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Large Magnetoelectric Effects in Multiferroics

E. Ascher, H. Schmid et al., J. Appl. Phys. 37, 1404 (1966)

Ni3B7O13I

Rotation of magnetization by 90° [110] → [110]
Triggers reversal of ferroelectric polarization [001] → [001]
First example of magnetoelectric cross-control



Access to the Magnetoelectric Coupling?

What do we want to investigate?
Magnetic Structure
Electric Structure
Magnetoelectric interaction between magnetic and electric state

What is needed for the investigation?
Single technique for accessing magnetic and electric structure
Ferroic order ↔ domains! Need to see them (spatial resolution)

What is a common property of magnetic and electric structures 
allowing simultaneous access to both with the same technique?

Symmetry!



Long-Range Order and Symmetry

Long - range  ordering Time reversalSpace inversion
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− − − − − −

− − − − − −
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Magnetic

Electric

Violation of symmetry by magnetic as well as electric ordering
Expect  novel  effects  coupling  to  the  symmetry  reduction



Reduction of Symmetry by Magnetic Ordering

Without magnetic order With antiferromagnetism

Sz= +½

Sz= −½

Symmetry
conserving
rotations:

1, 2

Symmetry
conserving
rotations:
1,  ±4, 2

Reduction of symmetry:
Expect novel effects, induced by the magnetic breaking of symmetry
Employ these effects as probe for the magnetic order!



Access to the Magnetoelectric Coupling?

What do we want to investigate?
Magnetic Structure
Electric Structure
Magnetoelectric interaction between magnetic and electric state

What is needed for the investigation?
Single technique for accessing magnetic and electric structure
Ferroic order ↔ domains! Need to see them (spatial resolution)

What is a common property of magnetic and electric structures 
allowing simultaneous access to both with the same technique?

Symmetry! Optical techniques!



Nonlinear Optics

Electric field in matter: 
P(ω) = ε0 χ E(ω) ~ eiωt

Linear approximation only for weak (light) fields

For strong electromagnetic fields (e.g. laser): 
P = ε0 ( χ(1) E + χ(2) E E + χ(3) E E E + ... )
With leading-order nonlinear term: 
P(2ω) = ε0 χ(2) E(ω) E(ω) ~ ei2ωt

→ Frequency doubling ("second harmonic generation", SHG)
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Microscopically:
second-order perturbation

In general: 
resonant

In general: 
non-resonant

States 〈 i | are real states that 
are excited with large energy 
mismatch: ∆E·∆t ~ h



First Observation of Optical SHG

?!



SHG in Multiferroic Compounds

magneticelectrical 
Incident  

laser 
beam Interference !

Nonlinear signal:

SHG:    Si(2ω) ∝ χijk Ej(ω) Ek(ω)

Scr Smag

Only based on symmetry arguments: 
χijk ↔ symmetry  ↔ structure

Access to magnetic and electrical 
structure with the same technique

Optical degrees of freedom:

Spectroscopy: Excitation and emitted 
signal are sublattice selective

Spatial resolution: imaging of domain 
structures, inhomogeneities

Temporal resolution: dynamics down 
to sub-picosecond range

Nonlinear optics reveals novel information about magnetic and electrical structure



Magnetic Ordering and Symmetry

"When the effects related to magnetic ordering and the 
presence of an applied magnetic field are studied, it is 
necessary to take account of the fact that the symmetry of
the magnetic subsystem can be lower than the symmetry
of the crystal lattice."



First Magnetic SHG Experiment

Observation of a 
second harmonic 
contribution which 
depends on the  
magnetization of a 
Fe(001) surface

Small signal, but 
with high contrast 
→ typical for SHG!

−M+M



Linear Magneto-Optical Effects

Rotation of plane of polarization upon 
transmission/reflection on magnetized 
medium
Described by non-diagonal elements of 
3×3 matrix
Q << 1   ⇒ small effect (10-2...10-5)

Fe at 800 nm 
(calculated)

Kerr rotation 

and ellipticity

Dielectric
function :

in: ω,k   out: ω,k

R. Vollmer in "Nonlinear Optics 
in Metals", Clarendon (1998)



Nonlinear Magneto-Optical Effects

Generation of reflected SH wave:

Pi(2ω) = χ(2)
ijk(M) Ej(ω) Ek(ω)

with  χ(2)(−M) = −χ(2)(+M)
⇒ χ(2) is 3rd-rank c tensor

Nondiagonal SHG tensor 
components are natural!
⇒ Large „nonlinear Kerr
angles“ are expected.

±17°

B. Koopmans et al. Phys. Rev. Lett. 74, 3692 (1995)



SHG on Magnetic Garnet Films

(111) (210)

Incident light:
a) x polarized
b) y polarized

MSHG is 
extremely 

sensitive to  
underlying 
symmetry!A. Kirilyuk et al., Phys. Rev. B 63, 184407 (2001)

(001) (110)



Magnetisation of Thin Films Derived from MSHG

M = 0
M || y M || z

V. Jähnke et al. Appl. Phys. B 68, 485 (1999)



First Antiferromagnetic SHG Experiment
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Temperature  (K)

TN

Magnetic 
structure

Two 180° 
domains (+/−)

Distinguished 
by spin re-
versal

Cr2O3

Magnetoelectric 
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TN = 307.6 K
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Structure and Symmetry of Antiferromagnetic Cr2O3

L

C3

S1

S2

S3

S4 +

Cr2O3 is antiferromagnetic:
Néel temperature 
TN = 307.6 K 

Two 180° domains (+/−),

symmetry  T > TN:
D3d = 3m with:
inversion I
time reversal T
and thus TI

symmetry  T < TN:
D3d(D3) = 3m with:
inversion I
time reversal T
but still TI

L

C3

S1

S2

S3

S4 -

3m: 1, 1, 3(2⊥), 3(2⊥), ±3z, ±3z

1, 1, 3(2⊥), 3(2⊥), ±3z, ±3z

3m: 1, 3(2⊥), ±3z, 1, 3(2⊥), ±3z

Symmetry operations:



Wave Equation for Nonlinear Optics

Maxwell equations in 
matter with matter fields:

P (electric dipole
moment, ED)

M (magnetic-dipole 
moment, MD) 

Q (electric-quadrupole 
moment, EQ)

Leads to source term S in 
wave equation: (reaction 
of matter to light field at 
ω is generation of 
another light field at 2ω)

\



Summary: SHG in Antiferromagnetic Cr2O3

All temperatures:
Mj(2ω) ∝ χijk

m(i) Ek(ω) El(ω) axial, time-invariant, rank 3
Qij(2ω) ∝ χijkl

q(i) Ek(ω) El(ω) polar, time-invariant, rank 4
Only below TN = 307.6 K:
Pi(2ω) ∝ χijk

e(c) Ej(ω) Ek(ω) polar time-noninvar., rank 3
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SHG in Antiferromagnetic Cr2O3
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Domain ±1

I/I0(L,σ) = C − sgn(L) sgn(σ) ⋅ ∆
2

SH intensity for magnetic
point group 3m with k || z:

• Linear coupling to magnetic
order parameter

• Distinction of antiferro-
magnetic 180° domains

Phys. Rev. Lett. 73, 2127 (1994)



Antiferromagnetic 180° Domains in Cr2O3

295 K
Pol. σ−

295 K
Pol. σ+

310 K
Pol. σ+/−

1.0 mm With SHG:

Exposure time:
~ 1 min
Resolution:
~ 1-10 µm

Appl. Phys. Lett. 66, 2906 (1995)

MnF2 domains

~24 h, 100 µm

2 
m

m

Polarized neutrons
see: M. Schlenker, J. Baruchel,
Ferroelectrics 162, 299 (1994)



Seeing More with Nonlinear Optics

Antiferromagnetic Cr2O3 sample excited with infrared light (hω = 1.1 eV).

Incident 
light     :

Detected 
light      :

ω

ω

Incident 
light     :

Detected 
light      :

ω

2ω

Incident 
light     :

Detected 
light      :

2ω

2ω
Antiferromagnetic domains are visible with nonlinear experiment (second 
harmonic generation - SHG) only                   Novel physics!



Magnetoelectric Correlations in Multiferroics

Nonlinear Optics and Symmetry

Cr2O3 as Case Study

Experimental Setup

Magnetoelectric Effects in Multiferroic RMnO3

Summary



Experimental Setup for SHG

Cryostat

Polarizer

Lens

Filter Lens AnalyzerFilter

WP /2λ

S-OPO

P-OPO

Wave-
meter

Refer-
ence

SignalIdler

Mirror
Glan 
Prism

Sa
m

p
le

0.4 - 3.0 µm

3 ns 
≤100 Hz



Optical Parametric Oscillator

Passive tunable narrow-band laser source in the range 400 nm  − 3000 nm

Parametric oscillation of 
transparent nonlinear crystal 
with high χ(2)-coefficients  
(here:        beta-barium-borate 
β-BaB2O4)

BBO

R 99% R 70%

Signal:

Idler:

400 ... 710 nm

3000 ... 710 nm

YAG-THG
355     nm

ωp ωs

ωi

Conservation of energy: hωp = hωs + hωi → ωp = ωs + ωi

Conservation of momentum: hkp = hks + hki → npωp = nsωs + niωi

n – refractive index     → frequency tuning by rotation of crystal

OPO
Idler

OPO
Signal

YAG
THG

ω
Idler

narrow  seeding
always
narrow

ω

Reduction of linewidth (factor  
> 1000) by injection of second 
laser beam with signal 
frequency: "seeding"



Antiferromagnetic 180° Domains in YMnO3
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Phase shift sample --- reference

Second harmonic generation 
from opposite 180° domains: 

+χ(2)(c)  ↔ −χ(2)(c)

Leads to 180° phase shift in
the magnetic SH light fields

SHG is the only convenient 
technique for imaging of 
antiferromagnetic 180° 
domains

Opt. Lett. 24, 1520 (1999)



Setup for Phase-Sensitive SHG

Cryostat

Polarizer

Lens

Filter Lens AnalyzerFilter

WP /2λ

S-OPO

P-OPO

Wave-
meter

Refer-
ence

SignalIdler

Mirror
Glan 
Prism

Sa
m

p
le

Basic setup with a pulsed Nd:YAG - OPO
laser system (3 ns, ≤100 Hz, 0.4 - 3.0 µm)

Sample
in 

cryostat RefGP LPF SB AnaL

Spherical mirror
    f = 300 mm

SPFPol

Achromatic beam imaging of sample on
reference crystal in phase measurements

Sample Reference Filter

Funda-
mental

∆ψ

Soleil-Babinet:
Quartz assembly with
tunable birefringence

⊥

ψ

z

y
x

x

y

ϑ

ESHG

Analyser

E’SHG

E’Ref

ERef

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

0 360 720 1080

ψ = -25°

I(ψrel) ~ |ESHG|2 + |ERef|
2 + 2|ESHG||ERef|cos(ψ+ψrel)

SB-controled phase shift   ψrel (°)
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 S
H

 s
ig

na
l

Opt. Lett. 24, 1520 (1999),    Opt. Lett. 29, 41 (2004)



Phase- and Amplitude-Sensitive SHG

(a)

(b)

(c) 0.5mm

(e)(d)

Sample
in 

cryostat RefGP LPF SB AnaL

Spherical mirror
    f = 300 mm

SPFPol

d=0 -10 -5 0 5 10
0.90

0.92

0.94

0.96

0.98

1.00

 d    near the sample (sample at d = 0)
 d'    near image plane (d' = d + 120 cm)

 

 

V
is

ib
ili

ty

Distance d, d'  (mm)
d'=0

Magnetic SHG 
from sample

Crystallograph-
ic SHG from 

reference quartz

Signal 
+ 

reference 

With 
imaging

Without 
imaging

Opt. Lett. 29, 41 (2004)
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Magnetic Symmetry of Hexagonal RMnO3

PEL

R 3+

Mn3+

O 2−

z

x

FEL

• Paraelectric → Ferroelectric 
(PEL - FEL): TC = 570 - 990 K
Two 180° domains with ±Pz

RMnO3: A highly correlated
and ordered system

• Multiferroic/hexagonal for R = 
Sc,Y,In,Dy,Ho,Er,Tm,Yb,Lu

• Additional rare-earth order at  
≈ 5 K for Dy, Ho, Er, Tm, Yb

• Para- → Antiferromagnetic 
(PM - AFM): TN = 70 - 130 K
8 frustrated triangle structures

Mn3+ 

(z=c/2)

Mn3+ 

(z = 0)

x

y
PM AFM

5.6 µC/cm2



Magnetic Structure and Selection Rules for SHG

Different symmetry leads to different 
SHG contributions  for  all  8 structures

P63cm : Ex(ω) → Px(2ω) ~ χxxx

P63cm : Ex(ω) → Py(2ω) ~ χyyy

P63 : Ex(ω) → Px(2ω) ⊕ Py(2ω)

P63 . . : Ex(ω) → 0

usw.

Pi(2ω) ∝ χijk Ej(ω)Ek(ω)

x

y
Polarization of ingoing and outgoing 
light reveals the magnetic symmetry

At least 8 different structures
with   different    symmetries



SHG Spectrum and Magnetic Symmetry
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y polarized SHG
P63cm ∝ |χyyy|2

Phys. Rev. Lett. 84, 5620 (2000)

x polarized SHG
P63cm ∝ |χxxx|2



Magnetic Symmetry of Hexagonal RMnO3

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

Sc In Lu Yb Tm Er Ho Y Dy
6.189 Å5.833 Å In-plane lattice constant 

Te
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K
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120 P 63cm
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Phys. Rev. Lett. 84, 5620 (2000)



Microscopic Origin of Two-Order-Parameter SHG

1. Trigonal bipyramidal field from O2−

ligands splits 3d4 state of free Mn3+ ion

2. Ferroelectric distortion of ligand field 
breaks local centrosymmetry and
induces p-d mixing

3. Spin-orbit interaction mediates the 
coupling between the Mn3+ spins and
the light waves at ω and 2ω

4. Leads to SHG coupling bilinearly to
the antiferromagnetic and ferroelectric
order parameters

5. Spectra dominated by excitonic 
Mn3+− Mn3+ exchange

6. Constructive or destructive inter-
ference of excitonic subbands

+ +

+ −

Spins along x

Spins along y



Magnetic Phase Diagram of ErMnO3
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Phys. Rev. Lett. 88, 027203 (2002)



H/T Phase Diagram of Hexagonal RMnO3
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3d - 4f Superexchange in Dielectric ErMnO3

k: R sites with 3 and 3m symmetries
ik: 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

Only one 3d–4f superexchange path: Â

Cancellation of the contributions to 
the superexchange energy 
Because of the equality of all the 
superexchange paths

Superexchange energy:

Hex = 0

Ferroelectric distortion neglected:

Phys. Rev. Lett. 88, 027203 (2002)



3d - 4f Superexchange in Ferroelectric ErMnO3

k: R sites with 3 and 3m symmetries
ik: 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

Four exchange paths: Â3m, Â3m, Â3, Â3

Ferroelectric distortion breaks sym-
metry of Er3+–Mn3+ superexchange
Represents magnetoelectric inter-
action on the microscopic scale

Superexchange energy:

Hex ≠ 0

Ferroelectric distortion included:

A A

B B

Phys. Rev. Lett. 88, 027203 (2002)



Phase Transitions by 'Giant' Magnetoelectric Effect

E≠0

E=0

µ0H = 3.6 TH = E = 0

E=104 V/cm

HME = αzzPzMz

Mn3+ spin reori-
entation makes 
magnetoelectric 
effect allowed

Magnetoelectric 
contribution 
lowers ground 
state energy

Magnetoelectric 
effect triggers 
phase transition

ErMnO3

HoMnO3

Magnetic phase control excerted by 
applied magnetic field



Phase Transitions by 'Giant' Magnetoelectric Effect

E≠0

E=0

µ0H = 3.6 TH = E = 0

E=104 V/cm

HME = αzzPzMz

Mn3+ spin reori-
entation makes 
magnetoelectric 
effect allowed

Magnetoelectric 
contribution 
lowers ground 
state energy

Magnetoelectric 
effect triggers 
phase transition

ErMnO3

HoMnO3

Magnetic phase control excerted by 
applied magnetic field

Also possible by applied electric field???



Phase Transitions by 'Giant' Magnetoelectric Effect

E≠0

E=0

µ0H = 3.6 TH = E = 0

E=104 V/cm

HME = αzzPzMz

ErMnO3

HoMnO3

Mn3+ spin reori-
entation makes 
magnetoelectric 
effect allowed

Magnetoelectric 
contribution 
lowers ground 
state energy

Magnetoelectric 
effect triggers 
phase transitionYES !!



Magnetic Phase Control by Electric Field in HoMnO3
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Electric field E changes magnetic structure right below TN = 75 K 



Magnetic Phase Control by Electric Field in HoMnO3

P63cm

E = 0 E ≠ 0
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Nature 430, 541 (2004)



SHG in Multiferroic Compounds

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

[ ] )()(...)(ˆ)(ˆ)(ˆ)0(ˆ)2( 0 ωω+℘χ+χ+℘χ+χε=ω EEP
NL

ll

χ(0): Paraelectric paramagnetic contribution always allowed
χ(P ): (Anti)ferroelectric contribution allowed below
χ(l ): (Anti)ferromagnetic contribution the respective
χ(Pl ): Magnetoelectric contribution ordering temperature

• SHG allows simultaneous investigation of magnetic and electric structures
• Selective access to electric and magnetic sublattices
• Magnetoelectric contribution reveals the interaction between the magnetic

and electric sublattices in this ferroelectromagnet



Magnetoelectric Second Harmonic Generation

Source term SED(0) SED(P) SMD,EQ(l) SED(Pl)

Sublattice sym. P63/mcm P63cm

= 0
≠ 0

P63/mcm P63cm

SHG for k || z = 0 ≠ 0
SHG for k || x = 0 = 0 ≠ 0

Identical magnetic
spectra for k||z and 
k||x indicate bilinear 
coupling to P, l.

Unarbitrary evidence for 
the first observation of 
"magnetoelectric SHG"
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Coupling between Electric and Magnetic Domains

Coexisting domains in YMnO3:

Ferroelectric domains: ∝ P

Antiferromagnetic domains: ∝ l

"Magneto-electric" domains: ∝ Pl
Pl = +1 for P = ±1, l = ±1
Pl = −1 for P = ±1, l = m1

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

Coexistence of "free" and "clamped" 
AFM wallsAFM

FEL

FEL
&

AFM

0.
5 

m
m −+

+−

−−

++
Nature 419, 818 (2002)

free

clamped



Magnetoelectric Interaction of Domain Walls

Hpm

s=0
s=d0 s=dpiezomagnetic

energy

σ sFEL wall

p

M 0 d0 dAFM wall

m

Hpm

s=0
s=d0 s=dpiezomagnetic

energyHpm

s=0
s=d0 s=dpiezomagnetic

energy

σ sFEL wall

p

σ sFEL wall

p

M 0 d0 dAFM wall

m

M 0 d0 dAFM wall

m AFM wall carries an
intrinsic macroscopic
mag-netization

FEL wall induces 
strain due to switching
of polarization

Width of walls:

• AFM − O[103] unit 
cells: small in-plane
anisotropy

iii • FEL – O[100] unit 
cells: large uniaxial 
anisotropy

Piezomagnetic contribution Hpm = qijk Mi σjk with σ ∝ Pz
→ higher-order magnetoelectric effect

Generation of an antiferromagnetic wall clamped to a ferroelectric wall leads to
reduction of free energy. Phys. Rev. Lett. 90, 177204 (2003)



Magnetoelectric Correlations in Multiferroics

Nonlinear Optics and Symmetry

Cr2O3 as Case Study

Experimental Setup

Magnetoelectric Effects in Multiferroic RMnO3

Summary



Summary

Nonlinear optics as powerful probe for magnetic and electric structures 
as well as their magnetoelectric interaction

Highly selective; direct access to ordered sub-lattices via symmetry principles

Access to "additional degrees of freedom" of optical experiments
- Spectroscopy (sub-lattice sensitivity, interacting sub-lattices)
- Topography (local magnetic and electric structure, domains)
- Time resolution (spin dynamics, ultrafast magnetic switching)

Review: M. Fiebig et al., J. Opt. Soc. Amer. B 22, 96 (2005) 

Spin electronics

Magnetically doped semiconductor
e.g.  Cd1-xMnxTe

Magnetic crystals
e.g.  NiO

Semiconductor
e.g.  GaAs
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