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Chapter 1

Introduction

1.1 Transition Metal Oxides (TMO) and TMO-based

Superlattices

Transition metal oxides (TMO) of Perovskite typettwgeneral formula (ABg) and
their layered variations (Fig. 1.1.1), are amorg nost fascinating classes of materials
studied in solid state physics. An exceptionaletgrof ground states is revealed in their
phase diagrams upon chemical doping. The Mott atsg state, unconventional
superconductivity, non-Fermi liquid metallic statesbital liquid states in systems with
orbital degeneracy, various ordering phenomena hafrge, spin and orbitals, spin-
dependent transport effects, are all part of thh physics of transition metal oxides
[1.1][1.2][1.3][1.4][1.5][1.6]. Many of these phenmna are still not fully understood
and their theoretical description together with ¢éxperimental search for new properties
is currently at the forefront of solid state phgsitndeed, TMOs represent a special
category in which electrons astrongly correlated.These correlations imply a many-
body quantum mechanical problem in which thél set of electron’s degrees of
freedom:charge spin,andorbital (Fig.1.1.2) is involved. In some cases couplinghi
lattice may also be of importance. Another factor of fundatal significance is the
dimensionality of the transition metal-oxide boretwork. Thequasi-two dimensional
(2D) layered crystal structure of some of the memimnmounds in the Ruddlesden-
Popper phases (Fig.1.1.1) determines the spaisdtaopy to the electrons motion. This
additional structural factor, apart from the magnahd Coulomb interaction, is known
to play a decisive role, for instance, in the pheaoon of unconventional

superconductivity. Indeed, this phenomenon hasasoohly been discovered in 2D



Chapter 1

layered systems like: bBaCuQy, YBaCusOp+x, SERUQ,, NaCoOxyH,0, and
only recently in LaFeAs(QF) [1.3][1.7][1.8][1.9][1.10].

Variations on perovskites Y

/z

n=w n= n=2
ABO, A,BO, AB0;
perovskite K,NiF, bilayer

Figure 1.1.1 Perovskite crystal structure; A-rare-earth or alledearth metal, B-transition metal, O-
oxygen. Together with the layered modificationg Brerovskite structure form the Ruddlesden-Popper
phases [1.11].

£g orbitals

3z2-¢2

tay orbitals

Figure 1.1.2 3d-orbitals. In a cubic crystal field, ti&e-levels are spilit to triply degeneratg (lower in
energy) and doubly degeneratg manifolds [1.4]. Further splitting can be inducky additional
symmetry lowering, like the Jahn-Teller distortimnstrong spin-orbit coupling.



Introduction

Thus, the coupling between the different degreeesfdom in the electron system and
the spatial dimensionality on the other hand, weéfine the state in which the system
eventually collapses. Not surprisingly, the numerguound states found in the phase
diagrams of these compounds lie close in energyoéted just a fine tuning of a selected
degree of freedom, by external fields, pressurg etsufficient to turn the system from
one state into another. These are part of the measansition metal oxides are of great
fundamental and practical importance. Their intnguproperties hold the promise for
the design of multifunctional devices and challetiggoreticians to develop new, more
general models, adequately describing the colledighaviour of the electronic system.
The concept of artificiabuperlattices (SLjnade from TMO compounds is a relatively
new, promising and quickly developing field in sb#tate research. It offers a different
approach of studying anengineering propertie®f materials embedded in specially
selected surroundings. By precise synthesis offtms and SLs, the 2D-properties and
related phenomena that arise at the interface wlermaterials are brought in contact
can be widely explored. Furthermore, conditionsdt@ctron charge transfer across the
interfaces can be ensured that is not normally exelile in bulk by means of
conventional chemical doping. The resulting newctetmic states in the vicinity of the
junction may then locally modify the orbital andb/ the magnetic properties. Some
recent examples are: YBawO; / LaysCasMnOs, a SL system that combines two
antagonistic order parameters such as superconity@nd ferromagnetism in which an
interesting interface orbital reconstruction waserdly observed [1.12][1.13], Mott
insulator / band insulator in LaT#¥/ SrTiO; heterostructures [1.14][1.15],
antiferromagnetic insulator / paramagnetic metaCaMnQ;/ CaRuQ [1.16], and the
SITiOs / LaAlO3 SLs, comprising two band insulators with a polautdary due to
LaAlOs. This particular system attracted strong interastl initiated many related
projects after the discovery of high-mobility 20eefron gas at the interfaces [1.17].
Even though rapidly expanding, the research on Tdd@erlattices is currently far from
the perfection level semiconductor researchers hesa@ched in preparing low-
dimensional structures. Some of the reasons otmgimathe complexity of the TMOs,
which are in the simplest case ternary compounad, aiten, two different materials

require very different growth conditions. Thesecemstances may impose certain
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limitations on the crystal growth process and malf@icult the precise control of
stoichiometry and / or the interface roughness,céelimitations on the choice of
materials for a SL structure etc. [1.18]. The pectpes however, do not seem less
exciting. As the deposition methods and the knogéeoh TMO research advance, it is
not difficult to imagine a situation where a petfexctificial superlattice unit cellis
prepared out of two or more different materialg thidl constitute anew “3D” entity, or

in other wordsnew material with properties owing to local and long rangecef§ that
aren’t just a simple combination of features inhéte the precursors. Referring again to

the layered systems with large complex unit cdig.(.1.3), this seems an achievable

goal.
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Figure 1.1.3 @) High-Temperature Superconductop®,CaCu,0O, [1.19] b) Structure of the naturally
bilayered metallic manganite L gMn,0; [1.20] ¢) Superlattice made of LaTiayers (bright)
spaced by SrTiQlayers (dark grey). The numbers in the image etdiche number of LaTiQunit
cells in each layer [1.14].
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1.2 Solid State Spectroscopy

Spectroscopy is originally the study of light-matiateraction as a function of the
wavelength, and historically, the visible light. The word &grum™ was introduced by
Newton in 17" century naming the coloured figure obtained byttsdag sunlight
through a prism. This is by far not the first expemtal approach to light phenomena.
Some sources even date back to 300 BC, when Hiiskdissed the focus of a spherical
mirror [1.21]. Nowadays, spectroscopy is a key expental research method and tool in
all natural sciences, medicine, engineering, i@@utics, for military purposes, quality
and security control and it is not restricted te tise of electromagnetic radiation. Many
spectroscopy techniques make use of particlesaurstéic waves and allow application of
external stimuli such as magnetic field, presstce& modern definition of spectroscopy
would be - energy analysis of an object’s resp@xg®sed to a perturbation.

In a solid material eachlementary excitatiomas its characteristic space / tinng)(or

wavevector (momentunp =#q ) / frequency ¢,a) dispersion domain that requires

specific spectroscopy technique in order to beistud/1.22][1.23]. When the external
“probe” perturbation is small and couples to themedntary excitations, we assume linear
reactions. The linear response theory then linksréisponse function® the relevant
excitations through the fluctuation-dissipation dteen. These response functions are
properties of the solid state system itself and asgumed independent of the driving
force. Their theoretical derivation is based onywgeneral principles which make them
practically universal in a sense that they considemprinciple, all possible excitations
and hold for all momentum / energy, E = 7 ) ranges. They are formulated in time and
space ((;t), but since the response is momentum / frequeg@y) dependent and more
convenient to mathematically operate, a convensidhe Fourier space is often preferred.

The general form of a response function is given by

(A0) = D g (W) B(&) = X pp () B(c) (1.2.1)
_{(AW) _7 ”
)(AB (w) - m - v([dt(DAB(t)e

-11 -
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where (A(«)) is the change in the observalfleinduced by the perturbatioB(a), and
Dnp(a) is defined as “response” of the system to theupeation. xas(«) is called
generalized susceptibility, and it is a complexchion:
X)) =x (@) +ix(w ) (1.2.2)
X(-0) = x(w)
X (W)= x (@) ) (-w)=-x(w)
with real and imaginary parts that are even andwaitiirespect to the frequency.
The response functions are analytical complex fanst tensors in the general case, and

there exists a fundamental causality principle thitlies a connection between the real

and imaginary part. This is expressed by the KrarKeonig integral relations:

wx, (&) N AC)
m(w)—ﬂpj P P IC e ﬂpjﬁda} (1.2.3)

whereP, stands for the principle part of the integral.

Very useful in the spectral analysis of solids #re sum rules. They are derived in
guantum mechanics on general grounds but speaific giles can be defined for a
particular problem. Sum rules exist for all spdatsacitations in solids. An example is:

Ne? fj
!a) =
A(.4) £Omzj:az(fj—af—iyja)

> f =1 (1.2.4)

j
Equation (1.2.4) is the so callédum rule (or Thomas-Reiche-Kuhn sum rule). Hére,

is oscillator strength which measures the probigtili a transition at frequencs, . y is

scattering ratee - the elementary charg#l — the charge, per unit volume, with band

massm, ande, is the dielectric constant (permittivity) of frepace.

The spectroscopic methods available nowadays anerows. Each of them is utilized to
resolve in an optimal way a specific physical peobl The choice of technique depends
on the type of excitation (for instance, of chapg®f magnetic origin) to be analyzed, its
energy and momentum domain, anisotropy consides{jpolarization dependence), and
resolution requirements. For the analysis of tree@h dynamics in solids, the response to
electromagnetic radiation is considered. Few respdunctions are commonly used,

-12 -
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these are: the dielectric function &(w)=¢(w)+ig,(w) , the optical

conductivity d(w) =0,(w)+io,(w) , and the complex refractive index

N(w) =n(w) +ik(w). All of them describe the material properties amnd often called

material parametersand optical constants respectively. The broad range from
microwaves up to the deep ultraviolet (UV) is caceby theoptical spectroscopy In
this range the photon momentum is much smaller thartypical electron momentum in
solids, hence the optical spectroscopy measuresigatly at ¢=0) limit. The first step in
the quantitative analysis of the electromagnetipoase of a solid is the determination of
optical constants out of the experimental obseesblThese observables include:
reflectance transmissionand the so-calledllipsometric anglesThe real and imaginary
part of the complex dielectric functigic), or the complex conductivity(w), can then
be inferred by one of the following: (1) measuribgth - reflectivity R(w) and
transmissionl(w), or by Kramers-Kronig analysis or modeling Rw) or T(w), (2) by
measuring ellipsometric angles(w) and A(w), which are subsequently used to
determine the dielectric function through analytegoressions.

One of the most powerful attributes of optical dpescopy is its ability to probe very
wide range of photon energies. Figure 1.2.1 dispkyliagram of some of the physical
phenomena in solid matter, in particular, correlatkectron systems, observed by means

of optical spectroscopy along with their charastérienergies [1.24].

Frequency [GHZz] Energy [meV]
100 1000 100 1000
il bl L1 Lol Lol L

<« correlation gap in 1D conductors 2>
< spinresonance .« charge transfer gap
carrier lifetimes in metals and semiconductors

pseudogap in cuprates

Cyclotron resonance < __interband transitions
< superconductinggap
Josephson plasmon
<~ heavy fermion plasmon
< hybridization gap
Z_ phonons 7
I T T T T T T T T T T
1 10 100 1000 10000

Frequency [cm™']

Figure 1.2.1 Selected physical phenomena in solid matter obddvyeptical spectroscopy [1.24].
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When it comes to the magnetic response of solidsiron scattering is indispensable.
Neutrons do not couple directly to the charge amdract with the electron magnetic

moment via dipole-dipole interaction. The inelastieutron scattering provide direct
access to the imaginary part of the magnetic stibdy x,, (0,«) i.e., the magnetic

excitation spectrum [1.25]. Concerning low-dimemsio TMO systems, polarized

neutron reflectivity measurements (elastic scattgrihas been successfully applied to
determine the magnetic structure in superlattitek?].

The resonant x-ray spectroscopy methods with syt radiation, including scattering

(elastic / inelastic) and x-ray absorption, arg@asingly becoming primary experimental
research tool in condensed matter physics. Dubeortrinsic properties of synchrotron

radiation: energy tunability, very high brillian@nd degree of polarization, the x-ray
techniques allow high-resolution, element speqgtiobes of charge, spin and orbital
states in complex materials such as transitiondnwet@es and their superlattices. The
inelastic x-ray scattering can even provide acte$sw-energy charge, orbital, magnetic
and lattice excitations [1.26][1.27][1.28].

1.3 Scope of the Thesis

The first two sections o€hapter 1 give a general overview of the research topics and
experimental methods discussed in the thesis. &ucth, inChapter 2, some of the most
important characteristics and mechanisms underlyiteg physics of transition metal
oxides are presented. As the experimental parthef thesis includes studies on
manganites and titanates, these two classes of aiomdp are exemplified in the
exposition of Chapter 2. Several recent works endémerging research field of transition
metal oxide interfaces and superlattices are alsmsgsed along with a brief introduction
in x-ray spectroscopic methods with synchrotroniatamh. Chapter 3 introduces the
principles of optical spectroscopy and the simphastels for dielectric function, i.e.,
Lorentz oscillator and Drude dielectric functiorhelfollowingChapter 4 introduces two
of the experimental techniques in optical spectpge reflectance and spectroscopic
ellipsometry. Further on, we describe the desiga oew home-built apparatus for near-

normal reflectance with high magnetic fields. SaVetritical technical details and

-14 -
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findings during the assembling process are alsoudsed.Chapter 5 represents a
comprehensive experimental spectroscopic study pfototypical superlattice system
made from an antiferromagnetic insulator CaMr&dd a paramagnetic metal CaRuO
The resulting interface ferromagnetic state wasadipinvestigated by means of optical
spectroscopy as well as by soft x-ray scatterirdyasorption methods. This study led us
to the conclusion that magnetic bound states, magnetic polarons, have to be
considered in the description of this SL systéhapter 6 describes a polarized far
infrared reflectance study with high magnetic field the ferromagnetic Mott insulator
YTiO3, single crystals. All 25 infrared-active phonon dae were observed. The
temperature and magnetic-field dependence of tloagrh modes revealed a weak spin-
phonon coupling in YTi@ and largely extended temperature range (upmo~T80 -
100K), for the field-induced effects on the ostdlaparameters. This later observation,
uncovered short-range magnetic order state whictaires even at temperatures as high
as three times the temperature of the actual fexgmrtic transition of J~ 30K. While a
guantitative theoretical description of these datthus far not available, they point to a
complex interplay between spin, orbital, and lattiegrees of freedom due to the near-
degeneracy of the Tig orbitals in YTiQ.

- 15 -
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Transition Metal Oxides

The discovery of High-Temperature Superconductifitf SC) in the cuprates and the
paramagnetic insulating (PI) to ferromagnetic niet@FM) state transition in the mixed-
valence manganites, along with its magnetic fialdbiced counterpart - the Colossal
Magnetoresistance (CMR) Effect, have sparked greatest in the physics of transition
metal oxides (TMO). Particularly interesting are #ystems with orbital degeneracy. It is
nowadays well recognized that the orbital degredreédom plays an essential role,
specifying the spatial electron density distriboti@epending on the orbitals nature, the
electronic properties can be largely modified idigectional and/or time scale manner
with all the respective consequences, for exampte,the magnetic and transport
properties. Several classes of compounds have leeearhlematic to the field of “orbital
physics”. Among the most well-studied and frequergkemplified are: LaMng) a
(tzg3egl) electron system and parent compound te,CaMnOs, exhibiting the CMR
effect at particular doping level. The other parrepresentative of triply degenerate
(t2g'ey) systems, LaTi@and YTiGs. In contrast to LaMn@ subject to a large Jahn-
Teller effect (see § 2.1.2 below), the"2lectron in these titanates residetnorbitals
the lobes of which are directed away from the reameighbour oxygen ligands (see Fig.
2.1). As a consequence the lattice coupling is nveaker, compared to systems wagh
orbital degeneracy, and the structure does notssfgnificant Jahn-Teller distortions.
Hence, titanates attract attention as model systemgarious theoretical studies where
“pure” orbital and spin-orbital models can be exaedi. The titanate compounds, LagiO
and YTiOs;, are among the possible candidates in which quardthital fluctuations
generate an “orbital-liquid state” [2.1][2.2][2.3]4].

-16 -
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Figure 2.1 3d-orbitals and oxygen ligands (the small spheregjnf[2.5].

In the following chapter we give an introductionté@ important families of compounds:
the manganites, exemplified by LaMg@he mixed valence LaCaMnO3; and CaMn@,
and the titanates LaTgand YTiQs, which both fall into the class of systems witbital
degeneracy. Central models and concepts, somesf talid in principle for all TMOs
with perovskite structure, as well as experimedg&dh from the literature are presented in
order to outline the current understanding of thgsics of these interesting compounds.
The amount of scientific work devoted to these coumals is simply too numerous to be

reviewed here, see for example [2.1][2.2][2.6].

-17 -



Transition Metal Oxides

2.1 Manganites

Perovskite manganites with general formula./2aMnO; (Re - trivalent rare earth and A
- divalent alkali cations) (Fig. 2.1.1) have bearthe focus of solid state research ever
since the discovery of their intriguing propertl®s Jonker and Van Santen in the 50’s
[2.7]. Manganites attract attention not only beeaas their potential for technological
applications, mainly due to the famous colossal metmresistance effect (see for
example [2.8]), but also because these compouneslra remarkable wealth of ground
states upon chemical doping and numerous impoghwsical effects, including long

range ordering phenomena in all possible channgiarge, spin, orbital and lattice.

Perovskite

@ oxygen
Structure

QO Mnor other

Q ______________ Q TMion -B

ReorA ion
""""" O ! o

Figure 2.1.1 Ideal cubic perovskite crystal structure. The Mn {or other transition metal ion - B)
is surrounded by six oxygen O ions forming a MoGtahedron.

2.1.1 Crystal Structure

Transition metal oxides exist in a large varietycoystal structures. Most of them are

derived from variations and distortions of the idparovskite structure, with general

-18 -
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formula ABO;, where A is in general a rare earth or alkalisBhe transition metal ion
and O is oxygen (Fig. 2.1.1). Ideally, the ionidira, , rg andro satisfy the condition:
ry+ry = \/E(rB +r15)

In reality, the perovskite-based structures shadtickadistortions as modifications from
the perfect cubic structure. One possible origitheflattice distortions is the deformation
of the MnQ octahedra arising from the Jahn-Teller effect iehefor example, to the
high-spin 6 = 2) Mn®* ion in LaMnQ (with doubly degeneratey orbitals) (see Fig.
2.1.2.1 in the next section). Another lattice defation comes from the connecting
pattern of the Mn@ octahedra in the perovskite structure, forminghembohedral or
orthorhombic structure, the so-called Gdgdype lattice. In these perovskites, the MnO

octahedra show alternating buckling as shown ig.(Zil1.1.1).

@ e
//
\‘V‘ ’
O . . , . . .
b | . Figure 2.1.1.1 Perovskite crystal structure with GdReQtype lattice distortion,
N the so-called “buckling” of the Mn{octahedra.

Such a lattice distortion of the cubic perovskiteisture is governed by the so-called
tolerance factof, defined as:

f=(r +10) V201, + 1)
The tolerance factdrmeasures the lattice matching of the sequentiabA@BQ planes.
Whenf is close to 1, the cubic structure is realizedr Asr equivalentlyf decreases, the
lattice structure transforms to the rhombohedral9g0 f<1), and then to the
orthorhombic (the GdFe{> type) structure forf(< 0.96), in which the B—O-Bond
angle is bent and deviates from 180 general, the bond angle distortions decrelase t
electron bandwidthWV (being proportional to the hoppiny since the effectivd-electron
transfer interaction between the neighboring Bssite governed by the super-transfer
process via O |2 states (see § 2.1.3). An important consequencemfaterials with
antiferromagnetic spin ordering and Gdkd@pe lattice distortion is that the
Dzyaloshinsky—Moriya interaction causes a cantighe spins towards the-axis and
hence produces a weak ferromagnetic moment belewdéel temperature T

-19 -
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Some ionic radii for the respective elements iropskite-like structures of manganites
are listed in the table 2.1.1.1.

ca* SP* Ba&* Mn®* Mn** o

1.34 1.44 1.61 0.645 0.53 1.40

La®* Pr* Nd** st Eu** Gd** Tb* Ho™ y®
1.36 1.29 1.27 1.24 1.23 1.21 1.20 1.14 1.1

Table 2.1.1.1 lonic radii (in Angstroms) of elements often ingorated in the perovskite structure of
manganites [2.6].

Compounds with chemical formula of the typ@.#,0sn+1 possess two-dimensional
layered structure known as the layered perovskitetsire. For n = 1, this formula gives
the so-called KNiF;-structure, which is composed of layers of octahdtat are corner-

sharing only in two dimensions, with larger ions thle metal-A, separating two
successive octahedra layers (Fig. 2.1.1.2), [2210]]].

o2

n=w n=1 h=2
ABO, A,BO, AsB20;
perovskite K,NiF, bilayer

Figure 2.1.1.2 Variations on perovskites. Together with the lagemodifications the perovskites form
the so-called Ruddlesden-Popper phases, from [2.9].
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2.1.2 Crystal Field Splitting and the Jahn-TelléeEt

The electrons in thé-shell of a transition metal ion have orbital arrgumomentum
qguantum numbef = 2, and magnetic quantum numbmar, with -2 < m < 2. The
resulting five quantum states of ttielectrons are degenerate, that is, they havestine s
energy when the ion is in a spherical potentrala perfect octahedral coordination, the
crystal field (often denoted D@) of the surrounding oxygen splits thé-@bitals into a
threefold degeneratly (lower in energy), and a twofold degenerafenanifolds (Fig.
2.1.2.1). Further, there may be an additional tapitdue to lattice distortions (Jahn-
Teller effect), or other symmetry lowering of sokiad. In g electron systems like the
Mn*" manganese compounds, the electronic configurégitg’e, (high-spin stat&=2,
and 1@Mq < J4 - Hunds coupling energy) hence thgeelectron occupies an orbital, the
lobes of which are directed towards the neareghi@ir oxygen ligands establishing a
strong lattice coupling. The Jahn—Teller couplirfi the degeneracy of theg orbital by
causing a large deformation of the MnOctahedra. The most frequently observed
deformation of the cubic perovskite lattice is dongation of thez-axis (apical) oxygen
position coupled with the occupiediA—+? orbital (shown on Fig. 2.1.2.1). Another
possible deformation is an elongatiorx@&ndy axes (in-plane) oxygen positions coupled
with the occupiedé—y? orbital. When theey band filling is close to 1 (or otherwise to
some commensurate value), the individual Jahn—Telistortions are cooperatively
induced leading to symmetry lowering of the lattmeeven to a new superstructure.
Thus, the peculiar orbital ordering in the mangamiis always associated with the

cooperative Jahn-Teller distortion.
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Cubic crystal Jahn-Teller
field distorted

— %Y

A

3dlevels - 10Dq \

. 2-4eV (3+>0)

Figure 2.1.2.1 Crystal-field splitting (10q) of the five-fold degenerate atomid-8vels into lower
toq (triply degenerate) and highey (doubly degenerate) levels. The Jahn-Teller distorof the

MnQg octahedron further lifts the degeneracy. The systepicted here is in its high-spin state (S=2)

because 1Dq <Jy . This is the case in LaMnrO

Another effect of the crystal field is the quenahif the orbital moment. This is usually

the case in @transition metal oxides in which the crystal figddmuch stronger than the

spin-orbit interaction. If strong, the hybridizatiof thed-orbitals of the transition metal

ion with the oxygem-orbitals may also contribute to the crystal fisfaitting (covalency

contribution). It leads to splitting qf- andd-levels. Theey orbitals have larger overlap

compared tdyg (Fig. 2.1), and hence stronger hybridization, fiogno - bonds.
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2.1.3 Exchange Interactions

The Coulomb repulsion between the electrons isnaliely responsible for most of
physics of transition metal oxides, including tlead-range spin order. This situation
manifests itself most clearly in the Mott-Hubbambulating antiferromagnetic state.
Amongst the first studied Mott insulators is Co®isTcompound has an odd number of
valence electrons per unit cell (Co:’8sf and O: 2&p"), for which the single electron
band theory predicts metallic properties. Instéadyround state is antiferromagnetic and
insulating. In systems with interacting electrohe energyU of the on-site Coulomb
interaction is the most important term in the Haomian. If this energy is sufficiently
high, that is, if the on-site Coulomb repulsiontioé electrons is sufficiently strong, the
hopping of electrons from site to site is supprdssad the material is insulating although

the highest occupied bands are not completely full.

Superexchange

Despite the localization of the electrons in Matsulators, the kinetic energy term that
describes the band motion of the electrons istent and plays a very important role,
for example, in the antiparallel nearest-neighbpm sinteractions that lead to the
antiferromagnetic properties of the Mott state. Biraplest model that can provide an
understanding of their magnetic properties is thublbkdrd model, introduced in 1963, as
an approach to a theory of correlation effectshemdtbands of transition metals [2.12].
The model introduces a many-body Hamiltonian (thgblbhrd Hamiltonian) for the
description ofd-electrons of a transition metal taking into acdadine two main opposing
properties of these electrons: on one hand, theetery for delocalization via electron
hopping into itinerant states leading to metalkhavior, and on the other, their tendency
to localize on particular sites due to the electtactron interactions between them. The

Hamiltonian reads:

H=-t>(clc,+hc)+UD n n (2.1.1)

<ij>g [
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wheret is the hopping integral of electrons between rstaneighbor sites and j;

¢’ ¢, are the creation and annihilation operators, rasmdyg, for an electron in the

ioc¥ijo

' ¢ is the corresponding

Wannier stateg(r - R at lattice sitei with spin o, n, =¢,,c;,
occupation number operator, akdis the energy of the on-site Coulomb interaction
between the electrons sharing the same orbitak Hssumed that there is only one
Wannier state for each site (single-orbital Hubbatiel).

The zero-temperature behavior of the Hubbard misdgbverned by two parameters: the
relative interaction strengtt/t, and the electron density= N/L, whereN is the total
number of electrons and, the number of lattice sites (or unit cells, fanrBravais
lattices). Instead of)/t, the ratioU/W is often used as a measure of the strength of the
electron-electron interactions in a materidl (lenote the bandwidth). For the single-
orbital Hubbard model, the electron density takasies: 0< n < 2. Forn = 1, one has

the half filling case, where the number of electramequal to the number of sites. It is in
this case, that above a particular critical valtib) othe electrons are completely localized
at the ion sites and the mateiigla Mott insulator. Away from half-fillingn(# 1), the
electrons always maintain a propagating motion,nefa infinitely strong Hubbard
interactions y — ).

For more quantitative estimate one can start frooit Mhsulating state and takeas a

perturbation. The second order processésne shown on (Fig. 2.1.3.1), [2.13].

t t
DD o@/®®
) S O®d

Figure 2.1.3.1 Superexchange interaction. 1-ground state, 2rivediate state.

The intermediate state (2) has energy largerUbyhan the ground state (1). The
intermediate state with parallel spins configunatis not allowed because of the Pauli
exclusion principle. There are two possible finakess depending on which electron goes

to which ion. The energy due to this second ordecgss corresponds to:
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T 2t2 T T
H'=->>~clc,cl,c (2.1.2)

55 U ic'~Yjo'Yjo¥io
Taking the sum over the spin and rewriting the tetec operators in terms of spin

operators, the expression (2.1.2) becomes:

4t2( 1 j

H'=> "S5 --nn, (2.1.3)
<i,j> U ] 4 J

In the half filling case,n, =n; =1(the Heisenberg model), the energy goes to zero for
parallel spin configuration § [5, = 1/{ This directly reflects the fact that electron

cannot hop on a neighbouring site if both spins @aeallel. Equation (2.1.3) is the
antiferromagnetic interaction between the spinsseduby the motion of the electrons
(also called kinetic exchange interaction). As ihigraction is mediated by the oxygen
in the transition metal oxides, the exchange itedasuperexchange interaction and in
many cases thep2oxygen orbitals must be taken into account exgficlrhe excitation
energy of an electron from oxygen to the transitioetal ion is called charge transfer
energy A. Materials are classified as being charge-trangfex U ) or Mott-Hubbard
(U <A) insulators (Fig. 2.1.3.2).

charge gap
d-band — | d-band
] € O A W &
Fermi level Fermi level
o |l o
< ||[0=l€q-€pl interaction U U g interaction U U
H charge gap
o s
\ p-band p-band
(a) Mott-Hubbard Insulator (b) Charge Transfer Insulator

Figure 2.1.3.2 Energy diagrams &f) Mott-Hubbard insulatob) Charge transfer insulator, from
[2.14].
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Orbital Degeneracy

In the non-degenerate single-orbital Hubbard mduelsuperexchange interaction of the
d-electrons is always antiferromagnetic. Howeversystems with orbital degrees of
freedom, that is, with orbital degeneracy in thehell, the physics of transition metal
oxides is much more complicated and can show a rumbinteresting phenomena. In
such a system the sign of the superexchamgeaction (ferro- or antiferromagnetic), as
well as its strength, depend on the orbital ocdopatvhich determines the degree of the
overlap of the participating states.

Let us consider two systems, CaMnénd LaMn@, in Mn** and Mri* valence state,
respectively. As discussed above, the cubic crysthl splits the 8-states into a triply
degeneratégy and a doubly degeneraggstates and the spins of the electrons align due to
Hund’s coupling (Fig. 2.1.3.3).

Mn4+ Mn3+
- & ) I €
E
__F‘ = __ﬁ' Figure 2.1.3.3 Electronic states in CaMnG- aty
g % E tog system (left) and LaMn-an€y system (right).

Now, because theg orbitals are orthogonal to the oxygeps Drbitals, the electrons
exhibit a weak superexchange interaction with n@igimg Mn ions via oxygen %
orbitals. CaMn@is an antiferromagnetic insulator witR 125K. The magnetism in this

system can be described with the Hamiltonian:

HtZQ = JtZg %S' [Si IZ)
ij

with J, ~15meV and S=3/2, where the sum runs over the nearest neighba. <ite

the other hand, they orbitals of the MA" ion are differently oriented and have a large
overlap with the oxygen® orbitals resulting in a strong superexchange augon. In

this case the degeneracy of tg@rbitals has a dramatic effect.
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The Hamiltonian for the@electrons irgy orbitals is:

_zzztw(dlfya diyy +hC)+UZZ”m Ny,

+U ana ib +'J sz:ﬂadlza dlaa dlba

i oo

(2.1.5)

where the orbitals are considered as mixtures; ofbitals of Mr* with the 2, levels of
the oxygen ionsd/ - (d,,,) are the creation and annihilation operators foelaatron with
spin ¢ in orbital y at sitei . ti?’ is the hopping integral betwegn at sitei and )’ at site

j . The CoulombU andU’ correspond to interactions within and betweentalbion a
given site, and the Hund’'s coupling for tleg orbitals isJ,,. Realistic values are
U~7eV,U" ~5V andJ, ~2eV with the relationshig =U"+2J,, . a andb denote
two differente, orbitals, andn, , =d’! d, ., n,=n_ +n_ .

The superexchange is a second order process imoftjeng integral and it depends on
the nature of the respective orbitals. In this cése between théd, orbital of a Mn ion

and a2p, orbital of an O ion. The hopping integrqt/, in X,y or z direction, can be
estimated by integrating the angular part of theefanctions along the corresponding
axis [2.13].

The results fory=d(3z° —r? and ' =d(x* - y*) orbitals inz and x directions are
summarized in figure 2.1.3.4. Alorg the only hopping allowedt” =t,, is between
(3z° —r?) orbitals the lobes of which are uniaxial with g, orbital. In all other cases
the hopping is hindered because of {xé - y? orbital: t/” =t/ =t/ =0. Along x-
axis (similar fory), there is a common component in the wavefunctionsall

configurations hence the hopping integral assunieaya a finite value:t}” =-t,/4,

7 =t/ =+J3t, /4 andt)¥ = -3, /4.
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Figure 2.1.34 Hopping integral betweene, orbitals, y =d(3z°-r?)and
Y =d(x® —y?), via O 2, orbital inz direction (left) anck direction (right).

Now, depending on the orbitals involved in the sapehange interaction, several
processes are possible. Some of them are reprdsami{gig. 2.1.3.5). In process (a), the
orbital degeneracy does not affect the interacti@o, that the interaction is

antiferromagnetic as in the non-degenerate Hubbawdel (Fig. 2.1.3.1) and has the
value J =¢&2t2/U , whereé is a constant reflecting the orbital’s naturephocess (b),
two degenerate orbitals are involved into the mextiate state with energy’'+J,,.
However, this process is essentially the same aseps (a) and results as well in an
antiferromagnetic interaction with energy=&é2t2 /(U +J,, . I contrast, process (c) is
quite different. Since the Hund’s coupling affettie intermediate state, a ferromagnetic
interaction with energyd = &2t /(U' - J,, 9ccurs. Among all processes, the process (c)

is the most effective since the intermediate stalewest in energy.
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DE=~QE=-0®

_fa

J

DE-CO-~COEC

_ ez
U+Jy)

-BOE=QEO=-0®

7
(U’_‘]H)

Figure 4.1.3.5 Superexchange processes betweganbitals. Spins are denoted by the arrows, from
[2.13].

This means that when orbital degeneracy is preseatintra-atomic interactions of the

electrons lead to intersite ferromagnetic exchamgtead of antiferromagnetic like in the

single-electron Hubbard model. At the same timeéogtomes obvious that for the

establishment of ferromagnetic exchange coupling mecessary that the electrons at
neighboring sites occupy different orbitals. Thiseans that in general the

ferromagnetism which results from the intra-atorexchange interactions favors an
antiferro-orbital pattern of orbital order. The sigf superexchange in transition metal
systems depends however also on the angle of #maichl bond between the transition
metal ions and the oxygen ions. The exact way thgnmtic superexchange determines
the orbital configuration and vice versa is sumaetiin the Goodenough-Kanamori-

Anderson (GKA) rules [2.15], (see Fig. 2.1.3.6).
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(1) AF

} }
- .r“-ﬁ‘ lQ GJ _?_:} c.h i;_fb L

Required by Pauli’s principle

(2) FM . ) i

Favored by Hund’s Coupling

Figure 2.1.3.6 GKA rules. (1) upper: The so-called, 188xchange between half-filled orbitals. It is
strong and favours AF spin ord€?) lower: 9(P-exchange between half-filled orbitals is FM and
relatively weak. This figure also illustrates theclkeange due to overlap between occupied and empty
orbitals, which is again, FM and weak. Figures fij@x6].

The compound LaMng) is very often used to represent the physicgyisystems with
orbital degeneracy. It shows alternatidg3x* —r* / d(3y* —r?)orbital ordering (OO)

in thexy plane, the C-type, below,JF&780K, accompanied by a Jahn-Teller type lattice
distortion of the Mn@ octahedra. The orbital order introduces an aropgtrin the
electron transfer interaction, which in turn deter®s the type of superexchange
interaction (ferro- or antiferro-), depending oe thirection, hence the complex spin/orbit
configuration. At {=140K, the spins in LaMn{align ferromagnetically in they plane
but since there is no ferromagnetic superexchangegathe z-axis, the planes are
antiferromagnetically coupled forming the A-typeirsprdering (Fig. 2.1.3.7). A
spectroscopic ellipsometry study of the spectruniglteredistribution supported by a
parameter-free superexchange model calculatiorsnhiguously ascribed LaMn@s a
Mott insulator [2.17]. This compound attracted rest also as a system in which orbital
waves (orbitons) were experimentally observed [R.A8 interesting and open question
in LaMnG;, and in general to the manganites, is whetherotbéally ordered state is

induced by electron-lattice or by electron-electimeractions. In the theoretical study of
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Yin et al. [2.19], the authors estimated a value for electlectron interaction strength
of Ug~1.7eV, and hence conclude that this is the intera@rimarily responsible for the
orbital ordering. For the electron-lattice interant they find a much smaller value

insufficient to stabilize an ordered state.

Figure 2.1.3.7 Spin and orbital ordering in LaMnO

Double-Exchange Interaction

Many transition metal oxide compounds are in a ohixalence state and exhibit metallic
properties. Central phenomena in the study of niagesistive manganites is the
paramagnetic insulating (PI) to ferromagnetic niietgFM) transition along with its

magnetic field induced counterpart, the colossajmetoresistance (CMR) effect. The
connection between the metallic state and the feagmetism in these compounds is

crucial in understanding their properties. Shordfter the discovery of metallic

ferromagnetic state ina,_ Ca (Mn,>,Mn;*)O, by Jonker and van Santen [2.7], Zener

[2.20][2.21, Anderson and Hasegawa [2.22], and de Gennes ][2tBBoretically

examined the relation between metallicity and fergnetism. In

La,_,Ca, (Mn®,Mn:*)O,, there are threed®lectrons irt,, state of a M#{ ion, three @
electrons in the same state and one iregtstate for the M ion (see Fig. 2.1.3.3). The
spins of these electrons are aligned parallel tb @her because of the Hund’s coupling.
Now, if Mn**/Mn*" ions are neighbors, theg electron from MA* can hop on an empty

state at the MH site, thus exchanging valence and a resonanceggddri*-Mn*" <>
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Mn**-Mn*" occurs. This is possible only if the spins on bsiths are parallel. If they are
antiparallel, the hopping is inhibited by the Humdoupling (Fig. 2.1.3.8 ). This means
that the ferromagnetism and the metallic state ocooperatively. The mechanism was
named “double-exchange” by Zener. The Hamiinrdescribing this interaction is:

H z_zzt (CIUCIU +hc)+UZnH u J ZZS @00—00 io' +JZS EB (2 1. 6)

(i) o i oo
Hopping Allowed Hopping Forbidden
X
1 =] ==
y N y N y N
t29 t29

Figure 2.1.3.8 Schematic of the Double-Exchange (DE) mechanism.

In this (DE) Hamiltonian, thes; degeneracy and the electron-lattice interactioms a

neglected. The spir5=3/2, of the three electrons localized in thg states is treated

classically.c' ¢, denote the creation/annihilation operators ogaelectron with sping

1o IO'

at sitei, n_, =c' ¢, S is the spin operator of thg electrons ana are the Pauli spin

matrices.t; is the hopping integral of they electron between sitesl is the Coulomb
interaction betweeny electrons andl,, is the Hund’s coupling betwea&g andtyy spins.

The superexchange interaction between neighbdsingpins §>0), is estimated to be
J~20K from the Neel temperaturg,36JSSt+1)/3ks of CaMnQ. For manganites, usual
values ardJ~5-8V andJy~1-2V. Therefore, the limit of largel andJy is taken and the

spin of thegy electron is always parallel to thg spin at each site [2.13].
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In the treatment of (2.1.6), the electron operatars usually expressed in polar

coordinates(d,,¢@ ) Skipping the mathematical details, the Hamiltarcan be rewritten

as:

H=->t"(c'c; +he)+ 33 S 5, 2.1.7)

where cfcj represent a spinless fermion and the spin infaomas now included iné
andg) - the polar and azimuth angles of the spin sited. The hopping:

A 0 (—g+o i 0
tij?ff =t cosﬂcos—’+e'( “ q”)sinﬂsin—' (2.1.8)
2 2 2 2

now contains a phase part which is related to dribenion to the Berry phase in the
process of hopping, thus anomalous Hall effectaamlprinciple be anticipated in the

manganites.

Neglecting the phase facttf’ reduces to:
eff Hij
t; =tcos—_- (2.1.9)
2
whereg; is the angle between spins at sitesd] (Fig. 2.1.3.9).

. - - . . . — eff - .
Thus, in antiferromagnetic spin configuratidh =77, and t;" =0. When spins are

aligned ferromagneticallg; = ,Oti?ff =t and the electrons can move freely, that is, the
ferromagnetic metallic state is stabilized by maxing the kinetic energy of the
conduction electrons.
The electron hopping with matrix elemetfit , in a cubic lattice, will form a band:

E, =-2t* cosk (20)
A small number of doped electrons would occupyestat the bottom of this band near
E... =—6t" . Hence, whereas the initial state is antiferronetignand insulating, the
doped system, electrons in CaMn@r holes in LaMn@ will gain energy by

increasind™ . Following the two-sublattice model by de Genf&23], the total energy

per site, as a function @, and for a small concentration of doped carrigssl), is:

E(8) = JS® cosf - 6txcos§ (2.1.11)
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The minimization(0E(8) /08 = 0) of this energy gives for the angle:

6_3t
COS— = ———X
2 2J%?

i.e. with the doping (increase &, the original antiferromagnetic structure becomes

(2.1)12

canted and there will be both - antiferromagnetid &rromagnetic components in the
magnetic order. With further increase xfthe canting anglé& will decrease and for

some critical value:

2JS?
X>X, =

(23)1

the magnetic order will become purely ferromagngi24].

Mn3+ Mn4+

Figure 2.1.3.9 Sketch of a pair of spins at neighbouring siteth wome canting anglé.
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2.1.4 Phase Diagram of LZaMnO;

The physics of manganites is, however, much moreptex (Fig. 2.1.4.1). As pointed
out by Millis et al [2.25], there are certainly other important facttran in the above
simple DE scenario which are necessary to interprgiortant features observed
experimentally. These are, for example, electrdtieainteraction (predominantly of the
Jahn-Teller type), ferromagnetic/antiferromagnetiperexchange interaction between
the local spins, intersite exchange interactiorwbeh theey orbitals (orbital ordering
tendency), intra- and intersite Coulomb repulsinteriactions among the, electrons.
These interactions/instabilities occasionally cotapevith the ferromagnetic DE
interaction producing complex electronic phasesvali as gigantic responses of the
system to external stimuli, such as the CMR effect.

350

300

250

200

150

Temperature (K)

100

50

Ca (x)

Figure 2.1.4.1 Phase diagram of the mixed-valence manganite raystes, ,CaMnO;. Pl —
paramagnetic insulating state, FM- ferromagnetictatie, FI — ferromagnetic insulating, AF —
antiferromagnetic, CAF — canted antiferromagnéli®, — charge/orbital ordered state [2.26].
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In this section, the important points and featutegracterizing the different ground states
in the phase diagram of mixed valence;{&a MnOs; (Fig. 2.1.4.1) are briefly

summarized.

LaMnG;

As it was already discussed in the above, the camgds a Mott insulator due to strong
electron-electron interaction between the MireBctrons. The electronic configuration is
tr’e;" (high-spin stateS=2). The staggered orbital order accompanied byaagtlahn-
Teller distortion introduces an anisotropy in tignsand the magnitude of the exchange

interaction, ferro (, > 0 in-plane, and antiferro J, < )0 out-of-plane with

19|/|3,| =14, and is responsible for the peculiar A-type sminfiguration below T.

CAF state (low doping regime)

When small amounts of holes are introduced (dopinigh Ca), the canted
antiferromagnetic state (CAF) occurs. The averaggoifagnetic spin component
increases along theaxis. However, detailed neutron scattering expenintevealed that
the magnetic state is inhomogeneous and consigmall (~16A) anisotropic magnetic
clusters. The doping dependence of the spin-wagetispin the CAF region is a subject
to various theoretical models but generally assediavith an activation of a double-

exchange mechanism on distances involving two wersé lattice spacings [2.27].

The CAF/FI transition
It occurs atx=0.125 and the transition line corresponds pregisethe cancelling of the

AF coupling alongs-axis, Je, with only one spin-wave branch as expected from spin
lattice in the ferromagnetic state. The resistivétains an insulating behaviour, however,
first signs of “metallicity” (quasi-metallic stat@ppear as decrease in resistivity below
T.. At lower temperature another transition occursaracterized by an increase in
resistivity, as well as structural and magneticraalies. This second transition cannot be
explained by the DE interaction and indicates thpearance of different interactions.

Based on the observation of a weak superlatticg®Bnaeak in La,SrMnOs, this

- 36 -



Chapter 2

transition has been associated with a charge oiglemd the origin attributed to a new

type of orbital or lattice polaron order [2.27].

FM state

When enough holes are created in ¢jestates (Mf" species in the M matrix), the
metallic phase occurs. The spins polarize nearlfeptty to facilitate the hopping
process, such that the system gains kinetic endrgythe FM state, there is no
experimental evidence of charge or orbital orderiipe suggested orbital picture
involves 3l,-12<->3dy-y, orbital fluctuations [2.14]. When the temperatisgaised to
near or above the ferromagnetic transition tempeegat;, the configuration of the spins
is dynamically disordered and accordingly, the @ffee hopping interaction is also
subject to disorder and is reduced on average.l&éads to enhancement of the resistivity
near and abové.. Therefore, a large magnetoresistance effect eaaxpected around
T, since the local spins are relatively easily aigiy an external field and hence the
randomness of they hopping interaction is reduced (Fig. 2.1.4.2).sTts the simple
explanation of the magnetoresistance effect obdeaveund T, in terms of the double-

exchange (DE) model.

0.05 — ———————
La, Ca MnO
=X X 3
b (X=1/3)
= |
O
S 0.03}
=
=
= 0.02}
5]
o : Figure 2.1.4.2 Temperature/magnetic field
dependence of resistivity for LaCg MnO; at
0.01} x=1/3 doping. The PI->FM transition occurs at
T~250K. The strong suppression of the resistivity
: upon application of magnetic field is the CMR
0 Tl ] effect [2.10].
150 250 350

Temperature [K]
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CO/AF domain

In the rangd.5< x< 09the system is not very well studied except at\a particular

doping pointsx=1/2 andx=2/3, where two distinctive phases have been rededt half
doping &=1/2), the material undergoes at first a PI->Fnhs¢iaon at T~230K. Upon
further cooling, it enters an antiferromagnetic JARsulating state, J~160K. This
antiferromagnetic phase is characterized by a ehangl spin ordering structure of type-
CE, where real-space order of fMMn** takes place forming a superstructure (Fig.

2.1.4.3). A pattern of orbital order may exist ipdadently from the charge order.

@’f&Mn:"* O v+ Qo @ o>

Figure 2.1.4.3 Different charge/orbital ordering patterns progb&e thex=1/2 doping state in
La; xCa MnO;3, from [2.28].

For x=2/3, below T,~260K, the system transforms to a charge orderéubidrombic
phase with a tripled unit celb{=3a, b.=b, c.c=C). In addition, the system displays a
noncollinear antiferromagnetic structure with tegla—axis and doubled-axis lattice
parameters accompanied bydd - orbital ordering and Jahn-Teller distorted s
octahedra in tha@c-plane. This state was associated with the formadiba stripe-like
structure of the Mn ions in [2.29], and Wigner-¢aydike arrangement in [2.30]. Using
elastic neutron diffraction and magnetization exkpents, Pissas and Kallias [2.31], have
proposed a detailed phase diagram for, CaMnO; in the doping rangd5< x< 09
They identify four distinctive stable phases»xatl(/2,2/3,4/5,1), denoted by the solid lines
in figure 2.1.4.4, and a meta-stable oxe3(4), denoted by a dashed line.
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Figure 2.1.4.4 Phase diagram of La Ca MnO; compound in the high Ca-doping range0.5-0.9,
according to [2.31].

CAF and CaMn@
Finally, the doping ranges>0.85-1, is characterized by the coexistence cdr@t G-type

magnetic structures. The latter is adopted by CapMirCthis compound, Mn is in the 4+
valence state with electronic configuration’e,’ and therefore possesses no orbital
degree of freedom, hence the isotropic G-type nmiaglattice. The three®electrons are
localized in thetyy orbitals in the high-spin state S=3/2. Compared-adIn0O;, the
research work on CaMnQs much less abundant. A more detailed discussfothe
properties of this compound is given in the nexta@kr 5, in connection to the
spectroscopic study of the superlattice system GaVi€aRuQ.

For completeness, a generic phase diagram - batidWdersus hole concentratioq

for several rare-earth ions in B&MnOs, with different ionic radii, is given in figure
2.1.4.5.
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Figure 2.1.4.5 Phase diagram (bandwiditiversus hole concentratiod for the ground state of

Re.xAxMnO; [2.10].

The research on the

manganites continues to bebgecsuof a large amount of

experimental and theoretical work. Even though tgpagress has been made in the

recent years [2.6][2.32], much remains unclear @atlires development of additional

models even for the well-studied parts of the plthagram. Some of the notorious ideas

include electron-phonon coupling [2.33], phase s#pan and its importance to the CMR

effect [2.34][2.35], magnetic polarons [2.36], ddbi polarons [2.37], structural

correlations on nanoscopic and mesoscopic scalg8][zand so on.
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2.2 Titanates

The physical properties of compounds withorbital degeneracy can be very different
and in some sense more interesting, when comparttbse withey orbital degeneracy.
The lobes otyy orbitals point away from the nearest oxyggnozbitals and the crystal
structure is less prone to distortions. Indeedinéites (RTiQ R = rare earth), in
electronic configurationglego, do not undergo significant Jahn-Teller distorsipdespite
their degeneracy, but experience only rotationthefTiQ; octahedra, the GdFgO type
distortion. This type of distortion can be contedllby the variation of the ionic size of
the R-cation upon chemical substitution. Hence titheate compounds retain a structure
relatively close to ideally cubic in which the larthreefold degeneracy may be preserved
and enhance quantum mechanical orbital effects ssclorbital fluctuations [2.3].
Therefore, titanates, so as the vanadetf_@?ss(ystems), attract attention as model systems
to various degenerate orbital theories in a culyimrsetry in which the direct link
between orbitals and magnetism can be studied£214].

The crystal structure of RTigds a distorted perovskite with orthorhombic cdllRym
space group. The structural, magnetic and orbrtapgrties, have been systematically
studied by changing the ionic radiysaf the R-ion in the sequence La-Y. The smaller is
the radius g, the larger is the rotation of the Ts@ctahedron. This distortion bends the
Ti-O-Ti bond. In LaTiQ the value is: 157and in YTiQ: 140 (in theab plane) and 144
(along c-axis). The large bond angle implies a simarlap of the transition metad3
and the oxygeng@wavefunctions, which leads to small electron tf@nbetween nearest
neighbor Ti sites. In this way, the ratio of thentaidth W to the Coulomb interactiod

can be controlled. With this control, these Mottsulators exhibit a peculiar
antiferromagnetic (AFM) to ferromagnetic (FM) phasansition reflecting the rich
orbital physics in the titanates. Nearly the sarhasp change is found in the solid
solution Lax Y, TiO3 (Fig. 2.2.1) [2.39].
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Tc (K)

N,

FM

Figure 2.2.1 Magnetic phase diagrams of REiQpper) and La, Y, TiO3 (lower figure) as a function
of the ionic radius of the R-ion and the unit cedlume, respectively. The open symbols dengteaid

the closed, I From [2.39].

The end members, YTiand LaTiQ, are both Mott-Hubbard insulators with optical
gaps of (~1eV) and (~0.2eV), respectively [2.40)13. The spins in YTi@ order
ferromagnetically at F£30K and the saturated FM moment is about 80% acdtwh
expected from the spin-only value of S=1/2. Witlcreasing g, T. monotonically

decreases and the system eventually exhibits G-gué&erromagnetic order with

Tn=145K, in LaTiQ.

One of the first studies that stimulated the strergerimental and theoretical interest in
the research of titanates was an inelastic newdcattering on LaTig) by Keimeret al.
[2.3]. As the magnetic moment observed in the meadbic LaTiQ is greatly

reducedy ~ 0454, one would expect a picture of an unquenched art@hgular
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momentum opposite to the spin due to the spin-anb@raction. Surprisingly, the spin
wave spectra (Fig. 2.2.2) revealed nearly no arupgtin the exchange interaction,
which is inconsistent with the existence of an ap@ble unquenched orbital moment.
X-ray scattering experiments also failed to detay orbital ordering in the LaTiO

compound.

(& & £) Spin Waves

40 .
>
ESO - .
>
S 20t -
(Y]
Figure 2.2.2 Spin-wave dispersion in (1,1,1) direction
10 i in the reciprocal space for LaTiOThe line is an
isotropic spin-1/2 Heisenberg model fit to the
o L— experimental dataJ€15.5meV and a fairly small spin

0 0.05 0.10 0.15 0.20 0.25 gap of4~0.3meV).
¢

The results were interpreted as unusual many-btadg with AFM long-range order but
strong orbital fluctuations (Fig. 2.2.3), - an aiws departure from the Goodenough-
Kanamori rules that would imply a static orbitattpan.

Figure 2.2.3 A sketch of orbital fluctuating state. The eleatreside some timeon each of the triply
degeneratgy orbital states.
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The idea was further developed theoretically artttte the concept of “orbital liquid
state” as a coherent, orbitally disordered groutadesthat explained the experimental
findings [2.4]. Several Raman scattering experimevith visible and synchrotron soft x-
ray photons (Resonant Inelastic X-ray Scatteringyehalso identified high energy
spectral features, in both LaTyCGand YTIiQ;, that could be ascribed as to orbital
excitations (orbitons) [2.42][2.43]. These are paftthe issues that have recently
stimulated many experiments and competitive thesaietnodel calculations [2.44] in the
perovskite titanates with orbital degeneracy anparticular, for LaTiQ and YTiGs. The
physical properties of YTi©Qwill be discussed in more details in Chapter 6ergha
spectroscopic study on this compound will be preskn

Finally, it is important to point the difference thveen thetyy and g5 systems in the
hopping integral. As already discussed, the elacthompping between the nearest
neighbor transition metal ions in the perovskiteidure occurs through the oxygep 2
orbitals. In a perfect crystal lattice, thdy3orbital couples with @ (2py) along thex(y)
direction and decouples withp2 For example, for a bond along tke-direction, an
electron hops between tlig, orbitals and thel,, orbitals, which are called “active”, but
not between thely, “inactive orbitals” (Fig. 2.2.4). Explicitly, therdansfer integral

between sites orbital y and j with ' is given by:

tY =t6,, (3, +9y) (2.2.1)
where| denotes the direction of the bond connectingnd j . a ,b and ¢, correspond
to the two active and the single inactive orbitilsthe respective directioh=x,y,z.

The hopping integrat is a second order process involving the hoppirtg/@ent, and
O2p orbitals, i.e. to &7 'bond, denoted by,,, which is about two times smaller than
for the "o " bond t,, . In principle, there is a finite hopping integrg),;between the
nearest neighbor inactive orbitals through direetrap with thet,  orbitals, which is

usually neglected due to its small magnitude coegbéwt .
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Figure 2.2.4 Hopping betweert,y orbitals in different directions. “active orbitalalong x andy, and
“inactive orbitals” alongz.

A rigorous treatment with generalized Hubbard H#&mian and comprehensive

discussion of systems withy degeneracy can be found in [2.13].
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2.3 TMO Interfaces and Superlattices: Recent Adganand

Spectroscopic Methods

The concept of a superlattice structure comprideat teast two different materials (Fig.

2.3.1) is not a new one. It dates back to the 78sime when the semiconductor
materials were experiencing a great boost [2.45F @evelopment of semiconductor
superlattices, and in general, low-dimensionalcstmes like the quantum wells, wires
and dots, in which purely quantum mechanical effel@minate, led to many important
discoveries with a great impact in electronics aoptoelectronics technology.

Discoveries such as the Integer (IQHE), and thetlnaal Quantum-Hall Effect (FQHE),

even addressed questions to the very nature adléntrons as particles obeying fermion
statistics when confined in reduced dimensions sufgjected to large magnetic fields
[2.46][2.47]. The possibility that the collectiveatations in matter in two dimensions
(2D) can satisfy an arbitrary statistics betweamfenic and bosonic, including them, is

a subject of intense research nowadays [2.48][2.49]

.
| .

AlAs

AlAs

Al Potential alongz

Figure 2.3.1 A superlattice structure made of two alternatiemgonductor materials, GaAs and AlAs.
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The above is just one of many examples for intriguphenomena emerging in low-
dimensional structures even though, in this ca®en fconventional semiconductors - a
class of materials with properties based predontiywam the charge degree of freedom.
In contrast to that, the layered modifications lo¢ f{perovskite transition metal oxides
(TMO) naturally form 2D structures with large unélls (see Fig. 1.1.3). Their structural
complexity and specific electronic properties, gy full set degrees of freedom, make
them unique and showing an exceptional variety afonventional ground states. The
refinement of the thin film deposition technologi@s the other hand, opens up great
chances for the engineering of artificial complexticells and thereby “constructing”
physical properties using TMO materials. Therefaentifying mechanisms that modify
the electronic properties or eventually lead to newsical effects, when materials are
brought in contact, is of major importance to tleeelopment of the field.

In order to outline the current progress in thegitg/of TMO superlattices we first give a
review of few selected systems along with a basimduction to resonant soft x-ray
spectroscopy techniques with synchrotron radiatasnbeing powerful, element-specific
structural (electronic/orbital and magnetic) prols®me examples for elastic neutron

scattering and optical spectroscopy applied toilayér structures are also included.

2.3.1 X-ray Spectroscopy with Synchrotron Radiation

The intrinsic characteristics of synchrotron raidiat high brilliance, broad-range energy
tunability, high degree of polarization, small alagudivergence and coherence, made
possible the development of x-ray techniques swgltx-say absorption spectroscopy
(XAS), x-ray magnetic circular dichroism (XMCD), ey resonant elastic scattering
(XRS), and recently, resonant inelastic x-ray scatty (RIXS). This arsenal of x-ray

spectroscopy techniques is currently experiencinge@ous boost due to their great
potential in solid state physics, and in particuegpplied to TMO and their superlattices.
With the footnote that a comprehensive descripigsoout of the scope of this thesis, here
we only give a basic introduction of the techniqnesessary for the discussion of some

of the results in the following chapters.
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First of all, the energy range that is particulaslyitable for investigation of transition-
metal oxides and rare-earth materials, their saperts, or other long period electronic
superstructures (charge, magnetic and orbital prdetches the soft x-ray wavelengths,
i.e. the range of 200-2000 eV. Resonant excitattaksg place in this region are for
instance: the oxygenst> 2p (K-edge), the 8 transition metals2-> 3d (L, 3 edge) and
the rare-earth@®-> 4f (M4 5 edge) transition. Theddransition metals have theip2> 4d
edgeat higher energies 2000-3500 eV [2.50]. Becauseyealement has its characteristic
core-level binding energies, all x-ray core levpearoscopies are element specific.
These transitions are also dipole allowed, vergaife, and therefore do have high
enough intensities to make the spectra sensititleet@harge, spin and orbital state of the
ions. The resonant excitations are also extremsdfull for “resonant enhancement” on
performing angular scans in diffraction experiments

X-ray absorption is a core-level excitation througlransition from a core state to an
unoccupied state by absorbing photons (Fig. 2.8.1.1

The probability for electronic transition that eugally gives the absorption cross section
is given by the Fermi golden rule:

O ~‘<f‘l5‘i>

where P, is the dipole operator that couples the initizand final| f ) states.

“s(E, -E -hw) (2.3.1)

il

—_— l+s
LlJ' t; I-s
Energy

Figure 2.3.1.1 left: Excitation from core state to an unoccupied stagbt: Typical absorption spectra.
The L-edge is split todand L, due to strong spin-orbit coupling in theshell, from [2.51].

The final state, as shown in figure 2.3.1.1, cdesi$ core-hole and an additional valence
electron. This core-hole created by the incidendt@h will strongly interact with the
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valence electrons through the Coulomb interactibmerefore, the process cannot be
described in a simple one-electron picture. Indase of transition metal oxides, which
are narrow band systems, the x-ray absorption istroingly excitonic character since
these strong Coulomb interactions are larger thendne electron bandwidth of the
valence electrons. In case gf 2 3d excitation process, symmetry considerations fer th
initial and the final states (the matrix elementeiquation 2.3.1) yield the following

dipole selection rules for excitations to be allowe

Al = +1
Aj=0,=£1
Am; =0,x1
Amg =0
AL = 0,+1
AS =0

AJ =0,+1

were small characters denote one-electron quantwmbers and capitals, the
corresponding atomic quantum numbers. Cluster adid nfiultiplet calculations are
required for accurate calculation of absorptioncsee2.52].

XAS is indispensible probe in determination of vae state (Fig. 2.3.1.2), as well as for
the symmetry of the orbital state. The latter in@lby polarization dependence study - x-
ray linear dichroism (XLD) (Fig. 2.3.1.3). In x-raynear dichroism study, linearly
polarized light, parallel and perpendicular to ghane of incidence (commonly denoted
by rrand o) is used to examine the orbital symmetry of theasupied state. The XLD

spectrum is the difference in the absorption spdcir the two polarizations.
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XAS Isotropic Spectra 0

Intensity (a.u.)

Sra(RupsMng 1)207

LaMnO3 (Mn®%)

L
? Figure 2.3.1.2 Change of valence state can be inferred by

controlling the XAS spectra. The curves represent M3
edge in various Mn valence states [2.53].
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Figure 2.3.1.3 X-ray linear dichroism (XLD) spectrum. The examjdelLa,_.Sr,CuQ, with partially
occupiedd3x*-y? orbital giving a large absorption when the polatian is chosen such that the electric

vector is in thexy plane [2.54].
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The x-ray magnetic circular dichroism (XMCD) on tbther hand, allows a direct and
independent deduction of the spin and orbital magmeomentsmspin andmy,, again, in
an element specific way by utilizing the absorptafncircularly polarized x-rays (Fig.
2.3.1.4) [2.55]. In contrast to the XLD spectrareheircularly polarized light, left and
right, is used to trigger the core-valence-§3d) excitation of the atom. The interaction
of the spin or angular momentum of electrons wité angular momentum of circularly
polarized photons is what makes the method possibl¢here is a nonzero spin
(imbalance in the spin up and spin down momentdjaarorbital moment in the valence
band, the absorption of right circularly polarizeght is different from that of left

circularly polarized at the resonance absorptiagesd

& 10 2
L \/‘ L—J T T T T L— [ T T T
VA £V E
e} 9O i
fe) 0 L
= =
[= (0] [
D—w
3d 5 8 °f
ke = 4
™ < 0 A o _57 | | L 1 |
490 700 710 720 730 740 750 760 490 700 710 720 730 740 750 760
Photon energy (eV) Photon energy (eV)
s ™
Left-handed Right-handed . .
. .
circularly polarized circularly polarized Orbital mognehc moment:
x-ray x-ray m,, o< (A + B)
E + Spin magnetic moment:
2;03’,2 _ IrTlspin + mp o< (A - 2B]
2p,,, —=0=0— \. y

Figure 2.3.1.4 Principle of XMCD technique. From [2.55].

The integrated areas of the difference in the thysogption spectra, A and B on figure
2.3.1.4, are then directly related to the spin @rtal magnetic moments.

XAS spectra detection, as in all other x-ray spetiopy techniques discussed here, is

most commonly done in two regimes - fluorescen@&tdy(FY) and total electron yield

-51 -



Transition Metal Oxides

(TEY). In the FY mode, (Fig. 2.3.1.5hne detects the electromagnetic radiation
resulting from the radiative decay of the electrémasn the occupied density of states
(DOS) to refill the core hole created by the X-ebsorption process [2.5]. The number
of photons is proportional to the number of coreeba@reated by the absorption process.
It is also important to note that this detectiortmod is quite bulk sensitive, since at these
low photon energies there are almost no photortesoag processes. The probing depth
in FY mode is ~2000 A. The drawback of this techieids that the mean free path of the
fluorescent photons can be comparable to that efitcoming photons, hence self-

absorption effects can take place, with the rabait the fluorescent yield will no longer

be proportional to the absorption coefficient.

‘Fluorescenr mode }\ e' /—{Transmission mode

(hv)fluar‘e.sce.n‘r (h V)‘rr'cmsmi're.d

(hv)

incident

~

/—{To‘ral electron yeld mode
L

x-rays i

Electron Yield

depth

I sampling
2-5nm

Figure 2.3.1.5 XAS spectra detection modes. Fluorescence Yie¥) @nd Total Electron Yield (TEY).
One can also measure the transmitted photons tainolthe absorption, but this mode put severe
limitations to the samples. From [2.5].

In TEY mode the electrical current (proportionalthe absorption coefficient), supplied
from the ground in order to neutralize the “charfgeample, is measured. The unfilled
core hole left behind by the x-ray absorption pssci filled by an electron which decays

from the occupied DOS. In this case the procesw®igadiative but an Auger process.
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The energy gained from this decay is transferrednmther electron, which can escape
from the material. The TEY mode probing depth iscmiess than that of FY mode and
varies in the range of approximately 20 to 50A.

The resonant x-ray (magnetic) scattering XRS (XRM&hnbines the well-known x-ray
diffraction experiment (Fig. 2.3.1.6) with the adt@ges of synchrotron radiation, which

makes it an extremely powerful method for spectwpgcand structural studies.

momentum transfer
fiq = hk'— ik

2dsind =nA

4n .
=—sin@
g A

dasti(iscat_tering
K =[K

Figure 2.3.1.6 Sketch of a diffraction setup. The wavevector raf incominglz and the out-comindZ'
waves span the scattering plane. The afdle 26 is called scattering angle. The momentum transfer i
the scattering process is given by the scatterawgor G and d is distance between crystal plandsis the

polarization in the plane and perpendicular to the plane of incidence. On thjtrhand side the Bragg
law and analogously the Laue condition for elastiattering are shown.

The atomic form factor that describes the respafiggoms to the electromagnetic x-ray

field is generally expressed as:
f(G,0) = F@q) + f'(w) +if (@ ) (2.3.2)
where f°(q) is isotropic non-resonant term, anﬂ(a) : f"(a)) give the resonance

contribution, also called dispersion or anomalowsrertions (3x3) tensors. Their
symmetry is given by the local symmetry at theteceitg atom. The nonresonant and the
resonant contributions in equation 2.3.2 can beséérby solving the equation of motion
for bound electrons in an alternating electromagrfetld. The resulting cross section of

the whole elastic scattering process is:
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(1R (Aln) i, )]
E -E, +hw+il /2 ‘

O satter ~ <f‘Hint(A2)‘i>+z (2.3.3)

whereH_ . is the interaction between the electrons and kbetremagnetic wave, linear

int
and quadratic respectively, in the vector poteriallhe first term represents the non-
resonant contribution {°(q ,)in equation 2.3.2), and is determined by the iour
transform (FT) of the charge and spin contributighat can be further split to a

chargef?(q ) and a magneti€’(q ,)part. The second term, involving an excitaticondr

initial |i) to an intermediate stafa), quantifies the resonant contribution (Fig. 2.3).1.

Excited Sate
@ O |n)
4 |
Koo I
N e
O . ||> Figure 2.3.1.7 Resonant x-ray scattering process
Ground Sate

This contribution becomes very large for photonghvenergies equal to the resonance

energiek;, —E,. Therefore, the potential of resonant scatteriegults from the high
sensitivity to the intermediate stahe). While in the non-resonant process, the change of

valence state of an atom usually causes only a sergll difference in the scattered
amplitude, the resonant scattered signal is seaséiven to small changes of the degree
of occupancy of the intermediate state. Hence résenant scattering process is a very
efficient probe of charge and orbital ordering ptreena. This resonance enhancement
of the signal ensures also the magnetic sensitfidBMS). The absorption probabilities
of left and right circularly polarized photons aliéferent due to the dipole selection rules
applied to the occupied states (Fig. 2.3.1.8). Tdasls to an asymmetry in the absorption
of photons of different helicities, depending oe thirection of the local magnetization,
known as the x-ray magnetic circular dichroismbsaption regime (XMCD).
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Figure 2.3.1.8 Energy level diagram of an atom with 8 electrofifie dipole selection rule
Am = +1for right circularly polarized (RCP) and\m = -1 for left circularly polarized (LCP)
photons causes an asymmetry in the absorption pilipaince the Am = —1transition is not possible

due to the fully occupie@,—l> state. From [2.56].

Since the absorption coefficient is related to ithaginary part of the atomic scattering
strength by the optical theorem and both, real mmaginary parts of the dispersion
correction are related, this asymmetry also matsifes the atomic scattering strength,

which consequently depends on the local directiche@magnetization.

SRCHIECEIRCE (23.4)
O s (E) ~ @

Therefore the absorption is complementary to tffeadtion experiments.
The direct dipole excitation into the states resae for the magnetism results in a

much larger magnetic scattering strength. The m@soscattering amplitude for such a

dipole excitation is [2.56][2.57]:

fo=(ef @ )FO +i(e) x g ) +(ef om)(e, tm)F2 (2.3.5)
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Here& ands, denote the polarization vectors of the incident aedttered light and

F'are resonance oscillator strengths. The first t@escribes resonant charge scattering,
the latter two depend on the unit vector pointing along the local magnetization
direction. The term linear im corresponds to the circular dichroism while theelatof
second order im, describes linear dichroic effects. Since the aigs here sensitive to
both, charge and magnetic structure with a cegandicity, XRS (XRMS) is therefore
especially efficient for characterization of longried electronic, orbital and magnetic
superstructures in bulk specimens and multilaystesys. One can perform scans where
either the momentum transfer or the photon enesgykept constant (Fig. 2.3.1.9).
Similarly, in XRMS one does the experiment in a metg field and makes use of
circularly polarized photons to obtain the magnstrticture in terms of the asymmetry
ratio and dichroic difference [2.58][2.59][2.60].
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Figure 2.3.1.9 left: Typical angular scan of a superlattice samplertakeMn L ;3 resonance edge. First
three SL Bragg reflections are clearly visible. Kiessig fringes in between them give the number of
repetitions of the SL unit cell in the sample. Toisve is essentially a Fourier transform imagé¢hef
electronic density in the sampléght: Mn L, ; edge at fixedj, for two different polarizations.
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2.3.2 Interface between High-Temperature SuperadndY BaCuO; and
Ferromagnetic Metal LaCa;;sMnO;

Recently, the synthesis of artificial superlattiq€d.) of the optimally doped high-
temperature superconductor (SC) ¥BgO; and the ferromagnetic metallic (FM)
Lay/sCaysMnO3, (YBCO/LCMO), offered an elegant route to the expental study of
the interplay between superconductivity and magnetn a microscopic level. Routine
dc-transport and magnetization measurements of thgserlattices have established that
there is a strong interaction between SC and FMeropdrameters since both critical
temperatures, F92K and T.g250K, were considerably suppressed even for
superlattices with relatively thick layerd$,>10 nm. These observations implied that the
proximity coupling effects may involve unexpectedirge length scales. Equally
interesting were also reports for a considerabpgmession of the normal state electronic
conductivity. This is also a puzzling finding siniceth materials, at their optimal doping
levels, possess good metallic properties. Therlati®s also confirmed by means of
spectroscopic ellipsometry in the FIR region byHdldenet al. [2.61], (Fig. 2.3.2.1).
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Figure 2.3.2.1 left: Temperature dependence of the in-plane conduciigitand the real part of the
dielectric functiong,, for SLs YBCO/LCMO with equal thickness of botlyda materials: 60nm/60nm

(upper panel) and 5nm/5nm (lower panméght: High-resolution TEM image of YBCO/LCMO SL
structure.
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In order to unambiguously prove the intrinsic amigif this metal-insulator transition in
YBCO/LCMO superlattices several control experimemsre carried out. Poor SL
guality, including significant chemical mixturesrass the layer boundaries was excluded
by x-ray, high-resolution TEM image and ion-masectpmetry. Furthermore, an
additional set of superlattices of YBCO/LNO (LaN)Owere prepared, but found to
remain metallic for all thicknesses. Thus, the ob=g significant free-charge carriers
suppression was explained as a consequence of siveasharge transfer between
adjacent layers, namely, holes from YBCO towardsMQ; as well as a charge
localization due to magnetic correlations induceg lbng-range proximity effects
involving distances of ~ 20nm. The detailed micagsc picture of the electron/orbital
and magnetic state at the YBCO/LCMO interface wathér inferred by elastic neutron
scattering, soft x-ray absorption spectroscopy, XMé&nd XAS — (FY / TEY) modes
comparison strategy on specially prepared sampled,led to conclusive results. The
instrumental combination described, can serve gsneral experimental scheme in the
study of interfacial properties in superlattices.6[4[2.63]. Figure 2.3.2.2, shows
unpolarized neutron reflectivity curves taken undgecular conditions, momentum
transfer perpendicular to the SL planes, on a YB@MO superlattice sample with
equal thickness for both materials, i.e. 1:1 radibhigh temperatures, where only nuclear
scattering contributes, the first Bragg reflectisrtlearly visible, while the second one is
absent, as expected, due to the 1:1 configuratiding superlattice. The development of a
second order Bragg reflection below the magnetimatemperature T < fhg~165K, is
indicative of a substantial difference between #ipatial profiles of the nuclear and
magnetic potentials. The best model fit of the expental data selected sizable magnetic
polarization within the YBCO layer that couples iartomagnetically (AF) to the

LCMO layer (antiphase magnetic proximity effect)tlas most likely scenario.
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Figure 2.3.2.2 Temperature dependence of specular neutron rigftgcon YBCO/LCMO (1:1)

superlattice (with equal thickness for both layeatenials). Structurally forbidden second order Brag

peak (shaded area) develops below the magnetgiticantemperature ;J,g~165K [2.62].
The interface magnetic profile was determined gtetitely by XMCD and confirmed
the suggested antiferromagnetic coupling acrossntieeface. The mutual orientation of
Mn and Cu magnetic moments can be deduced fronrellagive sign of the XMCD
signal at I3 resonance for the same helicity of the light. Asrson figure 2.3.2.3, Cu
dichroism is small compared to that of Mn and lessdpposite sign, which indicates an
antiparallel orientation of the corresponding madignenoments. Furthermore, the

induced net magnetic moment at the Cu site wasatad to bes =0.2ug / Cu.

YBCO
x10

g \
= |
g Mn J
% -10 K, Mn—0-Cu
a Cu \
2 )
> / 2
-
y
30K //&bs‘z'

-20

LCMO
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Figure 2.3.2.3 left: XMCD signals obtained from core level absorptipecra for Mn (blue) and Cu
(red). The data is taken at temperature T=30ight: A model of an interface in YBCO/LCMO
superlattice. The arrows represent the relativentation of the net magnetic moments as deducea fro
XMCD [2.63].
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The remaining question concerning the exchangeadten is the origin of the AF
coupling. The only active orbital in YBCO is therpally occupieddy.,, and the
conductingey electron in metallic ferromagnetic LCMO is believi® be in a fluctuating
Oy <-> dp.2 Orbital state. The question is relevant sincedlernating occupation of
different orbitals on neighboring lattice sitesdes ferromagnetism, whereas the uniform
occupation of orbitals on all lattice sites tenalgé&nerate antiferromagnetism.

In order to elucidate the orbital state right a ihterface, J.Chakhaliagt al. [2.64]
measured linear dichroism (XLD) spectra on speciptepared samples, such that the
difference in the probing depth for fluorescenaad/(FY) and total electron yield (TEY)
modes make possible the spectroscopic distinctedwden the interface and the “bulk”

part of the samples (Fig. 2.3.2.4).

Mn
ng n edge 201 = Polarization along c-axis
Bulk FY Polarization in ab-plane
\ 3 h 3151 Cu edge
& K ’_‘/ \
v 5 10 |- e
o
5] Interface
YBCO cap layer é o5 L TEY / \
00— P R R T
926 930 934 938
Photon Energy (eV)
edge 25 T Polarization along c-axis
<7 ~|"  —— Polarization in a-b plane
b : 20 Mn edge
/ '; r
o <5 Bulk FY
<~ o
. 3 =4
LCMO cap layer S~ 28 e 1.0k
o i el
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0.0 \ L )
635 640 645 650

Photon Energy (eV)

Figure 2.3.2.4 left: Schematic of the experimental setup used to olth@XAS and XLD data in TEY
and FY modes. Data sensitive to interfacial Cu (Mtgms are taken in TEY mode on samples with
LCMO (YBCO) capping layerright: Normalized x-ray absorption spectra for both modes (bulk
sensitive) / TEY (interface sensitive), and polatians along-axis and irab-plane. Cu k edge (upper
panel) and Mn L3 absorption edge (lower panel), from [2.64].
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The first sign for modification of the electronitcicture of the Cu@layer adjacent to the
interface (TEY mode) is the shift (~0.4eV) of tha G edge towards lower energy. The
shift of the peak is evidence of a change in vaestate of Cu ions near the interface.
Comparison to XAS spectra of reference materiatgaining Cd* and CG@" ions yield a
rough estimate of 0O62Cu charge transfer across the interface, suchtlleahole density
in YBCO is reduced at the interface. The secon#isty observation is that the strength
of the absorption signals in TEY (interface sewmsitimode for polarization perpendicular
and parallel to the layers are almost equal, irkstantrast to the FY (bulk sensitive)
mode where the pronounced polarization dependenicefull agreement to the partially
occupiedd,,.,» orbital, characteristic for bulk YBCO. This is kar signature of orbital
reconstruction at the interface. The nearly isatraposs section implies that the hole
content of the Cu,.r» orbital is similar to that of théy,.y, orbital. The spectra at Mk
edge show no dependence of photon polarizationpaarvation consistent with orbitally
disordered state in metallic LCMO with equal ocdigaof Mn dw.y» <-> dxo.y» Orbitals.
Based on the experimental findings and supportecluster calculations, a model for the
interfacial orbital state was obtained explainihg tinusual magnetic behavior. The Cu
d.r» orbital points directly towards the interface dndridizes effectively with the Mn
do.r» orbital via the apical oxygen ion O(2), (Fig. 2.5), generating a covalent chemical
bond bridging the interface and hence naturally l&rmg the antiferromagnetic
coupling.

s

interface cluster|

bICa 4 @ ° Figure 2.3.25 Atomic positions near the YBCO/LCMO interface.
7 °°‘ °o° MnCuQy interface cluster is used in the theoretical datbons [2.64].

The observed interfacial orbital reconstructionYiBCO/LCMO superlattices is a nice

example of the realization of an orbital state axdtievable in bulk samples.
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2.3.3 Polar / Non-polar Interface

The interface between polar and non-polar matesatgests an interesting mechanism
for electronic reconstruction. Even interfaces lestw formally neutral planes can have
interface dipoles resulting from band offsets, fexample in semiconductor
heterostructures. However, electrostatic potental the boundaries (“polarity
discontinuities”) can be a dominant factor in detieing the electronic state when two
materials are brought in contact. Considerable réste was generated after the
experimental findings of unusual metallic statehwitery high carrier mobility at the
interface between two wide-band gap insulators CaAdnd SrTiQ [2.65]. In the (001)

direction, the perovskite structure AB@an be considered as an alternating stack of AO

and BQ layers. Whereas **O* /Ti**O7” is a sequence of charge neutral sheets,

La®**O* / AI*OZ alternates betweente charged sheets in the ionic limit. The

heterointerface LaAl@/ SrTiO;, therefore, presents an exttee  tharge per two-

dimensional unit cell depending on the interfacenteation structure (Fig. 2.3.3.1).

(AI0,)

(AIO,)
(AIO,) (AIO,)-

(srO)°
(TiO,)° (Ti0,)°
(sro)° (Sro)°
(TiO,)° (Ti0,)°
(sro)°

Figure 2.3.3.1 Schematic of LaAl@/ SrTiO; interfaceleft: (LaO)" / (TiO,)° right: (AIO,) / (SrO¥.

The interface structure is controlled by directal@on of LaAlG; on TiO,-terminated SrTi@(001) or

after a monolayer of SrO is deposited on the,E@face. From [2.65].
Furthermore, transport measurements revealed tmatetectron-doped interface is
conducting with extremely high carrier mobility @ezling 10000 cAv's?, while the
hole-doped interface is found to be insulating. ®heerved interface asymmetry and the

underlying mechanism are of great experimentaka@stesince it can be implemented in
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the design of superlattices with specific interdhqroperties. Nakagawet al. [2.66],
proposed a model in which the electronic reconsittncat the (001) LaAl@/ SrTiOs
interface arises as a consequence of electrogtatential increase that is a function of
thickness of the polar material. This electrostgdatential eventually diverges with
respect to the termination line, i.e. the polarfpotar interface, which in turn triggers
charge redistribution across the interface in orteresolve the “polar catastrophe”.
Whenever this charge can be provided from ion wéhable valence state, the resulting
interface does not suffer significant atomic reagements or roughness. In the opposite
limit, the relaxation process is at the expensentfoduction of oxygen vacancies.
Namely, the AIQ/LaO/TiO interfaces are compensated by mixed-vaenhicsites that
place extra electrons in the Srgi@onduction band. In contrast to this electronic
interface reconstruction, the AMSrO/TIO, interface is compensated by oxygen
vacancies — an atomic interface reconstruction.

The results on LaAl®/ SrTiG; interface system stimulated a large amount ofarebe
work and a concomitant debate about the role ofjeryacancies in the origin of this
unusual metallic state, see for example [2.67]. dlliet conductivity has also been
observed in the LatiOs / SIT O3 system. Ohtomet al. [2.68] showed that these two
materials can be grown in superlattices of supegigality (Fig. 2.3.3.2). Similarly, a
charge modulation was found to involve charge tenBom LaTiG; towards SrTiQ.
The resulting electronic state near the interfasethe mixed-valence ¥7*, deduced

from electron energy-loss spectroscopy measure(&&itS).

Figure 2.3.3.2 High-resolution STEM image of LaTiJ SrTiO;
superlattice. Digits denote the number of Lagdi@hit cells in
each layer. From [2.68].
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As LaTiO; is a Mott insulator, this superlattice system addes yet another aspect of
fundamental interest, that is, what kind of elegitophases can appear at interfaces
between a strongly correlated insulator and a basalator. Theoretical studies indeed
find significant electronic reconstructions andrioiiing ground states, including a
metallic state, consistent with the experimentasults on the LaTi@ / SrTiGs
superlattice system [2.69].

Critical in the characterization of metallic statissthe electrodynamic response. A
spectroscopic ellipsometry study recently providgentitative information about the
electrodynamic properties of itinerant electrond.atiOs / SrTiO; superlattices [2.70].
The IR ellipsometry spectra showed that all LagiOSrTiO; superlattices exhibit a
Drude-like metallic response regardless of the $tigdlicity and the individual layer
thicknesses (Fig. 2.3.3.3). The data yielded alsarly constant sheet carrier
concentration per interface of about ~3%tfn? with a small scattering rate of ~ 120¢m

, sizable mean free path ~ 25 unit cells at T=16 fairly high mobility of ~35 criv s
! according to the relations = er/m” with m” = 1.8m,, extracted from ellipsometric

data in the framework of the extended Drude- model.

14
12
Coherent (Drude)
{“10 - - —Incoherent (Lorentz)
IS
‘—O [
G 8‘ LTO)1/(STO)10
k= 6
= { LTO)2/(STO)10
b 4 -
I (LTO)4/(STO)10 Figure 2.3.3.3 Optical conductivity spectra of SL
2 samples with various LaTi3hickness (unit cells) at
I LTO)5/(STO)10] 10K, containing coherent (Drude) and incoherent
Olimm e = ¢ - (Lorentz) contributions [2.70].

100 1000
Wave number, v (cm™)
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2.3.4 Selecting Orbital State by Strain

In Ref. [2.71], the LaMn@SrMnG;, (LMO/SMO or La/Sr are sometimes used for
simplicity), superlattices have been investigatadorder to elucidate the interface
electronic phases created by adjoining two antfeagnetic insulators with electronic
configuration ty’e," and tog°e,’, respectively. Due to the apparent similarity he t
electronic configuration realized in the hole dapiprocedure in mixed-valence
La;xSrMnO3; and LaCaMnO; systems, one would expect a double-exchange
promoted metallic-like state near the interfaced awtivation of a magnetoresistive
effect. However, the magnitude of the resulting&taic reconstruction will also depend
on the orbital state across the interface. It iff lwewn that anisotropic strain can favor
energetically a certain orbital state. In thin 8lnand superlattices samples the strain
effects can be controlled by a careful selectiorthaf substrate material for coherent
epitaxy. In their work Yamadet al. studied two sets of samples: [La6, Sr4] and [La3,
Sr2], where the digits denote the number of unilsceomprising the superlattice unit
cell. In order to investigate the evolution of tekectronic properties as a function of
strain, three different substrates were chosen; iIGBIT (STO)@su=3.9054),
Lag 3Sr.7Al 0.65T 803503 (LSAT) (asu=3.870A) and LaAIQ@ (LAO) (asu;=3.792A), so as
their lattice constant gradually decrease in thgusece, going from tensile through
lattice-matched to compressive type strain.

Based on detaileddc-resistivity, optical and magnetization measuremmefdr the
epitaxially and coherently strained LMO/SMO supiidas, and the respective solid
solution LSMO control samples, the authors propogeodel for the orbital structures at
the LMO/SMO interfaces, figure 2.3.4.1.
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LMO/SMO interfaces
compressiye lattice-matched tensile

S 2

ol A-AF

d322-l‘2'¥_ dxz-yz

ud322-r2

Ferro
C-AF
(LAO) (LSAT) (STO)

Substrate lattice constant

Figure 2.3.4.1 Different spin and orbital structures realizedts LMO/SMO interface and stabilized
by the epitaxial strain: LAO-compressive, LSAT-edét matched and STO-tensile [2.71].

The tensile strain (stretchingy) by STO stabilizes thé(x*-y?) orbital state resulting in a

layered A-type antiferromagnetic and conductingrifatce. The lattice matching, in the
case of LSAT substrate leads to a ferromagneterfante with a disordered orbital state.
When compressive strain is induced by LAO, dte-r?) orbital state is favored (see also

Fig. 2.3.4.2), C-type antiferromagnetism occursrgjvise to an insulating state.

Compressive strain Tensilestrain
X:y<z & )(Z-y2 X:y>z &— 22‘r2
& zr - Xy

#% %

Figure 2.3.4.2 left: Compressive strain favod§zZ-r) orbital state, andight: Tensile strain favors the
dO-y?) orbital state.
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Whilst in the case of a STO substrate, the supiedat MO/SMO system is conducting,
it is hard to conclude from simple transport measwents whether this metallic state
occurs right at the interfaces. Recently, Smagial. [2.72], provided that evidence by
carrying out a resonant soft x-ray scattering expemt on LMO/SMO on STO
superlattices, with carefully selected periodic{iyiMO)2n/(SMO)n, i.e.(2:1), with n = 4
and 5. The key experimental result in this workthe observation of a structurally
forbidden (L=3) superlattice Bragg reflection (Fig3.4.3), when photons are tuned close
to the Fermi energy Eobtained from XAS data. In off-resonance condgiomcluding
hard x-rays, the peak is suppressed in accordarite symmetry considerations.

Evidently, while preserved by the atomic lattidee symmetry is broken electronically
near the Fermi energy.

1.5 : : ;
v (LMO),/(SMO),
@ £ ] = 8048 eV
o 1.0+ § e 531eV
e = it +—530.2eV
2 [ 4
2 05} A £t
g P ': i e Figure 2.3.4.3 Specular x-ray scattering from n=4
= W ""'\ W superlattice with non-resonant hard x-rays (black),
! \ : non-resonant soft x-rays (red) and soft x-rays dune
e —

0.%.5 10 15 20 25 30 close to the Fermi energy (blue) [2.72].
L (r.l.u.)

The main conclusion is that the resonance obseate830 eV corresponds to the
presence of a quasiparticle peak at&s predicted for the Mott-band insulator integfac

[2.73], and demonstrating the potential of the xy@sonant scattering technique.
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Basic Principles of Optical Spectroscopy

3.1 Dielectric Function, Optical Conductivity an@fiRactive Index

The interaction of electromagnetic radiation withattar is fully described by the
Maxwell equations. The response of the materiatléztromagnetic field can be taken

into account by relating the displacement fieldhattie electric fieldD(r,t) = éE(r,t) or
alternatively, using the current density and tleeteic field, J(r,t) = oE(r,t ) (the Ohm’s
law), and the magnetic induction with the magnéetd strengtlB(r,t) = 4H(r,t )} The

material parameterss, ¢ and g, are the dielectric function (also called pernityj),
magnetic permeability and conductivity respectivdty free space there is no charge

p(r,t)=0 and currentsJ(r,t) = @ndD(r,t) =&,E(r,t), B(r,t) = g ,H(r,t) , where
£, =8.8542x10 AsV 'm™ is the permittivity, andy, =1.2566x10°VsA™'m™ the
permeability of free space. A possible solutionh® wave equation for the electric field,

analogously for the magnetic induction, is a harimavaveE(r,t) = E,€@", with a
wavevectorg| = w/c andc = 29979245&10°ms™ [3.1][3.2][3.3]. Thus, in free space,

the wave travels undisturbed with no attenuatioallafig. 3.1.1).

X, E A

propagation
dl rection

Figure 3.1.1 Linearly polarized
y, B electromagnetic wave in free

space with wavelengtk=21v ql .
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When matter is present, the electromagnetic walle iwigeneral, induce or redistribute
electric and magnetic dipole moments as well aseats. Hence, the electric and
magnetic fields no longer have the uniform disttidno as in vacuum, but will acquire a
non-trivial one instead, reflecting the space /etidispersion of the material parameters.
In order to determine the resulting fields and ents in the matter we need to account for

all contributors that may modify them. Table 3.elow, represents such a summary:

E.. =&E
Electric Field E=1+
E,. = 47P
9P
pol 6t
+
ey =COXM [ = Jing
Current Density J=<+
Jooa = 0,E
+
Jext
P
Charge Density p=1+
loext

Table 3.1.1 All possible contributions to the electric quartitd, © andE (induced and external to the
system).Oe is the charge added from outsides is the electric field andlex: , the corresponding
current density,opol = - [P, whereP is the polarization, is the charge density duspatially varying
polarization, and]p0| the resulting current called displacement curoeriiound current densitypoung. TO
Jbound contributes alsalmag caused by the spatially dependent magnetizaid®d M . Jeong is the

motion of electrons in presence of electric fiedf. 0; are the dielectric constant and the conductivity o
the material [3.1][3.2].
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In the range of wavelengths larger than the chartic lattice spacing in the material,
we can assume some mean value for the resultimds f@end neglecjp, in case of
homogeneous polarization. Assuming no externakotsr(ex=0) either, the total current

densityJiota Will be:

‘]total = Jcond + ‘]bound (3')]-
The displacement fiel® and the magnetic field strendth in presence of matter are:
D=¢gE=Q0+4n.,)E=E+4/P (3.1.2)

B=uH=QQ+4m, )H =H +47M
where & and 4 are now, the dielectric constant and the permigalof the material.

P = x,E is the electric dipole moment density] = y, H - the magnetic moment

density andye, Xm - the dielectric and the magnetic susceptibilégpectively. For non-
magnetic mediay. >>xm, being the reason for the widely used assumption 1. As
already mentioned in (81.2), the material paransedee complex functions, which takes
into account possible time delay of medium reactiath respect to the perturbation.
They are tensors in the general case, and areddbgtsimple analytical connections (see
also table 3.1.2 below):

E=¢g +ie (3.1.3)
1 2

The change in magnitude and the phase shift isinoluded in the expressions for the

resulting fields and current® = &, J,,, = 0E . In case of non-zero losses in the system
(o,#0) and assuming no net chargg( = ) & present, the wavevector is also

complex and it is given by:

1/2
q:ﬁ)[gllul+i%:| nq' with nq ZE (314)
c w |CI|
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describing the wavelength change and the attenuatfoa wave propagating in the
medium.

The complex refractive index is another materiagpomse function that describes the
propagation and the energy dissipation of electgpratc wave:

1/2
N=n+ik= [51,“1 +i 471”—65‘1} =&, ] (3.1.5)

with real parin, called refractive index and imagindcy extinction coefficient. These are

related to the material parameters through theviefig expressions:

2 =&{gf +(4”U1j } +€1} (3.1.6)
2 w

n? -k* = 1
2nk - 472“101
w

The complex wavevector can also be expressed tlsngpomplex refractive index:

G=%N =

ne . ka
C C

ad (3.1.7)
C

Substituting the wavevector into the wave equation,
E(r,t) = E, exdi(q @ - at)}

and decomposing to real and imaginary parts yields:

E(r,t) = E, exp{i «{% n, 0 —tj}exp{—%nq Dr} (3.1.8)

Now it can be seen that the real part of the complavevector, expresses a traveling
wave while the imaginary part takes into accour #ttenuation. The first exponent
describes the light velocity reduction with resprits value in vacuum i/ while the

second gives the wave damping (Fig. 3.1.2).
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ex;{— a)kzj exp (iwzj exp(iwwj
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Figure 3.1.2 Sketch of a damped
1ol wave, from [3.1].

The characteristic length for the electromagnetavevattenuation over which the field
amplitude decreases by a factorlééd , e=2.718, defines the skin depth (or penetration
1 C

depth): 0. = =
i = imfa ” ax

As this quantity depends on the imaginary parthef tomplex wavevector, it is also a

(21

measure of the wave phase shift caused by the iadater
Complementary to the penetration depth, the absormoefficient (in units of inverse
length) is defined to describe the attenuationh&f light intensity on propagating in

medium with extinction coefficierk

Zwk =4—ﬂk - 4o, [, _ UE [,

a=2Im{g == (3.1.10)
C A nc nc
H 2 | E M, vz
0, =wE, l4n & =1-4mw,la n:{é[gf +&2 +%}
2 & U, vz
g,=(1-¢&)aldn & =4l a k={j[€f+£§] —%}
P 2722 2
o, =nka /2m, £ =(" =K/ 14 n=lt (l_%j +(47Ulj +&_27W102
2 w w 2 w
n’-k*\ w 12 12
7 :[1_ ji & =2nk/ f4y k=d4£111 4o, Ao, ’ H _2muo,
aoJar 2 w w 2 w

Table 3.1.2 Connections between the material peeters and the optical conste.
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3.2 Properties of the Material Parameters

In (81.2), the generalized susceptibility was byiefiscussed along with some of its
properties. These properties are very general apty do all functions that have been
recognized as response functions to an applieddgierperturbation. Here we briefly

give the properties of the material paramete@snd J :

1) In principle, all fields characterizing the dlemagnetic wave can be split into
longitudinal and transverse components with resgettie wavevectoq. For the electric

field E, it can be shown that:

OMéE) =0EE" = 4mp,, (3.2.1)
OxE=0OxE" :_}6_8
c ot

i.e., the longitudinal component corresponds tardarangement of the charge, while the
transverse component is related to the inducedtrigigic currents. With such a
decomposition, and assuming isotropic materialdibtectric function has the form:

4
e- =g +i dd! 22)
w

2 -eymafd
c 1
In the long wavelength limitd - D&’ =¢" , i.e. the media does not distinguish
between fields parallel or perpendiculagto
2) Sinceé(w) =£"(-w), the real part is an even functios;(-w) = &,(w) and the
imaginary part:,(-w) = —€,(w) , an odd function of the frequency. The same hfdds
the complex conductivityd(w) = 6" (-w) .
3) The optical parameters of an electromagneticeyés amplitude and phase, always
undergo changes upon interaction with matter arcetbre constitute complex response

functions. General considerations, involving caitagirinciple, connect their real and

imaginary parts through the Kramers-Kronig relasion
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2 e ag(d) _ 2 e de(w) -]
al@-1= 0Pl gt e Pl
_ 2 o a0,(a) __2a > 0y(a)
1 (e
9@ = 0,0 = [~ e(a))das

4) A fundamentally important sum rule is the sdemhf-sum rule or oscillator-strength

sum rule. It involves the real part of the opticahductivity and is the most frequently

2
me’ _ W,
2m 8

used one: J': o, (w)dw = (3.2.4)

2

1/2
where w, :( ] is the plasma frequency,- the total electron density, amal—

the electron band mass. For cases where varioes gfelectronic excitations are well
separated in frequency, a partial sum rule can de dor the determination of the
integrated oscillator strength (also called spégteaght - SM @):

2m

Ny (@) = e’ J-

0

)

0, (w)dw (3.2.5)

Net IS the effective number of electrons per formutét.uUApplied to the low frequency
region, dominated by free electrons, this sum slla way to estimate the conduction
electron’s plasma frequency. An important propeftyhe integrated area unaglw) is
that it is independent of factors such as tempezadnd phase transitions, and contains
information about the interactions in the systeraludble physical information can be
obtained by analyzing the spectral weight redistidn as a function of temperature or
other external parameters. For examplet jfincreases with decreasing temperature then
o, (w) must decrease at higher frequencies so as to a@er spectral weight [3.4].

An important issue when sum rules are applied espitoper choice of integration limit,
i.e. the cutoff frequenay,. As it was already mentioned, sum rules existafbspectral

excitations, and it can be shown that:

[[o(@dw=" Q)" (3.2.6)

24 M,
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whereQ is charge anl is mass, holds for any kind of excitation in ag@then charge

is involved.
5) g,(w) 20 (3.2.7)
6) Li)rpoal(a)) =0, (3.2.8)

3.3 Reflection and Transmission

Since the information about solid materials is veffen obtained from reflectivity

R(6,«) and transmissiof(6,«) experiments, the propagation of electromagneticesa

across planar interfaces between materials witfereift optical properties has to be
taken into account. This is done by consideringtiooous transitions of the tangential
components of the electrick and the magnetic H fields (boundary conditions to the
Maxwell equations), and the conservation of enefdne result relates the amplitudes of
the incident electromagnetic wave with the transaditand the reflected waves at the

interface between two medid(z N'). At average angle of incidene these relations

are given by the Fresnel equations for the compédbection f, and transmissiof
(amplitude) coefficients. For perpendiculsr and parallelp-, polarizations and semi-

infinite media (i.e. no size effects are assumed,aso Fig 3.3.1), they read:

¢ = Bors _ Ncosd - N'cosd’ _ sin(@ - 6)

) EOi,s N cosd + N’ cosd’ B sin@+4a")

(3.3.1)

¢ = Bop _ N'cosf - Ncosd' _ tan@-6")

" Ep, N'cosd+Ncosd' tan@+8)

¢ _Bous_  2Ncos  _ 2sindcoss
* Ey Ncosd+N'cosd  sin@+8")
= Eoop _ 2N cosf B 2siné' cosf
P Eoi o Ncosd +N'cosd sin@+8')cos@-8')
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In the general case, all quantities are of coummptex:N, N', f =r(6,w)e @
f =t(6,w)e?®? . The generalized Snell's lawNsind = N'sind' requires complex

guantities for the incidence/refraction angles too.

Figure 3.3.1 Plane of incidencefandé' are angles of incidence (reflection) and refractidhe two

media are characterized by complex refractive 'nmdid(l andN' . The electric vectors of the
incoming, the reflected and the transmitted (r¢&dy beams ard, E, andE, , respectivelyS (red)
andP (blue) denote the different polarizations, perpeunl@ir and coplanar with the plane of incidence.

The reflectivityR, is the squared absolute value (norm) of the cemfield f =re'® :

R=f|" = fF" (3.3.2)
hence:
F = JRe"
and for the transmission:
7=/l =1-R (3.3.3)
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As R andT are defined as ratios of intensities on deteciingpt specially measured, the

phase information is lost.

Figure 3.3.2 represents the angular dependenRefof s andp polarizationsRs andR.

— (- _ ' —
Incidence— 1.0 n'=20 n=1.0 N, cidence 2.0
1.0 ——————— 1.0 — —
—R,=Ir|* R =Ir|?
' =
— 2 w < e— - 2
0.8 Rp_lrp‘ 5 0.8 g Rp_‘rpl
D & D @
~%2 06} @ EQ 0.6 .
@x | Total Internal Reflection
© o4t T o04r
x” o’
0.2} 0.2
0.0 ! ! ! ! : ! 0.0 ! N : ! ! ! ! !
0 10 20 30 40 50 60 70 80 90 0O 10 20 30 40 50 60 70 80 90

Incidence ©) Incidence ©)

Figure 3.3.2 Angular dependence fd®s andR,. For alld, R, = R,and R, = 0at the Brewster
angle: &, =arctan@t'/n) . At near-normal incidence angled: - 0, R, =R, =R.

left: N <N’ right: Njggence
6. =arcsinf'/n), R, =R, =1.

Incidence >n, and for angles equal, or bigger than the critical

Under normal incidence § - 0 ) conditions (often realized in experiments), the
distinction between both polarizations &nd p) becomes irrelevant and the Fresnel

expressions are reduced to:

A

2N

)
|
)

f=——— t=——— (3.3.4)
N+ N’ N+ N’
with corresponding phase changes upon reflecticansmission:
2(kn' = k'n) n'k — nk'
= arcta = arcta 3.3.5
W ’(n2+k2_n12_k12j W ’(nn'—n2+kk'+k2J ( )

Assuming nowN =1(air), and givingﬁ' the notatiorN , for the reflectivity and the

transmission we obtain:
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Y 2 _n\2 2
R=|f_\|2 =|1 IEI - (1 n)2 +k2 T — 4[21 . (336)
‘1+N @+n) +k @L+n)* +k
= arctar(_—ij = arctar(_—kj
“ 1-n?-k? “ n+1

The amplitudéf| = vR, of the complex field reflectivity (reflectandey vRe , and its

phasep , are Kramers-Kronig related via:

w = InyR(&) ~Iny/R(e)
ﬂjo Y da (3.3.7)

which requires wide experimentally availab®c. , as well as extrapolations beyond the

@ (w) =

measured frequency interval. At high frequencieswgr laws are commonly used:
R=w™® with 0< p< 4. For the low frequency rang® = const. if the material is an
insulator, and the Hagen-Rubens relaionl - AJw , in case of a metal.

Having obtained both parameteR{c. andg(w), the conversion t@(a Pr d(w)is

trivial:
= 1-R K = 2\/§sm¢g (3.3.8)
1+ R—Z\/ﬁcosqgr 1+ R—Z\/ﬁcosq
g =n*-k* £, = 2nk
_ UK, — a(l_gl)
1=, Oy =———
4rr 4

Another strategy, where no Kramers-Kronig procedsreecessary, is the modeling of
R(a) in terms of £(w) = €,(w) +i&,(w) by introducing a set of Lorentzians, or other

appropriate model dielectric function.
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3.4 Ellipsometric parameters

From the Fresnel equations (3.3.1), it follows thpbn reflection / transmission, the
change of the electromagnetic wave parameters fnffay significantly depending on the
polarization state. In the very general case, ibkt lis elliptically polarized, and the
polarization ellipse can be fully defined by intumihg two parameters (in case of

reflection), (see Fig. 3.4.1):

-

tany = L2

A=g,-q (3.4.1)

>

i.e. the ratio and the difference of the wave patens, amplitude and phase, soandp

=

|

polarization respectively. They are also calledpstimetry angles and constitute a

r .
complex quantity: 0 ==L =tanWe” (2%
f

Figure 3.4.1 Polarization ellipse.

The reflectivity and the transmission can now beressed as:

R=R, cos’W+R sin*W¥ (3.4.3)
T =T,cos ¥ +Tsin* W

for which the energy conservation is also fulfitled
R+T =1 (3.4.5)
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3.5 Lorentz Oscillator and the Drude Model

The Lorentz Oscillator is a simple phenomenologarad very useful dielectric function

model for the response of a bound charge to anrrettdharmonic electric field
E(t) =E,e"“ . This model captures the main features of thecteldynamics of
semiconductors and insulators such as phonon maahels interband transitions.
Considering a damped harmonic oscillator with nmasshargee, eigenfrequencyy, and
scattering ratg =1/7 . The equation of motion reads:

mi + myf + ma,r = —eE e (3.5.1)
with a harmonic solutiorf =r,e™“ . Inserting back into the equation of motion we
—-eE,e™ /m

obtain: [=—au—
(W, —w°) —iay

(3.5.2)

The macroscopic polarizability far oscillators with dipole momenp =—-ef per unit
volume isP:n< ﬁ>:)?eE, and since the dielectric constant is relatedh® electric

susceptibility througld =1+ 47y, , we derive for the dielectric function:

2
4rme’ 1 B w;,

=1+
m (@} -o’)-iay (& -&’)-iay

with real and imaginary parts:

Elw) =1+ (3.5.3)

W’ (wf - w?) Wiy

&(w) =1+
1( ) (wg_wz)z_'_wzyz

&,(w) =

(wg _w2)2 +w2y2
Note that in the general case, the optical digleconstants(w - «©) = £, adds to the

1/2

dielectric function too. Herew, = (4me* /m)"'?is again, the plasma frequency that

describes the oscillator strength. The expressi®n.3) is also called Kramers-

Heisenberg dielectric function. For the complexdaetivity we have:

2

(4]
6w)=—"2— % (3.5.4)
471 (@f - ?) +ay
w> 2 w> 2 _ .2
o)=Y o (@) =-Sr M)

4T (o} —w*)* +wWy? 4T (o — w*)* + w'y?
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Figures 3.5.1 below visualise several optical qtiast calculated according to the

Lorentz oscillator model.

—¢,(v)
—t,(v)
v,=200cm™
v_=500cm™
— p —
N y =30cm™ N
it e=1 2
10} Vo v .
p
a
_20 1 1 1 1 ) | | | |
0 200 400 600 800 1000 0 200 400 600 800 1000
-1 -
v(cm?) v (cm™)
150 T T T 0-05 T T T
0,(v) —3(v)
o (v
100 - V) 0.04 E
o
E 50 E 0.03
rli N
& =
g 0 < 0.02
2 °
S
-50 0.01 Vv
o
b) |
-100 L ! ! L 0.00 ! !
0 200 400 600 800 1000 0 200 400 600 800 1000
v (cm'l)
v T 16 T
1.0 —R() 20
R(v) y=0 14
08 i 12
o6} | _ 10
= 2 8
LL
o 0.4+ - -1 6
4
0.2F - v
‘ 2 |”
o)
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- -1
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Figure 3.5.1 Spectral dependence (inr=w/2mc units) for several optical quantities calculated
Lorentz oscillator modela) real and imaginary part of the dielectric functigv) and e,(v) (the
inset shows the input parameteis) optical conductivityo;(v) and o,(v) c) reflectivity RV)
d) refractive index and extinction coefficienvh@nd k) €) penetration depth,(v) f) loss function

-Im(1/g( v)).
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Using the relations presented above, the implioatiof & and &, on the optical
constants and the reflectivity in the different &p& regions can be evaluated (see also
figures 3.5.1):

Region 1 - Transparen < («, —y) (low frequency region)

This region is characterized by high transparertittye or no absorption, and small
reflectivity. We can assumie - 0and: &,(w) =2nk =0, 0,(w) =0, &,(w) =n*-k*>1
and R(w) = (1-n/1+n)* = (1—\/5_1/1+ \/5_1)2 The real parg, =n?, tends to a constant
value ate, (w - 0) =1+ w) / ;.

Region 2 — Absorptionie, -y /2)<a <(«, +y12)

The light is strongly absorbed at frequencies adotire oscillator eigenfrequenay,
with maximum ing,(w) ands,(w) . The width of this absorption range is determibgd
the scattering rage. The real pait;, crosses zero ab, with negative slope and becomes
positive again atv, . In the frequency interval between the two extrehthe dielectric
function,e.,,, =«, + y /2, the dispersion is negative and it is called “‘oegof anomalous
dispersion”. All optical quantities exhibit strormfpanges in this region except the loss
functionLF=-1m(1/ &) .

Region 3 — Reflectiong, +y<a<a,

This region is characterized by high and nearlystamt reflectivity. The electromagnetic
wave has enough energy and the excited charge ézlaawf it was free. In the idealized

case of = Q the light is fully reflected (sefigure 3.5.1 (c)). This is also seen from the
penetration deptld, (w ) which is greatly reduced in this particular regiolhe
conductivity decreases asz,(w) 0 (w/y)? ando,(w) O (w/y)™ . The dielectric
function can be approximatee;(w) =1- ) /w’* ands,(w) = w}y/w’. The extinction
coefficient is larger than the refractive inddX) >n(a . )

Region 4 — Transparent, <

The onset of this region is defined §¥w) =0, i.e., aw, . k() assumes small values

again and the reflectivity is determined again nyainy n(«) . The optical dielectric
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constant, (« - «)=¢,_, approaches unity from below and the reflectidtpps to zero
abovew, , subsequently, the material becomes transparéstinfiaginary part of the loss
function,—Im(1/ £) , is sensitive taw, and has its maximum there.

The dielectric function for free carriers, the Deudielectric function, is immediately
obtained from equation (3.5.3), in the( - ) lmit:

2

R w
Ep(w)=1-——— (3.5.5)
W —iwy
2 2
— _y 9
gl(w) _1_ 0)2 +py2 £2(w) _Z) a)g _:yz
And the optical conductivity is:
2 a)z
Gw)=—2% _  with g, ="8=1% (3.5.6)
L-iwly) my 4my
w, 1 @, wly
0,() = e T, (@) = 217
driy 1+ w” |y diy 1+ w ly

In the case of free carriers response, three sppeetgions can be distinguished:
1) Hagen-Rubens Regime (low frequency regionk< y
In this region the optical properties are dictabgdthe dc-conductivityo, (w) = g, that

is frequency independent atidw) >> o, (w) , while the imaginary part increases linearly

with the frequency, (w) = o, w! y = wiw!4my® . The real part of the dielectric function
is large and negative, and can be simplified torstant values, (w) = £, (0) =1-w} / y?,
and for the imaginary pag,(w) zl—a)‘f/wy. The analysis of the complex refractive

index yields equal real and imaginary parts:
N=n+ik=(ig,)"2 = (g, /2Y2A+i )
1/2 1/2
(@) = k(@) = [—‘92 (“’)} - [—Z”Udc} 51
2 w

The reflectivity is given by the Hagen-Rubens tielat
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Rap=K@-1_ 2 2 _ (2w R 27 v
k(w) +1 k(@)  (k(w)?

The skin depth is determined by ttheconductivity:

02 1/2
2rmuo

2) Relaxation Regimey << w << w),

For frequencies between the scattering rate andptasma frequency, the optical

constants can be approximated as:

Jdc Jdc
2 02 (a)) =
(wly) (wly)

W) =1-w’ /e’ &(w)=wiylw’

gy (w) =

Nw) = w,y/20°  k(w)=w,lw

1—R(a) :Q: 1

wp (mdc /y)1/2

In the limit (y=1r=v./l - 0), the dielectric function is real and negative

£=Re£<0, and:

2

— C()p H
g(w)=¢, R withe, (& —» »)=¢, (3.5.7)

The zeroes of this function (3.5.7), correspondotggitudinal plasma oscillation with

frequencyw, = w, /\/Z, or the screened plasma frequency. The refraotoiex has an

imaginary part onlyf\] =ImN =ik, and the reflectivityR — 1(see figures 3.5.1 & 2):

_(1-n)2+K? 2
R ~1—
(L+n)® +k? w,ly

and again, the energy loss function peaks up gtlttsna frequency.
3) Transparent Regimey >> w,

At the plasma frequency the reflectivity drops #igantly, assumes minimal value, and

the metal enters the transparent regime. The omtcaductivity decrease monotonically

with increasing frequency agr, (w) 0 w™ and o, (w) 0 w™.
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Figure 3.5.2 Calculated plasma reflection spectra with pararsetigical for: a good metal
(upper panel), and for semiconductors (lower panil) good metals€, =1 and

W, = W,, while in semiconductors,, >1 and W, <w,.

On modeling experimental data with Drude-Lorentzdeloone uses a sum of a Drude
mode and an arbitrary numbieof different Lorentz oscillators (see [3.5]):

2 a)2

> i (3.5.8)

Ew)=¢,-———F—+ —F
w(w+iy) j (woj_w)_lwyj

with high-frequency contributiow,, . A useful relation in practical units is:
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e |em™|/ lem™|
60
Strictly speaking, the conditions at which the Deddrmula (3.5.5), is valid are limited

o, Jotem]= (3.5.9)

to low temperatures and frequencies. The scattgonogesses are quasielastic, with
electrons having both initial and final state emesgvery close to the Fermi energy. At
higher frequencies, low lying states of the systam be excited and inelastic scattering
becomes possible. Thus, the constant, frequenogpemtent scattering rate, will no
longer represent correctly the physical situatién. example is the electron-phonon
interaction where electrons can loose energy aaticige phonons.

In this situation, frequency dependent scatterpfg) =1/7(« is )considered, with

imaginary part interpreted as the electron bandsmag$w)/m modification, such that

the casualty principle is satisfied (extended Drddemalism) [3.4]. Physically, the
coupling of the excitation to the electrons changeth the real and the imaginary parts

of the electron self energy and therefore, its nzass lifetime. Both quantitied/r(c )

and m”(w)/ m, can be obtained from the complex optical conditgtas [3.6]:

Vi@ ="ord L [-% 0@ (3.5.9)
ar | 6(w) | 4m ol (w)+ 0l (w)

(3.5.10)

m”(w)/m=—"1m| — =P _ =
dr | 0(w) |w 4mo)(w)+0;(w) w

w§| { 1 F_wﬁ o,(w) 1
Although originally introduced for systems withatg electron-phonon interaction in the
limit (T->0), the extended Drude approach is believed to lie wa describing Fermi
liquid coupling to bosonic excitations of any kieden at finite temperatures. It is widely
applied for the analysis of elemental metals, itams metal compounds, high:T
superconductors, and heavy-fermion systems, intwthie effective mass enhancement is
particularly strong.

- 86 -



Chapter 3

3.6 Layered Systems

Various methods exist for calculation of the reil@e r and the transmission
coefficients in the case of layered systems (Fi§.13, [3.7][3.8]. Assuming normal
incidence @ =0) conditions, the matrix approach is particulatigaghtforward. In this

method each layer is characterized 3»a2 matrix:

co{z—nl\]d) I (2—7Tl<ldj
iN. sm(%N d. j co{z—ﬂl\] d. j

with N; andd, being the complex refractive index and thicknesayerj, respectively,

(3.6.1)

and A - the wavelength. The total multilayered systergii®en by the matrix product of

all characteristic matrices:

M :[a“ aﬂ}:|\/|1|\/|2...|\/|m_1 (3.6.2)
a21 a22

The reflection and transmission coefficienendt, are then calculated from:

R =M| . (3.6.3)
N, (1-T) N, t

where different refractive indice:g and Nm, on either side of the multilayered system

are considered. The expressionsrfandt read:

+a11 ,\N aZLZNONm (364)
+a11N +a22N
2N,
t=— (3.6.5)
+allN +a22 +a12

Now, reflectivityR and transmissiof, can be obtained fromandt, and correspond to:
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N 2
R=|r|? T=2"} 3.6.6
] NOII (3.6.6)
d,

Figure 3.6.1 Schematic representation of a
d,, multilayer system with an arbitrary number of

layersj, different complex optical parametdy ,

and thicknesse!;ij .
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Experimental Methods and Setup

Description

The purpose of optical spectroscopy is to obtaa riaterial’'s complex response as a
function of frequency from about microwaves uptte UV, i.e. (10t ~ 10 cm™). This is

a very broad spectral range that requires the ude#ferent spectroscopic techniques and
hardware configurations in order to be coveredhtninterval (10 ~ 10000 ¢y, Fourier
Transform (FT) spectrometers are widely employedridls strategies of obtaining the
dielectric functiore(w) and the optical conductivity(e) were discussed in (81.2).
Reflectance and spectroscopic ellipsometry are gynexperimental tools utilized for
this task. In the following, we introduce these ti@ohniques along with the principle of
FT spectroscopy. Further on, we describe the desfignnew, home-built spectroscopy
setup for near normal - incidence reflectance \wigh magnetic field and emphasize on
several technical details and findings of criticaportance to the normal operation of the

apparatus.
4.1 Principle of Fourier Transform Spectroscopy

A Fourier Transform spectrometer is an adaptionhef Michelson interferometer (Fig.
4.1.1). A collimated beam from a broadband lighirse is divided into two parts by a
beamsplitter and sent to two mirrors, fixed and mgvThese mirrors reflect the beams
back to the beamsplitter where they recombine atedfere. The detected signal depends
on the wavelengthl , of the light and the optical path difference betw the two arms of
the spectrometed = cr7 (c is the speed of light andis the time lag), introduced by the

moving mirror. If & is an integer multiple of the wavelengtids=nA, n=123..., a
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constructive interference occurs and faf=(2n+1)A/2, the beams interfere

destructively.

Fixed Mirror

Tﬂl

L Moving Mirror

Source |
E

Beam
Splitter -3/2 +8/2
v I (w) B(w)
Detector — ‘W\wa” — »!l — m
Interferogram FT Spectrum

Figure 4.1.1 Sketch of a Fourier Transform (FT) spectrometene Tprinciple is based on the
Michelson Interferometer.
Hence, the FT spectrometer measures an interferojgrd ]
lo(®) Ol +1(7)] (4.1.1)
Note that the integration time of the spectrometarsually much bigger than the light's
coherence time. The interferogram consists of a aneraged stationary part:

I, =(E°(t-1)) = (E*(1)) (4.1.2)
and a part that depends on the time#adthe autocorrelation function):
1(r) =(E@)E(t - 1)) (4.1.3)

Now, according to the Wiener-Khinchin theorem thetoaorrelation function of a
random stationary process can be expressed asradgfal:

I(7) = TB’(a))ei“”da) (4.1.4)
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An inverse FT yields:
! 1 " —iwr
B'(w) === [1(r)e™"dr (4.1.5)
21T °,
If E(t)is a real function, andi(r) and B'(«) are even, equation (4.1.5) takes the form:
B(w) = 2B'(e) = 711 [10) cos@n)dr (4.1.6)
0

and the spectral densi§(«), i.e. the spectrum, is recovered.
The integral (4.1.6) is infinite, but for obviousasons the interferogram is measured only

over a finite mirror shiftd, ., (in FT spectrometers it i§, ., that determines the maximal

max

spectral resolutiod\v =1/9,. ). Special apodization functions are then appledsthe

max

interferogram is properly truncated.
4.2 Reflectance Measurements

Near-normal incidence (smal) reflectance measurements are straightforward and

performed in a simple configuration as shown og.(Ei2.1).

Eoip . Eoip
Eos ) 7'505

o

T |
Sample Gold Mirror
Eool oz 1 (@) _ 15 (w)

RSaane :| or - —_r - r__
(Cl)) |E0i|2 |r| ||(C()) IrGoIderror (Cl))

Figure 4.2.1 Typical near-normal reflectance measurement carditpn. &is the angle of incidence. As
a reference, gold or aluminum mirrors are most comynused. Depending on the spectral range, wire
grid or prism polarizer can be used for selecthegpolarizations, p.
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While the simplicity of this method is a strong adtage, there are however, some
significant shortcomings: 1) on performing a refteice measurement the reflected

power is what is normally detected, hence the phafeemation is lost by taking the
norm of the complex amplitu#lé‘2 = E.. Subsequently only the norm (the reflectivity)

is acquired and a Kramers-Kronig analysis or mddebf the reflectivity spectra is
needed 2) the sample / mirror ratio could givegdantribution to experimental error in
reflectance experiments. Selecting a proper reéeremd conditions for it, such that it
imitates the sample characteristics (shape andhraass), can be a rather problematic

task especially for small and irregular samples.
4.3 Reflectance with High Magnetic Field

Experimental setup for near-normal infrared reflece measurements in high magnetic
fields was assembled at Max Planck Institute foiidS8tate Research, by the author of
this thesis. It currently operates in the far inéch (FIR) (30-700c) but can be easily
configured to cover the entire infrared range. déingists of two major parts: a
conventional Fourier Transform (FT) Bruker IFS @&&wvhfrared spectrometer and a
superconducting (SC) 8 Tesla split-coil magnet fioriord Instruments. The reflectance
optics unit and the support systems were designgdolr group engineers and
manufactured in the institute’s workshop. An ovewipicture and a simplified scheme
of the apparatus are given in (Figs 4.3.1, 2 &AM)standard configuration in the FIR
range (30-700 cif) includes:

SourcesHg-arc lamp (30-700 cil), Globar (370-7500 cif

Beamsplitter 6 um Mylar/Ge multilayer

Bolometer detectorSi, Liquid He (LHe) cooled, at 4.2K, and pumped, at 1.8K from

Infrared Laboratories, Arizona USA
Spectroscopic windows0.6 mm polyethylene for the magnet cryostat, 108

polypropylene or 1.3 mm, 5° - wedged, CVD diamonddows glued to titanium rings
for the sample compartment - variable temperansert (VTI) (Fig. 4.3.3).
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Optics A home-built optics system for near-norm@&l £ 4°) reflectance is utilized, (Fig.
4.3.3). Special care must be taken as it is situateclose proximity to the magnet. This
requires the use of non-magnetic materials ands pi&e brass, aluminum and plastics,
ceramic motor units if needed etc. Some typesadhlgss steel are also non-magnetic but
must be carefully checked before use.

Sample compartmentiquid He - bath, variable temperature insert (VTI), (1.®8).

Support systems(Fig. 4.3.1): (1) Optical table with active higinessure dampers (2)

Hydraulic lifting system for the magnet maintenaf@8gRotating support for the magnet
(allows in-plane and out-of-plane configuration sw@w@ments) (4) Silencer box with
temperature controllers for the fore-vacuum puntpsaddition, all pumps are equipped
with non-return valves (prevent the systems frombackflow in case of electricity shut

down).

All connections to the system are
plastic and damped

Fore vacuum pumps
- placed in a silencer box
- equipped with non

return valves - - " | i ol 8-Tesla Split Call
\ i SC Magnet

Bruker IFS 66v/S 4
Spectrometer

e ‘

Dampers

Figure 4.3.1 Reflectance with high magnetic field - an overviefithe apparatus.
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Figure 4.3.2 Reflectance with high magnetic field, a simplifischeme.
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Reflectance optics unit

Figure 4.3.3 shows a top view and a detailed detson of the optics.

b N

\J

Figure 4.3.3 Optics system for near-normal=4°) incidence reflectance with magnetic field in the
infrared range: 1) wire grid polarizer 2) flat nairs 3) focusing mirrors 4) flange to the magnet
compartment 5) polyethylene spectroscopic windovgghly hygroscopic materials are not
appropriate as water tends to condense, see 8 6)sSC coils at 4.2K 7) polypropylene or wedged
diamond spectroscopic windows on the variable teatpee insert (VTI) (with sample inside
8) focusing mirror 9) bolometer detector
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Sample stick and sample holder

The sample stick serves to insert the sample haldbrthe sample and the reference into
the magnet sample compartment (the VTI) (Fig. 4a83&Db). Furthermore, it functions as
a sample positioning device and heater, and iseimhida very important element. The
accuracy of the reflectance measurements strorgpgmtd on this part, therefore special
attention has to be paid to its positioning systemluding the adjusting screws) and the
material the sample stick is made of. Few things loa critical here if high magnetic
fields are to be applied and a wide temperaturgeatudied:

1) First of all, measurements in high magneticdierequire no trace of magnetic
materials, or whatsoever magnetic impurities, on @art of the sample stick, especially
those entering the active magnet area. Magnetlosions in the stick’s body lead to its
bending on sweeping the magnetic field. Due to obwireasons, this makes a
comparative optical measurement impossible. Wedaut that this is the case with the
sample stick provided by Oxford Instruments (Fig.4 a), along with the 8-Tesla SC
magnet. Currently, we use a home-built stick franerfglass material.

2) The sample stick has to be properly positiomesidie the VTI. If the sample stick is
not properly attached (axial) to the positioningteyn and subsequently inserted into the
magnet, a tilt angle may be present that wouldigtgtrent conditions for the sample and
the reference with respect to the incident beanw Mdhe beam is modulated, spurious
interference fringes will appear in the spectra.

3) One should bear in mind that the sample stiogtle variation upon cooling/warming
up is proportional to its absolute length. Thereftirequires regular position corrections
on performing temperature dependence measuremeloingAwith the magnetic
inclusions issue discussed above, this could beobstacle if, for example, an
ellipsometry measurement is intended where theeapigincidence must be kept fixed to
a very high precision.

The sample holder is also a critical part. The intgd points concerning the sample

holder are summarized in (Fig. 4.3.4 b).
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Positioning system
with adjusting screw

- Sample stick

I

Heater

==

Sample holder with sample
and reference mounts here

Flat base and good thermal contact
with the heater must be ensured
(Apiezon grease)

Cone shaped slots and graphite
cover layer avoids back reflections
from sample holder

The openings for the sample and
the reference must be equal

Gold mirror

The sample holder must have a flat
backside so as the sample and the
reference lie not tilted

Mylar folio and brass frames fix the
sample and the reference to the holder®)

s

Figure 4.3.4 a) sample stick b) sample holder with sample and mirror mounted.
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Shielding from stray magnetic fields

Among the problems coming from the use of high nedigrfields is the stray magnetic
field. Most magnet systems do not come shieldedifatied stray field causes problems,
measures must be taken. In case of a magnet sysieth for a wide range optical
spectroscopy, where the light beam from an extesoalrce is required to enter the
sample compartment, a complete shielding is evgrogsible. Normally, the stray field
strength is not high (~80 Gauss at 8 Tesla and &mhaway) and it decays rapidly,

(Or7®), with the distance. Even though weak, it can lbétegenough to seriously
interfere the normal operation of a large group@fsitive elements and devices whose
work is based on electrical currents. Examples atk:charged gas light sources,
detectors, sensors and gauges, and magnetic me®anes. If such a device is situated
nearby the magnet and cannot be placed away, pashielding could be an option.
Introducing shielding materials around a magnetesyss a nontrivial task. It is good to
keep in mind that; 1) the better is the shieldirgtemial the more it attracts the magnetic
field lines — that's why the design and the progiesice of a shielding material is crucial
here 2) if the distance to the magnet is shorttaecamount of shielding material used is
large, the magnetic field forces become significdimat, of course, will produce tension
on both, the magnet and the object shielded, wisiehpotential danger (it may break the
neck that carries the superconducting coils!). ddition, the magnetic field lines inside
the sample area may bend and no longer be homogenédach can be crucial in some
cases. During the assembling of our reflectanagpset found that the normal operation
of the Hg-arc lamp used as FIR source, even thqlgbed at distance of 1,5 meters
away from the magnet, is seriously impeded by ttiaysmagnetic field. The effect
induces a substantial change of the output signasweeeping the magnetic field. The
detected intensity increases or decreases dependirige magnetic field polarity. The
spectra recorded showed that this effect is alsguiency dependent. There are also some
indications that the electronics inside the specéter is disturbed too. Possible solutions
of this problem are to either place the spectromi@eaway from the magnet system or
to shield it. The former is not favorable as itueds the beam intensity, which is highly

undesirable. To ensure normal operation of thetspmeter we use a specially designed,
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3.14 mm, Mu-metal (nickel-iron alloy: 75% nickel, 15% iron, usl copper and
molybdenum, with very high magnetic permeabilitigjetding enclosure from Amuneal
Manufacturing Corp. Philadelphia, USA, (Fig. 4.3.8) is worth noting that the Si-
bolometer was also carefully tested and did nowshay deviation from its normal

performance.
| Handles
2
Control Panel Cower Langs Lid Tubuiation
’_,_/—’-,) 1 Cap
Small Lid Tukwlation f‘l | Large Lid Tubulation
Cap 1
|
- . 1
Small Lid Tubulation 15d Prate
Rear Flate
Front Plats
Left Side Port Cowver
—IFS 66/5
Tubs= Shield
Al Wrapper
_IBottom-Left and Right Sides|
Frant Cover

Figure 4.3.5 Mu-metal (3.14 mm) shielding enclosure for infraredil&r spectrometer IFS 66v/S.

-99 -



Chapter 4

4.4 Spectroscopic Ellipsometry in the Infrared Rang

The spectroscopic ellipsometry overcomes many ef disadvantages of reflectance
measurements. The basis of ellipsometry is the wneasent of the change of light
polarization upon non-normal reflection. The Fréstpiations (3.3.1) imply that the two
components of the electric fieldandp, experience different attenuation and phase shift
upon reflection even for isotropic media. This eiffnce becomes irrelevant on
approaching normal incidence conditions. Ellipsameheasures the complex ratio of

both reflection coefficientsi andr_, and that concludes the power of this technigee (s

also § 3.4):

&) = tanwe® (4.4.1)

Figure 4.4.1 outlines the principle of spectroscagliipsometry.

Elliptically polarized light determined by : 20
1. Relative phase shift) = 8, — &
2. Relative attenuation, t&#= |r,|/ ] g]

=10
A ,\\ detector
) V-
f 0.0 - i '
a — 0 90 180 270 360
\Jln analyzer Analyzer angle (A)
1+a
tany = \/7 tank
- l1-a
light P =
source [(Ai)/1g =1+ asin(2A;) + 3 cos(2A;) cosa= 2

1-a

Figure 4.4.1 Sketch of spectroscopic ellipsometry setup in itifeared. P — polarizer angle (in this
particular arrangement it is kept fixed),— analyzer angled - angle of incidencey,B - sine and cosine
Fourier coefficients.

- 100 -



Experimental Methods and Setup Description

The incident light is linearly polarized with a wigrid polarizer. In general, after being
reflected, the light is elliptically polarized. Tip®larization ellipse is then probed with a
second polarizer (analyzer). In practice, one measthe intensity of the reflected light
at different analyzer anglegy, with respect to the plane of incidence (the hamimo
function in the inset of Fig. 4.4.1):

[(A)/l,=1+asin2A)+ BcosRA ) (4.4.2)
A linear least squares fit procedure is subsequemplied and the Fourier coefficients,

a andg, determined for all frequencies. The ellipsometngles, ¥ andA, are then

calculated from [4.2]:

tankP:tanP,/“—a cosA:‘/ '82 (4.4.3)
l-a l-a

With the azimuthal angle of the ellips@< W <90, and its ellipticity,0< A< 180 two

independent quantities are experimentally deterchireom those the complex dielectric
function £ can be obtained. For a semi-infinite sample agiven angle of incidence,

the complex dielectric function is:
AN 2
£ = sin?(6) + sin®(6) tan? (e)ﬁt—g] (4.4.4)

As the angle of incidence enters the equation4%ah accurate ellipsometric experiment
requires its value be known with a high precisidherefore the light beam has to be
collimated in order to avoid any uncertaintiesdnThis condition is a serious problem
especially in the FIR range where intense lightreesi are not conventionally available.
The use of synchrotron light source allows highuaacy measurements to be performed
even on millimeter sized samples (Fig. 4.4.2),][4.3]. Typically the synchrotron light
sources are about three orders of magnitude madftirdr (photons per solid angle per
second) than conventional sources. Due to relétivgfects (e/c~0.99), the synchrotron
radiation is emitted into a very narrow cone wittnal angular width of about:
A@ = (x1"). Furthermore, the dielectric function can be nmaxsturately determined by
ellipsometry if the angle of incidencé is chosen such thaA=n [2ZFor a non-

absorbing material -~ ) the conditionA = nn /2s fulfilled at the Brewster anglé;,

tand; =n. For an absorbing materiak& )0t is fulfilled at the so-called pseudo
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Brewster angléd, ). For metallic samplegg,) is close to 90in the FIR range. Grazing

incidence conditions are therefore required, whiead to diffraction effects and
enhanced surface sensitivity. Great care must lkentan performing experiments, and
corrections for diffraction must be applied to thgectra in this case. An additional

requirement that concerns the polarizer angles FtamP| =tanW. This is easily met by

tuning the polarizer angle. Another important pamthat in case of anisotropic material

only the so-called pseudo-dielectric functit(m,}, is obtained by a single ellipsometry

measurement. Depending on the crystal symmetrypadkible scattering geometries

need to be measured and thus all component$£))fobtained. The true dielectric

function is then calculated by numerical proceduresccurate ellipsometric
measurements require also a high degree of palanza herefore the polarizers must be
of very high quality. In the FIR range, (20¢m700cnt), wire grid polarizers are in use
and for the MIR range (400¢h- 4000cn), wedged KRS-5. As for ellipsometry, the
well-defined polarization state is crucial; all etloptical elements like cryostat windows,
bolometer windows, filters and etc. should altee theam polarization as weakly as
possible. Mylar foil (~g@m), CVD diamond, KBr and polyethylene are testedjitee

minimal effects.

Figure 4.4.2 Infrared spectroscopic ellipsometry setup insthie ANKA beamline, Forschungs Zentrum
Karlsruhe. In the extreme FIR — FIR reagion syntiororadiation is used. For the MIR range cnveration
light sources are available. (LS) — the beam I{fe$S) — infrared FT spectrometer, (P) polarizen, £S
sample cryostat, (A) — analyzer, (D) — LHe bolomeletector.
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CaMn(G;/ CaRuQ@ Superlattice System

In this chapter, a spectroscopic study of the pkibe superlattice (SL) system
CaMnQGy/CaRuQ@ (CMO/CRO) is presented. It is a prototype systéat tombines an
electron leakage from the paramagnetic metallic aRowards the adjacent layers of
antiferromagnetic insulating CaMnQo create new interface states and magnetorasisti
properties intrinsically connected to ferromagndtidv) / antiferromagnetic (AFM)

competing interactions.
5.1 Spectroscopic Study of CaMgCaRuQ Superlattices

In the following study we make use of several spsciopic probes of CaMn@®CaRuQ
superlattices including x-ray absorption spectrpgc¢XAS), x-ray magnetic circular
dichroism (XCMD), x-ray resonant magnetic scattgr(XRMS) and far-infrared (FIR)
spectral ellipsometry in order to develop a comersive experimental description of the
charge transport properties as well as the valstate and magnetic polarization of Ru
and Mn atoms near the interface [5.1]. FIR reflec&ain high magnetic fields and
complementaryc-transport probe were also applied to further elai@ spin-dependent
charge transport peculiarities of the system betswnagnetic transition temperature.

A problem of fundamental interest is the interfhedéween a correlated metal and a Mott
insulator, two of the most extensively investigatgdund states of bulk transition metal
oxides. The interface between the weakly correlpdamagnetic metal CaRg@nd the
antiferromagnetic insulator CaMa@ emerging as a model system where these issues
can be explored experimentally without interferericen interface polarity, incipient

ferroelectricity, extensive disorder, misfit str@norbital degeneracy.

- 103 -



Chapter 5

5.1.1 Bulk Properties of CaMn@nd CaRu@

CaMn(Q; crystallizes in the perovskite structure (ABOwith small orthorhombic
distortion, in the space groupma (Fig. 5.1.1.1). The compound is an insulator with
nominal ionic pictureCa® Mn*' 02, i.e. fully occupied, states, ths'; &), in high-spin
configuration, S=3/2. An energy gap of ~0.4eV sejgarthem from the empwy states.
The Mn spins order antiferromagnetically, in albrest-neighbour directions (G-type),
below T\~125K. The magnetic moment is slightly reduced fitbi spin-only value for
Mn** ion, due to hybridization with Opstates, and is 2.65:5/ Mn [5.2][5.3].

Figure 5.1.1.1 Crystal structure and lattice parameters of CaM®e pseudocubic cell parameter is
a:=3.73A[5.4].

Theoretical studies of CaMnlso find a G-type AF ground state and valuestlier
magnetic moment in full agreement with the expentrjg.5][5.6]. X-ray photoemission
and x-ray absorption spectroscopy studies on CaMvith 2.66 <x < 3.00, showed that
the main separations between the Mhbands closest to the Fermi level is of the order
of 3eV and also that the band gaps are of the ehmagsfer typel > A) [5.7][5.8].

The nature of the ground state of CaRu®on the other hand still elusive. Ruthenates
have been a subject of extensive studies motivaadnly by the discovery of
unconventional superconductivity in layeredR&r0, [5.9]. CaRuQ@ and the isostructural
SrRuQ, are perovskites (AB§) with considerable GdFegype distortion resulting in an
orthorhombic structure. The Ry@ctahedra are connected via corner sharing asrshow
in figure 5.1.1.2. The conduction electrons movweuigh this Ru@network and hence

determine various electronic properties. The ebeitr configuration in the dtshell is
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(tag: t2g)), in the low-spin state S=1. Optical spectroscapgdc-transport studies report

unusual temperature and frequency scaling in these
ruthenatesp(T) ~ T¥?ando, (w) ~ 1/ w"?, which have been interpreted as evidence of

non-Fermi liquid behavior (NFL) [5.10].

(=

Ru-O(1)-Ru angle

X Ru-O(2)-Ru angle

Figure 5.1.1.2 left: Schematic of the crystal structure of SrRuand CaRu@ right: Lattice
parameters for CaRuOThe pseudocubic cell paramet&s3.84A [5.11][5.12].

While SrRuQ exhibits long-range ferromagnetic order belowI60K, CaRu@remains
paramagnetic at all temperatures. Some theoredigdles correctly find absence of long
range magnetic order but suggest however, that system is in the verge of
ferromagnetic instability [5.13]. While the strundutype is the same, the extent of
distortion in these compounds differs resultingidifferent Ru-O-Ru bond angle along
z-axis and in thexy-plane. For SrRu®the values are Ru-O(1)-Ru=16%.6Ru-0(2)-
Ru=159.7 and those in CaRu®© Ru-O(1)-Ru=149% and Ru-O(2)-Ru=149°8
respectively. The larger deviation from 28@n the bond angle for CaRgOshould
facilitate the ferromagnetic order and should désad to enhancement of the effective
electron correlation strength)/W [ t, which is not the case. This ratio turns out to be
small U/W ~ 0.2), as one may expect from systems with metended 4-orbitals, and

is nearly the same for the both compounds, CaRa@d SrRu@ [5.14]. Recent
theoretical study emphasized on the role of thgelah-O covalency in CaRuQin
contrast to SrRu§) for the destabilization of the magnetic statdie Talculations indeed
find a paramagnetic ground state for CaRuthis most likely results from the smaller

Ru-O-Ru angle appearing due to the significant €a ® 2 overlap [5.11].
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5.1.2 Ferromagnetism in CaMaOCaRuQ Superlattices

CaMnQy/CaRuQ superlattices have been shown to exhibit ferroraigm and negative
magnetoresistance at nearly identical onset teripesm T~95K. The total magnetic
moment of the superlattices was found not to depmmdayer thickness, but on the
number of interfaces suggesting that ferromagnetstours right at the interfaces

between the adjacent layers (Fig. 5.1.2.1).

Superlattices
== [10,2]

£) —= [10/6]

s:,"* \ - [10/10] LEMHMRUK{}:

—. L.10H Solid solutions

W x=0.15

3 . =04

R - x=0.5

E" [

N 3

2 0 CMO
.. " 500[0¢] FC

50 100 150 200 250 300
Temperature [K]

Figure 5.1.2.1 Temperature dependence of magnetization for thseperlattice samples
CaMnQy/CaRuQ. The digits in brackets denote thickness in ualtscfor the respective compound.
CaMnG; is being kept fixed to 10uc and for CaRu@=2,6 and 10, respectively. Control samples of
CaMnG; (CMO), CaRuQ@ (CRO) and the solid solution CaMgRu,Os, are also given for comparison
[5.15].

A valence exchange between fand Rd*, that is, Mif'+ RU*" <-> Mn**+ R&*, was
associated with the presence of ferromagnetisrisnsystem prior to experimental study
on solid solution CaMiRuO3 [5.15][5.16][5.17]. However, the origin of this alole
exchange-like ferromagnetism requires a chargesfiearirom the Ru to the Mn site. A

recent density-functional electronic structure gtad the CaMnQ@/ CaRuQ interface
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revealed indeed a leakage of metallic electrons the insulator side. This electron
leakage is estimated to spread over several uiig aeside the antiferromagnetic
CaMnQ; and in turn to control the magnetism at the imieef via competing double
exchange <--> superexchange interactions. This etitigm is found to be effective
within the first unit cell next to the interface caris also responsible for the canted

magnetic moment, (Fig. 5.1.2.2) [5.18].

s
(T
<
o CaRuO i CaMnO
9 0.05 ° FM 3 : 3 T
3 S % + AFM :
£z S s 0 FM (Relaxed) ¢
= S 3 01 i -+
S o i
a i
@ -0.05 i 1
o S !
D‘Y LLl ! 1
O ] L L : O 1 1 |2 3
32 10 1 2 3
Layer No.

O®MnORu®Ca

Figure 5.1.2.2 left: Schematic of interface CaMp@aRuQ. A layer with canted magnetic moments
forms due to electron leakage from CaRu@wards the adjacent CaMg@ight: Charge profile near
the interface [5.18].
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5.1.3 Sample Preparation

A series of superlattices [CaMp@Ou.c.)/CaRu@(N u.c.)] x 6 (six times) // (001)
LaAlO3; (LAO) substrate, with N = 4 to 10 consecutive C&Runit cells, were grown by
pulsed laser deposition with a KrF excimer lager (248 nm,J=2 J/cnf) at a substrate
temperature of 720 in 10 mTorr of pure oxygen using stoichiometiiittered targets.
Upon deposition, all samples waresitu annealed in 50-100 mTorr of oxygen for 5-10
minutes and then gradually cooled down to room tatpre. Reflection high-energy
electron diffraction (RHEED) oscillations observiedsitu as well as hard x-ray (XRD)
data taken on the samples demonstrate flat, attiynisharp interfaces and lattice-

matched epitaxial growth (Fig. 5.1.3.1).

CMO CRO
(x10) (x1)

Intensity

RHEED
Intensity (a. u.)

0 200 400 600 800 1000 1200
Time (sec) L

Figure 5.1.3.1 left: RHEED oscillations on growing CaMr@aRuQ superlattice sample with 10uc
CaMnG; (CMO) and 1uc CaRuXCRO)right: XRD (8.4keV) pattern along [001] around the (001)
LaAlO; fundamental peak. (LaAlDa.=3.828 A).

In agreement with previous studies on this systeim. 6.1.2.1), magnetic susceptibility
measurements on the samples indicate a net maagn@tiaipon cooling below about

120 K, consistent with the Neel temperature of lankferromagnetic CaMng}5.1].
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5.1.4 Far-Infrared (FIR) Reflectance with High Mago Field anddc

Transport

Near-normal reflectance with high magnetic fieldhe FIR range and four-point contact
dctransport probe were applied in order to studydharge transport properties of the
superlattice samples. A control sample with a 1@nick CaRuQ@ single layer, deposited
on a LaAlQ substrate, was also investigated. Utilizing theasptus described in Chapter
4, reflectance measurements with unpolarized lighre carried out in the FIR region (50
— 700 cm'), usingHg-arc source. The temperature was varied from roempéerature
down to 3K in magnetic fields up to 8 Tesla. Theldi was applied parallel and
perpendicular to the superlattice samples. No diffee in the optical response in the two
field configurations, larger than the experimergabr, was observed; hence we discuss
the data taken in magnetic field directed along dkexis, i.e., Kerr geometry (Fig.
5.1.4.1).

Bllc

| | | a sample in Kerr geometry.

Before we proceed to the evaluation of the tempezaand magnetic field dependence,
we discuss the implications of the substrate melteni the FIR spectra. As the total
thickness of the samples does not exceed seveslofenanometersj~3404, d~4804

for [CMO10uc/CRO4uc]x6 and [CMO10/CRO10]x6, respasy, andd~100A for the
reference sample CRO, the stronger contributiothéoFIR spectra will be that of the
substrate material LAO. Therefore, in order to obiaformation from the reflectance
spectra, we first needed temperature dependentunesasnts and an accurate model of a
bare substrate. The (001) LAO spectra were aftelsvanodeled for all respective
temperatures with a set of Lorentzians, equatiaofh.1% using the “RefFIT” program
[5.19].
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w? w?
4+ - (5.1.1)
wWw+iy) Zj:(w;‘wz)‘la%

Ew)=¢, -

Hereg(w — ) = ¢, accounts for high-energy contributions to the dile constant, the
second term describes the response from free safbeude term), and the third one, is a

sum over Lorentzians ab,, with plasma frequencyw, and dampingy . The reflectivity

is then calculated according I%’o:‘(l—\/g_)/(1+ \/E)r. The experimental data and the

corresponding fit curves for (001) LAO, at room fmrature and at the lowest
temperature of 3K, are compared in figure 5.1.4RAree strong phonon modes
characterize the spectra of LAO in the FIR rangeeylwere identified at: 182¢h

427cm* and 648cri, respectively. Several other weaker modes are &lken into

account in the fit procedure.

U

LaAlO, (100) substarate

Reflectivity
= o

exp data
—fit

exp data
o —fit )
100 200 300 400 500 600 700

Wavenumbers (cm'l)

Figure 5.2.4.2 Reflectivity spectra of (001) LaAlsubstrate compared with the model fit curves at 3K
(green/blue), and at 300K (orange/red). Tables alitfit parameters are given in Appendix 1.

Figures 5.1.4.3 (a), (b) and (c), represent the field reflectancdr(w, B=0) data for all
samples at several different temperatures. As dggmliabove, the three strongest features
due to LAO dominate the spectra. On the other hand, for all samples the metallic

contribution from CRO is superimposed which introglsl a partial screening of the LAO
phonon modes. This effect is clearly visible in tteflectance spectra and is more
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pronounced in the case of the [CMO10/CRO10]x6//LA@mple, which effectively
comprises the largest amount of CRO (~230

Reflectivity

Reflectivity

Reflectivity

[CMO10/CRO10K6// LAO, | e4som’
100 200 300 400 500 600 700

0.0

Wavenumber (cm™)

Figure 5.1.4.3 Zero field FIR reflectivity spectra at different temperatures fal samples
a)10nmCRO//LAO b)[CMO10/CRO4]x6//LAO ¢c)[CMO10/CRO10]x6//LAO. Red arrows mark the
strongest LAO phonon modes and blue arrows indightmon frequencies of CMO.
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The contribution from CMO is also noticeable in theflectance spectra of the
superlattice samples. The CMO phonon modes wenetifigel from complementary
measurements and fit procedure on single films MOC The positions of the strongest
phonon modes are denoted by blue arrows in figérés4.3(b) and (c). The main
contribution in the reflectance spectra of the 8inples however, is that from CRO. This
is also apparent from the spectra of single layROCcompared with the one of SL
[CMO10/CROA4]x6//LAO, that both contain nearly equartions of CRO, ~100 and
~96A, respectively. At first glance, the temperature aelemice of the reflectivity spectra
presented above is not very informative since gdsentially dominated by changes of
the LAO phonon modes upon reducing the temperatsubtraction of the substrate
contribution to the spectra is therefore requirat iefore describing this procedure, we
first turn to the magnetic field induced effects tme reflectance spectra of the
superlattice samples.

The proximity of metallic CRO to the antiferromagneCMO results in effective
electron doping of MH sites across the interface, which in turn activéie FM double-
exchange mechanism that competes with the AF sxglemage. Anomalies in the
transport properties and concomitant spin dependdfdécts are therefore to be
anticipated with the onset around the magneticsttiam temperature, T~100K (Fig.
5.1.2.1). As discussed above, in section 5.1.2¢theere indeed observeddotransport
measurements of CMO / CRO superlattices and GaRMuO; solid solutions. The
optical measurements do have the advantage to senditive to the influence of
substrate-induced steps or strain-induced disloeation the current flow through the
atomically thin layers in superlattice samples. Tbeptical probe also avoids
complications arising from the attachment of eleatrcontacts. Figures 5.1.4.4 (a) and
(b), show experimental spectra taken at temperatiud& and zero and 8 Tesla magnetic
field for both superlattice samples, [CMO10/CRO4]x@pper panel) and
[CMO10/CRO10]x6 (lower panel), respectively. Théas between reflectance spectra
taken at 8 Tesla and at zero field, R(8T) / R(@Fg, given in red. Insets on the right hand
side magnify the curves and they are plotted aleitly the corresponding fit results. The

fit procedure is described below.
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Figure 5.1.4.4 Reflectance spectra taken at zero field (blue)&@Fekla (green) at fixed temperature,
T=3K. The ratio R(8T)/R(0T), i.e. the 100% line,given in red and zoomed in the small figures,
along with the model curves SL [CMO10/CR0O4]x6 anth) SL [CMO10/CRO10]x6.

A pronounced magnetic field induced effect on teiéectance spectra was observed for
the two superlattice samples on decreasing thedgmahpe below T~150K, which is in
proximity to the magnetic transition. The ratio REg0), is indicative of changes in
spectra obtained under different conditions. Whéedly visible in normal spectral plots
(blue and green curves), the effects are clear wihematio is taken. The model analysis
of the superlattice reflectance spectra showed tth@atmagnetic field dependence is a
consequence of a reduction of scattering rate efribe charge carriers upon application

of magnetic field, i.e. increase of “metallicityid to negative magnetoresistance (MR).
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This effect appears in the spectra as weak additisareening of the LAO phonon
features that is effective at frequencies away frhra wro-awo ranges, where the
reflectance is anyway very high, hence giving thectfic shape of the ratio R(8T) /
R(OT).

Since the samples thickness is well below the vemgths in the IR range, the
superlattices can be treated as single layers @iocpto the effective medium approach
[5.20][5.21]:

deyinEomn Ao &
b) _ CMO*CMO CRO*CRO
el = (5.1.2)

dCMO + dCMO
The magnetic field dependence for several tempestwas fitted utilizing a macro
procedure based on “RefFIT - film on a substratetiel and Drude-Lorentz formula for

the dielectric function, equation 5.1.1. Two parterg w, and ), were let free to fit the

changes in the Drude response due to CRO. The pteerdue to CMO phonon modes
are irrelevant to the observed effects and werd #eed. While the modeling of the
temperature dependence may introduce uncertaidtiesto the substrate subtraction,
very good quality fits were obtained for the magndield dependence at fixed

temperature (Fig. 5.1.4.4 and 5).

1.0 — - ' [CMQL0/CRO4]x6// LAO]
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Reflectivity
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Figure 5.1.4.5 Comparative plot of experimental spectra (gree) fit (blue) at T=3K, for superlattice
sample [CMO10/CRO4]x6. The red curve is the resgltieflectivity due to the superlattice only, i.e.
without substrate.
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Figures 5.1.4.6, 7 and 8 represent results fronfitiirey in terms of thedc-conductivity
and resistivity according to:
alem o

adc[Q ‘1cm‘1] = 50

(5.1.3)

All fit parameters are listed in Appendix 1.

Reflectivity spectra with magnetic field were alséien for the 10nm CRO//LAO single
film. The corresponding zero field and 8 Teslastgity match well, within the error bar,
all along the temperature scale (Fig. 5.1.4.6).

11 10'3 - T T T T T T T T T T T T T p=
“* [10nm CRO // LAO o
1.0x10° - _ / 8
i pFIT(T) — a+le/2 D |
7
_ 10x10° - a=8.45x10" I_; .
g | b=155x10°
& -4
S 9.5x10™ F yAY -
/
4 A
9.0x10™ | = .
I E\ é/ —{ 0 Tesla
RRA = —/\— 8 Tesla |
8.5x10 Power law fit
0 50 100 150 200 250 300

Temperature (K)
Figure 5.1.4.6 FIR reflectivity fit output in terms of resistiyitfor 10nm film CRO at several

temperatures for zero (blue) and 8 Tesla (red) miggfield. The two curves show small deviation at
low temperatures. The grey line is a power la(T;) ~ T2, fit to the temperature dependence.

The resistivity ratigp(300K)/ p(3K) , was found to be ~0.8 with a room temperatureesalu
of p(300K) = 1.08x107°(Qcm). The temperature dependence fits well with the grow
law p(T) ~ T2, which is consistent with previous experimentaldgs on this material

[5.10]. The superlattices, on the other hand, shewmy different behavior on reducing the
temperature (Figure 5.1.4.7). Room temperatureegalor the resistivity for both SLs are

higher then that of the CRO single layer*’(300K)=2.48x10°, for sample
[CMO10/CRO4]x6 andp®*°(300K) = 1.8x107°(Qcm), for [CMO10/CRO10]x6. Also,
as can be expected, the SL sample with 4 unit G®© (~96A CRO in total) has larger
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resistivity compared to the SL with 10 unit cellRQ (~240A CRO in total). Clear

upturns in the temperature dependence of resistiyipear for the two SLs, around 150K
and 100K, respectively. These temperatures areaxirpity to the Neel temperature of
CaMnG;, Tn=125K,

magnetoresistance effect. On further cooling, #séstivity increases, down to the lowest

and also mark approximately the onset of atieg

measured temperature of 3K.
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Figure5.1.4.7 Temperature dependence of resistivity from fifiéd reflectivity spectra at zero field
(blue) and 8Tesla (red) for the SL sampkfs. [CMO10/CRO4]x6 andight: [CMO10/CRO10]x6.
Both SLs show negative MR effect reaching its maximvalues of ~7% and ~4%, respectively, at
the lowest temperature of 3K.

The magnitude of the observed MR (equation 5.4 estimated to be as large as

(~7%) for SL samples with fewer CRO unit cells ardgher resistivity,
[CMO10/CRO4]x6, and about (~4%) for CMO10/CRO10]x6
MR(%6) = X =RO) 454 (5.1.4)
R(0)

Similar behavior in the temperature dependencénefrésistivity has been observed in
CaMn,RuO;3 solid solutions [5.17]. When the charge carrigesiatroduced by the Ru
within the antiferromagnetic matrix of CaMpOthey become localized and the
temperature dependence of resistivity resembles dfhacolossal magnetoresistance
(CMR) manganites. However, in contrast to CMR naaniigs, in which the CMR effect

has its maximum around the temperature of the mtetmlsulator transition, here the
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observed MR increases with decreasing temperatare its onset down to the lowest
point of 3K where it reaches maximum. This ressiliiore reminiscent of the so-called
giant magnetoresistance (GMR) effect and furtheematr strongly suggests canted
antiferromagnetic ground state.

Another possible signature of canted antiferromagmein these superlattices comes
from thedc-conductivity, presented as a function of the aggpinagnetic field at fixed

temperature of 3K (Fig. 5.1.4.8).
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Figure 5.1.4.8 dc-conductivity extrapolated from fitting of FIR refitivity as a function of magnetic
field for SLsleft: [CMO10/CRO4]x6 andight: [CMO10/CR0O10]x6, at fixed temperature, 3K. Both
superlattices show linear increase of the conditigtwith no signature of saturation up to 8Tesk® t
highest field experimentally available for our getu

Interestingly, thedc-conductivity extrapolated from the fit to the FidRta increases
linearly with the magnetic field and does not sheigns of saturation up to 8 Tesla,
which is the highest field accessible with our ekpental setup. Independent four-point
contactdc-transport measurement on the same superlatticesemted in figure 5.1.4.9
below, showed consistency in the temperature degeredof the resistivity obtained

from the FIR reflectivity spectra.
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Figure 5.1.4.9 a) Resistance versus temperature at zero and 8 fmegjaetic field, for superlattice
sample [CMO10/CRO4]x6//LAO (red), and [CMO10/CROA6JLAO(blue)b) Magneto-resistance
as a function of the applied magnetic field at T+6Kor superlattice samples
[CMO10/CRO4]x6//LAO (blue), and [CMO10/CRO10]x6//lA(black) [5.22].

Similarly thedc-data reveal larger MR effect and larger resistaioceSL sample with
fewer unit cells CRO, i.e., [CMO10/CRO4]x6 compated[CMO10/CRO10]x6. The
temperature dependence also shows activated beinaaral onset of MR in the range
100-150K. The MR as a function of the applied maigrieeld, (Fig. 5.1.4.9 (b)), shows
nearly linear increase at T = 6K and agrees very wi¢h the data presented in figure
5.1.4.8. The magnitude of the MR effect at T = 61d 8 Tesla are however considerably
larger here; ~25% for [CMO10/CRO4] and ~13% for [OM)/CRO10] against ~7% and

~4% extracted from FIR reflectivity data.
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5.1.5 Soft x-ray spectroscopy data

As discussed in section 2.3.1, x-ray techniques witnchrotron radiation constitute
powerful experimental tool for element specificustural and spectroscopic studies of
electronic and magnetic properties of solids ang@adrticular, superlattice structures. In
this section we present results from soft x-raycspscopy on the SL samples
[CaMnO;10uc/CaRu@N=4 and 6uc]//LAO. Detailed information about tredence state
and the magnetic polarization of Mn and Ru iongun samples was obtained by x-ray
absorption spectroscopy (XAS) and x-ray magnetuéar dichroism (XMCD) while the
depth distribution of the net magnetization waseirdd by x-ray resonant magnetic
scattering (XRMS) [5.1]. The XAS and XMCD were ¢ad out at beamline 4-ID-C of
the Advanced Photon Source. Magnetic fields up #e3la generated by a cryomagnet
were applied in the plane of the superlattices. Weasurements were performed by
monitoring the intensityl, of left (=) and right (+) circularly polarized rays absorbed
by the specimen using the surface/interface segasitotal-electron-yield (TEY),
described in section 2.3.2 and in Ref. [5.23]. Boen, I"+”, yields the XAS signal,
while the XMCD signal is derived from the differen¢”-I". Figures 5.1.5.1 & 2 show

the results of the measurements.

]‘Oz_"l""l""]'"'I'lll|lll||l||||||||
3 Ru L, edge
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‘g E
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g 06
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< E {77 % Figure 5.1.5.1 XAS (red) and XMCD
0.0 Foresefites SGesssS@] 0.00 % (blue) measured at Rujzledge for
L O XMED g P superlattice sample [CMO10/CROA4]x6
2830 2840 2850 2860 at T=10K.
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While the Ru XMCD signal does not exceed 3%, archisiCD signal of ~12% is
observed at the Mn L-edge for both samples in anmitag field of 7 Tesla. Using
references the Ru XMCD places an upper bound &pus(n the net magnetic moment
per Ru atom while the Mn XMCD corresponds to anrage moment of 14/Mn atom,
which implies that the net magnetization is donmedaby CaMn@, consistent with the
theoretical work of Nandat al [5.18]. The Mn XMCD data also provide two piecds o
evidence supporting the theoretically predictedtedrantiferromagnetic state localized
near the interface. First, the XMCD signal is sahsally lower than expected if the
layers were fully ferromagnetic [5.24], and it wasfound to exhibit significant
hysteresis effects. Second, the XMCD for both daftéres vanishes upon heating above
100-120 K, the Neel temperature of bulk CaMn®et control measurements on an
isolated CaMn@ film grown on SrTiQ (not shown here) revealed no XMCD signal
above background, which implies that the Mn magnetis due to the CRO/CMO
interface and not due to the entire CMO layer. Camgpn to reference samples also
showed a valence state of both Ru and Mn ions ¢t4e.

Now, in order to determine the length scale of iherface induced ferromagnetic
polarization, we have performed XRMS measuremeiits eircularly polarized x-rays at
two photon energies in the vicinity of the Mng labsorption edge. The XRMS
experiments were carried out at the SIM beamlinthatSwiss Light Source using the
RESOXS chamber [5.25]. The reflected intensitiesand I~ were collected for two
opposite directions of a magnetic field appliednglahe intersection of the superlattice

and scattering planes. The amplitude of the magritid available in the chamber is
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0.16 Tesla, which is sufficient to field cool thengple into a partially magnetized state.
The resonant reflectivity in the charge chanhéh(17) exhibits a series of Bragg peaks
characteristic of the superlattice periodicity, @agped by interference (Kiessig) fringes
due to the finite thickness of the sample (Fig.®3 (a)). The first photon energy (620
eV) was chosen off resonance allowing a structmalysis not relying on the knowledge
of the resonant scattering factor (use of tabulatednic scattering factor). The second
one (639.2 eV, corresponding to the inflexion pahthe Mn L; edge) was chosen to
reduce the x-ray absorption while maximizing thal neart of the magnetic scattering
factor. The magnetic depth profile was obtainednfran analysis of the dichroic
difference, (" - I7), of the Bragg intensities. The analysis requkaswledge of the
structural parameters of the superlattices (thisknemughness, and density of the layers),
which were derived from a refinement of off-resaneaflectivity data recorded at 620
eV and confirmed by the refinement of the resorfiectivity using the resonant
scattering factor derived from the XAS measuremeftthough the fits exhibit some
discrepancies with the data between the Bragg p#adselative intensities of the Bragg
peaks and the widths of the intense ones are vesitrtbed. The magnetic profile is
probed by the charge-magnetic scattering in ithel{) signal. Figure 5.1.5.3 (b) displays
the differenceI{ - 1) measured on top of the first four Bragg peaksnadized to the
corresponding peak intensity (upper panel), as a&lthe results of simulations of this
guantity for several models of the magnetic proffeg. 5.1.5.3 (c)). For the case of a
superlattice, the key point is tiggevolution due to the cross correlation of the ghaand
magnetic scattering in the XRMS signal. When thegmegic profile differs from the
chemical profile, the sign varies depending ontthekness of the magnetic layer within
the charge layer (Fig. 5.1.5.3 (c)).
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Figure 5.1.5.3 a) Specular reflectivity for two energies: E=639.28Wn L3) at T=50K (upper curve)
and of resonance E=620eV at T=300K (lower curve)sfperlattice sample [CMO10/CRO6]x6. Red
lines represent structural fi) dichroic difference I{ - 17) measured at different Bragg peaks and
normalized to the peak intensity am)l the corresponding calculated normalized differenéer
different layer thicknesses. Best fit is obtained3.5 unit cells [5.1].

By considering a simple symmetric step profile fbe magnetization in CaMnQ

composed of equally thick magnetic layers at thterfaces and a non-magnetic core
layer, we can study the evolution of the sign aath gnsight into the thickness of the
magnetic layer near the interface. The simulatetiaserved intensities show very good
agreement for an interfacial thickness of 1.38 8tb (1.c.). This model reproduces both

the experimentally observed sign sequence’of () at the Bragg peaks and its relative
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amplitude. The absolute magnitude of the normaldiéfdrence was calculated with the
constraint that its integral equals the XMCD sigtiscussed above (scaled for the lower
applied magnetic field, seéig. 5.1.5.2). As shown in figure 5.1.5.3 (c), tlesult also
agrees closely with the experimental data. Degpstesimplicity, the model therefore
provides an excellent description of the salieatdees of the XRMS data. From this we
conclude that the ferromagnetic polarization is limoited to the immediate vicinity of
the interface, as theoretically predicted [5.18&]f bxtends further into the CMO layer.
Specifically, a model in which the net magnetizatiarises entirely from the first
CaMnG; unit cell at the interface is ruled out by the débr of (* - 17) at the third- and
fourth-order Bragg peaks.

5.2 Conclusions

In Chapter 5 we have presented a comprehensivdrepempy study on superlattice
system [CaMn@10 / CaRu@N = 4 and 6 unit cells] on (001) LaAlBubstrate. Control
samples of single layers of CaRy@nd CaMn@ were also investigated. Utilizing
various spectroscopy techniques we obtained ale@tpicture of the charge transport
properties at different temperatures and magneigddSd as well as complete
magnetization profile of the superlattices. Theemak state of Ru and Mn ions near the
interface was also inferred.

FIR reflectance measurements at several tempesattaiaging from 3 to 300K, and
magnetic fields up to 8 Tesla, were carried ouintdit procedure based on effective
medium approach and the Drude-Lorentz formula foe dielectric function, the
reflectivity due to the superlattices was obtainBde results were presented in terms of
dc-conductivity and resistivity. A magnetic field inded effect was observed in the two
SL samples. The onset temperature was shown to fr@ximity to the Neel temperature
of CaMnQ, T~125K, and found to result from a reduction loé scattering rate of the
free carriers (due to CaRyf upon application of magnetic field, i.e. negativ
magnetoresistance effect. Concomitant upturns @ témperature dependence of the
resistivity also appear consistent with spin-degemdocalization effects inherent to

CMR manganites. It was further shown that the ntagei of this negative MR effect is
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small and increases all the way from its onset tpgdown to the lowest temperature of
3K, and hence is reminiscent to giant magnetorasist (GMR) effect. The magnetic
field dependence of thdc-conductivity, for the both samples at 3K, showsedr
behavior with no indication of saturation up to thegest field of 8 Tesla. These findings
strongly support canted antiferromagnetic grouratesfor CMO / CRO SL system.
Independent four-point contadt-transport probe have shown consistent resultagivi
also confidence for the reliability of the measueats performed with the FIR magneto-
reflectance setup, recently assembled and desanb@dapter 4.

The XAS, XMCD, XRMS probes and the FIR spectroscaliipsometry study [5.1], led
to conclusive results about the origin of the neagnetization in CMO / CRO
superlattices and its spatial extent. XMCD reveaelstantial polarization for Mn ions
with values corresponding to canted magnetic mosyevtiile negligible or absent for Ru
nearby the interfaces. Applying XRMS and structurabdel calculations it was
concluded that the ferromagnetic polarization it limoited to the immediate vicinity of
the interface (~1 unit cell), as theoretically pecéed in [5.18], but extends further into the
CMO layer up to about 3.5 unit cells. XAS on thbesthand, showed valence state for
Mn and Ru close to 4+. FIR spectroscopic ellipsoyn@easurements also inferred
largely unaltered effective number of charge casriger Ru atom (~0.11) in these SLs,
compared to bulk CaRud5.10]. So, only a small number of electrons frametallic
CaRuQ penetrate into antiferromagnetic insulating CaMmiving rise to canted state
with a sizable net polarization that extends ~3i6 cells.

Our results therefore suggest that magnetic potardig. 5.2.1), which have been
extensively investigated in bulk manganates [52@]{], and other transition metal
oxides, strongly influence the physical propertésxide interfaces and should therefore
be considered in the CaMgOCaRuQ SL system. Formation of magnetic polarons in
the AF matrix of CaMn@will induce activated behavior in the transportpedies and
subsequently, application of magnetic field woutdd to their melting enhancing the
electron mobility due to kinetic energy gain. Thi@del picture is consistent also with

our transport data.
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Figure 5.2.1 Sketch of a self-trapped magnetic polaron, shovimgpmagnetic region of core spins,
exchange-induced by the electron, and in whichetbetron becomes self-trapped [5.26]. Ideally, the
ferromagnetic region is fully polarized but the ligt& situation corresponds to a spin canted state

experimentally justified in our experiments.
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FIR Response of Ferromagnetic Y IO

In High Magnetic Field

In Chapter 2, the intriguing properties af3nsulating titanates, LaTiand YTiQ; were
briefly reviewed. The strong experimental and tle@oal interest in these compounds is
focused on the link between the orbital and magnstate, as they are less prone to
severe Jahn-Teller distortions inherent of dealegenerate systems, hence, the large
degeneracy is expected to be broken in a moreeswttl interesting manner. An
excellent example is LaTgcompound, in which no evidence of orbital ordes lyat
been reported. The GdFeg@ype distortion on the other hand, always pregediMOs
with perovskite structure, is also relatively weak aTiOs, so that orbital fluctuations in
the entiret,g manifold maintain the G-type AF state. This sii@tresembles to some
extent systems with occupi¢g levels (3P), such as CaMng- another compound with

a weak GdFeg@distortion and the same isotropic G-type AF maigrstate.

When the smaller Y ion substitutes La in LaZji@he GdFe® distortion is enhanced
introducing larger bending of the Ti-O-Ti bond, wfhiin turn facilitates the parallel FM
spin ordered state. Now, whether and to which éxddpital fluctuations are present and
play role in the more distorted YTiOcontinues to be a subject of intense studies
[6.1][6.2][6.3][6.4][6.5].

In the following chapter we present a FIR (100 9 #f1%) polarized reflectivity study on
single crystals of YTi@at different temperatures in the interval 3K - Khd subjected

to high magnetic fields (MF), from O to 8 Tesla.elthata collected in this experiment, in
combination with FIR spectroscopic ellipsometry swgaments, allowed us to identify
all 25 infrared-active phonon modes in YEjGee Ref. [6.6]. Furthermore, the optical
response obtained along the three principal crystals, at several temperatures and

magnetic fields, clearly showed a spin-phonon dogpbelow Ty ~ 80K, manifesting
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itself as temperature and magnetic field-inducednadous deviations in the oscillator
parameters. Comparison between the temperaturedepephonon spectra taken at zero
field, and the magnetic field dependence at fixethderature, showed intriguing
similarity. This observation directly reflects tirgerplay between the lattice vibrations
and the spin order in YT The phonons that were found to experience largest
temperature and field-induced changes are assdowatd the group of Ti-O-Ti bond-
bending modes, according to the assignment giveReh [6.9]. These effects are
however weak, placing YTi©in the group of systems with small spin-phononptiog
constants as expected fromtg system. The present spectroscopic measurements,
initially intended at temperatures around the m#grteansition of T ~ 30K, revealed
very large temperature range, up to T ~ 80-100K{He field-induced effects, which is
indicative of short range magnetic order. Similadyrecent thermodynamic study on
YTiO3 single crystals finds extended (exceeding 100Kpme#ic contribution in the
specific heat that was related to the presenceiofarbital fluctuations [6.7]. The origin
of the characteristic temperaturey ¥ 80K, is however not clear. Our study showed that
this is also the onset temperature for deviatiormnf the bare phonon-phonon
anharmonic behavio,,{T), for many modes in YTi® Other physical quantities, like
the inverse magnetic susceptibility, lattice expamscoefficient a, and the dielectric
constant, at energies of the optical bands, alsw gbeculiarities at around 80 to 100K
[6.6][6.7][6.8]. All these findings uncover a coregl interplay between spin-orbit and
lattice channels in YTig) and while there is no direct evidence for a pheaesition at
Tm~ 80 - 100K, a crossover, or some kind of weak exoéinsition cannot be completely
excluded. In the conclusion section, the obsentemhpn anomalies are discussed in the
context of a mean field approach for spin-phonomptiog and modulation of the
exchange interaction constalft). Although a definitive model is so far not avalk, the
experimental data indicate effects due to the degey of the Ttyg orbitals in YTIG.
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6.1 Bulk Properties of YTiQand Sample Characterization

YTiOj3 crystallizes in the orthorhombic structure of Gdge¢¢be described by thBpnm

space group (Fig. 6.1.1), and the temperature digpenlattice expansion shows no

structural phase transition on cooling below roemperature.

4YTIO; Pbnm
o1

Oy
@Ti

@o Figure 6.1.1 Orthorhombic structure of YTig) space

group Ppnm, with ferromagnetic alignment of Ti spins,
from [6.9].

As already mentioned, YT¥Js a ferromagnetic Mott insulator with, ¥ 27 - 30K, in
electronic configuratiorllzg1 [6.10]. The Ti-O-Ti bond angle in YTiOis 140 in theab
plane, and 14%4along thec-axis. The large bond angle implies small overldphe

transition metal 8, and the oxygengorbitals, which leads to smaller electron transfer

between nearest neighbor Ti sites than in LaT8311]. Additional elongation along the

c-axis in the FM state, by about 3%, of the diGctahedra is also observed. This

distortion has been attributed to staggered ordesfrthet,q orbitals [6.12], (Fig. 6.1.2).

Figure 6.1.2 Orbital ordering pattern in YTiQFrom [6.12].
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An inelastic neutron scattering experiment reveatmimplex magnetic structure,
comprising substantiab-type andA-type antiferromagnetic components in addition to
the predominant ferromagnetic component. The magpeactrum, on the other hand, is
gapless and nearly isotropic, which is inconsisteitih the orbitally ordered states thus
far proposed for YTi@[6.13].

High-quality single crystals of YTi©were grown by the floating-zone method. X-ray
diffraction shows that the YTifsingle crystals used for our experiments are unted,
with mosaicity less than 0.03°. At room temperatutiee lattice parameters are
a=5.331(3) A,b=5.672(4) A, and=7.602(6) A, respectively. The samples were aligned
along the principal axes and cut in the form offjalepipeds with ~3 mm side each. The
oxygen content was measured by heating small giembf the as-grown crystals in, O
flow using a differential thermal analysis gravimetapparatus. Due to the *T>Ti**
instability, single crystals of YTiQalways have an excess of oxygen above the exact
stoichiometry formula. Based on the weight gaire thxygen excess in the formula
YTiOs.5 is estimated at a level less tha0.013. The samples were further characterized
by magnetometry using a superconducting quantuerference device. The inset of
figure 6.1.3 (a) shows the temperature dependehtieeomagnetization for the YTiO
sample in the vicinity of Jtaken upon heating in a magnetic field of 1 kOalbalrto the
c-axis direction after cooling in zero field. Foretsample studied here, we estimage- T
30 K, which is amongst the highest values reposiedar. Figure 6.1.3 (a), shows the
temperature dependence of the inverse susceptibilito, which exhibits nearly linear
increase above 100Ky was corrected by temperature independent diamagneti

contributionygia = -5.7x10° emu/mol). A fit to the Curie-Weiss Iayv,)(rml :iz('r -9)
Y7

eff
yielded a Curie-Weiss temperature &f= 40K and effective magnetic momepg;
=1.66u, that is slightly reduced with respect to the sgspity value
of u, =2,/S(S+1) = 173y, of Ti** ions withS = 1/2. The magnetization data in figure

6.1.3 (a) reveal significant deviations from CWikiss mean-field behavior below about
100K. As a result, an inflection point in the temgiare-dependent magnetization is
observed at 27 K, a few degrees below Figure 6.1.3 (b) shows magnetization

measurements for the three principal directions O3 up to 7 Tesla at 5 K, well below
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the magnetic transition temperature. The resultsakthat thec-axis is the easy axis of
magnetization, while thé-axis is hard. The saturated moment estimated inetsy
direction, at the highest magnetic field of 7 Tfs=0.84us, whereas =0.82u, in the
hard direction - both reduced fronugsl

T T T T T T 1.0 T T T T T T T

|3 7 : 3.010(3) ] ] = i
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Figure 6.1.3 a) Temperature dependence of the inverse suscefytifsijuares) of the YTiQsingle
crystal approximated by Curie-Weiss behavior athhigmperatures (solid line). The inset shows the
temperature dependence of the magnetization iwitteity of Tc and its temperature derivative after
zero-field cooling in a magnetic field of 10000ettwH ||c. The inflection point in the temperature-
dependent magnetization is observed at T=2jKagnetization of the YTi@single crystal measured
with magnetic field applied aloragb, andc axes, inPbnm notation, aff=5 K [6.6].

6.2 Phonon Modes in YTiDExperimental Data and Fit

The FIR response of YTisingle crystal was obtained by a high-accuradpsimetry
measurements using home-built ellipsometer, at beartR1 at the ANKA synchrotron

in Karlsruhe, Germany, and near-normal incidenfleaance setup with high magnetic
field, both described iChapter 4. All 25 IR-active phonon modes were idiedt and
assigned [6.6][6.9]. In the following section, FiBflectivity data for all three principal
crystal axes;E|ja, E|p and E|c is presented. The spectra were taken at several
temperatures in the interval from 3 to 100K and neig fields from O up to 8 Tesla, in
steps of 1 Tesla. Good quality fits were obtainadall data using the “RefFit” code and
set of Lorentzians [6.14]. All fit parameters astdd in Appendix 2.
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6.2.1 Zero-Field Data

a-axis, E||la(ac)

Figure 6.2.1.1 shows zero field experimental refley spectra and the fit curve fa-
polarization at temperature of 3K. The identifiedopon frequencies (in ch are

indicated into the figure.

external mode

Ella(ac)

I 209
0.8 -
0.6
| 154
0.4
3K exp data

ool o kit
100 200 300 400 500 600 700

1.0

Reflectivity

Wavenumber (cm™)

Figure 6.2.1.1 Experimental reflectivity spectra (green) andcfitve (dark blue) foa-polarization at T

= 3K. Numbers indicate the phonon frequencies injc Schematics of the three basic phonon mode

groups in cubic perovskites, from [6.15].
In a-direction, there are 9 modes out of 25 IR-acti¥®,[(c)+9B,,(b)+9Bz.(a)], from all
60 I'—point phonons calculated for orthorhombically alitgd YTiOs;. The phonon modes
are divided into three groups with characteristegéiencies: modes around ~ 170gm
or external modes, corresponding to di@ctahedron vibration against the Y-atoms,
around ~ 340cfh s the cluster of the bending modes (Ti-O-Ti bamgjle modulation),
and finally modes ~ 540ch correspond to Ti-O stretching modes (bond length
modulation). Lattice-dynamics calculations in thianfiework of the shell model were
applied to determine and assign the eigenmodekeirotthorhombic YTi@ [6.9]. The
eigenmodes and their assignment are given in tkieseetion along with the results from

the temperature and magnetic field dependence.
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b-axis, E||o(bc)

In b-direction, there are also 9 IR-active phonon mdéés 6.2.1.2).

T T T T T T T T
Ellb(bc) 380 528 YTIO3
0.8 |- E
578
2
=
©
Q
©
@ 0.4 ¢ E
3K exp data
0.0 ) ) ) || —3Kfit
100 200 300 400 500 600 700

Wavenumber (cm™)

Figure 6.2.1.2 Experimental reflectivity (green) and fit curvea(dd blue) forb-polarization at 3K.
Numbers indicate the phonon frequencies in{cm

c-axis, Ellc(bc)

Along c-axis there are 7 IR-active phonon modes (Fig1632.

10 T T T T R
l Ellc(bc) 387 595 | YTIO,
324
0.8 - -
545
- 204 49
E 06| 4
©
Q
©
& 04 .
0.2 -
3K exp data
0.0 . . . | —— 3K it
100 200 300 400 500 600 700

Wavenumber (cm™)

Figure 6.2.1.3 Experimental reflectivity (green) and fit curvea(dl blue) forc-polarization at 3K.
Numbers indicate the phonon frequencies in{cm
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6.2.2 Magnetic Field and Temperature Dependence

a-axis, E|la(ac), Blb

Figure 6.2.2.1 presents magnetic field dependereféectivity spectra taken at
temperature T = 30K, near of the magnetic transitibhe magnetic field is applied
perpendicular to thea€) plane, i.e., along thie-axis. The spectrum ratio, R(8T) / R(0T),
called also 100% line, is plotted and magnifiedbitite figure on the right hand side
along with the model fit curve. Here, and for tiker two polarizations, we focus on the
magnetic field dependence of the reflectivity speett this particular temperature point,

as the observed magnetic field-induced effectgpeyrounced.

12 Eiatae BIDl " [Eifaae) Biib] | ' " [ymio]
R(8T)/R(0T) —— R(8T)/R(0T) expdata
1.0 \ R(8T)/R(OT) fit
11k 1
! 316 T ‘
08tk R(ST)/R(OT)
. 0 ‘ ‘
2 ‘ ‘ i
Z | ‘ 1335 | ul#*q Mll l'al ’W ——p
= \ | 1‘0 N i
S 06 \ \‘\‘\344 516 X
g ° 1 |
b ! /| N ||
o | A ‘
T U ' | / ‘ ‘ ‘ T=30K
I H “ L‘“‘m“‘ | 200 300 400 500 600
| | V | / Wavenumber (cm™)
02} | / | / 1/
i \L‘ 11
- \‘r}
00 " 1 1 " 1 1
100 200 300 400 500

Wavenumber (cm™)

Figure 6.2.2.1 left: Reflectivity spectra E|(ac-plane) and Bfj| configuration, at zero field R(0T) (blue)
and at 8Tesla, R(8T) (green) taken near the magtratmsition temperature of T=30K. Numbers denote
the phonon mode frequencies. The numbers givetagklindicate phonon modes that respond noticeably
to magnetic field. The ratio R(8T)/R(0T), plotted yiolet) represents the magnetic field-inducedndes
(black arrows point towards the featureght: R(8T)/R(0T) ratio, experimental data (violet), ahe fit
result (orange).

In order to clarify the observed effects upon aggilon of magnetic field (the features in
the R(8T) / R(OT) ratio, indicated by arrows in figure), we have performed a model fit
on the experimental data for all fields (O to 8fgdaemperature points (3 to 100K). The

results yield changes in the oscillators charagties; frequency, strength and damping.
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Due to magnetostriction, all of the modes do exge® some changes in magnetic field.
However, in this particular polarization @gnd direction of magnetic field B)| the
observeceffects are very small, there are few modes clogeequency and it is therefore
hard to estimate the contribution of each particadade precisely. It is now instructive
to compare the impact on the phonon modes duepacapon of magnetic field obtained
at fixed T = 30K, to the temperature dependencenvthe system approaches and enters
the magnetic state. Apart from the physical infaioraone can get out of such study, the
comparison can be a good point of reference ath&iher the observed changes are real,
or if they are artifacts from uncertainties in theasurement and/or the fitting procedure.
Figure 6.2.2.2 shows experimental spectra takeheatowest temperature of 3K and at
the highest of 100K. Their R(3K) / R(100K) rationdathe result from the fitting

procedure are compared in the figure on the rightdhside.

“[Enatac) ' ' ' "TyTio,

N

(3K)/R(100K)

Reflectivity

— R(3K)/R(100K) exp data
R(3K)/R(100K) fit

i
/ | / | “ 1 08 L
‘ / y | \ ‘w’ 100 200 300 400 500 600 700
/ f

/ [/ f .
021 3k L \’; Wavenumber (cm™)
100K V
0.0 —— R(BK)/R(100K) | | ) ) . ) . )
100 200 300 400 500 600 700

Wavenumber (cm™)

Figure 6.2.2.2 left: Zero field reflectivity spectra B||(ac-plane), at T=3K (blue) and at T=100K
(green). Numbers denote the phonon mode frequerties numbers given in black indicate phonon
modes that undergo noticeable changes. The ratBK)A(100K), plotted (in red) represents the
temperature induced changes$ght: R(3K)/R(100K) ratio, experimental data (red), &hd fit result

(grey).
Figures 6.2.2.3 below show the parameters, frequepnand dampingy, obtained from
fit of the phonon modes along theaxis. Plots are given as a function of temperasire
zero field (left), and as a function of the appliedgnetic field at T = 30K (middle). The

assignment and the calculated eigenvectors arersfmveach particular mode (right).
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Figure 6.2.2.3 Zero field temperature (left columns), and magnégld at T = 30K (mid columns),
dependence of the oscillator parameters, frequegden’) and dampingy (cm), for the modes in
E|p polarization and direction of magnetic field || The modes assignment is given in the boxes
(right columns), from [6.9].
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An interesting observation is that for some of th@des the increase of magnetic field at
fixed temperature induces similar changes in tpamameters on cooling at zero field.
There are however some deviations from this behaVioe cases, in which the changes
in the mode parameters are very small and oscibagereferred to the experimental error
bar (the connecting lines are only guide to the.dyer the rest of the data presented, we
are confident, as the magnetic field and the teaipez dependence are practically
distinct measurements; we sweep the magnetic fieddh O to 8 Tesla at each
temperature point. Furthermore one can compareegponse from all three optical axes
and search for consistency (we give such comparadiots in the conclusion section).
The similarities in the magnetic field / temperatimduced changes can also be seen in
the ratio spectra: R(8T) / R(0T) and R(3K) / R(1)0kespectively. Such a qualitative
similarity in the magnetic and temperature scatesdicative of spin-lattice coupling.
The temperature dependence of the phonon paranpetssnted above, show also clear
anomalies on approaching the magnetic transiti@mesof the modes shift to higher
frequencies, others soften. Deviations from thealanharmonic behavior, i.e., without
spin-phonon interaction, can be noticed even afp&atures, far above. TWe will
discuss these issues later in the conclusion sectio

The mode at 154cih(Fig. 6.2.2.3 (a)) belongs to the group of extemades and the
eigenvectors indicate out-of-phase vibrations chnd Ti atoms polarized along the
axis. It has very small oscillator strength andvetiemall changes with temperature and
field. The frequency however, exhibit anomaly amwOK and on further cooling it
decreases. One can assume that magnetic fieldedppti T = 30K, induces small
decrease of frequency too. The mode at 209¢fig. 6.2.2.3 (b)), involve collective Y-
Ti vibrations where Y and Ti move in opposite direes. Application of magnetic field
and temperature decrease reduce its damping. Hugiency experience a red shift
according to the magnetic field dependence buttted is not well defined in the
temperature dependence. From the group of bendaugsn 316 ci and 426 crit (Fig.
6.2.2.3 (c) and (f)), involve collective vibratioflsom O2 atoms and also some
contribution due to in-phase vibrations of O1 anttaf-phase of Y atoms for the former.
316 cm' shows a definite red shift while 426 ¢rincrease its frequency. The modes at
335 cm' and 344 cni (Fig. 6.2.2.3 (d) and (e)) also belong to thisugrand the one at
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344 cm' is assigned as Ti-O1-Ti bond bending. The fit paeters for these modes show
relatively large changes along B and T scales.mibde at 516 cih (Fig. 6.2.2.3 (g)), is
determined by O1 collective vibrations. On incragsihe magnetic field, this particular
mode increases its frequency as well as its damgimglly, in the group of stretching
modes, the one at 554 ¢nfFig. 6.2.2.3 (h)), is assigned to Ti - O2 colieetout of
phase vibration, and at 576 ¢nfFig. 6.2.2.3 (i)) b-polarized out-of-phase vibrations of
Ti and O1 atoms. Both show blue shifts, except ayhe 576 ci upon application of
field showing decrease of frequency.

The first three phonon modes aloagaxis show tendency to soften on decreasing the
temperature and upon application of field. Althodighmodes 154 cm-1 and 209 ¢m
the changes are within the experimental error,ohe at 316 ci shows a definite red
shift. The high frequency modes increase theirdesgy on cooling and upon application
of magnetic field. Pronounced changes in the phoparameters can be noticed at

temperature around T ~ 40K.

b-axis, E|b(bc), Blla

In contrast to the magnetic field dependence alivaga-axis, here, the field induced

changes are much more clear (Fig. 6.2.2.4). Theeswage well separated in frequency
and it is easy to identify the contribution of eaxfithem to the observed magnetic field
effect with a good precision. As in the previouse;aa fit procedure was applied for the
magnetic field dependence at T = 30K as well agHertemperature dependence, from 3
to 100K, at zero field. Figures 6.2.2.4 and 6.2.Bébow, compare the changes the
phonon modes undergo in high fields to that on ceduthe temperature. The total

effect, i.e., the ratio spectra are given on sapdrgures (right) together with the results
from the fit. In this case a simple look at theadines is enough to conclude that the
changes on sweeping the magnetic field resemblsethioduced from reducing the

temperature.
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Figure 6.2.2.4 |eft: Reflectivity spectra Hj|(bc-plane) and B3 configuration, at zero field R(0T) (blue)
and at 8Tesla, R(8T) (green) taken near the magmetnsition temperature of T = 30K. Numbers
denote the phonon mode frequencies. The numbees givblack indicate phonon modes that respond
noticeably to magnetic field. The ratio R(8T)/R(QP)otted (in violet) represents the magnetic field
induced changes (black arrows point towards theufeg)right: R(8T)/R(0T) ratio, experimental data

(violet), and the fit result (orange).
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Figure 6.2.2.5 left: Zero field reflectivity spectra B||(bc-plane), at T=3K (blue) and at T=100K
(green). Numbers denote the phonon mode frequenthes numbers given in black indicate phonon
modes that change noticeably. The ratio R(3K)/RK)Q®lotted (in red) represents the temperature
induced changesight: R(3K)/R(100K) ratio, experimental data (red), dne model fit result (grey).
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The following figures 6.2.2.6, represent resultsxfrfit of the modes ib-polarization.

w(cm™)

y(cm™)

w(cm?)

w(cm™?)

y(cm™)

y(cm™)

1410 — T T T T T

1405 1
1400 - 4

KKK —x
1395+ 4

1390 1

15| [ 139

30t 4
25} O A
20t
150 ]
101 4

00— L L L L L

Temperature (K)

2430 — T T T T T

2425+ g
[—x—242]]

S

2420 xi*\* )2&;\

2415
2410 4

2405 - 4

751 4

70} h
65 _0—0

sl C0-0000-0 ©
55F -
50F -
a5t 1

20— L L L L L

Temperature (K)

2760 — T T T T

B

2750 =

7451 Ky |
2740} %

2735+ B

2755

2730 — t t t t t
100

95} B
90+ B
851 B
80 0 04
75F /OfO g ]
70} C,O"COOOO ]

65 4

6.0 L—t L L L L L

Temperature (K)

B, (1) : 149 cm""

141.0 T
Ellby bci Blla
14051 T=30K
_ 1400 —XK—139
g 1395} 4
3 PIORKK KKK —K-X—K
1390+ 4
1385 1
1380 — : T T T
40f 1
35} 4
301 4
o 25f ]
5 20l 0-0-0-0-0-0-0-0-0 ]
=
15F 1
10} 1
05t ]
0ol . . . .
0 2 4 6 8
Magnetic Field (Tesla)
2430 — : T T T
2425 1
2420 4
Ea K- KKKy KKK
E 2415+ 1
3
2410} —K—242
2405} T=30K
Ellb(bc) Blla
2400 — : T T T
80 4
75F 1
70F 1
T ®l 5-0-0-0-0-0-0-0-¢ ]
5 ool O o]
=
551 4
501 4
a5t 4
a0l . . . .
0 2 4 6 8
Magnetic Field (Tesla)
276.0 T T T T T
2755 ]
s 2750+ —
g 2745 K-X—¥ 1
3 X/>K/>K/X7>K/%’
2740 —K—274
2735} T=30K
El@bci Blla
2730 T T T T T
100 <
95} B
90} ]
o~ 85f ]
£
S 8ot B
=
75} —
70r O-0-0-0-0-0-0-0-0 1
65} —
601 . . . .
0 2 4 6 8
Magnetic Feld (Tesla)

- 141 -

Ti

(@fe]

¢ B,y (3):302cm! 82




FIR Response of Ferromagnetic YTiOs in High Magnetic Field

3110 T T 3110 T T T T T
Ellbibci
3105+ X& IE 31051 4
3100} 4 3100} X A
o X z R e X
5 3095} \% 4 E 3095} %/%/ d
3 b 3
3090 &&K 1 30001 ¥—308
3085} \X\X 1 3085} T=30K
X Ellb(bc) Blla
3080 — | | | | ! 3080 T T T T
60[ ] 60[ ]
55} 4 551 4
50} 4 501 ]
T~ a5t 4 o~ 45p ]
£ £
S 40f _0—01 S 4ot 4
> ol CmCO/OfO' ] > 35l 0-0-0-0-0— ]
30} OO~ ] 30} 0-0-0-0-0 ]
250 4 250 4 d)
20l . . . . . 20l . . . .
0 20 4 60 8 100 0 2 4 6 8
Temperature (K) Magnetic Field (Tesla)
3670 — T T T 367.0 T T T T T
el Ellb(bc) sl 1 o B,y(5):408 cm
’ —X—365 ’
366.0 B 3660 4
o HK-HRHRK K —K—x¢ T K- K
E 3655 - B G 3es5¢ 4
3 3
3501 1 wsor —¥—365
36451 1 36451 T=30K
Ellb(bc) Blla
364.0 —+ } } } } } 364.0 — T T T
80 1 80| ]
75} 1 750 ]
70} 1 70} ]
S 65f 1 o~ 65} ]
£ £
S 60} - o o1 S 60f o 4
> sl O/O CQCO 0—o0—"0 1 > o5l O 0-0-0-0--0 o ]
50} B 50t 4
45} ] 45} ] e)
a0l . . . . . a0l . . . .
0 20 40 6 8 10 0 2 4 6 8
Temperature (K) Magnetic Field (Tesla)
3850 — : 3850 — T T T T
Ellb(bc
sl E= = ]
~ 38401 ¥ 1 3840} 4
£ \ “
S L ] £
;3/ 3835 %’%\ S 38351 /%{/X*X/X’%i% X A
3830 Ky ¥ — l 3 %)K
' 3e30r —K—380
) 1 £ T=30K
3820 Ellb(bc) Blla
1401 i 3%218 T T T T ]
1351 1 135f 4
_ 130} ‘ 51 130l ]
E 1251 4 ~ 15| ]
= 2or o) o ] § 120} On )
s oo ‘ " usf O 900000 |
uor O 1 (0]
110} ]
1osp 1 105} ] f
0.0 1 1 1 1 1 1 )
b 0 20 40 60 80 100 lool— L L L L )
Temperature
Pe ® Magnetic Field (Tesla)

- 142 -



Chapter 6

464.0

4635

463.0

4625

w (cm™)

4620

4615

y(cm™)

w(cm™?)
g

y(cm™)
=
g

578

576

w(cm™)

574
572

570
30

—K—463

KKy
%KX/X*X’X\

W
o
(@]

x—K ]
g KKK T

o}

O

0 20 40 60 80 100

Temperature (K)

4635

463.0

4625

w(cm™?)

4620

4615

y(cm™)
[<}
8

5320

5315

5310

5305

w (cm™)

530.0

5295

529.0

130

125
120

110

y(cm™)

105
100
95
9.0

578

576

w(cm?)

574
572

570
30

x/%,%,%’X'¥*x‘¥’%

—K—463
T=30K

Elib(bc) Blla
OJO"O"C 0-0-0-0-0 A
L L L L L
0 2 4 6 8
Magnetic Field (Tesla)

K- kKKK K- KKK

—K—530
T=30K

Ellb(bc) Blla

T T T —]

O-0—C V—0O ]

o0V 7070-0-0-0-0 ]

~

~ 4
L L L L L
0 2 4 6 8

Magnetic Field (Tesla)

KoK KKK KK

—K—5761]
T=30K] |

Elib(bc) Blla

T T T T T

2 4 6 8
Magnetic Field (Tesla)

©  B,,(8):614 cm

h)

©0 B, (9):546 cm"!

Figure 6.2.2.6 Zero field temperature (left columns), and magnéigld at T=30K (mid columns),
dependence of the oscillator parameters, frequegdgm) and dampingy (cm?), for themodes in

E|b polarization and direction of magnetic fieldeB|| The modes assignment is given in the boxes

(right columns).
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The eigenvectors of the 139 ¢nexternal mode (Fig. 6.2.2.6 (a)), indicate comiiin
primarily due to out-of-phase vibrations of Y and afoms alonga-axis. It shows a
definite decrease of frequency with increasing fielel and on cooling with an onset
temperature of about 80K. The mode at 242" ¢Rig. 6.2.2.6 (b)), is due to collective Y-
Ti vibrations in opposite directions polarized iocardance with the mode symmetry.
The induced changes are weak and oscillatory beitcan assume an overall increase of
frequency. 274 cth (Fig. 6.2.2.6 (c)), involve collective vibratiom$ O2 and Y atoms
moving in opposite directions. It shows clear hardg below T ~ 40K and at high field.
The trends in the frequency change for the modigs ¢2.2.6 (d) to (g)) are similar. All
show increase of frequency and decrease of damjimg.one at 308 ctis defined
mainly by O1 vibrations, moving out-of-phase witietO2 atoms. At 365 chis due to
Ti-O1-Ti bending modulation. The 380 &mmode is determined by O1 collective
vibrations polarized according to the mode symmaetigwever, the assignment of this
particular mode is not unambiguous and can be eggthwith the eigenvectors for the
B,«(5) mode (at 365 cil), (Fig. 6.2.2.6 (e)). And the mode at 463 %Gninvolves
collective vibrations of O2 and Y atoms in opposdgections. Finally, the high
frequency 530 cih and 578 cnf are assigned tb-axis Ti-O2 bond stretching and
symmetric b-polarized out-of-phase vibrations of Ti and Ol1nagp respectively. The
former mode softens while the fit result for théda shows a rather strong temperature
dependence of frequency and damping. Howevercthitdd be an artifact coming from

fitting of a limited spectral range.

c-axis, Ellc(bc), Blla

Similarly, as for the previous two axes, the magnéeld dependence at T=30K is

presented and compared with the zero field temperatata (Fig. 6.2.2.7 and 8).
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denote the phonon mode frequencies. The numbees givblack indicate phonon modes that respond
noticeably to magnetic field. The ratio R(8T)/R(QP)otted (in violet) represents the magnetic field
induced changes (black arrows point towards theifeg)right: R(8T)/R(0T) ratio, experimental data

(violet), and the fit result (orange).

: . . T r T T T 1.4 . . T ——

Ellc(bc) — YTiO,| | Elcbo)] [YTio,

121 R(3K)/R(100K) 100K 1 RERAOO M2 (3K)/R(100K) exp data
—— R(3K)/R(100K) —— R(3K)/R(100K) fit

g
12 \I

10

Reflectivity

| 100 200 300 400 500 600 700
\
v

0.0
100 200 300 400 500 600 700

Wavenumber (cm™)

Wavenumber (cm™)

Figure 6.2.2.8 left: Zero field reflectivity spectra E||(bc-plane), at T=3K (blue) and at T=100K
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induced changesight: R(3K)/R(100K) ratio, experimental data (red), dine fit result (grey).
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In c-polarization, as in the B|fase, the magnetic field effects are somewhat ere&n

the following figures 6.2.2.9, the fit results fall seven modes along theaxis are

presented.
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Figure 6.2.2.9 Zero field temperature (left columns) and magnéigtd at T=30K (mid columns),
dependence of the oscillator parameters, frequegdgni') and damping ratg (crm?), for themodes

in E|E polarization and direction of magnetic field&B|| The modes assignment is given in the boxes
(right columns).

The eigenvector of the 167¢mmode (Fig. 6.2.2.9 (a)), is determined by vibmasiof
TiOg octahedra against Y atoms along thexis, and the one of the 204¢mode (Fig.
6.2.2.9 (b)), is mainly due te-axis in-phase vibrations of Ti atoms in one pland out-
of-phase vibrations in different planes. With desiag the temperature, the 167tm

mode shows an upturn in the frequency at 80K aadssto increase down to $80K

where a small anomaly is observed after whichefpserising down to 10K where it starts
to decrease. The observed changes are small anajpgerannot be a taken as a basis for
solid conclusions. The overall temperature depecelemowever shows increase of
frequency and seems to show just the opposite mmheempared to the phonon
polarization, i.e., at 139c¢fn The mode at 204cishows definitive softening. The next
three phonons 324¢h 349cm' and at 387ci, belong to the group of bending modes
(Fig. 6.2.2.9 (c), (d) and (e)). 324¢mas well as 387cth are assigned to Ti-O2-Ti
bending vibrations as the former has small admextfrO1 character due to movement
of O1 atoms in-phase with Ti atoms. Both modeslakian overall increase of frequency
and concomitant reduction of damping. The mode4&cBi’ has very small oscillator

strength and can be assignedataxis out-of-phase vibrations of Ti atoms. It shoavs
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smooth and well defined decrease of frequency.hitjeer frequency phonons45cm®
and 568crit (Fig. 6.2.2.9 (f) and (g)), are due ¢eaxis Ti-O1 bond length modulation
and symmetric ab-polarized out-of-phase oscillatioh Ti and O2 atoms. Both modes
show very weak temperature and magnetic field deépece.

6.3 Discussion and Conclusions

Using a home-built near-normal incidence reflectgansetup and spectroscopic
ellipsometry, both described in Chapter 4, the terare (3 to 100K) and magnetic field
(O to 8T) dependence of all 25 IR active phonon esoalong the three principal crystal
axes, EH, E|p and Ef, in ferromagnetic YTi@ has been obtained. It was found that
application of magnetic field influences the phomande characteristics and these are
predominantly the Ti-O-Ti bond bending modulationdas. The experimental data was
fitted by a sum of Lorentzians and the oscillatargmeters, frequenay and dampingy,
were presented for all three directioasb andc, as a function of temperature at zero
field, and as a function of the external magnaetdfat fixed temperature of T = 30K,
just above the I The overall trend observed is that the mode patars exhibit similar
behavior in the induced changes with decreasingéeature and increasing magnetic
field. This finding can be attributed to a spin-phononpiimg in YTiOs. Interestingly,
the onset of magnetic field induced effects onghenon parameters was found to start
far above the d i.e., at T ~ 80-100K. We discuss this issue belovi-polarization the
observed magnetic field induced changes are langeckear, and they were accurately
qguantified. In contrast, along tlee andc-axes, the changes are weak, the phonons are
close in frequency and it was difficult to extrgecise quantitative information about
the mode characteristics. The fit procedure in stages may return ambiguous results.
However, the comparative study between the magfielit / temperature dependence
give us confidence that the fit results are to adgextent reliable, moreover in the

following, we will be interested mainly in trendst in precise values.
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Spin - Phonon Coupling in Other Compounds

Spin-phonon coupling and concomitant anomalies he bscillator parameters in
magnetic crystals close to temperature of magnetitsitions are relatively well studied
[6.16][6.17]. In the manganites for example, thke rof electron-lattice coupling in the
emergence of magnetoresistive properties has bmated by A. Millis [6.18][6.19]. The
orbital state on the other hand, reflecting thecteta-electron interaction is directly
responsible for the variety of spin ordering coof@tions. Hence, a particular
contribution to the electronic properties of neitloé these degrees of freedom can be
simply excluded. There are numerous experimentttepscopic (infrared and Raman)
studies that observe marked temperature and dapthged anomalies in the phonon
mode parameters at the points where the magnetitoraorbital state changes. For
example, infrared reflectance experiments on,68Mn0O; crystals, at different doping
levels i.e.x = 0.10 - 0.125 [6.20], showed pronounced effectslgminantly on the (O-
Mn-O) bond bending modes. For x = 0.11 and 0.125rgfmagnetic metallic (FM))
phase, the modes were found to broaden and sofibie in the low-temperature
orbitally ordered (ferromagnetic insulating (FI)hgase, they become sharper. These
results revealed the strong correlation betweeatrele magnetic and orbital state with
the microscopic distortions of the Mn-O-Mn bond.eTanomaly in the FM phase is
assumed to originate from lattice instability due dompetition between the double
exchange (DE) interaction and the Jahn-Teller @3jortion. Similar conclusions have
been made for the FM basSlh3sMnO3 in Ref. [6.21]. The coupling between the DE
interaction and the Mn—O—Mn angle is presumablyetam the close relation between
the bond angle and the bandwidth The observed effects in the orbitally orderedesta
are attributed to an enhancement of the effectharge of Mn in the Mn-O bond (in FI
phase) and to the additional orbital polarizatiae tb the orbital ordering.

A recent Raman study on series of orthorhombic RM@R = Pr, Nd, Sm, Eu, Gd, Tb,
Dy, Ho, Y), focused on the link between the magnstructure and the emergence of

deviations, AwW(T)=w,,(T)-a(T ) from the usual anharmonic behavior

(@, (T) = w, —C[L+2/(e"*'**"T —-1)], wherea andC are adjustable parameters) in the
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phonon spectrum [6.22][6.23]. It was establisheat the compounds with a large’R
ionic radius g and A-type antiferromagnetic (AF) order, (R = R, Sm), exhibit
significant softening and other anomalies arougdniolving mainly the By stretching
mode while for compounds with a smalland incommensurate magnetic structure, (R =
Eu, Gd, Tb, Dy, Ho, Y), the effects are very weakegligible. In the particular case of
(R = Ho), E-type AF configuration, these effectsreveven absent. According to the

model proposed by Granad al. [6.24][6.22], the effect of phonon renormalizatio

below Ty is proportional to the spin-spin correlation fu'nnt<8, ESj> for the nearest-

neighbor (NN) spins at thieth andj-th Mn sites. For example, in the A-type AF spin
ordered LaMn@, in which a softening of 610 chrRaman mode is observed, ki@ spin
can be represented as:

M
44,

S =

+AS 36)

whereM is the average sublattice magnetization pef"\and AS is the spin fluctuation
due to quantum and thermal effects. In cASgis neglected, the phonon renormalization

scales withM *. Thus, the renormalization in the phonon frequesheg to spin-phonon
coupling in LaMnQ (S = 2) can be approximated (mean-field) as:

B, = 6T =@M =51 305 5)) :As_p{l\i(ﬂ] (63.2)

1 0%J(r)
2mw ou?

where A, = is the coupling constant representing the phonodutation

of the NN exchange integrd(r), wis the corresponding mode frequency, amdndu
are the mass and the displacement of the atomviedolThis approach explains well the
phonon behavior belownI However, in some cases the onset of the anomalomison

shift is observed well above the actual magnesindition temperature, see figure 6.3.1.
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The renormalization of the phonon parameters ab®ye can be explained by

ferromagnetic correlation<sASI msj> which exist even in the paramagnetic phase. In the

more complex situations, in which the magnetic mpmhtions result from competing
FM nearest-neighbor and AFM next nearest-neighddiNN) interactions, like the
incommensurate and E-type spin ordering, extensithrad include all respective
interactions in the model are necessary [6.22].

In a more recent and detailed study on LaMn@ Raman bands, at 490 and 610%cm
respectively, were shown to exhibit softening betvavrhe authors argued that a bare
spin-phonon coupling mechanism is insufficient esdibe the experimental data. A
more sophisticated theoretical model that invohabital-spin-phonon coupling is

proposed to explain the results [6.25].
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A comprehensive theoretical treatment of spin-plmoc@upling in RMnQ@ manganites is
given by JM. Wesselinovat al. in Ref. [6.26]. Expressions for the renormalizgunon
energy and damping, renormalized spin-wave energy pin exchange interaction
constant?®, due to the spin-phonon interactions are deriumerical calculations,
with parameters appropriate for orthorhombic RMn&@mpounds and various spin-
phonon interaction constants were presented, anddf@o be consistent with a large
number of experimental results. Generally, the pnoftequency shifts below magnetic
transition temperature are explained by the assompor a spin-dependent force
constant, given by the first and second derivativkshe nearest neighbor and next-
nearest neighbor exchange interactionsp(ri-rj), with respect to the phonon
displacements. This may have negative or posiiiye §or example due to FM / AFM
interaction and competition), hence softening ordbaing of the respective phonon
mode. However, important here is that by monitoring behavior of a specific lattice
vibration it is, in principle, possible to obtairaluable information about the spatial
dependence of the superexchange interaction. Fustheve will try to discuss the data
along this line too. Considering the above, a spscobpic setup that allows for
simultaneous probe of temperature and magnetia fa#@pendence of the phonon
spectrum can yield a great deal of physical infdroma As shown in the previous
section, it offers a direct comparison of phenomigngemperature and magnetic field
scales. For example, similar investigation has bearried out for the tri-layer
ferromagnetic SRuOsp [6.27]. In this work, magnetic field and pressdependent
Raman spectroscopy on theggBnternal mode revealed information about strudtura
modifications directly linked to the magnetism hetsystem. Furthermore, quantitative
information about the magnetoelastic coupling betwthis particular mode, assigned to
the internal vibrations of Ru{octahedra, and the Ru spins was obtained follovilieg
approximated expression for the contribution of spé-spin correlation function to the
phonon frequency (equation 6.3.2). In this stutdy, was calculated from comparison of

the derivative of the phonon frequency and the ratigation M, with respect to the

magnetic fieldaa)laB:ZIT/}s_ph(M/,ué)aMlaB, through the approximation

<S, [Sj> = 2(M /2u,)?, for (S = 1) system. Thus, a value for the spinfn coupling
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constant, as high akpn = 5.2 cnt, was obtained for the;Binternal mode in SRuOxo.
Other materials, in which the spin-phonon coupiisigarticularly strong and produces
strong anomalies in the oscillator characteristiear and below the magnetic transition,
are the spinel compounds [6.28][6.29]. Analysistlb@ spin-phonon coupling has also
been made for Zn@D,, in Ref. [6.30], where the spin-spin correlatiaimdtion is
obtained from specific heat data. This procedueddgi for the coupling constant in

ZnCr,0, a value ofdspn = 6.2 cni.

Results for YTiQ

In YTiOg3, the most pronounced magnetic field effects inghenon spectra were found
along theb-axis. Figure 6.3.2 shows experimental reflectivitsta in terms of the
difference: R(T) - R(Ti+1) at zero field (Fig. 6.3.2 (a)), and R(8T) - R(0&R) various
temperatures (J (Fig. 6.3.2 (b)), along thb-axis. The two distinct features result from
changes in the mode parameters at 308 amd 380 cni, respectively. The curves at
zero field are normalized by the temperature diffiee the two respective spectra were
taken at. In order to compare the data measureixed temperature and nonzero
magnetic field, similarly, the data is normalizedy ka factor according to
kg 1K = 151.489T.

o, |
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Figure 6.3.2 Experimental reflectivity spectra on YTi@longb-axis. The data is presented in terms of
difference:a) R(T;) - R(T,,,) /|Ti -T,,,| at zero field, anth) R(8T)- R(OT)/|Ti -Tia
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The similarities in the temperature and magnestdfinduced changes are apparent. The
effects in the zero field data peak at T ~ 30Kt)lefvhile the application of magnetic
field broadens and pulls the transition to higlenperatures (right), (see also Fig. 6.3.3
(b), below). Noticeable magnetic field effects e phonon modes start between T ~ 80
and 100K. As it was mentioned, the pronounced featon figures 6.3.2 correspond to
changes in the parameters for modes at 308 amd 380 cril. The fit procedure
revealed that the phonon at 308 tincreases its frequency on cooling from 100K to 3K
with ~ 2 cm' at zero field (Fig. 6.3.3 (a)), while at field 8fTesla this change is a bit
larger. The maximum for the field induced frequesbift occurs at T ~ 35K >.Tand it

is around 0.6 cf, as evident from figure 6.3.3 (c), where the défece w°%(8T) -
«%0T) is presented. This difference is free frone fphonon-phonon anharmonic

contribution w,,, (T ), since the magnetic field most likely does noerathat part. We

therefore may safely assume thai ¥ 80K marks the onset of deviations from the bare
anharmonic behavior and that this anomalous beh@vianambiguously related to the

spin degree of freedom.
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Figure 6.3.3 Fit results for the temperature dependence @ffrequency for the 308ch b-axis mode

at zero field (blue), at 8 Tesla (red) and the d&ad anharmonic (phonon-phonon interaction)
dependencew,{T) (grey) b) the respective temperature derivatives indicatiregshift of magnetic
transition temperature in 8 Tesla magnetic fielg) the differencew®¥8T)-w**%(0T), giving the
magnetic field induced frequency shift with maximof0.6¢cni* at T~35K.
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Figure 6.3.4 below, shows the estimate of the ppimron coupling constant applied to
theb-axis 308 crit mode.

2'2 T T T T T T T T T T T
LA 5 |-
201G o MMM T
I AR (M-, |
16 A \A 8T .
I ¢ \ \ —Aw (T) B wanh i
o M Ay 9 j
§12t A \ \\ )\s-ph~ 21lcm i
E 1oL % A\ \ spin-phonon coupling constant |]
E 0.8 ol N \ —
Z 06} % AR ]
L &l 1
04 i \AEA ]
o2r g s [&™emw sia]
0.0 | . %ﬂmf?fo—o—o—?—o—o—o%%b%-ﬂm—o—o—o—

0 20 40 60 80 100 120
Temperature (K)

Figure 6.3.4 Comparative plot ofAc = & (T) = a,,, (T) for theb-axis mode at 308 cf at zero field
(blue triangles) and at 8Tesla (red triangles),hw{M (T)/M _)* ~ <S. (5, > The maximum

magnetic moment per Ti site is M = 0.84s. The scaling coefficiems, is the spin-phonon coupling
constant. For this particular phonon molig, [72.1cm, estimated at T = 3K.

A value ofAspn~ 2.1 cm' for this particular phonon mode, showing the ngzshounced
effects, clearly places YTito the compounds with a weak spin-phonon coupling
compared to the examples given above. This resudixpected since the hybridization
between Tit,g and Op-orbitals, and in general fagy systems, is weaker than thategf
systems. The more intriguing observation in figwe.4 is that the spin related
anomalous deviations in the phonon frequency exfandbove the d up to Ty ~ 80-
100K. This signals for the presence of short ramggnetic order at temperatures of
about three times the temperature of the actug tange FM transition at;E 30K. In
accordance to this, a largely extended (up totiimes the T) magnetic contribution has
been found in the specific heat of YEi{6.7]. Such an anomalously high-temperature
magnetic signal could in principle be explained &yspin fluctuation model with

competing, and possibly low-dimensional, FM-AFMeirgctions. This however, would
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contradict to the magnon spectrum measured in ¥, Twbich was found consistent with
an isotropic 3D Heisenberg model with nearest-righnteractions, see Ref. [6.13].
These results could therefore be in support of @-egbital fluctuation model
[6.1][6.2][6.3][6.7], where high-energy orbital fituations effectively suppress the long
range spin order at temperatures far above thealatiu

In figures 6.3.5, 6 and 7 below, we summarize tierdsults for the temperature
dependence of the phonon mode frequencies alorgrak directions E| b andc, at
zero field (curves in blue, red and magenta), dr&lTeesla magnetic field (grey curves).
Because for some of the modes the temperature agdetic field induced changes are
rather weak, and with the footnote that the erarib the frequency estimate is in order
of the irregular oscillations seen in the curves,chioose to present each particular mode
in a separate scale such that all features candpéored.

From the temperature dependence of the phonon nfoetpsencies in figures 6.3.5, 6
and 7, three characteristic regions can be dishgad. The high-temperature behavior is
apparently altered somewhere between 80 and 108Ksandicated by vertical red lines
and Ty. At these temperatures, we defingg ¥ 80K, clear magnetic field-induced
changes in the phonon frequencies start to appsadiscussed above, this point can be
considered as an onset of deviations from the phmmon-phonon anharmonic part -
aynT). This is surely true, at least for the modesvehg the largest magnetic field-
induced effects, like the-axis 308 crit mode shown also in figures 6.3.2 and 3. The
phonons experiencing largest field-induced shiftgheir frequencies are given in red
frames in figures 6.3.5, 6 and 7. For some of thees |, is an onset of abrupt changes,
although small, followed by a turning point cente around T ~ 40K. Examples are
the modes in figures 6.3.5 (a), and may be (b)(aphdalong thea-axis, as well as for the
c-axis modes in figures 6.3.7 (f) and (g). The terapge of T, ~ 80K can probably be
also related to the temperature dependence of tbemal expansion coefficientr,
obtained for YTIQ [6.7], as it shows modest slope changes for afletfaxes around T ~
100K. In the temperature interval T = 20 ~ 80K, #pplication of high magnetic field
(the grey curves in figures 6.3.5, 6 and 7), simplyrease / decrease (for blue / red
shifted modes) further the frequency change raiing and broadening the maximum,
and the magnetic transition respectively, to higieenperatures i.e. T ~ 35K, regardless
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of the direction of the magnetic field. This belmwvas also demonstrated above with

the temperature dependence of the deriva(desdT) for b-axis 308crit mode (see

figures 6.3.3 (b) and 6.3.2). Application of magaodteld at fixed temperature in this
temperature range (Figs. 6.2.2.3, 6 and 9), shawsistency with the temperature
dependence at zero field.

The third region, below T ~ 20K, well into the FNate, indicated by vertical blue lines
in figures 6.3.5, 6 and 7, is characterized by ange in the slope in the phonon
frequencies for some modes, like for example btagis 308 crit mode, (Fig. 6.3.6 (d)),
which corresponds to the saturation of the fieldidiced shift, see also figures 6.3.2, 6.3.3
(b) and (c). For other modes, like the first thaéeng thea-axis, (Fig. 6.3.5 (a), (b) and
(c)), or those along theaxis, (Fig. 6.3.7 (a), (b) and (f)), T ~ 20K coudd considered to
introduce a turning point. This could be connediedhe long range spin order and
specifically to TiQ octahedra elongation along thexis which is the direction of the
spin moments in YTiQ The application of magnetic field &|jat temperatures below T
~ 20K may then lead to spin flip and elongation aztahedra along-axis [6.8],
explaining the low temperature T < 20K, 8 Teslaad®bviously, due to the long range
FM spin order, the temperature of T ~ 20K, is timset of anisotropy in the magnetic
field and temperature scales in contrast to thgeah~ 20 - 100K, where the field and
temperature sweep do have qualitatively the sanpacemon the oscillator parameters
regardless of the magnetic field direction. By campgy figures 6.3.5, 6 and 7, the
phonon frequencies along theaxis, end up somewhat smoother at low temperatures
than a- and c-axes modes. The weak anomalies, appearing at UK~ir2 the phonon
modes frequencies are also consistent with the alesnin the lattice expansion data at
T ~ T, reported in [6.7] and [6.8].
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Figure 6.3.5 Results from fit of the temperature dependendd@inodes frequency along thaxis, at

zero field (curves in blue denote hardening, inseflening and magenta-turning point) and at 8 desl
B|lb, magnetic field (grey curves). The phonon modeas show the largest effects in magnetic field are
given in red frames. The vertical red lines indictite onset of magnetic field-induced changes én th
phonon modes (] ~ 80K), the Curie temperature. ¥ 30K is indicated by an arrow, and the vertical
blue lines indicate the T ~ 20K anomalies veryliikelated to the long range FM order.
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Figure 6.3.6 Results from fit of the temperature dependendbd@inodes frequency along thexis, at

zero field (curves in blue denote hardening, ingeflening and magenta-turning point) and at 8 esl
Blla, magnetic field (grey curves). The phonon modas show the largest effects in magnetic field are
given in red frames. The vertical red lines indéctite onset of magnetic field-induced changes én th
phonon modes (J ~ 80K), the Curie temperature. ¥ 30K is indicated by an arrow, and the vertical

blue lines indicate the T ~ 20K anomalies veryliikelated to the long range FM order.
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Figure 6.3.7 Results from fit of the temperature dependenab®imodes frequency along thaxis, at
zero field (curves in blue denote hardening, inseflening and magenta-turning point) and at 8 desl
Blla, magnetic field (grey curves). The phonon modeas show the largest effects in magnetic field are
given in red frames. The vertical red lines indictite onset of magnetic field-induced changes én th
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blue lines indicate the T ~ 20K anomalies veryliikelated to the long range FM order.
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Let's now consider the modes aloag and c-axes, that show the largest effects in
magnetic field, given in the red frames in figu6e3.5, 6 and 7. These are predominantly
vibrations associated with the Ti-O-Ti bong angledulations, i.e., bond-bending
modes: thex-axis at 344 cm (Ti-O1-Ti) (Fig. 6.3.5 (e)), thé-axis at 308 cim (01-02)
and 380 cnt (Ti-O1-Ti) (Fig. 6.3.6 (d) and 6.3.6 (f), respigety), and along the-axis
the mode at 324 cM(Ti-O2-Ti) (Fig. 6.3.7 (c)). Note that the eigewt@rs for theb-axis
mode at 308 cih show that it is determined mostly by out-of-ph&k-O2 vibrations
(the eigenvectors for the respective modes arenginefigures 6.2.2.3, 6 and 9). This
result is however puzzling since all of them shaawdening and the induced frequency
shifts, involving different O1 and O2 atoms alorg tpolarizations considered, span
practically all directions. According to Wesselinoet al. [6.26], the shift of the phonon
spectra is determined not only by the sign of tp&-phonon interaction constant
(softening / hardening), but also on its magnitutieis magnitude is connected to the
first and second derivative of the exchange intesaaonstand(r;-rj), which depends on
the distance between neighboring spins. So it easnialler if the distance is bigger and
vice versa. It is also shown that at a given pasitialue of the spin-phonon interaction
constant, the phonon frequency generally decreag#s increasing the exchange
interaction constand, i.e., a red shift. Whatever happens with the ntada of the
exchange constant inferred from Ti-O-Ti bond-begdimodes, (Fig. 6.3.5 (e), 6.3.6 (f),
(d), and 6.3.7 (c)), it is still unusual that aloaj polarizations, E| b and c, we
encounter the same blue shift having in mind thearopic lattice distortions in YTi©
(GdFeQ-type, see for example [6.7][6.8]), and the symmefrthe 3 tyq orbitals. If the
bond angle modulation favors or disfavors the ewgkainteraction along a particular
direction, this should happen at the expense ofesoithe other directions, which is not
the case. This observation is consistent with tkarlg isotropic spin Hamiltonian
inferred from inelastic neutron scattering studyyanOs3 single crystals, Ref. [6.13].

On the other hand, again from figures 6.3.5, 6 Andne may assume that along the
and b-axes, the phonons from the bending and stretcgmgps show predominantly
blue shifts on cooling while those along th@xis tend to soften at low temperatures.
This, in principle, could signal for anisotropy the orbital overlap and hence in the

exchange coupling(r). More specifically, due to the increase of orbiteerlap along the
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c-axis and the out-of-plane exchange couplihgwhen the system enters the low-
temperature regime. Scenarios Wajfz togorbital hybridization, resulting from the larger
GdFeQ-distortion in YTiG;, have already been proposed by Mochizuki and Infgd4 ]

to explain the AFM — FM state switch from LaGi@wards YTiQ. Such hybridization
would introduce anisotropy and corresponding chamgi® the bandwidthV. Indeed, the
dielectric function at energies of the optical bardhs been found to exhibit crossover
points in the temperature dependence at T ~ 100H.[B relevant experiment would be
then to probe the range of optical bands in Yslitthe presence of high magnetic fields.
In conclusion, since the FIR experimental data thedit results presented above yielded
relatively weak effects and small changes, for sainthe modes they are even on the
verge of the experimental error, we therefore cammaw solid conclusions out of it.
Nevertheless there are clear correlations betwhentémperature and magnetic field
scales in the phonon mode parameters, as welltae&e the three polarizations, which
comes in support of the experimental data anditi@dcedure. Note that the three data
sets (along the different directions) were collddt®m three separate experimental runs,
and modeled by an automated macro procedure wide ttifferent Lorentz oscillators
sums. This spectroscopy study allowed us to ideradcurately all 25 infrared-active
phonon modes in YTi® The detailed temperature and magnetic field deépece
showed unambiguously that spin-phonon couplingresent in this compound and by
using a simple mean-field model we estimated weahk-ghonon coupling constant. This
is however not surprising since YT{® atyy system. We also showed largely extended
(up to Tv ~ 80 - 100K) temperature range for the magneéldfinduced effects on the
phonon modes. We attribute this later finding te gresence of short range magnetic
order in YTIG; that persist at temperatures far above the aataghetic transition of (T

~ 30 K. The precise interpretation of the temperaand field dependences of the mode
parameters presented here would be very diffiask.t A suitable model very likely will
have to include a complex spin-orbit-phonon intaypin YTiOs, which is not in the
scope of this thesis.
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Summary

The complex properties of transition metal oxidE®IQ) are ultimately due to the strong
correlations between the electrons. It is the djodyi of the d-orbital states in a given

TMO compound that determines the interaction stieagd the spatial anisotropy in the
electronic system. The spin degree of freedom tiauarally emerges to form a particular
magnetic configuration, for example in Mott insol®, the parent state of
unconventional superconductivity and colossal mbaesistance effect. It is also
nowadays well recognized that all of the abovediactincluding the lattice, contribute to
the variety of ground states found in TMOs. Seriefferts are being made by many
experimental and theoretical groups in the devekgnof spectroscopic methods that
allow for high-resolution studies of charge, orbitanagnetic and phonon states.
Examples are optical spectroscopy, neutron scadteand synchrotron-based soft x-ray
absorption and scattering techniques, which areo gbarticularly suitable for

investigations of artificial TMO superlattices (SI4 basic introduction to these subjects

is given in the first part of the thes@hapters 1 to 3.

Together with a short introduction of the main expental techniques in optical
spectroscopy, reflectance and spectroscopic ettipsty, Chapter 4 describes the design
and construction of a new experimental apparatusiéar-normal infrared reflectance
with high magnetic fields. The setup is situatedMaix Planck Institute for Solid State
Research. It is based on the commercially availabtrier-transform infrared
spectrometer and a superconducting 8 Tesla splitnsagnet. We stress on several
critical technical details and findings during thesembly and commissioning process of
this instrument. In particular, magnetic elememg alloys (even in small amounts) have
to be kept out of the magnet's active area andsatteat are influenced by stray fields.
This includes light sources and detectors, espgaivices based on charged vapors

such as théHg-arc lamp, which had to be shielded by a speciddgignedMu-metal
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enclosure. The setup allows high-precision measeméson different samples (bulk and
superlattices) in the infrared range, at tempeeatinom 1.6 to 300 Kelvin, variable angle
of linear polarization, and magnetic fields up toT8&sla in parallel or transverse
configuration. It is currently operational in tharfinfrared (30 — 700 cm), but can be

easily configured to cover the entire infrared ®&ng

Chapter 5 presents a comprehensive spectroscopic study obtatypical superlattice
system comprised of the antiferromagnetic insul@@anG and the paramagnetic metal
CaRuQ. This SL system recently attracted interest duéh&oobservation of interface
ferromagnetism at temperatures below T~125 K, thel dénperature of pure CaMgO
Furthermore, CaMn®/ CaRuQ is suitable as a model system where the issues of
interface electronic and magnetic reconstructiam loa explored experimentally without
interference from interface polarity, incipient feelectricity, extensive disorder, misfit
strain or orbital degeneracy. The theoretical wotlNandaet al. (Phys. Rev. Lett. 98,
216804 (2007)) showed that an electron leakage thenparamagnetic metallic CaRyO
into the adjacent layers of the antiferromagndiicardered insulating CaMn{can
create a canted magnetic state at the interface, rasult of competing ferromagnetic
double-exchange and antiferromagnetic superexcharigeactions. The motivation of
our spectroscopic study was to test this theodeticadel and to obtain a detailed
understanding of the new interface state.

Superlattices of CaMn$/ CaRuQ were therefore investigated by means of x-ray
absorption spectroscopy (XAS), x-ray magnetic dacudichroism (XCMD), x-ray
resonant magnetic scattering (XRMS) and far-inftaf€IR) spectral ellipsometry. The
results allowed us to develop a comprehensive exrpetal description of the charge
transport properties as well as the valence stader@agnetic polarization of Ru and Mn
atoms near the interface. FIR reflectance with higdgnetic fields and complementary
dc-transport probes were also applied to further idate the spin-dependent charge
transport properties of the system near and betswnagnetic transition temperature.
Specifically, we have investigated SL samples widtniable thickness of one of the
constituents, CaRufpwhile the thickness of CaMnQvas kept constant. The SLs were

grown on (001) LaAl@ substrates. Control experiments on single layeGaikuQ and
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CaMnQ; were also performed. The XMCD and XRMS studiealdsthed the origin of
the net magnetization in CaRgOCaMnQ superlattices and its spatial extent, while the
XAS and FIR data are sensitive to the valence statk charge carrier concentration.
XMCD revealed substantial magnetic polarization fdn ions with an amplitude
consistent with the predicted canted antiferromtagr&ate, while the polarization is
negligible or absent for Ru nearby the interfadggplying XRMS and structural model
calculations it was concluded that the ferromagnpblarization is not limited to the
immediate vicinity of the interface, as theoretiggdredicted (~1 unit cell), but extends
further into the CaMn@layer to about 3.5 unit cells. The enhanced magpenetration
depth may be a consequence of the formation of stagpolarons. The XAS data
showed that the valence state of both ions, MnRundis close to 4 FIR spectroscopic
ellipsometry measurements also inferred an effeativmber of charge carriers per Ru
atom (~ 0.11) that is identical (within the expentad error) to that of bulk CaRuO
This implies that only a small number of electrémmsn metallic CaRu®@ penetrate into
antiferromagnetic insulating CaMnaQyiving rise to canted state with a sizable net
polarization that extends to about 3.5 unit cells.

FIR reflectance measurements at several tempesatargging from 3 to 300 K and
magnetic fields up to 8 Tesla were also carried bging a fit procedure based on an
effective medium approach and the Drude-Lorentmtda for the dielectric function, the
reflectivity of the superlattices was deduced. Agmetic field induced enhancement of
the optical conductivity (negative magnetoresistdngas observed in the SL samples.
The onset temperature was shown to be close tbidleétemperature of CaMnQOTy ~
125 K, and found to result from a reduction of sleattering rate of the free carriers upon
application of the magnetic field. It was furthé@os/n that the magnitude of this negative
magneoresistance effect is small and increasdbelvay from its onset point down to
the lowest temperature of 3 K and hence, is remémisof the “giant magnetoresistance”
effect in metallic heterostructures. The magneetdf dependence of the conductivity
showed linear behavior with no indication of satioraup to the largest field of 8 Tesla,
strongly supporting the canted antiferromagnetaugd state in this SL system. Finally,

a four-point contactic-transport probe showed results consistent witlsehaf the FIR
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study providing confidence in the reliability ofethmeasurements performed with the

magneto-reflectance setup described in Chapter 4.

In Chapter 6 we present a FIR (100 — 700 ¢mpolarized reflectivity study of single
crystals of the Mott-insulating ferromagnet YEi@t different temperatures, in the
interval 3 to 100 K, and subjected to magnetiaBdirom 0 to 8 T. We have identified all
25 infrared-active phonon modes. Furthermore, thiecal response obtained along the
three principal crystal axes showed evidence ai-ppionon coupling manifesting itself
as temperature and magnetic field-induced anomalid®e oscillator parameters. Due to
magnetoelasticity, nearly all phonons in YEi@spond to magnetic field. The phonons
that were found to experience the largest fieldd samperature-induced changes are
associated with the group of Ti-O-Ti bond-bendingdes. A quantitative analysis of
these anomalies in terms of a mean-field modelgsla€TiG; in the group of compounds
with small spin-phonon coupling constants. Thiexpected for this system since the
single Ti valence electron occupies the transitietalt,g orbitals, which hybridize only
weakly with the surrounding oxyggmorbitals. A surprising aspect in the FIR data of
YTiOg3, is the persistence of the magnetic field indupkdnon anomalies up to ~ 80 -
100K, far above the Curie temperature 4 30K. This contrasts strongly with similar
results on other metal oxides and indicates thegmee of ferromagnetic short-range
order over an unusually large temperature range. HIR data are, however, consistent
with thermodynamic experiments that recently uncedea magnetic contribution to the
thermal expansion persisting up to ~ 100 K, andhsfiectral ellipsometry experiments
that revealed spectral weight rearrangements betd#kerent optical bands around the
same temperature. While a quantitative theoretleatription of these data is thus far not
available, they point to a complex interplay betwesein, orbital, and lattice degrees of

freedom due to the near-degeneracy of thigglrbitals.
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Die komplexen Eigenschaften von Ubergangsmetaltoxigransition metal oxide, TMO)
beruhen letztendlich auf den starken Elektronemtationen. Die genaue Besetzung der
d-Orbitale in einer gegebenen TMO Verbindung bestm die Starke der
Wechselwirkungen und die raumliche Anisotropie dEgektronensystems. Die
Spinfreiheitsgrade filhren dann natlrlicherweise emer bestimmten, magnetischen
Konfiguration, wie sie z. B. in Mott-Isolatoren, rdeAusgangsverbindungen der
Hochtemperatursupraleiter und den  Verbindungen, diéen kolossalen
Magnetowiderstandseffekt zeigen, beobachtet wielttutage ist es auch wohlbekannt,
dass alle obengenannten Faktoren, einschlie3lich Kiestallgitters, zur Vielfalt der
Grundzustande beitragen, die in TMOs gefunden wekdsmnen. Viele experimentelle
und theoretische Gruppen unternehmen grof3e Beméhusgektroskopische Methoden
zu entwickeln, die die hochaufgeldste UntersuchderglLadungs-, Orbital-, Phonon- und
magnetischen Zustande erlauben. Es handelt sidbenizB. um optische Spektroskopie,
Neutronenstreuung, sowie Absorptions- und Streui&eh, die auf am Synchrotron
erzeugter weicher RoOntgenstrahlung basieren. Elamemtare Einfihrung in diese
Gebiete wird in deiKapiteln 1 bis 3 im ersten Teil dieser Dissertation gegeben.

Zusammen mit einer kurzen Einfuhrung der wichtigst&perimentellen Methoden der
optischen Spektroskopie, der Reflexion und der tspskopischen Ellipsometrie,
beschreibt Kapitel 4 einen neuen experimentellen Aufbau zur Messung der
Infrarotreflexion in hohen Magnetfeldern. Der Aufbdefindet sich im Max-Planck-
Institut fur Festkorperforschung. Er basiert aufeen kommerziell erhaltlichen Infrarot-
Fourierspektrometer und einem supraleitenden 8aTddhgneten. Wir behandeln
mehrere kritische technische Details und Erkensénidie wahrend des Aufbaus und der
Inbetriebnahme gesammelt wurden. Insbesondere missgnetische Elemente und
Legierungen (selbst in kleinen Mengen) aus denvektBereich und den Streufeldern
des Magneten herausgehalten werden. Das schliefBtgliellen und Detektoren ein,

insbesondere  solche, die auf geladenen Dampfen erbasi wie z.B.
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Quecksilberdampflampen, die durch eine spezieliveriene Mu-Metall-Abdeckung
abgeschirmt werden mussten. Der Aufbau erlaubt précise Messungen an
verschiedenen Bulk- und Ubergitterproben im Inftbeoeich, bei Temperaturen
zwischen 1.6 und 300 Kelvin, mit variablem Polar@aswinkel und in magnetischen
Feldern von bis zu 8 Tesla in paralleler oder varsaler Konfiguration. Zurzeit wird es
im fernen Infrarotbereich (30 — 700 dnbetrieben, man kann es aber leicht so

konfigurieren, dass es den gesamten Infrarotbesbdeckt.

Kapitel 5 beschreibt eine umfassende spektroskopische Witerag eines
prototypischen Ubergittersystems, bestehend aus alefifierromagnetischen Isolator
CaMnQ; und dem paramagnetischen Metall CaRulleses Ubergittersystem riickte in
den Mittelpunkt des Interesses, da in ihm Grenh#&eFerromagnetismus unterhalb von
~125 K, der Néel-Temperatur von reinem CaMni@zobachtet wurde. Darliber hinaus ist
CaMnQy/CaRuQ als Modellsystem geeignet, um elektronische unditale
Rekonstruktionen an den Grenzflachen zu untersycldme den Einfluss von
Grenzflachenpolaritét, einsetzender Ferroeleké#tizgtarker Unordnung, Verspannungen
durch Gitterfehlanpassung oder orbitaler Entartirig.theoretische Arbeit von Nanda

al. (Phys. Rev. Lett. 98, 216804 (2007)) hat gezeigt, dass ein Entweichen v
Ladungstragern aus dem paramagnetischen, metaiisClaRu@ in die benachbarten
Schichten aus antiferromagnetisch geordnetem, ergoidem CaMn® zu einem
magnetischen Zustand aus verkanteten Momentenra@rdazflache fuhren kann. Dies
ist das Ergebnis der Konkurrenz zwischen der feagmetischen Doppelaustausch- und
der antiferromagnetischen Superaustauschwechsalwgrk Die Motivation unserer
spektroskopischen Untersuchung bestand darin,gdtbeseretische Modell zu prifen und
den neuartigen Grenzflachenzustand zu verstehen.

Das aus CaMngCaRuQ bestehende Ubergitter wurde mittels
Rontgenabsorptionsspektroskope  (XAS), Rontgenarklighroismus  (XMCD),
resonanter magnetischer Rontgenstreuung (XRMS) gpedtraler Ferninfrarot (FIR)-
Ellipsometrie untersucht. Die Ergebnisse erlaubtea uns, eine umfassende
experimentelle  Beschreibung der Ladungstransp@msichaften sowie des

Valenzzustandes und der magnetischen PolarisagonRdi- und Mn-Atome an der
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Grenzschicht zu entwickeln. FIR-Reflexionsmessungehohen Magnetfeldern sowie
komplementére dc-Ladungstransportmessungen wurdenfadls durchgefihrt, um die
spinabhangigen Ladungstransporteigenschaften deterBy nahe bei und unterhalb
seiner magnetischen Ubergangstemperatur genauerbeatimmen. Insbesondere
untersuchten wir Ubergitter, in denen die Dickeesinder Konstituenten, namlich
CaRuQ, variiert wurde, wahrend die Dicke von CaMnkbnstant gehalten wurde. Die
Ubergitter wurden auf (001)-LaAKDabgeschieden. Kontrollexperimente an CaRuO
und CaMnQ@-Einzelschichten wurden ebenfalls durchgefuhrt. RMCD- und XRMS-
Untersuchungen haben den Ursprung der Magnetigerdar CaRu@CaMnG
Ubergitter und ihre raumliche Ausdehnung ermitteitihrend die XAS und FIR
Messungen auf die Valenzzustande und Ladungstiggeedempfindlich ist. Durch die
XMCD Messungen konnte eine wesentliche magnetidebkarisation der Mn-lonen
ermittelt werden, mit einer Amplitude die mit denorlkergesagten, verkanteten
antiferromagnetischen Zustand Ubereinstimmt. Dagégedie Polarisation der Ru-lonen
nahe den Grenzschichten verschwindend gering. DieveAdung von XRMS und
strukturelle Modellrechnungen zeigten, dass dieofeagnetische Polarisation sich nicht,
wie theoretisch vorhergesagt, auf die direkte Nacktthaft der Grenzschichten
beschrankt (~1 Einheitszelle), sondern sich etwaEkhheitszellen weit in die CaMn©
Schichten erstreckt. Die erhdhte magnetische Higtefe konnte die Konsequenz der
Bildung eines magnetischen Polarons sein. Die XA®eD zeigten, dass die
Valenzzustande sowohl der Mn- als auch der Ru-lonahe bei 4+ sind. Die
spektroskopischen FIR-Ellipsometriemessungen liefeauch eine effektive Dichte von
~0.11 Ladungstrager pro Ru-Atom, was innerhalb deemmentellen Fehlers mit der
Dichte in massivem CaRuQibereinstimmt. Daraus kann man folgern, dass me e
kleine Anzahl an Elektronen aus dem metallischerRUC® in das isolierende,
antiferromagnetische CaMnOeindringen und den verkanteten Zustand mit einer
betrachtlichen Polarisation verursachen, welché sttva 3.5 Einheitszellen weit in
CaMnGQ; erstreckt.

Es wurden ebenfalls FIR-Reflexionsmessungen beireneh Temperaturen zwischen 3
und 300 K und Feldern bis zu 8 Tesla durchgefitstwurde eine Fittingroutine benutzt,

die auf einer “Effektives Medium“- N&herung und derude-Lorentz Formel fir die
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dielektrische Funktion basiert, um die Reflektivither Ubergitter zu bestimmen. Das
Anlegen des Magnetfeldes verursachte eine Erhohderg optischen Leitfahigkeit
(negativer Magnetowiderstand) in zwei der UbergitRie Temperatur, bei der dies
einsetzte, lag nahe bei der Néel-Temperatur von &aMTn~125 K), und es wurde
festgestellt, dass diese Erhdhung auf Grund derulRiesh der Streurate der freien
Ladungstrager bei Anlegen des Magnetfeldes zustkahe Es konnte weiterhin gezeigt
werden, dass die GroRRenordnung dieses Magnetowaddseffekts klein ist und
kontinuierlich mit Absenken der Temperatur auf 3zkKinimmt, und somit an den
Riesenmagnetowiderstandseffekt in metallischen ndsteikturen erinnert. Die
Magnetfeldabhangigkeit der Leitfahigkeit zeigte dimeares Verhalten und selbst bei
dem hochsten Feld von 8 Tesla keine Anzeichen @adrgung, was ebenfalls stark fur
einen verkanteten, antiferromagnetischen Grundadsian Ubergittersystem spricht.
Schliel3lich zeigte die Vierpunktmessung dieswWiderstandes Ergebnisse, die mit den
FIR-Ergebnissen konsistent waren und somit dasraezh in die Verlasslichkeit der mit

dem Magneto-Reflexionsaufbau (Kap. 4) gemachtersiiagen starkten.

In Kapitd 6 prasentieren wir eine polarisierte FIR (100 — 7@On?)
Reflexionsuntersuchung an Einkristallen des fergmetischen Mottisolators YT bei
verschiedenen Temperaturen zwischen 3 und 100 Krefdkrn zwischen 0 und 8 Tesla.
Wir konnten alle 25 infrarot-aktiven Phononenmoddantifizieren. Dartber hinaus
zeigte die optische Antwort entlang den drei klistpaphischen Hauptachsen Hinweise
auf eine Spin-Phonon-Kopplung, die sich in temperaund magnetfeldinduzierten
Anomalien der Oszillatorparameter manifestierte. gére der Magnetoelastizitat
reagieren nahezu alle Phononen in YJ&uf das Magnetfeld. Die Phononen mit den
starksten feld- und temperaturinduzierten Anderangehoren zu der Gruppe der Ti-O-
Ti Beuge Schwingung Moden. Nach einer quantitathrealyse dieser Anomalien im
Rahmen eines Meanfield-Modells gehdrt YFiQur Gruppe der Verbindungen mit
kleinen Spin-Phonon-Kopplungskonstanten. Dies usthazu erwarten, da das einzelne
Ti-Valenzelektron diety Ubergangsmetallorbitale besetzt, die nur schwadh den
umgebenden Sauerst@iOrbitalen hybridisieren. Ein Uberraschender Aspkkt YTIO;

FIR-Daten ist die Tatsache, dass die magnetfeldieden Phononanomalien bis etwa 80
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K zu beobachten sind, weit oberhalb der Curieteatpervon Tt ~ 30 K. Dies bildet

einen starken Gegensatz zu ahnlichen Ergebnisseanteren Metalloxiden und deutet
auf eine kurzreichweitige ferromagnetische Ordniibgr einen ungewo6hnlich grofden
Temperaturbereich hin. Die FIR-Daten sind allerdikkgnsistent mit thermodynamischen
Messungen, die vor kurzem einen magnetischen Beitnathermischen Ausdehnung bei
Temperaturen bis zu 80 — 100 K zeigten. Sie sineénfallls konsistent mit

Ellipsometriemessungen, die eine Umverteilung dpsktsalen Gewichts zwischen
verschiedenen optischen Banden bei ahnlichen Tetyen zeigten. Obwohl eine
guantitative theoretische Beschreibung dieser Datepeit nicht moglich ist, deuten die
Ergebnisse auf eine komplexe Wechselwirkung zwiscHgpin-, Orbital- und

Gitterfreiheitsgraden, auf Grund der fast-Entartdag Tit,g Orbitale hin.
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(1) to Chapter 5

Fit parameters of the FIR spectrum of (001) LaA$Obstrate at T = 3 Kelvin

Wiy @ [om] & [em?] ylen
1 184.85 710.77 1.68
2 313.07 19.77 1.96
3 428.57 857.9 1.69
4 498.04 51.63 1.99
5 591.8 32.97 5.24
6 596.86 33.99 3.59
7 650.96 299.72 11.57

Fit parameters of the FIR spectrum of (001) LaA#0bstrate at T = 100 Kelvin

(& =Ozst(.:g I?tTOL#mOK “ [om] “ fom’] ylem']
1 184.39 713.52 1.76
2 313.13 19.07 2.05
3 428.44 862.55 1.10
4 497.86 48.83 2.06
5 591.78 30.56 5.04
6 596.72 33.25 3.86
7 650.69 300.40 12.58
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Fit parameters of the FIR spectrum of (001) LaA#Dbstrate at T = 200 Kelvin

T ]t i o'
1 183.45 711.54 2.15
2 313.13 11.49 2.62
3 427.99 862.75 0.92
4 497.07 43.13 271
5 591.78 22.21 4.12
6 596.14 28.35 4.19
7 649.5 297.66 16.38

Fit parameters of the FIR spectrum of (001) LaA#Dbstrate at T = 300 Kelvin

T ] atom aton o’
1 182.22 712.41 2.61
2 427.37 863.93 1.25
3 495.89 37.23 3.21
4 591.75 14.92 3.12
5 595.38 20.88 3.91
6 647.93 291.62 20.19
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Fit parameters of the FIR spectrum of 10 nm thiokle layer control sample of CaRgO

at T =3 - 300 Kelvin and B =0 Tesla

TI[K B i .
3 0 8033.71227 950.90377
50 0 8153.07424 969.03952
90 0 8272.13078 1041.07811
150 0 8480.15168 1125.15619
200 0 8577.93027 1227.92387
250 0 8613.67601 1276.89762
300 0 8525.22755 1306.62762

Fit parameters of the FIR spectrum of 10 nm thiokle layer control sample of CaRgO

at T =3 - 150 Kelvin and B =8 Tesla

T[K B i i
3 0 8185.4743 967.01909
50 0 8317.12551 1000.1608
a0 0 8369.69781 1058.09598
150 0 8470.3678 1135.03072
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Fit parameters of the FIR spectrum of SL samplesM@O3 10 unit cells / CaRuCt
unit cells] x 6 (33.6 nm) at T = 3 — 300 Kelvin aBd: 0 Tesla

T[K B i i
3 0 5555.411 1294.0037
50 0 5545.0213 1296.57565
a0 0 5643.35092 1316.04601
150 0 5964.14309 1445.43705
200 0 5910.53184 1429.9346
250 0 6238.78143 1640.20271
300 0 6199.58872 1587.69582

Fit parameters of the FIR spectrum of SL samplesM@O3 10 unit cells / CaRuCt
unit cells] x 6 (33.6 nm) at T = 3 — 150 Kelvin aBd: 8 Tesla

T[K B i i
3 0 5806.35069 1320.92173
50 0 5735.1063 1305.36917
a0 0 5875.40339 1356.08899
150 0 6041.57923 1450.57971
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Fit parameters of the FIR spectrum of SL samplesV@03 10 unit cells / CaRyQ0
unit cells] x 6 (48 nm) at T = 3 — 300 Kelvin and=B® Tesla

T[K B i i
3 0 9244.25298 2471.63411
50 0 9200.94482 2390.4856
a0 0 9276.75669 2391.60525
150 0 9432.61459 2502.01284
200 0 9613.20202 2657.47492
250 0 9387.8705 2595.12476
300 0 9818.87493 2897.54803

Fit parameters of the FIR spectrum of SL samplesM@03 10 unit cells / CaRyA0
unit cells] x 6 (48 nm) at T = 3 — 150 Kelvin and=B Tesla

TI[K B i .
3 0 9048.77297 2294.89102
50 0 9291.97257 2366.32717
90 0 9164.54694 2276.24604
150 0 9423.63223 2460.74058

-177 -



Appendix

(2) to Chapter 6

=0

3 - 100 Kelvin, B

Tesla and linear polarization &Qxis @c). The fit procedure was found to be more stable

Fit parameters of the FIR spectrum of Y%i€hngle crystal at T

after an additional oscillator (the parametersgaven in red in the following tables) was

introduced.
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Tesla and linear polarization E=fxis (c)
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Tesla (Bf-axis) and linear polarization Bjaxis (c)
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Tesla and linear polarization &§xis (c)
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