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Y BBEJIEHUE s CHHHTPOHUKY

A.b. I'paHoBcKkum

kadeapa MarHeruzMa (pu3n4ecKoro gakyjabrera
MI'Y um. M.B. JlomoHocoBa

Jlekuus 2:
CnuHTpoHHBIE 3P(PEKTHI U YCTPOUCTBA

“Few subjects in science are | |
more difficult to understand than

magnetism.” Encyclopedia | D
Britannica, 15th Edition, 1989.




Magnetism Department, Faculty of Physics, MSU

~ Electronics, Micro- and Nanoelectronics Charge of Electron

[y -

"“:"*i«;i, SPINTRONICS= SPIN+TRANSPORT+ELECTRONICS
(1996)
Spintronics Charge + Spin of Electron

Spin control and manipulation
Spin current without dissipation!!!!?

CnuH-opOMTPOHUKA
CnuH-kajgopuMeTpusi=TepMOCITUHTPOHUKA
MarbmoHuka

AHTU(ECpPPOMATHUTHASA CIUHTPOHUKA
Opranuyeckasi CHHHTPOHHUKA

IHoaynIpoBOIHUKOBASI CHIUHTPOHUKA

CKUpMHOHMKA, XHPAJIbHASA CIMHTPOHUKA N
CTpedTpOHHKA D
Spin-photonics=MarautooToHHKA
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Multi-faceted world of spintronics
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\@] I1man

B2
CouHTpOHHEIE 3(D(EKTHI.
MRAM u STT-MRAM

ITamsats Ha O6eroBoit gopoxkke (Race track memory)

. CrimaTponHbIe HaHOOCHUILIATOPEI (CTHO)

CIIMHTPOHHBIE TEPArePLOBBIE DMUTTEPHI

. Margosuka
. 3aKJII0OYcHHUE

“I swear to tell the truth, all the truth and nothing but
the truth”
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CouHTpOHHBIE 3(PPEKTHI

e CHuH-3aBHUCHIIEE PACCCSIHUC

* CIMH-3aBUCAIIECE TYHHEIIMPOBAHUE
* CIMH-TOpK

* CnnHOBBIM Q) ekt Xouia

* CninHOBBIN Q) QekT 3ecOeKa

* CrmHOBas Hakayka U CBEpXOBICTPOE
pa3MarHU4YMBaHUE

Ot 3P (PeKThl 00eCIIeUnBaIOT yIIpaBIeHNEe HAMAarHUYeHHOCThIO
0€3 MarHUTHOIO I10JIsI, KOHBEPCHUIO 3apsJIOBOTO TOKA WJIU
TEIIOBOIO MOTOKA B CIIMHOBBIE TOKU U OOPaTHYIO KOHBEPCUIO
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@ CnuHoBbeId Ki1anan= CIIUMHOBBINM BEHTUJIb

E]

Spin valve GMR sensor

CPP geometry

CIP geometry

Current) =§

Low resistance state High resistance state

[lapkun n /{luenu
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CIIMH TOPK

spin torque

—
— —

S:

| free

i

fixed layer free layer

Figure 1: Spin torque principle: in a ferromagnet/non-magnetic/ferromagnet trilayer. the transverse spin
nponent of the conduction electrons 1s absorbed as they pass through the free layer, generating a torque on the
local magnetization: the spin-transfer torque.

3a cueT cIuH TOPKa BOSHHUKACT BO3MOKHOCTDB YIIPABJIATH
HaAMAI'HUYCHHOCTBHIO HC MAI'HUTHBIM IIOJICM, 4 TOKOM
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~ ¢ Future: From charge current to pure spin current

J.=J.+17, (1)

I =17 t— g | (2) Fig. 6: Schemaric illustration of (a) direct and (b) inverse spin-
) Hall effects in @ nonmagnetic material. J, and J, are the charge
and spin currents, respectively.

Spin Hall Effect




LD CMIUHOBbIV 3ODEKT XO//IA U -
i CMUHOBASA HAKAYKA

&

Normal metal

Spin current

D¢deKkT BO3HHKAET H3-3a AHN3OTPONII PACCETHIS
3TeKTPOHOB C PAa3HBIMII HANpPaBICHISIMII CIIHHOB Ha

N i MPIMECSIX HEMarHITHOIO MeTalllla BCIIEACTBIE CIIIH-
i - i _l A
- - = o OpOUTATIBHOIO B3alIMOICIICTBIIA.
Ll O6patHelii  crmHOBBEIT — 3hdext  Xomma.  Ilpm
AC n DC curHanel 3a cyer IIPOITY CKaHIII CIIITH-TIOTIAPH30BaHHOIO TOKa
obpaTtHoro cnuHosoro s¢pdekTa perucTpupyor HanpskeHe ~10 uB.
Xonna

Wei, D., et al., 2014, Nat. Commun. LAbakoHos M.U., MMepens B.1. 1971. MNucema e ITD.
A,.37D8: 13(11). C. 657-660.
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Spin pumping from FMR

Spin pumping : generation of out of

equilibrium spin distribution in FM and

spin current injection in adjacent layer
Tserkovnyak et al. PRL 88, 117601 (2002)

1) Increase of effective damping and FMR linewidth

Y * y 1
__—|CFMINM — &, = s g (1)
e o ' 4.7.[M tr .
s S
LU., Y. Tserkovnyak et al. RMP 77, 1375 (2005)
I . . L] -
= 2) Injected spin current from g'+ derived from Aa
sé [
. 2 P
' ' _//NiFe int & ‘I”l- y hh,f 4aMy + \/ ( 4;rMSy) + 4w
200  -100 0 100 200 Js50 = 5 5 5 2
b .Hms (mT) 8 (4.7rMsy) +4w (2)
//Bi/Ag/NiFe

K. Ando, E. Saitoh et al. JAP 108 , 113925 (2010)
ctc
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Free layer

Heavy metal
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TepmocnimaTpOHMKA=SPIN caloritronics

"j.
& a Thermocouple

Metal B

b Spin Seebeck effect

Metallic magnet

T,
Puc. 1. a — u30BPAKEHME TEPMONAPLI, COCTOALLEA M3 ABYX PA3HOPOAHLIX METANN0E A U B,
COEAMHEHHBIX APYT C APYTOM. METANNEI UMEHT PasHbIE KO3HMUMEHTEI 3eeBeKa, NO3ToMY
HaNPAKEHWE, BOHWUKAKILEE MEXAY «XON0AHBIMWY» KOHLAMW TEPMONAPL!, NPAMO
NPONOPLUMOHANEHD PA3SHOCTU TEMNEPATYR T1—To MEKAY «TOPAYMM» M «XON0AHBIM» KOHLEM
b — DBBACHEHKME CNMHOBOMO ahhekTa 3eefeka. B METANNMHECKOM MArHUTE aNeKTPOHL
NPOBOAMMOCTI B COCTOAHMAK «CMMH BBEPX» M «CMWH BHM3» MMEHT PA3HBIE KO3 MEHTEI
3eefieka. ECAM K MarHUTY NPUNOXMTE TEMNEPATYPHLIA IAAMEHT, TO CIMHOBbIA TOK pi—H,
ByAET NPONOPLUMOHANEH PA3HOCTM TEMNEPATYP Ha KOHUaX. PUc. M3 0BCyKaaemM0oi CTaTbu
B Nature
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CnuH-0pOUTAJILHOE B3aUMOACHCTBHE

H=M [PV (r)xp]ls

Co0ctBeHHoe COB (IBMKEHHE JIEKTPOHA CO CBOUMM CITHHOM )
HecoOcTBeHHOE (IBHXKEHHUE OQHOTO 3IEKTPOHA C YYKUM CITHHOM )
[lepuoauyeckny MOTEHIMAI PEIIETKA

Henepuoanueckuu noreHMan npumMecu

[ToreHuan snexkrpudeckoro nois (Pamrda)

[ToepxHocTh (Pamba u /Ipeccenbxayc)

ITouemy Oomabiue 3h(HEeKThl — IEPECCUCHUE 30H?

-
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ZD
*’f ”* f * ’ ’*’ Interface- induced

AW B i r) skyrmions and
: f'_/‘} t\ /g ?chiral domain walls S
N A Y \\-\”'
Ty Y YrTz (L
Weggeeft
2D
Graphene

+ spin-orbit

Spin-orbitronics,
3D a new direction for spintronics
Spin Ijlall> ef_fect

-

2D =
delstein-type effects at
Rashba and topological

insulator interfaces

el

(focus on 2D spin-orbitronics)

interfaces



Spin Orbit Coupling Vgoe=Agocl.s: examples of SOC effects

1) Asymmetry between electron scattering to left and right
(Mott’s scattering and skew scattering contribution to Spin Hall Effect)

!
k Transverse pure spin current ! Co
~O Injfacnon ofa
spin current
and spin-orbit
V i
scat Als torque on
magnetic film
Iectron current :

2) Dzyaloshinskii- Morlya Interactions between spins at interfaces

Hom = - (S x-gz) I—3"12

induces a tilt with a given chirality
between S, and S,
ght handed Néel chiral DW and skyrmuons

VNl fare—sn kbt b >ﬁ % !

NN(




,’E-éff-“
o AT

Encigy E

HS() = Qaro (k" X e:).

a F oha Rashba
coefficient

(example at the
Bi/Ag interface

2DEG)

g,

ezT ky

Topological insulator



Edelstein (EE) and Inverse Edelstein Effect (IEE) |

¥ Rashba interface Topological insulator

AK oy, Edelstein Effect Ak *[ charge current
depleteds e overpopulated y jC in 2DEG
Charge induces
Current j nonzero spin
= density O,
Injection of

spin current js
induces charge
current JC
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(a) Conventional MRAM Cell

0

(b) STT-RAM Cell

Ferromagnetic — /:uml ~
dlectrodes bt

non L ] N

Low resstance stase High resistance state

A N V1
T RER
AR Fule
: A 4 ‘

Werite Ward Line
White Current: [, ~ 1/ Volume [, ~ Volume

Fig. 1: Comparison of memory cell architecture between conventional field
switching MRAM (a) and spin-transfer torque MRAM (STT-MRAM) (b).
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Racetrack memory stores data in the form of magnatized regions, or domains (red and biuel, in nanoscopic wires
on a silicon substrate. The nanowires may lie horizontally (below) or stand as vertical columns (right). Pulses of electric
current move the magnetic domains rapidly along the racetradks past heads for reading and writing data.

VERTICALD> @
HORIZONTAL ¥

@
Writae

_ )

A sensof (gray) reads the data by detect- A strip contaning two oppositely magnetized domains uses the domaln wall that separates 115 two demalns
Ing the changing magnatization larrows) to wirite 2 data bit on the racetrack. As the domatnwall crosses underneath the racetrack, magnetic flakds
{yeliow) emanating from the domain wall set the magnetization direction In the racetrack’s bt

Crroapt [lapkun (2004) 256 TpekoB
B 10 MWJIJTMOHOB pa3 ObICTpEE
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USING SPIN TO MO Sypme

The ability to use an electric current to move magnatic domains along a nanowlre
Is essentlal to making racetrack memory practical (bartom). Oldor technigues using

magnatic flalds would be too complicated {tep).
Applied magnetic field

FIELD-ORIVEN MOTION Aloms

Magnetic domains representing 0s and 1s contain atoms whose infrinsic magnetism (peliow

arrows) is alignad. The atoms' onentation changes at the domain walls. Applying a field pointing
in, =y, the 1 diraction (blue arow], causes domain wall atoms to turn to the 1 direction, which
moves the domain walls (wihite arrows)—but in opposite directions, shrinking the [ region.
Moving the bits along the wize reguires a more complicatad magnetic field.

RAENT-CRIVEN MOTIIN

Folarized
electrons

The electrons (gray) of a current in a racatrack become “spin polarized™—their spin and intrinsic
magnetism align with the magnetization of the material. When thess spin-polarized electrons
crass from a 1 region to 3 0, their onentations flip. Because spin is a form of angular momentum,
which must be consesved, each electron that switches from 1 to § must flip an atom in the wire
from [ o 1. Thus, the spin-palarized cusrant moves the 1-0 domain wall along the racetrack. The
current moves the -1 domain walls in the same direction, so the data bits flow along the wire.
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5. Macrnumnuwie ckupmuonsr (skyrmion. 2010)

A H. boraasoB. JI.A. SI01oHcKHi. 1989.
MarsuTHbIil CKHPMHOH - TOIIOJIOTHYeCKH
YCTOHUHBAsA KOIBLIEBAs CTPYKTYpA.
Bo3HHKaeT B pe3ynbTare KOHKYPEHIIHH
00MeHHOro 1 D-M B3anMOIEICTBHIA.
Pa3mep B m1ockocTH 1-10 HM
Habmogamu npu 7 ~300 K (2018 1)
MeTtoar! reHepallii U JeTeKTHPOBAHHA ?
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Special Issue: Magnetic Skyrmions as Future Information Carriers
J. Magn. Magn. Mater. 455, 1-60 (2018)
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Tonmosiornyeckue CMUHOBBIE CTPYKTYPBI
Cxupmuonsbl biioxa u Heems
AHTUCKUPMHUOHBI

bUCKUPMUOHBI

Buxpu

MepoHsbl

bruMepoHbI

CKUPMHUOHHUOMBI

CKUPMHOHHEBIEC TPYOKH
MarHuTHbIE MOIJIABKH - 0000€PHI
XOM(HOHBI
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(r) (n)

: (a) (6) (B)
¥ Cxkupmuon Heens Cxupmunon Heens Cxupmuon bioxa AHTHCKHPMHOH CxupMuoHHyM
n=lLy=n/2 n=—ly=0 n=1;y=0

Y n=1l;y=0 n=ly=n

Puc. 3. CKMpDMHOHHEIE CTMHOBHIE CTPYKTYPEI IPH PAVIMUHLIX 3HAYSHUAX TOMoAornueckux yncen. Ieperiit psja — CTPYKTYPH
NOJYYEHHEIE ¢ MOMOILILI0 Moaeau (1). Bropoit psaa — ciniHHORBAs CTPYKTYPA BLILIENPHBEACHHBIX COCTOSHHMI Ha cpese xz. Tpe-
THIT a1 — NPOEKIIMS ONHCAHHEIX COCTOSHMI Ha enMHNUHYIO chepy. Bepxuuit nonoc — HEHTP CKUPMHOHA, HHXHHI NOTI0C —

OIHOpOaHasa odaacTh nepudepun.



AA A v Rdilmana T wdasin ndad TMameswlde, KxEPNlcinian NACTT

AKTYyaNlbHOCTb

CTHO—cnnH Tpchcl)eprle HAHOOCHUJLJIATOPBI

14

Heo6xo0anMMOCTb B MOLLHOM, BbICOKOCTabUIbHOM, MUHMaTIOPHOM U
LUMPOKO nepecTpanBaeMoM UCTOUYHUKe CBY-konebaHui

| L
\///

CnuH-TpaHcdepHble HAHOOCLWIJIATOPbI
(konebaTenbHaa cucTeMa, ynpasuTesib HacToThl U
aKTUBHBbIA 3/IEMEHT)

AoctonHctea CTHO
. . P , - Bluetooth Chip
H_[l—ll}ﬂlxl—lll JdHAIla30H NepPeCcTPOoHKH State-of-the-art LC Technology

qacToT — oT 500 MI'mm 70 50 I'T. ) 13

nultiband VOO

* MuHHaTHOpPHBIe pasmepbl — 20-200 HM. | B N o

5 divider

* BO3MOXKHOCTE MepecTPOHKH YacTOTHI
KoIeOaHMIl regeparopa oT
MIPIIOKEHHOT O TOKA.

* CoOBMeCTHMOCTD € TeXHOIOTHYECKHM
nurJaoM npoussoacrsa KMOIL

I IABHBIIN HETOCTATOK: Huskas
BbIXOIHAS1 MOIIHOCTH NMAapPHHAJIBLHOIO
CTHO - o1 10 HBT 10 1 MKBT.

i g g

Bluetooth Chip
STO Technology

STO -+ control
logic + Butters
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{ KOHCTPYKLIMW CTHO

,/n B

170nm

n“ (6)
~ ~\ 100n oke /
= Puc.2. KoHcmpyKuyusa CTHO:
Puc.1. Mukpogomoezpagus CTHO HaHocmonb (a) u HaHokoHmMakm (6)
Ba)kxHas ocobeHHocTb CTHO: DdM -
KonebatenbHasa CUCTeMa, aKTUBHbIN 2 o
3N1eMEHT U ynpaBuTe b YacToTbl cnelicep | e o @
HaxoAAaTcA B ogHoOM 6noke! By v v L
OM, | & |
Se o
- PUé3.

(6) Cmpykmypa
cnoes CTHO

Puc.4. Tunosas

[ L

cmpykmypa

cr1o0es npocmeuwux CTHO
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&4 @Cnnnomﬂe IMUTTEPHI TEPArepLUOBOr0 U3JIYYCHUSA
N

AKTYyanbHOCTb

30|0M i @ 300mm = 3300MKM P 300HM S 300nm &
| |
—ynepamoner  PEHTFEH  Tamma
| | I
1My 00 1My 10 00 lTl'u, 100 “_"_u 10 100 13My 10 100

Try, u3ny4eHne B CNEKTPE 3N1EKTPOMarHUTHOTO U3Ny4eHKs

EE,EEI===: satellite

Tly susyanusauma
6uomaTtepunanos?t

TIy KOMMYHMKauus?

* nttps://longwavephotonics.com/applications.htmi
2 nttps://www.whatech.com/og/markets-research it/812412-1erahertz-thz-communication-market-outlook-experts-forecast-unprecedented-growth-op portunities-through-2024-2032
3Pawar AY_et al_ Terahertz technology and its applications // Drug invent. Today. 2013.Vol. 5, Ne 2. P_ 157-163.

[Mpeumywiecmesa TIu:

Communication

* CybMunnmmeTpoBoe NPOCTPaAHCTBEHHOE
paspelweHue.

* BblCOKasA NPOHMKaLLaA cnocobHocTs.

* HeuoHusupyolLlee UsnyveHue.

* Pe30HaHCHOE MOoroLeHMe B
OpPraHUYecKMx BeLLeCTBax.

* BbICOKasA CKOPOCTb Nepeaayu aHHbIX

TIY ckaHWpoBaHue gna
obecneyeHua besonacHocTu®

Hedocmamku:

* BbicoKkoe nornoweHune 8 atmocdepe.

*  OtcyrcrBue 3pdDeKTUBHDLIX
LWMPOKOMONOCHBIX UCTOUHMKOB. 2

| —— I
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%i © Mexanusmbl reaeparuu T

2

a)

Hakauka

a) cnuHTpoHHbII TIY 3MuTTep Ha ocHoee obpaTtHoro cnuHoeoro addekTa Xonna;
6) BO3HMKHOBEHME CMUH-3aPAA0BOI KOHBEPCUM B CTPYKTYPE GeppoMarHUTHbIA/HEMarHUTHbIA
b metann (PM/HM)

K4 '/‘ c nashba:l';_e/ﬂace\

A
77:’JL J\I“
P/
’

FM  NM1 NM2
CNUHTPOHHbIN SMUTTEP Ha ocHoBse obpaTHoro addekTa Pawbbi-daensiiteitHa, a) 3D-nzobpaskeHune

3HEepreTMUEeCcKMUX 30H Ha nosepxHocTu Pawba-untepdeiica; b) pacwennexue sHepretuueckux 304 Ak e
pe3ynbTaTe CMMHOBOM UHMKEKLMK; C) CNUH-3apAA0Ban KoHeepcuat

*Pettine J. et al. Ultrafast terahertz emission from emerging symmetry-broken materials //Light: Science & Applications. —2023.-T.12.—Ne.1.-C. 133.
2Wu N. et al. Three-stage ultrafast demagnetization dynamics in @ monolayer ferromagnet //Nature Communications. —2024.—T. 15.-Ne. 1.-C. 1-9.
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Femtosscond
faser puise

E CIIMH-3apsaa0Basad KOHBCPCHUA U PA3SMAI'HUYHMBAHHNUC

Nontirear
Tharmalization cher phenonics
of charges and axcitation of and spin

spins \ onis precession

T T T rrrrm| L ] ]
10 10? 10°
Time (fs)

MexaHu3m ceepxbbicTpOro pasmarHuumMeaHma



Intense laser pulses can be used to demagnetize a magnetic material
on an extremely short timescale. While this ultrafast demagnetization
offers the potential for new magneto-optical devices, it poses
challenges in capturing coupled spin-electron and spin-lattice
dynamics. In this article, we study the photoinduced ultrafast
demagnetization of a prototype monolayer ferromagnet

Fe3GeTe2 and resolve the three-stage demagnetization process
characterized by an ultrafast and substantial demagnetization on a
timescale of 100 fs, followed by light-induced coherent Alg phonon
dynamics which is strongly coupled to the spin dynamics in the next
200-800 fs. In the third stage, chiral lattice vibrations driven by
nonlinear phonon couplings, both in-plane and out-of-plane are
produced, resulting in significant spin precession. Nonadiabatic
effects are found to introduce considerable phonon hardening and
suppress the spin-lattice couplings during demagnetization. Our
results advance our understanding of dynamic charge-spin-lattice
couplings in the ultrafast demagnetization and evidence angular
momentum transfer between the phonon and spin degrees of freedom.
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Pe3oHaHCHble yactoTbl M n AOM

| Hext

Hexl ~ lT Hex ~ 103T
WFEMR = ’)’\/HextHdip ~1-20GHz WAFMR =YV HexH ~500GHz—-1.5THz :I

deppomarHeTmku AHTUDEPPOMATHETUKM



A®PM & 11U CNTUHTPOHUKA —

TETTTT i

THz

10-'5s 10-'%s 107

Applications: security, bio scanner, pharmaceutics and food control,
mobile phone, inter-chip wireless, data bit addressing and transfer

Time

il
JJ?XEH

0 20 40 60
pulse number

" o= [
. = 00) . |

m. b IR cj
{ B8 | -101% % %

Ry J

IEKTPUYECKOe NepeKioYeHne
A®M nonynpoBogHUKOB

P. Wadley, et al. Science 2016

Froguency (TH2)

CCrTLA Loy

CeepxbbicTpbint Tly,
CNUHOBbBIN pe30HaHC

T. Kampfrath, et al.
Nat Phot 2011

Ty A®OM ocymnnatopbl

Khymyn et a
Sci. Rep. 201

Sulymenko et
Phys.Rev. App
2017
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2
MeTtoabl USMEHEHUA KPUTUYECKOro TOKA L

M YaCTOTbl pe30oHaHca

NocTtoaHHOe
MarHuTHoe none

Temnepartypa

MarHuToCcTpuKLMA

MEFHHTDB‘J’IEHTDHHECTBD

- Tly oTKAMK
CnMHOBBLIX TOK
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MargoHuka
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biox 1929
2005 (TepmuH)

A Nowadays, spin waves are considered as potential data carriers for
computing devices, as they have nanometre wavelengths, can be
In the low-THz frequency range, provide Joule-heat-free transfer of
spin information over macroscopic distances, and access

to wave-based computing concepts
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JlocTonHCTBA

1.ITepenaya u 00padoTka uHPOpMaIMU O€3 EePEeMENICHUS KAaKUX-TM00 YaACTHI]

2.JImuHa cBOOOAHOTO ITpoOera MHOTO 00JIbIe CIIMH-IU((Y3UOHHON IJTUHBI, YTO ITO3BOJISET
nepenaBaTh HHPOpPMAIMIO Ha Makpockonnyeckue paccTosaus (100 mxm)

3.BosiHOBas mpupojia 00ecreynBaeT MHOKECTBO JIMHEUHBIX U HEJTMHEHHBIX CBOMCTB,
MEPCHEKTHUBHBIX JIJI HOBBIX CIIOCOOOB OOPAOOTKH CUTHAIOB

OcHOBHOM HEIOCTATOK - CHJIbHOE 3aTyXaHUe B OOJBIIMHCTBE MaTEpPUaJIOB

HampaBneHnust ucclienoBaHun

1.

NOoO Ok W

8.
9.

Bo30y>x/1eHrue 1 MaHUITYJISLIMS MAarHOHOB C TTIOMOIIBIO 3apsiJOBBIX U CIIMHOBBIX TOKOB
(Spin pumping, inverse Hall effect, STT)

ITouck HoBBIX MaTepualioB- Y |G=2KUI" nneHku, nepmaion, cruiassl [eiiciepa u ap
VcKyCcCTBEHHBIE MarHWTHBIE MaTEpHaJIbl- MATHOHHBIE KPUCTAJLIIbI

MuHuaTopu3amus U yBeJIUudeHUe 4acToThl. J[JInHa BOJIHBI 0 mapaMeTpa pereTku, 10 THz
O06paboTka UMPOBBIX TAHHBIX (aMILIUTYAA WM (a3a, MAarHOHHBINA TPAH3UCTOP)
BosHoBBIE CBOMCTBAa Ha HAaHOMAcIITabe — 00paboTka He OuTa, a KjlacTepa HHPpOpMaIUuU
MaHunynsys 1 rTeHepalus AJIEKTPUIECKUM MojieM (MyJbTU(EPPOUKH, MarHUTHAS
aau3orponus, DMI)

MarHoHHbI€ TeroBbIe 3()PEKTH TUIIA CHTUHOBOTO 3ee0eKa

Buffering = MenieHHBIe MArHOHHBIE MOJIBI (10 MKCEK)

10. Boze-OUHIMITEHOBCKAS KOHICHCAITHS



Magnetism Department, Faculty of Physics, MSU

¢ E—E OOMEHHBIE

e E Marsoabl=CruHoBbIE BOJJIHBI
MargurocraTudeCcKue

Maraurocrarnyeckue CIuHOBbIE BOJTHBI=MSW

M B mockoctr u napajieiabao K BVMSW
) M B IIIOCKOCTH U TIepIeHANKYIIpHO K=MSSW
- K | wm mona Jleiimona-Ombaxa (Damon-Eshbach)

FVMSW= Forward volume magnetostatic waves

OO0b1yHO Ucnoab3yroTes FVMSW, Tak Kak OHM JI€TKO BO30YKIAOTCS
aHTEHHaMU, HO B CBSA3U C MUHHUATIOpH3aIlNeil — 0OOMEHHBIC BOJIHBI

Py (Ni81Fel19) u YIG (Y3Fe5012), CoFeB composites, Heusler alloys
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Figure 1. A four port spin wave logic gates. Forward volume spin waves
interfere at the junction in this YIG waveguide.

Inoue, Granovsky, Goto, Kanazava, 2016
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MarsoHHbIE KpUCTAIIIbI

t'E 1D
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C "4«/ ofr‘]l

Figure 3. Sketches of thin-film magnonic crystals. (a) Array of ferromagnetic stripes to be coupled dipolarly via air gaps and (b) a
continuous film with one or two corrugated surfaces (red stripes represent either the same material or a different magnetic or nonmagnetic
template). (c) Arrays of empty holes forming a magnetic antidot lattice and (d) holes refilled by a different ferromagnet forming a
bi-component MC. Here we depict square lattices, but other Bravais lattices have already been addressed as well.
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MATHHUTHASI CTPEHHTPOHHUKA
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Key points

* When a spin travels through a chiral structure in which the reflection or inversion
symmetry is broken, the moving spin can be polarized, thereby giving rise to spin
currents. The key ingredient to produce such spin currents is spin—orbit interaction.

» The spin currents are central to the chiral spintronics. The chiral structures that
generate the spin currents can be found not only in areal space but in a reciprocal
space.

» The exemplary chiral structures in the real space are chiral molecules, chiral magnetic
domain walls and chiral skyrmions, while what can be found in the reciprocal space
are chiral topological materials.

» Chiral spintronics deals with not only the generation of the spin currents but the
acting of spin currents on chiral structures, such as chiral spin-orbit torque.

* The spin currents from chiral structures such as chiral molecules and chiral
topological materials can often be significantly larger than the achiral counterparts.
Reversely, the spin currents acting on chiral structures, such as chiral spin—orbit
torque, is much more efficient than achiral spin transfer torque.

» Chiral spintronics based on chiral magnetic structures are particularly useful for the
potential development of devices that have better performances and new
functionalities.
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L =m o Chirality-induced spin selectivity —CISS ???

It is believed that the combination of a dipole electric field with
exchange interaction may give rise to large spin and
chirality dependent transmission/tunneling

In early 2010s large spin filtering started to be observed from the
Injection of unpolarized electron spins into chiral DNA or other
molecules in which the spin polarization was found to be linearly

proportional to the length of DNA molecules
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Chiral objects of spintronics
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Chiral DNA molecules

Ron Naaman
Weizmann Institute of Science, Rehovot, Israel

lg;;;::::s ;m ;m ;g;::::szl Chiral magnetic domain walls

AN PPN

i s Stuart S. P. Parkin £
[ i Max Planck Institute, Halle, Germau\ o

Conductive chiral helimagnets

Vladimir V. Ustinov
Institute of Metal Physics, Ekaterlnbﬂﬁé
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= Spin chirality of helimagnet

M(2) -y
_*_//_ - T L4 e
kTTe,, K=+1
(a) Right-handed helix:
M(z) R

kTle, K=-1
(b) Left-handed helix:

Helimagnet magnetization:
M(z)=M (e, cosq,z +e, sing,z)

Helix wave vector:
q=[MxoM/oz]/M?

Helicity vector:
k=q/|q

Helimagnet chirality:
K=Kk-e,

The sense of the rotation
known as spin helicity Is a
robust degree of freedemsg
helimaanet
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HelipomopdHast CIMHTpOHMKA
CBepxnpoBOAsAIIas CHUHTPOHUKA
CnuH-(pOoTOHHKA
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Henpomop@Hble BblYMCNEHUA

“Neuromorphic computing:
use of artificial circuits that mimic neuro-biological architectures and

processes characteristic for human’s nervous system.”

HenpomopdHble Bbl4MUC/IEHUA B CMTUHTPOHMUKE:

* M. Sharad et al., “Spin-Based Neuron Model With Domain-Wall Magnets as Synapse”, IEEE Trans.
Nanotech. 11, 843 (2012).

» A. Sengupta et al., “Spin orbit torque based electronic neuron”, Appl. Phys. Lett. 106, 143701 (2015).
* S. Lequeux et al. “A magnetic synapse: multilevel spin-torque memristor with perpendicular
anisotropy”, Sci. Rep. 6, 31510 (2016).

* A. Jaiswal et al. “Proposal for a Leaky-Integrate-Fire Spiking Neuron Based on Magnetoelectric
Switching of Ferromagnets”, IEEE Trans. Electron Devices 64, 1818 (2017).

» C. Liyanagedera et al., “Stochastic Spiking Neural Networks Enabled by Magnetic Tunnel Junctions:
From Nontelegraphic to Telegraphic Switching Regimes”, Phys. Rev. Appl. 8, 064017 (2017).

» Experimental work: J. Torrejon et al., “Neuromorphic computing with nanoscale spintronic
oscillators”, Nature 547, 428 (2017).

» Review paper: A. Sengupta and K. Roy, “Neuromorphic computing enabled by physics of electron
spins: Prospects and perspectives”, Appl. Phys. Express 11, 030101 (2018).

TonbKo gheppomMmazHUMHbIE MaTepuabi
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@] | MO3I" venoseka = 10! HetipoHos
g - Kosauvecmeo koumaxkmos 1 HelipoHa ~ 10*
O6wee Kosuvecmao cesasell 8 mosze ~ 10%°

OO0uH HeUpoH mMoxcem Haxooumucs 8 10
COCMOSIHUSX (He 8 2)

Konuvecmeo komoOuHayuu e mo3see 10101>

Koauvecmeo amomos 6o BeesaeHHotl ~ 1059

The brain has two primary elemental units, synapses and neurons. In
their simplest abstraction, synapses connect neurons with a
connection strength, called a weight, which provides the memory
function. Neurons receive inputs from many other neurons, integrate
those responses, and emit spikes, called action potentials, which
provide the input for subsequent neurons.

L]
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¥ Fundamental units — neuron and synapse

Statically ... Product-sum operation

IN ouT

f:al::t V

" Neuron

1n

Y = fact inwi -

=1

[t signum or sigmoidal function

Basis for Deep Neural Network (DNN), Convolutional Neural Network (CNN)
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Among the variety of spintronic devices that have been used,
magnetic tunnel junctions play a prominent role because of their
established compatibility with standard integrated circuits and their
multifunctionality. Magnetic tunnel junctions can serve as synapses,
storing connection weights, functioning as local, nonvolatile digital
memory or as continuously varying resistances. As nano-oscillators,
they can serve as neurons, emulating the oscillatory behavior of
sets of biological neurons. As superparamagnets, they can do so by
emulating the random spiking of biological neurons. Magnetic
textures like domain walls or skyrmions can be configured to
function as neurons through their non-linear dynamics.
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% N Chua, Leon O (Sep 1971), "Memristor —The Missing
~ Circuit Element", IEEE Transactions on Circuit Theory
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Resistor ? Capacitor SyNAPSE (SyStemS Of
dv=Rdi |s| dg=Cav Neuromorphic Adaptive
Plastic Scalable Electronics)
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Memristor
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Reliability, endurance, cyclability
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“IN THE THEORY THERE IS NO DIFFERENCE
BETWEEN PRACTICE AND THEORY.
BUT IN PRACTICE THERE IS.”

Conference on Symbolic Logic

THANK YOU!!! [’_HJ



