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Outline

® This talk: Back in 2019 | had in mind some general
discussion but now | decided to just discuss two aspects
of anomalous Hall physics in topological magnetsMain
classes

® Planar Hall effect in Mn3Sn, what it tells us about domain
walls, and what is still unclear

® Control of valley ferromagnetic domains in twisted bilayer
graphene
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Mn3Sn family

large ordered

C ‘ . .
antiferromagnetic
moment
~ 2 Us /Mn
© R @ K @ e tiny FM moment:
[1210] [0001]
.002 MB/Mn

two kagomé layers of
Mn, related by inversion

Tn ~ 420K

Nagamiya et al, 1982



Energetics: triangle

' E=J(Si-So+Ss-S3+S5-51)
+D% - (S1 x Sy + So x S3+ S5 x S)
—KZ(m-Si)Z

J > D> K Hierarchy of interactions

® J: spins at 120° angles and M=0

® D: spins are “anti-chiral” in XY plane

® K: weak canting toward easy axes creates tiny
moment and fixes in-plane angle



Order parameter

= [ple”

J. Liu + L.B., 2017

cos(f — 2Z%) K cos 6
SO =y, (Sin( — %“)) m = —gms, (Sin 9)
0 J 0
"octupole” "dipole”

For practical purposes, can view direction of
magnetization as order parameter, even though it
is small in magnitude.



Textures

J. Liu + L.B., 2017/

W = |oe F ~ /dS:zz {g(V@)Q — A cos 6(9}

sine-Gordon model with 6-fold anisotropy

J \ K3 n.b. reduced by
P a J2a3 frustration
Oij — Oji H A
J 9 — 0 €M

A

m = (cos6,sind,0)



Textures

W = |oe F ~ /dS:zz {g(V@)Q — A cos 6(9}

soliton = domain wall connecting
neighboring minima of cosine

o —
< > /3 _ L1 p
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| XL wide
2 DWs

O(x) = 3 tan~* exp(z/€)



Electronic states at DWs

Theoretically: domain walls host bound/topological modes
J. Liu + L.B., 2017
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Many other calculations

Reality check?



Planar Hall effect

Hall effect in plane
perpendicular to field
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Explanation: order parameter

rotates in the ab plane

(as predicted)

during reorientation large +H
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6 domains or 2 domains?

6-fold domains c.T. structural Z¢ vortex in YMnOs3
Required by C3 + TR symmetries (T. Choi et al, 2010)

J. Liu + L.B., 2017

nature LETTERS
photomCS https://doi.org/10.1038/s41566-017-0086-2

Large magneto-optical Kerr effect and
imaging of magnetic octupole domains in an
antiferromagnetic metal

Tomoya Higo"?, Huiyuan Man', Daniel B. Gopman?, Liang Wu©®*5¢, Takashi Koretsune?’#,
Olaf M. J. van 't Erve®, Yury P. Kabanov*"°, Dylan Rees ®*5, Yufan Li", Michi-To Suzuki?2,
Shreyas Patankar**, Muhammad Ikhlas'? C. L. Chien", Ryotaro Arita?¢, Robert D. Shull?,
Joseph Orenstein*® and Satoru Nakatsuji'2*
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6 domains or 2 domains?

T. Duan et al Appl. Phys. Lett. 107, 082403 (2015)

T(10° dyne~cm/cm“)

Torque suggests some other source of
two-fold anisotropy contributes.

erg/em’) 1 (10° dyne-cm/cm’)

Indicates breaking of lattice C3 symmetry

E,, (10°

180
0 (degree)

Proposal: spin-lattice coupling

Hso1 = —au; ;11 m = (cos,sin @)

effective 2-fold anisotropy

magnitude of spin-lattice coupling can be measured by magnetostriction

87 a .

214 214
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Continuum model

approximate single layer as Dirac cone
no mixing from one valley to the other



Continuum model




Quantum Anomalous Hall Effect

This is just the appearance of QHE in zero magnetic field by
spontaneous breaking of time-reversal symmetry

A The lowest sub-bands v 10130 mK
with broken TRS - =~ -

Fermi level F r

a6 =% ' [ ny

o — E 55V

Sx ool |=—200 V
N

111111111

LoAna
£ (3,43, )3,

< <<<

C.-Z. Zhang et al, 2013
Cr-doped (Bi/Sb),Tes



QAHE in graphene

Graphene Emergent\ Graphene
sheet magnetism s lattice spacing
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Origin of QAHE?

e Underlying Dirac fermions of graphene have large incipient
Berry curvature
e Curvature is realized by breaking C,T symmetry

A Topological Bands g,z |

1217 me=-=-= R
A
g A P _ _ _
, g Topologlcal Bloch bands in graphene superlattices
- / \
£ / Justin C. W. Song®™<", Polnop Samutpraphoot¢, and Leonid S. Levitov®
\RO' . ' 0 WI B k In e for Th IPhy s, Califor of Techno Igy CA 91125; PIns e for Quantum Information and Mat nd
Q, \ ~ , Depar of P hy s, Califor nsti f echnolo gy C 9 25 nd ‘D ent of Physics, Massachusetts Institute of Technology, C mb idge,
\ I ; MA 02130
\\ / _40 Edited by Subir Sachdev, Harvard University, Cambridge, MA, and approved June 24, 2015 (received for review December 30, 2014)
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No interactions needed - just coupling to hBN - to generate
Dirac mass and form valley Chern bands



Valley ferromagnetism

P e

Valley polarization =NK — NK’
Orbital magnetization (k) = e 7\<aaukk|(%k e k>!a§,‘<’;">
Hall conductivity Tay = ;T—hZ/d%nF (ene )2 (k)

In equilibrium m; x 04y x @



Valley ferromagnetism
Differences from normal FMs: -
e Two dimensional
 Dominant orbital moment

e Extreme Ising anisotropy
e lLarge Hall angle atlow T



Current control

A o5 T=6.5K, B=0
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A. Sharpe et al, 2019 M. Serlin et al, 2019

How does the current couple? T i V

Topological spintronics in a pure orbital ferromagnet




Quantized regime

>

Pxx < pacy

* no dissipation, only edge state transport
e Charge of each edge is separately conserved

< Can view current-carrying state as quasi-equilibrium ensemble
where current determines edge occupation

ate F(I,M)

another mechanism

Current Driven Magnetization Reversal in Orbital Chern Insulators

Chunli Huang, Nemin Wei, and Allan H. MacDonald
Department of Physics, University of Tezas at Austin, Austin TX 78712
(Dated: September 22, 2020)

M. Serlin et al, 2019



Dissipative Regime

C " 05005 1

Current (nA)

A fully non-equilibrium problem, bulk 2d physics



Magneto-electric effect

ARTICLE
: . : M=ok
Giant orbital magnetoelectric effect and 7
current-induced magnetization switching
' i bil h ' j /
in twisted bilayer graphene &= / D e M@V, (@) (Bee,)

Wen-Yu He® '™, David Goldhaber-Gordon?3 & K. T. Law® '™

//‘\\\ ; / //\\\\ y 30
SNl §
oM L . .
. P Je g Orbital moment induced by local
\\_4,;,// i \\\/ // -20 . . .
change to electron distribution

Fig. 2 The orbital magnetic moments of the Bloch electrons. a The orbital



Current Control

ARTICLE

Giant orbital magnetoelectric effect and
current-induced magnetization switching
in twisted bilayer graphene

Wen-Yu He® '™, David Goldhaber-Gordon?3 & K. T. Law® '™

How to connect to I-induced force?

Use ME effect in free energy?

F = — ay(M, + 6M,)* + by(M, + M)’ c.t.
~ — agM> + byM: — 2a,M (a, E, + a,,E,) AFE =—-B-

zx™x zy™y

Should be cautious: not in equilibrium



Liouville Theorem

Semi-classical dynamics preserves phase space volume:
Valley polarization is not induced by this mechanism

0L + 0l 0 f) + e B -0 f) = Z / ar'wie? (£57 = 1) oel” = &)

In relaxation time approximation:

M=aE~7E ~]

¢ = 0  Valley polarization is primary order parameter, but not
induced by ME mechanism (not in equilibrium)




Anisotropic scattering
”'LH”K m ” anisotropic W,i_,g, ) needed

O + 0 - 0uf) + eE - O fy) = Z / dr W,iif,) ) _ ,§f>) 5(els) — el

e.g.
-
Ang =nH) —n(5) = Lvupr [eE, (a1 + a}) + eE, (b1 + b})] o s

/
_ _ 1
W,gk,ﬂ = W,S; ) = o (1 + aq cos Ok + by sin O
+a) cos Oy + b sin O ) 1 h
52

A
o = Zh’UF

eje (a1 + af) + ejy (by + b})]



Result

Rough estimate 1 ¢ 1 h

~ __ _g. X eq
Ano eUFJ 56 ‘9w th 62 J

This is the “bare” response just from quasiparticle physics. Should
be included in a TDGL-like formulation as a force, to take into
account both QP physics and interactions.

Keldysh result:
(r — 1)@y — s ®? = Ang

R B
RHS acts as force on valley order parameter Any/n

n.b. result is parametrically larger than ME one near T.

X.Ying, M. Ye, LB, arXiv:2101.01790
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