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MarHuTHble NIEHOYHbIE MUKPO- U HAHOCTPYKTYPbl MHTEHCUBHO MCC/NIEAYIOTCS B KayecTBe BO3MOMKHbIX KaHAWAaToOB ANA
CO34aHUNSi NEPCMNEKTUBHbIX YCTPOMCTB CMUHTPOHMUKM U MArHOHUKKU. Hocutensmm MHGOPMALMOHHBLIX CUTHANOB B TaKUX
YCTPOMCTBAX, ABNAIOTCA MarHOHbl MU CMUHOBbIE BOJIHbI. Ba)HbIM NPEMMYLLECTBOM TaKUX HOCUTENIEN NO CPABHEHMUIO C
TPAANLMOHHOWN 3/IEKTPOHMKOM C NMEPEHOCOM 3apsA0B ABMAETCA OTCYTCTBUE AKOY/IEBOro HarpeBsa cpefbl. B HacTosuwee
BPEMA B CBA3M C MOCTOAHHO PacTyWMUMU TPEOOBAHMAMM K CTEMEHU MHTErpauMM MHTErpanbHbIX CXEM, B TEXHONOMMU
CO34aHUs  YCTPOMCTB MONYNPOBOAHMKOBOM 3/IEKTPOHUKK Habnogaetca nepexog OT ABYMepPHbIX (naHapHbIX) K
TPpeXMmepHbIM BEPTUKA/IbHO-UHTETPUPOBAHHbLIM MOJIYNPOBOAHUKOBLIM CTPYKTYpam. [NA COXPaHEHUA KOHKYPEHTHbIX
NPENUMYLLECTB aHANOIMYHbIA Nepexod AO/IKeH ObiTb peann3oBaH U B MarHOHWKE, KoTopas 6asmpyeTca Ha nsaHapHbIX
TEXHONOMMAX U MAarHUTHbIX CTPYKTYPax C «FOPMU30HTaNIbHbIMUY (B MIOCKOCTU NAEHKN) CBA3SMM.




enunA CMUHTPOHMKM U MarHOHUKN U 0606LLEHHAA CXeMa YCTPOMCTBA PYHKLMOHAbHOM 06pabOoTKM CUTHANOB
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Figure 1. The concept of magnon spintronics. Data coded in charge
or spin currents are converted to magnon currents, processed within Hano

the magnonic system and converted back. The magnonic crystal is
a universal element in the field of magnonics which can be used for
data transfer, processing, and buffering.
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Magnonic logic circuits

Alexander Khitun, Minggiang Bao and Kang L. Wang

Device Research Laboratory, Electrical Engineering Department, Focus Center on Functional Engineered
Nano Architectonics (FENA), Western Institute of Nanoelectronics (WIN), University of California at 1 OM
Los Angeles, Los Angeles, California, 90095-1594, USA
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Figure 4. Numerical estimates on the functional throughput of the
Magnonic majority logic gate (can be used as AND or OR gates) and
conventional CMOS-based NOR gate. The throughput is plotted as
a function of the minimum feature size, which is the gate length for
CMOS and the wavelength A for spin wave circuit, respectively.

(This figure is in colour only in the electronic version)
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LLInHa AaHHbIX

4=m) [0pU30HTaNIbHbIE MEKI/IEMEHTHbIE CBA3M
Heobxoanmo obecneyntb popmMmmnpoBaHUE BEPTUKANbHbIX P

MEXCNOMHbIX U MEXK3IEMEHTHbIX CBA3EMN 5
BepTMKanbHble MeXK3N1eMEHTHbIE U MEXC/I0NHbIE CBA3M
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2D pictures of time-space dynamics of spin waves propagation
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Measured map of the
spin-wave intensity




y Exprimental set-up

4dntM,=1350 1c

Probing laser light d=10 pm (YIG film thickness|)
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Results of numerical calculations

of intrinsic modes of coupled waveguides.
Performed by finite elements method in
COMSOL Multiphysics 5.0
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one YIG film. Power transmits between the coupled films.

Experimental data (BLS)
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, MpocTpaHCTBEHHOE pacnpeaeneHme KBagpaTa HaMarHMYeHHOCTU CMMHOBOM BOJTHbI. Bo36yKaaeTcs LeHTpanbHbI KaHan u

Ha6fIIO,CI,aETCFI M3BECTHbIM B ONTUKE npouecc ,CI,VICKpETHOl\/II ,D,M(I)paKLI,VIM CMMHOBOW BOJIHbIB CUCTEME NaTepasibHO CBA3AaHHbIX N/IEHOK
HKUT.
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Mpeo6pasoBaTtenb MOLLHOCTA Ha OCHOBE

Pictures of T-shaped waveguides prepared by laser scribing technique from 7

mkm YIG film
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MSSW and BVMSW waves spectra are intersected
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Power control with change the angle between external field
and wavevector.
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Shaped waveguide and spatial modes control by external field.

Experimental and numerical data for modes numbers in the

waveguide
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S.L.Vysotskii, S.A. Nikitov, Yu.A. Filimonov «Magnetostatic

Spin Waves in Two-Dimentional Periodic Structures (Magnetophoton Crystals)»//JETP,
Vol.101, NO.3, 2005, pp.547-553.



Hoepas KoMnoHeHTHasa 6aza MUMKPO - U HAHO3MNMEKTPOHUKMN Ha OCHOBE MarHUTHbIX MUKPOCTPYKTYP
AONA CenekKTUMBHON obpaboTkm nHPOpMaAaLMOHHbLIX CUFrHANOB B TEJNIEKOMMYHMUKaALMOHHbIX
cucremax un umcppoBomn o6paboTKm CUrHanoB Ha NnpyMHUMNax MarHOHHOM JIOrMKu

MHOIOKAHAJIbHbBIE HATMNMPABJIEHHbIE CUCTEMA NEHEPALIMM M OBPABOTKHW CNMH-BONTHOBOIO CUIMHATA
OTBETBUTENU U OENMUTENM MOLLIHOCTHU

Probing

| 3NEMEHTbBI MEXXCOEOAUHEHWUA

B NNMAHAPHbIX TOMONOMMAX MArHOHHbLIX CETEHN




1. PopmupoBaHue 3D MarHOHHbIX KPUCTAJ/IJIOB

Ha npumepe CTpyKTyp MarHOHUKU 1 NPOTOTUNMPOBAHUA C NPUBAEYEHNEM MOHHO-TYYEBbLIX METOA0B MO
HanpaBAEHUIO CHMU3Y-BBEPX NOKA3aHO, YTO AOpallMBaHMUE POACTBEHHbIX CI0EB PACMbINEHUEM MULLEHEWN
LUIMPOKMM MOHHbIM MYYKOM - 3TO NYyTb NONYy4eHUA 06beMHbIX 3D-CTPYKTYP HA MAaCCUBHOM NOANOMKKE C
HOBbIMM CBOMCTBamMM!

CrpykTypsl 1D 1 2D MarHOHMKHU Ha OCHOBe (peppPHUT-TPAHATOB:

* unoHHO-1y4eBoit IBSD meTon popmrpoBaHMsSI MarHOHHBIX KPUCTAJIIOB,;

* MacKM Ha OCHOBe JIeTKMX Me [ TTyOOKOTO aHM3O0TPOITHOTO TPABIEHUS IUIEHOK OKCHZIOB TsDKenbix Me
MeJJIEHHBIMU ITy4YKaMH MOHOB KHCJIOPOJa;

* MAarHOHHbIE€ KPUCTAJUIbI;

* KPUCTA/UIN3aLus ¢ onepexeHneM AudPpy3un npy ObICTPOM OTIKUTE;

3D mopgenupoBanue. KancyntnmpoBanue u 3apaliuBaHve MAarHOHHBIX CTPYKTYP.
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3D-MarHOHHbIN KpUCTana MeaHApPoBOro TUNa ¢ KOHEeYHbIM YUCNOM Nepuoaos m. BHellHee marHUTHoe none
H, HanpasieHo BAO/b OCU Z, CMIMHOBAA BOJIHA PACNPOCTPAHAETCA BAO/b OCH Y.
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CrpykTypa 2D MarHoHHBIX KPUCTAJLJIOB
py YP > HB:MMMGTpM‘-IHbIﬁMaFHOHHbIﬁ KpUCTann

ba3soBasa cTpyKTypa
00
20 MKM

CMMMeTpW-IHbIﬁ MarHOHHbIM Kpucrtann
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ZucnepcuoHHbie xapakmepucmuKu 6710X08CKUX 80s1H 8 CBA3AHHOU
cummempuyHoli cmpykmype (mun S, r=2 um, SS, AS), Hecummempu4Holi
cmpykmype (mun G, r=4 um, SG, AG) u pegepeHcHol cmpykmype u3 08yx
OO0HOPOOHBbIX MAeHOK HMUI (r=2 um, AM, SM ). AM,AS,AG u SM,SS,5G —
aHMUCUMMeMpPUYHbIe U CUMMeMPUYHbIe MOObl, COOMBEMCMBEHHO.
InybuHa meaHOpa s=3 um. [NyHKMupHaA AUHUA— OUCNepCUOHHAA
Xxapakmepucmuka o00uHo4YHoz20 3D-MK.

3500
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S-CTpyKTYypa G-CTpyKTYpa

SS-mode AS-mode SG-mode AG-mode

PacnpedeneHue nomeHyuana 8 anemeHmapHol A4yelike
c8A3aHHbIXx 3D-MK pazau4yHol cummempuu npu
(DUKCUPOBAHHbIX 3HAYEeHUAX 6510X08CKUX BOSTHOBbIX YucCen
k,=1000 cm™ u k=2700 cm™.
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KUl Ha GaAs
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Multiferroic spintronic nanostructures development with lowest enery consumption by 1-2 order of value less

than in MRAM

Basic technical parameters MELRAM cell

- Size of an element 100x100 nm?Z;

- Recording energy reading time less than 0,3 ns;
- Number of cycles 5000;

- Time of information storage 10 years. pad

Low anisotropy: _ |
Memory layer

eCJan)

TbCo (4nm)
FeCo (2nm

FeCo (2nm)
TbCo (6nm)
FeCo (2nm)

High anisotropy: —]
Reference layer

Si

IEMN - IRE RAS
Nanomagnetic and Spintronic Devices for Energy Efficient Computing», Wiley & Sons, 221-257 (2016).




Bo36yxaeHue Tly KonebaHnii CNUHOB:
Na3epPHbIMU UMMYNbCaMMU

T e

CNUH-UHXKEKLMNOHHbIe reHepaTopbl TeparepLoBbiX BO/IH HA OCHOBE MAarHUTHbIX CTPYKTYP
10.B. lynses, I.E. 3unebepmaH, C.I. Yueapes. PaduomexHuKa u aneKkmpoHuka 60, 441 (2015)

CNUH-NONAPU30OBAHHBIM TOKOM

Je

dKCnepMMeHTaNbHO OOHApPYKEeHO BO3OYKAeHNe Na3epHbIMU
MMMNYNbCaMM KOrepeHTHbIX KoniebaHni cCnMHOB ¢ YacToTom 22 Ty,
B aHTUPEeppOoMarHeTuke

D. Bossini et al., Nature Communications 7, 10645 (2016)
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Some experimental results:

eEmission spectra consists of spectral bands in 8-30 THz range

*Emission spectra depends on film composition (Fe, Co, Ni, their alloys and oxide, FeMn and others) and applied to magnetic junction current with some
threshold current.

eRadiative power emission in whole solid angle may reach, as estimated, near one mW.

*Emission power is proportional to injected electrons into the magnetic junction and does not to applied current power.

Unfortunately, the rod-film constriction is not suitable for high quality lasing effect experiment. It demands completely planar spin
injector developing.



CrinH-UHXXeKUMOHHan Teparepuosasn GOTOHMKa HaloCcHOBE HAaHONMEepPEeXoA0B B
MArHUTHbIX MeTaNNaxX U AU31eKTPUKax

G.M. Mikhailov 2, E.A. Vilkov ®, S.A. Nikitov ?,
V. Korenivski ¢

a Institute of Microelectronics Technology and High Purity Materials, Russian Academy of Sciences, str. Ac. Osipian 6, Chernogolovka,
Moscow district, 142432 Russia. mikhailo@iptm.ru
b Kotel’nikov Institute of Radio Engineering and Electronics, Russian Academy of Sciences, str. Mokhovaya 11, bld. 7, Moscow, 125009
Russia.
¢ Royal Institute of Technology, Valhallavégen, 79, Stockholm, SE-100 44 Sweden.
Abstract. Magnetic junctions including ferromagnetic, antiferromagnetic and nonmagnetic metallic layers of nanometer
scale thickness may emit terahertz radiation through by spin-subband transitions of injected electrons with negative spin-
temperature.

We consider three type of THz spin-injection emitters on the base of magnetic metals nanojunction that include the
ferromagnetic rod — magnetic thin film constriction, the magnetic metamaterial film emitter and magnetic point contact
arrays.

Some results of the investigations are presented and the field of subsequent activity is considered in concern to lasing
effect .




e of spin-injectli
effect by inserting spin-injection planar emitter into the resonator
Continuous AFM film of 10 nm Nonpercolated islands of Fe (001) (N1, Co) in 10 nm
thick thick and 50 nm lateral dimensions

Thin buffer layer

Planar constriction scheme for laser effect observation on the base of magnetic metamaterials junctions.
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*V. E. Demidov, H. Ulrichs, S. V. Gurevich, S. O. Demokritov, V. S. Tiberkevich, A. N. Slavin, A.

Zholud & S. Urazhdin//Nature Communications volume 5, Article number: 3179 (2014)

*Roman Khymyn,lvan Lisenkov, Vasyl Tiberkevich, Boris A. Ivanov, and Andrei Slavin, Antiferromagnetic THz-frequency
Josephson-like Oscillator Driven by Spin Current// Sci Rep. 2017; 7: 43705.
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TeparepuoBas MarHOHuKa,
CKUPMMUOHDbI

_ dragforce
. IV

Magnus force
77 X

Cxema asuxkeHmna AOM cKMpMMOHa

Alexander Samardak, Alexander Kolesnikov, Maksim Stebliy, Ludmila Chebotkevich, Alexandr Sadovnikov, Sergei Nikitov, Abhishek
Talapatra, Jyoti Mohanty, and Alexey Ognev // Appl. Phys. Lett. 112, 192406 (2018);




AdomeHHble rpaHuubl B 3D 3anomuHalowmx
W IOTMYECKUX YCTPOIMCTBAX

Memory on the racetrack. 3D solid-state device.
S. Parkin et al., Nature Nanotechnology 10, 195-198 (2015)

[domeHHble rpaHuLbl Kak
peKoHdUrypupyembie HaHO3/IEMEHTbI

JJoMeHHaA rpaHnLA — HAHOBOJIHOBOJ, CMUHOBbLIX BOJH.
K. Wagner et al., Nature Nanotechnology 10.1038/nnano.2015.339 (2016)

3.2 pm

3.2 pm

HaHOI'eHepaTOpr M HAHOAQHTEHHDbI.

| Up to 100 GHz and wavelengths down to 20 nm.
g e »_ B Van de Wiele et al., Scientific Reports 6:21330 (2016)
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> 50 nm

HaHouHTepdepoMeTp Ha JOMEHHbIX rPaHULAX.

e - F. J. Buijnsters et al., Phys. Rev. Lett 116, 147204 (2016)
(a) Identical chiralities: (b) Opposite chiralities...

constructive interference




Development of new principles of ultrahigh energy effective signal controlling devices
Novel investigation on crystal-on-chip systems based on spintronics and spin-photonics principles with the
frequencies up to 20 THz

Generation-routing-coding-synchronization-detection og THz spin waves
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Magnonics new direction of spintronics and spin wave electronics
S A Nikitov et al, Phys Uspekhi, v.185, 1099 (2015)




BeKeBble 3/1eMEHTbI — BXOAHblE HAHO-OCUMNNATOPDI
Ha a¢PeKTe nepeHOoca CMMHOBOrO MOMEHTA

CuHMe 31eMeHTbl — BbIXOAHbIe HAHO-OCLUANATOPbI

3eneHble 3/1eMeHTbl — HQHOMArHUTbl 414 U3MEHEHUA HanpaBAeHUs ABUKEHUS
CMWUHOBbBIX BOJH

*enTtble NMHUN — HAHOBONIHOBOAbI CMMHOBbIX BOJH

Po3oBble, NnypnypHble, CUHUE, Fronybble IMHUN — NPUMEepPbl PAaCNPOCTPaHEHUA
CMWHOBbIX BOJIH MO BO/IHOBOAAM

Hepomop@PHbIN MarHoHHbI npoueccop

Heﬁpomopchaﬂ CeTb OCYLECTBNAET CBA3b MmeX Ay HAHO-OCUNNNATOPaMU, UX B3AUMHYIO CUHXPOHU3aAUUNIO U KBa3MI'OI'IOI'pa¢M‘-IeCKle o6pa60TKy CUrHanNnos.

CBepx6bicTpble HAHO-OCUUNNATOPbI (HEMPOHDbI) paboTatoT Ha TeparepLOBbIX YAaCTOTax.

APM marHoHbl He4yyBCTBUTE/IbHbI K MNAPa3UTHbIM HaBOAKaM MexXay nepeaparommm sosiHOBOA4aMuU 6naro,qapr-|
OTCYTCTBUIO nobouyHoro AUNOJZIbHOIo noasA.

MHd)OpMGIJ,VIﬂ 3aKkoguposaHa B suae ¢a3bl CUTrHAaNo0B, YTO NO3BOJIAET NepenaBaTb MHOXECTBO CUTHA/N0B OT PA3HbIX
UCTOYHUKOB oagHOBpemeHHO B OoAHOM BOJ/IHOBOAE.




AKyCTI’I‘IeCKaH CIIMHOBas HAKAYKaA

B MATHUTOJIEKTPHUYECKNX PE30HATOPAX HA 00beMHBIX aKycTHYecKux BostHax—(HBAR) 17151 ycTpo#cTB MUKPOBOZHOBOW CHUHTPOHNKH ((POHOHHAsI

CIIMHTPOHHUKA)

- BriepBrie HabOmr0manock BO30yKA€HHE U TETEKTUPOBaHUE CIIMHOBEIX BOMH (CB) 1 cimHOBBIX
tokoB (CT) B HBAR co ctpykrypoit Al /ZnO/Al — XKUI'/ TTT/ )KUT'— Pt B mmpokxom guama3oHe
PE30HAHCHBIX YacTOT U ToJeH. BriepBbie HaOMIOAIach BETMYMHA HAIPSLKEHUS 00paTHOrO
crHoBOro 3¢exra Xomna (ISHE) B MxB nuanasone: Vigyp ~ 4 MkB (Puc.2) npu nogasaemoit

Ha JIEKTPOJIBI MhE30-TTPE00Pa30BaTEIIsi MOIITHOCTH ~ 2 MBT 1 akTHUBHOM 001aCTH BO30YXIACHUS ~
170MKM.

* Mbe303NeKTpuyecKoe Bo3byxaeHne CB He TpebyeT co3gaHua rf MarHUTHbIX
nonew -.. KAlOTCA OMUYECKME NOTepU U 3HepronoTpebneHue.

Q ~ 10000 IPOCBET.

UEhO0ONEONN

1
]
3.2

Frequency (f, GHz)

Reflection (]S, |, a.u.)

Puc.2. YactotHas 3aBucumMocth dc Vi, Ha Pt (cHHSIL Kp.) 1 MOmynnb K03 GHUINEHTa OTpaXkeHHsT pe3oHaTopa (KpacHas Kp.)

N

o
DC Voltage (Vige, uV)

Puc.1. MarauTtoanexrpuaeckuit HBAR, mist akyctuueckoi
cnuHoBoM Hakauku (ACH): cxema u MukpodoTorpadus Ha
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Puc.3. 3aBUCHMOCTD HATIPSKEHUST OT MATHUTHOTO TIOJIS ITPH BO30YKICHUU
pe3oHaTopa Ha YacToTe OJHOTO U3 MakcuMyMoB Puc. 2. (f, = 3.1385). Hmxnsas Puc.4. 3aBHCHMOCTD HaNIPSDKEHMs OT MOJIsL M 4aCTOThI (IpaBasi WIKala)
KpuBas CHsTa IIPU CMEHE HaIIPaBJICHUsI MAarHUTHOTO MOJISL. HU3MCEHCHUEC TPEX COCCAHUX YAaCTOT PE30HAHCHBIX YaCTOT HBAR (KpaCHBIC
TOYKH)
7 I/I3MepeHI/Iﬂ IIpY THBEPTUPOBAHHOM HAIIPAaBJICHUH MAarHUTHOI'O IIOJIA ITOKa3ajan, 4TO -acTOTHBIE U I10JIEBBLIEC 3ABUCUMOCTHU VISHE(f; H), JIEMOHCTPHPYIOT MOJIHOE
HanpsHKEHHE MEHSIET 3HaK, HO He MEHSET CBOIO BEJIMYMHY MPH 3a1laHHON BEJIMYMHE TI0JIE. COOTBETCTBUE MEXY JOKaIU3ale MaKCUMyMOB HalpsSKEHUS U
D710 noaTBepxkaaeT, uto AetektupoBanus CT B mnarnne nmpoucxonut B pesynbrare ISHE — TIOJIOXKEHUEM PE30HAHCHBIX acTOT B INIOCKOCTH (f; H).

KOHBEpTAllUH YUCTO CIMHOBOT'O TOKA B TOK IPOBOAUMOCTH.

T.0., BCSL COBOKYITHOCTH NMPUBEICHHBIX U APYTHX JaHHBIX MOATBEPKAACT, UTO HaOIromaeMble 2p(eKThl CBA3aHBI C MATHUTOYIIPYTHM BO30YKICHUEM
CIIMHOBBIX BOJIH M aKyCTHYECKOM crimHOBOM Hakaukoil u3 XKUI' B rutatuny, nerekTupyemon B ieHke Pt 3a cuet o6parHoro crimHoBOro 3¢ dexra Xoia.




BbiBOAbI

o COB,ZLE[HO HOBO€ HAIIpaB/IEHHUE€ B MAdI'HETHU3ME U JJICKTPDOHHKE

e PazBuBaeTcs snemeHTHast 0a3a

* EcTb moTpe6GHOCTH B HOBBIX KOMITO3UITMOHHBIX MaTepHUaiaX U CTPYKTypax
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