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Outline

* Introduction to spin pumping
* Inverse Spin Hall effect & spin-orbit coupling
* Deposition and characterization of Y;Fe,O,, (YIG) films

* [SHE measured in YIG/metal bilayers

» Spin Hall angle of 3d, 4d, 5d transition metals

> Spin-orbit coupling: the effect of Z and d-orbitals
* Spin transport in antiferromagnetic insulators
* Summary

THE OHIO STATE UNIVERSITY
cem U




=, U.S. DEPARTMENT OF

@ Spin Pumping

Turbo pump

G |
CQ m THE OHIO STATE UNIVERSITY



@ ENERGY
FMR spin pumping

Inverse Spin Hall Effect
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Y;FeO,,

YIG: exceptionally low damping

— large 6.,
— large angular momentum transfer
— large pure spin current

— large ISHE voltage

Y;tFe;t 0%, — highly stable

,Fe,Fe,0,, (8 fu.) — clean interface

octahedral Fe
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@ Deposition of YIG Epitaxial Thin Films: YENERGY

Off-axis UHV sputterlng
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A,BB’O, double perovskite
(Sr,FeMoO,)
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Lucy, et al. PRB 90, 180401(R) (2014)
Liu, et al. PRB 90, 104416 (2014)
Hauser, et al. PRB 89, 180402(R) (2014)
Lucy, et al. APL 103, 042414 (2013)

Du, et al. PRL 110, 147204 (2013)
Hauser, et al. APL 102, 032403 (2013)
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Hauser, et al. PRB 83, 014407 (2011)
Rutkowski, et al. JVSTA 28, 1240 (2010)
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A;B.0,, garnet
(Y;FesO5)

Du, et al. JAP 117, 172603 (2015)
Adur, et al. JAP 117, 172604 (2015)
Adur, et al. JAP 117, 17E108 (2015)
Du, et al. PRB 90, 214428 (2014)

Du, et al. PRB 90, 140407(R) (2014)
Adur, et al. PRL 113, 176601 (2014)
Wang, et al. PRL 113, 097201 (2014)
Wang, et al. APL 104, 202405 (2014)
Du, et al. PR Appl. 1, 044004 (2014)
Wang, et al. PRL 112, 197201 (2014)
Wolfe, et al. PRB 89, 180406(R) (2014)
Wang, et al. PRB 89, 134404 (2014)
Du, et al. PRL 111, 247201 (2013)
Wang, et al. PRB 88, 100406(R) (2013)
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X,YZ Heusler
(Co,FeSi)

Alfonsov, et al. PRB 91, 064421 (2015)
Peters, et al. APL 103, 162404 (2013)

* AB,O, spinels
(MgAl,0,)

e Skyrmion intermetalics
(FeGe)

* Binary oxides
(NiO)

e Simple metals
(Pt)
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Crystalline quality of YIG films

- | FWHM = 0.0072° viGGsommyGee | ¢ Phase pure
* Epitaxial
* High crystalline quality
* Sharp interface
* Smooth surface
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* Wang, et al. PRB 88, 100406(R) (2013)

* Du, etal. PRL 111, 247202 (2013)

* Wang, et al. PRL 112, 197201 (2014)
0 * Du, et al. PR Applied 1, 044004 (2014)

H (OC) * Wang, et al. PRL 113, 097202 (2014)
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FMR absorption of YIG films

Cavity FMR

YIG(30 nm)

2510 2520 2530 2540 2550
H (Oe)

Bruker EPR spectrometer

Very narrow FMR linewidth
— Low Gilbert damping

Hammel’s group — High spin pumping efficiency
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FMR spin pumping in YIG/Pt
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* Exceptionally large ISHE signals:
» mV as compared to uV reported previously

* Signals are from ISHE
» No spurious effects: YIG is an insulating FM

e Powerful platform for studying other materials
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Spin pumping in other YIG/metal bilayers
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Wang, et al. PRL 112, 197201 (2014)
11

Du, et al. PRB 90, 140407(R) (2014)



i

\r ‘Vﬂf\l“
L

Spin Hall angle & spin mixing conductance
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ISHE Oanrt SD (235 )g (17Tiff>

Mosendz, et al. PRB 82, 214403 (2010).

T

47TMS tYIG
g = =

JUup

AyiG/NM — ayiG)

To find Oy and g™, we need to determine Agp and «

* Wang, et al. PRL 112, 197201 (2014)
* Wang, et al. APL 104, 202405 (2014)
* Du, et al. PRB 90, 140407(R) (2014)
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Gilbert damping & spin diffusion length of Pt
drtaf V
AH = AH, + ISHE
° \/§]/ Rw
s0f < YIGPt Z 5
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Oy and g' in 3d, 4d, 5d Transition metals
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Structure

YIG/V
YIG/Cr
YIG/Mn
YIG/FeMn
YIG/Cu/Py
YIG/Cu/Ni

YIG/Cu
YIG/Ag
YIG/Ta
YIG/W
YIG/Pt
YIG/Au

g”(m'z) ASD (nm) HSH nd+_s
3.5x 1018 13.3 -3.6 x 10* 4
3.1 x 1018 14.9 -1.0 x 102 5
8.3 x 10Y/ 13.3 -5.1 x 102 6
4.5 x 1018 10.7 -1.9x 103 7
4.9 x 1018 3.8 -7.4 x10° 7.5
6.3 x 1018 1.7 2.0 x 102 9.6
2.0 x 1018 3.2 4.9 x 102 10
1.6 x 1018 500 3.2 x 103 11
5.2 x 10Y/ 700 6.8 x 103 11
5.4 x 1018 1.9 -6.9 x 102 5
4.5 x 1018 2.1 -1.4 x 101 6
6.9 x 1018 7.3 1.0x 101 10
2.7 x 1018 60 8.4 x 102 11
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Wang, et al. PRL 112, 197201 (2014)
Wang, et al. APL 104, 202405 (2014)
Du, et al. PRB 90, 140407(R) (2014)
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Spin Hall effect & spin-orbit coupling .
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* 0., changessignatn, ~7
» ny,..=7—n,=5:halffill
* Surprisingly large &, for 3d
metals
* Largest &, observed at:
6: Crr W
> n,.. =10: Ni, Pt

> nd+s =

15



U.S. DEPARTMENT OF

Sk
5 JENERGY
Spin-orbit coupling
D. D. Sarma, Proc. Indian Acad. Tanaka, et al. PRB 77, 165117 (2008).

Sci. (Chem. Sci.) 90, 19 (1981). e . S—
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spin-orbit coupling: Z vs. d

73 ou L 78 79 : : .
22 23 24 25 26 27 28 29 For spin-orbit coupling:
A LA BN B BRI B L B I

Pt :  Both Z* and d-count are
important

e 7%and d-count are additive,
not multiplicative

Asoc € aZ* + f(n)
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@ Antiferromagnetic Insulator: NiO

* Rock-salt crystal structure
* AF with T, =525K
* AF resonance: 1 THz, 140 GHz

¥ & Ni s O
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W Spln Current in Pt/NiO(t)/YIG Trllayers ENERGY
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Wang, et al. PRL 113, 097202 (2014). over 100-nm NiO Du, et al. PRL 111, 247202 (2013).
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Spm Current in NiO: Control Experiments
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Wang, et al. PRL 113, 097202 (2014)
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Spin Current in NiO: Control Experiments
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Wang, et al. PRL 113, 097202 (2014) 22
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Spin Current in NiO: Control Experiments
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Spin Current in NiO: Control Experiments
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Summary
* High quality YIG epitaxial films & large
spin pumping signals

e Determination of spin Hall angle in
3d, 4d, 5d transition metals

* Robust spin transport in AF insulators

73 74 Z 78 79
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v’ critical role of d-orbitals in SOC v" Enhancement of spin current
v' 7% and d-count are additive v Long spin propagation distance
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