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Spintronics :

Electronics with electron spin as an extra degree of freedom
Generate, inject, process, and detect spin currents

*Generation: ferromagnetic materials, spin Hall effect, spin
pumping effect etc.

Injection: interfaces, heterogeneous structures, tunnel
junctions

*Process: spin transfer torque

Detection: Giant Magnetoresistance, Tunneling MR

#5738, 898 (2007).
322 7 30, 116 (2008).
A& £ 87, 82 (2009).
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Solar system

s, p electron orbital

Orbital viewer >



3d transition metals:

Mn atom has 5 d T electrons
Bulk Mn is NOT magnetic.

CHE N X

3d electron distribution in real space

Co atom has 5 d Telectrons and 2 d 4 electrons
Bulk Co Is magnetic.




Stoner criterion for ferromagnetism:

| N(Eg) > 1, | Is the Stoner exchange parameter and
N(Eg) Is the density of states at the Fermi energy.
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Schematic plot for the energy band structure of 3d transition metals.
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RKKY (Ruderman-Kittel-Kasuya-Yosida ) interaction 72
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Magnetic coupling in superlattices

* Long-range incommensurate magnetic order in a Dy-Y multilayer
M. B. Salamon, Shantanu Sinha, J. J. Rhyne, J. E. Cunningham, Ross W.
Erwin, Julie Borchers, and C. P. Flynn, Phys. Rev. Lett. 56, 259 - 262 (1986)

* Observation of a Magnetic Antiphase Domain Structure with Long-
Range Order in a Synthetic Gd-Y Superlattice

C. F. Majkrzak, J. W. Cable, J. Kwo, M. Hong, D. B. McWhan, Y. Yafet, and J.
V. Waszczak,C. Vettier, Phys. Rev. Lett. 56, 2700 - 2703 (1986)

 Layered Magnetic Structures: Evidence for Antiferromagnetic

Coupling of Fe Layers across Cr Interlayers
P. Grunberg, R. Schreiber, Y. Pang, M. B. Brodsky, and H. Sowers, Phys.
Rev. Lett. 57, 2442 - 2445 (1986)




Magnetic coupling in multilayers

sLong-range incommensurate magnetic order in a Dy-Y multilayer
M. B. Salamon, Shantanu Sinha, J. J. Rhyne, J. E. Cunningham, Ross W. Erwin,
Julie Borchers, and C. P. Flynn, Phys. Rev. Lett. 56, 259 - 262 (1986)

*Observation of a Magnetic Antiphase Domain Structure with
Long- Range Order in a Synthetic Gd-Y Superlattice

C. F. Majkrzak, J. W. Cable, J. Kwo, M. Hong, D. B. McWhan, Y. Yafet, and J. V.
Waszczak,C. Vettier, Phys. Rev. Lett. 56, 2700 - 2703 (1986)

Layered Magnetic Structures: Evidence for Antiferromagnetic

Coupling of Fe Layers across Cr Interlayers

P. Grinberg, R. Schreiber, Y. Pang, M. B. Brodsky, and H. Sowers, Phys. Rev.
Lett. 57, 2442 - 2445 (1986)
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Fig. 2.41. A schematic expanded view of the sample structure showing the Fe(00 1) single-crystal
whisker substrate, the evaporated Cr wedge, and the Fe overlayer. The arrows in the Fe show the

magnetization direction in each domain. The z-scale is expanded approximately 5000 times. (From
[2.206])

10



Lt 1 I | I | I |
0 10 20 30 40 50 60 70 80

Cr Thickness (Layers)

Fig. 2.43. SEMPA image of the magnetization M, (axes as in Fig. 2.41) showing domains in (a) the
clean Fe whisker, (b) the Fe layer covering the Cr spacer layer evaporated at 30°C, and (c) the Fe
layer covering a Cr spacer evaporated on the Fe whisker held at 350 °C. The scale at the bottom
shows the increase in the thickness of the Cr wedge in (b) and (c). The arrows at the top of (¢) indicate
the Cr thicknesses where there are phase slips. The region of the whisker imaged is about 0.5 mm
long

(b)

Fig. 2.44. The effect of roughness on the inertlayer exchange coupling is shown by a comparison of
(a) the oscillations of the RHEED intensity along the bare Cr wedge with (b) the SEMPA
magnetization image over the same part of the wedge
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Oscillatory magnetic coupling in multilayers

Ru interlayer has the largest coupling strength
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Fig. 2.58. Dependence of saturation field on Ru spacer layer thickness for several series of
Nig,Fe,o/Ru multilayers with structure, 100 A Ru/[30 A Nig,Fe,q/Ru(tg,)],0, Where the topmost
Ru layer thickness is adjusted to be ~25 A for all samples
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Spin-dependent conduction In
Ferromagnetic metals (Two-current model)

First suggested by Mott (1936)
Experimentally confirmed by I. A. Campbell and A. Fert (~1970)

At low temperature D= PPy
Pr TPy
At high temperature p= PP+ Py (o1 + py)
Pr+ Py +4py
I 1 A ’
I i e
\‘ﬂ (N “*TN \uﬁ
e R S o o L

Spin mixing effect equalizes two currents 13



Two Current Model

Spin excitations in the
s electrons carry the “wo current model”

electric current

Maijority) £ |Minority
spin . . SpIn
resistivity wl v it
(spin-dependent 4 |
s — d scattering) E, d band spin selective scattering
l

R® = const. N7

/ s band
€
o 20+
number of empty d states .
=,
N’
element N m] [us] R " [Qm)] O_).lo
Fe (bce)  3.90 2216  9.71 x 1078 &

Co (hep)  2.80 1.715  6.25 x 10°°

Ni (fec) 1.75 0.616  6.84 x 1078

Cu (fcc)  0.50 - 1.68 x 10~° R - S N
Ti V Cr Mn Fe Co Ni

A. Fert, I.LA. Campbell, PRL 21, 1190 (1968) 14
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2007 Nobel prize in Physics

2007+ & B ;37 pREEL = &\ 2 (Albert Fert)
B L3 . 54 b ¥ (Peter Grinberg)
(B & 7L kR - Copyright © Nobel Web AB 2007/ Photo: Hans Mehlin)
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Glant Magnetoresistance
Tunneling Magnetoresistance
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Discovery of Giant MR --
Two-current model combines
with magnetic coupling in
multilayers
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Spin-dependent transport structures. (A)
Spin valve. (B) Magnetic tunnel junction.

(from Science)
Moodera’s group, PRL 74, 3273 (1995)

Fert's group, PRL 61, 2472 (1988)

Miyazaki’'s group, JMMM 139, L231(1995)



Transport geometry

7 lead
g_,l/

()

|

v :
CIP geometry CPP geometry

® In metallic multilayers, CIP resistance can be measured
easily, CPP resistance needs special techniques.

® From CPP resistance in metallic multilayers, one can
measure interface resistances, spin diffusion lengths, and
polarization in ferromagnetic materials, etc.
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Valet and Fert model of (CPP-)GMR

Based on the Boltzmann equation
A semi-classical model with spin taken into consideration
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sf
Spin accumulation at the interface is important
Spin diffusion length, instead of mean free path, Is
the dominant physical length scale
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Spin valve -
a sandwich structure
with a free ferromagnetic layer (F) and a fixed F layer
pinned by an antiferromagnetic (AF) layer

When T <T<T¢,

S

\ / When T < T < T
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Spin Transfer Torque

______ current direction
T determines the

e e
- ~0.1um relative
D D P I ] | l I ______ | orientation of F1
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40
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The transverse spin component is lostby .l . —— _ 1
the conduction electrons, transferred to V)

. - FIG. 1. The point contact dV /dI(V) spectra for a series of
the g Iobal Spln Of the Iayer S magnetic fields (2, 3. 5. 6, 7. and 8 T) revealing an upward step
and a corresponding peak in dV /dI at a certain negative bias

voltage V*(H). The inset shows that V*(H) increases linearly

8

- — [ e s"x ><: f X § with the applied magnetic field H.
Si2=(lg/e)s ( ' 3) Tsoi et al. PRL 61, 2472 (1998)
Slonczewski IMMM 159, L1 (1996)
- T : dm dm hPI
Modified Landau-Lifshitz-Gilbert — =—ymxH_ +amx—+ 4 (mx o xm)
dt dt  2eu,M.\V

(LLG) equation
Experimantally determined current density ~101°-1012A/m? 2




Spin Transfer Torque

Landau-Lifshitz-Gilbert equation with Spin Transfer

Torgue terms
Current induced domain wall motion

Passing spin polarized current from Domain Ato Domain B=B switches

conduction Domain Wall
electron (s)

-

e e

localized moment (S)

Domain A Domain B
oM . a . oM _
Ez _yMXHeff—I_EMXE—I_TSTT

Berger, JAP 55, 1954 (1984)

Tatara et. al., PRL 92, 086601 (2004)

Zhang et. al., PRL 97, 127204 (2004)
Thiaville et. al., Europhys. Lett. 69, 990 (2005)
Stiles et. al., PRB 75, 214423 (2007)



Spin Transfer Torque

Landau-Lifshitz-Gilbert equation with Spin Transfer
Torque terms Damping term

precession term due to _
an effective field. —

by — (- oM
——Mx{Mx—
‘ ox

Adiabatic Spin
Transfer Torque

Non-adiabatic Spin
Transfer Torque
(Field-like torque)

m conduction spin

) $— X
&m nonequlibrium spin

Damping term Adiabatic Spin Transfer
‘1’ Torque
M X Horr + M x 2 _ i (M x20) — S M
= M X Hop 4 M x % MSZMX(anx) oM x5 (2.17

Precessional term due
to an effective field.

Non-adiabatic Spin
Transfer Torque




Industrial applications

HDD (Hard Disc Drive)
Read head

Read head in hard drives

GMR
8
Large TMR + Low R
Large CPP-GMR

Reading a bit

| Line
Line
MRAM ——
writing "1
\ifriting "0"

Line

Line Line

25


//upload.wikimedia.org/wikipedia/commons/f/f9/MRAM-Cell-Simplified.svg

Application of Spin Transfer Torque

Magnetic Domain_Wa" Dr. Stuart S. P. Parkin SCience 320, 190 (2008)
Racetrack Memory

A novel three-dimensional spintronic storage
nr,

3 class memory
= Magnetic nanowires: information stored in the

Reading .
domain walls

- Immense storage capacity of a hard disk drive

- High reliability and performance of solid state
memory (DRAM, FLASH, SRAM...)

‘” - Understanding of current induced
143 domain wall (DW) motion

AVPPPIPIYLY,
Racetrack
storage array




Domain Wall Structures in Permalloy Nanowires

strip thickness h (nm)

(a)

Application of Spin Transfer Torque
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DW Oscillators
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AC

DC

Radio-Frequency DW Oscillators
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Our works

Superconductor/ferromagnet
proximity effect, inverse proximity effect

»py <
|

= Magnetic nanostructures
%' * ; 0 « “Quantitative analysis of magnetization reversal in

submicron S-patterned structures with narrow
constrictions by magnetic force microscopy”. APL
86, 053111 (2005).

* “Observation of Room Temperature Ferromagnetic
Behavior in Cluster Free, Co doped HfO, Films”.
APL 91, 082504 (2007).

« “Variation of magnetization reversal in pseudo-spin-
valve elliptical rings”. APL 94, 233103 (2009).

+ “Compensation between magnetoresistance and
switching current in Co/Cu/Co spin valve pillar
structure”. APL 96, 093110 (2010).

+ “Exchange bias in spin glass (FeAu)/NiFe thin films”.
APL 96, 162502 (2010).

+ “Demonstration of edge roughness effect on the
magnetization reversal of spin valve submicron
wires”. APL 97, 022109 (2010).
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Nano Magnetism

Vortex induced by dc current in a circular magnetic spin valve nanopille
L. J. Changand S. F. Lee
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Current driven vortex nucleation
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Other research interest include superconductor-magnetic material proximity effect,
Ferromagnetic Resonance etc.
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Domain wall oscillation in a trapping potential

Theoretical Backgrounds

Resonant DW induced by AC spin-polarized current in Ferromagnetic strips

DW dynamics equation
2

d“x
(1 +a2)mﬁ = F,(x) + Ff + F; + F4

2(poLyLz)

Is the effective DW
Y6 (Nz—Ny)Aq

where m =

mass (kg), and the other variables are listed

below.

L, * width of wire (m) Yo : electron gyromagnetic ratio ( 2.2x 10°

L, : thickness of wire (m) VsZmkg)

1o © permeability (41 x 1077 VsA1m?) N,, N, : transverse demagnetizing factors
A, : DW width (m)

X : DW position (m)



Theoretical Backgrounds

Resonant DW induced by AC spin-polarized current in
Ferromagnetic strips

OVpin(x) _ {—wa (x| SLN)}

inning force = —
PIANInS (%) ox 0 (x| > Ly

Ly : length of pinning potential (m)

where Ky (N/m) is the elastic constant of the DW trap

Slope =Ky = 1.79 X 10~*N/m
160] ' |

Ky =1.79%104 N/m.
m = 5.25 x 107%°kg

0 Oe

1204 10 Oe

20 Oe

1 [Ky 1 [1.79 X 1074N/m
30 Oe fr e - —

2w, m 2m | 5.25 X 1072%%kg

40 Oe
= 2.93GHz

80+

DW position (nm)

401

of = }

0 10 20 30 40
H (Oe) 153 nm



Theoretical Backgrounds

Resonant DW induced by AC spin-polarized current in
Ferromagnetic strips

.. _ dx(t) dx(t)
friction force  Fp = [amwd (1 + d)] - ”
wq = YoMs(N; —N,) : angular frequency of magnetization

oscillations around the demagnetizing field inside the wall.

w, = 2nf, + angular frequency of free harmonic oscillator.

b=[amwd(1+ )]=>——awd(1+ 2)

Wq

) Z(ﬂoLyLZ) _ 2[4mx1077(VsA™tm™1)-400x107%(m)-12x107% (m)] _

wg = YoMs(N
d Yo S( z YomAg Ms T 2.2x105(Vs2m~1kg—1)-5.25x10~25(kg)-100x10~2(m)

8.6 x 105 (%) = 8.97 x 10" (s ™)

b w?
> — = awy (1 + —) ~awg = 0.01 X 8.97 x 1011(s™1) = 8.97 x 10°(s™1)
‘Ud



Theoretical Backgrounds

Resonant DW induced by AC spin-polarized current in
Ferromagnetic strips

static driving force  F, = Fy + F; = mwg(yYoloHy — c]-)

¢; = ¢b; * non-adiabatic STT term

: : L 0H, db;
time-varying contribution  F; = Fy_ + F;, = m|ay,Ag— ™ -1+ af) —=

bj = ju(t )m : adiabatic STT term

ja(t) = jeos(2mf;t) : AC current dencity



Theoretical Backgrounds

Resonant DW induced by AC spin-polarized current in
Ferromagnetic strips

zero external field H, = 0
zero non-adiabatic STT term ¢; =0.

d?x dx(t) jugP
2 - — . Qj .
14+ a“)m 772 + b T + Kyx = m(1 + af) eM.(1 122 21 sm(w]t)

setx(t) =A cos(a)jt) + B sin(a)jt)

dfz(tt) = —Aw sin(w;t) + Bw; cos(w;t)

d?x

— = —Aw] cos(w;t) — Bw} sin(w;t)



Theoretical Backgrounds

Resonant DW induced by AC spin-polarized current in
Ferromagnetic strips

O "
JjugP w
eM (1 + &%)

Ky — (1 + az)ma)jz] (bw))
(—w;t) Ky — (1 + az)ma)jz]

[g] ~ [m1 + ad)

m(1+ ag) eMS]éBJI: kel (bawy)

= A= 2 /
[KN — (1 ~+ az)mwjz] + (bwj)
ug P
. —m(1 + aé) eMS](‘lqu- 7 w; * [KN —(1+ aZ)mwjz]

Ky — (1 + az)mwjz]z + (ba)j)z



¥ ? \
Then the particular solution is : i qg

x(t) = \/m cos(a)jt — 5) \\_

d : Phase between the applied current j,(t) and the DW position x(t) in the
stationary regime.

§ = tan~! (E)

A

A, = /A2 + B2

. 2
(m(l + af) eMSJéBJf: - w,-) . {[KN ~(1+ aZ)ma)jZ]z n (ba)j)z}

{[KN -1+ az)mwjz]2 + (ba)j)z}z

jugP (1+a<§)2a)j2

MO oz~ 4 a2 + (L) o7

\



_ JuBP ‘“JZ _
’ eMs [w%—(1+a2)w12-]2+(%)2w12-

5x1012(4/m?)-9.274x10~24(Am?)-0.4 w?
1.602x10719(C)-8.6x105(4/m) [(27r><2.93><109(s‘1))2—wjz-]z+(8.97x109(s‘1))2-w]2-
1.34 x 102(m/s) il
=134 x m/s
[(2m x 2.93 X 10%(s71))2~w?]? + (8.97 X 109(s71))?- w?

We set the AC current density j =5 x 102(4/m?), Bohr magneton ug =
9.274 x 107%*(4Am?), spin polarization P = 0.4, electron charge e = 1.602 X

10719C, width of DW Ay= 100(nm), NiFe saturation magnetization M, = 8.6 X
10°(4/m).



Since the DW resonate with the applied AC
current, w, = w; . Therefore:

2
= 1.34 x 102 (ﬂ) “
$71[(2m x 2.93 x 10°(s™1))2—w?]? + (8.97 x 109(5—1)) 7

1
8.97 x 109(s~1)

m
= 1.34 x 102 (?) X = 14.9 x 10~9(m)

30 P ac current density |
s 1‘ —a— 1x10*2(4/m?)
7 t +— 3X10%2(4/m?)
25 T —a— 5x102(4/m?) |
] 1y % 4 v— 8x10%(4/m?)
20 47 " “ <«— 10x 10*2(4/m?)
7~~~ - Yy % -
b 4 y 'v ‘<
\: 151 4 " ‘AA "' 4"
< AR Amplitude of stationary DW oscillations as a function of the

10- P S Y < i
4 & ““ N X frequency of the AC current f; for H = 0 mT, § = 0, which
5] &L \ are given by Eq. (2.37) for five different values of j.




Experiment Methods
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Measurement and simulation results

AC current induced localized domain wall oscillators in NiFe/Cu/NiFe

submicron wires
(a) Ht A,

Bias tee

Signal
generator fac

Voltmeter

—_—~
oc
N
|

6.10
- . . e 005 Q
Nucleation of Pinned anti-parallel & i)
§ 6.05 \
transverse DW s N
) 600
X 6.00 Pl (Oe)

1500 -1600 -500 0 500 1000 1500
Field (Oe)
©  10000e -4500e -3800e -3000e 1000 0e

-4 »y
Thin [y 4 4+ v EEE S
layer| ¥ ¥ ¥ ¥ AA A r
- - - -
Thick| 4 4 + + P& ] EENE
layer | ¥ ¥ ¥ ¥ . v bAoA h




Measurement and simulation results

AC current induced localized domain wall oscillators in NiFe/Cu/NiFe

submicron wires

DW resonators for frequency-selective operation

(a)

w (nm)

—=— 200
o— 1560
: 4— 100

1 2 3 4 5
Frequency (GHz)

(a) Experimental measurement of the ac current induces resonance
excitation of pinned DW trapped at the protrusion. Resistance
change as a function of ac excitation current frequency for the
submicron wires containing artificial symmetric protrusions with
three different widths of protrusion w = 200, 150, and 100 nm. (b)
The response curve measured at the saturation field with a uniform
state of submicron wires (without DW). The AR is observed

unchanged with frequency for each of the samples.



Measurement and simulation results

AC current induced localized domain wall oscillators in NiFe/Cu/NiFe

submicron wires

—_

a) 1 (b |  w=200nm’
3 @ Experiment (b)
A Simulation

[ ]
A

(c) w = 150 nm

w =150 nm

[ ([ ]
tione LM
\\f\/\/\/vvv\/\/\/\n 4

Frequency (GHz)
Pinning potential (a.u.)
] % i T

DW position

ol [T @ =100
N 2.9 GHz |
0 5 10
Time (ns) ‘ ‘ ' ' '
100 150 2(')0 -200 -100 0 100 200
w (nm)

DW position (nm)

Resonance frequency of pinned DW dependence on the width of trap w, the solid circles
and the open triangles indicate the experiment and simulation results respectively. The
inset shows the simulated time evolutions of the DW motion with w = 150 nm. (b)-(d)
Potential landscape of pinned DW from micromagnetic simulation with three different
width of protrusion w = 200, 150, 100 nm.
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Measurement and simulation results

Reversible domain wall motion induced by
dc current in NiFe/Cu/NiFe submicron wires
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Measurement and simulation results

Reversible domain wall motion induced by
dc current in NiFe/Cu/NiFe submicron wires

1 r
Thin ¥
layer

[« dvidi|

R

dvidl (Q)

. “ - ¢
letbie] 1] 4
C B A

dvidl (Q)

@
o

dv/dl (Q)
~
o))
|

B
g 7.2]

—
+500 Oe

Differential resistance vs. current density at different external transverse
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versus transverse field and dc current. (c) Critical current I vs. H,.

Current (mA)

|-500 e | -560 0e ~ +700 Oe
530 0 +540 Oe
+640 Oe
+600 Oe
-2 -1 0 1 2




Measurement and simulation results

Reversible domain wall motion induced by
dc current in NiFe/Cu/NiFe submicron wires

(a) (b) LI SXrL;wA o1 aAmA
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_ BN
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time (ns) H, (Oe)

Simulation results of DW position as a function of time under fixed dc current density of
9.7x10% A/cm? with variation of external transverse field H,. (b) central position x

amplitude A, and (c) frequency of the oscillator vs. H, with different dc current.



Measurement and simulation results

Reversible domain wall motion induced by
dc current in NiFe/Cu/NiFe submicron wires

Series of submicron wires with serial DW traps
of artificial symmetric protrusions
(a) +H, (b)

L +H

30 H,
—
25 DW
> e
o . ey
' S 15 0 Oe
e 2 Oe
FH h=50
nm < 10
5 4 Oe
0

00 02 04 06 08 1.0
Current (mA)

A Scanning electron microscope image of a typical serial-DW-trap sample with the
protrusions 50 nm in width and height. The period was 250 nm on either side of the
wire. Magnetic field and current directions are specified. (b) Schematic diagram of
the sample and the irreversible resistance change from anti-parallel state to parallel
state for H, = 0 (green solid line), 2 (red dash line), and 4 (black dotted line) Oe.



Measurement and simulation results

Reversible domain wall motion induced by
dc current in NiFe/Cu/NiFe submicron wires
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DW oscillation with resonance frequency as high as 2.92 GHz and
the resonance frequency can be tuned by the width of protrusion.

The higher resonance frequency for the narrow trap is due to the
steeper potential landscape which enhances the restoring force on
the pinned DW.

For the domain wall oscillations induced by injection of a dc
current investigated, the observed peak in dV/dl associated with
the reversible change of magnetoresistance is attributed to the
reversible motion of the DW.




outline

« Giant Magnetoresistance, Tunneling Magnetoresistance
« Spin Transfer Torque
« Micro and nano Magnetics
« Pure Spin current (no net charge current)
« Spin Hall, Inverse Spin Hall effects
« Spin Pumping effect
« Spin Seebeck effect
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Spin Hall effect

Spin Hall Effect: Electron flow generates transverse spin current

n-type GaAs M. I. Dyakonov and V. I. Perel, JETP 13 467 (1971)
SHE observed
Electon oy in GaAs J. E. Hirsch, Phys. Rev. Lett. 83 1834 (1999)
® ® using Kerr effect
® ® - to measure spin - Guo et al, PRL 100 096401 (2008)
g 3
0 ® c
2@ ® 3
® &
Kato et.al. (Awschalom),
Science 306, 1910 (2004)
....;_.Q ‘ -t.*f‘;*-";"z ’

40 -20 0 040402002040
Position (Lm) Position (um)

Berry cur\gature
p 106 K) + SEXQK)
n ok h

Now observed at room temperature in ZnSe

The Intrinsic SHE is due to topological band structures

The extrinsic SHE is due to asymmetry in electron scattering for up and down
spins. — spin dependent probability difference in the electron trajectories

N - - SN .
©) Side jump Skew scattering
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ﬂ{" t H
—-+-- «
Py |cCu Pt '51 ..

1 2 3 le
FIG. 1 (color online). (a) Scanning electron microscope (SEM) Is
image of the fabricated spin Hall device together with a sche- 1 1 [ d “'.:"«., e
matic illustration of the fabricated device. (b) Schematic spin .
dependent electrochemical potential map indicating spin accu- *l—----t "o =
mulation in Cu and Pt induced by the spin injection from the Py —1" | \\\
pad. Dashed line represents the equilibrium position. :_; | 3
(c) Schematic illustration of the charge accumulation process L 4 T};
in the Pt wire, where Ig and I, denote injected pure spin current g_:_-:.b'_'_“ r; '..L'-L"t\"i
and induced charge current, respectively. (d) Spin dependent P"f Cu Pt - __r
electrochemical potential map for the charge to spin-current 1 2 3 s le

conversion and (e) corresponding schematic illustration.

Kimura et al, PRL 98, 156601 (2007)
Guo et al, PRL 100 096401 (2008)
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Spin Pumping

um
—_ pume

A ferromagnetic film F sandwiched between
two nonmagnetic reservoirs N. For simplicity
of the discussion in this section, we mainly
focus on the dynamics in one (right)
reservoir while suppressing the other (left),
e.g., assuming it is insulating. The spin-
pumping current I, and the spin
accumulation yg in the right reservoir can be
found by conservation of energy, angular
momentum, and by applying circuit theory to
the steady state | Pump = | back

ho| dm dm|
AmX———4,—

ump __
K dt Ydt |

s 4\

Tserkovnyak et al, PRB 66, 224403 (2002) 58



Combining Spin Pumping and Inverse Spin Hall Effect

(@) microwave

magnetization

magnetization
NiglF Clo /
(b) a :

FMR

U

Spin Current
in adjacent
normal metal
U

Transverse

Charge Current

The spin-orbit interaction
bends these two electrons in
the same direction and
induces a charge current
transverse to Js,

Je=Diyels X o.

The surface of the Py layer is of
a 1x1 mm? square shape. Two
electrodes are attached to both
ends of the Pt layer.

Saitoh et al, APL 88, 182509 (2006)

Kimura et al, PRL 98, 156601 (2007) 59



Combining Spin Pumping and Inverse Spin Hall Effect

rf detector

wavequide rf generator o

Use Spin Pumping to Generate Pure Spin Current
Quantify Spin Current from FMR
Measured Voltage Directly Determines Spin Hall Conductivity

Key Advantage: Signal Scales with Device Dimension

Mosendz et al, PRL 104, 046601 (2010)
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Voltage (V)
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b  Spin Seebeck effect

Metallic magnet 5\/ —_ S 5|-

spin spin

'VT spln ]/9) [a:u T/@T a:u ¢/8T]

Uchida et al., Nature 455, 778 (2008) 62



Spin Seebeck effect

N

In a ferromagnetic metal, up- spin and down-spin conduction electrons have different"
scattering rates and densities, and thus have different Seebeck coefficients.

Js=1— 1, =(0:5;, -0, S )(-VT)

This spin current flows without accompanying charge currents in the open-circuit
condition, and the up-spin and down-spin currents flow in opposite directions along
the temperature gradient

ferromagnetic metal How to detect j;?

"""""

Inverse Spin Hall Effect coverts
Jsintoj

Solid State Communications 150, 524 (2010)
63



Detection of Spin Current by Inverse Spin Hall Effect

The ISHE converts a spin current into an electromotive force
E<e by means of spin—orbit scattering.

/ | a HigherT

‘oas .
el

A spin current carries a spin-polarization
vector ¢ along a spatial direction J.

Solid State Communications 150, 524 (2010) 64



(a) Conventional SSE setup (a)
ferromagnet (F)

VT||+z, AT=23.0K

20 9=90°

LO,

SIS ENTE
2222 IR IR I I

.

10

V(uV)
o

normal metal (N)

G -10
(b) Longitudinal SSE setup (c) ()
5 i -/ S8R f 20k AT=230K
£y o 0 ------- X = 5 1
2" _Allgl] z 300K 20 H (kOe)
g | ] | 1 |
-1 0 1
Pt | vT H (kOe)
300 K + AT b c
(%0.2 VT || +2z, AT=23.0K () 20 VT|| +z, AT=23.0 KJ
X heat bath g . ¥ .
>
YsFesOr2 (YIG) N 20 —4“”’%
- X 5 o =10 e ’
.--") 0 > B 0 =90° r 6 =90°
S H T-0.2 1 s 1 L 1 1 1 1
-” "20
- -1 0 1 2 -1 0 1 2
H (kOe) M (arb. unit)
(a) A schematic of the conventional setup for measuring the ISHE (a) Comparison between the H dependence of V at AT = 23.0 K in the
induced by the SSE. Here, I'T, M, Js, and EISHE denote a YIG/Pt system and the magnetization M curve of the YIG. During the
temperature gradient, the magnetization vector of a ferromagnet (F), V measurements, VT was applied along the +z direction [the -z
the spatial direction of the spin current flowing across the F/no... direction for the inset to (a)] and H was applied along the...

Uchida et al, APL 97, 172505 (2010)

© 2010 American Institute of Physics
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Thermoelectric effect:

The thermoelectric effect is the direct conversion of
temperature differences to electric voltage and vice-versa.

—> Seebeck effect (1821): ' AT 2>V
— Peltier effect (1823): | 2> Q
———— Thomson effect (1851): I
! +_+T+AT |+ AT>Q
Nernst effect i -

Electron current direction

When a sample is subjected to a magnetic field and a
temperature gradient normal (perpendicular) to each other, an
electric field will be induced normal to both.

! lljl

it

VT

Ref: http://web.nchu.edu.tw/~Ischang/Thermoelectric.htm 66


http://en.wikipedia.org/wiki/Temperature
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http://en.wikipedia.org/wiki/Electric_field

Mystery 1:
Transmission of Spin Current in Metal and Insulator

LO

4mk /
8 mm -

? Resolution: Transmission of spin
\

currents by magnons (spin waves) in
either FM metals or FM insulators

Spin-wave
spin current

Conduction-electron
spin current

Uchida et al., Nature 455, 778 (2008); Nature Mater. 9,894 (2010), Kajiwara et al., Nature 464, 262 (2010) 67



Mystery 2:

Spin Seebeck effect in broken FM semiconductor

ISHE signal

Hot
GaMnAs

a 100
50 Hy
S !
S 0
>>\

-50

-100

(o
0.8 \

0.4—Cold side /

S, (MV K

Transmission of spin currents ?

Jaworski et al., Nature Materials 9, 898 (2010)
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Intrinsic Caloritronic effects (not substrate dominated) ?

Intrinsic spin Seebeck effect ?
Intrinsic spin-dependent thermal transport ?

NS VT in-plane

Huang, Wang, Lee, Kwo, and CLC,
“Intrinsic spin-dependent thermal transport,” PRL 107, 216604 (2011).
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Spin-Dependent Thermal Transport

Longitudinal thermal voltage V, Transverse thermal voltage V,
H Hot side Cold side
A
V+
& !
/ «
V-
Top view
T in-pl
—— 7T in-plane HV In-plane

Heater

Patterned Py wire on Si substrate
Width: 50-100 um, Thickness: 20-300 nm ./l I [ .
Length: 5 mm Heater power: 1W

Vin = Vo + 4Vp(H, )

Angular and Field dependence of AV,,(H, 6) ?
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Consistent, Robust, but Strange AV,(H,6) Results

‘Asymmetric in H ‘ ‘AVoc sin® ‘

— ()

— ]
45°

— 60°
90°

0 90 180 270 360
6 (deg)

e.g., opposite signals at @ =90° and 0 =270° .

—VT X -



Reversed VT, Same AV !! R

0.0 Vi 08
_V[ 3
0.4} - V- #04
00 05 1.0 VT 0 05 1.0
P (W) P (W)
4f ' ! . 1q
H=2000 Qe
2k
>
= ok
2k 4
0 % 180 270 360 0 90 180 270 360
6(deg) 8 (deg)

v.T  Effective V7'1s not in-plane !
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Out-of-plane |7, 71!

Hot side
[Lopv

IO.I uV
r Cold side

Hot side
J0.25 uv

V (uV)

Cold side

200 100 0 100 200 200 -100 0 100 200
H (Oe) H (Oe)
Sign change No sign change
This 1s anomalous Nernst effect with perpendicular VZT "
m —
E o - 7.7 %M
V.T® d Py axe -V
¢ — Projection along Py wire direction: sing
(Top view) '

E, g < -Vszm
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Only V7!

Uniform Heating from substrate @ T
0.2 0.2
0.1 01

= =
>

-450 -300 150 0 150 300 450 0.2 300 150 0 150 300 %0
H (Oe) H (Qe)

Same ANE sign everywhere with similar magnitude
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Thin film on substrate: in-plane and out-of-plane gradient

Anomalous Nernst effect: sensitive detector of A Tz and VzT

Eygoc V,TX m
w7y V.T due to substrate

@SS intentional in-plane VT
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Entanglement of ANE (due to V7) and SSE (due to V,.7)

Anomalous Nernst Effect (ANE) a
Spin Seebeck Effect (SSE)

Pt IJS

1
4'} z y

FM Z FM
X

E o< V,TX m _ (Essg Jpe < Jg X 11

‘ Vaneg and (Vegg )pe additive, both are asymmetric in 71 ( or fI) ‘

‘(VSSE )pe > Vangs One concludes SSE ‘

‘If V sng unknown, (Vssg )pe UNcertain ‘

‘If(VSSE Ipe < Vanes Any SSE ?7? ‘ 76




Can we eliminate ANE (due to V,7) ?

Pt shorts out ANE

* Thermally matched substrate

(Both have been claimed)

-

intentional in-plane V,..T
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Does thin Pt layer short out ANE ?

© T Spin diffusion length of Pt ~ 5 nm
NigiFeo Pt
x‘ Pt layer shorts out ANE claimed in SSE studies.
0 >z
o 0 O
continuous
Pt 10 nm
Hot side ;:: |
e 10.25 TAYNE. N
[ y - [0.1 v
0.05 pVv ) \ ARy
Cold side Cold side
200 100 0 100 200 200 100 0 100 200
H (Oe)

H (Oe)

reduces does not .
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Py on different substrates
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FM on different substrates ﬁ\i

Sapphire

10

-

Semiconductors

Thermal conductivity (Wm K )

Insulators

o
—

Out-of-plane 1/ 1 exists in all substrates
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Intrinsic spin-dependent Longitudinal thermal transport in
| substrate-freel samples

R
A

By
~ electrical AMR
=
:_:'-.ﬁ

P
— > H

-1500-1000 -500 0 500 1000 1500

H (Oe) ) O e@eny

Similar field sensitivity as AMR

pL > Py opposite to electrical AMR due to Wiedemann-Franz Law _



Intrinsic spin-dependent Longitudinal thermal transport in
| substrate-freel samples

Planar Nernst Effect: sin20

1500 1000 500 0 -500 -1000 -1500
H (Oe)
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__Hot NN Cold |

V (uV)

Longitudinal voltage:
thermal AMR

0 90 180 270 360
- 2 -1500-1000 -500 0 500 1000 1500
Vin=Vins t (Viny = Viny))cos®6y H (Oe) 6(deg)

I Svmmetric in H ! I
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Necessary Signatures of FM film with in-plane V. T
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Phty, 1G>

1. Thin film/substrate, in-plane (V,.7) and perpendicular (V,7)

Summary

Spin Seebeck effect Anomalous Nernst effect
(V. T) with Pt (V,T) with or without Pt

2. Vng and (Ve )p, are additive

‘If Vang unknown, (Vssg )p¢ Uncertain ‘

Intrinsic spin Seebeck effect ?

3. ANE: excellent detector of VzT and AT,

4. Intrinsic spin caloritronics with in-plane V.. T in Fe foils
Thermal AMR (cos?0) Planar Nernst (sin26)

Necessary conditions for in-plane V.. T only
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Summary

Spintronics has involved

* Magnetic materials, metallic multilayers, tunnel
junctions, magnetic semiconductors, and (hopefully)
room temperature half metal.

e Spin dependent electron transport, spin imbalance
induced charge accumulation and relaxation, which
transforms into the concept of pure spin current.

e Static and dynamic properties of magnetic
nanostructures.
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Seebeck spin tunneling

Tsi> Tey
Ferromagnet
G
@
Cold Hot
Spin polarization induced by
Seebeck spin tunnelling
a b c d
= —&—Si heating J = -830 A cm™ — FitAV«J2 —_— Fit AV J2
E 01 VR ! ot 0. 0.
g S0P os heating J = +830 A o B ket BB o e
| 5% N
> 015 010 <010
g .
2 3
z I z" § 0.05 0.05 £ 0.05
Ferromagnet =
! codat Ty E 0.00 & 0.00 § 000
Tunnel oxide " S
Silicon -1000 -500 O 500 1000 -8-6-4-2-0 2 4 6 8 0 . 2 4 6 -5 8
heated to Ty, B, (Oe) nastng (10 A cm?) Heating power (aW pm™ Si)

J-CL Breton et al. Nature 475, 82 (2011) doi:10.1038/nature10224 86
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(a) The scannable laser beam generate§ a
local temperature gradient VT normal to
the ferromagnetic thin film plane. The dc
voltage Ve Which arises due to the
anomalous Nernst effect depends on the
local magnetization M at the position (X, y)
of the laser beam. All investigated samples
are patterned into 80 um wide and 900 um
long Hall bars with contacts labeled as
sketched. (b) V\e determined between
contacts 2 and 4 as a function of the laser-
spot position (X, y) and the external
magnetic field magnitude g,H in a 50 nm
thick Co,FeAl (CFA) film.

100f =t

i, AE—

0 100 200 300 400 500 600
X (pm)

+15mT [ +3.8 mT | +0.2 mT | -1.

Weiler et al. PRL 108, 106602 (2012) 87



