swiss NANOSSIN
CONTRIBUTION 6666666¢
teeeeee

Second harmonic response to spin transfer torque
in metallic spin valves
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Transverse spin diffusion in metallic spin valves

Transverse components disappear at the N/F
interface.
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Transverse spin diffusion in metallic spin valves

Transverse components comes into the
ferromagnet and spin accumulation precess and
relaxes around the local exchange field.
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Transverse spin diffusion in metallic spin valves

Continuity equation
a o2 _ 1 {f _ 13}

d ~ x4 2

Particle-spin distribution function
f= fo il +f.o

Particle-spin current density

1, .
éezz(jol+j~a)

Transverse components comes into the
ferromagnet and spin accumulation precess and
relaxes around the local exchange field.
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Transverse spin diffusion in metallic spin valves

In magnetic film

J N
Hsfd:—zo"s

where J is the s-d coupling constant

o i
d A
which leads to
af I3 /.
Transverse components comes into the o " n (S X f) 7

ferromagnet and spin accumulation precess and
relaxes around the local exchange field.

[Hs—q, f]
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Transverse spin diffusion in metallic spin valves

Continuity equation

dfo _ djo
dt — ox

daf  J /e Jj f
i CEL R

e Local net spin moment: § = (0,0, 1)
e Spin distribution: f = (fx, fy, fz)
e Spin current: j = (jx, Jy,jz)

e s-d exchange parameter: J

Transverse components comes into the e Spin-flip time: 7«
ferromagnet and spin accumulation precess and e Particle current: jg
relaxes around the local exchange field. e Particle distribution: f,
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Model

Spin diffusion

Diffusion equation

. . of

= (JT JN) _ [ Diyr
A\ ic ) Oyt
el D1

where j+ () = jo £z jpy = ix —ijy, and jyp = (j4,)*

fT(i) = fo + fz, fT»L =fx— ify and f\m = (f'w)*

D4, Dy, and D are diffusion constants

from the free electrons model D4 |y = Do/(1 F $3) with Dg =

and DL = (DT-‘rDl)/Z
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Spin diffusion

Diffusion equation

. . of
o (IT Ju) _ [ Dy Dii
=1 )= O+ o,
RS N D.—t Dyor

Longitudinal components Transverse components

. 2Dg (afo afz) of
jo= B == = X
°T 1o Jx Do X
. 2Do ofy  Of, . afy

=— — 4 2z =_-2D, =X
JZ 1_ ﬁz ( ax + aX ) ]y €L ax
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Model

Longitudinal spin transport

Diffusion equations

5,
e A_§ and

o _ o
o ox2

Longitudinal charge and spin accumulation

p2(X) = A€/ 4 Be ¥/
po(X) = =B pz(X) + Cx + G

Longitudinal charge and spin current

1 . Do
=-2C
pler) 1-7
1 8 . 2Do A Cx/A
2(X) = — 22 A’ —Be /N
e 0= gl 5 | )
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Model

Diffusion equations

o f f
2= "%t
X A5\
o f f
i R
ox A5 M

General solution for fy

fy=Ci8/" + Cre™¥'"~ + Cae&/t L Cpe /Mt

1 1 1 1 .1 1 1 1 1
where — =,/ +i—=—+i—where — = — || = + —-
D M V2 AT AT

we define A = \¢/\p, whichis A < 1

) 1 1+iA
e )\ precessional length T = "

e )\ transverse decay length
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Model

Transverse spin transport

Diffusion equations
oy fx
ox2 A2 N2

1
Py _ kb
o2 N2

Transverse spin accumulation

AX . A X A X . AX _
Bx(y) = [Al COS(T() +B; sin (Ttﬂ e/ M L |:A2 cos(7t> +B; sin (Tt):| e /M

4

Transverse spin current

1 . D, . A X AX
ixy) = iTt { [(AAl —By)sin (Tt) F (AL + ABy) oos()\—)} &/ Mt

p(er) t

rermn(57) - amn (5]
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Model
Nonmagnetic layers

In nonmagnetJ =0and 3 =0
Dy =D, =D, =Dy

Particle and spin accumulation
Mo = Cx+ G
w= Ag/ls L Beg¥/ls

Particle and spin current

1 .
= —-2CD
pler) °
1 . 2D Y P —
p(EF)J =T [AeX Be ]
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Model

Boundary conditions and spin transfer torque

Longitudinal spin components
€jo = (Gt + Gy)(io — o) + (Gr — Gy) (5 — o)
€jz = (Gy — Gy) (o — o) + (Gy + Gy) (uf — 112)

Transverse spin components
&jx = 2Re{Gy, } (uk — 1) +21m{Gy, } (1) — 1)
€ly = 2Re{Gy,} (1y — py) — 2Im{Gp } (s — p13)

Spin current components are continuous acrros the interface
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Model

Boundary conditions and spin transfer torque

Longitudinal spin components
€jo = (Gt + Gy)(io — o) + (Gr — Gy) (5 — o)
€jz = (Gy — Gy) (o — o) + (Gy + Gy) (uf — 112)

Transverse spin components
&jx = 2Re{Gy, } (uk — 1) +21m{Gy, } (1) — 1)
€ly = 2Re{Gy,} (1y — py) — 2Im{Gp } (s — p13)

Spin current components are continuous acrros the interface

Spin transfer torque
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® Dynamic response

P. Balaz (IFM PAN) Report on Task 5 Seminar ZFMEZO 10/25



Dynamic response

Current-induced dynamics

>0
Landau-Lifshitz-Gilbert equation
ds . ds - 9
— — =T wher r=- H —
0 + as x 0 ere |vgl0 8 X Heit + M

where T = 7 4 7 is the spin transfer torque

Spin transfer torque
i =18x [sx (& +aeSe)]
T =18x (bLSL + bRSR)
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Dynamic response

Local spherical coordinates

Local coordinates
&y = (& x8)/9nf, & =84 x5
§= (cos¢sinf,singsing, cosd)

Landau-Lifshitz-Gilbert equation Frequencies

W9:F~é9andw¢:l‘~é¢

— = — . . - %
dt \¢ 1+a2 \—a/sind 1/snf) \wy wo = W) + W)
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Dynamic response

Local spherical coordinates

Local coordinates

&, = (& x9/sn0, & =85 x5
§= (cos¢sinf,singsing, cosd)

Landau-Lifshitz-Gilbert equation Frequencies

W9:F~é9andw¢:l‘~é¢

E 0 _L 1 «@ we wo = Wl + W
dt \¢/) 1+a2\—a/sing 1/sinf We ¢ 0

w¢:w2+w;

wy =|glto[H) cospSingsin® — Hap Sin(© — )]

wh, =|gko [(HdZ — Hay + H); cos(2¢)) Sin6 — Happ cOS(© — ¢) | cosd
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Dynamic response

Local spherical coordinates

Local coordinates

A¢:(éz><§)/5in9,é9:é¢><§
§= (cos¢sing,singsing, cosd)

Landau-Lifshitz-Gilbert equation Frequencies

wa:F'égandW¢:F'é¢

E 0 :L 1 o we wo = wh + w7
d\¢)  1+a2\-a/sng 1/sn0) \w, W¢:wﬁ+w9;

wy = Dl\gll‘sl (acosfcosp — b sing)
wy = —% (asing + b cosf cos¢)
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Dynamic response

Linear response

Close to equilibrium: 6 = 6o + ®, ¢ = ¢o + &

& ~ 8:,.;9 8:,.;9
wp(8) = we (%) + 50 ls, @ + 9%

- . ow Ow
wo () = wol80) + 7o | B+ % |y 8

|l &

Considering wg () =~ wg (%), and w7 (8) ~ w7 (%)
fo = o = 0, (%) = wf} (%) =0
for g = /2
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Dynamic response

Linear response

Close to equilibrium: 8 = 6o + 8, ¢ = ¢o + & el
_ el

ao(¢o) d a(¢o) singo
Ms
w(AS)_UJ(A)+%|*59+%|*&Z5 Il -
e L R T bo(d0) = go-b(o) sindo
R R ow ow,
wo(§) = wolS0) + 5" o B+ 5 2 g
Solution
Considering wj (8) ~ w7 (), and w7 (8) ~ w7 (%) For | = loe“" we consider
fo = do = 0, wl) (%) = w!) (%) =0 & = Agd“!, and &p = Ayeet

for o = /2

Linearized Landau-Lifshitz-Gilbert equation

a ()= (0 2 (3) - ()

where | = —|e|jo is the current density

w1(¢0,©) = —|yglpto[Hax — Hay -+ H)| c05* © — Hint C0S b + Happ COS(© — ¢bo)]
w2(¢0, ©) = —|glpo[H) coS(2¢0) — Hint €0S o + Happ COS(O — ¢o)]
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Dynamic response

Second harmonic voltage

Magnetic susceptibility to spin transfer torque

Ay _ ol b(go)ws + i [a(¢o) — ab(go)] w singo

X4(60,0,w) = lo Mo (wiw2 — w?) —ia(wr +w2)w

wo = wiws is the resonance frequency

For small current frequency ( w — 0)

_ |l b(do)
X4(¢0,0) = M<d (00, ©) singo
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Dynamic response

Second harmonic voltage

U = R()I(1)

#) and Sis
cos¢’ =8-S=cospsing = (6, p)

The angle between §= (6,

Close to & = (¢o, 00)
OR(v) 0 OR(v) 0
) = Ry 200 0y 1 P2 O |5y

where vo = v(6p, po) = COSg Sin by

Ie]
ov
Re{A¢éW‘}

R = R(¢o) — R s SiN o &

where & =

R . ;
R(t) = R(¢g) — e lgo SN0 lo Re {x €'}
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67R
ov
(X¢eiwt + X;efiwt) (elwt +67IWt

|2
U =IoR(¢) cos(wt) — 20 6o SINoX

DC voltage
|2

OR
Up=—2—|

2 ov b0 Sin¢0X:¢(¢0,®,w)

Second harmonic AC voltage
0 8

Uz (t) = \¢D singo Re{xcbe"(z“)t}

|§ aR

T 2 06v
[X;, cos(2ut) — x4 sin(Zwt)]

‘Cbo S.n¢0><

where x4 = X:b +i Xg
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Dynamic response

Lock-in amplifier measurement

Lock-in measurement

1T

To obtain phase-independent signal we use
Uret,r = Sin(w’t + 1), and Urer 2 = cos(w't + 1)

1 T
Uout1 o — / dt sin(2wt + ) [x;) cos(2uwt) — ] sin(Zwt)]
T Jo

1 T
U2 o = / dt cos(2uwt + 1) [X;, cos(2ut) — ) sin(Zwt)]
T Jo
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Dynamlc response
Lock-in amplifier measurement

Lock-in measurement

]
Uit — % /0 Sin(w't + 1) Un(t)ct

To obtain phase-independent signal we use
Urer,1 = SiN(w't + 1), and Urer,2 = cos(w't + 1)

Uout,1 > (x5 Siny — x4 cosp)

1 .
5 (X cosy + x siny)

One measures Uy, %, [(X5)% + (x4)2 = %|X¢| which is a dc voltage

Second harmonic response
_130R
4 9gv

Uout,2 X

Uz = o SN0 X0l
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Numerical results

Outline

® Numerical results
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Numerical results
Fit to experimental results (EPFL)

R(9)
0.014 -
0012} A
4
oow0 A 3
[ R
0008 [ )
‘-
0.006 *
0.004 -
Y
v‘

0002}

. , . , , , Y

50 100 150 200 250 300 350

material | p* (uQ2cm) B Ag (nm)
Cu 0.5 0 100.0
CoFe 20.0 0.65 12.0

interface R (fam®) | ~ | Re{Gy} (1/fQn?) | Im{G;,} (1/fQm?)
CoFe/Cu 0.5 0.55 1.80 0.02
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Numerical results

Numerical results: Single spin valve
Cu — CoFe(12) / Cu(8) / CoFe(5) — Cu
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Numerical results

Numerical results: Single spin valve
Cu — CoFe(12) / Cu(8) / CoFe(5) — Cu
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Numerical results

Numerical results: Single spin valve
Cu — CoFe(12) / Cu(8) / CoFe(5) — Cu

0.14

0.13

Resistance [Q]
o o
P B
(BN N

o
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0
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Numerical results

Numerical results: Single spin valve
Cu — CoFe(12) / Cu(8) / CoFe(5) — Cu
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Numerical results

Numerical results: single spin valve
Cu — CoFe(12) / Cu(8) / CoFe(5) — Cu

1.2 8 1
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Numerical results

Numerical results: single spin valve
Cu — CoFe(12) / Cu(8) / CoFe(5) — Cu

max U; [uV]

max U; [uV]

1+

08F A=5nm o
06 A=7nm

0.4

02f oi-="7"
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A
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Numerical results

Numerical results: single spin valve
Cu — CoFe(12) / Cu(8) / CoFe(5) — Cu

1.2 - - - - . . . :
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= 04y e - >

0.2t “,;;‘;‘,/*” -] B

Y1 02 03 04 05 06 07 08 09 1
A

P. Balaz (IFM PAN) Report on Task 5 Seminar ZFMEZO 20/25



Numerical results

Numerical results: single spin valve
Cu — CoFe(12) / Cu(8) / CoFe(5) — Cu

15

max U, d [uV nm]
|_\

0 1 2 3 4 5 6
free layer thickness [nm]
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Numerical results

Numerical results: dual spin valve
Cu — CoFe(2.5) / Cu(2.8) / CoFe(2.5) / Cu(2.8) / CoFe(3.
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Numerical results

Numerical results: dual spin valve
Cu — CoFe(2.5) / Cu(2.8) / CoFe(2.5) / Cu(2.8) / CoFe(3.5) — Cu

In-plane torque (ty)
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Numerical results

Numerical results: dual spin valve
Cu — CoFe(2.5) / Cu(2.8) / CoFe(2.5) / Cu(2.8) / CoFe(3.5) — Cu
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Numerical results

Numerical results: dual spin valve
Cu — CoFe(2.5) / Cu(2.8) / CoFe(2.5) / Cu(2.8) / CoFe(3.5) — Cu
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Numerical results

Numerical results: dual spin valve
Cu — CoFe(2.5) / Cu(2.8) / CoFe(2.5) / Cu(2.8) / CoFe(3.5) — Cu
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Numerical results

Numerical results: dual spin valve
Cu — CoFe(2.5) / Cu(2.8) / CoFe(2.5) / Cu(2.8) / CoFe(3.5) — Cu
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Numerical results

Numerical results: dual spin valve
Cu — CoFe(2.5) / Cu(2.8) / CoFe(2.5) / Cu(2.8) / CoFe(3.5) — Cu
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Numerical results

Numerical results: dual spin valve
Cu — CoFe(2.5) / Cu(2.8) / CoFe(2.5) / Cu(2.8) / CoFe(3.5) — Cu
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conclusions

Outline

@ conclusions
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conclusions

Conclusions

e A model of second harmonic response to the spin transfer torque
has been presented

e Nonlinear behaviour in the second harmonic voltage as a
function of \; has been observed

e An existence of optimal free layer’s width for certain value of X
has been reported
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