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Detecting, Imprinting and switching
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Rich world of chiral states

Menzel et al. PRL 108, 197204 (2012) vector spin chirality
— Canted Magnets

Yang et al. PRL 124, 137201 (2020)

Spirals, Domain walls

-
-
-

-
-
- -
-

Ferromagnets _ -
Antiferromagnets
Fert et al. Nat. Nano. 8, 152 (2013) i L Smejkal et al., Nat. Phys. 14, 242 (2018)
scalar spin chirality
Topological spin textures i - Frustrated Magnets

“octupolar’ chirality




Why chirality?

/0
» There is a zoo of chiral states out there! i
You have to deal with them! <:>
» We have to learn how to manipulate them
» Profound impact on: energetics, transport, dynamics ‘\A- e
“o B et

» Platform for “advanced” and/or topological concepts

Teleportation & Entanglement

Spin superfluidity

(Ultrafast) topological - f:fﬂ
Superconductivity é robustness 4 ¢¢

= 8 CL+CR — fil wilh model
Skyrmions Kerber et a|.1 S 40 i CL-CR — it with model
Nat. Comm. 11, 6304 (2020)

Exotic States of Matter: | i
chiral spin liquids Novel Topological States £

10 . . .
107 10° 10° 102
Delay time(ps)




How to read out chirality and chiral states?

Chirality?

Ag
. &) Magnetization

magnetic sample

“Hidden” and “driven” chirality out of equilibrium

Concept of chiral currents

Chiral Hall effect in canted systems
Chiral Hall effect in textures

Chiral spin currents

Chirality, Berry phase & spin torque

How to switch chirality?

Chiral currents
for chirality switching

Driving chirality by laser excitations

Chirality by fluctuations

Magnon drag of chirality o GUTENBERG
Chirality and g-factor

IJ JULICH

Forschungszentrum



Read-Out: Anomalous Hall Effect

» AHE vanishes in collinear AFMs Ferromagnets

» Non-collinear AFMs offer a rich platform

> Taguchi et al., Science 291, 2573 (2001) (exp. Nd,Mo0,0-)
3T Shindou, Nagaosa, PRL 87, 116801 (2001) (fcc 3Q)
4 Machida et al., Nature 463, 210 (2010) (exp. Pr,Ir,0-)
Machida et al. PRL 98, 057203 (2007) (exp. Pr,Ir,0-)
(images from) Smejkal et al. Tomizawa, Kontani, PRB 80, 100401 (2009) (theo. Nd,Mo0,0-)
Sci. Adv. 6, eaaz8809 (2020) J. Kiibler, C. Felser, EPL 108, 67001 (2014) (theo. Mn,X)
Chen, Niu, MacDonald, PRL 112, 017205 (2014) (theo. Mn,lr)
Nayak et al., Sci. Adv. 2, e1501870 (2016) (exp. Mn;Ge)
Sirgers et al., Nat. Comm. 5, 3400 (2014) (exp. MnsSi,)
Zhou, Hanke, Feng, et al. PRB 2019, PRM 2020 (Mn;XN)
...goeson ...

» Coplanar AFMs + Spin-Orbit Interaction (SOI)

» Non-coplanar AFMs: SOI not needed

‘topological” Hall effect

prominent e.g. in skyrmions

scalar spin chirality

Sj
Xijk = Si - (S; X Sg) %

Smejkal, YM, Yan, MacDonald, Nat. Phys. 14, 242 ‘18 9 J U L I C H

Forschungszentrum
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Probing Scalar Chirality by Magneto-Optics

Feng, Hanke, YM et al. Nature Comm. 11, 118 (2020)

Scalar spin chirality mediates topological

magneto-optical phenomena

» Kerr and Faraday effects

/ / Sy - (SQ X 53) Hﬁgm

v Q
S
\Apo
| /
large topological V4

\ rotation angles! /

2

1

MOS,

MOS ;= o+ooh|9K,F(w)|dw

No spin-orbit!
No net magnetization!

Strong MO response

I v '
5470 40
,‘O" i — 20
¢ X ---> E -
| | Lo L O
30 60 90
chirality
»

as scalar chirality marker!

» Optical / electrical probe for spin structures (?)

frustrated systems, helimagnets, skyrmions...

IJ JULICH
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Read-Out: Anomalous Hall Effect

> AHE does not exist in collinear AFMs

0> <0

t.7T
2

(images from) Smejkal et al.
Sci. Adv. 6, eaaz8809 (2020)

>:<

» Non-collinear AFMs offer a rich platform

Taguchi et al., Science 291, 2573 (2001) (exp. Nd,Mo0,0-)

Shindou, Nagaosa, PRL 87, 116801 (2001) (fcc 3Q)
Machida et al., Nature 463, 210 (2010) (exp. Pr,Ir,0-)
Machida et al. PRL 98, 057203 (2007) (exp. Pr,Ir,0-)

Tomizawa, Kontani, PRB 80, 100401 (2009) (theo. Nd,Mo0,0-)

J. Kubler, C. Felser, EPL 108, 67001 (2014) (theo. Mn;X)

Chen, Niu, MacDonald, PRL 112, 017205 (2014) (theo. Mn,lr)

Nayak et al., Sci. Adv. 2, e1501870 (2016) (exp. Mn;Ge)
Sirgers et al., Nat. Comm. 5, 3400 (2014) (exp. MnsSi,)

Zhou, Y.M., Hanke, Feng, et al. PRB 2019, PRM 2020 (Mn;XN)

...goes on ...

» Coplanar AFMs + Spin-Orbit Interaction (SOI)

» Non-coplanar AFMs: SOI not needed

scalar spin chirality
Xijk = Si - (S; x Sg)

Smejkal, YM, Yan, MacDonald, Nat. Phys. 14, 242 ‘18

S;

Crystal Hall Effect

when there is SOI
and crystal
symmetry is low...

S

W

‘topological” Hall effect...

JULICH
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Toy Model : 2 atoms per cell Point group symmetry - C'gy,

war 01
0-3 ! 767
*@g ' E . . &é/
............... AR 2 T e
&1
. /"//// ",
Ji»x . o
hopping Rashba spin-orbit exchange
S S i N f
= —t Ciau ja + ?’aR ez 0 X d’LJ) B CiaC iB + )\ex (SZ ' 0-)065 Ciaciﬁ
(ig)c (ig)oB iaf

IJ JULICH

Forschungszentrum

And let’s assume that everything is possible...



Hall effect . Effect of canting

Kipp, Samanta, Lux, Go, Merte, YM et al. Comm. Physics 4, 99 (2021)

Chiral Hall Effect of FMs

honeycomb Rashba ferromagnet

1 A
-1 4 — K
T —— :1D° T
Oxy ; i
-1 A
0.25 A ' ' !
o?
Xy 0.00 —Aw\/Y\fN——
—0.25 ~ . : .
-4 -2 0 2 4
E [eV]

No change in magnetization
with sense of chirality!

Oy (0) £ 00y (—0)

osy (0) = :

— 0
(a) v W (c)

= B
®
(b) (c)
+ -
iy AN ./
y (N

x = SA X Sg ~ 6

—3 Chiral Hall Effect

/ Q30 (9, k) dk
BZ

Smejkal et al. Sci. Adv. 6, eaaz8809
~» Crystal Hall Effect

IJ JULICH
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Chiral Hall Effect in AFMs

Kipp, Samanta, Lux, Go, Merte, YM et al. Comm. Physics 4, 99 (2021)
No crystal Hall effect in collinear state : J/Q
Chiral Hall
400
~ 2°
200 — 016V
— \ — 0.3eV
E \ — 056V
g 0 u =7 : :
&l —500 0 500 1000
3 200 Oz [(2- cm)™]
i chiral i
4 ~400 Colossal Chiral Hall Effect
el [ \ 1.4 1'25 ( V)1.o 1.2 DyPtBi: Zhang, GAPtBi: Suzuki, EuTiO,: Takahashi
A | EAS CaNaMnBi,: Yang et al. PRL 124, 137201 (2020)
Samanta, Lezai¢, YM, et al. JAP 127, 213904 (2020) _
Zelezny et al. PRL 113, 157201 (2014) Chiral and Crystal Hall : can be also -
Bodnar et al. Nat. Comm. 9, 348 (2018) distinguished by optical means ‘J JULICH

Forschungszentrum



Chiral Currents : Symmetry

Kipp, Samanta, Lux, Merte, Lezaic, YM et al. Comm. Physics 4, 99 (2021)

1
AHE is odd under time-reversal 07, = 5(0@ — Oyx)

V\\/ \)/ This suggests the following expansion :
o

godd _ Z (c0dd)i, (n®2k+1 g n®2z) oddin A < B

Oy Ty
) k,1=0
o
even __ even\? . X2k ®R21+1 :
Pny =4n4 Oy = E (™)' : M @nf™7);  evenin A+ B
staggered / ferromagnetic: f,1=0
N4 = SA & SB After including the staggered nature of tensors into account:
/ o.odd _ o.odd \
=Y 5 2 € span{n? n¥n% +nYn%nY +n"nYn¥ —n"nini} + O(n°)
Ty — T +nZnYnY, n®nZnt +nY¥nfnY, n®n"ni +n¥nYn%} + O(n°)
. +TR_N_NL, N NNy TN_N_NG, N_N_N4 TN_N_N4 )




Chiral Hall Effect: Impact

Kipp, Samanta, Lux, Merte, YM et al. Comm. Physics 4, 99 (2021)

Bac, Koller, Lux, Assaf et al. arXiv:2103.15801 (2021)

YAy

even

Crystal Hall Effect
g + B () xax;

Chiral Hall Effect
BiM (A )y

inversion symmetry

8 Tesla <«

4 Tesla

Ny = Sp* Sp

1
X = Sa 2S5 = é(n_ »/n+)

MnBi,Te,

> Prediction of symmetry analysis:

100

/

> ‘fgafuiesyin B-field bekhawiarty)?
~» scaling law with magnetization

2

™~

Will help you read out chirality

~(b)

w/canting contr.
wo/canting contr.

(c)
-®- w/ canting contr.
<=} wo/ canting contr.

[é2 0 3

o F—r'"t’t’t“"'t".-rt.rt-"\

Y

» Tesla
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Chiral Hall Effect: Ori

gins

Kipp, Samanta, Lux, Go, Lezaic, YM et al. Comm. Physics 4, 99 (2021)

> Reference state + small admixture
apply perturbation theory — obtai

2-spin chiral Hall effect:

ng ~ |9| ) 5Q$y

~» Non-linear in E contributions

to the Hall effect

“staggered” mixed Berry curvature

“staggered” spin-orbit torques

Complex geometric nature:

of needed chirality
n expressions

A

Staggered tilt

e~ =d

- Qa’:)\

k-curvature
tensor

guantum
metric tensor

mixed curvature
tensor

5Q:By — JCrocc% ([Qxy7 A)x] + [Q)\ya Ax] =+ [Qﬂc}w Ay])

. < 102
I A
I /|
/ Chiral Hall
) ’
h:::-—-/.- Vi 101 C\]'_‘
[ . .,
/ ~.~\;.-_-;-_-_-_~::g/'_--= e 0 8
/= . - T =3 R <
X AN <F
r ’I ’/ M, ,’ \\ \\ _ ]_
K: ’ a/ \)\/,/ \\ \\ 10
. - 'l by
K:""' _________ /,/' , :\\‘ \\\ \\
S Srae - AN N
S — A & \ AN —102
X [ 7
102
staggered SOT
/] 10!
/ — =,
N \ o
N\
—10!
— —10?
X [’ Z

JULICH
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Chiral Currents : Mn,X - )0
3 vector chirality &~ » (8 xS;), S3L

Zhou, Hanke, Feng, Bligel, Yao, Y.M. + Lux (2019, 2022) —
<,)>

“octupolar” chirality O ~ S; + R%w Sy + R3.S3 ~ Sp X (S2 x S3) +
3 A

w =
Magnetic state: I'yae = I's ® Tse (O[y2]s Oza]s Olay]) = Tg /: i.\
Si F'g,
xm“c % Projector onto Py = 3 Z (T14(0)) vy Timag ()
W, relevant subspace: w48~
ana m 6 ocEmM3m _31\9
(O'[yz], 0[zw],0'[my]) — YAHE (Sf + S2x + Sg, S% + S2y + Sg, Sf -+ SS + Sg) -

' C0™0, 90 +ycre (—SF + 55+ 53,8¢ — SY + 8Y, 57 + 55 — 53)

enables read-out via AHE

i "
—_ ;,5 —> .
5 , 1 S
g _.
Q » . -
z Good fit to ab-initio data:
Yeue ~ 90S/cm
0 30 60 90 120 150 180 210 240 270 300 330 360 i l J U L I C H
Suzuki et al. PRB 95, 094406 (2017) N eoursssomurum

0 (deg)



Chiral Sp|n Currents Freimuth, Bliigel, Y.M. PRL 105, 24660210

Rauch, Topler, Mertig PRB 101, 064206 ‘20
Go, Sallermann, Lux, Bligel, Gomonay, Y.M., arXiv:2201.11476 (2022)

“chiral” spin Hall effect
spin Hall effect

Allow for “hidden” structure of spin currents : V
- i “normal” spin current — ) N i
<= ¥ ' =
N ' ‘
> s @ N e
‘ - e - . -~ .
- / 1 / / ¥
"i’ {; | spin current spin I\'\ o4
- “: 2;' density current polarization \ 7
\:"' . ' J s
¥ = e - <
% In spirit: spin-decomposition of AHE
’; E Symmetry allows for site-dependent \Q

spin current polarization!
non-magnetic crystal



= [eV]

Chiral Spin Hall Effect : Mn;X

Go, Sallermann, Lux, Bligel, Gomonay, Y.M., arXiv:2201.11476 (2022)

tight-binding model for Mn;X structure

| —]

e
=0
N

—
41 e~

<

——

VY NA

|
IN
n
11
=11
/ :|‘|
Vi
\
\
\/‘V\"

N PACAGEICIEDR N

T — e —

L A T K M T —am -0 0

200 ANC

4.0

3.8 1 \

3.6-
344 chiral spin Berry curvature
3.2-
3.0-
2.8-

2.6

al

QS [AA7]

chiral spin Hall effect <o®

Non-magnetic Mn3X lattice: 3:
electric field along y \
spin current along z

Chiral current operator:

jghi — 1/2 (Schi'Uz + UzSchi)

Chiral spin operator

Schi =S4 -na+Sg-ng+Sc-nc

Kubo formalism for response

Can couple to the spin texture!



Chiral Spin Currents for Chirality Switching

Go, Sallermann, Lux, Bligel, Gomonay, Y.M., arXiv:2201.11476 (2022)
Chiral spin currents : accumulate at the surface

(;hiral

T

anomalous torque
LLG dynamics:

AW 4 / AW 4 / / / /
/ / / / / / / / /
/ / / / / / AW 4

~
~
~
~
~
~
~
~

/ / / / / / / / / /

drn; . . drn; -
FI = —|y|mi ﬁl(Bie(J + BTI) + 4m; -/ dtl + @“ral
— 5] > Predicts switching of
0,51 y octupolar chirality on 100 ps scale
) Z
-— : _ Tsai et al., Nature 580, 608 (2020)
90 0.0 Different from: Takleuchietal.l,JNature Mat. 20, 1364 (2021)
. ;*'q p . ;'" p Spin-dependent contributions: higher-order
;’h IE;"Q ;" ,,*! complex anatomy of
A 200 400 600 8X <o spin currents possible! (J JULICH



Gradient expansion : (very) smooth textures

Kipp, Lux, YM, Phys. Rev. Research 3, 043155 (2021)

» Given a texture, the spirit of gradient expansion dictates:

Onsager relations

2 .
O(07)) Ot 1] = —0pag [~ Point grogg symmetry
6v

Collinear terms

N . .
@ Chiral terms O(ap)|P] = O(ap)[—T]

» Conductivity in terms of irreducible representations of the symmetry group: 0 — Ay + As + By

magnetoconductivity planar Hall effect
o, [0] = (yic + yme) + Yamc (n] — n7) o, 0] = yeur ([ (17 — 1Y) /2, nany )
+ YeMe (V- n—n- V)nz + VCPHE (nz(axnx — aynya axny -+ aynx))

anomalous Hall effect

2)

o4, [R] = yane () + veue (V- D)(n] — g IJ JULICH

Forschungszentrum



Gradient expansion : Predictions

Kipp, Lux, YM, Phys. Rev. Research 3, 043155 (2021)

Irrep Channel Name Collinear effects O(9°)

ity (AMC)

Ax -1- T(yy))/2 isotropic
longitudinal
Ao antisymmetric anomalous Hall effect (AHE)
transverse
(F2)1 — O(yy))/2 anisotropic
longitudinal

longitudinal planar Hall effect (LPHE)

longitudinal conductivity (LC), magnetocon- chiral magnetoconducuvity (CMC)
ductivity (MC), anisotropic magnetoconductiv-

chiral Hall effect (CHE)

chiral longitudinal planar Hall effect (CLPHE)

(F2)2 symmetric planar Hall effect (PHE) chiral planar Hall effect (CPHE)
transverse
Type AHE |CHE ||MC |CMC || PHE | CPHE S Y L T T T . - .
[100] I v - — -~ = e e - - - — Kubo formalism
Neéel |[011] |V — Up to 2000 atoms
1Y) 1Y c(ne) _ 9p(d) 0up(~0) — Variable disorder
[100] v v “p
Bloch [[011] v v e o b e . e e e - q
Iy A A A b o>
[oo]l v | v [ v | v \- e et — -— - /.
Cone |[011]| V v v | v oo
0ol v [ v (v [ v ([ 7 ;ﬂ//q 9 JULICH



Chiral Transport of Spirals

Kipp, Lux, YM, Phys. Rev. Research 3, 043155 (2021)

chiral magnetoconductivity

-1.80

_

0-5':1: [Cl_lz]

-0.60 0.00

e/

non-chiral

. 7
= —’YCMC COS??

w P

['=0.10eV

iraI =

/4 7rl/2
|| [ag]

- - — - L]
—_—
— —

/ 0 75 v

-1.52

chiral planar Hall effect

-1.01

-0.51  0.00

) 7]

2

0.93

Redies, Lux, YM, et al. PRB 102, 184407

prominent Berry phase signal
AN —

Y N
chiral Hall effect

'JZG 0 o /4

. ﬁ»“sw:ss knife” skyrmion
.

-~ E’VCHE cos

' chiral
0

['=0.10eV

'/T)-l 77/2
lal [ag "]



1*phase

Chiral Hall Effect of Textures

Lux, Freimuth, Praf3, Bltgel, Y.M., arXiv:2005.12629; PRL 124, 096602 (2020)

Anomalous Hall effect || {{} |}

b~~~} Chiral Hall Effect

G< = G5 +HG): B+ (G5,
+1°[G5,0,) : E ON O

. E On .\\
f

) 4 topological Hall effect
I

also beyond emergent field...

Gradient expansion technique

- conical

04 —02 00 02 04
X/ L

J=1meV D =0.5meV

n T

R 253T ¢ o

-0.4 -0.2 0.0
x/L

0.2

0.4

5 Emerges in complex textures,
e.g. skyrmions, vortices, bobbers...

102

10!

IS » Possibly observed in many systems:
Q .
o X can tell you more than you'd think!
—1o°§
-10!
-
-10? Redies, Lux, YM, et al. PRB 102, 184407

Meynell, Monchesky et al. PRB 90, 224419

Bouaziz, Bliigel et al. PRL 126, 147203 (2021) 9 JULICH
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Non-commutative

Non-commutative noncommutative
phase-space picture geometry Berry phase
Berry d d 0
Uiza=h€2% Ttsea<GR*Um*GR*Uy*GR /// \\\ > / X/ pr P Z pmpy o
—(z < y)) gauge theory of skyrmions

~ string theory!

nucl_ear physics / }, Integer & fractional
string theory il quantum Hall effect

st 2
A. Connes N. Seiberg E. Wltten

J. High Energy Phys. J. High Energy Phys. )
1998, 003 (1998). 1999, 032 (1999) noncommutative Fabian Lux, Freimuth, PraR3, Blugel, Y.M.,

h arXiv:2005.12629
gauge theory PRL 124, 096602 (2020)
arXiv:2103.01047

L. Susskind J. Bellissard
arXiv (2001) J. Math. Phys. 94



Chirality and Magnons

Zhang, Lux, Go, Y.M. et al. Comm. Phys. 3, 227 (2020)

0.50

0.25p

0.00

-0.25F

-0.50

7/ “T‘\\

NI

Temperature (K)

\\\\\ tr s

M

Cs8

— ferromagnetic

kagome lattice

— Mn;Ge
non-collinear
coplanar

“Topological / Chiral” electronic effects
in fluctuating “non-chiral” magnets

Makes chirality relevant even if you don’t know it

S —ZJZJS .S,
—B- HTOZe”k

ijk

0 20 40 60 80 100

SXSk

ZDU (S; x S;)

—B'Zsz‘,

IJ JULICH
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Orbital magnetism of magnons

Zhang, Lux, Go, Y.M. et al. Comm. Phys. 3, 227 (2020)

ferromagnetic kagome lattice

Magnon-driven orbital moment:

Ly = (Y [y () ¥

0 10 20 30 40 50 60 70 80 90

0 (°)

Topological Orbital Magnetism
giant effective fields

Hanke, YM et al. Sci. Rep. 7, 41078; Dias et al. Nat. Commun. 7, 13613
Lux, Freimuth, Bllgel, YM et al. Commun. Phys. 1, 60 (2018)
Redies, Lux, Hanke, YM et al. PRB 99, 140407(R) (2020)

Taguchi et al. Science 291, 2573 (2001)
Shindou, Nagaosa, PRL 87, 116801 (2001)

L TO [S (S] X Sk)] Tijk

ijk — zjk:

IJ JULICH
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- 2 Chisnell et al.
Chirality and g-factor PRL 115, 14720115
Alahmed, Wen, Zhang, Lux, Y.M., Zhang, Lee, Li et al. (2021) Cu(1,3-bdc)

Orbital moment is correlated with the
(spectroscopic) g-factor as:

Energy (meV)

Expectation:

» OOP g-factor increases with T
» |IP g-factor decreases with T

2.16

g-factor
|
|

g-factor

o —— = 7 "',
77 Magnons mediate OOP orbital
& moment with increasing T

2.12

2.08

0O 10 20 30 40 50

L . uarl T (K) . Kittel Phys. Rev. 76, 743 (1949)
Dendshev etdil. EPL 68, 446 B003), Af&e0, Klaui, Weiler, Mokrousov, Physik Journal Feb 2022
Farle, Rep TpADRIAtIREY(K)




Transport of chirality by magnons

Zhang, Lux, Go, Y.M. et al. Comm. Phys. 3, 227 (2020)

ferromagnetic kagome lattice

Orbital Nernst Effect:

Xy Y [ TOM
Kone = T 4 5 / ¢ (ng(€c)) QL dk
Uy =~ JBZ

LM = ~» Magnonic transport of

orbital angular momentum
Go, Jo, Lee, Klaui, Y.M. EPL 135 (2021)

< k| X () [ )

inject
chirality

0 10
sensmve to topology

—— /- - D=0, B=0
——/- - D=0,B=10T

- ———

\—-——--———————

100

0 e
i i 00 02 04 06 08 1.0 0
Drag of electronic orbital / Temperature (K)

J/
momentum by magnons . ol

20 30 40 50 60 70 80 90

0 (°)

» Competitor to
magnon Nernst effect
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Optical chirality engineering t'\'h"etr;”af:‘;c;&flaﬁon

8
M 0.00ps

0 05 1.0 15 20 25 3.0
_ t(ps)

Ghosh, Freimuth, Gomonay, Blugel, YM, in press (arXiv:2011.01670)

{I7) (meV)
S

oo

= | I I .
02E@) 4 hopping | | o
B - g ,Chiral“ coherent electronic excitations
% 01F & 02 —
| - ] 03 T . . . - .
oof 3 04 — chiral interactions out of equilibrium
P BRI PR B Karnad, Freimuth, Y.M., KIaui, et al. PRL 121, 147203 '18

Freimuth, Blugel, Y.M., Phys. Rev. B 102, 245411 (2020)

=03

06Hb)

i Engineer chirality at will!

/f—f'//

0.0.|||,,5.5|i.|||||

S RS
0.00 0.04 0.08 0.12 0.16 — —
8o (eV/ao) 9 JULICH
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Chiral currents

DYNAMICS

TRANSPORT

Chirality Switching

Chirality by Excitations

EXCITATIONS

W

P e

JULICH
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