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Introduction: What is a Weyl semimetal

|.Weyl semimetal in a magnetic Topological insulator
2. Magnetization-dynamics-induced charge pumping
3. Charge-induced spin torque



What is a Weyl semimetal?

A Weyl semimetal is three-dimensional analogue of graphene

2D m,  p,-ip, 3D p, P.-ip,

p +ip, -m, | po+ip, b,

my= 0 (for massless) Dirac cone is stable in 3D



Topological states of matters

Spin-orbit coupling mms) Topologically nontrivial states

Kane & Mele (2005)

E 1 NI Dirac semimetal Ti
\o/ >< \./
» M, (Band gap)
weak SOC strong SOC

e Topological insulators (gapped)

e Topological semimetals (gapless)



Dirac-Weyl semimetals

Dirac semimetals degenerate

2D (graphene)
Wallace (1947), ...
3D (accidental)
Herring (1937), ...
(symmetry protected)
Wang et al., Young et al.(2012),..

Weyl semimetals

non-degenerate

3D (I-symmetry broken)
Murakami (2007)
Halasz&Balents (2012), ..
3D (T-symmetry broken)
Wan et al. (2011)
Burkov&Balents (2012), ..




Dirac-Weyl semimetals

Dirac semimetals degenerate

HD,.raC =K o + kyoc2 + kza3 +m,a,
my=0 (massless)

a;: 4x4 Dirac matrix
{OC,-,O{j} = 26,/

Weyl semimetals

non-degenerate

HWeyl = pxgl + pyaz +pza3

s;: 2x2 Pauli matrix




Symmetry breaking

Dirac hamiltonian degenerate

_ A b:O
H = kxoc1 + kyoe2 + kza3 +m,a, 1/

Dirac

@_1HDirac (k)® = HDirac (_k) T'SymmEtry /\
M'H_._ (k)II=H

Dirac

(—k) I-symmetry

Dirac




Symmetry breaking

Dirac hamiltonian

degenerate
— A b=0
Hpiae =K, +K 0, + K0, + Moo, + bS, 0/
<}/ @_1HDirac(k)® % HDirac(_k) T-symmetry /\
-1
IT"H, (k)II=H_ _ (-k) I-symmetry
0 o /| O ]
o. = 4=
"l o 0 0 -l
o 0
3, =
0 o

spin of electrons



Symmetry breaking

Dirac hamiltonian

degenerate
— A b=0
H, =kao + kyoc2 +K a,+ma,+ bS, 0/
~1
S HDirac(k)Q%HDirac(_k) T-symmetry /\
-1
IT"H, (k)II=H_ _ (-k) I-symmetry l
non-degenerate
0 o [ O
. 0 ““lo - ]
7 \ i t 2b
o, O
3, =
0 o

spin of electrons



Symmetry breaking

Dirac hamiltonian

Hpiae = K0 +K 0, + K 0 + Mot + bS,

Dirac

@_1HDirac (k)® # H
M'H_._ (k)II=H

Dirac

0 o [ O
ai = 4 =
o, 0 0 -/
o, O
2, =
0 o

spin of electrons
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Symmetry breaking

Dirac hamiltonian degenerate

H, =ka + kyoc2 +k a,+ma, + JMS, \/ M=0

1 N

H_ = JEZ’T"S(RI.) 3 |

non-degenerate

ﬂ A
\ it 2IM
\‘\ /,I

A local spins



Symmetry breaking

Dirac hamiltonian

2)(6
o

degenerate
_ + M=0
Hpio = K0+ K 0, + K 0 + mMya, + IMS, N
/ local spin electron spin \ T /\
TN Hoy=J 3,7 SR)-2 !
F=—M? + —m* - JMm
ZXS 2Xe non-degenerate
1 M =-<5>
—_ — 2 2 A
= 2X (1 J XeXs)M ;‘f : 2/IM
S 2 ﬂ |
+——(m= y M) 7

A local spins



Symmetry breaking

1‘J2XsXe 0 degenerate
M=0 _
“Van Vleck ferromagnetism” + , M=0
<~ N
l
local spin electron spin \ -7 / \
v v
1 1
FeoM* + o—m® - JMm 1-J%y x, <0
ZXS 2Xe Aske non-degenerate
1 Mz0
2 2
s P A
1 2
+—(m-x JM) 7
2 e

Xe / A local spins
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|.Weyl semimetal in a magnetic Tl



Self-consistent theory

Kurebayashi, KN
JPS) 83 (2014) 063709.

Htotal = HeMF + HsMF _ Nimp.l Mm

Electrons local spins

N imp

H = ¢ [H,(k)+ xJMZ, ]c, He =Jmy S (r)
=1

e
k

PIL; ..

Fi

local spins

Virtual crystal approximation

H, (k)= ER,(k)a, +m, (k)a, + (k)




Self-consistent theory

Kurebayashi, KN
JPS) 83 (2014) 063709.

Htotal = HeMF + HsMF — Nimp.l Mm

Electrons local spins
£ Ny |
H = ¢ [H,(k)+ xJMZ, ]c, HF =dm> S,(r)
k k T
RN
v \ %&% w% | s
\ Vo m=C3(T0) M= (S,(RN)
K T i i=1 i Il
| |
20\ s lso Virtual crystal approximation
T [K]



Self-consistent theory

Kurebayashi, KN
JPS) 83 (2014) 063709.

Htotal = HeMF + HsMF _ Nimp.l Mm

Electrons local spins
Nimp

HMF = E c;[H, (k) +xJMZ, ]c, He =Jmy S (r)
k =1

M=0  Magnetic transition ) M =0




Weyl semimetal in a magnetic Tl
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Dirac semimetals

Phase diagram
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Experiments of magnetic Tls

m T T T T T T T -
s | : '
. Inverted | Normal

Science 339, 1582 (2013) £ 100/ |
E |
. ic O 8 120 :
Topology-Driven Magnetic Quantum - |
- - - - 6 m | l
Phase Transition in Topological Insulators & |
Jinsong Zhang,** Cui-Zu Chang,™?* Peizhe Tang,** Zuocheng Zhang," Xiao Feng,? Kang Li, ’g 40 :
Li-ti Wang,? Xi Chen,* Chaoxing Liu,> Wenhui Duan,* Ke He,?t Qi-Kun Xue,? Xucun Ma,? Yayu Wang't 8 '
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Anomalous Hall effect

The Hall effectin materials with W

- ferromagnetic order t
- spin-orbit coupling

Ji=sj
2

B iz_yc ry(SeX Te 1—X)3

Bi 1.TECTO.22 (SexTe 1-)()3

p, =RB+RM

p,*M (B—0)
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HOH (T)
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Anomalous Hall effect

Hweyl(kXIkykz) = kx51+ ky52 t Dm(kz)53

3d Weyl SM

S
o O

|
-0.5 0 0.5



Anomalous Hall effect

Hweyl(kXIkykz) = kx51+ kySZ + Dm(kz)SB

2 K, k=0
k,=0
Dm(kz) >0
k E
D, (k,) <O 7Y
(k) e
Dim(k;) >0
05 0 0.5



Anomalous Hall effect

Hweyl(kXIkykz) = kx51+ kySZ + Dm(kz)SB

Drn(k;) >0

Drm(k;) <O

Drm(k,) >0

2

02(k,) = E—h[l —sgn(A,, (k,))]

L S,,= 0

L s,~e?/h

-

\
dk
3D 7 2D
ny =f2ﬂ; xy(kz)
C2xh W
4
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Anomalous Hall effect

Hweyl(kXIkykz) = kx51+ kySZ + Dm(kz)SB
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Remarks

Magnetic order in Tl as “Van Vleck ferromagnetism”.

Weyl semimetal can be realized in magnetic Tls.
(Cr-doped Bi,(Se, Te,,)s)
Anomalous Hall effect is a signature of the Weyl semimetal.
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