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Abstract      

 

The research field of multiferroics, i.e. materials with the coexistence of multiple ferroic orders (e.g. 

ferroelectricity, ferromagnetism and ferroelasticity), continues to thrive in recent years due to their 

promising applications in the field of spintronics and data storage. Among different kinds of multiferroic 

materials, orthorhombic rare earth manganates (o-REMnO3, RE = Gd ─ Lu) of the space group Pbnm 

attract special interest due to the intrinsic strong, direct coupling between their ferroelectric and magnetic 

orders. However, the orthorhombic phase of some o-REMnO3 (RE = Ho ─ Lu) is metastable at ambient 

conditions and can not be easily grown as single crystals. Thin film deposition provides the possibility to 

stabilize the orthorhombic phase, and in addition to tune the material properties via strain engineering.  

 

In this study, heteroepitaxial thin films of o-REMnO3 (RE = Tb, Ho, Tm and Lu) were grown on various 

single crystalline substrates using pulsed laser deposition. Substrates of the same space group, e.g. (110)-

oriented YAlO3 substrates, were used to grow films of untwinned structure and high crystalline quality. In 

order to establish the optimal growth conditions, different combinations of the deposition parameters, e.g. 

plume-substrate angle, target-substrate distance, background gas species and pressure as well as laser 

pulse repetition rate, have been explored. The results show that film growth is very sensitive to the plume 

alignment and that the implementation of N2O as the background gas yields the highest reproducibility for 

the depositions of high quality o-REMnO3 films. The crystal and electronic structures of the as-deposited 

thin films were subsequently investigated to improve the understanding of the interplay between film 

strain and material properties.  

 

X-ray diffractometry using laboratory X-ray diffractometers was employed as the primary 

characterization method for the film crystal structure. As the first step, conventional symmetric scans 

were conducted to characterize the film epitaxy, the crystalline phase and quality. The results show that 

all single-phase films grow epitaxially with respect to the substrates. And the films deposited under the 

optimal conditions exhibit the highest crystalline quality. The film in-plane lattice parameters were 

subsequently investigated by reciprocal space mapping. The obtained reciprocal space maps show that the 

single-phase films grown on (110)-oriented substrates are untwinned and exhibit a co-existence of fully 

strained and partially or fully relaxed “sublayers”. Due to the strains imposed by the underlying 

substrates, film lattices undergo a monoclinic distortion by reducing the angle between the two shortest 

lattice parameters to < 90°. As the film thickness increases, the expected orthorhombicity is recovered at 

the cost of a degraded crystallinity. The film crystallinity and structure were further studied by ion 

channeling measurements. The detected channeling profiles confirm the existence of the “sublayer” 

structure and further reveal that the “sublayer” structure is composed of three parts: a fully strained and 

defect-rich interfacial region, an intermediate area with coherent lattice planes, and a defect-rich, relaxed 



 xii 

surface region. The lattice structure of the film interfacial region was visualized using transmission 

electron microscopy. The results are consistent with the data of ion channeling measurements, i.e. a high 

density of misfit dislocations and local structural incoherence at the interface. Thus, the film-substrate 

interface can be considered as semicoherent. The evolution of the film strain and lattice distortion is also 

reflected in the Raman spectra as shifts of the Raman-active phonon modes toward higher frequencies 

(hardening) with decreasing thickness. The observed shifts result from the modified atomic motions of the 

MnO6 octahedra by the film strains. 

 

The strain-induced MnO6 distortion not only influences the lattice vibrations but also the electronic 

structures of the Mn atoms. X-ray absorption spectroscopy and resonant X-ray emission spectroscopy 

were performed on the high quality (110)-oriented thin film samples. Changes in feature positions and 

shapes, especially in the spectral region corresponding to the Mn 3d orbitals, are observed for the Mn ions 

in these films of different strains and rare earth elements. The results imply that film strain influences the 

interaction and hybridization between the Mn orbitals and thus modifies the Mn electronic structure. This 

confirms the possibility to tune the physical properties by introducing growth-induced strain. 
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Zusammenfassung 

 

Das Forschungsgebiet der Multiferroika hat aufgrund ihrer versprechenden Potenziale für neue 

Entwicklungen der Spintronik und Datenspeicher in den letzten Jahren eine Renaissance erlebt. Der 

Sammelbegriff Multiferroika bezieht sich auf Materialien, die mindestens zwei ferroische 

Ordnungsphänomene wie Ferromagnetismus, Ferroelektrizität und Ferroelastizität, parallel besitzen. Ein 

Beispiel sind orthorhombische Seltenerdmanganate (o-REMnO3, RE = Gd ─ Lu), die zur Raumgruppe 

Pbnm mit der Nummer 62 gehören. Dieser Typ der Multiferroika ist von besonderem Interesse, weil er 

eine direkte Kopplung zwischen ferromagnetischen und ferroelektrischen Ordnungsphänomenen zeigt. 

Allerdings kristallisieren einige Seltenerdmanganate mit kleinen Ionenradien o-REMnO3 (RE = Ho ─ Lu) 

unter Umgebungsbedingungen nicht in der orthorhombischen Struktur. Für sie ist die hexagonale Struktur 

stabil und deshalb ist es schwer mit konventionellen Methoden orthorhombische Einkristalle herzustellen. 

Dünnschichttechnologien bietet hingegen die Möglichkeit, die orthorhombische Struktur zu stabilisieren 

und Materialeigenschaften über gezielt eingebaute Gitterverzerrungen zu modifizieren. 

 

In dieser Arbeit wurden heteroepitaktische Dünnschichten von o-REMnO3 (RE = Tb, Ho, Tm und Lu) 

mittels Laserstrahlverdampfen auf verschiedenen einkristallinen Substraten abgeschieden. Substrate von 

der gleichen Raumgruppe wie (110)-orientierte YAlO3 wurden für die Herstellung zwillingsfreier 

Dünnschichten von hoher Kristallinität verwendet. Nicht nur der Typ des Substrates sondern auch viele 

andere Abscheidungsparameter wie Plasma-Substrat-Winkel, Target-Substrat-Abstand, Art und Druck 

des Hintergrundgases sowie Pulswiederholungsrate des Lasers haben Einfluss auf die Kristallinität der 

gewachsenen Dünnschichten. Verschiedene Kombinationen der Abscheidungsparameter wurden 

erforscht, um die optimalen Abscheidungsbedingungen festzulegen. Die Ergebnisse beweisen, dass die 

Abscheidung der Seltenerdmanganate sehr empfindlich auf die Ausrichtung des Plasmas reagiert. 

Darüber hinaus ermöglicht die Benutzung von N2O als Hintergrundgas die größte Reproduzierbarkeit von 

qualitativ hochwertigen o-REMnO3 Dünnschichten. Die kristallinen und elektronischen Strukturen der 

abgeschiedenen Dünnschichten wurden anschließend untersucht um die Kenntnisse vom Wechselspiel 

zwischen der Gitterverzerrung und den Eigenschaften der Dünnschichten zu vertiefen. 

 

Röntgendiffraktometrie wurde als Hauptmethode zur Charakterisierung der kristallinen Struktur der 

Dünnschichten verwendet. In diesen Messungen wurden zuerst konventionelle symmetrische Scans 

durchgeführt. Die Resultate zeigen, dass alle einphasigen Dünnschichten epitaktisch auf den Substraten 

gewachsen sind. Die Gitterkonstanten in der Probenebene wurden anschließend durch die Messungen 

reziproker Gitterkarten (reciprocal space mapping) bestimmt. Die erhaltenen reziproken Gitterkarten 

zeigen dass die Dünnschichten, die auf (110)-orientierte Substraten abgeschieden wurden, zwillingsfrei 

sind und eine Koexistenz von komplett verspannten und teilweise oder vollständig relaxierten Bereichen 
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aufweisen. Aufgrund der von dem unterliegenden Substrat ausgeübten Verspannung erleben die Gitter der 

Dünnschichten eine monoklinische Verzerrung mittels der Reduzierung des Winkels zwischen den 

kürzesten Gitterkonstanten auf < 90°. Mit zunehmender Schichtdicke erholt sich die erwartete 

Orthorhombizität auf Kosten einer degradierten Kristallinität. Die Kristallinität und Struktur der 

Dünnschichten wurden weiter mittels Channeling-Messungen erforscht. Die gemessenen Channeling-

Profile bestätigen die Unterteilung der Struktur in drei Anteile: eine komplett verspannte und defektreiche 

Schicht an der Grenzfläche, einen mittleren Bereich mit kohärenten Netzebenen und eine defektreiche 

und relaxierte Oberflächenschicht. Die Struktur an der Grenzfläche wurde mittels 

Transmissionselektronenmikroskopie visualisiert. Die Resultate stimmen mit den Ergebnissen der 

Channeling-Messungen überein und zeigen eine hohe Dichte der Fehlpassungsversetzungen und lokalen 

strukturellen Inkohärenzen in dem Grenzflächenbereich. Deswegen kann die Grenzfläche zwischen 

Substrat und Dünnschicht als semikohärent betrachtet werden. Die Entwicklung der Spannung und 

Verzerrung der Dünnschichten mit abnehmender Schichtdicke wurde auch in den Ramanspektren als 

Verschiebung der Raman-aktiven Schwingungsmoden zu höheren Frequenzen beobachtet. Diese 

Verschiebungen sind das Ergebnis veränderter Atombewegungen der MnO6-Oktaeder als Folge 

wachstumsinduzierter Gitterverzerrungen. 

 

Eine weitere Konsequenz der verzerrten MnO6-Oktaeder ist eine Beeinflussung der elektronischen 

Struktur der Mn-Ionen. Um dies zu untersuchen wurden Röntgenabsorptionsspektroskopie und resonante 

Röntgenemissionsspektroskopie an den (110)-orientierten Dünnschichten hoher Kristallinität 

durchgeführt. Veränderungen in Position und Form der spektralen Signaturen, insbesondere im 

Spektralbereich, der den Mn-3d-Orbitalen zugeordnet werden kann, lassen sich mit den unterschiedlich 

ausgeprägten Gitterverzerrungen und dem Einbau von verschiedenen Seltenerdelementen korrelieren. 

Diese Beobachtung impliziert, dass Verspannungen in den dünnen Schichten die Wechselwirkung bzw. 

Hybridisierung zwischen den Mn-Orbitalen beeinflussen und dadurch die elektronische Struktur der Mn-

Ionen modifizieren.  
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Chapter 1 Introduction 

 

1.1 Multiferroics 

 

Over the past century, electronic technology has evolved enormously and led to the arrival of the present 

digital age. Countless discoveries and innovations have been made based on the premise that electrical 

charges of the electrons are the driving force for device functionalities. However, as the technology 

further develops on the current track, the dimensions of the electronic components, e.g. transistors, will 

decrease towards a limit, where quantum effects can not be ignored anymore and will affect the device 

operability [1]. This potential limitation is already foreshadowed by the slowing-down of the growth 

concerning transistor counts and densities compared to the prediction made by Moore’s law [2, 3]. To 

break the potential barrier and sustain the development of electronic technology, new concepts and new 

materials are required. One of the promising concepts sets the sight on another property of the electrons, 

which is spin. Studying the manipulation of the electron spins and developing materials for spin-based 

electronics (spintronics) are thriving research topics around the world at present. Current studies show 

that there are several types of promising materials for spintronic applications, e.g. magnetic 

semiconductors, multiferroics, or artificial heterostructures incorporating magnetic properties with other 

material properties [4-6].  In this study, the investigations were focused on one type of multiferroic 

materials, i.e. rare earth manganates REMnO3.  

 

Multiferroics are materials which exhibit the coexistence of at least two ferroic orders [7, 8] (Figure 1.1). 

Conventionally, the ferroic orders are considered to include ferroelectricity (a spontaneous polarization), 

ferromagnetism (a spontaneous magnetization), and ferroelasticity (a spontaneous strain) [9-12]. But 

currently, the definition of multiferroics has been broadened to include ferrotoroidicity (an ordered 

arrangement of magnetic vortices) and antiferroic orders, e.g. antiferromagnetism [7, 13]. Among 

different kinds of multiferroics, materials with magnetic and ferroelectric ordering such as REMnO3 

attract the largest interest and have been studied extensively due to their potential applications for 

spintronics. In the following, the classification and coupling mechanisms of such multiferroics will be 

discussed.  
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Figure 1.1 Multiferroics combine the ferroic orders (ferromagnetism, ferroelectricity, or ferroelasticity) 

generated by spontaneously formed electric polarization P, magnetization M, and strain , respectively. 

(This graph is reproduced from [14]). 

 

For a material to exhibit magnetism, localized spins or magnetic moments must be present. This requires 

that the d or f orbitals of transition-metals or rare-earth ions must be partially filled with localized 

electrons. Via exchange interactions between the localized moments, magnetic order will thus be induced 

[8]. On the other hand, in the conventional picture of ferroelectric materials, formally empty d orbitals are 

required for the spatial-inversion symmetry breaking via cation off-centering in order to induce a 

spontaneous polarization [15]. This contra-indication between the microscopic origins of magnetism and 

ferroelectricity explains the rarity of  multiferroics existing in nature [15]. It also suggests the necessity of 

alternative mechanism for ferroelectricity to form a single phase multiferroic material. Depending on the 

different microscopic sources of ferroelectricty (symmetry breaking), multiferroic materials can be 

categorized into different types, which are listed in Table 1.1. The corresponding mechanisms for 

ferroelectricity are also summarized in the table.  
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Type-I Type-II 

Ferroelectricity and magnetism emerge mostly 

independent of one another despite weak coupling. 

Ferroelectricity is caused by 

magnetism, which shows a strong 

coupling. 

Relatively large spontaneous polarization P of the order of 

10 ─ 100 C/cm
2
 

Smaller spontaneous polarization 

P < 10 C/cm
2
 

Mechanism for ferroelectricity 

Ordering of the 6s
2
 

lone pairs in Bi 

based materials, 

e.g. BiFeO3. 

 

Inequivalent sites 

or bonds after 

charge ordering 

in e.g. 

Pr0.5Ca0.5MnO3, 

LuFe2O4. 

“Geometric” 

ferroelectricity 

in hexagonal 

YMnO3, 

HoMnO3 etc. 

 

Onset of a spin 

spiral or cycloid 

in e.g.  

orthorhombic 

TbMnO3.  

Onset of collinear 

magnetic structures 

in e.g. 

Ca3CoMnO6 and 

orthorhombic 

TmMnO3. 

 

Table 1.1 Classification of multiferroics with magnetic and ferroelectric orders [8, 15-23]. 

 

1.2 Orthorhombic Rare Earth Manganates (o-REMnO3) 

 

As pointed out, the multiferroic materials investigated in this study are orthorhombic (o-) REMnO3, 

which exhibit a strong magnetoelectric coupling and belong to the Tpye II multiferroics listed in Table 

1.1. In this section, the structural and physical properties of such materials in the bulk will be presented in 

more detail. At ambient conditions, REMnO3 can form in two possible phases depending on the ionic 

radius of the rare earth element [24, 25]. For rare earth elements of large ionic radii RE = La ─ Dy, the 

orthorhombic phase (No. 62 space group Pbnm (
16
2hD )) with a distorted perovskite structure is the stable 

phase at ambient pressure as shown in Figure 1.2. With decreasing ionic radius rRE the orthorhombic 

phase becomes instable and REMnO3 with RE = Y, Ho ─ Lu, In and Sc tends to form the hexagonal 

phase (P63cm). Hence, the boundary between these two groups seems to be close to Y. Although the 

hexagonal phase is stable at ambient conditions for the manganates in the second group, their metastable 

orthorhombic phase can also be synthesized by using unconventional methods, e.g. high-pressure 

synthesis or low-temperature soft chemistry [26, 27].  
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Figure 1.2 Influence of the rare earth ionic radius on the structure of REMnO3 (adapted from [25]). 

 

Figure 1.3 shows a comparison between the hexagonal and orthorhombic structures of TmMnO3 as 

examples for other REMnO3. It can be seen that in the hexagonal structure, Mn atoms form MnO5 trigonal 

bipyramids with O atoms. Furthermore, the apical bond lengths of O-Tm along the threefold axes, e.g 

c-axis, alternate between long and short leading to the “geometric” ferroelectricity below the Curie 

temperature [28, 29]. Different from the hexagonal structure, the orthorhombic structure of REMnO3 

exhibits corner-sharing MnO6 octahedra, which undergo simultaneously Jahn-Teller (JT) and rotational 

distortions (Figure 1.3 (b)). The origin of the JT distortion is the electronically degenerated Mn
3+

 with the 

T1g ground state in a MnO6 octahedron [30]. According to the Jahn-Teller theorem, distortion must occur 

to lower the symmetry, remove the degeneracy, and reduce the energy. Thus, the Mn-O bond pairs in 

o-REMnO3 are extended or compressed, which results in four short and two long Mn-O bonds (Figure 1.3 

(b) and 1.4 (a)). Apart from the JT-distortion, cooperative rotation of the MnO6 octahedra also takes place 

in o-REMnO3. The cause of this kind of rotational distortion is the unmatched ionic radii of rare earth 

element (rRE) and manganese (rMn) according to the Goldschmidt tolerance factor. The Goldschmidt 

tolerance factor t is usually used to describe the stability of ABO3 crystal structures, especially 

perovskites, and is written as following [31]: 

 OB

OA

rr

rr
t






2
                                                                                                                          Equation 1.1 

where rA, rB and rO are the radii of the elements A, B and O. For an ideal perovskite ABO3, where all 

atoms in the unit cell are centrosymmetric, the tolerance factor t is equal to one. If t ≠ 1, the crystal will 

undergo distortions either via cation displacement or tilting of octahedra (rotational distortion) to reach a 

stable structure [31, 32]. In the case of o-REMnO3, where t is about 0.8, the stable structure is reached via 

the tilting of MnO6 octahedra. Hence, the Mn-O-Mn bond angles become smaller than 180°. Moreover, 

the degree of tilting, i.e. the deviation from 180°, increases as the rare earth ionic radius decreases as 

indicated by the variation of Mn-O1-Mn and Mn-O2-Mn in Figure 1.4 (a). In contrast, the JT distortion, 

in terms of Mn-O bond lengths (Mn-O1 and Mn-O2 in Figure 1.4 (a)), almost remains constant 
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regardless of the ionic radius. The measured unit cell volumes of various o-REMnO3 (Figure 1.4 (b)) 

show that they follow a monotonic downtrend similar to that of the Mn-O bond angles. Thus, the 

rotational distortion has a greater effect on the lattice parameters. 

  

 

 

Figure 1.3 (a) and (b) Schematic views of the hexagonal and orthorhombic structures of TmMnO3, 

respectively. The left panel of each graph shows a view along the basal plane. The right panels depict the 

views along the c-axis. In (b) only the oxygen ions located within the unit cell are shown. And the 

notations O1 and O2 refer to the apical and planar O atoms, respectively. The open-source software Jmol 

[33] was employed to generate the graphs from the crystallographic data of bulk o- and h-TmMnO3 

published in [34]. 

 

 

 

Figure 1.4 Variations of (a) Mn-O bond lengths and Mn-O-Mn bond angles as well as (b) lattice 

parameters (a, b, c/√2) and unit cell volumes of o-REMnO3 as a function of rare earth ionic radii. 

Mn-O2: l refers to the longest Mn-O2 bond length, Mn-O1: m to the medium and Mn-O2: s to the 

smallest. The graphs are adapted from [24].  

 

The rare earth ionic radius not only determines the stability and the lattice parameters of the crystal 

structure, but also influences the magnetic structure and subsequently the multiferroic properties of 
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o-REMnO3. As shown in Figure 1.5 (a), o-REMnO3 with large REs, e.g. Nd and Sm, becomes A-type 

antiferromagnetic (A-AF) below the Néel temperature TN (lower left inset in Figure 1.5 (a)) [24, 35, 36].  

In this type of magnetic structure, the spin interactions are ferromagnetic within the ab-plane, while 

antiferromagnetic between planes. As the Mn-O-Mn bond angle decreases, the A-type phase becomes 

frustrated as indicated by the steady decrease of TN. For RE = Eu and Gd,  an incommensurate (IC) 

magnetic structure appears prior to the A-type AF upon cooling [36]. This IC magnetic structure continues 

to emerge as the ionic radius further decreases. Moreover, if the temperature of o-REMnO3 with RE = Tb 

and Dy is decreased further below TN, the IC-AF is no longer stable and transforms to a commensurate 

AF spiral or cycloidal structure [37]. The onset of this spiral structure breaks the spatial inversion 

symmetry and induces a spontaneous polarization along the c-axis (Pbnm) leading to a ferroelectric order 

and a strong magnetoelectric coupling [20, 36]. As the ionic radius decreases further to Ho, an E-type 

antiferromagnetic structure (E-AF) arises. As shown in the lower right inset in Figure 1.5 (a), 

ferromagnetic zigzag spin chains form within the ab-plane breaking the inversion symmetry [35, 37-39]. 

In this structure, exchange striction effects arise and cause displacements of Mn and O atoms. This polar 

atomic displacement together with the quantum-mechanical effects of electron orbital polarization thus 

generates a ferroelectric polarization along the a-axis (Pbnm) [40-42].  Pomjakushin et al. and Okamoto 

et al. have supplemented the magnetic phase diagram with their detailed investigations on the magnetic 

structures of o-TmMnO3 (o-TmMO) and o-LuMnO3 (o-LMO), of which the ionic radii are smaller than 

that of Ho. Their experimental results show that ferroelectricity is also induced by the E-type 

antiferromagnetic ordering in these materials [22, 24, 43]. Both the commensurate spiral and E-AF 

structures of o-REMnO3 show a much stronger magnetoelectric coupling compared to their hexagonal 

counterparts, where magnetism and ferroelectricity are only indirectly and weakly coupled as indicated by 

the large separation between the corresponding transition temperatures, which can reach a couple hundred 

K [15, 29]. Therefore, o-REMnO3 is of much greater interest for research or application purposes. In this 

study, o-REMnO3 (RE = Tb, Ho, Tm and Lu) were chosen as the materials to be investigated and 

representative of the spin spiral (o-TbMnO3) and E-AF magnetic structures (o-HoMnO3, TmMnO3 and 

LuMnO3), respectively. 
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Figure 1.5 (a) Evolution of the magnetic structure of o-REMnO3 as a function of the Mn-O-Mn bond 

angle. The Néel and lock-in transition temperatures are denoted by the open and closed triangles, 

respectively. Schematic drawings of the A-AF and E-AF structures are shown in the lower left and right 

insets (adapted from [35]). (b) Correlated spin and orbital ordering patterns in the E-AF o-HoMnO3, 

which exhibits a staggered d3x2-r2 /d3y2-r2 type orbital ordering in the ab-plane (adapted from [39]). 

 

The observed evolution of the o-REMnO3 magnetic structures has been explained by Kimura et al. in 

terms of spin frustration caused by the collective effect of rotational distortion and staggered obital 

ordering [39]. Like many other manganese oxides, the magnetism in o-REMnO3 originates from the 

super-exchange interaction between Mn-ions. According to Kimura et al., the next-nearest-neighbor 

(NNN) superexchange (SE) interaction in o-REMnO3 is enhanced by increased cooperative rotational 

distortion of MnO6 octahedra, as the rare earth ionic radius decreases. On the other hand, the staggered 

orbital ordering, which originates from the Mn 3d crystal-field splitting caused by the JT distortion, 

induces anisotropy in the NNN SE interaction. As the ionic radius decreases, the competition between the 

strengths of NN and NNN SE is modulated and results in the emergence of the IC and E-type magnetic 

structure. An example of the mutually correlated spin and orbital ordering patterns in the E-AF 

o-HoMnO3 is shown in Figure 1.5 (b).  

 

1.3 Advantages of Heteroepitaxial Growth of Thin Films 

 

The strong interplay between spin, orbital and lattice degrees of freedom in o-REMnO3 as introduced in 

the previous section is of great interest for research and application purposes. Due to the orientation 

dependence of the magnetic and ferroelectric orderings, the ideal sample crystallinity for experimental 

investigations is monocrystalline.  However, REMnO3 with small rare earth ionic radius tends to exist in 
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the stable hexagonal phase at ambient pressure as explained previously. Although o-REMnO3 samples 

can be prepared by high-pressure synthesis or low-temperature soft chemistry methods, they usually are 

polycrystalline and thus not optimal for orientation- or polarization-dependent measurements. Therefore, 

an alternative sample preparation method is required to produce orthorhombic samples with 

monocrystalline quality.  

 

The solution provided in this study is heteroepitaxial growth of thin films using pulsed laser deposition 

(PLD). It offers the possibility to create suitable conditions for the growth and stabilization of metastable 

phases like the orthorhombic phase. Moreover, strain can be introduced into thin films via heteroepitaxial 

growth. This enables targeted tuning of the film crystal structure. Using suitable substrates with different 

lattice mismatches, thin films can grow epitaxially under compressive or tensile strain. Correspondingly, 

their lattices will be compressed or stretched leading to different lattice parameters and MnO6 distortions. 

Thus, the growth-induced strain and lattice distortion can also influence magnetic or ferroelectric 

properties analog to rare earth ionic radius. This provides therefore an opportunity to manipulate the 

material properties via structural modifications without altering the cation on the rare earth site. An 

encouraging example has already been demonstrated by Wang et al., where the ferroelectric polarization 

can be enhanced by nearly twofold and the magnetization by about a factor of ten in BiFeO3 thin films 

grown on SrTiO3 compared to the corresponding values in the bulk material [44]. Another unique 

characteristic of heteroepitaxial thin film growth is that there is an interface between the film and 

substrate. Due to the special atomic arrangements or chemical environments, nontrivial local atomic and 

electronic structures might emerge at the interface leading to interesting changes in material properties. 

One of the well-known examples is the conductive LaAlO3/SrTiO3 interface, which is attributed to the 

possible existence of a two-dimensional electron gas at the interface [45]. It can be concluded that 

heteroepitaxial growth of thin films allows the preparation of monocrystalline o-REMnO3 samples, which 

enables structural modifications via strain, and might give rise to interesting interfacial phenomena. 

 

1.4 Outline of the Thesis 

 

In this study, the growth conditions were at first determined for the depositions of high quality o-REMnO3 

(RE = Tb, Ho, Tm and Lu) thin films using PLD. For simplicity, the following abbreviations will be used 

throughout this thesis: TMO = TbMnO3, HMO = HoMnO3, TmMO = TmMnO3 and LMO = LuMnO3. 

Although epitaxial thin films of o-REMnO3 (RE = Tb, Ho, Tm and Lu) have been previously grown by 

Daumont et al., Lin et al. and Bosak et al., using PLD or MOCVD techniques, they were usually grown 

on (001)-oriented SrTiO3 (STO) substrates and contained twinned domains with two or four equivalent 

orientations [46-48]. Moreover, the ferroelectric spin spiral phase was not observed in the twinned films 

deposited by Daumont et al.. It was proposed that the small domain size or the decreased in-plane 

anisotropy as a result of the strain may be responsible for the absence of the spiral phase. Substrates of 
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other materials or orientations, e.g. (110)-SrTiO3 and (001)-LaAlO3, were also implemented for the 

depositions by Han et al. and Bosak et al., respectively [48, 49]. However, the crystalline quality of the 

obtained thin films was not satisfactory as indicated by relative large FWHMs of the rocking curves and 

clearly observed domain formation over the entire film thickness. Thus, to prevent twinning and to 

explore the possibility to improve the film overall quality, (110)-oriented YAlO3 (YAO) and NdGaO3 

(NGO) were used as the primary substrates in this study. In addition, film depositions on substrates of 

other orientations, e.g. (100)- and (010)-oriented YAO and NGO, were also explored. The corresponding 

analysis of the crystal as well as electronic structures of the as-grown films has been performed to 

investigate how epitaxial strain affects the lattice parameters and the Mn 3d orbitals, which have 

contributions to the magnetic transitions in the thin films. Due to the monotonically decreasing rare earth 

ionic radii (rRE) of o-REMnO3 (RE = Tb, Ho, Tm and Lu), comparisons between the experimental results 

from these thin films will yield a systematic study on the influence of epitaxial strain for the evolution of 

film crystal and electronic structures as a function of rRE. 

 

This thesis is composed as follows: Part II explains the theoretical background and instrumentation of the 

experimental methods employed in this study. This part is divided into four chapters describing the PLD 

technique (Chapter 2) and the analysis techniques using photons, ions, and electrons as probes, 

respectively (Chapter 3 ─ 5). In Part III the obtained results and corresponding discussions will be 

presented from three different aspects: film growth (Chapter 6), crystal structure (Chapter 7 ─ 9) and 

electronic structure (Chapter 10). In the final part (Chapter 11 in Part IV), major results will be 

summarized and an outlook for the future research directions will be given. 
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Chapter 2 Pulsed Laser Deposition 

 

2.1 Principles 

 

Among various thin film deposition techniques, pulsed laser deposition (PLD) has distinguished itself 

with its flexibility and versatility. The PLD process can be divided into three stages: vaporization of the 

target, material transport in the plasma plume, and film growth [50-52]. In the first stage, an energetic 

laser beam is focused or imaged onto a target in a vacuum chamber. The deposited electromagnetic 

energy is converted into thermal/mechanical energy via absorption. If the energy density of the laser pulse 

exceeds a certain threshold for the target material, a significant vaporization will happen to all the 

elements at the target surface and material can be ablated with the target stoichiometry. This unique 

ablation process facilitates the deposition of multicomponent systems by using a single material source. 

The ablated material is subsequently ejected from the target forming a forward-directed plasma plume. In 

the second stage, the plasma plume propagates in the background gas and interacts with the background 

gas species chemically and physically. In PLD, it is possible to apply background pressures ranging from 

ultrahigh vacuum to 1 Torr (~ 1.3 mbar) [52]. Usually, oxidizing background gases, e.g. O2, are used for 

the deposition of oxide thin films to compensate the possible oxygen loss during plume propagation and 

material deposition. In the final stage of PLD, the plasma plume will arrive at a substrate facing the target 

and will condense to form a film. Depending on various factors, e.g. material flux, repetition rate, 

temperature, substrate material etc., film growth will exhibit different kinetics. For crystalline films, there 

are three possible growth modes described: layer-by-layer growth (Frank van der Merve), layer-by-layer 

followed by an island growth (Stranski-Krastanov), and island growth (Vollmer-Weber) [51, 53, 54]. The 

island growth usually results in polycrystalline films or epitaxial films with rough surfaces, while the 

layer-by-layer growth favors the formation of smooth epitaxial films of high crystallinity.  

 

2.2 Instrumentation 

 

In the PLD setup employed in this study, a KrF excimer laser is used as the radiation source. UV light at 

248 nm is emitted with a pulse duration of 20 ns and a maximal output power of ~ 1 J/pulse. The original 

laser beam profile has a “top hat” distribution along the long axis and near-Gaussian along the short axis. 

A rectangular or square mask, which is smaller than the original beam, is placed directly in front of the 

laser output port to reshape the laser beam. After the mask, only the homogeneous plateau part of the top-

hat energy distribution is used for the ablation. The laser beam is subsequently steered and focused into 

the deposition chamber using eight mirrors and an AR-coated convex lens with f = 60 cm (Figure 2.1 (c)). 

The laser beam goes through a ~ 5.5 m long optical path, which is folded four times, before entering the 

vacuum chamber (Figure 2.1 (b) and (c)). This multiply folded configuration increases the optical 
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distance between the mask and the lens and enables a largely reduced image of the mask, i.e. radiation 

spot, on the PLD target. All the targets used for the deposition of o-REMnO3 thin films have the 

cylindrical shape, which is the only implementable target form for this PLD setup. In the vacuum 

chamber, the target is mounted into a vertical holder, which can simultaneously rotate about its axis and 

move vertically (Figure 2.1 (d)). This combined translational and rotational target manipulation allows 

maximum usage and steady ablation of the entire target area. Under the optimal alignment, a laser fluence 

up to ~ 4 J/cm
2
 can be achieved at the target. Oxidizing background gases, e.g. O2 and N2O, are applied 

for the deposition of o-REMnO3 thin films. The plume of ablated materials propagates in the background 

gas and subsequently reaches the substrate, which is mounted onto a heater (Figure 2.2 (a)). In this PLD 

system, it is also possible to use reactive gas pulses for the depositions. This kind of configuration is 

referred to as pulsed reactive crossed beam laser ablation (PRCLA). To provide more reactive atomic 

oxygen during deposition, N2O gas pulses with a duration of 400 s were tested in this study. The laser 

pulses were synchronized with the gas pulses with a short delay of 30 s to optimize the interaction 

between the gas and the plume species [55].  

 

 

 

Figure 2.1 (a) Schematic drawing of pulsed laser deposition. (b) The optical path and (c) the vacuum 

chamber of the PLD setup employed in this study. (d) View of the vacuum chamber inside. 
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Figure 2.2 Photos of the TmMO plasma plume during deposition (a) at P(O2) ~ 0.5 mbar and (b) using 

N2O gas pulse, respectively. 

 

The heater used in this vacuum chamber is a resistance heater. Its major components are made from 

molybdenum (Mo), but the heating medium is conventional monocrystalline silicon wafers of 0.38 mm 

thickness. Later this type of heater will be just called Mo-heater. As shown in Figure 2.3 (a) and (b), the 

Si wafer has bottom and side contacts with the Mo components, where the regulated current flows 

through. The substrate is fixed together with the Si wafer onto the heater by two Mo clamps on the top 

(Figure 2.3 (c) and (d)). For the deposition of o-REMnO3 thin films, the temperature range from 700 to 

800 °C was applied for heating the substrates. The position of the substrate heater can be adjusted 

translationally in the horizontal plane. This enables the optimization of the target-substrate distance and 

plume-substrate angle. The substrate heater can also rotate around its axis. Thus, homogeneous 

depositions can be achieved on relatively large substrates. 

   

 

 

Figure 2.3 (a) and (b) Top and side views of the substrate heater with a Si wafer of 5 x 10 mm
2
, 

respectively. (c) and (d) Top and side views of the heater with both the substrate and the Si wafer 

mounted. 
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Chapter 3 Analytical Methods Using Photons as Probes 

 

3.1 Raman Spectroscopy 

 

3.1.1 Introduction 

 

Raman spectroscopy is a non-destructive spectroscopic technique widely used in materials science, 

physics, and chemistry. Its working principle is based on Raman scattering of radiation (photons). 

Detailed information on structures and properties of materials can be obtained by analyzing Raman 

spectra. In this work, Raman spectroscopy is employed to study the phase, crystallinity and lattice 

distortion of manganate thin film samples, as well as to investigate their epitaxial strain, magnetic 

transitions, and coupling phenomena (e.g. spin-phonon coupling).  

 

3.1.2 Raman Scattering 

 

In the classical picture, the term “scattering” generally describes the trajectory deviation of radiation 

(photons) caused by interaction with matter. For molecules or lattices, their interactions with radiation 

result in a polarization induced by the incident electric field [56]. The induced polarization can be 

described using the following equation, where P is the induced dipole moment,  the polarizability and E 

the incident electric field: 

EP                                                                                                                                                       Equation 3.1 

The incident oscillating electric field E can be further expressed in the form of [56]: 

tEE 00 2cos                                                                                                                                       Equation 3.2 

where 0 is the frequency of the incident light. Polarizability  is the measure of the change in the local 

distribution of electrons in response to the incident electric field. It is modulated by the collective and 

quantized vibrations, i.e. molecular or lattice vibrations (phonons) [57] and can be expressed by Equation 

3.3 [56]: 















 j

j

Q
Q


 0                                                                                                                      Equation 3.3 

In this equation, 0 is the inherent polarizability and molecular or lattice vibrations are represented by 

normal modes Qj, which are given by: 

tQQ jjj 2cos                                                                                                                     Equation 3.4 

where j is the characteristic harmonic frequency of the jth normal mode (vibrational degree of freedom). 

Consider a molecule or a primitive unit cell of a crystal containing N atoms: each atom has three degrees 

of freedom. Thus, the total dynamical (vibrational or mechanical) degrees of freedom are 3N. For a 

molecule, three of the total 3N degrees of freedom can be assigned to block translations and another three 
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(or two in linear molecules) correspond to block rotations [57]. The final number of vibrational degrees of 

freedom (normal modes) is 3N-6 for a molecule or 3N-5 for a linear molecule. Due to the bonds 

connecting the constituent atoms in a crystal, block rotations are not possible. Therefore, the number of 

total normal modes is 3N-3 for crystals. Using Equation 3.3 ─ 3.4 and neglecting the higher order terms 

in Equation 3.3, the induced dipole moment (Equation 3.1) can be now rewritten as: 
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         Equation 3.5 

There are three terms in Equation 3.5. The first term represents Rayleigh scattering (elastic): the scattered 

light propagates at the same frequency as the incident radiation, i.e. without losing their energy. Notice 

that the partial derivative 

jQ


is present in both the second and third terms: only if 0





jQ


, the second 

and third terms will have a value. Only molecule or lattice vibrations, which modulate the polarizability, 

can yield light scattering at frequencies different from the frequency of the incident radiation 0. This kind 

of inelastic scattering of light is called Raman scattering. The prerequisite 0




jQ



 

is the reason why 

Raman scattering is so sensitive to material symmetry and structure. It must be pointed out that 
jQ


is 

much smaller than 0. Thus, Raman scattering is much weaker than Rayleigh scattering, i.e. only about 

0.001% of the incident radiation is inelastically scattered [58, 59]. If the frequency of the scattered light is 

increased from 0 by the vibrational frequencies j of the molecule or lattice as showed in the second term 

of Equation 3.5, the molecule or lattice will lose energy. This type of Raman scattering is referred to as 

anti-Stokes. In contrast, the frequency decrease by j as demonstrated in the third term results in an 

energy gain in the lattice and is called Stokes Raman scattering. Figure 3.1 schematically shows the 

transitions associated with Rayleigh and Raman scattering in comparison with one-photon absorption 

processes. As Figure 3.1 illustrates, Raman scattering is a two-photon process, which can be considered 

as successive virtual absorption and emission under the non-resonant condition. Hence, the final state in 

Raman scattering has the same electronic state as the initial state, but is different from the initial state 

with regard to the vibrational levels. (Resonant Raman scattering is beyond the scope of this work and 

will not be discussed.) 
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Figure 3.1 Energy-level diagram under the non-resonant condition. It is reconstructed from [57]. The 

symbol “g0” stands for the ground vibrational level of the electronic ground state.  

 

For non-resonant Raman scattering, radiation (photons) at any wavelength can be the excitation source. 

The energy gained (hRS - h0) or lost (hARS - h0) in the system by Raman scattering at any wavelength 

is the same, i.e. a constant shift  (Raman shift), for one particular vibrational state. To better compare 

Raman spectra measured using different excitation sources, Raman spectra are conventionally plotted in 

wavenumber (cm
-1

) instead of spectral wavelength (nm). The following equation allows the conversion 

from spectral wavelength to wavenumber of Raman shift: 











R


11
10

0

7
                                                                                                              Equation 3.6 

where  is the Raman shift in wavenumber (cm
-1

), 0 and R are the wavelengths (nm) of the laser and 

the scattered Raman light, respectively. 

 

3.1.3 Raman Instrumentation 

 

3.1.3.1 Raman Setup (Macro-System) 

 

A Raman spectrometer system usually consists of four basic components: a monochromatic excitation 

source, an optical sampling system, a wavelength separator and a signal processing system. In the Raman 

spectrometer system employed in this work (Figure 3.2 (a) and (b)), the excitation source is an argon-ion 

laser, whose beam is guided and focused onto the sample by various optical elements. The Raman signal 

scattered from the sample material is subsequently collected into the SPEX 1400 double monochromator. 

The double monochromator spatially separates the polychromatic Raman signal into its individual 

wavelength components. By scanning the diffraction gratings over a selected wavelength range, the 

separated wavelength components pass through the exit slit sequentially and are measured at the detector, 
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i.e. a single-channel Hamamatsu gallium arsenide (GaAs) photomultiplier tube (PMT). The collected 

optical signal is at first converted to an electrical signal by the photomultiplier and further amplified by 

the discriminators. The signal is finally recorded by a computer as a Raman spectrum, i.e. a plot of signal 

intensity versus wavenumber. 

 

 

 

Figure 3.2 (a) Setup of the Raman spectrometer system. (b) A closer look at the optical path. 

  

3.1.3.1.1 Laser 

 

Due to the feeble and inefficient nature of Raman scattering, a high power excitation source is needed to 

obtain a measurable Raman signal. In our Raman spectrometer system, a Coherent Innova 300C 

MotorFreD argon ion laser is implemented as the excitation source. The argon-ion laser emits at the 

following wavelengths in the visible spectrum region: 457.9 nm, 476.5 nm, 488 nm, 496.5 nm, 501.7 nm 

and 514.5 nm. At 488 nm the maximum output power is ~ 3.3 W at 50 Amps and the beam diameter is 

~ 1.5 mm.  

 

3.1.3.1.2 Double Monochromator 

 

In the whole spectrometer system, the double monochromator is the most important component for 

spectral resolution. As illustrated in Figure 3.3, the SPEX 1400 is composed of slits (S1 ─ S3), 

collimators (mirrors M1 ─ M6) and gratings (G1 and G2). The optical systems of the two monochromator 

stages are designed in typical Czerny-Turner fashion. The entrance slit spatially localizes the collected 

Raman light and serves as the reference position for the optical alignment prior to the double 

monochromator. The illuminated area on the first mirror can be increased due to diffraction by closing the 

first slit down, i.e. larger usage of the optics. However, this is achieved at the cost of reduced intensity 

due to the partial cut-off of the beam. 
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Figure 3.3 Configuration of the SPEX 1400 double monochromator. 

 

3.1.3.1.3 Low-temperature Raman Scattering Measurements 

 

A bath cryostat of the model “Special 9.25 CNDT SuperVariTemp (SVT)” from Janis Research is 

available for the Raman spectrometer system. This provides the possibility to perform low-temperature 

measurements. The cryostat consists of a vacuum vessel, a liquid nitrogen (LN2) reservoir, a liquid 

helium (LHe) reservoir and a sample mount with a wound heater and a temperature sensor (Figure 3.4). 

The operational principles of the cryostat are described in the following [60]: the cryostat design uses 

concentric layers of shielding consisting of a vacuum jacket and a LN2 bath to shield the liquid helium 

reservoir and to reduce the rate of cryogen consumption. For the highest operating efficiency, initial room 

temperature vacuum levels of about 1.3 x 10
-5

 mbar are desirable. To achieve sample cooling, LHe needs 

to be vaporized. The needle valve at the bottom of the LHe reservoir will be open and LHe will flow 

through the capillary tube into the area, which is surrounded by the wound heater and is thermally 

coupled to the sample mount (Figure 3.5). By adjusting the opening of the valve and controlling the 

heater, LHe will be vaporized and heated to the control temperature and the desired cooling of the sample 

mount will thus be achieved. The SVT cryostat provides ~ 5.5 liter LHe capacity and ~ 6.5 liter LN2 

capacity. Depending on the desired temperature, boil-off of one LHe reserve will take a few hours up to 

more than one day. For example, a sample temperature as low as 10 K can be maintained for a couple of 

hours if setting up the appropriate flow rate of He vapor. 
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Figure 3.4 (a) Photo of the cryostat and part of the optical sampling system. (b) Schematic drawing of the 

cryostat design (adapted from [60]). 

 

 

 

Figure 3.5 A closer look at the sample mount inside the cryostat. 

 

3.1.3.2 Confocal Raman Microscopy 

 

In this work, a HORIBA Jobin Yvon LabRAM HR800 Raman system (Figure 3.6(a)) equipped with a 

confocal microscope is also applied. Confocal Raman microscopy is not an imaging microscopy as its 

name suggests but also a spectroscopic measurement. Its optical design principle is illustrated in Figure 
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3.7. A pinhole aperture is placed in front of the excitation source, a 20 mW helium-neon (HeNe) laser 

with a wavelength of 632.817 nm and a polarization ratio of 500:1 [61]. The laser beam is then focused 

by the microscope objective and creates a point illumination on the sample (focal plane). Only the Raman 

light collected from the point illumination on the focal plane will be refocused through another pinhole 

aperture in the plane conjugated to the sample, imaged onto the grating and eventually detected by the 

CCD (Charge-Coupled Device) detector of 1024 x 256 pixels [62]. Any out-of-focus Raman light 

originated from above or below the focal plane will be rejected (Figure 3.7). Thus, the second pinhole 

aperture functions as a spatial filter. Due to the confocal configuration, the only available scattering 

geometry in the LabRAM system is the backscattering geometry ( = 180°).  Hence, a certain portion of 

the laser beam, whose intensity depends on the roughness or optical properties of the sample material, is 

reflected along the optical axis of the microscope and collected by the objective. Since the reflected and 

elastically scattered (Rayleigh scattering) light is several orders of magnitude more intense than the 

Raman scattering signal, their signal must be filtered out prior to the detector. Therefore, a holographic 

notch filter is employed in the LabRAM system to reject the laser line. The drop off stokes edge is 

< 120 cm
-1

 [61]. The lateral and especially the depth resolutions of Raman microscopy are much 

improved over the conventional Raman spectrometry due to the confocal configuration. A lateral 

resolution of ~ 2 m (Figure 3.6 (b)) can be achieved using the 100 X objective with NA = 0.92 and a 

1000 m pinhole. A spectral resolution of ~ 1 cm
-1

 can be achieved using the same configuration. 

 

 

                

Figure 3.6 (a) Photo of the LabRAM system. (b) The focused laser spot viewed under the microscope 

using a 100 m slit, a 1000 m pinhole and a 100 X objective. 
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Figure 3.7 Schematic drawing of the confocal principle (adapted from [62]). 
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3.1.3.3 Comparison of the Functionalities between the Conventional Raman Setup and the 

LabRAM Confocal Raman Microscope 

 

Conventional Raman setup LabRAM confocal Raman microscope 

 Compact, easy to operate 

Free choice of excitation sources, i.e. employment 

of different lasers or laser lines 

Single light source, i.e. HeNe 

Variable power of excitation source by either 

tuning the laser or applying filters  

Tunable power of excitation source only by 

applying filters 

Flexible arrangements of optical configurations 

except the back-scattering configuration 

Only the back-scattering configuration is 

available for Raman signal collection. 

No laser-line rejection, but frequency as low as 

5 cm
-1

 away from the laser line can be measured. 

Notch filter for laser-line rejection 

Polarized Raman measurements are possible by 

employing polarizers in the optical path. 

Polarized Raman measurements are not 

possible. 

Rejection of stray light using the intermediate slit 

of the double monochromator 

Efficient rejection of stray light by confocal 

configuration 

Low spatial resolution especially in the depth 

direction 

High spatial resolution in both lateral and depth 

directions 

Long acquisition time due to the usage of the 

single-channel photomultiplier tube 

Multi-channel CCD detector provides high 

detection efficiency and thus much shorter 

acquisition time. 

No scanning or mapping option Motorized stage allows 1D scans along different 

sample directions, e.g. depth profiling, as well 

as 2D mappings  

Low-temperature measurements possible using a 

cryostat 

 

 

Table 3.1 Comparison between the conventional Raman setup and the confocal Raman microscope. 

 

3.2 X-ray Diffractometry (XRD) 

 

3.2.1 Interaction of X-rays with Matter ─ Elastic Thomson Scattering 

 

Depending on the photon energy, X-rays can interact with matter in various ways. As shown in Figure 

3.8, the interactions which are dominant in the energy regime of laboratory X-ray sources and 

synchrotron radiation are elastic Thomson scattering, inelastic Compton scattering and photoelectric 
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absorption. Elastic Thomson scattering is the basis for X-ray diffractometry (XRD), which is the topic of 

this section. Inelastic scattering and photoelectric absorption, on the other hand, are related to analysis 

techniques such as X-ray photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy (XAS). 

The theoretical background and instrumentation of XAS will be discussed in detail in Section 3.3. In 

Thomson scattering, the contribution of nuclear charges is negligible. Hence, the photons are considered 

to be scattered by electron clouds of the atoms in the materials. Accelerated by the electric field of the 

incident photons, the electron clouds become the sources of electromagnetic dipole radiation and re-emit 

photons with the same energy as the incoming one [63, 64]. Thus, the energy (wavelength) of the X-ray 

photons is conserved.  

 

 

 

Figure 3.8 The cross-sections
1

 as functions of X-ray energy for various processes involving the 

interaction of X-rays with matter for the element barium (Ba). The upper energy regime of synchrotron 

radiation is indicated by the gray region. The dashed lines mark the energies of K emissions from some 

laboratory X-ray sources. The figure is adapted from [63].  

 

3.2.2 Basic Principles 

 

If a material exhibits long-range order, the X-rays, which are elastically scattered by the electron clouds 

of the periodically arranged atoms, will interfere with each other, and diffraction will occur. The 

interference will be constructive, if the scattering geometry satisfies the following condition [64]: 

 sin2dn                                                                                                                               Equation 3.7 

This equation is called Bragg’s law, which gives the diffraction condition for measurable signals. In this 

equation, n is an integer representing the order,  is the wavelength of the X-rays, d is the lattice spacing, 

and is the scattering angle. Figure 3.9 (a) shows a graphic representation of Bragg’s law in real space. 

                                                           
1 
The cross-section quantifies the probability of a type of interaction. The unit “barn” is equal to 10

−24
 cm

2
. 
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By measuring the diffraction intensity as a function of the scattering angle, the spacings of the lattice 

planes, which contribute to the constructive interferences, can be determined. Hence, the atomic 

arrangements in the material can be resolved. Bragg’s law can also be visualized in reciprocal space via a 

geometric construction called Ewald’s sphere (Figure 3.9 (b)) [65]. The Ewald’s sphere has the radius of 

2/λ and passes through the origin of the reciprocal lattice at the point, where the incident X-ray beam 

exits the sphere. The sample sits at the center of the sphere. The vector, which originates from the sample 

and points toward the reciprocal lattice origin, is the wave vector of the incident beam K0. For a 

reciprocal lattice point to be in diffraction condition it must lie on the surface of the sphere, because the 

length of the wave vector of the diffracted beam is equal to that of the incident beam due to elastic 

scattering. The vector, which originates from the sample and points towards the reciprocal lattice point on 

the sphere, is thus the wave vector of the diffracted beam K. Furthermore, the angle between the wave 

vectors K0 and K must be 2 to satisfy Bragg’s law. Thus, the wave vector Q = K - K0 is referred to as 

the scattering vector and has the magnitude of 4sin/. 

 

 

 

Figure 3.9 Graphical representations of Bragg’s law (a) in real space and (b) in reciprocal space.  

 

3.2.3 XRD for Thin Films 

 

There are different types of XRD scans. The most conventional scan types, which are employed for 

routine XRD measurements, are symmetric -2 scans (Figure 3.10 (a)) and -scans (rocking curve). 

From the peak positions in the symmetric -2 scans, the structural phase and out-of-plane lattice 

parameter of a material can be determined. The -scans, on the other hand, characterize the crystalline 

quality by detecting the peak broadening while the sample rocks around its normal. For monocrystalline 

materials of cubic symmetry or polycrystalline materials, the information obtained from the symmetric 

-2 scans and -scans may be sufficient to determine the structure. However, structures of 

monocrystalline materials of other symmetries, materials with textures, or epitaxial thin films, can not be 

fully characterized only by symmetric -2 scans and -scans. Their in-plane reflections also need to be 
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investigated. This can be achieved by applying other scan types, e.g. -scan, asymmetric -2scan 

(Figure 3.10 (b)) and reciprocal space mapping (RSM) (Figure 3.10 (c)).  

 

 

 

Figure 3.10 Scattering geometries in reciprocal space of (a) a -2symmetric scan, (b) an -2 

asymmetric scan and (c) reciprocal space mapping.  

 

RSM is especially useful for structural characterization of epitaxial films. In RSMs, a confined area in the 

vicinity of a substrate reflection is mapped. Thus, the reciprocal lattice point corresponding to the in-plane 

reflection of the film sample can be located (Figure 3.11). Furthermore, the vertical and horizontal axes 

of the acquired RSMs can be interpreted as the out-of-plane and in-plane directions, respectively. 

Therefore, from the positions and shapes of the in-plane reflections, strain states, in-plane lattice 

parameters, and crystallinity can be deduced [64-66]. Experimentally, RSM can be performed using 

different procedures. One of the procedures is to do various -scans with increasing scattering angle 2. 

Another mapping technique, which was employed in this study, is to perform successive radial scans, i.e. 

a series of asymmetric ω-2θ scans with varying incident angles ω ± iΔω (i = 0, 1,…, n) as starting values 

[64]. This procedure is schematically shown in Figure 3.10 (c). In both cases, the measured quantities 

have angular values (ω and 2θ). To convert the angular units into reciprocal lattice units (Å
-1

), the 

following equations are applied [67]: 

)sin(sin
4

|| 



Q                                                                                                            Equation 3.8 

)cos(sin
4





Q                                                                                                          Equation 3.9 
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Figure 3.11 Schematic drawings of the RSMs in the case of (a) a relaxed film deposited on a substrate 

and (b) a film coherently strained with respect to the substrate. 

 

3.2.4 XRD Instrumentation 

 

For the experiments performed in this study, two types of diffractometer systems were employed: a 

Siemens D500 powder diffractometer and a Seifert 3003 PTS four-circle diffractometer. A detailed 

comparison is elucidated in Table 3.2 and Figures 3.12 ─ 3.16. From the comparison, it can be concluded 

that the Siemens powder diffractometer is applicable for routine XRD analysis, i.e. identification of phase 

and crystallinity, while more detailed structural analysis of thin films, e.g. RSM and -scan, should be 

performed using the Seifert four-circle diffractometer.  
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Siemens D500 powder diffractometer Seifert 3003 PTS four-circle diffractometer 

A two-circle goniometer; 

Two possible independent or coupled axial 

movements: 2, (Figure 3.12 (a)). 

A four-circle precision goniometer; 

Four possible axial movements: 2, , χ 

(tilting) and  (rotation) (Figure 3.12 (b)). 

The two additional circles ( and ) allow: 

(1) -scans or pole figure measurements;  

(2) Accurate positioning of the samples for the 

in-plane reflections. 

Lack of incident beam monochromators leads to Cu 

K1 and K2 radiations (Figure 3.13 (a)). This 

makes it difficult to resolve peaks close to a 

substrate peak (Figure 3.14 (a)).  

Monochromatic Cu K1 allows a better 

resolution as shown in Figure 3.13 (b) and 3.14 

(b). Laue oscillations with a relatively small 

periodicity around the film peak, which is close 

to the substrate peak, can be well-resolved. 

The divergent incident beam is initially designed to 

acquire high intensity from non-oriented (powder) 

samples but reduces the resolution for thin films 

(Figure 3.15 (a)). 

A parabolic mirror aligns X-rays into a parallel 

beam and reduces the broadening in (Figure 

3.15 (b)). 

No precise control of the sample position along the 

surface normal. 

Precise z (sample surface normal) positioning 

allows reducing displacement errors. 

Reciprocal space mapping is feasible. However, the 

measured film peaks are a convolution of K1 and 

2 components and the obtained positions are 

average values.  

As shown in Figure 3.16 (a), there can be an 

overlap of the instrumental streak and the film 

peak. This reduces the accuracy in locating the film 

peak position.  

Reciprocal space mapping of the in-plane 

reflections exhibits a higher resolution and is 

more accurate due to the monochromatic beam 

and due to the more accurate alignment of the 

sample via controllable χ-tilting and -rotation 

(Figure 3.16 (b)). 

 

 

Table 3.2 Comparison between Siemens powder and Seifert four-circle diffractometers for thin film 

analysis. 
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Figure 3.12 Photos of (a) Siemens D500 powder diffractometer and (b) Seifert 3003 PTS four-circle 

diffractometer.  

 

 
 

Figure 3.13 -2 scans of the (220) reflection of a YAO substrate measured by (a) the Siemens powder 

diffractometer and (b) the Seifert four-circle diffractometer. The marked features in (a) are instrumental 

artifacts and possibly caused by the slits. 

 

 
 
Figure 3.14 -2 scans of a ~ 80 nm LMO film grown on (110)-NGO measured by (a) the Siemens 

powder diffractometer and (b) the Seifert four-circle diffractometer. The marked features in (a) are 

instrumental artifacts and possibly caused by the slits. 
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Figure 3.15 -scans (rocking curves) of the (220) reflection of a YAO substrate measured by (a) the 

Siemens powder diffractometer and (b) the Seifert four-circle diffractometer.  

 

 

 

Figure 3.16 (a) (320)-RSM of a ~ 30 nm TmMO film grown on (110)-YAO measured by Siemens powder 

diffractometer. (b) (320)-RSM of a ~ 35 nm TMO film grown on (110)-YAO measured by Seifert four-

circle diffractometer, in which the double maxima of the substrate peak are interpolation artifacts caused 

by the broad step width along the -direction. 

 

3.3 X-ray Absorption Spectroscopy (XAS) and Resonant X-ray Emission Spectroscopy 

(RXES) 

 

3.3.1 Interaction of X-ray with Matter ─ Absorption, Emission and Inelastic Scattering 

 

As introduced in Subsection 3.2.1, elastic Thomson scattering, inelastic Compton scattering and 

photoelectric absorption are the important processes for applications using synchrotron radiation. While 

elastic Thomson scattering is the basis for X-ray diffraction, photoelectric absorption is the main 
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contributing phenomenon for X-ray absorption spectroscopy (XAS) and resonant X-ray emission 

spectroscopy (RXES). Figure 3.17 shows schematic pictures of photoelectric absorption and the possible 

decay via fluorescence. In the case of absorption, the incident X-ray photon transfers its energy (h0) to 

the atom and ejects a core electron into the continuum or to a higher unoccupied state (a bound state). The 

former is referred to as core-level ionization via the photoelectric effect (Figure 3.17 (a) left), whereas the 

latter is considered as core-level excitation (Figure 3.17 (a) right) [68]. Both processes result in the 

creation of a core-hole. The core-hole will be filled by an electron from a higher level and subsequently 

(within 10
−15

 s) decay through two mechanisms: the radiant X-ray fluorescence or the non-radiant Auger 

effect. If the excess energy generated by the filling of the core-hole is released in the form of photon 

emission of a characteristic energy (h1), the decay process will be referred to as X-ray fluorescence. But 

if a second electron from one of the higher levels is emitted from the system by the excess energy and a 

two-hole final state is created, this process will be denoted Auger decay [68].  

 

 

 

Figure 3.17 Schematic representations of (a) X-ray absorption processes: core-level ionization (the 

photoelectric effect) (left) and excitation (right), and (b) the decay process via X-ray fluorescence. 

 

3.3.2 Principle of XAS 

 

X-ray absorption spectroscopy (XAS) investigates the absorption probability of a material as a function of 

the incident X-ray energy. The absorption probability is conventionally represented by the measurable 

quantity “linear absorption coefficient”. According to the Beer-Lambert law (Equation 3.10), the linear 

absorption coefficient of a material () has a logarithmic dependence on the intensity (I0) of the incident 

X-ray with energy E, the travelling distance in the material (t) and the intensity (I) of the transmitted 

X-ray beam [69]: 

     tEeEIEI  0                                                                                                                 Equation 3.10 
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Besides the contribution from the photoelectric absorption, the absorption coefficient also incorporates 

the effects of all scattering processes, e.g. inelastic Compton scattering and elastic Thomson scattering 

[69]. Since the cross-sections of the scattering processes are several orders of magnitude smaller than the 

cross-section of the photoelectric absorption at the X-ray energy of interest in this work (< 20 keV), their 

contributions are thus considered as negligible and will not be discussed in the following. In general, the 

absorption coefficient is considered to be strongly dependent both on the X-ray energy E and on the 

atomic number Z of the element, which can be demonstrated by its variation with 
3

4

E

Z
 [70]. However, if 

the incident energy of the X-ray photons reaches the binding energy of a core electron and is sufficient to 

create a core-hole, there is an abrupt increase in the absorption coefficient as seen at E0 in Figure 3.18 (a). 

This discontinuity in absorption is denoted X-ray absorption edge. Each absorption edge represents a 

different core electron binding energy and is named according to the principle quantum number of the 

excited core electron, e.g. K for n = 1, L for n = 2 and M for n = 3 [71]. Since the binding energies are 

characteristic and well-known for each atomic species, selective probing of elements and core levels can 

be achieved by tuning the incident energy to the appropriate absorption edges. Therefore, XAS is an 

element-specific probe for oxidation state and electronic structure. 

 

If only considering the E
-3

 dependence, the absorption coefficient of an isolated atom decreases 

monotonically as the X-ray energy increases beyond the absorption edge, as suggested by the blue curve 

in the ─ E plot in Figure 3.18 (a). However, in reality modulations in absorption coefficient (XAFS: 

X-ray absorption fine structures) are observed both in the immediate vicinity of the edge jump and well 

above the absorption edge. This is demonstrated by the red spectrum in the ─ E plot in Figure 3.18 (a). 

The modulations within ~ 50 eV of the absorption edge is referred to as X-ray absorption near-edge 

structure (XANES), whereas the oscillations at the energies ~ 50 eV above the absorption edge is denoted 

extended X-ray absorption fine structure (EXAFS) [72]. In the vicinity or above the absorption edge, the 

X-ray energy is large enough to excite core electrons into discrete or continuum unoccupied states. The 

ejected electrons from the absorbing atom are backscattered from the electrons of the neighboring atoms. 

The interference between the forward-propagating and backscattered parts of the photoelectron wave 

function (Figure 3.18 (b)) thus causes the energy-dependent fine structures in the absorption coefficient 

[73]. Therefore, the XAFS reflects the unoccupied electron density of states for the absorbing atom. In the 

EXAFS regime, the photoelectrons have high kinetic energies and interact with electrons of the 

neighboring atoms mainly through single-scattering events. This allows a quantitative determination of 

the local chemical and physical structure around the absorbing atom, e.g. bond length and coordination 

number, by analyzing EXAFS spectra [71, 74]. In contrast, the XANES region is dominated by multiple-

scattering events between the photoelectrons with low kinetic energies and the electrons of the 

neighboring atoms. This makes the XANES region very sensitive to the site symmetry of the absorbing 

atom but difficult to be analyzed quantitatively. 
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Figure 3.18 (a) Illustration of the origin of “fine structures” in an X-ray absorption spectrum, i.e. the 

interference between outgoing and backscattered photoelectron waves. (b) Schematic drawing of 

photoelectron waves propagating and scattering in a material. Both drawings are reproduced from [70]. 

 

The XANES region has special interest for transition metal ions due to the arising of pre-edge structures. 

In the pre-edge region, the incident X-ray energy does not suffice to promote a core electron to the empty 

p orbitals or into the continuum. However, bound state transitions can be triggered due to the existence of 

unoccupied 3d states. Depending on the local geometry of the absorbing atom, e.g. tetrahedral, the 

unoccupied 3d state may hybridize with the empty 4p orbital. This gives rise to a strong electric dipole 

transition apart from the weak direct electric quadrupole transition from 1s to 3d [71, 72]. Thus, the 

intensity of pre-edge structures gives information not only on the intrinsic electronic structure 

(unoccupied states), but also on the local geometry of the X-ray absorbing atom. 

 

Experimentally the X-ray absorption coefficient can be measured using different detection modes. The 

most straightforward is the transmission mode, i.e. to directly measure the flux of the incident and 

transmitted X-rays as a function of the incident X-ray energy and then apply the Beer-Lambert law. 

Although the transmission detection is the only detection mode which measures absolute absorption 

coefficients, it has limitation for highly concentrated or inhomogeneous samples concerning the 

attenuation length, e.g. a thin film deposited on a thick substrate [69, 71]. Depending on the substrate 

material, the transmitted X-rays from the thin film may be strongly attenuated resulting in an interference 

with XAS measurements. To avoid the limitations, secondary yield detection techniques were developed 

based on the different decay mechanisms following the X-ray absorption event. The detection of emitted 

photoelectrons or Auger electron from the sample is called electron yield. The detection of emitted 

photons is denoted fluorescence yield. The electron yield has a probing depth of only about 3 ─ 10 nm 

and is therefore surface-sensitive, whereas the emitted fluorescence signal is produced along a thicker 

slab of material, of the order of 30 m at 6 keV, excluding any surface effect [69]. For both electron and 
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fluorescence yields the detected intensity is linearly proportional to the absorption coefficient, which is 

different from the logarithmic relation for the transmission mode [71, 73, 75]. 

 

3.3.3 Principle of RXES 

 

Resonant X-ray emission spectroscopy (RXES) studies the second-order optical processes, where the 

absorption of an incident photon causes a resonant core-level excitation and a fluorescence X-ray photon 

is subsequently emitted as a result of the de-excitation [76, 77]. Comparing XAS and RXES, it can be 

seen that the intermediate state of RXES corresponds to the final state of XAS as illustrated in Figure 

3.19 [76]. Different from normal X-ray emission spectroscopy (NXES), the incident energy in RXES is 

not large enough to excite the core electron into a high-energy continuum well above the absorption 

threshold, but only resonant with a particular bound state transition in the system [69, 77]. This means 

that an unoccupied bound state will be filled with the excited electron (the intermediate state) and an 

electron from a filled orbital will subsequently decay to fill the core hole (the final state). This coupled 

excitation and de-excitation event thus allows selective probing of unoccupied and occupied states by 

tuning the incident energy () to a particular bound state transition while simultaneously scanning the 

energy () of the emitted fluorescence X-ray. The energy transfer ( to the system, which is related 

to a specific electron configuration, can thus be determined using the law of energy conservation. With 

the help of theoretical calculations, assignment of the corresponding electron configuration to the energy 

levels may be achieved [76].  

 

Another advantage of RXES is its enhancement of spectral resolution. RXES can be classified into two 

categories [69]. In the first one no core hole is left after the transition from the valence state to the core 

state. In the second one, a shallow core hole is created after the decay from a high energy core state to a 

low energy core state. In either case, the lifetime broadening caused by the deep core hole in the 

intermediate state is removed [78]. The spectral resolution is thus determined by the longer lifetime of the 

shallower core hole in the final state. Although RXES provides complementary and more detailed 

information on electronic structure as well as better spectral resolution than XAS, the intensity of its 

signal is much weaker than the signal detected from XAS due to its nature of second-order optical process. 

Therefore, RXES requires the implementation of high-brilliance synchrotron radiation sources and highly 

efficient detectors. 
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Figure 3.19 Simplified energy schemes demonstrating the correlation between XAS, XES and RXES. The 

drawing is reproduced from [76]. The short dashed line in the final state represents an electronic state 

that arises from a valence-core transition.  

 

3.3.4 Instrumentation of XAS and RXES 

 

For both XAS and RXES, an intense incident X-ray beam of finely tunable energy is required to perform 

energy-dependent measurements in a reasonable time frame. This can be achieved using synchrotron 

radiation sources. All the XAS and RXES measurements of the REMnO3 thin films presented in this work 

were performed at the SuperXAS - X10DA beamline at the Swiss Light Source (SLS).  

 

The experimental setup for the XAS measurements is demonstrated in Figure 3.20. The incident X-ray is 

linear polarized in the orbital plane of the storage ring (parallel to the table in Figure 3.20). Its energy is 

tuned to be in the range from 6.5 keV to 6.75 keV (hard X-ray) in order to scan through the Mn K-edge. 

The measurements were done in partial fluorescence yield (PFY) using a crystal spectrometer to exclude 

the fluorescence lines from other elements in the sample and the elastically and inelastically scattered 

X-ray photons. One advantage of using PFY is its largely increased spectral resolution. In PFY, the 

detected quantity is the radiant decay product after the X-ray absorption event. Hence, the spectral 

resolution is determined by the longer lifetime of the shallower core hole in the final state instead of the 

lifetime broadening caused by the deep core hole in the intermediate state [78]. In practice, the spectral 

resolution is given by the quality of crystals used to separate the fluorescence lines. For the REMnO3 thin 

film samples, the Johann-type spectrometer was set to only detect the Mn K fluorescence line 

(E = 5896.8 eV). This is achieved by using the (333) Bragg reflection of a Ge (111) crystal analyzer. The 

diffracted Mn K- fluorescence line was subsequently captured by a two-dimensional hybrid pixel array 

silicon detector PILATUS 100K, which operates in single-photon counting mode with energy 

discrimination [79-81]. The crystal, detector and sample were all placed on a Rowland circle of 1 m 
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diameter, and covered by a balloon filled with helium in order to reduce the attenuation of the emitted 

fluorescence X-rays caused by the absorption in air. The spectral resolution of the PFY signal was about 

1 eV, as measured on the elastically scattered peak. 

 

        

 

Figure 3.20 (a) Photo of the setup for PFY-XAS at the SuperXAS beamline. (b) Schematic drawing of the 

Johann-type spectrometer (adapted from [80]). The sample is placed perpendicular to the incident beam. 

 

In the RXES measurements the incident X-ray energy is scanned across the Mn K-edge (from 6.53 keV to 

6.6 keV) same as in the PFY-XAS measurements, while the emitted X-ray energy is simultaneously 

measured over the Mn K fluorescence line (from 6.42 keV to 6.59 keV) using a von Hamos type 

detector [82]. The Mn Kβ emission lines originate from the transitions between the 3p and the 1s core 

levels. These transitions are sensitive to shifts in the main peak produced by the screening effect on the 3p 

orbitals by the different valence shell occupancy and also the 3p-3d exchange interaction coupling. The 

(440) Bragg reflection of a (220) Ge crystal analyzer was used to select the energy range of the 

fluorescence X-ray, which was detected by a one-dimensional microstrip detector MYTHEN II. The 

sample, crystal analyzer and detector were all located on a Rowland circle (25 cm diameter) (Figure 3.21) 

similar to that for PFY-XAS. Since RXES is a second order event of weak intensity, the samples were 

aligned at grazing incidence (~ 3°) with respect to the incident beam in order to maximize the 

illumination volume in the sample and thus acquire maximum fluorescence signal. Using the 

aforementioned spectrometer setup, the total experimental resolution was estimated to be ~ 1.5 eV.  
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Figure 3.21 Photo of the setup for RXES at the SuperXAS beamline. The samples were placed at grazing 

incidence with respect to the incident X-ray. 
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Chapter 4 Ion Beam Analysis ─ Rutherford Backscattering and Ion 

Channeling 

 

4.1 Introduction 

 

Ion beam analysis (IBA) is the general term for analytical techniques which use accelerated charged 

particles to probe material properties, e.g. composition, trace element distribution, and crystalline quality. 

The initial energy of the accelerated charged particles is usually of the order of MeV/amu
2
 [83]. 

Depending on the interactions of charged particles with sample materials, IBA can be divided into two 

categories: elastic and inelastic. The elastic techniques include Rutherford backscattering spectrometry 

(RBS), ion channeling, resonant scattering, and elastic recoil detection analysis (ERDA). The inelastic 

techniques comprise particle induced X-ray emission (PIXE) and nuclear reaction analysis (NRA) [84]. In 

this work, the IBA techniques used to determine the composition and crystallinity of several REMnO3 

thin film samples are RBS and ion channeling analysis. Hence, the following discussions will focus on 

these two techniques. 

 

4.2 Rutherford Backscattering Spectrometry (RBS) 

 

In Rutherford backscattering spectrometry a mono-energetic (typically 1 ─ 3 MeV) beam of light ions 

impinges on the sample. The incident ions will collide with and be scattered by the target nuclei (Figure 

4.1 (a)). As long as the energy of the incident ions is small enough, there are no nuclear reactions due to 

the Coulomb repulsion by the target nuclei [83]. As a result, the whole process can be considered as a 

classical elastic two-body collision (projectile-target collision) (Figure 4.1 (b)). In this case, “elastic” 

does not mean that the scattered ions have the same energy as the incident ions, but rather implies that the 

energy and momentum are conserved during collision. Thus, a ratio between the energy E1 of the 

scattered ion (M1) and the energy E0 of the incident ion (M1) can be derived from the laws of conservation 

[85]: 
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                                                                           Equation 4.1

 

where M2 is mass of the target atom and   is the scattering angle. The energy ratio K is called the 

kinematic factor. Since the mass M1 and energy E0 of the incident ion are known, the mass M2 of the 

target atom can be easily determined after measuring the energy E1 of the scattered ion under a certain 

scattering angle. Thus, the energy scale (E1) can be considered as equivalent to a nonlinear mass scale. 

                                                           
2
 1 MeV/amu (megaelectron volt / atomic mass unit) = 9.64853336 × 10

13
 m

2
/s

2
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This is the fundamental principle applied in RBS to achieve mass discrimination and composition 

analysis of a sample.  

 

The variation of the kinematic factor with target mass (M2) and incident ion species is illustrated in 

Figure 4.1 (c). Note that if the target atom has a smaller mass than the incident ion, i.e. M2 < M1, there 

will be no backscattering. For light elements the energy separation of target masses, i.e. the difference in 

the kinematic factors, is the largest when using light ions, e.g. He, as projectiles. On the other hand, the 

energy separation for heavy elements is much smaller than for light elements regardless of the incident 

ion species, because the energy of the backscattered ion asymptotically approaches the energy of the 

incident ion with increasing target mass [86]. This means that RBS has a higher mass resolution for light 

elements than for heavy elements. The energy separation and hence the mass resolution for heavy 

elements can be improved by using heavier ions as projectiles. For example, as shown in Figure 4.1 (c) 

the energy separation between target mass of 160 and 220 is increased about five times, if 
48

Ti replaces 

4
He as incident ions. However, this will lead to increased beam-induced damage in the sample [83].  

 

 

 

Figure 4.1 Schematic drawings of (a) the setup of RBS and (b) a classic elastic two-body collision and 

backscattering of the lighter projectile. (c) Kinematic factor as a function of target mass for four types of 

incident ions (
4
He, 

16
O, 

28
Si and 

48
Ti) at  = 180° [87]. 

 

The correlation between the masses and energies demonstrated by Equation 4.1 is only valid for the 

scattering which happens between the incident ions and the atoms at the sample surface. Depending on 

the experimental conditions, projectile ions can penetrate as far as a few microns into a sample. Thus, 

scattering by atoms along the penetration paths in the sample and the resultant energy losses also need to 

be taken into account. Figure 4.2 schematically demonstrates the trajectory of projectile ions in the 

sample and the corresponding energy loss. Hence, the detected energy E1
’
 of the ion which is 

backscattered from an atom at the depth x can be calculated by [86]: 
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And the energy loss factor can be defined as [87]: 
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where K is the kinematic factor;  and  are the angles between the sample normal and the directions of 

the incident beam and of the scattered ions, respectively. The term 
dx

dE

 
is called specific energy loss or 

stopping power, which characterizes the contribution of the projectile-target interactions to the energy 

loss. There are two separate processes contributing to the energy loss of the projectile ions during 

penetration: elastic collisions with sample atomic nuclei (nuclear stopping) and inelastic collisions with 

electrons (electronic stopping). In the energy range of ~ 1 MeV/amu, which is the case for RBS, 

electronic stopping is the primary contribution for energy loss [86]. The stopping power 
dx

dE

  
depends on 

the projectile species, its velocity, the elemental composition of the sample material, and the density of 

the sample [86]. Using suitable formulas e.g. the Bethe-Bloch formula or a semi-empirical approach [88], 

the stopping powers of the inward and outward paths, 
indx

dE









 
and 

outdx

dE









 
respectively, can be 

evaluated. A linear relation between the detected energy E1
’
 of the backscattered ion and the depth x at 

which the scattering happens can be determined by combining the information about the stopping powers 

with Equation 4.2. Thus, the energy scale in an RBS spectrum can be considered as equivalent not only to 

a mass scale but also to a depth scale. This means that RBS offers quantitative depth profiling of all 

individual elements present in the sample material. This is especially appealing for thin film 

characterization. Using RBS, the elemental composition, distribution and thickness can be simultaneously 

determined for a thin film sample. An example of how to interpret an RBS spectrum is shown in Figure 

4.3. Notice that the peak width is proportional to the material thickness, while the peak position is 

determined by both the atomic mass and the position of the atom in the sample. 
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Figure 4.2 Schematic demonstration of the trajectory of projectile ions in a sample and the corresponding 

energy loss (adapted from [86]). 

 

 

 

Figure 4.3 RBS spectrum of a 400 nm Au/Al/Au multilayer and the corresponding interpretation 

(reproduced from [86, 87]). 

 

4.3 Ion Channeling 

 

In the previous section the principles of RBS are explained under the assumption that all the target atoms 

within the penetration range of the incident ions are equally “visible” for the ions. However, this 

assumption is not always valid for monocrystalline materials, e.g. single crystals and epitaxial thin films, 

which have well-aligned rows and planes of atoms. If the incident ion beam is carefully aligned with a 

major symmetry direction of the sample, the incident ions can be guided through the channels formed by 

atomic strings or planes and penetrate much deeper into the sample [85]. This phenomenon is known as 

channeling. Due to the channeling effect, the probability of close encounters such as large-angle 
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Rutherford scattering drastically decreases and the corresponding spectral yield is reduced by at least an 

order of magnitude (Figure 4.4 (b) and (f)) [83, 85]. Regardless of the crystalline quality of a sample and 

the alignment of the incident beam, there is always a peak in the channeling RBS spectrum resulting from 

the backscattering from surface atoms as shown in Figure 4.4 (f) ─ (h). If defects or interstitial atoms are 

present in the sample lattice, the channeled ions will be dechanneled or backscattered by them. This leads 

to increased intensity or appearance of extra peaks in the spectrum as seen in Figure 4.4 (g) and (h). Ion 

channeling can thus be used to study the crystalline quality, defect type and distribution, lattice strain, and 

surface and interface configurations of monocrystalline samples [83, 86, 89]. Since the ion channeling 

process can be considered as ion scattering from atomic strings (axial channeling) or planes (planar 

channeling) with uniform continuum potentials, quantitative analysis is possible by using this continuum 

model [86]. Ion channeling can be detected using almost all IBA techniques, e.g. RBS, ERDA, PIXE, and 

NRA. In this work, the ion channeling measurements have been performed in combination with RBS and 

can thus be referred to as channeling RBS. 

 

 

 

Figure 4.4 (a) ─ (d) Different geometries of the incident ion beam with respect to the atoms in the sample. 

The black dots represent the point or line defects. (e) ─ (h) the corresponding RBS spectra. (All the 

graphs are adapted from [90].) 
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4.4 Facility at the Material Science Beamline at ETH Zürich 

 

The RBS and ion channeling measurements of the REMnO3 thin film samples are performed at the 

Materials Science beamline at ETH Zürich by Dr. Max Döbeli, who also conducted the corresponding 

evaluations. The setup of the beamline is schematically illustrated in Figure 4.5. The main part of the 

system is a 6 MV tandem type accelerator, which accelerates the ions from the negative ion sources and 

produces final beams of variable beam energy from 0.6 to 60 MeV [91]. The beams are subsequently 

guided to different chambers available for material analysis. For the REMnO3 thin films, the RBS and ion 

channeling chambers have been employed to study the compositional and structural properties of the 

samples.  

 

RBS measurements can be performed in both RBS and ion channeling chambers. Elements from Be to U 

can be detected [92] from a sampling depth of a few microns. In the RBS chamber RBS and PIXE can be 

simultaneously performed. For channeling measurements, the 
4
He ions are usually used as the projectiles 

[89]. In both chambers, the ion beam can be focused down to 1 mm in diameter. This provides a lateral 

resolution of ~ 1 x 1 mm
2
 [93]. More critical for thin film analysis is the depth resolution of composition 

profiles. Depending on the material and experimental conditions the depth resolution is between 0.5 and 

10 nm in the vicinity of the sample surface [92]. For the measurements of the REMnO3 thin films, the 

achievable depth resolution using a silicon detector is ~ 12 nm at normal incidence, which can be 

improved to ~ 4.5 nm if the sample is tilted against the incident beam by 60°. 

 

 

 

Figure 4.5 Layout of the Material Science beamline at ETH (adapted from [94]). 
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Chapter 5 Transmission Electron Microscopy 

 

5.1 Principles 

 

Transmission electron microscopy (TEM) is a microscopy technique, where the cross section of a sample 

is imaged using a high energy electron beam and the secondary signals, i.e. the transmitted or forward-

scattered electrons, are detected. By analyzing the yields, amplitudes and phases of the detected electrons, 

information about material microstructures can be obtained. Typically, the impinging electrons are 

accelerated at several hundreds kV with de Broglie wavelengths of the order of atomic scale. Hence, 

TEM provides a much higher resolution than the conventional visible-light microscopy. Taking account 

of the limitations due to the optical aberrations, the achieved resolution of TEM is usually of the order of 

the lattice spacing, i.e. a couple of angstroms [95]. To detect an adequate yield of the transmitted or 

forward-scattered electrons, the TEM samples must be very thin. For example, for 100 kV electrons the 

sample thickness is of the order of 5 ─ 100 nm [95].  

 

There are two basic imaging modes in TEM: bright-field (BF) and dark-field (DF) modes. For the BF 

mode, a centered objective diaphragm is used to pass on the primary beam of transmitted electrons and 

intercept the electrons scattered at large angles. Hence, the image is formed using the directly transmitted 

electrons. In contrast,  the primary beam is intercepted in the back focal plane of the objective lens in the 

DF mode by shifting the diaphragm, tilting the primary beam or placing a central beam stop [95]. Thus, 

only scattered electrons pass on to generate the image. Depending on the thickness, mass and crystallinity 

of the sample regions, incident electrons will be transmitted or scattered to different extents and thus 

generate the observed image contrast. This kind of image contrast is referred to as amplitude contrast, 

which is further categorized into mass-thickness and diffraction contrast [96]. If the objective diaphragm 

is increased to transfer both the transmitted (forward-scattered) electron beam and at least one diffracted 

beam, interference patterns will be formed between the transmitted and diffracted electron wavefunctions 

[97]. Such interference patterns contain phase relationships of the beams contributed by the crystal 

lattices and yield images of the crystal structures with resolutions on the scale of lattice periodicities. This 

imaging mode is thus called high-resolution TEM (HRTEM) and the observed image contrast is denoted 

as phase contrast. Useful information on crystal defects and atomic arrangements can be derived by 

analyzing HRTEM images. However, it must be pointed out that the observed lattice fringes in HRTEM 

images are not direct images of the structure, but representations of lattice spacing and orientation [96]. 

Thus, extra care needs to be taken when intuitively interpreting HRTEM images without computer 

simulation.  
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5.2 Sample Preparation and Instrumentation 

 

A ~ 58 nm LMO thin film grown on YAO was characterized by TEM. The experiments were performed 

using the equipments at the Electron Microscopy Center of the ETH Zurich (EMEZ) by Dr. Julia-Maria 

Martynczuk and Dieter Stender. The focused ion beam technique (FIB) was used to prepare the TEM 

cross-sectional lamella of the thin film. The CrossBeam NVision 40 workstation from Carl Zeiss was 

employed for this purpose. This SEM-FIB workstation is equipped with a gallium liquid metal ion source, 

a gas injection system and a micromanipulator MM3A from Kleindiek. A carbon protective cap was at 

first deposited onto the thin film surface by electron beam deposition in SEM mode at low scan speeds 

and then a thicker carbon layer (~ 1 µm) was deposited in FIB mode. The TEM lamella was subsequently 

cut free with trenches from both sides with 13 nA and 3 nA at 30 kV. After the lift-out was performed the 

lamella was polished to ion transparency with currents down to 10 pA at 30 kV. In order to diminish the 

surface amorphization of the lamella, low kV showering was performed for several seconds at 5 kV and 

2 kV. The prepared lamella was imaged using a FEI Tecnai F-30 (field emission gun) transmission 

electron microscope. Bright-field and high-resolution transmission electron micrographs (BF and 

HRTEM) were obtained using an acceleration voltage of 300 kV and post-column CCD camera. Data 

evaluation and fast Fourier transformation (FFT) were performed using DigitalMicrograph from Gatan. 
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Part III 

 

Results and Discussions 
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Chapter 6 Thin Film Deposition Using Pulsed Laser Deposition 

 

6.1 Introduction 

 

Pulsed laser deposition is a versatile deposition technique for complex multicomponent materials. It often 

enables straightforward control of deposition rate, reproduction of the target composition and relatively 

easy control over the film crystallinity. In many cases, successful PLD of a material can be achieved 

using a relatively large range of deposition parameters. For example, the YBa2Cu3O72x thin films can be 

deposited in an off-axis PLD geometry under various background oxygen pressures (0.04 to 1.33 mbar) 

and axial distances from the target (1.5 ─ 8 cm) [98]. Using the same PLD setups (Figure 2.1) as 

employed for the film growth of o-REMnO3 in this study, various materials, e.g. YSZ, LaTiO3−xNx, 

Li1+xMn2O4− thin films, were successfully deposited with different combinations of deposition 

parameters [99-101]. Recently the perovskite-type LaAlO3 thin films of high crystallinity were also 

successfully grown on isotope exchanged SrTi
18

O3 substrates under the pressures ranging from 

5 x 10
-5

 mbar to 1 x 10
-3

 mbar. The Laue oscillations observed in the XRD scans (Figure 6.1 (a)) indicate 

that at normal incidence of the plasma plume (plume-substrate angle = 90°) high crystalline quality is 

achievable regardless of the variation in the other parameters, e.g. background pressure and laser fluence. 

The cubic LaAlO3 phase can also be grown even when the plasma plume is inclined to the substrate 

(plume-substrate angle ≠ 90°) (Figure 6.1 (b)). This implies that the cubic phase can emerge within a 

wide range of background pressure, laser fluence and even plume-substrate angles. But to acquire the 

highest film crystallinity the plasma plume orientation needs to be carefully controlled. Based on the 

experiences collected from the depositions of LaAlO3 and other materials, the film growth of o-REMnO3 

using the same PLD setup was investigated.   

 

 

Figure 6.1 (a) -2 scans of three LaAlO3 thin films deposited under various background pressures and 

with different laser fluence. The scans are offset on the intensity scale to provide a better comparison in 

peak shape. (b) Comparison of the crystallinity between the films deposited at normal incidence and at an 

inclined plume incidence of ~ 80°. 
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 6.2 Challenges and Difficulties for the Deposition of o-REMnO3 

 

6.2.1 Plume Alignment 

 

6.2.1.1 Plume-Substrate Angle  

 

As the example of LaAlO3 film growth demonstrates, the plume-substrate angle could play an important 

role in the deposition of crystalline thin films. In the PLD chamber employed for the deposition of 

o-REMnO3, the substrate heater can only move translationally in the horizontal direction. Once its 

position is fixed, the plume-substrate angle is then solely controlled by the angle of the incident laser 

beam with respect to the target surface. In the case of cylindrical targets, the plume-substrate angle is 

determined by the position of the tangent point where the incident laser beam intersects the target. The 

cylindrical target system is designed with a controllable rotational motion and a translational up and down 

movement along its axis to achieve homogeneous ablation over the entire target surface area. This special 

configuration facilitates the implementation of pulsed reactive crossed beam laser ablation (PRCLA). 

However, the imperfection in the cylindricity of the targets can lead to variation in the plasma plume 

orientation in both horizontal and vertical directions during the deposition process (Figure 6.2), even 

though the incident direction of the laser beam is fixed. This effect was observed experimentally for all 

four o-REMnO3 (RE = Tb, Ho, Tm and Lu) targets. An example of the experimental observation is shown 

in Figure 6.3 (a), where the emitted plasma plume from the TmMO target encounters the heated substrate 

(~ 760 °C) at different angles during the deposition. XRD scan shows that the resultant film has an 

amorphous structure instead of crystalline orthorhombic structure (Figure 6.3 (b)). This observation 

suggests that the deposition of o-REMnO3 could be sensitive to the plume-substrate angle.  

 

 

 

Figure 6.2 Schematic drawings of the effect of imperfect target cylindricity on the propagation of the 

plasma plume from (a) the top view and (b) the side view of the target configuration. 
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Figure 6.3 (a) Photos of the TmMO plasma plume motions during the deposition at P(O2) ~ 0.5 mbar. 

(b) Out-of-plane -2 scan of the resulting film deposited on the STO substrate. 

  

Depositions using the TMO target at the plume-substrate angles of ~ 68°, 75° and 90° (Figure 6.4 (a) ─ 

(c)) were performed while the substrate rotation was not applied and certain parameters were kept fixed at 

specific values as listed in Table 6.1. All the films grown with the angles different from 90° appear to be 

mostly amorphous and only show very small Bragg peaks around 2 ~ 31.4° (Figure 6.4 (d)). Comparing 

this position of the observed film peaks with the published data of bulk hexagonal REMnO3, it is found 

that this film reflection can be assigned to the (004) reflection of h-REMnO3. This thus suggests the 

existence of a very small amount of hexagonal phase. The possible epitaxial relations between the (110)- 

or (100)-oriented substrates and the hexagonal structure of TMO are schematically illustrated in Figure 

6.5. As demonstrated, hexagonal TMO (h-TMO) could grow with the epitaxy of (111) and (001) on a 

(110)-oriented YAO or NGO substrate. On the other hand, the possible epitaxial relations for h-TMO 

grown on (100)-oriented STO are (101) and (110). Depositions at normal incidence (~ 90°) of the plumes 

were subsequently conducted to further investigate the influence of the plume-substrate angle on the 

structure formation. Contrary to the case of depositions at the plume-substrate angles of ~ 68° and 75°, 

the orthorhombic phase starts to emerge in the films grown at normal incidence of the plumes as indicated 

by the onset of the Bragg peaks at 2 ~ 22.7° in the red and green diffractograms in Figure 6.4 (e). This 

shows that normal incidence of the plasma plume increases the possibility of the orthorhombic phase 

formation.  

 

Spot size P(O2) 
Substrate 

temperature 

Target-substrate 

distance 
Fluence 

Laser repetition 

rate 

~ 2 x 1 mm
2 

~ 0.2 mbar ~ 760 °C 3.7 cm ~ 3 J/cm
2
 2 Hz 

 

Table 6.1 Deposition parameters for the film growth under different plume-substrate angles (thin film 

samples No. 1 ─ 5).  
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Figure 6.4 (a) ─ (c) Top views of the TMO plasma plumes during the depositions and the substrate 

heaters after the depositions at the plume-substrate angle of ~ 68°, 75° and 90°, respectively. (d) and (e) 

Out-of-plane -2 scans of the correspondingly resulting thin films.  

 

 

 

Figure 6.5 Schematic drawings of the possible epitaxial relations between the hexagonal structure of 

TMO and (a) the (110)-oriented YAO and NGO substrates, and (b) the (100)-oriented STO substrate. 
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It is noteworthy that the coloring of the heater surface is nonuniform and asymmetric after the deposition 

at the inclined plume incidence and without using the substrate rotation (Figure 6.4 (a) and (b)). The right 

side of the heater central surface appears to be greenish after the deposition at the plume-substrate angle 

of ~ 68°, while the left side shows the greenish color at the plume-substrate angle of ~ 75°. This coloring 

difference could be intuitively related to the angular distribution of the plume species in the presence of 

the background gas and explained by the thin-film interference phenomenon as following: at the plume-

substrate angle of ~ 68° the side edge part of the visible plume front encounters the right side of the heater 

and leaves a thinner deposit region appearing to be greenish on the heater central surface. When the angle 

is adjusted to ~ 75°, the plume is shifted slightly towards the heater center and allows its edge side to 

bombard the left side of the heater. Hence, the greenish region appears at the left side of the heater. In 

contrast, the coloring of the heater surface appears to be symmetric with respect to the heater center after 

the deposition at normal incidence of the plasma plume. Both sides of the heater were covered with 

thinner deposit layers showing some greenish and bluish interference patterns, while its central surface 

displays some uniform purple coloring. Due to the presence of the background gas, the plasma plume is 

confined and its angular distribution is modified by the additional collisions with the background gas. 

Since the ablated target components have different masses and chemical reactivity, they interact with the 

oxidizing background gas differently, and resulting in therefore different angular distributions for 

different plume species. The scattering between the plasma plume and the background gas also 

progressively decelerates the plume and forms a more confined distribution of the plasma species at the 

plume front, which was observed in the ICCD emission images of neutral Mn-plume species obtained by 

ablating LiMn2O4 at P(O2) = 0.2 mbar [102]. Plasma imaging study on the LuMnO3 cylindrical target 

shows that in a background of 5 x 10
-2

 mbar N2O the emission intensity of the LuO species increases at 

the plume front but much less at the side part of the plume [103, 104]. In a background of 0.2 mbar O2, 

similar forward-peaking distribution of oxygen-containing plasma species might emerge. Thus, the 

experimentally observed correlation between plume orientation and phase formation suggests that the 

spatial distribution and kinetic energies of the plasma species, especially the oxygen-containing species, 

at the plume front are crucial for the formation of o-REMnO3. Therefore, the plume-substrate angle 

should be fixed at ~ 90° for the deposition of o-REMnO3. Although normal incidence of the plume to the 

substrate largely enhances the possibility of o-REMnO3 formation, it is still possible to obtain the 

amorphous or hexagonal phases under this condition as samples No. 3 and No. 4 in Figure 6.4 (e) 

demonstrate. One of the possible causes is again the small angular deflection of the plume orientation 

during the deposition. Even though the nominal plume-substrate angle is set to be ~ 90° and the 

cylindrical target is mounted as straight as possible, the angular deflection resulting from the imperfect 

target cylindricity is still difficult to avoid. Furthermore, the target shape is unfortunately difficult to be 

corrected, because the sintered targets are fairly brittle and would probably be damaged by further 

machining to obtain a more regular cylindrical shape.  
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6.2.1.2 Target-Substrate Distance  

 

The target-substrate distance has been increased from 3.7 cm from the previous experiments to 5.5 cm 

(Figure 6.6 (a)), in order to examine its influence on the orthorhombic phase formation. The other 

deposition parameters remain the same as listed in Table 6.1. The plasma plumes were adjusted to be as 

perpendicular to the substrates as possible. The samples deposited at the larger target-substrate distance 

exhibit the polycrystalline hexagonal structure of TMO on (100)-STO (Figure 6.6 (b)). The possible 

epitaxy between hexagonal TMO and cubic STO is already demonstrated in Figure 6.5 (b). There are two 

effects arising from the increased target-substrate distance, which might be responsible for the formation 

of the hexagonal phase. One effect is the reduction of the kinetic energies of the plume species as a result 

of the increased scattering path between the plume species and the background gas. Thus, the dynamics 

between the incident plume and the particles reflected and/or resputtered from the substrate are different 

from their dynamics at a shorter target-substrate distance. The other effect is the broadened angular 

deflection of the plume orientation at the substrate after the increased interaction distance in the 

background gas. This may again result in the temporally and spatially nonuniform angular distribution of 

the plume species and of their amount at the substrate, which affects the supersaturation. Both effects 

might have a collective and interdependent influence on the angular distribution of the plume species and 

the subsequent film formation. It can be thus considered that a short target-substrate distance is necessary 

for the formation of the orthorhombic structure of REMnO3. 

 

 

 

Figure 6.6 (a) Top views of the TMO plasma plumes during the deposition at the target-substrate 

distance of 5.5 cm and of the substrate heater after the deposition. (b) Out-of-plane (symmetric) -2 

scan of the resulting thin film.  
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6.2.2 Substrate Heating 

 

6.2.2.1 Heating Inhomogeneity 

 

The substrate temperature is one of the deciding parameters for the growth mechanism. It determines the 

diffusivity of the adatoms on the surface, the critical size of the nuclei and the subsequent crystallization 

velocity [105]. Usually, high substrate temperature favors growth of crystalline structures, whereas at low 

substrate temperature the bombardment of the energetic incident plasma species may be dominant and 

result in disordered or even amorphous structures. Thus, a homogeneous substrate heating is crucial for 

the deposition of crystalline thin films. As introduced in Section 2.2, a resistance heater is implemented in 

the PLD chamber employed in this work. The major components of the heater are made from 

molybdenum (Mo), but its heating medium is monocrystalline silicon of 0.38 mm thickness. As shown in 

Figure 2.2 and 6.7 (a), the Si wafer is normally cut to fit the size of the substrate and is mounted together 

with the substrate onto the heater by two clamps. Hence, the Si wafer can have side or bottom electrical 

contact with the Mo heater (Figure 6.7 (b)). If the contact areas are not uniformly flat and smooth or the 

tightness of the clamps is not even, it might lead to a nonuniform current distributions in the Si wafer due 

to a local current injection and thus might result in an inhomogeneous heating as shown in Figure 6.7 (c) 

─ (e). It was also experimentally observed that heating becomes much more instable if higher voltages are 

applied to achieve temperatures higher than 700 °C. However, deposition of crystalline o-REMnO3 thin 

films requires a high substrate temperature. Based on the deposition experiences of other manganates 

using the same setup and information from literature, the substrate temperature is set to ~ 760 °C for o-

REMnO3. Thus, inhomogeneous heating occasionally happens and influences the film growth at this 

temperature. The experimentally observed temperature gradient within a single substrate can be as large 

as 30 °C. Such inhomogeneous heating might cause gradients or local fluctuation in adatom diffusivity 

and thus might affect the nucleation and film growth of REMnO3. In many cases, the films deposited 

under inhomogeneous heating exhibit nonuniform coloring (Figure 6.7 (f) and (g)) and their XRD scans 

show Bragg reflections from the hexagonal and probably other impurity phases (Figure 6.8).   

 

 

 

Figure 6.7 (a) and (b) Top views of the Mo heater. (c) ─ (e) Photos of the heated substrates. (f) and (g) 

Photos of the samples deposited under inhomogeneous substrate heating. 
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Figure 6.8 (a) and (b) Out-of-plane -2 scans of the samples showed in Figure 6.7 (f) and (g), 

respectively. 

  

6.2.2.2 Heating Area 

 

In order to obtain a uniform substrate heating, a second heater (Heatwave) was tested for the o-REMnO3 

film growth. Its heating plate is made of ceramic and has a much larger area (= 2.5 cm) compared to 

the 5 x 10 or 10 x 10 mm
2
 Si wafer. The achieved heating is much more stable and uniform than the Mo 

heater. However, all the films deposited using the Heatwave heater are amorphous. The different 

deposition parameters tested for the heater are listed in Table 6.2. One of the possible causes might be the 

large heating area/volume. As shown in Figure 6.9 (c), the metallic housing of the Heatwave heater, 

which surrounds the ceramic heating plate, could glow with reddish light when the heating temperature 

was set to ~ 760 °C. In contrast, the only part of the Mo heater which glows at ~ 760 °C was the mounted 

5 x 10 mm
2
 Si wafer. Hence, the larger heating area of the Heatwave heater may lead to an increased 

gradient of the gas density in the vicinity of the heater along the plume propagation path. A. Sambri et al. 

have explored the substrate heating effects on the propagation dynamics of laser produced plumes. They 

found that the gradient of the background gas density at a high deposition temperature leads to a reduction 

of the confining effect of the background gas on the plasma plume and a consequent increase of the 

impact velocity [106]. The reduction of the plume propagation resistance may be therefore enhanced by a 

larger heating area as in the case of using the Heatwave heater instead of the Mo heater. The increased 

kinetic energies of the species in the plume front may alter the reflection and resputtering processes upon 

bombarding the substrate and consequently influence the growth mechanism. Thus, deposition conditions 

other than the ones listed in Table 6.2 need to be systematically and extensively examined for the 

deposition of o-REMnO3 using the Heatwave heater, which is beyond the scope of this study. 

 

 



 61 

Plume-

substrate 

angle 

Spot 

size 
Background gas 

Substrate 

temperature 

Target-

substrate 

distance 

Fluence 

Laser 

repetition 

rate 

~ 90° 
~ 2 x 1 

mm
2 

P(O2) ~ 0.1, 0.2 mbar 

P(N2O) ~ 0.2, 0.6 mbar 

~ 680, 745, 

760 °C 

3.5, 3.7 and 

4.5 cm 

~ 2.5, 3.6 

and 4.3 

J/cm
2
 

2 Hz 

 

Table 6.2 Deposition parameters tested with the Heatwave heater. 

 

  

 

Figure 6.9 Comparison of the heating area/volume at ~ 760 °C between (a) (c) the Heatwave heater and 

(b) (d) the Mo heater, respectively. The black rectangle marks the substrate size and position. 

 

6.2.3 Contamination from the Mo-Heater 

 

As explained in the last subsection, no crystalline thin films were obtained using the Heatwave heater 

under conventional deposition conditions for o-REMnO3, although the substrate heating is much more 

stable and uniform than using the Mo heater. Therefore, the Mo heater is further used for the depositions 

of o-REMnO3. Crystalline o-REMnO3 thin films can be successfully grown using the Mo heater as the 

(hh0) Bragg reflections in the out-of-plane XRD scans indicate (Figure 6.10 (a) and (c)). However, 

besides the (hh0) reflections very small peaks are sometimes also observed in the out-of-plane scans as 

demonstrated by the out-of-plane scan of a ~ 126 nm thick sample in Figure 6.10 (a). RBS measurements 

of this sample (Figure 6.10 (b)) show that a Mo contamination of ~ 1.6 at.% is present in the sample. 

Surprisingly, Mo contamination was even detected in certain samples, e.g. the ~ 35 nm thick sample 

shown in Figure 6.10 (c), which have high crystalline quality and exhibit no reflections from a secondary 

phase in the XRD scans. The only possible source of the Mo contamination is the heater assembly. 

Although Mo has a very high melting point (2623 °C), it can diffuse at much lower temperatures, e.g. at 

650 °C in Si wafers [107]. Through the side contacts with the Mo heater and the surface contacts with the 
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Mo clamps (Figure 2.3 and 6.4 (b)), Mo atoms may diffuse onto the substrate and be embedded in the 

deposited thin film structures. In the RBS measurements, the Mo peaks have the same widths as the peaks 

of the film elements. This indicates that the Mo contamination is not concentrated at the interface or film 

surface but is distributed throughout the whole sample thickness. Furthermore, RBS simulations show 

that a formal oxygen content > 3 is required to have a better fitting of the experimental spectra, which can 

not be modeled using the current software setting. This suggests that the Mo-contaminated thin films may 

have an excess of oxygen, which could be combined with Mo and form molybdenum oxides. The XRD 

scans suggest three possibilities for the type of Mo contamination in the film structure. The small Bragg 

reflections observed around 2 ~ 32° in the out-of-plane scan of the ~ 126 nm o-TMO sample can be 

assigned to the reflections of molybdenum oxides, e.g. Mo4O11 with MoO6 octahedra. This indicates a 

possible formation of polycrystalline molybdenum oxide in the o-REMnO3 thin films. On the other hand, 

no secondary phase is observed in the out-of-plane scan of the ~ 35 nm o-TMO sample, which implies 

that the Mo contamination may either form an amorphous structure or be incorporated into the o-REMnO3 

crystal structure as substitution of Mn in the MnO6 octahedra. Pronounced Laue oscillations, which are 

observed in the out-of-plane scan of the ~ 35 nm o-TMO film, indicate that the film has coherent lattice 

planes parallel to the surface and very high crystalline quality. This observation suggests that the 

incorporation of Mo into MnO6 octahedra might be more likely than the formation of amorphous 

molybdenum oxide clusters in the film. To avoid Mo contamination, side contacts between the substrate 

and the Mo heater should be avoided and alternative inert materials for the clamps should be employed. 
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Figure 6.10 (a) and (c) Out-of-plane -2 scans of the ~ 126 nm and ~ 35 nm o-TMO on (110)-YAO 

samples, respectively. (b) and (d) The corresponding RBS spectra, where the black dots are the 

experimental data and the red lines are the simulated spectra. 

 

6.2.4 Substrate Twinning 

 

For the film depositions the 10 x 10 mm
2
 substrates were usually cut into 5 x 10 mm

2
 pieces using a 

diamond scribe. The cutting force impacting onto the substrate is usually considered to have no effect on 

the substrate structure. However, small amount of twinning is observed in the edge regions of the (100)- 

or (010)-oriented YAO or NGO substrates, where the cutting was performed. The possible reason is that 

the a and b lattice parameters of YAO and NGO substrates are so similar that the ab-plane of the 

structures could easily undergo a deformation when force is applied [108]. The twinning in the substrates 

thus strongly affects the growth orientation of the films. As demonstrated in Figure 6.11, the thin films 

deposited on the substrates with two out-of-plane orientations may adopt both orientations and form 

twinned structure. Using a laboratory diamond wire saw can reduce the amount of twinning in the 
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substrate but can not completely prevent it to happen. Often twin-free substrates can be acquired in the 

desired size directly from the substrate suppliers, who use cutting saws for industrial applications. This 

indicates that the cutting parameters, e.g. cutting pressure and velocity, have a strong influence on the 

substrate deformation (twinning). 

 

 

 

Figure 6.11 (a) and (b) Out-of-plane -2 scans of the ~ 106 nm o-TMO films grown on (100)- and 

(010)-oriented YAO substrates, respectively. 

 

6.3 Reproducible Deposition of o-REMnO3 

 

Based on the challenges and difficulties elucidated in the last section, the following deposition parameters 

were used for the investigation of the deposition reproducibility: the plume-substrate angle was adjusted 

to ~ 90°; the target-substrate distance was set to 3.7 cm; the substrate was heated to 760 ± 10 °C using the 

small Mo heater; the laser fluence was controlled to be 2 ─ 3 J/cm
2
. In addition, substrate rotation was not 

employed during heating except for the 10 x 10 mm
2
 film deposition. The reason for this procedure is that 

the slightly eccentric rotation of the substrate heater might increase the deviation of the plume-substrate 

angle from the required 90°. Nevertheless, to achieve large-area deposition, e.g. on 10 x 10 mm
2
 

substrates, the employment of substrate rotation is necessary. Since Mo contamination is not a 

controllable parameter, the deposition reproducibility will be discussed in the following only in the 

context of orthorhombic phase formation, crystallinity, and atomic ratios of the elements RE, Mn and O.  

 

6.3.1 Influence of Background Gas 

 

At first, depositions in an O2 background gas were performed using the aforementioned standardized 

conditions. Various combinations of background pressure and laser repetition rate were tested. The 

corresponding parameters are listed in Table 6.3. Symmetric (out-of-plane) -2 XRD scans of the 
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samples show that only 16 samples out of all 40 samples (40%) exhibit the Bragg reflections of the 

orthorhombic phase. And only 8 samples (20%) have the single phase orthorhombic structure. It was 

assumed that the amount of reactive oxygen species provided by plume-oxygen interaction might be 

insufficient for a stable formation of the orthorhombic phase. Thus, the background gas was changed to 

N2O, which can dissociate into atomic O after colliding with the propagating plasma plume.     

 

Background gas 

Applied 

pressure 

(mbar) 

Spot size 

(mm
2
) 

Laser 

repetition 

rate (Hz) 

Number of REMnO3 samples 

Total 
Mixed 

phases 

Orthorhombic 

phase 

O2 0.1 ─ 0.5 ~ 2 x 1 1, 2 and 5 40 8 8 

N2O 0.6 ~ 1.7 x 0.8 2 46 28 9 

N2O 0.3 ~ 2 x 1 
1, 2, 4, 5 

and 10 
167 71 95 

N2O gas pulse + 

0.2 mbar O2 
~ 0.22 ~ 2 x 1 2 

5 3 2 

8 

(10 x 10 mm
2
) 

3 2 

 

Table 6.3 Four sets of deposition parameters and the corresponding sample numbers. Mixed phases 

contain orthorhombic and hexagonal REMnO3 and other impurity phases. 

 

Two laser spot sizes of ~ 1.7 x 0.8 mm
2
 and ~ 2 x 1 mm

2
 were tested. For the spot size ~ 1.7 x 0.8 mm

2
, 

the test depositions show that the background pressure of 0.6 mbar seems to favor the formation of the 

single orthorhombic phase (Figure 6.12 (a)). Hence, the background pressure was fixed to be P(N2O) = 

0.6 mbar for the depositions on different substrates with this laser spot size. Although the possibility of 

the orthorhombic phase formation is largely enhanced under this condition (37 samples out of a total of 

46 samples: ~ 80%), the orthorhombic structure tends to emerge together with the hexagonal phase 

(Figure 6.12 (b)) and the ratio of the single phase orthorhombic structure is not increased (~ 20%). This 

also shows that even using the same nominal deposition parameters, different structures and crystallinities 

can be obtained. The reduced flux of the ablated materials as a result of the smaller laser spot size seems 

to result in an instable deposition of the orthorhombic phase. Therefore, depositions under the condition 

combining N2O and the larger spot size of ~ 2 x 1 mm
2
 were investigated. Two background pressures 

P(N2O) = 0.3 and 0.6 mbar were tested. Under both pressures, a single phase orthorhombic structure is 

achievable (Figure 6.13 (a)). However, the background pressure P(N2O) = 0.6 mbar seems to produce a 

more pronounced thickness gradient in the edge regions of the as-deposited samples as a result of the 

more confined plasma plume (Figure 6.13 (b)). Therefore, 0.3 mbar N2O was chosen to be the standard 

background pressure for the depositions with the laser spot size of ~ 2 x 1 mm
2
. Except for one single 
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sample, all the other samples deposited under this condition contain the orthorhombic phase. 

Furthermore, the deposition yield of the single phase orthorhombic structure is strongly enhanced up to 

~ 57% under this deposition condition. The large improvement in the possibility of the orthorhombic 

phase formation by using N2O as background gas indicates the strong influence of the atomic oxygen 

species in the plume on the orthorhombic film growth. Based on this assumption, depositions using a N2O 

gas pulse were tested for LMO. A relative high deposition yield (~ 77%) is obtained. However, the 

deposition yields of the single phase orthorhombic structure (40% for the 5 x 10 mm
2
 samples and 25% 

for the 10 x 10 mm
2
 samples with the substrate rotation) are much lower compared to the ~ 57% in 

0.3 mbar N2O background gas. The main cause for these lowered yields could be the variation in the 

angular deflection of the plume orientation as a result of the injection of the gas pulse or the eccentric 

substrate rotation as in the case of 10 x 10 mm
2
 film deposition. Therefore, the most reproducible 

deposition of single phase orthorhombic structure can be achieved under 0.3 mbar N2O and with a laser 

spot size of ~ 2 x 1 mm
2
. However, it must be pointed out that only ~ 38% of the 95 samples, which have 

the single phase orthorhombic structure, have relatively good crystalline quality and are suitable for 

further analyses. 

 

 

 

Figure 6.12 Out-of-plane -2 scans of (a) the thin films deposited with a laser spot size of 

~ 1.7 x 0.8 mm
2
 and at P(N2O) = 0.2, 0.4 and 0.6 mbar, respectively, and of (b) the thin film deposited 

under the same condition and at P(N2O) = 0.6 mbar.  

 

 



 67 

 

 

Figure 6.13 (a) Out-of-plane -2 scans of the thin films deposited with a laser spot size of ~ 2 x 1 mm
2
 

and at P(N2O) = 0.3 and 0.6 mbar, respectively. (b) Photos of the corresponding thin film samples.  

 

Some film compositions were measured by RBS to investigate the influence of the N2O pressure on the 

film oxygen content. Due to the resolution limit for the small thicknesses (< 40 nm) (Figure 6.14 (a)), the 

large background from the NGO substrate (Figure 6.14 (c) and (d)), and the partly rounded edges caused 

by residual ion channeling effect from the high crystalline quality (Figure 6.14 (b)), the oxygen contents 

from many film samples cannot be accurately determined. The accidental ion channeling effect is 

reflected in the RBS spectra in the form of deviations between the experimental data (black) and 

simulations (red) for the substrate signals. This effect will be discussed in more detail in Chapter 8. Seven 

samples, which were deposited at P(N2O) = 0.6 mbar and with the spot size of ~ 1.7 x 0.8 mm
2
, were 

measured using RBS, but only the oxygen content of the ~ 60 nm TMO on NGO sample was determined. 

The RBS spectrum of this sample shows a surprisingly low oxygen content of 2.6 ± 0.2 (Figure 6.14 (c)). 

This implies that even when a high pressure of N2O is applied during deposition, a deviation of the 

oxygen content from the ideal value 3 can be obtained. One of the reasons could be inhomogeneous 

heating. The oxygen contents of four thin film samples, which were deposited at P(N2O) = 0.3 mbar and 

with the spot size of ~ 2 x 1 mm
2
, were determined and listed in Table 6.4. Since the uncertainty for the 

oxygen content is much larger than the Mo content, it can be considered that three of the four samples 

show an oxygen content of 3. This means that the ideal oxygen content of 3 can be achieved by 

deposition at P(N2O) = 0.3 mbar and with the laser spot size of ~ 2 x 1 mm
2
. The RBS data also show that 

that there is some Tb and Ho excess and Mn deficiency in the deposited thin films under this deposition 

condition. In contrast, the deposition at P(N2O) = 0.6 mbar and with the laser spot size of ~ 1.7 x 0.8 mm
2
 

can lead to Tb deficiency and Mn excess in the sample (Figure 6.14 (c)). This could be related to the 

collective influence of the larger plasma flux and smaller background pressure, but could also be an 
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indication of a nonuniform axial target composition. Further investigations need to be performed in order 

to obtain a more accurate film composition.  

 

 

 

Figure 6.14 (a) and (c) The RBS spectra of the ~ 31 nm and ~ 60 nm TMO samples deposited at P(N2O) 

= 0.6 mbar and with a laser spot size of ~ 1.7 x 0.8 mm
2
, respectively. (b) and (d) The RBS spectra of the 

~ 100 nm and ~ 93 nm TMO samples deposited at P(N2O) = 0.3 mbar and with a laser spot size of 

~ 2 x 1 mm
2
, respectively. The relative uncertainty for the Mo content is 15%. 

 

Thickness (nm) ~ 50 ~ 195 ~ 90 ~ 110 

RE content  (Tb) 1.05 ± 0.04 (Tb) 1.05 ± 0.04 (Ho) 1.14 ± 0.04 (Tm) 0.99 ± 0.03 

Mn content 0.95 ± 0.04 0.95 ± 0.04 0.86 ± 0.04 1.01 ± 0.03 

O content 3.0 ± 0.3 2.8 ± 0.2 3.0 ± 0.3 3.0 ± 0.2 

Mo content 0.03 0.03 Not detected 0.04 

 

Table 6.4 The calculated compositions from the RBS spectra of the samples deposited at P(N2O) = 

0.3 mbar and with a laser spot size of  ~ 2 x 1 mm
2
. The relative uncertainty for Mo content is 15%. 
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6.3.2 Influence of Substrates 

 

In order to obtain heteroepitaxial growth of o-REMnO3 thin films, appropriate substrate-layer lattice 

mismatches are required. The lattice mismatch is defined as m = (al - as)/as, where al and as are the 

unstrained layer and substrate in-plane lattice parameters, respectively [109]. In the study, single crystal 

substrates of SrTiO3 (STO), YAlO3 (YAO) and NdGaO3 (NGO) were employed. The mismatches 

between the substrates and o-TMO and o-LMO are listed in Table 6.5. The maximum mismatch between 

the employed substrates and films is not larger than 10%. Notice that there is mismatch anisotropy 

between different orientations and between different substrates. For example the mismatch between 

o-TMO and YAO along the b-axis is much larger than along the c-axis. The NGO substrates provide 

mostly negative mismatches while the mismatches between o-REMnO3 and YAO are often positive. The 

variety in mismatches offers the possibility to manipulate film strain, i.e. compressive or tensile in 

different directions. The depositions of different o-REMnO3 (RE = Tb, Ho, Tm and Lu) were performed 

using various conditions. The plasma plumes observed during PLD are shown in Figure 6.15. Using the 

deposition condition established in the subsections above, i.e. P(N2O) = 0.3 mbar and laser spot size of 

~ 2 x 1 mm
2
, successful growth of single phase orthorhombic films was achieved on various substrates as 

demonstrated by the out-of-plane -2 scans (Figure 6.16).  

   

Sample SrTiO3 YAlO3 NdGaO3 
TbMnO3 

bulk 

Mismatch 

= (al - as)/as 

LuMnO3 

bulk 

Mismatch 

= (al - as)/as 

a (Å) 3.905 5.18 5.43 5.309 

-3.9% (SrTiO3) 

2.5% (YAlO3) 

-2.2% (NdGaO3) 

5.199 

-5.9% (SrTiO3) 

0.4% (YAlO3) 

-4.3% (NdGaO3) 

b (Å) 3.905 5.31 5.50 5.812 

5.2% (SrTiO3) 

9.5% (YAlO3) 

5.7% (NdGaO3) 

5.789 

4.8% (SrTiO3) 

9.0% (YAlO3) 

5.3% (NdGaO3) 

c (Å) 3.905 7.35 7.71 7.386 
0.5% (YAlO3) 

-4.2% (NdGaO3) 
7.297 

-0.7% (YAlO3) 

-5.3% (NdGaO3) 

(a
2
+b

2
)

1/2
 

(Å) 
5.523 7.42 7.73 7.872 

6.1% (YAlO3) 

1.8% (NdGaO3) 
7.781 

4.9% (YAlO3) 

0.7% (NdGaO3) 

 

Table 6.5 Mismatches between various substrates and bulk o-TMO and o-LMO. The lattice parameters 

are published in [24, 110, 111]. 
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Figure 6.15 Plasma plumes of REMnO3 (RE = Tb, Ho, Tm, Lu) observed during depositions. 

 

 

 

Figure 6.16 (a) ─ (c) Out-of-plane -2 scans of differently oriented o-REMnO3 films. (d) ─ (f) The 

corresponding -scans at the film peaks.  
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The out-of-plane -2 scans and -scans (Figure 6.16) show that the substrates yield different crystalline 

qualities of the as-deposited orthorhombic thin films, even though the same nominal deposition 

parameters were used. The film growth on STO does not yield a high crystalline quality as on the other 

substrates, although the mismatch between STO and o-REMnO3 is not the largest. Its (002) film peak has 

a low intensity in the -2 scan. In addition, a broad peak with a FWHM as large as 1.48° is observed in 

the -scan of its (002) film peak. In contrast, the thin films of comparable thicknesses grown on YAO 

exhibit Bragg reflections of much higher intensities (2 ─ 4 magnitudes higher) in the -2 scans and 

much sharp peaks in the -scans. The difficulty in growing high quality o-REMnO3 on STO might result 

from the pseudo-cubic growth, which seems to favor twinning and domain formation as shown in [46]. 

Furthermore, the -2 and -scans (Figure 6.16 (c) and (f)) show that a smaller mismatch does not 

necessarily lead to an easier growth of the orthorhombic phase and a better crystallinity. Thus, it can be 

considered that the heteroepitaxial film growth is not only dependent on the mismatches but could also be 

influenced by the different substrate surface atomic arrangements or chemical affinities of the substrate 

and film materials. The detailed structural analysis will be presented in Chapter 7. 

 

6.3.3 Influence of Laser Pulse Repetition Rate 

 

The laser pulse repetition rate is a deposition parameter which can also influence the deposited film 

crystallinity. If a higher repetition rate is applied, the amount of ablated species arriving on a substrate 

within a time interval will be increased correspondingly, which leads to an increase in the average growth 

speed. However, this increase could lead to insufficient diffusion of the adatoms on the substrate and 

could subsequently facilitate growth in the island mode, which may result in an inferior crystallinity. 

Depositions of o-REMnO3 thin films at 1, 2, 4 and 10 Hz were performed. The out-of-plane -2 scans 

show almost identical film peak position and high crystallinity from the depositions at 1, 2 and 4 Hz, as 

demonstrated by the same Laue oscillations and the small FWHMs of the peaks in the -scans (Figure 

6.17). On the other hand, the film deposited at 10 Hz exhibits a much smaller Bragg peak in the -2 scan 

and a much larger FWHM of the peak in the -scan. Thus, a high quality o-REMnO3 film growth can be 

achieved using relative low laser pulse repetition rate (1 ─ 4 Hz). Considering the balance between 

growth speed and film crystallinity, 2 Hz was selected as the standard laser pulse repetition rate in this 

study.   
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Figure 6.17 (a) -2 scans and (b) -scans of the ~ 50 nm o-TMO thin films deposited at 1, 2, 4 and 

10 Hz. 

 

6.3.4 Multilayer Growth of o-REMnO3 

 

As explained in Subsection 6.2.2.1, the substrate heating could be instable during the depositions at the 

temperatures ≥ 760 °C. The instability becomes more pronounced as the heating extends over 30 min. 

This could be problematic for the depositions of films with larger thicknesses (> 90 nm). Thus, the 

multiple deposition method was tested for the deposition of thicker films. At first, a thin film of about 30 

─ 50 nm is grown on the substrate. Its epitaxy and crystallinity is subsequently determined by out-of-

plane XRD scans. Afterwards, the as-deposited thin film is put back into the PLD chamber and heated 

again up to ~ 760 °C. The deposition of the second layer is then performed using the same deposition 

parameters. The whole process can be repeated for several layers. Two successful multilayer film 

depositions were achieved for o-TMO and o-LMO (Figure 6.18). In both cases, the film peak intensities 

in the out-of-plane scans double or triple as expected. The three-layer o-TMO structure seems to relax 

compared to its first layer as indicated by the onset of the broad peak in its -scan, whereas the lattice 

structure remains almost the same (the same Bragg peak positions) in the o-LMO film after the two-layer 

deposition. The observations imply that it is possible to grow relatively thick strained films of the same 

material and with a high crystallinity using multiple depositions.  
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Figure 6.18 -2 and -scans of the ~ 100 nm (a) and (c) o-LMO, and (b) and (d) o-TMO films grown 

by the multilayer method, respectively. 

 

6.4 Summary 

 

The deposition experiments show that film growth of o-REMnO3 is very sensitive to plume alignment and 

heating homogeneity. The following deposition conditions favor the formation of the orthorhombic 

structure: plume-substrate angle of 90°, short target-substrate distance, and oxidizing background gas 

(N2O). Nevertheless, different structures can still be obtained, even though the same nominal deposition 

parameters are applied. This results from the uncertainties in plume alignment and heating homogeneity. 

Using the established narrow deposition parameter window, the deposition reproducibility of the single 

phase orthorhombic structure was increased to ~ 57%. Furthermore, depositions of single phase 

o-REMnO3 on various substrates are successfully achieved. The out-of-plane XRD scans indicate that 

different substrate can yield different strain and crystallinity in the as-deposited thin films, which are not 

solely influenced by the mismatches between substrate and film lattices. Two- or three-layer films are 

successfully grown by multiple depositions. This offers an alternative method to reduce the impact of 

nonuniform heating on the growth of thicker films and to obtain thicker films of good crystallinity. 
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Chapter 7 Investigation of the Film Crystal Structure using X-ray 

Diffractometry
3
 

 

7.1 Introduction 

 

In o-REMnO3 the magnetic and ferroic properties are strongly related to the distortion of the MnO6 

octahedra as introduced in Section 1.2. Thin film depositions were thus performed with the purpose of 

introducing lattice distortion into the structure via film strain and consequently tuning the material 

properties. In order to determine the epitaxy, induced film strain and lattice distortion prior to the 

characterizations of physical properties, structural analysis using laboratory X-ray diffractometry was 

performed. 

 

7.2 Film Epitaxy  

 

It was already shown in the previous chapter (Subsection 6.3.2) that o-REMnO3 thin films were 

successfully deposited with different orientations and on various substrates using the standardized narrow 

deposition parameter window. In this subsection, the determination of their phase and epitaxy will be 

discussed in more detail.  

 

A thin film is considered to be single phase and epitaxially grown if it exhibits only one out-of-plane 

orientation with respect to the underlying substrate. The symmetric (out-of-plane) -2 scans over a large 

2θ range, i.e. from 20° to 120° (Figure 7.1), show that the deposited thin films satisfy this criterion. The 

thin films grown on the (110)/(1-10)-, (100)- and (010)-oriented YAO and NGO substrates show the same 

out-of-plane orientation as the substrates (Figure 7.1(a), (b) and (d)). In contrast, films deposited on STO 

exhibit a different orientation from the substrate as a result of the pseudocubic growth, i.e. the a or b film 

lattice parameter matches the diagonal of the substrate ab-plane. The Bragg reflections of these out-of-

plane orientations are the only visible peaks in the -2 scans of the thin film samples and located in the 

vicinity of both the substrate and bulk o-REMnO3 peak positions. These are the direct proofs of a single 

phase epitaxy. In most cases, the first two orders of the out-of-plane Bragg reflections are observed in the 

films. If the film sample shows very intense first order reflection in the -2 scan, the other Bragg 

reflections up to the fourth order can be also observed (Figure 7.1 (a)). Nevertheless, it is possible that 

not all the lower orders are experimentally observed as in the case of the films grown on (010)-NGO 

(Figure 7.1 (d)). According to the reflection conditions, the (0k0) is allowed for o-REMnO3 (space group 

                                                           
3
 Partially published in [112]   Y. Hu et al., Lattice distortion and strain relaxation in epitaxial thin films of 

multiferroic TbMnO3 probed by X-ray diffractometry and micro-Raman spectroscopy, Applied Surface Science In 

press. 
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Pbnm) if k = 2n. However, the (040) reflection of the film is not observed in the symmetric -2 scan 

from 20° to 80°. Since it is not a systematic extinction, the possible cause may be the low intensity or 

other experimental conditions. 

 

 

 

Figure 7.1 Symmetric (out-of-plane) -2 scans of the o-REMnO3 films grown on (a) (110)-YAO, (b) 

(100)-YAO, (c) (100)-STO and (d) (020)-NGO, respectively. 

 

7.3 Film Crystallinity  

 

Film quality is not only described by its epitaxy but also by the crystallinity. One of the methods to 

examine the crystallinity of a sample is a -scan (rocking curve) at a certain Bragg reflection. A single 

crystal with coherent lattice planes is represented as a very sharp peak with an intrinsic material-related 

width in the -scan. If the crystallinity decreases, i.e. formation and tilting of misaligned domains 

(mosaicity), the rocking curve peak will broaden. Such domain tilting is usually referred to as mosaic 

spread and can be characterized by the full width half maximum (FWHM) of a rocking curve peak. 

Figure 7.2 shows the -scans corresponding to the -2scans in Figure 7.1. All four rocking curves 

demonstrate a two-peak configuration, i.e. a sharp peak on top of a broad peak. The sharp peak has a 
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FWHM of ~ 0.07° corresponding to the experimentally determined resolution limit of the Siemen D500 

powder diffractometer. The two-peak configuration indicates that a certain number of lattice planes in the 

films are coherent with each other giving rise to the sharp peaks, whereas the remaining lattice planes 

become misaligned and tilted resulting in the observed peak broadening. Thus, there may be two 

“sublayers” with different crytallinities, i.e. the mosaic and the coherent, existing within these deposited 

films with thicknesses ≥ 100 nm. It can also be found that the mosaic spread is not necessarily larger in 

thicker than in thinner films as demonstrated by the comparison between the ~ 200 nm HMO on (100)-

YAO and the ~ 150 nm HMO on (100)-STO. This suggests a substrate effect on the film crystallinity. 

 

 

 

Figure 7.2 -scans of the o-REMnO3 films grown on (a) (110)-YAO, (b) (100)-YAO, (c) (100)-STO and 

(d) (020)-NGO, respectively. The scans correspond to the -2 scans shown in Figure 7.1.   

 

Table 7.1 lists the FWHMs and area ratios of the sharp and broad peaks from the HMO samples with 

similar thicknesses (~ 150 nm) but grown on different substrates. It can be seen that the (100)-oriented 

film has the best crystallinity, i.e. the smallest FWHM of the broad peak and the largest area ratio 

between the two peaks, although the mismatch between the (100)-oriented substrate lattice and bulk 

o-HMO lattice is the largest. In contrast, the mosaic spread in the HMO on STO film is the largest despite 

an intermediate mismatch. Therefore, the influence of the substrates on the film crystallinity can not be 
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simply explained by the different lattice mismatches. Chemical affinity, substrate surface quality or 

growth mode might play some roles in the film structure formation. It must be pointed out that although 

the (100)-oriented substrates provide the superior crystallinity of the (100)-oriented film lattice, it 

unfortunately facilitates the growth of the (010)-oriented structure, which may lead to mixed phases in the 

films as shown in Subsection 6.2.4.  

 

The evolution of sample crystallinity with thickness was also investigated. As shown in Figure 7.3 and 

Table 7.2 the mosaic fractions of the films grow with increasing thickness, whereas the FWHMs of the 

coherent parts remain nearly the same. In addition, there is no visible broad peak in the scan of the 

~ 30 nm HMO film. This indicates that most of the lattice planes within the structure of the ~ 30 nm film 

are coherently aligned. Thus, it can be considered that the film crystallinity degrades with increasing 

thickness. Since film strain also evolves with film thickness, there is a correlation between strain and 

mosaicity, which will be discussed in Section 7.4. 

 

Sample ~ 150 nm HoMnO3
 

Substrate (100)-STO (110)-YAO (110)-NGO (100)-YAO (010)-NGO 

Maximum mismatch 5.6% 5.8% - 4.5% 9.9% - 4.5% 

FWHM (°) of the sharp peak 0.06 0.06 0.06 0.07 0.07 

FWHM (°) of the broad peak 1.48 0.76 0.69 0.3 0.74 

Sharp-broad peak area ratio 0.07 0.77 1.03 3.36 0.4 

 

Table 7.1 FWHMs and area ratios of the sharp and broad peaks measured from the -scans of the 

~ 150 nm HMO films grown on different substrates. 

 

 

 

Figure 7.3 -scans of the ~ 30 nm, ~ 80 nm and ~ 150 nm o-HMO films grown on (110)-YAO. For a 

better comparison the relative  scale is used, where all the peak centers are located at zero. 
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Sample HMO on (110)-YAO 

Thickness (nm) ~ 30 ~ 80 ~ 100  ~ 150 

FWHM (°) of the sharp peak 0.06 0.06 0.06 0.06 

FWHM (°) of the broad peak  0.95 1.16 0.76 

Sharp-broad peak area ratio  1.46 1.15 0.77 
 

Table 7.2 FWHMs and area ratios of the sharp and broad peaks measured from the -scans of 

the ~ 30 nm, 80 nm, 100 nm and 150 nm HMO films grown on (110)-YAO. 

 

Information on the film crystallinity can also be obtained by analyzing the symmetric -2scans. If a 

finite number of lattice planes in the sample coherently scatter the incoming X-ray beam, intensity 

oscillations will appear at both sides of the main Bragg reflection. The number (N) of the coherently 

contributing lattice planes or their collective thickness (D) can be calculated using the following 

equations [65]: 







Q

dND
2                                                                                                                     Equation 7.1 



 sin4 
Q                                                                                                                             Equation 7.2 

where d is the out-of-plane lattice parameter and Q is the distance between the maxima of the 

oscillations in reciprocal space. The obtained thickness D is referred to as the coherent thickness Dcoh, 

which is sensitive to crystalline disorder. Thus, Dcoh can also be considered as a measure for crystallinity. 

Laue oscillations are observed in the symmetric scans of some deposited films of different rare earth 

elements, different thicknesses (< 60 nm) and on different substrates (Figure 7.4). The calculated 

coherent thicknesses of these thin films are listed in Table 7.3.  

 

Figure 7.4 Out-of-plane- scans and X-ray reflectivity (XRR) measurements of (a) the o-TMO, HMO 

and TmMO thin films grown on (110)-YAO and of ~ 15 nm, ~ 30 nm and ~ 55 nm, respectively, and (b) 

the ~ 12 nm and ~ 34 nm LMO films grown on (110)-NGO. The marked features are instrumental 

artifacts. 
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Another type of intensity oscillations, i.e. Kiessig fringes, is observed in the X-ray reflectometry (XRR) 

measurements of some deposited thin films (Figure 7.4 (a) left and (b) left). Different from the Laue 

oscillations, Kiessig fringes originate from the interference of the X-rays reflected by the smooth interface 

and surface. This means that they are not affected by the sample crystallinity but extremely sensitive to 

the qualities of the interface and surface. Hence, the observation of Laue oscillations does not necessarily 

predict the detection of Kiessig fringes. This is demonstrated by the thin LMO on NGO film with 

Dcoh  ~ 12 nm (brown diffractograms in Figure 7.4 (b)). In the symmetric scan of this sample Laue 

oscillations are clearly visible, but no Kiessig fringes are observed in the reflectometry measurement 

probably due to the inferior surface or interface quality. Using Equation 7.1, a thickness can also be 

calculated from the Kiessig fringes. In this case, the calculated thickness represents the total thickness of 

the sample. Together with the coherent thicknesses, the total film thicknesses calculated from the Kiessig 

fringes shown in Figure 7.4 are listed in Table 7.3. It is noteworthy that there is a difference between the 

total and coherent thickness. The detection of the thickness differences thus verifies the existence of 

“sublayers” of coherent and incoherent lattice planes within the films as previously suggested by the two-

peak configuration observed in the film -scans. However, due to the low depth-sensitivy of the 

laboratory X-ray diffractometer the locations of the “sublayers” cannot be accurately determined from 

conventional X-ray diffraction scans. 

 

Sample  TbMnO3 HoMnO3  TmMnO3 LuMnO3 

Total thickness (nm) ~ 15 ~ 30 ~ 55  ~ 34 

Coherent thickness (nm) ~ 9 ~ 15 ~ 45 ~ 12 ~ 24 

Difference (nm) ~ 7 ~ 15 ~ 10  ~ 10 

 

Table 7.3 Total and coherent thicknesses calculated from the observed Laue oscillations and Kiessig 

fringes in Figure 7.4. 

 

7.4 Film Strain and Lattice Distortion in (110)-Oriented Thin films 

 

The two-peak configuration in the -scans and the oscillations in the -2 scans reveal that a “sublayer” 

structure exists within the deposited thin film samples regardless of their rare earth elements or 

orientations. In this section the resulting strains and lattice distortions in the thin films will be discussed. 

The discussions will be focused on the film samples grown on (110)-oriented YAO and NGO substrates 

due to their high crystallinity and twin-free structure. The (110)-epitaxy is schematically illustrated in 

Figure 7.5 (a). The first part of the discussions will focus on the thin films grown on (110)-YAO. In the 

second part the discussions will be extended to the thin films grown on (110)-NGO. 
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7.4.1 Structure of the TbMnO3 Thin Films Grown on (110)-YAlO3 

 

At first, the lattice distortion in the out-of-plane direction is investigated by analyzing the symmetric -2 

scans of the deposited thin films. As schematically demonstrated in Figure 7.5 (b), uniform strain leads to 

peak shifts in the -2 scans due to changes in lattice spacings, whereas nonuniform strain produces peak 

broadening as a result of the convolution of peaks at different 2 positions.  

 

 

 

Figure 7.5 Schematic drawings of (a) the (110)-epitaxy between the unstrained orthorhombic layer lattice 

and the substrate lattice and of (b) influence of strains on the position and shape of a Bragg peak. The 

graph is adapted from [113]. 

 

Variations in peak position and shape are observed in the experimental -2 scans of the (110)-oriented 

TMO and LMO thin films with different thicknesses (Figure 7.6). Comparing the (220) peak positions of 

the ~15 nm, 35 nm and 230 nm TMO films, shifts toward the substrate (220) peak, i.e larger 2θ values, 

are observed with increasing thickness (Figure 7.6 (a)). Furthermore, the peak position of the 35 nm film 

coincides with the peak position of bulk o-TMO. Since the lattice spacing d is inversely proportional to 

2θ, the peak shifts reveal that the TMO film lattice is elongated along the out-of-plane direction if its 

thickness is smaller than 35 nm, but is compressed if the thickness exceeds 35 nm. Different from the 

TMO films, the (220) reflections of both the ~ 11 nm and ~ 100 nm LMO films are located at a higher 2θ 

position than the bulk. Hence, the out-of-plane lattice spacings are compressed in both LMO films. 

Furthermore, asymmetric peak profiles are observed for both the TMO and LMO thin films. This is 

especially noticeable in the -2 scan of the ~ 100 nm LMO thin film, where the (220) peak appears to be 

a convolution of a sharp and a broad peak. This observation suggests that nonuniform strain and 

inconsistent lattice distortion may be present in the thin films, which results in variations in the out-of-

plane lattice spacings, i.e. in 2θ positions, and thus produces the broadened and convoluted Bragg peak. 

This nonuniform strain may also be related to the “sublayer” structure of coherent and incoherent lattice 
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planes reflected by the Laue oscillations around the film (220) Bragg reflections. Using Equation 7.1, the 

coherent thicknesses are estimated to be ~ 12 nm and 30 nm for the ~ 15 nm and 35 nm TMO films and 

~ 8 nm for the ~ 11 nm LMO film, respectively. Thus, it can be assumed that the “sublayer” of the 

coherent lattice planes experiences different strain and lattice distortion than the incoherent “sublayer”. In 

order to have a full image of film strains and lattice distortions, the in-plane lattice distortions need to be 

determined. Since all four o-REMnO3 (RE = Tb, Ho, Tm and Lu) have very similar bulk structures, the 

following investigation of the in-plane distortions will be first focused on the TMO films. Later in this 

section the analysis will be expanded to the other REMnO3 (RE = Ho, Tm and Lu) thin films. 

 

 

 

Figure 7.6 Symmetric -scans of the (hh0) reflections from the (a) TMO and (b) LMO thin films grown 

on (110)-YAO and of different thicknesses. The scans are measured using the four-circle Seifert 

diffractometer with a monochromatic K beam.   

 

As illustrated in Figure 7.5 (a), the in-plane directions are [1-10] and [001] for the (110)-epitaxy. 

According to the lattice parameters of YAO and bulk TMO, the in-plane lattice mismatches are 

anisotropic with m[001] = 0.5% and m[1-10] = 6.1% along [001] and [1-10] respectively. The anisotropy in 

the mismatches suggests that the film lattice undergoes a compression along both in-plane directions but 

with a considerably larger compressive strain along [1-10]. Reciprocal space mapping (RSM) around 

some selected in-plane reflections, e.g. (221) and (320) (Figure 7.7), was thus performed to investigate 

the in-plane lattice parameters. In all the maps, the vertical axes represent the out-of-plane direction. The 

horizontal axis in (221)-RSM can be considered to stretch along the [001] direction, namely the c-axis, 

whereas in (320)-RSM the horizontal axis is parallel to the [1-10] direction.  
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Figure 7.7 (a) (221)-RSMs and (b) (320)-RSMs of the ~ 15 nm, 35 nm and 230 nm o-TMO films grown on 

(110) YAO. Pink cross markers indicate the bulk TMO (221) and (320) peak positions.  

 

The reciprocal space maps of the (221) reflection for the 15 nm and 35 nm films show sharp streaks with 

periodic intensity modulations stretching from the YAO peaks through the film peaks along the direction 

of Q|| equal to the substrate value (Q|| = 0.854 Å
-1

) (Figure 7.7 (a)). Like the Laue oscillations observed 

from the symmetrical scans, the streaks arise from the interference of waves scattered from coherent 

lattice planes and are a further indication of the high crystalline quality of the thin films. The same 

coherent thicknesses were obtained using the Q values from the maps. Furthermore, asymmetric 

intensity distribution similar to the out-of-plane peak profiles are also observed around the intensity 

maximum of the streaks along Q|| = 0.854 Å
-1

. This is probably caused by the overlap of the two peaks 

observed in the (221)-RSMs, i.e. the sharp peak/streak and the less intense broad peak. In the case of the 

~ 230 nm film, although no oscillation is observed around its (221) peak, a small “tail” stretching along 

the direction of the substrate Q|| is visible in the (221)-RSM. In the ~ 15 nm and 35 nm films the 

overlapping peaks show an intensity maximum located on the streak at the substrate Q||. This implies that 

the ~ 15 nm and 35 nm films are coherently strained and have the same lattice parameter as the 

underlying YAO substrate along the in-plane [001] direction, i.e. the c-axis. This is expected from the 
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small lattice mismatch m[001] = 0.5% along [001]. However, in the ~ 230 nm film the intensity maximum 

of the overlapping (221) film peaks is located at a position smaller than the positions of both bulk o-TMO 

and YAO reflections. This signifies an elongation of the c lattice parameter resulting from the inverse 

proportion between reciprocal space vector and lattice spacing.  

 

The (320)-RSMs (Figure 7.7 (b)) reveals that almost all the film reflections are composed of two peaks, 

i.e. a sharp fully strained peak at the same Q|| as the YAO in-plane peak and a broad relaxed peak 

deviating from the substrate Q||. This two-peak configuration is consistent with the peak overlapping 

observed in the (221)-RSMs. Hence, the (320)-RSM provides a better peak separation. The presence of 

the double peaks in all RSMs again confirms the existence of “sublayer” structures, which are previously 

proposed by the results of - and -2 scans. From the peak positions, it can be inferred that all three 

films consist of a fully strained layer at the interface having the same in-plane lattice parameters as YAO 

and a relaxed layer as the result of strain relaxation during the epitaxial growth. From the intensity 

distribution of the (320) peaks, it can be seen that the major part of the ~ 15 nm film is fully coherently 

strained giving rise to the observed Laue oscillations, whereas the ~ 230 nm film is almost fully relaxed 

with considerable mosaicity, i.e. more domain tilting and reduced lateral coherent length, characterized by 

the strong peak broadening. The intermediate case is represented by the ~ 35 nm film, where part of the 

film structure is fully strained and the other part is already partially relaxed. Since the peak intensity 

coming from the partially relaxed part is larger than the intensity from the fully strained part, it can be 

assumed that the partially relaxed part is responsible for the ~ 30 nm coherent thickness calculated from 

the Laue oscillations. However, certain portion of the fully strained film structure could also contribute to 

the coherent thickness. This is because some of the in-plane fully strained lattices may have the same out-

of-plane lattice spacings as the partially relaxed part as indicated by the same Q values. This 

inhomogeneity in the out-of-plane lattice spacing is reflected by the elongation of the fully strained peak 

along the direction of Q|| equal to the substrate value. Therefore, the identification of the coherent 

“sublayer” can not be finalized by only analyzing the RSMs and the -2 scans. Alternative methods are 

thus required to accurately probe the “sublayer” structure. The corresponding discussion will be presented 

in Chapter 8. From the evolution of the peak shifts and broadenings in both (221)- and (320)-RSMs, it can 

be inferred that with increasing thickness the film structure relaxes accompanied by the developing 

mosaicity. The relaxation is very anisotropic in the in-plane directions and much stronger along [1-10] as 

expected from the larger lattice mismatch m[1-10] = 6.1%.  

 

As demonstrated by the schematic drawing of the (110)-epitaxy (Figure 7.5 (a)), the film lattice 

parameters af and bf are not directly constrained by the underlying substrate. Thus, the lattice mismatch 

along [1-10] is accommodated by the interdependent changes in af, bf and γf, which are indirectly 

demonstrated in (320)-RSMs. For the ~ 35 nm film e.g., Q|| is larger than the bulk position indicating a 
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decrease in the [1-10] in-plane lattice parameter, whereas Q, corresponding to the out-of-plane 

d-spacing, is nearly the same as the value of bulk o-TMO. This observation reveals that the distortion of 

the ab plane is anisotropic along [1-10] and [110] and the orthorhombicity of the film lattice is thus 

reduced. The lattice parameters of the ~ 15 nm, 35 nm and 230 nm thin films are determined using 

symmetric and asymmetric reflections such as (hh0), (221), (320) and (420) and are plotted in Figure 7.8. 

For the films of thicknesses ≥ ~ 35 nm, the lattice parameters are calculated using the positions of the 

broad peaks. As shown in Figure 7.8, the in-plane lattice parameters of the ~ 15 nm film are matched to 

the YAO values (cs = 7.35 Å, 22
ss ba   = 7.42 Å) via compression in both directions. The compressive 

stress along [1-10] imposed by YAO induces a strong distortion in the film ab plane. As a result, the 

parameter bf strongly decreases and the angle γf between af and bf is reduced to 86.8°. The film lattice is 

thus monoclinically distorted. Once the film thickness increases to ~ 35 nm, the lattice parameters bf and 

γf increase towards the bulk values but γf is still smaller than 90°. Thus, the film lattice remains 

monoclinically distorted. If the film thickness further increases to ~ 230 nm, the film lattice parameters 

become larger than the bulk values and the angle γf even becomes unexpectedly larger than 90°. Although 

both in-plane lattice parameters cf and [1-10]f increase in the ~ 230 nm film, their ratio cf/[1-10]f = 0.935 

is almost equal to the bulk value (0.938). This suggests that with increasing thickness the bulk in-plane 

symmetry is recovered by strain relaxation, however, the film lattice parameters do not necessarily relax 

towards the bulk values. 

 

    

 

Figure 7.8 (a) Film lattice parameters af, bf, cf and γf as a function of the film thickness. The lines are 

drawn as guides to the eyes. (b) Schematic drawings of the rhomboidal distortion of the film lattice ab-

plane. The lengths are out of scale. 
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7.4.2 Structure of Other REMnO3 (RE = Ho, Tm and Lu) Thin Films Grown on (110)-YAlO3 

 

The strains and lattice distortions in the thin films of other REMnO3 (RE = Ho, Tm and Lu) on (110)-

YAO have also been investigated. Figure 7.9, 7.10 and 7.11 show the comparisons of the symmetric 

scans and RSMs between the ~ 30 nm and ~ 100 nm thin films for all three REMnO3 (RE = Ho, Tm and 

Lu). All the ~ 30 nm samples were measured using the Siemens powder diffractometer, whereas the 

~ 100 nm samples were measured using the Seifert four-circle diffractometer. Due to the presence of both 

K1 and K2 radiations, the Bragg peaks measured by the powder diffractometer have broader profiles 

than the ones measured by the four-circle diffractometer. Hence, the following discussions will not 

compare the peak shapes but only focus on the peak positions.  

 

The ~ 30 nm TmMO and HMO thin films show Laue oscillations in the symmetric scans (Figure 7.9 (a), 

7.10 (a)), especially in the case of HMO, whereas no oscillations are observed in the scan of the ~ 30 nm 

LMO film (Figure 7.11 (a)) suggesting an inferior crystallinity. The coherent thickness can not be 

accurately estimated for the ~ 30 nm TmMO film due to the weak oscillations. On the other hand, the 

pronounced Laue oscillations in the ~ 25 nm HMO film reveal a coherent thickness of ~ 16 nm. In the 

~ 100 nm thin films, traces of Laue oscillations are also visible (Figure 7.9 (b), 7.10 (b) and 7.11 (b)). 

However, they are only fragments and appear at one side of the main Bragg reflection. This might be 

caused by the peak convolutions as indicated by the asymmetric peak shapes. The presence of Laue 

oscillations again suggests the existence of “sublayer” structures in the films.      
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Figure 7.9 (a) and (d) -2 scans, (b) and (e) (221)-RSMs, and (c) and (f) (320)- or (420)-RSMs of the 

~ 30 nm and 100 nm TmMO thin films, respectively. 

 

The existence of the “sublayer” structures is further verified by the observation of two-peak 

configurations in the (320)- and (420)-RSMs of the ~ 30 nm films for all three REMnO3 (RE = Ho, Tm 

and Lu) (Figure 7.9 (c), 7.10 (c) and 7.11 (c)). Similar as in the TMO thin films, the sharp peaks 

elongating along the direction of the substrate Q|| correspond to the fully strained film lattices at the 

interfaces, while the broad peaks represent the relaxed part of the film lattices. For the ~ 100 nm TmMO 

and HMO films, only the broad peaks were detected. This may be due to the lower mapping resolutions 

and inadequate mapping areas which were employed for these measurements. Nevertheless, intensities 

along the direction of the substrate Q|| are detected in the ~ 100 nm LMO film. This proves that film 

growth of REMnO3 on (110)-YAO always starts with full strain at the interface in order to match the 

substrate in-plane lattice parameters. And certain fraction of the fully strained film “sublayer” can still 

sustain its strain even the film thickness increases to ~ 100 nm, as also demonstrated by the ~ 230 nm 

TMO film (Figure 7.7 (b)). Furthermore, the intensity distribution of the (420)-peaks in the ~ 100 nm 
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LMO film resembles two clearly separated peaks less but rather two connected peaks (Figure 7.11 (f)). 

There is a continuous transition of peak intensities between the fully strained and the partially relaxed 

film parts. This confirms that with increasing thickness the film lattice can relax via restoring its bulk 

lattice parameters. 

 

Same as in the TMO thin films, all the (221)-peaks of TmMO, HMO and LMO films are located at the Q|| 

positions of the YAO substrate ((b) and (e) in Figure 7.9, 7.10 and 7.11). This again verifies that the 

[001] direction is the easy axis to be fully strained due to the small lattice mismatches (0.5% for TMO 

and -0.7% for LMO). However, different from the TMO thin films, all the (221)-peaks of TmMO, HMO 

and LMO have slightly higher Q values than the bulk (221)-position, which correspond to the larger 2 

positions in the symmetric (out-of-plane) scans. This indicates a contraction in the out-of-plane direction 

and an out-of-plane lattice spacing closer to the bulk value.  

 

Analyzing the positions of the broad peaks in the (320)- or (420)-RSMs ((c) and (f) in Figure 7.9, 7.10), it 

can be found that the measured TmMO thin films behave differently from the HMO thin films in terms of 

accommodating the lattice mismatch along the in-plane [1-10]. In the (320)- or (420)-RSMs of the 

TmMO thin films (Figure 7.9 (c) and (f)), Q|| of the broad peak is larger than the bulk position indicating 

a decrease in the [1-10] in-plane lattice parameter. This decrease is nevertheless slightly larger than the 

contraction of the out-of-plane lattice parameter, which suggests a subtle rhomboidal distortion of the ab-

plane with γf < 90°. In contrast, the film Q|| is nearly the same as the bulk position in the (320)- or (420)-

RSMs of both the ~ 25 nm and 100 nm HMO thin films (Figure 7.10 (c) and (f)). This means that the film 

lattice is not strained in the [1-10] in-plane direction. However, their out-of-plane lattice parameters are 

slightly smaller than the bulk values as shown by the higher Q values of the (221)-peak and the larger 2 

positions in the symmetric scans. Hence, their ab-planes also undergo a subtle rhomboidal distortion but 

with γf > 90°. The calculated lattice parameters of the TmMO and HMO films are listed in Table 7.4 and 

Table 7.5. It can be seen that regardless of the thickness difference, the ~ 30 nm TmMO and HMO film 

lattices unexpectedly undergo the same distortion as the ~ 100 nm TmMO and HMO film lattices, 

respectively. In the case of TmMO, both film lattices are partially compressively strained in the in-plane 

[1-10] direction and monoclinically distorted with γf slightly smaller than 90°. On the other hand, both 

HMO film lattices have relaxed and recovered the bulk in-plane symmetry with the in-plane cf/[1-10]f ≈ 

0.932 very close to the bulk value (0.937).     

 



 89 

 

 

Figure 7.10 (a) and (d) -2 scans, (b) and (e) (221)-RSMs, and (c) and (f) (320)- or (420)-RSMs of the 

~ 25 nm and 100 nm HMO thin films, respectively. 

 

Different from the measured TmMO and HMO thin films, the ~ 36 nm and 100 nm LMO film lattices do 

not act in the same way with the lattice mismatches imposed by the underlying YAO substrate. In the 

(320)- and (420)-RSMs of the ~ 36 nm LMO film, Q|| of the broad peaks have slightly smaller values than 

the bulk Q|| indicating a slightly larger in-plane lattice parameter along [1-10]. Thus, the lattice is not 

compressively strained in the in-plane [1-10] direction. In contrast, the (420)-peak in the ~ 100 nm LMO 

is located at a larger Q|| than the bulk peak. Correlating with the out-of-plane lattice spacings, it can be 

inferred that the lattice of the ~ 36 nm sample is monoclinically distorted with γf > 90°, while the 

~ 100 nm film lattice is partially strained along [1-10] and thus monoclinically distorted with γf < 90°. 

The calculated lattice parameters of these LMO films (Table 7.5) show that even though the ~ 36 nm film 

is much thinner than the ~ 100 nm, the majority of its lattice can not maintain the strain at the interface 

anymore and already relaxes toward the bulk lattice. On the other hand, the ~ 100 nm film lattice still 

experiences the impact from the underlying substrate lattice and remains partially strained. The structure 
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relaxation in the ~ 36 nm LMO and ~ 25 nm HMO thin films show that after forming the fully strained 

interface layer the subsequent film lattice could drastically relax towards the bulk lattice structure. In the 

case of the ~ 36 nm LMO, this structure relaxation might even result in low lattice coherence as reflected 

by the absence of Laue oscillations in the symmetric scans.  

 

 

 

Figure 7.11 (a) and (d) -2 scans, (b) and (e) (221)-RSMs and (c) and (f) (320)- or (420)-RSMs of the 

~ 36 nm and 100 nm LMO thin films, respectively. 
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 YAlO3 TmMnO3 

Lattice parameter  Bulk ~ 30 nm ~ 100 nm 

a (Å) 5.18 5.231 5.21 5.22 

b (Å) 5.31 5.816 5.75 5.73 

c (Å) 7.35 7.322 7.35 7.36 

[1-10 ] inplane (Å) 7.42 7.822 7.71 7.71 

 (°) 90 90 89.3 89.4 

c/[1-10] ratio 0.991 0.936 0.953 0.955 

Composition   

Tm: 0.98 ± 0.03 

Mn: 1.02 ± 0.03 

O: assumed 3 

Tm: 0.99 ± 0.03 

Mn: 1.01 ± 0.03 

O: 3.0 ± 0.2 

Mo ≈ 0.04 

 

Table 7.4 Lattice parameters and compositions of the ~ 30 nm and ~ 100 nm TmMO thin films. The bulk 

TmMO lattice parameters are published in [34]. 

 

 YAlO3 HoMnO3 LuMnO3 

Lattice 

 parameter 
 Bulk ~ 25 nm ~ 100 nm Bulk  ~ 36 nm ~ 100  nm 

a (Å) 5.18 5.257 5.26 5.26 5.199 5.20 5.19 

b (Å) 5.31 5.835 5.83 5.86 5.789 5.77 5.68 

c (Å) 7.35 7.361 7.35 7.35 7.297 7.35 7.31 

[1-10 ] 

inplane (Å) 
7.42 7.854 7.89 7.89 7.781 7.79 7.65 

 (°) 90 90 90.5 90.3 90 90.5 89.4 

c/[1-10] ratio 0.991 0.937 0.932 0.932 0.938 0.944 0.956 

Composition   

Ho: 1.04 ± 0.04 

Mn: 0.96 ± 0.04 

O: no 

information 

Ho: 1.14 ± 0.04 

Mn: 0.86 ± 0.04 

O: 3.0 ± 0.3 

   

 

Table 7.5 Lattice parameters of the ~ 25 nm and ~ 100 nm HMO thin films as well as of the ~ 36 nm and 

~ 100 nm LMO thin films. The compositions of the HMO thin films are also given. The bulk HMO and 

LMO lattice parameters are published in [24, 114]. 
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7.4.3 Influence of Film Composition on the Structure 

 

The composition of the ~ 100 nm TmMO film, listed in Tables 7.4, shows that it contains a Mo 

contamination of ~ 0.8 at.%. In fact, the ~ 35 nm and ~ 230 nm TMO thin films have also Mo contents of 

~ 1.6 at.% (Figure 7.12 (a)) and 0.6 at.%, respectively. Nevertheless, only Bragg reflections from the 

(110)-oriented film structures are observed in the symmetric scans or RSMs. This suggests that the Mo 

atoms might be incorporated into the REMnO3 structure by substituting Mn. Since a Mo atom has a larger 

ionic radius (~ 83 pm) than a Mn atom (~ 78.5 pm for high spin) [115], it could expand the lattice upon 

substitution. If comparing the (320)- or (420)-RSMs of the contaminated ~ 35 nm TMO film with the 

uncontaminated ~ 30 nm TmMO (Figure 7.12 (b)) and ~ 25 nm HMO, it can be found that the two-peak 

configuration is always present and the film strain and lattice distortion are not coupled with the Mo 

contamination. In the case of the ~ 100 nm TmMO film, its lattice is as strained as the uncontaminated 

~ 30 nm TmMO film suggesting that the ~ 0.8 at.% Mo content may have no effect on the strain. Thus, 

the influence of the Mo contamination on the film strain and lattice distortion is assumed to be negligible 

for the thin films of thicknesses ≤ 100 nm. On the other hand, the situation in the ~ 230 nm TMO thin 

film is more complicated, because both normal relaxation of the film lattice and Mo substitution can 

contribute to the increase in lattice parameters and no reference sample of the same thickness but without 

Mo contamination is available. Since the Mo content in the ~ 230 nm TMO film (~ 0.6 at.%) is much 

smaller than in the ~ 35 nm film (~ 1.6 at.%), it can be assumed that the Mo contamination might have no 

effect on the film structure. Nevertheless, it must be pointed out that XRD might not be sensitive enough 

to detect the small lattice expansions resulting from the Mo substitutions of < 2 at.%. Therefore, the 

possible influence of the Mo contaminations can not be completely excluded. 

 

 

 

Figure 7.12 (a) and (b) RBS spectra of the ~ 35 nm TMO and ~ 30 nm TmMO thin films, whose XRD 

measurements are shown in Figure 7.7 and Figure 7.9. The black dots in the spectra are the experimental 

data and the red lines are the simulated spectra. The relative uncertainty for the Mo content is 15%. 
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7.4.4 Structure of the TbMnO3 Thin Films Grown on (110)-NdGaO3 

 

Compared to YAO substrates, the lattice parameters of NGO substrates are about ~ 4.4% larger on 

average and its ab-plane is more square-like (Table 6.5). Also contrary to YAO substrates, the in-plane 

lattice mismatches are opposite in the [001]- (c-axis) and [1-10]-directions. Along [001] the mismatch is 

tensile (-4.2%), while it is compressive along [1-10] and much smaller (1.8%) (Table 6.5). Thus, if a film 

lattice is fully strained, it is expected to undergo a strong traction in the [001]-direction and a weaker 

compression in the [1-10]-direction. 

 

Inspecting the symmetric scans of the (110) Bragg reflections of the ~ 60 nm and ~ 110 nm TMO on 

NGO films (Figure 7.13 (a) and (d)), a shift of the film peak towards the substrate peak position is found 

in the thinner film. This indicates that the out-of-plane lattice parameter is compressed in the ~ 60 nm 

film lattice. Furthermore, the substrate peak in the symmetric scan of the ~ 110 nm film appears to be 

broader than the one in the scan of the ~ 60 nm film. In both scans, the substrate peaks become 

additionally asymmetric. This may be related to the overlapping between the film and substrate peaks as a 

result of the smaller lattice mismatch in the [110]-direction. As explained in the previous subsection, the 

vertical axis Q in the (221)-RSM corresponds to the out-of-plane direction. Thus, similar peak positions 

and profiles along Q should be observed in the (221)-RSMs. As expected, the film and substrate peaks 

slightly overlap with each other and the film peak of the ~ 60 nm film is shifted towards the substrate 

(221)-peak along Q (Figure 7.13 (b)). In addition to the information which can also be obtained from the 

symmetric scans, the (221)-RSMs also reveal that the film peak of the ~ 60 nm sample is shifted as well 

towards the substrate peak along Q||, i.e. the in-plane [001]-direction. This is the sign of traction along this 

direction. Compared to the film peak of the ~ 60 nm sample, the film peak of the ~ 110 nm is much 

broader and located at a closer position to the bulk (221)-peak (Figure 7.13 (e)). This indicates that in the 

thicker film the lattice relaxes towards the bulk lattice and mosaicity grows at the mean time. This 

structural development is the same as observed in the REMnO3 films grown on (110)-YAO. 

 

In the (420)-RSMs (Figure 7.13 (c) and (f)), the substrate and film peaks are better separated due to the 

higher 2 angles. Since the horizontal axis of the (420)-RSM represents the in-plane [1-10]-direction and 

the corresponding lattice mismatch is smaller (1.8%), the film lattice can be easily strained along this 

direction as demonstrated by the peak positions of both the ~ 60 nm and ~ 110 nm films, which have the 

same Q|| as the substrate peak. Moreover, there may be a streak stretching from the NGO peak through the 

film peak along the direction of Q|| equal to the substrate value in the (420)-RSM of the ~ 60 nm film. 

However, due to the large step width used in the mapping the streak appears to be discontinuous. In the 

(420)-RSM of the ~ 100 nm film, a sharp “tail” extending from the broad peak along the substrate Q|| is 

also visible. The observation of the streak and the “tail” suggests that there may be another sharp film 
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peak overlapping with the broad peak in the (420)-RSMs. This possible two-peak configuration could 

again indicate the existence of “sublayer” structures in the thin films, similar to the observation from the 

films grown on (110)-YAO.   

 

 

 

Figure 7.13 (a) and (d) -2 scans, (b) and (e) (221)-RSMs and (c) and (f) (420)-RSMs of the ~ 60 nm 

and 110 nm TMO on NGO thin films, respectively. 

 

The calculated lattice parameters of both films (Table 7.6) show that both af and bf lattice parameters are 

smaller than the bulk values and do not become closer to the substrate values. This can be explained by 

the nature of the (110)-epitaxy. As demonstrated by the schematic drawing of the (110)-epitaxy (Figure 
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7.5 (a)), the film lattice parameters af and bf are not directly constrained by the underlying substrate but 

indirectly influenced through the in-plane [1-10] lattice parameter. Thus, the lattice mismatch along 

[1-10] is accommodated by the interdependent changes in af, bf and γf. As long as the in-plane [1-10] 

lattice parameter of the film lattice is reduced to match the substrate value, the film ab-plane can still 

maintain its small af /bf ratio and thus af and bf do not have to approach the substrate values. The 

calculated lattice parameters show that in order to match the substrate [1-10] lattice parameter the film 

ab-planes undergo a rhomboidal distortion with γf < 90° like in the REMnO3 films grown on (110)-YAO. 

Thus, both film lattices are monoclinically distorted. Furthermore, comparing the [1-10] lattice parameter 

and γf between the two films, it shows that the rhomboidal distortion of the film ab-planes remains nearly 

the same. Hence, the structural relaxation in the ~ 110 nm film mainly takes place in the [001]-direction, 

where the lattice mismatch is much larger. The composition of the ~ 60 nm thin film was determined by 

RBS. The result shows that the film has deficiencies in Tb and O and excess in Mn. Due to the lack of a 

stoichiometric reference sample of the same thickness, it can not be determined whether the 

compositional deviation has an influence on film strain or lattice distortion.  

 

 NdGaO3 TbMnO3 

Lattice parameter  Bulk  ~ 60 nm ~ 110 nm 

a (Å) 5.43 5.309 5.26 5.28 

b (Å) 5.50 5.812 5.73 5.74 

c (Å) 7.71 7.386 7.53 7.47 

[1-10 ] inplane (Å) 7.73 7.872 7.72 7.74 

 (°) 90 90 89.1 89.2 

c/[1-10] ratio 0.997 0.936 0.975 0.965 

Composition   

Tb: 0.90 ± 0.04 

Mn: 1.10 ± 0.04 

O: 2.6 ± 0.2 

 

 

Table 7.6 Lattice parameters of the ~ 60 nm and ~ 110 nm TMO on NGO films. The composition of the 

~ 60 nm TMO film is also given. 

 

7.5 Summary 

 

In this chapter, it is demonstrated that a “sublayer” structure of different lattice coherence and strain states 

can exist in the deposited REMnO3 (RE = Tb, Ho, Tm and Lu) thin films regardless of film orientations or 

substrate materials. In the case of the [110]-oriented thin films, the film ab-plane undergoes a rhomboidal 

distortion in order to match the substrate ab-plane. This rhomboidal distortion thus leads to a monoclinic 
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distortion of the film lattice. With increasing thickness, the film lattice relaxes and recovers the bulk 

symmetry, but not necessarily restores the bulk lattice parameters. A fully strained interface “sublayer” is 

detected for all REMnO3 thin films grown on (110)-YAO and probably also exists in the films grown on 

(110)-NGO. However, only by analyzing the XRD results, it can not be directly determined whether this 

fully strained “sublayer” contains the coherent or incoherent lattice planes. Thus, alternative methods are 

required to probe the “sublayer” structure in the thin films. This will be discussed in the following chapter. 
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Chapter 8 Profiling the Crystallinity of the Thin Films 

 

8.1 Introduction 

 

The results of the XRD measurements reveal that “sublayers” with different strain states or lattice 

coherence exist in the monoclinically distorted REMnO3 thin films. However, the correlation between 

strain and coherence of the “sublayers” can not be directly and explicitly identified by XRD. In order to 

complete the picture of the “sublayer” structure, alternative methods are needed for complementary 

information. In this study, two methods for probing the “sublayer” structures, i.e. ion channeling 

measurements and transmission electron microscopy (TEM) were employed. In this chapter, the acquired 

experimental data will be discussed in correlation with the XRD results. 

  

8.2 Probing the “Sublayer” Structure using Ion Channeling 

 

During the simulations of some RBS spectra, inconsistencies in the spectral height and shape of the film 

and substrate signals were noticed (Figure 6.14 (a) and (b), and 7.12 (b)). This suggests that some of the 

incoming ions might have channeled through the film lattices and thus experienced a smaller scattering 

cross-section and energy loss than in the case of a polycrystalline or amorphous structure. The 

observation of accidental channeling effects confirms that the deposited thin films can have near 

monocrystalline quality and be suitable for proper ion channeling measurements. In the following, the 

results of the ion channeling measurements of a ~ 58 nm LMO thin film grown on YAO will be 

discussed. But before, a detailed structural analysis of this sample using XRD will be presented first. 

 

The XRD measurements of the LMO sample exhibit both Laue oscillations in the out-of-plane -2 scans 

(Figure 8.1 (a)) and Kiessig fringes in the X-ray reflectivity measurements (not shown) signifying high 

crystalline quality and a smooth surface and interface. From the oscillations, a total thickness of ~ 58 nm 

and a coherent thickness of ~ 43 nm were calculated, which reveals the existence of two “sublayers” with 

different lattice coherence. Reciprocal space mappings have also been performed. The (420)-RSM shows 

a two-peak configuration of the film peaks, i.e. a sharp peak at the same in-plane position (Q||) as the 

substrate and a broadened peak at a position closer to the bulk position. This peak configuration signifies 

the presence of a laterally fully strained and a partially relaxed “sublayer” in the film. The same 

configuration is also observed in other thin films of REMnO3 (RE = Tb, Ho and Tm) as demonstrated in 

the last chapter. However, an evident difference can be found comparing this (420)-RSM with the others 

shown in the last chapter. That is the shape and vertical peak position (Q) of the fully strained film peak. 

In the (420)-RSM of the ~ 58 nm LMO sample, the fully strained film peak directly originates from the 

substrate peak and has a much greater elongation along Q than the corresponding film peaks observed in 
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(420)-RSMs of other films (Figure 7.9, 7.10 and 7.11). Thus, it can be inferred that directly at the 

interface the film lattice has exactly the same structure as the substrate lattice. Once the film grew slightly 

thicker, the film lattice started to relax in the out-of-plane direction but still remains fully strained in the 

in-plane direction. The relaxation in the out-of-plane direction thus leads to a gradient of the out-of-plane 

lattice spacing as reflected by the larger elongation along Q. This specific relaxation process might be 

related to the deposition condition, because this ~ 58 nm LMO film was grown using the N2O gas pulse 

while the REMnO3 thin films presented in the last chapter were deposited at a constant N2O background 

pressure. Nevertheless, the ~ 58 nm LMO film lattice also experienced a monoclinic distortion similar to 

the other REMnO3 thin films as indicated by its lattice parameters (Table 8.1). Combining the information 

obtained from RSMs with the Laue oscillations, it can be assumed that the fully strained “sublayer” 

constitutes the part of the film where the lattice planes are incoherent to each other. However, the 

mosaicity existing in the film structure, which is represented by the broadening and asymmetric intensity 

distribution of the relaxed film peak in the RSMs, may also contribute to the incoherent film thickness.  

 

 

 

Figure 8.1 (a) -2 scan and (b) (420)-RSM of the ~ 58 nm LMO on YAO sample. 

 

 a (Å) b (Å) c (Å) [110] in-plane (Å)  (°) c/[110] ratio

YAO 5.18 5.31 7.35 7.42 90 0.991 

Bulk 5.199 5.789 7.297 7.781 90 0.938 

~ 58 nm LMO on YAO 5.18 5.66 7.36 7.58 88.6 0.971 

 

Table 8.1 Lattice parameters calculated for the ~ 58 nm LMO on YAO thin film. 

 

In order to clarify the correlation between “sublayers” of different lattice coherence and strain states, a 

direct depth profiling of the film crystallinity is necessary. This was achieved by channeling RBS 

measurements using 2 MeV 
4
He ions. At random beam incidence, the obtained spectrum is a normal RBS 
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spectrum with five visible peaks identifying the film elements (Lu, Mn and O) and substrate elements (Y, 

Al and O) (the black line in Figure 8.2 (a)). However, once the incident beam was aligned parallel to the 

surface normal, the overall backscattering yield was drastically reduced, which signifies the presence of 

ion channeling. Taking a closer look at the Lu or Mn peaks, a region of very low backscattering yield can 

be found sandwiched between two peaks with much higher yields (Figure 8.2 (b)). Since the energy scale 

(the channel axis) in a RBS spectrum is equivalent to the depth scale, the first peak at the high energy side 

can be referred to as the surface peak, which originates from the collisions of the ion beam with the atoms 

in the vicinity of the film surface. In contrast, the second peak is attributed to the atoms visible to the 

incident ion beam near the interface between the LMO film and the YAO substrate. Thus, the ion beam 

mostly channeled through the intermediate film region but was dechanneled in the surface and interface 

regions to some extent. This implies that there are in fact three “sublayers” within the ~ 58 nm LMO film, 

i.e. surface, intermediate and interface “sublayers”.  

 

 

 

Figure 8.2 (a) Random and channeling RBS spectra of the ~ 58 nm LMO on YAO thin film. (b) The 

magnified spectral regions of Mn and Lu. The substrate background signal is subtracted in the Mn 

spectrum.  

 

The channeling effect in the intermediate film region indicates a high coherence of film lattice planes. 

The high crystalline quality is usually characterized by a small minimum yield (min), which is defined as 

the ratio between the backscattering yield in the channeling geometry and the yield at the random 

incidence [87, 116]. From the non-normalized data, min is estimated to be ~ 10% below the Lu surface 

peak. If comparing the min ratios calculated from the normalized yields of Lu and Mn, it can be found 

that the ratio for Mn (~ 38%) is much higher than that for Lu (~ 14%). By simulating the RBS spectrum 

measured in the random geometry, the composition of Lu0.93±0.03Mn1.07±0.03O3.0±0.2 is obtained indicating a 

deficiency of Lu and an excess of Mn (Figure 8.3 (a)). Thus, the disproportion of the minimum yields 

between Lu and Mn might result from the slight compositional deviation of the LMO sample. A more 
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specific interpretation of the channeling spectra with respect to the Lu and Mn lattice location would 

require a large number of angular scans and time consuming Monte-Carlo simulations which are 

presently not available. Contrary to the channeling effect in the intermediate film region, the 

dechanneling of the ion beam in the surface and interface regions reveals the atomic displacements in the 

film lattice within these “sublayers” resulting from film strain, lattice distortion and crystallographic 

defects. 

  

Simulations for the channeling RBS spectra were also performed (Figure 8.3 (b)) to determine the 

thicknesses of the entire thin film and three “sublayers”. The obtained values are listed in Table 8.2. The 

total film thickness determined from RBS (55 nm) is comparable with the value (58 nm) calculated from 

the Kiessig fringes observed in the reflectivity measurements. Furthermore, the thickness of the 

intermediate “sublayer” (40 nm) estimated from the RBS data is also in good agreement with the coherent 

thickness calculated from the Laue oscillations in the XRD scan (Figure 8.1 (a)).  

 

 

 

Figure 8.3 (a) Subtracted RBS spectrum in the random geometry and (b) the corresponding channeling 

RBS spectrum of the ~ 58 nm LMO on YAO thin film. The black dots represent the experimental data, 

whereas the red solid lines are the simulations. 

 

 Thickness (nm) 

Method Total Coherent Surface Interface 

Ion channeling 55 40 6 9 

XRD 58 43   

 

Table 8.2 Various thicknesses calculated from the ion channeling and XRD measurements for the ~ 58 nm 

LMO on YAO thin film. 
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Correlating the information obtained from the channeling RBS measurements with the XRD 

measurements, it can be inferred that within the region of ~ 9 nm from the interface the film structure 

accommodates the in-plane lattice mismatch and is fully strained. However, the existence of strain and 

monoclinic lattice distortion is accompanied by the formation of an incoherent lattice structure and 

crystallographic defects. As the film becomes thicker, its structure starts to relax and may eventually 

reach a metastable state where the film lattice planes grow coherently resulting in a high crystallinity. In 

the ~ 58 nm LMO sample, the metastable state has sustained for ~ 40 nm. Nevertheless, as the film grows 

further the film lattice becomes again instable and needs to relax further towards the stable bulk structure. 

Thus, mosaicity, i.e. defects, develops in the surface region of the film lattice and the crystallinity is 

correspondingly reduced. In addition, it must be pointed out that atoms at the direct surface always 

backscatter the incident ions as a random array of atoms and produce a small surface peak in the 

channeling spectrum. Therefore, the observed surface peak in the channeling direction has contributions 

from both surface atoms and defects in the film surface region. 

 

8.3 Visualizing the Interfacial Disorder using TEM 

 

To visualize the “sublayer” structure proposed by the results of the XRD and ion channeling 

measurements, a TEM cross-section study was conducted on the ~ 58 nm LMO film. The image of 

bright-field transmission electron microscopy (BFTEM) obtained with a magnification of 145 kx (Figure 

8.4 (a)) shows that the preparation of the thin film sample by focused ion beam (FIB) technique caused an 

amorphization down to ~ 10 nm above the film-substrate interface resulting in a missing boundary 

between the amorphous carbon protective layer and the thin film sample. As seen in the high resolution 

transmission electron micrograph (HRTEM) at a higher magnification (590 kx) (Figure 8.4 (b)), the film 

region above ~ 10 nm from the interface (the region marked in green in Figure 8.4 (b)) does not exhibit 

any obvious long-range order. And the corresponding fast Fourier transformation (FFT) only shows 

blurred halos and weak traces of diffraction spots confirming the amorphization of this region (FFT 

marked in green in Figure 8.4 (c)). The cause of such sample amorphization is related to the 

bombardment of highly energetic gallium ions during the lamella preparation by FIB technique [117-

119]. However, its origin is not yet well understood. Contrary to the region above ~ 10 nm from the 

interface, the FFT of the region within the ~ 10 nm range (FFT marked in red in Figure 8.4 (c)) shows a 

clear diffraction pattern indicating that the interface region still maintains its original crystalline structure. 

Thus, the following discussion will focus on the film interface region.  
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Figure 8.4 (a) BFTEM image of the ~ 58 nm LMO thin film at 145 kx magnification. (b) HRTEM image at 

590 kx magnification. (c) The FFTs of the areas marked in red and green in (b). 

 

All the images were taken along the [001] zone axis, which is the normal of the lamella. To have a better 

view of the film-substrate epitaxy, all the images are rotated so that the film-substrate interfaces are 

horizontally aligned. Figure 8.5 (a) shows the FFT corresponding to the HRTEM image shown in Figure 

8.6 (a), for which both the film and the substrate were illuminated by the incident beam. The FFT shows 

that the film diffraction spots are located directly above the substrate diffraction spots. This is 

significantly different from the relative positions of the diffraction spots between bulk o-LMO and 

substrate YAO (Figure 8.5 (b)). The alignment of the diffraction spots along the out-of-plane direction of 

the film (approximated as the [1-10]-direction) signifies that the illuminated part of the film lattice 

(mostly within ~ 20 nm above the interface) is epitaxially strained to match the underlying substrate 

lattice along the in-plane [110]-direction, which is in good agreement with the XRD results (the (420)-

RSM in Figure 8.1 (b)). It is possible to calculate the film lattice parameters af, bf and [110]f from the 

obtained diffraction patterns. However, considering the possibility of image degradation due to the 

amorphization and slight sample misalignment, the accuracy of the diffraction pattern can not be assured. 

Thus, calculations for the lattice parameters will not be presented. Nevertheless, the changes in lattice 

parameters can still be estimated from the shifts of the film diffraction spots compared to its bulk 

positions. Since all the film diffraction spots are shifted further away from the zone center due to the 

vertical alignments with the substrate diffraction spots, the lattice parameters af, bf and [110]f, which are 

inverse proportional to the distances between the diffraction spots and the zone center, become smaller 

than the corresponding bulk values. This is consistent with the lattice parameters calculated from the 

XRD data and confirms the compressive strain in the in-plane [110]-direction.     
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Figure 8.5 (a) FFT of the HRTEM image shown in Figure 8.6 (a). (b) Calculated diffraction patterns of 

the bulk o-LMO and YAO.  

 

Film strain can also be visualized as a strain field contrast in HRTEM images, e.g. the contrast at the right 

side of the interface region in Figure 8.6 (a) [120]. To analyze the strain effect on the film lattice in more 

detail, inverse fast Fourier transformation (IFFT) operations were applied after the (1-10) or (110) 

diffraction spots in the FFT images were exclusively selected for both the film and the substrate. The 

resulting images, therefore, only display the interference patterns contributed by the (1-10) or (110) lattice 

planes of the LMO film and the YAO substrate. According to the (1-10)-epitaxy, the (1-10) lattice planes 

are parallel to the film surface/interface, whereas the (110) lattice planes are longitudinally aligned to the 

surface (not perpendicular due to the rhomboidal shape of the film ab-plane). The Fourier filtered images 

for both orientations (Figure 8.6 (b) and (c)) show substantial disorder above the ~ 10 nm interface region 

resulting from the amorphization. Furthermore, a discontinuous contrast along the interface is also visible 

in both images indicating the presence of local structural incoherence and crystallographic defects. 

However, unexpected contrast is observed in the substrate region in the Fourier filtered image of the 

(1-10) lattice planes, whereas the (110) image shows homogeneously and perfectly aligned substrate 

lattice planes. The observation of lattice plane contrast for the substrate (1-10) planes could be caused by 

the possible slight misalignment or buckling of the TEM lamella, which may be unfavorable for the 

detection of this orientation. On the other hand, the presence of the contrast for the substrate (1-10) planes 

might also indicate that inhomogeneous out-of-plane lattice spacings (inset in Figure 8.6 (c)) could exist 

in the substrate region close to the interface. This could then explain the unusual peak shape observed 

along Q in the (420)-RSM (Figure 8.1 (b)): the peak might be a superposition of the elongated substrate 

peak and the film peak corresponding to the fully strained lattice. Further investigation needs to be 

conduced to deduce the origin of the observed contrast in the substrate region.     
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Figure 8.6 (a) HRTEM image of the ~ 58 nm LMO thin film at 390 kx magnification. (b) and (c) The 

corresponding Fourier filtered images of the (110) and (1-10) lattice planes, respectively. (d) and (e) The 

magnified images of the regions marked in green and red in (b). The dislocations are marked with green 

or red ovals. 

 

On the right side of the Fourier filtered image of the (110) lattice planes (Figure 8.6 (b)), the film lattice 

planes are mostly coherently strained with respect to the substrate lattice planes (inset in Figure 8.6 (b)). 

This yields a much smaller contrast than the lattices on the left side of the image. Magnifying the 

interface region on the left side of the image, pronounced interfacial disorder can be seen. In the 

magnified image in Figure 8.6 (d), incoherent alignment of the film lattice with respect to the substrate 

lattice is generated by the existence of an extra (110) plane on the film side. On the other hand, a misfit 

dislocation characterized by an extra (110) plane originating from the substrate side is observed at the 

direct interface in Figure 8.6 (e). In this selected film interface region, dislocations (marked by red ovals) 

are not only visible at the direct interface, but are also found to be randomly distributed within the entire 

~ 10 nm region. This observation thus verifies that the crystallographic defects are mainly responsible for 
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the increased backscattering yield, which was detected from the interface region by the ion channeling 

measurements. Considering the entire film area imaged in Figure 8.6 (b), it can be inferred that in the 

interface region the lattice mismatch is accommodated at the expense of film crystallinity by both strain 

and misfit dislocations. Thus, the interface between the ~ 58 nm LMO film and the YAO substrate can be 

categorized as semicoherent [121, 122].  

 

8.4 Summary 

 

The crystallinity variation within the ~ 58 nm LMO on YAO film was probed by ion channeling 

measurements. The results revealed that the thin film is composed of three “sublayers”: defect-rich 

surface and interface “sublayers” and an intermediate “sublayer” composed of coherent lattice planes. 

The TEM cross-section study further visualized the interface region and revealed the existence of 

dislocations and local structural incoherence resulting from the accommodation of lattice mismatch.   
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Chapter 9 Probing the Phonons Using Raman Spectroscopy 

 

9.1 Introduction 

 

The results of XRD measurements show that the (110)-oriented REMnO3 thin films undergo a monoclinic 

distortion due to the lattice mismatch imposed by the substrates. Since Raman spectroscopy is extremely 

sensitive to changes in structure and symmetry, strain, lattice distortion and the corresponding lowering of 

symmetry will be reflected in Raman spectra. In addition to be responsive to the structural changes, 

Raman scattering is also sensitive to spin-phonon coupling, which is present in the o-REMnO3 structure 

below TN. Hence, low-temperature Raman measurements were also explored in order to study the spin-

phonon coupling mechanism in the thin films. 

 

9.2 Group Theory Analysis 

 

9.2.1 Factor Group Analysis of Bulk Orthorhombic REMnO3 

 

Before discussing the experimental Raman spectra of the strained thin film samples, the number and 

general assignment of the Raman-active phonon modes will be determined at first for both bulk 

orthorhombic REMnO3 and monoclinic film structures by factor group analysis. The following 

discussions will start with an introduction on some group theory terminology in preparation for the factor 

group analysis of o-REMnO3.  

 

The group theory method “factor group analysis” allows the analysis of the vibrations at the center of the 

Brillouin zone
4

 for a crystal and consequently enables the assignment of normal modes, e.g. Raman- or 

IR-active modes [123]. According to group theory, the symmetry of a crystal can be mathematically 

described by lattice translations and other geometric operations such as rotation, which leave the crystal 

invariant [124]. These operations are called symmetry operations. The symmetry operations, which are 

not translational, can be categorized into the following five types: identity, inversion, reflection, (proper) 

n-fold rotation and improper n-fold rotation (Table 9.1). Each of the symmetry operations is performed 

relative to a point, line, or plane, which are called symmetry elements [125]. In spectroscopy, the 

commonly used notations for the representation of the symmetry operations or elements are the 

Schönflies notations [126]. The following table gives the correspondence between the symmetry 

operations, the symmetry elements and their Schönflies notations [57, 125].  

 

 

                                                           
4
 The phonons excited by first order Raman scattering have small momentum. Thus, only the vibrations of a crystal 

at the center of the Brillouin zone are of concern for the analysis. 
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Symmetry operation Symmetry element Schönflies notation 

Identity: rotation of 360° about any axis. 

All systems have the identity operation. 

— E = C1 

Inversion:  all points inverted through a 

center of symmetry. 

Inversion center i 

(proper) n-fold rotation: counterclockwise 

rotation of 360°/n, n is a positive integer 

equal to 1 ─ 4 or 6 for crystals 

n-fold rotation axis Cn
m
, m: times of such a 

rotation 

Reflection: points on one side are the mirror 

images of the points on the opposite side
 
 

Mirror plane i, i: type of plane  

(h = horizontal, v = vertical, 

d = diagonal) 

Improper n-fold rotation: rotation of 360°/n 

followed by reflection through a plane 

perpendicular to the rotation axis 

n-fold rotation axis 

plus a mirror plane 

perpendicular to the 

rotation axis 

Sn
m
 

S1 = h = Cs 

S2 = i = Ci 

 

Table 9.1 Symmetry operations, symmetry elements and the corresponding Schönflies notations. 

 

The collection of the symmetry operations, e.g. rotations, reflections, inversions, which leave at least one 

point of the crystal fixed, forms a finite group called the point group of a crystal [125]. By definition, a 

point group does not include translational symmetry operations. On the other hand, the space group of a 

crystal includes all the symmetry operations, i.e. not only the point group elements but also the lattice 

translations and fractional translations, e.g. glide planes and screw axes [124]. In crystallography, point 

groups which are compatible with a lattice with translational symmetry are called crystallographic point 

groups [127]. Using group theory terms, the space group is denoted by G and the translation group, one of 

its invariant subgroups, is denoted by T. A factor group of the space group can thus be defined as G/T. 

The factor group has a one-to-one correspondence (isomorphism) with the crystallographic point group 

[123]. Hence, the analysis of the factor group will reveal the effect of the symmetry operations in a 

crystallographic point group on each type of atom in the unit cell. 

 

A factor group can be described by a reducible representation with respect to its symmetry operations. 

The reducible representation can be further broken up into contributions from irreducible representations. 

Conventionally, the irreducible representations of all possible symmetry operations are listed as a matrix 

known as a character table. Hence, the character of the reducible representation can be presented as a 

linear combination of the characters of the irreducible representations (the decomposition theorem of 

reducible representations) [128]: 
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i

i
in  

                                                                                                                             

Equation 9.1 

where ni is the number of times the i
th
 irreducible representation is contained in the reducible 

representation, ρ
i
 is the character for class in the i

th
 irreducible representation and ρ is the character for 

class ρ in the reducible representation which can be obtained from: 

)cos21(                                                                                                                  Equation 9.2 

where ρ is the number of invariant atoms during the operation of class  and ρ is the angle of rotation 

about the symmetry axis of class . The “1” and “-1” numbers correspond to the proper and improper 

rotations, respectively. Using the reduction formula the number ni can be calculated by [123]: 




  i
i g

g
n

1

          

                                                                                                          Equation 9.3 

where g is the order of the point group, gρ is the order of the class . 

 

As mentioned earlier in Subsection 3.1.2, the total dynamical (vibrational or mechanical) degrees of 

freedom are 3N for a primitive unit cell of a crystal containing N atoms. This means that there is a 

3N-dimensional representation of the unit cell, which can be decomposed into a direct sum of irreducible 

representations of the factor group (crystallographic point group) using Equation 9.1 [57]. In the case of 

o-REMnO3, there are four formula units per primitive unit cell. Hence, the total dimension is 3 × 4 × 5 = 

60. The crystallographic point group of o-REMnO3 is D2h, which means that the symmetry elements of 

the crystal contain three two-fold rotation axes orthogonal to each other, three mirror planes perpendicular 

to the two-fold axes and an inversion center where all axes and planes meet. The first step of factor group 

analysis is to generate the reducible representation. This can be achieved by establishing the invariance 

conditions under the symmetry operations for each type of atoms in the unit cell. In Table 9.2, different 

types of ions in the o-REMnO3 unit cell are described by the Wyckoff positions in the first column, while 

the symmetry operations of D2h are listed in the first row. An atom or ion will be invariant under a 

symmetry operation only if the atom or ion possesses the same symmetry element as the symmetry 

operation [123]. For example the four RE
3+

 ions have the site symmetry
5

 Cs (Cs = h = S1) which matches 

the symmetry operation σ(xy). Therefore, the number of the invariant RE
3+

 ions under the symmetry 

operation σ(xy) is four. Applying this principle to all the ions in the unit cell, the number of total invariant 

ions ρ for each class of symmetry operation can be obtained. Subsequently, the reducible character ρ 

for each class of symmetry operation can be determined using Equation 9.2 and the reducible presentation 

is thus formed. 

 

 

                                                           
5
 Site symmetry: the symmetry in the immediate environment of a specific atomic site. [57]   D. C. Smith and C. 

Carabotos-Nédelec, in Handbook of Raman spectroscopy: From the research laboratory to the process line, edited 

by I. R. Lewis and H. G. M. Edwards (CRC Press, 2001), pp. 362-435. 
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 Symmetry operations grouped in classes 

Point group label D2h E C2(z) C2(y) C2(x) i σ(xy) σ(xz) σ(yz) 

Wyckoff positions 

(multiplicity, 

Wyckoff letter 

and site symmetry) 

4c, Cs 

4 RE
3+

 

E 

4 

— 

0 

— 

0 

— 

0 

— 

0 

Cs 

4 

— 

0 

— 

0 

4b, Ci 

4 Mn
3+

 

E 

4 

— 

0 

— 

0 

— 

0 

i 

4 

0 

0 

0 

0 

0 

0 

4c, Cs 

4 O
-2

 (1) 

E 

4 

— 

0 

— 

0 

— 

0 

— 

0 

Cs 

4 

— 

0 

— 

0 

8d, C1 

8 O
-2

 (2) 

E 

8 

— 

0 

— 

0 

— 

0 

— 

0 

— 

0 

— 

0 

— 

0 

Number of total 

invariant atoms/ions 
 20 0 0 0 4 8 0 0 

 Γ 60 0 0 0 -12 8 0 0 

 Reducible representation 

 

Table 9.2 The invariance conditions and the reducible representation for o-REMnO3 reproduced from 

[123].  

 

The next step is to identify the irreducible representations of the point group D2h and to generate the 

character table. Nowadays the character tables for all point groups are available in many open access 

online crystallographic databases and programs, e.g. Bilbao Crystallographic Server [129]. Table 9.3 is 

the character table for D2h reproduced from data available from Bilbao Crystallographic Server. Like in 

the table of the reducible representation, the point group and its symmetry operations are identified in the 

first row of the character table. The total number of symmetry operations stands for the order of the group 

g and the number of the symmetry operation in each class represents the order of the class gρ. Thus, 

according to Table 9.3, g is eight for D2h and gρ equals to one for every class. In the leftmost column are 

the Mulliken symbols, which label each irreducible representation of the group and provide information 

on its symmetry. The meanings of the Mulliken symbols in Table 9.3 are tabulated in Table 9.4. The basis 

functions
6

 for the irreducible representations are presented in the two rightmost columns. For the 

crystallographic point group D2h, the basis functions are one-dimensional bases x (displacement from the 

origin along x-axis in an orthogonal Cartesian coordinate), y, z, Rx (rotation around x-axis), Ry, Rz and 

two-dimensional bases x
2
, y

2
, z

2
, xy, yz, xz. They have the same symmetry properties as the atomic 

orbitals with the same names [130]. If the symmetry operation does not change the corresponding basis 

function, the number “1” will be registered in the corresponding row and column. On the contrary, if the 

basis function is inversed under the symmetry operation, the number “-1” will be inscribed. These 

numbers are called the characters of the irreducible representations (ρ
i
). 

 

 

 

                                                           
6
 Basis functions are used to generate the matrices that represent the symmetry elements of a particular irreducible 

representation [128]   M. S. Dresselhaus et al., Group theory: Application to the physics of condensed matter. 

(Springer, 2008).  
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 Symmetry operations grouped in classes Basis functions 

Point group 

label 

D2h E C2(z) C2(y) C2(x) i σ(xy) σ(xz) σ(yz) Linear 

and  

rota- 

tions 

Quadratic  

Symmetry 

representation 

to label each 

irreducible 

representation  

Ag 1 1 1 1 1 1 1 1  x
2
, y

2
, z

2
 

B1g 1 1 -1 -1 1 1 -1 -1 Rz xy 

B2g 1 -1 1 -1 1 -1 1 -1 Ry xz 

B3g 1 -1 -1 1 1 -1 -1 1 Rx yz 

Au 1 1 1 1 -1 -1 -1 -1   

B1u 1 1 -1 -1 -1 -1 1 1 z  

B2u 1 -1 1 -1 -1 1 -1 1 y  

B3u 1 -1 -1 1 -1 1 1 -1 x  

  Irreducible representation Character   

 

Table 9.3 The character table for the point group D2h (reproduced from [131]). 

 

Mulliken symbol Meaning 

A One-dimensional irreducible representation symmetric with respect to rotation 

about the principle axis Cn of the group 

B One-dimensional irreducible representation antisymmetric with respect to 

rotation about the principle axis Cn of the group 

g subscripted symmetric with respect to inversion center (German: "gerade") 

u subscripted antisymmetric with respect to inversion center (German: "ungerade") 

1 subscripted symmetric with respect to a vertical mirror plane perpendicular to the 

principal axis Cn 

2 subscripted antisymmetric with respect to a vertical mirror plane perpendicular to the 

principal axis Cn 

 

Table 9.4 The meanings of the Mulliken symbols listed in Table 9.3 [57, 130, 132, 133]. 

 

Since all the required values for Equation 9.1 and 9.3 are now deducible from the table of reducible 

representation and the character table (Table 9.2 and 9.3), the decomposition of the reducible 

representation for D2h can be executed as following: the number of times Ag contained in the reducible 

representation is calculated by: 

   711811121160
8

1


gAn

                                                                       

Equation 9.4 

In the same way, the other ni values are obtained: nB1g= 7, nB2g = 5, nB3g = 5, nAu = 8, nB1u = 8, nB2u = 10 

and nB3u = 10. Hence, the reducible representation Γ is decomposed into: 

uuuugggg BBBABBBA 321321 1010885577                                                   Equation 9.5 
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Notice that the sum of all ni values give the reducible representation a total dimension of sixty, which 

accords with the aforementioned total dynamical (vibrational or mechanical) degrees of freedom of an 

o-REMnO3 unit cell. Thus, Equation 9.5 can be interpreted as the distribution of the total dynamical 

degrees of freedom of an o-REMnO3 unit cell. The final step of the analysis is to assign the irreducible 

representations to different types of dynamical degrees of freedom, e.g. Raman-active normal modes. 

This can be done by analyzing the basis functions of each irreducible representation.  

 

As explained in Subsection 3.1.2, a modulation of polarizability by a lattice vibration is required for 

Raman scattering. On the other hand, a change in the electric dipole moment is necessary for a vibrational 

motion (normal mode) to be infrared (IR) active. This is the so called “selection rules”. Mathematically 

speaking, polarizability is a second rank symmetric tensor and has the same transformation properties as a 

general quadratic form (e.g. x
2
, y

2
, z

2
, xy, yz, zx), whereas the elements of the dipole moment, which is a 

vector, transform as linear polynomials (e.g. x, y and z) [57, 128]. Inspecting the character table of D2h 

(Table 9.3), it can be found that the basis functions of the irreducible representations Ag, B1g, B2g and B3g 

transform in the same way as the polarizability tensor. Thus, Ag, B1g, B2g and B3g can be assigned to 

Raman-active normal modes. On the other hand, the irreducible representations B1u, B2u and B3u can be 

identified as IR-active normal modes, because their basis functions have the same linear polynomials as 

the dipole moment. In addition, as mentioned in Subsection 3.1.2, there are three degrees of freedom 

corresponding to the block translations of the unit cell of a crystal. They are represented by the three 

irreducible representations B1u, B2u and B3u with the basis functions of z, y and x. Equation 9.5 can now 

be rewritten as: 

               irBirBirBnArBrBrBrA uuuuggggopt 321321 99785577            Equation 9.6 

uuuac BBB 321                                                                                                                    Equation 9.7 

with r  ─ Raman-active modes, ir  ─ IR-active and n  ─ optically silent modes. Hence, an unpolarized 

Raman spectrum of o-REMnO3 theoretically consists of twenty-four Raman active normal modes. 

 

9.2.2 Factor Group Analysis of Monoclinic REMnO3 

 

Before performing factor group analysis, a possible monoclinic space group for the distorted film 

structure will be proposed at first based on the information obtained from the XRD measurements. As 

mentioned in the general introduction (Section 1.2), o-REMnO3 belongs to the No. 62 space group Pbnm 

(
16
2hD ). The first letter P indicates that the centering type of the unit cell is primitive. The three entries 

after the centering letter refer to the symmetry elements in the [100], [010] and [001] symmetry directions, 

i.e. a b-glide plane perpendicular to the a-axis , a n-glide plane perpendicular to the b-axis and a mirror 

plane perpendicular to the c-axis [134]. Figure 9.1 illustrates all the symmetry elements of Pbnm. 

According to the lattice parameters deduced from the XRD data, the ab plane of a strained (110)-oriented 

thin film is distorted from a rectangular to a rhomboid (Figure 7.8 (b)). The angle γf between af and bf is 
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reduced to below 90°. Thus, the symmetry of the REMnO3 lattice is lowered from orthorhombic to 

monoclinic with the unique axis c, i.e. = = 90°,  ≠ 90°. Consequently, the glide planes and the 2-fold 

screw axes which are parallel to a- and b-axis will disappear. However, the mirror plane perpendicular to 

the c-axis and the 2-fold screw axis parallel to c-axis will remain, because the c-axis is still orthogonal to 

both a- and b-axes. Hence, the point group of the monoclinically distorted thin films is lowered from D2h 

to C2h and the space group becomes the No. 11 space group P21/m (
2
2hC ) with the unique axis c (Figure 

9.2). The Wyckoff positions of P21/m can be found in the online International Table for Crystallgraphy 

[135]. Comparing them with the Wyckoff positions of o-REMnO3 (Pbnm), the multiplicity, Wyckoff 

letters and site-symmetry symbols can be determined for each species in the monoclinically distorted 

REMnO3. They are listed in the leftmost column of Table 9.5. The symmetry operations of its point group 

C2h are in the first row of Table 9.5.  

 

After establishing the invariance conditions under the symmetry operations for each species in the unit 

cell, the reducible representation of the monoclinically distorted REMnO3 structure can be determined 

using Equation 9.2. As seen in Table 9.5, it is the same as the reducible representation of o-REMnO3. To 

apply the reduction formula Equation 9.3 to the reducible representation, the character table of C2h needs 

to be identified first. Again, it can be found in the online crystallographic database provided by Bilbao 

Crystallographic Server. Using the characters in Table 9.6, the number of times Ag is contained in the 

reducible representation of the monoclinically distorted REMnO3 structure is thus calculated by: 

   1411811121160
4

1


gAn

                                                                      

Equation 9.8 
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Figure 9.1 Illustrations of the symmetry elements of o-REMnO3 (RE = Tb) from the side views (the top 

row) and from the top views (ab plane) (the bottom row). The open-source software Jmol [33] was 

employed to generate the graphs from the crystallographic data of bulk o-TbMnO3 published in [110]. 

 

 

 

Figure 9.2 (a) The space group diagrams of Pbnm and P21/m (with the unique axis c) [136]. (b) A 

schematic illustration of the monoclinic REMnO3 structure (from the view of the ab-plane). The graph is 

plotted using Jmol [33] by reducing the angle  of the bulk o-REMnO3 crystallographic data [110] from 

90° to 80°. 
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In the same way, the other ni values are obtained and the reducible representation Γ of the monoclinically 

distorted REMnO3 structure is decomposed into: 

uugg BABA 20161014                                                                                                 Equation 9.9 

As seen from Table 9.6, only the irreducible representations Ag and Bg have quadratic basis functions, i.e. 

transform in the same way as the polarizability tensor. Thus, they are assigned to the Raman-active 

normal modes:
 

ggRaman BA 1014                                                                                                                 Equation 9.10 

Notice that the total number of the Raman-active normal modes is twenty-four for both the orthorhombic 

(7Ag+5B1g+7B2g+5B3g) and the proposed monoclinic (14Ag+10Bg) REMnO3 structure. Comparing the 

numbers of the individual modes, it can be seen that 14Ag from the monoclinic structure may correspond 

to 7Ag+7B2g from the orthorhombic structure, whereas the 10Bg from the monoclinic structure may be 

compatible with 5B1g+5B3g from the orthorhombic structure. Hence, it is possible that these two 

symmetries can not be distinguished by only considering the number of the Raman-active normal modes 

[137, 138]. 

 

C2h E C2(z) i σh 

4e, Cs 

4 RE
3+

 

E 

4 

— 

0 

— 

0 

Cs 

4 

2b, Ci 

2 Mn
3+

 

E 

2 

— 

0 

i 

2 

0 

0 

2c, Ci 

2 Mn
3+

 

E 

2 

— 

0 

i 

2 

0 

0 

4e, Cs 

4 O
-2

 (1) 

E 

4 

— 

0 

— 

0 

Cs 

4 

 8f, C1 

8 O
-2

 (2) 

E 

8 

— 

0 

— 

0 

— 

0 

 20 0 4 8 

 Γ 60 0 -12 8 

 

Table 9.5 The invariance conditions and the reducible representation for monoclinic REMnO3. 

 

C2h E C2(z) i σh Linear and rotations Quadratic  

Ag 1 1 1 1 Rz x
2
, y

2
, z

2
, xy 

Bg 1 -1 1 -1 Rx, Ry xz, yz 

Au 1 1 -1 -1 z  

Bu 1 -1 -1 1 x, y  

 

Table 9.6 The character table for C2h reproduced from the table downloaded from [139]. 
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9.3 Confocal Raman Microscopy on the REMnO3 Thin Films at Room Temperature 

 

9.3.1 Raman-active Phonon Modes of Bulk o-REMnO3  

 

According to the factor group analysis shown in Section 9.2, the Pbnm structure of orthorhombic 

REMnO3 gives rise to 24 -point Raman-active modes (7Ag + 5B1g + 7B2g + 5 B3g). In Figure 1.3 (b), the 

Mn and O atoms in o-REMnO3 form corner-sharing octahedra, where the Mn-O bond lengths with planar 

O(2) atoms are different from those with apical O(1) atoms due to the Jahn-Teller (JT) distortion. In 

addition, the Mn-O-Mn angles between neighboring octahedra deviate from 180° as a result of rotational 

distortion of the MnO6 octahedra. Since the Mn atoms are in centers of symmetry (Ci), they do not 

contribute to the Raman-active modes. Thus, the atomic motions of RE and O are responsible for the 

phonon modes of the Pbnm structure [140]. Although theoretical calculations yield 24 Raman-active 

modes, published experimental data of bulk polycrystalline o-TMO and o-HMO samples show that the 

observed modes within the spectral range below 800 cm
-1

 are mainly Ag and B2g modes [141-145]. The 

assignments of the Raman-active modes and the corresponding atomic motions and distortions reported in 

[143, 145] are listed below in Table 9.7 and Figure 9.3.  

 

Mode Wavenumber (cm
-1

) Main atomic motions Basic distortion 

 o-TbMnO3 o-HoMnO3   

Ag(7) 280.5 287.8 O(1) (y) RE shift 

Ag(2) 314.6 323.8 
In-phase MnO6 z 

rotations 
[001] 

B2g(7) 330.9  O1 (x) RE shift 

Ag(4) 378.2 395.9 
Out-of-phase MnO6 y 

rotations 
[110] 

B2g(3) 473.7 481.1 
Out-of-phase MnO6 

bending 
[110] 

Ag(3) 488.8 498.9 
Out-of-phase MnO6 

bending 
[110] 

Ag(1) 509.0 520.0 O(2) antistretching 
Jahn-Teller (JT), 

[001] 

B2g(2) 528.4 537.0 
In-phase O(2) 

“scissorslike” 
[001] 

B2g(1) 612.2 615.0 In-plane O(2) stretching Jahn-Teller 

 ~ 658  Disorder-induce or on-set JT vibration 

 

Table 9.7 The -point Raman-active modes for polycrystalline bulk o-TMO and o-HMO and the 

corresponding assignments, main atomic motions and basic distortions responsible for the mode 

activation published in [140, 145]. 
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Figure 9.3 Schematic drawings of some Raman-active phonon modes for o-REMnO3. (reproduced from 

[140]). 

 

Apart from the -point Raman-active modes, multiphonon Raman excitations are observed in the spectral 

region above 800 cm
-1

. In the study published by J. Laverdière [143], multiphonons up to the fourth 

phonon order were observed. It was found that the multiphonon Raman excitations can be associated with 

possible combinations of the Γ-point Raman-active phonons with the phonon mode at ~ 658 cm
-1

. The 

participation of the phonon mode at ~ 658 cm
-1

 indicates possible orbital contribution to the high energy 

phonon processes. Thus, the observed mulitphonon processes are considered to be related to orbiton
7
-

phonon coupling.    

 

In order to have a reference spectrum of o-TMO measured using the same experimental setup 

(unpolarized) as for the thin films, Raman measurements were performed with the bulk o-TMO target 

used for PLD. The target was at first ground to smoothen the surface structure after laser ablation prior to 

Raman measurements. In the obtained spectra, Γ-point Raman-active phonon modes and multiphonon 

Raman excitations corresponding to the published assignments are observed (Figure 9.4 (a) and (b)). The 

second order excitations of the o-TMO target sample can be fitted with eight different excitations (Figure 

9.4 (c)). Comparing with the published data, the possible combinations of the Γ-point phonon modes and 

the disorder-induce mode are determined for the measured second order multiphonons and listed in Table 

9.8. Depending on the position measured on the target, the phonon modes vary within ~ 5 cm
-1

 from the 

published data (Figure 9.4 (b)). The large variation results from the possible local modifications of the 

target crystal structures caused by laser ablation. Nevertheless, spectra acquired at some positions, e.g. 

position 2 in Figure 9.4 (b), show the same positions of phonon modes as the published ones.  Hence, the 

published phonon modes and corresponding assignments (Table 9.7) can be considered as bulk references 

for the experimental setup employed in this study.  

 

                                                           
7
 Orbiton is a collective oscillation of partially occupied electron subshells. 
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Figure 9.4 (a) Raman spectrum of the bulk o-TMO target for PLD. (b) The Γ-point phonon modes 

measured at three different positions on the target. (c) The spectral region of the multiphonon excitations. 

The second order is fitted with eight peaks. 

 

Multiphonon peak #1 #2 #3 

Wavenumber (cm
-1

) 860 910 1013 

Possible combination Ag(3) + Ag(4) B2g(7) + B2g(2) 
Ag(1) + B2g(2) 

or 2 x Ag(3) 

Multiphonon peak #4 #5 #6 

Wavenumber (cm
-1

) 1066 1141 1188 

Possible combination 2 x B2g(2)  B2g(1) + B2g(2) 
B2g(2) + Disorder-

induced phonon 

Multiphonon peak #7 #8 

Wavenumber (cm
-1

) 1267 1306 

Possible combination B2g(1) + Disorder-induced phonon 2 x Disorder-induced phonon 

 

Table 9.8 Possible combinations of the Γ-point phonon modes and the disorder-induced mode for the 

measured second order multiphonon excitations.   
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9.3.2 Influence of Strain and Lattice Distortion on the Raman Spectra of REMnO3 Thin Films 

 

9.3.2.1 Thickness Dependence 

 

Film strain and lattice distortion vary with both film thickness and substrate material as demonstrated in 

Chapter 7. The following discussions will at first deal with films of the same material grown on the same 

substrates but with different thicknesses. It must be pointed out that the HeNe laser beam of the confocal 

Raman microscope has a polarization ratio of 500:1. Thus, Raman spectra will vary with the alignment of 

the film samples with respect to the intrinsic polarization of the laser beam, although the measurements 

were unpolarized. For better comparisons, the spectra presented in this chapter were all measured with the 

in-plane [110]-direction parallel to the intrinsic polarization of the laser beam. The examples presented in 

this subsection are the Raman spectra of the TMO films grown on (110)-YAO substrates. Figure 9.5 

shows the spectrum of a ~ 35 nm TMO film grown on (110)-YAO. Similar to the spectra of bulk o-TMO, 

both Raman-active phonons and multiphonon Raman excitations are observed in the film spectra. 

However, due to the lower intensities of the film spectra and possible overlap with the phonon modes of 

the substrates at high frequencies, only the second order multiphonon Raman excitations are 

distinguishable in the film spectra. Since the multiphonon excitations can be described as combinations of 

the Γ-point phonon modes, they will follow the same trend as the Γ-point modes. Hence, the variations of 

the Γ-point phonon modes should be representative for the entire spectral region and will be the focus of 

the discussions.      

 

 

 

Figure 9.5 Raman spectra of the ~ 35 nm TMO on YAO film and the (110)-YAO substrate.  

 

In the spectral regions below 350 cm
-1

 of the film spectra, the Raman-active modes Ag(7), Ag(2) and B2g(7) 

are not visible probably due to the even smaller intensities than for the bulk o-TMO and the overlap with 

the pronounced substrate phonon modes. Above 350 cm
-1

, the same number of peaks is observed in the 

film spectra when compared to the spectra of bulk o-TMO (Figure 9.4 (a)). This observation agrees with 

the result of the factor group analysis in Section 9.2, i.e. under the condition that the site symmetries of 
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the atom species in the monoclinic (P21/m) film structure remain the same as in the bulk orthorhombic 

(Pbnm) structure, the same number of Raman-active modes can be observed. Due to the reduced point 

group symmetry of the monoclinically distorted film lattices, the assignments of the bulk phonon modes 

do not apply to the film phonon modes. According to the factor group analysis for the proposed 

monoclinic space group P21/m, the 7Ag+7B2g from the orthorhombic structure may correspond to the 

14Ag from the monoclinic structure. Thus, for the following discussion, the film phonon modes are 

provisionally classified to Ag modes with reference to the reported assignments for the bulk o-TMO 

phonon modes and are listed in Table 9.9.  

 

Although no direct indication of the symmetry lowering is found in the film spectra, a hardening of the Γ-

point Raman-active phonon modes (shift to larger wavenumber) is observed by comparing the spectra of 

the TMO on YAO thin films with the spectra of bulk o-TMO. The spectra shown in Figure 9.6 (a) are 

measured from the ~ 15 nm, 35 nm and 230 nm TMO films, of which the XRD data and lattice 

parameters are presented in Subsection 7.4.1. With decreasing thickness the frequencies of the film modes 

increase and shift further away from bulk values, as shown in Figure 9.6 (a) and Table 9.9. The shifts of 

the Raman modes in the spectrum of the ~ 15 nm film are found to be the largest, whereas the modes of 

the ~ 230 nm film have frequencies similar to the bulk modes. This is consistent with the lattice distortion 

and strain state deduced from the XRD measurements: the ~ 15 nm film undergoes the strongest 

distortion and compression while the ~ 230 nm is fully relaxed. Furthermore, an anisotropy of the mode 

shifts is observed between the modes whose main atomic motions are along different crystallographic 

directions. As shown in Figure 9.6 (a), the mode at ~ 615 cm
-1

 (B2g(1) for bulk), whose main atomic 

motions are the O(2) stretching within the ab plane, is experiencing much larger shifts than the bending 

modes resulting from the main atomic motions along the c-axis like the mode at ~ 490 cm
-1

 (Ag(3) for 

bulk). This observation corresponds well with the anisotropic compressive strain along [1-10] and [001] 

in strained films, which is inferred from the XRD measurements (Figure 7.8). In addition to film strain 

and lattice distortion, degree of structural disorder in the films is also reflected in the spectra by the 

frequencies and peak areas of the disorder-induced phonon modes. As Figure 9.6 (c) shows, the 

frequency and peak area of the phonon mode at ~ 645 cm
-1

 become larger with increasing thickness. The 

growth of the peak area agrees well with the fact that mosaicity develops in the film structure as the 

thickness becomes larger. However, the cause for the disorder-induced mode shifts towards higher 

frequencies is still not clear. 
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Figure 9.6 (a) Comparison of the Raman spectra obtained from the ~ 15 nm, 35 nm and 230 nm films. 

The dashed lines represent the reported modes of bulk o-TMO. The peaks marked in black are the 

substrate phonon modes. (b) Variations of the mode frequencies with film thicknesses for the modes 

around ~ 490 cm
-1

 and ~ 615 cm
-1

. The lines are guides to the eye. The insets show schematic drawings of 

the corresponding main atomic motions reconstructed from [145]. (c) Variations of the mode frequencies 

and peak areas with film thicknesses for the disorder-induced mode. The lines are guides to the eyes. 

 

          Mode  Ag(4) B2g(3) Ag(3) Ag(1) B2g(2) B2g(1) Disorder- 

induced 

Main atomic 

motion 

MnO6 

rotation 

Out-of- 

phase 

bending 

Out-of- 

phase 

bending 

O(2) 

Anti- 

stretching 

In-phase 

O(2) 

“scissors-like” 

O(2) 

stretching 

 

Bulk o-TMO 378.2 473.7 488.8 509.0 528.4 612.2 ~ 658 

                  Mode 

Sample thickness 

Ag Ag Ag Ag Ag Ag  

~ 230 nm 377.7 476.5 489.2 509.1 526.0 613.2 646.8 

~ 35 nm 380.2 477.4 491.0 510.4 526.9 616.8 643.3 

~ 15 nm 382.3 477.0 490.7 513.0 528.5 618.0 642.6 

Maximal shifts 

(cm
-1

) 

4.6 0.9 2 3.9 2.5 4.8 -4.2 

 

Table 9.9 Frequencies (in cm
-1

) of the observed Raman-active modes at room temperature from the 

~ 15 nm, 35 nm and 230 nm film samples as well as from the reported polycrystalline bulk o-TMO [12]. 

The film modes are provisionally classified to Ag modes. 

 

9.3.2.2 Epitaxy Dependence 

 

Usage of different substrates yields different epitaxy and strain to be present in the thin films. The 

sensitivity of the film phonon modes to the various crystallographic directions can thus be detected by 
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measuring Raman spectra of the films with different epitaxies without applying polarization. Figure 9.7 

shows a comparison between the spectra of the ~ 100 nm TMO thin films grown on (110)-, (010)- and 

(100)-oriented YAO substrates, respectively. The corresponding ratios of the peak areas and mode 

frequencies are listed in Table 9.10 and 9.11. The spectra show a strong dependence on the epitaxy as 

expected. The Raman-active phonon modes resulting from the atomic motions along the [110] or [1-10] 

directions, e.g. the modes at ~ 509 cm
-1

 and 613 cm
-1

, are much stronger in the (110)-oriented film, 

because these phonons are directly probed by the incident laser as a result of the (110)-epitaxy. On the 

other hand, in the (100)- and (010)-oriented films only the projected fraction of these two phonon modes 

onto the [100] and [010] directions are measured. Interestingly, the bending mode at ~ 476 cm
-1

 is more 

pronounced in the spectrum of the (110)-oriented film, whereas the other bending mode at ~ 489 cm
-1

 

remains strong in all three spectra. Since the bending modes arise from the basic distortion of the ab-

plane, i.e. the [110] and [1-10] directions, this observed discrepancy might indicate that the induced 

distortion of the ab-plane, either in lattice parameters or symmetry, could be different in the three 

differently oriented thin films. Inspecting the mode frequencies in all three spectra (Table 9.11), it can be 

seen that the phonon modes resulting from the planar O(2) stretching (~ 509 cm
-1

) and antistreching 

(~ 613 cm
-1

) have nearly the same frequency in all three spectra. In contrast, the frequencies of the 

bending mode (~ 476 cm
-1

) and the mode (~ 524 cm
-1

) arising from the O(2) “scissors-like” atomic 

motion vary more strongly with the film epitaxy. This anisotropic variation of phonon modes involving 

the atomic motions of the ab-plane suggests that the size of the ab-plane might be similar in all three 

~ 100 nm films, but the symmetry of the ab-plane might be different due to the different epitaxies and 

lattice mismatches. Structural analysis using XRD needs to be done for the (100)- and (010)-oriented 

TMO thin films, in order to confirm the aforementioned assumptions made based on the Raman data.  

 

 

 

Figure 9.7 Comparison of the Raman spectra obtained from the ~ 100 nm TMO thin films grown on 

(110)-, (010)- and (100)-oriented YAO substrate. The dashed lines represent the reported modes of bulk 

o-TMO. The peaks marked in black are the substrate phonon modes. 
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Ratio of the peak areas to that of Ag at ~ 377 cm
-1

 for the ~ 100 nm TMO films 

Main atomic 

motion 

Out-of-phase 

MnO6 bending 

Out-of-phase 

MnO6 bending 

O(2) 

Antistretching 

In-phase O(2) 

“scissors-like” 

O(2) 

stretching 

           Mode 

Substrate 
~ 476 cm

-1
 ~ 489 cm

-1
 ~ 509 cm

-1
 ~ 524 cm

-1
 ~ 613 cm

-1
 

(110)-YAO 2.3 1.5 2.3 1.0 8.0 

(100)-YAO 0.9 1.7 1.7 1.6 1.1 

(010)-YAO 1.3 1.6 1.7 1.8 1.1 

 

Table 9.10 Ratios of the peak areas to that of the phonon mode at ~ 377 cm
-1

. 

 

Mode Ag(4) B2g(3) Ag(3) Ag(1) B2g(2) B2g(1) 

Main atomic 

motion 

MnO6 

y rotation 

Out-of- 

phase 

bending 

Out-of- 

phase 

bending 

O(2) 

Anti- 

stretching 

In-phase 

O(2)  

“scissors-

like” 

O(2) 

stretching 

Bulk o-TMO 378.2 473.7 488.8 509.0 528.4 612.2 

100 nm TMO films 

                Mode 

Substrate 
Ag Ag Ag Ag Ag Ag 

(110)-YAO 378.1 475.2 488.7 508.6 524.9 612.7 

(100)-YAO 379.1 477.8 489.9 509.7 521.4 613.5 

(010)-YAO 377.9 476.8 488.5 508.5 524.2 613.5 

Maximal shifts 

(cm
-1

) 
1.2 2.6 1.4 1.2 3.5 0.8 

 

Table 9.11 Frequencies (in cm
-1

) of the observed Raman-active modes at room temperature from the 

~ 100 nm TMO thin films grown on (110)-, (010)- and (100)-YAO. The film modes are provisionally 

classified to Ag. 
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9.3.3 Influence of Rare Earth Ionic Radius on the Raman Spectra of REMnO3 Thin Films 

 

Intrinsically, structural distortion of the o-REMnO3 lattice increases with decreasing rare earth ionic 

radius (rRE). This leads to enhanced Raman intensity and hardening of Raman frequencies with smaller 

rRE [145]. It is therefore expected that the dependence of Raman phonon intensities and frequencies on rRE 

will remain the same for thin films of the same thickness and grown on the same substrate, since film 

strain and lattice distortion induced by the lattice mismatch are expected to be identical. Figure 9.8 (a) 

and (c) show the experimental data of the (110)-oriented REMnO3 (RE = Tb, Ho, Tm and Lu) thin films 

grown on (110)-YAO and with thicknesses of ~ 30 nm and 100 nm, respectively. The corresponding 

dependences of Raman frequencies on rRE are plotted in Figure 9.8 (b) and (d). As expected, the Raman 

frequencies exhibit a nearly linear hardening with decreasing rRE for both ~ 30 nm and 100 nm films, 

although the growth-induced strains and lattice distortions are not identical among different REMnO3 as 

demonstrated by the lattice parameters, especially f in Table 7.4 and 7.5 in Subsection 7.4.2. This 

indicates that the influence of the rare earth ionic radius is much larger than the epitaxial strain and the 

induced lattice distortion. Due to the differences in strain and crystalline qualities, the Raman phonon 

intensities do not follow the linear relation. It is also noticed that most of the peaks in the spectra of  the 

~ 30 nm thin films appear to be sharper than the peaks from the ~ 100 nm films. This results from the 

better crystalline quality of the thinner films, which is also reflected by the smaller peak widths in the 

RSMs in Section 7.4. In addition, a much more pronounced phonon mode at ~500 cm
-1

 (“Ag(3)” for bulk) 

is observed in the spectrum of the ~ 100 nm LMO film compared to the spectrum of the ~ 30 nm LMO 

film. The possible cause of the enhanced intensity of this phonon mode might be the smaller lattice 

parameters and stronger monoclinic distortion of the ~ 100 nm LMO film. A more detailed analysis 

should be performed in combination with theoretical calculations, e.g. lattice dynamic calculations, to 

better distinguish the influences of film strain and rare earth ionic radius.   
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Figure 9.8 (a) and (c) Raman spectra of the REMnO3 (RE = Tb, Ho, Tm and Lu) thin films grown on 

(110)-YAO and with thicknesses of ~ 30 nm and 100 nm, respectively. Four phonon modes are labeled 

with the corresponding mode assignments (Ag(4), Ag(3), B2g(2) and B2g(1)) for the bulk counterparts. The 

peaks marked in black are the substrate phonon modes. (b) and (d) The rRE-dependencies of Raman 

frequencies correspond to the labeled “Ag(4)”, “Ag(3)” and “B2g(1)” modes. The lines are guides to the 

eyes. 

 

9.4 Probing the Transitions at Low Temperature 

 

9.4.1 Introduction 

 

As introduced in Section 1.2, REMnO3 is a material which displays a strong interplay between spin, 

orbital, and lattice degree of freedom. Recent studies on the Raman scattering of bulk o-REMnO3 (RE = 

Pr, Nd, Gd, Sm, Dy [144, 146] and Tb [141]) show that the Raman-active phonon mode near ~ 610 cm
-1

 

softens, i.e. the mode frequency decreases, near the magnetic ordering temperature (Néel temperature) TN. 

This softening has been attributed to spin-phonon coupling which is caused by phonon modulation of the 

superexchange integral below TN [147]. Thus, low-temperature Raman measurements yield an indirect 

probing of the magnetic transitions in o-REMnO3. Raman studies on o-REMnO3 with different rare earth 

elements show that the degree of softening may vary with the rare earth ionic radius, i.e. the degree of 

lattice distortion and the resulting magnetic structure [144, 146]. As demonstrated by XRD and Raman 
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data measured at room temperature, epitaxial strain can induce lattice distortions into the film structures 

and result in a hardening of the phonon modes similar to the effect of a smaller rare earth ionic radius. 

Therefore, strain might also influence the mode softening near the Néel temperature for thin film samples. 

In the case of TMO, the Néel temperature is 41 K for bulk [20] and 40 K for TMO thin films grown on 

(110)-YAO substrates [148]. In this section, the results of the low-temperature measurements of a 

~ 80 nm TMO thin film grown on (110)-NGO will be presented and discussed. 

 

9.4.2 Optimization of the Raman Spectrometer Setup 

 

For the low-temperature measurements the Raman setup equipped with the double monochromator, the 

photomultiplier and the cryostat was employed. In order to increase the collection efficiency and obtain 

higher throughput into the double monochromator, the spatial usage of the mirrors and gratings inside the 

double monochromator needed to be optimized. For this purpose, focusing optical elements were 

employed for both sample excitation and Raman light collection. The sample is illuminated by the laser 

beam through a lens (L1 in Figure 3.2) with f = 100 mm. The scattered Raman light is subsequently 

focused onto the entrance slit of the double monochromator by a Leitz Wetzlar Summilux lens with 

1:1.4/50 (L2 in Figure 3.2). The focused light at the entrance slit can thus be smaller than 100 m in 

width. This allows all the collected light to enter the double monochromator, if the entrance slit is 100 m 

or larger. Furthermore, due to the low f-number of the lens, i.e. relative high numerical-aperture, the 

image of the beam on the sample can be magnified up to two orders of magnitudes onto the first mirror 

M1 and can thus illuminate a larger area of the mirror as shown in Figure 9.9 (b).  

 

The light from the entrance slit is collimated by the first concave mirror M1 and further reflected to the 

first grating. The collected Raman light is separated for the first time by grating G1 in the first 

monochromator and subsequently focused onto mirror M3 and deflected into the second monochromator 

(Figure 3.3 and 9.10), where the spectrum is dispersed again by grating G2. As shown in Figure 9.10, the 

size of the reflected light remains the same on both gratings G1 and G2 allowing the optimal usage of the 

gratings in both monochromators. 
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Figure 9.9 (a) The beam imaged at the position of the first mirror M1 within the double monochromator 

without employing any lens or only using lens L1 in the optical path. (b) Using both lenses L1 and L2. 

The size of each photo is identical and equal to the size of mirror M1. 

 

 

 

Figure 9.10 The beam imaged at gratings G1 and G2, mirrors M3 and M4 within the double 

monochromator. 
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9.4.3 Unpolarized Low-Temperature Raman Spectra of TbMnO3 

 

Unpolarized temperature-dependent measurements using the aforementioned experimental setup were 

performed for the ~ 80 nm TMO film from 10K to RT. Figure 9.11 (a) shows a comparison between the 

spectra measured at RT with the sample inside the cryostat, outside the cryostat and at 78 K under LN2 

cooling. The room-temperature spectrum measured from the sample, which is mounted inside the cryostat, 

is noisier and has slightly lower intensities than the spectrum measured when the sample was mounted on 

a normal holder outside the cryostat. This can be explained by the beam intensity loss which is caused by 

the additional refraction and scattering at the entrance and exit windows or within the cryostat. When the 

sample temperature is lowered, the spectral features measured using the same integration time become 

sharper. The FWHM of the substrate phonon mode at ~ 214 cm
-1

 is reduced from ~ 11 cm
-1

 to ~ 4 cm
-1

. 

Nevertheless, the statistics of the spectrum is not improved. Therefore, a longer integration time is 

required for better spectral statistics as shown in Figure 9.11 (a). However, a compromise between 

statistics and total measurement time is required for the temperature-dependent measurements considering 

the time-consuming pre-cooling and cooling processes as well as the consumption rate of LHe. Therefore, 

an integration time of 2 s was chosen for the measurements on the ~ 80 nm TMO film, which yielded a 

less noisy spectrum and a reasonable measurement time. The measurement efficiency can also be 

increased by reducing the range of the measured spectrum. The comparison in Figure 9.11 (b) shows that 

the elastically scattered laser-line is partially visible and gives rise to the growing background in the 

frequency region below ~ 150 cm
-1

 in the spectrum measured using the conventional Raman setup 

(macro-system). Furthermore, no film phonon mode is observed below ~ 450 cm
-1

 at RT. In the spectral 

region above ~ 450 cm
-1

, the phonon modes of the ~ 80 nm film are distinguishable near ~ 620 cm
-1

 and 

650 cm
-1

, whereas the modes near 500 cm
-1

 are very weak and noisy. The phonon mode near 620 cm
-1

 

corresponds to the B2g(1) stretching mode of bulk o-TMO, which softens near TN. Thus, the spectral 

region can be narrowed to 450 ─ 760 cm
-1

 for low-temperature measurements. It is noteworthy that this 

spectral range still includes a couple of substrate peaks, which are used as references for the spectrum 

normalization. 
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Figure 9.11 (a) Comparison between the Raman spectra of the ~ 80 nm TMO film measured at different 

conditions or using different integration times. The spectral features marked with gray stars and black 

triangles are the phonon modes from the NGO substrate and TMO film, respectively. (b) Comparison 

between the Raman spectra measured by the confocal Raman microscope and the conventional Raman 

setup introduced in Subsection 3.1.3 and 9.4.2. The green spectrum measured by the conventional setup is 

magnified by a factor of 100 to have a better comparison. The dashed lines indicate the phonon modes of 

bulk o-TMO.  

 

In Figure 9.11 (b) discrepancies in the relative intensities between the phonon modes near ~ 620 cm
-1

 and 

~ 500 cm
-1

 are observed between the spectra measured using the confocal Raman microscope and the 

conventional Raman setup. These discrepancies originate from two major aspects: the scattering geometry 

and the collection efficiency. In the conventional Raman setup the sample was mounted perpendicular to 

the optical axis of the double monochromator and the laser beam of 488 nm irradiated the sample at ~ 45°, 

i.e. ~ 45° tilted against the [110]-direction in the film ab-plane. Thus, regardless of the intrinsic 

polarization of the laser beam, this scattering geometry only detects the projection of the phonon mode 

near ~ 620 cm
-1

, whose main atomic motion is the O(2) stretching. On the other hand, the confocal 

Raman microscope uses a backscattering geometry with the film in-plane [110]-direction parallel to the 

intrinsic polarization of the HeNe laser beam. This allows the direct detection of the stretching mode near 

~ 620 cm
-1

 and yields therefore a larger intensity in the spectrum. In addition, the confocal configuration 

enables a more efficient collection of the scattered light compared to the conventional Raman setup, 

where the amount of signal collected is limited by the configuration of the collecting optics, i.e. size, focal 

length etc. Nevertheless, low-temperature measurements are only available using the conventional setup 

at present. 

 

Figure 9.12 shows the Raman spectra of the ~ 80 nm TMO film measured at various temperatures under 

LHe cooling. All the spectra are normalized using the substrate phonon mode at ~ 470 cm
-1

 to better 

compare the frequencies of the stretching mode near ~ 620 cm
-1

 at different temperatures. Similar to bulk 

o-TMO, the stretching mode near ~ 620 cm
-1

 of the ~ 80 nm film starts to soften when the temperature 
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approaches TN and its intensity ratio to the substrate phonon mode at ~ 470 cm
-1

 increases 

correspondingly. Due to the lack of data collected at the temperatures between 70 K and RT, the starting 

temperature of the softening process for the thin film can not be determined and compared with published 

data. Thus, from the existing data it can be considered that no obvious difference is observed between the 

experimental data from the ~ 80 nm film and the published data in [141]. In addition, no anomalous 

temperature dependence is visible near the onset temperature of the ferroelectric phase (~ 28 K). 

 

 

 

Figure 9.12 (a) Unpolarized Raman spectra of the ~ 80 nm TMO film grown on (110)-NGO measured at 

20 K, 30 K, 50 K and 70 K, respectively. (b) Frequency and (c) intensity ratio variations with the 

temperature for the stretching mode near ~ 620 cm
-1

. The dashed lines indicate the bulk Néel temperature.  

 

9.5 Summary 

 

Raman spectra of the monoclinically distorted (110)-oriented REMnO3 thin films exhibit the same 

number of peaks as in the spectra of bulk o-REMnO3. This observation agrees with the results of factor 

group analysis based on the assumption that the atomic species in the thin films have the same site 

symmetries as in the bulk structure, although the symmetry of the film crystal is considered to be lowered 

from orthorhombic (Pbnm) to monoclinic (P21/m). The emergence of anisotropic film strain with 

decreasing film thickness is confirmed by the observation of anisotropic hardening of Raman-active mode 

with the main atomic motions along [110] and [001]. Raman measurements were also performed on TMO 

thin films with different epitaxial relations and films with different rare earth elements but grown on the 

same substrate. The obtained spectra show sensitivities to crystal symmetry and rare earth ionic radius. In 

order to better understand the spectra, theoretical calculations need to be performed based on the 

structural data provided by XRD measurements. In addition, low-temperature Raman measurements were 

successfully performed using the conventional Raman setup equipped with a cryostat for the purpose of 

probing the magnetic transitions. However, efficiency and statistics of the measurements must be 

improved further. 
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Chapter 10 Probing the Electronic Structure of Mn in REMnO3 using 

Synchrotron Radiation
8
 

 

10.1 Introduction 

 

As introduced in Chapter 1, the effective superexchange interactions between the Mn 3d states at separate 

Mn sites might have a strong influence on the emergence of the magnetically incommensurate phase in 

some multiferroic o-REMnO3 such as o-TbMnO3 [39, 150-152]. These kinds of superexchange 

interactions are closely related to the hybridization of Mn 3d orbitals with neighboring orbitals, e.g. Mn 

4p orbitals and O 2p orbitals [150, 153, 154]. The mixing between neighboring Mn or O orbitals is, on the 

other hand, highly sensitive to the local lattice distortion, i.e. the distortion of MnO6 octahedron in the 

case of o-REMnO3 [154]. There are two origins of MnO6 distortion in REMnO3 thin film samples: the 

intrinsic Jahn-Teller distortion and rotational distortion resulting from the atomic arrangements of the rare 

earth elements and the extrinsic distortion induced by epitaxial strain. In Chapter 7, it is demonstrated that 

the PLD-grown REMnO3 thin films can experience a monoclinic distortion and exhibit strain gradients 

(existence of “sublayers”) as a result of the epitaxial growth. Hence, it is very important to understand the 

influence of both the monoclinic distortion and the rare earth element on the Mn electronic configuration, 

especially of the 3d states. In this work, the XAS and RXES techniques were employed for this purpose 

by probing the Mn K-edge excitations.  

 

10.2 Investigation of the Mn K-edge XANES of REMnO3 (RE = Tb and Lu) 

 

10.2.1 Note on the Samples and Data Processing 

 

Three thin film samples were measured at the SuperXAS beamline. They are two ~ 60 nm TMO films 

grown on (1-10)-oriented YAO and NGO substrates, respectively, and a ~ 50 nm LMO film on (1-10) 

YAO. All the films are monoclinically distorted and have the following lattice parameters: 

 

Sample Bulk o-TMO 
~ 60 nm 

TMO on YAO 

~ 60 nm 

TMO on NGO 
Bulk o-LMO 

~ 50 nm 

LMO on YAO 

a (Å) 5.3019 5.28 5.26 5.1986 5.17 

b (Å) 5.8557 5.68 5.73 5.7885 5.64 

c (Å) 7.4009 7.40 7.53 7.2970 7.36 

 90 88.5 89.1 90 88.6 
 
Table 10.1 Lattice parameters of the thin film samples measured by PFY-XAS and of the bulk o-REMnO3 

references from [24, 110]. 

                                                           
8
 Partially published in [149]   Y. Hu et al., Experimental and ab initio investigations of the X-ray absorption near 

edge structure of orthorhombic LuMnO3, Applied Physics Letters 100 (25), 252901 (2012). 
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According to the RBS and EDX measurements, Mo was not detected in these samples. The RBS 

measurements show that the ~ 60 nm TMO on (1-10) NGO is not strictly stoichiometric but instead has 

the composition of Tb0.90±0.04Mn1.10±0.04O2.6±0.2. The ~ 50 nm LMO sample also shows slight deficiency in 

Lu and excess in Mn and has the overall stoichiometry of Lu0.92 ± 0.03Mn1.08 ± 0.03Ox. Due to the relatively 

small thickness and the channeling effect, the oxygen content of the ~ 50 nm LMO film can not be 

determined from the RBS measurements. Since this ~ 50 nm LMO sample was grown using the same 

nominal conditions (N2O gas pulse) as for the LMO sample mentioned in Section 8.2, it is assumed that 

they have similar oxygen contents, i.e. 3.0 ± 0.2. Thus, the formal Mn oxidation state in the ~ 50 nm 

LMO is considered to be +3 and in the ~ 60 nm TMO on NGO to be ~ +2.3. The ~ 60 nm TMO on YAO 

was only measured by EDX. Hence, its composition was not quantitatively determined. It is noteworthy 

that the uncertainty of the oxygen content is ±0.2 for both TMO and LMO on YAO samples. The 

accuracy of the above assumed formal oxidation states will be discussed in detail in Subsection 10.2.3. 

 

In order to obtain a comparison between the different rare earth elements as well as different local 

geometries, stoichiometric bulk polycrystalline samples of o-LMO, o-TMO, h-YMO (YMnO3), h-LMO 

and h-HMO were measured using the same experimental setup as references. The o-LMO bulk sample 

was prepared using a high pressure synthesis as described in [155]. The o-TMO, h-LMO and h-HMO 

samples were prepared by conventional solid-state synthesis and have been used as ablation targets [156]. 

MnO and MnO2 pellet samples were prepared from commercial powder products and also measured as 

references for the formal oxidation states +2 and +4. Due to their polycrystalline nature, all the spectra 

collected from the reference samples will be referred to as powder spectra in the figures shown in the 

following sections. 

 

Figure 10.1 (a) demonstrates the original data collected from the measurements of the bulk o-TMO and 

o-LMO samples. It can be seen that the difference in the detected fluorescence intensity can be as large as 

4000 units depending on the sample amount, quality and measurement conditions. Thus, a standard data 

reduction procedure, i.e. normalization and background subtraction, is required for all the spectra to be 

comparable with each other. This was done by using the software Athena [157, 158]. All the original 

spectra include not only the pre-edge and XANES regions but also the EXAFS regions, which are 

essential for the post-edge background removal. Figure 10.1 (b) shows the normalized XANES spectra of 

the bulk o-LMO and o-TMO samples which have no background effects in the pre-edge region due to the 

absorption of the L-edge. In the following, only the pre-edge and XANES regions will be analyzed due to 

their sensitivity to the local geometric and electronic structure. The discussion will start with the spectral 

properties of the bulk REMnO3 reference samples and will subsequently unfold the analysis of the 

experimental spectra of the thin film samples. 
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Figure 10.1 (a) Original PFY-XAS data measured at the Mn K-edge from the o-LMO and o-TMO 

reference samples. (b) The XANES regions of the same spectra after normalization and background 

removal. 

 

10.2.2 Influence of Local Geometry in the Bulk REMnO3 Samples 

 

Before analyzing the experimental spectra, some theoretical considerations on the XAS processes and the 

electronic structure of the Mn atoms in bulk REMnO3 will be presented first. In XAS the absorption 

coefficient (transition probability)  can be described by Fermi’s Golden Rule in the one-electron 

approximation [73, 159]: 

   
f

fEEiHfE )(
2

                                                                                             Equation 10.1 

where i  and f  denote initial and final states at energies Ef and Ei, respectively. iEE    is the 

photoelectron energy derived from energy conservation law. H´ is the interaction Hamiltonian between 

the electromagnetic field and the electrons, which can be expanded in a Taylor series as [73]: 

   
 

  rkrirerH rki  ˆˆˆ                                                                                  Equation 10.2 

where ̂  is the X-ray polarization vector, k


 is the wavevector of the incident plane wave and 

r


represents the electron coordination. The first term in Equation 10.2 is the electric dipole term, while 

the second term represents the electric quadrupole transition, which is much smaller than the dipole term. 

A transition is allowed, only if its corresponding matrix elements of the Hamiltonian satisfy certain 

conditions. These specific conditions are called “selection rules”. For a dipole transition to be allowed, 

the difference in the angular quantum numbers between the initial and final states must be l = ±1, while 

for a quadrupole transition l = 0, ±2 [73]. Another interesting property of the interaction Hamiltonian is 

that it has the same symmetry operations as the absorbing atom [73]. Thus, a close correlation between 

the local geometry of the absorbing atom and the absorption probability is expected.  
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Different local geometries can induce different crystal fields (CF) around the absorbing atom. The crystal 

field further modifies the electronic structure of the absorbing atom through for example removal of 

degeneracy or metal d-oxygen 2p hybridization. In the case of bulk orthorhombic and hexagonal 

REMnO3, their local geometries strongly differ from each other, despite having the same formal oxidation 

state of Mn, i.e. +3. In the orthorhombic phase the Mn atom and its surrounding O atoms constitute a 

Jahn-Teller distorted MnO6 octahedron, whereas a MnO5 bipyramid is formed in the hexagonal phase as 

shown in Figure 1.3 in Section 1.2. Due to the different symmetries of the MnOn (n = 5 or 6) cluster and 

the Jahn-Teller distortion of the MnO6 octahedron, the degeneracies of the Mn 3d orbitals in o- and 

h-REMnO3 are lifted differently as shown in Figure 10.2 (a). This results in different energy level 

splittings of the Mn 3d states, which will be reflected in the experimental XANES spectra of the bulk 

o-LMO and h-LMO samples as explained below. 

 

    

 

Figure 10.2 (a) Energy level splittings of 3d-electron states for MnO6 (Oh), Jahn-Teller distorted MnO6 

(D4h) (with an elongated z-axis) and MnO5 (D3h), compared to the degenerated 3d levels of a free Mn ion. 

(b) The 3d-orbitals for Jahn-Teller distorted MnO6 (D4h). The four electrons of Mn
3+

 are all aligned in 

“high-spin” state according to the Hund’s rule. Both figures are reproduced from [160, 161]. 

 

The obtained K-edge XANES spectra of the bulk o-LMO and h-LMO samples are shown in Figure 10.3. 

The spectra of both o- and h-LMO are powder spectra (unpolarized) and comprise the same four regions: 

the pre-edge P, the shoulder A close to the absorption edge, the white line B and the feature C in the 

higher energy region as marked in the figures. According to the aforementioned selection rules, the Mn 1s 

(l = 0) core electron can only be excited to an unoccupied 4p (l = 1) state via a dipole transition or to an 

unoccupied 3d (l = 2) state via a quadrupole transition. The 1s to 4p dipole transitions give rise to the 

white lines B, while the 1s to 3d quadrupole transitions contribute to the pre-edge features P [73, 150]. 

The features C in the higher energy region arise from the multiple scattering of the final state electrons by 

the surrounding atoms. The shoulders A in the spectra of both o- and h-LMO, on the other hand, can be 

attributed to the hybridization between Mn 4p and Lu 5s orbitals as explained in [150, 162].  
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Figure 10.3 (a) Mn K-edge XANES spectra at room temperature of polycrystalline MnO, MnO2, 

h-LuMnO3 and o-LuMnO3 recorded at the Kα1,2 fluorescence line. (b) Comparison between the 

experimental spectra of the bulk h-LuMnO3 and o-LuMnO3 samples. The pre-edge regions are magnified 

in the insets. 

 

Superposing the XANES spectrum of bulk o-LMO on the spectrum of bulk h-LMO, clear differences in 

spectral shapes and positions are observed, especially in the pre-edge regions. As explained earlier, 

according to the selection rules the allowed transition in the pre-edge region is the weak 1s to 3d 

quadrupole transition. However, the pre-edge of h-LMO appears as a relatively intense single peak. This 

increase in absorption probability is related to the hybridization between Mn 3d and 4p states as a result 

of the inversion symmetry breaking by MnO5 (D3h) (Figure 10.2 (a)), which is also observed in hexagonal 

ScMnO3 and YMnO3 [162]. This 3d+4p mixing allows the core electron to be excited into the hybridized 

3d state via the stronger dipole transition. Thus, the pre-edge peak of h-LMO has components coming 

from both dipole and quadrupole transitions. In the case of o-LMO, although the Jahn-Teller distorted 

MnO6 lowers the symmetry from Oh to D4h (Figure 10.2 (a)), its site symmetry D4h is still 

centrosymmetric and enables much less hybridization between Mn 3d and 4p states [71]. Thus, its pre-

edge features appear in the form of a weak multiplet structure. Whether and to what extend the dipole 

transition contributes to the pre-edge features in o-REMnO3 is still not completely clear. J. M. Chen et al. 

assigned the two pre-edge peaks measured from an o-TMO single crystal to the quadrupole or dipole 

1s-3d transitions [150]. Later in Subsection 10.2.3, the nature of the observed pre-edge features in 

o-REMnO3 will be discussed in detail. The experimental observations above prove that the intensities and 

shapes of the Mn pre-edge features are sensitive probes of the local geometry and its corresponding 

electronic structure. In addition to the pre-edge spectral regions, the near-edge region which includes the 

white line B and the feature C, is also influenced by the local geometry around the absorbing Mn atom. 

However, the observed spectral differences in these regions do not result from the variations in crystal 

field splitting as in the pre-edge regions, but rather reflect the changes in the scattering events caused by 

the differences in local geometries. Therefore, measuring and analyzing the XANES spectra, especially 

the pre-edge spectral regions, are of interest for studying the influence of lattice distortion on the Mn 
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electronic structure. This makes XANES the right tool to study the strain effect on the Mn electronic 

structure. 

 

10.2.3 Spectral Shifts and Mn Formal Oxidation States in REMnO3 Thin Films 

 

XAS is not only sensitive to the local geometry of the absorbing atom as demonstrated in the last 

subsection, but also very sensitive to its oxidation state. As mentioned in Subsection 10.2.1, the ~ 60 nm 

TMO on NGO sample has certain Mn and O deficiencies. Its Mn oxidation state is considered to be as 

low as ~ +2.3, which should result in observable changes in the experimental data. Thus, it is important to 

address the influences of sample compositions on the XANES spectra at first in this subsection, before 

entering the discussion about the possible impact of the epitaxial film strain.  

 

In general, the Mn K edge shifts towards higher energies with increasing formal oxidation states as 

observed in Figure 10.3 (a). This is because the shielding of nuclear charge provided by valence electrons 

decreases at higher oxidation states and it becomes harder for the deep-lying core electrons to leave the 

atom. Traditionally, the inflection point in the first derivative of the Mn main edge is considered to have a 

linear dependence on the formal oxidation state. However, it can be difficult to determine the edge 

position due to the complex spectral shape. Previous studies showed that this estimation method is not 

accurate for all materials, especially transition metal complexes [163, 164]. The reason is that the edge 

position is not only determined by the atomic absorption (binding energy of the core electron) but also 

influenced by the single and multiple scattering events arising from the neighboring atoms [165]. The 

above mentioned difficulty and inaccuracy are also seen in the case of REMnO3. When the most dominant 

features, i.e. the near edge shoulders A for MnO and MnO2 (Figure 10.3 (a)) and the white lines B for 

REMnO3 (Figure 10.1 (b), 10.3 (b)), are considered as the main edges and the positions of their inflection 

points are plotted versus the incident photon energy, no linear correlation is found between these two 

quantities (Figure 10.4 (a)). If the inflection points of the near edge shoulders A for h- and o-REMnO3 are 

used instead of the white lines B, an approximate linear dependence can be seen, although it is still far 

from accurate (Figure 10.4 (b)). As shown in the published studies [163-165], the centroid of pre-edge 

features may provide more accurate information on oxidation states due to its insensitivity to the 

scattering events in the medium and long range environment. Thus, background subtraction using cubic 

spline functions and fitting using Voigt profiles were performed to the measured pre-edge spectral 

regions. The number of Voigt functions used for final fitting and centroid determination was set to be 

four. Although the four Voigt functions are not necessarily relevant to the actual physical transitions, they 

do provide the best statistics as shown in Figure 10.5, 10.6 and 10.7. The reason for using Voigt 

functions is that its Gaussian and Lorentzian components can well simulate the broadening contributions 

from the experimental width and the core-hole lifetime, respectively. The obtained centroid positions 

were plotted in Figure 10.4 (c). A clear linear dependence between centroid positions and incident photon 
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energies is observed for the bulk reference samples. Interestingly, both o-TMO and o-LMO bulk samples 

have the same pre-edge centroid position of ~ 6542.1 eV, while all the h-REMnO3 also show the same 

position of ~ 6541.5 eV which is ~ 0.6 eV lower than for o-REMnO3. Although this subtle deviation is 

within the experimental resolution of 1 eV, it might again indicate the sensitivity of the pre-edge region to 

the local geometry of the absorbing atom. 

 

Now the reliability of the pre-edge approach is to be examined for the REMnO3 thin film samples. Figure 

10.8 shows the XANES spectra of the thin films superposed with their bulk counterparts. The ~ 60 nm 

LMO sample was measured under two polarization configurations, E || [001] and E || [110]. Its pre-edge 

centroid measured with E || [110] appears at a slightly higher photon energy (6542.5 eV) than the centroid 

measured with E || [001] (6542.0 eV) (Table 10.2). When the average position of both centroids is 

applied, the obtained photon energy of 6542.25 eV resembles the centroid position (6542.2 eV) of the 

o-LMO powder sample, which is the position representing the contributions from all the crystallographic 

orientations. No obvious deviation from the centroid position of the LMO powder sample is observed, 

although the ~ 50 nm LMO is strained and has a monoclinic distortion. Thus, the linear dependence 

between the formal oxidation state of Mn and the pre-edge centroid can be considered as valid for thin 

film samples as well. Now considering the ~ 60 nm TMO on NGO and YAO samples, surprisingly the 

positions of their centroids also correspond well with the positions of the bulk TMO and LMO samples 

(Table 10.2 and Figure 10.4). This is unexpected, because the RBS data suggests a formal oxidation state 

of ~ +2.3. Their spectral positions were thus expected to be closer to the positions of MnO. The 

inconsistency between the XANES and RBS results suggests that the formal oxygen content in the 

~ 60 nm TMO on NGO sample might not be as low as 2.6 and the uncertainty in the RBS evaluation, 

+0.2 in this case, might need to be taken into account. At present, there is no satisfactory explanation for 

this inconsistency. 

 

Sample MnO MnO2 o-LMO o-TMO h-HMO h-LMO h-YMO 

Main edge 
6544.5 6552.3 

6552.7 6552.0 6553.7 6554.0 6553.5 

Shoulder A 6546.8 6546.0 6547.0 6547.0 6546.7 

Pre-edge centroid 6540.4 6543.2 6542.2 6542.1 6541.6 6541.5 6541.5 

Sample 

~ 60 nm TMO 

On NGO 

E || [001] 

~ 60 nm TMO 

On YAO 

E || [001] 

~ 50 nm LMO 

On YAO 

E || [001] 

~ 50 nm LMO 

On YAO 

E || [110] 

Main edge 6554.1 6554.0 6553.9 6553.5 

Shoulder A 6546.6 6546.3 6546.9 6546.8 

Pre-edge centroid 6542.1 6542.0 6542.0 6542.5 

 

Table 10.2 The energy positions (in eV) of the inflection points of the main edges, the edge shoulders A 

and the pre-edge centroids for all the measured samples. 
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Figure 10.4 Plots of the positions of (a) the inflection points, (b) the edge shoulders A and (c) the pre-

edge centroids versus the formal oxidation states of Mn for all the measured samples. The error bars 

indicate the experimental resolution of 1 eV. The lines are guides to the eye. 

 

Figure 10.5 (a) and (c) The experimental pre-edge spectra of the bulk o-TMO sample and the ~ 60 nm 

TMO on YAO sample. The film spectrum is measured under the polarization E || [001]. The dotted curves 

in red show the subtracted background functions. (b) and (d) The corresponding profile fittings using two 

and four Voigt functions. 
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Figure 10.6 (a) and (c) The experimental pre-edge spectra of the bulk o-LMO sample and the ~ 50 nm 

LMO on YAO sample. The film spectrum is measured under the polarization E || [001]. The dotted curves 

in red show the subtracted background functions. (b) and (d) The corresponding profile fittings using two 

and four Voigt functions. 
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Figure 10.7 (a) The experimental pre-edge spectrum of the ~ 50 nm LMO on YAO sample measured 

under the polarization E || [110]. The dotted curve in red shows the subtracted background function. (b) 

The corresponding profile fittings using two and four Voigt functions. 

 

 

 

Figure 10.8 Mn K-edge XANES spectra of the thin film samples compared to their bulk counterparts. (a) 

The ~ 60 nm TMO thin films were only measured under E || [001]. (b) The ~ 50 nm LMO was measured 

under E || [001] and E || [110]. 
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10.2.4 Influence of Film Strain on the Mn K-edge Absorption 

 

As demonstrated in the last subsection, no obvious spectral shifts are observed between all the thin films 

and the reference samples with Mn(III), even though the RBS results suggested an oxygen deficiency, i.e. 

a lower Mn oxidation state, for the ~ 60 nm TMO on NGO sample. The discrepancy between the RBS 

and XAS results suggests that the oxygen deficiency in the film sample might be smaller than the value 

calculated from the RBS measurements and the resulting deviation in the Mn oxidation state might not be 

detected by XANES using the implemented experimental resolution. Therefore, for the following 

discussion it is assumed that the small deviation in the film stoichiometry has negligible influence on the 

spectral features. 

 

For the analysis of the Mn formal oxidation state, investigations of the pre-edge spectral regions were 

focused on the centroids. The intensity and shape of the pre-edge features are, on the other hand, good 

indicators for the changes in the local geometry and the corresponding electronic structure, as shown by 

the comparison between bulk o- and h-LMO in Subsection 10.2.2. Hence, the pre-edge regions of the thin 

film samples will be analyzed in detail to study the strain effect. At a first glimpse, the pre-edge features 

of the o-TMO powder spectrum appear as a doublet with the second feature being located at 2 eV from 

the first one (Figure 10.5 (a)), whereas the pre-edge region measured under E || [001] from the ~ 60 nm 

TMO on YAO sample seems to be composed of more than two peaks (Figure 10.5 (c)). Different 

numbers (two to four) of Voigt functions were thus tested for the fitting procedure. The results show that 

for all the samples using four Voigt functions more accurate profile fitting can be achieved. All the 

intensity residuals of the pre-edge regions are lowered by at least a factor of two using four Voigt 

functions compared to using two Voigt functions. This observation suggests that all the pre-edge regions 

might be of multiplet nature rather than doublet regardless of the sample morphology, strain or 

polarization. In addition, a clear crystallographic dependence is observed when comparing the powder 

spectra of the bulk samples with the spectra of the film samples measured under different polarizations. 

For example the pre-edge intensity residuals of the ~ 60 nm TMO film measured under E || [001] can be 

reduced by a factor of five to ten if using four Voigt functions, whereas the residuals in the powder 

spectrum of bulk o-TMO only becomes about two times smaller (Figure 10.5). This indicates that the 

film pre-edge regions are more likely to have multiplets. This crystallographic dependence thus raises the 

question whether the multiplet pre-edge structures observed in the thin film samples arise from the 

strained-induced lattice distortion or from the intrinsic structural anisotropy which is probed by the 

different polarization configurations. Moreover, due to the polarization dependence of the thin film 

spectra, the powder spectra can not be considered as suitable references anymore for the analysis of the 

influence of film strain. Spectra of bulk o-REMnO3 single crystals under various polarizations are thus 

required. Due to the rarity of o-REMnO3 single crystals, no single crystal samples were available for the 

XANES measurements. An alternative method is therefore needed to provide the reference spectra. The 
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approach employed in this work to generate such reference spectra is performing ab initio simulations 

using the FEFF8.4 program [166, 167]. The simulations are intended to clarify the experimentally 

observed polarization (crystallographic) dependence, to study the electronic origin of the pre-edge 

features, and to investigate the influence of lattice distortion. 

 

The most straightforward way to simulate a XAS spectrum is to calculate the absorption probability using 

Fermi’s Golden Rule (Equation 10.1). Although the equation is conceptually easy to understand, it is 

computationally very demanding because the entire equation is summed over all unoccupied final states. 

The FEFF program employs a more efficient way to solve this equation, i.e. using real-space full 

multiple-scattering (FMS) theory, i.e. a Green’s function [167]. The detailed description of the FEFF 

program and the optimized input files for REMnO3 will be presented in the appendix. In the following 

only XANES regions of the simulated spectra will be presented and discussed in connection with the 

experimental data. Before starting to investigate the influences of different parameters on the simulated 

spectra, accuracy of the FEFF8.4 program in reproducing the experimental XANES spectra of REMnO3 

will be verified. 

 

For the bulk o-REMnO3 samples, the lattice parameters listed in Table 10.1 were used for the FEFF 

simulations. The simulated and measured XANES spectra of the bulk o-TMO and o-LMO references are 

shown in Figure 10.9. The simulated spectra reproduce all four spectral regions: the pre-edge P, the 

shoulder A, the white line B and the near-edge feature C. The calculated positions of the main edges, the 

white lines B and the features C agree well with the experimental positions. In contrast, differences in 

spectral positions as large as 3 eV are observed in the pre-edge regions between the simulated and 

experimental spectra. Moreover, all the simulated spectral features except the features A are more intense 

than measured. The white lines B and near edge features C also become sharper in the simulated spectra, 

while pre-edge features appear to be slightly broader. Although the experimental spectral shapes of the 

pre-edge regions are not accurately reproduced by FEFF, the difference in the pre-edge regions between 

the powder spectra of o-TMO and o-LMO is properly identified by the simulations, i.e. a third peak is 

visible in o-LMO while it is not clearly observed in o-TMO. This suggests that the more obvious onset of 

the third pre-edge peaks in the LMO samples might originate intrinsically from the substitution of the rare 

earth element and is not induced by the epitaxial strain. The differences between the spectral features of 

bulk o-TMO and o-LMO will be discussed in more detail in the next subsection. For the following 

discussions on the strain effects, comparisons or analyses will only be done for the samples with the same 

rare earth element and thus exclude its effect on the spectra. From the comparisons between the 

experimental and simulated powder spectra, it can be concluded that FEFF-simulations tend to 

overestimate the intensities of the white lines and can only qualitatively reproduce the overall spectral 

shape, but are fairly accurate in identifying spectral features and reproducing the spectral positions of the 

edge and near-edge regions.  
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During the simulation of a XANES spectrum, the FEFF8.4 program also calculates the angular 

momentum projected density of states (l-DOS). In line with the dipole and quadrupole selection rules, the 

calculated p- and d-projected DOS for the absorbing Mn atoms in bulk o-TMO and o-LMO are plotted in 

Figure 10.9 (b), (c), (e) and (f), respectively. Comparing the calculated XANES with the projected DOS 

(without polarization), it is found that the p-projected states above the Fermi level not only occupy the 

edge region of the calculated spectrum as expected but also extend into the pre-edge region, where they 

overlap with the d-projected states above the Fermi level. This implies the possible hybridization between 

3d and 4p states. Thus, the calculations of the electronic structure exhibit a correspondence with the 

spectroscopic results. The FEFF program also provides the possibility to selectively calculate the dipole 

and/or quadrupole transition probabilities. The calculated unpolarized pre-edge spectra of bulk o-TMO 

and o-LMO (Figure 10.10) show that the pre-edge spectral shape is mainly determined by the dipole 

transition, while the quadrupole transition has only a minor contribution. Thus, the l-DOS calculations 

and spectrum simulations reveal that the hybridization between 3d and 4p and its resultant dipole 

transition play the major role in shaping the pre-edge features of o-REMnO3.  

 

Figure 10.11 shows a comparison between the experimental spectra of the ~ 50 nm LMO on YAO film 

and the simulated spectra of bulk o-LMO under the different polarizations E || [001] and E || [110]. It is 

noteworthy that in both experimental and simulated spectra under E || [001] the white lines are sharper 

and have slightly lower intensities compared to the white lines under E || [110]. On the other hand, the 

features C are slightly broader and have higher intensities if E || [001]. This polarization dependence 

arises from the intrinsic anisotropic Mn-O bonding and Mn orbital ordering along the c-axis and the [110] 

direction in the ab plane. Although FEFF simulations well reproduce the general polarization dependence 

of the spectral shapes and intensity ratios, the calculated spectrum shows a much larger shift (~ 2.4 eV) of 

the white line B under the different polarizations than the measured shift (~ 1 eV). On the other hand, the 

experimental data shows an obvious shift (~ 1 eV) of the feature C under the different polarizations, 

which is not observed in the simulated spectra. This discrepancy in energy shifts between the measured 

and simulated spectra originates from the fact that the simulation uses the bulk crystallographic data 

thereby neglecting the strain-induced lattice distortion. Considering the high accuracy of the FEFF 

program in calculating the positions of the white lines B (Figure 10.9 (a) and (d)), the above observed 

discrepancy could be an indication of the strain effect.  
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Figure 10.9 (a) and (d) The unpolarized experimental and FEFF-simulated Mn K-edge spectra of o-TMO 

and o-LMO, respectively. The pre-edge regions are magnified in the insets, where the energy scales of the 

simulated pre-edges are shifted by 3 eV with respect to their original positions in order to have a better 

comparison with the experimental pre-edges. (b) and (e) The p-projected and (c) and (f) the d-projected 

density of states calculated by FEFF8.4 for the absorbing Mn atoms in o-TMO and o-LMO, respectively. 
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Figure 10.10 Unpolarized FEFF simulations of the pre-edge regions considering only dipole transition 

or both dipole and quadrupole transitions for (a) bulk o-TMO and (b) bulk o-LMO, respectively. 

 

 

 

Figure 10.11 (a) The experimental Mn K-edge XANES spectra of the ~ 50 nm LMO on YAO film under 

the polarizations E || [001] and E || [110]. (b) The simulated Mn K-edge XANES spectra under the same 

polarizations using the bulk crystallographic data. The insets illustrate the magnified pre-edge regions. 

 

From the XRD results the lattice parameters a, b, c and  of the thin film samples can be determined. 

However, they are insufficient to create accurate representations of the atomic arrangements in the 

monoclinically distorted thin films, which may even have differently strained “sublayers” as 

demonstrated in Section 7.4. Hence, it is very difficult to examine the impact of strain-induced 

monoclinic distortion on the XANES spectra via FEFF simulations. Nevertheless, it is possible to do 

FEFF simulations using the modified input files of the bulk o-TMO and o-LMO references, in order to 

study how the changes in lattice parameters affect the XANES spectra. The orthorhombic space group 

Pbnm ( = 90°) and the bulk Wyckoff positions of the atoms are kept the same in the modified input files, 

but the bulk lattice parameters a, b and c are replaced by the lattice parameters of the thin film samples 
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shown in Table 10.1. This means that the FEFF simulations using the modified input files only consider 

the dimension change of the unit cell but not the monoclinic distortion. Notice that the lattice structure of 

the ~ 60 nm TMO on YAO is more compressed (strained) than the TMO on NGO lattice. The obtained 

spectra for o-TMO are shown in Figure 10.12. The results show that the white line B and the near-edge 

feature C of the more compressed structure move slightly towards higher energies, while in the calculated 

pre-edge regions, a small third peak P3 is always present regardless of the strain. This implies that the 

third pre-edge hump, which is observed in the spectra of the film samples under E || [001] but is not 

readily visible in the powder spectra (Figure 10.5), arises from the intrinsic structural anisotropy instead 

of the extrinsic film strain. Although film strain is not the origin of the third peak P3 observed under 

polarizations, it might have a large influence on the P3 intensity as shown in the simulations (inset in 

Figure 10.12 (a)). The simulation using the lattice parameters of the TMO on NGO film shows a smaller 

P3 compared to the calculated pre-edges using the lattice parameters of the bulk o-TMO sample and the 

TMO on YAO film. The changes in lattice parameters also give rise to a subtle shift of the pre-edge peak 

P1 towards higher energies compared to P1 in the simulated spectra using the bulk lattice parameters. In 

the case of experimental spectra, the pre-edge peak P1 of the ~ 60 nm TMO on NGO sample is slightly 

shifted towards the lower energy compared to the same peak of the TMO on YAO sample. This shift is 

not observed in the simulated spectra. Furthermore, contrary to the simulated spectral changes in the pre-

edge regions, the peaks P2 and P3 of the TMO on NGO sample seem to gain intensity instead of losing 

intensity compared to the corresponding peaks of the TMO on YAO sample. However, it needs to be 

pointed out that the small shift (~ 0.5 eV) of the pre-edge peak P1 is still within the experimental 

resolution (1 eV) and the overall pre-edge region of the TMO on NGO sample is too noisy to be analyzed 

in more detail. On the other hand, the near-edge feature C in the experimental spectrum of the TMO on 

YAO sample exhibits an evident shift of ~ 1.5 eV towards the higher energy region compared to the 

feature C from the TMO on NGO sample. This spectral difference due to the smaller lattice parameters is 

predicted by the simulated spectra, although the calculated shift is slightly smaller. Thus, it can be 

concluded that the strain effect is reflected as peak shift and spectral intensity variation in the thin film 

XANES spectra as demonstrated by the shift of the features C and the intensity change of the third pre-

edge peak P3. Although the simulations and experimental data agree on the general influence of film 

strain on the XANES spectra, they exhibit evident differences in strain dependence in the pre-edge 

regions. These differences could indicate the impact of the monoclinic distortion and strain gradient, 

which was not considered in the above mentioned FEFF simulations, on the energy level splitting of the 

Mn 3d states and on its corresponding absorption behavior. 
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Figure 10.12 (a) The simulated Mn K-edge XANES spectra for o-TMO using the unmodified input file for 

the bulk sample and the modified input files for the assumed o-TMO film structures with the lattice 

parameters a, b and c shown in Table 10.1. (b) The experimental Mn K-edge XANES spectra of the 

~ 60 nm TMO on YAO and NGO samples. Both pre-edge regions are shown in the inset. 

 

Similar FEFF simulations using modified input files were also performed for the ~ 50 nm LMO on YAO 

sample (Figure 10.13). Again it is assumed that the strained film still has the orthorhombic structure 

(space group Pbnm) and the same Wyckoff positions as the bulk o-LMO. The simulations show that the 

changes in lattice parameters (< 2.5%) have merely subtle effects on the XANES spectra. Under E || [001] 

there are only very small changes in peak intensities but no spectral shift, whereas a visible shift 

(~ 0.4 eV) of the white line B towards a higher energy is observed under E || [110]. This even leads to a 

slightly larger shift (~ 2.8 eV) of the white line B resulting from the two different polarizations than the 

shift (~ 2.4 eV) observed in the simulated spectra for bulk o-LMO (Figure 10.11 (b)). Both calculated 

shifts are much larger than the experimental shift (~ 1 eV) (Figure 10.11 (a)). Thus, the FEFF 

simulations, which only consider the strain-induced dimension change but not the monoclinic distortion, 

can not explain the observed spectral changes in the experimental data. A more accurate representation of 

the crystal structure and the atomic arrangements is therefore required to better simulate and study the 

XANES spectra of the strained and monoclinically distorted thin films. 
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Figure 10.13 The simulated Mn K-edge spectra under (a) E || [001] and (b) E || [110] for o-LMO using 

the unmodified input files for the bulk sample and the modified input files for the assumed o-LMO film 

structure with the lattice parameters a, b and c shown in Table 10.1. 

 

10.2.5 Influence of Rare Earth Element on the Mn K-edge Absorption 

 

As demonstrated by the experimental and simulated spectra in Figure 10.9 (a) and (d), bulk o-LMO 

shows a more visible third peak in the pre-edge region than bulk o-TMO. If superposing the XANES 

spectra of bulk o-LMO and o-TMO, shifts of the white line B and feature C towards higher energies are 

observed for bulk o-LMO (Figure 10.14 (a)). The same spectral shifts are also visible if comparing the 

polarized XANES spectra of the TMO and LMO film samples with similar thicknesses (Figure 10.14 

(c)). Furthermore, all the experimentally observed shifts can be reproduced by FEFF simulations as seen 

in Figure 10.14 (b) and (d). This consistency in spectral shifts between the powder spectra of the bulk 

references and the polarized spectra of the strained film samples implies that the origin of the spectral 

shifts is related to the intrinsic difference in the rare earth elements rather than other extrinsic effects, e.g. 

strain or film composition. To verify this conclusion, FEFF simulations were also performed for o-HMO 

and o-TmMO using the published crystallographic data, whose rare earth elements fit between Lu and Tb 

in the periodic table (atomic number: Tb 65, Ho 67, Tm 69 and Lu 71; ionic radius: Tb ~ 106.3 pm, Ho 

~ 104.1 pm, Tm ~ 102 pm and Lu ~ 100.1 pm [115]). The calculated spectra of o-HMO and o-TmMO 

(Figure 10.15 (a)) exhibit nearly the same positions of the white lines B and the features C, which are 

located between the corresponding features of o-TMO and o-LMO as expected. In addition, their pre-

edge regions also show the onset of a third peak with the intensity lower than that of the calculated third 

pre-edge peak of o-LMO. The same trend in spectral shift is also observed in the experimental spectra of 

three different h-REMnO3 (RE = Y, Ho and Lu) samples (atomic number: Y 39; ionic radius: 

Y ~ 104 pm), as show in Figure 10.15 (b). This again proves that the observed spectral changes are 

related to the different rare earth elements. However, it is not yet clear whether this intrinsic influence 

originates from the different electronic configurations of the rare earth elements or from the increased 
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MnO6 distortions induced by the progressive reduction in the rare earth radii, where the average 

Mn-O-Mn bond angle decreases from 145.1° for Tb to 141.9° for Lu [34, 110].  

 

 

 

Figure 10.14 The experimental Mn K-edge XANES spectra (a) of the bulk o-TMO and o-LMO reference 

samples and (c) of the thin film samples under E || [001]. The corresponding simulations are 

demonstrated in (b) and (d).   

 

FEFF simulations were again employed to investigate this question. First, the electronic structure is 

examined for bulk o-TMO and o-LMO. Since the largest spectral difference between o-TMO and o-LMO 

is present in the pre-edge region, i.e. the onset of the third pre-edge peak, the following discussions will 

be focused on the distribution of the angular momentum projected density of state (l-DOS) within the 

region of ~ 10 eV above the Fermi level. Figure 10.16 (a) and (b) show that the d-projected DOS of the 

absorbing Mn atom and the s-projected DOS of the rare earth atom exhibit almost the same distribution 

above the Fermi energy (0 ─ 10 eV) for bulk o-TMO and o-LMO. However, shifts of some features in the 

l-DOS are observed when comparing the p-projected DOS of the absorbing Mn atom and the p-projected 

DOS of the oxygen atom in bulk o-TMO with the corresponding DOS in bulk o-LMO (Figure 10.16 (c) 

and (d)). These shifts indicate possible differences between o-TMO and o-LMO in the Mn 3d-4p 

hybridization or the Mn 3d-O 2p hybridization as a result of the different MnO6 distortions. 
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Figure 10.15 (a) The simulated Mn K-edge XANES spectra of bulk o-TMO, o-HMO, o-TmMO and 

o-LMO samples. (b) The experimental Mn K-edge XANES spectra of bulk h-YMO, h-HMO and h-LMO. 

 

XANES simulations using a modified FEFF input file of the o-LMO structure were also performed to 

verify the deciding influence of the MnO6 distortion. In this input file, all the crystallographic parameters 

in the FEFF input of bulk o-LMO, e.g. lattice parameters and atom positions, were kept unchanged, but 

all the parameters which label or indicate the properties of Lu were replaced by those for Tb, e.g. 

potential label and atomic number. Thus, the resultant simulation corresponds to the absorbing behavior 

of the Mn atoms in o-TMO of a strained crystal lattice which adopts the distortions, i.e. MnO6 distortion, 

of the bulk o-LMO lattice. The results (Figure 10.17 (a)) demonstrate that the spectrum of the assumed 

strained o-TMO lattice has almost the same positions of the white line B and feature C as those of bulk 

o-LMO. Moreover, the onset of the third peak is as evident as in the pre-edge region of the bulk o-LMO 

spectrum. This similarity between the spectra of bulk o-LMO and the strained o-TMO, which adopts the 

crystal structure of bulk o-LMO, verifies that the origin of the observed spectral differences between bulk 

o-TMO and o-LMO is mainly structural as a result of the enhanced distortion of the MnO6 octahedra in 

o-LMO. In addition, the observation above also verifies the strain effect as the origin of the spectral shift 

observed between the ~ 60 nm TMO on YAO and on NGO samples (Figure 10.12 (b)), because epitaxial 

strain has the same fundamental impact on the crystal lattice as substitution of the rare earth element, i.e. 

the variation in the MnO6 distortion. This further suggests that spectral changes due to strain effect should 

also be observable if comparing the polarized experimental spectra from the ~ 60 nm TMO film samples 

with the polarized spectrum of a single crystal. As mentioned in Subsection 10.2.4, a single crystal of 

o-TMO was unfortunately not available for the measurements. An approximate comparison is thus made 

between the measured spectrum of the ~ 60 nm TMO on YAO film under E || [001] with the spectrum of 

an o-TMO single crystal under the same polarization taken from a published paper [150] (Figure 10.17 

(b)). The reference spectrum of the o-TMO single crystal is shifted by 1 eV towards the higher energy, in 

order to better compare the relative shifts between the two spectra under the prerequisite that both spectra 

have the same edge position. The comparison demonstrates not only a shift of 2 eV towards the higher 



 151 

energy of the feature C in the experimental spectrum of the ~ 60 nm TMO on YAO film as expected from 

the assumption above, but also shifts of the pre-edge features, which are not observed in the experimental 

spectra of bulk o-TMO and o-LMO. These shifts might be the indication of the collective effect of the 

reduction in lattice parameters and the monoclinic lattice distortion.   

 

 

 

Figure 10.16 The calculated angular momentum projected density of states (l-DOS) for the various atoms 

in bulk o-TMO and o-LMO. (a) and (c) The d- and p-projected DOS for the absorbing Mn, respectively. 

(b) The s-projected DOS for the rare earth element. (d) The p-projected DOS for the oxygen atom. 
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Figure 10.17 (a) Comparison of the simulated powder spectra of bulk o-TMO, bulk o-LMO and of the 

assumed strained structure of o-TMO, which has the same crystallographic parameters as bulk o-LMO. 

(b) Comparison between the experimental Mn K-edge XANES spectra of the ~ 60 nm TMO on YAO film 

and the published spectrum of an o-TMO single crystal [150]. Both spectra were measured under the 

polarization E || [001]. 

 

10.2.6 Summary 

 

A linear dependence between the formal oxidation state and the pre-edge centroid is inferred from the 

experimental Mn K-edge XANES spectra of the bulk and thin film o-REMnO3 samples. Although the 

RBS data indicate that the ~ 60 nm TMO samples have an oxygen deficiency and a formal oxidation state 

of +2.3 (much smaller than +3), no obvious spectral shifts are observed. This inconsistency between the 

two analysis methods suggests that either the XANES measurements using the applied instrumental setup 

are not sensitive enough to detect the large deviation in the formal oxidation state (which is rather 

unlikely), or the uncertainty of the oxygen content (Tb0.9±0.04Mn1.1±0.04O2.6±0.2) in the RBS calculations 

should be incorporated into the sample oxygen content. Fitting the pre-edge regions reveals that the pre-

edge features of all the o-REMnO3 bulk samples or thin film samples have a multiplet shape rather than a 

doublet. FEFF simulations were conducted to investigate the origin of the spectral features. The 

calculated results show that the 1s to 4p transition is responsible for the white line B as expected. As for 

the pre-edge features, the Mn 3d-4p hybridization assisted dipole transition plays a much larger role than 

the 1s-3d quadrupole transition. Using the sensitivity of XANES to the MnO6 distortion, spectral shifts 

are observed between differently strained TMO films of ~ 60 nm thick. The experimentally detected 

strain effect, i.e. the shifts of feature C towards higher energies with more lattice compression, is 

confirmed by the simulations using the modified FEFF input files of bulk o-TMO. However, due to the 

low spectral quality no detailed information can be derived when comparing the pre-edge regions of both 

TMO thin film samples. Intrinsic structural anisotropy of the REMnO3 structures can be probed by 

measuring the thin film samples under various polarizations. For simulations the bulk crystallographic 
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data are usually employed. Therefore, differences observed between the measured spectra of the thin 

films and the simulated spectra under the same polarizations might reflect the influence of the epitaxial 

strain and the monoclinic distortion. The impact of a smaller rare earth ionic radius and the enhanced 

MnO6 distortion can also be detected by XANES in the form of spectral shifts or onset of a third pre-edge 

peak. The calculated electronic structures of o-TMO and o-LMO reveal that the variation in the MnO6 

distortions due to the rare earth substitution might induce differences in the p-state hybridization and 

result in different pre-edge spectral shapes. Although the XANES measurements and the corresponding 

FEFF simulations yield first information about the strain effect on the Mn electronic structure, the data 

quality of the experimental pre-edge regions and the structure models for simulations still need to be 

improved for more accurate evaluations. Thus, alternative methods of larger yield, better statistics, higher 

resolution or complementary information are desired to probe the Mn electronic structure, such as 

resonant X-ray emission spectroscopy (RXES) performed with a grazing incident beam. 

 

10.3 Mn 1s3p Resonant X-ray Emission Spectroscopy of the REMnO3 (RE = Tb, Ho, Tm 

and Lu) Thin Films 

 

10.3.1 Introduction 

 

In the previous section, strain effect on the Mn electronic structure was investigated by partial 

fluorescence yield X-ray absorption spectroscopy (PFY-XAS). Although an indication of strain was 

observed in the XANES spectra as shifts of the near-edge features C, no detailed information on the Mn 

3d states related to the film strain can be deduced from the spectral pre-edge regions partially due to the 

unsatisfactory spectral quality. Limited by the availability of experimental instruments and beamtime, it is 

difficult to improve the data quality by enhancing the experimental resolution or prolonging the data 

collection time. Thus, an alternative method which yields complementary information is needed to 

complete the picture how strain affects the electronic structure. In this study, 1s3p resonant X-ray 

emission spectroscopy (RXES) was employed for this purpose. The RXES technique can be considered as 

a combination of XAS and XES. As discussed in the previous section, the unoccupied 3d and 4p states 

are probed in the Mn K-edge XAS by scanning the incident photon energy in the region corresponding to 

the 1s to 3d or 4p transitions (Figure 10.18 (a)). The system is elevated to an excited state with a 1s core 

hole after the absorption process. Subsequently, the system can de-excite by filling the core hole with a 3p 

electron and emitting K fluorescence (Figure 10.18 (b)). Hence, by detecting the emitted photon 

energies in the region corresponding to the K fluorescence emissions, the occupied 3p states can be 

probed. Therefore, by simultaneously varying the incident and emission energies in the regions of the K-

edge absorption and K emission respectively, both unoccupied and occupied states are probed and 

RXES takes place. Although in RXES the absorption of an incident photon is followed by fluorescence 

emission, these two events can not be treated as separate first-order absorption and emission processes. 
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Instead, the excitation and de-excitation processes are coherently correlated and the RXES process is thus 

a second-order optical (scattering) process [69]. The energy scheme illustrated in Figure 10.19 

corresponds to the 1s3p RXES in the pre-edge region, where the intermediate state is equivalent to the 

final state of the conventional K-edge absorption and a 3p core hole is left in the final state.  

 

   
 

Figure 10.18 Schematic illustrations of (a) the K-edge absorption, (b) K fluorescence emission and (c) 

1s3p resonant X-ray emission processes for Mn
3+

.    

 

 
 

Figure 10.19 Energy scheme of 1s3p RXES for transition metals with 3d
 n
 (reproduced from [168]). In the 

case of Mn
3+

 in REMnO3, the number n is equal to 4.  

 

10.3.2 Mn 1s3p RXES of Thin Films  

 

10.3.2.1 General Description of a RXES Two-Dimensional Map 

 

An example of a 1s3p RXES two-dimensional map is shown in Figure 10.20 (a), which is measured from 

the ~ 100 nm HMO on YAO film. All the RXES maps presented in this study were measured with the 

beam polarization parallel to the film out-of-plane direction as a result of the grazing incidence geometry. 

The horizontal and vertical axes of the maps correspond to the incident and emission energies, 
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respectively. The maps were also normalized by setting the post-edge intensity to one, which is the same 

for the PFY-XAS spectra as shown in Section 10.2.1. There are several features visible in the maps: the 

K emission lines and the spectral line of the elastically scattered photons. The Kemission lines are 

composed of the main lines (Kand K’) and the satellite lines, which correspond to different final 

states. The Kmain lines have a splitting of ~ 17 eV between Kand K’. The origin of the splitting is 

the atomic multiplets resulting from the strong coupling between the 3p core hole and the partially filled 

3d orbitals [169-171]. If the spin orientation of the 3p core hole in the final state is spin-down, the emitted 

fluorescence is referred to as KOn the other hand, a 3p core hole of an up spin produces K’, which 

is the case demonstrated in Figure 10.18 (b) and (c). The 3d orbitals not only influence the decay from 

the 3p orbitals but can also directly participate in the de-excitation processes. As U. Bergmann et al. 

showed in their study, the 3d → 1s quadrupole transitions partially contribute to the satellite lines with the 

other contributions being the Mn 4p orbitals or the ligand 2s to metal 1s “interatomic” transitions [171]. 

Hence, the 1s3p RXES is very sensitive to the Mn 3d orbitals and the Mn-O bonding, which are of great 

interest for the study of multiferroic REMnO3.  

 

 
 

Figure 10.20 (a) The 1s3p RXES map of a ~ 100 nm HMO thin film grown on YAO plotted with the axes 

of incident and emission energies. (b) The extracted PFY-XAS spectrum at the fixed emission energy of 

K1,3. (c) The extracted NXES spectrum at incident energy = 6600 eV. (d) The 1s3p RXES map 

corresponding to (a) with the vertical axis being the energy transfer.  
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Since the RXES technique can be considered as a combination of XAS and XES, various XAS and XES 

spectra can be obtained by properly dissecting the 2D RXES map. For example, if the emission energy is 

fixed at the value corresponding to the Kemission line, the extracted one-dimensional spectrum is 

equivalent to a PFY-XAS spectrum measured at the Kemission line (Figure 10.20 (b)). On the other 

hand, if extracting a one-dimensional spectrum at a fixed incident energy below or beyond the ionization 

threshold, either a resonant or normal XES spectrum can be acquired respectively. Figure 10.20 (c) shows 

a normal X-ray emission spectrum (NXES) (nonresonant) extracted from Figure 10.20 (a) at the incident 

energy (6600 eV) which excites the core electron to a high energy continuum. Conventionally, the 

vertical axis of a RXES map is scaled to the energy transfer or final-state energy - instead of the 

emission energy. Using this energy scale, the obtained signals are dispersed along the diagonally 

elongated Kemission lines (Figure 10.20 (d)). This enables a better separation of the pre-edges from the 

rising K-edge compared to the maps with the axis of emission energy (Figure 10.20 (a)) and the 

corresponding PFY-XAS spectra (Figure 10.20 (b)). Due to the relative low intensities of the K’ line 

and satellite lines, the following discussions will not include the corresponding analysis but instead focus 

on the RXES region corresponding to the pre-edge of the KPFY-XAS spectrum, which is directly 

related to the Mn 3d electron configuration. Since RXES, especially two-dimensional mapping, and 

multiferroic REMnO3 are the research fields which have been developed or revived recently, there have 

not yet been many studies combining these two aspects. Moreover, due to the complexity of the second 

order RXES process, a user-friendly theoretical code for RXES calculations is currently not available, 

either. Thus, interpretation of the RXES data presented in the following will be based on the published 

RXES studies on the Mn electronic structure in an o-TMO single crystal or other manganese complexes 

and oxides [150, 168, 171, 172]. 

 

10.3.2.2 Influence of Rare Earth Elements 

 

The thin film samples measured using RXES were also characterized by other methods. Their XRD and 

Raman data and the corresponding analysis are shown in Chapter 7 and 9. Some of the sample 

compositions were determined by RBS, e.g. as shown in Figure 6.14 (a) and 7.12. The calculated 

compositions are all labeled in the figures shown below. Apart from the TmMO film, the other samples 

are slightly nonstoichiometric. To study the influence of the rare earth elements on the RXES maps, 

~ 100 nm films of REMnO3 (RE = Tb, Ho, Tm and Lu) were measured. Although the four samples have 

similar thicknesses, XRD data show that they experience different strains and distortions (Figure 7.8, 

Table 7.4 and 7.5). Thus, the distortions of MnO6 octahedra (Mn-O bond lengths and Mn-O-Mn tilt 

angles) are collectively affected by the different film strains and rare earth radii. Nevertheless, the 

corresponding Raman spectra show that the phonon modes almost linearly harden with decreasing rare 

earth radii (Figure 9.8 in Subsection 9.3.3). This suggests that the epitaxial strain does not overpower the 

intrinsic rare earth radius in terms of the influence on the distortions of MnO6 octahedra. Hence, the rare 
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earth radius is assumed to be the primary factor which affects the Mn electronic structure and the 

corresponding RXES maps.   

 

Figure 10.21 shows the RXES maps of the ~ 100 nm REMnO3 films (RE = Tb, Ho, Tm and Lu) recorded 

at incident energies covering the pre-edge (from 6541 eV to 6546 eV) and the intense rising edge (from 

6546 eV to 6551 eV). The pre-edges of TMO, TmMO and LMO films consist of three features at around 

6542.5 eV, 6544 eV and 6545 eV along the diagonal direction, which corresponds to the PFY-XAS or 

constant emission energy (CEE) scans, while the pre-edge of HMO only shows the two peaks at around 

6542.5 eV and 6545 eV. Hence, there are fewer resonances forming the HMO spectrum than the other 

spectra. This might be the indication of different crystal field splittings of the Mn 3d orbitals in the four 

different REMnO3 films. Comparing the positions of the peak P1 at ~ 6542.5 eV (peak maxima), shifts 

towards higher incident energies are observed along both the energy transfer and incident energy 

directions with decreasing rare earth radii (Tb > Ho > Tm > Lu), i.e. increasing MnO6 distortion. The 

highest incident energy for the P1 resonance in the spectrum of LMO suggests that the resultant 

intermediate state in the LMO film has a higher total energy than in the other films. Hence, Mn in the 

LMO film might have a different electronic configuration concerning this resonance. However, such a 

trend is not observed for the other pre-edge peaks.  

 

In addition to the peak positions, the pre-edge peaks in the different spectra exhibit different broadenings 

along both the energy transfer and incident energy directions. The asymmetric line shapes with shoulders 

along the energy transfer direction might result from the multiplet split final states, which are caused by 

electron-electron interaction in the 3p
5
3d

 5
 final state, or the delocalized Mn 3d states [150, 168, 172]. The 

multiplet split final states are schematically illustrated by the dashed line in the energy scheme in Figure 

10.19. Since the electron-electron interaction occurs in the final states instead of the 1s
1
3d

 5
 intermediate 

states, it is not visible in XAS spectra but can be observed in RXES maps. Comparing the extracted one 

dimensional spectra along the energy transfer direction at ~ 6542.5 eV (P1) and 6545 eV (Figure 10.22), 

the largest peak broadenings and intensities (corresponding to the Mn 3d density of states available for 

the allowed electronic transitions) are found in the spectra of the LMO film, which has the largest MnO6 

distortion. This signifies the interdependence between electron density and local geometric structure. 

However, it can not be inferred with certainty that the peak broadenings or intensities vary solely with the 

rare earth radii, since no linear relations are found between these quantities when comparing the spectra 

of the films with different RE. Hence, the different epitaxial strains or compositions of the samples might 

also need to be taken into account in terms of influences on the Mn electronic structure. 
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Figure 10.21 Pre-edge regions of the RXES maps of the ~ 100 nm (a) TMO, (b) HMO, (c) TmMO and (d) 

LMO thin films.   

 

 

 

Figure 10.22 One-dimensional spectra extracted from the RXES maps shown in Figure 10.21 at the 

incident energies of (a) 6542.5 eV and (b) 6545 eV marked by the dashed lines. 
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10.3.2.3 Influence of Film Strain 

 

In order to investigate the influence of film strain and lattice distortion on the Mn electronic structure, a 

comparison was made between the strained ~ 35 nm and the relaxed ~ 230 nm TMO films. The 

corresponding XRD and Raman data presented in Chapter 7 and 9 show that both films are 

monoclinically distorted but have different γ (89.2° for the ~ 35 nm and 90.7° for the ~ 230 nm film). 

RBS measurements show that both samples are Mo-contaminated and have similar compositions. Since 

the Mo-contaminations (labeled in Figure 10.23) are comparable in both samples, it is assumed that the 

film compositions have the same effect on the Mn electronic structures and the corresponding RXES 

maps. Comparing the pre-edge regions of the RXES spectra (Figure 10.23), the peaks along the diagonal 

direction are hardly distinguishable for the ~ 35 nm film due to the insufficient statistics, whereas in the 

pre-edge of the ~ 230 nm film two peaks are observed. Despite the inferior statistics and weak signals 

along the diagonal direction, two off-diagonal features along the energy transfer direction are observed at 

the incident energy of ~ 6542 eV and 6543.5 eV in the pre-edge of the ~ 35 nm film. The observation of 

these two off-diagonal features as well as the diagonal peak at 6544.5 eV indicates that there might be at 

least three resonances in the pre-edge of the ~ 35 nm film. Thus, the crystal field splittings of the Mn 3d 

orbitals might be different between the ~ 35 nm and 230 nm films due to strain effect. The off-diagonal 

signals were also detected at the peak P1 in the pre-edge of the ~ 230 nm film. The broadening of this P1 

is more symmetric along the energy transfer direction compared to the corresponding feature in the 

spectrum of the ~ 35 nm film as seen in Figure 10.23 (c). The difference observed in the off-diagonal 

broadening implies the existence of different (3p,3d) multiplet interactions in the final states of the 

~ 35 nm and 230 nm films, which might originate from the different MnO6 distortions induced by film 

strains. It is also observed that the pre-edge peaks of the relaxed ~ 230 nm film have overall higher 

intensities than the features of the strained ~ 35 nm film. This is contrary to what is observed from the 

pre-edges of the ~ 100 nm REMnO3 film, i.e. the LMO film with the largest MnO6 distortion 

demonstrates the highest scattering probabilities in RXES. This inconsistence might be the indication of a 

possible difference in the influences of film strain and rare earth radius on the Mn electronic structure.  
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Figure 10.23 (a) and (b) Pre-edge regions of the RXES maps of the ~ 35 nm and ~ 230 nm TMO thin 

films, respectively. (c) and (d) One-dimensional spectra extracted at the incident energies of 6542.5 eV 

and 6543.5 eV marked by the dashed lines, respectively. 

 

10.3.3 Summary 

 

Both unoccupied 3d and occupied 3p Mn states are probed simultaneously by RXES. The resulting RXES 

two-dimensional maps of the thin film samples show additional features or broadenings along the energy 

transfer direction, which can not be observed in the one-dimensional XAS spectra. The existence of such 

features signifies the possible onset of the (3p,3d) multiplet interactions in the final states and the 

delocalized character of Mn 3d states. Variations of peak numbers, positions and broadenings are 

observed in the pre-edge regions of the films with different rare earth elements or epitaxial strains. These 

observations confirm that rare earth radius and film strain have influences on the crystal field splittings of 

the Mn 3d orbitals and the resulting multiplet split final states. However, further experimental and 

theoretical investigations on stoichiometric thin films are necessary for the specification of individual 

influences. 
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Chapter 11 Summary and Outlook 

 

11.1 Summary 

 

In this study, investigations of the growth conditions, the crystal and electronic structures of the thin films 

of multiferroic orthorhombic rare earth manganates have been presented. The purpose of these 

investigations is to improve the understanding of the interplay between film strain and material properties.  

 

In order to obtain thin films of the orthorhombic phase of REMnO3 (RE = Tb, Ho, Tm and Lu) with 

monocrystalline quality, pulsed laser deposition was employed. The deposition results show that film 

growth of o-REMnO3 is very sensitive to plume alignment and heating homogeneity which are strongly 

influenced by the imperfect target cylindricity and the heating stability of the substrate heater, 

respectively. After exploring various combinations of the deposition parameters, a narrow deposition 

parameter window is established for the most reproducible growth of o-REMnO3 films. The critical 

parameter values are the following: plume-substrate angle of ~ 90°, target-substrate distance of ~ 3.7 cm, 

heating temperature of ~ 760 ± 10 °C, and N2O as background gas with a pressure of ~ 0.3 mbar. Using 

this parameter window, o-REMnO3 thin films were successfully deposited on selected substrates of 

different materials or orientations. To prevent twinning and to ensure the reproducibility of high film 

quality, (110)-oriented YAlO3 and NdGaO3 were used as the primary substrates in this study. In addition, 

molybdenum (Mo) contaminations of ~ 1.6 at.% are observed in some film samples. Its origin is the 

uncontrollable diffusion of Mo through the contacts between the Mo heater assembly and the applied 

substrates.  

 

Epitaxy, crystalline phase, and quality of the as-deposited thin films were first characterized by 

conventional symmetric -2 X-ray diffraction scans (out-of-plane scans). The results show that the 

established narrow deposition parameter window yields the highest reproducibility and the highest 

crystalline quality of single-phase epitaxial o-REMnO3 thin films. Laue oscillations are observed in some 

samples signifying the existence of coherent lattice planes and thus very high crystalline quality. 

Moreover, in the symmetric scans of some Mo-contaminated thin films no secondary Bragg reflections 

are observed. This indicates that Mo does not necessarily form a new oxide phase but could be 

incorporated into the o-REMnO3 lattice as substitutions of Mn in the MnO6 octahedra.  

 

The single-phase epitaxial thin films of o-REMnO3 were further investigated by reciprocal space mapping 

(RSM). RSM is composed of a series of consecutive asymmetric -2 scans and thus enables mapping of 

the film in-plane Bragg peaks together with the substrate peaks as references. By analyzing the relative 

positions of the film peaks to the corresponding bulk and substrate peaks as well as the peak shapes, strain 
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state and film crystallinity are determined correspondingly. The results from the (110)-oriented REMnO3 

(RE = Tb, Ho, Tm and Lu) films show that they are untwinned as expected and exhibit a co-existence of 

fully strained and partially or fully relaxed “sublayers” as indicated by two separated film peaks. Such a 

“sublayer” structure exists in the films of thicknesses ranging from ~ 10 nm to ~ 230 nm, which suggests 

that it is created by the general growth process and is not thickness-dependent. Combining the peak 

positions from RSMs with those from the symmetric scans, lattice parameters of the as-deposited films 

were determined. The calculated results show that in order to match the corresponding substrate in-plane 

lattice parameters, the ab-planes of the film lattices undergo a rhomboidal distortion with the angle 

between a and b < 90°. Thus, the strained film lattices are monoclinically distorted. With increasing film 

thickness, the strain and lattice distortion weaken and the expected orthorhombicity is recovered at the 

cost of a degraded crystallinity. Furthermore, comparisons have been made between the RSMs of the pure 

o-REMnO3 films and the Mo-contaminated film of a similar thickness. The Mo-contaminated film shows 

a similar degree of strain and the same “sublayer” structure. No lattice expansion is observed in the Mo-

contaminated film indicating that the amount of Mo, which has a larger ionic radius than Mn, could be 

neglected when gauging its influence on the film crystal structure.     

 

Ion channeling measurements were subsequently performed to further study the film crystallinity and 

structure. Evident channeling profiles were detected confirming that a fraction of the film is composed of 

coherent lattice planes as indicated by the detected Laue oscillations. A significant increase of the 

backscattering signal is detected at the spectral positions corresponding to the film surface and interface. 

This variation in spectral shape verifies the existence of the “sublayer” structure proposed by the X-ray 

RSM results. It further reveals that the “sublayer” structure consists of three parts instead of two parts as 

observed in the RSMs. There is the fully strained and defect-rich “sublayer” at the interface followed by 

an intermediate region with coherent lattice planes. In the surface “sublayer”, the film crystallilnity 

degrades and the amount of defects increases as a result of structural relaxation. To visualize interfacial 

defects, transmission electron microscopy (TEM) was performed to the same sample which has been 

measured with ion channeling. As expected, a high density of misfit dislocations and local structural 

incoherence is observed at the interface. Moreover, the film lattice planes are overall coherently aligned 

with the substrate lattice planes at the interface besides the disordered regions. Thus, interfacial disorder 

serves as the mechanism to accommodate the lattice mismatch between the film and substrate.  

 

The monoclinic distortion of the film lattices imposes a direct effect on the distortions as well as the 

atomic motions of the MnO6 octahedra, which influence the phonons that can be analyzed by Raman 

spectroscopy. Raman-active phonon modes of the films shift toward higher frequencies (hardening) with 

decreasing thickness/increasing strain. Although the XRD results show that the symmetry of the strained 

films is lowered from orthorhombic (Pbnm) to monoclinic (P21/m), no additional phonon modes emerge 



 165 

in the spectra. The proposed explanation is that the site symmetries of the atoms remain the same as in the 

orthorhombic structure, even though the crystallographic symmetry of the film lattice is reduced. Hence, 

the same number of Raman-active phonon modes is obtained by factor group analysis using this 

assumption. Low-temperature Raman measurements were performed to probe the magnetic transitions via 

spin-phonon interactions. The signature softening of the phonon mode at ~ 620 cm
-1

 is successfully 

observed with decreasing temperature. However, due to the unsatisfactory spectral statistics and 

incomplete temperature coverage, no obvious difference can be shown between the film data and the 

reference bulk data.  

 

Like many other transition metal oxides, REMnO3 also displays a strong interplay between spin, orbital 

and lattice degrees of freedom. In the bulk, the Mn 3d orbitals exhibit a staggered d3x2-r2 /d3y2-r2 type 

ordering as a result of the Jahn-Teller and rotational distortions of the MnO6 octahedra. Hence, it is 

expected that the strain-induced additional MnO6 distortions will affect the orbital ordering and modify 

the Mn electronic structure. Partial fluorescence yield X-ray absorption spectroscopy (PFY-XAS) was 

thus performed to probe the electronic structure of Mn in the thin films. Shifts of the spectral features in 

the near-edge regions are observed between differently strained films as well as between films of different 

rare earth elements. The similarity between the observed shifts indicates that the influence of the 

compressive film strain on the Mn electronic structure is analogous to that of a smaller rare earth element. 

In order to better probe the Mn 3d excitations, 1s3p resonant X-ray emission spectroscopy (RXES) was 

performed. In XAS, only unoccupied states are probed, whereas RXES probes both occupied and 

unoccupied states and thus enables a two-dimensional mapping of the electronic structure. Besides peak 

shifts, asymmetric broadening of the pre-edge peaks are observed along the axis of energy transfer for the 

Mn atoms in the films of different strains. This observation indicates possible differences in the 

interactions or hybridizations between Mn valence states and suggests that film strain changes the Mn 

electronic structure via possible modifications of the crystal field splitting of the Mn 3d orbitals. The 

results of the XAS and RXES measurements are a further proof of the influence of film strain on material 

properties.  

 

11.2 Outlook  

 

For the continuation of the current study, future work should be performed in the following directions: 

 

Alternative heaters, e.g. the larger Heatwave heater, should be employed for film depositions, in order to 

eliminate the problem of Mo contaminations and inhomogeneous substrate heating. The optimal growth 

conditions thus need to be established correspondingly. In addition, implementation of PLD targets in the 
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form of pellets can also be beneficial for a more stable plume alignment and a more reproducible epitaxial 

growth of single-phase films. 

 

In order to fully realize the tuning potential of film strain and facilitate the orientation-dependent 

measurements, e.g. polarized XAS or RXES measurements, film depositions on substrates with other 

orientations, e.g. (100), (010) and (001), should be performed more systematically and intensively.  

 

In the current study, all the structural analysis was performed at room temperature. Ideally, the correlation 

should be drawn between the film structure and the multiferroic properties in the vicinity or below the 

magnetic or ferroelectric transition temperatures. Thus, the evolution of film strain and lattice distortion 

as a function of temperature should be studied. This requires low-temperature structural analysis using X-

ray or neutron diffractometry, which could be available at large-scale research facilities such as the Swiss 

Light Source or Swiss Spallation Neutron Source.  

 

As one of the few probing methods for magnetic transitions using laboratory equipments, low-

temperature Raman spectroscopy should be further explored to study the impact of strain on the spin-

phonon interactions. The efficiency and statistics of the measurements thus must be improved. Using the 

conventional macro Raman setup, there are two possibilities to improve the spectral quality: using laser 

irradiation in the UV range (244 nm) to gain more signal or increasing the measuring time per spectrum 

to achieve better statistics. In addition, low-temperature Raman measurements should also be tested using 

the confocal Raman microscope equipped with a cryogenic stage. 

 

More detailed analysis on the XAS and especially RXES data should be carried out with the help of     

theoretical calculations. However, for more accurate calculations more representative models of the 

atomic arrangements of the film lattices are required. Currently, simulations for XAS data have been 

performed using the bulk crystallographic data. Due to the limited number of detectable reflections and 

the existence of the “sublayer” structure in the thin films, it is difficult to acquire accurate atomic 

positions from laboratory XRD data. Thus, alternative analytical techniques are required to resolve film 

structures with an atomic resolution, such as surface X-ray diffraction. For such an approach, films of 

different thicknesses have to be grown in order to determine for each the atomic arrangements of 

approximately the first top five unit cells. The obtained structural “snapshots” of such top “layers” with 

different strain states could serve as the basis for realistic model calculations. 
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Appendix 

 

In this study, the FEFF8.4 program was used for ab initio calculations of the X-ray absorption near-edge 

structure (XANES) and the corresponding angular momentum projected density of states (l-DOS). FEFF 

applies ab initio self-consistent real space multiple scattering (RSMS) approach [173]. In this approach, 

the Green´s function is used to transform the Fermi’s Golden Rule (Equation 10.1) into [167]: 

    irErrGriE  


 ˆ,,ˆIm
2

                                                                                    Equation A.1 

where G describes all possible ways for a photoelectron to interact with the surrounding atoms. This 

equation avoids the computationally demanding calculations of all the unoccupied final states. 

Simulations thus become more efficient. 

 

To execute a calculation, an input file with various parameters is required. With the help of the program 

Artemis, which has an embedded ATOMS program module [157, 158, 174], a file with the name of 

“feff.inp” can be generated from the known crystallographic data of the material to be studied. In the 

feff.inp file, the parameters are listed and properly defined under different control cards. An example of 

the input file for bulk orthorhombic LuMnO3, which was used to generate the spectra in Figure 10.9 (d), 

is shown below.  
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