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NUCCNEOOBAHUE POCTA ®UNNAMEHTA B MNMINEHKE
CTABMNN3NPOBAHHOIO UTTPUEM AUOKCMOA UIMPKOHMUA METOAOM
KOHTAKTHOU CKAHUPYIOLLEEUM EMKOCTHOWU MUKPOCKOIMUU

1.0. ®unaros?, E.JI. Copouxnna?, I.A. Auronos", I.H. Auronos",
H.A. Kazanuena

DHHTY um. HHU. Jlo6auesckozo
2 CII6AY PAH um. K. H. Ancheposa

Panee B pabote [ 1] Ob11M IPOAEMOHCTPHPOBAHEI BO3MOXKHOCTH METO/[a KOHTAKTHOH CKa-
Hupytomei emkocTHON Mukpockonnu (KCEM) [2] o in sifu OTCIeXuBaHUS IpoIieccca po-
cTa mpoBoAAmMX HUTEH ((mmaMenToB) Ni B IUICHKE CTaOMIM3MPOBAHHOTO HTTPHEM JHOK-
cuna mupkoHus (CHAL) ZrO»(Y)/Ni (BupTyaJbHOM MEMPHCTOpE THIMA “TIPOBOISIIMH MO-
ctuk”, anen. Conductive Bridge). [Ipn npunoskennn HanpspkeHHs V' MeXTy 30HIOM U IIPoO-
BOJIAIIIEH MOUTOKKOM Si ¢ Ni moiciioeM, HabJII0IaI0Ch YBEIMYEHHE €MKOCTH MEXKTY 30HIOM
n o6pastom C, 9To 66110 00BsICHEHO ApelihoM HOHOB Ni K OKOHETHOCTH 30HAA U (OPMHPO-
BanueM pactymiero Ni ¢pumamenra B menke CLI.

B pa6orte [3] metox KCEM 6bu1 IpuMeHEH A7 KCCIIeJOBaHUS 00Pa30BaHMs U POCTa TAK
Ha3bIBAEMBIX BAKAHCHOHHBIX (PMIAMEHTOB (COCTOSIIMX U3 KACIOPOIHBIX BAKAHCHH, MUTPH-
pytomux B wienke CJIL] mox aeficTBIEM IPIIIOKEHHOTO MEXIy 30HAOM U ozcioeM Pt amek-
Tpraeckoro HampspkeHus V, puc. 1). IIpn muknmdeckoM MEepeKIIoueHNH MHI000pa3sHBIM
HanpspKEHUEM, HaOJII0AIOCh MUKJINYECKOE yBENMYEHHE M yMeHblieHne C, CBSI3aHHOE C
YUITMHEHHEM U YKOPOUeHHS (rIaMHTa 32 cueT quddy3nu u apeiida KucaopogHbIX BaKaHCHI
NOJ ACHCTBUEM HIIEKTPUYECKOrO MO MEXkKy OCTpUEM 30H1a u noacioeM Pt. [l unrepnpe-
TaIlM{ SKCIIEPUMEHTAIBHBIX PE3yJIbTaToOB, B [2] MpHMEHsUIach MaTeMaTHYecKas MOJEb
MEMpPHCTOpa, OCHOBAHHAsI HA TEOPHH MEMPHCTOPA, YIPABIIeMOro. [ HHTeppeTanuy pe-
3yJIBTATOB SKCIEPHMEHTa, B paboTe [3] ucnonp3oBanack ogHoMepHas TokoM [4]. Bruto momy-
HEHO KaueCTBEHHOE COTIIaCHe MEeXIy pacueTHoit 3aBrucuMocTsio C (V) 1 u3MepeHHo dKCITe-
puMerTanpHO. OHAKO pa3BuTas B pabdoTe [3] Monenb, Kak U UCXOAHas Teopus [4], yIuTsI-
BaeT JINIIb Apeiid) BaKaHCHH KUCIOPOJA U HE YUUTHIBAET UX AU Py3HIO.

B Hacrosmei paboTe SKCTIepUMEHTANIBHEIE JAHHbIE [0 NCCIEIOBAHMIO POCTA BaKAHCH-
oHHBIX (unamenToB B mwieHkax CIL/Pt metomom KCEM nHTEpHIpeTHPYIOTCS HA OCHOBE CTO-
XaCTHIECKOI MOZIeNI MeMpHCTOpa [5], KOTopast yIUTHIBAeT Kak Apeid, Tak u quddysnio Ba-
KaHCUH KUCIIOpOoaa.

OKCIEepUMEHTAIbHBIE MCCIICIOBAHNS BBIONTHSUINCH HA aTOMHO-CIJIOBOM MHKPOCKOIIE
(ACM) «Comsep IIpo» mpomssoacrea komnanuu «HT-M/IID» (Poccust) ¢ mpucTaBkoi st
KCEM AUO030. Ucnons3oBamucs cnerpanusupoBanasie ACM 3ouas1 1t KCEM ¢ Pt o-
kpbitieM. M3mepsiucs 1mknudeckue C(V)  XapakTepuUCTHKU TIPU JIMHEWHOW pa3BepTKe
HarnpspKeHus co ckopoctsio A = 20 B/e.

Breimo obmapyxeHo yBenmdeHHe eMKOCcTH KoHTakTa ACM 30HIA ¢ HOBEPXHOCTBHIO
wreakn C/IL1/Pt nmpu muHeliHoi pa3BepTke HanpsoxeHus oT 0 B no 5 B, ca3annoe ¢ mpopac-
TaHneM (rtamenTa yepes Bcro oy rieHkr CHIL (anexTpodopmoBkoit, puc. 2). JIuneliHoe
ymensiienue C npu o6paTHoO# pa3sepTke V cBa3aHo ¢ muddy3rnoHHOIT eMKOCTHIO (hrIaMeHTa
[6] Cp, MPOIIOPIMOHAEHO TOKY MHXKEKIIH JJIEKTPOHOB B (Uiament [
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rie ) — MHKEKTHPOBAHHBIHN 3apsl, t — BpeMs, € — JJIeMEHTapHbIH 3apsif, kg — MOCTOSHHAS
bonbsumana, T — Tremnepatypa.

Mopens [5] ocHOBaHa Ha ONMHCAaHUH CIYYaifHOTO NEPECKOKa 3apsDKCHHBIX TOUYECTHBIX
CTPYKTYPHBIX JIe(eKTOB (B IaHHOM ciydae moHOB O?*) Ha COCE/IHUE BAKAHCHU BHYTPH KDPH-
craumaeckor pemerkn CZIL, KOTopble MOXKHO OIMUCATh TAK)KE B TEPMHUHAX JBUKCHUS Ba-
KaHCHI KHCIIOpoza. DTOT CIydalHBIN MEPecKOK SIBISIETCS dJIEMEHTapHBIM COOBITHEM IIpO-
necca npetida/ mudPy3nuu, IpUBOIAIIINM K 00pa30BaHUIO U Pa3pyLICHUIO BAKAHCHOHHBIX (u-
namenToB. Kak u B Mogemsx [3] u [4], yHKIIMOHAIBHEIA ANDIEKTPUK MEMPHCTOpA MIPEATIO-
Jlaraercst pasJieJIeHHBIM Ha IBa CJIOSI: IPOBOSIINI 1 HenpoBopsiwmii. KoopauHaTa rpaHuIis!
paszaena MexAy HUMH Y IPEANOIaraeTcs Coy4aiHON BEIMYMHOM U A7 Hee 3alUChIBACTCS
ypaBHeHue Dokkea-Ilnanka:

oP(y,t) @ WUgrs (v, V)] 0 dP(y,t)
o =50 [POO =T 4 o Dy @
at dy dy dy dy
¢ 3¢ heKTHBHBIM OTCHIIUATIOM
Ueff(y! V)= _Veff(V)y 3)
u 3¢ dexTuBHEIME Kodddurmentamu apeticda n quddysnm:
2¢
Verr(V) = —sinh(a(V)), )]
Tkr
fZ
Depr(V) = acosh(a(V)). %)

3neck P(y, t) — GyHKIHS IUIOTHOCTH BEPOSTHOCTH [UISL Y B 0OJIACTH MEXKITY SIEKTPOIaMA
y €[0,L], L = 10 um —tonmmna cios CALI,
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Ty = Toexp S, (6)

— Bpemst Kpamepca, f = E, /kgT, E, —oHeprus aktuBaiuu quddy3un HOHOB KHCIOPOaa,
a(V) =BV/kgT, B = qf/2L — napametp, onpeneisionyii cHikenue E, Npu IpuUiIoxe-
HHUU HanpsbkeHust V, ¢ — 3apsan MoHa, £ — pacCTOSHHE MEXKIY y3JIaMi HOHOB KHCJIOPOJa B
KPUCTAIUIMYECKOM CTPYKTYpe TUAICKTPUKA, T — IOATOHOYHBINA NapaMeTp, KOTOPBIA MOXKET
OBITh OIPE/ICIICH U3 IKCIICPHMEHTA.

VYpasuenne (2) cOOTBETCTBYeT ypaBHeHUIO JlamxkeBeHa [6]:
dy U (v, V)
5= 5 i, ™
y
rae §(t) — Gemprit rayccosekuit mym ¢ (£(t)) = 0, (S(E)NE(t + 1)) = 2Derr6(7), 6(1) —
nenbra-GyHkys Jupaka.

IMoxncrasum (3) u (4) B (7), momydaem:
dy _ 2¢ ooy BV
primt sinh e +&(t). (8)

B skcriepumente V() = Atst. [locie HHTErpHPOBAHHS MOy YHM:

28kgT BAt
y(t) = T BA costh—T +C, ©)
JUISL HAYAIIBHBIX yCiioBuit y = 0 npu t = 0 KOHCTAHTa MHTETPUPOBAHKS
Co— 2£’kBT. (10)
Ti-BA

Ha puc. 3 npencrapieHa pacuyeTHasi 3aBUCUMOCTTb Y(t), a Ha puc. 4 — pacueTHas 3aBU-
CHMOCTb eMKOCTH 30H-00paser; C (V) B mpuOIMKeHNHU IUIOCKOTO KOHAEHCATOpa
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c LN 1
- L — yl ( )
rae € = 25 — qudJIeKTprYecKas IpOHUIIaeMocTh MaTepuaia uomsatopa (CALD), &, — quamek-
Tpuueckast noctosHas, S = 100 HM? — addekTUBHas MIOMA b TIONEPEYHOTO CeUeHUs (u-
namenra. {nsa £ = 0,26 uM, E, = 0.55 3B [7, 8], Hannyuiiee cornacue Mexay pac4eTHOI U
sKcriepuMeHTanbHOM kpusbiMu C(V) 6bito pocturuyto ans 7, = 10710, Kpurepuem
HAWIyIIeT0 COOTBETCTBHS OBUT BEIOPaH MOMEHT BpeMeHH, pu Kotopom C(t) — oo, cooT-
BETCTBYIOIIUI MPOPACTaHUIO (HIaMEHTa CKBO3b BCIO Tonmy IuieHKH CJIL] m 3ambIkaHHIO
ACM 30Hz2 1 poBozAmIero noacnos Pt. Jinst aHHO#M CTpYKTYpHI (PHC. 2) 3TO BpeMs COCTa-
Buio t = 0.25 ¢. 3amMeTnM, 4TO pacyeTHas BEIMYMHA EMKOCTH BHPTYaJbHOTO MEMpPHCTOpa
C,(0) = 1.738 x 106, uTo BbIIIE MOPOra OGHAPYKEHHUS HCTIOIB3YEMOTO 06OPY/I0BAHMSL.

Pe3ynbTars! HacTOSIIIEH pabOTHI ITOKA3bIBAIOT, YTO CTOXACTHUYECKAst MOJETh MEMPHCTOPA
[5], ncnone3oBanHast B HacTosIIIEH paboTe MpH HCCIEIOBAHIM POCTa BAKAHCHOHHBIX (HIa-
METOB, aIeKBaTHO OTPa)kaeT CBOHCTBA BEPOSTHOCTHBIX NPOIIeccoB Apeiida n muddy3un xuc-
JIOPOJTHBIX BaKAHCHI B IIpoIiecce pocTa (GHIaAMEHTOB H ITO3BOJISIET O0JIee TOTHO ONMCATH MUK-
POCKONHMYECKHX MPOLECCH, IPOUCXOISIHE B (QyHKIIOHAIFHOM AUAIIEKTPUKE IIPU JTEKTPO-
(OpPMOBKE W PE3UCTUBHOM IEPEKITIOYeHHH. Taxke ObUIa IPOJEMOHCTPHPOBAHA BO3MOXK-
HOCTB OIpEJIENICHHUS TapaMeTPOB CTOXACTHUECKOM MOJIEIH 10 HKCIICPHIMCHTAIBHBIM PE3YIIb-
TaTam, nory4eHHsM MetonoM KECM.

Hacrosmas paboTa BEINIONHEHA B paMKax rocymapcrseHHoro 3amanns Ne FSWR-2025-
0006. DxcrieprMeHTaIbHBIC HCCISOBAHUS BEIITOIHEHEI ¢ MCIOIB30BAaHUEM 000pPYJOBAHUS
IlenTpa KoyIeKTHBHOTO MoNb30BaHMs Hayuno-o6pa3oBarensHOro eHTpa “@usuka TBEpIo-
TEJIFHBIX HAHOCTPYKTYP” B Y4eOHOTro Iu3alH-IIeHTpa »IeKTpoHuKH Himkeropoackoro rocy-
nmapctBeHHoro yrusepcurera uM. H.U. Jlobauesckoro.
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AHAINN3 NOBEAOEHUA NAPAMETPA ®OPMbI CNEKTPA TOKOBOI'O
®JIMKKEPHOI'O LLYMA MEMPUCTOPA HA PA3JTIMYHbIX YHACTKAX EIO
BOJIbTAMNEPHOU XAPAKTEPUCTUKU

A.H. T'onoBkoBa, M.O. Mapsiues, 1.0. ®unaros, A.U. besnos, M.H. Kopst:kkuna,
M.E. lllennna, A.H. Muxaiinos, O.H. I'opuikos, A.B. Kiioes, A.B. fIkumon

HHI'Y um. HHU. Jlobauesckozo

HccnenoBansl MEMPHCTHBHBIE CTPYKTYPHI HA OCHOBE CTaOMIM3MPOBAHHOTO JMOKCHIA
mupkoHms:  Ti(10  mm)/Pt(40  mmM)/ZrO»(12%Y, 10 um)/Ta(40 wM)/Pt(40EHM) ®
Ti(10 um)/Pt(40 aM)/ZrO»(12%Y, 20 um)/Ta(40 am)/Au(40 HM).

Panee Hamu OblTa orieHeHa 3G QEKTHBHAS NIyMOBasi TEMIIEpaTypa MEMPUCTOPOB TAaKOTO
THIa B uX pabodeM pexume. [ 3TOT0 B pacderax XapaKTepPHCTHK HAOII0JaeMOro B IKCIIe-
pHMEHTE IIyMa 3JIEKTPHUECKOTO TOKA depe3 MEMPHCTOpP HCIOJIB30Balach MOIETH TOJIBKO
TEIIIOBOrO IIyMa. McXo/st 13 MOoTydeHHOH YMCIeHHOH OleHKH () (hEeKTUBHOM IIyMOBOH TeM-
nepatypsl (~ 10° K), MOXHO IpenoI0KUTh HATMYKE NPE0OIafalome (IUKKepHOM cOCTaB-
JISIFOIIEH IryMa, Ha ()OHEe KOTOPOH TEIIOBBIM IIyMOM MOJKHO HMOJHOCTBIO TPEHEOpeyb.

Iens paboTe! — pa3paboTka METOANKY aHATIHM3a XapaKTEePUCTHUK (DIMKKEpHOIT cOCTaBIsA-
IOMIEH HIyMa SIEeKTPHIECKOr0 TOKa MEMPHCTOpA, MO3BOJISIONEH HaOIIoAaTh AMHAMUKY KX
M3MEHEHUSI Ha Pa3INYHBIX Y9acTKaX ero BOJbTaMIIepHOH xapakTepuctuku (BAX).

Ha ygacrok nemnu, BKIIOUAIONIMHA MOCIEN0BATEIBHO COSAUHEHHBIE MEMPHUCTOP U PE3U-
crop 100 Om, momaBanock nunoo0pazHoe HaNpsbKEHHE, m3MeHstomeecs ot —1,35 B o +1,1 B
cnepuogamu 0,01 ¢ 1 0,02 c. 3mepsiock naieHue HanpsHKEHHS Ha 9TOM PE3HCTOPE C IIaroM
no Bpemenn 107 ¢ u 0,5x107° ¢ 1S yKa3aHHBIX MEPHOIIOB, COOTBETCTBEHHO, TI0 KOTOPOMY
BBIYHCIISUICS TOK Yepe3 MEMPHUCTOP.

BAX mempucropa mpeacraBisieTcss HaOOpOM OTHOCHTENIBHO HEOONBIINX ITOCIEN0Ba-
TEJIFHBIX BpeMEHHBIX (hparMeHToB 13 400 0TcUeToB 10 BpeMeHH Kaxkablil. Uncio Takux ¢par-
MEHTOB /i1t ogHOTO Tiepuoaa BAX cocrasmsuto 25 u 100 mis nepuozgos 0,01 ¢ u 0,02 ¢, co-
OTBETCTBEHHO. [|JIs1 TOKOBOT'O CHUTHAJIA KaXKI0T0 (hparMeHTa ¢ HOMOIIBI0 OBICTPOTo Ipeodpa-
3oBanus @ypoe (BIID) BermCIsSeTCS 3aBUCHMOCTD CIEKTPATbHON IIOTHOCTH MOITHOCTH
wryma (CIIM) ot yactotsl ananusa f. OHa annpokcumupyercs ¢yHkuuei Buna 1/fY , raoe y
— mapameTp ¢opmsl ciekrpa [1] — [5]. YaursBast kommdecTBo nepronaos (rerens) BAX, mc-
MONB3YyeMBIX A1 pacueToB (00braHO 1024), BEMHCISEM MAacCHBBI U3 IPHOIM3HTEIHHO
0,25x10° u 1,02x10° 3nauennii mapamerpa dopmer crekrpa (IIOC) s mepuomnos 0,01 ¢ u
0,02 c, coorBeTcTBeHHO. TakuM 00pa3oM, MBI ITOTy4aeM BO3MOXKHOCTE C JOCTATOYHOH JeTa-
n3anue cuequth 3a uHaMHUKONW m3MeHeHus [1DPC ¢aukkepHOro myma 3JIeKTpHIecKOro
TOKa MEMPHCTOPA Ha PA3INIHBIX ydacTkax ero BAX.

Ha puc. 1 B 1BoitHOM NOTaprdMmuaeckoM MacmTade MpuBeaeHa XapakTepHas Ui (Giamk-
KEpHOTO IITyMa 9acToTHast 3aBucuMocTs CIIM mryma 37eKTprecKoro ToKa OHOTO U3 UcClle-
JIOBAaHHBIX MEMPHUCTOPOB JUISl HEKOTOPOro HebGombImoro gparmenta ero BAX (kpacHast kpu-
Basi). AIIPOKCUMUPYSI €€ MMHEHHON (QYHKIMEeH (CHHSS JIMHMS), TOIydaeM OIEHKY COOTBET-
CTBYIOIIETO 3HAUCHNUS ITapaMeTpa GopMbI CIIeKTpa (Takke IMoKa3aHa Ha puc. 1).
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Ha puc. 2 u 3 npuBeneHs! TpEXMepHBIe BU3yann3ayu MaccuBoB 3HaueHui [1OC ¢rmk-
KEPHOTO ITyMa 3JIEKTPUUECKOT0 TOKa NCCIEIOBAHHBIX MEMPHCTOPOB, TI€ BIOIb BEPTHKAIb-
HBIX OCEH, MEepIeHIUKYIIIPHBIX IIOCKOCTSIM, B KOTOPEIX 0ToOpaxkeHs nx BAX (moka3aHsr
CHHUM), HAIIPOTHB HEOONIBIINX (parMeHTOB BAX OTII0KEHBI COOTBETCTBYIONINE UM 3HAUE-
Hus y. Jlunamunka n3menenust 3Hadenust [1OC na pasmuunbix yuactkax BAX mms obOpasma
Ti(10 am)/Pt(40 aM)/ZrOx(12%Y, 20 am)/Ta(40 am)/Au(40 aM) npuBeneHa Ha puc. 2. Ha
puc. 3 TIPEACTABICHEI QHAIOTHYHBIC Ppe3yJIbTaThl TUTSL o0Opasma
Ti(10 um)/Pt(40 aM)/ZrOx(12%Y, 10 am)/Ta(40 am)/Pt(40 HM).

Taxnum 06pa3om, TOITyIEHBI CIEAYIONINE PE3yIbTAThL:

1) Ilpemroxena MeToAnka MOHHTOPHUPOBAHMS H3MEHEHHUS Hapamerpa (hopMBI CIieKTpa
(ITIKKEPHOTO MIyMa >JIEKTPUIECKOr0 TOKAa MEMPHCTOPA, Oa3UpyIOmascs Ha pa3aeIeHIN
BAX mempucTopa Ha MHOXECTBO HEOONBIINX (hparMeHTOB. JIs KaXJOro M3 TaKHX
(parMeHTOB BBIUUCIIACTCS YACTOTHAS 3aBHCUMOCTD CHEKTPAIBFHOM INIOTHOCTH MOIITHO-
CTH IIIyMa TOKa ¥ COOTBETCTBYIOIIEE 3HAUCHUE ITapaMeTpa (GOpMEI CIIeKTpa.

2) Ha yugactkax BAX, coOTBETCTByIONMX HH3KOOMHOMY U BBICOKOOMHOMY COCTOSIHUSIM
HCCIIEAOBAHHBIX MEMPHCTOPOB, TapaMeTp GOPMBI CIIEKTPa IIyMa TOKa JEMOHCTPHPYET
OTHOCHUTEIIFHO CTa0MIbHOE 3HaueHHe 0KoJo 1,5. Ha yuactkax BAX, coOTBeTCTBYIOMINX
MIEPEKITIOUCHUSIM MEXKIY STHMH COCTOSHHSMHE, HAaOIIOJAIOTCS BCIUIECKH 3TOTO Iapa-
MeTpa B Auamnas3oHe ~ 1-2,5.
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Pabora BEIONTHEHA NIPH peaTu3aliy HAyIHO-HCCIEOBATEILCKOH U 00pa3oBaTenbHOI
MIONNTHKY YHUBEPCUTETA B 00JIACTH (U3MKH M PaguoO(pU3UKH B paMKaxX pealnu3aliyl Ipo-
TpaMMBI CTPaTErNYecKOro akageMmudaeckoro auaepcrsa “Ilpuopurer-2030”.
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BINUAHUE ANUTENBbHOCTU U AMMNNUTYAbl AMITYJIbCOB
MNOTEHUMALWUM N OENPECCUN HA PESUCTUBHOE COCTOAHUE
MEMPUCTUBHOIO YCTPOUCTBA HA OCHOBE ZrO(Y)

B.A. Xa6uoynosa, M.H. Kopsixkuna®?, JI.0. ®unaros?, A.H. Beaos,
H.H. Autonos?, I0.10. Arapkos?, A.H. Muxaiisio"

DHHTY um. HHU. Jlo6auesckozo
2 000 «Ionuxemomny

B mocnenHee BpeMsi MEMPHCTOPEI PACCMAaTPHUBAIOTCS KaK MEPCTICKTHBHAS OCHOBA IS
amnmapaTHON peanm3anuy HelipoMopdHBIX ycTpoiicTB [1]. JelicTBUTENbHO, HEOTHEMIICMON
0COOEHHOCTHI0 MEMPHCTOPOB SIBISIETCS CIIOCOOHOCTH TIOCTETIEHHO U3MEHSTH CBOE PE3UCTHB-
HOE COCTOSIHHE, TEM CaMbIM UMHUTHPYSI MEXaHH3MBI B3aUMOJICHCTBUS OMOIOTMUECKIX KIIETOK
— CHHANTHYECKYIO TIACTHIHOCTD (CIIOCOOHOCTH CHHAIICOB U3MEHSTH CBOIO CIUTy B OTBET Ha
aKTHBHOCTH HelpoHoB) [2]. K HacTosimeMy BpeMEHH B MEMpPHUCTOPAX 3KCHEPHMEHTATIBHO
MIPOJIEMOHCTPUPOBAHO HAJIMYHNE TaKUX KIIOYEBBIX OMONOTHMYECKUX IMPUHIUIIOB OOydYeHUS,
KaK KPaTKOBPEMEHHas ¥ IOITOBPEMEHHAS INIACTHIHOCTD, @ TAKKE INIACTHIHOCTD, 3aBHCSIIA
OT BpPEeMEHH IIPHUX0/1a UMITyI6COB [3].

IpakTrdeckoe UCHONB30BaHHE MEMPHUCTOPOB B HEHPOMOP(HHBIX YCTPOHCTBAX OTPaHH-
YeHO NpoOIeMaMH BOCTIPOM3BOAUMOCTH IAPAMETPOB U3MEHEHHS PE3HUCTHBHOTO COCTOSIHUS
KaK OT YCTPOMCTBA K YCTPOUCTBY, TaK U OT LIUKJIA K IUKITy, a TAKKE HEJOCTaTOYHOU CTOMKO-
CTBIO ITUX COCTOSIHUH K JIeTpaJlaliiyl TIPU JacTHIX NMEPEKIIOUCHUSIX U CTaOMIBHOCTBIO yep-
JKaHUA COCTOSIHUI.

HecmoTpst Ha BbImIeyKa3aHHBIE OTpaHUYCHUS, MEMPHCTOpsl Ha ocHoBe ZrOx(Y) cro-
COOHBI BRIEpKUBATE Gosee 10° TepekFoueHnil pe3UCTHBHOTO COCTOSHHS M COXPAHSTE 3a-
JIAaHHBIE YPOBHH TIPOBOIMMOCTH Ha IPOTshKeHHH 6osee uem 104 ¢ [4, 5], obecrnednsas HeoO-
XOIUMYTO Ha/IS)KHOCTS U HeHpOMOp(HBIX IprtoxkeHnH. Kpome Toro, Ha 3THX yCTpoicTBax
ObLTa IPOIEMOHCTPHPOBAHA JIOITOBPEMEHHAS TIIACTHIHOCTD, YTO MOAYEPKUBACT UX HOTEH-
LU 71 anapaTHOH peaan3auy HeHpOHHBIX ceTel [5].

B To0 e Bpems B IuTepaType OTCYTCTBYIOT CHCTEMATHIECKUE HCCIEIOBAHMS KPAaTKOBPE-
MCHHOH ITACTHYHOCTH W IUIACTUYHOCTH, 3aBUCSIICH OT BPEMEHH INPHUXOJa MMILYJIECOB, B
MeMprcTopax Ha ocHoBe ZrO»(Y), 9To 3aTpyAHSET OLEHKY UX CHHAIITHYECKOTO ITOBE/ICHHS B
noHoM 00BEMe. OfHAKO TIepBOOUCPEeTHON 3anaueil sIBIseTCs IKCIICPIMEHTAIBHOE OIpesie-
JICHUE INANa30HOB [UIUTEIFHOCTEH M aMIUTUTY/] UMITYJTbCOB ITOTCHIHAINN 1 JIETIPECCHH, YTO
n OBLIO peaM30BaHO B JAHHON padoTe AT MEMpPUCTHUBHOIO YCTPOWMCTBA HAa OCHOBE CTEKa
Ta/ZrO»(Y)/Pt.

Wudopmarmio o TeXHOIOTUN H3TOTOBICHUSI MEMPHCTHBHOTO YCTPOHCTBA B CXEMY JKC-
MIepIMEHTAIIFHON YCTaHOBKH MOKHO HalTH B [6]. MccnenoBanns ObUTH BEITIOIHEHBI IPH T10-
Moy 30H10BoH cranimn Everbeing EB-6 u MHOroyHKIMOHAIEHOTO YCTPOHCTBA BBOJA-
BeiBoga National Instruments USB-6361. 3nak HanpspKeHUSI Ha yCTPOHCTBE COOTBETCTBOBAI
MIOTEHIMATy BepxXHero Ta 3JIeKTposa OTHOCHTEIHHO MOTEHIHANa HIDKHEro Pt anekrpona.
ITpu stom mponrecc RESET (nepexmodenne u3 cocrostans ¢ Hu3KUM conporusieHneM (CHC)
B cocTosiHHE ¢ BEICOKMM conpoTuBieHreM (CBC)) ocymecTBIsuIcs IpHIoKeHHeM OTpHIIa-
TenpHOro Hanpspkenus, a nporecc SET (nepexmouenne n3 CBC B CHC) — mpunoxeHnemM
TMIOJIOKUTENTFHOTO HAIpsDKEHMs. B paboTe IIiTensHOCTh HMITYIHCOB ITOTSHITHAIIAN H JICTIPEC-
cnu BapbupoBasiack oT 5 10 1000 MKc; aMIDIMTYa UMITYI6COB MOTEHIHAIMY — oT +0,6 10
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+0,9 B; ammiuTyzna umirynscoB aenpeccun — ot -0,8 1o -1,1 B. [lns onpenenenns pe3ncTus-
HOTO COCTOSIHHSI YCTPOMCTBA JI0 W ITIOCJIE HMMITYJIbCA MOTECHIMAINH/ISTIPECCUH TPHKIIabI-
BaJICS IMITYJIBC YTEHUS ATUTENEHOCTHIO 50 MKC 1 ammumatyo# +0,2 B. s HakoruieHus cra-
TUCTHUKH TI0CJIE MPUWIOKEHHS MMITYJIbCOB MOTCHIHALNH/ICIPECCHH YCTPOUCTBO MEPEKITIO-
gamu B8 CBC/CHC myTem nmpuitoxeHus: IMITYJIECOB JUINTENFHOCTHIO 20 MKC M aMIDIUTYXOH -
1,2 B/ +0,9 B, cootBercTBeHHO. AHanm3 nmpoBoauiics o 500 MOBTOpEHUSIM SKCIIEPUMEHTA
TIIPY OJTHHX U TEX XK€ MapaMeTpax UMITyJIbCOB.

Hccnenyemoe yCTpOMCTBO JEMOHCTPHPOBATIO YIAOBICTBOPHTEIBHYIO PaboTOCHIOCOO-
HOCTB, O Y€M CBHACTEIBCTBYIOT €TI0 BOIGTAMIIEPHBIC XapaKTEPUCTUKH (PHC. 1) ¥ pe3yIbTaThl
HCCIIEAO0BAHMS BHIHOCIMBOCTH K MHOTOKPaTHOMY PE3NCTUBHOMY HepekiiodeHuo (puc. 2). B
COBOKYITHOCTH 3TH XapaKTEPHCTHKH CBHIETEIBCTBYIOT O IPUEMIIEMOI HaJ&KHOCTH ITOIY-
YEHHBIX B PaboTe Pe3ybTaTOB HMCCICIOBAHUS BIIMSHHS [UINTEIFHOCTH W AMIUIUTYABI HM-

IIyJIbCOB MOTCHIMAIIMN U NEIPCCCUN HA PE3UCTUBHOC COCTOSTHUEC MEMPUCTOPA.
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MMOKa3aHbl aHAJIOTHYHBIC 3aBUCUMOCTH, TIOTyUYSHHBIC TIPU YCIOBUH MPHIOKEHHUSI HMITYJIbCOB
ammumurynoit +0,7 B n mmrensrOCTHIO: 50, 100 11 500 MKC, COOTBETCTBEHHO.
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OO6HapyXeHO, 9TO U3MEHEHHE aMILTUTY 5 IMITYJILCOB ITOTCHIHAINHY CYIIECTBEHHEE BIHSET
Ha PE3UCTHBHOE COCTOSIHUE MEMPHCTOPA, YeM JUINTENFHOCTh ITUX UMITyIbcoB. B wactHOCTH,
HabmomaeTcst 6oiee 3HAUNTENHFHOE YBEIMUCHIE IPOTEKAIOIIETO Yepe3 MEMPHUCTOP TOKA TIPH
yrernu. Hampumep, mocie npriiokeHns! IMITYJIbCOB MTOTCHITHAIMN JUINTEIEHOCTRIO 5 MKC H
ammumurypoii +0,6, +0,7 u +0,8 B BenmunHa mpoTtekatoriero Toka coctasinsuia 0,11 + 0,04 MA,
0,31 £ 0,08 MA 1 0,54 + 0,04 MA (B KauecTBe OMIMOKH OPaNOCh CTAaHIAPTHOE OTKIOHEHHE),
COOTBETCTBEHHO. B TO ke BpeMs, yBeIn4eHHe UTNTENEHOCTH UMITYJILCOB aMITIHTyRoH +0,7
B mo 50, 100 u 500 mxc mpuBeno k yBenudeHuto Toka a0 0,34 = 0,03 MA, 0,36 £+ 0,06 MA u
0,42 + 0,03 MA (B xagecTBe ONIMOKH OpajioCh CTaHAAPTHOE OTKJIOHEHHE), COOTBETCTBEHHO.
Taxum obpazom, yBenmnuenne ammmmTtyaa Ha 0,2 B mpuBeno x yBenndaeHuio Toka B ~4,9 pas,
B TO BpeMs KaK yBEIMUCHUE AIUTEIBHOCTH MMITyIbcoB B 100 pa3 mpuBeno K yBEIHICHHIO
TOKa Bcero B ~1,4 paza.

Ha puc. 9 — 11 npencraBieHs! 3aBUCIMOCTH TOKA B PE3UCTHBHOM COCTOSIHHH, ITOTyYCH-
HBIE J10 (3€JICHBIM) U TOCIIe (TOIyObIM) IPHIIOKEHUS] HMITYJIbCA IEMPECCHH TTUTETLHOCTHIO
5 Mkc u ammmatynoi: -0,8, -0,9 u -1,0 B, coorBeTcTBeHHO; a Ha prc. 12 — 14 moka3aHbI aHa-
JIOTWYHBIE 3aBHCUMOCTH, ITOJTyYCHHBIE IIPH YCIOBUH IPIIIOKEHNS HMITYIHCOB aMILTHTYIOH -
0,9 B u murensHocTHIO: 10, 50 1 500 MKC, COOTBETCTBEHHO.
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Kax n B cirydae MMITyJIbCOB NOTEHIMANNH, aMIUIUTY/A OKa3bIBaeT 0o0jIee CyIeCTBeHHOE BIIU-
SIHUE Ha N3MEHEHHE PEe3UCTUBHOTO cocTosTHMS. Harmpumep, Ipyu n3MEHEHNH aMILTUTY 6l M-
mynscoB aenpeccun HA 0,2 B (o1 -0,8 1m0 -1,0 B) ¢ pukcupoBanHO# [TMTENEHOCTRIO 5 MKC
MPOTEKAIONINI TOK yMeHbImaeTcs B ~1,2 pasa (ot 0,45 £ 0,02 MA 1o 0,37 £ 0,02 MA, coor-
BETCTBEHHO; B Ka4eCTBE OMIMOKM Opajioch CTaHIApPTHOE OTKJIOHEHHE). B To xe Bpems, npu
W3MEHEHUH JIUTEIFHOCTH MMITYJIECOB HA 2 mopsiaka BelMuauHs! (0T 5 1o 500 Mxc) ¢ ¢pukcu-
poBanHoO# ammuTyzno# -0,9 B Tox ymensmaercst Bcero B ~1,4 pasa (ot 0,41 + 0,02 MA 1o
0,29 £+ 0,03 MA, COOTBETCTBEHHO; B KQU€CTBE OIMIMOKH Opalioch CTaHIAPTHOE OTKIIOHEHHE).
B nannoit pabote OBUIO YCTAaHOBIICHO, YTO AMIUTUTY/Ja MMITYJIECA IIOTCHIIUAIIN/ ACTIpEC-
CHH CYIIECTBEHHEE BIMSCT HA PE3UCTHBHOE COCTOSTHIE MEMPUCTHUBHOTO YCTPOIICTBA, Y€M €T
JUTITENFHOCTE. Y CTAHOBJICHO, YTO MPH aMILTUTYaX UMITyIbcoB rorenuammy +0,8 1 +0,9 B
CHC pocrrraercst qaxe mpu KOPOTKHX UMITyJIbCax; B TO e Bpemst npu ammmtyzae +0,6 B
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CTaOMIIEHOTO N3MEHCHHUS PE3UCTHBHOTO COCTOSIHUS HE HAOIIOJaeTCsl BO BCEM AUAINa30He [UTH-
TeJBHOCTEH. B cirydae mMIyibcoB aenpeccun o0HapyKeHO, 9TO IpH aMIuuTygax -1,0 u -1,1
B CBC nocruraercs faske Ipu KOPOTKUX UMITyJIbcax, a Ipu ammuTyae -0,8 B pe3uctuBHbIe
COCTOSIHUSI 10 ¥ TIOCTIE TIPHJIOMKCHUS UMITYIIbCA IIPAKTUYECKU HE PA3INIArOTCs IPH KOPOTKUX
JUTITENHOCTSIX. TakuM 00pa3zoM, aMILUTHTY bl IMITYJIECOB, IIPH KOTOPBIX HanOoJIee BEPOSTHO
Habmoenne Takux 3P(EeKToB, KaKk KPATKOBPEMEHHAs! INTACTUYHOCTh U IIIACTUYHOCTD, 3aBHU-
csimas OT BPEMEHH TPHUX0/a UMITYJIbCa, B IMHPOKOM JHANa30HE JUINTEIEHOCTEH COCTABIISIOT
+0,7 B w1 umirynmscoB noteHmaryy 1 -0,9 B 1yt IMITyIIbCOB AENPECCHH, TIOCKOIIBKY B 9THX
CiTydasx HaOJIIOMAIOTCSl CTAaOMIBbHBIC M3MEHEHUS PE3UCTHBHOTO COCTOSHUA. lIpudem TOK,
MIPOTEKAIOMINH Yepe3 MEMPHUCTOP B THX PE3UCTUBHBIX COCTOSHHUSX, OTIMIACTCS 10 BETHINHE
0T TOKa, npoTekaromniero gepe3 mempucrop 8 CHC mwm CBC.

HccnenoBanue BEIOIHEHO B paMKaxX HayqHOI mporpamMel HanmonansHoro nienTpa ¢u-
3WKU ¥ MaT€MAaTHKH, HanpasieHne Ne 9 «VICKyCCTBEHHBII HHTEIUIEKT U OONBIINE JaHHEIE B
TEeXHUYIECKUX, MPOMBIIUICHHBIX, MPUPOIHBIX U COIMAIBHBIX CHCTEMax». MeMpHCTHBHBIC
yCTpoWCTBa  M3rOTOBIECHB B JlabopaTopmm  MEMpHCTOPHOI  HAHOAIEKTPOHUKH
HHI'Y um. H.U. Jlo6ageBckoro (roc. 3amarne Ne FSWR-2025-0006).

HccnenoBanus BEIIOIHEHB! C HCTIOMB30BaHUEM 000pyaoBaHuUs L[eHTpa KOJIIeKTHBHOTO
none3oBanus HaydHo-o6pa3oBaTtensHoro neHrpa “@usmuka TBEpAOTSIBHBIX HAHOCTPYKTYpP”
u YuebHoro au3aitH-nentpa anexrpornku HHI'Y um. H.U. Jlo6auesckoro.
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MODELING SQUARE ARTIFICIAL SPIN ICE WITH WANG TILES
A.V. Klyuev, A.V. Yakimov
National Research Lobachevsky State University of Nizhny Novgorod

This paper presents a theoretical study of square artificial spin ice relationship to the
Wang domino model. Spin ices are characterized by the permanence of the system in one of
many local minima after removing the external impact, i.e., they are the kind of multistable
systems. Wang tiles are the simple tiling model. Each tile is a square with colored edges, and
two tiles can be placed next to each other if and only if the color of their neighboring edges
are the same. These seemingly simple local matching rules may however create extremely
complex global behaviors, for example, they can be used to encode any Turing machine. The
strong links between Wang tiles and compatibility theory made them a well-studied model
over the years. The most natural computational model to relate to Wang tilings may be cellular
automata. Cellular automaton is an abstract computing model reminiscent of artificial spin
ice. This strong connection led to many undecidability results being proved by reductions to
tiling-related decision problems. Wang tiles seem to provide a convenient tool to simulate
spin ice systems. Set of spin configurations can be one-to-one associated with a set of Wang
tiles. The analogy between square artificial spin ice and Wang tiles may be convenient for
study configurations, including periodic, closed strings, which is important in the develop-
ment of possible new computing and storage devices based on artificial spin ices.

Artificial spin ices are metamaterials in the sense that they are engineered systems that
exhibit a variety of properties, such as collective dynamics, that are not inherently present in
their building blocks [1]. The smallest building blocks in artificial spin ices are single-domain
magnets with submicrometer dimensions (nanomagnets), which are arranged in specific de-
signs and are coupled by their dipolar magnetic fields. The nanomagnets are arranged in such
a way that their moments (often called macrospins) are frustrated, which means that not all
interactions between the nanomagnets can be satisfied simultaneously. The mesoscopic size
of the nanomagnets makes it possible to directly observe the moment configurations with
magnetic microscopy techniques.

Lithographically fabricated single-domain ferromagnetic islands can be arranged such
that the magnetic dipolar interactions create a two-dimensional analogue to spin ice. The mag-
netic moments can be directly imaged, allowing to study the local accommodation of frustra-
tion and emergence of ice-rules.

Artificial spin ices were originally developed [2] to mimic the behavior of spins in their
crystal counterparts, such as the rare-earth titanate pyrochlores [3], which have spins posi-
tioned on the corners of tetrahedra.

Correspondingly, in the first studies, the nanomagnets were placed on the sites of the
square or kagome lattice.

The simplest configuration obeying the ice rules is square spin ice.

Fig. 1 shows a 2D square artificial spin ice model.

Square artificial spin ice consists of horizontal and vertical nanomagnets arranged in a
"square" pattern, i.e., frustrated arrays consisting of two-dimensional square lattices of elon-
gated permalloy islands (shown schematically in Fig. 1).

The intrinsic frustration on this lattice can be best seen by considering a vertex at which
four islands meet. Nearest neighbor islands on such a vertex are perpendicular to each other,
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while the second nearest neighbor islands are collinear and directly across the vertex from
each other (see Fig. 1). The lowest energy vertex configurations have two of the moments
pointing in toward the center of the vertex, and two pointing out. This energetics are analogous
to the two in, two-out ice rules for the atomic moments on a tetrahedron in spin ice. For the
vertex as a whole, there are six distinct topologies for the configurations of the four moments
obeying ice rules. Nevertheless, no configuration can minimize all of the dipole—dipole inter-
actions, and thus the system is frustrated.

-— — — @ -—

Lt
ol
oo
oot

—_— —_— —_— b el
Fig. 1

At the same time, 2D systems are easier to study using such universal numerical methods
as Monte Carlo algorithms [4]. One of them is a cluster algorithm for an equivalent three-
color model, which is particularly useful for simulations of critical ice models [4].

In agreement with the three-color model, the configurations of an ice model on a square
lattice can be mapped onto the configurations of a lattice of squares colored using three dif-
ferent colors, with the restriction that no two nearest neighbor squares have the same color
[4]. Each configuration of the three-color model corresponds to a unique correct configuration
of square ice.

Here another (domino) model is considered in which the unit tile includes a vertex, where
each arrow colored in each own color. The set of possible tiles, which obeying ice rule, is
equivalent to the set of Wang tiles.

An analogy can be drawn between the square artificial spin ice and the domino problem
[5]

In 2D square artificial spin ice, it is possible to separate flatness of the 2D square artificial
spin ice on the tiles, see Fig. 2a. The total number of tiles is determined by the arrangement
of arrows that arrive and depart from a lattice point (vertex). The tiles are not placed randomly
but must follow the domino rules [5].

An analogy can be drawn between such tiles and Wang tiles (domino), see Fig. 2b.

Now, the analogy between Wang domino [6] and artificial spin ice can be discussed. It
is possible to associate spin configurations with corresponding Wang tiles, see Fig. 2¢c. Each
spin direction is assigned a color. Obviously, only two colors are used for the top and bottom
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It is possible to consider a domino model in which the relevant unit (tile) is not a vertex,
for describing spin configurations that are discussed later here.

The domino problem requires arranging these tiles into a block in which the color scheme
to each other if the adjacent sides have matching colors. This arrangement is called a tiling or
domino.
are no missing pieces (i.e. holes) and all the touching edges of tiles are corresponding to each
other, the tiling is valid. The process of laying down tile after tile to create the tiling is in row—
from left to right followed by next row of tiles below the previous one. This inevitably leads
to situation that tile will be placed in corner where its top edge will have to correspond to the
on the left. This is corner position (see Fig. 3).

To ensure the final tiling is not only valid, but also stochastic, a specific tiling algorithm

For example, this algorithm may defines simple rule, that for each corner position if it
has at least two valid candidate tiles (Fig. 3) from which single tile must be randomly selected
lead to occurrence of groups of same tiles in tiling. The above described algorithm can be
improved to prevent this grouping, by allowing to repeat the random selection, if the current

configurations can be one-to-one associated with a set of Wang tiles [5].
=@
b) <)

but rather a plaquette (a square with spins lying on its sides), but this is not always convenient
is the same on the top and bottom, and left and right sides. These tiles can only be placed next

The planar domain covered with copies of tiles from set is called tiling and when there
column order. In other words, the desired number of tiles is placed side by side horizontally
bottom edge of tile above and its left edge will have to correspond to the right edge of the tile
must be used.
and placed in the corner position. The random selection from two candidates can sometimes
selection would lead to identical neighboring tiles [5].
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Fig. 3

Thus, one can apply the Wang tiles model to simulate and study 2D square artificial spin
ice configurations.

The reformulation in terms of domino may be convenient for studying configurations,
including periodic, closed strings, which is important in the development of new computing
and storage devices based on spin ices.

Spin ice systems considered may have defects, related with violations of ice rules [7]—
[11]. These defects are the famous emergent magnetic monopoles [7], [8]. Such monopoles
can be represented in terms of Wang tiles [5] and analyze by stochastic methods.

Additionally, it can be noticed that such stochastic methods for investigations of hypo-
thetical magnetic monopoles in space are also applicable, as recently shown [12].
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