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Chapter

Introduction

Correlated behavior in transition metal oxides gives rise to a variety of fundamen-
tally interesting phenomena, including charge- and spin-ordered states [I], high-
temperature superconductivity [2, B] and colossal magnetoresistance (CMR) [4],
providing an exciting playing field for both, theoretical and experimental physi-
cists. This can be illustrated in a simple schematic, shown in Fig[I.1] depicting the
correlations between the different degrees of freedom, i.e. the spin, the electron, the
orbital and the lattice. In principle, these correlations facilitate the manipulation
of one or two of the degrees of freedom, e.g. spin and electron, by changing a third,
e.g. the lattice. Therefore, by selectively opening or closing dissipation channels,
e.g. phononic and electronic channels, fundamental principles of energy dissipation
and their contributions to friction [5] [6], heterogeneous catalysis [7, [§], heat trans-
port or photo-induced phenomena [9, [I0] can be studied. Moreover, the emerging
phenomena in correlated materials challenge consistently the current theoretical
understanding of solid-state materials, leading to new advances in computational
condensed matter physics [11H14].

In the majority of cases, one of the aforementioned correlations between the de-
grees of freedom is predominant and governs a certain phenomenon in correlated
materials. While in multiferroics, materials exhibiting ferromagnetism and ferroelec-
tricity simultaneously [16], the coupling between the spin system and the phononic
degrees of freedom is dominant, superconductivity is controlled by the electron-
phonon coupling [2], i.e. the coupling between the lattice and the electron system.
In many cases, the electron-phonon coupling is mediated by the formation of Jahn-
Teller polarons. Originally discovered by TELLER and JAHN in 1937 [17], the Jahn-
Teller (JT) effect lifts the orbital degeneracy of a transition metal ion acting in a
crystal field by inducing a distortion of the lattice. This distortion, however, traps
an electron in a self-inflicted potential minimum creating a bound state between the
electron and the lattice, which is dubbed as a Jahn-Teller polaron [18]. For exam-
ple, the strong electron-phonon coupling mediated by Cu?*, one of the strongest
Jahn-Teller active ions [2], initiated the search of superconductivity in cuprates and
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Figure 1.1.: The interplay of the electronic and structural degrees of freedom, namely
the charge, spin, orbital and lattice degrees of freedom, gives rise to
correlated phases in transition metal oxides. Reillustrated from [15].

resulted in the discovery of high-temperature superconductivity in La,_,Ba,CuQOy in
1986 by BEDNORZ and MULLER [19]. Aside from high-temperature superconductiv-
ity, polaronic mechanisms play an important role in the mixed-valence manganites
[20], as it is commonly believed that polaronic transport and the rapid creation and
annihilation of polarons are mainly responsible for charge order (CO) phenomena,
metal-insulator (MI) transitions and the CMR [20]. However, despite the enormous
research effort since the rediscovery of the CMR effect [21H23], a complete model of
manganite physics is still missing [24].

Beyond the fundamental interest in correlated oxides, the correlated behavior
provides a new pathway for the realization of novel electronic devices, in which
magnetism, superconductivity and the MI transition may be controlled by an ap-
plied electric or magnetic field [I5]. In principle, the coupling between the different
degrees of freedom will not only allow researchers to study the fundamental processes
in energy conversion, but may also serve as basis for novel logic devices in hard disk
drives [15]. Considering two phases with dissimilar electronic characteristics, e.g.
an insulating and metallic phase, the reversible switching between these two states
induced by applying a magnetic field could be used for a rewritable memory cell. For
this purpose in particular, the colossal magnetoresistance attracted much attention,
since the resistivity of such CMR materials changes of several orders of magnitude
in an applied magnetic field [22, 25| 26]. However, the practical application of man-
ganites as magnetoresistive devices is inhibited by the low temperatures featuring
the CMR (T < 273K) [1, 21123, 26] as well as interface phenomena suppressing



the electrical and magnetic properties [27H32], the so-called dead layers. Although
the probable origin of the dead layers lies within the symmetry-break at the surface
and film/substrate interface and the occurring polar discontinuity or catastrophe
[33], the mechanism which are compensating this discontinuity is still under debate
134, 35]. A detailed discussion of these mechanisms follows in Ch[2.1.3] Experimen-
tal results revealed, mainly, a compensation by segregation [36-38] and/or charge
accumulation at the interface [39-44] as well as charge delocalization between sub-
strate and manganite film [45] [46]. In mixed-valence manganites such an electron
accumulation, however, corresponds to the enrichment of Mn?* at the respective in-
terface [41H43[, i.e. a Jahn-Teller active ion and a Jahn-Teller polaron, respectively.
These results indicate that polarons, i.e. the strong electron-phonon coupling, not
only play an important role in bulk phenomena, such as CMR, but also represent
an important contribution to interfacial phenomena such as dead layers.

The nature of the correlated polarons, meaning an electron is strongly bound to
a local lattice distortion, allows them to be studied by a variety of vibrational spec-
troscopy techniques, including Raman spectroscopy. In the past decades, vibrational
spectroscopy has often been used to study the structure, dynamics and reactivity of
crystalline materials, liquids, molecules and even amorphous samples [47H51]. The
first spectra of molecular vibrations of organic liquids in the infrared region were
acquired by ABNEY and FESTING in 1881 [52]. Forty years later, C.V. RAMAN
and K.S. KRISHNAN detected the inelastic scattering of light by liquids [53] and G.
LANDSBERG and L. MANDELSTAM independently discovered the same phenomena
in crystals [54] - however, only C.V. RAMAN was honored with the Nobel prize for
this groundbreaking discovery in 1930. Today, Raman spectroscopy is one of the
major characterization techniques in physics, chemistry and biology [55H57]. The
diversity in modern-day applications is a particular consequence of modern techni-
cal advances of Raman instrumentation. The invention of monochromatic laser light
sources, photomultipliers and charge-coupled devices as well as the development of
triple monochromators improved substantially the quality and convenience of the
recorded spectra. In the last years, Raman spectroscopy hence became a promi-
nent and versatile tool in the field of condensed matter and material physics. Light
scatters inelastically due to many fundamental excitations, such as collective lattice
vibrations (phonons), spin waves and magnons, which is why their properties can
be studied through a Raman spectrum [57].

In this thesis, Raman spectroscopy was applied to study the polaronic behav-
ior in rare-earth manganites and, therefore, an overview of Raman spectroscopy
is provided in Ch[2.2l The aim of this thesis is to give further insight into the
long-standing issue of the electron-phonon coupling in mixed-valence manganites,
its implication for the CMR and its relation to the microscopic and macroscopic
interfaces in mixed-valence manganites. Polaronic excitations are represented by
distinct phonon modes within the Raman spectrum [58, [59], whose temperature-
and magnetic-field-dependent behavior provides information about the polaronic



contributions to phenomena like CMR and MI transition. An overview of previous
Raman studies of the polaronic behavior under several external perturbations is

given in Ch[2.4]

This cumulative thesis starts with the presentation of a mixed study, combining
several experimental results such as structural characterization by x-ray diffraction,
transmission electron microscopy, temperature-dependent Raman scattering exper-
iments and detailed magnetotransport measurements. The corresponding results
are presented in Ch[3]and are constituted in the first publication of this cumulative
thesis. Herein, it was shown that a tiny amount of correlated polarons (ncp = 0.5%
of the charge carriers) is sufficient enough to mediate an antiferromagnetic coupling,
which is broken apart by aligning the ferromagnetic domains via an applied magnetic
field or by decreasing the temperature. Temperature-dependent Raman scattering
experiments in combination with the nonlinear electrical resistivity measurements
(3w signal) could show an increase of correlated polarons in the vicinity of the Curie
temperature T¢ and, thus, their correlation to the MI transition. However, at the
beginning of this thesis, magnetic-field-dependent Raman studies on mixed-valence
manganites exhibiting CMR were still missing. The only known magnetic-field-
dependent study was focused on the melting of the long-range charge-/orbitally
ordered (COO) insulating phase in (La;_,Pr,);_,Ca,MnO3 (y = 0.6, = = 0.375)
[60], which is accompanied by a structural transition from a monoclinic (P2;/m) to
the orthorhombic (Pnma) structure. To complete the already existing temperature-
dependent [61H66] and pressure-dependent [67] Raman studies of CMR manganites
in the literature, a magnetic-field-dependent study of the prototypical CMR man-
ganite (LagePro4)o7Cap3MnO3 was therefore performed. The publication based on
the results of this study is presented in Ch[]and shows, unambiguously, the strong
contribution of correlated polarons to the CMR effect. When applying a magnetic
field in the vicinity of T¢, a drastic decrease of the Raman-active JT stretching vibra-
tions by 6000 % was observed, which was in the order of the CMR (CMR ~ 7000 %).

In addition, this thesis further provides the study of the polaronic behavior at the
surface by more advanced Raman techniques. For this, a more advanced surface-
sensitive Raman technique, called surface-enhanced Raman spectroscopy (SERS)
[68-70], was used, which exploits the strong local enhancement of the electromag-
netic field by plasmonic excitations in metallic nanostructures. The Raman scatter-
ing cross section is increased by the local coupling of the electric field of the excited
surface plasmon with the incident and scattered light respectively, which results in
an intensity enhancement by a factor of |E|* [68, [71]. The strong distance depen-
dence of the surface plasmon, i.e. its electric field E(r)sp scales with 1/r3, limits
the penetration depth to a few nanometers (d < 4-5nm) [72H74]. In the vicinity
of two metallic nanostructures, so-called hot-spots, the enhancement may reach val-
ues in the order of 103-10'2.[75H78], allowing for the detection of single-molecules.
A detailed discussion of the mechanisms underlying the intensity enhancement is
given in Ch[2.3] Today, most SERS studies are performed in the field of biophysics



[48,[79], medical and pharmaceutical research [80], where tiny amounts of drugs, bac-
teria or even DNA are characterized [70], [81]. However, studies on thin oxide films
have barely been conducted [82) B3], since a noninvasive deposition of the required
highly-active metallic nanostructures is a non-trivial task, making SERS studies
quite challenging. Furthermore, to the best of the author’s knowledge, only one tip-
enhanced Raman scattering study on the correlated double-perovskite LasCoMnQOg
[84] has been published so far. This technique describes a similar technique as SERS,
but combines it with the spatial resolution of an atomic force (AFM) or scanning
tunneling microscope (STM). In this way, the plasmonic excitation is confined to the
AFM/STM tip resulting in a higher spatial resolution compared to standard SERS
experiments [69, [70]. A major obstacle in the application of SERS to correlated ox-
ides is the creation of additional oxygen vacancies at the surface. Oxygen deficiencies
have a huge impact on the electrical and magnetic properties of correlated oxides
[85H88]. Common deposition techniques such as pulsed-laser deposition (PLD) and
sputtering require elevated temperatures and ultrahigh vacuum conditions (UHV),
which often results in chemical segregation and/or the creation of oxygen vacancies
in the oxide film [36-38, 87, [8IHI3]. These effects may be enhanced by depositing
a metallic capping layer onto the oxide’s surface [04-97]. Therefore, the presence of
a metallic nanostructure may alter the surface properties of the studied correlated
oxide, making the experimental result of the SERS study unreliable. Consequently,
as a first step, a technique had to be developed to ensure noninvasive growth of the
metallic nanostructures, preferably under ambient conditions, and thus preventing
or at least minimizing the creation of oxygen vacancies and chemical segregation at
the manganite surface.

In this thesis, the vacuum-free metalorganic aerosol deposition technique (MAD)
[98] was chosen to enable the noninvasive growth of metallic nanoparticles on top of
the manganite surface. Over the last years, the MAD has proven to be an ideal tool
to grow various oxides, ranging from single oxide films [99] to complex heterostruc-
tures [100} T01]. The continuous oxygen-flow provided by the MAD should minimize
deoxygenation effects and thus may be the perfect technique to allow SERS studies
on correlated oxides. The current state of the MAD was extended to the deposition
of metallic nanoparticles by using gold(III)acetate precursors. Chapter |5| demon-
strates the growth of gold nanoparticles (Au-NPs) and its application to thin film
characterization at the example of the well-known model system TiO,. The results
presented in Chlj| are published in manuscript No.3 of this cumulative thesis. The
MAD-based approach produces highly active SERS substrates with an average en-
hancement factor of 107, which enabled the characterization of a 3 nm thin TiO, film.

The fourth and last manuscript presented in this thesis focuses on the surface
properties of the mixed-valence manganites Lag;Cags3MnOs and Lag7Srg3MnOg
probed by SERS and constitutes the highlight of this thesis. The aforementioned
MAD-based growth of gold nanoparticles was applied allowing the first SERS study
on a correlated oxide material presented in Chjg] A Jahn-Teller distorted surface



structure could be demonstrated in both manganite systems with a thickness of 4-
7u.c., which agrees well with the thicknesses of a suppressed magnetization at the
surface observed in x-ray magnetic circular dichroism [93] 102] and x-ray resonant
magnetic scattering [103] [104] experiments. Therefore, polaron formation has to be
taken into account to describe the mechanisms underlying the dead layer formation
and indicates a preferred accumulation of polarons at the interface.

Before starting the discussion of the scientific background of this thesis, a general
remark to the structure of this cumulative thesis shall be given. The scientific pub-
lications on which this thesis is build, are presented in Ch[3{6] To lighten the access
to the experimental results of the publications, a short motivation and summary of
the relevant scientific results is given at the beginning of each chapter. Concluding
this thesis, a general discussion of the published results is given (see Ch., which
embeds them in the current knowledge of manganite physics. Furthermore, a short
outlook of future prospects and a general summary of this work finalizes this thesis

(see Ch[7.2).



Chapter

Scientific Background

In the following chapter, the scientific background for the experiments and results
discussed in this thesis shall be presented. Starting from a brief description of the
general structure and exchange mechanisms in manganites, the picture of electron-
ically phase separated domains coupled by correlated polarons will be introduced.
Subsequently, a brief summary of the relevant interface phenomena will be given.
This is followed by the theoretical basics of conventional and surface-enhanced Ra-
man spectroscopy, respectively. Finally, the possibilities of Raman spectroscopy in
polaronic research are described by acknowledging the current experimental results,
which are then embedded into the context of electron-phonon coupling and electronic
phase separation in mixed-valence manganites.

2.1. Manganites

In general, the rare-earth manganites with the stoichiometric formula AMnOj crys-
tallize in the perovskite structure, shown in Figl2.1h [26]. The manganese ion oc-
cupies the corner of the unit cell and is surrounded by six oxygen ions forming
an octahedron, whereas the A-site cation is body-centered. The structural prop-
erties of manganites depend on the ionic radius r4 of the A-site cation and its
corresponding bond length to the oxygen ion da.o as well as on its ratio to the
manganese-oxygen bond length dy,.0. A parameter to classify structural distor-
tions of the perovskite structure is the so-called tolerance factor f [105], which is
defined as f = da.0/(v/2dym0). The ideal, undistorted cubic perovskite structure
manifests itself for f = 1. An increasing distortion is accompanied by tilts of the
oxygen octahedron, which can result in a rhombohedral (0.96 < f < 1) or an or-
thorhombic structure (f < 0.96) [26]. Such a tilting has not only a strong impact
on the structural properties, but on the electrical and magnetic properties as well
[T06]. A tilt of the octahedron reduces the ideal Mn-O-Mn bond angle of 180° and,
thus, the overlap of the manganese and oxygen orbitals.
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Figure 2.1.: (a) Ideal, cubic perovskite structure with chemical formula AMnOs,
drawn with the help of VESTA [107]. (b) The five-fold degeneracy is
lifted by the crystal-field which splits the 3d-orbitals into the triply
degenerated t9, and doubly degenerated eg-orbitals. The Jahn-Teller
distortion further lifts each degeneracy.

In the stoichiometric A3*Mn3*(0%7); composition the manganese ion possesses
the electron high-spin configuration [Ar]3d* (t3,e;) with one electron in the twofold
degenerated e, orbitals [26] (see Figf2.1p). Naturally, the degeneracy is lifted by a
Jahn-Teller distortion of the oxygen octahedra [I7]. If the number of JT ions is large
enough, the distortions cannot be considered individually anymore. A cooperative
Jahn-Teller effect emerges which is accompanied by a structural phase transition
[108, 109]. In LaMnOj for example, this phase transition occurs at 7"~ 800K
[108, T09]. A reduction of the JT ions, e.g. through doping with a divalent alkaline
earth metal (Ca, Sr, Ba, ...), leads to a decrease of the transition temperature
[109, TT0]. Furthermore, the doping creates a mixed-valence state of the manganese
ion with Mn?** as a non-Jahn-Teller-distorted ion. However, for a small doping
the octahedron of the Mn** ion adopts the cooperative distortion. Since the JT
distortion traps the electron in a self-induced potential energy minimum, the electron
is bound to the lattice, which is dubbed as a Jahn-Teller polaron. The formation
of such a JT polaron and the mixed-valence state mainly governs the electrical and
magnetic properties of the manganites [110].

2.1.1. Exchange interactions

The electrical and magnetic properties can be explained by the exchange interac-
tions, which take a possible mixed-valence state of the manganese ion into account.
The electron exchange is mediated by the p-orbitals of the oxygen ions and the
eg-orbitals of the manganese making it an indirect interaction. The ¢y, spins are
strongly localized and hence do not take part in the exchange interaction. In a first
instance, the indirect interaction between ions of same valence will be discussed,
which was first introduced by GOODENOUGH, KANAMORI and ANDERSON. They
further established a certain set of rules, the GKA rules, which allows the estimation
of the strength and nature of the magnetic coupling [108], 111}, 112].
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Figure 2.2.: Superexchange and the Goodenough-Kanamori-Anderson (GKA) rules
explained by means of a Mn®* bonding: the virtual hopping process
(dashed arrows) between the e, and O, levels mediate an exchange
coupling. The ¢y, rump spins follow the alignment of the e, electrons due
to Hund’s coupling. (a) Hopping processes are only allowed, if the spins
are aligned antiparallel due to Pauli’s principle. (b) Hund’s coupling
governs an antiparallel spin alignment for occupied 3z?-r? orbitals. (c)
A ferromagnetic coupling is obtained when the 3z%-r? and the orthogonal
x2-y? orbital are occupied. Adapted from [1T13} [114].

The superexchange interaction can be illustrated at the example of LaMnOsg,
where all Mn ions reside in the Mn3* state. The hopping of an electron between
the eg-orbitals of the Mn ions would lead to a twofold occupation of the eg-orbital
and thus, to an increase of the Coulomb energy U. Since the Coulomb energy in
LaMnOj is much higher than the energy gain ¢ due to delocalization of the electrons
(U =~ 3.1eV, t = 0.4eV [119]), its ground state can be described as a Mott-Hubbard
insulator [TT6HII8]. Therefore, each e,-orbital is occupied by just one electron. The
spin of these electrons can now be either parallelly or antiparallelly aligned. In
the parallel configuration, an exchange between the eg-orbitals is not allowed due to
Hund’s coupling. In contrast, a virtual hopping process can occur for an antiparallel
alignment, where the electrons of the adjacent eg-orbitals are swapped. This results
in an energy gain AE = -2t?/U [113, 114] and is shown in Figf2.2a. However,
the ey electrons can also be located in the orbital perpendicular to the Mn-O-Mn
bond, so that two unoccupied orbitals face each other at the oxygen bond. This is
depicted in Fig[2.2b. These two cases are summarized in the first GKA rule, which
describes the 180° exchange between two empty (or two occupied orbitals) leading to
an antiferromagnetic coupling. Figure[2.2k depicts the interaction between an empty
and an occupied orbital. In this case a ferromagnetic coupling is preferred due to
Hund’s coupling. The third GKA rule applies to the 90° exchange, which is not
relevant for the manganites due to geometric reasons [113] [I14] and is, therefore,



left out in Fig2.2l The ty, rump spins follow the alignment of the eg electrons
due to Hund’s coupling. With the help of the GKA rules, many three dimensional
spin arrangements can be predicted, e.g. the A-type antiferromagnetic coupling
in LaMnOg [113] [114] or the ferromagnetic, insulating ground state of the double-
perovskite LayNi(Co)MnOg [119] 120].

Mn3+ 02-

Figure 2.3.: For parallel alignment of the 5, spins of adjacent Mn ions, a hopping
of the e, electrons from the Mn** to the Mn*" is allowed, mediating
electron transfer. Reillustrated from [I13] [114]

The doping of the parent compound LaMnO3 with a divalent earth alkaline metal
such as calcium or strontium creates a mixed-valence state and formally, one e,
electron is switched with a hole [I10]. The mixed-valence state cannot be described
by the superexchange mechanism anymore and has a major impact on the electrical
and magnetic properties of the manganite. The first theoretical works concerning
the mixed-valence state were made independently by ZENER [121], by ANDERSON
and HASEGAWA [122] as well as by DE GENNES [123], all consistently predicting a
ferromagnetic, metallic ground state. They named this novel exchange interaction
between two ions of different valence, the double-exchange mechanism (DEX). A
schematic representation of the possible spin arrangement is shown in Fig[2.3] Since
the e, orbital of the Mn** ion is unoccupied, electrons can hop between both Mn
ions via the p-orbital of the oxygen leading to a net current. However, the transport
would not occur, if the localized to, spins are antiferromagnetically aligned due to
Hund’s coupling energy. Hence, the double-exchange mechanism favors a ferromag-
netic, metallic ground state. As a consequence of the strong Hund’s coupling, the
orientation between the spin at lattice site ¢ and the localized spins at site j plays an
important role. Here, the hopping element ¢, i.e. the kinetic energy, is substituted
with an effective hopping element t.4, which depends on the angle ©;; between two
adjacent localized o, spins

tef =t - COS <®2”> (2.1)

As one can easily see, tor is maximal for a parallel alignment, but vanishes for an
antiparallel alignment.
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2.1.2. Polaronic behavior and electronic phase separation

Although, the double-exchange mechanism can qualitatively explain the occurrence
of a ferromagnetic, metallic ground state, it neglects the electron-phonon coupling,
which is present due to the mentioned formation of Jahn-Teller polarons. Fur-
thermore, it falls short of describing phenomena such as the strong change of the
electrical transport at the Curie temperature T or the resistivity behavior in an
applied external magnetic field [124]. By introducing the electron-phonon coupling
via a dimensionless parameter A = Ej /teg [125], 126], with . as the energy gain
due to the localization of an electron in a JT distorted octahedron, MILLIS et al.
extended the double-exchange model to polaronic effects. With the help of this pa-
rameter )\, they were able to explain the insulating character at high temperatures
[127] as well as the behavior of the resistivity and magnetic transition temperature
of La;_,Sr,MnOj3 [I09]. Introducing the electron-phonon coupling into the physical
description of manganites, the tolerance factor f may be considered as a structural
parameter, indicating the relative strength of the DEX and the electron-lattice in-
teractions (EL) [128]. Based on this fact, the manganites can be classified into large
bandwidth (DEX > EL), intermediate bandwidth (DEX ~ EL) and small band-
width (DEX < EL) systems.

The formation of Jahn-Teller polarons was first observed by neutron powder-
diffraction experiments in La;_,Ca,MnOj3 with different dopings (z < 0.25) [129]
130]. Furthermore, the thermally activated hopping of small polarons [I31] above
the metal-insulator transition temperature Ty and their delocalization [132] as well
as the remaining polaronic signatures below Ty [I33HI35] suggests that the po-
larons can be considered as the "charge carriers” in mixed-valence manganites. The
thermally activated small polaron hopping was further verified by optical conductiv-
ity [136H138], thermoelectric experiments and Hall coefficient measurements [139-
1471]. However, in the weak coupling regime, e.g. as in Lag7Srg3MnOs, the small
polaron signature in the mid-infrared is suppressed and excitations of rather delo-
calized polarons are present. These delocalization polarons, sometimes dubbed as
large polarons, manifest itself as a Drude-like absorption feature [134) [135]. Isotope
experiments, where 10 was substituted by O, supported the consideration of po-
larons as the main charge carriers further, as the isotope substitution results in a
reduction of Ty by 21 K [142, 143]. This substitution increases the local distortions,
which leads to a higher splitting of the eg-orbitals and thus to a higher electron lo-
calization. Such a strong decrease is not observable when the JT effect is negligible
small, such as in STRuOs.

A bipolaronic nature of the polarons was proposed based on x-ray and neutron
scattering studies [144H146], which indicated the formation of short-range correla-
tions of a few nanometers. This bipolaronic state (alternatively called a correlated
polaron) can be considered as a short-ranged charge/orbital ordered superstructure,
which is shown in Fig[2.4h. It exhibits an orbital order similar to the charge-exchange

11



(CE) phase of half-doped Lag 5Cag sMnOs [147], which may be of stripe-like geometry
[148] and possesses antiferromagnetic correlations at a length scale of dep ~ 1-2nm
[146]. Taking these correlation effects into account, a direct relation between the MI
transition and polaronic effects could be established, since the amount of correlated
polarons rapidly increases with increasing temperatures, but saturates above Ty
[145]. Moreover, the correlations may cause the intrinsic non-linearity in the electri-
cal transport, which is drastically enhanced in the vicinity of the MI transition [149],
the softening of the bulk modulus near T¢ [I50] and are presumably responsible for
the acoustic damping in Lag;Cag3MnO3 [I51].

(a) (b)

Figure 2.4.: (a) Schematic diagram of a bipolaronic structure of CE-type, i.e. the
correlated polarons. Open circles represent Mn**t and elongated figure-
eights the occupied ey orbital of the Mn*" ion. Arrows signify the
magnetic moment and closed circles the Mn ions, which have the for-
mal valence and no net orbital order. Adapted from [146] with kind
permission of The American Physical Society. (b) Illustration of the
electronic phase separation of CE-type (dark areas) and ferromagnetic
metallic (white areas) domains. Taken from [I52] with kind permission
of Springer Nature.

Pulsed neutron diffraction [I53] and x-ray absorption spectroscopy [154] indicated
the existence of remnants of Jahn-Teller polarons in the metallic phase, which was
supported by isotope effects observed in resistivity [155], thermoelectric power mea-
surements [156] and the remaining polaronic character of the charge carriers below
Twr [I33]. It was proposed that this pronounced coexistence in the paramagnetic
regime may be due to a dynamic phase separation between antiferromagnetically
coupled insulating regions, in which the bipolarons/correlated polarons reside and
small ferromagnetic regions, where the non-correlated small polarons are located (see
Fig). The creation of disorder within the manganite system was conjectured
to cause the formation of electronically dissimilar clusters [157]. Such disorder can
be induced by chemical doping, which, in turn, tunes the electron-phonon coupling
within the manganite system. Thus, the electronic phase separation is assumed to
be an intrinsic instability of mixed-valence manganites and correlated oxides in gen-
eral [I58]. SEN et al. could clearly identify both electronically separated phases as
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charge-ordered insulating and ferromagnetic metallic states, which compete strongly
with each other [I59]. At a certain critical point, the competition results in a first
order phase transition [I60]. However, inducing disorder into such a system opens a
gap between the two ordered states and an intermediate state arises, where the CMR
develops [I60]. The influence of this disorder is schematically shown in Fig In
the absence of or a very weak disorder in the system (Fig), a transition between
the two competing phases can be driven by changing the order parameter g, e.g.
the electron-phonon coupling, the applied magnetic field and so on. With increas-
ing disorder, the temperature of the first order phase transition is decreased and a
second characteristic temperature 7" is revealed, where CO clusters start to form
(Fig[2.5b). In the limit of substantial disorder (Fig[2.5k), a gap between both states
opens creating an intermediate state. Because of the huge disorder within this state,
it can be referred to as a polaronic glass [I}, 144, [160], which consists of coexisting
clusters of both highly competing phases.

a
(@ (b) (©); *
. T*, P \\\T e
metal insulator metal insulator metal insulator
g g g

Figure 2.5.: A generic phase diagram of the two competing phases. (a) In the ab-
sence of disorder, a first order transition occurs between the two ordered
phases. Here, g represents an ordering parameter, which drives the tran-
sition between the two phases. (b) Increasing the disorder lowers the
transition temperature of the first order phase transition and may even
result in a quantum critical point. (c¢) Substantial disorder opens a gap
between the two states, giving rise to a glassy intermediate state, where
CMR develops. Adapted from [160].

The competition of both phases as well as the glassy nature of this intermedi-
ate state was further emphasized by tracking the metal-insulator transition with
photoemission electron microscopy and resonant elastic soft x-ray scattering [161].
This competition is commonly believed to be the origin of CMR, as it could ex-
plain the extremely large CMR ratios [162] 163] of 105 — 107 % in systems with a
strong electron-phonon coupling, such as (LagPro4)07CagsMnO3 [164]. Moreover,
the electronic phase separation results in a percolative transport through the fer-
romagnetic domains [152] [165], which is strongly influenced by substrate-induced
strain [166]. These effects may partly explain the observed strain- and thickness-
dependence of the transition temperature in thin films [28] 167, [168]. Recently,
it was shown that even a tiny amount of correlated polarons is able to mediate
an intrinsic antiferromagnetic coupling between the nanometer sized ferromagnetic
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domains, yielding an increase of the resistivity at the MI transition temperature
[66]. This will be discussed further in the first publication presented in Ch[3|of this
cumulative thesis. Such an antiferromagnetic coupling between the ferromagnetic
metallic domains via correlated polarons could also explain the reduction of the op-
tical reflectance by 18 % in (LaggPro.4)0.7Ca03MnO;3 [169].

Although the framework of correlated polarons within a phase separated material
is a commonly believed picture for the explanation of CMR and the MI transi-
tion, an alternative model for describing the CMR proposed by ALEXANDROV et
al. should be mentioned. Based on the observation that the charge carriers exhibit
oxygen 2p hole character [I70], the exchange interaction of polaronic holes with d-
electrons may result in the formation of bipolaronic oxygen holes [I71], 172]. Whilst
the temperature decreases towards T¢, the strength of the exchange coupling in-
creases and the bipolarons break apart, resulting in a ferromagnetic metallic state
with delocalized small polarons. The ferromagnetic state, therefore, represents a
polaronic conductor [I7I], I73]. With the help of this current carrier density col-
lapse (CCDC) model [I71], 172], ALEXANDROV et al. were able to explain the CMR
effect in Lag 75910.05MnQOg, the isotope effect, the shift of spectral weight in the mid
-infrared region below the MI transition [I74, 175] and the observed electronic phase
separation [I73]. Furthermore, a first order phase transition was predicted, which
was later confirmed by specific heat measurements [I76]. Based on the CCDC,
GRAZIOSI et al. described the electronic transport properties of Lag7Srg3MnOs3
and Lagg;Cag35MnO3 as a bipolaronic insulator in the paramagnetic regime and
as a polaronic metal in the ferromagnetic phase [I77]. With the help of the pro-
posed model, they succeeded in remodeling the temperature-dependent resistivity
of Lag7S1rg3MnO3 and Lagg5Cag35sMnO;3 in the temperature range T' = 5-400 K.
However, such a bipolaronic hole would show a shorter correlation length than the
one obtained by scattering experiments [146] since it resides on the same ion, thus
being inconsistent with the suggested CE-type structure [146].

While the importance of polaronic effects, the electronic phase separation and the
competition between delocalization and localization due to electron-phonon cou-
pling is generally accepted for magnetoresistive manganites, the significance of the
strength of the electron-phonon coupling is still under debate [178,[179]. As a large-
bandwidth manganite, Lag7Sro3MnO3 [I80] was commonly believed to show weak
electron-phonon coupling and negligible polaronic correlations [20} 110}, 135]. How-
ever, in recent neutron and x-ray diffraction experiments it was argued that this
might not be the case [I78]. The observation of CE-type polarons, i.e. correlated
polarons, in Lag 7Srg 3MnOj [178] in a temperature range of 200 K <7 < 350K = T¢
suggested strong electron-phonon coupling, which could be a generic feature of the
ferromagnetic metallic phase. The strength of the magnetoresistance may be pri-
marily determined by the polaron lifetime and mobility, respectively, rather than
the strength of the electron-phonon coupling.
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2.1.3. Interface effects

The huge resistivity change in CMR manganites has great potential for applica-
tions, e.g. as magnetoresistive switching devices in electronics and spintronics. For
such devices, adequate preparation and implementation of thin manganite films into
the existing microchip structure is necessary. A major obstacle for this integration
turned out to be the so-called dead layers [28] 31], i.e. an interface-bound zone in
which the electrical and magnetic properties are suppressed. They provide an elec-
trostatic barrier at the interface, impeding the application of correlated oxides in
magnetoresistive devices [27], 29] 30, 32] and heterogeneous catalysis [I8THI83]. Fur-
thermore, they may also contribute to the decreasing transition temperature with
decreasing film thickness [28]. Therefore, a brief summary of the interface properties
will be given in the following chapter. Since this thesis mainly covers the polaronic
behavior at the surface, a particular focus will lie on surface mechanisms, which
show a similar behavior as compared to the dead layers at the interface. Additional
phenomena occurring at such interfaces in heterostructures, e.g. the formation of a
2D electron gas [184], high-T¢ ferromagnetism [101} [I85] and skyrmions [186], are
beyond the scope of this thesis and will, therefore, be neglected in the following
discussion.

Magnetization

Depth (nm)

Figure 2.6.: XRMS measurements on Lag 7Srg3MnO3/SrTiO3(100) films reveal a de-
graded surface magnetization, which is reduced by decreasing the tem-
perature. From [103] with the kind permission of JOP Publishing.

X-ray magnetic circular dichroism (XMCD) [102] and x-ray resonant magnetic
scattering (XRMS) [103] 104] on thin Lag7Srg3MnO3/SrTiO3(100) films verified a
suppressed surface magnetization, i.e. a magnetic dead layer, at ambient tempera-
tures, which is restored to its bulk value within 2-4nm into the film (see F ig.
Lowering the temperature decreases the thickness of the suppressed magnetization
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layer [103| 104], which can even lead to a bisection of its former size [I03]. Addi-
tionally, conductive atomic force microscopy (c-AFM) [187] and contact resistance
measurements [I88] confirmed the existence of such an insulating layer at the man-
ganite surface and indicated its intrinsic character. However, the results of the latter
have to be interpreted carefully, since the contact resistance measurements required
the deposition of a 30 nm thick Pt film on top of the manganite surface [I88]. The
deposition of the metallic capping layer itself [94-97] as well as the applied UHV
deposition technique [I88] may cause an oxygen deficient surface layer. Such oxygen
vacancies, in turn, weaken the double-exchange mechanism and would, therefore,
artificially increase the inferred thickness of the nonconducting layer, d = 3nm
[I88]. Typically, the magnetic dead layer is smaller than the electrical one [I89],
which is attributed to the electronic phase separation and percolative behavior at
the corresponding interface [I90-193]. While ferromagnetism is still observed for 4-5
monolayers [I89], the experimentally determined lower bound for metallic behavior
ranges between 7 and 8 monolayers [189, [194].

It is commonly believed that the origin of these dead layers lies in the symmetry-
breaking at the oxide interface and the occurring polar catastrophe [33], i.e. the
formation of an electrostatic potential. However, the mechanisms compensating the
polar catastrophe and, thereby, creating the dead layers, are still a highly discussed
topic in today’s literature [35, [195]. The underlying fundamental problem occurring
at an oxide interface is illustrated in Fig[2.7] Perovskite oxides along the [001] direc-
tion consist of alternating stacks of AO- and BOs-planes. In SrTiOs, for example,
these layers are the neutrally charged (Sr?*0%*7)? and (Ti**037)°. However, when
its surface is cut along another direction, e.g. the (110) plane, the crystal consists of
electrically charged planes, the (O37)*~ and (Sr?*Ti** 0% )** planes. As illustrated
in Fig2.7h, the alternating order of charged planes results in an electrostatic poten-
tial V| which increases linearly with an increasing film thickness. Such a divergence
of the electrostatic potential in ionic crystals is called polar discontinuity or polar
catastrophe. Although the realization depends on the contributing materials and
the growth conditions, the underlying principle is always similar and exemplarily
shown in Fig[2.7p for a film consisting of charged planes on a neutrally charged
substrate. The continuous increase of the potential V' is prevented by the transfer
of the charge -Q/2 from the surface to the interface. The resulting electric field F
oscillates around zero and the potential around a finite value, independent of the
film’s thickness.

The compensation of the build-up potential, however, depends on the nature of
the polar surface itself and can be influenced by the growth conditions of the ox-
ide film. While the (110)-SrTiO3 reconstructs by the formation of (001)-oriented
nanofacets [196], the NiO(111) surface shows a octopolar reconstruction [197]. As
a consequence, 1/4 of the outer Ni*T and 3/4 of the O ions are removed from
the surface, leading to the formation of a charged surface plane (charge: +1). In a
similar way, the LaMnO3(110) surface is stabilized by the formation of oxygen vacan-
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Figure 2.7.: Illustration of the polar catastrophe of two ionic crystals. Without
reconstruction, the alternating polar layers yields the shown behavior
of the electric field E and the electrostatic potential V. When the
charge -(Q/2 is transferred from the surface to the interface, the electric
field oscillates around zero and the potential converges to a finite value.
Reillustrated from [33].

cies and a structural relaxation [198, [199], which removes half of the oxygen atoms
forming a zig-zag (1 x 2) reconstruction [199]. The dipole moment of the MnOo-
terminated (001) surface of LaMnOj is compensated by defect formation, i.e. by
surface rumpling, or charge redistribution [200-202]. XMCD experiments indicated
electron accumulation and thus the formation of Mn** at the LaMnQO3/SrTiO3(001)
interface [44]. In contrast, nonpolar-terminated manganites, such as the (001) plane
of SrMnO3 and CaMnQOg, do not have to compensate for the polar discontinuity.
Nonetheless, the symmetry-break at the surface leads to a partial occupation of the
e orbital [203, 204]. When considering a structurally unrelaxed CaMnOj surface,
the occupation leads to a spin-flip at the surface and thereby changes the antiferro-
magnetic order in the bulk to a ferromagnetic coupling [203] 205]. While the relaxed
surface structure shows the same antiferromagnetic order as the bulk, introducing
0.04 electrons per manganese ion would induce the mentioned spin-flip and a ferro-
magnetic surface coupling [205].

Theoretical calculations of the (001) surface of mixed-valence manganites with
a hole doping of x = 0.3 indicate a charge transfer from the bulk to the surface
resulting in the enrichment of Mn3* at the surface (see Fig2.8h) [39, 40]. The ex-
pected nominal Mn valence for a nonpolar surface would be 44+. However, since
the outermost Mn ions show an oxygen deficiency due to the removal of the oxygen
ions at the surface, the surface 3z%-r? orbital is energetically favored and the ionic
state of the Mn ions becomes 3+. Hence, the 3z%-r?-orbitals are almost fully occu-
pied, while the 3x2-y?-orbitals are fully depleted. Therefore, the double-exchange
mechanism is completely suppressed at the surface and a nonconducting and
antiferromagnetic surface layer is formed, i.e. a dead layer, which is restored within
3u.c. [39,40]. As a consequence, the enrichment of Mn3* ions and the symmetry-
breaking lower the lattice symmetry to the low-symmetric orthorhombic (Pnma)
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Figure 2.8.: (a) Occupation of the d-orbitals within the individual layers ny, of the
surface slab with n;, = 1 as surface layer. The symmetry-breaking at
the surface causes a charge redistribution, resulting in the enrichment of
Mn?* in the surface layer and a symmetry-lowering to the orthorhom-
bic structure. The occupation of the 3z2-r? is favored due to the lower
Coulomb repulsion, which is induced by the missing oxygen ions at the
surface. As a consequence, the x?-y? orbital is depleted. (b) To accom-
modate the structural changes at the surface, strong surface rumpling
occurs, shifting the Mn from its bulk position, here shown in units of
the lattice constant ag = 3.89 A. The z origin is defined at the center of
the slab. From [39] and [206] with the kind permission of the American
Physical Society.

structure [39, 206]. As shown in Fig[2.8p, the oxygen deficiency further induces a
strong rumpling and tilting of the MnOg octahedra [206], comparable to the struc-
tural changes in the parent compound LaMnOg [201], 202]. However, it has to be
noted that the charge redistribution may depend on the surface termination of the
manganite [40] and, most likely, may be different in the presence of defects, such
as oxygen vacancies or dopant segregation. Photoemission [207, 208] and coaxial
impact-collision ion scattering [209] measurements indicated a MnO,-terminated
surface of Lag7Ca/Srg3MnO3 thin films grown on SrTiO3(100) and LaAlO3(100)
substrates. Furthermore, doping-dependent photoemission experiments indicated a
change to the (LaCa/Sr)O termination with decreasing doping [207]. In thin films,
however, the substrate termination has to be taken into account when determining
the concluding layer of the manganite surface. Considering a manganite film grown
on TiOs-terminated SrTiOg, the film surface ends with an MnO, layer. In contrast
to that, the manganite exhibits a (LaSr)O surface layer, if the substrate terminates
with a SrO layer [210} 211]. Yet, it has to be noted further, that the surface termi-
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nation is often determined under UHV conditions and may not correspond to the
termination under ambient atmosphere. At ambient conditions, the accumulation of
a native water layer cannot be prevented leading to the formation of B-OH bonds.
These bonds, in turn, can alter the surface structure and may further contribute to
the compensation of the polar catastrophe [212].

Although BORCA et al. observed a change of the Mn valence in Lag7Pbg3MnOs,
they attributed the presence of Mn®* at the surface to the possibly higher oxida-
tion states of the Pb ions [89], induced by the occurring chemical segregation in
the films studied. These chemical segregation effects of the A-site cation as well
as the formation of oxygen vacancies are a well-known problem in oxide films [36-
38, 87, 89, 213| 214]. While they might also compensate the polar discontinuity at
the surface, they exhibit a serious obstacle for the practical application of correlated
oxides. Both phenomena depend on the chosen growth conditions, the oxygen partial
pressure in particular. Commonly used deposition techniques, such as pulsed-laser
deposition and sputtering, often suffer from a low oxygen partial pressure giving rise
to segregation and oxygen deficiency [85H87, [90], [183] 215-H217]. Oxygen vacancies
at the surface can cause the occupation of the es-orbital in SrMnOs3 and, depend-
ing on the amount of oxygen vacancies present at the surface [204], may induce a
spin-flip at the surface. X-ray absorption spectroscopy (XAS) and photoemission
experiments indicated that the presence of Mn?* states at the surface of PLD-grown
Lag 7919 3MnO;3 [90, O1] and Lag;Cag3MnO3 [02, O3] films is linked to oxygen va-
cancy formation. While these effects are quite pronounced in as-deposited films
kept in air, there is no indication for Mn?* surface states in post-annealed samples
and samples kept in vacuum all along [92]. Post-annealing presumably minimizes
the amount of oxygen vacancies, whereas the vacuum prevents the abreaction of a
not-fully oxidized film with, for example, COs residing in air. Furthermore, in-situ
low-energy electron diffraction and scanning tunneling microscopy (STM) measure-
ments revealed a (v/2 x v/2)R45° surface reconstruction [42, 218] in well oxidized
films (i.e. a minimal amount of oxygen vacancies), which is caused by the octahedral
tilting within the manganite system [218]. By artificially inducing oxygen vacan-
cies, i.e. by applying a lower oxygen partial pressure during deposition, however,
additional reflections appear suggesting a different reconstruction. Indeed, STM ex-
periments showed the reversible transition between the (v/2 x v/2)R45° and (1 x 1)
reconstruction by oxygen adsorption and desorption, respectively [218] (see Fig2.9).
Furthermore, the transition from a (1 x 1) to a (v/2 x 1/2)R45° reconstruction
changes the electronic state of the surface. While the (\/5 X \/§)R45° reconstruc-
tion yields insulating characteristics with a band gap of 1.35€V, the (1 x 1) surface
is metallic [218].

Surface segregation of the divalent doping element is driven by the minimization
of the elastic energy and electrostatic interactions [I83]. These minimization effects
are intrinsically caused by doping due to the different cation sizes and extrinsically
due to the accommodation of substrate-induced strain [219-221]. Along the sim-
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Figure 2.9.: Adsorption/desorption of oxygen at the surface induces a reversible
transition between the insulating (v/2 x 1/2)R45° and metallic (1 x 1)
surface. While adsorbing, the surface traverses different metastable sur-
face reconstructions, namely (v/2 x 2v/2)R45° and (v/2 x 3v/2)R45°.
From [218] with the kind permission of the American Physical Society.

ple enrichment of the dopant at the surface [36, 38, 89], segregation may result in
a structural reconstruction. Angle-resolved x-ray photoelectronen spectroscopy on
Lag 7919 3MnOj [36, [37] and Lag 7Pbg sMnOs3 [38,89] indicated a Ruddlesden-Popper-
like surface layer with a stoichiometric composition of (Lag7(Sr,Pb)o33)2MnOy. In
addition, x-ray photoemission spectroscopy experiments revealed the formation of
monolayer thick SrO [213] and SrCOj [87] surface layer, respectively. Therefore, seg-
regation effects represent a serious obstacle for feasible surface studies and should
always be taken into account in the interpretation of surface sensitive experiments.

Considering the interface, the most important difference to the surface is the pres-
ence of the substrate and the resulting substrate-induced biaxial strain imposed on
the film. The mismatch between film and substrate induces a change of the bond
length and bond angles and, therefore, the hopping element t.q. Consequently, the
applied strain will have a huge impact on the electrical and magnetic properties
of the film, e.g. changes of the transition temperature T [222H225]. Strain fur-
ther lifts the degeneracy of the e, and ¢y, orbitals, similar to the Jahn-Teller effect.
Since the g, electrons represent a localized rump spin, the lifting does not change
the measurable properties of the manganites and can, therefore, be neglected. The
raised degeneracy further depends on the direction of the applied strain. While
tensile strain stretches the Mn-O bonds, a compressive strain squeezes the Mn-O
bonds in the ab-plane and elongates the bonds in c-direction. Accordingly, the elon-
gation/compression of the Mn-O bonds in the ab-plane results in a lower/stronger
Coulomb repulsion and, thus, in favoring the x*-y? (tensile strain) or 3z*r? (com-
pressive strain) orbital [226]. X-ray linear dichroism (XLD) and photoemission ex-
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periments indicated that such a relation may not apply in ultrathin films with a
thickness of d < 6u.c. [227H230]. TEBANO et al. and CUI et al. showed by means
of XLD that regardless of the expected orbital polarization, imposed by the applied
strain, ultrathin films always feature the occupation of the 3z%-r? orbital [227], 230].
However, HUIJBEN et al. observed the expected x2-y?-orbital ordering down to
3u.c. without any indication of the occupation of the 3z?-r’-orbital [189]. XLD
experiments by PESQUERAet al. attributed the 3z2-r? orbital occupation to the free
surface of the Lag7Srg3MnOs film, which would be predominant in ultrathin films
of only a few monolayers [211]. Furthermore, they were able to tune the orbital
polarization of Lag7Srg3MnQOs by tailoring its surface termination. As mentioned
before, a change of the substrate termination alters the stacking of the AO- and
BOs-layers of the manganite and, thus, the terminating surface layer. A MnO,-
terminated surface induces a higher polarization of the 3z2-r?-orbital, as expected
from ab-initio calculation [39], whereas a (LaSr)O termination leads to its depletion.
This circumstance may further explain the observed discrepancies of previous XLD
and XAS measurements [I89] 227, 228| 230]. The orbital polarization has also an
impact on the electrical and magnetic properties at the interface, since the magnetic
coupling is either promoted in the in-plane or out-of-plane direction. Consequently,
the formation of an A-type or C-type antiferromagnet at the interface is favored
[228]. The antiferromagnetic coupling competes with the ferromagnetic order in the
remaining film and contributes to the suppression of the magnetization at the inter-
face this way. Figure [2.10] illustrates the orbital occupation and the corresponding
antiferromagnetic coupling.
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Figure 2.10.: Tensile strain promotes the occupation of the x2-y? orbital, whereas
the electron occupies the 3z%-r? orbital in compressively strained films.
This results either in an A-type or a C-type antiferromagnetic coupling
at the interface. Reillustrated from [211], 227].
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In addition to a simple change of the bond lengths, the epitaxial strain can
also be realized by a different connectivity of the octahedral network [231H233],
which is nicely demonstrated by ultrathin Lag;Srg3MnOgs films grown on cubic
(LaAlO3)0.5(Sr2AlTa0g)(100) (LSAT) and orthorhombic NdGaO3(110) (NGO) sub-
strates [234], both substrates having a similar pseudo-cubic lattice constant, apgar
= 3.868 A and anco = 3.862 A, respectively. However, they will induce a different
tilting of the octahedra, i.e. a different octahedral connectivity, due to their differing
lattice structure. Such diverging connectivity results in a significant decrease of T
by 140K for films grown on NGO substrates [234]. Because of the perturbed octa-
hedral connectivity within the film, the overlap of the Mn d-orbitals and the oxygen
p-orbitals changes, which leads to a weakening of the double-exchange mechanism.
However, introducing a 9 u.c. thick buffer layer of a cubic material (e.g. SrTiO3) can
enhance the connectivity between film and substrate. The cubic buffer layer imposes
a straightening on the out-of-plane bond angles, which shifts the bond angle closer
to its bulk value. This increases the hopping element t.¢ and in this way, the tran-
sition temperature in the films grown on buffered NGO is increased by 100 K [225].
However, when the buffer layer becomes too thick (d > 10u.c.) the electrical and
magnetic properties of the manganite film are more and more governed by the tensile
strain of the SrTiO3. The mechanism of the octahedral tilting to compensate for
the strain- and symmetry-induced structural changes at the interface is comparable
to the strong rumpling, predicted and observed for the surface [201], 202] 206 235].
Additionally to the aforementioned octahedral connectivity, interdiffusion between
film and substrate [235] and charge redistribution |42} 44-46, 236-238] may also play
a role in balance out the polar discontinuity, similar to the segregation effects and
electron accumulation at the surface.

At the Lag 7Srg3sMnO3/SrTiO; interface, charge variations [236H238] and electron
delocalization [45] 46] between the e, orbitals of Mn and the empty 3z%-1? orbitals
of Ti cause antiferromagnetic coupling between Mn and Ti [45, 239]. In contrast
to the electron delocalization between substrate and film, XMCD measurements
indicated an enrichment of Mn®* at the Lag7Sro3MnO3/SrTiOz interface [41H43].
The electron-enriched interface region reaches a thickness up to 8u.c., which cor-
responds well to the thickness of the electron-enriched surface layer determined by
c-AFM [187, 240], XMCD [93, 102] and XMRS [103, 104]. However, negative charge
accumulated at the interface has to be compensated by the same amount of positive
charge transported away from the interface to achieve charge neutrality. Assuming a
fixed stoichiometry, a likely reaction of the system is to create more Mn ions with a
higher oxidation state, i.e. Mn** in Lag7Sro3MnOs, or oxygen vacancies, where re-
cent photoemission and LEED measurements support the latter [42]. Similar to the
bulk and surface, the interface is electronically phase separated and shows percola-
tive behavior. However, at this point, scanning SQUID microscopy measurements
on 4u.c. thin LaMnOjs films on STO should be mentioned [24I]. In contrast to
the known electronic phase separation in the bulk [I55] and at the surface [192],
meaning nanometer-sized ferromagnetic domains in an antiferromagnetic matrix,
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scanning SQUID microscopy revealed a superparamagnetic phase instead of ferro-
magnetic domains. This was attributed to electronic reconstructions at the interface
due to the polar discontinuity.

As the discussed experimental results show, the polar discontinuity is generally
compensated by charge accumulation. However, the exact mechanism (e.g. forma-
tion of oxygen vacancies, enrichment of Mn?*/3%) depends strongly on the growth
conditions. To conclude the description of the surface and interface properties of
the mixed-valence manganites, recent angular-dependent XLD experiments on fer-
romagnetic Lag g7519.33MnO3 should be mentioned. These experiments revealed an
antiferromagnetic order at the surface, which is coupled non-collinear to the ferro-
magnetic bulk structure. Such a non-collinear coupling was traced back to a large
spin-orbit coupling at the surface [242], in contrast to previous observations, which
implied a relatively low spin-orbit coupling in manganites. Such a large coupling
could result in non-trivial and exotic spin textures at the surface/interface, such as
skyrmions [186], [243], and may open new possible applications of manganites beyond
the currently discussed magnetoresistive devices and electrode material in catalytic
reactions.

2.2. Raman scattering

When photons are scattered by condensed matter, most of them are elastically scat-
tered, so that the incident and the scattered photons have the same energy. However,
a small fraction of photons is inelastically scattered. These photons possess a dif-
ferent energy as the incident photons and are known as Raman scattered photons.
Each excitation, which can be probed by Raman spectroscopy, has a specific spec-
tral characteristic, whether it is represented by a distinct or by a broad feature in
the spectrum, e.g. a background continuum. A schematic spectrum consisting of
typical Raman-active excitations is shown in Fig2.11]

In the following, a brief description of the classical phononic Raman process will
be given, based on the Refs.[244H246]. In the simplest case, the medium is perturbed
by an external electric field E causing the induced macroscopic polarization

P = eoxE(t) (2.2)

with x as electrical susceptibility, which is, in general, a second-rank tensor. The
external electromagnetic field can be expressed as EO = Eoei(k'F_Wt), with the fre-
quency w and the wave vector k. i further represents a displacement of an atom
from its average position, which in harmonic approximation can be expressed as
tU(w,q) = ugcos(q-m-wit). These displacements are small compared to the lattice
constants and describe collective lattice waves with frequency w; and wave vector ¢.
They represent independent vibrational modes of the lattice, the normal modes. In
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Figure 2.11.: An exemplary Raman spectrum of a crystalline sample. Each exci-
tation is marked in a different color. Phonons are usually located
below 1000 cm ™!, whereas magnons reside in higher wave number re-
gions (green). Electronic excitations (red) are underlying the whole
spectrum. Taken from [57] with the kind permission of the American
Physical Society.

the Born-Oppenheimer approximation, the electrons follow the motion of the atoms
instantaneously. As a consequence, x can be expressed as a function of 4. A Taylor
expansion of x for lattice vibrations with uy yields

K=o+ (35} 7+ o0 23)

While xqo corresponds to the susceptibility without vibrational contribution, the
linear term describes the periodic modulation of y by the lattice displacement, i.e
a first order Raman process. Subsequent terms correspond to Raman processes of
higher order involving two or more lattice vibrations. Inserting Eq. into the
polarization P given in Eq. while neglecting terms of higher order leads to

P = eoxoE(t) + e (gz) @E(t) (2.4)

The static term XOE (t) expresses oscillations of the macroscopic polarization, which
are in phase with the incident radiation. This is basically the elastically scattered
radiation, the Rayleigh scattering. Therefore, the inelastic scattering is expressed
by

Brs = (%jj) 15 (1) (25)
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Inserting E and @ into Eq.(2.5) results in an expression for ]3, which contains fre-
quencies and wave numbers shifted with respect to the incident radiation,

, 1 [0x L=

Ping = 5 |3z eotio B [cos((w + wi)t) + cos((w — wy)t)] (2.6)
There are two possible processes, which can occur: the annihilation or the creation
of a normal mode excitation (i.e. a phonon). The annihilation of a normal mode
increases the frequency with respect to the incident radiation (Anti-Stokes pro-
cess), whereas the creation of the normal mode will decrease the frequency (Stokes

process). In general, the modulation of the susceptibility by the displacement is
described by the Raman tensor

()= (%) 27)

This second-rank tensor reflecting the symmetry of the lattice distortions. It can be
shown that the differential Raman scattering cross section, i.e. the probability of a
photon to be inelastically scattered into the solid angle d) with an energy between
w and w + dw, is

do e =
TR (w £ wp)? € Rié;|? (2.8)

Therefore, the intensity of a Raman scattered process is given by
Igs ~ |6 Reéi]” (2.9)

As it becomes apparent in Eq., the intensity of a Raman process depends on
the polarization of the incident and scattered radiation as well as the symmetry
of the Raman tensor. This is summarized in the so-called Raman selection rules,
which can be used to study particular normal modes through a Raman polarization
analysis. In practice, the light’s linear polarization is chosen with respect to the
sample orientation and the analyzer selects specific contributions of the scattered
light determining the observed normal modes in the measured Raman spectrum.

2.2.1. Quantum mechanical description of Raman scattering

While the classical framework of Raman scattering is sufficient enough to describe
most of the occurring phenomena, it fails to appropriately describe resonant Raman
scattering, magnon scattering and electron-phonon or phonon-phonon interactions
[2441,245]. These phenomena require a quantum mechanical treatment of the Raman
effect, e.g. by third-order perturbation theory. Details can be found in Ref.[245] or
in most of the standard text-books about Raman scattering.

For the sake of completeness, a brief summary of the quantum mechanical de-
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Figure 2.12.: Schematic of the different light scattering processes in a crystal or
molecule: Rayleigh (green), Stokes (red) and Anti-Stokes (blue). While
the inelastically scattered photons can have a higher (Anti-Stokes) or
lower (Stokes) energy, the energy of the elastically (Rayleigh) scat-
tered light remains the same. The different inelastic light scattering
processes are reflected by a blue or red shift with respect to the incident
light.

scription is given in the following. In this framework, an excited lattice vibration,
i.e. a phonon, is a quantized quantity and, thus, the excited state has to be a
multiple of the vibrational energy hwy. Figure depicts the typical processes oc-
curring throughout the excitation. In thermal equilibrium, the excited vibrational
states are described by the Boltzmann distribution. As one can see in Fig2.12]
the Anti-Stokes process requires an already excited state, in which the studied an-
alyte resides. Therefore, the probability for a Anti-Stokes process to occur is much
smaller than that for a Stokes process and, as a consequence, Anti-Stokes lines have
a much smaller intensity. The difference between both processes, i.e. Stokes and
Anti-Stokes, is proportional to the Boltzmann distribution,

(2.10)

In addition to energy conservation, the momentum has to be conserved as well. In
the visible region, the incident wave vector k; is of the order of 10° cm™! [244]. Since
the size of the first Brillouin zone lies in the order of 10® cm™!, a one-photon process
can only occur when the scattering vector ¢ =~ 0. Hence, only zone-centered phonons
can be excited in a first order Raman process. Furthermore, the quantum mechanical
treatment can explain the finite phonon lifetime 7 and the phononic coupling to
the electronic background continuum resulting in an asymmetric phonon lineshape
present as Fano profiles [247]. The scattering cross section can be expressed further
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in terms of the dynamical structure factor S(q,w), which is related to the imaginary
part of the density-density response function [248]. With x” as the imaginary part

_hw
of the Raman response function and the Bose factor n = 1/ (e(kBT)—l), the structure
factor can be written as

S@w) = 2l + V(7 ) 2.11)

and can often be approximated by a collision-limited model [249]. Such an electronic
background continuum was found to be an important probe in superconducting ma-
terials [250-H252].

Within the quantum mechanical framework it is possible to explain the different
intensities of the Stokes and the Anti-Stokes processes, the strong enhancement of
a resonant Raman process as well as the asymmetric phonon lineshapes. However,
for the interpretation and discussion of most of the experiments and phenomena
observed in the scope of this thesis, the classical description is sufficient. Surface-
enhanced effects thereby play a separate role, since the quantum mechanical descrip-
tion of the surface-enhanced Raman scattering requires a fully quantum mechanical
framework of the plasmonic enhancement, which has not yet been developed. In
the recent years, different models were suggested to characterize the plasmonic en-
hancement as Raman processes of third or fourth order [253] or within quantum
electrodynamics [254]. Therefore, the mechanisms of surface-enhanced Raman scat-
tering in Chf2.3are described in a classical framework.

2.2.2. Normal mode symmetries and selection rules of
manganites

A classification of lattice vibrations is given within the framework of group theory
[2441, 255]. Each normal mode is represented by a set of displacements, forming the
basis for an irreducible representation in the character table of the corresponding
point group. The character tables for each point group can be found in the Interna-
tional Tables of Crystallography [256]. Usually, the irreducible representations are
denoted by the so-called Mulliken symbols [255]. The Mulliken symbols relevant for
this thesis are explained in Tab[2.I] An existing set of normal modes can then be
divided into three classes: 1) Raman active, 2) infrared (IR) active and 3) silent
modes. In crystal structures containing an inversion center, Raman-allowed modes
are even (R;; = R;;), whereas odd modes (R;; # R;;) are Raman-forbidden. This
is opposed to IR modes and is often referred to the mutual exclusion principle. A
detailed explanation for the derivation of the irreducible representation is given by
BERNARDO et al. [257]. The selection rules of a given Raman mode arise from
the Raman tensor entries of the corresponding representation. In the following, the
two most relevant space groups of the mixed-valence manganites, R3¢ (No.167) and
Pnma (No.62), and their corresponding Raman tensors will be discussed.
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Table 2.1.: The Mulliken symbols for the irreducible representations. In standard
convention the z-axis is the principal axis of the system.

A/B symmetric/antisymmetric with respect to 90° rotation around the
principal axis
E double degenerated mode

subscript 1/2 | symmetric/antisymmetric with respect to a vertical mirror

plane perpendicular to the principal axis

subscript g/u | symmetric/antisymmetric with respect to inversion (even/odd
mode)

As mentioned in Ch[2.1] the ideal cubic perovskite structure can be converted into
the rhombohedral or orthorhombic structure by tilting the MnOg octahedron. The
transition into the rhombohedral (R3c) structure causes a bisection of the Brillouin
zone and, thus, the modes of the R(3,1,3) corner point of the Brillouin zone fall into
its center [62]. Therefore, the rhombohedral structure features a set of 20 normal

modes, five of which are Raman-allowed:
I'(R3c) = 1A, + 4E, (2.12)

The Raman tensors of the R3c space group are:

a 0 0 c 0 0
R(A1,) =10 a O R(Ez1) =10 —c d (2.13)
0 0 b 0 d 0
0 —c —d
R(Eg2)=|—c 0 0 (2.14)
—d 0 0

where a, b, ¢ and d represent the non-zero tensor entries of the Raman tensor.
A similar process occurs by lowering the symmetry further to the orthorhombic
structure. In that case, the R(%,O,%) and R(O,%,O) points fall into the zone center
[62]. This gives rise to 60 phonon modes, 24 of which are Raman active:

F(ana) = 7A1g + 5Blg + 7ng + 5B3g (215)

Their corresponding Raman tensors are given by:

a 00 0 d 0
R(A,) =10 b 0 R(By)=1|d 0 0 (2.16)
00 c 000
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00 e 00 0
R(By) =10 0 0 R(Bs,) =10 0 f (2.17)
e 00 0 f 0

ILIEV et al. and ABRASHEV et al. performed prototypical lattice dynamical calcu-
lations based on a shell model and compared them to experimental spectra [58, 25§].
The vibrational modes can be attributed mainly to stretching and bending vibra-
tions of the oxygen octahedra and, occasionally, to the movement of the A-site
cations. However, these vibrations are usually found below 200cm™" [58]. The
spectral region between 200 cm ™! and 400 cm ! is dominated by rotational modes of
the MnOg octahedra. These modes are directly linked to the tilt angle of the octahe-
dra [58, 59, 259] and depend strongly on external perturbations, such as temperature
[611, 260, 261] or pressure, as well as on intrinsic perturbations [262], like the A-site
cation [5Y], isotope effects [263], substrate-induced strain [264-H266] or doping [267].
While the low- and mid-frequency region is mainly influenced by the lattice, the
high frequency region, v = 400-650 cm ™!, is affected by the metal-insulator transi-
tion and the Jahn-Teller distortion within the manganite system [58}, 59, [65], 66}, 268].
Figure [2.13]illustrates the Raman-active modes of interest for this thesis. Since this
thesis addresses primarily the polaronic behavior probed by Raman spectroscopy, a
more detailed discussion of the corresponding bending and stretching modes modes
and their behavior will be given in Ch]2.4]

E %(3) (€) a0 ; (d) B,(1)

in-phase y-rotation out-of-phase bending in-phase antistretching in-phase stretching
235 cm’ 440 cm™' 490 cm 611 cm™

Figure 2.13.: [llustration of the Raman modes of interest: a rotational mode at
235cm™! (a), the bending mode at 440cm™" (b) and the Jahn-Teller
stretching vibrations at 490 cm™' (c) and 611 cm™" (d). Adapted from
5.

According to their irreducible representations (see Eq.(2.12) and - both
structures have a different number of Raman-allowed normal modes and different
contributing symmetries. Therefore, both manganite structures can be distinguished
by their number of visible normal modes as well as their selection rules. Conse-
quently, the individual Raman spectrum can be denoted as a fingerprint of the
studied system, which allows a precise identification of a certain structure or distor-
tion within the crystal structure, e.g. orthorhombic and rhombohedral. Moreover,
more advanced methods, such as tip-enhanced Raman scattering, facilitate, in prin-
ciple, the structural characterization of regions in the nanometer range [69} [70].
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2.2.3. Raman instrumentation
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Figure 2.14.: A schematic of the optical path in the used Raman spectrometer.

In this thesis, a Horiba Jobin Yvon LabRAM HR Evolution spectrometer [269)]
with an integrated confocal micro Raman spectrometer and a microscope coupled
to a 800 mm focal length spectrograph was used. A schematic of the optical path
is shown in F ig. The linearly polarized laser light (532nm or 632.8 nm) enters
the optics at iris I1, where a bandpass filter (BPF) suppresses any additional laser
lines that may be present in the light. Subsequently, the light passes a filter wheel,
equipped with filters of different opacity, where the laser intensity is attenuated to a
certain degree. At the laser-injection-rejection system (LIRS), an edge filter reflects
the beam towards the microscope, where it is focused onto the sample. The mi-
croscope is equipped with a motorized microscope stage (Mérzhauser Scan System )
enabling Raman mapping and imaging. The backscattered light passes the LIRS,
where only the inelastically scattered light is transmitted when passing through the
confocal pinhole and the slit into the spectrograph. Optical elements such as po-
larizer (P1) and analyzer (P2) can be inserted into the optical path between the
LIRS and the confocal hole. Within the spectrograph, the beam is collimated by a
spherical mirror and is then reflected onto a switchable optical grating (600 gr/mm
or 1800 ¢gr/mm). The diffracted light is collected by another mirror and focused
onto a CCD camera. Temperature- and magnetic-field-dependent measurements in
a temperature range of T" = 5-300 K and applied magnetic fields of H = 0-50kOe,
can be performed by means of a Microstat MO cryostat (Ozxyford Instruments)
[270]. For this, the laser beam is guided from the integrated Raman microscope
to a similar self-build microscope by two mirrors. Then, it is again focused on
the sample within the cryostat and, finally, the backscattered light is collected by
the spectrometer. Typically, the Raman spectrum is illustrated as an intensity vs.
Raman shift plot, where the Raman shift describes the difference between the wave-
length of the incident and of the scattered light. As a result, the Raman spectra
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are wavelength-independent. Since the inelastic scattered light always consists of
Stokes and Anti-Stokes scattering, the spectrum is mirrored at the abscissa, but
the intensity of the Anti-Stokes scattering is much lower due to the aforementioned
thermally excited state (see Ch. However, as a consequence of the used edge
filter, the Raman setup used in this thesis is not capable to measure Anti-Stokes
scattering.

2.3. Surface-enhanced Raman scattering

The small Raman scattering cross section, typically of the order of 1073° cm? and

below [246], limits the sensitivity of Raman scattering for the characterization of
ultrathin films and tiny amounts of molecules. This poor Raman cross section can
be enhanced by exploiting the excitation of surface plasmons in metallic nanostruc-
tures. The first observations of surface-enhanced Raman scattering were made by
FLEISCHMANN et al. on pyridine molecules in aqueous solution on a roughened silver
electrode [271]. However, they attributed the enhanced intensity to the increase of
the electrode surface due to the roughening procedure. VAN DUYNE et al. [272] and,
independently, CREIGHTON et al. [273] recognized that the high intensity obtained
from Raman modes of pyridine has to be a true enhancement of the Raman scatter-
ing efficiency and called this phenomena surface-enhanced Raman scattering. In the
following chapter, the two mechanisms underlying this huge intensity enhancement,
the electromagnetic enhancement (EM) and the chemical enhancement (CE), are
briefly summarized.

2.3.1. Electromagnetic enhancement

As a consequence of the reduced dimensionality of the metallic nanostructures, their
absorption is dominated by the collective oscillation of the conduction electrons.
Therefore, incident monochromatic light excites these collective oscillations, which
are known as surface plasmon polaritons (SPP) [274], 275]. At this juncture, the term
plasmon refers to a general oscillation of the plasma in metals and the term polari-
ton to a plasma oscillation, which is excited by an electromagnetic wave. Since the
excited plasmons in bulk structures, planar metal-dielectric interfaces and nanopar-
ticles differ from each other due to their different boundary conditions, they have to
be addressed separately. This thesis mainly utilizes the excitation of surface plasmon
polaritons in metallic nanoparticles. In these structures, the SPP is also known as
localized surface plasmon resonance (LSPR) [274], 275], which will be simply named
surface plasmon resonance (SPR) within this thesis. A schematic representation of
the SPP is displayed in Fig[2.15] As the dimension of the particle is much smaller
than the wavelength of the incident light, the absorption of the electromagnetic
wave leads to the excitation of a localized plasmon oscillation within the nanopar-
ticle. The incoming photons drive the electrons of the conduction band collectively
with respect to the positive lattice ions, which causes a net charge difference on
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Figure 2.15.: Schematic of a plasmonic oscillation of a sphere, showing the displace-
ment of the conduction electrons relative to the nuclei. The lattice ion
exerts a restoring force on the electrons. The surface plasmon reso-
nance depends on the strength of this restoring force, i.e. the optical
properties of the material. From [276] with kind permission of the
American Chemical Society.

the surface of the particle [274]. In other words, the absorption of the incident light
induces a dipole oscillation in the metallic nanoparticle, emitting an electromagnetic
wave. If the frequency of the radiating dipole is resonant with the incident light,
even small incident fields lead to a significant amplitude of the induced electromag-
netic field, which is only limited by radiative [277] and non-radiative [278] damping
processes. The resonance frequency of the metallic particle depends mainly on the
particle size [279-281], the polarizability of the metal and the surrounding
medium [276], 283]. In the past years, the electromagnetic mechanism was inten-

(a) (b) 1.0

analyte

a \-10
e
0.8 I\ SERS ~\ 1 d

I(d) /1,

Distance d (nm)

Figure 2.16.: (a) A schematic of a typical SERS experiment. In the vicinity of a
metallic particle with radius a and dielectric constant €(w), a probed
analyte resides in a dielectric environment with the dielectric constant
€sup- (D) Distance dependence of the SER intensity I(d), normalized
to the SER intensity directly on the particle surface I, for different
particle radii a.
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sively reviewed [68] 284-287] and can be explained within classical electrodynamics
[288-290]. A simplified schematic diagram of the electromagnetic mechanism in
SERS is shown in Fig2.16h. A nanometer-sized sphere with the complex dielectric
constant €(w) resides in a surrounding medium with a dielectric constant eg,,. The
diameter of the sphere is small compared to the wavelength of the exciting light.
A analyte in the vicinity of the sphere is exposed to an electric field EM, which
is a superposition of the incident field and the field of the induced dipole within
the metallic sphere, i.e. the electric field of the excited surface plasmon. The field
enhancement A(w) experienced by the analyte is the ratio of the electric field Ey
at the position of the analyte and the incoming field:

EM e(w) — €sup ( a )3
@)= F ™ @) + 260 \a 4 d (2.18)

In resonance, i.e. Re(e(w)) = -2€qp, the enhancement is particularly strong. Addi-
tionally to the incoming field, the Raman scattered photons will also be affected by
the field enhancement, if the Stokes or Anti-Stokes scattered field is in resonance
with the surface plasmon of the metallic sphere. Therefore, taking into account
both of the enhancing effects, the electromagnetic enhancement factor G(w) for the
Raman signal is given by

E(WS) — €sub
e(ws) + 2€5up

6((*‘-}L> — €sub

G(ws) = |A(wr)[* |A(ws)|* ~ e(wr) + 2€5up

(iia) ew

where A(wy) and A(wy) are the enhancement factors of the laser field and the Ra-
man scattered field respectively. Although Eq. is based on a simple model, it
includes important properties of the electromagnetic enhancement mechanism. If
the wavelength of the Raman scattered photons is in the vicinity of the excitation
wavelength, one can approximate A(wy) ~ A(wg), resulting in the well-known ‘E ‘4
approximation [68] [T, [246] 287].

Furthermore, Eq.([2.19) shows that the EM enhancement is a long range effect and
does not require the direct presence of the analyte at the surface of the metallic par-

ticle. Within the ‘E ‘4 approximation, the rapid decay of the dipole field, E~1 Jd?

results in a SER intensity decrease by 1/d'? as shown in Eq.([2.19) in Figl2.16p. How-
ever, the presence of a molecular monolayer on the surface of the particle increases
its surface area, resulting in a mitigation of the distance dependence [291]

ISERS ~ (a/(a —|— d))lo (220)

Although the obtained relation between the SER intensity Isgrs and the distance d
from the nanoparticle is, strictly speaking, only valid for spherical particles, similar
observations were made for oblate particles as well [284]. In this case, the spherical
radius a refers to the local curvature of the particle. Within the last years, the valid-
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ity of Eq has been supported by several experimental studies [73] 74, 291, 292]
and is today a generally accepted approximation for the distance dependence of the
electromagnetic enhancement in SERS.

A surface plasmon can be excited in a single spherical nanoparticle [279-28T], 293,
aggregates of nanoparticles [280, 294] and in electrochemical roughened metallic sur-
faces [273), 295] 296]. Furthermore, different shapes of particles such as rods [297],
disks [298], triangular prisms [299] and nanoshells [300] can be used, although for all
of them different resonance conditions have to be fulfilled. The resonance frequency
further depend on the optical properties of the metal and the particle radius a of the
nanostructure, as can be seen in Eq.. Several numerical methods were used to
analyze the size dependence of the surface plasmon’s resonance frequency [279-281],
revealing a red shift with increasing particle size (see Fig2.17h). In addition, the
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Figure 2.17.: (a) The peak wavelength of the surface plasmon, here exemplarily
shown for Ag, depends on the particle size and experiences a red
shift with increasing particle size. From [301] with kind permission
of Springer. (b) Extinction efficiency of gold nanocylinders with dif-
ferent dimensions in two media (n = 1.33 in blue and n = 1.41 in red):
40nm x 20 nm cylinders (solid), 50 nm x 20 nm cylinders (dashed) and
60nm x 20nm cylinders (dotted)). A refractive index n > 1 result in
a red shift of the resonance wavelength. Taken from [283] with kind
permission of the American Chemical Society

peak wavelength Agpr, i.e. the resonance frequency, depends on the dielectric func-
tion as well as the interparticle distance of two particles. Embedding the particle in
a dielectric environment with n > 1 and €g,, > 1, respectively, the peak wavelength
of the surface plasmon will shift to higher wavelength compared to the free parti-
cle, residing in air or vacuum (see Figl2.17b). Numerical calculations, e.g. within
the discrete dipole approximation (DDA), showed a linear dependence of Agpr with
respect to the change of the refractive index of the surrounding medium [276], 283].
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Such behavior is also independent of the shape and size of the particles in a colloid
solution [283]. However, while colloid nanoparticles reside in a homogeneous sur-
rounding medium (the solvent), particles deposited on a planar surface are exposed
to different dielectric conditions simultaneously. This fact was first addressed by
YAMAGUCHI et al. [302], who expressed such a mixed environment by means of an
effective dielectric constant €. (alternatively, the refractive index can be used, since
n = \/€). It represents the mean of the dielectric constant of the substrate ey, and
of the remaining ambient medium ey [303]. Thus, the effective dielectric constant
is determined by

€oft = M - €sup + (L —m) - ey (2.21)

The mixing factor m describes the ratio of the particle fraction in contact with the
substrate. In the visible region, the dielectric constant of the substrate is assumed
to be independent of the frequency [303]. Furthermore, the model by YAMAGUCHI
et al. included particle-particle interactions, which lead to an additional red shift
of the resonance frequency. This is further supported by numerical calculations of
the plasmon frequency and the electric field enhancement of single particles and
dimers [293]. A huge increase of the electric field enhancement and a red shift of the
resonance frequency by decreasing the interparticle distance were observed, which
is in contrast negligible small for distances exceeding a tenth of the particles size
[293]. Although the discussed influences on the resonance frequency are mostly an-
alyzed for spherical particles within Mie theory [304, 305] and DDA, they constitute
a universally valid concept for the surface plasmon frequency of metallic particles of
arbitrary shape [276], 279-H28T], 283, [306]. Additionally to the red shift of the surface
plasmon, the small distance between two particles can result in a so-called hot spot.
These hot spots are prerequisite to observe single-molecule SERS [307] and distin-
guishes oneself by an extremely large enhancement at the junction between both
particles [308-310]. Because of the required small distance between two particles,
the hot spot is highly localized [311]. Within such spot an enhancement by a factor
of 10* can be accomplished [246].

To conclude this brief discussion of the electromagnetic enhancement, possible
damping mechanisms will be addressed. Since the optical properties of the metal,
i.e. the dielectric function, play an important role in the EM mechanism, one has to
keep in mind that €(w) is a complex quantity. While the real part has to fulfill certain
criteria with respect to the resonance conditions, the imaginary part represents a
damping of the plasmon resonance and, therefore, has to be as small as possible. To
characterize the damping, a quality factor @ is introduced [246]

w(de'/dw)
26//2

Q= (2.22)

where € is the real party and €” is the imaginary part of the dielectric function e(w).
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This quality factor leads to the following two criteria:
» Re(e) should be negative (rule of thumb: -20 < Re(e) < -1)

e Im(e) < 1and @ > 2
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Figure 2.18.: Overview of the optical properties of a few selected metals. Real (top)
and imaginary (bottom) parts of e(w) are plotted as a function of the
wavelength in the left column. Top right, the wavelength-dependence
of the quality factor @), defined in Eq., of the localized surface
plasmon resonance for metal/air particle is shown. The shaded area
marks the region, which is interesting for most plasmonic applications.
Taken from Ref.[246] with the kind permission of Elsevier Science.

These two criteria provide a reasonable basis for the selection of a plasmon-active
metal for the spectral region of interest. While aluminum fulfills perfectly the re-
quirements for the excitation of surface plasmons in the UV region, silver and gold
are the metal of choice for the visible region. The wavelength dependent behavior
of the real and imaginary part of €(w) is summarized in Figl2.18] In the case of
gold, interband transitions, where bound electrons are optically excited to higher
energy bands, alter the optical properties in the visible region [312]. This leads to an
increase of the imaginary part of the dielectric function, which results in the damp-
ing of the plasmon band. Such interband excitation of a electron-hole pair is also
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known as Landau damping [313]. In the case of silver, these transitions occur in the
UV region [314] making their contributions negligible for typical SERS experiments.
The difference in the optical properties of both metals is the basic reason for the
higher SERS-activity of silver compared to gold [246].

Small particles show a damped and broadened plasmonic excitation, which may
disappear in particles smaller than 2nm in diameter [315]. This behavior is related
to the mean free path of the electrons in the metal. Since the particle is smaller than
the bulk value of the mean free path, d = 35-50 nm [316], additional scattering of
the electron at the particle surface dampens the surface plasmon [278]. However, in
particles with a dimension similar to the excitation wavelength, the dipole approxi-
mation is no longer valid and higher order modes are excited, which are blue shifted
with respect to the dipole band. Furthermore, radiation effects [277] come in play
and scattering begins to dominate over absorption [246] 274], both resulting in a
further damping and broadening of the plasmonic response. Note that, these damp-
ing mechanisms should not be confused with the broadening of the surface plasmon
due to the presence of a polydisperse particle size. However, they often cannot be
distinguished from one another in absorption and extinction measurements [246].

2.3.2. Chemical (electronic) enhancement

Additional to the electromagnetic enhancement caused by the surface plasmon res-
onance, chemical and electronic effects may play a role as well and it might even
be crucial for single-molecule detection [317, [318]. Chemical contributions to the
enhancement are short-range effects and require a direct contact between the ana-
lyte and the metallic nanostructure [317, [B18]. However, it has been proven that the
selective study of the chemical contributions is quite challenging. This is mostly due
to the small contribution to the enhancement by a factor of only 10-102, in contrast
to the huge electromagnetic contribution of 10%-10%.

First evidence for chemical contributions was provided by electrochemical mea-
surements [319]. When a molecule lies flat on the surface, the enhancement fac-
tor depends on the applied electrode potential [319, B20]. This fact could not be
solely explained by an electromagnetic enhancement due to surface plasmons. Since
then, several studies dealt with the chemical enhancement, its contributions and
the underlying mechanisms [233] 318, 321H324]. As shown in Fig[2.19] the chemi-
cal enhancement can generally be explained by a resonant-like Raman mechanism
[318, [321H323]. In a simplified picture, a charge transfer from the metal to the adsor-
bate, or vice versa, induces an additional intermediate electronic state. This state
is in resonance with the excitation wavelength, thus, enhancing the Raman signal
by a resonant-like Raman process. For such a charge transfer, however, a chemical
bond has to be created between the metal and the analyte, which restricts chemi-
cal contributions to the first monolayer [31§]. The similarity to a resonant Raman
process allows the description of the chemical enhancement based on Frank-Condon
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Figure 2.19.: The chemical enhancement can be viewed as charge transfer mecha-
nism, appearing as a resonant-like contribution to the measured in-
tensity. An electronic transition of the metal-molecule complex can
be directly excited by the incident laser energy (a). Indirect coupling
via charge transfer, by means of the Fermi level of the metal can in-
duce a intensity enhancement. This charge transfer can occur from the
HOMO of the analyte to the Fermi level of the metal (b) or from the
Fermi level to the molecule’s LUMO (c). However, such charge transfer
is limited to the first atomic layer, which is chemically bonded to the
metal. From Ref.[246] with the kind permission of Elsevier Science.

and Herzberg-Teller coupling mechanisms [321], 322]. A static contribution to the
enhancement can further be provided by the chemical coupling between the metal
and the analyte. This coupling may alter the electronic structure of the probed
system, changing the polarizability of a given mode and, thus, vary the observed
Raman intensity. Both effects, the charge-transfer and static contribution, are often
summarized as the mechanisms behind the chemical enhancement. Sometimes, the
resonant excitation of electronic states of the free molecule are included in the de-
scription of the chemical enhancement additionally, although they are also present
in the absence of the metallic nanostructure [324]. Because of its chemical speci-
ficity, this mechanism depends on the adsorption site, the geometry of the bonding
and the energy levels of the probed system [325], B26]. Once again, it should be
emphasized that chemical contributions to the enhancement are only provided if a
chemical interaction by bond formation is present in the metal-molecule complex.
Although the chemical enhancement can be qualitatively explained, its magnitude
and even, whether it is in fact present, is still highly under debate. The common
opinion, however, is that the corresponding enhancement factor ranges from 10 to
10% and that its contribution to the overall enhancement is significantly smaller than
that of the electromagnetic enhancement.
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2.3.3. Enhancement factors

To characterize the possible enhancement of a given SERS substrate, one calcu-
lates the so-called SERS enhancement factor EF'F. In a first approximation, the
overall enhancement factor can be expressed by the ratio of the SER intensity and
the conventional Raman intensity, which is also referred to as intensity contrast
C' = Isgrs/Irs. This contrast, however, ignores the fact that the intensity of a
Raman scattering experiment depends on the amount of molecules within the scat-
tering volume. Therefore, the intensity is typically normalized to the number of
molecules Ny in the scattering volume V' of the conventional Raman experiment
and to the average number of adsorbed molecules Ng in the same volume in the
SERS experiments [78]. This results in the following SERS enhancement factor E'F

I N
EF — sers/Ns
Irs/Ny

Such a simple definition of the FF' is rather intuitive and is not explicitly derived
from the Raman cross section. Based on the enhancement experienced by a single
molecule, LE RU and co-workers [7§] introduced a more rigorous definition of the
E'F and provided, this way, a physical background for the intuitive definition of the
EF as shown in Eq.(2.23). By deriving the enhancement of the cross section of a
single molecule and linking it to the Raman cross section in the conventional Raman
experiment, they obtained the following expression for the K F

(2.23)

_ IsgrsHefrCrs

EF =
Trspispinvi Ant

(2.24)

where ug is the surface density of the analyte on a single metal nanoparticle, iy
the surface density of the individual particles, Ay the surface area of the particle,
H.g the effective height of the scattering volume and cgrg the concentration of the
analyte in the conventional Raman scattering experiment. Comparing this rigorous
definition of the F'F to the intuitive one of Eq., Ng would be represented
by Ns = puspmAn and the number of molecule in the conventional experiment by
Ny = Hcgcrs.
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2.4. Polaronic excitations probed by Raman
spectroscopy: the status quo

As the study of the polaronic behavior is the main interest of this thesis, a brief
summary of the current knowledge of polaronic characteristics in the Raman spec-
tra of manganites and their correlations with other experimental data will be given
in the following.

Over the last decades, numerous Raman spectroscopy studies of mixed-valence
manganites were published. Most of them discussed the relations between the
temperature-dependent Raman spectra and the polaronic behavior. A character-
istic property of the Raman spectra of orthorhombic manganites are the two high
frequency modes, namely the anti-symmetric stretching vibration at 490 cm™! and
the symmetric stretching vibration at 611 cm ™. Both modes are linked to an occur-
ring Jahn-Teller distortion in the system [58| 59, 262], which is further supported by
resonant Raman experiments on LaMnOj [327, [328]. By exciting the sample near
the Jahn-Teller energy (Ejr ~ 2¢V in LaMnOj [327]), a strong enhancement of
the stretching modes is observed indicating a resonant behavior. High-temperature
studies further showed the expected melting of the cooperative Jahn-Teller distortion
at T'~ 800K [329]. A comprehensive Raman study focusing on structural relations
between the observed Raman frequencies and the tilting angle of the MnOg octahe-
dra was made by MARTIN-CARRON [262], who established a relation between the
intensity and width of the broad Jahn-Teller bands and the dynamic fluctuations
produced by polaron hopping.

Temperature-dependent studies showed a strong correlation between the JT modes
and the metal-insulator transition [61, 65-67, 267]. With decreasing temperature,
the intensity of the stretching vibrations as well as the resistivity increases, reach-
ing a maximal value at Ty, while both decrease rapidly when passing through the
MI transition [61I]. A similar behavior was observed by LIAROKAPIS et al., who
measured the temperature-dependent Raman spectra of La;_,Ca,MnO3 with dif-
ferent dopings [267]. While they observed a decrease of the JT modes for dopings
of z = 0.3 and z = 0.4, the low-doped compound with x = 0.05 shows a similar
behavior as the parent compound LaMnOj [329], meaning that the stretching modes
gain in intensity with decreasing temperature. Pressure-dependent Raman spectra
show a similar behavior in comparison with the temperature-dependent measure-
ments in the low pressure regime, p < 7 GPa, which is ascribed to a symmetrization
of the MnOg octahedra and, consequently, to a reduction of JT distortions [67]. At
higher pressures, however, the metallization is suppressed due to the strong lattice
compression, which activates charge localizing antiferromagnetic interactions [67].
Moreover, the linewidth has a pronounced minimum at 7¢ [61] indicating a long
polaron lifetime 757. ABRASHEV et al. estimated the maximum polaronic lifetime
at Tc to be 7,0 = 6.7 ps, which is in good agreement with the one estimated from
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the resistivity data [61]. In addition, the stretching modes show a distinct soften-
ing below T /Tx, which can be attributed to spin-phonon coupling [62, [63], 267, [330].

A first attempt to explain the observed temperature-dependent behavior was made
by ILIEV et al. [65], who also took the mixed-valence state and the observed broad-
ening of the Jahn-Teller modes into account. The doping of the earth alkaline metal
induces a mixed-valence state of the Mn ion resulting in a disorder of the Mn®** and
Mn** ions. In such a disordered state, the coherent Jahn-Teller distortion presented
in the parent compound LaMnQOs is disturbed. A non-coherent JT distortion de-
velops and, as a consequence, a disorder within the MnOg octahedral network and
the oxygen arrangement, respectively, is created causing a broadening of the Jahn-
Teller stretching vibrations [65]. In this case, the JT stretching vibrations do not
correspond to a first order I'-point phonon anymore but, indeed, they belong to the
phonon density of states of the oxygen atoms [65]. Temperature-dependent mea-
surements [65] further showed a decrease in intensity of the JT modes when passing
through the metal-insulator transition as well as the increase of a sharp mode around
440 cm ™!, attributed to a bending mode of the MnOg octahedron. Because of its
narrow linewidth and the associated sharpness, the emerging mode was attributed
to a ['-point phonon indicating the development of a more ordered structure at low
temperatures [65]. Such a behavior can be explained by the mean lifetime of the
Jahn-Teller distortion 737 and the time between two consecutive Mn3t — Mn**
hops 7, i.e. the averaged Mn3* lifetime [65]. In the nonmetallic paramagnetic (as
well as in the antiferromagnetic and ferromagnetic phases at doping levels below
xr = 0.5), the lifetime of Mn3" is much larger than the period in which the Jahn-
Teller distortion develops. Therefore, a noncoherent static Jahn-Teller distortion
within the manganite system is formed. In the metallic state, however, the hopping
time 7, strongly decreases to a point where 7, < 7,01 and, thus, the Jahn-Teller
distortion can only develop partly within the time frame of a Mn®** ion. Hence,
the Jahn-Teller distortion is reduced, i.e. the intensity of the stretching vibrations
in the Raman spectra decreases, and a more ordered structure develops giving rise
to the sharp bending mode. However, the JT distortion as well as the oxygen dis-
order, does not vanish completely, as remnants of the JT modes are still visible
in the Raman spectra for temperatures T' < Ty;. This supports the framework of
electronic phase separation in the mixed-valence manganites [65], 66]. Additionally
to Lag7Cags3MnOg3 a similar disorder-order transition was detected in the charge-
ordered manganite Prgg5Cag 35 MnO;3 [331] and the parent compound LaMnOjz [64]
and seems to be quite common phenomena in manganite systems. While the transi-
tion in Prgg5Cag 35 MnOs3 describes a transformation from a dynamical JT distortion
to a static one below the charge-ordering temperature Tco = 225 K, the transition
in LaMnOj is based on the thermally-activated disorder of the e, orbitals of Mn**
for T' > Tyr ~ 705 K. At this point, this thesis ties in with the current state of re-
search and presents, amongst others, temperature-dependent Raman measurements
of the prototypical CMR system (Lag 65P1¢.45)0.7Ca03MnO3 (LPCMO), presented in
the following Ch[3
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3.1. Motivation and Summary

A commonly believed picture of the colossal magnetoresistance (CMR) effect is re-
lated to a first-order phase transition and electronic phase separation with coexisting
ferromagnetic metallic and antiferromagnetic insulating phases. However, the un-
derlying mechanism, i.e. the characteristic energy scale of the interacting phases
and their spatial extent, still remains under debate. In the following study, experi-
mental evidence of the existence of an effective antiferromagnetic coupling between
the ferromagnetic nanodomains in epitaxial thin films of a classical CMR material
(La;_,Pry,)0.67Cag.33MnO3 with a Pr dopings of y = 0.375 and 0.4 is presented. This
coupling leads to a peculiar low-field CMR behavior with magnetic hysteresis and
slow resistance relaxation, both induced by the magnetization reversal. The coer-
cive field obeys a square-root temperature dependence for T" < T and increases
anomalously close to the phase transition. The magnetic structure within the phase-
separation scenario could be modeled as an assembly of single-domain ferromagnetic
nanoparticles, antiferromagnetically coupled (pinned) by correlated Jahn-Teller po-
larons. The concentration of polarons increases drastically close to phase transition
as indicated by the third harmonic of the electrical conductivity as well as by Raman
spectroscopy.

3.2. Introduction

The colossal magnetoresistance (CMR) effect, manifested itself as a drastic decrease
of electrical resistance in an applied magnetic field, was first observed in single
crystals of perovskite manganites in 1970 [332]. The ’rediscovering” of CMR in
thin manganite films [21], 22] initiated an enormous boom of research focusing on
the intriguing CMR physics as well as on the potential applications. After almost
two decades of extensive experimental and theoretical studies a commonly believed
picture has been established: the fundamentals of CMR are related to a first order
phase transition and electronic phase separation with coexisting ferromagnetic (FM)
metallic and antiferromagnetic (AFM) insulating phases. The generic phase diagram
of CMR manganites [164] with FM and AFM phases underscores a competition be-
tween two driving tendencies: electron delocalization, favoring a FM phase, and
localization, which stabilizes an AFM ground state. These competing interactions
result in the coexistence of FM metallic and charge-ordered insulating (COI) phases
[180] close to a first order magnetic transition if the strength of electron-phonon cou-
pling is large enough. ”Colossal” values of CMR, p(H)/p(0) ~ 10°% were indeed
observed close to the FM/AFM phase boundary, achieved both by "filling control”
close to z =~ 0.5 doping in the La; _,Ca,MnOj system [333] and by "bandwidth con-
trol” while substituting a large La-cation by a smaller Pr in Las/s_,Pr,Caz;sMnO3
(LPCMO) [152]. Electronic phase coexistence was believed to govern the magneto-
transport in manganites close to phase transition at 7, although the energy scale
and the nature of magnetic interactions between the competing phases still remain
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unclear. SEN et al. [I59] have demonstrated theoretically a coexistence of FM and
nm-size AFM phases even in the absence of A-site disorder [334] but at sufficiently
large electron-phonon coupling. Correlated Jahn-Teller (JT) polarons [146] or bi-
polarons [I71] (CP), detected in neutron and x-ray scattering [144} [145], 149, 335~
337 as a short-range-ordered lattice superstructure with a correlation length of
d ~ 1-2nm and charge/orbital ordering (COO) of CE-type, may contribute to the
nm-scale phase separation. Considering the ground state of the CE-phase to be
AFM, one can suggest that CPs may also possess short-range AFM correlations.
However, the estimated very small amount of CPs [149] [336, 337], questions their
role in the complex magnetic and electric state close to T. Here we report that the
CMR in high quality and strain-free epitaxial (Lag ¢Prg.4)0.67Cag.33MnO3/MgO(100)
films is characterized by a low-field hysteresis and slow relaxation dynamics, both
originating from a peculiar magnetic domain structure with nm-size FM domains,
antiferromagnetically coupled by correlated Jahn-Teller (JT) polarons. Our experi-
mental results confirm the earlier theoretical models of electronic phase separation
with competing FM metallic and AFM insulating phases [159, 338] at the first order
phase transition. Moreover, we demonstrate that even a tiny amount of the pola-
ronic AFM phase stabilizes the FM nano-domains and induce an effective exchange
coupling between them, thus, playing a decisive role in the spin polarized charge
transport and in the CMR behavior in general.

3.3. Sample preparation and experimental techniques

LPCMO films were prepared by a solution-based and vacuum-free metalorganic
aerosol deposition (MAD) technique [98]. The precursors, acetylacetonates of La,
Pr, Ca and Mn, have been weighted in appropriate amounts to obtain the experimen-
tally determined molar ratios in the solution, i.e. La:Pr:Ca:Mn = 0.57:0.34:0.40:1.
Then they have been dissolved in dimethylformamide to a concentration 0.02M
calculated on Mn-precursor and sprayed onto the heated MgO(100) substrate by
using compressed air at a pressure, p = Hatm. Keeping the following typical MAD
processing conditions, like substrate temperature, Ty,, = 800-900°C, the solution
volume, V' = 2ml, and deposition time, ¢ = 5min, one gets an LPCMO film with
the thicknesses, d ~ 60 nm; the corresponding growth rate is v &~ 12nm/min. After
deposition the films were cooled down to room temperature in 30 min. For compar-
ison Lag;Cag3MnO3 and Lag 7Srg3sMnO3 were grown on MgO(100) as described in
details in Ref.[I49]. The structure of the films was characterized at room tempera-
ture by X-ray diffraction (XRD, ©-20 Bragg-Brentano geometry, Cu-K,, radiation),
small-angle X-ray reflection (XRR), and transmission electron microscopy (TEM)
as well as by scanning tunneling microscopy (STM). TEM and high resolution TEM
(HRTEM) studies were carried out on cross-section sample using Tecnai G2 30 UT
microscope operated at 300kV and having 0.17nm point resolution. Cross-section
sample for TEM measurements was prepared using a focus ion beam (FIB) ma-
chine (FEI Helios 600 NanoLab DualBeam instrument in CIC Nano GUNE). The
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four-probe dc and ac resistivity measurements were performed by using a PPMS
from "Quantum Design” in the temperature range, T' = 2-400 K, and for magnetic
fields, pugH = 0-4T, applied parallel to the film plane. The amplitude and the
frequency of the ac current were varied in the range, J = 0-400 uA, and f = 0-
1000 Hz, respectively. Along with the ac voltage at the fundamental frequency, U,
a third harmonic signal, Us,, was evaluated by means of Fourier analysis of the
measured ac signal. Magnetic measurements were carried out by using a commer-
cial SQUID magnetometer MPMS from ”"Quantum Design” for 7" = 10-400 K and
fields, pgH = 0-4T, aligned parallel to the film plane. In addition the magne-
tooptical Kerr effect and Kerr ellipticity were measured by using He-Ne laser with
polarization modulation at 50kHz in a close circle He-cryostat, T = 20-300 K, and
magnetic fields, poH = 0-1.5T, oriented at 45° with respect to the film plane. The
same experimental setup was used to measure the resistance relaxation for magnetic
fields applied parallel to the film plane. Raman spectroscopy was studied by using a
Raman confocal microscope (LabRam HR800-UV) with Ar*-laser excitation at the
wavelength, A = 488 nm. The spectra were measured for 7' = 80-300 K by using a
cryogenic table "Linkam THMS 600” continuously cooled by liquid Ny. The sample
temperature was controlled by pumping rate of Ny and by heating of the sample
holder. The measured Raman spectra were corrected by subtracting the base line
and by normalizing by the Bose-Einstein factor.

3.4. Results
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Figure 3.1.: (a) The ©-20 pattern of an LPCMO/MgO film with y = 0.4 shows the
substrate peaks and (001) peaks (I = 1,2,3,4), from the film of a per-
ovskite structure, indicating an out-of-plane epitaxy with c-axis lattice
parameter, ¢ = 0.3870nm. From the periodicity of XRR oscillations
(see the inset) the thickness, d = 53.6 nm, was obtained. (b) STM im-
age of the studied LPCMO/MgO film (y = 0.4) with a mean square
roughness, RMS = 0.6 nm.
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XRR measurements (see the inset to Fig{3.1p) indicate a large scale homogeneity
of the LPCMO films with the thickness, d = 50-70nm. XRD analysis (see Fig)
reveals a perfect out-of-plane epitaxy and a strain-free state of the films with a
pseudo-cubic lattice parameter, ¢ ~ 0.3870nm, very close to the bulk value [152].
The STM image in Fig[3.Ip shows a surface morphology characteristic for epitaxial
growth with atomically smooth terraces of 1 u.c. height and mean square roughness,
RMS = 0.6nm, at the 1 ym? area. Moreover, an in-plane epitaxy of the film is ev-
ident with mosaic blocks oriented along two mutually perpendicular directions due
to cubic crystalline structure of MgO substrate. TEM structural analysis shown in
Fig. infers a single crystalline character of LPCMO/MgO films and confirms STM
morphology data concerning a large scale homogeneity and flatness of the films. The
sample in Fig) shows a uniform thickness of ~ 50 nm in agreement with the
nominal one and is characterized by the presence of twin boundaries, aligned per-
pendicular to the substrate surface. Electron diffraction (ED) analysis elucidates
an orthorhombic Pnma structure with following lattice parameters: a = 0.544 nm,
b = 0.769nm, ¢ = 0.545 nm at room temperature (#ICSD 96908). The ED pattern
in the insert of Fig. ), being a superposition of those form MgO (substrate) and
LPCMO (film), clearly evidences two main features of the film: 1) heteroepitaxial
growth of the LPCMO film on the MgO substrate with the pseudo-cubic perovskite
block ap, Lpcmo of the film aligned parallel to that of the substrate: a, Lpcmo//angos
and 2) twinning structure of LPCMO film. The HRTEM image of the LPCMO film
(Fig{3.2b) confirms the presence of rotational twins and reveals a heteroepitaxial
and homogeneous interface. It should be noticed that due to very small orthorhom-
bic distortion of LPCMO structure from a cubic perovskite, the lattice parameters
of LPCMO, ie. a/v2, b/2, and ¢/v/2, are very close to each other and can be
expressed as ap, ppcmo. In this respect, the geometric phase analysis (GPA) pat-
terns points out a uniform strain in both normal to the growth direction (g100) and
parallel to the LPCMO/MgO interface (g010) directions. No twin boundary can be
distinguishing in GPA color strain analysis maps (see right bottom insert Figi3.2h)).
In addition, a network of misfit dislocations along the substrate/film interface actu-
ates the relaxation of the lattice mismatch strain within the first 2-3 monolayers of
the growing film, yielding a strain-free state of the rest of the LPCMO film .

The temperature dependences of the resistivity, p, and magnetization, M, pre-
sented in Fig., demonstrate extremely sharp and coupled metal-insulator (Ty)
and magnetic (T¢) transitions at Ty ~ Te = 195K, with the maximal value of
logarithmic derivative of the resistivity, o, = (1'/p)(dp/dT’) = 140. This confirms a
high crystalline quality and chemical homogeneity of the films. The measured values
of the residual resistivity, p(4 K) ~ 180 uf2cm, and of the saturation magnetization,
M(10K) = 600 emu/cm?® ~ 3.6 up/Mn, (inset in Fig[3.3p) agree well with the nomi-
nal Ca-doping = = 0.3. The zooms in p(T') and M (T') (insets to Figs[3.3p) and[3.3b))
reveal a warming/cooling hysteresis of AT ~ 1K, clearly seen for T' = 185-195 K,
i.e. just below T¢. Apparently, CMR = 100% (R(0)-R(4T))/R(4T), as shown
in Fig{3.3p), develops exclusively within this narrow temperature window of about
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MgO(400)

Figure 3.2.: a) Bright field low magnification TEM images of a LPCMO/MgO film
and corresponding ED pattern showing a single crystalline epitaxial
character of the film. Notice the presence of twin boundaries indicated
by white arrowheads. An orthorhombic Pnma structure is indicated by
diffraction spots (1/2, 0, 0) and (0, 1/2, 0) in ED pattern (left, bottom
insert) and also twinning character of the film. HRTEM GPA color
strain analysis maps along two orthogonal direction g100 (perpendicular
to the interface) and g010 ( along the interface) are given as insert.
Notice the absent of twin boundary in GPA pattern. (b) HRTEM image
of a LPCMO/MgO interface showing flat film/substrate interface and
confirming a coexisting of crystallographic Pnma rotational twinning
domains with heteroepitaxial perfect twin boundary indicated by white
Arrow.
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10K. At low temperatures nor tunneling MR nor CMR was observed (see inset in
Fig{3.3p) thus ruling out the grain-boundary-governed transport in the films under
study. All this indicates that CMR in our LPCMO/MgO films is driven by the first
order phase transition, as indicated by the hysteresis in p(7') and M(T), and can be
viewed as a magnetic-field-induced insulator-to-metal transition.
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Figure 3.3.: General characteristics of the metal-insulator (a) and ferro-
paramagnetic (b) phase transitions in (Lag¢Pro4)067Cag33MnO3 . The
insets illustrate a temperature hysteresis in resistivity (a, right inset)
and magnetization (b, right inset) as well as field dependences of the
resistivity (a, left inset) and of the magnetization (b, left inset) at
T =10K.

In FigB.4h close correlation between the p(H) and M(H) dependences in the
vicinity of phase transition is shown. For low fields, 0 < H < 5kOe, the resistivity
(Fig{3.4R)) is hysteretic with two maxima at the coercive field H. (see the inset
to Fig)). A suppression of CMR for T" < 180K is apparently accompanied
by the vanishing of the p(H) hysteresis. Furthermore, a magnetic ZFC-FC hys-
teresis, 0M = M(H?T)-M(H{) # 0, also "opens up” within the same temperature
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interval, 185K < 7" < 195K, and causes a dramatic increase of Hg, (see inset in
Fig)). Outside the phase transition region, both for the FM and paramagnetic
(PM) states, M (H) and p(H) curves are evidently not hysteretic. In the PM state for
200K < T' < 220K a metamagnetic transition (Fig[3.4p) develops for H ~ 5-20kOe
and results in very large saturation magnetic moment, Mg(205K) = 5-10~* emu,
which consists of 70 % of the FM moment, Mg(170K) = 7-10~* emu. The p(H) be-
havior (see Fig)), being in close agreement with the metamagnetic transition,
deviates strongly from the parabolic dependence, A p = p(H)-p(0) ~ -H? ~ -M?
as would be the case for the field-induced PM magnetization [23]. For T > 220K
no metamagnetic transition was observed for H < 50 kOe.
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Figure 3.4.: Magnetic field dependencies of the resistivity (a) and magnetization
(b) of an LPCMO (y = 0.4, Tc = 195K) film for temperatures,
180K < T < 205K, where the CMR develops. The inset to Fig. 2a)
demonstrates the correlation between the coercive field (SQUID mea-
surement) and field at which CMR shows a maximum. The inset to
Fig. 2b) illustrates a strong enhancement of the saturation field in the
vicinity of T¢.

In Fig[3.5 the slow resistance relaxation, measured in the vicinity of the phase
transition, is shown. After applying and switching off a magnetic field, H = 0-1kOQe,
in addition to the instantaneous resistance change (CMR) we observed an exponen-
tial relaxation of the resistance, R(t) ~ exp(-t/Tws). Usually the slow resistance
relaxation, along with the temperature- and high-field-driven M (H) hysteresis, was
considered as a manifestation of a metastable phase separated state [339, [340] close
to the first order phase transition. In contrast to the previous experiments [339, 340],
the slow resistance relaxation in LPCMO films, was observed for low magnetic fields
H < 1kOe and, furthermore, R(t) demonstrates the so called "recovery effect”: after
removal of magnetic field the resistance changes back to the initial value at H = 0.
The evaluated relaxation time, 7 /=~ 200s, can be modeled within the Neel relax-
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Figure 3.5.: a) Time dependences of the resistance in LPCMO film (y = 0.4) close
to MI transition, measured after applying and switching off the exter-
nal magnetic field, H = 1kOe. Along with the instantaneous resistance
changes, i.e. the CMR effect, one can see the “in-relaxation” i.e. the
resistance decreases exponentially after applying the field and the “out-
relaxation” (the resistance increases after switching off the field). The
evaluated relaxation time 7 ~ 200s; b) time dependences of the resis-
tance after applying an in-plane magnetic field, H = 1kOe, measured
at different temperatures in the vicinity of T = 195 K.

ation of the magnetization (see below) and the super-paramagnetic model of Bean
and Livingston [341]. Importantly, the slow resistance relaxation is limited within
the above discussed narrow temperature region close to 7¢: (see Figf3.5b) and is not
present both for FM (7' < T¢) and PM states.

In Fig) we present the temperature dependences of the squared normalized
coercive field, h? = (H.(T)/H.(0))?, as a function of the normalized temperature,
t = (T —1T¢)/T, evaluated from the magnetooptic and SQUID measurements
of the LPCMO films with y = 0.375 and 0.4. At low temperatures (7" < T¢)
h. decreases with increasing temperature as expected for a FM material. The
data can be fitted very well by the formula: h. = (1-7/T)Y/?, which describes
a classic behavior of single-domain ferromagnetic particles [341]. The fitting pa-
rameter, T = 1.057, is the so called blocking temperature, above which parti-
cles behave as an ideal superparamagnet (h, = 0). The average radius of mag-
netic domains (particles) can be estimated from the expression KyV /kg T ~ 25,
which is obtained from the Neel relaxation time, 7ops(T) = 70 exp(KyV /kg Tg),
for the observable relaxation times, 7,ps &~ 100s, and 79 ~ 107%s (see Ref.[341]).
With the uniaxial anisotropy constant, Ky = 3.6 - 10*J/m3, measured for dif-
ferent manganites [342H344], including LPCMO, and the obtained Ty = 220 and
205K for films with y = 0.375 and 0.4, respectively, the averaged radius of do-
mains is Rpy = (75kpTp/4nKy)Y? ~ 6-8nm. Such a small domain size illustrates
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Figure 3.6.: a) The square of the measured normalized coercive field,

h* = (H.T)/H.(0))? as a function of the normalized tempera-
ture, t = (T-1¢)/Tc, for LPCMO films with y = 0.4 (green) and
y = 0.375 (magenta) — left scale. The fit (dash line) is the dependence,
h% ~ (1-t/tg), with the blocking temperature, T = 1.057¢. On the
right scale the temperature dependences of the relative amount of
correlated polarons, ncp(T) = Us,(T)/U,(T), (open squares), and of
CMR(T) (green line), multiplied by a factor of 5-107% in LPCMO with
y = 0.4 demonstrate an enhancement in a number of polarons close to
Tc as well as the scaling nep(7') ~ CMR(T'). In caption: the proposed
magnetic structure near and far below T¢; b) Normalized coercive
field, h = H.(T)/H.(0), as a function of normalized temperature,
t = (T-1c)/Tc, for optimally doped LCMO (red close circles) and
LSMO (black close quadrates) films (left scale). One can see (the right
scale) that ncp(7") for LCMO (open red circles) and LSMO (open black
squares) are by factor 10® and 10° smaller than that for LPCMO.
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a weakening of FM exchange and an increase of the electron-phonon coupling [20].
Moreover, by approaching T from below (see Fig.) the coercive field, h., in-
creases anomalously for LPCMO before vanishing for T" > T. This and the drastic
increase of saturation field of the magnetization (Fig[3.4p) are well-known finger-
prints of exchange-coupled inhomogeneous magnetic systems. The classical exam-
ples are artificially layered systems: 1) Co/Cu/Co [345] with a nonmagnetic Cu
layer, actuating a thickness dependent (AFM or FM) coupling of Ruderman-Kittel-
Kasuya-Yosida (RKKY) type; 2) Fe/Fe;_,Mn, bi-layers [346], with the FM layer
(Fe) AFM coupled to the Fe;_,Mn,(0.15 < z < 0.3) layer; and 3) oxide superlat-
tices [347] of (Lag/3sBai/sMnOs/LaNiOs)y. As shown for comparison in Fig[3.6b),
the h.(t) dependence in optimally doped LCMO/MgO and LSMO/MgO films is
rather linear, pointing out the existence of weak-pinning centers [348]. Finally, no
anomalous increase of coercive field close to T was observed both for LSMO and
LCMO. Thus, the low-field hysteretic CMR in epitaxial LPCMO/MgO films close
to the phase transition is intimately related to a peculiar magnetic state with FM
nanodomains coupled to each other by AFM exchange. A hint to the possible origin
of the exchange coupling mediator can be found in Fig[3.6h) (right scale), which
demonstrates that CMR(T") scales nicely with the temperature dependence of elec-
trical 3" harmonic coefficient, Kz, (T) = log(Us,(T)/U,(T)), here U, and Us, are
measured ac voltages at a fundamental (w = 117Hz) and third harmonic frequen-
cies. As was discussed in details in Ref.[149], the origin of 3w-signal is ascribed to
correlated polarons, which due to a CE-type ordering of Mn®*"/Mn** can be con-
sidered as electric quadrupole moments. The latter are well-known sources of the
nonlinear coupling to an electric field, @ = yFE? (see Ref.[349]). The nonlinear re-
sistance, Rs, = dUs,/dJ, being also proportional to the square of the current or
E-field, provides then a measure of the number of quadrupoles, i.e. CPs, in the
sample. The quotient K3, ~ Rs,/R, is then proportional to the relative amount
of CPs, ncp = Ngp/ Ny, to the whole number charge carriers, Ny, induced by Ca-
doping. Close to phase transition the amount of polarons [334] in LPCMO increases
dramatically up to ncp ~ 0.5 % at 195K and seems to be able to mediate the AFM
coupling. Remarkably, the corresponding values of K3, in LCMO and LSMO films
(see Fig) are much smaller, i.e. about 107* % and 10~7 %, respectively. These
films compared to LPCMO reveal linear h(t) dependences (see Fig3.6b) as well as
no anomalous increase of h,. close to the phase transition. Apparently, the amount
of correlated polarons in LCMO and LSMO is not sufficient for AFM coupling, and
this seems to be the reason for the absence of low-field CMR as well as for moderate
and very small CMR values for LCMO and LSMO films [I49], respectively.

Another evidence for the enhancement of the polaronic phase at the phase transi-
tion could be obtained from Raman spectra, shown in Figf3.7 One can see charac-
teristic temperature dependent Raman shifts at 440 cm™! and 620 cm ™!, identified
[3501, 351] as E, (internal vibrations or bending) and By, (in-phase stretching) modes
of MnQOg octahedra, respectively. Due to symmetry considerations E, is one of five
Raman active modes (A;y + 4 E,) of the thombohedral (R3c) structure and By,
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is the characteristic JT phonon mode within the orthorhombic (Pnma) structure,
which has 24 active modes (7 Ajz + 5 By + 7 Byy + 5 Bag). The intensity lgo in-
creases as the temperature decreases from 300 K down to T¢ =~ 195 K and by further
cooling this line becomes suppressed. In contrast, I44g is suppressed by decreasing
temperature down to T, but it increases significantly in FM state for T" < Tz. The
observed temperature evolution of Raman spectra reflects the competition between
electron localization via JT distortions or CPs, which are compatible with a (Pnma)
structure, and electron delocalization which favors a more symmetric (R3c) struc-
ture without JT distortions. The intensity ratio, (1) = Is20(T)/Lsa0(T), (Figf3.7)
illustrates this competition, underscoring a lattice aspect of the phase transition
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manifested by the enhancement of JT distortions at T¢.
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3.5. Discussion

Remarkably, very different electric, ncp(7"), magnetic, h.(T'), and structural, v(7'),
characteristics as well as CMR(T') itself, display a pronounced sharp peak close to
the phase transition. This undoubtedly points out a strong coupling between elec-
tron, spin and lattice (phonons) degrees of freedom in an electronically /structurally
inhomogeneous LPCMO. We consider this classic CMR material as an "intrinsic
exchange coupled system”, sketched in Fig.). Here, FM nanodomains are AFM
exchange coupled (pinned) by correlated JT polarons (CPs), nucleated at the do-
main walls and assumed to possess AFM correlations. A preferred formation of the
insulating COO phase at surfaces, interfaces or grain boundaries is well documented
in the literature [227, 352 353] and can be understood within the weakening of
FM exchange at the two-dimensional defects. Due to a single crystalline charac-
ter of our LPCMO/MgO(100) films (see structural data in Figs[3.1}3.2) and their
relatively large thickness, d ~ 50-70nm > Rp\ =~ 6-8nm, grain boundaries and
interfaces as locations points of CPs can be ruled out. Thus, domain walls pro-
vide a unique intrinsic possibility to host CPs. Phenomenological Ginzburg-Landau
approaches predict the formation of a charge ordered [354] and AFM state [355]
within the domain wall, especially when the bulk (domain) phase is located not far
away from the FM/AFM boundary in the phase diagram [164]. Our LPCMO films
[20] with Pr-doping, y ~ 0.4, and reduced T¢c = 195K > 370K in comparison to
the double exchange FM metallic LSMO, fit nicely the above conditions to locate
the AFM polaronic phase at the domain walls. The T-scale for low-field hysteretic
CMR and for the underlying AFM coupling in LPCMO is limited from above by the
appearance of charge ordering at T CO ~ 220K [152], which breaks the symmetry
of PM phase and enhances the formation of CPs. Within the narrow temperature
interval, 180 K < T < Ty < Tco, a mixed phase with AFM layers and coupled
FM nanodomains exists, yielding extremely large field-induced resistance changes
and metamagnetic transition. Note a similarity between the blocking temperature,
Ts < Tco, and the T*-scale [33§], at which the "preformed magnetic clusters” (do-
mains) can be substantially influenced by an applied magnetic field. A strain-free
state of the LPCMO film and extremely sharp MI transition as an indicator for
the absence of A-site quench disorder [334], both infer that such a mixed phase
could be a true thermodynamic phase as was suggested earlier [354]. However, a
more detailed inspection of the nature of mixed phase goes out of scope of this paper.

Our results, being in line with the electronic phase separation model of BURGY
et al. [338], specify further the nature of competing phases, i.e. FM vs. AFM.
They also provide evidence for the location of the AFM phase within the domain
walls, where the FM order parameter becomes zero, changing from +M to -M. In-
deed, a polaronic AFM phase (Fig.) apparently resembles the "collinear” phase
in Ref.[338] (Figl3.2c, “green phase”), which separates two domains with staggered
“up” and "down” magnetizations. Remarkably, even a small amount of CPs can ac-
tuate the AFM coupling between FM nanodomains, thus, playing an important role
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in CMR. The maximal concentration of CPs in LPCMO, estimated from nonlinear
electric measurements (see Fig[3.6h), is ncp(Tc) = 0.5 %, and taking a homogeneous
distribution of CPs with the size § ~ 1.5 nm [144] [145], the average distance between
them will be Acp = (ncp)~ '/ 6 ~ 9nm. This fits nicely the size of FM domains,
Rpy =~ 6-8nm, evaluated from magnetic measurements. Considering Acp being a
few nm large one can suggest an elastic (strain) mechanism [356] might play a role
in actuating AFM coupling via correlated polarons. Mismatching lattice volumes
of the polaronic, (Pnma), and polaron-free, (R3c), phases may further support such
strain scenario. For T' < T¢ in the globally FM metallic phase the amount of CPs in
LPCMO is strongly reduced, ncp ~ 107%, and the distance between them becomes
large, Acp =~ 100nm < Rpy, thus, allowing a strain relaxation and the absence of
coupling.

The coupling constant, Jagy, can be estimated from the slow relaxation of resis-
tivity (Fig, which actually means that after field removal the Japy acts as
an effective field to restore the AFM coupling between FM nanodomains. For
low magnetic fields, H = 0-1kOe, and for T' =~ T¢, the resistance obeys a square
field dependence, AR ~ —H?, but magnetization is a linear function of the field,
AM ~ —H. Taking H as a parameter one gets AR ~ AM?. Considering Neel
relaxation of the magnetization, AM (t) ~ exp(—t/Tmag), With magnetic relaxation
time, Tmae = 7o exp(KyV/kpTlgs), one gets an exponential relaxation of the resis-
tance, AR ~ AM? ~ exp(—2t/Timag) ~ €xXp(—t/Tres), With Tres = Timag/2. The re-
laxation time of the resistance in the presence of the Zeeman energy, puoH, and
AFM coupling energy of the form, Fapy = Japm A, can be written as: Tes(T)=
70/2 - exp((KuV —ppoH +Earm) /ksT). For T = 197 K, the magnetic moment of the
domain, p = nug, with n is the number of Mn spins in the volume, V' = 4/37(Rpy)?,
amagnetic field, g H = 0.1 T, and the area, A = 47 (Rpy)?, of a domain, Rpy &~ 7 nm,
the AFM coupling constant, Japy = 4.5-107% J/m?, and the AFM energy per Mn-
spin, Eapy/Mn = 0.21meV = 24K, were obtained. This coupling being much
weaker than a typical AFM exchange energy, e.g. 10-12meV (T =~ 140K in
LaMnQj), agrees with a short-range character of the COO polaronic phase. The
value estimated above exceeds the interlayer coupling, 0.1 erg/cm? = 10~* J/m?, ob-
served in artificial FM/AFM exchange-bias manganite heterostructures [357], but is
comparable with the RKKY coupling in oxide superlattices [347], Jrxxy =~ 3-107% J /m?.
Such system with intrinsic AFM coupling, originated from a phase coexistence, is an
insulator, which shows a resistivity maximum at H ~ H, due to the antiparallel ori-
entation of the magnetizations of adjacent nanodomains. For fields, H. < H < Hgy,
the magnetization of the nanodomains flips along the field direction, but the “in-
terface” spins still remain AFM coupled, yielding the hysteretic p(H) and M(H)
behavior (Figl3.2h) and B.2b)). Larger fields, H > Hgy ~ 10-30kOe, finally de-
stroy the AFM correlations, resulting in a closure of the p(H) and M(H) curves.
For the FM state the resistance contribution due to spin scattering of the charge
carriers at the domain wall, p ~ cos(©;;), becomes small. Indeed, in the absence

of AFM coupling the angle, ©;;, between magnetizations of adjacent domains de-
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creases. As a result epitaxial LPCMO films show a typically low residual resistivity,
value, Tyes(4.2K) & 1071 Q em, similar to that of the double-exchange LSMO [23],
which contains no CPs. One can see a striking analogy between the observed in-
trinsic low-field CMR in LPCMO films close to T¢ and the extrinsic interfacial
low-field tunneling magnetoresistance (TMR) in granular manganites [357] or in the
LSMO/STO/LSMO trilayers [358]. They both show two resistance maxima at + H.
originating from AFM coupling between FM metallic domains (CMR) or electrodes
(TMR). However, in the TMR systems a symmetry break of the MnOg network at
the interface leads [350] to the orbital reconstruction at the interface, stabilizing
a highly isolating COO-CE phase in very thin manganite films [351] and mangan-
ite/titanite superlattices [352]. In contrast, the MnOg frame remains continuous in
an intrinsic CMR system and CPs, nucleated at the interfaces between FM domains,
show presumably short-range CO-AFM correlations, which can be destroyed at rel-
atively low magnetic fields of few kOe. Interesting for applications is the fact that
low-field CMR was observed at relatively high temperatures ~ 200 K, indicating a
persistence of high spin polarization in FM domains close to T¢.

3.6. Conclusion

CMR in epitaxial strain-free (Lag¢Prg.4)0.67Ca0.33MnO3/MgO films is demonstrated
to be a low-field and hysteretic effect, controlled by peculiar magnetic domain struc-
ture with FM nanodomains, AFM coupled by correlated Jahn-Teller polarons nucle-
ated at the domain walls. The obtained small size of FM nanodomains, Rpys = 6-
8nm, taken together with the estimated coupling constant, Japy = 4.5-101J/m?,
provide a rational explanation of the long-standing issue in CMR physics, i.e. how a
tiny amount of correlated polarons can be responsible for extremely large magnetic-
field-induced resistance changes.
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4.1. Motivation and Summary

The huge number of Raman studies of the last decades demonstrated the enormous
capabilities to study the polaronic behavior in manganites by Raman spectroscopy.
Although temperature-dependent measurements could be successfully correlated
with the temperature-dependent linear and nonlinear resistivity as presented in the
previous chapter [66], studies in the CMR regime, i.e. magnetic-field-dependent Ra-
man studies of mixed-valence CMR manganites, were still missing at the beginning of
this thesis. Only one study of Lag 25Pro 375Cag.375MnOg3 [60] dealt with the magnetic-
field-dependent melting of the charge- and orbital-ordered phase. Therefore, to clar-
ify the polaronic contribution to the CMR, we performed a magnetic-field-dependent
Raman study on the prototypical CMR material, (LaggPrg4)0.7Cap3MnOsg, in a
range of H = 0-50kOe. The publication based on these measurements will be pre-
sented in the following section.

In the vicinity of the Curie temperature, Tx = 197 K in this case, the intensity of
the Jahn-Teller stretching mode at 614cm™! and of the bending mode at 443 cm™*
was found to be suppressed and enhanced, respectively. The observed magnetic-
field-induced intensity behavior Al shows a qualitative resemblance with the field
and temperature dependence of the CMR of the same compound. In the case of
the JT stretching vibrations, the suppression of the Raman intensity is even in
quantitative agreement with the CMR effect (AT =~ 6000 %, CMR = 7000 %). This
work provides, therefore, direct evidence that the reduction of the number of Jahn-
Teller polarons at the phase transition is the main mechanism underlying the CMR.

4.2. Introduction

The rediscovering of the colossal magnetoresistance (CMR), i.e. a drastic decrease
of electrical resistance in an applied magnetic field, in thin mixed-valence mangan-
ite films [21], 22] initiated an enormous boom of fundamental and applied research.
For over twenty years, the long-standing important issue in CMR physics is the
role of electron-phonon coupling and the mechanisms of electron-lattice correlations,
controlling the coupled magnetic and metal-insulator transitions. In systems with
strong electron-phonon coupling [164], like (La;_,Pr,);_,Ca,MnOs, a pronounced
nm-scale coexistence with ferromagnetic (FM) metallic and charge-ordered insulat-
ing (COI) phases [152] and extremely large CMR (CMR =~ 105 — 107 %) were ob-
served. In the parent compound LaMnO3 (LMO), the Jahn-Teller (JT) effect solely
determines the structure and magnetism by means of a cooperative ordering of Jahn-
Teller distorted MnOg octahedra. In doped manganites, like (Lag ¢Pro.4)0.7Cag3sMnO3
(LPCMO), only short-range static JT distortions, dubbed as correlated polarons
[145] (CPs), exist and contribute to the phase separation. CPs are viewed as
charge/orbital ordered (COO) lattice superstructures of the CE type and with an-
tiferromagnetic (AFM) correlations at a length scale, dep &~ 1-2nm, revealed by
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neutron and x-ray scattering [144) [146]. Recently, we have shown that even a tiny
amount of CPs plays a key role in CMR as they are able to mediate an intrinsic AFM
coupling between the nm-size FM domains, yielding an increase of the resistivity at
the metal-insulator transition for antiparallel orientations of FM nano-domains at
the coercive field H, [66]. Furthermore, MICHELMANN et al. observed a softening of
the bulk modulus near T, which can be attributed to the strong electron-phonon
coupling in the (LaggPro4)0.7CagsMnO; (LPCMO) system and thus, the presence
of correlated polarons [I50]. The origin and architecture of correlated polarons as
short-range JT distortions makes it possible to probe them by Raman spectroscopy
and to monitor their behavior across the phase transition. For the orthorhombic
structure, e.g. LMO, the two high frequency modes at 490 cm™! and 611 cm™! are
of particular interest, since they are directly related to the coherent JT distortion in
the system [58]. These Raman features are forbidden in rhombohedral manganites,
possessing no static JT distortions. Upon doping with divalent alkaline earth ele-
ments, like Ca®*, an oxygen disorder is introduced into the MnOg octahedral network
of LMO and thus, instead of a coherent, the incoherent JT distortions are formed.
This leads to a broadening of the JT modes due to a disorder-induced phonon scat-
tering and can be qualitatively described by means of the phonon density of states
(PDOS) [65]. Temperature-dependent Raman spectra of (Lag7Cag3sMnO; [65], 258]
have shown a remarkable interplay between the broad JT stretching mode around
600 cm ™! and a sharp bending mode around 438 cm™!: the intensity of the former is
suppressed and of the latter is increased below T. According to the disorder-order
scenario of the phase transition, proposed by ILIEV et al. [65], the average lifetime,
Th, of a Mn®T state in the paramagnetic state (T' > T¢), i.e. the time between two
consecutive Mn*t — Mn** hopping events, is larger than the average lifetime of the
JT distortion, 7;7. Hence, a quasi-static JT distortion develops yielding the broad-
ening of the Raman mode. In the FM metallic state (7" < T¢), in turn, 7, < 77,
resulting in a suppression of the JT mode, since no more Mn** ions can exist. The
arising sharp bending mode corresponds to a I'-point phonon of a more ordered
structure so that, the insulator-metal and paramagnetic-to-ferromagnetic transition
is accompanied by a disorder-order transition in the MnOg octahedral network. To
the best of our knowledge, no magnetic-field-dependent Raman studies of the op-
timally doped CMR materials, e.g. LPCMO, were reported up to now. One can
expect that in such a material a similar effect will occur in an applied magnetic field
at T~ Tc. A previous magnetic-field-dependent Raman study was focused on the
melting of the long-range-ordered COO insulating phase in (La;_,Pr,);_,Ca,MnO;
(y = 0.6, z = 0.375) [60]. However, in contrast to LPCMO, the magnetic-field-
induced melting of the COO phase is accompanied by a structural phase transition
from a monoclinic (P2;/m) to the orthorhombic (Pnma) structure.

Here, we report a magnetic-field-dependent Raman study in thin films of a classic
CMR material (LaggPro.4)0.7Cag3MnOz and discuss it in terms of the disorder-order
phase transition driven by magnetic field. The magnetic-field-induced suppression
of the JT mode and an intensity gain of the bending mode was observed in the
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vicinity of T, demonstrating the key role of the correlated JT polarons in the CMR
effect.

4.3. Results & Discussion

Structural, electrical and magnetic characterization of the LPCMO film (see sup-
plementary information S1 in appendix has revealed a coupled metal-insulator
and ferromagnetic-paramagnetic phase transition at T = 197 K. In Figld.1] the un-
polarized Raman spectra, measured in applied magnetic fields, H = 0-50kOe, are
shown for (a) T < T (b) T'= T¢ and (¢) T' > T¢. The electronic background con-
tinuum was modeled by a collision-limited model [249] and the phonon peaks were
fitted by multiple Lorentzian line shapes. As an example the best fit curve and the
different components are shown in Fig. (see also the supplemental information
S2 in appendix . The agreement between the experimental Raman spectra and
the fitting curves were quite good at all analyzed temperatures and magnetic fields
(R% ~ 0.99). Furthermore, no signs of a Fano line shape were observed at any tem-
perature or applied magnetic field, indicating no interaction between the electronic
background continuum and the phonons [247]. The Raman spectra of LPCMO
consist of seven phonon modes characteristic for manganites with orthorhombic
structure e.g. Lag7Cag3MnOs [65] or undoped orthorhombic LaMnOj [58, 59]: ro-
tational modes at 245cm™ (A, wy) and 280cm™! (Ajg, we), a displacement of
the oxygen ion at 360cm™" (B, ws), bending modes at 424cm™" (Ayg, wy) and
443 cm™ ! (Bag, Whena) as well as the JT stretching modes at 492 cm™" (Ay,, wys) and
at 614 cm™! (Bayg, ws), respectively. The high frequency electronic (HFE) contribu-
tion at & 900 cm™"! was assigned to the photoionization of small polarons [249]. For
T > Tc the stretching mode (ws) shows a small shoulder and splits visibly into two
modes at 614 cm™! (intrinsic) and 630 cm™ (extrinsic) for temperatures T' < Tc and
magnetic fields, H > 20 kOe, respectively. This additional mode at ~ 630 cm™! (wx)
was also observed in a thickness-dependent Raman study on LaMnOj and is assigned
to the film/substrate interface [359], pointing out its extrinsic origin.

In the following, we will focus on the magnetic field behavior of the stretching
mode wg as well as of the bending mode wyenq, because of their interplay at the
temperature-driven phase transition [65] [66]. First, we will look at the Raman spec-
tra measured far away from the transition temperature T¢, shown in Fig[d.Th and
[d.Ik. In the insulating paramagnetic state, T > T, an applied magnetic field has
no influence on the phonon modes. A similar behavior is observable for temper-
atures T' < T, i.e. deep in the FM metallic state. Therefore, we conclude that
deep in the insulating and metallic state, the phonon and the electron [66] system
of LPCMO is stable against an external magnetic field. In contrast, in the vicin-
ity of Tt (Fig.), one can see a strong suppression of the JT modes and a less
pronounced intensity increase of the bending mode wyenq is observable. Note that
even at high magnetic fields, i.e. H = 50kOe, remnants of the JT modes are still
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Figure 4.1.: Magnetic-field-dependent Raman spectra of LPCMO measured at dif-
ferent temperatures: (a) 7' = 90K <« T¢ (b) T = Tec =195K (c)
T = 245K > T. The dashed lines indicate the Raman modes of inter-
est, the bending mode wpenq and the JT stretching mode wy as well as
the extrinsic JT mode wy;.
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visible supporting the model of electronic phase separation [65, 66, 152]. In addi-
tion, the above mentioned splitting of the ws mode can also be seen at T' = T and
magnetic fields H > 20kOe. It becomes even clearer due to the progressive suppres-
sion of the intrinsic JT mode and the less sensitive field behavior of the extrinsic one.

To illustrate the close relation of the wy and bending mode wyenq to the phase tran-
sition, one can summarize their field behavior as the relative change of the intensities
of the corresponding Raman modes in a magnetic field as a function of temperature,
ie. in a AI(T, 50kOe) = 100 % |(I(50kOe)-I(0kOe))/I1(50 kOe)| vs. AT = T-T¢
plot as shown in Fig. One can see that the AIL;(T, 50kOe) behavior of these
modes show a remarkable qualitative and, in the case of wg, even a quantitative
similarity to the CMR effect (see Figld.3p). Indeed, the CMR and AI;(T, 50kOe)
are maximal only in the vicinity of T;. Note that, the intrinsic JT mode shows much
higher field sensitivity than the bending mode. The relative change of wy is negative,
but since the AL;(T', 50kOe) is defined as the absolute value, the sign is not reflected
in the AI(T, 50kOe) value. Quantitatively, the observed AI (T, 50kOe) ~ 6-10° %
of the intrinsic JT mode is of the same order of magnitude as the CMR ~ 7-10° %,
whereas wpena (T, 50kOe) &~ 65 % is by about two orders of magnitude smaller
(see Figld.3n). Moreover, one can also see a difference of the linewidth of the
AI(T, 50kOe) and the CMR: the former shows an extremely sharp maximum close
to T¢ and the latter is significantly broader for 7' > T. Maybe, this is related to the
difference in the probed scale as the CMR was measured on the macroscopic mm-

Raman intensity / arb. units

200 400 600 800 1000 1200 1400 1600

Raman shift / cm™

Figure 4.2.: The Raman spectrum at 245 K of LPCMO and the best fit curve (red)
are shown. The phonon contribution (dotted green) and the electronic
contributions (dashed blue) are shown separately.
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Figure 4.3.: (a) The A;(T, 50kOe) ratios of the JT mode (ws, left scale) and the
bending mode (wWhend, right scale) differing about two orders of magni-
tude (A (T, 50 kOe) =~ 6000 %, Alyena(T', 50kO0e)(T, 50 kOe) =~ 65 %).
For both modes, AI develops below T = 225K coinciding with the
metamagnetic transition temperature. (b) A comparison between the
Al(left scale) and the CMR ratio (right scale) illustrates their common
polaronic nature.

scale, but A(T, 50kOe) was taken locally on the pm-scale. In addition, the probed
systems are different, i.e. electric in case of CMR and phononic in AI (T, 50kOe).
Nevertheless, the comparable AI (T, 50kOe) and CMR ratios demonstrate unam-
biguously the importance of the correlated JT polarons, giving evidence that their
reduction is the main mechanism underlying the CMR effect.
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Figure 4.4.:
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(a) Field dependencies of the magnetization measured in the vicinity
of T, measured for magnetic fields H = 0-50kOe. The inset shows
dM /dH curves for selected temperatures, T = 195K, 200K, 205K,
225 K. (b) The evaluated T-H phase diagram with T¢ and 7™ lines il-
lustrates the existence of an inhomogeneous magnetic state for 7% < T’
< Tc, where FM nanodomains are AFM coupled by correlated JT po-
larons. Their field-induced melting results in a metamagnetic transition,
accompanied by Al;(T, 50kOe) and CMR behavior.
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The origin of the magnetic-field-dependent Raman behavior and its relation to the
magnetic phase transition and the CMR can be illustrated by a T-H phase diagram,
obtained by measuring the magnetization loops M (H) at different temperatures
across the phase transition, shown in Fig. (see also supplementary information
S4 in appendix . The obtained T-H phase diagram, shown in F ig, reveals
two important temperature scales: 1) the T¢-(H)-line indicating a magnetic field
dependence with a saturating value of T¢(H = 50kOe) = 229K and 2) the T*(H)-
line separating a mixed state with a metamagnetic transition from a homogeneous
FM state, which is developed for T < T*(H). The narrow temperature distribution
of the AL(T, 50kOe), ATarrs50k0e) = £10 K, and the CMR, ATcyr = £30K,
around T shows their common origin and location between the T*- and T-lines in
the T-H diagram, i.e. within the inhomogeneous magnetic state. Such a complex
magnetic behavior close to the first order phase transition was introduced in earlier
theoretical CMR studies [1I, [164] and supported by magnetic [66, 152] and ultrasonic
[150] experiments on LPCMO. An applied magnetic field couples to the short-range-
ordered polaronic AFM phase and melts the polaronic phase by aligning the spins
parallel to the field, yielding the suppression of the JT modes in the Raman spectra.
These changes go along with a drastic increase of the magnetic moment, i.e. a meta-
magnetic transition, and a reduction of the resistance manifesting as the CMR. Note
that, both temperatures, T and 7™, merge into a common value in the T-H phase
diagram, which is related to the temperature of the charge ordering (CO) transition,
Too ~ 225-230 K, in manganites [I52]. Above T, the PM phase remains fully sym-
metric, since neither CO and nor AFM correlations are energetically more favorable.

As mentioned before, the doping of the parent compound LaMnOj3 with divalent
cations induces an oxygen disorder in the system and thus, in the MnOg network,
which results in a broadening of the JT modes [65]. Lowering the temperature be-
low T, suppresses the polaronic phase, i.e. the disorder in the system, resulting in
an increase of structural order within the MnOg network, reflected by the intensity
increase of the bending mode wyenq. A similar process occurs in an applied magnetic
field in the vicinity of T:. The suppression of the polaronic phase results in a strong
suppression of the JT mode (ws) and in a more moderate increase of the intensity
of Wpeng. This means that the field-induced decrease of disorder close to T does
not seem to be instantly converted into the same amount of structural order in the
MnOg system. Since the octahedral system remains at a relatively high tempera-
ture (T' = Tc ~ 197K), the disorder-order conversion is relatively ineffective. The
reason is, likely, the lifetime 75, of a Mn3* state and its strongly non-linear temper-
ature behavior close to T¢ [149]. At low temperatures, i.e. 7, < 77, the further
decrease of 75, in an applied magnetic field enables an instantaneous gain in order.
Close to the phase transition, 75, is comparable to 7,7 and only a small amount of
disorder can be transformed. Since 7, < 77, the JT distortion, however, can be
significantly reduced resulting in a strong magnetic-field-induced effect for wg, but a
much smaller for the bending mode wye,q. Temperature-dependent measurements at
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Figure 4.5.: Temperature-dependent Raman spectra of LPCMO (a) and the eval-
uated temperature dependency (b) of the intensity of the JT mode
ws(610cm™!, black) and of the bending mode wpenq (435 cm™!, red).

ambient magnetic field, H = 0kOe, show a similar behavior (see Figi4.5)). Below T¢,
the polaronic phase shrinks rapidly and remains at a constant level, represented by
the small intensity of the JT mode ws. The bending mode, in turn, gains significant
intensity only below T, continuously increasing down to 7K. One could expect a
further field-induced increase of the bending mode at T' = T, i.e. higher values of
Alpena(T, 50kOe) for H > 50kOe analogously to its temperature dependence.
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In summary, magnetic-field-dependent Raman spectroscopy on a thin LPCMO
film in a broad range of temperatures and magnetic fields was carried out. We
obtained direct evidence that the reduction of the amount of correlated JT polarons
is the main mechanism underlying the CMR effect emphasizing the importance of
strong electron-phonon coupling for CMR materials.

4.4. Methods

LPCMO film has been grown by a metalorganic aerosol deposition (MAD) technique
[98] on commercial MgO(100) substrate (Crystal GmbH). Acetylacetonates of La,
Pr, Ca and Mn were used as precursors. The films was deposited at a substrate
temperature Ty, = 950°C with a growth rate v = 10 nm/min and was cooled down
to room temperature in 30 min after deposition. X-ray diffraction in ©-20 Bragg-
Brentano geometry with Cu-k, radiation and small-angle x-ray reflectivity were per-
formed to characterize the structure and thickness of the films. Magnetic (SQUID
MPMS, Quantum design) and electrical four-probe characterizations (PPMS, Quan-
tum design) were carried out for temperatures T = 5-300 K and magnetic fields
H = 0-50kOe. Raman measurements were performed in a backscattering-geometry
with a continuous-wave Nd:YAG laser (A = 532nm) by means of a confocal Raman
microscope (LabRAM HR Evolution, Horiba JobinYvon), equipped with a thermo-
electrically cooled charge-coupled device of 1024x256 pixels. The laser beam was
focused onto the sample surface within a spot size, dgpor ~ 1.29 pm. To avoid sig-
nificant heating of the sample, the laser power was kept at P = 2.9 mW (see supple-
mentary information S2 in appendix . The Raman setup was optically coupled to
a continuous-flow He cryostat (Microstat MO, Ozford Instruments) to measure Ra-
man spectra for temperatures, T' = 90 — 245 K, and magnetic fields, H = 0 — 50 kOe.
A superconducting solenoid produces a magnetic field perpendicular to the sample
surface (see supplementary information S3 in appendix . No correction of the
spectrometer response was made.
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5.1. Motivation and Summary

Surface-enhanced Raman spectroscopy is rarely used for the surface studies of thin
oxide films. Mainly, this is caused by the challenge of a noninvasive deposition of
the metallic nanostructures required for SERS. In particular, deoxygenation effects
alter the surface structure, thus, potentially influencing the experimental results.
These effects are further enhanced by the deposition of a metallic layer on top of the
oxide. Therefore, a first step to facilitate SERS studies on correlated oxides would
be to develop a method to prevent, or at least to minimize, those effects.

In the following chapter a new approach for ultrathin film characterization by
means of surface-enhanced Raman spectroscopy was realized and applied to nanocrys-
talline TiOq films. The results presented in the following chapter are summarized
in Ref.[360]. The vacuum-free metalorganic aerosol deposition technique was used
to grow gold nanoparticles on top of the surface of thin TiOs films. An averaged
enhancement factor of 107 as well as the characterization of a 3nm thin film was
accomplished. Since the thin film acts as a substrate itself, this deposition tech-
nique can, therefore, be used for the characterization of a variety of solid thin film
materials by means of SERS. Furthermore, MAD-based nanoparticle growth can be
of special interest for oxide films due to the high partial pressure of oxygen and the
constant oxygen flow during the deposition.

5.2. Introduction

Functional oxides play an important role in contemporary and future electronic
devices, e.g. as high-x gate dielectrics [361] or as magnetoresistive devices and
spin-valve heterostructures in spintronics [362], 363]. Especially, ultrathin films or
oxide interfaces show novel functionalities, which are promising for new electronic
devices [364]. Commonly used techniques to characterize structural properties of
solid thin films are x-ray diffraction (XRD) and transmission electron microscopy
(TEM). However, both techniques are difficult to employ for ultrathin films of only a
few unit cells (d < 5nm), making the structural characterization of such films quite
challenging. The small scattering volume, disorder or an improper crystallization
yields a broadening of the diffraction peaks and may result in a vanishing signal [365].

In the last decades, Raman spectroscopy has been proven to be a versatile and
noninvasive tool to characterize microstructures, nanoscale materials (d > 6nm)
and even amorphous samples [49-51]. Unfortunately, the low scattering efficiency
of the Raman process still hampers the practical application for the characteriza-
tion of ultrathin films. Its poor sensitivity, however, can be overcome by using
Surface-Enhanced Raman Spectroscopy (SERS) [68]. This technique exploits the
locally enhanced electromagnetic field near the surface of metallic nanostructures
due to the excitation of localized surface plasmon resonances (LSPR). But, until
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now, only a few attempts were made to facilitate SERS for the characterization of
thin solid films [82, 83]. A critical issue is to ensure a noninvasive growth of the
required metallic nanostructures near or on the studied thin film system, making
its application for thin film characterization quite challenging. Furthermore, the
growth of thin films directly on the metallic nanostructure can be excluded, as the
required high roughness of the nanostructures prevents an epitaxial growth of the
film. Therefore, the ideal way to establish SERS for thin film characterization would
be the growth of the metallic nanostructure directly onto the surface of the studied
thin film. However, most of standard physical vapor deposition techniques, such
as pulsed-laser deposition, thermal evaporation or sputtering, require ultrahigh vac-
uum and elevated temperatures. These conditions often lead to an oxygen deficiency
in oxide films [87, 88| and, thus, altering the structural properties of the material.
Such an oxygen loss can be further enhanced by the deposition of a metal layer, like
Ag, Au, Pt or Cu, onto the surface [94, 97]. A promising chemical route to pre-
vent deoxygenation effects could be provided by the metalorganic aerosol deposition
(MAD) [98], which has proven to be a powerful technique to grow oxide films [99]
as well as complex oxide heterostructures [100, T0I]. The continuous oxygen supply
and the associated high oxygen partial pressure up to 1bar during the deposition
could be of great advantage, thus, making the MAD a promising technique to enable
SERS studies on thin oxide films.

In this letter, we demonstrate the possibility of growing Au nanoparticles by
the vacuum-free MAD technique and performed the structural characterization of
thin films of the well-known oxide system TiOy by means of SERS. We observed a
significant enhancement of the E, mode of TiO, by a factor of 107 in the Au/TiO,
structure and were able to accomplish the characterization of a 3-4nm thin TiO,
film.

5.3. Experimentel Techniques

Thin TiO, films and Au nanoparticles were prepared by MAD [98] by using com-
mercially available precursors titanium(IV) diisopropoxidebis and gold(III)acetate,
which were dissolved in dimethylformamide to a concentration of 0.02mol/l. Subse-
quently, TiO4 films of different thicknesses, namely d = 3, 7, 14, 60 nm, were grown
at 960°C on Si(100) substrates (Crystal GmbH). Finally, 1ml of the Au precur-
sor solution was sprayed onto the TiOs film surface at a deposition temperature,
Taw = 550-600°C, with a corresponding growth rate of 0.11 mls~!. Structural analy-
sis of the TiO, films was carried out by using BRUKER D8 diffractometer by x-ray
diffraction (XRD) using Cug, radiation. Transmission electron microscopy (TEM)
studies were performed by using a Thermofisher Titan 80-300 operated by 300kV.
Cross-sections were prepared by mechanical polishing followed by Ar* ion milling
using a Gatan Precision Ion Polishing System (PIPS 695). The surface morphology
of the grown Au-layer was examined by scanning electron microscopy (SEM, Leo
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Supra 35) and the LSPR wavelength was obtained by a four-lens optical reflectivity
setup under normal incidence. Raman spectra were acquired by a JobinYvon Horiba
LabRAM HR Evolution spectrometer equipped with a continuous-wave HeNe-laser
at 632.8 nm and a thermoelectrically cooled charge-coupled device of 1024 x256 pix-
els and a depth resolution, § < 2 um. The spot size of the incident laser beam was
~ 1 pm and the laser power was kept below 1 mW to avoid heating.

5.4. Results & Discussion

20 (degree)
20 30 0 50 60 80 90

) l.

S
3
I
7

Intensity (arb. units)

RIR(A)

Number of Particles

1
N
o

0.7F

500 550 600 650 700 750 40 60 80
Wavelength A (nm) Particle Size d (nm)

Figure 5.1.: TEM images (a) show the nanoscale crystalline growth of TiO; on
Si(100), which is supported by the missing TiOs reflections in the XRD
pattern (b). Naturally, a thin buffer layer of SiOs is formed due to the
ambient pressure during deposition. Optical reflectivity measurements
(c) show a LSPR wavelength, A = 613 nm, which lies near the used ex-
citation line (dotted red line). SEM pictures of an 1.5 x 1.1 um? area
show the formation of homogeneously distributed Au-NPs with a mean
particle size, da, ~ 16nm, and an average surface coverage of 58 ym=2

of the enhancing particle (d).

The structural characterization by XRD and TEM was carried out on a 60 nm
thick film to guarantee a large enough scattering volume for the characterization.
As we were interested in the characterization of (ultra) thin films, the further study
by Raman spectroscopy as well as the Au deposition was performed on films with
thicknesses, d = 3-15nm. The correspondent deposition volumes were deduced from
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the volume used for the 60 nm thick film. TEM images, shown in Fig[5.1j, reveal the
formation of nanoscale regions, but, no complete crystallization through the whole
60 nm thick oxide film. This is supported by the XRD pattern (see Figl5.1p), which
shows no indication of any of the common TiO, phases, namely anatase and rutile.
The sharp peak around 32.96° can be assigned to the basis-forbidden Si(200) reflec-
tion, which is often observed in XRD patterns of Si(100) substrates [366, B67] and
can be explained by so-called Umweganregungen [368]. Furthermore, a 5nm thick
buffer layer at the film/substrate interface is clearly visible, which is, most likely,
SiO,. Since the films were deposited at ambient atmosphere and elevated tempera-
tures, a naturally grown amorphous SiOs buffer layer at the Si(100) surface cannot
be prevented and, probably, causing a nanoscale crystalline growth of TiO,. Optical
measurements of the Au-covered film show a LSPR wavelength, A gpr = 613 nm,
which lies near the used excitation, Ay = 632.8nm (see Figl5.1k). SEM pictures,
shown in Fig[5.1d, reveal the formation of homogeneously distributed Au-NPs. The
particle size is, however, distributed over a rather broad range with a characteris-
tic tail to larger diameters, commonly seen for aerosol- or vapor-based nanoparticle
growth [369 B70]. A mean particle size, da, ~ 16nm, with a surface coverage of
58 uym~2 was obtained by means of the particle size distribution.

Figure shows the acquired Raman spectra of a 14 nm thick bare TiO, film as
well as of the same sample covered by Au-NPs at room temperature. Without the
Au-NPs, only a tiny Raman signal around 142 cm ™! was detected, which corresponds
well to the E4(1) phonon mode of the anatase phase of TiOy [371] (see the insert
in Fig.). The weak signal will probably be caused by the relatively low Raman
scattering efficiency of the 14nm film as well as the nanoscale crystalline growth.
Since Raman spectroscopy is sensitive to the crystallinity and microstructure of a
material, Raman lines become weak and broad when the lattice is imperfect [51].
Therefore, the nanocrystalline structure of our TiO, films suppresses the phonon
modes of TiO, resulting in the almost vanishing Raman signal. In contrast, the
intensity of the E,(1) mode is significantly enhanced by a factor of ~ 200 for the
film covered by Au-NPs. Furthermore, an additional mode at 635cm™! is observed,
which is also associated with the anatase phase (E4(2))[371]. However, no signs
of the rutile phase [371] with its strongest Raman-active mode at 612cm™! or the
amorphous combination band at 675cm™! seen in TiO,/Klarite films [82] can be
detected. To determine whether the intensity enhancement is homogeneously dis-
tributed over the sample and to exclude the occurrence of "enhancement voids”,
i.e. points without an intensity enhancement, we performed a Raman mapping of
a 48x48 ym? area with a step size of 6 um. As one can see in Fig[5.2p, the Raman
mapping does not show any enhancement voids, but an almost homogeneous en-
hancement by at least a factor of 250 over the whole mapping area. The variations
of the signal enhancement can be, most likely, attributed to an inhomogeneous clus-
tering of the enhancing particles, i.e. a higher amount of Au-NPs at a given point
and thus, a higher concentration of probed unit cells. Such clustering can result in
a signal enhancement by a factor of 2000 at certain points; one order of magnitude
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higher than the average enhancement of the SERS-active substrate.
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Figure 5.2.: (a) Comparison of the conventional Raman signal of the 14nm thick
TiO, film (black) and the SER signal obtained by the same TiO, film
covered by Au-NPs (red). The Raman Mapping (b) of a 48x48 pm?
area shows a homogeneous enhancement of the Raman signal.
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The intensity ratio, however, neglects the concentration of the probed analyte.
Therefore, one typically normalizes the intensity enhancement to the number of
probed analyte in the SER and the conventional Raman experiment, leading to the
most common definition of the SERS enhancement factor (EF') of a given SERS-
substrate [7§]

1 N
pp — LsErs VRS (5.1)

Irs Nsgrs

where Nrs and Nggrs represent the number of molecules/unit cells adsorbed on
the SERS-substrate within the laser spot area and the number of molecules/unit
cells probed by conventional Raman spectroscopy, respectively. Isgrs correspond
to the SER intensity and Irs to the conventional Raman scattering intensity of a
given vibrational mode. However, the magnitude of the F'F depends strongly on
the determination of IV; and the estimated E'F tends to be overestimated [78]. A
comprehensive and critical review of the different definitions of the F'F' was made
by LE Ru and co-workers [78]. They proposed a more rigorous definition of the EFF

in Eq.(5.1)), defining it as

_ Isgprs Heps Crs
Irs ps par Am

EF (5.2)

where pg is the surface density of the analyte on a single metal particle, py; the
surface density of the individual nanoparticles enhancing the Raman signal, i.e. the
obtained surface coverage, Ay the surface area of an individual metallic particle,
Heg the effective height of the scattering volume [78] and crg the concentration of
the analyte in the conventional Raman scattering experiment. For the estimation of
the FF', we used the intensity of the F, mode at 143 cm™! and followed the remarks
given in Ref.[78]. The concentration cgrg is represented by the number of unit cells
N(u.c.) in the scattering volume V' yielding

N(u.c.) _ V/V(u.c.) 1

1% 1% T ac (5:3)

Crs =

where a and ¢ are the lattice constants of TiO,. For the calculation of the EF', we
used the bulk lattice constants of anatase TiO, [372], a = 3.784 A and ¢ = 9.512A,
respectively, and calculated an effective scattering height, Heg = 9.03 pm, by apply-
ing the definition given in Ref.[78]. The surface density of the analyte on the metal
can be estimated by the number of unit cells within the area of the nanoparticle
and, thus, yields ps = (Axp a™2)/Axp = 1/a?. Therefore, by using Eq.(5.2), we get
an EF ~ 107, averaged over 81 spectra acquired at different positions on the TiO,
surface.

The estimated E'F' is higher than those obtained for SERS substrates produced by
metal vapor deposition [373] (EF = 10°) and commercially available Klarite SERS
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substrates [374] (EF = 10°). On the other hand, our MAD-based EF is comparable
to those obtained for SERS substrates produced by a combination of a highly or-
dered, etched substrate and electron beam evaporation [375] (EF = 107). The latter
one as well as the commercially available Klarite substrate, however, require a pre-
treatment of the substrate, e.g. etching or nanostructuring of the substrate to estab-
lish an ordered, monodisperse particle distribution, which produces the mentioned
EF. The MAD-based SERS substrate prepared by a self-aggregated, polydisperse
growth, however, achieves a comparable enhancement. Considering the resulting
relatively broad particle size distribution of our SERS-active substrates and, thus,
the inhomogeneous coverage of the enhancing particle, it is quite remarkable that a
comparable FF' can be obtained by using this simple MAD-based approach. Note
that, for the sake of the calculation, several assumptions were made, which affect
the estimated E'F'. The particle was considered as an ideal spherical shape; the ir-
regular, more elliptic shape, which can be seen in the SEM pictures, was neglected.
For the calculation of the surface area of the metallic particle, we treated the parti-
cles as hemispheroid protrusions and thus, overestimated the surface area Ay, since
the cross section of the particle was taken into account and not the local curvature
in contact with the substrate. Hence, the evaluated EF' of our MAD-based SERS
substrates will be underestimated by at least one order of magnitude. Furthermore,
the electromagnetic enhancement might not be the sole mechanism contributing to
the estimated EF. The enhancement of non-totally symmetric E, modes can indi-
cate a charge-transfer-induced resonance via Herzberg-Teller coupling [318], which
could be mediated by the plasmonic excitation in the Au-TiO; system [82]. How-
ever, it is generally accepted that the chemical SERS mechanism can only provide
a EF < 10* [76], which is several orders of magnitudes lower than the one obtained
for our MAD-based SERS substrates. Nonetheless, the calculated EF' should pro-
vide a reasonable estimation of the enhancement, which can be obtained with our
MAD-grown nanoparticles.

Finally, to obtain the detection limit of our SERS-active structures, we measured
the SER spectra of TiO, films with different thicknesses, d = 14nm, 7nm, ~ 3nm.
As one can see in Fig[5.3h, we could not detect any Raman signal of the 3nm thick
film and just a tiny Raman signal of the 7nm and 14nm films was observed. In
contrast, the SER spectra, seen in Fig[5.3p, have shown a clearly measurable Raman
signal for all thicknesses. Note that the SER intensity slightly differs from sample to
sample, which could be due to a small difference of the LSPR wavelength A spr as
well as due to the small scattering volume of the 3 nm film. Furthermore, a frequency
shift by 1-2cm™! can be observed for the 7nm and 14nm thick films, while the shift
in the ultrathin film can be neglected due to the overlapping statistical errors (see
Tab. These small difference may indicate slight structural changes due to the
annealing of the TiOs film during the Au-NP deposition. A distinct narrowing of the
linewidth in the conventional and SER spectra is detected, indicating an improved
crystalline quality with elevated thickness. The smaller FWHM in the SER spectra
might be explained by the different sensitivity of both Raman techniques. While the
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Figure 5.3.: Conventional Raman (a) and SER spectra (b) of thin TiO. films
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Table 5.1.: Linewidths and phonon frequencies in cm™! of the F,4(1) in the conven-
tional and SER spectra.

FWHM (conv. RS) FWHM (SERS)
3nm 50.12 £ 10.2 27.96 £ 0.52
7nm 30.59 £ 1.2 2042 £ 041
14nm 20.19 £ 04 19.08 £ 0.30

Raman shift (conv. RS) | Raman shift (SERS)

3nm 139.98 £ 2.86 140.31 £ 0.20
7nm 143.75 £ 0.40 141.80 £ 0.15
14 nm 142.28 £ 0.15 141.49 + 0.10

SER spectra will mainly probe the surface area, the conventional Raman spectra
will also probe the highly amorphous interface region, which will be dominate due
to the small thickness of the TiO, films. By increasing the films’s thickness or by
enhancing the signal of the surface area, these contributions are suppressed due
to the larger amount of probed nanoscale crystalline regions, resulting in a higher
linewidth of the Raman peak. This is supported by the comparable FWHM of the
14nm thick film in both kind of Raman spectra and the similar width of the FE,
mode in the SER spectra of the 7nm thick film. However, the estimated linewidth,
~ 19-20cm™!, is still three times larger than the one observed for single crystals
(7em~1)[376]. The linewidths and frequencies are summarized in Tab5.1]

Considering a (001) growth direction of the TiO, film with a lattice constant[372],
¢ =9.512 A, the observation of the Raman signal of a 3 nm thick film implies that we
are able to structurally characterize ultrathin films consisting of only 3u.c.. Note
that the preferred enhancement of the F, modes may also indicate the existence
of {101} facets at the surface, which results in a suppression of the A, and B,
modes [377]. Therefore, a favored enhancement of the non-totally symmetric modes
may not be caused by the chemical SERS mechanism. Considering the amorphous
nanocrystalline growth, an increased exposure of {101} facets at the surface might
further be possible, since it represents the thermodynamically most stable surface
1378].

In summary, we introduced a new approach to produce SERS-active substrates for
thin film characterization. A strong enhancement of the E, modes of the anatase
TiO, phase was observed and an average enhancement factor of ~ 107 could be
obtained. Moreover, the characterization of an 3u.c. thin film could be easily ac-
complished showing the enormous capabilities of MAD-based SERS substrates for
the characterization of ultrathin solid films. Since the film serves as the substrate
itself, this technique can be easily applied to a variety of thin film materials. Fur-
thermore, as the MAD technique provides a constant oxygen flow, this approach
should be particularly suitable for oxides struggling with oxygen deficiencies and/or
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deoxygenation effects during the Au deposition. We believe that further improve-
ment to a more ordered monodisperse particle size distribution, could push our
MAD-based SERS substrates to the detection of single unit cells, thus, making the
MAD a promising and, more important, a simple and reproducible technique for the
fabrication of highly active SERS substrates.
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6.1. Motivation and Summary

Microscopic and macroscopic interfaces are crucial for manganite physics. Domain
boundaries of the electronically phase separated system can be considered as mi-
croscopic interfaces between the charge-ordered polaron-rich and the ferromagnetic
metallic polaron-free regions. At the macroscopic interfaces, i.e. the surface and
the film/substrate interface, electrical and magnetic dead layers are formed, which
hinder the practical application of mixed-valence manganites in electronic devices
(see Ch. Many of the recent theoretical and experimental results propose
a charge redistribution at the surface/interface to accommodate the polar discon-
tinuity [39, 41, [44) 206, 236], 238]. Such a charge redistribution would result in
the enrichment of Jahn-Teller active Mn®*" ions at the surface/interface and, thus,
in the localization of polarons. Therefore, a surface-sensitive technique such as
surface-enhanced Raman spectroscopy should be able to determine whether such an
enrichment of Jahn-Teller polarons occurs indeed. For this purpose, the in Chlj| pre-
sented approach was applied to the mixed-valence manganites La;_,A,MnOj3 and
the results obtained were published in the article presented in this chapter. To the
best of the author’s knowledge, this publication constitutes the first SERS study on
mixed-valence manganites.

Within this publication, direct evidence of the theoretically predicted electron-rich
surface of doped perovskite manganites Lag7Ag3MnOs (A = Ca, Sr) is presented
by means of surface-enhanced Raman spectroscopy. The required Au nanoparticles
were grown on top of thin manganite films by the metalorganic aerosol deposition
technique (see Ch[f|and [360]), providing a stable oxygen atmosphere and prevents
deoxygenation effects. The acquired surface-enhanced Raman spectra of rhombohe-
dral Lag 7Srg.3MnOQOg thin films reveal the symmetry-forbidden Jahn-Teller stretching
modes demonstrating the predicted symmetry breaking at the surface and the fall-
back into the orthorhombic (Pnma) structure. These Jahn-Teller peaks arise from
an electron accumulation at the surface and, hence, from the formation of Mn®* and
JT polarons.

6.2. Introduction

Mixed-valence perovskite manganites, like La;_,A,MnO3 (A = Sr, Ca), possess
strong electron-spin-lattice correlations [II, 20], which result in many fundamentally
interesting and useful electronic properties. Some of them, like a high degree of spin
polarization [379] and a high catalytic activity [380], make manganites promising
materials for many future applications, like tunnelling magnetoresistance (TMR)
devices [381] or solid oxide fuel cells [382]. Therefore, a detailed knowledge of the
surface structure is of crucial importance, as the electronic surface structure deter-
mines the catalytic and fuel cell performance as well as the spin polarization at the
TMR interface.
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Numerous theoretical studies have aimed at the understanding of the differently
oriented LaMnOj3 surfaces [200}, 201], the (001) surface of CaMnOj [203] 205] and
the surface of the hole-doped La;_,A,MnO3 (A = Ca, Sr) [39, 140, 206, B383]. The
alterations at the surface compared to the bulk structure range from large surface
rumpling [40, 200-202, 206], over a spin-flip in the surface layer [201], B83] to a
charge transfer from the bulk to the surface [39, 40, 206]. The latter results in
the formation of a non-magnetic, most likely canted antiferromagnetic, insulating
Mn3*-rich layer at the surface. Coaxial impact-collision ion scattering spectroscopy
on Lag7Srg3MnO;3 revealed a MnOs-terminated (001) surface [209]. Photoemis-
sion studies of Lag7Cag3MnOs; (LCMO) and LagCag1MnOs showed further that
the surface termination depends also on the doping, changing from a MnO, to
a (La,Ca)O termination with decreasing = [208]. A non-magnetic and insulat-
ing layer at the manganite surface was observed by conducting atomic force mi-
croscopy [187, [188] in Lag;CagsMnO3 and by X-ray magnetic circular dichroism
(XMCD) [93] as well as by X-ray resonant magnetic scattering (XRMS) [103] 384]
on Lag 7Srg3MnO3 (LSMO) and the layered compound Lag_9,Sr; 42, MnyO7. Segre-
gation effects, which are well-known in manganite thin films [I83] 213], lower the
effective doping at the surface and can result in the reconstruction of the surface
layer, forming a Ruddleson-Popper-like phase [37] or in a change of the manganese
valence, as shown in La;_,Pb,MnOj [38]. In the latter case, the valence change was
attributed to the possible higher oxidation states of Pb, compared to Sr or Ca. These
extrinsic segregation effects are related to oxygen deficiencies and, thus, depend on
the growth conditions, i.e. temperature and oxygen partial pressure [87, 215]. They
provide a serious obstacle for the study of manganite surfaces, since they alter the
surface chemistry significantly and, sometimes, in an irreversible way. As a result,
despite an enormous experimental effort, the theoretical predictions have not been
proven and no mature picture of the surface nature has been created up to now.

Over the last twenty years, Raman spectroscopy was established as a powerful tool
to study correlated materials [57], including mixed-valence manganites [63, [65], (66].
Numerous Raman studies engaged in the correlation of the observed Raman modes
to the presence of Jahn-Teller (JT) distortions in the manganite system [58, 59
as well as in their relation to the metal-insulator and ferromagnetic-paramagnetic
phase transition [58, [66]. In the Raman spectra, these JT distortions, which are
inherent for the orthorhombic (Pnma) structure of the lightly-doped manganites
(x < 0.5), are represented by two high-frequency stretching modes at 490 cm™! and
611cm~! [58, 58, [66]. In rhombohedral Lag7Srg3MnOs, in turn, these modes are
forbidden [63] 350}, B85] and instead, the Raman spectra are dominated by a sharp
bending mode at 442 cm™!. Therefore, the appearance of the JT modes can be used
as a finger print of the lattice structure of the manganite film. Unique Raman tech-
niques to probe the surface structure of manganites or other correlated oxides could
be Tip-Enhanced- (TERS) and/or Surface-Enhanced Raman Spectroscopy (SERS),
which both exploit the excitation of surface plasmons in metallic nanostructures
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to enhance the Raman signal from nearby adsorbates [287]. The strongly localized
character of the surface plasmon, i.e. its electric field E(r)gp scales with 1/r?, lim-
its the probing area down to a few nanometers (dsp ~ 4 - 5nm) [73] [74], making
the study of the manganite surface by means of Raman spectroscopy in principle
possible. However, up to now only few studies were performed on oxides, mostly
focused on nanoparticles rather than thin films [83, [386] B87]. Moreover, to the
best of our knowledge, only one TERS study on a strongly correlated material, the
double perovskite LasCoMnOg [84], was published, but no surface-oriented studies
of the mixed-valence manganites, La;_,A,MnQOg, were reported up to now.

In this letter, we present a SERS study on thin Lagy 7Cag3MnO3 and Lag 7Srg 3MnO3
films. While the surface Raman spectra of LCMO are enhanced but congruent, the
surface of LSMO reveals the dominance of two Jahn-Teller-like Raman modes. This
gives evidence for the presence of the cooperative JT effect due to the symmetry-
breaking-induced electron enrichment at the LSMO surface.

6.3. Experimental Techniques

LSMO and LCMO films have been grown by a metalorganic aerosol deposition
(MAD) technique [98] on MgO(100) substrates (Crystal GmbH). Acetylacetonates of
La, Sr, Ca and Mn were used as precursors. The films were grown at a substrate tem-
perature Ty, = 950°C with a growth rate v = 10 nm/min and cooled down to room
temperature in 15min. The gold nanoparticles (Au-NPs) were subsequently de-
posited by MAD at Ty, = 550-570°C, using gold(I1I)acetate precursor (Alfa Aesar,
99.9 %) dissolved in dimethylformamide to a concentration ¢ = 0.02 M. The solution
with a volume, V' = 1 ml, was sprayed onto the manganite film with a deposition rate
v = 0.011ml/s. Finally, the prepared Au-NP/LS(C)MO/MgO(100) samples were
cooled down to room temperature in 10 min. X-ray diffraction in © — 20 Bragg-
Brentano geometry with Cuyg, radiation and small-angle X-ray reflectivity mea-
surements were performed to characterize the structure and thickness of the films.
Magnetic (SQUID MPMS, Quantum design) and electrical four-probe characteriza-
tions (PPMS, Quantum design) were carried out for temperatures T' = 5 — 400 K.
The morphology and size of the Au-NPs were characterized via scanning electron
microscopy (SEM, Leo Supra 35). A four-lens optical reflection setup under normal
incidence, combined with a UV-VIS spectrometer (Maya 2000Pro USB, Ocean Op-
tics), was used to determine the wavelength of the surface plasmon resonance Agpg.
The Raman spectra were acquired in a back-scattering geometry with a confocal
Raman microscope (LabRAM HR Evolution, Horiba JobinYwvon) equipped with a
thermoelectrically cooled charge-coupled device of 1024x256 pixels. A continuous-
wave HeNe-laser, A = 632.8 nm, with a spot size of d < 1 um was used and the laser
power at the surface was kept at Fy = 0.65 mW during the measurement.
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6.4. Results & Discussion
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Figure 6.1.: Electrical (a) and magnetic (b) characterization of the ultrathin LSMO
film (d = 12u.c.). Slight changes of the magnetic and electric transition
temperatures infer negligible deoxygenation effects (black: LSMO; red:
Au/LSMO). Reflectance measurements (c) provide a SPR wavelength
Aspr = 606 nm for LCMO (black) and Agpr = 592 nm for LSMO (red),
respectively. SEM pictures of an exemplary Au/manganite structure
show the formation of Au-NPs with a mean particle size, dyp =~ 15 —
16 nm, obtained from the particle size distribution (d).

Structural, electrical and magnetic characterization of thin LCMO and LSMO

films are shown in Fig.S1.1-S1.4 in the Supplementary Information (SI) SL.I (see
appendix of this thesis) demonstrating a high quality of our thin manganite films.
The estimated pseudo-cubic lattice constants, ar,cyo = 3.867 A and apspo = 3.882 A,
are very close to the corresponding bulk values [99] 222] indicating a strain-free state
of the manganite films on MgO(100). Electrical and magnetic measurements reveal a
coupled ferromagnetic-paramagnetic and metal-insulator transition, Ty,c = 267K,
for LCMO and a ferromagnetic-paramagnetic transition, T = 364 K, and metal-
metal transition, Tyny = 343 K, for LSMO. After the deposition of the Au-layer, the
structural, electrical and magnetic properties of our manganite films did not change.
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This is in line with DFT calculations [388] and XPS measurements [389] showing
no chemical interaction between an Au-layer and the manganite surface. However,
Brivio et al. observed a drastic decrease of the Curie temperature for ultrathin films
with a thickness less than 8 nm [96]. They attributed the observed decrease of Ti> by
~ 150K for a 4 nm thick LSMO film to deoxygenation effects during the deposition
of the Au-layer. Oxygen vacancies, strongly affecting the properties of the man-
ganites [86], are a well-known problem in common thin film deposition techniques
using ultra-high vacuum, e.g. pulsed laser deposition. However, the high partial
oxygen pressure, p(Osy) &~ 0.2 bar, within the MAD prevents or, at least, minimizes
the formation of oxygen vacancies during the deposition. This is supported by
annealing experiments done on MAD-grown Ruddleson-Popper SrO(SrTiO3),, het-
erostructures [I00]. To verify the stability of our films with respect to deoxygenation
effects caused by the Au deposition, we prepared an ultrathin LSMO film, d = 12 u.c.
(= 4.6 nm), on a TiOg-terminated STO(100) substrate. Since the thickness is much
smaller than 8 nm, one could expect a strong reduction of the Ty and Ty, because
of deoxygenation. As one can see in Figl6.1], only minimal changes of the transition
temperatures, ATy = 3K and ATy = 7K, occur, compared to the huge decrease in
previous works [95, [96]. Therefore, deoxygenation effects are negligible in our films.
SEM images of the manganite surface show a homogeneous formation of Au-NPs
without any indication of clustering. Nevertheless, the particle size is distributed
over a rather broad range with a mean particle size, dyp = 15-16 nm (see Fig.),
as it is common for a self-aggregated growth of nanoparticles [370]. The reflectance
of the studied Au-NP/manganite films shows a surface plasmon resonance (SPR)
around Aspr = 592-606 nm, indicated by the broad reflectance peak [390] seen in

Fig[6.1k (see appendix [B]of this thesis).

In Figl6.2h, the Raman spectra of thin LCMO films at room temperature are
shown. A detailed explanation of the processing of the raw Raman spectra is
given in SLIT (see appendix . The spectra are dominated by a rotational mode
at 228cm™! (Aj,) and by the two broad JT stretching modes: anti-stretching at
499 cm™! (as-JT, Ay,) and stretching at 609 cm™! (s-JT, Byy), respectively [58, 59,
65]. One can also see a small contribution of the bending mode at 438 cm™" (Bag).
The remaining modes at 343 cm ' (By,) and 438 cm ™" (Aj,) can be also assigned
to the orthorhombic structure [58]. However, since the bending mode and the JT
modes play an important role in the metal-insulator transition [65, 258] and the
rotational mode is sensitive to structural changes, e.g. octahedral tilting due to
doping [259], the focus in the following discussion will be on these four modes. A
direct comparison of the "bulk” Raman spectra and the Surface-Enhanced Raman
(SER) spectra of LCMO reveals only slight differences, i.e. an enhancement of the
spectra and a peak shift of the rotational mode as well as of the JT stretching modes.
Furthermore, an additional mode around 568 cm™! is observable (see Fig). A
simple approach to quantify the enhancement is to calculate the intensity contrast,
C' = Isgrs/Irs, with Isgrs as SER and Irg as normal Raman intensity. The ob-
tained intensity contrasts are summarized in TabJ6.I] Remarkably, both stretching
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modes have a different sign of peak shift Aw = wsgrs - wrs: a blue shift for the
as-JT mode and a red shift for the s-JT mode.

In contrast to LCMO, the most prominent features in the "bulk” Raman spectra
of LSMO (Figl6.2p) are the rotational mode at 178cm™' (A;y) and the bending
mode at 422cm™! (E,), whose positions are consistent with previous observations
[63, 262] and lattice dynamical calculations [385]. Additionally, weak contributions
of the “orthorhombic” modes at 331 ecm ! and 396cm™! and the JT modes at
470 cm ™! and 630 cm™! can be seen. Since these modes are forbidden in the rhom-
bohedral structure of LSMO [350], 385], we assign their appearance in the "bulk”
spectra to a small orthorhombic distortion at the film/substrate interface, which is
in agreement with previous results [391) 392] (see also appendix [B| of this thesis).
The huge strain induced by the large mismatch between the MgO(100) substrate
(ango = 4.209 A [99]) and LSMO (apu = 3.889 A [222]) is released by the formation
of misfit dislocations, located within the first &~ 2nm from the interface [99, 334].
After this defect- and strain-rich region, the film grows unstrained and almost defect
free [334] with a pseudo-cubic lattice-constant, ag, = 3.882 A, which is almost iden-
tical to the bulk-value. These misfit dislocations are responsible for the observed
orthorhombic distortions. Additionally, a broad hump centered around 515cm™! is
clearly seen in the "bulk” spectra of LSMO and corresponds to an collective plas-
malike excitation [393]. The SER spectra of LSMO, shown in Fig|6.2d, reveal an
additional mode at 551 cm~! and a strong enhancement of the JT modes at 477 cm™*
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Figure 6.2.: Comparison between the "bulk” Raman spectra of LCMO (a) and
LSMO (b) and their corresponding SER spectra (¢, d). For LCMO
(c), the Au-NP deposition results in an enhancement of the Raman
spectra and an additional mode around 568 cm™!. The SER spectra of
LSMO (d) show an moderate enhancement of the rotational and bend-
ing mode as well as the strong enhancement of the JT modes at 477 cm ™!
and 616 cm™?, indicating a Jahn-Teller distorted surface structure.
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Table 6.1.: Intensity contrasts obtained for the different modes of LCMO and LSMO.
‘ Rotational ‘ Bending ‘ as-JT ‘ s-JT

LCMO 3.75 1.5 3.15 | 4.34

LSMO 7.35 7 34.64 | 30.52

and 616 cm™!, compared to the relatively weak enhancement of the rotational and
bending mode (see Tab.. However, this strong intensity enhancement cannot be
attributed to an enhancement of the film/substrate interface, since the electric field
of the surface plasmon decays strongly within the film. Considering the thickness of
the film, dg,, = 89nm, and the distance dependence of the plasmonic enhancement
[73], T oc 1/r~19) the intensity enhancement at the interface would be of the order
of 1078 compared to that of the surface. Hence, the observed enhancement of the
JT modes in the SER spectra of LSMO is certainly a surface phenomenon. This
is further supported by the observed peak shift of the JT modes. The absence of
bonding partners at the surface causes a deviation of the Mn-O bond length dyp,.0
[206], which will be reflected in the vibrational frequency. However, the red shift of
the s-JT mode in LCMO indicates a smaller dyi,.o, but the blue shift of the as-JT
mode a larger dy,.o [255]. Similar considerations apply to LSMO, but here, the
JT modes are related to the film/substrate interface and not the ”"bulk” structure.
The different sign of the peak shift suggests an asymmetric change of dyp,.0 favour-
ing the asymmetric stretching of the in-plane oxygen in LCMO, but the symmetric
stretching in LSMO.

The appearance of the JT-like modes at the LSMO surface could be caused by
different processes: A charge transfer from the bulk to the surface [39] would lead to
the formation of an insulating Mn3*-rich layer at the surface in doped manganites
with a hole concentration x = 0.3. As a consequence, the crystal structure changes
from the rhombohedral (R3c) in the bulk to the orthorhombic (Pnma) structure at
the surface [206]. Since the JT modes are allowed in this structure, the enrichment
of the JT-active Mn3" ion and the lowering of the symmetry should lead to the
appearance of the JT modes within the insulating surface layer. Such a symmetry-
lowering cannot occur in an orthorhombic system, since it already resides in the low-
symmetric stable structure, predicted by the tolerance factor for perovskite oxides
[394]. This is supported by theoretical calculations on orthorhombic LaMnOg [201]
and CaMnOj [203], 205] and in good agreement with the observed enhancement
in our SER spectra of LCMO. Chemical effects like segregation of the dopant [37],
183), 213, 215] are well-known for doped manganites. However, since segregation is
favoured by a low oxygen partial pressure [215], these effects should be suppressed
due to the high p(O) provided by the MAD. An enrichment of Sr/Ca at the surface
would further result in a higher effective doping at the surface, leading, thus, to
a reduction of the JT modes [267] and not an enhancement. Another possible
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explanation for the appearance of the JT-like modes at the LSMO surface is the
Au-NP deposition itself. X-ray absorption spectroscopy on LSMO (d = 40 nm) with
an Au-capping layer (d = 2 nm) revealed the presence of Mn?' at the interface
between film and capping layer [395]. Additionally, the deposition of Au-NPs onto
the surface creates an interface between the gold and the manganite surface, which
could cause the observed symmetry-breaking. However, the formation of Mn?* as
well as the artificially created symmetry-breaking would impact the Mn3t/Mn**+
ratio and thus, result in a decrease of the transition temperature. As mentioned
before, even an ultrathin film does not show any significant changes of its properties
after the Au-NP deposition. Therefore, the formation of Mn?* or an artificially
induced symmetry-breaking caused by the Au-NP deposition is unlikely. Hence, the
JT-like modes have to be an intrinsic electronic surface phenomenon or they are
related to the Au-NPs themselves.
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Figure 6.3.: The bulk (a) and SER spectra (b) of CaMnOj reveal no Jahn-Teller-
related Raman modes, supporting the authenticity of our LSMO spectra
and the appearance of the Jahn-Teller stretching mode.

To verify the authenticity of the appearing JT-like modes at the LSMO surface
and to exclude effects caused by the Au-NPs themselves, we have grown orthorhom-
bic CaMnOj thin films on the lattice-matched LaAlO3 (100) substrates (see Fig.1.5
in SI.I (see appendix for plasmonic characterization). CaMnOg3 shows a 60 times
smaller JT distortion than the orthorhombic LaMnO3; and does not feature any
Jahn-Teller related Raman modes (Fig{6.3p) [396]. Slab calculations of the CaMnOj3
surface predict only a possible change of the magnetic order [203], 205], but no elec-
tronic or structural reconstruction, which could cause a stronger JT distortion. As
one can see in Figl6.3b, there are no additional JT-like modes present in the SER
spectra of CaMnQOs3. This verifies the authenticity of the observed JT-like modes
in the SER spectra of LSMO and excludes their appearance caused by the Au-NPs
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themselves [} However, as in LCMO and LSMO, an additional mode at 545 cm™
is clearly visible in the SER spectra of CaMnOj3 and, likely, will be of similar origin
as the additional surface mode in LCMO and LSMO.

Hence, we can conclude that the strong enhancement of the JT-like modes has to
be an intrinsic surface phenomenon of the LSMO surface and that, they can, indeed,
be assigned to the JT stretching vibrations, which are inherent to the orthorhombic
(Pnma) structure of the lightly-doped manganites. Note that, we assume a MnO,-
terminated surface of our manganite films as observed in previous works [209] [208].
But, since the surface termination of the studied films is unknown, one has to keep
in mind, that a different termination of the manganite surface could lead to an
alternative surface reconstruction and thus, to the suppression of the JT modes.
Nonetheless, we can experimentally confirm herewith the theoretically predicted
symmetry lowering at the manganite surface and the formation of an electron-rich
JT distorted surface layer in the ferromagnetic metallic LSMO as well as the elec-
tron enrichment at the surface of the orthorhombic LCMO.

To model the surface structure of LSMO and LCMO, we compared the intensity
contrast of the different modes (see Tab. By keeping in mind the strong distance
dependence of the plasmonic enhancement [73], the significantly higher contrast of
the JT modes in comparison to the bending mode can be directly linked to a stronger
surface contribution of them. Hence, the bending mode can be considered as a "bulk”
mode and can be taken to estimate the thickness of the Jahn-Teller distorted surface
layer. The treatment as a "bulk” mode is further supported by its negligible peak
shift, which would be expected from an undisturbed structure. Using the simplified
sphere model and the |E|* approximation, the SER intensity scales with [73]

Isprs ~ [(1+7/a)] " (6.1)

with Isgrs the SER intensity of the Raman mode, a the radius of curvature of the
field enhancing feature of the metallic surface and r the distance from the metallic
surface to the adsorbate. Assuming the radius of curvature is given by the mean
particle size, dyp ~ 16nm, Eq.1 yields the distance dependence shown in Figl6.4]
Since we consider the bending mode as a bulk mode, the ratio n = Cpena/Cyr rep-
resents the weakening of the plasmonic enhancement within the whole distorted
surface layer. To estimate the thickness of the surface layer, one compares the de-
termined ratio with the distance dependence in Figl6.4] For LSMO, the determined
ratio, &~ 7/31, yields a thickness of the surface layer, dyr ~ 7u.c. & 2.8nm. Sim-
ilar considerations for the modes of LCMO yield a significantly smaller thickness
dyr = 4-5u.c. = 1.7-2.0nm. Both values correspond well to the thicknesses of the

1 One can observe a change in the intensity ratios of the modes, which can be discussed in a
picture of a distorted surface structure. Every mode is caused by a specific rotation of the MnOg
octahedron, so that a different intensity ratio gives information about the preferred octahedral
tilting at the surface. However, this discussion would be beyond the scope of this paper and will
be discussed elsewhere.
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insulating antiferromagnetic surface layer obtained from XMCD [03] and XRMS
[103]. The insert in Fig summarizes the proposed model of the manganite sur-
face. Note that the intensity contrast of the rotational mode in LSMO is only slightly
higher than the contrast of the bending mode, indicating a rather bulk-related than
surface-related nature. In LCMO, however, the intensity contrast is similar to those
of the JT modes and thus, will be associated to the surface structure. As mentioned
before, this mode is sensitive to the tilting of the MnOg octahedron, so that its blue
shift suggests a change of the octahedral tilting near the surface. However, both
manganite systems show a comparable peak shift and therefore, a similar octahe-
dral tilting. Considering that a structural transition occurs at the LSMO surface,
this is quite remarkable and, in combination with the slightly higher contrast of the
rotational mode, hints the presence of an intermediate layer, which accommodates
the structural transition at the surface.

Finally, we want to discuss the assignment of the additional mode around 550-
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Figure 6.4.: The modelled (a) LSMO and (b) LCMO surface structure, determined
from the distance dependence of the electromagnetic enhancement due
to the plasmonic excitation in the Au-NPs.

570 cm~!. Compared to theoretical calculations [58,[396], the closest mode would be
the out-of-phase stretching mode at 536 cm™! in CaMnOs and 575 cm ™! in LaMnOs
of By, symmetry, respectively. Although, our back-scattering geometry only allows
the detection of the A, and By, modes, one can imagine that the symmetry-breaking
at the surface and the rearrangement of the MnOg octahedron could result in a
structural distortion at the surface allowing the observation of Bz modes. Further
studies, especially from the theoretical point of view, could give insight into the
origin of the additional mode and our proposed assignment.

6.5. Conclusion

We have studied the surface structure of the mixed-valence perovskite manganites
by means of SERS. The SER spectra reveal an electron-rich surface structure, which
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is manifested by the dominance of the JT stretching modes. The strong enhance-
ment of the JT modes in LSMO was attributed to a structural transition to the
orthorhombic (Pnma) structure at the surface, which results in a unique surface
structure. This is the direct experimental confirmation of the theoretically pre-
dicted surface of the doped manganite with x = 0.3. The authenticity of our SERS
results obtained for the rhombohedral LSMO is supported by the SER spectra of
orthorhombic LCMO and CMO.
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Chapter

Conclusion

7.1. General Discussion

In the following chapter, the results presented previously shall be generally discussed
and embedded into the current state of manganite physics. Its emphasis will lie in the
polaronic contributions to the different phenomena occurring in mixed-valence man-
ganites. The general contribution of polarons to the emerging symmetry-breaking
at interfaces will be pointed out, whether it is of structural nature, such as at
macroscopic interfaces, or of electronic nature, such as at the microscopic interface
between the electronically separated phases. Chapter [5| describes methodical ad-
vances needed for the facilitation of SERS on correlated oxides and, therefore, takes
on a special role within this these. For this reason, the results presented in that
chapter will be left out of the following discussion.

As a starting point, the nature of the MI transition and CMR will be further an-
alyzed. Chapter [3] and [4] engage in the temperature- and magnetic-field-dependent
behavior of the Jahn-Teller polarons and their correlations to the MI transition and
CMR. As mentioned in Ch2.4] ILIEV et al. pointed out [65] that, the doping of
manganites with alkaline earth metals induces a mixed-valence state, disturbing
the cooperative JT effect. The Mn** ions induced to the manganite system can be
therefore considered as a lattice defect, which causes a broadening of the Jahn-Teller
modes. In this case, the JT stretching modes do not represent I'-point phonons any-
more, but rather have their origin in the phonon density of states of the oxygen ions
and express the degree of disorder in the oxygen sublattice. Hence, any changes
in the intensity of the JT modes constitute a change in the oxygen disorder and,
consequently, in the octahedral MnOg network. Considering the strong electron-
phonon coupling in the LPCMO system and the resulting substantial disorder (see
Ch7 the MI transition as well as the CMR may be described as disorder-order
transitions of the octahedral network. Therefore, the Raman intensity behavior pre-
sented in Chf3 and [4] [66 268] can be interpreted in the following way: first of all,
the strong Raman intensity increase of the JT modes in the vicinity of T indicates
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a rapid increase of the JT distortion in the manganite system. This is supported by
the enhanced signal intensity in the 3w measurements. The nonlinear 3w signal is
a general measure for the amount of correlated polarons [149], thus, the increasing
signal indicates a raised amount of correlated polarons. However, the hole doping
remains formally the same (i.e. for (Lag5Pro.45)0.7Cag.3MnOj3 this would be y = 0.45
and r = 0.3, in Lag;Cag3MnOj3 it would be z = 0.3 and so on). This is why, the
higher amount of polarons cannot be explained by a higher portion of Jahn-Teller
active Mn3* ions. Such an intensity increase can rather be explained by an elevated
disorder in the system, which is mediated by an increased amount of localized charge
carriers due to the formation of correlated polarons. At higher temperatures, small
polarons move freely through the lattice by thermally-activated hopping [131], 136}
141]. When approaching the MI transition, more and more of the small polarons
are bound into pairs by the short-ranged correlations, forming strongly localized
bipolarons [146]. The pairs of small polarons are now bound to a specific lattice
site, and may not move freely through the lattice anymore. Therefore, they can be
considered as additional lattice defects, increasing the disorder in the system. Since
the polarons are related to the MnOg octahedral network, the increasing amount
of correlated polarons can be viewed as a disturbance of the octahedral network
and, hence, of the oxygen sublattice in the perovskite unit cell. This is ultimately
reflected in the increased Raman intensity of the JT modes.

The strong localization of charge carriers raises the electrical resistivity result-
ing in a highly insulating state at T¢ (p > 107! Qcm), which represents a highly
disordered state. Consequently, by suppressing the polaronic phase via an applied
magnetic field [268] or lower temperatures [65], [66], the amount of correlated po-
larons is decreased and the bipolaronic structure falls apart. This results in a lower
oxygen disorder, which is directly reflected in a lower Raman intensity of the JT
modes [66], 268] and a smaller 3w signal [66]. Since the short-range polaronic cor-
relations within the manganite system decline, the charge carriers are less strongly
bound, leading to their delocalization and the enhanced conductivity [66, 268]. The
observed collapse of correlated polarons and the resulting enhancement of the elec-
trical resistivity can be attributed to a higher energy gain caused by the onset of
ferromagnetic order, which overcomes the energy gained by forming bipolarons due
to the strong electron-phonon coupling. In this context, however, it should be kept
in mind that the charge carriers do not lose their polaronic character [133-135] and
the transport may be carried out by large polarons. In a simple picture, large po-
larons can be considered as delocalized small polarons [132] [134) [135], thus, forming
a polaronic metal.

The elevated structural order is further demonstrated by the rising intensity of
the sharp I-point phonon around 440 cm™! [65], representing a bending mode of the
oxygen octahedron (see Ch.. While its intensity is nearly constant for temper-
atures of T' > T, a monotonic intensity increase can be observed below T, which
is in line with previous Raman studies of mixed-valence manganites [65]. Because

96



of the dominance of the bending mode within the ferromagnetic metallic regime, it
can be viewed as a fingerprint of the same. As seen in Fig3.7, the intensity be-
havior of the bending mode and the JT modes can be summarized in a Ig20/ 440
vs. (T — T¢/Tc) plot, revealing a pronounced interplay between both modes. It
further illustrates the competition between the polaronic disordered and the or-
dered polaron-free ferromagnetic metallic structure and its importance for the MI
transition, since the JT mode is significantly enhanced at T¢. In general, such an
interplay of two Raman-active vibrational modes can indicate a structural phase
transition in terms of a change of the lattice symmetry. This conjecture is sup-
ported by temperature-dependent Raman spectra of rhombohedral Lag 7Srg3MnO3
(LSMO) [393]. Generally, LSMO can be considered as a well-ordered manganite
structure due to the missing JT distortions [I80]. Its Raman spectra are dominated
by the rotational and the bending mode (see Ch. describing similar vibrations
to the ones observed in orthorhombic manganites [58, 59, [350]. Decreasing the tem-
perature results in a monotonic growth of the intensity of these modes [393], which
is similar to the observed behavior in Lag7;Cag3MnO; (LCMO) or LPCMO below
Tc. Hence, it was assumed that the ordered low-temperature phase is represented
by the rhombohedral (R3c) structure. However, such a structural phase transition
in LPCMO would be reflected in a symmetry change of the bending mode (from a
E, symmetry in the rhombohedral [258] to By, symmetry in the orthorhombic struc-
ture [59]). Following the selection rules given in Ch[2.2] the Raman line could not
be assigned to the E, symmetry [61] and remains of By, symmetry. This excludes
a structural phase transition below T and, therefore, the presented results support
the assumption of an order-disorder transition.

As shown in the temperature- and magnetic-field-dependent Raman measure-
ments in Figl3.7 in Ch3] and Figlf.3]in Ch[4] respectively, the strongly disordered
state manifests itself only in a narrow temperature range. Additionally, the phase
diagram in Figld.4] reveals that the CMR and MI transition develop within the
same temperature region [268], indicating that they are driven by the described
disorder-order transition. This disordered state is further characterized by an an-
tiferromagnetic coupling between the ferromagnetic nano-domains [66]. Such cou-
pling is mediated by correlated polarons and becomes apparent by the increase of
the coercive field by approaching T¢ (see Ch.. Beyond this temperature regime
(T¢ > T > T"), the amount of correlated polarons is roughly constant, which is
insinuated by the constant Raman intensity of the JT modes [66} 268], the non-zero
3w signal [66] and neutron scattering experiments [I145]. Considering the substantial
disorder in the CMR region, T > T > T" [268], one can refer to the present phase
as a polaronic glass [1, 144, 160]. This is supported by the nature of correlated
polarons as short-ranged correlations. Conceptually, these correlations are compa-
rable to the short-range correlations/order in an amorphous glass and, thus, the
suppression of the polaronic phase is often referred to the melting of the polaronic
phase [397]. A short-range order induces a broadening of the Raman modes due to
the imperfect crystalline lattice. Furthermore, the first-order Raman scattering in
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amorphous materials is described in terms of the density-of-states [49]. Both are
directly reflected in the measured Raman spectra of LPCMO and, therefore, give
further evidence of the glassy nature of the CMR phase.

As mentioned in Ch[2.1.2] the electron-phonon coupling can be tuned by chemical
doping [I80] and induces the discussed disorder in the manganite system due to the
binding of the electron to the lattice. Moreover, the quenched disorder is believed to
cause the electronic phase separation [152, 155], 157, [159]. Since the sharp bending
mode can be considered as a sign for the metallic phase in LPCMO [65], 66, 268, 393],
the low intensity of the bending mode in the paramagnetic-insulating phase as
well as the remnants of the JT modes in the low-temperature ferromagnetic-metal
phase [65], [66] 268] support the picture of electronic phase separation in LPCMO.
The substantial disorder induced by the strong electron-phonon coupling, indeed,
opens a gap between the two ordered states, i.e. the ferromagnetic-metallic and
the charge/orbitally ordered antiferromagnetic phase, causing the glassy phase sep-
arated intermediate phase [I159], where CMR and metal-insulator transition develop
[157, 159, 268]. In this state, both ordered phases compete strongly with each other
[159]. Such competition is believed to be fundamental for the high values of the CMR
in strongly electron-phonon coupled systems [159]. The importance of the competi-
tion and, in particular, of the charge/orbitally ordered phase, i.e. the formation of
correlated polarons, can be seen also by comparing the strength of the magnetoresis-
tance in LPCMO and LCMO. The relatively high transition temperature of LCMO,
Tt, Lemo = 260 K, is well-above the typical charge-ordering temperature Too = 220K
in highly doped La;_,Ca,MnOj3 (z > 0.5) [398] or Pry;Cag3MnO;3 [399]. At this
temperature, the formation of small CO islands starts and, therefore, the formation
of correlated polarons. Although the JT distorted LCMO system exhibits a MI tran-
sition and electronic phase separation, the intermediate electron-phonon coupling is
not sufficient enough to pull the transition temperature below T¢o. The missing
charge-ordering effects result in a low amount of correlated polarons, which is too
low to mediate AFM coupling. This results in a relatively small magnetoresistance
of MR =~ 100 %, which is even lower in the well-ordered LSMO [22] [131], 149]. The
importance of charge-ordering for CMR is further demonstrated by signs of insta-
bility in the LPCMO system with respect to an applied magnetic field below T,
causing metamagnetic transitions [66]. Below T¢o, the antiferromagnetic coupling
between the ferromagnetic domains, mediated by correlated polarons, can be cracked
by applying a critical magnetic field of more than H = 20kOe, which enhances the
magnetization and electrical conductivity. The Raman spectra shown in ChJ3| and
Chfd]support the assumption of arising instabilities in strongly electron-phonon cou-
pled manganite systems, since first temperature- and magnetic-field-induced effects
can be observed below Tco (see Figlt.3] and Figld.5). Furthermore, the competi-
tion between the charge-ordered polaronic phase (represented by the JT modes)
and the ordered polaron-free phase (represented by the bending mode) is directly
reflected in the enhancement of the JT mode at T (see Fig.. Therefore, the
presented results support the common believe that the glassy phase separated state
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and the competition of both of the phases cause the high CMR values in strongly
electron-phonon coupled systems [I80], such as LPCMO [164]. Furthermore, the
quantitative resemblance of the obtained magnetic-field-induced intensity decrease
of the JT modes of AI = 6000 % (see Chf4]and [268]), and the obtained CMR value
of 7000 % in LPCMO, show the significance of correlated polarons for the CMR.

Since the discussed disorder-order transition is commonly observed in mangan-
ites [64, [331], it presumably represents a fundamental contribution to manganite
physics. In this regard, an interesting question may be, where exactly the correlated
polaron is located within the phase separated material. As discussed in Chf2.1.3]
theoretical calculations predict an enrichment of Mn3* ions, i.e. a possible polaron
accumulation, at the surface [39] and at interfaces [352]. In general, an electronically
phase separated material, e.g. LPCMO, can be considered as a material with many
internal boundaries/interfaces, which are induced by the symmetry-breaking due to
the dissimilar electronic properties of the two ordered phases. Therefore, a possible
location spot of correlated polarons may be the domain walls of the ferromagnetic
metallic domains. Such conjecture is supported by the small charge correlation
length of the antiferromagnetic CO phase of only a few unit cells, \/gaper (with
aper as the lattice constant of the perovskite structure) [I59], which is nearly iden-
tical to the polaronic correlation length of § &~ 1-2nm from scattering experiments
[T44, [1406], 336), 400]. Along with the estimated size of the ferromagnetic metallic
domains of 6-8 nm and the average distance between the correlated polarons of 9 nm
(see ChJ3 and Ref.[66]), these observations highly suggest a preferred nucleation of
correlated polarons at the electronic interfaces within the manganite system, i.e. at
the boundaries of the metallic domains. Indeed, a theoretical basis for this con-
jecture is given by BREY, who analyzed the manganite interface in terms of an
electrostatic barrier caused by the abrupt change of charge carrier concentration
[352]. The electron depletion at the interface leads to the formation of a CE-type
phase, which stabilizes within a thin interfacial layer of 3u.c. thickness. Such an
interfacial layer of CE-type would match the structure of correlated polarons and
further indicates their preferred nucleation at the microscopic interface.

This preferred formation at an interface could be further verified by the SERS
study presented in Chlo] The strong enhancement of the JT stretching vibrations
compared to the bending mode indicates the formation of Mn3* ions and, thus, elec-
tron accumulation at the LCMO and LSMO surface. Additionally, the symmetry-
breaking and the resulting electron enrichment at the surface presumably leads to a
symmetry-lowering from a rhombohedral to an orthorhombic structure at the LSMO
surface, which can be deduced from the irreducible representation of both structures.
While the rhombohedral structure only allows five Raman-active modes [258, 350],
the orthorhombic one gives rise to 24 Raman-active vibrations [58], including the JT
stretching vibrations. Since these modes have their origin in a present JT distortion
[58, 59, 262] and, thus, should be forbidden in the LSMO structure [258, 350], their
strong enhancement has to arise from a structural phase transition at the surface.
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Furthermore, the removal of the topmost oxygen ions at the surface [39] 206] induces
disorder in the oxygen sublattice and the MnOg network, respectively. The oxygen
disorder is reflected in the Raman frequency shift of the JT modes [401], since the
missing oxygen ions change the Mn-O-Mn bond angles as well as the Mn-O bond
lengths at the surface, compared to their bulk values [206]. Therefore, these ex-
periments indicate huge similarities between the microscopic interfaces (i.e. domain
boundaries) within the phase separated manganite system and the macroscopic in-
terfaces located at the surface and film/substrate interface. Both are characterized
by a preferred polaron nucleation and a high disorder of the oxygen sublattice.
However, the polaron structure at the surface will likely be different to the pola-
ronic structure in the vicinity of T¢. As aforementioned, the formation of correlated
polarons starts below the typical charge-ordering temperature Too = 220 K. Since
the SERS experiments are performed at ambient temperatures and pressures, the
CO clusters have not yet been formed and the polarons may be arranged in a semi-
cooperative structure, similar to low-doped La; _,(Ca, Sr),MnOj3 (z < 0.4) [351), 402]
and undoped LMO [58], [59]. Furthermore, the native water layer at the surface may
effect the observed JT distorted surface as well, since its influence cannot be accu-
rately determined.

Overall, the experimental results presented in this thesis indicate a preferred nu-
cleation of polarons at electronic and structural interfaces. This is further supported
by XMCD and photoemission experiments [41H43], indicating similar electron ac-
cumulation processes at the film/substrate interface. Comparing the electronic ac-
cumulation at both macroscopic interfaces, i.e. the surface and the film/substrate
interface, it becomes apparent that the thickness of the electronically distorted lay-
ers are nearly identical, d ~ 7u.c. in LSMO [41], 43| 401] and d ~ 4u.c. in LCMO
[401], 403]. Note that, the barrier at the LSMO surface is twice as large as in LCMO,
which is probably caused by an additional compensation of the occurring structural
phase transition, which is negligible in the orthorhombic LCMO. Remarkably, the
characteristic length scales of the distorted macroscopic interface layers, the corre-
lation lengths of correlated polarons [144), [146), 336} [400] and the charge localization
length in the antiferromagnetic insulating phase [159] are of similar magnitude and
fit quite well with the theoretical predicted accumulation length of 3u.c.. Therefore,
it can be assumed that the compensation of the symmetry-break, whether it is of
structural or electronic nature, comes from the nucleation of (correlated) polarons at
the corresponding interface. However, this charge accumulation and charge-ordering
provides an additional electrostatic barrier at the interface. While it may minimize
the polar discontinuity occurring at the macroscopic interface, it gives rise for electri-
cal and magnetic dead layers [28]. The strongly localized charge carriers suppress the
double-exchange mechanism and establish an antiferromagnetic order, which results
in the magnetic dead layer. Presumably, the antiferromagnetic order at the man-
ganite surface will be similar to a C-type antiferromagnet [211] 226]. The missing
oxygen ions along the [001] direction will lead to a lowering of the 3z2-r? orbital due
to the lower Coulomb repulsion [39]. This is similar to the case of an applied com-
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pressive strain, which causes a similar orbital polarization due to the compression
of the ab-plane and the elongation of the c-axis [211], [226]. Theoretical calculations
by CALDERON proposed a canted-antiferromagnetic order at the surface, which can
be broken by an extremely high magnetic field, B > 60T [39]. Therefore, the
electrostatic barrier provided by the accumulating polarons and the resulting anti-
ferromagnetic order at the surface may reasonable explain the vanishing low-field
magnetoresistance in tunnel magnetoresistive devices at room temperature |32} 404].

Polaron formation and the corresponding disorder-order transition further sup-
port experiments performed by conductive atomic force microscopy [187) 240, 405],
which induced a low resistive metallic state by applying an electric field. The metal-
lic surface state obtained was remanent and, furthermore, a reversible switching
between the low resistive metallic and high resistive insulating state was shown.
While the mechanism behind such electric field induced resistive switching is of-
ten assumed to be oxygen diffusion, KRISPONEIT et al. [I87] have shown that the
switching likely results from a structural phase transition. This is indicated by the
occurrence of reversible switching between the two resistive states at low tempera-
tures, at which the oxygen diffusion will be too low to mediate the switching [I87].
Instead, they attributed the switching process to a structural phase transition from
an initial polaronic insulating CE-type phase to a polaron-free metallic phase, which
corresponds to the discussed disorder-order transition observed in the temperature-
and magnetic-field-dependent Raman spectra. Furthermore, the polaron accumula-
tion at the surface demonstrated in Chl6] supports the suggested polaron-mediated
coupling of the c-AFM tip to the electric field and the proposed nature of the high
resistive state [I87]. Additionally, the estimated barrier height of 1.3nm [I87) 240]
agrees well with the thicknesses of the nonmagnetic/insulating layers obtained in
XMCD experiment [41], 43], 103], 395] and in the presented SERS measurements (see

Ch[f).

Along the discussed surface/interface phenomena, the charge accumulation /charge
transfer seem to be responsible for emerging interface phases in manganite super-
lattices. Recently, a high-T¢ phase in LaMnOj3/SrMnOj; superlattices has been
discovered [I01], which results from a charge transfer from the electron-rich LMO to
the electron-poor SrMnOj3 (SMO). Similar to the polaron nucleation at the surface,
this interfacial charge transfer is driven by the compensation of the polar disconti-
nuity (see Ch [T01]. By monitoring the superlattice growth in-situ by means
of optical ellipsometry, an electron-rich region at the LMO/SMO interface with a
thickness of approximately 2 u.c. was observed. The charge injection into the SMO
layer presumably results in an interfacial ferromagnetic insulating phase [I01]. The
charge transfer length of the superlattice fits well to the previously discussed pola-
ronic correlations lengths, thus, indicating a characteristic length, which is needed to
compensate the polar catastrophe at manganite interfaces. The possible occurrence
of an interfacial ferromagnetic insulating phase may provide an interesting start-
ing point for further SERS studies on manganites. Low-doped La;_,Sr,MnOj3 with
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0.1 < 2 < 0.175 shows a similar ground state [406-H408] and corresponding Raman
spectra are dominated by polaronic excitations [351]. The high sensitivity of SERS
may provide further insight into the nature of the interfacial layer and may verify
the existence of the suggested ferromagnetic insulating phase.

7.2. Summary and Outlook

In summary, this thesis pointed out the significance of interfaces for the under-
standing of the fundamental processes in manganites, such as CMR and metal-
insulator transition, as the polarons accumulate at the inner domain boundaries.
Furthermore, the observed polaron accumulation at the macroscopic interface, i.e
the surface, offers an additional electrostatic barrier and, therefore, contributes to
the formation of dead layers.

The first two publications of this cumulative thesis engaged in the temperature-
and magnetic-field-dependent Raman intensity behavior of the strongly electron-
phonon coupled LPCMO. An increasing amount of correlated polarons in the vicinity
of T was proposed as the underlying mechanism behind the MI transition, which is
supported by the increased intensity of JT modes at the transition temperature and
the enhanced 3w signal in nonlinear electrical resistivity experiments. Furthermore,
the abnormal behavior of the coercive field suggests an AFM coupling between
the nanometer-sized ferromagnetic domains (Rpy ~ 6-8nm). The short correla-
tion length (§ ~ 1-2nm) and the average distance between the correlated polarons
(Acp = 9nm) indicate that the antiferromagnetic coupling is mediated by correlated
polarons. Similar length scales of Rpy; and Acp revealed further a preferred location
at the ferromagnetic domain boundaries. Apparently, only a tiny amount of the po-
larons has to be correlated (ncp = 0.5 %) to mediate the AFM coupling between the
ferromagnetic domains. An increased amount of correlated polarons promotes disor-
der of the oxygen sublattice in the manganite system. Its suppression in the metallic
regime allows for the description of CMR and MI transition within the framework
of a disorder-order transition. Such a transition is reflected in a pronounced inter-
play of the JT modes and a sharp I'-point phonon mode emerging at 440 cm™"! in
the temperature- and magnetic-field-dependent Raman scattering experiments pre-
sented in Ch[3land[dl The observed interplay underscores the relevance of the lattice
for the competition of the charge-ordered polaron-rich and the ferromagnetic metallic
phase. It could also be shown that the CMR and the magnetic-field-induced Raman
intensity decrease develop only within a narrow temperature range of T > T > T,
emphasizing their common origin. The outer limit of this narrow range is repre-
sented by the charge-ordering temperature To, where first CO clusters are formed,
i.e. correlated polarons. Below T, a critical magnetic field of H = 20kOe breaks
the AFM coupling between the ferromagnetic domains resulting in metamagnetic
transitions and the onset of magnetic-field-induced intensity effects in the Raman
spectra. Because of the high amount of correlated polarons, the narrow range where
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CMR and MI transition develops can be interpreted as a highly disordered, glassy
state, similar to the short-range order in amorphous materials. This results in a
broadening of the JT modes and their description by the phonon density-of-states.
As a consequence, the observed Raman intensity behavior was discussed within the
picture of a disorder-order transition. Furthermore, the significance of correlated
polarons was underlined by the quantitative resemblance of the CMR, (~ 7000 %)
and the magnetic-field-induced suppression (== 6000 %) of the JT stretching modes.

In addition, polaron formation at the manganite surface was revealed by means
of surface-enhanced Raman spectroscopy. The presented SERS study constitutes
the highlight of this cumulative thesis, since it represents the first of its kind. For
this, the MAD technique was improved to grow metallic nanostructures to perform
surface-enhanced Raman studies on correlated oxides. To determine the capabil-
ities of the MAD-based SERS substrates, the well-known oxide TiO, was chosen
as a first model system (see Ch. Within this thesis, successful growth of gold
nanoparticles by the MAD was demonstrated, which allowed for the characteriza-
tion of a 3nm thin TiO, film. Furthermore, a homogeneous enhancement with an
averaged EF =~ 107 was realized. This novel approach permitted the noninvasive
deposition of gold nanoparticles on the manganite surface. The continuous oxygen
flow within the MAD chamber minimizes deoxygenation effects at the manganite
surface and thereby, preventing an artificially created surface structure, which was
validated by transport measurements on ultrathin films. The SERS study revealed
a Mn3T-enriched and, thus, Jahn-Teller reconstructed surface layer. Such polaronic
layer at the surface provides an additional electrostatic barrier and can be considered
as a reasonable origin of the electrical and magnetic dead layer at a given interface.
Taking into account the rapid decrease of the plasmonic enhancement, a thickness
between 4 and 7u.c. of the polaron enriched surface layer was estimated. This is
in line with XMCD measurements of the LSMO/SrTiOj3 interface [41], 43}, 103}, 395],
c-AFM measurements [I87] and theoretical calculations by CALDERON [39]. The
similar thicknesses of the insulating nonmagnetic layer further hints at a charac-
teristic charge transfer length for the accommodation of the polar catastrophe at
manganite interfaces. The importance, and possible generality, of such correlation
length for manganite structures (and likely correlated materials in general) is fur-
ther shown by the recent observation of a high-T phase and the observed charge
injection length of about 2u.c..

Therefore, this thesis did not only provide further insight into the mechanisms
behind CMR and MI transition, it also provided evidence for polaron formation
at the manganite surface. In this connection, a preferred polaron accumulation
at the interface was revealed, emphasizing the significance of phase boundaries for
fundamental and applied manganite physics. Certainly, this thesis could not address
all details of the polaronic behavior within the disorder-order transition and at the
manganite surface. Therefore, a prospect of further studies will be given in the
following chapter. Note that results presented therein are preliminary and, thus, the
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interpretation is still under debate and may not represent the final argumentation.

Temperature-dependent SERS Studies

An interesting point would be to study the temperature-dependent behavior of
the surface. Transport measurements on ultrathin LSMO films revealed a broad
low-temperature magnetoresistance at 7' = 100-200 K, which was attributed to the
magnetic transition of the dead layer [28]. Such a transition should also be accom-
panied by a suppression of the polaronic surface and a corresponding reduction of
the thickness of the distorted layer [103] 104]. Likely, this would become apparent
by similar features as seen in the bulk spectra. In the final stages of this thesis,
first attempts were made to perform temperature-dependent SERS measurements
on a thin LSMO/LaAlO3(100) film. Two sets of temperature-dependent SER spec-
tra were collected at two different positions on the film surface and are depicted
in Fig[7.1l However, both data sets show a completely different temperature de-
pendence. While the spectra in panel (a) clearly exhibit a similar increase and
decrease of the JT modes, the intensity of the JT modes in the spectra in panel
(b) solely increase with decreasing temperature. Therefore, the former one reveals
a behavior similar to the one observed in bulk material (see Ch[3| and [4)), whereas
the latter one exhibits phonon properties analogously to LMO [64]. Such behav-
ior may indicate an inhomogeneous surface structure consisting of regions, where a
disorder-order transition similar to LPCMO occurs, dubbed as CE-type structure
in the following, and in which a cooperative Jahn-Teller effect is formed similar to
LMO. Furthermore, several new features in the mid-frequency region (250-400 cm™1)
emerge at low temperatures. These modes coincide with Raman-active vibrations of
the orthorhombic manganite structure [58, K9], supporting the suggested structural
phase transition at the surface (see ChJf). However, a closer look into the second set
of temperature-dependent SER spectra indicates a relatively odd intensity behavior.

While cooling down from room temperature to 280 K induces a huge intensity
increase, a further decrease of the temperature down to 210 K does not change the
intensity level of the Raman modes further. This is unexpected for a cooperative-
like LMO structure, since a further increase of the intensity of the JT modes should
occur when reducing the temperature. Moreover, the continuing reduction of the
temperature down to 120 K causes a huge intensity gain, but, also additional features
arise, which could not be observed in this manner in the first set of temperature-
dependent SER spectra. The spectral structure of the rotational modes around
200 cm ™! exhibits severe differences and an additional broad feature at higher fre-
quencies is revealed (800-1000cm™!). The broad high-frequency feature coincides
with an electronic mode caused by the small polaron ionization [249], observed
in mixed-valence manganites [249, 401]. However, such a spectral feature should
also occur in the CE-type structure, since it is also present in the temperature-
and magnetic-field-dependent Raman study shown in Chf3]and [dl A more detailed
temperature-dependent study of the polaronic behavior at the surface may clarify
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Figure 7.1.: Temperature-dependent SERS experiments of a LSMO/LAO(100) film
(d = 60nm). Both studies, although performed on the same sample,
exhibit a highly different intensity behavior. While the first one (a)
exhibits a LPCMO-like disorder-order transition, indicated by the in-
tensity of the JT modes, the second shows a monotonic increase, similar
to the temperature-dependent Raman spectra of LMO. All SER spec-
tra are normalized to the strongest Raman mode of the LAO substrate
(w=122cm™1).

this unusual temperature-dependent behavior at the surface and may give deeper
insights into the behavior of the dead layer, thus, constituting interesting prospects
for future studies.

Surface Engineering

Furthermore, first attempts to artificially engineer the surface are performed within
the master thesis of Jonas Wawra, which was supervised by the author during the
time this thesis was written. Within this master thesis, thin LCMO and LSMO
films are capped with different oxide layers, such as LaAlO3 (LAO), SrTiO3 (STO),
LMO and SMO, in order to study their influence on the JT distorted surface layer.
Currently, the artificial tailoring of the dead layer exhibits a highly active research
field, which was facilitated by recent advances in thin film deposition techniques,
allowing the deposition of films only a monolayer thick. The idea behind such an
endeavor is on the one hand to inject charge carriers at the interface, e.g. by in-
serting a LMO buffer layer at the film/substrate interface [409], and on the other
hand to artificially tailor the octahedral rotations at the film/substrate interface
[234, 410} 411]. Both processes should reduce the electrostatic barrier known as
dead layer, which is crucial for possible applications of manganite films in electronic
devices. SERS studies on such heterostructures could contribute to the discussion
by shedding light on the impact of such capping/buffer layers onto the surface, as
Raman scattering is able to monitor the polaronic behavior [65, (66, 268, [401] at the
artificially created interface. Furthermore, it is sensitive to structural changes, e.g.
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octahedral tilting, due to the low-frequency rotational modes [58],[59, [259]. However,
since the plasmonic enhancement scales with 1/r3, the capping layer has to be only
a few monolayers thick. In this thesis, a thickness of 1nm (& 2u.c.) was chosen,
because it should ensure the growth of a closed film on top the surface, but also
guarantees a sufficient enhancement to study the capping-layer-induced effects, as
shown by preliminary performed distance-dependence studies (see Fig.
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Figure 7.2.: Distance-dependent study of the plasmonic enhancement, performed on
Al O3/LCMO stacks. For a layer thickness of 1 nm (= 2u.c.), the signal
is decreased to 60 %, providing a sufficient enhancement for the study
of interface effects due to the deposited capping layer. One further
obtains a particle size of the enhancing particle, here a,, ~ 16 nm by
means of fitting Eq from Ch (blue line). This corresponds well
to the estimated particle size by means of the particle size distribution

in Ch@.

First, the deposition of LAO and STO capping layers was performed. The choice
of LAO and STO as capping layers was motivated by a recent XAS study [395]. This
study revealed an enhanced amount of Mn?" at the surface by depositing a STO
capping layer onto the surface, but, almost no changes of the mixed-valence state
for the LAO capping layer. In addition, these oxides may constitute prototypical
examples for insulating barriers in tunnel magnetoresistive devices [29] 32, 404].
Both oxides can further be used to monitor possible contributions to the SER spectra
due to the capping layer. This would be significantly important for the interpretation
of SER spectra of films with a LMO capping layer. The JT stretching vibrations
of LMO would overlap with the induced JT modes of the free surface and, thus,
changes induced by the LMO layer could not be unambiguously identified. In the
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following, preliminary results of the SER spectra of the films with LAO and STO
capping layers will be presented. The SER spectra of the different surfaces are shown
in Fig[7.3] Note that an in-depth analyse of this data was not present at the point
this thesis was written.

STO/LSMO]
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LAO/LCMO

Intensity (arb. units)
Intensity (arb. units)

200 300 400 500 600 700 800 200 300 400 500 600 700 800

Raman shift (cm™) Raman shift (cm™)

Figure 7.3.: SER spectra of the free manganite surface (black) of LCMO and LSMO
compared to the SER spectra of the capped manganite surfaces (red:
LAO; blue: STO).

At the first glance, the capping layers on LCMO induce a shift of the JT modes
and a small suppression of the symmetric stretching vibration. The STO capping
layer on LSMO, in turn, suppresses the JT mode and the spectrum resembles the
bulk spectrum of LSMO. The LAO capping layer however induces rather structural
changes, which are indicated by the shift of the JT modes. Overall, it seems that the
capping layer reduces the intensity of the JT stretching vibrations and, thus, likely
the JT distorted surface layer. The additional surface mode around 555 cm ™! further
is pronounced, when growing a STO capping layer onto the manganite surface. In a
subsequent step, the effect of charge and hole injection by means of LMO and SMO
will be studied within the master thesis of Jonas Wawra. However, as aforemen-
tioned, the master thesis is still ongoing and no preliminary results concerning the
LMO and SMO capping layers were obtained during the time this cumulative thesis
was written. Furthermore, this study will provide a preliminary step to the facilita-
tion of SERS on superlattices of correlated oxides, such as LMO/SMO superlattices,
which could give further insight into the interfacial charge transfer mentioned.

In conclusion, the presented research contributes to the understanding of man-
ganites, emphasizing the significance of (internal) microscopic and macroscopic in-
terfaces in fundamental as well as applied manganite physics. It further opens the
field of correlated oxides to an unique technique to study the interesting phenomena
occurring at their surfaces and interfaces.
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Appendix A

Supplementary Information for Chapter 4

Herewith, all additional information regarding the characterization of the LPCMO
film, the evaluation of the Raman spectra, deduction of the T-H phase diagram and
the experimental setup are provided. This appendix represents the supplemental
material to the publication presented in Ch[4]

S1. Structural, electrical and magnetic characterization

X-ray diffraction (XRD) and X-ray reflectometry (XRR) structural characteriza-
tion of our LPCMO film demonstrates an out-of-plane epitaxial grown film on the
MgO(100) substrate with a pseudo-cubic lattice constant, a = 3.871 A, and a thick-
ness, d = 66 nm. Electric and magnetic measurements display coupled insulator-
metal and paramagnetic-ferromagnetic transitions with a transition temperature
Twn ~ Te =~ 197K (see Fig[Ad)). In FiglA 1] we present the R(T) curves for differ-
ent applied magnetic fields, H = 0kOe, 10kOe, 30 kOe and 50 kOe.

S2. Details of the evaluation of the Raman spectra of LPCMO

First, the Raman spectra were corrected by the Bose-Einstein thermal factor (1 +
n(w)) = [1—exp(—hw/kgT)]~!. The electronic background continuum was modeled
by a collision-limited model R, = BGw/(G*+w?) with B, G and w as intensity,
linewidth and frequency, respectively. The phonon peaks were modeled by the best
fit of multiple Lorentzian line shapes. Exemplary fits for different temperatures
and applied magnetic fields are shown in Fig/A.4 and [A.5] Additional information
concerning possible heating effects and the splitting of the JT mode are shown in

Fig[A.3 and [A.6]

S3. Field alighment in the optical setup

Figure shows a sketch of the optical experiment. The laser beam was fo-
cused onto the sample by using a 50xLWD objective with a working distance,
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dwp = 10.6mm. The sample was mounted on a Cu sample holder (thermal con-
tact with silver paste at the corners of the sample), which is placed in the center
of a superconducting solenoid magnetic coil inside a commercial cryostat (Micro-
stat MO, Ozford Instruments) in vacuum (10%-10" mbar). The field homogeneity is
below 2% over a 5mm diameter sphere with stability is 0.01 %/h [270]. The field
can be considered as homogenous inside the probed sample area, since the Raman
spectrometer only probes a small area of the sample (< 2 um).

S4. Deduction of the T-H phase diagram from the M(H) curves

To create the T-H phase diagram, we measured the M (H) curves and reconstructed
the M(T') curves by picking the magnetization value from the M (H) curve at differ-
ent magnetic fields at a specific temperature. The obtained M(T) curves are shown
in Fig[A.8h. The To(H) value of the T-H phase diagram is defined by the linear
approximation of the M(T) curve to M = 0emu/cm?®. The T*(H) is obtained from
the field of a maximum of dM /dH 7-r¢). The M(H) curves and the corresponding
dM /dH 75710 curves are shown in Fig/A.8b-c as well as in Figt.4h in the main

manuscript.
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Appendix B

Supplementary Information for Chapter 6

Herewith, all additional information regarding the characterization of the LCMO
and LMSO films, the evaluation of the Raman spectra and a sketch of the ex-
perimental setup for the reflectance measurements are provided. This appendix
represents the supplemental material to the publication presented in Chlo]

SL.I. Thin Film Characterization of La;;Ca;3MnQs;, Laj;Sr;sMnO; and
CaMnO;

This section provides further information about the properties of our thin manganite
films before and after the deposition of Au nanoparticles (Au-NP). As mentioned in
the main part of the paper, we observe no alteration of the manganite film after the
Au-NP deposition. Especially, the electrical and magnetic properties are the same,
i.e. R(T), M(T) and M(H) curves are almost identical.

In Fig[B.IB.4] the structural, electrical and magnetic properties of the LCMO
and LSMO films are presented. X-Ray Diffraction (XRD) reveals an out-of-plane
epitaxy on MgO(100) with pseudo-cubic lattice constants, apcyo = 3.867 A and
arsmo = 3.882 A, which are very close to the corresponding bulk values [99], 222]
indicating a strain-free state of the manganite films on MgO(100). The transition
temperature was determined as the temperature of the maximum/minimum of the
temperature coefficient of resistivity and magnetization, TCR(T) = 1/R dR(T)/dT
and TCM(T) = 1/MdM(T)/dT (T), shown in the insert of and B.3] One
can see that the transition temperature does not change after the Au-NP deposi-
tion. Moreover, Fig/B.4] shows that deposition of Au-NPs also do not change the
low temperature hysteresis curves M(H). The obtained saturation magnetization,
Msat(LCMO) = 3.61 up/Mn and Mg, (LSMO) = 3.66 ug/Mn, is close to the theo-
retical bulk value, My, = 3.7 ug/Mn, for a manganite with the doping level, z = 0.3.
Additionally, the identical coercive field, H. = 188 Oe in LCMO and H. = 67 Oe in
LSMO, before and after Au- deposition supports an intact bulk behavior.
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In Fig[B.5 the plasmonic characterization of the CaMnOj3 film is shown. Re-
flectance measurements show a broad surface plasmon with its maximal resonance
wavelength, Aspg = 693nm. Although, the excitation wavelength (A = 632.8 nm)
is much lower than the peak wavelength, the broad nature of the surface plasmon
still gives rise to a plasmonic enhancement effect. Figure shows a comparison
of the XRD pattern of an exemplary manganite film and the XRD pattern of the
MgO substrate.

SL.1l. Details of the evaluation of the Raman spectra

The raw SERS spectra are superimposed by an electronic continuum originating
from different physical processes: electronic excitations in the manganite film it-
self [65], the background contribution due to the plasmonic enhancement [412] and
the strong luminescence of the MgO substrate under excitation by laser light with
A = 633nm. Since the electronic continuum of the manganite itself is rather weak,
the main contributions to the background continuum originate from the plasmonic
enhancement and the luminescence of the MgO substrate.

First, we normalized the Raman spectra to the strongest MgO background peak
and subtracted the Raman spectrum of a blank MgO substrate from it. Afterwards,
we fitted the background continuum with a polynomial function of the 5% grade
(red line) [413] as depicted in Fig[B.7] Finally, we obtained the intensities from the
best fit to multiple Lorentzian line shapes (see Fig. in the main part). Thickness-
dependent Raman spectra of LSMO are shown in Fig[B.§

SLIII. Experimental setup of the reflectance measurement

The reflectance was measured under normal incidence using a halogen lamp as light
source. The corresponding setup is shown in Fig[B.9 Lens L1 collimates the out-
coming light, which is further focused onto the sample with a 50xLWD microscope
objective (NA = 0.25). Subsequently, the reflected light is coupled into the spec-
trometer via a beam splitter (BS) and two additional lenses. Since we measured
the reflectance under normal incidence and the light propagates through a material
with refractive index r; toward an interface consisting of gold nanoparticles against a
medium with refractive index 75 and the circumstance that ro(manganite) > 7 (air),
the surface plasmon resonance is represented by a maximum in the reflectance mea-
surements [390].

158



g
-
-
o
3
CA
(002)

Intensity (arb. units)
Intensity (arb. units)

—_ —_
,g ‘g 10°
g =]

3 0k . 4

Ko Ke]
= S
T o S &
'é\ 26/ (degree) S ‘?

7]

g 2
3 2
£ £

20 25 30 35 40 45 50 55 20 25 30 35 40 45 50 55
20 (degree) 20 (degree)
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and arsmo = 3.882 A (right), are very close to the corresponding
bulk values, indicating a strain-free state of the manganite films on
MgO(100). After the Au-NP deposition (red), the lattice constant
shows no relaxation effects.
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Figure B.2.: Electrical (left) and magnetic (right) characterization of the LCMO
film demonstrates a metal-insulator coupled to a ferromagnetic-
paramagnetic transition at Tyg ~ T ~ 267 K. The insert shows the
TCR and TCM curves, before (black) and after (red) the deposition of
Au-NPs.
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Figure B.3.: Electrical (left) and magnetic (right) characterization of the LSMO film
show a metal-metal transition at Tyn ~ 343 K and a ferromagnetic-
paramagnetic transition at T¢ ~ 364 K. As in the case of LCMO, the
TCR and the TCM curves, before (black) and after (red) the Au-NP
deposition, are almost identical and show negligible changes.
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Figure B.4.: Low-temperature M(H) hysteresis curves (7" = 5 K) show a saturation

magnetization Mg, ~ 3.61 ug/Mn and a coercive field H. = 188 Oe
for the LCMO film (a) and Mg, =~ 3.66 ug/Mn and H. = 67 Oe for
the LSMO film (b). The Au-NP deposition (red) does affect neither
the saturation magnetization nor coercive field of our manganite films
indicating an intact bulk behavior.
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Figure B.5.:

Figure B.6.:
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The reflectance measurement of the Au-NP/CaMnO;/LaAlO; (100)
film show a SPR frequency, Aspr = 693nm. The dashed blue line
indicates the excitation wavelength, A = 632.8 nm.

=
o

e
(@)
=

n
-

A MMWW

Intensity (arb. units)

ek ol e umlnﬁ |||||1||||‘
20 22 24 26 28 30 32 34 36 38

20 (degree)

XRD pattern of a blank MgO(100) substrate (black) and a manganite
film (red).
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Figure B.7.: Exemplary subtraction of the substrate contribution from the normal-
ized Raman spectra (a) and the subsequent fitting of the remaining
background continuum (b). The feature in the region 1000-1200 cm™*
occurs due to an imperfect substrate subtraction, but lies beyond the
relevant spectral region (100-900 cm™1).
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Figure B.8.: Thickness-dependent Raman spectra of Lag7Srg3MnOs. The inten-

sity of the JT modes decreases within increasing thickness indicating a
strong interface contribution to the intensity of those peaks.
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Figure B.9.: Schematic of the optical reflectance setup.
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Appendix

Epitaxial single crystalline growth of

Lag.75rg.3MnO3 on AloO3(0001)

Within the scope of this thesis, additional advances in the thin film deposition of
Lag 7S1rg3MnO3 on a-Al,O3 were accomplished. However, since the observed prop-
erties of these films leave many open questions requiring further characterization,
do not fit naturally in the discussion of polaron formation and do not represent
methodical advances, contributing to the discussion, the obtained unpublished re-
sults are presented in this appendix chapter. While the characterization by means
of atomic force microscopy (AFM), x-ray diffraction (XRD), x-ray reflectometry
(XRR), electrical and magnetic measurements were performed by the author of this
thesis, ¢-scan measurements were made in collaboration with Sebastian Esser of the
University of Augsburg.

Sapphire substrates (a-AlsO3) possess a hexagonal structure and are of great
importance for the integration into electronic devices due to their excellent dielec-
tric, mechanical and optical properties [361]. Moreover, recent developments in
silicon-on-sapphire (SOS) technology [414] allow the fabrication of high quality de-
vice structures with parameters comparable and, sometimes, even superior to current
SI-MOSFET technology [415]. The epitaxial growth of functional oxides, such as
manganites, can be viewed as an useful advancement for SOS technology allowing a
promising integration into microelectronics. However, grown films on c-cut (0001)
substrates were found to be polycrystalline or preferentially (111)-textured [416].
Corresponding changes of the magnetic and/or electrical properties due to extrinsic
contributions from the interfaces (twining and grain boundaries) could be observed
[416]. To the best of our knowledge there is only one publication by V. Bhosle and
J. Narayan [417], which claims an epitaxial growth of LSMO(110)/a-Al,03(0001)
films via domain matching epitaxy.

XRD pattern of an LSMO film grown on sapphire (0001) substrate is shown in
Fig[C.1h. One can see a perfect out-of-plane epitaxy with LSMO(111)/Al,O3 orien-
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Figure C.1.: XRD pattern (a) and ¢-scan (b) reveal an epitaxial growth of LSMO
on the Al,O3 substrates.

tations. No reflexes of a perovskite phase with other orientations as well as reflexes
of other phases were observed. Calculated from the measured (111) reflex, pseudo-
cubic lattice constants of the films of a, = 3.862 A were obtained. In Fig the
¢-scan of the [112] crystallographic axis demonstrates a 6-fold rotation symmetry of
LSMO grown on the hexagonal structure of a-Al,O3. Since only the three equivalent
[112], [121] and [211] crystallographic axis are crossing the (111) plane, the observed
in-plane epitaxy with 6-fold symmetry can be rationalized by the coexistence of
two crystallographic pseudo-cubic LSMO(111) domains (twins). These domains are
rotated with respect to each other by 180° and epitaxially grown on Al;Os.

[ 3.21 nm
[ 3.00

[ 2.50

Figure C.2.: AFM images depict a smooth surface morphology with a mean-square-
roughness RMS = 0.2-0.3 nm.
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A typical AFM image of LSMO(111)/Al,05(0001) films grown by MAD is pre-
sented in Fig The measured 2x2 um? area shows a smooth surface morphology
with a mean-square-roughness RMS = 0.2-0.3 nm. Temperature-dependent magneti-
zation M (T') and electrical resistivity p(7") measurements of a representative LSMO
film are shown in Fig/C.3| The film demonstrates a para-ferromagnetic transition at
Tc = 361 K, determined from the minimum of the function TCM = 1/M (dM /dT)
and shown in the inset of Fig/C.3p. The resistivity curve shows a metal-insulator
transition around Tyg ~ 361K, thus, revealing a coupled metal-insulator para-
ferromagnetic transition of the studied film. However, a relatively high residual
resistance of p ~ 1073 Qcm is obtained, which is at least one order of magnitude
lower than that obtained in epitaxial films grown on STO [41§]. Furthermore, the
spin only moment of 3.62 ug/Mn, deduced from magnetization measurements at
T = 5K, is in good agreement with the expected value for a Sr-doping of x = 0.3.
The coercive field at 7 = 5K is found to be H, = 56 Oe (see Fig[C.4) and is,
therefore, nearly three times larger than the one calculated in films grown on STO
(H. = 20Oe [168]). Both, the high residual resistivity and the large coercive field,
indicate a defect-rich microstructure of the grown LSMO(111)/Al,03(0001) film,
which is further supported by the resistivity increase at low temperatures.
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Figure C.3.: The M(T') curve (a) and o(T") curve (b) exhibit a coupled metal-
insulator para-ferromagnetic transition with a transition temperature
Te = Twi = 361 K.

Nonetheless, the results point out that fully epitaxial LSMO(111)-oriented films
can be prepared on c-cut Al,O3(0001) substrates by using MAD. Considering the
same hexagonal symmetry of the oxygen atoms within the (111)-plane and (0001)-
plane of the perovskite and sapphire, respectively, an almost perfect geometrical
structural matching could be found as shown in Fig|C.5] The epitaxial misfit can
be determined by comparing the lengths of two geometrically similar triangles with
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Figure C.4.: M(H) measurements at 7' = 5K show a coercive field of H, = 56 Oe
and a spin only moment of 3.62 ug/Mn.

O-atoms at the corners of the perovskite and sapphire, yielding

B \/3%/2 — ag

Qs

(C.1)

With the determined pseudo-cubic lattice constant (a, = 3.862A) and the lattice
constant of the sapphire substrate (a, = 4.758 A) [A19], a small lattice misfit of
e = 0.58 % and a tensile strain state can be deduced.

a, = 0.3862 nm (XRD)
P 0.4758 nm
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Figure C.5.: Considering the same hexagonal symmetry of the oxygen atoms within
the (111)-plane and (0001)-plane of the perovskite and sapphire, re-
spectively, almost perfect geometrical matching could be found.

Although an epitaxial growth of the LSMO film on sapphire was obtained, the
properties of the film are far from perfect. Typically, epitaxial grown LSMO films
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exhibit a metal-metal transition around 340 K and para-ferromagnetic transition at
360 K. While the magnetic properties of the grown LSMO films are in good agree-
ment with those obtained for epitaxial films grown on STO, the electrical resistivity
exhibits a metal-insulator transition instead of the expected metal-metal transition.
Such behavior cannot be explained by the calculated strain state, since the tensile
strain imposed by STO substrates (e = 0.8 % [168]) is higher than the lattice misfit
present in the LSMO/Al,O3 film. Although the XRD pattern and phi-scan indicate
an epitaxial growth on the AlyO3 substrate, the high coercive field and high resid-
ual resistivity indicate a defect-rich microstructure (grain boundaries). In a next
step, detailed transmission electron microscopy measurements should be performed
to analyze the film/substrate interface and crystalline quality of the film. Possible
structural interface reconstructions, further twinning or grain boundaries within the
film may explain the observed metal-insulator transition.
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Appendix D

Author Contributions

The present cumulative thesis consists of the following three research articles of
which the author of this thesis is the first author:

1. S. Merten, O. Shapoval, B. Damaschke, K. Samwer, V. Moshnyaga:
Magnetic Field Induced Suppression of Jahn-Teller Phonon Bands in
(Lag.6Pro.4)o7Cag3MnOs: the Mechanism of Colossal Magnetoresistance shown

by Raman spectroscopy.
Scientific Reports 9:2387 (2019)

2. S. Merten, V. Roddatis, V. Moshnyaga: Metalorganic-aerosol-deposited Au
nanoparticles for the characterization of ultrathin films by Surface-Enhanced

Raman Spectroscopy.
Applied Physics Letters 115:151902 (2019)

3. S. Merten, V. Bruchmann-Bamberg, B. Damaschke, K. Samwer, V. Mosh-
nyaga: Jahn-Teller reconstructed surface of the doped manganites shown by

means of surface-enhanced Raman spectroscopy.
Physical Review Materials 3:060401(R) (2019)

All three articles are published in a peer-reviewed, international journal and, there-
fore, fulfill the criteria for a cumulative PhD thesis according to the ProPhys program
within the Georg-August University School of Science (GAUSS) program. Further-
more, a fourth publication, of which the author of this thesis is a co-author, is placed
before the above listed publications:

o V. Moshnyaga, A. Belenchuk, S. Hithn, C. Kalkert, M. Jungbauer, O. I. Lebe-
dev, S. Merten, K.-Y. Choi, P. Lemmens, B. Damaschke and K. Samwer:
Intrinsic antiferromagnetic coupling underlies colossal magnetoresistance ef-
fect: Role of correlated polarons.

Physical Review B 89:024420 (2014)

This publication serves as an introduction to the discussed topic and complements
Raman scattering experiments on manganites, which is why this publication will
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be referred to publication/manuscript 1. All publications show original research by
the authors. The individual contributions for each paper shall be clarified in the
following:

The first manuscript was written and revised, mainly, by V. Moshnyaga, combin-
ing the experimental results of several doctoral students. A. Belenchuk and S. Hithn
prepared the studied manganite samples, whereas S. Hithn in cooperation with C.
Kalkert and M. Jungbauer was further responsible for the magnetoresistance and
magnetic measurements, presented in this publication. M. Jungbauer developed the
underlying model for the estimation of the antiferromagnetic coupling constant and
O.1. Lebedev performed transmission electron microscopy measurements of the man-
ganite films. While the author of this thesis performed and interpreted the shown
Raman measurements, K.-Y. Choi and P. Lemmens gave support by the interpre-
tation of these measurements. B. Damaschke and K. Samwer contributed to the
discussion and interpretation of all the presented experimental results and, further-
more, supervised C. Kalkert during her doctoral thesis.

To enable magnetic-field-dependent Raman spectra presented in the second manu-
script, the author conceived, implemented and tested a new optical path to an op-
tical cryostat within an already existing Raman setup under the supervision of V.
Moshnyaga. Moreover, he collected all the shown Raman data and contributed to
the interpretation and discussion together with B. Damaschke, K. Samwer and V.
Moshnyaga. The sample preparation and characterization was done by O. Shapoval.
The author wrote the article with the help of V. Moshnayaga.

For the third manuscript, the author of this thesis collected all the presented Ra-
man spectra and fabricated all of the shown TiO, films as well as the gold nanoparti-
cles. He further performed the sample characterization by x-ray diffraction, scanning
electron microscopy and optical measurements, whereas V. Roddatis provided the
transmission electron microscope images. The author contributed to the interpre-
tation and discussion of all the measured data. The manuscript was written mainly
by the author with the help of V. Moshnyaga and revised by the author.

The author prepared, with the help of V. Bruchmann-Bamberg, the studied man-
ganite films as well as the gold nanoparticles used for the experiments presented in
the fourth paper. Moreover, he performed the structural characterization by x-ray
reflectometry, x-ray diffraction and scanning electronmicroscopy as well as the elec-
trical, magnetic and optical characterization. The conventional Raman and SER
spectra were acquired by the author, who had the main responsibility for the inter-
pretation and discussion of the collected data with the help of B. Damaschke, K.
Samwer and V. Moshnyaga. This paper was mainly written by the author with the
support of V. Moshnyaga and revised by the author.
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