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Spin valves and Giant magnetoresistance
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Phys. Rev. B 39, 4828-4830 (1989)

R. E. Camley and J. Barna$
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Phys. Rev. Lett. 63, 664—667 (1989)

T. Valet and A. Fert
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Introduction

Current-induced dynamics and magnetization switching

Magnetization can be switched by electric current without need of magnetic eld

Slonczewski's model (ballistic)
J. Magn. Magn. Mater. 159, L1-L7 (1996)
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Magnetization switching

Uni ed description (diffusive)

Description of spin-transfer torque
should be consistent with description
of giant magnetoresistance (Valet-Fert
model)

J. Barnas, A. Fert, M. Gmitra, |. Weymann, V.K. Dugaev

From giant magnetoresistance to current-induced
switching by spin transfer
Phys. Rev. B 72, 024426 (2005)

Spin-transfer torque
tg=a(q)ls & S
tr=b(q)1s S
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Introduction
Equation of motion

Landau-Lifshitz-Gilbert equation

as_ . . d5  jgy
a—]ggjnbs Hef as a+|vTSd tg+ts

Spin-transfer torque
Effective magnetic eld tg=a(q)ls & S
Hett= Hex® Hani(5 &) &+ Hgemag J tr =b(q)ls S
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Spin-torque in metallic spin valves
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Spin-torque in metallic spin valves

Mathematical description

Two channels model Diffusive transport

bulk resistivities P?m m 1, _ _
re@=2r (1 b) T = rgf(m )

interface resistances °m+ m . 2(m m)
Rum=2R (1 g me X2

b bulk asymmetry paramters
g interfacial asymmetry parameter

J. Barnas, A. Fert, M. Gmitra, |. Weymann, V.K. Dugaev

From giant magnetoresistance to current-induced
switching by spin transfer
Phys. Rev. B 72, 024426 (2005)
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Spin-torque in metallic spin valves

Mathematical description

Two channels model Diffusive transport
bulk resistivities P?m m 1, _ _
re@=2r (1 b) T = E(m )
interface resistances °m+ m " 2(m m)
Rum=2R (1 g me X2
b bulk asymmetry paramters for electrochemical potentials we get

g interfacial asymmetry parameter _ h |
m=(1+ h) A€+ Be s + Cx+ G
h .

|
m=(h 1) A€+ Be s + Cx+ G

J. Barnas, A. Fert, M. Gmitra, |. Weymann, V.K. Dugaev

From giant magnetoresistance to current-induced
switching by spin transfer
Phys. Rev. B 72, 024426 (2005)
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Spin-torque in metallic spin valves

Mathematical description

Magnetic layer

m= mpl+ gs;
_ m+ _m m
%_ 2 1 g_ 2

with g being spin accumulation

_ m
1= r(EF)DW
R .

=3 jol+ jzSz

with |, being spin current

P.Bala (AMU, Pozna h)

Magnetization switching

Diffusive transport

?m m_1._

T rgf(m )

7m+m_ |, 15(m m)
%2 %2

for electrochemical potentials we get
h i
m =(1+ h) A€+ Be ™ + Cx+ G
h .

|
m=(h 1) A€+ Be s + Cx+ G

J. Barnas, A. Fert, M. Gmitra, |. Weymann, V.K. Dugaev

From giant magnetoresistance to current-induced
switching by spin transfer
Phys. Rev. B 72, 024426 (2005)
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Spin-torque in metallic spin valves

Nonmagnetic layer

has no natural quantization axis

m= ml+gs
=2 jol+ s
where
0=(9:0:92): |=C(ixiyi2

are 3D vectors written in the
coordinate system of one of the
adjacent magnetic layers

Diffusive transport

?m m_1._

T Ef(m )

7m+m_ |, 15(m m)
%2 %2

for electrochemical potentials we get

h i
m =(1+ h) A+ Be ¥ + Cx+ G

h i
m=(h 1) A€+ Be s + Cx+ G

J. Barna$, A. Fert, M. Gmitra, |. Weymann, V.K. Dugaev
From giant magnetoresistance to current-induced
switching by spin transfer

Phys. Rev. B 72, 024426 (2005)
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Spin-torque in metallic spin valves

particle current is continuous across all interfaces
lo=(G+Gy)(Mh M)+(G Gu)(g &)

spin current component parallel to the magnetization is continuous across the
interface
€iz=(G Gi)(mF M)+(G +Gy)(g; &)
transversal component of the spin current vanishes in the magnetic layer — jump at
the interface
&x=  2Rd Gyggy + 2Imf Gy g}

fjy= 2ReGy o) 2Imf Gy ool

A. Brataas, Yu.V. Nazarov, G.E.W. Bauer
Spin-transport in multi-terminal normal metal-ferromagnet systems with non-collinear magnetizations
Eur. Phys. J. B 22, 99 (2001)
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Spin-torque in metallic spin valves

particle current is continuous across all interfaces
io=(G+ G M)+(G G @)
spin current component parallel to the magnetization is continuous across the

interface
Fi2=(G Gy(mh m)+(G +Gy(d; d))

transversal component of the spin current vanishes in the magnetic layer — jump at
the interface
&x=  2Rd Gyggy + 2Imf Gy g}

fjy= 2ReGy o) 2Imf Gy ool

Spin-transfer torque

h . .
t= E(]?L j2R)
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Spin-torque in metallic spin valves

particle current is continuous across all interfaces
o=(G+G(1F M) +(G Gi(g; &)

spin current component parallel to the magnetization is continuous across the
interface
€iz=(G G)(nf M)+(G+Gu)(g; &)
transversal component of the spin current vanishes in the magnetic layer — jump at
the interface
&ix= 2RdGyggy + 2Imf Gy o)

fiy= 2RdGygg) 2Imf Gyog)

Components
: _ hg
in-plane tg= éJyj,\‘:,:
h.o
out-of-plane tf = EijNz,:
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Results

Spin-torque in metallic spin valves

Calculations for real structures

Standard spin valve
Py(20)/Cu(10)/Py(8)
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Current-induced dynamics

(@
A — no switching
z
5 o
K )
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0.5 i(t) /11 P. B., M. Gmitra, J. Barna$
0 Current-pulse-induced magnetic switching in
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Current-induced dynamics

(a)
A — no switching
Z
5 o . .
< g retarded switching
S e
= 2 (several nanoseconds)
3 5
o
1
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Pulse duration [ns]

S7

it /11 P. B., M. Gmitra, J. Barnas

(I B Current-pulse-induced magnetic switching in
standard and nonstandard spin-valves
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Current-induced dynamics

(a)

/1,

1.5 2
Pulse duration [ns]

2

3 4
time [ns]

w A oo

Switching time [ns]

no switching

retarded switching
(several nanoseconds)

ultra-fast switching
(half precessional period)

P. B., M. Gmitra, J. Barnas

Current-pulse-induced magnetic switching in
standard and nonstandard spin-valves
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Current-induced dynamics

Current-induced dynamics: spin-torque in action

Switching in nonstandard Co/Cu/Py spin valves

wavy -torque dynamics

wavy -torque
Co(8)/Cu(10)/Py(8)
0.12 :
0.08 ¢
T 004 W0t -
g 003, N 4
0 . /
5 008 AN /
-0.12 \\\ //'
-0.16 -
0 pl4 pl2 3p/4 p
q M. Gmitra and J. Barnas, Appl. Phys. Lett. 89, 223121 (2006)
Kovalev et al., Phys. Rev. B 66, 224424 (2002) Current owing in one direction destabilizes
Barnas et al., Phys. Rev. B 72, 024426 (2005) q q
Gmitra and Barnas Phys. Rev. Lett. 96, 207205 both collinear con guratlons (paraIIeI as well as
(2006); Phy. Rev. Lett. 99, 097205 (2007) i
Boulle et al. Nature Phys. 3, 492 (2007); Phys. Rev. antlpara”el)
B 77, 174403 (2008) Current owing in the opposite direction
Jaromirska et al. J. Appl. Phys. 106, 113909 AR q 3
(2009); Phys. Rev. B 81, 014408 (2010) stabilizes both collinear con gurations
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Current-induced dynamics

Current-induced dynamics: spin-torque in action

Switching in nonstandard Co/Cu/Py spin valves

4 6 8 10 12
]t 03]

(1) no switching

/1,

Pulse duration [ns] B

b 1

@) (i) (i) (iv)
P. B., M. Gmitra, J. Barna$

Current-pulse-induced magnetic switching in standard and
nonstandard spin-valves
Phys. Rev. B 79, 144301 (2008)
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time [ns]
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Current-induced dynamics

Current-induced dynamics: spin-torque in action

Switching in nonstandard Co/Cu/Py spin valves

()
(1) no switching
- (i) in-plane precessions:
fast switching but small area
1
Pulse duration [ns] B
(b)

@) (i) (i) (iv)

4 6 8 10 12 14

time [ns]
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Current-induced dynamics

Current-induced dynamics: spin-torque in action

Switching in nonstandard Co/Cu/Py spin valves

(1) no switching

(i) in-plane precessions:
fast switching but small area

! (i) out-of-plane precessions:
noisy, no reliable switching

@) (i) (i) (iv)

0 2 4 6 8 10 12 14

time [ns]
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Current-induced dynamics

Current-induced dynamics: spin-torque in action

Switching in nonstandard Co/Cu/Py spin valves

(1) no switching

(i) in-plane precessions:
fast switching but small area

! (i) out-of-plane precessions:
noisy, no reliable switching

Pulse duration [ns] B

(iv) static state:
quite reliable but slow

@) (i) (i) (iv)

0 2 4 6 8 10 12 14

time [ns]
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Current-induced dynamics

Non-standard spin valve

Double-pulse switching scheme

switching enhancement

(a) stabilizing pulse | = 2.0y
O e e st TWWW
0.5
0 M @ —
05 @) s
- destabilizing pulse | =‘-4.Q|
0 2 4 6 8 10 12

time [ns]
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Current-induced dynamics

Non-standard spin valve

Double-pulse switching scheme

switching enhancement

bilizi

171,

f,
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Current-induced dynamics

Conclusions

on current-pulse-induced switching

non-standard wavy-torque in Co/Cu/Py spin valve leads to steady-state
precessions without need of external magnetic eld

double-pulse switching scheme can enhance the switching time and probabibility
in Co/Cu/Py even at non-zero temperature

P.Bala (AMU, Pozna h) Magnetization switching Regensburg, June 2012 18/41



Dual spin valve

Outline

Introduction

Spin-torque in metallic spin valves
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@ Dual spin valve

Nonlinear magnetoresistance in dual spin vales

Transverse spin transport
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What is a dual spin valve?



Dual spin valve

Spin accumulation in dual spin valve

spin accumulation in single spin valve

A A

spin accumulatio
02,
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Dual spin valve

Spin accumulation in dual spin valve

spin accumulation in single spin valve spin accumulation in dual spin valve

A A A 4

spin accumulatio spin accumulatio
02

L. Berger

Multilayer Con guration for Experiments of Spin Precessio n Induced by a DC Current
J. Appl. Phys. 93, 7683 (2003)
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Enhancement of switching

single vs. dual spin valve

Dual spin valve

Co(20)/Cu(10)/Co(8) vs. Co(20)/Cu(10)/Co(8)/Cu(10)/Co(20)

Spin-transfer torque

0.2

o
=
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0.04

0
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0.08 -
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Dual SV

_-*"Single SV

0
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alp
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Regensburg, June 2012
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Enhancement of switching

single vs. dual spin valve

Dual spin valve

Co(20)/Cu(10)/Co(8) vs. Co(20)/Cu(10)/Co(8)/Cu(10)/Co(20)

Spin-transfer torque Switching time
0.2 9 T
Dual SV Zo] ; '
~ 0.16 ua S 7!l Voo ]
@ ) (73 I ‘\\ Single SV |
= 012} - S \ |
< el \ o, |Dual SV %
~ 0.08} P % iz
E L \ G 3r
004l 7 Single SV i\l 227
,I \ 1r
o ¥ ‘ ‘ : L —
0 025 05 075 1 05 1 15 2 25 3 35 4
alp 1/ (10° A cmd)
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Dual spin valve

Enhancement of switching

single vs. dual spin valve

Co(20)/Cu(10)/Co(8) vs. Co(20)/Cu(10)/Co(8)/Cu(10)/Co(20)

Spin-transfer torque Switching time
0.2 9 T
Dual SV Zo] ; '
~ 0.16 ua S 7!l Voo ]
@ ) (73 I ‘\\ Single SV |
= 012} e £ 51 % ]
< TN o, |Dual SV %
i 0.08} - S Z
E L \ G 3r
0.04l // Single SV i\l 227
,I \ 1r
0¥ ‘ ‘ : L —
0 025 05 075 1 05 1 15 2 25 3 35 4
qlp 1/ (16F A cmid
I'ls this all? |
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Question: How torque changes in non-collinear con gurations?




Dual spin valve

Noncollinear con gurations in dual spin valves
Co(20)/Cu(10)/Py(4)/Cu(4)/Co(10)/IrMn(8)

PB., M. Gmitra, J. Barna$

S A $ Current-induced dynamics in non-collinear dual
& 7, s D spin-valves
o Qif . Y Phys. Rev. B 80, 174404 (2009)
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Dual spin valve

Noncollinear con gurations in dual spin valves
Co(20)/Cu(10)/Py(4)/Cu(4)/Co(10)/IrMn(8)

z z z PB., M. Gmitra, J. Barna$

S A $ Current-induced dynamics in non-collinear dual
S 7y v Ak 7 % spin-valves

= ¢ Q - d Phys. Rev. B 80, 174404 (2009)

el
EORcREch

Noncollinear effects in STT
In-plane torque component

tg= (a. arcosWlising
arl sinWsinf cosq

Out-of-plane torque component

tf = arl sinWcosf
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Dual spin valve

Noncollinear con gurations in dual spin valves
Co(20)/Cu(10)/Py(4)/Cu(4)/Co(10)/IrMn(8)

PB., M. Gmitra, J. Barna$

Current-induced dynamics in non-collinear dual
spin-valves

Phys. Rev. B 80, 174404 (2009)

05 075 1
e/n
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Dual spin valve

Noncollinear con gurations in dual spin valves

Co(20)/Cu(10)/Py(4)/Cu(4)/Co(10)/IrMn(8)

P.Bala (AMU, Pozna h)

05 075 1
e/n

Magnetization switching

Current-induced dynamics
We calculated average
1 24 tend

hezi = ————
tend teq teq

sy dt
and dispersion

q_
£ h si?

for each couple of | and Wto map
the dynamic behaviour.

D(sy) =

Regensburg, June 2012



Dual spin valve

Critical current density

Hax+ Hay
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Dual spin valve

Conclusions

on dual spin valves

dual spin valves may decreas the critical current and switching time in antiparallel
con guration of outermost layers

changing the magnetic con guration of outer layers in dual s pin valve it is possible
to manipulate with spin-tansfer torque angular dependence and hence with the
dynamic behaviour

P.Bala (AMU, Pozna h) Magnetization switching Regensburg, June 2012 25/41



Nonlinear magnetoresistance in dual spin vales

Outline

@ Nonlinear magnetoresistance in dual spin vales
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Nonlinear magnetoresistance in dual spin vales

Nonlinear magnetoresistance in dual spin vales

Experimental works

A. Aziz, O. P. Wessely, M. Ali, D. M. Edwards, C. H. Marrows,
B. J. Hickey, and M. G. Blamire

Nonlinear giant magnetoresistance in dual spin valves

Phys. Rev. Lett. 103, 237203 (2009)

N. Banerjee, A. Aziz, M. Ali, J. W. A. Robinson, B. J. Hickey,
and M. G. Blamire

Thickness dependence and the role of spin transfer torque in
nonlinear giant magnetoresistance of permalloy dual spin
valves

Phys. Rev. B 82, 224402 (2010)

Experimental results [Aziz et al, PRL (2009)]: (b) minor loops for
CoggFe;g(6)/Cu(4)/Py(1)/Cu(2)/CoggFe1o(6)/IrMn(10) (c) Py thickness: 1 nm

(blue), 2 nm (red), and 8 nm (magenta)

Pozna h)

Regensburg, June 201:



Nonlinear magnetoresistance in dual spin vales

Nonlinear magnetoresistance in dual spin vales

Model's assumptions

Spin accumulation in the central layer changes density of states on Fermi level
This may change bulk/interfacial material parameters in the central layer
We extended the diffusion transport model

J. Barnas, A. Fert, M. Gmitra, |. Weymann, V.K. Dugaev

From giant magnetoresistance to current-induced switching by spin transfer
Phys. Rev. B 72, 024426 (2005)

Bulk contribution Interfacial contribution
r =ro+qhg R = Ry+ q°g(x)
b= bo+ xhgi g= g+ x%(x)
where

g(x) is spin accumulation

I, and R, are zero-current bulk resistivity and interfacial resistance
bo and g are zero-current bulk/interfacial asymmetry parameters
q, x, o°, x°are phenomenological parameters

P.Bal&, and J. Barna §

Nonlinear magnetotransport in dual spin valves
Phys. Rev. B 82, 104430 (2010)
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Nonlinear magnetoresistance in dual spin vales

Nonlinear magnetoresistance in dual spin vales
Calculations for Cu - Co(6) / Cu(4) / Py(2) / Cu(2) / Co(6) / IrMn(10) - Cu

Bulk parameters Interfacial parameters
23.24)

23.2
=
g 23.16

= 23.12
@

23.08

23.04;

5 4-3-2-101234°FH5
Reduced current density -0.15!
5-4-3-2-1012 345
Reduced current density

P.Bala, and J. Barna §
Nonlinear magnetotransport in dual spin valves -
Phys. Rev. B 82, 104430 (2010) forg= 0:1, x= 01, lg = 10BAcm 2
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Nonlinear magnetoresistance in dual spin vales

Bulk parameters Interfacial parameters

0.04
0.03
0.02
0.01 N'E

o
X 0 {Bo0 2 X 0
002
003 8
0.04
0,05
0.06

04503015 0 015 03 0.45

-04503-015 0 015 0.3 045
i iq¢

1q

for interfaces DR is symmetric with current density

P.Bala, and J. Barna §

Nonlinear magnetotransport in dual spin valves
Phys. Rev. B 82, 104430 (2010)
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Nonlinear magnetoresistance in dual spin vales

Conclusions

on nonlinear magnetoresistance

We extended standard Valet-Fert model in a phenomenological way considering linear
dependence of bulk and interfacial parameters on spin accumulation.

We found some similarities with experimental results by Aziz et al.

change in sign of resistance drops DR with current direction
dependence of DR with current density

decreasing of the effect with increasing width of central layer
symmetry of DR with current density

We identi ed variation of interfacial parameters as likely to be dominant in the experiment.
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Transverse spin transport

Outline

@ Transverse spin transport

(AMU, Pozna 1) Regensburg, June 2012 32/41



Transverse spin transport

Transverse spin diffusion

Motivation

T. Taniguchi, H. Imamura
Spin pumping in ferromagnetic multilayers
Mod. Phys. Lett. B 22, 2909 — 2929 (2008)

T. Taniguchi, S. Yakata, H. Imamura, Y. Ando

Determination of Penetration Depth of Transverse Spin Current in Ferromagnetic Metals by Spin Pumping
arXiv:0708.3528v3 [cond-mat.mes-hall]

T. Taniguchi, S. Yakata, H. Imamura, Y. Ando

Penetration Depth of Transverse Spin Current in Ferromagnetic Metals
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Estimated transverse spin diffusion
(penetration) length

Py 3:7nm
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Transverse spin transport

Transverse spin diffusion

Modi ed continuity equation

dio _ o,

dt >’

daf _J . 7 f

—=—_-S f —+—;

d h x  ts’
Current tensor |
flei w2 D- :Z;T; D, %

Jur I D- Tf: D#T)f
where

D = Do=(1 b)
D? = . D- D#

Charge and longitudinal components

Ph_ f

™ 12

Pho_ P

[
where | = P Dotst.

Transversal spin components

26« fy  fx
- = — 4+
x2 12 12
Py b, &y

™ 12 12

where [ 3 = g hD,=Jand |/, =

P D- tst
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Tran spin transport

Solution for the transversal components

fx(X) = Clele + Cye L C3(§?(:|+ + Ce 2k

wherei-i ii
| I,f é}
1 i 1 i
For | lo: — — = P
A 12 "2,
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Transverse spin transport

Solution for the transversal components

fx(X) = Clele + Cye L C3(§?(:|+ + Ce 2k

11 .1
where == — . Penetration length
212 3
1 i 1 1 1 1
Forly .1 —= P=— 7 = Re =P
J N g 2l 5 It I+ 2l
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Transverse spin transport

Solution for the transversal components

fx(X) = Clele + Cye L C3(§?(:|+ + Ce 2k

1_1 .1
where 272 'g' Penetration length
?
1 i 1 1 1 1
Forly I,:— — = p= —=Re — =p—
I 13 2l I I+ 21,
Transverse spin accumulation
m= Acos ~ +Bisin & &7t+ Aycos = +Bysin = e Xt
T T It It
- : X =l : X x=I
ny= Agsin Bicos — €t Aysin B,cos — e 't
I[ It It It
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Transverse spin transport

Solution for the transversal components

fx(X) = Clele + Cye L C3(§?(:|+ + Ce 2k

11 .1
where == — . Penetration length
212 3
1 i 1 1 1 1
Forly .1 —= P=— —=Re — =p—
J N g 2l 5 It I+ 2l

Transverse spin current

( )
2

. Doy X X =l X x=I
=-2 A B = A +B Z s +B. Z + Ay By cos t
&R Jx i qp B sin q + By cos T Ay + By sin T o Bo
( )

It
Ay By cos % + Ap+Bq sin Ii eIt py+ B, cos % Ay By sin =t

==

| <

1 jy= Doy
rER) Y It
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Transverse spin transport

Boundary conditions at the N/F interfaces

Longitudinal components

Fo=(G +Gy)(nf mM)+(G  Gy(nf )
Fiz=(G Gy(nh m)+(G +Gy(nf )

Transversal compoments

€ix=2Re Gy (nf nf)+2Im Gy (nf nf)
iy=2Re Gy (1§ n) 2Im Gy (nf nf)

Current continuity

Jx ]x = jx

b= =y

Jszliz\l_]z

P.Bala (AMU, Pozna h) Magnetization switching Regensburg, June 2012



Spin transfer torque

sverse spin transport

Spin transfer torque

tx

ty

Z .
=X iy ~ h_ .
izxL ﬂXdX— S0x(R) I(x)] to
™%y _h . .
5 " de— 5 JyOR)  jy(x) tx

where x_ and xg are positions of the left and right interfaces of the free layer.
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€ Sspin transport

Numerical results
Single spin valve Co(20)/Cu(10)/Co(8)
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€ Sspin transport

Numerical results
Single spin valve Co(20)/Cu(10)/Co(8)
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€ Sspin transport

Conclusions

on transverse spin diffusion

The diffusive spin transfer torque model was extended to transverse spin
components

In dual spin valves the enhancement of the out-of-plane spin torque is observed.
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