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Introduction

Why double layers?

~Jy (memu/em?)

B \ (b) antiferromagnetic 1

(a) ferromagnetic
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0 10 20 30

Ru-spacer-layer thickness (A)
=0 @ S.S.P. Parkin, D. Mauri

Spin engineering: Direct determination of the
Ruderman-Kittel-Kasuya- Yosida far-field range function in
ruthenium

Phys. Rev. B 44, 7131 (1991)

e Double layer has high stability, A = T > 40
B

e Reduction of critical current

P.Balaz (IFM PAN/ UAM, Poznan Poznan, February 2015 5/37



Current-induced destabilization of a composite free layer Model

Spin valve with composite free layer (CFL)
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Current-induced destabilization of a composite free layer Model

Magnetization dynamics

Landau-Lifshitz-Gilbert equation

s, . 4§ .
d7;+aSiXd7;:Fi7 Fi:f|yg\y0S,-><Heff,~+%f,-
Effective magnetic field
Hegt = —Happ &, — Hani (S &) &, + Haemi (S7) + Hrkyi S J

Interlayer exchange coupling Hrxky; = —Jrxxy/(UoMsd;)

Spin transfer torque
Ty :13‘1 X [S‘l X (ago)go—&-agz)gz)]
T = 131 X (b§0)30+b§2)32>

TQH = Iagl)s‘z X (3'2 X S])

Ty = Ibgl)gz X Sl
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Current-induced destabilization of a composite free layer Model

Linearized Landau-Lifshitz-Gilbert equation

Static points of the dynamics
AP configuration 1 81 =1(0,0,-1), 8, =(0,0,1)
P configuration 81 =1(0,0,1), 8, = (0,0,—1)

Linearized LLG

d o« - o _
58S:D-8S,where D:(D1 Clz)

Cu Dy
single spin dynamic matrix: coupling between the free layer’s:
—a)i;—i—awﬁ - aa)i}—i—wﬁ cosA@

T Al T h2
D,-—(wi_aa)i aof — o ) Cij=

T T
*awf*wihl wir+awl}:2 ao; oy —(0;— oo, cosA¢@
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Current-induced destabilization of a composite free layer Model

Stability analysis

Lyapunov criterion

Static state, S, is stable if and only if all the eigenvalues of D have negative
real parts. If one of them becomes positive, the static point is unstable.

[Drawback: We do not have general expressions for the eigenvalues.)

C1 co 0 0

P(A) = det(D — AI) oo @ a e
:l4+0313+0212+011+C0 0 1 G O
o 0 0 1
Routh-Hurwitz theorem
The roots of polynomial P(1) have all negative real parts if and only if all the
leading principal minors of Hp are positive.
c1  Co 0
1 €
Ay =c; >0, A2:det< )>O, Ay=det|c3 ¢ ¢ | >0
S 0 1
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Current-induced destabilization of a composite free layer Results

Results

Hurwitz determinants for AP configuration

@ 800 ". — (a) Synthetic antiferromagnet
600 A=0 ——== (E=d/dy=1)
— 400+ JN p— . . .
é 2001 N i (b) Synthetic ferrimagnet
2 O0r U 3 B (é =2)
T -200 ¢ y: 1
-400 - A1 S 1
4 .
600F “ E=1 1 e in S area all the HDs are
SO 2 0 0 1 2 3 4 s positive
e Ajis the first HD which
800 becomes negative
® 00 ; :
400 e lines A; fori=1,2,3 intersects
§ 200 in the same point
g 208 @ P. BalaZ and J. Barna$
T 400 Physical Review B 88, 014406 (2013)
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-800
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Current-induced destabilization of a composite free layer Results

Hurwitz determinants

We observe that

e The critical current can be obtained from the condition A3 =0 .

o All three Hurwitz determinants intersects in the same point(s).
When A =c; =0then Ay = coC3 and Ay = C()C%.
Intersection points:
(i) ec;=0andc3=0
(i) ec;=0andcp=0
o Existence of double pointin (i).
dA3/d1 = dA3/dHyyp =0 only in the intersection point (i)

e The maximum critical current is given by ¢3 =TrD =0 and

correspondent field can be obtained from ¢; =0 .

Critical current density in AP configuration

M Ed _
1(/)\1’:—05%“) [ZHani+H‘11+H§—(l+§ I)HRKKY

a(10> +a(12> +&a,
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Current-induced destabilization of a composite free layer Results

Results

fw"; .1A0H\k\%&1‘o_ -1.0
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=) _20\ > -3.0
< s \1'75\ 40 Hrxxyl =3.0kOe
Zc 20 (@) 2.0 s (b)
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Current-induced destabilization of a composite free layer Results

Results

Critical current density and comparison with numerical simulations
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Current-induced destabilization of a composite free layer Results

Results

Critical current density in the opposite configuration

P — e T Y

=) bo o o o —o—125—
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S 0.0
- -1.0r(a
= (a) 30
T30 25— 49
52 225 ol ®)
U 2 3 4 5 1 L5 2 2.5 3
12/ () ) | oy =
= 225 | 07 30 kOe
g o8 157] 05 Lr
= 2.0k
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Critical asymmetry a(lo) (&) - asz) (&) -¢& agl) (&) =0
In the studied device &. ~ 1.85.

P.Balaz (IFM PAN / UAM, Po: Poznan, February 2015



Current-induced spin wave excitations in YIG double layer

Motivation

Motivation
. ¢ »y "
s i {§V ,\fﬁ Vo0,
/& )i L b -
b N4 = 4

@ Y. Kajiwara et al.
Transmission of electrical signals by spin-wave
interconversion in a magnetic insulator
Nature 464, 262 (2010)

. spi

1

1 6 2. spi

3. spi

1. spi

5. spi

m(r.f) 4 6. inv
—d

@ Y. Zhou et al.

Current-induced spin-wave excitation in Pt/YIG bilayer
Physical Review B 88, 184403 (2013)

P.Balaz (IFM PAl

@ A. Kapelrud and A. Brataas.
Spin Pumping and Enhanced Gilbert Damping in Thin
Magnetic Insulator Films
Physical Review Letters 111, 097602 (2013)

NN

@ M. Vohl, J. Barnas, and P. Griinberg

Effect of interlayer exchange coupling on spin-wave
spectra in magnetic double layers: Theory and experiment

Physical Review B 39, 12003 (1989)

n, February 2015

17/37



Current-induced spin wave excitations in YIG double layer Model

Y1G double layer
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Current-induced spin wave excitations in YIG double layer Model

Bulk dynamics

Landau-Lifshitz-Gilbert equation

de (X] de
@y oM g
Effective magnetic field in j-th layer
H,; 2A;
Heg (1, 1) = so Hpe. + —L [Mi(r,1)-2.] &, + hi(r, s L_V2M(r,!
eff](r:t) S0 OeZ+MSj[ j(r7) ez]ez"‘ j(r )+IJ0Ms]2 ]( )

approximation: [Mj(r, 1) = 5;Msje; +m;(r, z)], where m;(r,1) = (mj(r,1),mj(r,1),0)

Dynamic variables Maxwell equations
m;(r,7) = m;(r)e ' V xhj(r)=0
h;(r,£) = hy(r) e " V- [hy(r) +m;(r)] =0
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Current-induced spin wave excitations in YIG double layer Model

Bulk dynamics

Magnetostatic scalar potential:

am; om;
i(r)=-Vy; i 2w — X iy \ _
hj(r) = —Vy;(r) , which obeys [V v < st 3 ) ]

three independent variables
mj (1) = mj «(x) £
m;jy(r) =mj,(x) £'9s

yi(r) = y;(x) '8

where q = (¢y,9), and s = (y,z)
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Current-induced spin wave excitations in YIG double layer Model

Bulk dynamics

Solutions

(kj 1x) —O—D](.fI) sin(ijx)]

3
=
Il
T
—
Q/\
3
Q
izl

cos(kj x) + Dj(g sin(kjylx)}

3
=
I
1
9!
53

Js

T
I

RS

Il
o1~
MR
w=

cos(kj x) + DJ(Z; sin(kjylx)}

wave vectors
2
ka,l =49
1

ka,z(a) = {1/24—M—Z+@nj—zajﬁi\/]}2+(l/2)2} —-q

Wheref} = w/a)MJ, and nj= H()/Msj.
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Current-induced spin wave excitations in YIG double layer Model

Bulk dynamics

we reduce number of variables using

0 _ 0~ () 0
C]n_ ncl+]nDjl
0 ¢ 450 )

0 _ _
D, = Jin jl

o

(12 independent variables

¢l and D!} for1=1,2,3andj = 1,2.
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Current-induced spin wave excitations in YIG double layer Model

Boundary conditions

(4 interfaces)

A

T
dalagalagalaym 5t =Ly +Ly/2
| — 3 =Ly/2
- - P A A A A X
- e ¢ xi3 = —Ls/2
e X4 Xig = — (LZ +Ls/2)
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Current-induced spin wave excitations in YIG double layer Model

External interfaces

Landau-Lifshitz-Gilbert equation

dM
Tl = —YuoM; X Heggjy +

(0] dM1 yil
My B N (i + Tsp
Mg +Ms1 (TsTTil + Tspi1) J

Effective magnetic field

My = Hob.+ by (1,0) + —v2M, — K71 (g, )i
i1 = Hoeé , - i
effil 0¢€z 1 ‘Ll.()Ms% 1 Mq%5 1 1)

Spin transfer torque Spin pumping
Js A grlh Ml dMl
1=—=M M 4= —
TSTTiL = g5 V1 X e XM J TSPl = 4ns My, i
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Current-induced spin wave excitations in YIG double layer Model

External interfaces

Rado-Weertman boundary conditions

Top interface (x = x;;)
. J;
(Al 5 iGy (D> miy— fmhx vy =0

J J;
(Ala —iGy (O—Ksl) m17x+ Egml.,y |x,~1 =0.

where |G, = hgrge)/(&r) with gr§e> being mixing conductance of the top interface

Bottom interface (x = x;4)

d
xRy v =0
d
Z my x |x,~4 =0

where [Gz = hgr/(87) with grge)J being mixing conductance of the bottom interface
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Current-induced spin wave excitations in YIG double layer Model

Internal interfaces

Landau-Lifshitz-Gilbert equation

dM; 1% ;|
L = oM X Hegy + LM x — T
ar YoM X eff]“’Msj i X ar +M§] DCj
Effective magnetic field
2A; 241,
Hif: = Hoe, +h;(r,1) + —L-V’M, - —— = _M;
effj 0¢z ]( ) Msjz L ,UOMSstia i
Dynamic coupling Mixing conductance
oo _ e (M dM; M dM r_1t,1
PG ans \My; T e My dr g & &
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Current-induced spin wave excitations in YIG double layer Model

Internal interfaces

Hoffmann conditions

First couple

Ay d  Ap . Gp A
oL~ _ o ® . o -
< Msl ax Msl o Msl ml,y |x12 * Ms2
Ay 9 —oKi+Ap . Gp A
o+ 1Tl il . o -
( Msl ax Msl i Msl ml"x |x£2 * MSZ

G

i—|m 0
Mg, 2.y |X,3
G

i o |m . =0
Msl 2.x |x,3

v

Second couple

Msz ox

A2 9
MSZ ox

Ms, My, Mg

Msz Msz Msl

A, 0 A .G A
< 2% 4o 12—l£a))m2,y|x[3_( 12 _

-K')+oA G A
2 2, lzw)mZ,x|x[3_( 2

. G
1o @ |myy |Xz2 =0

MSZ

G
M82

(J)) my x |Xz2 =0

where is static (RKKY) interlayer coupling, and

Gy =gV /(8m) with g.() being mixing conductance of the spacer
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Current-induced spin wave excitations in YIG double layer Model

Continuity of dipolar-exchange field and magnetization

tangential component of h;(r) and the normal component of h;(r) +m;(r) must be
continuous across the interfaces

External interfaces

d
(; +q) 41 _ml,x |xi1 =0

d
(ax > Y — m2,x |xi4 =0

Internal interfaces

_ d d
e qu/zK _7) W1+m1x:| :equ/qu 7) W2+m2x:|
Xi3 Xi2

i3

dJ dJ
et/ KZH- Ix ) Vi— ml,x:| —e b/ Kq-i- a) Y2 _mZ,x:|
Xi3 Xi2
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Current-induced spin wave excitations in YIG double layer Model

Calculation of the eigenfrequencies

e We have 12 boundary conditions with 12 unknown variables C](ll) and Dj(lf

e The system of linear equation has nontrivial solution when

where M is matrix of the boundary conditions.

« we find numerically satisfying the condition.
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Current-induced spin wave excitations in YIG double layer Results

No interface anisotropy

Spin wave spectra

=N

O
i

Real 0/ @y
I

o o

e

=y

2 0

. =080 =10

-Imag @ / (ot @yy)

(a) real part of w, (b) no spin pumping, (c) spin pumping at the top interface, (d) spin
pumping through the spacer
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Current-induced spin wave excitations in YIG double layer Results

No interface anisotropy

Spin wave profiles

04 0 L 08 0 L 087 0 L
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Current-induced spin wave excitations in YIG double layer Results

No interface anisotropy

Dependence on interlayer coupling A,

@38 ®3
s - ] :
S8 3 2 g =107 m? g’ =0
g 14 é)
§ 12
2 E
0.8 "
0 0.5 115 2
Ay [mI/m’]
(0) 2 @ 13
§ 2 © _ ¢ o) g
818 & =0,g =0 e
5 L6 3
o 14 e 1.5
215 B
E M lesmmmmmmmoem s £ B
0 0.5 115 2 0 0.5 115 2
Ay [mI/m’] Ajy[mI/m’]

(a) real part of w, (b) no spin pumping, (c) spin pumping at the top interface, (d) spin
pumping through the spacer
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Current-induced spin wave excitations in YIG double layer Results

Influence of mixing conductance

@ = o
~ 25 _
8 g
8 3 [ ———
3 = (i) S_ a4y 2
3 3 gV =0,K}=10"Jm
® o

29 =0,K;=10" jm?

Tmag @ / (o0 yp)
L
e
o
A
Il
=1

Tmag ® / (o0 @)

(a), (c) function of spin pumping at the top interface, (b), (d) function of spin pumping
through the spacer
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Summary

Summary

e Tunability of critical current in a spin valve with
composite free layer with AF exchange coupling has
been studied.

e Manipulation of spin wave damping by means of spin
pumping in a YIG double layer has been demonstrated.
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