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Auch ein gelehrter Mann

Studiert so fort, weil er nicht anders kann.
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Abstract

In this thesis the characterization of multiferroic (MF) orthorhombic rare-earth manganates

(o-REMnO3), grown by pulsed laser deposition (PLD), is presented. Multiferroics are ma-

terials comprising at least two ferroic properties, such as ferroelasticity, ferroelectricity

or ferromagnetism in the same phase. Systems combing the latter two, so-called mag-

netoelectrics, offer promising characteristics for the future use in novel electromagnetic

storages, combining the accessibility and speed of electric flash storage with the densities

and robustness of magnetic solutions. Furthermore they could be used for very precise

magnetic probes and sensors. In order to reach these goals a thorough understanding of

their production and properties is necessary.

Thin o-REMnO3 films (30 nm - 220 nm) with RE = Tm, Tb, Lu have been grown epitax-

ially on differently oriented substrates including YAlO3, NdGaO3, and SrTiO3. Due to the

different lattice spacing, compressive and/or tensile strain in the MF thin films is induced,

influencing their characteristics. The plasma during the PLD process was investigated by

emission spectroscopy and plasma imaging methods simultaneously with mass spectrome-

try. Different background conditions (vacuum, O2, N2O with various pressures) have shown

a strong influence on the amounts of oxidized metal species in the plasma and therefore,

oxygen in the final thin films. While mass spectrometry indicated quantitative changes in

the plasma composition at the substrate position, the optical measurement methods pro-

vided direct insight into the plasma-background reactions during the plasma propagation

towards the substrate/mass spectrometer. The increase in the amounts of oxidized metal

species was directly observed by time-, space- and wavelength-resolved plasma imaging, in

principal showing two distinct regions in the plasma. While the center consisted mainly of

the (metal) species coming from the target, the outer regions contained increased amounts

of oxidized metal species after interaction with the background.

The final films showed very good crystalline qualities in x-ray diffraction (XRD) experi-

ments. They grew phase-pure in orientations expected depending on the chosen substrate.

In the best films Laue oscillations and Kiessig fringes were observed as well as a two-fold
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film-peak structure resolving the K α1- and K α2-lines of the XRD setup. Together with the

instrumental resolution-limited full-widths at half-maximum (FWHM) of < 0.06◦ of the

film rocking curves this proves very high crystalline qualities.

In order to investigate, and in the end prove, the multiferroicity of the thin films, di-

electric measurements were performed. To not interfere with the epitaxial growth, surface

inter-digital capacitor structures were used to measure the capacitance and thus the dielec-

tric constant. The most reliable experiments with a dedicated sample probe have shown

ferroelectric (FE) transition temperatures in the region between 16 K and 25 K, slightly

lower than for bulk TbMnO3 with TE = 27 K.

Bulk REMnO3 samples comprise antiferromagnetism (AFM) below 50-80 K. In order

to investigate the AFM structure in the thin films, neutron diffraction experiments were

performed at the RITA-II beamline at the PSI, as well as at the D10 diffractometer at the

ILL, Grenoble, France. Agreeing with the bulk results, magnetic Bragg peaks were observed

in LuMnO3 and TbMnO3 thin films. The TbMnO3 film was found to have a similar cycloidal

spin structure to bulk samples, with the propagation vector slightly shifted from (0 0.27 1)

to (0 0.29 1). This shift was attributed to the growth-induced strain and resulting tilt of

the Mn-O-Mn octahedra in the orthorhombic structure. While LuMnO3 is a bulk E-type

AFM, the magnetic peaks were found slightly shifted from the expected (0 0.5 1) to (0 0.48

1). Furthermore, the calculated structure factors implied a high probability of a cycloidal

spin structure in the LuMnO3 thin films.

Magnetization measurements performed in Prof. Bernhards group in Fribourg revealed

a ferromagnetic (FM) component below ca. 80 K. It exists parallel to the AFM structure

below TN = 40 K. Investigations of the hysteresis showed three different temperature de-

pendencies of the saturation magnetization, the remanence, and the coercive field. This can

be explained by coupling of the AFM and FM, as proven by exchange bias measurements.

Polarized neutron reflectometry (PNR) measurements enabled the modeling of the fer-

romagnetic contribution, showing the strongest magnetic moment of 1.1 µB per Mn in the

first 10 nm at the film/substrate interface. This value decreases with a Gaussian profile

towards the film surface where it reaches 0.1 µB. This depth-dependence as well as the

three aforementioned transition temperatures were also observed in low energy muon spin

relaxation measurements. The local probe character of the muons further strengthened the

assumption of a simultaneous existence of coupled FM, AFM and FE.



Zusammenfassung

In dieser Arbeit werden die Ergebnisse zur Charakterisierung multiferroischer (MF) orthor-

hombischer Selten-Erd Manganate (o-REMnO3), hergestellt mit gepulster Laser Abschei-

dung (PLD), präsentiert. Als multiferroisch werden Materialien bezeichnet, die mindestens

zwei der folgenden Eigenschaften in der selben Phase vereinen: Ferroelastizität, Ferroelektri-

zität oder Ferromagnetismus. Insbesondere Systeme die die beiden letzten Charakteristika

aufweisen, sogenannte Magnetoelektrika, sind von besonderer Bedeutung für zukünftige

Anwendungen. So könnten sie in neuartigen, elektromagnetischen Datenspeichern genutzt

werden wo der schnelle und einfache Zugriff elektrischer Systeme mit den Flächendichten

und der Langzeitstabilität magnetischer Speicher verbunden werden könnten. Des Weite-

ren wären diese Materialien prädestiniert für die Nutzung in hochpräzisen magnetischen

Messsystemen und Sensoren. Um diese Ziele zu erreichen ist ein tiefgehendes Verständnis

der Herstellung und der finalen Proben unabdingbar.

Orthorhombische REMnO3 Dünnfilme (Dicken ca. 30 nm- 220 nm) mit RE = Tm,

Tb, Lu wurden epitaktisch auf unterschiedlichen Substraten, wie YAlO3, NdGaO3 und

SrTiO3 mit verschiedenen Oberflächenorientierungen gewachsen. Die unterschiedlichen Ein-

heitszellenparameter zwischen den Filmen und Substraten führen zu Dehn- und Zugspan-

nungen in den Proben, die deren Eigenschaften verändern. Emissionsspektroskopie und

Plasmaabbildungs-Experimente während des PLD Prozesses wurden zusammen mit Mas-

senspektrometrie genutzt um das Plasma zu untersuchen. Unterschiedliche Hintergrund-

gasbedingungen (Vakuum, O2, N2O bei unterschiedlichen Drücken) zeigten großen Ein-

fluss auf den Gehalt von oxidierten Metallen im Plasma und damit auf den Sauerstoff-

gehalt in den Filmen. Während Massenspektrometriemessungen insbesondere Informatio-

nen über die Plasmazusammensetzung an der Substratposition lieferten, wurden die opti-

schen Methoden genutzt um direkte Einblicke in die Wechselwirkungen zwischen Plasma-

und Hintergrundgas-Spezien auf dem Weg zum Substrat zu gewinnen. Die Zunahme an

Metall-Oxiden wurde mit Hilfe von Plasmaabbildungsexperimenten zeit-, raum- und spek-

tralaufgelöst beobachtet. Es konnte gezeigt werden, dass der Großteil der Metall-Spezien

xiii
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im Zentrum des Plasmas zu finden ist und seinen Ursprung im Target selbst hat, während

die Metall-Oxide erst während der Ausbreitung im äußeren Bereich des Plasmas generiert

werden.

Die gewachsenen Dünnfilme zeigten in Röntgendiffraktionsexperimenten sehr hohe Kris-

tallgüten mit phasenreinem Wachstum in den vom Substrat abhängigen, erwarteten Orien-

tierungen. In den besten Dünnfilmen konnten Laue Oszillationen, wie auch Kiessig Fringes

beobachtet werden. Des Weiteren wurden sogar Aufspaltungen der Filmpeaks aufgelöst,

die auf das Vorhandensein der K α1 und K α2 Linien im Röntgendiffraktionsaufbaus zurück-

zuführen sind. Zusammen mit den durch den Aufbau auflösungsbeschränkt gemessenen

Halbwertsbreiten der Filmpeaks bei Scans entlang des ω-Winkels konnte so die hohe Kris-

tallgüte gezeigt werden.

Um den multiferroischen Charakter zu zeigen und zu untersuchen wurden Messungen

der dielektrischen Konstante durchgeführt. Aufgrund der durch das benötigte epitaktische

Wachstum auferlegten Beschränkungen wurden Oberflächen Kondensatoren in Fingerstruk-

tur genutzt um die Kapazität und damit die dielektrische Konstante zu messen. In den ver-

lässlichsten Experimenten mit einer speziell dafür hergestellten Messeinrichtung konnten

ferroelektrische (FE) Übergangstemperaturen im Bereich von etwa 16 K - 25 K nachgewie-

sen werden. Diese sind etwas niedriger als die gemessene Temperatur TE = 27 K in Bulk -

TbMnO3.

An solchen, allgemeinen Bulk REMnO3 Proben wird in der Literatur üblicherweise ein

Antiferromagnetismus (AFM) unterhalb von 50 K - 80 K gemessen. Um diese AFM Struktu-

ren messen zu können wurden Neutronen Diffraktionsexperimente an der RITA - II Strahl-

linie des PSI, sowie am D10 Diffraktometer des ILL, in Grenoble, Frankreich durchgeführt.

In Übereinstimmung mit den Erwartungen von Bulk Proben konnten in LuMnO3 und

TbMnO3 Dünnfilmen magnetische Bragg Peaks gemessen werden. Im TbMnO3 Dünnfilm

konnte eine ähnlich zykloide Spin Struktur nachgewiesen werden wie sie von Bulk Proben

bereits bekannt war. Einzig der Ausbreitungsvektor war von (0 0.27 1) zu (0 0.29 1) leicht

verschoben. Diese Verschiebung kann mit der wachstumsinduzierten Verspannung und da-

mit verbundenen Verkippung der MnO6 Oktaeder in den dünnen Filmen erklärt werden.

Während es sich bei Bulk LuMnO3 um einen E-Typ Antiferromagneten handelt, wurden

die magnetischen Bragg Peaks leicht verschoben bei (0 0.48 1) statt (0 0.5 1) gemessen.

Zusammen mit den gemessenenen und berechneten anderen Peak-Intensitäten konnte so

eine Änderung des AFM-Struktur-Typs von E-Typ zu einem Spin-Zykloid gezeigt werden.

Magentisierungs-Messungen, die in der Gruppe von Prof. Bernhard an der Universität
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von Fribourg durchgeführt wurden, zeigten eine ferromagnetische (FM) Komponente un-

terhalb etwa 80 K, die bei niedrigeren Temperaturen parallel zum Antiferromagnetismus

existiert. Untersuchungen der Hysteresekurven zeigten unterschiedliche Temperaturabhän-

gigkeiten der Sättigungsmagnetisierung, der Remanenz und des Koerzitivfeldes. Zusammen

mit Wechselwirkungs-Verzerrungsmessungen die eine starke AFM-FM Kopplung zeigten

konnten den unterschiedlichen Übergangstemperaturen ferroische Phasenwechsel zugeord-

net werden.

Die Nutzung polarisierter Neutronenreflektometrie ermöglichte es die ferromagnetische

Komponente theoretisch zu modellieren und damit zu zeigen, dass das magnetische Mo-

ment mit 1.1 µB pro Mn Atom in den ersten 10 nm an der Substrat/Film Grenzschicht am

größten ist und dann mit einer Gaussverteilung auf 0.1 µB an der Filmoberfläche abfällt.

Diese Tiefenabhängigkeit, wie auch die zuvor genannten drei ferroischen Übergangstempe-

raturen konnten auch mit Niedrig-Energie Myonen Spin Relaxations Messungen beobachtet

werden. Diese, sehr lokale Messmethode, hat weiter dazu beigetragen die Vermutung der

vielversprechenden parallelen Existenz und starken Kopplung dreier ferroischer Zustände,

namentlich des Ferromagnetismus, Antiferromangetismus und der Ferroelektrizität, zu be-

kräftigen.





Chapter 1

Introduction

The search for materials with novel properties, on a very basic level as well as in applied

research is strong as ever. This is particularly driven by the demand of modern technologies

which strongly evolve towards miniaturization without the loss of power for e.g. mobile

computing, micro-sized bio-probing or general implementation of technological systems

into everyday products. In order to meet these demands materials research has branched

in two main directions: The search for completely novel materials, and the introduction

of novel properties to existing systems by miniaturization down to the nanometer scale

and close combination of different materials e.g. in layered thin films. In general, thin

film growth has gained a lot of interest in recent years and decades due to the possibilities

to control the growth on smaller and smaller length scales. This has led to outstanding

results in thin films and at well-defined interfaces featuring strongly correlated electron

systems [1]: two insulating layers, LaAlO3 and SrTiO3, with a highly conducting interface

layer [2, 3] which even becomes superconducting at very low temperatures [4] and offers

tailorable charge distributions [5]. Furthermore, the observation of a quantum hall effect

in ZnO-Mg:ZnO [6], induced magnetism at the interface of SrTiO3 and LaAlO3 [7] or

room-temperature multiferroicity in BaTiO3 [8] were observed. In particular so called

magnetoelectrics, multiferroic systems with ferroelectricity and magnetism in the same

phase [9], have gained interest in the recent years [10, 11, 12, 13] and are described in more

detail in the following chapter.

1



2 1. Introduction

1.1 Multiferroics

Figure 1.1: The three ferroic properties,
ferroelasticity, ferroelectricity and ferro-
magnetism. Typically, they are separated
with e.g. a magnetic field only interact-
ing with the magnetization. In magne-
toelectrics cross-interactions are observed
(green arrows). [10]

Multiferroics, materials with two or more

ferroic properties - ferroelectricity, ferromag-

netism, ferroelasticity - in same phase have

been known and actively searched for, for a

long time [14, 15, 16] (see Fig. 1.1). Still,

they are far from being applied in everyday

life, although their premise is very promising:

In the modern world magnetic and ferroelec-

tric materials are widely used, in particular in

the fast-evolving field of integrated electron-

ics. Without the large storage densities of

magnetic drives, highly expanded by the giant-

magneto-resistance effect, many modern appli-

cations would not be possible. The main draw-

back of the technology is the need for mechan-

ical parts. For every reading and writing operation a magnetic tip has to be moved to the

right place. In order to achieve this with large transfer rates, the magnetic storage platters

have to spin at high speeds while the tip makes precise movements only nanometers away

from the platter surface. As a result these systems are prone to mechanical failures resulting

not only in unusability of the system but often a loss of all stored data. Furthermore, the

constantly rotating platter as well as the movement of the arm result in a comparably large

energy need, which is contrasting the evolution of modern electronics towards an efficient,

mobile world. This field is increasingly penetrated by electric solid-state systems offering

higher speeds, easier accessibility, and a larger robustness due to the lack of mechanical

parts. Still, the density and long-time storage stability of magnetic storage is unmatched.

Ferroelectrics on the other hand are scarce in storage systems, with FeRAM still being

a niche product [17, 18]. They are more common in tunable capacitors or piezoelectric

devices, where the ferroelectricity is accompanied by a ferroelastic component.

Multiferroics, in particular magnetoelectric materials would be able to combine the ad-

vantages of magnetic storage with the ease of access of integrated electronic systems. The

information would be stored in the spin states of a ferromagnet which could be read and

written by simply applying an electric field. Precise magnetic probes with electrical re-

sponses to changes in magnetic fields would be a possibility, increasing the ease of produc-
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ing small, integrated systems. This premise resulted in a large interest in the field in the

1960s and 70s leading to the discovery of multiferroic phosphates [19], boracites [20] and

even the room-temperature multiferroic BiFeO3 [16, 21]. Interestingly, the polarization in

bulk of ≈ 6 µC/cm2 was rather small and the general interest in the field faded in the

following years. Two main problems were not solved at that time: It was very difficult to

find materials comprising both ferromagnetism and ferroelectricity in the same phase and

furthermore, even if this was the case, the coupling between both was typically very small

rendering them not usable for applications. One of the sparks reviving the field was the

observation of a strongly increased polarization in thin film BiFeO3 [22]. The possibilities

to grow high-quality samples and thin films as well as the then available computing power

to calculate and predict multiferroic properties led to an increasingly growing research field

as is also proven by the large amount of reviews covering these "early" times from 2005 to

2007 [10, 11, 12, 13, 23, 24, 25]

1.1.1 Ferroelectricity and Ferromagnetism - A Natural Mismatch

A ferroelectric material is defined by the occurrence of a spontaneous polarization that

can be reversed by applying an external electrical field. An increase of the external field

leads to an increased polarization of the material. Furthermore, contrary to pure dielectric

or paraelectric materials, the polarization of a ferroelectric depends on its history. When

plotting the polarization in dependence of a sweeped electrical field, a hysteresis can be

observed. Two different kinds of ferroelectrics can be distinguished: the proper and the

improper ones. Ferroelectricity in proper systems is typically induced by a covalent bonding

between oxygen and a transition metal resulting in a polar state. A displacement of the

cation in the oxygen octahedron leads to the polarization. This displacement has one main

requirement, the d-shells of the cation have to be empty to allow hopping between the

oxygen p-orbital and the d-shell of the metal.

This leads to a problem when looking at the prerequisites of ferromagnetism: Here, a

magnetic moment is induced by electrons in the partly-filled d-shells. The Pauli principle

leads to a parallel orientation of the electron spins, increasing the resulting moment for

higher numbers of electrons (up to a half-filled shell).

In order to overcome these contra-indicative necessities [26, 27], new ways of inducing

either the ferromagnetism or the ferroelectricity have to be explored. The first solution, the

principle already used in the 50’s and 60’s, was the use of mixed materials such as BiMnO3

where the Mn3+ has a magnetic moment, but the Bi ion exhibits a polarization. It has two
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Figure 1.2: a) Ferromagnets show no change under spatial reversion, but the spin changes
its direction under time reversal. b) In ferroelectrics this is reversed, the polarization
changes under spatial inversion. c) To achieve both ferroic properties, both symmetries
have to be broken [12].

electrons on the 6s orbital, a lone pair, allowing the Bi ion to move from the centrosymmetric

position. While both, the magnetization and the polarization are comparably strong, the

coupling between them is diminutive. Extensive research has been done on this so-called

A- and B-site engineering but the problem remained, the separation of both phenomena on

different atoms in the structure might lead to strong respective effects (e.g. BiFeO3 has a

very high ferroelectric polarization of 90-95 µC/cm2 [22]), but yields only a small coupling

between them.

1.1.2 Finding New Ways of Magnetoelectric Coupling

In order to generate both, ferromagnetism and ferroelectricity spatial inversion and time-

reversal symmetry have to be broken [12, 26] as shown in Fig. 1.2. The magnetism in ferro-

magnets is generated by rotating electrons, therefore a spatial inversion does not change the

sense of rotation, while this occurs under time reversal. A ferroelectric, typically generated

by an offset of charged atoms, does not change its polarization in the case of time-reversal,

but the polarization flips due to spatial inversion. In a multiferoic material both sym-

metry breakings must be present in order to have ferroelectricity and ferromagnetism in

the same phase. But the existence of both properties does not automatically lead to a

strong coupling. In BiFeO3 both are present at room temperature, but are induced by

completely separated mechansims, at very different temperatures (Ferroelectric below 1100

K, ferromagnetic below 643 K).
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Landau theory can describe the magnetoelectric coupling as follows [12, 28, 29]:

−F (E,H) =
1

2
ε0εijEiEj +αijEiHj +

1

2
µ0µijHiHj +

βijk
2
EiHjHk +

γijk
2
HiEjEk + ... (1.1)

F is the free energy, the first term describes the ferroelectric contribution with ε0 and

εij, being the vacuum and relative permitivities, respectively, and Ei and Ej describing

the electrical field. The second term is similar, but describes the magnetic part with the

vacuum and relative permeabilities µ0 and µij, as well as the external magnetic field Hi

and Hj. They are followed by the linear magnetoelectric coupling term described by αij

and higher order coupling terms.

Differentiating F gives the formulas for the polarization depending on the magnetic field

Pi(Hj) and the magnetization as a function of the applied electrical field Mi(Ej)

Pi(Hj) = αijHj +
βijk
2
HjHk + ... (1.2)

Mj(Ej) = αijEi +
γijk
2
EjEk + ... (1.3)

The magnetoelectric term αij is limited by

αij2 <= εijµij (1.4)

In order to find systems with a strong magnetoelectric coupling, the focus moved from

proper to improper ferroelectrics. In that case, ferroelectricity is no longer induced by the

displacement of a polar bond, but has more indirect causes such as structural transitions

or charge ordering.

The improper ferroelectrics [30] are divided into three main categories, classified by the

underlying course of symmetry breaking as shown in table 1.1. For the so-called geomet-

ric ferroelectrics, the polarization is a by-product of structural transitions. In hexagonal

REMnO3 the unit cell is enlarged after a lattice transition leading to buckling of RE -O

planes and tilts of the manganese-oxygen bi-pyramids [31, 32, 33].

But not only direct structural changes can lead to a net polarization. In insulators

a charge-ordering transition can occur which leads to a polarization when the inversion-

symmetry is broken. In Pr1−xCaxMnO3 site- and bond-centered charge order is the reason

for the polarization [34, 35], while LuFe2O4 comprises a charge frustration due to an av-

erage valence of Fe2.5+. The Fe atoms order in a triangular lattice with subsequent layers

alternating in Fe2+:Fe3+ ratios of 2:1 and 1:2, therefore inducing a polariztion [36].

Both improper mechanisms offer a connection between the structure and the ferroelec-

tricity but the most promising materials are the magnetic ferroelectrics. Similiar to the
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Type Mechanism Compounds

Proper Covalent bonding be-
tween 3d0 transition
metal and oxygen

BaTiO3

Polarization of 6s2 lone
pair

BiMnO3; BiFeO3

Improper Structural Transition K2SeO4;
‘Geometric Ferroelectrics’ hexagonal (h-)YMnO3;

h-HoMnO3; h-InMnO3;
YCrO3

Charge Ordering Site- and bond- Pr1−xCaxMnO3

‘Electronic Ferroelectrics’ centered charge-order
Charge/orbital order Pr(Sr0.1Ca0.9)2Mn2O7

Charge Frustration LuFe2O4
Charge ordered state
+ magnetostriction

REMn2O5

Magnetic ordering Spiral spin order LiCu2O2; Ni3V2O8;
‘Magnetic Ferroelectrics’ orthorh. (o-)TbMnO3;

o-DyMnO3
E-type AFM o-LuMnO3
collinear magnetic order o-TmMnO3

Table 1.1: Ferroelectric classification [13]

systems before, a change in ordering induces polarization. In this case it is a change in the

magnetic order thus providing a direct relation between the magnetism and the ferroelec-

tricity. Orthorhombic TbMnO3 is paraelectric at temperatures above 28 K, exhibiting a

sinusoidal spin modulation. In this case no spatial inversion symmetry breaking occurs. Be-

low the transition temperature, the magnetic order changes to a cycloidal spin [37, 38, 39].

As a result the inversion symmetry is broken and a polarization is induced. Such a di-

rect relation between the two ferroic properties is very promising for applications. The

advantageous coupling was further demonstrated by a polarization reversal in a field of

a few T [37]. LuMnO3 is another promising magnetically induced ferroelectric, where an

E-type antiferromagnetic ordering results in a polarization [40, 41]. A further, different

magnetic ordering was observed in powder samples of TmMnO3, where a transition at 32

K between an incommensurate amplitude modulated spin structure to a commensurate

collinear ordering was observed. This leads to an adjustment of the Mn-O-Mn angles for

nearest-neighbor adjustment [42], thus lowering symmetry and inducing a polar axis. The

polarization induced by collinear magnetism was predicted to be many times larger than

for the more common spin spiral structure [43, 44]. However, measurements on o-HoMnO3

(also predicted to have collinear spin ordering), where the polarization was found to be

of the same order as in spin-spiral systems, did not confirm this assumption [44]. The
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o-TmMnO3 on the other hand showed a polarization 15 times larger than the o-HoMnO3

system. This can be explained by slightly different underlying mechanisms. For HoMnO3,

the polarization is induced due to spin-orbit coupling of the magnetic structure. While for

TmMnO3, the spin couples directly to the lattice, leading to larger values than in other

magnetically induced ferroelectrics [42].

These magnetically ordered systems have in common that they all belong to the family

of orthorhombic rare-earth manganates which will be described in the next section.

1.2 Orthorhombic REMnO3

Figure 1.3: Unit cell of a
orthorhombic LuMnO3 crystal.
Figure made with Jmol [45].

The rare-earth mangantes crystallize in two distinct

structures depending on the size of the RE -ion (see

Fig. 1.4 a)). While small ionic radii, as in the case of

Sc, Lu, Yb or Ho lead to a hexagonal P63cm structure,

the larger ions (Dy, Tb, La, ...) result in orthorhombic

Pnma crystals (see Fig. 1.3) due to Jahn-Teller distor-

tion of the perovskite structure [11, 46]. As shown in

table 1.1, the former typically comprise a geometrically

induced ferroelectricity, while the origin of the polariza-

tion is the magnetic ordering in the latter case.

The underlying perovskite structure is prone to

changes due to the alignment of Mn atoms surrounded

by oxygen octahedra. While the latter are stable to de-

formation, the junction between these octahedra is not.

A tilting of adjacent bipyramids around one oxygen atom

can happen easily. Therefore, the angle along such a Mn-O-Mn chain varies considerably

depending on the crystal structure. A small RE ion leads to a stronger tilting of the

octahedra resulting in a stronger shift towards a stable hexagonal phase. It has been dis-

covered that the magnetic structure is strongly depending on these Mn-O-Mn angles (see

Fig. 1.4 b) [38] and thus, a possibility to control the angle would be beneficial to tune

magnetic properties.

Smaller RE ions such as Ho or Lu have an E-type antiferromagnetic phase below 30K,

while Dy or Tb comprise a commensurate antiferromagnetic structure. Eu and Sm on

the other hand show an A-type AFM ground state. These magnetic states have a large
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Figure 1.4: a) The influence of the ionic RE radius on the size of the a axis and on the
crystal structure [11]. b) The magnetic structure of different REMnO3 as a function of the
Mn-O-Mn bond angle [38].

influence on the multiferroic properties. In A-type AFM no inversion symmetry breaking

occurs and therfore no ferroelectric polarization is induced, rendering these materials not

interesting for further research with respect to multiferroicity. Both, spin spiral ordering

and E-type AFM do induce symmetry breaking and subsequently polarization but differ in

one important aspect: while the spin spiral ordering is rather "soft", the E-type AFM is

very stable. Therefore, spin spiral ordered systems are preferred to induce changes in the

magnetic ordering as has been already shown by Fina, et al. [47] who have switched the

orientation of the spin spiral with large magnetic fields of ≈ 6 T.

The strong dependence on the structure led to investigations of influencing the magne-

toelectric properties by forcing the more promising orthorhombic phase for REMnO3 that

typically crystallize in hexagonal crystals. One of the methods to achieve this is high-

pressure sintering [48]. Although resulting in the right phase the materials are typically

polycrystalline and/or only µm sized single crystals or powders can be produced. For many

RE such as Tm it is not possible to grow large single-cystalline samples in the orthorhombic

phase.

Still, the demand for larger single-crystalline orthorhombic perovskites is increasing. One

possibility to reach this, is the epitaxial growth of these materials as strained thin films on

substrates with unit cell parameters favoring the orthorhombic phase of the REMnO3. This

route is very promising in the case of REMnO3 and has led to a wide variety of samples

and research [11, 24, 49]
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1.3 Thin Films

When property engineering of materials is necessary, thin film growth offers a large reper-

toire of tools to change bulk characteristics to accommodate for specific needs. It intro-

duces strain, interfaces and even growth-control down to the atomic level. In order to grow

REMnO3 in a crystal structure they usually do not have, a substrate has to be chosen

with interatomic distances on the surface resembling the unit cell structure of the desired

crystal. The unit cells for REMnO3 often have similar values: TbMnO3 has a = 5.30 Å,

b = 5.86 Å, c = 7.40 Å, LuMnO3 has a = 5.20 Å, b = 5.79 Å, c = 7.30 Å (all Pbnm (62)).

The substrate of choice can be cubic such as SrTiO3, where the REMnO3 can align diag-

onally on an, e.g. (100) surface with b = c = 3.91 Å and the diagonal
√

2b = 5.53 Å.

But also different perovskite substrates such as YAlO3 or NdGaO3 are used. They offer

the additional advantage of providing different orientations and varying strain depending

on the chosen surface cut direction.

For o-REMnO3 systems, thin film growth means that restrictions shown in Fig. 1.4 a)

and b) can be overcome. One of the most popular materials is TbMnO3 which has been

grown on various substrates investigating the influence of strain, thickness, substrate choice

and other properties [50, 51, 52, 53, 54]. Furthermore, as expected, it could be shown that

thin film growth leads to orthorhombic growth of normally hexagonal systems such as

HoMnO3 [55], YMnO3 [56, 57] or TmMnO3 [58].

For this work, thin film growth was used to grow orthorhombic TbMnO3, TmMnO3,

HoMnO3, and in particular LuMnO3 samples on various substrates. For later measure-

ments, mainly the TbMnO3 and LuMnO3 were used. The procedure to grow these films as

well as the theory behind it are described in chapter 3.





Chapter 2

Experimental Methods

In this chapter the measurement techniques utilized to grow and initially characterize the

samples are described. Measurements performed at beamlines will be explained in detail

in the respective chapter later in the dissertation.

2.1 X-Ray Diffraction

X-ray diffraction experiments were performed to investigate the crystalline structure of the

as-grown thin films. The measurements give important information about the orientation

of the thin film, the shift of the thin film Bragg peaks with respect to bulk values, known

from literature, as well as phase purity. Furthermore, these measurements were used to

estimate the stress in the thin films.

The measurements were mainly performed on a Siemens D500 powder diffractometer

equipped with a monochromator. The system uses a Cu target resulting in a wavelength

of Kα1 = 1.541Å. Due to the lack of a second monochromator, the Cu Kα2 = 1.544Å also

contributed to the measured signal.

X-ray diffraction uses the Bragg condition to resolve crystal structures. An incoming

beam with the wavelength λ irradiates the sample and is diffracted according to Bragg’s

law:

nλ = 2d sin θ (2.1)

Here, n is the order of the reflection, d is the distance between two adjacent atom planes

(see Fig. 2.1), and θ is the incident angle of the x-ray beam. For every angle under which

the Bragg equation is fulfilled a maximum in intensity is observed. Knowing the crystal

11
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Figure 2.1: a) Bragg conditions for the (100) peak. b) In-plane peak Bragg conditions
fulfilled for (111).

structure allows to determine the orientation, and, using multiple peaks to calculate the

unit cell parameters. Fig. 2.1 shows how out of plane (a)) and in-plane (b)) orientations

can be measured.

2.2 Plasma Mass Spectrometry

Mass spectrometry (MS) was utilized to investigate the composition of the laser-induced

plasma under various conditions, such as different background gases, fluences and different

targets. It allows to understand especially the influence of oxygen-containing background

gases on the composition of the plasma and most importantly, the ratio of oxidized to

non-oxidized metal species.

The Hiden Analytical EQP/EQS analyzer used in these measurements was attached to an

ultra-high vacuum analysis chamber (see Fig. 2.2, the MS is depicted in light blue) allowing

the investigation under typical growth conditions and the combination with additional

methods such as optical emission spectroscopy (see chapter 4.3.1) or plasma imaging (see

chapter 4.3.2) simultaneously, rendering it a powerful tool for the understanding of the

plasma behavior and in particular the species evolution.

The mass spectrometer is depicted in detail in Fig. 2.2 b). The plasma species enter the

mass spectrometer at the exchangable front nozzle. Three different diameters are available

for different background conditions. The largest nozzle with a diameter of 6 mm is best

used for secondary ion mass spectrometry (SIMS) in order to maximize the signal. It can be

used only in vacuum to maintain pressures below 10−5 mbar inside the mass spectrometer

to avoid damage to the detector. When measuring at higher pressures, the nozzles with 0.6

or 0.06 mm diameter have to be used. For the plasma mass spectrometry performed during
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Figure 2.2: a) The UHV chamber (dark blue) including the mass sepctrometer (light
blue) and the manipulator arm on top is shown schematically. b) A cross section of the
mass spectrometer showing the parts important for the measurements [59].

this work, the smallest nozzle was utilized as the background pressures in the chamber were

as high as 5 x 10−1 mbar.

The system is able to measure positively and negatively ionized as well as neutral species.

In order to make this as accurate as possible a complicated system of electrical lenses,

described in the following, is used.

The first component which the species pass, is the extractor. It can be tuned between

-370 V and 370 V and is the main charge selector. It has to be tuned for each species to

maximize the signal. In the correct range, species of the opposite charge are let through

while those of the same charge as the extractor are blocked at the entrance. When mea-

suring neutral species, it is set to 0 V and the following region of the MS, the internal

analyzer, becomes of high importance.

It can be used to either attach or detach electrons from the plasma species. This is done

by an iridium filament which emits electrons at specified kinetic energies. The electrons

with low kinetic energies attach to neutral species when they collide. Increasing the energy

results in a shift from electron capturing to electron stripping. In this case electrons from

neutral species are detached due to collisions. In order to maximize the final amount

of the desired ionized species a precise tuning is performed prior to each measurement.

Different to the case of species that arrive at the MS already ionized, it is not possible to

make a quantitative analysis of the signal, as the ionization depends on various parameters

including the kinetic energy of the neutral species, their atomic mass and composition, or

their velocity. Therefore, it is only known that the ionization ratio is smaller than 1.
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The species have to pass the high transmission 45◦energy analyzer next. Here, an initial

electrical lens focuses the ion beam into the area between the plates of the analyzer, the

so-called drift region. The voltage applied between the plates defines the window of the

kinetic energy where the species are able to pass. Species with lower or higher energies hit

either of the plates and do not contribute to the measurement. Similarily, neutral species

are not deflected at all and therefore do not reach the detector. In total, kinetic energies

between -100 eV and 100 eV can be measured.

After the species passed the energy analyzer they are decelerated and focused into a triple

filter quadropole mass analyzer. In this region the already charge and energy-separated ion

beam is analyzed by the incoming masses which can be set between 1 and 510 amu allowing

the investigation of heavy atoms and even small molecules. This is done by applying a

constant electrical field between the four rods that is superposed by an alternating field

with an adjustable voltage and frequency. The trajectory of species through the quadrupole

depends on their mass/charge ratio. For ratios outside the set window, the species start to

oscillate in the field with an increasing amplitude resulting in a deflection from the ideal

path and therefore, hitting one of the three filters in this region. Thus, only species with

specific energy and mass/charge ratios reach the detector.

The detector consists of a secondary electron multiplier, enhancing the incoming signal.

Due to the construction it is restricted to a maximum amount of 5 x 105 counts per second.

The system can be used in different modes: In the typical configuration the system is set

to a certain mass/charge ratio while scanning over the whole energy range. In this way a

distribution analysis of all (kinetic) energetic states in the possible range of the species in

the plasma is achieved. This allows to make assumptions about the origin of species with

specific energies. A second mode is the time of flight configuration where both, the energy

and mass analyzer are set to fixed values, then, a time-resolved spectrum is recorded giving

a time-of-arrival distribution with the start signal coming from the laser.

2.3 Optical Emission Spectroscopy

While plasma mass spectrometry is an excellent method to investigate the plasma com-

position at the mass spectrometer position, not much can be said about the species while

travelling from the target to the mass spectrometer or substrate under growth conditions.

The kinetic energy as well as time-of-arrival distributions give hints on the origin of species

but a more direct method is available, i.e. optical emission spectroscopy [60].
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Optical emission

During pulsed laser ablation, a high amount of energy is deposited into the target material.

This energy leads to very high local temperatures, structural changes and bond breaking. In

the end all of this leads to the ejection of species from the target. Some of the impeding laser

energy is transformed into kinetic energy of the species, but it is not the only form of energy

ejected atoms and molecules garner. As the absorbed energy can lead to excited states a lot

of the species are no longer in the ground state. The excited states can be either rotational,

vibrational or electronic. The main characteristic all these states have in common is a

higher internal energy compared to the ground state. Several possibilities of reducing the

energy are available. Internally, they can be interchanged, e.g. vibrational energy can be

used to lift an electron to a higher energy level or in the case of molecules highly excited

states can lead to bond breaking as a form of relaxation. External de-excitation is possible

in collisions, where the energy is shifted to another atom/molecule/particle or by optical

emission. In the latter case, photons of energies corresponding to the difference in energy

dE between the two involved energy states are emitted according to

dE = hν (2.2)

where ν is the frequency of the emitted photon. In Fig. 2.3, the emission spectra for

hydrogen (top) and iron (bottom) are shown [61]. Here already a big challenge of emission

spectroscopy becomes obvious: In most cases the spectra will comprise of hundreds or

thousands of lines, in particular when multi-elemental emission, including molecules, is

investigated.

Figure 2.3: The emission spectra of hydrogen (top) and iron (bottom) [61].

The setup

The setup used for optical emission spectroscopy is shown in Fig. 2.4: A target in the

center of the UHV chamber is irradiated by an excimer laser producing a plasma plume
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(for more details about PLD see chapter 3). This plasma is directed towards the mass

spectrometer (or substrate during thin film growth) drawn in the upper right corner of the

chamber. In order to allow for a large variability of experiments the mass spectrometer is

attached under a 45◦ angle to the incoming laser beam. Further measurement equipment

including a Faraday cup, quartz microbalance and a Langmuir probe are accessible in

different positions (not shown in the sketch). Most importantly for optical measurement

methods, a large window is available perpendicular to the plasma expansion direction shown

in Fig. 2.4. This configuration allows the use of an optical emission setup in parallel to

mass spectrometry measurements or growth.

An achromatic lens with a 500 mm focal length and a 50 mm diameter is positioned

directly in front of the window. The distance to the plasma is chosen such that the light

after the lens is parallel allowing for an easier to control beam path and less distortion at

lenses and mirrors. A beam steerer, two mirrors under a 45◦ angle perpendicular to each

other on a common out-of-plane axis, tilts the image of the plasma from a horizontal to

vertical orientation. This is necessary as the slit on the monochromator as well as the grids

are aligned vertically. The light beam then goes through a second achromatic lens with a

250 mm focal length and again 50 mm diameter. The position is adjusted in a way that

the plasma is directly imaged onto the slit. In this configuration, the vertical detector axis

is sensitive to the expansion direction of the plasma, while the horizontal axis shows the

center region of the plasma spectrally resolved.

The monochromator has the possibility to use up to nine different gratings: Three grat-

Figure 2.4: The UHV chamber is located on the left with a target in the center. The laser,
shown at the top, generates a plasma plume that is directed towards the mass spectrometer.
Perpendicular to the plasma expansion a window allows the investigation of the plasma by
optical methods. A lens system images the plasma onto the slit of a monochromator which
subsequently projects the spectrally and spatially resolved light onto a detector.
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ings each were mounted on three revolvers. The first set contained the most often used

gratings with 1800 lines per inch (lpi): one with 250 nm and one with 500 nm blazing, as

well as a 150 lpi grating with a blazing of 300 nm. The gratings on the second revolver had

a blazing of 500 nm and 600, 300, and 150 lpi. The third revolver contained a holographic

grating with 1200 lpi and two gratings blazed at 300 nm with 600 and 300 lpi. Depending

on the region of interest in a spectrum, the grating can be chosen accordingly to maximize

the spectral resolution and intensity. The first is determined by the number of lines of the

grating, increasing with larger line numbers. Furthermore, due to the wavelength disper-

sion, the range diffracted onto the detector depends also on the "center" wavelength of the

scan (see table 2.1). The diffraction is given by:

d sin θm = mλ (2.3)

where d is the spacing of the grating lines, m is the diffracted order and θm is the angle

between the diffracted light and the normal of the grating. The resolution of the spectrum

is further determined by the set slit opening at the entrance of the monochromator. It is

chosen according to a specific measurement in order to find the best compromise between

intensity and resolution.

Grating Center @ 200 nm Center @ 500 nm Center @ 800 nm

150 30 - 370 nm 330 - 670 nm 630 - 970 nm
300 112 - 287 nm 413 - 586 nm 715 - 885 nm
600 156 - 244 nm 457 - 543 nm 759 - 841 nm
1800 187 - 213 nm 490 - 510 nm 792.5 - 807.5 nm

Table 2.1: Gratings for the optical emission setup and their spectral ranges.

The gratings are not only described by the number of lines, but also by their blazing.

This value describes the center wavelength where the reflected intensity is maximized. A

grating, on a large scale, is a two-dimensional object. In principle, it is a mirror with

dark stripes resulting in multiple elemental waves being reflected from the mirrored stripes

leading to an interference pattern. When going down to the microscopic level, one can

see that a grating gains the third dimension. The light and dark stripes have different

heights resembling more rifts than a flat surface. As in every mirroring surface, the highest

intensity is emitted when the incoming and outgoing beams have the same angle to the

surface. In the case of a grating this superposes the interference pattern. In order to

reflect a certain wavelength at the same angle as the incident beam, the grating has to be

positioned according to equation 2.3. The surface can now be structured in a way, that
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although the incoming and outgoing beam do not have the same angle respective to the

grating plate as a whole, the substructure can be tilted to fulfill this condition.

A disadvantage of this approach is the large intensity modulation. Measuring a line at

250 nm with the gratings A and B above results in a difference of nearly three orders of

magnitude in intensity. When quantitative analysis over a wide spectrum, in particular

exceeding the range of a single measurement, is to be done, it is necessary to re-normalize

the intensities. This can be done by using lamps with wide spectral emission ranges and

well known relative intensities. In this work however, no absolute quantities were measured,

therefore only a spectral calibration of the gratings was performed using a Hg(Ar) lamp

and different lasers.

In order to determine the spatial resolution of the detector, a lamp with a defined emitting

area of 5 mm along the plasma expansion direction was positioned inside the chamber. The

magnification ratio can be easily calculated due to the parallel beam between the lenses

making the setup effectively a telescope. It is only influenced by the ratio of the focal

lengths.

M =
f1
f2

=
25cm

50cm
= 0.5 (2.4)

This means that the 5 mm lamp should be imaged onto the slit with a height of 2.5 mm,

which was confirmed by measuring it directly. In the next step a correlation between the

pixels of the detector and the imaged lamp was done. The 2.5 mm small lamp was imaged

onto ca. 59 pixels. This corresponds to a resolution of ≈ 0.042 mm per pixel. The plasma

can be resolved over the length of ≈ 1.0 cm taking into account a few lines of dead pixels at

the bottom of the detector. To push this value slightly the position of the first achromatic

lens was slightly adjusted so that a magnification of ≈ 0.42 was reached. The total imaged

length increased accordingly to ca. 1.2 cm.

A "zero position" is marked on the slit determining the lower point of the detector.

Shifting the mirrors, the imaged plasma can now be placed relative to this zero point.

Aligning the impact point at the target near to the zero point allows to resolve the first

≈ 1.1 cm of the expanding plasma. In order to look at the later stages, the mirror alignment

has to be changed slightly to shift the image on the slit further down. To do this in a

controlled way, a scale is attached to the slit.
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Measurement techniques

As described above, the measurements were not only spectrally and spatial resolved, but

also in time. This is achieved by doing several single-shot measurements with varying time

parameters of which two are of main importance for these experiments. The gate width

w, which corresponds to the exposure time in photography, as well as the delay d between

the laser pulse (triggered by a photo-diode irradiated by beam reflections) and the starting

signal for the measurement. Emission spectroscopy is a single-shot technique, meaning

that one single laser pulse is measured with a set gate width and delay. This can be either

repeated with the same parameters or changes can be made to measure a different evolution

stage of the plasma. The gate width is of particular importance as it influences several

parameters of the experiment. A short gate width will reduce the gathered light, therefore

reducing the measured intensity and the signal-to-noise ratio. The decrease in intensity

can be, to a certain degree, countered by increasing the gain of the system, although this

bears the disadvantage of, in the worst case, further decreasing the signal-to-noise ratio.

Another possibility is to measure several shots with identical gate and delay values therefore

increasing the total intensity and the statistics. The disadvantage, of course, is a linear

increase in measurement time.

The gate width also determines what kind of measurement is performed. Choosing a

long gate width (in the range of 5 or more microseconds) leads to a measured spectrum,

where lines can be seen going from the bottom part (according to the target position) to the

topmost edge of the detector. The measurement does not change anymore by increasing the

gate width as it already covers the total time where the plasma is existent. The final result

is the integrated intensity distribution making this particulary interesting to investigate

which lines appear in a spectrum. Initial characterization of the plasma composition can

be made and e.g. compared to mass spectrometry results. Reducing the gate width to

values around 50 - 200 ns resolves the plasma at a certain stage in its expansion. For

example when the delay is set to 0 (or realistically to a small value in the range of 20 - 50

ns when taking into account signal run times in the cables and devices), the plasma is

imaged in its very early state chosing a delay time in the range of e.g. 25 - 200 ns. The

very high intensities shortly after the impact as well as first species moving away from the

target can be seen. This gives the possibility, to make a so-called kinetic series, where the

delay time between consecutive shots (or group of shots to increase the signal) increases

slightly. The first picture resolves the time between 50 and 150 ns, the second between 150

and 250 ns, etc. The final result is very similar to a video where consecutive pictures are
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taken to form a continuous movie. The difference is that a "normal" video follows always

the same object during its evolution in time, while the optical emission measurements look

at different events at various stages in time. But as the behavior is nearly identical from

pulse to pulse the result is a time-, space and spectrally resolved measurement of the plasma

evolution.

2.4 Plasma Imaging

Plasma imaging is a similar technique to optical emission spectroscopy, differing mainly

in its emphasis on spatial investigation. While in emission spectroscopy gratings are used

to resolve different emission lines in the plasma as well as possible, only measuring a very

narrow region of the plasma, imaging methods concentrate on showing the plasma as a

whole. The drawback is that the high spectral resolution of emission spectroscopy is no

longer achievable. Still, besides plasma imaging where the whole spectral range is depicted,

it is possible to use filters in order to restrict the observed light to a specific wavelength

or more precise, a small wavelength range. The interesting part is now, that different

wavelengths can be correlated to different plasma species. This way, e.g. different elements

or molecules such as the metal-oxides can be investigated.

Figure 2.5: The UHV chamber is at the top of the scheme with a target in the center.
The laser, shown at the top, generates a plasma plume that is directed towards the mass
spectrometer. Perpendicular to the plasma expansion a window allows the investigation
of the plasma by optical methods. A lens system images the plasma through the acousto-
optical tunable filter onto a high-speed CCD.
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The setup is shown in Fig. 2.5. Compared to emission spectroscopy the lens system and

the monochromator are just replaced by the imaging system. It consists of three parts,

a zoomable lens, the acousto-optical tunable filter (AOTF) and a detector, in this case a

CCD. The lens is a normal photographic lens with a minimum focal distance of 500 mm

and a zoom range of 70 - 300 mm in full-frame equivalent.

AOTF

Figure 2.6: A piezo-electric
transducer is used to induce a
travelling or standing wave in
a quartz crystal. The result-
ing minima and maxima act
as a optical diffraction grid for
transmitted light [62].

As mentioned before, the plasma imaging setup is compa-

rable to photographing through a filter. This filter can be

a common color filter, ideally with a low bandwith chosen

according to the lines that have to be investigated. While

good filters are available for the whole spectrum, it is very

inconvenient and expensive to buy filters for each interest-

ing line. Often it is not known which lines are expected or

different lines than expected might prove more important

for an experiment rendering single wavelength filters even

more tedious to use. Furthermore, the handling can be-

come complicated as the filters have different transmitted

intensities and changing filters in an optical setup might

introduce additional uncertainties or systematic errors in

the measurements.

A possible solution is a tunable filter, but it has to fulfill

some prerequisites to be suitable for such an experiment.

The transmitted intensity has to be high, as in plasma

emission the intensities, especially on nanosecond timescales, tend to be very small. Fur-

thermore, the spectral resolution should be good enough to distinguish lines from different

sources. This is given for an acousto-optical tunable filter, of which a schematic of the

working principle is shown in Fig. 2.6, with the parameters being summarized in table 2.2.

The AOTF contains a TeO2 crystal with a piezo-electric transducer and an acoustic

absorbing layer. The latter two are attached perpendicular to the transmission direction

of the light. The piezo electric transducer is driven by an external high-frequency source,

the SPS/SPF (see Fig. 2.5). The piezo induces a soundwave inside the TeO2 crystal. The

minima and maxima of the wave form a regular arrangement of regions with smaller and

larger optical densities, effectively acting as a diffraction grid.
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Different to a normal grating, this one is defined by the sound wavelength traveling in

the crystal. Therefore, a diffracted beam is observed at an angle θ that depends on the

wavelength of the light λ and the wavelength of the sound wave Λ. When the incoming

light is normal to the soundwave, the angle is described by:

sin θ =
mλ

nΛ
(2.5)

where n = 2 if the Bragg condition is fulfilled. In the case where only one piezo-electric

transducer is used, the resulting wave is traveling in the quartz crystal with the respective

speed of sound. This leads to additional changes in the measurements such as a Doppler-

shift of the light:

fout = fin +mF (2.6)

where m is the diffraction order and F is the frequency of the soundwave. The AOTFs

used for the experiments have two transducers leading to a standing wave in the crystal

and therefore no shifts of the transmitted light frequencies.

The sound wave in the crystal is controlled by the SPS/SPF (see Fig. 2.5), where fre-

quencies in the range of 85 - 170 MHz and 110 - 220 MHz, depending on the AOTF (see

table 2.2), can be applied. Furthermore, the amplitude of the soundwave can be adjusted

at the SPS/SPF directly affecting the amount of transmitted light. At the maximum am-

plitude nearly 100% of the light is transmitted in the 0th order and about 80% in the 1st

order.

AOTF Range Resolution Frequencies

VA210-.55-1.00-H 550 - 1000 nm 0.6 - 3.0 nm 85 - 170 MHz
VA210-.40-.65-H 400 - 650 nm 1.1 - 2.1 nm 110 - 220 MHz

Table 2.2: Properties of the acousto-optical tunable filters.

The spectral resolutions of the AOTFs depend on the set wavelength. They are smaller

in the lower range and increase towards the maximum wavelength. In the mainly used

AOTF, ranging from 400 - 650 nm, the resolutions were between 1 and 2 nm allowing to

capture light mainly from a single line after chosing the range carefully.

Detector

An Andor iStar iCCD (intensified CCD) 334T camera was used to detect the light coming

through the AOTF system. It offers a 1024x1024 pixel sensor nearly fully covered by the
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field of view of the AOTF. The gate widths can be set as low as 2 ns offering a high

time resolution. An image intensifier coupled to the CCD by fibre-optics combined with a

thermoelectric cooling results in good signal-to-noise ratios even at short gate widths and

therefore, low background intensities.

The internal digital delay generator allows for precise control over the parameters of

kinetic series measurements as described in chapter 2.3 about optical emission spectroscopy.

Timings in the ns range can be set with precisions of a few 10 ps. The system, as in the

emission spectroscopy measurements, is triggered by a photo diode in the stray light from

the laser beam.

Measurement Techniques

Figure 2.7: Image of the plasma at
499 nm in vacuum. The outer red
square shows the total integration re-
gion, while the areas 1 to 5 depict
subsets where a space-resolved inte-
gration is performed.

The plasma imaging setup was used in two differ-

ent "operation modes", for spectroscopy and for ki-

netic measurements. Due to the difficulties and time

needed for changing the setup from optical emission

spectroscopy to plasma imaging a solution had to be

found to have a quick overview of the spectral char-

acteristics using the imaging setup. Instead of using

the detector with small gate widths, it was set to

10 µs, therefore covering the whole time window in

which the plasma is visible. The delay time was held

constant at the minimum value of ca. 35 ns includ-

ing delays in cables, etc. A series of 409 pictures

with 6 repetitions each (to increase statistics) was

programmed and synchronized to a frequency scan

of the SPF. Here, the range of 108 to 210 MHz, cor-

responding to 651 to 402 nm was sweeped with a resolution of 0.25 MHz and a waiting time

of 1.5s in order to allow the CCD to take the 6 repetitions per wavelength. The resulting

measurement contained 409 plasma images at different wavelengths. To transform this into

a spectrum the plasma intensities were integrated for each frame (see Fig. 2.7) and plotted

versus the wavelength. This method allowed to have space resolved spectra as indicated in

Fig. 2.7 by the 5 different subregions. Region 1 covered the intensities shortly behind the

target (0 - 8 mm) while intensities integrated in region 5 give information about the plasma

directly in front of the mass spectrometer (3.2 - 4.0 cm). An overview of lines changing in a
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background gas as a function of the position of the species is therefore observed. This was

particularily important in order to see which lines change in relative intensities, indicating

oxidation in the background.

With the results from these comparably fast overview scans interesting lines for time-

resolved investigations were chosen. In the following measurements the gate time was

reduced to a range of 50 - 150 ns in order to see the plasma at very defined time steps.

Repetition rates were increased to the range of typically 50 in order to counteract the re-

duction in measured intensity. Delay times were increased in steps similar to the gatewidths

trying to find a good compromise between good coverage of the evolution and total mea-

surement time. The resulting images were used to observe differences in time- and space

distributions of different species under various background conditions, such as vacuum, O2

or N2O at different pressures.

2.5 Capacitance/Resistance Measurements

To investigate the multiferroic character of the samples, both magnetic and ferroelectric

properties have to be investigated. The latter can be done by either measuring the polar-

ization directly, or by investigating the dielectric constant as a function of the temperature.

A new setup was developed to measure the very small capacitances and in particular ca-

pacitance changes at transition temperatures with high precision.

Setup

The setup is shown in Figs. 2.8, 2.9, and 2.10 a). It consists of a computer with sev-

eral LabView programs written to measure the capacitance, resistance or impedance as

functions of temperature, AC frequency, voltage or current. The measurement devices are

connected through shielded connection boxes with the sample probe, depicted in Fig. 2.8.

The sample probe is then inserted into a helium or nitrogen-dewar depending on the needed

minimum temperature. In order to change the temperature reliably and in a controlled

manner, the sample probe hovers above the liquid N2 or He without being dipped into it.

In this configuration the temperature can be adjusted by the build-in heater.

To minimize noise and increase the signal-to-noise ratio the cabling is very impor-

tant (see Fig. 2.8). Shielded coax cables are used to connect the measurement devices

with the cable box of the sample holder. The box itself is shielded, too, reducing out-
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Figure 2.8: Schematic view of the interior and the cabling. The blue lines depict the
semirigid high-frequency coax cables. The heater and sensor cables are shown in red. At
the head, both go over into teflon-covered cables.

side noise at the connectors. From the box, another coax cable connects the sample

probe itself where connections to the wires in the sample head are soldered and shielded.

Figure 2.9: The mea-
surement setup in the
lab showing the mea-
surement devices and the
sample probe, as well as
the liquid nitrogen dewar
in the background.

Inside of the sample probe special semi-rigid coax cables for

cryogenic temperatures are used to reduce noise and in particu-

lar prevent changes in the properties of the cables when reaching

single-digit temperatures (in K), as this would strongly influence

the measured signal. At the sample head (shown in Fig. 2.10 b))

the inner and outer part of the coax cables are connected to sep-

arate low-temperature teflon-covered cables. These are soldered

to a ring of interconnectors in a way that the outer mantles of the

signal lines are connected together, while the inner conductors

are led through to the sample. Additional cables are available

for the thermocouple and the heating wire. The heating wire

is not wound "normally" around the sample head as this would

induce magnetic fields influencing the measurements. The wire

is first bend together at half the length in a way that the current

flows back and forth over the same length of the wire. The wire

is then wound around the sample head leading to extinction of

induced magnetic fields.

As the sample is cooled in ambient gas of either N2 or He,

the temperature control would be largely influenced by gas dy-

namics, in particular as the sample is positioned near the liquid

surface. To reduce these fluctuations, the sample head has an

inner and outer shield (see Fig. 2.10 b). The inner shield covers the sample, the connec-
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Figure 2.10: a) The sample probe is attached in the dewar in a way that the head hovers
over the liquid nitrogen/helium in cold gas. b) The sample head with the thin film mounted
on top and connected to the signal lines. A ring of inter connectors is visible at the lower
end. The whole section is covered by two different shields to prevent large temperature
changes due to gas dynamics.

tions to the sample, as well as the heater and the thermocouple. It has a small hole at the

top to allow gas exchange with the background. To further reduce dynamic gas behavior,

the outer shield covers the whole sample head section. Again, a small hole allows for gas

exchange. This way fluctuations occurring in the background gas do not reach the sample,

where a controlled gas exchange with relatively stable temperatures is possible. Initial test

measurements have shown that the shielding does not influence the ability to change the

temperature in a negative way. The typically used temperature ramp rates of 1 - 3 K per

minute were reached without any problems. Higher temperature rates of up to 10 K were

possible but most of the times restricted by the heating power of the wire or by cooling of

the whole sample head in the gas at high and low temperatures, respectively.

Resistance Measurements

Measuring a resistance can be typically done using two contacts. A current is sent through

the sample at these two contacts, while the voltage is measured parallel to it. But, in

particular for sensitive measurements this leads to a few problems. In such a setup, the

measured signal contains different resistances. There is the resistance of the material to be

measured Rm, but added to it are the resistances of the wires Rw as well as the contact

resistances Rc. While the wire resistance could be measured separately it is not possible to

decouple the contact resistance from the material resistance. The former is influenced by

the material itself, how the parasitic currents flow in the sample, by inhomogenities, etc.
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Figure 2.11: a) When measuring the resistance with two-point methods, the results are
largely influenced by the probe resistance Rp, the contact resistance Rc as well as parasitic
currents in the sample. b) A four-point, or Kepler-, method eliminates these problems. [63]
c) Photograph of the measurement configuration.

One way to decrease these currents is by restricting the geometry of the measured sample in

a way, that in principal only the contacted area is measured. Still, this is often not possible

as such so-called meta-structures cannot be implemented depending on the type of samples

used. Another way of increasing accuracy or in fact to really only measure the material

resistance is adding two measurement points and switch to four-point measurements.

These are typically done in either van-der Pauw or in-line configuration, named Kelvin

measurements. When measuring in the Kelvin configuration as shown in Fig. 2.11, the

two outer cables conduct the current while the inner ones measure the voltage drop over

this length. This has the big advantage that while contact and wire resistances still apply,

they are negligible in the voltage circle. Due to the very high resistances in the voltage

meter and thus small resulting voltage drops at the contacts and wires, only the material

resistance is measured. To calculate the conductivity several things have to be considered.

Taking only one conducting tip at the sample surface and the volume of a half-sphere has to

be calculated leading to the transported current to a point P at a distance r in the sample

with the formula:

∫ V

0

dV = − Iρ
2π

∫ r

o

drr−2 => V =
Iρ

2πr
(2.7)

Here, I is the current comimg from the tip and ρ is the resistivity of the sample. When

looking at two tips, one as before and the other where the current is flowing back we have:

V =
Iρ

2πr1
− Iρ

2πr2
=
Iρ

2π
(

1

r1
− 1

r2
) (2.8)
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When adding additional contacts as in Fig. 2.11c), the voltage measured at the contacts

2 and 3 is:

V2 =
Iρ

2π
(

1

s1
− 1

s2 + s3
) (2.9)

V3 =
Iρ

2π
(

1

s1 + s2
− 1

s3
) (2.10)

Therefore, the voltage between these two contacts is:

V = V2 − V3
Iρ

2π
(

1

s1
− 1

s2 + s3
− 1

s1 + s2
+

1

s3
) (2.11)

To get the resistivity the formula can be solved to:

ρ =
2π

(1/s1 − 1/(s1 + s2)− 1/(s1 + s2) + 1/s3

V

I
(2.12)

This becomes a lot easier when using equidistant contacts:

ρ = 2πs
V

I
(2.13)

Thus, this is an easy way of calculating the resistance of a material, in particular leaving

out lots of error sources inherent in two-point methods. When calculating the sheet resis-

tance of a non-uniform material, another method is more often used, the so-called van der

Pauw method:

Figure 2.12: Clover-
leaf arrangement
of contacts for van
der Pauw measure-
ments. [64]

The ideal measurement configuration is the so-called clover leaf

as shown in Fig. 2.12, but in general any arbitrarily shaped area can

be measured. The voltage is applied along one edge and measured

along the other resulting in a resistance of:

R12,34 =
V34
I12

(2.14)

A second measurement with shifted contacts allows to determine

the sheet resistance RS:

e−πR12,34/RS + e−πR34,12/RS = 1 (2.15)

The accuracy can be further increased by including more connection configurations and

inversely flowing currents. A good estimation of the specific resistance for symmetrical

contact configurations can be deduced:

ρ =
πd

ln2
· R12,34 +R34,12

2
→ ρ =

πd

ln2
·R12,34 → ρ ≈ 4.532 · d ·R12,34 (2.16)
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Capacitance measurements

It is known from literature, that an onset of the polarization in the case of REMnO3

typically comes with a phase transition of the dielectric constant [37, 38, 65]. The dielectric

constant is measured by determining the capacitance of a sample with known geometry.

The setup used in this thesis was specifically build to measure the capacitance and therefore

the dielectric constant at very precise levels down to liquid He temperatures.

How is the capacitance related to the dielectric constant? The easiest formula describing

it is the one for a plate capacitor:

C = ε0εr
A

d
(2.17)

with ε0, the absolute permittivity defined by

ε0 =
1

c20µ0

=
1

3595027149.47π

F
m
≈ 8.8542× 10−12

F
m

(2.18)

A is the area of the plates of the capacitor, d is the distance and εr is the relative

permitivity of the sample. Ideally this can be directly used to measure the dielectric

constant of thin films. Therefore, either a conducting substrate can be used as the back

contact or a metal interlayer can be deposited on the substrate prior to the thin film

deposition. In the case of the orthorhombic thin film samples investigated during this PhD

work, both of these methods are not feasible. The substrates used are insulating and due

to the importance of the substrate structure they cannot be easily replaced by a different,

conducting substrate. This is also the reason why metallic interlayers are not possible

as they would prevent an epitaxial growth of the thin film, thus completely changing its

structure.

Therefore a different method to measure the capacitance was utilized. In so-called surface

interdigital capacitors (see Fig. 2.13) the film is not between the two plates, but a capacitor

system is deposited on top by optical lithography methods. It consists of several lines which

are connected to two different contacts in an alternating manner. This leads to a large array

of capacitors. With the known parameters for the structure, such as a, the thickness of

the lines and b the distance between two fingers of the same electrode, N , the number of

fingers per electrode and L the length of the fingers, the total measured capacitance can

be related to the dielectric constant of the sample εr. Due to the fact, that this structure

is on top of the film and not embedded, the measured capacitance is always influenced by

the surrounding gas (with a dielectric constant εk). The contribution is dependent on the

thickness of the lines t.
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Figure 2.13: a) Schematic view of the surface interdigital capacitor on a sample with
dielectric constant εr in a background gas with dielectric constant εk. b) The distance
between the centers of two adjacent lines from the same electrode is b, with a being the
inter-finger distance. [66]

The capacitance per unit cell, the region spanned between two fingers of the same elec-

trode, can be calculated according to [66]:

Cuc = ε0(εr + εk)
K
√

1− (a/b)2

K(a/b)
+ 2ε0εk

t

a
(2.19)

Where K(...) is the complete elliptic integral of the first kind:

K(k) =

∫ π/2

o

dθ√
1− k2sin2θ

=

∫ 1

0

dt√
(1− t2)(1− k2t2)

(2.20)

The total (measured capacitance) is then, ignoring small contributions at the edges:

Cmeas = Cuc(N − 1)L (2.21)

Solving equation 2.19 for εr results in:

εr =
1

ε0

K(a/b)

K
√

1− (a/b)2

(
Cmeas

(N − 1)L
− ε0εk

(
K
√

1− (a/b)2

K(a/b)
− 2

t

a

))
(2.22)

Measurements on SrTiO3 have shown ca. one order of magnitude difference between

experimental and literature values due to a large amount of uncertainties. Therefore, the

measurements on thin films were used to investigate relative changes in the capacitance,

and therefore dielectric constant, without calculating the quantitative values of εr.
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Film Deposition

With the increasing importance of interface engineering, multilayer- and super-structures

as well as property manipulation by structural constraints, thin film deposition techniques

have evolved and new possibilities have been developed. Depending on the application,

scale, used materials or quality needed, different techniques are available. Sputtering is fast,

covering large surfaces with the downside of being hard to control on a layer by layer growth

level. In chemical vapor deposition a precursor is distributed in an inert gas as aerosol or gas

phase and transported to the substrate where it solidifies after reacting with an oxidizing

background gas (in the case of an oxide film). Molecular beam epitaxy (MBE) is typically

used when films of very uniform and defined thickness of a single element material have

to be deposited with high purity. Multi-elemental deposition is possible but requires one

crucible and electron beam per element as well as calculations on how to combine growth

rates from different targets. The preferred method (in a lab environment) in particular for

multielement material deposition is therefore pulsed laser deposition (PLD).

3.1 Pulsed Laser Deposition

Pulsed laser deposition offers the advantage of growing thin films from "stoichiometric" tar-

gets, or better, from a single target with a predefined composition to achieve stoichiometric

growth [67]. It is also possible to influence growth characteristics by e.g. increasing the

oxygen content of the target to counteract oxygen deficiencies in the final film. This in gen-

eral allows to grow multielemental materials such as ternary REMnO3, as in this work, or

more complicated systems like quaternary LaxCa1−xMnO3 [68] or LaxSr1−xMnO3 [69]. Fur-

thermore, it is possible to tune the composition by choosing appropriate background gases.

In contrast to methods such as MBE, PLD is not restricted to very low pressures. When

31
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growing oxides, the common background gas pressures are in the range of up to 5 × 10−1

mbar. Typically oxidizing background gases such as O2 or N2O are used to increase the

oxygen content in the final thin film as they often grow oxygen deficient in vacuum. Ex-

tensive research has been done on the influence of oxidizing backgrounds [70, 71, 72] and

on the origin of oxygen in thin films [73], showing that in particular N2O (compared to

O2) is beneficial due to the low bonding energy of the oxygen atom and therefore larger

amounts of reactive oxygen in the background. In this thesis, plasma analysis in varying

backgrounds has been performed for Lu, Lu2O5, LuMnO3, TbMnO3, and TmMnO3 targets

to investigate the changes in plasma evolution and composition during the ablation process.

The results are discussed in chapter 4. In the following, the setup used for pulsed laser

deposition as well as the ablation process and thin film growth are described.

3.1.1 Laser Systems

Excimer (from excited dimer) lasers were used for pulsed laser ablation in this work. The

mainly used laser is a KrF laser with a wavelength of 248 nm and a power of ca. 900

mJ per pulse. A second laser, in this case ArF, with typical energies per pulse of 800 mJ

at a wavelength of 193 nm was used for some measurements. A flat-top center part of

the beam was cut out with a mask which then was imaged onto the target using mirrors

and focusing optics. The spot size was typically in the range of ≈ 1 mm2 to get the best

compromise of a large plasma (large ablation area) and a high fluence (energy per area)

of up to 3.5 J/cm2. The longtime stabilities of the two lasers are different due to the use

of an improved electronics setup in the 248 nm laser and the lifetimes of the gases during

ablation. The 248 nm laser, the main laser used for growth, degraded in energy over the

course of 1 - 3 weeks, depending on the usage, while it was in the range of 1 - 5 days for the

193 nm laser. The optical setup used for the 248 nm laser for growth in the small chamber

are depicted in Fig. 3.1 a).

3.1.2 Vacuum Chambers

Two different vacuum chambers were used during this work, depending on the tasks that

had to be performed. One chamber was used for growing thin films, while the second one

is a UHV chamber for analytical purposes.
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Figure 3.1: a) Schematic view of the chamber. b) A photograph of the ablation process
showing the target, the plasma plume and the heated substrate. A photograph showing c)
the chamber and how the laser light enters as well as d) the optical table with two possible
beam paths in blue (for the small chamber) and green for the large chamber on another
optical table.

Growth chamber

The small growth chamber is shown in Fig. 3.1. It was constructed with the main purpose

of growing films utilizing different techniques. A stage for cylindrical targets is located in

the center of the chamber. During ablation the targets rotate and drive up and down to

guarantee a homogeneous ablation off a large area. The laser entrance window is located

at the lower right side under a 45◦ angle to the substrate holder on the right. In this

configuration a large window, also serving as the loading entry, is mounted perpendicular

to the plasma expansion direction allowing the measurement of optical plasma properties,

e.g. in plasma imaging. To the topleft from the target, a small gas pulse unit is mounted

where, in addition to a background gas, a gas pulse synchronized to the laser can be used to

increase the local concentration of oxidizing species in the plasma. The chamber is pumped

by a small rough pump (down to 2× 10−3 mbar) and a large turbomolecular pump (down

to 6× 10−7 mbar). During the ablation process the operating pressure was typically in the

range of 1× 10−3 to 5× 10−1 mbar O2 or, more often used, N2O.

The substrate holder contains a heating stage with the possibility to reach ≈ 900◦ C.

The sample was resistively heated by a small Si slab mounted directly at the back of
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the sample (described in more detail later, see also Fig. 3.3). As the substrates used

for the growth are insulating, an applied current flows through the Si slab heating it up

homogeneously. The temperature was measured by a pyrometer calibrated for Si emission.

The measurement was relatively accurate regarding the temperature of the heater as the

substrates are transparent. This also means that the substrate surface temperature is

slightly lower than the temperature measured by the pyrometer. All samples investigated

in this work were grown in this chamber.

Analysis chamber

Parts of the UHV analysis chamber (Fig. 3.2), namely the mass spectrometry were already

discussed in chapter 2.2. In contrast to the growth chamber, two different target systems

can be used in the analysis chamber. A bottom mounted "target-plate" can hold up to

five cylindrical targets of which one at a time can be driven up to the ablation position in

the center of the chamber. The laser-in window is on the top of the scheme in Fig. 3.2 b)

with a Langmuir probe located at 45◦ degrees counter-clockwise to the entrance and the

above-mentioned mass spectrometer shifted 45◦ clockwise. This composition allows for fast

shifting between different analysis methods. Additionally, for disc-shaped targets as well

as secondary ion mass spectrometry, a large manipulator is attached in the top center of

the chamber. It can be loaded from a load lock in the top-most position without having

to vent the whole chamber. Driven to the bottom position it can be either rotated in a

way that the attached target faces the mass spectrometer or in the exact opposite direction

were it is positioned instead of the mass spectrometer facing the cylindrical targets. The

latter position is used for pulsed laser deposition in this chamber. Comparable to the

growth chamber, the substrate can be heated to ca. 800◦ C. In this case a larger circular

Figure 3.2: a) Photograph and b) schematic view of the UHV analysis chamber.
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area of ≈ 1 inch diameter is heated by a ceramic element. The temperature is measured

with thermocouples directly integrated into the heating system. As described in section

2.3, similar to the small chamber, a big window is positioned perpendicular to the plasma

expansion direction for optical measurements.

In this work this chamber was used to investigate the plasma properties under different

growth conditions. The results are discussed in chapter 4.

3.2 Theory of Plasma Expansion

During pulsed laser deposition, the plasma and in particular what happens in the plasma

during the deposition is of high importance. Its characteristics are defined by the chosen

growth parameters and the plasma itself defines the growth of the film. Therefore, an

understanding of the theory of plasma expansion and the experimental observations is

necessary to establish and improve the desired film growth.

The plasma expansion can be divided into four stages shortly discussed in the follow-

ing [74]:

1. Laser - Solid Interaction; Plume Formation

The laser energy is absorbed in the material via different processes, including free-

carrier, lattice, or band absorption. Depending on the used laser energy this leads to

strong localized heating and/or bond breaking and formation of atomic and molec-

ular species. The wavelength of the laser can be chosen according to the material

properties, in order to increase absorption or favor specific dissociation processes in

the target. Due to the comparably large irradiation times (typically ≈ 20 ns for ex-

cimer lasers) thermal processes play a major role. A strong, fast, localized heating

occurs at and around the impact region leading to the ejection of target species in

an explosive manner [75, 76] with the highest kinetic energies perpendicular to the

target surface.

2. Laser - Plasma Interaction

The first species are ejected from the target while the laser pulse is still present. This

leads to an interaction between the plasma species and the laser, additionally to the

ablation of the target. Absorption occurring in the early plasma may lead to further

excitation of the species and to a shielding effect reducing the impinging energy on

the target at later times [77].
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3. Plasma Expansion

A model describing the plasma expansion, in particular at very early stages, is given

by Anisimov [78, 79]. The plasma expansion is subdivided into two distinct regimes.

At early times and/or high plasma densities (caused by large ablation rates from

the target), the interaction among plasma species is dominant leading to a thermal

equilibration and the formation of a dense plasma region, called the Knudsen layer [80,

81]. As a result the Maxwell-Boltzmann distribution is shifted. At later times or for

small plasma densities, the interaction between plasma species is negligible. In general

the plasma species are ejected isentropically in three dimensions forming an elliptical

shape due to different distributions of the kinetic energies with the largest along the

target surface normal.

4. Plasma - Background Interaction

The last phase becomes important when the amount of intra-plasma collisions be-

comes negligible due to plasma expansion. The species then interact with the back-

ground in which the plasma expands. In the case of a vacuum an adiabatic expansion

without significant interactions occurs leading to a principally constant movement of

the species due to mean-free paths in the range of several kilometers (at pressures

< 10−7 mbar). This is significantly different when background gases with pressures

> 10−3 mbar are used. In this case the mean free path can be reduced to millimeters

(≈ 10 mm at 10−2 mbar) leading to a large amount of collisions between plasma

species and the background gas on the way to the substrate (typical distances in the

range of 4 cm) forming a shockwave [82, 83, 84]. In this case, different processes,

including the re-excitation of plasma species, observable due to considerably larger

and longer-lived optical emissions, as well as chemical reactions occur. In particular

the oxidation of plasma species by the background gas (O2 and N2O) is of high im-

portance for the thin film growth. Often growing oxide thin films in vacuum leads to

non-stoichiometric, oxygen-deficient samples which can be counteracted by the use of

these oxidizing background gases at sufficient pressures (see chapter 4).

3.3 Thin Film Growth

When a substrate is introduced to the plasma, another set of interactions occurs. The

species, depending on, amongst other properties, their composition, their kinetic energies,
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the substrate material and surface, or the substrate temperature, interact differently with

the substrate [85]. They can be reflected, attach to the substrate, form agglomerates on

the surface or be re-sputtered again. Pulsed laser deposition has one particular difference

to other methods. Due to its pulsed nature the species typically arrive in a large amount

with long pauses in between. This results in a fast coverage followed by a re-arrangement of

the species on the film surface. Therefore, besides the other parameters, also the repetition

rate can influence the film growth. In general, the large amount of possible parameters

already shows, that it can become very difficult to find the correct settings for a good

crystalline growth. And in fact, the parameter space leading to highly crystalline single-

phase REMnO3 films is very narrow. Even when growing with the nominally optimal

parameters the yield of good films is only on the order of ≈ 30%.

Regarding the actual growth mechanism, three different possibilities are typical for thin

films [86].

1. Volmer - Weber, Island Growth

A strong interaction between the atoms leads to conglomerates and small islands on

the substrate surface. As a result, often domains remain in the final film originating

from the initial crystallization centers. While this does not have to be a disadvantage

in general, it often has drawbacks when investigating effects with long range order,

such as magnetism.

2. Frank - van der Merwe, Layer Growth

When the interaction between the plasma species and the substrate surpasses the

inter-species interactions, a layered growth is observed. In this case subsequently

deposited atoms preferentially fill lower layers before new ones are formed. As a

result, often (not generally a given) monocrystalline samples are grown, which is

advantageous for many applications.

3. Stransky - Krastanov, Mixed Layer and Island Growth

Often both above mentioned growth mechanisms are present. While in general full

layers of the deposited material are formed, it does not happen layer by layer but

by coalescence of islands. This typically leads to high quality thin films with often

higher surface roughnesses than for layer-by-layer growth.

The actual growth type of the REMnO3 thin films discussed in this work was not in-

vestigated. But the structural (and later magnetic) investigations show high crystallinity
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for the thin films with typically single-phase orthorhombic growth, indicating that indeed

a mechanism with a tendency towards single-crystalline growth has to be present.

3.3.1 The Substrate

As discussed before, the substrate is very important during the growth. Not only does

the temperature influence the behavior of deposited species, but due to the envisaged epi-

taxial growth, the crystal structure strongly influences the final orientation and structural

characteristics of the as-grown films. Table 3.1 summarizes the unit cell parameters of the

REMnO3 materials and substrates used during this work.

Crystal Unit Cell [Å]
Material Structure a b c

REMnO3

LuMnO3 Pbnm 5.20 5.79 7.30
TmMnO3 Pbnm 5.23 5.82 7.32
TbMnO3 Pbnm 5.30 5.86 7.40

Substrates
SrTiO3 Pm-3m 3.91 3.91 3.91
YAlO3 Pbnm 5.18 5.33 7.38
NdGaO3 Pbnm 5.43 5.50 7.71

Table 3.1: Unit cell parameters for substrates and REMnO3 used in this work.

It is obvious from the table that most of the materials have well matching unit cell

parameters at least along one axis. This allows to grow epitaxial thin films with varying

theoretical (and experimental) strain in different orientations. For example, a (110) grown

LuMnO3 film on (110) YAlO3 would have a +4.7% mismatch on the a-b-diagonal and

-1.1% on the c-axis. In the case of the cubic SrTiO3, the films do not grow along the

crystal axes, but they align along the diagonal (5.52 Å) of the substrate. This has the

disadvantage, that no preferential orientation exists as both diagonals of the substrate

have the same value. Furthermore, taking TbMnO3 as an example, both the a-axis (-5.5%)

and the b-axis (+5.5%) have a similar sized mismatch. This results in polycrystalline films

with pronounced grain growth. Furthermore, the properties of the substrate on its own are

important and might influence other measurements. For example, NdGaO3 has a strong

magnetic moment on the Nd sites which makes meaningful magnetic measurements difficult

or even impossible to perform.

The choice of the substrate allows to control the strain in the final thin film in order to
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see the influence on the film parameters. But due to the restrictions in crystallinity (poly-

crystalline films on SrTiO3) and the need to investigate magnetic properties (additional

magnetic moments from NdGaO3), YAlO3 in different orientations was the substrate of

choice for most experiments.

3.3.2 Growth Parameters

As mentioned before, a large amount of paramters influences the plasma and as a result

the growth of the film. For all of the REMnO3 targets the same set of parameters was used

(see chapter 4 for the explanation why this is possible). These parameters were deduced

from earlier experiments in the group and slightly modified by later experiences. The most

important ones are summarized in table 3.2.

Parameter Best value Possible range

Laser Fluence 3.0 J/cm2 ≈ 2.2− 3.5 J/cm2

Repetition Rate 5 Hz ≈ 2− 5 Hz
Laser Spot Size 1.8 mm2 ≈ 1.2− 2.5 mm2

Pressure 0.3 mbar ≈ 0.1− 0.5 mbar
Tar. - Sub. Distance 3.7 cm ≈ 3.5− 4.0 cm
Sub. Temperature 760 ◦ C ≈ 750− 790◦ C
Plasma - Sub. Angle 90◦ ≈ 85− 95◦

Film Thickness 50 nm ≈ 10− 200 nm
Sub. Size 5 x 10 mm2 up to 10 x 10 mm2

Table 3.2: Typical parameters used for PLD. The possible ranges indicate were growth
was observed, but often far from ideal.

This table gives a small overview of the typical values used to grow the films. The large

ranges in some cases do not indicate that good films were grown at every value, but that

it was sometimes possible to grow them, while the highest yield (≈ 30%) was achieved

at the optimal value. Not quantifiable but still largely important parameters include the

homogenity of the heating, the fluctuations in the laser fluence, or the precession of the

cylindrical target and the resulting oscillations of the plasma - substrate angle. While all of

them were optimized for every single growth, sometimes even seemingly perfect conditions

led to low quality films. Sometimes also the opposite was true with obviously bad conditions

such as temperature differences of 50+◦ C on the substrate resulting in very good films.

Often only the production of several films under exactly the same conditions led to a desired

thin film.

Another very problematic "parameter" is the substrate size. As one of the main purposes
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Figure 3.3: Photograph showing the heater with mounted Si and a substrate already
covered with Si from a) top view and b) from the side. c) The sideview is superposed by
a schmeatic drawing showing the anode and cathode (orange and yellow) as well as the
conductive and therefore heating Si (red). The Si and the substrate (blue) are clamped
(green) onto the heater.

of the thin films was the investigation by neutron diffraction, the total size, and in particular

the volume, had to be maximized. Being limited by the film thickness to ca. 100 nm

the sample area had to be as large as possible. Growing thicker films is possible, but

often the crystalline quality declined fast going above 100 nm (XRD measurements showed

increasing peak widths with constant or declining peak intensities compared to thinner

films). Large substrate sizes led to large inhomogeneities in the heat distribution due to

the used heater. As the substrate as well as the Si slab were clamped using a single screw

and a spacer per side (see Fig. 3.3 a)) a perfectly homogeneous contact pressure was not

guaranteed. Different spacer geometries were tried to improve the situation but in some

cases a preferential current path, caused by a better local contact lead to strong local

heating with small "hot spots" with up to 100◦ higher temperatures. Due to the narrower

samples this was less likely to happen for 5 x 10 mm2 samples. In Fig. 3.3 c) a schematic

view of the heater is shown. The insulating substrate together with a 0.38 mm thin Si

plate is clamped onto the heating element. A regulated current then flows through the

Si, heating it up by electrical resisitivity. The regions were the Si touches the heater were

cleaned before each deposition to guarantee a good conduction but often, already small

local differences in the pressure applied by the clamps led to preferred pathways of the

current flow resulting in regions with up to 100◦ C higher temperatures. Using 5 x 10 mm2

substrates the pressure most of the times was homogeneous enough to deliver a good heat

distribution. But in the case of 10 x 10 mm2 sized substrates the yield of homogeneously

heated samples declined considerably. The use of new clamps specifically made for this

purpose helped slightly but on the other hand reduced the area of the substrate exposed
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to the plasma. Furthermore, the small distance to the target resulted in inhomogeneous

thickness distributions of the thin films, with the thickest position in the middle and a

decline towards the edges. The differences in thickness were as large as 40%. To counteract

this problem, the sample was moved slightly off-axis (by ≈ 2.5 mm) so that the center of

the plasma was now aligned on the sample at three quarters of its width. Together with a

substrate rotation around the center this led to a ring-like position of the plasma averaged

over time. This way a fall-off of the film thickness towards the sides could be compensated

and the films showed a slight dip in the central region with in total considerably better

homogenity in the range of ca. 15%.

One challenging problem encountered during the film growth is attributed to the heater.

The heater body is made out of molybdenum due to its beneficial characteristics regarding

heat- and current transfer as well as stability in vacuum. In oxidizing atmosphere, MoO2

can form on the heater surface. Unfortunately, in Rutherford backscattering (RBS) [87]

measurements of some films grown on the heater, molybdenum contamination in the range

of up to 2.7 weight % were observed. The origin of this problem is not fully understood

but to diminish the possibility of an influence on the measurements, the samples discussed

in Chapters 5 and 6 did not show measurable amounts of Mo in the RBS measurements.

3.4 Structure Analysis

To have a fast and comparably accurate first estimation of the film quality, the structure was

analyzed by x-ray diffraction on a Siemens D500 powder diffraction system. This allowed

to easily investigate out-of-plane peaks but in-plane peaks were not accessible directly.

Figure 3.4: a) XRD scans of two (100) TbMnO3 thin films grown on (100) YAlO3 sub-
strates under identical conditions. The inset shows the respective omega scans. b) TbMnO3

thin film on (110) with a large amount of different crystalline domains.
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Figure 3.5: a) X-ray diffractogram of a (110) LuMnO3 thin film on a (110) YAlO3 sub-
strate. The inset shows the omega scan of the film peak. b) Zoom-in on the film peak
showing the Laue oscillations around the LuMnO3 film peak.

The ability to investigate the out-of-plane peaks was sufficient for a first overview of the

crystalline quality. Fig. 3.4 a) and 3.5 a) show a 80 nm thin TbMnO3 film on a (100)

oriented YAlO3 substrate and a 90 nm thin (110) oriented LuMnO3 film on (110) YAlO3.

Both graphs show thin films of very high crystalline quality as observed by the appearance

of the contributions from the Kα1 and Kα2 lines in case of the TbMnO3 thin films. The

omega scans of these films are at the resolution limit of the x-ray diffraction setup, showing

FWHMs of < 0.06◦. Furthermore, so-called Laue oscillations around the thin film peak

(shown for LuMnO3 in Fig. 3.5 b) were observed. The oscillations are an interference effect,

defined by the number of coherently structured layers. This so-called coherence thickness

can be then calculated by:

D =
λ

2 · (sin θm − sin θm+1)
(3.1)

where λ is the wavelength of the XRD, and θm and θm+1 are the angles of consecutive

Figure 3.6: Unit cell parameters of TbMnO3 thin films grown on SrTiO3 with different
thicknesses. [54]
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maxima of the fringes. In the case of the 90 nm thin LuMnO3 film, the coherence thickness

is only ≈ 69 nm. This is easily explained when considering the strain in the films and in

particular the relaxation for larger distances to the substrate. This has been investigated by

Daumont, et al. [53, 54] with differently thick TbMnO3 films on SrTiO3 substrates. Their

findings are shown in Fig. 3.6. These measurements show that the film initially adopts the

unit cell parameters of the substrate material but the induced strain relaxes very fast for

thicker films. At a 30 nm thickness the unit cell parameters are nearly at the bulk val-

ues. This "multilayered" structure showing an unstrained "bulk" region with an interface

region of different crystallinity is confirmed by Yi Hu, et al. using Rutherford backscat-

tering in ion channeling mode [88, 89]. The bulk of the sample, where the ions observe a

strong channeling effect, has a similar thickness to the coherent thickness observed in x-ray

diffraction while additional layers with larger amounts of backscattered ions are observed

at the surface and interface. For later measurements this means that an unknown influence

of the stronger strained interface region is possible. This is proven in the investigation of

the magnetism shown in chapter 6.

As mentioned before, most of the films do not show such a good crystalline quality as

presented by the red curve in Fig. 3.4 a). While the growth conditions for both films were

identical, the resulting out-of-plane intensities of the film peaks differ by nearly one order of

magnitude. In Fig. 3.4 b) a thin film grown under similar conditions without any preferred

orientation is shown. In this case the growth did not led to a uniform monocrystalline

film, but to an agglomeration of crystallites in various orientations. Therefore, a good

understanding of the growth parameters and in particular of the plasma is necessary to

comprehend the influence on the film growth. Investigation of the plasma composition and

its evolution in time and space is discussed in the following chapter.





Chapter 4

Plasma Analysis

As mentioned before, the yield of good films, even at nominally correct parameters, is in

the range of 30 % or lower for larger substrates. The film growth is largely dependent on

the plasma parameters including the background gas, its pressure, the laser fluence and

resulting kinetic energies and composition in the plasma, or the plasma direction.

The oxygen content of the thin films strongly influences its properties. Deficiencies tend

to lead to large changes in the electric properties typically increasing the conductivity of

the initially insulating films. Furthermore, a wrong stoichiometry can induce changes in

the crystal structure and therefore, change in the multiferroic properties due to their strong

correlations to the structure. Schneider, et al. [73] have shown that some of the oxygen

in the thin film can be provided by the substrate, but the predominant amount has to be

delivered by the plasma, or if insufficient, by the background gas. It was shown before,

that in general oxidizing background gases lead to an increase of oxygen in the thin films.

In this chapter the laser-induced plasma interaction with the background is investigated

mainly concentrating on the changes in plasma plume composition and the evolution of

plasma species in different oxidizing backgrounds of O2 and N2O. The species arriving at

the substrate position are detected by a mass spectrometer while the time-resolved behavior

is investigated simultaneously by either optical emission spectroscopy or spectrally resolved

plasma imaging.1

1This chapter is summarized in the following publications:

M. Bator, et al. Composition and species evolution in a laser-induced LuMnO3 plasma, Applied Surface

Science 258 (23), 9355-9358 (2012)

M. Bator, et al., Oxidation of laser-induced plasma species in different background conditions, Applied

Surface Science, (2013) published online (http://dx.doi.org/10.1016/j.apsusc.2013.01.128)

45
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4.1 Targets

The pressed and sintered REMnO3 targets have been prepared at the PSI. They are cylin-

drical in order to be used in all of the available chambers (see chapter 3). While the targets

typically have a very homogeneous cylindrical shape, sometimes variations in the thickness

may occur. These deviations from a cylinder result in spatial oscillations in the plasma

during the target rotation, which can be observed in plasma imaging and furthermore, also

in the signal detected by mass spectrometry. This can be reduced by limiting the ablated

area to a region with roughly homogeneous widths and by increasing the rotation speeds

of the target during the measurements. The latter reduces in particular the distances be-

tween maxima in an energy curve in mass spectrometry (see section 4.2) making it easier

to distinguish between real and target shape-induced maxima.

The other targets for the investigation of Lu oxidation were of different shape. For the Lu

metal target two bulk pieces of irregular shape were available. The bigger one was ground

and polished to have two parallel planes. It was therefore possible to attach it to a sample

holder with a flat top surface (see Fig. 4.1 left), making it effectively a "disc" target. The

Lu2O3 target (Fig. 4.1 center) was pressed and sintered into a disc. It was later polished to

remove surface impurities and to make the surface in general smoother for more controlled

conditions during plasma ablation.

Figure 4.1: a) The three Lu containing targets from left to right: Lu, Lu2O3, and LuMnO3.
b) Non-perfect cylindrical TiO2 target.
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4.2 Plasma Mass Spectrometry

Plasma mass spectrometry was performed using the smallest nozzle (see Chapter 2.2) for

all measurements ranging from vacuum to 5× 10−2 mbar to guarantee consistency for the

measured intensities. The various combinations of targets and background gases during two

measurement runs are summarized in table 4.1. In the first run, mass spectrometry was

used together with emission spectroscopy on a LuMnO3, a TbMnO3, and a TmMnO3 target

at different laser fluences ranging from 2 to 4 J/cm2 under different background conditions.

A second measurement run was performed with a constant fluence of ≈ 3.5 J/cm2 under

five different background conditions on three targets: Lu, Lu2O3, and LuMnO3.

In these measurements plasma mass spectrometry is used to have a reliable quantitative

measurement of the species arriving at the mass spectrometer, respectively the substrate

during thin film growth. Positively and negatively ionized species are detected with a high

accuracy, while the actual amount of neutral species cannot be determined accurately and

the real value is always larger than the measured one . As neutral species such as LuO are

measured by positively and negatively ionizing them (in two separate measurements) the

graphs always show the higher value of both measurements as it should be nearer to the

real value.

Mass spectra for the Lu, Lu2O3, and LuMnO3 in vacuum as well as 1.5×10−3 and 5×10−2

mbar N2O atmosphere are presented in Fig. 4.2. The three columns show the measurements

from the tree different materials, while the rows show the increasing background pressures

from the top down. In these measurements no O2 amounts were investigated, they will

be discussed in more detail for the other measurement run. The three different colors,

blue, green and red represent the different ionization states, negative, neutral and positive,

respectively. While the green bars are drawn at the correct, measured mass position, the

Target Vacuum(≈ 5× 10−8 mbar) O2( 5× 10−2 mbar) N2O (5× 10−2 mbar)

LuMnO3 2, 3, and 4 J/cm2 3 and 4 J/cm2 3 and 4 J/cm2

TbMnO3 2, 3, and 4 J/cm2 3 and 4 J/cm2 3 and 4 J/cm2

TmMnO3 2, 3, and 4 J/cm2 — 3 and 4 J/cm2

Target Vacuum O2 N2O

Lu ≈ 5× 10−8 mbar 1.5× 10−3 / 5× 10−2 mbar 1.5× 10−3 / 5× 10−2 mbar
Lu2O3 ≈ 5× 10−8 mbar 1.5× 10−3 / 5× 10−2 mbar 1.5× 10−3 / 5× 10−2 mbar

LuMnO3 ≈ 5× 10−8 mbar 1.5× 10−3 / 5× 10−2 mbar 1.5× 10−3 / 5× 10−2 mbar

Table 4.1: Top: Conditions for the first run of mass spectrometry and optical emission
spectroscopy measurements. Bottom: Conditions for the second run of mass spectrometry
and spectrally resolved plasma imaging measurements at a fluence of ≈ 3.5 J/cm2.
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blue (-1.5 amu) and red bars (+1.5 amu) are shifted slightly for visibility purposes. The

species of all ionization states were measured at the same mass.

The first important thing observed is the oxygen measured in vacuum when using the Lu

target. Judging from the deposition parameters, no oxygen should be present, or at least not

in these amounts. Residual gas measurements show oxygen in the range of < 10−4 counts

for a background pressure of ca. 5×10−8 mbar (not shown here), which is, depending on the

ionization state, one to three orders of magnitude smaller than the measured amounts. This

is a clear indication that the Lu target was in fact containing oxygen in small amounts. A

comparison to the Lu2O3 target in the center of the top row shows a large increase of ca. two

orders of magnitude in the oxygen signals. Judging only from these numbers the amount

of oxygen contamination can be estimated to a small single digit percentage. Furthermore,

due to the comparably large ablation rates observed during these measurements it can be

assumed, that this was not a surface contamination, in particular as the sample was ground

and polished as described before. A schematic view of the species evolution in vacuum is

shown in Fig. 4.3. The species ejected from the target mostly comprise of Lu, O, and small

Figure 4.2: Mass spectrometry results from a Lu (first column), a Lu2O3 (second column)
and a LuMnO3 target (third column in vacuum (first row), 1.5× 10−3 mbar (second row)
and 5× 10−2 mbar N2O.
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Figure 4.3: Schematic species evolution in vacuum. No changes in composition occur
during the travel from the target to the mass spectrometer.

amounts of LuO and LuO2. This composition does not change on the way to the mass

spectrometer as nearly no interactions occur.

Dependence on the background pressure

In the topmost spectrum of the first column of Fig. 4.2 it is observed, that the amount of

oxidized LuO− and LuO is ca. three orders of magnitude smaller than Lu and Lu+. The

ratio of LuO+ to Lu+ is 1:400000. Similar, the amounts of LuO2 are even smaller by factors

of 2-10 with LuO+
2 not being observed at all.

Increasing the background pressure to 1.5 × 10−3 mbar N2O, leads to drastic changes

in the measured oxygen signal. For all three targets the amount of negatively ionized and

neutral oxygen increases, while positively ionized oxygen is detected less. This is particulary

true for the Lu target, again indicating that the oxygen amount is very low. The mean

free path at this pressure is ca. 50-100 mm resulting in a non-zero amount of collisions of

plasma species with the background gas when moving towards the mass spectrometer (for

comparison: at 1×10−8 mbar, the mean free path is in the range of 10 km). While the total

amount of oxygen increases, due to the increase of the total amount of N2O, the amount

of positively ionized oxygen decreases due to electron capturing processes in collisions as

the electron affinity of elemental oxygen of 1.46 eV is comparably high. This also indicates

that the main source of positively ionized oxygen is the target and not the background

gas. Furthermore, the increase of collisions leads to a shift of the observed species from Lu

to LuO and LuO2 species. The changes of the species evolution compared to vacuum are

schematically shown in Fig. 4.4. While the initial composition is the same as in vacuum,

the occurring collisions in background gas lead to chemical reactions between the plasma



50 4. Plasma Analysis

Figure 4.4: Schematic species evolution in oxidizing background gas. The initial plasma
composition at the target is the same as in vacuum, but collisions with background gas
species lead to oxidation of the Lu atoms and therefore higher amounts of LuO and LuO2

at the mass spectrometer.

species and the background, therefore increasing the amounts of LuO and LuO2 detected

at the mass spectrometer.

In table 4.2 and Fig. 4.5 the changes in measured amounts as a function of the background

gas are shown for the Lu2O3 target. The basis is always the value measured in vacuum. The

two general trends described above are clearly observed. With increasing background gas

the amounts of negatively ionized and neutral oxygen increase considerably while nearly

all of the positively ionized oxygen is gone at 5× 10−2 mbar N2O. The amount of metallic

Lu species decreases by 40% for the neutral Lu and 10% for the positively ionizied Lu+ at

a pressure of 1.5×10−3 mbar N2O up to 60% and 30%, respectively at 5×10−2 mbar N2O.

This reduction is not related to a decrease of species arriving at the mass spectrometer, as

can be seen when looking at the numbers of oxidized Lu species. The amounts of lutetium

oxides increase by 130%, 230%, and even 3000% for LuO−, LuO and LuO+, respectively

at the intermediate N2O pressure of 1.5× 10−3 mbar. Interestingly, the amounts of LuO2

species do not increase, but decrease slightly. It has to be mentioned, that these values

are near the minimum value detectable by the system, 1× 103 counts, and therefore these

are basically fluctuations around the detection limit. Still, it is possible that in such a

comparably low background pressure, the balance between LuO2 and LuO or Lu and O

might be in favor of the latter species. Collisions are still sparse and might lead to a

preferred splitting of the LuO2. Comparing the values of oxidized Lu at 5 × 10−2 mbar
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Figure 4.5: Pressure-dependent evolution of a) lutetium and oxygen as well as b) LuOx

species in laser ablated plasmas from a Lu target.

N2O to vacuum, it is observed, and clearly visible in Fig. 4.5, that the equilibrium is now

strongly shifted towards LuO and LuO2. For negative, neutral and positive LuO increases

of 3700%, 24000% and 200000% are observed, while LuO2 increased by 3800%, and 530%

with no percentage given for LuO+
2 as it was not observed in vacuum and the intermediate

N2O pressure.

The large increase of in particular positively oxidized metal-oxide species is partially

explained by their very low, or, in the case of LuO+
2 , non-existent amounts in vacuum. The

measurements show that while LuO+ in fact has the largest total amount, it is roughly 5

times larger compared to LuO−. All three ionization states contribute to the total signal.

The amount of LuO species observed at 5×10−2 mbar N2O is of the same order of magnitude

of metallic Lu, showing the oxidation of the metal in the background. Similar to LuO, the

Background/
Ionization O Lu LuO LuO2

Vacuum
negative 4.76× 106 0 8.70× 104 2.70× 104

neutral 1.42× 107 5.99× 106 8.00× 103 1.00× 104

positive 6.28× 107 3.23× 107 9.00× 103 0

1.5 × 10−3

negative 1.61× 107 +240% 0 — 2.00× 105 +130% 2.20× 104 -20%
neutral 2.27× 107 +60% 4.76× 106 -40% 2.60× 104 +230% 2.00× 103 -80%
positive 9.07× 106 -90% 2.98× 107 -10% 2.76× 105 +3000% 0 —

5 × 10−2

negative 4.01× 107 +750% 0 — 3.34× 106 +3700% 1.06× 106 +3800%
neutral 3.44× 107 +150% 2.25× 106 -60% 1.95× 106 +24000% 6.30× 104 +530%
positive 3.87× 105 -99% 2.27× 107 -30% 1.80× 107 +200000% 1.85× 105 —

Table 4.2: Evolution of the measured amounts of species from a Lu2O3 target with in-
creasing N2O pressure.
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Figure 4.6: Pressure-dependent evolution of a) lutetium, manganese, and oxygen, b)
LuOx species, and c) MnOx species in laser ablated plasmas from a LuMnO3 target.

amounts of the differently ionized LuO2 species are within one order of magnitude, but in

this case LuO−2 has the largest contribution. The total amount of LuO2 species is about

20 times smaller than LuO, which is the main contributer of oxygen. In general, it can be

said, that neglecting the negatively ionized species, introduces a considerable error in the

total amounts of available species, contributing to the thin film growth.

The observations for the LuMnO3 target are shown in table 4.3 and Fig. 4.6. Comparing

the values for oxygen, lutetium and the lutetium-oxides, no striking differences are observed

and all the species generally behave very similar. Stronger deviations are observed in the

evolution of Mn and its oxidized species. Comparing Fig. 4.6 b) and c) in particular the

lack of a strong increase in the signal of the single-oxidized metals is interesting. Both,

MnO− and MnO show a roughly linear dependence on the background pressure, with only

LuO+ having a larger jump in the measured intensity. The intensity of MnO−2 shows an

interesting dependence on the pressure as it is observed with 1.68×105 counts at 1.5×10−3

mbar N2O but decreases to 6.1×104 at higher pressures. These still very low numbers could

mean that competing processes favor the creation of MnO species. The constant, small

amount of neutral MnO2 further agrees with this scenario. MnO−3 is the only observed

ionization state of MnO3 and stays constant over the whole pressure range. This again

indicates the preferential formation of single-oxidized manganese species. Comparing the

total amounts of oxidized Lu and Mn detected, the former seems to have a larger influence

on the amount of oxygen incorporated in the final thin films.

The efficiency of oxidation increases drastically when increasing the pressure from < 10−2

to larger values. It has been shown by J. Chen, et al. [90], that a strong increase in the ratio

of metal-oxide to metal species is observed above≈ 6×10−3 mbar. In this pressure range the
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Background/
Ionization O Lu LuO LuO2

Vacuum
negative 2.90× 106 0 2.10× 104 3.00× 104

neutral 1.18× 107 3.35× 106 1.40× 104 3.00× 103

positive 6.85× 107 2.95× 107 7.00× 103 0

1.5 × 10−3

negative 2.77× 107 +850% 0 — 8.70× 104 +300% 4.60× 104 +50%
neutral 2.26× 107 +90% 2.46× 106 -30% 2.60× 104 +90% 1.00× 103 -70%
positive 4.39× 106 -94% 2.32× 107 -20% 4.19× 105 +6000% 0 —

5 × 10−2

negative 2.72× 107 +850% 0 — 2.35× 106 +11000% 1.31× 106 +4000%
neutral 2.88× 107 +150% 3.84× 105 -90% 7.87× 105 +5500% 7.20× 104 +2300%
positive 8.70× 105 -99% 4.33× 106 -85% 8.98× 106 +130000% 7.4× 105 —

Mn MnO MnO2 MnO3

Vacuum
negative 0 1.10× 104 0 3.00× 103

neutral 9.19× 106 1.00× 103 2.00× 103 0
positive 6.98× 107 0 0 0

1.5 × 10−3

negative 0 — 1.65× 105 +1400% 1.68× 105 — 6.00× 103 +100%
neutral 3.00× 106 -70% 1.80× 104 +1700% 1.00× 103 -50% 0 —
positive 1.22× 107 -80% 1.00× 103 — 0 — 0 —

5 × 10−2

negative 0 — 9.30× 105 +8500% 6.10× 104 — 5.00× 103 +70%
neutral 1.54× 105 -98% 4.20× 104 +4100% 3.00× 103 +50% 0 —
positive 2.61× 106 -96% 2.15× 105 — 0 — 0 —

Table 4.3: Evolution of the measured amounts of species from a LuMnO3 target with
increasing N2O pressure.

mean free path becomes≈ 20 mm and therefore smaller than the target - substrate distance,

considerably increasing the amount of collisions. From XRD measurements as well as from

Rutherford backscattering [87], it is known, that the best films are grown at pressures up to

3×10−1 mbar (which were not reachable in these experiments due to restrictions of the laser

spot size and resulting plasma size). Considering the mass spectrometry measurements so

far, this means that an as high as possible amount of oxygen in the form of MEOx is

desirable for good crystalline qualities.

Dependence on the background gas

In the next section the influence of the type of background gas on the oxidation of the species

will be investigated. Usually in PLD of oxides, oxygen is used as the background gas. N2O
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Figure 4.7: Mass spectra from a LuMnO3 target in vacuum, N2O and O2.

or in particular O3 are not so often applied choices. The reason for using alternatives is

the often higher amount of oxidized plasma species compared to O2 background. This can

be explained by the larger amount of elemental oxygen in the background due to the lower

binding energy of oxygen to the N2 (1.67 eV) compared to O2 (5.16 eV). In Figure 4.8

the mass spectra in vacuum as well as in 1.5 × 10−3 and 5 × 10−2 mbar N2O and O2 are

compared.

Figure 4.8: Mass spectra from a Lu target under the
five different background gases and pressures.

In total both background gases

give very similar results with

slightly higher relative amounts

of LuO2 species for oxygen and

slightly more LuO species for

N2O. This is a behavior gen-

erally observed when comparing

these two background gases [91,

92, 93]. N2O will result in larger

amounts of elemental oxygen in

the background, while O2 typi-

cally is present in its initial form,

although the total amounts of

available oxygen is larger for O2

than N2O at the same pressure.

The higher dissociation energy of

the latter means that during col-

lisions often the O2 molecule is attached as-is to a metal atom resulting in a metal-dioxide

instead of a metal-oxide.
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In a different measurement run, three different REMnO3 targets with RE=Tb, Tm, and

Lu were investigated (see table 4.2) in vacuum as well as ≈ 7 − 8 × 10−2 mbar O2 and

N2O. These measurements were performed slightly different. During the investigation of

the different Lu-containing targets, the total mass amounts were calculated by integrating

energy spectra for the respective masses, resulting in a single value for the amount at the

specific mass. For the measurement run with the three different REMnO3 targets, an initial

scan was done to investigate the energy distribution, followed by a mass scan at the energy

with the maximum intensity. Therefore, these scans can show slightly different and, due

to measurement method, in total smaller values, than the measurements described before.

Still the scans are comparable amongst each other and are used as such.

The results for the LuMnO3 target in dependence on the background gas are shown in

Fig. 4.7 (please note, again the spectra of negatively and positively ionized species are

shifted -1.5 amu and +1.5 amu, respectively to increase readability). Similar to what

was observed before, a strong increase of, in particular, MeO species is observed for both

background gases accompanied by a decrease of the Lu and Mn signals. Furthermore, it is

noteworthy to mention the different MnO and MnO2 ratios. For the N2O background the

MnO+ signal is ten times larger than the amount of MnO−, the opposite is the case for the

O2 background. Furthermore, the MnO+/MnO+
2 ratio is ca. 200:1 in N2O and ≈ 2:1 in O2.

A similar trend is observed for the MnO−/MnO−2 ratio, it is 1:4 in N2O and 1:10 in O2.

The explanation has been given before and is directly observable in these measurements:

The total amounts of detected O and O2 differ significantly between the two gases with a

surplus of the latter in the case of an O2 background. Additionally N2O, N2, NO, NO2,

and N2O2 are observed in a N2O background.

Influence of the Laser Fluence

In this measurement run the plasma was further investigated in dependence on the laser

fluence. Three typical values used for film growth, 2, 3 and 4 J/cm2, were used in vacuum

and 3 and 4 J/cm2 in the background gases due to a too small plasma for lower laser

fluences, where considerably lower amounts of species from the target reached the mass

spectrometer. The three spectra for the vacuum measurements are shown in Fig. 4.9. In

the case of 2 J/cm2 a lot of additional peaks are observed in the range between 16 and 48

amu. This is related to carbon contamination on the target surface. The additional peaks

appear in only in the very first measurement on this target but unfortunately, this was not

recognized during the measurement and therefore it was not repeated. The Lu and Mn
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Figure 4.9: Mass spectra from a LuMnO3 target for a) 2 J/cm2, b) 3J/cm2, and c) 4
J/cm2.

species as well as their respective oxides are slightly increasing with increasing fluence, due

to the larger amount of species ejected from the target. Interestingly no significant changes

in ratios are observed for the metals and metal-oxides meaning that the composition of

the plasma is mainly independent of the fluence in the range ≥ 2 J/cm2. From this point

of view the fluence can be chosen as required by the pressure and/or laser spot size to

guarantee that enough species reach the substrate. Furthermore, it has been shown by S.

Canulescu, et al. [94], that film growth benefits when the plasma "touches" the substrate,

i.e. when the substrate is mounted within the visible plasma.

Dependence on the REMnO3 targets

As mentioned before, one of the measurement runs consisted of measurements on three

different REMnO3 targets with RE=Tb, Tm, and Lu. The measurements compared here

were performed with a laser fluence of 4 J/cm2. The N2O background pressure was fixed

at 6 × 10−2 mbar for the TbMnO3 and TmMnO3 targets and at ≈ 8 − 9 × 10−2 mbar for

the LuMnO3 target. The results are shown in Fig. 4.10. Concentrating on the region up

to 60 amu larger amounts of all species are observed for the LuMnO3 target due to the

higher background pressure. Still, the other two targets show nearly identical distributions

with slightly lower values for TmMnO3. This might be caused by small fluctuations in

the background pressure as unfortunately one of the rough pumps had a slightly fluctu-

ating pumping strength which directly influenced the gas pressure in the chamber under

these background conditions. The pressure was manually counter-controlled, but sometimes

changes between 4 - 7× 10−2 mbar could not be prevented.

The Mn and MnOx species are located in the region between a mass of 55 (Mn) and 103

(MnO3). For all three targets the total amounts and in particular the relative distributions
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Figure 4.10: Mass spectra from a) LuMnO3, b) TbMnO3 and c) TmMnO3 targets in
≈ 4− 8× 10−2 mbar N2O.

are very comparable. The higher background pressure for the LuMnO3 results in a factor

of 4 higher MnO−2 and MnO−3 amounts, while the amount of MnO+ is roughly constant.

A peak of negatively ionized species is observed at 60 amu which can be attributed to

N2O2
−. Interestingly it is smaller by one order of magnitude for the LuMnO3 measurements

performed at higher background pressures, agreeing well with the assumption that it is

fairly unstable and is dissolved due to the larger amount of collisions. The third group

contains the peaks from the rare-earth metals and their respective oxides. Again, no large

differences are observed for the TbMnO3 and TmMnO3 measurements, while LuO−2 , LuO
+
2 ,

and LuO−3 are slightly higher than their counterparts. The ionization states of the MEOx

species not shown here, were not investigated.

The relative and absolute metal and metal-oxide distributions seem to be independent of

the actual material used. This is in particular helpful when searching for growth parameters

of a material not investigated before, as typical values, proven beneficial for other targets,

can be used as good starting points. This is confirmed by the observations during actual

film growth were the same parameters have been successfully applied for the growth of

REMnO3 with RE = Tb, Tm, Lu, and Ho.

4.3 Optical Plasma Investigation

In addition to the mass spectrometry experiments, measurements of the optical plasma

emission have been performed. These investigations allow to observe changes in the plasma

composition, as seen in mass spectrometry, and relate them in a time and space resolved

experiment. Furthermore, the influence of the plasma shape and orientation on the mea-

sured amounts is observed. As mentioned before, the quality of grown films increases when
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Figure 4.11: Photographs of TbMnO3 plasma at the following pressures (from left to
right): 2× 10−7, 2.4× 10−5, 1.6× 10−4, 1.4× 10−3, and 1.2× 10−1 mbar N2O.

the plasma "reaches" the substrate, i.e. when the plasma arrives at the substrate with

still a high amount of excited species [94]. When evaluating results from optical emission

investigations, it is no longer possible to make absolute quantitative statements as not all

of the species are observed. Only species in excited states contribute to the measured signal

making the evaluation more complicated than in mass spectrometry.

Fig. 4.11 depicts the plasma from a TbMnO3 target at five different N2O pressures. From

left to right the pressure increases from 2× 10−7 to 2.4× 10−5 to 1.6× 10−4 to 1.4× 10−3

and finally to 1.2 × 10−1 mbar.The photos were taken with a DSLR firmly attached to

the optical table in a raw data format to preserve as much information as possible. All

photos are taken with the exact same settings for aperture, exposure and focal length. The

color temperature was adjusted identically for all photos in post-processing to match the

real colors as well as possible. While the two lowest pressures show no real difference, the

emission starts to change in the 10−4 range. The color changes from a deep to a lighter

blue and a larger volume is illuminated. The differences increase when going to even higher

pressures. At 1.4× 10−3 mbar the central region of the plasma is significantly brighter and

the light in general is less diffuse. Further increasing the background pressure leads to a

pear shaped plasma plume with a strongly defined emitting region. It can be also observed

that the plasma species no longer reach the mass spectrometer nozzle on the right side of

the photo.

The reason for the change in emission lies in the interaction of the plasma species with the

background. While the lifetimes of the excited states are often in the range of nanoseconds

and the emission disappears nearly completely after a few centimeters, collisions with the

background gas lead to re-excitation as well as reactions, forming new molecules as observed

in the mass spectrometry measurements. Therefore, taking only the optical emission data,

the information gained is somewhat limited due to unknown factors. But combining these

measurements with quantitative investigation, such as mass spectrometry is beneficial due
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to the complementary observations. While mass spectrometry gives the initial (measure-

ments in vacuum) and end state (measurements in background gas), the optical methods

give details about the time starting with the ejection of species from the target until they

arrive at the mass spectrometer or substrate as well as about the composition s a function

of the position in the plasma.

Lifetimes

In order to correctly relate changes in relative intensities to a change in relative amounts,

the influence of the excited-state species lifetimes has to be estimated. If the lifetimes of

a metal and its metal-oxide would differ significantly a change in relative intensities over

time could be due to different lifetimes. While research has been performed on radiative

lifetimes of excited state metal species, often no information is available for molecules.

Rough estimations if either the metal or the metal-oxide have lifetimes by far surpassing

the other can be made from intensity evolution over time in vacuum measurements.

Fig. 4.12 shows intensity curves for a Lu I (neutral Lu) line and a LuO line used in later

investigations. All curves show similar lifetimes and the calculated values can be found in

table 4.4. These lifetimes are taken from measurements in vacuum to reduce the influence

of re-excited species which would increase the effective lifetimes. Still it is possible that

plasma species collide with each other or with residual gas in the background. Furthermore,

Figure 4.12: a) Intensities of a Lu I and a LuO line in vacuum from the Lu, Lu2O3, and
LuMnO3 targets. b) LuO, Mn I and MnO lifetimes from the LuMnO3 target measured by
emission spectroscopy.
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Target Lu I 499 nm LuO 518.5 nm MnI 525.5 nm MnO 515.5 nm
From plasma imaging

Lu 150 ns 275 ns — —
Lu2O3 145 ns 310 ns — —

LuMnO3 160 ns 260 ns — —
From emission spectroscopy

LuMnO3 — 190 ns 175 ns 180 ns

Table 4.4: Evolution of the measured amounts of species from a Lu2O3 target with in-
creasing N2O pressure. Mn species were not investigated in plasma imaging and 499 nm
was not in the measured range in emission spectroscopy.

emission in the UV range can lead to re-excitation of plasma species. Therefore, these

numbers represent upper limits for the radiative lifetimes. The values for Lu I (ca. 150 ns)

and LuO (ca. 280 ns) are very similar with a factor of 2 larger lifetimes for the metal-

oxide. This means that a comparison in relative intensities on the typical timescales of our

experiments in the range of 2-10 µs should not be influenced by the lifetimes, in particular

when increases due to re-excitation or chemical reactions are considered and proven to be

existent by mass spectrometry. In the case of manganese, the lifetimes again are small

relative to the measurement time, indicating good comparability of the investigated lines.

In general the observed lifetimes are all in the same ranges as observed in literature [95, 96],

although very often no data is available for the exact same lines. In particular data for

metal-oxides is very scarce.

4.3.1 Emission Spectroscopy

In this experiment the emissions from excited state species in a certain spatial region (in

this case a line along the plasma expansion direction in the center of the plasma plume),

are spectrally resolved and investigated. It offers the possibility, depending on the chosen

grid, to either make overview scans, e.g. by chosing a grid with a low line density (covering

up to a few 100 nm spectrally) and a large gate width (= exposure time) or spectrally

very well resolved time-dependent measurements using e.g. a grid with 1800 lines per inch

and measuring with a gate width < 100 ns. In the latter case, the spectra are spatially

constricted (on the y-axis, i.e. in expansion direction) showing emission only over a small

part of the y scale, depending on the delay time between the laser pulse and the starting

time of the image.

Mass spectrometry has shown nearly no influence of the laser fluence on the plasma

composition. The total amount of species detected increased but no changes in relative
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Figure 4.13: Emission spectra from a LuMnO3 target in vacuum at three different fluences.
From top to bottom: 2 J/cm2, 3 J/cm2, and 4 J/cm2.

amounts were observed. Fig. 4.13 shows three 2D spectra recorded for measurements in

vacuum at laser fluences of 2, 3 and 4 J/cm2. The delay time was ca. 500 ns with a gate

width of 50 ns and the intensities are shown as measured. These measurements were done

simultaneously to the respective mass spectrometry investigatons. They decrease evenly

with decreasing fluence with the only exception being a line of long lived Lu species at

513.5 nm that shows a slightly smaller reduction in intensity. The relative intensities of the

other observed lines stay constant independent of the laser fluence. This agrees well with

the observations in mass spectrometry.

Figure 4.14: Line spectra taken for a de-
lay time of 150 ns and gatewidth of 50 ns,
2 mm in front of the target. the results are
shifted by 0.3× 106 for better readability.

Instead of the two-dimensional representa-

tion of the spectra it is possible to take out

a single line from the spectrum and investigate

the relative intensities at a specific delay time

and a set distance to the target. Such a rep-

resentation is chosen in Fig. 4.14 to show the

spectra in a distance of 2 mm to the target at a

very early stage of ca. 150 ns after the laser im-

pact for three different background conditions.

The spectra for vacuum, 6×10−2 mbar O2, and

8× 10−2 mbar N2O are shifted on the intensity

scale by 0.3× 106 to make them easier to com-

pare. The vacuum measurement has been per-

formed with slightly wider slits and was scaled
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down in intensity to match the other measurements. It is observed, that differences be-

tween the two background gases are very minor. Interestingly, the spectrum for vacuum

looks very similar with slightly different intensities e.g. at 515 - 516 nm (MnO lines) or

521 nm (O II).

Using spectra at different delay times and varying distances to the target, changes in the

plasma composition are investigated. Spectra taken 100 ns after the impact at a distance

of 1 mm to the target are shown in Fig. 4.15 a). Again, the intensities are adjusted due to

the wider slits during the vacuum measurement (black curve). As second consequence, the

resolution is lower than for the N2O measurement (red curve), leading to an "enveloping"

effect of the black curve. At this early time in the plasma evolution both spectra look very

similar. The relative intensities are nearly identical and no peak is considerably different

between the two measurements. In the same measurements the spectra after 500 ns, 8 mm

away from the target are depicted in Fig. 4.15 b). The relative intensities for specific species

such as O II at 521 nm increased in N2O background compared to the earlier measurements,

while other such as Lu II at 523 nm or Lu I at 513.5 nm decreased considerably. This agrees

well with the observations from plasma imaging and mass spectrometry where the relative

amounts of metal-oxides increase during the plasma expansion due to reactions with the

background gas.

In Fig. 4.16 two columns comprise the evolution of a laser-induced plasma from a LuMnO3

target in vacuum (left column) and 1.5 × 10−2 mbar N2O atmosphere. The spectra are

centered around 520 nm using the 1800 line grating with a blazing at 500 nm, increasing

the intensity observed in this region. The measurements in vacuum were taken with a

larger slit setting to increase intensity in the later stages of the plasma expansion but at

Figure 4.15: Line spectra a) 100 ns after the impact, 1mm in front of the target, and b)
500 ns after the impact, 8 mm in front of the target, for vacuum and 8× 10−2 mbar N2O
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Figure 4.16: Emission spectra for a LuMnO3 target in a) vacuum and b) 1.5× 10−2 mbar
N2O. The time delay increases from top to bottom starting from 150 ns by 200 ns per row.

the same time the spectral resolution was reduced.

The top row shows the emission ca. 150 ns after the laser impact. Both spectra look

similar and show a comparable distribution of intensities. The intensity scale is set both as

"1" for this graph and the intensity in subsequent graphs is scaled relative to this value. The

species show a similar distance travelled for both background conditions with the fastest

species observed 4̃mm after the target. There is no common expansion front with some

species being slightly faster than others. This changes at a delay time of 350 ns as shown
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in the second row of Fig. 4.16. While the species in vacuum still show a similar intensity

distribution compared to the first row with just a further expansion of the species, in the

background gas a shockwave [82, 83, 84] is observed. The fastest species travelling in the

plasma are colliding with the background gas leading to a slow down as well as re-excitation.

This leads to increasing intensities at the propagating front of the plasma. Furthermore,

initially slower species catch up and get re-excited, too. In the end, all species transverse at

the same collective velocity. In vacuum, the fastest species have nearly reached the upper

end of the detectable area (not clearly visible here). No slow-down is observed for any of

the species. Looking at the measurements 550 ns and 750 ns after the laser impact, the

shockwave is clearly visible in the N2O background. The intensity observed at the target

position decreases fast while the shockwave shows intensity maxima. Still, the absolute

intensity values decrease by roughly a factor of two for 200 ns differences in delay time. In

vacuum, intensities decrease significantly faster as indicated by the factors in the upper-

right corners of the frames. Furthermore, the intensity maximum travels considerably

slower along the plasma expansion direction. This is not to be misunderstood for slower

species velocities. In fact, after 550 ns all of the lines already reached the 1.1 cm distance

observable in this setup, while the shockwave in background gas traveled ca. 6.5 mm. A

similarity of both measurements is the large intensity of the Lu I line at 513.5 nm. It is

clearly observable for all times shown in Fig. 4.16 and stays detectable until the end of the

measurement after ca. 3.7 µs. No explanation can be given for the strange behavior in

dependence of the time, as the maximum under both conditions is always very near to the

target and a movement away is observed at later times than shown here. In particular the

line shows a considerably smaller intensity distribution in the measurements 150 ns after

the laser impact. Compared to the other lines, nearly all of the intensity is located directly

at the target. For later times the intensity maximum moves behind the other species,

indicating a far smaller group velocity.

4.3.2 Plasma Imaging

Mass spectrometry has shown a strong dependence of the plasma composition on the use

of an oxidizing background gas. A significant increase of metal-oxide species was observed

in N2O and O2 backgrounds. But, it is not possible to distinguish where these species are

formed. Optical emission measurements such as spectral plasma imaging can fill this gap.
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Figure 4.17: a) Lu I emission at 499 nm. The red square shows the area over which the
intensities were integrated. b) Emission from a LuO line at 518.5 nm.c) Photograph of the
plasma. All pictures are taken at a fluence of 3.5 J/cm2 in vacuum.

Spectrally-resolved measurements

In plasma imaging, typically the whole plasma is pictured with a specific filter selecting

ideally a single wavelength, or more realistically, a narrow wavelength range [97]. In order

to create spectra to identify specific lines a small trick as described in chapter 2.4 has to be

used. Images of the plasma are taken with a gatewidth of 10 µs to capture the integrated

intensity over the whole time the plasma exists. Furthermore, the whole frequency range

of the AOTF is scanned with the camera manually synchronized and taking pictures at

each step. In Fig. 4.17 the emissions from the Lu target at 499 nm (a) (Lu I) and 518.5

nm (b) (LuO) are shown. The resolution in this wavelength region is around 1.1 nm,

enough to ensure that most of the intensity is from the desired species. A clear difference

in total intensities is observed for these select wavelengths. To make a spectrum of these

measurements, the total intensity of each frame is integrated in the region shown as a red

square in Fig. 4.17 a). Due to the reflections from the target holder on the left side and from

the mass spectrometer on the right, the pictures can be scaled and it is assured that the

integration area covers the whole of the plasma that is interesting for these measurements.

The resulting spectrum is shown in Fig. 4.18 b). The resolution is not as good as in

emission spectroscopy but it gives a very good overview over the total range (on this large

scale the resolution of plasma imaging varies between 1.1 and 2.5 nm, while it is around,

dependent on the slits, between 0.1 and 0.5 nm for emission spectroscopy). It has to be

noted, that the relative intensities in this spectrum are not linear. Below ca. 470 nm

the measured intensity is considerably lower than for larger wavelengths. But as these

measurements are mainly used to investigate difference at various backgrounds it is still
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valid to investigate relative ratios from different measurements at the same wavelength.

The Lu I and LuO lines used for investigation are marked in the graph. While there are

sever lines available (e.g. 499 nm and 549 nm for Lu I, or 468.5 nm and 518.5 nm for LuO)

the behavior for the lines has been identical and thus the lines with the least surrounding

emissions were chosen. Therefore, all following measurements were performed using the

499 nm and 518.5 nm lines.

A big advantage of deducing spectra from plasma imaging is the possibility to make

them for specific regions of the plasma. This way, a (limited) time- and space-resolved

investigation is available. In Fig. 4.18 b) the integration area was further divided into five

equally spaced subregions as shown in Fig. 4.18 a). The overall spectrum is shown in black.

The first region, covering 0 - 8 mm of the plasma expansion is the by far most intense region

and therefore accounts for the majority of the total intensity. The influence of different

lifetimes is very obvious, as relative intensities change significantly between the integration

over region 1 and region 2, e.g. comparing the peaks around 480 nm to the Lu I peak at

499 nm or the very long-lived peak at 513.5 nm.

Furthermore, these spectra allow to investigate the influence of the background on specific

lines. This method gives a fast overview of all changes in intensities. Combined with the

separation in different regions a first observation of time-resolved evolution of the plasma

species evolution is possible. Regions 1 (0-8 mm, directly in front of the target) and 5 (32-

40 mm, directly in front of the mass spectrometer) are shown in Fig. 4.19 for vacuum and

5× 10−2 N2O background. While both spectra still look similar in region 1 (Fig. 4.19 a)),

the influence of the background gas is visible. The total intensity in the N2O background

Figure 4.18: a) One frame of the overview scan (showing the Lu I emission at 499 nm)
with an overlay showing the integrated region as well as the 5 smaller divisions. b) Spectra
for the Lu target from plasma imaging integrated over the whole plasma as well as 5
sub-regions covering 8 mm each in expansion direction.



4.3. Optical Plasma Investigation 67

Figure 4.19: Spectra for the Lu target from plasma imaging integrated over the whole
plasma as well as 5 sub-regions covering 8 mm each in expansion.

is, already at this early stage, higher due to collisional re-excitation (the vacuum spectrum

is scaled by a factor of 1.5) and new peaks, in particular around 468.5 nm and 518.5 nm

are observed. While, in general, this could be formerly unoccupied excitation states the

positions agree well with radiative lines expected for LuO species. Mass spectrometry has

already shown a significant increase of the metal-oxides and this is a first hint towards an

observation of this effect. Looking at the spectra in region 5 (Fig. 4.19 b) ) a huge difference

between the two experiments is observed. The relative peak intensities in vacuum are

similar to the early region with the main difference coming from different radiative lifetimes.

The intensity was increased by a factor of 70 in order to be visible on the same scale. As

(nearly) no re-excitation occurs in vacuum the remaining intensities is from species that are

excited since the ablation from the target. On the other hand, the spectrum taken in N2O

gas is increased only by a factor of 1.5 compared to region 1. Interestingly, in particular

the intensity of the peak around 518.5 nm is larger than it was in region 1, as with an

increase of x 1.5 it is twice as large as in Fig. 4.19 a). While this could be explained by a

considerably higher cross-section for re-excitation for this specific excitation states, again

the mass spectrometry results suggest the explanation of a considerably larger amount of

LuO species as the likely reason.

These measurements already indicate the possibility of space- and, in this case implied,

time-resolved observation of the oxidation of metal species during the plasma expansion.

These spectra are only subsets of the images taken during the experiments, therefore it is

important to see how these spectra translate into a spatial map of the species distribution

of the whole plasma for different background conditions. It was already shown in Fig. 4.17,

that in vacuum the main difference between the Lu I and LuO lines is a smaller distribution

and smaller intensity for the latter. The excited state intensities for these two lines are
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Figure 4.20: Plasma images at 499 nm (Lu I, top row) and 518.5 nm (LuO, bottom
row) in three different backgrounds: From lef to right: vacuum, 1.5× 10−3 mbar N2O, and
5× 10−2 mbar N2O. The intesity is scaled down by a factor of 10 for the highest pressure.

shown in Fig. 4.20 for vacuum and the two investigated N2O pressures. The Lu I distribu-

tion in the top row does not change drastically with increasing background pressure. The

intensity falloff to the edges is different due to the re-excitations in the travelling plasma

shockwave which further results in an increase of the total intensity. But the general shape

stays droplet-like for all pressures.

The LuO distribution shows far more pronounced differences. In vacuum, the total

intensity, as well as the volume of excited state species is one order of magnitude smaller

than observed for Lu I. At 1.5 × 10−3 mbar N2O, the intensity in the "background" of

both lines increased. While the general shape of both did not change, emission is visible

in the outer regions and in particular over the whole distance to the mass spectrometer

nozzle. In the case of the Lu I line this is mainly due to re-excitation after collisions with

the background gas. Without the results from mass spectrometry one could assume the

same for LuO, but knowing that the total amounts increased, it is probable, that not only

re-excitation but also initial generation by reactions with the background gas are observed.

Increasing the background pressure further, the main difference for the Lu I line is the
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general increase in intensity. The intensity is scaled down by a factor of 10 in the right

column of Fig. 4.20. The general shape is unchanged although the region of highest intensity

is shifted slightly towards the mass spectrometer due to the large influence of collisional

re-excitation. The LuO line on the other hand no longer resembles the observations made

at lower pressures. The initial intensity at the point of the laser impact is tiny compared

to the pictures of Lu I, agreeing well with the assumption that the background does not

influence the plasma species considerably in the very beginning of the expansion. Instead

of falling off towards the mass spectrometer, like at lower pressures, the intensity has a

minimum over the first ≈ 12 mm of expansion and then suddenly increases drastically.

The maximum of the intensity forms a half-moon shape in the outer regions of the plasma.

This shows, that the LuO species are generated and excited later in the lifetime of the

plasma. The assumption of a reaction from Lu and O to LuO is further supported by

the fact that the intensity falloff for Lu I is in the same region where the emission from

the LuO increases. This is emphasized in Fig. 4.21 b). Both distribution are superposed

with false colors. The red distribution indicates the Lu I, while the light blue/green shows

the LuO intensities. It is clearly observable that the intensity falloff of Lu I is directly

correlated to the increase of the LuO signal. The photograph of the plasma under identical

conditions is shown in Fig. 4.21 c). In reality the whole plasma emission is a combination

of all emissions over the visible spectrum, therefore combining only two of these lines as

in Fig. 4.21 a) and b) is far away from being accurate. But comparing Fig. 4.21 b) and

c) interesting similarities are observed. The outer shape in the photograph has the same

size as the LuO distribution in the plasma images. Furthermore the center region with

a far higher intensity, related to the emission from species initially excited by the laser

ablation, is distinguishable in both, the plasma images and the photo. This agrees with

the assumption that mainly metallic species are emitted directly from the target while the

Figure 4.21: Overlays of false-colord Lu I (red) and LuO (blue/green) in a) vacuum and
b) 5× 10−2 mbar N2O (factor of 10 in intensity compared to a) ). c) A photograph of the
plasma at 5× 10−2 mbar N2O.
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metal-oxides are generated in the background gas. For comparison, Fig. 4.21 a) shows the

overlay of both lines in vacuum. Here, most of the picture is red and only the first < 10

mm of the plasma have any contribution from LuO visible in the small white region.

Lu/LuO conversion

In Fig. 4.22 the intensities of the Lu I (red curve) and LuO (blue curve) distributions are

integrated over the red area marked in Fig. 4.20. They are divided into four regions with

the first marking the high intensity time/area where the laser beam is active and species

are emitted from the target. Due to the choice of scaling in the pictures before, the Lu I

line is saturated here, so in fact, it shows a similar distribution as LuO with even higher

intensities. The following region 2 has strong falloffs for both spectral lines indicating the

area where de-excitation is the predominant event. Interaction with the background gas

is occurring but not enough to rival the losses in intensity. Already here a change in the

composition can be observed. It was shown before that LuO has the longer lifetime, but

still, region 2 shows a longer effective lifetime for the Lu I line. This indicates that the

amount of LuO is negligable compared to Lu (also indicated by the mass spectrometry

results) resulting in only a very minor fraction of re-excitation processes. At a distance of

ca. 9 mm to the target the emission changes significantly. The intensity of Lu I reaches a

plateau with only a small decrease towards later times as also visible in the deviation in

Fig. 4.22 b). The intensity decrease of LuO not only slowed down in the second half of

region 2, but it begins to increase in region 3. This means that for Lu I an equilibrium

Figure 4.22: a) Intensity distributions for Lu I (red) and LuO (blue). b) Derivative curves
over the whole range as well as c) zoomed-in between 10 and 28 mm.
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is reached between de-excitation, re-excitation and chemical reactions into LuO. Taking

into account the rising intensity of the LuO signal it can be concluded that the mentioned

equilibrium internally shifts towards collisional re-excitation as reactions reduce the amount

of available Lu over time. At the end of region 3 the quasi-equilibrium is left and the re-

excitations no longer outweigh the losses due to chemical reactions and the intensity begins

to drop, while LuO intensity continuous to increase due to creation and no longer negligable

re-excitation. These effects are emphasized in Fig. 4.22 c) where a zoom-in on the deviation

of the intensities at distances between 10 and 28 mm from the target is shown. At 13 mm

the intensity increase is getting larger for LuO which conicides with a drastically growing

reduction of the Lu I intensities. This again is a direct indication of a correlation of the

behavior of the two signals and agreeing well with the assumption of chemical reactions

shifting the balance from Lu species to LuO. Without other measurements, it could be

argued that these observations are mainly due to different re-excitation cross-sections, but

the mass spectrometry results discussed in chapter 4.2 have already proven a significant

increase of LuO when comparing plasma ablation in an oxidizing background to vacuum.

Angular dependece

The plasma imaging data shows the plasma from the side. So not only the small center

pointing towards the mass spectrometer is visible, but species ejected in the whole volume

are observed (with a partial integration along the optical axis of the camera). Therefore,

the measured intensities can be evaluated for species ejected with an angle deviating from

the target normal. In the bottom of Fig. 4.23 the emission at 499 nm (Lu I) and 518.5

nm (LuO) are shown. The colored lines indicate cross-sections along which the intensity is

evaluated. Going from blue to darkred, the deviation from the targetnormal increases in

10◦ steps from 10◦ to 80◦. The resulting projections onto the x-axis are shown above the

plasma images.

The data from Fig. 4.23 has been recalculated to a distance scale and plotted with a

common zero-point (the crossing point in Fig. 4.23) in Fig. 4.24. It is observed that for

both, Lu I and LuO, their respective curves look very similar regardless of the ejection angle.

This means that the lower kinetic energies for species ejected under angles different than

the target normal do not change the general behavior. Another noteworthy observation is

the very parallel curve progression in particular in the region with constant decrease of Lu

I intensity and increase of LuO. The curves between 0 and 70◦ degree are even identical

over a small range for LuO. This indicates a very similar generation of LuO regardless of
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Figure 4.23: Pojected intensity distributions of a) Lu I and b) LuO emissions. The cuts
are shown for c) Lu I and d) LuO in the corresponding plasma images.

the kinetic energies. The main difference is the decreasing distance between the target and

the intensity dropoff with increasing angle. This can be explained taking into account the

anisotropic kinetic energy distribution of species ejected from the target. Anisimov [78, 79]

and Kelly [75, 76, 80] have shown that in PLD the plasma species ejected perpendicular to

the target surface have the highest kinetic energies which decrease when the angle flattens.

Thus, species ejected along the target normal travel further and undergo more collisions

with the background gas (the mean free path is in the range of a few mm for this pressure),

reducing their velocity but also re-exciting the species. This results in intensities that are

observable for longer times and larger distances.

A second interesting conclusion can be drawn from the fact that the curves for 0 and 10◦

are basically identical. Considering that the target - MS distance is 4 cm, an angle of 10◦

corresponds to a vertical distance of ≈ 0.7 mm. The mostly 5 x 10 mm2 and 10 x 10 mm2

large substrates used for film growth would be fully covered by these angles. Still, thickness

inhomogenities are observed in the final films, which are thinner at the edges. This is most

probably related to still slightly larger amounts of species ejected directly along the film

normal, that are not registered in excited-state observations.

The LuO and Lu I intensities from Fig. 4.24 were compared and the ratios are plotted in

Fig. 4.25. As expected from the aforementioned observations, a mainly parallel evolution

of the ratios is present. Interestingly, the LuO/Lu I ratios reach a maximum value of ≈ 3
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Figure 4.24: The angular dependent intensity distributions for a) Lu I and b) LuO
converted to a function of the distance from the target.

regardless of the ejection angle. Small deviations towards values in the range of 3.5 - 3.7 are

observed for angles of 20 - 30◦, but these are slightly further towards the mass spectrometer

than their first "maxima" increasing the chance of being just of statistical nature. A

conclusion on the chemical reactions can be drawn from the two observations (shorter

distance between target and LuO/Lu I ratio increase for high angles, and the common

maximum value of the ratio): The Lu species ejected from the target have two possibilities

to interact with the oxygen in the background gas. They either collide "physically" resulting

in a reduction of the kinetic energy of the Lu and/or a re-excitation or they interact by

chemical reactions forming LuO. For high kinetic energies the former is dominant, while the

chemical reactions play a major role at low kinetic energies. Lu species ejected under high

angles react very fast to LuO while species with high kinetic energies have to be slowed

down before they can react.

The same effect is observed in time-resolved measurements (discussed in the next section)

Figure 4.25: LuO/Lu I ratios as a function of the angle and distance to the target.
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with an excerpt of the timescale from Fig. 4.28 shown in Fig. 4.26. Here the stages between

295 and 835 ns after the laser impact of the plasma evolution from a LuMnO3 target in

5×10−2 mbar N2O atmosphere are shown for the Lu I (top row) and LuO emissions (bottom

row). At a delay time of 295 ns the LuO emission is coming mainly from the impact region

on the target. 90 ns later an increase of intensity perpendicular to the plasma expansion is

observed. It increases further after 475 ns, where the "slow" Lu species already reacted to

LuO in the outer regions of the still you plasma. The LuO emission then "moves forward"

in the shell region of the plasma when increasing amounts of Lu species are slowed down

to a point where they begin to react with the oxygen in the background gas. At an delay

of 655 ns all but the fastest species are slow enough and the outer shell closes after 745 ns

when around the whole plasma LuO is generated.

For film growth this means that a reduction of kinetic energies accompanied by a re-

duction of the target/substrate distance would probably lead to at least identical plasma

compositions at the substrate position. Of course other parameters such as the impact en-

ergy at the substrate, the larger angular deviation per area, and the final available energy

of species moving on the substrate surface would differ and probably result in differences

in film growth.

Figure 4.26: Time-resolved plasma images for a LuMnO3 target. The top row shows Lu
I emssions and the bottom row LuO.

Time-resolved plasma imaging

The spectrally resolved overview scans with gatewidths of 50 µs already gave good indica-

tions of changes in the plasma composition during the ablation in a background. The next

step is to investigate specific emission lines as a function of time. Therefore, the AOTF is

set to the wavelength to be investigated and the gatewidth is reduced to 100 ns. Several

images are taken with the delay time increasing by 90 ns per frame. This results in a series
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of images at different times during the plasma emission.

A small overview of these scans is given in Fig. 4.27. It is arranged in three times two rows

with each block of rows representing a specific pressure with the Lu I line on top and the

LuO at the bottom. In total five columns of frames exist which show different time delays.

The first column is shortly after (ca. 25 ns) the laser hits the target. The delay increases

by 450 ns for each consecutive column. The intensities are normalized for all pictures in

this figure with the only exception being that for the vacuum and the intermediate pressure

measurements the intensity is scaled by a factor of 10. The choice of a constant intensity

scale has the advantage of a directly observable intensity distribution but the drawback of,

in particular for early frames, an oversaturation.

The horizontal lines in the center of some frames are a result of the high, very localized

intensities. Due to the use of standard camera optics, internal reflections in the objective

occur in situations with small, intense light sources and result in this case in horizontal

lens flares.

The topmost two rows of Fig. 4.27 show the time-resolved species evolution in vacuum.

At a delay time of 25 ns the frames are similar to what we observed in the 50 µs scans,

The Lu I line is significantly more intense and shows a larger distribution than LuO. The

seemingly larger distribution is a side effect of the higher intensity, with more fast species

being observable than for LuO. The use of a linear intensity scale does not allow to see

the low intensities in the outer regions of LuO. The similarities to the full overview scans,

taken with 100 times larger gatewidths, is due to the large intensity in the beginning and

the fast falloff afterwards in vacuum. As no re-excitations occur, the time directly after

the laser impact is defining for the integrated intensity over the total existence time of the

plasma. After 475 ns the intensities are already significantly smaller but the distributions

show no changes. This trend continues after 925 ns where both, the Lu I and LuO emissions

begin to disappear. The size of the plasma plume increased slightly but the outer regions,

containing the fastest species are barely visible. After 1375 ns LuO is no longer observable

with only a very dim emission from the Lu I line visible. Taking into account the longer

lifetimes for LuO this again shows the expected larger amounts of available Lu species in

the plasma.

Increasing the pressure to 1.5×10−3 mbar N2O, no differences are observed for 25 ns and

475 ns. Both emissions look very similar to the measurements in vacuum. After 925 ns the

first noticable change is observed. The 499 nm emission is similar to vacuum with a slightly

broader distribution, due to collisional excitation in the outer regions of the plasma. The
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Figure 4.27: Three blocks of two rows each, where a block represents specific background
conditions with the respective top row being Lu I emissions and the bottom row LuO. The
five columns show plasma images at different time delay starting at 25 ns and increasing
by 450 ns per column. Intensities are held constant with the exception of a scale down by
a factor of 10 for the highest pressure.

differences are more pronounced for the LuO distribution. At this time in vacuum only a

dim, very centered emission was observed, but at the intermediate N2O pressure, an area

comparable to the Lu distribution is visible. After 1375 ns both emissions are still visible

while they are almost gone in vacuum. Interestingly, the emission at 518.5 nm now has

a broader distribution and for the first time is brighter than the Lu I line. Even after

1825 ns some intensity is left in the lower row indicating still excited-state LuO species.

Summarizing the behavior, we observed the re-excitation of Lu in the background gas as
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well an increasing amount of LuO as a direct result.

Increasing the pressure further to 5 × 10−2 mbar N2O, differences are far more obvious

directly from the beginning. The intensity scale now covers a ten times larger region

reducing the depicted brightness to one tenth of the two lower pressures, and still, at the

early times the plasma is similarily intense. The re-excitation mechanism occurs very early,

as was already described, when evaluating space resolved spectra. After 475 ns the LuO

emission already shows clearly a half-circe/half-moon distribution with high intensities in

particular in the front regions of the plasma. Due to the fact that the camera looks at the

plamsa from the side we always integrate over the whole y-axis, the axis along the optical

axis of the camera, and can therefore, while most intensity should come from the outer parts

of the plasma, this can not be resolved in these measurements. After 925 ns the behavior

is completely different from the low pressure measurements. The emission from Lu is still

rather centered but shows considerably larger intensities, with the most striking differences

observed for LuO. On a very short timescale the volume containing LuO increased by ca.

a factor of 10. While in the beginning only small amounts of LuO are present and mainly

centered in the plasma, at later stages the collisions of Lu with the background species

occur in the outer regions of the plasma leading to a LuO "shell" around the Lu core of the

plasma. After 1375 ns the Lu has moved further away from the target and the intensity

decreases. The volume covered by the "shell" distribution of LuO has increased and it is

now visible in nearly all the area between target and mass spectrometer. The intensity is

still comparably large, clearly outshining the Lu I emission. After 1825 ns the LuO is still

visible with the intensity maximum at the very front of the expending plasma, while only

a very small emission is left from Lu.

Fig. 4.27 has shown how the intensities evolve with time in different backgrounds at an

absolute scale. In Fig. 4.28 the time- and space-resolved evolution is compared for the

Lu and the LuMnO3 target. Furthermore, the intensities are adjusted per frame with the

scaling factor given to better resolve the plasma shapes at each stage.

Evaluation of Relative Intensities

The intensities of the Lu I and LuO lines have been integrated for each step in time and

plotted in the top row of Fig. 4.29. Using different shades of blue, the LuO intensities at

different pressures are shown, while the red dotted curves depict the intensities of Lu I. The

lightly shaded curves are in vacuum, the normal red and blue in 1.5× 10−3 mbar N2O and

the dark shaded curves represent the measurements in 5 × 10−2 mbar N2O. From left to
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Figure 4.28: Time-resolved plasma images from a LuMnO3 target with delay increases
of 180 ns between the images. The respective top rows show the Lu I emission at 499 nm
and the bottom rows the LuO at 518.5 nm.

right the measurements are from the Lu, the Lu2O3, and the LuMnO3 target are presented.

The curves are very similar for all three systems. Regardless of the background pressure

the intensities for Lu I are identical and the same is observed for LuO. The only exception

here is the LuO target, where both the vacuum and the 1.5×10−3 mbar N2O measurements

show lower intensities for both, Lu I and LuO. This is most probably caused by a problem

with the laser fluence being too low. Both measurements were performed back to back

explaining the same shift for both. But as the main interest of these measurements is the

relative comparison of LuO and Lu I intensities, the results should experience only a very

small influence, in particular considering the results for fluence dependent measurements

mentioned before.

This behavior agrees well with the assumptions made in the Anisimov model (see chapter

3.2), where interactions in the beginning of the plasma expansion only appear amongst the

plasma species. Only at later times the interaction with the background gas increases and

then represents the majority of collisions.

For all three targets an exponential decrease is observed for both Lu I and LuO. At
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Figure 4.29: Top row: Integrated intensities of Lu I and LuO versus delay time under
three different background conditions for a) the Lu, b) the Lu2O3, and the LuMnO3 target.
The bottom row shows the resulting intensity ratios of LuO/Lu for each target and pressure.

1.5 × 10−3 mbar N2O differences are observed after ca. 1000 ns. From this time on, all

intensities are slightly higher than in vacuum agreeing well with the expected collisional

re-excitation of species. At the highest pressure, the separation of curves happens as early

as after ca. 350 ns. At this point, the intensities for the Lu I excitation increase relative to

those measured at lower pressures and stay above those until the plasma reaches the mass

spectrometer. The emission from the LuO excited state is even more interesting. Here, a

local maximum of the intensity ratios is reached for the Lu2O3 and the LuMnO3 targets,

while it increases to an absolute maximum for the Lu target. All maxima are reached

after ca. 1250 ns, which conincides with the fastest species reaching the mass spectrometer

nozzle. The difference between local and absolute maxima for the three different targets

can be explained by the initial plasma composition. The Lu target is the only target not

having any LuO (besides the mentioned impurities) at the beginning. Therefore, most of

the observed species are generated in the background gas during the plasma propagation.

This is represented by the huge increase of one order of magnitude in intensity between

350 ns and 1250 ns.

The lower row of Fig. 4.29 shows the LuO/Lu I intensity ratios for all three backgrounds.

The lighter shades again depict the lower pressures. The vacuum and 1.5×10−3 mbar N2O

measurements for all three targets have a similar behavior. In all cases, the intensity ratio

strongly favors Lu I and tends towards unity for later times. Here, the intensity disappears

in a background signal that is in principal the same for all measurements. A (small) trend
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is observed where the ratio is slightly above one towards the end in intermediate pressures.

Increasing the pressure even further, a huge effect on the intensity ratios is observed.

Regardless of the target, the ratio crosses unity after 700 - 1000 ns and strongly increases

afterwards. It reaches a maximum of 10 for the Lu target and around 3-4 for the other

targets. As mentioned before the time of the maximum approximately coincides with the

plasma reaching the mass spectrometer and therefore the interaction with the background

decreases for later times.

Summary of the Plasma Imaging Results

The increase of the LuO signals for ablation in oxidizing backgrounds measured with mass

spectrometry is confirmed in plasma imaging. Large absolute and relative intensity gains

are observed when increasing the background pressures of N2O and O2 (not shown here).

Furthermore, the imaging measurements extended on the observations from mass spec-

trometry, showing that the LuO is generated in the outer regions of the plasma and leads

to maximum intensities after ca. 2/3 of the distance between the target and the mass

spectrometer.

4.4 Plasma Species Evolution - Summary

The combination of the three different measurements, mass spectrometry, plasma imaging

and emission spectroscopy give a clear picture of the plasma species evolution during pulsed

laser deposition of REMnO3. The increase in metal-oxides observed in mass spectrometry

was well related to the increase of emission at certain wavelengths in plasma imaging.

Emission spectroscopy measurements have shown that most of the plasma-background

interactions take place in the shockwave travelling in front of the plasma, again agreeing

well with the observations made in plasma imaging. It was shown that while fluence does

not have to seem any considerable influence on the plasma plume composition (at least for

fluences considerably higher than the threshold), the background gas is the main oxygen

provider. Furthermore, it was shown that a pure Lu or Lu2O3 target are good model

systems for the more complicated LuMnO3, showing nearly identlical behavior for the Lu

and the respective oxide species. Measurements on three different REMnO3 targets with

RE= Tb, Tm, and Lu have shown very similar behavior irrespective of the rare-earth

present in the target. A practical conclusion is the viability of adopting growth parameters

as starting points for PLD growth of never-before used REMnO3 samples.



Chapter 5

Electrical properties

Capacitance measurements were performed to investigate the temperature dependent be-

havior of the dielectric constant. As no setup was available to measure to polarization

directly, the dielectric constant gives similar, indirect information about ferroelectric tran-

sitions. As has been shown by different groups [37, 38, 65], the dielectric constant is directly

related to the polarization and an onset of the latter is observed in a local maximum of the

former.

The ferroelectric polarization [98] is one of the main properties of the multiferroic and as

described in chapter 1 it is the main anchor point for finding new materials with improved

multiferroic properties [11, 13]. The REMnO3 offer a large variety of causes for ferroelec-

tricity [32, 39, 43, 99, 100, 101] and it was already shown that the polarization can be

switched by magnetic fields [102, 103] in the case of e.g. TbMnO3 [37, 39] or BiFeO3 [104].

In the following the dielecitric properties of TbMnO3 will be described.

5.1 Capacitance Measurements

As described in chapter 2.5, the capacitance measurements could not be performed by

creating a "classical" parallel plate capacitor due to the problems this would introduce

to the epitaxial growth of the thin films. Instead a surface inter digital capacitor (IDC)

was used [105, 106, 107]. The scheme of the contacts is shown in Fig. 5.1 a) while the

whole mask comprising all IDC structures is depicted in Fig. 5.1 b). All measurements

were performed with either a frequency sweep (typically between 100 Hz and 1 MHz) or

by chosing a specific frequency (typically 10 kHz, compliant with the most often used

frequency in the literature).

81
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Figure 5.1: A schematic view of the inderdigital structures and a full view of the photo
- lithography mask with various IDC combinations. Each square (e.g. A1 or F4) is 5 x 5
mm2 large.

Initial measurements were performed on a SrTiO3 substrate in order to test the system

capabilities and check the accuracy of the measurement as well as of the calculations of

the dielectric constant. Further measurements included mainly TbMnO3 thin films due to

technical problems during the lithography step. The IDC structure consists of Au contacts

with a thickness of 50 nm deposited onto an initial adhesion layer of 5 nm Ti. While

good structures were achieved on TbMnO3 samples, no applicable parameters were found

for LuMnO3. In these cases, depending on the exposure time, the contacts were either

interconnected without a possibility to remove the metal between the fingers, or big parts

of the structure were lost during the lift-off, rendering the samples unusable. In a second

run with slightly changed parameters the same problems occurred resulting in not mea-

surable LuMnO3 samples. Still, the results on TbMnO3 should be very comparable as the

REMnO3 in general show very similar behavior regarding the transition temperatures [38].

Furthermore, taking into account the magnetic structure (as the cause for polarization)

of both TbMnO3 and LuMnO3 (see chapter 6.1), the transition is expected to appear at

similar temperatures.

5.1.1 Consistency Checks on SrTiO3

Before measuring the thin films, test measurements were performed using IDC structures on

a pure SrTiO3 substrate. The resulting temperature dependent curve with an AC frequency

of 10 kHz is shown in Fig. 5.2 a). These measurements were performed while sweeping the

frequency over a broad range. Fig. 5.2 shows the results between 100 Hz and 100 kHz at

77 K (b)) and at 304 K (c)). It is observed that at least in this range, the capacitance does

not change significantly as a function of the frequency, while it increases strongly, when the
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Figure 5.2: a) Capacitance (left axis) and the corresponding dielectric constant εR (right
axis) as a function of the temperature for SrTiO3, measured at 10 kHz. The dependence
of the capacitance on the ac frequency at b) 77 K and c) 304 K.

frequency rises further. This is partly related to the setup, which was not made for high

frequency measurements (these measurements were performed on the first sample holder,

see chapter 2.5).

Comparing the results of Fig. 5.2 a) to literature values, one can see a difference of

about one order of magnitude. At room temperature SrTiO3 has a dielectric constant

of ≈ 300 [108], which increases up to ≈ 10000 below 4K [109]. At 77 K the dielectric

constant is in the range of ≈ 1800. The measurements performed with the IDC structure

show a room temperature εR of ≈ 38 and at 77K ca. 135. This is too low by a factor of

7.5 at room temperature and ca. 13 at low temperatures. This can be explained by the

arrangement of the IDC. In a normal plate capacitor, the whole volume between the plates

is filled by the dielectric. In the case of the surface IDC, in fact the space directly between

the "plates" is filled with background gas, e.g. N2 in the cryostat. Due to the fact that

the contacts are very thin (≈ 55 nm total thickness) compared to the width (20 µm), the

electrical field between the lines expands into the SrTiO3 substrate. Therefore, the effective

capacitance is composed of two, lineary added, capacitors. One with the background gas

as the dielectric and the other with the SrTiO3, or later the REMnO3. The calculations

presented in chapter 2.5 try to accommodate for this specific situation but it does not give

reliable results for the SrTIO3. Furthermore, additional error sources are introduced by

capacitances in the cables and possibly contacts, although initial calibration is performed

to reduce their contributions. Due to these uncertainties, later measurements are only

used for qualitative analysis, e.g. the evolution of the capacitance as a function of the

temperature, but not for quantitative evaluation of the underlying dielectric constant. But

as only the transition temperatures are needed, there is no necessity to know the exact
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value of the dielectric constant.

5.1.2 Temperature Dependence of εR for TbMnO3

The measurements on TbMnO3 were first performed on the early sample holder with later

investigation done on the high frequency sample holder (see chapter 2.5). The results on

both are presented in the following.

First Sample Holder

The first measurements of the capacitance and its temperature-dependence had accuracy

and reproducibility problems. While transition temperatures were observed, it was not clear

if these were effects from the thin film or from the setup itself. The measured capacitances

in the range of ≈ 10-20 pF were near the minimum of the resolvable frequency with peak -

to - background differences of ca. 100 fF. In total the stability of the system was not good

enough to sustain the same values reliably over several measurements. Touching any of the

devices or using the door in the lab could lead to large changes in the observed capacitance.

A measurement that could be reproduced for down- and up-ramping of the temperature

as well as in a second run (but not afterwards) is shown in Fig. 5.3. The capacitance spread

depending on the frequency is shown in Fig. 5.3 a). The capacitance is in the range of ≈ 14

pF for frequencies between 500 Hz and 100 kHz. It increases to 15 pF for 500 kHz and 18.5

pF for 1 MHz. The region around 14.1 pF and around 18.49 pF are shown in Fig. 5.3 c) and

b), respectively. Several features are observed in the curves at all frequencies. The large

jump at 40 K is related to a bypassing scientist touching the N2 dewar. The transitions

Figure 5.3: Zero-field measurements of a 56 nm LuMnO3 thin film for two different
penetration depths on a a) linear and b) logarithmic scale.
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around 27 K and 16 K are not caused by external accidents. Still, although they agree well

with possible ferroelectric transitions (27 K is the bulk transition temperature), it is not

possible to fully attribute them to film properties.

As mentioned before, measuring different samples or different IDC structures on the

same sample did not yield reproducible transitions. One of the reasons is that while each

signal cable was shielded until reaching the sample holder, they are only shielded as a

whole but no longer individually once inside the sample holder. Furthermore, the heating

lines were inside the same shielding possibly inducing signals, although the current flow

was very small. Measurements performed without heating indicate that the peak structure

is not caused by the heating, but still results were not sufficiently reproducible between

runs. Another, positive, observation made in Fig. 5.3 is the consistency of the peaks at

every frequency indicating no large dependence of the features other than a total shift of

the signal.

Some of the nonreproducible results are summarized in Fig. 5.4. Measurements from

the same sample as described in Fig. 5.3 are shown in Fig. 5.4 a) and b). While a) quite

well resembles the previous results (although the jump above 40 K was not due to external

influence this time), b) shows another run where the peaks almost disappeared. They are

still distinguishable from the background but not convincing anymore. Fig. 5.4 c) and d)

show the results from another IDC structure on the same film. Here, no correlation between

the two measurements or to the previous measurements is found. Fig. 5.4 e) and f) are

from a different TbMnO3 thin film. While again something might be in the region around

Figure 5.4: a) Overview of temperature dependent capacitance measurements of TbMnO3

for different AC frequencies. Zoom-ins for (b)) high and (c)) low frequencies.
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25 K, one of the measurements has a second feature around 16 K and the other might have

something around 14 K, but in principal, these peaks are not really distinguishable from

the background. In summary, transitions around 16 to 25 K might be observed, but no

conclusive assumptions can be made from these measurements.

High-Frequency Sample Holder

As described in chapter 2.5 a new sample holder was designed to improve in particular

the measurement stability. The main differences are the lack of high-pass filters to allow

high-frequency operation, the use of cryogenic semirigid coax cables inside the setup with a

individual shielding for each signal line and a slightly different arrangement at the sample

head to reduce crosstalk between the lines. The measurements were performed on a new

set of TbMnO3 samples to guarantee that the contacts are in the best possible condition as

in previous measurements changes with time and consecutive experiments were observed

(compare Fig. 5.3 and Fig. 5.4 a) to Fig. 5.4 b)). Furthermore, these measuremensts were

performed a few months later.

The measurements on TbMnO3 are shown in Fig. 5.5 a). They were taken using the

IDC contacts in the EF-1 region of the mask shown in Fig. 5.1. Only the structure parallel

and sensitive to the long axis (c) was usable. It consists of 351 lines with 5 µm width and

distance and a length of 1250 µm resulting in a comparably large total capacitance. The

red and black curves depict two separate measurements, showing the good reproducibility

of the results. Both curves are basically identical in shape and features. The inset shows

the low temperature region, where both again are identical within the setup resolution of

Figure 5.5: a) Capacitance versus temperature of a TbMnO3 film. The inset shows the
region between 0 and 105 K in more detail. b) The capacitance of a blank YAlO3 substrate
as a function of temperature.
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ca. 400 aF. The only difference is observed around 70 K, where the sample holder had to be

moved manually further into the dewar as it was too far away from the liquid surface. These

problems typically only occur for large (temperature-) range scans like in this case. When

measuring only the region between e.g. 7 and 50 K, the problem never occurred. The most

interesting region of the measurement is below 50 K, where a strong deviation from the

decreasing capacitance for decreasing temperature is observed. Over only a small range of

ca. 5 K the curve changes its direction. The capacitance increases down to a temperature

of ca. 16.2 K where it reaches a local maximum. As mentioned before, it has been found

by groups investigating both the polarization and the dielectric constant, that the onset of

the former in these materials is accompanied by a maximum in the latter. The observed

temperature of 16.2 K is slightly low but still consistent with observations for bulk samples

such as TbMnO3, where it was observed at 25 - 27 K [39]. Furthermore, the transition

temperature is known to be in the same range for all similar REMnO3 materials [38].

It is also important to mention that the signal is very likely not coming from the substrate.

The capacitance of pure YAlO3 was measured as reference and is shown in Fig. 5.5 b). While

the capacitance of the substrate is smaller than that of the film at room temperature,

it increases significantly for low temperatures and reaches a value ca. 300 times larger

compared to the film. Therefore, a direct influence of the substrate on the film measurement

can be excluded.

Additional measurements were performed on another TbMnO3 film which, due to an

Figure 5.6: Capacitance measurements from another TbMnO3 thin film. The insets
emphasize the region of the transition and the difference between the measurement runs in
the region between 60 and 170 K.
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error in the production, had a considerably smaller capacitor size utilizing 81 lines with

500 µm length, 10 µm width of the fingers as well as distance between them. As a result, the

measurements are considerably more noisy and no clear signal is observed. Furthermore,

the thin film was slightly thicker while at the same time showing only half the intensity in

XRD measurements. The capacitances are shown in Fig. 5.6. It is observed that while a

general consistency of both measurement runs is given, both runs differ slightly between 60

and 200 K as seen in the right inset of Fig. 5.6. The dielectric transition temperature might

be visible around 25 K, agreeing well with bulk data, but the quality of the measurement

does not allow for conclusive results. Still, an explanation of the large difference between

the two films might be a stronger relaxation in the second film due to its larger thickness

(≈ 75 nm compared to ca. 50 nm). The worse results from XRD measurements compared

to the first investigated film, strengthen this argument as possibly larger differences in

sublayer structures of the thin film are present due to relaxation.

5.1.3 Conclusion on the Transition Features at Low Temperatures

The dielectric transition was observed for various TbMnO3 thin films in the region of 16 -

25 K. While initial measurements lacked clarity and reproducibility rendering the results

rather vague, investigations using an improved high-frequency sample holder have shown

reliable data. Therefore it can be concluded that these films indeed show a transition to a

ferroelectric state at temperatures similar to those observed in bulk.

The results on the missing property for a multiferroic, the (anti-)ferromagnetism, are

discussed in the following chapter 6.



Chapter 6

Magnetic Properties

1 The crystal structure of the thin films was investigated using x-ray diffraction. It was

shown that the films have a high crystalline quality and the desired, orthorhombic per-

ovskite structure. But XRD is not able to tell anything about the magnetic structure of the

samples. It is known from literature, that rare-earth manganates exhibit various magnetic

properties at low temperatures [38]. Above ≈ 60 K most of the REMnO3 are paramag-

netic and transition to A-type AFM (SmMnO3 [110, 111]), or incommensurate AFM and

then a spin spiral [101, 102, 112, 113, 114] (TbMnO3 [37, 39, 115], DyMnO3 [116]), E-

type AFM (LuMnO3 [41, 117, 118], HoMnO3 [43, 44, 119]) or collinear antiferromagnetism

(TmMnO3 [42]).

Possible methods to investigate the crystalline and/or magnetic structures are summa-

rized in table 6.1. Photons and electrons are very good probes for surface analysis. Both

can deliver quantitative as well as qualitative results. Photons of high energies are com-

monly used for structure determinations (XRD), where in particular synchrotron sources

offer high precision and resolution. The disadvantage of light (dependent on the material

and light frequency) and in particular electrons, is the very small penetration depth. For

the latter this is mainly caused by Coulomb interactions with atoms and their surround-

ing electron clouds. The Bremsstrahlung, emitted when electrons move, or more precisely

decelerate in matter, is a very efficient energy conversion mechanism strongly limiting the

1A summary of the results presented in this chapter (and in chapter 5) is published in:

M. Bator, et al. Strain-induced coupling between ferromagnetism and ferroelectricity in LuMnO3 thin

films, Nature Communications, under review

The depth-dependent muon spin relaxation are presented in:

M. Bator,et al. Depth-dependent spin dynamics in TbMnO3 thin films measured by low energy muon

spin relaxation, Physics Procedia 30, 137 (2012)

89



90 6. Magnetic Properties

Photons
(x-ray, vis)

Electrons Neutrons Muons

Mass 0 9.109× 10−31 kg 1.675× 10−27 kg 1.883× 10−28 kg
Charge 0 -e 0 -e, e
Spin 1 1/2 1/2 1/2

Mag. moment 0 −1.001 e~
me

5.44× 10−4 e~me 4.84× 10−3 e~me

Suitable for Surface and bulk Surface analysis Atomic structures, Local magnetic

analysis (quantitative and interatomic moments

(quantitative and qualitative) distances, magnetic

qualitative) structures

Disadvantages Focus of photon Very "reactive" Low flux => long Low flux => long

beams rather large small penetration measurements measurements

(non-synchrotron depths huge facilities huge facilities

radiation) needed needed

Table 6.1: Probes for the measurement of crystalline and magnetic structures.

penetration capabilities. Neutrons and muons, similar to electrons, have a spin of 1/2

making them sensitive to magnetic moments. Furthermore, their higher masses, and in the

case of neutrons, being electrically neutral, result in typically rather small cross-sections,

eliminating unwanted losses due to Bremsstrahlung but also resulting in comparably small

signals.

So while neutron diffraction is a very good method to investigate magnetic structures, the

use of thin films is in contraproductive due to the need of large crystal volumes. As a result

the investigation of the antiferromagnetic structure of LuMnO3 and TbMnO3 thin films,

presented in section 6.1 is a challenging task. Co-existent ferromagnetism is observed by

magnetization measurements in section 6.2 and further investigated by polarized neutron

reflectometry in section 6.3. This is followed by measuring local magnetic moments with low

energy muons in section 6.4. The discussion is concluded in chapter 7 by summarizing and

combining all these measurements, including the results from chapter 5, into a description

of the magnetoelectric properties of the REMnO3 thin films.

6.1 Neutron Diffraction

Neutron diffraction is very similar to the more commonly known and used x-ray diffraction.

The underlying principle is always the search for reflections fulfilling the Bragg condition.

The main difference is that while light in the case of XRD has a spin of 1 and zero mass,
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Figure 6.1: Schematic view of neutron scattering experiment.

the spin is 1/2 for neutrons which have a mass of 1.675 × 10−27 kg. As a result, neutrons

not only interact with the atoms in the crystal, but also with their spin structure making

it possible to investigate magnetic ordering [120]. In XRD the latter is only possible using

resonant x-ray diffraction with hard x-rays from a synchrotron source. Still the measured

signal is directly related to the physical appearance in the case of neutron diffraction, while

resonant x-ray diffraction is more indirect method.

6.1.1 Theory

The following section is partially based on the book Neutron Scattering with a Triple-Axis

Spectrometer, by G. Shirane, M. Shapiro and J.M. Tranquada [121].

A general neutron scattering experiment is shown in Fig. 6.1. The neutron arrives with

a defined wavevector ki at the sample. After the interaction it propagates with a different

wavevector kf under an angle of 2θ to its initial direction and is finally detected. The

relation between ki and ki is given by the wavevector Q:

Q = ki − kf (momentum conservation) (6.1)

|Q|2 = k2i + k2f − 2kikf cos θ (6.2)

Depending on the interaction at the sample, the direction and/or the size of ki can

change. This results in either elastic or inelastic scattering as shown in Fig. 6.2. Eq. 6.1

together with the energy conversation are true for all scattering experiments:

~ω = Ei − Ef (energy conservation) (6.3)

The energy conversation law can be rewritten using the neutron dispersion relation

E =
~2k2

2mN

(6.4)
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Figure 6.2: Scattering triangles showing the correlation between ki, kf , and Q for elastic

and inelastic scattering.

to

~ω =
~2

2mN

k2i − k2f (6.5)

with k = 2π/λ, and λ being the neutron wavelength. For elastic scattering the magnitudes

|ki| and |kf | are equal. Looking at the Ewald circle in Fig. 6.3, the Bragg condition for

elastic scattering can be derived.

To fulfill the Bragg condition, Q has to be equal to a reciprocal spacevector G. Taking

into account eq. 6.2, the value for Q can be written as:

|Q| = |G| = 2|ki| sin θ (6.6)

with |G| = 2π/d this can be rewritten to:

λ = 2d sin θ (6.7)

the classical form of the Bragg condition, showing the exact equivalence to XRD.

Figure 6.3: Reciprocal space

showing scattering vectors on the

Ewald circle.

Theoretically, neutron diffraction offers the possibil-

ity to reach nearly every coordinate in the reciprocal

space, as the magnitude of Q can be adjusted by the

angle 2θ between ki and kf , while its orientation in the

reciprocal lattice is controlled by rotation of the sam-

ple. Practically, this is mainly limited by the neutron

wavelength of 4 - 5 Å leading to a strong confinement

of the accessible Q values.

For inelastic scattering the relation between Q and

G changes as the difference between both is given by

another vector q (see Fig. 6.3).

The exact scattering is dependent on the scattering

cross sections of the investigated material. In the following only very basic concepts are de-

scribed with more detailed information obtainable e.g. from the afformentioned book [121].
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The rate of neutrons scattered into a solid angle dΩf in the direction kf with a final

energy between Ef and Ef + dEf is given by the product of Φ(ki), the incident neutron

flux, and the double-differential cross section
d2σ

dΩfdEf
.

The neutrons only very weakly interact with the crystal lattice and therefore Fermi’s

golden rule as well as the Born approximation are applicable. This is also the main differ-

ence to XRD, where interactions are not restricted to the core. The nuclear potential, in

principal a delta function of r, the distance between the neutron and the nucleus, can be

derived to:

V (Q) =
2π~2

mN

b (6.8)

with b being the the nuclear scattering length. Van Hove has shown that it is possible

to describe the double-differential nuclear cross section by:

d2σ

dΩfdEf
= N

kf
ki
b2S(Q, ω) (6.9)

where N is the number of nuclei and S(Q, ω) is the scattering function, which in principal

is measured by the neutron scattering experiments and comprises information about the

position and motion of the atoms.

Diffraction Measurements on the Magnetic Structure

Due to the dipole magnetic moment of a neutron equal to −γµNσ, with γ being the

gyromagnetic ratio (= 1.913), µN the nuclear magneton, and σ the spin operator, the

neutron can scatter from atomic magnetic moments via dipole-dipole interaction. The

magnetic moment from atoms has two sources, the spin as well as the orbital magnetic

moment.

Following a lot of complex calculations, the coherent elastic cross-section for magnetic

scattering from a magnetically ordered crystal is:

dσ

dΩf

∣∣∣∣el
coh

= NM
(2π)3

νM

∑
GM

δ(Q−GM)|FM(GM)|2 (6.10)

with FM the static magnetic structure factor:

FM(GM) =
∑
j

pjS⊥je
iGM ·djeWj (6.11)

where νM is the volume of the magnetic cell, NM the number of these cells per sample and

GM its corresponding reciprocal space vector. S⊥j is the magnetic interaction vector, also
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indicating that only components of (S) perpendicular to (Q) contribute to the magnetic

scattering amplitude. eWj is the Debye-Waller factor, that is introduced by considering

fluctuations of the atoms in a crystal structure around their positions dj. The structure

factor Fhkl is directly related to the measured intensity I from the corresponding magnetic

Bragg peak by:

I ∝ |Fhkl|2 (6.12)

6.1.2 Beamlines

Most of the experiments were performed at the RITA-II beamline of the PSI in Villigen,

Switzerland, with a long measurement run done on D10 at the ILL in Grenoble, France.

While RITA-II is a triple axis spectrometer (depicted in Fig. 6.4), D10 is a four-circle

diffractometer with three axis-energy analyzer.

RITA-II

The neutrons are guided through a 20 m long m=2 primary supermirror beam guide from

the spallation target to the instrument (as shown on the left in Fig. 6.4), where they are

reflected via a focusing monochromator, defining the first two angles (θmono and 2θmono,

see Fig. 6.2) and the first axis of the triple-axis spectrometer. This allows the control of

Figure 6.4: Schematic view of the RITA-II beamline at the PSI. [122]
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the direction and momentum of the incoming neutrons. A collimator in the beam is used

to decrease the angular distribution and therefore increase the measurement resolution

and decrease the background in the measurements. The slits in front of the sample have

a similar function, they have to be adjusted to get the highest possible signal with the

smallest opening in order to increase the signal-to-noise ratio (SNR). A monitor in front

of the slits detects the incoming neutrons and acts as a counter for the neutrons during

an experiment. The SNR is further strongly influenced by the sample environment. This

includes the cryostat, but also the sample holder. The sample environment and sample

holders are described in more detail in a later subsection. The neutrons hit the sample

under an adjustable angle, giving the second axis of the instrument. The angle set at the

sample defines the diffraction conditions by giving (together with the other axis) the ω

and θ angles. The neutrons diffracted towards the detector pass a filter which filters out

the signals from higher diffraction orders. Depending on the incoming energy of neutrons

a filter with an according cut-off energy is chosen (BeO - 3.7 meV, Be - 5 meV, pyrolitic

graphite - 14.7 meV). The third axis is set by the analyzer angle inside of the detector

housing. It reflects the neutrons onto an areal detector.

Nine-Blade Analyzer and Areal Detector

The detector section as a whole is special in the case of the RITA-II beamline. The analyzer

is not just a single reflector but it consists of nine blades which can be adjusted either as

a whole, or separately in their scattering angles (see Fig. 6.5 a) and b)).

As a result, RITA-II can be used in different detecting modes. In the so-called monochro-

matic point-to-point focussing mode (shown in Fig. 6.5 a)), the analyzer blades reflect the

beam all onto the same region of the detector. As a result higher intensities can be reached

with slightly reduced energy and relaxed q resolution. This mode is advantageous for low-

Figure 6.5: a) Analyzer blades in monochromatic point-to-point focusing mode. b) Ana-
lyzer blades in monochromatic q-dispersive mode. c) Areal detector. [122]
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Figure 6.6: Schematic view of the monochromatic q-dispersive mode. [122]

intensity samples where the q resolution is not needed but a weak signal has to be found.

As the investigations of the REMnO3 thin films contained the position determination of

magnetic Bragg peaks in reciprocal space, this mode was not applicable.

A different setting of the analyzer, the so-called monochromatic q-dispersive mode, re-

flects neutrons coming from the sample with slightly different q onto different regions of the

areal detector (see Fig. 6.5 b) and Fig. 6.6). In such a measurement the neighboring blades,

or in the end the regions on the detector, differ slightly by the observed q-value. This al-

lows to see a small "map" of the q space in a single measurement making this mode the

preferred one in particular when searching for peaks which might be from incommensurate

magnetic structures.

Sample Environment

The sample environment includes everything that surrounds the sample and/or is directly

in the neutron beam, therefore affecting the measurement. On RITA-II the sample was

mounted either inside a cryostat (see Fig. 6.8) or inside a magnet, which is even larger. In

both cases a large amount of aluminum is in the beam not only reducing the amount of

neutrons hitting the sample but also introducing additional signals from Al powder lines.

Depending on the investigated peak these powder lines can interfere with the measurements

by adding high count rates to the window observed by the areal detector. These Al lines

did not cover the signal from the sample, as they were observed on an outer blade, but

in some cases tails of these peaks are still measurable in the inner blades increasing the

difficulty of the film peak observations.



6.1. Neutron Diffraction 97

Figure 6.7: a) Isometric view of the film. b) View along the c-axis (00l). [123]

Figure 6.8: A cryostat used for some of
the experiments. The turquoise square in
the red circle indicates the sample size and
position inside the cryostat. [122]

In order to reduce the amount of Al in the

beam, the sample holder has to be constructed

as efficiently as possible. Therefore, only min-

imal amounts of material needed to hold the

sample steady are used and all of the Al is

later covered with a thin layer of cadmium. Us-

ing Cd has the advantage that the neutrons

are absorbed in the material and not scat-

tered therefore considerably reducing the back-

ground. Due to not having the possibility to

adjust the vertical angle of the sample dur-

ing the experiment, the sample holder was con-

structed under a 47.3◦ angle from the film nor-

mal. This corresponded to the (0kl) scattering

plane, where the most intense magnetic Bragg

peak (0 1/2 1) for the expected E-type AFM

structure of LuMnO3 is expected (see Fig. 6.7

for the axis orientations in the film).

D 10

The restriction to one scattering plane was fine in the beginning, where the aim was to ob-

serve any magnetic Bragg peak first. But after finding it, the investigation of the magnetic

structure had to be extended to additional peaks. To do this within a feasible time-frame,
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Figure 6.9: a) Schematic view of the D10 setup. [124] b) Photograph showing the Euler
cradle and the mounted sample.

experiments have been performed on the D10 diffractometer at the ILL in Grenoble, France.

This system shares some of the main characteristics of the RITA-II setup, such as three

axis energy analysis, but differs mainly in the use of a four-circles Euler cradle as well as

in the detector.

The D10 diffractometer is shown in a schematic view (a)) and a photograph (b)) in

Fig. 6.9. It is directly observed, that the three axis described for RITA-II are present. Most

of the the "small" additions like the collimator, filters, or slits have the same functions for

both setups. The first major difference is the sample environment. As seen in Fig. 6.9 b),

the sample is mounted on a four-circle Euler cradle. This allows access to nearly every

value in a quadrant of the reciprocal space, by tilting the sample around its mounting axis

(spinning the simple directly on the mounting arm), by driving the arm on the circle that

is nearly parallel to the imaged plane in the photograph (along the green/blue holder), or

by rotating the whole table around a rotation axis normal to the ground.

Another benefit of the D10 setup is the comparably small cryostat. It consists of three Al

spheres mounted around the sample (not shown here) with the largest having a diameter of

ca. 15 cm. The resulting noise is considerably lower compared to e.g. the ORI 3 cryostat

described before. A disadvantage of the D10 setup is the use of thermal neutrons instead

of cold neutrons as in the case of RITA-II. The higher energy 14.7 meV compared to 4.6

meV) reduces the achievable resolution of the setup.

The results from both systems are presented in the following.

6.1.3 Crystal Structure Investigations

Due to long measuring times up to ≈ one day per scan (for magnetic Bragg peaks), a very

precise alignment of the crystal film in the setup is absolutely mandatory. Therefore, initial
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Figure 6.10: The a) (022) and b) (023) crystal structure peaks of the LuMnO3 thin film.

characterization of the crystal thin film peaks is necessary. Due to the restriction of the

scattering plane to (0kl), not many peaks were accessible for the adjustment. The peaks

of largest intensity reported were the (022) and (023) film peaks. While the (022) peak is

reachable at an incident energy of 8.04 meV, the (023) peak is not (see also table 6.2). A

slight increase of the energy results in lower measurement angles at the cost of intensity.

This trade-off is still beneficial as it allows to determine the b and c values for the unit cell,

necessary for further investigation in this scattering plane.

The two peaks observed are shown in Fig. 6.10. From these two peaks, refined at base

temperature (≈ 2 K), the b = 5.77 Å and c = 7.32 Å parameters were determined, while the

literature value for a = 5.189 Å was used. From these values, together with the angles for the

orthorhombic perovskite (α = β = γ = 90◦) the orientation UB-matrix was constructed.

With this matrix it is possible to drive all angles in the system with only setting hkl values

of the reflection to be observed. This, together with the long measurement times, makes

it very important, that the values are as precise as possible, as otherwise measurements at

certain hkl values would be performed in the wrong reciprocal space positions.

h k l |Fhkl| 2θ (8.04 meV) 2θ (9.00 meV)

0 0 2 30.1 52.33◦ 49.26◦

0 2 0 5.5 66.96◦ 62.86◦

0 2 1 3.7 72.89◦ 68.32◦

0 2 2 72.7 89.86◦ 83.75◦

0 2 3 46.8 118.92◦ 108.99◦

0 0 4 50.7 123.74◦ 112.93◦

Table 6.2: 2θ angles for different film peaks in the (0kl) scattering plane. Red numbers
mark values not reachable with the spectrometer.



100 6. Magnetic Properties

Figure 6.11: Various LuMnO3 film peaks used for unit cell refinement at the D10 diffrac-
tometer.

These measurements were extended at the D10 beamline. The availability of far more

film peaks allowed for a better determination of the unit cell with a re-refined unit cell at

2 K with a = 5.189 Å, b = 5.758 Å , c = 7.372 Å . A few of the new peaks used to refine the

structure, initially using the previous unit cell from the RITA-II experiments, are shown in

Fig. 6.11. It was possible to resolve various film peaks including equivalent peaks such as

(110) and (1-10) or (022) and (0-22), showing the accuracy of the calculated unit cell and

UB matrix.

6.1.4 Magnetic Structure Peaks in LuMnO3

On RITA-II

Figure 6.12: Arrangement of
the spins in an E-type AFM. [43]

The crystal structure measurements are the foundation

for further experiments investigating the magnetic struc-

tures of the samples. A good refinement of the crystal

structure is mandatory to later find the magnetic Bragg

peaks. In order to maximize the chances to observe any

magnetic Bragg peak, the peak with the highest inten-

sity had to be chosen. Table 6.3 shows the experimen-

tally observed magnetic peak intensities for orthorhom-

bic LuMnO3, measured by I.A. Sergienko, et al. [43] on

powder samples. In these experiments it was found that

the LuMnO3 exhibits E-type antiferromagnetism. Thus, the spins alternate in their orien-

tation in one crystal direction, while having a "double zig-zag" arrangement in the plane
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spanned by the two other directions (see Fig. 6.12).

Reflection Intensity (norm.) I/Irel

(0 qk 0) 91 0.015
(0 qk 1) 6116 1
(1 qk 0) 28 0.005
(1 qk 1) 2900 0.478
(0 qk 0) 18 0.003
(0 qk 2) 1.3 0.0002
(0 qk 1) 519 0.085

Table 6.3: Magnetic Bragg peak intensities of o-LuMnO3 powder samples [125] with
qk = 0.5. The red peak was chosen for the first measurements.

The first measurements of the magnetic structure on RITA-II were performed searching

for the (0 qk 1) magnetic Bragg peak (with qk = 0.5) with the highest expected intensity.

As described in section 6.1.2, the analyzer was used in monochromatic q-dispersive mode,

thus the peak was expected in blade 5 (the center blade). But in fact, it was found in a

neighboring blade (# 4) indicating a (slightly) different q value than expected. The peak

width and signal-to-noise ratios showed the difficulty of measuring the sample with the

latter being a 135 count peak on a 950 count background. No peak was observed at a

temperature of 50 K in agreement with the bulk Néel temperature of TN = 40 K [43].

A temperature dependence investigation was performed on the peak position by mea-

suring one point directly at the peak and two points left and right in the background. It

showed a decrease of the peak intensity up to ca. 40 K above which the peak was no longer

observable.

These measurements indicate that the peak does not lie on (0 0.5 1) but is slightly shifted

in k-space and as such, the magnetic structure is incommensurate. Further measurements

had to be performed to clarify this point. For the following measurement time, improve-

ments have been made to the sample holder, reducing the amount of Al in the beam while

at the same time better covering the remaining Aluminum with a thin cadmium foil. Fur-

thermore, the knowledge of the incommensurate peak helped in defining the measurement

parameters.

The resulting peak and temperature dependence are shown in Fig. 6.13 a) and b), re-

spectively. The graph is centered around a qk = 0.5, showing that the peak is indeed

incommensurate along b. The position fitted from this plot is (0 0.482 1), no longer con-

sistent with a pure, commensurate E-type AFM structure. Interestingly, a second peak

mirrored around qk = 0.5 is found at qk = 0.518. This corresponds to the (0 1-qk 1) peak.
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Figure 6.13: a) Magnetic Bragg peaks around (0 1/2 1). b) Peak intensity as a function
of the temperature.

It has to be mentioned that this peak is barely visible in the background, but leaving it

out shows a visible bump in the residual curve indicating at least the possibility of this

peak. Furthermore, its position is fitting perfectly with the expected value considering qk

= 0.482. The temperature dependence of the (0 qk 1) peak is consistent with the former

measurements and shows a transition in the range of 35-40 K, slightly lower than the val-

ues reported for bulk samples [43]. The temperature dependence is typical for an order

parameter curve, with a "plateau" at lower temperatures.

While it is possible that the magnetic structure either became incommensurate or changed

into a different type, from one peak it is impossible to make further conclusions on which

structure is present. The main fact known from this experiment is that it is no longer a

pure E-type AFM structure. To further investigate it, measurements at the D10 beamline

at the ILL in Grenoble were performed where the sample is mounted in an Euler cradle

making considerably more magnetic peaks available.

On D10

The peak at (0 qk 1) is shown in Fig. 6.14 as measured at the D10 beamline. Two main

differences are observed compared to the measurement at RITA-II (Fig. 6.13). Due to the

larger kinetic energy of the neutrons at the D10 beamline, the peak is ca. two times broader

(FWHM of ≈ 0.065 Å−1 compared to ≈ 0.032 Å−1 at RITA-II). Furthermore, the signal-to-

noise ratio is slightly better. For a comparable measurement time the signal is 140 on 160

background compared to a signal of 170 on a background of 400. The significantly lower

background is easily explained by the sample environment. As mentioned before instead
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Figure 6.14: Magnetic Bragg peak of a LuMnO3 thin film around (0 1/2 1) measured at
the D10 beamline.

of a large cryostat or even a magnet, the sample was mounted inside three thin Al globes

with a considerably reduced amount of scattered neutrons. The sample holder was also

slightly smaller further reducing the amount of Al in the beam. To achieve measurements

with similar statistics compared to RITA-II, measurement times could be chosen slightly

smaller than at RITA-II.

In total six magnetic Bragg peaks were observed: (0 qk 1), (0 1-qk 1), (0 qk 3), (1 -

1+qk 1), (1 1-qk 1), and (2 qk 1) (see Fig. 6.14 and 6.15). While this is not enough to make

a final refinement of the antiferromagnetic structure, it rules out many possible structures

and leaves only a few configurations. The calculated structure factors for E-type AFM and

a b-c spin spiral are shown together with the values for an E-type AFM LuMnO3 powder

sample from literature [125] in table 6.4. The calculations were performed numerically

using the WinPLOTR [126] function of the FullProf Suite [127]. WinPLOTR uses the

Rietveld refinement [128] to determine peak intensities from an initial structure, in this

Figure 6.15: a) (2 qk 1), b) (1 -qk 1), and c) (1 qk 1) magnetic Bragg peaks measured at
D10.
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Thin Film Modeled Powder [41]∗

Reflection Intensity E-type b-c spiral Intensity

(0 qk 1) 90 59 56 59
(0 1-qk 1) 22 59 0 59
(0 qk 3) 10 40 24 40

(1 -1+qk 1) 80 61 82 61
(1 1-qk 1) 80 0 82 0
(2 qk 1) 40 41 61 41

Table 6.4: Comparison of the observed magnetic Bragg peak intensities calculated values
and ∗values recalculated from the data given for powder samples by Okamoto, et al. [41].

case the assumed E-type or spin spiral configurations. The calculated spin moments in the

b-c plane for both structures are depicted in Fig. 6.16.

As seen in table 6.4 the measured intensities do not agree well with an E-type structure.

First of all, due to the incommensuration it is obvious that the material no longer can

have a pure E-type configuration. This is also seen in the intensities for (0 qk 1) and (0

1-qk 1), which in the E-type structure are the same peak (qk = 0.5). Furthermore, the (1

1-qk 1) peak is forbidden for the E-type configuration while a b-c spiral should have equal

intensities for (1 1-qk 1) and (1 -1+qk 1), which is observed in our case. The general trends

of the calculated b-c spiral agree well with our observations. The only bigger deviations are

the larger measured intensity for (0 qk 1) and the finite value of the (0 1-qk 1) reflection.

Two points have to be considered when interpreting the latter, non-zero value: it is not

clearly observed in our measurements (see Fig. 6.13 a)) and the different strain phases in

the thin film might result in two distinct regions with phase-separated regions of E-type

and b-c spiral ordering.

Figure 6.16: Calculated magnetic moments for an a) E-type and b) b-c spiral structre in
the b-c plane. Red and blue arrows depict spins on different plains in a direction.
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Okamoto, et al. [41] have measured powder samples of orthorhombic LuMnO3. The

refined structure published in the cited paper was used to calculate the expected intensities

shown in table 6.4. They are identical to the modeled values we achieved when assuming

an E-type structure for the thin film sample. This can be explained by the very small

differences in the unit cells (≈ 0.01Å) and in the magnetic moment of the Mn atoms for

our studies and the values presented by Okamoto. This further strengthens the assumption

that the thin film sample is no longer ordered purely in an E-type structure.

Correlation lengths

The correlation lengths of the magnetic, as well as of the structure peaks measured on

RITA-II have been calculated by Jonathan White using the Popovici approximation. The

instrumental contribution to the peak width is ωs = 0.0055 Å−1. The FWHM ωp of the

peak as shown in Fig. 6.13 is 0.035 r.l.u (reciprocal lattice unit). Due to all angles in

the orthorhomibc structure being 90◦ the conversion from k-space to real space can be

performed using:

b′ =
2π

b
(6.13)

Therefore, with b = 5.77 Å, ωp = 0.035 r.l.u. equals ωp = 0.038 Å−1. The peak width

due to the magnetic correlation is then described by:

ωmag =
√
ω2
p − ω2

s (6.14)

The magnetic correlation length can then be estimated to:

η =
2π

ωmag
= 170± 30Å (6.15)

As the peaks are not resolution limited by the setup the resolution corrected correlation

length (see Fig. 6.13) can be considered the real value. It is considerably shorter than the

effective film thickness along the direction of the magnetic wave vector of ≈ 660 Å. This

further strengthens the assumption that the strain has a major influence on the magnetic

structure.
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6.1.5 Magnetic Structure Peaks in TbMnO3

Neutron diffraction at the D10 was also performed on a ≈ 90 nm thin, (100) oriented

TbMnO3 film on a (100) YAlO3 substrate. From literature [37, 39] it is known, that bulk

TbMnO3 exhibits a longitudinally modulated AFM structure below 41 K (being paramag-

netic above) and a spin spiral ordering below 27 K. The latter transition breaks the inversion

symmetry and therefore introduces a ferroelectric polarization [129, 130] according to the

following formula derived by H. Katsura, N. Nagosa, and A.V. Blatatsky [131]:

P ij ∝ eij × (Si × Sj) (6.16)

The resulting polarization P ij is parallel to the unity vector eij connecting the two sites

i and j and perpendicular to the plane spanned by the spins in the spiral. In TbMnO3 the

commensurate spin spiral has a propagation vector of qk = 0.27 below 27 K. Kenzelmann,

et al. made a thorough investigation of the magnetic Bragg peaks in bulk TbMnO3 which

was used as a reference for the measurements on the thin film [132].

The calculated unit cell parameters for the TbMnO3 thin film are a = 5.33 Å, b = 5.84

Å, and c = 7.43 with the assumption of α = β = γ = 90◦. These values are similar to the

reported bulk values of a = 5.3 Å, b = 5.86 Å, and c = 7.40 Å.

In total seven magnetic Bragg peaks were observed with their intensities summarized and

compared to bulk values in table 6.5. The intensity is normalized to a monitor (number

of neutrons after the monochromator) of 20 mio counts, corresponding to a measurement

time of ca. 31 minutes per point. All peaks were measured at 15 K to be comparable to

the bulk values. Interestingly, only a single peak does not match the relative intensities in

bulk at all. The (0 1-qk 1) peak (Fig. 6.17 a)) has the highest normalized intensity in the

Thin Film Bulk
Reflection Intensity I/Imax Modeling Intensity [132]

(0 qk 1) 95 0.88 49 42
(0 1-qk 1) 108 1 95 5.6
(0 qk 3) 38 0.35 23 30
(1 1-qk 1) 85 0.79 75 57
(1 1+qk 1) 34 0.31 61 36
(2 qk 1) 70 0.65 60 42
(2 2-qk 1) 42 0.39 37 26

Table 6.5: Comparison of the observed magnetic Bragg peak intensities with literature
values [132].
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Figure 6.17: a) (1 1-qk 1), b) (2 qk 1), and c) (0 qk 3) magnetic Bragg peaks from a
TbMnO3 thin film measured at the D10 at 15 K.

thin film, whilst it has the lowest (out of these seven peaks) in the bulk. The other film

peaks fall into three intensity "classifications": High with ≈ 90 counts, medium with ≈ 70

counts and low with ≈ 35-40 counts. Looking at the bulk peaks, this intensity distribution

is confirmed. High peaks show 57 counts for (1 1-qk 1) and 42 for (0 qk 1) (see Fig. 6.17 b);

although the equivalent peaks have intensities of 56 counts, fitting better with the thin film

observations). The medium peak has 42 counts and the low peaks have 26 to 36 counts (0 qk

3), shown in Fig. 6.17 c)). This confirms that a similar structure is observed. Furthermore,

it has to be noted that the statistical error for the film peaks is always in the range of ±

10 counts for a confidence level of 68.2 % (± one standard deviation). The propagation

vector was measured to qk = 0.28964± 0.0025 (in the following written as 0.29), deviating

slightly from the bulk value. It is consistent among all peaks, indicating a small change

of the magnetism between thin film and bulk, although no change in the general magnetic

structure is observed as was the case with LuMnO3 thin films.

To understand the differences between the thin film measurements and bulk results, the

magnetic peak intensities were calculated for the D10 data (see Table 6.5 and Fig. 6.18).

Figure 6.18: Calculated magnetic moments for a b-c spiral structre of the TbMnO3 thin
film. Red and blue arrows depict spins on different plains in a direction. The magnetic
moments along b and c are compared between our results and the data obtained by M.
Kenzelmann, et al. [39].
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Figure 6.19: a) (0 qk 1) peak in TbMnO3 at three different temperatures (the higher
temperatures are shifted slightly as indicated in the legend). b) Temperature dependence
of the (0 qk 1) peak.

The considerably larger intensity for the (0 1-qk 1) peak in the thin film can be explained

by changing the ellipticity of the spin spiral. While Kenzelmann, et al. reported magnetic

moments of 3.9 µB along the b-direction and 2.8 µB along c [39], we get a good fit by

"rotating" the ellipse by 90◦ to 3.9 µB along c and 2.88 µB along b. Due to the strained

crystal structure, the interactions of neighbouring spins are influenced resulting in the

variations in the moments.

The (0 qk 1) peak was measured at three different temperatures (2 K, 15 K , 30 K) in

order to observe changes due to the Tb ordering that occurs below 7 K. A Tb ordering

peak is visible at (0 t 1) in the red curve in Fig. 6.19 a). It appears at t = 0.426 making it

in principal identical to the value observed in bulk (t = 0.425). Taking this as a reference

point further strengthens the assumption that the change from qk = 0.27 to qk = 0.29 is

real. The Tb ordering peak is no longer observed at 15 K, while the intensity of the (0 qk 1)

peak decreases only slightly. This confirms that the temperature of 15 K is a viable choice

to investigate the magnetic Bragg peaks without a contribution from Tb ordering. At 30

K the intensity of (0 qk 1) is considerably lower than in the measurements before, but the

peak is still observed. A temperature-dependent measurement of this peak was performed

in order to investigate the transition temperature. The results are presented in Fig. 6.19

b). It shows a transition at 40 K, which is identical to the bulk value of 40 K.

6.1.6 Neutron Diffraction in Large Magnetic Fields

It has been reported that the spin spiral in TbMnO3 thin films is switchable by applying

an external magnetic field [37]. Usually it is located in the b-c plane of the material but an
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external field of 6 T along the c axis leads to a rearrangement of the spins in the a-b plane

observed by Fina, et al. [47]. The similarities between TbMnO3 and LuMnO3 described

before led to the idea of measuring something similar on thin films of the latter of the two

materials.

Therefore, a new, considerably smaller sample holder had to be designed with a diameter

smaller than 20 mm in order to be able to fit it into a 15 T magnet available at the PSI. The

holder design is shown in Fig. 6.20. In principle the whole sample is attached via a 2 mm

thin arm to the holder under a precise angle of 42.3◦ (for an explanation see chapter 6.1.2).

Due to not being able to tilt the 15 T magnet once mounted onto the RITA-II sample

table, a strict alignment of the sample in the holder was absolutely mandatory. This was

assured by measuring several film peaks without the cryostat and adjusting the bending

of the holder accordingly. Mounted into the cryostat these measurements were repeated to

confirm a still valid alignment.

Figure 6.20: Schematic drawing of
the new sample holder produced for the
RITA-II measurements in large magnetic
fields by Jonathan White.

Due to the considerably larger amount of ma-

terial in the beam, using the 15 T magnet com-

pared to the usually used ORI 3 cryostat (see

section 6.1.2), the signal was decreased by a fac-

tor of 2. Furthermore, due to a problem during

the mounting of the sample, it broke into two

nearly identically sized pieces resulting in a re-

duction of the area to 5 x 8 mm2 and therefore

another reduction by a factor of 2. Thus, the

measurement time had to be increased while

still getting slightly worse statistics compared

to the measurements before.

Initial alignment performed on the film peaks

already provided a challenge as the (023) film peak was very weak and nearly overshadowed

by the considerably more intense Al powder line in a blade near to the expected peak po-

sition. A side effect of the alignment measurements was the confirmation of the uniformity

of the thin film, as all of the measurements for one half of the film gave the same unit

cell parameters, with the expectedly lower intensity of the film peaks, as the measurements

before.

The (0 qk 1) peak was measured in zero field, at 0.5 T, 3 T and 10 T with the result

being shown in Fig. 6.21. Due to the mounting of the sample (see Fig. 6.7), the field had
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Figure 6.21: The (0 qk 1) peak of LuMnO3 in four different external magnetic fields.

to be applied along the a-axis of the film.

Comparing the peak at different magnetic fields (see Fig. 6.21), no significant changes

of its position or intensity are observed. In general the intensity decreases slightly towards

larger magnetic fields but does not disappear even at 10 T. One consistent change observed

is the increase of the FWHM for increasing fields. While it is 0.021 Å−1 at 0 T it increases

to 0.025 Å−1 at 3 T and 0.033 Å−1 at 10 T. The peak intensities as well as the FWHMs

are listed in table 6.7.

While a change in the peak shape was apparent, no factual conclusions on the underlying

mechanism can be made. As the magnetic field was not aligned along the c-axis due to

the constraints given by the mounting angle of the sample, a direct comparison to the spin

flipping experiments is not possible. Still, the observations indicate onsetting changes in

the magnetism. Fontcuberta et al. give the spin spiral ordering in TbMnO3 as one of

the main reasons for the "easily" changeable magnetic ordering due to low energy needs to

switch between b-c and a-b spin spirals [47, 133]. The E-type antiferromagnetism present in

Magnetic Field Peak Intensity FWHM

0 T 65 0.021
0.5 T 60 0.024
3 T 50 0.025
10 T 50 0.033

Table 6.6: Peak intensities and FWHMs of the (0 qk 1) peak of TbMnO3 in four different
external magnetic fields.
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bulk LuMnO3 is comparably robust against influence from external fields [133]. The very

small response in our experiments suggest that although the magnetic structure shifted

from E-type to a spin-spiral in the LuMnO3 film, it is very stable. Furthermore, the AFM

is coupled to the ferromagnetism in the thin films (see chapter 6.2). Thus, an additional

stabilization of the AFM ordering might occur as visible for the FM in the magnetization

measurements. The growth-induced strain might offer a further, direct, path of influencing

the stability of the AFM phase. The general influence on magnetic properties has been

already proven in the previous chapters and in the following section as well as in literature,

e.g. [55, 57, 68, 69, 134, 135, 136, 137]. Additional measurements are necessary to further

investigate the possibilities to tune the magnetism in the film by strong external fields.

6.1.7 Conclusions

The LuMnO3 and TbMnO3 films discussed in this chapter not only had a very good crys-

talline quality, but also have a measurable magnetic ordering. It was shown that the bulk

E-type antiferromagnet LuMnO3 changed its magnetic structure to a spin spiral when

grown as a thin film. Initial investigations of externally applied magnetic fields did not

show a spin flipping of the spiral to a different crystal plane.

In TbMnO3 the magnetic structure was investigated observing a similar deviation of 0.02

comparing the film and bulk qk values of 0.29 and 0.27, respectively. The peak intensities

were compared to bulk values [132] and the differences observed could be explained by a

change of the ellipticity of the spin spiral.
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6.2 Magnetization Measurements

In the recent years several groups have found a ferromagnetic contribution in antiferro-

magnetic thin film samples of TbMnO3and YMnO3 Marti, et al. [57, 138] have attributed

the ferromagnetism to boundary effects of antiferromagnetic domains and showed that the

ferromagnetism changes with the growth-induced strain. Kirby, et al. [139] see a mainly

homogeneous distribution of the ferromagnetism throughout the film and name it an in-

trinsic property of TbMnO3 and not a result of surface effects or impurities (e.g. Mn3O4).

To investigate a possible ferromagnetism in the LuMnO3 thin films, magnetization mea-

surements were performed at the University of Fribourg by Saikat Das and Vivek Malik.

6.2.1 Magnetometer Setup

The temperature dependent magnetization measurements were performed using a vibrating

sample magnetometer (VSM) inside a PPMS (physical property measurement system).

The thin film sample is attached to a quartz bridge (see Fig. 6.22). A pick-up coil is then

mounted around the glass rod and the whole setup is attached inside a cryostat and magnet.

During the measurements, the sample constantly moves inside the coil inducing a current

according to Faraday’s law of induction:

ε = −N dΦB

dt
(6.17)

Where N is the number of turns in the coil and dΦB/dt is the change of the magnetic flux

with time. When the sample is moved with a constant frequency, a change of the induced

current can be related to a change in the magnetization in the sample.

Figure 6.22: a) The sample is mounted on the quartz glass rod using the mirror as a
positioning help. The black tube contains the pick-up coil and is mounted around the
sample. b) The sample is then mounted into the cryostat and magnet.
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6.2.2 Temperature Dependent Measurements

The measurements were performed on a 56 nm thin LuMnO3 film also used for other experi-

ments including neutron reflectometry and low energy muon spin relaxation, both described

in the later sections of this chapter. The magnetization of the sample was measured by

applying a magnetic field along the c-axis and sweeping it between -40 and +40 kOe at

various temperatures. The sample was zero-field cooled down to T = 10 K. Fig. 6.23 a)

shows the full sweeps for temperatures between 5 K and 80 K. Already from the sweep

scans the ferromagnetism is observed. The internal magnetization increases fast and sat-

urates, depending on the temperature, between ca. 3 and 20 kOe. All curves are mostly

symmetric around the zero point. A zoom-in to the region between -2 and 2 kOe is shown

in Fig. 6.23 b). While the 80 K measurement shows a small hysteresis, it already increases

towards 40 K and starts opening up further the more the temperature is decreased. The

area of the hysteresis curve increases significantly for each step with being by far the largest

at the lowest measured temperature of 5 K. In Fig. 6.23 c) the total magnetization was

converted into a magnetic moment per Mn atom. In the saturation regime the value reaches

≈ 0.5 µB averaged over all Mn atoms in the film.

Taking a closer look at Fig. 6.23 b), several interesting observations are made: The in-

crease of the remanence, the magnetization still present in the sample when the external

field has been driven to zero, increases very slowly from 80 K to 40 K, with a more pro-

nounced rise below. The coercive field, the external field needed to reduce the internal

magnetization back to zero, on the other hand remains mainly stable down to 20 K (with

a small increase below 40 K) and increases significantly below. These findings, together

with the saturation magnetization, are summarized in Fig. 6.24. In total, comparing the

Figure 6.23: a) Magnetization curves of a LuMnO3 thin film for different temperatures.
b) Zoom-in to the center region of a) showing the hysteresis of the curves. c) Magnetization
curve at 5 K in units of µB per Mn atom.
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three parameters, three different temperature dependencies are observed. The saturation

magnetization increases from the highest measured temperature of 80 K down to the lowest

temperature, flattening out below 20 - 30 K. The remanence increases below ca. 40 - 50 K,

while the coercive field changes its slope slightly below 40 K and drastically for tempera-

tures below 20 K. This behavior indicates three different mechanisms interacting with the

ferromagnetism measured here.

In the region around 40 K the changes are explained taking the antiferromagnetism in

the film into consideration. It has been shown that at 40 K the Mn moments change

from a paramagnetic to an antiferromagnetic phase. An influence on the ferromagnetism

indicates a coupling and would explain both, the increases of the remanence and of the

coercive field. A coupling would result in a lock-in of antiferromagnetically ordered spins

near ferromagnetic domains, thus possibly increasing the total magnetization as well as

stabilizing ferromagnetically ordered spins (such as in magnetic hard drives). Therefore

a larger external energy, in this case an enhanced magnetic field, would be needed to

equalize the internal magnetic moments. Taking into account the results from chapter

5, it is also evident what causes the third, lowest transition. It has been found that a

ferroelectric transition occurs in this temperature region, in this case leading to an increase

of the coercive field by one order of magnitude between 20 K and 5 K. Again, this is

explained by a coupling of both ferroic properties. In this case, the coupling between the

ferroelectricity and the ferromagnetism leads to a (partial) switching of the polarization

resulting in considerably larger external fields needed to change the internal magnetization.

Figure 6.24: Temperature dependence of the saturation magnetiziation, the remanent
magnetization and the coercive field for a 56 nm thin LuMnO3 film.
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6.2.3 Exchange Bias Measurements

Additional measurements have been performed to investigate the coupling between the fer-

romagnetism and the antiferromagnetism. In samples were both ferromagnetism and anti-

ferromagnetism are present and the former has a higher transition temperature (TC > TN),

an external field can be applied during the cooling procedure. For this sample, the same field

as in the measurements before (4 T), was used. Cooling below the Néel temperature, while

an external field, or internal field by the ferromagnet, is present results in a preferential

alignment of the AFM domains near to the ferromagnetic regions. The antiferromagnetic

domains are "frozen" in a specific orientation. Now when a coupling or strong interaction

is present between both, this leads to an uniaxial anisotropy in the magnetization of the

sample.

When sweeping the external magnetic field, the hysteresis is shifted on the x-axis due to

different energies needed to align the ferromagnetic spins along one axis or antiparallel to

it. This effect is observed in Fig. 6.25. The two curves present in Fig. 6.25 a) show the

field cooled (red) and zero field cooled (black) hysteresises. First of all, a good match of

both is observed showing the high reproducibility of the results (the measurements were

taken a few weeks apart). Furthermore, already on the large scale differences are observed.

Zooming into the interesting region around the origin, a large shift of 260 Oe on the negative

and 110 Oe on the positive side is observed. Although it looks small in relation to the total

width of the hysteresis, comparisons with literature values of similar materials show that

it is actually very large.

Summarizing, it was shown that an additional ferromagnetic phase exists in strained thin

Figure 6.25: a) Field cooled (red) and zero-field cooled magnetization measurements of
the LuMnO3 thin film at 5 K. b) Zoom-in of the results in a).
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films. Furthermore, the ferromagnetism is coupled to the antiferromagnetism as observed

in exchange bias measurements. But due to the nature of the magnetization measurements,

no information was obtained with respect to the distribution of the ferromagnetism in the

sample. Literature suggests a homogeneous arrangement of the magnetic moments [139]

arguing mainly with AFM domain boundaries [138]. In order to further investigate this,

another measurement method, polarized neutron reflectometry, has to be utilized described

in the next section.
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6.3 Polarized Neutron Reflectometry

Similar to magnetization measurements, polarized neutron reflectometry is sensitive to

ferromagnetic order in a sample. The main difference is that it is not a pure volume

method and offers depth information about the distribution of magnetic moments.

6.3.1 Theory

The working principle of neutron reflectometry [140, 141] is the same as in e.g. x-ray reflec-

tometry measurements. X-rays are often better suited for heavy elements, while neutrons

can distinguish light elements such as He or oxygen, being even sensitive to isotopes. It is

also often possible to differentiate between materials with very similar scattering lengths

(such as Si and SiO2 for example) Furthermore, polarized neutrons are used to investigate

magnetic induction.

General Reflectometry

Generally, in reflectometry an incident wave is scattered and depending on the relation of

the incident (θi) and scattered angle (θf ) it is either elastic (θi = θf ), no energy transfer

occurs, or inelastic (θi 6= θf ). Typically, the scattering is described by the momentum

transfer vector qz:

qz = ki + kf (6.18)

Its modulus is then:

qz =
2π

λ
sin θi +

2π

λ
sin θf (6.19)

=
2π

λ
(sin θi + sin θf ) (6.20)

for elastic scattering (θi = θf ), this simplifies to:

qz =
4π

λ
sin θi (6.21)

This is also shown in Fig. 6.26 a). Often the qz value is used on the abscissa as a measure

of the combined incident and scattered angle. Normally, the scattering of neutrons is very
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Figure 6.26: a) Specular surface reflections showing the qz vector. b) Multiple reflections
and refractions at a smooth film surface and film/substrate interface.

weak, resulting in very small reflected intensities when the vertical velocity (relative to the

sample surface) of the neutrons is large. Therefore only for very small incident angles a

high reflectance can be achieved. As with light, neutrons are perfectly reflected from a

smooth surface below a critical angle.

The interaction of neutrons with a medium can be investigated starting with the Fermi

pseudopotential for neutrons in matter:

V (r) =
2π~2

m
bδ(r) (6.22)

where m is the mass of the neutron, b is the neutron scattering length, r is the distance

between neutron and nucleus (in this case assuming spherical scattering) with r = 0 being

the center of mass of the nucleus, and δ the Dirac delta function (= 1 at the position of a

nucleus). This leads to the average potential in a medium of:

V̄ =
2π~2

m
ρ (6.23)

with

ρ =
1

volume

∑
i

bi (6.24)

being the neutron scattering length density. Comparing the energies of the neutrons

inside and outside the medium gives the refractive index. They are given by:

EV ac =
~2k20
2m

(6.25)
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EMed =
~2k2

2m
+ V̄ (6.26)

The conservation of energy leads to:

~2k20
2m

=
~2k2

2m
+ V̄ =

~2k2

2m
+

2π~2

m
ρ (6.27)

and thus:

k20 − k2 = 4πρ (6.28)

Using the definition of the refractive index n = k/k0 this gives:

n2 = 1− 4πρ

k20
(6.29)

Using the relation k = 2π/λ and the fact that ρ « 1 this can be simplified to:

n = 1− λ2

π
ρ (6.30)

A simulated reflectometry signal is depicted in Fig. 6.27. For very small angles near

qz = 0, the sample partially blocks the beam resulting in an increase of the reflected light

for increasing angles. A plateau is reached when total reflection occurs together with parts

of the beam passing the sample completely. For further increasing angles, the intensity is

reduced due to refraction into the sample and no longer perfect reflection. Typically, the

signal levels off in a background for high qz. The refraction into the thin film happens

according to Snell’s law:

sin θi
sin θr

=
n1

n0

(6.31)

where θi is the incident and θr is the refracted angle. n0 represents the refractive index

of the medium above the film surface and n1 is the refractive index of the film. As a result,

the light, or neutrons, will see a second scattering interface between the thin film and

the substrate (see also Fig. 6.26 b). The incident beam undergoes several reflections and

transmissions. r01 describes the reflection happening when the incident beam is directly

reflected at the film surface. The part of the incident intensity that enters the film is

described by t01. This part of the beam is then reflected at the film/substrate interface,

described by the reflectivity r12. In fact, another part is refracted into the substrate but
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Figure 6.27: a) Neutron reflection from a surface without multiple reflections. b) Neutron
reflection from a 50 nm thin Ni film (neglecting magnetism).

is neglected in this discussion. The part of the beam, that has undergone the route t01 ->

r12 is then either reflected back into the film (r10) or is transmitted back into the medium

(t10), where it is measured as a part of the total reflected intensity. As these intensities are

still coherent with the incoming beam and the other reflections, an interference depending

on, amongst other parameters, the film thickness occurs. It is derived by summing the

different available beam paths and the final term for the reflected intensity is then:

R =
r201 + r212 + 2r01r12 cos qd

1 + r201r
2
12 + 2r01r12 cos qd

(6.32)

The oscillations observed e.g. in Fig. 6.27 b) are caused by the interference terms in the

equation that depend on the film thickness, with a thinner film leading to wider spread

maxima, in this case called Kiessig fringes. So far, everything is in principal the same for

x-rays and unpolarized neutrons with the only difference being the wavelength (1.541 Å

for x-rays, ≈ 4 Å for cold neutrons. The introduction of polarized neutrons into the setup

leads to an additional change in the reflectivity depending on the internal magnetic fields

in the thin film.

Spin Polarized Reflectometry

One of the key advantages using neutron reflectometry compared to x-rays is the sensitivity

for magnetic moments. Therefore, the most interesting measurement method is the use of

polarized neutrons. In this case a beam of either spin up or spin down neutrons is reflected

on the sample (see Fig. 6.28) and depending on their spin, the neutrons experience different

internal potentials resulting in a distinct signal for both polarizations.

The Fermi pseudopotential discussed before is modified by magnetic inductions:

V̄mag = −µNB :=
2π~2

m
bmρ (6.33)
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Figure 6.28: Schematic view of polarized neutron reflection on a film surface. An external
magnetic field is applied parallel to the film surface. [142]

leading to:

V̄F =
2π~2

m
(bn ± bm)ρ (6.34)

As a result, the effective potential, as well as the refractive index differ depending on

the spin orientation of the neutrons relative to the magnetic moments in the sample. A

simulated example is shown in Fig. 6.29. While the reflection maxima can be used to find

the correct film thickness (such as in XRD, see chapter 3), the spin up/down ratio (as shown

in Fig. 6.29 b)) and its exact form are used to investigate the averaged depth-distribution

of magnetic moments in the sample.

Figure 6.29: a) Simulation of polarized neutron reflection from a 50 nm thin Ni layer. b)
Spin up/down ratio for the measurement in a).

6.3.2 The AMOR Beamline

The measurements were performed on the AMOR (apparatus for multioptional reflectom-

etry) beamline of the Paul Scherrer Institute. The schematic view together with a photo-

graph is shown in Fig. 6.30. The neutron beam with a mean flux of 1.38 × 108 s−1 cm−2
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Figure 6.30: a) Schematic view and b) photograph of the AMOR setup. [143]

mA−1 enters the setup from the right side. At first, they pass a pair of disc choppers that

are used to create neutron bunches. This already shows, that polarized neutron reflec-

tometry is a time-of-flight method, where the choppers define the starting trigger and the

detector gives the ending trigger. The neutrons are then polarized and guided onto the

sample. The table on which the sample is mounted can be moved and tilted to adjust the

sample in the beam. Most importantly it can be tilted around the ω axis, "rocking" the

sample perpendicular to the beam. This, together with the detector gives a θ/2θ measure-

ment as known from x-ray diffraction. Depending on the requirements of the experiment,

it is possible to use cryostats and magnets up to 4 T, as done during our experiments. The

magnetic field is applied parallel to the film normal, as shown in Fig. 6.28.

6.3.3 Temperature Dependent Reflectometry

For the investigation of the ferromagnetic field distribution, exactly the same sample as

in the magnetization measurements (as well as in muon relaxation, see chapter 6.4) with

an external field of up to 4 T along the same direction (parallel to the c-axis) was used.

The reflected intensity of the polarized neutrons was measured for temperatures between

150 K and 10 K. The results for these two limit temperatures are shown in Fig. 6.31. The

external field is applied to induce a magnetization in the films and therefore increase the

measured signal.
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Figure 6.31: Reflected intensities from a LuMnO3 sample measured at a) 150 K and b)
10 K.

At 150 K both spin polarizations show the same signal, only influenced by the structural

properties of the thin film as described before. Maxima are observed for qz values of≈ 0.019,

≈ 0.027, ≈ 0.039, and ≈ 0.051, while higher orders are difficult to resolve. Using these

Kiessig fringes, the calculated film thickness is ≈ 56 nm, identical to the calculations from x-

ray reflectometry. Furthermore, it is observed that the fringes are rather "flat". This can be

explained by the fact, that the substrate is not perfectly plane due to the polishing process

done by the crystal vendor. As a result the grown films are slightly buckled. Furthermore,

as explained in chapter 3, the film thickness varies slightly from the center to the outer

regions also decreasing the contrast between minima and maxima of the reflected intensity.

While the general shape of the curves stays the same at 10 K, a separation of both spin

polarizations is observed. The difference at the maxima is roughly a factor of 2. Before

discussing the simulation of the curves in the next section, the temperature dependence of

the reflectometry data is investigated.

In order to achive a spin ratio evolution as a function of the temperature, two qz values

were chosen at which the ratio is determined. Due to the largest difference in the signals,

the maxima at qz = 0.027 and qz = 0.039 are examined. The results are shown in Fig. 6.32.

In both curves the general behavior is the same, above 100 K, the spin down/up ratios

are about equal, although the value at 150 K is slightly higher. The explanation is visible

in Fig. 6.31. Directly at the maximum position with qz = 0.039, the value for the spin

up direction is comparably small with the opposite being true for the spin down value.

Probably this is not a real effect but just a statistical outlier, increasing the ratio strongly

in favor of the spin down polarization. Below 100 K the behavior is very similar for both

maxima, showing a strong increase up to a ratio of ca. 1.6 at 40 K and a flattening of
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Figure 6.32: Temperature dependence of the spin down/up ratio measured at qz = 0.027
and qz = 0.039.

the curve below this value. Again, both temperatures coincide well with the transition

temperatures found for the ferromagnetism (chapter 6.2) and for the antiferromagnetism

(chapter 6.1).

The agreement for the ferromagnetic transition temperature is obvious, as both the mag-

netization measurements as well as the neutron reflectometry measure the same effect. In

case of the magnetometer, the measurements are averaging over the whole film thickness

and therefore no information can be given about the internal distributions. Polarized neu-

trons experience exactly the same internal fields, but the resulting curves keep information

about the distribution. Reducing this information to a temperature-dependent value (in

this case the spin ratio, for the magnetometer measurements the saturation magnetization)

yields the same qualitative results, in particular as both the saturation magnetization as

well as the spin ratios are investigated at an external field with the same orientation and

magnitude.

The flattening of the curve at the antiferromagnetic temperature is stronger pronounced

in the PNR measurements than for the magnetization experiments (see also Fig. 6.24).

Due to the proven coupling between the ferromagnetism and the antiferromagnetism this

behavior might be explained by a pinning of the ferromagnetic moments to the antiferro-

magnetic structure, increasing the needed energy to further increase internal magnetization

resulting in a smaller slope for temperatures below 40 K.

6.3.4 Simulations of the Magnetic Distribution

To extract the information about the depth distribution of the magnetic moments from

the PNR measurements, the spin up and spin down curves have to be fitted. A zoom-in to
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the most interesting region of the 10 K measurement shown in Fig. 6.31 b) is depicted in

Fig. 6.33. All effects caused by the internal magnetism are well reproduced in the fit. The

four regions of large differences between spin up and down are clearly observed in both,

the data and the fit. Furthermore, the declining flanks after these maxima are agreeing

well, showing a crossover point at ca. qz = 0.021 and parallel decline without crossing for

higher qz values. The biggest difference between fit and data is observed for the maximum

at qz = 0.027. The peak contrast is clearly overestimated in the fit, where the data shows

more of a plateau than a peak. This is explained by the structural inaccuracy of the fit

and is not related to the magnetism. The aforementioned buckling of the substrate leads

to small variations in the angle under which the neutrons hit the surface therefore reducing

the intensity of the specular reflection. Furthermore, the slightly thinner film at the edges

of the sample leads to different interference conditions for maxima and minima resulting

in an increase of the width of the peaks.

To remove the influence of the structural properties, the curves were renormalized ac-

cording to:

I =
R+ −R−

0.5(R+ −R−)
(6.35)

The resulting graph as well as two different fit curves are shown in Fig. 6.34 a). The blue

fit curve reproduces the measured data well. All peaks as well as the general trend agree

well, beginning at zero for small qz, reaching a minimum around qz = 0.025, according

to the largest difference between the spin up and spin down signals, and then showing an

Figure 6.33: Fitting curves for the 10 K PNR measurement on LuMnO3. The inset shows
the high qz region.
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Figure 6.34: a) Renormalized curves for the 10 K PNR measurement on LuMnO3 includ-
ing two different fits. b) The magnetic moment distribution assumed for the blue fit in
a).

upwards trend for qz > 0.05. The assumed distribution for this fit is shown in Fig. 6.34

b). The magnetic moment of 1.1 µB is the largest in the first 10 nm at the film/substrate

interface and then decays in a Gaussian distribution towards the film surface, where it

reaches a minimum of 0.1 µB. This is qualitatively the same behavior as the strain-induced

unit-cell relaxation shown in Fig. 3.6. The strain is the strongest directly at the interface

and a strong relaxation is observed already ≈ 20 nm into the film. This is a very strong

indication, that the ferromagnetic component is induced and strongly influenced by the

strain in the thin films. These results also quantitatively agree well with the magnetization

measurements. In total, when averaging over the whole film, the resulting magnetic moment

per Mn atom is ≈ 0.55 µB. For comparison, the magnetization measurements already give

only an average over the whole film with a value in the range of ≈ 0.48 µB. The red fit in

Fig. 6.34 a) assumes a distribution with the larges magnetic moment at the sample surface,

clearly not fitting the data. Similarily, no fit is achieved when assumung a homogeneous

distribution of the magnetic moments.

6.3.5 Magnetic Field Dependent Measurements

The spin up and down differences were further investigated as a function of the applied

external magnetic field, in particular also to see if the ferromagnetic moments are only

induced by the applied external field, e.g. by a canting of the antiferromagnetism. Still, this

would only explain a ferromagnetism below the Néel temperature. But as ferromagnetism

is already observed well before any antiferromagnetism is present, it can not be just the

result of a canting effect.



6.3. Polarized Neutron Reflectometry 127

Figure 6.35: Schematic view of the monochromatic imaging mode.

For this measurement, the film was cooled down in zero field to 10 K and the mea-

surements were performed starting with the smallest field of 100 mT and consequently

increasing it to 4 T. The resulting field dependence is shown in Fig. 6.35. Even at 100

mT the resulting spin down/up ratio is still ≈ 1.18 and does not reach 1 extending the

curve towards 0 T. It increases constantly, when increasing the magnetic field. At 4 T, the

maximum applied field, it begins to saturate slightly reaching values around 1.55.

Together with the magnetization measurements it can be said, that an actual ferromag-

netic component is present in the thin film. While spin canting might occur in external

fields, therefore inducing a ferromagnetic component, the large and smooth hysteresis sug-

gest otherwise. In the case of canted AFM spins an abrupt magnetization is expected.

Furthermore, muon spin relaxation measurements (discussed in the next section) at very

small fields as well as in zero field (and therefore non-existent spin canting induced by exter-

nal fields) show the same transition temperatures as magnetization and polarized neutron

reflectometry. In particular the fact that a ferromagnetic signal is measured at tempera-

tures below ca. 85 K while the antiferromagnetic structure forms only below TN = 40 K

excludes an AFM spin canting for the intermediate temperatures.

6.3.6 Conclusions

As expected, the polarized neutron experiments helped to understand the ferromagnetism in

the thin films observed earlier in magnetization measurements. It was shown that contrary

to literature [138, 139], at least in the LuMnO3 thin film, the ferromagnetism is not evenly
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distributed throughout the sample, but has a maximum at the film/substrate interface. The

value of 1.1 µB decreases only slightly over the first 10 nm, with a Gaussian falloff towards

the film surface down to a value of ca. 0.1 µB. Furthermore, as the ferromagnetism appears

above the AFM transition temperature, as well as at very small fields, it is concluded that

an actual ferromagnetic order exists and that the effect is not caused by a canting of spins

in an external field.

The exact origin of the ferromagnetism is not clear, yet. The distribution with the

maximum at the film/substrate interface strongly hints to an influence of the growth-

induced strain. It might be possible that a structurally induced canting of the Mn-O-Mn

octahedra distorts the magnetic interactions in the material. It was shown by Marti,

et al. that the ferromagnetism in TbMnO3 thin films could be influenced by the unit

cell volume [144]. They observed a similar effect in YMnO3 [57]. The observations in

magnetization measurements and polarized neutron reflectometry agree well with these

assumptions with the added information about the depth distribution of the ferromagnetic

magnetization.
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6.4 Low Energy Muon Spin Relaxation - LEµSR

Muon spin relaxation/rotation/resonance was first phrased as µSR in 1974 in the first µSR

newsletter and since then it has been used to investigate local fields in magnets or super-

conductors [145, 146] or measure the behavior of muonium (hydrogen-like bond between

µ+ and an e−) in matter [147, 148]. Low energy muons are available with high flux only at

the LEM beamline of the PSI and allow to investigate magnetic moments in the surface of

materials or in general in thin films [149].

For the REMnO3 samples muons are used as local magnetic probes. They are implanted

at a specified depth in the thin film and decay after a certain time into, amongst other

particles, a positron which then hits a position-sensitive detector. This allows for depth-

dependent investigation of magnetic fields in the samples.

6.4.1 Theory

Like electrons, muons are elementary particles belonging to the group of leptons, together

with the tau particle and the respective neutrinos. The electron, the tau and the muon

all share some properties. They have an elementary charge as well as a 1/2 spin. The

main difference is the mass. While electrons are as light as 9.109 × 10−31 kg, the muons

are 207 times heavier at a mass of 1.883 × 10−28 kg. This makes them more like "light"

protons in fact with roughly 0.11 mp. Furthermore, they have a limited lifetime of 2.2 µs.

This is very important for the experiments as the decay products of the muon are detected.

Interestingly, this lifetime would allow them to travel only a distance of about 660 m before

half of them were decayed. But due to their velocities near the speed of light, relativistic

effects stretch this far enough to be easily usable in large facilities. This behavior and

in particular the interaction in matter is described by the Bethe formula (equation 6.38)

shortly explained in a later subsection.

Muon Generation

The most common muon generation mechanism on earth is from cosmic rays, typically

consisting of high energy protons. Due to their high rest mass of 105.7 MeV, muons can

not be generated in nuclear fusion, such as reactors or bombs. But the collisions of high

energy cosmic protons with the nuclei of the atmosphere can produce pions which after a

very short lifetime decay into muons and neutrinos. These muons then travel to earth and

can be detected in fact not only on the surface but even in deep mines.
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Figure 6.36: a) Pion and consecutive muon generation after a high-energy proton hits a
carbon or beryllium target. b) Due to the maximum parity breaking in the weak force, the
muon spin is polarized nearly 100% antiparallel to its momentum .c) Decay orientation of
the muon. [150]

This marks another important difference between muons and electrons. The latter

strongly interact in matter via Coulomb interactions leading to Bremsstrahlung and only

a very narrow penetration depth. The higher mass of muons counteracts this deceleration

mechanism and results in large penetration depths in particular for high-energy muons.

The generation in large facilities (five are in total available in the world: TRIUMF in

Vancouver, Canada, ISIS in Oxfordshire, United Kingdom, RIKEN-RAL in Abingdon,

United Kingdom, J-PARC in Tokai, Japan, and PSI in Villigen, Switzerland) is similar

to the cosmic ray example. A high-energy proton beam of, in the case of the PSI, 600

MeV energy hits a carbon or beryllium target, producing a large amount of π+ pions (see

Fig. 6.36). Light target elements are used to reduce multiple scattering of the protons and

hence increase the pion yield. The generated pions have a very short lifetime of only 26 ns

decaying further according to the following reaction:

π+ → µ+ + νµ (6.36)

π− → µ− + ν̄µ (6.37)

The pions generated in this process rest at the surface of the target and decay there.

This is also the main reason while the first reaction is far more prevalent. The negative

charge of the π− results in large amounts of trapped negative pions due to the generation

of pionic atoms before they can decay, thus leading to a mainly positively charged muon

population. The muons are emitted isotropically with a kinetic energy of 4.12 MeV and are

called "surface muons". Another very important property for the experiment is the nearly

100% spin polarized muon beam. This is due to the helicity of -1 of the νµ resulting in a spin
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antiparallel to its momentum. As the initial system had a spin of 0 and spin and momentum

conservation have to be fulfilled, the muon, ejected in the opposite direction of the νµ also

has its spin aligned antiparallel to its momentum (see Fig. 6.36 b)). Thus, a maximum

parity breaking is present leading to the very advantageous high spin polarization. In order

to maximize the amount of muons arriving at the experiment several quadrupole or, in the

case of the low energy muons beamline at the PSI, a solenoid magnet focus muons from a

larger angle towards the measurement apparatus.

Depending on the experiment the surface muons are either used at these kinetic energies

or they are further reduced. In fact, only the PSI has a muon beam line where so-called

low energy muons are created and used in experiments on a regular basis. To achieve this,

the muons are slowed down in a moderator as shown in Fig. 6.37 such, that an as large as

possible amount of muons has kinetic energies <≈ 15 eV (explained below). The moderator

system consists of either a 370 µm thin Si or a 125 µm thin Ag substrate. On top of that

a 100 nm Ar gas layer is deposited at temperatures < 10 K. It is then capped by a few nm

thin layer of N2 gas. These "gas" layers are in fact, so-called weakly bound van der Waals

solids and can become problematic as they have to stay stable in a UHV system while being

exposed to muon and thermal radiation therefore requiring a very good cooling.

But how are are the muons moderated? The substrate acts as a slowing/stopping

medium, where the incoming surface muons are decelerated down to ca. 15 eV. In or-

der to achieve high accuracies, and in the end large intensities, all energies and thicknesses

are adjusted precisely. The muons are tuned to a momentum of 27.5 MeV beforehand and

Figure 6.37: The moderator system with the cooled substrateand electrostatic frames for
guidance of the beam. [151]
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the thickness is chosen such that the amount of muons reaching an energy<≈ 15 eV just

at the downstream surface of the substrate is maximized. As described before, this side

is covered with the van der Waals solid, which, in the first approximation, has only one

inelastic energy loss process, by charge exchange. The cross-sections for such a charge ex-

change decrease significantly with decreasing kinetic energies. As a result, a large amount

of muons transverses the gas layer without inelastic energy losses. Furthermore, scattering

processes lead to an isotropic angular distribution of the muons leaving the moderator.

The N2 capping layer acts as a short-time storage layer and was found to increase the

intensity of the low-energy muon beam. In order to get the muons off the moderator, a 15

KV accelerator is mounted a short distance away, attracting the muons. Here, a second

advantage of the N2 capping layer comes into play, as it prevents high voltage discharges on

the moderator surface. Out of 107 muons arriving at the moderator, ca. 104 leave it with

an energy small enough to be used in the experiment. The majority of the muons passes

the moderator with energies of < 500 KeV and do not contribute to the measurements.

The setup as a whole is shown in Fig. 6.38 and is described in the next section.

6.4.2 The LEM Beamline

The beamline is shown schematically (a)) and in a photograph (b)) in Fig. 6.38. The

upper right side shows the arriving muons with an energy of ca. 4 MeV and their spin

polarization aligned antiparallel to the direction of momentum. After entering the setup,

they are moderated as described above. The red line shows muons that where successfully

moderated to an energy of < 15 eV, while the green line shows muons with higher energies

passing the moderator. An electrostatic mirror only deflects the muons that were captured

in the surface of the gas layer of the moderator, while higher energetic muons pass through

and are observed in a separate detector. The mirror has a second, very important effect,

i.e. changing the direction of momentum, but not affecting the spin. Therefore, the muons

are no longer polarized antiparallel to their momentum, but perpendicular to it. This

makes them sensitive for magnetic fields aligned parallel to the film normal (thus, parallel

to their direction of movement). The muons are guided towards the sample by several

electrostatic lenses. On their way, they also pass the trigger detector, consisting of a 10 x

10 cm2 carbon foil which is only a few monolayers thick, which acts as a starting signal for

the measurement. This makes the foil very fragile and sensitive to pressure changes in the

system but on the other hand the loss of muons is nearly zero, although 100% of them are

detected. The use of start and end-triggers (the detectors measuring the positron from the
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Figure 6.38: The muon beam arrives at the LEM beamline with a kinetic energy of
4.11 MeV. The muons are then moderated down to 15 eV and further accelerated towards
the electrostatic 45 ◦ mirror. The spin is flipped from antiparallel to the momentum to
perpendicular in this step and the muons are guided towards the sample by electrostatic
lenses. A trigger detector consisting of an extremely thin carbon foil marks the starting
signal for a time-of-interaction measurement of the muon. Shortly before they reach the
sample their kinetic energy is adjusted and they are focused onto the sample. The positrons
generated in the decay process of the muons hit one of the four detectors around the sample
and end the measurement. [151]

muon decay, see later) makes µSR a "time-of-interaction" measurement. The flight time

until the muon reaches the sample is negligibly short compared to the measured timescales

of several µs. Furthermore, the thermalisation, the time the muon needs from reaching the

sample until it is stopped at a certain depth, is in the range of < ns. Thus, again, not

influencing the time-dependent measurements. A pair of conical lenses is used to focus the

beam onto the sample (see also Fig. 6.38) to optimize the amount of mouns really hitting

the sample. Furthermore, there is an anode in front of the sample which can be adjusted

between +12 kV and -12 kV to either de or increase the kinetic energy and therefore the

implantation depth of the muons.

6.4.3 The Measurement Mechanism

The low energies of the muons lead to implantation depths in the range of a few up to

several hundred nm, depending on the material. Monte Carlo calculations for LuMnO3 and

TbMnO3 by TRIM (transport of ions in matter [152]) used for the experiments are shown
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in Fig. 6.39. The calculations used in this routine are based on the Bethe-Bloch formula,

describing the mean rate of energy losses of charged heavy particles in matter [153]:
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2
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2 = 0.3071 MeV g−1 cm2 (6.39)
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M

)2 (6.40)

The variables are summarized in the following table:

Symbol Definition Units or Value

NA Avogadro constant 6.022× 1023mol−1

re Classical electron radius 2.81794 fm
mec

2 Electron mass ×c2 0.511 MeV
ρ Density of the material g cm−3

Z Atomic number of the material
A Atomic weight of the material g mol−1

z Charge of the particle
β ν/c of the particle
γ 1/(1− β2)1/2

δ Density effect correction to energy loss

Table 6.7: Explanation of variables in the Bethe-Bloch equation.

The implantation depth of the muons can be tuned by adjusting the kinetic energy of

the muons. For a TbMnO3 film, an energy of 3.5 keV leads to implantation 18 nm below

the surface, the center of the sample is reached with energies between 12 and 18 keV, while

higher energies lead to an implantation at the film/substrate interface. In Fig. 6.39 a) two

vertical lines indicate two different film thicknesses investigated, i.e. one around 28 nm and

the other with ca. 120 nm. Similar, for a 56 nm thin film of LuMnO3 shown in Fig. 6.39

b), an energy around 4 keV results in implantation near the surface/bulk region, while the

majority of muons with 10 keV kinetic energy will be stopped around 50 nm, very near to

the substrate/film interface.
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Figure 6.39: TRIM monte-carlo calculations on a) TbMnO3 and b) LuMnO3 to determine
the muon penetration depths as a function of their kinetic energies.

6.4.4 The Theory of Relaxation

Fig. 6.40 shows the implantation of muons (a), b)), as well as the precession in the local

magnetic fields and the decay and detection (c)). a) and b) are in the same orientation as

Fig. 6.38, while c) is a "top view" onto the sample along the propagation direction of the

muons. In order to see oscillations without internal fields, a small external magnetic field

is applied perpendicular to the muon spin. Once the muons are implanted they decay due

to their limited lifetime according to:

µ+ → e+ + νe+ + ν̄µ (6.41)

where e+ is a positron, νe is the according neutrino and ν̄µ is the muon antineutrino.

While the neutrinos are "lost" in the experiment, the positron is detected by one of four

detectors. A specific characteristic of the muon decay allows to correlate the position of

the detected positron with the rotation of the muon. Similar to the π+ decay the muon

decay is mediated by the weak interaction and again, due to broken parity the positrons

are mainly emitted along the spin direction of the muon. Considering only positrons with

high kinetic energies, a 100% polarization would be observed. This is not the case when

observing all possible energies (see Fig. 6.36 c)). In this case the angular distribution follows

the equation:

W (E, θ) = 1 + a(E) cos θ (6.42)

with a = 1/3 when all energies are sampled.

In the case of a transverse field, the positrons are detected by one of the four detectors

(see Fig. 6.40), which gives the end-signal for the time-of-interaction measurement. The
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Figure 6.40: a) Muons with a spin perpendicular to their momentum travel towards the
sample. b) The muons are implanted according to their kinetic energy, c) where they
rotate in the local magnetic fields and decay, amongst others, in to positrons which then
are detected.

four detectors are arranged left and right, as well as above and below the sample in the

rotation plane of the muon. A large number of positrons detected with high statistics allow

to determine the statistical average muon spin polarization in the sample.

Influences on the Muon Decay in a Sample

The measurement of the muon decay in a transverse-field configuration is typically done

by looking at the so-called asymmetry value of the measurement:

A(t) =
NR(t)−NL(t)

NR(t) +NL(t)
(6.43)

where NR(t) and NL(t) describe the time-dependent amount of positrons measured at

the right and left detectors, respectively. We restrict the measurements to the left and

right detectors not considering top and bottom due to the following reason: In the case of

a perfect ferromagnet with the spins aligned perpendicular to the muon spin, the muons

would rotate coherently around the internal field. In this case the resulting asymmetry

curve would be an oscillation around zero without any damping on these timescales (similar

to the green curve in 6.41), with the oscillation frequency given by the magnetic field

strength. After specific times, most positrons would be detected by the left detector, then

bottom, then right, then top and so on. When adding antiparallel spins, two precession

orientations would be present in the sample, clockwise and anti-clockwise. In this case in

the beginning most positrons would be detected at the left detector, but after a quarter

rotation similar amounts would be measured at the top and bottom detectors, strongly
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reducing the asymmetry signal. After half a rotation most positrons would arrive at the

right detector, therefore not changing the asymmetry signal for the left-right configuration.

Considering the angular distribution of the positron decay the maximum value of the

asymmetry is 1/3. In a real experiment this value often decreases to a value of 0.25 -

0.3. Taking into account the aforementioned influence of the magnetic field, the measured

asymmetry can be written as:

A(t) = A0PX(t) (6.44)

with PX(t) being the polarisation function in the left-right direction. In the case of

internal fields parallel to the spin direction the polarization function is PX(t) = 1 as no

rotation of the spins occurs and the asymmetry is no longer time dependent. For perfectly

aligned spins perpendicular to the muon spin the polarization function becomes:

Px(t) = cos (ωµt) (6.45)

with ωµ being the lamor frequency of the muon with ωµ = γµB where γµ is 851.59 MHz/T

and B is the magnetic field in which the muon rotates. In this case the signal oscillates

around zero as mentioned before. In a polycrystalline sample with isotropically aligned

spins this changes to

Px(t) =
1

3
+

2

3
cos (ωµt) (6.46)

as one third of the fields is applied parallel to the muon spin and the rest perpendicular.

Therefore an oscillation around 1/3 of the initial asymmetry would be measured. These

cases describe only perfectly static fields of equal magnetic field strength. In a real sample a

de-phasing of the muons spins in the ensemble occurs which has two main different causes:

De-Phasing

In the so-called static de-phasing, the sample has local magnetic fields of varying strength.

As seen from ωµ = γµB this causes different rotation velocities for the muons and therefore

the signals de-phase with the time resulting in a reduction of the asymmetry value for

later times which then goes towards 1/3A0 for the limit of very long times or towards 0

in an external field that orders the domains in the sample in the same direction (as done

in our experiments). The dynamic de-phasing is caused by changes of the magnetic field
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orientation in the time-scale of the muon lifetime (< 2.2 µs). In this case the muons try to

follow the changes of the local magnetic fields and lose their phase coherence [154].

The resulting polarization function in a small external field is then:

Px(t) = e
− t
τµ cos (ωµt) (6.47)

This results in a damped oscillation. Unfortunately, in this configuration it is impos-

sible to distinguish between static and dynamic de-phasing as only the total damping is

measured.

Furthermore, another influence on the measured signal has to be considered. Due to the

large size of the muon beam (circle of ca. 15 mm diameter) compared to the sample (ca.

7 x 10 mm2) only a fraction of the muons is stopped in the sample while the rest hits the

sample holder (either Ni or Ag) as well as the uncovered regions of the substrate (only

for the very first measurement, the uncovered edges were cut off for later experiments).

Therefore the measured signal is:

A(t) = A0

[
Xe
− t
τµ,S cos (ωµ,St) + (1−X)e

− t
τµ,H cos (ωµ,Ht)

]
(6.48)

Here X describes the fraction of muons stopped in the sample and 1−X the ones stopped

in the holder (and substrate if visible). The influence of the different sample holders and

the method to calculate the fractions are described in the next section.

6.4.5 Comparison of Sample Holders

As observed in Fig. 6.41, the sample holder has a large influence on the final signal. There

are two main reasons for this behavior: Ag and Ni alone show completely different muon

spin relaxation signals and are therefore used for different samples. Muons relax only very

slowly in silver, therefore the signal is nearly undamped over the investigated time-scales

with a clear oscillation related to the applied external magnetic field. Thus, in order to

decouple it from the sample signal, it is best used for materials that have a very fast

relaxation. On the other hand, Ni has already a fast relaxation and the mouns relaxing

in the Ni holder do not show any oscillation as the damping is considerably faster than

the frequency of the oscillations, making this holder ideal for slowly relaxing samples. The

second reason for this large influence is the size of the samples used. With ca. 7 x 10 mm2

sample area only around 40% of the muons are hitting the sample, while the remaining
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Figure 6.41: Asymmetry curves for 250 K, 75 K and 10 K for TbMnO3 mounted on a a)
Ag and b) Ni holder. c) A zoom-in to the first 500 ns of the signal on the Ni holder.

muons relax in the holder and in the substrate (see Fig. 6.42). The substrate had only an

influence for the very first measurement and was sawed off for the latter experiments. Since

it behaves identical to the Ag holder its contribution was accounted for in the background.

To separate the fraction of the signal from the sample and from the substrate/holder,

several assumptions have to be made:

For the Ni holder (Fig. 6.41 b)) all of the slowly relaxing signal at high temperatures

(black curve) is attributed to the sample, while the fast decay is exclusively from the holder.

These fractions are held constant for lower temperatures where both, the Ni holder and

the film show fast relaxation of muons. In this temperature regime the small amount of

slow relaxing muons comes from the non-film coated edges of the substrate. For the Ag

holder a different approach is necessary, the fractions are separated at low temperatures

where the whole slowly relaxing signal can be attributed to the holder and the visible parts

of the substrate, while the fast relaxation originates from the thin film. These values are

then held constant to investigate the dependence on the temperature. Due to the overlap

of sample and and Ni holder signals at low temperatures all but the first measurement were

Figure 6.42: The 7 x 10 mm sample is mounted on the holder with the beam being
considerably larger than the total surface area.
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conducted using the Ag holder with cut away uncovered substrate regions. Comparison

measurements were performed to confirm that the choice of the holder is not affecting the

results. They are shown and discussed in chapter 6.4.6.

Interpretation of the relaxation

As mentioned before, it is not possible to distinguish between dynamic and static influence

on the signal and therefore, it cannot be evaluated if an increase in the relaxation rate

is due to strongly different static magnetic fields or due to an increase in fluctuations of

the internal fields. Only the existence of a change is observed. Taking into account the

fact, that a ferromagnetic component was observed at the interface, it seems plausible

to assume that in particular varying field strengths troughout the sample, caused by co-

existing AFM and FM domains, and therefore a static de-phasing is predominant. In the

following section the depth-dependence of the muon signal in TbMnO3 will be discussed in

more detail, but again without the possibility to experimentally distinguish between both

effects. Very recently in 2012, a spin rotator was added to the LEM setup, allowing to

change the direction of the muon spins. Measurements performed under certain muon spin

angles can then distinguish between dynamic and static magnetic fields by the differences

of the measured curves as af function of changing external fields. Measurements with the

spin rotator are described in the appendix A.3 as these are very preliminary measurements,

in particular as these where the very first real samples to be measured in the setup.

6.4.6 Depth-Dependent Muon Spin Relaxation in TbMnO3

The first measurements were performed on TbMnO3 thin films mounted on a Ni holder.

The asymmetry curves for select temperatures (250 K, 75 K, 10 K) are shown in Fig. 6.41

b). A strong increase of the relaxation rate for lower tempertures is observed as the slow

relaxing signal fades away. Looking at the first 500 ns of the experiments in Fig. 6.41 c),

this can be seen more clearly. The slope of the first decrease increases significantly towards

lower temperatures until the signal is nearly fully damped after ca. 30 ns.

To investigate the depth dependence, measurements with four different kinetic energies

(3.5 keV, 12.5 keV, 15.5 keV, and18 keV, corresponding to a penetration of 16, 56, 72 and

80 nm into the film, respectively) were performed for temperatures between 5 K and 250 K.

Due to time constraints, only for the 12.5 keV measurements all temperatures were inves-

tigated, for the other energies a selection of temperatures was chosen. All measurements
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Figure 6.43: Temperature dependent relaxation rates in TbMnO3 at different muon ki-
netic energies an a a) linear and b) logarithmic scale.

were performed under an external magnetic field of 50 Gauss parallel to the film normal.

The results are summarized in Fig. 6.43 on a linear (a)) and on a logarithmic scale (b)).

When plotting the relaxation rate linear, an increase is observed for temperatures below

ca. 100 K. Interestingly, a clear separation of the relaxation is observed depending on the

kinetic energy of the muons. For low energies the relaxation rate increases by up to a factor

of three. Considering the measurements on a logarithmic scale, additional information can

be gained. It is obvious that the increase in relaxation is already eminent below ca. 200

K. Furthermore, a "plateau", where the relaxation rates do no longer change significantly

is observed below ≈ 40 K.

The plateau is related to the onset of the antiferromagnetic ordering temperature. The

large increase in the relaxation at higher temperatures can not be explained by any of the

magnetic system transitions observed in other measurements. It can be therefore concluded

that it is most probably a consequence of partial ordering of Tb and/or Mn spins, although

the final ordering temperature for Tb is as low as 7 K.

The depth-dependence can not be explained easily. Considering the observation of a

ferromagnetic phase located at the substrate/film interface, the opposite behavior would

be expected. As explained before, an increasing magnetic field is expected to increase the

relaxation as it is never perfect and consists of domains, domain boundaries with smaller

magnetic moments, and is not absolutely stable in time. This discrepancy is particularily

striking in the region between 40 K and 100 K, where no antiferromagnetic phase should

exist with only the ferromagnetism beginning to order. One possible explanation for the

higher relaxation rates in the bulk and at the surface of the film might be a strong dynamic

component of the ordering FM spins. Although the magnetic moment per Mn atom is
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smaller, considerably stronger dynamics could offset the stronger fields at the interface.

Furthermore, as it is not possible to distinguish between AFM and FM using muon spin

relaxation, the stronger increase of the relaxation in the bulk/surface region of the sample at

temperatures below 40 K might be directly caused by the now present antiferromagnetism.

It is expected that at the substrate/film interface the contribution from the AFM is smaller

and a more stable FM would result in smaller relaxation rates.

TbMnO3 films on an Ag holder

Figure 6.44: TbMnO3 measurement at a
muon energy of 12.5 keV mounted on a Ni
and an Ag holder.

As described in chapter 6.4.5, after the first

measurements on Ni holders it was obvious

that changing to Ag holders would merit the

advantage of separating the sample signal

from the holder signal at low temperatures.

But before additional measurements on a 28

nm thin TbMnO3 were performed it had to

be assured, that the results on both holders

are comparable. Therefore, additional mea-

surements of the 12.5 keV curve on the exact

same film as before were repeated on an Ag

holder. The comparison of both relaxation

rates after fitting are shown in Fig. 6.44.

Both curves are nearly identical proving that although different approaches are made to

acquire the corresponding film and holder fractions from the asymmetry measurements,

the final results are comparable.

A second, now only 28 nm thin TbMnO3 thin film was investigated. The results together

with the previous measurements are presented in Fig. 6.45. The kinetic energy of 3.9 keV

results in an implantation depth of 20 nm or 8 nm above the substrate/film interface. At

this position some of the muons are deposited in the substrate adding a third fraction to the

measurement. But, as already observed before, the substrate has the same temperature-

dependent behavior as the Ag holder and therefore this component is directly included

in the holder fit leaving a slightly smaller fraction from the sample. Due to the smaller

thickness and the implantation near to the interface the strain should be considerably

larger than for the high energy measurements in the 120 nm thick film. The observed curve

confirms this, as the relaxation rate is even lower following the same trend as in the thicker
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Figure 6.45: Measurements on TbmnO3 films of 120 nm and 28 nm thicknesses at varying
implantation depths on a a) linear and b) logarithmic scale.

sample.

6.4.7 Muon Spin Relaxation in LuMnO3
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Figure 6.46: Double-logarithmic plot
of the spin relaxation measurements on
a 56 nm thin LuMnO3 sample.

One of the reasons to investigate LuMnO3 as one

of the o-REMnO3 systems was the non-existent

magnetic moment of Lu. The unexpected increase

of the relaxation rate at temperatures as high as

200 K in the case of TbMnO3 samples was dis-

cussed above and is assumed to be a direct conse-

quence of the Tb moment. Measurements similar

to those on TbMnO3 were performed on the 56 nm

thin LuMnO3 film that was already measured by

polarized neutron reflectometry (see chapter 6.3).

To retain comparability to the TbMnO3 measure-

ments, the external field was set to 50 Gauss along

the film normal. The temperature dependence

was investigated with a single kinetic energy of 4.1 keV corresponding to an implantation

depth of ca. 24 nm (see Fig. 6.39) or a distance of 32 nm to the substrate/film interface.

The results are shown in comparison with the 18 keV measurement on the 120 nm

TbMnO3 thin film and the 3.9 keV measurement on the 28 nm thin film in Fig. 6.47. The

most striking difference is the lack of any "high"-temperature increase of the relaxation rate.

It is more than one order of magnitude smaller for 100 K and above. This strengthens the
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Figure 6.47: Comparison of the relaxation rates for deep muon implantations in 120 nm
and 28 nm thin TbMnO3 thin films as well as a 56 nm thin LuMnO3 sample on a a) linear
and b) logarithmic scale.

assumption that the signal observed in TbMnO3 is mainly caused by the Tb moments. Still,

due to the very low ordering temperature of 7 K for Tb this effect is unexpected. For the

LuMnO3 three regions can be distinguished. Above 100 K no magnetic order is observed

and the relaxation is small. Between 40 and 100 K the relaxation rate increases strongly

up to a value comparable to the interface measurement for the 28 nm thin TbMnO3 thin

film. For 40 K and below the slope of the increase flattens significantly.

This behavior is better visualized in a log-log plot shown in Fig. 6.46. The regions

described before are even better resolved and the transition temperatures between these

regions can be estimated to 88 K and 35 K. Taking the PNR and neutron diffraction mea-

surements into account, we already know where these transition temperatures originate.

The first transition around 88 K agrees very well with the onset temperatures for ferromag-

netism while the second transition around 35 K fits the onset of antiferromagnetic structure

peaks.

This shows that both transition are observable on a local level, but also that in this case

at a distance of 32 nm from the surface both magnetic phases are observed so that some

kind of phase competition is present. Unfortunately, it is not possible to directly investigate

the distribution of ferromagnetic and antiferromagnetic phases or domains and distinguish

both inside the thin film on a small local scale.
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6.4.8 Zero-Field Measurements of LuMnO3

The measurements so far were performed under an external field of 50 Gauss and are now

extended to investigations of the local magnetism under zero-field conditions. The same 56

nm LuMnO3 sample was probed at two different muon kinetic energies of 4.1 keV and 10 keV

with the results depicted in Fig. 6.48. A big difference to the measurements under the small

external field is the observation of two plateaus and in general slightly different temperature

behavior. Looking at the 4.1 keV curve several transition temperatures are observed. Above

75 K only a small increase of the relaxation rates towards lower temperatures is observed.

For temperatures below 75 K the relaxation increases strongly down to ca. 50 K, where a

constant relaxation rate is reached down to ≈ 37 K. Decreasing the temperature further

again results in increasing relaxation rates until a second plateau is reached at 30 K with one

order of magnitude larger relaxation rates as compared to the first plateau. For the 4.1 keV

measurement the rate stays constant down to 10 K. These transition temperatures again

agree well with the observations from other methods as well as with measurements at 50

Gauss. The only larger difference is the observation of the first plateau and in particular the

temperatures of 77 K and 50 K between which the relaxation increases. The former, related

to the ferromagnetism, is 13 K higher than in an external field. A possible explanation is

the pre-alignment of the internal ferromagnetic domains by the external field. Without an

external field the fluctuations in the magnetism are too large to form coherent ferromagnetic

domains above 75 K, while the order is increased enough to allow their formation at 88 K

in the case of an existing external field. The lower onset temperature of 35 K is consistent

for both measurements as the antiferromagnetic ordering seems to be independent on such

Figure 6.48: Zero-field measurements of a 56 nm LuMnO3 thin film for two different
penetration depths on a a) linear and b) logarithmic scale.
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small external fields.

Comparing the 4.1 keV measurement to the investigation at the substrate/film interface

with 10 keV muons, two regions differ. Interestingly, above 75 K nearly no temperature

dependence is observed at the interface, while the center of the sample exhibits a constant

decrease of the relaxation towards higher temperatures. This is no artifact of the fitting as

it can be clearly observed in the (subset of) raw asymmetry data presented in Fig. 6.49.

While on the left, all curves show a continuous increase in damping, the three highest

temperatures on the right show no evolution with temperature. For lower temperatures

the behavior between both graphs is similar, but at 10 keV the 10 K curve is significantly

less damped than the corresponding curve at 4.1 keV.

The pinning of the relaxation at higher temperatures is hard to explain. One possi-

bility is a stronger stability due to the growth-induced strain. In the center of the film

the structure already relaxes towards the bulk unit cell values via defects in the crystal

structure. These could increase the dynamic as well as static relaxation of the muons by

additional trapping mechanisms. The difference between the two curves at temperatures

below 20 K on the other hand can be explained taking the investigation of the dielectric

constant and the polarized neutron experiments into account. It has been found that at

this temperature a ferroelectric transition occurs and that, in particular, it is coupled to

the ferromagnetism. Furthermore, PNR showed that the ferromagnetism is the strongest

directly at the substrate/film interface with a constant magnetic moment of 1.1 µB per Mn

atom over the first 10 nm and a subsequent decrease towards the film surface. Thus, as

the 10 keV curve shows the local magnetism near the interface it can be assumed that the

signal is highly influenced by ferromagnetically ordered spins. Due to the coupling to the

Figure 6.49: Asymmetry curves for a 56 nm thin LuMnO3 film at muon kinetic energies
of a) 4.1 keV and b) 10 keV.
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ferroelectricity a change in the signal is observed. It is possible that, similar to the obser-

vations of the coercive field, the strong interplay between the ferromagnetic domains and

the ferroelectricity leads to an increase in needed energy to induce changes or fluctuations

in the magnetic order. Therefore, an increase of the magnetic stability and the relaxation

time of the muons is achieved.

6.4.9 Conclusions

The low energy muon spin relaxation measurements have clearly shown a depth-dependence

of the local magnetic signals. It can be attributed to the AFM and FM phases observed

in PNR and neutron diffraction, in particular as the transition temperatures agree well.

Interestingly, the relaxation rates decrease towards the substrate/film interface, contrary

to the expectations. A possible explanation is given by the different strengths of the

antiferromagnetic and ferromagnetic contributions as well as possibly stronger dynamics

in the bulk of the thin films. Zero-field measurements on LuMnO3 thin films have shown

a sensitivity to all three (FM, AFM, FE) transitions observed in the other measurements

with the influence of the ferroelectricity only observed at the substrate/film interface where

the ferromagnetism is predominant.





Chapter 7

The Extraordinary Multiferroicity in

o-REMnO3 Thin Films

Beginning with the, from literature of bulk experiments, expected antiferromagnetic struc-

ture, the influence of the film strain was a main factor when the neutron diffraction mea-

surements showed a change from an E-type AFM as known from bulk LuMnO3 to the

unexpected spin spiral present in other materials such as TbMnO3 (see Fig. 7.1). The

change in the AFM structure did not lead to a change of the transition temperature, which

stayed at TN ≈ 40 K, comparable to the bulk material value of 41 K.

The strain not only influenced the antiferromagnetic ordering. As magnetization mea-

surements have shown, an additional ferromagnetic phase is present in the thin films. These

Figure 7.1: a) Magnetic Bragg peak at (0 qk 1) in LuMnO3. b) Temperature dependence
of the peak.
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Figure 7.2: a) Magnetization curves of a LuMnO3 thin film for different temperatures.
b) Zoom-in to the center region of a) showing the hysteresis of the curves. c) Remanence
(red), coercive field (black) and saturation magnetization (green) versus temperature.

results from chapter 6.2 are shown in Fig. 7.2. As observed in Fig. 7.2 a), the saturation

increases with decreasing temperature. The same is true for the opening of the hysteresis.

Interestingly, the coercive field and remanent magnetization have shown different depen-

dencies on the temperature (see Fig. 7.2 c)). While the latter has shown a strong increase

at the antiferromagnetic temperature, only a small influence in the coercive field is visible.

This can be explained by the coupling of the FM and AFM phases, as shown in the ex-

change bias measurements. Below TN , when both AFM and FM are present, some spins

of the antiferromagnetic structure align according to the neighboring ferromagnetic spins.

Therefore these domains result in an additional remanent field, as well as a small increase in

the external field needed to reduce the internal magnetization back to zero. Cooling further

down, the remanence increases further, but interestingly, the coercive field is one order of

magnitude larger below the ferroelectric transition temperature compared to T ≥ 16.2 K

(see chapter 5). This indicates a strong coupling between the ferromagnetic phase and the

electrical polarization. A larger external field, and therefore energy, is needed to change

the internal FM fields as in addition, the coupled FE phase has to be changed, too.

Polarized neutron reflectometry measurements were performed to further investigate the

observed ferromagnetism. The temperature dependence showed qualitatively very similar

results to the saturation magnetization from magnetometry. Being performed at an external

field of 4 T, this is expected as the spin up/down differences shown in Fig. 7.3 a) are a

measure of the total magnetization in the thin film. Additionally, a fit of the exact spin

behavior answered the question of the distribution of the magnetism, showing the highest

magnetic moment per Mn atom of 1.1 µb at the substrate/film interface and in the first 10

nm, decreasing to ≈ 0.1 µB at the film surface (see Fig. 7.3 b)).

The last measurement was the investigation of the low energy muon spin relaxation times

as a function of the implantation depth and temperature. Implanting the muons with vary-
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Figure 7.3: a) Polarized neutron reflectometry data for a LuMnO3 film at 10 K and 150 K
(shifted for better visibility). b) Magnetic moment distribution used to fit the 10 K curves.

ing penetration depths yielded decreasing spin relaxation towards the surface. This result is

slightly contradicting the previous measurements as an increase of internal magnetic fields

and/or the dynamics of localized spins would increase the relaxation. This inconsistency

might have its cause in the complex interplay between ferromagnetism, antiferromagnetism

and ferroelectricity present in the sample, but further investigations are necessary to find

a sufficient theoretical explanation. The fact that, in most cases, it is impossible to deter-

mine the underlying magnetic mechanism solely from LEM due to its equal sensitivity to

ferro- and antiferromagnetism is not necessarily only a disadvantage. As shown in Fig. 7.4

this allows the observation of all previously mentioned transition temperatures in a single

temperature-dependent measurement of the zero-field spin relaxation near the interface of

a LuMnO3 thin film.

Taking all these results and plotting them on a common temperature axis yields an inter-

esting graphical summary of the measurements as shown in Fig. 7.5. The three transition

temperatures are marked by vertical red lines at TC = 80 K (ferromagnetism), TN = 40 K

(antiferromagnetism), and TE = 16 K (ferroelectricity). At 80 K, the saturation magneti-

zation, the spin/up down ratio as well as the spin relaxation begin to increase significantly.

All these measurements are directly related to the ferromagnetism present in the sample.

At 40 K, the next transition temperature, the intensity of the antiferromagnetic Bragg peak

as well as the remanence of the ferromagnetic hysteresis rise. While the first defines this

transition temperature, the increase in the remanence is directly related to a coupling of the

FM to the AFM, which has been confirmed by exchange bias measurements. The lowest
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Figure 7.4: Zero-field measurements of a 56 nm LuMnO3 thin film for two different
penetration depths on a a) linear and b) logarithmic scale.

transition temperature marks the onset of a ferroelectric polarization and is observed in

the dielectric constant (not shown in this graph) as well as in the coercive field needed to

reset the internal magnetization to zero. The increase by one order of magnitude indicates

a strong coupling of the ferromagnetism and the ferroelectricity.

Thus, it is shown that the multiferroic o-LuMnO3 thin film is a multiferroic not only

having antiferromagnetism, ferromagnetism and ferroelectricity in the same phase, all three

are intercoupled forming an extraordinary multiferroic material.

Figure 7.5: (Next page) Temperature dependence of the AFM structure, spin down/up
ratio from PNR, the saturation magnetization, remanence, and coercive field from magne-
tization measurements as well as the spin relaxation signal in a single plot emphasizing the
three different transition temperatures indicated by red vertical lines.



153





Summary

The aim of the work was growing multiferroic REMnO3 thin films by pulsed laser deposition

and examining the magnetoelectric properties. The investigations included the plasma

composition and evolution during the growth process, as well as the influence of the growth-

induced strain on the structural and multiferroic properties.

Thin Film Grwoth

Optical emission spectroscopy, plasma imaging and plasma mass spectrometry were used

to investigate the plasma species composition and evolution in detail. The aim was to

understand oxygen transport into the final films using LuMnO3 as the example target. For

better understanding, the same measurements were also performed on a Lu and a Lu2O5

target. It was found that oxidized species were only available in very small amounts when

ablating in vacuum, due to the dissociation energies being lower than the laser energy.

It was further observed, that oxidizing backgrounds, in particular at pressures where the

mean free path becomes shorter than the target-substrate distance, lead to a substantial

increase of metal-oxygen species in the plasma which are deposited on the substrate during

film growth.

Epitaxial REMnO3 thin films with RE=Tb, Tm, Ho, and Lu have been successfully

grown on differently oriented substrates including YAlO3, NdGaO3, and SrTiO3. Structure

characterizations have shown that very good crystalline qualities were achieved for various

film-substrate combinations demonstrating the viability of PLD for REMnO3 thin film

growth.

Multiferroic Properties

It was known from literature that the REMnO3 thin films should exhibit antiferromag-

netism. To investigate the antiferromagnetic ordering, spin spiral for TbMnO3 and E-type

AFM for LuMnO3, neutron diffraction was utilized at the RITA-II beamline of the PSI
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as well as the D10 beamline at the ILL in Grenoble. Initially, the supposedly strongest

magnetic Bragg peak at (0, qk, 1) was observed at RITA-II below ca. 40 K. Considering

the size and volume of the investigated sample the measurement was non-trivial and an

additional proof of the high quality of the thin films. These measurements were further

extended by improving the sample handling and environment resulting in the observation

of a small shift of the magnetic peaks compared to bulk samples. In-plane, as well as addi-

tional out-of-plane measurements at the D10 confirmed a change of the magnetic structure

from the expected E-type AFM to a spin spiral ordering in LuMnO3 thin films. This is

attributed to the growth-induced strain rendering it a powerful possibility to tune the film

properties.

In addition to the antiferromagnetism, magnetization measurements have shown a strongly

temperature dependent ferromagnetic phase present simultaneously with the AFM order-

ing. It was shown to have an average magnetic moment of 0.5µB per Mn atom at 5

K, while it dissapears above ca. 80 K, 40 K above the AFM transition temperature. To

further investigate the ferromagnetism and its distribution in the film, polarized neutron

reflectometry was utilized. Modeling the results has shown that the ferromagnetism has a

Gaussian distribution with a maximum over the first 10 nm at the film/substrate interface

with a magnetic moment of 1.1 µB per Mn atom falling of to 0.1 µB at the surface.

Low energy muon experiments, measuring the local magnetic fields as a function of im-

plantation depth, agree well with the before mentioned magnetic investigations as transi-

tions are observed at the same temperatures. Furthermore, depth-dependent measurements

show a change in spin relaxation, that is not easily explained in combination with the PNR

results as the relaxation decreases towards the substrate, although PNR shows an increasing

magnetism.

To finalize the investigation of the multiferroic properties, capacitance measurements

have shown a maximum in the dielectric constant around 16 K corresponding to the onset

of polarization in the samples. Combining the results from all these measurements, a

general picture of the properties was obtained. The three transition temperatures, 80 K for

FM, 40 K for AFM, and 16 K for FE, were observed in all measurements. A strong coupling

between the three ferroic properties has been shown by exchange bias measurements for

AFM and FM, as well as by correlating transition temperatures in the coercive field and

remanence showing a strong dependence on the FE transition, making this strongly coupled

multiferroic system very promising for future research and applications.



Outlook

It has been shown that the thin REMnO3 films exhibit antiferromagnetism, ferromagnetism

and ferroelectricity, more than fulfilling the classification as multiferroics, in particular as a

coupling was observed between all three properties. So far, the coupling was mainly shown

with indirect measurements such as correlation of transition temperatures and interpreta-

tion of temperature-dependent changes in magnetic behavior. Only the FM-AFM coupling

was shown with a direct observation of the exchange bias in ferromagnetic hysteresis curves.

The next step, also considering a future use in applications, is to show the interplay of

magnetism and ferroelectricity by directly controlling one with an external field related to

the other property. Measurements of the antiferromagnetic structure with applied electrical

fields are already planned and will be performed in 2013. Interdigital structures, similar

to the ones used for capacitance measurements will be deposited on top of a thin film

sample covering an area as large as possible. Using gold contacts should not influence

the neutron signal significantly allowing for good measurements of the antiferromagnetic

ordering. Electrical fields will be applied by an external apparatus setting specific voltages

on the interdigital structure. In fact, only small voltages are needed as an applied voltage of

1 V already corresponds to a field of 2 kV/cm at the current structure sizes. It is expected

to observe changes in the intensities of the antiferromagnetic peaks as a function of the

voltage. Possibly the relative intensities in the double peak structure observed for the (0

qK 1) magnetic Bragg peak in LuMnO3 will shift.

Similar measurements can be performed when applying magnetic fields while measuring

the dielectric constant. Here, a change in the measured capacitance as a function of the

external field would prove a direct coupling. Ideally, polarization measurements, including

ferroelectric hysteresis curves would be performed in addition to the existing dielectric

measurements as well as in dependence on magnetic fields. Changes in the ferroelectric

hysteresis should be easier to observe and interpret than capacitance measurements.

Initial neutron diffraction measurements with applied large magnetic fields did not show

a large influence on the magnetic Bragg peak as has been observed in other groups. Still, it
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might be possible to change the orientation of the spin spiral from a b-c-plane spiral to an

a-b-plane system (as reported in literature) by optimizing the external field alignment and

possibly the field strength. Measuring the flipping of the spin spiral would give important

insights in the mechanism and might help understand the change from an E-type AFM to a

spin spiral in LuMnO3 thin films. Furthermore, it could help researching the distributions

of AFM domains in respect to the observed FM phase.

The ferromagnetic contribution will be investigated for thin films of different thicknesses

and thus varying strain conditions as well as for different REMnO3 samples. Additional

measurements are neccessary to understand the correlation between the strain and the

ferromagnetism as well as how the ferromagnetism is established in an otherwise antifer-

romagnetic structure. In particular the investigation of thin films with inherently different

AFM structures compared to the initially E-type LuMnO3 might prove helpful in this point.

Similar strain measurements are also interesting for the neutron diffraction measurements

were a dependence of the AFM ordering on the thickness/strain should be observed, ideally

finding a transition point from the reported E-type AFM in bulk samples to the spin spiral

ordering observed in our thin films. Here, a limitation is set by the requirement of as high

volume as possible to be able to see the magnetic Bragg peaks, but with the evolution of

the measurement already done during this thesis and including future improvements, it

should be possible to measure films with thicknesses down to about 25-30 nm.

On a more general scale it is important to widen all the research to more materials, such

as extending the measurements on TbMnO3 to include investigation of possible ferromag-

netism. Furthermore, TmMnO3 is a very interesting system to investigate as it offers a

third antiferromagnetic structure besides E-type and a spin spiral. It would be very in-

teresting to see how the collinear antiferromagnetic structure is influenced by strain and if

these films also show a ferromagnetic component.

Extending measurements to differently strained systems, including unstrained films is

necessary to investigate transitions from pure AFM to FM/AFM films. Furthermore, the

investigation of unstrained AFM films in multilayer structures with ferromagnetic materials

might give insights about AFM-FM coupling mechanisms.

The introduction of doped REMnO3 thin film samples might open up an additional con-

trol mechanism for the multiferroic properties. A-site engineering with e.g. ferromagnetic

materials might lead to a stabilization of the ferromagnetic phase. It could also be used

to extend to strong ferromagnetism thus far only observed at the substrate/film interface

over the whole film thickness.
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