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Spin currents and spin caloritronics

Outline

Spin caloritronics: Thermoelectricity meets spintronics

— Nonequilibrium phenomena involving charge, energy and spin
transport. Usually in magnetic structures

Area of research Topic

Electronics Transport/manipulation of charge
Spin electronics or Spintronics Transport/manipulation of charge and spin

Calorimetry Study and measure the heat of chemical
reactions or physical changes

Spin Caloritronics Transport/manipulation of charge, spin
and heat

M. Johnson and R. H. Silsbee, Phys. Rev. B 35, 4959 (1987)

Reviews: Bauer, MacDonald, Maekawa, Solid State Commun. (2010); Bauer in Spin Current (Oxford University Press, 2012)
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Spin currents and spin caloritronics

Outline

Spin caloritronics: Why is important?
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Reviews: Bauer, MacDonald, Maekawa, Solid State Commun. (2010); Bauer in Spin Current (Oxford University Press, 2012)
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Spin currents and spin caloritronics

Outline

ICT Consumption Forecast
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Goal: To find creative ways of using wasted heat
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Spin currents and spin caloritronics

Outline

Spin caloritronics: Why is important?
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Reviews: Bauer, MacDonald, Maekawa, Solid State Commun. (2010); Bauer in Spin Current (Oxford University Press, 2012)
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Spin currents and spin caloritronics

Outline

Thermoelectricity, energy harvesting, cooling
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Spin currents and spin caloritronics

Outline

Spin caloritronics

— Thermoelectricity
— Seebeck effect
— Peltier effect
— Onsager reciprocity relation

— Spin Currents: independent electron, collective

— Thermoelectricity + Spins

Observed spin caloritronic effects: spin-dependent Seebeck
effect, spin Peltier effect, thermal GMR, thermal GMR, thermal
torques, magnon drag, spin Seebeck effect.
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Spin currents and spin caloritronics

Outline

Spin caloritronics
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Thermoelectricity

Electrical vs thermal transport

o= (LJ Electrical Conductivity
AV Jxro0

J
K= (—Qj Thermal Conductivity
J¢=0

=

Wiedemann-Franz Law

2 k 2
LT L:—(—Bj =2.4x10°WQK™

SHE.
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Thermoelectricity

Electrical vs thermal transport

( Jc j Electrical Conductivity
AV ) x1-0

Ja ‘]Q
N K=|—— Thermal Conductivity
AT ),

Wiedemann-Franz Law

2 2
K LT L :_(k_Bj —2.4x10°WQK?
O
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Thermoelectricity

Seebeck effect

Conversion of temperature differences
directly into electricity

T, > T,

(2
AT 3,=0

AV Seebeck coefficient
Thermocouple Tho?ﬁi 3.1882??eck
S Ts
A AV :jT (S, (T) =S, (T)|dT
T, IT2 (reference) ! -
SB AV ~ (SB - SA)AT
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Thermoelectricity

Peltier effect

Conversion of charge current into heat flow

JC AT=0

AV Seebeck coefficient

Heat pump: cooler / heater Jean C. A. Peltier
(1785-1845)
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Thermoelectricity

Metal

~

> SaT| <

f(E, x) Fermi-Dirac distribution (0 j See, g, Asherofiermin (Eh13)
’ 0

- 8_EO- E=E,

(o}
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Thermoelectricity

Heat and charge transport (electron like)

E a
:
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E - -.‘-.’4_. —
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9(E)f(E,x)

G. Bauer et al. Nat. Mater. (2012)
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Thermoelectricity

Heat and charge transport (electron like)

E
i
: Je<‘41
E
L P
E —h |._-'-,\
F ..“ J
‘.\ h
k|
-
k |
|
\
= o'
: SocT| — _
g(E)f(E, X) o See, e.g., Ashcroft/Mermin (Ch13)
, 0
O =——0 E_E
G. Bauer et al. Nat. Mater. (2012) ok ~F
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Thermoelectricity

Onsager reciprocity

The Nobel Prize in Chemistry 1968:

“for the discovery of the reciprocal relations
bearing his name, which are fundamental for the
thermodynamics of irreversible processes”

F. Generalized force

J, Generalized current
If Ji= Z Lij Fj Linear response

j
ds

and — = F.J entropy change rate
&I

Lars Onsager

First law of thermodynamics: identify F,,, J,,

J, 1 S AV
—o F.: AV, -ATIT
JQ T x/lo)\-AT

then IT= ST (Thomson relation)
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Spin currents and spin caloritronics

Outline

Spin caloritronics

— Thermoelectricity
— Seebeck effect
— Peltier effect
— Onsager reciprocity relation

— Spin Currents: independent electron, collective

— Thermoelectricity + Spins

Observed spin caloritronic effects: spin-dependent Seebeck
effect, spin Peltier effect, thermal GMR, thermal GMR, thermal
torques, magnon drag, spin Seebeck effect.
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Spin currents vs. charge currents

Charge
T _d(nr - _ Moving charge, kinetic energy
=9 (ar _
Je=a{ ) Je =0QV and dissipation
Spin
L = %(UF) L =oV+or Spin currents are even under

time reversal
Electrons do not need to move

Spins in motion (independent electron)
Nonvolatile memory

T T T T T T T T T T Possibility to reduce dissipation
Spin dynamics (collective)

RRRRARANY

J. Shi, et al., Phys. Rev. Lett. 96, 076604 (2006).
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Spin generation and spin injection

» Two spin channel model (Mott 1930)

— Metallic ferromagnets. Spin-up and spin-down are two
independent families of carriers

Spin splitting

— Different density of states at the Fermi
level for spin up and down carriers

— Different mobility for spin up and down

carriers
N, —N
=M _ M 4<p<
N, +N_

I.I. Mazin, PRL 83, 1427-1430 (1999)
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Spin currents and spin accumulation

» Spin polarized current in a nonmagnetic metal
* Spin accumulation decays exponentially
« Characteristic length. Spin diffusion/relaxation length A

Current direction
2
A
.\ Mo
Ferromagnet Paramagnet -2
' | 2 4 0 1 2 3 4 5 8
X(Asgr)
2 1 ¢)_ 1 ( ? ¢)
\4 (,u —H ) H —H Johnson and Silsbee PRB 35, 4959 (1987)
sf van Son et al., PRL 58, 2271 (1987)
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Spin dependent transport

In general the spin conductivities, o',

JT_O'T 0 \(au'le
J¥ 0 o A,Lﬁ/e

thus
J. 1 P\(Aule
=0
J, P 1){Aule
where
J.=J"+J* Charge current
J,=1J "_J* Sspin current
T
o —o . o
=——7T Spin polarization
o +o
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o' are not equal

NG
2

A
M o+

2 -1 0 1 2 3 4 5 6

X(Asr)
0 I
U, = HTH Charge chemical potential
M= ,uT —2,u¢ Spin accumulation
oc=0'+0° Charge conductance
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Two terminal spin electronics (GMR) w

T H.

Current direction

I

Ferromagnet Paramagnet Femomagnet

I

YV

Parallel Magnetization, T7
High conductance

Fert, Grunberg. Nobel Prize 2007

Current direction

.T‘M

Ferromagnet Paramagnet Ferromagnet

‘b'(

Antiparallel Magnetization, T
Low conductance
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Two terminal spin electronics (TMR)

High G \ Low G

FM | FM N A . - A 4 i

Vv e L v Ne
1 [ T 1 | -
Ge ~ NSNE +NENF G ¥ NGNF+NEN
0 J T 3
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Two terminal spin electronics

» Magnetic Tunnel Junctions (MTJ).

TMR = RAP_RP _ GP_GAP _ 2PLPR

P

G o 1-P P

G, ~NLNF + NENF G,o ~ NENF 4+ NENR

N I\I;I, R + N L.R Julliére, Phys. Lett. 54A, 225 (1975)
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Spin dependent tunneling. Density of states

—Rp :GP_GAP —

How is P defined ?

2P P,
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G, 1-PP,

Julliere: P equals the spin polarization of
the electrons at the Fermi level

From energy band calculations P < O for Ni
and P > 0 for Fe

Experimentally TMR > O for Ni-I-Fe and
bias dependent

Tunneling probability has to be taken into
account (tunneling matrix)

Current and tunneling mediated by free-
like electrons

Interface. Symmetry states

Stearns, J. Magn. Magn. Mat. 5, 167 (1977)
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Polarization measurement

Meservey-Tedrow

» Meservey-Tedrow technique. Superconductor with Zeeman
split density of states as a spin detector

— P is obtained at high field, low temperatures and zero bias

Barrier N»} "
FM SC T
§ H
L E,
9 — - 10 ew; Partially polarized
L 6. A materials:
| (| v Fe, Co, Ni
|V ‘ (P ~ 25-45 %)
, | _ |
H=2-3T g
H=1-2T 1

eV/A

Meservey and Tedrow, Phys. Rep. 238, 173 (1994)
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Spin Torque vs spin pumping

Onsager reciprocity

propedor blade |
Michel Viret talk (yesterday) "‘\si R e
/ll’\ rotating howsing
Ferro1 Spacer Ferro2
electron flow |
torque

%

| - i I
S\

§

current ( [} Spin pumping
comduction Domain Wall
electron (s}
- > At X
localized moment (5) e il
, A i 24
V —~— \

S. Maekawa (Tohoku and JAEA)
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Spin current generation and accumulation

Optical Orientation Spin Injection Spin Pumping

e ] t‘\b:b -y

Figure from Zutic and Dery Nat. Mater (2011)
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Spin Hall effect

Skew Scattering

+
nucleus

Heo :#2(:2(6\/ x rj) o

4

More pronounced for heavy atoms )
i

electron

Axel Hoffmann, Argonne National Laboratory, US.
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Spin Hall Effect

Pure spin currents

(Direct) spin Hall effect Inverse spin Hall effect
(follows for Onsager reciprocity)

n, (a.u.) Reflectivity (a.u.}
-1 ( 1 1 4 5

o

%al 4

Position (um)

Pa 110% em?] E |eV]

Valenzuela and Tinkham Nature (2006)

Position {pm) Position (um)

Y.K. Kato et al. Science (2004); J. Wunderlich, PRL (2005).
V. Sih et al. Nature Physics (2005).
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Spin currents and spin caloritronics

Outline

Spin caloritronics

— Thermoelectricity
— Seebeck effect
— Peltier effect
— Onsager reciprocity relation

— Spin Currents: independent electron, collective

— Thermoelectricity + Spins

Observed spin caloritronic effects: spin-dependent Seebeck
effect, spin Peltier effect, thermal GMR, thermal GMR, thermal
torques, magnon drag, spin Seebeck effect.
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Spin currents and spin caloritronics

Thermal spin injection

Jo &

Ferromagnet B F— Paramagnet Ferromagnet et — Paramagnet
I T
g pd
o) (1 PY(Aule J. 1 P S \Aule
3.)7°°NP 1\ Aw re I l=ol P 1 Ps||Aure
Jo) \ST P'ST «/o) —AT
J, 1 S AV
3,70 kio | -aT
¥ o -’ . 0 o -0.c0"
P=—— P'=——=—7
o'y . O o +o 0,0 +0,0
SxT|—| c'=—0 e O s
o OE 'E-Fr
IT= ST (Thomson relation) M. Johnson and R. H. Silsbee, Phys. Rev. B 35, 4959 (1987)
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Thermoelectricity

Metal

~

> SaT| <

f(E, x) Fermi-Dirac distribution (0 j See, g, Asherofiermin (Eh13)
’ 0

- 8_EO- E=E,

(o}
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Thermoelectricity

Heat and charge transport (electron like)

E a
:
:
E - -.‘-.’4_. —
F .'o. ;
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V4

9(E)f(E,x)

G. Bauer et al. Nat. Mater. (2012)
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Thermoelectricity + Spin

Heat , spin and charge transport (electron like)

9(E)f(E,X)

G. Bauer et al. Nat. Mater. (2012)
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Spin currents and spin caloritronics

Outline

Spin caloritronics

— Thermoelectricity
— Seebeck effect
— Peltier effect
— Onsager reciprocity relation

— Spin Currents: independent electron, collective
— Thermoelectricity + Spins

— Observed spin caloritronic effects: spin-dependent Seebeck
effect, spin Peltier effect, thermal GMR, thermal GMR, thermal
torques, magnon drag, spin Seebeck effect.
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Spin-dependent Seebeck effect

Paramagnet
J, 1 P S \Aule
J.|=o| P 1 P'S|Aule
; Jq ST P'ST xlo)\ —AT
Iy &

//_,H_’/'y IO -
o . Ferromagnetic injector: Permalloy (NiFe)

Paramagnetic material: Cu

Spy = -20 UW/K

M; I
'Q M,
) Se, = 1.6 UW/K
o, W i
LY

Slachter et al. Nature Phys. (2010)
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Spin-dependent Seebeck effect

q@_- T
A J —
== 4 — ; o} -15.6 nV/mAd
'\ -
" ' ; & 50} :
—— A &

R, (nV/mA?)

150  -100 -50 0 50 100 150
S Magnetic Field (mT)

Slachter et al. Nature Phys. (2010)
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Spin-dependent Seebeck tunneling

Thermal spin current y
without charge
tunnel current @

Heat ‘Tunnei oxide i _ Iy
flow Silicon -
..— L L
Silicon _ Spin polarization induced by |

Seebeck spin tunnelling
" . P g

Cold

Spin polarization induced by
Seebeck spin tunnelling

a b c d
= —&—Si heating J = =830 A cm™ —F 2 2
E 015 {5 gineatng /= 1830 A cart PR aVeilam 5 0.15[ —— FRAVEJiuny
° . “3_ 0 Hanle data E © Hanle data
Joule ! | s
heating i' < 0.10
current a8 'E
& =
2 @
- € 0.05
& &
E -]
£ £
0.00
2 2
= . a T . i [= . .
-1,000 -500 0 500 1000 -8-6-4-2-0 2 4 6 8 0 2 4 6 8
B, (Oe) Jppatng (107 Acm) Heating power ("W pm™ Sj)

Le Breton et al. Nature (2011)
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Current direction Current direction

\ J
A

Ferromagnet Pa:amagnet Ferromagnet Ferromagnet Paramagnet Ferromagnet

‘DV‘D

f\ 0.
Parallel Magnetization, 77 Antiparallel Magnetization, T\

9 ' (
High conductance Low conductance

Fert, Grunberg. Nobel Prize 2007
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Two terminal spin electronics (TMR)
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Spin valves
Magnetic Access Random Memory (MRAM) Current developments

Magnetoresistive effect Device applications
MR ratio ot AT

HOD head
e | [EEES =]
|u:—i?u |
GMReMect | N || | L_—_JLom
MR =5 - 20
1990
1995 .'.Ii.:'-‘Fj:(‘:.h-r'::l:
2000
Giant TMR effect
2005 MA = 200 - 500° Novel
dovices
10
.Er;u'v;i« omitter | Source: Seagate
elc
Toggle RAM (commercialized) Spin Transfer Torque RAM (under development)
i — i
. =N
-y = =
MAGNETIC WIT LINE

Source: Everspin
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Spin valves

Magnetic Access Random Memory (MRAM) Current developments

i - .
¢~ Dspintec  Thermally Assisted Switching (TAS) MRAM £E

ilore *Use temperature-dependence of switching field

\; : » Write at elevated temperature
t:n\ ; » Store / read at room temperature

coercivity

) Same basic concept as in Heat Assisted
IERIRRES write Magnetic Recording.
—— et *Here heating produced by Joule dissipation
temperature ~200°C around tunnel barrier.

< Use exchange biased storage bilayer
to “lock” the stored data:

e ——r
> high stability = = - AF
— 3 decoupled
< Locally heat the magnetic cell Haie R - TR ~ Bz

above its “blocking temperature”
to “unlock” the storage layer :
- selectivity T T
reduced write power

- Bernard Dieny (SPINTEC/CROCUS) -

European School on Magnetism 2013, Cargese, Corsica Spin Currents and Spin Caloritronics

J. Shi, K. Pettit, et al. Phys. Rev. B (1996) a) @ b) 0) _@D

McCann, E. & Fal'ko, Appl. Phys. Lett. (2002).

thermoelectric power and thermal ac | o I

conductivity on granular and multilayer n n

= L L
Laser | AC AC

LY I ~——

(T

Y]

L. Gravier, S. Serrano-Guisan, et al., Phys. Rev. B (2006)

Spin-dependent heat and charge transport :
perpendicular to the plane of magnetic Co/Cu —— R M
multilayers. Peltier effect. Magnetic Field [kG]
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Spin-dependent Peltier effect

-60 0 60
Magnetic field (mT) Magnetic field (mT)

Flipse et al. Nature Nanotechnol. (2012)
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Magneto Seebeck effect tunnel junctions

Magneto Seebeck effect -8.8%

Seebeck voltage 0.45 pV, AS=-8.7 nV/IK
Sp - SAP . v - T

S = - T T T
MS mm(Sp, S‘r\p} g 58

o 5.64
d g’ ]
AAAAA % 5.4 1
y ” VT vT > 1

s (V) AP ¥ 52 WJ

P P7214 9 5.0 1

[} r
500 nm 2 | = —> ' 150

aser diode 1504 "

B=+/- 80 mT & A0 N : :: 100—=
= &,
= %
> 100 4 - 50 E

-0
Chopper 50 T T T T T T T
(frequency 0.8, 1.5 3 kHz) 40 -20 0 20 40

Junction array  Au bond pad Camera

Magnetic field [mT]
Walter et al. Nature Mater. (2011)
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Spin currents vs. charge currents

Charge
T _d (a7 - _ Moving charge, kinetic energy
=9 (ar _
Je = (q ) Je =0QV and dissipation
Spin
L = %(g? L =oV+or Spin currents are even under

time reversal
Electrons do not need to move

Spins in motion (independent electron)
Nonvolatile memory

T T T T T T T T T T Possibility to reduce dissipation
Spin dynamics (collective)

RRRRARRNY

J. Shi, et al., Phys. Rev. Lett. 96, 076604 (2006).
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Spin Seebeck effect

a Thermocouple Metal A

1 : p—— - - 2 r\_qggna_n;a-..cr\ \‘*\ 7
Metal B ol " 25\. /
> vT . —— . o
g

o T+AT
/
H
VT
.

b  Spin Seebeck effect

Metallic magnet ¥ -__L
T.

Saitoh et al. Nature (2008)

Original idea: two spin channels acting as the two distinct materials in a thermocouple. A
temperature gradient should result in a spin voltage proportional to the temperature difference
Which can be detected by inverse spin Hall effect in Pt

Reviews: Bauer, MacDonald, Maekawa, Solid State Commun. (2010); Bauer in Spin Current (Oxford University Press, 2012)
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Spin Seebeck effect

b c H|gP1/.-,\_L | d

H|gh [ I\\.IF.’./L o 4
. = High |
[\ R
S )] H

Metal B ;
2

o vr

I,
e rrrrTi

b  Spin Seebeck effect

Metallic magnet

o st Saitoh et al. Nature (2008)

Original idea: two spin channels acting as the two distinct materials in a thermocouple. A
temperature gradient should result in a spin voltage proportional to the temperature difference

Which can be detected by inverse spin Hall effect in Pt

Reviews: Bauer, MacDonald, Maekawa, Solid State Commun. (2010); Bauer in Spin Current (Oxford University Press, 2012)

European School on Magnetism 2013, Cargese, Corsica Spin Currents and Spin Caloritronics

Spin Seebeck effect

Basic mechanism

Spin Seebeck in insulators

d e - -
EisHE

T 4 ;
- & = =
agi] s 7, t.x
M
l S
y
LaYsFes042 '\],»X LaYsFes0q2 vT
Uchida et al. Nature Mater. (2010)
Magnon T # Electron-phonon T
b
|- M L Nm Spin pumping (SP) vs. Johnson-Nyquist noise
1 \ Pl
. -y e Vishe < Jg
—-
3o _asP J-N _ M e
= ‘]s—‘]s _Js _C(TF _TN)

Uchida et al. Nature Mater. (2010); Xiao et al. , Phys. Rev. B (2010); Bauer et al. Nature Mater. (2012)
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Spin Seebeck effect

Basic mechanism

Spin Seebeck in semiconductors

) ISHE signal F)

Hot

Ferromagnet
(YIG or GaMnAs)

Cold

Jaworski et al. Nature Mater. (2010); Sinova Nature Mater. (2010)
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Thermopile

Thermopower

2
\?-“‘ 1
0.4 B
| X " “H "
H >1 ¢t '- li-; | 105K ,
b ] 1| 'ﬂ;.,“ i z' Ir‘pl ".‘ i o LAl oMk bad ol et 4
io ﬁ?‘m)mﬂ}ﬂ\f 4 F‘l ll I[ ]\ " Iﬁ,k l 'H} i B A P w&;p‘lﬁk\llih: il
) "."_"’-I g f "- : ",
. W, N . 50K
B . 0.0 h,"r";a ‘WH' iy ‘_‘.J:__kl'\'_«_;’r., vmkm’t“'ﬂ't;h“\e\"'~
B . " i 1 " 1 1 i 1 i
P L -0.2 0.1 0.0 0.1 0.2
B (T)

SN = (V*- V) /AT
Signal only observed in the antiparallel configuration

Linear in B extrapolates to zeroat B =0
M.V. Costache, G. Bridoux, I. Neumann and SOV, Nature Mater. (2012)
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Thermopile

Thermopower modeling

S\”’ Ik I’m.\‘r};{Pﬂl_\ + I’ﬂl_\‘} |:|: r.’:\_\f{lt rl’l!_\ + r'ﬂ\_l')
e Experiment

Theory y P

< m.c: Probability magnon-electron interaction
= . : :
= Py + P Probability magnon interaction
2
2] Phonons: Ziman in Electrons and phonons (OUP, 1960)
. SMD( BT)= L Rl: i T.\I_,-., JI:}' ) ( Tm.x )
ne 6mD3? Tmx+ Tme

y = (gusBim/ksT) 1. = ne/a

F(y) Quenching function

Grannemann and Berger , Phys. Rev. B (1976)

For low T: rm.\,"ft Tm.x+ Tm.e) = |

0 - 1{50 . 2ﬁ0 . SGO J N = V /AT = NISMP(T . —B) — sMO(T
T (K) ! /AT [ (T,—B)—=SMY(T,+B)].
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Spin Seebeck effect

Basic mechanism

Magnons and phonons Acoustic spin pumping
15 = _I'|'I'|r'l| T I ] 7%
_ . a Conventional S5E configuration b ent SSE configuration
T EM Cross-section
g 1 50 g PM H oM
= =] FM
i n E,_ . \&muﬂ R
3 0 * = 25 J i ; Substrate
> R L
0
c d —
% o8l § PL z?- Eisie
= H <y Phonor
= qvl . honon
= a+bT | & .
@ ° BTT) Y
a+bT15 Al ! V- "f P
- | | e NiE AR .-
= 20} (c) .o 2 L L
= - e .
=10 m—itatas sennas s 8 5 . L3
= Py f 3 : Sapphire VT
= i"._\ 40 e-u 12-0 160
T(K) =
Jaworski et al., Phys. Rev. Lett (2011) Uchida et al. Nature Mater. (2011)
é 1.8 f:‘ ‘ Heater
2 { £ = Hot side - naside | Anomalous Nernst effect
o8 ok : i =3 Iu.:s;.\ 2 - [oaw
= 0 'Ij':T;'Kj 300 = = Heater
o phonon drag + magnon Huang et al., Phys. Rev. Lett (2011)
@ magnon i ; . T0.05 uv T0.0 v
TIK] 200 -100 0 100 200 200 -100 0 100 200
Adachi et al., Appl. Phys. Lett (2010) H (Oe) H (Oe)
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Spin caloritronics

Spin caloritronics: interaction between spin and heat transport

Spin-dependent conductivities: Cause spin-dependent thermoelectric effects 4 . &

Collective spin dynamics: Associated to new thermomagnetic phenomena

such as de spin Seebeck effect (strikingly in insulators) .-

Thermomagnetic effects: new means to control heat flow and harvest energy

Need to know: Electron-phonon, electron-magnon, phonon-magnon ... ’ L*Pl,

interactions. Independent determination of the time scales of these interactions i)

Look at: Resistivity effects, thermoelectric effects: e.g. magnetoresistance, . P

phonon- and magnon-drag ey
ﬁ““‘-vaﬂﬂ'

Be careful with: artifacts and mimicking effects, e.g. AMR, phonon drag... - //

&

W \ . .
Domain wall motion by o
i \"—" magnonic spin currents
\,_/\/\L —t IS
space coordinate 1
Cr— Heat engines and motors " )
Hinzke , Nowak, Phys. Rev. Lett. (2011) Bauer et al., Phys. Rev. B (2010)
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