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- What is the spin diode effect ?

The idea is very simple (A. Tulapurkar et al., Nature 438, 330-342 (2005) )
* magnetoresistive element: AMR, GMR, TMR

Then we pass the a.c. current through this element

If the current is the source of driving force for
magnetization dynamics then we can measure Vdc
(spin diode voltage) that results from the mixing

of a.c. current and oscillating resistance of the element.

;\ /\ / RF current: I,

Oscillating
resistance: R(t)

Spin diode DC
voltage:
Vout = Iac. - R(T)




" Model (1)

What is measured ? Output voltage:

Vour = Vdc + Vac

The amplitude of resistance changeszﬁ

[R(B) =Rp+

RAPZ_ il (1—cos(6))

|

{ R(6) =R, + (Ry— R ) cos*6 J

(AR= Ry — R ;Rap — Rp)

\

a.c. current oscillating resistance
[,
de = — COS D.
" 2 R(b))

TMR, GMR structures:

0 — the angle between two magnetic moments

AMR structures:
0 — the angle between magnetic moment
and current density vector
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" Model (2)

AMR: [ OR = —2ARsinf,cos 6,00 ]

\
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1
TMR | §R = — ARsinf,4606
IGMR: . 2

/

The goal is to calculate 60 for specific system

X AP State

60 may be derived from LLG/LLGS equation




" Model (3) Calculations 86: A

L. . dM
— M x Hopp+ —M x — +[.7
’ i\[S

dM
dt

STT term in standard form for multilayer
—_— — — — —> —>
Heff = —VU systems i.e. Ty My X (My X M,) + 7, (M;y X M,
or for non-uniform magnetization distribution:

U — Magnetic energy: _ ({[(f’) " V)Tﬁ(f’)+'g m(f) X [(ﬁ . v)—ﬁi(f")]
U magneto--crystalline . . i ) ) .

a anisotropy (magnetization distribution within the sample
+ US shape anisotropy has to be assumed), Such a torque effectivel
4 Uz seemantlike Interactions | @CtS ON ai\!eraged mggngtlc moment of the

sample M (macrospin with
+ UCOU,p Interlayer coupling nonhomogenities..)
+ Ums Magnetoelastic energy
Interaction with

+ er Oersted field (in the case: V X H, . = 0)
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Model (4)

LLG equation in spherical coordinates with STT Slonczewski-like and field-like terms:

. g 2 A 2 LA Y
(sinfpéy + 0ég) — avsin Opég + qﬁ"‘é —

U, e . T
| e | - — —i Ye—= SINUEY — VYe—= SN UE,
00 7 sinf O “S “S ‘

We assume that magnetic moment oscillates harmonically around stationary point, so
the solutions for two angles describing M are in the form:

O(t) = 6y + d0e™" O(t) = oo + 0"

y i Ye 1 0oU L ou sind ¢
1wof(t) B T+a2 (sinHé)(;) — QG T 75 (=7 ‘“i))
B Ye (1 8U a« 8U _ 1¢ .. _ | _
lw()ﬁ)(t) 1+‘(3f1‘2 ( sinf o6 sin? 6 0o H( Q d | T 'll))
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Model (5)

Linearization of RHS

(

Yo

ol

)

L(Ba — Cescf) (Sesc(M + aHesc0) +
+ [i(1 + a®)w + e csc @(B + Cacsc §)]
[—al\[ + Hescf + % (—— —

av !

Scscl (M + Ha csc F))} 3

~\

/e

X
I'(w? — w?

— W0

T

—agy) +

dT“

dry
adv)]

dVv

x [i(14 e)w + 7. (Da — <£2 (—7 — a71) + 55 (29A — B))] -
—Sn? [D + Basirlle - Zﬁfg (E £ QC‘AsiIlle)]

- [HS k5 — MSa +sin 0 (-

a%)] ) )

Y - phase shift between M and
driving-force (a.c. current)

dVv
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_ s 182 18U 182 18U _ 1 82U _ 1 82U
A= g Be s € = tom e e o B = sl = e = o
['=(1+a?)?
Wi == 1 s (BQ—C‘D)(I—}—Q)-I—CO&,B(B[QT + 7] + [EBS C(—71—
“0 7 STsinf | sind ' - T Sing I
—Tla-) ] - = [AB(1+2a2)—CE] e AC (D.3)
sin? ¢ sin® 6 )
- 1e (2Saf2C + D — D cos 26]+
— i + a2 4Ssin’ 6
cos O[4SA + 7 + aTy | + cos 30[—T1) — a-rl]) (D.4)

if dynamics is driven by Oersted field, we use
derivatives with respect to H,, (instead of V)

—Ye ‘/p

(Q2cos ¥ — Xsin V)

(w2 — wg)2'+ w20?)




. B dr §- dr
2 _ 2 2 _ _ i I V.. 1
(w® — wg)yecsc”™ 0 [HB CM S sin B—dv S me—dV]

(11.10)

(11.11)

: - symmetric contribution to the Vdc lineshape

: - antisymmetric contribution to the Vdc lineshape
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Applications(1):

TMR nanopillar with perpendicular anisotropy — first comparison with the experiment.
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Rysunek 11.1. (a) Rezystancja w funkcji przylozonego pola magnetycznego w kierunku
prostopadtym do ptaszczyzny probki dla dwoéch polaryzacji napigcia statego: +0.8 V i -0.8
V. Inset: wynik dla pola przylozonego w plaszczyZnie prébki. (b) sygnat FMR mierzony
za pomocg spinowego efektu diodowego dla réznych wartosci prostopadlego do prébki pola
magnetycznego (przy braku napiecia stalego). (c) sygnal FMR zmierzony w funkcji napigcia
stalego przy ustalonej wartoSci prostopadle skierowanego zewnetrznego pola magnetycznego

(600 Oe). (Zrédto: [168])

Energy with perpendicular anisotropy:

U= Kll[cosze + sinf sing | =M | Hext - €y —

K | 1-is V(bias voltage)dependent
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FIG. 2. (Color online) Current distribution in the GMR stack and
magnetic field contribution from each layer. Note that the Oersted
field contribution from the Cu spacer layer is dominant.
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FIG. 5. (Color online) Dispersion relation of the FL. magnetiza-
tion for the SVGMR strip. The H domain denotes a measurement
conducted under a sweeping magnetic field at a constant frequency,
while the @ domain denotes a measurement conducted in a constant

Kmagnetic field with the frequency being swept.

Zietek et al., Phys. Rev. B 91, 014430 (2015)

U = Kjsin’0 — Ms

—_—

. Ms ., o
X Hexi - ém — 5=&y Néy + Hoel: - &u

Ho

) [

1+ e
.'." n""‘-’\
Py S,
Of mommo— —rpr A
> - iyt - ...‘ PR °
: S e
S” -1 || emesed@nemc.. -
3 —iim ) ! 20°
> - - A _.”‘"t _"_.300
N e 60°
2k N

(c)

1t
5 of
3 ;
& J
8 Sl : —_—10°
> '1 r "".'- J ©
\'\.._..--'; S 20°
\',c --0-030
everns§0°
-2 P

o 1 2 3 4 5
Frequency (GHz)
FIG. 7. (Color online) (a) The dc voltage originating from the

spin diode effect as a function of the magnetic field angle # and (b)
frequency. (¢) Theoretical spectra predicted by Eq. (21).
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Application (2) — GMR structure in CIP configuration
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Application (3) — GMR sample in CIP configuration

(the influence of IEC on the out-of-resonance Vdc signal driven by

Oersted field)
Zietek et al., APL 107, 122410 (2015)
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Extension of the spin diode model - GMR nanowires.

Motivation :
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Results — relations of dispersion

Thin layer (fixed 5 nm)
The best fits:
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Spin diode voltage Vdc [a.u.]

Vdc lineshapes _ H = ~1500 O
(for the best f(H) fit): 3 M
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Vdc lineshapes
(for the best f(H) fit):

Dynamics driven only by Oersted field:
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Playing with the parameters (phase shift, amplitudes of STT and Oersted field)
makes possible to get lineshapes similar to experimental ones.
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Summary (short):

* In some cases the model (macrospin) agrees well with the
experimental results

 However, in the case of strongly coupled layers the theoretical
analysis becomes very difficult because of number of free parameters




