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A B S T R A C T

Ferroelectric thin films are indispensable for a variety of technological applications such

as sensor and memory devices. Here, the ferroelectric domains and their domain walls are

largely responsible for the functional properties of the thin film. Therefore, it is crucial to

understand the formation of the three-dimensional domain arrangement and explore ways

to manipulate it. The properties of ferroelectrics change most drastically during phase tran-

sitions, which can be induced, for example, by changes in temperature.

In this thesis, in situ temperature-dependent three-dimensional X-ray diffraction is ap-

plied for the first time to investigate thermally induced ferroelectric phase transitions

in epitaxially strained (K,Na)NbO3 thin films. The focus lies on strongly anisotropically

strained thin films, which exhibit a well-ordered herringbone domain pattern with a peri-

odic arrangement of monoclinic a1a2/MC phases at room temperature. X-ray scattering is

particularly well suited for the analysis of ferroelectric thin films as it is sensitive both to the

thin film structure, e.g. its symmetry and lattice parameters, and the ferroelectric domain

morphology, i.e. the domain periodicity and orientation of domain walls. Using sophisti-

cated, three-dimensional X-ray diffraction provides access to the whole three-dimensional

domain wall arrangement of the thin film with a single scan of the sample. This is partic-

ularly interesting because in these low-symmetry phases the domain wall orientations are

not restricted to special crystallographic directions as is the case for ferroelectric phases

with higher symmetry, e.g. orthorhombic or tetragonal. In the herringbone domain pattern

of the K0.9Na0.1NbO3 thin films four different types of domain walls occur, distinguished

by out-of-plane tilt angles of ±45° and in-plane herringbone domain wall angles of ±21°.

Upon increasing temperatures, the K0.9Na0.1NbO3 thin films undergo a ferroelectric

phase transition to the orthorhombic high-temperature phase, which is characterized by

a regular pattern of alternating a1/a2-stripe domains with exclusive in-plane polarization.

In-plane X-ray diffraction measurements and simulated X-ray intensity distributions show

that the film unit cells undergo small in-plane distortions, leading to the formation of four

different unit cell variants and thus four different (super) domain variants. The experimen-

tal data have proven that this is an elastic relaxation process in the thin film, in which

the atomic lattice remains coherent at the substrate-film interface. The different types of

domain walls in the orthorhombic high-temperature phase, which are all perpendicular to

the surface, are characterized by their in-plane domain wall angles of ±45°.
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By comparison of X-ray diffraction patterns measured for a variety of different Bragg re-

flections and K0.9Na0.1NbO3 thin films with different film thicknesses, the specific diffrac-

tion features can be distinguished and assigned to the individual phases observed at room

and high temperature. Using in situ temperature-dependent X-ray diffraction, it is therefore

possible to reveal the details of the phase transition from a1a2/MC herringbone to a1/a2
stripe domain pattern, which extends over a broad temperature range and proceeds in sev-

eral steps. First, as the temperature is increased, the monoclinicMC phases disappear. Then

the orthorhombic a1/a2 phases emerge and phase coexistence is observed as the in-plane

monoclinic a1a2 phases continue to persist. At even higher temperatures, when the phase

transition is completed, the thin film consists exclusively of a1/a2 stripe domains. Regard-

ing the phase transition temperature, a thermal hysteresis of about 20K is observed for the

K0.9Na0.1NbO3 thin films. Moreover, the phase transition depends strongly on the molar

potassium concentration x in the KxNa1−xNbO3 thin film and by changing from x = 0.95

(more compressive strain) to x = 0.8 (more tensile strain), the phase transition temperature

increases by about 60K.

In addition, this is the first study to directly compare experimentally observed three-

dimensional domain arrangements with calculations from phase-field simulations, which

are performed by our collaborating partners in the group of Long-Qing Chen at Pennsyl-

vania State University. The interpretation of the data is obtained in close discussion, which

helps to promote further insight into the domain structures and the phase transition regime

of strained (K,Na)NbO3 thin films.
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K U R Z Z U S A M M E N FA S S U N G

Ferroelektrische Dünnschichten sind unentbehrlich für eine Vielzahl technologischer An-

wendungen. Dabei sind die ferroelektrischen Domänen und deren Domänenwände maß-

geblich für die funktionellen Eigenschaften dieser dünnen Schichten verantwortlich. Daher

ist es von entscheidender Bedeutung, die Bildung der dreidimensionalen Domänenanord-

nung zu verstehen und Möglichkeiten zu erforschen, diese zu manipulieren. Besonders

drastisch ändern sich die Eigenschaften von Ferroelektrika bei Phasenübergängen, die bei-

spielsweise durch Änderung der Temperatur induziert werden können.

In dieser Arbeit werden ferroelektrische Phasenübergänge in verspannten (K,Na)NbO3-

Dünnschichten erstmals mit Hilfe dreidimensionaler Röntgenbeugung untersucht. Der Fo-

kus liegt auf stark anisotrop verspannten Schichten, die bei Raumtemperatur ein geord-

netes Fischgräten-Domänenmuster mit einer periodischen Anordnung von monoklinen

a1a2/MC Phasen aufweisen. Röntgenstreuung ist besonders gut für die Analyse ferro-

elektrischer Schichten geeignet, da sie sowohl auf ihre Struktur, z. B. ihre Symmetrie und

Gitterparameter, als auch auf die ferroelektrische Domänenmorphologie, d.h. die Domä-

nenperiodizität und die Orientierung der Domänenwände, sensitiv ist. Der Einsatz von aus-

gefeilter, dreidimensionaler Röntgenbeugung ermöglicht den Zugang zur gesamten dreidi-

mensionalen Domänenwandanordnung in der Dünnschicht mit einem einzigen Scan der

Probe. Dies ist von besonderem Interesse, da in diesen niedersymmetrischen Phasen die

Domänenwandorientierung nicht auf spezielle kristallographische Richtungen beschränkt

ist, wie es bei ferroelektrischen Phasen mit höherer Symmetrie der Fall ist. Im Fischgräten-

Domänenmuster der K0.9Na0.1NbO3 Dünnschichten treten vier verschiedene Typen von

Domänenwänden auf, die durch vertikale Kippwinkel von ±45° und (in-plane) Fischgräten-

Domänenwandwinkel von ±21° gekennzeichnet sind.

Bei Erhöhung der Temperatur durchlaufen die K0.9Na0.1NbO3 Dünnschichten einen fer-

roelektrischen Phasenübergang in die orthorhombische Hochtemperaturphase, die sich

durch ein regelmäßiges Muster aus alternierenden a1/a2-Streifendomänen mit ausschließ-

lich lateraler Polarisation auszeichnet. In-plane Röntgenmessungen und simulierte Rönt-

genintensitätsverteilungen zeigen, dass die Filmeinheitszellen eine kleine Verzerrung in

der Ebene erfahren, was zur Bildung von vier verschiedenen Einheitszellvarianten und da-

mit vier verschiedenen (Super-)Domänenvarianten führt. Es handelt sich hierbei um einen

elastischen Relaxationsprozess in der Dünnschicht, bei dem die Substrat-Film-Grenzfläche

kohärent bleibt. Die verschiedenen Typen von Domänenwänden in der orthorhombischen
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Hochtemperaturphase, die alle senkrecht zur Oberfläche stehen, unterscheiden sich durch

ihre in-plane Domänenwandwinkel von ±45°.

Durch den Vergleich von Röntgenbeugungsmessungen verschiedener Bragg-Reflexe an

Filmen mit unterschiedlicher Schichtdicke ist es möglich, die spezifischen Beugungsmerk-

male zu unterscheiden und sie den einzelnen Phasen zuzuordnen, die bei den verschiede-

nen Temperaturen beobachtet werden. Mit Hilfe von in situ temperaturabhängiger Röntgen-

beugung ist es daher möglich, die Details des Phasenübergangs vom a1a2/MC-Fischgräten-

muster in das a1/a2-Streifen-Domänenmuster aufzudecken. Es zeigt sich, dass dieser sich

über einen großen Temperaturbereich erstreckt und in mehreren Schritten stattfindet. Mit

Erhöhung der Temperatur verschwinden zunächst die MC-Phasen. Danach entstehen die

orthorhombischen a1/a2-Phasen und Phasenkoexistenz wird beobachtet, da die mono-

klinen a1a2-Phasen weiterhin bestehen bleiben. Bei noch höheren Temperaturen, wenn

der Phasenübergang abgeschlossen ist, besteht die Dünnschicht ausschließlich aus a1/a2-

Streifendomänen. Für den Phasenübergang der K0.9Na0.1NbO3 -Schichten wird eine ther-

mische Hysterese in der Phasenübergangstemperatur von etwa 20K beobachtet. Zudem

hängt die Phasenübergangstemperatur stark von der molaren Kaliumkonzentration x in

der KxNa1−xNbO3 -Dünnschicht ab und kann durch eine Änderung von x=0,95 (stärker

kompressiv verspannt) auf x=0,8 (stärker tensil verspannt) um etwa 60 K erhöht werden.

Darüber hinaus ist dies die erste Studie, die experimentell beobachtete dreidimensionale

Domänenanordnungen direkt mit Berechnungen aus Phasenfeldsimulationen vergleicht.

Diese werden von unseren Kooperationspartnern in der Gruppe von Long-Qing Chen an

der Pennsylvania State University durchgeführt. Die Interpretation der Daten erfolgt in

enger Diskussion, was zu weiteren Erkenntnissen über die Domänenstrukturen und das

Phasenübergangsregime beiträgt.
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1
M O T I VAT I O N

Just a century ago, in 1920, Joseph Valasek observed an unusual behavior of the electrical

polarization upon application of an electric field in Rochelle Salt - and thus discovered a

phenomenon now known as ferroelectricity.1 The term was chosen in acknowledgment of

the many similarities with ferromagnetism, which at that time was already well-known.

The counterpart to the permanent magnetic moments of the ferromagnet is the sponta-

neous electrical polarization of the ferroelectric material, which can be switched by an ap-

plied electric field. Upon switching, it exhibits a hysteresis loop due to domain formation

in the ferroelectric material, which can span over several length scales from nanometers to

millimeters. According to Kittel’s scaling law, the domain size is related to the dimensions

of the ferroelectric material, so that in thin films the volume fraction of domain walls is typ-

ically much larger than in bulk crystals. The domains and domain walls have a significant

impact on the macroscopic properties of the ferroelectric material, for example on their

piezoelectric coefficients,2,3 coercive fields,4,5 and switching dynamics.6 In fact, many ap-

plications such as piezoelectric transducers and non-volatile memories rely on the creation

and control of specific domain structures.7–9 Thus, it is vital to understand the structure

of ferroelectric domains and their evolution under external stimuli, as for example the

temperature.

The ferroelectric and piezoelectric properties are closely linked to the material’s crystal

structure, so that the application of stress can have a tremendous effect on its performance.

The use of epitaxial thin film growth, where crystalline layers can be controlled down

to the atomic level, allows a precise introduction of lattice stresses through the choice of

mismatch between film and substrate.10 This offers the possibility to selectively tune the

ferro-/piezoelectric properties and even leads to the formation of ferroelectric phases with

crystallographic symmetries that are not stable in the corresponding unstrained bulk crys-

tals. Of particular interest are phases that enable polarization rotation mechanisms, which

are considered as the origin behind giant piezoresponse.11–14 This means that the number

of possible polarization directions should be high, so that the polarization can easily rotate

upon external stimulation, which enhances the piezoelectric response of the material.15

To promote this, one can use either phases with low symmetry, e.g. monoclinic phases,

which have less restrictions on the polarization direction, or phase coexistence where the

number of possible directions for the individual phases can be added up. In thin films of

(K,Na)NbO3, which is a very promising material to replace the widely used but hazardous

Pb(Zr,Ti)O3, such monoclinic phases have been both theoretically predicted,16,17 and experi-

mentally confirmed.18–21 Noteworthy, both pathways can be combined as shown by Schmid-

bauer et al.,22 who observed a coexistence of differently oriented monoclinic phases in an
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2 motivation

elaborate herringbone domain pattern. Such arrangements appear in K0.9Na0.1NbO3 thin

films grown on orthorhombic (110)-oriented NdScO3 substrates. In this system, the misfit

strain is highly anisotropic, with tensile strain along one substrate direction and compres-

sive strain along the other. This induces a degeneracy in the free energy which, at room

temperature, leads to the coexistence of in-plane and out-of-plane polarized monoclinic

phases within a herringbone domain arrangement, where the volume ratio between the

two phases depends on the film thickness.23

Due to the low symmetry of the monoclinic phases the permissible domain walls can

exist in low-symmetric orientations with high Miller indices and are not restricted to certain

tilt angles relative to the main crystallographic axes, as is the case for tetragonal symmetry

where only domain wall angles of 45°, 90° and 180° are possible.24 Therefore, the three-

dimensional arrangement of the domain walls in monoclinic (K,Na)NbO3 thin films can be

much more complex.

Moreover, both the symmetry of the material and the correlated domain patterns change

drastically at phase transitions, which can be induced, e.g. by temperature or pressure. Such

phase transitions are especially interesting in thin films showing a coexistence of different

phases. Owing to the complex electrical and elastic boundary conditions in such films, a

higher degree of freedom during the phase transition can be provided, e.g. through the

volume ratios of the different phases and domain types which can adapt.25

In this regard, X-ray diffraction techniques are particularly suitable as they are not only

sensitive to the structural features of the (K,Na)NbO3 thin film, e.g. its lattice parameters,

but also to the periodic arrangement of the ferroelectric domains, which are both affected

by a ferroelectric phase transition. In addition, the implementation of a temperature stage

in the experiment is comparatively straightforward, so that in situ temperature-dependent

X-ray diffraction measurements of the ferroelectric phase transitions are feasible. Using

synchrotron radiation and a two-dimensional area detector, it is even possible to investigate

the scattered X-ray intensity in three dimensions by a single angular scan of the sample and

thus determine the three-dimensional domain wall arrangement.26 These measurements,

however, lack in-plane sensitivity such that small shearing or rotation angles of the film’s

in-plane unit cell cannot be evaluated. Here, surface-sensitive in-plane grazing-incidence

X-ray diffraction can be used. The assignment of the individual intensity features observed

in the measurements is, however, not straightforward, and therefore the simulation of the

diffraction pattern based on a real-space domain model is often necessary. Assistance in the

development of such a domain model can be provided by piezoresponse force microscopy

(PFM), which enables imaging of the ferroelectric domains in real space with nanometer

resolution.27



motivation 3

structure of this work

In order to thoroughly discuss the structure of ferroelectric phases and phase transitions

in thin films, the underlying physical principles are first introduced in Chapter 2. After

a general description of ferroelectricity, ferroelectric phase transitions and perovskite ox-

ides, which are the most important class of ferroelectrics, the concept of strain engineering

of ferroelectric thin films is presented. Since complex domain arrangements are studied

in this work, a brief introduction to domain formation and the complexity of the three-

dimensional domain wall arrangement is then given.

Ferroelectric phases of (K,Na)NbO3 are outlined in Chapter 3, briefly for bulk crystals

and in more detail for thin films. Here, both the theoretical description and prediction

of phases in terms of misfit strain and temperature are shown, as well as phases already

observed experimentally.

The experimental methods used in this work are provided in Chapter 4. The thin film

growth by metal-organic vapor phase epitaxy (MOVPE), real-space imaging of ferroelectric

domains by piezoresponse force microscopy (PFM) and the analysis by X-ray scattering are

described here. In particular, sophisticated synchrotron-based X-ray scattering techniques

are in the focus as they allow structural characterization and investigation of the ferroelec-

tric domain arrangement of thin films in three dimensions.

A particularly interesting domain formation observed at room temperature is the pri-

mary subject of Chapter 5, namely the herringbone domain pattern, which shows a coex-

istence of in-plane and out-of-plane oriented a1a2/MC monoclinic phases. In this work,

the herringbone structure of (K,Na)NbO3 is investigated for the first time in three dimen-

sions and compared to theoretical phase-field simulations performed by our collaboration

partner B. Wang in the group of L.-Q. Chen.

The thermal stability of the herringbone pattern and its correlated ferroelectric phase

transitions with increasing temperatures are presented in Chapter 6. Through a combina-

tion of piezoresponse force microscopy, three-dimensional in-plane and out-of-plane X-ray

scattering, with numerical simulations of the diffraction pattern, the orthorhombic a1/a2
high-temperature phase is revealed. Using in situ temperature-dependent X-ray scattering,

the details of the phase transition are uncovered, which is by no means abrupt but extends

over a broad temperature range. Also here, a remarkable comparability with the theoretical

phase-field simulations is observed.

The thesis concludes with a summary of the results of this work in Chapter 7 and an

outlook in Chapter 8. In the latter, a phase transition is briefly introduced, which occurs

at low temperatures. Due to the limited amount of experimental data obtained so far, the

complete characterization of the low-temperature phase and the phase transition was not

possible within this work and is targeted for future research.





2
F U N D A M E N TA L S O F S T R A I N E D F E R R O E L E C T R I C T H I N F I L M S

In this chapter, the basic physical principles of strained ferroelectric thin films are de-

scribed. First, in Section 2.1, ferroelectricity is introduced and it is shown how closely fer-

roelectric properties are connected to the crystal structure of the material. Therefore, using

epitaxially grown thin films opens up the possibility to deliberately tune the ferroelectric

properties by applying mechanical stress through the choice of, for example, the substrate

material. This kind of strain engineering is discussed in Section 2.2. In theoretical calcula-

tions it is often assumed that the thin films consist of a single domain only, i.e. that the

electrical polarization in the material is aligned. It is shown in Section 2.3 that this is most

often not the case and domain formation in thin films is a very important and complex

topic, which can also be included in the calculations, e.g. through phase-field simulations.

As a general source of inspiration and knowledge the standard textbook Principles and
applications of ferroelectrics and related materials by M. E. Lines and A. M. Glass,28 and review

papers by D. Schlom29 and D. Damjanovic30 were referred to.

2.1 fundamentals of ferroelectricity

Ferroelectricity was first discovered in 1920 by Joseph Valasek in Rochelle salt.1 Despite

the absence of iron (latin: ‘ferro’) in most ferroelectric materials, the term ferroelectricity

has been chosen in recognition of the many parallels that can be drawn to ferromagnetism,

which was already well-established at that time. Ferroelectric crystals possess spontaneous

electrical polarization that can be switched by an external electric field. Furthermore, there

exists a temperature above which no spontaneous polarization is observed, called Curie

temperature. This phase is called paraelectric, in analogy to paramagnetic, however there

is an major difference between the two. While paramagnetism results from the random

distribution of magnetic moments in the material, in paraelectric crystals no electrical po-

larization is present at all, due to the centro-symmetric distribution of electric charges in

the crystal. Despite their similarities, there are important differences between ferroelec-

tricity and ferromagnetism. One is the origin of paraelectricity just discussed, another is

the relation of the electrical polarization vector with respect to mechanical boundary condi-

tions, so-called piezoelectricity. In ferroelectric materials the electrical polarization is closely

related to its symmetry and different ferroelectric phases can be observed in one material

at different temperatures. A very important class of ferroelectrics are oxide crystals with a

perovskite crystal structure. One example is BaTiO3, and being one of the prime examples,

it is chosen throughout this chapter for demonstration.

5
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2.1.1 Piezo- and Ferroelectricity

The physical quantity that expresses the density of permanent or induced electric dipole

moments in a dielectric material is the electric polarization P. Some materials, called piezo-

electrics, can posses an electric polarization even without an applied electric field. Piezo-

electricity describes the electrical polarization1 upon experiencing mechanical stress σij, or

inversely, the deformation of the material, i.e. the strain εij, by applying an electric field E:

Pi = dijkσjk + ϵ0χijEj (2.1)

εij = d
t
ijkEk + Sijklσkl . (2.2)

Here, Einstein’s summation convention is applied and i,j,k,l ∈ {1,2,3} denote the three spa-

tial directions. χij is the dielectric susceptibility, ϵ0 is the dielectric permittivity of vacuum,

Sijkl is the elastic compliance tensor and dijk is the piezoelectric strain tensor.

The deformation of the material, which transforms point ri into r ′i = ri + ui with ui(rj)

being the elastic displacement of the atoms, is described by the symmetric strain tensor εij:

εij =
1

2

(
∂ui
∂rj

+
∂uj

∂ri

)
. (2.3)

Its diagonal elements are referred to as normal strain components, while the off-diagonal

ones denote a shearing of the material.

Within linear elasticity theory that describes the regime in which stress σij and strain εij
have a linear dependence, Hooke’s law applies so that:

σij = Cijklεkl , (2.4)

with elastic stiffness tensor Cijkl that is the inverse of the elastic compliance tensor Sijkl.

Due to the symmetry of stress and strain tensors, it is possible and oftentimes convenient,

to use Voigt notation in which the tensor indices are mapped such that

ij→ α and Cijkl → Cαβ

with i, j ∈ {1, 2, 3} and α ∈ {1, 2, ..., 6} (2.5)

{11, 22, 33, 23, 13, 12} → {1, 2, 3, 4, 5, 6} .

The most important material parameter for piezoelectrics is the piezoelectric strain tensor

dijk as it describes the interrelation between applied electrical field and induced strain:

dijk = diα =
∂εα

∂Ei
. (2.6)

1 Equivalently, the direct piezoelectric effect can be written in terms of the electric displacement Di = ϵ0Ei + Pi
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Whether a material is piezoelectric or not depends only on its point group symmetry,

as schematically depicted in Figure 2.1a. Out of the 32 point groups that exist 20 allow

piezoelectricity, which means that the crystal has no inversion symmetry, i.e. it is not cen-

trosymmetric. If a piezoelectric material is polar even without an applied electric field it

possess spontaneous electrical polarization and is called pyroelectric. In these materials a

temporary voltage is generated upon temperature changes, as the positions of the atoms

within the crystal structure and therefore also the electrical polarization change with tem-

perature.

Finally, a material is called ferroelectric, if the spontaneous electrical polarization can be

switched by an external electric field between at least two stable states with different polar-

ization orientation. Switching the electrical polarization yields a P-E hysteresis loop, which

is schematically depicted in Figure 2.1b. When an electric field is applied for the first time,

the polarization curve follows the red line until the saturation polarization is reached, i.e.

the material is poled and the polarization in the material is uniformly aligned. If the electric

field is now reduced to zero a remnant polarization PR remains due to the domain forma-

tion in the ferroelectric material and a further reduction of polarization is only observed if

an inverse electric field is applied. The field at which the macroscopic polarization is zero

is called the coercive field EC. Also in the negative direction a saturation of polarization is

obtained for sufficiently strong electric fields.

Figure 2.1: (a) Classification of piezoelectric, pyroelectrics and ferroelectrics based on their point
group symmetry; (b) For ferroelectric materials the polarization P can be switched be-
tween the two states with saturated polarization ±Psat by an applied electric field E.
The curve yields a hysteresis due to the domain formation in the ferroelectric material,
exhibiting a non-zero remnant polarization ±PR at zero electric field, while the polariza-
tion is zero at the coercive fields ±EC.
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2.1.2 Ferroelectric Phase Transitions

In general, phase transitions are the physical process in which a material passes from one

phase to another. They are provoked by changes in the energy, e.g. through variations in

pressure or temperature.31 Regarding temperature changes, for ferroelectric materials the

most important phase transition occurs at the Curie temperature (TC), which denotes the

onset of ferroelectricity, in the sense that at higher temperatures the material becomes para-

electric, i.e. has no spontaneous polarization. When cooled down further, many ferroelectric

materials undergo a series of different phase transitions. They are accompanied by struc-

tural changes in the crystal and its symmetry is reducing with each phase transition.

The theoretical description of the ferroelectric phases can be carried out using Landau-

Ginzburg-Devonshire (LGD) theory, which uses a phenomenological thermodynamic model.

The key of LGD theory is the assumption that the thermodynamic potential, here the Lan-

dau free energy density fLGD, can be described by a Taylor expansion with respect to the

order parameter, which for ferroelectrics is the polarization vector.32 In the simplest case of

a polarization vector P that is limited to one crystallographic direction only, Landau free

energy density is given by

fLGD(P) =
α

2
P2 +

γ

4
P4 +

δ

6
P6 +O(P8) . (2.7)

At which power of P the Taylor expansion is terminated depends on the symmetry of the

parent high-temperature paraelectric phase and the experimentally observed phase transi-

tions that have to be described.33 In general, the highest-order coefficient must be positive

for stability reasons, so that δ > 0 holds in Equation 2.7.

The temperature dependence is usually expressed through α = α(T), while γ and δ are

assumed to be independent of the temperature. The basic Devonshire assumption is that

the parameter α has a linear dependence on the temperature, in a Curie-Weiss law fashion:

α(T) = β(T − T0) , (2.8)

with Curie-Weiss temperature T0 and β being positive material constants. With this as-

sumption the order of the phase transition depends only on the sign of γ.

A second-order phase transition, also called continuous transition, as visualized in Fig-

ure 2.2a occurs for a positive value of γ. Here, TC = T0 and at the Curie temperature the

two minima representing the ferroelectric phases with ±P merge into a single minimum at

P = 0, the paraelectric state.
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Figure 2.2: Temperature dependence of Landau free energy density fLGD(P) for (a) second-
order/continuous and (b) first-order phase transition.

A negative γ, on the other hand, results in a first-order phase transition for which Curie-

Weiss and Curie temperature differ T0 < TC, as shown in Figure 2.2b. Its characteristic is a

discontinuous change in polarization between low- and high-temperature phase, because

the minima attributed to the ferroelectric phase are preserved even as the Curie temper-

ature is approached, they are only reduced to local minima. This leads to the possibility

of meta-stable phases, i.e. the low-temperature phase can persist above TC and the high-

temperature phase below TC. This leads to a thermal hysteresis, which means that different

phase transition temperatures are observed during heating and cooling of the material.28

In experiments it is oftentimes difficult to distinguish whether a phase transition is con-

tinuous or not. Therefore, it is convenient to focus on the fingerprints of a first-order phase

transition, i.e. the observation of a phase coexistence and a thermal hysteresis, in order to

distinguish between a first- or second-order phase transition.

2.1.3 Perovskite Oxide Crystals

Among the most important ferroelectrics are oxide crystals with a perovskite crystal struc-

ture with general chemical formula ABO3, with cations A and B. The original mineral per-

ovskite is calcium titanate (CaTiO3), but nowadays the name is also applied to compounds

having a similar crystal structure. There exists a variety of different ABO3-materials that

adopt a perovskite structure. A rule for their stabilization is given by the Goldschmidt

tolerance factor:34

t =
RA + RO√
2(RB + RO)

, (2.9)

which takes the ionic radii RA, RB and RO of cations A and B, and oxygen into account.

It provides a guideline as a tolerance factor within 0.78 < t < 1.05 typically allows the

stabilization of a perovskite structure.35
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The ideal cubic perovskite structure (t = 1) is paraelectric. For t > 1, a tetragonal dis-

tortion of the unit cell is geometrically favored, while a tolerance factor t < 1 favors lower

symmetries, e.g. orthorhombic as observed for rare-earth scandate crystals, which are non-

ferroelectric.36 However, this concept has to be used with caution, as the ionic radii depend

on the coordination number of the ions, which in turn depends on the structure and there-

fore also on the temperature.

The cubic perovskite structure occurs for example in SrTiO3 at room temperature or as

high-temperature paraelectric phase of BaTiO3 as shown in Figure 2.3a. In order to induce

ferroelectricity a small displacement of the central B cation is sufficient, which lowers the

symmetry e.g. to tetragonal for the ferroelectric phase of BaTiO3 shown in Figure 2.3b.37

This cation displacement can be accompanied by displacements of the other ions, as well as

by a deformation of the oxygen octahedra. Furthermore, rotations or tiltings of the oxygen

octahedra can reduce the symmetry of the crystal, e.g. to orthorhombic in CaTiO3, as it

is also accompanied by changes of the lattice parameter. Of course, also a combination of

both effects is possible and observed e.g. for antiferroelectric NaNbO3.38

Figure 2.3: BaTiO3 perovskite structure: (a) high-temperature paraelectric cubic phase for tempera-
tures above the Curie temperature TC and (b) ferroelectric tetragonal phase below TC.

2.2 strain engineering of epitaxial thin films

A deformation of the perovskite crystal structure can also be induced by applying stress.

For epitaxial thin films, where a layer with well-defined orientations with respect to the

crystalline substrate is deposited, stress can be imparted through differences in the lattice

parameters or their thermal expansion behavior.29,39 This kind of strain engineering allows

for tailoring dielectric or piezoelectric properties and can also shift the phase transition

temperature significantly.40 For the prototypical cubic perovskite SrTiO3, which is known

to remain paraelectric down to 0K, strain engineering can even promote room-temperature

ferroelectricity.41,42
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2.2.1 Elastic Field in a Constrained Thin Film

For ferroelectric thin films, clamping by the substrate imposes mechanical boundary con-

ditions to the system. In the following, a brief introduction to the effect of substrate con-

straints on ferroelectric thin films is given. The theoretical background is described in detail

e.g. by Y. L. Li et al.43

The total strain εij which a thin film experiences can be divided into elastic strains eij
and eigenstrain (or spontaneous strain) ε0ij as

εij = eij + ε
0
ij . (2.10)

The eigenstrain originates from the electrostrictive effect due to the displacement of

the ions that is correlated with the electrical polarization Pi and it can be calculated by

ε0ij = QijklPkPl, with electrostrictive coefficients Qijkl. The elastic strains stem from the

constraints imposed by the substrate and the accommodation of structural changes during

the phase transition from paraelectric to ferroelectric phase.

The elastic strain eij determines the elastic energy density felastic, which can be expressed

as

felastic =
1

2
Cijkleijekl =

1

2
Cijkl(εij − ε

0
ij)(εkl − ε

0
kl) . (2.11)

For coherently grown epitaxial thin films on a much thicker substrate the total strain

is determined by the in-plane misfit strain εm1 , εm2 and in-plane shearing εm6 and by zero

out-of-plane stress components:

εα = εmα (α = 1, 2, 6) , σα = 0 (α = 3, 4, 5) (2.12)

Exemplarily, for a cubic film with lattice parameter afilm grown on a substrate with

rectangular surface unit cell, with asub along x and bsub along the y-direction, the misfit

strain is defined as

εm1 =
asub − afilm

afilm
(2.13)

εm2 =
bsub − afilm

afilm
(2.14)

εm6 = 0 , (2.15)

In this case it depends solely on the substrate symmetry, if the thin film is isotropically

strained, i.e. εm1 = εm2 , or anisotropically strained, where εm1 ̸= εm2 . If the film has a lower

symmetry, there exist different ways of how to define and calculate the misfit strain and

examples are given later for KxNa1−xNbO3 thin films in Section 3.3.
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2.2.2 Strain Engineering & Phase Transitions

Strain engineering cannot only be used to tailor the material’s ferro- and piezoelectric

properties, but also to stabilize phases, which are not observed in the bulk, unstrained

material. The calculation of phase stability maps is performed by minimizing the total free

energy density, which directly depends on the temperature and misfit strain2 as

ftotal(T , εm) = fLGD(T) + felastic(ε
m). (2.16)

For each point in the phase diagram (i.e. misfit strains εm1 and εm2 and temperature T),

the free energy density (Equation 2.16) is minimized and the resulting phases are labeled

according to which polarization vector components are non-zero as presented and schemat-

ically displayed in Table 2.1, where the red arrow denotes the polarization vector.

phase polarization components symmetry

paraelectric p P1 = P2 = P3 = 0 orthorhombic
a1 P1 ̸= 0,P2 = P3 = 0 orthorhombic
a2 P1 = 0,P2 ̸= 0,P3 = 0 orthorhombic
c P1 = P2 = 0,P3 ̸= 0 orthorhombic

a1a2 P1 ̸= 0,P2 ̸= 0,P3 = 0 monoclinic
a1c :=MC P1 ̸= 0,P2 = 0,P3 ̸= 0 monoclinic
a2c :=MC P1 = 0,P2 ̸= 0,P3 ̸= 0 monoclinic

r P1 ̸= 0,P2 ̸= 0,P3 ̸= 0 triclinic

Table 2.1: Definition of the possible phases that can be stabilized based on the non-zero compo-
nents of the polarization vector. The corresponding symmetry of each phase assuming
anisotropic misfit strain based on [44] is given. At the left and right sides of the table
are schematic depictions of the direction of the polarization vector (red arrow) for the
different phases.

A general distinction between the ferroelectric phases can be made on whether they

have an in-plane (ai) or out-of-plane (c) polarization component. Here a1 and a2 indicate

an in-plane polarization component along x- or y-axis, respectively. While the notation of

the phases is directly given by their non-zero polarization components, their symmetry

depends on whether the film is isotropically or anisotropically strained and in Table 2.1

anisotropic misfit strain is assumed.44 If all polarization components are zero, the film is in

its paraelectric phase p. Noteworthy, for anisotropic misfit strain, the paraelectric phase is

not cubic but centrosymmetric orthorhombic.45 If one component is non-zero, the phase is

in a ferroelectric orthorhombic a1, a2 or c phase, depending on whether it is in-plane polar-

ized or out-of-plane. The monoclinic phases have two non-zero polarization components.

2 In the calculation of phase diagrams the misfit strain is just a variable and its temperature dependence is not
taken into account.
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Here, too, a distinction can be drawn between phases with pure in-plane polarization com-

ponents (a1a2) and those with inclined polarization (a1c and a2c), i.e. both in-plane and

vertical component. If all three polarization components are non-zero the triclinic r phase

is stabilized.

As an example, the calculated misfit strain-misfit strain phase diagram for single-domain

BaTiO3 at room temperature is shown in Figure 2.4a. It is visible, that all phases except the

paraelectric can be stabilized. In general, compressive strains (εmi < 0) induce vertical

polarization components, while tensile strains (εmi > 0) favor phases with pure in-plane

polarization. For small misfit strains the r phase is stabilized. This indicates that even for

zero strain a different phase is stabilized compared to the bulk material, where a tetragonal

phase is observed at room temperature.46 The reason is that the clamping of the film in-

duces a renormalization of the P4 terms, which determine the order of the phase transition

and affect the low-temperature phase. As this renormalization is independent of the misfit

strain the phase transformation in a thin film can be altered even for zero misfit strain.47

Figure 2.4: Phase diagrams calculated for BaTiO3 in the framework of phenomenological LGD the-
ory: (a) misfit strain-misfit strain phase diagram at room temperature, (b) misfit strain-
temperature phase diagram for isotropic biaxial strain. Figures modified with permission
from [48] and [16], respectively.

In literature, the temperature dependence of the ferroelectric phases is typically inves-

tigated for isotropic strain conditions (εm1 = εm2 = εm) as indicated by the green dashed

line in Figure 2.4a. The resulting temperature-misfit strain phase diagram is shown in Fig-

ure 2.4b. At room temperature and below three different phases can be stabilized: c, a1a2
and r. For higher temperatures the r phase disappears, while the paraelectric phase is ob-

served. The phase diagram presented in Figure 2.4b furthermore shows the influence of

an in-plane shear strain εm6 , as the different boundaries of phase stability regions (solid

and dashed lines) were calculated using different values for εm6 . Apparently, this does not

change the qualitative appearance of the temperature-misfit strain phase diagram, but only

the absolute values of the phase transition temperatures.16
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2.3 domains and domain walls in thin films

2.3.1 Domain Formation in Thin Films

So far the thin films were assumed to exhibit a uniform electrical polarization, so-called

mono-domain states. In a real ferroelectric material, the spontaneous polarization is usually

not uniformly aligned throughout, both for thin films and bulk crystals.30,49–51

One reason is that the spontaneous polarization PS leads to the formation of surface

charges, which in turn produce an electric field that is oriented oppositely to the polariza-

tion direction, the so-called depolarization field Ed.52–55 The electrostatic energy associated

with the depolarization field can be minimized through splitting into ferroelectric domains

with opposite polarization. This is schematically depicted in Figure 2.5 (top) for a cubic

to tetragonal phase transition as observed e.g. for BaTiO3 or PbTiO3. In this case the dif-

ferent ferroelectric domains are separated by so-called 180° walls, which implies that the

polarization direction in adjacent domains is rotated by 180°.

However, the formation of a domain wall also costs energy, the domain wall energy,

which adds to the total energy of the system.56 Minimizing the depolarization field and the

domain wall energy yields a scaling law for the size of the ferroelectric domains (D) as a

function of the film thickness (t) as

D ∝
√
t . (2.17)

This domain scaling behavior, known as Kittel’s law,57 was originally developed for fer-

romagnets but also applies to simple ferroelectric domain structures, as long as the film

thickness is not too small.58

Figure 2.5: Schematics of domain formation in tetragonal thin films, starting from the paraelectric
cubic phase (left figure). Domain formation can occur due to the depolarization field
(upper figures) or the experience of stress (lower figures).
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A second origin for domain formation in ferroelectric thin films is stress imposed on the

material, for example through the mechanical clamping of the substrate.59 For a strained

thin film, e.g. compressed in one direction as shown in Figure 2.5 (bottom), the elastic

energy can be minimized by splitting into domains with 90° rotated polarization vectors,

so-called 90° walls.60

While in tetragonal symmetry only 90° and 180° domain walls are mechanically com-

patible, which are oriented along either 45°, 90° or 180° with respect to the main crystal-

lographic axes,61,62 for lower symmetries also other domain walls are permissible, e.g. 60°

and 120° for orthorhombic or 71° and 109° for rhombohedral symmetries.62–64 Especially in-

teresting are so-called S-walls, which depend on the components of the spontaneous strain

tensor.65,66 Such S-walls also appear in monoclinic symmetries so that the domain wall

angle depends essentially on the geometry and dimension of the monoclinic unit cell, in

particular on the monoclinic angle and the lattice parameters.24

Oftentimes these self-organized polydomains exhibit hierarchical organization, which

can mimic a monodomain state at a larger length scale and hence are called superdomains.67

2.3.2 The Three-Dimensional Arrangement of Domain Walls

Already for simple tetragonal ferroelectric phases complex three-dimensional domain pat-

tern can form as shown schematically in Figure 2.6. Combining two of the four different

tetragonal variants shown in the bottom row, stripe domains can be formed (middle row).

More complex are the so-called herringbone pattern, which combine at least three differ-

ently oriented domain variants and one exemplary herringbone pattern is shown in the

top of Figure 2.6.68,69 Such herringbone pattern are commonly observed in unpoled barium

titanate ceramics.70

Figure 2.6: Example for a three-dimensional herringbone structure (top) built up from four different
single phase variants (lower line). In the middle line are stripe domain structures each
consisting of two phase variants. Figure reprinted with permission from [68].
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As Kittel’s law implies, the domain structures for thinner films are more dense and thus

the domain walls become increasingly important. Furthermore, by applying epitaxial strain,

phases with lower symmetry and a huge variety of different domain patterns are possible.

Such poly-domain structures can be simulated numerically using phase-field simulations,

which are briefly described in the following.

calculated phase diagrams including poly-domain structures

Applying the thermodynamic approach for calculation of phase diagrams as introduced

in Section 2.2.2 it is difficult to take the domain structure into account. Usually single do-

mains for different ferroelectric phases or simplified two-dimensional domain structures

are assumed.71–73 As a result, different versions of phase diagrams exist depending on the

assumptions or approximations made for the domain states.

In order to calculate complicated three-dimensional domain structures without a priori
assumptions, the phase-field method can be applied. It has been established as a powerful

approach to model complex domain structures at equilibrium and to calculate their evo-

lution under external stimuli for ferroelectric bulk crystals and epitaxial thin films.74 The

ferroelectric system is modeled by taking the spontaneous polarization P(x, t) as the order

parameter, which depends both on time and spatial coordinates. Its evolution is described

by the time-dependent Ginzburg-Landau (TDGL) equations,43

∂Pi(x, t)
∂t

= −L
δF

δPi(x, t)
, (i = 1, 2, 3) , (2.18)

where L is the kinetic coefficient and F is the total free energy, which also has a contribution

from the domain wall energy and the electrostatic energy. Details for the calculation of the

free energy are given e.g. by Y. L. Li et al.75 or by J.-J. Wang et al.76

The TDGL equations (Equation 2.18) are solved numerically within a spatially discretized

system. Thus, the non-zero polarization components for every point in the grid are deter-

mined and the three-dimensional domain pattern for given temperature and misfit strain

can be calculated. The development of an entire phase diagram is therefore computation-

ally very demanding.

The resulting misfit strain-misfit strain phase diagram of BaTiO3 thin films shown in Fig-

ure 2.7a features many coexistence regimes of different phases and is much more complex

than the one calculated by phenomenological LDG, which is indicated by the red lines. The

temperature-misfit strain phase diagram has been calculated for isotropic misfit strain and

also here differences with the phase diagram by phenomenological LDG are apparent as

more phase stability regions, also including phase coexistence, have been found (compare

with Figure 2.4b).



2.3 domains and domain walls in thin films 17

Figure 2.7: Phase diagrams calculated for BaTiO3 using phase-field simulations: (a) misfit strain-
misfit strain phase diagram at room temperature. The red lines denote the boundaries
of phase stability regions obtained from the calculations for single-domain strained film
(shown in Figure 2.4a). (b) Temperature-misfit strain for isotropic biaxial misfit strain.
The figures are adopted with permission from [48] and [75], respectively, while using
the version presented in [29] for the latter.
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F E R R O E L E C T R I C P O TA S S I U M S O D I U M N I O B AT E

Potassium sodium niobate (KxNa1−xNbO3 )-based ceramics and bulk crystals are among

the most promising lead-free ferroelectric materials due to their excellent piezoelectric prop-

erties and high Curie temperature.36,77,78 Also as thin film material, potassium sodium nio-

bate has made significant progress over the last years,79,80 and possible applications ranging

from energy harvesting to sensor devices have been reported.81,82

While the lead-based ferroelectrics PbTiO3 and PbZrxTi1−xO3 (PZT) as well as the pro-

totypical BaTiO3 have been studied intensively, both as bulk material and as strained thin

film, much less was known for potassium sodium niobate thin films when the present work

was started in 2018. In particular, the theoretical description was limited to single-domain

films with contradictory phase diagrams published in literature.

Therefore, this chapter does not only give a brief overview of the phases observed in

bulk crystals and strained thin films of potassium (sodium) niobate, but also displays the

progress made in the theoretical description during the last three years. Here, my own

calculations of phase diagrams within phenomenological LGD theory and the more ad-

vanced calculations performed by our collaborators in the theory group of L.-Q. Chen at

Pennsylvania State University are presented.

3.1 phases and phase transitions in bulk potassium niobate

KxNa1−xNbO3 is a solid solution of ferroelectric KNbO3 and antiferroelectric NaNbO3,

with unit cell dimensions and symmetry depending on the composition, i.e. the molar

potassium concentration x. Based on the composition-temperature phase diagram by Jaffe

et al. for bulk KxNa1−xNbO3 it is known that the crystal symmetries for K0.5Na0.5NbO3

are the same as for KNbO3, only the phase transition temperatures change.83,84 As in the

present work only thin films within this compositional range are investigated - with a

strong focus on x = 0.9 - it is sufficient to introduce the phases and phase transitions ob-

served in bulk KNbO3 that are very thoroughly investigated.85–88

Above the Curie temperature TC, bulk KNbO3 adopts a paraelectric phase with cubic

crystal structure. Ferroelectricity is observed for temperatures below TC, and with decreas-

ing temperature KNbO3 undergoes a sequence of phase transitions. At first, just below the

Curie temperature, KNbO3 becomes tetragonal. With further decrease of temperature, a

phase transition into orthorhombic symmetry takes place, before KNbO3 becomes rhombo-

hedral, which is its lowest symmetry phase, at even lower temperatures.

19
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Figure 3.1: Series of thermally induced phase transitions in bulk KNbO3 crystals: (a) illustration of
the unit phases of the individual phases at the different temperatures; (b) theoretical
description of the phase transitions in the framework of LGD theory. (c) Pseudo-cubic
lattice parameter as a function of temperature during heating (top) and cooling (middle)
measured by in situ X-ray diffraction and the respective unit cell volume (bottom). Fig-
ures modified with permission from [86, 88].

This sequence is schematically depicted in Figure 3.1a. It has been both described theo-

retically (red line in Figure 3.1b) and observed experimentally (black squares in Figure 3.1b

and Figure 3.1c). Each of these phase transitions exhibits strong first-order phase transi-

tion characteristics, e.g. an abrupt change in the magnitude of the polarization at every

transition temperature and a thermal hysteresis as visible in Figure 3.1c.

The theoretical description for Figure 3.1b has been carried out in the framework of the

Landau-Ginsburg-Devonshire (LGD) phenomenological theory as already introduced in

Section 2.1.2. In order to account for all four experimentally observed phases, the Landau

free energy density fLGD is given by an eighth-order polynomial of the polarization vector

P, which upon application of Einstein’s summation convention can be written as

fLGD = αiP
2
i +αijP

2
i P

2
j +αijkP

2
i P

2
j P

2
k +αijklP

2
i P

2
j P

2
kP

2
l . (3.19)

The 10 independent Landau coefficients α1(T), α11, α12, α111, α112, α123, α1111, α1112,

α1122 and α1123 were determined using the experimental values for e.g. the transition

temperatures as described in detail by Pohlman et al.89
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3.2 calculated phase diagrams for potassium sodium niobate thin films

3.2.1 Thermodynamic Description

Following the description in Section 2.2 the free energy density can be calculated assuming

single-domain KxNa1−xNbO3 thin films. The fully formulated expressions are given e.g. by

Zhou et al. in [90],1 or earlier by Zembilgotov et al. in [91].2 The compliance and electrostric-

tive coefficients are known for KNbO3
16 and K0.5Na0.5NbO3 ,90 and the resulting phase

diagrams look very similar.92 Exemplarily, my own calculation of the misfit strain-misfit

strain phase diagram at room temperature for K0.5Na0.5NbO3 is shown in Figure 3.2a,

which is identical to the one published by Zhou et al.90 In the central low misfit strain

region the triclinic r phase is found. Surrounding it are the three monoclinic phases a1a2,

a1c and a2c, the latter two are oftentimes both called MC phases, as also denoted in the

phase diagram. The orthorhombic phases c, a1 and a2 are found at the high-strain ends.

Notably, the phase diagram is mirror symmetric in a1 and a2 with respect to the diagonal

εm1 = εm2 indicated as dashed line in Figure 3.2a.

Figure 3.2: Phase diagrams calculated for K0.5Na0.5NbO3 using phenomenological LGD theory for
a single-domain thin film: (a) misfit strain-misfit strain phase diagram at room tempera-
ture; (b) temperature-strain phase diagram for isotropic biaxial misfit strain.

While strain engineered KxNa1−xNbO3 thin films at room temperature have been dis-

cussed in detail previously,20–23,93 the investigation of their thermal stability and the phase

transitions that can be induced with temperature has only just started.40,94 Therefore, from a

theoretical perspective, the temperature dependence of the misfit strain-misfit strain phase

diagram is of particular interest. The standard misfit strain-temperature phase diagram as

shown in Figure 3.2b is calculated for isotropic misfit strain, i.e. following the dashed line

in Figure 3.2a for different temperatures. Here, four different phase stability regions are

observed: ferroelectric r, c, a1a2 and paraelectric p phases.

1 in [90] Q22 needs to be replaced by Q12 in equations (17) and (18). Furthermore, s44 = 1.3× 10−11m2/N
2 in [91] in equation (5) the denominator should be 2(s211− s

2
12) and, more importantly, in equation (7) Q44 must

be squared, otherwise a phase diagram as published in [20] is obtained.
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A much more detailed insight is provided by the calculation of misfit strain-misfit strain

phase diagrams for different temperatures. The phase diagrams obtained at three different

temperatures in the range −200 °C < T < 600 °C are shown in Figure 3.3. For very low tem-

peratures (T = −200 °C in Figure 3.3a) the r phase is very large and within the diagram

that shows misfit strain values between −2% ⩽ εm1,2 ⩽ 2%, no a1 or a2 phases are observed.

With increasing temperatures the r phase decreases in size, whereas the orthorhombic a1
and a2 phases appear (compare with the room temperature phase diagram in Figure 3.2a).

At about 400 °C the r phase vanishes completely (Figure 3.3b) and only the ferroelectric

orthorhombic and monoclinic phases are visible in the diagram. For even higher temper-

atures the paraelectric p phase is observed in the low strain region of the phase diagram

(Figure 3.3c) and the phase stability regions of the orthorhombic phases are getting bigger,

repressing the monoclinic ones.

Figure 3.3: Misfit strain-misfit strain phase diagram for (a) T = −200 °C, (b) T = 400 °C and (c)
T = 600 °C calculated using phenomenological LGD theory under the assumption of a
single-domain K0.5Na0.5NbO3 thin film.

3.2.2 Phase-Field Simulations and Strain Phase Separation Theory

While the thermodynamic approach presented in the previous section is quite simple and

gives insight into which phases can be potentially stabilized in the strained thin films,

it suffers from the rather rough approximations made in the calculations. This concerns

in particular the assumption that the film exists in a single domain state. In order to in-

clude poly-domains and coexistence of different phases in the calculations, more advanced

theories are necessary. This section provides a brief summary of the poly-domain phase

diagrams for KxNa1−xNbO3 calculated by our collaboration partner B. Wang in the group

of L.-Q. Chen at Pennsylvania State University.
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strain phase separation theory

One way to incorporate phase coexistence directly into the thermodynamic LGD calcu-

lation is to apply the strain phase separation theory. Here, the free energy as a function

of strain is calculated for all possible phases and a common tangent construction is used

to predict phase coexistence regimes as schematically shown in Figure 3.4a for phases I

and II. For more information on strain phase separation theory the reader is referred to

the publications by Xue et al.95,96 The resulting misfit strain-misfit strain phase diagram is

shown in Figure 3.4b for K0.9Na0.1NbO3. It was shown by Wang et al. that the misfit strain-

misfit strain phase diagrams for different KxNa1−xNbO3 compositions (x = 0.5, 0.7, 0.9)

look very similar and that changes in the composition have only a minor impact on the

phase diagrams.97

Figure 3.4: (a) Schematics of strain phase separation processes (adapted from [95]) (b) Misfit strain-
misfit strain phase diagram for K0.9Na0.1NbO3 at room temperature calculated by strain
phase separation theory. Image by courtesy of B. Wang and L.-Q. Chen.97

The room-temperature poly-domain misfit strain-misfit strain phase diagram (Figure 3.4b)

looks different compared to the one calculated for single-domain states. First, the low sym-

metry r phase is absent due to its relatively high free energy compared to the monoclinic

phases. Here, at the low-strain center a three-phase region is observed, where all three

monoclinic phases (a1a2, a1c and a2c) coexist. Single-phase regions are found only at the

high-strain ends, while regions with coexistence of two monoclinic phases lie in between

surrounding the three-phase triangle. When the average misfit strain is slightly compressive

(12(ε
m
xx + εmyy) < 0) the a1c/a2c mixture is preferred. When combined tensile and compres-

sive strains are applied along the two orthogonal in-plane directions, either a1a2/a1c or

a1a2/a2c phase mixtures are favored. Due to the symmetry of the phase diagram with

respect to the two in-plane directions, in the following the notation of MC phases for both

a1c and a2c will be used. Then these regimes can be assigned as a1a2/MC, which are in

the focus of this work.
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phase-field simulations

A computational more demanding way of including poly-domains in the calculations

is by use of phase-field simulations, which have been briefly introduced already in Sec-

tion 2.3.2. Importantly, these simulations have the advantage of not only giving the phase

stability regions as do the thermodynamic calculations, but instead the three-dimensional

domain structures are simulated as shown exemplarily in Figure 3.5a for four different tem-

perature and misfit strain values for K0.5Na0.5NbO3 thin films. Here, an isotropic biaxial

misfit strain is used. Details on the simulations and the used parameters are given by B.

Wang et al. in [17].

Figure 3.5: (a) Three-dimensional domain arrangements obtained by phase-field simulations for
K0.5Na0.5NbO3 at different temperatures and isotropic biaxial misfit strain values as
stated below each structure; (b) Misfit strain-temperature phase diagram from phase-
field simulations for isotropic biaxial misfit strain. Images adapted with permission from
[17].

The corresponding temperature-misfit strain phase diagram, again assuming isotropic

misfit strain, is shown in Figure 3.5b. Additional to the four regions observed by thermody-

namic single-domain calculations (phases c, r, a1a2 and p, compare Figure 3.2b) also the

other possible phases are observed, i.e. a1c=̂MC and a2c=̂MC and a1/a2.

As also seen in the other phase diagrams before, there is a general tendency of out-of-

plane polarized phased for compressive misfit strain and in-plane polarization for tensile

misfit strain. Especially interesting in this respect is the central "mix" region. Here a coexis-

tence of in-plane a1a2 and out-of-plane MC is predicted. Such a coexistence region is also

observed in the misfit strain-misfit strain diagram using strain phase separation theory if

compressive and tensile misfit strain are combined (compare Figure 3.4b).
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3.3 phases observed in strained potassium sodium niobate thin films

In the experiment the misfit strain is determined both by the composition of the

KxNa1−xNbO3 thin film and the choice of substrate material. In this section first the epi-

taxial relation between KxNa1−xNbO3 thin film and the substrate, which usually is a (110)-

oriented rare-earth scandate, is introduced in order to determine the misfit strain of the

strained thin film. Afterwards, two interesting domain formations which have been ob-

served in KxNa1−xNbO3 thin films are briefly described: the MC stripe domains and the

a1a2/MC herringbone domain pattern.

3.3.1 Pseudo-Cubic (K,Na)NbO3 Thin Films on (110)-Oriented Rare-Earth Scandate Substrates

In order to describe a KxNa1−xNbO3 thin film, the pseudo-cubic (pc) notation is of special

importance.98 It is constructed as the primitive unit cell of the orthorhombic (o) phase as

visualized in Figure 3.6. Here, the orientation of the KxNa1−xNbO3 unit cell is chosen such

that co < ao ≈ bo (compare Table 3.1).

Figure 3.6: Construction of primitive, pseudo-cubic (pc) unit cell from the orthorhombic
KxNa1−xNbO3 unit cell with space group Cm2m. The pseudo-cubic unit cell has
the advantage of directly displaying the distorted perovskite crystal structure of
KxNa1−xNbO3 with the oxygen octahedron surrounding the central niobium atom.
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For the pseudo-cubic unit cell apc is chosen parallel to co and thus bpc = cpc applies.

In contrast to a cubic cell they are not orthogonal to one another but enclose an angle αpc,

which is 90° only if ao = bo, i.e. the parental phase is tetragonal.

The relation between pseudo-cubic and orthorhombic lattice parameters is in general

given by

apc = co (3.20)

bpc = cpc =
1

2

√
a2o + b2o (3.21)

αpc = arccos
(
b2o − a2o
b2o + a2o

)
. (3.22)

While these formulas hold for the calculation of the primitive unit cell of any orthorhom-

bic cell, only for the perovskite crystal structures, it is called pseudo-cubic with

apc ≈ bpc = cpc and αpc ≈ 90◦, due to the oxygen octahedron as implied by Goldschmidt’s

tolerance factor.35

The lattice parameters of the orthorhombic phase are known for unstrained KNbO3 and

K0.5Na0.5NbO3 .99,100 As the symmetry is not changing within 0.5 ⩽ x ⩽ 1 the lattice

parameters in this range are assumed to be determined by linear interpolation (Vegard’s

law101). Within this thesis the focus is set on compositions around x = 0.9 and the respective

lattice parameters are summarized in Table 3.1.

orthorhombic unit cell pseudo-cubic unit cell
Material ao(Å) bo(Å) co(Å) apc(Å) bpc = cpc(Å) αpc(

◦)

KNbO3 5.697 5.722 3.971 3.971 4.036 90.25
K0.9Na0.1NbO3 5.686 5.712 3.965 3.965 4.029 90.27
K0.5Na0.5NbO3 5.640 5.673 3.940 3.940 4.000 90.33

s[1̄10](Å) s[001](Å) α(◦)

NdScO3 5.577 5.776 8.004 2 · 4.014 2 · 4.002 90

Table 3.1: Orthorhombic (o) and corresponding pseudo-cubic (pc) lattice parameter for unstrained
KNbO3,99 K0.9Na0.1NbO3 and K0.5Na0.5NbO3.102 Additionally, the orthorhombic lattice
parameters and the dimensions of the (110) plane are given for NdScO3.103

Additional to the change of composition of the KxNa1−xNbO3 thin film, which alters its

lattice parameters, the choice of substrate is of crucial importance for the misfit strain state

and the stabilized phase. Very suitable for strain engineering of KxNa1−xNbO3 thin films

are (110)-oriented rare-earth scandates REScO3, with RE ∈ {La, Pr, Nd, Sm, Gd, Tb, Dy},

which are perovskite crystals with orthorhombic symmetry.
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The substrate exclusively used within this thesis is NdScO3, whose orthorhombic lattice

parameters are also given in Table 3.1, together with the dimensions of its (110) plane,

which is the substrate surface (Figure 3.7a). It is about twice as large as the KxNa1−xNbO3

unit cells and thus four pseudo-cubic film unit cells can be grown epitaxially on one surface

unit cell of the (110) NdScO3 substrate.

The KxNa1−xNbO3 unit cells can either grow with apc = [100]pc orientation, in which

the in-plane unit cell orientation does not matter as bpc = cpc as displayed in Figure 3.7b,

or in cpc = [001]pc orientation, where additionally the two possible in-plane orientations

have to be distinguished since apc ̸= bpc.

Figure 3.7: (a) Depiction of the almost squared surface unit cell of (110)o rare-earth scandates used
as substrate. The pseudo-cubic KxNa1−xNbO3 lattice parameters are half of the sub-
strate’s, so that four film unit cells fit on one surface unit cell of the substrate. (b) Exem-
plarily, [100]pc orientation was chosen for the film unit cells.

Regarding the calculation of the misfit strain, different approaches can be taken. One way

is the direct inclusion of the unit cell orientations, in which the KxNa1−xNbO3 thin film

crystallizes in. In this case, a single choice of composition and substrate leads to a number

of different misfit strain values. In order to deduce the misfit strain state with respect to

the entire film, these individual misfit strain values need to be averaged. This is equivalent

to the theoreticians’ approach of taking the film’s paraelectric cubic unit cell as reference

for calculation of the misfit strain. Here, the film is assumed to be cubic with film lattice

parameter ac calculated by ac =
(
apc · bpc · cpc · sinαpc

)1/3.47,90

3.3.2 Experimentally Observed Domain Formations in Strained (K,Na)NbO3 Thin Films

In prior studies at the Leibniz-Institut für Kristallzüchtung (IKZ) the focus was set on two

types of domain structures observed at room temperature, which are built up from mono-

clinic phases: the MC stripe domains and the a1a2/MC herringbone domain pattern. Both

domain structures are briefly described in the following.
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MC stripe domain pattern

The stripe domain pattern was observed in KxNa1−xNbO3 thin films with x = 0.54 −

0.74 grown on the (110)-oriented orthorhombic rare-earth scandate substrates GdScO3,

TbScO3, and SmScO3.21,94 In Figure 3.8a both a lateral piezoresponse force micrograph

(piezoresponse force microscopy (PFM) is described in Section 4.2) and the corresponding

schematic depiction of the domain pattern are given. It is visible that the small stripe do-

mains form hierarchical structures, so-called superdomains, which can be distinguished in

PFM by the color of the superdomain and the orientation of the stripe domains within. The

in-plane polarization components of each stripe domain and the larger superdomains are

depicted with black and colored arrows, respectively. The same colors are used to denote

the four rotational variants of the monoclinic MC domains, which build the respective su-

perdomain variants. Within each stripe domain the misfit strain is highly anisotropic. The

entire film, on the other hand, is almost isotropically compressively strained with increas-

ing magnitude from SmScO3 over TbScO3 to GdScO3. Exemplarily the misfit strain values

for a K0.7Na0.3NbO3 thin film grown on a (110) TbScO3 substrate are given in Table 3.2.

Figure 3.8: (a) MC stripe domains: lateral piezoresponse force micrograph and schematic domain
pattern utilizing four different variants of the MC unit cells. (b) Transition temperature
for the MC to c phase transition, depending on the applied average misfit strain. Figures
taken with permission from [21, 40].

apc orientation cpc orientation average
bpc = cpc apc ∥ [001]NSO apc ∥ [1̄10]NSO

ε[1̄10]NSO
−1.37% −1.37% 0.19% −0.85%

ε[001]NSO −1.40% 0.15% −1.40% −0.88%

Table 3.2: Misfit strain for K0.7Na0.3NbO3 on (110)-oriented TbScO3 calculated both for the indi-
vidual unit cell orientations and averaged for the entire film.
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Imposing an even stronger compressive misfit strain on the thin film can induce the or-

thorhombic c phase with pure out-of-plane polarization, as seen e.g. for K0.7Na0.3NbO3

on DyScO3.40 It has been observed that these compressively strained (K,Na)NbO3 thin

films undergo a thermally induced phase transition from monoclinic MC to orthorhombic

c phase. The transition temperature can be shifted by the strength of compressive strain

from about T = −15 ◦C (on DyScO3) up to about T = 400 °C for thin films grown on

SmScO3 as shown in Figure 3.8b.

Comparison with the temperature-misfit strain phase diagram calculated by phase-field

simulations (Figure 3.5b) gives a remarkable agreement, both in the prediction of the room

temperature MC stripe domains and the MC → c phase transition.17 The aforementioned

interesting ‘mix’ region, which shows a phase coexistence of in-plane and out-of-plane

polarized phases, found in the phase diagram, also has been experimentally observed. In

this region the herringbone domain pattern develops, which is introduced in the following.

herringbone domain pattern

The herringbone domain patterns consisting of monoclinic phases are particularly in-

teresting as they combine two pathways for enhancing the piezoelectric properties of the

thin film. Namely, first, the occurrence of ferroelectric monoclinic phases and, second, the

coexistence of different types of ferroelectric domains, which can also lead to a strong piezo-

electric response.15,104 Regarding (K,Na)NbO3, herringbone domain patterns have been ob-

served for strained K0.9Na0.1NbO3 thin films grown on (110) NdScO3 substrates.22,23,93 The

misfit strain values for this combination of composition and substrate are summarized in

Table 3.3. Importantly, here the average misfit strain itself is anisotropic. This favors the

coexistence of differently oriented monoclinic phases.

apc orientation cpc orientation average
bpc = cpc apc ∥ [001]NSO apc ∥ [1̄10]NSO

ε[1̄10]NSO
−0.40% −0.40% 1.25% 0.15%

ε[001]NSO −0.70% 0.93% −0.70% −0.16%

Table 3.3: Misfit strain for K0.9Na0.1NbO3 on (110)-oriented NdScO3 calculated both for the indi-
vidual unit cell orientations and averaged for the entire film.

Prior to this work, only the in-plane structure of the ferroelectric herringbone domain pat-

tern has been studied, e.g. by piezoresponse force micrographs as displayed in Figure 3.9a

for a K0.9Na0.1NbO3 thin film with 38nm thickness. A domain model has been proposed

as shown in Figure 3.9b, which consists of two different monoclinic phases with either in-

plane polarization (a1a2 phase) or inclined polarization (MC phase).
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In this work, the three-dimensional arrangement of the domains and domain walls of the

herringbone domain pattern, as well as its thermal stability and thermally induced phase

transitions are investigated in detail in Chapter 5 and Chapter 6, respectively. The thor-

ough description of the proposed domain model for the herringbone pattern is included as

introductory part of Chapter 5.

Figure 3.9: Herringbone domain pattern: (a) lateral piezoresponse force micrograph for a 38nm
K0.9Na0.1NbO3 thin film grown on (110) NdScO3 together with (b) schematic domain
model showing a coexistence of monoclinic phases with in-plane polarization (a1a2)
and inclined polarization direction (MC). Modified with permission from [105].
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E X P E R I M E N TA L M E T H O D S

To form well-ordered ferroelectric domain patterns, the strained (K,Na)NbO3 thin films

must have a very high structural quality. Metal-organic vapor-phase epitaxy, briefly pre-

sented in Section 4.1, is a technique that enables the growth of such high-quality epitaxial

layers. For a thorough characterization of the ferroelectric (K,Na)NbO3 thin films, several

methods were applied to provide complementary information. Real-space imaging of the

ferroelectric domains was performed using piezoelectric force microscopy, as briefly dis-

cussed in Section 4.2.

This work focuses on the structural characterization of ferroelectric thin films by sophis-

ticated X-ray scattering techniques as presented in Section 4.3. They allow precise mea-

surements of the lattice parameters and lattice symmetry while being non-destructive. In

addition, the domain morphology, e.g. domain periodicity and domain wall angles, can be

determined. Since these structures are three-dimensional in nature, they can only be fully

understood through the application of three-dimensional X-ray scattering. By using multi-

detection techniques, these measurements can be carried out much faster, allowing them

to be performed in situ, e.g. at different temperatures.

X-ray diffraction has the advantage of being non-destructive, however, the measured

diffraction pattern in reciprocal space can not, in general, be directly calculated back into

real space. Therefore, it is advantageous to construct a real-space model for which the

scattered X-ray intensity distribution is then numerically simulated.

4.1 metal-organic vapor phase epitaxy

Metal-organic vapor phase epitaxy (MOVPE1) is the deposition technique, which has been

used for thin film growth within this work. During MOVPE, growth takes place at condi-

tions close to thermal equilibrium at high oxygen partial pressure, which provides epitaxial

layers with higher structural quality and fewer oxygen vacancies, than films grown by phys-

ical deposition techniques such as pulsed laser deposition, molecular beam epitaxy (MBE)

or magnetron sputtering. A challenge when growing (K,Na)NbO3 thin films is the volatil-

ity of the alkali metals.

1 Sometimes also the term metal-organic chemical vapor deposition (MOCVD) is used.

31
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Figure 4.1: Schematic depiction of the liquid-delivery spin Metal-organic vapor phase epitaxy
(MOVPE) facility applied within this work. Figure adapted from [106].

A liquid-delivery spin MOVPE facility was used for thin film growth as shown schemati-

cally in Figure 4.1. The precursor materials for the alkali metals and niobium are dissolved

in dry toluene and pumped into two independent and separated flash evaporators, using

argon as a carrier and dilution gas. In addition, an oxygen/argon gas mixture is injected

via a porous plate, which mixes with the evaporated precursors. Subsequently, the evapo-

rated material and the oxygen/argon gas mixture are introduced into the reaction chamber

via a hole perforation plate, where the precursor finally mix and thermally decompose as

they approach the heated substrate surface, so that niobium, the alkali metals and oxygen

are incorporated into the oxide thin film. Moreover, the substrate carrier rotates with 750

rotations per minute in order to increase the homogeneity of the layer. As growth atmo-

sphere, a gas mixture with O2 to Ar ratio of 0.6 is applied at a pressure of 26mbar, while a

substrate temperature of 700 °C was used.

The precursor materials for the alkali metals were K(thd) and Na(thd), while Nb(EtO)5
was used as niobium precursor. The rare-earth scandate crystals were grown by Czochral-

ski growth in the Oxides & Fluorides group at Leibniz Institut für Kristallzüchtung (IKZ),107

and processed into substrates by Crystec GmbH. They are cut in (110) orientation with an

offcut angle of about 0.1% to facilitate a step-and-terrace surface structure. A thermal treat-

ment in pure oxygen gas flow is applied, to prepare smooth and reproducible surfaces.106

The growth procedure was carried out by M. Klann (IKZ, section Thin Oxide Films) with

a MOVPE facility by SMI Inc. Further details on the substrate preparation and growth pa-

rameters can be found in [108] and [20].
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4.2 piezoresponse force microscopy

Piezoresponse force microscopy (PFM) enables two-dimensional imaging of the ferroelec-

tric domains in real space. It uses the converse piezoelectric effect, i.e. material deforma-

tion induced by an electrical field. It is an extension of atomic force microscopy (AFM) and

therefore also a scanning probe technique. In scanning probe microscopes a sharp tip (=

the probe) with a radius of a few tens of nanometer is scanned line by line over the inves-

tigated sample surface. This enables spatial resolution in the nanometer range, even below

the optical diffraction limit.

For a thorough description of piezoresponse force microscopy the reader is referred to

chapter I.6 of the textbook Scanning Probe Microscopy by S. Kalinin and A. Gruvermann,109

and the review paper by Vasudevan et al.110

measurement of the topography - atomic force microscopy

The surface topography of a sample can be measured using atomic force microscopy.

Its experimental setup is schematically shown in Figure 4.2a. During measurement the

probe scans line-by-line over the sample surface, which is moved by piezoelectric actuators.

The probe is a sharp tip on a cantilever, with a tip radius of generally about 10-30nm

at the apex. As the tip approaches the surface, their intermolecular interactions can be

described by a Lennard-Jones potential, as schematically depicted in Figure 4.2b, which

includes long-range van der Waals attraction as well as electrostatic, magnetic and chemical

binding forces, while the short-range forces are governed by Pauli repulsion and Coulomb

interaction.

Figure 4.2: Schematic depiction of (a) an AFM/PFM setup and (b) the force-distance curve (Lennard-
Jones-potential).
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While there are different modes in which an atomic force microscope can operate, the

description here is limited to constant force (contact) mode, which is the mode in which also

PFM is conducted. Thereby, the tip approaches the sample surface until they are in contact,

which means that tip and sample surface repulse each other. This induces a bending of

the cantilever, which results in a deflection of the reflected laser spot on the four-quadrant

photodiode array. In constant force mode, the vertical piezoelectric actuators are used to

adjust the height of the sample in order to keep a constant bending of the cantilever and

the piezoelectric movement is converted into a topographic map with vertical and lateral

resolutions of about 0.1nm and 10nm, respectively.

measurement of ferroelectric domains - pfm mode

For PFM measurements an AC potential (V = Vac sin(ωt)) is applied between the con-

ductive, metal-coated cantilever and virtual ground. Due to the converse piezoelectric effect,

the ferroelectric material expands, contracts or is sheared, depending on its piezoelectric

tensor and the polarization vector of the mapped domain. In the measurements, one dis-

tinguishes between vertical (VPFM) and lateral (LPFM) piezoresponse force microscopy.

Typically, different frequencies are used for vertical and lateral PFM measurements, how-

ever, both frequencies are much higher than the one of the topographical features. Thus,

both signals can be separated, enabling a simultaneous measurement of the topography

and the piezoresponse. The piezoelectric response of the sample material is in general

given by D sin(ωt+φ), with amplitude D and phase difference φ between applied poten-

tial and piezoelectric movement. This induces a superimposed deflection or torsion of the

cantilever and the corresponding spot position on the photodiode, as shown in Figure 4.3a.

This signal, which also oscillates accordingly to the sample deformation, is converted into

an oscillating voltage and its amplitude and phase are retrieved by a lock-in-amplifier.

In order to enhance the piezoelectric signal of the thin film during scanning, measure-

ments can be taken close to the resonance frequency. Noteworthy, the resonant frequency

depends not only on the stiffness of the cantilever, but also on the interaction between

probe and sample surface, and therefore varies with the surface topography. This problem

can be overcome by applying dual frequency resonance tracking, which enables amplitude-

based tracking of the resonance frequency by using two drive frequencies, one left and the

other at the right side of the resonance peak. Further details on the method are provided

in [111] and [112].
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Exemplary 1µm × 1µm micrographs of a 28nm K0.9Na0.1NbO3 epitaxial film grown

on (110)-oriented NdScO3 substrate are presented in Figure 4.3b. While the topography

image only shows a smooth surface with root-mean-square roughness of Rq ≈ 0.4nm, the

ferroelectric domains are well visible in the lateral PFM images. Here, all three possible

ways of representing the data, i.e. the piezoresponse, phase and amplitude micrographs

can be compared to one another. All measurements within this thesis were taken with an

Asylum MFP3D stand-alone. A heating stage can be included in the setup, allowing for

measurements up to 300 °C in air.

Figure 4.3: (a) Schematic depiction of cantilever motion and laser deflection depending on the piezo-
electric response of the sample material in vertical (VPFM) and lateral (LPFM) piezore-
sponse force microscopy mode; (b) topography and lateral piezoresponse, amplitude
and phase micrograph of a 28nm K0.9Na0.1NbO3 epitaxial film grown on (110)-oriented
NdScO3 substrate.
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4.3 x-ray scattering

After the coincidental discovery of X-rays by W. Röntgen in 1895, which earned him the

first Nobel Prize in Physics in 1901, applications especially in medicine quickly followed.

In 1912 W. Friedrich, P. Knipping and M. von Laue proofed that X-rays are indeed elec-

tromagnetic waves by the observation of interference effects that occur when X-rays are

scattered at crystals,113 leading to rapid advances and groundbreaking discoveries in fun-

damental physics. Nowadays, X-ray techniques are a standard tool e.g. for the structural

characterization of matter. X-ray scattering techniques are also particularly suitable for the

investigation of ferroelectric phase transitions, since both changes in crystal symmetry and

corresponding modifications in the periodic arrangement of ferroelectric domains can be

detected simultaneously.

In this work two complementary scattering geometries are applied: in-plane grazing-

incidence X-ray diffraction (GIXD) and coplanar out-of-plane X-ray diffraction. While GIXD

is particularly sensitive to the in-plane structure and in-plane lattice distortions, copla-

nar diffraction addresses the three-dimensional structure and ferroelectric domain arrange-

ment. In order to fully exploit their potential, multi-detection techniques are important as

they allow the measurement of the full three-dimensional scattered X-ray intensity distribu-

tion with a single scan, and thus significantly reduce the time needed for one measurement.

This opens the perspective for performing in situ studies of the ferroelectric thin films.

The following section provides on overview of the fundamentals of structural analy-

sis using X-ray diffraction and the two techniques used in this work. Special emphasis is

placed on their application to the study of ferroelectric epitaxial layers, especially using

(110)-oriented substrates with orthorhombic perovskite crystal structure as introduced in

Section 3.3. Since measurements were performed both with a laboratory-based instrument

and at synchrotron radiation facilities, a brief description of both is also given and also the

experimental setup for the temperature dependent in situ measurements is illustrated.

This section is based on the textbooks Elements of Modern X-Ray Physics by J. Als-Nielsen

and D. McMorrow,114 High-Resolution X-Ray Scattering by U. Pietsch, V. Holý and T. Baum-

bach,115 and X-Ray Diffuse Scattering from Self-Organized Mesoscopic Semiconductor Structure
by M. Schmidbauer.116

4.3.1 Basics of X-Ray Scattering

X-rays are electromagnetic waves well suited to probe structural properties on the atomic

scale, as their wavelength λ is in the order of Angstrom (Å = 10−10 m) and therefore

comparable with the inter-atomic distance within the crystal. As a plane wave, X-rays can

be described via the electric field E(r, t) = ϵ̂E0 exp(i(k · r−ωt)), where ϵ̂ is the polarization,

E0 the amplitude, k the wave vector with wave number |k| = k = 2π
λ and photon energy

 hω.



4.3 x-ray scattering 37

For elastic scattering (kf = ki = k), which will be assumed throughout this thesis, the

time dependence can be neglected.114 Based on the wave vector k, the momentum transfer

or scattering vector Q can be defined, which is the fundamental variable describing scat-

tering experiments in so-called reciprocal space. The scattering vector Q is given by the

difference between outgoing, scattered wave kf and in-going X-ray wave ki as Q ≡ kf −ki.

For elastic scattering, as schematically depicted in Figure 4.4, it can be directly related to

the experimental scattering angle 2Θ by

Q = 2k sin(Θ) =
4π

λ
sin(Θ) . (4.23)

In the real-space description, the condition for constructive interference of X-rays diffracted

at net planes (hkl) with inter-planar lattice spacing dhkl is given by Bragg’s law

λ = 2dhkl sin(ΘB) (4.24)

with Bragg angle ΘB. This description of X-ray scattering based on parameters observed in

real space is very intuitive, however, the Bragg angle is not an absolute value but depends

on the photon wavelength and therefore the measurement conditions need to be taken into

account when analyzing and comparing data from different experiments.

A much more elegant way of describing scattering experiments can be given in recip-

rocal space. Within this work, all calculations and interpretations of the X-ray scattering

experiments were performed in the framework of kinematical scattering theory, which is

based on the central assumption that X-ray photons have only a single scattering event

when interacting with the material.114 For crystalline materials the position rl of all atoms

in the crystal can be decomposed as rl = Rl + ul, with lattice vectors Rl and ul as label

of an atom within the unit cell. Then, the intensity of the scattered X-rays I(Q), which is

determined by the scattering amplitude E(Q), can be written in general as114

I(Q) ∝ |E(Q)|2 =

∣∣∣∣∣∣
all atoms∑

l

fl(Q)eiQ·rl

∣∣∣∣∣∣
2

=

∣∣∣∣∣∣∣∣∣∣
∑
n

eiQ·Rn

︸ ︷︷ ︸
lattice

∑
m

fm(Q)eiQ·um

︸ ︷︷ ︸
unit cell

∣∣∣∣∣∣∣∣∣∣

2

. (4.25)

Here fm(Q) are the atomic form factors, which describe the scattering from the individual

atom m in the unit cell. Away from absorption edges, it is given in good approximation

by the Fourier transform of the electron density within the atom and thus can be listed in

tabular form e.g. in [117].2

2 For photon energies close to an absorption edge, corrections for dispersion and absorption are necessary, which
are known as Hönl corrections.118
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The first term in Equation 4.25, i.e. the ‘lattice’ term, describes the scattering at the net

planes of the crystal, which becomes maximal whenever the product of lattice vector Rn
and the scattering vector Q is an integer multiple of 2π. In other words, the scattering vector

must coincide with a reciprocal lattice vector. This is the Laue condition for constructive

interference, which is equivalent to the aforementioned Bragg condition Equation 4.24.

The second, i.e. the ‘unit cell’ term, determines the contribution of the individual atoms

within the unit cell. This term is also known as the unit cell structure factor F(Q), that

alternatively also can be denoted with respect to the Miller indices of the diffraction plane

(hkl) as Fhkl. From Equation 4.25 it becomes apparent that it is in general not possible to di-

rectly convert the measured X-ray intensity into the real-space structure, as the information

about the phase is lost when taking the absolute square. Therefore, in the analysis often-

times a real-space model is constructed and its corresponding X-ray scattering distribution

is simulated.

The modified Ewald construction,116 of which a two-dimensional cut is shown in Fig-

ure 4.4, is a powerful visualization connecting real space with lattice parameter dhkl with

the reciprocal space and corresponding reciprocal distance 2π/dhkl.

Figure 4.4: Two-dimensional cut through the modified Ewald construction. Varying incident or scat-
tered X-ray beam (ki and kf) by changing the incidence angleω or detector angle 2Θ, the
scattering vector Q is scanned through reciprocal space . The Laue condition is fulfilled
if the scattering vector hits at a reciprocal lattice point (black dots).

In the center of the Ewald construction at the sample surface (blue shaded area), where

the incident wave vector ki is pointing to, lies the reciprocal origin (000). The reciprocal

space can be probed by varying the incidence angle ω (with respect to the surface) and

or the detector angle 2Θ, which changes ki and kf. Whenever the scattering vector Q is

pointing to a reciprocal lattice point (depicted by black dots in the figure) constructive

interference of the X-ray beams occurs as the Laue condition is satisfied. The reciprocal

volume that can be probed depends on the X-ray energy, as all accessible reciprocal lattice

points, also called Bragg reflections, lie within the half sphere, whose radius is defined by

the maximal momentum transfer of 2k.
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While Figure 4.4 represents out-of-plane scattering, a similar construction can also be

used to visualize the surface plane and its corresponding in-plane Bragg reflections. An

example for them is given later for the applied material system in Section 4.3.5.

4.3.2 Application of X-Ray Scattering for Ferroelectric Thin Films

The beauty of reciprocal space lies in its independence from experimental specifications,

especially the X-ray wavelength used.3 This allows a general description of how real-space

structures create their individual ‘fingerprints’ in reciprocal space.

Throughout this thesis the measured Bragg reflections are indexed based on the probed

substrate lattice planes. This is very useful because the pseudocubic unit cell orientation of

the (K,Na)NbO3 thin film can vary for different domains in the thin film. In this case, dur-

ing the measurement of a single substrate Bragg reflection (hkl)sub, multiple film lattice

planes with different (hkl)film with respect to their individual pseudocubic notations are

probed.

The thin films under investigation were grown heteroepitaxially, i.e film and substrate

material differ and thus also their lattice parameters. When striving for strain engineered

layers, it is important that the film is grown coherently, i.e. fully strained, so that substrate

and layer have the same in-plane lattice parameters at the interface. No such condition

applies to the vertical direction, so that relaxation of the lattice stress is possible via a

contraction or elongation of the vertical lattice parameter of the thin film, depending on

whether the film is tensile or compressively strained. This is sketched schematically in Fig-

ure 4.5a for a compressively strained pseudomorphic epitaxial layer (red). The elongation

of the vertical lattice parameter of the thin film induces a shift of its reciprocal lattice points

(red) towards smaller Qz values, while the in-plane components Qx and Qy coincide with

the substrate’s reciprocal lattice points (black).

For thin films with monoclinic symmetry, also more complex relaxation mechanisms are

possible. Exemplarily, Figure 4.5b shows a schematic depiction of two domains of coher-

ently grown monoclinic (MC) unit cells (red and blue), which have vertical lattice planes

tilted by the monoclinic distortion angle β, which is drawn highly exaggeratedly. In recip-

rocal space the monoclinic distortion of the unit cells induces a shift of the corresponding

film Bragg peaks, which due to the two possible shearing directions along the x-axis of ±β
results in an observed peak splitting, compared to the substrate reflections, indicated by the

black open circles. The absolute value of the peak splitting observed at an individual Bragg

reflection depends not only on the magnitude and direction of the monoclinic distortion

itself, but also on the scattering vector, i.e. the Bragg reflection which is measured.

3 Close to an absorption edge the atomic form factor does depend on the photon energy. Such measurements,
however, were not performed within this thesis.
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Figure 4.5: Schematic depiction of the real space structures (left) and their transformation in recip-
rocal space (right) for (a) a compressively strained tetragonal film (red), (b) a thin film
consisting of domains (red and blue) with inclined monoclinic distortion and (c) a pe-
riodic domain pattern with vertically inclined domain walls. In the figures on the right
side, the blue shaded area denotes the sample surface.

Since reciprocal space and real space are connected by a Fourier transformation, another

real-space characteristic transforms into reciprocal space: the periodic domain structure.

For example, a periodic arrangement of stripe domains produces a satellite branch orthog-

onal to the domain wall planes as sketched in Figure 4.5c. In contrast to the behavior of

reciprocal lattice points attributed to the unit cell symmetry seen before, the domain pe-

riodicity D in real space produces equidistant satellite reflections with reciprocal distance

∆Q = 2π
D independent of the scattering vector.



4.3 x-ray scattering 41

Figure 4.5 illustrates how different thin film characteristics have a distinct dependence

of the scattering vector. Therefore, in order to distinguish between the signals from the do-

main morphology, e.g. domain periodicities, and the unit cell symmetries of the individual

domains, a set of different Bragg reflections has to be measured. This is especially impor-

tant as usually the different features appear superimposed on one another and need to be

disentangled. Here, also numerical calculations of the scattered X-ray intensity distribution

are necessary to cope with the complexity of the domain arrangements.

4.3.3 Scattering Geometries

It goes without saying, that the examples given in the previous section have to be extended

to three dimensions in order to extract the full structural information about the investigated

thin film. In order to be able to measure various net planes, i.e. Bragg reflections, different

scattering geometries have to be applied. A basic distinction can be made on whether the

vertical component of the scattering vector is zero or not. If it is non-zero, it is called out-of-

plane diffraction, which has been applied in coplanar fashion, as described in the following

section. Here, one can distinguish between symmetric Bragg reflections, which probe net

planes parallel to the surface, and asymmetric Bragg reflections, where tilted net planes

can be measured. On the other hand, Bragg reflections with zero vertical component of

the scattering vector can be measured by in-plane grazing-incidence X-ray diffraction as

described afterwards.

out-of-plane diffraction : coplanar high-resolution x-ray diffraction

In coplanar X-ray scattering geometry, the plane of incidence (defined by ki and the surface

normal) coincides with the scattering plane (defined by ki and kf). In the simplest case of

symmetrical Bragg reflections, net planes parallel to the surface are measured as shown

schematically in Figure 4.6a. Here, incidence and exit angle are equal (ΘB) and the scatter-

ing vector Q is perpendicular to the surface and its vertical component is defined purely

by the vertical lattice parameter d⊥ of the thin film as Qz = 2π
d⊥

. Thus, the measurement

of a symmetrical Bragg reflection is a standard procedure for determination of the vertical

lattice parameter.

In the more general case of asymmetrical reflections, tilted net planes (hkl) are mea-

sured as shown in Figure 4.6b. Here, the tilting angle of the net planes (hkl) denoted by

τhkl needs to be taken into account and the azimuthal sample orientation has to be such

that τhkl also lies within the scattering plane. Then, the angle of incidence for the Bragg

reflection ΘB + τhkl is not equal to the exit angle, which is given by ΘB − τhkl.
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Figure 4.6: Coplanar scattering geometry for measurement of (a) symmetric Bragg reflections from
net planes parallel to the surface and (b) asymmetric Bragg reflections from net planes
(hkl) tilted by τhkl.

in-plane diffraction : grazing-incidence x-ray diffraction

Very precise measurements of the in-plane structure of a thin film, e.g. in-plane lattice

parameters, are accessible by applying in-plane grazing-incidence X-ray diffraction (GIXD)

as schematically depicted in Figure 4.7.

Since the refraction index for X-rays is typically less than 1, there exists a critical angle of

external reflection αc, that depends on the X-ray wavelength and on the electron density of

the material at which the X-rays are scattered. For a photon energy of about 10 keV, typical

values of the critical angle are in the range of 0.2°-0.4°.114 At incidence angles below the

critical angle, X-rays undergo total external reflection and an evanescent wave is formed

that propagates parallel to the sample surface. It does not penetrate the sample deeply as

the corresponding electrical field E decays exponentially with the depth z:119

E ∝ eikz
√

α2
i−α2

c = e−z/Λ (4.26)

with a penetration depth Λ that typically lies in the range of a few nm.114 Therefore, GIXD

is also a very surface sensitive technique.

Figure 4.7: Scattering geometry for grazing-incidence X-ray diffraction (GIXD).
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In GIXD, the Bragg condition has to be fulfilled for the in-plane angle, and analogous as

for asymmetric coplanar diffraction, the orientation of the lattice planes must be taken into

account. In this geometry, the azimuthal in-plane orientation of the sample is important

and the incidence angle is given by ΘB + τ∗hkl, where τ∗hkl denotes the angle between (hkl)

and y-direction.

4.3.4 Multi-Detection Techniques - Measuring the Three-Dimensional Reciprocal Space

To measure the two- or even three-dimensional X-ray intensity distribution in reciprocal

space, using a point detector and scanning the entire space is extremely time consuming

and therefore especially not feasible for in situ measurements of e.g. ferroelectric phase

transitions. This challenge can be overcome by the use of multi-detection techniques apply-

ing 1D stripe or 2D area detectors.

Independent of the applied scattering geometry, the components of the scattering vector

can be expressed as

Q =


Qx

Qy

Qz

 =
2π

λ


cosαf cosβf − cosαi cosβi

cosαf sinβf + cosαi sinβi

sinαf + sinαi

 , (4.27)

following the definition of the incidence and exit angles in Figure 4.8, where the out-of

plane angles αi,f are defined with respect to the surface plane and the in-plane angles βi,f

with respect to the x-direction.

Figure 4.8: Schematic depiction of three-dimensional X-ray diffraction and definition of the out-of-
plane and in-plane angles αi,f and βi,f. If the X-ray spot size on the sample is very small,
a 2D area detector can be applied for simultaneous detection of the scattering angles, as
each point on the detector corresponds to a unique value of αf and βf - given sufficient
angular resolution on the detector.
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As mentioned before, reciprocal space can be probed by systematically varying the di-

rections of the incident and scattered X-ray beams, however, the time required for the

measurements can be significantly decreased by use of extended detectors, e.g. for 2D area

detectors as shown in Figure 4.8. Here, each pixel on the detector corresponds to a unique

value of αf and βf. Prerequisite for such a parallel determination of the scattering angles

is that the X-ray beam spot size at the sample is sufficiently small and that the angular

resolution on the detector is adequate, which depends on the pixel size of the detector and

the sample-detector distance.

Regarding the different measurement geometries applied within this thesis, different

requirements regarding the experimental setup are set in order to apply multi-detection

techniques. While for the measurement of 1D line scans and 2D reciprocal space map-

pings a X-ray beam suffices that is small only in one direction (orthogonal to the propa-

gation direction of the X-ray beam), for good three-dimensional resolution the X-ray beam

must be small and highly collimated in both spatial directions. As this is not feasible at

laboratory-based X-ray sources, synchrotron radiation is required for the measurement

of three-dimensional X-ray scattering distributions. Examples for the measurements and

evaluation of those 1D, 2D and 3D scattered X-ray intensity distributions are given in Sec-

tion 4.3.6, whereas the X-ray sources are introduced in Section 4.3.8.

Measuring the in-plane diffraction poses another challenge. Due to the small incidence

angle, the X-ray beam is greatly enlarged along the direction of the incident X-ray beam

and therefore illuminates a large spot on the sample, its so-called footprint, even if the

incoming X-ray beam is highly collimated as shown in Figure 4.9. This problem can be

overcome by the introduction of a small horizontal slit just behind the sample, which acts

as ‘virtual sample’. Thus, a unique value of αf and βf corresponds to each point on the

two-dimensional detector and a three-dimensional mapping of the reciprocal space can be

performed by a single scan of the sample.120 The experimental setup applied is presented

in Section 4.3.7

Figure 4.9: Schematic depiction for implementing a 2D area detector in GIXD measurement geome-
try.



4.3 x-ray scattering 45

4.3.5 Three-Dimensional Reciprocal Space for Orthorhombic (110)-Oriented Substrates

Before giving some examples of how the measurements actually were conducted and how

they were evaluated, the notation of Bragg reflections in reciprocal space used throughout

this thesis is introduced in this section. Of particular importance are the changes that result

from using an orthorhombic versus the textbook example of a cubic crystal.

For a cubic crystal with lattice parameter ac, the lattice spacing dhkl of net planes (hkl)c
is calculated by

dhkl =
ac√

h2 + k2 + l2
. (4.28)

When using (110)c oriented substrates with cubic symmetry, the reciprocal space is spanned

by the orthogonal in-plane Q001 and Q1̄10 and vertical Q110, as visualized in Figure 4.10a.

Here, the green plane denotes the surface plane with Q110 = 0, thus including e.g. the

(000)c Bragg reflection, while the blue plane is parallel to it at the Q110 value of the (440)c

Bragg reflection. The same color coding is used in Figure 4.10b, where representative Bragg

reflections lying in either blue or green plane are schematically depicted in top view.

Upon use of (110)o oriented rare-earth (RE) scandates REScO3, which are orthorhombic,

the lattice spacing dhkl is calculated by:

1

d2hkl

=
h2

a2o
+
k2

b2o
+
l2

c2o
. (4.29)

In contrast to cubic symmetry, in crystals with orthorhombic symmetry, net planes (hkl)

and directions [hkl] are in general not orthogonal to one another, and while the (001)o plane

is orthogonal to both (110)o and (1̄10)o, this is not true for (1̄10)o since (110)o ̸⊥ (1̄10)o.

This is visualized in Figure 4.10c with an highly exaggerated aspect ratio of the orthorhom-

bic unit cell. Due to their perovskite crystal structure, for rare-earth scandates the angle

between (110)o and (1̄10)o lies typically between 87◦ and 88◦, while the aspect ratio of the

(110)o surface unit cell is almost 1 (see also Section 3.3.1).

For the reciprocal space this implies that also Q110 ̸⊥ Q1̄10 and therefore, the green and

blue planes are slightly tilted as depicted in Figure 4.10d. As Q110 ⊥ Q001, there is no

change in the vertical component along the dashed lines, which means that e.g. the (440)o

and (444)o Bragg reflections have the same vertical component, while it is different for e.g.

(260)o and (620)o.

Regarding the three-dimensional space spanned by Qx, Qy and Qz as defined by Equa-

tion 4.27, Qz = Q110 and Qy = Q001, while Qx is only approximately along Q1̄10,

it is therefore called Q∗
1̄10

in Figure 4.10d and in the following depictions of the three-

dimensional X-ray scattered intensity distributions.



46 experimental methods

Figure 4.10: (a) Schematic depiction of the Q-directions in reciprocal space for a (110)-oriented cubic
crystal. The green color denotes the surface plane with Q110 = 0 and blue is used for
the plane of the (440)c Bragg reflection. The same color code is used in (b), where
representative Bragg reflections lying within either one of these planes are shown in
top view. (c) In orthorhombic crystals the directions [hkl]o and net planes (hkl)o are
in general not perpendicular, as shown exemplarily for the (110)o and (11̄0)o planes.
This implies that also Q1̄10 is not perpendicular to Q110 and therefore in orthorhombic
symmetry the Bragg reflections within either green or blue plane do not all have the
same vertical component Q110. This is only true for Bragg reflections along the dashed
lines with Q1̄10 = 0, e.g. (440)o and (444)o.

An example for the consequences arising from this difference in the vertical component is

shown in the following for NdScO3 (NSO), whose lattice parameters were already given in

Table 3.1. The lattice spacing dhkl, net plane angle τhkl and the Bragg angle ΘB for a X-ray

wavelength of λ = 1.5405Å (Cu Kα1) are listed together with the calculated Q components

in Table 4.1.

(hkl)NSO dhkl(Å) ΘB(
◦) τhkl(

◦) Q∗
1̄10

(Å−1) Q001(Å−1) Q110(Å−1)

(440)NSO 1.003 50.17 0 0 0 6.26
(444)NSO 0.897 59.21 26.62 0 3.14 6.26
(444̄)NSO 0.897 59.21 −26.62 0 −3.14 6.26
(260)NSO 0.910 57.83 26.96 3.13 0 6.15
(620)NSO 0.885 60.52 −26.16 −3.13 0 6.37

Table 4.1: Lattice spacing dhkl, Bragg angle ΘB for Cu Kα1 radiation, net plane angle τhkl and the
calculated Q components for different NdScO3 Bragg reflections.

The vertical component of the scattering vector changes by more than 0.2Å−1 from

(260)NSO to (620)NSO. This results in the peculiarity that depending on the measured Bragg
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reflection the NdScO3 substrate Bragg peak, denoted by S, is sometimes above and some-

times below the Bragg reflection of the K0.9Na0.1NbO3 thin film (F), as seen in Figure 4.11.

Figure 4.11: 2D scattered X-ray intensity distribution around different NdScO3 Bragg reflections (ly-
ing in the blue plane in Figure 4.10). While the film peak keeps its Q110-component for
the substrate peak S a dependency of the measured Bragg reflection can be noted. In
(a)-(c) NdScO3 Bragg reflections with Q∗

1̄10
= 0 are shown, which have identical Q110

values; (d) and (e) show Bragg reflections with different Q1̄10-components and there-
fore different Q110 values. The calculated Q positions of the NdScO3 Bragg peaks are
listed in Table 4.1.

4.3.6 Experimental Realization and Data Evaluation of Coplanar X-Ray Diffraction

While the basics of coplanar X-ray diffraction and its multi-detection possibilities have

been described in Section 4.3.3 and Section 4.3.4, respectively, this section focuses on its

experimental realization and corresponding data evaluation. Within this thesis, the X-ray

intensity distribution has been measured in one, two and three dimensions, and examples

for all three measurement types are given in the following:

one-dimensional high-resolution coplanar x-ray diffraction

A standard application of high-resolution X-ray diffraction in thin film analysis is the de-

termination of vertical lattice parameters and the film thickness. This is done using a point

detector with Θ− 2Θ scans around symmetrical Bragg reflections. Through a change of Θ

the length of the scattering vector changes, so that such a two-to-one scan of detector and

sample angle is a measurement of along Qz = Q110, as shown exemplary for the (110)NSO

Bragg reflection for a K0.9Na0.1NbO3 thin film on (110)-oriented NdScO3 in Figure 4.12.

Additional to substrate (S) and film (F) Bragg peak, oscillations in the scattering intensity

are visible, which are called Laue oscillations. They stem from the crystalline structure

of the thin film and the distance between two fringes (∆Qz) is determined by the film

thickness t.

In principle, peak positions and the Laue oscillation period can be extracted directly

from the measurement and the film thickness is given by t = 2π
∆Qz

. However, due to in-
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Figure 4.12: 1D X-ray intensity profile around the (110)NSO Bragg reflection
(i.e. Θ− 2Θ scan) for 14nm K0.9Na0.1NbO3 thin film grown on (110) NdScO3 . S de-
notes the (110)NSO substrate Bragg peak and F the K0.9Na0.1NbO3 Bragg peak. The
data (black) was fitted using Equation 4.30 and the best fit curve is shown in red.

terference effects between the X-rays scattered at substrate and thin film, the evaluation

has to be carried out through numerical simulations of the scattered X-ray intensity. This

is particularly important if the thin film is not directly grown on the substrate but, for ex-

ample, on a bottom electrode layer, or if the film is grown homoepitaxially.121 While such

simulation programs are available and very exact, as they use the framework of dynamical

diffraction theory, to our knowledge, the materials used in this work are not implemented

in these programs. Therefore, a fit routine in Python based on kinematic scattering theory

was established during this work, as described in the following.

As Q is perpendicular to the surface, Q ·Rn can be written as Qz · d⊥ · n, with vertical

lattice parameter d⊥. Moreover, Equation 4.25 can be split for substrate (superscript s) and

film (superscript f) contribution as:

I(Qz) ∝

∣∣∣∣∣Ffhkl

N∑
n=1

eiQzd
f
⊥·n + Fskhl

∞∑
n=1

eiQzd
s
⊥·n

∣∣∣∣∣
2

=
↑

geometric series

∣∣∣∣∣Ffhkl

1− eiQzd
f
⊥N

1− eiQzd
f
⊥

+ Fshkl

eiQzd
s
⊥

1− eiQzd
s
⊥

∣∣∣∣∣
2

, (4.30)

with film thickness t = df⊥N. An example is given in Figure 4.12, where the measured scat-

tered X-ray intensity around the (110)NSO Bragg reflection is shown for a K0.9Na0.1NbO3 thin

film with 14nm thickness (black) together with the simulated X-ray intensity (red). The ex-

tension to multi-layer systems, e.g. the inclusion of a bottom electrode layer, is straight

forward by adding another layer with its respective structure factor Fhkl, vertical lattice

parameter and layer thickness.
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two-dimensional coplanar x-ray diffraction

More information about the thin film can be gained by two-dimensional X-ray intensity

distributions. Hereby, information about the epitaxial relation between film and substrate,

e.g. lattice relaxations, and also about the ferroelectric domain arrangement is obtained as

described in Section 4.3.2. The measurement of two-dimensional X-ray intensity distribu-

tions is also feasible in the institute laboratories and by application of a 1D stripe detector

it can even be performed within a single scan.

The actual appearance of the 2D X-ray intensity distribution depends crucially on the se-

lected Bragg reflection, i.e. the specific scattering vector Q. This is exemplarily shown in Fig-

ure 4.13, by means of the scattered X-ray intensity around the (440)NSO and (444)NSO Bragg

reflection. Both measurements were taken from K0.9Na0.1NbO3 thin films on a

NdScO3 substrate at 250 °C, i.e. in the orthorhombic high temperature phase (discussed

in Chapter 6). The substrate and film Bragg peaks already obtained in the 1D X-ray in-

tensity profile are annotated by S and F, respectively. Regarding the additional X-ray scat-

tering features from the K0.9Na0.1NbO3 epitaxial layer, both measurements look very dif-

ferent. While no additional peaks are visible around the symmetric (440)NSO Bragg re-

flection (Figure 4.13a), the measurement around the asymmetric (444)NSO Bragg reflec-

tion (Figure 4.13b) reveals that there is a periodic domain pattern in the ferroelectric

K0.9Na0.1NbO3 layer. Thus, measurements around different Bragg reflections are necessary

to fully characterize the thin films and determine the origin of an observed feature in the

scattered X-ray intensity distribution. However, one needs to keep in mind, that these 2D

measurements are only a projection of the three-dimensional reciprocal space.

Figure 4.13: 2D scattered X-ray intensity distribution around (a) symmetric (440)NSO and (b) asym-
metric (444)NSO Bragg reflection for 28nm thick K0.9Na0.1NbO3 thin film at 250 °C
measured at the Rigaku SmartLab®.
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three-dimensional coplanar x-ray diffraction

For measurement of the three-dimensional X-ray intensity distribution a position-sensitive

area detector and a highly collimated X-ray beam are required. Thus, these measurements

have to be performed at synchrotron radiation facilities. Data evaluation and visualization

was carried out using the Python packages xrayutilities,122 and silx.123

Figure 4.14: (a) 3D scattered X-ray intensity distribution around the asymmetric (620)NSO Bragg
reflection for the same film and conditions as used in Figure 4.13; (b) out-of-plane
section along Q∗

1̄12
and (c) in-plane section.

Exemplarily, also a measurement of the high-temperature phase of K0.9Na0.1NbO3 on

NdScO3 is shown in Figure 4.14, here the asymmetric (620)NSO Bragg reflection was chosen.

The full three-dimensional X-ray intensity distribution (Figure 4.14a) reveals the arrange-

ment of the satellite branches, which are e.g. running along the in-plane diagonal Q∗
1̄12

direction. For a quantitative analysis, 2D slices or projections are evaluated. Here, the 3D

nature of the data allows a free choice of the cut planes, which can be chosen e.g. along

the diagonal satellite branches (Figure 4.14b) or at a constant Q110 in order to show an

in-plane cut (Figure 4.14c). For more details the reader is referred to Chapter 6.

Videos displaying the three-dimensional X-ray intensity distributions are given in the

supplementary material of the thesis. The colors used for the three main axes are consist

throughout, i.e. red denotes Q∗
1̄10

, green Q001 and blue Q110.
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4.3.7 Experimental Realization and Data Evaluation of Grazing-Incidence X-Ray Diffraction

Despite the 3D nature of the coplanar scattering geometry and its corresponding three-

dimensional X-ray intensity distributions, it is not sufficient for a full structural analysis

of the thin films. For measuring small in-plane features, such as monoclinic shearing or

rotation angles well below 1°, in-plane grazing-incidence X-ray diffraction (GIXD) is the

method of choice. In order to apply a 2D area detector a small slit needs to be placed

directly behind the sample as introduced in Section 4.3.4. This poses two challenges for

the experimental realization of such measurements. First, they need to be physically in-

stalled, i.e. there must be space enough for their installation, which might not be possible

in the laboratory-based facility. Second, due to the small slits, a large percentage of the

scattered X-ray beam is lost and therefore a very high intensity of the incoming X-ray beam

is required. Thus, also the GIXD measurements have to be performed at synchrotron beam-

lines, which furthermore provide a highly collimated X-ray beam in both spatial direction

that is required for high angular resolution. The experimental setup used at beamline I07

at Diamond light source is shown in Figure 4.15a in top view.

Figure 4.15: Experimental setup at I07 (Diamond Light Source, UK124) used for GIXD measurements
in top view.

data evaluation

Data evaluation has been performed using a self-written Python script as explained in

the following. An exemplary detector frame close to an in-plane NdScO3 Bragg reflection is

shown in Figure 4.16a. If information only about the two-dimensional in-plane structure is

demanded, data procession can be simplified by directly reducing it to two dimensions, by

using slices or selected partial integration of the intensity along the y direction, as indicated

by the green arrow. Thus 1D intensity stripes along the x-direction are obtained for each

frame, i.e. each sample rotation angle value ω (Figure 4.16b). This angular space mapping
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is then converted into reciprocal space by application of Equation 4.27. The position of the

NdScO3 substrate Bragg peak in the image is labeled by S.

Figure 4.16: Two-dimensional GIXD analysis: (a) for each detector frame the intensity is partially
integrated within the region of interest (ROI) along the y direction as indicated with
the green arrow. Thereby, the X-ray intensity distribution in angular space is obtained
as shown in (b). Using Equation 4.27 the image is converted into (c), which depicts the
X-ray intensity distribution in reciprocal space. Here, S denotes the NdScO3 substrate
Bragg peak.

In principle, one needs to first transform the measurement into reciprocal space and only

afterwards take a cut or projection, however, due to the measurement geometry with a graz-

ing angle of incidence and long sample-detector distance, the differences arising from first

integrating the scattered X-ray intensity are negligible and data procession becomes much

easier and faster and can be performed during the in situ measurements. If one is inter-

ested also in the out-of-plane information dynamical scattering theory has to be applied,

as effects such as refraction at the interface cannot be neglected as done in kinematical

scattering theory.

4.3.8 X-Ray Sources for Scattering Experiments

While laboratory-based X-ray sources have the advantage of being easily accessible, there

are limitations with respect to the scattering geometries possible and especially multi-

detection techniques oftentimes require synchrotron radiation as shown in Section 4.3.4.

Therefore, beyond laboratory-based measurements using a Rigaku SmartLab®, X-ray scat-

tering experiments were also conducted at the beamlines of different synchrotron radiation

sources. Within this thesis, measurements were performed at P08 beamline of PETRA III

(Deutsches Elektronen-Synchrotron, Hamburg; Germany), KMC-2 at BESSY II (Helmhotz-

Zentrum Berlin; Germany), I07 at Diamond Light Source (Didcot; United Kingdom) and

ID03 at ESRF (European Synchrotron Radiation Facility, Grenoble; France).4

4 The assignment of the specific beamline and beamtime for the individual measurements presented in this
thesis is given in the appendix.
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laboratory-based x-ray diffraction - rigaku smartlab
®

diffractometer

Measurements at the institute’s laboratory were performed using a Rigaku SmartLab®

Diffractometer,125 a photograph is shown in Figure 4.17. It features the PhotonMax high-

flux 9 kW rotating anode X-ray source for generation of X-rays, which enables much higher

intensity compared to a stationary X-ray tube. A variety of different primary optics are

available to collimate the incident X-ray beam and to select Cu Kα1 radiation from the

primary X-ray spectrum.

Figure 4.17: Laboratory-based X-ray Diffraction at the Rigaku SmartLab® diffractometer.

The Rigaku SmartLab® is coupled with a HyPix-3000 high-energy-resolution 2D mul-

tidimensional semiconductor detector that supports 0D, 1D and 2D measurement modes.

Due to its rather small pixel size of 100µm2 it has high angular resolution, while the high

maximum count rate of 106 cps/pixel allows a fast read-out so that fast continuous scans

are possible. Equipped with a 5-axis goniometer the Rigaku SmartLab® diffractometer can

perform a number of different X-ray measurement techniques, such as high-resolution X-

ray diffraction, X-ray reflectivity, in-plane X-ray diffraction, and X-ray powder diffraction

and many more. Moreover, as already visible in the photograph of the Rigaku SmartLab®

diffractometer (Figure 4.17), it is compatible with heating/cooling stages DHS1100 and

DCS500 (Anton Paar), introduced in Section 4.3.9.
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surface diffraction beamlines at synchrotron light sources

Despite the increased intensity using a rotating anode as X-ray source in laboratory-

based instruments, measurements at the synchrotron are still indispensable for a number

of reasons. First, synchrotron radiation is much more brilliant. The brilliance of an X-ray

beam is defined by the number of photons per second, and their angular divergence, cross-

sectional area and bandwidth (BW) as

brilliance =
number of photons

s ·mrad2 ·mm2 · 0.1%BW
. (4.31)

Thus, the X-ray beam is highly collimated, i.e. it has a small angular divergence in both

spatial directions and the beam can be focused on a much smaller spot on the sample com-

pared to laboratory-based measurements. Furthermore, the photon energy can be tuned

so that e.g. higher-order Bragg reflections can be measured, which cannot be reached by

Cu Kα radiation. Additionally, the synchrotron beamlines are typically well equipped to

allow for a huge variety of different measurement geometries with position sensitive de-

tectors with much larger active area and a diffractometer with multiple rotation axes for

precise alignment and movement of the sample. Thus, at a synchrotron beamline even the

three-dimensional X-ray intensity distribution can be measured.

The generation of synchrotron radiation is based on the discovery of Heinrich Hertz

that charged particles emit electromagnetic radiation when accelerated. For ultrarelativis-

tic particles, whose velocity is close to the speed of light, the radiation is called synchrotron

radiation and it is confined to a narrow cone with opening angle depending on the parti-

cle’s energy, typically in the order of 0.1mrad.

Figure 4.18: Artist’s impression of Diamond, showing the constituent parts of the machine: (1) linac;
(2) booster synchrotron; (3) storage ring; (4) optics hutch; (5) experimental hutch; (6)
beamline control cabin. Diamond Light Source Ltd.124
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In order to produce synchrotron radiation in a storage ring as shown in Figure 4.18,

charged particles (light particles, e.g. electrons at BESSY II or positrons at PETRA III) are

first accelerated in a linear accelerator (Linac 1⃝) and a booster synchrotron 2⃝, before

they are injected into the storage ring 3⃝. Whenever the charged particles are accelerated

transversely they emit synchrotron radiation. This happens at bending magnets keeping

the particle bundles on their closed path and also in front of each research station, the

beamline. Here, not only bending magnets but also insertions devices can be used, such

as wigglers and undulators, which are periodic linear arrangements of dipole magnets as

shown in Figure 4.19a.

In an insertion device the charged particles are forced onto a sinusoidal path, emitting

radiation at each bending point, so that the total intensity of the X-ray beam is enhanced

compared to the one from a single bending magnet. Depending on the spatial periodicity

of the dipole magnets (λi) and the magnetic field, the individual emissions are either with-

out a definite phase relation (wiggler) or in phase (undulator). While the wiggler merely

enhances the spectral brightness compared to the single bending magnet, in an undulator

only certain frequencies are enhanced.

This results in a spectrum that consists of high-intensity peaks, whose position can be

shifted by changing the magnetic field by varying the gap between the poles. Using an

undulator, extremely high radiation intensities and small opening angles of the radiation

cone can be achieved. The generated radiation leaves the storage ring facilities tangentially

and enters the beamline.

Figure 4.19: Schematic depiction of an insertion device for generation of a highly brilliant X-ray
beam. Figure adapted with permission from [126].

Each beamline consists of an optics hutch 4⃝, an experimental hutch 5⃝ and a control

room 6⃝. In the optics hutch the beam is monochromatized and shaped according to the

needs of the experiment. For the performed experiments energies between 8 keV and 15 keV

were used.
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The most important components in the experimental hutch of a surface diffraction beam-

line are the diffractometer and the X-ray detector. Area detectors such as Dectris Pilatus127

or MaxiPix128 are used to simultaneously analyze the direction of the scattered X-ray beam

in an extended solid angle. The diffractometer consists of multiple rotation axes that all

rotate around the same center of rotation and allow a positioning of detector and sample

independently from each other. To align the sample surface with respect to the center of ro-

tation and the incoming beam, additional degrees of freedom can be provided through e.g.

a hexapod or a goniometer. In Figure 4.20 the setups for coplanar X-ray diffraction at the

beamline KMC-2 (BESSY II) and for grazing-incidence X-ray diffraction at I07 (Diamond)

are exemplarily shown.

Figure 4.20: Experimental setup used for (a) coplanar scattering at experimental station KMC-2 at
BESSY II (Helmholtz-Zentrum Berlin) and (b) GIXD at I07 at Diamond Light Source.
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4.3.9 In Situ Measurements

In order to allow for in situ measurements, a temperature stage is included in the setup.

While self-built heating stations were used at Diamond and ESRF, all measurements per-

formed at the Rigaku SmartLab®, BESSY II and PETRA III used an Anton Paar temperature

stage. High-temperature measurements were performed by applying an Anton Paar DHS
1100,129 which is an oven suitable for temperatures up to 1100 °C and air was used as

background atmosphere. All low temperature measurements, also the ones at synchrotron

radiation facilities BESSY II and PETRA III, have been performed with IKZ’s Anton Paar
DCS 500 temperature chamber,130 which enables measurements in the temperature range

of −180 °C to 500 °C. The samples are shielded by a graphite dome as seen in Figure 4.21a,

which is transparent for X-rays, both for control of the background atmosphere, e.g. vac-

uum or N2, and temperature stability. The samples were glued with silver paste on a copper

plate to ensure a good thermal contact, which then was mounted on the heating plate as

shown in Figure 4.21b. Throughout this thesis, the heater temperatures of the Anton Paar
stage is used for systematic indication of the temperature.

Figure 4.21: Anton Paar temperature stage DCS 500: (a) exterior view with shielding graphite dome
and (b) interior view with the sample mounted on a copper plate.





5
R O O M - T E M P E R AT U R E H E R R I N G B O N E S T R U C T U R E S

The herringbone domain arrangement that has been observed as room-temperature struc-

ture for K0.9Na0.1NbO3 thin films grown on (110)-oriented NdScO3, is in the focus of

this chapter. It has been experimentally observed and described before, but the analysis

has been limited to its in-plane structure, as briefly summarized in Section 5.1. Based on

these results, numerical simulations of the in-plane scattered X-ray intensity distribution

were performed and compared to the ones experimentally obtained by grazing-incidence

X-ray diffraction (GIXD). Thereby, the proposed two-dimensional in-plane model can be

validated and further insights can be gained as presented in Section 5.2.

Yet, for a complete understanding of the complex structure and thus for a possible ex-

ploitation of its functional properties, the three-dimensional structure and domain arrange-

ment has to be revealed, which has not been done so far. In order to experimentally deter-

mine the three-dimensional structure of the K0.9Na0.1NbO3 thin films and especially the

domain wall arrangement within the herringbone pattern, three-dimensional X-ray diffrac-

tion has to be applied. As the structure is quite complex, the measurement of different

Bragg reflections is necessary to identify all its characteristics in reciprocal space and cor-

relate them to the real-space structural model. The results are presented and discussed

in detail in Section 5.3. Throughout this chapter the detailed analysis is first performed

exemplarily for the K0.9Na0.1NbO3 thin film with 52nm thickness. Afterwards follows a

discussion of the changes attributed to a reduced film thickness.

Additionally, three-dimensional phase-field simulations were performed by our collab-

oration partners and a comparison with the experimental results is given in Section 5.4.

Parts of the results on the 3D domain formation of the herringbone domain pattern were

published in [131].

5.1 ferroelectric herringbone domains - results from previous works

5.1.1 Model for the In-Plane Domain Structure

Herringbone domain arrangements in strained KxNa1−xNbO3 thin films have first been

reported by Schmidbauer et al. in 2017.22 It has been shown that by using an orthorhombic

(110)-oriented NdScO3 substrate and a potassium content of about x = 0.9 a coexistence

of in-plane a1a2 and inclined MC monoclinic phases is induced. As a result a regular

herringbone domain arrangement is observed as shown in Figure 5.1.

59
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The lateral amplitude piezoresponse force microscopy (PFM) image (Figure 5.1a) shows

the herringbone pattern with a backbone approximately along [001]NSO with smaller stripes

tilted by the herringbone angle ξ with respect to [1̄10]NSO. In the lateral phase micrograph

(Figure 5.1b) a hierarchical organization of the small stripes into larger superdomains is

visible, which appear as yellow or purple regions, in which all small stripes have the same

in-plane polarization direction. This is summarized in the proposed model in Figure 5.1c,

where also the respective unit cell variants of the individual domains are shown. It can

be seen that larger a1a2 domains (yellow and pink) are built from monoclinic unit cells

exhibiting in-plane monoclinic shearing and polarization vectors (red arrows) within the

surface plane. These domains are intersected by smaller MC domains (green and purple)

that have a monoclinic distortion in the vertical plane of the pseudocubic unit cell, leading

to an inclined polarization vector, i.e. a polarization vector that has both in-plane and out-

of-plane components. Both a1a2 and MC phases have monoclinic symmetry and belong to

space group Pm, only differing in their unit cell orientation with respect to the substrate.

Figure 5.1: 1× 1µm2 lateral amplitude (a) and phase (b) piezoresponse force micrographs of a 28nm
K0.9Na0.1NbO3 thin film grown on (110)-oriented NdScO3 displaying a herringbone do-
main arrangement at room temperature. (c) Schematic plan view of the domain pattern
with the corresponding unit cells. The a1a2 domains are given in yellow and violet col-
ors, the MC domains in purple and green. The red arrows indicate the orientation of the
electrical polarization vector. Images modified with permission from [22].
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5.1.2 Variations of the Herringbone Pattern

It has been shown by Braun et al. that the herringbone pattern can be manipulated by

changes in film composition and film thickness.23,93 By variations of the molar potassium

concentration x in the KxNa1−xNbO3 thin films the in-plane herringbone domain wall

angle ξ can be systematically tuned.93

Moreover, as the film thickness increases, the evolution of the herringbone pattern is

evident as the volume ratio of MC to a1a2 phase becomes larger.23 This is for example

observed in the lateral amplitude PFM images shown in Figure 5.2.

Figure 5.2: Lateral PFM amplitude images (1× 1µm2) for K0.9Na0.1NbO3 thin films with film thick-
nesses in the range of 7nm to 52nm. Images modified with permission from [23].

It has been observed that the formation of ferroelectric domains already starts at 7nm,

however, a regular domain pattern has been detected only for films with a thickness of

at least 14nm. Braun et al. state that, based on PFM, already the 14nm thin film displays

herringbone-like domain pattern as the a1a2 domains are intersected by very thin MC

domains.23 For thicker films, the herringbone domain arrangement becomes clearly visible,

as with the film thickness also the volume fraction of the MC domains increases, until

a1a2 andMC domains are about the same size for the K0.9Na0.1NbO3 thin film with 52nm

thickness.

5.2 simulations of gixd results

5.2.1 Calculation of X-Ray Diffraction Pattern from a Structural Domain Model

The in-plane structure and ferroelectric domain pattern can be probed with in-plane graz-

ing incidence X-ray diffraction (GIXD). For the interpretation of the data and to identify the

individual ‘fingerprints’ of the different phases in reciprocal space, numerical simulations

of the X-ray scattering need to be performed. Here, the positions Rj,i of unit cell i in do-

main j are used and the scattering amplitude can be split accordingly to calculate the X-ray

scattering intensity for each Q value (compare Equation 4.25):

I(Q) ∝
∣∣∣∣ ∑j
↑

domains

(
Fj(Q)

∑
i
↑

unit cells

eiQ·Rj,i
) ∣∣∣∣2 . (5.32)
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Regarding the actual calculation it is useful to identify a motif in the sense that the whole

domain pattern can be generated by repetition of the motif. Then, also in the simulations

the features arising from the unit cell symmetry (contained in the motif) and the domain

wall periodicity (repetition of the motif) can be calculated separately.

For the herringbone pattern, such a two-dimensional motif is shown in Figure 5.3. It

includes each one of the a1a2 and MC domains with in-plane domain wall angle ±ξ.

The unit cells themselves are parameterized by the in-plane lattice parameters s[1̄10], s[001]
along [1̄10]NSO, [001]NSO, respectively, and the angle α they enclose. For the rectangular

surface unit cells of the MC domains α = 90◦ holds, while for the in-plane sheared a1a2
lattice α = 90◦ ±∆α. All these parameters are adjusted such that the calculation gives the

best resemblance to the GIXD measurements. The dimensions of the domains along the

two in-plane directions (D[001], D[1̄10]) were extracted from PFM measurements.

Figure 5.3: Domain model used for the calculation of the in-plane scattered X-ray intensity distri-
bution with definition of all parameters used within the calculations. The color of each
domain indicates the in-plane unit cells of the a1a2 and MC domains as depicted on the
right.

5.2.2 Modeling the Q-Dependence of the Diffraction Pattern

Figure 5.4 displays the scattered X-ray intensity distributions around four different NdScO3

Bragg reflections (labeled by S) with identical Q1̄10 component but increasing magnitude

of the Q001 component. It can be seen that there are three distinct intensity peaks (P1,

P2 and P3) whose positions crucially depend on the scattering vector Q. These peaks are

attributed to the unit cell symmetries of the a1a2/MC domains and can therefore be simu-

lated using an atomistic domain model as shown in Figure 5.3. In the top row of Figure 5.4

the experimental results for a K0.9Na0.1NbO3 thin film with 52nm thickness are shown,

while the bottom row displays calculated X-ray intensity distributions.
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Figure 5.4: GIXD measurements (top row) and simulations (bottom row) around different in-plane
NdScO3 Bragg reflections with identical Q1̄10 component for a K0.9Na0.1NbO3 thin film
with 52nm thickness. The position of the NdScO3 substrate peak S in each image is
indicated with a white dot.

The characteristic P1-P2 peak splitting around the NdScO3 substrate Bragg peak is in-

duced by the alternating in-plane shearing of the monoclinic a1a2 domains. The P1-P2

distance ∆Q1̄10 is related to the in-plane monoclinic distortion of the a1a2 domains by

tan(∆α) = ∆Q1̄10/(2Q001). Therefore, if Q001 = 0, e.g. for the (44̄0)NSO Bragg reflection,

no P1-P2 peak splitting occurs and both P1 and P2 coincide with the substrate Bragg peak,

independent of the Q1̄10 component. As the Q001 component increases in magnitude, the

P1-P2 spacing becomes wider as visualized in Figure 5.4.

Furthermore, a peak P3 can be identified, which originates from the MC domains and

– in contrast to the a1a2 domains – exhibits no in-plane splitting. Also P3 concurs with

the substrate Bragg peak S for the reflections with Q001 = 0. Moreover, P3 always has the

same Q1̄10 value as the NdScO3 substrate Bragg peak independent of the measured Bragg

reflection. Regarding the Q001 component of peak P3, it significantly shifts towards larger

absolute values with increasing magnitude of Q001 in the Bragg reflection.

All additional features visible in the GIXD measurements, e.g. the sharp satellite reflec-

tions, stem from the periodic arrangement of the a1a2/MC domains, which has not been

included in the calculations.

The simulated GIXD images were obtained by adjusting the unit cell parameters of the

a1a2 andMC phases until the position of the P1, P2 and P3 in the calculated X-ray intensity

distribution matched with the experimental results. The parameters of the domains were

extracted from the PFM images and a herringbone angle of ξ = 21◦ and domain width of

D[1̄10] = D[001] = 40nm has been used for both a1a2 and MC domains. The parameters

used for the calculation of the images shown in Figure 5.4 are given in Table 5.1.
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It can be seen that the in-plane lattice parameters along [1̄10]NSO of both a1a2 and MC

domains are identical with half the NdScO3 surface unit cell. This is the reason why all

film peaks coincide with the substrate peak if Q001 = 0, regardless of the Q1̄10 value. Re-

garding the [001]NSO direction, the lattice parameter of the film unit cells deviate from the

NdScO3 value. In this direction the a1a2 phase exhibits a larger in-plane lattice parame-

ter than the NdScO3 substrate. This induces a shift in the positions of P1 and P2 towards

smaller absolute values of Q001 as compared to the substrate Bragg peak for Bragg reflec-

tions with increasing Q001 share. For the MC phase the in-plane lattice parameter along

[001]NSO is shifted towards a smaller value. Thus P3 appears at larger Q001 absolute values

compared to the NdScO3 Bragg peak.

s[1̄10](Å) s[001](Å) α

a1a2 domains 4.014Å 4.010Å 90± 0.24°
MC domains 4.014Å 3.965Å 90°

(110) plane of NdScO3 2 · 4.014Å 2 · 4.002Å 90°

Table 5.1: In-plane unit cell parameters used for the calculated X-ray intensity distributions shown
in Figure 5.4 compared with the (110) surface plane of the NdScO3 substrate.

To shed more light on the mechanisms that cause the shifts in the in-plane lattice param-

eters of the thin film, it is beneficial to consider the evolution of the herringbone pattern

with increasing film thickness, as is done in the following section.

5.2.3 Modeling the Thickness Dependence of the Ferroelectric Domains

The evolution of the herringbone pattern with increasing film thickness can also be ob-

served using GIXD. Using the (22̄6̄)NSO Bragg reflection has the advantage of being sen-

sitive to both in-plane directions as both Q-components are non-zero. In the top row of

Figure 5.5 the measured X-ray intensity distribution around the (22̄6̄)NSO Bragg reflection

is shown for K0.9Na0.1NbO3 thin films in the thickness range of 14nm to 52nm. The bottom

row displays the corresponding calculated X-ray intensity distributions using the domain

model as shown in Section 5.2.1 using the parameters summarized in Table 5.2. Addition-

ally, the surface lattice parameters of the (110)-oriented NdScO3 substrate and the in-plane

lattice parameters of fully relaxed K0.9Na0.1NbO3 are given for interpretation of the results.

As in the previous section, the domain parameters were extracted from the PFM images

and are used solely to estimate the ratio of a1a2 to MC domains.

Regarding the a1a2 domains, the corresponding peak splitting is observed throughout,

however, the P1-P2 distance, and thus the in-plane monoclinic distortion ∆α, is increasing

with the film thickness from 0.07◦ to 0.24◦, which is close to the value of ∆αbulk = 0.27◦ for

fully relaxed K0.9Na0.1NbO3.
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Figure 5.5: GIXD measurements (top row) and simulations (bottom row) around the in-plane
(22̄6̄)NSO Bragg reflection for K0.9Na0.1NbO3 thin films with different film thicknesses.
The position of the NdScO3 substrate peak S is indicated with a white dot.

The peak P3 that is attributed to theMC domains is not observed for 14nm film thickness

and therefore was not included in the calculations. For the films with 29nm and 38nm

thickness, it is rather weak in intensity and only for the the 52nm thin film, P3 is well

pronounced. Furthermore, it can be seen that the position of P3 is shifting towards larger

absolute values of the Q001 component, i.e. the lattice parameter of the MC phase along

[001]NSO is decreasing as the film thickness grows.

Superimposed on the three peaks P1, P2 and P3, a regular arrangement of satellite peaks

is visible in the experimental data for the films showing a herringbone domain pattern,

i.e. films thicker than 14nm. These are caused by the periodic arrangement of the domain

walls, which means by the repetition of the motif and therefore are not included in the cal-

culated images. From the opening angle of the satellite branches, the domain wall angle can

be evaluated as ξ = (21± 1)◦ for all three film thicknesses, despite their different unit cell

parameters. In a study by Braun et al.93 it was shown that the in-plane herringbone domain

wall angle can be manipulated by slight deviations of the molar potassium concentration

around x = 0.9 which also changes the monoclinic unit cell of the KxNa1−xNbO3 thin film.

In the study it was proposed that the in-plane monoclinic angle of the a1a2 phase is directly

correlated to the in-plane domain wall angle, and this results in the tuning of the herring-

bone angle. The results presented here, however, suggest that the changes in the domain

wall angle are directly attributed to changes in the composition, which in turn determines

the misfit strain and the elastic and electrostrictive coefficients of the KxNa1−xNbO3 thin

film.
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a1a2 domains MC domains
s[1̄10](Å) s[001](Å) ∆α s[1̄10](Å) s[001](Å)

(110) plane of NdScO3 2 · 4.014Å 2 · 4.002Å 0.0° 2 · 4.014Å 2 · 4.002Å

14nm 4.014Å 4.002Å 0.07° - -
29nm 4.014Å 4.002Å 0.10° 4.014Å 3.995Å
38nm 4.014Å 4.002Å 0.14° 4.014Å 3.970Å
52nm 4.014Å 4.010Å 0.24° 4.014Å 3.965Å

relaxed K0.9Na0.1NbO3 4.029Å 4.029Å 0.27° 4.029Å 3.965Å

Table 5.2: Overview over in-plane unit cell parameters used for the calculated X-ray intensity
distributions of the individual film thicknesses shown in Figure 5.4 and Figure 5.5
compared with the (110) surface plane of the NdScO3 substrate and the fully relaxed
K0.9Na0.1NbO3 in-plane unit cell parameters for both orientations.

All K0.9Na0.1NbO3 thin films have the same position in the misfit-strain phase diagrams

and experience identical lattice stress at the film-substrate interface, as the films are grown

coherently. However, with increasing film thickness the stress can be reduced by relaxation

mechanisms, which in general can be either elastic or plastic. While plastic relaxations are

accompanied by misfit dislocations, elastic ones imply changes in the atomic positions in

the film lattice without producing such defects. From the high-temperature X-ray diffrac-

tion measurements shown in the following Chapter 6 we know that all relaxations observed

within the herringbone pattern are elastic ones. This is in contrast to the statement given by

Braun et al. that plastic relaxation occurs in the thicker K0.9Na0.1NbO3 thin films.23 Their

argumentation, however, lacks from the fact that only room-temperature data has been

analyzed, which does not allow a definite distinction in general. Moreover, already the

room-temperature GIXD data indicate that an elastic compensation of the lattice changes

is possible as briefly demonstrated in the following.

The a1a2 domains experience compressive strain along both in-plane directions with

respect to relaxed K0.9Na0.1NbO3 and are furthermore restricted to a rectangular surface

unit cell at the coherent, i.e. fully strained substrate-film-interface. As the film thickness

increases, the in-plane monoclinic distortion sets in and increases almost to the value of

the relaxed K0.9Na0.1NbO3. For the observed domain width of about 40nm, a monoclinic

angle of 0.24° induces a lattice change of 1.7Å, which is well below one unit cell in dimen-

sions. Also the change in the lattice parameter along [001]NSO, which is observed for the

52nm film, is so small that it only adds up to about 0.8Å over the 40nm domain width.

Therefore, the changes in the film lattice induced by the relaxation of the a1a2 domains

can be compensated elastically. Regarding the MC phase, the epitaxial stress is reduced by

decreasing the lattice parameter along [001]NSO. Already for a thickness of 52nm thin film,

a fully relaxed s[001] lattice parameter is observed. Here, the changes are bigger than for

the a1a2 domains, however, for a domain width of 40nm, they sum up to 3.7Å, which is

still below one unit cell and can be compensated elastically.
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Notably, the relaxation takes place only along the [001]NSO direction, in which the two

monoclinic phases experience different epitaxial stress, one compressive and the other ten-

sile. In this direction the domain walls between the small a1a2/MC domains are formed

and so far it was not investigated how it might affect the domain wall angle separating

them. The three-dimensional domain wall arrangement in the herringbone pattern can be

measured by three-dimensional X-ray diffraction as described in the following section.

5.3 3d herringbone domain structure

The orthorhombic symmetry of the NdScO3 substrate and the observed high anisotropy

of the K0.9Na0.1NbO3 thin films, which are coherently strained along one and (partially)

relaxed along the other, leads to peculiarities in the three-dimensional X-ray intensity dis-

tribution. Importantly, a 90° rotation of the sample around the surface normal can have a

huge impact on the observed X-ray diffraction pattern.

5.3.1 3D Scattering X-Ray Intensity of the Herringbone Pattern

For investigation of the three-dimensional herringbone structure of the 52nm thin film,

three different NdScO3 Bragg reflections were chosen: the symmetric (440)NSO and the

asymmetric (444)NSO and (620)NSO Bragg reflections. All three measurements are presented

together in Figure 5.6 and the positions of all peaks are listed in Table 5.3. The video display-

ing the three-dimensional X-ray intensity distributions is available in the supplementary

material of this thesis.

symmetrical (440)NSO bragg reflection

The measurements that are easiest to interpret are those around symmetrical NdScO3

Bragg reflections, where incidence and exit angles of the X-ray beam with respect to the

sample surface are equal. Thus, the scattering vector Q is perpendicular to the surface with

no in-plane component and therefore no sensitivity on the in-plane lattice with e.g. resid-

ual lattice stress. Such a symmetrical Bragg reflection is for example the (440)NSO Bragg re-

flection shown in Figure 5.6a. The left image gives an impression of the three-dimensional

nature of the scattered X-ray intensity distribution in form of a snapshot of the 3D video. In

the measurement, the NdScO3 substrate peak S, peaks P1/P2 which were already observed

in the GIXD measurements, and additional peaks C1-C4 are visible, which are labeled in

the two-dimensional projections shown in the central and right image. For the (440)NSO

Bragg reflection, P1 and P2 appear at identical position because their distance is zero due

to Q001 = 0.
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The out-of-plane section of such symmetrical reflections allows the determination of the

vertical lattice parameter from the vertical positions of the individual peaks. Exemplarily

the Q001 −Q110 out-of-plane section is shown in the central image in Figure 5.6a. Evalua-

tion of the Q110 values shows that the vertical lattice parameters of the a1a2 phase (P1/P2)

is with d⊥,a1a2
= 3.970Å smaller than the one of the NdScO3 substrate (d⊥,NSO = 4.015Å).

It is notable that all C-peaks have the same vertical component and it will be shown in

the following that the C-peaks are attributed to the MC phase, which has a vertical lattice

parameter of about d⊥,MC
= 4.008Å.

Furthermore, the peaks C1-C4 are elongated in reciprocal space. This can be attributed

to four types of internal domain walls between the a1a2 and MC domains, which are

perpendicular to the elongation directions of the respective C-peaks. In the out-of-plane

projection, the vertical domain wall tilt angle ψ can be evaluated as ψ = ±45◦ with respect

to the surface normal. The in-plane herringbone domain wall angle ξ is obtained from the

Q∗
1̄10

−Q001 in-plane section shown in the right of Figure 5.6a. The corresponding values

of ξ = ±21◦ are identical with the ones obtained by GIXD.

(440)NSO (444)NSO (620)NSO

peak Q1̄10 Q001 Q110 Q1̄10 Q001 Q110 Q1̄10 Q001 Q110

S 0 0 6.26 0 3.14 6.26 −3.13 0 6.37
P1/P2 0 0 6.33 ±0.01 3.14 6.33 −3.13 0 6.33
C1 −0.03 −0.07 6.27 −0.03 3.11 6.30 −3.16 −0.07 6.27
C2 0.03 −0.07 6.27 0.03 3.11 6.30 −3.1 −0.07 6.27
C3 0.03 0.07 6.27 0.03 3.24 6.23 −3.1 0.07 6.27
C4 −0.03 0.07 6.27 −0.03 3.24 6.23 −3.16 0.07 6.27

Table 5.3: Q values for the different peaks observed and labeled in the three-dimensional X-ray
intensity distributions shown in Figure 5.6.

asymmetrical (444)NSO bragg reflection

For a full description of the three-dimensional structure of the K0.9Na0.1NbO3 thin film,

sensitivity also for the in-plane lattice is necessary. This can be obtained by using asymmet-

ric Bragg reflections where incidence and exit angle differ and the scattering vector also has

in-plane components. For the asymmetrical (444)NSO NdScO3 Bragg reflection Q∗
1̄10

= 0,

while Q001 ̸= 0, which means that the P1/P2 peak splitting due to the in-plane monoclinic

distortion of the a1a2 domains is visible in Figure 5.6b. From their position the mono-

clinic distortion angle is evaluated as ∆α ≈ 0.2◦, which is in reasonable agreement with

∆α = 0.24◦ observed in GIXD. It is apparent that the in-plane projection of the (444)NSO

looks very different compared to the in-plane GIXD measurements and that both measure-

ment geometries can give complementary information on the K0.9Na0.1NbO3 thin film.
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Figure 5.6: 3D X-ray scattering intensity distribution of a 52nm K0.9Na0.1NbO3 thin film in
the vicinity of different NdScO3 Bragg reflections (marked as S) recorded at 30 °C:
(a)(440)NSO, (b) (444)NSO and (c) (620)NSO. In each left image a snapshot of the 3D
measurement is depicted. The 3D videos are provided in the supplementary material.
2D projections are shown for the out-of-plane Q001 −Q110 and in-plane Q∗

1̄10
−Q001

sections in the middle and right image, respectively.
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As Q001 ̸= 0, the measurement around the (444)NSO Bragg reflection is sensitive to lattice

strain along [001]NSO, which also induces a distortion of the reflections C1-C4.1 Those

appear no longer at the same Q110 values. While their center of mass is still at Q110 =

6.27Å−1, C1/C2 are shifted to a larger and C3/C4 to a smaller Q110 value. Additionally,

there is a shift in theQ001 component, such that also the center of mass of all four peaks C1-

C4 is shifted to larger Q001 = 3.175Å−1. This is exactly the Q001 component of the peak

P3 associated to the MC domains in the corresponding GIXD measurements, i.e. in the

(44̄4̄)NSO Bragg reflection in Figure 5.4. This furthermore suggests that the peaks C1-C4 are

a signature of the MC phase in the three-dimensional scattered X-ray intensity distribution.

The shift in the peak positions of C1-C4 does not change the angle they include, so that

the inclination angle ψ of the domain wall can also be determined from the out-of-plane

section (central image in Figure 5.6b). The determination of the herringbone angle ξ is

much more difficult, as the intense substrate peak has a Q110 value that is in between

those of C1/C2 and C3/C4. Therefore the peak position especially of peaks C1/C2 can

hardly be resolved in the Q∗
1̄10

−Q001 in-plane section (right image in Figure 5.6b). The

dotted lines indicating the in-plane domain wall angle ξ have been laid according to the

ξ = ±21◦ already obtained in the other measurements.

Therefore, despite displaying more details and information about the

K0.9Na0.1NbO3 thin film, the (444)NSO Bragg reflection is not a good choice for the follow-

ing temperature dependent measurements as the domain wall angles cannot be evaluated

from those scans with sufficiently high accuracy.

asymmetrical (620)NSO bragg reflection

The measurement of asymmetrical reflections with Q∗
1̄10
̸= 0 and Q001 = 0, like e.g.

(620)NSO, provides in-plane sensitivity without being affected by the lattice relaxations

along [001]NSO. This can easily be seen in the 3D X-ray intensity distribution around the

(620)NSO in Figure 5.6c. As for the symmetrical (440)NSO reflection, P1 and P2 coincide

and C1-C4 are symmetrically arranged at identical Q110 values. Also their Q∗
1̄10

and Q001

components with respect to the P1/P2 peak are the same as for the symmetrical (440)NSO

Bragg reflection.

Another great advantage of using the (620)NSO Bragg reflection is the location of the

substrate peak S, which appears at larger Q110 value than the K0.9Na0.1NbO3 film peaks

as can be seen in the Q001 −Q110 out-of-plane section in the central image. Thus, both

the out-of-plane tilt angle ψ and the in-plane herringbone domain wall angle ξ can be

easily extracted from the two-dimensional projections. Moreover, it is possible to choose

an integration area that only includes the peaks C1-C4 as shown in the right image in

Figure 5.6c, which allows a strong suppression of the substrate contribution.

1 Based on the GIXD measurements shown in this thesis, the (44̄4̄)NSO Bragg reflection in Figure 5.4 is the most
comparable to (444)NSO, as their |Q001| components are identical.
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This is especially valuable for the thinner films, where both the volume ratio of the MC

phase and the film thickness are reduced and the associated intensity features are weaker

and much more easily outshined by the substrate peak. Therefore, in the following, always

the (620)NSO Bragg reflection is chosen for analysis of the three-dimensional structure and

domain wall arrangement.

5.3.2 Thickness Dependence of the Herringbone Pattern

The evolution of the herringbone pattern with film thickness, i.e. the increasing volume

ratio of MC to a1a2 domains is also reflected in its three-dimensional appearance. This

can be seen by comparison of the three-dimensional measurements around the (620)NSO

Bragg reflection for K0.9Na0.1NbO3 thin films with different thicknesses as presented in

Figure 5.7. From (a) to (c) the film thickness is decreasing from 52nm over 29nm to 14nm.

The fist column displays the three-dimensional scattered X-ray intensity distribution, while

the videos can be found in the supplementary material of this thesis. The second and third

column show the out-of-plane section Q001 −Q110 and in-plane section Q∗
1̄10

−Q001, re-

spectively. For the latter, the intensity has been partially integrated along Q110 such that all

film features are included, excluding the substrate peak. Comparison of the measurements

for the different film thicknesses, it is visible that the film intensity features not only be-

come weaker with decreasing film thickness, but also the positions of the individual peaks

are affected.

For the 29nm thin film (Figure 5.7b), the P1/P2 peak has a slightly smaller vertical com-

ponent, which implies that the a1a2 phase has a larger vertical lattice parameter, which is

consistent with the finding that the in-plane lattice parameter are smaller, i.e. more com-

pressively strained. The peaks C1-C4 related to the MC phase are shifted closer towards

the P1/P2 peak. Thus, their in-plane components are reduced and they appear at a larger

Q110 value, which implies a smaller vertical lattice parameter due to more tensile strain in

the MC domains. This finding agrees well with the measured in-plane lattice parameter in

GIXD.

From the 14nm thin film only a broad scattering signal is detected (Figure 5.7c). In the

out-of-plane section it can be seen that the maximum of the broad P1/P2 peak is with about

Q110 = 6.3Å−1 at a smaller value, i.e. larger vertical lattice parameter, than the previously

discussed thin films. As the a1a2 phase in the 14nm thin cannot relax the compressive

stress as well as the thicker films, this finding is consistent with the previous results. In the

in-plane section merely a diffuse intensity cloud is visible surrounding the film peak.

Importantly, we find that the films with 29nm and 52nm have a very similar appearance

in their three-dimensional domain arrangement. More specifically, there is even quantita-

tive agreement, as the domain wall angles themselves - both the in-plane angle ξ and the

vertical inclination angle ψ - are identical for the both K0.9Na0.1NbO3 thin films, despite

the different volume fraction of the MC domains and the different unit cell parameters.
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Figure 5.7: 3D X-ray scattering intensity distribution in the vicinity of the (620)NSO Bragg reflection
(marked as S) for K0.9Na0.1NbO3 thin films with different film thickness: (a) 52nm, (b)
29nm and (c) 14nm. In the first column, snapshots of the 3D mapping are depicted. 2D
projections are shown for the out-of-plane Q001 −Q110 (second column) and in-plane
Q∗

1̄10
−Q001 sections (third column). The video displaying the three-dimensional X-ray

intensity distributions is available in the supplementary material of this thesis.

This is in contradiction with earlier interpretations by Braun et al., who proposed a cor-

relation of the in-plane monoclinic shearing angle ∆α of the a1a2 phases and the in-plane

herringbone angle ξ.93 Their discussion is based on the comparison of KxNa1−xNbO3 thin

films with different molar potassium concentration x, which additional to the in-plane

monoclinic shearing and lattice parameters also changes their elastic and electrostrictive

constants. In this regard, phase-field simulations showed that especially the electrostrictive

constants have a pronounced impact on the herringbone angle. This agrees well with our

results here, that the domain wall angles for the same composition of K0.9Na0.1NbO3 are

indeed also identical.
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5.4 herringbone domain structures from phase-field simulations

With the advances in numerical simulations, also more complex ferroelectric domain struc-

tures can be simulated and a collaboration was established with Bo Wang in the group

of Long-Qing Chen in order to compare the experimentally observed domain structures

with theoretical phase-field simulations. For the simulations a K0.9Na0.1NbO3 thin film

with 35nm film thickness was assumed under an anisotropic misfit strain condition of

ε[1̄10]NSO
= 1.0% and ε[001]NSO = 0.0%. These values differ from the ones calculated for the

material system (ε[1̄10]NSO
= 0.15% and ε[001]NSO = −0.16%), because these lead to insta-

bilities in the simulation. Therefore, a strain condition has been selected, which likewise

results in a herringbone domain pattern but is much more stable to slight parameter varia-

tions. Further details about the performed phase-field simulations can be found in [131].

The simulated domain formation at the film surface is shown in Figure 5.8a by means of

the simulated distribution of polarization vectors. The colors denote strength and direction

of the vertical component of the polarization vector, i.e. different MC variants are blue and

red, while a1a2 domains are white, with no vertical polarization component. The arrows

indicate the in-plane polarization direction of each domain. It can be seen that the in-plane

polarization components within the MC domains are all directed along [1̄10]NSO, where

a tensile misfit strain is imposed on the film. The domain walls separating the a1a2/MC

phases are twisted by the herringbone angle, which is around ξtheo = ±19◦. This value com-

pares reasonably well with the previous results by X-ray diffraction of ξ = ±21◦, and also

with the vertical piezoresponse force amplitude micrograph of a 38nm K0.9Na0.1NbO3 thin

film shown in Figure 5.8b, that also gives ξPFM ≈ ±21◦.

The three-dimensional domain arrangement is shown in Figure 5.8c. Two possible a1a2
and two possibleMC polar domain variants appear in the calculated domain pattern. Thus,

four superdomain variants of a1a2/MC can form, i.e. pink/dark green, pink/light green,

violet/dark green, and violet/light green. The domain walls separating the a1a2/MC

phases are inclined by ψ = ±45◦ with respect to the sample surface (looking from the

[11̄0]NSO direction) and are – depending on the superdomain type – twisted by the her-

ringbone angle ξ.

Thus, all four types of domain walls observed in the experiments are also obtained from

phase-field simulations, even if their in-plane herringbone domain wall angles do not per-

fectly match quantitatively. Nonetheless, phase-field simulations can provide suggestions

for how the individual a1a2/MC phases can be arranged in real-space and what types of

superdomain walls are possible.
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Figure 5.8: Three-dimensional phase-field simulation (256nm× 256nm× 60nm) of the domain
structure of a 35nm K0.9Na0.1NbO3 thin film under anisotropic misfit strains ε[1̄10]NSO

=
1.0% and ε[001]NSO

= 0.0% at 27 °C: (a) 2D mapping of electrical polarization vectors
at the film surface for comparison with (b) (1µm × 1µm) vertical amplitude piezore-
sponse force micrograph of a 38nm K0.9Na0.1NbO3 thin film. (c) The calculated three-
dimensional domain arrangement shows the coexistence of monoclinic a1a2 and MC

phases, whose unit cells are shown on the right together with their respective electrical
polarization vectors. (d) 2D mappings of polarization vectors at three sections corre-
sponding to the position A, B, and C denoted in (a). The angle ψ of the inclined domain
wall viewed along [11̄0]NSO is labeled. The arrows show the overall polarization direc-
tion of each domain. Figure adapted with permission from [131].

It is found from the simulations that the boundaries between superdomains can be

straight along [001]NSO, or meandering as denoted by the thin dashed curves in Figure 5.8a

depending on the vertical inclination angle ψ of the domain walls in the respective super-

domains, as depicted in Figure 5.8d. A straight boundary appears when the inclination

angles of the adjacent superdomains 1 and 2 are identical (e.g. ψ1 = ψ2 = +45◦), as is the

case in sections A and B, while it becomes curved when the angles have different signs

(ψ1 = +45◦ ̸= ψ2 = −45◦), such as that between section B and C. This curving of the

superdomain boundary is likely due to the relaxation of elastic energy associated with the

mechanically incompatible domain walls. At the junctions of two superdomains, the po-

larization vectors arrange in a head-to-tail configuration in order to form the flux-closure

pattern to minimize the electrostatic energy, as seen well in section C in Figure 5.8d.
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5.5 conclusions on the room-temperature herringbone structure

In this chapter, the three-dimensional structure and domain formation of K0.9Na0.1NbO3

thin films grown on orthorhombic (110)-oriented NdScO3 substrates were unraveled. By

combining information on the in-plane structure deduced from PFM and GIXD measure-

ments with the data obtained from three-dimensional X-ray scattering, the thin film struc-

ture, unit cell symmetries and domain wall arrangement of the room-temperature her-

ringbone pattern were analyzed for the first time in three dimensions. The coexistence

of monoclinic a1a2 and MC domains promotes domain walls with in-plane domain wall

angles of ξ = 21◦ and out-of-plane wall angles of ψ = 45◦. Importantly, comparison of

the measurements of films with different film thicknesses reveals, that the domain wall

angles themselves - both the in-plane angle ξ and the vertical inclination angle ψ - are

identical for the films displaying a herringbone domain pattern, despite the changes in

their lattice parameters.2 Complementary three-dimensional phase-field simulations per-

formed by our collaboration partners were consistent with the measurement results and

give a proposal of how the domain arrangement and domain walls can be implemented in

a three-dimensional real-space model.

While the domain wall angles of the herringbone pattern are independent of the film

thickness, the ratio of a1a2/MC domains decreases with increasing film thickness, which

in turn determines the intensity of the attributed features in the diffraction pattern. Thus, by

comparison of thin films with different film thicknesses, the individual peaks and features

in the reciprocal space mappings can be assigned to the different phases building up the

herringbone pattern.

On this basis, the high-temperature phase of these thin films and the associated phase

transition are investigated in the following chapter.

2 The independence of the domain wall angles of the film thickness holds at least within the investigated thick-
ness range between 29 nm and 52 nm. For thinner films, no herringbone pattern has been observed and for too
thick films plastic relaxation will occur, which in turn may also change the domain pattern.132,133
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H I G H - T E M P E R AT U R E P H A S E T R A N S I T I O N S

Based on the herringbone domain structures observed for K0.9Na0.1NbO3 thin films grown

on (110)-oriented NdScO3 described in Chapter 5, in this chapter their thermal stability and

high-temperature phase transitions are discussed. It was found that the room-temperature

monoclinic phases transform into a ferroelectric orthorhombic phase before becoming para-

electric at even higher temperatures.1 A detailed discussion of the orthorhombic phase is

given in Section 6.1, whereas the phase transition regime, which spans a wide temperature

range, is the subject of Section 6.2.

6.1 orthorhombic high-temperature phase

This section focuses on the ferroelectric high-temperature phase of the K0.9Na0.1NbO3 thin

films with different film thicknesses.2 First, in Section 6.1.1 the high-temperature phase is

discussed exemplarily for a K0.9Na0.1NbO3 thin film with 38nm thickness, as published

in [105]. The dependency on the film thickness is then considered in Section 6.1.2. Up

to that point the description is limited to the in-plane domain structure. In Section 6.1.3

the 3D domain formation and domain wall arrangement of the high-temperature phase

are investigated by three-dimensional X-ray scattering, and furthermore compared to the

three-dimensional phase-field simulations run by our collaboration partners. Parts of the

results on the 3D domain formation in the high-temperature phase are published in [131].

6.1.1 High-Temperature Phase of a 38 nm K0.9Na0.1NbO3 Thin Film

measurement of the in-plane structure and domains

Starting point for the analysis of the high-temperature phase is real-space imaging with

piezoresponse force microscopy (PFM). Comparison of the room-temperature image (Fig-

ure 6.1a) with the lateral piezoresponse micrograph taken at 250 °C (Figure 6.1b) shows a

significant change in the ferroelectric domain arrangement, indicating that a ferroelectric-to-

ferroelectric phase transition has taken place. The high-temperature phase displays larger

superdomains distinctive as brighter and darker regions. Within the bright superdomains,

1 Since different heating stages were used at the different beamlines, the temperature values might not all be
comparable on an absolute scale. However, all quantitatively evaluated temperatures, e.g. for the determination
of the phase transition temperature, were obtained with an Anton Paar DHS 1100 as shown in Section 4.3.9.

2 Within Section 6.1 all X-ray diffraction measurements have been performed for temperatures between 300 °C
and 380 °C. Within this range the measurements are well comparable, as there is hardly any change in the
intensity features as will be shown in Section 6.2.2.

77
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small stripes with exclusive in-plane polarization are visible, which run along the in-plane

diagonal direction and a periodicity of about 31nm, as evaluated from the fast-Fourier-

transformed image shown as inset in the upper left of Figure 6.1b. The domain pattern

within the dark areas, however, could not be resolved in the PFM measurements.

Figure 6.1: Lateral piezoresponse micrographs (1µm× 1µm) of a 38nm K0.9Na0.1NbO3 thin film
taken at (a) 25 °C and (b) 250 °C together with the fast-Fourier transformation image.
Images modified with permission from [105].

To obtain further information about the domain arrangement, X-ray diffraction can be

used because the domain periodicity induces equidistantly spaced satellite reflections. Ex-

emplarily, the X-ray intensity distributions around the in-plane (2̄20)NSO and (4̄40)NSO

Bragg reflections measured by grazing-incidence X-ray diffraction (GIXD) are shown in

Figure 6.2a and b, respectively.

The intensity profiles taken along the in-plane diagonal Q1̄12 (dashed lines) presented in

Figure 6.2c, clearly show the existence of equidistantly spaced intensity peaks, whose posi-

tions are indicated by red dashed lines. Independent of the Bragg reflection those satellite

peaks have a distance of ∆Q1̄12 = 0.019Å−1 from one another. Their spacing corresponds

to a domain periodicity of 33nm. Due to the presence of two satellite branches along both

in-plane diagonal directions, there also have to be stripe domains aligned along both in-

plane diagonal directions, with equal periodicity as all satellite reflections have the same

mutual distance. Therefore, we strongly suspect that 90° rotated stripe domains are present

within the dark regions in Figure 6.1, although they cannot be directly detected in the PFM

image.

While the first-order satellite peaks in Figure 6.2c perfectly match, the second order

satellite peaks are slightly shifted, especially for the (2̄20)NSO Bragg reflection. This stems

from an additional scattering contribution that is superimposed on the satellite peaks. The

positions of these additional intensity features do depend on the specific Bragg reflection

and they are the origin of the outer shoulders in the intensity profile of the reciprocal space

mapping around the (4̄40)NSO Bragg reflection.
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Figure 6.2: Comparison of GIXD measurements for the high-temperature phase of a 38nm
K0.9Na0.1NbO3 thin film around (a) (2̄20)NSO and (b) (4̄40)NSO Bragg reflection each
labeled by S. (c) Intensity profiles along the in-plane diagonal Q1̄12 direction as indi-
cated with the dashed lines in (a) and (b) show the satellite reflection peaks marked by
the red dashed lines.

The Q-dependence of these features, which are labeled by E1-E4 in the following and

called streaks due to their elongated shape, was identified by the measurement and com-

parison of a variety of different in-plane Bragg reflections. The in-plane reciprocal space

with a schematic depiction of the streaks E1-E4 is shown in Figure 6.3 together with the

measured X-ray intensity distribution around five exemplary NdScO3 Bragg reflections.

Regarding the schematic depiction of the reciprocal space, in the center of the figure

a single point is visible - the reciprocal origin (000). Here all peaks coincide with the

NdScO3 substrate Bragg peak, which is depicted for all in-plane NdScO3 Bragg reflections

with a small black dot. In the surrounding of each NdScO3 Bragg peak, E1-E4 arise, where

each color denotes one of the four peaks.

For Bragg reflections with small Q-values, e.g. (004̄)NSO and (2̄20)NSO, E1-E4 are located

close to the NdScO3 substrate peak and in the corresponding measurements an overlap

with the strong satellite reflections caused by the domain periodicity is notable. With in-

creasing length of the scattering vector Q, the streaks E1-E4 disperse outwards as can be

clearly observed from the comparison of the measurements of around the (004̄)NSO and

(008̄)NSO Bragg reflection.

Furthermore, it is noticeable that the arrangement of the four streaks E1-E4 depends

on the orientation of Q. When Q is pointing along a high-symmetry crystallographic di-

rection (Q1̄10 or Q001 ) the GIXD pattern resembles a cross where E1-E4 all have about

the same distance from the substrate reflection in the center. For ’diagonal reflections’,

i.e. NdScO3 Bragg reflections (hh̄2h)NSO or (h̄h2h)NSO for example (2̄24)NSO, two of the

four streaks coincide with the substrate peak. If the scattering vector is neither along high-

symmetry crystallographic directions nor their diagonal, each two streaks have the same

distance from the substrate peak as shown e.g. for the (2̄26)NSO Bragg reflection.
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Figure 6.3: GIXD measurements of a 38nm K0.9Na0.1NbO3 thin film in the vicinity of different
NdScO3 Bragg reflections, together with a schematic depiction of the in-plane reciprocal
space including the position of the four peaks E1-E4 (colored points) with respect to the
NdScO3 Bragg peaks (smaller black points).

From the comparison of the measurements it becomes clear that there are different origins

for the observed diffraction features.

First, there are satellite reflections with equidistant peak distance regardless of the chosen

Bragg reflection. They are caused by the periodic arrangement of the stripe domains. Re-

markably, for the ‘diagonal reflections’ (e.g. (2̄24)NSO) also one of the two satellite branches

disappears and only one half of the cross is visible. This observation will be discussed later

in Section 6.1.2.

Second, there are streaks E1-E4 that have a distinct Q-dependence, both with regard to

the length and direction of the scattering vector. In the following, an in-plane structural

model is introduced, which explains the arrangement of the peaks qualitatively. This has

been used consecutively to calculate the scattered X-ray intensity distribution for quantita-

tive comparison with the GIXD measurements.
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in-plane structural model

In order to understand the origin and arrangement of the streaks E1-E4, one of them -

namely E4 - is chosen to exemplarily explain the correlation between the real-space unit

cells and the reciprocal lattice points as visualized in Figure 6.4.

Figure 6.4: Schematic depiction of the 2D real-space surface lattice giving rise to the streaks E4 in
the reciprocal lattice as observed in the GIXD measurements shown in Figure 6.3.

Starting point is the substrate surface lattice denoted by the black points, which for sim-

plicity is here assumed to be quadratic. Upon transformation of a 2D quadratic lattice into

reciprocal space also a 2D quadratic reciprocal lattice is obtained. Based on the substrate

lattice points the deformed real-space lattice, which in reciprocal space corresponds to the

streaks E4, can be generated and is painted in red. Importantly, along one diagonal, which

is indicated by the red dashed line, the black and red reciprocal lattice points must coincide,

in order to explain the observed diffraction pattern for e.g. the (2̄24)NSO Bragg reflection

in Figure 6.3. This means that also in real-space the deformed red lattice has a net plane,

which is not affected by the lattice deformation.

Therefore, the deformed red unit cell in Figure 6.4 cannot be generated from the original

black one by a simple rotation, as that moves all lattice points within the plane. However,

by combining an in-plane rotation of the unit cells by rotation angle ϕ with a contrac-

tion/extension of the in-plane lattice parameters indicated with the small red arrows in

Figure 6.4, the lattice points along the diagonal can be kept fixed. This means in return,

that the deformed red lattice is no longer quadratic, but instead rectangular. Importantly,

the deformed unit cells are still rectangular, even if the substrate cell is rectangular, i.e. not

square, as is the case for (110) NdScO3 .
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To create four different streaks E1-E4, also four different variants of unit cells are required.

All four are schematically shown in top view together with the depiction of a possible stripe

domain arrangement using all four domain variants in Figure 6.5.

Figure 6.5: Domain model for the high-temperature phase: the central images shows the four possi-
ble superdomain variants built from alternating orthorhombic a1 and a2 stripe domains.
Their unit cells are shown in top view on the left and right side. The black arrows denote
the polarization vector.

The surface unit cells depicted in Figure 6.5 have their long axis, and thus their polariza-

tion vector (black arrow), aligned with a high symmetry direction. Thus, the four unit cell

variants belong to a1 and a2 phases. a1 variants, shown on the left in Figure 6.5, have their

long axis along the in-plane [1̄10]NSO direction and generate streaks E1 and E2, while E3

and E4 are produced by a2 unit cells with their long axis along the in-plane [001]NSO as

shown on the right. The central image is a schematic depiction of the domain arrangement,

where the color code and polarization vector direction indicate the unit cell variant of each

stripe domain. While only two superdomain variants were observed in PFM, the schematic

representation shows all four possible superdomain variants, each built up by alternating

a1 and a2 stripe domains with an in-plane domain wall angle of ξ = 45◦ with respect to

[1̄10]NSO.

Usually, a1/a2 unit cells are attributed to tetragonal symmetry, however, as the underly-

ing NdScO3 substrate is orthorhombic with rectangular (non-quadratic) surface unit cells,

the a1/a2 unit cell symmetry is reduced to orthorhombic.

Regarding the phase transition from the herringbone pattern, which consists of mono-

clinic phases with Pm space group, i.e. point group m, the only orthorhombic point group

that is directly connected via group/subgroup relations and ferroelectric is mm2.134 Start-

ing from monoclinic Pm symmetry with only one single mirror plane as non-trivial sym-

metry element, a phase transition to orthorhombic Pmm2 is very plausible, as only two

symmetry elements have to be added (a second mirror plane m and a 2-fold rotation axis).

Due to the absence of inversion symmetry, Pmm2 is still ferroelectric. Furthermore, space

group Pmm2 has already been denoted for orthorhombic a1/a2 domains in anisotropically

strained ferroelectric thin films..44
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calculation of gixd intensity from the domain model

In order to demonstrate the validity of the structural domain model, it was used to cal-

culate the corresponding X-ray diffraction patterns. All above mentioned characteristics of

the domain structure of the ferroelectric high-temperature phase are reflected in associ-

ated features in the scattered X-ray intensity distribution. The satellite reflection branches

can already be reproduced by a two-dimensional fast Fourier transformation of the corre-

sponding stripe domain arrangement, as already seen in Figure 6.1 in the inset of the PFM

micrographs where its 2D-FFT image is shown. For the streaks E1-E4, however, atomic

scale unit cells have to be considered, in analogy to the GIXD simulations of the a1a2/MC

domains in Section 5.2. Also here, the 2D real-space domain model is constructed from

unit cells j, with xj and yj as the corresponding in-plane coordinates along [1̄10]NSO and

[001]NSO substrate directions, respectively. The scattered X-ray intensity of the domain pat-

tern is then calculated using kinematic scattering theory of X-ray diffraction.

For calculation of the scattered X-ray intensity distribution from the structural model, a

mathematical description of the lattice, i.e. the individual unit cells, is necessary. As will be

shown in Section 6.1.2, the observed unit cell deformation is an elastic relaxation process.

Therefore, as starting point, an undisturbed orthorhombic unit cell, which fits perfectly to

the surface unit cell of the underlying NdScO3 substrate (with in-plane lattice parameters

s1 and s2) is used with in-plane lattice points (x,y). The lattice transformation is then given

by x
y

→
x ′
y ′

 =

cosϕ − sinϕ

sinϕ cosϕ

 ·
Mx
Ny

 , (6.33)

where the scaling matrix elements M and N have to fulfill:

M = cosϕ± s2
s1

sinϕ and N = cosϕ∓ s1
s2

sinϕ, (6.34)

in order to keep the corner positions of the respective unit cell variant fixed. The upper

sign in Equation 6.34 defines the boundary conditions for a1 domains, whereas the lower

sign produces a2 domains. Using ±ϕ all four domain variants can be generated, which are

shown schematically in Figure 6.5 with an exaggerated rotation angle of ϕ = 5◦.
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including the asymmetry of the domains

Taking a closer look at the reciprocal space mappings in Figure 6.3, an asymmetry in the

arrangement of the four streaks E1-E4 is observed that is not yet included in the domain

model. This asymmetry is particularly pronounced for the (22̄6)NSO Bragg reflection, which

is also shown in Figure 6.6a. Here, a difference both in the position with respect to the

substrate peak and in the peak width of streaks E2 and E4 is observed.

Figure 6.6: Asymmetry observed in the X-ray intensity distribution around the (22̄6)NSO Bragg re-
flection: (a) GIXD measurement at 300 °C, (b) corresponding calculated X-ray intensity
distribution, (c) Domain model used for the calculations; (d) Table with parameters ad-
justed for the calculations. For the width of the domains w1 = w2 = 16.5nm was as-
sumed based on the stripe periodicity of 33nm.

The observed asymmetry in the positions of E2 and E4 (in Figure 6.6), which is observed

systematically for E1/E2 (a1 domains) and E3/E4 (a2 domains) in Figure 6.3 can be in-

cluded in the model by using different rotation angles for the unit cells of the a1 and a2
domains. By comparison of the positions of the streaks E1-E4 in the measurements with the

calculated 2D X-ray intensity distribution (Figure 6.6b), it is found that their best agreement

is achieved using ϕ1 = ±0.25◦ for the a1 domains and ϕ2 = ±0.35◦ for the a2 domains,

with an uncertainty of about 0.02°. The applied domain model is depicted in Figure 6.6c.

The variations in the in-plane rotation angles of the a1/a2 domains also induces slightly dif-

ferent scaling factors, which lead to small modifications in the in-plane lattice parameters

s1̄10 and s001 as shown in Figure 6.6d.
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Regarding the different streak widths ∆Q1 and ∆Q2 observed in the measurement (Fig-

ure 6.6a), two possible explanations can be given. Either it can be related to different lateral

widths w1 and w2 of the a1 and a2 domains. In this case the peak width should be indi-

rectly proportional to the domain width.116 However, the analysis of films with different

thickness and therefore different domain sizes (Kittel’s law, compare also Section 6.1.2) did

not show such a proportionality.

An alternative explanation can be given by variations in the in-plane rotation angle of

the unit cells around the central values of ϕ1 and ϕ2. If the rotation angle is larger, also the

variations can be larger and ∆Q becomes bigger. This is in agreement with the performed

measurements.

Comparing the surface lattice parameters of the a1 and a2 phases (given in Figure 6.6d)

with the NdScO3 substrate (s[1̄10] = 2 · 4.014Å and s[001] = 2 · 4.002Å), it is found that

the a1 phases experience a smaller misfit strain than a2 phases. Qualitatively, this is clear

because NdScO3 and the a1 phases both have their longer axes along [1̄10]NSO, while this

is the direction of the smaller axis of a2 phases. This difference in misfit strain, which the

a1/a2 phases experience can induce the anisotropy in the in-plane rotation angle.

Figure 6.7 shows a selection of measured and calculated X-ray intensity distributions

around other NdScO3 Bragg reflection, i.e. (004̄)NSO, (008̄)NSO and (22̄4)NSO, further vali-

dating the proposed real-space model.

Figure 6.7: Comparison of measured (top row) and calculated (bottom row) X-ray intensity distri-
butions around different NdScO3 Bragg reflections reveals a very good agreement of the
position and arrangement of the streaks E1-E4.
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6.1.2 Thickness Series

A comparison of GIXD measurements for different film thicknesses in the vicinity of dif-

ferent NdScO3 Bragg reflections is shown in Figure 6.8. The GIXD reflections shown are

(004̄)NSO (top row), (008̄)NSO (second row) and (22̄6̄)NSO (bottom row).3 The columns rep-

resent the individual films with their film thickness ranging from 14nm to 52nm.

Figure 6.8: GIXD measurements in the vicinity of (004̄)NSO (top row), (008̄)NSO (middle row) and
(22̄6̄)NSO (bottom row) NdScO3 Bragg reflections for a 14nm (first column), 29 nm (sec-
ond column), 38nm (third column) and 52nm (fourth column).

Striking is the similarity of the reciprocal space mappings around each NdScO3 Bragg

reflection for the different film thicknesses with respect to the arrangement of the satellite

peaks. The determination of the domain periodicity as well as the unit cell parameters, i.e.

the unit cell rotation angle ϕ, is performed by analyzing intensity profiles along the diago-

nal direction directionsQ1̄12 andQ1̄12̄. Exemplary intensity profiles for K0.9Na0.1NbO3 thin

films with thicknesses of 14nm and 52nm taken along the white dashed lines in Figure 6.8

are shown in Figure 6.9a and b, respectively.

3 For some of the presented images equivalent Bragg reflections were measured, e.g. (008)NSO instead of
(008̄)NSO. While the analysis of those reflections was performed of course for the real Bragg reflection, in
order to give a similar appearance in Figure 6.8 the images of those measurements were rotated.
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Figure 6.9: Intensity profiles for (a) 14 and (b) 52nm thin films for different NdScO3 Bragg reflec-
tions taken alongQ1̄12̄. Red dashed lines indicate the positions of the satellite reflections,
which correspond to the stripe domain periodicity. (c) Dependence of the film thickness
t on the stripe periodicity w1 +w2. (d) Table listing the satellite peak spacing, stripe
periodicity and rotation angles for each film thickness. The uncertainties of the domain
periodicity and rotation angles are about 1nm and 0.02◦, respectively.

Upon comparison of the intensity profiles of the three different Bragg reflections for one

film thickness, the constant mutual distance of the individual satellite peaks is apparent as

indicated with the red dashed lines. The evaluated spacing of the satellite reflections for

each film thickness and the corresponding stripe periodicity is shown in Figure 6.9c, while

the values for all four film thicknesses are summarized in Figure 6.9d.

It is apparent that the stripe periodicity increases with film thickness. Assuming a scal-

ing law as (w1 +w2) ∝ tν the data can be fitted (Figure 6.9c) and an exponent of the

film thickness as ν = 0.55± 0.03 is determined, which is close to ν = 0.5, as expected for

Kittel’s scaling law.57 While developed originally for 180° ferromagnetic domains, studies

already showed that Kittel’s law can also be applied to 90° domains, both ferromagnetic

and ferroelectric.58,135 The here observed orthorhombic a1/a2 domains are such 90° do-

mains, as depicted in Figure 6.5 and the law applies.
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There is, however, a major difference between the line profiles of the 14nm and 52nm

thin films in the appearance of the streaks E1-E4. While they are not visible for the 14nm

thin film (Figure 6.9a), they can be clearly distinguished for the 52nm thin film (Figure 6.9b)

and follow the behavior already observed and described for the 38nm thin film. With re-

spect to the reflections presented in Figure 6.9b this means that they are not visible for

measurements in the vicinity of the (004̄)NSO NdScO3 Bragg reflection as their positions

coincide with the satellite reflections, but they are clearly resolvable for the (008̄)NSO re-

flection and are even further away from the substrate peak for the (22̄6̄)NSO NdScO3 Bragg

reflection. Also the asymmetrical arrangement of the streaks E1-E4 around the substrate

peak is observed.

Comparing the values for all four film thicknesses, a systematic increase of the rotation

angles with thickness is observed, while the a2 domains always show the larger value

compared to the a1 domains. Because no indications for the occurrence of the streaks E1-

E4 has been found in the measurement of any in-plane Bragg reflection of the 14nm thin

film, their unit cell rotation angles are assumed to be zero. Nevertheless, the appearance of

satellite reflections clearly shows that a stripe domain pattern is also present for the 14nm

thin film. The observation that the very thin film has the identical in-plane lattice as the

substrate, while at larger film thicknesses a rotation angle is introduced which increases

with film thickness, indicates that the observed lattice deformation is a relaxation process,

importantly the unit cells are still orthorhombic. As the film thickness increases, the film

can reduce epitaxial stress similar to the relaxation of the monoclinic a1a2 phases in the

room-temperature structure, while remaining coherent to the substrate. Here, a slight in-

plane rotation of the unit cells is performed, which is accompanied by a slight change in the

in-plane lattice parameter. The amount of rotation which is possible increases with the dis-

tance from the substrate interface. In the temperature dependent measurements discussed

in the following Section 6.2 it becomes evident that also this relaxation process of rotated

orthorhombic a1/a2 domains is elastic, i.e. it is not accompanied by misfit dislocations.

arrangement of satellite reflections

So far the equidistant satellite peaks were merely used for the evaluation of the period-

icity of the a1/a2 stripe domains. Nevertheless, there is also a dependence of the satellite

peaks on the measured Bragg reflection; not with respect to the satellite peak spacing,

which of course stays constant, but to the visibility of the whole satellite branch. Both

branches are equally strong for measurements with Q aligned along the high-symmetry

crystallographic directions Q1̄10 or Q001 , e.g. (2̄20)NSO in Figure 6.2 or (004̄)NSO in Fig-

ure 6.8. For the ‘diagonal’ reflections (h̄h2h)NSO, e.g (2̄24)NSO, only one branch of satellite

peaks is visible (Figure 6.7). This behavior can be understood by analysis of the structure

factor of the four different unit cell variants of the a1/a2 domains.
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The structure factor Fhkl is a mathematical function describing the amplitude and phase

of a wave diffracted from crystal lattice planes characterized by Miller indices (hkl) as

introduced in Section 4.3. A formulation useful for solid solutions such as (K,Na)NbO3 is

given by

Fhkl =
∑
i

Ωifie
2πi(ui,1h+ui,2k+ui,3l), (6.35)

with atomic form factors fi (listed e.g. in [117]), positions ui,1−3 and occupation Ωi for

each atom i within the unit cell. The atomic positions can be also be found in literature

for a variety of KxNa1−xNbO3 compositions, also with a number of different symmetries.

Here, the values for the orthorhombic phase of K0.5Na0.5NbO3 were used from Ishizawa et
al.136 and the occupation Ωi set accordingly to ΩK = ΩNa = 0.5 and ΩO = ΩNb = 1.

Furthermore, the Miller indices of the Bragg reflection have to be converted from the or-

thorhombic NdScO3 coordinate system into the corresponding pseudo-cubic KxNa1−xNbO3

coordinate system. We define (100)pc orientation, i.e. [100]pc is the vertical component. Fur-

thermore, we set [010]pc ∥ [11̄0]NSO and [001]pc ∥ [002]NSO. Thus, the transformation matrix

from the pseudo-cubic to the orthorhombic system is given by

[hkl]NSO = T · [hkl]pc with T =


1 −1 0

1 1 0

0 0 2

 . (6.36)

To calculate the Miller indices in pseudo-cubic notation based on the orthorhombic ones

of a NdScO3 Bragg reflection, the inverted T-matrix is used. Thus, (h̄h2h)NSO converts

to pseudo-cubic (0hh)pc with the rotational variants (0h̄h)pc, (0hh̄)pc and (0h̄h̄)pc. It is

found, that always two of the pseudo-cubic Bragg reflections have the same structure factor.

Exemplarily, the four rotational variants of the (033)pc Bragg reflections have structure

factors F(033)pc = F(03̄3)pc
= F1 = −38.3− 10.6i and F(03̄3̄)pc

= F(033̄)pc
= F2 = −41.0+ 3.1i.

The assignment of these four pseudo-cubic Bragg reflections to the a1/a2 variants depends

on the measured NdScO3 Bragg reflection as shown in Table 6.1.

variant F(3̄36)NSO
F(33̄6)NSO

F(33̄6̄)NSO
F(3̄36̄)NSO

→ (E1) F1 F1 F2 F2

↑ (E3) F1 F2 F2 F1

← (E2) F2 F2 F1 F1

↓ (E4) F2 F1 F1 F2

Table 6.1: Overview of structure factors for the individual a1/a2 variants producing streaks E1-E4
for the four rotational variants of the (3̄36)NSO Bragg reflection, with F1 = −38.3− 10.6i
and F2 = −41.0+ 3.1i.
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It is apparent that always one of each a1 and a2 variants have identical structure factors.

This is graphically illustrated in Figure 6.10 for the (33̄6)NSO and (3̄36)NSO Bragg reflec-

tions, where the small stripe domains are colored either in light or dark gray depending

on the structure factor of the unit cell variant (F1 or F2). It turns out that within two

superdomains there is no contrast between the a1 and a2 stripe domains and therefore

these superdomains do not produce satellite peaks. As both of them have the same domain

wall orientation an entire satellite branch is missing as seen in the corresponding GIXD

measurements.

Figure 6.10: Based on the domain model (a) and the calculated structure factor for the four different
a1/a2 domain variants (Table 6.1) the absence of satellite peaks for GIXD measurements
in the vicinity of ‘diagonal’ Bragg reflections, e.g. (33̄6)NSO (b) or (3̄36)NSO (c), can be
explained. In the domain models in (b) and (c) the stripe domains are colored depend-
ing on their structure factors, either in light or dark gray. Superdomains without color
contrast in the schematic depiction also do not provide contrast in the X-ray scattering
measurements and therefore the corresponding satellite peaks do not appear.

6.1.3 High Temperature Phase in 3D

For a thorough investigation of the high-temperature phase in-plane GIXD data alone is

not sufficient, as no information along the vertical direction is obtained. Therefore, X-ray

intensity distributions have been measured in coplanar geometry, and Figure 6.11 depicts

measurements in the vicinity of the (620)NSO Bragg reflection for K0.9Na0.1NbO3 thin films

of different film thickness.
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Figure 6.11: 3D X-ray intensity distribution in the vicinity of the (620)NSO Bragg reflection (marked
as S) recorded at 260 °C for K0.9Na0.1NbO3 thin films with thickness of 52nm (a), 29nm
(b) and 14nm (c). The left image shows a snapshot from the 3D video, in the central
image the in-plane section and on the right an out-of-plane section (∆Q∗

1̄12
−Q110) are

presented. The video displaying the three-dimensional X-ray intensity distributions is
available in the supplementary material of this thesis.
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The three-dimensional X-ray intensity distribution around the (620)NSO Bragg reflection

of the 52nm K0.9Na0.1NbO3 thin film displays a rich, but very regular pattern with a great

number of different satellite reflection peaks, as shown in the left image of Figure 6.11a.

First, there are very intense satellite reflection branches that run along the in-plane diag-

onal directions Q∗
1̄12

and Q∗
11̄2

, which can be seen in the corresponding in-plane projection

in the second image (Q∗
1̄10

-Q001-plane). These are the satellite peaks due to the stripe do-

mains already observed by GIXD. Also in this measurement the in-plane domain twist

angle is evaluated to ξ = 45◦. In the 3D measurements it is well visible that these satellite

branches lie parallel to the Q∗
1̄10

-Q001-plane and that they do not have an additional verti-

cal component. This is shown exemplarily for the cut along the in-plane diagonal Q∗
1̄12

in

the right image in Figure 6.11a. It is apparent that the satellite branches appear at a constant

Q110 = 6.33Å−1, so that the vertical inclination angle of the corresponding domain walls

is ψ = 90◦. Importantly, this is the identical vertical position of the P1/P2 peak attributed

to the a1a2 domains at room temperature, which means that the vertical lattice parameter

of the a1/a2 phases is identical with the one of the a1a2 phases.

Around the individual in-plane satellite reflection peaks there are additional satellite

reflection branches running along Q110. Those are thickness oscillations induced by the

smooth interfaces between substrate/film and film/air.

In Figure 6.11b,c the corresponding measurements of the (620)NSO Bragg reflection for

the 29nm and 14nm thin films are shown. In the three-dimensional X-ray intensity dis-

tribution (left) it is visible that the number of intensity peaks attributed to the thin films

decreases, as the individual peaks become broader. Regarding the in-plane projections (mid-

dle), comparison of all three measurements reveals that with decreasing film thickness, the

in-plane satellite reflections become less intense and their mutual distance increases as the

stripe domain periodicity is getting smaller as already shown in Section 6.1.2. Thus, also

the number of visible in-plane satellite reflection decreases with film thickness. From the

out-of-plane projection of the ∆Q∗
1̄12

−Q110-plane (right image), it becomes furthermore

apparent, that the satellite reflections along Q110 indeed are thickness oscillations, which

follow ∆Q110 = 2π/t, with film thickness t. The evaluated values match the previously

given film thicknesses for the 29nm and 52nm thin films. Additionally, the satellite peaks

broaden, as is especially visible for the 14nm thin film, where no additional thickness

fringes are observed.

In the three-dimensional X-ray intensity distribution the three films look very similar,

each displaying a stripe domain pattern with vertical domain walls (ψ = 90◦) and ξ = 45◦

in-plane angle. Merely the film thickness and corresponding thickness oscillations as well

as the domain periodicity differ. The in-plane rotation of the unit cells of the a1/a2 domains

cannot be resolved in these measurements. This shows how important the application of

different X-ray scattering geometries is, to obtain the full information about the thin film.
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6.1.4 High-Temperature Phase in Phase-Field Simulations

The high-temperature phase has also been calculated using phase-field simulations by our

collaboration partners, using the same anisotropic misfit strain values as for the room-

temperature phase (εxx = 1.0% and εyy = 0.0%). For the simulations, a herringbone

arrangement as shown in Section 5.4 was constructed and then the temperature was in-

creased to 327 °C. After a sufficient amount of time to go into its equilibrium structure, the

domain pattern shown in Figure 6.12 was stabilized.

It consists of two superdomains, built up from yellow/black or orange/black domains.

The corresponding unit cells are depicted on the right side of the domain structure. Their

polarization vectors lie within the surface plane with alignment either along [1̄10]NSO (a1
domains) or along [001]NSO (a2 domains). The domain walls between the a1/a2 stripes are

perpendicular to the surface plane (ψ = 90◦) with in-plane twist angles of ξ = ±45◦.

Figure 6.12: Three-dimensional phase-field simulation (256nm × 256nm × 60nm) of the domain
structure calculated for a K0.9Na0.1NbO3 thin film with 35nm thickness at 327 °C
shows a stripe domain pattern. It is built from orthorhombic a1/a2 unit cells, which are
shown on the right together with their respective electrical polarization vectors. Figure
adapted with permission from [131].

Thus, the simulated domain arrangement agrees well with the experimental results. Only

the in-plane rotation angles φi of the individual unit cells can be neither confirmed nor

refuted because they are too small to be unambiguously detected in the phase-field simu-

lations.

The presence of only three of the four possible a1/a2 domain variants is due to the start-

ing conditions, i.e. the preset herringbone arrangement. If the simulations are started from

randomly distributed polarization vectors, different types of superdomains are formed,

consisting of all possible domain variants, as shown by Wang et al.17

That the width of the a1 domain is so much larger than that of a2 domains, is due to

the high anisotropy of the misfit strain used for the calculations with ε[1̄10]NSO
= 1.0% and

ε[001]NSO = 0.0%. This strongly favors an alignment of the polar axis of the unit cell along

the tensile stress direction [1̄10]NSO.
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While a difference in the domain widths could not be resolved experimentally, it is very

plausible to occur based on the experimental results, especially the different rotation angles

measured for a1 and a2 phases. Assuming wider a1 domains, which exhibit a smaller

rotation angle and narrower a2 domains, which posses a larger rotation angle would help

minimizing the total free energy. Due to the substrate to which the thin film is pinned,

a rigid in-plane rotation of unit cells within one large domain requires a greater elastic

energy than within a small domain.

6.2 phase transition regime

In this chapter, the phase transition itself is in the focus, which is by no means abrupt,

but extends over a broad temperature range. As for the discussion of the high-temperature

phase, at first the phase transition is described exemplarily for a 38 nm K0.9Na0.1NbO3 thin

film using GIXD in Section 6.2.1. As the film features are much more pronounced for

thicker films, the analysis of the temperature dependence of the stripe domain periodicity

and the unit cell deformation is done for a 52 nm K0.9Na0.1NbO3 thin film in Section 6.2.2.

The same film is also used to investigate the phase transition regime in 3D (Section 6.2.3).

Especially the behavior of the domain walls upon increasing temperatures is in the fo-

cus, which is furthermore compared to three-dimensional phase-field simulations in Sec-

tion 6.2.4. Moreover, it is shown that the phase transition temperature exhibits a thermal

hysteresis (Section 6.2.5) and is highly sensitive on the exact strain conditions of the thin

film (Section 6.2.6).

6.2.1 Phase Transition of a 38 nm K0.9Na0.1NbO3 Thin Film

For analyzing of the phase transition regime, the scattered X-ray intensity distribution in

the vicinity of the in-plane (22̄4)NSO Bragg reflection (labeled by S) is investigated in tem-

perature steps of 40K for the 38nm thin film. At room temperature (Figure 6.13a) the char-

acteristic diffraction pattern attributed to the herringbone domain arrangement is observed,

which has been presented in detail in Section 5.2. It consists of peaks P1/P2 induced by the

in-plane monoclinic distortion of the a1a2 domains, the single peak P3 that stems from the

MC domains and the satellite branches defined by the in-plane twist angle ξ of the domain

wall, indicated by green dashed lines. Upon heating up to 140 °C (Figure 6.13b), the diffrac-

tion pattern looks very similar to the room-temperature X-ray intensity distribution. How-

ever, the ratio of intensity of peaks P3 to P1/P2 decreases, while at the same time increased

diffuse scattering appears. At 180 °C (Figure 6.13c) the weak peak P3 is no longer observ-

able, while the peaks P1/P2 remain visible. Nonetheless, there have to be MC domains

within the film, as the herringbone domain angle can still be evaluated from the satellite

peaks and stays at the room-temperature value of ξ = ±21◦. The originally unstructured

diffuse intensity cloud is now aligned along the in-plane diagonal direction as indicated by
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Figure 6.13: GIXD measurements of the in-plane intensity distribution around (22̄4)NSO Bragg re-
flection of a K0.9Na0.1NbO3 thin film with 38 nm thickness. A gradual phase transition
from the room-temperature herringbone domain arrangement (a,b) into the orthorhom-
bic a1/a2 stripe domain pattern (e,f) is found with a broad coexistence regime (c,d).
The absence of the streaks E2 and E4 at 460 °C (g) indicates the beginning of a second
phase transition into the paraelectric phase, which is completed at about 520 °C (h). Fig-
ure taken from [105].

the white dashed line. It transforms into a new diffraction pattern built from equidistant

satellite peaks, which indicates the a1/a2 stripe domain pattern, upon a further increase of

the temperature to 220 °C (Figure 6.13d). At this temperature, the satellite peaks attributed

to the herringbone pattern are gone, while P1 and P2 still persist. Finally, at 260 °C (Fig-

ure 6.13e) they also disappear and no intensity feature from the room-temperature phases

remains. Instead, the streaks E2 and E4 are now visible, which stem from the in-plane unit

cell deformation of the orthorhombic a1/a2 phases. They imply that at this temperature

the phase transition is completed. A further increase in temperature does not change the

overall appearance of the X-ray intensity distribution. However, with increasing tempera-

ture, the relative distance between the streaks E2 and E4 decreases as can be seen for the

measurement at 420 °C in Figure 6.13f. At the same time, they become weaker until they

can no longer be observed at 460 °C (Figure 6.13g). In addition, the intensity of the satel-

lite peaks decreases until they completely disappear at about 520 °C (Figure 6.13h). This

indicates the absence of a periodic domain pattern, which corresponds to the expectation

to reach the paraelectric phase at these high temperatures. Remarkably, all diffraction fea-

tures of the K0.9Na0.1NbO3 thin film coincide with the NdScO3 Bragg peak. Therefore, we

can conclude that all lattice relaxations of the thin film were elastic, otherwise a film Bragg

peak with different in-plane lattice parameters and Q-values would be observed here.
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Figure 6.14: Intensity profiles extracted from (22̄4)NSO GIXD measurements (Figure 6.13) for a 38nm
K0.9Na0.1NbO3 thin film as a function of temperature taken along (a) Q1̄10 and (b)
Q1̄12. The intensities are normalized to the substrate peak intensity. Figure taken from
[105].

To evaluate the changes of the diffraction pattern as a function of temperature in more

detail, horizontal and diagonal line profiles are taken along the white dashed lines in Fig-

ure 6.13, as shown in Figure 6.14a and b, respectively.

The horizontal line profile (along Q1̄10) is used to monitor the intensities of P1 and

P2 and their mutual splitting. At room temperature the features P1/P2 are very broad and

have a two/four times higher intensity than the substrate peak S. While the shape of P1 and

P2 remains broad, their relative splitting and thus the in-plane monoclinic angle slightly

decreases upon increasing temperatures. At 180 °C also their intensity starts to decrease,

which shows that the volume fraction of a1a2 domains in the thin film is reducing, which

is also observed for 220 °C. With a further rise in temperature up to 260 °C a drastic change

in the appearance of the peaks is observed, which manifests itself in a pronounced sharp-

ening and a strong shift towards ∆Q1̄10 = 0. Since the peaks look fundamentally different

from P1/P2 generated by the a1a2 domains, we conclude that at a temperature of 260 °C

no a1a2 domains are present in the layer anymore. Instead, the sharp peaks are presum-

ably generated by well-ordered superdomains along [1̄10]NSO of the new high-temperature

a1/a2 phase. Finally, also these sharp peaks disappear at 460 °C, indicating the beginning

of the next phase transition, which is completed at about 520 °C, where the film does not

show any periodic domain pattern.

For temperatures above 220 °C, intensity profiles along Q1̄12 are of particular interest, as

shown in Figure 6.14b. All curves feature equidistant satellite reflections around the sub-

strate reflection S. However, comparing the curves for 220 °C and 260 °C, the appearance of

additional features E2 and E4 at 260 °C becomes clear. For higher temperatures, their posi-

tions shift inwards and their intensity decreases until at 460 °C only the sharp, equidistant

satellite reflections are visible. This indicates that at this temperature supposedly ‘normal’,

i.e. unrotated a1/a2 domains are present as observed throughout for the thin 14nm film.

The individual stripe domains still induce a satellite diffraction pattern, since a1 and a2
domains have their polarization vectors along [1̄10]NSO and [001]NSO, respectively.
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From the presented measurements for the 38nm thin film it is not possible to quanti-

tatively evaluate the shift in the streaks E2 and E4 upon increasing temperatures, as they

are superimposed on the satellite peaks. Therefore this analysis is performed for the 52nm

K0.9Na0.1NbO3 thin film in the following Section 6.2.2.

6.2.2 Temperature Dependence of Streaks and Satellite Reflections

In order to distinguish between the satellite reflection peaks due to the domain periodicity

and the peaks E1-E4 stemming from the unit cell deformation they must be separated

in reciprocal space. This can be achieved either by the increase of film thickness, which

induces a larger rotation angle or by the measurement of higher-order Bragg reflections

in which the spacing of the satellite reflections stays constant, while the positions of E1-

E4 scales with Q. A combination of both is given with GIXD measurements around the

(3̄36̄)NSO Bragg reflection of the 52nm K0.9Na0.1NbO3 thin film as exemplarily shown in

Figure 6.15a for 340 °C. The corresponding intensity profiles are presented in Figure 6.15b

for measurements in the temperature range of 260 °C to 420 °C taken along the in-plane

diagonal direction Q1̄12 as indicated by the white dashed line in Figure 6.15a. Here, the

streaks E2 and E4 are well isolated from the inner satellite reflections and the temperature

dependence of both features can be studied independently.

Figure 6.15: (a) GIXD measurement around (3̄36̄)NSO Bragg reflection of a 52nm
K0.9Na0.1NbO3 thin film at 340 °C. (b) Intensity profiles taken for different tem-
peratures as exemplarily indicated by the white dashed line in (a) and normalized to
the substrate peak intensity.

It is observed that the satellite reflection peaks stay almost constant around ∆Q1̄12 =

0.015Å−1, which corresponds to 42nm stripe periodicity. Only for the highest measured

temperatures of 380 °C and 420 °C a small shift of the peaks towards zero is visible. For

420 °C their mutual distance is reduced to about 0.014Å−1, which implies an increase

in the stripe periodicity to 45nm. With an uncertainty of about 1nm this change is only

marginal.
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While the satellite reflection peaks remain nearly at fixed ∆Q1̄12 values, the streaks E2

and E4 undergo substantial shifts with increasing temperatures. For 260 °C they exhibit

a pronounced asymmetry in their position relative to the substrate peak. Upon increas-

ing temperatures the streaks shift inwards, indicating a decrease in the rotation angle and

therefore also in the overall unit cell deformation. Strikingly, the streak E4 displays a much

stronger shift in its position, so that the asymmetry is reducing with increasing tempera-

tures. The values for the unit cell rotation angles and stripe periodicity for each temperature

are listed in Table 6.2.

Temperature ϕ1 ϕ2 periodicity

260 °C 0.33° 0.50° 42nm
300 °C 0.32° 0.49° 42nm
340 °C 0.31° 0.47° 42nm
380 °C 0.30° 0.41° 43nm
420 °C 0.29° 0.40° 45nm

Table 6.2: Temperature dependence of the unit cell rotation angles and stripe periodicity for the
52nm K0.9Na0.1NbO3 thin film. The experimental uncertainties of rotation angles and
periodicities are estimated as 0.02◦ and 1nm, respectively.

The observed decrease in lattice relaxation with increasing temperature is unexpected at

first glance, since such changes in the atomic positions should be easier at higher temper-

ature. This could indicate that the film experiences a smaller misfit strain with increasing

temperatures. Analysis of the respective thermal expansion coefficients of substrate and

film in order to determine an attributed change in the misfit strain is difficult. For the

substrate material NdScO3 the thermal expansion coefficients along the pseudo-cubic axes

were determined by Hirschle et al.137 However, for KxNa1−xNbO3 it is not clear if the mea-

sured bulk values, e.g. determined for KNbO3 by Megaw,138 apply also to the strained

thin films, moreover, oftentimes only an averaged value is given, e.g. for K0.5Na0.5NbO3 by

Malic et al.139 In any case, from evaluation of the literature data, the linear expansion coef-

ficients for NdScO3 and KxNa1−xNbO3 are rather similar, so that temperature changes of

500K should have only a marginal influence on the anisotropic biaxial misfit strain.

Another argument can be found in the analysis of the following phase transition at about

520 °C shown in Figure 6.13. At higher temperatures, no evidence of a ferroelectric domain

pattern was found and therefore it is assumed that the paraelectric phase is reached. As

the rotation angles become zero well before the satellite peaks disappear, it is also possible

that this second phase transition from ferroelectric to paraelectric state is very broad and

already indicated by the decreasing rotation angles.
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6.2.3 Phase Transition in 3D

To get further insights into the phase transition regime, 3D measurements of the X-ray

intensity distribution have been recorded for the 52nm K0.9Na0.1NbO3 thin film, as the

film features are especially pronounced for the thicker films.4 Figure 6.16 displays three-

dimensional X-ray intensity around the (620)NSO Bragg reflection for different temperatures

in the range of 30 °C to 260 °C.

Figure 6.16: Three dimensional depictions of the X-ray intensity distribution around the (620)NSO
Bragg reflection with increasing temperatures in the range of 30 °C to 260 °C for a 52nm
K0.9Na0.1NbO3 thin film

The measurement at 30 °C (Figure 6.16a) shows all the features attributed to the her-

ringbone domain pattern. As the (620)NSO Bragg reflection appears at Q001 = 0Å−1 it is

not sensitive to the in-plane monoclinic peak splitting of the a1a2 domains. With increas-

ing temperatures a change in the scattered X-ray intensity distribution occurs, in which at

first the C-peaks attributed to the domain walls disappear (Figure 6.16b-c) and only later

on, at about 220 °C (Figure 6.16f), the satellite reflections start to emerge indicating the

manifestation of the a1/a2 stripe domains. They become more pronounced with higher

temperatures, where also first thickness oscillations along the vertical (Q110) direction start

to appear (Figure 6.16g). At 260 °C (Figure 6.16h) the phase transition is completed, show-

ing the rich diffraction pattern already discussed in Section 6.1.3.

4 It is demonstrated in Section 6.2.6 that the film thickness does not have a noticeable impact on the phase
transition regime for K0.9Na0.1NbO3 thin films.
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To enhance the sensitivity on the film features, in-plane projections are generated as

shown in Figure 6.17, in which the vertical direction is integrated such that the room-

temperature and high-temperature film features are included, excluding the substrate peak

(i.e. 6.24Å−1 < Q110 < 6.33Å−1).

Figure 6.17: In-plane two-dimensional sections of the 3D measurements int the vicinity of the
(620)NSO Bragg reflection shown in Figure 6.16. The intensity was integrated along
Q110 within the interval from 6.24Å−1 to 6.33Å−1 in order to include both room and
high-temperature film features. The elongated vertical thin lines are experimental arti-
facts. Figure taken from [131].

In the figure, all four peaks C1-C4 are observed at 30 °C (Figure 6.17a) and also at 140 °C,

however with a much lower intensity as can be seen in Figure 6.17b. Due to the high selec-

tivity on the film features, C1 and C4 are still visible even at 160 °C in Figure 6.17c, while C2

and C3 cannot be resolved. At 180 °C and 200 °C (Figure 6.17d,e) the room-temperature fea-

tures entirely disappeared. The in-plane satellite reflections due to the a1/a2 stripe domain

pattern then start to evolve at 220 °C (Figure 6.17f), and with further increasing tempera-

tures they become stronger and extend further out as can be seen in Figure 6.17g at 240 °C,

and especially well at 260 °C when the phase transition is completed (Figure 6.17h).

From the 3D measurements we can conclude that the phase transition from the room-

temperature a1a2/MC herringbone arrangement to the high-temperature a1/a2 stripe do-

mains is a 2-step process. At first the domain walls with ψ = 45◦ vertical inclination angle

gradually disappear in the temperature regime of about 140 °C to 180 °C, which means that

the herringbone arrangement gradually disappears. At 220 °C the formation of in-plane

satellite reflection slowly starts, which are fully emerged only at 260 °C.
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Combining these findings with the GIXD results shown previously allows us to develop

a scheme for the phase transition regime. We find that the room-temperature herringbone

domain pattern is stable until about 140 °C. From there onward the MC phase starts to

vanish, while the in-plane a1a2 domains remain. At about 200 °C the herringbone pattern

is gone. Thus, there are no vertically inclined domain walls, while the in-plane monoclinic

splitting of the a1a2 domains is still observed in GIXD. At around 220 °C the formation of

a1/a2 stripe domains starts and monoclinic a1a2 and orthorhombic a1/a2 domains coexist.

For higher temperatures no in-plane peak splitting has been observed, however both GIXD

and 3D X-ray diffraction have shown that the phase transition is completed only at higher

temperatures of about 260 °C. At this temperature the in-plane streaks E1-E4 are formed

that are attributed to the in-plane rotation of the orthorhombic a1/a2 unit cells and the

three-dimensional measurements show pronounced thickness oscillations.

A phase transition that occurs in multiple steps has also been reported for highly strained

BiFeO3 films grown on LaAlO3.25 At room temperature a mixed-phase region with coex-

isting monoclinic and triclinic phases was observed,140 which presumably gives rise to the

large piezoelectric response reported.141 However, in these film saw-toothed triclinic stripe

domains are embedded within a matrix of monoclinic MC phase. Thus, the phase coexis-

tence is realized in a very different way compared to the a1a2/MC herringbone pattern

and the direct comparison of these two systems is only of limited utility. Nevertheless, it

shows the complexity that is possible in phases with such low symmetries.

6.2.4 Comparison with Phase-Field Simulations

The phase transition regime itself has also been in the focus of the phase-field simulations.

Here, the simulations were performed using a preset herringbone domain arrangement

in equilibrium at room temperature as shown in Figure 6.18a. This is the same image as

shown in Figure 5.8 in the room-temperature Chapter 5. The domain evolution at elevated

temperatures is captured by incrementally raising the temperature and giving the system

time to relax into its equilibrium state. Furthermore, it was assumed that the misfit strain

does not change with temperature.

Upon increasing temperatures, in a first step from 27 °C (Figure 6.18a) to 177 °C (Fig-

ure 6.18b), the MC variants with a different inclination angle than the majority disappear,

leaving only superdomain walls along [001]NSO. By raising the temperature to 227 °C, a

disappearance of the entire herringbone pattern is observed as the MC phase vanishes and

only the a1a2 phases remain, as seen in Figure 6.18c. With the vanishing of the herring-

bone pattern, also the domain walls with out-of-plane inclination angles of ψ = ±45◦ are

no longer existent. When further increasing the temperature to 277 °C (Figure 6.18d), the

orthorhombic high-temperature phase additionally starts to form, preferably starting from

the thin film surface. At 302 °C (Figure 6.18e) the a1/a2 stripe domain pattern is well visible,
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Figure 6.18: Three-dimensional phase-field simulations (256nm× 256nm× 60nm) of the domain
evolution at elevated temperatures. The room-temperature herringbone domain ar-
rangement undergoes a complex scenario until the high-temperature a1/a2 stripe do-
mains are fully developed at 327 °C. The colors of the individual domains are defined
by the polarization vector direction as depicted in the corresponding unit cells on the
right. Figure taken from [131].

while at the substrate/film interface still a1a2 phase can be found leading to a coexistence

between the monoclinic a1a2 phase at the film/substrate interface and the orthorhombic

a1/a2 phase at the film surface. This coexistence disappears when proceeding further to

327 °C (Figure 6.18f), where only the orthorhombic a1/a2 phase remains.

It can be noticed that the high-temperature stripe domain pattern inherits to some extend

the room-temperature herringbone pattern, as the straight superdomain boundary along

[001]NSO found in the herringbone pattern is maintained also in the high-temperature do-

main pattern.

Comparison of the measured and simulated phase transition regimes yields a very good

agreement, not only for the overall observation of the transformation from the a1a2/MC

herringbone pattern to a1/a2 stripe domains, but also for the details, e.g. the coexistence

of a1a2 and a1/a2 phases. The only difference concerns the absolute temperature values

of the measured and simulated phase transition. The discussion of both room-temperature

and high-temperature phase has already illustrated that the quantification of parameters,

such as the in-plane herringbone domain wall angle, depends heavily on the exact misfit

strain values. This strong dependence of the transition temperature on the misfit strain will

be furthermore demonstrated in Section 6.2.6.
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6.2.5 Thermal Hysteresis of Ferroelectric Phase Transition

The observation of a coexistence regime of the monoclinic a1a2 and orthorhombic a1/a2
phases is an indicator that the phase transition is of first-order type. Another feature of

first-order phase transitions is the occurrence of a thermal hysteresis in the transition tem-

perature. Therefore, in this section, the heating and cooling cycles are compared for out-

of-plane X-ray scattering around the (620)NSO Bragg reflection. These measurements were

performed with the Rigaku Smartlab® in the IKZ laboratory using an automated macro

using 10K temperature steps with a heating/cooling rate of 10K/min, additional 10min

of waiting time between each measurement, and approximately 40min per measurement.

Also in this section, the sample with 52nm film thickness is chosen for demonstration.

Compared to the three-dimensional scattering distributions around the (620)NSO Bragg

reflections shown before (e.g. in Figure 6.16), the images here depict the scattered X-ray

intensity integrated along Q001. As shown in the Section 6.2.3 and Section 6.2.4 during the

heating at first the C-peaks attributed to the MC phase vanish and only later on the satel-

lite peaks of the orthorhombic a1/a2 stripe domains appear. This second region is in the

focus in this section, i.e. Figure 6.16d-h. Figure 6.19a shows the X-ray intensity distribution

around the (620)NSO Bragg reflection from 190 °C to 240 °C, during heating up (left) and

cooling down (right). The images are arranged such that both X-ray intensity distributions

in a row were taken at the same temperature in order to directly compare the heating and

cooling process.

During heating, at 190 °C and 200 °C, only single peaks for substrate and film (P1/P2) are

visible. At 210 °C, additional intensity features emerge on both sides next to P1/P2, which

become increasingly more intense with rising temperatures. During the transition, i.e. up

to 230 °C, the satellite peaks arrange within two branches that enclose an angle smaller

than 180◦, which indicates that the domain walls are not fully upright but have ψ ̸= 90◦.

At 240 °C the satellite reflections are aligned at constant Q110, i.e. ψ = 90◦. Now the phase

transition is completed and further increase in temperature does not induce qualitative

changes in the satellite pattern. Upon cooling, the orthorhombic high-temperature phase

a1/a2 is preserved down to 220 °C. Only at 210 °C the satellite reflection branches exhibit

a kink, indicating the beginning of the phase transition. Further reduction of temperature

leads to decreasing intensity of the satellite reflection peaks. Total disappearance of the

satellite reflections is observed at 180 °C (not shown).

Notably, the intensity of the film Bragg peak of the a1/a2 phases, which for the (620)NSO

reflection appears at the same position as P1/P2 peak of the monoclinic a1a2, is drastically

reduced as the in-plane satellite reflections start to form. This is due to the destructive in-

terference between scattering from domains of opposite polarity, which reduces the Bragg

peak intensity.142



104 high-temperature phase transitions

Figure 6.19: Thermal hysteresis in the phase transition temperature: (a) overview of measurements
around the (620)NSO Bragg reflection for a 52nm K0.9Na0.1NbO3 thin film in the tem-
perature range from 190 °C and 240 °C, both during heating (left) and cooling (right). (b)
Exemplary measurement at 250 °C depicts the region of interest indicated by the white
dashed box in which the intensity is integrated. (c) Comparison of integrated intensity
during heating (red line) and cooling (blue line) reveals a hysteresis in the phase transi-
tion temperature of about 20K.

For a quantitative evaluation of the scattered X-ray intensity distribution, a region of

interest is placed around the satellite reflections as illustrated by the white dashed box in

Figure 6.19b. The integrated intensity in this box is a measure of the volume fraction of the

a1/a2 phase. The resulting graph is depicted in Figure 6.19c, where the arrows indicate

the measured temperature loop (red arrow for the heating and blue arrow for the cooling

curve). The resulting graph shows a hysteresis loop, with a shift in transition temperature

of about 20K.
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Both the thermal hysteresis in the ferroelectric phase transition temperature and the ob-

servation of a phase coexistence regime indicate a first-order-type phase transition.28 This is

also in accordance with the phase-field simulations for isotropically strained KxNa1−xNbO3

thin films, for which also a first-order-type phase transition has been reported for a transi-

tion from a1a2/MC → a1/a2.17

6.2.6 Tuning the Phase Transition Regime

In the previous sections, different aspects and details of the phase transition regime were

investigated for K0.9Na0.1NbO3 thin films with different film thicknesses. In this section,

it is demonstrated that the film thickness indeed does not have an influence on the phase

transition, at least within the thickness range investigated, i.e. up to 52nm. However, the

phase transition can be influenced by changes in the misfit strain, for example by using a

slightly different KxNa1−xNbO3 composition as shown thereafter.

influence of the film thickness on the phase transition regime

For comparison of the phase transition regions for K0.9Na0.1NbO3 thin films with differ-

ent film thicknesses, measurements around the (620)NSO Bragg reflection were performed

and evaluated analogously to the measurement of the thermal hysteresis in Section 6.2.5.

2D scattered X-ray intensity distributions, exemplarily at 190 °C and 300 °C, are shown in

Figure 6.20a for K0.9Na0.1NbO3 thin films with 29nm, 38nm and 52nm thickness.

For all three films, the measurements at 190 °C show only a single peak for the

K0.9Na0.1NbO3 thin film, while at 300 °C the typical satellite reflections due to the stripe

pattern of the a1/a2 domains are visible.

Comparison of the phase transition regimes is performed by analysis of the integrated

intensity around the satellite reflection peaks as indicated with the white dashed boxes. The

corresponding intensity curves during heating are shown in Figure 6.20b for all three film

thicknesses. Here, no systematical change of phase transition temperature or shape of the

intensity profile is observed upon variations of the film thickness. The minor deviations of

the individual curves from one another can be explained by possible small uncertainties of

the heating stage or slightly different thermal contact between sample and sample holder.
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Figure 6.20: (a) Measurements around the (620)NSO Bragg reflection at 190 °C and 300 °C for
K0.9Na0.1NbO3 thin films with 29nm, 38nm and 52nm film thickness. Integration of
the intensity around the high-temperature satellite reflections as indicated with the
white dashed boxes results in the intensity profiles depicted in (b).

influence of strain state on the phase transition temperature

As shown in the previous section, the film thickness has none or only a marginal in-

fluence on the phase transition temperature, or rather the region in which the phase tran-

sition takes place. It can, however, be tuned by the KxNa1−xNbO3 film composition, i.e.

the molar potassium concentration x, which in turn changes the lattice parameter of the

KxNa1−xNbO3 thin film and thus also the misfit strain imposed by the substrate. To remain

inside the ‘herringbone’ region of the phase diagram, the changes in the potassium/sodium

ratio must not be too large. Here, three films with thickness of 24nm, 29nm and 32nm and

with x = 0.8, 0.9 and 0.95, respectively, were used. The corresponding average misfit strains

values are summarized in Table 6.3.
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KxNa1−xNbO3 ε[1̄10]NSO
(%) ε[001]NSO (%)

K0.95Na0.05NbO3 +0.06 −0.25
K0.9Na0.1NbO3 +0.15 −0.16
K0.8Na0.2NbO3 +0.32 +0.02

Table 6.3: Average misfit strain values along [1̄10]NSO and [001]NSO for KxNa1−xNbO3 thin films
with varying molar potassium content x.

In Figure 6.21a the X-ray intensity distribution around the (620)NSO Bragg reflection is

depicted for all three samples at room temperature (left) and at higher temperatures (right),

where the phase transition has been completed. Here, all measurements show the in-plane

satellite reflections attributed to the a1/a2 stripe domain arrangement.

Strikingly, the vertical position of the film peak is significantly shifted as the composition

deviates from x = 0.9. For K0.95Na0.05NbO3, i.e. more compressive misfit strain it shifts

towards a smaller Q110 value, which implies a bigger vertical lattice parameter, while for

K0.8Na0.2NbO3, i.e. more tensile misfit strain, it moves towards a bigger Q110 value that

corresponds to a smaller vertical lattice parameter. This agrees well with the expectations,

as the tensile/compressive epitaxial stress can be partly released via contraction/elonga-

tion along the vertical direction.

As previously, for investigation of the phase transition regime, a region of interest at

the position of a high-temperature satellite reflections is chosen as indicated by the white

dashed boxes, in which the intensity is integrated. The resulting graphs for the heating

curve are depicted in Figure 6.21b. From comparison of the three intensity profiles it is

apparent that both the starting temperature and the steepness and width of the phase tran-

sition can be tuned with the composition of KxNa1−xNbO3 . For x = 0.95 the appearance

of satellite reflections already starts at about 180 °C and the phase transition is completed

at 220 °C, while for x = 0.9 the already observed temperature range from about 200 °C to

260 °C is found. For even less potassium (x = 0.8) the curve is very flat and the emergence

of satellite reflections extends from about 240 °C to 330 °C.
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Figure 6.21: (a) Measurements of the X-ray intensity distribution around the (620)NSO Bragg reflec-
tion for KxNa1−xNbO3 thin films with varying molar potassium concentration x for
room-temperature (left) and high-temperature phase (right). Integration of the inten-
sity around the satellite reflections of the high-temperature phase as indicated by the
boxes gives the heating curves depicted in (b). With decreasing molar potassium con-
centration x the occurrence of satellite reflections starts at higher temperatures and the
graph becomes flatter, indicating a broader phase transition regime.

Due to the coupling of the KxNa1−xNbO3 film composition to the misfit strain, also

both effects can contribute to the shift in the phase transition temperature. Based on the

compositional phase diagram for (K,Na)NbO3 ceramics,83,84 however, no big changes in the

phase transition temperature are expected for such small changes in the film composition.

On the other hand, it is known that already minor changes in the misfit strain can have a

huge effect on the phase transition temperature, as the misfit strain directly contributes to

the free energy of the system. This was also experimentally demonstrated by von Helden

et al.40 who showed that the phase transition temperature from monoclinic MC into or-

thorhombic c phase in KxNa1−xNbO3 thin films can be shifted by over 400K by varying

the almost isotropic compressive misfit strain from about −1.1% to −0.4% through the

choice of substrate material and film composition.5

5 Please note that the way the misfit strain is calculated in [40] differs from the one used in this thesis.
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6.3 conclusions on the high-temperature phase transition

The room-temperature monoclinic a1a2/MC phases of K0.9Na0.1NbO3 thin films epitaxi-

ally grown on (110)-oriented NdScO3 undergo a ferroelectric phase transition into purely

in-plane polarized a1/a2 domains with orthorhombic symmetry, which are arranged in

a regular stripe domain pattern. By means of surface-sensitive grazing-incidence X-ray

diffraction and supplementary calculations of the diffracted X-ray intensity, four different

domain variants were observed that are attributed to four different orthorhombic unit cell

variants, which are created by small in-plane distortions in an elastic relaxation process.

The three-dimensional domain wall arrangement was derived from three-dimensional X-

ray intensity distribution, and both the in-plane domain wall angle of ξ = ±45◦ and the

out-of-plane angle of ψ = ±90◦ observed for all film thicknesses are fully consistent with

results from three-dimensional phase field simulations.

As for the phase transition itself, both experimental data and phase-field simulations

show that it occurs in a broad temperature regime and in several steps as the tempera-

ture increases. In a first step the inclined monoclinic MC phases disappear from the her-

ringbone a1a2/MC domain pattern. Afterwards, the stripe domains of the orthorhombic

high-temperature a1/a2 phases form in coexistence with monoclinic a1a2, until finally the

K0.9Na0.1NbO3 thin film consists purely of rotated a1/a2 stripe domains. The phase coexis-

tence of monoclinic a1a2 with orthorhombic a1/a2 phases indicates a first-order-type tran-

sition, which is furthermore promoted by measurements of the thermal hysteresis in the

appearance/disappearance of the high-temperature stripe domains of 20K. Whereas the

phase transition was found to be independent on the film thickness, a strong dependency

on the molar potassium concentration x in the KxNa1−xNbO3 thin film was observed. Both

the phase transition temperature and the broadness of the phase transition region are af-

fected already by small changes in the film composition.
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S U M M A RY

In this work, ferroelectric phase transitions in strained (K,Na)NbO3 thin films were inves-

tigated for the first time by in situ temperature-dependent three-dimensional X-ray diffrac-

tion. The combination of complementary in-plane and out-of-plane X-ray scattering ge-

ometries together with piezoresponse force microscopy allowed the detailed analysis of

the individual phases and domain arrangements of the thin films. This made it possible to

establish real-space domain models that were validated by simulating X-ray diffraction pat-

terns and compare them with those experimentally obtained. By applying multi-detection

techniques using a two-dimensional area detector and brilliant synchrotron radiation, it

was even possible to measure the three-dimensional intensity distribution with a single

angular scan of the sample. This greatly reduced the time required for a measurement

and made in situ temperature-dependent measurements feasible, enabling the analysis of

the phase transition regime in three dimensions. Furthermore, in a collaborative work, it

was possible to directly compare the experimentally observed three-dimensional domain

arrangements to the ones obtained by phase-field simulations, which contributed to further

insights into the domain structures and the phase transition regime.

The K0.9Na0.1NbO3 thin films grown on orthorhombic (110)-oriented NdScO3 substrates

show a regular herringbone domain pattern at room temperature consisting of two differ-

ently oriented monoclinic phases (a1a2 and MC), whose volume ratio depends on the film

thickness. Thus, by comparison of different Bragg reflections and films with different film

thicknesses, the characteristic features of the scattered X-ray intensity could be attributed to

either one of the two phases. For the in-plane structure these features were also reproduced

in calculated intensity distributions based on a real-space domain model. The calculations

showed that not only the volume ratio of the two phases changes with the film thickness,

but also their unit cell parameters. These changes were attributed to elastic relaxations of

the unit cells in the thin films, while the substrate-film interface is coherent. Complemen-

tary three-dimensional out-of-plane X-ray diffraction enabled the direct determination of

the three-dimensional domain wall arrangement within the herringbone pattern. Due to

the low symmetry of the monoclinic phases, the domain wall tilt angles are not restricted

as is the case for high-symmetry phases and for the K0.9Na0.1NbO3 thin films an in-plane

herringbone angle of ξ = ±21◦ with respect to [1̄10]NSO and a vertical tilt angle of ψ = ±45◦

with respect to the surface normal were obtained. Notably, the domain wall angles in the

herringbone pattern of the K0.9Na0.1NbO3 thin films - both in-plane and out-of-plane - are

not affected by changes in the film thickness, despite the different unit cell parameters. This

is in contradiction to earlier interpretations, where a dependence of in-plane herringbone

domain wall angle and in-plane monoclinic distortion has been proposed.23,93 A suggestion
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of how the real-space structure of the three-dimensional herringbone domain arrangement

might look like in terms of admissible (super) domain walls was derived from the phase-

field simulations performed by our collaboration partner B. Wang in the group of L.-Q.

Chen.131

A ferroelectric phase transition in which the monoclinic room-temperature structure

changes into the ferroelectric orthorhombic high-temperature structure was induced by

heating of the sample to about 250 °C. The high-temperature phase consists of alternating

stripe domains with vertical domain walls, which are aligned along the in-plane diagonal

directions, i.e. their in-plane domain wall angles are ξ = ±45◦. The four domain variants in

the KxNa1−xNbO3 thin film result from small in-plane distortions that induce the forma-

tion of four unit cell variants, all of which are orthorhombic and can be assigned to a1 or

a2 phases, as revealed by in-plane grazing-incidence X-ray diffraction and corresponding

calculations of the intensity distribution. Comparison of measurements at different temper-

atures and of films with different film thickness unveiled that this is an elastic relaxation

process, which becomes more relevant with increasing film thickness.

Given the relatively fast measurements that can be performed using extended line or

area detectors, it was also possible to investigate the phase transition region. It was found

that the phase transition from monoclinic a1a2/MC into orthorhombic a1/a2 phases in

the K0.9Na0.1NbO3 thin films is by no means abrupt but extends over a broad temperature

range of about 60K and proceeds in several steps as the temperature increases. At first, the

inclined monoclinic MC domains disappear and with them the herringbone pattern, while

the in-plane monoclinic a1a2 domains persist. After that, the high-temperature orthorhom-

bic a1/a2 stripe domains are observed in phase coexistence with monoclinic a1a2. At even

higher temperatures after the completion of the phase transition, the K0.9Na0.1NbO3 thin

film consists exclusively of the orthorhombic a1/a2 phases. Also regarding the phase tran-

sition path, a remarkable agreement of the predictions by phase-field simulations with the

experimental observations was obtained. In particular, the phase-field simulations provide

a suggestion on how the phase coexistence of monoclinic a1a2 and orthorhombic a1/a2
phases could be realized in the real-space domain structure.

Already the phase coexistence regime of monoclinic a1a2 and orthorhombic a1/a2 phases

indicates that the observed ferroelectric phase transition is of first-order-type. This was fur-

thermore supported by measurements of the thermal hysteresis in the phase transition tem-

perature for the K0.9Na0.1NbO3 thin films. A difference of about 20K was obtained for the

transition temperature when heating or cooling the sample. Moreover, it was demonstrated

that the phase transition temperature is independent of the film thickness, but strongly

depends on the potassium concentration in the KxNa1−xNbO3 thin film. A change from

x = 0.8 (more tensile strain) to x = 0.95 (more compressive strain) results in a decrease of

the phase transition temperature by about 60K.
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Despite the already low symmetry in the room-temperature herringbone domain pattern

in the K0.9Na0.1NbO3 thin films, also a low-temperature phase transition was observed.

However, due to the limited amount of experimental data obtained so far it was not possible

to fully understand and characterize the low-temperature phase and the phase transition

path. Within this work, GIXD measurements around the in-plane (2̄26)NSO Bragg reflection

and three-dimensional out-of-plane X-ray diffraction around the (620)NSO Bragg reflection

were performed in the temperature range between 20 °C and -180 °C in 25K steps using an

Anton Paar DCS500130 temperature control stage.

Figure 8.1 shows the GIXD measurements at selected temperatures during the cooling

cycle. It is apparent that the intensity of peaks P1-P3 attributed to the a1a2/MC phases

in the herringbone domain pattern decreases during cooling. At about -80 °C (Figure 8.1c)

the peak P3 cannot be clearly distinguished from the satellite pattern and for lower temper-

atures (Figure 8.1d-f) it vanishes entirely. Nonetheless, remains from the satellite pattern

are found down to -130 °C (Figure 8.1e). On the other hand, an in-plane peak splitting is

observed throughout. However, also here the intensity of the features decreases and the

out-of-plane data suggest that they are not simply P1/P2 as observed for the a1a2 phases

at room temperature.

Figure 8.1: GIXD measurements around the in-plane (2̄26)NSO Bragg reflection at different temper-
atures during the cooling cycle.

The disappearance of the herringbone pattern is also visible in the three-dimensional X-

ray intensity distributions around the (620)NSO Bragg reflection. The changes in the three-

dimensional scattered X-ray intensity can be best described using selected two-dimensional

projections.

By comparing the Q001 −Q110 out-of-plane sections shown in Figure 8.2a it is visible

that indeed all intensity features of the thin film are affected by the temperature changes.

The peaks C1 and C2 attributed to the MC phase and the vertically inclined domain walls

shift inwards and to larger Q110 component with decreasing temperature and at -80 °C it
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Figure 8.2: (a) Q001 −Q110 out-of-plane sections around the (620)NSO Bragg reflection at different
temperatures. (b) Comparison of the intensity profiles taken along Q110 of the measure-
ments shown in (a).

is unclear whether they have disappeared entirely or shifted to form the intensity cloud

visible for the measurements with T ⩽ -105 °C. Additionally, a substantial change in the

peak P1/P2 is observed, which can be analyzed using intensity profiles taken alongQ110 as

depicted in Figure 8.2b. Here, the intensity profiles are normalized such that the substrate

peak intensity is identical for all measurements. Comparing the curves for the different

temperatures shows that the P1/P2 peak is not just shifted to lower Q110-values. Instead

an entirely new peak appears at low temperatures, which is visible at -55 °C (yellow curve)

merely as a broad shoulder of the P1/P2 peak, but already at -80 °C (light green curve) its

intensity is higher than that of the P1/P2 peak. Moreover, the position of this new peak

shifts to smaller Q110-values as the temperature is further decreased.

The internal structure of the intensity cloud surrounding this new peak can be deter-

mined in the corresponding Q∗
1̄10

−Q001 in-plane sections, which are presented in Fig-

ure 8.3. For the images the intensity was integrated such that all film features are included

but not the substrate peak, i.e. 6.24Å−1 < Q110 < 6.35Å−1. Based on the in-plane projec-

tions, it seems that the C-peaks at room temperature transform into symmetrically arranged

peaks at low temperature, where each neighboring two peaks include an angle of about 90◦.

However, based on these measurements alone it is not clear whether these are satellite re-

flections indicating 90° stripe domains, or whether they stem from the in-plane symmetry.

For a clear distinction, different GIXD and three-dimensional out-of-plane Bragg reflections

have to be measured and further measurements closer to the phase transition temperature

of about -80 °C are necessary. Since these can only be performed at synchrotron beamlines,

the complete characterization of the low-temperature phase and its phase transition path

is planned for future experiments.



outlook - low-temperature phase transition 115

Figure 8.3: Q∗
1̄10

−Q001 in-plane sections around the (620)NSO Bragg reflection at different temper-
atures.

Based on symmetry considerations, only a phase transition to a triclinic phase is reason-

able, since all other transitions would not lower the symmetry in the thin film. Assuming

that the low-temperature phase is still ferroelectric, only the triclinic P1-space group is

possible, since P1̄ contains inversion symmetry and therefore cannot be ferroelectric. This

phase with lowest possible symmetry is particularly interesting as the polarization vector

is not constrained by symmetry and is thus free to rotate.143 Thus the investigation of the

low-temperature phase of K0.9Na0.1NbO3 will be very intriguing.
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