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Abstract
Polar materials are nowadays widely used in electronic devices such as capacitors or memory cells. A goal of modern material science, however, is to combine polarity with other
functional properties, as e.g. magnetism, to generate materials with extended or even
completely new functionalities. One pathway to achieve this is to induce polar order
in elsewise centrosymmetric systems. Here, oxide thin films foreshadow multifunctional
devices but also bare complex correlation physics which makes them interesting from a
technological and academic point of view.
Within this thesis, the key aspect of polarity is the accompanied symmetry breaking, to
which optical second harmonic generation (SHG) is a particularly sensitive probe. Thus,
SHG has been used to demonstrate the concept of a thin-film heterostructure, whose
integral symmetry can be switched on and off at will.
Next, SHG has been employed to investigate two types of induced polar states, one that
is driven by magnetic order and one by epitaxial strain, respectively. Here, two model
systems have been selected, namely TbMnO3 as classical spin-spiral compound in its bulk
form, and SrMnO3 as being predicted to become polar at moderate strain levels.
In TbMnO3 films, both a cycloidal spin-spiral and its resulting ferroelectric polarization
have been independently detected for the first time. The spin-driven polar state features
≤ 5 µm sized magnetoelectric domains that can be controlled by external electric fields.
Contrary to previous experiments, the bulk-like multiferroicity of TbMnO3 is hence found
to persist even for pronounced spatial confinement to only three periods of the spin-spiral.
The main part of the thesis is devoted to SrMnO3 films, where a strain-induced polar
multidomain state could be observed. Here, the polarity even persists above ambient
temperatures. Moreover, this polar phase is accompanied by a conductance structure
that is assembled by electrically isolated nanoregions. Strain-promoted defect formation
is considered as mechanism to form the electrostatic potential barriers at the domain walls.
This defect-polarization coupling enables individual electrical control of each domain and
thus provides a new functionality as strain-induced nanocapacitors.
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Zusammenfassung
Polare Materialien werden heute bereits in weiten Bereichen der Elektrotechnik, beispielsweise als Kondensatoren oder Speichereinheiten, eingesetzt. Ein Ziel aktueller Materialwissenschaft ist es jedoch, Polarität mit anderen Eigenschaften, wie z.B. Magnetismus,
zu kombinieren, um neuartige Materialien mit erweiterten oder komplett neuen Funktionalitäten zu erzeugen. Ein Weg dazu besteht darin, Polarität in ansonsten zentrosymmetrische Systeme zu induzieren. Oxidische Dünnfilme sind dabei aus technischer wie
auch wissenschaftlicher Sicht interessant, da sie sowohl den Einsatz in Endgeräten als
auch Erkenntnisse zur Physik komplexer korrelierter Systeme versprechen.
Ein Schlüsselaspekt im Rahmen dieser Arbeit ist der mit Polarität einhergehende Symmetriebruch, für den optische Frequenzverdopplung (engl. second harmonic generation,
SHG) eine besonders empfindliche Nachweistechnik darstellt. Daher wird SHG genutzt,
um das Konzept einer Dünnfilm-Heterostruktur zu demonstrieren, dessen Gesamtsymmetrie ein- und ausgeschaltet werden kann.
Danach ist SHG verwendet worden, um zwei Arten induzierter polarer Zustände zu untersuchen, die durch magnetische Ordnung oder durch epitaktische Verspannung verursacht
werden. Hierzu sind mit TbMnO3 und SrMnO3 zwei Modellsysteme ausgewählt worden, da
TbMnO3 als Volumenkristall ein klassisches Spin-Spiral System darstellt und für SrMnO3
Polarität bereits für moderate Verspannungen vorhergesagt worden ist.
In TbMnO3 Filmen konnten sowohl die zykloidale Spin-Spirale als auch die daraus resultierende ferroelektrische Polarisierung unabhängig voneinander nachgewiesen werden.
Der polare Zustand weist magnetoelektrische Domänen < 5 µm auf, die mit elektrischen
Feldern geschaltet werden können. Entgegen der Erfahrung aus bisherigen Experimenten
kann also die aus den Volumenkristallen bekannte Spin-Spiral Multiferroizität auch in dünnen Filmen bis zu einer räumlichen Begrenzung von nur drei Spiralperioden bestehen.
Den Haupteil der vorliegenden Arbeit bilden die Untersuchungen an SrMnO3 Filmen, an denen ein verspannungsinduzierter polarer Multidomänenzustand bis oberhalb der Raumtemperatur beobachtet werden konnte. Zudem geht die polare Phase mit einer Leitfähigkeitstruktur einher, die aus elektrisch isolierten Nanobereichen zusammengesetzt ist. Verspannungsinduzierte Defektformation wird als Mechanismus für elektrostatische Potentialbar-
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rieren an den Domänenwänden diskutiert. Diese Kopplung zwischen Defekten und Polarität ermöglicht individuelle elektrische Kontrolle jeder einzelnen Domäne und bietet daher
neuartige Funktionalität in Form verspannungsinduzierter Nanokapazitäten.
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1. Introduction
Starting from a simple water molecule with unequal centers of positive and negative
charge, electrically polar systems pervade all fields of nature. Often, the associated electrical polarization is essential for the interaction of a system with its environment as e.g.
for human DNA molecules reacting in aqueous media. Regarding technological applications, polar materials are essential to electronics, where they are employed in capacitors,
attenuators or even memory cells. Prominent examples of polar or even ferroelectric materials can be found among the perovskite oxides, such as BaTiO3 or PZrx Ti1−x O3 (PZT).
Here, the emergence of a finite electrical polarization originates from displacement of
the central cation caused by orbital hybridization with one of the surrounding oxygen
atoms. A recently emerging field of material sciences, however, focuses on systems in
which polarity is not generated in this conventional way, but is induced by alternative
mechanisms. Examples range from geometric- [1], charge- [2] or spin-driven polarity [3]
to strain-induced polar phases [4] that bare intriguing new physics as well as potentially
extended functionalities.
Thinking towards applications but also from the viewpoint of fundamental physics such
induced polar phases become even more interesting, when realized in thin films. Here,
many materials can meanwhile be grown in higher quality than their bulk counterparts,
can be combined in thin-film heterostructures or stabilized in otherwise infeasible strain
states due to lattice mismatch with the respective substrate. All these boundary conditions of a thin-film environment can have drastic implications on the materials polarity
and thus on its functional properties. For instance, polarizations can be enhanced [5, 6]
or even induced [7, 8] by epitaxial strain. The latter especially provides a route towards
novel materials, that feature coexisting magnetic and electric order. Such “multiferroic”
materials are elsewise scarce in nature [9], but highly desirable for future data processing
applications in which a magnetic bit is processed by means of a voltage instead of a current, thus generating less waste heat [10, 11].
In this picture, it is the aim of this work to characterize induced polar states in oxide thinfilm structures. For this purpose, TbMnO3 and SrMnO3 have been selected as prototypical
compounds for spin-driven and strain-induced polarity, respectively. For both materials,
the existence of polarity in a thin-film environment had been under debate before. While
bulk TbMnO3 is known as classical spin-spiral ferroelectric, its bulk properties could not be
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transferred into thin films so far, which indicates the sensitivity of the polar state towards
thin-film conditions. For SrMnO3 , a strain-induced phase has been theoretically predicted
but not experimentally realized, yet.

Outline of this thesis
Chapter 2 provides the background of electrically polar states and summarizes the different mechanisms for their emergence. The section is intentionally brief and focuses on the
mechanisms that are relevant for this work, namely spin-spiral-induced polarity (TbMnO3 )
and strain-induced polar states (SrMnO3 ).
Chapter 3 introduces the experimental techniques that have been used to characterize
the thin films. Besides X-ray diffraction and electron microscopy as structural probes,
this section particularly focuses on electrostatic force microscopy as non-standard method
to investigate local conductance variations and on optical second harmonic generation as
main experimental technique of this thesis. For the latter, a detailed section about the
employed experimental setups and notations for polarization dependent SHG measurements is followed by an overview about SHG contributions from the most commonly used
commercial oxide substrates.
After introducing the experimental (detection) methods, we present a method of tuning
the integral symmetry of thin-film (ABA) trilayer structures composed of constituents (A)
and (B) in chapter 4. Here, SHG is used to probe the trilayer “integral” symmetry that
can be controlled by low-voltage switching of only one (A) layer.
In chapter 5, we investigate the spin-spiral induced ferroelectricity in TbMnO3 thin films.
By using complementary techniques, namely SHG and X-ray magnetic scattering, we independently investigate both, the magnetic and electric order and scrutinize their coupling.
Finally, chapter 6 constitutes the main part of the thesis in which the strain-induced
emergence of polar phases in SrMnO3 films is investigated. Using scanning force microscopy, we additionally characterize the impact of polarity on the local film conductance
and discuss strain-promoted defect formation as microscopic origin of the observed film
properties.

2

2. Theoretical background
In this chapter, the basic concepts of electrically polar states are introduced. Afterwards,
we focus on the mechanisms to induce a polar state that are relevant in the framework
of this thesis, namely spin-spiral induced polarity and strain-induced polar phases.

2.1. Polarity in oxide perovskites
The conventional mechanism of polarity in ABO3 perovskites can be explained at the
model compound BaTiO3 , which is cubic at high temperatures and features a phase
transition from its non-polar cubic structure to a polar phase around 120◦ C [12]. Both,
the non-polar and polar crystal structures are sketched in Fig. 2.1 (a) and (b), respectively. In the latter case, the Ti4+ atom (and also the Ba2+ ions) shift by ≈ 0.1 Å with

Figure 2.1.: (a) Cubic perovskite structure of BaTiO3 in its non-polar phase, i.e. for temperatures
above TC . (b) Polar (tetragonal) crystal structure, with Ti4+ offcentering towards one ion of
the surrounding oxygen octahedra, which leads to the spontaneous polarization PS . (c) Sketch
of the potential landscape of the initially centered Ti4+ ion along one of the three equivalent
spatial directions. In the non-polar phase, the potential minimum is acquired at the center of
the unit cell, while the polar phase features a double-well potential with regard to one spatial
direction. (a) and (b) have been adapted from Ref. [13]

respect to the surrounding oxygen ions. This reduces the crystals point group symmetry from cubic to tetragonal 4mm, which is one of the ten polar symmetry groups
(1, 2, 3, 4, 6, m, mm2, 3m, 4mm, 6mm) [14]. Furthermore, the ionic shifts induce a dipole
moment d~ = q~r, where ~r is the vector from the negative to the positive center of charge q.
The dipole moment/volume is then defined as spontaneous polarization PS . For BaTiO3 ,

3
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the absolute value of PS can be estimated using an approximate unit cell parameter of
4 Å as PS = 6 · e− · (0.1 Å)/(4 Å)3 = 15 µC/cm2 , where e− = 1.6 · 10−19 C denotes
the elementary charge. Following the derivations from Refs. [9, 15], the emergence of
such a polar state is determined by a balance between short-range ionic repulsions, which
favor the non-polar symmetric structure, and bonding considerations that can stabilize the
polar phase. While the short-range interactions dominate at high temperatures, the polar
state is stabilized below the so-called Curie temperature TC . The main driving-mechanism
favoring polarity is orbital hybridization of the Ti 3d with the O 2p orbitals which leads
to the characteristic double-well potential for the Ti cation as shown in Fig. 2.1 (c).
Consequently, this hybridization-based mechanism is in general most efficient for initially
unoccupied d-shells (d0 ) of the cation, which explains the preferential abundance of polar
perovskite oxides that contain d0 B cations, such as Ti4+ , Zr4+ and Nb5+ [9]. So far,
the emergence of polarity has been explained in terms of interaction between the B-site
cation and the surrounding oxygen ions. A realistic consideration, however, is more complex and in particular also involves the A-site cation. Here, hybridization of the A-cation
shells with the oxygen p orbitals can either support the B-cation off centering or even
induce the polarization itself due to A-site cation displacement. Note that this “lone-pair
driven” mechanism is often referred to as “unconventional”. However, it still relies on
orbital hybridization, but this time between an initially empty B-site 6p orbital and an O
2p orbital (see e.g. Ref. [9] for more details). Prominent examples for this class of polar
materials are BiFeO3 and BiMnO3 [16, 17].

Domains
In the case of BaTiO3 , the polarity due to the Ti offcentering allows for six degenerate
polar states, with PS k ±[100], ±[010], and ±[001], respectively. A region featuring only
one of these polar states and thus a uniform polarization direction is termed polar domain.
Essential parameters for the domain morphology in the absence of external electric fields
are:
1. Stray fields: A polar monodomain state, i.e. a uniform polarization for a macroscopic
crystal, leads to significant electric stray field that contains a large field energy. This
field energy can be reduced by the formation of domains with opposite polarization,
which promotes polar multidomain states.
2. Domain wall energy : The regions between adjacent domains are denoted as domain
walls. Typically, these walls have a spatial extension of only few nanometers (nm) or
even are atomically sharp. The formation of polar domain walls costs energy (dipole
interactions) which competes with the stray field minimization promoting spatially
extended domains.
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3. Defects and dislocations Polar domain walls are affected by local defects as e.g.
experimentally demonstrated in Refs. [18, 19]. Thus, defects can play an essential
role for domain nucleation as well as domain wall movement. In particular, pinning of
polar domain walls at local defects can inhibit any change of the domain structure by
external fields and ordered defects may impress their structure on the polar domain
pattern.
4. Finite size effects: C. Kittel stated that the domain width w of ferromagnets
is
√
proportional to the square root of the samples (film-) thickness w ∝ d [20].
Meanwhile, it has been shown that this scaling law also applies for polar domains
and even for domains with coexisting electric and magnetic order [21, 22]. Thus,
for thin films of only a few nm thickness, polar domain sizes in the nm to µm range
can be expected.
5. Interface conditions: Constraints of the adjacent interfaces can drastically affect
the domain structure of polar thin films. Epitaxial strain plays an important role for
the number of dislocations [4] and thus for the domain walls as described before.
Furthermore, strain can often be partially relaxed by the formation of domains, when
a critical film thickness is exceeded (e.g. Ref. [23]). Therefore, strain influences the
domain morphology, as e.g. demonstrated with BaTiO3 domain patters for different
strain levels [4]. Besides lattice mismatch, electrostatic boundary conditions can be
essential for polar domain formation: In particular, metallic top-layers can stabilize
polar monodomain states, as they cancel the aforementioned electrostatic stray field.

Ferroelectricity
A polar material is defined as ferroelectric, if its spontaneous polarization can be switched
by an external electric field. Similar to the magnetization of a ferromagnet in an external
magnetic field, the reversal of polarization shows hysteretic behavior, as illustrated in
Fig. 2.2. This makes ferroelectric materials attractive for data processing applications, as
it allows to switch between discrete, well-defined states. Typically, the switching process
from one monodomain state to the opposite is governed by nucleation of the reversed
domains, subsequent domain growth predominantly along the field direction and finally
lateral domain growth until the monodomain state is reached [24]. As the domain growth
is necessarily connected with domain wall motion, pinning at defects can largely affect the
hysteresis and even entirely inhibit ferroelectric switching. As an example, fields a tenth of
the usual coercive field have been necessary to move pinned domain walls in ferroelectric
LiTaO3 [18]. Important in the context of thin films, it is found that the coercive field of
ferroelectric films depends on both the strain [25] and the film thickness. For the latter, a
semi-empirical scaling law EC ∝ d−2/3 has been developed [26] and verified down to film
thicknesses of d = 1 nm for out-of-plane polarizations [27]. For in-plane polarizations,
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Figure 2.2: Schematic of a ferroelectric hysteresis loop showing the spontaneous polarization PS as function of electric field E together with the corresponding domain configuration. Application of sufficiently high external fields E leads to a monodomain state
and -with inverted field- to the opposite monodomain state, crossing zero PS at the respective coercive field (+EC or −EC ). The
fact that there is remnant polarization at
E = 0 allows to switch a ferroelectric material between discrete, well-defined polarization states.

PS

EC
E
-EC

however, there is no such clear dependence of EC on the geometric constraints of a thin
film environment.

2.2. Induced polar order
Carsten Becher | 12.06.2014

|
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Besides the conventional mechanisms for polarity there are alternative ways to induce a
polar state in an elsewise non-polar material, such as structural phase transitions, charge
or orbital ordering, (external) strain or certain magnetic arrangements. As the last two
forms are considered within this thesis, they will be described in more detail in the following
sections. Regarding structural (or “geometric”) ferroelectricity and polarity due to charge
ordering (i.e. polarization without ionic displacement), we refer to Ref. [1] and Refs. [2,28],
respectively.

2.2.1. Magnetically-induced polarity
Competing magnetic interactions can lead to sinusoidal, helical, or cycloidal spin structures which imply low symmetry for the crystal system [3]. In particular, these spin
arrangements can already break spatial inversion symmetry, as exemplified for a spinspiral in Fig. 2.3 (a), which is a prerequisite for the emergence of polarity. Currently
there are several microscopic models for explaining the emergence of the spontaneous
polarization from such a spiral arrangement. Here we focus on two of them, one based on
(inverse) Dzyaloshinskii-Moriya interaction (DMI) [31] and one based on the spin current
model [30]. Briefly summarized, the DMI results from spin-orbit coupling and leads to an
energy contribution [32]:
~i × S
~j ),
HDMI ∝ (~x × ~rij ) · (S

6

(2.1)

2.2. Induced polar order
(a)

(b)

O2x

I:

=

Mn3+

rij

(d)

(c)

PS

PS
S1

Si  Sj

S2

PS
Si  Sj
Figure 2.3.: Mechanisms of spin-spiral induced polarity. (a) As a prerequisite of polarity, the
ˆ (b) Notation for the spatial
spiral arrangement breaks spatial inversion symmetry I.
coordinates
Carsten
Becher | 11.08.2014
(c) Two spin-spirals of different handedness lead to opposite polarizations PS due to inverse
DMI, as detailed in the text. (d) The alternative spin current model, which considers virtual
electron hopping (V ) between magnetic transition metal ions M1 and M2 via intermediate
oxygen p orbitals, leads to the same polarization direction though PS exclusively originates from
electronic- instead of ionic displacements. Panel (b),(c) have been adapted from Ref. [29], panel
(d) from Ref. [30].

where Si and Sj are neighboring spins, rij the vector connecting both spins and x the
displacement of the mediating oxygen normal to rij , as sketched in Fig. 2.3 (b). For
fixed oxygen positions, this leads to canting of the spins to reduce HDMI . Conversely, the
inverse DMI may displace the intervening oxygen ion bridging the spin sites [33] in order
to reduce HDMI for an alternating ionic polarization. For a zig-zag chain of oxygen ions
as sketched in Fig. 2.3 (c), this results in a shift of all oxygen ions in the same direction
and thus to a separation between positive- and negative center of charge [29]. This leads
to a finite spontaneous polarization PS
~i × S
~j ),
P~S ∝ ~eij × (S

(2.2)

where ~eij denotes the propagation direction of the spin-spiral. Therefore, the emerging
~i × S
~j and thereby to the spin-spiral helicity. In
polarization is directly connected to S
the alternative spin current model, a so-called “spin supercurrent” jS accounts for the
emergence of the spontaneous polarization. This quantum mechanical phenomenon can
be explained assuming virtual hopping of electrons from magnetic transition-metal ions to
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intermediate oxygen states, as sketched in Fig. 2.3 (d). Summarizing the derivations of
~i × S
~j and the resulting polarization can
Ref. [30], the spin current ~jS is given by ~jS ∝ S
be written as P~S ∝ ~eij × ~jS . Therefore, though this model exclusively relies on electronicinstead of ionic displacements [29, 34], it is equivalent to the DMI mechanism to explain
the spin-spiral-induced polarization. In any case, the coupling between magnetic and
ferroelectric order is inherently strong, as one order is a consequence of the other. Typical
absolute values of magnetically-induced polarizations, however, are significantly smaller
then for conventional ferroelectrics (e.g. PS = 0.08 µC/cm2 for the bulk TbMnO3 at
10 K [35] compared to PS = 15 µC/cm2 for BaTiO3 at 300 K [12])

2.2.2. Strain-induced polarity
As mentioned in section 2.1, the potential emergence of a conventional polar state depends
on the balance between short-range ionic repulsions and orbital hybridization. Following
the derivations from Refs. [36, 37], the energy of the crystal system as a function of a
distortion along a normal coordinate Q can be expanded around the unperturbed energy
E 0 as:
"

#

X h0|H 1 |ni2
1
2
E(Q) = E + h0|H |0i · Q +
h0|H |0i − 2
· Q2 + ...
n
0
2
n E −E
0

1

(2.3)

Here, H 1 and H 2 are the first and second derivatives of the groundstate Hamiltonian with
respect to Q, |0i is the electronic ground state for Q = 0 with energy E 0 and |ni are
excited states with energies E n [36]. The first-order term h0|H 1 |0i · Q is only non-zero for
orbitally degenerate states. This degeneracy is lifted by lattice deformations which results
in a lower energy (first-order Jahn-Teller effect [38, 39]). The term h0|H 2 |0i is always
positive and represents the increase in energy due to repulsive electrostatic forces between
the electron orbitals of adjacent ions. In contrast, h0|H 1 |ni2 /(E n − E 0 ) describes the
energy gain due to hybridization of states which may promote ferroelectric (FE) distortions.
Perovskite structures with d-occupancy, however, often feature antiferrodistortive (AFD)
instabilities such as oxygen-octahedral rotations that compete with such FE distortions
[36, 40]. Based on the introduced terminology and following the argumentation from
Refs. [9, 36, 37], one can formulate the following criteria that promote a FE distortion:
1. Disable competing distortions such as rotations of the oxygen octahedra.
2. Minimize repulsive electrostatic forces (h0|H 2 |0i) that counteract offcentering of
the central cation.
3. Maximize h0|H 1 |ni2 /(E n − E 0 ), e.g. have cation d states that can efficiently
hybridize with oxygen p-states
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2.2. Induced polar order
Changing the lattice constants and hence interatomic distances in a crystal may influence
all of these criteria: Tilts may become energetically unfavorable in an expanded crystal volume, as sketched in Fig. 2.4 (a), increasing ionic distances reduces the repulsive
electrostatic forces that impede cation offcentering (b), and finally, epitaxial constraints
can change the symmetry of the crystal which may lead to different selection rules for
orbital hybridization. As a consequence of all these potential implications of lattice de(c) Example for phonon spectrum (BaMnO3)

(b) Change balance between
long-and short range Interactions

(d) Calculate energies as function of
phonon mode amplitudes x
Energy [a.u.]

(a) Disable competing octahedral tilts

Unles
exactl
Can d
anothe
Plan:
transit

Stable mode

Unstable modes

x
Carsten Becher | 18.08.2014

Figure 2.4.: Potential driving mechanisms of strain-induced polarity: First, lattice deformation
are, in principle, feasible to suppress structural distortions that may compete with polarity,
as e.g. octahedral rotations (a). (b) Variation of interatomic distances alters the balance
between repulsive Coulomb forces and orbital hybridization, the latter promoting polarity. (c)
Exemplary phonon spectrum, in which all phonons with imaginary eigenfrequencies are unstable.
(d) Calculating the energy as function of phonon amplitude identifies which of the unstable
phonon modes is realized (namely the one with the lowest energy, represented as solid line).
(a),(b) are adapted from Ref. [13], (c) is taken from Ref. [37].

formations, a number of publications have considered strain as mechanism to induce
polarity in elsewise non-polar compounds with d-occupancy using density functional theory (DFT) [36, 37, 40, 41]. Within these works, a typical approach to characterize the
apparition of a polar instability is to calculate the phonon spectra in the strained material,
as exemplarily shown in Fig. 2.4 (c). Here, the phonon frequencies are shown as function
of their propagation vector in reciprocal space (see e.g. Ref. [42] for detailed notations).
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These frequencies describe the curvatures of the total energy around zero amplitude for
each considered phonon. For a ferroelectric instability, the associated phonon mode (always located at the Γ point) has to become unstable which is represented by an imaginary
eigenfrequency. If several phonon modes are unstable, one has to calculate the systems
energy as a function of phonon amplitude to determine which instability (or combination
of instabilities) finally dominates, as sketched in Fig. 2.4 (d). Even though the precise
microscopic origin for a dominating polar instability is often under debate, one can still
summarize some common findings of the DFT-based calculations:
• Polar instabilities are apparently more sensitive to the volume changes than competing AFD instabilities [36, 40]. Thus, strain is capable to effectively change the
balance between both types of structural distortions.
• Strain-induced polarizations emerge along the elongated crystal axes, i.e. one finds
in-plane polarization for tensile strains and out-of-plane polarization for compressive
strain levels. Intuitively, this can be understood as the repulsive long-range Coulomb
forces are reduced along the elongated direction.
Experimentally, lattice deformations can be realized by hydrostatic pressure, by chemical
doping or by lattice mismatch between the material grown as thin film and its underlying
substrate, i.e. epitaxial strain. While hydrostatic pressure is continuously tunable and
allows for lattice deformations as large as (10-20)% [43], it is restricted to lattice compression, while polarity typically requires an increase of interatomic distances. Chemical
doping on the other hand can be very promising for inducing polarity due to additional
suppression of competing distortions [40]. The conclusions drawn from doping effects,
however, are necessarily more ambiguous compared to those obtained from epitaxially
strained but chemically unaltered films. Therefore, we resort to epitaxial strain to investigate the impact of lattice deformations on the emergence of polar phases. Within
this thesis, the strain levels η of thin films exerted by an underlying substrate have been
calculated as
η=

astrained − aunstained
,
aunstrained

(2.4)

with (astrained = asubstrate ) determined from our own structural investigations and the
literature bulk value as reference for the unstrained lattice constant (aunstrained = abulk ).
Note that specified strain levels can, in principle, vary by a few percent depending on the
definition of the strain expression and the reference bulk value. The same holds for the
calculated threshold strain levels for the emergence of polarity, as the numbers depend
on the employed calculation method. As a consequence of these uncertainties, strain
engineering remains a challenging research field, in which DFT based predictions are still
rather qualitative.
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3. Experimental methods
Within this thesis, complementary experimental methods have been used to characterize thin films. To investigate the emergence of polar phases, optical second harmonic
generation (SHG) has been employed as main experimental technique which probes the
symmetry reduction that accompanies polarity. SHG is non-invasive, highly sensitive but
finally restricted to the (optical) resolution limit & 1 µm. Therefore, scanning probe microscopy techniques have been performed to resolve domains with higher spatial resolution
of about 50 nm, to structure domains or to scrutinize their electrical properties. X-ray
measurements not only provide evidence about the lattice structures, but also about the
films magnetic order. Finally, electron microscopy has been used to probe the films lattice
structures and chemical compositions on the atomic scale.

3.1. Optical second harmonic generation
E(w)

S(2w)Film

SHG is a non-linear process, in which twoE(w)
photons of frequency ω are simultaneously
S(2w)Substrate
q electronic transition from a ground
absorbed from an incident light field inducing the
state to an excited state, which afterwards coherently decays back into theS(2w)
initialSurface(s)
state
under emission of one photon with twice the frequency 2ω. This process is sketched in
Fig. 3.1.

Excited State

E(w)

S(2w)

Ground State
Figure 3.1.: Basic sketch of the SHG process in the photonic picture. Two photons from an
incident light pulse are simultaneously absorbed and excite an electronic state. The excited
state then decays via the coherent emission of a single photon of the doubled frequency, which
in total leads to second harmonic pulse S(2ω).
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At this, each transition probability can be derived in the framework of quantum mechanics
(more precisely: time dependent perturbation theory) and spectral dependences of the
SHG can be calculated. However, since SHG spectroscopy within this work has merely
been employed to maximize signal yield, a detailed discussion about spectral features
is skipped at this point. A discussion of the transition matrix elements can e.g. be
found in Refs. [44, 45]. Instead, we use a simple classical wave-picture, in which lightmatter interaction is described by the oscillating electric field of the light wave E(ω) =
E0 e−iωt + c.c., which displaces the crystal electrons and thus induces an oscillating dipole
moment P in the material. For the case of high electromagnetic fields as present in a
short laser-pulse, the spatial components of this induced polarization have to be expanded
in powers of E(ω) as:
(1)

(2)

(3)

Pi (0, ω, 2ω, 3ω, ...) = 0 (χij Ej (ω)+χijk Ej (ω)Ek (ω)+χijkl Ej (ω)Ek (ω)El (ω)+...) (3.1)
(n)

Here, 0 denotes the vacuum permittivity, χijk... are the spatial components {i, j, k, ...} =
{x, y, z} of the corresponding (n + 1)-ranked susceptibility tensor and Einstein notation
is used for brevity. Besides a constant dipole P (0), a finite second order susceptibility
χ(2) leads to a dipole moment P~ (2ω) oscillating at the doubled frequency, which is the
relevant one for our experimental method:
ED,(2)

Pi (2ω) = 0 χijk

Ej (ω)Ek (ω).

(3.2)

So far, we have only considered electric dipole transitions that usually dominate the generation of a second harmonic wave. However, if this process is forbidden by symmetry
(explanation in the next section), higher orders of the multipole expansion of the electromagnetic field have to be taken into account. The most prominent ones are magnetic
(2)
M D,(2)
Ej (ω)Ek (ω) or Pi (2ω) ∝ χijk Ej (ω)Hk (ω)
dipole transitions (MD) Mi (2ω) ∝ χijk
EQ,(2)
and electric quadrupole transitions (EQ) Qij (2ω) ∝ χijkl Ej (ω)Ek (ω). Compared to
ED,(2)
χijk Ej (ω)Ek (ω), these contributions are suppressed by a factor of a/λ ≈ 1/100, where
a denotes the crystals lattice constant and λ the wavelength of the incident light field [45].
A detailed derivation of the individual contributions Pi (2ω), Mi (2ω) and Qij (2ω) can be
found in Ref. [46]. Incorporating only the contributions that include the electric field
component of the incident light wave into Maxwell’s equations leads to the modified wave
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equation [45]
!

 ∂2 ~
~
∆ − 2 2 E(ω)
= S(2ω),
(3.3)
c ∂t


!
2~
~ (2ω)
∂
M
∂ 2 Q(2ω)
∂
P
(2ω)
~
~
~


− µ0 ∇
,
+ µ0 ∇ ×
S(2ω) = µ0
∂t2
∂t
∂t2
(3.4)
~
with S(2ω)
as total source term of the second harmonic wave that is generated in the
crystal. Considering the boundary conditions at the crystal surfaces one can approximate a
special solution of this inhomogeneous wave equation [45]. The measurable SHG intensity
I SHG (2ω) is then proportional to the square of the non-linear source term:
2
~
I SHG (2ω) ∝ |S(2ω)|
.

(3.5)

Symmetry sensitivity
The following section is essential to understand SHG as a symmetry-sensitive probe: As a
start, let us only consider the leading-order electric-dipole (ED) SHG process as given in
equation 3.2. Looking at the SHG process in an inverted coordinate system (i.e. applying
ˆ changes the sign of both incident electric fields and the
spatial inversion operation I)
induced dipole moment as they are polar quantities.

ED,(2)

Pi (2ω) = 0 χijk Ej (ω)Ek (ω)
ˆ ED,(2) )(−Ej )(ω)(−Ek )(ω)
Iˆ : −Pi (2ω) = 0 I(χ
ijk

(3.6)
(3.7)

At this point, without any assumptions about specific physical properties of the considered
crystal system, we can rely on Neumann principle, stating that “the symmetry of any
physical property of a material is always equal to or higher than the symmetry of the
material itself” [47]. For the easy example of a centrosymmetric structure, this implies that
ED,(2)
the SHG susceptibility tensor components χijk
are invariant under spatial inversion, i.e.
ED,(2)
ED,(2)
ˆ
I(χijk ) = χijk , because the crystal structure itself is invariant under this symmetry
transformation. Hence, the consideration of the SHG process in the inverted frame leads
to:
ED,(2)

ˆ
−Pi (2ω) = 0 I(χ
ijk

ED,(2)

→ −Pi (2ω) = 0 χijk
→ Pi (2ω) = 0

ˆ ED,(2) ) = χED,(2)
)(−Ej )(ω)(−Ek )(ω), I(χ
ijk
ijk

Ej (ω)Ek (ω) = Pi (2ω)

(3.8)
(3.9)
(3.10)
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This means that the ED-SHG is forbidden by symmetry in any centrosymmetric material [48, 49]. More generally speaking, the set of allowed symmetry operations in a crystal
(i.e. its point group symmetry) determines the set of symmetry-allowed SHG tensor components. The onset of electric or magnetic order usually reduces the crystals point group
symmetry and thus permits additional SHG tensor components. The determination of all
non-zero SHG tensor components therefore allows conclusions about the materials point
group symmetry and thus about the emergence of electric or magnetic order in the crystal
system. However, these conclusions are always ambiguous since different point groups
allow for the same tensor elements and not all symmetry-allowed tensor components necessarily have to be detected in the measurement (the actual point group symmetry can
always be lower). Therefore, such conclusions have to be supported by field or temperature
dependent SHG measurements or by additional, more direct experimental techniques.

Measuring a specific SHG tensor component
In this section, a brief description of how to measure a specific SHG tensor component
is given with the help of Fig. 3.2. Again assuming the case of the leading order SHG

czxx

czzz

z

0°
90°

z
x

0°

cxzz

x

90°

Figure 3.2.: Connection between SHG tensor components χijk and the respective polarization
directions of the incident and outgoing wave.

process from equation 3.2, the tensor component χzxx connects two x-polarized incident
waves with a generated SHG wave that is z-polarized, as sketched on the left-hand side. In
contrast, the detection of χzzz requires z-polarized incident wave while for the detection of
χxzz , the polarization plane of the detected SHG wave has to be rotated (right-hand side
of Fig. 3.2). The tuning of the fundamental light polarization is experimentally realized
by a rotatable λ/2-waveplate (polarizer ) and a Glan-Taylor prism (analyzer ) projects the
polarization of the emitted SHG wave on a (again rotatable) axis. Both, polarizer and
analyzer are achromatic with a broadband-coating that minimizes reflection losses.
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Notation for polarization-dependent measurements
The determination of the non-zero SHG tensor components requires polarization-dependent
measurements. Within this thesis, the following notation is used: The first denoted polarization element is continuously rotated while the second one is fixed at the angle given as
last information. For instance: “Ana Pol 0◦ ” means that the analyzer is rotated (usually in
10◦ steps) while the polarizer is fixed at 0◦ . Rotating both, the incident light polarization
and the polarization plane for the emitted SHG wave simultaneously is denoted anisotropy
measurement, where e.g. “Aniso 0◦ ” stands for a relative angle of 0◦ between both light
polarization planes. For all anisotropy measurements, the SHG intensity is always plotted
as function of the analyzer angle within this work. Fig. 3.3 exemplifies the notation for
analyzer and anisotropy measurements, respectively.

Figure 3.3.: Illustration of analyzer and anisotropy measurements.

Experimental setups
Depending on the experimental constraints and investigated phenomena, various SHG
setups have been employed in this work. The easiest arrangement is a transmission geometry, either for integrated measurements or SHG imaging. The corresponding experimental
|
setups are illustrated in Fig. 3.4. As described in the previous section, the incident light
polarization is set by means of the polarizer and then focused onto the sample, that can
be in a temperature-controlled environment such as a cryostat or a furnace. The last
optical element in front of the sample is a low-pass filter to block any SHG light that has
been generated by any optical component. For the same reason, SHG filters block the
third harmonic and especially the fundamental wave immediately behind the sample to
prevent SHG in any of the following optics. The filter combinations that have been used
for each wavelength regime are summarized in Tab. 3.2.
For measurements without spatial resolution, the beam is collimated by the lens L2 and
its polarization is projected onto a tunable plane using the analyzer. Finally, the light is
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Photomultiplier

Monochromator
Lens: L1

l/2 waveplate
(Polarizer)

Filter (w)

Lens: L1

l/2 waveplate
(Polarizer)

Sample in
cryostat or furnace

Filter (2w)

L3
L2

Glan-Taylor prism
(Analyzer)

Sample in
cryostat or furnace Photo-lens

Filter (w)

Filter (2w)

CCD camera

Glan-Taylor prism
(Analyzer)

Figure 3.4.: Experimental SHG setups for a standard transmission geometry, either with an
integrated signal read-out (top), or spatially resolved with a CCD camera as detector (bottom).

focused onto the entrance slit of a grating monochromator that is used as a last spectral
filter for the SHG signal before the detection with a photomultiplier. For spatially resolved
experiments, monochromator and photomultiplier are replaced by a liquid-nitrogen-cooled
CCD camera, as sketched in the lower panel of Fig. 3.4. This camera features 1024×256
pixel and is ideal for low-signal SHG imaging due to its very low dark noise of ≈ 2
electrons/(pixel×hr) and a maximum quantum efficiency of ≥ 90% in the visible to nearinfrared range [50].
Reflection geometries as shown in Fig. 3.5 are employed when the transmission geometry
is inhibited by strong light extinction of the sample or if SHG contributions from the
underlying substrate have to be suppressed. Small angles have been used to probe in-plane
polarizations without any SHG background from surfaces (see section 3.1). In contrast,
reflection under 45◦ has been employed to probe out-of plane polarization components
as well as for measuring the surface SHG spectrum of a conventional silver mirror as
reference, to which any SHG spectrum shown in this thesis has been normalized.
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L2

L1

or
l/2 waveplate
(Polarizer)

Sample
(tilted < 5°)

45° reflection

Figure 3.5.: SHG reflection geometries, when the standard transmission geometry is infeasible
or bulk contributions have to be suppressed.

SHG in thin films with fs-laser pulses
Compared to SHG in bulk crystals the understanding of the thin-film SHG is drastically simplified, since a lot of processes that complicate its description can be neglected for a short
interaction length of light and matter. For instance, even considerably high near-infrared
absorption coefficients of (105 − 107 ) m−1 as in the case of typical semiconductors [51]
would lead to a maximum attenuation of ≈ 10% in a 10 nm film. Even less considerable
are pump-depletion effects, or spatial walk-off between fundamental and second harmonic
beam, which can be relevant for bulk materials [52]. Therefore, the SHG intensity can be
described with the expression
2
2 2 sin(∆kd/2)
2
~
~
I SHG (2ω, d) ∝ |S(2ω)|
d ·
, with |S(2ω)|
∝ |I(ω)|2 .
2
(∆kd/2)

(3.11)

Here, ∆k = 2π/(λ2ω |n2ω − nω |) denotes the difference between the wave vectors of
fundamental and second harmonic wave, reflecting the materials dispersion. For all compounds used in this thesis, one can estimate ∆k ≤ 0.05 nm−1 in the investigated spectral
range. For instance, a maximum phase mismatch of ∆kmax ≈ 0.03 nm−1 can be deduced from the dispersion of BiFeO3 [53]. This leads to a minimal coherence length
lC1,min = 2π/∆kmax ≈ 200 nm, after which SHG waves generated at x = 0 and
x = lC1,min interfere destructively, as detailed in Ref. [49]. For thin films with ≤ 30 nm
thickness, however, (∆kL/2) can always be considered as small and the relation 3.11 even
simplifies to
I SHG (2ω, d) ∝ |I(ω)|2 · d2 ,

(3.12)
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in which the SHG intensity scales quadratically with the film thickness. Naturally this
implies small signals from films with only few unit cells thickness. Therefore, high light
intensities |I(ω)| are required to compensate for the small interaction length. This is
achieved by using frequency tunable 120 fs laser pulses that are provided by optical parametric amplifiers that are each pumped by 800 nm pulses from an amplified laser system.
The working principle of this laser system is described in detail in appendix B. Depending
on the damage threshold, the incident light pulses are set to a typical energy of (5-50) µJ
and focused down to 1/e2 beam diameters of (0.05-1) mm. As an example, a pulse with
50 µJ pulse energy that is focused down to a typical 400 µm 1/e2 -beam diameter yields
a peak intensity of 1.8 × 1011 W/cm2 .
Besides these high intensities, the short temporal pulse width necessarily implies a broad
spectral bandwidth, which has implication on the resolution of fs-SHG spectra as well as
on the temporal coherence of the light field. In the framework of this thesis, the latter
aspect is of higher importance as it affects the question, which SHG contributions can still
interfere with each other: Assuming a Gaussian temporal profile of the pulse envelope,
the corresponding coherence length lC2 (6= lC1 !) can be estimated by the formula [54]:
lC2 ≈

λ2
.
(∆λ)

(3.13)

Hence, a central wavelength of λ = 800 nm with ∆λ = 10 nm as full-width-half maximum
for our system leads to a coherence length of lC2 ≈ 60 µm. As a consequence, interfering
waves have to stem from regions that are not separated by more than these 60 µm along
the light propagation direction.

SHG background signals
Due to the high light intensities of the fs laser pulses, many optical components in the
experimental setup generate SHG, which can be orders of magnitude larger than the actual
thin-film SHG. While these SHG contributions can be excluded by means of filters and
various experimental tests (e.g. the most trivial one is to check for SHG signal without
sample), there are potential undesired SHG sources originating from the thin-film sample
itself, as summarized in Fig. 3.6. First, each surface intrinsically breaks spatial inversion
symmetry and can thus lead to considerable SHG contributions. In most cases, however,
these contributions can be identified by analysis of the light-polarization dependence or by
variation of the crystal tilt angle θ between the incident beam and the surface, respectively.
In particular, there is no SHG surface contribution in normal incidence, i.e. for θ ≡ 0, which
allows for background-free detection of in-plane polarizations. In contrast, additional
field-or temperature dependent SHG measurements are required to distinguish between
surface SHG and SHG contributions originating from out-of-plane polarizations, as both
phenomena reduce the crystal symmetry in the same way.
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S(2w)Film

E(w)

E(w)

q

S(2w)Substrate
S(2w)Surface(s)

Figure 3.6.: Potential sources of SHG from a thin film system. While surface and interface
contributions can be suppressed in a normal incidence geometry, potential substrate contributions
always have to be separated via reference measurements on the bare substrate. If the bare
substrate emits SHG, different
temperature-,
Excited
State spectral- or light polarization dependences of the
total SHG signal may be feasible to distinguish between film and substrate contributions. In
particular,
working in reflection can help to suppress S(2w)
SHG from the underlying substrate.
E(w)

Substrate SHG
Since substrates can lead to pronounced SHG which can obscure film related signals,
knowledge about substrate
SHG State
is crucial. Therefore, several commercial substrates,
Ground
namely (LaAlO3 )0.3 (Sr2 AlTaO6 )0.7 (LSAT), (Nd0.4 Sr0.6 )(Al0.7 Ta0.3 )O3 (NSAT), LaAlO3 ,
YAlO3 , Al2 O3 , Y0.2 Zr0.8 O1.9 (YSZ), DyScO3 , GdScO3 , and SrTiO3 have been investigated
for their SHG response. These both-side-polished samples with 1 mm thickness have been
irradiated with pulse energies of at least 15 µJ focused down to a 1/e2 radius of about
300 µm which corresponds to a minimum peak intensity of I0 ≈ 2.5 × 1010 W/cm2 .
To systematically characterize the SHG response of these substrates from 10 K to ambient conditions, we have always employed the same transmission geometry under normal
incidence as sketched in Fig. 3.4 using a common frequency range of (1130-1550) nm
and 800 nm for the incident light pulses. In a first step, we discriminate between substrates showing SHG and those without any detectable SHG response in this optical to
near infrared frequency range. Our findings regarding this very first categorization are
summarized in Tab. 3.1.
The substrates NSAT, LSAT, YAlO3 , and LaAlO3 do not show any measurable SHG response in our experimental range. This is not surprising, as their crystal structures are
centrosymmetric and leading-order electric-dipole (ED) SHG is symmetry-forbidden as explained before. However, the substrates Al2 O3 (point group symmetry 3̄m), YSZ (m3m),
DyScO3 and GdScO3 (mmm) feature finite SHG response as exemplified in Fig. 3.7 (a)
and (b), even though they are all centrosymmetric. This can only be understood, when
higher-order multipole contributions in the expansion of the electromagnetic light field are
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Substrate

SHG

NSAT (001)

-

LSAT (001)

-

YALO3 (110)

-

LaAlO3 (001)

-

Al2 O3 (111)

MD

YSZ (111)

MD

DyScO3 (110)

MD

GdScO3 (110)

MD

SrTiO3 (110)

ED (huge at low T )

Table 3.1.: Overview of the SHG response from commercial oxide substrates with energies
ESHG = (1.6-2.2) eV and 3.1 eV.

considered. Here, we assume a magnetic-dipole (MD) contribution
Pi (2ω)MD = 0 χMD
ijk Ej (ω)Hk (ω),

(3.14)

in which, compared to ED-SHG, one electric dipole transition is substituted by a magnetic dipole transition. In contrast to ED-SHG, the MD-SHG process is also allowed
for centrosymmetric systems and in particular contains non-zero tensor components for
the relevant point groups [55]. Experimentally, all SHG light polarization dependences
for Al2 O3 , YSZ, DyScO3 and GdScO3 can be explained assuming MD-SHG. Exemplary,
Fig. 3.7 (b) shows the SHG anisotropy measured on DyScO3 at 100 K together with a
symmetry fit assuming MD-SHG with the selection rules from the point group symmetry
mmm (shaded areas).
Finally, we have scrutinized the SHG response of SrTiO3 as one of the most prominent
oxide substrates. Fig. 3.8 shows the strong increase of the SHG intensity for temperatures
below ≈ 120 K. At 10 K the signal is comparable with conventional ferroelectrics such
as BaTiO3 at 300 K. Thus, the SrTiO3 response at temperatures lower than ≈ 30 K can
hardly be ignored in any kind of study that involves SHG as probing technique. Though
the SHG response from SrTiO3 has been known for decades [56] its precise origin is
still under debate. One potential explanation is the formation of ferroelastic domains at
low temperatures whose domain walls themselves are polar [57]. In any case, the SHG
anisotropies that are shown in the inset of Fig. 3.8 correspond to a point group symmetry
with two equivalent polar axes oriented along the in-plane diagonals.
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(a) Aniso 0°:
ESHG = 1.9 eV
315°

(b) DyScO3:
ESHG = 1.9 eV
T = 10 K 315°

0°
45°

Al2O3 (111), 75 K

Aniso 90

YSZ (111),
300 K
270°

Aniso 0

90°

225°

135°

0°
45°

270°
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Figure 3.7.: SHG polarization dependences of Al2 O3 , YSZ (a) and DyScO3 (b). All obtained
light polarization dependences can be explained with higher order crystallographic MD-SHG as
exemplified by the symmetry fit of the SHG anisotropy of DyScO3 assuming the orthorhombic
point group mmm (shaded area in (b)).
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Figure 3.8: Temperature and polarization dependent SHG response of SrTiO3 . The SHG
intensity increases by more than four oorders
of magnitude towards the lowest temperatures. The SHG anisotropies at 10 K are consistent with two polar axes oriented along the
in-plane diagonals.

21

|

3. Experimental methods

Identification of signals as SHG
Using the high light intensities of fs laser pulses, there are many potential nonlinear
optical processes that are capable to generate light at a frequency 2ω. Examples range
from white-light generation [58] to two-photon luminescence [59]. Thus, to assure SHG
as signal origin, the following three independent tests have always been performed:
1. Polarization dependence: A first criterion to identify a signal as SHG is a light polarization anisotropy of the detected wave. A distinct light polarization dependence,
however, is not sufficient for SHG identification and the subsequent criteria have to
be fulfilled as well.
2. Intensity dependence: The SHG intensity scales quadratically with the incident pulse
energy, as already described by equation 3.12. For all presented measurements this
quadratic dependence has been checked using a reference diode to monitor the
fundamental beam intensity simultaneously as exemplified in Fig. 3.9 (a).
3. Spectral dependence: In contrast to fluorescence or white light that feature a broad
emission spectrum, the SHG intensity has a spectral peak at 2ω with a spectral
width that is given by the bandwidth of the incident light pulses. The spectral
shape of the emitted light is analyzed by rotating the monochromator grating (and
thus scanning the detection wavelength) for a fixed wavelength of the fundamental
light. An example of such a monochromator measurement is shown in Fig. 3.9 (b).
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Figure 3.9.: SHG verification tests. For SHG the dependence on the incident fundamental
intensity is quadratic as exemplified in (a). (b) Scanning of the monochromator grating for
a fixed incident wavelength λω results in a peak at λω /2 that has a typical full width at half
1.0
maximum of about 20 nm. Note that the peak width also depends on the apertures and grating
of the monochromator but should never exceed 40 nm.
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Range

Fund. λ [nm]

ESHG [eV]

SHG block

Fund. block

THG block

SH Signal

600-660

4.13-3.76

OG550/2

UG11/2

-

SH Signal

650-700

3.82-3.54

OG550/2

UG11/2

-

SH Signal

680-730

3.65-3.40

OG550/2

BG39/2

-

SH Signal

720-810

3.44-3.06

RG630/2

BG39/2

-

SH Idler

792-970

3.13-2.56

RG630/2

BG39/2

GG395/2

SH Idler

920-1120

2.70-2.21

RG850/3

BG39/2

GG400/2

Signal

1120-1460

2.21-1.70

RG1000/6

KG5/3

OG530/2

Signal

1350-1580

1.84-1.57

SI wafer

water/2,5 cm

RG645/2

Signal

1440-1600

1.72-1.55

RG1000/6

RG9/3

-

Idler

1580-1756

1.57-1.41

Si wafer

RG9/3

-

Idler

1580-1850

1.57-1.34

Si wafer

water/2,5 cm

RG715/2

Idler

1800-2300

1.38-1.08

Si wafer

water

RG830/3

Table 3.2.: Optical filters for each investigated frequency range. The first column denotes the
operation mode of our tunable light source to emit the fundamental wavelength λ. All glass
filters are from Schott and labelled as (type)/(thickness in mm). “SHG block” filter suppresses
SHG from optical components in front of the sample by 105 , and the “Fund. block” placed
behind the sample should at least suppress the fundamental beam intensity by a factor of 107 .
To block even higher harmonics, a THG filter of typically 2 mm thickness is used in addition.
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3.2. Scanning probe microscopy measurements
In order to study the film topography, resolve polar domains with better than optical
resolution or determine their electrical conductance, scanning probe microscopy measurements have been performed within this thesis. The scanning force microscope “Prima”
from NT-MDT that is employed in our workgroup features the characteristics listed in
Tab. 3.3.
Max. scan range

200 µm x 200 µm

Max. height range

9 µm

Lateral resolution

≈ 50 nm

Vertical resolution

≤ 0.1 nm

Table 3.3.: Performance of the NT-MDT Prima.

After a brief introduction to the (conductive) atomic force microscopy and piezoresponse
force microscopy, electrostatic force microscopy is described in more detail, as it provides
a more subtle access to the local electrical properties of a thin film.

Atomic force microscopy (AFM)
To obtain information about the samples surface topography, we use atomic force microscopy in contact mode with a setup as sketched in Fig. 3.10. In this mode, the
interaction between tip and sample leads to a deflection of the cantilever. This deflection
is monitored using the reflex of a photo-diode on a quadrant detector and the tip position
(height) is readjusted by using a piezo-controlled feedback loop. Then the sample topography can be extracted from the feedback signal with atomic resolution for the sharpest
AFM tips.

Conductive AFM (c-AFM)
In order to obtain information about the sample conductivity, c-AFM measurements can
be performed using a conductive tip. Here, while again scanning in direct contact, a
constant DC voltage is applied between tip and sample, while simultaneously measuring
the resulting (local) current. For the c-AFM measurements, a non-scanning head with
minimal electronics and enhanced electronic isolation is used. This restricts the maximum
scan area to 100 µm × 100 µm but supplies a superior current resolution with a noise
level of ∆I ≤ 50 fA.
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Detector

Feedback
Loop
Laserbeam

Piezo
Sample

Topography

Figure 3.10.: Basic concept of an atomic force microscope, adapted from Ref. [60]. The tip
deflection at the sample surface is monitored by the reflex of a laser beam on a quadrant detector.
Its signal supplies a feedback loop that controls the cantilever height via a piezoelectric actuator
Performance of our AFM:
and provides information about the local sample height. The sample topography is then obtained
maximum scan size:
200x200 µm²
by scanningmaximum
either the z-range:
tip or the sample. 6 µm

Typ. lateral resolution: 50 nm
atomic resolution with super sharp tips
vertical resolution:
0,1 nm (PFM)
Piezoresponse
force microscopy
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Piezoresponse force microscopy (PFM) can be used to detect polar phases and image polar
domains: All polar crystals are piezoelectric, which implies that an externally applied electric field EExt leads to extension or compression of the material, depending on the relative
orientation of the polar axis and EExt . As an extension of AFM, PFM takes advantages
of this aspect to detect polar domains: An AC voltage applied to a conductive scanning
tip induces a local surface deformation under the tip which leads to an additional tip
deflection that oscillates at the AC frequency. Thus, piezoresponse can be separated from
the sample topography by using lock-in amplifiers that record amplitude and phase of the
tip oscillations in vertical and lateral direction, respectively. Typically, vertical channels
contain information about the materials out-of-plane polarization as well as in-plane polarization components oriented along the cantilever axis while the lateral channels reveal
the in-plane polarization components perpendicular to the cantilever. Therefore, PFM
allows for a comprehensive study of polar domain structures around ambient temperatures with -compared to SHG as an optical technique- superior spatial resolution. For
thin films, however, SHG can feature superior sensitivity for polar phases, in particular
when a metallic bottom layer is missing. In this case, the electric field of the tip is not
confined to the film region (and thus lower there) but probes into a much larger depth
of about few µm [61], which decreases the sensitivity for the piezoresponse of the actual
film. PFM within this thesis is therefore exclusively used for domain imaging and structuring (poling) of conventional ferroelectric films on metallic bottom layers. The latter
is accomplished by application of a constant bias voltage to the conductive tip during
scanning in direct-contact mode.
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Electrostatic force microscopy (EFM)
While c-AFM provides a direct measure of the local conductance, it comprises the notorious uncertainty of the tip-sample contact. Furthermore, mapping the conductance of thin
films using c-AFM is affected by the underlying (here: insulating) substrate material, as the
current inevitably probes the film and substrate resistances. In particular, subtle changes
δR of the film resistance RF are not resolvable due to the additional substrate resistance
RS ((RF ± δR + RS )/(RF + RS ) ≈ 1 for small δR and large RS ). Here, electrostatic
force microscopy (EFM) provides an alternative method to probe the local conductance
as well as static charge densities in thin films. In contrast to (c-)AFM, EFM is performed
in a non-contact mode in which the conductive tip oscillates at the cantilever resonance
frequency of several 100 kHz at few nanometers above the sample surface. Here, the
conductive tip senses attractive as well as repulsive forces of the Lennard-Jones potential
and the tip oscillation is damped depending on the tip-surface distance. A piezo-controlled
feedback loop stabilizes the magnitude of this oscillation and provides information about
the sample topography as in contact mode. In addition to the mechanical oscillation, a
sinusoidal AC-voltage U0 sin(Ωt) with Ω ≈ 30 kHz is applied to the tip. Following the
derivation from Ref. [62], the tip then senses the following electrical force Fel :

Fel =

qqi
dC 2
qC
dC 2
+
U
+
U
sin(Ωt)
−
U cos(2Ωt)
0
0
4π0 z 2 4dz
4π0 z 2
4dz 0

(3.15)

Here, q is the static surface charge, qi its image charge on the tip, C is the total capacity
of the sample-tip system and z the tip-sample distance. While the first two terms contain
frequency independent Coulomb and capacitive forces, there are two frequency dependent
contributions, one that senses static surface charges q (at frequency Ω) and one that one
which is sensitive to the spatial derivative of the total capacitance (2Ω). In fact, though
the exact expression for C is unknown, this term comprises the free charge-carrier density
as well as the polarizability of the medium. Both types of interaction lead to additional
tip oscillations at the frequencies Ω and 2Ω, respectively, that can be recorded with high
sensitivity using lock-in amplifiers. In summary, EFM yields the following information:
• Distance control: Topography
• Ω channel: Static surface charges
• 2Ω channel: Conductance/polarizability
The contrast mechanism as well as the measurement scheme are illustrated in Fig. 3.11.
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(b)
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Figure 3.11.: (a) Contrast mechanisms for the for the Ω and 2Ω response of the EFM. (b)
Measurement scheme for EFM. The electrostatically induced tip oscillations
at Ω| 30.07.2014
and 2Ω| 5are
Carsten Becher
detected by two separate lock-in amplifiers that provide the information about fixed and mobile
charges, respectively. The sample topography can be extracted from the feedback loop that
controls the tip-sample distance via stabilizing the damping of the mechanical tip oscillation at
its resonance frequency ΩRes .

EFM: Calibration

As mentioned above, the tip oscillations at the frequencies Ω and 2Ω due to the applied
AC voltage are recorded by two independent lock-in amplifiers. Instead of amplitudes A
and phases ϕ of the response we record A cos(ϕ), A sin(ϕ) as x-, and y-channels in order
to eliminate the (unknown) system-inherent background (A0 , ϕ0 ). As reference sample
we use a glass substrate (insulating) that is partially sputtered with gold (conducting).
The different response of gold and glass then leads to the signals (Agold cos(ϕgold ) +
A0 cos(ϕ0 ) and (Aglass cos(ϕglass ) + A0 cos(ϕ0 )) with the contrast ∆x = xgold − xglass
being independent of the background A0 , ϕ0 . We then shift the readout phases of the
lock-ins such that ∆x is at maximum (i.e. maximum contrast) and choose bright contrast
level for higher conductance. To obtain any contrast for the calibration of the Ω readout,
we apply a DC bias voltage to the gold surface and define positively charged regions
as bright in EFM(Ω) images. An exemplary EFM scan across the gold/glass edge after
calibration is sketched in Fig. 3.12.
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2V

2W

6V

Glass

W
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+1.25 V
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-2 V

U = 0.25 V

U = 1.25 V

-1 V
U = 0.25 V

U = 1.25 V

Figure 3.12.: EFM calibration on a gold sputtered glass sample. The phases of the Ω readout
is adjusted such that positive bias of the gold leads to positive (bright) EFM signal (a small
bias voltage of 0.25 V is required to compensate for different contact potentials of gold and
glass). The simultaneously recorded 2Ω channel is adjusted to maximum contrast between the
insulating glass and the conducting gold (bright). Note that the application of the constant bias
voltage has no effect on the 2Ω readout, i.e. there is no crosstalk between Ω and 2Ω readout.
| 16.07.2014
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EFM: Size effects
As explained above, the EFM mode probes changes of the total capacity of the sample-tip
system. At this, the EFM response might be influenced by the geometry and size of a given
structure, as soon as its size becomes comparable to the effective range of the probing
tip. To investigate the influence of such size effects, a reference sample has been prepared
by A. Weber in the work group of Prof. L. Heyderman at PSI Villingen. Here, chromium
(Cr) structures with different areas in the sub-µm range and with uniform height of 50
nm have been structured on an insulating glass substrate. The 2Ω readout of the EFM on
this structure is shown in Fig. 3.13. Here, larger Cr fields display higher conductance, i.e.
we indeed notice a correlation between structure size and the conductance as measured
by EFM. Although there are only 3 usable structure sizes (the stripes in the upper part
as well as the smallest structures on the upper left are not properly etched) one can
already suggest saturation of the EFM contrast with increasing structure size for the
largest fields. Such a saturation is reasonable, as the observed contrast should not depend
on the structure size anymore, as soon as the field size is significantly larger than the
effective range of the probing tip. The EFM contrast as function of the mean field size is
plotted in the lowest panel of Fig. 3.13.
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Figure 3.13: Size effects on the observed
EFM(2Ω) contrast. The top panel, shows the
topography of the Cr/glass structured sample. For a thickness of 50 nm, the conductance of the Cr tiles rarely depends on small
thickness variations [63]. The 2Ω readout
(second panel), however, reveals increasing
EFM contrast for a larger mean area of the
respective Cr field, as quantified in the lowest
panel. The solid line is a guide to the eye.

| 28.07.2014

29

| 11

3. Experimental methods
EFM: Best scanning parameters for SrMnO3
Besides calibration measurements, EFM has exclusively been used to investigate SrMnO3
thin films within this thesis. Thus, we summarize the experimental parameters used to
scan this compound in Tab. 3.4. Here, the conducting tip with the best mean performance
has turned out to be a diamond coated platinum (DCP11) tip with 100 µm cantilever
length, 50 nm tip radius and a mechanical resonance frequency in the range (190-325) kHz.
During a fully automated frequency scan to find the mechanical resonance frequency, the
software adjusts the piezo-amplitude and gain such that the free oscillation amplitude at
the resonance peak corresponds to a feedback current of 10 nA. Here, low piezo voltages
imply a better (stable) distance control and in particular the piezo-gain should not exceed
a value of ≈ 3 (elsewise, tip replacement might be necessary). For low noise level, the
piezo gain should then be set to 1. For SrMnO3 thin films, strong damping (i.e. a low
setpoint for the oscillation magnitude of only a few percent of the free magnitude) is
necessary. As the sensitivity of the EFM scales quadratically with the applied AC voltage,
a comparatively high voltage of 7 V has been used for EFM imaging.
Experimental parameters

Settings

Tip

Diamond coated platinum DCP11
100 µm cantilever, 50 nm tip radius

Distance control
ΩRes

≈ 300 kHz

Magnitude setpoint

≈ (1-5)% of free magnitude

Feedback gain

1 V (set this fixed)

Excitation piezo Gen1

0.1-0.6 V

Lock-in gain

<1

EFM settings
U0

7V

Ω

≈ 34 kHz

Phases of lock-ins

as for gold/glass calibration

Time constants of lock-ins

3-10 ms

Table 3.4.: Best parameters for EFM at SrMnO3 thin films with the scanning force microscope
"Prima" from NT-MDT.
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3.3. X-ray diffraction
X-ray diffraction (XRD) has been employed to investigate the lattice structure of the thin
films, in order to determine the crystal symmetry, lattice constants, and hence in particular
the strain state. Fig. 3.14 shows a schematic of a typical high resolution triple-axis XRD
instrument as used for our structural investigations. Here, the sample can be rotated in
all spatial directions and the detector can be moved on the depicted axis.

y

j

w
2q

q

Figure 3.14.: Schematic of a high resolution triple-axis XRD instrument, as used for the structural
investigations in this thesis. The figure has been adapted from Ref. [64].

http://www.stanford.edu/group/glam/xlab/MatSci162_172/LectureNotes
/08_RLM%20&%20Superlattices.pdf
(01/2014)

θ/2θ diffractograms
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In a first step, to obtain information about the out-of-plane lattice constants of a film one
uses a θ/2θ scan, in which the angles of X-ray incidence and of the detector direction are
tuned simultaneously. While in general, the interplanar spacings dhkl 1 can be determined
from Bragg‘s law
2dhkl sin(θ) = λ

(3.16)

by measuring the glance angle θ for the monochromatic X-ray beam with wavelength λ,
the symmetric θ/2θ only reveals (00l) reflections for an oriented, single-phase film. The
other way round, the obtained set of X-ray peaks in the θ/2θ scan already provides the
1

The interplanar spacing dhkl between the lattice
√ planes with the Miller indices hkl can be calculated for
each specific crystal system (e.g. dhkl = a/ h2 + k 2 + l2 for a cubic structure with lattice constant
a, see e.g. Ref. [65] for a complete overview).
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film orientation as well as evidence of spurious phases by comparison with crystal structure
databases.

Rocking curves
In a subsequent rocking curve, only the detector position is tuned (ω-scan) across a film
or substrate peak obtained from a previous θ/2θ measurement and the intensity profile
I(ω) is recorded. If the sample features regions with different orientations, as in the case
of a low quality film with many defects or structural dislocations, each region produces a
peak at a slightly different value of ω. This leads to a broadening of the I(ω) peak profile.
Thus, the associated peak-width provides a measure of the crystalline film quality.

Epitaxy and in-plane orientations: ϕ-scans
So far we know the out-of-plane lattice constants but have no information about the
film epitaxy and in particular, if more than one in-plane orientation is present in the film.
To determine the epitaxy with respect to the substrate, ϕ-scans with ψ 6= 0 can be
performed. Here, the angle ψ has to be chosen such that a set of lattice planes is parallel
to the measurement plane. Rotation around ϕ then leads to a set of diffraction peaks
depending on the crystal symmetry. For instance, a cubic (001)-oriented epitaxial film
yields four diffraction peaks for the (111) lattice planes, each of them separated by 90◦ .
If more than these four film peaks are observed, the film has several in-plane orientations
and thus is not epitaxial [66].

Reciprocal space map
To access the in-plane lattice parameters requires off-specular measurements, where the
sample is tilted in ψ and/or ϕ direction. This is realized by an asymmetric scattering
~ = K
~0 − K
~ denotes the scatterarrangement, as exemplified in Fig. 3.15(a). Here, Q
ing vector, which consist of an out-of-plane and an in-plane component, Qx and Qz ,
respectively. At this point it is maybe most evident, that the symmetric θ/2θ scattering
arrangement features no Qx component and thus no information about the in-plane lattice
constants. In general, finite scattering intensity is recorded when the criterion
~ = 2π/dhkl
|Q|

(3.17)

is fulfilled. The scanning of both ψ and ϕ provides a reciprocal space map (RSM) that
features diffraction peaks of film and substrate, whenever the criterion 3.17 is satisfied.
In combination with previous information about the relative orientations between film
and substrate and about the out-of-plane lattice parameters, these peak positions can be
assigned to a set of lattice planes (hkl) and then be used to determine the in-plane lattice
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substrate and film
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Figure 3.15.: Concept of a reciprocal space map (RSM) in X-ray diffraction. In an asymmetric
|
scattering geometry as sketched in (a), the scattering vector gets a finite x component
Qx .
~
The RSM (b) displays the positions fulfilling |Q| = 2π/dhkl in a Qx , Qz coordinate system.
Together with previous θ/2θ scans, a RSM Qx containing film and substrate peaks provides
information about the respective in-plane lattice parameters and thus the strain level of the
film. In particular, coherent strain implies the same Qx value for the same (hkl) reflex of film
and substrate, respectively. Figure has been adapted from an internal talk of Dr. J. A. Pardo,
Uni Zaragoza.

constants. To proof that a film is coherently strained one chooses to record a RSM in
a parameter range, where a strong substrate peak for reference is located nearby a film
peak as depicted in Fig. 3.15 (b). For the case of a coherent strain, the same (hkl)
reflex features the same Qx value, while Qz is usually different (elsewise one evidently
cannot use this region of the RSM). For films under tensile strain, relaxation manifests
as movement of the film peak position in the RSM towards larger Qx and smaller Qz ,
respectively (Pos. 1-2 in Fig. 3.15 (b)).

Experimental setups
The presented X-ray diffraction experiments have been performed by Dr. A. Glavic for
TbMnO3 films and by L. Maurel for the SrMnO3 films with their respective setups. As
the structural investigations at the SrMnO3 are of crucial importance for our findings,
supplementary XRD measurements have been performed at the First Lab of ETH Zürich.
At this, a Panalytical X´ Pert Pro-MRD diffractometer with a 2.2 kW Cu X-ray tube,
triple-axis optics equipped with a monochromator, and a high-resolution goniometer with
a minimum step size of 2θ=0.0001◦ has been used.
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3.4. X-ray magnetic scattering
X-ray resonant magnetic scattering (XRMS) has been employed for the element specific
investigation of magnetic order as already demonstrated for bulk RMnO3 samples [67–
70] and even for thin films of only few monolayers thickness [71, 72]. In this section,
only the general concept of XRMS is introduced. More detailed explanations including
derivations of scattering terms or transition matrix elements are e.g. given in Refs. [73,74].
Following these works, XRMS is in fact a combination of both, X-ray diffraction and X-ray
spectroscopy. Since diffraction is sensitive to periodicities and thus to spatial modulations
of the investigated structure, considerable scattering intensity is only obtained when the
~ matches the periodicity of the (here: magnetic) structure
transfer of X-ray momentum |Q|
of the crystal. Therefore, to investigate spin-spirals with periodicities of around 10 Å,
“soft” X-ray radiation in the energy range of (100-2000) eV is required. The second
aspect of XRMS is given by the resonance enhancement of the scattering form factor,
when the incident X-ray energy is tuned to an electronic transition. This resonant process,
sketched in Fig. 3.16 (a), provides element sensitivity as different elements feature different
electronic transitions. Within this thesis, XRMS has been used to determine the magnetic
structure of TbMnO3 . Here, the so-called LII,III transitions from Mn p to d states (probing
the d-shell magnetism of the Mn) and the Tb MIV,V transitions from d to f states have
been investigated. These electric dipole transitions (∆l = 1) are schematically shown
in Fig. 3.16 (b) and can be resonantly excited with energies around 650 eV (Mn) and
1250 eV (Tb) as demonstrated by the X-ray absorption spectra in Fig. 3.16 (c).
Resonant scattering

(b) Relevant transitions
p
l= 1

f
3

d
2

MV
5/2
3/2

j=
3/2
1/2

LIII

LII
n=2

n=4

MIV
n=3

(c)

Measurement on TbMnO3

X-ray absorption

(a)

Energy [eV]

Figure 3.16.: (a) Sketch of resonant elastic scattering, in which an electron is excited into an
empty state close to the Fermi level, before this intermediate state decays via recombination
with the core hole under the emission of a photon, which recovers the initial electronic state.
(b) Relevant electric dipole transitions (selection rule ∆l = 1), namely Mn LII,III and Tb MIV,V ,
for TbMnO3 . While the L transitions probe the d-shell magnetism of the Mn, the M transitions
Carsten Becher | 15.05.2014 | 15
reveal the magnetic moments of the Tb 4f electrons. (c) X-ray absorption spectroscopy
reveals
electronic transitions sketched in (b) at energies around 650 eV and 1250 eV, respectively. The
figure has been adapted from Ref. [74].
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Probing spatial magnetization components with XRMS
XRMS provides access to the spatial magnetization components with linearly polarized
X-rays and to the helicity of magnetic spirals with circularly polarized X-rays [69, 70, 75].
For our experimental geometry shown in Fig. 3.17, the polarization-dependent magnetic
XRMS intensities as a function of the scattering angles Ω, 2Θ and site specific saturation
magnetization (ma , mb , mc ) are given by [70, 76]:
ϕ =0◦
◦

ϕ =90

Iσ =m2a cos2 (Ω) + m2b sin2 (Ω)

(3.18)

Iπ =m2a cos2 (Ω) + m2b sin2 (Ω) + m2c sin2 (2Θ)

(3.19)

Iσ =m2c
Iπ =m2c

(3.20)

2

cos (Ω) +
2

cos (Ω) +

m2b
m2b

2

sin (Ω)
2

sin (Ω) +

m2a

2

sin (2Θ)

(3.21)

The cycloidal magnetic structure m(~
~ r) = ~eb mb sin (~τ · ~r) + ~ec mc cos (~τ · ~r) leads to the
circular XRMS diffraction intensities I± [69, 70, 75]
I± =

Iπ +Iσ
2

∓ mb mc sin(Ω) sin(2Θ)

(3.22)

and can thus be probed using a circularly polarized X-ray beams. Detailed derivations of
these equations can be found in Refs. [73, 74, 76].

Experimental setup
The XRMS measurements have been performed by Dr. A. Glavic, Dr. E. Schierle and Dr.
E. Weschke at the XUV diffraction chamber of the UE46-PGM1 beamline at BESSY II
(Berlin) for tunable soft X-ray radiation. The experimental setup that is sketched in
Fig. 3.17 allows for investigations with linearly (π) as well as circularly (σ) polarized
photons at the Mn L- and Tb M-edges. In this scattering geometry the samples are
mounted on the cryostat cold finger using flat copper cylinders with the surface normal
(b-direction parallel to the cylinder axis) in the scattering plane.

c
Detector

Sample a
φ

2Θ

Scan Line n ||b
φ=0°: (δ K 0) || n
φ=90°:(0 K δ) || n Q

Ω

EY
π σ

+ -

Beam

Figure 3.17.: Setup used for the XRMS experiment. The polarization of the incident light is
tunable, the scattered intensity is recorded with a diode and the electron yield (EY) current that
provides a measure for the X-ray absorption is detected on the copper sample holder.

35

3. Experimental methods

3.5. Scanning transmission electron microscopy
In order to study the film structure, epitaxy and stoichiometry on the atomic scale, scanning transmission electron microscopy (STEM) has been employed throughout this thesis.
The following section introduces this measurement technique and summarizes the experimental parameters.

Concept of STEM
The working principle of a STEM can be explained on the basis of Fig. 3.18 that shows
the main elements of a scanning transmission electron microscope.
Source

Lenses

Sample

HAADF
detector

Spectrometer

Dark field
EELS spectrum

Bright field

Figure 3.18: Main parts of a STEM. For
STEM imaging with high atomic number contrast, we use the HAADF detector for the
electrons that are scattered under large angles. In contrast, the electrons that are scattered under low angles (bright field) are used
for EELS. The image has been adapted from
Ref. [77].
|

In a STEM, an electron beam of typically 300 keV energy is focused by electromagnetic
lenses down to the smallest possible spotsize onto a sample of only several nanometers
thickness. When scanning this beam across the sample, the electrons are scattered by
the atoms of the crystal lattice. For the STEM measurements presented in this thesis,
these scattered electrons have been recorded in the high angle annular field (HAADF) that
predominantly probes inelastic scattering processes under “large” angle deflections. Here,
the scattering cross-section scales with the atomic number as Z 1.6−1.7 [77] and provides a
higher atomic number contrast (Z-contrast) than the bright field mode, as it contains less
spurious elastic scattering background [78, 79]. Using a probe-corrected HAADF STEM,
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the atomic positions can be reconstructed from the correlation of the scattered intensity
and the respective focus position with a spatial resolution of ≈ 0.08 Å [80].

Electron diffraction
Besides the scanning mode with a focused beam, the STEM features the option to switch
into a non-scanning mode with an unfocused beam by adjusting the electromagnetic lens
system. In this mode, an electron diffraction pattern of the sample can be recorded on a
fluorescent screen that provides information about spurious phases, twinning and structural
domains. For instance, orthorhombic orientation domains manifest as additional reflexes
in the diffraction pattern (see e.g. Ref. [81]). In this work, electron diffraction has been
employed complementary to X-ray diffraction for structure analysis.

Electron energy loss spectroscopy
Using electron energy loss spectroscopy (EELS) it is possible to not only directly visualize
the positions of the atoms but also to identify them. The method relies on inelastic
scattering of the electrons that predominantly occurs in forward direction [77]. Thus one
uses the electrons that are scattered under low angle (bright field) for the EELS detection
as sketched in Fig. 3.18. The energy losses of the transmitted electrons that are measured
by means of an electron spectrometer can then be related to specific excitations of each
element. Besides the identification of each individual atom, this also allows to determine
the film stoichiometry and even the averaged oxidization state of a specific element type.
Within this thesis, EELS has been employed to characterize SrMnO3 films. For this
compound, the relevant transitions are
∆EO ∼
= 500 eV
∆EM n ∼
= 640 eV
∆ESr ∼
= 1940 eV
Here, the estimate of the Sr content is the most imprecise due to low signal-to-noise ratio
in the high-energy region. Regarding the oxidation state of the manganese and thus the
oxygen (vacancy) concentration in the films, several well established methods exist for
EELS [82]. The so far most accurate method is to measure the energy splitting (fine
structure) of the Oxygen K edge. This splitting ∆O,K has recently been related to the
oxidization state as [82]
Mn oxid. state = (∆O,K + (6 ± 0.7))/(3.5 ± 0.2).

(3.23)
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Here, a manganese oxidization state of 4 corresponds to the ideal stoichiometric compound
without any oxygen vacancies. An exemplary EEL spectrum analysis to determine the Mn
oxidization state is shown in Fig. 3.19.

Integrated EELS spectrum
OK
Intensity [a.u.]

Mn L

DO,K

Main
peak

L3

L2

Pre-peak
Background corrected
Energy [eV]

Intensity [a.u.]

Fit to Gaussians
Mn oxidazation:
540.96 eV
532.83 eV

D+6

= 4.04

3.5

Energy [eV]
Figure 3.19.: Determination of the Mn oxidization state in SrMnO3 from its EEL spectrum
analysis: In a first step, the spectrum is corrected for its a background which is modelled from
the low energy region of the spectrum that contains no resonant inelastic scattering events (top
panel). This background-corrected spectrum clearly reveals the Mn L peaks and the oxygen K
double peak structure. Fitting both peaks to Gaussians (bottom) provides an accurate measure
of the peak distances and thus to the Mn oxidization according to equation 3.23. The EELS
spectrum has been provided by L. Maurel.
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STEM on SrMnO3 thin films and data analysis
STEM on the SrMnO3 thin films has been performed at the Instituto de Nanosciencia
de Aragon in Zaragoza, Spain. As preparation, the SrMnO3 samples have been prepared
by mechanical wedge polishing and finally thinned by Argon ion milling to a thickness
of around 100 nm. The subsequent STEM experiments at SrMnO3 samples have been
performed with a (spherical aberration corrected) FEI TITAN microscope featuring a CCD
camera with 2k×2k pixels as detector using 300 keV as incident electron energy. The
microscope is fitted with a Schottky emitter as electron gun (X-FEG gun), and with an
energy filter (Gatan Tridiem 866 ERS) plus a separate CCD camera for EELS experiments.
The EELS setup provides an energy resolution of 0.14 eV [80].
Regarding the subsequent data analysis, the EELS raw data has been processed with
the commercial program “Gatan Digital Micrograph” using a method called weighted
principal component analysis in order to reduce noise from the EEL spectra (see e.g.
Ref. [83] for details). Image analysis of STEM cross sections allows to estimate the local
strain state of the films by using geometric phase analysis. This method is based on
Fourier transformation and is capable to determine even subtle differences between lattice
periodicities of film and substrate (see Refs. [84, 85] for more details).

STEM on trilayers heterostructures
STEM on the trilayer heterostructures has been performed at the National Center for
Electron Microscopy at Lawrence Berkeley National Lab on the TEAM 0.5, a FEI TITAN
G3 using a Cs probe corrector. After sample preparation by mechanical wedge polishing
and Argon ion milling, the STEM images have been recorded in HAADF mode. Here, the
direction of spontaneous polarization has been determined by the offset of the (Pb and
Zr/Ti) sublattices using atomic positions extracted from a Gaussian fit to the HAADF
data. Each data point has been calculated as the offset vector between the central (Pb)
atom and the mean position of the four surrounding neighbouring (Ti) cations.
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4. Symmetry tunable thin-film
environments: Trilayer
heterostructures
4.1. Introduction
As already mentioned, the key aspect of polar order that is scrutinized in this thesis
is the accompanied symmetry breaking. Symmetry breaking, in general, is one of the
most important concepts in physics and also constitutes a cornerstone for optimizing
the performance of functional materials for technological applications [86–88]. Broken
symmetries in time and space, for instance, allow for the emergence of magnetic and
electric long-range order, respectively. If both of these symmetries are broken at the
same time, novel interactions like magnetoelectric coupling effects can be activated. A
b
promising
pathway to enable such effects
is to incorporate symmetry violations directly into
a
the material design.
with high-end
deposition techniques that allow for
layer
A This is e.g. possibleFerroic
symmetry engineering
by growing atomically sharp interfaces [88,89]. A
Inter-layer
B at the atomic level
particularly elegant way for generating the
desired
symmetry reduction has been acquired in
Ferroic
layer
C
so-called tricolor superlattices where a geometric inversion symmetry breaking is achieved
by the stacking of three constituents, A - ON
B - C, as illustrated in OFF
Fig. 4.1 (a) [90–
96]. However, such a growth-based compositional symmetry breaking of the ABC-type
(a)

(b)

ON

OFF

Figure 4.1.: Concept of reversible symmetry breaking in ferroic heterostructures.
(a) Classical
Carsten Becher | 14.05.2014 | 9
ABC-trilayer heterostructure. (b) ABA-trilayer for which symmetry breaking and electric field
in the interlayer are actively set ON and OFF by parallel or antiparallel orientation of the ferroic
order parameter.

41

4. Symmetry tunable thin-film environments: Trilayer heterostructures
is inevitably immutable and cannot be altered after the completion of growth. In this
sense, ABC-type heterostructures following the classical device paradigm may be regarded
as passive building blocks.
In this chapter of the thesis, we present a novel concept of active and reversible postgrowth symmetry control using trilayer heterostructures. We sandwich different oxide
compounds between two ferroelectric layers and violate or retain the integral inversion
symmetry of the trilayer system by controlling the associated polarization configuration
as sketched in Fig. 4.1 (b). This approach enables electric field control at the interlayer
and provides a pathway to control symmetry-based properties of the interlayer itself,
e.g. by activating spin-orbit coupling phenomena such as spin-band splitting (Rashba
effect [97–99] or spin canting (Dzyaloshinskii-Moriya interaction [32]). The symmetry
control is demonstrated by SHG that can be activated or deactivated depending on the
“integral” trilayer symmetry. The main results of this chapter have been published in
Ref. [100].

4.2. Sample preparation and characterization
For realizing symmetry-tunable heterostructures we have selected ferroelectric PbZr0.2 Ti0.8 O3
(PZT) as constituent providing the symmetry environment and metallic La0.7 Sr0.3 MnO3
(LSMO) as inter-layer. Epitaxial PZT(001) (50 nm) /LSMO(001) (5 nm) /PZT(001)
(50 nm) trilayers have been grown on (001)-oriented SrTiO3 substrates by pulsed laser
deposition (PLD). The PZT thickness has been set to 50 nm in order to retain the epitaxial strain imposed by the substrate and thus maintain a ferroelectric single-domain
state [23]. Fig. 4.2 (a) shows a cross section of the PZT/LSMO/PZT trilayer system
imaged by HAADF STEM. The image (Z-contrast) reveals high-quality interfaces without any evidence of inter-diffusion. Moreover, the direct visualization of the structure
allows to determine the trilayer polarization state which manifests as a cation (Ti/Zr) offcentering, along the [001] growth direction in the PZT unit cells. This offset is visible in
Figs. 4.2 (b) and (c), which show averaged structure images of the upper and lower PZT
layer of Fig. 4.2 (a), respectively. A systematic analysis is provided in Figs. 4.2 (d) and (e)
presenting the local Pb shift directions (arrows) with respect to the Zr/Ti lattice. Based
on the observed Ti/Zr offset we conclude that the polarization alternates according to
+P ↔ 0 ↔ −P across the LSMO inter-layer with a sharp transition at the PZT/LSMO
interfaces.

Structuring of the top-layer
Piezoresponse force microscopy (PFM, see section 3.2) has been applied in order to unveil the two trilayer polarization states in the PZT/LSMO/PZT system as illustrated in
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Fig. 4.1 (b). Fig. 4.2 (d) shows the out-of-plane PFM contrast obtained after poling a
small scale box-in-box structure with ±4 V applied to the PFM tip. Bright and dark
regions correspond to a ferroelectric single domain state with +P and −P , respectively,
clearly indicating that the upper layer can be selectively and reversibly switched between
two stable ferroelectric states. This constitutes the two symmetry environments illustrated
in Fig. 4.1(b). The locally acquired hysteresis loop in the piezoelectric (resp. ferroelectric) response shown in Fig. 4.2 (g) reflects the excellent ferroelectric performance of
the switchable PZT control-layer. Note that the negative bias of the local PFM loop in
Fig. 4.2 (g) indicates an influence on the PZT switching behavior exerted by the electrostatic environment or by interfacial strain [101, 102]. This crosstalk suggests that the
induced change of the integral symmetry may indeed affect the properties of the LSMO,
which is a prerequisite for inducing symmetry based functionality in the interlayer. At this
point, however, we will focus on the non-linear optical response of the heterostructures
and demonstrate that these trilayer systems act as an effectively homogeneous artificial
material with tunable integral symmetry.
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Figure 4.2.: Ferroelectric trilayer properties. (a) HAADF-STEM cross section image (Z-contrast)
Figure 2
of a PZT/LSMO/PZT trilayer (50 nm/5 nm/50 nm). Schematic insets in (a) illustrate the
Zr/Ti cation displacements visible in averaged structure images shown in (b) and (c). White
arrows indicate the direction of the associated spontaneous polarization. (d),(e) Offset of the
Pb and Zr/Ti sublattices with arrows indicating the Pb displacement direction. (f) Selective
ferroelectric polarization switching in the upper PZT layer. Out-of-plane PFM image of an
electrically switched box-in-box area. (g) Corresponding piezoresponse hysteresis loop.
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4.3. SHG response of the symmetry active trilayer
As explained in section 3.1, leading order SHG is only permitted in systems without
spatial inversion symmetry. Thus, we describe the non-linear response of our trilayers by
the relation
~
~
P~ (2ω) = 0 χ̂tri E(ω)
E(ω)
,

(4.1)

where χ̂tri denotes the “integral” nonlinear susceptibility tensor of the heterostructures.
For an antiparallel orientation of the polarization in the two PZT layers (OFF state in
Fig. 4.1 (b)) the systems inversion symmetry is not violated so that χ̂tri ≡ 0 holds. In
contrast, the integral inversion symmetry is broken for parallel orientation of the polarization in the two PZT layers so that SHG is symmetry allowed in this ON state (χ̂tri 6= 0).
In Fig. 4.3 (a) we present the optical response of an epitaxial PZT/LSMO/PZT trilayer
grown on a SrRuO3 (SRO)-buffered SrTiO3 substrate at 620 nm when illuminated with
light of 1240 nm wavelength. The spatially resolved data has been taken after electrically poling an area of 80 × 80 µm2 with a PFM tip. The poled area (dark) shows a
distinct contrast level and is clearly distinguished from the surrounding region (bright).
The cancellation of nonlinear optical activity in the poled area demonstrates that the
electrically induced polarization reversal in the top PZT layer can be used to switch from
a non-centrosymmetric (white ↔ ON) to a centrosymmetric (black ↔ OFF) state and
hence control the optical trilayer properties. This switching behavior further confirms that
the top and bottom layers are decoupled which is essential for manipulating the integral
symmetry. In the present case the decoupling is supported by conduction in the LSMO
inter-layer. The inter-layer, however, does not have to be conducting: the decoupling
of the control layers may as well be acquired via bias effects as seen in Fig. 4.2 (g) or
by pinning the polarization of the lower control layer, e.g. by doping or an additional
bottom electrode. Note that the concept for active inversion symmetry control and the
aforementioned activation and deactivation of light emission by ferroelectric poling is not
restricted to the case of PZT/LSMO/PZT trilayers. As suggested by Fig. 4.1 (b) it is a
universal approach in the sense that no restrictions apply regarding the materials which
are chosen as the inter-layer and ferroelectric control-layers. In order to verify the general
validity we have investigated different trilayer compositions by exchanging, in two separate
variations, either the material used for the inter-layer or the ferroelectric control-layers.
Different inter-layers
We begin with a discussion of the effects observed when replacing LSMO for SRO. The
PFM analysis on PLD grown high-quality PZT/SRO/PZT trilayers on SrTiO3 (001) revealed that the top PZT layer grows in a ferroelectric mono-domain state and can be reversibly switched by applying a voltage of ±4 V to the PFM tip. In Fig. 4.3 (b) we present
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Figure 4.3.: Reversible control of the integral symmetry in ferroic oxide heterostructures. (a)
Spatially resolved SHG data taken on PZT/LSMO/PZT after electrically poling a box with a
PFM tip. (b) SHG image of an electrically poled box-in-box taken on PZT/SRO/PZT. As
shown in the inset, the SHG yield (vertical axis) can be reversibly switched between two discrete
levels. Numbers indicate the state at the start of the experiment (0), as well as the states
obtained after the first (1) and second (2) polarization reversal. (c) In-plane PFM image of
a BFO/LSMO/BFO trilayer system revealing four characteristic domain variants in the upper
BFO layer. Schematic illustrations show the corresponding polarization directions (red arrows)
and the BFO/LSMO/BFO trilayer state. (d) Corresponding spatially resolved SHG data imaged
after poling a box-in-box. The reversibility of the switch is depicted in the inset showing the
SHG yield obtained in states (0),(1), and (2).

the nonlinear optical response measured on a PZT/SRO/PZT trilayer (50 nm/25 nm/50 nm)
after electrically poling a box-in-box structure. Light emission (620 nm) from poled and
unpoled areas is clearly different and, analogous to the case of LSMO, relates to the local
symmetry state of the system (dark ↔ centrosymmetric, bright ↔ non-centrosymmetric).
This evidences that the substitution of the inter-layer material has no fundamental influence on the basic trilayer performance of Fig. 4.1 (b) so that we have the freedom to
choose the inter-layer material according to the desired functionality.
Different control-layers
In the next step we replace the ferroelectric PZT control-layers with multiferroic BiFeO3
(BFO) films while keeping the initial LSMO inter-layer. In BFO the coexistence of electric
and magnetic order simultaneously violates space- and time-reversal symmetry. Thus,
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the use of BFO as control-layer constituent allows e.g. to exploit the electronic and the
spin degrees of freedom for tuning the trilayer symmetry. BFO/LSMO/BFO trilayers
have been grown on (001)-oriented SrTiO3 substrates leading to four ferroelectric (multiferroic) in-plane variants with P || h111i resulting from the cubic symmetry of the substrate [101, 103]. The four variants are visible in Fig. 4.3 (c) showing a PFM scan of the
BFO/LSMO/BFO trilayer. The associated domains, however, possess a lateral size in the
order of (10-100) nm. As a consequence, the optical trilayer response is only determined
by the effective out-of-plane polarization component, Peff , as sketched in Fig. 4.3 (c).
From previous work it is further known that Peff is accompanied by a collinearly oriented
spontaneous magnetization [104], Meff , which results from a canting in the antiferromagnetically arranged spins of the BFO films [105]. Thus, any reversal of Peff coincides with a
reorientation of Meff which extends the symmetry control in our trilayers toward time reversal and the spin system. Regarding Peff , PFM scans performed on a BFO/LSMO/BFO
trilayer (50 nm/30 nm/50 nm) reveale a homogenous out-of-plane contrast for the upper
BFO control-layer. Fig. 4.3 (d) presents the corresponding nonlinear optical response
detected after electrically poling a box-in-box structure with a PFM tip (±10 V). Similar
to Fig. 4.3 (a), a strong decrease in light emission (620 nm) is observed when switching
Peff (↔ Meff ) in the upper BFO control-layer. It shows that the poling process establishes
integral space- and time-reversal symmetry which, prior to the poling, had been broken in
the BFO/LSMO/BFO system. As a consequence, SHG is deactivated in the poled area.
A second electrical switch (inner box) then reactivates SHG and leads to full recovery of
the initial signal strength which again demonstrates that the symmetry violations in space
and time are fully reversible.
Contrast considerations
What determines the observed contrast in the SHG images shown in Fig. 4.3? Ideally,
bare interference between two ferroelectric control layers of same thickness but opposite
polarization should yield a contrast C = (Ibright − Idark )/(Ibright + Idark ) close to C = 1.
However, we obtain contrast levels of C ≈ 50% for the PZT/LSMO/PZT trilayer in
Fig. 4.3 (a), and ≈ 60% for PZT/LSMO/PZT (b) and BFO/LSMO/BFO (c). There are
three potential mechanism that could account for this deviation, namely (i) incomplete
poling, (ii) crystallographic SHG background, and (iii) surface SHG. All these mechanisms
are illustrated in Fig. 4.4. Fig. 4.4 (a) shows the PFM response of the field-in-field poled
toplayer of the BFO/LSMO/BFO heterostructure presented in Fig. 4.3 (d). Though a
large fraction of the area has been poled, the polarization has not been inverted in residual
stripes as indicated by the arrows in Fig. 4.4 (a). This reduces the contrast of the SHG
response. Next, crystallographic SHG is present in the BFO based trilayer, which leads
to the SHG anisotropies shown in Fig. 4.4 (b) under normal incidence where the SHG
of ferroelectric origin is zero. This background contribution, however, is much smaller
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than the ferroelectric contribution that we probe in tilted incidence with tilt angles around
20◦ . Finally, SHG surface contributions are potentially present in tilted incidence, as
sketched in Fig. 4.4 (c), and these contributions have the same selection rules as SHG
from an out-of-plane polarization. Therefore, surface SHG can hardly be separated from
the ferroelectric response. Thus, in order to consolidate that activated and deactivated
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Figure 4.4: Mechanisms affecting the trilayer
contrast. (a) Incomplete poling (see regions
indicated by arrows) reduces the contrast.
The PFM image shows the (poled) top layer
of the BFO/LSMO/BFO trilayer presented in
Fig. 4.3 (d). (b) Crystallographic SHG of the
same BFO/LSMO/BFO trilayer in normal incidence. (c) Tilted incidence allows for surface SHG contributions.

emission of frequency doubled light in our trilayer systems indeed relates to the integral
symmetry expressed by χ̂tri and is not dominated by background contributions, we present
a model system in the following that allows us to approach the geometry of the complete
trilayer system step by step.
Carsten Becher | 19.08.2014
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Model system for SHG as probe of integral heterostructure symmetry
At first, PZT single layers with a thickness of 50 nm have been grown on SRO-buffered
(001)-oriented SrTiO3 . As indicated by the PFM image in Fig. 4.6 (a) the PZT grows in
a ferroelectric single-domain state and can be reversibly switched by applying ±4 V to the
PFM tip. Analogous to the trilayer experiments, light at a photon energy around 1240 nm
has been incident at an angle of about 20◦ with respect to the surface normal of the PZT
film. The resulting SHG image is presented in Fig. 4.6 (c). The black lines in the image
retrace the ferroelectric 180◦ domain walls of the electrically poled box-in-box structure.
This is further highlighted in Figs. 4.6 (b) and (d) which show the variation of the PFM
and SHG contrast along cross-sections of the corresponding images. For modelling the
lateral dependence I(x) of the SHG intensity we calculate the local interference of SHG
contributions from neighboring domains with the spontaneous polarization +P and −P .
Because of the linear coupling of the SHG susceptibility to the spontaneous polarization
the sign reversal of P is converted into a 180◦ phase difference between SHG waves
emitted from opposite domains [106]. Thus, the net SHG yield is given by


I(x) ∝

48

Z

−(x − x0 )
sgn(P (x0 )) exp −
l

!2 
 dx0 .

(4.2)

4.3. SHG response of the symmetry active trilayer
Here, sgn(P (x0 )) accounts for the domain distribution in Fig. 4.6 (a) and l = 2.5 µm
is entered as optical resolution. The good agreement between the SHG data and the
calculated intensity profile in Fig. 4.6 (d) corroborates that the SHG process is sensitive
to the polarization state of the single 50 nm PZT layer investigated here. Taking advantage
of this sensitivity we then investigate the nonlinear optical response of an assembly that
emulates the trilayer systems discussed earlier. A model trilayer is built by mounting
the switched PZT film of Fig. 4.6 (a) on top of a single-domain PZT/SRO/SrTiO3
heterostructure with the two PZT layers facing each other as sketched in Fig. 4.5.

E

surface norm
al

P
P

Figure 4.5: “Trilayer construction kit”: Cutting
one initial monodomain sample into two pieces
and poling of only one of them provides an unambiguous symmetry environment that can piecewise be probed with SHG.

Measuring the nonlinear optical response on this model trilayer we obtain a pronounced
difference in light emission at 2ω that leads to the contrast of the SHG image shown in
Fig. 4.6 (e). Because of the well-defined polarization state of this model trilayer (see inset
to Fig. 4.6 (e)) the brightness levels can be unambiguously assigned to the local symmetry
state. We find that dark regions correspond to a trilayer state with integral inversion
symmetry, whereas bright regions are observed when the integral inversion symmetry is
broken [107]. The good agreement between the SHG data and the calculated intensity
profile in Fig. 4.6 (f) confirms that the nonlinear optical response is determined by both
the ferroelectric polarization state in the buried layer and the top layer.
As a final remark, note that putting two parts of the same thin films on top of one another
could also be used to distinguish between monodomain states and multidomain states with
nearly balanced population of domain states, whenever the domains cannot be spatially
resolved. For the monodomain case, our “trilayer construction kit” will lead to different
SHG intensities depending on the relative orientation of the polar directions. In contrast,
there is ideally no net interference effect for the (balanced) multidomain state and the
SHG signal will scarcely depend on the relative orientation between top and bottom film.
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Figure 4.6.: Nonlinear optical response of a model trilayer. (a) Out-of-plane PFM image of an
electrically switched area in a PZT/SRO heterostructure. (b) Line scan of the section marked
in (a).(c) SHG image of the of poled area shown in (a). A schematic of the ferroelectric domain
pattern is shown as inset with the red arrow indicating the direction of the incident light beam.
(d) Line scan (black open dots) of the section marked in (c) and calculated SHG intensity (red
line). (e), (f) Corresponding SHG image, line scan, and calculation for the model trilayer system
sketched in the inset (see text for details).
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4.4. Summary and perspectives
In conclusion, we have demonstrated a concept for post-growth symmetry control in oxide
materials using a trilayer geometry with adjustable ferroic control layers. As a model case,
we have discussed the activation and deactivation of SHG that has been achieved by selective voltage-driven switching in one out of two ferroelectric control layers. Subsequent
experiments have demonstrated the generality of the approach, as it is robust against
an exchange of the control layers as well as the interlayer. Thus, SHG on trilayers also
provides a playground for the non-invasive study of ordered states, with the potential to
study their switching dynamics and to rapidly read-out ferroelectric states without the
need to switch it, as it is the case in nowadays ferroelectric memory cells.
Furthermore, by involving multiferroic BFO, we have shown that even the type of environmental control is selectable. Aside from the integral spatial inversion exemplary discussed
in this work it may involve the combined space and time reversal via multiferroic control
layers (extending the classical spin-valve geometry [108]), or strain tuning via ferroelastic
control layers.
In the future, the trilayer geometry may even be exploited to alter the local symmetry
within the interlayer or at its interfaces. One potential candidate as an interlayer is LSMO,
which is ferromagnetic at room temperature for the right composition. Here, magnetic
and transport properties might be altered depending on the symmetry environment given
by the adjacent control layers.
By using thin-film heterostructures, we have in a sense induced an artificial polar state,
whose integral polarity is tunable. Therefore, this concept constitutes the basis for applications employing heterostructures as active device components in which symmetry-based
functionalities can be switched on and off at will.
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5. TbMnO3: Spin-induced polar
phase in the thin-film limit
5.1. Introduction
In the previous chapter, we have investigated materials, whose polarity has been known
for years in order to exploit new aspects that solely arise from their combination into heterostructures. Now, we turn towards a polar state that is driven by magnetic interactions.
As already mentioned, competing magnetic interactions can lead to exotic arrangements
of the magnetic moments, such as sinusoidal, helical, or cycloidal spin structures whose
periodicity does not follow the periodicity of the lattice. In particular, a cycloidal spinspiral is capable to induce a polar- or even ferroelectric state, as explained in section 2.2.1.
In the context of thin films, a key question is how robust these spin spirals are against
the influence exerted by the substrate and the confinement to a film thickness of only a
few spiral periods. In fact, there are many examples where the spiral magnetic order is
fundamentally altered [109] or even suppressed [110, 111], which suggests that the spiral
order is in general very sensitive to any form of perturbation and can be easily destroyed.
Consequently, spin-spiral induced ferroelectricity has not been successfully transferred to
thin films so far. The closest approach up to now has been the observation of discontinuities in the magnetic and dielectric response in orthorhombic RMnO3 (R=Ho,Y,Tm)
films of ≈ 100 nm thickness [112–114], yet without evidence for cycloidal magnetic order.
Other experiments on FeVO4 and Ni3 V2 O8 [115, 116] concentrated on even thicker films,
and the magnetic structure has not been investigated at all.
Here, we choose TbMnO3 as model system to investigate, whether the spin-spiral ferroelectricity known from the bulk material can persist under the constraints of a thin film
environment. Previous attempts to transfer the spin-spiral order from bulk TbMnO3 to
thin films, reported in Refs. [117–119], revealed a variety of interesting film properties,
among which the most notably may be a magnetization induced by strain [117]. A reproduction of the bulk-like spiral magnetism and its resulting polarization, however, has not
been observed so far. After introducing the material and providing a basic characterizing
of the films structural and global magnetic properties, we use XRMS and SHG to investigate both the magnetic and polar structure of nearly strain-free TbMnO3 thin films. The
main results of this chapter have been published in Ref. [120].
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Spin-spiral multiferroicity of bulk TbMnO3
The bulk multiferroicity of TbMnO3 has been studied extensively and summarized in a
complex phase diagram [35, 121, 122]. Though the huge interest for this material has
initially originated from the observation that the ferroelectric polarization can be flopped
from the c-axis to the a-axis by means of an external magnetic field H k b, we restrict
the following introduction to the case H = 0 T. At ambient conditions, TbMnO3 is
paramagnetic and has a centrosymmetric orthorhombic structure with lattice constants
(a,b,c)=(5.29 Å, 5.83 Å, 7.40 Å) [123]. Below TN = 41 K, the Mn spins arrange antiferromagnetically, which leads to a sinusoidal spin-spiral along the crystallographic bdirection [35]. In a subsequent phase transition at TC = 27 K, the spins cant and thus
form a cycloidal spin-spiral in the b-c plane. This magnetic arrangement breaks spatial inversion symmetry and gives rise to an electric polarization P in ±c direction depending on
the spiral helicity. Fig. 5.1 summarizes the phase diagram of bulk TbMnO3 for H = 0 T
and illustrates the spin arrangements in each phase.
Distorted perovskite
structure

b

c

P
Si x Sj

Mn3+
TC = 27 K
Cycloidal spin-spiral
Ferroelectric

TN = 41 K
Sinusoidal spin-spiral

Tb3+
O2-

Paramagnetic
Paraelectric

Figure 5.1.: Atomic structure in the paramagnetic phase and spin arrangement in each of the
magnetically ordered phases of TbMnO3 for H = 0 T. Below TN = 41 K, a sinusoidal spin-spiral
| 19.08.2014
forms along the b direction. Below TC = 27 K, these Mn spins cant to form a cycloidal spiral
in
the b-c plane that leads to a spontaneous polarization as described in section 2.2.1. The figure
has been adapted from Ref. [74].
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5.2. Sample preparation and characterization
Commercial stoichiometric TbMnO3 discs have been used to prepare the films on orthorhombic YAlO3 (100) substrates by high-pressure oxygen sputter deposition. Under an
oxygen pressure of 3 mbar the material has been deposited at ≈ 700◦ C with 2 cm distance
between film and target. X-ray reflectivity and diffraction have been used to analyze the
quality of the films and measure their thickness, as detailed in Ref. [124]. The surface
roughness ranges between 0.3 and 1.5 nm. Rocking scans on the (020) reflection reveal a
width of only ≤ 0.05◦ which confirms the excellent epitaxy of the films. Finally, the films
lattice matching with the substrate is evidenced by reciprocal space maps around the (220)
and (024) reflections that are shown in Fig. 5.2. Note that the substrates in-plane lattice
constants perfectly fit with those of TbMnO3 with out-of-plane b axis (YAlO3 (b)=5.33
Å ↔ TbMnO3 (a) 5.29 Å, YAlO3 (c)=7.37 Å ↔ TbMnO3 (c)=7.40 Å) [123, 125]. In
contrast to previous attempts of growing multiferroic TbMnO3 thin films, this leads to
nearly strain-free films and thus to minimal influence of the underlying substrate.
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Figure 5.2.: Reciprocal space maps of a 100 nm TbMnO3 film around the (220) (a) and (024)
Carsten Becher
reflection (b). The Qx values of films and substrate are equal, which proves the perfect in-plane
lattice matching. The diagonal lines of intensity originate from the imperfect suppression of the
bremsstrahlung contribution to the radiation.

Furthermore, the film composition has been verified as Tb1.00(2) Mn1.00(2) O3.1(5) , by use of
Rutherford backscattering spectrometry at the Peter Grünberg Institut - Forschungszentrum Jülich. Thus the film stoichiometry is correct within the detection limit.
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5.3. Magnetic order
In a first step to explore the magnetic order of the films, macroscopic magnetization
measurements have been performed. Fig. 5.3 shows the total magnetization for zero-fieldcooling (zfc) and field-cooling (fc) with 10 mT of a 11 nm thin TbMnO3 film, respectively.
These measurements already indicate a magnetic phase transition at TN ≈ 41 K, i.e. at
the antiferromagnetic transition temperature known from bulk TbMnO3 . Therefore, the
measurements already point to bulk-like multiferroicity and have thus stimulated a detailed
X-ray magnetic scattering (XRMS) examination.

TN

Temper
at
ur
e[
K]

Figure 5.3: Zero-field-cooled (zfc) and fieldcooled (fc) magnetization measurements of a
11 nm TbMnO3 film. In the latter case, an
external magnetic field of 10 mT has been applied along the TbMnO3 c-axis. The data has
been recorded with a conventional Quantum
Design SQUID magnetometer as detailed in
Ref. [74]. Both measurements are corrected
for the diamagnetic response of the YAlO3
substrate.

Magnetic ordering of the Mn ions
To analyze the spin arrangement of the Mn ions in more detail as with the integrated
magnetization measurements, XRMS with π-polarized X-rays at the Mn LII -edge has
been performed (see section 3.4 for details). As shown in Ref. [70], the complex magnetic
structure of TbMnO3 allows two kinds of magnetic satellite reflections (H,K±τMn ,L):
Stronger A-type and weaker F-type reflections with L even and odd, respectively. We have
investigated the F-type reflections at the Mn-LII,III edge as the long wavelength inhibits
access to any other satellite reflections. As a starting point of the XRMS investigations,
we use π-polarized incident X-rays to obtain evidence about the propagation vectors and
thus of the periodicities of the magnetic Mn and Tb order, respectively. Fig. 5.4 (a) shows
the temperature dependence of the magnetic τMn propagation vector for films of different
thickness. For all samples, incommensurate magnetic order is observed1 with a transition
temperature similar to the bulk value. The width of the corresponding peak depends on
the film thickness as demonstrated in Fig. 5.4 (b). The general trend of τMn to decrease
1

Incommensurate magnetic order means that the periodicities of the magnetic moments and of the
atomic positions cannot be expressed as a ratio of integers
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Figure 5.4.: (a) Temperature dependence of the scattering intensity for incident π-polarized
radiation at the Mn LII -edge. The charge scattering background measured above the ordering
temperature has been subtracted from each measurement. Black points indicate the peak center
retrieved by a Gaussian fit. (b) Relative shift of the peak-center value of τMn between 40 K and
its minimum as a function of film thickness on a logarithmic scale.

towards an almost lock-in at TC is also reported for the bulk but in the films the value
of τMn shows a larger spread (0.26-0.31 versus 0.275-0.290 in the bulk [68]). This effect
increases for decreasing film thickness as depicted in Fig. 5.4 (b).
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Tb and Mn magnetic moments
After the investigation of the Mn propagation vectors each spatial magnetization component and its temperature dependence can be scrutinized by measuring with π and σ
incident X-ray polarization and sample orientations of ϕ at 0◦ and 90◦ . A recent study on
bulk TbMnO3 has revealed, that the spin-structure between 27 K and 41 K is not precisely
sinusoidal with m = mb , as introduced in section 5.1, but consists of a slightly canted spin
density wave (SDW) that also features a finite magnetic moment in c-direction (mc ). For
F-type reflections, we exclusively probe this c-component mc below TSDW , while for the
cycloidal phase below TC =27 K, an additional mb component can be detected by F-type
reflections [70]. In summary, the spatial magnetization components of the Mn and Tb
ions can be determined according to Eqs. 3.18-3.21 given in section 3.4.
Fig. 5.5 shows the temperature dependence of the derived magnetization components for
a film with 11 nm thickness. Note that the temperature dependences of the scattering
peak positions can be neglected, as they are small compared to the total scattering peak
widths. For the spin-density-wave phase, only a c-component of the Mn magnetization
is present, while below TC , additional b-component of the Mn magnetic moments arises
(a-contributions can be ruled out). Below 16 K, a gradual emergence (shaded area in
Fig. 5.5) of the Tb order with an inflection point at TN,Tb ≈ 10 K is observed at τTb .
In contrast, the magnetic transition of the Tb moments occurs abruptly at 7 K in bulk
crystals [126]. Still, all observed propagation vectors and transition temperatures are very
close to bulk TbMnO3 , even for the thinnest sample with only 6 nm thickness. This
shows that TbMnO3 can be prepared in very thin films without substantial alterations of
the magnetic properties.
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Figure 5.5.: Temperature dependences of the XRMS intensities for a 11 nm TbMnO3 film.
The b- and c-component of the magnetic Mn order and the ab-component of the Tb order are
extracted from intensity measurements of σ and π polarized incident light at the τMn and τTb
positions using equations 3.18-3.21. The inset shows the fc magnetization (Fig. 5.3) of the
same film for comparison.
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5.4. Ferroelectricity
For probing the ferroelectric order, a TbMnO3 film has been investigated by SHG. According to Fig. 5.4, no qualitative differences exist for films with a thickness between 6 nm
and 100 nm, so that we can restrict the optical investigation to the 100 nm film, where
the strongest SHG signal is obtained. In TbMnO3 , an emerging spontaneous polarization
PS reduces the point group symmetry from mmm to mm2 so that the SHG intensity for
light propagating along the b-axis is given by
Iϕ2ω =0◦ ∝ |χaca cos(ϕω ) sin(ϕω )|2 ,

(5.1)
2

Iϕ2ω =90◦ ∝ χccc sin2 (ϕω ) + χcaa cos2 (ϕω ) .

(5.2)

Here, ϕ2ω and ϕω denote the polarization of the SHG and the fundamental light, respectively, with respect to the a-axis. Fig. 5.6(b) shows the SHG temperature dependences
and polarization dependence at ESHG = 1.9 eV together with the XRMS scattering intensities from Fig. 5.5 for comparison (a). We clearly observe the emergence of a SHG signal
at TC = 27 K, which is exactly the transition temperature into the multiferroic phase
in the bulk as well as in the transition temperature in the cycloidal phase for our thin
films. In addition, the polarization dependence of the SHG signal at 11 K matches that
derived in eqs. 5.1 and 5.2 for a ferroelectric state with spontaneous polarization along
the c-axis. We therefore conclude that aside from the magnetic order, the ferroelectric
order of TbMnO3 is also reproduced in the epitaxial films.

Influence of the Tb ordering
The temperature-dependent SHG measurement in Fig. 5.6 (b) reveals a signal change at
temperatures below ≈ 11 K that coincides with the emergence of Tb-ordering. Though
subtle modifications of the polarization due to the magnetic Tb-ordering have also been
observed in bulk DyMnO3 and TbMnO3 [127], such a pronounced modification of the
Tb–Mn coupling in this 100 nm thin film is remarkable and has thus been investigated
by comparison of the SHG light polarization dependence at 4 K and 11 K. Both of the
datasets shown in Fig. 5.7 can be fitted (lines) with non-zero χccc , χaca and χcaa representing the mm2 point group symmetry that is expected for the ferroelectric phase [121,128].
In the Tb-ordered phase at 4 K, however, χccc and χcaa change significantly. While χcaa
is reduced by 50% upon going from 11 K to 4 K, χccc increases by a factor of 1.5 in
the Tb-ordered phase. This opposing trend already indicates that the coupling of the
Tb-order to the SHG signal is very complex and a microscopic model considering spinand magnetostrictive interactions would be required for its understanding. Either the SHG
signal couples directly to the magnetic order of the Tb ions or the Tb ordering indeed
reduces the spontaneous polarization most likely due to (magnetoelastically induced) lat-
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Figure 5.6.: Temperature dependence of the multiferroic order in epitaxial TbMnO3 films in
complementary measurements (a) by XRMS and SQUID magnetometry (inset) and (b) by SHG.
While part (a) has been discussed before, (b) shows the SHG intensity from the χcaa component
at the second harmonic energy of 1.907 eV for a 100 nm thin TbMnO3 film. The inset shows
the polarization anisotropy of the SHG signal at 11 K. The SHG polarization has been fixed at
0◦ or 90◦ while rotating the incident light polarization. Solid lines are fits using Eqs. 5.1 and
5.2.

tice deformations. In the latter scenario, the magnitude of this effect would already hint
at the sensitivity of the spin-spiral-induced polarity against subtle changes of interatomic
distances, which would be in tune with the absence of ferroelectricity in strained TbMnO3
thin films.
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Figure 5.7.: SHG polarization dependences of a 100 nm TbMnO3 film at 4 K and 11 K. Both
datasets can be fitted consistently with the SHG tensor components χccc , χaca , and χcaa representing the mm2 point group symmetry. Compared to the measurements at 11 K, χccc is
enhanced by a factor of 1.5 and χcaa is reduced by 50% in the Tb-ordered phase at 4 K. For
these measurements, the TbMnO3 c-axes has been oriented parallel to the 0◦ direction.
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5.5. Coupled switching of magnetic and electric order
Field-cooled XRMS
In the next step we have scrutinized the coupling between the magnetic and the ferroelectric order as well as the magnetoelectric switching properties of the TbMnO3 films below
TC = 27 K, which has been an important missing piece in any investigation of epitaxial
films with suspected magnetically-induced ferroelectricity so far.
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Figure 5.8: Spatial map of the circular
XRMS dichroism measured at (0 τMn 0) at
the Mn L-edge of a TbMnO3 film of 100 nm.
The sample has been cooled with a high intense X-ray beam at the position indicated
by the ellipse and measured at 11 K. The arrows indicate the electric polarization direction associated with the respective cycloidal
domain.

The circular dichroism, defined as the difference between the scattering intensities for
right-and left-handed circularly polarized X-rays (I+ −I− ), vanishes for a collinear magnetic
structure but also for equal population of left- and right-handed domain states. Hence, in
order to observe this dichroism, we have unbalanced the domain population by charging
the samples through the photoelectric effect in the synchrotron beam while cooling them
through TC as detailed in Ref. [69]. This method relies on the fact that photo-emitted
electrons cannot be effectively compensated. This leads to a gradient in the electrostatic
potential and thus to electric fields of up to several kV/mm. This charge-induced electric
field leads to large regions of different dichroism and hence, cycloidal handedness above
and below the synchrotron burn point, as shown in Fig. 5.8. This behavior is reproduced in
all investigated TbMnO3 films down to the thinnest one of 6 nm. The dichroism vanishes
at the multiferroic transition temperature of TC = 27 K, while the magnetic scattering is
present up to 43 K. Cooling the samples with the beam at different positions shifts the
boundary between the oppositely dichroic regions accordingly [129]. This directly proves
the control of the sense of rotation of the magnetic cycloid by the charge-induced electric
field and, hence, the rigid magnetoelectric coupling in the TbMnO3 films.
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Electric field switching in the multiferroic phase
Although the surface map of the XRMS dichroism signal in Fig. 5.8 reveals two large regions of different magnetic handedness, the contrast between these regions is not uniform
which seems to contradict the presence of two discrete magnetic states. Therefore, additional SHG experiments with an electric field applied along the c-axis have been performed
to explore the switching behavior of the ferroelectric state. Figure 5.9 shows a butterfly
loop of the SHG intensity in an electric field up to E = ±250 V/mm that clearly displays
a hysteretic behavior.
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Figure 5.9: Electric field dependence of the
SHG signal from the 100 nm TbMnO3 film
at 15 K. The electric field E has been applied with non-contact electrodes along the
c-axis. The signal shape can be modelled assuming SHG contributions by the polarization
P (E) (inset), the electric field, and the crystallographic structure. Note that leakiness often produces pseudo-polarization loops of a
similar shape in electrical hysteresis measurements. However, the SHG measurements are
not affected by leakiness so that the polarization hysteresis is genuine.

This electric field dependence of the SHG signal can be understood as interference of
SHG originating from the ferroelectric polarization with SHG that is directly induced by
the presence of the external electric field (EFISH). The data has been fitted similar to
Ref. [130] using the following equations:
I(2ω) ∝ |P (E) + χpara · eiϕ + E · χEFISH · eiψ |2 ,
P (E↑,1 ) = 0.25 · tanh(0.5 · E/ECeff + E/120),
P (E↓ ) = tanh((E +
P (E↑,2 ) = tanh((E −

ECeff )/ECeff
ECeff )/ECeff

(5.3)
(5.4)

+ E/190),

(5.5)

+ E/300).

(5.6)

Here, P (E) denotes the modelled ferroelectric hysteresis (P (E↑,1 ) → P (E↓ ) → P (E↑,2 ))
that is displayed in the inset of Fig. 5.9. The parameter χpara describes a paraelectric
background as well as SHG contributions that are field independent as e.g. SHG signals
from ferroelectric domains that cannot be switched by the external electric field and finally,
χEFISH quantifies the EFISH contribution to the total signal. Since each of these three
contributions can be phase shifted with respect to the others, the phase factors eiϕ and
eiψ have been introduced. All fit parameters are summarized in Tab. 5.1. From the shape
of the hysteresis it can be concluded that the applied field is not high enough to drive the
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Parameter

Error

ECeff

147

16

χpara

-1.58

0.06

ϕ

268

4

χEFISH

-0.017

0.001

ψ

0

2

Table 5.1: Fit parameters for the electric field dependent
SHG measurements on a 100 nm TbMnO3 film at 15 K. Note
that although the parameter ECeff acts as effective coercive
field in our model hysteresis loop, it can not be regarded
as real coercive field EC of the film since the ferroelectric
polarization is not saturated by the electric field.

sample into saturation. This means that the polarization reversal is incomplete so that the
film remains in a multidomain state. Attempts of spatially resolving the domain structure
by SHG imaging experiments solely reveal speckle patterns in the ferroelectric phase,
as shown in Fig. 5.10 (a). Such speckles are a fingerprint of a multidomain state with
(a) 0 V/mm

250

0

(b)

SHG intensity
30 K, 250 V/mm

0.21

15 K, zfc

0.38

15 K, fc

0.86

200 mm
Figure 5.10.: (a) SHG imaging in the ferroelectric phase of a 100 nm TbMnO3 film. All SHG
images solely reveal speckles, i.e. no domains could be spatially resolved. The images that
have been taken consecutively at the given electric field strength again illustrate the hysteretic
behavior of the SHG intensity (same illumination time of 10 min.). (b) Normalized SHG signal
strengths above TC (evidencing bare EFISH contributions) and below TC . Electric field cooling
with 250 V/mm increases the SHG yield by more than a factor of two, evidencing a ferroelectric
multidomain state.
|
|
domains smaller than the (optical) resolution of ≈ 5 µm, as also discussed in Ref.
[131].
A pronounced increase of the total SHG intensity after electric field cooling supports
this scenario (Fig. 5.10 (b)). Thus, combining the findings from electric field dependent
SHG measurements with the XRMS dichroism map provides a conclusive picture of the
magnetoelectric domain properties: The fractional reversal of the ferroelectric domains in
Fig. 5.9 corresponds to a fractional reversal of the magnetic domains in Fig. 5.8. While
the photo-induced electric field applied during sample cooling creates mm-sized majority
domain regions, an externally applied electric field E k c partially inverts the spontaneous
polarization even within the multiferroic phase.
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5.6. Summary and perspectives
In summary, the magnetic spin-spiral structure of bulk TbMnO3 has been transferred to
epitaxial films with a thickness of down to only three periods of the cycloidal spiral. Using
XRMS and SHG as complementary methods we obtain direct evidence for the presence of
a magnetic spiral and a magnetically induced ferroelectric polarization, respectively. The
persistence of the multiferroic order in the thin films has been possible by growing the
TbMnO3 nearly strain-free on YAlO3 substrates. The strong impact of the Tb order on the
polar state at low temperature hints at the sensitivity of the spin-spiral phase towards lattice deformations, given that the Tb ordering affects the lattice via magnetostriction. SHG
imaging experiments evidence a multidomain state in the absence of external fields that is
assembled by multiferroic domains with a lateral extension of ≤ 5 µm. A photo-induced
electric field is feasible to create mm-sized majority domain regions, which confirms the
rigid coupling between magnetic and ferroelectric order. Furthermore, electric field dependent SHG experiments evidence a fractional reversal of the spontaneous polarization within
the multiferroic phase. Contrary to previous experiments [110,117] this work demonstrates
that it is possible to sustain magnetic spiral order and the related multiferroicity in a thin
film and that there is no geometric limitation for magnetically driven polarity down to few
nm film thickness. As perspective, several interesting questions remain to be addressed
for TbMnO3 thin films:
• Can the polarization be flopped? The recent purchase of a magnet cryostat with
magnetic fields up to 10 T could be helpful to investigate the polarization flop in
the TbMnO3 thin film in order to compare the “flop physics” in a thin film with the
observations in the bulk compound.
• How does the thin-film environment influence the domain morphology ? Recent SHG
imaging experiments on bulk TbMnO3 have revealed ≈ 100 µm stripe-like side-byside domains for the zero-field cooled case [132], whereas we could not (optically)
resolve domains in the 100 nm thin film. Though no systematic attempts of tuning
the domain size in the 100 nm film have been performed throughout this thesis,
this difference hints at the impact of the thin-film environment on the domain
morphology. Here, a series of TbMnO3 films with different thicknesses could be
investigated to study this behavior systematically. For this purpose, a (meanwhile
ordered) low-temperature scanning probe microscope constitutes the ideal tool to
investigate the domains that are smaller than the optical resolution.
• Where are the limits? Ferroelectricity in general has already been demonstrated
in ultrathin films (e.g. in 4 nm thin PZT [133] or even in 2 nm BiFeO3 [134])
and calculations even supposed the absence of any critical size for its emergence
[135,136]. In order to exploit the (geometrical) limits of spin-driven ferroelectricity,
the growth and investigation of ultrathin TbMnO3 films is a logical next step.
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6. SrMnO3: Strain-induced polar
phase & defect formation
6.1. Introduction
In the previous chapter we have demonstrated that magnetically-driven polarity can be
preserved even in a thin film environment and epitaxial strain could be identified as the
most probable origin for the absence of polarity in previous experiments. In this chapter,
we study a system, in which strain enables the emergence of a polar phase as introduced
in section 2.2.2. In particular, inducing polarity by strain provides a route towards novel
materials, that combine magnetic and electric order in the same phase also at elevated
temperatures, which is elsewise scarce in nature due to contrary chemical requirements [9].
Along with the increasing potential of DFT calculations, strain-induced polar states have
been predicted for a number of compounds (e.g. Refs. [40,41]) but only few of them have
yet been realized experimentally. Examples are incipient ferroelectric CaMnO3 films [131],
ferroelectric SrTiO3 [7] and strain-induced ferroelectricity in ferromagnetic EuTiO3 [8], the
latter yet with a very low ferromagnetic Curie temperature of ≈ 4 K. As part of the search
for novel materials with coexisting magnetic and polar order in the same phase also at
elevated temperatures, we aim at a strain-induced polar phase in tetragonal SrMnO3 thin
films. The corresponding bulk compound has been intensively investigated for structural,
electronic and magnetic properties [137–139]. These studies reveal the complex phase
diagram that is shown in Fig. 6.1. Here, stoichiometric or off-stoichiometric compounds
can be realized depending on the preparation conditions. In particular, non-stoichiometry
is mainly realized by the concentration of oxygen vacancies in either cubic, or four-layer
hexagonal (4H) close-packed AO layers of ABO3 perovskites.
For these compounds, the so-called Goldschmidt tolerance factor t is a measure of the
most stable crystal structure [140]. This factor can be derived from the ionic radii of the
A-site, B-site and oxygen atoms as
rA + rO
t= √
.
2rA + rO

(6.1)

For SrMnO3 , with A=Sr and B=Mn, a tolerance factor t ≈ 1.05 > 1 is obtained, which
indicates a hexagonal crystal structure (0.7 < t < 0.9 orthorhombic, 0.9 < t < 1.0 cu-
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Figure 6.1.: Complex phase diagram of bulk SrMnO3 as function of oxygen content and temperBecher
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typically
Equil.
Diff.
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(2004),
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obtained at 300 K. However, a high temperature cubic phase can be stabilized either by thermal
quenching with subsequent annealing or by thin-film deposition at adequate growth conditions,
respectively. The diagram has been adapted from Ref. [137]

bic). Consequently, stoichiometric bulk SrMnO3 features the 4H-hexagonal structure at
ambient conditions. Using thin-film epitaxy with growth conditions as described in the
following section, however, our coworkers have been able to stabilize a tetragonal material
phase in SrMnO3 thin films even at ambient conditions. As for the hexagonal structure,
this phase also adopts G-type antiferromagnetic1 order [141] with Néel temperatures as
high as 206-233 K in bulk material [142–144]. At 70 K, the magnetic moment at the
Mn site has been determined to 2.6 µB [142]. A comprehensive theoretical study of the
materials electronic structure can be found in Ref. [139]: Within this work, the G-type antiferromagnetic state is found as the ground state of the cubic system in agreement with
aforementioned experiments. Furthermore, a detailed study of the electronic structure
reveals that the valence band consists of both oxygen p states and manganese d states,
while the conduction band is dominated by manganese d states, which in total leads to
semiconducting behavior with a band gap of approximately 0.30 eV [139] and thermally
1

Each Mn magnetic moment is oriented antiparallel to each moment of the nearest Mn neighbors.
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6.1. Introduction
activated conductivity [145].
In the light of the information given about strain-induced polar phases in section 2.2.2,
tetragonal stoichiometric SrMnO3 constitutes an ideal candidate material for the emergence of a strain-induced polarity as hybridization between these Mn d states and the
oxygen p states is feasible. Furthermore, there is no first-order Jahn-Teller distortion, that
may potentially compete with polar distortions as (only) the three degenerate t2g levels
of the Mn 5d orbitals are occupied with exactly one electron each [40, 146] (→ no orbital
degeneracy for a “remaining” electron). Consequently, recent DFT calculations predicted
the occurrence of polarity in the perovskite-structure manganites at larger than equilibrium lattice parameters [147]. Within this work, the spontaneous polarization has been
estimated as a function of strain under consideration of different magnetic structures. The
resulting plot, shown in Fig. 6.2, demonstrates that the polar phase is obtained for any of
the magnetic structures even for moderate tensile strains above ≈ +1%. Moreover, this
prediction has been supported by chemical doping experiments on bulk SrMnO3 , where
the partial substitution of Sr by Ba induces negative chemical pressure and leads to a polar
state [148]. These promising preconditions and the fact that polarization and magnetism
would both originate from the Mn ions (suggesting strong magnetoelectric coupling) have
initially motivated the following investigations on strain-induced effects in SrMnO3 thin
films.

Polar p

Strain level (%) -1

0

1

2

3

SHG

1

4

Figure 6.2.: Calculated spontaneous polarization of SrMnO3 as function of strain level. Both,
compressive as well as tensile strain (pos. values) give rise to a finite polarization, independent
of the respective magnetic structure. As a guide to the eye, the bold line in each case retraces
the polarization for the magnetic structure with the lowest energy at the respective strain level.
For tensile strain that is considered in this work, a polar state emerges above a threshold value
of about 1% still featuring the G-type antiferromagnetic structure. The figure has been adapted
from Ref. [147]
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6.2. Sample preparation
All SrMnO3 samples have been prepared at Instituto de Nanociencia de Aragon, Zaragoza
by L. Maurel and Dr. J. Blasco, respectively. For reference measurements, a SrMnO2.97
cubic bulk sample has been synthesized by ceramic procedures following a heat treatment
described in Ref. [149]. Stoichiometric amounts of SrCO3 and MnCO3 have been mixed
and heated at 1100◦ C overnight in air to decompose carbonates. The resulting powder
has been pressed into pellets and sintered in flowing Ar atmosphere at 1380◦ C for 6 h
followed by a cooling of 5◦ C/min. in the same atmosphere down to room temperature.
After repeating this procedure a second time, the resulting powder shows a characteristic
X-ray powder diffraction pattern of oxygen deficient perovskites, in particular a mixture of
Sr7 Mn7 O19 and Sr5 Mn5 O13 [150]. Finally, the pellets have been annealed in flowing pure
oxygen atmosphere at 350◦ C during 24 h. The X-ray patterns of the resulting compound
agree with cubic perovskite SrMnO3−δ , with δ ≈ 0.03.
For the actual thin film growth, SrMnO3 targets have been obtained from stoichiometric
amounts of SrCO3 and MnCO3 that have been mixed and heated at 1000◦ C overnight.
The resulting powder has been pressed into pellets and sintered at 1300◦ C for 48 hours
with a last annealing at 500◦ C for 8 hours to improve oxygen stoichiometry. These
targets are single phase adopting the 4H hexagonal structure as observed by X-ray powder
diffraction. In a next step, epitaxial films are grown by pulsed laser deposition using a
commercial chamber from Neocera Inc. with a background pressure below 10−7 Torr and
a KrF excimer laser with 248 nm wavelength. In order to ensure cation stoichiometry in
the films, the laser fluence on the target has been kept at 0.8 J/cm2 [151]. The samples
have been deposited on (001)-oriented LaAlO3 , (LaAlO3 )0.3 (Sr2 AlTaO6 )0.7 (LSAT) and
SrTiO3 substrates from Crystal GmbH that have (cubic) lattice parameters of 3.790 Å,
3.869 Å and 3.905 Å, respectively. Thus, considering the lattice constant of cubic bulk
SrMnO3 of 3.805 Å [144], nominal strain levels of −0.4%, 1.7% and 2.6% are exerted
to the SrMnO3 thin films. During the deposition process, the substrate temperature has
been kept at 850◦ C in 100 mTorr dynamic O2 pressure. After deposition, the films are
annealed in 700 mTorr O2 while cooling down to room temperature.
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6.3. Structural characterization
6.3.1. Surface topography
As a first check of the film quality, the surface topography has been investigated using
atomic force microscopy (AFM), as shown in Fig. 6.3 (a) for a 20 nm film grown on
LSAT. The film features atomically flat terraces with a distance of about 10 µm and a
height of 1.2 nm as presented in Fig. 6.3 (b). Note that the orientation of these terraces
does not correlate to the crystalline directions but includes an angle of about 70◦ with the
SrMnO3 [100] axis. A closer inspection with higher spatial resolution (i.e. a sharper AFM
5.0

scan region

[100]

80 nm S

1.2 nm = 3 unit cells 3.0

nm
MO on LSAT
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4.0
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Figure 6.3.: (a) Large scale AFM topography showing terraces
a 20 nm SrMnO3 /LSAT film.
scan of
region
(b) Analysis of the scan region highlighted in (a) reveals a height of 1.2 nm for
0.0 each of the
terraces.
Height [nm]

tip), however, reveals a pattern of linear grooves which are oriented along-1.0
the SrMnO3
crystalline [100] and [010] axes, as shown in Fig. 6.4 (a). Some of these grooves have at
-2.0grooves as
least a depth of about 4 nm (b). Potential origins for the apparition of these
well as their impact on the following results are discussed in section 6.6.
-3.0

6.3.2. Global strain state 500 nm
-4.0

As a starting point to determine the films lattice
structures,
X-ray
0.0
0.2
0.4 we
0.6perform
0.8 symmetrical
1.0
diffraction measurements as detailed in section 3.3. Position
Fig. 6.5[m]
shows the resulting θ/2θscans around the (002) reflection in 20 nm-thin SrMnO3 films grown on LaAlO3 , LSAT,
and SrTiO3 . Here, the substrate and film peaks can be seen. The SrMnO3 out-of-plane
lattice parameters extracted from the film peak positions are 3.817±0.005 Å (on LaAlO3 ),
3.775±0.005 Å (on LSAT), and 3.756±0.005 Å (on SrTiO3 ). The oscillations around the
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Figure 6.4.: (a) High-resolution AFM topography of a 20 nm SrMnO3 /LSAT film revealing a
pattern of linear grooves that are oriented along the SrMnO3 crystalline [100] and [010] axes.
(b) A height analysis of the region highlighted in (a) demonstrates that some of these grooves
have a minimum depth of (3-4) nm.

SrMnO3 (002) film peaks and the narrow rocking curves shown in the insets demonstrate
the high crystal quality of the films on each substrate.
Reciprocal space maps (RSMs) of the asymmetric (013) reflections shown in Fig. 6.6
demonstrate the films to be fully strained, presenting the same in-plane lattice parameters
as the respective substrate. Similar maps in a series of films with a range of thicknesses
have been used to determine the critical thickness above which epitaxial strain is partially
relaxed. This critical thickness is found to be ≥30 nm for LaAlO3 , around 30 nm for LSAT
and 20 nm for SrTiO3 substrates. All the films deposited on LaAlO3 , LSAT and SrTiO3
with thickness lower than these values grow under coherent in-plane biaxial tensile strains
of −0.4%, 1.7% and 2.6%, respectively. Fig. 6.6 (d) summarizes the lattice constants of
the SrMnO3 films on these substrates that have been deduced from the combination of
θ/2θ-scans and RSMs, respectively.
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Figure 6.5.: XRD θ/2θ-scans around the (002) reflection of 20 nm thin SrMnO3 grown on
LaAlO3 , LSAT, and SrTiO3 (differently scaled as only the relative intensities within one θ/2θscan are relevant). The sharp rocking curves shown in the respective inset demonstrate the high
crystal quality of the SrMnO3 films on each substrate.
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Figure 6.6.: Reciprocal space maps (RSMs) around the (013) reflection of 20 nm thin SrMnO3
on LaAlO3 (a), LSAT (b), and SrTiO3 (c). All films show the same in-plane lattice constants as
the respective substrate, which demonstrates their coherent strain state. (d) Summary of the
SrMnO3 lattice constants, extracted from the combination of θ/2θ-scans shown in Fig. 6.5 and
the RSMs.
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6.3.3. Tetragonality
Though all presented XRD measurements indicate cube-on-cube epitaxial growth of the
SrMnO3 on the respective substrates, we have performed additional tests to assure tetragonality. All these measurements have been performed on 20 nm SrMnO3 /LSAT films on
which we have focused our subsequent investigations.
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Figure 6.7.: Tetragonality of 20 nm SrMnO3 /LSAT. (a) A wide-range θ/2θ-scan exclusively
shows (00l) reflections, which in particular excludes the presence of a hexagonal material phase.
(b) A ϕ-scan reveals (013) reflexes of film and substrate at ϕ = 0◦ and 90◦ , but no film reflex
at 45◦ , which would indicate an orthorhombic phase of SrMnO3 . (c) Identical RSMs around the
(013) reflections at ϕ = 0◦ and ϕ = 90◦ demonstrate the same lattice constants along both
in-plane crystal axes. (d) Electron diffraction pattern without any extra reflections, that would
be caused by an orthorhombic crystal structure.

First, a θ/2θ scan in an extended angle range, shown in Fig. 6.7 (a), presents only (00l)
reflections from the substrate and film, proving the epitaxial growth of the perovskite
structure and the absence of impurities, as well as hexagonal- or orthorhombic phases.
Nevertheless, we have scrutinized the latter scenario by performing ϕ-scans around the
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(013) film and substrate reflexes, respectively. Besides an instrument-related offset, film
and substrate peaks overlap and occur every 90◦ . An orthorhombic phase of SrMnO3
with “reasonable” strain states (i.e. ≤ 4%) would require a 45◦ rotation between film and
substrate. A corresponding film peak at 45◦ , however, is not observed in Fig. 6.7 (b). Furthermore, Fig. 6.7 (c) shows two RSMs around the (013) reflections at ϕ=0◦ and ϕ=90◦
that reveal the same lattice parameters for both in-plane directions, as expected for the
tetragonal structure. Finally, an electron diffraction pattern of a 20 nm SrMnO3 /LSAT
film (Fig. 6.7 (d)) is in perfect agreement with a tetragonal crystal structure and confirms
the epitaxial relationship to the substrate. In particular, it is clearly different from previously reported electron diffraction patterns of SrMnO2.5 films that feature orthorhombic
domains [81].

6.3.4. Structural characterizations at the atomic scale
Using scanning transmission electron microscopy (STEM) as introduced in section 3.5
provides information about the structure and composition of the SrMnO3 films on the
atomic scale. Fig. 6.8 (a) shows a STEM cross section of a 20 nm thin SrMnO3 /LSAT
film that evidences the film high quality on the atomic scale with a sharp SrMnO3 /LSAT
interface. Image analysis of the STEM data furthermore allows to determine the local
strain-state of the SrMnO3 film. The corresponding in-plane and out-of-plane lattice
spacings are color-coded in Fig. 6.8 (b) and (c), respectively. In both cases, the interface
between substrate and film is indicated with a white dashed line. While no change of
the in-plane lattice constant between film and substrate is evident (b), the out-of-plane
lattice constant changes abruptly at the interface (c). Finally, using electron energy loss
spectroscopy (EELS), the film stoichiometry and the Mn valence state can be determined
from the EEL spectra (Fig. 6.8 (d)) as detailed in section 3.5. For 20 nm SrMnO3 /LSAT,
we obtain a Sr/Mn ratio of 1.00 ± 0.05 and a Mn oxidization state of 3.9 ± 0.1.
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Figure 6.8.: Scanning transmission electron microscopy (STEM) measurements at 20 nm. (a)
STEM on a cross section at the SrMnO3 /LSAT (100) film confirming the atomically sharp
interface and the crystalline quality of the perovskite film. A geometric phase analysis (GPA) of
the in-plane (b) and out-of-plane (c) lattice spacings in a section crossing the interface between
film and substrate (dashed white line) shows that the in-plane lattice constant of film and
substrate are identical, while the out-of-plane lattice constant changes abruptly at the interface
| 01.07.2014
Carsten
Becher
(same color coding for the lattice deformations). (d) EEL spectrum recorded in the
film
region
of the STEM cross section from which the stoichiometry of the film is deduced as detailed in
the text.
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6.4. Strain-induced polar phase
All aforementioned structural characterizations of the SrMnO3 films are consistent with a
tetragonal crystal structure with point group symmetry 4/mmm for the non-polar case.
In contrast, an in-plane spontaneous polarization PS reduces the point group symmetry
to 4mm or mm2, for PS along the in-plane principal axes or along the in-plane diagonals,
respectively. Using SHG as a symmetry sensitive technique it is instructive to consider
the symmetry allowed SHG tensor components for the non-polar and potentially polar
material phases, respectively. Tab. 6.1 summarizes the corresponding non-zero tensor
elements according to Ref. [55]. While, in principle, even the non-polar structure allows
for higher order MD or EQ SHG contributions, these higher order terms are forbidden by
the geometric constraints of the normal incidence geometry. Thus, it is justified to assign
observed SHG signal to the presence of a lower point group symmetry than 4/mmm. The
SHG type

ED
∝ MD
∝ EQ
∝
ED,(2)
M D,(2)
EQ,(2)
χijk Ej (ω)Ek (ω) χijk
Ej (ω)Hk (ω) χijkl kj Ek (ω)El (ω)

Non-polar phase
Tetragonal point
group: 4/mmm

0

χxyz , χxzy , χyxz ,
χyzx , χzyx

Normal incidence
constraints

Ey (ω) = Sy (2ω) = 0 → 1st and last 2 indices of χijk(l) 6= y
and k = ky → 2nd index of χijkl = y

⊥

0

0

χxxxx , χyyyy , χzzzz ,
χxxyy , χyyxx , χxxzz ,
χzzxx , χyyzz , χzzyy

0

Polar
Polar point group:
mm2 or 4mm (z k
P)

χzzz , χxxz , χzxx ,
χyyz , χzyy

⊥

χzzz , χzxx , χxxz

not considered

Table 6.1.: Symmetry-allowed SHG tensor elements for non-polar and polar SrMnO3 according
to Ref. [55]. The constraints of a normal incidence geometry (⊥) that are listed in the fourth
row, reduce the set of relevant (i.e. measurable) SHG tensor components. Thus, for non-polar
tetragonal SrMnO3 with point group 4/mmm even higher order SHG signals vanish in a normal
incidence geometry. In contrast, leading-order ED SHG is symmetry-allowed in the polar phase.
Here, the emergence of a polarization PS along z allows to detect the SHG tensor components
χzzz , χzxx , χxxz under normal incidence and higher-order SHG contributions can be neglected.

following section is devoted to the detection and characterization of such a polar phase in
strained SrMnO3 thin films. First, we focus on the polar properties of SrMnO3 films on
LSAT (1.7% strain). The results obtained for films in other strain states are separately
discussed afterwards.
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6.4.1. Linear and SHG spectroscopy
As preparatory measurement for the subsequent non-linear optical investigations, we
start with a linear absorption spectrum using a Jasco MSV-370 UV/VIS/NIR microspectrophotometer that in principle features an energy range (0.5-5.0) eV. Fig. 6.9 (a)
shows the SrMnO3 extinction in the limited energy range (0.5-2.5) eV range, in which the
extinction of SrMnO3 /LSAT and the LSAT substrate can be separated. Consequently, the
spectrum has been corrected for the LSAT contribution. Extrapolation of the absorption
edge towards zero (inset of Fig. 6.9 (a)) hints at an optical band gap of about 0.65 eV,
which is two times larger than the electronic band gap reported for bulk SrMnO3 [139].
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Figure 6.9.: Linear and SHG-specta of 20 nm SrMnO3 /LSAT at 300 K. (a) Linear extinction
spectrum of 20 nm SrMnO3 /LSAT corrected for the LSAT substrate contribution. Extrapolation
of the extinction towards zero provides an estimate of the optical band-gap, which is found to be
≈ 0.65 eV. (b) The normalized SHG spectrum at 300 K shows a maximum towards low photon
energies. The absolute SHG intensity, however, has its maximum around ESHG = 2 eV (dashed
line). Therefore, subsequent SHG measurements on the SrMnO3 films have been performed in
the highlighted energy range ESHG = (1.9-2.1) eV.
|

SHG measurements on the strained, 20 nm thin films grown on LSAT reveal a pronounced
SHG signal at ambient conditions. Fig. 6.9 (b) shows the corresponding SHG spectrum
that has been normalized to the SHG spectrum of a silver mirror, as explained in section
3.1. As already mentioned in section 3.1, the LSAT substrate does not emit any SHG in
the investigated energy range. Furthermore, surface and interface contributions can be
excluded due to the normal-incidence geometry. Thus, the SHG signal can be unambiguously assigned to the SrMnO3 film. In order to further explore the origin of this signal,
temperature-dependent SHG measurements have been carried out.
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6.4.2. Temperature dependence
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Figure 6.10: Temperature dependent SHG intensity of 20 nm SrMnO3 /LSAT. The observed signal strongly resembles the temperature profile associated with the polar order
in ferroelectric Sr0.5 Ba0.5 MnO3 reported in
Ref. [148]. Note that the SHG profile has
been stitched from several measurements as
detailed in appendix D.

Carsten Becher | 05.07.2014

Fig. 6.10 shows temperature-dependent SHG measurements of a 20 nm SrMnO3 /LSAT
film. We find a pronounced SHG signal indicating a breaking of inversion symmetry at
TC = 400 K. The SHG intensity reaches a maximum around 250 K, then decreases to a
local minimum around 150 K, before it slight increases towards the lowest temperatures.
Within the accuracy of our temperature measurement (≈ 3 K) we observe no thermal
hysteresis (i.e. difference between heating and cooling runs) of the SHG response. As
strong evidence of a polar state, the SHG temperature dependence closely resembles the
temperature profile associated with the polar order in ferroelectric bulk Sr0.5 Ba0.5 MnO3
[148]. For Sr0.5 Ba0.5 MnO3 , the reduction of polarity around 230 K has been associated
with the onset of antiferromagnetic order that suppresses the Mn off-centering due to
spin-phonon coupling [148,152]. As a consequence, the decrease of the SHG signal below
≈ 250 K hints at antiferromagnetism in our SrMnO3 thin films which, however, has not
been scrutinized yet.

6.4.3. Polarization dependences
In order to further explore the properties of the observed polar phase, polarization dependent SHG measurements shown in Fig. 6.11 have been recorded at ambient temperature.
The obtained SHG polarization dependences can be understood assuming a distribution
of four polar domain states as explained in the following: As already mentioned, an inplane polarization leads to the point group symmetry 4mm or mm2 for a polar axis either
oriented along an in-plane principal axis or along an in-plane diagonal, respectively. For
both point groups, the complex, non-zero susceptibilities χzzz , χzxx , and χxxz , can be detected in normal incidence (Tab. 6.1), when the z direction corresponds to the respective
direction of the polar axis for the two symmetries. Thus, we have fitted the measured
light polarization dependences as follows:
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The grey lines show the excellent fit to the data assuming a model of two polar axes along the
in-plane SrMnO3 diagonals as detailed in the text. Note that neither birefringence of the film
(too small interaction length) or of the substrate (does not exist in LSAT) affect the measured
polarization dependence.

|
1. We assume the presence of two orthogonal polar axes P1 and P1 along |which the
spontaneous polarization can be oriented along the up or down direction. In total,
this leads to the four possible polar states P1± and P2± , which we assume to be
mixed in the sample.

2. We introduce the ratio r = P1 /P2 , the ratio of the areas taken by the P1 and P1
domains, as free fit parameter.
3. We further introduce the angle δ between the polar axes and crystal axes (sketched
in Fig. 6.12) as free fit parameter. δ=0◦ and δ=45◦ correspond to a polar axes
along ([100], [010]) and ([110], [11̄0]) respectively.
4. We account for the complex values of χzzz , χzxx , and χxxz by introducing phase
factors eiϕzzz , eiϕzxx , and eiϕxxz . The reference phase is arbitrary so that we choose
ϕzzz as zero.
5. The SHG signal is then given as |Pi (2ω) ∝
{x, z}

P

j,k

ED,(2)

χijk

Ej (ω)Ek (ω)|2 with i, j, k ∈

The resulting fit to the data is excellent if we assume a ratio r=0.52 in the population of
P1 - and P2 -type domain states and polar axes pointing along the in-plane diagonals (δ =
42◦ ). All fit parameters are listed in Tab. 6.2.
Our model of mixed polarization states is further supported by polarization dependent
SHG measurements on different SrMnO3 /LSAT samples that can be fitted with exactly
the same SHG susceptibilities of Tab. 6.2. Only the domain population ratio r = P1 /P2
has to be adapted and δ needs to be fine-tuned around 45◦ due to slight misorientations
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Figure 6.12: Sketch of the SHG process on
a multidomain sample with a mixture of polarization domains P1± and P2± within the
probed region of several 100 µm2 . Light
is incident along the [001]-direction so that
Ey (ω)=0. The polar axes P1 and P2 are assumed to be orthogonal and the angle δ describes the offset between the [100] axis and
the polar z axis P1 .

[100]
[100]

[010]

d
P1

P2

Parameter

Value

Error

χzzz (ϕzzz )

10.1 (0)

–

χzxx (ϕzxx )

-3.9 (1.05)

0.2 (0.1)

χxxz (ϕxxz )

-3.2 (1.57)

0.2 (0.15)

r = P1 /P2

0.53

0.05

δ

42◦

0.3◦

Table 6.2: Fit parameters for the SHG polarization measurements in Fig. 6.11 for a
20 nm SrMnO3 /LSAT film. Only the ratio r = P1 /P2 and the angle δ (the latter
only within a few degrees around 45◦ ) are
adapted to fit the SHG polarization dependences on other SrMnO3 /LSAT films or on
different Carsten
probe
regions, respectively.
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of each sample on its mount. As an example, Fig. 6.13, shows the SHG polarization
dependences of another 20 nm SrMnO3 /LSAT film (sample 1151) which are very different
from those shown in Fig. 6.11. Nevertheless, the obtained polarization dependences can
be fitted with r = 0.26 and δ = 38◦ .
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Figure 6.13.: SHG polarization dependences of a different 20 nm SrMnO3 /LSAT film (sample
1151) at 300 K. Again, the data can be fitted with the same parameters of Tab. 6.2, but different
ratio r = 0.26 and offset angle δ = 38◦ , that accounts for a slight misorientation of the sample.
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same sample, as demonstrated in Fig. 6.14. Here the same film asTheta
shown38in Fig. 6.11
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has been measured at a different spot position of the probing laser beam. This leads
to different SHG polarization dependences compared to Fig. 6.11 which, however, can
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still be fitted with the identical tensor components
0.23 as new
1068 except
symfit2for the ratio r = A=0.23
best-fit value. In summary, the described scenario allows for four polar states
denoted
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with a different
beam spot position compared to Fig. 6.11. Though the polarization dependences are clearly
different from those shown in Fig. 6.11, they can be accurately fitted by solely adjusting the
ratio of P1 and P2 domains in the probed region to r = 0.23.

as P1+ , P1− , P2+ , and P2− with indices referring to the orientation of the polar axis
| 9
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according to 1± =±[110] and 2± =±[11̄0]. Note that fits assuming a polarization
pointing
along the ±[100] and ±[010] directions failed. Thus we conclude that the SHG signal
in the SrMnO3 film identifies a strain-induced polar state with the same orientation of
polarization as predicted by Lee et al. [147]. The assumption of different polar directions
in the probed film region necessarily implies the existence of polar domains. For spatially
resolving these domains, SHG imaging experiments have been performed in the next step.

6.4.4. Polar domain imaging with SHG
SHG imaging experiments have been carried out in the energy range around ESHG = 2.0 eV
under normal incidence. First we choose a low magnification to obtain an overview of the
sample and in order to identify potentially large-scale domain structures. Fig. 6.15 (a)
shows the linear image of the investigated sample. The region which appears brighter in
this linear image has been degraded by too high laser irradiation. Fig. 6.15 (b) shows an
overlay of this linear image with the corresponding spatially resolved SHG intensity (bright
speckles). As can bee seen from this overlay, no SHG is emitted from this degraded region.
However, no structures ≥100 µm, i.e. no large scale domains are visible. The SHG speckle
pattern as observed in Fig. 6.15 (b) hints at domains smaller than the resolution, which has
motivated to image the film with a larger magnification by using a microscope objective.
Here, as this objective has a depth of field of only several µm, the image focus has to be
adjusted to some defect structure of the film to assure that the domain structure of the film
is properly resolved. We take advantage of a scratch on the film surface for this purpose.
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Fig. 6.15 (d) shows the spatially resolved SHG image taken in the region marked in (c).
The SHG image reveals micron-sized stripe-like structures of different brightness with
preferred orientations along the [100] and [010] directions, which we identify as the polar
domains. Consequently, the brightness distribution can be understood as constructive
or destructive interference of SHG contributions from adjacent domains with different
orientation of the polarization [106]. The domains, however, appear to be at the optical
resolution limit so that complementary scanning probe microscopy measurements with
higher spatial resolution have been carried out in the following.

(a)

Linear (c)

400 mm
(b)

SHG (+ Lin)

(d)

Linear

SHG
10 mm

Figure 6.15.: SHG imaging of 20 nm SrMnO3 /LSAT. (a) Large-scale linear transmission image
of the sample, in which the bright region has been degraded by to too high laser irradiation.
(b) On this large scale, the SHG distribution is visible as speckle pattern in intact regions of
the film, which hints at sub-resolution-sized domains. (d) SHG microscopy image near a surface
scratch as indicated in (c). A stripe-like pattern with preferential orientation along the [100]
and [010] directions is evident. Note that this structure is only visible, when the film is in the
focus of the microscope objective, which excludes surface roughness of the samples rear side as
origin of the observed pattern.
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6.5. Conductance structure in the polar phase
Electrostatic force microscopy (EFM) has been used to electrically characterize the domains and image them with higher resolution. Fig. 6.16 shows a 50 × 50 µm2 EFM(2Ω)
scan taken at ambient conditions. Here, bright and dark areas indicate regions of high and

Figure 6.16.: 50 × 50 µm2 EFM(2Ω) image of 20 nm SrMnO3 /LSAT at 300 K. The brightness level corresponds to the local conductance of the film with brighter regions beeing more
conductive. The image has been recorded at 45◦ with respect to the crystal axes, i.e. the conductance structure is oriented along the SrMnO3 [100] and [010] directions. The corresponding
topography is shown in Fig. 6.3.

low electric conductance, respectively, as detailed in section 3.2. In marked similarity to
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the SHG domain image in Fig. 6.15, the resolved conductance pattern reveals nanosized
arrays oriented along the crystallographic [100] and [010] directions. This suggests that
the regions of different conductance in Fig. 3.2 correspond to the polar domains in the
SHG image of Fig. 6.15 (d). To assure this hypothesis, temperature-dependent EFM(2Ω)
scans have been performed.
(a)

Sample
Metal
T-sensor

(b)
1

Ceramic

Normalized signal

Resistor

(c)
SHG
EFM(2)
contrast

EFM (2)

Initial

After T > 400 K
1 mm

0

330 395
320
360
400 296
Temperature
Temperature [K]
Temperature[K]
[K]

Figure 6.17.: Temperature-dependent EFM(2Ω) measurements to verify the correlation to the
polar phase. (a) For in-situ EFM measurements the scanning force microscope is equipped
with a heating mount with manual temperature control using a heating resistor. (b) Normalized
EFM(2Ω) contrast at discrete temperatures together with the normalized temperature dependent
SHG signal. Within the accuracy of this comparison (i.e. determination of EFM(2Ω) contrast and
temperature accuracy), the EFM(2Ω) contrast perfectly retraces the temperature dependence
Carsten Becher | 25.08.2014
of the polar state. The EFM(2Ω) images have been recorded at ambient conditions, 330 K,
and 395 K. Again, the brightness scales with conductance with the same conductance range
used in the three images. (c) Comparison of EFM(2Ω) images recorded on the same film area
at 300 K before (top) and after heating to > 400 K (bottom). Both scans reveal an identical
conductance structure.

For in-situ EFM(2Ω) measurements, the EFM has been modified with a self-build heating
mount as shown in Fig. 6.17 (a). The film temperature is then increased by the heating
resistor mounted below the sample, while the temperature is monitored by a sensor in the
interlaced copper plate. The actual film temperature, however, differs by several Kelvin
from this sensor temperature and the data have been corrected for this offset. In total,
this setup provides a temperature accuracy of around 5 K up to 400 K. Fig. 6.17 (b) shows
the obtained EFM(2Ω) contrast as function of the corrected film temperature together
with the temperature dependent SHG intensity. Both quantities are normalized to their
absolute values at room temperature, respectively. We find that the EFM(2Ω) contrast
decreases continuously with increasing temperature and vanishes completely around TC .
The EFM(2Ω) contrast and SHG intensity even match within the measurement accuracy,
which suggests that the conductance variations scale with the square of the spontaneous
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polarization (ISHG ∝ PS2 ). Note that the decrease of the EFM(2Ω) contrast is not related to instrumental issues: A gold-on-glass reference sample as presented in section
3.2 features constant EFM(2Ω) contrast in the investigated temperature range. For the
SrMnO3 film, an identical conduction pattern reemerges when the sample is cooled back to
room temperature, as demonstrated in Fig. 6.17 (c). Such electrically decoupled domains
with local variation of the conductance in a structurally homogeneous polar thin film are
unexpected. Next we explore the origin of the behavior and estimate the conductance
variations.

6.5.1. Estimate of conductance variations
The EFM(2Ω) scan reveals conductance variations but yet without any measure of the
absolute conductance differences. Thus, in order to estimate the variation of the conductance, complementary conductive atomic force microscopy (c-AFM) measurements have
been performed. Fig. 6.18 shows c-AFM scans that reveal similar variations of brightness
(and hence conductance) as the EFM(2Ω) scans. Here, two subsequent scans have been
(a) - 10 V to AFM tip

(b)

+10 V

(c)

(1)
(2)
1 mm

1 mm

Current [pA]

10
(3)

(1)
(2)

0

-10
-10

(3)

0
Voltage [V]

10

Figure 6.18.: C-AFM measurements of 20 nm SrMnO3 /LSAT. (a) Image recorded with −10 V
applied to the tip leads to “less-negative current” in bright regions (i.e. lower conductance).
(b) Image recorded with opposite voltage +10 V to the c-AFM tip inverts the contrast, as
low conducting regions (now dark) allow for less positive current. (c) Current voltage curves
at the positions labelled as (1),(2) and (3) in (b) reveal symmetrical, non-linear conductance.
At 10 V bias voltage, the maximum difference between conductances amounts to one order of
magnitude.
Carsten Becher | 07.08.2014

performed on the same sample area. The first with a +10 V applied to the c-AFM tip (a),
the second with −10 V (b), which leads to a current in opposite directions. The obtained
c-AFM contrast is exactly inverted between images Fig. 6.18 (a) and (b), which proofs
that their is no preferential direction for the current. Current-voltage curves in Fig. 6.18
(c) accordingly show symmetric but non-linear behavior and reveal that the conductance
within a less conducting region (3) is an order of magnitude smaller than the conductance
within a bright area (1). As we measure both film- and substrate resistances in series,
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we can thus estimate that the maximum conductance variations at least amount to one
order of magnitude. This drastic difference in the conductance of the domains is striking,
given that we find no structural or chemical variations between different domains. Since
there are only four allowed directions of polarization, but we observe many degrees of
brightness in Fig. 6.16, the conductance of a domain is clearly not determined by its direction of polarization. We notice, however, a rough correspondence between the size of
the domains and their conductance, with larger domains in general being brighter. This
correspondence suggests that the domains are electrically isolated, with smaller domains
having fewer free charges that can contribute to the EFM(2Ω) response as demonstrated
for metallic patches of different sizes deposited on a glass substrate in section 3.2. Hence,
the conducting polar domains were separated by insulating barriers, likely the domain walls,
that decouple them electrically. In order to verify this scenario, charging experiments have
been conducted.

6.5.2. Polar domains as nanocapacitors: Charging experiments
For charging the SrMnO3 /LSAT film, an area of several µm2 has been scanned in directcontact with +100 V applied to a conducting AFM tip. Subsequently, the region around
this area has been measured by EFM. Fig. 6.19 (a) presents the spatial distribution of
the electrostatic potential thus obtained. Within the area exposed to the DC voltage the
brightness, respectively the electrostatic potential, is much higher than in the surrounding
area because of the deposited charge carriers. A closer inspection, however, reveals that
the brightness in Fig. 6.19 (a) is also increased in regions protruding from the area scanned
by the AFM tip. The EFM(2Ω) conductance image in Fig. 6.19 (b) reveals that these
protrusions are continuations of domains into the space not scanned by the tip. Obviously,
the charge flows from the tip throughout the entire area of the domain, including the
region not scanned by the tip. It is thus evenly distributed across the domain but it does
not cross the apparently insulating domain wall. We notice that this charging cannot be
erased by scanning the same field again with a grounded tip. This implies that most of the
injected charges are not deposited at the surface but are instead either injected into the
film itself or to the film/substrate interface. Subsequent EFM(Ω) scans provide evidence
about the temporal stability of the charging process. Fig. 6.19 (c) shows the EFM(Ω)
contrast between charged and uncharged domains as a function of time. After a strong
initial decrease, most likely due to the decay of surface charges, the EFM(Ω) contrast
stays constant or decreases with a very long time constant. A corresponding function,
assuming both, surface- and permanent charging is shown as solid line in Fig. 6.19 (c).
In contrast, a monoexponential decrease as expected for bare surface charging is not
adequate to describe the data (dashed line). Thus, the conductance structure that is
constituted by the polar domains allows for individual charging with long-term stability.
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Figure 6.19: Polar domains as nanocapacitors. (a) Map of the electrostatic potential
obtained by EFM(Ω) after scanning the field
enclosed by the yellow line with an AFM tip
biased by +100 V. The increase in the potential reflected by the higher degree of brightness shows that the nanodomains have been
charged. (b) Corresponding EFM(Ω) conductance map obtained parallel to the scan
in (a). In spite of the charge deposition the
conductance does not change. (c) EFM(Ω)
as a function of time together with a monoexponential decrease (bare surface charging,
dashed line) and a function assuming a combination of surface- and permanent charging
(solid line).

6.5.3. Time evolution of surface potential

| 20.08.2014

| 15

In order to look at the domain pattern with higher spatial and temporal resolution and
without any tip-sample contact, low-energy electron microscopy (LEEM) has been performed at the UE56-1 SGM beamline of the Research Center Jülich, BESSY-II storage ring,
Helmholtz-Zentrum Berlin, using the electron microscope (SPECS FE-LEEM P90 AC).
Here, an electron probe-beam is used to charge the surface of an insulating sample at 297
K under ultrahigh vacuum (6×10−10 mbar) and simultaneously probes resulting changes in
the surface potential landscape (see e.g. Refs. [153, 154] for more details). In agreement
with our EFM(Ω) data, different nanodomains in the LEEM images in Figs. 6.20 (a)(c) are clearly distinguishable by their brightness levels, indicating sharp transitions in
the surface potential between the domains. We see that individual domains switch their
potential state reversibly under an electron beam current of 2 µA. The corresponding
charging and discharging occur in less than 30 ms, as demonstrated in Fig 6.20 (d). This
different behavior compared to the permanent charging with the biased tip indicates that
the underlying charging mechanisms for AFM and LEEM are different. Furthermore, besides the different environmental conditions (ambient atmosphere for AFM and vacuum
for LEEM), the electron bombardment is continuous, which means that we look at the
surface potential of the SrMnO3 film, while charging it, and not afterwards. The return
to the initial potential state in one nanocapacitor may therefore also be induced by the
incident electron beam. At this point, further LEEM experiments, in particular with variable incident electron currents, are necessary to draw any consolidated conclusions as well
as reasonable comparisons between AFM and LEEM charging.
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Figure 6.20.: LEEM map of the electrostatic potential of 20 nm SrMnO3 /LSAT film during
charging with the electron beam. (a) Large-scale excerpt. (c) LEEM image of the area in (b),
but taken 30 ms later. The electrostatic potential of the highlighted domain, respectively the
charge deposited into it, has changed abruptly. (d) Time dependence of the (LEEM brightness)
| 22.07.2014 |
of this domain shows that the charging process is reversible. The solid line is a guide to the eye.
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6.6. Discussion
As we have observed many new phenomena in the strained SrMnO3 films, many aspects
remain to be investigated. In the following discussion, however, I will focus on the following
three central questions:
1. What is the impact of the groove pattern shown in Fig. 6.4 on the observed conductance structure?
2. What are the key parameters to induce the polar phase?
3. What is the origin of the correlation between polar phase and conductance structure?
Can we understand the origin of the electrostatic potential barriers at the polar
domain walls?

6.6.1. Impact of grooves
As already pointed out in section 6.3.1 the SrMnO3 films feature grooves that are oriented
along the principal axes. STEM measurements in planar view and STEM cross-section
(Fig. 6.21 (a)-(c)) both reveal these linear defect arrangements. Apparently the grooves

Figure 6.21.: STEM on grooves at 20 nm thin SrMnO3 /LSAT films. (a) planar view reveals the
linear groove network that is oriented along the SrMnO3 crystal axes with a zoom-in in (b). (c)
Cross-sectional view on a groove that penetrates into the film from the surface, i.e. has not
started to form from the substrate.

have started to form at the film surface and not at the substrate, as can be seen in
Fig. 6.21 (c). Potential reasons for the formation of these grooves may be surface relaxation at ferroelastic domain walls as described by Novak and Salje [155] or, more likely,
Carsten Becher | 02.06.2014
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fast cooling rates after completion of the actual film growth. Note, however, that the
film is coherently strained even in close vicinity to the groove, i.e. the grooves do no
not lead to strain relaxation of the films as it could be expected. In the next step we
have investigated the correlation between grooves and the potential barriers of the conductance regions. The orientation of the grooves is the same as that of the conductance
barriers resolved in the EFM(2Ω) images as again shown in Fig. 6.22. This raises the
suspicion that the conductance pattern has an entirely trivial origin, namely a structural
or at least chemical break at the grooves that interrupts the conduction and causes the
conductance pattern. In the following, we summarize the main arguments that there is
no such correlation.
(a)

EFM (2W)

6x6 mm2

(b)

AFM

Figure 6.22: SrMnO3 film of 20 nm on a
LSAT substrate. (a) EFM(2Ω) image showing the distribution of mobile charges. (b)
AFM scan showing a pattern of grooves in
the topography. Measurements were done in
air and at room temperature. Note the different scale of the images.

2x2 mm2

Statistical issues
The density of grooves is much higher than the density of walls at which the conductance
of the film changes. This is illustrated by Fig. 6.23. In panel (a) we see an area with
homogeneous conductance. The topography of the same area in panel (b), however,
reveals a dense pattern of grooves. Obviously, they do not block nor modify the flow
of mobile carriers. Panels (c) and (d) show a “conductance domain” and the associated
topography. We see that there are grooves around the domain where the conductance
changes. There are, however, a lot of additional grooves within the domain where the
conductance does not change. This already tells us that the largest part of the grooves
do not affect the carrier mobility.
Carsten Becher | 17.07.2014
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Conducting and non-conducting grooves
The images in Fig. 6.23 still leaves the possibility that the majority of grooves are shallow
and do not permeate the entire SrMnO3 film whereas a smaller part of the grooves
permeate the film, physically disconnecting parts of it and obstructing carrier mobility.
Only these grooves could then be the cause of the conductance pattern. This issue is
scrutinized in Fig. 6.24 which shows conductance and topography scans of the same region
with both changes in the conductance and a pattern of grooves. As in Fig. 6.23 (c) and (d),
the correlation between the grooves and the change of conductance is obvious. Fig. 6.24,
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(a)

C-AFM
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Figure 6.23: Comparison of c-AFM images (a,
c) and AFM-topography (b, d) on two areas
of a 20 nm SrMnO3 /LSAT film. The first
area (a, b) shows homogeneous conductance
(same current) whereas the second one (c,
d) shows a ”conductance domain”. Measurements were done in air and at room temperature. The color scaling of (a) and (c) is the
same.
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however, also shows that the grooves extend uninterrupted beyond the area where the
conductance changes. In other words, in order to relate the conductance changes to
trivial physical breaks in the film, certain parts of the grooves need to be “shallow”, then
”deep”, then ”shallow” again. In order to obtain a “conductance domain” orthogonal
grooves even need to become “deep” at the same point. All this is too ambiguous to
be realistic. Grooves might permeate the film on some sections and not permeate it on
others, but this would not lead to the conductance pattern we see, but rather to a pattern
that is determined by percolation effects: There would be extended stretches of identical
conductance that, with many 90◦ turns, cover large distances. This is not what we see.
(a)
C-AFM

(b)
AFM

(c)

Figure 6.24: Comparison of c-AFM
c contrast
(a) and AFM-topography (b) on the same
area of a SrMnO3 film. Note the grooves
extend beyond the section where the conductance changes, as exemplified ati one continuous vertical groove that would have to
change from conducting (c) to insulating
(i)
cc
i
and again to conducting behavior.
Thus,
the structure of these grooves would have to
change in a highly ambiguous way in order to
be able to explain the conductance changes
by trivial physical disconnection.
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Temperature dependence
In Fig. 6.17, we have shown that the EFM(2Ω) response is temperature dependent. Although the pattern of grooves is not affected by the heating cycle (this has been verified),
the inhomogeneity in the conductance landscape vanishes completely with the disappearance of the polar order around 400 K. Here, the carrier mobility is not obstructed by any
of the grooves. This ultimately disproves a trivial relation between the conductance barriers and physical disconnection caused by the grooves. In conclusion, although there is a
correlation between the walls at which the conductance changes and the position of the
grooves in the film, there is no trivial correlation between these two properties. In particular, the grooves as such do not obstruct the carrier mobility. The most likely explanation
we have is that the grooves represent pinning centers (as e.g. discussed in Ref. [156])
that promote the formation of polar domain walls when the SrMnO3 film enters the polar
state below 400 K.

6.6.2. Key parameters to induce polarity
Different strain levels
So far, we have focused on the emergence of a strain-induced polar phase in 20 nm
SrMnO3 thin films grown on LSAT (i.e. nominal tensile strain of 1.7%). SHG reference measurements on cubic bulk SrMnO3 and on a relaxed 80 nm thick SrMnO3 /LSAT
film under the same conditions as for the 20 nm SrMnO3 /LSAT films show no SHG response and thus no polar phase, which corroborates strain as one key factor to induce
the polar state. Nonetheless, in SrMnO3 /LaAlO3 with a nominal strain value of −0.4 %,
we observe a similar SHG signal with distinct polarization dependences as observed on
SrMnO3 /LSAT. All investigated SrMnO3 /LaAlO3 samples, however, feature a twinned
LaAlO3 substrate which certainly imposes locally higher strains to the film. Nevertheless,
these measurements suggest that strain-induced polarity might be feasible for even lower
strain levels than theoretically predicted. Here, further SHG measurements with films on
untwinned substrates are necessary to clarify the situation. SrMnO3 /SrTiO3 films with a
nominal strain level of 2.6% consistently show SHG response evidencing the polar phase
with an even increased transition temperature TC . Fig. 6.25 (a) shows the SHG intensity as function of temperature for a 20 nm thin SrMnO3 /SrTiO3 film. Here, the signal
decrease for temperatures above 420 K is caused by sample degradation, after which the
SHG signal is permanently lost. Thus, the SHG decrease cannot be associated with a transition in the non-polar state. Subsequent measurements with different SrMnO3 /SrTiO3
films reproduce the nearly constant SHG signal from 300 K to 410 K without any sample
degradation so that we can at least conclude a higher TC than for SrMnO3 /LSAT films.
To verify that the signal from SrMnO3 /SrTiO3 is of same origin as for SrMnO3 /LSAT,
polarization dependent SHG measurements have been carried out as shown in Fig. 6.25
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(a)

Normalized SHG intensity

(c). Again, we find excellent agreement between the data and a fit (grey lines) that is
based on the same model of two polar axes as introduced before. Our findings regarding
the emergence of a polar state at ambient temperatures are summarized in Tab. 6.25 (b).
The results that do not fit into the picture of strain-induced polarity above +1% tensile
strain are marked in red. While the case of SrMnO3 /LaAlO3 has already been discussed
as potential consequence of substrate twinning, the non-observation of SHG on 20 nm
SrMnO3 /LSAT films from another sample batch provides a starting point for the following
discussion about the influence of the film stoichiometry.
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Figure 6.25.: (a)
SHG intensity of a 20 nm thin
3
3
aniso90
pa9
ap9
While the observed signal decrease around 420 K is accompanied by sample degradation, we can
at least state that the polar phase of these films with higher strains show an increased transition
temperature TC compared to SrMnO3 /LSAT (400 K). (b) Summary of polarity at ambient
conditions for SrMnO3 under different strain- and oxidization states. (c) SHG polarization
dependences of 20 nm thin SrMnO3 /SrTiO3 together with a fit (grey lines) based on the identical
model as developed for SrMnO3 /LSAT with precisely the same fit parameters, ratio r = 0.26,
and offset angle δ = 44◦ .

95

6. SrMnO3 : Strain-induced polar phase & defect formation
Sample degradation and the role of stoichiometry
There are several experimental indications that besides strain, the film stoichiometry- and
in particular the oxygen content plays a decisive role for inducing a polar material phase:
First, the aforementioned non-polar 20 nm thin SrMnO3 /LSAT films are structurally identical to the previous polar films except for a lower oxidation state SrMnO3−δ , (δ ≥ 0.1
determined from EELS measurements). Furthermore, several initially polar SrMnO3 samples have been degraded during heating experiments in vacuum- and even at ambient
conditions as exemplified in Fig. 6.25 (a), where the SHG intensity does not reemerge
when cooling back to ambient temperatures. In a similar way, the samples also degrade
by too high laser- or electron beam intensities (no changes in topography) as shown in
Fig. 6.26 (a) and (b), respectively.
(a) EFM(2W)

EFM(2W)

1 mm
(c)

(b) LEEM

1 mm

I > Idamage

Stoichiometric

I > Idamage

(d)

Oxygen deficient

PS

Figure 6.26.: Sample degradation due to too high laser irradiation (a) and electron beam intensities (b). For both cases, we suspect (without proof) that the oxygen content has been
reduced by the deposited energy, as this would be consistent with sample degradation which has
Carsten Becher | 25.08.2014 |
been observed during heating experiments in vacuum. (c) and (d) illustrate the influence of an
oxygen vacancy: It leads to locally antiferroelectric behaviour (d) which counteracts polarity.

Independent of its crystal structure, SrMnO3 is known for loosing oxygen with increasing
temperatures [138, 157] and we therefore suppose that the oxygen content is reduced in
all these cases of degradation. The presence of oxygen vacancies counteracts polarity
in two different respects: First, the presence of an equatorial vacancy locally leads to
strong Coulomb repulsion between two adjacent Mn3+ ions and thus locally promotes
antiferroelectric behavior, as illustrated in Fig. 6.26 (d). Second, with increasing vacancy
concentration, due to partial delocalization, the overall Mn oxidization state is reduced
from Mn4+ to Mn(4−x)+ , This increases the electrostatic restoring forces for the Mn

96

9

6.6. Discussion
cations towards the center of their unit cells. In order to scrutinize the influence of the
oxygen content in SrMnO3 more quantitatively, DFT calculations have been performed
by Dr. U. Aschauer. Considering tensile strain levels of 4.0% (massive polar) and 2.4%
(slightly above threshold strain level for polarity) one vacancy has been introduced into a
volume containing 2×2×2 SrMnO3 unit cells (i.e. 40 atoms in total) and the spontaneous
polarization PS has been estimated from the relaxed ionic positions for the case with
and without vacancy. For 4.0% strain, the estimated PS is reduced from 16 µC/cm2
to 10 µC/cm2 while for 2.0% strain, the initial PS = 6 µC/cm2 completely vanishes by
introducing the vacancy. This demonstrates that oxygen deficiency indeed counteracts
the materials tendency to become polar under strain and explains the absence of polarity
in sufficiently strained, but oxygen deficient SrMnO3−δ , (δ ≥ 0.1) films.

6.6.3. Strain-promoted oxygen vacancy formation
Finally, we discuss the potential origin of conducting polar domains encased by insulating
domain walls in strained SrMnO3 . At this, a model has been developed in cooperation
with Dr. U. Aschauer, who performed the subsequent density functional theory (DFT)
calculations. As already mentioned, the existence of the polar state in SrMnO3 films has
been previously predicted using DFT [147]. Here we build on this earlier work, and on
former calculations of the strain-dependence of defect formation energy in the related
compound CaMnO3 [158] to elucidate the role of oxygen vacancies and their interaction
with the polarization in strained SrMnO3 . First, we find that tensile epitaxial strain promotes the formation of oxygen vacancies on the equatorial site with 2% strain increasing
the vacancy concentration by one order of magnitude, consistent with previously reported
off-stoichiometry already at moderate temperatures [157]. Fig. 6.27 (a) shows the environment of such a strain-promoted oxygen vacancy. The isosurface (yellow) shows the
electron density associated with the Mn-eg defect state that converts the two Mn ions
adjacent to the vacancy from Mn4+ to Mn3+ . Next, we determine the tendency of vacancies to cluster, by comparing the total energies of supercells containing oxygen vacancies
that are located either close to or far from each other. We find that it is energetically
favorable (by 0.18 eV per vacancy) for the vacancies to form columns along the [001]
direction or sheets in (100) or (010) planes (by 0.04 eV per vacancy), but that diagonal
pairing along the <110> directions is highly unfavorable, likely because it would reduce
the coordination of manganese ions from six to four. Finally, we consider the tendency of
oxygen vacancies to accumulate at domain walls, and obtain an energy gain of 0.30 eV
for a vacancy at a 90◦ head-tail domain wall compared to a site one unit-cell into the
domain. In total, these energy considerations point to oxygen vacancy formation at the
domain walls. This mechanism, however, requires sufficient mobility of the vacancies at
moderate temperatures around 400 K. In this regard, we calculate the energy barrier for
migration between equatorial O vacancy sites to be around 0.4 eV, which should still result
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in a significant mobility around the TC of 400 K (see e.g. Ref. [159])2 . The calculations
therefore suggest an accumulation of oxygen vacancies at the (010) or (100)-oriented
domain walls once they form at TC . To determine the influence of our predicted oxygen
vacancy accumulation on the transport properties, we calculate the electrostatic energy
barrier introduced by a sheet of oxygen vacancies located at a 90◦ head-tail domain wall,
as shown in Fig. 6.27 (b). We find that, in comparison to a wall without defects, this
introduces a potential barrier of 0.024 eV (≡ thermal energy at room temperature) for a
mobile electron, effectively isolating the polar domains from one another.

(a)

[001]

El. potential [meV]

(b)
0

-100
0

Stoichiometric
With vacancies
0.024 eV
Domain wall
Position [u.c.]

2

Figure 6.27.: Electronic structure effects of oxygen vacancy formation and ordering. (a) Part of
the simulation cell showing the crystal structure around an oxygen vacancy in strained perovskite
SrMnO3 . The isosurface (yellow) shows the defect state electron density located on the two Mn
ions adjacent to the vacancy. (b) Calculated change in electrostatic potential across an oxygen
defect layer at a 90◦ head-tail domain wall. Compared to stoichiometric SrMnO3 , the oxygen
vacancy dressed wall constitutes an energy barrier of 0.024 eV for a mobile electron, effectively
limiting electric conduction.

Figure 5

2

This assumption is also experimentally supported by the sample degradation above 450 K, as the
oxygen escape energy should be comparable to the oxygen migration energy
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6.7. Summary and perspectives
In summary, we have observed a strain-induced polar phase in tetragonal SrMnO3 thin
films as suggested by former DFT calculations. In addition, a pattern of electrically
decoupled conducting nanoarrays delimited by insulating walls in the polar phase of the
SrMnO3 films has independently been imaged by EFM, c-AFM and LEEM techniques. The
comparison of EFM/c-AFM conductance maps with SHG imaging measurements show
that the conducting nanoarrays and the polar domains form the same pattern, suggesting
that the conducting regions separated by insulating barriers are in fact the polar domains
limited by insulating domain walls. Temperature-dependent EFM measurements further
support the close correlation between both phenomena. Based on DFT calculations,
we argue that the observed behavior can be attributed to oxygen vacancy ordering which
thus provides a novel, strain-supported mechanism for obtaining functional oxide interfaces
within a compound. In SrMnO3 , these walls act as functional interfaces by structuring a
pattern of nanocapacitors that can be individually charged and discharged (as shown by
LEEM), or store charges for many hours (charging with a biased tip). As this work has
been the starting point to look at SrMnO3 thin films, however, many questions remain to
be addressed yet:
• Magnetic order in the films: The potential coexistence of magnetic and electric order
has been the initial motivation for the research on SrMnO3 films. Nevertheless,
though the SHG decrease towards low temperatures hints at the emergence of
magnetic order [152], the expected antiferromagnetism of the films has not been
demonstrated yet. Therefore, muon scattering experiments, which provide direct
access to the magnetic state of the films, are already scheduled.
• Is polarity also possible at very low strain levels? So far, SrMnO3 films with nominally low strains have been grown on twinned LaAlO3 substrates. This twinning,
however, introduces uncertainty about any statements regarding strain-induced effects, as the SrMnO3 might be considerably stressed locally. Here, films on untwinned LaAlO3 could provide evidence, whether polarity can even be obtained in
nearly strain-free SrMnO3 films.
• Sensitivity towards oxygen content: The drastic impact of the sample stoichiometry
on the polar state has been discussed in section 6.6.2. Here, systematic experiments
with a series of SrMnO3 films with different oxidization states could not only clarify
the impact of oxygen on the polar state but may even allow to tune the polar
properties by changing the sample stoichiometry.
• Switching and combination with chemical (Ba) doping: Within this thesis, no electric field switching could be achieved in SrMnO3 films. In contrast, ferroelectric
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switching has been demonstrated in bulk Sr0.5 Ba0.5 MnO3 at low temperatures [148].
Thus, a promising approach to realize ferroelectric films is to investigate Ba doped
SrMnO3 thin-films that combine chemical and epitaxial strain.
Once the described issues have been clarified, and given that ferroelectric switching is
finally feasible, a future task towards applications is to write the polar domains as twodimensional periodic arrays so that deterministic charging and discharging of an individually addressed cell within this domain matrix becomes feasible. In that case the nanocapacitors promoted by the oxygen-vacancy interfaces in SrMnO3 films could form the basis
of a new type of electric bit or CCD pixel.
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Polarity enables functionality. Therefore, one aim of modern material science is to induce
polarity in elsewise non-polar systems, in order to add functionality to them and in particular to overcome the contrary chemical preconditions for polarity and magnetic order.
For this purpose, the use of thin films is highly favorable with regard to potential applications in real devices. Therefore, induced polar states that are realized in oxide thin-film
structures have been investigated in the course of this PhD thesis.
For probing the emergence of a polar state, optical second harmonic generation (SHG)
has been employed as main experimental technique. This method is sensitive to the symmetry breaking that accompanies the onset of polarity. If a system becomes polar, its
inversion symmetry is lost, which allows for leading-order SHG. Extending this concept, it
would be nice to have a material in which polarity, or more general the symmetry, could
be tuned, i.e. to have a switch for any kind of symmetry-based functionality. In this
picture, thin-film (ABA) trilayer structures assembled by ferroelectric control layers (A)
that are disconnected by a layer (B) have been used to demonstrate the concept of a
material, whose “integral” symmetry can be controlled. This is accomplished by exclusively switching the polarization of the top layer, while retaining the polarization of the
bottom layer. The two resulting symmetry configurations, namely “intergal” inversion
symmetry for antiparallel polarizations and broken symmetry for the parallel case, can be
distinguished by their SHG response (↑↓ ↔OFF, ↑↑ ↔ON). SHG imaging experiments
on the trilayer structures proof this principle, demonstrate the reversibility, and, by using
different (A) and (B) constituents, generality of the approach. The trilayer geometry can
thus be exploited to control the symmetry environment of the interlayer, which enables
tuning of symmetry-based properties of functional interlayers in future heterostructures.
In a general sense, our trilayer arrangement establishes an “intergral” polar state, that can
be switched on and off at will.
While the trilayer heterostructures are comprised of well-known ferroelectric constituents,
we have next investigated two thin-film systems, for which the respective emergence of
spin- or strain-induced polarity had been under debate before. First, magnetically-induced
ferroelectric order has been investigated in TbMnO3 thin films. Contrary to previous
experiments, the well-known spin-spiral arrangement of bulk TbMnO3 has been found
to persist down to only few nm film thickness. The resulting ferroelectric polarization
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has been detected by SHG on a 100 nm TbMnO3 film. Furthermore, the combination
of electric-field-dependent measurements and SHG imaging experiments evidences a multidomain state in the absence of external fields that is assembled by (multiferroic) domains
with a lateral extension of ≤ 5 µm. Here, future low-temperature force microscopy measurements with superior spatial resolution are ideally suited to investigate these domains,
their walls and their local switching behavior. The comparison of our findings on nearly
strain-free TbMnO3 /YAlO3 films with previous reports on strained (paraelectric) TbMnO3
thin films suggests, that the spin-spiral ferroelectricity is highly sensitive towards lattice
deformations but not to spatial confinement.
In SrMnO3 thin films, strain plays the opposite role, as it is crucial for inducing the polar
material phase. In 20 nm strained SrMnO3 /LSAT films, we find SHG that persists even
above ambient conditions. The SHG temperature dependence resembles the profile that
has previously been associated with the polarization in ferroelectric bulk Sr0.5 Ba0.5 MnO3 .
Furthermore, the SHG light polarization dependences can be understood assuming a polar multidomain state with spontaneous polarizations along the in-plane diagonals, which
is in tune with DFT calculations. Thus we conclude the emergence of a polar material
phase from the SHG measurements. Aiming to resolve the polar domains by electrostatic force microscopy (EFM), we have discovered a conductance structure that is assembled of electrically isolated nanoarrays. The comparison of conductance maps with
SHG imaging experiments shows that these arrays and the polar domains form the same
pattern, suggesting that the conducting regions separated by insulating barriers are in
fact the polar domains limited by insulating domain walls. This is further supported by
temperature-dependent EFM measurements, that reveal decreasing conductance variations towards zero around TC =400 K. At ambient temperatures, each domain can be
individually charged with a biased scanning tip or even reversibly charged under the bombardment of an electron beam. Based on DFT calculations, we argue that the observed
behavior can be attributed to oxygen vacancy formation at the polar domain walls, which
thus provides a novel, strain-supported mechanism for obtaining strain-driven functional
oxide interfaces within a compound. Here, a future task is to further scrutinize the impact
of strain and stoichiometry on the polarity in order to tailor the polar properties of the films
and to finally switch the polarization. Polar domains could then be structured and deterministic charging and decharging of an individual nanocapacitor might become feasible.
The present work demonstrates, that thin films bare a fascinating playground to induce polarity into oxides. While magnetically-induced polarity can be preserved even for extreme
spatial confinement, both the combination of well-known polar materials as heterostructures as well as strain-engineering on initially centrosymmetric materials enables novel
functionalities which would have been impossible with the respective bulk materials.
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thin films
A.1. Introduction
Within this thesis, Europium oxide (EuO) thin films have been investigated with regard
to potential polar phases. In its bulk form, this material crystallizes in a cubic rocksalt
structure with a room temperature lattice constant of 5.144 Å that is slightly reduced
to 5.127 Å below 10 K [160]. Furthermore, it is known as model compound of an
ionic ferromagnetic semiconductor and features a multitude of interesting properties, in
particular for the field of spintronics, where the electron spin is the carrier of information [161]. Examples are an insulator-metal transition, colossal magneto-resistance, and
nearly 100% spin polarization in the ferromagnetic state [162–169]. Besides divers linear
magneto-optical properties, such as a pronounced Faraday effect, polar- and transverse
Kerr effect [170–174] and a large red shift of the absorption edge of ≈ 0.3 eV in the
ferromagnetic phase [175], its ferromagnetic ordering temperature of TC = 69 K can be
drastically increased via chemical doping [176, 177], compressive strain [178, 179], or even
manipulated on ultrashort time scales by means of photoexcitation [180]. Aside from
these magnetism related properties the material has been predicted to become ferroelectric under sufficiently large strain levels [41]. Fig.A.1 shows the strain dependence of the
spontaneous polarization calculated from first-principles.

Figure A.1: Calculated spontaneous polarization as function of strain for EuO (figure
taken from [41]). Note that negative strain
values ≤ −3% that correspond to compressive strain result in out-of-plane polarization,
while tensile strains ≥ 4% give rise to an inplane polarization.

Considering strains of one percentage point more than required to induce a polar phase,

|

|
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the expected polarizations range in the same order as for conventional ferroelectrics (e.g.
BaTiO3 = 15 µC/cm2 at 300 K [181]) and are thus more than two orders of magnitude
larger than for typical magnetically-induced ferroelectrics (e.g. TbMnO3 = 0.08 µC/cm2
at 5 K [35]). Importantly, the ferromagnetic state has been found to remain unchanged
through the ferroelectric region within the same work [41]. Therefore strain-induced
ferroelectricity in EuO could provide a pathway towards novel multiferroics that combine
ferromagnetic and ferroelectric order. Besides academic interest these findings are also
of technical relevance due to the excellent compatibility of EuO thin films with silicon
and GaN [166]. So far, strain-induced ferroelectricity in a ferromagnet has only been
reported at EuTiO3 thin films [8]. Their very low ferromagnetic Curie temperature of 4.2
K, however, still motivates the investigation of polar phases in strained EuO thin films.

A.2. Sample preparation
The EuO films investigated in this work are grown by two different growth techniques.
A well established method to grow high quality EuO with low to moderate strains is
adsorption-controlled molecular beam epitaxy (MBE) [182]. Here, the elsewise
complicated flux-matching is circumvented by heating the substrate to temperatures high
enough to evaporate unoxidized europium metal. This finally allows to control the EuO
deposition solely by the oxygen flux as described in Ref. [182]. The films have been
grown by our co-workers from Augsburg and Cornell. To prevent oxidation of the EuO
to Eu2 O3 at ambient atmosphere, the films are protected by a 10-20 nm thin capping
layer of amorphous silicon (a-Si). Furthermore, some samples have additionally been
structured with Ti electrodes for electric field measurements in a well defined geometry.
Fig. A.2 provides an impression of the employed EuO samples which typically have a size
of 5 × 5 mm2 .

a

b

c

d
1 mm

Figure A.2.: EuO samples for electric field measurements. While samples grown on YAlO3 substrates (moderate strain levels of ≈ 2%) have been structured with T-shaped Ti electrodes (a,b,c
in sample holder) that can be contacted directly, most of the samples have been sandwiched in
between external metal electrodes for electric field dependent SHG measurements (d).
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Though the MBE method is excellent for small lattice mismatches of ≈ 2-4%, high-quality
films with higher strain levels could not be realized by MBE so far. Thus, a specific sputter
method has been developed by Dr. T. Mairoser [66]. Here, an epitaxial Eu2 O3 film is
deposited on the substrate. Subsequently, this film is reduced at elevated temperatures
of ≈ 600◦ C so that the oxygen has high mobility while titanium (Ti) is sputtered on
top. This so-called topotactic transformation1 finally leads to phase-pure EuO of high
crystalline quality. To use these samples for optical measurements, the conducting Ti
capping layer has to be oxidized to insulating TiO2 in a final processing step. At this,
films with the minimal Ti content required for complete reduction of the EuO have been
exposed to H2 O2 for several minutes. It has been verified that this subsequent H2 O2
treatment barely affects the film properties [66]. Using this sputtering method, epitaxial
growth of EuO on various substrates exerting nominal tensile strain levels up to 9% has
been realized. Tab. A.1 summarizes the investigated EuO films sorted by their maximum
nominal strain level.
Substrate

Lattice constant (Å)

Tensile strain (%)

a

b

c

k EuO[-110]

k EuO[1-10]

YAlO3 (110)

5.18

5.33

7.37

1.3

2.2

LaAlO3 (001)

3.79

4.3

MBE/Sputter

NSAT (001)

3.84

5.6

Sputter

NdGaO3 (001)

5.43

5.5

7.71

5.6

7.0

Sputter

DyScO3 (110)

5.44

5.71

7.89

8.4

7.5

Sputter

SrTiO3 (110)

3.90

GdScO3 (110)

5.45

bare EuO

5.14

7.3
5.75

7.93

8.9

Growth
MBE

Sputter
7.6

Sputter

Table A.1.: Nominal strain levels of EuO thin films on the respective substrates. Only the MBEgrown films on YAlO3 (110) and LaAlO3 (001) have been verified to be coherently strained.
The films which have been grown by the sputter method are too thin to investigate their inplane lattice parameters using XRD. The lattice constant of the substrates are taken from
Refs. [123, 183, 184].

1

Process in which atoms the epitaxial orientation of the final compound is related to the orientation of
the starting compound (here: Eu2 O3 )
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A.3. Optical investigation of ferromagnetic order

Optical density

As explained in section 3.1, the centrosymmetric rocksalt structure (point group m3m) of
unstrained EuO does not allow for leading order electric dipole SHG. Thus the second harmonic signal detected at relaxed films can be identified as higher order (magnetic dipole)
SHG [185,186]. It is found that the generated SHG wave couples linearly to the EuO magnetization and emerges at the Curie temperature of 69 K without any background signal.
Therefore, compared to linear magneto-optical effects as e.g. the aforementioned Faraday
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SHG provides superior sensitivity even to subtle variations
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50 K 125
K A comprehensive SHG characterization of stoichiometric, relaxed
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the following.
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Fig. 0.0
A.3 shows the SHG spectrum of an unstrained 100 nm EuO film the SHG energy
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5
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phase at 10 K. In fact, this SHG spectrum
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Figure A.3: SHG spectrum of a-Si/EuO(100
nm)/YAlO3 in its ferromagnetic phase at 10
K. The spectrum is adapted from Ref. [185]
and the inset originates from Ref. [171].

Carsten Becher | 1

provides detailed information about the electronic transitions that are involved in the
SHG process. First, the enhancement of the SHG signal below 2~ω = 2.5 eV coincides
with the 4f → 5d(t2g ) transitions of the Eu2+ ion. On a closer inspection the 5d states
are splitted in energy by the octahedral crystal field, by the exchange coupling between
the spin S = 1/2 of the 5d1 states and the spin S = 3 of the 4f 6 states, and by
spin-orbit interaction, which leads to the energy levels that are sketched in the inset of
Fig.A.3 [171,187]. In total, three spin-allowed and one spin-forbidden transitions between
the J multiplets are possible with energies of 1.10 eV, 1.29 eV, 1.54 eV, and 2.08 eV [171].
The SHG spectrum features peaks at 1.5 eV and 2.0 eV that can be assigned to one of
the spin-allowed and to the spin-forbidden transition, respectively.
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Coupling to in-plane magnetization
For the centrosymmetric europium chalcogenides EuX (X=O, S, Se, and Te), the observed
SHG signal originates from a dipole-wave Pi (2ω) that can be written in the following
form [185, 188]




mag
Ej (ω)Hk (ω).
Pi (2ω) = 0 χcr
ijk + χijk

(A.1)

mag
Here, χcr
ijk and χijk denote the non-linear susceptibilities for crystallographic SHG and
magnetization-induced SHG, respectively. For the case of EuO, χcr
ijk = 0 is found in
contrast to the EuTe and EuSe compounds [188]. Electric quadrupole contributions of
the SHG signal are considered much smaller [185, 186]. A symmetry consideration using
Ref. [55] yields the magnetic point group symmetry 4/mmm for the ferromagnetic phase
of EuO. In normal incidence (k k y) this allows for the SHG components χmag
ijk that are
summarized in Tab. A.2.

MD-SHG

Pi (2ω) = 0 χijk Ej (ω)Hk (ω)

M kx

χzzx , χzxz , χxzz , χxxx

M ky

−

M kz

χxxz , χxzx , χzxx , χzzz

Table A.2: Non-zero tensor components
for magnetization-induced bulk magneticdipole (MD) SHG in ferromagnetic EuO
with light incident along the y-axis and inplane magnetisation M [55].

Fig. A.4 shows the SHG polarization dependences at 10 K after magnetic field cooling
with H k 90◦ . The symmetry analysis of the recorded signals only reveals those non-zero
Aniso 0°
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Figure A.4.: SHG polarization dependences of a 100 nm EuO film at 10 K after field cooling
with H k90◦ (0.1 T). All measurements are consistent with the magnetic point group symmetry
4/mmm with a magnetization M k90◦ that can be expected in the ferromagnetic phase of
EuO. The data have been provided by Dr. M. Matsubara.

tensor components that represent M k 90◦ thus confirming that SHG probes the longrange ferromagnetic order as expected. The temperature dependence, shown in Fig. A.5,
RELAXED
confirms the coupling to the magnetism as the signal vanishes above TC = 69 K.
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Figure A.5: Temperature dependence of magnetically induced SHG of the 100 nm thick
(relaxed) EuO film at ESHG = 2.6 eV. The
signal emerges background-free at the ferromagnetic Curie temperature of 69 K in agreement with SQUID magnetometry measurements [166]. The data has been provided by
Dr. M. Matsubara.
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Finally, magnetic hysteresis measurements at 10 K shown in Fig. A.6 reveal a characteristic
butterfly shape with minima located at the magnetic coercive fields. As the SHG intensity
is proportional to M 2 , a magnetization curve (lower panel) can be obtained by taking the
square root of the SHG signal and inverting its sign at the respective coercive fields. For
comparison, Fig. A.7 shows the magnetic hysteresis of a 15 nm film, which is moderately
strained by ≈ 2%. Here, the magnetic response is still very similar to the relaxed film
and the SHG measurement still features satisfactory signal-to-noise ratio. Thus, SHG is
suited as probe technique to investigate magnetic response of EuO down to the lowest
film thicknesses.
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Figure A.6.: Magnetic hysteresis measurement
of the 100 nm EuO film at 10 K. As the signal intensity is proportional to M 2 the SHG
intensity can be converted in a magnetization
curve (lower panel) by taking the square root
and inverting the signal sign at the respective
coercive fields. The data have been provided
by Dr. M. Matsubara.

0.8
H
H

0.6
0.4
0.2
0.0
1.0
0.5

H
H

0.0
-0.5
-1.0
-0.05

0.00

0.05

Magnetic field H [T]

Figure A.7.: Magnetic hysteresis measurement
of the 15 nm EuO film at 10 K, showing qualitatively the same magnetic response as the
100 nm EuO film.
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Beyond long-range in-plane magnetic order
Besides the MD-SHG that exclusively probes the in-plane magnetization, different experimental arrangements allow to further scrutinize the magnetic state of EuO. Therefore
a Faraday configuration has been employed, in which the external magnetic field is applied along the out-of-plane direction to rotate the magnetic moments out of the film
plane. For this case, MD-SHG in normal incidence is symmetry forbidden as can be
seen from Tab.
an electric dipole-induced third harmonic signal (THG,
 A.2. In contrast,

mag
cr
Pi (3ω) = 0 χijkl + χijkl Ej (ω)Ek (ω)El (ω)) can be used to probe the out-of-plane
magnetization components. Considering the symmetry tables in Ref. [55], one finds a finite magnetically-induced THG tensor component χmag
zxxx for a normal incidence geometry
when the magnetic moments are normal to the film plane (M k y), as shown in Tab. A.3.
χcr
ijkl

χmag
ijkl

M kx

χxxxx ,..

−−

M ky

χxxxx ,..

χzxxx

M kz

χxxxx ,..

−−

Table A.3: Selected THG tensor components for different
magnetization directions. Remarkably there is only one
magnetically-induced THG component χzxxx which emerges
for out-of plane magnetization M k y. The full set of nonzero tensor components for the magnetic point symmetry
4/mmm can be found in Ref. [55].

Fig. A.8 shows SHG and THG as function of out-of-plane external magnetic field. While
both signals scale quadratically with the respective magnetization component to which
they are sensitive, the SHG intensity that probes the in-plane magnetization decreases
with increasing H field (H k y). In contrast, the THG signal that probes the out-of-plane
component of the magnetization increases quadratically with the applied H field which
rotates the magnetic moments out of the film plane. This complementary character of
SHG and THG allows for a full “3D characterization” of the magnetic state in EuO thin
films.
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Figure A.8: Magnetic field dependent SHG
(15 nm film) and THG (100 nm) at 10 K
in Faraday configuration. While the SHG intensity that probes the in-plane magnetization decreases, the THG signal that probes
the complementary out-of-plane component
of the magnetization increases quadratically
with the applied H field when the magnetic
moments are rotated out of the film plane.
Both measurements are corrected for Faraday
rotation.

Furthermore, we have found that the crystallographic THG signal is also sensitive to the
magnetization [189]. In contrast to MD SHG, however, the crystallographic THG signal
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A.4. Strain-induced polar phases?
does not couple linearly to the magnetization, but is enhanced by magnetostriction in
the ferromagnetic phase. Finally and maybe most interesting, the magnetization of Gddoped EuO films can be tuned via photoexcitation with a fs pump pulse. A theoretical
model explaining the intriguing physics of this ultrafast photo-manipulation of the EuO
magnetization has been elaborated in the workgroup of Prof. J. Kroha, Uni Bonn and
published together with the experimental results in Ref. [180].

A.4. Strain-induced polar phases?
Moderate strain levels
Throughout this thesis the apparition of a polar material phase has been scrutinized
by searching for SHG that is different from the aforementioned magnetically induced MD
SHG. At this, we have started at moderate strain levels of 2.2% and 4.3% as obtained from
MBE grown 20 nm thin EuO films grown on YAlO3 and LaAlO3 , respectively. Though
these strain levels are yet below the theoretical threshold level for polarity, one could
already expect a precursor behavior, incipient ferroelectricity as e.g. observed in strained
CaMnO3 films [131], or modifications of the magnetic order. However, while the MD SHG
can still be detected with high precision even for the thinnest films (see e.g. Fig. A.7),
no additional SHG contributions hinting at a polar phase could be detected in the entire
SHG energy range between (1.4-3.1) eV. In total, seven samples EuO/YAlO3 and eight
EuO/LaAlO3 films have been investigated, including electric field cooling experiments
with electric fields of 1 kV/mm as well as electric field measurements with 2.4 kV/mm
performed below 4 K. Thus we conclude the absence of polarity or any precursor behavior
for a polar phase below the theoretically predicted threshold strain level.

Highest strains
As explained above, we have to refrain to the recently developed sputtering method to
realize nominal strain levels > 4.3%. On the GdScO3 and SrTiO3 substrates, no SHG
originating from the EuO could be found at all. While for SrTiO3 this can be explained
with a too large background signal from the substrate at low temperatures, we have no
conclusive explanation for the absence of magnetic SHG from EuO on GdScO3 yet. On
the other substrates, however, we have exclusively found SHG of magnetic orgin, but no
polarity induced contributions, even though the nominal strain levels exceed the theoretical
threshold strain. Still, the most important findings are briefly summarized in the following.
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EuO on NSAT (5.6% strain)
As the NSAT does not emit measurable SHG in the investigated frequency range, again a
background-free detection of the MD SHG of the EuO films is possible. Here, we note a
shift of the ferromagnetic Curie temperature towards TC = 58 K and a hysteretic behavior
of the magnetically induced SHG signal, as shown in Fig. A.9 and Fig. A.10, respectively.
To exclude subtle deviations from the bulk-known magnetically induced SHG, we have
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Figure A.9.: Temperature dependence of the
SHG intensity of EuO on NSAT. The magnetically induced MD SHG emerges below a
(reduced) ferromagnetic Curie temperature of
58 K.

Figure A.10.: Magnetic field dependent SHG
intensity of EuO on NSAT. As for the relaxed
or moderately strained films, the SHG intensity shows hysteretic behavior which proves the
magnetic origin of the signal.

T r a n s m is s io n

compared the SHG spectrum of the strained EuO/NSAT with the spectrum of the 100 nm
EuO film within the same experimental setup at 10 K, as shown in Fig. A.11. Here, all
notable spectral differences can be explained with absorption of the SHG wave by the Ti
capping layer, as can be seen from linear transmission spectrum in Fig. A.11 (top) so that
the observed signal can be purely attributed to the EuO magnetism.
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Figure A.11: SHG spectrum of EuO on NSAT
at 10 K normalized to the SHG spectrum
recorded at a 100 nm thick (relaxed, paraelectric) EuO film within the same setup. All
notable deviations from a constant value can
be assigned to transmission dips due to the
Ti capping layer that are evident from the linear transmission spectrum in the same energy
range (top).

A.5. Discussion
EuO on DyScO3 (8.4% strain)
EuO on DyScO3 films feature the highest nominal strain levels (8.4%) at which we could
detect SHG originating from EuO. As the substrate also provides SHG, however, no
background-free detection of the magnetic order is possible. Instead, interference between
magnetically-induced SHG from EuO and substrate SHG is observed. The background
signal also persists above the ferromagnetic Curie temperature that is reduced to TC =
50 K, as can be seen from the corresponding temperature dependent SHG measurement
shown in Fig. A.12. Furthermore, the magnetic field dependent measurements shown in
Fig. A.13 reveal a “real” hysteresis instead of a butterfly shape that is typical for the background free MD SHG (here, we have ISHG ∝ |MEuO + substrate background|2 ). Finally,
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Figure A.12.: Temperature dependence of the
SHG intensity (Pol/Ana = 135/0) of EuO on
DyScO3 . The magnetically induced SHG from
the EuO film emerges on top of a substrate
background signal below a (reduced) ferromagnetic Curie temperature of 50 K.
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Figure A.13.: Magnetic field dependent SHG of
EuO on DyScO3 (Pol/Ana = 135/0). Interference with a constant substrate background
signal results in two different SHG intensities
for each EuO magnetization direction.

the background signal from this substrate also results in a modified SHG anisotropy at 10 K
that transforms to the bare substrate signal above the ferromagnetic Curie temperature
as demonstrated in Fig. A.14.

A.5. Discussion
In principle there are three different options, why we cannot detect a polar phase in
strained EuO films.
• SHG as probe is not sensitive enough to detect the polar state: We consider
this as highly unlikely, as we are sensitive enough to detect the ferromagnetic state
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Figure A.14: SHG anisotropies of EuO on
DyScO3 at 10 K and 100 K. While the
anisotropy of the bare substrate signal (at 100
K, i.e. above TC ) can be explained by MD SHG
originating from the orthorhombic crystal structure (see section 3.1), the MD SHG of the EuO
modifies this anisotropy at 10 K.

of EuO films down to the thinnest samples, even though the associated MD SHG
is of higher order than the ED SHG that can be expected in case of a polar phase.
• Theoretical uncertainties: Density functional theories are not adequate to describe the case of strained EuO or the actual strain threshold levels for a polar
phase are underestimated.
• Strain relaxation: The nominal strain is actually not present in the EuO films.
The last two aspects are discussed in more detail in the following sections.

Theoretical uncertainties
Potential theoretical uncertainties have been discussed with Dr. E. Bousquet, who has
initially predicted the emergence of polarity in strained EuO. To investigate the influence
of a the finite film thickness on polarity, he has calculated the strain dependent energy gain
for a polar EuO structure for different film thicknesses (an energy gain 6= 0 corresponds to
an emerging polarization). His result, shown in Fig. A.15 demonstrates that an in-plane
polarization should even emerge at lower strain levels for low film thickness. Therefore
the lower film thickness cannot account for the absence of polarity. However, Dr. E.
Bousquet has meanwhile revised his former calculations and claims that so-called hybrid
functionals are more adequate to describe the situation in the binary oxide compounds.
His new calculations suggest a higher critical strain of ≈ 6% for the onset of polarity
compared to the previous prediction of 4%. Such revisions provide an impression about
the uncertainties that are yet associated with the theoretical prediction of strain-induced
polar phases.
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Figure A.15: Critical strain level for polarity
for different EuO film thicknesses. The values have been calculated within the same
theoretical framework as for the estimate of
the strain-dependent polarization of an infinite crystal system (Fig. A.1). For small
film thickness, even less strain is theoretically required to induce a polar phase, which
rules out finite-size effects as explanation for
the absence of polarity in the highly strained
EuO films. Data have been provided by
Dr. E. Bousquet.

Strain relaxation
Though the sputtered EuO films grow epitaxially on top of their respective substrate, film
relaxation cannot be excluded. An indication for strain relaxation is the ferromagnetic
Curie temperature TC that is not as much reduced as a function of tensile strain, as one
would expect from both theory and interpolation of former experimental data. Fig. A.16
displays TC for the employed samples as function of their nominal strain level together
with a guide to the eye (grey) representing the expected dependence.
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Figure A.16: Ferromagnetic Curie temperatures TC of EuO as function of strain. The
grey line is a guide to the eye generated by
interpolation of the former experimental data
[178] as well as theoretical calculations [179].
Except for EuO/SrTiO3 with TC = 16 K,
all Curie temperatures are significantly higher
than expected, indicating strain relaxation.

Except for EuO/SrTiO3 , where film SHG is obscured by the substrate background, all
Curie temperatures range significantly above the expected TC values. Since TC is also
reduced in the case of very low film thickness [190], one even cannot assign the slight
(and unsystematic) decrease of TC for the films with nominal strains between 5%-9%
as strain effect without ambiguity. To explicitly determine the strain levels, reciprocal
space maps around an asymmetric film reflex would be required. Due to the very low film
thickness, however, these measurements are infeasible within a reasonable time period.
Thus, we have at least determined the out-of-plane lattice constant of a EuO/NSAT
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film that should shrink as a consequence of the in-plane extension. From the position
of the EuO (002) reflection in a θ/2θ measurement, we though find an out-of-plane
lattice constant of aEuO/NSAT =(5.14 ± 0.01) Å, which precisely matches the bulk value
of abulk = 5.144 Å [160]. This proves that at least this film is not strained properly and
raises the suspicion that the sputtered films, in general, are not coherently strained.

Summary and outlook
In summary, we have been able to detect and scrutinize the magnetic state in EuO films
grown on various substrates down to the lowest film thicknesses. A strain-induced polar
phase, however, has not been found in the films, even though the nominal strain levels exceed the theoretical threshold value for the emergence of a polar phase. Besides
theoretical uncertainties, the most likely reason is that such high strain states cannot be
stabilized yet, i.e. film relaxation takes place, which is evidenced by the hardly affected
Curie temperatures and by an unchanged out-of-plane lattice constant in a nominally
5.6% strained EuO film. Thus, structural characterizations providing reliable statements
about the actual strain state must precede any future investigation at highly strained EuO
films.
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B. Lab setup & laser system
Aside from the relocation of four laser laboratories from the University of Bonn to ETH
Zürich, a new fs laser laboratory has been set up within this PhD thesis. This comprised
planning of the infrastructure, coordination of construction work and supplying the necessary optics, mechanics and electronics equipment. The centerpiece of this lab is the
amplified fs laser system “Legend Elite Duo” from Coherent company, which operates two
optical parametric amplifiers (“OPerA Solo” from Light Conversion) for tunable fs-laser
pulses, as sketched in Fig. B.1.
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Figure B.1.: Arrangement of the laser system components on the optical table. Incorporating
all experiences obtained from the work at the precursor system, the system is surrounded by a
box (thick line) to prevent air turbulences, which would elsewise impair the power- and pointing
stability of the laser system. In this configuration, the system provides three independent pulsed
laser sources, two of them tunable by the respective OPerA Solo and 20%, i.e. ≈ 1.5 µJ residual
fundamental pump light of 800 nm wavelength. An autocorrelator, whose working principle is
e.g. detailed in Ref. [59], is used to monitor and optimize the temporal width of the laser pulses.

Since maintenance of this complex system has been an essential part of this PhD thesis, the
working principles of both the Legend system and the parametric amplifiers are described in
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the following sections. For more details, exhaustive -but much more technical- descriptions
are given in the corresponding device manuals.

B.1. Amplified femtosecond laser system

Vitesse Seedlaser

Stretcher

Amplifier

Compressor

100 fs, 80 MHz
few nJ

1 ns, 80 MHz
few nJ

1 ns, 1 kHz
10 mJ

100 fs, 1 kHz
8 mJ

Figure B.2.: Look inside of the amplified fs laser system during operation. While the| Vitesse|
seed laser builds a separate device, the optical arrangement inside the amplifier box can be
subdivided into a stretcher-, actual amplification- and compressor stage. The relevant pulse
parameters after each stage are given in the respective panel above.

The generation of 100 fs short laser pulses with energies of 8 µJ at 1 kHz repetition
rate requires the combination of two pulsed lasers, one to provide the fs seed pulses and
one pump laser for their amplification via stimulated emission. In our laser system the
Coherent Vitesse 800-2 builds the seed laser, providing 100 fs laser pulses at 80 MHz
repetition rate. This seed is fed into the Legend amplifier system with its build-in pump
laser, an intra cavity doubled neodymium-doped yttrium lithium fluoride laser (Nd:YLF,
Coherent Evolution-High Energy) which generates 1 kHz of ≈ 200 ns pulses centered at
527 nm with a pulse energy of 37 mJ. Fig. B.2 provides an impression of the optical
arrangement inside the Legend system and may serve as a guideline for the following
explanation of the amplification process.
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Figure B.3.: Vitesse resonator geometry, in which a Ti:Sa crystal as laser active medium is
pumped with a continuous wave solid state laser at 532 nm wavelength to reemitt broadband radiation centered at 800 nm wavelength. Starter and aperture induce and stabilize mode-locking,
respectively, as described in the main text. Negative dispersion mirrors (NDMs) compensate the
positive dispersion in the Ti:Sa and thus keep the pulse-width as short as 100 fs. The original
Ti:Sa emission spectrum is taken from www.micro.magnet.fsu.edu and has been adapted.
The optical layout on the upper left is taken from the Vitesse device manual.

To generate laser pulses as short as 100 fs, the Vitesse 800-2 oscillator employs the
so-called “passive mode-locking” technique within its resonator geometry. In this modelocked operation, many laser modes oscillate simultaneously in the cavity with a fixed
phase relation, which results in a temporally sharp peak in the superposition of all modes,
i.e. the short pulse. At this, a titanium sapphire (Ti:Sa) crystal, pumped by a continuous
wave solid state laser, is the ideal choice as laser gain medium due to its broad emission
bandwidth (≈ 10 nm for the Vitesse, peaked at 800 nm) and high thermal conductivity (i.e.
high resistance against laser-induced damage). Furthermore, Ti:Sa features a pronounced
intensity dependence of the refractive index (Kerr effect), which is used to promote the
mode-locking: The light intensity profile impresses a refractive index profile in the crystal,
and the beam is stronger focused with the higher light intensities in the mode-locked
operation. By inserting an aperture at the right position in the resonator, the continuous
wave emission is strongly suppressed due to diffraction losses and mode-locking is stabilized
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by the resonator geometry. To actually induce the pulsed operation, the resonator is
continuously disturbed by piezo-controlled movement of a mirror (= starter) until modelocking sets in by chance (typically in < 1 min.). The resonator geometry and the principle
of modelocking are illustrated in Fig. B.3.

Legend Elite Duo
The short seed pulses obtained from the Vitesse are selectively amplified in the Legend
system within a 3-step process: First, the pulses are temporally stretched to avoid destructive intensities during the actual amplification process. The corresponding stretcher
unit contains a grating which leads to different optical path lengths for the reddish and
blueish frequency components of the seed pulses thus extending the temporal pulse width
by 4 orders of magnitude to 1 ns. These stretched pulses are fed into a regenerative
amplifier, i.e. a cavity including a Ti:Sa crystal that is thermo-electrically stabilized at
−10◦ C and its environment is kept dry to prevent condensation at the crystal surfaces.
This Ti:Sa is pumped with 200 ns pulses of 18 mJ with a wavelength of 527 nm at 1
kHz (generated by a Coherent Evolution-High Energy Nd:YLF laser) to amplify the seed
pulses via stimulated emission. Due to the finite pulse width of the pump laser (and thus
of the cavity gain profile) and permanent losses at each optical element the pulse energy
reaches a maximum after typically 14 roundtrips. In- and outcoupling of the pulse as well
as the timing between the 800 nm seed pulses at 80 MHz and the 1 kHz pump pulses
is managed by the so-called synchronized delay generator (SDG), that switches the two
Pockels cells PC1 and PC2 on and off at fixed temporal delays (Delay 1, 2) with respect
to the 1 kHz pump trigger signal. The working principle of these two PCs in combination
with a λ/4-waveplate is illustrated in Fig. B.4. Coming from the stretcher unit, the seed
pulses have vertical light polarization. Thus, they are reflected at the windows of the
crystal housing, which are oriented at the Brewster angle for the 800 nm. After passing
the z-shaped resonator once, the light has passed the λ/4-waveplate twice and thus has
flipped to horizontal polarization. When PC1 is switched on after this first roundtrip it
works as an additional λ/4-waveplate, compensating the fixed one and thus keeping the
horizontally polarized pulse in the resonator (otherwise the polarization would be flipped
back to vertical again, which is reflected at any surface with Brewster angle). At maximum amplification (after ≈ 10 roundtrips) the pulse is coupled out at a reflective plate
(RP) at Brewster angle via turning the polarization to vertical by switching on PC2. In
contrast to precursor Legend models the Legend Duo employs an additional, single-pass
power amplification stage after the regenerative amplifier. Here, a second Ti:Sa crystal is
pumped with 19 mJ pulse energy coming from the same Evolution HE pump laser, which
leads to a Legend output power of 8 W at 1 kHz repetition rate. The final compressor unit
is arranged very similar as the stretcher and re-compresses the pulses to 100 fs pulse-width
thus providing high intense pump pulses for the optical parametric amplifiers.
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Figure B.4.: Timing of the incoupling and outcoupling of the 800 nm seed pulses of the regenerative amplifier. To retain an injected pulse in the cavity, PC1 has to be switched on. After
several roundtrips in which the pulse is amplified via stimulated emission in a 527 nm pumped
Ti:Sa crystal, the outcoupling is achieved by switching on PC2. This turns the light polarization
back to vertical which leads to reflection at the reflective plate that is mounted in Brewster
angle (i.e. high transmission for horizontal light polarization). The build-up of the 800 nm pulse
energy is monitored using the leakage of a cavity mirror and a fast photodiode (PD). The timing
of both PCs with respect to the 527 nm pump pulse is adjusted to this build-up and sketched
on the right side (excerpts are adapted from the corresponding Legend manual).
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B.2. OPerA Solo
To generate tunable light pulses for second harmonic spectroscopy the 800 nm Legend
pulses are fed into two optical parametric amplifiers (OPA), which can be individually
tuned in their output frequency range. The optical layout of one of these OPAs, depicted
in Fig. B.5 provides an impression of the complexity of this fully computer-controlled
device. The working principle of the OPA, however, becomes clearer by subdividing the

BBO 1

DE

SC

97%

D1

80%

D2
S
BBO 2

S

I

I
SHS SHI

FHS FHI

DFG
Picture taken from: COHERENT

Figure B.5.: Optical layout of the optical parametric amplifiers. In the pre amplification stage,
Becher | 27.09.2013
a frequency tunable seed pulse is generated which makes the optical parametricCarsten
amplification
in the BBO2 crystal much more efficient. Subsequent mixing extends the accessible frequency
range either into the UV or IR regime. The illustration has been adapted from an internal
presentation of the laser company Coherent.

device into three units, namely the pre-amplifier, amplifier and mixing stage. After passing
a telescope to reduce the beam size the injected pulse is split into three parts: Only a tiny
fraction (≤ 3%) are focused onto a sapphire crystal (SC) to generate a broadband whitelight continuum whose frequency components are temporally separated by a subsequent
dispersive element (DE). By tuning delay stage 1 (D1) this allows for temporal overlap of
only the desired frequency component with the residual 800 nm pulse in the BBO1 crystal.
Here, with this tunable seed wave (required for higher efficiency), the first parametric
generation takes place, which is a non-linear optical process where an 800 nm pump
photon is “divided” into two photons, called signal and idler. While energy conservation
ωP = ωS + ωI naturally has to preserved, the conservation of momentum kP = kS + kI is
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B.2. OPerA Solo
achieved by rotation of the birefringent BBO crystal thus adjusting the effective refractive
indices for the orthogonally polarized signal and idler waves. The generated signal wave
is then used as seed for the actual amplification process in the BBO2 crystal that is
pumped with 97% of the 800 nm pump pulse intensity. Tuning the output frequency of
signal/idler wave is achieved by adjusting both BBO1, BBO2 crystal angles and the pump
delays D1, D2 respectively. Furthermore, both waves can optionally be frequency doubled
(quadrupled) to extend in the visible (UV) spectral range (as possible in our OPerA UV,
240 nm-2500 nm, 500 µJ peak pulse energy at 1300 nm) or converted via difference
frequency generation (DFG) towards the IR regime (OPerA IR, 520 nm - 14 µm, 450 µJ).
The latest output spectra of both OPerAs are summarized in Fig. B.6.
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Figure B.6.: Output spectra of the both optical parametric amplifiers. The light polarization
of each wave is denoted with (h)=horizontal or (v)=vertical, respectively. Since both OPAs
are pumped with nominally identical input power, they provide similar output energies in the
signal and idler range as well as for their respective second harmonics (SHS, SHI). The OPerAUV provides a second mixing stage for 4th harmonic generation (FHS, FHI). For the shortest
accessible wavelengths the sum frequency (signal or idler with the 800 nm) generated wave
is frequency doubled (SHSFS, SHSFI). In contrast, the OPerA-IR provides a mixing stage for
(nonlinear) difference frequency generation with two different crystals (NDFG1, 2) to extend in
the long wavelength (low-energy) regime.
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B.3. Troubleshooting for the Legend and the OPerA
Solo
The following section is devoted to problems, which occur regularly and are neither treated
in a satisfactory way in one of the corresponding device manuals nor considered in the
master thesis of our former group member Tim Günter [191].
Legend: Vitesse seed
Modelocking. Regarding the Vitesse laser itself the only problem that occasionally occurs
is that the laser is not switching into modelocked operation (modelocking should not take
longer than 2 min. after turning on the keyswitch). Here you have the following options:
• Turning the keyswitch off and on most of the times is already sufficient to solve the
modelocking problem.
• A more sophisticated solution is to disturb the Vitesse system, e.g. by slightly
increasing or decreasing the Verdi pump power (by ≈ ± 0.2 A). After modelocking
is achieved, set it back to the initial value, since the spectrum of the Vitesse gets
broader for higher Verdi pump currents.
• Since the modelocking operation is closely related to the piezo-controlled starter
mirror, check the corresponding PZT x and PZT y values and compare with values
from former installation reports.
• If you cannot solve the modelocking issue and contact the technicial service of Coherent, they will ask you about the following Vitesse parameters: PZT x,y, heatsink and
baseplate temperatures, Vitesse spectrum and power (the latter can be measured
with the sensor J10-MB-LE), Vitesse chiller temperature, diode hours of operation
(see Verdi sub-menu)
Seed incoupling. If the Legend output power is low one possible reason is bad alignment of
the seed beam. This Vitesse beam path can be controlled by 4 apertures whose positions
are marked in Fig. B.7. In case you have to correct the beam path, only compensate
with the mirrors denoted as M1 and M2 in Fig. B.7. In general, never try to compensate
changes of one seedlaser beampath by changing the optical path of the pump beam.
Legend: SDG
The synchronized delay generator rarely features any problems. One crucial unit for
the everyday use is the bandwidth detection (BWD) that probes, if the Vitesse is in
modelocked operation: Only in the modelocked mode the Vitesse has such a large spectral
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PD1

2
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Carsten Becher

14.12.2013

14

Figure B.7.: Stretcher and compressor unit of the Legend with highlighted positions (1-4) of the
alignment apertures for the Vitesse seed beam. Only the mirrors denoted as M1 and M2 should
be used to retain proper incoupling into the cavity after readjustment to these apertures.

bandwidth that the stretcher grating spreads in the beam into a broad line that hits both
Photodiodes PD1 and PD2 (mounted behind the broad mirror of the stretcher unit (Fig.
B.7 and B.8,right)). If only one of the diodes is not activated properly, the pockels cells
|
are deactivated and no pulses are fed into the cavity. In this case you can perform the
following steps:
• Trivial: Check that the Vitesse shutter is open and that the Vitesse is indeed modelocked (broad beam on IR card)
• Check that the PDs are working. At this, a usual flashlamp together with the Vitesse
beam must be sufficient to activate the problematic PD. If this is not the case, the
PD has to be replaced!
• If this is the case, you can meanwhile bridge the BWD by turning a switch at the
rear side of the SDG. Do this only for a limited amount of time, since the BWD is
intended as mechanism to protect the optical components of the Legend.
• If the PD responds to the flashlamp, but is still off without the use of the flashlamp,
one can slightly (< 1 mm) adjust the position of the PDs on the slider. Of course
this should only be done when the Vitesse seed beam is aligned properly.
At last, two remarks about the timing and repetition rate of the Legend output laser
pulses by means of the SDG:
• There is no option to trigger our SDG model externally. This is only possible with
an extended version of the SDG.
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• Still, the internal trigger frequency can be adjusted or reduced, respectively. By
turning the input divide a minimum frequency of 3 Hz is feasible and both of our
systems can promptly be operated in this frequency range. The SDG indeed then
supplies a well defined pulse series with exactly the frequency that is displayed.
Note, however, that a lower pulse frequency leads to different thermal lensing in the
crystals of the cavity and therefore to lower Legend output pulse energies towards
lower repetition rates.

PD1

PD2

BWD PD1/2 off
-> Vitesse shutter open?
Figure B.8.: Left: Front
panel of the SDG with two separate indicators for the photodiodes of
-> Check PDs: Flashlamp + Vitesse is definitvely enough
the bandwidth detection
(BWD).
in move
modelocked
operation, the Vitesse bandwidth is large
-> slightly
(<Only
1mm)
PD position
enough that the beam->isOnly
spread
to
a
broad
line
by
the
strechter
thusside
hitting
both PDs
in emergency: bridge BWD
(switchgrating
at the rear
of SDG)
(PD1 and PD2, right) at the same time.
Enable PCs
-> Only possible, when both PDs are ON (or BWD bridged)
-> Delays can be adjusted in 0.25 ns steps
-> Push and rotate = 10 ns = 1 roundtrip in the cavity

Legend: Cavity optimization and pump beam alignment
Trigger frequency < 1 kHz

->Turn input divide (Freq reduction to < 100 Hz feasible!)

The cavity optimization in case of low power is a delicate operation. Thus, try to work
Carsten Becher | 14.12.2013 | 15
minimally invasive here. First, monitor the power regularly to identify
long term power
degradations. React early if the power is decreasing, since minor adjustments are usually
uncritical. In case of low power after a reasonable warm-up time (1 hour), proceed as
follows:
• Slightly push all cavity mirrors and the last seed mirror to identify the crucial mirror
to realign to optimized conditions. Only screw a mirror when you have significant
(≤0.1 W) power increase by bare pushing.
• If you can not identify any mirror to be misaligned, check the power of the Evolution
pump beam using the PM30 power head (put the head in a position, where the
Evolution beam is still unfocused). If the pump power is not the same, you might
increase the Evolution pump current.
• If you still have sufficient Evolution pump power, a cavity optimization in unseeded
operation might be necessary. In this case, keep in contact with the Coherent
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technicians and refer to the Legend manual. Note that the change of the quarterwave plate position within the cavity is not as critical as one might expect. The
power values in unseeded operation can be found in the installation reports of both
Legend systems.
• If the unseeded cavity is running well and the Evolution pump power is still as
denoted in the laser log there might be bad spatial overlap between pump and
seed pulse. To check the optical path of the latter, realign to the apertures at the
positions, labelled 1 to 4 in Fig. B.7. Subsequently optimize the cavity incoupling
by only using the mirrors denoted M1 and M2 in Fig. B.7.
• Be sparing with increasing the number of intra-cavity roundtrips to increase the
Legend output power! Each roundtrip adds dispersion to the pulse (in particular
due to Ti:Sa crystal), which will diminish the OPA efficiency.
• Finally, in case of unstable cavity build-up (“breathing”) the air flow of the ECU
might be too high. The flow rate can be adjusted by the valve inside the ECU
housing. The ideal flow rate is the minimal one without icing inside the crystal
holders.
Legend: Evolution chiller
• First remark: While the chillers for the Vitesse seed lasers are the same and can be
interchanged, the Evolution chillers for the 2.5 W and the 8 W laser systems are
different! The latter has to supply a pressure of 80-90 psi, which is not feasible with
the other.
Low flow: In this case, the E-04 error is displayed on the chiller and an acoustic noise
occurs. This means that the coolant flow coming back into the chiller is not sufficient
for the installed pump. The flow switch, located inside the machine on the return line,
is spring loaded to close a contact as long as there is coolant return flow greater than a
certain flow rate. Here, you can check the following steps:
• First, assure that the laser system is not blocking any flow. To do this, have the
chiller recycle upon itself by looping the supply hose from the supply port of the
chiller to the return port and check whether the E-04 error persists. If not, check
all hoses for any blockages. If yes, proceed with the next steps.
• Clean the strainer of the pump (built into the pump) and check/exchange the water
filter mounted on the outside of the chiller.
• The pump is getting old wearing down the internal vanes of the positive displacement
pump. Sometimes, increasing the bypass setting will get more flow out of the system.
Do not set the bypass pressure over 100 psi - damage to the system may result.
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• The coupler between the pump and motor is broken. Remove the pump from the
motor and have a look! For a limited amount of time, on can even operate the chiller
without coupler by dirctly mounting the motor to the pump (Lytron approved).
• The pump itself is broken: Once uncoupled from the motor, try to turn the pump
shaft by hand. It will not be freewheeling when it turns, but one should not need a
pair of pliers to turn the shaft. If pliers are needed or the resistance is fairly stiff,
pump replacement is required.
• NOTE: Once you open any hose from the system, air is introduced into it and will
have to be purged. Positive displacement pumps push air into the vented tank to
get rid of it. Since air in the system also causes the flow switch to open, it may
take 2 or 3 cycles of re-starting the chiller to remove all the air.
OPA: Incoupling
The OPAs are passive optical elements that are once calibrated and that should not
be adjusted inside, when their output performance is too low (usually, the pump is the
problem). To optimize the incoupling in the OPA first block the beam (e.g. with business
cards) at the positions labelled as 1 and 2 in Fig. B.9. Now you can completely close
the blind in front of crystal OPA1 and center the beam onto this blind by means of the
last mirror outside the OPA. Usually this is already sufficient as coarse alignment and
the procedure can be finished with fine tuning towards maximum power output. If the
pointing of the Legend pump has slightly changed, e.g. because of readjustment you have
to use two mirrors outside the OPA: Note that the apertures at the entrance of the OPA
were not used as a reference during the initial setup! Thus, I recommend the following
alignment procedure: Before the second splitting of the beam a variable blind (VB) is
installed - iteratively adjust to this blind and the blind in front of OPA1 by means of the
Legend routing mirrors outside the OPA.
OPA: Stability and white-light generation
A notorious problem of all OPA systems is the stability of the pulse energy. Assuming
a stable Legend output with power stability < 1%, the OPA pulse to pulse variation
(measured over 30 s) should not exceed 5% when operating the OPA in signal or idler
range. Regarding stability the following requirements are crucial:
• Few turbulences as e.g. by the air conditioning when the system is opened. To
achieve optimum stability the beam path should be tubed as much as possible.
Nevertheless if the stability is worse then 20% there is at least one additional problem.
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• Pulse duration. The OPA performance strongly depends on the pulse duration of
the 800 nm pump pulses. Compress the pulse width as much as possible by using
the hand scan for the stretcher and compressor grating of the Legend system.
• White light generation: The ideal power range to generate the white light continuum
in the sapphire crystal is extremely narrow. If the white light is unstable after
incoupling optimization and pulse compression one can slightly play with the variable
blind (VB in Fig. B.9) in front of the beamsplitter. You will see that the white light
is highly sensitive to even tiny changes in the aperture size. This is the only (tiny)
adjustment that should be performed inside the OPA. Do not stabilize the white
light by adjusting the variable neutral density filter behind the beamsplitter unless
there is significant power drop of the Legend pump beam.

Picture adapted from:
COHERENT

2

VB
1
White Light Generation:
Adjustment with VB

ideal

underpumped

ideal

overpumped

Figure B.9.: OPA pre amplification stage. After all other adjustments, such as incoupling and
| 21.01.2014 | 7
pulse width compression, one can slightly tune the adjust blind (VB) to optimize the white
light. Ideally, the white light is temporally stable and centered inside a weak (orange) corona.
If underpumped, the corona disappears and the white light generation is not saturated and thus
not stable. In the overpumped case, beam filamentation occurs, i.e. local defocusing and thus
again unstable white light emittance.

129

C. High voltage furnace
A conventional furnace layout inhibits the application of high electric fields, since the
sample is surrounded by metal that provides suitable heat conduction. To safely apply
high electric fields at room temperature and up to elevated temperatures ≤ 200◦ C, a
versatile high-voltage furnace has been developed together with K. Krieg. Technical
drawings as well as photos are depicted in Fig. C.1.

Figure C.1.: Left: Look inside the high-voltage furnace, in which the sample is sandwiched
between the electrodes that are electrically isolated except at the sample position (no breakthroughs to other metallic part within the furnace). Right: technical drawings of the HV-furnace
provided by K. Krieg.
Carsten Becher | 21.01.2014 | 18

The electrodes are capsuled in polytetrafluorethylene (PTFE), from which the furnace
housing is built. Its melting temperature of ≈ 260◦ C limits the temperature range, in which
the furnace can be used. Gas inlets allow to purge the furnace with N2 for increasing the
breakthrough voltage (at ambient conditions breakthroughs occur between the electrodes
at ≈ 3 kV/mm).
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D. List of measurements
The following tables lists dates and data sets for the measurements presented in this work.
Details can be obtained from the corresponding measurement protocols that are saved as
.par and .pdf file in the same folder. The four-digit sample numbers refer to the internal
sample database of the ferroic workgroup. All raw data have been stored in the respective
folders on the server ”\\d\dfs\groups\matl\ferroic\projects”. For this thesis, the data of
the main chapters of this thesis are stored in the projects folders 005 SMO thin films,
008 Trilayers, 030 TMO thin film 100nm, and 002 EuO films (appendix). Selected
data is also stored in folders 024 Substrate SHG and 023 Polimerization detection
with SHG) (the latter only for Fig. 3.9). Finally, the data stored in the folders 001 (BTO
films), 996 Instrumental and 003 (YMnO3 thin films) have also been recorded (003
together with M. Lilienblum) in the course of my PhD but are not presented in this thesis.
All SHG image files have the format yyyymmdd_hhmmss,(ms).hjy. As the date is already
listed in a separate column, only the time (without ms) is given in the column “Data files”.
Figure

Data files

Dates

3.7 (a)

018

2012-11-16

3.7 (a)

009

2012-06-11

3.7 (b)

011, 012

2012-11-14

3.8

(001-008_2)

2012-08-06

3.9 (a),(b)

001 ,006

2014-03-10

3.12, 3.13

Au-Glas and Cr-Glas Test Sample (sample 1203)

2014-01-07

Table D.1.: Data files for the measurements shown in the methods section.
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Figure

Data files

Dates

4.3 (a)

120929,658 (sample 1107)

2012-10-26

4.3 (b)

165204.486 (sample 1040)

2011-07-20

4.3 (c)

11.02.23 BFO-LSMO-BFO PYM104_b.mdt (sample 1032)

2011-03-03

4.3 (d)

141022.983 (sample 1032)

2011-05-25

4.4 (a)

11.02.23 BFO-LSMO-BFO PYM104_b.mdt (sample 1032)

2011-03-05

4.4 (b)

002, 003 (sample 1032)

2011-08-08

4.6 (a)

2013.05.27 mtPZT10rt.mdt

2013-05-27

4.6 (c)

162842 (mtPZT10rt)

2013-05-28

4.6 (e)

160313 (mtPZT10rt)

2013-05-28

Table D.2.: Data files for the measurements on trilayer heterostructures shown in chapter 4.
The greylevels are adjusted for improved contrast (the real contrast levels are discussed in the
main text). The intensity profiles of Fig. 4.6 (b), (d), and (e) are extracted using the function
“PlotProfile” in the program “ImageJ”. The data shown in Fig. 4.2 have been recorded by our
co-workers from UC Berkeley.

Figure

Data files

Dates

5.2-5.6 (a), 5.8

data recorded by Dr. A. Glavic

5.6 (b)

028, 016 (T), 014_1, 014_2 (pol)

2011-06-17

5.7

024-027 (4 K), 011-014 (11 K)

2011-06-17

5.9

002-004

2011-11-02

5.10 (a) (0, 350, 0)

115028, 124056, 125101

2011-11-04

5.10 (b)†

150333, 145430, 151235

2011-11-04

Table D.3.: Data files for the measurements on TbMnO3 thin films presented in chapter 5.
The 100 nm TbMnO3 film is labelled as sample no 1201. Note that this film shows spatially
inhomogeneous SHG response: Besides the SHG coupling to the ferroelectric polarization, one
additionally finds SHG contributions that are temperature independent of yet unclear origin and
the SHG signal of ferroelectric origin can not be found in any sample region, which impedes
the investigations by SHG. In addition, the rear side of the presented film has only been handpolished, which implies residual uncertainty for the SHG domain imaging experiments. Therefore,
new TbMnO3 films grown on both-side-polished substrates are highly desirable for future SHG
imaging experiments.
† : Corrected for background light on the camera (with image 145957, taken above T ).
C
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Figure

Data files

Dates

6.3

000 EFM Results SMO on LSAT terrassen.mdt

12.11.30

6.4

2013.07.29 HRes Topo only on 1068.mdt

2013-07-29

6.5-6.8

data recorded by L. Maurel

6.7 (b)

Fiebig-10deg-phiscan-hr_SMO-phi.xy (folders 0,45,90)

2013-04-18

6.9 (a)

SMO-LSAT.txt, LSAT substrate.txt

2012-08-24

6.9 (b)

Sample 1151 and AG mirror as noted in protocols

13-09-19/20

6.9 (b)

Sample 1151 and AG mirror as noted in protocols

2013-10-01

6.10

007/012

12-05-15/16

014 (sample 1069)

2012-08-21

6.11

(001-004) (sample 1068)

2012-09-10

6.13

(003-006) (sample 1151)

2013-07-08

6.14

(001-004) (sample 1068)

2012-11-05

6.15 (a), (b)

185618, 190124 (sample 1069)

2013-04-02

6.15 (d)

174034 (sample 1068)

2013-03-19

6.16

12.11.30 EFM Sample 1068 edit.mdt

2012-11-30
†

6.17 (b)

13.02.11 EFM Ref and Sample 1068 in situ heating c

2013-02-11

6.17 (b)

combined with 2013_02_15_Temp Kalibration EFM.xls

2013-02-15

6.17 (c)

12.12.07 EFM Sample 1068 after heating to 150◦ C.mdt

2012-05-12

6.18

2013.12.02 EFM cAFM 3 (sample 1068)

2013-12-02

6.19

2013.02.21_polen b (sample 1068)

2013-03-05

6.20

see folder ”Time 005”

2013-06-14

6.25 (a)

007 (sample 1182, degraded afterwards)

2013-09-17

6.25 (c)

(001-004) (sample 1182)

2013-09-11

6.26 (a)

000 EFM Results SMO on LSAT (sample 1068)

2012-11-30

6.26 (b)

smo_092_SImg_Timep012o617.tif (sample 1152)

2013-06-14

Table D.4.: Data files for the measurements on SrMnO3 thin films presented in chapter 6. The
SrMnO3 /SrTiO3 samples 1181/1882 degraded after heating. The normalized SHG spectrum
shown in Fig. 6.9 (b) has been corrected for residual fundamental wave around 800 nm wavelength. An additional temperature dependent SHG measurement on sample 1151 (2013-09-04)
using a microscope cryostat qualitatively reproduces the temperature profile shown in Fig. 6.10,
except for an offset in temperature that may either relate to sample-to-sample deviations or to
inferior thermal coupling between the film and the temperature sensor.
† : Compared contrast/noise ratio of images no. 13, 57, 42, 72. The bare contrast depends on
the read-out settings that have been readjusted during the heating cycle.

135

D. List of measurements

Figure

Data files

Dates

A.3 - A.6

data recorded by Dr. M. Matsubara

A.7

002-004 (sample 1006)

2010-09-22

A.8 (SHG)

014,015 (sample 1006)

2010-10-20

A.9

027 (sample 1089)

2012-11-16

A.10

008, 009 (sample 1089)

2013-12-19

A.11

04 (bare NSAT), 05 (sample 1089)

2013-10-23

A.11

006 (sample 1089), 008 (100 nm EuO)

2013-11-05

A.12

017, 018 (sample 1084)

2012-11-13

A.13

016 (sample 1084)

2012-11-13

A.14

002 (10 K) , 019 (100 K) (sample 1084)

2012-11-13

Table D.5.: Data files for the measurements on EuO thin films presented in the appendix.
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