3pOCTA€ 1 BUHUKAE HEBIJMOBIAHICTD Y

BEJIMYCHHI MTOYATKOBOTO 1 3B0poTHOTO cTpyMmy (puc. 3.19).

T 1 T T T T T 8 T T T T
0,4+ Fe/MgO/Fe . Fe/MgO/Ni
E E
= i ]
= o2t {1 4
> >
. =
o 00r 1 & 0t .
|
O O
© (L]
C 0.2} 1 s
O O -4t 1
0,4} .
1 L 1 1 1 1 1 _8 1 1 1 1 1
S -2 -1 0 1 2 3 -2 -1 0 1 2
Hanpyra U, B Hanpyra U, B

Puc. 3.19. Tictepesuc BOJBT-aMIEPHUX XaPaKTEPUCTHK IJSI CHCTEMHU

marepiainis: a) Fe/MgO/Fe 6) Fe/MgO/Ni

JIns miATBEpIKEHHS TOTO, IO TICTEPE3UC BUHHUKAE BHACIIOK BJIACHOTO
MarHiTHOTO TIOJisl, CTBOPIOBAHOTO BHUMIPIOBAJIBHUM CTPYMOM, MPOBEACHO
EKCTIIEPUMEHT 3a 30BHIINIHHOTO MAarHITHOTO TIOJIS, BEJIWYHMHA SIKOTO 3HAYHO

MepEeBUIIY€E BJIACHE MAarHiTHE IMOJ€ JOCTIKYBaHOTO Tiepexoay. JJis 1boro 3pa3ok
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pO3MiIIaBcs BEPTUKAIBHO MK MarHITHUMM KOTYIIKaMH, TaK 1100 MarHiTHE IoJie
OyJ10 CIIPSIMOBAHO MEPIICHINKYIISPHO IO Tepexoay. HanmpykeHicTh MarHiTHOTO
MOJISI BU3HAUYAJACh CHUJIOKD CTPYMY, SIKMM TPOTiKae depe3 Kotymky. Cuna cTpymy
KOHTPOJIIOBAJIACh 3a JIONIOMOTOK TecTepa 1 3MiHoBasack Bim 0 1o 4 A,

HaIPY>KEHICTh MarHITHOTO TOJIA BiAmMoOBiAHO Bif 0 10 24 KA/M.

1 ,O L) ) L)
Fe/MgO/Fe o
24 kA/m )

o
o
\

Cuna cTtpymy |, MKA
o
o
\\

-3 -2 -1 0 1 2 3
Hanpyra U, B

Puc. 3.20. Bousbr-ammnepna xapakrepuctuka koHTakTy Fe/MgO/Fe B

30BHIIIHBOMY MarHiTHOMY TOJII Hallpy>KeHICTio 24 KA/M

B pe3ynbTati npu 3ioMIll BOJIBT-aMIEPHUX XaPAKTEPUCTHK B 30BHILIHBOMY
MarHiTHOMY TIOJII TicTepe3nc Maike MoBHICTIO 3HMKae (puc.3.20). O1ke, MOXKHA
3pOOUTH BUCHOBOK, IO MPHUYMHOIO TICTEPE3UCY € TMEepeMarHidYeHHsS MarHITHHX
MOMEHTIB (p€POMATrHETUKY IiJ JI1€F0 BJACHOTO MAarHiTHOTO MOJIsl, CTBOPIOBAHOTO

BUMIPIOBAJILHUM CTPYMOM.
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3.9 BruiuB TeMniepaTypu Ha BOJIbT-aMIIEPHI XapaKTePUCTUKH

JIns mocHiKeHHsT BIUTMBY TeMIIepaTypH Ha eJleKTpodi3uyHi BJIACTHUBOCTI
OTPUMAHUX KOHTAKTIB MPOBOIMIOCH OXOJIOJKEHHS B aTMocdepi piIKoro as3ory.
3pa30K 3aKpilUIOBaBCAd B CHEIIANIbHO MIATOTOBIEHIA KOHCTPYKIIT 1 MOCTYIIOBO
OITyCKaBCs B TEPMOC 3 PIAKUM a30TOM. Temmeparypa BUMIPIOBaIach 3a JOIIOMOTOI0
TEPMOTIApH XpOMeENb-aloMelb. B pe3ynbTari 3 MOHWKEHHAM TEMIEpaTypu
MIPOBIHICT, KOHTAKTIB TOJIMIIyBajach, MAKCUMAIbHUN CTpyM 3pocTaB, a BAX
npuiiMana SICKpaBO BHPaKCHUH eKCIIOHEHIIanbHui xapaktep (puc. 3.21). lle
MOB’513aHO 31 3SMEHIIIEHHSM BIUTMBY (DOHOHOI CKJIaI0BOi Ha PO3CIIOBAHHS €JIEKTPOHIB

B JIOCJIIJKYBaHUX 3pa3Kax.

a) L[ - - 6) oF - - 2

@) 3f Fe/MgO/Ni ] ©) Fe/MgO/Ni

o

E /%

— "r —_

> 2F i ‘

S S 4 -

3 3

& E

3) 3)

< 1F 1 <

= =

~ ~

O o 2 (2)PVR = 1.57 1
0 -?—u-—ll—'-.l... . o : (1) PVR = 11 ’ :

0 1 2 3 -3 -2 -1 0
Hanpyra U, B Hanpyra U, B

Puc. 3.21. BonbT-ammepHa XapaKTEpUCTHKA IOCIIIKYBAaHOTO KOHTAKTY

Fe/MgO/Ni 3a Hu3bKO1 TeMITepaTypi IpHu 3MiHI TOJISIPHOCTI HanpyrH (a), (0)

[Ipu 3MiHI TONAPHOCTI J/JIA JTAHOTO KOHTAKTy XapakTepHa o0JacTh 3
HEraTUBHUM JU(EpEeHUIHHUM OMOPOM, SKa B PE3yJIbTaTl 3HIXKEHHS TeMIepaTypu
nposieisie Buili mokasHuku PVR (puc 3.21, 0). Jlns apyroi 3ajekHOCTI, IO
OoTpuMaHa TpHu OUTkIT HU3bKUX Temmeparypax PVR = 1,57 summii, 3a PVR = 1,1

JUISL TIEPIIIOT 3aJI€KHOCTI.
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3.10 Mo:xauBi 06s1acTi npakTHYHOT0 BUKOpUcTAHHSA M/IM cTpyKTYp 3

HEraTUBHUM JU(epeHiiiHUM 0TIOPOM

CyvacHu#l pO3BUTOK TEXHOJIOTIH CTaBUTh BCE OUIBII CTPOTi KpUTEPii 1O
PO3MIpY 1 EHePrOBUTPUBAIOCTI 0A30BUX €JIEMEHTIB eJeKTporpuiaaaiB. IcHye 6e3miu
TBEPAOTUIBHUX TPUIAIIB PIZHOMAHITHOI (i3UMyHOI peanizaiii, BOJbT-aMIEpHa
XapaKTEPUCTUKA SIKUX MICTUTh 00JACTh HETaTUBHOI qudepeHIIHHOT TPOBIIHOCTI. 3
MOTJISITY PAAIOTEXHIKM TaKl €JIEMEHTH JI03BOJISIIOTH TpaHCPOpMYBaTH EHEPTiio
JoKepenia KUBJICHHS B He3racarodi konmBaHHsA. HasBricTs o6macti 3 HJIO Ha BAX
JI03BOJISIE 3aCTOCOBYBATH TakKi JIOJM B SIKOCTI MIBUAKOJIIOYHMX TEPEMHUKAYIB YU
niacuitoBaviB. [IpoTe ICTOTHUM HETOIIKOM € BUKOPUCTAHHS HAllBIIPOBITHUKOBHUX
MaTtepialliB, 10 BUCYBA€ MKOPCTKI BUMOTHU JO TEXHOJOTl OTPUMAaHHS TaKUX
OPUCTPOIB  Yepe3 3alCKHICTh e(eKTy Bi MarepialbHUX BIACTUBOCTEH
HaITIBIPOBIJHUKOBUX KPHUCTAMIB 1 (PI3MYHUX MPOLECIB Y HUX. 30KpeMa, IMpOoILeC
BUTOTOBJICHHS TYHEJIBHOTO Ji0Jla € JOCHUTh TPYJIOMICTKUM, OCKIJIBKM BHUMArae
MIPOBENICHHSI B1JI ABOX JI0 YOTUPHOX BUCOKOTEMIIEPATYPHUX MIPOIIECIB OKUCITIOBAHHS
1 nudy3ii, a TaKoXK BIANOBIAHOI KUIBKOCTI mpoueciB ¢otomitorpadii. Ilomyx
AIbTEPHATUBHUX MaTepiajiiB 3 aHAJIIOTTYHUMH HAIIBIPOBITHUKAM BJIACTUBOCTSMHU €
OJIHIEIO 13 KJIIOYOBMX 33/Ja4y Ha CbhOrojaHi. Pe3ymbratm mpencraBieHi B
JTUcepTaliHii  poOOTI JAEMOHCTPYIOTh, M0 oTpuMaHHs BAX ananoriusiii
TYHEJIbHOMY J[10/Ty MOJIMBO JIJII HAHOCTPYKTYPH METaj-I1eJIeKTPUK-MeTal. 3aMiHa
HaIMIBIPOBITHUKOBUX €JIEMEHTIB HAHOCHUCTEMAaMH, IO CKJIAJA€ThCsl 3 TUIOBUX
(dhepoMarHeTUKiB TakUX SK 3ai30, KOOAJbT UM HIKEIb MOXKE 3HAYHO 3MEHIIUTH
BapTICTh MPHUJIAJIIB OCHOBAHUX HA TAHOMY €(EKTI.

[TocriiiHe  BOOCKOHANIGHHS 0a30BHX  €JEMEHTIB MaMm’sTi  MOTpedye
PEBOITIOIIIHHOTO MAXOAY, OCKITEKH 3pOCTaHHS TYCTUHU 3amucy iH(opmariii, 3riiHo
3 3aKOHOM Mypa, HpH BUKOPUCTaHI YK€ BIJJOMUX TEXHOJOTIH CKOpO CTaHe
HEMOXJIUBUM. Ha chOTO/1HI BUBYAIOTHCS PI3HOMAaHITHI aJbTEPHATHBHI TEXHOJIOTI,
HalinepcnexTuBHiNo i3 skux € MRAM. Ti 6a30Bi eneMeHTH SKOi CKIagaIOThCS i3

JBOX (pepOMarHeTHKIB PO3LICHUX AieJIeKTpUKOoM. Hu3ka J0CiIKeHb MOKa3yoTh,
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10 BUKOPUCTAHHS J0JIaTKOBOTO eneMeHTy, BAX skoro mictuth ainsHky 3 HJO,
MOJIMIIYE BIACTUBOCTI Takoi cucteMud. OTpuMaHHS 0OJacTi HETaTUBHOI
mudepenniinoi nposigHocti B MTJ-cTpykTypi 6€3 BHUKOpPHUCTaHHS JOJATKOBUX
€JIEMEHTIB MOKE 3HAYHO CIPOCTUTU CXEMY BUTOTOBJICHHS TAaKUX KOMIPOK 1aM’sITi.

I sx roBopuB Jleo Ecaki B cBOili HOOemiBChKiM poOoTi [45]: «sBuie
HETaTUBHOTO OIOPY BAXKJIMBO HE TUIBKH B TBEPJOTIIBHIN €JIEKTPOHIII, e 3a HoTo
JIOTIOMOT'OI0 MO>KHA OTPUMATH MOCUJICHHSI CUTHAITY, ajié BOHO BaXKJIMBE 1 caMe I10
co0l, OCKUIbKHM TPOJIMBAE CBITIO Ha JesKi (PyHIaMEHTaIbHI PUCH TYHEIBHOTO
edexTy». ToMy gaH1 pe3yiabTaTy BaXXJIMBI HE TUIBKHY 3 MPUKJIAIHOT TOUKH 30Dy, a 13

(byHIaMEHTAIBHOI TAKOX.

3.11 BUCHOBKM /10 TPETHOT0 PO3Iiay

ExcniepuMeHTansHo peanizoBaHa MOXIIMBICTh 3MIHM THUITY MPOBIIHOCTI Y
TOHKOIUTIBKOBUX MJIM-cucremax 3 (epoMarHiTHUMU MeETajlaMH 3 MOHOTOHHO
3pOCTar0u0i Ha IPOBIIHICTh, XapaKTEPHY Ul TyHeNIbHOro aioay. [lokazano, mo npu
BUOOP1 MaTepiaiiB 3 BIIMIHHOCTSIMHU B 30HHUX BJIACTUBOCTSIX B SIKOCT1 BEpXHBOTO Ta
HWKHBOTO METaly, Kl po3AUIeHI AienekTpukoM, Ha BAX nposiBiiseTbest 001acTh 3
HIAO. BusiBieHo 3aKOHOMIPHICTh: UMM BHINA AWQEPEHIIHA MPOBIIHICT, Ha
noyaTkoBii AutaHLI BAX, THM HI>K4Ya HAanpyra, 3a sIKOi COCTEPIraEThCsl 00IacTh 3
HIO.

[TokazaHo, 110 HEOOX1IHOT BIAMIHHOCTI B 30HHINA CTPYKTYpl CUCTEMHU MIX
BEPXHIM 1 HUKHIM METaJOM BJA€THCS JOCATTH HABITHh MPU BUOOPI OJAHOTUITHUX
METaJIiB, JIETYIOUH OJIMH 13 HUX. Lle 703BOJIsI€ PO3MUPUTH TOUTYK MOKIMBUX CUCTEM
JUISL OTPUMaHHS onTUMaibHUX BiactuBocTe MJIM cuctemu, BAX sikoi mMicTUTH
obmacts 3 HIO.

BusiBneHo cyTTeBuii BIUTHB MIrpariii ByTJIeHIO i JI€I0 eIEKTPOHHOTO BITPY
Ha eJNeKTPO(]i3nyHI BIACTUBOCTI TOHKOIUIIBKOBUX IIAPYBAaTUX CHCTEM HAa OCHOBI
3aji3a 3a KIMHATHOI Temneparypu. 3a0e3neyeHHsl He00X1IHOI TYCTUHU CTPYMY JJis

noyarky esnexrpomudysiiiaux mpouecis ~10* A/cM? HOSACHIOETBCS HAsABHICTIO
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JIOKaJIbHUX 00JIacTe MPOBITHOCTI B AieNeKTpUKYy. OCKUIBKH CHa CTPyMY IpH
TYHEJIIOBaHHI E€KCIIOHEHIIaJIbHO 3aJIeKUTh BiJ TOBIIMHHU JIEJEKTPUKA, NPH
HANOpOIIIEHI SIKOTO B YMOBax €KCIEPUMEHTY HEMOXJIHMBO 3a0e3MeunuTH
OJIHOPI/IHICTh TOBIIMHHU, TO MaKCHUMajbHa TYCTHHA CTpyMy OyJieé B JIOKaJIbHUX
00IacTAX 3 HAMHMKYOIO TOBIIMHOIO. IX IJIOIIA HA YOTHPHU MOPSAKH MEHIIA 3a
3arajpHy oy nepexoxay. Lle o3navae, 1o orprmMaHa cuctemMa OnucyeThes sk 1D
00’€KT 3 HaHOPO3MipamMHu MO JBOM KOOpJMHATaM, II0 BHOCUTb CYTTEBY 3MIHY B
(GYHKIII0O TYCTHHH €IEKTPOHHUX CTaHiB 1 BIAMOBIIHO MOJENIb PO3PAXYHKY
TYHEJIBHOTO CTpyMy. BpaxoByrouu 11e, MOKIJIMBO MOSCHUTH YTBOPEHHS 00JacTi 3
HETaTUBHUM JH(EPEHIIIHHUM OMOPOM Ha BOJBT-aMIEPHUX XapaKTEPUCTHKAX, SK
pe3yNbTaT B BIAMIHHOCTI (DYHKIIII TYCTUHHU €JIEKTPOHHUX CTaHIB JJIs BEPXHBOI'O Ta
HIWKHBOTO Metairy M/IM cucremu.

TpuBanuii OKHUCIIOBAJILHUI Mpoliec, 10 BiIOYBAETHCS 3 BEPXHIM IIApOM
3aji3a TpU 3HAXOMKEHHI 3pa3ka B aTMocdepl 3a KIMHATHOI TeMmIepaTypH,
MPU3BOJUTH J0 aCUMETPIi BOJIBT-aMIEPHUX XaPAKTEPUCTHK, IO MPUTAMAHHO JIJIs
BUNPSIMIISIIOUOTO KOHTAKTy aioAa IloTTki.

Po3minienss 3pa3ka B MarHiTHOMY TOJII IPU3BOJIUTH JIO TOTO, 110 T1ICTEPE3UC
BOJIbT-AMIEPHUX XAPAKTEPUCTUK OTPUMAHUN MpPHU BUMIPIOBAaHI 0€3 30BHIIIHHOTO
MarHiTHOTO MOJIsS IOBHICTIO 3HUKAE TIPU JOCSITHEH1 TOJIsl HAaCUYEeHHS JIJ1s1 3ami3a. Le
MOB’SI3aHO 13 3MIHOIO Opi€eHTAIlll JOMEHIB (pepoMarHeTUKy B3J0BXK 30BHIITHBOTO
MarHiTHOTO MOJIS.

[Ipu 3HWKEHHI TeMIepaTypyd NPOBIAHICTh JOCTIIKYBAaHUX KOHTAKTIB
nommniyeTsbesi, a odnacte 3 HAO npossisie 611 Bucokl nokaznuku PVR. Lle
MOB’SI3aHO 31 3MEHIICHHSIM BIUIMBY (DOHOHHOI CKJIaIOBOI Ha PO3CIIOBAHHS

€JICKTPOHIB B IOCTIPKYBaHUX 3pa3Kax.



96

PO3/11 4
3MIHA THUITY HPOBITHOCTI B CHCTEMI METAJI —
HANIBITPOBIIHUK ITPU JIETYBAHHI 3AJII3A BYTJIEIIEM

VY naHoMy po3aull PO3IMVISIHYTO BIUIMB JOMIIIKK BYTJICIO, BHECEHOI [0
HAHOTUTIBKHY 3aJ1i3a, Ha €JIEKTPUYHI BIACTUBOCTI CHCTEMH METAJI — HAMIBIIPOBIIHUK
JUIS  €KCIIEPUMEHTAJIbHOTO BCTAaHOBJIEHHS  3MiHM eHeprii depmi 3amiza 3a
BIIMOBIAHUX yMOB JieryBaHHSA. OO'€KTOM  JOCHIKEHHS € 3pa3kd  Ha
HAMIBIPOBIIHUKOBUX TMIAKIAAKaX P-TUIy 1 N-TUIY NPOBITHOCTI, Ha fKI 3a
OJIHAaKOBHX YMOB HAIoOpPOIIIEHO HAHOIUTIBKU 13 YMCTOTO 3aii3a 1 3aji3a, JISTOBAaHOTO
ByrjieueM. B pe3ynbTaTi BHUMIpDIOBaHHS CTPyM IHPOTIKAaB 4Yepe3 HaropOIIECHY
HAHOIUTIBKY Ta HaIIBIPOBIIHUK 1 YTBOPIOBABCSI KOHTAKT METAJ — HANIBIPOBIIHUK,
B SAKOMY, B 3aJIC)KHOCTI BiJl BIIHOIIECHHSI POOOTH BUXOJY €JIEKTPOHIB B METaJI JI0
poOOTH BHUXOHY €JEKTPOHIB B HAMIBIPOBIAHUKY MOXJIMBUU a00 OMIYHUN THII

MPOBIAHOCTI, 200 TYHEJIbHUM.

4.1 Pe3yabTaTH BUMipIOBAHHS ONOPY KOHTAKTIB MeTAJ —

HANIBNPOBIAHUK

JIJisi BCTAaHOBJICHHS BIUIMBY BYTJICIIO 3a BIAMOBIIHUX YMOB JIETYBaHHS Ha
30HHI BJIACTUBOCTI 3ajli3a MPOBOAWIOCH JOCHIIPKEHHS  €JIEeKTPO(I3UUHHUX
BJIACTMBOCTEH  KOHTakTy MeTal — HamiBOpoBimHWK. Jlos 1mporo Ha
HamiBOpoBigHUKoBl minknanaku KE® (kpemniit neroBanuii gocdopom) n-tumy
npoBigHocti Ta KJ/b (kpemHiii neroBaHuii OOpoM) P-THIY HPOBIAHOCTI
HAIMOPOITYBAJIUCh HAHOIUIIBKM 3 3alli3a Ta 3aii3a, JIETOBAaHOTO BYTJIELEM. 3a
JIOTIOMOTO0 YCTaHOBKHU (maparpad 2.5) 3A1iCHIOBAIOCh BUMIPIOBaHHS OMOPY MIXK
OTPUMaHMMH TTapaMU KOHTAKTIB 3a KIMHaTHOI TemrepaTypu. Cxema 3 HyMepaliiero
OTpUMaHUX KOHTAaKTIB TipeacTaBieHa Ha puc. 4.1, ne xontaktu 1-4 ta 13-16

BI/IMOBIAAIOTh YUCTOMY 3aJ1i3y, a 5-12 - 3ai3y, JIerOBaHOMY BYTJICIIEM.
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Fe FetC Fe
1@509013Q
2@®60010014RD
3@701015Q
4 @s012016Q

Si

Puc. 4.1. Cxema Hymepamii oTpumanux KoHTakTiB Fe Ta (Fet+(C) nHa

HaITIBITPOBITHUKOBIN IT1AKIQII

PesynpraTi  BHMIpIOBaHHS ~ OMOpPY, OTPUMaHI I CHCTEMH Ha
HaMiBOpoBiIHUKOBIN miakaaAni Kb p-tuny mpoBiHOCTI MIX PI3HUMH MapaMu
KOHTAKTIB, 3BeIcHO B Ta0. 4.1, e — + o3Hayae HAMpPSIMOK CTPyMY BiJl MaTepiaity

imKekTopa (—) 10 Marepiany aetekropy (+).

Tabnuug 4.1. 3HaueHHs onopy nap KOHTakTiB Ha miakiaau Kb

Fe->K/Ib->Fe+C Fe+C->KJIb->Fe+C Fe->K/Ib->Fe
-+ | +- —+ +— -+ | +-
1-5 5-6 1-2
62 Om 62 Om 75 Om 75 Om 60 Om 60 Om
2-6 9-10 13-14
55 Om 55 Om 62 Om 62 Om 73 Om 73 Om
3-7 11-12 3-4
710 | 710m 76 Om 76 Om 640M | 640m

Ax BugHO 3 TaOMUWI, JJI1 KOHTAKTiB, OTPUMAHUX Ha HAIMIBIPOBIIHUKOBIM
niaknaami KJIb p-tumy npoBiIHOCTI, XapaKTepHe 3HAaYSHHS ONOPY CKJIa1aji0 MEHIIIE
100 Om n7ist KOHTAKTIB 13 3aji3a 1 1711 KOHTAKTIB 3aJ1i3a, JISTOBAHOTO BYTJICIIEM 1 HE

3MIHIOBAJIOCH B 3aJIEKHOCTI BiJl HAPAMKY cTpyMy. Lle o3Hayae, 1110 KOHTaKT, SIKUA
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YTBOPUBCST MDDK METAJOM 1 HAIMIBIPOBIJIHUKOM, BIJIMOBIIA€ HEBUIIPSIMIISIIOUOMY

OMIYHOMY KOHTAKTYy.

Pe3ynbTatu BUMIpIOBaHHS OMOPY JJIs Tap KOHTAKTIB HAa HAMIBIPOBITHUKOBIN

niakraamn KE® 3 n-tumoM npoBiiHOCTI 3Be/IeH] B Ta0. 4.2,

Ta6muig 4.2. 3HaueHHs OOy Map KOHTaKTIB Ha miakiaai KED

Fe+C ->KEF->Fe+C Fe->KEF->Fe+C Fe ->KEF-> Fe
-+ | +- -+ | +- -+ | +-
6-8 2-6 13-14
13 kOm 23 kOm 3 kOm 6 xOm 96 Om 96 Om
7-8 3-7 1-2
28,8 kOm | 33 kOm 89kOm | 108xOM | 3390M | 3370m
4-8 4-8 2-3
3kOM | 6 xOM 4,1x0OM | 4,4 xOM 5190m | 503 Om
9-10 9-13 3-4
5000m | 607 Om 125 Om 1250 | 1,87xkOm | 2,4 kOm
10-14 10-14 2-4
36kOM | 3 kOm 1,2 kOMm 1,L1kOM | 1,69xOm | 2,23 kOm
11-12 11-15
455k0m | 63xkOm | 3,6xOm | 3,14 kOM |
10-12 12-16
771kOm | 133kOm | 62kOm | 5.8 kOwm |

3 fdaHWX, NPUBEICHUX B TAONMI, MOXKHAa MPOCITIAKYBaTH HACTYIHY
3aKOHOMIPHICTh - Ha HamiBNpoBiAHUKOBIN miakiaaii KE® 3 n-tumnomM npoBigHOCTI
omip cuctemu Fe/KED/Fe mpakTU4YHO HE 3al€XUTh BiJ HANPSIMKY CTPyMy, LIO
npotikae 1 konuBaeThes Big 100 mo 500 Owm, B 3anekHOCTI Bif 0OpaHOi mapu
koHTakTiB. Jlns map kontakTiB cuctemu Fe/KE®D/(Fe+C) Ta cucremu
(Fe+C)/KE®/(Fe+C) omip 3MiHIOBAJIOCS B 3aJICKHOCTI BiJI OJIIPHOCTI IPUKJIIAIECHOT
Hanpyru 1 0yB BETUUYMHOIO B JeK1JIbKa KOM.

3alie’KHICTh ONOPY BIJI MOJISIPHOCTI HAMpYrd MOB’s3aHa 3 TUM, IO Ha
iHTepdeici Mi>K METaJIoOM 1 HalmBIPOBITHUKOM BUHUKAE MOTEHITIATBHUMN O6ap’ep ¢.
Bin no cBoiit (i3uuHii cyTi cXoxkuil Ha O6ap'ep ipu popmyBaHHI p-N-niepexoay. B

BUIIAAKY BUHUKHCHHSA BUIIPAMIIAIOYOrO KOHTAKTY METAl — HaHiBHpOBiJIHI/IK N-Tuny
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MPOBITHOCTI BUCOTA MOTEHIIIAJILHOTO Oap’€py MOPIBHIOE PI3HUIII POOOTH BUXOIY

CJICKTPOHIB 13 MeTaJla 1 HaIliBIIPOBITHUKA:

@ = Ay — Aun (4.1)

Bucoty 1poro 6ap’epy mMoxHa po3paxyBaTe 3 BAX OoTpUMaHOT0 KOHTAaKTY
[82]. 3HaueHHS Hampyr, KOJIHM CKCIIOHCHIlIabHA KpPHBa MEPEXOIUTh B JIHIHHY,

BIJIMTOBIIa€ BUCOTI Oap’epy.

4.2 BoJbT-amMIiepHi XapaKTEePUCTUKHA OTPUMAHUX KOHTAKTIB

JUis Toro, mo0O MITBEpAUTH HASBHICTh BUIPSAMISIOUUX BIACTHBOCTEH
KOHTAKTy METaJI-HAMIBIPOBITHUK Ta BU3HAYUTU BUCOTY MOTEHIIIAILHOTO Oap’epy,
HEOOXITHO OTpUMAaTH BOJIbT-aMIIEpHI YW BOJbT-hapajHi  XapaKTEPUCTUKU
JIoCIIKyBaHUX cucteM. OcKUIbKY TIpu JociikeHt MJIM cuctemM OTpUMYBaJIUCh
BOJIbT-aMIIEPHI XapaKTEPUCTUKU, TO 1 AJIs JOCHIIPKEHHS CHUCTEMH MeTan —
HaMIBIIPOB1IHUK BUKOPUCTOBYBaJIach aHAJOT14YHA METO/IMKA.

JIJ1st HEBUNPSAMIIIOUOIO OMIYHOTO KOHTakTy BAX mae miHIAHUN Xapakrep i
30epira€ CUMETPUYHICTh MPU 3MiHI HAPSIMKY CTpyMy. OMIYHUNA KOHTAKT BUHUKAE
KOJIM po0OTa BUXO/1y €JIEKTPOHIB 13 MeTasia O1blie abo piBHO3HAYHA POOOTI BUXOLY
CJICKTPOHIB HAIIBMPOBITHUKA P-THIYy 1 MEHIIE POOOTH BHUXOIY EJIEKTPOHIB 13
HAIIBIPOBITHAKA N-THUITY.

[Ipu nocaimkeHHI KOHTAKTIB 13 YHUCTOrO 3ajiza 1 3ai3a, JIErOBAaHOIO
ByTJICIIeM, Ha HamMiBOpoBiTHUKOBIHM miaknaa Kb p-tumy mposigHocti BAX mae
TUTIOBUI OMIYHUI XapaKTep, KOJIHU 3aJIeKHICTh CTPYMY BiJl HAPYTH YTBOPIOE MPSIMY
CUMETPUYHY JIIHIIO 1 HE 3MIHIOETbCS BiJI TOJSPHOCTI MPUKIAAEHOI HAMpyru
(puc. 4.2, a). AHaAJOTIYHHIA pe3yJbTaT CIOCTEPIraeThess MpH BuMiproBaHi BAX

cucremu Fe/KE®D/Fe (puc. 4.2, 6).
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Hanpyra U, B Hanpyra U, B
Puc. 4.2. BonbT-amnepHa XapakTepUCTUKa KOHTAKTy METaJl—HaMiBIPOBITHUK

nmst: a) cuctemu Fe/KJIb/(Fe+C) 6) cuctemu Fe/KE®D/Fe

BumiproBaHHs omopy sl KOHTAakTIB 13 3aii3a, JIETOBAaHOIO BYTIJIELIEM, Ha
HamiBOpoBigHUKOBIM migkaaani KE® n-tumy mnpoBigHOCTI JAEMOHCTPYIOTh
BIJIMIHHOCTI B 3HAQYEHHSX B 3aJIEKHOCTI BiJl MOJAPHOCTI HanpyTu. Lle xapakTepHo
JUISL BUNPSAMIISIOYOTO KOHTAaKTy METall — HAaIIBNPOBIIHUK, IO BUHUKAE, KOJH
poboTa BUXOJYy €JIEKTPOHIB B HAMIBIPOBIAHUKY N-TUIY MPOBILAHOCTI HUXKYa 3a
poOOTYy BUXOAY €JIEKTPOHIB B MeTall. Y IbOMY BUIIQJIKy HAa €HEPreTUYHIN Alarpami
JTHO 30HU TIPOBIJHOCTI HAIIBIPOBIJIHUKA 3HAXOJIUTHCS BUIIE 3a eHeprito depmi
Metana. [laHuil cTaH HE € PIBHOBAXXHUM, TOMY B IpoOLieCl OOMIHY €JIEeKTpOHaAMHU
nepeBaXHO OyAyTh MEPEXOJUTU EJEKTPOHU 13 CTPYKTYPH 3 OIIBIIOI EHEPTI€I0
®depmi B Ty, y SAKOi BOHA HIDK4Ya. EJNEKTpOHU 13 HAMIBIPOBITHUKA 32 PaxXyHOK
T y31MHOr0 XapakTepy CTpyMy IOMNajaloTh B MeTal. [Ipore 3BOpOTHIM cTpyMm
yTPpYAHEHUN Yepe3 HasBHICTh Ha TPaHUIll PO3/UTY MOTEHIladsHOTO Oap’epy. Llew
Oap'ep HazuBaeTbcs Oap'epom IorTki. KinbkicHa XapakTepUCTHUKA SIKOTO
HA3MBAETHCS BUCOTOIO MOTEHIIHHOTO Oap'epa, 1110 BUBHAYAETHCS 3 PI3HULIL poOOTH
BUXOJIy €JICKTPOHIB B HamiBOpoBimHUKY 1 MeTani. J(ns cuctemu Fe/KED/(Fe+C)

TUIIOBUIM BUTJISZ] BOJILT-aMIIEPHOI XapaKTEPUCTUKHU MPEACTABICHO Ha puc. 4.3.



101

- N w

Cwuna cTtpymy |, MA
o

Hanpyra U, B

Puc. 4.3. Tlpuknamu BOJBT-aMIEPHOI XapaKTEPUCTHKH Uil pizHUX (1-3)

koHTakTiB cucteMu Fe/KED/(Fe+C)

Hes3nauna BigMIHHICTH B mpoBiAHOCTI (puc. 4.4) st AOCHIKYBaHUX Map
koHTakTiB cucteMu Fe/KE®/(Fe+C) moB’si3ana 3 pi3HOI0 KOHIICHTPAIIEID BYTJICIIO
B 3amizi. 3 pUCYHKY BHIHO, o 3ainexkHicTh |=f(U) mae ekcrmoneHIianbHUM
acUMeTpUYHUi Xapakrep. Bennuuna cunu ctpymy B IV uBepti y 1,5+2 pa3u Buia
3a cuity cTpymy B | uBepTi nipu aHanmoriunux Hampyrax. lle o3nauae, mo ctpym 3
HaIIBOPOBIJHMKA B METaJl HWXYMA B MOPIBHAHHI 31 CTPyMOM 3 METaly B
HaMBOPOBITHUK. OTXe, OTpUMaHI KOHTAaKTH 3aii3a, JIETOBAHOTO BYTJEIEM, 13
HaMIBIPOBITHUKOBOK  miAkiIagkorw KE® n-tunmy mOpoBigHOCTI yTBOPIOKOTH
BUTIPSIMJIISIFOUMN KOHTAKT, Xapaktepuuit st mioxy IllorTki. Ile BimOyBaeThcs
HaBIAMIHY BIiJI BHUMNAJKy KOHTAKTIB YHCTOrO 3aji3a 3 HaIiBIPOBIIHUKOBOIO
nigknaakoo KED n-tuny nposigHocTi (puc. 4.3), 11 IKUX YTBOPIOETHCSI OMIYHUI
TUI KOHTakTy. lle MOXJIMBO 3a yMOBH, 110 pOOOTa BUXOJY €JEKTPOHIB 13 3aji3a
3MIHIOETHCS MIPH JIETYBaHH1 BYTJICIIEM 1 CTAa€ BUIIOKO 32 pOOOTY BUXO/Y €JIEKTPOHIB

13 HaIMIBIPOBIIHUKA N-THUITY TPOBIHOCTI y BiIMOBIIHOCTI 0 pHcC. 2.12 (a).
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4.3 Po3paxyHok mapaMeTpiB BUNIPAMJISIIOYOT0 KOHTAKTY

Hait6ipm Baromumu napamerpamu Juist poootu aioniB IIIoTTki BBakaeThes
BHCOTA MTOTEHITIATBLHOTO Oap’€py (@), AKa BU3HAYAE MOKIIUBY BEIIMYUHY 3BOPOTHOTO
CTPYMY, a TaKOX CBIJYUTH MPO BIACTUBOCTI KOHTAKTY 1 KOS(DIIIEHT HE11€aIbHOCTI
(n), sxmii BU3HAYA€E CTYIMiHb BiXwieHHS BAX oTpuMaHOro KOHTaKTy BiJl i€aibHOT
mozeni [82]. ExciepuMmeHTallbHe BU3HAYEHHS IMX JBOX OCHOBHHMX MapameTpiB
MO>JMBe 3 oTpuManux BAX koHTakTy. J{J1s 11bOr0 HEOOX1THO BUBHAYUTH HAMPYTY,
3a axkoi BAX oTpuMaHOr0 KOHTaKTy 3MIHIOE CBiil XapakTep MpPOBIIHOCTI 3
EKCIIOHEHITIaJTbHOTO B OMIYHMM. Jl7sl 3anmexHocTel, OTpUMaHMX 3a KIMHATHOT
TEMIIepaTypH, Bi3yalbHa OI[IHKa 3MIHM XapakTepy HpPOBIAHOCTI OyAe IOCHTH
HETOYHOI0, TOMY BapTO BHUKOPHCTOBYBAaTH aHAIITHYHI MeTOoau. Bucora
MOTEHIIAIBHOTO Oap’epy Ta KoedillleHT HeifaeanbHOCTI BH3Haudaimucs 3 BAX,

MpeCTaBJICHOI Ha puc. 4.4.
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Hanpyra U, B

Puc. 4.4. BonbT-amnepHa XapakTEPUCTUKA BUIPSIMIISIOUOTO KOHTAKTY

(Fe+C) 3 HaniBNPOBITHUKOBOIO MiAKIAIKO N-TUITY

JIns BU3HAUEHHS HANPYTW, 3a KOl CTPYM MEPEXOAUTH 3 TYHEIBHOTO B

OMIiYHHMIA, TOOyH0BaHO 3anexHicTh Ln(I) Bix Hanpyru (puc. 4.6).
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Hanpyra U, B

Puc. 4.5. Jlorapu¢miuHa XxapakTepUCTUKA CTPYMY BIJl HAIPYTH JJIs1 KOHTAKTy

(Fe+C) 3 HaniBIIPOBIAHMKOBOIO IMIKJIAIKOK0 N-TUITY

Hinsaka BAX B niamazoni Hanpyru Big 0,3 B 10 ¢ Mae niHiiiHUI XapakTep B
HAaITIBJIOTap1(PMIYHUX KOOpAMHATAX. 3HAYEHHS ¢ 3HAXOJUTHCS SIK Hampyra, 3a sKoi
B110yBa€ThCS BIAXHWIICHHS Bl €KCIOHEHIIANBbHOI 3anexxHocTi BAX, mo Ha puc.4.5
BiAnoBigae 3HaueHH0 1,9-2,0 B. [le moB’s3aH0 3 TUM, 1110 TP HaNpy3i 3cyBy eU>g,
€JIEKTPOHM TMPOBIAHOCTI MEPECTalOTh BiAYYBAaTH NOTEHLIAJIbHUN Oap’ep 1
MPOBIIHICTH MOYMHAE MIANOPAIKOBYBATUCH 3akoHYy Oma. Haxun miHiiHOT AUTSIHKA
KPUBOI XapaKTEpHU3YeTbCsl KOE(ILIEHTOM HelAeabHOCTI N. ANPOKCUMYIOUHU
orpuMany kpuBy Ln(Is) B Touky U = 0, Bu3HayaeThcsi cTpyM HacuueHHs IS. J{ms
aHAJIITUYHOTO PO3PaXyHKY BUCOTH MOTEHIIAIBHOTO 0ap’epa (), BAKOPUCTOBYETHCS

HactymnHa hopmyna [121]:

In( T? ><nkT (4.2)
= In(—— _
v Is " el

ne A —nocriitHa Piquapacona, T — temneparypa, IS — ctpyM HacuueHHs, N —

KoedillieHT HeiaeanbHOCTI, K — mocTiiina BonbiiMaHa, e — 3apsi1 eJIeKTpoHa.
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[TocTiiina PiquapicoHa po3paxoBy€eThCs 3a HACTYITHOIO (DOPMYJIOHO:

A=12x105(—%) (4.3)
mg

1e M — e)eKTUBHA Maca eJIEKTpOHa B MeTalli, My — Maca BUIBHOTO €JIEKTPOHA

CtpyM HacuyeHHs 1 KOe(illi€eHT HelAealbHOCTI OTPUMYETHCS 3 IMapaMeTpiB
3a5eHOCTI Ha puc. 4.5 1 Bouu mopiBHIOOTE IS = 40 HA, n = 1,9. Excnepument
IIPOBOJIUBCS 32 KIMHATHOI TeMrepaTrypH, e()eKTUBHA Maca JIIs CJICKTPOHA y 3alTi3i
B35Ta 3 MEPIIONPHHIUITHUAX Po3paxyHKiB [124] m,=1,27m,. [TincTaBuBIIH 11i 1aHI B
bopmyiy (4.2), oTpUMy€EMO BHCOTY HOTEHIIaIbHOTO Oap’epa: ¢ = 2,0 eB. Ockinbku
poboTa BHUXOAYy €IEKTPOHIB B HamiBnpoBigHukoBid makiaaami KE® Bigoma
(Ann=4,6 eB) [125], TO, BU3HAYMBIIN BUCOTY IMOTEHIIIAJIBHOTO Oap’epa ¢, MOKHA

po3paxyBaTu poOOTY BUXOAY E€IEKTPOHIB Yy 3a1131, IESTOBAHOMY ByTJieieM Ay
Ay = ¢ + Aun (4.4)

VY HammomMy BUIAJIKY 3a JIETYBaHHS ByTJICLIEM 3a1i3a po00Ta BUXOYy OTPUMAHOL
CHUCTEMU CTaHOBUTH 6,6 €B, mo Ha 2,2 ¢B GibI1e, HiXK y uncTomy 3ami3i Age = 4,4 ¢B.
BianosinHo 3a0e3neuyeThesi BIIMIHHICTE B eHeprii Depmi Mix 3a1130M Ta 3aJ1130M,
JISTOBAHUM BYTJICIIEM, 1110 TOsICHIOE yTBOpeHHs ob6sacth 3 HJIO Ha BAX cucremu
Fe/MgO/(Fe+C). Takum urHOM, ZOCTIIKECHHS HA HAITIBIPOBIIHUKOBUX ITi IKJIaIKaX
p- Ta N-TUITy MPOBITHOCTI JO3BOJMIN €KCIIEPUMEHTAIHFHO BU3HAYUTH BEIMYHUHY
3MiHU pOOOTH BUXO/Ty €JEKTPOHIB 1 BIIMOBIIHO eHeprii depMi 111 HAHOTLTIBKY 31132

3a BIIMOB1THUX YMOB JIETYBaHHS BYTJICIIEM.
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4.4 3onna cTpykTypa orpuMmanoi cucremu (Fe + C)/KE®D

3a pe3ysbTaTaMu, OTPUMaHUMU IIPU BUMIPIOBaHH1 OMIOPY Ta BOJIBT-aMIIEPHUX
XapaKTEePUCTHK  JUIsl ~ KOHTAKTiB  3aji3a, JITOBAHOTO  BYyTIJIEIIEM,  Ha
HamiBIpoBigHUKOBIA miakmaani KE® n-tunmy npoBiaHOCTI, MOXKHA 3pOOUTH
BHUCHOBOK, III0 YTBOPIOETHCS BUNPSIMIBIIOYMN KOHTAaKT Tumy pgioma IIIoTTki.
Po3paxyBaBiiy BUCOTY MOTEHLIATILHOTO 0ap’epy ¢ Ta poOOTY BUXOAY €JIEKTPOHIB Y
3aJ1i31, JISTOBAHOMY BYTJIEIIEM, MO)KHA IMOOyayBaTH BIAMOBIIHY 30HHY Jlarpamy
OTPUMaHOI CTPYKTYPH J0 KOHTAKTY Ta micis (puc. 4.6). 30iabieHHs poOOTH BUXOTY
CJIEKTPOHIB, IO CIIOCTEPIraeTbcsi B 3adi3l 3a BIAMOBIAHUX YMOB JIETyBaHHS
BYTJIELIEM, CIIPUYUHSE BIANOBIIHY 3MiHY B BEJIWYUHI eHeprii depmi oTpUMAaHOi
cucremu (Fe+C) B mopiBHsiHi 3 unctuMm Fe. ToOto enepris Pepmi 3aiisa,

JISTOBAHOTO ByTJIeleM, Ha 2,2 eB Hikua 3a eHeprito @epmi UUCTOTO 3aii3a.

. — Eo S—
¢
% E- " Eo
A P E-:
V| Au V| Ax
— EF
; Er

'S 2 .
N\ =™
Fe+C ;;;;/;4 " Fe+C Ev

KE® gz
KE®

Puc. 4.6. 30HHa cTpyKTypa TOCTIIKYBAHOT CHCTEMH: a) BUX1THUX MaTepiaiB,
0) oTpuMaHOro KOHTaKTy; Ay, Amm — podOTa BUXOAY ENEKTPOHIB 3 MeTajna 1
HaITIBIIPOBITHUKA, BiANOBITHO, EF — eHepris depmi, Ey — BepxHsa Meka BaJleHTHOI
30HU, Ec — 30Ha npoBiHOCTI, Eg — €Hepris BIIbHUX €IEKTPOHIB, i — pOOOTa BUXOAY
BHYTPIIIHBOI TEPMOEMICIi  €NEeKTPOHIB y HAamiBNPOBIAHUK, ¢ — BHUCOTA

MOTEHIIAJIbHOTO 6ap’epa.
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Tomy B posaiii 3 mpu mpocmimpkeni koutaktie MTJ-cucremu Fe/MgO/(Fe+C)
32 YMOBH JICTYBaHHS OJIHOTO 3 IIapiB 3ajiza ByrJieleM, piBeHb depmi jeroBaHoro
KOHTaKTy pO3TalloByeThcs Ha 2,2 eB Huxkue 3a piBeHb Depmi KOHTAKTY 3 YHCTOTO

3amiza (puc. 3.1 0).

4.5 Tndysiiini npouec Npy NPOTiKAHHI €JIEKTPUYHOI0 CTPYMY

[Ipu BuUroTOBiIECHI 3pa3kiB IUQy3iHHE PO3IMOIIJICHHS BYIJICII0O B 3alli3l
3a0€3MeuyBajioch HE Y BChOMY 00°€M1 MeTaly, a JuIe B By3bKil MPUIIOBEPXHEBIN
obOnacti. Ha mepmomMy erami po3moponryBaBcsi ByTJE€lb Ha HaMiBIPOBIIHUKOBY
niakiaaaky. [icas yoro HamopouryBanock 3a1i30 TOBIIMHO 20-25 HM 1 TPOBOAUBCS
mugy3iitanil Bianan 3a remneparypu 600 K nporarom 30 xB. Ockisibku Koe(pilieHT
nugy3ii B 321130 Ha CiM MOPSIKIB BUIIMK 3a KoediuieHT nudy3ii B kpeMHin [122],
TO BYIJICIb MEPEBAXKHO PO3MOJAUIIOBABCI B 00’€Ml HAMOPOIIEHOTO MeETamy.
OcTaHHIM €TaroM BUTOTOBJICHHS KOHTaKTy € JIOJAAaTKOBE HAMOPOIICHHS 3ai3a
toBiMHOIO 80-100 HM. B pesynbrari oTpuMaHuil KOHTAKT MpEJCTaBisie 13 cede
CKJIaJIHy CHCTEMY, JIe JIETyloua JOMIIIKa 30cepekeHa B MEeBHIN BY3bKil 001acTi

MeTaly Ha IHTepQeici 3 HamBIPOBITHUKOBOIO IMiIKIaAKOI0 (puc 4.7).

70 HM

Fe

30
HM

=

KpemH

Puc. 4.7. Cxema otpumanoro koHTakTy (Fe+C) Ha HamiBIpOBITHUKOBIHA

M IKJIa 110
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JocmipkeHHs nudy3ii ByTJIeIio B 3aj1131 Ta HOro CIijlaBaxX MpH p13HOMaHITHUX
dakTopax Ha CHOTOAHI € aKTyajapbHOIO mpobaemor [126-129]. BpaxoByrouu
BIJICYTHICTh B JIITEpaTypl KUIbKICHUX JaHUX MpO Koe(ilieHT AUQyY3ii BYIJIEIio B
3a]1i30 3a KIMHATHOI TeMmIiepaTypd, OyJ0 TPOBEACHO EKCTPAMoJAlilo 3
BUKOpUCTaHHAM popmyiu (2.2), sika onricye nudy3ito B TeMIIEpaTypHOMY iHTEpBaTi
800 - 1050 K. B pe3ynbTaTi eKkcTpanoJsiiii 3po0ieHa oliHKa Koedirienty audys3ii
D = 1,44x10?' m%c 3a Temneparypu 300 K. IlincraBuBmmM HOro B HACTYIHY
dbopmyiTy, MOKHA pO3paxyBaTH, Ha Ky TIMOWHY MPOHHUKAE BYTJEIH B 3aTi30 3a

n00Yy:

x =2Dt (4.5)

1€, X — rmOuHa NpoHuKHeHHs, D — koedimient nudysii, t — gac

OTtpumyeMo, 10 MpH 3HAXO/DKEHHI 3pa3ka B aTMocdepi 3a KiMHATHOI
TeMIepaTypy BYTJElb B 3a1130 MpoHUKae Ha TuOuHy 10 HM 3a 100y. OCKinbKH
BUMIPIOBAHHS MPOBOJUIINCH MPOTSATOM THXHS, TO MOKHA BBaXKaTH, IO BYIJICIb
JIIIIE YaCTKOBO PO3UYMHSIETHCS B 00’ €M1 3ali3a.

[Ipy BUMIpIOBaHHI CTpPYM, WLIO0 MPOTIKA€ dYepe3 OTPUMAHUUM KOHTAKT,
CTUMYJIIOE€ TIPOIECH eNeKTpoaudy3ii Byriei. B pe3ynbraTi 3MIHIOETHCS OIIp
OTpUMaHoi cuctemH. Lle moB’s3aHo 3 TUM, IO BYTJICNH B 3aj1i3i 3HIKYE 3arajibHy
KOHLIEHTPALl0 BUIBHUX €JIEKTPOHIB. TOMy, Hanpukiaj, TUTOMHUI OMIp YHUCTOTO
3aji3a B MIBTOpa pa3 HIDKUMN 3a MUTOMHM omip ctami. [ligTBepmakeHHIM 3MiHU
KOHIIEHTpAIlli BYIJICHIO M AI€I0 €JIEKTPUYHOTO CTPYMY CIYXHTh HACTYIHUN
excrepuMeHT. Jlo KOHTakTy 3 3alli30M, JIETOBaHUM BYTJIELEM, MpPUKIIaJaIach
nocTiitHa Harpyra B 4 B 1 mpoBoauiIoch BUMIpIOBaHHS cTpyMmy mpoTsirom 20 xB. B
pe3ynbTaTi B 3aJ€KHOCTI BIJ] MOJISIPHOCTI HAMPYTH, BIJAMOBIIHO 1 3MIHU HANPSMKY

CTpYyMY, B110yBa€eThCsl a00 3pOoCTaHHs OMopy, a00 3MeHIIeHHs (puc. 4.8).
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Puc. 4.8. BuMmiproBaHHs cTpyMy 3a IOCTIHHOI Hanpyru B 4 B /sl KOHTaKTy
(Fe+C) na namBnposigHukoBii nmigkiaaan KE® n-tumy npoBiAHOCTI B 3aJI€KHOCTI

BIJl HAIIPSIMKY CTpyMy: a) 3 KoHTakTy (Fe+C) B miaknaaky 0) HaBMaku

Byrneup B 3aii3i Ma€ MO3WTUBHUIA 3apsijl, TOMY Ha HOTO €JIEKTPOMITpallio
BIUTUBAIOTh JBa (DAKTOpHW: TMOJSAPHICTH HANMPYTH, SKa CTHMYJIIOE HOTO pPyX B
HaIpPsIMKY KaTo/1a, Ta €JICKTPOHHUM BITEp, IKUM pyXaeTbes B Oik aHo/a. EnexTponu
3IITOBXYIOTHCS 13 10HAMU BYTJICLIO, TIEPE/Ial0Th HOMY CBiil IMITYJIbC, TUM CaMUM
pyxaro4u HOTo B HampsIMKy BiacHOTO pyxy. [Ipu 3abe3nedenHi CTpyMy AOCTaTHBOI
I'YCTHHH BYIJICLb B 3aj1i3i Oy/e pyxaTHch Bia katoma qo anoaa[111]. BixmosimHo
3MiHa TOJSPHOCTI HAOpyrd 3MIHIOE HAmpsIMOK Mirpauii Byrieuwo. BuaHo
(puc. 4.8, a), mo micns 20 XB. BUMIpIOBaHHS 3MiHA OMOPY YMOBUIHHIOETHCS, 1€
O3HAYa€ MPOXOKEHHS Tudy3ii ByTJIEeIto i A1€0 eIeKTpoMIrpallii Ha TIMOUHY, 110
NpUOJIM3HO BIMOBIIa€ TOBUIMHI IUTIBKK. 3Hatouu 4ac BuMiproBaHHs (1400 c) ta
TOBIIMHY TUIBKHA (~100 HM), MOXJHMBO poO3paxyBaTH C(PEKTHBHHUA KOe(iIlieHT

nu(y3ii BYrJIelo B 3a1130 MPU MPOTIKaHHI CTPyMY:

x? (4.6)
Derr = 5F

1€, X — TIMOMHA IPOHUKHEHHS, t — yac BUMIpIOBaHHS
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Otpumyemo, 1o ehekTuBHUN KoedimieHT audy3ii BYTJeIio B 3a1130 CKIIa1ae
3,5x10%8 m?/c. AnanoriuHo, 3a pe3ynbTaTaMH, NPEACTABIECHUMH HA puc 3.7 IUIs
cucremun Fe/MgO/(Fe+C), pospaxoBano Des = 2,66x10 m?%/c. IlopiHIO0OYH
OTpUMaHUM Pe3yNbTaT 3 TEPMOAKTHBOBAHUM Koe(irieHTOM audy3ii 3a aHaJOT14HO1
temnepatypu B 300 K D = 1,44x10% m%c, moxkHa 3poOMTH BHCHOBOK, IO
OCHOBHUI BHECOK B TPAHCIIOPTHI MPOIIECH BYTJICIIO BHOCUTH €ICKTPOMITpAIlis i
ni€ero ctpyMy. OCKUIBKY TIPU 3MiHI OJIIPHOCTI B1I0YBAETHCS 3POCTAHHS CTPYMY, TO
JAaHUI TIPOLIEC € 3BOPOTHIN 1 yIPaBISETHCS 3MIHOIO HAMPSIMKY cTpymy. OTpruMani
pE3yNIbTaTH MOXYTh JIATTH B OCHOBY JJII METOIAMKH BUMIPIOBaHHS €()EKTHBHOTO

koe(diienTy AuQy3ii B TOHKHUX IUTIBKaxX MPU NPOTIKaHHI CTPyMYy.

4.6 ®0oTOBOJILTATYHI BJACTUBOCTI OTPUMAHUX KOHTAKTIB

JIJisi HamiBNPOBITHUKOBUX MaTepialiiB Ta X CHUCTEM XapaKTEpHHUM MpoIiec
30ymKkeHHs cBITIOM enektpopyuwriiiHoi cuim (EPC) Ha Mexi Mk MeTanoMm Ta
HAaIIBIPOBITHUKOM, 10 HA3UBAETHCS BEHTUIILHUM (hoToedekToM. MeTos renepartii
€JIEKTPOCHEPT1i IUIAXOM MEPETBOPEHHS COHSYHOIO BHUIIPOMIHEHHS y MOCTIMHUMN
CNIEKTPUYHHUI CTPYM JICKHTh B OCHOBI Cy4aCHHX NEPETBOPIOBAYIB  COHSIYHOI
€Heprii, MOIYJIATOPIB Ta TMEPEMHUKAyiB CBITJIOBUX TMOTOKIB, MPHUCTPOIB 3aIlUCYy,
30epiranHs 1 00poOku ontuuHO1 iH(GOopMmarii [136-140].

KonTakTu 13 yucToro 3ajiza Ha HaMiBIPOBIIHUKOBHUX MIJKIaAKax P- Ta N-
TUITY TPOBITHOCTI MPU B3AEMOJIi 3B CBITJIIOM HE MPOSBISIN (POTOBOIBTATUYHHX
edekTiB. /[ KOHTaKTIB 13 3ai3a, JISTOBAHOTO BYIJIEIIEM, Ha HaIIBIPOBITHUKOBII
nigkaaa KE® n-tumy npoBITHOCTI CIOCTEPITaeTbcs BUHUKHEHHS HE3HAYHOI
¢boTtoEPC B 1-2 MB mnpu onpominenHi Oumum cBiTiaoM. Jlanuii edexr
CIIOCTEPITa€EThCS OJipa3y MICIs HAMOPOIICHHS 3pa3KiB 1 3 yacoM 3HHKae. lle
MOB’SI3aHO 3 TUM, IO 3aJ1130 MPHU 3HAXOKEHH1 B aTMOC(Epi YTBOPIOE OKCHI, SIKUN

HETAaTHMBHO BILJIMBA€E HA IOTJIMHAHHS KOHTAaKTOM CBITJIA.
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4.7 PeHTreHOCTPYKTYPHHI aHaTi3

Jlns Toro mo0 BuU3HAYMTH, B sAKUKA Moaudikaiii nepeOyBae 3amizo B
JOCTDKYBAaHUX 3pa3kax, B aMop(Hii, 4M KpuUCTadiuHiid, OylI0 MPOBEICHO
PEHTIeHOCTPYKTYpHU aHani3 Ha ycranosii JIPOH-3M. /Ins uporo B kamepy npu
HANOPOIIIEH! 3pa3KiB po3Milllajach 3aBYaCHO MIJATOTOBJICHA MIAKIAAKa, sKa
BHUCTYIIAJIa B poJii cBijKa. I{e HeoOXiTHO, OCKUIBKH TUIOIIA JOCIIIKYBAHOI TIJT11BKU
3amaia, JjIs TOro moo6 coKyCyBaTH PEHTTCHIBCHKUM MPOMIHb IPU BU3HAYEHI ii
CTPYKTYpH. B pe3ynbrati peHTTeHOCTPYKTYPHUN aHai3 MPOBOJAUBCS JIJISI TOHKOTO
mapy 3aimiza 10 100 HM Ha MOHOKPHCTAMIYHIN MIAKIAIIl 3 KPEMHII0 Ta CUTay,
HAIMOPOIICHUX ITi/1 YaC BUTOTOBJICHHSI BIJIMIOBIIHUX 3Pa3KiB.

[Ipn npocaimkeHi HAHOPO3MIPDHUX IUTIBOK PEHTTEHOCTPYKTYPHHMM aHalli3
MPOBOJUTU JOCUTh CKJIQJHO, II€¢ TIOB’SI3aHO 3 THUM, IO PEHTIEHIBChKE
BUNIpOMiHIOBaHHS Mae maiy aoBxuHy XBwii (0,15 am mus Cu Kay) 1 mudpakiis
IIPOMEHIB BIJOYBA€ThCS HE TUIBKM Ha IUIBII, a TAKOX Ha MiAKiIaami. Tomy
JOCITIDKCHHS HAHOIUTIBKM 3ajli3a Ha KPEMHI€BIM MOHOKPHCTAIYHIN ITiaKIaIIl
pOBOJMIIOCH B ABa ertanu. [lepmwuii eran B mmpokoMy Jiama3oHi kyTiB 20-55°.
BumiproBanHs BigOyBasiics 3 BUKOpUCTaHHSAM aHoaHoi TpyOoku Cu Ko, mpu Hampy3i
U =29 kB, cuni ctpymy [ =25 mA T1a xpori B 0,1° 3 4acom BUTPUMKH Ha KO)KHOMY
kpoti 12 ¢. OTpumana peHTreHorpama 3o0paxkena Ha puc. 4.9.

[lepmx nBa mika B paioHi 20 24° ta 27° mputamaHHi AN KPEMHIIO.
HactynHuil mik cocrepiraerbes B aiana3oni 40-45° 1 Mma€ HU3bKY IHTEHCUBHICTb.
[IpoBeneHo MOBTOPHY 3HOMKY obiacti 3 38° mo 48° s 3a1i3HO1 HAHOILIIBKY HA
KPEMHI€BI1H MIIKIAI 3 BATPUMKOIO B 4aci 60 ¢ Ha KOKHOMY KpOIIi Jj1s 30UTbIIEHHS
BIJIHOIICHHS CUTHAJI/IITYM Ta JIJI1 YUCTOI KPEMHI€BOT MiIKJIAJIKK 3 BATPUMKOIO B 4aci

20 ¢, 100 nepeKOHATUCh, IO MIK HAJICKUTD 3aJ3Y.
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Puc. 4.9. Pertrenorpama ToHkoro mapy 3aiiza 10 100 HM Ha KpeMHi€Bil

MOHOKPHCTAJIIYHIN M1 AKIIaTIT

B pesynbTaTi msis peHTreHOrpaMM TOHKOIO IHapy 3ajiza Ha KPEMHIEBIN
migkiani (puc. 4.10, a) Ha kyTax 20 43,5° - 45° crioctepiraeTbes MiK, XapaKTepHUN
st OLIK 3amiza, sskuid BIICYTHIN Ha pEeHTTEHOTpaMi 3 YUCTOI MIAKIAJAKU KPEMHIIO
(puc. 4.10, 6). Tomy MOKHa 3pOOMTH BHCHOBOK, IO B JIOCHTIIKYBaHHUX 3pa3Kax

3a11130 nepedyBae B kpuctaniyHomy crai 3 OLIK rpaTkoro.

(a) 13} 1 (0)12¢ .

12 10} .

_- _. 8- |
211 £
S S
10 =

9

8 L 1 1 1

42 44 46 42 43 44 45 46
2 Theta 0(°) 2 Theta 6(°)

0) YUCTOi KPEeMH1€BOI MOHOKPHCTAIYHOT ITi AKJIA KK

Puc. 4.10. Pentrenorpama: a) TOHKOTO IIapy 3aii3a Ha KpeMHIEBIN MAKIAALI
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4.8 BuzHaueHHsI XiMiYHOTO CKJIAIy

Jl1s BU3HaUEHHs KOHIIEHTpALil BYIJIELIO Ta HaSBHOCTI HE0aXKaHUX JIOMIIIOK,
Kl MOIVIM BIUIMHYTH Ha pe3yJbTaT JAOCHIKEHb, IPOBEJCHO EJIEKTPOHHY
MIKPOCKOIIII0 OTPUMAHHUX KOHTAKTIB HA CKAHYIOUOMY €JIEKTPOHHOMY MIKPOCKOII1
(SEM) 3 mpucraBkoro mis ximigdoro anamizy Oxford X-Max 50. 3o0paxeHHs

HNOBEPXHI YOTHUPHOX JOCIII)KYBAaHUX KOHTAKTIB 3 BIANOBITHUMU CIIEKTPAMHU:

Electron Image 5 Electron Image 6

Spectrum 16

Spectrum 19

TR
LN B
4 -%eammi& -
| Ko

Imm

Electron Image 7

Spectrim 53
0 :

imm imm

Puc. 4.11. 306paxeHHst AOCTIHPKYBaHUX KOHTAKTIB, OTPUMaHI1 3a JJOTIOMOT OO

€JEKTPOHHOI MIKPOCKOTTi1
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OckiTbKM B KaMepl NPHUCYTHINM 3aJuIIKOBI Mapu Macjia, TO Ha BCIX
300pakeHHsX oTpuManux SEM mnpu aHamizi XIMIYHOTO CKJIaay IPUCYTHINA BYTJICIb.
J51s TOro 100 BUKITIOYUTH HOTO BIUIMB, OTPUMAHO CIIEKTP 13 MOBEPXHI KPEMHI€BOT
MIJKIAJKA 32 MEXaMHU HaropoIeHOTO KOHTaKTy, Io3HadeHuid Spectrum 16
(puc. 4.11, a). BpaxoBytoun oro, Mo>kHa BCTAaHOBUTH XIMIYHHM CKJIaJ OTPUMaHUX
KoHTakTiB Spectrum 17 (puc. 4.11, a), Spectrum 27 (puc. 4.11, 6), Spectrum 66 (puc.
4.11, B), Spectrum 38 (puc. 4.11, 1), pe3ynbTaTi XIMIYHOTO aHAI3y 3 LUX TUISTHOK

HaBezeH1 Ha puc 4.12.

B Spectrum 27 B spectrum 17
. Spectrum 16 W% o Wik o
m% o Si 768 05 Si 792 05
i %1 08 C 132 05 C 124 05
cC 99 08 Ffe 66 01 Fe 59 01
O 34 01 O 26 01

. Spectrum 38
Wt% o
Si 766 05
C 135 06
Fe B | 0.1
0] 2.9 0.1

C Fe

b ———= " -
N P T T EE TIUEY T Toe T YR Y N Tl et B o s Bl VRO B O [ R e I (el B = [

kel

Puc. 4.12. Ximiyauii cKki1aJ OTPUMAaHUX KOHTAKTIB

3 pe3ynbTariB XiMiyHoro aHamizy (puc. 4.12) Spectrum 16 BuaHO, 110 115
JTAHUX YMOB BUMIPIOBAHHS MPUCYTHICTh BYIJIELIO B Kamepi ctaHoBUTH 10%, Tomy
BUPAXOBYIOUHU 11€ 3HAYCHHS 13 CIIEKTPIB OTPUMAHUX JJII CAMUX KOHTAKTIB MO>KHA
3pOOUTH BUCHOBOK, III0 KOHIIEHTPAIIis BYTJICIIO KOJUBAEThCs Bi 2,4% 1o 4,3% nns

PI3HUX JOCIIIKYBAaHUX KOHTAKTIB.



114

[IpucyTHicTh OyAb-SKMX IHIIMX €JIEMEHTIB HE3HauyHa 1 TIOB’s3aHa 3
TEXHOJIOT1YHHUM IPOIIECOM BUTOTOBJICHHS CaMOi KPEMHI€BOT MIKIAIKH, a HE YMOB
HAITOPOITICHHS! KOHTAKTIB.

Jlis 3ariza XxapakTepHO YTBOPEHHS TOHKOTO OKMCHOTO IIapy MPU TPUBATIOMY
3HaXOJKeHH1 B aTMoc(epi, TOMy Ha OTPUMAHMUX CIEKTpax MPUCYTHIN KuceHb. s
YHUKHEHHS SIKOTO TIOBEPXHIO KOHTAKTIB Oa)kKaHO MOKPUBATH 3aXHCHUM IIIapOM

MCTAJly, HAIIPUKIIAI XpOMOM.

4.9 HepcneKTan NMPAKTUYIHOI'0O BUKOPUCTAHHSA

Hiogu IlloTTKiI 3HAXOMATH IIMPOKE 3aCTOCYBAHHS B MIKPOCJIEKTPOHIIi. Y
uuppoBiii MikpoenekTpoHimi mioa IIoTTki BBOAMTBCS B CXEMHU TpPaH3UCTOP-
TPaH3UCTOPHOI JIOTIKM 1151 TiaBuieHHs mBuakoAii [131,132]. [pu3znauenns giona
[IIoTTKI B TaKMX cCXeMaX - EKCTPAKIIisl HOCIiB 3 00JacTi P-N mepexoay OIMmoIsIpHOTO
TpaH3UCTOpa MpHU HOro nepemMukanHi. ExcTpakiiiss HOCIIB HiABUIILY€E IIBUAKICTH
NepeMUuKaHHs TpaH3uctopa. I[HmmMm  3actocyBaHHsM  gioniB  IoTTku €
BUKOPHUCTAHHS B SIKOCTI KEPYIOUOTO €JIEKTpOja MOJIbOBOTO TpaH3ucTopa. Bucoka
mBuko a1 AioaiB LIIoTTki jJexkuTh B OCHOBI iX BukopucTaHHs B CBY enexTpoHir.
3acTocyBaHHsS OIMOJSPHUX TPAH3UCTOPIB 1 MiodiB 3 P-N mepexomom B CBY
€JIEKTPOHILl YCKJIAJHEHO, OCKUTBKH B pOOOTI TaKUX CTPYKTYP BUKOPHCTOBYIOTHCH,
K €JEKTPOHHI Tak 1 JIpKOBi cTpyMu. Takox mioau I1IoTki BUKOPUCTOBYIOTHCS B
CBITJIOBUIIPOMIHIOIOUUX TIPUCTPOSIX 32 PaXyHOK enekTposominicienii [133] Ta B
CIIHTPOHIIII.

Opniero 3 TonoBHUX (YHKIIIA CITHOBOI €JIEKTPOHIKH € Tiepenada iHpopMmartii
3a JIOMOMOTOK TMPOEKI(li CIMiHA EJEKTPOHa, SIKUM MOKe MpUUMATH JIMIE JBa
3HaveHHs +1/2 a6o — 1/2. s ¢yHKIis Moke OyTH peaii3oBaHa 3 BUKOPUCTAHHSIM
KOHTaKTIB (pepomMardiTHUI MeTaa—HamBIpoBiaHUK [134]. YV dhepomarnitHOMY ai011
[IIoTTKl B MOPIBHSAHHI 31 3BUYAHHUMM TIPUJIaJaMU IIBUAKOMIIS MiJBUIIYETHCS B 2
pa3u (MIHIMYM) 3a paxyHOK OJTHOYACHOTO BUKOPHCTAHHS Tepeaadi, MoB's3aHi 3

BEJTMYMHOIO CTPYMY €JICKTPOHIB, 1 iHhOpMaIIii, 3aKkiiajieHol B 3Ha4eHH] criHa. Kpim
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TOTO, TPWIAIA TAKOTO THIY B TMEPCHEKTHUBI MOXYTh 3aCTOCOBYBAaTHUCH MJIs
mrdpyBands iHGopmarii [134]. ToMy OTpuMaHHS BHIIPAMISIOYOIO KOHTAKTY
MeTaJI-HaMiBIPOBITHUK 3 BUKOPUCTAHHAM (PEpOMArHiTHUX METAIIB € aKTyaJIbHOIO
3a/1a4ero Ha ChOTOJIHI. B TaHoMy po3iisii mpeacTaBiieH1 pe3yJIbTaTH peaizallli Takoi
MOJKJIMBOCTI TIPU KOHTAKTI 3aii3a, JErOBaHOTO BYTJEIEM, 3 HaMiBIPOBITHUKOM

KE® n-tumy npoBigHOCTI.

4.10 BUCHOBKM /10 4eTBEPTOIr0 PO3/Iiay

JleryBaHHs ByIJIeleM 3aJli3a Ha HamiBIpoBiAHUKOBIN niakiaai KE® n-tunmy
MPU3BOJUTH JIO 3MIHU MPOBITHOCTI 13 OMIYHO1, OTPUMAHOI ISl YUCTOTO 3aji3a, B
CKCIOHEHIIIaIbHY aCUMETPUYHY MPOBIAHICTD, XapaKTepHY A BUIPSIMIISIOUOTO
KOHTaKTy METaJl—HaIliBIpOBIIHUK. L{e moB’s13aHO 31 30UIbIIEHHSIM pOOOTH BUXOIY
CJICKTPOHIB B 31131 32 paXyHOK JIETyBaHHs ByrJienieM. B pe3ysibTaTi mpu KOHTAKTI 3
HaIIBOPOBIJHUKOM N-TUITY MPOBIAHOCTI, JJISl AKOr0 poOOTa BUXONY E€JIEKTPOHIB
MEHIIIe, YTBOPIOETHCS MOTEHLIAJbHUN Oap’ep ¢. 3a JOMOMOrow aHaJIITUYHOI
METOJMKH, BHU3HAYMHUMHU 3 BOJbT-aMIEPHUX XapaKTEPUCTUK OTPUMAHOTO
KOHTAaKTy, PO3paxOBaHO BUCOTY MOTEHLIAIbHOro Oap’epa i, BIAMOBIAHO, POOOTY
BUXOJIy €JICKTPOHIB 1 eHeprito Depmi aJis 3a5i3a 3a BIAMOBIIHUX YMOBaX JIETyBaHHS

BYTJICIIEM.
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3AT'AJIBHI BUCHOBKHA

1) Briepiie excniepumentansio otpumano HJIO Ha BAX TOHKOIUTIBKOBUX CUCTEM
dbepomarueTuK—ieneKTpuK—(hepoMarHeTHK 3a BiAMOBITHOTO BUOOPY MaTepiaiiB B
SIKOCT1 BEpXHbOI'O Ta HI)KHHOTO METaJly 3 BIJIMIHHOCTSMH B €JICKTPOHHIM I'yCTHHI
ctaHiB Mibk HUMU. @opmyBanus oomacti H/O na BAX nosicHena 3 3acTocyBaHHSIM
Mozeni mpoBimHocTi B 1D-, OD-cTpykTypax, 10 BHHHUKAIOTh B Pe3yjbTaTi

HEPIBHOMIPHOCTI TOBIIMHU Ji€JIEKTPHKA.

2) BusBIeHO 3aKOHOMIPHICTBH: 4YMM BHUIIa JUdEpeHliiiHa MPOBIIHICTH Ha
noyaTkoBii autaHi BAX, TM HIbK4Ya Hampyra, 3a sIKOi CIIOCTEPIraEThCsl 00JIacTh 3
HIAO. 3HmwxeHHs TeMmmepaTrypd NpPU3BOAUTH N0 30UIbIIEHHS MMoKa3HMKa PVR

ob6macti HJ1O.

3) ITokasawno, 110 a1 BuHUKHEHHs 001acTti 3 H/1O Ha BAX HeoOXiaHOT BIAMIHHOCTI
B 30HHIN CTPYKTYpl CUCTEMH MK BEPXHIM 1 HM>KHIM METAJOM BJAETHCS JOCATTH
HaBITh NIPU BUOOPI OJHOTHUIHUX METaNiB, JEeryoud oauH 13 Hux. lle mosBolsie
PO3UIMPUTH  TOMIYK MOMJIMBHUX CHCTEM I OTPUMaHHS  ONTUMAaTbHHUX

BrnactuBocteit MJIM cuctemu, BAX skoi mictuth o6macts 3 HIO.

4) BusiBjieHO CYTT€BUIA BIUITUB Mirpallli ByTJeIio mija A€l eIeKTPOHHOTO BITPY Ha
eJIeKTPO(]13UYH1 BIIACTUBOCTI TOHKOTUTIBKOBUX IIAPYBATHX CUCTEM HA OCHOBI 3ai3a
3a KIMHATHOI TeMIepaTypH, L0 Ma€ pEeBEpCUBHUI xapakTep. BcTaHoBieHO, 110
BHECOK €JIEKTpOMIrpalii Ha TpU MHOPSAKU MEPEBUILYE BKJIAJ TEPMOAKTUBOBAHOI

nu(y3ii BYrJelo B 3ai1i31 32 KBa31pIBHOBKHUX YMOB.

5) OxucnioBaJIbHUM TIpoliec, IO BiAOYBAa€ThCA 3 BEPXHIM MIAPOM 3alli3a IMpHU
3Haxo/keHH1 3pazka Fe/MgO/Fe B armocdepi 3a KIMHATHOI TeMIlepaTypH,
PU3BOIUTH J0 aCUMETPIi BOIBT-aMIIEPHUX XAPAKTEPUCTHK, IO MPUTAMAHHO IS

BUIIPSIMIISIIOUOTO KOHTAKTY Aiona [loTTki.
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6) 3 eKCIIepMMEHTIB Ha HaIIBIPOBITHUKOBUX MIAKIAIKAX P- Ta N-TUIY MPOBIIHOCTI
BU3HAYCHO 3MIHY POOOTH BUXOJy €JICKTPOHIB ISl KOHTAKTIB 3aJ1i3a 3a BIAIOBITHUX
YMOB JIeryBaHHA ByriienieM. Ha namiBmposinHukosii migknaami KE® n-tuny me
MIPU3BOJAMUTH JI0 3MiHU MPOBIJHOCTI 13 OMIYHOI, OTPUMAHOI JIJI1 KOHTAKTy YUCTOTO
3aji3a, B CKCIIOHEHIIAJbHY AaCHUMETPUYHY MPOBINHICTh, XapaKTepHy MJs

BHUIIPAMIIAIOYOTO KOHTAKTY MCT&H—H&HiBHpOBiI[HI/IK.
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