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0.2. ABSTRACT

0.2 Abstract

The history of magnetooptics goes back to the mid-nineteenth century, when Michael
Faraday discovered in 1845 that a block of glass subjected to a magnetic field became
optically active [1]: when a plane-polarized light passed trough glass in a direction parallel
to applied field, the plane of polarization was rotated. Subsequently, magnetooptical
effects were also observed in reflection by the Scottish physicist John Kerr in 1888 [2].
He observed that when plane-polarized light is reflected at normal incidence from the
polished pole of an electromagnet, it became elliptically polarized with the major axis of
the ellipse rotated with respect to the plane of polarization of the incident beam. The
simplicity of the magnetooptic approach has helped to exploit it widely as a standard
characterization of the magnetic properties of materials. Magnetooptic characterization
embraces different techniques, including in-situ real-time growth monitoring of magnetic
multilayers, vectorial magnetometry or magnetic domain imaging. Beyond its application
as a characterization tool, magnetooptics has an interest by their own as a functional
property. The last decades have witnessed the development of different applications in
data storage and optical communications. Thus, strategies are sought to either enhance
the magnetooptic signal or to tailor the magnetooptical spectral responses. This Thesis is
focused on the analysis of the modification of the magnetooptic spectral responses either
by intrinsic changes of the electronic properties of materials, or by exploiting geometric

resonances induced by structuring the matter and enhance the magnetooptical responses.

We note that the magnetooptical activity is intimately connected to the electronic
structure of the magnetooptical medium and, therefore, the magnetooptical response
is strongly dependent on the wavelength () of the incident light. Transitions between
electronic states induced by light are usually located within the optical range, i.e. from
infrared to ultraviolet, with typical energies of (1 — 5eV'). Therefore, the magnetoop-
tical spectral response is closely determined by the electronic structure of the medium.
Notwithstanding, the spectral response may be modified when the electronic structure is
perturbed by, e.g., metal-insulator transitions, where some systems may undergo dramatic
changes of their electronic properties. Strongly correlated electronic systems are suitable
candidates to analyze such phenomena: we have analyzed these effects in magnetic oxides,
including several manganites and magnetite. The former exhibit a variety of physical
properties, such as colossal magneto-resistance and electron-phonon coupling controlled
by doping level, which are notably attractive for both basic research and technology.
In magnetite the presence of a metal to insulator transition (Verwey transition), across

which the conductivity abruptly decreases, is also an attractive scenario to analyze the



effect on optical properties. The extreme sensitivity to external magnetic fields of these
metal-to-insulator transitions is revealed by the so-called magnetorefractive effect. This
phenomenon, although intensively studied in the far- and mid-infrared, has been little
explored in the visible. In this Thesis, we have found that, while the magneto-refractive
effect in the infrared is associated essentially to the response of delocalized carriers to
magnetic fields, in the visible is due to changes of the electronic structure and, more

specifically, to the modulation of polaron conductivity with magnetic fields.

A further modification of the magnetooptical response is by nano-structuring the
medium, so that we can exploit the phenomenon of diffraction and geometrical resonances
rather than electronic ones, to alter deeply the magnetooptical properties. An example of
such systems are the magnetophotonic crystals in which the strong photon confinement
in the vicinity of the photonic band gap results in a large enhancement of linear and
nonlinear magnetooptical responses of the media. With this in view, we have studied the
magnetooptical spectral response of three-dimensional photonic crystals infiltrated with

magnetic nanoparticles.

The work presented in this Thesis has had two main objectives: (i) The study of
the magneto-transport in ferromagnetic oxide thin films by magnetooptical
methods. We have tackled this issue by using the magnetooptic spectral dependence
to analyze the electronic transport at high frequencies from ultraviolet down to the far
infra red. This frequency range probes the optical responses from the low-frequency range
(free electron-like behavior) up to high-frequency (bound electron-like behavior). The role
of electron-lattice coupling is analyzed by the magnetooptical characterization of mixed
valence manganites of different chemical compositions. (ii) Magnetooptical enhance-
ment induced by photonic band-edge effects. A magnetooptical characterization
of magneto-photonic crystals has been carried out in order to study a photonic-induced

magnetooptical enhancement for wavelengths around the band gap abortions edges.

To accomplish these objectives, we designed and built up a magnetooptical experimental
set-up to analyze the spectral response in different configurations: Faraday (transmission)

and Kerr (reflection) rotation and ellipticity and magnetic circular dichroism.



0.3. OUTLINE

0.3 Outline

The Thesis contains a first part divided into three chapters in which basic magnetooptical
concepts and experimental details are introduced. Subsequently, the experimental results
are discussed in the following four chapters contained into the second part. A first chapter
named ”Basic concepts” introduces the reader into the fundamentals of magnetooptics.
The second chapter named ”Metal insulator transitions” presents basic properties of
ferromagnetic manganites and magnetite. The chapter named ”Experimental” describes the
experimental set-ups and methodologies used in this Thesis. The second part (”Results”)
shows a detailed magnetooptical study of ferromagnetic manganites and magnetite from
ultraviolet (UV) to far infra red(far-IR). The influence of electron-phonon coupling in these
spectra was analyzed by measuring manganites with different chemical compositions and
different electron-lattice interactions. A connection between a strong magnetotrefractive
effect, magnetoresistance and electron-lattice interaction is established through an extensive

analysis of different magnetic oxides, including manganites and magnetite.

We also tackle a different kinds of materials by magnetooptical tools. The magne-
tophotonic crystal concept is introduced as a periodically ordered system. In order to
compare and discriminate the intrinsic material magnetooptical response from the photonic
ones, a random (not ordered) systems are studied in the ” Colloidal dispersion” chapter,
furthermore, we show the potential of magnetooptical spectroscopy to analyze extremely
diluted magnetic liquid dispersions of nanoparticles. In the chapter ” Magneto-photonic
crystals” we present a physical description of the mechanisms underlying the interaction
between light and media with a periodic modulation of the permittivity, i.e., photonic
crystals. In particular, we analyze how the spectral magnetooptical response of magnetic
systems is altered by photonic effects by measuring the spectra of magneto-photonic
crystals. In particular, we discuss the enhancement of the magnetooptical signal around

the edges of the magneto-photonic band gap.

Finally we included a complete set of appendix as complementary information, including
exhaustive description of the designed and built up the magnetooptical experimental set-up
to analyze the spectral response in different configurations: Faraday (transmission) and
Kerr (reflection) rotation and ellipticity and magnetic circular dichroism. The Thesis

closes with a brief summary of the main conclusions and perspectives.






CHAPTER 1

Basic concepts

1.1 Light-matter interaction

Magnetooptics results from the interaction of polarized light with a magnetic material.
In the following, we make a brief description of the light polarization in order to define
concepts and conventions used in following sections. The polarization of light is a vectorial
property of the electromagnetic waves. The electric field F(z,t) can be chosen to define
the state of the light polarization of a wave propagating in the z direction by a complex

function:

E(z,t) = Re{Fye'“@=*)}

Where Ej is the amplitude of the electric field, w is the angular frequency and k is the
wavevector. In a monochromatic light, the electric field changes harmonically with time,
so that at a given point z, the field E traces an ellipse on the zy plane. The polarization
ellipse is described by the azimuth angle § and by the ellipticity angle e (Figure 1.1).
As we will see below, the magnetooptical activity results from a very small conversion
-which is proportional to the magnetization of the magnetic medium- between orthogonal

components of the polarization, that gives way to an induced rotation and ellipticity.

In order to describe the magnetooptical effects let us to introduce the dielectric

permittivity tensor [3]. We start with the Maxwell equations:
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Figure 1.1: Elliptical polarization

V.-E=4mp
V-B=0
10B
VXE:—EW
dr . 10FE
VXBZTJ"FEE

where E is the electric field, B the magnetic induction, and p and j are the charge
and current densities, respectively, which are related by the continuity equation:
dp

et Cq = 1.
8t+vj 0 6

In a materials description the polarization (P) and magnetization (M) are usually used,

instead of p and j, where:

p==V-P
oP

]:E—FCVXM

10



1.1. LIGHT-MATTER INTERACTION

Using the materials equations:

B=H+4tM
D=FE+4nP

—_
oo

The Maxwell equations for a magnetic medium can be rewritten as:

V-D=0

V-B=0

v

Vtzla—D 1.12
c ot

Here it is assumed that the vectors P and E, as well as M and H, are linearly connected.
These vectors are related by means of the materials equation, which are derived on the

basis of certain microscopy concepts of the electronic and atomic structure of the medium:

P (w) = &yj(w)Ej(w) 1.13
Mi(w) = Xij(w) Hj(w) 1.14

where &;j(w) and y;;(w) are the tensors of the electric and magnetic susceptibilities; the

fields £ and D, as well as B and H, are related via the expressions:

D; = é;(w)E;j(w)
Bi = /lm'((x))Hj(W) 1.16

where €;;(w) and fi;;(w) are respectively the electric permittivity and magnetic perme-
ability tensors of the medium. The current density j;(w) in terms of conductivity &;;(w, k)
is given by:

Jiw) = 0ij(w) Ej(w)

and the the D vector is given by:

11
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where:

1.19

At optical frequencies, the magnetic permeability is 4 ~ 1, and only the permittivity
tensor is relevant for the light-matter interaction. The general form of €;; for a magnetized

medium with negligible losses is given by:

/ / ./ / g/}
€ €y + g, €xr— Zgy
o A/ / / -1
€ij = | €3y — 19, €y €y T 10, 1.20
/ s - /
€z + Zgy 6yz — 19 €z

Whereas the real components of €;; have to be even function of the magnetic field, the off-
diagonal components -which are at the origin of magnetooptic effects- contain the gyration
components g/ which are odd function of the magnetic field. The complex components of
€;; are, thus, not only a function of the light frequency, but also of the magnetization M,

and generally can be expanded in terms of the magnetization components:
€j = egj + KijpMy, + Gijia MMy + ... = Egj + e}j + efj + ... 1.21

Where, e?j are the permittivity components without magnetization in the crystal (M = 0),
K1, are components of third rank linear magnetooptical tensor describing linear dependence
on the magnetization and G;j; are the components of fourth rank quadratic magneto
optical tensor describing quadratic dependence on the magnetization. Usually, the linear
terms are predominant, but as we will see in chapter 4, second-order terms may be

remarkable at some frequencies for certain materials.

The magnetooptical effects generally depend on both diagonal and off-diagonal elements
of the dielectric tensor in a rather complicated way. In the the simplest case of an optically
isotropic ferromagnet, with the z-axis directed along the magnetization M, the €;; can be

represented as a sum of symmetric and anti-symmetric tensors, as follows:

¢ 0 0 0 +ig” 0
G=1 0 ¢, 0 [+| —igZ 0 0
0 ¢ 0 0 0

The second term in the equation 1.22 describes the gyrotropic effects connected to
magnetic birefringence/dichroism. For instance, it can be demonstrated that in a medium

of length L described by 1.22, the complex rotation for the transmitted light (Faraday

12
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Ewy wL
Vees 2¢
angle of refraction [4]. Thus, we see that the off-diagonal components of the permittivity

configuration) is given by 0 + ie ~ tang, where c is the velocity of light and ¢ is the

tensor must be nonzero to have magnetooptical activity. At a microscopic level, the

magnetooptical effects are associated to spin-orbit interaction and they are usually small

because of it$ relativistic origin [3].

1.2 Magnetooptical effects

The basic magnetooptical phenomena can be classified according to the relative orientation
between the wave vector of the light radiation x and the magnetic field H. Two basic

geometries are distinguished when light is transmitted through the medium:

e (i) Faraday geometry: the light travels along the field direction (K || H)

e (ii) Voigt or Cotton-Mouton geometry: the light travels perpendicular to the field
direction (K L H).

When an electromagnetic wave propagates unperturbed through a medium it is in an
eigen-mode propagation state. In Faraday geometry, the eigen-modes are left- and right-
circularly polarized light, and in Voigt geometry the eigen-modes are linearly polarized
light (with polarizations perpendicular and parallel to the field H direction, respectively).
In magnetooptical phenomena, the symmetry is broken by the presence of a magnetic
field, which induces an asymmetry of the propagation of the eigen-modes. For instance,
in Faraday geometry, left- and right- circularly polarized light propagate differently. The
different propagation of the eigen-modes can be explained by the effects of birefringence
and dichroism. Birefringence occurs when the two light eigen-modes (for instance, left- and
right- circularly polarized light in Faraday geometry) propagate with different velocities.
Dichroism occurs when the two eigen-modes are absorbed differently by the magnetic
medium, i.e., the absorption coefficients for two orthogonal polarizations are different.
Dichroism is related to the difference between the absorption of the circularly polarized
components k; — r_ in the case of the Faraday geometry (so-called magnetic circular
dichroism MCD), and in the Voigt geometry it is determined from the difference between
the absorption of the components polarized parallel and perpendicular kg — £y to the

magnetic field (the magnetic linear dichroism MLD). Figure 1.2 shows both geometries.

13
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Figure 1.2: The magnetooptical effects depending on the geometry: magnetic circular birefrin-
gence a), magnetic circular dichroism b), magnetic linear birefringence c), and magnetic linear
dichroism d)

When working in reflection (Kerr effects) the polarization state is defined with respect
to the plane of incidence. Two orthogonal linear polarizations are used as a basis: a
linear polarization ”s”, where the polarization is perpendicular to the plane of incidence,
and a linear polarization ”p”, where the polarization is parallel to plane of incidence.
Let us consider a well defined linear polarization (s— or p—) incident on the magnetic
medium. After reflection on the magnetic surface, an orthogonal polarization appears
as a consequence of the magnetooptical activity. Thus, we will have both s— and p—

components. In order to describe the polarization state of the light in Cartesian coordinates

Es
R = 1.23
Ep

Where E; and E, represent the components of the polarization (i.e. ., s— and p—

the Jones vector is defined as:

polarized components of light). The total intensity is defined as:

[ =JJ = (EE: + E,E}) = (|E|* + |E,[?)

14
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The effect of an arbitrary optical system on reflected light can be described by a matrix

of four reflection coefficients given by:

R=|"= " 1.25
Tsp Tpp
where the diagonal elements ry, and 7, describe the changes of amplitude and phase for
a given polarization. The off-diagonal elements r,, and 7,5 reflect the conversion between
polarizations, which takes place after the interaction with the magnetic medium. The

individual coefficients are defined as the ratio between reflected and incident electromagnetic

waves as follows (see figure 1.3):

Er ET Er Er

Tss = ﬁS Tpp = ﬁ; Tsp = ﬁ? Tps = EZ;;
s p P s
The Kerr rotation (0ys; 0x,) and ellipticity (egs; €k, ) for s— and p— incident polarized

light are given by :

. r . r
eks + 1€ps = ﬁ; Okp + gp = ——; 1.27
T'ss Tpp
Note that all these magnetooptical effects arise as a partial conversion from incident s—
polarized light into p— polarization and, viceversa, of incident p— polarization into s—

polarization.

1.3 Kerr effect Geometries

In reflection three main magnetooptical geometries can be identified: polar, longitudinal,
and transverse. They are classified according to the relative orientation of the wave vector
of the light £ and the magnetization vector M. Using these three different configurations
we can obtain the three perpendicular components of the magnetization. In the polar
geometry we are sensitive to the out-of-plane magnetization component M,,, whereas in
longitudinal and transverse geometries we are sensitive to in-plane components M;, M;, see

figure 1.3. Choosing adequately the geometry allows the determination of each component.
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Figure 1.3: Kerr effect geometries. Polar (a), Longitudinal (b), Tranverse (c)

1.3.1 Polar

The polar Kerr geometry is performed at near-normal incidence and the magnetic field
is applied perpendicular to the sample surface, and it is sensitive to the out of-plane
magnetization (M,) (see figure 1.3a). The most important advantage of the normal
incidence geometry is the disappearance of the longitudinal and transverse Kerr effects,
because the projection of the wavevector £ on the in-plane magnetization components
M, M, vanishes whereas it is maximal on the out of-plane magnetization component
M,,. Oblique incidence is also possible for the measurement of the polar magnetization

component but some mixing of the longitudinal Kerr effect may occur in this case.

1.3.2 Longitudinal

The geometry of the longitudinal Kerr effect is shown in the figure 1.3b. This geometry
configuration is sensitive to the in-plane magnetization contained in the plane of incidence.
In the longitudinal configuration the magnetooptical magnitudes i.e., the Kerr rotation
and ellipticity 6y, €, are proportional to M;. The longitudinal Kerr effect can be thought as
a projection of wavevector K on the in-plane magnetization component M;, so that there
is a dependence on the angle of incidence. The maximum effect is usually in the range
between 60° — 90° with respect to the normal to the surface of the sample. Therefore high
incidence angles are usually used and the magnetic field is applied parallel to the sample
surface. The main disadvantage is that there may be some mixing of polar Kerr effect (if a
polar magnetization component exists), which is commonly stronger than the longitudinal

one.

16



1.4. MAGNETOREFRACTIVE EFFECT

1.3.3 Transverse

The geometry of the transverse Kerr effect is depicted in the figure 1.3c. Transverse
magnetooptical Kerr effects are observed when the magnetization vector is oriented
perpendicularly to the plane of incidence and this is revealed as a change of intensity and
phase of the p-linearly polarized light reflected by the magnetized medium. In this case the
projection of light wavevector £ on the magnetization direction is zero. Unlike longitudinal
and polar configurations (which detect the field-induced rotation and ellipticity), the
transverse effect is detected as a change with the magnetic field of the intensity of the
p-polarized light (proportional to the change of the reflection coefficient r,, with the
magnetic field). The most important advantages of this configuration are the insensitivity

to the polar and longitudinal magnetization components.

1.4 Magnetorefractive effect

Whereas nonzero off-diagonal terms of the permittivity are required for the magnetooptical
activity, a magnetic field can induce also changes restricted to the diagonal components,
giving way to a magnetorefractive effect (MRE). While magnetooptics is directly connected
to the relativistic spin-orbit interaction and its effects are small [3], in the infrared the MRE
can provide quite large changes with field -up to 10 -20%- in reflection and transmission
[5-14].

The MRE is defined as the change of the refractive index n due to changes in the mag-
netic structure of the medium [15]. In order to get some phenomenological understanding
of the MRE, let us consider the complex refractive index n = n + ik, where n and k are
the refractive index and absorption coefficients, respectively. For an electromagnetic wave
of frequency w propagating in a medium with refractive index n, optical dielectric constant

¢ and conductivity &, the following expression holds:

yr
A= VE=q/1+i—l 1.28
w

where it was assumed that the magnetic permeability is 4 = 1 at the frequency w.
That means that strong changes of the conductivity should drive significant changes of the
optical properties (such as optical transmission and reflectance) through the modification
of the refractive index. The magnetorefractive effect has been studied extensively in

the far- and mid-infrared in different systems, including granular alloys, nanocomposites,
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single crystals, thin films and photonic crystals [9, 10, 12-14, 16-18, 18-28], but these
effects have been much less investigated in the visible range of wavelengths '. In chapters
4-6 we describe our results on the analysis of the magnetorefractive effect by carrying
out a spectroscopy of the complex transverse Kerr effect in a variety of magnetic oxides
showing a prominent metal-insulator transition: colossal magnetoresistance thin films,
viz. Lag7Cap3MnOs, Lag7Sro3MnOs, (ProsLage),, MnOs, and magnetite. Probing
the metal-insulator transitions with the transverse magnetooptic signal we are able to
discriminate between the magnetooptical response from the MRE, and relate the latter

with the magneto-transport at optical frequencies.

'In this Thesis we use the term magnetorefractive effect in a broad sense to go beyond the high-
frequency response of the magnetoresistance. Therefore, the concept considered here also includes different
mechanisms of magnetoreflection/magnetotransmission related to field-induced changes of the electronic
structure, such as field-modulated interband transitions or the influence of the magnetic field on polaron
conduction and Jahn-Teller interactions.
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CHAPTER 2

Metal insulator transitions in magnetic

oxides

2.1 Overview

The analysis of metal-insulator transitions is one of most studied topics in solid state
physics. These transitions are usually accompanied by huge resistivity changes that, for
particular cases, can be of several orders of magnitude [29]. In addition, for temperatures
close to the metal insulator transitions, some magnetic materials display a strong magnetic
dependence of the transport properties. In these cases, a spin-dependent magneto-transport
appears as a change of electric resistance upon varying external magnetic field. Most of
the efforts have been focused, almost entirely on static (d.c) and low frequency (infra-red)
behavior which are dominated by free electrons (Drude contribution). However huge
resistivity changes are observed in the optical response as well [30] giving way to a sizeable

magneto-refractive effect.

Optical spectroscopy can reveal invaluable information closely related to intra-band
transitions and localized electronic states. Especially important are the transitions driven
by correlation effects associated with both the electron — electron and electron — phonon
interactions. The colossal magneto-resistance (CMR) manganites afford an interesting
playground to test the magnetotransport at optical frequencies. Manganites are electron-
correlated systems in which the spin, lattice and orbital degrees of freedom are interweaved
and give way to dramatic changes of the resistivity with the magnetic field [31]. Near
the metal-insulator transition, the transport in manganites is dominated by Jahn-Teller
polarons with energy scales of the eV, and thus can be probed by visible wavelengths.

Since Jahn-Teller distortions are strongly affected by both temperature and magnetic
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fields, we expect a strong changes in the magneto-transport tested at visible frequencies in
a narrow window of temperatures around the Curie temperature. Other classical example
is the Verwey transition in magnetite for which, unlike manganites, the resistivity jump
across the transition is not related to any magnetic transition. Although originally purely
electronic effects were postulated to drive the Verwey transition, recent works also point to
a fundamental role of electron-phonon coupling [32]. The first objective of this Thesis has
been devoted to analyze the magnetooptical spectral response for temperatures around
the metal-insulator transition of several magnetic oxides, including some manganites and

magnetite.

2.2 Manganites

The manganites exhibit a variety of properties, such as ferroelectricity and colossal
magnetoresistance (CMR), which makes them appealing to study both in terms of basic
research and from a technological viewpoint. The research in this field has been driven
by a desire to understand and exploit the large negative magnetoresistance effects which
appear near and below the Curie temperature of these materials [33]. Although a full
literature review of manganites is out of the scope of this Thesis, several references are
mentioned. A detailed review about metal-insulator transitions was published by Imada
et al. [29] in 1998, followed by Coey et al. [33] in 1999 who reviewed different aspects
of manganite physics, including the nature of the electronic ground states, the effects of
pressure and temperature, the mechanisms for the electronic transport and the physics
of polarons. Subsequently, in 2001 Dagotto et al. [34] reported a extensive review about
phase separation in CMR, and around this year Salamon and Jaime [35] reviewed the
progress made at that time, the concept of double exchange in particular, and pointed
out the elements that have led to a massive resurgence of interest in these materials.
Finally, a year later Edwards [36] published a review about electron-phonon coupling in

the manganites.

The laboratory of magnetic materials and functional oxides led by Prof. Josep Fontcu-
berta, has investigated manganites for more than 10 years. From this activity many
publications [37-54]) and several thesis have been published in this period, in particular
we cite Bibes [55], Herranz [56], Infante [57] and Marti [58].
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Figure 2.1: The basic perovskite structure. Taken from [33]

2.2.1 Basic properties of manganites

The manganite perovskites can be regarded as solid solutions between end members
such as AMnO3 and BMnQOs3, where usually A = La, Bi, Nd... and B = Ca, Sr, Ba....
Formal valence states can be assigned to A¥*Mn*20.; and B¥2Mn*t 073, leading to
mixed-valence compounds such as (A3, BF?)(Mn> Mn}*)Os; with the relative fraction
of Mn*3 and Mn** being controlled by x. The nominal electronic configurations of the
Mn*t3 and Mn™ are 3d* and 3d? respectively. The basic structure is shown in the figure
2.1.

The structure is characterized by the wide range of cations that can occupy the A
site in the perovskite structure, which may be set at the body-centre or the cube corner
(2.1). A good way to regard the structure is as a cubic close-packed array formed of O%—
anions and large A cations, with the small B cations in the octahedral interstitial sites.
The oxygen octahedron surrounding the B site cation splits the energy levels of a 3d ion
such as Mn3*, i.e., the crystal field induced by the oxygen ions in the perovskite structure
splits the 3d levels into a low energy ¢y, triplet and a high energy e, doublet, producing a
further braking of orbital degeneracy.

We select some of our measurements in order to illustrate some properties. The figure
2.2 shows the magnetic and d.c. transport basic properties of a typical Lag3Cag7MnOs
(LCMO) manganite. An inspection of figure 2.2a immediately reveals that the magnetiza-
tion of the LCMO films displays a magnetic transition from paramagnetic to ferromagnetic
as the temperature decreases, with a transition temperature (Curie temperature) around
Te ~ 268 K. The inset in the figure 2.2a shows a ferromagnetic hysteresis loop measured
at 10K. The magnetic transition can be observed in the d.c. transport properties as
well (2.2b). The temperature dependence of the resistivity measured at magnetic fields
H = 0kOe as H = 90kOe is shown in the figure 2.2b. The magnetotransport character-
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Figure 2.2: Magnetic and d.c. transport basic properties on LCMO. Magnetization temperature
dependence a), Magnetization field dependence (inset), zero field cool (red curve) and field cool
(blue curve) resistance b), magnetoresistance c)
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Figure 2.4: Schematic diagram of the double-exchange mechanism. After to [33]

ization reveals a clear metal insulator transition (MIT) closely related to the magnetic
properties. Indeed, the application of a magnetic field leads to a large suppression of
the resistance resulting in a colossal magnetoresistance, typical of such type of systems.
Finally, the negative magnetoresistance defined as M R(%) = (p(H) — p(0))/p(0) is shown
in the figure 2.2c. The MR shows a peak around T¢.

Electronic features in manganites

There seems to be a consensus in the literature about the fundamental mechanisms

explaining the transport and optical properties in manganites. viz.

e Strong Hund’s rule exchange coupling: the A;_,B,MnO3 system contains (4 —
x)Mn — d electrons, three of which occupy the to, levels, d,,,d,., d., providing a
strong localized core spin of S, = 3/2, while the remaining (1 — x) electron occupies
the e, level, with its spin oriented parallel to the core spin due to a large Hund’s

rule exchange coupling (Jp) in the system (see figure 2.3).

Starting from the insulating antiferromagnetic AMnO3 end member where electrons
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are localized on the atomic orbitals, Zener [59, 60] showed how the system should
gradually become ferromagnetic upon hole doping (introduction of Mn™), see figure
2.4. He considered the problem of the exchange between Mn™3 and Mn™ ions via
an oxygen ion and introduced the concept of simultaneous transfer of an electron
from the Mn*3 to the oxygen and from the oxygen to the neighbouring Mn*t*.
Such a transfer was called double exchange. In the case of magnetic atoms, the
configurations Mn** — 0*~ — Mn*t and Mn*t — O~ — Mn3* are degenerate if
the spins of the two d shells are parallel, and the lowest energy of the system at
low temperature corresponds to parallel alignment of the spins of the two adjacent
cations. The resulting hopping of the spin-polarized e, electrons between Mn™® and
Mn™** sites largely accounts for dramatically colossal magnetoresistance behaviour

observed in A;_,B,MnQOj3 system.

e Jahn-Teller distortion: A distortion of the oxygen octahedron lowers the symmetry
of the cubic crystal field in such a way that the centre of gravity of the t,, levels and
the centre of gravity of the e, levels is unchanged. There is therefore nothing to be
gained by Mn?t or Mn** from such a distortion, but Mn? can lower its energy in
proportion to the distortion, and the corresponding penalty in elastic energy will
scale as the distortion squared, hence we have the marked tendency of d* ions to
distort their octahedral environment in order to lower their energy (see figure 2.3).
Many references have shown that Jahn-Teller distortions in A;_, B, MnQOs3 strongly
influence the transport by localizing the carriers in polaronic states [61-66]. There
is now substantial evidence that transport and optical properties in manganites are
dominated by the field-dependent polaronic transport and, indeed, CMR manganites

are distinguished by their strong electron-lattice coupling.

Electron-phonon coupling and polarons

Thus, the double exchange is not enough to explain completely the transport properties in
manganites. The electron-phonon coupling and the formation of polarons may depend
on the hole doping of the manganite. A typical example is provided by La;_,Sr,MnOs3
(LSMO), for which the resistance is strongly dependent on the doping range. Outside
the ferromagnetic concentration range (x < 0.15), resistivities are high and are thermally
activated, but a resistance anomaly appears around 7T, for the ferromagnetic compositions
(x > 0.15), where there is a transition from thermally activated conduction (polaron

hopping, see below) to metallic like conduction (via double exchange), see figure 2.5.

In systems where there is a sufficiently strong coupling to the local phonon modes, an
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electron can produce a strong localized distortion of the lattice. This distortion moves
with the electron, and the whole structure is called a small polaron. In general, if there is
strong electron-phonon coupling, the free-carriers can become trapped and we will observe
an increased resistance in the sample. Such a change in resistance is observed at the
metal-insulator transition. According to Coey et al. [33], polarons are thought to take
one of three forms. The first is a dielectric — polaron where the electron bears with it a
dilation of the MnOg octahedron associated with the breathing mode Q3 (figure 2.6 ).
The second is the Jahn — Teller polaron @)y (figure 2.6) where the electron carries with
it an axial distortion of the MnQOg octahedron. The third is a magnetic spin — polaron
(figure 2.7) where there is a ferromagnetic polarization of the surrounding manganese core
spins. The origin and formation conditions for polarons can be found in several references
[68-73]. The available evidence suggests that optical conductivity in manganites is also

consistent with a polaronic transport [74].

Optical properties of manganites

The dependence of the electronic structure of (A;_, B, MnO3) manganites with tempera-
ture, pressure and magnetic field has been investigated intensively. Several optical features
have been reported below = 5eV (See references [73-77] and figure 2.8). As derived from
a number of different reports, the optical conductivity spectrum of manganite perovskites
can be understood in terms of two broad intensive bands centered around 2.0 and 4-5 eV
[75-82]. Although the nature of the lower energy transitions has been somewhat contro-
versial [79], it has been argued recently, based on cluster model calculations, that features
around 2.0 eV should be attributed to intersite d-d charge transfer transitions, whereas the
higher-energy transitions should be related to one-center p-d charge transfer transitions
[79]. Thus, based on this model, at relatively low energies in the range of near-infrared and
visible, light should induce the photoionization of Jahn-Teller polarons [as suggested by
Zhao et al. [83], i.e., should promote the hopping of e, electrons between neighboring sites.
This feature will become relevant for the discussion of the magnetorefractive effect and its

relationship with the magnetic field dependent polaron conductivity (section 4.3.1).

2.3 Magnetite

Manganite, the famous lodestone, (Fe30,), is the first magnetic material known to man.
It belongs to the family of the spinel ferrites, with ferrimagnetic ordering ocurring at a

temperature as high as 858 K [84]. The most notable feature of magnetite is the presence
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Figure 2.8: Frequency dependence of the real part of the optical conductivity o1 for three
samples at different temperatures. Taken from [74]
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of a metal to insulator transition (The Verwey transition) at a temperature of ~ 125K
[85-88], in which the conductivity abruptly decreases by two orders of magnitude. The
nature of this transition, in spite of almost 70 years of dedicated research, is still a matter
of controversy [32, 87]. The classical description of the Verwey transition in magnetite is
done through purely electronic effect where charge order is argued, on the another hand, a
new approach to explain this transition including electron-phonon coupling and localized

states as in manganites is on debate [32].

2.3.1 Basic properties of magnetite

In the following sections, we provide details of the properties of bulk and thin flms of

magnetite.

Basic Structure

Manganite (Fe3Oy) crystallizes on the inverse spinel structure with a lattice constant
of 0.8397nm [89]. The electronic configuration [Fe3t]4[Fe*t, Fe*t |50y, where A and B
mean respectively the tetrahedral and the octahedral sites in the spinel structure. The
basic structure is shown in the figure 2.9. The spinel structure can be thought of as made
up by alternate stacking of two different cubes as shown in the figure 2.9. The large
oxygen atoms form a close-packed face-centered cubic structure with the smaller iron
atoms occupying the interstitials positions. There are two types of the interstitial sites

both occupied by the iron atoms:

e The tetrahedral (8) sites or A — sites occupied by Fe*"

e The octahedral (16) sites or B — sites occupied by a mixture of Fe3™ and Fe?t

With respect to the oxygen ions, the unit cell comprises a face centred elementary cube
that contains 32 O?T ions. Per unit cell this compilation contains 64 interstices of the
tetrahedral type (surrounded by 4 oxygen ions) and 32 interstices of the octahedral type
(surrounded by 6 oxygen ions), see figure 2.10. In Fe30, the elementary cell contains 8

Fe?*t and 16 Fe3T ions.
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Figure 2.9: Cubic spinel structure of Fe3O4 magnetite. Taken from [84]
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Figure 2.10: Octahedral and tetrahedral sites in magnetite. Taken from [90]
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Conductivity and electronic structure

The high conductivity of magnetite at room temperature is claimed to be the consequence
of the electron delocalization between the octahedral neighbouring F'e ions, presenting an
average oxidation state of Fe?5" [85, 86]. The five d orbitals split into two e, levels and
three ¢y, levels. The two different iron ions, Fe**(d®) and Fe®*(d°), are present in the
octahedral sites. The Fe3* ions are in a high spin state, with the 5 electrons arranged in
parallel, in accordance with Hund’s rule. The antiferromagnetic (AF) alignment of the
two consecutive crystallographic planes causes the magnetic moment associated with these
Fe3t ions in the B — site to be partially cancelled by the one of the Fe3t ions in the
A — site. There are three possible electronic configurations for a Fe*" ion, see figure 2.11b).
The high spin configuration with 4 unpaired electrons is believed to be correct because it
is in agreement with the value of the magnetization measured experimentally of 1 ug per
formula unit. The additional spin down electron of the Fe?* ion in the octahedral site
can hop to a neighboring Fe3* site provided their spins are parallel. In the magnetically
ordered state, only the spin — down electron can easily move, resulting in spin — polarised
electron transport. The electron transport is restricted to the B — sites. B — sites are
oriented ferromagnetically because of their mutual anti-ferromagnetic coupling to the
A —site spins. Recent studies suggest that electrons are trapped within groups of three iron

atoms, where they can no longer transport an electrical current. The localized electrons
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are distributed over linear three-Fe-site units, which they call trimerons [91, 92].

Verwey transition

The most interesting characteristic of magnetite is the presence of a metal to insulator
trantition, known as Verwey transition [93]. The transition temperature (1y) is 125K
at which the structure distorts from its cubic symmetry and it has been proposed that
a charge ordering occurs at the B sites thus reducing the conductivity [85, 86]. Despite
the fact that the Verwey transition has been extensively studied since the late 1940s, its
mechanism is still a matter of discussion and controversy [32, 87, 88, 94, 95]. Various
theoretical models have been proposed to explain the electron transport mechanism in
the low— and high— temperature phases, and the sudden change in conductivity at the
transition point [87, 93]. However, recent studies demonstrate that the Verwey transition
is a cooperative phenomenon driven by polarons, in which an interplay between lattice,
charge and orbital degrees of freedom plays a decisive role. The idea that both Coulomb
interactions and the electron — phonon coupling are responsible for the transition was
first proposed by Thle and Lorenz [96], and their model provides a good description of
the electric conductivity above Ty,. Piekarz et al. [88, 97|, have recently investigated the
mechanism of the Verwey transition in terms of a group theory analysis in conjunction
with electronic structure calculations and analysis of the neutron scattering data. They
concluded that in the presence of electron correlations the coupling between the electrons
in ty, states and phonons is largely enhanced since it leads to stabilization of the orbital
ordering and a lowering of the total energy. This coupling between charge — orbital
fluctuations and phonons can also account for the observed critical diffuse scattering

observed by neutron scattering measurements, which already appears about 200/ [98, 99].

Optical properties in magnetite

The optical properties of magnetite can be understood in terms of two main concepts: viz.
inter-valence charge transfer (IVCT) and inter-sublattice charge transfer (ISCT). In IVCT
transitions an electron is transferred to a neighboring cation through an optical excitation.
Mixed valence compounds, i.e., compounds containing an element in two different oxidation
states, such as Fe in Fe3zOy, often shows an unusually intensive absorption in the visible
range that can be attributed to IVCT transitions. In Fe3Oy, the electron transfer between
Fe?t and Fe*t may be mediated by O*~ ions, in particular when e, orbitals are involved.
Between Fle[to,] orbitals direct electron transfer is possible as a result of overlap between
these orbitals. On the other hand, ISCT transitions are IVCT transitions between

31



CHAPTER 2. METAL INSULATOR TRANSITIONS IN MAGNETIC OXIDES

Fe*" ions on different crystallographic sites [100, 101]. Ellipsometry and magnetooptical
experiments have allowed the understanding of the electronic structure in magnetite (figure
2.12)[102]. Thus, in the optical spectra a feature at £ = 1.94eV is generally assigned to
IVCT transitions between B (octahedral) sites [Fe?t]ty, — [Fe®t]e,, whereas those at
E =~ 2.61eV and F ~ 3.11eV correspond to A-B ISCT transitions (Fe*tty — [Fe?t]ty,)
and [FeT|ty — (Fe?t)e, respectively (See reference [102] and figure 2.12)
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the rotation and ellipticity on magnetite. Taken from [102]
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CHAPTER 3

Experimental

3.1 Introduction

In this section, we give details on some of the experimental techniques that are employed
for magnetooptical characterization in this Thesis. A variety of experimental ellipsometry
techniques [103] have been reported in the literature to characterize the magnetooptical
properties of thin films. Particularly magnetooptic vector magnetometry is widely used
for monitoring the magnetization reversal and the magnetic anisotropy. As described in
previous sections, three components of the magnetization vector are usually distinguished
in reflection experiments: the polar component Mp (perpendicular to film interfaces),
the longitudinal My, (in-plane component parallel to the plane of light incidence), and
the transverse magnetization component My (in-plane and perpendicular to the plane of
incidence). In the following, we will give details on the methodology that we have applied

to measure the magnetooptic coefficients in different configurations.

3.2 Magnetooptical transverse Kerr effect

As discussed above in chapter 1, the transverse magnetization component causes a change
of the r,, reflection coefficient. Thus, it will be shown that measurements of transverse
Kerr are quite appropriate to disentangle in a single experiment the contributions of both
magnetooptics and the magnetorefractive effect to the optical signal. In the following
subsections we give a short overview of different approaches to obtain the spectral transverse

signal.



CHAPTER 3. EXPERIMENTAL

Sample
M; ® H
Polarizer Analyzer
Beam-splitter
o >
(N Signal
_ Reference detector
Light source detector

Figure 3.1: Transverse Kerr effect differential method

3.2.1 Overview of experimental approaches

Conventional static differential method

To measure the transverse response, static (d.c.) methods can be carried out to measure
the intensity of p— polarized light reflected by the magnetic surface with and without
applied magnetic field (figure 3.1). The r,, reflection coefficient is given by:

Tpp(M) = 1pp(M = 0) + Ary, (M)

The first term is the reflection coefficient without magnetization and the second one is
a small perturbation caused by the transverse magnetization component that includes the

magnetooptical Kerr effects. The measured signal is the difference of the reflectivity:

|Tpp(M)|2 — |rpp(M = O)|2 = 2Re[Arp,(M)ry,(M = 0)] + |Arpp(M)|2

The second term in Eq. 3.1 describes the transverse quadratic magnetooptical Kerr
effect which is usually neglected, although, as it will be discussed in the chapters 4 and
5, a quadratic contribution can be up to two orders of magnitude larger than the linear

contribution in the range of optical frequencies (1 — 5eV') for some systems.

The static differential method has important drawbacks. On one hand, the magnetoop-
tical coefficients are quite small, with amplitudes that are usually in the order of a few

mrad or smaller. In addition to this, an additional serious disadvantage is the sensitivity
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Figure 3.2: Transverse Kerr effect using magnetic field modulation technique

to both noise of the detectors and the vibrations of the optical elements. In order to
overcome these difficulties, several modulation techniques have been developed, namely:
magnetic field modulation, intensity light modulation, and phase modulation, which are

described in the following.

Modulation ellipsometry techniques
Magnetic field modulation

This technique consists of applying an oscillatory magnetic field parallel to the surface of
the sample (in-plane) and demodulating the signal with a lock-in amplifier as it is shown
in the figure 3.2. The main disadvantage of this method is the low frequency modulation
(a few kH z) limited by the huge inductance in the electromagnets, and consequently it is

restricted to low magnetic fields.

Intensity light modulation

The intensity light modulation is also known as azimuth modulation. Unlike both static
and magnetic field modulation methods, it exploits the modulation of the intensity of the
incident light. It can be done using either an optical chopper wheel or Faraday rotators !
placed before the polarizer as illustrated in the figure 3.3. The chopper wheel modulation

is mainly limited by frequency while Faraday rotators have the same problems related to

LA Faraday rotator is an optical device that rotates the polarization of light due to the Faraday effect,
which in turn is based on a magnetooptic effect. The plane of linearly polarized light is rotated when an
oscillating magnetic field (H,...) is applied parallel to the propagation direction.
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Figure 3.3: Transverse Kerr effect using intensity light modulation technique by chopper wheel
or faraday rotator

magnetic field modulation, that is, limitations due to large inductance of the coils at high
frequencies. Pioneer works using this technique were published by Florczak and Dahlberg
[104, 105], and they showed a way to detect two orthogonal in-plane magnetization
components using this kind of modulation. Some authors have proposed an approach
based on photoelastic modulation to get high frequency modulation of the incident light

intensity [106], and similar results have been obtained by using high speed chopper.

Phase modulation techniques

In this section we present the most successful method for high frequency modulation and
high magnetooptical resolution. The phase modulation techniques using photo elastic
modulator (PEM) have been studied for almost 30 years. This device modulates the
polarization state of the light with a frequency of ~ 50kH 2. The PEM introduces an
oscillation phase between the two orthogonal polarization components of the light. This
phase difference varies between the values of +7/2 and —7/2 radians. The polarization
state of the light now oscillates between right circular polarization (RCP) and left circular
polarization (LCP) states through right-handed and left-handed elliptical states (RC' P
and LCP, respectively) as is shown in the figure 3.4.

The Jones matrix representation of a PEM modulator is given by:

ip/2
(e 0 >

0 e /2
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Figure 3.4: Phase difference between the x and y components of the polarized light introduced
by the PEM for a one period of the oscillation T'(1/T = 50kH z)

where, ¢ = (7/2) sin(wt) and w = 50 kHz.

A complete description about PEM can be found in several references [107-112].
Early reports about phase modulation and its applications in either spectroscopy and
magnetooptics were published by different authors [107, 109, 113, 114]. K. Sato [110]
developed an innovative method that allows a simultaneous determination of two mutual
conjugate parameters, namely, Kerr rotation and reflectance magnetic circular dichroism,
using a polar configuration. Furthermore they showed that in polar configuration, the
reflectance magnetic circular dichroism can be related to Kerr ellipticity. Jordan and
Whiting [115] modified the method with variable azimuth of the polarizer measuring a
combination of longitudinal and transverse magnetooptical effect. Unfortunately, the
separation of the two in-plane magnetization components remained a limitation of those
techniques. The real component of transverse Kerr effect was measured using the set-up
proposed by Osgood et al. [116, 117, 118], and P. Vavassori [119]. In those reports a
Polarizer-Sample-PEM-Analyzer system was used to detect the real part of the transverse
Kerr effect using the signal at the second harmonic frequency of the modulator, but the

configuration does not allow the measurement of the complex transverse Kerr effect.

3.2.2 Complex transverse magnetooptical Kerr effect measured

by null ellipsometry

General concepts

To measure the complex transverse magnetooptical Kerr effect, i.e., both the real and
imaginary part, we built up a system based on null ellipsometry with phase modulation.

The null ellipsometry is a technique based on the measurement of azimuth angles of
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polarizer, compensator, and analyzer for which the detected intensity is extinguished [103].
It is highly accurate and almost free of systematic errors. Averaging the ellipsometry angles
obtained for different sets of azimuth angles (null zones) gives insensitivity to azimuths
misadjustments and to imperfections of the polarizing components. The main disadvantage
of this method comes from both a weak signal and a parabolic intensity dependence close
the null condition that can be overcome by including an azimuth modulation in the null
ellipsometry system [120]. These difficulties can be still better overcome by using null
ellipsometry with phase modulation as proposed by Postava et al. [121]. We have followed
this approach to measure the transverse magnetooptical coefficient that we describe in the

following. More details about null ellipsometry can be found also in the appendix C.

Ellipsometry measures the change of light polarization by measuring the complex

reflectance ratio p = %’ = tan(z))e’®, which defines the so-called ellipsometric angles
¥ and A. Thus, tan(%/?) is the amplitude ratio upon reflection, and A is the phase
shift. Since ellipsometry measures the ratio (or difference) of two values (rather than the
absolute value of either), it is very robust, accurate, and reproducible. For instance, it is
relatively insensitive to scattering and fluctuations, and requires no standard sample or
reference beam. In ellipsometry-based experiments, the complex transverse Kerr effect
is defined as a small perturbation of the standard ellipsometry angles b and A. The
set-up proposed by Postava et al. [121] is based on a Polarizer-PEM-Sample-Compensator-
Analyzer configuration to measure the complex transverse signal. Indeed, the measurement
of both the real and the imaginary parts of the complex transverse Kerr effect can
be advantageous in many situations, e.g., to obtain the complex permittivity tensor
components (1.20) or just because the two independent quantities display different depth
sensitivities, which may be exploited in the determination of optical in-depth profile of
samples. Also, the signal measured by the imaginary part can be stronger than real part

(or viceversa), see figure 3.5.

Mathematical description

The complex transverse response is related to small perturbations of the standard ellip-

sometry angles ¥ and A:

V=1 +0y
A=A +5A
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Figure 3.5: Modeled complex transverse magnetooptical Kerr effect, with the real component
(blue curve), and the imaginary (dashed red curve) components. Taken from [121]

The complex reflectance ratio then becomes:

p= " = tan(y) + §¢))e’ A+

Assuming that A < A and 51 < ¥, i.e., e{A) x5 (1 445A) e and tan(v + 6v) =~

tan(¢)) + (1 + tan®(1))) 04, it is possible to demonstrate that the normalized changes of the

intensity of p-polarized reflected light can expressed as a function of dA and d¢ through
[121]:

Aryy, 2 .
= A :
o Sn(20) 01 + 10 (3.7)

To arrive at Eq. 3.7 it is assumed that the coefficient rg, is not altered by the magnetic
field, as it occurs in the magnetooptic transverse signal (see chapter 1). From Eq. 3.7 we
can obtain the real and imaginary part of the complex transverse magnetooptical Kerr
effect:

R (51, 0A) = m(ﬁ)

r

pp
ar(o0,08) = 3( 2
bp

Thus, a suitable experimental set-up has to be designed to measure ¢ and A and
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Figure 3.6: Null ellipsometry system for the measurement of the transverse Kerr effect

obtain the complex transverse response exploiting null ellipsometry. The schematic set-up is
shown in the figure 3.6. It consists of a Polarizer-Modulator-Sample-Compensator-Analyzer
geometry. The polarizer is set to 45° from ordinary (or extraordinary) PEM optical axis,
being both the polarizer and PEM mechanically coupled and mounted on a rotatory stage
(dashed line in the figure 3.6), with P denoting the PEM axis. A quarter wave-plate is
used as compensator and is set to C' = £45°. Finally A denotes the adjustable azimuth
angle of the analyzer. The Jones vector describing the polarization of light incident on the

detector can be calculated as the matrix product [121]:

E,\ E (10 cosA  sinA cos(C)  =£sin(C)
E, v2\0 0) \—sinA cosA) \£sin(C) cos(C)
rss 0 cosP —sin P\ [e¥/? 0 1
0 7 sin P cos P 0 e /2 1
where the signs 4 correspond to the azimuth angles of the compensator C' = £45° and

Ey denotes the amplitude of light wave coming from the polarizer. The detected intensity

is obtained from:

[ = E,E;+ E,E; 3.10

where the asterisk * denotes the complex conjugate and using the equation 3.6 it can
be expressed in terms of ellipsometry angles. After matrix calculations in 3.10 one can

demonstrate that the real $(Ar,,/r,,) and imaginary parts S(Ar,,/ry,) of the transverse
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response are proportional to change of the second I, and first I, harmonics of the
detected signal, respectively (see Eqgs. 3.11 and 3.12 below). The first (1,,) and second (/a,)
harmonics are measured using two lock-in amplifiers that drive the PEM modulation at
50k H z and 100k H z, respectively, while the I; signal is measured by using a d.c multimeter.

Their expressions are given by:

% = (£)c(£)asin(29)S (ﬁ:ﬁp) N sin(2v)[(0s — 0,) Sii(A) — (€5 + €,) cos Al
and:
I;_;J = ()o(E)p(E)asin(2y)R (i::fj> gZF)p sin(2¢)[(0s + 6,) ?S(A) + (€ — €,) sin Al

Where the (+)c(4)p(£)a correspond to different nulling zones ? (see appendix C).
The underbraced terms in Egs. 3.11 and 3.12 are polar and longitudinal contributions
05 5, €sp that can be easily removed from the measured response by averaging the signal
from two different nulling zones obtained for different compensator or analyzer azimuths,
thus obtaining the pure transverse responses R(Ar,,/rp,) and S(Ary,/rp,). The angle ¢

in Egs. 3.11 and 3.12 is obtained from ellipsometry experiments.

3.2.3 Measurement protocol

We have measured the complex transverse Kerr effect by recording hysteresis loops at
visible wavelengths with a resolution typically in the range of 5 — 25 nm. The complex
transverse Kerr effect measurement is performed in several steps. First of all, both the
temperature of the sample and the wavelength of light are chosen and adjusted. After
that, we make the optical settings and start the nulling procedure, as described in the

following.

Before measurement: optical settings and null procedure

After aligning the light beam through all the optical components, a nulling procedure is
performed in order to obtain a zero signal in both harmonics (I, and I,). The step-by-step

procedure is as follows (see also figure 3.6 for reference):

2The nulling zones correspond to P, A and C' combinations, for which the first I, = 0 and the second
I>, = 0 harmonics are zero.
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e All the azimuth angles are measured with respect to the plane of incidence, being

the reference 0° in this plane.
e The polarizer is rotated by 45° with respect to the PEM modulator axis.

e Set the azimuth of Polarizer-PEM system to P = 0° (i.e., the modulator axis is set
at P =0°)

e Without switching on the PEM modulation and without the quarter-wave plate
compensator, the analyzer is crossed so that we set the azimuth of the analyzer to

A = —45° until we reach a null d.c. signal.

e Without PEM modulation, we put the compensator in place and set its azimuth to

obtain a maximum detected signal
e We turn on the PEM modulator and proceed with the nulling procedure.

e First harmonic (1) null procedure: the azimuth of the Analyzer A is adjusted to

obtain a null signal in the first harmonic.

e Second harmonic (/s,) null procedure: the azimuth of the Polarizer-PEM system P

is adjusted to obtain a null signal in the second harmonic.

e The last two steps must be repeated iteratively until reaching a null signal in both

harmonics.

Example of a measurement

After the optical settings and null procedure, a measurement protocol (see figure 3.7) is
carried out in order to remove the polar and longitudinal contributions 6 ,, €5, from the
as-measured % and IIQ—OW signals and obtain the transverseR(Ar,,/r,,) and S(Ar,,/7m)
responses (see equations 3.11 and 3.12). We illustrate the measurement protocol for the
particular case of magnetooptic hysteresis loops measured in a Lay/3Ca; 3MnOg thin film

at temperature T' = 10 K and wavelength A\ ~ 632 nm.

To obtain the intrinsic R(Ar,, /1) and S(Ar,, /1) signals we must measure the field
dependence of the magnetooptical signals for two different null zones A;, Ay or C' = £45°,
determined by the azimuth positions of the compensator (C' = £45°) or analyzer (A;, As).
In the shown example, we choose a fixed compensator position C' = +45°, and define the
two null zones by the two analyzer azimuth positions A;, A;. We thus have two data sets
(Ay, Ay) corresponding to the magnetooptic signals (proportional to I, and Is, ) measured

at each null zone. Therefore we have a set of four data:
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Figure 3.7: Flux diagram of the measurement protocol
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Figure 3.8: Hysteresis loops of the light intensity detected at the first harmonic (1) at the
two null zone positions (Aj, Ag)
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Figure 3.9: Hysteresis loops of the light intensity detected at the second harmonic (I3, ) at the
two null zone positions (A1, A2)

e [,(Ay): first harmonic of the light sensed by the detector in the null zone defined by
the analyzer azimuth position A;

e [,(As): first harmonic of the light sensed by the detector in the null zone defined by
the analyzer azimuth position A,

e I5,(A): second harmonic of the light sensed by the detector in the null zone defined
by the analyzer azimuth position A

e [5,(As): second harmonic of the light sensed by the detector in the null zone defined
by the analyzer azimuth position Aj

Figures 3.8 and 3.9 show the intensity of light detected at first (1) and second ([a,)

harmonics, respectively. According to equations 3.11 and 3.12, we can use null zone
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Figure 3.10: a) Complex transverse Kerr effect 7 = (%) and b) longitudinal/polar

contributions 0y p, €5

averaging in order to eliminate the longitudinal and polar contributions (6, €;,). Once

averaged we have a new set of four data:

% Arpp
Tpp
: ; o [ Arpp
e 0., ¢c,, contributions to the & =22
S$,Pr =S,p Tpp
§R (ATW)
Tpp

e 0,,,¢€s, contributions to the R (%)
pp

The complex transverse Kerr signal <%> and longitudinal and polar contributions
(Osp,€sp ) are plotted in the figure 3.10. As it can be seen in the figure 3.10b 6,
and €,, saturate with the magnetic field following the magnetization of the sample.
However the transverse signal displayed in figure 3.10a does not saturate with field. As
discussed in chapter 4, this non-saturating component of the transverse response of
Lag/3Ca; /3MnO3 is related to the magnetorefractive effect. Because the magnetooptic and
magnetorefractive components of the optical signal often exhibit distinctive symmetry with
respect the magnetic field, we must extract the symmetric/antisymmetric components of
Arpp

T (see chapter 4) to obtain odd-parity (linear magnetooptic coefficients) and even-parity

(quadratic magnetooptic coefficients or magnetorefractive effect) contributions as follows:

= o 2m) U )

T'pp 2
— g(%) _ T(H) +7(=H) T
Tpp even 2
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R <ﬂ> contributions to to (%) extracted from data in figure 3.10(a)
even

Tpp

Arpp

where we have defined 7 = %( - ) An analogous expression can be derived for

PP

%(%) The symmetric 7oy, and antisymmetric 7,49 contributions are plotted in the
figure 3.11. In this Thesis we will show that the odd signals correspond to linear magne-
tooptical effects whereas, depending in each particular case, the even contributions can be
attributed to either quadratic magnetooptical effects or to the magnetoreftactive effect

(see chapters 4 and 5).

3.3 Polar and Longitudinal measurements

Polar and longitudinal Kerr effects are measured using similar optical configurations. In
the polar geometry, the experiment is performed with light at normal incidence, while
longitudinal Kerr is measured with light incident at 45°. A schematic sketch showing the
method is given in the figure 3.12, which also exploits phase modulation of light through
PEM and lock-in detection.

The Jones vector describing polarization of light incident on the detector (figure 3.12)

can be calculated as the matrix product:

E,\  Eo (1 0\ [re ms) (€¥? 0 1
E,]  v2\0 0) \ry, 7 0 e ®/2)\1
Developing the product of matrices and recalling the definitions given in equations 1.27

we can derive [122]:
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Where 0, €x denotes the Kerr rotation and ellipticity, respectively, and the subindexes

”s” and "p” indicate the state of the light polarization. The J;(¢g) are the Bessel functions

of the firts kind. Thus, the ellipticity € and rotation 6 are proportional to the first and

second harmonics, respectively, and c¢ is a calibration constant, which has to be determined

experimentally.
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Figure 3.13: MCD experimental set-up sketch

3.4 Magnetic circular dichroism

The magnetic circular dichroism (MCD) was briefly described in the section 1.2, figure
1.2 b. The experiment is based on the measurement of the difference in the absorption
between left- (LCP) right- (RCP) circularly polarized light, induced by a magnetic field
oriented parallel to the direction of light propagation. The experimental set-up used to
measure MCD, based on a Polarizer-PEM Modulator-Sample configuration, is shown in
the figure 3.13. As in all the previous cases, the polarizer is set to 45° from the PEM
modulation axis. The Jones vector describing the polarization state of light incident on

the detector can be calculated as the matrix product:

Eo\ _ [7ss Tps e¥/2 0 cos P\ Ey [7ss Tps w2 1
Ey Tsp Tpp 0 67&9/2 sin P \/5 Tsp Tpp 0 e*igo/Q 1
It can be demonstrated that[109]:

I
MCDz]—szn

0
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Figure 3.14: Schematic drawing of the experimental setup including the IR spectrometer

where Ak = k_ — Kk, and k4 are the absorption coefficients for RCP and LCP light. We
note that the MCD signal is proportional the ellipticity M CD = 4e for the case of normal
incidence. A description of MCD experimental methods can be found in the literature

109, 113, 123, 124].

3.5 Infrared spectroscopy

These experiments were carried out in the University of York in collaboration with Prof.
Sarah Thompson. The infrared characterization consists on the measurement of infrared
reflectivity spectra under an applied external transverse magnetic field. The instrument is
shown in the figure 3.14. It consists of an optical table with a Perspex enclosure and a gas
purging system, a Fourier-Transform-spectrometer with external optical components and
IR detector, an electromagnet with power supply and a personal computer, which runs

the software for the spectrometer.

The sample is cleaned with isopropanol and mounted on the bare sample holder with
blue tack or the cooling system with thermal grease. To ensure that the sample is flat
on the sample holder - tilting results in a change of the angle of incidence - the sample is
pressed onto a tissue on a flat surface to level it. If the cooling system is used, it is better
to check whether the vacuum pressure and the high pressure of the nitrogen gas can be
reached before the fine alignment. To save gas, the gas supply is shut again after the check.
In the next step the dewar of the detector is filled with liquid nitrogen. The goniometer is
mounted to the frame of the magnet either together with the bare sample holder or with
the cooling system containing the sample. The fine alignment is achieved by the horizontal
and vertical translation of the goniometer. If the bare brass sample holder is used, the
goniometer is adjusted until the highest possible signal intensity is reached, which can be
monitored in the bench menu of the spectrometer software OMNIC. The goniometer is

then adjusted so that the substrate peaks in the reflection spectra are optimized. After
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the fine alignment the system is left to settle to reduce the amount of water vapour and

COs. The settling time depends on the initial pollution and is between 30 and 90 minutes.

Once that the optical components are aligned with the help of the red laser and the
beam is focused in the sample which is placed between the electromagnet poles, the purging
system is activated, and the reflectivity spectra are recorded every 10 minutes. When the
changes between consecutive spectra remain below the ~ 0.1% , the system is ready for

measurement.

3.5.1 Infrared reflection measurements

The actual MRE measurement consists of a reflection measurement in zero magnetic
field R(0),and a measurement in a magnetic field R(H). The zero field spectra are
averaged over two measurements (before and later the measurement in a magnetic field
R(0) = 0.5(Rpefore(0) + Ryfier(0)) to correct for variations of the magnetic state in the
sample. The MRE spectrum is calculated by using the equation:

MRE[%] = W x 100%

This means that an increase of the reflectivity due to the application of a magnetic
field leads to positive MRE values, while a decrease of the reflectivity leads to negative
MRE values. The MRE measurement is repeated three to five times depending on the
noise level of the spectra and the final MRE spectrum is calculated as an average over
all MRE measurements. The measured reflection spectra are normalized to a reference
spectrum. This normalization corrects for the background due to the characteristics of
the source, detector, optical components and the atmospheric conditions. The reference

spectrum is taken after replacing the sample by a gold mirror.
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CHAPTER 4

Magnetorefractive effect in Manganites

The width of e, bands in AMnO3 manganite perovskites is critically dependent on the Mn-O-
Mn bond angle. Experimentally it is found that it can be modulated by tuning the average
ionic radius at the A-site via chemical doping. For instance, reducing the bond angle leads
to a reduced Mn-Mn electronic hopping and increased electronic correlations, both of which
are revealed by a reduction of the ferromagnetic Curie temperature and an enhancement of
magnetoresistance [125]. Indeed, these effects are related to the progressively predominant
role of Jahn-Teller electron-phonon interactions on the physics of manganites with the
reduction of the e, bandwidth. Thus, it is expected that the contribution of the magnetic
field-dependent polaronic transport to the optical conductivity is regulated by these
effects. With this in view, we have carried out an analysis of magnetooptical spectra
of manganites of different chemical compositions in the A-site and, therefore, exhibiting
different degrees of electron-phonon coupling. This has allowed us to make a link between

the electron-phonon coupling strength and the magnetorefractive effect.

4.1 Magnetooptical spectroscopy of PLCMO

In (ProsLagg),, CagsMnOs (PLCMO) the average ionic radius of Pr** and La*" at the
A-site induces distortions of the crystal lattice so that the Mn — O — Mn bond angle
is strongly bent from 180°, thus decreasing the effective electron hopping and reducing
the width of the e, conduction band [125]. In other words, a substitution of La** by the
smaller Pr3* allows to explore bands bending effect in PLCMO while keeping the hole
density (i.e., the concentration of the Mn*") constant. This, in turn, favour electronic
phase segregation that turns out to be quite sensitive to structural changes and strain

state [126]. These features make of PLCMO a good playground to probe the relationship
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between polaron conduction and optics. Indeed, infrared optical properties of PLCMO
reported by Kim et al. [127] described the observed spectral weight transfer using a model
that includes spin double exchange and Jahn-Teller lattice coupling to holes. Due to the
strongly electron-phonon coupling and colossal magnetoresistance phenomenon, PLCMO
is an optimal candidate to analyze all the possible effects that can be present in the
complex transverse magneto optical response, comprising both magnetooptic as well as

magnetorefractive effects.

The studied PLCMO samples were prepared by the group of Dr. Kathrin Dorr in the In-
stitute for Metallic Materials, (IFW) in Dresden- Germany '. An PLCMO film of thickness
t = 100nm was grown by off-axis pulsed laser deposition (PLD, KrF 248nm excimer laser)
on monocrystalline platelets of PMN — PT(001) (Pngl/ngQ/gOg)()jQ(PbTZ‘Og)O.Qg)
from stoichiometric targets of Prq7Cag3MnOs and Lag7Cag3MnO3 [128]. The film was
deposited in an oxygen pressure of Ppo = 0.3mbar at a substrate temperature of T' = 725°C'
with a pulse frequency of f = 2Hz. The structural and magnetic properties of the film
were fully characterized in the laboratory of Dr. Kathrin Déorr [128]. Of relevance for the
results presented here is that the zero-field resistance shows a peak at Ty, &~ 134° K ,(see
figure 4.2) slightly below the Curie temperature T &~ 150°K derived from the temperature
dependence of the magnetization . The magnetic properties of PLCMO were studied by
SQUID magnetometry. The magnetization dependence on temperature of PLCMO sample
is shown in the figure 4.1. The d.c. magneto-transport is plotted in the figure 4.2. As
expected, the application of a magnetic field leads to a large suppression of the resistance

resulting in a colossal magnetoresistance, typical of such type of systems.

4.1.1 magnetooptical characterization

Temperature dependence

In this section we describe the magnetooptical properties measured in complex transverse
Kerr effect taking into account the procedure detailed in the section 3.2.3. We limit
ourselves to the analysis of the imaginary part %(%) , without losing sight that a similar

ATpp
Tpp

treatment has been done for the real part %( > Figure 4.3 illustrates the temperature

Arpp

dependence of the %<E> hysteresis loops recorded by shining with light of A = 475nm.

The obvious first observation is that the recorded loops are quite distorted compared to

conventional hysteresis loops, and this behaviour is dramatically dependent on temperature.

IProf. K. Dérr is now installed in the Institute for Physics MLU Halle-Wittenberg, Halle, Germany
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Figure 4.1: Temperature dependence of the magnetization of a PLCMO film measured by
SQUID at H = 3kOe.
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Figure 4.2: Magneto-transport of the PLCMO film. FElectrical d.c. resistance at H = 0 red
curve, H = T0kOe green curve and magnetoresistance blue curve
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Figure 4.3: As measured 7 = %(%) hysteresis loops recorded at different temperatures and
A = 475nm.
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At low temperature (10 — 30)K the hysteresis loops are rather similar to those obtained by
SQUID. However, as we approach the ferromagnetic transition T ~ 150K, the hysteresis
loops appear progressively more distorted. The distortion consists of a contribution
symmetric in magnetic field superimposed to the normal hysteresis loops, which becomes
larger when T' — T. According to the magnetization curve in figure 4.1, the amplitude
of the hysteresis loops should be zero from high temperature down to Ty ~ 150K,
and conventional ferromagnetic loops with increasing amplitudes should be observed for

decreasing temperatures.

In order to understand this remarkable behavior, let us split the recorded hysteresis

loops into even %(%) and odd %(%) contributions by using the equations 3.13.
PP/ even PP/ odd

The %(%)Odd (red curves) and even %(%)Wm (blue curves) contributions are plotted
as a function of temperature in figure 4.4. We see that the odd contributions show the
expected behavior for Kerr effects, which are proportional to the magnetization (see figure
4.5). However, the even contributions have a much different temperature dependence,
and are observed even at T' > T, suggesting a quite different origin. Indeed, the even
hysteresis loops around the Curie temperature do not show any saturation up to the largest
applied field (around TkOe, see figure 4.4) much higher than the saturation field observed
in SQUID (figure 4.1), further underlying the different nature of this even contribution.
Now, as we decrease the temperature and approach the Curie temperature (7o ~ 150K)
from above, the even contribution increases and reaches the maximum close to T, and

then decreases for lower temperatures.

We argue that the observed even contribution to the transverse magnetooptical signal
is related to the magnetorefractive effect (M RE). As it was discussed in the section 1.4,
MRE results from the changes in the complex refractive index n(H) and, thus, the optical
conductivity with the magnetic field 6 (H), and is particularly strong in ferromagnetic
manganites close to T [15, 129]. We can thus recognize that the changes in Ar,, have

two different origins as follows:

Arp, = (M.O.(M) + 7(H))

while the first term -associated to the odd-parity transverse response- is closely related

to the conventional magnetooptical effects proportional to the magnetization (see figure

4.5), the second term -which does not saturate with the magnetic field- is related to the

magnetorefractive effect discussed in the section 1.4. Note that the field dependence of

%(%) displayed in figure 4.4 indicates that the reflectance decreases with field. This
even

pp
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Figure 4.4: The odd 1,39 = S(

Tpp

) (red curves) and even Teyen = 3(
odd

curves) contributions recorded at different temperatures and \ = 475nm
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Figure 4.5: Temperature dependence of the odd T,qq = %(%) » contribution (blue curve)
O

and of the magnetization measured by SQUID (red curve)

is a clear indication that the optical conductivity indeed decreases with the field, instead
of increasing, as would be expected from the negative magnetoresistance measured in
dc-transport experiments. This observation is in perfect agreement with the crossover
noted in the field dependence of the optical spectra of other manganites, where typically
above infrared frequencies the optical conductivity is seen to decrease with field, instead
of the observed increase for wavelengths longer than the near-infrared (see e. g., Fig. 6 of
Ref.[130] or Fig. 2 of Ref.[131])

If now we proceed to a careful inspection of the hysteresis loops for temperatures well
below the transition (e.g. for 7' < 100K), we will appreciate that there is also a small
even contribution to the magnetooptical signal that, contrary to the MRE, saturates
with the magnetic field. This is clearly appreciated in the blue curves of the panels 80K,
30K, and 10K of the figure 4.4. We attribute this second type of even contribution to
quadratic magnetooptical (QMO) terms that develop at low temperatures and vanish with

the magnetization as T' — T¢.

Generally, QMO coefficients are detected in the Voigt or Cotton-Mouton configuration
k L H(see section 1.2), and are proportional to My M; products (according to the equation
1.21), resulting in asymmetrical loops with contributions of even parity with respect to the
applied field [116-118, 132-136]. In order to show the agreement of the even contribution
observed at low temperature with these QMO effects, let us analyze the loop recorded

at 10K where the magnetization is large, see figure 4.6. The even %(%) and the
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- 0.4
-0.3

-0.2%
—

0.1 &

-0.0

Arpp

Figure 4.6: Even contribution Teyen, = %( ) (blue curve) and odd contribution ngd =
even

Tpp

2
%<ﬂ> square (red curve) at T'= 10K . The red curve was both multiplied by a arbitrary

Tpp /o
factor and shifted for an easy comparison

2
squared odd %(%) contributions are plotted in this figure. Note that there is an

pp
agreement for low magnetic fields between the two magnitudes, confirming that the even

contribution observed at the lowest temperatures is a QMO effect. The difference observed
2

above the saturation field (= 2kOe) between %(%) and %<%> is attributed
odd even

23 Tpp
to a small remanent magnetorefractive effect superimposed to the quadratic and linear

2
magnetooptical coefficients. Notice that %(%) saturates following the magnetization,
PP/ odd

as expected.

At intermediate temperatures the QMO and MRE contributions to & (%) become
even

pp
comparable. To illustrate how these two nonlinear terms can be unambiguously disen-

Arpp

tangled from the experiment, we display in figure 4.7 the data corresponding to %<W>

, %(%) , and %(%) measured at an intermediate temperature 7' = 80K at
PP/ odd PP/ even
A = 475nm. At this temperature, both QMO and MRE terms contribute significantly to
the asymmetrical part of the loops. The low-field part of %(%) corresponds to the
PP/ even

QMO term, whereas the unsaturated high-field part corresponds to MRE and the linear
magneto optical (LMO) term follows the magnetization (figure 4.7).

To conclude the discussion about the temperature dependence of the magnetooptical

response, we plot the amplitudes recorded for the main three contributions -linear and
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Tpp

(blue curve) and odd contribution T,qq = %(%) » (red curve) measured at 80K
O

quadratic magnetooptical coefficients, as well as MRE- as a function of the temperature
(see figure 4.8), measured at A = 475nm. In order to make easier the comparison between
all these contributions, the data are plotted with absolute values. We see that, as expected,
the QMO and LMO contributions have a similar dependence, with a transition temperature
in close agreement with SQUID magnetometry measurements. On the other hand, the
MRE contribution peaks around the ferromagnetic transition and is still significant at
temperatures of 50 K above T, As we will see in next sections 4.2, and 4.3, a comparative
study in other manganites indicates a correlation between the electron-phonon coupling
strength and the MRE, i.e., it grows with increasing electron-phonon coupling [137], and
it is strongly correlated to the Jahn-Teller distortions. The most plausible explanation of
this phenomenon appears in the context of a strong suppression of polarons by magnetic
field, especially around T,. Indeed, a large magnetooptical conductivity in manganites is
expected from a polaronic conduction model [68, 138-142]. Along this line, the observed
MRE temperature dependence indicates that polaron conduction starts well above the

Curie temperature and the effect of the magnetic field on polarons is strongest around 7T¢.
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Figure 4.8: Temperature dependence of LMO, QMO, and MRE in PLCMO

Spectral response

We discuss now the dependence of the magnetooptical response on the photon energy.
For that purpose, we select two temperatures, for which the even contribution to the
magnetooptical signal is either dominated by the MRE (T= 140 K, close to T¢z) or by QMO
(T'=7K). Taking into account that QMO is related to the split orbit (SO) coupling [118],
while the MRE is mainly related to the magnetic field-dependent optical conductivity,
we expect a different dependence on photon energy. The as measured transverse signal
%(%) is plotted in figure 4.9 (7 K) and 4.11 (140 K), while the corresponding even and

o A
odd contributions %(M>
Tpp odd,even

are plotted in figure 4.10 (7 K) and 4.12 (140 K).

The spectral dependence of the Kerr transverse response was analyzed by plotting
the amplitudes of the odd and even contributions obtained at the maximum applied
fields H ~ 7kOe . The amplitude of the odd contribution -proportional to the amplitude
of the transverse magnetization My - is shown in the figure 4.13. Because the odd
spectral responses measured at 7K and 140K correspond to the intensity of magnetooptical
coefficients, they are similar, as expected. Both spectral dependences exhibit a similar

feature in the spectral response of the transverse Kerr effect of films of similar composition
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reported on the literature [143-146]. On the other hand, figure 4.14 shows the values of
the amplitudes of the even contributions that are proportional to the MRE (T = 140K)
and to the QMO (T = 7K), respectively. Note that these amplitudes are defined with
respect to the value at zero field and, in the case of the MRE, are negative in a wide range
of wavelengths, signalling that the optical reflectance is reduced with field, as discussed
above. The different origin of the two contributions results in quite dissimilar spectral
responses for QMO and MRE. If we focus first on the QMO spectral response (7 K)
where the QMO is larger. Quadratic effects comparable in magnitude to linear effects
were reported for some ferrimagnetic and weak ferromagnetics crystals [147]. We have
demonstrate that these phenomena are not restricted to such particular compounds, and

indeed the quadratic effects may be dramatically enhanced at certain wavelengths[148].

A clue to understand this behavior is found in the theory of light scattering in
magnetic crystals developed by Moriya [149]. The spin-dependent polarizability « tensor
can be expanded in a power series up to the second order, ie., o = [Biyy(a)(S;(a)) +
Vikim (@) (Si(a) S (@) + Sixm (a, b) (S (@) Sy (b)) +. . ., where i , k, [, m denote the coordinates
z,y , z, and (Si(a)), (S;(a)Sm(b)) are averages of single ion and ionic spin pairs at sites
a, b [147]. This expansion yields single-ion contributions Sk, Yikim proportional to ’\A—Sg
and )‘AS—EQ, respectively, and an inter atomic exchange ;1 term in powers of ﬁ, where
Aso, I, and AE are the spin-orbit (SO) energy, the exchange integral, and the energy
splitting of the relevant optical transitions [147, 149]. First-order magnetooptics is related
to terms [ linear in (SO) splitting [149, 150]. In contrast, the quadratic effects observed
here cannot only depend on SO since in manganites )‘As—g ~ 1072 [31], so that QMO effects
would be orders of magnitude lower than LMO effects. However, quadratic effects also
contain the interatomic exchange contribution mentioned above, which is first order in the
exchange coupling I [147, 149]. Typically, in manganites, the interatomic exchange energy
and the SO splitting are comparable in magnitude, i.e.,Aso, I ~ 1072V [31] and thus B,
and g, are similar in magnitude, thus, even effects (either MRE or QMO) can be as
high as almost two orders of magnitude larger than the LMO. This explains the strongly
asymmetric loops displayed in the figures 4.9. This may be the reason underlying the large
nonconventional quadratic magnetooptical response observed in the LPCMO film. We

believe that similar arguments should apply to a number of magnetic compounds.

Now, we turn to the MRE spectrum (T = 140 K). We see that whereas the QMO is
peaked around 2.6 eV, the MRE shows an increasing amplitude down to the lowest photon
energy, at around 1.5 eV (see figure 4.14). On the other hand, the spectral response of
the MRE shows a sign reversal at an energy ~ 2.75 eV and for increasing energies it

shows a plateau up to the maximal explored photon energy, 3.2 eV. The discussion of
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this MRE spectral response will be further detailed when comparing it with the MRE
spectra of manganites with different compositions (see below) in connection with its
plausible origin from the magnetic dependence of Jahn-Teller polaron conductivity and
electron-phonon coupling. For that purpose, we have analyzed the complex transverse
magnetooptical spectra of LCMO and LSMO manganites, which are known to have
different electron-phonon coupling strengths, being PLCMO the compound with maximum
electron-phonon interaction and LSMO the weakest among these materials. From this
study we will be able to conclude about the crucial role of electron-phonon coupling and
polaron conductivity on the magnitude of the MRE observed around the ferromagnetic

transition temperature.

4.2 Magnetooptical spectroscopy of LCMO

Lag7Cag3MnOz (LCMO) thin films were grown by our group at the ICMAB by radio-
frequency sputtering on (110)-oriented SrTi05 (STO) substrates. These films, extensively
characterized by x-ray diffraction, were found to be epitaxial with high crystalline quality
[53, 151], for growth conditions and reports on the structural characterization). The figure
4.15 shows the main magneto-transport features of a LCMO thin film with thickness
t = 70nm. This figure was already shown in the section 2.2.1 in order to introduce
the basic properties of manganites, but we reproduce it here for convenience. The
temperature dependence of the magnetization is shown in the panel 4.15a),indicating a
clear paramagnetic to ferromagnetic transition at the Curie temperature around Ty ~
260K . The inset shows the ferromagnetic hysteresis loop measured at 7' = 10K. In the
panel 4.15b) we have plotted both resistivity with and without external magnetic field.
The magnetoresistance is shown in the panel 4.15c). As expected, the application of a
magnetic field leads to a large suppression of the resistance resulting in a negative colossal

magnetoresistance, typical for LCMO.

Temperature dependence

As carried out previously in the section 4.1, the as measured complex transverse data
were split into even %(%) and odd %(%) contributions by using the equation
3.13. Figure 4.16 shows the eaf%plitude of both cozoltfzdributions measured at a wavelength
A = 632.8nm as a function of the temperature. As seen in this figure, whereas the
temperature dependence of %(%)Odd follows that of the magnetization, the S(%)evm
has a temperature dependence strikingly similar to that of colossal magnetoresistance
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Figure 4.15: Magnetization and magnetotransport of the LCMO thin film. a) Temperature
dependence of the magnetization measured by SQUID at a field H = 1kOe. The inset shows a
ferromagnetic loop measured at 10 K. b) Resistivity versus temperature measured under H = 0
T and H = 9 T. ¢) Magnetoresistance versus temperature.
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contributions measured at wavelength A = 632.8nm. The ratio W is plotted in the inset
N

<%

PP/ odd

(CMR) (see figure 4.15¢)), being close to T much larger than the odd counterpart.
Indeed, as illustrated by data in figure 4.16, the MRE response %(%) of LCMO

pp

films is about a factor ~ 20 larger than the corresponding Kerr signal %(%) at
PP/ odd

temperatures close to the ferromagnetic transition 2. That the strong %(ﬁ“’”) peak
PP/ even

around T¢ is uncorrelated with Kerr effects is further confirmed by measurements in the
transverse geometry with p-polarized light at normal incidence. For symmetry reasons,

the magnetooptical transverse Kerr response is forbidden in this configuration (Freiser

Arpp

[152]). However, we have confirmed that still an enhancement of & at a = 0°,

PP/ even
albeit lower than that measured at a = 45°, is clearly visible close to T (See figure 4.17),
thus confirming MRE as the origin of the observed effect. The reduction of reflectance

from a = 45° to @ = 0° may be related to the change in reflectance with a [137].

2Notice that the units of the vertical axes in figure 4.16 have been normalized to make easier the
comparison between the odd and even contributions to the transverse signal
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Figure 4.17: Temperature dependence of the even contribution %(%) of the LCMO
ven

pp
thin film measured at normal incidence o = 0° (black curve) and oblique incidence o = 45° (red

curve)

Spectral response

We analyzed the dependence of the odd %(%)(Jdd and even %(%)even contributions
as a function of the incident photon energy in the range ~ 1.5 eV - 3.5 eV. We focused our
analysis to temperatures close to the ferromagnetic transition, where we know that the
MRE is the largest. In particular, figure 4.18 shows the spectra of the magnetooptical odd

contribution %(%) for three temperatures slightly below the Curie temperature T¢.
PP/ odd

As expected from its proportionality to the magnetization, the %(%)(Jdd signal increases
for decreasing temperature, although the rate depends on the photon energy, being the
largest around the spectral region centered at 2.75 eV. We note that the spectral response
shown in figure 4.18 is in excellent agreement with previous transverse Kerr spectra
measured in doped manganites with similar doping [146], exhibiting a large negative peak
around E = 2.5eV together with an additional feature near £ = 1.6 eV. On the other
hand we have plotted in figure 4.19 the spectra of the even magnetooptical contribution,
%(%)even for the same set of temperatures around the Curie temperature 7. The
spectra display a prominent peak at around 2.2 - 2.4 eV indicating that the strongest
MRE is occurring at those photon energies. As discussed above, the MRE increases as the
temperature approaches the transition temperature from below. The spectra of figure 4.19
will be discussed later on in conjunction with those of other manganites in relationship

with the physics of MRE.
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Figure 4.19: Temperature dependence of spectra of the even contribution Teyen = %(%)
even
of LCMO
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Figure 4.20: Magnetization temperature dependence on LSMO. Magnetization field dependence
(In-set)

4.3 Magnetooptical spectroscopy of LSMO

Lag7S7r93MnO3 (LCMO) thin films were grown by our group at the ICMAB by Pulsed
Laser Deposition (PLD) technique on (110)-oriented Sr7iO3 (STO) substrates. The
deposition was made at an oxygen pressure of 0.2 mbar and keeping the substrate at
a temperature of 725°C'. After growth, the films were allowed to cool down to room
temperature. The thickness of the sample, calculated by means of X-ray reflectometry

(XRR) measurements was 20nm.

These films, extensively characterized by x-ray diffraction, were found to be epitaxial
with high crystalline quality [153]. The figure 4.20 shows the main magnetic features of a
LSMO thin film with thickness t = 20nm. The Curie temperature is around to T = 325K

Temperature dependence

Following the same protocols as for the previously analyzed manganites, we have studied

the temperature dependence of the odd and even contributions of the Kerr transverse
response. Figure 4.21 shows the temperature dependence of S<ﬂ> and %(@)
PP/ odd PP /) even

measured by using light of wavelength \ ~ 632 nm at the highest applied magnetic field

H ~ 7kOe , where both reach maximum values. The odd contribution %(%) is seen
odd
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Figure 4.21: Temperature dependence of the odd %(ﬂ) and even %(%> contribu-
"2/ odd "p /) even

tions of Lag7Srg3MnQOs thin film, measured at A = 632.8nm

to follow the temperature dependence of the magnetization measured by SQUID (see also
figure 4.22), whereas the even contribution & (%)even is steadily increasing up to highest
measured temperature T ~ 320 K, in agreement with the expected MRE peak around the
Te ~ 340K . Thus, the temperature dependence of the Kerr transverse signal reproduce

the same trends observed for the other manganites.

Spectral response

pp
where we observe two main features at £ = 2.5¢V and E = 3.0eV in close similarity of the

spectra of LCMO. The spectra of %(%
temperatures that again resemble the spectra of LCMO, with a peak located at energy
around 2.2 eV.

The spectra of %(%) are plotted in the figure 4.23 for two temperatures close to T,
odd

are shown in the figure 4.24 for the same
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Figure 4.22: Temperature dependence of the magnetization M (T') measured by SQUID (blue
curve) and odd contribution T,qq = %(%) » measured at A\ = 632.8nm (black curve) of the
LSMO thin film. ’
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Figure 4.24: Temperature dependence of the even contribution spectra Teyen = S(%) of
even
LSMO

4.3.1 Magnetorefractive effect and electron-phonon coupling

To investigate the link between the MRE and the CMR physics we replot for convenience in
figure 4.25 the spectral responses of the amplitudes of the even contributions %(%)wen
to the transverse signal measured in PLCMO, LCMO and LSMO films. Note that in all
cases these spectral responses, which are proportional to the MRE, are negative, indicating
that for most wavelengths the reflectance is decreasing with field. This behavior is radically
different to what happens at lower frequencies from dc to infrared, where the reflectance is
increased with field, in agreement with the negative colossal magnetoresistance measured
in dc transport. The sign reversal of the field dependence with field is related to a spectral
weight transfer in the optical conductivity. As discussed in previous works [130, 131, 154],
the Drude free electron-like contribution to the optical conductivity is overruled at optical
frequencies by bound-electron resonances, such as polarons. Accordingly, at photon
energies in the order of ~ 1 eV and above, the spectral response is dominated by optical
transitions among energetic levels split by Jahn-Teller distortions, which appear only
in a narrow range of temperatures around the ferromagnetic transition. As soon as a

magnetic field is applied, the Jahn-Teller distortions are thwarted and a spectral weight
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transfer occurs towards lower frequencies. As a consequence, according to this model, the
optical conductivity at visible frequencies must decrease with magnetic field, as observed
experimentally. Thus, one would expect that by tuning the electron-phonon coupling
in manganites, one should modulate the intensity of the MRE observed close to the
ferromagnetic transition. We have achieved this by analyzing the optical properties of
manganites of different chemical compositions at the A-site, namely PLCMO, LCMO
and LSMO. In particular, among these compounds, LSMO has the largest e, electron
kinetic energy and the weakest effective electron-phonon interaction while in LCMO and
especially PLCMO the kinetic energy is smaller and then the electron-phonon interaction

is stronger [74].

The spectral response of the amplitudes of %(ﬁ;g”) is plotted for PLCMO (fig-
ure 4.25a), LCMO (figure 4.25b) and LSMO (figure 4.2%%6)71 at temperatures nearby the
ferromagnetic transition. As discussed in section 2.2.1, the relevant optical transitions
occurring in the analyzed range of energies are probably related to inter-site hopping of
eg4 electrons between neighboring sites, for which transitions around 2.0eV" are predicted
[75-82]. Within this picture, the MRE should be the strongest for photons with energies
resonant with inter-site d — d hopping. Our results show that in all cases the maximum
amplitude in the measured range of photon energies is located in the interval ~ 1.5 -
2.3 eV (figure 4.25), which is consistent with the suppression of polaron conductivity at
energies close to the inter-site hopping. We are thus in position to assess the impact of

electron-phonon coupling on the MRE and magneto-polaron conductivity.

To address this issue, we have quantified the MRE intensity by defining a figure of
merit as:

o(2)
p= PP/ even

()

PP/ odd
for which the value has been calculated at the temperature and photon energy at which
the MRE amplitude is maximum. This figure of merit is displayed in the figure 4.26.
In this figure, in addition to PLCMO, LCMO and LSMO, other two oxides, magnetite
(Fe30y, which will be discussed in the next chapter) and SrRuO3z (SRO, for which is
known that Ru®" is not a Jahn-Teller ion and the electron-phonon coupling is much
()

PP /) even

weaker than in manganites). The figure 4.26, shows the ratio p = — Ar,,,,) in a narrow
NE

PP/ odd
window around transition temperature for all compounds. The amplitude of the ratio

varies largely: it is the highest for the PLCMO film, whereas for SRO the signal is almost
4 orders of magnitude lower than that of PLCMO, as it might be expected from the
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Figure 4.25: Spectra of the even contribution Teyen = %(%) close to T,, (a)PLCMO,
even
(b)LCMO, and (c)LSMO thin films
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Figure 4.26: The figure of merit p = w
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different magnetic oxides. Maximum value over all the energies is reported

is evaluated at temperatures close to T for

significantly smaller magnetoresistance of SRO with respect to manganites [155]. Finally,
the LSMO film shows a significantly smaller MRE intensity than that observed in LPCMO
and LCMO, as expected from its relatively wide e, band and less relevant electron-phonon

coupling.

We have confirmed the relationship between the MRE intensity and electron-phonon
coupling by defining an alternative figure of merit, in which for all the materials the ratio
4.2 is calculated close to the respective T, but now at the same wavelength (A = 632nm).
The corresponding plot is shown in figure 4.27. In spite of the slightly different criterion,
the general trends are conserved, i.e., PLCMO and LCMO show the strongest MRE
intensification, whereas magnetite and LSMO are intermediate and SRO has a negligible
MRE. Overall, our results indicate conclusively that the CMR physics and the Jahn-Teller
coupling are basic ingredients for the MRE enhancement observed around the ferromagnetic
transition.

Finally we close the discussion showing a normalized temperature dependence of even
contribution for all the studied materials. The figure 4.28 shows the %(%)wen as
function of the T'/T¢.
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4.4 Magnetorefractive effect detected by magnetoreflectance in the

visible range

So far the magnetorefractive effect has been detected in complex transverse Kerr con-
figuration with p— polarized incident light. We have thus demonstrated that in these
experiments it is possible to separate the magnetooptical contributions from the MRE.
Although measuring the MRE by exploiting the transverse response has the advantage of
giving simultaneous information of magnetism and transport, the MRE is usually measured
in magnetoreflectance (MR) by applying a magnetic field (H) and measuring the reflectance
(R) of unpolarized light, having direct access to MRE, however the MRE obtained by MR
is a convoluted information including magnetooptical contributions (linear and quadratic)
at magnetic fields lowers than saturation field. Facing those arguments the straightforward

data obtained by MR must to treated with special attention.

Taking account that MRE reported on the literature by MR (usually IR at high
magnetic fields) is rather different of MRE obtained by complex transverse Kerr effect let’
to compare both approaches. To check the consistency of our measurements obtained in
a magnetooptical configuration, we have carried out magnetoreflectance experiments at
ICMAB in collaboration with Dr. A. V. Telegin (Institute of Metal Physics, Ural Branch
of the Russian Academy of Sciences, Yekaterinburg) and Prof. A.B. Granovsky (Moscow
State University), on Lag;Cag3MnOs3 thin films grown by metalorganic vapor phase
epitaxy (MOVPE) on LaAlO3 (001) single crystal substrates [156]. In these experiments,

we determined the magnetoreflectance AR/R of unpolarized light as:

AR/R:W

thus respecting the same sign convention as used in MRE extracted from the complex
transverse response (see also equation 3.20 and section 3.5.1). In equation 4.3 R(H) and

R(0) are the reflectance values measured with and without magnetic field, respectively.

Figure 4.29 shows the MR spectra measured in a field H = 11kOe by shining with
unpolarized light two LCMO thin films grown by MOVPE with thicknesses ¢t = 50nm and
t = 320nm, respectively. In the same Figure, we replot the MRE data extracted from
the transverse response for the LCMO thin film grown by pulsed laser deposition, with
thickness ¢t = 50nm. In this way, we can compare the MRE spectra obtained in the same
material by two different approaches. According with the physical origins discussed above,

the observed differences in the MRE spectra for each particular case are clear, thus the
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Figure 4.29: Magnetorefractive effect measured by magnetoreflectance (LCMO thin films grown
by MOVPE) and by magnetooptical transverse effect (LCMO thin film grown by pulsed laser
deposition).

data in Figure 4.29 indicates that the microscopic structural properties may be strongly
influential. This is illustrated by the fact that films grown by the same method (MOVPE)
exhibit some dissimilarities in the spectra measured at the same temperature 7' = 265K..
In this case, the slightly different MRE response may be due to changes in the structural
condition of the films when varying their thickness. On the other hand, temperature is
also an important factor that shapes the MRE spectral response. This is indicated by
the strong dependence on temperature of the MRE spectra measured in the LCMO thin
film grown by pulsed laser deposition. However, in spite of these variations in the MRE
spectra, we observe common trends in Figure 4.29. First, the maximum MRE values in
the visible are about 2% whatever the methodology used to determine it. Secondly, the
maximum values are attained in the lower range of photon energies within the interval £
= 1.5 - 2.3 eV, whereas for increasing photon energy the MRE reverses sign from negative
to positive within the interval £ = 2.5 - 3.4 eV. Therefore, these results show that both
magnetoreflectance and transverse magnetooptical spectroscopy are appropriate to analyze

the spectral response of the MRE.
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4.5 Magnetorefractive effect in the infrared

So far we have studied the magnetooptical properties of manganites in the visible range,
which involves bound states and Jahn-Teller polarons in the optical response. In order
to complete the analysis in the low energy regime, we have studied the effect of selected
samples using infrared radiation, for which a strong contribution to the optical properties
should come from free electrons. For that purpose, in collaboration with Prof. Sarah
Thompson at the University of York, we have carried out magnetoreflectance experiments
in the infrared. The set up at York allowed us to obtain the MR in a range of wavelengths

A = dum — 22um, covering photon energies E ~ 0.055 — 0.25 eV.

0.0124eV 0.124eV 1.24eV 3.5eV
| | |

RN " Tttt T
295K
Lt} 3

8(w) (um)

o (ecm™)

Figure 4.30: Skin depth 6(w) of Lag.735Cag.265 MnOs measured at 295K and 75K. Taken from
[157]

Because of the large penetration (skin depth) of infrared radiation in solids and the
low thickness of films (typically below 100 nm), the optical properties of the substrates
may contribute substantially to the as-measured spectral response. As an illustration, the
skin depth for LCMO in the low energy regime is shown in the figure 4.30 [157]. The
figure shows that the skin depth ranges from tens of microns in the far-infrared to a few
hundreds of nanometers towards the visible. Thus, for far- and mid-infrared, the optical
properties of the substrates on top of which the manganite films are grown have a large
contribution to the global optical response. Taking into account these effects, we start
the discussion on the optical properties of the substrates, which in our case where SrTiO3
(STO) single crystals.
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Reflectivity spectra were recorded at normal incidence 8 = 0° on a bare STO substrate
(Figure 4.31). To analyze the optical properties we considered a four-parameter model to
describe the form of the dielectric function in the substrate. This model uses a factorized

form of the dielectric function and takes the form:

n

2 .
Rp, — R™ — 1YL R
Esub</€) = €suboo ¥ ’ ; s

This model assumes that the transverse optical (TO) phonon modes are the poles of
the dielectric response, while the longitudinal optical (LO) phonon modes are the zeroes
[158]. The reflectivity spectrum of Figure 4.31 was simulated by using the equation 4.4,
and the phonon parameters to fit the data are shown in the table 4.1 -the parameters were
taken from Boris et al. [158]-.

Wi YiT WiL YL
92 16 171 3.8
175 6.2 476 5.3
443.5 18.6 443.8 18.6
044 17 793 24
635.1 43 6352 40
710.1 41 7108 41

Table 4.1: Best fit phonon parameters by the equation 4.4 for STO at 300 K

The sharp spike seen in figure 4.31 at approximately 15um is caused by C'O, absorption
of the IR light and is a contaminant that should be ignored. Figure 4.31 testify the quality
of these fittings, which reproduce the features of the experimental spectra. In particular,
it reproduces the minima observed at approximately 11pm and 21pum, which correspond
to the first and the second phonon bands in STO, respectively [158].

Now we proceed to the analysis of the reflectance spectra of the manganite films
deposited on (001)-oriented STO substrates. For that purpose we studied a series of
manganite films, including one LCMO film (thickness ¢ = 70nm) and two LSMO films
-with thicknesses t=17nm and ¢{=41nm, respectively-. Figure 4.32 shows the reflectance
spectra of the bare substrate as well as manganite films on STO measured at zero magnetic
field (H = 07"). From this figure it is shown that although the spectral response is modified
by the manganite film, a large contribution from the substrate is evident, as expected

from the large penetration of infrared radiation into the samples.
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Figure 4.31: Experimental (red line) and simulated (equation 4.4, black line) reflectivity of the
STO substrate.
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Figure 4.32: Reflectance spectra of the bare substrate (STO) and LCMO and LSMO thin films
on the STO substrate.
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Figure 4.33: MRE spectra in the far- and mid-infrared of a LCMO thin film with thickness t
= 70nm for different applied magnetic fields.
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Figure 4.34: MRE spectra in the far- and mid-infrared of a LSMO thin film with thickness t =
17nm for different applied magnetic fields.
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Figure 4.35: MRE spectra in the far- and mid-infrared of a LSMO thin film with thickness t =
41nm for different applied magnetic fields.

To obtain the MRE response, reflectance spectra were recorded at different applied
fields up to H = 12kOe , and the MRE values were obtained by applying the equation
4.3. Note that by subtracting the zero field data from the spectra measured under field we
suppress the contribution from the substrate, provided that the latter has no magnetic
dependence, as it should be for STO. The resulting MRE spectra are displayed in figures
4.33, 4.34 and 4.35. From these figures, we observe the following common trends for both

materials:

(i) The maximum MRE in the analyzed range of wavelengths (A ~ 5um — 22um) is
about 2 - 3% and, thus, comparable to maximum values of MRE in the visible (figure
4.29).

(ii) The most relevant MRE is developed within a spectral region around A ~ 10um —

20pm, becoming progressively smaller towards the visible.

Note that a positive MRE (higher reflectivity under applied fields) should be expected
for CMR manganites with strong negative magnetoresistance -i.e., exhibiting an increase
of conductivity with fields-, provided that the optical response to magnetic fields is funda-
mentally associated to delocalized carriers (Drude model). Nevertheless, the experimental

MRE spectra in the range of far- and mid-infrared wavelengths are well far away from
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this simple picture: the MRE shows both positive and negative values, with an intricate
structure that depends on the magnitude of the applied fields. Therefore, the optical
response giving way to MRE can not be described only in terms of free electron-like Drude

contribution and other contributions of different nature have to be taken into account.
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Figure 4.36: Schematic of phonon softening induced by magnetic field (a) and a field-induced
phonon hardening(b)

Interestingly, a different mechanism, based on spin-phonon coupling in manganites
may be responsible for the observed complex MRE spectral response in the infrared. In
fact, reports exist on the dependence of phonon vibration modes in magnetic field, so
that the resonance frequencies at which the lattices are excited can be shifted by the
applied fields [30, 130, 159, 160]. A schematic representation of the field dependence of
reflectance spectra is given in figure 4.36. This figure represents in a schematized way
the effect of the Drude response and phonon resonance shift on the reflectance spectra
under magnetic fields: figure 4.36(a) depicts the effect of phonon softening with field,
whereas figure 4.36(b) illustrates a field-induced phonon hardening. When added to the
effect of the Drude response -which is always assumed to be a positive contribution to
MRE- the global effect is to induce a complex spectral response exhibiting both negative
and positive values depending on the wavelength range. Note that in the literature,
phonon modes with energies below 0.1eV correspond to optical phonon modes[160]. These
values are in a reasonable agreement with the described model and experimental data
(figures 4.33, 4.34 and 4.35), which seem to indicate that a first phonon band should be
present at around A ~ 12y m. According to this simplistic model, the MRE response
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at high fields seems to be affected by phonon softening in LCMO (figure 4.33), whereas
in LSMO phonon hardening may be predominant (figures 4.34 and 4.35). Whatever the
particular mechanism for field-induced modulation of phonon spectra, it is clear from the
experimental data that the MRE spectral response in the far- and mid-infrared is affected

fundamentally by the evolution of phonon modes with magnetic fields.

4.6 Conclusions

Our exhaustive analysis of the MRE phenomenon in a broad spectral range covering from
the near ultraviolet up to the far-infrared (A ~ 0.39um — 22um) allows to understand the
physical mechanisms lying behind the MRE complex spectral response of manganites: (i)
At visible wavelengths, the MRE is associated to the field-dependent polaron conductivity,
being the suppression of Jahn-Teller polarons with magnetic fields the ultimate mechanism
for this behavior. This conclusion is reinforced by the experimental observation of the
correlation between the MRE response and the electron-phonon coupling strength. (ii)
At far- and mid-infrared wavelengths, the MRE can not described solely in terms of a
Drude free electron-like optical response to fields: field-induced softening/hardening of
lattice vibrational modes have to be invoked to understand the MRE response at these

wavelengths.
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CHAPTER 5

Magnetorefractive effect in Magnetite

The samples of magnetite studied here were prepared by the group led by Prof. Igor
Shvets at the Centre for Research on Adaptive Nanostructures and Nanodevices (CRANN),
School of Physics, Trinity College Dublin, Ireland.

5.1 Magpnetite thin films

A magnetite thin film with thickness ¢ = 120 nm was grown on a Magnesium Oxide M gO
(001) single crystal substrate using oxygen-plasma-assisted molecular-beam epitaxy (DCA
MBE M600). The growth of the Fe3O, film was carried out by means of electron-beam
evaporation of metallic Fe in the presence of free oxygen radicals (1.1 x 107° Torr) (more

preparation details can be found elsewhere [161-163]).

The magnetization was measured by SQUID magnetometry. The temperature depen-
dence of the in-plane magnetization M(T) is shown in figure 5.1 measured under different
applied magnetic fields. We observe that at ~ 102 K these curves exhibit a kink signalling
the Verwey transition in this film. This reduce Verwey temperature compared to the high
reported temperature ~ 125 K reported in bulk magnetite [85-88] can be related to the
formation of anti-phase boundaries (APB). These are defects appearing during the thin
film growth due to the difference in symmetry between Fe3O4 and MgO [164]. The kink
in the M(T) curves of figure 5.1 is originated by a change of the magnetic anisotropy across
the Verwey transition, which is smoothed upon the application of fields > 7kQOe . In order
to complete the study, a synthetic crystal of Fes0O4 was also fully characterized. It was

grown employing the skull melting technique and showed a Verwey transition temperature

Ty = 119K [89).
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Figure 5.1: In plane magnetization temperature dependence of Fe30, thin film

5.1.1 Magnetooptical characterization

Figure 5.2 shows the hysteretic loops of the imaginary part of the complex transverse Kerr
effect %(%) measured at a wavelength A = 632nm for different temperatures around
the Verwey transition. As done in chapter 4, we have split mathematically the spectra
between even %(%)evm and odd S(%)Odd contributions by using the equation 3.13.
In the figure 5.3 we have plotted the amplitudes of the odd and even hysteresis loops, as
well as the coercive field as a function of the temperature. A first inspection of figure 5.3
immediately reveals that the Verwey transition can be observed for all these parameters

which undergo abrupt changes in their values across the transition, at Ty ~ 102K.

The spectral dependence of the odd and even contributions %(% measured

>
at T'= 110K is displayed in figure 5.4. This temperature is chosen beé;usgd(cj)’fvi?:g proximity
to the Verwey temperature, where the even contribution is the largest (see figure 5.3). We
see that the shape of both the odd and even contributions is strongly dependent on light
frequency. Concerning the spectra of the odd signal, we observe that the hysteresis loops
reverse the sign between A = 500nm and A = 475nm, in agreement with the observed sign
reversal of the magnetooptical constants of magnetite in the visible region [100, 165-168|.
This still more visible when we plot the amplitudes of the spectra in figure 5.5, where the

even contribution is also plotted.
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Now we address the origin of the even contribution S(AT;’;”LUW and identify whether
QMO or MRE are responsible for such phenomena. For that purpose, we analyze the
loops measured at A = 450nm and 7" = 100K, i.e., close to Ty and for a wavelength
for which the even contribution is rather large. First, we note that both odd and even
signals saturate at roughly the same field, thus suggesting that both contributions are

correlated. To better illustrate this correlation, we have plotted the even %(%) and
PP/ even

2
the squared odd %(%> contributions in the same figure 5.6. The resulting curves

are those expected fo;pa gilfc(len contribution proportional to magnetization square (M?)
relationship, i.e. the even-parity contributions to the magnetooptical signal are quadratic
in the magnetization, as expected for QMO effects, and thus at first sight it would indicate
that this is their origin. However, as the magnetoresistance (MR) in several systems is
found to be proportional M? and it is known that MRE is proportional to MR, this still

leaves the MRE as a possible source of even contribution.

To check this possibility, we plotted in the figure 5.7 the even contribution %(%) o
together with the normalized d.c. magnetoresistance measured at T" = 80K. Figure 5.7
clearly indicates that the observed even-parity loops measured at optical frequencies are
proportional to the hysteretic resistance loops measured in d.c. transport. This striking

coincidence shows that the dc-magnetoresistive response is effectively quadratic in the
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R(H) of the thin film measured at T = 80K

magnetization, and the even-parity magnetooptical response mimics the field dependence

of d.c. electrical resistivity.

Arpp

To clarify further the origin of the even %( ) loops, we analyzed their tem-
even

perature dependence at some suitable frequency. '%phe evolution of the even contribution

with temperature is illustrated in figure 5.8, where we plot the even contribution loops

of the thin film (measured at A = 500nm) at several different temperatures. It is clear

from this figure that close to the Verwey transition Ty, ~ 102K the amplitude of the

even-parity contribution is large, i.e. it reaches a value of ~ 1073 at T' = 100K, whereas for

temperatures away from the transition temperature the values of %(ﬂ) , although
even

pp
still clearly visible, are significantly reduced. To illustrate the temperature dependence of

S(ﬁ:’:)even we plotted its amplitude by taking its maximum values at each temperature.
Thus, in figure 5.9a) we show the even amplitude for thin film and single crystal measured
at different temperatures in the range of 10K << 7' << 300K. This figure clearly shows
that the even-parity contribution is strongly peaked at the Verwey temperature. Note
also the relatively slow decay with temperature away from the transition, making the
effect observable even at room temperature, i.e. about T" = 200K above the transition.
The close agreement of the temperature evolution of the even contribution and the Ver-
wey transition suggests that the anomalous magnetooptical response is correlated to the

electrical transport properties of magnetite.

To check this correlation, we plotted in figure 5.9b) the temperature dependence of the
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magnetization (red solid triangles) are also plotted. The field was applied in the plane for both
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normalized magnetoresistance measured in the thin film. The magnetoresistance is defined
as MR(H) = (R(H =0) — R(H = 70kOe))/R(H = 0). We observe that, similarly to the
amplitude of the even parity magnetooptical response, the M R(H) curve is also peaked
at the Verwey temperature (figure 5.9b)), in agreement with a strongest MR close to the
transition reported previously by other authors Arora et al. [161], Ziese [169]). In contrast,
the temperature dependence of the magnetization (figure 5.9b)) differs strongly from
that of both %(%)wen and MR. Both the magnetoresistance and the magnetization
displayed in figure 5.9b) were measured in the thin film by applying the field along a
[001]-direction in the film plane, and the magnetization was measured in zero field after

cooling the sample under a field H = 7kOe.

The data shown in figure 5.9 further support the correlation between %(%)evm and
MRE. One notices that the temperature dependence of the even magnetooptical T.ep
response, having a maximum at Ty as shown in figure 5.9a), mimics the temperature
dependence of the diffuse neutron scattering intensity observed in magnetite crystals
(Shapiro et al. [98]), which has been taken as a signature of the presence of uncorrelated
polarons that survive well above the Verwey transition ([88, 170]). Our observation
suggests that the MRE response observed in these magnetooptical experiments arises from
magnetic-field dependent polaronic transport. Interestingly enough, the magneto-polaronic
effects extend well above Ty, up to room temperature, similarly to the physics of the

manganites discussed in the previous chapters.

pp
measured at A = 500nm. We observe that indeed, its largest value occurs at the Verwey

Figure 5.10 shows the temperature dependence of the even %<ﬂ> contribution
even

temperature Ty = 102K (identified by the abrupt jump of the coercive field plotted
in figure 5.10a). We also note that the amplitude of the even contribution is slowly
decaying away from the transition temperature but strikingly its signature is still visible
at temperatures as high as T' &~ 300K, indicating that this unusual magnetooptic response
survives even 200K above the Verwey transition. On the other hand, polarons in magnetite
arise from a gradual enhancement of electron-phonon coupling when lowering temperature
and approaching Ty [99]. Shapiro et al. [98] determined the temperature dependence of
the diffuse neutron scattering intensity £ in magnetite, from which it was inferred that
polarons survive well above the Verwey transition (see references [98, 99]). In figure 5.10b
we have plotted the £(T") data reported in Fig. 4 by Shapiro et al. [98] together with the

Arpp

temperature dependence of the even contribution %( ) . It is clear from this figure

PP/ even
that the even contribution follows the temperature dependence of £(7T'), thus signaling that
the former must reflect the field effect on polarons, i. e., it reveals the magnetic character

of polarons in magnetite.
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5.1.2 Spectral response

Arpp

In figure 5.11 we have plotted %( ) (M) as a function of the photon energy F of

the incident light. Vertical lines in tlrfips Figure -labeled with numbers- indicate the photon
energies corresponding to different optical transitions reported in magnetite. According
to the spectral assignment discussed in the section 2.3.1 figure 2.12, the spectral feature
centered at F = 1.94eV is generally assigned to transitions between B (octahedral)
sites [Fe*t|to, — [Fe*tle,, while those centered at E =~ 2.6leV and E ~ 3.11eV,
correspond to the A (tetrahedral sites)-B intersublattice transitions (Fe**ty — [Fe?+|ta,)
and [Fe*T |ty — (Fe?+)e, respectively [102]. The positions of these transitions are marked
in the spectral magnetooptical data of the figure 5.11. Our data in figure 5.11 indicate
that B — B transitions are not sensitive to the applied magnetic fields, whereas A — B
transitions are strongly affected by fields. Thus, our experiments can discriminate the

frequency selectivity of the effect of magnetic field on the optical transitions of magnetite.

We discuss now the frequency selectivity of these magnetopolarons shown in figure
5.11. We recall for convenience our key observations related to the energy dependence of
%(%)evm (M): (i) A — B optical transitions are affected by magnetic fields, whereas
B — B transitions remain unaffected; and the maximal sensitivity to the magnetic field
occurs at (ii) the coercive field and (iii) at the Verwey temperature. The different sensitivity

to the magnetic fields of inter- (A — B) and intra- (B — B) sublattice optical transitions
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can be understood in terms of local polaron-induced distortions. It is well accepted that
polaron conductivity of magnetite is associated to carrier hoping in the B-sublattice [32, 97].
Thus, local lattice distortions, expected essentially only in B-sites, may be accompanied
by a local modification of the magnetic anisotropy with respect to the host lattice. The
latter should change the optical transition rates due to the modified spin configuration
of the distorted site. In this picture, the observed frequency selectivity of the optical
response should arise as a field-induced suppression of the polaron-induced cooperative
B-site distortions. This accounts for the field insensitivity of B — B transitions and
naturally provides a direct explanation of the field sensitivity of A — B transitions and of

the observed temperature dependence of the even-component of magnetooptical response.

To conclude, our work has demonstrated that the magnetooptical response of magnetite
is dominated by the magnetic character of polarons which is manifested in a strikingly
broad range of temperatures, at least up to room temperature. Beyond this result, we have
evidence that the optical response of polarons to magnetic fields is strongly enhanced for
particular optical transitions, i. e., those which involve inter-sublattice electron transfers.
This frequency-selective phenomenon provides important clues to understand the physics

of the metal-insulator transition in magnetite.
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CHAPTER 6

Magnetooptical spectroscopy of colloidal

dispersions

6.1 Introduction

To analyze properly the photonic effects on the magnetooptical response, we need a
reference material in which the magnetic material (nanoparticles in our case) is randomly
distributed in space, in contrast to their periodically ordered arrangement when embedded
in photonic crystals. One convenient approach to achieve random distributions of the
magnetic material is to disperse the magnetic nanoparticles in solvents forming colloidal
dispersions. At the same time, as described in chapter 7, magnetic liquid dispersions
are used to infiltrate the photonic crystals with the magnetic nanoparticles. For these
reasons, we have investigated the magnetooptical properties of these magnetic liquids
and have developed a fast magnetooptical characterization method for colloidal liquid
dispersions of magnetic nanoparticles [171]. Because the size of the particles is in the
colloidal range -in our case typically in the order of 10 nm- these systems are often referred
to as magnetic colloids or magnetic colloidal dispersions [172]. Although magnetic colloids
are ferromagnetic on the molecular scale, they resemble a paramagnet on the colloidal
scale, with the major difference that the magnetic moments of magnetic colloids are much
larger than the moments in a paramagnet (typical values are 1071 Am? for magnetic
colloids and 1072 Am? for paramagnets)[172]. We present here a flexible and versatile
methodology to characterize the magnetic properties of magnetic liquid dispersions that,
eventually, should be also suitable to study fundamental problems related to properties of

nanosized particles -i.e., surface effects-.
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6.2 Applications of magnetic fluids

An important property of concentrated ferrofluids is that they are strongly attracted
by permanent magnets, while their liquid character is preserved. The attraction can
be strong enough to overcome the force of gravity. Many applications of ferrofluids
are based on this property. Other applications are being developed also in information
technology, biotechnology and energy/environmental related technologies|[171, 173, 174].
For the specific case of magnetic colloids two different applications are highlighted here,
the biomedical applications (contrast agents MRI, magnetic hyperthermia therapies, and
guided drug delivery [174] and the fabrication of novel magnetophotonic colloidal crystals
[175-177].

For both applications, high quality materials are needed either to have a better
understanding of the size-dependent properties of the magnetic nanoparticles or to allow
the control of the collective behavior of the nanoparticle assembly. Consequently, synthetic
methods producing nanoparticles uniform in composition, size, shape, internal structure,
and surface chemistry are needed to reduce the complexity of the system. Over the last 10
years, enormous advances have been made toward improving nanoparticle fabrication. High
quality nanoparticles, in terms of the requirements mentioned above, can be synthesized
by high temperature thermal decomposition of organometallic compounds resulting in
colloidal dispersions of the nanoparticles in organic media [171, 173, 174]. A drawback of
this method is the low amount of material produced in each batch, typically on the order
of 100mg. On the other hand, nanoparticles are commonly dispersed in liquids in a wide
range of applications, and appropriate tools to characterize them in such environments
are rather scarce. Moreover, because of the growing interest of magnetic colloids for
biomedical applications, there is a need of techniques to measure diluted concentrations
of magnetic nanoparticles and to correlate the magnetic response of these liquids with
particle aggregation or surface particle functionalization. The work presented here is
a contribution toward these purposes. Thus, the possibility of using a fast magnetic
characterization technique able to probe small quantities of material dispersed in liquid
carriers is of enormous interest. Beyond these applications, surface modifications have
found widespread applications in medicine. Therefore the development of a suitable
technique to sensitively monitor changes in the electronic configuration and eventually the
magnetic response of nanomaterials is crucial [171]. Facing these challenges, we report
here on a convenient methodology based on a magnetooptical set-up that allows a quick
characterization of magnetic particles stabilized in liquid media. Nickel colloidal dispersions

were prepared at ICMAB; in collaboration with Dr. Anna Roig [171]. For that purpose,
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6.3. MAGNETOOPTICAL CHARACTERIZATION OF COLLOIDAL DISPERSIONS OF
NICKEL NANOPARTICLES
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Figure 6.1: Set up to measure the MCD in magnetic colloidal dispersions.

nickel nanoparticles were synthesized by high-temperature solution-phase method adapting
the procedures reported by Chen et al. [178] and Murray et al. [179]. The details on the
preparation of these nanoparticles are out of the scope of this Thesis, and they can be
found in Ph-D Oana Pascu [180] and reference [171].

6.3 Magnetooptical characterization of colloidal dispersions of nickel

nanoparticles

We have characterized the magnetooptical properties of the magnetic colloidal dispersions
by carrying out magnetic circular dichroism (MCD) spectroscopy, which measures the
relative difference of optical absorption between right- and left-circularly polarized light
(see section 1.2, figure 1.2 b). The experiment is based on the measurement of the difference
in the absorption between left circularly polarized (LCP) light and right circularly polarized
light, induced in the sample by a magnetic field oriented parallel to the direction of light
propagation. The experimental set-up used for magnetic MCD is sketched in the figure
3.13.

The samples consisted of colloidal dispersions of volume 1.5m L with different concen-
trations of Ni nanoparticles in hexane. The nanoparticles were previously coated with an
appropriate surfactant to avoid clustering [171]. The magnetooptical measurements were

performed by placing the samples into a glass square cuvette for which the optical path
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of the light was | = lem and the thickness of the cuvette walls was 1mm (see figure 6.1).

These experiments were carried out for the concentrations listed in the table 6.1:

NP’ssize M mg/mL Ni

8nm 1.77% 0.0083
8nm 1.773 0.083
8nm 2.673 0.1264
8nm 4.07% 0.1938
8nm 5.17% 0.25

15nm 1.77% 0.0092
15nm 1773 0.092
15nm 2.673  0.1404
15nm 4.073  0.2149
15nm 5.17% 0.28

Table 6.1: Concentrations of the nickel colloidal dispersions. Column labeled "M’ give the molar
concentrations.

Notice that all of the molar concentrations are reported in the basis of moles of Ni atoms
and that for concentrations given in mg/mLNi the amount of surfactant has been corrected
[171]. These concentrations represent volume fractions of nanoparticles in the range of
0.9 — 30ppm. The amount of magnetic material used for the analysis was of 0.012mg for
the most diluted sample and of 0.12mg for the most concentrated one. The background
magnetooptical spectroscopic signal was subtracted from the raw experimental data by
recording the spectra of glass cuvette filled with bare hexane solvent. The subtraction
was made assuming that the background and the nanoparticle magnetooptical signals are

additive 1.

In a first set of experiments, we established that the range of concentrations for which our
magnetooptical set-up was able to probe the properties of the Ni nanoparticle dispersions
was within a 107 — 1072M concentration range 2. We verified that the concentrations
below 107> M were too diluted and the magnetooptical signal too weak to be properly
analyzed, even though still sufficient to be measured, whereas for concentrations above

1072M the magnetic field (|H| < 6kOe) promoted the aggregation of nanoparticles in

'We are currently exploring experimentally and theoretically the effects of the optical interactions of
magnetic nanoparticles and the solvent on the magnetooptical response, O. Vlasin et al., in preparation

2The sensitivity to the concentration is determined by the optical path I. We give the sensitivity for
l~1mm.
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Figure 6.2: MCD loops of colloidal dispersions of Ni nanoparticles of diameter 8nm for the two
extreme concentrations, 107> M and 10~2M. The data corresponding to 10~°M are magnified
by a factor 100.

clusters thereby distorting the magnetic hysteresis loops and precluding the analysis of the
intrinsic nanoparticle properties. The figure 6.2 shows the recorded magnetooptical loops
for the two extreme concentrations, 107°M and 10~2M. In particular we appreciate in
this figure that the loop measured at a concentration 1072M shows an anomalous shape
(the upper and lower branches of the loops do not coincide) that departs significantly
from the super-paramagnetic behavior observed for more diluted dispersions; these effects
are due to field-dependence nanoparticle aggregation and precipitation for those higher

concentrations.

Once determined the concentration window within which we can detect the intrinsic
magnetooptical properties of colloidal suspensions, we have carried out measurements for
five different concentrations as listed in the table 6.1. We have measured the spectral
dependence of the magnetooptical hysteresis loops (figure 6.3). As discussed above, the
linear contribution coming from the glass cuvette filled with bare hexane solvent was
removed to estimate the amplitude of the hysteresis loops. As expected, the magnitude of
the loops is a strong function of the probe light wavelength, and this spectral dependence
is discussed below. It is immediately evident from these measurements that the data can
provide information on some magnetic characteristics of the system, such as the remnant

magnetization and coercive and anisotropy fields. In particular, we observe that for the
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Figure 6.3: MCD hysteresis loops recorded at selected wavelengths and at the same concentra-
tion (1.721073M) for 8nm and 15nm Ni nanoparticles colloidal dispersions.

investigated nanoparticle sizes the remnant magnetization is less than about 1% of the
saturated value and that the coercive field is virtually null, indicating that the colloidal
dispersions exhibit a super-paramagnetic behavior even with the short time scale of the

measurement.

We carried out magnetic characterization of the dispersed nickel nanoparticles by
quantum interference device (SQUID) magnetometry. The sample was prepared using
a plastic capsule filled with compacted cotton which was impregnated with 500uL — N1
solution of 10mg/mL — 8nm — Ni nanoparticles giving 4.1mg of Ni (30 times more solid
material than the amount used for the characterization in the most concentrated sample).
The Magnetization data is presented in units of emu/gNi (after subtraction of the mass
of surfactant around the nanoparticles). Figure 6.4 shows magnetooptical and SQUID
measurements, demonstrating the consistency of both techniques. The size effects can be
evidenced by the different anisotropy fields observed for the two systems. We observe that
the field necessary to saturate the magnetization of the set with nanoparticles with size
15nm is around 1.5kOe, whereas the anisotropy field of the set of nanoparticles (8nm) is
much higher, of the order of 5kOe. We see, as expected, that both the magnetooptical

and the SQUID hysteresis loops confirm that the set of smaller nanoparticles dispersions
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Figure 6.4: Comparison of the normalized loops obtained by the two techniques, SQUID and
MCD. Hysteresis loops were taken at 298 K for 8nm and 15nm Ni nanoparticles, respectively

are magnetically much harder than the bigger nanoparticles.

Additionally, from SQUID measurements (See figure 6.5), we observe that the magne-
tization value is strongly dependent on the size of the nanoparticles, being 18emu/gNi for
the nanoparticles with diameter 8nm and 42emu/g for the 15nm nanoparticles (closer to
the Ni bulk value M, = 56.7emu/g).

We discuss now the wavelength dependence of the saturated magnetooptical signal
measured for different light wavelengths within the range 400nm < A < 800nm. In figure
6.6 we have plotted these spectra for the concentrations listed in the table 6.1. As described
above, we have subtracted from the raw measured signal the background magnetooptical
signal, arising from the contributions of the glass container and hexane solvent. The
spectral dependence of the MCD signal is displayed in figure 6.6. We observe in this
figure that for all concentrations and nanoparticle sizes the spectral shape is very similar
and exhibits a maximum at wavelengths A =~ 450nm and photon energies £ ~ 2.75eV.
From the experimental spectral response displayed in figure 6.6 we can select an optimal
spectral region for which we observe the highest sensitivity to MCD. This is relevant if
we want to use the recorded MCD signal as a means to determine the concentration of a
given colloidal dispersion of Ni nanoparticles. Note that the MCD is proportional to the

net magnetization and, therefore, any eventual non-magnetic or anti-ferromagnetic shell

109



CHAPTER 6. MAGNETOOPTICAL SPECTROSCOPY OF COLLOIDAL DISPERSIONS

N
g

= W
g 2

Magnetization (emu/g Ni)
o

298 K
-40 -20 0 20 40
Magnetic Field (kOe)

Figure 6.5: Magnetic hysteresis loops measured by SQUID for the two sets of Ni nanoparticles.
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Figure 6.6: MCD spectral response for different concentrations of Ni magnetic nanoparticles
with diameters 8nm and 15 nm.
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forming on the nanoparticle signal does not contribute to the magnetooptical signal.

To illustrate the potentiality of this methodology, we have plotted in figure 6.7 for
each set of colloidal dispersions (nanoparticles with sizes 8 and 15 nm) the values of the
MCD signal measured at A =~ 450nm at the five different concentrations shown in figure
6.6. Figure 6.7 shows that a linear relationship can be established between the recorded
MCD and the concentration of Ni nanoparticles. The same linear relationship is observed
for any other wavelength, the only effect being a change of the slope (see figure 6.7b).
The error bar in figure 6.7a is around 5% of the average MCD value for the more diluted
concentrations while it goes to around 1% for the more concentrated dispersions. These
experiments confirm that the methodology presented here is a powerful and straightforward
means to determine with large accuracy the concentration of Ni nanoparticles dispersed
in liquid media. We emphasize that for our specific experimental conditions, given the
sensitivity of the MCD set-up to detect signals a.c./d.c below 1072 (see figure 6.2), our
method can detect concentrations as small as 1ug/mL. Finally, we note that the MCD
signals depend slightly on the nanoparticles size. Indeed, from the figure 6.6 we observe
that the MCD at wavelengths A > 450nm is somewhat higher for the 8nm nanoparticles
than for the 15nm set. This trend is just the opposite of the measured magnetization by
SQUID (see figure 6.5), thus reflecting that MCD contains richer information than the
magnetization, since the optical characterization is intimately coupled to the electronic
structure of the systems that could depend on the nanoparticle size. This observation is
also at the root of the distinct slope of the sensitivity curves shown in figure 6.6. The
detailed understanding of these effects is beyond of the scope of this Thesis but it clearly
shows that the magnetooptical technique here described is extremely sensitive to size effects
and thus it may be well suited to explore the effect of a specific surface functionalization

on the properties of magnetic nanoparticles or to in-situ monitor chemical reactions.

6.4 Conclusions

In summary, we have presented a fast and versatile methodology to characterize the mag-
netic properties of magnetic nanoparticles in colloidal dispersions exploiting magnetooptical
spectroscopy. Using this method, intrinsic properties such as the magnetic anisotropy
as well as coercive fields can be obtained straightforwardly. In addition, we show that
proper calibration of the magnetooptical signal and careful selection of the wavelength of
the probe light can yield a high sensitivity to highly diluted concentrations of magnetic
nanoparticles colloidal dispersions allowing the accurate determination of the nanoparticle

concentration. The flexibility of the method presented here makes it suitable for the in-situ
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Figure 6.7: (a) Linear dependence of the magnetooptical response as a function of the Ni
concentration measured at A\ = 450nm for both the 8nm and 15nm subsets. (b) Linear
dependence of the magnetooptical response as a function of the Ni concentration measured at
different wavelengths for the 8nm subset
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test of colloidal dispersions that are used in such state in specific applications and also its
integration in mass-scale analysis in production lines. The capabilities of the experimental
approach presented here can be largely expanded if the strong sensitivity of magnetooptical
signals to the surface magnetic properties is properly exploited. For instance, real-time
MCD monitoring could be used to track in-situ chemical reactions that modify the surface
state of the nanoparticles and the physical properties of the nanoparticles, as is the case

of thiol-functionalized Au nanoparticles [181].
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CHAPTER 7

Magneto-photonic crystals

7.1 Motivation

The large enhancement of the intrinsic magnetooptical properties is crucial to integrate
magnetooptic thin film materials into optical device applications. A way towards such
objectives is nanostructuring the matter, in such a way as to exploit geometrical resonances
rather than electronic ones to increase significantly the intensity of the magnetooptical
effects [182-185]. An illustrative example are the photonic crystals, which are a special
kind of nanostructured materials in which the permittivity is periodically modulated on
the scale of the optical wavelength, giving rise to a deep modification of the spectral optical
response [186-195].

The addition of a magnetic component into these structures, the so-called magnetopho-
tonic crystals (MPCs), has two further interesting effects. On one hand, it breaks time
inversion symmetry, allowing nonreciprocal effects in light propagation [194, 196]. On the
other hand, light is slowed at frequencies of the photonic band edges, strongly increasing the
light-matter interaction and enhancing the magnetooptical response [9, 82, 197]. Several
approaches have been carred out in one- (1D) and two-dimensional (2D) MPCs, where
it has been demonstrated that the magnetooptical response is enhanced. Nevertheless,
the achievement of high-quality 3D-MPCs is much more complex due to the difficulty
of maintaining high quality long-range structural order and, therefore, the attainment
of an optimal (magneto-) optical response, comparable at least to that of 1D-MPCs,
remains a challenging issue. Thus, 3D magnetophotonic crystals (3D-MPCs) are being
postulated as appropriate platforms to tailor the magnetooptical spectral response of
magnetic materials and to incorporate this functionality in a new generation of optical

devices. Our approach to 3D-MPCs has been based on the use of direct and inverse



CHAPTER 7. MAGNETO-PHOTONIC CRYSTALS

dielectric opals infiltrated with magnetic nanoparticles. For that purpose, especial mention
is made to the collaboration with Dr. Anna Roig from the ICMAB and her PhD student
Oana Pascu who were responsible of optimizing and preparing the 3D-MPCs samples
which are analyzed here. A deep description of the materials preparation is given in the

Thesis of Oana Pascu, and in the references included below in this Thesis.

7.2 Magnetophotonic crystals: state-of-the-art

Early reports about magnetophotonic crystals appeared around 1998, concerning the
study of 1D-MPCs carried out by Inoue et al. [182]. They found that the magnetooptical
properties of 1D-MPC structures are almost governed by the degree of localization of
light, which can be controlled by varying the number of reflection layers in the films. A
year later, Inoue et al. [183] showed the first experimental evidence of magnetooptical
enhancement in 1D-MPCs, who also found that it is always accompanied by a large
reduction of the reflectivity. Levy et al. [184] and Kato et al. [198] predicted huge Faraday
rotations ~ 45° and transmittance ~ 95% in 1D-MPCs, suitable for applications in optical
insulators. In 2003 a comprehensive review of magnetic photonic crystals was presented by
Lyubchanskii et al. [199], where they predicted the MPC materials as a new class of devices
for photonics applications, and a new direction in photonics called magnetophotonics.
In 2004 Lyubchanskii et al. [200] calculated the transverse magneto optical response of
1D magnetic photonic crystals and compared it with polar and longitudinal signals, and
Fedyanin et al. [197] reported experimentally enhancements by factors up to = 10? in both
Faraday rotation angle and intensity of second harmonic generation signals. Recent reports
in 2008 by Takahashi et al. [201] have shown huge Kerr rotation (=~ —2.2°) in 1D-MPCs.
Crystals of higher dimensionality have also been investigated. For instance, Zvezdin and
Belotelov [185] reported the first calculation dealing with magnetooptical properties of
two dimensional photonic crystals. Similar theoretical works and calculations in 2D MPCs
were presented by Merzlikin et al. [202]. The general magnetooptical properties of 1D-,
2D- and 3D-MPCs were studied by Belotelov and Zvezdin [203] and Belotelov et al. [204]
and Inoue et al. [205] discussed the new functionalities associated to these MPCs, such
as band Faraday effect, magnetic super-prism effect and non-reciprocal or magnetically
controllable photonic band structure. Interestingly, recent works have also pointed to the
possibility of coupling photonic effects to other optical phenomena. In this line, Granovsky
et al. [7] analyzed the integration of magnetooptical effects, magnetophotonic crystal and
the magnetorefractive effect, and Boriskina et al. [9] explored theoretically the possibility

of exploiting magnetophotonic crystals to enhance the magnetorefractive effect.
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Figure 7.1: One-dimensional photonic crystal. Taken from [192]

The promising results reported for 1D- and 2D-MPCs [185, 205] have spurred the
research on 3D photonic crystals, in which the periodicity in the three dimensions should
allow a better integration in devices with an enhanced functionality [188, 205-207]. Never-
theless, efforts aimed at the achievement of 3D-MPCs are challenged by the difficulty of
having the required high-quality long-range structure along the three directions in space
and high magnetic content [208-213|. The major challenge in 3D-MPCs is the achievement

of high magnetic content in crystals with large structural order in the three dimensions.

7.3 Basic properties of photonic crystals

Let us consider a multilayer film, with spatial period a (see figure 7.1). The system is
periodic in z and homogeneous in the xy plane. The modes in this structure are given by
[192]:

Hn,kz,k” (T) = eik”‘peikzzun,kz,k” (Z)

where, k), k., and n are the wave vector in the plane, the wave vector in the z direction,
and the band number respectively. The function u(z) = u(z + R) is periodic and R is an
integer multiple of the spacial period a. The modes can propagate in the plane xy because
k) can assume any value, but k, is restricted within a finite interval, the one dimensional
Brillouin zone. Let us consider a primitive lattice vector in real space az, then the primitive

reciprocal lattice vector is (27 /a)z and the Brillouin zone is —7/a < k, < 7/a.

Now, let us consider waves that propagate entirely in the z direction, i.e. kj = 0. In
the figure 7.2, we plot w, (k) for different permittivity contrast between layers [192]. Figure

7.2a shows a system in which all of the layers have the same dielectric constant, whereas
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Figure 7.2: The photonic band structure for different contrast between layers. Taken from [192]

the figure 7.2b is a structure with alternative dielectric constant of 12 and 13, and finally

in the figure 7.2c is plotted a structure with much higher dielectric contrast of 13 to 1.

In the homogeneous case a) the speed of the light is reduced by the refractive index,

and the modes are given by:

ck

w(k) = /e
Because k repeats itself outside the Brillouin zone, the light line folds back into the
zone when it reaches an edge. It can be understood relabeling in the solutions k 4 27 /a
by k. There is a gap in frequency between the upper and lower branches of the lines and,
thus, there is no allowed mode inside the crystal that has a frequency within this gap,
regardless the value of k. Figure 7.2c shows that the gap width is strongly dependent on
the permittivity contrast between the layers of the photonic crystal. This gap is known as
Photonic Band Gap (PBG). The PBG usually is characterized by the quality factor

or gap-midgap ratio, defined by:

A
gap — midgap ratio = =
Wm

where, Aw is the width of the PBG, and w,, is the frequency at the middle of the gap and

it is usually expressed in percentage.

The main mechanism underlying the optical and magnetooptical properties of magne-
tophotonic crystals is the strong photon confinement with wavelengths in the vicinity of
the PBG that leads to an enhancement of the effective optical path, which results in a large

enhancement of the linear and nonlinear magnetooptical responses of the medial9, 197, 201].
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7.4 Materials preparation

The samples studied in this section were provided by the Photonic Crystal Group under
advise of Prof. Ceferino Lopez at the Instituto de Ciencia de Materiales de Madrid (ICMM).
This collaboration was done under the context of Proyecto Intramural de Fronteras (PIF-

CSIC)-"Hacia una nueva generacion de de cristales foténicos sintonizables”.

The approach to prepare 3D-MPCs is based on the fabrication of artificial direct and
inverse opals. Direct opals are built up by dielectric (Si03) spheres that self-assemble in
an ordered fcc crystalline arrangement (see figure 7.3), leaving holes between the spheres
which may be filled with magnetic material to form the magnetophotonic crystals. The
inverse opals were synthesized by first building up direct opals of polystyrene (PS) spheres;
subsequently the host material (Al;O3,Si03) was infiltrated between the PS spheres
by chemical vapor deposition (CVD) or atomic layer deposition (ALD) and finally the
original PS spheres were removed by dissolution with toluene leaving behind spherical
voids in the structure [195]. At the end of the process, both direct and inverse opals were
infiltrated with the magnetic nanoparticles by immersion in an aqueous dispersion to form
the magneto-photonic crystals. After the immersion, the opals were pulled out of the
solution using a vertical stepping motor to precisely control the speed. This step can
be repeated several times to increase the magnetic loading. For details and parameters
preparation see Oana Pascu Ph-D thesis [180],[214]

7.5 Optical and magnetooptical characterization

7.5.1 Optical characterization

A realistic representation of an opal structure on a glass substrate is depicted in figure 7.4.
During the synthesis of a magnetophotonic crystals many defects may be created, such as
vacancies, dislocations, cracks as well as thickness fluctuations due to presence of terraces.
All these features can have a critical influence in both optical and magnetooptical crystal

properties.

For the optical/magnetooptical characterization, one of the most relevant aspects
is related to the dimensions of the system. As depicted in figure 7.4, the beam light
propagates along the normal to the structure and the magnetic field -for magnetooptical
characterization- was generally applied also along the normal. A typical opal structure

has a thickness around ~ 1 — 10um, while the thickness of the glass substrate is usually
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Figure 7.3: Schematic of the vertical deposition method. A substrate (dark grey) is placed in
a colloidal suspension which wets it. The substrate is inclined at an angle 6. Ordering of the
spheres takes place at the meniscus. Taken from [215]
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Figure 7.4: Sketch of a magnetophotonic crystal
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2 orders magnitude larger. Because of the surface roughness, reflection experiments are
often difficult due to largely scattered light and, therefore, transmission experiments were
also carried out for the magnetooptical characterization. This implied that the optical
response from the glass substrate may have a very large influence on the as-measured
optical spectra. Another aspect to mention is the spot size of the light beam. Large spot
sizes are prone to probe more defects on the opal surface, whereas smaller spot sizes have
larger possibilities to probe zones of the opal with less defects. For that purpose we made
a special effort to reduce as much as possible the spot size in our set-up, achieving sizes

around 400um.

Finally, the defects are basically any interruption of an otherwise perfectly periodic
structure. The effect of disorder in a photonic crystal is to introduce localized states and
generate incoherent scattering. Since the optical properties of a photonic crystal rely on
the existence of energy bands, which arises as a consequence of coherent scattering of light,
the presence of disorder will certainly affect its optical performance. If disorder takes place
in a random manner (unwanted defects) the optical properties of a photonic crystal may
be completely spoiled. Forbidden intervals are filled with localized states which, for a given
amount of disorder may even close an existing PBG turning the density of electromagnetic

modes inside to a non-zero value [215].

The relevance of defects on the optical properties is discussed in what follows from
our experiments. The identification of the photonic band gap was carried out by both
reflectance and transmittance measurements. In the presence of disorder light propagating
through the crystal is scattered by the different imperfections of the lattice and the
incident beam is attenuated, originating a diffuse cone around it. This affects reflectance
and transmittance spectra in different manners. Reflectivity peaks become less intense,
rounded in shape and asymmetric [216-218]. On the other hand, the transmission increases
for those wavelengths contained in the photonic band gap, while decreasing for those
wavelengths outside of the PBG [219-221].

Figure 7.5 shows both reflectance and transmittance spectra performed on a photonic
crystal consisting of a direct polystyrene opal with 320nm diameter spheres. These
spectra present high (low) reflectance (transmittance) for frequencies contained within
the photonic band gap. Although the photonic band gap around to ~ 740nm is observed
in both measurements, there are differences between the two spectra. The reflectance
measurement shown in figure 7.5 was performed using a micro-spot (=~ 50um) based
system in the laboratory of Dr. A. Blanco (ICMM-CSIC), so that the optical properties
were probed at a very local level and the influence of defects and imperfections of the opal

was reduced. Note that the oscillations observed in the reflection spectrum in figure 7.5
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Figure 7.5: Reflectance (red line) and transmittance (black line) spectra of a direct opal
(polystyrene spheres) with diameter 320nm.

Label Type Material d

PS — D —260nm Direct Polystilene 260nm
AlyO3 — I —260nm  Inverse  Alumina  260nm
Si0y — D — 325nm  Direct Silica 325nm

Table 7.1: List of opals analyzed in figures 7.7, 7.8, and 7.9

are due to Fabry-Perot resonances originated by interference of light reflected at both
interfaces of the sample [222]. On the other hand, the transmittance spectra in figure
7.5 was measured in our laboratory at ICMAB using a home-made spectrometer with
larger spot size (= 400um). A larger influence of defects and imperfections due to the
increased spot size is visible mainly as a slight reduction of the transmission dip as well as

a broadening of the photonic bandgap.

Since the distribution of defects and thickness fluctuations in the opal is inhomogeneous,
the optical properties may strongly dependent on the location of the beam spot on the
surface. As an illustration, reflectance measurements in different zones of the sample

are shown in figure 7.6. Also in transmission experiments, which were used in the

122



7.5. OPTICAL AND MAGNETOOPTICAL CHARACTERIZATION

E[eV]
31 25 21 18 16 14 12 11

up
center
down

400 500 600 700 800 900 1000 1100
A[nm]

Figure 7.6: Reflectance spectra recorded at different zones of a direct opal (polystyrene spheres)
with diameter 320nm.

magnetooptical characterization, exhibit this kind of effects. To discuss this issue, we have
collected transmittance spectra on different zones for three different samples listed in table
7.1.

The transmittance spectra for the samples listed in the table 7.1 are shown in figures 7.7,
7.8, and 7.9, respectively. From these figures it is clear that the optical and magnetooptical
properties are strongly dependent on the beam position (zones labelled as Z; ). We can
conclude, then, that if we want to correlate the optical properties of opals (photonic band
gap) with the magnetooptical properties (magnetooptical enhancement) both kind of
measurements (optical and magnetooptical) must be performed at the very same location,
to avoid the effects associated with any eventual spatial inhomogeneities in the photonic

crystals.

7.5.2 Magnetooptical characterization

The measurement of Kerr rotation and ellipticity is hampered seriously due to the low
reflectance of the samples. This is why most of the magnetooptical spectroscopy experi-

ments were performed in transmission. As an example, figure 7.11 displays the wavelength
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Figure 7.7: The transmittance at different zones Z; of sample PS — D — 260nm
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Figure 7.11: The Faraday ellipticity er spectral dependence for PS — D — 260nm sample.
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dependence of the Faraday ellipticity of a representative opal. Instead of a magnetic
loop, this figure shows an almost linear dependence with the magnetic field. This linear
dependence comes from the Faraday ellipticity of the glass substrate. Due to much larger
thickness of the glass substrate with respect to the opal, the optical properties of the
samples were overwhelmingly dominated by the substrate. Thus, the magnetooptical signal
coming from the magnetic nanoparticles distributed within the opals remained largely
masked by the large linear magnetooptical contribution from the glass substrates, which
made the analysis of the spectra quite difficult. Similar results were found in Faraday
rotation not shown-. In spite of this, still a small feature close to H = 0 -small deviation
of the linear behaviour- could be observed in measurements of the Faraday ellipticity
(see figure 7.11). As was discussed before in the section 1.2 and taking into account that
rotation is closely related to real part of the refractive index while ellipticity is connected
to light absorption, this suggests that the magnetooptical signal of the magnetic material

becomes more relevant in absorption experiments.

It will be proved to be advantageous to characterize the magnetooptical properties by
measuring the magnetic circular dichroism (MCD), see section 1.2. The MCD experiments
are based on the measurement of the difference in the absorption between left circularly
polarized (LCP) light and right circularly polarized light, induced in the sample by a
magnetic field oriented parallel to the direction of light propagation. The experimental
set-up used for magnetic MCD is sketched in the figure 3.13. MCD spectra are proportional
to the ellipticity €, but the magnetooptical signal is significantly larger. It can be shown
that the equation 3.19[167]:

I,
MC’D%I—zAlixllxe
0

where Ak = Kk, — k_ and Kk, and k_ are the extinction absorption coefficients of right-
and left-circularly polarized light, respectively [223]. Thus, the MCD should be four times
the value of the ellipticity. This is why in the following we measured preferentially MCD
to probe the effect of the photonic band gap of the opal crystals on the magnetooptical

respomnse.

MCD spectra measured for different wavelengths within the range A = 400 — 800nm
are shown in figure 7.12. The experiments were carried-out following the procedure
described in the section 3.4. A quick inspection of the figure reveals that the contribution
from the magnetic opal is much more emphasized than in the measurements of Faraday
ellipticity performed in the same sample displayed in the figure 7.11. Still, however, a
linear contribution to the MCD from the glass substrate remained (figure 7.12). After
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Figure 7.12: Magnetic circular dichroism at several wavelengths for sample PS — D — 260nm.
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Label Type Material d
MPC1 Inverse Silica 467nm
MPC?2 Inverse Silica 380nm

Table 7.2: List of maghemite infiltrated opals analyzed in figures 7.15 and 7.15.

subtraction of this linear contribution, the MCD signal is plotted in the figure 7.13.

7.5.3 Magnetophotonic response of three-dimensional opals

The main purpose of our study of magneto-photonic crystals is to explore the effect of the
photonic bandgap on the enhancement of the magnetooptical response. To progress in
this issue, we discuss first silica-based inverse opals infiltrated with maghemite magnetic
nanoparticles as shown in the images 7.14. They are 10nm in diameter, with narrow
particle size distribution (¢ < 10%) and superparamagnetic at room temperature, with
a saturation magnetization at 300K of 30emu/g and a blocking temperature lower than
60K [171]. The samples description is shown in table 7.2.

Due to the different periodicity of the photonic crystals, the corresponding photonic
band gaps occurred at different wavelengths. This is seen in the reflectance spectra of
figure 7.15, which were recorded using micro-spot with size ~ 50um, at the laboratory of
Prof. Cefe Lépez, and Dr. Alvaro Blanco (Instituto de Ciencia de Materiales de Madrid
(ICMM-CSIC). We see in this figure that the photonic band gap for M PC1 is centered at
A = 830nm, whereas for M PC2 it is centered at A = 572nm.

The samples were infiltrated with different amounts of nanoparticles by either using
two infiltration cycles (sample M PC1) or just one (M PC2 ). Thus, we expect that
the loading of magnetic material of M PC1 will be higher than that of M PC2. Room
temperature measurements by SQUID magnetometry of M PC1 and M PC?2 revealed
superparamagnetic behaviour of the material with saturation fields about M = 3kOe (see
figure 7.16), thus confirming that the magnetic nanoparticles do not magnetically interact

with each other once being infiltrated in the opal.

Saturation magnetization values were M, = 3.056mu/cm3 for MPC1 and M, =
1.07emu/cm?® for MPC2 (referred to the opal volume). These values correspond to
a magnetic loading of 1.9% and 0.7%, respectively (volume percentages). The higher

magnetization of sample M PC'1 is in agreement with its higher magnetic filling.
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for sample PS — D — 260nm.
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Figure 7.14: (a)SEM image of a silica inverse opal infiltrated with maghemite nanoparticles;
(b) TEM image of the same sample showing the regular distribution of magnetic nanoparticle
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Figure 7.15: Reflectivity spectrum as a function of the wavelength of the samples MPC1 and
MPC2. Red curve (A = 542nm) and green (A = 632.8nm) wavelength are indicated by the

vertical lines
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Figure 7.16: Magnetic hysteresis loops of samples MPC1 and MPC2 measured by SQUID. The
magnetization is referred to the opal volume

Figure 7.17 shows Kerr rotation hysteresis loops measured at a wavelength A\ = 632.8nm.
An inspection of results in figure 7.17 shows that the hysteresis loops by magnetooptical
Kerr effect are in a good agreement with those obtained by SQUID magnetometry (see
figure 7.16). This fact indicates that the infiltration of inverse opals with magnetic
nanoparticles is a convenient way to fabricate magneto-photonic crystals and also that
the magnetization and Kerr rotation can be controlled by the filling factor. Indeed,
the Kerr rotation of sample M PC'1 is significantly higher than that of M PC2, which,
as noted above, is consistent with a higher degree of magnetic nanoparticles filling of
M PC'1 with respect to M PC2. Moreover, we note that the ratio of the Kerr rotations
measured for M PC1 and M PC2 (0.2/0.05mrad, see figure 7.17), is larger than that of
the magnetization ratio (3.05/1.07emu/cm?, see figure 7.16). This indicates that the
Kerr rotation is not simply proportional to the overall magnetization of the M PC's. This
behavior, which contrasts with results in bulk materials, indicates the existence of an

enhancement in the magnetooptical response of the M PC's [213].

In order to further explore these promising results, we carried out the magnetooptical
characterization of Al,O3z inverse opals infiltrated with Nickel (Ni) nanoparticles. In
this case, we studied the optical and magnetooptical properties of these 3D magneto-
photonic crystals by performing optical transmittance (OT), circular dichroism (CD),
and magnetic circular dichroism (MCD) spectroscopy in the range of wavelengths A\ =
400 — 800nm. As discussed above, the MCD signal is proportional and much stronger
than the Faraday ellipticity [3, 150, 167, 223], and it was used to track the photonic effects
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Figure 7.17: Kerr rotation of samples MPC1 and MPC2 obtained with red laser A = 632.8nm

on the magnetooptical spectra. The optical transmittance spectra were taken at normal
incidence and allowed us to measure the stop-band frequencies of the magneto-photonic

crystals.

The figure 7.18 (left axis) shows the OT for the blank non-infiltrated opal (solid
squares) as well as the opals infiltrated with 15nm and 8nm nano-particle (solid triangles).
We note that in figure 7.18 the optical transmittance and magnetic circular dochroism
spectra are given in arbitrary units and have been shifted in order to facilitate their visual
inspection. We observe in figure 7.18 that the blank opal exhibits a photonic band centered
at A = 537nm, whereas after the infiltration with the Ni nanoparticles the photonic band
gap experiences a red-shift. This effect is very weak for the opal infiltrated with 15nm
nanoparticles, whereas it is substantial (=~ 18nm) shift for the opals infiltrated with 8nm
nanoparticles. The magnitude of the photonic band band red-shift is directly related to
the degree of the opal infiltration [214].

We performed CD experiments by recording the intensity of the light transmitted
through the opals (see inset of figure 7.19) while sweeping the wavelengths in the absence
of any magnetic field (H = 0). For nonoptically active systems a null CD signal should be
expected, but due to their particular compact fcc periodic structure, photonic crystals can
indeed exhibit a significant CD near the stop-band frequencies, especially at off-normal
incidence [224, 225]. Here we show that this effect can be quite large even near to normal
incidence. Indeed, we see in 7.19 that the CD spectrum of the opal infiltrated with 8nm Ni
nanoparticles is significantly large around the stop band (& 550nm see figure 7.18). The
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Figure 7.18: Optical transmittance of a non-infiltrated opal (blank) and opals infiltrated with
15nm and 8nm Ni nanoparticles. The figure also shows the magnetic circular dichroism spectra
of opals infiltrated with nanoparticles as well as the MCD spectra of Ni nanoparticles distributed
randomly on a glass substrate
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Figure 7.19: Circular dichroism (CD) spectra at zero field and at field H = 10kOe of an inverse

opal infiltrated with 8nm Ni nanoparticles. The sketch in the inset shows the principle of the
CD experiment.
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application of a field of H = 10kOe (well above the saturation field on the Ni nanoparticles)
induces only an additional moderate increase of around 30% of the CD response. Thus,
much of the optical activity of these 3D magneto-photonic crystals has a nonmagnetic
origin; it results from the geometry of the opal structure, and thus this technique does
not allow disentangling the distinct contributions to the optical activity. We used then
a distinct strategy to determine the intrinsic magnetooptical response of the crystals.
For that purpose, we recorded the whole series of full hysteresis MCD loops of the 3D
magneto-photonic crystals with 1nm step resolution, from A = 400nm to A = 800nm.
The maximum amplitude of each hysteresis loop was then used to compute the MCD
spectral response. As an illustration, we show in figure 7.20d the MCD spectrum measured
using this procedure, while figure 7.20a-c displays the full hysteresis loops at selected

wavelengths.

Once the protocol to measure the intrinsic MCD is established, we discuss now the
magnetooptical spectral responses of the photonic crystals and their relation to their
optical properties. The figure 7.18 depicts the OT (left axis) and MCD (right axis) spectra
obtained at the same spot (diameter ~ 2mm) in opals infiltrated with 8nm and 15nm
nickel nanoparticles. Additionally, the figure 7.18 shows the MCD spectrum of a sample
consisting of 8nm nanoparticles distributed randomly on a glass substrate (empty squares).
This spectrum is the reference of the MCD response of the Ni nanoparticles free of any
crystal-induced photonic effect. Figure 7.18 immediately reveals a deep modification of
the MCD spectra of the two 3D magneto-photonic crystals with respect to that of the
randomly distributed Ni nanoparticles. More specifically, a clear signature is observed of a
magnetooptic enhancement in the form of two prominent shoulders in the MCD spectra
around the two stop-band edge frequencies (which are indicated by arrows). Note that the
frequency shift of the optical stop-band positions of the 3D magneto-photonic crystals
infiltrated with 8nm and 15nm nanoparticles is perfectly reproduced by the shift of the
features of the MCD spectra induced by the photonic band effects. Therefore, the intensive
modification of the magnetooptical response in close proximity of the band edge frequencies
is in agreement with the theoretical predictions [185] and is a direct consequence of the
strong increase of light-matter interaction due to photonic band flattening and the resulting
reduction of the light group velocity at band edge wavelengths [226]. We finally point out
that the photonic effect on magnetooptics in the 3D magneto-photonic crystals infiltrated
with 8nm is slightly larger than that of the one infiltrated with 15nm nanoparticles (see
figure 7.18), in agreement with the larger impregnation of Ni nanoparticles inside the

crystal in that case compared to the former.

We have thus demonstrated that an optimal infiltration of inverse opals with magnetic
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Figure 7.20: Magnetic circular dichroism spectrum of an inverse opal infiltrated with 8nm Ni
nanoparticles is shown in (d). The data are obtained from the maximum amplitude of the full
MCD hysteresis loops (see panels (a)-(c) for these loops at three selected wavelengths)

136



7.5. OPTICAL AND MAGNETOOPTICAL CHARACTERIZATION

nanoparticles is a powerful strategy to customize the magnetooptical spectral response of
magnetic materials and that is operative at least on the order of the millimeter (roughly
the probe light spot size in our experiments). This shows that the structural order required
to observe the photonic band induced effects is preserved in the same length scale, which
makes still more appealing the approach here described for applications using lasers as light
sources. Now that we have demonstrated the occurrence of a magnetophotonic response in
magnetic opals, we proceed in the following to analyze the effects of the optical contrast

and the magnetic load on the intensity of these effects.

Effect of the optical contrast in the magnetophotonic response

We present here the evidence of the close correlation between the photonic-induced
magnetooptical enhancement and the permittivity contrast of the constituent materials of
the magnetic opals. For that purpose, we have compared the magnetooptical spectra of
two different crystals, namely, a direct opal of SiO, spheres and an inverse Al;O3 opal.
Because the refractive index of Si0y (n = 1.4562 at A = 505nm)[227] is significantly higher
than that of air (n = 1), the permittivity contrast in the inverse opal is significantly larger
than in the direct opal (see the sketches of direct 7.21 and inverse 7.22 opals presenting
different permittivity contrast with respect to the air). Therefore, one should expect a
larger magnetophotonic effect in inverse opals compared to direct opals. To address this
issue, we have carried the magnetooptical spectroscopy of direct and inverse opals both
infiltrated with Ni nanoparticles, as shown in figures 7.21 and 7.22, respectively. These
figures show the magnetooptical response as well the transmission spectra (left axis) of each
of these crystals as well as the magnetooptical spectrum of N7 nanoparticles distributed
randomly on a glass substrate. The spectrum of the Ni nanoparticles is included to
compare ordered and disordered systems, that is, to discriminate the intrinsic response
from the magnetophotonic properties. Comparing figures 7.21 and 7.22 it becomes clear
that the optical contrast is directly connected on the magnetophotonic properties, being

the magnetophotonic response larger for the inverse opals compared to that of direct opals.
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Figure 7.21: Transmittance and MCD on direct opal infiltrated with Ni nanoparticles
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Figure 7.22: Transmittance and MCD on inverse opal infiltrated with Ni nanoparticles
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(a) DIRECT OPAL (b) INVERSE OPAL

Figure 7.23: SEM images of direct and inverse opal coated by conformal coating of MnFesO3
nanoparticles [228]

Effect of the magnetic material content in the magnetophotonic response

We have explored the effect of the magnetic material content on the magnetophotonic
response. As described above, the infiltration of opals in nanoparticle colloidal dispersions
gives rise to magnetic filling factors of about 10%. Since the magnetophotonic response
should scale with the amount of magnetic material, we have explored alternative strategies
to increase further the content of magnetic material. Oana Pascu and Anna Roig have
faced successfully this important challenge by developing an extremely fast and versatile
synthetic approach, based on microwave assisted sol-gel chemistry, that allows a confor-
mal nanometric coating of intricate three-dimensional structures [180, 228]. Using this
technique, magnetic load filling factor between ~ 10% — 50% were obtained [228] thus
enhancing the magnetophotonic response. Direct and inverse opals where impregnated with
magnetic material -the spinel MnFey;Oy in this case- that formed a conformal nanometric
coating on the cavity walls of the opal structures [228]. Figure 7.23 shows two scanning
electronic microscopy (SEM) pictures of direct (a) and inverse (b) opals that confirm the
homogeneous and uniform MnFe;O4 coverage of the opal structures. The details of the

structural characterization of this nanometric coating are given in elsewhere [180, 228].
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Figure 7.24: Transmittance and MCD on direct opal coated by conformal coating of MnFesO3
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Figure 7.25: Transmittance and MCD on inverse opal coated by conformal coating of MnFesO3
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Figures 7.24 and 7.25 show the MCD spectra (right axis) of the direct and inverse opals,
respectively. These figures also includes the transmittance spectra (left axis) of each of these
crystals as well as the MCD spectrum of MnFe,O4 nanoparticles distributed randomly on
a glass substrate. As the results presented in the chapter 6, the disordered system gives the
reference magnetooptical response of randomly distributed MnFesO4 nanoparticles and,
thus, in the absence of any photonic effect. A common feature observed for all the optical
spectra of the magnetic opals (figures 7.24 and 7.25) is that the MCD response is deeply
modified with respect to that of the randomly distributed nanoparticles, indicating that the
photonic band structure of the crystals radically influences the magnetooptical properties
of the manganese ferrite nanoparticles. Interestingly, we observe that the magnetooptical
enhancement in opal coated by conformal coating, is optimized with respect to that
observed in opals infiltrated by immersion in colloidal dispersions that had, generally,
lower magnetic content. The large signal enhancement is readily appreciated by the
appearance of two prominent shoulders that indicate strong photonic effects in the vicinity
of the band-edge frequencies (see figure 7.25). In conclusion, using this methodology,
we have achieved a conformal coverage of large areas of three-dimensional opals with
a super-paramagnetic manganese ferrite layer, yielding magnetophotonic crystals with
excellent quality [228]. The use of a ternary oxide for the ultra-thin coating demonstrates
the potential of this methodology to realize three-dimensional structures with complex
materials that may find applications beyond photonics, such as energy, sensing or catalysis,
provided that a conformal coverage of other materials is achieved. Therefore, this new
approach will contribute to the rapidly expanding field of advanced techniques for the

fabrication of three-dimensional complex systems.
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APPENDIX A

Magnetic vectometry exploiting null

ellipsometry magneto-optics

In section 3.2.2 of chapter 3 we demonstrated that null ellipsometry can be adapted
to obtain a complex magneto-optical response that is a combination of transverse and
longitudinal /polar components (see Eqs. 3.11, 3.12). Thus, in a single experiment, we can
obtain simultaneous information of the magneto-optical coefficients that are proportional
to the magnetization components that are out of the plane of incidence (transverse) and
contained in that plane (longitudinal/polar). We apply these characteristics to obtain

information of the magnetic components in a FezO, single crystal.

The imaginary transverse Kerr responses obtained from two different nulling zones at

analyzer azimuths (A;, Ay = £A) are given by:

T4 = +sin(2y) <%> :Fsin(?zﬂ)[(@s —0,)sin(A) — (€5 + €,) cos Al

T'pp

Ly = —sin(2)S (%) +5in(20)[(0s — 6,) sin(A) — (es + €,) cos A

Note that the underbraced terms consist of polar and longitudinal contributions 0 ,, €5,
whereas the first term contains the transverse response. Considering that #, is not much
different from 6,, and that €, is not much different from ¢,, i.e. €,, €; = €, the first term in

the underbraced expression vanishes, and we obtain:
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Figure A.1: Measurement of the complex transverse Kerr effect using the proposed method at
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where £ is a magnetooptical quantity proportional to the magnetization parallel to the
plane of incidence (£ o< M, p), which depends on polar and longitudinal ellipticity, and 7
is a transverse magneto-optical quantity proportional to My, perpendicular to the plane

of incidence (7 o< Mr).

Figure A.1 shows the hysteresis loops obtained by null ellipsometry in different nulling
zones for A = +A to obtain the complex transverse Kerr signal. We note that these
experiments are carried out by applying the magnetic field perpendicular to the plane
of incidence and along an arbitrary direction in the crystal. By averaging in these two
nulling zones (A.4), we obtain the magneto-optical quantities ¢ and 7 that are shown in
figure A.2.

After removal of the quadratic effects proportional to M? and M?, we obtain the
components of both the longitudinal/polar (parallel to plane of incidence M ||) and
transverse (perpendicular to plane of incidence M 1). The transverse and in-plane
magnetization are shown in figure A.3. The transverse magnetization My ~ M, shows a
conventional hysteresis loop, where the magnetization vector saturates for high magnetic
fields, indicating that the direction of the applied field is close to an easy magnetic axis. On
the other hand, the in-plane longitudinal /polar My, Mp = M) magneto-optical loop -which

is proportional to the magnetization perpendicular to the application of the magnetic field-
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Figure A.2: The magneto-optical quantities & and T obtained by averaging over different nulling
zones

-0.5 4

1.0 4
0.5 ﬁ
0.0 \

-1.0
-3000 -2000 -1000 0 1000 2000 3000

1/
1 N

T T T T
-3000 -2000 -1000 0 1000 2000 3000

0.10

0.05 —

Figure A.3: Transverse Mr and longitudinal/polar My, My magnetization, perpendicular and
parallel to the plane of incidence, respectively
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APPENDIX A. MAGNETIC VECTOMETRY EXPLOITING NULL ELLIPSOMETRY
MAGNETO-OPTICS

is compatible with a coherent rotation of the magnetization during its reversal. Thus,
for high fields, the magnetization vector is forced to be aligned along the direction of the
field direction and, in consequence, the M| component vanishes. However, in zero field,
when the magnetization is aligned along the easy axis, gives a small in-plane component,
resulting from a slight misalignment of the easy axis with respect to the field direction.
Note that this is coherent with the slight reduction of the transverse loop is slightly reduced
(figure A.3).

The procedure here described can be carried out for many field orientations and be

exploited to achieve a full study of the magneto-optical anisotropy, as shown in figure A.4.
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APPENDIX B

Experimental set-up at ICMAB

The experimental set-up designed and constructed at ICMAB to make both room temper-
ature and low temperature complex transverse Kerr magneto-optical Kerr spectroscopy
measurements is relatively complex. This section describes the elements and operation
mode of the experimental set-up used for most of measurements. Technical information

and specifications will be included.

Complex transverse Kerr effect spectroscopy based on Null ellipsometric: The

apparatus

The components of the apparatus are listed below:

1. Anti-vibratory table

2. Glan-Thompson Polarizer (¢ =~ 5X1075)

3. Photo Elastic Modulator

4. Rotation stage (Azimuth +P)

5. Compensator (Achromatic / monochromatic Quarter wave-plate)
6. Rotation stage (Azimuth £C')

7. Glan-Thompson Analizer (e ~ 5X1075)

8. Rotation stage (Azimuth +A )

9. Photo-detector (Si-Diode) or Photo multiplier.
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Figure B.1: Complex transverse Kerr effect spectroscopy based on null ellipsometric: experi-
mental set-up.
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10. Electromagnet (3 Tesla)

11. Lock-in amplifier I (I,, :First harmonic 50K H z)
12. Lock-in amplifier II (/s :Second harmonic 100K H z)
13. Gaussmeter controller

14. Temperature controller

15. PC interface

16. GPIB/USB/RS232 interfaces

17. Helium compressor

18. Rotatory Pump

19. Sample

20. Transverse Hall probe

21. Photo multiplier driver

22. HeNe laser Driver
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Figure B.2: Lamp spectra and irradiance of T5W Xenon arc lamp. Taken from LOT-ORIEL
web-page

23. Diode laser driver

24. Rotatory stage driver

25. IR diode driver

26. Vacuum meter

27. Lenses

28. Lenses

29. Monochromator

30. Xenon lamp

31. HeNe laser

32. Electromagnet power supply

33. Cryostat

The mechanical, optical, and electronic part of the apparatus is drawn schematically
in the figure B.1. The light source for the visible and ultraviolet part of the spectrum is a

75W ultra high stability Xenon arc lamp. The lamp spectra and its irradiance are shown

in the figure B.2.
I11
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Figure B.3: Typical efficient curves for 600 and 1200 line gratings, different blaze.Taken from
LOT-ORIEL web-page

The emitted light is reflected into a Zolix Omni — A150 monochromator by a concave
mirror. The energy region of monochromator is from 0.6 —6.8¢V (180 —2200nm). Differents
gratings (blaze,pitch) have been used for the ultraviolet, visible, and near infrared part of

the spectrum. The absolute efficiency for different gratings is shown in the figure B.3.

In some experiments, after to monochromator the light is interrupted by a chopper
wheel to allow phase sensitive detection of d.c. contribution. Via multimode optical fiber
500uM , mirror, and lenses the beam passes band filters which block the high orders of
monochromator. The next lens focusses the beam on the sample in the cryostat. Between

the lens and cryostat two important optical components are placed.

The Glan-Thompson polarizer which can be used in the energy range 0.5 — 5.5eV/ (225 —
2480nm)(See transmission spectra figure B.4). The photo elastic modulator (Model Hinds
Instruments P100) modulates the polarization state with a frequency of 50k H z as described
in the section 3.2.1. The sample is placed in Janis Research closed cycle refrigerator (CCR)
system(Model CCS — 3505), which reach temperatures between 10 — 325K. The head
of cryostat is placed between electromagnet(Lakeshore HV — 04) poles, which providing
magnetic fields up 3.07". Magnet is driven by a bipolar power supply which can be
modulated up to 0.2Hz with 70A.
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Figure B.4: Typical transmission of the calcite Glan-Thompson polarizer . Taken from Thorlabs
web-page
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Figure B.5: Comparation of the retardance of an achromatic quarter wave plate vs zero-order
achromatic wave plates 600nm . Taken from Thorlabs web-page
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Figure B.6: Spectral response of photomultiplier. Taken from Hamamatsu web-page

For spectral measurement the compensator used is a achromatic wave plate,the energy
region of the compensator is from 1.55 — 3.1V (400 — 800nm). The figure B.5 shows the
retardance of the achromatic quarter wave plate vs zero-order achromatic wave plates

600nm. The analyzer is a Glan-Thompson prism of the same type as the polarizer.

The reflected light is detected by an Hamamatsu extremely high sensitivity and fast
response photomultiplier tube (PMT-H9656-04). The sensitivity of the photomultiplier
is shown in the figure B.6. The signal from the detector is split into three components:
Iy, I,, and low. A multimeter (DM M191 Keithley) is used to measure Iy, and two
lock-in amplifiers dual phase lock-in are used to measure I, and lbw. Furthermore, a

Lakeshore 325 is used as temperature controller and a Lakeshore 455 — DS P gaussmeter
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drive a transverse Hall probe to measure real time magnetic field. All the control and
meters devices are interfaced to the computer via either GPIB, USB, or RS232. Complete

automatic control is performed using a home made CVI Labwindows program.
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APPENDIX C

Null ellipsometry

The null ellipsometry was the basis of the first ellipsometry instrument, developed originally
by Drude. Usually the system consist on Polarizer - Compensator - Sample - Analyzer
(PCSA). In this method, the polarizer and the analyzer are rotated so that the detected
light intensity becomes zero, and (1, A) values are estimated from the rotation angles of
the polarizer and analyzer. Thus, if we judge light intensity by human eye, measurement
can be performed without using electrical equipment. This is the reason why Drude was

able to construct the ellipsometer more than 100 years ago.

Recently, a new method for null ellipsometer with phase modulation was developed
by Postava et al. [120]. The phase modulation adds a good signal-to-noise ratio, high
sensitivity, and linearity near null positions to the traditional high-precision nulling system.
The ellipsometric angles ¢ and A are obtained by azimuth measurement of the analyzer
and the polarizer-PEM system, for which the first and second harmonics of modulator

frequency cross the zeros.

Postava et al. [120] showed the the ellipsometric angles ¢, and A are directly related to
the azimuth angles of polarizer and analyzer, which can be obtained by nulling of signals

at second- and first-harmonic frequency of the modulator, respectively.

The null ellipsometric system (PMSCA) is shown in the figure C.1. The system consists
of the polarizer, which is mechanically connected to the modulator (PEM) and rotated by
45° from the modulator axis. Both components can slowly rotate and their azimuth angle
P can be precisely monitored during the rotation. Note that P denotes the azimuth of the

modulator optical axis.

As describe in the section 3.2.2; the intensities are given by:

Ip = [1+ cos2Acos ¢ + (1 — cos 2A cos ¢) tan® ] /2
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Figure C.1: Null ellipsometry system for transverse Kerr effect measurement

I, = tan (sin2Asin A =+ sin ¢ cos 2A cos A)
I, = —sin2P [1 + cos2A cos ¢ — (1 — cos2A cos ¢) tan® yp] /24

+ cos 2P tan ¢ (sin 24 cos A + sin ¢ cos 2A cos A)

The main idea of the proposed ellipsometric method is to search for nulls of the first
1, and the second harmonic Iy, signal. the first and second harmonic frequency of the

modulator are proportional to:

I, o (Is cos o — I sin )
Irw o< (Issin g — I cos o)

Consequently, the signals I, and Iy, cross simultaneously the zeros for Ig = 0 and
I = 0. In the case of ideal modulators (¢g = 0) I, x Is and Ihw o I¢, whereas for real

modulator (¢g # 0) a coupling between Is and I arises.

The condition Ig = 0, which relates mainly to null of [, signal, can be adjusted by

rotation of the analyzer (see C.3). The analyzer azimuth angle A directly relates to A by:

sin ¢
tan2A4

tan A = £ =singtan (£ (2A £ 7/2))

where the first sign is related to the azimuth of compensator C' = +45° and the
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second sign in the term (24 £ 7/2) corresponds to the periodicity of the function tangents.
Similarly, the condition I = 0, which relates mainly to the null of low signal, can be
adjusted by rotation of the polarizer-PEM system (see C.3). The azimuth angle P directly

relates to ¢ by equations:

tanty = ta_ F tan P,tan¢) = £a_ F tan(P — 7/2), forC' = +45°
tanty = +a_ + tan P, tant = ta_+ tan(P — 7/2), forC = —45°

OO0
©) (o) (N

and « is given by:

/1 — cos? ¢ cos? A + cos ¢sin A

1
sin ¢ €.10

a4 =

where apa_ = 1, and a,m(90°) = 1, and the formula tan 2P = 2tan P/(1 — tan® P)
and equation C.6 were used. Two solutions and the signs in equation C.9 correspond to
the periodicity of the functions tan 2A and tan 2P. Different signs in equation C.6 and C.9
correspond to different zones,i.e.,different azimuth angles P,A, for which the null intensity
is obtained. The table C.1 summarizes the different zones obtained by the null ellipsometer

with phase modulation in the case of ideal compensator (¢ = 90°).

Zone C A(l,=0) P(ly, =0) A Y

1 +45°  AJ2+ /4 " 24 —7/2 P

2 445° A2+47/4  Y+w/2  24—7/2 P —n)2
3 445° AJ2—1/4 ) 24+ /2 P

4 445 A2—7m/d  —Y+7/2 24472 —P+7r)2
5 —45° —A/2+7/4 " —2A—7/2 P

6 —45° —A/2+7/4  Y+7/2 -2A-7/2 P-—7n/2
7T 45 —A)2—x/4  —  —24+7w/2  —P

8 —45° —-A/2—7/4 —Y+7/2 —-2A+4+7n/2 —P+7n/2

Table C.1: Null zones
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APPENDIX D

Optical Response

Optical response can be expressed using several physical magnitudes. viz. Optical
conductivity, reflectivity, dielectric constant-known as relative permittivity (real and
imaginary part), imaginary part of the inverse dielectric constant, complex refractive index,
(real index, extinction coefficient),and absorption coefficient. Lets consider each one of

them separately starting with the basic concepts:

DC Electrical Conductivity

According with Drude model the Ohm law is:

E=pj

where FE is the Electric field, p is the resistivity and j is the current density. Hence the

current density can be write in terms of DC electrical conductivity o as follow:

j=0FE

The electrical conductivity o is obtained by:

a:neT

where n is the electron densities, e, m are the electron charge and mass, respectively, and

7 is the relaxation time. Some times it is write as the damping constant: vy = %
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AC Electrical Conductivity

In order to describes the AC conductivity, the Drude model include a frictional damping
term in the equation of motion. Then the equation of motion for the momentum P(t) per
electron becomes:

dp(t) —p(t)

dt T

where lets consider time-dependent electric field E(t) in the form:

—eE(t) D.4

E(t) = Re (E (w) e™™")

o
ol

The momentum:

p(t) = Re (p (w) e ™")

the current density is:

O
~l

j(t) = Re (j (w) e ™)

using: e
jt) = — (t)

and substituting the complex p(t) and E(t) into the equation of motion is obtained:

<
E
|
TS
9]
&
£

it can be write this results as:

o

j(w) =0(w)E(w) 10

where o(w) the frequency-dependent or AC conductivity is given by:

D.1

2
S
|
Q
(e}
Q
(e
|
3
Q)
\}
!

Dielectric Constant

In the present of a the specific current density 7 the Maxwell equations are:

10H 4 10F
V- E=0V-H=0VxE=—-22VxH=—"44-22 D.12
c Ot c c Ot
writing j in terms of E, we then find:
2 4 .
_sz:%(lJr ma(w))E
c w
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This has the form of the usual wave equation;

2

—V2E = 2 ¢(w)E D.14

c2

with a complex dielectric constant given by:

Substituting the conductivity term we found:

lw)=1-—2—

w(w — i)

The first approximation at high frequencies wr > 1 give

where w, is known as the plasma frequency, is given by:

Arne?
e

m

Convention

The dielectric constant €(w) and optical conductivity o(w) enter into a determination of
the optical properties of a solid only in the combination:
4o’ (w
€(w) = €1(w) + z# D.19
w
Where € (w) is the real part of the dielectric constant and ¢’(w) is the real part of the
optical conductivity. This convention enables the optical theories of the metals to use the

same notation as is used for insulators.

Refractive index

It’s defined as complex refractive index n(w) = n + ik, where n is known as the refractive

index and k the extinction coefficient. Using
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we found:

Ew) = 6 +iey = n*(w)

then the real part e;(w) of dielectric function is given by:

and the imaginary part e;(w) is given by:

4 /
ea(w) = 7mw(w) = 2nk

Conversion between refractive index and dielectric constant is done by:

n_\/\/eere%Z—l—el‘k_\/\/e%—i-e%Z—el
— 5 k=

2

Optical conductivity

It can be straightforwardly derived from the general relationship:

0o

o(w) = 1 —wr

and connects with plasma frequency as follow:

it can be write as:

o(w) =o' (w) +ic" (w)

where the real part o’(w) is given by:

1Y

D.22

D.24

D.27

D.28



Absorption coefficient

The absorption coefficient «(w) is related to the extinction coefficient via:

a(w) = 2wk (w)

C

The skin depth d(w) is calculated by taking the inverse of the absorption coefficient:

fw) = ——

Reflectivity

In ideal conditions a plane wave is normally incident from vacuum on a medium with
dielectric constant €(w) the fraction r of the power reflected (reflectivity) is given by:
2 (1—n)24 k2

= D.32
(14 n)? + k2

_ETP ‘1— n(w)
1+ n(w)

r(w) = Ei|2

Polarization and ellipsometry constants

Lets consider a polarized beam parallel £ || named ”p” and perpendicular £ L named ”s”

to the plane of incident, with a incidence angle 6, the Fresnel equations give us:

B} RPcost —v/n?—sin?0 . ET  cost —\/n? — sin?d
Ty = /— = s = — = — = X .
Bl n2cosh +/n? — sin20 E. cost + vn? — sin?0

The ratio of the Fresnel coefficients, p, is then defined as:

p= @ = tane® D.34
=

S

where A appears as part of a complex phase shift in relation to v, which defines the

magnitude of the reflectivity.
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