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Magnetoelectric coupling

- Magnetoelectric coupling

= Electric control of
magnetic order

= Magnetic control of
electric order

M
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Magnetoelectric coupling and symmetry
Space inversion Time reversal

Magnetic

Electric

-«
= W

d time-reversal symmetries

Magnetoelectric coupling <> breaking of space:
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Magnetoelectric coupling in ferro-/antiferromagnets
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Ferro- ' Spacial ' Time l :::vt«l:s:
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or magnetoelectric coupling antiferromagnetism is more favourable

1: Electric field - magnetization
Cr,0;

Magnetoelectric
antiferromagnet

Ty=307.6 K

Magnetic

= o structure
L L

Two 180° domain
states (+/-) D.N. Astrov, JETP 11, 708 (1960)

w4 e Distinguished by Linear magnetoelectric effect:
! spin reversal MoxaE

Sources of the linear magnetoelectric effect
E=0 Cr,0; E=0 Source in Cr,05:

= Electric field E || z moves
ions with respect to ligands

= A, and B, sites are no
longer equivalent - M || z

= Ingeneral:
many other mechanisms

M. Hornreich et al., Phys. Rev. 161, 506 (1967)
G. A. Gehring, Ferroelectrics 161, 275 (1994)

2: Magetic order — spontaneous polarization
(Multiferroics)

Dzyaloshinskii-Moriya:
Epn =Dj - (S;x §)

with Dy ~ X x €

Antisymmetric exchange:
Inverse Dzyaloshinskii-
Moriya interaction ~ S; x §;

os-s B @ &

R. E. Newnham et al., J. Appl. Phys. 49, 6088 (1979) H. Katsura et al., Phys. Rev. Lett. 95, 057205 (2005)
T. Kimura et al., Nature 426, 55 (2003) M. Mostovoy, Phys. Rev. Lett. 96, 067601 (2006) 1o

Magnetically induced ferroelectricity in MN\WO,

AF3  HIlb

TK)
K. Taniguchi et al,, Phys. Rev. Lett. 97, 097203 (2006)

= Spiral magnetism breaks time and space inversion symmetry
= Electric polarization allowed according to P « ry ,x(S;xS,)

-swcz Workshap on Antferromagnetc Spinronics, 10.10.201 forric matethe ch I

Nonlinear optics: access to (multi-) ferroic order
Electric field in matter: .

P(?)ZWE(?) Gl E‘:(Clted state
ot eiot E(o) P(Z(D)
Yet for strong electromagnetic fields (e.g. laser): |(j| . Efé’?ﬁgg
P=gy(yVE+y@EE+y®EEE+..)

E(®)
Ground state

With leading-order nonlinear term: <g|
PQw) =g, 1? E(w) E(w)
1

ei2ot eiot giot

— Frequency doubling ("second harmonic generation", SHG)
— Applicable to all ordered structures (symmetry as common basis)

] [
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Nonlinear optics: access to (multi-) ferroic order
Faeroslectric order besaking varalon symmeiry
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- SHG
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Antferromagnetic order breaking inversion symmetry
TL Inversion ll' SHG
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Sample, Filter
P(a) P, (2w0)
P, (20)

Coexisting electric and magnetic order by SHG
omains ‘- B
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3| =
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5 Fe lectri
erroelectric
YMnO, 6K (] 5.0 @ pm
. . A h SHG with M. Raschke: Phys. Rev. B 79, 100107(R) (2009)
22 24 26 28 3.0 32 PFM with E. Soergel: Appl. Phys. Lett. 97, 012904 (2010)
SHG energy (eV) C. Neacsu, MF etal., Phys. Rev. B 79, 100107(R) (2009)
— T T T T. Jungk, MF et al., Appl. Phys. Lett. 97, 012904 (2010)
> g 2ho=2 468V
k2 H T,
] 2
£
® d B % ®
2| Antiferro- Temperature (K)
9| magnetic
g 6K
22 3.0 3.2

2.‘4 2.6 2.8
SHG energy (eV)

M. Lilienblum, MF etal., Nature Phys. 11, 1070 (2015) ~ 1996-2000:  MF etal., Phys. Rev. Lett. 84, 5620 (2000)

First antiferromagnetic SHG experiment

@ crystallog. M . -
o magneic  * e, Cr0,
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> Magnetic
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2 Vo Two 180° domain
€ states (+/-)
Z|Egem 266V
: C"/S'a”:’g Distinguished by
magnetie spin reversal
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Antiferromagnetic 180° domains in Cr,0;

With SHG: MnF, domains

Exposure time:

~1min £

Resolution: E

~1-10 um ~24 h, 100 um
Polarized neutrons

MF etal., M. Schlenker etal,
Appl. Phys. Lett. 66, 2006 (1995)  Ferroelectrics 162, 299 (1994)
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Optical switching of a ferromagnetic state

.
08 bt e Bt g w1 ke bt b

Optical switching of an antiferromagnetic state?

Useful for

= Exchange bias effect and ist manipulation

= Controlling strong correlation related to antiferromagnetism

= Data storage in antiferromagnetic systems s. Lot et al., Science 335, 196 (2015)]

Challenge
= No macroscopic magnetization
= Requires mechanisms for visualization and optical control

P. Némec, MF et al., upcoming review
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Antiferromagnetic spiral order in ToMnO,

Orthorhombic TbMnO,

O g 0w D n o
Quar i Ty M Ny N Y
Thos S oy O o O s
S 2 b T
L& o O g £ g D

=

Mn spins forming cycloidal spiral
— antiferromagnetism

. Kimura et al,, Phys. Rev. B 71, 224425 (2005)

Spiral order below 27 K

i 5\. I'Es\\""‘"
g\ \l_ N

Loy

= Spiral breaks inversion symmetry

Dzyaloshinskii-Moriya interaction
induces "parasitic" electric
polarization: P o ; x (S; x S;)

forric matethe ch

Hysteretic poling of multiferroic ToMnO;,

Antiferromagnetic
domains with secondary
ferroelectric polarization

SHG is only existing
technique to resolve
these

Single-domain poling at
+10 kV/icm

()

M. Matsubara, S. Manz, MF etal.,
Science 348, 1112 (2015)
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Optical switching of the antiferromagnetic state

AFM + AFM —

SR 7L

. SHG],
o

il
B e s

— Pulse —— T

= Switching independent of

light pulse duration
(120 fs to cw)

= Points to thermal origin
= Verified by Monte-Carlo

simulations

. Manz, MF etal, Nature Phot. 10, 653 (2016)

forroic matethzch

Monte-Carlo simulation of thermal switching

1%.- - i

2

Time

Antiferromagnetic order parameter reversal me

Order parameter
o

Temp.
/

& 1000
Monte-Carlo sweeps

ed by reversal of

coupled electric polarization in depolarization field during cooling
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Concept for reversible antiferromagnetic switching

Low absorption High absorption

e

- - ]

S. Manz, MF etal., Nature Phot. 10, 653 (2016)

-.n : ;

— 1 ]
- g

Time ———>

ey,

= Full antiferromagnetic reversibility in the top layer 0 ...d-
= Light color «»> direction of antiferromagnetic order parameter
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Spatial correlations

Time: —> Write =

Sequential writing and erasing without crosstalk or anisotropy effects

Write ||

S. Manz, MF etal., Nature Phot. 10, 653 (2016)

- SPICE Workshop on Antfarromagnati Spintonic, 10.102019

farroic matethzch




14/10/2019

Table of contents

= M lectric ling and antifer

All-optical switching of antifer ic order

Inversion of domain patterns

Conversion of multiferroics between 2D and 3D

Summary

P
Vera Ehsan Nagmi Thomas Dennis. Mads.
Carolus  Hassanpour Leo Lottermoser Meier Weber

Complexity of order parameters in Mn,GeO,

PR -

=i
b

Croupled mulheros: doman pwstching s iy -
canted ponecel e spinsl sytdem Mn Gell, 'fj‘"j 4
. 1 = ‘:
Ordered state to achieve M || P with lectric ling is lex!

= Two commensurate order parameters at ko = (0, 0, 0)
= Four incommensurate order parameters at kg, = (+0.136, £0.211, 0)

Certainly magnetoelectric multiferroi not the only function:

exhibited by such a rich order parameter landscape

Inversion of a ferroelectric domain pattern

-] - = Magnetically induced
ferroelectric +P, domains
tuned in a magnetic field H,
(observation by SHG)
Polarization reversal in
each domain, yet without
destroying domain pattern

Inversion of ferroelectric
Mn,GeO, domain pattern

Invariant free-energy term mediating the coupling:

Reversal of magnetization M, by field H, enforces reversal of P, in each

Complexity of order parameters in Co;TeOg

Ordered state to achieve M L P with magnetoelectric coupling is complex!
= One commensurate one-dimensional order parameter at ko, = (0, 0, 0)
= One commensurate four-dimensional order parameter at k, = (0, 0.5, 0.25)

es the complexity of the order parameters generally allow

existence of a domain inversion mechanism?

- SPICE Warkshop on AntferromagnelicSpinorics, 10.10.2019 forric matethe ch K3

Inversion of a ferromagnetic domain pattern

ol = Ferromagnetic +M, , domains
tuned in magnetic field H,
i (observation by SHG)
oy = Magnetization reversal in

-
iy ) )
A e 1, o~ Av———r— each domain, yet without

destroying domain pattern

Inversion of ferromagnetic
Co;TeO4 domain pattern

L el

Sagrate b 5 (T)

Invariant free-energy term mediating the coupling: [FSCEI(FARIMELIN ()

Reversal of magnetization M, by field H, enforces reversal of M, in each
domain for minimizing F;,, — the domain pattern is preserved
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domain for minimizing F;,, — the domain pattern is preserved
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Antiferromagnetic domain inversion by electric field

. o PM
= Dy, ,Tby;FeO; in multiferroic phase at 2.5 K
= M]|| ¢ (Faraday rotation) reversed by E || ¢ II ._' e
= Coupling term o« Mg, Py Lo, 1, ot
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Model for magnetoelectric domain pattern inversion

Order parameter (i)
Wy <o holds the domain pattern

Order parameter (S)
holds overall sign of

;'I L\ r domain pattern
[ My =0
: $is tunable between

single-domain states

-l el

+1in field Hg
- M, =0 = Observable O~ $: pol-
arization / magnetization
§ O~
Xi(ko) Xa(ko) P, H, Mn,GeO,
n(kg) Glko) M, H, Co3TeOg
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Phase coexistence in antiferomagnetic Dy, ;Tb, ;FeO,

—0K ~2.3K 265K 7K 645K L
[ *
AFM WwFM || a WFM || ¢ .
i
o [
Non-multiferroic § - Multiferroic -
AFM order [
parameter

. T y e '__' - A e N

g i )
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u SN\ r——
— L e— i
—— e — = Symmetry-wise the
. domain walls nucleate
] -_— the opposite phase

= Observe transfer:
Domain <> domain wall

TN T S LIt R LT hl.

Domain wall - domain

— ) R

"
Non- j Non- 1
multi- 7 multi- |
ferroic | ferroic /
—  Temperature - —  Temperature —
Detection: Faraday rotation Arrows: AFM order parameter

E. Hassanpour, MF et al,, submitied
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Magnetoelectric control of multiferroic wall

Multiferroic wall Non- :/"
. . . mul- i
in non-multiferroic ferroic ,

environment —  Temperature  —

Acting on the
multiferroic wall »
with magnetic field

Acting on the
multiferroic wall »
with electric field

Hil

External field switches wall ma
and converts the multiferroic wall

Domain — domain wall

) (5] »

Two types of domain wall meetings
= Coalescence

= Non-coalescence with 360°
order-parameter rotation
("antiferromagnetic 1D skyrmion")

]
[

E. Hassanpour, MF et al., submitted
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Summary

Magnetoelectric phase control in antiferromagnets

= Magnetoelectric coupling is favoured by broken space- and time-
inversion symmetries

= This twofold symmetry violation is predominantly found in
antiferromagnets rather than ferromagnets

= Alarge variety of static and dynamic coupling effects — there is no
end in sight

= Nonlinear optics is ideal for probing the symmetry effects around
the magnetoelectric coupling, resolve domains, detect dynamical
processes down to the sub-picosecond range
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