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CrnnHoBad nongdpusaumng

Spin Polarization

Spintronics and magnetoelectronics
make use of the spin degree ol freedom of the electron
in addition to its charge.

An imbalance of spin-up and spin-down electrons
(e.g. 1n a ferromagnet) can give rise to a
spin-polarized current = Spin-transport.

The spin polarization P of a current 1s defined as

Current

- : |P <1 J ¥ current densities

CHrre CliFrent




[lepeBopoT CrvHa

Spin-Flip Lange

The spin orientation of an clectron in a solid-state environment 18
not conserved due to spin-ilip scattering (e.g. e—e", impurities).

The characteristic length scale is the spin-flip length A. The
polarization relaxes to the equilibrium like

o I ey X
P(x)= F, exp(- I}

A depends on the material and its quality (e.g. purity, crystallinity)
, = 1-10 nm for Py (NiFe alloy)
50 nm for Co
100 nm for Cu
(100 pm for 2ZDEG GaAs/GaAlAs)

= Lavyered systems with individual layer thickness of a few nm




HOBad MapagnrMa B TEXHNKE

» DJIEKTPOHMKA — TEXHWKA XPaHEHUS 1
nepefauv 3apaaa

» CMNHTPOHVKA - TEXHWKa XPaHEHNS U
nepegaun CHHA



AMR adbdeKkT
[IpMEHEHNS B TEXHOIOFNN

R =Ry, + Ryyr €O0S260



Spin bottleneck magnetoresistance
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HobeneBckas npeMmns rno Musnke
3a 2007

OTkpbiTe GMR s ekTa

Albert Fert Peter Grunberg

University Paris-Sud; Forschungszentrum Julich
Unity Mixte de Physique Julich, Germany
CNRS/THALES

Orsay, France



CrVHOBbLIVI BEHTUIIb
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MR =9.6 %
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Maximal MR effect < 20%



CpaBHeHune CIP n CPP reometpun

CIP vs. CPP

CPP most electrons feel both interfaces

spin up spin down spin up spin down

Current perpendicular to plane

CPP-GMR requirement: )

Spin-flip length < D

Cu - 100 nm .

mast of current carmied
CIP by electrons which'scatter af interfaces

Current in plane A AN
I?I A7, N,

CIP-GMR requirement: N _ A

Mean free path <D High resistance

Cu@ RT: 40 nm

Low resistance

HUB WS07/08, 5. Eisehitt, sisshittflbessy de, see also acknowledgements. pdf



CRVHOBbLIV BEHTUIIb

Spin Valve

MHeed extra field to pull the botiom layer in this direction
(exchange bias field)
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The steep slope at zero field makes
spin-valves sensitive field sensors.
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Giant magnetoresistance in soft ferromagnetic multilayers

B. Dieny,* V. S Spericsu, 5. 5. P. Parkin, B. A. Gurney, D B_ Wilhoit, and D, Mauri”
I8M Research MMueivian, Almaden Besearch COeater, S50 Harrpy Roed. San dose, Califoraiae @55 206008
(Reccived 25 July 1990; revised manuscripd reccived 21 Scptember 19900
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FIG. |, Magnetization curve {a) and relative change in resis-
tance (b) for SU/0150-& MiFe)/(26-A Cul/150-4 NiFel/
(100-A FeMn)/(20-4 Ag), The field is applied parallel to the
exchange anisotropy ficld created by Febdn (EAYL. The surrant
is flowing perpemdicular to this direction,
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FIG. 3. Evolution of magnetization (dashed) and muagne-
toresistance (solid) curves For Sif(50-A NiFed/(x Cul/(30-A
MiFel/i60-A FeMnl(20 A Agh with Cu loyer thiskness & =10,
0, amd 26 A, In {c), only the soft film reverses 11s magnetiza-
tion direction in the feld range & 100 O




[lepBbIV MPOTOTUM AaTuyMKa Ha SV

IEEE TRANSACTIONS ON MAGNETICS, VOL. 30, NO. 2, MARCH 1994

exchange

DESIGN AND OPERATION OF SPIN VALVE SENSORS

D. E. Heim
1BM Storage Systems Division, 5600 Cottle Rd., San Jose, CA 95193

R. E. Fontana, Jr,, C. Tsang, V. 8. Speriosu, B. A. Gumey, M. L. Williams
IBM Research Division, Almaden Research Center, 650 Harry Rd., San Jose, CA 95120
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pinned layer H (Os)

free layer

Fig. 4. Coupon measurement of the magnetoresistance of the nano-
< C0% —_— 3. = layered spin valve (NigFey 60 Al (Co 10 A) (Cu 25 Ay (Co 10
AR ~ AR P W < cos(d, 2) AV (NigFey 30 A) AR/R=76% Ro=153 @O, and the
- .F: | T'r' } ferromagnetic coupling fleld is Hp =12 Oe. The relative orientations
i of the free and pinned layers is indicated by the parallel arrows.

ARIR = (R., — R.)IR:: (Nig Fe, 60 A)/ (Cu 25 A)/ (Co 50

(AR/R, Hg, R_)

7.6%, 12 Oe, and 153 /01

SIGNAL (mV)

5.8%, 10 Oe, and 14.7 /O

EXCITATION FIELD (Ce)

Fig. 3. Photomierograph of an unshielded spin valve sensor, The sen-
sor dimensions are 2 pm x 10 pm.

Fig. 7. Experimental transfer curve for the & gm high nano-layered
kpin valve sengor for =5 mA and -5 mA sense currenl. The solid lines
are the compuied transfer curves,




NINAHVE KayecTBa MHTEPMENCa

JOURINAL OF APPLIED PHY! S WVOLUME 21, NUMBER. 6 15 MARCH 20

Improved interfaces and magnetic properties in spin valves using NigsFesg
seed

g, Maryland

iFe Co 'Cu Co SIO;

FIG. 4. (a), (b) Typical cross-section TEM micrographs of seedless top spin ( ) FIG. 5. (a). (b) T 1 _section TEM hs of & el
valve. See text for explanation. In (a) and (b), the dashed lines indicating the with. N.i ';t ( R :g-gl::e ch::\,erec oot i bl B ok
Co—Cu and Co—(NigFe,;)O interfaces are approximate lines since the in- ( e il A

terfaces are rough along the beam direction, which makes their projections

broad.
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(b) High-field and low-field GME loops of top spin valve,
r?p&tuel" with MigFe,, as the seed layer.




MarHuTHbIe ceHcopbl Ha GMR

Low-field sensors (10 Oa/Hz)

—Ta (45A)
- FeMn(75A)
NiFemﬁA]
~Co (5A)

—Cu (2 5A )
~Co (5A)
-“NiFe (35A)
_ “Ta (45A)

~ g

10 100 1,000 10,000
Cost of sensor system (§)
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Vicmonb3oBaHne GMR ceHcopa And
UTEHWMS XKECTKOro ANCKa

Write Current

Read Current

| I Shield 2 |

/ P1

MR or GMR . —
Sensor S /]

Track Width Shield

P Read Element Inductive \
Magnetization Write Element  Recording medium

Figure 3. Magnetic recording process.

http://www.storage.ibm.com/hardsoft/diskdrdl/technolo/gmr/gmr.htm



[[0/1I0BKa UTEHUd A4 XXEeCTKOro
ancka Ha [TMP am@mekTe

Recorded paitern Hard disk drive Read sensor
(100 Ghbits / in?)

440

“460nm

Im deten‘ninés thé width of the sensor

Time

write

Bragg reflector Conventional dual SV




CNnH-TYHHENbHAasa CTPYKTYpa

Anti Ferromagnet

AR/R -20%-50%
saturation field
10-30 Oe

David D. Djayaprawira, et al,
APPL. PHYS. LET. 86, 092502 (2005)

-1000  -500 0 500
Applied field (Oe)

Maximal GMR effect up to 350%



MRAM Ha GMR addeKkTe
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Tornonorna MaTpuLbl NaMATH

Tunnel dielectric
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[lepekioyeHne GMR CTpyKTYypbl

Madl HWTHBIM T10JIEM TOKOB




SNEMEHT MaMATU Ha CrH-
TYHHENBbHOW CTpyKTYpEe (MTJ)

Resistance

Storage laver
Tunnel barrier —

Reference layer .-~
Pinned layer —
AF layer —

Magnetic Field




AHM30TpOonmsa dopmMbl MTJ aneMeHTa

6 \ - State“r”




Tornonorma Matpuubl naMatii Ha MTJ
SJIEMEHTax

half-select
elements

F ] |_p 7 ; 05 0.0 05 10

XConpone Field (H)

[loporosoe nosne

nepeKioyeHms [lone aHn3oTponNnu




KoHCTpyKLUWS aneMeHTa Toggle Mode
NHTErpypoBaHHOrro C TPaH3VICTOPOM /Ji-
apecalnn YteHns

Magnetic cladding ﬁ' ki memo_'ry SUment [naBHas npobnema
\ J -60/1bLLIOV TOK 3anmcu

%% — — Write word line

(10 mA)

AdocturHyto 4 Mb

——— Read word line

OpaHako 3aTpyaHeHo
ANanbHeNLlee yBeMyeHne
NJ0THOCTM 3anucu !

KOHUeHTpauna MarHUTHOro NnoTOKa CﬂOBapHOVI JIMHUWN 3a CHET
MarHUTHOIro 3KpaHNpoBaHUA



ictopna passutnd MRAM

(3] )
;e

Photomicrographs (not to scale) showing the increasing density of prototype MRAM chips: (a) IBM 1-mm 1.5-mm 1-Kb chip with
a 5.4- m2 twin cell in 0.25- m technology with approximately 3—10-ns access time. From [22], with permission; ©2000 IEEE. (b)
Motorola 3.9-mm 3.2-mm 256-Kb chip with 7.1- m2 cell in 0.6- m technology with 35-ns access time. From [23], with permission;
©2001 IEEE. (c) Motorola 4.25-mm 5.89-mm 1-Mb chip with 7.1- m2 cell in 0.6- m technology with 50-ns access time.

From [24], with permission; ©2002 IEEE. (d) Motorola 4.5-mm 6.3-mm 4-Mb chip with 1.55- m2 cell in 180-nm technology with
25-ns access time. From [17], with permission; ©2003 IEEE. (e) IBM 7.9-mm 10-mm 16-Mb chip with 1.42- m2 cell in 180-nm
technology with 30-ns access time. Adapted from [21], with permission; ©2004 IEEE.



OcHoBHbIe npenmyllectBa MRAM

» BbiCOKas ckopocTb AocTyrna (Kak y. SRAM)
» Bbicokad MAoTHOCTb 3anvcy (kak y. DRAM)
» SDHeproHe3aBncnMMocTb (kak y FLASH)

» PaanalinoHHas CTOMKOCTb

"DREAM MEMORY"”

Mo>KeT 3aMeHnTb BCe BUAbLI MaMATH B KOMIBHOTEPE
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FProgram time

Pragram energy
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Endurance
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CpaBHEHNE COBPEMEHHbIX
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[Ipo6/1EMBI KOMMEPLMAnn3aLUmnm

» YoKe nMeroTcd Ha pbiHke MRAM 4 Mb
(Freescale Semiconductor)

OAHaKo OorpaHNYEHHbIN KOMMEPYECKMIN YCHEX

Apyrve Buabl MamMaTi UMEIOT NPENMYLLECTBaE
Nepe CyLeCTBYOLEN TeExHonornen MRAM

(MepeksItoYEHNE MarHUTHBIM MOIEM TOKOB
aAPECHbIX JIHUN)

HoBble Hagexabl — addekT CIMHOBOIO
PbIYATA - STT MRAM (spin torgue transfer)




SMMEKT Nnepeaayn CrnMHOBOro
MOMEHTa («CMWHOBLIV pbiyar>»)

5 L

free layer free layer

Electron flow

t 5§ i
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¢ Electron flow
/

reference layer




[lepek/itoYeHne € NoMOLILIo

SPIN TORQUE am@eKkTa

(ut]

Ca CuCe
[ | m 5
108 1 FIL FLj<3 mm)

NepBoe ybeantenbHoe CBMAETENbCTBO
nepekxksilto4eHUss CMMMHMNONAPU30BaHHbIM
TOoKOM ( Katine et al, 1999)




KOHCTPYKLNS GYENKN MaMSTH Ha
SMMEKTE «CNNHOBOIO pblYara>
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[lepBbIvi AEMOHCTPALMOHHBIN YN OT
KoMmaHun Sony Ha 4 kb Spin-RAM

_. Storage Iayer (CoFeB)

Capping Layer ..,.°‘°

—— Reference layer (CoFeB) PtMn
_ Inter-layer (Ru)

 Pinned layer (CoFe)
= AFM layer (PtMn) Buffer Layer

Bottom Electrode

10nm




KonbueBble anemMedHTbl STT MRAM

Storage Layer

Reference La yer

OE\Q ©

-04 -02 00 D6 038
Switching Current (mA)

>
=
O
©
E
c
L.
©
N
2
(o)
@©
=




CMellueHne JOMEHHOW CTEeHKWU
3a CYET CMMHOBOIO pblyara

electron flow =gk & Q. !, F PR B > electron flow

¥
s l :
; ap M
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old wall position J L new wall position
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~w===_ current flow

domain moving direction ==



“"PenbcoBas” (Racetrack) namMaTtb

Reader writer

—a~
—_——

Current flow
for shifting bits




TexHonornga nonyyeHnd GMR
CTPYKTYP

» Hambl/1IeHWe M1IeEHOK B BAdKYyyME B €EANHOM
LNKJIE

» KOHTPOJIb TOJILLUMHBI
» KOHTPOJIb MarHNTHBIX XapaKTEPUCTUK
» KOHTPOJIb MarHETOCONPOTUBIEHNS




[lonyyeHne GMR cTpyKkTyp METoa0M
MarHETPOHHOIr o pachbl/ieHNs

SCR 650 “TETRA” Alcatel

substrate ! !
RF bias

shutter

S
magnetron
o s o




KOHTPOJib TOMLLMHBLI MAEHOK
METOA0M (DOTOMETPUN

Thickness of FeNi film, interpolated
from profilometer mesurements, nm

NiFe/Si magnetron sputtering

S

/

/

0

300 600 900 1200

t (sec)

Thickness of FeNi film i, mesured by
specytrophotometer Leitz, nm.

Standard deviation, nm




KOHTPO/Ib MarHUTHbBIX XapaKTEPUCTUK
MarHUTOOMTUYECKNM METOAOM

Co(1 um)/Ta(5 um)/cutann,
HaHeceHHoU B marH. none 1500 Oe.

HaHeceHHoMu B marH. none 1500 Oe.



CTeHA [Aid SKCHpPEecc ANarHOCTUKN
MarHUTOPE3NCTUBHLIX CTPYKTYP

HCTOYHHE TOKA MNeHeparop N6-37 > ﬂ'nﬂ M3MepeHM;|
TS COMNPOTUB/IEHNS

VICMOJIb3YETCca 22
paspsaHas miata NI4065
g)_mcbposom MYJIbTUMETP)

npmel National
Instruments, no3BoadtoLIad
NPOM3BOANTH USMEPEHUS C
TOYHOCTbHO A0 OAHOU
AecaTuTbicayHon OMa.

» BennynHaMarHUTHOro noad
B KaTyLUKe [efnbMrobLa
BLIYNC/IFETCS MO
HaMPS>KEHMIO Ha KaTYLUKE,
nsmepsieMomy 10
pa3p;u1Hom naaton GP3,

chupmiul AWC
CkopocCTb Bpems Pasmep
RCTDYKTypr TONHOCTE naMepeHu | iamMepeHm HHO""B o6pa3uo tC'beMKVI
q q KaTyluKe B
- 5 3Hau. 100McC 1c KoMHaTHa
1OAM R ] > Ao 1020a | 2X7 CM S




Tect 1: OgHocnonMHasa naeHkKa
[NEpPMaiios

Spin Tunnel Junction




Tect 2: MHoroc/ionHas
MarHUTOPE3NCTMBHAas CTPYKTYpPa

Spin Tunnel Junction




KOHTPOJIbHbLIE BOMNPOCHI

» B uem 3akitedaetcd HoBad napaanrMa CHNHTPOHWKHN ?
» B uem 3akntovaercd AMR sadpdeKT ?

» B uem 3akntovaercd GMR admekT ?

» OnuncaTtb KOHCTPYKLUNIO CAWHOBOIO BEHTWIIS

» OnncaTb KOHCTPYKLUMIO CANHTYHHENBHOW CTPYKTYPbI

» OnncaTtb TOMOJIOFUI0 MaTpULLLl MaMsaT Ha GMR addekTe
» B uem 3akntovaercd apdekT «ClMHOBOIO PbIHYATA» ?
» MeToab! nosyyYeHns MarHUTOPE3NCTMBHBIX CTPYKTYP

» MeToab! ANarHOCTUKN MarHUTOPE3VUCTUBHBIX CTPYKTYP



Bornpockl Ha 3a4yeT

» 1) MarHutoconpotueieHne. AMR n GMR
SMMEKTHI. VIX MpypoAa N TEXHNYECKne
[APUMEHEHNS.

» 2) CAaVH-BEHTU/IbHBIE U CAVH-TYHHEABbHbIE
CTPYKTYpb!. AaTunKky MarHUTHORO [MOsS.

» 3) KoHuenund MRAM Ha GMR addekTe. Crocobkl
YTEHNA 1 3anncy MHPOPMaLN.

» 4) SPDMEKT CIMHOBOrO phiYara 1 NepCreKkTBbI
STT MRAM.

» 5) MnKpoMarHuTHas Moaenb.



