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Principle of Nonlinear Optical Structure Analysis

Material
structure point group
Symmetry Symmetry
selection rules Nonlinear polarization
optical
signal

universitétbonnl



Symmetry and Multiferroics

Time —=pace

Invariant

change

Invariant
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ferroelectric
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C Ferroic properties idic
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Symmetry and Nonlinear Optics

Case 1: I .
_ . IR light
 Crystal in a paraelectric phase
* Inversion symmetry not broken v 4
| — +
I — 4+
|—
Case 2. — +
 Crystal in a ferroelectric phase IR light
e Inversion symmetry broken R light
visible light
NNV
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Literature

* General introductions to nonlinear Optics:
Y.R. Shen, A. Yariv, or R.W. Boyd

« K.H. Bennemann: Nonlinear Optics in Metals

 R.R. Birss: Symmetry and Magnetism
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Part | - Symmetry

Symmetry Operations R
. ) : e Tt

Space & Time Inversion gk

Tensors

Point Groups
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What’'s Symmetry?

Nature: Art: Architecture:

universitétbonnl
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What's Symmetry?
Symmetry:

Conservation of shape under applying a symmetry operation

Asymmetry:

Change of shape under applying a symmetry operation

e.g. mirror symmetry

SYMMETRIC ASYMMETRIC
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Symmetry Operations in Space

Inversion: n Ij
Rotation: ﬁ S I:l
Mirroring:

(=1+R) - - >
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Mathematical Matrix Representation

Inversion: -1 0 0

& —] 1oy

| cos(p,) O sin(e,) |
Rotation: R(p,) = 0 1 0

_—sin(goy) 0 cos(gay)_
W — ] S

—R(180%)=[0 1 0 |=[2 ]

Mirroring:
(=1+R) 1 0 0

e U
0 0 1 universititbonn




Point Symmetries in Crystals

Only discrete symmetries in crystals:

» Identity operation: [1] T
e Inversion: I] e
» Rotations: 112113 ][4,][6,]etc.
 Mirror planes: :fx ] 2, ] [Z ] etc.

= System of 32 point groups with different
subsets of symmetry operations
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Symmetry and Physics

P. Curie, 1894: "C'est la dissymmétrie qui crée le

phénomeéne"
e.g.: Ferroelectricity:
|. Paraelectric phase: ll. Ferroelectric phase:
y 4 y 4
Phase —
| > | — 4
N - +
transition — +
Cubic crystal with Polar tetragonal crystal
inversion symmetry without inversion symmetry
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Curie’s Principle

The symmetry of a crystal exhibiting a certain
effect is the intersection of the symmetries of
the bare crystal and the effect itself

Crystal symmetry = G, - Symmetry of

> =
Cle 01 G Cige crystal + effect

Effect symmetry = G¢

J
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Neumann’s Principle

the

The physical properties of a crystal have at least
symmetry

of the crystal

Example: Ferroelectricity

+++

A\

P

Inversion

—

\%

+++

Electric polarization breaks
Inversion symmetry

= No ferroelectricity in

crystals possessing
Inversion symmetry!
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B
Property & Field Tensors

Physical effects in crystals can be described by the equation:
E(ffect) = P(roperty) - C(ause)

E, C: Field tensors

P: Property tensor } Anisotropic quantities

L, Symmetry!

Examples:

 Dielectric displacement D «g: E
e Magnetic induction Bou-H

universitétbonnl
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Permittivity 
Permeability



Neumann’s Principle & Property Tensors

Property tensors must be invariant under
all symmetry operations of the crystal

Example: Second harmonic generation (SHG)
P(2w) o« 3 E(w) E(w)
Inversion | = -P(2w) o« ¢'@ (-E(w))(- E(®))
=  y@ =50 QK if inversion is

symmetry operation

= No SHG in crystals possessing

Inversion symmetry! "
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Classification of Tensors: Parity Operations

Symmetry operations with eigenvalues %1

Spatial inversion 7

Time inversion T
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Parity Operations: Spatial Inversion

Polar tensors: +/+§ 5T
IP(F,t) = —P(-T, 1) S D
= Polar tensors of odd rank \/

are equal to zero In _
centrosymmetric crystals!

(|
1

+
+
+

Axial tensors:

IM(F, t) = M(—T, 1) T I,
C >j D

= Axial tensors of even rank
are equal to zero Iin
centrosymmetric crystals!
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Parity Operations: Time Inversion

I-tensors: T++ +++
TP(F,t) = P(F,—t) PA _ T PA
c-tensors:

TM(T, 1) = —M(F ,—t) CM — T, 1>
]

= c-tensors in hon-magnetic
crystals are equal to zero!
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Time Inversion = Going Back in Time?

Answer: NO!
Here: Only static effects < no increase of entropy!
e.g. electric current: J; = o E;

Ji: c-tensor Neumann’s principle:
=
E:: i-tensor c;; must also be a c-tensor!

::> Only current flow in magnetic crystals! %

In this context:
Time reversal equivalent to spin reversal! "
universitatbonn



General Classification of Symmetry Operations

1-, 2-, 3-, 4-, and 6-fold rotations = 11 Laue-groups

+ Spatial inversion | = 32 crystallographic
point groups

+ Time inversion T = 122 magnetic
point groups
+ Translation — 230 crystallographic
space groups
& 1651 magnetic
space groups

universitétbonnl
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Nomenclature of Point Groups

System after Hermann-Mauqguin:
Directly derived from the allowed symmetry
operations, but only ‘significant’ subset Is used.

. Crystallographic point groups Inversion

€.g. 3m / Mirror plane
3-fold rotation — 3m —

Il. Magnetic point groups Inversion

€.g. 3m / Mirror plane
3-fold rotation — M — P

— ”
Time inversion universitatbonn


Presenter
Presentation Notes
3m: 1, I, 3(2senk), 3(I 2senk), pm 3z, pm I 3z          24 in total
3m: 1, 3(2senk), pm 3z, IT, 3 (IT 2 senk), pm IT 3z  12 in total


‘Forbidden’ Effects

e.g. no ferroelectricity in centrosymmetric crystals
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The Magnetoelectric (ME) Effect

e 1 m 1
P = Eo ki Ej +Eainj M, = Aii Hj +,u—OCaijEj

P;, E; =first rank polar i-tensors,
M;, H; = first rank axial c-tensors

— o;; = second rank axial c-tensor

~—

/ T~

ME forbidden in at least 53 of
the 122 magnetic point groups! ,
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How to Derive Tensor Components?

1. Be smart and solve for each allowed symmetry operation
3*n equations of the type:

d

=0,,0.,0,--0,,d

ijk...n P~ jq nu~par...u

2. Be even smarter and look them up in the book of Birss:

Symmetry and Magnetism

BY

ROBERT R. BIRSS
Senior Lecturer in P.’u*sr'rs'

University of Sussex, Brighion universitatbonn |
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Polar tensor d of rank n:


Magnetoelectric Effect in Cr,0O,

1. Symmetry and symmetry operations for Cr,O,

2. The mag

System | Magnetic
point
group

Tri- 3m &-m £ _
fortl ] 3m | 8m 3 g |11 4
— |’.§__m | Em 32 3:2

1L, T,3@) 3@, +£3,, +3,

3, +3,320.33,)

L,3@h +£3,1,3@,). +3.

att), gl2) ol6)
o), gl6)

of2) i)

5._‘.'l: 23

i1l

The magnetoelectric tensor in Cr,0g:

(o

XX

0 0

- a= 0 «a, 0
Im
%05 | 3m
(40 |[(3m) \ 0 0 &, Y,
3. The components of o
m=2 xx ¥y Iz xy ¥x xz(2) | »yz(2)
K, xx xx 2z xy -_xy 0 0
LI xx xx 2z 0 0 0 0 "
Bl L IR Pl Tl RIS universitatbonn




Part Il — Nonlinear Optics

Introduction & overview

Second harmonic generation (SHG)
Determination of tensor components
SHG & (multi-)ferroic order

universitétbonnl



Nonlinear Optics

Linear optics:

Nonlinear optics:

Ei(o)

— VWY

N\

ya

Ei(w)

— W\

ANL
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Nonlinear Optics

P (@) o Ziﬁl)E,— (@) +Zi§i)Ej (o) E, (@) +Zi§il)Ej (@) E, (@,)E, (@;) + ...

\ ) N\ /!
Y YT
pL PNL
Quadratic effects: Frequency doubling w=2w,
Pockels effect P.(®) < xiE(@)E,(0)
Cubic effects: Sum frequency generation @ = o, + @, + @,
Difference frequency w =20, -,

But: yM =1, y@=1010cm/V, y® = 101" cm2 / V2

Conventional light sources E=1 V/cm

— Laser o "
universitatbonn



First Observation of Optical Harmonic Generation

P. A. Franken, A. E. Hill, C. W. Peters, and G. Welinreich

Generation of Optical Harmonics
Phys. Rev. Lett. 7, 118 (1961)

| ®

as 38 37 33 2

45 50 55 80 T0O T8 80
R R R R R R R T

FIG. 1. A direct reproduction of the first plate in which there was an indication of second harmonic. The
wavelength scale is in units of 100 A. The arrow at 3472 A indicates the small but dense image produced by the
second harmonic. The image of the primary beam at 6943 A is very large due to halation.
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Optical Second Harmonic Generation (SHG)

Excited state SH-source term:

SNL(2w) o« PNH2m) o v (20)E(0)E(w)
SNL (2m)

SH intensity:

A 4

Ground state Iy oo |SNH2 oc |y EE|% =[] 192

PNL(2w), E(w): polar tensors of first rank
= %(2w) polar tensor of third rank

> No SHG in centrosymmetric crystals!

universitétbonnl



'he Nonlinear Susceptibility

) For SHG follows from perturbation theory:

(g1H(2ne)| ) |H(ho)|i)i|H(ho)|g)
(E; -E, - 2ho)E, -E, - ho)

1) Qo))
i, f

|g> v States ( i | are real states that are excited with
large energy mismatch: AE-At ~ 7

SHG is a coherent, s M /\“’ )
resonant process! . . v
%‘ ¢gx1  x100 X 500 E’
e.g. SHG spectra of 2| :
antiferromagnetic Cr,0, . J_ , ﬁ?. o ;l .
1.70 172 174 176 178

energy (eV) "
universitatbonn



Nonlinear Multipole Contributions

Light-matter interaction Hamiltonian:

—

NP - A _ N A oikF
Hocp-A with A= ZARe + C.C.
k
3: Electron impulse operator, A: Light field vector potential

-1
>> a (= lattice constant)

—

In crystals usually A oc K

HED + HMD + HEQ
— y

-

— exp(ikr)=1+ikr+.. = H

h'd

Zero First
order order

universitétbonnl



Nonlinear Multipole Contributions
Three nonlinear contributions:

Electric dipole (ED): PV (20) o« 7% (20)E(w)E(w)
Magnetic dipole (MD):  M"-(20) < "° (20)E(®»)E(®)
Electric quadrupole (EQ): Q" (2w) « 75 (20)E(w)E(w)

= Multipole expansion of source term S for SHG:

# 2PN _ oM 5 azéNL
S =y ———+ | Vx — Uyl V
Ko ot ﬂo[ ot J ﬂo{ ot

\ J
Y

Leading contribution of the order o larger,
but maybe symmetry forbidden!

universitétbonnl



SHG in (Multi-)ferroics

Sa et al. Eur. Phys. J. B 14 (2000):

2T < To)=x(T>T,)O
L L. Order parameter

Susceptibility in the para phase

— Susceptibility in the ferroic phase

» vSHG s a function of the order parameter ©

e Non-zero components of ¥>H& obtained from symmetry
of the order parameter and the crystal in the para phase

— Curie’s principle
universitétbonnl



Order Parameter ©

Properties:

* Zero for T>Tg, non-zero for T<T,
 Invariant under symmetries of the group of the ordered phase

 Non-invariant under the symmetries lost at the phase transition
e Each orientation of © represents one ferroic domain state

Here:

© Is the lowest rank tensor that fulfils all of the properties above

e.g. the polarization P in a ferroelectric or
magnetization M in ferromagnetic crystal

universitétbonnl



Antiferromagnetic Cr,0,

Crystallographic point group 3m Magnetic point group 3m
.« Cr3 z £
2- Afw S e Se4
0 1/@;}“ AN v l -T e
S, ®4 S ey
S, @4 S, ®4
S e4 S @y

Order parameter:
1; — Sl,z o SZ,z + S3,z o S4,z

universitétbunnl




Antiferromagnetic Cr,0,

Properties of orderparameter Z,:

« Symmetry 3m
e c-axial scalar

= ZuSkHG(T <Ty)= Zijk(T > T4

\ J i-axial, third rank: Ayyy™ “Xyxx = Axyx = ~Lxxy

c-axial, third rank: = Xy = “Asyx = “Xxxy

universitétbonnl



Antiferromagnetic Cr,0,

Tensor Components: Yy,w= Yy = “Xxyx = “Xoxy

— PQo)x| z,,(20)E(0)-EX(0))
0

\

([ 277,,(20)E, (@)E, (@)

J

K-direction & polarization selection rules:

1. k||x: Only signal for E|ly & P||y\

Set of yes or no type

2. Kk|ly: No signal > rules to determine

3. K||z: All components allowed

symmetry and structure

universitétbonnl



Generalized Description
Higher order contributions of ©:

X(T<T5)=x(T>T5)+ 1 (T>T3)O+ 1, (T >T,)00 + ...

Multiple order parameters ©,, ©O,,... (Tg;<Tg.<...):
2(T<To1) = 2o(T>To)+ 1 (T>T5))O +..

= Xoo (T > To5) + 2o (T > Tg,)CO, + ...
+ X10(T > To,)O + 10, (T > Tg, )O, G+

Analogue contributions for ED, MD and EQ:

Up to 12 y-tensors for two order parameter compounds!

universitétbonnl



SHG in a Multiferroic Compound
ED contribution for magnetic ferroelectrics:

— NL

P (20) = £[7(0)+ 2(0) + 2(0) + 2 (9 0) +...] E(0)E(w)

v(0):  Paraelectric paramagnetic contribution _ always allowed
v(®): (Anti)ferroelectric contribution || allowed below
v(£): (Anthferromagnetic contribution - the respective
v(®¢): Magnetoelectric contribution _| Lordering 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
universitétbonnl



Part Ill - Experimental Techniques

« Spectral sensitivity

 Freedom of k-direction and light polarizations
e Temperature variation

« External magnetic and electric fields

e Optical phase sensitivity

e Spatial resolution

* Transmission & Reflection measurements

o Surface & interface sensitivity

* Time resolution

universitétbonnl



Basic Experimental Setup

ns-System:
Nd:Yag-Laser
BBO-OPO
fs-System:
Ti:Saphire-Laser
BBO-OPA
Cryostat

74 N 4+ [s

Glan + o U + -

Prism Polarizer Filter Filter Lens Analyzer

universitétbunnl



Spectroscopy & Imaging Setup

Magnet
cryostat CCD camera

BBO-OPO Nd:YAG laser

universitétbunnl



Optical Parametric Oscillator

Passive tuneable laser light source in the range 400nm - 3000nm

Parametric oscillation of
transparent nonlinear
crystal with high (-
coefficients (here: beta-
barium-borate 3-BaB,0O,)

YAG-THG |
355 nm |

Signal: 400... 710 nm
Idler: 3000... 710 nm

Conservation of energy: ho, = hog + ho;  —> 0, = o + o,

P
Conservation of momentum: Ak, =nks+ 0k —  npop = N, + No;

n — refractive index —  frequency tuning by rotation of crystal

universitétbonnl



Part Ill - Experimental Techniques

Nonlinear optical phase measurements

universitétbunnl



Domain Imaging

Example: Ferroelectric 180° domains:

P=+#
c@ VNV # W € 2o+
SORRVAVAVAVAVAY = T e

P=-F

E(20, +7) o« 1(+7) E@)E (0) = +1(E@)E©®) | 180° Phase
E(20, -7 o« (-7 E(0)E (@) = -1(9) E(w)E(o) | difference!

Domains distinguishable by the
phase of the nonlinear signal. "
universitatbonn



Phase Sensitive Measurements

Excited state SH-source term:

SNL(2m) ¢ ¥ (20)E(®)E(®)
SNH (2m)

SH intensity:

A 4

Ground state Iy oc |[SNH2 oc |y EEJ? = |x]? 192

Problem: Only direct measurement of intensity

— No direct access to the phase!

Solution: Interference measurements

universitétbonnl



Phase Sensitive Measurements

Excited state Sample source term:

i SS(2m) « ¥S(2w) E(0)E(»)
S°|(2w) !

Reference source term:

A 4

Ground stafe

Total intensity: lgy, oc |SS+ S5|20c xS+ AelV 7|2 1,2
= (Ix>7 + |A? +
l | l

2y 7" cos y) lp? (o)
|

always > 0 interference term

Experimental access to amplitude A and phase ! "
universitatbonn



Experimental Realisation

Sample Reference  Filter
— r— >
E(w) PSU V¥, || Detector
ER(2w)

PSU = Phase Shifting Unit:

Induces phase shift ¥, between E(®) and E>(2®) and therefore
between E>5(2w) and ER(2w)

Experimental realisation:

e Gas pressure cell
e Rotated glass plates or shifted glass wedges ,
* Distance variation univergitétﬂ



Experimental Realisation

Measuring SH-intensity | as function of ¥,
I(Wyer) oc [ESHER]? = |[ES|® + [ER|? + 2 [ES[|ER| cos (¥ + ¥ q)

with W = WS + YR + P For ¥, — 0 and if YR known:

(o by PSU and distance Absolute measurement of 'S
sample « reference)

[ )~ IET+ T + 28 I feostiry) | | Spatially resolved:
B [ J
§oy .
7| e.g. AFM domain
! INn YMnO,
L
i
Q
] y=-25°
0 30 720 1080

PSU-controled phase shift v, (°)



Disadvantages of the Standard Methods

Only measurements with external reference (§multiferroics)

Distance sample < reference reduces image quality

Loss of coherence due to large sample < reference
distance = week interference signal

Mechanical/optical instabilities due to moving parts

universitétbonnl



Phase Resolved SH Imaging
y v Ay
TZ:Z “— —>| | — y
J ESI\\ An/alyzer
' i S

9 E>
v\ A
>

/ R
Soleil-Babinet: / E

/
Quartz assembly with /
Sample Reference Filter tunable birefringence

Funda-
mental

Soleil-Babinet compensator as PSU behind sample & reference:

— Sample < reference distance can be reduced to zero
= Measurements with external or internal reference

ES and ER are projected on common direction via an analyzer:

= Optimization of signal contrast ,
universitétbonnl



Soleil-Babinet Compensator

Quartz assembly made of
two wedged crystals (2a, 2b)
+ a compensation crystal

Phase shift \¥:

P =27”(d2 ~d,)An

d, : Thickness compensation crystal

d, : Total thickness of the wedges

A : Wavelength

An =n, - n, : Refrective index missmatch

.y
Incoming
beam A

A = optical axis

shift

universitétbonnl



Signal Optimization

ER |‘I’R

ES |‘PS

Interference:

I(9) =[EX (9)+E (9] =

—[EX sin o[ +[ES cos 9" + 2 [ES |sin g cos Icos(w

Contrast: C =

Visibility: v =

ER'(9) =
ES'(9) =

=1...0
min
Imax _Imin _
max + Imin

R .
Efe™ sing

\p'S
Ece™ cosd

0..1

Y A

ES R\

Analyzer
/

_\PS) //

Maximum for
ER(3¢)= E>(3y)

universitétbonnl



Phase Resolved SH Imaging (Setup)

/_\ Spherical mirror
Sample H f =300 mm

GP Pol LPF cryostat Ref SPF L  SB Ana

REaneY

 Measurements with external or internal reference

» Reference outside cryostat
= high degree of experimental freedom

e Achromatic beam imaging for improved image guality and
compensation of loss of (spatial) coherence
universitétbonnl



Coherence Effects

Interference including
the effect of coherence:

I(V) =1, + Iy + 2v/ 11 [|y| cos (¥y + W)

Coherence: |y|
Visibility:

V _ Ima:r - I’mm _ 2V IlI2|F}/‘
Imam+ I’mm Il +IZ

For [, = L=V = |y|

Interference signal

o

ly| > 99% possible!

External phase shift (°)
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Phase-Resolved SH Imaging (Results)

1.00 T T
| 2hv=2.42eV
Av =46 peV
0,98 he
20,96-
% Imax B Imin
£ 0,94 V =
[ Imax + Imin
0,92+
o degree of coherence
090 v v v

alm

d

Direct

i Sample

:,:l Reference

. Loss of (spatial)
Visibility — coherence

ost 100%

fully compensated!

Beam imaging

i Sample

d’I |:.':| Reference
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Phase-Resolved SH Imaging (Results)

Reference

Imaging direct

universitétbnnnl



Phase-Resolved SH Imaging (Summary)

e Large working distances (~1 m)
* More experimental freedom

e High signal contrast

* Improved image quality

 Allows use of broadband laser sources with poor beam quality

universitétbnnnl



Part lll - Experimental Techniques

Nonlinear imaging & the problem of optical resolution

universitétbunnl



Limit of Optical Resolution

Optical resolution is limited by diffraction:

d. = 0.61% with numerical aperture A =nsing

3.0
= |
Typical values of A: = 25 / ——A=0.2
= A=0.7
e Standard lens E ——A=14
(f=200mm, J=50mm): A= 0.2 5
e Photo lens: A = 0.7 E —
« Microscope objective 0.0 ot
upto A=14 200 400 600 800 1000 1200 1400 1600
P ' Wavelength A (nm)

= Resolution limit down to some hundred nm .
universitétbonnl



SHG Microscopy

CCD Bright Dark
camera from the specimen
(a) s
Interference filter
IR absorption filter | 9
Analyzer ¥
d;f:a?n: : - ; fm the SHG plate
Objective lens
IR absorption filter T
Uniform SHG plate
Specimen | |
(b) Bright Dark
A .
YAG laser -
% = 1064 nm Mirror
partially polarization-inverted
. strocture
Polarizer

universitétbnnnl
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SHG Microscopy

Ferroelectric stripe domains
(a) SH wave by d» in a LiTaO; QPM device

Polarization-inverted &8 '3':'-
domain

&ﬁfWM

Period ~3.5 pm
Depth — 1.5 mm IZ.E

Comblike electrodes
) T AT A

Electron beam

/ﬂyfff fa‘z;;y fgﬁjf ?-"‘??‘_"

L
+P:r kj:-

universitétbnnnl
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.

Going Beyond the Optical Resolution Limit

Tip- enhanced near-field microscope

Optical

——————— Chroma

. |

I
' I

imaging
|— fiber
cCcD - — _\ @:g spectrometer
@ f =500 mm :
Video I Fiber

coupler

I
camera | BG39 .
[ = APD

pol

Ti:5a

I e B
Dispersion
compensator

Microscope
objective

Piezo-Scanner

1 fs, 800 nm

Photon
Counter

[Neacsu, Reider, and Raschke, Phys. Rev. B 71, 201402 (2005)]

SEM micrographs
of Au tips: R ~ 10 nm

universitétbonnl


Presenter
Presentation Notes
The experimental setup is briefly shown here.
The fundamental 800 nm light is focused onto the tip sample gap, and the backscattered near-field ferroelectric SH response is detected.
The tip-sample distance can be kept constant by means of shear-force mechanism.
Ultra-sharp Au tips are used, with apex radii going down to 10 nm



maging of FEL Domains in YMnO,

Tip-sample

- distance dependence
ot —

6t 30 nmi,

>

Ei((D) = (EX(O))! Ey((D),O)
P (2w) = 1 [E, +E, T’ Y0 80 10
/ip-sample dist. d (nm)

Far-field
self-homodyne
reference

{] L
350 375 400 425 450 475

Wavelenght & (nm) "
universitatbonn
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Presenter
Presentation Notes
Experimental arrangement shown here.
Spontaneous polarization along the sixfold axis
x-cut sample
To select component, we probe …
Input polarized parallel with tip axis => enhancement. 
YMnO3: 180
Spectroscopy: SHG response
Tip sample distnace dependence:
localization
Total signal as product of local interference between FF… and NF…
In the case of a material with 180 degrees ferroelectric domains, only the phase of the spontaneous polarization is changing, its amplitude remaining constant from domain to domain. 
This provides us with an intrinsically phase sensitive optical method on the nanoscale.
Their interplay offers the optical contrast…



B
Imaging of FEL Domains in YMnO,

0 5 10
7
s, (x2) sHe I o |
T - o Domain dimensions:
. > 100 nm wide (y)

~ 1um long (2)

Ferroelectric domains

Extended along
the hexagonal axis z

0

Parallel with p,

[Neacsu et.al., Nature Materials, submitted] uniuersitétbnnnl


Presenter
Presentation Notes
And this is what we observe. 
3 different positions on the sample, first rotated 10 degrees.
A clear domain contrast in our images, with domains mainly elongated along the ferroelectric z axis.
 It was shown that this orientation is preferable for 180 degrees domains, as being energetically favorable.
The width of the cigar shaped domains observed is less than 200 nm wide and they are about 1 micrometer long.

To make sure that the signal observed is ferroelectric in origin and not SH generated at the tip apex itself, we checked the p polarization direction of the output signal. Here, with no nonzero component of the nonlinear susceptibility tensor probed, the contrast should disappear. And indeed, no contrast is seen, and the total signal is much smaller than the s-output case.




Part Ill - Experimental Techniques

Surfaces & interfaces

universitétbnnnl



First Magnetic SHG Experiment

VOLUME 67, NUMBER 20

SHG YIELD (arb.units)

FIG. 2. Relative magnetization dependence of second harmonic signal for three different times elapsed since sample preparation
[(a) =45 min, (b) = 60 min, (¢) = 180 min]. Shown is, in each panel, an averaged [superposition of (a) 220, (b) 550, and (c) 750
cycles] experimental cycle, consisting of 250 pulses with magnetization “up,” 100 pulses with no SHG signal (obtained by means of a
UV blocking glass filter), and 250 pulses with magnetization “down.” All signals are normalized to the expected value without
influence of magnetization lcf. Eq. (1)]. The solid lines represent the average of the respective regions of interest.
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Effects of Surface Magnetism on Optical Second Harmonic Generation

J. Reif, J. C. Zink, C.-M. Schneider, and J. Kirschner
Institut fiir Experimentalphysik, Freie Universitat Berlin, Arnimallee 14, W-1000 Berlin 33, Germany

(Received 21 May 1991)

We report on the first experiments showing the influence of surface magnetization on optical second
harmonic generation in reflection at a Fe(110) surface. The magneto-optical Kerr effect modifies thz
hyperpolarizability of the surface in the optical field, leading to a dependence of the second harmoni:
yield on the direction of magnetization relative to the light fields. For the clean surface an effect of 25%
was determined, which decays exponentially with surface contamination by the residual gas, thus
demonstrating the high surface sensitivity of this technique.

PACS numbers: 75.30.Pd, 78.20.Ls, 78.65.Ez
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Linear Magneto-Optical Effects
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Linear Magneto-Optical Effects
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Nonlinear Magneto-Optical Effects

£ g £

. 2 Generation of reflected SH wave:
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NOMOKE on a Polar Ferromagnet

GaFeOg:

* Pyroelectric
e Ferromagnetic T = 205 K

Crystallographic
+ magnetic SHG:
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Ogawa, et.al., Phys. Rev. Lett. 92, 047401 (2004)
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Magnetic Domain Imaging

Crystalsurface Magnetic domains
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Ogawa, et.al., Phys. Rev. Lett. 92, 047401 (2004)
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Interface Sensitivity
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Part Ill - Experimental Techniques

Ultrafast nonlinear optics
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Technological Needs
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Timescales

Interactions in materials
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Time Resolved Pump-Probe Experiments
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Three-Temperature Modell

pump-probe scheme
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Experimental Setup

pump-probe scheme ~ Vitesse 800-2
/ Legend F-HE-1K fs-Ti:sapphire oscillater
/ Ti:sapphire amplifier s B00 nm y
system state 1 kHz
~ 2 5 m. pulse enargy .
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- 8527 nm pump laser
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BS T /’
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E
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. |
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> y
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y . MOF: Meutral Density Filer PD: Photodiode
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SPF: Shorl Pass Filter PM: Photomultiplier

Fht: Flip Mimor O: identical optics to transmission
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fs-Laser System
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