Spin Currents in Antiferromagnets
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Why Antiferromagnets?

= Can be efficient spin current conductors

e Wangetal., Phys. Rev. Lett. 113, 097202 (2014)
e Hahn et al., Europhys. Lett. 108, 57005 (2014)

= Can be efficient sources for spin currents

— Metallic: Spin Hall Effect

e Zhanget al., Phys Rev. Lett. 113, 196602 (2014)
— Insulating Spin Seebeck Effect

e Wuetal., Phys. Rev. Lett. 116, 097204 (2016)

= Antiferromagnetic magnetization
can be switched electrically

e Wadleyetal.,
Science, 351, 587 (2016)

= Potential advantages
— No stray field; minimize cross coupling
— Small response to external magnetic fields
— Fast dynamics in THz-range
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Spin-Torque Ferromagnetic Resonance

= Excitation of spin dynamics by Oersted field and SHE torques.

" Mixing of anisotropic magnetoresistance (AMR) in Py with microwaves lead
to dc rectification.

" Lineshape analysis can quantify spin Hall angle.

L. Liu et al., Phys. Rev. Lett. 106, 036601 (2011)
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Spin-Torque Ferromagnetic Resonance

Landau-Lifshitz—Gilbert equation (LLG)

Ustr 101
5-
S
= o
>'C
5
0 1(I)0 260 360 4(I)0 5(I)0
H (Oe)

L. Liu et al., Phys. Rev. Lett. 106, 036601 (2011)



Ferromagnetic Resonance Driven by Spin Hall
Spin Transfer Torques

FeMn (10 nm) / Cu (1 nm) / NiggFe,q (5 nm)

o  Sufficiently large spin Hall effect even for FeMn to drive magnetization dynamics

W. Zhang et al., Phys. Rev. B 92, 144405 (2015)
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Quantifying Spin Hall Angles
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W. Zhang et al., Phys. Rev. B 92, 144405 (2015)
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ST-FMR Lineshape and Spin Hall Angle

spin Hall angle
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Comparison to Ab-Initio Theory
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W. Zhang et al, Phys. Rev. Lett. 113, 196602 (2014)
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Spin Hall Effect and Anisotropy
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Epitaxial Growth

Cheng et al, JAP (01’)
Krishnan et al, J. Mater. Sci. (06’)

Low-T growth 120°C + anneal 250°C—> a
High-T growth 550°C - ¢
Very different exchange bias effects:

Zhang&Krishnan, PRB (11°)(12°)(13') W. Zhang et al., Phys. Rev. B 92, 144405 (2015)



Spin Transfer Torque - Ferromagnetic Resonance

PtMn

W. Zhang et al.,
Phys. Rev. B 92, 144405 (2015)
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Comparison to Ab-Initio Calculations
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How About Magnons in Metallic Antiferromagnets?

DC current leads

W:4 nm
FeMn: 0-12 nm
Py:12 nm

RF current leads Spin Hall angles
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Spin Seebeck Effect

Generate spin current from the spin Seebeck effect while detecting using the ISHE

Ferrimagnetic insulator High SOl metal
Y;Fes04, (YIG), (Mn,Zn)Fe,0,, Fe;0,... Pt, Ta, W...

J. P. Heremans and S. R. Boona, Physics 7, 71 (2014)

Not just limited to Ferro- or Ferrimagnets!
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Spin Seebeck in Antiferromagnetic Insulators

Antiferromagnetic insulator: MnF,
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MBE grown thin film MnF, (110)(30 nm) on MgF, (110)
4 nm Pt deposited ex-situ

S. M. Wu, et al., Phys. Rev. Lett. 116, 097204 (2016)



Spin Seebeck in Antiferromagnetic Insulators

Spin flop transition exists at high magnetic fields
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Antiferromagnetic SSE in MnF, along Spin Flop Axis
H H C 0.16 MW, 3 Hz

S. M. Wu, et al., Phys. Rev. Lett. 116, 097204 (2016)



MnF, Phase Diagram
H||c

S. M. Wu, et al., Phys. Rev. Lett. 116, 097204 (2016)
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Theoretical Model based Magnon Dispersion

S. M. Rezende, et al., ]
Phys. Rev. B 93, 014425 (2016) Theory Experiment
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Magnitude comparison

YIG/Pt MnF,/Pt

37.3 MW, 0.16 MW,

~25x more signal for the same power



Magnetic Films Group
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Conclusions

B Metallic Antiferromagnets
— Have sizeable spin Hall effects

— Spin Hall effect sufficiently large to

drive ferromagnetic resonance
— Crystalline orientation matters
M Insulating Antiferromagnets

— Observed large spin Seebeck signals
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