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What is a multiferroic?

Introduction to nonlinear optics

Experimental setups for nonlinear (multi-) ferro-optics
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– Split-order-parameter multiferroics: hex. RMnO3

– Joint-order-parameter multiferroics: MnWO4

– Sublattice selectivity: TbMn2O5



Magnetoelectric Effect and Multiferroics

Magnetoelectric effect

Electric control of 
magnetic order 

Magnetic control of 
electric order 

Since about 2000:

New theoretical concepts 
and classes of materials

Multiferroics: Source of strong 
magnetoelectric effects
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What is a “Multiferroic”?

“Crystals can be defined as multiferroic when two or more of the 
xprimary ferroic properties are united in the same phase.”

Hans Schmid (University of Geneva, Switzerland)
in: M. Fiebig et al. (ed.), Magnetoelectric Interaction
Phenomena in Crystals, (Kluwer, Dordrecht, 2004)

Ferroelectricity Ferromagnetism Ferroelasticity Ferrotoroidicity
spontaneous spontaneous spontaneous spontaneous 
polarization magnetization strain magnetic vortex

N S
+ − + −
+ − + −
+ −+ − + −+ −
+ −+ −

... and their anti-ferroic counterparts

Multifunctionalities expected from magneto-electric interactions



Nature's Treasure Trove is Impressive…

Cueva de los Cristales, Chihuahua, Mexico



…But with Little Room for Multiferroics

Three natural crystals uniting magnetic and electric order 

Congolite
Fe3B7O13Cl

Chambersite
Mn3B7O13Cl

Hubnerite
MnWO4

...and about 200 more compounds grown in the lab!



Magnetoelectric Multiferroics and Symmetry

+ + + + + +

− − − − − −

− − − − − −

+ + + + + +

+ + + + + +

− − − − − −

Space inversion

Electric

Magnetic

Time reversalLong - range  ordering

Magnetoelectric effect requires simultaneous breaking of the  
temporal  and  the  spatial  inversion  symmetry!



Manifestations of the Magnetoelectric Effect

Systems with broken space- and time-inversion symmetry?

Two order parameters
Ferroelectric order violates spatial inversion symmetry
(Ferro)magnetic order violates time-reversal symmetry

→ Split-order-parameter multiferroics hexagonal RMnO3

One order parameter
Single order violates space- and time-inversion symmetry

→ Joint-order-parameter multiferroics MnWO4, TbMn2O5

Observation of space- and time-inversion symmetry violation?

A technique strongly based on symmetries  → nonlinear optics!

ME coupling intrinsically strong

ME  coupling  might  be  weak
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Determination of Magneto-Crystalline Structures

Often by diffraction with x rays, electrons, or neutrons

Very powerful access to the microscopic struture
What could be the benefit of an investigation by nonlinear optics, 
a technique basically of macroscopic nature?
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Why Using Additional Techniques?

Spatial resolution: 
domains

Interface sensi-
tivity (suppress 
bulk signals)

Accidental struc-
tural ambiguities

Dynamical 
processes down to 
the fs time scale

Financial issues

Antiferromagnetic 
MnF2 domains

~24 h, 100 µm2 
m

m

ErMnO3:
Spin structure?

?

How fast?

Some large-scale 
equipment ...

ω 2ω
χ(2)

surface ≠ 0
χ(2)

bulk = 0



Nonlinear Optics

E(ω)

E(ω)

P (2ω)

E x c i t e d   s t a t e

G r o u n d   s t a t e
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Electric field in matter: 
P(ω) = ε0 χ E(ω)

Yet 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)

→ Frequency doubling ("second harmonic generation", SHG)
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Nonlinear Optics – The Very First Work



How does SHG Probe a Material?

Pi(2ω) = ε0 χ(2)
ijk Ej(ω) Ek(ω)

k-polarized incident 
photon No. 1 at ωi-polarized emitted 

photon at 2ω

j-polarized incident 
photon No. 2 at ω

This susceptibility represents the 
material with all its symmetry and 
internal order



Symmetry Sensitivity of SHG

Consider system with inversion symmetry 

Von-Neumann principle: 
Physical properties ↔ symmetry ↔ structure

Thus inversion symmetry requires I(χijk) = χijk

Consequence for SHG:

Pi(2ω) ∝ χijk Ej(ω) Ek(ω) | Apply inversion

[−Pi(2ω)] ∝ Ι(χijk) [−Ej(ω)] [−Ek(ω)] | ×(−1)

Pi(2ω) ∝ [− Ι(χijk)] Ej(ω) Ek(ω) !

There is no (leading-order) SHG in systems with inversion symmetry!

| thus − Ι(χijk) ≡ −χijk = χijk ≡ 0



Why Inversion Symmetry Suppresses SHG

= SHG = 0

= SHG ≠ 0

ω 2ω



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."



Further Symmetry Reduction by Magnetic Order

Sz= +½

Sz= −½

Symmetry
conserving
rotations:
1,  ±4, 2

Symmetry
conserving
rotations:

1, 2

Without magnetic order With antiferromagnetism

Symmetry operations other than inversion and time reversal 
may be broken by magnetic order



SHG and (Multi-) Ferroic Order

Ferroelectric order breaking inversion symmetry

Inversion
FEL

SHG

T

Antferromagnetic order breaking inversion symmetry

L

+

L

-
Inversion

AFM

SHG

T

Sample

P(ω)
Filter P⊥(2ω)

P||(2ω)



First Magnetic SHG Experiment

−M+M

1: Magnetic 
contribution:
(broken 
time-reversal 
symmetry)

2: Nonmag-
netic surface 
contribution:
(broken space-
inversion 
symmetry)

1 2



Magnetization of Thin Films Derived from SHG

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

M = 0
M || y M || z

}
Even ~ crystallographic

Odd ~ magnetic

Ex-
peri-
ment



SHG on Multiferroic YMnO3
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Phys. Rev. Lett. 84, 5620 (2000)

AFM domains
Mn3+

spins

AFM

SHG with M. Raschke: Phys. Rev. B 79, 100107(R) (2009)
PFM with E. Soergel: Appl. Phys. Lett. 97, 012904 (2010)

SHG:

FEL µm

FEL domains

Px(2ω)

Pz(2ω)
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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



Laboratory for Nanosecond Spectroscopy

OPO, tuning range:
412 – 2550 nm

Nd:YAG
ns pulses @ 10 Hz 
355 nm

Analyzer → Pi(2ω)Polarizer → Ej(ω)

Lens CCDPolarizer & analyzer:
Computer-controlled 
mechanical rotators

Cryostat
1.6 - 325 K 

8 T

40 cm



Laboratory for Femtosecond Spectroscopy

Expe-
ri-
ments

20122002 2008

Ti:Sa  (≤140 fs)

Nd:YAG (~5 ns)

Amplified fs laser systems for ...
Spectroscopy (Peak intensity!)
Ultrafast dynamics



Setup for Phase-Sensitive SHG

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

Interference of SHG signal from sample and SHG reference wave
from quartz crystal → amplitude and phase of signal wave

Phase of SHG wave may carry important information
E.g. distinguish any pair of order-parameter-reversal domains
So how to measure the SHG phase?



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)
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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)



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 corresponding magnetic
SHG light fields

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

Opt. Lett. 24, 1520 (1999)



SHG on Multiferroic YMnO3
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Phys. Rev. Lett. 84, 5620 (2000)

AFM domains
Mn3+

spins

AFM

SHG with M. Raschke: Phys. Rev. B 79, 100107(R) (2009)
PFM with E. Soergel: Appl. Phys. Lett. 97, 012904 (2010)

SHG:
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Near-Field Images of Intrinsic Ferroelectric Domains

S out: ferroelectric SHG

P out: backgroundy

α

detectionx

zE ⊥
r

z

p-in
s-out

+
-

Au, 10 nm

Apertureless near-field SHG microscopy:

Resolution limit: 30 − 300 nm
Size of unpoled domains: 0.1−1 µm

µm

µm

2)2(2)2()2( ][][)2( yx EEP
zyyzxx

χ+χ≈ωz

C. Neacsu et al.
Phys. Rev. B 79, 100107(R) (2009)



SHG on Multiferroic YMnO3
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SHG with M. Raschke: Phys. Rev. B 79, 100107(R) (2009)
PFM with E. Soergel: Appl. Phys. Lett. 97, 012904 (2010)
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SHG with M. Raschke: Phys. Rev. B 79, 100107(R) (2009)
PFM with E. Soergel: Appl. Phys. Lett. 97, 012904 (2010)
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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,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.

Polarization of ingoing and outgoing 
light reveals the magnetic symmetry

Pi(2ω) ∝ χijk Ej(ω)Ek(ω)

x

y
At least 8 different structures
with   different    symmetries



(Kimura 1)
Courtesy T. Kimura



(Kimura 2)
Courtesy T. Kimura



Symmetry and Tensor Components

"The Bible": R.R. Birss, Symmetry and Magnetism, North-Holland, Amsterdam, 1966

Pi ~ αijHj,   α as 2nd-rank axial tensor violating time-reversal symmetry 

"even" "axial" "c-type"

αxx= αyy = Q11
αzz = Q33

L2



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.

Polarization of ingoing and outgoing 
light reveals the magnetic symmetry

Pi(2ω) ∝ χijk Ej(ω)Ek(ω)

x

y
At least 8 different structures
with   different    symmetries



Symmetry Operations

Space symmetry P63cm → point symmetry 6mm
(neglect translations since  <<  light wavelength)

6 1

Time reversal60° rotation

6

my 1 m

mx m
Mirror operation



Looking up SHG Components for 6mm

Birss, table 6

Birss, table 7 Pi(2ω) = χ(2)
ijk Ej(ω) Ek(ω)

Birss, table 4

Reveals: χxxx = −χxxy = −χxyx = −χyxx

yyx(3) → yyx, yxy, xyy



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.

Polarization of ingoing and outgoing 
light reveals the magnetic symmetry

Pi(2ω) ∝ χijk Ej(ω)Ek(ω)

x

y
At least 8 different structures
with   different    symmetries



Symmetry Operations

Space symmetry P63cm → point symmetry 6mm
(neglect translations since  <<  light wavelength)

66

mx 1 m

my 1 m



Looking up SHG Components for 6mm

Birss, table 6

Birss, table 4

Reveals: χxyz etc.: inaccessible for light with k || z    → no SHG!

Birss, table 7 Pi(2ω) = χ(2)
ijk Ej(ω) Ek(ω)



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.

Polarization of ingoing and outgoing 
light reveals the magnetic symmetry

Pi(2ω) ∝ χijk Ej(ω)Ek(ω)

x

y
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



Why is this Result Important?

Not distinguished by diffraction

Distinguished
By

diffraction

40 years of 
controversy 
about the 
correct 
structure !

SHG ≠ 0 SHG = 0



Phase Coexistence and Spin Topography in ScMnO3
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Magnetic Symmetry of Hexagonal RMnO3

Sc In Lu Yb Tm Er Ho Y Dy
6.189 Å5.833 Å In-plane lattice constant 
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K
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120 P 63cm
P 63
P 63cm

 

   
   
   

 

 

P63cm P63 P63cm

Interesting
compound!
Phys. Rev. B 82, 

100414(R) (2010)

Very 
interesting
compound!

(submitted)



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



Magnetoelectric Effect (1): Coupled Domain Walls

AFM

FEL

FEL
&

AFM

0.
5 

m
m −+

+−

−−

++

Domains in YMnO3 by SHG:

Reversal of the ferroelectric (FEL) 
order couples to the reversal of the 
antiferromagnetic (AFM) order

Coexistence of "free" and "clamped"
antiferromagnetic walls

Strong magnetoelectric coupling at the  
walls, but no coupling in the bulk

Multiferroics not a mandatory source 
of strong magnetoelectric effects!

Nature 419, 818 (2002)

free

clamped



Magnetoelectric Effect (1): Coupled Domain Walls

AFM wall carries
magnetization M

FEL wall induces 
strain σ

Width of walls:

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

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

Piezomagnetic effect Hpm = qijk Mi σjk as higher-order magnetoelectric effect

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

Coupling of antiferromagnetic to ferroelectric wall reduces free energy!

Phys. Rev. Lett. 90, 177204 (2003)



Magnetic Phase Control by Electric Field in HoMnO3

Electric field E changes magnetic structure right below TN = 75 K 
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Magnetoelectric Effect (2): E-Field → Magnetism

Nature 430, 541 (2004)
y

z

y
x

E = 0 E ≠ 0

P63cm P63cm

Ho3+

Mn3+

O2−

Ho3+

Mn3+

O2−

Pmultidomain = 0
HME ∝ PM = 0
In any case

Psingledom. ≠ 0
HME ∝ PM ≠ 0
If  M → ≠0
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Magnetically Induced Ferroelectricity in MnWO4

S1 S2 ... rS-S'S1 S2 ... rS-S'

Spiral magnetism breaks time and space inversion symmetry
Electric polarization allowed according to P ∝ r1-2×(S1×S2)
Domains: Are they present? Are they "magnetic" or "electric"?

AF2
P || y

elliptical
spinspiral-ICM

AF1
P=0

AF3
P=0

H || b

AF2
P || y

Multiferroic
5.7 nC/cm2

AF1
P=0

AF3
P=0

H || b

T (K)
Taniguchi et al., Phys. Rev. Lett. 97, 097203 (2006)1-2  



SHG in the Multiferroic Phase

SHG coupling to polarization
In multiferroic AF2 phase only
Scaling with polarization P
ISHG ~ P2   (pseudoproper)

SHG coupling to magnetization
In all phases AF1, AF2, AF3
Scaling with magnetic order 
parameters: σ1, σ2, σ1'
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Magnetically Induced Ferroelectric Domains
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Magnetically Induced Ferroelectric Domains
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MnWO4 Domains: Magnetic Topology

MnWO4
(010)
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x Easy axis

0.5 mm
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Domain topology reveals:
Magnetic bubble topology 
Magnetic easy axis 

Behave as magnetic domains



Multiferroic Hybrid Domains
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"Multiferroic domains" ~ inseparable magnetic-electric properties
Domains form platelets in the plane defined by:

Magnetic easy axis Spontaneous electric polarization

MnWO4



Dynamic Switching of Multiferroic Domains
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Switching Multiferroic Domains
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Phys. Rev. B 84, 184404 (2011), Editor's Choice

SHG movie of magnetoelectric MnWO4
domain reversal: quasistatic (~1 s)
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Switching Multiferroic Domains
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SHG movie of magnetoelectric MnWO4
domain reversal: dynamic (~1 ms)

Phys. Rev. B 84, 184404 (2011), Editor's Choice

MnWO4 (010)
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Magnetoelectric Domain Reversal Time

Why is the switching so slow?
Guided by ferroelectric field energy vs. magnetic anisotropy ~ 1:100
Thus due to domain wall movement ↔ pinning

Phys. Rev. B 84, 184404 (2011), Editor's Choice



Incommensurate Order, Symmetry, and SHG
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Incommensurate order reduces the symmetry
New SHG contributions forbidden by lattice periodicity
Background-free probe of incommensurate state



Nonlinear Optics Applied to Multiferroics

What is a multiferroic?

Introduction to nonlinear optics

Experimental setups for nonlinear (multi-) ferro-optics

Nonlinear optics on multiferroics

– Split-order-parameter multiferroics: hex. RMnO3

– Joint-order-parameter multiferroics: MnWO4

– Sublattice selectivity: TbMn2O5



Magnetically Induced Ferroelectricity in TbMn2O5

Radaelli et al., Phys. Rev. Lett. 101, 067205 (2008)
Wang et al., Phys. Rev. B 77, 134113 (2008)
Moskvin et al., Phys. Rev. B 78, 024102 (2008)
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Composite Nature of Multiferroic Polarization

Polarization reversal in a 
magnetic field

Model: composite multiferroic polarization: P = P1 − P2(H) 
P1,2 corresponding to different microscopic processes in P

Hur et al., Nature 429, 392 (2004)
Kobayashi et al., J. Phys. Soc. Jpn. 73, 3439 (2004)
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Unconfirmed! Check by SHG!



Separation of Multiferroic Polarizations by SHG
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Magnetic-Field Dependence

PI, PII are not magnetic-field dependent
Field dependence entirely by PIII ↔ rare-earth order
PIII changes with H but domain structure does not



Origin of Magnetic-Field-Induced Polarization

PIII: Reversal of direction of polarization reversal without switching



Summary

Nonlinear optics

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

Symmetry as the major principle

Access to additional degrees of freedom of optical experiments
– Spectroscopy: sublattice sensitivity
– Spatial resolution: domains
– Time resolution: sub-picosecond dynamics

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




