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ABSTRACT

New applications of ferroic systems often consider domain wall as
carrier of information. Understanding of the nature of domain struc-
ture and its dynamics is therefore essential. At the same time the
omnipresent need of keeping up with Moore law demands the di-
mensions of commercialized devices to decrease drastically. Hence
the resolution of classical optical Kerr microscopy does not suffice
anymore. Methods for studying domain dynamics at nanoscale are
available, but are very time consuming and expensive. It’s extremely
complicated to measure both magnetic and electric properties simul-
taneously. This creates a need for an intermediate method that offers
sub-micron lateral resolution and short measurement times, yet pro-
duces enough information about all ferroic properties of a system.

To address this issue we developed several optical methods that
expand the possibilities of multiferroic characterization. An electric
field frequency spectrum magneto-optical Kerr effect setup allows for
an effective separation and quantification of surface and strain medi-
ated magnetoelectric coupling effects as demonstrated on Co/ lead
zirconate titanate (PZT) ferroic multilayers. Direct electro-magnetic
domain mapping with sub-micron lateral resolution was made pos-
sible with cryostat ready polarization sensitive confocal microscope.
Magnetic field induced changes in ferro-electric response around 50%
with 20% variations were observed on barium titanate (BTO)/ lantha-
num strontium manganite (LSMO) structure.

Furthermore, enhancements to magneto-optical Kerr-effect (MOKE)
spectroscope enabled study of the origin of magneto-optical enhance-
ment at plasmonic frequencies in magneto-photonic crystals. This
paves the way to plasmon-devices with optimal performance for ap-
plications in optical communications and sensing. In this line, we de-
veloped a unified theoretical frame for modeling of both saturating
and non-saturating magneto-optical effects in diluted colloidal disper-
sions of magnetic nanoparticles. The model shows remarkably good
agreement with experimental data obtained from nickel nanoparti-
cles in hexane and toluene using only tabulated data and no fitting.
Hence we can envision the use of optimized hybrid metal/ dielectric
composites as platforms for new optical devices and especially for in-
novative plasmon-based sensors exploiting light polarization instead
of reflectance.



RESUMEN

En las nuevas aplicaciones basadas en sistemas ferroicos a menudo
se consideran las paredes de dominio como portadores de la informa-
cién. Asimismo, la necesidad de satisfacer la ley de Moore requiere
una reduccién dréstica de las dimensiones de los dispositivos a co-
mercializar. Aunque ya existen métodos para estudiar la dindmica
de los dominios a nanoescala, éstos son muy lentos y caros, ademds
es muy complicado medir las propiedades magnéticas y eléctricas si-
multdneamente. Esto crea la necesidad de un método intermedio que
ofrezca resolucién lateral submicrométrica y cortos tiempos de me-
dicién y que, al mismo tiempo, proporcione suficiente informacién
sobre todas las propiedades ferroicas de un sistema.

Para solucionar este problema, hemos desarrollado varios méto-
dos 6pticos que amplian las posibilidades de caracterizacion multi-
ferroica. Por un lado, hemos desarrollado un montaje experimental
magneto-6ptico Kerr que permite trabajar bajo campos eléctricos apli-
cados in-situ en un rango de frecuencias ajustables. Mediante esta
aproximacién experimental, hemos podido separar y cuantificar di-
ferentes contribuciones al acoplamiento magnetoeléctrico (mediado
por tension superficial y/o por efectos de superficie) y hemos podido
analizar su dindmica especifica por separado. Por otro lado, hemos
podido obtener una cartografia directa del acoplamiento magneto-
eléctrico con una resolucién lateral submicrénica, mediante al desa-
rrollo de un microscopio confocal sensible a la polarizacién de la luz.
En experimentos realizados en BTO / LSMO se observaron cambios
inducidos por un campo magnético en la respuesta ferroeléctrica en
torno al 50 % en promedio, con variaciones de hasta un 20 %.

Finalmente, hemos estudiado r el origen del aumento de la respues-
ta magneto-Optica a frecuencias resonantes con plasmones en cristales
magnetofoténicos. Estos resultados abren nuevas perspectivas en dis-
positivos basados en la fisica de plasmones, con aplicaciones en comu-
nicaciones Opticas y en deteccion. En esta linea, hemos desarrollado
un marco tedrico unificado que permite modelar las sefiales magneto-
Opticas de soluciones coloidales en un rango amplio de frecuencias
en el visible. El modelo que proponemos muestra una excelente con-
cordancia con los datos medidos experimentalmente en soluciones
coloidales de nanoparticulas de niquel en hexano y en tolueno, utili-
zando solamente las propiedades 6pticas tabuladas de los materiales,
sin ajustar ningtin parametro. Estos resultados abren nuevas perspec-
tivas en materiales compuestos metal/dieléctrico, para dispositivos
innovadores basados en plasmones, que explotan la polarizacién de
la luz en vez de los cambios en reflectancia 6ptica.
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INTRODUCTION

Ferroic systems exhibit physical properties (magnetization or electric
polarization) that can be used as a platform to store, manipulate, pro-
cess and transmit information in the form of magnetic bits or states
of electric polarization. Many prospective technologies are based
on magneto-electric systems (magnetic and ferro-electric, with cross-
coupled ferroic orders) that would allow to go well beyond conven-
tional electronics. On the other hand, the polarization state of light is
also relevant to carry information in communications as well as in sen-
sor applications. The use of nanoparticles in these applications has
many advantages (versatility, flexibility, easy implementation) but re-
quires a high-sensitivity and large signal-to-noise ratio (SNR). Optical
characterization is an ideal tool for characterization of these systems
(ferroic materials, magnetoelectric systems, nanoparticle arrays and
colloidal dispersions). It provides non-invasive fast characterization,
that allows for dynamic measurements.

In the course of this PhD. thesis several optical experimental sys-
tems were developed. A cryostat ready magneto-optical confocal
microscope for submicronic dynamic imaging of magneto-electric and
magnetic domains was developed at ICMAB in Barcelona and the high
frequency magneto-electric coupling setup was developed at IPCMS in
Strasbourg in order to study dynamics of magneto-electric coupling
in kHz range. Finally a magneto-optical spectroscopy setup was fur-
ther developed at ICMAB to allow for characterization of nanoparti-
cle/plasmonic structures and diluted magnetic liquid dispersions.

New methods of measurement are introduced for quick evaluation
of ferroelectricity, ferromagnetism and magneto-electric coupling.






POLARIZATION OF LIGHT

Many measurement techniques used and developed during this work
exploit the polarization of light . This chapter sums up its basic prin-
ciples.

2.1 POLARIZATION

Monochromatic light of frequency f and = 2 f traveling in z di-
rection with velocity ¢ has an electric field:

E(z,t) = Eoexp io t %

where Ej is its complex amplitude vector and ¢ is time. It can be
split into two components:

z
Ey = Eycos o t E+x
z
E, = Eycos o t - +
where = y is the phase difference and Eyo,E,o the magni-

tudes of each component. The above equations form a parametric
expression of an ellipse (figure 1). Denoting the ratio of the magni-

tudes of the two components of light r = %' we can write:

2r

tan2 = T2 C0s (1)
2

sin2 = ﬁr”zsin (2)

where is the rotation and is the ellipticity of the polarization [1].

2.1.1 Linear Polarization

The polarization is linear when the ellipticity is zero. From equation
2 it is clear that this condition is satistied when the phase difference

= 0 or or when one of the components vanishes (E,yg = 0 or
Eyo = 0). The orientation of a linear polarization in reflection is tra-
ditionally defined with respect to the plane of incidence (the plane
made by the propagation direction and a vector perpendicular to the
plane of a reflecting surface). The polarization state of light with the
electric field component parallel to this plane is denoted p- (parallel)



and the component perpendicular to this plane is termed s- (from
senkrecht, German for perpendicular). P-polarized light is said to
be a transverse-magnetic (TM) wave. S-polarized is also called a
transverse-electric (TE) wave.

2.1.2 Circular Polarization

Figure 1: Polarization ellipse

When the phase difference = /2 and r = 1 the polarization is
circular. In fact any polarization state can also be thought of as a su-
perposition of left circularly polarized light (LCP) and right circularly
polarized light (RCP). In any plane perpendicular to the propagation
vector of circularly polarized light, the trajectory of electric field vec-
tor is a circle.

2.2 JONES MATRIX FORMALISM

Because the state of polarization is fully described by its complex
amplitude vector

ExO
Eyo

E, =

any change of it is fully described by a complex 2x2 matrix:
Eout = JEin

where E;j, is complex amplitude vector of light incident on an op-
tical element and Eqy¢ is complex amplitude vector of light after an
interaction with that optical element described by matrix J .

Such matrix fully describes any lossless polarization change and is
called Jones matrix. Examples of Jones matrices for some basic optical
components are given in the following:



A sample is described by its reflection Sg and transmission St ma-
trices

Fes T

Sp = ss  Tps
Tsp Tpp
t t

S, — ss Lps
tsp  tpp

where Txy and ty, are Fresnel reflection and transmission coeffi-
cients respectively.

A polarizer blocks one component of light and transmits the other,
its matrix is therefore

10
00

P =

Polarizer rotated by angle a is described as

cosacosa cosasina
A, =R PR, =

sinacosa sinasina
where the rotation matrix

cosa sina
R, =
sina cosa

Any optical component that induces a retardation (phase shift) be-
tween the two components of light is fully described by matrix

0
0 el

M =

where  is the retardation. In case of a photoelastic modulator
(PEM) the retardation is time variable = ¢+ Asin f, where g
is the residual birefringence and is the amplitude of modulation .
If the phase retarder is a quarter wave plate = /2, in the case of a
half wave plate =

The calculations with Jones matrices can be further simplified not-
ing that all the optical elements that introduce a phase change (mod-
ulator, compensator, half-wave plate...) can be expressed in terms of
polarizers:

R ;MR ,= A,+e ' A, ,

Because a modulator can be expressed as a sum of modulated and
non-modulated part and matrix multiplication distributes over matrix
addition (A(B + C) = AB + AC) we can write:

Eout = (0+ei )Ein (3)



where (isand is modulated part [2].
The detected signal is not the electric field but its intensity I, so we
can write

I = E'E= +e' ote’
= o024+ %42c0s M o t2sin T (4)

where, as always an asterisk denotes complex conjugate and t the
Hermitian adjoint .

If we now assume the residual birefringence of the photo-elastic
modulator (PEM) to be zero, its retardation is = 4sin f and we
can expand the sine and cosine using Bessel function of the first kind
and Nth order (Jy) as

sin = 2J;( a)sin t+...
cos = Jo( a)+22( a)sin2 t+...

and rewrite the equation 4 as

I = Ipc+1 +1,

Inc = o+ 42 AR

I = 41( A)J o (5)
L = 4p( AR (6)

where I is first harmonic signal of PEM, I, is signal recovered at
the second harmonic of PEM and Ipc is the signal not amplified by
lock-in. In table 1 of chapter 3 we show how this relates to measured
magneto-optical effects.

2.3 MAGNETIC FIELD INDUCED POLARIZATION EFFECTS

Any polarized light undergoes various changes when reflected from
a surface of a sample or transmitted through it. The amount and
type of change depends on the current state of the sample. In order
to quantify the changes in the material we simply need to analyze the
change of polarization.

There are many different mechanisms of interaction between a mag-
netic material and polarized light. It is useful to separate them by the
relative orientation of the magnetic field and the light propagation
vector. If the light propagates parallel to the magnetic field we talk
about Faraday geometry. If it is perpendicular to the magnetic field
we are dealing with Voight geometry. Changes in the reflected light
are due to the magneto-optical Kerr effect.

A schematic overview of these effects is given in figure 2.

A change of polarization occurs when different polarizations are ei-
ther absorbed differently or propagate through a medium at different
speeds. Thus we can sort these effects into four categories:
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Figure 2: Magnetic effects changing polarization of light

MCD - Magnetic Circular Dichroism

When a sample absorbs differently LCP and RCP light under magnetic
field it shows magnetic circular dichroism (MCD). This effect usually
occurs in Faraday geometry, when light propagates through a sample
along the direction of magnetic field.

Monochromatic light linearly polarized at 45° with respect to the
axis of the PEM set to % retardation is changed periodically to left cir-
cular and right circular polarization. If the sample under magnetic
tield shows MCD, there will be difference in amplitude between trans-
mitted circularly polarized light with left rotation (blue line in figure
3) and right rotation (red line in figure 3). This difference causes a
change in ellipticity of transmitted light and can therefore be mea-
sured as Faraday ellipticity.

MCB - Magnetic Circular Birefringence

Birefringence is a difference of index of refraction of a material for
different polarizations of light. Circular birefringence means that LCP
and RCP light propagate through the material at different speeds. This
difference causes a phase shift between the two components of light



Figure 3: Magnetic circular dichroism (MCD) and birefringence (MCB) in
Faraday geometry

(figure 3), which results in rotation of polarization plane. This effect
occurs typically with magnetic field along the direction of propagat-
ing light and can therefore be measured as Faraday rotation.

MLD - Magnetic Linear Dichroism

This effect changes the rotation of linearly polarized light propagating
through a sample usually perpendicular to the direction of magnetic
field. It is caused by different absorption of the two components of
linearly polarized light.

Monochromatic light linearly polarized at 45 with respect to the
axis of PEM set to /2 retardation is changed periodically to paral-
lel and perpendicular linear polarization (figure 4). Under magnetic
field the ratio of the amplitudes of these two components will change
and cause a rotation of polarization plane of the propagating light.
This effect usually occurs with magnetic field perpendicular to the di-
rection of propagating light and can be therefore measured as Voigt
rotation.

MLB - Magnetic Linear Birefringence

Linear birefringence means that the two components of linearly po-
larized light propagate through the material at different speeds. This
difference causes a phase shift between the two components of light
which results in ellipticity of the transmitted light (figure 4). It’s there-
fore measured as Voight ellipticity.

2.3.1 Magneto-optical Kerr Effects

Any polarization change induced directly by magnetic field in re-
flected light is referred to as magneto-optical Kerr effect. We recog-



Figure 4: Magnetic linear dichroism (MLD) and birefringence (MLB) in
Voigt geometry

nize three different magneto-optical Kerr effects based on the relative
direction of magnetic field and plane of incidence (figure 2).

Longitudinal Magneto-optical Kerr effect

Magnetic field is in plane of incidence and in sample plane. Comes
from longitudinal component of magnetization vector.

Polar Magneto-optical Kerr effect

Magnetic field is in the plane of incidence and normal to the sample
plane. Originates in out-of-plane component of magnetization vector.
Transverse Magneto-optical Kerr effect

Magnetic field is normal to the plane of incidence and in sample
plane. Comes from component of magnetization vector perpendicu-
lar to the external magnetic field.

2.3.2 Magneto-refractive effect

Realignment of magnetization changes conductivity which causes
change in refractive index which in turn changes polarization. It’s
been demonstrated for the first time in [3]. Because permittivity is

4
= 14+ —

it is clear that changes of conductivity are changes of permittiv-
ity. Magnetorefractive effect linked to magnetopolaron conduction
in magnetic transition metal oxides has been studied in depth in the
thesis of ].M. Caicedo Roque and references therein [4].



2.4 POLARIZATION OF LIGHT AND FERROELECTRICS
2.4.1 Ferroelectric Polarization

Each ferroelectric material has its spontaneous polarization that can
be changed by application of electric field. There is a minimal volt-
age needed to switch orientation of ferroelectric polarization. Once
this value is reached, the material will keep some of this polarization
even after the electric field is switched off. Ferroelectric polarization
will therefore produce typical saturating hysteresis loop with electric
field.

2.4.2  Pockels and Kerr Effect

The index of refraction is generally a function of applied electric field
n(E). The function can be approximated as:

n(E) = n+apE + agxE?

where ap and ak are coefficients proportional to Pockels and Kerr ef-
fect. Signal linear with electric field comes from Pockels effect, signal
quadratic with electric field is called Kerr effect. These electrooptic ef-
fects appear only in non-centrosymmetric systems like ferroelectrics
and can be used for their characterization.

It can’t be neglected that both Pockels and Kerr effect differ with
direction of applied field with respect to the crystal structure [5]. For
each crystallographic group an electro-optic 6 3 matrix r;; can be
derived with several dependent or independent coefficients.

B = rijEk

where B are field induced changes and Ej is applied electric field
vector [6].

2.5 POLARIZATION OF LIGHT AND STRAIN

Both electric and magnetic fields applied to a sample can induce
strain. Strain then induces changes in the lattice of a material which
can cause change of index of refraction or induce birefringence for
example. Interaction of the material with polarized light is therefore
altered as a secondary effect.

2.5.1  Strain Induced Birefringence
All ferroelectrics are piezoelectrics, so there is always an electric field

induced strain present that is detectable in reflected polarization through
the birefringence it causes. In case of highly piezoelectric materials
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like PZT, this effect can be much stronger that ferroelectric polariza-
tion. Strain induced effects are not dependent on the direction of
electric field, just its amplitude, they are even with field.

2.5.2  Magnetostriction

Magnetostriction is a change of shape or dimensions during magneti-
zation. The magnetization changed due to the applied magnetic field,
changes the magnetostrictive strain until reaching its saturation value.
This effect was discovered in 1842 by James Joule [7]. Its inverse Vil-
lari effect was observed for the first time 25 years later [8].
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Part1

EXPERIMENTAL

In the course of this work several experimental systems
were developed. This part gives a thorough description
of both their functionality and limitations. The first chap-
ter is dedicated to an introduction of the basic principles
needed for the understanding of later concepts. A home-
built magneto-optical spectroscope is described, that was
further developed during this work. Then the cryostat-
ready polarization-sensitive confocal microscope develop-
ed as a main part of this thesis is presented. And fi-
nally a novel system designed for high-frequency mag-
neto-electric coupling measurements is introduced. This
part only deals with experimental aspect; the data treat-
ment and aplications are explained later.






MAGNETO-OPTICAL SPECTROSCOPY

One of the basic tools for the characterization of magnetic materials
is magneto-optical spectroscopy. Such a system was previously devel-
oped at ICMAB (figure 5) [4]. Only minor changes were introduced
to this setup during this work. Further automatization, allowing for
unassisted measurements of entire spectra and a multistep data pro-
cessing procedure developed is described at the end of this chapter.

Both of these improvements have the same goal, improving sig-
nal recovery. Fully automated measurement means that the measure-
ment can be done in a dark room reducing light background and tem-
perature fluctuations to minimum. Data processing separates the sig-
nal from unwanted contributions as a temperature drift or a quadratic
signal.

The spectroscope uses a 150 W Xe arc lamp (ZolixTechnology) and
monochromator (Zolix 1-150) that allows it to cover the entire visible
spectrum. It is combined with cryostat for continuous temperature
measurements from room temperature to 8K.

Sample
Xenon Lamp Electromagnet

Monochromator

Lens

PEM 0°

Analyzer

Polarizer 45° Detector

Inc
— L
— Igw

Figure 5: Configuration of magneto-optical spectrometer in transmission

Polarization changes of light after reflection are typically quite small
and signal can quickly become weaker than the noise. Most effective
way to detect a signal that is much weaker than the noise is by means
of lock-in amplification. Lock-in amplifier is a device that can ex-
tract a signal with known carrier wave from a very noisy background.
Such carrier wave is established by modulation.

Most straightforward way of light modulation is the modulation
of intensity by periodic interruption. These intensity modulators are
called choppers. For our purpose, however, it is more advantageous
to modulate the polarization of light instead, using a PEM. Typical
PEM has variable retardation and modulates the light at frequency of
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50kHz. Its principle is very simple. A birefringent medium is placed
between a pair (or two) of piezo actuators that induce variable stress
on it. This stress changes the birefringence of the medium causing
a speed difference between the two polarization components. This
speed difference is conveniently expressed as a portion of the wave-
length of the propagating light by which one polarization is delayed
from the other and is referred to as retardation. If one of the polar-
izations is delayed by one quarter of the wavelength with respect to
the other after passing through an optical element, we call this ele-
ment a quarter wave plate. Half wave plate causes half wavelength
retardation.

3.1 MODES OF OPERATION
3.1.1  Magnetic Circular Dichroism

Circular dichroism is a difference in absorption of left and right cir-
cularly polarized light and it is tipically very small comparing to ab-
solute values so it can be practically recorded only using modulation.
To generate modulated left and right circularly polarized light we set
the PEM to a quarter wave retardation. The signal locked-in at the
frequency of modulation (first harmonic signal) is then proportional
to the difference between signal from left circular polarization and
signal from right circular polarization (figure 3 in chapter 2). This sig-
nal normalized by the intensity of direct current (DC) signal (signal
before lock-in amplification) is directly proportional to MCD.

MCD I /Ipc

3.1.2  Magnetic Linear Dichroism

If we set the PEM to half-wave retardation instead, the polarization of
light will be changing from parallel to perpendicular to the plane of
the PEM at double of its frequency, because minus half-wave retarda-
tion is equal to plus half-wave retardation. Signal locked-in at second
harmonic of PEM will therefore be proportional to the difference in
intensity between the two perpendicular linear polarizations of the
transmitted light (figure 4 in chapter 2). After normalization by DC
signal we obtain magnetic linear dichroism (MLD) signal.

MLD L /Ipc
3.1.3 Magnetic Circular Birefringence
Circular birefringence causes a delay between two opposite circular

polarizations. If we think of linear polarization as a composition of
two in-phase circular polarizations, the rotation of polarization plane
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becomes a phase-shift. So clearly a material showing magnetic circu-
lar birefringence will rotate polarization plane of linearly polarized
light.

To measure magnetic circular birefringence (MCB) we set PEM again
to half-wave retardation. To detect rotation of polarization plane we
must introduce an analyzer (polarizer that will only let one of the
components of the signal onto the detector). This signal amplified
at second harmonic frequency of the PEM normalized by DC signal is
than proportional to MCB.

MCB L /Ipe

3.1.4 Magnetic Linear Birefringence

Linear birefringence causes a phase difference between two perpen-
didular polarizations of propagating light therefore causing a non-
zero ellipticity. Puting PEM and sample at an angle of 45 between a
pair of crossed polarizers and using arbitrary retardation of the PEM,
it can be shown [9] that

L Jo(a) I
Ji( a) Ipc

where Jnis of order N, Ii5 is first harmonic signal and Ipcis DC

signal.
Sample
Xenon Lamp ' * Electromagnet coil

Plano-convex lens

MLB = sin !

Monochromator

Lockin
amplifier

Kerr — ~ 1, Kerr ~ 12w
ellipticity Ipc rotation ™ [~

Figure 6: Magneto-optic Kerr effect measurement setup, longitudinal config-
uration

A general configuration of all magneto-optical transmission spec-
trometry measurements is in figure 5. Specific configuration for each
measurement is in table 1 where N/A means the analyzer is removed
for the corresponding type of measurement and nulling means that
the analyzer is rotated prior to the measurement until the correspond-
ing harmonic signal is zero.
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effect | PEM retardation | analyzer angle signal

MCD /4 N/A -

MLD /2 N/A 11;7

MCB /2 0 P

MLB A -45 sin 1 ! ]1](0(A§) IID—C
r 0.383 nulling 1.158112—C
F 0.383 nulling 0.96311'7

Table 1: Configuration of magneto-optical spectroscope in transmission for
different types of measurements

3.1.5 Kerr Effect

As well as transmission measurements the setup can be used for mea-
surements in reflection. All three conventional configurations are
available, for measurement of longitudinal, polar and transverse Kerr
effect allowing to obtain all three elements of magnetization vector.

The measurement configuration for magneto-optical Kerr effect is
sketched in figure 6. Using equation 4 we can write the corresponding
Jones matrix equation as:

Eout = PRSRR M R,R ,PE;,
= PR,S Ay+e ' Ay, R ,PEj,
= (0+ei )Ein (7)

where o= PR,5A;R ,Pand = PR,S5A, . ,R ,P, a,m,p are
the angles of analyzer, modulator and polarizer with respect to the
plane of incidence, the M is modulator with retardation , A, is a
matrix of a polarizer rotated at an angle m and Sg is reflection matrix
of a sample.

The modulation is most efficient when the polarizer is at 45 with
respect to the optical axis of the modulator. For simplification of the
calculation it is also advantageous to put the optical axis of the mod-
ulator in the plane of incidence (m = o ). Thus putting p = 45 and m
=0 in the equation 7 we immediately get

Eout = (rsscosa+rgysina) +e i (rpscosa+rppsina) Ejn (8)

Kerr effect is magnetic field induced change of one polarization
state to the other. In terms of the complex sample-matrix elements it
is either

s = s+is:rsp/rss (9)
or

p = ptip=rtps/tpp (10)
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based on which polarization component we take as reference. In
equations 4, 5 and 6 we show that the problem can be simplified
to solving element ;. Combining equations 7 to 10 we can write

0 = fs° pcos’a+cosasingt sin’a (11)

where = w/r .

Real and imaginary parts of |, are directly proportional to first
and second harmonic as shown in eq. 5 and 6. From equation 11 it is
clear that by adjusting the analyzer we change ratio of sand .

Specifically, for a = o rad the equations 5 and 6 collapse to

L 2( 4a)

Ipc T+Jo( 4) p *

I 2h( a)

Inc  1+Jo( a) » : (12)

and for a = /2 rad we have

L 2 4)

Ipc T+Jo( a) s °

r 2J1( a)

Inc  1+Jo( a)s° (13)

The ratio of the first harmonic signal and the DC signal is propor-
tional to the Kerr ellipticity while ratio of the second harmonic signal
and the DC signal is proportional to the Kerr rotation. Since retarda-
tion of the modulator 4 is adjustable we can set Jo( 4) = 0 when
we put 4 = 2.405 rad in equations 12 and 13 and we can write

I
= 1.158—
p 58 IDC (14)
I

3.2 DATA PROCESSING

In magneto-optics the desired information is often carried by a mere
few rad of polarization contrast. Polarization changes on similar
scale can unfortunately be caused by several other factors. The most
incovenient is probably the temperature drift which causes very slow
changes in the polarization. It can be disentangled from the magnetic-
field induced signal by averaging over multiple loops. This, however,
becomes very inconvenient with materials that saturate at high mag-
netic fields and time per loop increases significantly while taking one
magneto-optical spectra typicaly requires sequential measurement of
around hundred different wavelengths. With usual three to five loops
per wavelength, the averaged loop is often deformed by temperature
drift and drift corrections are needed. I applied two methods of drift
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correction, a high pass digital filter and drift function fitting. High
pass digital filter supresses all the frequencies that are much lower
than the frequency of applied field. This method requires certain
level of SNR and often fails when we get closer to the sensitivity limit
and when the total temperature drift over the measurement time is
bigger than amplitude of the ferromagnetic hysteresis loop. This is
fortunately a requirement for succesful drift elimination by fitting.
The two methods thus complement each other.

Next step is averaging of drift corrected loops. For that we need
to separate the two branches of hysteresis loop. If we take the cur-
rent through the coil as a reference, the loops will be distorted as
the actual field on the sample will be phase shifted from the current.
Taking only signal from the magnetic field probe (Hall probe) is also
limited by its range. Furthermore, the actual maximum magnetic
field changes as the coil heats up. It's therefore convenient to take as
a reference the combination of the two, the phase and the amplitude
from the Hall probe and the value at each measurement point from
the current.

The last important step is 2D filtering when all the loops of a spec-
tra are plotted in magnetic field vs. wavelength coordinates. Using
a rectangular filter very efficiently reduces the noise and eliminates
random errors. However, if the used light source has a sharp spec-
tral lines as in our case, they can appear in the processed data as a
parasitic signal.
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POLARIZATION SENSITIVE CONFOCAL
MICROSCOPY

The ultimate goal here is a simultaneous dynamic imaging of ferro-
electic and magnetic domains and direct imaging of magnetoelectric
domains. Because domains are simply regions with different polar-
ization state, they induce different changes in interacting light. These
changes are very small (typically below mrad) so it is critical to keep
noise as low as possible in order to detect them. Confocal microscopy
is very well suited for this purpose.

The polarization sensitive confocal microscope developed in the
course of this doctoral work was adapted from the Attocube CFMI®
cryostat ready confocal microscope. Although the cryostat operation
of the microscope was not part of this thesis, all the extensions were
kept fully cryostat compatible.

Attocube CFMI® was designed to be used with an optical fiber feed
and fiber based detector. But because the leakage of optical fibers is
well known to be dependent on mechanical stress and temperature
drift, the intensity of light through the fiber varies slightly over time.
This is then a parasitic signal in topography measurement. This inten-
sity variation is not homogenous and so it makes it very problematic
to maintain a polarization state of light while fiber guiding it to the
detector even at short distances.

While this problem is negligible in standard microscopy, where in-
tensity of light is measured, it is not acceptable when polarization
state is the signal. The fiber feed has therefore been replaced with
bench-top laser and fiber detector was replaced with free space detec-
tor.

The setup was also adjusted for simultaneous use of two lasers and
two detectors which allows for simultaneous detection of topography
(using randomly polarized laser) and polarization change (using po-
larized light) (figure 7).

The cryostat insert of the microscope is placed between the poles
of a room temperature electromagnet capable of generating magnetic
tield up to around 1T.

For ferro-electric measurements a sample holder facilitating wire-
bonding of structures on the sample has been added.

4.1 CONFOCALITY

The confocality gives the microscope its name. It is a simple principle
of letting only in-focus light to reach the sample and then letting
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Figure 7: Main functional unit of PS-CFM

only in-focus reflected light to reach the detector (see figure 12b on
page 29). Doing this, the fundamental limit of optical resolution can
be reached.

There is of course a more precise mathematical description: A laser
with cylindrical symmetry can be described by a combination of a
Gaussian beam profile with a Laguerre polynomial. Each transverse
mode of the laser beam (particular electromagnetic field pattern of
radiation measured in a plane perpendicular (i.e., transverse) to the
propagation direction of the beam) is denoted TEM,;, where p and |
are integers labeling the radial and angular mode orders, respectively.
The intensity at a point r, (in polar coordinates) from the center of
the mode is given by:

i, ) = o' Lh() cos(l )e (16)

where = 2r2/w?, and Llp is the associated Laguerre polynomial of
order p and index ! and w is the spot size of the mode corresponding
to the Gaussian beam radius.

The only beam mode we want to allow to reach the sample is
TEMg. Some lasers are already adjusted to emit this mode only and
so is ours. With other lasers, we can filter the desired mode passing
the light through a pinhole.

The beam is then steered to a high numerical aperture objective
lens by reflection from a beam splitter. Because the light will have to
pass through the same beam splitter after reflection an asymetric 96:4
beam-splitter ratio is choosed (96% transmitted, 4% reflected). Only
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4% of laser light reaches sample, but 96% percent of light carrying
information reaches the detector. The power of the laser is chosen
accordingly 25 higher than desired power on the sample. We chose
this power to be 30mW considering the light is being concentrated
to a very small spot on the sample (5 m). This is comparable to
using 10oomW laser with standard magneto-optical Kerr effect mea-
surements where focal spot is around 50 m wide.

Upon reflection from the sample, which is positioned in focal plane
of the objective lens, the beam is passed through another pinhole
filtering out all out-of-focus light and to a detector.

Using this simple principle the maximum optical resolution can be
reached right at the diffraction limit 044 /NA [10], where NA is the
numerical apperture of the objective lens and is the wavelength of
light. In our case, using red He-Ne laser (632.8nm) and lens with
numerical apperture (NA) = 0.68, the theoretical limit we can reach is
resolution of gognm. In the case of green He-Ne laser (543nm) the
limit is 351 nm.

For polarization sensitive measurements the main advantage of con-
focal microscopy is the noise suppression. In certain situations we can
also take advantage of axial resolution (1.5 /NA) for measurements on
interfaces inside the sample. Lower resolution in comparison to scan-
ning probe techniques is justifiable tradeoff for ability of simultane-
ous ferroelectric and magnetic imaging.

4.2 SCANNING

There are two general ways of scanning the beam across the sample.
Moving the sample or moving the beam. Moving the light beam is
much faster. The direction of the beam is changed rapidly using the
same principle as an electron tube TV. This method however does
not maintain constant focal distance and beam is not always passing
through the center of the objective lens. While this is acceptable in
standard microscopy, it is not so when we are interested in polariza-
tion. The light passing through the lens at different angles would
experience different polarization and the signal that is usually at the
order of 1mrad would be lost.

When moving the sample, the beam is static while we scan the
sample in the focal plane of the objective lens by means two piezo
actuators. This way the light beam can be aligned to pass precisely
through the center of the objective lens minimizing the polarization
by the lens.

The maximum range of scanning is 40x40 m. The maximum speed
before distortions is about 1mm /s which corresponds to taking 1000 x
1000 samples at the rate of 100 s per sample from region of 40x40 m.
Image like this will take exactly 200 seconds, because there are two
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Figure 8: Topography images of periodically poled lithium niobate (PPLN)
and test gratting

images taken simultaneously one in forward (left to right) direction
the other backward (right to left).

The modularity of our specific confocal microscopes allows for an
eventual combination of con-focal microscope (CFM) with AFM which
is why the precission of the piezo actuators is below 1nm.

4.3 MODES OF OPERATION

The aim here is to extract as much information as posible from re-
flected light. Besides the changes in intensity of non-polarized light
(topography) we want to analyze changes in linear and circular polar-
ization.

Topography

It remains important to detect the topography of the sample as many
elements on the surface of a sample can polarize or depolarize light.
It is essential to separate the topography-induced polarization from
polarization induced by the intrinsic effects of the material which are
of our main interest. For the measurement of the sample topography,
both polarizers are removed from the optical path (figure 7).

CFM topography images can be compared to AFM images for exam-
ple on periodically poled lithium niobate prepared by the team of
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Valerio Pruneri at ICFO, Barcelona (figure 8a). Here the height dif-
ference between alternating stripes on the sample is 30 nm (inset in
tigure 8a).

Images 8b and 8c are taken at the same time with opposite direc-
tion of scanning. Taking images in both directions is important for
ellimination of scanning direction artefacts. As you can see by com-
paring the two images, some of the dark regions on the stripes are
indeed artefacts of scanning direction. Different contrast on opposite
edges on the other hand does not change with direction and is likely
caused by a tilt of the sample.

Figures 8d , 8e and 8f are CFM images of test grating (silicon dots
separated by 2 m) taken with various detectors. You can see slight
variations of intensity on the image 8d caused by the aforementioned
leakage in the optical fiber. Image taken with randomly polarized
laser and single free-space detector without polarizers is in figure 8e.
Figure 8f taken with balanced detector is included to demonstrate
that topography also changes polarization. It is therefore crucial to
efficiently disentagle the polarization changes caused by topography
from polarization comming from intrinsic properties of the material.

Linear Polarization

One of the simplest ways of detecting changes in the linear polariza-
tion state of light is splitting the reflected light into two perpendicular
polarizations by means of Wollaston prism (figure 12a). The intensity
of each perpendicular polarization is then measured by one of two
identical balanced detectors. The rotation of polarization plane can
be then expressed as:

Ip Ip
Z(IA + IB)

where [,is intensity at detector A and Iy is intensity on detector B.
Before the measurement, the Wollaston prism and balanced detector
assembly is rotated so that there is the same signal detected on both
detectors. Only at this position equal changes of polarization plane
in each direction will give equal diferential signal on the balanced
detector.

The frequency of scanning with this method is limited only by the
refresh rate of the detector (1IMHz in our case - Newport large area
balanced photoreceiver, model: 2307). The scanning rate is important
here, because while few minutes per loop is acceptable with magneto-
optical spectroscopy in one point, when scanning milions of points
with confocal microscope the time per loop has to be kept as short as
possible. Not only for convenience, but also to minimize influence of
temperature and piezo drift.
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Figure 9: Detail of sample mounted in ferroelectric measurements sample
holder

Circular Polarization

For this mode of operation a PEM is used to generate modulated cir-
cularly polarized light. Signal is then recovered at the first or second
harmonic frequency of the PEM using a lock-in amplifier to obtain
Kerr rotation and Kerr elipticity (eq. 14 and 15 on page 19). This type
of measurement is limited by the frequency of PEM (50kHz).

4.4 DOMAIN IMAGING

The main motivation for building this microscope was to study ferro-
electric and ferromagnetic domain structure.

The great advantage of using a visible light for probing is no possi-
ble damage to the sample and no unwanted interaction of the sample
and a probe. Scanning probe techniques have definitely better lateral
resolution, but lot of limitations that come with it. Magnetic force
microscopy would often switch orientation of magnetization vector
while scanning it, piezo-force microscopy is only useful for materials
that show strong enough piezo effect.

No such limitations exist in confocal microscopy.
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(a) PSCFM image (b) DF-TEM image (c) C-AFM image

Figure 11: Comparison of optical images of Lutetium Manganite (LuMnO3)
and scanning probe microscopy images (dark-field TEM and con-
ductive AFM) of Yttrium Manganite (YMnOs3) that have a very
similar structure. Dark field TEM and conductive AFM images
were adapted from Choi et al. [11].

Ferromagnetic Domain Imaging

Ferromagnetic materials interact with polarization of light differently
based on the direction of magnetization vector, the magnetic domain
orientation. The change in signal induced by applied magnetic field
can be therefore attributed to change of magnetization vector orien-
tation. But Kerr effect in magnetic materials is not the only effect
that can change polarization state of reflected light (see chapter 2 on

page 3).
Ferroelectric Domain Imaging

Ferroelectric polarization on the surface interacts with polarization of
incident light. The polarization can be spontaneous or induced by
applied electric field. To apply electric field an Attocube manufac-
tured sample holder for ferroelectric measurements is used (figure 9).
Twelve separate electrodes are disponible, so twelve structures can be
connected on the sample at the time.

Domain structures can be visualized either in relaxed or in dynamic
state. However, the diffraction limit of the confocal microscope is
in many materials bigger than the typical ferroelectric domain. We
demonstrated the ferroelectric domain imaging on LuMnOs (Figure
11)

4.5 DYNAMIC MEASUREMENTS

It is useful to see how the ferroic states on the surface evolve with
time. This is the purpose of dynamic measurements.

Many times it has been shown that both types of domains nucleate
in the same region every time, while the nucleation center is usually
at a structural discontinuity. Therefore we can obtain dynamic im-
ages of large areas of the surface by recording a hysteresis loop in
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Figure 12: Polarization sensitive confocal microscope principle of operation

every point. This approach is however quite time consuming or re-
quires very high speed detector. To overcome this problem a different
measurement method was needed.

4.5.1 Pattern Scanning

The polarization sensitive microscope is obviously intended to be a
fast and easy method, a device that could quickly decide a suitability
of a given sample for further analysis. The perfect output would be
a single image taken in matter of minutes that would give us a quan-
titative information about ferroelectricity, ferromagnetism, magneto-
electric coupling and topography in each point of a large area on the
sample. To reach this goal a novel method of measurement is pro-
posed here.

For this type of measurement frequency of driving field f (electric,
magnetic or both) is adjusted so that all maxima in odd lines (i =
2m + 1) (light stripes in figure 14) of scanning correspond to minima
in even lines (i = 2m) (dark stripes in figure 14).
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(a) processed image (b) applied field

Figure 13: Pattern scanning example
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Figure 14: Field pattern scanning

Magnetic and electric field therefore create two different overlap-
ping stripe patterns.

The ferroelectricity can be seen in the acquired image in the same
pattern as electric field. Ferromagnetism will give rise to a pattern
similar to the pattern of magnetic field. Taking profiles over max-
ima and minima of both electric and magnetic fields we can quickly
evaluate the magneto-electric coupling. Difference in magnetic field
frequency variation of signal along maxima and minima line of elec-
tric field is direct indication of magneto-electric effect and vice versa.

Because all the maxima in odd lines of scanning correspond to min-
ima in the even lines as mentioned above, the topography suppres-
sion is simply done by subtracting odd and even lines of scanned
image:

Cm = IZm_I2m—1

where C,, is the ferroelectric or ferromagnetic contrast and I, is
light intensity recorded at mth line of scannig. This very simple
method eliminates the influence of topography efficiently as you can
see in the image of a ridge between two platinum electrodes on BTO
sample (figure 13). The electrode in the top of the image is connected,
the electrode at the bottom of the image is not. It can be readily ob-
served that ferroelectric switching is stronger on the connected elec-
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trode than on exposed BTO in the middle while the unconnected elec-
trode shields the signal from BTO underneath.

4.5.2  Dynamics by docomposition

Furthermore the pattern image is decomposed to series of N images
H,, where each image contains only points corresponding to given
interval s of increasing or decreasing electric or magnetic field V with
amplitude A.

H, = I(V (ns;(n+1)s))
s = 24/N

This sequence of images shows domain dynamics (domain images in
figure 14 on the preceding page) while plot of mean values of the
signal from each of these images H, against the corresponding field
is overall hysteresis loop from the scanned region (hysteresis loop in
figure 14 on the facing page).

To maintain diffraction limited resolution R; in the dynamic im-
ages the resolution of pattern image R,; has to be N times better:

R Ru/N

pi =

Typically to recover dynamic sequence of 20 images the scanning
resolution should be set to 2onm (with difraction limit g0oonm). It is
also clear that the pixel size of each of the images will be N times
smaller than that of original image. The pixel size is therefore set to
2000x2000 to produce a dynamic sequence of 20 100x100 images from
40X40 m region.

As mentioned before, all this can be done simultaneously with two
detectors. So we have, for example, both image of magnetic circular
birefringence on balanced detector and magnetic linear birefringence
on the single detector. Because of different nature of ferroelectricity
and ferromagnetism, the two channels can be configured to have very
different sensitivity to each of these effects further facilitating their
separate evaluation.

So typically within a couple of minutes we get a map of 40x40 m
region with information about ferroelectric and ferromagnetic prop-
erties, domain dynamic and hysteresis loop.

All this, of course, becomes even more useful when done at tem-
peratures continuously varying from 4K to 400K once coupled with
cryostat.

Example of a pattern scanning is in figure 13a. There is transparent
platinum electrode on the top, through which a strong ferroelectric
signal is observed, in the middle is a region of exposed BTO, where
a weaker signal is visible, on the bottom another platinum electrode
shields ferro-electric signal and no pattern is visible anymore. It’s im-
portant to note that investigating the same effect with a PFM would
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not yield a better resolution. The lateral resolution would be deter-
mined by the thickness of the top electrode rather than the tip radius.

4.5.3 Locking-in the Electric and the Magnetic Field

Holding a pattern image of a sample we might wish to have all this
information evaluated at each point. To do this, yet another novel
method was developed. To increase signal to noise ratio and precision
of the measurement we introduce tandem frequency lock-in amplifier.
Tandem frequency operation enables recuperation of signal at two fre-
quencies simultaneously or actually signal recovered at one frequency
is immediately passed to second frequency and amplified again. So
using both frequency of magnetic field and frequency of electric field
as a reference frequency of lock-in amplifier we can directly recover
magneto-electric effect and electro-magnetic effect, while simultane-
ously measuring ferroelectricity at the frequency of electric field of
ferromagnetism at the frequency of magnetic field see figure 10.
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HIGH FREQUENCY MAGNETO-ELECTRIC
COUPLING SETUP

By measuring the spectral optical response we can get a fresh view
of the magneto-electric coupling. Interestingly we could evaluate
the magneto-electric coupling strength without any applied magnetic
field which is especially useful for systems that saturate at high mag-
netic fields.

Additionally, we have achieved and unprecedented methodology
that allows disentangling two different contributions to the magne-
toelectric coupling: surface-mediated and strain-mediated magneto-
electric effects. At the same time, we could analyze separately their
dynamics, by measuring the frequency dependence of their strength.

The results are described in detail in Chapter 10, 11 and 12. Here we
outline the technical characteristics of the setup that was developed
in the group of Salia Cherifi at IPCMS in Strasbourg for such kind of
experiments.

This setup allows for very wide range of angles of incidence (up
to 70°) in longitudinal configuration (magnetic field in plane of the
sample and plane of incidence).

(a) Magnet core extensions are (b) Measurement geometry: Red arrow shows

used to allow for wider angle the direction of incident and reflected
of incidence options (30°-70°). HeNe laser light. Magnetic field applied in
Polarizer-PEM assembly with the direction of gray arrows. Yellow arrows
variable angle(left) allows for show direction of applied electric field.

automatic selection of any inci-
dent polarization state.

Figure 15: Detailed model of the high-frequency magneto-electric coupling
setup

It’s also suitable for through-the-core polar Kerr effect measure-
ments. However, this setup doesn’t have a scanning element, so the
measurement is done on a single spot.
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The 3D model of the setup is shown in figure 15a, a schematic
image in figure 16.

Setup Speci cation

The setup is designed for frequency of operation in kHz range where
the use of PEM is due to it’s typical frequency of 50 kHz very lim-
ited. Because of that a balanced detection technique was used instead.
Standard MHz scanning rate balanced detector allows for detection
up to 200kHz.

Measured signal is change of linear polarization upon reflection
from the sample. It’s measured using a continuous wave red He-Ne
laser (632.8nm) as the light source. Principle of operation, however,
allows introduction of white light with monochromator for spectral
measurements. The laser sources are mounted directly on optical ta-
ble to prevent polarization or intensity losses and fluctuations. The
laser light is linearly polarized by a Glan-Thompson calcite polarizer
with extinction ration 100000:1 and then reflected onto a balanced
photo-detector that is fixed on a nanorotator together with a Wollas-
ton prism. Wollaston prism with same extinction ratio as polarizer
and 20 angular deviation is used to distribute the light to the sen-
sors of balanced detector.

Both polarizer and Wollaston prism are mounted on Thorlabs®
Nanorotators for automatic nulling: Prior to a measurement, the
nanorotator assembly is rotated to a position where both channels of
the balanced photo-detector have equal intensity (nulling position).
In this configuration, we measure the differential signal in channels
A/B of the photodetector, i.e. =(I4-Ig)/2(Ia+Ip), where I, is inten-
sity at detector A and I is intensity on detector B. The measured is
related to the optical polarization contrast (i.e., birefringence/dichro-
ism...) induced by the application of magnetic or electric fields. There
is a camera included in the setup necessary for precise positioning of
the focal spot on the measured structure, because typical dimensions
of measured structures and focal spot are around 50 m.

PEM is included in the setup for optional measurements of MCD and
Kerr ellipticity measurements. PEM’s modulation frequency of 50kHz,
however, limits it’s use in kHz region.

Data Acquisition Unit

This setup was fitted with simultaneous data acquisition unit (data ac-
quisition unit (DAQ)) that allows multiplexor-free fully-simultaneous
measurement of 4 channels at rate of 2.5MSps with 14bit per sample.
Because the aim of the setup is recording of the full hysteresis loop at
frequencies up to 200kHz, there is a strong need for averaging of mul-
tiple consecutive loops. At the same time, the measurement time is
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Polarizer Wolaston prism
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Figure 16: High frequency magneto-electric setup

required to be as short as possible in order to minimize temperature
drift influence and sample damage probability. So there is obvious
need of recording as many data points as possible in limited time.
Multiple channel continuous data acquisition at MHz rates requires
stable hard-drive writing speeds at the order of 50 MBps. To avoid
limitation by writing speed of the hard-drive, the setup was fitted
with solid-state drive with writing speed above 100MBps.

Function Generators

The frequency generator used produces reliable triangular waveform
only up to 35kHz. Above that value, the less preferable sinusoid
wave function has to be used. Above 50Hz and when the electric
field frequency coincides with any harmonic order of power line fre-
quency, the signal needs to be passed through digital band-stop fil-
ter as power line frequency distorts the signal. Alternatively both
detector and data acquisition unit would have to be powered from
independent battery.

5.1 LIMITATIONS

The frequency and amplitude of the applied magnetic field is limited
by inductance of the electromagnet coil, and for typical amplitude of
0.5 T, the maximum magnetic field frequency is limited to about 2Hz.

On the other hand, the maximum amplitude of the applied elec-
tric field is 500V, so it’s mostly limited only by electric breakdown
of the sample. The electric field frequency is limited by the acquisi-
tion speed of 2.5MSps (samples per second) as well as the detector
scanning rate (1MHz).
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5.2 DETECTION MODES
Standard Magneto-optical Kerr Effect Measurement with Balanced Detector

This mode is included mainly for reference. Prior to any ferro-electric
measurement, it’s advantageous to measure standard magnetic hys-
teresis. Saturation signal of electric field induced polarization change
can be then directly compared to saturation signal of magnetic hys-
teresis to calculate the portion of magnetization vector that has been
switched with electric field.

Kerr Ellipticity and Kerr Rotation with PEM

The balanced detector of the setup can be switched for standard sin-
gle sensor detector for Kerr rotation and Kerr ellipticity measure-
ments using photo-elastic modulator.

Electric Field Induced Polarization Changes in kHz Range

Finally, the main part of the setup. In this mode of operation, full
hysteresis loop is recorded at each frequency, allowing for further pro-
cessing and separation of many contributing effects (magneto-electric
coupling, magnetostriction, strain driven birefringence and electro-
optic effect).
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Part II

MAGNETOELECTRIC DOMAIN IMAGING
WITH SUB-MICRON LATERAL RESOLUTION

A likely key player in the range of future information tech-

nologies is the cross -coupling between ferroelectric po-

larization and magnetism, allowing eventually an electric-

field control of data stored in magnetic bits. In magneto-

electric systems, e.g., ferroelectric/magnetic bilayers, the

interplay between both degrees of freedom may emerge ei-

ther by mechanical constraints or by purely electrostatic ef-

fects. The present experimental approaches to the dynam-

ics of magnetoelectric coupling — and its response mapped

at small scales— are hampered by the severe difficulty of

having simultaneous direct access to the magnetism and

ferroelectricity. Here we show how the polarization of

light can be used as a probe of both physical magnitudes

and spatial distribution of magnetoelectric coupling.

By analyzing linear electro-optic and magneto-optic ef-
fects in Pt/ BaTiOz/ Lay,35r;,3MnO3; we have uncovered

a room-temperature strikingly large magnetoelectric cou-
pling, whereby the ferroelectric-related birefringence is mo-
dulated about 50% on average. A largely non-uniform dis-
tribution of the local magnetoelectric response was found,

that we assign to a mesoscopic texturing of electronic pha-
ses at the BaTiOs/ Lajy,3Sr;,3MnQOs interface. Such large

effects poise strongly correlated electronic systems as a

suitable platform for large room-temperature magnetoelec-
tric responses.






INTRODUCTION

G004 : ]
! B |
5:':]*' - HJ om Temperature i
o :
2 0} o L]
B 200f « -'
E‘ £ :. |
1001 5 T 2o ]

! ¥ i O ] ——

UI J:rv-r:- ¥, '
0 20 400
Ternperature (K]

Figure 17: Temperature dependence of the magnetization of the LSMO thin
film, measured by SQUID magnetometry under and applied field
of H = 1000 Oe. The Curie temperature —defined by the peak
of the derivativedM/dT, see the inset —is T 336K. The op-
tical birefringence experiments were done at room temperature
(signalled by an arrow in the M-T curve).

Electron carriers in solids are endowed with both charge and spin.
Yet, conventional electronics deals solely with charge to transmit and
process data, regardless of the spin state. Controlling the spin de-
gree of freedom by electric fields is, however, one of the most coveted
goals in spintronics, as it would pave the way to faster data processing
and low energy-consumption electronics in which the information is
stored magnetically and manipulated electrically [12, 13, 14]. Mate-
rials with intrinsically large cross-coupling between magnetism and
dielectric properties at room temperature are, however, very scarce.
Beyond single-phase materials, an alternative approach is based on
extrinsic hybrid multiferroics combining ferroelectric and magnetic
systems [15], in which the magnetism is modulated either by me-
chanical means — via the concerted action of piezoelectricity and mag-
netostriction effects [16, 17, 18] — or by purely electrostatic effects
[19, 20, 21, 22] -i.e., whereby the spin-orbit coupling is modulated via
redistribution of electrons in orbitals—.

The full development of this magnetoelectric coupling for appli-
cations requires a deep understanding of its dynamics and local re-
sponse. This can be achieved provided that the magnetic and dielec-
tric degrees of freedom are accessed at the same time and that both
can be mapped out with high lateral resolution. Recent advances
based on atomic force microscopy have allowed a direct visualization
of magnetoelectric domains in multiferroic crystals at low tempera-
ture [23]. Notwithstanding, large room-temperature magnetoelectric
coupling commonly requires structures combining ferroelectric and
magnetic layers. In this context, light is an excellent probe as it pro-
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Figure 18: Hysteresis loops measured at room temperature for magnetic
fields applied along different in-plane directions.

vides access to magnetoelectric effects emerging at deeply buried in-
terfaces in such composite systems. Additionally, diffraction-limited
lateral resolution allows imaging such phenomena at length scales
well below the micron in the visible. For instance, optical second har-
monic generation has been used for time-resolved imaging of magne-
toelectric switching in mutiferroic crystals [24, 25].
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Figure 19: A biaxial magnetic anisotropy is evident from these measure-
ments. Note that at fields above 20 Oe the magnetic anisotropy is
suppressed.

While these non-linear optical phenomena are present in noncen-
trosymmetric crystals as well as at interfaces between centrosymmet-
ric media [26] , exploiting light polarization to sense the magnetic
and dielectric states may have a broader applicability in some cases.
In particular, linear electro-optic and magneto-optic effects induce
birefringence/dichroism on polarized light transmitted through or re-
flected from a ferroelectric or magnetic medium, respectively, result-
ing on rotation/ellipticity of the light polarization [27, 1, 28]. While
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linear electro-optics still requires noncentrosymmetric structures —as
found intrinsically in ferroelectrics—, magneto-optic effects are mani-
fested in the presence of any magnetic field, regardless of symmetry
[29].
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Figure 20: Ferroelectric polarization — electric field loop of the Pt/ BTO/
LSMO sample measured at room temperature

Recently, the potential of light polarization contrast for domain
imaging has been demonstrated in ferroelectric/magnetic bilayers,
where the effects of ferroelectric imprint on the magnetic domain
structure and properties were observed [30, 31, 32]. Here we have
taken the outstanding potential of this optical microscopy to a new
level. We have measured the electro-optic and magneto-optic effects
at room temperature of a Pt(10 nm)/BaTiO3 (120 nm)/La; /3511 ;3MnO3
(40 nm) trilayer grown on a (oo1)-oriented lanthanum strontium alu-
minum tantalum oxide (LSAT) substrate (see Figures 17, 18 and 19 for
magnetic characterization). Using Lay,35r;,3MnO3 as a playground
for magnetoelectric effects is of particular interest because of the inti-
mate relationship between magnetism and electric transport in these
colossal magnetoresistance, which is manifestly large close to the
Curie temperature [33, 34]. Thus, by coupling such a manganite thin
film with BaTiO3, a room-temperature ferroelectric with large spon-
taneous polarization Ps 27 C/cm? [35], large electric-field driven
magnetotransport charges are anticipated (the ferroelectric polariza-
tion versus electric field hysteresis loop is shown in Figure 20). Con-
firming such expectations, we found a remarkably large magneto-
electric coupling, whereby the ferroelectric-related birefringence was
modulated by magnetic fields by up to about 50% on average. Fur-
thermore, using advanced optics we mapped out the spatial distribu-
tion of the magnetoelectric coupling strength with diffraction-limited
lateral resolution (well below the micron for visible light), finding lo-
cal variations of up to 20% around the average value. We propose that
the origin of such a large effect relies on an electric-field modulation
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of electronic phase inhomogeneities at the BaTiO3/ Lay,35r;,3MnOs
interface, while the observed non-uniform distribution of the magne-
toelectric coupling was correlated to spatial variations of ferroelectric-
ity and strain that were quantified also by optical means.
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MAPPING THE OPTICAL BIREFRINGENCE

-
balanced detector .
single detector
sampie
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prism polarizer
beamsplitter i Electro-magnet

Figure 21: Sketch of the confocal optical arrangement used to map out the
birefringence

We adapted a confocal optical arrangement to measure the rotation
and ellipticity of the polarization of light in reflection (see Figure
21). For that purpose, light coming from a red laser He-Ne laser (A
= 632.8 nm) with TEMy profile was polarized and focused to the
specimen surface — or any other internal interface — by means of a
high-numerical aperture (0.68) objective lens. After reflection, the
light intensity was collected simultaneously by two kinds of detectors.
First, a couple of balanced detectors sensed the s- (Is) and p- (Ip)
polarized components split up by a Wollaston prism (Figure 21). On
the other hand, a second single detector was used to measure the
changes in the light intensity after going through an analyzer crossed
with respect to the polarizer before the sample (Figure 21) Prior to
measurements, both kinds of detectors were adjusted to have a null
signal. Upon application of electric fields, the induced birefringence
unbalances the intensity collected by the detectors by an amount that
in the case of the balanced detection equals:

Is — Ip
Is + Ip

(17)

In these experiments, the La; /3511 ,;3MnO3 layer acted as a bottom
electrode, whereas platinum (Pt) circular contacts with thickness ¢p; ~
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Figure 22: Micrograph showing two Pt electrodes on top of the BaTiOz/
La; /3511 ;3MnO3 bilayer

10 nm and diameter 500 m were deposited on the top (Figure
22 shows an optical micrograph with a view of two Pt top contacts).

The heterostructures were grown by pulsed laser deposition using
a single process. The BaTiOz and La, /3511 ;3MnQO3 layers were grown
at 700 °C and 725 °C, respectively, on a LSAT oo1-oriented substrate.
The growt proceeded at 5 Hz of laser frequency, and the partial pres-
sures at the deposition were 0.2 mbar for La, /3511 ;3MnO3 and 0.02
mbar for BaTiO3 . Pt metallic contacts for electrical measurements
(area 0.2 mm? and thickness 10 nm) were deposited ex situ by
rf-sputtering. The ferroelectric polarization was measured using an
AixAcct Co. TFAnalyser 2000. We note here that the BaTiO; film
grown in the given conditions was c-oriented with the ferroelectric
polarization along the out-of-plane direction [36, 37]. For the opti-
cal measurements the beam spot was raster-scanned over the surface
defining a mesh of Ny Ny points determined from the number
of vertical (Ny) and horizontal (Ny) pixels. Along the scanning direc-
tion, the applied electric fields were modulated in intensity according
to a triangular wave profile with a periodicity 1/ . 10 ms describ-
ing a pattern over the scanned area (Figure 23b), whereas the birefrin-
gence —see Equation 17— was sampled at a rate 1/ ,= 25kHz. From
these datasets, the corresponding matrices were defined:

Eyn Ep
E; = Ey Ex
- 1 12
- 21 22 ... (18)
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Figure 23: Example of quick evaluation of FE response of a sample using
field pattern

where (i, j) denotes the position in the Ny X Ny mesh. By this
procedure we obtained a multidimensional array of data, in which
the optical birefringence was recorded as a function of space and
applied field. For instance, depending on its position in the sequence
of applied fields, a particular value of the applied electric field E;;
was located either over the upper or the lower branch over a cycle, so
that 0;~E;; hysteresis loop could be obtained over a given area from
the matrices defined by Equation 18 (see Figure 24c). Alternatively,
the optical birefringence could be mapped out for each specific value
of the applied field, thus obtaining the local birefringence response
distributed spatially over the area under analysis (Figure 24b).

To exemplify this procedure, let us analyze the measurements car-
ried out over a small region on the Pt contact, signaled by the small
red square in Figure 22. One side of the surveyed area was connected
to the contact wire —and, thus, electric fields could be applied on it-,
whereas part of the remaining area was electrically disconnected by
a deep scratch. An image of the topography of the same area was
obtained by confocal microscopy (Figure 23a), showing the presence
of a deep trench between the electrically connected and disconnected
regions of the Pt electrode. As expected in the electrically connected
area, a pattern of optical contrast in the birefringence 6;;was mea-
sured with a spatial modulation (Figure 23c) in agreement with the
frequency of the applied fields (Figure 23b). On the contrary, the op-
tical contrast became significantly weaker in the area of the trench
and was smeared out over the electrically disconnected area (Figure
23¢), proving that the observed contrast resulted from the field-driven
electrical polarization of the ferroelectric.
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Figure 24: Schematics of scanning pattern

46



VISUALIZATION OF DOMAIN WALLS

Aiming to visualize the domain structure, triangular-wave electric
and magnetic fields of intensity 50 Oe and 10 V, respectively, were
applied simultaneously with modulation frequencies v, = 133.86 Hz
and v, = 93.9 Hz, respectively, defining a pattern over the analyzed
area, while the birefringence 6;; was measured at a sampling rate v,
= 40 ps. In order to extract the location of domain walls, the 8;; data
and field reference data were first transformed into the Fourier space
@hk by

Ony = Y ) 2 (i) (19)

(a) Fourier transform of the signal (b) Fourier transform of the signal
from the single detector from the balanced detector

Figure 25: Signal (black) is overlaid with Fourier transforms of the first (1w)
and second (2w) harmonic of the applied electric (blue) and mag-
netic (red) fields. For higher contrast, the topography signal was
suppressed (white cross in the center). White dots close to the
center correspond to the suppression in the filter of the power
line frequency.

Note that the periodicities v,, v, and v, were adjusted so that max-
ima of magnetic field and maxima of electric field form a cross pat-
tern with below diffraction limit mesh size in Ny X Ny plane. Re-
ciprocal data space of the signal captured in the single and balanced
detectors are shown in Figures 25a and 25b, respectively. In these
Figures, a finite number of peaks appear in correspondence to the
Fourier trasforms of different harmonics of the modulation frequen-
cies (the first and second harmonics are labeled by color in figure 25a).
Note that the intensity of the reciprocal peaks fades away rapidly for
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harmonics with increasing frequency in this Fourier transform of a
triangular wave with period of 2L:

Figure 26: The diffraction limited measurement spot (red) is inevitably con-
voluted in the measured shape of domain walls (blue line). Even
if actual domain walls have sharp edges the optically measured
domain walls will have the curvature determined by diffraction
limit.

(o) _1n—1/2 )
F(x):8/712n;1 3 sin (11_75x>

Bearing this in mind, the reciprocal space ®j,; was then transformed
into @{/k = Oy xwy x by using a circular filter around each reciprocal
peak (h, k). The circular filter was defined to have a radius equal to
the full width at half maximum rpywpm, i.e., Wy (r) = 1 forr < rewnm
and wy, x(r) = 0 elsewhere, being r = 0 at the center of each reciprocal

peak of the corresponding field. After that, ®£  wWas converted back

to the real space data 9{ , by inverting the Fourier transformation of

Equation 19, obtaining the spatial distributions of the signal filtered
with electric field (Figure 27a) and with the magnetic field (Figure
27b).

This mathematical procedure enabled the visualization of those do-
main walls that, after repeated cycling, always stayed pinned at the
same location, e.g. by defects. At low fields, when the system is
in a multidomain state (Figure 26), as the light spot is scanned over
the sample surface, it occasionally spans across a given domain wall.
When that occurs, the birefringence measured at that location has
contributions of opposite sign associated to neighboring domains.
Thus, at locations where the domain walls are repeatedly pinned,
the Fourier filter yields values of the local birefringence ®£,k that
are lower than the surroundings, thus allowing visualization of do-
main walls. Note that due to the expected small size of ferroelec-
tric domains in thin films [38], their corresponding domain walls can
not be resolved within the diffraction limit after the inverse Fourier
transformation (Figure 27a). Contrarily, ferromagnetic domains are
significantly larger and can be visualized, as shown in Figure 27b.
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Figure 27: Because the typical ferroelectric domain size is smaller than the
diffraction limit its domain structure cannot be resolved while the
bigger magnetic domains are visible

Note, however, that although in some cases the domains can not be
resolved, the local ferroelectric and magnetic responses can always
be studied from the optical birefringence and mapped out within
diffraction-limited lateral resolution. This topic is developed in the
following.
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MAPPING FERROELECTRICITY, MAGNETISM AND
STRAIN
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Figure 28: Mapping out the electro-(magneto-) optic signal and strain from
birefringence. Hysteresis loop averaging allows screening out the
topography (a) from the detected signal. The spatial distribution
of the intrinsic birefringence is shown in (d). The electro-optic
(EO)/magneto-optic (MO) and strain contributions area mapped
out in (h) and (I), respectively. From EO/MO one can extract
the distribution of coercive fields (e) and, conversely, from strain
one can map out the depoling fields (i). The central figures in
each of the three rows plot the hysteretic loops of the intrinsic
birefringence, EO/MO effect and strain, either averaged over the
whole area, or the corresponding local response — small square
box in (d)-. The areas where the loops are averaged are displayed
at the top of the columns.

Figure 28 shows data obtained from optical measurements done
over a different region on the Pt top electrode. The separation of
topography-related effects from the measured birefringence was done
by centering each extracted loop, i.e., after averaging the signals at re-
manence over the upper and lower branches of the hysteretic loop.
We used this mathematical protocol to thwart any cross-talk effect
from topology, e.g. due to even tiny fluctuations of the Pt electrode
thickness that could interfere with the as-measured birefringence. In-
deed, after this procedure, such kind of spurious effects, not related
to any intrinsic birefringence response, could be imaged, as shown in
Figure 28 a.

Subsequently, the 9{ j data could be processed to obtain the intrinsic
birefringence mapped out over the whole scanned area (Figure 28 d),
see also the hysteresis loops averaged over the region (Figure 28 b).
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Note that these loops were significantly different from that obtained
by measuring the displacement currents in a standard polarization —
electric field characterization (see Figure 20 on page 41 ). The rea-
son is that two different phenomena contribute to the birefringence.
On the one hand, we have that fraction that comes from the linear
electro-optic or magneto-optic effects, i.e., related to the ferroelectric-
ity (FE) or magnetism (MG), that exhibits odd parity with respect to
the electric field E, i.e.

E]E/MG (Einc) = EJE/MG ( Edec)
where E;, . (4.c) are values of the applied electric field over the upper
(lower) hysteresis branches, respectively. Note that due to the magne-
toelectric coupling, both FE and MG effects may come up after appli-
cation of an electric field (more details are given below). Conversely,
a strain-driven birefringence, arising from the converse piezoelectric
effect or magnetostriction (PE/MS), shows even parity with the elec-
tric field, that is:
PE/MS (E ) _ PE/MS( Edec)

ij inc) = ij

It turns out that from any as-measured loop ;. (Figure 28 b), the

FE/MG and the PE/MS components can be obtained by mathemati-
cal (anti)-symmetrization, i.e.

f
FE/MG nk  Einc(dec) nk  Einc(dec)
i.j Einc(deey = 5
PE/MS ﬁ,k Einc(gecy + {,k Eine(dec)
ij Eincldecy = 5

and , see Figures 28 f and j, respectively. The saturated values of
the electro-optic/magneto-optic £/MC (E) loops are signaled by the
red frame in Figure 28 f, whereas the corresponding coercive fields
are visualized by the orange frame. Conversely, the piezoelectric-
driven birefringence TE/MS loops are proportional to the electrically
induced strain (blue frame in Figure 28 j), whereas depoling fields are
extracted from the respective turning points in the loops (as indicated
in the purple frame in Figure 28 j).

Using the same mathematical protocol, the birefringence £,k loops
were extracted for smaller regions (signaled by the square small box
in Figure 28 b), obtaining the local response to the applied electric
fields (Figure 28 c). We note that the size of these regions was shrunk
down to the theoretical diffraction-limited lateral resolution given by

r 044 /oNA [10], which, for =632.8 nm was r 400 nm. Like-
wise, the local electro-optic/magneto-optic and piezoelectric loops
were obtained, see Figure 28 g and k, respectively. It is evident from
these Figures that depending on the position, significant variations
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with respect to the average loops can be observed in the ferroelec-
tric/magnetic and piezoelectric/magnetostriction responses. This in-
formation was then used to map out over the whole scanned area the
spatial distribution of the saturated E/MG values (Figure 28 h) and
coercive field (Figure 28 e), as well as the strain at maximum applied
field (Figure 28 1) and the depoling fields (Figure 28 i).

The mappings displayed in Figures 28 e, h, i, 1 unveil very rele-
vant information. First, a visual inspection of Figures 28 h, 1 clearly
points towards a close correlation between the saturation value of
the electro-optic/magneto-optic /MG and the piezoelectric/mag-
netostriction loops. More specifically, larger values of strain —brighter
tones in Figure 28 1- are correlated to larger values —brighter tones—
of FE/MG gaturation (Figure 28 h). Viceversa, the smaller the strain,
the lower is the saturated —darker regions in both Figures—. Similarly,
the coercivity ( FE/MC) and depoling field ( "E/MS ) mappings (Fig-
ures 28 e, i) also show a relationship with the spatial distribution of
the saturated FE/MC and strain PE/MS | This is not surprising, as
a larger piezoelectric strain response is expected for larger values of

FE/MG " provided that the latter is dominated by the electro-optic
(i.e., ferroelectric) contribution. Note, however, that whereas the vari-
ations of strain are relatively moderate —with fluctuations less than
approximately 20% over the whole scanned area, see Figure 28 1-, the
electro-optic/magneto-optic loops suffer dramatic changes. This is
clearly seen when comparing the loops displayed in Figures 28 f, g, j,
k: while the local (Figure 28 k) and averaged (Figure 28 j) strain loops
look very similar, the corresponding saturated ©£/MS loops ~Figures
28 g, f, respectively— are noticeably different. This manifests that in
addition to the dominant electro-optic (ferroelectric) contribution to

FE/MG ,a supplementary magneto-optic component —in the absence
of any applied magnetic field- arises upon application of an electric
field.

Such an outstanding magnetoelectric effect can be better visualized
by displaying the TE/MG and PE/MS gpatial distributions for differ-
ent values of the electric field E. More specifically, Figure 29 shows
the mappings of the electro-optic/magneto-optic FE/MC and piezo-
electric strain/magnetostriction PE/MS birefringence referenced to
their values averaged over the whole scanned area. Thus, yellow-
colored regions in Figure 29 correspond to the zones where the mea-
sured birefringence is above the averaged value, whereas blue-colored
areas are related to values below the average. Again, for large applied
fields, the regions with the largest positive (Figure 29 a) or negative
(Figure 29 i) saturated FE/MGC are correlated to the areas showing a
larger piezoelectric strain (Figures 29 d, 1). However, for electric fields
close to the depoling field there are regions —see e. g. the patch en-
closed within the box in Figure 29 e- with a large "/M& response
that is uncorrelated to the strain (Figure 29 h). These are precisely

53



j_E effect 38 19  Strain

o
Y

Polstiration [mrad]

| h 10 4 !
| -_""-_'l- '1-"\. o i !
. L2 el | ”
. ra 3
(TS L N Y R
i4 < 0 & 5 0 S 18
EL Fiekd (V] EL Feld (v]
FE effect 14 S ) 03 Strain
' fls! g
| w ".' 18 o -::, .:':- {
'~ ] N
B
| at® 1 |
03 -5 o 5 -5 a 5 0.8
EL Field [V EL Fighd (V)
37
ile! k|
<~ [P
] ® Y a 0| s ,(:i-' |
I \-\"\b- | E 3l .M-
| 2 =4 | | |
s oE e el e a
El_Field |_'.|':| El. Feald [W)

Figure 29: Magnetoelectric response from optical birefringence maps. The
spatial distribution of the electro-optic/magneto-optic and the
piezoelectric strain responses are displayed at different values of
the electric field. (a), (i) and (d), (1) show the mappings corre-
sponding the largest positive and negative applied fields, respec-
tively. At intermediate fields, some features in the EO/MO and
strain mappings (see the area enclosed within the orange box)
arise due to a magnetoelectric coupling. Panels (b), (f), (j) and
(c), (g), (k) indicate the loci of the electric fields in the averaged
EO.MO and strain loops.

the same regions where the E/MG Joops are most dramatically di-
vergent from the average; see Figures 28 f and g. All these factors
then point to large magnetoelectric effects coming into play, which is
discussed next.
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MAPPING THE MAGNETOELECTRIC COUPLING
STRENGTH

Figure 30: The magnetoelectric response is obtained after applying simul-
taneously electric and magnetic fields, according to the pattern
sketched on the left. The optical birefringence loop —schemati-
cally shown on the right — is affected by both fields. From the loca-
tions of points A, B, C and D in the crossed patterns (left), we de-
fine the magnetoelectric coupling strength as Ayjpc = Aap — Acp,
i.e., we quantify the degree of asymmetry in the magnitude of the
birefringence loops due to the application of electric fields.

For a quantitative analysis of the magnetoelectric coupling, both
electric and magnetic fields were applied simultaneously with a mod-
ulation frequency of v, = 133.86 Hz and v, = 93.9 Hz, respectively.
The light spot scanning over the surface was synchronized with the
electric and magnetic fields in such a way as to obtain the field pat-
terns schematically outlined in Figure 30. The positions were the
largest positive electric field was applied are depicted by solid red
lines, whereas the largest negative values are drawn as dotted red
lines. Conversely, black solid (dotted) lines denote the locations were
the largest positive (negative) magnetic field was applied. Note that
within the mesh of Ny x Ny data pixels we can identify a set of lo-
cations (i, j), of type A, B, C and D (Figure 30). In A- and B-type
positions, for a given value of the positive applied magnetic field, the
electric field attained two opposite values, positive (A) and negative
(B),. Alternatively, in C- and D- locations the electric field had op-
posite negative (C) or positive (D) values under the application of a
magnetic field with sign opposite to that of points (A) and (B). Thus,
by cleverly using the multiple combinations of the electric and mag-
netic fields, the magnetoelectric coupling strength could be extracted.
Indeed, from the data, a composite hysteretic loop as that sketched in
Figure 30 can be readily worked out. Defining 04, 0g, 0c and 6p as the
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birefringence measured at A, B, C and D locations all around the com-
plete loops, respectively, we can define the quantities Ayp = 04-05,
Acp = 0c—0p, from which the magnetoelectric coupling strength can
be quantified as
Aag —Acp

Amec = A T Dep (20)
Put in other words, we measured the degree of asymmetry in the
magnitude of the birefringence loops due to the application of mag-
netic fields (Figure 30). Thus, Apec # 0 indicates an extra contribu-
tion to the birefringence —different from that applying just an electric
field— that depends on the orientation of an in-plane applied mag-
netic field. As discussed below, Aigc is indeed remarkably large in
BaTiOs/Lay /3511 ,3MnO3 (roughly 50%). This is a rather unexpected
outcome, as it implies that for magnetic fields of same intensity but
applied along opposite directions the observed magnetoelectric cou-
pling strength is different. While the origin of this phenomenon re-
mains uncertain, we have independently observed the same behavior
in other magnetoelectric bilayers, such as Co/ PZT samples (chapter
10), in which surface- and strain-mediated magnetoelectric responses
also appear to depend on the direction of the in-plane magnetic field
and the magnetoelectric coupling as defined by Equation 20 is similar
in magnitude [39].

0.1 NON-UNIFORM MAGNETOELECTRIC COUPLING STRENGTH

40%

Figure 31: The magnetoelectric coupling strength as Aprc is mapped out
with diffraction-limited resolution all over the analyzed area. The
data are quantified as relative variations in the Apjpcintensity
given by percentages, showing maximum values above 50%.

Figure 31 displays the spatial distribution of the magnetoelectric
coupling strength as defined by Ayrc —Equation 20— over the scanned
region. The first observation is that an outstandingly large coupling
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is observed, whereby the electric field-driven birefringence signal is
modulated by magnetic fields by about 50% on average. Yet, the in-
tensity of this coupling is far from being homogeneous. Indeed, over
the analyzed region, the magnitude of the magnetoelectric effect is
fluctuating within a range jyrpc 30 — 55 %. The overall picture is
that of a non-uniform distribution with an inhomogeneous magneto-
electric response on the micron-scale.

The observation of such a large magnetoelectric response asymmet-
ric with respect to the direction of the magnetic field is far from obvi-
ous. One possible scenario relies on the emergence of a complex mag-
netic configuration at the BaTiO3/La;/35r; ,3MnQOjs interface, in which
antiferromagnetic and ferromagnetic regions coexist. The observed
magnetoelectric effect would be explained by the modulation of such
complex phases by either magnetic or electric fields. For instance,
at zero magnetic fields, switching the ferroelectric state would entail
a modulation of the manganite interface electronic properties, simi-
larly to the recently observed magnetoelectric effect in Pb(Zr(»Tigs)
O3/LaggSrgoMnOs [40]. Additionally, to explain the effect of mag-
netic field directionality, it is necessary to assume that the interface
hosts a pinned complex magnetic configuration that has an initial
imprint or bias that, although relatively soft, would give a different
response depending on the direction of the in-plane magnetic field.
Note that the modulation of the interface magnetism might, in turn,
tune the work function of the manganite La,/35r;,3MnQOj3 layer at the
interface, thus changing the effective Shottky barrier and therefore
the dielectric properties of the ferroelectric [41, 42] contributing also
to the observed magnetoelectric effect. This scenario is also consistent
with many experimental evidences about phase coexistence of mag-
netic/metallic and antiferromagnetic/insulating phases in mangan-
ites [43, 44, 45] and with the modulation of magnetism and transport
in Lay/3Sr1 /3MnOs using electric fields [46, 47, 48, 49, 50, 51].

According to this picture, the large fluctuations of the magneto-
electric effect ppc are closely related to the appearance of multiple-
scale electronic phase textures, with inhomogeneities scaling from
the nano- to the micrometer scale [52, 53, 54, 55]. The origin of
such intricate texturing has been ascribed to the delicate balance be-
tween different competing driving forces, including electronic corre-
lations, strain and chemical disorder [56]. In any case, from these
considerations, the remarkably large magnetoelectric effect here ob-
served should be ascribed to electrostatic/magnetic modulation of
the interface electronic states in the manganite layer and that the ob-
served non-uniform spatial distribution of the magnetoelectric cou-
pling strength is compatible with the direct observation of mesoscale
inhomegenities in manganites [57, 58]. Our results show that the
large responsivity of strongly correlated electron systems to external
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stimuli makes of such systems an ideal platform to achieve large mag-
netoelectric responses at room temperature.
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Part III

MAGNETO-ELECTRIC COUPLING DYNAMICS

Magneto-electric coupling under electric field modulated

at frequencies around under 1Mhz is an area of inves-

tigation with high potential for applications in industry.

To record magneto-optical signal at such rate without us-

ing stroboscopic methods requires combination of multi-

ple signal recovery techniques. Development of this setup

was a study of one of the possible future developments

of magneto-optical confocal microscopy (MOCFM) setup.

High-frequency magneto-electric coupling was successfully
recorded in several samples.






HIGH FREQUENCY MAGNETO-ELECTRIC
COUPLING

INTRODUCTION

The cross-coupling of magnetic and ferroelectric properties in multi-
ferroic systems is being intensively investigated for its relevance in
emerging electronic applications [59, 60, 16, 61, 62, 63, 64]. An es-
pecially outstanding achievement is the electric field control of the
magnetic states[65, 21, 66, 67, 17, 68, 36, 69], offering advantages in
terms of fast and dissipation-less operation in non-volatile memories.

Figure 33: Schematic description of the sample layout and experiment ge-
ometry

Therefore, a good understanding on the dynamics of the magneto-
electric coupling in multiferroic systems is a requirement for devel-
opment of applications[7o, 68]. In this line, early reports have investi-
gated the dynamics of a variety of single-phase multiferroics (BiFeOs,
YMnO3,RMnO3, TMn,0s etc.) where the magnetoelectric coupling is
revealed through the excitation of electromagnons in the GHz-THz
region [71, 72, 73, 74, 75, 76].

Nevertheless, the intrinsic magnetoelectric coupling in single-phase
materials is rather weak [77, 78] and other alternatives are being con-

e .

(a) Au / PZT (b) Co 7nm/PZT (c) Co 1onm/PZT

Figure 32: Schematics of used Co/PZT samples

61



20

E=1 l—— Co10nm —:Eﬂﬂl "E"
- — = Colnm f-_  p— E
= -1 | 2
= 104 ‘u {100 £
= ; S
9 1 | =
H L

g’ 1 ° N
E -10+ |- E-n::-ug:
" r——— | ! :_Eﬂ

{200
20 ] I : .
100 -50 0 50 100

Magnetic Field (Ce)

Figure 34: Longitudinal Kerr signal measured in 1onm and 7nm-thick Co
deposited on PzT, and the corresponding magnetization value
(right-hand side label)

sidered. One of the most promising routes is to couple magnetic and
ferroelectric materials in composite systems known as artificial multi-
ferroics [79, 8o, 81, 82, 83, 84, 85, 15].

In artificial multiferroics such as ferroelectric/ ferromagnetic bi-
layers, the interfacial coupling between the ferroic subsystems is in-
duced by two main mechanisms. The one is strain-mediated and it
involves the magnetization variation induced by the converse piezo-
electric effect through the magneto-elastic interaction [86, 87, 88]; the
other is known as interface magnetoelectric coupling and it is elec-
tronically driven. [89, 20, 9o] It arises from the spin-dependent elec-
trostatic charge screening at the interface between the ferromagnet
and the ferroelectric film when the external electric field is swept.
The electric field-induced variation of the atomic bonds between the
cations in the ferroelectric insulator at the interface with the ferromag-
net is also found to play an important role in the interface magneto-
electric coupling (MEC). [90]

While strain is more often found to be at the origin of the magne-
toelectric coupling in artificial multiferroics, surface magnetoelectric
coupling has been revealed in several bilayers. [91, 40, 22] For ex-
ample, it has been demonstrated in PZT/LSMO that the electric field-
driven depletion/accumulation of spin-polarized electrons at the in-
terface is at the origin of the surface magnetoelectric coupling [85].
The induced magnetization in Ti atoms at the interface of Fe/BTO
[92, 64]demonstrates the interface atomic bound proximity effect as
predicted by theory [93, 89]. It is however very likely that both strain-
mediated and interface MEC coexist in the same system but the two
mechanisms could hardly be disentangled.
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SEPARATING MAGNETO-ELECTRIC COUPLING
EFFECTS

In this study performed at the team of Salia Cherifi at IPCMS, Stras-
bourg, the room temperature converse MEC dynamics has been in-
vestigated in the kHz regime in Co/Pb(Zr,Ti)O3 bilayers by measur-
ing the optical response with the electric field sweep frequency. The
magneto-optical signal induced by the E-control of the magnetiza-
tion is disentangled from the overall optical signal using a systematic
decomposition and modeling of the optical response in the whole fre-
quency range. This decomposition has allowed furthermore for the
separate investigation of the dynamics of strain-mediated and surface
magnetoelectric coupling. It results that strain-mediated and surface
MEC components exhibit a dissimilar M-E dynamics, depending on
the frequency range and on the magnetic film thickness. While the
strain-mediated coupling keeps up with surface magneto-electric cou-
pling up to 1 kHz, above that frequency the surface magneto-electric
coupling dominates.

The optical response has been measured using a continuous HeNe
laser as the light source. Before impinging on the sample surface,
the light is p-polarized by a Glan-Thompson polarizer, and after re-
flection the light goes to a balanced photo-detector that is fixed on
a nanorotator together with a Wollaston prism. This atypical con-
figuration was chosen to avoid using half-wave plate and thus keep
depolarizations on optical components to the minimum.

Prior to any measurement, the nanorotator assembly is rotated to
a position where both channels of the balanced photo-detector have
equal intensity (nulling position). In this configuration, we measure
a differential signal in channels A and B of the photodetector. The
polarization rotation angle after reflection is given by the difference
over the sum of the intensities measured in channels A and B.

In Ip
= 2t Ip) (1)

The measured rotation angle is related to the optical polarization
contrast, i.e., to the electric or magnetic field driven magneto-optical
Kerr effect rotation or to the electric field-induced electro-optical ef-
fect and birefringence, as it will be explained later. A magnetic field
can be applied in the film plane allowing standard longitudinal Kerr
effect measurements. A function generator was used to produce a
voltage of 10 V with a triangular or sinusoidal waveform up to 200
kHz. To ensure continuous data acquisition, i.e., real-time measure-
ments of four measurement channels (magnetic field, electric field,
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Figure 35: Dynamic P-E loops measured at 2 kHz in Coynm/PzT,
Cotonm/PzT and in a non-magnetic reference Auisnm-
Tiznm/PZT sample

balanced detector differential signal and phase-locked signal) at 2.5
MHz scanning rate constant streaming speeds of about 25 MB/s are
required. For this purpose, a high speed solid state drive was imple-
mented in the setup to avoid limited acquisition time due to memory
overflow. To minimize the effect of leakage currents in the ferroelec-
tric film, the magnetic top electrode size was restricted to about 100 x
100 pm?. For this reason the setup was fitted with a digital microscope
for precise positioning of the laser focal spot on the micro-patterned
electrodes. The measurement time for each frequency was kept under
1s to avoid any sample damaging and temperature drifts.
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Figure 36: As-measured 6 rotation angle variation with the electric field E
swept at 3 kHz, measured in Co(ynm)/PZT (scattered dots). The
experimental curve has been numerically split into even (black
line) and odd (blue line) components of the as-measured signal.

7nm and 10 nm thick Co films (fig. 32) have been deposited at room
temperature by means of molecular beam epitaxy on a 150 nm thick
amorphous Pb(Zry,Tips)Os (PZT) layer grown on a thick platinum
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base electrode (fig. 33). A gold layer (5 nm) has been deposited as a
capping layer to prevent the magnetic films from contamination and
to ensure a good electrical contact between the electrodes (Au-Co and
Pt). A nonmagnetic top electrode (Au(15nm)/Ti(1nm)) has also been
deposited on the same PZT layer. This Au-Ti/PZT system is used as
a reference sample to better discriminate between the contributions
that have a magneto-optical origin (MEC) from the electro-optical or
converse piezoelectric signals coming from the purely ferroelectric
properties of PZT.
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Figure 37: The electric field-dependence of the odd part (blue scattered
points) of the Co(ynm)/PZT optical response is further analyzed.
A fit based on the analytical model detailed in the text (continu-
ous blue line) and the corresponding split into two components:
Hysteresis 1 (Gray) and Hysteresis 2 (Red) are represented. The
inset in the lower right corner shows the odd component of the
as-measured optical response in the non-magnetic reference sam-

ples (gold top electrode) .

The magnetic hysteresis loops measured by means of longitudinal
Kerr effect (i.e., (H) loops) are shown in figure34. The scale repre-
sented on the right-hand side corresponds to the magnetization value
as measured by SQUID magnetometer. By measuring zero polar ver-
sus significant longitudinal Kerr effect signals, we found that the easy
magnetic axis lies in the film plane and the coercive fields are around
25 Oe. The ferroelectric properties of the two magnetic/ferroelectric
bilayers as well as the reference sample have been measured using a
standard ferroelectric tester (aixACCT) at 2 kHz ( fig. 35). A polariza-
tion of 50 C/cm? has been measured in all samples. The coexistence
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of M-H and P-E hysteretic response in Co/PZT bi-layers demonstrates
the multiferroicity of the system at room temperature.
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Figure 38: Even-parity birefringence in Cozonm/ PZT, Coynm/ PZT and in
the reference sample Au-Ti/ PZT measured in the absence of mag-
netic fields at electric field sweep frequency of 3 KHz.

The MEC in Co/PZT bi-layers have been first studied under electric
field (E) applied perpendicular to the film plane, in the absence of
any applied magnetic field. Figure 36 displays the as- measured (E)
rotation angle in Co(ynm)/PZT with E swept at 3 kHz. The measured
hysteresis shows a distorted butterfly-like shape in both 7 nm and 10
nm thick Co/PZT (not shown), meaning that the application of E on
the Co/PZT bilayers induces a variation of the laser beam polarization
in the plane of incidence. Butterfly-like curves are usually ascribed
to strain-driven birefringence due to the converse piezoelectric effect
on the ferroelectric layers. However, in such cases an even response
with the electric field should be expected as the strain response to
an applied electric field has an even parity as observed, e.g., in the
S-E strain curves. This is in disagreement with the experimental loop
displayed in Fig. 36, which shows that the as-measured (E) is not
symmetric. This clearly indicates that contributions other than strain-
induced birefringence are present in the system.

In order to obtain a better understanding of the observed optical
response, we have implemented a numerical symmetric splitting of
the as-measured signal. Thus, the experimental data have been sym-
metrically split into even (Black curve in Fig. 36) and odd (Blue curve
in Fig. 36) contributions. We ascribe the even component (butterfly
loop) to the strain-mediated effects mainly attributed to the converse
magnetoelectric coupling, while the odd component is related to the
surface magnetoelectric coupling. Nevertheless, both, the even and
odd components may contain further optical contributions arising
from electro-optical and converse piezoelectric responses. Therefore,
in the following the odd and even components will be further ana-
lyzed to disentangle magneto-optical effects from electro-optical and
ferroelastic effects.
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The odd contribution of the (E) signal is decomposed into two
hysteresis loops labeled Hysteresis 1 and 2 in Figure 37. These two
components were fitted to a combination of tan 'E based functions
using a first-order approximation to a model originally derived for
magnetic hysteresis loops [94]. The implemented model involves four
variables: the coercive field c, the maximum applied field m, the satu-
ration signal s and a shape parameter q. The electric field-dependent
hysteresis loop can then be modeled with the following function :

fia(E,c,s,q9) = 25/ arctan[qgln((E+c)b+1)a+ (E+c)q](22)

Where the i,d index denotes the branch with increasing field and
the branch with decreasing field, respectively. The a and b factors are
written as a function of the coercive field ¢ and the maximum applied
field m as follows:

2c

In[(1 b(m ¢))(1+b(m+c))]

3c+m

b = 2(m+c)(m o) 23)

a =

The model satisfies the central symmetry f;(E) fi( E) and the

natural conditions f;(m) = f;( m) and f;(c) = 0.
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Figure 40: Even-parity birefringence of samples Coionm/PZT and
Coynm/PZT measured under magnetic fields H = + 300 Oe and
H = - 300 Oe at electric field sweep frequency of 3 KHz.

To model a single component hysteresis loop, 4 would be the only
fitting parameter as m, s and c factors can be directly extracted from
the experimental data. However, in order to separate two superim-
posed hysteresis loops (e.g., Figure 39 ), the only directly determined
parameter is the sum of signals at saturation. It is therefore important
to properly determine the initial fitting parameters by making use of,
e.g., of different experimental data input values such as purely ferro-
electric contributions (from P-E loops) and purely magnetic contribu-
tion (from M-H loops).
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This model has been applied to the odd component of the optical
signal. One of the two decomposed loops (Hysteresis 1 in Fig. 37)
is ascribed to the linear electro-optical effect (Pockels effect [1]) that
is induced by the rotation of the refractive indicatrix accompanying
the electric field switching in the PZT layer. In order to confirm the
consistency of this interpretation, we have measured the optical re-
sponse of the nonmagnetic reference sample (Au-Ti/PZT), in which
the odd-in-field component (Figure 37 inset) can only arise from the
ferroelectric polarization-driven birefringence. In Figure 37 the inset
shows that saturation signal of the odd component in the reference
sample (=~ 0.25 mrad) is virtually the same as that obtained through
the hysteresis symmetrization model described above (Hysteresis 1).
We therefore attribute the odd components referred to as Hysteresis 1
and 2 to respectively, the linear electro-optical E-driven birefringence
in PZT, and to the magneto-optical response owing to the interface
magnetoelectric coupling. More evidence of the magnetoelectric cou-
pling between Co and PZT layers will be presented in the following
based on the analysis of the 0(E) optical response under applied mag-
netic fields.
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Figure 41: Red arrow demonstrates the magneto-electric factor app =~
AM/2E. in decomposed strain MEC loop.

For instance, Figure 39 shows the odd components of the optical
response O(E) of Co(ynm)/PZT measured under different magnetic
fields (o and 4= 300 Oe) applied in the film-plane during the electric
field sweep at 3 kHz. We observe that the as-measured loops (Blue
curves in Figure 39) change drastically their shapes depending on
the magnetic field strength. Assuming that the ferroelectric contri-
bution to the birefringence is unchanged, the strong variation of the
hysteretic loops with the magnetic field should be of magneto-optical
origin and related to the magnetoelectric coupling. By subtracting the
ferroelectric-driven loops (gray curves in Figure 39) from the as mea-
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sured curves (blue curves in Figure 39), we obtain the magnetoelectric
coupling loops plotted as red curves in Figure 39. We clearly see that
the saturated values of the magneto-optical loops vary strongly with
the applied magnetic fields. For instance, we see that the saturated
value in the absence of H is ~ 0.88 mrad (Figure 39 a), whereas we
measured =~ 0.75 mrad for H = - 300 Oe (Figure 39 b) and ~ 0.65
mrad for H = + 300 Oe (Figure 39 c). This observation gives very
strong support of our interpretation, so that we can reliably decom-
pose the odd-part of the measured 6(E) optical signal into a ferroelec-
tric and a magnetoelectric contribution. Thus, our experiments detect
a clear magnetoelectric coupling in Co/PZT bilayers in the absence of
applied magnetic field.
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Figure 42: Red arrow demonstrates the magneto-electric factor app ~
AM/2E, in decomposed surface MEC loop.

Further evidence of the influence of the magnetic field on the E-
dependent optical response is given by the analysis of the strain-
driven even-parity response as a function of H. Figure 38 displays
the even-parity of the as-measured 6(E) corresponding to Co(ynm
and 1onm)/PZT and to the non-magnetic Au-Ti/PZT reference sam-
ple. If there was only a contribution from the converse piezoelectric
effect to the loops, roughly identical curves should be measured for
all samples. This conclusion is further supported by the observation
of a variation with the magnetic field of the even-parity response in
Co(ynm and 1onm)/PZT samples to which the signal of the reference
sample has been subtracted (Figure 40). We thus ascribe the differ-
ence of the odd components in Co/PZT and the reference sample to
the additional strain-mediated magnetoelectric contribution originat-
ing from the magneto-elastic interaction.
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Figure 39: Electric-field induced optical response of Co(ynm)/PZT sample at
an electric field sweep frequency of 3 kHz, under magnetic fields
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MAGNETO-ELECTRIC COUPLING STRENGTH IN
FREQUENCY SPECTRA

The above detailed results demonstrate the possibility to disentan-
gle the magneto-optical signal related to the MEC from the overall
as-measured optical response 6(E). At this point, we are in position
to analyze the dependence of the magnitude of the magnetoelectric
coupling on the frequency modulation of the electric field. Figures 41,
42, 43 and 44 show the dynamic response of the magneto-optical re-
sponse related to the magnetoelectric coupling components arising
from strain and surface effects as previously discussed. The pre-
sented results are measured at room temperature, in the absence
of magnetic fields. We reveal a strong decrease of both strain and
surface-mediated magneto-optical signal above about 5 kHz until it
vanishes at 100 kHz.
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Figure 43: Strain MEC factor app ~ AM/2E. as a function of frequency of
applied electric field.

The magneto-electric (ME) effect can be quantified by the apg ME
coefficient that is defined by a magnetic induction in response to
an applied alternating voltage. In this study, the ME factor is de-
fined by apg ~ AM/2E. expressed in Oe.cm/kV; where AM = Mg —
MEg—o and E. is the coercive field value. Knowing the correspon-
dence between the magnetization (from SQUID measurements) and
the magneto-optical Kerr rotation, the ME coefficient value can be
deduced at any frequency value. However, knowing the interface ori-
gin of the surface ME coupling, the volume magnetization extracted
from SQUID measurements should be converted to a surface magneti-
zation. We thus express the surface mediated ME coupling coefficient
in Oe.cm?/kV. The strain-mediated MEC and the surface MEC are pre-
sented in figures 44 and 43. A stronger strain-induced MEC is found
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in the thickest Co/PZT sample and a strong decrease of the MEC with
increasing E-frequency is observed in both samples.

0.5+
> « Co7nm
2 0.4 « Co10nm
'IE.' e
o 0.34 e ﬁ._ﬁ
- R
o L] & —
] & “
t 01 - o
{25 ] 'il

0.0 -

0.01 0.1 1 10 100

Frequency (kHz)

Figure 44: Surface MEC factor app ~ AM/2E. as a function of frequency of
applied electric field.

In conclusion, we report on the MEC in Co/PZT bilayers in the
sub-MHz regime by exploring the electric field dependent optical re-
sponse. We found several contributions to the optical response: strain-
driven birefringence from the converse piezoelectric effect in PZT;
strain-driven contrast due to magnetostriction in Co, ferroelectric-
driven linear electro-optical Pockels effect in PZT and the magneto-
optical effect originating from the surface MEC .

Recording interaction of a multiferroic system in spectrum of below
MHz frequencies is fast and feasible. Taking advantage of different
frequency dependence of the effects interacting with polarization of
light we were able to disentangle them and quantify. We separated
magneto electric coupling arising from the interface between ferro-
magnetic cobalt and ferroelectric PZT and the one one arising from
piezo-strain of PZT.

The shape of the surface magneto-electric coupling in frequency
spectrum can be interpreted as a competition of two effects. The lin-
ear increase in lower frequencies can be attributed to current leakage
in the sample and related dissipation of energy. Faster the switch-
ing, less energy dissipates and the coupling strength increases. The
exponential decay with higher frequencies can be understood by com-
paring ferroelectric and ferromagnetic domain wall. Ferroelectric do-
main walls are known to be much thinner and easier to move around
than the thick magnetic domain walls. The ferroelectric domain wall
in alternating electric field is an oscillator that is elastically bound to
ferromagnetic domain oscillator. The amount of energy transferred
from weak oscillator to the stronger one depends clearly on both the
strength of the elastic bond between the oscillators and the frequency
of osculations.
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The position of the peak in graph 44 on the facing page is therefore
mostly determined by the amount of leakage current in the system,
the slope on the right side of the spectrum is a function of magneto-
electric coupling strength. We can see that there is more leakage
through thinner cobalt layer as expected.
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Part IV

MAGNETO-OPTIC SPECTROSCOPY OF
MNP-BASED SYSTEMS

Important adjustments to magneto-optical spectroscopy
setup were done in course of this work which extend both
its precision and functionality. Automation of spectro-
scopic measurement reduced measurement time and im-
proved measurement stability. Digital data filtering and
integration further improved signal to noise ratio (chapter
3). Thus improved setup could then be used to character-
ize plasmon enhanced magneto photonic crystals.
Functionality of the setup was also extended to Faraday
effect measurement of nanoparticle colloidal dispersions
and sensitivity to volume fraction changes of less then
10 © was demonstrated.






PLASMONIC MAGNETO-PHOTONIC CRYSTALS

The interest of magneto-optical materials for applications in data stor-
age and optical communications has spurred the research on new
materials exhibiting large magneto-optical responses at the operat-
ing wavelengths. Many strategies of enhancement of much coveted
magneto-optical response of various systems have been pursued.
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#

- -
P YsubdOnm
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Figure 45: SEM images of the studied structures
(a) array of gold nanocavities, Inset: detail of one of the cavities,
where nickel nanoparticles are observed
(b) non-structured area (the white circle emphasizes a group of
nanoparticles)
(c e) SEM images of the nanodisk arrays with diameters d 57,
79, and 95 nm

Coupling magnetic materials to plasmonic structures is one of them.
It dramatically increases the magneto-optical response of the result-
ing composite architecture. Such optical enhancement has been demon-
strated in various systems (Au/Co/Au [95, 96, 97], periodically pat-
terned ferromagnetic films [98, 99, 100, 101, 102], noble metal/ferro-
magnet structures [103], magnetic nanowires [96] or nanodisk arrays
[104, 105]). However, some of it’s inner workings are not yet well un-
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Figure 46: TEM micrographs of used nanoparticles
(a) nickel nanoparticles, Inset: detail of one nickel nanoparticle
(b) SAED pattern with the indication of the Miller indices
(c) iron oxide nanoparticles
(d) SAED pattern with the indication of the Miller indices

derstood and more detailed knowledge about the fundamental mech-
anism leading to such improved optical performance is crucial to de-
sign better magneto-optical devices. Specifically, contributions of dif-
ferent plasmon triggered effects like reflectance modulation or field
intensification were not previously compared and quantified.

To address this issue, we have measured magneto-optical Kerr spec-
tra on corrugated gold/dielectric interfaces with magnetic (nickel and
iron oxide) nanoparticles. Enhancement of magneto-optical activity
at plasmon frequencies was found to be about an order of magnitude.

Although in previous work evidence has been obtained that the
degree of magneto-optical enhancement correlates with the electric
field intensification [106], a direct quantitative measurement of both
contributions is missing. We decided to fill in the gap using two
structures:

¢ an hexagonal array of spherical truncated gold nanocavities con-
taining a small amount of nickel nanoparticles

¢ three gold nanodisk arrays with different diameters on an amor-
phous strontium titanate (STO)/Si(100) substrate, covered with
iron oxide nanoparticles

As expected, such materials exhibit a large magneto-optical response
at wavelengths where plasmons are excited, by up to an order of mag-
nitude larger than the reference magneto-optical signal. Interestingly,
we demonstrate that whereas nanocavities sustain mainly propagat-
ing surface plasmons, the nanodisk arrays only localized plasmons
are excited. This has allowed us to ascertain whether the different
nature of these excitations has an impact on the character of the
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observed magneto-optical enhancement. Our results clearly demon-
strate that for both kinds of magneto-plasmonic systems the intrinsic
polarization conversion efficiency is spectacularly increased, being at
least one order of magnitude larger than that from reflectance modu-
lations.

A clarification of used terms is in place:

Surface Plasmon is a coherent electron oscillation at metal-dielectric
interfaces [107]. The electro-magnetic energy of surface plasmons is
strongly confined to the interface. Interface related response may
be therefore enormously enhanced, as it is the case of the surface
enhanced Raman spectroscopy (SERS) [108, 109].

Photonic Crystals are periodically arranged structures engineered at
scales comparable to the wavelength of light. For a particular range of
wavelengths, these systems exhibit a bandgap for which the electro-
magnetic waves cannot propagate in the crystal and also exhibit op-
tical nonlinear effects at photonic band edges [110, 111, 112, 113, 114,
115, 116, 117, 118, 119, 120, 121, 122]. Magnetophotonic crystals have
been intensively investigated, in which non-reciprocal optical effects
and large magneto-optical responses at stop-band edge frequencies
have been reported.

Photonic/plasmonic Devices coupled to magnetic materials are taking
advantage of combination of all these effects. In large variety of sys-
tems, remarkable magneto-optical enhancements have been observed
at wavelengths where surface plasmons are excited [107].

13.1 SAMPLE PREPARATION

Gold nanocavity array was produced via a template self-assembly of
polystyrene latex spheres on a gold film on glass, followed by an
electrochemical deposition of gold and a final chemical etching of the
latex sphere template [123, 124] in the laboratory of A. Fainstein at
Centro Atomico Bariloche in Rio Negro, Argentina.

In this process, a solution of polymer spheres fills a thin fluid cell,
which is made of a gold-coated glass slide, a clean glass slide, and
sidewalls made from a 300 ym thick spacer of Parafilm. The gold slide
is coated with cysteamine to reduce the contact angle of the aqueous
liquid placed on the surface. This forms a sweeping meniscus tail
as the fluid dries, which pulls spheres to the evaporation line where
they form a closepacked monolayer domain. After template forma-
tion the sample is placed in an electrochemical plating bath. The
degree of truncation can be finely controlled by the deposition time.
Therefore, very clean, reproducible, and well-defined nanostructured
surfaces are obtained over areas on the order of 1 cm? [108] . The sam-
ple analyzed here was retracted from the solution during the metal
deposition in order to achieve a degree of truncation of d/2R 0.4,
where d 240 nm is the Au film thickness while 2R 600 nm is the
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diameter of the spheres. The resulting structure exhibits a period of

650 nm, being the structural order of the Au nanovoids preserved
on large scales up to hundreds of micrometers. Due to the truncated
sphere geometry, a top view image of the structure after the chemical
deposition (as seen in Figure 45) gives a void diameter of 400 nm,
that is, significantly smaller than the sphere diameter in the template.

Nickel nanoparticles with diameters below 10 nm, synthesized by
a ligand stabilized solution-phase synthesis (see ref [125] and the de-
scription below), were deposited on the Au void surface by vertical
immersion on a colloidal dispersion in hexane. The fabrication pro-
cess also yields a non-structured Au surface outside the area where
the spherical void array is defined (Figure 45 b). Optical and magneto-
optical characterizations of nanoparticles deposited on this Au flat
area were used as reference to analyze the effect of plasmons on the
magneto-optical properties of the nanovoid arrays.

Gold nanodisk arrays with variable diameter were fabricated by ele-
ctron-beam lithography on an amorphous STO dielectric layer with
thickness 60 nm deposited by pulsed laser deposition at room tem-
perature on p-type doped Si(100) substrates. Three different nanodisk
arrays were defined, with diameters d 57, 79 and 95 nm, respec-
tively and period 200 nm (see Figure 45 c e). Iron oxide magnetic
nanoparticles with diameters below 10 nm were deposited on the
prepared substrates by immersing the nanodisk array templates in a
colloidal solution containing the nanoparticles dispersed in hexane.
Details on nanoparticle characterization and chemical composition
are given below. The fabrication process defines large areas of ex-
posed flat amorphous STO surfaces; on these non-structured regions,
free of any Au nanodisk, iron oxide nanoparticles were deposited
and their optical and magneto-optical characterizations were used as
a reference to analyze the effect of plasmons on the magneto-optical
properties of the nanodisk arrays.

13.2 NANOPARTICLE SYNTHESIS AND CHARACTERIZATION

Nickel nano-particles were synthesized by high-temperature organo-
metallic decomposition route. The reaction mixture containing 2 mmol
(0.514 g) of Ni(acac), precursor, 2 mmol (0.63 mL) oleic acid, 4 mmol
(1.8 mL) trioctylphosphine and 14 mL oleylamine solvent was slowly
heated up to 130 °C under a flow of high purity argon and magnetic
stirring. The mixture was kept at 130 °C for 20 min followed by fur-
ther heating up to the reflux point (250 °C) and maintained at this
temperature for 30 additional minutes [126].

The color of the solution changed from green to dark green and
finally to black. After cooling to room temperature, the nanoparticles
were precipitated by adding ethanol, followed by centrifugation. The
precipitate was dried in an oven (at 70 °C) overnight and weighted.
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Finally, the as-synthesized nickel nanoparticles were kept in a hex-
ane dispersion of known concentration. TEM of the Ni nanoparticles
shows that they are spherical with an average size of 8 + 1 nm (Figure
46).

Lattice spacings from the selected area electron diffraction (SAED)
patterns (Figure 46) are in good agreement with those of metallic
fce-Ni. For the synthesis of iron oxide nanoparticles, a microwave-
assisted sol gel route was used. Briefly, in a typical reaction, 0.35
mmol of Fe(acac); and 1.05 mmol of oleic acid were dissolved in 1.5
mL anhydrous benzyl alcohol at 60 °C for 5 min under magnetic stir-
ring for complete dissolution of the precursors. The mixture had a
transparent dark-red color. The precursor solution was further heated
in the same microwave reactor to 160 °C, and this temperature was
kept stable for 5 min. Then, the solution was automatically cooled
down to 50 °C by compressed N, in approximately 3 min. The final
suspension was black. The nanoparticles were separated by adding
ethanol (40 mL), followed by double centrifugation at 4000 rpm dur-
ing 20 min.

Finally, the black precipitate was redispersed in 2 mL hexane con-
taining 10 pL oleic acid and used for further characterizations and
deposition onto the Au dots. By this procedure, roughly spherical
iron oxide nanoparticles with a mean size of 8.3 + 2.5 nm (see TEM
micrographs in Figure 46) were produced. Titration analyses revealed
the presence of only 5% of Fey+relative to the total Fe in comparison
with an expected 33% for pure magnetite. We thus conclude that
the material consists of a mixture of the two phases (magnetite and
maghemite) and hereafter will be referred as iron oxide nanoparticles.

13.3 METHODS

13.3.0.1  Optical Re ectivity Spectroscopy

Optical reflectivity spectroscopy was used for the reflectance mea-
surements. A self-made optical setup consisting of a halogen lamp, a
50x microscope objective, an optical Fourier transform doublet, and
a motorized charge-coupled device (CCD) spectrometer allowed us to
perform measurements with incident angles from about 40° to 40°
and wavelengths from 400 to 80oo nm (see Figure 47).

The light spot can be focused to 100 ym in this setup.The mea-
surements were done with s- and p-polarized incident light, and all
of them were referred to the reflectance of a silver mirror to obtain
the reflectivity of the samples. The final output generates contour
plots that permit the analysis of the dispersion relationship (i.e., fre-
quency versus wavevector or, equivalently, wavelength versus angle
of incidence) of light propagating in media.
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Figure 47: Optical reflectivity spectrometer

13.3.0.2 Magneto-Optical Spectroscopy

Kerr rotation (%) and ellipticity (¢) were obtained at room temperature
from the analysis of the polarization of light reflected on samples
using equipment introduced in chapter 3.

13.4 MORPHOLOGY

After vertical immersion of the Au void and nanodisk arrays in col-
loidal dispersions of magnetic nanoparticles in hexane, we carried out
scanning electron microscopy (SEM) to characterize the surface mor-
phology. Since the individual nanoparticles were detectable by direct
visual inspection of the SEM images (see Figure 45), we exploited the
latter to assess the degree of nanoparticle coating on these structures.

For instance, Figure 45 a and b revealed the presence of individual
Ni nanoparticles on the Au void array, as appreciated in the inset of
Figure 45 a (displaying a zoom of a single Au cavity) as well as in
Figure 45 b, where one group of nanoparticles is emphasized by a
dashed circle. The direct visual inspection of these images allowed
us to estimate that inside the void cavities the surface nanoparticle
density was around 10 3 nanoparticles/nm?, equivalent to a surface
coverage of 6%.

The distribution of the nanoparticles was found to be quite uniform
(less than 20% variation from cavity to cavity). Outside the cavities
of the Au void array, on the non-structured area (see Figure 45 b), the
nanoparticle surface density appeared to be slightly higher, around 2
x 10 3 nanoparticles/nm?, equivalent to a surface coverage 12%.

SEM images of the Au nanodisk arrays also allowed identifying the
presence of the individual nanoparticles (Figure 45 ¢ e). An inspec-
tion of these figures immediately reveals a significantly larger and
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uniform nanoparticle surface density. Indeed, with independence of

the nanodisk size, the iron oxide nanoparticle surface density was esti-

mated to be around 8 x 10 3 nanoparticles/nm? and surface coverage
50%, significantly larger than the values found in the Au voids.

13.5 REFLECTOMETRY

Figures 48 and 50 display the contour plots of the reflectance spectra
of the Au void and nanodisk arrays, respectively, measured in the
range of wavelengths A 400 800 nm for both s- and p- linearly
polarized light. From these experiments, we obtained the absolute
values of the diagonal Fresnel reflections coefficients |rss| and Iy |
that give the relative intensities of s- and p-polarized lights between
incident and reflected waves.
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Figure 48: Reflectometry of nanocavities

13.5.1 Au Void Array

The reflectance spectra of the Au void surface coated with nickel
nanoparticles reveal the presence of several dispersive absorption
lines that are dependent on both the light polarization and the rel-
ative orientation of the plane of incidence with respect to the void
geometry (see Figure 48 and the sketch therein). Along these disper-
sive bands, the absorption peak is located at wavelengths that depend
strongly on the angle of incidence (and wavevector), indicating the
excitation of delocalized Bragg surface plasmon modes [127, 128, 129].
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Figure 49: Angular optical reflection spectrometry

We note that although for d/2R 0.4, a Mie mode (P*) is expected
to be excited at wavelength A 650 nm, its resonance is significantly
weaker than that of Bragg modes [129], and this may be the reason for
which its excitation is not apparent in the spectra (Figure 48). Another
possible explanation is that a random distribution of nanoparticles in-
side the Au voids can induce fluctuations of the Mie resonances from
cavity to cavity, smearing out the localized resonance when probed
with a large light spot ( 100 um). Our measurements on the Au
void surface indicate that Bragg modes are observed for both s- and
p-polarized incident light, in agreement with other reports [127].

Interestingly, the delocalized character of these collective excita-
tions is further confirmed by inspection of the reflectance contour
maps recorded at different azimuth angles. In particular, the disper-
sion relation is slightly modified as the plane of incidence of light is
rotated around an axis normal to the sample surface, being the spec-
tra periodic with azimuth period = 60°, as expected from the void
hexagonal packing (Figure 49).

We note also that a global inspection of all the spectra measured
at different azimuth angles shows that similar absorption bands are
excited either by incident s- or p-polarized light, although for each
particular angle the spectra may differ significantly. Thus, the contour
plots measured with p-polarized light at azimuth angles = 20° 40°
are similar to those obtained for s-polarized light with azimuth angles

=o0%0or =60° and vice versa plots measured with s-polarized light
at azimuth angles =20° 40° are somewhat similar to those obtained
for p-polarized at angles =o0°or = 60°.

This feature can be understood in terms of the orientation of light
polarization with respect to the void geometry, making the coupling
to plasmons of s-(p-)polarized vector fields for one particular direc-
tion of the plane of incidence similar to the coupling to plasmons of
p-(s-)polarized vector fields with a plane of incidence rotated A =
30° (see the sketch in Figure 49 and Figure 48).
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Bragg plasmons propagating in a close-packed two-dimensional
structure of Au void arrays have been modeled in previous experi-
mental and theoretical studies [127]. Assuming that light is scattered
by planes spaced by [3/4(md + nb)]'/2, where (m, n) are integers and
(@, b) are the two lattice vectors, the Bragg plasmon energies can be
obtained as a function of the incident angle.

We used these data to identify the dispersive absorption bands of
Figure 48 with the different Bragg mode wavevectors q,, [127]. Fig-
ure 48 a and b shows the spectra recorded with the plane of incidence
oriented along the direction with azimuth = 0° (see the sketch in
this figure), for s- and p-polarized light, respectively. For p-polarized
light, we associate the lower energy dispersive band (longer wave-
lengths) to the q;; mode, while we relate the highest observed band
to the qip and qo1 modes (Figure 48 b). Propagating qi9, qoiand
qiimodes may still be present, albeit their presence can be damped
due to the strong absorption for wavelengths below ca. X 500 nm
that is related to interband transitions of d-electrons in gold [130, 131].

For s-polarized light, the strong absorption band is assigned to the
qi1 ,901 modes, while other modes (q19, qioand qi1, qo1) may be also
damped at shorter wavelengths (Figure 48 a). The spectra recorded

with the plane of incidence oriented along = 30° exhibit similar
plasmonic excitations, although the assigned modes for s- and p- po-
larization are now interchanged with respect to = 0°, in agreement

with the cross-correlation of s- and p-spectra with periodicity A =
30° discussed above.

13.5.2 Au Nanodisk Arrays

The reflectance contour plots recorded for s-polarized light on the Au
nanodisk arrays are shown in Figure 50. We see that non-dispersive
reflection maxima are located at wavelengths A 660 nm (Figure 50
a,d s57nm)and A 710 720 nm (Figure 50 b, c, d 79, 95 nm),
which correspond to resonantly enhanced scattering cross section for
wavelengths at which localized plasmons are excited [107].

Note that the observed wavelength resonances are red-shifted with
increasing diameter, as expected [107]. The localized nature of plas-
mons excited in the nanodisks is emphasized by the fact that, con-
trary to the behavior observed in the Au void template, the displayed
reflection maxima are nondispersive (Figure 48) and the reflection
spectra are essentially insensitive to light polarization, either s or p
(not shown). We note also that the distance between nanodisk centers,
being 200 nm, is probably too large for the interaction of the local-
ized plasmons, in agreement with the expected separation needed
for plasmon hybridization which should in the order of a few tens of
nanometers [132, 133, 129].
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Figure 50: Nanodots reflectometry

136 MAGNETO-OPTICAL SPECTROSCOPY

The effects of an arbitrary optical system on the polarization of light
reflected from its surface are governed by the diagonal Fresnel re-
flection coefficients rss and r,that describe the changes of amplitude
and phase for s- and p-polarized light, respectively, as well as the off-
diagonal rs, and rps coefficients that reflect the conversion between s-
and p-polarizations. After reflection on a magnetic surface, an orthog-
onal polarization appears as a consequence of the magneto-optical ac-
tivity. For instance, for incident p-polarized light, the reflected wave
acquires an additional small s-polarization and, conversely, a small p-
polarization comes up from reflection of an incident s-polarized light.
Thus, the relative intensity and phase of the polarizations of the in-
cident and reflected waves gives way to a magneto-optical activity
described in terms of rotation and ellipticity

The understanding of the microscopic mechanisms that govern these
magneto-optical effects are based on the knowledge of the electronic
structure and electron wave functions in solids, and the transitions
of electrons between the different bands induced by electromagnetic
waves [134, 114].

For the particular case of the polar Kerr magneto-optical configura-
tion used in our experiments, the complex Kerr effect is shown to be
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related to the diagonal ( ) and off-diagonal ( ,,) permittivity tensor
components through = +i Pt

Thus, we see that the appearance of off-diagonal permittivity com-
ponents is an essential ingredient for the emergence of magneto-optical
activity. An electric field intensification and the ensuing increase of
density of optical modes [135] occurring in the vicinity of surfaces
where plasmons are excited might provide a natural mechanism to
amplify the magneto-optical activity.

One way to do this is to place the magneto-optical material at small
regions where plasmons are excited, as is the case of the patterned
metal surfaces discussed here, where the electromagnetic fields are
strongly confined around the metal/dielectric interfaces and increas-
ing hugely the electromagnetic density of states [107].

Alternatively, the intensification of the magneto-optical activity may
be also originated by a decrease of the diagonal coefficients rs; and
rpp, providing an independent pathway toward magneto-optical en-
hancement [96, 136].

As described in the following, the combination of optical and mag-
neto-optical spectroscopy has allowed us to quantify the contribution
of both factors. We find that the enhancement of the magneto-optical
activity in the plasmonic structures here presented is essentially due
to an intrinsic increase of the off-diagonal coefficients terms r;, and
rps. Before proceeding, we note that the Au void and nanodisk arrays
did not exhibit magneto-optical activity before the impregnation with
the magnetic nanoparticles.

13.6.1  Magneto-Optical Spectra of the Au Void Surface In Itrated with
Nickel Nanoparticles.

The rotation ( ) and ellipticity ( ) hysteresis loops where recorded as
a function of the light wavelength within A 390 850 nm with a step
resolution of Ak = 1 nm for magnetic fields IH| 15 kOe. The data
were measured in polar Kerr configuration with light incident at o
9.5° from the normal to the sample surface and the plane of incidence
of the light was along the azimuth angle = 30°.

Figure 51 a and d shows the ellipticity and rotation loops mea-
sured with incident s-polarized light at the selected wavelengths indi-
cated in the figure, whereas Figure 51 g and j displays the magneto-
optical data for p-polarization. All these figures show the curves
recorded with the beam light focused inside the structured area (Au
voids, dashed lines) as well as outside (non-structured Au surface,
full lines). The S-like shape of the loops and the negligible coer-
cive field are typical of superparamagnetic behavior, representative
of aggregates of magnetic nanoparticles, with saturation field H
10 kOe. Remarkably, at the selected wavelengths, the magnitude of
the magneto-optical hysteresis loops recorded inside the voids are of
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Figure 51: Comparison of magneto-optical enhancement on nanodisks

the order of a few mrad, in contrast to the values measured in the
non-structured area (~~0.1 mrad); see Figure 51 a, d, g, and j.

This large magneto-optical enhancement, of more than 1 order of
magnitude for some wavelengths, comes up in spite of the nanopar-
ticle coverage of the non-structured area being roughly two times
larger than that of the Au voids. This clearly indicates that the magneto-
optical response of nanoparticles deposited on the structured Au sur-
face is strongly modified with respect to the response of the same
nanoparticles on the non-structured area. This conclusion is further
confirmed by inspecting the magneto-optical contour plots obtained
by mapping the rotation and ellipticity as a function of wavelength
and magnetic field (I HI 15 kOe). The contour plots were mea-
sured with light incident inside the Au void array for s- polarized
light (ellipticity and rotation in Figure 51 b and e, respectively) and
for p-polarized light (ellipticity and rotation in Figure 51 h and k,
respectively).

Similar plots were also obtained for the non-structured surface (Fig-
ure 51 ¢, f, i, 1). We observe that while the plots corresponding to
the non-structured areas appear relatively featureless on the plotted
scale, with rotation/ ellipticity values below 0.5 mrad, the plots
corresponding to the voids display relatively narrow spectral regions
where the magneto-optical response is remarkably intensified, with
values up to 3 mrad. For instance, for s-polarized incident light
the ellipticity is strongly peaked at around A 400, 550, and 590 nm
(Figure 51 b), whereas the rotation is especially intensive at A 540
nm. On the other hand, for p-polarized light, the ellipticity is faintly
intensified around A 400 nm, whereas the rotation is significantly
enhanced at A 540 and 625 nm.
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Figure 52: Magneto-optical enhancement in Fresnel coeficients

The magneto-optical responses are then enhanced around spectral
regions that are close to the wavelengths where plasmons are excited
for lightincidentat o 9.5° (Figure 48). To further investigate the con-
nection between magneto-optics and plasmonics, we extracted from
the measurements of the rotation and ellipticity the absolute value of
the Kerr effect

s,p = s,p+ s,p

for s- and p-polarized light, shown in Figure 52 a and d, respectively.
Since the values of the diagonal reflection coefficients |15 | and |1y, |

are directly drawn from the reflectance spectra of Figure 48, we were
in position to obtain the off-diagonal coefficients Irs, | and Iryl, as
I Tspps | = Inspl x I1sspp|. The values of Insl, Irs,l, and I | for s-
polarized light are shown in Figure 52 a ¢, whereas | Np [, | Tps [, and
Iryp | for p-polarized light are displayed in Figure 52 d f. All data
in Figure 52 are plotted for light focused both inside and outside the
structured area.

The different Bragg mode wavelengths are inferred by the appear-
ance of dips in the reflectance spectra, and are indicated by arrows
in the curves of Irs | (Figure 52 ¢) and |1y, | (Figure 52 f), which are
obtained from cuts made at an angle of incidence of a = 9.5° of the
reflectance spectra of Figure 48 c and d, respectively. We observe that
the Kerr angles | 51, | ,| and the off-diagonal coefficients Irs, |,
Irps | are particularly enhanced in the void areas with respect to the
non- structured regions for a certain range of wavelengths.
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Thus, for s-polarized light, two main regions are identified for
which the patterned area exhibits Ins| and Irs, | that are up to an
order of magnitude larger than in the non patterned surface. One is
located around a narrow region around A 540 nm, for which the
Bragg modes qig,qp1are excited. These modes, although predicted by
the theory [127], are hardly identified in the reflectance spectra (Fig-
ures 48 c and 52 c), but Figure 52 a and b demonstrates that they
have a conspicuous effect on the magneto-optical properties. A sec-
ond region is found within a broad region A 600 800 nm, centered
at . 7oo nm, which is relatively close to the wavelengths at which
the qi1 Bragg modes are excited. We note that q;9,qoimodes seem to
have a less relevant influence on the magneto-optical activity. Sim-
ilarly, for p-polarized light, In,! and Irs, | inside the void surface
are magnified by around of order of magnitude with respect to the
non-structured region for wavelengths centered on a narrow region x

540 nm.

A second broader region is identified around 630 nm. Although it
might be associated to Bragg modes qi1, qo1 and qi0, q10, one cannot
exclude that localized Mie-like resonances play a role on the magneto-
optical enhancement around these broader spectral regions. We note
that these localized resonances might be smeared out when observed
using a large light spot, but they may be present at each individual
cavity, with resonance frequencies fluctuating because of random dis-
tributions of nanoparticles inside the voids.

13.6.2  Magneto-Optical Spectra of the Au Nanodisk Arrays In Itrated
with Iron Oxide Nanoparticles

An analogous magneto-optical spectral study was carried out on the
Au nanodisk arrays infiltrated with iron oxide nanoparticles. Figure
54 a and f shows the ellipticity and rotation hysteresis loops, respec-
tively, measured for s-polarized light focused on the three different
nanodisk patterns (d 57, 79, 95 nm) as well as on nanoparticles
deposited on the non-structured surface. We observe that, as before,
the shape of the hysteresis loops indicates a superparamagnetic be-
havior of the infiltrated nanoparticles. The downturn in the magni-
tude of the hysteresis loops for fields |HI 4 kOe is related to a
diamagnetic magneto-optical contribution coming from the STO sub-
strate underneath the nanoparticles, that at high enough fields, above
the magnetization saturation, can overcome the signal from nanopar-
ticles. This is the expected behavior from the diamagnetic response of
STO. This contribution can be removed to obtain the contributions of
nanoparticles alone. Interestingly, the magneto-optical activity of the
nanoparticles deposited on the patterned areas reaches values of up
to ~6 mrad, whereas nanoparticles on the non-patterned area exhibit
much lower ellipticity/rotation, in the order of ~0.8 mrad. As before,
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Figure 53: Diagonal and off-diagonal contributions to magneto-optical en-
hancement

this is a clear indication that the magneto-optical spectra are sub-
stantially modified when nanoparticles are deposited on the nanos-
tructured metallic surfaces. Contour plots for the ellipticity (Figure
54 b e) and rotation (Figure 54 g j) were obtained by mapping the
magneto-optical activity as a function of wavelength (\ 390 850
nm) and magnetic field (I HI 7 kOe). Again, this allowed us to
get an overall picture of the effect on the magneto-optical spectra of
nanostructuring the metal/dielectric surface. In particular, we again
observed that the magneto-optical activity was significantly enhanced
around relatively narrow spectral regions centered at wavelengths in
the vicinity of the localized plasmon resonances.

In contrast, for light incident on the non-structured area, the spectra
were quite featureless when plotted on the same scale. For instance,
for nanodisks with diameter d 57 nm, the ellipticity was especially
intensified around A 670 nm (Figure 54 b), while the rotation was
peaked at different wavelengths around A 400, 470, 610, and 725 nm
(Figure 54 g), with values that reach up to 6 mrad. Ford 79 nm,
the ellipticity appears particularly intensified around A 675 and 725
nm (Figure 54 c), whereas the rotation is faintly magnified around

725 nm (Figure 54 h). Finally, ford 95 nm, the ellipticity appears
to be increased at A 520, 650, and 725 nm (Figure 54 d), with the
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rotation slightly enhanced at A 390 and 590 nm (Figure 54 i). As
discussed previously for the Au void array, the relationship between
the magneto-optical spectra and plasmonics can be better appreciated
by plotting , = spt sp ltspl and Irg | (see Figure 55).

We observe that the Kerr angle is strongly peaked at wavelengths
A 720nm for disksd 79 and g5 nm, and A 670 nm ford 57
nm, with maximum values that reach up to Ins| 6.7 mrad (Figure
55 a). Note that in the non- structured region Ins| displays signif-
icantly lower values all over the spectrum, and it does not exhibit
any peak within A 600 800 nm, with values Ins| 0.8 mrad over
that spectral region. The behavior of Irs,| is quite similar that of
to Ins|, with peak values within A 600 800 nm for the nanodisk
area, and being quite flat over that region for the non-structured sur-
face (Figure 55 b). When compared to the reflectance Irs| spectra,
we observe that the maxima of Ins| and Irs, | appear to be in the
vicinity of maxima for |rs | (Figure 55 c), in agreement with the reso-
nantly enhanced light scattering cross section for localized plasmons.
Thus, we demonstrate that the coupling of the magneto-optical ac-
tivity of magnetic nanoparticles with localized plasmon excitations
of the Au nanodisk arrays gives way to a significant modification of
the magneto-optical spectral response and to an enhancement of the
magneto-optical activity.
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13.7 ORIGIN OF MAGNETO-OPTICAL ENHANCEMENTS

Absolute values of the Kerr effect are given by = r9/r,, , =
"ps/1pp, fOr s- and p-polarized light, respectively. Thus, with the corre-
lation between magneto-optical properties and plasmon excitations-
being established, a question arises to which degree the observed
magneto-optical enhancements of  and , are due to an intensifi-
cation of the off-diagonal reflectance 7, , 7,5 coefficients, associated to
the plasmon-assisted electric field enhancement, or to a modification
of the spectral response of the diagonal |rssland |1y, | terms.

To answer this question, we have calculated from the experimental
values the ratios

S pattern Tsp pattern  Tss fa¢
S flat rSP flat Tss pattern
P pattern T'ps pattern  Tpp gat
P flat Tps pat - Tpp pattern

where the subindices pattern and flat correspond to the spectra recor-
ded in structured (void or nanodisk arrays) and flat non-structured
surfaces, respectively.

Thus, we are in a position to find out the separate contributions of

Tps
the diagonal " ma and off-diagonal _P* pattern

Tpp pattern Tps flat
optical enhancements observed in Figure 52 a,d and 55 a.

In Figure 10, we have plotted the ratios of the off-diagonal and
diagonal coefficients for the Au void array, measured for s- (Figure
53 a) and p- (Figure 53 b) polarizations, and for the three nanodisk
arrays (Figure 53 c). The regions with enhanced magneto-optical ac-
tivity are identified in these figures by arrows. An inspection of these
data reveals immediately that the magneto-optical enhancement is
determined almost entirely by an extraordinary increase of the off-
diagonal reflectance coefficients, whereas the diagonal terms play a
minor role.

For instance, for the Au voids, the coefficients Irs, | and |rys| are
enhanced by up to a factor 50 in the structured regions, whereas the
diagonal coefficients |rs| and |ry, | are increased by a factor 1 5
in the relevant spectral regions; see Figure 53a and b. The increase of
Irsp | is still more spectacular in the nanodisk arrays, where for the
relevant region enhancement factors of about 3 orders of magnitude
are found, whereas the ratio of |ry | remains close to the unity or is
even suppressed in the region where plasmons are excited. We can
conclude, then, that the magneto-optical enhancement of nanoparti-
cles deposited on nanostructured metal/dielectric surfaces is almost
entirely due to an outstanding increase of the conversion rate be-

terms to the magneto-
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tween orthogonal polarizations, rather than by a modification of the
reflectance.

13.8 CONCLUSIONS

We found that the magneto-optical spectra of magnetic nanoparti-
cles inside nanostructured metal/dielectric surfaces are dramatically
modified compared to the spectra of nanoparticles randomly dis-
tributed on non-structured flat surfaces. In particular, the magneto-
optical activity is substantially increased for wavelengths at which
surface plasmons, either localized resonances or extended Bragg mo-
des, are excited on the nanostructured metal/dielectric interfaces. We
have achieved a quantitative evaluation of the contributions of both
intrinsic polarization conversion efficiency and reflectance modula-
tions to the observed magneto-optical enhancement.

Interestingly, we have demonstrated that plasmon-induced field en-
hancement is responsible for the spectacular increase of the intrinsic
polarization conversion efficiency, which is at least 1 order of mag-
nitude larger than that from reflectance modulations, thus shedding
light on the fundamental principles for the observed optical response.
Our results prove the potential of surface plasmons to generate large
magneto-optical signal enhancements at specific wavelengths and to
design promising strategies to modify the spectral optical responses
of magneto-optical materials. Hybrid systems composed of mag-
netic nanoparticles with corrugated metal/dielectric surfaces offer a
promising strategy for new applications, where very small changes
of polarization of light associated to magneto-optical effects can be
exploited for sensing applications. This approach offers a high poten-
tial for sensing, especially for wavelengths that match the plasmon
resonances with targeted patterned surfaces, giving high sensitivity
even for low coverage of nanoparticles.
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FARADAY SPECTROSCOPY OF DILUTED
MAGNETIC LIQUIDS

The interaction of polarized light with metal clusters and nanoparti-
cles embedded in dielectric hosts has been a recurrent topic during
the last three decades.[137, 138, 139, 140, 141, 142, 143, 144, 145, 146,
147, 148, 149, 150, 151]

One of the most investigated aspects in this field has been the en-
hanced magneto-optic response mediated by the excitation of local-
ized surface plasmon resonance (LSPR)s. [139, 138, 144, 146, 150, 152]
By and large, the research in such composite metal/dielectric com-
posites has been essentially focused on the magnification of the op-
tical properties of the metal nanostructures, leaving the properties
of the dielectric host in a second plane. Large magneto-optic activity
has been predicted and confirmed experimentally for (ferro)magnetic
metal nanostructures coupled to plasmon resonances. [137, 139, 138,
144, 150, 152, 142] These effects are so strong that the enhanced po-
larizability of small metal clusters has been demonstrated to induce
sizable magneto-optic signals even in nonmagnetic metals. [153]

Remarkably, the increased polarizability due to plasmons in ferro-
magnetic metal nanoparticles has been demonstrated to enable the
manipulation of the light phase, adding a new handle to tune the
magneto-optic properties, beyond pure enhancement effects. [148,
154]

However, shifting the attention from metal clusters to the optical
properties of the dielectric host may bring about novel interesting fea-
tures. In particular, magneto-optic materials with linear responses in
the magnetic field —free of saturation— are coveted in applications for
sensing, intregated optical communications or magneto-optic current
transformers. [155]

In the quest of such prospects, transparent materials with large
Verdet constants placed in external magnetic fields may offer an ad-
vantageous alternative to traditional Faraday rotators such as as ter-
bium gallium garnet (TGG) or yttrium iron garnet (YIG). Indeed, re-
cent works have shown that polymers and glasses hosting nanoparti-
cles exhibit large Faraday rotations up to around 300 rad/T-m, mak-
ing them competitive compared to TGG or YIG. [156, 157]

In this context, the development of a comprehensive theoretical
frame able to predict with high accuracy the magneto-optic response
of composite dielectric/magnetic metal structures is a major step into
a materials-design strategy towards advanced applications in biomed-
ical/chemical sensing or optical communications. Yet, the lack of a
theoretical model able to anticipate not only the optical response in-
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Figure 56: Sketch of the theoretical frame of our MEMT model. (a) The ro-
tation (6), ellipticity (¢) and Verdet constant (V) are obtained
through the Yeh'’s formalism after the MGA model including the
modified permittivity of solvent €', and that of Ni, £y;. (b) Per-
mittivity tensor g, of the solvent, as found in tables. (c) Permit-
tivity tensor &/, modified to generate non-diagonal coefficients
through Becquerel’s formula, 26. (d) Permittivity tensor with di-
agonal components modified to include the plasmon LSPR polariz-
ability and with non-diagonal coefficients generated through Bec-
querel’s formula. Only the simultaneous inclusion of plasmon po-
larizability and Becquerel’s law can reproduce the experimental
large enhancement of the Verdet constant at the LSPR frequency.
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trinsic to magnetic metal nanoclusters, but also the Verdet constant
of the host material over a wide range of frequencies is a serious hin-
drance towards these objectives. Using nickel nanoparticles colloids
as an illustrative example, we have accomplished such an achieve-
ment by formulating a theoretical frame that predicts with excellent
accuracy the electromagnetic response of extremely diluted magnetic
metal nanoparticles in liquids, finding very good accordance between
theory and experiments. In particular, our model quantitatively de-
scribes the experimentally observed enhancement of the Verdet con-
stant of the metal colloids, at frequencies close to their LSPR. The
key to such an excellent agreement between experiment and theory
is based on the simultaneous incorporation of the magnetic induced
optical response in the dielectric host in conjunction with the metal
clusters polarizability. The scope of our theoretical model is far be-
yond the specific case of metal colloids, being readily extended to
other complex structures including, e.g., polymers or glasses as di-
electric hosts. This theory-experiment tandem allows us also envi-
sioning plasmon-based sensing for ultrasensitive detection, whereby
plasmonic shifts are interrogated by light polarization rather than by
reflectance, permitting extreme sensitivity to tiny modifications of the
plasmon resonator environments.

We have approached the problem of obtaining the magneto-optic
response of extremely diluted magnetic nanoparticles (MNP)s colloids
—with concentrations in the ppm (parts per million) range— by outlin-
ing a MEMT, see the sketch in figure 56 a. In the conditions of our
experiments, the average MNP — MNP distance (around 200 — 500 nm
in the range of approx. 6 — 48 ppm) was comparable to the wave-
length at visible frequencies ( = 400 — 850 nm) and, therefore, we
have used a MGA [158, 159] to model the full permittivity tensor .4
in the diluted magnetic liquids (Figure 1a). Having obtained the ef-
fective .7 , we have calculated the Faraday rotation and ellipticity
using the Yeh’s formalism [160, 161, 162, 163] (see details in 14.2). The
main difficulty in this approach was the calculation of the effective
permittivity tensor ~,,.; of the composite system, which is discussed
in the following.

We anticipate that the MGA calculation of ~,,,; by simply taking the
bulk permittivity of the host solvent ~5, (hexane and toluene in our
analysis) [164] and metal nanoparticles “y; (nickel) [165, 166] com-
pletely fails at predicting any nonzero Verdet constant (figure 56 b),
in contradiction with the experimental data. However, we have found
that the permittivity tensor 5, of the solvent has to be modified to
. according to two key ingredients that must be incorporated si-
multaneously into the model, affecting, respectively, the (i) diagonal
and (ii) non-diagonal coefficients of the permittivity:
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Figure 57: Transmission electron microscopy image of the Ni nanoparticles
(diameter ¢ = 10 nm). Insets: Histogram of the particle size distri-
bution fitted to a Gaussian function, showing a 20% polydisper-
sity and SAED of metallic Ni.

(i) First, the diagonal terms &y, x» must include an additional con-
tribution from the resonant polarizability of the metal clusters, quan-
tified as [107]

€s0l — ENi —29_ 3
ap; = 3wV=22 N — 18125 x 10 “'m 2
Pl P (24)

@589.8nm, v =10"°

where ¢, is the solvent permittivity found in tables [164], V is the
volume of the MNP and v is the volume fraction of the MNP. Note that
the overall plasmonic polarizability ap; is dependent on the number
of particles per unit volume - given by v - in the colloidal dispersions.
The polarizability of the solvent can be obtained (figure 24) through
the Lorentz-Lorenz relation

3M Esol — 1
pNA €01 + 2
@ 589.8nm

o] = 1.5259 x 10~ ’m® (25)

where M is the molar mass of the solvent, p its density and N, is
the Avogadro’s number. Note that the two contributions are already
comparable at 589.8nm with volume fraction of 107°.
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Figure 58: Faraday rotation loop measured at a wavelength A = 8oo nm for
Ni MNPs in hexane with concentration v ~ 36.6 ppm. The figure
illustrates how we obtained the saturated magneto-optic signals
(displayed in figure 61) as well as the Faraday slopes (shown in
figure 63).

Overall plasmonic polarizability is added to the polarizability of
the solvent. Resulting polarizability leads to modified permittivity of

the plasmonic solvent g, ., through equation 25:

£qo1 + 2ACVV, &

b =
sohxx 1— ACvV, &
A = (ENz' - Ssol) (2 + Ssol)
(sNi + 25501)

where C = 4/37Ny = 2.5225.10%*mol ! is a constant and % is
material dependent constant (for hexane (M), = 86.18g.mol"!, p, =
654.8kg.m*3) 1% = 7598.1 mol.m™3 , toluene (M; = 92.14 g.molfl,
pr = 866.9 kg.m~3) T = 94085 mol.m~3 and water (M,, = 18.02
g.mol~1, p,, = 1000 kg.m3) ]’\’4—"; = 55508 mol.m 3.

(ii) Secondly, the permittivity under an applied magnetic field ac-
quires non-diagonal terms £, ., that are responsible for its Faraday
rotation and Verdet constant. Defining z along the direction of light
propagation and applied magnetic fields, only the non-diagonal per-
mittivity components are nonzero (figure 56 c and d). They are calcu-
lated through the Becquerel’s formula that gives the complex Verdet
constant V from the dispersion of the refractive index of the solvent

[167]:
on

e
— A
v T ome”" ax
Thus, the non-diagonal components of the modified solvent’s per-
mittivity are obtained as

(26)

n _ HsVAn
ey =

(27)
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Figure 59: Schematics of the action of the magnetic colloidal system on the
light polarization, whereby rotation and ellipticity are induced by
the medium.

where H; is the saturating field (~ 1kOe), A the wavelength, e the
electron charge, c the speed of light, m the electron mass, and 7 is
a magneto-optic anomaly correction taken here as v = 0.63 for hex-
ane and ¢ = 0.525 for toluene. [168, 169] The refractive index is
n = \/€o14pl O 1 = /€5 , depending on whether plasmons are
included or not in the calculations. The introduction of Becquerel’s
formula in the MEMT model has a dramatic effect: neglecting eq. 26
leads to the failure of the theory to describe any finite Verdet constant
(figures6 b). At the same time, even considering Becquerel’s formula,
the exclusion of plasmons in the model fails equally to describe the
experimental data (figures6 c). It is only the combined inclusion of
Becquerel’s formula and plasmon polarizability that describes cor-
rectly the largely enhanced Verdet constant at the LSPR frequencies
(figure 56 on page 98).

At the final step, the global modified effective permittivity tensor
of the hybrid medium, solvent + MNPs system, is given by the MGA
expression: [158, 159]

% - gsol ) (28)

- __ gm m
Emed ol T 31/“Ssol,xx <§sol + 2Enp

Hence, figure 28 condensates the essential of this MEMT model,
from which we derive the tensor g,,,; used in the Yeh’s formalism to
obtain the Faraday rotation and ellipticity of linearly polarized light
transmitted through the nanoparticle colloids.

To test the accuracy of our MEMT model, we have confronted its
predicted Faraday rotation and ellipticity to those measured for a
several nickel MNP colloidal dispersions. Ni MNPs were prepared
by a ligand stabilized solution-phase synthesis (see Refs. [121, 125]
and the Experimental Section), obtaining MNPs with a mean diameter
of 10 nm and a polydispersity of 20%, according to Gaussian pro-
file of the size distribution (see figure 57 for a transmission electron
microscopy image of the nanoparticles and insets with the particle
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Figure 60: DLS hydrodynamic size (metal core with surfactants shell and a
layer of solvent close to the particle) of the colloidal Ni MNPs sus-
pended in hexane as investigated with a Zetasizer Nano ZS from
Malvern Instruments equipped with a He/Ne 633 nm laser. Each
measurement has 15 scans. As expected, the mean hydrodynamic
diameter is bigger (15.2 nm) than the mean value for the diameter
obtained by TEM.

size histogram and an indexed electron diffraction pattern of metallic
nickel). After the synthesis and separation step, stable colloidal Ni
dispersions in either hexane or toluene —with concentrations ranging
from = 6 ppm (parts per million) to = 48 ppm- were prepared
(figure 60 contains the hydrodynamic diameter distribution obtained
by dynamic light scattering measurements). The magneto-optic re-
sponse was measured in transmission (Faraday geometry, see figure
59) through the colloids contained in a sealed quartz vessel having
an optical path of 0.5 cm. We used photoelastic modulation of the
light polarization, where the detected signal was demodulated by a
lock-in amplifier, being the first harmonic proportional to the ellip-
ticity and the second harmonic to the rotation (see the Experimental
Section and Refs [125, 120] for more technical details).

A typical Faraday rotation loop is depicted in figure 58. The plot-
ted signal corresponds to Ni NPs of concentration = 36.6 ppm in
hexane, and the loop was measured at a wavelength = 8oo nm.
The loop shape is typical of a superparamagnet, as expected for the
small size MNPs and in agreement with hysteretic loop and zero-field
cooled/field cooled curves of similar Ni MNPs measured by SQUID
magnetometry (see figure 62 and 64 ).

At high enough field, above B 0.07 T, a linear negative slope de-
velops, that can be subtracted from the as-measured loop to obtain
the saturated rotation/ellipticity (figure 58). The linear slope at high
fields is mostly related to the Verdet constant of the solvent, whereas
the saturated magneto-optic signal is mainly linked to the saturated
magnetism of the Ni MNPs. Nevertheless, as shown in the following,
the optical properties of the colloids are a complex cross-coupled in-
terplay of the MNPs and solvent properties that can only be described
in the frame of our MEMT picture.

Both Faraday rotation and ellipticity loops were measured in the
visible range (= 400 — 850 nm) from which we extracted the satu-
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: The saturated values extracted from the experimental magneto-
optic loops are plotted as a function of the wavelength for Ni col-
loids for several concentrations in hexane —(a), (d)- and in toluene
—(g), (j)— The Faraday rotation and ellipticity spectra calculated
from the MEMT model are shown in the rest of panels. In (b) and
(e) —for hexane- and (h) and (k) —toluene—, the plasmonic polariz-
ability of the metal nanoparticles was included in the MEMT simu-
lations. In contrast, (c) and (f) ~hexane— and (i) and (1) —toluene-
display the spectra calculated by the MEMT model without includ-
ing plasmons.



rated values of the Faraday rotation and ellipticity —in rad units, see
figure 61— and their slopes —i.e., the complex Verdet constants given in
units of rad/Tm, figure 63—. Focusing first on the saturated magneto-
optic signals, we observed that the rotation spectra relatively weakly
depended on the solvent host (hexane, figure 61 a or toluene, figure 61
g), whereas the saturated ellipticity spectra exhibited a more notice-
able dependence on the solvent (figure 61 d and j, respectively). The
moderate variations with the solvent of the saturated magneto-optic
signals prove that the colloid optical properties were not only depen-
dent on the MNPs, but were the consequence of the cross-coupled
interactions of the solvent and MNPs properties.

Having measured the effect of the magnetic colloids on light polar-
ization, we analyzed the effect of plasmon resonance on the observed
magneto-optic spectra. The role of plasmons was quantitatively de-
termined in our MEMT by comparing the predicted rotation and ellip-
ticity spectra either with p;=o0 —i.e., in the absence of LSPRs (figure
61 ¢, f, i and j) or including the plasmon polarizability given by 24
(figure 61 b, e, h and k). An inspection of the simulated spectra in
figure 61 clearly reveals that the experimental data can be reproduced
only when the plasmon polarizability is included in the MEMT model.
Note, in particular, the excellent quantitative agreement between the
simulated curves — figure 61 b, e, h and k- and the experimental spec-
tra — figure 61 a, d, g and j —. Outstandingly, the excellent accordance
between our MEMT model and the experimental data comes entirely
from the input of bulk permittivity values obtained from the litera-
ture [164, 165, 166] and in the absence of any parameter fitting.

The wavelength-dependent Verdet constants were extracted from
the measured rotation and ellipticity loop slopes at high fields. In fig-
ure 63 a and d we plotted the Faraday rotation and ellipticity slopes
for hexane Ni MNPs colloids, after subtracting the spectrum corre-
sponding to the pure hexane. By this way, we highlighted the effect
on the Verdet constants after adding NPs in the hexane. For both
Faraday rotation and ellipticity slopes, the values corresponding to
longer wavelengths were relatively small, below around 1 rad/Tm.
For shorter wavelengths, however, the slopes got the maximum val-
ues, ~ 30 rad/Tm in rotation, and ~ 4 rad/Tm in ellipticity, respec-
tively. The LSPR frequency, calculated at 360 nm, i.e., close to
the rotation/ellipticity maxima (inset of figure 63e), had a dramatic
effect on the emergence of these Verdet constants. In the absence
of plasmons ( p; = 0), the predicted rotation/ellipticity slopes were
up to two orders of magnitude smaller than the experimental values
(see figure 63 ¢ and f). Conversely, by including the LSPRs in our
MEMT model yielded the simulated curves plotted in figure 63 b and
e, in very good agreement with the experimental spectra (figure 63
a and d). Note that —as mentioned above- a key term of our MEMT
frame was the inclusion of the Becquerel’s formula [167] 26 to gen-
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Figure 62: Magnetization versus magnetic field at 298K. Absence of rema-
nence and coercivity signals the superparamagnetic character of
the nanoparticles. Inset contained the M(H) at 5K and low fields
where the ferromagnetic behaviour is evident. Magnetic charac-
terization was performed with SQUID magnetometer (Quantum
Design MPMS5XL) for a very similar system to the one stud-
ied with Ni nanoparticles of 8 nm mean diameter. The sample
was prepared using a gelatine capsule filled with compacted cot-
ton impregnated with 500 uL Ni solution of known concentration.
Magnetization data is presented in units of emu/g Ni.

erate the effective medium permittivity ,,; . A disregard of this
basic fact leads automatically to the failure at predicting any nonzero
Verdet constants, even considering the action of the plasmon polariz-
ability. Therefore, a correct prediction of the optical response of di-
electric/metal systems under magnetic fields definitely requires the
inclusion of the off-diagonal components of the permittivity tensor of
the nonmagnetic dielectric host.

Being established the prime role of LSPRs, further work should ana-
lyze whether a judicious choice of the metal /dielectric materials with
specific shape, size and concentration of the metal clusters could be
harnessed for optimum optical responses. The ultimate purpose may
envision ultrasensitive plasmon-based sensing, relaying on the use of
light polarization rather than the conventional operation based on re-
flectance changes. [170, 171, 172] In particular, noble metal nanopar-
ticles, such as Au, are more valuable candidates for L.SPR-enhanced
Verdet constants, as they exhibit resonances with significantly higher
quality factors than 3d transition metals like Ni. Alternatively, a size-
able magneto-optic activity has been measured in Au nanostructures
at low magnetic fields, [153] making Au nanoparticles a good play-
ground to test the effect of plasmons on the magneto-optic activity of
diluted nonmagnetic metal colloids.
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Figure 63: Faraday rotation and ellipticity slopes from which the Verdet con-
stants were extracted as a function of the wavelength and concen-
tration of Ni MNPs colloids in hexane. Panels (a) and (d) show
the experimental data, whereas (b) and (d) display the calculated
slopes from the MEMT model including the plasmon polarizability,
and (c) and (d) the slopes calculated by MEMT without plasmons
(note that in the latter the data was largely magnified in order to
make it visible on the same scale). The inset in panel (e) shows
the real and imaginary part of the polarizability of Ni MNPs in
hexane, Re pjand Im ; , respectively, as well as the polariz-
ability of hexane, ,,. The arrow in this inset signals the LSPR

wavelength.
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14.1 CONCLUSIONS

In summary, based on an effective medium approximation we have
developed a theoretical framework that describes with high accuracy
the experimental magnetic-optic response of diluted Ni metal colloids
over the entire visible spectrum. A remarkable virtue of our theoreti-
cal model is its ability to predict not only the optical properties mostly
related to the metal nanoparticles, but also the observed large en-
hancement of the Verdet constant at frequencies close to the localized
surface plasmon resonance. The predictive character of our modified
theory is based on the correct incorporation of the magnetic induced
response of the dielectric host in conjunction with the metal cluster
polarizability. In the absence of these two vital ingredients, any ef-
fective medium theory fails at foreseeing a sizable enhancement of
the Verdet constant in these systems. Based on the exceptional accor-
dance between theory and experiment, we envision our MEMT-based
approach as a greatly versatile tool for materials design with targeted
exceptional optical properties in applications of biochemical sensing
and optical communications.

14.2 EXPERIMETAL

In the following we describe briefly the details of modeling and ex-
perimental characterization that have been used to obtain the results
analyzed in this chapter.

14.2.1 Simulation

The permittivity tensor obtained from out MEMT model was then used
to model magneto-optical activity using Yeh’s matrix formalism. [155,
156] The electro-magnetic response was obtained by solving 4 4
Yeh'’s matrix M as

E®) = ME®©) (29)

where Eand E(®) are vectors of the complex amplitudes of the
incident and the outcoming wave :

E= (Egy,EL ,ELy, Er )T (30)

where Eg, is the complex amplitude of RCP light in the positive
direction and E; is complex amplitude of LCP light in the negative
direction and so on. The positive direction of the wavevector is along
the light propagation direction. The polarization states of the incident
and transmitted waves are then defined by following complex ratios
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where My, are elements of Yeh’s matrix M from Eq. 29. The Fara-
day rotation end ellipticity are defined as

F=Re( 1), p=1Im( ). (32)
14.2.2 Magneto-optic characterization

We used a 150 W Xe arc lamp (ZolixTechnology) together with a
monochromator (Zolix 1-150). After collimation, the light was lin-
early polarized by a Glan-Thompson prism rotated 45° with respect
to the modulator axis of a PEM. Light transmitted through the colloids
impinged on a detector through a polarizing analyzer. The signal col-
lected from the detector was brought to a lock-in amplifier synchro-
nized to the frequency of the PEM (50 kHZ). The Faraday rotation
was obtained from

__ 1 b
F 4c ]2( 0) Io
and the Faraday ellipticity from
_ 1
P4 o) Io

where Jy( o) are the Bessel functions of the first kind and Nth
order, the PEM retardation angle was set to ¢ =137.8° Iy is the dc-
component of the detected light intensity, and I , I, are the first
and second harmonics of the detected light intensity as measured
by the lock-in amplifier at the reference frequency of the PEM. The
calibration constant ¢ was determined experimentally.

14.2.3 Synthesis and characterization of the Ni nanoparticles

Nickel nanoparticles were synthesized by high-temperature solution-
phase method as reported in Reference [125]. For the studied parti-
cles, 2 mmol of Ni(acac); (95%, Aldrich) were added to 14 ml oley-
lamine (70%, Aldrich), 2 mmol (0.63 mL) of oleic acid (99% Sigma-
Aldrich) and 4 mmol trioctylphosphine (90%, Aldrich). The magnet-
ically stirred mixture was heated to 130 °C and kept 20 min under a
flow of high purity argon gas, followed by a further heating to 250
°C and maintaining at this temperature for 30 minutes. After cooling
to room temperature, the nanoparticles were precipitated by adding
excessive ethanol (as contra solvent) and separated by centrifugation.
The as-prepared precipitate was dried at 60 °C overnight and then
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Figure 64: Field cooled-zero field cooled magnetization curves versus tem-
perature measured with a 50 Oe applied field. The super-
paramegnetic character of the Ni nanoparticles is clearly demon-
strated by those curves.

weighted. The resulting black precipitate could be redispersed in or-
ganic non-polar solvents such hexane or toluene. The concentration
of a hexane batch was precisely determined by inductively coupled
plasma mass spectrometry (ICP-MS) (9.8 mg/ml) and the measured
samples were prepared by dilution to attain Ni concentrations of 6.1,
12.2, 24.4, 36.6 and 48.8 ppm.

TEM with SAED were used for morphological and structural char-
acterization of the nanoparticles. TEM images were obtained using a
JEOL 1210 electron microscope operating at 120 kV. A representative
TEM image is shown in figure 57 where can be seen that the most
particles are roughly spherical. Figure 57 also includes two insets
with the particle size histogram and the indexed diffraction pattern
for metallic Ni. Mean diameter and polydispersity of the system was
determined by adjusting to a Gaussian distribution the particle size
histogram of over 300 counts measured from several TEM images and
using the image] software.

14.2.4 Measurement Precision Factors

There is number of external factors that can influence the precision of
measured data. Here is a numerical evaluation of several of them:
14.2.4.1 Concentration

For very low volume fractions the effective permittivity of solvent
with dispersed nanoparticles can be calculated as [159]:

eni(1+2v) —eg(2v —2)
€sol(z + V) + 8Ni(1 - V)

(33)

€ = €yl

110



where . is the effective permittivity of the system.
For highly diluted colloidal dispersions < 1

- = kNi,sol( ) (34)

. — Ni 1
where kit = 3 501 Ni’+ 5501.

14.2.4.2 Evaporation

Rate of evaporation of solvent can influence measurement in case of
uncovered liquid sample due to increasing volume fraction. Evapo-
rated mass can be according to [173] approximated as

m = ktoMAPT ! (35)

where m [kg]is mass change, t [s] is time , k =24 10 Yisa general
coefficient proposed by Stiver and Mackay, v [m/s] is air velocity, P
[Pa] is vapour presure of the solvent, M [kg/mol] is molecular weight,
A [m?] is surface area and T [K] is ambient temperature.

The relative change of volume fraction is a proportional to relative
change of volume as

_
and the relative change of volume can be expressed as

V  ktoMP

v o= T (37)

Molecular weight of hexane is M = 0.086 kg/mol its vapour pres-
sure P = 20.5Pa and density = 655kg/m?. If we assume air velocity
v = 1m/s, normal room temperature T=298.15K and height of liquid
column h = lcm we can predict that the entire volume of hexane will
evaporate in about 1h 17min and a change of volume fraction from
8ppm to gppm will take as little as 8.5 minutes. Use of sealed mea-
surement container with minimum amout of air above the liquid is
therefore required.
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CONCLUSIONS

METHODS

The main achievement of this work was successful development of
several measurement techniques for the characterization of ferroic
systems. In particular, we have developed a confocal microscope with
sensitiveness to light polarization, able to map out with high accuracy
and high resolution (well below the micron) the magneto-electric cou-
pling emerging at interfaces buried well underneath the surface.

On the other hand, relevant improvements in the data processing
and filtering in measurements exploiting magneto-optic Kerr spec-
troscopy in the visible, have allowed measuring the properties of ex-
tremely diluted magnetic colloid dispersions and of plasmon-sustain-
ing surfaces covered with low concentrations of magnetic nanoparti-
cles.

A new magneto-optic laboratory —based on microscopy with light polariza-
tion— is now available at ICMAB.

ANALYSIS OF MAGNETO-ELECTRIC COUPLING DYNAMICS

We have developed beyond-the-state-of-the-art optical tools to investi-
gate the magneto-electric coupling in ferroelectric/ferromagnetic struc-
tures. In this line, the electric field frequency spectrum MOKE setup
(high-frequency magneto-electric coupling (HFMEC)) allowed for effi-
cient separation of magneto-electric effects by their origin and mea-
surement of magneto-electric coupling in magnetically non-saturated
samples. Magneto-electric coupling was recorded in Cobalt on PZT
substrates using HFMEC setup. Frequency spectrum analysis revealed
that the surface mediated MEC was about 10 times stronger than the
strain mediated MEC.

We have developed an unprecedented methodology allowing the disentan-
glement of different contributions to the magneto-electric coupling. More
speci cally, we were able to analyze separately the dynamics of the surface-
and the strain- mediated magneto-electric coupling for frequencies up to
around 200 kHz.

MAPPING OUT THE MAGNETO-ELECTRIC COUPLING

We found that this technique can also be used for quick in-situ eval-
uation of quality of ferromagnetic-ferroelectric interfaces. But proba-
bly the most important achievement was direct mapping of magneto-
electric domains with submicronic resolution using the developed
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polarization sensitive confocal microscope. A majority of the mul-
tiferroic systems researched at ICMAB are multiphase and the desired
magneto-electric coupling happens at the interface between the two
ferroic materials, usually tens of nanometers bellow the surface, while
standard methods for studying the domain structure as megnetic
force microscopy (MFM) and PFM are completely surface limited and
therefore not applicable in this case.

The magneto-electric coupling at an BTO/ LSMO interface buried about
150 nm below the surface was completely mapped out with a resolution of
a few hundreds of nanometers. Magnetic domain imaging with PSCFM was
demonstrated also on various samples. Imaging of ferro-electric domains is
limited to materials that show ferroelectric domain bigger that the diffraction
limit (40onm) and was demonstrated in LuMnOs;.

ANALYSIS OF THE INTERACTION OF PLASMONS WITH MAGNETO-
OPTICS

Improvements of a magneto-optical spectroscope paved the way to
an extensive study of the origin of magneto-optical enhancement in
magnetic-plasmonic crystals. By this way, we analyzed how both
propagating and localized surface plasmons were interacting with
the magneto-optic properties of magnetic nanoparticles, and we iden-
tified the mechanisms whereby the magneto-optical activity was dra-
matically increased at the plasmon resonance frequency. We have also
developed an effective medium theory that allows predicting with
unprecedented accuracy the magneto-optical activity of hybrid met-
al/dielectric nanocomposites. A key aspect of this theory was the
correct incorporation of the host dielectric optical properties into the
model.

An innovative theoretical frame, based on effective medium theory, was
developed to anticipate the magneto-optic response of hybrid metal/dielectric
nanocomposites in the visible range.
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FURTHER DEVELOPMENT

There are many ways the functionality of measurement devices devel-
oped throughout this work can be extended and further developed.
Keeping the door open for as many extensions as possible was one
of the goals of the work. Where possible both hardware and software
side was kept modular and the entire polarization sensitive confocal
microscope has been kept fully cryostat ready.

In the next part I analyze the advantages and disadvantages of all
projected scenarios for further development.

CRYOGENIC MAGNETOELECTRIC COUPLING

As mentioned earlier, the polarization sensitive confocal microscope
is entirely cryostat ready. The obvious next step would therefore be
an inclusion of cryostat.

Temperature is an important dimension in the space of ferroic char-
acterization, because both ferroelectric and ferromagnetic properties
of most materials are strongly temperature dependent. Here achieved
capability of quick direct magnetoelectric domain imaging even at
buried interfaces wide opens a door to variety of possible experi-
ments. We could witness disappearance of magneto-electric order
upon crossing of Curie temperature, the critical temperature above
which there is no ferroic order. Our previous experiments suggest
that the loss of the order is not at abrupt at all. Now we have a tool
to observe this transition in real time.

Current setup does not allow for real time scanning but there are
several approaches available to achieve this goal:

SCANNING BEAM

There is an age old technique that harnesses the facility of deflect-
ing the scanning beam instead of scanning the sample. This however
means that most of the time the beam would not be passing through
the center of the focusing lens. While this is acceptable for standard
confocal microscopy where we are interested only in the intensity of
reflected light, the situation is more complicated when the polariza-
tion is of interest. The rewards related to this achievement are too
great not to try and overcome this problem.
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Figure 65: Basic principle of Yokogawa® disc confocal microscope

LENS ARRAY TECHNIQUES

There are many approaches to confocal microscopy that utilize an
array of micro-metric lenses to create a set of simultaneous scan-
ning beams and thus reduce measurement time [174] - for example
Yokogawa® disc scannig microscope (see Figure 65). The obvious
problem here is the availability of precise enough lenses so that there
is minimal depolarization occurring on the microlenses.

WIDE FIELD MICROSCOPY

The sacrifice of confocal resolution for real-time imaging is probably
not justifiable because of the typical size of the observed phenomena.

COMBINATION OF SCANNING PROBE AND CFM

A great aspect of confocal microscopy is that it can be readily com-
bined with scanning probe microscopy to achieve both nanometric
local reslution on the surface and difraction limited resolution on a
burried interface below.

There is of course an added advantage that such a system is in fact a
scattering near-field optical microscope as well. The actual near-field
enhancement of polarization sensitivity is unfortunately nowhere as
great as one could expect due to a singularity at the apex of the tip.

An exciting posibility is to avoid this problem by functionalizing
the tip of the scannng probe microscope. Nitrogen-vacancy pair in the
structure of diamond [176, 175], for example, could take this function
(see Figure 66). N-V pairs in diamond structure give rise to very
unstable band structure which in turn makes this pair an excelent
magnetic sensor capable of sensitivity down to single magnetic spin,
in league with most potent curently available methods. N-V center
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Figure 66: Basic principle of diamond magnetometer adapted from [175]

can be pumped and probed through the same lens and single electron
spin sensitivity with AFM lateral resolution could be achieved.
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