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Take home message
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3d Topological insulator materials
• Bi1‐xSbx
• Bi2Se3, Bi2Te3
• Bi‐Sb‐Te‐Se (BSTS)



Spintronics phenomena on TI surface  

A.R.Mellnik, et al. Nature 511, 449‐451 (2014)

Shiomi, et al. Phys. Rev. Lett. 113, 196601 (2004)
C.H.Li, et al. Nature Nano. 9, 218‐224 (2014)
Y. Fan, et al. Nature Materials 13, 699 (2014)
Kondo et al. Nature Phys. 3833 (2016)
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Dumping enhancement
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ẑ S

Dumping enhancement

+
+

+
+

_
_

_
_

Topological insulator

_
_
_
_



• Surface electrons

• Local spins

a  J
evF
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The enhanced dumping factor

3108.7~ 

dS
dt

H eff S (0 )S dS
dt

Dumping enhancement
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Microscopic theory of spin torque
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N. Okuma, KN
arXiv:1610.05236
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The enhanced dumping factor

Electrically induced spin current

Part I
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• Magnetization dynamics in Weyl semimetals
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What is Weyl a semimetal?

3-dimensional analogue of “graphene”

H2D =  pxx + pyy

H3D =  pxx + pyy + pzz

2D (Graphene)

3D (Weyl semimetal)

Murakami (2007)
Wan et al. (2011)
Burkov&Balents (2012)
Halasz&Balents (2012)
….

E(p)  vF px
2 py

2 pz
2

E(p)  vF px
2 py

2
Wallace (1947)



What is Weyl a semimetal?

H2D =  pxx + pyy

2D (Graphene)

H3D =  pxx + pyy + pzz

3D (Weyl semimetal)

i : pseudo-spin

sublattice degrees of freedom

i : real-spin

magnetic degrees of freedom

Differences

(Weak SOC)

(Strong SOC)



Theory and Experiment

Wan et al. (2011)
Murakami (2007)
Burkov, Balents (2012)

H3D =  pxx + pyy + pzz

3D (Weyl semimetal) i : real-spin

magnetic degrees of freedom

(Strong SOC)

Huang et al. (2015)
Xu et al. (2015)
Souma et al. (2016)
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• Weyl theory• Dirac theory
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i: 2x2 Pauli matrices
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i: 4x4 Dirac matrices

Relativistic quantum mechanics
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m0=0 (massless)  massless 

Dirac-Weyl semimetals

H  px1py 2 pz 3H  px1py2 pz3 m04

• Weyl semimetal• Dirac semimetal

i: 2x2 Pauli matricesi: 4x4 Dirac matrices

degenerate non-degenerate



degenerate non-degenerate

symmetry breaking

pz
py

Dirac-Weyl semimetals

• Weyl semimetal• Dirac semimetal



Two types of Weyl semimetals

• Weyl semimetal with broken space‐inversion symmetry

Non‐magnetic M=0

Ferromagnetic M ≠ 0

• Weyl semimetal with broken time‐reversal symmetry

‐Materials: TaAs , NbAs, NbP, TaP, ..

‐Only theoretical proposals so far



From TI to Weyl SM

Ferromagnetic M ≠ 0

• Weyl semimetal with broken time‐reversal symmetry

‐Only theoretical proposals so far

M ≠ 0

Magnetic Weyl semimetalTopological insulator

magnetic doping
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degenerate non-degenerate

Burkov, Balents 2011

magnetic doping

• Weyl semimetals• Dirac semimetals
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From TI to Weyl SM
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Science 339, 1582 (2013)
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Anomalous transport phenomena 

• Anomalous Hall effect

in magnetic Weyl semimetals

• Chiral magnetic effect

B jCME

Fukushima, Kharzeev, and Warringa (2008)

Mz ≠ 0
jAHE

E
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Anomalous Hall responses
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Anomalous Hall responses
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Chiral anomaly
1D Weyl fermions
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Chiral anomaly

dNR

dt
  dx e

2 E

1D Weyl fermions

k

Energy

k

Energy

H1D  dx R
 ix eAx RL

 ix eAx L

L R

dNL

dt
  dx e

2 E

dk
dt

 eE



Chiral anomaly

d(NRNL)
dt

 dxe
 E

d(NRNL)
dt



axial charge

total charge0

1D Weyl fermions

H1D  dx R
 ix eAx RL

 ix eAx L

dNR

dt
  dx e

2 E
dNL

dt
  dx e

2 E
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Chiral anomaly
3D Weyl fermions
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dt

 0

axial charge

total charge
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for 1D
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Chiral anomaly
3D Weyl fermions

d(NRNL)
dt

 0

axial charge

total charge

L R NLL 
BLxLy

hc / e

d(NRNL)
dt

 dxe
 E

for 1D

B ≠ 0



Chiral anomaly
3D Weyl fermions

d(NRNL)
dt

 0

axial charge

total charge

d(NRNL)
dt

 d3x 2e2

(2 )2 E B

L R NLL 
BLxLy

hc / e

B ≠ 0



Chiral anomaly
3D Weyl fermions

d(NRNL)
dt



d(NRNL)
dt

 d3x 2e2

(2 )2 E B

0

axial charge

total charge

a = JM 
“chiral vector potential”

L R



Chiral anomaly
3D Weyl fermions

d(NRNL)
dt



d(NRNL)
dt



a = JM 
“chiral vector potential”

d3x 2e2

(2 )2 (E B e b)

  JM

d3x 2e2

(2 )2 (E be B)
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Gate-tuned magnetization 
dynamics
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Chiral magnetic effect
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Magnetotransport in Weyl semimetal
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Domain wall in Weyl semimetal
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Electrical domain wall motion  
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Summary
• We demonstrated magnetization switching 

and spin pumping by the charge-induced torque
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