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Spintronics

Conventional spintronics Spin-orbit phenomena -> Spin orbitronics
GMR | Interlayer | Spin (spin Transfer]| Magneto |(Spin Hall|Rashba|Dzyaloshinskii-| (Spin-orbit
& Exchange || Filtering Torques crystalline | Effect | Effect | Moriya (DMI) || Torques
TMR (IEC) (SF) (STT) anisotropy || (SHE)

Ferrites
(CoFe,0,)

Single & Frustrated Layered
double magnets alloys > structures
i GG (Pt/Co/AlOx,
barrier perovskltes (Y;Fes0,,) Ta/CoFe/MgO
MTJs insulators

p——

< Tunnel magnetoresistance (TMR)
< Spin transfer torques (STT)

« Quantum origin of spin transfer torque

* Description of spin currents and spin transfer torques
This lecture: _ - Free electron model
- Tight-binding model

* Voltage dependence of STT
- symmetric MTJs
- asymmetric MTJs

< Interlayer exchange coupling

I
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Spintronics
Bloch state symmetry
Tunnel (TMR) magnetoresistance: based Spin Filtering (SF)

magnetization acts on current £, (k%6 k" =0

14 -
|:| 12 -
10 -

2 S
e TMR~600% 2
:9 FelMgO|Fe 3
HitfE (Tohoku,2008) £
suiil T
[Huge TMR in crystalline MTJ if: )

» Good epitaxial fit between FM and I(SC)
» Evanescent states in I(SC) with the same
Bloch state symmetry
* High symmetry Bloch state (A,) for one of two e
Kspin states in FM electrodes (“half—metallic”-like))
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Spintronics
Bloch state symmetry
Tunnel (TMR) magnetoresistance: based Spin Filtering (SF)

magnetization acts on current W. H. Butler et al, PRB (2001)

IEEE Trans. Mag., 41 (2005) 2645
Sci. Technol. Adv. Mater. 9 (2008) 014106

Coherent tunneling

e
TMR~600% .
Fe|MgO|Fe €
(Tohoku,2008) &
> e'l
[Huge TMR in crystalline MTJ if: )
- Good epitaxial fit between FM and I(SC) et

» Evanescent states in I(SC) with the same
Bloch state symmetry

* High symmetry Bloch state (A,) for one of two e e

Kspin states in FM electrodes (“half-metallic”-like)j
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Spintronics

Tunnel (TMR) magnetoresistance:

magnetization acts on current 8000 “
_RP R H I ’
TMR = (H) =
g 5000 |
(J) = 4000 |
3000 -
2000 1 TMR: 150%
f ( ) k 1000 Hc=43$Hgf=l7ooe |
Spin Transfer Torque (STT): 4+ . Field (Oe)
current acts on magnetization Q)/Spt ntes Current (mA)
([ MTJs
_ LT
Functional Logic
devices Sij
\Logics /
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Spintronics

Quantum transport theory and electronic structure of materials for spintronics

/ —" = —
7 Giant N\ / Tunnel \ / Spin transfer\/ Spin \/” Materials \ 7 N\
magnetoresistance magnetoresistance torque (STT), filtering for spintronics
(GMR) (TMR) eXChange Coupling . chalcogenides, alloys
ealfe amorp.hous.and (IEC), anisotropy crys?:alllne rutiles, spinels,
nanostructures || C"YSt@lline, single magnetic tunnel Heusler alloys,
and double barrier | amorphous and junctions || Graphene,
N tunnel junctions crystalline tunnel frustrated
\ ‘ \ JurEronE / \magnets )
Boltzmann approach Kubo formalism Keldysh formalism [ Ab-initio (DFT) ]
(drift-diffusion) Free electron model Tight-binding model

N _
Calculation techniques

[ Condensed Matter Theory J * Computational Materials Science J
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.| Julliere 1975 -> Moodera 1995

I:I_?\/Ioodera etal, PRL 74, 3273 (1995)

Miyazaki —
. Different Y s - | %
H coercive fields % 0l ﬁ .:‘?E
For Co, Fe £ s 1% 2
E Q Q
Parallel configuration Antiparallel configuration g ’l al s
Energy Energy Energy Energy g
2 0 |
40 220 0 20 40
H (mT)
300K AR/R~15%
- P+0.26
DI1‘I‘ D‘Il
parallel TR IRy antiparalél TR Int
Jraratel o p'pt 4 D'D! J « D'D} +D;D!
T
DL(R)(E )—D (R)(E ) TMR—AR 2P R
Pl = 57 = R, 1-P_P
D, r)(Er)+ D¢ (R)(E ) P — LR

P>0 (~50%) in Fe, Co = AR/R~40 - 70% with alumina barriers at low T |
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] Stearns’ polarization

\

S —
T
N P \B'DﬂQLEF)/_BAL((EF )
> L(R) 5 N2
1 ' DI (ErrDlg (Er)
oy ko (110] Julliere’s model is insufficient!
Not overall density of states important but

v

specific bands at the Fermi level and their
: T N
properties = Ky — kL(R)
- Stearns first explanation in this way L(R) kE(R) + k (R))

M. B. Stearns, IMMM 5, 1062 (1977)
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| Free electron model for tunneling (no spin)

Matching Boundary Conditions (4 linear equations with 4 unknowns)
allows the solution for the transmission probability.

y=0 y=a

15

- ]
5 1+ I
S Energy | |
5 o5 I
L N |
s 0 | | E; at equal potential
ai? 05 | |
i | ]
1t | |
| |
-1.5
-2 -15 -1 -05 ? 0.5 ]I 15 2 25 3
i —i | i .. .
“//> oc gy 4 petkuy : Y | te' RY| t transmission amplitude
| |

—KoY KoY Boundary conditions :
Ae + Be continuity of | > and its derivative

I3
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| Free electron model for tunneling (no spin)

Transmission probability :  T=t?

B 8r kK,
(kf +x0) (ki +x2)cosh(2k,a) + 4rc kKo — (K — i) (KE —x0)
When system is thick enough that e*** >>1:
B 16K§kLkRe - Depends on barrier thickness + height
(k)G + ) P

- Given by transmission probabilities L, R
Note that this can be written as :

T _ 4KO kL 4KO kR e—ZKOa — TLTRe _ T(k
(ki +15) (kg +47)

//)

2

G= \L/ = % > [T (k”)] Landauer Formula for Conductance
Ki

Er
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] Slonczewski model for tunneling (with spin)

Slonczewski (1989) Delocalized electrons contribute most to the current (sp states)

Localized states don’t (d states) - free electron tunneling U
16x7k _k @72 Ve T § |
TGO": KO o o"e e/ E N Y
2 2 2 2
(k2 +x5) (K2 +7) -
for simplicity L=R matertal

Spin T and spin 4 channels conduct in parallel (two current model):

™ W3 N T
GParaIIeI — G + G and GAntiparallal = G + G
2
2
G G 16 Ze—ZKoa (kT B ki XKO B kT ki)
Parallel  “antiparalél o 10K, 2 2 2 2
(Ko +Ky X’fo T ki)
Tunnel magnetoresistance Slonczewski Polarisation
2 2
AG o GParallel _Gantiparalél . 2P _ k|:¢ - k|:¢ Ky — kFTkF¢
2 o 2
GParaIIeI Gparallel 1+P kFT + k|:¢ KO + kFTkF¢

- Depends on properties of FM and barrier!
- Bandstructure details are important!
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] Slonczewski model for tunneling (with spin)

-~

~

2
P_[km—ka’fo—kmkm) » _+\/2m(U—E)+k2
= > 0~ — 2 I
Key +Key \ Ko +KeoKe, n
In Julliere’s model, only the polarization within the magnetic electrodes influences
the TMR. In Slonczewski’'s model, the barrier height also plays a role.
NS /
Case of high barrier: K >> kFT1 kF¢
kFT — kF l Electrons with highest %
~ > O velocity give strongest 2
kF A -+ kF . contribution to tunneling L}% )
mk
Free electrons: DOS(E) =—— oKk "
h T [110] k (110]
2
P~ DT — D¢ Back to Julliere formula AR _ AG _ 2P
DT + D¢ With P defined via DOS RAntiparallal GParallel 1+P
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_| Generalized model for tunneling (with spin)

Generalization: Write TMR in terms of the transmission probability

2 —2Kpa
oo’ 16K0k k € 0 _TO o"e—ZKOa

_(k§+’(o)(k§'+’(o)_ - J«\E T E, S E/\L/
Aok, To — Arc K, \\

G—

Sk D) Y (K, +KD)

o

L e U g o e i I U P A P S (N AP

TMR= = -
T ™1} T +7'17)
A N .\
TMR— 2P P, where P = TT T¢ p TRT TR¢ Julliére
1-P_P, T, +T) T, +T, model

Provides defintion that can be generalized to complex bandstructures
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__| Voltage dependence of tunnel current

VI V(z)=zV/a
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__| Voltage dependence of tunnel current

Sl ki fue L
onczewskt When systemis thick enough that e**°

ro tookke ™ exp[—_ U —E}
S (R (5 ht oo

S

But what if the barrier is not rectangular???

AU We use WKB approximation :

1 1 '
| ES] z

T =D, exp —%fdz\/U(z)—E

* de Broglie wavelength A =7/ p,is much smaller than (z,-z))
* U(z) should vary slowly over (z,-z,)

- Simmons model based on WKB is usually used to estimate potential
barrier height and width
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__| Voltage dependence tunnel current
re_iklz Z:0 z—d

eiklz \/E_
>
V\/E | Viz)=2vi/a Jk,
1

x(z)d
k12E k2 Ae-l- Beﬁz VZ

(= 2m (E-V) K‘(Z)Z\/K‘O +k Q—e\@
2
Ky = \/ , {sz:\/hT(E_Vz)

voltage dependence appears
: e
Current density: 1= %jdE[f (E)— f(E+eWV)][T(E,V,k)kdk, > KV)

8k k,x(0)x(a)

T(E,V,k)= -
|2 (0) + k2 [x?(a) + k2 ]cosh[Z [ x(@)dz |1+ akk,x (0)x(@) - [2(0) -k ]« (a)ﬁ_fm
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__| Voltage dependence of TMR and tunnel current

Current density: J= %IdE[f (E)-f(E+ eVZ]jT(E, V. k)kdk, 2> 1(V)

~

Fermi Dirac, gives window ~V

[/V=G = conductance =Integral of T

Note

1) increase of G with V since more states available for tunneling
2) For symmeftric barriers G~V?
3) For asymmetric barrier only G~V+const*V?
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__| Voltage dependence of TMR and tunnel current

Exemple of experimental 1(V) characteristics in Co|AlOx|Co tunnel junction

0.6 N"‘
&
1.2 =
€
N/—-\ 03' 1 D -cu
g T o
< 3
£ 0.0 0.8 §
5 ©
= S
g -0.3- 0.6 § Barrier height: ¢=1.04 eV
o c Barrier asymmetry: Ap=0.20 eV
06, 04 & Barrier thickness: d=1.6 nm
Effective mass: m_,/m_= a=0.4
-08 04 00 04 038 Dynamic conductance=dl/dV

bias V (V) T. Dimopoulos et al

See lectures of C. Tiusan and S. Valenzuela for epitaxial Fe[MgO MTJs
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| Pros/Cons of Julliere/Slonczewski Models

« AlOx tunnel barriers are amorphous.

* In amorphous materials, all electronic effects related to crystal symmetry
are smeared out.

« Evanescent waves in alumina have “free like” character.

* Free electron models work OK in this case.

* However, they fail with crystalline barriers. Additional band structures effect
In the electrodes and barrier must be taken into account (Bloch state
symmetry based spin filtering).

1995-2005 AlOx barriers >2005 MgO barriers
"’"._ (b) . Best MR~80% _n '

CoFeB

See lectures of C. Tiusan, S. Valenzuela for cristalline Fe|MgO MTJs
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J

- Spin transfer torques (STT)

« Landau Lifshitz equation (LLG)

. * Quantum origin of spin transfer torque
This lecture: o | |
—  Description of spin currents and spin transfer torques

- Free electron model
- Tight-binding model

* Voltage dependence of STT
- symmetric MTJs
- asymmetric MTJs

- Interlayer exchange coupling

~——

_J [N}
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| i — |
P— AP AP —> P
« exchange of angular momentum between conduction and localized electrons
« conservation of total angular momentum

Spin Transfer Torque (STT): current acts on magnetization

Prediction:
J. Slonczewski (1996)
L. Berger (1996)

T, ~ Ofor metallicspin valves

H First observations:
J M. Tsoi et al, PRL 80, 4281 (1998) S. Zhang, P. M. Levy and A. Fert (2002)
J. Katine et al, PRL 84, 3149 (2000) M. D. Stiles and A. Zangwill (2002)
Y. Huai et al, APL 84, 3118 (2004)
G. Fuchs, et al., APL 85, 1205 (2004) [ T (V) #0fr MTJs ]
L : : : A. Kalitsov et al, JAP 99, 08G501 (2006
Landau-Lifshitz-Gilbert-Slonczewski (LLGS) equation: = %)
d M a d M g ILlB 1 1
— =y MxH+—Mx _lo. (T M xMxM+T M*M)
dt : M S dt parallel field-like
precession damping Quantum
J. Slonczewski (1989), R.P. A 1 Origin?
Erickson (1999 Interlayer Exchange Coupling (IEC) | T )+7.(V) ’
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- Spin Momentum Transfer - Concept

Unpolarized Polarized Transmitted
Electrons Electrons Electrons

Electron Local exchange
Flow
?

interaction between
’ conduction electron

spins and local

t

— -
> I magnetization M
Polarizer P Free Layer M
: Local Magnetization
Conduction Electrons 1. . . ¢ spin angular po
m momentum m —
transmitted incoming . = M
Spin Torque 0 M

Flow of angular momentum has a source or sink
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Spin Transfer Torque

Continuity equation

Particle transport =) Spin transport

current density spin current density

. . conserved . .
particle density spin density

ot conserved

M.D.Stiles and A.Zangwill, PRB 66 (2002) 014407
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Particle transport

Particle density:

”{XP}ZE "‘!’Fur "f’fm( }

Iar

Current

ZREE ajf;-;:r( r)v Wi (1)

I

where v=—(ih/m)V

Continuity equation:
an

M. Chshiev «Theory of spintronic phenomena in magnetic tunnel junctions»

Spin transport

Spin density:

S(r) E 1{;’ So.o! 'Iffm 1‘\}

I{T(T

Spin current

where s=(#/2)o

- E RE["I"‘;E:;{. P\} So.a! ®{T "jfffr’{. l‘\}]

. '
laa

Vector of Pauli matrices

A/

Continuity equation:

0S
VeO+—#0
Q ot




Spin density:

S(r) E "‘!’Fur So.o! "f’fur’{ r) ~<

I{T{T

Spin current density:

= E Re[ijf;:':r{. l‘\} SU’JJ’"®;7 "f{ffrr’( 1}] —> <

: ’
[rer

Q,
N

Z YinWiy + .¢‘//i¢)

(v
Z(' Wil —] W.TW.¢)
(v

Z VirWir — |¢wi¢)

=Re ( vy, +Wi*¢\7'7”i¢)

Qy - REZ(I WhLVWIT IWITVWLL)

= ReZ( WV — .¢V'7”i¢)

Tensor quantity with elements Qij with i1=x,y,z in spin space and j=X,y,z in real space

V-Q=dQx Current flows in y direction

M. Chshiev «Theory of spintronic phenomena in magnetic tunnel junctions»

/Qxy =0

= <ny¢o
Q, #0
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Spin current and spin torque
FM /| Barrier . FM’ in non-collinear case

g Spin current tensor:

Esz I Qik /=X, y, Zin spin space
| T =X, ¥, zin real space
Qpy—I| W

Spin torque: T=VeQ=00,

/

— . Qy # 0} conserved
sz (0) = e (J (@)-37 () Currept ﬂ(.)WS < Qxy £ 0
in y direction Q. #0 hot conserved
Yy

3(0) = (37 (O)+340) . ﬂ
TMR= 20— J(7) T #0, T, #0
J(7)
J ™ ] N /
» Current matrix: parallel perpendicular
Mogn (Slonczewski) (field-like)

M. D. Stiles and A.Zangwill, PRB 66 (2002) 014407
A. Manchon et al, JPCM 20 (2008) 145208
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Physical origin of Spin transfer torque (sd model)

Consider two populations of electrons:
-1) s conduction electrons (spin-polarized)
-2) d more localized electrons responsible for magnetization

The spin-polarized conduction electrons and localized d electrons .
Interact by exchange interactions 7 (1 0)

—1
Pauli matrices vector (z‘ 0

p’ R )

Hamiltonian of propagating s electrons: H =—+U(r)-J(5.S,)
T
Kinetic Potential Unit vector//M

Exchange sd

In non-colinear geometry, exchange of angular momentum takes place between
the two populations of electrons but total angular moment is conserved.

J
Torqueon S, due tos electrons = —9 S, xs(r,1)
h

s=local spin-density of s electrons
A. Manchon et al, JPCM 20 (2008) 145208 €ﬂ>&
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Physical origin of Spin transfer (sd model) (cont’d)

)
Electron wave-function w(r,t) {W¢ (r.t)
o (r,t) ,
Local spin density at r and t : s(r,t) =y (r,t) E&l//(r,t)
- . . . Nl .« e .
Temporal variation of local spin density: s(r, t) = E [W S+ o 1//] (1)
. i
Schrédinger equation : w(r,t) = —% Huy (r,t) (2)
. 17 .. .
Substitution (2) in (1) : s(r,t) = o [z// ocHy + (H 1//) c 1//]
|
$(r 1) = —VeQ(r )+ 248, xs(r.1)
= I d # d J
Q is the spin density current 2
3x3 tensor Q :—h—lm[z//*(r,t)a ®er(r,t)]
Spin space x real space 2M A Manchon et al, JPCM 20 (2008) 145208

.
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Physical origin of Spin transfer (sd model) (cont’d)

In ballistic systems:

T = V.Q(r,t)z JhSd Sd XS(r,t)

The exchange interaction between spin-polarized s electrons and more
localized d electrons is responsible for spin-transfer torque. This interaction
yields a precessional motion of spin-density of s electrons around the local
magnetization. In ballistic regime, the spin-transfer torque is also equal to the
divergence of spin-current.

S

In diffusive systems: T=VeQ(r,t)+

J d
=285, xs(r,t
/ d ( )

Tse

Takes into account the spin-memory loss by scattering with spin lifetime Tsg

T can be fully calculated by solving Schrodinger equation in non-colinear geometry

See lectures of G. Bauer, T. Jungwirth, S. Valenzuela for metallic spin valves
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Let’s derive STT expressions

: . : . hk = z —component of majority spin
FM/ Barrier /1 FM 1 POTEI DT AR
| | momentum with M as quantization axis

M’ 1k, = z—component of minority spin

momentum with M as quantization axis
fik, = z —component of majority spin

momentum with M’ as quantization axis

1k, = z—component of minority spin

1 K Kk O K, k,, k, 2 momentum with M’ as quantization axis
W.F. in layer 1 W.F. in layer 2: W.F. in layer 3:
(quant. axis || M): (quant. axis || M") (quant. axis || M)
eikfy 4 r++e—ik1+y A+ek0y n B+e_k0y t++eik2+y
LIJl - - LIJO - k —k LIJ — oo
r+_e_'k1 y A e + B e t+_e|k2y

M. Chshiev «Theory of spintronic phenomena in magnetic tunnel junctions» 2011?%



Rotate W, in respect to direction of M’

FM/ Barrier /i FM

M!
Rotate ¥, about y
axis through angle

d.

1k 170 Ko |/ Kk 2

B sin(@/2) cos(p/2)

1 LY

@ (cos(golz) —sin(go/2)]£eikfy+r++e‘kfy]

cos(p/ 2)(e‘k1+y + e ) —sin(p/2)r e

Sin((O/Z)(eikfy +r++e‘ik1+y)+COS((0/2)I’+_e_ik1y

See G. Bauer’s lecture
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Wave functions for non-collinear MTJ
FM Barrier FM’
4 systems of '

8Egs. and M Y
8Uknowns

™

R
N
y

10 B Mo il
i 2 = (adz 0" |- \odz T v
\v__;T’”e.LK\% Y yro-bk‘ : . X_ \V’-‘ :A-L 05%? %_,__0 ;ﬁJ \i)i _ &R & PTID _K;'C
e o e sing ) "W LI b AR
= TMskiE. ¥ gk X W (ol gyt (gh Y| D | e
T Te€and s T en & Y= At —%:ef'p Vgp=| Rpe %
e Tu i h \ &, q\ L, \Vﬂ, J Q’-,\‘, eLch
= ||p€ 35 — lR€ Sw=s ‘ 13 i Tv - R =
w® IR % RE PpWRTR LAY Y Bl,s Q )
L Lk LElEr = | it W g2 ph, Kt
Wtz | W g X i 4 L R = +Re e
%“ |R - SW3 + | R =t M2 Z_ :Vv‘ Al}/ &%4% \‘,L\ - _J()‘" T -)R Kb
1’4 = ‘ \lfgL = g = 4 A 3 1 3 Pe
T 3 - ) I.ro— ’ g—o— - X T - TT LK‘}%
M Uie 'T.olt-tnz| Ve V' & b :T 0
= | Bt +¥s]0 TV \LO8 X 44 A (aql, (od2 3L L &
Wi = LR T T2 TR Sinsg- " ONE R $ - 3% !
V¥, I , N‘QR: 2-P% y _&E D" W - LK}’%
VT wefe ik x| 5w g 1~ Ca. | Yal” i \\/ = 11 é
W= | e R ekl L DB L X LUV IR R A L 3 L
BF | A% TRL s % = ZheH t Bl 2, j .
" sy L V3T Gl | Y9 (L} 1 W Ry
\P[L_ . _[e ix .&;_\‘(1% /)\i ,RT“' -3 ( \\2‘\': ﬁi 1\9/ o?‘ - _‘ia;;:bﬁ— )q‘_ \*/BL —TL e
U5 TFLE [PUETRL | et U |98 [~ aie R 1C 1y, W - Ly
\V&L_ \K% o W)f\p\:'é—& O 3" A N v \) iV LK}&
i = LKP: \ |y dal] f( I 5o [A \r‘ o -\» =0 ° 3 \
LT )1e " \p¥sn }w‘>2—+P1"!‘%‘ Y O\ Yo © L N
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Free electron model

FM /i Barrier /i FM
! : Ue — —
e LF =T g 1
; T, x\
iny I 2A <
o./ kD k. kb k2
Qyy
« Wave vectors depends on V and band positions
» Boundary conditions for Green functions and derivatives

In the right FM layer (as an example):

0 N 12 d2y|~2 A 726 (y)d
T (E) o Q@0 —kL>(kTD;:|; )lo?©) ~ k(K Jsiny 1% a@)(k! — k) ooskd —k)y ]+ a2 @) + kK Jinf(kd — k) y . (B) - o (E £ev))
T.(E)=T?(E)+T (E), where Explicit analytical expressions for STT

q(0)q(a)(k; —k; (kL2 —k+?)siny e—Z!q(y)dy
Den|’

«Ja@a@) + k) + ki) - (02 (0) ~k k¢ a2 (a) —kk; JJeos|kd + k) vk [a0) k! + k(a2 (@) —kiks J+ aca)(k] + k(a2 @) — kK¢ Jsinid + k) v']

TY(E) 2f(E+eV)x

a©)a@)(K, —k ki —ke)a® © —k/k} Jsiny 2

Do fa@ - ksin|kd =k y'|- o7 (@) + kK Joos|kd — k&) y (. (B) - . (E +ev))

M. Chshiev, A. Manchon, A. Kalitsov et al, Phys. Rev. B (2015)

TH(E) o

M. Chshiev «Theory of spintronic phenomena in magnetic tunnel junctions»



FM Barrier FM’
T,
Q1
Q, —i|lm

Free electron model

¢ E

")
E, = exp (j q(y)dy
, 0

|

2A A
kl‘_L k T q ( y) k 1 k T
- R R
P = kiT — ki¢ o = qi2 _kiT ki¢ 7 = Cli(kiT + kii)
! kiT + ki¢ qi2 + kir ki¢ i in n kiT ki¢

Local torques (derivatives of Q):
—> Oscillations of different periods

—> Shorter period for RKKY coupling
—> Longer period for voltage induced

M. Chshiev

«Theory of spintronic phenomena in magnetic tunnel junctions»

Q= %PL [Pripar[E2 — E, %] sin{Akry}

+ (2(1‘;;— —ay, [Ef: + E;i]) cos{Akry}] [fr — fr]

Q) = [penielL { [ (2ar — ar[E2 + E; %)) sin{Akgy} —
P}?T?}?CEL[EE - E;z] (.'(J:"i{ﬁkﬂy}] fL - f}?]
+Prfr [{('TH,‘T;H —agar) [E:+ E;?

+2(1 — nrnrPrPr cosv)) sin{ Lkgy}

— (nLag + nrar) [E: — E; %) cos{Skry}




0,08 T T - T - T - T

_ , ]
FM /. Barrier /. FM 0,06 [ M [=o00756°%57 T,
| | ' o ----TT
0,04 |- [V w L70L
. - rr : :“1 - Approx.
’ > 002 | ] i
! ﬂ L d=7A I lll il \ :J 11. e — )
E 0.00 F&= r| 1 Ir .u. rr '|'| F! . _‘:::__::_,:f':: EI}
= L 1 [ i Vo 'n.._'_.r el = %
- 0,02 - L[\ b T .
L I o i 132 i ! 1
.-"' i ..—-—-—'_'_'_._._. 1
0,04 | ]{ IL: 764"t \
-0,06 | os} m—r
, A " L , 04 F ===-Im
0,04
Local torques (T = VQ): 002 IR
—> Oscillations of different periods e
—> Shorter period for RKKY coupling >
—> Longer period for voltage induced = 0,00 b)
Transverse characteristic length scales:
e Larmor spin precession length, A; 002 L /5 |
* Transverse spin decay length, A, ' N T S T
« Applied voltage dependent 0 10 20 v (A) 30 40 50

M. Chshiev, A. Manchon, A. Kalitsov et al, Phys. Rev. B (2015)
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FM EBarrier FM’

Free electron model

E, = exp (] Q{J)d?)

Total torques:

—> Deviations from sine dependence
In case of low/thin barrier

—> Eventually for metallic spin valves

|Den|? =

n O

TR

—2(nnr — arpar)(l — nenrPrLPrcosy)[E: + E, ] +

{(ni +a7) (g + o) E, + B —

7 ) — 8nrnrarar + 4(1 — npnrPr Pr cos 7)2}

—Jv o 1
S
DA
T
_ a(y) kb k2
_aki | a k)
qi ik || qiz +k Tk
|£;;Tz;g Py (2ar — arlE; — E;%)) [fL — £l
é;m FQ PrPr (arnrfr + arnefr) [E: — B

M. Chshiev «Theory of spintronic phenomena in magnetic tunnel junctions»




Free electron model

FM /i Barrier /i FM
i | u
| ~—J
— T, gl Q T
Qy | a
! T — 2A
| — Il M’
9 Y aly) e
! R R
EQXV — —qi2 —kky _ gk +ki*)
d qi2 + ki¢ ki¢ ni - qiz + kiT kii
E, = exp (J‘q{y)rfy)
, 0

Total torques: Sy .
> Case of thick barrier T\ = —ATLTrPL E,"|fr — [r]siny
> Pa_rallel torque related to longitudinal T\ = AT, Ty (PSPLfL + PSP fr) E % siny
spin current

QT SPS o~ _ —2
PiS = Pa; - Slonczweski polarization Jo = —8TLTr (1+ Pp PR cosv) [fz = fRIE,
P” = Py, -out-of-plane polarization Q. = —AT.Tg (P§ + Py cosv) [fr — fr]E;?

i - Spin averaged interfacial 0) — Q.
T=—" _ -9p 8 _ o _ @00~ @:(m)
' a’+n} transmission probability T = Qe 2 Mz x (M < M)
M. Chshiev, A. Manchon, A. Kalitsov et al, Phys. Rev. B (2015) €ﬁ
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Free electron model

FM /! Barrier

Tight-binding model

/Model parameters: R
ETM \ £°- on-site energies
t, t8 — hopping
oa o’b _ i
kt , t couplings )

.

M. Chshiev «Theory of spintronic phenomena in magnetic tunnel junctions» 2015



Hamiltonian

i . i , /\
FM . Barrier | FM an BN
| ' H=H +H;+H;+H_ ;+Hg
T, HZ =) ¢Cic, +t> cic,
A NN
:HI(R)+HLL(R) 1 0 +HI(R)_HLL(R) COSy Sin]/
— 1| e 2 01 2 siny —cosy

Qxy / Hg = ; (7 +eV)c,c, + t%“ C;C,

1 0
Hg=t,_c'°c + h.c.
0 1

aa ~a " a

1 0
He =t,,C.C, 0 1 +h.c.

. 10 . '
H, = (Zg,;cfci +tBZcfcj)(O 1} gy = &g +ﬁev
\\ i NN /
Tight-binding model
/Model parameters: R

ETM \ £°- on-site energies

t, t8 — hopping

1% t*’b — couplings
1. Theodonis et al, PRL 97, 237205 (2006) - Ping )

M. Chshiev et al, IEEE Trans. Mag. 44, 2543 (2008)

A. Kalitsov et al, PRB 79, 174416 (2009) € ﬂ} &
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Keldysh formalism with non-equilibrium

— Barrior EN Green functions G (t,t') = —i<CZ-(t')C4-(t)>
Q LN Charge current:
i I T J= I /1+1/1T'_G/;',+/1'+1T " ]}9
;ny_> 11k
| / Sprn current
iQxy ' —+ -+
; Q/r'+1,,1' JdEI dknTr{[G/r "+, /1T _G/r',;r'+1T }

Torque: T, =Q,, =Q; ;u
T T m—— } HHHHAAA Total torque A so
I

T= ZT Z( A-1,0 Qz',z'+1):Q1,o_><1,A

D. M. Edwards et al, PRB 71, 054407 (2005)
I. Theodonis et al, PRL 97, 237205 (2000)

M. Chshiev et al, IEEE Trans. Mag. 44, 2543 (2008) p— € ﬂ» 'Y

M. Chshiev

Non colllnear M and W’
Tight-binding model %

/Model parameters: I 2 X 2 matrices |
£'® 2B on.site energies G [GTT G”j
t, t® — hopping Y g%

U % — couplings

(O)=-in> 0,,G "7

«Theory of spintronic phenomena in magnetic tunnel junctions» 2015:"



Two ways to find spin torgue in ballistic regime

In ballistic regime:

T = V.Q(r,t)z J};d Sd XS(r,t)

1. Using divergence of spin current Q:

I=X, Y, Z in spin space and k=x, y,\

T=VeQ-= aink z in real space
Q,, #0
Current flows
=0
iny direction < Qw
Q, #0

\ - /
2. Using magnetic moment and exchange splitting:

1 gi_gi
T=—nxA ( A= Z ]
Hp \\ 2

M. Chshiev «Theory of spintronic phenomena in magnetic tunnel junctions»




Two ways to find spin torgue in ballistic regime

Let’s check relation between T and p using its’ angular dependence.
Suppose they are related via unknown vector a. Then:

T= 1 nxa
Hg
a(0,0,a,)

@:Ua:A

\ T|| — zuiaz )
2 T, = —Ha, »
J TZ == O )

= a,=

=

The two methods give quantitative
agreement and are connected directly via
exchange splitting

~N

1

T

Heg

—HXA: V.Q

M. Chshiev

TII — T
Hy H
V=0.1V, N=5, i=1 (at FM/I interface)
Tt (glegY)2=2-0.1
o7 (c'—e)/2=-0.2
R e (e 3
- \\ , T .
- , I
. /./ TJ__
S el
o — M

Y (%’ad)

A. Kalitsov et al, JAP 99, 08G501.(
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Two ways to find spin torgue in ballistic regime

In ballistic systems:

T= v.Q(r,t): JhSd S, xs(r,t)

The exchange interaction between spin-polarized s electrons and more
localized d electrons is responsible for spin-transfer torque. This interaction
yields a precessional motion of spin-density of s electrons around the local
magnetization. In ballistic regime, the spin-transfer torque is also equal to the

divergence of spin-current.

S

J
In diffusive systems: T=VeQ(r,t)+—= ;ld Sy xs(r,t)

Tse

Takes into account the spin-memory loss by scattering with spin lifetime Tsg

A. Manchon et al, JPCM 20 (2008) 145208
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Local torques in the right FM at zero voltage

In the right FM layer site A\’

Period of oscillations is ~ Tkt V=0, y=n/2
1/(k + k ) 1.0X10_10 T T T T T T T T T T T
8.0x10™" - .
Note RKKY period (summation of K) — ¢ o,10% | T, A=06
> i
S 4 ox1ot L — T, A=0.2
% | _
Coupling amplitude decreases 3 2007 .
with exchange splitting > 0.0L 1
o - _
= _2.0x10™ | -
J. C. Slonczewski, Phys. Rev. B 39, 6995 (1989); i ]
ibid.71, 6995 (2005); -4.0x10™ | T
D. M. Edwards et al, Phys. Rev. B 71, 024405 (2005) —_—
A. Manchon et al, JPCM 20, 145208 (2008) o ° 12 X 18 24 30
Perpendicular torque component T is | e e
not zero @ zero bias describing NIV X]X _____ VN
exchange coupling between FM layers Aooata 1] bl Ao

M. Chshiev «Theory of spintronic phenomena in magnetic tunnel junctions»



Local torques in the right FM at positive/negative bias

8T=0, 8¢=2, V=-0.5V, Y=m/2

T T T T T T T

ST:O, 8L=2, V=+0.5V, y=m/2

0.0 i 1.0x10™ | T||
Q T )
p I L
= — T Q
2 N = 00f 1
o o)
= -
-1.0x10™° F . "
1 " 1 L 1 " 1 L 1 L 1 " 1 1 OXlO 1 1 1 1 1 1 1 ]
0 5 10 15 20 25 30 0 5 10 15 20 25 30
2 < X

Period of oscillations is ~1/(k" —k*) A. Kalitsov ctal, JAP 99, 08G501
A. Manchon et al, JPCM 20, 145208
M. Wilczynski et al., PRB 77, 054434
D. Ralph and M.Stiles, JMMM 320, 1190

Note voltage (current) induced STT period (difference of k)

M. Chshiev «Theory of spintronic phenomena in magnetic tunnel junctions»



| Precession of spin state in exchange field of the magnet

Case 1: insulating barrier (tunnel junctions)

—> precession period 2nt/(kT + k|) for RKKY IEC

—> precession period 2n/(kT - k|) for STT voltage induced

—>only electrons with kL interface tunnel - selection of k-vectors
—>integration over k-vectors does not average to zero

Rl e E LR EEEEE PR Nst = AX - (Qin + Qreﬂ - Qtrans)

AWk
T = o5 sin(O[1 = Re(t47] + ryr)IR
:CB | A 22m
i 0 sin(0) Im(z4) + r41))y.
:Cg 2l i -
i // er‘ans

| Non-zero X and Y —
EY T w2 component of

X torque!!!

M. Chshiev «Theory of spintronic phenomena in magnetic tunnel junctions»



_| Difference with metallic structures for STT

Precession of spin state in exchange field of the magnet

Case 2: metallic structures

Consequence of dephasing

—> away from the interface, reflected and transmitted spin currents are collinear to M2
—> The entire transverse spin current is absorbed by M2 at interface

Nst — AX - (Qin 4+ Qreﬂ _ Qtrans) ~ AX - QinJ_ Only torque in

x-direction

/

T,

1

1

1

1

1
-
1

1

1

1

1

1

1

1

1
1
1
1
1
1
1
1
1
N

N

1
1
1

2
2
AN
2
N
S

&y M2

N
———.

In phase Dephased

€ﬂ} ), N
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Spin current (total torque) on energy
Back to tunnel junctions

z

T= ZT ZQ/ll Q/l Q—l Q :Q—l X () Y@

2.0x10 l Q- 0V | > \\E E. ] 0.0t i
dev Q-
----------- 01V 7 —
3 oo - s
o —Q OV"'\”*,\.\ <
T QR, +0.1V N A e R \
" 0.1V A0x107F 5 QO I
poactt N T LORE L1
-3 -2 -1 0 1
Energy (eV) M. Chshiev et al, IEEE Trans. Mag, 44, 2543 (2008) ~ Energy (eV)
] . L(R) ‘ — ORWML) _ ‘
QF (E)=-QF (E) QUT(B),, =Qr (E-eV)|
E<min{f,, f.} Q.(E)y., =Q.(E—-eV)
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Spin current (total torque) on energy
Back to tunnel junctions

z

T= ZT ZQ/ll Q/l Q—l Q :Q—l X () Y@

2.0x10 l Q- 0V | > \\E E. ] 0.0t i
dev Q-
----------- 01V 7 —
3 oo - s
o —Q OV"'\”*,\.\ <
T QR, +0.1V N A e R \
" 0.1V A0x107F 5 QO I
poactt N T LORE L1
-3 -2 -1 0 1
Energy (eV) M. Chshiev et al, IEEE Trans. Mag, 44, 2543 (2008) ~ Energy (eV)
] . L(R) ‘ — ORWML) _ ‘
QF (E)=-QF (E) QUT(B),, =Qr (E-eV)|
E<min{f,, f.} Q.(E)y., =Q.(E—-eV)

M. Chshiev «Theory of spintronic phenomena in magnetic tunnel junctions»



Spin current (total torque) on energy

Back to tunnel junctions
XXX ....... X .....
A o' a
T=>T,= Y
A'=0
2.0x10
0.0}
- 3
-] .
s %0 s
O @
-1.0x10™
2.0x10°F | o 1
Energy (eV) M. Chshiev et al, IEEE Trans. Mag 44, 2543 (2008)  Energy (eV)
D. Ralph and M.Stiles, J]MMM 320, 1190 (2008)
I is zero at zero voltage and is non is an even parity function
” monotonic function of applied voltage 1 of applied voltage!
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theory
PRL 97, 237205 (20006)
IEEE Trans. Mag. 44, 2543 (2008)

H. Kubota et al,

Nature Physics 4, 37 (2008)
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2.0

1.5

-0.5

,---- £'=2.25
£=2.0

theory

PRL 97, 237205 (20006)
IEEE Trans. Mag. 44, 2543 (2008)

T,

o
w

o
N

Total torques: Comparison of theory and experiment

~V

d glﬁ seer o sinplane
=y
RE
©lw | perpendicular
L] 0.00] ***®*e s & o o
% 50 Angie (‘5) 90 o'n
o-
0“"'!.'&!‘*.0.
Jin-plane on

(dr/dV)isin(6) (fil2e k™)
o

i [ |
06 04 02 00 02 04 06 <:D ‘q.aﬁf":
Bias (V &

) 001 ;i"" """ 1 0 Koo 710

» m1. e,
. | - . | H. Kubota eF al, e 1.5 kOe. 59°
L 1 Nature Physics 4, 37 (2008) _0.11"¢ perpendicular: ¢ 2.0 kOe, 52°

—a ’ 00 —200 a 20 400

' S
_n—"
- ./ / \ .
| Voltage (mV)

J. C. Sankey et al, ibid. 4, 67 (2008)

—v—¢'=225

-04

-0.8

(V) - T (0) (peV)

-1.2

/'/. /

=20
—e—¢'=1.75
—m—¢'=15

\\

./'/././ T \.\k'\.
: // \'\
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"7 06 04 02 00 02 04 06
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Bias (V)
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0.4

0.6

= T

(field-like)

T, =T +) C,V?*
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Total torques: Comparison of theory and experiment

2.0 — T
v ,---- £'=2.25 ~\/
15F £=2.0 <:| T”
1.0+ '3.1_5_‘ esete .in.-pl;'m.e
theory E"‘O 3 E?: dicul
I. Theodonis et al, & e 0.00] %o e s o s .
PRL 97, 237205 (2006) & 021 "-.. 50 Angle (9) 90 ::.
IEEE Trans. Mag. 44, 2543 (2008) £ 22 3 0l TYTY Y YRS
0.1 in-plane ...
1 1 1 n 1 n 1 ) 1 1 : -
06 -04 02 00 02 04 06 <:D o q,i*""':
Bias (V) N g &
5001 e*! a0 koe 710
= »
. | | | . | H. Kubota eF al, i e 1.5 kOe, 59°
of /_/_/./;7;-%,?.\_\_\ 1 Nature Physics 4, 37 (2008) _0.11"¢ perpendicular: ¢ 2.0 kOe, 52°
. 7 \ N . " | ] C Sankey et al, ibid. 4, 67 (2008) e T
3. - / \ A. Deac, ibid. 4, 803 (2008)
s / F_,_;!.:/;;; ________ \ C. Heiliger et al, PRL 100, 186805 (2008)
= /; A \ A. Manchon et al, JPCM 20, 145208 (2008)
S- [Sod N M. Wilczyaski et al, PRB 77, 054434 (2008) ~\/2
| / izl // \\ | \ | J. Xiao et al., PRB 77, 224419 (2008)
R TV NN T
06 -04 -02 00 02 04 06 <:| 1 ::>

Bias (V)

field-like .
( )TL =T9 + ZCZiVZ'
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Total torques: Comparison of theory and experiment

- v ,---- g=225
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theory 0.2 t40
I. Theodonis et al, 01] L 20
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E @
IEEE Trans. Mag. 44 2543 (2008) & -0 Perpendicular | 20 &
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s 02 P a0 &
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H. Kubota et al, 031 =100
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Nature Physics 4, 37 (2008)

J. C. Sankey et al, zbid. 4, 67 (2008)
A. Deac, ibzd. 4, 803 (2008)

T,

C. Wang et al., Nature Phys. (2011)

C. Heiliger et al, PRL 100, 186805 (2008)

d.c. voltage (V)

F R B \ A. Manchon et al, JPCM 20, 145208 (2008)
82N M. Wilczysski et al., PRB 77, 054434 (2008) ~\/2
/ iz // \\ \ J. Xiao et al., PRB 77, 224419 (2008)
v | | ) 'I -u.e: -o.4l-0§i;.so(}0/§ 04 0;5 | T T
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T, =T +) C,V
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In-plane torque (T),) for symmetric MTJ

The parallel (Slonczewski) torque T, may be found from collinear currents

h , .
T = [Q.0)-QOM(MxM) Q,()=3" (-7 ()
Brinkman model: |. Theodonis et al, PRL 97, 237205, 2006

JOWV)=&E(D W =& (D)ADVE+O(V ), where @ = (O + D)/ 2, AD° =D — DI
Parallel magnetizations:
O 20 A0  =Ad' =0 = Q,(0)cV |
Antiparallel magnetizations:

. —
O =0 A0 =AD" =pQ,(7)ocV?

2.0
! v ,---- £=225 1 0
. '
157 \‘\ ° , ------- ;=?:35 1
i : e=15
10
< |
> -1
L o5} 1 . 1 . 1 . 1 \ | \
= | -0.6 04 -0.2_ 0.0 0.2 0.4 0.6
. Bias (V)

ol T Q,(0) may vanish mm)
-06 -04 -02 00 02 04 06 _ _ _ _ _ _
Bias (V) ry of spintronic phenomena in magnetic tunnel junctions»




Field-like torque (T,) for (a)symmetric MTJ

T J J T
0 ELry T 5|_(R) _ELRrR) T LR
ELR) = 5 L(R) — 5

0 0
ELR) = LRy ~ALR)

! 0 ' '
ELr)y = €Lr) TALR -1 0 1
(R) (R) ®) Voltage
Symmetric MTJ:
T, is an even parity function of applied voltage: T, = Z CZiVZi
(I. Theodonis et al, PRL 97, 237205 (2006); M. Chshiev et al, IEEE Trans. Mag. 44, 2543 (2008))

Asymmetric MTJ (deviations from V2):

=> C\V
T, with odd parity terms appeared : Z

(C,in A. Manchon et al, JPCM 20, 145208 (2008); M. Wilczynski et al., PRB 77, 054434) ; Xiao et al., PRB 77, 224419 (2008);
S.-C. Oh et al, Nature Physics 5, 898 (2009)
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Spin Transfer Torques in Magnetic Tunnel Junctions

Uncontroled phenomenon during «bit» writing in STT-MRAMSs: “back-switching”

-

Spin transfer
MRAM:
(STT-MRAM)

écriture “0” écriture “1” \

pinned

I ON JstT ON

IsTT

300

200

TMR (%)

100 -

0 OO OO0 0= = OX IO DO

200 400
Time (ns)

experiment

ORI =0 =0=0=0=0=0-0=O-TUTE@ O I

Switching-back

Could theory help
understanding a problem?

back switching is a
problem for MRAM Yes!

-1.0 -0.5 0 0.5 1.0

7\ Voltage (V) 7\
P->AP (AP->P)

M. Chshiev

=
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STT: Current acts on Magnetization

E———

TMR (%)

300

200 +

100

Spin Transfer Torques in Magnetic Tunnel Junctions
Landau-Lifshitz-Gilbert (LLG) equation:

precession damping

dM
dt

—=—7/0|\/|><H+i

SlonczewskKi field-like

dt

S

MM ‘ge;‘_l”B KT"M «Mx M'+TLI\/I'><Mﬂ

For symmetric MTJ theory predicted:

2 L
T, aV°; T, a -V
I. Theodonis et al, PRL 97, 237205 (2006)
M. Chshiev et al, IEEE Trans. Mag. 44, 2543 (2008)

A. Manchon et al, JPCM 20, 145208 (2008)
\_ A Kalitsov et al, PRB 79, 174416 (2009) )
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Could theory provide a
solution for backswitching?

Yes!

«Theory of spintronic phenomena in magnetic tunnel junctions» 20752



Spin Transfer Torques in Magnetic Tunnel Junctions

||

For asymmetnc MTJ theory predicts linear term T
(which is also observed in experiment)

Zcivi

S.-C. Oh, S.-Y. Park, A. Manchon, M. Chshiev et al, Nature Physics 5, 898 (2009)
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STT: Current acts on Magnetization
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or asymmetric
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back switching is a
problem for MRAM
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Spin Transfer Torques and TMR in Magnetic Tunnel Junctions
STT and TMR voltage dependence tuning by Interface engineering

STT: MTJ with asymIIlCtI'iC barrier

il

A. Kalitsov et al, PRB 88, 104430 (2013)
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Spin Transfer Torques and TMR in Multiferroic Magnetic Tunnel Junctions

(a) See lecture of A. Barthelemy
Q
E b) 160
'-§ ( TER® 14,
:E
—— Y 1
3 10 ¢
U,=UgteV 2+eV L ; -20
| Up=Ug-eV,/2-¢V R L L S C b
Upte(V-V.R)/ -2 -1 0 1 2-2 -1 0 1 2
B Bias Voltage (V) Bias Voltage (V)
F
______ : b _/ -
w2 : 42 : FIG. 2. (Color online) Voltage dependence of (a) TMR for zero
black symbols), positive (red symbols), and negative (blue symbols)
v ) “EP and (b) TER for P (black symbols) and AP (red symbols)
t—t ; % >onfigurations. The parameters are the same as in the text, with

A Jg=2¢eV, P=0,+60uC/cm?, and d = 1 nm (open symbols)

or 1.5 nm (filled symbols), corresponding to V**® ~ 0.35 V and 0.5

. FIG. 1. (.C.olor onlin‘c) (a) Schematics ofu‘magnelic.lun.neljunc- \f, I‘eSpectlvely.
tion comprising two ferromagnets and a ferroelectric insulator;

(b) Potential profile of the junction with positive polarization

(screening) and applied voltage V,.

.

A. Useinov, M. Chshiev and A. Manchon, Phys. Rev. B 91, 064412 (2015) ( ﬂ}’
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Spin Transfer Torques and TMR in Multiferroic Magnetic Tunnel Junctions
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(screening) and applied voltage V,.

A. Useinov, M. Chshiev and A. Manchon, Phys. Rev. B 91, 064412 (2015) ( ﬂb’
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Spin Filtering (SF) based on magnetic insulators (EuO, EuS, ferrites, etc.)
See lecture of S. Valenzuela

PHYSICAL REVIEW B 69, 241203(R) (2004)

Observation of spin filtering with a ferromagnetic EuO tunnel barrier

Tiffany S. Santos* and Jagadeesh S. Moodera
Francis Bitter Magnet Laboratory, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
(Received 19 April 2004; published 25 June 2004)

\(
J

PHYSICAL REVIEW B 72, 020406(R) (2005)

Spin filtering through ferromagnetic BiMnO; tunnel barriers

M. Gajek,"> M. Bibes,® A. Barthélémy,"* K. Bouzehouane,' S. Fusil,'* M. Varela,? J. Fontcuberta,” and A. Fert
YUnité Mixte de Physique CNRS/Thales, Route Départementale 128 91767 Orsay, France
2nstitut de Ciéncia de Materials de Barcelona, CSIC, Campus de la UAB, 08193 Bellaterra, Spain .
3nstitut d’Electronique Fondamentale, Université Paris-Sud, 91404 Orsay, France pOlarlzer analyzer
YUniversité d’Evry, rue du Pére Jarlan, 91025 Evry, France
SDepartamento de Fisica Aplicada i Optica, Universitat de Barcelona, Diagonal 647, 08028 Barcelona, Spain
(Received 19 April 2005; published 18 July 2005)

Y
N

PHYSICAL REVIEW B 76, 134412 (2007)

Bias dependence of tunnel magnetoresistance in spin filtering tunnel junctions: Experiment
and theory

U. Liiders,! M. Bibes,? S. Fusil,> K. Bouzehouane,® E. Jacquet,” C. B. Sommers,* I.-P. Contour,? J.-F. Bobo,' A. Barthélémy,’
A. Fert,? and P. M. Levy>>*

APPLIED PHYSICS LETTERS 91, 122107 (2007)

Room temperature spin filtering in epitaxial cobalt-ferrite tunnel barriers
A. V. Ramos!, M.-J. Guittet!, J.-B. Moussy!, R. Mattana?, C. Deranlot?, F. Petroff?, and C. Gatel®
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STT in SFTJ and Tight Binding Model

Methodology: Semi-infinite leads separated by a finite barrier

H=Hp+ Hgp+ Hp+ Hp|L + Hp|r

z b FM (NM) M1 FM
7] '
m, 1O, 0.=0 &"s e 1O, _ ol o
r‘J Ly B \ HL—ZEAC_X cS + ;tc HB|R_ZU:tcb Cort
- . . Fal . a . n a- ”
Fa 4 { 2 3 4 Hotr — ol o
B Hp = Zei.cif s+ Z tcﬁ; Cor BIL ;tc“ “a
En --—'"""---...____ I& : d',.’\’ ‘::":l“"“‘JI a.Iu"
III 3 L e, m . B '||Il
'| D b P02 Hp =) €c]c]+ ) tc
S LA o
€, “ Iu'l LY’ &% =19 —aﬂ 1 —1
) e T _ % _ eV
F‘ --------------3--- --Ih - f — e
! 1 II?‘ 1;.'\_‘ N - 1 S
\ I",II - - — -

Isolated retarded Green functions:

We adopt the following convention: _
Coupled retarded Green functions

- 5 using Dyson equation:
T\ = QF cosOr— Q7 sinfr 1

Keldysh function using kinetic equation:
T = ny ys g eq
1L =%pR

Q"w %R/Tf[ G43 G34)UﬂdEdk||

C. Ortiz Pauyac et al, Phys. Rev. B 90, 235417 (2014)
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Symmetric Spin Filter Tunnel Junction (1)

8=n/2 fB=mn

=4 gz )

rotation of the magnetic insulating layer onl

=
60 .
_— For all Band filling values, the
< perpendicular STT as a function of bias
e exhibits a quadratic behavior (red
% shadowed region) similar to MTJs when
2 o) left lead perpendicular to MI, and a lincar
it behavior (blue and orange shadowed
=E_| regions), similar to p-SFTJ, when right
I_l lead is perpendicular to MI.
= :
-60 !
0 T 2

C. Ortiz Pauyac et al, Phys. Rev. B 90, 235417 (2014)

M. Chshiev «Theory of spintronic phenomena in magnetic tunnel junctions»



Spin Transfer Torques and TMR in Magnetic Tunnel Junctions

Spin filtering in crystalline MTJs (Fe|MgO|Fe)
W. H. Butler et al, PRB 63, 054416 (2001); IEEE Trans. Mag. 41 (2005) 2645

-

Huge TMR in crystalline MTJ if:

» Good epitaxial fit between FM and I(SC)
» Evanescent states in [(SC) with the same
Bloch state symmetry

* High symmetry Bloch state (A,) for one of two e-
\spin states in FM electrodes (“half-metallic”-like) y,

~N

=)

@odels seems to be ok )
Spin Transfer Torque (STT)

I. Theodonis et al, PRL 97, 237205 (2006)

A. Manchon et al, JPCM 20, 145208 (2008)

M. Chshiev et al, IEEE Trans. Mag. 44, 2543 (2008)
A. Kalitsov et al, PRB 79, 174416 (2009)

A. Khalil et al, IEEE Trans. Mag. 46, 1745 (2010)?
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TMR In Fe|Cr[MgO|Fe Magnetic Tunnel Junctions

F. Greullet et al, PRL 99, 187202 (2007)

? 1'05 o @® Experimental

5—- O Theoretical

o [

E 9]

F 05 0

) o

oc 0 '

= 00— ——o—
0 1 2 3 4 5 6

Cr thicknessx (ML)
1eV
* e _t EF
Fe Cr MgO Fe
r HT H What about effect of Cr on STT?
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MOdeI (NEGF)A Manchon et al, JPCM, 20, 145208 (2008)

Charge current:

3o [[faance Y 22 o

Spin current:

oo, o{ 5o

Spin torque:

T=—Ve JSpi” Current Js(d) Js(d)
matrix:

Fm /N  Barriey/i FM’

—+

—*

‘]s(d) ‘Js(d)

Iy (0) = (Js,T(E)(Q)jLJj(t)(@))

Effective mass: JO0)-J(r
T) A NM b TMR= (\)](7[)( )
Mgy » My Mgqy

M. E. Eames et al, APL, 88, 252511 (2006) |
J. Callaway et al, PRB 16, 2095 (1977)
J. Schéfer et al, ibid. 72, 155115 (2005) — Refs

A. H. Davis et al, JAP 87, 5224 (2000) R
W. H. Butler, et al. PRB 63, 054416 (2001) Or parameters

A. Vedyaev et al, J. Appl. Phys. 107, 09C720 (2010) € ﬂ) n
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Results for Fe|Cr(a)|MgO|Fe

Torque distribution in the left Fe layer

5_
1.0x10 s-electrons 60, d-electrons
40
5.0x10" W
(N - _
4 3 20
) =)
> (@]
S -0
|9 0.0
T T T T ' '20 T T T T T T T T
-20 -10 0 -40 -30 -20 -10 0
Z nm Z, nm
* Torque is mainly due to s-electrons * Torque due to d-electrons is weak and
« It almost vanishes when Cr is inserted almost insensitive in value to Cr insertion

(Cr acts as barrier for s-electrons, i.e. A) * Phase of oscillations is affected

.

M. Chshiev «Theory of spintronic phenomena in magnetic tunnel junctions» 2015



\spin states in FM electrodes (“half-metallic”-like) y,

Interlayer Exchange Coupling in Magnetic Tunnel Junctions
Spin filtering in crystalline MTJs (Fe|[MgO|Fe)

~N

Huge TMR in crystalline MTJ if:
» Good epitaxial fit between FM and I(SC)
» Evanescent states in [(SC) with the same
Bloch state symmetry
* High symmetry Bloch state (A,) for one of two e-

=)

/

j

W. H. Butler et al, PRB 63, 054416 (2001); IEEE Trans. Mag. 41 (2005) 2645

-

@odels seems to be ok )

Spin Transfer Torque (STT)

I. Theodonis et al, PRL 97, 237205 (2006)

A. Manchon et al, JPCM 20, 145208 (2008)

M. Chshiev et al, IEEE Trans. Mag. 44, 2543 (2008)
A. Kalitsov et al, PRB 79, 174416 (2009)

A. Khalil et al, IEEE Trans. Mag. 46, 1745 (2010)?
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k. /K
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Interlayer Exchange Coupling (IEC) 0.0 g

H. X. Yang et al, APL 96, 262509 (2010)

* DFT with GGA for V,
* PAW pseudopotentials
* VASP

S 0.2}

%D —k— tight-binding
5 —— ab-initio
Q04

-

|

Tight-binding results with a choice of parameters

used successfully for STT behaviour

J. Faure-Vincent et al,

[ O  experiment

2 3

4

] PRL 89, 107206 (2002)]
_06 I . 1 . 1 .

MgO thickness (ML)
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Equilibrium IEC on FM layers thickness

Total energy differences for P and AP

| | : | ) _ _ _ 8,0x10° . " .
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p _— ) d /O \/O/O O\ . o
/ -1,2x10° F / % °
O/O
X ..... X.X.X.X.X.X
A=2.2
" g i-s | T~5ML
dR -1,2X10-5 I I I I I I
5 10 15 20 25 30 :
Left layer thickness (ML) o
g —a—¢ :+4
B
-1,4x10°F = -
A=22
T-TML 3 |/ N 4 oE
1l NS S ] J R/
E el O / / / \
LT\gT = / RN
—_—— T VL -
T\ / I\ & a0t LS
ZA { 5 10 15 20 25 30
Left layer thickness (ML)

» |IEC period and amplitude are nonmonotonic functions of the Fermi level
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Interlayer Exchange Coupling in Magnetic Tunnel Junctions

FM layers thickness dependence in MTJ with PMA (pMT)J)

First observation of oscillatory AF IEC in perpendicular MTJs (pMTJ)

en accord avec P.Bruno, PRB 52, 411 (1995)
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0-0

IEC (a.u.)

-1.2x10° b /o O/ v
1%
A~5 ML

/ theory =438

Axtt=t— .
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FM layer thickness (ML)

J=A/C? sin(2mt/A + ®)

with C=1+(kgt)/(kzD)
A=0.85 nm
®=0.67, and kr=5 nm™

MTJ with perpendicular magnetic anisotropy (pMTJ)

Si/SiO, I Tas/Ptyy/Coy »/MgO, 4/ Co,/Pt,
3

-3 2
J-J ... (107 ergicm’)

;
0 =
 ~
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\ 7 - 3
3 _L2s0c 5,
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v 320°C ;o
—4— 340°C = 240 280 320 360
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tee (nm)
L.E.Nistor et al,

Phys. Rev. B 81, 220407 (2010)

4.2 monolayers (MLs) for (111) fcc and (0001) hep Co

4.9 ML for-(001) fcc Co
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Summary

 Spin Transfer Torques and TMR:

Free electron and a tight-binding descriptions

écriture “1”

* Theory predicted STT voltage dependences in MTJs

* Field-like torque 1s an even-parity function of applied voltage
for symmetric MTJs

* Linear term appears in case of asymmetric MTJs

e provides with a solution for “back-switching” problem

Models are satisfactory for TMR, STT and IEC
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