
Coupled charge and magnetization
in a Weyl semimetal 

New	  Perspectives	  in	  Spintronic and	  Mesoscopic Physics
at ISSP University of Tokyo 6/12/2015

K.	  Nomura
Institute	  for	  Materials	  Research,	  Tohoku	  University

in	  collaboration	  with
Daichi Kurebayashi



Introduction: What is a Weyl semimetal
1. Weyl semimetal in a magnetic Topological insulator
2. Magnetization-dynamics-induced charge pumping
3. Charge-induced spin torque

outline

Coupled charge and magnetization
in a Weyl semimetal 

New	  Perspectives	  in	  Spintronic and	  Mesoscopic Physics
at ISSP University of Tokyo 6/12/2015



What is a Weyl semimetal?

A	  Weyl semimetal	  is	  three-‐dimensional	  analogue	  of	  graphene
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•	  Topological	  insulators	  (gapped)
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Weyl semimetals

Dirac semimetals

Dirac-Weyl semimetals

HDirac = kxα1+kyα2 +kzα3 +m0α4

m0=0 (massless)	  
ai:	  4x4 Dirac	  matrix

{αi ,α j} = 2δij

HWeyl = pxσ1 + pyσ 2 + pzσ 3

si:	  2x2 Pauli	  matrix
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Symmetry breaking

+ JMSz

local	  spins

Dirac hamiltonian

HDirac = kxα1+kyα2 +kzα3 +m0α4

2JM
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M=0

non-‐degenerate

Hsd = J S(Ri ) ⋅ Σi=1

Nimp∑

M =	  -‐ <S>



Symmetry breaking
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Self-consistent theory
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Magnetic	  transition

kzkzkz

M = 0 M ≠ 0

 0

-1 -0.5  0  0.5  1

 0

-1 -0.5  0  0.5  1

 0

-1 -0.5  0  0.5  1

Self-consistent theory

He
MF =

k
∑ ck

+ H0 (k )+ xJMΣz[ ]ck HS
MF = Jm

I=1

Nimp

∑ Sz (rI )

Kurebayashi, KN	  
JPSJ	   83	  (2014)	  063709.

Htotal = He
MF + Hs

MF – Nimp J Mm

Electrons local spins



 0

 20

 40

 60

 80

 100

 120

 140

 0  0.02  0.04  0.06  0.08  0.1  0.12  0.14

Te
m

pe
ra

tu
re

 [K
]

Concentration [%]

Magnetic	  transition

kzkzkz

M = 0 M ≠ 0

 0

-1 -0.5  0  0.5  1

 0

-1 -0.5  0  0.5  1

 0

-1 -0.5  0  0.5  1

Kurebayashi,	  KN	  
JPSJ	  83	  (2014)	  063709.

Weyl semimetal in a magnetic TI



 0

 10

 20

 30

 40

 50

 60

 70

-0.3 -0.2 -0.1  0  0.1  0.2  0.3

Te
m

pe
ra

rtu
re

 [K
]

M0 [eV]

Phase diagram

strong	  SOCweak	  SOC

 0

-1 -0.5  0  0.5  1

 0

-1 -0.5  0  0.5  1

Weyl semimetals

Dirac semimetals

Kurebayashi,	  KN	  
JPSJ	  83	  (2014)	  063709.



Experiments of magnetic TIs

Science	  339,	  1582	  (2013)

Bi2-‐yCry(Sex Te1-‐x)3



Anomalous Hall effect

ρ
xy
= R0B + RsM

The	  Hall	  effect	  in	  materials	  with
-‐ ferromagnetic	  order
-‐ spin-‐orbit	  coupling

Bi2-‐yCry(Sex Te1-‐x)3

ρ
xy
∝M (B→ 0)

J

VH

M

Ji=	  sij Ej
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Anomalous Hall effect
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Kubo	   formula	  by	  D.	  Kurebayashi

Hweyl(kx,ky,kz)	  =	  kxs1	  +	  kys2	  +	  Dm(kz)s3
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where "nk is the Berry curvature, and Ank is the Berry
connection. The anomalous Hall conductivity is given by
integrating the two-dimensional Chern number over kz,

!xy ¼
Z "=az

%"=az

dkz
2"

!2D
xy ðkzÞ; ð21Þ

where az is a lattice constant. Figure 5 shows the numerically
obtained anomalous Hall conductivity !xy at T ¼ 0K as a
function of the concentration of doped magnetic impurities.
We see that the anomalous Hall conductivity is proportional
to the concentration of magnetic impurities when the
concentration is small. This behavior is due to the fact that
the two-dimensional Chern number is quantized in units of
e2=h between two Weyl points, and vanishes at other
momenta.6) Namely the anomalous Hall conductivity is
proportional to the momentum of the Weyl point kD which is
easily evaluated kD as kD ¼ &JMzx=A2az. This analytical
result also shows the anomalous Hall conductivity !xy ¼
JMz

A2az
x which is consistent with our numerical result. At the

concentration x ' 30%, anomalous Hall conductivity reaches
quantized value !xy ¼ e2=ðhazÞ. In this region, a conduction
band and a valence band are completely inverted by the
strong exchange interaction and no longer possess three-
dimensional massless Weyl fermions. This phase is under-
stood as the quantum anomalous Hall insulator phase.

In conclusion, we have estimated possible conditions for
realizing the Weyl semimetal phase by doping magnetic
impurities in Bi2Se3 family within the mean-field theory.
We found that ferromagnetic ordering in these materials is
seen below Tc ¼ 40K with magnetic impurity concentration
x ¼ 5% and m0 ¼ 0 eV which corresponds to the Dirac
semimetal in the undoped limit. This magnetic ordering is
introduced by the Van-Vleck paramagnetism, and thus the
critical temperature depends on the strength of the spin–orbit
interaction. We confirmed that the critical temperature
decreases with weakening the strength of the spin–orbit

interaction. As the exchange field increases, the conduction
band and the valence band invert. The Weyl semimetal phase
is realized as the gapless phase, as shown in Fig. 3.
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Fig. 5. (Color online) Anomalous Hall conductivity !xy as a function of
impurity concentration with a parameter m0 ¼ 0 eVat T ¼ 0K. Red triangles
show the simulation result and the black solid line is the analytical result,
!xy ¼ 2JMzx=A2az.

Fig. 4. (Color online) (Upper figure) Chemical potential dependence of
Curie temperature with m0 ¼ 0 eVand x ¼ 5%, 10%. (Lower figure) Density
of states with m0 ¼ 0 eV and x ¼ 5%.
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