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Functional Antiferromagnet
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Novel Functional Magnhet Mn;X
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Novel Functions in Antiferromagnet
Large Fictitious Field in Momentum Space
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Topological Weyl Magnets




Weyl Semimetal State

X. Wan, A. M. Turner, A. Vishwanath, and S. Y. Savrasov, 2011

Topological Metal with
broken spatial inversion/
time reversal symmetry.

Pair of Linearly dispersive excitation
Similar to Graphene, but in 3D.

3
Weyl Eq. H=>)» v, -ko;
=1
Robust against Symm. Breaking
perturbation

Crossing points:
Magnetic Monopoles

e Layered Quantum Hall Effect Source and sink of Berry curvature/



Topological Aspect of AHE

Berry Phase Description e.g. Nagaosa, Sinova, Onoda, MacDonald, Ong., Rev. Mod. Phys. (2010).

Anomalous Hall current J H = 262 E X Z fko Qk
k

Berry curvature
2 “Fictitious Field”

e
Anomalous Hall conductivity O .. — N — <Q>

XY
h Independent of lifetime 7
Material Class for AHE at B =0

v Ferromagnets  normally Berry curvature Q ~ M

v Spin Liquids? However theoretically, |Q| > 0

v’ Antiferromagnets? evenwhenB=0and M =0
Shindou, Nagaosa (2001). Bruno (2006). Batista, Martin (2008). Chen et al., (2014)...

Spin liquids and AFM with large AHE: Nontrivial Topological Phases



Spontaneous Hall Effect in Spin Liquid
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T<2J~15K Spin Ice:
Quantum Fluctuations in
the Spin Ice State

c.f. Pr,Zr,0O,, Pr,Hf,0;

H

(d/™)  uoneznauBeW piaY 0187

Zero field Hall conductivity o (Q'1cm'1)
&

o

Temperature

Machida et al., Nature (2009), Balicas et al., Phys. Rev. Lett.(2011).




Spontaneous Hall Effect in Spin Liquid

Large Berry Curvature in  Large Hysteresis in Hall Effect
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Fermi Node at Quadratic Band Touching
I—Uttinger Semimetal “*ILarge Dielectric Constant

Kondo & Shin, ISSP Nature Com. (2015)

—l— Sample S1 with Ep= 7.3 meV
—A— Sample S2 with Eg= 11.9 meV
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Fermi Node at Quadratic Band Touching
Luttinger Semimetal

Kondo & Shin, ISSP Nature Com. (2015)

-0.2

0.0

0.2

Band Calc. by R. Chen, L. Balents

Correlated Version (m* ~ 6m,) of
Topological Insulator HgTe (m*~ 0.03m,)

4{-0.02

-0.04

(111)

200 -

1504

Large Dielectric Consta(g)t

—l— Sample S1 with Ep= 7.3 meV
—A— Sample S2 with Eg= 11.9 meV

Temperature (K)

0.04 W B. Che‘n
= 100 - P. Armitage

T. Ohtsuki

- M. Lippmma

1002 50- et al., JHU+I$SP
Nat. Com. (2017).

+{0.00 i

] rrrrrfrrrr[rrrrr[rrrrrrrrrrrrrrrrorT

] E (EV) 0 25 50 75 100 125 150

Cogduction Bangl

Valence Band




Large Anomalous Hall Effect in
Antiferromagnets
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v’ Naturally abundant g
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v’ Higher Energy Scale
than Spin Liquids



Kagome Metal AFM Mn;Sn

NonCollinear AFM T, = 430 K

Easy Axis
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~ 0.01 puQ2cm




Large AHE in AFM Mn,Sn at R.T.

324

NonCollinear AFM T, = 430 K

. Iy I‘i'l'.Ji'==|IJl—=:!:“1 ) 1323
Easy Axis L 3

1322
1321«

=
$ees424 320 O
O

° Small M

3
3 mu/Mn 1319
1//[0110] Lf
: 1318
[01T0] , _[2110] 8//12110) | Mmoo mceoononig 7
[IZIO]J - ! ! !
[0001] 1 05 0 0.5 1316
B (T)

Py = RyB + RspuM ~ 3 pufdCm  Nature 527 212 (2015),
~ 0.01 puQ2cm




Large AHE in AFM Mn,Sn at R.T.

1 — 4 324
NonCollinear AFM T, = 430 K
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~ 0.01 u2cm
Large AHE is induced not by external or
internal field, but the fictitious field.




Hall Conductivity vs. Magnetization

Nature 527 212 (2015).

PhyS- Rev. Appl 5, 064009 (2016) N. Manyala et al., Nature Materials 3, 255 (2004).
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B Hall Conductivity :
100~1000 times more than FMs
Large Berry Curvature ~afew 100 T



Intensity (a.u.)

a=5.67A, c=452A = bulk results
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Topological Spintronics using AFMs

Fictitious Field e.q. a few 100 T in Momentum Space
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Nernst Effect vs. Magnetization

Nat. Phys. 2017
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Nernst Effect vs. Magnetization

Nat. Phys. 2017

Ikhlas, Tomita et al.,
Nature Phys. (2017).

X. Li et al
PRL 119, 056601
(2017).

100

H

L1,-FePt [7]
L1,-FePd [7]
L1,-MnGa [7]
DO0,,-Mn,Ga [7]
Co/Ni films [7]
Nd2M0207 [30]
Fe [37]
Co [37]
— Fe,0, (B < 0.8 T)[38]
<> MnGe (140 K, B> 2 T) [39]
<> MnGe (100 K, B> 5 T) [39]
<> MnGe (20 K, B< 14 T) [39]
— Pt/Fe Multilayer N = 1 (B < 5 T) [40]
- Pt/Fe Multilayer N = 4 (B <5 T) [40]
=== Pt/Fe Multilayer N = 7 (B < 5 T) [40]
= Pt/Fe Multilayer N = 9 (B < 5 T) [40]
® Mn; SNy gy
® MnjSNng e

10

®VvVVYYw

0o

0.1

Sl (uV/K)

0.01

0.001

0'0001 Ll Lol Lol Ll L
0.0001 0.001 0.01 0.1 1 10

M (T)

Transverse Thermoelectric Conductivity <., = (S.../p..) + 0..5,.

Npq =

, dk |
7 / () { (S = 1) fak T I [1 -+ ePCru ]}

Th 2m)

M Nernst Effect | ~Berry curvature at Fermi Energy
100~1000 times more than ferromagnets

Large Berry Curvature near E.



oo,
oE

Magnetic Weyl Semimetal: Toy Model

Anomalous
Hall Effect

Anomalous

xy/o-gy

Nernst Effect

Sharma, Goswami, Tewari Phys. Rev. B 93 035116 (2016).

axy/axy




Magnetic Weyl Fermions

Weyl Points + and —

E-E (eV)

Berry Curvature from
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Kuroda, Tomita, SN et. al., Nature Materials (2017).
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Chiral Anomaly: Mag. Weyl Fermions

RESEARCH | REPORTS

€ TOPOLOGICAL MATTER Science 2015

Evidence for the chiral anomaly in
the Dirac semimetal Na;Bi

Jun Xiong,' Satya K. Kushwaha,® Tian Liang," Jason W. Krizan,” Max Hirschberger,’
Wudi Wang,! R. J. Cava,2 N. P. Ong'*
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Strongly Anisotropic Magnetoconductance
Only when E//B, Positive Magenetoconductance E//B

D. T. Son and B. Z. Spivak, Phys. Rev. B 88, 104412 (2013).



Chiral Anomaly: Mag. Weyl Fermions
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Mn,Sn, Weyl Magnet

Control of Fictitious Field of a few 100 T by
External Magnetic Field of 100 G.

p,, (nQ cm)

Nature Materials (2017). -1 05 0 05 1



Control of Weyl Points

Control of Fictitious Field of a few 100 T by
External Magnetic Field of 100 G.

100T

Nature Materials (2017).



Topological Spintronics using AFMs

Fictitious Field e.q. a few 100 T in Momentum Space
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Magnetic Multipole H

- e
Suzuki, Arita et al., PRB 094406(2017).
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NonCollinear AFM T, = 430 K
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Suzuki, Arita et al., PRB 094406(2017).
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MOKE imaging of AF domains

SpulI: size : 274 pm, A = 660 nlm ngo et al_

A =625 nm, RT h a
20 ‘ Nature Photon.
a e _ 1o} ] (2018).
€ of
o Mns;Sn
omT omT -0} 300K
B 1oy *t
20}
h -0.1 0.05 0 0.05
B(T)
[
d - h
[0001] 184mT B0 b 21.0mT .
[2110]
_ [0001]
@— [0170] B@® '\L
[2110] \mﬁol /
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The first observation of the domain reversal in an AF metal by the MOKE microscopy



Topological Spintronics using AFMs

Fictitious Field e.q. a few 100 T in Momentum Space
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A '
‘ ‘v' Time reversal operation ‘ ’ »

Spin current is time reversal even.
Likewise, spin Hall effect Is the case.



FM: Spin Hall Effect

O (b)
t [ "‘ Top View
- "1 ¢ Hos
DR S 4 : %LE,
FM Metal

Cu-Bi SH material

MFV A/ ISHE signal ?
| |  ——
g
I H
V,

6. = I/l

» The SH angle 6,

[(c) SHE |
el L LT LT UL T | R |
= &VSSE -
WP T TTr—. |
' — S
] pl SPRPPperTe T b
e e
60° 120" 180" 240" 300" 360°

¢

L 1 N
5000

= I/l for FM (or NM) DOES NOT change its sign



NiFe

(spin detector)

Current: [
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» Spin Hall Effect is time reversal odd; controllable by M

Nature (2019)



1€ Magnetic Spin Hall Effect
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Kimata et al.,,
Nature (2019)

() = =SB Y [l fnlm[”f”“’”m] MSHE

m#n (Em - en)Q

& Off-diagonal inter-band element of spin density

» No dependence on disorder in the relaxation time approximation
> Intrinsic effect like AHE, determined by the electronic structure

0.2
01 \.;'g“\"w\‘w
¥ L@
c a f
S E ol
o 1e
S S |
- 01F
020 0.2
-1500 -1000 -500 O 500 1000 1500 -1500 -1000 -500 O 500 1000 1500
H (Ge) H (Oe)

» Spin Hall Effect is time reversal odd; controllable by M



Topological Spintronics using AFMs
Large Fictitious Field in Momentum Space
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Weyl Magnet: Energy Harvesting

v'|oT: Trillions of Sensors

v’ Maintenance free
power source

v’ Thermoelectric power generation 5;2;";/



Anomalous Nernst effect for Harvesting?

Seebeck effect

ATIIV -
o - E) N

A) E | Heat current

B) Pillar structure device

C) High Production Cost
D) Toxic, precious (Bi,Te,Pb)

E) Large output ~ 100 uVv

Anomalous Nernst effect

A) E 1 Heat current
B) Simpler device (film)
C) Low Production Cost

D) Safe, naturally abundant

E) small output ~ 0.1 uv




Giant anomalous Nernst effect in Co,MnGa

A. Sakai et al., arxiv:1807.04761
Nature Physics (2018)
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O Co,MnGa: Magetic Weyl Semimetal
| Sy~ 6 uV/K at 300 K, ~ 8 uV/K at 400 K. Z. Wang et al., PRL (2016).

J. Kubler & C. Felser EPL (2016).
[d One order magnitude higher than previous reports

See also: Y. Sakuraba et al.,arXiv:1807.02209

S N Guin et al. arXiv-1206 06753 42



Proximity to the Quantum Lifshitz Transition
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Weyl Magnet: Energy Harvesting




Summary and Perspective
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