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NIJIBAIIEHHA MOTYKHOCTI TEHEPATOPA HA HEJITHIMHINA MATHITHIA
HAHOCTPYKTYPI

AxTyanbHicTh. OIHUM 3 HaWOLIBII MEPCHIEKTUBHUX HAIPSMIB PO3BUTKY CYYacHOi €JEKTPOHIKM BBAXKAETHCS CTBOPEHHS
MPWIANiB CIIHTPOHIKH, AKi HOBUHHI IPUHTH Ha 3aMiHy TPaAWIiI{HIM HaIliBIIPOBiTHUKOBUM €JIeMEHTaM. BUKOpHCTaHHS CITiHY
CJIEKTPOHA SIK HOCiA iHpOpMAIlil B MATHITHUX HAHOCTPYKTYpPaxX MOKE TOKOPIHHO 3MiHHTH Cy4acHE KHUTTS.

Merta po6otu. MeToro 1aHOi poOOTH € TOIIYK cII0co0iB MiABUIIEHHS MOTY>KHOCTI TeHepaTopa Ha MarHiTHI HAHOCTPYKTYpi
HUISIXOM 3MiHH HOTO €IeKTPUYHOI CXeMH Ta O1bII ONTHMATbHUX 30BHILIHIX €JIEKTPOMAarHiTHUX MapaMeTpiB, IO BILIMBAIOTh
Ha CTaH eNICKTPOHIB Y TOCIIDKYBaHil IapyBaTiii CTPYKTypi.

Marepiann Ta Meroau. BupinieHHs mnocraBieHOi 3amadi NMPOBOMUTHCS LUIIXOM YHCIOBOTO MOJETIOBAaHHS MarHiTHOL
HaHOCTPYKTYPH 3a JOIOMOTOIO CIIENiaIbHO CTBOPEHOTO MIKPOMArHITHOTO CHMYJISATOPA, B SIKOMY peayi30BaHHH aJTOPHTM
OJTHOYACHOTO PO3B’sI3aHHS CUCTEMHU PiBHAHL MakcBea ta Jlannay-Jlipmuns-Iine0epra. Po3s’si3aHHs Takoi CKIIaIHOT 3a1a4i
MPUCKOPIOETHCSI BHKOPHUCTAHHAM KBa3iCTATHYHOTO HAONMIDKEHHS IPH PO3B’S3aHHI CHUCTEMH piBHSIHb MakcBeia, mo €
0OTpYHTOBaHMM HYepe3 Maji pO3MipH po3paxyHKOBOI 00JIacTi y OPIBHSAHHI i3 TTHOMHOIO CKiH-mapy. [loganpnii po3paxyHKH
€JICKTPOMHAMIYHOI CHCTEMH IIPOBOJSTHCA 3a JOIOMOTOI0 METOJAa CKIHYEHHUX eNeMEHTiB. [l OTpHMaHHA Kparmfux
YaCTOTHUX Ta CHEPreTHYHUX MTapaMeTpiB TeHepaTopa MpPOMOHYETHCS BBEACHHS PE30HAHCHOI JIAHKU 10 MPUHIIUIIOBOI CXEMH
JIOCITIJKYBaHOTO T'€HepaTopa, IKU 30yIKYEThCS KOPOTKUMH HAaHOCEKYHAHUMH IMITYJIBCAaMH.

Pe3yabTaTH. 3anponoHoBaHa cxeMa reHepaTopa Ha MarHiTHiil HAaHOCTPYKTYpI, IO MICTHTh PE30HATOP i3 30CEepemKEHIMHU
nmapaMeTpamMy, Ta OTpPUMaHa B 3arajbHOMY BHIVIAJl CHCTeMa HETIHIIHUX IHTErpo-An(epeHLiaIbHAX PIBHAHb BiIHOCHO
SJIEKTPUYHUX CTPyMiB. UHCIIOBHMI PO3paxyHOK Ili€i CHCTEMH, IO BKIIOYAE OKPIM PO3paxyHKYy CXEMH Ile H MOJIEITIOBaHHS
HEJIHIIHOT eJeKTPOJUHAMIYHOI CTPYKTYPH METOJOM CKiHYEHHHX ejeMeHTiB. OTpuMaHi eHepreTH4Hi 1 CIeKTpaibHi
XapaKTePUCTHKU JIOCH/KYBAaHOTO TeHepaTropa. [IpoBemeHMII MONIyK ONTHMAIbHUX 3HA4YeHb T'€OMETPHYHHX ITapaMeTpiB
HAHOCTPYKTYPH Ta BEITMYMHH 30BHIIIHHOTO MO3I0BXKHBOTO ITiAMarHiTyBaHHS.

BucnoBku. BHacninok ckiagHol MPUpOIN HENIHIHHUX MPOIECIiB y MarHiTHIH HAHOCTPYKTYPI BUKOPUCTAHHS 30BHIIIHBOTO
pe3oHaTopa, KU OM MIr MOKPAIIUTH CHEKTPajibHI MapaMeTpH 3reHepOBaHOTO CTPYMY, HE JAJ0 MOMITHOTO TOKpPAIICHHS.
BrutiB BeJTMYMHY 30BHIIIHBOIO HAMAarHideHHs Ha BUXIiJIHY [OTY)XHICTh TeHEpaTopa € CKJIAJHUM 1 HeJiHIIHUM, aje, B [iJIoMy,
3MEHIICHHs PiBHsI HAMarHigyyBaHHs MMPU3BOJMTH 10 MTOMITHOT'O 3MEHIIEHHS IOTY)KHOCTI. BeTaHOBNIEHO, 1110 IS TOKpaIIeHHs
€HEePreTHYHNX XapaKTePUCTHK I'eHepaTopa ONTUMAIIBHOIO € TOBIIMHA MarHiTHOTO Mapy y 6 HM.

KJIFOYOBI CJIOBA: uacoBwuii npocrip, piBusuus Janaay-Jlipmuusa-I'ine6epra, Heniniiina MarmiTHa HaHOCTPYKTYpa,
KBa3zicTaTH4He HAOJIUKEHHsI, MapaMeTPUYHMii reHepaTop
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BCTYII
MarziTope3ucTiBHa TaMm'siTb 3 JA0BUIbHUM JoctynoM (MRAM) BBakaeTbCs TNEpCHEKTHBHOIO TEXHOJIOTIEI0
noctiitHoi mam'ati yepes il TpuBaje 30epiraHHs JaHUX i HaxiiHicTh [1]. s po3paxyHKy HaHOPO3MIPHHX MarHiTHUX
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eIICMEHTIB BUKOPUCTOBYIOTh METOJ[ CKiHYEHUX eyeMeHTiB [2] abo mMeTox ckinueHHHX pisHUIG [3]. Js mpHCKOpeHHS
PO3paxyHKy TaKUX 3a[ad PO3BHBAIOTh METOMH afalTallii CUMYIATOPIB IS MapaiebHOIO PO3paxyHKy Ha rpadiuHux
npouecopax [4]. HaykoBiii po3poOisioTh OKpeMi eNeKTPOIHHAMIUHI CUMYJISITOPH, SIKi MOXKYTh TOYHIIIIE Ta IIBUJIIE
PO3paxoByBaTH Ta ONMTHMI3yBaTH MarHiTHI HaHOCTPYKTypH [2], [5-6]. [IpoTe mis OTpUMAaHHS MPUCTPOIO 3 KOHKPETHUMH
BUXIZIHUMH TNapaMeTpamy, HaIpHUKIJIaJA, YacTOTOI TeHepalii, 3agaHiuM poOOYMM Iiarma30oHOM YacToT, MOTY>KHICTIO
reHepailii, rcOMETPHYHIUMH PO3MipaMH TOIIO HEOOXiTHO MpoBeAeHHs onTuMi3anii. Tak, HanpukIag, B HU3Li pooit [7-
11] omucani MeTom onTUMI3alii, 38 JOIIOMOTOIO SIKUX MOXKHA PO3paxyBaT MapaMeTpH CUCTEMHU.

MIOCTAHOBKA 3AJAYI
Ha ocHOBI cxemu reHeparopa, npeJcTaBiIeHol B rornepeHii podori [12], mpornoHyeThest TOKpalieHa cxema, B sSKil
JUISL TIOKpAIEHHS CIIEKTPAJbHOTO CKJIAAY KOJIMBaHb JOJATKOBO BBEJICHUI IMOCHIIOBHUN PE30HAHCHUI KOHTYp, SK
nokaszaHo Ha Puc. 1. Uepe3 B3aeMHMII BIUIMB CXEMHU NPHUCTPOIO Ha HENiHIIHY HaHOCTPYKTYpPY HEOOXiIHO HMPOBECTH
BceOIUHMI aHaii3 3ampornoHoBaHoi Mojeni. bynn BuOpaHi Taki MOYaTKOBI MapaMeTpH MPHCTPOIO Ta CTAJTl YHCIOBOTO
mogemoanns (Puc. 1): C1 = 7e-12 @, L1 = 0,3e-6 'y, R1 = 10 Om, Rsv = 1000 Om, d = 6e-7 cm, dt = 0,01e-12,
Vmax =11 B, f0 =0.1e9I1.

R1 A L1

Rsv T

Puc. 1 [IprHUMIIOBA CXeMa FeHepaTopa Ha HeNiHiiHINi HaHOCTPYKTYpi Rsy, 1110 30yKY€EThCS KOPOTKMMH IMITYJIbCaMu Vs
HAHOCEKYHIHOI TPUBAJIOCTI.
Fig. 1 Schematic circuit of the generator on a nonlinear nanostructure Rsv excited by short pulses Vs of nanosecond duration.

YacoBi 3ayie:)KHOCTI CTpyMIB OyJM po3paxoBaHi 3a JOIMOMOIOI MiAXOiB, onucaHux B [7, 12], me mapaienbHO
PO3B’s13yt0Thesl NOB’si3aHi Jqudepenuianbhi piBHsHHs Jlanpay-Jligmmus-Tin6epra (LLGE) ta marHiTokBasicTaTuuHi
piBasaHS Makcsemia (PM).

PO3B’SI3AHHS 3AJTAUI
PiBHAHHS HAIPYTH JUIS JIIBOTO KOJIA:
Ry, + Rglg, = Vs 1)
PiBHSAHHS HAIPYTH JUIS IPABOTO KOJIa,
dlyq 1
Royly, = Ly T + C_1f1C1dt- )

BinmosigHo 10 cxemu, mu Mmaemo eMHIicTh C1 Ta iHmykTHBHICTE L1, siKi 3'eqHaHi mocmigoBHO Ic1 = Ii1
s By3na A maemo,

L = Iy + I1q, 3)
Ie
VS_RSVISV
h === (4)
sk crigye 3 (1). Toai
dl 1 1
= L—I(Rsu(h — 1) - C_1f1c1dt>: ®)
Jle BUKOPHUCTaHO, 3rifHo (3),
Iy =1 — I15. (6)

Takum ymHOM, y BUDIIAAL (5), IMOCTAaHOBKA 33/1adi JIONYCKAa€E 3aCTOCYBAaHHS ITEPaTUBHOI NMPOLEAYPU 3HAXOIKEHHS
IIYKaHUX TapaMeTpiB eIEeKTPUIHOTO KOJa.
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PE3YJIBTATH YNCJIOBOI'O MOJEJIIOBAHHSA

B nonepeaniit po6oTi [1] 6yB onucaHuii miaxif, 3a JOMOMOTOIO SIKOTO MOXHA PO3PaXOBYBATH MOiI0HI CTPYKTYpH.
IIpoBenena omruMmiszalisi reHepaTopa 3 METOIO MMIABHIICHHS PE3yJIbTYIOUOI MOTYXKHOCTI BHCOKOYACTOTHOI TeHeparil
NUIIXOM MMiA00py HaIeKHOT KOMOIHAIT TapaMeTpiB 3a1adi.

Ha Puc. 2 300pakeHa gacoBa 3aJIeKHICTh CTPYMY Uepe3 iHAYKTUBHICTB L1,
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Puc. 2 3anexHicTh cuIli CTPYMy 4epe3 iHIYKTHBHICTB L1 Bix gacy.
Fig. 2 Time dependence of current amplitude through inductance L.

B mpomeci nporikaHHs cTpymMy raycoBoi (GOpMH dYepe3 HeNiHIMHMI eneMeHT Rsy B HbOMY 3 SIBISIOTHCS
BHCOKOYACTOTHI KOJIMBaHHS MarHiTHUX KOMIIOHEHT, a caMe, 3MiHa My Ta my. Llelf mpouec 3MiHM HaMarHidTyBaHHS B TPhOX
HanpsMKax IpencraBicHnii Ha Puc. 3.

JlnHaMika HaMaTHIYyBaHHA

0 50 100 150
Yac cumyndiii, He

Puc. 3 3anexHicTh HAMArHiYEHOCTI Bijl Yacy
Fig. 3 Time dependence of magnetization

SIK HACNIZOK KOJIMBAHHS MAarHiTHUX KOMIIOHEHT BUKIIMKA€ 3MiHY MHTTEBOTO onopy Rsy. Lle MokHa mOMiTHTH Ha
4acoBIH 3aJIe)KHOCTI CHITH CTPYMY Yepe3 Iel eNeMeHT, K BigoOpakeHo Ha Puc. 4.
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Puc. 4 3anexHicTh CHIIM CTPYyMYy uepe3 HelliHiiHui omip Rsv Bix yacy.
Fig. 4 Time dependence of current through nonlinear resistance Rsv.
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BusiBumnocs, mo Bi3yallbHO CTpyM depe3 pesuctop Ri Maibke He Bigpi3HAETBHCS Bil CTpyMy depe3 HeiHiHHMN

€JIEMEHT, 1110 TpesicTaBieHo Ha Puc. 5.

CtpyM wepes pesuctop R1,A
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Yac cumynsiii, He

Puc. 5 3anexHicTs cuu cTpyMy uepes omip Ri Bifg gacy.
Fig. 5 Time dependence of current through resistance Ri.

I[J'I?[ KpaH.IO'I' OLIiHKI/I XapaKTCPUCTHUK BUHUKAIOYOTO BUCOKOYACTOTHOT'O KOJIMBAHHA 3aCTOCOBaHUHU (1)iJ'ILTp BHCOKHX

Y4acToT, IO JO3BOJIAE BUAUIATH MaJy aMIUIITYAy TreHepoBaHoro KonmBaHHs (Puc. 6) Ta mpuOpaTu 30y HKy0UYHN iMITYIIbC
(Puc. 2).
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Puc. 6 3ajexHicTh BUCOKOUACTOTHOI CKITAZ0BOI CTPYMY Uepe3 pe3ucTop Ri Bif vacy.
Fig. 6 Time dependence of the high-frequency component of the current through the resistor Ru.

I[J'I?[ KpaH.[O.l. O].[iHKI/I XapaKTCPUCTUK BUHUKAOYOT'O0 BHCOKOYACTOTHOTO KOJIMBAHHA, @ CaM€ YaCTOTU reHepaui'l' Ta

Horo 3arajgbHOI TOTY)KHOCTI, pO3pax0BaHHH CIIEKTP aMILTITYAN CHIIN cTpyMy uepes pezuctop Ri. Ha Puc. 7 300paxennit
THUITIOBHUH TPHKJIAJL CTICKTPY KOJIMBAHb, SIKI BAHUKAIOTh Ha pe3nuctopi Ri.
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Yacrora, ['q «10'°
Puc. 7 YacToTHa 3aNeKHICTh ITOTY>KHOCTI BUCOKOYACTOTHOI CKIIaI0BO1 yepe3 omip Ri.
Fig. 7 Frequency dependence of the power of the high-frequency component through the resistance Ri.
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I[JI;[ HiZ[BI/IH.lCHHSI HOTy)KHOCTi BHCOKOYaCTOTHOTO KOJTMBAaHHs 6yJIO TIPOBEACHO I[OCJ'IiI[)KCHH}I BINIUBY NTOYaTKOBUX

mapaMeTpiB Ha CHEeprilo BHUXiAHOTO KonuBaHHA. Tak, Ha Puc. 8 300paskeHa 3aeXHICTh IOTYXXKHOCTI CHTHAITYy Bif
aMIUTITYON TIOB3[IOBKHBOI MAarHiTHOI KOMITOHEHTH M. baummo, mo Hail0inpmoia eHepris CHTHAIY IOCATAETChS IPH
aMIUTITYIi M, piBHIH -1 1 ipw i 301IBIIEHH] TOTYXHICTF MOHOTOHHO CIIAJIAE.
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Puc. § 3anexHicTh MOTYKHOCTI BUCOKOYACTOTHOI CKIIAZ0OBOI Bijl PiBHS yCEepEAHEHOI 32 00'€MOM Z CKJIaI0BOT HOPMOBAHOL
HaMarHiYeHOCT1
Fig. 9 Dependence of the power of the high-frequency component on the level of the volume-averaged component z of the
normalized magnetization

1
[y

Jlnis1 3HaYeHHS ycepetHeHO 3a 00'€eMOM HOPMOBaHOI HAMArHi9e€HOCTi M; = -1 OyJI0 MPOBEACHO NOCTIIPKCHHS BIUTUBY

TOBIMUHH HEJHIHOTO MarHiTHOTO mapy enxeMeHTy Rs (Puc. 9). Bymo BcraHOBieHO, 0 MakcHMaibHA IOTYXHICTh
CUTHAITy OCATAETHCS MIPH TOBIIHHI, PiBHIA 6 HM.
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ToBIIMHA MATHITHOTO [1APY, HM

Puc. 9 3aexHicTh MOTYKHOCTI BUCOKOYACTOTHOT CKJIAJIOBOI BiJl TOBIIMHK MarHiTHOTO IIapy
Fig. 8 Dependence of the power of the high-frequency component on the thickness of the magnetic layer

BUCHOBOK
B pmaHiit poGoTi Oynm mpoaHanmi3oBaHi YMOBH TeHepallil BHCOKOYACTOTHHX KOJHMBAHb HETIHIHHOI MarHiTHOI

HAHOCTPYKTYpH. 3’sICOBAaHO, III0 MaKCHMaJIbHA BHXIi/Ha MOTY)XHICTh TeHepallii focATaeThcs MPH TOBIIMHI HENIHIIHOTO
MarHiTHOTO Iapy y 6 HM Ta KOJM 3Ha4eHHS HOPMOBAHOI I03J0BXHBOI HaMarHiueHocTi gopiBHIoe — 1. Jns obGpaHoi
MOJIET BIAJIOCh OTPUMATH HAHBHIIY YacTOTY CIIEKTPY T'eéHepoBaHUX KosmBaHb y 15 T

1.
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INCREASING POWER OF GENERATOR ON NONLINEAR MAGNETIC NANOSTRUCTURE
I. S. Volvach?, O. M. Dumin?, V. A. Plakhtii 2, P. G. Fomin?
! Material Science & Engineering Department, University of California, San Diego (UCSD), 9500 Gilman Drive, La
Jolla, CA 92093-0418, USA
2V. N. Karazin Kharkiv National University, 4 Svobody sq., Kharkiv, 61022, Ukraine

Background: One of the most promising areas of development of modern electronics is the creation of spintronic devices,
which should replace the traditional semiconductor elements. The use of electron spin as a carrier of information in
magnetic nanostructures can radically change modern life.

Obijectives: The aim of this work is to find ways to increase the power of the generator on the magnetic nanostructure by
changing its electrical circuit and more optimal external electromagnetic parameters that affect the state of electrons in
the studied layered structure.

Materials and methods: The solution of this problem is carried out by numerical simulation of the magnetic
nanostructure using a specially created micromagnetic simulator, which implements an algorithm for the simultaneous
solution of the system of Maxwell and Landau-Lifshitz-Hilbert equations. The solution of such a complex problem is
accelerated by the use of a quasi-static approximation in solving the system of Maxwell's equations, which is justified by
the small size of the calculation area compared to the depth of the skin layer. Further calculations of the electrodynamic
system are performed using the finite element method. To obtain the best frequency and energy parameters of the
generator, it is proposed to introduce a resonant circuit to the schematic diagram of the studied generator, which is excited
by short nanosecond pulses.

Results: A scheme of a generator on a magnetic nanostructure containing a resonator with concentrated parameters is
proposed, and a system of nonlinear integro-differential equations with respect to electric currents is obtained in general.
Numerical calculation of this system includes, in addition to the calculation of the scheme, also the modeling of a
nonlinear electrodynamic structure by the finite element method. The energy and spectral characteristics of the studied
generator are obtained. The search for the optimal values of the geometric parameters of the nanostructure and the
magnitude of the external longitudinal magnetization is carried out.

Conclusions: Due to the complex nature of nonlinear processes in the magnetic nanostructure, the use of an external
resonator, which could improve the spectral parameters of the generated current, did not give a noticeable improvement.
The influence of the value of the external magnetization on the output power of the generator is complex and nonlinear,
but, in general, a decrease in the level of magnetization leads to a significant decrease in power. It is established that the
thickness of the magnetic layer of 6 nm is optimal for improving the energy characteristics of the generator.

KEY WORDS: time domain, Landau-Lifshitz-Gilbert equation, nonlinear magnetic nanostructure, quasistatic
approximation, parametric generator
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