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Jlekuus 1:
or I'mas0epra no ®epra-I'prondepra

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

magnetism.” Encyclopedia | D
Britannica, 15th Edition, 1989.
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_ Electronics, Micro- and Nanoelectronics Charge of Electron

SPINTRONICS= SPIN+TRANSPORT+ELECTRONICS (1996)
DARPA = Defense Advanced Research Projects Agency
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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Pucynok B.B. YcrunoBa
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. IIpoGnemMbl COBpeMEHHOM MarHUTHOM 3aIMCHU

. Marauroconporusieaue. I MC u TMC

. AHOMaJbHBIN 3P hekT Xoiia

. CimHOBBIN 3(PpdekT Xoiuia

. CrimHOBBIN 2D pekT 3ecOeKa

. CriiH TOpK (CIIMHOBBIM NEPEHOC YITIOBOTO
MOMCHTA)

~N o Ul WN P E

“I swear to tell the truth, all the truth and nothing but

the truth” ]
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Hayka 0 MarHeTu3me 1 MarHUTHBIX
MaTrepuagax

e CaMas IpeBHSS HAyKa
* Bce marepualibl MarHUTHBIE

e CaMpIil IUPOKHUM JUAIIA30H MOJIEH,
pPa3MEpPOB, 4aCTOT

* KBaHTOBOE sABIICHUE IIPU KOMHATHOM
TeEMIIEpaType

« Camas BocTpeOOBaHHas
e MHOIo HeOOBSICHECHHBIX SIBJICHUN

L]
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S (I = MarbseTusm eCTb YHUBEPCAJIbLHOE CBOMCTBO MATCPUH,
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1+ TaK Kak BCE BENIECTBA B MPUPOJAE COCTOST U3 IIEKTPOHOB,
IPOTOHOB M HEUTPOHOB, KOTOPBIE 00Ia1at0T
MAarHMTHBIM MOMEHTOM. Bce BeniecTBa MaruuTHbIE

[ mobanbHOE MPOHMKHOBEHUE (PU3NKU MarHeTU3Ma B HAYKy U
TEXHHUKY. FeHepalus JICKTPOIHEPIrUH, paauo U Teae(hOHHAs CBS3b,
MarHuTHAas IIaMsTh U BBIYUCIATEIbHAS TCXHUKA, MATrHUTOXUMMUS,
MarHUTOOMOJIOTHS M OMOMAarHeTHU3M, reOMarHeTU3M, MarHeTU3M B
KocMoce u T.4. Hanex bl co3manus HeMpoMOpP(HBIX BEIYHUCICHUM
CBSI3BIBAIOTCS C MAarHETU3MOM




Magnetism Department, Faculty of Physics, MSU

—_
d

o I'mns6epra (mo XVI Beka) equHUYHBIC HOIBITKU

A v [
‘:«{@ JKCIIEPUMEHTAIIBHOTO HcienoBanus. [leperpun 1269 r. momroca

P~

Yuabsam I 'masdept poawica B 1544 r (mocne Konepuuka u 10
['anunes),Ymep ot uymbl B 1603 1. beLT J1€i10-MeIUKOM KOPOJIEBbI
EnunzaBetsl u npesugenToM KoponeBckoro Meaununckoro O01ecTsa.
IIncan kuury De Magnete 17 ner, Boinuia B ceeT B 1600 1. Cobpan Bce
SKCIIEPUMEHTAIBHBIC TaHHBIC U TIEPBBIM YCTAHOBWII, 4YTO 3€MJII— MAarHUT

o ——
Pl el Ll SR N N N
(o oo N K K
(K =X XK KK
g ‘._"'T |

NSy XA A A 3

s NN VNNV D

A RO S
N _-?\:‘\--‘- MRS —
AR AR e
3 —— - >
M

(a) (b)



Magnetism Department, Faculty of Physics, MSU

M. @apaodeu (1791-1867): nua- u mapaMardeTus3M,
D MAarHUTOOIITHKA, OH BBEN B Jcka0Ope 1845 r TepmMuH
“MarHuTHOE IoJIe”

L. Makceenn (1831-1879) !l — BonnEl,
T10JIsI, ICTOYHHMKH.

Omxpovimue 21eKmpona:

JI>x. CTOHM ODpeanoaoXKuil JUCKPETHOCTD 3apsiaa B 1874 ¢

1 nax B 1891 r uMd 3TON yacTHUlle

K. Ilepen B 1895 1 cka3an, 4To B KATOAHBIX JIy4YaXx JIETST
OTPHUIIATEIIHHO 3apsSKEHHBIC YaCTUIIBI, TOMCOH ompeaenut e/m

B 1900 r na MexxayHapogHoM (pu3nueckoM KoHrpecce B [lapuke
OBLIIO MPOBO3MIANIEHO CYIIECTBOBAHUE JICKTPOHA

1925 . okazancs rogoM poXKJICHHUS KBAHTOBOM MeXaHUKH [ elizeHoepra
1 Jlupaka, roJioM poXKIeHUI HOBOW KBAHTOBOU CTATUCTUKHU

bo3e — DuHINTENHA, TOIOM pOoXacHU puHIUIa [laymu
u rutnoTert CC'TTIAH A
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= h OTpeueHue OT KIIACUIeCKOH (PH3UKu

Teopema bopa-Ban Jlesen: 11pu n1000i KOHEYHOM TeMIlepaType U
IIPH JTIOOOM KOHEYHOM DJICKTPUYECKOM HMJIM MAarHUTHOM I10JIE
MCTUHHAS HAMATrHUYEHHOCTh CUCTEMBI 3JIEKTPOHOB B TEILJIOBOM
PABHOBECHUHU PaBHA HYIIIO.

bop — 1911, Ban JleBen — 1919, Ban ®nexk — 1932 (moBopoTHas Bexa)

Maruneton bopa — 1911 (Ha3zBan B 1920)

CnuH snekTpoHa — 1925 ( I'ayncMut u YiieHOek)
OOmennbie cunbl — 1927 (Jlupak, @penkensb, I eizeHoepr)
[Ilectoit ConpBeeBCckui KOHIpecc B 1930 r ObLI NOCBSIICH
IeaukoM MaraeTusmy . (MM Bcem He Obut0 1 30 J1e7)

Ban ®nek-Anapecon-Mort, Kitmnarenep, Kanuna, Jlagaay,

HoOeneBckue npemun 1o Maruetusmy: Heenb, _ D
®ept-1pronoepr, I nH30ypr, AOPUKOCOB
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|‘El * OCHOBHBIE XapaKTEPUCTUKU

"'v_:i? :

. Cu CI'CM(I'ayccoBa)
B- MarHuTHasi HHAY KU, Tecma (Tn), Taycc (I'c) 1 Tn=10%Tc

_I-f- HAMNPSKEHHOCTh MATHUTHOTO OJIA Alm Opcren(D) 1 29=80A/m

—>
@d- MATHUTHBIA MOTOK BO MKkc

—>
M- HAMArHUYEHHOCTh Tn Ic

Il- MATHUTHASI IPOHULIAEMOCTh ['a/m Oe3pa3mepHast

1, =4 107 I'n/m - MarHuTHas MPOHHUIIAEMOCTh BaKyyma-B-CH

B = H +4nM= pH; (CTCM) B = py(H +M) D
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AAAmia Rdinean TAadnwdissia ndad TMaresldd, AP Plainian NACTT

¢ * MarnuTtHO€ 110j1€ 3€MIIM 3HAYUTENILHO BAPLUPYETCS BO BPEMEHH U
| npoctpaHcTBe. Ha mmpote 50° MarHuTHass MHIYKIKS B CPEHEM
coctasiser 5%X107> T, a Ha sxBarope (mmpora 0°) — 3,1x107> T
* B CKBU/ niiu PPMS - 9-14 Tn. B conneunsix natHax -10 Ti.
* PexopaiHOE 3HaYE€HME TOCTOSTHHOTO MarHUTHOTO MOJIA,
TOCTUTHYTOE JIFOAbMHU — 36,2 Ti1.

Pexop/iHOE 3HaYEHUE UMITYJIbCHOTO MAarHUTHOIO TOJIsI, KOTrjia JIu00
HaOmromasIerocs B padboparopun — 2,8x103 Tir.

* MaraurtHsle 1o B aromax — 103 — 104 To .

* Ha netitponnsix 38é3max — 10° — 108 Tir .

* Ha maraurtapax — 108 — 101 T .

UgH=102 5pr/D H; 1 Ix=10" Opr; 13B=1.6 10°*° Jxk;
kg=1.38 101¢ Dpr/K  pgH=kgT 10 k--»---1 K !!I]

IIpo marautapsl: C. [TonoB * CynepoObEKTHI: 3BE3/bI PA3MEPOM C
ropon’, 2016 r.
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FIG. 1. {Color online) Time scales in magnetism as compared
to magnetic field and laser pulses. The short duration of the

laser pulses makes them an attractive alternative to manipulate
the magnetization.

E=k,T=h/t
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What such systems could be useful for??

- catalysis

- nanoelectronic (sub-nano...)

- novel ‘bulk’ materials from cluster
assembly

- magnetic memory

- quantum computing
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. Maenemuszm amomos nopodrcoaemcs

¥ ‘ 1. CHnuHOBBIM MarHUTHBIM MOMEHTOM 3JIEKTPOHOB

2. OpOuTaNbHBIM JBUKEHMEM= OpPOMTAILHBIA MarHUTHBIN
MOMEHT

3. MarHuTHbIM MOMEHTOM $1Jipa , KOTOPBINA CO3/1aeTCs
CIIMHOBBIMM MOMEHTaMH IPOTOHOB X HEUTPOHOB

B 3aBUCMMOCTH KaK 3TH MOMEHTBI B3aUMOACUCTBYIOT MEKAY COOOM

1 CKJIaAbIBAIOTCS WJIN KOMIICHCUPYIOTCS B IPMIOKEHHOM ITOCTOSHHOM
MarHuTHOM II0JIE

n>>1 cdgeppoMarHeTMKM U Apyrue CHJIbHO MATHUTHbBIE BENIECTBA
N >1 mapaMarHeTMKH

n <1l namamMarHeTUKu

n =0 uaeanbHble TMAMATHETUKH = M0JI¢ HE NIPOHUKACT

;%
==
J
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ﬁ Hysteresis in Ferromagnets
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“SO{?JE’l MAGNETS
Large domain wall width

Small single domain limit
Small anisotropy field

"HARD” MAGNETS
Small domain wall width
Large single domain limit
Large anisotropy field
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| R Motivation

e “The nation that controls
magnetism will control the
universe”

CTribune Meadla Sardcas

— Dle Tl‘acy = 1935 Dick Tracy by

Dick Locher and Michael Killian

All materials are magnetic!!!

L



L] _ Levitating
' strawberry

drop of water (coloured in green) 17 Tekla

Nijmegen high magnetic field laboratory
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[Toe3na, NCMOJIb3YOIINE MPUHIUIT MATHUTHOW JIEBUTAIIAN
(Maglev) ocrarorcs HanboIee IEPCIICKTUBHBIMY U3
CKOPOCTHBIX HA3€MHBIX BUJOB TPAHCIIOPTA,
COCTaBJISIFOIIAX KOHKYPEHIMIO BO3AYITHOMY TPAHCIIOPTY
Ha CPEJHUX PACCTOSIHUAX. B HacTos1ee Bpems
PEKOPIACMEHOM SBJISIETCA TTO€3, coenuustomun [lanxain
C €ro a’poIoOpPTOM: OH MOXKET pa3roHsAThCs A0 430 Kkm/4
(XOTSI B peajibHOCTH KCILTYaTUPYETCsl Ha CKOPOCTAX 250

| kM/4). OnHako AnoHus, 3ayCTUBIIAS TIEPBBIE

IO€371a Ha MarHUTHOM MoayIke eme B 1964 roxay,

HE COOMPAETCs YCTyIaTh CBOEMY COCEAY MaabMy

500 xkm/4 MIEPBECHCTBA B 3TOM BHUJI€ TPAHCIIOPTA U TMTPOBOJIUT
MIEPBBIC UCIIBITAHUS MOE3/a, IBUKYILETOCS CO
ckopocThio 500 km/4. KomMepuecKkoe uCnoib30BaHUE
noes3aa mianupyercest B 2027 roay, oH cBsikeT TOKuo ¢
Haroeu, yMEHBIIUB BpeMs B IIYTH C I10JIyTOPA YaCOB- A0
40 MUHYT. |
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Aagnetic Materials: World Market
Distcibution

Soft
8.8 billion Euros

Semihard
15.5 billion Euros

Steels
27%

Soft Ferrites
5%

Hexaferrites
11%

Magnetic Memory
300 billion Euros

Metallic
Magnets
10%

: Hard ‘
: 7.3 billion Euros



-

=l :«MI‘A"

Polarization J (T)
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i:'! ® HDD, consumer electronics - ‘3
25 % 3201 (Nd_Dy,\Fe, B, ® IlnearW B g
crystalline rl_:] CoFe § ® air conditioner molor. | 412 g
% o generator g
g 2401 = N Dy Fe,B; e HV. EVmotor 4 1.1 ;:‘
2.0 o
800 1200 1600 2000 2400 2800 3200
Fe-based Intrinsic Coercivity H. (kA/m)
1.5 amorphous ] sintered NdFeB
A0 s FeCoCr
FeCoNi : | * AINiCo ; |
1.0 2 : F o
Fo- ]
NiFe-based 3 By | N sonded NdFeB
e FeCoVCr: . |11 (anisotropic)
. et I
exchange-coupled
0.5 | vobassd . - NdFeB (isotropic)
soft ferrites bonded NdFeB
(isotropic)
hard ferrites
0 1 1 1 1 1 L 1
0.001 0.01 0.1 1 10 100 1000

Intrinsic Coercivity H. (kKA/m)

-«—

soft

semihard




Ve

Magnetism Department, Faculty of Physics, MSU
Steel % | ' 1 T T T T T 480
, !
O = e = 1
.":y-' . -"‘"x,' §
o ‘—‘ ‘D =1 Nd-Fe-B —» Js Fe-N |
. 3 ! l .
- @ ¢ E
= b » “‘ ' 4240 2
b - =
— " ‘ -
s O ¢ 1160 F
= Alnico ~
b oleels Ferrites \ e | -4 80
/ Ny .
0 o - : - 'T : 2 : 0

1910 1920 1930 1840 1950 1960 1970 1980 1990 2000
Ferrite

Alnico

e Nd-Fe-B

e 8 @

Development in the energy density ( BH ) max at room temperature
of hard magnetic materials in the 20th century and presentation of
different types of materials with comparable energy density (each
magnet Is designed so that at a reference point 5 mm from the surface
of the pole, a field of 100 mT is produced).
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0 D Other
B Wind Turbine

HEV/EV

Application of NdFeB magnets in the Chinese
domestic market 2008 (%) 15

MRl Magnetisers Other Audio
2% <1% 9% applications
24%

Magnetic
seperators
6%

10'MT

SN

Wireless

electric tools ; Iy
6%
728
Moblle phones a -

8%

1990 1995 2000 2005 2010 2015 2020 2025 2030

Electric vehicles
DVD & CD 16%

storage Buttons
9% 14%

Source. CREIC 3
7 Roskill
Approachable. Independent. Experl.

1 wind turbine- 250 kg NdFeB
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LA Magnetic sensors

Operating at room temperature

High sensitivity (10 Oe for medicine)

High spatial resolution (1-10 nm for magnetic heads)
Low dimensions

Low cost ($ 0.3 for autocar industry)

Ok owhE

Magnetic Sensors are used for speed, rotational speed, linear
position, linear angle and position measurement in automotive,
Industrial and consumer applications.

Toyota uses 86 types of magnetic sensors

Flux-gate, Hall effect, magnetoresistance, GMI, NMR, magneto-optics,
multiferroics etc
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) Compass, HVAC position, Trunk / door lock

P g Throttle, EGR sunroof, wipers switches, electric
valve position windows

Cam/crankshaft position,
engine speed

Throttle by wire

ngine oil and
brake fluid
level

Wheel speed
sensing, TPMS, fuel

Brushless DC o
level, seat position,

motors, Accelerator
: belt presence
cooling fan, pedal position Z
coolant level
Current sensors for HEV battery
Starter / Alternator, Transmission management, wing mirror
stop/start systems gear position, position, steering wheel angle,

speed torque
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+ Novel, multifunctional and smart magnetic materials

Heusler alloys

Multiferroics

Magnetic fluids and composites

Magnetic polymers

Metamaterials

Superconductive materials

Diluted magnetic semiconductors and oxides

»
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5= Maagnetic Recording

Magneric flux from
transition regions

Bir size

4um = 0.2um Near the

Superparamagnetic
Transition width Limit 11

; =200 A

Granular ferromagneric alloys
offer reduced transition widths

CoPt Cr, B, Ta

Computer disks consist of granular magnetic materials like CoPtCr with
admixtures of boron or tantalum in order to minimize the transition width
between the magnetic domains. In the disk material, the grains are believed
to be coated by a non magnetic shell that reduces the magnetic coupling;
between the grains. A small transition width is required in order to achieve a
high magnetic-flux density in the direction perpendicular to the disk surface,
as shown. The flux from the spinning disk is sensed by the spin-valve
magnetic read head. [Figure: J. Stéhr, IBM Research Center.]
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. g=.Magnetic Information Storage
iy - ,

+ Density: 20 Gb/in?
+ Speed: 200 Mb/s
+ Size: f2.5" x 2

+ Capacity: 50 Gb

+ Density: 2 kb/in?2
+ Speed: 70 kb/s

-
+ Sjze: f24"” x 50 E m- .
+ Capacity: 5 Mb SE  hisae /’-f
g E ].' CEREET
S0 | //'“.
=
o1l & l
2010 = ]

| 1990 2005
100 Gb/in? availability vear I
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L

[T10THOCTE 2000 bit/inch?

Ckopocts 3ammcu 70 kbit/sec

CToMMOCTE 20% /MB

Pasmep - C XOJIOAUIBbHUK

Hy>xHo 24 nucka 4To0Osl 3anucarb 1 gpororpaduro 5 MB

’
N
ML
ek

SE—"‘T\ IIepBbIii KOMIIBEOTED C XKeCTKUM auckoM IBM 1956 1.

YUTO HYXKHO:

1. MarHuTHbIM HOCHUTEJIb- MAarHUTOXKECTKUN MaTepral

2. TomoBka 3ammcy- MarHUTOMATKUI ¢ OONBIIION HAMarHMW4EHHOCTBIO
3. TonoBka CYMTHIBAHUS -MAarHUTOMSITKUU

Advanced materials are the key to progress
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l@ . IIpononbHas 3ammuch

%ﬁ

-

S E‘ TOK YTeHUA Tok 3anucwu
r L TT | [Ipu nune Outa
ONnoBKa
CUUTLIBAHUSA : MCHBFBIIICU 30 HM
MR wnu GMR f P
3aIIUCh
HeCTAaOHIbHA

CeHCop

-
Wupuna JKpaH I ‘

!/

HamarHn4yeHHoCcTb VIHOYKTUBHAR cnena.qocutens
ronoska

3anucu

Today’s media: HO ~= 10 kOe, Ms ~= 500 emu/cc, size 8x8x16 nm
1 KuV/KT =90

» Little opportunity to increase HO (writability) or Ms (demag
reduces stability) |

« Small reductions in KuV possible, but energy-barrier.a Y
<KuV due to demag.s Thicker media (smaller diameter )

causes loss of vertical field strength
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IlepnenauKyisipHas 3amuch

TTOK 3anucu

8 D Tok lrremmll T

Fonoska

CYUTLIBAHUA
GMR ceHcop

I
MepneHauKynapHan WUHAayKTUBHAA Cpena-Hocurenb
HaMarHM4eHHoOCTb ronoeka
3anucu

MHayKTHMBHaA
e 3anucbiBaroLlas
s .+ TONOBKa
CuuTbiBaOWASA
ronoeKa . MarHuTHbIN
MarHuTHbIA  *, oo eRel

3KpaH

Moanoxka MarHUTOMArKWiA cnot  MarHUTOXEeCTKUIt Croti
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Hard Disk Drives: an amazing technology ! e o Spin1

Today’s 700Gb/in? HDD technology ---- Scaled x 1 million

T4 7 1bit = 1 finger (1.5 « Scm)

* Head/Write Mead = Passenger jet sirplane
« Fiy speed @ 0.0.

s 7200 rpm X 300 km
8 *0.12¢ [c=1x10°m/s speed of light)

*  Fiy haight = Senm

HDD x 1 million =

" A passenger jet airplane

— fiying at 12% of the speed of light
—only Smm above the ground

~ around the SF Bay area

- ali the while seeking, reading and |
writing bits of information the size
of a finger” I

— A —
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Fig. 7: Magnetic Recording Areal Density vs. year of product
introduction, showing the evolution of sensor technologies. The
infroduction of the GMR spin valve in 1997 is the first commercially
successful use of spintronics.
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PMR* = PMR with Two
Dimensional Magnetic
Recording (TDMR)

" and/or Shingled
Magnetic Recording

--------- M‘

PMR - Perpendicula
~ Magnetic Recording
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HDMR = Heated-Dot
- Magnetic Recording
(BPMR+HAMR®)

BPMR* = git

_ A ... Patterned Magnetic _
: R ding (BPMR

HAMR?* = Heat Assisted Boonding { )
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Magnetic Recording TOMR
"ﬁ with TOMR and/or SMR .
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w

Tunnel microscope
manipulation

1 byte =8 bit=96 atoms
Nowaday -108 atoms

12 atoms of Fe — artificial antiferomagnet

The smallest magnetic memory cell Pttty
tetey vttt


http://img.gazeta.ru/files3/469/3961469/39598.jpg
http://img.gazeta.ru/files3/505/3961505/39599-pic4_zoom-1000x1000-78929.jpg
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W, 4 A CynepnapaMarHuTHBIN IIpeAe

W [E 5

Kaxxp1ii OUT COEepKUT HECKOJIBKO MarHUTHBIX TPaHyil. ITO JJISI TOTO YTOOBI
noBeicuTh SNR. UeMm BbIlII€ INTIOTHOCTh TEM MEHBIIIE pa3Mep OUTa U MEHBIIIE pa3Mep
rpanynbl. Kakmas rpanyna umeeT koHCTaHTy aHn3otporuu K n oobem V. OHa
cra”HoBuTCcs cynepnapamarautHon mpu KV/KgT<25. Ho HyxHa cTaOUIBHOCTS,
MO03TOMY CUHMTaeTCs cynepnapaMarauTHeiM npeaesioMm KV/k;T=40 (marudeckoe
4uCio0), a peasibHo 0epyT 60. Jlokazano, yto npu LMR ecnu ymenbmuts ¢ 60 10 25,
TO BpeMs pelakcanuy ymeHbmurcs ¢ 3.5 10° ner mo 72 cek.

KV/k;T>40, 3naunt V>40Kk,T/K; a>(40kgT/K)Y3

MarauTHas roJoBKa reHEpUpPyeT MArHUTHOE TI0JIE 3anucu 2nM,
MaxkcuMasbHas BeJIMYMHA JIJISI MaT€prUaioB roloBoK 4ntM=26 kI'c
[Tostomy mist LMR mmornocts orpanudena 100 Gbit/inch?

ILmactunbl coBpeMeHHbIX HDD ¢ nepneHauKyIsspHON 3aUChI0 N3TOTABIUBAKOTCS U3
cruiaBa kooanbra, Xpoma u miaatuHbl (CoCrPt), yacTUIIBI KOTOPOTO UMEIOT JUAMETP 8 HM U
muHy 16 aM. {15 3anvcu olHOro OMTa rojIOBKE HEOOXOAMMO HAMarHUTUTh 0KOJI0 20 TaKux
yactull. [Ipu nuamerpe 6 HM U MEHbIIIEM, YACTHUILIBI JAHHOTO CIIABA HE CIIOCOOHBI HA/IEKHO
COXPAHATH CBOC MATHUTHOE COCTOSTHUE
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TO — e
25K,

Ecan ymenbminth oTHomenne KV/k Ty o1 60 1o 25, To Bpems
cradumabHocTH yMeHbmuTcs ot 10° jier 10 72 cek
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% lﬁﬁ TpuiemMMa MarHuTHOM 3aIrucH

H~K/Ms

ITone 3anmucu —majioe
[10JIE AHU30TPOIUU

LMR — 100 Gb/in?
PMR — 1000 Gb/in?

Bit patterned recording

KV=60ksT

SNR= 10 logN

YCTOMYMBOCTD N — 4yuciio rpanyn B Oute

bosbinve rpanyibl WK
CuiibHasA aHU30TPONIUSA

Maisie rpaHyIIbl D
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:':i_,;:__’ ISEI . IIpo6aema Nel

TpaguumoHHBIM TPUHIUI MAarHUTHOM 3allUCH CE0s ucuepnall,
moaudukanusa ¢ nomombsro HAMR, MAMR, BPR u
TEXHUYECCKUMHU PEIICHUSAMMA YMEHBIIICHUS IIUPUHBI JOPOXKKH
IIO3BOJIAT JOCTHYb IIOTHOCTH 3anucu He Oonee 2-4 Th/mroiim.

IIpo6saema Ne2

DOnepreruyeckas 3 PEeKTUBHOCTb KAK MArHUTHOM 3aIllCH,
TaK 1 MUKPO M HAHOXJICKTPOHHUKH.

5 mouckoB B I YI'JI = BCKUIIATUTEL CTaKaH BOJEI. 6 MI/IJIJII/Iap,Z[CKOB
B 1eHb. 15% Bceu sHeprum.
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Hocurens
HH}pOpMAaIHH
3IIeKTPOH

DHeprua
3IIEKTPOHA

O0macTe
TOKATH2AlIlHHA

XapakTepHoe
BpeMd

XapakTtepHag
JacToTa

"4

3apAn 3IeKTpoHa
qg=1.610"" 1x
m= 9.1-1031 kr

W,~kT ~ 41072 JTx
mpa 7'=300 K
L~10...100 EM

W,=mV22~kT, T~300K
V ~ (2KkT/m)'? ~ 10° m/cek
T~ L/V~10"12cek

f~1/t~10"2Tn
(mocturayTo ~10'° I'm)
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SJIEKTPOHUKA U CIIUHTPOHUKA

CIIHMH H MarHHTHEII
MOMEHT 37eKTPOHAa
s =1.054-10734 JT:x-ceK
Hg=9.27-107% Ia/Tn

W=—ugB ~ 1073 ITx
npu B~ 1 Tn
L~10...100 am

BpalieHne MOMEHTA
f=vB., y=310"Tu/Txa
T=1/2f~107!1 cek
f~101Tn
(Bo3MOKHO ~ 1012 T'r)

DHEProHe3aBICIMOCTh
Pagnammonsasa
CTOHKOCTB U T.]I.

XapaKTepHCTHKH
37IeMeHTa MaMATH

JHepPrus 3amHcH
Ha |1 OuT

Pazm €p 3JICEMECHTAa

Bpems
[epeKTI0YeHHS
3]IeMeHTa

Pabdouag uacrtorta

[IpenMyIIIeCTRBA
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= ADVANTAGES OF SPIN

Information is stored into spin as one of two
possible orientations

Spin lifetime is relatively long, on the order of
nanoseconds

Spin currents can be manipulated

Spin devices may combine logic and storage
functionality eliminating the need for separate
components

Magnetic storage is nonvolatile (Charge state can

be destroyed by interactions with impurities or other
charges).

Binary spin polarization offers the possibility of D
applications as gubits in qguantum computers
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ﬁ‘_Electronics, Micro- and Nanoelectronics — Charge of Electron
"41 % -be.‘__;v,;‘

L

SPINTRONICS= SPIN+TRANSPORT+ELECTRONICS
(1996) —
Spintronics Charge + Spin of Electron

Spin control and manipulation

Quantum Computers | D



Magnetoresistance
MR ratio @ RT & low H

AMR effect
MR=1+2%

GMReffect | A Fert,
(Nob«

Lord Kelvin

TMR effect
(Al-O barrier)
MR =20-70%

P. Grinberg
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Anisotropic magnetoresistance

W @%@D AR/R (%)

e e A
. S 4

pu(B) —pu(B) 0
i = |pu(8) pu(B) 0O Ap

1856
Thomson

4%, 300K
NiFe
H=5D
S=1%/>

0 0 f(B) ?=-I i -

E=pi(B)j+ lpy(B) = pu(B)N(&-J) - + pu(B)[d x ),



Magnetism DePartment. Faculty of Physics, MSU
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-

Ap/p=0.01(a-1)

oc:pl/pT

A —
0 0 & & &
Impurity concentration, al%

Fig. 13. Concentration dependence of the resistivity anisotropy al 4.2 K for several nickel based alloys
AL NiCo, @0: NiFe, x; NiCu (after Jaoul ¢t al, 1977).

Hepemennsie Bonpockl: 1. AMR ncue3aeT npu ToabIIAH!
Mmenblie 0.1 mxMm; 2. [ToueMy B HEKOTOPBIX CIlJIaBax OO0JIb
HU3KHUX TeMIepaTypax
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‘Spin-polarized current

N, =N,
NT+N¢

N, Number of 1 (majority spin) electrons

1Spin polarization P =

o . si
N, Number of | (minority spin) electrons Nevill ,':r;,ancis
Fe, Co, Ni: P~40-50% Mott
Half-metals (Cr,O, (LaR)MnO;, etc): P~100%

In metals like iron and cobalt, the majority spin
and minority spin electron

carry currents that can be different

by more than a factor of ten.

Thus, in this metal the total current

is strongly spin-polarized.

So, in ferromagnetic metals electric —
current carriers not only charge DOS fstates/eV atom spin)

but also spin, i.e. angular momentum.

Energy (eV)
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Ferromagnetic metals — natural source of spin
iy b polarized conduction electrons

Spontaneous magnetization M

1=

Internal exchange field H,,=AM,
A~1,000 >> 1

- =

Spin asymmetry of electrons in metals:

Cobalt

L

Co Spin Majority Co Spin Minority Fe Spin Majority =~ Fe Spin Minority
Fermi Surface Fermi Surface Fermi Surface Fermi Surface



Spin asymmetry of electrons in metallic
W A ferromagnets: the base for spin injection
“ N phenomena

. o

—

bcc Fe Density of States

Spi .l\/| jorit
| P Maonty Fe Spin Majority

Fermi Surface

Fe Spin Minority
Fermi Surface

DOS, eV atom spin

Spin Minority

o 0 " _—
-6 -4 -2 nergy, eV 2

Result of spin asymmetry: Spin polarization of electrons in ferromagnets P # 0

Problem of the today: How to realize effective injection of spin polarization
from ferromagnetic metal into semiconductor using electrical current?

4 L -
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(Fe 30 A/Cr 12 A) 55

?
osf s
(Fe30A/Cr94) 4
0S¢ fl
1 1 1 1 I} IS | ] >
40 -30 0 0 10 20 30 40

Layered Magnetic Structures:

Evidence for Antiferromagnetic Coupling
)™ of Fe Layers across Cr Interlayers.

5 PRL, v.57, no.19, 1986

PHYSICAL REVIEW LETTERS 10 Novemsekr 1986

VOLUME 57, NUMBER 10

Layered Magnetic Structures: Evid for Antif tic €
of Fe Layers across Cr Interlayers

P. Griinberg, R. Schreibor, and Y. Pang'™
Kernforschungrunlage Jilich, 5170 Jiatick, West Germany
and

M. B. Brodsky and H. Sowers
" z Hitnots 60439

OReccivud 10 Juae 1986)

Patents of P. Grlinberg «Magnetic fields sensor»
DE 38 20 475 C1, EP 03 468 17 B1, US 4,949,039.

JP26515B2,AT 113386 T

Giant Magnetoresistance

of (001)Fe/(001)Cr Magnetic
Superlattices.

PRL, v.61, no.21, 1988

PHYSICAL REVIEW LETTERS

11 NoviEsnre 1954

Voriaasl, Nusaik 2!
Ginnt Magnctoresistance of (001) Fe/(001) Cr Magnetic Superinttices

M. N, Baibich, ' J, M. Broto, A. Fert, F. Nguyen Van Dau, sud F, Petroll
Locaeaiolre de Physique des Solides, Uaiveraité Pariz-Sud, £-91405 Oraay, France

P. Bitenne. G. Creuzet, A, Friederich, and J, Chazelas

IH Lab fre Central de Re Themaon CSF, A.P. 10, F-91401 Orsay, France
([eceived 24 Augus 1202)
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& ﬁ GMR — giant magnetoresistance J ofer e H
3 0 - T osf |\ %

. (S x,'-[_A.Fert and P. Gruinberg (1988) 2 oAb [N e o ]

b +—

1 it M . ]

AR Rap— Rp i 8 O
— - Spocer Loyer Thicknass (&)

R‘ R‘ Fl Figure -I The cacillation -:nfe-:mc'ham_:,{u.h coupling betw-a-el? Co layers

across different spacer Loyers determined by the magnetic field

required to reach 80% af the satutation magnetic moment. MNote
the pericd of oscillation of the coupling from ferromagnetic
(low saturation field) to antiferrcmagnetic (high saturation field ) is
RIR(H=0| aimilar at about 1 rom for all the elements presented. This was pant
o of an extensive study of many different ferromagnetic and spacer
layers by Parkin [17]. (Reprinted with permission from figure 2
of [17]. Copyright 1991, American Physical Society.)
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| N 4{1‘ _+| )

Spn up
channg! Low Resistance High Rosisismos
o — : ! '
Al R A1 Al Tm TEm
w| R R | R R’
Bl down
channe Parallel Antiparalbal
RTR RT+R4
e~ RTR{ ot

Figure X. A schematic representation of GME uzing a simple
resistor network model. Inthe left picture_ the spin-up chamme] is the
majority #pin channel in both the femomagnetic layers, experiencing
a lovar Temistonce (R 1) throughout the sructure. In the right-hand
pichire the spin-up chamnel is the majority spin channel (8 1) in the
firat magnetic layer but the minoricy-spin channel (8} in the
second magnetic loyer and vice wversa for the spin-down chanmel.
Meither zpin chammel iz of low resistance throughout the stmcture
anel the overall rezistance state of the stmicture is high. GME occurs
when the relative orentotion of the magnetic layers iz switchad,

usually by the applicotion of a mognetic feld.
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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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Top FM

Tunne barner

Bottom FM

@JL}' MR- Tunnel magnetoresistance

Substrate

CoFeB/MgQO/CoFeB

E Magnetism Department, Faculty of Physics, MSU

Jullier, Fe/GeO/Co 1975
Maekawa 1982, Parkin
1995 -2005

Al-O TMR up to 70%
(2004)

- MgO TMR up to 600%
' (2008)

Granular metal-insulator
alloys

Co-Al-O TMR up to 20%




'"TMR in MTJ

k First observation of a TMR at RT

partment, Faculty of Physics, MSU
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“Giant TMR effect”

Crystal MgO(001)
tunnel barrier

MR ratio at RT (%)

Amorphous AI-O
tunnel barrier

MgO(001)
FeCo(001)

|
MgO(001)
Fe(001)
Fully epitaxial

MIT-J

AIST [1]
N

1995

72005
Year

[1] Yuasa, Jpn.J. Appl.Phys.43,1L.558 (2004).

[2] Yuasa, Nature Mater. 3,868 (2004).
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, JIpyrue tTunsl MR: CMR in C G

{, manganites and Heusler alloys, IMR, B

TIOJIMMEPax- HO YyBCTBUTEIBHOCTD

Be3JIe Majia? @

HeTt 00ObsicHeHHS ? SiO, 10°%

Large, non-saturating magnetoresistance in WTe2
Mazhar N. Ali, Jun Xiong, Steven Flynn, et al
doi:10.1038/nature13763

GaA

We have discovered an extremely large positive magnetoresistance
(XMR) in WTe2 of up to 452,700%at 4.5K In an applied field of
14.7 T when the current direction is along the tungsten chains (a
axis) and the magnetic field is applied perpendicular to the
dichalcogenide layers, along the c axis. The magnetoresistance is
still increasing at 60 T, the highest field in our measurements, where
It has a value of 13,000,000%. There is no ind 108% of resistivity
saturation even at these high applied fields.
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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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Anomalous Hall effect

[
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M 'q?xy — ROB pah:47l:|\/|z pxy — ROB_I_pah

E
E, |\
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- £} = N(E)
Ordmary HE'_”‘ S Ferromagnetic Anomalous Hall effect
with magnetic .5 with magnetization M
Hall voltage but (carrier spin polarization)

no spin accumulation
P Hall voltage and

spin accumulation

Lorentz Force |  B=H+4aM(1-N) [s,in_Orbit Coupling
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@! 1880 — Discovery of AHE — Hall

1940 — First idea about SOI — Rudnitskii
1954 — First theory — Karplus and Luttinger
1956-1970- Mechanisms of AHE — Luttinger, Smit, Berger
1971 — Prediction of Spin Hall effect- D"yakonov and Perel
1999 - Repeated prediction —Hirch (resurgence)
2004 - First observation of Spin Hall effect - Awschalom

Even a couple of years ago spin Hall effects were considered mostly

an academic curiosity. But more recently, the situation has changed with

the experimental demonstration of spin Hall effects sufficiently large for
being practically useful, i.e., for magnetization switching or exciting
magnetization dynamics, and the realization that spin Hall effects can be used
to manipulate magnetization in low conductivity or insulating

materials, where electrical spin injection is impossible
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5o, =R B +47RM,

Hall Effect

a) Intrinzic deflection .a't

rixrband cohenenos Indeoed oy &N
external sl=cific field ghves rs= 3o a
velocEy conbribarilion perpendicular io
e Tieid direciion. Thsge cunnents &0
m Sumi 1o Z2erd I f=romagrieis

r‘ aF I./'-_E Sleciroms have an ancmaices velocty persendlowar o

d s mpmciric feid reAE:‘-HII:r Esmy's phase curdalure
t  nek sJ b4

b} Side jurnp

The siecinon veiochy s defiscied In opposlis dirsciions by the opmosibe
sfisciric fl=ids syper=nc=d upon aporoaching ard Easing an mpurty
Thie dme-ni=grased veiacily defl=ciion s the skde Jump.

¢l Skew scatterng
Asymimelric scatienng dwes o

the sf=cive spin-orok couping
of the elzciron or the Imparty.

Nagaosa et al.
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A = b SC __ 2 <1 pQcm
«h_ (R)™ =ap, +bp,

(R =Ap® (RS = Bp? | <w00uem

0.4-0.2 1.6-1.8 v
(RS) = D,O (O_W) RO, >100 pQcm
AEH in hopping (o) 0o,
A.Vedyaev and A.Granovsky, Phys. Solid State 28, 2310 (1986).

JETP Lett. 2000
 —
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Direct and inverse Spin Hall effect

HepenieHHbI1 BOIpocC

Why it is so large?
Extrinsic or Intrinsic?
Rashba SOI?



Magnetism Department, Faculty of Physics, MSU
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'\\x; @; ; :
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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
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Buodwvl mokog: a) obvlunvii snekmpuieckui mox Je (moku wacmuy co cnunamu 66epx J.
u 6HU3 J| 00uHaKoesl no eerudune J, = J, u Hanpasienvl 8 0OHY CMOPOHY),
0) CUH-NOIAPUOANHBLIL MOK (MOKU YACMUY CO CRUHAMU 66epX J, U 6HU3 J |
HANPAeenbl 6 00HY CMOPOHY, HO HEOOUHAKOEbL No eenuvune J, > J)),
6) CRUHOGbLU MOK (MOKU YACMUY CO CNUHAMU 68epX J, U 6HU3 J| HaAnpasienvl
naecmpeuy opyz opyey u 00UHaKossl no eenuyune J, = J))

I- . .


http://www.nanometer.ru/2014/12/17/spintronika_446402.html
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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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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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“IN THE THEORY THERE IS NO DIFFERENCE
BETWEEN PRACTICE AND THEORY.
BUT IN PRACTICE THERE IS.”
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