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Outline

I. Introduction to Spin current and Quantum materials

II. Spin current as a probe of quantum materials

III. Summary and outlook

 Spin dynamics in FM/superconductors

 Spin superfluidity in canted AFM: 

Cr2O3 (Yes), Fe2O3 and MnPS3 (No)
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Introduction to spin current
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Introduction to spin current

Spin-electronics: Spin angular momentum 
carried by electrons

Electron

Spin

The Birth of Spintronics

GMR
Magnetic structure
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Introduction to quantum materials

Quantum properties stem from a complex interplay 

between factors such as reduced dimensionality, quantum 

confinement, quantum fluctuations, topology of 

wavefunctions, etc.

Quantum materials:

Keimer, B. & Moore, J. E. Nat. Phys. (2017)
Basov, D. N., Averitt, R. D. & Hsieh, D. Nat. Mater. (2017)
Tokura, Y., Kawasaki, M. & Nagaosa, N. Nat. Phys. (2017) 

Quantum Materials
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New-types of spin current in quantum materials
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Spin current in Quantum materials

Angular momentum:

Quasiparticles in SC Spin Superfluidity

 Spin dynamics in FM/superconductors

 Spin superfluidity in canted AFM: Cr2O3
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Spin current of quantum materials

Angular momentum:

Quasiparticles in SC
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Spin susceptibility in s-SC

NMR measurement

Masuda & Redfield, Phys. Rev. (1962)
Tinkham, Introduction to superconductivity
Curro, et al, Nature (2005)
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Spin susceptibility in s-SC

FM films

SC films
NMR  Ferromagnetic FMR in FM/SC
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Introduction of spin pumping
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Recent development of spin pumping theory

Dynamic Spin 
Susceptibility

Ohnuma, et al, Phys. Rev. B (2014)
Inoue, et al, Phys. Rev. B (2017)

Enhanced 
Gilbert Damping
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Dynamic Spin susceptibility in s- wave SC

NbN/GdN/NbN trilayer

NbN:

Spin diffusion 
length: ~ 7 nm

Coherence 
length: ~ 5 nm

Samples from MIT (Yota Takamura, Prof. J. Moodera) 
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Inoue, et al, Phys. Rev. B (2017)

NbN/GdN/NbN trilayer

Y. Yao, et al, Phys. Rev. B 97, 224414 (2018)

Dynamic Spin susceptibility in s- wave SC

Yunyan Yao
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Spin current as a probe

non-Abelian Majorana
fermions using (px + ipy)

1) Interface SC gap at the FM/SC interface
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Skalski, et al, Phys. Rev. (1964)
Similar to previous results:
Bell, et al, Phys. Rev. Lett. (2008)

Sau, et al, Phys. Rev. Lett. (2010)
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Spin current as a probe

2) Spin dynamics in d-wave superconductor films 

Y. Yao, et al, preliminary data.
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Spin current of quantum materials

Angular momentum:

Spin superfluidity



Spin superfluidity: 

Spin superfluidity: 

Spin analogue of superconductivity
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Spin superfluidity: Spin analogue of superconductivity

Charge superconductivity:    
Zero resistance

Spin superfluidity:
Zero spin resistance
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Sonin, JETP (1978)
Q. Sun and X. C. Xie, PRB (2011), 
PRB (2012), Nature Comm. (2014)
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Charge superconductivity:    
Meissner effect (B)

Spin superfluidity:
Meissner effect (E)

Q. Sun and X. C. Xie, PRB (2011), 
PRB (2012), Nature Comm. (2014)

Spin superfluidity: Spin analogue of superconductivity
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Charge superconductivity:    
Josephson effect

Spin superfluidity:
Spin-Josephson effect

Spin superfluidity: Spin analogue of superconductivity

Sun and Xie, PRB (2011), PRB (2012)
Liu, et al, PRB (2014)
Chen, Kent, MacDonald, PRB (2014).
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Spin superfluidity: Spin analogue of superconductivity
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Charge superconductivity:    Spin superfluidity:

ie, Wang, et al, Science (2011)

e-h BEC
Charge: 0
Spin pairs: (1/2 + 1/2)

Magnon BEC
Charge: 0
Magnon: Spin-1  

Spin superfluidity: Spin analogue of superconductivity

Sonin, JETP (1978)
Q. Sun and X. C. Xie, PRB (2011), 
PRB (2012), Nature Comm. (2014)
Takei, et al, PRB (2014)
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Material candidates

1) Spin superfluidity in FM graphene 

e-h BEC
Charge: 0
Spin pairs: (1/2 + 1/2)

Q. Sun and X. C. Xie, PRB (2013)
Takei, et al, PRL (2016)Q. Sun and X. C. Xie, PRB (2011)

v = 0 quantum state of graphene

Novoselov et al., Nature (2005)
Zhang et al., Nature (2005)

Proximity-induce FM graphene
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Material candidates

2) Spin superfluidity in canted AFM

Magnon 
Charge: 0
Magnon: Spin-1 boson

Takei, et al, PRB (2014)
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Spin current as a probe for spin superfluidity

Takei, et al, PRL (2015)
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Our experimental approach
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Pulsed Laser deposition
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Experimental signatures for spin superfluidity

Pt Pt

Cr2O3
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Nonlocal technique previously used to study 
Magnon diffusion in ferromagnetic insulator YIG:
Cornelissen, et al, Nat. Phys. (2015)
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Experimental signatures for spin superfluidity

Saturation of the nonlocal spin signal 

Saturation of the nonlocal spin signal (spin conductance )

 Spin superfluidity in canted AFM
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Experimental signatures for spin superfluidity

Slow decay:

Lα related to the 
damping of AFM

Sonin, Advances in physics (2010)
Takei, et al, PRB (2014)

���~
��

� + ��

Long distance spin transport
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Experimental signatures for spin superfluidity

Fast decay (magnon diffusion):  Slow decay:

Lα related to the 
damping of AFM

Similar to incoherent magnons in YIG:
Cornelissen, et al, Nat. Phys. (2015)

���~
exp(� �⁄ )

1 − exp(2 � �⁄ )
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Comparison with incoherent magnons
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Experimental signatures for spin superfluidity

Critical current density

A critical spin current (IS) density is needs to 
overcome AFM pinning (anisotropy)  
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 Saturation of the nonlocal spin signal at LT

 Spacing dependence of the spin transport

 Critical current for spin superfluidity

Experimental signatures for spin superfluidity

Pt Pt

Cr2O3

W. Yuan, Q. Zhu, T. Su, Y. Yao, W. Xing, Y. Chen, Y. Ma, X. Lin, J. Shi*, R.
Shindou, X. C. Xie*, and Wei Han*, Science Advances, 4: eaat1098 (2018).

Wei Yuan Tang Su

 Edge scattering Wenyu Xing
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Spin superfluidity in canted AFM

Question: Does spin superfluidity 
exist in all canted AFM?
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Spin superfluidity in canted AFM

Question: Does spin superfluidity 
exist in all canted AFM?

No
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Spin transport in Fe2O3

Fe2O3

Incoherent magnon 
Klaui Group @Mainz, et al, Nature (2018)
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Spin transport in Fe2O3

(11-20) Fe2O3 (50 nm) on Al2O3
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Spin transport in Fe2O3

Fe2O3
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Magnon transport in 2D MnPS3

MnPS3

W. Xing, L. Qiu, X. Wang, Y. Yao, Y. Ma, R. Cai, S. Jia, 
X. C. Xie, and Wei Han*, Physical Review X 9, 011026 (2019)
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Outline

I. Introduction to spin current and quantum materials

II. Spin current as a probe for quantum materials

III.Summary and outlook

 Spin dynamics in FM/superconductors

 Spin superfluidity in canted AFM: 

Cr2O3 (Yes), Fe2O3 and MnPS3 (No)
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Spin current: a novel probe for Quantum Materials

Pt Pt

Cr2O3

 Spin dynamics in FM/SC

 Signatures for Spin Superfluidity Ground State

Cr2O3 (Yes), Fe2O3 and MnPS3 (No)
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Outlook: Spin current as a probe of Quantum Materials

Jeon, et al, Nat. Mater. (2018) 

Kikkawa, et al, PRL (2016)
Bai, et al, PRL (2015)

Hirobe, et al, Nat. Phys. (2016)
Chen, et al, PRB (2013)



Outlook: Spin current as a probe of Quantum Materials

W Han*, S. Maekawa, and X. C. Xie, Nature Materials (2019)
https://doi.org/10.1038/s41563-019-0456-7
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