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Introduction to spin current
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Introduction to quantum materials
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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)



New-types of spin current in quantum materials
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Materials lllustration of spin current
Metals,
Electron (hole) semiconductors,
(S =1/2) and topological

insulators, etc
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Spin current in Quantum materials
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Angular momentum:

Quasiparticles in SC

Spin Superfluidity

» Spin dynamics in FM/superconductors

» Spin superfluidity in canted AFM: Cr, 0O,



Spin current of quantum materials
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Angular momentum:

Quasiparticles in SC
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Spin susceptibility in s-SC

NMR measurement
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Precessing magnetization in
FM layer pump spin current
into NM layer

(Angular momentum

conservatoin)

Tserkovnyak, et al, PRB (2002)
Tserkovnyak, et al, Rev. Mod. Phys. (2005)
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Dynamic Spin susceptibility in s- wave SC
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Dynamic Spin susceptibility in s- wave SC
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Spin current as a probe

1) Interface SC gap at the FM/SC interface
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. Bell, et al, Phys. Rev. Lett. (2008)

non-Abelian Majorana
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Sau, et al, Phys. Rev. Lett. (2010)
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Spin current as a probe
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2) Spin dynamics in d-wave superconductor films
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Spin current of quantum materials
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Angular momentum:

Spin superfluidity
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Spin superfluidity:

Spin superfluidity:

Spin analogue of superconductivity



Spin superfluidity: Spin analogue of superconductivity

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



Spin superfluidity: Spin analogue of superconductivity

Charge superconductivity: Spin superfluidity:
Meissner effect (B) Meissner effect (E)
B B
AAAAAAAAA

T>TC
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T<TC

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



Spin superfluidity: Spin analogue of superconductivity

Charge superconductivity: Spin superfluidity:
Josephson effect Spin-Josephson effect
(a) Insulator (a)
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Spin superfluidity: Spin analogue of superconductivity

Analogs of superfluid currents for spins and electron-hole
pairs

E. B. Sonin

A. F. Ioffe Physico-technical Institute, USSR Academy of Sciences
(Submitted 20 October 1977)
Zh. Eksp. Teor. Fiz. 74, 2097-2111 (June 1978)

States analogous to those with superfluid currents in an ordinary superfluid can exist in a Bose-condensed
electron-hole liquid as well as an easy-plane antiferromagnet. For easy-plane antiferromagnets these states
are metastable helicoidal structures with an antiferromagnetic vector that rotates inside the easy plane.
These structures are investigated with the aid of the usual phenomenological theory based on the Landau-
Lifshitz equations to which some dissipative terms are added. The metastable helicoidal structures can be
produced by injecting spins into the antiferromagnet. This gives rise to magnetization far from the point of
injection, a manifestation of a real spin transport in these states. For a band antiferromagnet, the
stationary phenomenological equations are the Ginzburg-Landau equations, which are derived by using an
excitonic-state model with extrema that do not coincide in k-space.

PACS numbers: 75.10.—b
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Spin superfluidity: Spin analogue of superconductivity

Charge superconductivity: Spin superfluidity:

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

Magnon BEC
Charge: 0
Magnon: Spin-1

e, Wang, et al, Science (2011)

Sonin, JETP (1978)

Q. Sun and X. C. Xie, PRB (2011),

PRB (2012), Nature Comm. (2014)
25 Takei, et al, PRB (2014)



Material candidates

1) Spin superfluidity in FM graphene

e-h BEC v = 0 quantum state of graphene

Charge: 0
Spin pairs: (1/2 + 1/2)

0, (e?/h)
3

Proximity-induce FM graphene

FM insulator
FM1 FM2 FM3 FM4

(a)

graphene

A02em™)

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

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

2) Spin superfluidity in canted AFM

27

Magnon
Charge: 0
Magnon: Spin-1 boson

metal | \ antiferromagnet metal

0 \ L

spin accumulation [t

Takei, et al, PRB (2014)



Spin current as a probe for spin superfluidity
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Our experimental approach

Cr,0; AFM insulator
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Experimental signatures for spin superfluidity

Nonlocal spin transport

Spin current
detector (ISHE)

Thermal
spin injection

Field induced Canted AFM
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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
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Experimental signatures for spin superfluidity

Long distance spin transport
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Experimental signatures for spin superfluidity

Comparison with incoherent magnons

Ry, (V/A?)
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Experimental signatures for spin superfluidity

Critical current density
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Experimental signatures for spin superfluidity

Cr,0,

» Saturation of the nonlocal spin signal at LT
» Spacing dependence of the spin transport

» Critical current for spin superfluidity

» Edge scattering Wenyu Xing

W. Yuan, Q. Zhu, T. Su, Y. Yao, W. Xing, Y. Chen, Y. Ma, X. Lin, J. Shi*, R.
Shindou, X. C. Xie*, and We1 Han*, Science Advances, 4: eaat1098 (2018).



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

37



- Spin transport in Fe,0;

LETTER

https://doi.org/10.1038/s41586-018-0490-7

Tunable long-distance spin transport in a crystalline
antiferromagnetic iron oxide

R. Lebrun®*, A, Ross*®, S. A. Bender?, A. Qaiumzadeh?, L. Baldrati', J. Cramer"?, A. Brataas®, R. A. Duine®*> & M. Kliuil-> %+
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Spin transport in Fe,O,
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Spin transport in Fe,O,

Fe,0;
TN
Wenyu Xing Yang Ma
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Magnon transport in 2D MnPS;
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» Spin dynamics in FM/SC

DOS ||

» Signatures for Spin Superfluidity Ground State

m, i i """—. ] i 3

Cr,0; (Yes), Fe,O; and MnPS; (No)
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Outlook: Spin current as a probe of Quantum Materials

Materials

lllustration of spin current
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Jeon, et al, Nat. Mater. (2018) )

Hirobe, et al, Nat. Phys. (2016)
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Chen, et al, PRB (2013) )
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Kikkawa, et al, PRL (2016)
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Outlook: Spin current as a probe of Quantum Materials

Materials

lllustration of spin current
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