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Multiferroic Compounds

Compounds with simultaneous (anti-)ferromagnetic,
ferroelectric and/or ferroelastic ordering (Aizu 1969)
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Multiferroic hysteresis
in Ni;B,O,,l (Ascher et al. 1966)
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A
1958 Idea of new compounds with coexisting magnetic and electric ordering

by Smolenskii and loffe

1966 First experimental proof of a “multiferroic effect by Ascher et al. —

1975 Suggestions for technical applications based on multicferroic properties
by Wood and Austin

2000 “Why are there so few magnetic ferroelctrics?“ by Hill
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Linear Magnetoelectric Effect

Polarization and magnetization of a medium:

P, = EonjEj- M; = x;H;
Covariant relativistic formulation:
e MP = gaﬁF’” with:

Relativistic equwalence of electric and
magnetic fields requires "magneto-electric"
cross-correlation (~ o) in matter:
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» New materials with structural (heterostructures) or gigantic (multiferroic)

magnetoelectric effects

» New theoretical concepts
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Optical Second Harmonic Generation

In general: Multipole expansion of source term S for SHG:

. 52 ﬁNL . ai,ﬁNL L a20NL
S = o - + o (V X ) — Mo (Va (2 )

Ot? ot ot?
=> Three nonlinear contributions:
Electric dipole (ED): PN (2w) o ¢FP : E(w)E(w)
Magnetic dipole (MD: MM (2w) x $MP : E(w)E(w)
Electric quadrupole (EQ): ONE(2w) x ¥F9 1 E(w)E(w)
Excited state SH source term  S;2w) o< ¥, E(@)E, (o)
A 1 . .
E(0) SH intensity: Loy o< [S(e) + S()?
A 3i[(20)  Scf(20) o< [1(c) + A ey (D) ()
E : :
N ; + = (0C(©) + A2X2(0)+ 24 1(0) X(0) cos ) (o),
Ground state alwails >0 interference term
Incident Nonlinear signal:
laser beam electric,  magnetic,
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L i-type o< x(i) c-type o x(c);
|
Interference !

controlled in the experiment.

Amplitude A and phase y can be




Experimental Setup
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Basic setup with a pulsed Nd:YAG - OPQO laser system (3 ns, <100 Hz, 0.4 - 3.0 um)
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Sample
in
GP Pol LPF cryostat

Achromatic beam imaging of sample onto
reference crystal in phase measurements

Phase Resolved SH Imaging
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Sample Reference

Holographic interference
of SH signal from sample
and SH reference wave
from quartz crystal
— amplitude and phase of
signal wave

Soleil-Babinet:

Quartz assembly with
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Phase-Resolved SH Imaging (Results)

Visibility nearly 100%
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< 0.94 Loss of spatial coherence
fully compensated!

o< degree of coherence
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Advantages:

BTN o 5 10
Distance d,d' (mm)
| RREE)  Allows use of broadband

laser sources with poor beam quality

 Large working distances (~1 m)

* More experimental freedom

 Improved image quality

Opt. Lett. 29, 41 (2004)
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SHG on Ferroelectric HOMnO; Domains

SHG from sample
A: + 90 kV/cm

B: - 90 kV/cm

C: no field

SHG from sample
and reference

Phase: ¢ = 180°
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But also:

SH intensiy

180 0 180 360 540 720
Relative SH phase (°)

> 180° phase difference between SH
contributions from opposite FEL domains

» 90° phase shift and drastic decrease of
SH intensity in unpoled region

» Many samples exhibit asymmetry with
respect to the direction of the poling field
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Multiferroic Manganites RMnO,

First publications by Yakel and Bertaut on ferroelectric and antiferromagnetic
properties in 1963

Dramatic increase of worldwide interest:
Groups in Canada, Germany, Japan, Korea, Netherlands, Russia, Spain, USA,...
Main topics:

» Crytallographic and magnetic structure
» Thin films and ferroelctric properties (— application)
» Multiferroic/magnetoelectric properties

Hexagonal manganites RMnO, (R = Sc, Y, In, Ho, Er, Tm, Yb, Lu)
I'< T,=600-1000 K = ferroelectric (FEL) + paramagnetic (PM)
I'<Ty=70-130 K = ferroelectric (FEL) + antiferromagnetic (AFM)

T'<Tge=5K = FM or AFM order of R3+-spins for R = Ho - Yb
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Crystallographic and Magnetic Structure

Ferroelectric phase transition:

Breaking of inversion
symmetry 1!

Order parameter: P

Antiferromagnetic phase
transition of the Mn3+
sublattice:

Breaking of time-reversal
symmetry T, but not of
Inversion symmetry I

Order parameter: /
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Magnetic Structure and SHG Selection Rules

P6,cm (A,)

P6;cm (A,)

o structures |_
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B structures

At least 8 different triangular in-
plane spin structures with different
magnetic symmetries and different
selection rules for SHG

o._structures: SHG for k||z allowed
Yxx = 05 Yoo = 0

Oy ((P =0%): yyy
U Z 0, Xyyy = 0

o, (¢ =90°): -
oL, (@ =0-90°): %, < sin, Xyyy & COS @

B_structures: SHG for k||z not allowed

By Bys By: Xxxx =05 Ayyy=0
Determine (3 structure from o-f3 transition
o, — Py : Yoxx =0, XAyyyo< cOS QP

o, — By Xxxx & SINP, Ko =0

Contrary to diffraction techniques:
o and  models clearly distinguishable!

13 Max-Born-Institut ¢




Magnetoelectric Properties of Multiferroic RMnO,

» Multiferroics and the Magnetoelectric Effect

» Nonlinear Optics
» Hexagonal Manganites
» Experimental Results

» Summary

Magnetoelectric Properties of Multiferroic RMnO, 14 Max-Born-Institut A A



SH spectrum and Magnetic Symmetry

SH intensity

o

SH intensity
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The magnetic symmetry, not the R ion, determines the SH spectrum of RMnO,
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Phase Coexistence and Spin Topography in ScMnO,

& h, Pgpin (X axis=0°)
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Appl. Phys. Lett. 77, 4401 (2000)
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Magnetic Symmetry of Hexagonal RMnO,

Second harmonic generation is the only technique capable
of the determination of this magnetic phase diagram!

120F a, (P6,cm) I -
_ RM nO o (P6,) :
X100 a (P&,cm) N -
L 8sor -
= ! )
©
= 60 I _
Q. i .
E 40 -
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£ .
201 -

Sc In Lu Yb Tm Er
5.833 A — In-plane lattice constant — 6.155 A

Phys. Rev. Lett. 84, 5620 (2000)
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SHG in a Multiferroic Compound

Two-dimensional expansion of the SH susceptibility y for electric
and magnetic order parameters

— NL

P (20) =&,[R(O0)+ (@) + (D) + 1@ ) +...] E(@)E(w)

%(0): Paraelectric paramagnetic contribution— always allowed

v(®): (Anti)ferroelectric contribution ' allowed below
x(¢): (Anti)ferromagnetic contribution - the respective
x(®@/): Ferroelectromagnetic contribution | | _ordering temperature

« SHG allows simultaneous investigation of magnetic and electric structures
» Selective access to electric and magnetic sublattices

 Ferroelectromagnetic contribution reveals the magneto-electric interaction
between the sublattices
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Symmetry analysis

Ordered Space Parity - type Order
Sublattice group symmetry operation parameter
(para) P6,/mmc l, T, IT
FEL P6,cm T P
AFM P6.,/mcm I 14
FEL + AFM P6.,cm P 0
SEL(p) SMP(p) SEQ(¢) SEL (P - ¢)
Kl x S,| =2iEFE, e,E2
S, | i.E2 + isE?2
K| S, 2i,E,E, -2q,E,E,
y SZ I2EX2 + I3E22 m1EX2 -qZEX2 _—
K|z Sy -2m,E,E, -2q;E,E, -2e,E,E,
S}’ ~ rn1(Ey2 — Ex2) Q3(Ey2 — Ex2) e1(Ey2 = Ex2)
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Magnetoelectric Second Harmonic Generation

Source term SED(0) SED(P) SMD.EQ() SED(P )
Sublattice sym. P6,/mcm P6,cm P6./mcm P6.,cm
SHG for k || Z — = 7 O O
SHG for k|| x =0 7
nyy |
|dentical magnetic spectra
2 for k||lz and k||x indicate
% bilinear coupling to @, 7.
=
T k||lz Unarbitrary evidence for
the first observation of
ol "magnetoelectric SHG"
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Observation of Ferroelectromagnetic Domains

x P/l

== FEL

Hl
AHM

0.5 mm

Magnetoelectric Properties of Multiferroic RMnO,

» Independent ferroelectric (< ® ) and
ferroelectromagnetic (< @ ¢) domain
structures; antiferromagnetic domain
structure (o< /) is not!

> "Ferroelectromagnetic domains":
Pl =+1 for P==21, 7 = +1
Pl=-1 for P==21, ¢/ =71

> Any reversal of the FEL order
parameter is clamped to a reversal of
the AFM order parameter

> Origin: Piezomagnetic interaction
between lattice distortions at the FEL
domain wall and magnetization
induced by the AFM domain wall
decreases the free energy

Nature 419, 818 (2002)
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Interaction of electric and magnetic domain walls

REREEN Y S N L

_— N T~

{M AFMwaII\l)/c'jo CI,
NERRRRRRREEN AR RN RN R

Ls FEL wall A
I

T |
[ | I
piezomagnetic s=dj s=d
Hpm energy

Piezomagnetic contribution H; ., = g, M, 6, with
c < P, — higher-order magnetoelectric effect

» AFM wall carries an
Intrinsic  macroscopic
mag-netization

» FEL wall induces
strain due to switching
of polarization

» Width of walls:

e AFM - O[103] unit

cells: small in-plane
anisotropy
e FEL — O[10°] unit
cells: large uniaxial
anisotropy

Generation of an antiferromagnetic wall clamped to a ferroelectric wall

leads to reduction of free energy.

Phys. Rev. Lett. 90, 177204 (2003)
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H/T Phase Diagram of Hexagonal RMnO,

Representation Repres. index |
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Magnetoelectric 3d-4f Superexchange in RMnO,

R* Ordering

Gigantic magnetoelectric effect which
originates in 3d-4f superexchange;
triggers hidden phase transition!

4 (k=3)

2 (k=3m)
T T Y GRF(ik) jkoiksd GMn(s)
k=3m,3 =1

k: R sites with 3 and 3m symmetries
i,: all R ions at k sites (4+2)

j: 6 Mn ions neighboring an R ion
A: Mn-R exchange matrix (4 types)
S: spins of Mn and R ions

o model: He(a) =0 no change!
B model: lowers ground-state energy:
He (B:) = 66S™SYM [(AZD — ATT) — (A3 — A)]

6¢.SHSMR [(AZ™ 4 A3y — (A3, + A3 )]

Ferroelectric distortion modifies the superexchange:
SA=A-A, 6A=05A,P, Scaleswithorderpar.

0z, = 605" (0A]™ £ 0A7).,  Substitution leads to:

Hex(B:) = .. P, S ME contribution

<

Magnetoelectric Properties of Multiferroic RMnO,

24

Max-Born-Institut 4




Spontaneous Magnetoelectric Effect in HOMnO;,

Antiferromagnetic SH

Ferroelectric poling
gquenches magnetic signal!

M
4 - ru.h .w. ..... O X
(9 XXX
.’yf iy T2 oy, [ unpoled
=3 ) o* .. ° Xxxx
. . poled

SH-Intensity (a.u.
N

—

Only Explanation:

Magnetic phase transition triggered by the
internal electric field!

= spontaneous magnetoelectric effect!

Temperature (K)

Magnetoelectric Properties of Multiferroic RMnO,

Magnetoelectric effect only allowed for
B, phase with ferromagnetic ordering of
Ho3+-spins!
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Magnetization Control by Electric Field in HOMnO;,

T=15K
Hex =~1T - + , *‘\3
T>T, ] R /'/ "™\,  Average Farraday
F O e rotation induced
__ Esokvemigel M || DAEERE o oma
A Y /' W, 0 LRy magnetic field
: :?\ = ;
. » ¥ ' o -
EA g T~ N Additional Farraday
k- 4 .3 rotation due to
o E<OkViem{ . ., '} phase transition
ﬂ“\ S induced bei external
relative rotation angle Adg T, 7 electric field
T 7

i

0° —

N
Farraday rotation depends on the direction of the external electric field!| | gyidence of magnetic

phase transition
induced by magneto-
electric effect!

Only possible due to magnetoelectric effect! >

Magnetoelectric effect only alowed for 3, phase in HOMnO,!
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Summary

Multiferroic hexagonal manganites RMnO, are a modell substance to
investigate magnetoelecitric interactions in a ferroelctromagnetic material:

» Coupling of ferroelctric and antiferromagnetic order parameters
leads to “magnetoelectric” SHG

> “Ferroelectromagnetic” domains due to interaction of ferroelectric
and antiferromagnetic domain walls

» Magnetoelectric effect leads to spontanous phase transition in
compounds with R=Ho —Yb

» Control of the magnetic phase by the electric field due to
magnetoelectric effect
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