KEKEH#OOEXY L -FFELSTT (3>
'BF SBROFM WSO — 1

1.15 .2019

T4 IVEERICEITS

ME7 /<) —LBIEFLAFTFSOR

Kentaro Nomura
(IMR, Tohoku University)

=5

4 0572\
a[,;

\

\&

1)/

Neew ©2
TOHOKU

UNIVERSITY

r
71N
.\ /.

Research
1



KEKEH#OOEXY L-FFELSTT (3>
"B T SBROFM WSO —1—

1.15 .2019

T4 IVEERICEITS
ME7 /<) —LBIEFLAFTFSOR

Collaborators

Daichi Kurebayashi Yasu Araki
(RIKEN) (JAEA)



Outline

Introduction — Spintronics and Weyl fermions
* Chiral anomaly and magnetization dynamics

* Axial Hall effect and domain-wall dynamics



Outline

Introduction — Spintronics and Weyl fermions



Spintronics

Main purpose:

Electrical control of spin magnetization



Spintronics

Topological materials for spintronics

Robust against perturbations

Less-dissipation devices

Strong spin-orbit coupling




What is a Weyl semimetal?

3-dimensional analogue of graphene

2D (Graphene) (P) F\n!p:x Py Wallace (1947)

2D —
H* = p,o,+p,0,

3D (Weyl semimetal) | E(P):ivp\/P,2(+Pf+Pi

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

3D —
H - pXGX + pyay + szZ




What is a Weyl semimetal?

3-dimensional analogue of graphene

2D (Graphene) o 1 pseudo-spin
i

H?® = p o, + p,O, sublattice degrees of freedom

(Weak SOC)

3D (Weyl semimetal) o real Spil’]
j - il

H® = p.o, +p,0,+p,0, magnetic degrees of freedom

(Strong SOC)




Dirac-Weyl semimetals

* Dirac semimetals

degenerate

k. K,

H = anl + Pya2 + Pza3

@;: 4x4 Dirac matrix

* Weyl semimetals

non-degenerate

H = anl + Py02 + PZG3

0;: 2x2 Pauli matrix



Dirac-Weyl semimetals

* Dirac semimetals * Weyl semimetals

degenerate non-degenerate
; é |
Breaking of

- Inversion symmetry
- Time-reversal symmetry




Weyl semimetals

Weyl semimetals Weyl semimetals
with broken sym. with broken time-reversal sym.
A,lr, 0,

Magnetically doped Tl
Mn;Sn, Co;Sn,S,

(Non-magnetic) (magnetic)

Breaking of

symmetry
- Time-reversal symmetry



Weyl semimetals

Weyl semimetals

with broken time-reversal sym.

A,Ir,0,
Magnetically doped Tl
Mn;Sn, Co;Sn,S,

(magnetic)

b(k) : Berry curvature

Weyl points = “magnetic monopoles”

AHE e’
Gy = gt



Weyl semimetals

Weyl semimetals

with broken time-reversal sym.

A,Ir,0,
Magnetically doped Tl
Mn;Sn, Co;Sn,S,

(magnetic)

Liu et al. (2018)



Weyl semimetals
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Weyl semimetals

— Ozawa, KN. (2018)

Co?t  Co3t (o3t Sn*~ Sn® g2- §2-

Liu et al. (2018)



Weyl semimetals

Ozawa, KN. (2018)

do2_
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H H H % by - e
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Types of

Rashba-type
ky0yTy — Kyoy T, + k,1,,

k, k,
/V —> \\A
/ \
X i

k
Y e X

Topological insulator
(Bi,Ses, Bi,Te,, etc)

spin-orbit coupling

Weyl-type
kyox7, + kyo,7, + k,0,7, g: spin
k, k,
w NTA
o
BHZ-type
kyo,T, —kyt, + k7,
k, k,
A

Yy

HgTe/CdTe, Cd;As,, CosSn,S,



Chiral anomaly



Chiral anomaly

B=0

left handed right handed

_ (Hp O
H‘(o HL)

H =—0c-(p+eAd+ M) H,=4+0-(p+eAd—]M)



Chiral anomaly

. N4 N~

left handed right handed

ZZaSN\ RSN

_ (Hp O
H‘(o HL)

H =—0-(p+eAd+ M) H,=4+0-(p+eAd—]M)



Chiral anomaly

. N4 N~

BL. L
bo
/\ /\ Landau level degeneracy
Z 2SN o EaN
N J N J
Y

y
N, N,



B#0
E#0

Chiral anomaly

v v




Chiral anomaly

B#0 — ——
fao NS NS

BL. L
bo
k = eE
/\ /\ Landau level degeneracy
Z 2SN o EaN
N J N J
Y Y
NL NR
dN; B L £ dNp _ L £
dt nq’Zne dt nq’Zne



Chiral anomaly

B#0 — ——
fao NS NS

BL. L
bo
k = eE
//r\ /\ Landau level degeneracy
Z 2SN o EaN
N J N J
Y Y
NL NR
dN; B L £ dNp _ L £
dt Mo Zne dt Mo Zne
L’ L,
= — e’E - B =+ E-B



Chiral anomaly

B#0 — ——
Fl0 NS NS

BL. L
bo
k= ek /\ /\ Landau level degeneracy
22BN 2SS\
N ~ J N \ J
NL NR
dN; B L £ dNp _ L £
dt Mo Zne dt Mo Zne
A L
— E-B =+ e“E-B
(2m)2 (2m)?
total charge axial charge
d(Nr+N d(Np—N
(Ne+N) _ (N1 fdsx—EB
dt 2712



Chiral anomaly

B#0 — ——
Fl0 NS NS

BL. L
0
k = eE \ /
//r\ /\ Landau level degeneracy
22BN 2SS\
N J N J
Y Y
NL NR
dN; B L £ dNp _ L £
dt Mo Zne dt Mo Zne
A L
= — E-B =+ e“E-B
2m)2° (21)2
total charge axial charge
.U 82
dj" =0 aﬂjé‘ — —F-B



Chiral anomaly

Dirac fermions + exchange interaction

H_(a-(p+eA+]M) 0 )
B 0 —0-(p+eAd—]M)
kZ
y
L

total charge axial charge

2

" =0 a b = ° £.B

272



Chiral anomaly

Dirac fermions + exchange interaction

_(o-(p+eA+]M) 0
H‘( 0 —a-(p+eA—/M))

=7,0-P+j -A+js-As

total charge axial charge
.U 82
0" =0 ot = ==E-B

272



Chiral anomaly

Dirac fermions + exchange interaction

_(o-(p+eA+]M) 0
H‘( 0 —a-(p+eA—/M))

=7,0-P+j -A+js-As

ESZ—AS BSZVXAS
total charge axial charge
e? , €’
a‘u]‘u=2_n_2(E5’B+E'Bs) a‘u_]5=2_n_2(E'B+E5'B5)



Anomalous transport phenomena

2
e
6”]“— (ES B+ E- Bs)

\ )
Y

—9 jH
alljanomaly

E5=—A5—VM5/6 BS=VXA5

e? e?
] =—=A:- X E + B
]anomaly 2172 5 2172 5> Hs
Anomalous Hall effect  Chiral magnetic effect
2
= A:-B
Panomaly 272 5




Anomalous transport phenomena

E B Jemie
/'/'/' A T A
. |
t M,20 ¢ Jnte
Fukushima, Kharzeev, and Warringa (2008)
e? e?

janomaly — ﬁAS XE + ﬁﬂSB

! 1

Anomalous Hall effect  Chiral magnetic effect

82

Panomaly = 2_7_[2145 ‘B




Outline

* Chiral anomaly and magnetization dynamics



Voltage induced spin torque

ﬁ

L1

VVeyIS&ﬂ

Metal

M : local magnetization Kurebayashi, KN (2016)

o : spin of Weyl electrons

Hexe = JM -0

632

= B
27T2 hZUF v

(o)




Voltage induced spin torque

(o) VB

- 27T2 hZUF



Weyl fermions in B field

_ (Hp O
H‘(o HL)

H =—0c-(p+ed+ M) H,=4+0-(p+eA—-]M)

B#0 @ @
\\',/ v

left handed right handed
A A

82

- 27T2 hZUF

(o) VB



Weyl fermions in B field

(0,) = ANy= nLLDlD (Ep)eV
—

+ t
? BVeyISNL
Metal
\
M b x Hogg it x M 11 x (o)

632

= B
27T2 hZUF v

(o)



Relation to chiral anomaly

Anomaly equation of the axial current

2
V.j. = —VV)-B
Js ZT[Zle( )
) o T
Js = = = —€Vr0o VO k. w
> aAS F d k— q.w B
82
(o) = VB

B 27T2 hZUF



Chiral magnetic effects

2 2

e e

I, = — —u. B Ip = +——UupB

JL an.UL L JR o S URDR
B/, = B*xB;s
Hr/L = KX Us

Fukushima, Kharzeev, and Warringa (2008)

Y Y
N A




Chiral magnetic effects

62 62
JL="7573 uLB Jr = +F“RBR
BR/L — B i B5
HURr/L = U T Us
j =jrtiJL Fukushima, Kharzeev, and Warringa (2008)
Electrical current
/ | ez . \
L ez B




Chiral magnetic effects

e? e’
: B o = +—— B
JL 27.[2 S 2 HMLDL Jr 272 HROR
Br/. = B * Bs
HURr/L = U T Us
j :jR+jL/ j5:jR_jL
Electrical current Axial current
. e? B 2
212 s = — uB
, Js 272 .
] - e B
] — 27_[2.“ 5




Chiral magnetic effects

Axial current

62

: B




Chiral magnetic effects

H, 0
H=1y gy H =1vo-(p+edteds)+ed’+eAl
. 0H
Js = aAS = —evo
Spin density Axial current
— . 82
<0->:27_[2qu ]5=2_7T2MB




Outline

* Axial Hall effect and domain-wall dynamics



Domain wall in Weyl semimetal

RENRERE
S

Spin torques in conventional metals
T.=WV-v)M + M x (V-v)M

adiabatic non-adiabatic (f~0.01)



Domain wall in Weyl semimetal

kz H+

to-p+/M-o
to-(pteds)

o PR

Magnetic Weyl semimetal



Domain wall in Weyl semimetal

H=x0c-p+/M-0o
=to-p+As-js
bl e\ 111

B:-=VXA: xVXM



Domain wall in Weyl semimetal

B. =VxAs xV XM
js = oyBs xXE . ) .
Js =]+ —J- X0
evp |V x M| B. BT
L)E




Domain wall in Weyl semimetal

am P MXdM_I_ _ oy VXM
—_— T — a —
a 7 eff ac T/M evr |V X M|

\
\

(o) 4 _ _

non-adiabatic STT
/ B

O-HBS X FE

evp eVg
Oy VXM

— X FE
eve |V X M|




Domain wall in Weyl semimetal

M s Ht it x g, TXM
—_— — —_ ) — X
a 7 eff T M e \] evy [V x M|
T Y
thit x Mx(E-V)M

ngh speed lDV& VJOQ’(MN [*m/F] at E=1u- Lv/iiny)

non-adiabatic STT
Less dissipation (0 in {{W conﬂ'éfﬂratlon is suppressed)

Daichi Kurebayashi




Types of SO coupling

Weyl-type SOC

PxT70x T PyTz0y +p;7,0;

V\ /V
«— —
~a

RPNV

Daichi Kurebayashi

Spin torgue is insensitive to the type of SOC




Summary

* Voltage induced spin switching
2 ;
(@) = 22 h2vg VB

Axial anomaly V:j: <xE-B

. . . Texc =]M X (o)
* Current induced domain-wall motion

— » F

B- X E
(o) = 22 E
eUF
N\

Axial Hall effect j: = oyBs X E
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