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Outline

charge and spin currents

spin Hall effect(s)

SMR = Spin Hall Magnetoresistance
... a spin current-based magnetoresistance
@ magnetic insulator / metal interfaces

MMR = Magnon-mediated MagnetoResistance
... electrical measurement of magnon diffusion length



From charge to spin currents

metallic conductor




From charge to spin currents

metallic conductor (including spin)
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Mott's two spin current model:
charge currents from electrons with different spin are independent and simply add:

jor = o1E
o E

- jc=Ja tjc = (oy+0)E =0E

Jc

R. C. O’Handley, Modern Magnetic Materials
(John Wiley, New York, 2000).



From charge to spin currents
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.. charge AND spin transport !?

charge transport:
jc =Jct tjc = (o1 + 0 )E = 0E

(in ,normal® metal: jo; = j¢!)

spin transport:

+h/2 —h/z

=0

Js =
spin current
(for jor=lic =1jc/2)




Pure spin currents
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interesting: pure spin current

+zzz it — -—h/z _ 2h/z ot % 0

(ic — icT_ic — O!)
.. but how can one make electrons

move in opposite directions
depending on their spin orientation?

spin transport:

+h/2 —h/z

=0

Js =
spin current
(for jor=lic =1jc/2)



Spin Hall effect

— electrically driven, transverse, pure spin currents

D’yakonov & Perel’, JETP Lett. 13, 467 (1971).
Hirsch, PRL 83, 1834 (1999).



The spin Hall effect (an experimental physicist's view)

charge scattering
==221 ‘ usually is ,symmetric”
"N (no particular direction preferred)

scattering center

Consider spin-dependent, asymmetric scattering (,up—left, down—right®):

e spin Hall effect (SHE):
1 BRI ‘ Js transverse pure spin current

Inoue & Ohno, Science 309, 2004 (2005).



Spin-Skew Scattering

nucleus

electron

©Axel Hoffmann, Argonne National Laboratory



The spin Hall effect (SHE) : spin — charge current conversion

direct spin Hall effect (SHE)

charge current s spin current

L= s i['lc X S]

JS
2e

Spin Hall effect
spin-orbit coupling: interaction between spin and charge motion

spin Hall angle ogye parameterizes charge current <> spin current
conversion efficiency



The spin Hall effect (SHE) : spin — charge current conversion

direct spin Hall effect (SHE) inverse spin Hall effect (ISHE)

charge current s spin current spin current m—) charge current

h 2
JSHE = gy Z[JC X S] chSHE = gy ?e['ls X S]

take away: SHE enables “simple” spin current generation & detection

—4 ]
GaAs sue ~ 107 Platinum asyg ~ 0.01 ...0.2
Aluminum ASHE ~ 10
Gold agyg ~ 1073 Hoffmann, IEEE-TM 49, 5172 (2013).
Bi/Ag, Ta, WO,  asyg ~ 0.1 ...0.3 Sinova et al., RMP 87, 1213 (2015).



Direct spin Hall effect in GaAs

Kato et al., Science 306, 1910 (2004). Kerr microscopy

(,Spin imaging®)

h
Js =0 Z[‘lc X S]

GaAs -4
O =2%10
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ISHE in Metallic F/N Nanostructures

Valenzuela & Tinkham, Nature 442, 176 (2006).
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detection of diffusive spin current
via inverse spin Hall effect

Saitoh et al., APL 88, 182509 (2006).

Mosendz et al., Phys. Rev. Lett. 104, 046601 (2010).

Liu et al., Science 336, 555 (2012).

Niimi et al., Phys. Rev. Lett. 109, 156602 (2012).
...and many more ...

— review: Hoffmann, IEEE-TM 49, 5172 (2013).
Sinova et al., RMP 87, 1213 (2015).

JICSHE = OsyE Zh—e [Js X S]

ARSHE OC Uy exp(— LSH /ﬁ“SF)

Tsre ~ 1 %107

Aluminium: aSHE —

Oc

Gold :
Platinum :
Bi, Bi/Ag, Ta :

0g2=0.0016

0.ge=0.013 ... 0.11 (0.16)
0ge=0.1 ... 0.3
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spin Hall effect

Nota bene:
spin currents have a direction of propagation j
AND a spin orientation s




spin Hall effect

Nota bene:
spin currents have a direction of propagation j
AND a spin orientation s




wrap-up: pure charge current

je finite

Js Zero

ISHE\

Js = Je

pure spin current

Jc Zero

Js finite

/SHE:

jC_)jS
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Outline

pure spin currents
spin Hall effect

ng ~ 1019m—2
asygpt = 0.1

Hoffmann, IEEE-TM 49, 5172 (2013). ASD,pt = 1.5nm
Sinova et al., RMP 87, 1213 (2015).

SMR = Spin Hall Magnetoresistance
... a spin current-based magnetoresistance
@ magnetic insulator / metal interfaces

MMR = Magnon-mediated MagnetoResistance
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spin current circuits
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charge-tronic circuit spin-tronic circuit

? spin current
f detector

spin current
R conductor

I
J-_ V spin battery
_-I-_ (spin current
source)
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le metallic nanostructure

G. Mihajlovic et al., PRL 103,166601 (2009).
F. Czeschka, PhD Thesis, TUM (2011).
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le metallic nanostructure

_ G. Mihajlovic et al., PRL 103,166601 (2009).
Issues: F. Czeschka, PhD Thesis, TUM (2011).

- current spreading (spurious signals)
- large asyg <> small spin diffusion length

— heterostructures !!
aSHE’pt = 0.1 <> ASD,Pt = 15nm
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_SHE & ISHE in a Single Metallic Nanostructure

current spreading SHE & ISHE

G. Mihajlovic et al., PRL 103,166601 (2009). F. Czeschka, PhD Thesis, TUM (2011).
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Spin current circuits

ForN
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Spin current circuits

ferromagnet N
(out of equilibrium)

gl
]S —_ AE
21T
Tse.rkovnyak et al., PRL 88, 117601 (2002).

Weiler et al., PRL 111, 176601 (2013).

thermal excitation: resonant excitation:

spin Seebeck effect spin pumping
24



Spin current circuits
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Spin current circuits
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Spin current circuits
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metal
e.g., Platinum

(a few nm thick)

magnetic

insulator
e.g., YsFe;0,, (YIG)

(a few nm to some microns)



drive DC current J,

measure
voltage

metal
e.g., Platinum

maghnetic

insulator
e.g., Y;Fe;0,, (YIG)
(a few nm to some microns)

measure resistance R of the metal ... as a function of the applied magnetic field B
(via current-bias, 4-point voltage measurements)
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spin Hall magnetoresistance

(a spin current MR @ FMI / N interfaces)

Nakayama et al., PRL 110, 206601 (2013).
Chen et al., PRB 87, 144411 (2013).

Hahn et al., PRB 87, 174417 (2013).
Vlietstra et al., PRB 87, 184421 (2013).
Althammer et al., PRB 87, 224401 (2013).
Meyer et al., APL 104, 242411 (2014).
Lotze et al., PRB 90, 174419 (2014).

review: Chen et al., J. Phys.: Condens. Matter 28, 103004 (2016).
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Y1G/Pt bilayer sample

Pt

YIG M

GGG

Platinum
here: ~10nm

YIG = Y,Fe0,,

electrically insulating ferrimagnet
(,magnetic insulator*)
with net magnetization M

here: 3um thick YIG film

grown onto 500um of GGG = Gd;Gaz0,,
via liquid phase epitaxy (LPE)
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YIG

SMR mechanism

Pt
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YIG

SMR mechanism

Pt J®

Jo = aE [ xs]
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YIG

SMR mechanism

Pt

e e e

1®

—--> —0> —0> S

Jo = aE [ xs]
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SMR mechanism

—
h
— ~SHE
Pt ‘Jc®l~ls ]s—a Z_B[ICXS]
—_ S electron spin accumulation in Pt with spin S

YIG M
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YIG

G
h
— ~SHE
Pt Jc® ‘Js ]s—a Z_Q[ICXS]
—> S electron spin accumulation in Pt with spin S

if TgtT X M X (M X S) is finite
= outflow of J, into YIG

enhanced dissipation in Pt
= larger Pt resistance

37



SMR mechanism

YIG

h

Pt J® ‘Js

C
—_— S

J ® ‘Js I‘Js back
c

if TgtT X M X (M X S) is finite
= outflow of J, into YIG

enhanced dissipation in Pt
= larger Pt resistance

Torr X M X (M Xs)=0
— open boundary conditions for Jg

reduced dissipation

— smaller Pt resistance
38



SMR mechanism

< <
Pt Jc® ‘Js ‘Jc® ‘Js I‘Js back

Jsvic
YIG N _M>

Spin Hall MR (SMR): R smallest for M||s , larger otherwise

R =RO—R1(m°S)2
= Ry — Ry cos?(a)

PRL 110, 206601 (2013) 39



SMR fingerprint

Spin Hall MR (SMR): R smallest for M||s (viz. H||t) , larger otherwise

Hllj  HI|t Hlln  HJt Hlin  H|j
Mls Mls Mls Mls Mls Mls Mls
Mi|s M||s

SMR amplitude in YIG/Pt: == < 2 x 1073, ideally = < (afl® >~ 001

Althammer et al., PRB 87, 224401 (2013).



SMR in YIG/NM/Pt hybrids

300K, 1T
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Extraction of spin Hall angle from SMR

YIG/Pt @ WMI YIG/Pt @ IMR

5 J ! | ! | | |
1.6x10°F 7\’Pt=1'5 nm _- 2.0X10-4' th=2'5 nm .
3 - —
&£ 1.2x10°¢ 0g o011 1 o ag, =003 |
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YIG/Pt @ Huang et al., PRL, 109, 107204 (2012) , :
B e e e o S Spin Hall magneto-resistance:
.UX B n . .
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2.0x10 i Hall transport parameters
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Pt thickness dependence - spin Hall angle and spin diffusion length in Pt 49



(open) issues ...

e

Pt

Pt

YIG




Ageel et al., arXiv 1607:056301



SMR Outlook - Magnetic Garnets

YIG = Y,Fe.0,,

is the prototype magnetlc garnet

Q¥
B2

HoH, (T)

1500

1000

500

B spin
— canted flop TT =

ferri

T¢=+

0 200

400
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SMR Outlook - Magnetic Garnets

YIG = Y,Fe.O,, 1500

is the prototype magnetic garnet

RelG = Re;Fe;0,,

with canted phase

Re = Gd, Er, Dy, ...

200 | 400
Temperature (K)

600



SMR in compensated garnet/Pt hybrids

2 sublattice mean field model :

f
canted S

\ . o ferri

111 T#v

w/ B. A. Piot, Laboratoire National des Champs Magnetiques Intenses, Grenoble



SMR in compensated garnet/Pt hybrids

SMR of Fe SL in GdIG calculated via
atomistic spin simulations:

Ganzhorn et al., PRB 94, 094401 (2016).



Conclusions

pure spin currents
spin Hall effect(s)

Hoffmann, IEEE-TM 49, 5172 (2013).
Sinova et al., RMP 87, 1213 (2015).

SMR = Spin Hall Magnetoresistance
... a spin current-based magnetoresistance
@ magnetic insulator / metal interfaces

Nakayama et al., PRL 110, 206601 (2013).
Chen et al., PRB 87, 144411 (2013).

Hahn et al., PRB 87, 174417 (2013).
Vlietstra et al., PRB 87, 184421 (2013).
Althammer et al., PRB 87, 224401 (2013).
Meyer et al., APL 104, 242411 (2014).
Lotze et al., PRB 90, 174419 (2014).

review: Chen et al., J. Phys.: Condens. Matter 28, 103004 (2016).

Ganzhorn et al., PRB 94, 094401 (2016).
Aqgeel et al., PRB 92, 224410 (2015) & arXiv 1607:056301

MMR = Magnon-mediated MagnetoResistance
... electrical measurement of magnon diffusion length
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Magnon-Mediated
Magnetoresistance (MMR)

a non-local, magnon-based MR
@ FMI / N interfaces

Zhang & Zhang, PRB 86, 214424 (2012).

Cornelissen et al., Nature Phys. 11, 1022 (2015).

Goennenwein et al., APL 107, 172405 (2015).
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SHE spin current in YIG/Pt revisited

h

Pt J® Js

C
—p § | electron spin accumulation in Pt with spin S
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YIG

SHE spin current in YIG/Pt revisited

Pt

-—
1 |
—> S

electron spin accumulation in Pt with spin S
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SHE-induced magnon accumulation

h

Pt Jc® Js

—p § | electron spin accumulation in Pt with spin S

WA ANE VA
NN\ ANA AN\ magnon spin accumulation

YIG NN\
e
e
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SHE-induced magn

YIG

ulation

Pt
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MMR: a non-local, magnon-driven analogon of the SMR

Pt

h

1&Q |

—_— S

h

J

w

q

®‘Jc,nl

Pt

YIG ANA

WA A
MA A AN
W

VA
e

WA
e

MMR = magnon-mediated magnetoresistance

Zhang & Zhang, PRB 86, 214424 (2012).
Cornelissen et al., Nature Phys. 11, 1022 (2015).
Goennenwein et al., APL 107, 172405 (2015).
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MMR: a non-local, magnon-driven analogon of the SMR

— —
Pt JC® Js Js ®Jc,m Pt
—_— S —

WA

'\/\/‘ﬁ

WA A
MA A AN
W

YIG NN\
A
A

MMR = magnon-mediated magnetoresistance

Zhang & Zhang, PRB 86, 214424 (2012).
Cornelissen et al., Nature Phys. 11, 1022 (2015).
Goennenwein et al., APL 107, 172405 (2015).
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MMR: a non-local, magnon-driven analogon of the SMR

Pt

h

1&Q |

—_— S

—
TJS ®‘Jc,nl

q

Pt

YIG

WA

MMR = magnon-mediated magnetoresistance

Zhang & Zhang, PRB 86, 214424 (2012).
Cornelissen et al., Nature Phys. 11, 1022 (2015).
Goennenwein et al., APL 107, 172405 (2015).
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MMR: a non-local, magnon-driven analogon of the SMR

—
J
Pt Jc® s Pt
—_— S

YIG

MMR = magnon-mediated magnetoresistance

Zhang & Zhang, PRB 86, 214424 (2012).
Cornelissen et al., Nature Phys. 11, 1022 (2015).
Goennenwein et al., APL 107, 172405 (2015).

58



Y1G/Pt nanostructures
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SMR vs. MMR

Mls

Mi|s
H||t HoH = 2T
T = 250K

w=d=1um
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SMR vs. MMR

=y \/  large (<0!) for
M||s (viz. M||t)

T V,, vanishes for
for M_Ls (viz. M_Lt)

Mls

Mi|s
H||t HoH = 2T
T = 250K

w=d=1um

270 -180 -90 0 90 -180 -90 0 90 -180 -90 0 90
o (deg) B (deg) v (deg)



Gap dependence

W da

N
™~ N 7

magnon propagation over um distances

Cornelissen et al., Nature Phys. 11, 1022 (2015). -



Incoherent Superposition of Magnons

Ganzhorn et al., Appl. Phys. Lett. 109, 022405 (2016) 63



Magnon Majority Gate

(c 121510 W Ll Vo §
ooofll - - -9
001.—-+-_AND
o1 o - - -
011.—++-‘
100l + - - 1R
1o0: 8 + - - ;. =
110 + + - IR e
111 + + + B

GHz frequencies,
straightforward downscaling

Ganzhorn et al., Appl. Phys. Lett. 109, 022405 (2016) 64
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