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1. BctynneHmne (MCTOKM CNUHTPOHUKMN)



Umo He makK ¢ aneKmpoHUKou
mpaouyuoHHou?

* YynoBuwHoe
3HepronoTtpebneHue +

MuHuaTiopusauma (npexcoe
gcezo0...)

* BbIX00 HO amoMHble macwmabbi
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YynoBuuHoe saHepronoTpebneHue

Network
(219 TWh)

Data centers
(254 TWh)

?

?

Electricity consumption (TWh/year)
g

o

“ |l | |
‘=II||II
.

» TVs + others

" PCs

= Network equipment
m Data centers

2012 2016 2020



Marbgsetusm

CIIMHTPOHHKA

DJIEKTPOHHUKA




2. CNUHOBAaA 3N1EeKTPOHUKA... HEeMHO020 pU3UKU




*+* UYmo makoe crnuH?

CrUH (ot aurn. SPIN, — «BpaleHne, BpalaTbh(-ca)») —
COBCTBEHHbIN MOMEHT MMIMY/1bCa 3JIEKTPOHA

Electron

Spin ==

Charge
electrique
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the writers of, rejected manuscripts inlended  for
this or any other par! of NATURE. No wnofice is
taken of anonymous communications.]

Spinning Electrons and the Structure of Spectra.

So far as we know, the idea of a quantised spinning
of the electron was put forward for the first time by
A. K. Compton {Jowrn. Frankl. Inst., Aug. 1921,
p- 145), who pointed out the possible bearing of this
idea on the origin of the natural unit of magnetism.
Without being aware of Compton’s suggestion, we
have directed attention in a recent note (Nafur-
wissenschaflen, Nov. 2o, 1925) to the possibility of
applying the spinning electron to interpret-a number
of features of the quantum theory of the Zeeman
effect, which were brought to light by the work
especially of van Lohuizen, Sommerfeld, Landé and
Pauli, and also of the analysis of complex spectra in
general. In this letter we shall try to show how our
hypothesis enables us to overcome certain fundamental
dggulﬁes which have hitherto hindered the interpre-
tation of the results arrived at by those authors.

To start with, we shall consider the effect of the
spin on the manifold of stationary states which
corresponds to motion of an electron round a
nucleus. On account of its magnetic moment, the
electron will be acted on by a couple just as if it were

this moment of momentum is given by Khf2m, where
K=1%, % % The total angular momentum of the
atom is Jhjew, where J=1, 2, 3. The symbols K
and [ correspond to those used by Landé in his
classification of the Zeeman effects of the optical
multiplets. The letters S, P, D also relate to the
analogy with the structure of optical spectra which we
consider below. The dotted lines represent the
position of the energy levels to be expected in the
absence of the spin of the electron. As the arrows in-
dicate, this spin now splits each level into two, with the
exception of the level K = }, which is only displaced.
In order to account for the experimental facts, the
resulting levels must fall in just the same places as
the levels given by the older theory. Nevertheless,
the two schemes differ fundamentally. In particular,
the new theory explains at once the occurrence of
certain components in the fine structure of the
hydrogen spectrum and of the helium spark spectrum

k old K hew J
3 3
D g _——

2 — ﬁ z

- — - -

P

Nt

11



Having had the opportunity of reading this inter-
esting letter by Mr. Goudsmit and Mr. Uhlenbeck, I am
glad to add a few words which may be regarded as an
addition to my article on atomic theory and mechanics,
which was published as a supplement to NATURE of
December 5, 1925. As stated there, the attempts
which have been made to account for the properties
of the elements by applying the quantum theory to
the nuclear atom have met with serious difficulties
in the finer structure of spectra and the related
problems. In my article expression was given to the
view that these difficulties were inherently connected
with the limited possibility of representing the
stationary states of the atom by a mechanical model.
The situation seems, however, to be somewhat altered
by the introduction of the hypothesis of the spinning
electron which, in spite of the incompleteness of the
conclusions that can be derived from models, promises
to be a very welcome supplement to our ideas of
atomic structure. In fact, as Mr. Goudsmit and Mr.
Uhlenbeck have described in their letter, this hypo-
thesis throws new light on many of the difficulties
which have puzzled the workers in this field during
the last few years., Indeed, it opens up a very hope-
ful prospect of our being able t0 account more exten-
sively for the properties of elements by means of
mechanical models, at least in the qualitative way
characteristic of applications of the correspondence
principle. This possibility must be the more welcomed
at the present time, when the prospect is held out of
a quantitative treatment of atomic problems by the
new quantum mechanics initiated by the work of
Heisenberg, which aims at a precise formulation of
the correspondence between classical mechanics and
the quantum theory. N. Bonr.

Copenhagen, January 1926.
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< N3o0mponHoe obmeHHOe 83aumodelicmaue
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OmMo MacHUMHbIU MOMeHmM eOuHuubl O0bbLEMa
geuwlecmea:

Super-spin

ic spin
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*** CnuH-opbumasnbHoe 83aumodelicmaue

(OsuixeHuUe 3aneKmpoHa 8 aneKmpu4yecKom rnose)

[Mpeobpa3oBaHua JlopeHua AnA
3neKTpML|eCKoro nonsa

—

B = (vxE)

o
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3. MexaHu3mbI nepeHoOca CnuUHa

* CnuH-nonAAapu308aHHbLIU MOK
S i
Js >0

Tonbko 8 memannax (NMPoeoOHUKAX).
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* CriuHosble 80s1HbI



YpaeHeHue /laHday — J/lugpwuya
(capmoHuyecKul ocyunnamop)

= —y(M x Heyy)

[apmoHu4eckas npeyeccusa — PeppomazHUMHbIU pe3oHaHc (DMP)
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YpasHeHue /laHoay — J/lugpwuya — Nnuansbepma

[apmoHuyeckasa npeyeccus
(capmoHuyecKul ocyunnamop)

3amyxaHue (momepu,
nopoxcoarouwjue [ixcoynes Hazpes)
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CriuHoable 80sHbI = Maz2HOH®bI (u e
memannax u e usoaamopax).
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3. CNINHTPOHUKA: YTO peasibHO OHA
AaeT?
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¢ lu2aHMCKOoe ma2HUMHoe cornpomusésneHue

CrnuH-nonAapu308aHHbLIU MOK

TyHHenbHOE Ma2HUMHOe conpomusseHue
Tunneling Magneto-Resistance (TMR)

Ferro 1

Insulator

Ferro 2

Mott two current model
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MpumeHenna GMR/TMR

HOH

Adamyuku
AyelukKa MO2HUMHO20 nons
namamu muna Spin Valve

(cnuHoewll KnanaH)

HlH
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HoOenesckas npemus no puszuke 2007 roga 3a OTKPBITHE
SIBJICHUSI THTAHTCKOTO MarHuTHOTO conpoTtuBieHus B 1988 rony.

Albert Fert Peter Griinberg
1938 Carcasson- 1939 Pilsen (Plzeit) — 2018 Julich
TeopeTuk, cnenuagaucT B 00J1aCTH DKCIEPUMEHTATOP, CIIEUAIINCT B
(U3UKU TBEPIOTO Teya obnactu BLS cniekTpockonuu
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The most impactful spintronic
device to date is a highly
sensitive magnetic field sensor,
the spin-valve, that allowed for a

10,000-fold increase in

the storage capacity of hard
disk drives since it was first
introduced in a magnetic
recording read head in 1997.
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*Maz2HOHUKa
(cnuH-80n1HOBAGA 31IEKMPOHUKA)
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bopuc AHmoHoeuY KanuHukoc
(12.07.1945 — 07.11.2020)
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HayyHo-uccneagoBsaTtesibCKan
nabopartopma MmarHOHMKN m
PaaAnoPoToHUKN um. b.A.
KanunHunkoca (/IMP®)
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PexkyppeHmHble HelipOHHble cemu

BXOIIEiOH Pezepeyap BexomHo#i  Kijaccwr
CII0H Hefiponst crIof

PHKCHPOBAHHEIE \\ \

Tperupyemeie .
PHKCHPOBAHHEIE BECOBLIE

IIPOH3BOIBHEIE CBA3H k03bdHIHEHTE
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APPLIED PHYSICS LETTERS 87, 153501 (2005)

Spin-wave logical gates
M. P. I'(-:n\si'yflev,aJ A. A. Serga, T. Schneider, B. Leven, and B. Hillebrands
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Maxa-LeHaepa

BonHoBble
BblYMNCNEHUA

(wave

Com put| ng) FIG. 1. (a) Schematic diagram of Mach—Zehnder interferometer. (b) Con-
trolled phase shifter (CPS) based on backward volume magnetostatic spin
wave (BVMSW) propagation. (c) CPS based on magnetostatic surface spin
wave (MSSW) propagation. 1-ferromagnetic film, 2-nonmagnetic substrate,
3—input strip-line microwave transducer, 4—output microwave transducer.
S—control-current stripe conductor.




“*CnuH-mpaHcgepHbie HaHo-
ocyunaamopsi CBY

CnuH-nonsapu308aHHsIU Mok + CUHoBble 80/IHbI
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YpasHeHue /laHoay — J/lugpwuya — Nnuansbepma

[apmoHuyeckasa npeyeccus
(capmoHuyecKul ocyunnamop)

3amyxaHue (momepu,
nopoxcoarouwjue [ixcoynes Hazpes)
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YpasHeHue /laHoay — J/lugpwuya — Nnuansbepma

- C/I0H4YeB8CKo20
|1|eff
e M o« <_> dﬁ)
—=—vy(MxH)+—|Mx—
<, g =T
Precession | Spin Torque + (M )2 (M X (M X S))
M ¢ |\I/| 0

Fig. 2. Conventional Damping Torque
vs Slonczewski Spin Transfer Torque

BanaHue CNMNUH-NONAPUN3INPOBAHHOIO TOKd

S¢ekm nepeHoca crIUHOB020 MOMeEHMA HA 0ObIYHbIU
demngupyrowuli MOMeHmM
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== IR W

Time (ns)

Fig.1 (a) A STNO device consists of a "fixed" layer that serves
as polarizer (PL) and a "free" layer (FL) whose magnetization
1s excited into steady state oscillations, NM spacer denotes
non-magnetic layer. i.e. insulator or non-magnetic metal. (b)
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Propagating Waves CmbIKOBKO C MA2HOHUKOU

Vortex

Size

250 nm circular
80 nm circular

240 nm circular

120 nm circular

50% 150 nm?

50% 150 nm*
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Tuning Linewidth | Output
range (GHz) | (MHz) power (dBm)
1-T* 21 AT

4-10%* 26 -46%*

3-12%* 20%* -38.5

4-T** 47 -32.6
2wk 12 -26.2
2.5-15%* 3.4 42
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N/
4

** CnuH-OpbumpoHUKa — Hogoe

rnepcriekKmueHoe HaripaesieHue
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UN3eecmus 8y308 Poccuu. PaduoasnekmpoHuka. 2019. T. 22,
Ne 6. C. 45-54

Journal of the Russian Universities. Radioelectronics. 2019, vol. 22, no. 6, pp.
45-54

Spin-Orbitronics a Novel Trend in Spin
Oriented Electronics

Quantum, Solid-State, Plasma and Vacuum Electronics
https://doi.org/10.32603/1993-8985-2019-22-6-45-54 Review article

Andrey A. Stashkevichz

Reads 925

39



e I¢pgpekm Pawbsi (Rashba Effect)

a7 A

IMmmaHyun Nocudosuy Pawba (p. 30 okTabpa 1927,
Knes) — coBeTCKUM GU3BUK-TEOPETUK, AOKTOP PU3NKO-
MaTeEMATUYECKUX HayK (1964). JlaypeaT J/IeHUHCKOM
npemumn 1966 roga n npemmmn umenmn A. ®. Nodde (1987).
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*** CnuH-opbumasnbHoe 83aumodelicmaue

(OsuixeHuUe 3aneKmpoHa 8 aneKmpu4yecKom rnose)

[Mpeobpa3oBaHua JlopeHua AnA
3neKTpML|eCKoro nonsa

—

B = (vxE)

o
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TpaH3ucmop Ha ahgpekme Pawbbl. Rashba transisitor

= rotation
> Wy @ g <>
\M Antiparallel

(off]

Large l
spin-orbit
interaction 2z rotation

NV R Gi

Parallel
{on] "




CKUPMUOHbI U CKUPMUOHUKO
(Skyrmions)
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ToHKMe peppoMarHUTHbIEe NJIEHKMU:
nopAaaKU BEeNYUH

Bocomeoecampoie: = 5 mukpon

Hauano nanooyma: = 200 nanomempog
Jecamo nem nazao: = 50 nanomempos
Ceituac: = HeCKOJIbKO HAHOMEMP OB

Ceéepxmonkue. 1 nanomemp u meunee



Moyemy sgpcpekm [13210WUHCKO20
cmasn 011 ece20 Ma2HUMHO20 Mupdad
CMos1b UHMepecHovIMm?
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AHU30TPONHOE B3anmoaeucTeme
(O3anowmHckoro-Mopun) DMI

Epm = Zdij - (5; X §)
(i,7)
(b) DMI Form 2

a-cnl
N

o’

Ol
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CKUPMUOH O4YeHb cTabuneH, noTomy 4TO OH
Tononorndyecku 3awmulieH (topologically protected).



Neeél wall Bloch wall
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CreHku bnoxa HeKMpanbHbI, a Heensi KUpaJIbHEL.
KupanbHbie (Heens1) CTEHKH IBHXKYTCS OBICTpEE.
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Room-temperature chiral magnetic skyrmions in
ultrathin magnetic nanostructures

Olivier Boulle'??*, Jan Vogel*®, Hongxin Yang'%3, Stefania Pizzini*5, Dayane de Souza Chaves*?,
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Magnetic skyrmions are chiral spin structures with a whirling configuration. Their topological properties, nanometre size
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al — i
| | ——Fit .
pmag sim i

XMCD constrast (a.u)

0 | 1CI)O | 2(I}O | 3Cl)0 | 400
Distance (nm)

Figure 3: Magnetic skyrmion observed at room temperature and zero applied external mag-

netic field (a) XMCD-PEEM image of a 420 nm square dot (indicated by the dotted line) and (b)

linescan along the dotted black line (black line). The linescan has been averaged perpendicularly

to the linescan over 30 nm. The blue line is a fit to the data using a Gaussian convoluted 360° DW

profile. The orange line is the contrast predicted by the micromagnetic simulations.

X-ray Magnetic Circular Dichroism (XMCD)
Photoemission Electron Microscopy (PEEM).
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lMTomeHyuanbHaAsA cKopocmeo nepeodavyu UHpopmayuu c
MOMOWbIO CKUPMUOHO8

 CKOpOCTb NEpemMelleHNA CKMPMMOHA Mnoj BO3AENCTBUEM
CNUH-NONAPN3OBAHHOIO TOKa nopsiaka 500 m/c.

* Pasmep nopaaka 10 Hm

e JnnTenbHoCTb OAHOr0 CKMPMMOHA (buta wnHPopmauunm)
nopagKa 2:101 cekyHabl

e CkopocTb nepefayn UWHOOPMALMM NO OAHOMY KaHany
nopsgka 50-10° 6um/cek.
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 CnuHoebll ahgpekm Xonna
Spin Hall Effect (SHE)

MNucoma ¢ XKITD, mox 13, cmp. 657~ 660 5 uong 1971 4.

0 BO3MOXHOCTHU OPUEHTALMU 3JEKTPOHHMX CMUHOB TOKOM
M.H. Joaxonos, B.H. Meperr

P usuko-Texuuueckuit uucfuTyT
uM. A.2. Mot de
Axanemuu nayk CCCP,

Mwuxann JbAKOHOB 1 Bhagumup MNMEPE/Ib
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Fig. 4. Spin-Hall Effect
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Tpekosasa namames (Racetrack memory)

nun,

Racetrack storage
array

Vertical racetrack

/ Mj

/
—_—

Horizontal racetrack

Fig 3. Racetrack memory. a step toward three-dimensional
microel ectronic devices

Stuart Parkin

Citations 100 606
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llpoyue nepcneKkmueHslie
CNMUHMPOHHbIE 3hheKmobl
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* Tepazepyosaa cMUHMPOHUKO

Laser pump pulse

.u\\\\.

i

X

.
Y

Figure 1: Graphical representation ofthe THz emission from FM/NM
heterostructures after fs-laser excitation of the spin system. The
magnetization points in positive x-direction, j. is the spin current in
zZ-direction, along the layer stacking and j. is the charge current in
y-direction. The inverse spin Hall effect leads to the THz radiation.

The polarization of the THz field is perpendicular to the direction of
the magnetic field.
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Hymauyuu (Nutations) Beyond LLG

(a) o MxoM
" - IJ/IM X Hc,,
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 Jonosnoau4yeckue Uu3onamopbol
(Topological isolators)

CnunH-6n10KMpoOBKa Uam crnnHnok (spinlock):
ocobble npoBoAALLME INEKTPOHHbIE COCTOAHUSA
(Tononormyeckn 3aWmLLEHHbIE).
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5. 3aKn04YeHue



PEPR SPIN - Priority Programs and Equipment for

Exploratory Research

France is investing more than 38M€ in Spintronics thanks to the PEPR-SPIN exploratory
program!

MoucKoeoili npoekm (PpaHyus)

62



(*“\ | The SPIN program objectives

Harness the creativity of the world-leading French spintronic community & transform this research
excellence into industrial development and economic gain

> Tngoer a new generation of devices

> Strengthen the enabling platiorms

> Bolster the positioning of the French community

> Expand the training for tomorrow's needs in spintronics

> Stenulate an Industrial revival in Digal, aligned weth the nalional and European sirategies

And in figures

38 8ans 47 30

llions of euros in budget The duration of the PEPR Laboratories within the program Institutional partners




Structure thématique de P’action

TP1: Materials

TP2: Characterization

MP4: RF oscillators
MPS: Spin Sensors
Novel applications

TP3: Theory

MP1: Chiral textures
MP2: Spin THz
MP3: Magnonics

| |
(RN A

OPEN CALLS: New ideas, new concepts

Training, Communication, International, Coordination

Projet ciblé ("Spin Waves for advanced signal
processING"). Ueneeou npoekm «CriuHoeble 80JIHbI OJisl

obpabomku cuz2Has108»
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THE FIRST WORKSHOP SWING (“SPIN
WAVES FOR ADVANCED SIGNAL
PROCESSING”) WILL TAKE PLACE IN

STRASBOURG (FRANCE) ON MAY, 23RD
AND 24TH, 2024.

" FIRST SWING WORKSHOP

In Strasbourg - May 23rd and 24th, 2024
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Pocculickaa cnuHmpoHuKe 6bimes! Bcé
0711 3Mmo20 ecme...

OCHOBHbIe LeHTpbI

* MockBa P33 PAH + MIY ®usdpak + UHCTUTYT 0bOLWewn
dun3mkm nm. A.M. lNMpoxoposa PAH

* CaHkKT-Metepbypr (JIITU + OTU PAH um. A.®. Nodode)

e (CapaTtoB (CapatoBckui locyaapctBeHHbIN YHMBEPCUTET)

 Bnagmsoctok ([JanbHeBOCTOYHbLIN [OCyaapCTBEHHbLIN
YHusepcuter +  CaxaNIMHCKUN  TOCYAQPCTBEHHbIN
YHUBEpPCUTET)

 HwuxHun Hosropopa (HHIY)

* Ekatepunbypr, MHCTUTYT PU3NKM metannos nmeHn M.H.
Mwnxeesa YpO PAH



JR 8§81 MUO,.
PR il (S

VY <5 f&:- '/

Eppur si muove !

(OHa, CIMHTPOHHUKA, JBHUKETCS!)
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Cracu00 3a BHUMAHHE. ..
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LinnnHapuyeckme mardmtHole gomenbi (LM /)
Bubble domains
(Magnetic Bubble Memory 1970s)

A

Bua ceepxy

69




Neeél wall Bloch wall

I I, S

RN S AT N AR AN

CreHku bnoxa HeKMpanbHbI, a Heensi KUpaJIbHEL.
KupanbHbie (Heens1) CTEHKH IBHXKYTCS OBICTpEE.
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Richard Feynman: How wonderful it is in physics
you can look at the same thing from several
viewpoints.

as quoted by Michael V. Berry

Charles Frank: Physics is not just Concerning the
Nature of Things, but Concerning the
Interconnectedness of all Natures of Things

Michael V. Berry: Connections are not optional
extras in Physics, they are essential part of what
we do...




