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4.3.4 Summary experiments . . . . . . . . . . . . . . . . . . . . . 77

4.4 Microscopic origin of the anisotropy . . . . . . . . . . . . . . . . . 77
4.4.1 Single ion model . . . . . . . . . . . . . . . . . . . . . . . . 78
4.4.2 Oxygen octahedra rotation and deformation . . . . . . . . . 80
4.4.3 Implications for LSMO . . . . . . . . . . . . . . . . . . . . . 83

4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
4.6 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

5 Interface engineering at the La0.67Sr0.33MnO3/SrTiO3 interface 89
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
5.2 Experimental method for the study of interface properties . . . . . 92
5.3 Polar discontinuities . . . . . . . . . . . . . . . . . . . . . . . . . . 93

5.3.1 LSMO/STO interface configurations . . . . . . . . . . . . . 94
5.3.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . 96
5.3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
5.3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
5.3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

5.4 (110)pc oriented interfaces . . . . . . . . . . . . . . . . . . . . . . . 103
5.4.1 Crystal structure . . . . . . . . . . . . . . . . . . . . . . . . 103
5.4.2 Functional properties . . . . . . . . . . . . . . . . . . . . . . 105
5.4.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
5.4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

5.5 Order and disorder at the interface . . . . . . . . . . . . . . . . . . 109
5.5.1 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . 110
5.5.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111



5.5.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
5.6 Mechanism of the reduction of the properties at LSMO interfaces . 114

5.6.1 Overview of the results . . . . . . . . . . . . . . . . . . . . 114
5.6.2 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
5.6.3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.7 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

6 Epilogue 125
6.1 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

A Determination of the Curie temperature 129
A.1 Magnetization measurements . . . . . . . . . . . . . . . . . . . . . 129
A.2 Transport measurements . . . . . . . . . . . . . . . . . . . . . . . . 131
A.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
A.4 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

Summary 135

Samenvatting 139

Dankwoord 141





Chapter 1

Perovskite oxide
heteroepitaxy

Abstract

This chapter gives a brief introduction to perovskite oxide heteroepitaxy.
Strain and interface engineering are identified as the fundamental tools in he-
teroepitaxy for the controlled study and manipulation of materials properties.
Several examples of heteroepitaxy in general and perovskite oxide heteroepi-
taxy in particular are discussed. Furthermore, an outline of the structure of
the thesis is presented.

1.1 Introduction

The word heteroepitaxy has its roots in the ancient Greek words ἑτερος, meaning
“other“ or “different“, επι, meaning “above“ or “upon“, and τάξις, meaning “in
ordered manner“ or “arrangement“. So epitaxy can be translated as “to arrange
upon” [1]. In materials science, it is used to indicate the deposition of thin films
which are structurally ordered with the underlying substrate. Heteroepitaxy is
then the epitaxy of films of a different material than the substrate.

For certain classes of materials, the heteroepitaxy can nowadays be controlled to
single atomic layers. In this case heteroepitaxy is no longer just the stacking of
different layers, but it has become a materials scientist’s tool to study existing
materials in the atomic limit. Artificial materials can be created as well; when
the thicknesses of the consecutive layers in a heterostructure approach the atomic
limit, the heterostructure can have properties not present in the building block
materials.
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The new functionality of the heterostructures can be attributed to two fundamen-
tal effects in heteroepitaxy. At first the crystal structure of the layers is changed,
due to the matching of the in-plane lattice constants to those of the substrate. The
matching results in strain in the layers, the magnitude of which can be controlled
with the use of an appropriate substrate. This is called strain engineering. Fur-
thermore, the interfaces between different layers break symmetry and therefore
new functionality can be expected at the interfaces. Heteroepitaxy allows for di-
rect intervention, e.g. with dopant insertion, at the interface during growth, which
is called interface engineering.

An important example is the fabrication of high mobility two-dimensional electron
gases in GaAs/AlGaAs heterostructures. In order to prevent impurity scattering,
the dopant ions have to be separated from the transport channel. This is realized
by growing a modulation doped heterostructure. Here the heteroepitaxy enables
control over the position of the dopant layer [2], away from the transport channel
which is formed at the GaAs/AlGaAs interface. The improvement in charge carrier
mobility in two dimensional electron gases has led to the discovery of the fractional
quantum hall effect [3].

The coupling of the magnetization between different Fe layers in Fe/Cr hetero-
structures is another example of the new physics enabled by heteroepitaxy. The
antiferromagnetically coupled magnetization in the Fe layers can be ferromagne-
tically aligned with a small magnetic field and this changes the resistivity of the
heterostructure, i.e. the giant magnetoresistive effect [4, 5]. Nowadays, this effect
is widely used by hard disk drive manufacturers to read magnetic memory bits.

Perovskite oxides are an extremely interesting class of materials. The perovskite
ABO3 crystal structure can be realized with a wide variety of different elements
at the A and B positions. This results in a class of materials with similar lattice
parameters but a wide range in properties, from dielectrics and piezoelectrics to
ferroelectrics, from semiconductors, transparant conductors and metals to super-
conductors and from antiferromagnetic to ferromagnetic and multiferroic mate-
rials. Perovskite oxides are therefore naturally suitable for heteroepitaxy [6]. An
example of a perovskite oxide heterostructure is shown in figure 1.1. Perovskite
oxide heteroepitaxy is nowadays a large field of research and significant advances
have been made to realize even more functionality from the perovskite building
blocks.

An interesting example can be found in the work of Lee et al. [7] who created a
superlattice of BaTiO3, SrTiO3 and CaTiO3 in which each individual layer was
only 2 unit cell layers thick. BaTiO3 is a ferroelectric and SrTiO3 and CaTiO3 are
dielectrics, but the heterostructure as a whole is ferroelectric with a larger polari-
zation than that expected from BaTiO3 embedded in a paraelectric matrix. This
is explained by the breaking of the inversion symmetry by the three component
superlattices as well as the strain in the heterostructure, both of which enhance
the polarization.

Another example is the work of Gozar et al. who have studied interfaces between
undoped and overdoped La2-xSrxCuO4 (LSCO) [8]. At optimum doping, x=0.15,
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Figure 1.1: An example of a perovskite oxide multilayer structure with
layers of La0.67Sr0.33MnO3 (LSMO), SrTiO3 (STO) and LaAlO3 (LAO)
grown on a NdGaO3 (NGO) substrate. This image was measured at Chal-

mers University of Technology, Sweden.

LSCO is a superconductor with a critical temperature of 40 K. The interface
fabricated by Gozar is superconducting at 50 K, but only in a thin region. The
charge distribution at the interface is not abrupt and subsequent research showed
that a CuO2 plane a few layers removed from the interface on the nominally
overdoped side had exactly 0.15 doping and was responsible for the enhanced
superconductivity. The research method to identify this superconducting layer
deserves further attention. The researchers alloyed a specific CuO2 plane with 3
% of Zn, which reduces superconductivity. By systematically alloying every CuO2

plane in the heterostructure individually, they found that the superconductivity
only disappeared if one specific layer was alloyed [9].

These examples show the type of research which becomes possible if layers of
materials can be grown atomic layer for atomic layer. In this thesis an explora-
tion of the possibilities with strain and interface engineering is made for both
the LaAlO3/SrTiO3 (LAO/STO) interface and the fully spin polarized metal
La0.67Sr0.33MnO3 (LSMO).

1.2 Outlook

Chapter 2 of this thesis is concerned with the interface between LAO and STO.
This heterointerface between two band insulators has intriguing physical proper-
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ties, most especially the atomic stacking sequence dependent conductivity. This
conductivity is commonly explained by an electronic reconstruction induced by
the polar nature of the interface. However, the experiments presented in this the-
sis, the dependence of the conductivity on strain and oxygen deficiency and the
absence of the expected electrostatic potential buildup, show that this understan-
ding is debatable. An alternative model is proposed in which the conductivity is
governed by the strain induced polarization in the STO.

Chapter 3 describes the growth and properties of the LSMO thin films. In order
to study the intrinsic properties of the LSMO films and interfaces, high quality
heteroepitaxy is crucial. The characterization presented in this chapter demons-
trates that the LSMO thin films have properties similar to high quality bulk LSMO
crystals and are at least as good as the samples found in literature.

In chapter 4 the dependence of the magnetization of LSMO on the applied strain
is presented. It is shown that the magnetic anisotropy can be controlled with the
strain applied by an appropriate substrate surface orientation. The results can
be described with the use of a model originally developed by Néel. The signs
of the Néel parameters are unambiguously identified by comparing the Néel mo-
del with the experimental data. The microscopic origin of the magnetocrystalline
anisotropy is discussed in terms of the single ion model of anisotropy. The Néel
parameters can be described in terms of Mn-O bond length variations and oxygen
octahedra bond angle variations. In order to describe the observed strain depen-
dence of the anisotropy correctly, oxygen octahedra bond angle variations with
applied strain are required.

Chapter 5 discusses the attempts to change the properties of the LSMO at the
LSMO/STO interface with interface engineering. First, the effect of the polar
discontinuity analogous to the LAO/STO interface was investigated. The polar
discontinuity was removed with local changes in the doping of the LSMO layer.
The results show an increase in functional properties in samples without polar
discontinuities. Then, the effect of the crystal orientation was investigated. In the
(110) orientation, LSMO has improved magnetization, but a reduced conductivity.
The final interface engineering scheme tested the effect of chemical disorder at
the interface. Samples without disorder at the interface were created with the
use of a SrMnO3 (SMO) layer. The required electrons for the SMO to become
ferromagnetic were supplied by modulation doping from La dopants in the STO
away from the interface. Preliminary results indicate that the modulation doping
of the interface was achieved but no improvement of the functional properties was
realized.

The final chapter is an epilogue, in which the results are discussed in a wider
perspective. Furthermore, an outlook towards the challenges in perovskite oxide
heteroepitaxy in the near future is given.
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Chapter 2

Conductivity at the
LaAlO3/SrTiO3 interface

Abstract

The conducting interface between the two band insulators LaAlO3 (LAO)
and SrTiO3 (STO) is studied in this chapter. The main experimental result
is that the expected electrostatic potential buildup in the LAO layer is not
observed. Furthermore, samples grown on other substrates than STO and
samples grown at high oxygen pressure are insulating. The results indicate that
the most widely used model to explain the conductivity at the interface, the
electronic reconstruction due to the polar discontinuity, is not applicable to the
experiments. An alternative model for the conductivity is proposed, in which
the polar discontinuity is compensated by structural reconstructions, details
of which depend on the growth conditions. At certain growth conditions, the
structural reconstructions result in charge transfer to the STO and the charge
in the STO resides in impurity states within the bandgap. Conductivity occurs
when the induced polarization in the STO activates the charge carriers to the
conduction band.

2.1 Introduction

In 2004, Ohtomo and Hwang published their results on polar interfaces between
two perovskite band insulators, LaAlO3 (LAO) and SrTiO3 (STO) [1]. LAO
consists of LaO and AlO2 layers with a net charge (in the ionic limit) of ±1 and
STO consists of charge neutral SrO and TiO2 layers, when viewed along the (001)
direction. This difference results in a polar discontinuity at the interface between
the two materials. This interface was found to be conducting if the atomic stacking
sequence at the interface is SrO-TiO2-LaO-AlO2 (n-type) and insulating if the se-
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quence is TiO2-SrO-AlO2-LaO (p-type). The dependence of the conductivity on
the termination of the interface was explained with an electronic reconstruction
of the polar discontinuity. In short, the polar discontinuity results in a divergence
of the electrostatic potential which has to be compensated. The sign of the di-
vergence, and therefore the possible reconstruction mechanisms, depends on the
atomic stacking sequence. For the n-type interface, the diverging potential is re-
moved if half an electron per unit cell is present at the interface. Similarly, the
p-type interface does not have a diverging potential if the interface is hole-doped.
The titanium ions at the n-type interface can easily be electron doped due to the
multiple valence states of the titanium. The intrinsic electron doping of the inter-
face by the polar discontinuity is called electronic reconstruction and it explains
the observed conductivity of the n-type interface. At the p-type interface, the in-
trinsic hole doping is suppressed by the presence of oxygen vacancies and therefore
no conductivity has been found at this interface [2].

After the discovery of the conductivity at the LAO/STO interface, research has
focussed on the electronic properties. The carrier density and mobility are found
to depend on the thickness of the LAO layer and the growth conditions [3–9]. The
interface can be superconducting [10] or show magnetic scattering [8, 11] at low
temperature. The low temperature transport properties can be controlled with
electric field effect doping [12, 13], which can be used to realize devices [14, 15].

The mechanism of electronic reconstruction by a polar discontinuity is quite ge-
neral and can be expected to occur at a wide variety of transition metal com-
pound interfaces. Even so, most research has focussed on the LAO/STO inter-
faces and other examples are rare. Experiments have been performed at the inter-
face between LaMnO3 (LMO) and SrMnO3 (SMO) [16–18], La2CuO4 (LCO) and
La1.55Sr0.45CuO4 (LSCO) [19], LaGaO3 and STO [20] and LaVO3 (LVO) and STO
[21]. For the manganite and cuprate interfaces, the doped charge is distributed in
a relatively broad region of the interface and the properties depend on the local
doping concentration. The LGO/STO and LVO/STO interfaces have the same
transport properties as the LAO/STO interface. The interfaces between KTaO3

(KTO) and STO [22] and amorphous CaHfO3 (CHO) and STO [23] have also been
reported to be conducting. KTO is a polar material with negative net charge at
the AO layer and therefore the electronic reconstruction mechanism should result
in p-type conductivity at the interface. N -type conductivity was found. The amor-
phous CHO is nonpolar material and conductivity cannot be explained with the
polar discontinuity model. It is either due to strain or to oxygen vacancy doping.
Also for LAO/STO interfaces, it was shown that, at least for samples grown at
low oxygen pressure, the dominant doping is due to oxygen vacancies and not due
to electronic reconstruction [5, 7, 8].

Four models have been presented to describe the conductivity of the LAO/STO
interface. The first model is based on the electronic reconstruction scenario and
it is an extension of the explanation given by Ohtomo [1]. The physics can be un-
derstood in terms of a simple electrostatic model [24, 25]. The polar discontinuity
at the interface results in an electrostatic potential buildup in the LAO layer. At a
critical thickness the energy of electrons in the valence band at the LAO surface is
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higher than the available states in the STO conduction band and charge transfer
occurs. The second model is based on oxygen vacancies [5, 7]. During the growth
of the LAO film, high energy La ions sputter oxygen ions from the substrate and
this results in conductivity in the top layer of the STO. One of the main drawbacks
of the oxygen vacancy model is that the termination dependence of the conduc-
tivity is unexplained. The third model is based on intermixing of the La and Sr
ions in the top layer of the STO [26]. La ions are then present in the STO and
result in electron doping of the STO. In this model, the termination dependence
is not explained either. Finally, a model based on a polarization discontinuity was
proposed [27]. At the interface a discontinuity exists in the polarization of the
materials which results in narrowing of the bandgap. Therefore, defect induced
charge carriers accumulate at the interface, resulting in local conductivity. This is
similar to the model for the conductivity at domain walls in BiFeO3 [28].

In the first part of this chapter, the LAO/STO interface is studied with a fo-
cus on understanding the origin of the conductivity and its relation to the polar
discontinuity. Out of the four models discussed in the previous paragraph, only
the electronic reconstruction scenario takes the polar discontinuity into account.
Therefore, experiments have been performed to test the validity of this model.
The experiments unambiguously demonstrate that the model is not applicable to
the experiments and that purely electronic reconstruction does not occur. It is
concluded that the polar discontinuity results in a structural reconstruction, the
details of which depend on sample geometry and fabrication conditions and affect
the properties of the interface. The structural reconstruction results in a charge
transfer of 0.5 e-/uc across the LAO.

In the second part of this chapter, an alternative model for the conductivity is
proposed. One of the striking features of the LAO/STO interface is the thickness
dependence of the conductivity [3, 4]. This is explained qualitatively with the
electronic reconstruction model. As this model is not applicable, an alternative
explanation is required. Here, it is suggested that the conductivity is related to the
induced polarization in the STO. Experimental results of the induced polarization
as a function of LAO thickness, as measured with second harmonic generation
(SHG), are compared with the activation energies for the charge carriers and a
correlation is found. A model is proposed in which the polarization in the STO
activates carriers from impurity states in the bandgap.

This chapter is organized as follows. First, an overview of relevant literature about
LAO/STO interfaces is given. In the next section, experiments are presented
which demonstrate the absence of the electrostatic potential buildup in the LAO
layer. In section 4, it is shown that insulating n-type interfaces can be fabricated,
either by growing on other substrates than STO or by growing LAO at high (0.1
mbar) oxygen pressure. The experiments indicate that the intrinsic electronic
reconstruction does not occur and therefore the polar discontinuity requires a
structural reconstruction. Different scenarios are discussed in section 5. In section
6, the alternative model is proposed, relating the conductivity to the induced
polarization in the STO. The chapter ends with an outlook for future experiments
to test the validity of the proposed model.
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2.2 Overview relevant literature

A review of the transport properties can be found in [29], while a review of the
theoretical understanding is given in [30]. In this section, both the theoretical un-
derstanding of and the experimental evidence regarding electronic reconstruction
at the interface are briefly summarized.

2.2.1 Theory

The LAO/STO interface has been theoretically studied within the framework of
density functional theory (DFT). This theory uses periodic boundary conditions
and the object of study is always an infinite set of interfaces. The physics of the
polar interfaces is governed by the electrostatic potential buildup. In DFT special
care has to be taken with the geometry of the supercell, as potential buildup over
the entire supercell is not allowed. Two approaches have been developed. The first
is to use a supercell with (k+1) LaO and k AlO2 layers [31–38]. STO then has m
SrO and (m+1) TiO2 layers. In this case, the supercell has two n-type interfaces
and there is no potential buildup due to symmetry. This approach automatically
ensures the doping of 1 electron in the supercell. The doped charge accumulates at
the TiO2 layers at the interface and results in a doping of 0.5 e-/uc. The same can
be done with two p-type interfaces and in this case half a hole per unit cell is found
in the oxygen band at the interfaces. The results can in principle be compared to
the experimental case of a single interface with an extremely thick LAO layer if
k and m are both reasonably large. These studies can give valuable information
about the atomic and electronic structure of a fully reconstructed interface, but it
cannot describe the potential buildup and the charge transfer, which is essential
in the experiments [39].

The other approach is to include a vacuum space in the unit cell [39–42]. In this
case both a p and an n-type interface (or surface) can be present in the unit cell.
There is potential buildup in the LAO layer and the charge transfer from e.g.
the LAO surface (LAO/vacuum interface) to the n-type LAO/STO interface can
be studied. As the electric potential must be periodic, the potential buildup in
the LAO results in an equal potential drop over the combined vacuum and STO
layers. This spurious field can be removed with either a dipole correction [42]
or a doubled structure with a mirror plane in the vacuum [39]. This allows the
DFT calculations to demonstrate the potential buildup in the polar layer and the
subsequent electronic reconstruction. This approach uses a large supercell, which
is computationally expensive, and therefore less structural relaxation is performed
(typically only atomic shifts in z are allowed).

Sofar, the following points have been predicted by theory:

• A critical LAO thickness for conductivity is found [39, 40].

• Polarization is induced in the STO when charge transfer occurs [42].
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• The electric field in the LAO layer induces structural displacements in the
LAO (dielectric screening) [40].

• The reconstruction induces octahedra rotations (GdFeO3 type) in the inter-
facial STO layer [35].

• The Ti conduction band splits in a heavy lower energy band which consists
mostly of 3dxy states and a light higher energy band of mostly 3dxz and 3dyz
states [37].

• At the n-type interface the STO conduction band is lowered due to chemical
bonding between Ti and La and oxygen octahedra deformation, while the
valence band is raised due to the induced polarization [39]. Electrons at
the n-type interface are confined to the interface while holes at the p-type
interface spread out due to the induced polarization [34].

• An alternative approach to calculate the polarization using Berry phase
theory gives an elegant explanation for the fact that the polarization dif-
ference between LAO and STO is exactly 0.5 e-/uc [43].

• np superlattices have a different critical thickness due to the screening of the
potential buildup in both the LAO and the STO in this configuration [24].

• Oxygen vacancies at the p-type LAO interface/surface are more energetically
favourable than oxygen vacancies at the n-type interface [44–46].

2.2.2 Experiment

In order to understand the LAO/STO interfaces the following experimental obser-
vations have to be taken into account:

• A critical LAO thickness of 4 uc is found for the conductivity [3].

• In coupled np interfaces, no critical thickness is observed. The room tempe-
rature carrier density depends on the interface separation distance [4].

• At the p-type interface oxygen vacancies are present and this interface shows
less intermixing than the n-type interface [2].

• The room temperature carrier density as measured with transport measure-
ments in well oxydized samples ranges from 0.015 to 0.3 e-/uc [3–5].

• The thickness of the electron gas at room temperature is less than 1 nm
[47–49]. The thickness of the superconducting state at low temperature is
10 nm [50].

• The interfacial STO unit cell is elongated at the interface [51] but the oxygen
octahedron is contracted [52].

• STO is polarized at the interface [53].
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• GdFeO3 type oxygen octahedra rotations have been observed in the interfa-
cial STO layers [53].

• The STO conduction band has mostly Ti 3dxy character [54].

• Different photoemission measurements do not agree on the band alignment
[55, 56].

• La impurities are present in the STO [57, 58].

2.3 Absence of potential buildup in the LAO

The comparison between theory and experiment in section 2.2 shows that a number
of observations are well understood. Nevertheless, some open issues remain. The
electronic reconstruction scenario predicts that charge is transferred from the LAO
valence band at the surface to the STO conduction band at the interface. Only the
presence of charge at the interface is experimentally verified, namely the interface
is conducting. This is not sufficient evidence for the charge transfer. It might
well be possible that electrons due to impurities in the STO are accumulated at
the interface. So to prove the mechanism of electronic reconstruction one of the
following experiments should be done.

• A measurement of the electron density at the n-type interface and the hole
density at the p-type interface which shows identical carrier densities for
LAO films with different thicknesses.

• A measurement of the potential buildup in the LAO layer as a function of
the LAO layer thickness. The total potential buildup should increase linearly
with film thickness up to the critical thickness for electronic reconstruction.
Then the potential buildup over the entire layer will be equal to the bandgap
of the STO. The change in potential buildup per unit cell layer at the critical
thickness directly reflects the electronic reconstruction.

The first experiment is difficult to perform with the LAO/STO interface as the hole
density at the p-type interface is comprised of oxygen 2p states, which are difficult
to analyze quantitatively using spectroscopic techniques. The second experiment
can be performed using x-ray photoemission spectroscopy (XPS) measurements.
The potential buildup in the LAO layer shifts all the LAO electron core levels and
results in changes in the XPS spectra. In the actual experiment, no changes are
observed and it is concluded that no electrostatic potential buildup is present at
the LAO/STO interface.

2.3.1 Experimental

The samples were fabricated using pulsed laser deposition (PLD). Substrates
were prepared using the standard preparation procedure described elsewhere [59].
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Growth conditions were as follows: laser fluence 1.3 J/cm2, oxygen pressure du-
ring growth 10−3 mbar, growth temperature 800◦C, growth rate 2.3 uc/min. The
samples were cooled down to room temperature at growth pressure and an addi-
tional post-growth annealing step was not applied. More information about the
growth of LAO on STO can be found in reference [29]. The La0.67Sr0.33MnO3

(LSMO) reference sample was grown as described in section 3.3.

Reflection high energy electron diffraction (RHEED) specular spot intensity os-
cillations were observed during the growth, indicating 2D layer-by-layer growth.
The film surface morphology was measured with AFM and the step and terrace
structure of the underlying substrate was observed. Transport measurements of
samples with a thickness of n=5 to n=10 uc of LAO showed conducting behaviour
with a sheet resistance of ≈104 Ω at room temperature and ≈5·102 Ω at 10 K.

The XPS measurements were performed in situ with an XPS/UPS system designed
by Omicron Nanotechnology GmbH, equipped with an EA 125 electron energy
analyzer. For XPS an Al Kα source (XM 1000) was used. The base pressure of
the system was below 10−10 mbar. The analyzer was calibrated with the use of
an in situ sputter cleaned Au sample.

2.3.2 Measuring the potential buildup with XPS

With XPS, the binding energy of electrons is measured in reference to the Fermi
level. In an LAO film on STO with a polar interface, the binding energy of
electrons in LAO changes with the potential buildup. As the potential buildup is
gradual over the LAO thickness, the potential buildup will result in broadening
of the peaks and also in a shift of the peak positions. To calculate the XPS peak
shape of the LAO elements in the potential field, the LAO layers are separately
analyzed and the contribution from each layer is calculated. The total signal is
the sum of the layer contributions, in which an exponential decay of the intensity
away from the surface is taken into account (escape depth 2 nm at hv=1500 eV
[60]). As the conducting electron gas is in the STO at the interface, the LAO
layer closest to the STO is pinned at the normal potential. A potential shift of 0.9
eV/uc was used for LAO layers thinner than the critical thickness [25]. For LAO
layers thicker than the critical thickness, the total potential buildup was set to 3.2
eV. The XPS peaks were modelled with Gaussian intensity distributions.

In figure 2.1, the calculated La 3d peak shapes for a different number of LAO
layers is shown1. It can be seen that the width of the peak shape is small for thin
samples due to the small potential buildup and large for samples with intermediate
thicknesses of 3-7 unit cell layer. For thick samples (with respect to the electron
escape depth) the width is reduced again as then only a part of the layer is probed.

1The La 3d peaks are intrinsically quite wide, approximately 2.5 eV full width at half maxi-
mum (FWHM). For the accuracy of the experiment, it would be better if the shape of the Al 2p
peak (1.2 eV FWHM) was analyzed. This would result in a smaller error bar on the observed
potential shift. Most of the available measurement data was of the La peaks, however, so these
were used. The expected potential shift of 3.2 eV is large enough to be observable with the La
peaks.
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Figure 2.1: Simulation of the La 3d spectrum with the potential buildup
due to the polar discontinuity at the n-type interface taken into account.

Table 2.1: La 3d peak width as indicated by FWHM. The error margin of
the experimentally determined FWHM is 0.01 eV.

Position (eV) 834 839 851 856

Model 5uc 2.94 3.99 2.94 3.99
LAO/STO 5 uc 2.36 2.75 2.0 2.62
LSMO reference 2.39 2.92 2.21 2.86

The other striking difference with the reference spectrum is the gradual shift of the
peak onset towards lower binding energy. This shift is 3.2 eV for samples thicker
than the critical thickness.

For the experiment, the La 3d peaks were measured for a set of n-type LAO/STO
interfaces and LSMO reference samples. An equal peak width was observed for
all samples as illustrated in figure 2.2. In this figure, a 5 unit cell layer LAO/STO
interface is compared with a 20 nm thick LSMO reference sample. The LSMO is
conducting, so here no broadening due to charging and potential shifts is expected.
It is clear from the graphs that the LAO/STO sample does not show broader peaks
compared to the LSMO sample. A shift of 1 eV towards higher binding energy is
observed, which is attributed to a material dependent difference in chemical shift.
The spectra were fit with the use of Voigt functions. From the fit, the FWHM of
the peaks were extracted as summarized in table 2.1. The same fit was used to
determine the width of the calculated spectra in figure 2.1. The analysis of the
peak width places an upper bound of 0.5 eV on the potential buildup in the LAO
layer. This is much less compared to the expected 3.2 eV.
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Figure 2.2: La 3d peak intensity after background subtraction. Top graph:
a 5 unit cell LAO/STO sample (n-type interface). Bottom graph: a 20 nm

LSMO sample.

2.3.3 Summary

The XPS experiments indicate that the potential buildup in the LAO layer is smal-
ler than 0.5 eV, much smaller than the bandgap of STO. Therefore, the electronic
reconstruction scenario for the conductivity at the LAO/STO interface is not ap-
plicable to the experiments. Similar results have been obtained by Segal et al. [56]
for MBE grown samples. Finally, it is noted that the potential buildup is screened
by atomic displacements [40, 61]. Jia et al. have observed the atomic positions in
the LAO layer using scanning transmission electron microscopy (STEM) [53]. The
observed displacement is 0.00± 0.02 Å, as opposed to the expected displacement
of 0.11 ± 0.04 Å2. This also implies that no potential buildup is present in the
LAO layer. Therefore, it is concluded that the polar discontinuity is reconstructed
by means of a structural reconstruction. This reconstruction results in a charge
transfer of 0.5 e-/uc across the LAO.

2.4 Insulating n-type interfaces

In the previous section, it was concluded that the polar discontinuity does not
result in intrinsic electronic reconstruction but in a structural reconstruction. This

2The expected displacement is based on two sets of DFT calculations. Pentcheva et al. men-
tions a displacement of 0.15±0.05 Å for a five layer sample [40]. Assuming a linear displacement
with applied electric field this gives a displacement of 0.11 ± 0.04 Å for the 7 unit cell layer
sample measured by Jia et al.. Also Son et al. calculated the ionic displacements for a 7 layer
LAO sample [42, 62]. They found a displacement of 0.1 Å.
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structural reconstruction does not necessarily result in conducting samples, as is
shown in this section. First, it is shown that LAO/STO interfaces grown on other
substrates than STO are insulating, which is attributed to the difference in strain
in the STO layer. In the second part, it is shown that LAO/STO interface grown
at high oxygen pressure (0.1 mbar) are insulating as well.

2.4.1 LAO/STO interfaces on NdGaO3 substrates

N -type LAO/STO interfaces were grown on (110)o NdGaO3 (NGO) substrates.
(The subscript o denotes the orthorhombic crystal structure. The (110)o surface
corresponds to a pseudocubic (001) surface.) Two types of samples were grown.
The first type consisted of first 10 unit cell layers of STO and then 10 unit cell
layers of LAO. As NGO is expected to be B-site terminated, this structure is
expected to be n-type and conducting. The other type of sample is made by
first growing 10 unit cell layers of LAO, then 1 unit cell layer of LaTiO3 (LTO)
and finally 10 unit cell layers of STO. This also results in an n-type LAO/STO
interface.

The NGO substrate

NGO has a lattice constant in pseudocubic units of 3.86 Å, which is in between the
lattice constants of STO and LAO. So an STO film on NGO is under compressive
strain while an LAO film is under tensile strain. The NGO surface can be singly
terminated with a combination of a chemical treatment and an anneal treatment
as shown elsewhere [63]. It was not mentioned whether the termination after the
treatment is A-site (NgO) or B-site (GaO2). In order to obtain information about
the termination, SrRuO3 (SRO) was grown on a treated substrate. The initial
growth of SRO is sensitive to A- or B-type termination, as the RuO2 surface
is unstable. When SRO is grown on a B-site terminated surface, a termination
conversion occurs within the first few unit cell layers and this can be observed
by comparing the periods of the RHEED oscillations [64]. The intensity of the
specular spot during the RHEED monitoring of SRO growth on NGO is shown in
figure 2.3. The PLD parameters for the growth were 700 ◦C, 0.05 mbar oxygen
and a laser fluence of 2 J/cm2. The longer period of the first oscillation indicates
growth on a B-site terminated surface. So it is expected that the NGO substrate
surface after treatment is GaO2 terminated.

Growth and characterization

In this section, the growth and characterization of LAO/STO interfaces on NGO
will be described. Both STO and LAO were grown with the standard PLD settings
for the growth on STO substrates [29]. The most important parameters were an
energy density of 1.3 J/cm2, a substrate temperature of 800 ◦C and an oxygen
pressure of 10−3 mbar. Both materials grow layer-by-layer as was evidenced by
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Figure 2.3: RHEED intensity of SRO growth on NGO. The first oscillation
is prolonged with respect to the second oscillation, indicating a termination

conversion [64].

analyzing the RHEED specular spot intensity. The surface topography was inves-
tigated with atomic force microscopy (AFM). A topography map of an LAO/STO
structure on NGO is shown in figure 2.4. The step and terrace structure of the
underlying substrate is clearly visible. Lateral force microscopy did not show any
contrast, which indicates a singly terminated surface. X-ray diffraction (XRD)
measurements were used to determine both in-plane and out-of-plane lattice pa-
rameters. It was found that both materials are coherently strained with identical
in-plane lattice parameters to the NGO substrate. The out-of-plane lattice para-
meters of STO respectively LAO on NGO were 3.95 and 3.73 Å.

Electrical contact was made to the sample with Al wire bonds. The 10 unit cell
layer LAO on 10 unit cell layer STO on NGO sample was found to be insulating.
A sample with the reverse stacking was found to be insulating as well and also
samples fabricated at an oxygen partial pressure of 10−5 mbar. Similar structures
grown on (110)o DyScO3 (DSO) substrates were insulating. Finally the other type
of stacking (first 10 LAO, then 1 LTO and 10 STO) also resulted in insulating
samples.

2.4.2 LAO/STO interfaces grown in high oxygen pressure

In the preceding section, it is shown that LAO/STO interfaces grown on NGO
substrates are insulating. In this section, the properties of LAO/STO interfaces
on STO substrates are analyzed with respect to the oxygen pressure during growth.
The previous study which related the properties of the interface to oxygen pressure
[8] did not report experiments up to 0.1 mbar where the expected amount of oxygen
vacancies is minimal.

The samples were fabricated using pulsed laser deposition (PLD), as discussed in
section 2.3.1. Samples were grown with an LAO thickness of 2 and 6 unit cells.
Three different oxygen partial pressures were used: 10−1 mbar (high pressure:
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Figure 2.4: AFM topography measurement of an LAO/STO/NGO sample
with 10 unit cell layer LAO and STO. The image is 5 by 5 µm and the
height differences between the terraces correspond to a single perovskite

unit cell (≈4Å).

HP), 10−3 mbar (medium pressure: MP), and 10−5 mbar (low pressure: LP).
The samples were cooled down to room temperature at growth pressure and an
additional post-growth annealing step was not applied.

Conductivity was measured ex situ using the van der Pauw geometry [65]. Re-
sults are plotted in figure 2.5 and show a strong dependency on the growth pres-
sure. Independent of the overlayer thickness, both LP samples (lower, dark green
and middle, light green curve) exhibit clear metallic behaviour with a very high
conductivity. Turning to the MP regime, only the 6 uc samples (amber curve)
show conducting behaviour. The 2 uc MP samples remain insulating down to
the lowest temperatures with a resistivity >20 MΩ, as expected from the critical
thickness for conductivity.

In contrast to the LP and MP samples, both HP samples are insulating. Maurice
et al. also found samples to be insulating, if grown at 0.4 mbar [66]. This was
explained by structural defects in the film. In contrast, the HP samples in this
study did not show an enhanced defect or dislocation density, neither at the inter-
face nor in the bulk film. This was confirmed by scanning transmission electron
microscopy (STEM), an example of which is shown in figure 2.6a. The samples
exhibit the same atomically sharp interface compared to the MP and LP samples
(not shown). This was also confirmed by AFM topography measurements, one of
which is displayed in figure 2.6b. The surface is atomically smooth with single step
terraces. Compared to the samples of Maurice et al., an increased surface rough-
ness was not observed [66]. On the other hand, it was observed that the RHEED
oscillations were not as clear as for the growth of the LP and MP samples. This
indicates a reduced surface diffusion during growth.
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Figure 2.5: Resistivity of the LAO/STO interfaces grown at 10−5, 10−3

and 10−1 mbar.

a b

Figure 2.6: Characterization of a 6 unit cell LAO on STO sample grown
at 10−1 mbar. a) STEM and b) AFM. The AFM image is 2 by 2 µm and
the height differences between the terraces correspond to a single perovs-
kite unit cell (≈4Å). The STEM image was obtained at the University of

Würzburg, Germany.
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2.4.3 Conclusions

High quality LAO/STO heterostructures were realized on NGO substrates. These
interfaces are insulating. Also the oxygen pressure dependence during LAO growth
on STO substrates was investigated. The results show that high pressure samples
are insulating, intermediate pressure samples are conducting with the expected
critical LAO thickness and low pressure samples are very conductive without a
critical LAO thickness.

2.5 Structural reconstruction of the polar discon-
tinuity

The experiments discussed in the previous section cannot be explained in the
framework of the polar discontinuity induced potential buildup and electronic re-
construction. This implies that other reconstruction mechanisms for the polar
discontinuity at the interface have to be considered. In this section several pos-
sible mechanisms are discussed.

The polar discontinuity is reconstructed by the transfer of a sheet charge of 0.5 e-
/uc from the p-type surface (or interface) to the n-type interface (or surface). For
simplicity only the case of a single LAO film on STO, i.e. a single n-type interface
and a p-type surface, is considered. The possibilities for the reconstruction of the
p-type surface are listed below:

• Al-Ti substitution, top layer is Al0.5Ti0.5O2.

• Ionized adsorbates.

• Oxygen vacancies in the AlO2 layer, 1
4 V+/uc.

• Additional La ions on the p-type surface layer, 1
6 ion/uc.

and the n-type interface:

• Ti-Al substitution, interfacial STO layer is Al0.5Ti0.5O2.

• Charge in the STO, 0.5 e-/uc.

• La ion vacancies in the first LaO layer, 1
6 ion/uc.

The Ti-Al substitution is highly unlikely due to the low diffusivity of B-site ions
in perovskites. Moreover, STEM studies have observed sharp interfaces on the
B-site lattice with minimal Ti-Al intermixing [2, 4]. Also the chemical reconstruc-
tion with ionized adsorbates is unlikely. The samples are grown in an ultra-high
vacuum system and the reconstruction has to occur before the samples are expo-
sed to outside influences. Combining the reconstructions for the interface and the
surface, two scenarios are left: oxygen vacancies are present at the LAO surface
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and donate electrons into the STO or La ions diffuse through the LAO layer and
create vacancies at the interface and adatoms at the surface.

To explain the growth pressure dependence, it is suggested that the growth pres-
sure influences the type of reconstruction. When LAO is grown at low or inter-
mediate pressure, oxygen vacancies are present in the material and a sufficient
amount of vacancies accumulate at the surface to compensate the polar discon-
tinuity. During the cooldown, the vacancies in the AlO2 surface layer remain.
Therefore, charge is present in the STO in these samples. When LAO is grown
at high oxygen pressure, insufficient oxygen vacancies are present and La ions will
diffuse towards the surface. This explains why the samples grown at high oxygen
pressure are insulating.

Finally, it is noted that the two structural mechanisms discussed in this section
can be combined in a two-step reconstruction. In that case, charge is transferred
from oxygen vacancy sites at the LAO surface to the LAO/STO interface. At the
interface, La vacancies are present ( 16 ion/uc). As these missing La ions have to go
somewhere, they diffuse into the STO. This implies Sr vacancy sites are already
present in the substrate or Sr ions will diffuse. The La in the STO then dopes the
STO. In this case, only 1

6 e-/uc of charge is present in the STO and this scenario
also explains the observation of La ions in the STO substrate.

2.6 Thickness dependence of the conductivity and
induced polarization in the STO

In the first part of this chapter, it was shown that the polar discontinuity at the
LAO/STO interface is compensated with a structural reconstruction, which re-
sults in a charge transfer of 0.5 e-/uc across the LAO. It is reasonable to assume
that the type of structural reconstruction depends on the growth parameters, such
as the oxygen pressure during growth. The absence of conductivity in the high
pressure samples can thus be explained by assuming a different structural recons-
truction, e.g. one not involving surface oxygen vacancies, in these samples. It
is unlikely, however, that the structural reconstructions depend dramatically on
the strain state of the STO. The insulating interfaces on NGO substrates were
grown at low oxygen pressure as well and remained insulating. More importantly,
the critical thickness for the conductivity as observed by Thiel et al. [3] and the
coupling of n- and p-type interfaces as observed by Huijben et al. [4] show that
the conductivity depends on the LAO layer thickness. This thickness dependence
was originally interpreted as an indication for the validity of the intrinsic electro-
nic reconstruction model, but as there is no electrostatic potential buildup in the
samples, due to the structural reconstruction, this explanation is no longer appli-
cable. It is unlikely that the structural reconstruction of the polar discontinuity
has a thickness dependence, so an alternative model is required.

Here, an alternative model is presented, which relates the conductivity of the
LAO/STO interface to the induced polarization in the STO. Experiments have
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shown that polarization is induced in the STO at the LAO/STO interface [53].
This induced polarization is discussed in the first part of this section. In the next
part, the thermal activation of the sheet carrier density in conducting LAO/STO
samples is discussed and it is shown that the activation energy has a similar trend
as the induced polarization in the samples. Finally, a model is proposed which
relates the strain induced polarization to the conductivity of the LAO/STO inter-
faces.

2.6.1 Induced polarization

Here, the induced polarization in the STO is discussed, both from a theoretical,
as well as from an experimental point of view. In the theoretical part, it is shown
that spontaneous polarization is present at the interface. The main observation
discussed in the experimental part is that the polarization is not induced by the
charge transfer. It is suggested that the polarization is related to strain of the
oxygen octahedra rotation discontinuity.

Theoretical point of view

In an electrostatic model of the LAO/STO interface, the polar discontinuity at
the interface does not induce polarization in the STO until charge transfer occurs.
When charge is transferred to the STO layer, the charge spreads throughout the
STO and an electric field is present between the charge in the STO and the charge
of opposite sign at the LAO surface. This field induces polarization. Similar
behaviour, coincidence of charge transfer and induced polarization, is observed in
DFT calculations as well [42].

There is, however, a significant difference in the band bending in the STO between
the electrostatic model and the DFT calculations. In the dipole model, the band
bending is such that charge carriers (electrons (holes) in the STO at the n-type (p-
type) interface) are confined to the interface, as shown in figure 2.7. Note that here,
the band bending is due to the electric field between the charge carriers and the
donor surface states, which is partially screened by the induced polarization in the
STO. In the DFT calculations the band bending for the p-type interface is opposite
to that of the dipole model [41]. The sign of the polarization in the STO, however,
is equal to that of the dipole model. From this is it concluded that the STO
overscreens the electric field in the DFT calculations. For the n-type interface,
bandgap narrowing is calculated. The valence band bends in the opposite direction
compared to the dipole model but the conduction band bending is similar. The
valence band bending is due to the induced polarization while the conduction band
bending is dominated by hybridization of the interfacial Ti and La wavefunctions
[39]. The overscreening of the electric field by the STO is unexpected but not
impossible. STO is a quantum paraelectric at low temperatures whose spontaneous
polarization is completely reduced by quantum fluctuations [67]. In the presence
of a small field these fluctuations are suppressed and spontaneous polarization can
be induced.
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Figure 2.7: A sketch of the band bending in the STO at the LAO/STO
interface, STO (LAO) is shown on the left (right) side of each image. For
the n-type interface (left images), the LAO valence band at the surface
is equal in energy to the STO conduction band at the interface, while for
the p-type interface (right image), the STO valence band at the interface
is equal in energy to the LAO conduction band at the surface. The band
bending in the STO has been exaggerated. a) and b) The interfaces as
calculated by the dipole model. c) and d) The interfaces as calculated
by the DFT [41]. e) and f) Arrows indicate all the electric fields in the
structure: the intrinsic polarization in the LAO, the dielectric screening
in the LAO, the charge transfer in the reconstruction and the dielectric

screening of the charge transfer in the STO.
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Experimental point of view

The induced polarization of the STO at the LAO/STO interface was measured
with STEM in a 7 uc thick LAO layer sandwiched between STO layers. Figure 3
in the paper by Jia et al. [53] shows the positions of the oxygen anions with respect
to the B cations. Polarization is present in the STO in a layer of approximately
4 uc thickness located at the interface. Using the measured displacement and the
ionic charge of 6 e/uc, an estimate of the polarization of 8 µC/cm2 can be made. It
is interesting to note that the polarization direction is similar for both the n- and
the p-type interface (in both cases the negative O ions are displaced towards the
LAO). From theory, the expected sign of the polarization depends on the charge
transfer and therefore should be opposite for the two different atomic stacking
sequences. This is an indication that the polarization is not induced by the charge
transfer.

Optical second harmonic generation (SHG) is another tool to study the pola-
rization in the LAO/STO samples. Second harmonic light is only generated by
materials without inversion symmetry and the intensity of this light reflects the po-
larization. Two papers describe measurements of the SHG intensity of LAO/STO
interfaces. Savoia et al. measured the SHG signal of single n-type LAO/STO
interfaces with different LAO thicknesses [68]. Ogawa et al. measured the SHG
intensity of LAO/STO superlattices (both n- and p-type interfaces) for different
sublayer thicknesses [69]. Both papers ascribe the measured signal to the STO, in
the case of Savoia to the polarizability of the free electrons at the interface and
in the case of Ogawa to the lattice polarization of the STO. As it is known from
STEM measurements that polarization is induced in the STO [53], it is likely that
the signal measured by Savoia is due to the STO polarization as well and not due
to the free electrons.

In figure 2.8a, the SHG intensity for the single LAO/STO interfaces is presented
[68]. There is large scatter in the signal for the three unit cell layer samples and
for thicker samples significant SHG intensity is measured. For the 1 and 2 unit cell
layer samples, the measured SHG sample is equal to or smaller than the baseline
of the intensity obtained from a bare STO substrate. In figure 2.8b, the data
obtained from the superlattices is presented [69]. The SHG intensity increases
almost linearly with the STO sublayer thickness n up to n = 8, after which it
decreases. The decrease of the intensity for n > 8 corresponds well with the 4 unit
cells of polarized STO observed with the STEM experiment; the polarization is
limited to 4 uc at both interfaces and therefore the volume polarization decreases
for n > 8. The linear increase observed for n < 8 implies that the polarization in
the superlattice samples also increases linearly with thickness.

The reconstruction of the polar discontinuities is very different for the superlattices
compared to the single interfaces. Due to the multiple interfaces present, a global
potential buildup is not possible. In theory, this results in a zigzag potential
between the STO and the LAO [24] with a much larger critical thickness for
electronic reconstruction than 4 uc. The zigzag potential implies the STO is
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Figure 2.8: SHG intensity measurements. a) single interfaces: the sp orien-
ted part of the dataset measured by Savoia et al. [68]. b) (n,m) superlat-
tices of STO (sublayer thickness n unit cells) LAO (sublayer thickness m
unit cells) as measured by Ogawa [69]. These figures have been reproduced
with permission from the authors. c⃝ 2009 the American Physical Society.

polarized regardless of the thickness up to the critical thickness3. The polarization
is then simply 0.25 e-/uc, or 25 µC/cm2. The constant polarization of the STO
with thickness is clearly not observed in the SHG experiments. This implies all
LAO layers in the stack are individually reconstructed and no potential buildup
or zigzag potential is present is the superlattice samples either. As charge transfer
to compensate the polar discontinuity is present for all thicknesses, it is concluded
that the polarization in the STO is not induced by charge transfer.

Relation to oxygen octahedra rotations

As an alternative to polarization induced by charge transfer, the relation between
polarization and the discontinuity in the oxygen octahedra rotations at the in-
terface is explored. STO is characterized by a cubic/tetragonal lattice without
significant rotations, while LAO is rhombohedral (in bulk) with significant rota-
tions. Under tensile strain LAO is expected to have rotations around the [100]pc
and [010]pc axes, as observed experimentally [53]. (The subscript pc denotes the
pseudocubic lattice.) At the interface a discontinuity exists and as the oxygen
sublattice is coupled, reconstructions involving octahedra deformations must oc-
cur. These reconstructions can take place within the STO or within the LAO and
have a characteristic lengthscale of a few unit cells [71]. As STO is easily deformed
structurally, it can be expected that the oxygen octahedra deformations take place
within the STO; this also implies some octahedra rotation is induced in the STO.

3A critical thickness 8-12 uc was mentioned by the Bristowe. This value is based on an
estimate of the dielectric constant of STO of 30. Using a more realistic value of the dielectric
constant of 300 [70], a critical thickness of 45 uc is found.
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The rotations of the octahedra in the STO have been predicted [35], as well as
measured [53].

Now a connection between the octahedra structure and the polarization has to
be made. The relation between polarization and oxygen octahedra rotation and
deformation is not well studied. One recent paper discusses the relation between
polarization and oxygen octahedra rotation around the axis of polarization [72].
Although it was found that the polarization and the rotation are related, it does not
apply to the case of LAO/STO where rotations around the [100]pc and [010]pc axes
are induced and the polarization is in the [001]pc direction. Moreover, the effect
of oxygen octahedra deformation is not discussed. The deformations break the
local symmetry of the Ti cations within the octahedra. Therefore, it is suggested
here that the deformations of the oxygen octahedra in the STO, induced by the
discontinuity of the oxygen octahedra rotations between LAO and STO, enable
spontaneous polarization in the STO.

With these assumptions, the LAO thickness dependence of the polarization can
be explained. The oxygen octahedra rotations discontinuity only exists when the
rotation pattern in the LAO is developed, which occurs at a critical thickness. This
is the result of an energy balance between bulk LAO layers which favour rotations,
and the interfacial and surface LAO layer which favour absence of rotation. For the
single interface samples, polarization is found at n > 3 uc, while for the superlattice
samples, polarization is found for all n. This difference can be explained if the
energy cost of inducing rotations at an interface with STO is smaller than that of
inducing rotations at the LAO surface reconstruction.

2.6.2 Thermally activated conductivity

Huijben et al. presented the LAO thickness dependence of the conductivity of
coupled n- and p-type interfaces. A linear increase in room temperature sheet
carrier density with thickness was observed for n < 6. The low temperature
sheet carrier density, however, was independent of the LAO thickness at 2·1013
cm−2. This suggests a difference in thermally activated transport between the
samples. An Arrhenius plot of the sheet carrier density of these samples is shown
in figure 2.9. Note that these samples were grown at low pressure (LP, 10−5

mbar). Two different temperature regions of thermal activation are identified with
different activation energies [27]. At intermediate temperatures the activation
energy is approximately 6 meV, independent of the sample thickness. The low
temperature (< 20 K) activation energy depends on the LAO thickness and ranges
from 9 meV for the n=1 sample to 4 meV for the n=5 sample.

The thickness dependence of the low temperature activation energy is presented in
figure 2.10. Next to the LP samples already discussed, data obtained from samples
grown at an intermediate pressure (MP, 10−3 mbar) is shown as well. The general
properties of the MP samples are discussed in detail in reference [25]. A similar
trend in activation energy compared to the LP samples is observed. The activation
energy decreases with thickness from 15 meV to 5 meV. The difference in activation
energies between the LP and MP samples is attributed to a difference in the energy

26



0.00 0.04 0.08
24

26

28

30

32
5

2
3

dLAO =1

 

 

ln
 (n

S
-n

0)

1/T (K-1)

Figure 2.9: Arrhenius plot of the sheet carrier density of coupled LAO/STO
interfaces. Two activation energies can be discriminated, one for the low
temperature region and one for the intermediate temperature region. The
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This dataset was obtained from samples grown at 10−5 mbar and discussed

in reference [4].

of the impurity levels, due to details of the sample fabrication. Nevertheless, the
main trend of decreasing activation energy with increasing LAO thickness is the
same.

The two different activation energies in the LAO/STO samples can be interpreted
as follows. Different impurity states are present in the STO at different energies.
As only the low temperature activation energy depends on the LAO thickness, it
is suggested that this activation energy corresponds to impurity states close to the
interface. The thickness independent activation energy of 6 meV then corresponds
to the bulk STO impurity level. An activation energy of 6 meV was observed in
La-doped STO [73], which agrees well with this interpretation.

2.6.3 The complete picture: polarization induced conducti-
vity

Comparing the behaviour of the polarization in the superlattices and the charge
carrier activation energy for the coupled interface samples, a similar linear increase
with thickness is observed. The appearance of conductivity at a critical thickness
of 4 uc [3] for single interface samples also follows the appearance of the STO lattice
polarization, figure 2.8a. As shown in this figure, there is almost no polarization in
the STO for LAO overlayers of 1 and 2 uc, intermediate polarization for the 3 uc
sample and a well developed polarization for the thicker LAO layer samples. The
intermediate polarization of the 3 uc sample coincides with the thickness at which
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conductivity can be induced with a gate voltage. As discussed in section 2.6.1,
the polarization in the STO results in band bending, which increases the energy
of states at the interface. Therefore, it is suggested that the induced polarization
increases the energy of the impurity states within the bandgap and conductivity
occurs when electrons can move from the impurity states into the STO conduction
band deeper in the substrate. This process is schematically presented in figure 2.11.

This model for conductivity at the LAO/STO interface has the benefits that it
explains both the thickness dependence, as well as the absence of electrostatic
potential buildup. Moreover, the polarization induced conductivity also explains
the lack of conductivity of LAO/STO grown on NGO substrates, where the spon-
taneous polarization in the STO at the LAO/STO interface is expected to be
suppressed, due to the strain in the STO layer.

2.7 Conclusions and outlook

In this chapter, the conductivity at the LAO/STO interface was studied. The main
experimental result is that the expected electrostatic potential buildup in the LAO
layer is not observed. Furthermore, samples grown on other substrates than STO
and samples grown at high oxygen pressure are insulating. The results indicate
that the most widely used model to explain the conductivity at the interface, the
electronic reconstruction due to the polar discontinuity, is not applicable to the
experiments. An alternative model for the conductivity is proposed, in which the
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Figure 2.11: Schematic of the proposed LAO/STO band structure a) wi-
thout polarization in the STO and therefore no conductivity and b) with
polarization in the STO and therefore conductivity and thermally activa-
ted transport. The STO (LAO) bands are indicated in black (red) and
the impurity states in blue. Electron transfer is indicated as well. The

polarization in the STO results in band bending.

polar discontinuity is compensated by structural reconstructions, details of which
depend on the growth conditions. At certain growth conditions, the structural
reconstructions result in charge transfer to the STO and the charge in the STO
resides in impurity states within the bandgap. Conductivity occurs when the indu-
ced polarization in the STO activates the charge carriers to the conduction band.
As the induced polarization is related to the strain of the oxygen octahedra rota-
tion discontinuity at the interface, the thickness dependence of the conductivity is
explained.

The following experiments and calculations are suggested to further resolve the
origin of the conductivity at the LAO/STO interface:

• More advanced structural characterization of both conducting and insula-
ting samples. The structural reconstructions which compensate the polar
discontinuity must be observed in order to understand the polar LAO/STO
interface.

• SHG measurements of LAO/STO superlattices grown on NGO to search for
(lack of) induced polarization.

• DFT studies of LAO/STO interfaces without a polar discontinuity (e.g. by
including a La0.5Sr0.5O layer) to search for the oxygen octahedra rotations
and induced polarization as a function of LAO thickness.
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Chapter 3

Fabrication and properties of
La0.67Sr0.33MnO3 thin films

Abstract

In this chapter, an overview is given of the fabrication and properties
of the La0.67Sr0.33MnO3 (LSMO) thin films used in this thesis. The films
were grown by pulsed laser deposition, monitored with in situ reflection high
energy electron diffraction. The initial film growth occurred in a predomi-
nantly layer-by-layer fashion which changed to the steady state growth mode
during deposition, resulting in a smooth surface with islands with unit cell
step height. Structural characterization showed that the LSMO films were
grown in a fully coherent fashion with respect to the underlying substrates.
The characterization of the magnetic and electric transport properties of the
films showed a saturation magnetization of 4.0 µB/Mn, a Curie temperature of
350 K and a residual resistivity of 70 µΩcm. X-ray photoelectron spectroscopy
measurements showed an absence of chemical impurities and no evidence for
surface segregation. Scanning transmission electron microscopy showed that
multilayer structures with sharp interfaces were realized. All results indicate
that high quality films, comparable to the best examples found in literature,
were fabricated. The ability to grow high quality films and multilayer struc-
tures is an important prerequisite for the research in the later chapters in this
thesis.

3.1 Introduction

The discovery of colossal magnetoresistance in the perovskite manganites in 1993
resulted in an enormous amount of research [1, 2]. La1−xSrxMnO3 (LSMO) has
small magnetoresistance compared to other manganites such as La1−xCaxMnO3,
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due to its large bandwidth. It is, however, the only simple perovskite manganite
with a Curie temperature larger than room temperature. For practical applica-
tions, as well as fundamental studies, manganite thin films are of great importance
and several deposition techniques were explored to realize manganite thin films.
As the manganites have a complicated phase diagram, control of the ratios bet-
ween the cations and the oxygen stoichiometry is crucial. Several early reports on
the growth of LSMO thin films can be found. However, many films were optimi-
zed for the largest amount of magnetoresistance which does not necessarily result
in high quality epitaxy, due to the large magnetoresistance at grain boundaries
[3, 4]. The other important property of LSMO, 100% spin polarization, requires
electronic homogeneity, and therefore high quality epitaxy, for use in devices such
as magnetic tunnel junctions. As these devices have a multilayer structure, next to
the electronic properties, also the surface morphology is important as the surface is
the starting point for the growth of the next layer. Several groups have optimized
LSMO growth for multilayer devices, using either pulsed laser deposition (PLD)
or molecular beam epitaxy [5–8].

Here, PLD was used, as stoichiometric transfer of material from the target to the
sample is relatively easy to achieve with this technique and the kinetic energy of
the arriving species can be tuned in a wide range to control the growth process.
Furthermore, PLD is compatible with a high oxygen background pressure which
avoids oxygen non-stoichiometry in the films.

The aim of this chapter is to present the properties of the LSMO thin films and to
demonstrate that high quality film growth was achieved. This is a vital step for the
research in the subsequent chapters in this thesis as no conclusions can be drawn
about intrinsic properties of the material if the films are not of the highest quality.
So, the growth of the films is described together with an analysis of the surface
morphology with reflection high energy electron diffraction (RHEED) and scan-
ning probe microscopy (SPM). X-ray diffraction (XRD) measurements showed that
the samples are single crystalline and coherently strained to the substrate surface
lattice parameters. The electronic structure was investigated with x-ray photoe-
mission spectroscopy (XPS) and the interface atomic structure was measured with
scanning transmission electron microscopy (STEM). The films showed functional
properties, magnetization and conductivity, of similar quality to those of the bulk
single crystal references. In the final section, the properties of the LSMO thin
films are compared with films described in literature.

3.2 La1-xSrxMnO3

La1-xSrxMnO3 has a very rich phase diagram due to the charge, orbital, spin and
lattice degrees of freedom in the system. In this section a short overview is given
of the main magnetic interactions and features in the phase diagram. A more
detailed description of the system can be found elsewhere [9]. First the relevant
Mn3+ and Mn4+ ions and their magnetic interactions are described, next the phase
diagram is discussed.
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E E

Mn 3+Mn 4+

Figure 3.1: A sketch of the energy of the different d orbitals on Mn4+ (left)
and Mn3+ (right) ions. In order to illustrate the number of orbitals with

a certain energy degenerate orbitals are slightly separated in energy.

3.2.1 Magnetic interactions between manganese ions

Manganese is a transition metal with d7 configuration. In ionic form Mn2+, Mn3+

and Mn4+ exist and for the La1-xSrxMnO3 phase diagram the latter two configu-
rations are present. Mn3+ (Mn4+) has 4 (3) electrons in the d shell. Due to the
strong octahedral crystal field in the perovskite structure the orbitals are split in
low energy t2g and high energy eg orbitals. Strong Hund’s rule coupling results in
an energy splitting between spin up and spin down states. This splitting is larger
than the crystal field splitting, so the Mn3+ ions have a spin of 4

2 and Mn4+ ions
have a spin of 3

2 . This is illustrated in figure 3.1. The Mn3+ ion is susceptible to
a Jahn Teller distortion which deforms the oxygen octahedron. The octahedron is
elongated in one direction (z in this case) and contracted in the other two. This
splits the previously degenerate t2g levels into low energy dxz and dyz orbitals and
a higher energy dxy orbital. The eg orbitals are split as well, the low energy d3z2−r2

orbital is occupied.

Between nearest neighbour Mn ions, several magnetic interactions exist. Non
itinerant electrons can virtually hop to a neighbouring site to gain kinetic energy.
This process, called superexchange interaction, is only possible if the orbital to
which the virtual hopping occurs is empty and therefore depends on the relative
spin configuration. It can be understood with the Goodenough Kanamori rules
[10, 11] which state that the magnetic superexchange interaction between half filled
orbitals is antiferromagnetic and that the interaction between a half filled orbital
and an empty or fully filled orbital is ferromagnetic. Next to superexchange also
double exchange is important for the manganites. Opposed to the virtual electron
transfer in superexchange, double exchange describes real electron transfer between
orbitals. For example the eg electron on a Mn3+ ion can hop to a Mn4+ ion,
this gains kinetic energy for the eg electron. As the hopping depends on the spin
alignment of the two ions, the double exchange mechanism favours ferromagnetism
[12–14]. Next to these magnetic interactions also the charge, orbital and lattice
degrees of freedom play a role in determining the properties of manganite materials.
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Figure 3.2: The phase diagram of LSMO as taken from reference [15]. TC

shows the Curie temperature obtained from either resistivity (ρ(T ), open
circles) or magnetization (M(T ), solid circles) measurements and Ts shows
the structural transition temperature as determined from resistivity (open
square) or dilatation (dL(T )/L, solid square) measurements. Tco shows
the charge-ordering temperature as determined from sound velocity (Vs(T ),
solid triangle) or dilatation (open triangle) measurements and Tp shows the
polaron-ordering temperature obtained from sound velocity (solid inverted
triangle) measurements. The shaded regions correspond to the borders of
the three types of charge orderings (CO-I, CO-II and CO-III). AFM-I, FM-I
and FM-M imply antiferromagnetic insulator, ferromagnetic insulator and
ferromagnetic metal, respectively. This figure has been reproduced with

permission from the author. c⃝ 1998 the Physical Society of Japan.

3.2.2 The phase diagram

The phase diagram of La1-xSrxMnO3 is shown in figure 3.2 [15, 16]. On the left
side is the parent compound LaMnO3 (LMO) in which all manganese ions have
the Mn3+ valence state. On the right side is the SrMnO3 (SMO) compound with
Mn4+ valence. Several structural phases are present. The most important feature
is the orthorhombic/rhombohedral transition denoted with Ts which crosses the 0
K axis at a doping of x = 0.2. With the substitution of La by the bigger ion Sr and
the simultaneous substitution of smaller Mn4+ ions for Mn3+ ions the tolerance
factor increases and this causes the orthorhombic to rhombohedral transition. The
dome of the ferromagnetic metallic region of the phase diagram can be seen around
x = 1

3 doping. Next the various magnetic phases are discussed in more detail.

The parent compound LMO is a Mott insulator. Its ground state is characterized
by an orbital ordering pattern and A-type antiferromagnetic order. In the ab plane
nearest neighbour Mn ions have alternating d3x2−r2 and d3y2−r2 orbitals, along the
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Figure 3.3: A schematic of the orbital ordering and the A-type antiferro-
magnetic ordering in LMO.

c axis the orbital configuration is constant [17]. The orbital order is stabilized by
the Jahn Teller distortion. The orbital ordering transition temperature is 750 K,
which corresponds to a large energy scale in comparison to the other features in
the phase diagram. LMO’s Néel temperature is 120 K, below which the spins align
ferromagnetically in the ab plane and antiferromagnetically along the c axis, in
accordance with the Goodenough Kanamori rules. The magnetization is aligned
with the b axis, approximately 45 degrees with respect to x and y. A schematic
of the orbital and spin configuration in LMO is given in figure 3.3.

With the doping of holes in LMO, the antiferromagnetic coupling along the c axis
is reduced, resulting in a canted antiferromagnetic state. With progressive doping,
this results in a ferromagnetic insulating state for doping levels of 0.1 < x < 0.18
and in the ferromagnetic metallic state at doping 0.18 < x < 0.45. The ferro-
magnetic insulating state can be understood as a state where locally the double
exchange mechanism results in ferromagnetic coupling, but globally no charge
transport is possible due to the trapping of the carriers by polaron (a bound state
of a charge carrier and a lattice distortion) formation. In the ferromagnetic me-
tallic phase, the increase in doping reduces carrier trapping. At optimum doping,
x = 1

3 , the Curie temperature of 370 K. At the Curie temperature, the ferroma-
gnet/paramagnet and the metal insulator transition occur simultaneously.

On the other side of the phase diagram the band insulator SMO can be found. Due
to the absence of eg electrons, no Jahn Teller distortion is present and all exchange
interactions are antiferromagnetic. This results in a G-type antiferromagnetic
ground state.

Between SMO and LSMO various charge ordered phases exists. These phases
typically have a complex orbital and ferromagnetic order as well. For example in
the compound at x = 0.5 doping, ferromagnetic zigzag chains exist together with
a checkerboard charge ordered pattern.
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Next to La1-xSrxMnO3, perovskite manganites exist with a large variety of A-site
cations. For example Sr can be changed with Ca or Ba and La can be exchanged
by Pr, Nd, Y and Sm [18–20]. La1-xCaxMnO3 has a similar phase diagram as
La1-xSrxMnO3, but the Curie temperature of the ferromagnetic metallic phase is
reduced. As Ca has a smaller ionic radius than Sr, the perovskite tolerance factor
is reduced. This results in larger oxygen octahedra rotations, which reduces the
bandwidth. For a large set of compounds in which La has been replaced, the
ferromagnetic metallic phase is completely absent.

3.3 Thin film growth

In this section, the growth of the LSMO thin films is described. First, the treat-
ment of the substrates used as template for the growth is discussed. Then, the
growth of the thin films by pulsed laser deposition is described. In situ RHEED
measurements are presented from which it is concluded that the initial growth oc-
curs in the two dimensional layer-by-layer growth mode, and that a transition to a
steady state growth mode occurs for thicker films. Finally, the surface morphology
was characterized with SPM, which showed smooth surfaces.

3.3.1 Substrates

Several substrates are commercially available for the growth of oxide thin films. A
number of substrates which have comparable lattice parameters to LSMO can be
used as a template for the growth of the LSMO thin films. They include NdGaO3

(NGO), (LaAlO3)0,3-(Sr2AlTaO6)0,7 (LSAT), SrTiO3 (STO) and DyScO3 (DSO).
The pseudocubic lattice parameters are respectively 3.85, 3.87, 3.905 and 3.95 Å.
STO and LSAT are cubic crystals while NGO and DSO have an orthorhombic
crystal structure. In the orthorhombic crystal structure two possibilities exist for
a surface with pseudocubic (001) orientation, namely (001)o and (110)o. (The
subscripts o, c and pc denote the orthorhombic, cubic and pseudocubic crystal
structure, respectively.) The (110)o surface unit cell has 90 degrees angles with a
small difference in the pseudocubic surface unit cell lattice parameters while the
(001)o surface unit cell has equal lattice parameters but a small deviation from
90 degrees in the angle between the lattice parameters. For the studies in this
thesis, both STO (001)c, NGO (110)o and NGO (001)o substrates were used to
grow (001)pc oriented films. Pseudocubic (110) oriented films have been grown as
well, using STO (110)c and NGO (100)o, NGO (010)o and NGO (112)o substrates.

All substrates required some preparation before high quality growth could be achie-
ved. All substrates were first ultrasonically cleaned with acetone and ethanol. The
(110)pc substrates consist of layers of ABO and O2 planes. The substrates were
annealed at 950◦C in a 1 bar oxygen atmosphere for 1 hour, after which atomically
smooth terraces with straight stepedges and half unit cell step height (2.7 Å) could
be observed. This indicates a single surface termination but it is no clear whether
this is ABO or O2.
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Singly TiO2 terminated STO (001)c substrates were obtained with the procedure
developed by Koster [21]. In some cases, the annealing step of 2 hours at 950◦C re-
sulted in some Sr segregation from the bulk towards the surface [22, 23]. This could
be observed with atomic force microscopy (AFM), either in the phase contrast or
with the presence of straight stepedges aligned with the principal crystal directions
[24]. Those substrates were treated with H2O and the HF solution again, followed
by a 30 minute anneal at 920◦C, after which no SrO termination could be detected.
The treatment of the NGO (110)o and NGO (001)o substrates followed a similar
two step procedure with a small modification to the HF solution as described in
detail in reference [25].

3.3.2 Pulsed laser deposition

The LSMO thin films were grown by PLD (TSST system). The substrate tempe-
rature during growth was 750-800 ◦C in an oxygen environment of 0.27 mbar. The
laser beam was produced by a 248-nm-wavelength KrF excimer laser (LPXProTM

from Coherent, Inc.) with a typical pulse duration of 20-30 ns. With a 4 by 15
mm rectangular mask the most homogeneous part of the laser beam was selected.
An image of the mask was created on the stoichiometric target (Praxair electro-
nics) with a lens, resulting in a spotsize of 2.3 mm2 (0.9 by 2.5 mm). The beam
energy was controlled with a variable attenuator or with the laser voltage, yielding
a fluence at the target of 2 J/cm2. The repetition rate was 1 Hz and the substrate
was placed at 5 cm distance directly opposite to the target. Before deposition,
the target was pre-ablated for 2 minutes at 5 Hz to remove any possible surface
contamination. After deposition, the PLD chamber was flooded with pure oxygen
(typically 100 mbar) and the samples were cooled down by switching of the heater
power. Typically, the cooldown required 2 hours. The optimization of the settings
for the growth of LSMO is described in reference [26]. Thicker (>10 nm) films
were grown with a repetition rate of 5 Hz and an oxygen pressure of 0.16 mbar.

3.3.3 Growth mode

The growth of the films was studied in situ with RHEED during the growth. The
substrate RHEED pattern is shown in figure 3.4 on the top left. The main specular
spot is very intense compared to the two side spots. This is the typical signature
of TiO2 terminated STO [24]. Kikuchi lines are visible as well, indicating the
smoothness of the substrate. The side spots are doubled, which is due to the
additional periodicity at the surface from the regularly spaced terrace steps. Fi-
gure 3.4, top right, shows the RHEED image of the LSMO film after the deposition
of 5 unit cell layers. Clear two dimensional spots are visible, but also 2D streaks
are present. The latter are attributed to the scattering of the RHEED beam off
the unit cell high steps at the surface. Similar RHEED images were observed after
the completion of films with thicknesses up to 40 nm.

The main graph in figure 3.4 shows the intensity of the specular reflection as
measured during the initial growth of LSMO. The intensity shows oscillations
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Figure 3.4: RHEED specular spot intensity and FWHM as monitored du-
ring the initial growth of LSMO on STO (001)c. The inset shows an ex-
panded view of the growth of the first unit cell layer. Two RHEED images
are presented, the left image was taken before deposition (at low pressure)

and the right image was taken after deposition of 5 unit cell layers.
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Figure 3.5: RHEED specular spot intensity and FWHM as monitored du-
ring the growth of a relatively thick film of LSMO on STO (001)c. The
graph shows the 7th to 32nd oscillation. A recovery of the RHEED oscilla-
tion intensity maximum, followed by a rapid decrease, is observed around

the 20th unit cell layer.
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which correspond to the growth of the individual unit cell layers. Within the
oscillations, recovery of the intensity after the sudden decrease during the laser
burst is observed, as shown more clearly in the inset of the graph. The oscillation
amplitude decreases with the amount of material deposited during the first part
of the growth. This decrease of the intensity is due to the difference in reflectivity
of the STO surface and the LSMO surface, due to the increased scattering from
the heavy La ions in the lattice. Finally, the full width at the half maximum
(FWHM) of the intensity of the specular spot, measured along the (10)pc direction,
is presented as well. During the growth, the RHEED spots are periodically more
streaky, because more stepedge scattering is present at half unit cell layer coverage
compared to full unit cell layer coverage. Therefore, the FWHM oscillates as well.
The FWHM depends only on the shape of the intensity distribution and not on the
total intensity and it is therefore a better indicator of the surface morphology than
the main intensity of the reflection. As can be seen in the figure, the FWHM during
the growth is almost equal to the FWHM of the substrate reflection indicating a
smooth surface morphology. From these measurements it is concluded that the
initial stage of the LSMO growth proceeds in the ideal two dimensional layer-by-
layer growth mode.

During the growth of the film, an increase of the RHEED oscillation maximum
intensity was observed, as presented in figure 3.5. The oscillation intensity maxi-
mum typically peaked around 20 to 25 unit cell layers. The origin of the maximum
in intensity is not understood. The maximum in intensity was not observed during
growth on an A-site terminated substrate surface, so it might indicate a termi-
nation conversion. After this peak the oscillation intensity maximum decreased
rapidly and the oscillation amplitude became comparable to the intensity varia-
tions in the laser pulse recovery cycles. It is concluded that the LSMO growth
mode during the latter part of the growth is close to the steady state growth
mode which is characterized by a relatively constant step density, which is large
compared to the step density of the initial substrate surface.

3.3.4 Surface morphology

The surface morphology of the films was studied with atomic force microscopy
(AFM). The images showed smooth surfaces as shown in the examples presented
in figure 3.6. The step and terrace structure of the substrate is still observed on
the surface of the films. Figure 3.6a shows the surface morphology of a 20 unit
cell layer film which was completely grown in the 2D layer-by-layer growth mode,
while figure 3.6b shows the surface morphology of a 30 unit cell layer film where
the growth changed to the steady state growth mode. For the latter film islands
with unit cell height are observed on the terraces. For LSMO, it is known that
off-stoichiometric deposition results in precipitate formation on the surface [27].
Such precipitates have not been observed.
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a b

Figure 3.6: Surface morphology as measured with ex situ AFM. a) 20 unit
cell layers of LSMO grown on STO. b) 30 unit cell layers of LSMO grown

on STO. Both images are 2 by 2 µm.

3.4 Crystal structure

The crystal structure of the LSMO thin films was analyzed with the use of x-
ray diffraction (XRD) measurements. The measurements were performed either
in Twente using a Bruker D8 Discoverer or at the Stanford Nanocharacterization
Laboratory using a PANalytical X’Pert materials diffractometer or at the beamline
7-2 of the Stanford Synchrotron Radiation Laboratory.

The LSMO bulk rhombohedral crystal structure [19] is incommensurate with the
square/rectangular surface unit cells of the substrates. The LSMO is therefore
under both normal strain as well as shear strain [28]. To accommodate this strain
LSMO adopts a different crystal symmetry, namely a distorted (monoclinic) or-
thorhombic unit cell with space group P21/m [29]. The orthorhombic unit cell
is (110)o oriented out-of-plane with [110]o and [001]o in-plane orientations. To
confirm that the LSMO layers were grown in a fully coherent fashion with respect
to the underlying substrate, reciprocal lattice maps (RLM) were taken around
symmetrical and asymmetrical reflections.

As an example, RLMs around the (260)o, (444)o, (620)o and (444)o reflections of
a 40 nm LSMO film grown on STO are shown in figure 3.7. The equal in-plane
momentum transfer of the film and substrate peaks indicates a fully coherent film.
The very small difference in the (260)o and (620)o atomic plane spacings represents
a small difference in the ao and bo film lattice parameters. The refined lattice
parameters are as follows: ao=5.480 Å, bo=5.483 Å, co=7.809 Å, αo=βo=90◦

and γo=90.87◦. The pseudocubic lattice parameters are apc=bpc=3.905 Å and
cpc=3.846 Å. The errors in the lattice parameters are 0.001 Å and 0.01◦.

Figure 3.8 shows an HK scan (along the out-of-plane direction) of the (220)o
LSMO and (002)c STO Bragg peaks. Next to the peak, finite thickness fringes are
observed whose period corresponds well to the 40 nm film thickness as estimated
from counting the RHEED oscillations. The clear oscillations indicate a high
quality sample with a smooth substrate film interface and a smooth film surface, as
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Figure 3.7: Room temperature XRD RLMs around the (260)o, (444)o,
(620)o and (444)o reflections of a 40 nm LSMO film grown on STO. This
measurement was performed at the Stanford Nanocharacterization Labo-

ratory.
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Figure 3.8: Room temperature XRD HK scan (along the out-of-plane di-
rection) of a 40 nm LSMO/STO sample. The substrate and film Bragg
peaks have been indicated and thickness fringes are observed. This mea-
surement was performed at beamline 7-2 of the Stanford Synchrotron Ra-
diation Laboratory. The inset shows a simulated fringe pattern of a 40 nm
LSMO layer (black) and a simulated pattern of a similar layer with unit
cell elongation at the interfaces. For the latter simulation 3 unit cells at
each interface were elongated by 10%. The elongation results in higher
intensity of the fringes for low momentum transfer (Q), as observed in the

experimental data.
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Figure 3.9: Magnetization measurements of 11.5 nm LSMO grown on STO
(001)c. a) Hysteresis loop obtained at 10 K with the field applied in the
plane of the film parallel to the [100]pc LSMO lattice direction. b) Tempe-
rature dependence of the saturation magnetization. Datapoints are indi-
cated with black triangles and the curves are calculated from the Brillouin
functional dependence of a Weiss ferromagnet. The shape of the curve
depends on the value of J , J= 1

2
,1,2,4 and ∞ respectively, following the

direction of the arrow.

was also concluded from the AFM measurements. It is observed that the intensity
of the fringes on the left side of the LSMO Bragg peak (small momentum transfer)
is higher than that of the fringes on the right side of the peak. This difference is
attributed to an elongation of the interfacial unit cells of the LSMO. The inset of
the graph shows in grey a simulation of the fringe pattern for a structure with three
elongated (by 10 %) LSMO unit cells at both the interface with the substrate and
the surface. The elongation of these interfacial unit cells results in an asymmetry
of the fringe pattern with increased intensity at the low momentum transfer side of
the pattern. Note that the elongation is expected from the discontinuity in oxygen
octahedra rotations at the interface and has been previously observed [30].

3.5 Functional properties

The functional properties of LSMO are its magnetization and electrical transport.
Here, measurements are presented of an 11.5 nm LSMO film grown on STO (001)c.
The sample thickness was determined by counting RHEED oscillations and was
confirmed with an XRD reflectivity measurement. The sample has a Curie tem-
perature of 350 K, a saturation magnetization of 4.0±0.05 µB/Mn and a residual
resistivity of 70 µΩcm at low temperatures (10 K).
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Figure 3.10: Electrical transport measurements of 11.5 nm LSMO grown
on STO (001)c. Temperature dependent resistivity and magnetoresistance.

3.5.1 Magnetization

The magnetization of the sample was measured with a vibrating sample magne-
tometer (VSM) (Physical Properties Measurement System (PPMS) by Quantum
Design). Figure 3.9a shows the low temperature magnetization loop, obtained at
10 K with the field applied along the [100]pc axis and after subtraction of a diama-
gnetic background from the substrate. The saturation magnetization is reached
for an applied field strength larger than 50 kA/m and is equal to 4.0±0.05 µB/Mn.
This implies that next to the expected 3.7 µB/Mn spin angular momentum also 0.3
µB/Mn orbital angular momentum is present in the LSMO. The magnetization at
remanence, 2.7 µB/Mn, is significantly smaller than the saturation magnetization.
This is partially because the measurement is along the magnetic hard axis [31],
and partially because the weak magnetic anisotropy of LSMO on STO results in
nanoscale domain formation [32]. The magnetization is very soft with a coercivity
of 1.6 kA/m.

The temperature dependence of the magnetization is presented in figure 3.9b. For
each datapoint in the graph, a hysteresis loop between 240 and -240 kA/m was
measured and the saturation magnetization was calculated after the background
subtraction. The Curie temperature of the sample is 350 K. The saturation ma-
gnetization follows the Brillouin functional dependence for a Weiss ferromagnet
[33]. The curve calculated using J=4, J is the total angular momentum, results in
the best fit of the data. This indicates that the spins in the LSMO behave not com-
pletely classically (the case of J=∞) and not completely quantum mechanically
(J= 1

2 ), but show intermediate behaviour.
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3.5.2 Electrical transport

The resistivity of the samples was measured in the van der Pauw configuration
[34] (PPMS by Quantum Design). In order to obtain ohmic contacts between the
aluminium bonding wires and the LSMO layer, gold contacts were deposited on
the corners of the sample with the use of a shadow mask. Measurements were
performed as a function of temperature (10-350 K) and magnetic field (0-2.5 T).
The temperature dependent resistivity of the sample is shown in figure 3.10. The
sample shows metallic behaviour with a residual resistivity at 10 K of 70 µΩcm.
Figure 3.10 also presents the magnetoresistivity as a function of temperature.
At each temperature, the magnetic field is swept between -2.5 and 2.5 T and the
magnetoresistivity at 2.5 T (ρ(2.5T )−ρ(0))/ρ(0) is shown. The magnetoresistance
is negative and largest, -16 %, at the Curie temperature. Hall effect measurements
determined the charge carriers to be holes, as expected for LSMO. The observed
Hall coefficient RH=4.6·10−4 cm3/C implies a carrier density of approximately
0.8 hole/unit cell, which is in reasonable agreement with earlier measurements on
single crystals [35].

3.6 Photoelectron spectroscopy

Several LSMO thin films were characterized with in situ x-ray and ultra violet
photoelectron spectroscopy (XPS and UPS). The measurements were performed
with an XPS/UPS system designed by Omicron Nanotechnology GmbH, equipped
with an EA 125 electron energy analyzer. For XPS, an Al Kα source (XM 1000)
was used and the UV light source is a He plasma lamp (HIS 13) operated at the
HeI (21.22 eV) excitation edge. The base pressure of the system was below 10−10

mbar. The analyzer was calibrated with the use of an in situ sputter cleaned Au
sample.

Figure 3.11 shows a survey scan of a 10 unit cell layer LSMO sample grown on
(001)c STO. The main features include the La 3d peaks at 850 eV, the oxygen
1s peak at 531 eV, the Mn 2p peaks at 640 eV and the Sr and La peaks at low
binding energy. Next to this a small Ti peak originating from the substrate can
be seen at 460 eV. No indications for the presence of impurity atoms, including
carbon contamination, was found. This is attributed to the in situ measurement.
No attempts have been made to quantify the composition of the film, as large
uncertainty margins exist for the element sensitivity factors required to normalize
measured peak intensities. From XRD and functional properties measurements it
is clear that the composition of the films is equal to the desired LSMO composition
within the rather large error margin of the XPS measurements.

The inset of figure 3.11 shows the valence band spectrum as measured with UPS at
room temperature. No Fermi edge is observed, the photoelectron count increases
linearly with binding energy up to a value of 1.5 eV, after which a steep increase
is observed. The absence of the Fermi edge is not surprising. In literature, several
studies have observed a Fermi edge, but only at low (<50K) temperature [36, 37].
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Figure 3.11: An XPS survey scan of a 10 unit cell layer LSMO sample
grown on (001)c STO. The La 3d, Mn 2p, O 1s, Sr 3d and La 4d peaks
are indicated. The inset shows the photoelectron intensity in the region
close to the Fermi energy measured with UPS. The measurements were

performed at room temperature.

LSMO’s electron density at the Fermi energy is much reduced compared to band
theory due to the presence of the pseudogap [37, 38] and disappears above the
Curie temperature. It is therefore natural that the Fermi edge cannot easily be
observed in a room temperature measurement. The steep increase of the electron
density below 1.5 eV is in good agreement with the literature [36].

Several authors have suggested that Sr or Ca segregation towards the surface of the
film is an intrinsic effect in LSMO (or La0.67Ca0.33MnO3 (LCMO) respectively)
thin films [30, 39]. Angle dependent XPS measurements can be used to study
changes in the composition of a thin film in the surface layer. The results obtained
for a 10 unit cell layer film grown on (001)c STO are presented in table 3.1. A film
thickness of ten unit cell layers was chosen for this experiment in order to directly
compare with the 1 to 9 unit cell layer experiments by Herger et al. [30]. If thinner
LSMO layers would be used the XPS Sr signal would gain relative intensity due
to a substrate contribution, affecting the measurement. As the relative intensity
of peaks measured at different take-off angles does not depend on the element
sensitivity factors, quantitative analysis is possible. The Sr 3d peak at 135 eV
was compared with the La 4d peak at 105 eV and for both elements, an intensity
ratio between bulk and surface sensitive measurements of 1.5±0.05 was found.
This limits the off-stoichiometry of the surface to within 6%. The topmost layer
of the literature reference sample has a La/Sr ratio of 0.5 instead of 2, while the
subsequent layers are stoichiometric [30]. Based on an electron escape depth of 2
nm for electrons with kinetic energy of 1350 eV [40], the Herger et al. 9 unit cell
layer sample would show an off-stoichiometry of 33% in the XPS measurement.
Therefore, it is concluded that Sr segregation is diminished in these samples as
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Table 3.1: Integrated XPS peak intensity for a 10 unit cell layer LSMO
sample grown on (001)c STO. The XPS intensity is in arbitrary units and
for peaks split by e.g. spin orbit coupling the intensities of all the compo-
nents have been added. The error margins are estimated on the quality of

the background subtraction routines.

Peak Binding energy (eV) 10◦ Intensity 60◦ Intensity Ratio
(bulk sensitive) (surface sensitive)

Sr 3d 135 48 ±0.5 32 ±0.5 1.5 ± 0.05
La 4d 105 90±1 60 ±1 1.5 ± 0.05

compared to the samples of Herger et al.. It is known that the Sr segregation
depends on the oxygen partial pressure [41]. Therefore, the lack of Sr segregation
can be attributed to the high oxygen pressure used during the deposition.

XPS was also used to investigate the fine structure of the Mn 2p peak. Typical
spectra are shown in figure 3.12. A qualitative difference was observed between
the uncapped samples and the samples capped with a 5 unit cell layer of STO.
The capped sample shows a sharper 2p 3/2 peak in comparison with the uncapped
sample. In the spectra obtained from the capped sample, a different fine structure
can be observed in the Mn 2p 3/2 peak as well. The 3/2 peak actually consists of
2 peaks which are separated by 0.7 eV and the peak at lower binding energy has
more intensity. This peak splitting is attributed to the Mn ion multiplet splitting
[42, 43]. For the uncapped sample the 2p 3/2 peak is quite broad and significant
intensity is observed between the 2p 3/2 and the 2p 1/2 peaks. These differences in
the spectra indicate that the electronic structure of the capped samples is different.
It is suggested that the capping prevents an electronic surface reconstruction, due
to the continuation of the oxygen octahedra network, and might result in improved
properties. The difference in functional properties between capped and uncapped
samples will be discussed in more detail in chapter 5.

3.7 Scanning transmission electron microscopy

A multilayer LSMO/STO sample was characterized with scanning transmission
electron microscopy (STEM), to study the interface atomic structure. With STEM
an image of the sample can be obtained from the high angle annular dark field
(HAADF) intensity measurements while the spectrum of the low angle electrons
can be measured (electron energy loss spectroscopy, EELS) for additional chemical
information. The STEM data presented was measured with a FEI Titan micro-
scope. The sample is comprised of several layers, from substrate to surface: 4 nm
LSMO, 2 nm STO, 16 nm LSMO, 2 nm STO and 8 nm LSMO.

Figure 3.13a presents a low magnification HAADF image of the different layers in
the sample. In HAADF microscopy, the observed intensity of a column of atoms
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Figure 3.12: Mn 2p spectra of a 30 unit cell uncapped LSMO film and
a 13 unit cell LSMO film capped with 5 unit cell layers of STO. After
subtraction of a Shirley background, the spectra were normalized to the
total intensity in the doublet. The measurements were performed at room

temperature.
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Figure 3.13: HAADF-STEM images of an LSMO/STO heterostructure.
a) Low magnification overview. b) High magnification image of the area
close to the substrate. These measurements were performed at the EMAT
center in Antwerp, Belgium and at the Helmholtz research center Jülich,

Germany.
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scales with the atomic weight of the elements within the columns. Therefore, the
LSMO is brighter in the image than the STO. Figure 3.13b presents a higher
magnification image obtained from the layers close to the substrate. Both the A-
and B-site columns are observed. The multilayer structure is grown coherently and
the interfaces are well defined. A more detailed characterization of the interface
structure is presented in chapter 5.

3.8 Comparison to other groups

Table 3.2 presents an overview of the most important properties of LSMO thin
films. Data taken from different research groups is included in order to compare
the thin film quality. For reference, also the properties of a single crystal are men-
tioned. All films were grown on STO (001)c substrates by PLD, except for the
samples grown in Illinois, for which MBE was used. Most groups published AFM
measurements of the surface morphology, which showed smooth surfaces with the
step and terrace structure of the substrate clearly visible. Two groups, the Illinois
group and the Rome group, did not publish images of the film surface morpho-
logy, but they did present a RHEED image from which it was concluded that the
films were smooth [50, 54]. The out-of-plane pseudocubic lattice parameter varies
between 3.83 and 3.85 Å.

A high quality sample should combine a high TC with a high saturation magneti-
zation and a low residual resistivity. The samples described in this thesis have the
highest saturation magnetization, a high TC and a low residual resistivity. Only
the samples from the Illinois group have a lower residual resistivity while both the
Illinois and the Tokyo group obtained a higher TC. Combining all three properties
it is concluded that the samples of this work are comparable in quality to the best
samples found in the literature.

3.9 Conclusions

In this chapter, an overview of the LSMO thin films used in this thesis was given.
The films were grown by pulsed laser deposition, monitored with in situ RHEED,
and a unit cell layer controlled growth process was achieved. The film growth oc-
curs at first in a predominantly layer-by-layer fashion which changes to the steady
state growth mode during deposition, resulting in a smooth surface with islands
with unit cell step height. Structural characterization shows that the LSMO films
are grown in a fully coherent fashion with respect to the underlying substrates.
The characterization of the magnetic and electric transport properties of the films

1The Rome group mentions that their films have a metal-insulator transition temperature of
370 K. This temperature is defined in their papers as the temperature at which the resistivity
of the films has a maximum and it is not equal to the Curie temperature. The value mentioned
here is taken from the temperature dependence of the magnetization plot in reference [44]. The
data from the 20 unit cell layer sample was used, which has a similar metal-insulator transition
temperature as their thick samples.
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Table 3.2: Overview of the thin film properties. TC is the Curie tempe-
rature, ρ0 is the residual resistivity at 10 K and Msat is the saturation

magnetization at 10 K.

Group [001]pc axis (Å) TC (K) Remarks

Deposition ρ0 (µΩcm) Msat (µB/Mn) References

Tokyo (Tokura et al.) - 370 -

Single crystal 90 3.5 [45]

Tsukuba (Kawasaki et al.) 3.83 340 -

PLD 200 3.6 [46–49]

Illinois (Eckstein et al.) 3.85 355 -

MBE 40 3.2 [6, 50, 51]

Orsay Cedex (Contour et al.) - 350 -

PLD - 3.7 [8, 52, 53]

Rome (Balestrino et al.) 3.85 300 see footnote1

PLD 1000 3.5 [44, 54, 55]

Tokyo (Hwang et al.) 3.84 360 -

PLD 60 - [56–58]

Twente (This work) 3.845 350 -

PLD 60 4.0 [26]
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show a saturation magnetization of 4.0 µB/Mn, a Curie temperature of 350 K and
a residual resistivity of 70 µΩcm. XPS measurements show the absence of chemi-
cal impurities and no evidence for surface segregation. STEM measurements show
that multi-layer structures with sharp interfaces were realized. All results indicate
that high quality films, comparable to the best examples found in literature, were
fabricated. The ability to grow high quality films and multilayer structures is an
important prerequisite for the research in the later chapters in this thesis.
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Chapter 4

Magnetocrystalline
anisotropy in strained
La0.67Sr0.33MnO3 thin films

Abstract

In La0.67Sr0.33MnO3 (LSMO) thin films, the crystal structure is determi-
ned by the strain from the underlying substrate. With the choice of a specific
substrate surface, the magnetic properties of the LSMO layer can be control-
led. A model, based on the framework of Néel, was developed which predicts
the magnetocrystalline anisotropy. The model was verified with measurements
of the magnetic anisotropy of LSMO thin films grown on different surfaces of
NdGaO3 single crystal substrates. The experiments uniquely demonstrate that
both the Néel parameters L0 and L′ are negative. The origin of the anisotropy
is the alignment of the Mn orbitals in the LSMO crystal field. The physical
meaning of a negative L0 is that the shape of the orbitals is oblate. The crys-
tal field due to the neighbouring oxygen ions was evaluated with respect to
strain. As L′ was found to be negative as well, the analysis of the crystal field
interaction suggests that the angles of the MnO6 octahedra change with strain
while the Mn-O bond lengths remain approximately constant.

4.1 Introduction

With the development of high quality oxide heteroepitaxy, strain engineering has
become possible for complex oxide materials. When a material is epitaxially strai-
ned to a substrate, the in-plane lattice vectors of the materials unit cell are mat-
ched to those of the substrate and the functional properties of the material may
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be different from the bulk. So strain engineering can be used to enhance or tailor
the properties of the materials. In the field of ferroelectrics, where the functio-
nal properties are directly related to the materials’ crystal structure, a number
of interesting examples can be found. Choi et al. found that the polarization
and ferroelectric transition temperature of BaTiO3 can be increased significantly
if the material is compressively strained [1]. Haeni et al. showed that paraelec-
tric SrTiO3 can be turned into a ferroelectric with the use of strain engineering
[2]. Strain engineering can also be used to control the direction of the polariza-
tion as shown by Catalan et al., who measured in-plane instead of out-of-plane
polarization when PbTiO3 was subjected to tensile strain [3].

In the field of ferromagnetic materials, one of the functional properties is directly
related to the crystal structure as well, namely the magnetocrystalline anisotropy.
It determines the ferromagnet’s preferential magnetization directions as well as
the magnetization reversal mechanism and therefore the possibility to engineer
this anisotropy can be extremely useful. The magnetization of La0.67Sr0.33MnO3

(LSMO) is very sensitive to epitaxial strain and can be ninety degrees rotated
by small changes in the substrates’ in-plane lattice parameters. Control of the
magnetization direction is a requirement for the operation of LSMO spintronic and
multiferroic devices. In these devices, a change in the magnetization of the LSMO
is affected by either an applied magnetic field [4–6], a change in the strain state due
to strain coupling with a ferro-/piezoelectric material [7, 8] or exchange coupling
to a switchable ferroelectric-antiferromagnetic multiferroic such as BiFeO3 [9]. For
all of these devices, a specific magnetic anisotropy of the LSMO is required for
optimum performance. For example, Eerenstein et al [8] demonstrated that the
amount of magnetization in the LSMO can be reversibly changed based on the
amount of strain applied with a piezoelectric material. Ideally, the amount of strain
from the piezoelectric material should not control the amount but the direction
of the magnetization, so that the magnetization can be switched between two
orthogonal directions. Therefore, understanding of the relation between the crystal
structure and the magnetocrystalline anisotropy of LSMO is required.

Bulk LSMO has a distorted cubic crystal structure, in which the Mn ions are at
the corners of the cube and the La/Sr ions are in the centre. The O ions form
octahedra around the Mn ions, so each Mn ion has six nearest neighbours. The
distortion from the cubic structure is a shortening of one of the body diagonals,
resulting in a rhombohedral structure [10, 11]. The magnetocrystalline anisotropy
is uniaxial, with either an easy axis aligned with the shortened [111]pc lattice
vector, as proposed by Konoto et al. [12], or an easy plane perpendicular to the
shortened [111]pc lattice vector, as proposed by Khapikov et al. [13] and Steenbeck
et al. [14]. This issue is still unresolved.

For LSMO thin films grown on substrates with different lattice parameters, the
anisotropy was found to be out-of-plane for compressive strain (LaAlO3 (LAO),
LSAT and NGO) and in-plane for tensile strain (STO) [15–17]. Stripe domains,
observed with magnetic force microscopy in LSMO samples grown on (110)o NGO,
indicate an in-plane uniaxial anisotropy (together with an out-of-plane component)
[17], but no relation to a specific crystal direction was mentioned. For LSMO grown
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on (001)c STO, both uniaxial and biaxial in-plane anisotropy have been found
[18–21]. The uniaxial contribution is caused by stepedge induced anisotropy and
the biaxial anisotropy is magnetocrystalline in origin. The biaxial anisotropy has
easy axes in the <110>pc directions of the LSMO. The rich variety in anisotropy,
stepedge induced, uniaxial and biaxial, necessitates a model which predicts the
anisotropy for a given substrate surface.

Here, a model for the magnetocrystalline anisotropy of LSMO is developed, both
for the bulk and for LSMO strained to different substrate surfaces. The model can
be used to obtain easy and hard axes and the anisotropy constants. The framework
of Néel [22] is used, where the model input consists of the lattice constants of the
material and three phenomelogical parameters. With examples of specific crystal
structure distortions, in which the anisotropy energy depends only on one of the
Néel parameters, the effect of strain on the magnetic properties is illustrated. The
model can easily be extended to include surface and stepedge anisotropy.

The model predictions are compared to experimental results obtained from strai-
ned LSMO thin films. By growing LSMO on different substrates or substrates
with different surface plane orientations, the amount of strain can be controlled.
For the experiments, NdGaO3 was chosen as a substrate. The NGO unit cell
is orthorhombic and by using different surface plane orientations, both the dis-
tances and the angles of the LSMO unit cell are changed. NGO substrate surfaces
are suitable for anisotropy studies, as the crystal distortions corresponding to a
single Néel parameter can be obtained. Therefore, the experiments can directly
be compared to the model.

The origin of magnetocrystalline anisotropy is a combination of spin orbit coupling
and crystal field interaction [23]. By comparing the Néel parameters with the
model of single ion anisotropy, it is shown that the electron clouds in LSMO are
oblate in contrast to the prolate electron clouds in parent compound LaMnO3

(LMO) [24]. It is suggested, that the main contribution to the anisotropy in LMO
is due to prolate eg orbitals, while the main contribution to the anisotropy of
LSMO is due to oblate t2g orbitals. When strain is applied to a single Mn-Mn
bond, the analysis predicts that the angles of the MnO6 octahedra change, while
the Mn-O bond lengths remain approximately constant.

This chapter is organized as follows. First, the Néel model is discussed. Then, the
experimental results are presented and analyzed within the framework of the Néel
model. From this analysis, the signs of the Néel model parameters are obtained,
which are used in the final section to determine the structural response of the
oxygen octahedra to the applied strain in the analysis of the single ion anisotropy
model.

4.2 Néel framework

In this section, the Néel model as used in this chapter is discussed. The model
predicts the anisotropy energy based on the material’s crystal structure and three
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phenomelogical constants. Several examples are presented, which show the effect
of the main distortions of a cubic crystal structure. These results will be used in
the experimental section to describe the anisotropy of strained LSMO films.

4.2.1 Model

The Néel model for magnetic anisotropy was developed by Louis Néel in 1954 [22].
He considered the magnetic pair interaction between two magnetic ions. Even
though originally inspired by magnetostatic dipole dipole interactions, which are
known to be too weak to explain the anisotropy, the formalism is quite useful. The
energy of a single pair is given by:

Eij(rij , ζ) = G(rij)+L(rij)

(
cos2(ζ)− 1

3

)
+Q(rij)

(
cos4(ζ)− 6

7
cos2(ζ)− 3

35

)
,

(4.1)

in which rij is the vector between the spins, ζ is the angle between the bond
vector and the magnetization and G(rij), L(rij), Q(rij) are the isotropic, dipolar
and quadrupolar Néel parameters. The first term does not give rise to anisotropy
as it does not depend on ζ. The second term describes the uniaxial anisotropy
and the third term the biaxial anisotropy. Typically Q(rij) is a few orders of
magnitude smaller than L(rij) [25].

To calculate the magnetocrystalline anisotropy, a summation of equation 4.1 over
the spin pairs in the unit cell has to be made. Here, only nearest neighbour
interactions are taken into account. The parameters in the equation depend on
the bond length and they can be approximated around an equilibrium value r0.
The interaction coefficient L(rij) can then be written as:

L(rij) = L0 + L′ϵ, (4.2)

in which L0 is L(r0), L
′ is dL/drij(r0) · r0 and ϵ = (rij − r0)/r0, which is the

normalized strain. The quadrupolar parameter Q(rij) is approximated with a
constant Q0 = Q(r0) [26]. The energy of a single bond with strain ϵ depends on
the magnetization angle and the three independent parameters L0, L

′ and Q0.

For LSMO three bonds are present in the (pseudocubic) unit cell. The direction
of the bonds is described with the unit vector aij . Here, a coordinate system is
used, in which z corresponds to the out-of-plane direction of the thin film and x
and y are in the plane of the film. The magnetization is defined by the vector
Ms = (sinθcosϕ, sinθsinϕ, cosθ), where θ is the angle of Ms with the positive
z-axis and ϕ the counter clockwise angle with the in-plane positive x-axis. The
angle ζ in equation 4.1 can be calculated from the inner product of Ms and aij .

4.2.2 Distortions of the cubic lattice

First, the anisotropy of a simple cubic lattice with unstrained bonds is calculated.
As all bond lengths are equal and the bonds are 90◦ with respect to each other,
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Figure 4.1: Schematics of the distorted cubic crystal structures, as used in
the model calculations. a) Side view of the strained bond length structure.

b) Side view of the strained bond angle structure.

all dipolar contributions cancel. The only angular dependent term in the energy is
due to the quadrupolar term Q0. For Q0 > 0, this results in four equivalent easy
axes along the <111>c body diagonals. For Q0 < 0, three easy axes are present,
aligned with the <100>c crystal directions.

Strained bond lengths

The general distortion of the simple cubic lattice encountered in (001)pc orien-
ted thin films is the elongation/shortening of the out-of-plane lattice parameter,
which is shown in figure 4.1a. As the quadrupolar term is much smaller than
the dipolar term, the dominant contribution to the anisotropy is the unit cell
elongation/shortening. The anisotropy energy is then:

E = ∆ϵL′cos2θ, (4.3)

in which ∆ϵ = rz−rx
r0

is the difference in strain between the in-plane and out-of-
plane lattice parameters. For an elongated unit cell, the magnetization will be out-
of-plane when L′ < 0 and in-plane when L′ > 0. For a unit cell with a shortened
lattice parameter in the out-of-plane direction, the magnetization will be in-plane
for L′ < 0 and vice versa. Experimentally, it is known that the magnetization of
LSMO is out-of-plane for films with compressive strain and in-plane for films with
tensile strain [15–17]. Interpreting these experiments in the Néel framework, it is
concluded that L′ < 0.

The elongated unit cell results in an out-of-plane easy axis, but the unit cell with
a shortened out-of-plane lattice parameter results in an easy plane anisotropy if
only the dipolar terms are taken into account. Of course, the resulting in-plane
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anisotropy will be effected by the quadrupolar term. The in-plane anisotropy
energy is given by:

E = −Q0

2
sin22ϕ. (4.4)

This describes weak biaxial in-plane anisotropy, which has also been found expe-
rimentally for LSMO grown on (001)c STO [18, 20, 27–31]. As the easy axes of
the biaxial anisotropy are aligned with the <110>c crystal directions (except for
references [27, 28]), it follows that Q0 > 0.

Strained bond angles

To understand the effect of a change in bond angle, a simple cubic unit cell, with
the bond angle of the side face in the xz plane equal to α = 90◦−2δ, is considered.
The long face diagonal is aligned with z, as shown in figure 4.1b. All bond lengths
are equal. The dominant term in the anisotropy energy in the xz plane is given
by:

E = 4δL0(cos
2θ − 1

2
). (4.5)

The anisotropy energy in the xy plane is:

E = −2δL0cos
2ϕ. (4.6)

For values of L0 < 0, an easy axis is present, aligned with the long body diagonal
and in this case, the magnetization energy minimum in the xy plane is in the
y direction. For the opposite case of L0 > 0, the easy axis is aligned with the
short body diagonal in the x direction. This type of distortion is encountered
in experiments on (011)pc oriented thin films, where the strain not only changes
the bond lengths but also the bond angles. The experimental data available on
(011)pc oriented thin films [28], however, is insufficient to determine the sign of
L0, as differently strained bond lengths are also present.

In bulk, LSMO has a rhombohedral crystal structure, in which the simple cubic
structure is shortened along one [111]pc body diagonal. This results in changes in
all the angles of the unit cell. For the calculations, the shortened body diagonal is
aligned with the z direction. The distortion is modelled with an angle δ > 0, such
that the largest angle in each side face is α = 90◦ +2δ. The dominant term in the
anisotropy energy is:

E = −6δL0(cos
2θ − 1

2
), (4.7)

which results in an easy axis aligned with z, the short body diagonal for L0 > 0
and an easy plane in the xy plane for L0 < 0. Experimentally both an easy axis
aligned with the shortened body diagonal has been proposed [12] as well as an
easy plane anisotropy [13, 14]. Further measurements are therefore required to
determine the sign of L0, which will be discussed in the next section.
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4.2.3 Summary model

With the Néel model described in this section, the anisotropy of LSMO can be
predicted if the crystal structure (lattice vectors of the Mn-Mn bonds) is known.
For certain crystal structures, analytical results have been obtained which can
directly be applied. For more complicated crystal structures, the anisotropy can
be found by numerical calculations. The result depends on three phenomelogical
parameters L0, L

′ and Q0.

The model can easily be extended with surface and stepedge anisotropy, by consi-
dering missing bonds and possibly modified bonds at the surface or stepedges. If
the model is used to determine anisotropy energy as well as the easy and hard axes
directions, it is important to include the surface anisotropy, which can significantly
affect the results [32].

4.3 Experiments

In this section, the experimental results for LSMO grown on different surface plane
orientations of NGO are presented. For four out of the five investigated orienta-
tions, the anisotropy is uniaxial and aligned with principal crystal directions. The
anisotropy directions can be explained with the Néel model. The fifth orienta-
tion investigated, NGO (112)o, shows a change in anisotropy directions with film
thickness.

4.3.1 Crystal structure

The orthorhombic crystal structure of NGO has lattice parameters, a=5.43 Å,
b=5.50 Å and c=7.71 Å [33]. Because the NGO lattice parameters are all different,
there are various in-plane strain states possible for the LSMO films, depending on
the substrate surface plane orientation. The five different surface planes used
here are shown in figure 4.2. The NGO (110)o substrate orientation results in
a (001)pc oriented LSMO film, due to the cube-on-cube stacking. The in-plane
sides of the LSMO pseudo-cube are aligned along the [110]o and the [001]o lattice
directions of the NGO substrate. The only other NGO orientation, that results in
LSMO (001)pc growth, is NGO (001)o. In that case, the LSMO cube is rotated
in-plane over 45◦ with respect to the NGO [100]o direction and the pseudocube
is in-plane aligned along the [110]o and [110]o lattice directions respectively. The
two possible surface plane orientations for (001)pc growth have different values for
the lattice mismatch, but the most important difference is the symmetry of the
surface unit cell. The angle between the [110]o and the [001]o lattice directions in
the NGO (110)o surface unit cell is 90◦, whereas the angle between the [110]o and
[110]o lattice directions in the NGO (001)o surface unit cell is 89.3◦. The NGO
(010)o, (100)o and (112)o substrates result in growth in the (011)pc direction of
the LSMO, with different values for the lattice mismatch along the two in-plane
directions for each substrate orientation. For the NGO (100)o and NGO (010)o
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Figure 4.2: The surface planes of NGO. The pseudocubic surface unit cells
are indicated in grey.

surfaces, the angle between the in-plane lattice directions is 90◦ but for the NGO
(112)o surface, the angle between the two lattice directions is 89.5◦.

4.3.2 Experimental results

The LSMO thin films (<50nm) were grown on the NGO substrates of different
orientations ((110)o, (001)o, (100)o, (010)o and (112)o) by pulsed laser deposition.
The surface treatments necessary for a singly terminated surface are described
elsewhere [34]. The deposition was made with the use of a stoichiometric target in
an oxygen background pressure of 0.35 mbar with a laser fluence of 3 J/cm2 and
at a substrate temperature of 750◦C. The target to substrate distance was fixed
at 4 cm. The films were cooled to room temperature at a rate of 10◦C/min in a
1 bar pure oxygen atmosphere. Atomic force microscopy measurements showed
smooth surfaces with unit cell high steps. The step height was determined to be
∼ 3.9 Å and ∼ 2.7 Å for LSMO (001)pc and LSMO (011)pc respectively.
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X-ray diffraction (XRD) measurements were used to determine the directions of
the crystal axes of the NGO substrates and the structure of the LSMO films. The
length of the pseudocubic lattice vector in the out-of-plane direction can be obtai-
ned from XRD θ − 2θ measurements. In comparison with the bulk LSMO value,
an out-of-plane elongation of the unit cell is found for all surface plane orienta-
tions, indicative of the compressive strain in the films. In order to determine the
length of the in-plane lattice vectors, reciprocal space mapping of an asymmetric
reflection has to be performed, as discussed in section 3.4. For the determination
of the angle between the two in-plane lattice vectors, which is important for films
grown on NGO (001)o and NGO (112)o, reciprocal space maps of a set symmetry
related peaks, with the in-plane momentum transfer aligned with the surface unit
cell diagonals, were performed. As the angle between the lattice vectors results
in a long and short diagonal, the amount of in-plane momentum transfer is not
equal for the peaks in this set of reflections. With this difference, the angular dis-
tortion can be calculated. The lengths and angles of the pseudocubic unit cell of
LSMO, grown on the different surface plane orientations of NGO, are summarized
in table 4.1. The measurements show that all films are fully coherently strained
to the substrate surface.

Vibrating Sample Magnetometer (VSM) magnetization measurements (Model10
VSM by Microsense) were used to determine the easy axis directions. Room
temperature hysteresis loops were measured as a function of the in-plane field
angle, ΦH. The loops show the typical features of a uniaxial anisotropy: a square
loop in the easy direction and an approximately linear M − H dependence in
the hard direction. The remanence versus field angle (Mr − ΦH) curves of all
samples show the expected behaviour of in-plane uniaxial anisotropy, described
by Mr(ΦH) = Mr(Φeasy)|cos(ΦH − Φeasy)|, where Φeasy is the direction of (the
in-plane component of) the magnetic easy axis. Figure 4.3 shows hysteresis loops
along both easy and hard directions and typical Mr−ΦH curves of LSMO films on
both NGO (100)o and NGO (001)o. The magnetic easy and hard axes are found
to be along in-plane NGO-crystal directions. For LSMO films on NGO (110)o and
NGO (010)o, the easy and hard directions are aligned with the in-plane NGO-
crystal directions as well. A summary of the easy and hard axis directions is
given in Table 4.2. Any influence of the surface steps on the magnetic anisotropy
directions, as was observed earlier for LSMO on STO (001)c, was not observed.
The experiments were repeated at low temperature (150 K) as well and no changes
in the easy and hard directions were found.

The anisotropy of LSMO films grown on NGO (112)o changes with film thick-
ness. Figure 4.4 shows the measured remanent magnetization Mr(ΦH) of LSMO
thin films with varying thicknesses. The films show clear signatures of uniaxial
anisotropy with 180◦ periodicity. With increasing thickness, the maxima in Mr

shift from about 15◦ with respect to the [111]o lattice direction to higher in-plane
angles and the maxima decrease in height. Further, in the hard axis direction at
ϕH = 105◦ a discontinuity in the Mr - ΦH curve is developing with increasing film
thickness. The shift in the easy axis direction is seen more clearly in figure 4.4b
where the magnetization direction at remanence, measured with a vector VSM, is
plotted versus the angle ΦH. The magnetic properties of LSMO films with thick-
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Table 4.1: Pseudocubic lattice parameters of LSMO, grown on NGO with
different surface-plane orientations, as determined from XRD measure-
ments. The in-plane lattice parameters are equal to those of the correspon-
ding substrate lattice parameters. The error in the length is 0.005 Å and

the error in the angle is 0.1◦.

LSMO pseudocube Length LSMO pseudocube Angle
lattice parameters (Å) angles (◦)

LSMO (001)pc on NGO (110)o

a = cNGO/2 (in-plane) 3.85 α 89.6

b = 1/2
√
a2NGO + b2

NGO (in-plane) 3.86 β 90
c (out-of-plane) 3.91 γ 90

LSMO (001)pc on NGO (001)o

a = 1/2
√
a2NGO + b2

NGO (in-plane) 3.86 α 90

b = 1/2
√
a2NGO + b2

NGO (in-plane) 3.86 β 90
c (out-of-plane) 3.91 γ 89.3

LSMO (011)pc on NGO (100)o

a = cNGO/2 (in-plane) 3.85 α 89.9
b 3.89 β 90
c 3.89 γ 90
|(b− c)| = bNGO(in-plane) 5.50 ∠[a, (b− c)] 90
|(b+ c)| (out-of-plane) 5.51 ∠[a, (b+ c)] 90

∠[(b− c), (b+ c)] 90

LSMO (011)pc on NGO (010)o

a = cNGO/2 (in-plane) 3.85 α 88.7
b 3.88 β 90
c 3.88 γ 90
|(b− c)| = aNGO(in-plane) 5.43 ∠[a, (b− c)] 90
|(b+ c)| (out-of-plane) 5.55 ∠[a, (b+ c)] 90

∠[(b− c), (b+ c)] 90

LSMO (011)pc on NGO (112)o

a = 1/2
√
a2NGO + b2

NGO (in-plane) 3.86 α 89.4
b 3.88 β 89.6
c 3.88 γ 89.6

|(b− c)| = 1/2
√

a2NGO + b2
NGO + c2NGO

(in-plane) 5.46 ∠[a, (b− c)] 89.5
|(b+ c)| (out-of-plane) 5.52 ∠[a, (b+ c)] 90

∠[(b− c), (b+ c)] 90
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Figure 4.3: Top panel: Left: Hysteresis loops of a 14 nm thick LSMO/NGO
(100)o film along in-plane easy and hard directions. Right: Remanence vs
in-plane field angle at room temperature. Arrows denote easy and hard
directions. Bottom panel: Left: Hysteresis loops of a 25 nm thick LSMO
film grown on NGO (001)o, along in-plane easy and hard directions. Right:
Remanence vs in-plane field angle at room temperature. Arrows denote

easy and hard directions. This figure is published identically in [36].

nesses greater than 150 nm show additional maxima and minima in the Mr - ΦH

curves. This is due to a partial relaxation of the LSMO crystal structure and is
discussed in more detail elsewhere [35].

4.3.3 Analysis of the experiments in terms of the Néel mo-
del

The magnetic anisotropy, found for LSMO grown on the NGO surface orientations
discussed above, can be modelled with the Néel model. It is assumed that the
quadrupolar terms are too small to be of influence. Only the in-plane anisotropy
energy is calculated, as this can be directly compared with the experiments. In the
experiments, the magnetization is predominantly in-plane due to the effect of the
demagnetization of a thin film. For LSMO grown on NGO (001)o, the two in-plane
bonds are of equal length and the anisotropy energy is given by equation 4.5:

E = 4δL0cos
2ΦM, (4.8)

where δ = 0.0065 rad. ΦM = 0 corresponds to the long surface unit cell diagonal.
This direction is aligned with the NGO [010]o direction and is the easy axis.
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Figure 4.4: Field angle ΦH dependence of (a) the in-plane remanent ma-
gnetization Mr and (b) the magnetization angle ΦM. ΦH = 0◦ corresponds
to the [111]o crystal direction, ΦH = 89.5◦ to the [110]o direction and

ΦH = 180◦ to the [111]o direction.

Table 4.2: Magnetic easy and hard axis for LSMO grown on NGO. The
model easy and hard directions have been calculated using the Néel model.

In-plane direction Experiment Model

LSMO (001)pc on NGO (110)o [110]o Easy Easy
[001]o Hard Hard

LSMO (001)pc on NGO (001)o [100]o Hard Hard
[010]o Easy Easy

LSMO (011)pc on NGO (100)o [010]o Easy Easy
[001]o Hard Hard

LSMO (011)pc on NGO (010)o [100]o Hard Hard
[001]o Easy Easy
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Therefore, it is concluded that L0 < 0. This implies as well that bulk LSMO is
expected to have an easy plane anisotropy and not an easy axis anisotropy.

For LSMO grown on NGO (110)o, the two in-plane bonds are perpendicular to
each other and the bonds are strained by an unequal amount. The anisotropy
energy is given by equation 4.3:

E = ∆ϵL′cos2ΦM, (4.9)

where ∆ϵ = 0.0025 is the difference in strain between the two in-plane directions
and ΦM = 0 corresponds to the longest bond, which is aligned with the NGO
[110]o lattice direction (easy axis). In this case, the third LSMO bond is not
perpendicularly oriented to the surface plain and will effect the in-plane anisotropy
as well. The bond is oriented towards the NGO [110]o direction which will further
minimize the anisotropy energy in this direction. However, this effect is much
smaller compared to the effect of the difference in strain, within the acceptable
magnitudes of L0 and L′.

For LSMO grown on NGO (100)o and NGO (010)o, two mechanisms contribute
to the in-plane anisotropy. The angle distortion between the b and c vectors
minimizes the energy for magnetization aligned with the a vector (parallel to the
NGO [001]o direction) according to equation 4.6. The relative strain of the a vector
compared with b and c minimizes the energy for magnetization aligned with the
bc vector (NGO [010]o respectively [100]o direction) according to equation 4.3.
The total energy is given by:

E = 2δL0cos
2ΦM −∆ϵL′cos2ΦM, (4.10)

where δ = π(90 − α)/360, ∆ϵ = (|b| − |a|)/3.88 and ΦM = 0 corresponds to the
a direction (NGO [001]o). For LSMO on NGO (100)o the second term is much
larger than the first for typical values of L0 and L′ and the easy axis is in the
[010]o direction. In the case of LSMO on NGO (010)o, both an easy direction in
the (100)o and (001)o can be found, depending on the value of the L′/L0 ratio.
In order to match the experimental results with the model, the ratio has to be
smaller than 2.6. With this constraint on the parameters, 0 < L′/L0 ≤ 2.6, the
model reproduces the experimentally found anisotropy.

For the LSMO on NGO (112)o, a simple analytical expression for the anisotropy
energy does not exist. The anisotropy energy was numerically calculated with the
inner products of the magnetization vector and the three unit cell vectors, as a
function of the in-plane angle ΦM. ΦM is defined with respect to the in-plane
lattice vectors in the same way as ΦH in the caption of figure 4.4. There are
two main contributions to the anisotropy energy. The angle between the in-plane
lattice directions of 89.5◦ results in a contribution to the anisotropy energy with
a minimum when the magnetization is at ΦM = 62◦. The other contribution to
the anisotropy energy is the strain difference between the partially out-of-plane
unit cell vectors and the in-plane unit cell vector. This gives a minimum in energy
when ΦM = 0◦. Depending on the L′/L0 ratio, intermediate angles are found as
the easy axis direction.
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Figure 4.5: In-plane easy axis direction as function of film thickness for
LSMO on NGO (112)o. The curves with increasing easy axis angle with
increasing thickness are calculated assuming bulk and surface anisotropy
(surf. 1) with no interaction of the surface in-plane bonds (Mn ions 5 and 6
of the schematic in the inset) and for different Néel parameter ratios. The
curve with decreasing easy axis angle with increasing thickness is calculated
assuming full interaction with Mn5 and Mn6 (surf. 2). The horizontal lines
are for bulk anisotropy only. The inset shows a schematic of the LSMO

crystal structure with the surface atoms indicated.

In order to explain the difference in anisotropy with increasing film thickness, a
surface anisotropy term is added. The magnitude of the surface anisotropy scales
with the surface to volume ratio of the LSMO. A sketch of the atoms in the
surface unit cell is given in figure 4.5. Atoms 1 and 2 are missing, atoms 5 and
6 are at the surface, which might modify the interaction, and atoms 3 and 4 are
considered bulk like. When only the missing atoms are taken into account, the
surface anisotropy energy contribution gives a minimum at ΦM = 89.5◦. When
the interaction of atoms 5 and 6 is removed as well, the surface anisotropy has
a minimum at ΦM = 0◦. The latter configuration results in an increase of the
easy axis angle with film thickness, as observed in the experiments. In figure 4.5
the experimentally found angles for the easy axes are compared with the model
results. The Néel model can describe the trend in the anisotropy, although it
should be noted that the model predicts an anisotropy energy where the easy and
hard axes directions are orthogonal. This predicts a hard axis which shifts with
film thickness as well, while in the experiments it was found that the hard axis is
fixed at ΦH = 105◦.
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4.3.4 Summary experiments

The experiments uniquely determine the sign of the two anisotropy parameters,
L0 and L′, which are both negative. This corresponds well with the earlier re-
ported observation that the magnetization is predominantly out-of-plane for films
under compressive strain and in-plane for films under tensile strain. Moreover, the
negative sign of L0 implies that bulk LSMO should have an easy plane anisotropy,
which is in agreement with the conclusions from references [13, 14], but not with
reference [12]. It is suggested that the latter experiment can also be interpreted
with an easy plane anisotropy, together with further symmetry breaking due to
the presence of the surface.

The fact that both parameters are negative implies that the interaction strength
in the Néel model increases with increasing distance. This is contrary to the
expectation which would suggest a decrease of the interaction strength with in-
creasing bond length. This is discussed in more detail in the next section about
the microscopic origin of the anisotropy.

4.4 Microscopic origin of the anisotropy

The origin of magnetocrystalline anisotropy is a combination of spin orbit coupling
and crystal field interaction [23]. For insulating materials, it is well understood
in the single ion anisotropy model [23]. For example, in the case of the LSMO
parent compound LaMnO3 (LMO), each oxygen octahedron is distorted by the
Jahn Teller distortion. This results in an occupied low energy d3x2−r2 orbital and
this orbital has a small orbital angular momentum in the x direction. For this
ion, it is energetically favourable for the magnetization to be aligned with the x
direction. The groundstate of LMO has d3x2−r2 d3y2−r2 orbital ordering in the ab
plane. This results in an averaging of the anisotropy energy within the ab plane
and the c axis becomes the hard axis. Finally, the orthorhombic crystal structure
(with b = xy > a = xy) rotates all Jahn Teller distorted octahedra towards the b
direction, resulting in the b axis as the magnetic easy axis [24, 37].

For conducting materials, two approaches exist [23]. The first is to consider elec-
trons which are temporarily trapped at a lattice site as the main source of ani-
sotropy [38]. These electrons can then be treated identically to the electrons in
an insulating compound within the framework of single ion anisotropy. The other
approach would be to solve the electron wavefunction of the conducting compound
and directly use this to calculate the orbital angular momentum and the spin orbit
coupling.

In LSMO, both mobile electrons, the eg band, as well as immobile electrons, the
core spins in the t2g band, are present. As the majority of the electrons is not
mobile, the anisotropy is analyzed within the framework of the single ion model.
Moreover, a large part of the eg electrons is trapped and does not contribute to
the conductivity [39]. The analysis involves a discussion about possible oxygen
octahedra rotations and deformations as a response to the applied strain. It will
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be shown that the main result of this chapter, the negative sign of both L0 and
L′, can only be reproduced within this model, when an oxygen octahedra bond
angle distortion is taken into account.

4.4.1 Single ion model

In the single ion model of anisotropy [23], the magnetic ion is assumed to have
strong spin orbit coupling and the magnetocrystalline anisotropy is due to the elec-
trostatic interaction of the atomic orbital with the surrounding crystal field. The
crystal field is described with a point charge model, where each nearest neighbour
ligand can be evaluated separately. The anisotropy energy contribution of a single
ligand is given by:

Ei = − eQQ2

16πϵ0R3
i

(3cos2θi − 1), (4.11)

in which e is the electron charge, Q is the effective charge of the ligand, Q2 describes
the orbital of the magnetic ion in a multipole expansion, ϵ0 is the permittivity of
free space, Ri is the distance from the magnetic ion to the ligand and θi is the
angle between the magnetization (as well as the direction of the orbital due to
the strong spin orbit coupling) and the ligand bond vector. The parameter Q2

describes the shape of the charge distribution which is oblate (pancake like) for
positive Q2 and prolate (cigar like) for negative Q2. As almost all ligands have
an effective negative charge, magnetization in the ligand direction is favoured for
oblate orbitals. In order to calculate the anisotropy, a summation over the ligands
of the magnetic ion and all the magnetic ions in the unit cell has to be made (only
nearest neighbour interactions are taken into account). For LSMO, this amounts
to the 3 O ions, which describe the octahedron of a single Mn ion, and effectively
3 pairs of Mn ions, to include the effect of octahedra rotations correctly.

Anisotropy energy of a spin pair

In figure 4.6, a schematic of a pair of Mn ions is presented together with their
oxygen octahedra. The plane of the Mn-O-Mn bond lies perpendicular to the
direction of view, i.e. in the plane of the paper. One octahedron is rotated
clockwise by an amount of α and the other one anti-clockwise by the same amount.
The angle β is used to describe octahedron bond angle distortion and the angles
ζ and ω define the direction of the magnetization, as shown in the figure. In the
Néel model, the dipolar term describing the anisotropy between two Mn ions Mn1
and Mn2 is given by:

E12 = L(r12) cos
2 ζ. (4.12)

In the single ion model, the energy E12 is a sum of two Mn-O interactions, shown
in figure 4.6:

E12 =
∑
i=1,2

− 3eQQ2

16πϵ0R3
i

cos2θi, (4.13)
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Figure 4.6: The rotation of the oxygen octahedra and the position of the
oxygen ligands with respect to the Mn-Mn bond vector. The Mn-Mn bond
vector is indicated with the thick black arrow. The plane of the Mn-O-
Mn bond lies perpendicular to the direction of view, i.e. in the plane of
the paper. The direction of the magnetization is defined using the angles
ζ (angle between the magnetization Mn-Mn bond vector) and ω (angle
between the magnetization and the Mn-O-Mn bond plane, defined such
that ω = 0 corresponds to magnetization within this plane.) The angle
α describes the rotation of the two MnO6 octahedra, while the angle β

indicates the bond angle distortion of the octahedra.
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where the summation describes the effect of the centre oxygen on the Mn1 and
Mn2. This equation can be rewritten in terms of ζ, α, β and ω:

E12 = − 3eQQ2

8πϵ0R3
MnO

(cos2(α+ β)cos2ζ + sin2(α+ β)sin2ζcos2ω). (4.14)

Here, the first term is the anisotropy energy of the two ligands projected onto
the Mn-Mn bond vector, while the second term is the projection perpendicular to
the Mn-Mn bond vector. The oxygen ion is equidistant to the two Mn ions, so
R1 = R2 = RMnO. The ζ angle dependence of the anisotropy energy is plotted
in figure 4.7 for some values of the angles α and ω. An increase in α results in a
decrease of the anisotropy energy around ζ = 0 and, for ω = 0, the increase of α
also results in an increase of the anisotropy energy around ζ = 90. The relation
between the distance between the Mn ions and the distance between the Mn and
the O ion is:

RMnO =
r12

2cos(α+ β)
. (4.15)

4.4.2 Oxygen octahedra rotation and deformation

The anisotropy energy in the single ion model has, in contrast to the Néel model, an
explicit bond length dependence. Therefore, the effect of strain can, in principle, be
directly calculated by derivation with respect toRi in equation 4.11. For the case of
tensile strain, i.e. increasing Ri, the anisotropy energy decreases. This decrease is
in contrast to the experimental results, discussed in the previous section, where an
increase of the anisotropy energy with tensile strain was determined. However, the
strain is applied to the LSMOMn-Mn bonds and this does not automatically imply
a change in the Mn-O bond length. Oxygen octahedra rotations and deformations
can play a role as well. In the following, the anisotropy energy of a pair of Mn ions
will be evaluated as a function of the strain applied to the Mn-Mn bond. Three
approaches for the structural response to the applied strain, namely octahedra
rotations, Mn-O bond length variation and octahedron bond angle variation, are
made and used to calculate the ratio between the Néel parameters L′/L0. It will
be shown that only the octahedron bond angle variation is consistent with the
experimentally observed anisotropy.

Octahedra rotations

The expected structure response of a perovskite oxide to applied strain is rotation
of the oxygen octahedra. For strained La1−xCaxMnO3 thin films, for example, it
has been shown that the strain resulted in oxygen octahedra rotations [40]. Octa-
hedra rotations are therefore expected for LSMO as well when strain is applied the
Mn-Mn bond. However, the rotations do not result in a change in the anisotropy
energy, as can be directly understood from the following argument. For a per-
fect MnO6 octahedron, i.e. the angles between the three Mn-O lattice vectors are
90 degrees and the Mn-O distances are all equal, the anisotropy energy does not
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depend on the angle of the magnetization and therefore no anisotropy is present.
The same holds for a crystal structure in which the octahedra are rotated but not
distorted. For example, starting with a cubic perovskite unit cell, a tetragonal
unit cell with c > a results if the octahedra are rotated around the c axis. This
structure does not have any anisotropy, as the octahedra are not distorted. This
is in contrast to the Néel model, where either an [001] easy axis or an (001) easy
plane is expected.

In equation 4.14, the anisotropy energy of the spin pair does depend on the amount
of rotation α. An increase in α reduces the anisotropy energy of the spin pair
with a factor 1 − cos2 α. However, the rotation α also changes the anisotropy
energy of the other two spin pairs in the octahedron and they have a perpendicular
anisotropy energy component. E.g. in figure 4.6, the anisotropy energy of the
Mn1-Mn3 spin pair has a component in the Mn1-Mn2 direction as well, due to
the octahedra rotation. This component is equal to sin2 α and it exactly balances
the reduction of 1− cos2 α. So, this calculation also shows that a rotation of the
oxygen octahedra does not change the anisotropy energy. Therefore, the strain
dependence of the anisotropy energy cannot be explained by oxygen octahedra
rotations. For anisotropy, octahedra distortions have to be included in the model.
This can either be a bond length variation or a bond angle variation.

Mn-O bond length variation

Secondly, an Mn-O bond length variation proportional to the strain is considered.
This bond length variation is very similar to the Jahn Teller distortion of the oc-
tahedra in the parent compound LMO. The physical picture is that unequal strain
in different lattice directions results in an elongation of the oxygen octahedra in
the direction x with the most tensile strain. This results in preferential occupation
of the d3x2−r2 orbitals and the spin orbit coupling of these orbitals, with the easy
axis in the x direction, then explains the anisotropy.

The strain dependence of the anisotropy energy is calculated from equations 4.14
and 4.15. α and β are constant, so:

dr12 = 2cos(α+ β)dRMnO. (4.16)

The derivative of the anisotropy energy, equation 4.14, with respect to the distance
r12 is then given by:

dE12

dr12
= +

9eQQ2

8πϵ0R4
MnO

(cos2(α+β)cos2ζ+sin2(α+β)sin2ζcos2ω)
1

2 cos(α+ β)
.

(4.17)

As the Néel parameter L′ is defined as L′ = dEij(r0)/drij · r0, it follows that the
ratio between the Néel parameters L′/L0 is equal to -3. From the experiments
in this chapter, it was concluded that the ratio has to be positive. Therefore, an
Mn-O bond length variation cannot explain the strain dependence of the magnetic
anisotropy. Only the crystal distortions which are described by the Néel parameter
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L′, bond length changes of the Mn-Mn lattice vectors, are explained and not
the crystal distortions described by the Néel parameter L0, bond angle changes
between the Mn-Mn lattice vectors.

Note that a more complicated structure of Jahn Teller distorted octahedra, to-
gether with orbital ordering, similar to the magnetic anisotropy of LMO, can be
applied to the cases where only one of the angles between the Mn-Mn lattice
vectors is distorted, such as LSMO on NGO (001)o, but this cannot be applied
in general. For example, for the bulk rhombohedral crystal structure, where all
three angles between the Mn-Mn lattice vectors are distorted, it is not possible
to have an orbitally ordered state without significant anisotropy, due to the Jahn
Teller distorted octahedra, resulting in an easy axis in either the [001]pc, [010]pc,
or [100]pc lattice direction instead of the (111)pc plane. Also, it is known that
the Jahn Teller distortion is severely reduced when cooling below Tc [11]. So, it
is concluded that the magnetocrystalline anisotropy of LSMO is not due to Jahn
Teller distortions of the octahedra.

Bond angle variation

Finally, a bond angle variation of the oxygen octahedra is considered. This is
shown in figure 4.6 with the angle β, the angle between the Mn1-O1 vector and
the plane spanned by the Mn1-O2 (perpendicular to the page) and the Mn1-O3
vectors. It is assumed that oxygen octahedra rotations are present such that β < α
and that the axes of the rotations described by α and β coincide. In this case, β
can be both negative and positive which describes tensile and compressive strain
applied to the Mn-Mn bond vector respectively.

The strain dependence of the anisotropy energy is calculated from equations 4.14
and 4.15. α and RMnO are constant, so:

dr12 = −2RMnOsin(α+ β)dβ. (4.18)

The derivative of the anisotropy energy, equation 4.14, with respect to the distance
r12 is then given by:

dE12

dr12
= − 3eQQ2

8πϵ0R4
MnO

cos(α+ β)(cos2ζ − sin2ζcos2ω). (4.19)

The ratio between the Néel parameters cannot be directly calculated, as it is a
function of the angles ζ and ω. Therefore, an effective anisotropy energy for the
spin pair is defined as:

Eeff = E12(ζ = 0)−E12(ζ = 90) = − 3eQQ2

8πϵ0R3
MnO

(cos2(α+β)− 1

2
sin2(α+β)),

(4.20)

in which the ω dependence of the perpendicular anisotropy has been averaged out,
resulting in a factor 1

2 . This assumes that the orientations of the Mn-O-Mn planes
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for all the Mn-Mn bonds in the r12 direction are randomly distributed. Eeff does
not depend on ζ and it can be used to calculate the amount of change in the
anisotropy energy with strain. The ratio between the Néel parameters is given by

L′/L0 =
6

3− 1
cos2(α+β)

. (4.21)

Around the equilibrium bond length, α = 6.5◦ [41] and β = 0◦, the ratio is close
to 3.

4.4.3 Implications for LSMO

From the comparison of the experimental data and the Néel model, the signs of
the dipolar Néel parameters are known. Both L0 and L′ are negative. From the
analysis in terms of the single ion model, the sign of L0 directly determines the
sign of the orbital shape parameter Q2. So, the basic shape of the orbital at
the Mn site is oblate (pancake like). This is in contrast to the anisotropy of the
parent compound LaMnO3 (LMO). In LMO the Jahn Teller distortion results in
eg orbitals with a prolate character. Due to the itineracy of the eg electrons in
LSMO, it is suggested here that the main anisotropy is due to the t2g electrons
which are stationary. It is concluded that the t2g orbitals have an oblate character.

As it is also found that L′ is negative, it can be expected from the single ion model
that the octahedron bond angle changes with strain and the Mn-O bond length
is relatively constant. The change in octahedron bond angle results in a ratio
between the Néel parameters equal to 3. In this derivation, it was assumed that α
does not change with strain. In practice, the strain will change both the amount
of octahedra rotations α, which does not induce anisotropy, and the amount of
octahedron angle deformation β. Therefore, the obtained ratio between the Néel
parameters is an upper limit and 0 < L′/L0 ≤ 3. This is in reasonable agreement
with the Néel ratios used to explain the experiments, 0 < L′/L0 ≤ 2.6.

4.5 Conclusions

A model, relating the crystal structure to the magnetization, was developed to
describe the magnetocrystalline anisotropy of LSMO. The model is based on the
framework of Néel. Surface and stepedge induced anisotropy can easily be included
in the calculations. The model can be used to predict the magnetic anisotropy
for other LSMO/substrate combinations and LSMO subject to strain from e.g.
piezoelectric materials.

The model predictions were compared to experimental data of LSMO films grown
on different surface orientations of NGO crystals. The orthorhombic symmetry of
NGO allowed for a number of surfaces with small differences in the surface unit
cell symmetry. Most importantly, the (001)o and (110)o surface result in an LSMO
crystal structure which is directly comparable with the basic structural distortions
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in the model. From the comparison between experiment and model predictions,
the signs of the Néel parameters L0 and L′ are derived. These parameters are both
negative, which implies that bulk LSMO has easy plane anisotropy. For LSMO
grown on NGO (112)o, the anisotropy was found to change with film thickness. By
including surface anisotropy in the model, a first step towards the understanding
of the anisotropy could be taken.

The experiments uniquely demonstrate that both the Néel parameters L0 and L′

are negative. The origin of the anisotropy is the alignment of the Mn orbitals in
the LSMO crystal field. The physical meaning of a negative L0 is that the shape
of the orbitals is oblate. This is in contrast to the parent compound LMO which
has prolate orbitals. It is suggested that the main contribution to the anisotropy
in LMO is due to prolate eg orbitals, while the main contribution to the anisotropy
of LSMO is due to oblate t2g orbitals. The crystal field due to the neighbouring
oxygen ions was evaluated with respect to strain. As L′ was found to be negative
as well, the analysis of the crystal field interaction suggests that the angles of
the MnO6 octahedra change with strain, while the Mn-O bond lengths remain
approximately constant.
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Chapter 5

Interface engineering at the
La0.67Sr0.33MnO3/SrTiO3
interface

Abstract

The use of La0.67Sr0.33MnO3 (LSMO) in spintronic devices requires spin
polarized conductivity at the interface. Due to interface reconstructions, ge-
nerally the spin polarized conductivity is reduced or completely absent at the
interface. Interface engineering can therefore be a valuable tool to study and
improve the interfacial properties. Here, three strategies for the optimization
of the LSMO at the interface are presented. The first one is based on analysis
of the interface in terms of the recently developed polar discontinuity model
for oxide interfaces. Based on the model, the insertion of a single atomic layer
of La0.33Sr0.67O is proposed and experimentally realized. The results show
improved properties, due to a significant reduction of interdiffusion at the en-
gineered interface. An alternative approach is to study interfaces in the (011)
crystal direction. It is shown that (011) LSMO has different properties in
comparison to (001) oriented LSMO, with reduced conductivity, but enhan-
ced magnetization. Finally, the effect of chemical order and disorder in the
system was studied. To obtain a chemically ordered LSMO interface, a layer
of SrMnO3 was inserted, which was doped with the use of modulation doping
from donor states in the STO. Preliminary results show that the modulation
doping is succesfull, although the effect of the chemical order on the magne-
tization and conductivity at the interface was small. All three modifications
did not result in the desired fully spin polarized conductivity at the interfaces.
Therefore, it is concluded that the reduction of the properties at the interface
is due to the discontinuity in the oxygen octahedra rotations at the interface,
as this is the only variable which was not controlled during the experiments.
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5.1 Introduction

La0.67Sr0.33MnO3 (LSMO) is an interesting material for application in spintronic
devices. Examples are magnetic tunnel junctions [1–4], Schottky devices [5–7] and
magnetoelectric devices [8–13]. Furthermore, LSMO is also used to investigate
other materials, e.g. by spin injection into cuprate superconductors [14–17], to
probe spin polarization at the BaTiO3/Fe interface [18] and to study spin de-
pendent transport in organic materials [19]. The material requirements for these
devices are quite similar; the spin polarized conductivity, and therefore the magne-
tism as well, should be maintained at the interface of the LSMO. For convenience,
the magnetic tunnel junction (MTJ) is taken as a prototypical device, as here the
device performance directly represents LSMO’s interfacial spin polarization.

Several examples of LSMO tunnel junctions have been presented in literature [1–4],
with a maximum obtained tunnel magnetoresistance ratio (TMR) of 4000, which
corresponds to a spin polarization of more than 95%. However, the TMR drops
rapidly with temperature and the devices cannot be prepared very reproducibly.
The interface is thought to be the cause of the less ideal behaviour. At the interface
between LSMO and the barrier material, e.g. SrTiO3 (STO), the magnetization
and conductivity of the LSMO is significantly reduced. This main problem of
LSMO tunnel devices is illustrated in figure 5.1, which presents temperature de-
pendent magnetization measurements at three different lengthscales, from bulk
sensitive to surface sensitive. It is clear that the surface magnetization decreases
much more rapidly with temperature than the bulk magnetization.

Three different explanations for the reduced properties at LSMO surfaces and
interfaces are given in literature. First, the change in properties might be due to
a difference in doping at the interface [20–23]. Secondly, an orbital reconstruction
has been observed at the interface, which whould favour an antiferromagnetic state
[24]. And finally, the change in oxygen octahedra rotation at the interface results,
in theory, in Mn off-centering and therefore in a change in the spin-spin interaction
[25]. A structural expansion of the unit cell at the surface [26] has been observed,
which might be related to a change in the oxygen octahedra rotations. In order to
identify the mechanism of the reduction of the spin polarized conductivity at the
interface, further measurements are therefore required.

Interface engineering is an interesting tool for the study of interfaces. It allows for
direct intervention at the interface during growth and subsequently the effect of the
interventions can be studied. A first attempt to use interface engineering to study
and improve the properties of LSMO was made by Yamada et al., who inserted a 2
unit cell thick LaMnO3 (LMO) layer at the interface and found an improvement in
the magnetization [27]. However, no improvement in TMR device performance was
obtained [28]. The LMO layer changes the charge state at the interface towards
the ferromagnetic insulating region of the phase diagram. It is therefore likely
that the interface engineering with LMO improves the magnetization, but not the
conductivity at the interface.

Here, three alternative strategies for the optimization of the LSMO/STO interface
are investigated. The first one is based on analysis of the interface in terms of the
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Figure 5.1: The temperature dependence of magnetization of a 190 nm
LSMO layer measured at three different length scales. The superconduc-
ting quantum interference device (SQUID) measures the bulk magnetiza-
tion (MB). The other two techniques are surface sensitive. X-ray magnetic
circular dichroism (MCD) has an intermediate length scale of 5 nm (MIM)
and spin-resolved photoemission spectroscopy (SPES) is very surface sensi-
tive with a length scale of 0.5 nm (MSB). This figure has been reproduced
with permission from the author from [34]. c⃝ 1998 the American Physical

Society.

polar discontinuity model for oxide interfaces [29, 30]. The LSMO/STO interface
is polar and therefore reconstructions at the interface are expected. The polar
discontinuity can be compensated with the use of interface engineering, allowing
experimental investigation of this effect. Secondly, it was proposed that the crystal
orientation of the interface affects the properties as well [31–33]. Therefore, inter-
faces in the (011)pc direction are studied. (The subscripts c, o and pc are used to
indicate the cubic, orthorhombic and pseudocubic crystal structures, respectively.)
It is shown that (011)pc LSMO has different properties in comparison to (001)pc
oriented LSMO with reduced conductivity but nearly perfect magnetization at
the interfaces. Finally, the effect of chemical order and disorder in the system was
studied. To obtain a chemically ordered LSMO interface, a layer of SrMnO3 was
inserted, which was doped with the use of modulation doping from donor states
in the STO.

This chapter is organized as follows. In the first section, the experimental method
to study the interface properties is described. It is proposed that the investigation
of the thickness dependence of thin LSMO layers can be used to study the proper-
ties of the LSMO/STO interfaces. In the following sections, the results on polar
discontinuities at the interface, (011)pc oriented interfaces and ordered versus di-
sordered interfaces are presented successively. The chapter ends with a discussion
about the implications of the experiments for the mechanism of the reduction of
the properties at LSMO interfaces.
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Figure 5.2: The expected thickness dependence of functional properties
for three cases: perfect interfaces (squares), the dead layer (triangle) and

activated behaviour (circles).

5.2 Experimental method for the study of inter-
face properties

For the proposed experiments in this chapter, a method to investigate the magne-
tization and conductivity at the LSMO interface is required. Rather than direct
measurements of the interface properties [27], here the thickness dependence of
the bulk sample properties is measured. When the thickness of the LSMO layer
is decreased, the interfacial properties will become more important compared to
the bulk properties and therefore, it is possible to obtain information about the
interfaces without advanced interfacial measurement techniques.

In figure 5.2, the expected thickness dependence of LSMO is shown for three limi-
ting cases of the interfacial properties. The first curve (black squares) represents
LSMO films with perfect interfaces and the functional properties are maintained
down to the single unit cell layer film. The second curve (black triangles) repre-
sents LSMO thin films with an interfacial dead layer. The thickness of the dead
layer does not depend on the film thickness and the curve is shifted with repect to
the first curve. The critical thickness is defined as the thickness at which the func-
tional properties disappear. The critical thickness is a measure for the thickness
of the dead layer at the interfaces. The last curve (grey diamonds) indicates an
activated behaviour, where the films are dead up to a certain thickness and then
become fully functional including all interfacial layers.

LSMO thin films are well known for their dead layer behaviour. This dead layer is
defined as the thickest layer for which both conductivity and ferromagnetism are
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absent. Early reports have mentioned a dead layer thickness of 3, 4, 4 and 5 nm
for films grown on NdGaO3 (110)o, STO (001)c, MgO (001)c and LaAlO3 (001)pc
[35–37] respectively. Later on, Huijben et al. [38] showed that different critical
thicknesses for the electrical transport and ferromagnetic properties exist. For
LSMO samples grown on STO, the dead layer is reported to be 8 unit cells, while
the samples remain ferromagnetic up to 3 unit cell thick films. Similar results have
also been published by Kim et al. [39].

Therefore, the modifications of the LSMO proposed with the interface engineering
should ideally result in a change from dead layer behaviour to either perfect inter-
faces or activated behaviour. Also, a reduction of the dead layer thickness indicates
an improvement in the interfacial properties. As the dead layer for conductivity
is larger, especially the conductivity at the interfaces should be improved.

5.3 Polar discontinuities

Recently, Ohtomo and Hwang proposed a model to describe charge transfer at
oxide heterointerfaces [29]. The model predicts charge tranfer to occur if a polar
discontinuity is present at the interface in combination with a multi-valent me-
tal ion. This model was used to explain the difference in electronic properties of
LaAlO3/STO heterointerfaces based on SrO and TiO2 terminated SrTiO3, as dis-
cussed in detail in chapter 2. The hole doping of the LSMO layer [20], due to the
presence of the STO, can also be understood in terms of this polar discontinuity
driven electronic reconstruction.

Here, the LSMO/STO interfaces are analyzed in terms of an electronically re-
constructed polar discontinuity model. The Thomas Fermi screening length of
LSMO is ≈ 0.31 nm [7], which justifies the use of a model in the ionic limit for
a metallic compound. Furthermore, the general physics at oxide interfaces can
be understood by finding the charge density at each layer using electrostatics and
then the electron density determines the properties of each different layer [40, 41].
Therefore, the model will be used to calculate the interfacial electron density and
the properties of the interfaces can be predicted by refering to the LSMO phase
diagram at the appropriate electron density. The main conclusion is that the elec-
tronic reconstructions depend on the atomic stacking sequence at the interface,
the MnO2 terminated interface is overdoped and the La0.67Sr0.33O terminated in-
terface is underdoped. An interface configuration in which the manganese valence
state is not changed after the reconstruction is possible. This configuration can
be realized with careful engineering of the A-site cation distribution.

The experimental results of thin LSMO films with the different interface confi-
gurations are described in the next part. Using scanning transmission electron
microscopy (STEM), it is shown that the samples with the polar discontinuity
are intermixed over a distance of 2 uc. In contrast, the samples with engineered
interfaces, and therefore without the polar discontinuity, have a sharp interface.
The latter samples have improved magnetization and conductivity compared to
the heterostructures without the engineered interfaces.
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5.3.1 LSMO/STO interface configurations

Two different atomic stacking sequences are possible for the LSMO/STO inter-
faces, due to the possible AO or BO2 termination of each material. One will
be referred to as the La0.67Sr0.33O terminated interface and the other as the
MnO2 terminated interface. The La0.67Sr0.33O terminated interface is shown in fi-
gure 5.3a. The STO (LSMO) layers are at the negative (positive) x coordinates. At
this interface the atomic stacking sequence is SrO(-2)-TiO2(-1)-La0.67Sr0.33O(0)-
MnO2(1). The number between the parentheses indicates the x coordinate of the
layer. The MnO2 terminated interface is shown in figure 5.3c. Here the atomic
stacking sequence is TiO2(-1)-SrO(0)-MnO2(1)-La0.67Sr0.33O(2). An alternative
stacking sequence is shown as well, figure 5.3e, in which a single atomic layer of
La0.33Sr0.67O is inserted between the two materials. This gives an atomic stacking
sequence at the interface of SrO(-2)-TiO2(-1)-La0.33Sr0.67O(0)-MnO2-La0.67(1)-
Sr0.33O(2).

The different interface configurations are analyzed in terms of the model for the
electronic reconstruction at polar discontinuities. The atomic layers of the STO
are charge neutral, whereas LSMO consists of La0.67Sr0.33O and MnO2 layers with
a respective charge of 2

3 e-/uc and − 2
3 e-/uc, in the ionic limit. The Ti4+ valence

state is stable at these interfaces, as the Ti t2g levels are 1 eV higher in energy
compared with the Mn eg levels [20]. All free electrons will occupy the lower lying
Mn states. As LSMO is metallic, no bandgap prevents charge transfer and an
electronic reconstruction is expected without a critical thickness.

The resulting potential and charge distribution at the La0.67Sr0.33O terminated
interface is shown in figure 5.3b. The net charge at the first MnO2 layer is -1 e-
/uc and therefore, the Mn valence state is Mn3+. The second MnO2 layer has a net
charge of −2

3 e-/uc, which corresponds to optimal doping. So, the Mn ions in the
first layer at the interface are underdoped. From the LSMO phase diagram [42], it
can be expected that this layer is insulating and antiferromagnetic. For the MnO2

terminated interface, the polarity of the potential buildup and reconstruction is
reversed. The net charge at the first MnO2 layer is −1

3 e-/uc, which corresponds to
an overdoped Mn valence state of Mn3.67+. In the phase diagram, a charge ordered
insulating state is present at this doping level. So, this interface is expected to be
insulating and not ferromagnetic either. Note that a similar analysis of the electron
density at the interface was presented by Hikita et al. [7], in order to explain the
termination dependent band offset differences in Schottky devices. Finally, the
interface engineered stacking with the single La0.33Sr0.67O atomic layer does not
result in a diverging potential, as the net charge of 1

3 e-/uc in the La0.33Sr0.67O
layer is exactly the amount of charge required to screen the potential buildup.
Therefore, in this case, the first MnO2 layer is optimally doped. All interface
configurations have a band offset, which is largest for the La0.67Sr0.33O terminated
interface.
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Figure 5.3: The LSMO/STO interface configurations. a & b) La0.67Sr0.33O
terminated LSMO/STO interface. c & d) MnO2 terminated LSMO/STO
interface. e & f) TiO2/La0.33Sr0.67O/MnO2 LSMO/STO interface. Left)
Schematic representation. Right) Charge distribution and potential after

reconstruction.
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Figure 5.4: Atomic stacking sequence at the interfaces for heterostructures
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n-1 LSMO, 1 La0.33Sr0.67TiO3 and 4 STO. The net charge at each layer
is indicated. In a) one of the interfaces is overdoped and the other is

underdoped. In b) the Mn doping is constant in the entire structure.

5.3.2 Experimental

All heterostructures were grown with pulsed laser deposition (PLD) at 800 ◦C in
an oxygen environment of 0.27 mbar, as described in detail in chapter 3. TiO2

terminated [43] STO substrates were used. The LSMO layer thickness was variable,
while the STO layer thickness was fixed at 5 unit cells. In order to realize the
interface engineered heterostructure, figure 5.4b, first a single unit cell layer of
La0.33Sr0.67MnO3 was grown. This was followed with the growth of n-1 layers
of LSMO, then a single unit cell layer of La0.33Sr0.67TiO3 and finally, 4 unit cell
layers of STO. This recipe resulted in heterostructures with n layers of Mn ions,
which can therefore be compared with the n unit cell layer LSMO/STO structure
without the interface engineering.

In figure 5.5, the RHEED specular spot intensity during the deposition of the n=8
samples without and with interface engineering is shown. The clear oscillations of
the intensity suggest layer-by-layer growth and allow for the possibility to grow
single unit cell layers. After the growth of each layer, the RHEED image showed
clear two dimensional spots, indicating difraction from smooth crystalline surfaces.
Figure 5.5 also shows the full width at the half maximum (FWHM) of the specular
spot intensity, measured along the (10)pc direction. Clear oscillations are obser-
ved, especially for the interface engineered sample. For the interface engineered
sample, the FWHM after each unit cell layer was equal to that of the original
substrate reflection, while for the non interface engineered sample, an increase in
FWHM was observed. This indicates a higher quality layer-by-layer growth of the
interface engineered sample. However, the higher quality growth of the interface
engineered sample was observed in some, but not all, of the sets of samples fabri-
cated. The smooth surface topography of the samples was confirmed with atomic
force microscopy (AFM) measurements.
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Figure 5.5: RHEED specular spot intensity oscillations and FWHM du-
ring the growth of the n=8 LSMO/STO heterostructures with and without
interface engineering. The starting point of each layer is indicated. a)
Without interface engineering. The intensity was increased manually at
t=140s. b) With interface engineering. The intensity was increased ma-
nually at t=180s and t=405s. The increase of the RHEED intensity at
the start of the growth of the La0.33Sr0.67MnO3 layer is attributed to the

presence of small unit cell deep holes on the substrate surface.
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Figure 5.6: STEM measurements of the n = 10 samples. The HAADF
images are shown in the top graphs, while the layer resolved intensity
analysis of the substrate film interfaces is shown in the bottom graphs.
The nominal interfacial TiO2 layer is at position 0 and black squares (grey
triangles) indicate A-site (B-site) layers. a) and c) Non interface engineered

sample. b) and d) Interface engineered sample.

5.3.3 Results

STEM measurements

High angle annular dark field (HAADF) STEM images of the non interface engi-
neered and the interface engineered n = 10 samples are shown in figures 5.6a and
5.6b. The intensity of each atomic column is quantitatively analyzed [44] and the
average intensity in each layer is shown in figures 5.6c and 5.6d for the substrate
film interface (bottom interface). For the non interface engineered sample, the
A-site cations are intermixed. The observed intensity at z=1/2 is approximately
the average of the expections for the SrO and La0.67Sr0.33O layers. Deviations
from the expected intensity are also observed at z=-1/2 and z=3/2. A similar
intermixing is observed at the B-site ions. The two layers at z=0 and z=1 are
intermixed.
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In contrast to the intermixing observed for the sample with the polar discontinuity
at the interface, the interface engineered sample, figure 5.6d, has less intermixing.
Only the intensity of the layer at z=1/2 has intermediate intensity. This is expec-
ted, as this is the layer with the nominal composition of La0.33Sr0.67O. The layer
at z=0 is attributed to TiO2 as the error bars between the points at z=0 and z=-1
overlap.

A similar analysis could not be made for the top interface, due to difficulty with
obtaining a specimen with constant thickness up to the surface of the film. It is
noted that away from the interface in the LSMO, the intensity of both the A-
site and B-site layers, see figures 5.6c and 5.6d, decreases in both samples. This
can be explained by assuming the specimen is thinner at the top. The samples
were also investigated with electron energy loss spectroscopy (EELS). Composition
maps based on the EELS intensity support the observations in the HAADF STEM
measurements. The bottom interface in the non interface engineered sample has
more intermixing than the interface engineered sample. Furthermore, it was obser-
ved that the top interfaces of both samples were less intermixed than the bottom
interface of the non interface engineered sample.

EELS measurements can be used to analyze the valence states of the ions in the
sample. At the LSMO/STO interface, both Ti and Mn might show a change in
valence, due to a local change in doping. No changes between the bulk Mn and the
interfacial Mn spectra were observed. The Mn L23 edge shifts linearly in energy
as a function of the Mn valence state [45]. Based on the calculations in the polar
discontinuity model, a valence change of 1

3e- is expected at the interface. This
would result in a shift of 0.8 eV in the spectra, which was not observed in both
samples. No changes were observed in the Ti valence state at the interface either.

Magnetization and resistivity measurements

The magnetization measurements of the n = 5, 6, 7&8 samples are presented in
figure 5.7. The field was applied in-plane along the [100]c STO crystal direction.
For all thicknesses, the interface engineering resulted in a higher TC and a hi-
gher saturation magnetization. The method to determine the TC of the samples
is discussed in appendix A. The observed magnetization for both interface engi-
neered and non-interface engineered samples is larger with respect to reports of
LSMO layers without the STO capping layer [38, 39]. The n = 7 samples differ
from the others, as here a higher saturation magnetization is observed and the
magnetization curve approaches TC linearly1.

Figure 5.8 presents the temperature dependence of the resisitivy of the n =
5, 6, 7&8 samples. For all thicknesses, the interface engineering results in a lo-
wer resistivity curve. The n = 5 samples and the non interface engineered n = 6
sample are insulating at low temperature. The n = 6 interface engineered sample
has an upturn in the resisitivity at low temperature but conductivity was observed
down to the lowest temperature (10 K) in the measurement.

1It is unclear why the n = 7 samples are different, but it is noted that they were grown at a
slightly higher deposition temperature and using a different heater.
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Figure 5.7: Temperature dependent magnetization measurements. Com-
parison between samples with (IE) and without interface engineering.
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Figure 5.8: Temperature dependent resistivity measurements. Comparison
between samples with (IE) and without interface engineering.
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Figure 5.9: Magnetization of the n = 3 samples. a) Magnetization loops
of the interface engineered sample at different temperatures. A remanent
magnetization is still observed at 300 K. b) Temperature dependence of the
magnetization. The magnetization of a superlattice with three repetitions

of 3 uc LSMO and 5 uc STO is shown as well.

Anomalous magnetization in the n = 3 samples

The expected ferromagnetic dead layer is 3 uc. For the n = 3 samples, however,
an anomalous magnetization was observed in this study. Figure 5.9a presents the
magnetic hysteresis loops of the n = 3 sample with engineered interfaces. The low
temperature saturation magnetization is 2.5 µB/Mn, which is significantly larger
than the saturation magnetization of the n = 5 samples. At room temperature,
remanent magnetization is still observed, indicating that TC is larger than room
temperature. The temperature dependence of the saturation magnetization of the
two n = 3 samples is shown in figure 5.9b. The magnetization decreases linearly
with temperature.

The increase of TC is reminiscent of the results obtained by Sadoc et al. on
LSMO/BaTiO3 superlattices. Therefore, an (LSMO)3(STO)3 superlattice with
three repetitions was grown and measured as well. The magnetic behaviour of the
superlattice is qualitatively different from the single layer samples. The saturation
magnetization at 10 K is approximately a factor of two smaller and decreases
rapidly until T=100 K. Above 100 K, the magnetization is almost independent on
the temperature at 0.5 µB/Mn.
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5.3.4 Discussion

The main result of this research is the improvement of the properties with the use
of interface engineering. The samples for which the polar discontinuities at the
interfaces were artificially removed showed less intermixing at the interfaces, espe-
cially the film substrate interface, and improved magnetization and conductivity
compared to the non interface engineered samples. Therefore, the improvement in
functional properties can be attributed to the reduction of the intermixing in the
interface engineered samples.

Intermixing is expected at polar interfaces as intermixing can reduce the elec-
trostatic band offset [30]. Significant intermixing was only observed at the bot-
tom interface of the non interface engineered sample, which corresponds to the
La0.67Sr0.33O terminated interface shown in figure 5.3a. This interface configura-
tion has the largest band offset and therefore, the observations of the intermixing
are in good agreement with the model. The expected valence changes of Mn at
the MnO2 and La0.67Sr0.33O terminated interfaces, however, are not observed.
This suggests that the polar discontinuity is not compensated with an electronic
reconstruction, but with a structural reconstruction.

Furthermore, it is noted that the non interface engineered samples have a higher
TC, larger spontaneous magnetization and larger conductivity in comparison to the
samples discussed in the literature [38, 39], although in superlattices an even larger
improvement of the functional properties was reported [46, 47]. This improvement
is attributed to the presence of the STO capping layer in the non interface enginee-
red samples. Due to the coherent heteroepitaxy, the oxygen octahedra structure is
continued across the interface and a structural LSMO surface reconstruction can
be prevented. The improved properties due to the capping layer are in good agree-
ment with the x-ray photoemission spectroscopy (XPS) data presented in chapter
3. The XPS measurements show a more homogeneous electronic structure in the
capped samples.

Finally, the anomalous magnetization of the n = 3 samples is discussed. Similar
results were obtained by Sadoc et al. in LSMO)3(BaTiO3)3 superlattices with a TC

of 650 K [48]. This effect was explained with the control of the orbital configuration
of the LSMO in the superlattice geometry. The out-of-plane oxygen octahedra
rotations are minimized due to the coupling with the BaTiO3 and the tensile
strain subsequently favours the dx2−y2 orbitals. This results in strong in-plane
ferromagnetic coupling and enhancement of TC. Especially the magnetization of
the LSMO/STO superlattice is in qualitative agreement with their results.

5.3.5 Conclusions

The LSMO/STO interface is polar and therefore an interface reconstruction must
occur. With the insertion of a single La0.33Sr0.67O atomic layer at the inter-
face, the polar discontinuity is compensated and the reconstruction is prevented.
Measurements on ultrathin LSMO layers without polar discontinuity driven re-
constructions showed an improvement in the functional properties. The reduction
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of properties in the non interface engineered samples can be attributed to a lar-
ger amount of intermixing in these samples compared to the interface engineered
samples. This intermixing is the result of the structural reconstruction of the polar
discontinuity.

It is suggested that this method of interface engineering is also interesting for other
mixed valence compounds, such as the cuprate superconductors. These compounds
generally have a polar discontinuity at the interface with the substrate, possibly
affecting film growth, and at the interface with other materials in the required
device stack, with a possible reduction of the superconductivity at the interface
[49]. The interface engineering is expected to result in improved growth and quality
of the thin films and improved properties at the interfaces.

5.4 (110)pc oriented interfaces

In the literature, several reports discuss the effect of the (110)pc orientation on the
properties of LSMO interfaces. Ma et al. have studied LSMO/STO in superlattice
geometry and found a general improvement of the LSMO properties for the (110)pc
orientation [31]. Tebano et al. studied the effect of the crystal orientation in LSMO
thin films on LaAlO3 substrates and found better conductivity in the (110)pc
direction [33]. Minohara et al. prepared LSMO/STO Schottky junction devices in
the (001)pc and (110)pc orientation and observed similar device performance, but
an improvement in the magnetization of the (110)pc oriented films [32]. Also, for
La0.67Ca0.33MnO3 thin films the magnetization at the interface was improved in
the (110)pc orientation [50].

Note that growth in the (110)pc also prevents polar discontinuities at the interfaces
[51]. In the (110)pc direction, an ABO3 perovskite has alternating ABO and
O2 layers which have a net charge of 4 and -4 e-/uc respectively. This charge
distribution does not depend on the A and B cations and therefore no polar
discontinuity is present at the interface between the different materials2.

Here, the properties of (110)pc oriented LSMO/STO interfaces are studied. Ultra-
thin films with different thicknesses as well as with and without an STO capping
layer were grown and characterized. The results show that the electric dead layer
of LSMO in the (110)pc direction is 9 uc (1 uc corresponds to ≈2.7 Å). For the
insulating samples, a qualitative difference in the ferromagnetism is observed. No
magnetic dead layer is present and the magnetization persists at least up to 350
K.

5.4.1 Crystal structure

The crystal structure of the films was determined from X-ray diffraction (XRD)
measurements. Reciprocal space maps were obtained around the (420)pc, (240)pc,

2It is noted that the (110)pc surface plane is polar and must recontruct. A likely possibility
is the creation of O vacancies in the O2 layer.
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Figure 5.10: Reciprocal space maps around the a) (420)pc, b) (240)pc, c)
(331)pc and d) (331)pc STO reflections of a 22 nm thick sample. All film
peaks have in-plane momentum transfer equal to that of the substrate. In
c) and d) a dissimilar spacing of the (331) and (331) LSMO reflections is
clearly observed. This indicates a tilt of the LSMO (001)pc planes with
respect to the [001]pc lattice vector. A schematic of the crystal structure
is shown in e) and f) with the view along the [001]pc respectively [110]pc
direction. The black dotted line indicates the STO substrate while the blue
line is the LSMO unit cell. The a, b and c lattice parameters and the long
body diagonal d are indicated. The angle δ corresponds to ∠[(a + b), c].

This figure is published identically in [52].
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Table 5.1: Lattice parameters of LSMO, grown on STO (110)c, as determi-
ned from XRD measurements. The in-plane lattice parameters are equal
to those of the STO (110)c surface unit cell. The error in the length is

0.005 Å and the error in the angle is 0.1◦.

LSMO film Length LSMO Angle
lattice vectors (Å) angles (◦)

a 3.88 α 90.4
b 3.88 β 90.4
c = aSTO (in-plane) 3.905 γ 90.8
|(a+ b)| (out-of-plane) 5.45 δ = ∠[(a+ b), c] 90.6

|(a− b)| =
√
2aSTO 5.552 ∠[(a− b), c] 90

(in-plane) ∠[(a− b), (a+ b)] 90
d (long body diagonal) 6.82

(331)pc and (331)pc STO reflections, as shown in figure 5.10. All maps showed
an LSMO peak with in-plane momentum transfer equal to that of the substrate
peak, indicating coherent growth and therefore in-plane lattice parameters equal
to those of the substrate. Due to the tensile strain the out-of-plane (110)pc plane
spacing of the LSMO is reduced with respect to the bulk value. This results in an
angle γ between the a and b lattice vectors of 90.8◦. No significant strain is present
on the a = b = 3.88Å lattice parameters themselves, which are equal to the bulk
LSMO values [53, 54]. Further, a difference in out-of-plane momentum transfer
between the LSMO (331)pc and (331)pc reflections is observed. This indicates a
tilt of the (001)pc planes with respect to the plane of the substrate. This difference
corresponds to an angle of 90.6 between the LSMO (001)pc and (110)pc planes and
results in an angle α = (β =)90.4◦ between the b (a) and c lattice vector. This
corresponds well with the angle between the lattice vectors in bulk rhombohedral
LSMO (a cube compressed along the [111]c direction with α = β = γ = 90.35◦).
In conclusion, LSMO grown on STO (110)c has two main deviations from the bulk
rhombohedral crystal structure: the c lattice parameter is elongated to match the
lattice parameter of the STO and the angle γ is increased from 90.35◦ to 90.8◦.
The lattice parameters and angles are summarized in tabel 5.1.

5.4.2 Functional properties

At first, the magnetic properties of the (110)pc oriented samples are discussed. For
thick samples, the TC is 350 K, equal to the TC of the (001)pc oriented samples.
The temperature dependence of the saturation magnetization of a set of samples
with different thicknesses, as well as with and without an 8 uc STO capping
layer, is presented in figure 5.11. The n = 10 samples show the expected magnetic
behaviour. The low temperature saturation magnetization is 3.6 ± 0.1 µB/Mn and
the TC is reduced to 240 K. The samples with n < 10 show different behaviour.

105



At low temperatures, the saturation magnetization is high, even 3.6 ± 0.2 µB/Mn
for the capped n = 3 sample. This indicates that no magnetic dead layer is
present in the (110)pc orientation. With increasing temperature, the magnetization
decreases until it becomes constant at the first critical temperature, Tc1. Above
Tc1, the saturation magnetization is ≈ 1.2 ± 0.2 µB/Mn. The samples were clearly
ferromagnetic up to 350 K, the maximum operating temperature of the VSM. The
uncapped n = 3 sample, however, was only ferromagnetic up to 40 K.

Magnetic hysteresis loops of the uncapped n = 9 and n = 10 samples are presented
in figure 5.12. The loops obtained at T = 10 K have a significant remanent
magnetization and a saturation magnetization close to the maximum value of 4
µB/Mn. The coercivity of the n = 9 sample is very large, 60 kA/m. This indicates
strong pinning of the domain walls. This large coercivity was not observed for
the other n < 10 samples, so it can not be attributed to an intrinsic property
of the ferromagnetic phase in the n < 10 samples. The main difference between
the two samples is observed in the measurement performed at T = 350 K. The
n = 10 sample does not have a spontaneous magnetization and only a small, 0.2
± 0.1 µB/Mn, magnetic signal is observed. In contrast, the n = 9 sample shows
hysteretic behaviour, as shown in figure 5.12b, with a saturated moment of 1 ±
0.1 µB/Mn.

Next, the conductivity of the samples is discussed. The temperature dependent
resistivity measurements are presented in figure 5.13. The residual resistivity of
the thick (n ≥ 20) samples is 200 µΩcm, a factor of three larger than the residual
resistivity of (001)pc oriented films. This difference is attributed to the different
crystal structure of the (110)pc oriented film, which affects the Mn-O-Mn orbital
overlap. The conductivity of the n = 10 and n = 14 samples is reduced but still
measurable at 10 K. Both samples show resistivity curves which indicate a metal
insulator transition occurs at TC, which was also verified with magnetoresistance
measurements. The samples with n < 10 were insulating at low temperature and
did not show a metal insulator transition.

5.4.3 Discussion

The (110)pc oriented samples can be arranged into two groups. Samples with n ≥
10 are conducting and ferromagnetic, similar to the (001)pc oriented samples. The
samples with n < 10, however, are insulating and ferromagnetic with two critical
temperatures. Above Tc1, the magnetization is almost constant with temperature
at 1 ± 0.1 µB/Mn.

In order to explain the ferromagnetic insulating phase, a structural phase transi-
tion is assumed. For thick films, the angle δ is 90.6◦, see figure 5.10. It is suggested
here that this angle is 90◦ for the samples with n < 10 and that the angular dis-
tortion develops with thickness for the samples with n ≥ 10. In that case, the
symmetry changes between an orthorhombic spacegroup for the n < 10 samples
and a monoclinic spacegroup for the n ≥ 10 samples. The orthorhombic space-
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Figure 5.11: Temperature dependent magnetization measurements of
(110)pc oriented films. An n = 8 capped sample showed qualitatively equal
behaviour to the uncapped n = 9 sample, but the saturation magnetization

was not quantatively measured.
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Figure 5.12: Magnetization measurements of the n = 9 and n = 10 uncap-
ped (110)pc oriented samples. a) Hysteresis loops at different temperatures.

b) Close-up near the remanent magnetization at T = 350 K.
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Figure 5.13: Temperature dependent resistivity measurements of (110)pc
oriented films.

group can be described with the Glazer tilt system no. 10, (a−a−c+)3, while the
monoclinic spacegroup can be described with tilt system no. 13, (a−a−c−) [55].
The latter tilt system is very similar to the tilt system of the bulk rhombohedral
structure, no. 14, (a−a−a−).

In the bulk phase diagram, figure 3.2, the transition between the ferromagnetic
insulating phase and the ferromagnetic metallic phase occurs at x=0.18, simulta-
neously with the orthorhombic/rhombohedral phase transition. In the rhombohe-
dral phase, the Jahn Teller distortion is reduced, resulting in an increase of the
bandwidth and conductivity. Therefore, the ferromagnetic insulating phase in the
n < 10 samples can be understood in terms of localization of the eg electrons by
Jahn Teller distorted octahedra, enabled by the orthorhombic phase.

It remains to be explained why the TC of the n < 10 samples is much larger
than the TC of the bulk ferromagnetic insulating phase. This is attributed to
the strain in the layer. An increase of TC with tensile strain was also reported
for La0.8Ba0.2MnO3 thin films and for LSMO/BTO superlattices [48, 56]. Due
to the tensile strain, Jahn Teller distorted octahedra result in stronger in-plane
ferromagnetic coupling.

5.4.4 Conclusions

The (110)pc oriented samples show similar electrical dead layer behaviour to the
(001)pc oriented samples, although the overall conductivity of the samples was
reduced. No evidence for a magnetic dead layer was found. For thin samples, n <

3In the Glazer tilt systems, rotations around the pseudocubic axes are indicate with letters.
Identical letters indicate a rotation by an equal amount. The superscripts indicate whether the
rotations of two adjacent octahedra are in-phase (+) or out-of-phase (−).
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10 uc, a ferromagnetic insulating phase was found with TC larger than 350 K. By
assuming a structurally different phase for the n < 10 samples, the ferromagnetic
insulating phase can be explained. Finally, it is noted that the ferromagnetic
insulating phase in the n < 10 samples is potentially usefull for spin polarized
tunnelling devices [57–59].

5.5 Order and disorder at the interface

LSMO is a solid solution of LaMnO3 (LMO) and SrMnO3 (SMO). This implies
LSMO is an intrinsically disordered material, where the A-site ion on a certain lat-
tice site can be occupied with either a La or a Sr ion. It is an interesting question
whether the disorder affects the properties, e.g. electrical transport. Several stu-
dies have presented results on the properties of (LMO)2n/(SMO)n superlattices,
which have an identical La/Sr ratio with respect to LSMO [60–62]. A decrease
of the residual resistivity, with respect to the solid solution, was observed for the
n = 1 superlattice [62].

Here, the effect of the disorder on the properties at the interface between LSMO
and STO is studied. It is proposed that the STO/SMO interface has no intrin-
sic disorder, as the A-site ions of both materials are equal. To obtain LSMO’s
functional properties at the interface, charge has to be supplied to the SMO layer.
This is accomplished by chemically doping the STO away from the interface. This
results in modulation doping [63], in which charge is transferred from the doped
STO layer to the SMO layer. A schematic band diagram of the STO, La-doped
STO, SMO and LSMO is shown in figure 5.14a. La-doped STO’s free electrons
are indicated with a grey area, just as the electron density in the LSMO. The
electrons have high energy with respect to the conduction band of SMO (bandgap
2.3 eV and valence band alignment approximately equal to that of STO), which
results in the charge transfer.

The amount of charge which can be transferred is limited by the potential drop
due to the electric dipole between the transferred electrons and the positively
charged dopants. Eventually, the potential drop increases the energy of the SMO
conduction band to the energy of the STO conduction band and then the charge
transfer stops. This is shown in figure 5.14b. The maximum charge transfer is
then given by:

x =
∆ϵ0K

d
, (5.1)

in which x is the maximum charge transfer, ∆ is the energy difference between
the STO and SMO conduction bands, ϵ0 is the permittivity of free space, K is the
dielectric constant and d is the distance over which the charge transfer occurs4.

4For this analysis, a rigid band scenario was used, which is probably not correct for the amount
of charge transfer discussed. It is expected that the band structure of SMO changes with doping
and becomes similar to that of LSMO and the energy of the conducting electrons decreases.
Therefore, the maximum charge transfer, as calculated by equation 5.1, can be considered as a
lower limit.
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Figure 5.14: A schematic of the band diagram of a modulation doped
LSMO interface structure. La-doped STO’s free electrons are indicated
with a grey area, just as the electron density in the LSMO. a) band dia-
gram with small charge transfer. b) band diagram at the maximum charge

transfer.

Therefore, the use of STO has a great advantage; its huge dielectric constant
screens the potential drop. It is possible to dope 2 e-/uc over a distance of 2 nm,
which is an order of magnitude larger as the charge transfer by modulation doping
in semiconductor structures. And at low temperatures, significant charge transfer
can be present without significant band bending, as the dielectric constant of STO
then becomes 20000.

5.5.1 Experimental

A schematic image of two samples is shown in figure 5.15. Sample A is a reference
sample, where an SMO layer is inserted between the LSMO and the STO to obtain
the STO/SMO interface. The thickness of the SMO layer is 3 unit cells, which
corresponds to the amount of electrically dead layers at the LSMO/STO interface.
Next, 1 unit cell layer of La0.33Sr0.67MnO3 is present between the SMO and the
LSMO, as this results in higher quality growth of the LSMO, as discussed in
section 5.3. The LSMO layer thickness is 6 uc, so the sample can be compared
with an LSMO sample with a thickness of 10 uc. For this sample no dopants are
present in the STO, so the LSMO layer is expected to be overdoped. Sample B
is similar to sample A, but here 2 unit cell layers of LaTiO3 (LTO) are inserted
in the STO 2 unit cells away from the interface. The LTO layer dopes 2 e-/uc
to the structure, which is precisely the amount required in the SMO layer to
obtain LSMO’s Mn3.33+ valence state. Note that only the bottom interface has
been engineered to remove the disorder, while the top interface is a disordered
LSMO/STO interface.

For the PLD growth of SMO, identical settings were used as for the LSMO growth.
For the LTO growth, and the growth of the STO layer on top of the LTO, the
deposition pressure was lowered to 3·10−5 mbar, in order to prevent the formation
of La2Ti2O7 [64]. The electric field gating experiments were performed with a

110



STO

1 uc La Sr MnO0.33 0.67

a b

3 uc SMO

6 uc LSMO

5 uc STO

1 uc La Sr MnO0.33 0.67

3 uc SMO

6 uc LSMO

5 uc STO

2 uc STO

2 uc LTO

STO

Figure 5.15: A schematic of the sample structure. a) reference sample A.
b) modulation doped sample B.

backgate geometry, using the 0.5 mm substrate as a gate dielectric. In order to
ensure a uniform electric field, the back of the substrate was glued to a copper
plate using silver epoxy.

5.5.2 Results

The intensity of the specular spot, as monitored with RHEED during the growth
of sample B, is shown in figure 5.16. Clear oscillations are observed during the
growth of LTO and STO. The initial growth of SMO on the LTO/STO stack
started with an increase of the RHEED intensity to a maximum, followed by
a prolonged oscillation. This second maximum occurred at the expected time
for the deposition of 1.5 unit cell layers. The period of the second oscillation
corresponds to the time required to deposit a single unit cell layer. As the SMO
deposition was stopped at the third RHEED intensity maximum, only 2.5 uc
instead of 3 uc SMO were grown. This initial growth of SMO was not observed for
the SMO growth directly on the STO substrate. The inset of figure 5.16a shows
the RHEED specular spot intensity observed during the SMO growth of sample
A. Here three clear oscillations with equal periods are observed. After the growth
of the SMO, the growth of the La0.33Sr0.67MnO3, LSMO and STO layers showed
RHEED oscillations. Therefore, it is concluded that the entire heterostructure was
grown in 2D layer-by-layer fashion.

Electrical transport measurements of the n = 10 samples are presented in fi-
gure 5.17. For comparison, also 2 other samples are shown. Sample C is a 10 unit
cell layer LSMO sample capped with 5 unit cell layers of STO. Sample D is similar
as sample C, but with engineered interfaces to remove the polar discontinuities,
as discussed in section 5.3. The resisitivity of sample B is similar to the values
observed for samples C and D, indicating that sample B has the properties of a
10 unit cell layer LSMO sample. Sample A, in contrast, has a higher resistivity,
lower TC and negative magnetoresistance present at all temperatures. Therefore,
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Figure 5.16: RHEED specular spot intensity oscillations and FWHM du-
ring the growth of sample B. The starting point of each layer is indicated.
The inset in a) shows the RHEED specular spot intensity observed during

the growth of SMO directly on the STO substrate, sample A.
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Figure 5.17: Temperature dependent resistivity measurements of four 10
unit cell layer LSMO samples. Sample A contains an SMO layer, but has no
modulation doping. Sample B contains the SMO layer and has modulation
doping. Sample C is a 10 uc LSMO sample, capped with STO and sample
D is similar to sample C, but with engineered interfaces to remove the

polar discontinuity.

sample A can be compared to LSMO samples with a smaller thickness. This result
indicates that charge is transferred from the LTO layer to the SMO layer and that
the charge transfer significantly changes the conductivity.

In order to verify that the optimum amount of charge is present in the SMO layer,
electrical field effect measurements were performed. The charge carrier density of
the sample can be controlled with the gate voltage. Figure 5.18 presents the gate
voltage dependence of the resistivity, measured at 10 K. Sample A shows some
hysteretic behaviour, probably due to charge impurities in the STO substrate, but
the general dependence is monotonic with gate voltage. A decrease of the resis-
tivity is observed for positive gate voltage (electron accummulation in the SMO).
This corresponds well with the expected overdoping of sample A. For sample B,
a minimum in the resistivity is observed at a gate voltage of 50 V. This indicates
that the optimum charge carrier density for the conductivity of the LSMO is very
close to the doping achieved with the modulation doping. Using an STO dielec-
tric constant of 20000, at most 0.015 e-/uc charge carriers are accummulated by
the electric field. From a practical point of view, the control over the amount of
dopants is 5% (approximately 1 laser pulse during deposition) of a unit cell layer
of LTO, which corresponds to 0.05 e-/uc. Therefore, it is concluded that sample
B is as good as can presently be realized and no further room for improvement
exists in optimizing the inserted amount of dopants.

5.5.3 Conclusions

The experiments indicate that modulation doping with a significant charge transfer
was achieved. However, LSMO’s conductivity at the interface was not improved.
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It is suggested that the large charge transfer achieved here can be very valuable
for other oxide 2D materials, such as the recently synthesized tetragonal CuO [65]
and the 2D Mott insulator state in LaAlO3/LaTiO3 structures [66].

5.6 Mechanism of the reduction of the properties
at LSMO interfaces

In this chapter, several strategies are described to eliminate the dead layer at the
LSMO/STO interface. The reconstructions induced by the polar discontinuity at
the interface, the difference between (001)pc and (110)pc oriented interfaces and the
effect of order versus disorder at the interface were investigated. All modifications
made to the interfaces resulted in some improvement in either the magnetization
or the conductivity or both. Nevertheless, the dead layer for conductivity remai-
ned. In this section, the origin of the dead layer is discussed based on the results
obtained in the experiments.

5.6.1 Overview of the results

The magnetization and transport measurements of all samples are summarized
in figure 5.19, together with the data from (001)pc oriented LSMO without the
STO capping layer obtained from Huijben et al. [38]. In the top graph, the TC

of the samples is shown. The reduction of TC with decreasing film thickness is
approximately the same for all the samples. In the middle graph, the saturation
magnetization at 10 K is shown. Due to the anomalous magnetization in the
(001)pc oriented n = 3 samples and the ferromagnetic insulating state in the
(110)pc oriented samples, no dead layer can be identified. There is some scatter in
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the data, but overall, the (110)pc oriented samples have the largest magnetization.
Finally, in the bottom graph the residual conductivity of the samples is presented.
The conductivity of thick (110)pc oriented samples (not shown) is a factor of 3
smaller than the conductivity of the (001)pc oriented samples. For all sets of
samples, the conductivity disappears at a critical thickness.

Summarizing the data, the (001)pc oriented samples without polar discontinui-
ties at the interface have the highest TC and the largest conductivity. For these
samples, the electrical dead layer is 5 uc or 2 nm. The (001)pc oriented samples
capped with STO have a dead layer of 6 uc or 2.4 nm. This is 2 uc thinner com-
pared to the dead layer for the samples without the STO capping. The (110)pc
oriented samples have a dead layer of 9 uc or 2.4 nm, which is similar to the one for
(001)pc oriented LSMO. For these samples, the capping with STO did not change
the critical thickness5. Finally, the dead layer for the modulation doped sample is
unknown, as only one sample was fabricated. From the value for the conductivity
of the sample, a critical thickness similar to that of the capped (001)pc oriented
samples is assumed.

5.6.2 Discussion

First, the capping with STO is discussed. Several groups have published data
which indicates that the functional properties of the (001)pc oriented LSMO in-
terface deteriorate with the capping by STO [20, 23, 24]. This deterioration was
interpreted as an intrinsic property of the LSMO/STO interface. Therefore, the
results obtained here, improvement of the conductivity and magnetization with
capping, show that this interpretation is not correct. The reduction of functional
properties at the LSMO interface originates in the LSMO side of the interface and
cannot be attributed to the presence of the STO.

As the dead layer at the interface is still present in all the sets of samples fabricated,
the origin of the dead layer cannot be attributed to the polar discontinuity or
the disorder at the interface. Three explanations are mentioned in literature,
a change in doping at the interface [20–23], an orbital reconstruction [24] and
Mn off-centering induced by the oxygen octahedra rotation reconstruction [25].
The first explanation is not applicable to these samples as the local doping was
measured with EELS. These measurements demonstrate that the doping at the
interface is identical to the doping in the bulk of the film. Furthermore, the orbital
reconstruction is also not observed in these samples [38]. It is noted that the orbital
reconstruction was only observed in poor quality samples, see section 3.8, and that
capping with STO deteriorated the properties of these samples [24]. Therefore,
the orbital reconstruction can be excluded as well. The final mechanism, the
oxygen octahedra rotation reconstruction, is then the most likely explanation for
the reduction of the properties at the LSMO/STO interface.

5Note that the ferromagnetic insulating phase for samples with n < 10 implies that the
n < 10 samples cannot be used to identify the interfacial dead layer for the thicker samples. The
conductivity of the n = 10 sample, however, is already very small, so the critical thickness can
be extrapolated from the results of the n ≥ 10 samples.
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Figure 5.19: LSMO thickness dependence. a) Curie temperature. b) Satu-
ration magnetization at 10 K. c) Conductivity at 10 K. The graphs include
data from samples in the (001)pc and (110)pc directions, with and without
an STO capping layer, samples with engineered interfaces to remove the
polar discontinuity (Int. Eng.) and the sample with modulation doping
(Mod. Dop.). For the (110)pc oriented samples with n < 10, the first
critical temperature, as discussed in section 5.4.2, is plotted in a). The

conductivity of the insulating samples has been set to 1.
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5.6.3 Conclusions

In this chapter, LSMO/STO interfaces were modified with interface engineering to
eliminate the polar discontinuity at the interface, to change the crystal orientation
or to eliminate the chemical disorder at the interface. All modifications made
to the interfaces resulted in some improvement in either the magnetization or
conductivity or both. Nevertheless, the dead layer for conductivity remained.
These results indicate that the mechanism proposed by Pruneda et al. [25] is
the most likely explanation for the reduction of the properties at the LSMO/STO
interface, as the oxygen octahedra rotation pattern at the interface was the only
parameter which was not controlled during the experiments.
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Chapter 6

Epilogue

In this thesis, several research projects were described in which the properties of
perovskite oxide materials were investigated with either strain or interface enginee-
ring. Although on both areas progress was made, a complete understanding lacks.
It is suggested here that future research should focus on the oxygen sublattice.

The strain engineering of the La0.67Sr0.33MnO3 (LSMO) thin films, chapter 4, has
resulted in control over the magnetization direction. The main insight is that not
only the amount of strain is important, but more specifically, the symmetry of the
applied strain is the most important tool in strain engineering. This was exploited
by straining the LSMO films along different symmetry directions, which resulted
in an independent evaluation of the two unique components of the magnetic aniso-
tropy tensor, the Néel parameters L0 and L′. The control over the symmetry of the
applied strain is expected to be useful as well for other materials with anisotropic
properties, such as ferroelectric and piezoelectric materials.

Chapter 4 also showed that microscopic understanding of the magnetocrystalline
anisotropy can only be obtained if the relation between strain and oxygen octahe-
dra rotations and deformations is understood. This is one of the main challenges
in understanding strain engineering in perovskite oxide heteroepitaxy. Structu-
ral characterization typically only resolves the positions of the heavier A and B
cations, while the positions of the O anions remain unknown. However, the rota-
tions and deformations of the oxygen octahedra determine the properties of the
material. Therefore, a better understanding of the materials properties can only
be obtained if the oxygen octahedra rotations and deformations can be predicted
and measured as a function of strain.

Some progress has recently been made in this direction. With a combination of
x-ray diffraction (XRD) and extended x-ray absorption fine structure (EXAFS)
measurements Vailionis et al. showed a common misfit strain accomodation in
LSMO and SrRuO3 thin films [1]. From symmetry arguments, the oxygen octahe-
dra rotation pattern was identified and shown to depend on the amount of strain
applied to the films. The octahedra rotations can be quantified by comparing the

125



intensities from half-order Bragg peaks with the calculated structure factor, as
was recently shown by May et al. for LaNiO3 films with different strain states
[2]. Finally the ability to directly measure the O positions with scanning trans-
mission electron microscopy (STEM) measurements is extremely valuable as well,
especially for interface reconstructions [3, 4]. However, the latter has not yet been
applied to a systematic study of strain in thin films.

The interface engineering of the LSMO/SrTiO3 (STO) interface, chapter 5, focus-
sed on the control of the charge and chemical order at the interface. Although
improvements in the interfacial properties of the LSMO were realized, the interfa-
cial dead layer remains. The most likely explanation for the dead layer is therefore
the one proposed by Pruneda et al. [5]; the change in the magnetic interactions
due to the difference in oxygen octahedra rotations at the surface/interface. The-
refore, the possibility to engineer the oxygen octahedra rotations at the interface
would be a valuable tool for the study of this interface.

Research now focusses on obtaining an understanding of the oxygen octahedra
rotations and deformations at interfaces and the induced change in electronic pro-
perties. From an experimental point of view, STEM studies provide valuable
information. E.g. Jia et al. showed the presence of oxygen octahedra rotation
and deformation in the STO at the LaAlO3/STO interface [6] and Borisevich et
al. showed a change in the oxygen octahedra rotation structure in BiFeO3 (BFO)
at the BFO/LSMO interface [7]. Both observations are related to a change in the
electronic/magnetic structure at the interface. The importance of oxygen octahe-
dra rotations at interfaces is also recognized in theoretical studies. Bousquet et al.
showed that the improper ferroelectricity at the PbTiO3/STO interface can be ex-
plained with the octahedra rotations at the interface [8]. The symmetry mismatch
at an interface between materials with different octahedra rotation structures has
to result in a structural reconstruction. He et al. investigated this reconstruction
theoretically for both LSMO/STO and SRO/STO interfaces and found a material
specific resistance of the octahedra to deformation, which controlled the thickness
of the interface layer [9].

The main challenge for materials engineers is not the prediction and measurement
of oxygen octahedra rotations and the subsequent changes in electronic and ma-
gnetic properties, but the control of the amount and direction of the rotations at
the interface. Possible approaches are sandwiching materials between layers with
small tolerance factors, changing the A cation size at the interface, similar to bulk
experiments in the manganites [10], and combining perovskite oxides with infinite
layer compounds.

In conclusion, the oxygen octahedra rotation degree of freedom is one of the unique
features of the perovskite oxides. Therefore, the ability to control the rotations
at the interface will result in better understanding of materials and emergent
functionality.
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Appendix A

Determination of the Curie
temperature

When comparing a set of La0.67Sr0.33MnO3 (LSMO) samples, the Curie tempe-
rature (TC) of the samples is an important figure of merit for the sample quality.
Therefore, a reliable method to determine TC is required. Here, a method based
on the analysis of the magnetization loops is proposed.

A.1 Magnetization measurements

TC is the temperature above which the spontaneous magnetization disappears.
However, the magnetic signal of LSMO does not drop to zero at TC in most
measurements, as typically a small background field is used. This background
field is necessary as LSMO’s magnetization is very weak with a coercivity which
approaches zero around TC. LSMO’s spontaneous magnetization will therefore
be divided into domains with different orientations and no net magnetization can
be observed without the background field. Above TC, LSMO has a very large
magnetic susceptibility, as it is possible to induce ferromagnetic exchange coupling
with the field. Therefore, a magnetization curve will typically show a tail of
magnetic signal above TC.

As a result, the precise transition temperature is open to interpretation. In litera-
ture, it is generally not mentioned which criterium is used. E.g., Fitting Kourkoutis
et al. presented a magnetization curve from which a TC of ≈298 K was derived [1].
Inspection of the curve, however, shows that 298 K is the temperature at which
the tail of the magnetization vanishes. Alternatively, Molegraaf et al. presented
magnetization curves where the TC was determined using a linear fit to the slope
of the magnetization curve below TC [2]. The intercept of the line with the T axis
was defined as TC. Here, a different method is proposed based on the analysis of
the temperature dependence of the magnetization loops.

129



-100 -50 0 50 100

-1.0

-0.5

0.0

0.5

1.0

-20 -10 0 10 20

-1.0

-0.5

0.0

0.5

1.0

200 220 240 260 280 300

0

1

2

 250 K
 260 K
 270 K
 280 K

 250 K
 260 K
 270 K
 280 K

Applied field (kA/m)

c

b
M

ag
ne

tiz
at

io
n 

(
B
/M

n)

Temperature (K)

 

 

M
ag

ne
tiz

at
io

n 
(

B
/M

n)

Applied field (kA/m)

a

  

 

 

 Remanence
 Saturation
 Signal above Tc
 Weiss curve right Tc
 Weiss curve wrong Tc

 

 

 

 

Figure A.1: Magnetization measurements of an 8 unit cell layer LSMO
film. The magnetic field was applied parallel to the [100]pc axis. a) Ma-
gnetization loops for different temperatures around TC. b) same as a),
but at low applied field. c) Temperature dependence of the magnetization.
The remanence plotted is the extrapolated remanent signal, MRem, extr, as
discussed in the main text. The green line is a linear extrapolation of the

magnetization curve just below TC.
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In figure A.1a and A.1b, magnetization loops of an 8 unit cell layer LSMO sample
for different temperatures close to TC are presented. All curves show a magnetic
saturation with a reduction of the magnetic signal around remanence. A finite
coercivity and remanent magnetization are not observed. This is either due to
the absence of ferromagnetism (above TC) or to domain formation (below TC). In
order to determine TC, the low field part of the magnetization loops, as shown
in figure A.1b, was analyzed. At zero applied magnetic field the magnetization
curves at 250 and 260 K increase rapidly. Then between 10 and 20 kA/m the curves
increase less rapidly and linearly. The rapid increase is attributed to the alignment
of domains with different orientations, while the linear increase is attributed to
magnetization rotation away from the easy axis to the direction of measurement.
The linear part of the magnetization curve can be extrapolated to zero applied
field, as shown in figure A.1b. The intercept of the line with the magnetization
axis signifies the remanence the sample would have without the domain formation
at low applied field, MRem, extr. With the definition of TC as the temperature at
which the spontaneous magnetization, and therefore the remanent magnetic signal,
disappears, MRem, extr can be used for the determination of TC. The criterium for
TC used in this thesis is the lowest temperature at which MRem, extr=0. For the
sample shown in figure A.1,MRem, extr is almost zero at 270 K and TC is determined
at 270 K.

In figure A.1c, the saturation and MRem, extr of the sample are shown. Above TC,
the saturation is zero, while the magnetic signal observed in the measurements is
indicated as well. The signal above TC persists at least up to 310 K. The expec-
ted temperature dependence of a Weiss ferromagnet, as discussed in section 3.5,
is shown as well. Three curves are drawn with a TC of 260, 270 and 280 K res-
pectively. Only the curve with a TC of 270 K fits the data. A linear fit to the
magnetization curve below TC is indicated as well. The intercept of this line with
the T axis is 285 K. So, the determination of TC with the method outlined here
results in a lower value for TC with respect to the reports in literature.

A.2 Transport measurements

In figure A.2, the transport measurements of the sample are presented. LSMO has
a metal insulator transition at TC and this transition temperature can in principle
be obtained from the temperature dependence of the resistivity. The first criterium
which is used is the temperature at which the resistivity is maximum [3, 4], which
corresponds to 310 K for this sample. The second criterium is the temperature at
which the derivative of the resistivity is maximum, 260 K for this sample. Finally,
the magnetoresistance is expected to be maximal at TC [5]. The magnetoresistance
is shown in figure A.2b and the maximum occurs at 270 K, which corresponds well
with the TC determined from the magnetization curves. It was found that the
maximum in magnetoresistance corresponded with the TC determined from the
magnetization loops for all samples measured.
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Figure A.2: Transport measurements of an 8 unit cell layer LSMO
film. a) Resistivity and its derivative. b) Magnetoresistance ((ρ(2.5T ) −

ρ(0))/ρ(0)).
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A.3 Conclusion

A method to determine the TC of LSMO samples, based on the analysis of the
magnetization loops, was proposed. The criterium for TC is the lowest tempera-
ture at which MRem, extr=0. This criterium results in a TC which corresponds well
with the analysis of the temperature dependence of the magnetization in terms
of the Weiss model and it corresponds with the temperature at which the magne-
toresistance is maximum. This method for the determination of the TC typically
results in a lower TC than the methods used in literature, so therefore some care
must be taken when comparing samples in this thesis with reports in literature.
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Summary

Perovskite oxides are an extremely interesting class of materials. The perovskite
ABO3 crystal structure can be realized with a wide variety of different elements
at the A and B position. This results in a class of materials with similar lat-
tice parameters but a wide range in properties, from dielectrics and piezoelec-
trics to ferroelectrics, from semiconductors, transparant conductors and metals
to superconductors and from antiferromagnetic to ferromagnetic and multiferroic
materials. Perovskite oxides are therefore naturally suitable for heteroepitaxy.
Perovskite oxide heteroepitaxy is nowadays a large field of research and significant
advances have been made to realize even more functionality from the perovskite
building blocks.

The new functionality of the heterostructures can be attributed to two fundamen-
tal effects in heteroepitaxy. At first the crystal structure of the layers is changed,
due to the matching of the in-plane lattice constants to those of the substrate. The
matching results in strain in the layers, the magnitude of which can be controlled
with the use of an appropriate substrate. This is called strain engineering. Further-
more, the interfaces between different layers break symmetry and therefore new
functionality can be expected at the interfaces. Heteroepitaxy allows for direct
intervention, e.g. with dopant insertion, at the interface during growth, which is
called interface engineering. In this thesis, an exploration of the possibilities with
strain and interface engineering is made for both the LaAlO3/SrTiO3 (LAO/STO)
interface and the fully spin polarized metal La0.67Sr0.33MnO3 (LSMO).

At first, the conducting interface between the two band insulators LAO and STO is
studied. The main experimental result is that the expected electrostatic potential
buildup in the LAO layer is not observed. Furthermore, samples grown on other
substrates than STO and samples grown at high oxygen pressure are insulating.
The results indicate that the most widely used model to explain the conductivity
at the interface, the electronic reconstruction due to the polar discontinuity, is not
applicable to the experiments. An alternative model for the conductivity is propo-
sed, in which the polar discontinuity is compensated by structural reconstructions,
details of which depend on the growth conditions. At certain growth conditions,
the structural reconstructions result in charge transfer to the STO and the charge
in the STO resides in impurity states within the bandgap. Conductivity occurs
when the induced polarization in the STO activates the charge carriers to the
conduction band.
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The largest part of the thesis is concerned with LSMO. High quality LSMO films
were fabricated, as demonstrated by thorough characterization of the film growth
and properties. The films were grown by pulsed laser deposition, monitored with
in situ reflection high energy electron diffraction. The initial film growth occurred
in a predominantly layer-by-layer fashion which changed to the steady state growth
mode during deposition, resulting in a smooth surface with islands with unit cell
step height. Structural characterization showed that the LSMO films were grown
in a fully coherent fashion with respect to the underlying substrates. The cha-
racterization of the magnetic and electric transport properties of the films showed
a saturation magnetization of 4.0 µB/Mn, a Curie temperature of 350 K and a
residual resistivity of 70 µΩcm. X-ray photoelectron spectroscopy measurements
showed an absence of chemical impurities and no evidence for surface segregation.
Scanning transmission electron microscopy showed that multilayer structures with
sharp interfaces were realized. All results indicate that high quality films, compa-
rable to the best examples found in literature, were fabricated.

In LSMO thin films, the crystal structure is determined by the strain from the
underlying substrate. With the choice of a specific substrate surface, the magnetic
properties of the LSMO layer can be controlled. A model, based on the framework
of Néel, was developed which predicts the magnetocrystalline anisotropy. The mo-
del was verified with measurements of the magnetic anisotropy of LSMO thin films
grown on different surfaces of NdGaO3 single crystal substrates. The experiments
uniquely demonstrate that both the Néel parameters L0 and L′ are negative. The
origin of the anisotropy is the alignment of the Mn orbitals in the LSMO crystal
field. The physical meaning of a negative L0 is that the shape of the orbitals is
oblate. The crystal field due to the neighbouring oxygen ions was evaluated with
respect to strain. As L′ was found to be negative as well, the analysis of the crys-
tal field interaction suggests that the angles of the MnO6 octahedra change with
strain while the Mn-O bond lengths remain approximately constant.

The use of LSMO in spintronic devices requires spin polarized conductivity at the
interface. Due to interface reconstructions, generally the spin polarized conduc-
tivity is reduced or completely absent at the interface. Interface engineering can
therefore be a valuable tool to study and improve the interfacial properties. Here,
three strategies for the optimization of the LSMO at the interface are presented.
The first one is based on analysis of the interface in terms of the recently developed
polar discontinuity model for oxide interfaces. Based on the model, the insertion
of a single atomic layer of La0.33Sr0.67O is proposed and experimentally realized.
The results show improved properties, due to a significant reduction of interdiffu-
sion at the engineered interface. An alternative approach is to study interfaces in
the (011) crystal direction. It is shown that (011) LSMO has different properties
in comparison to (001) oriented LSMO, with reduced conductivity, but enhanced
magnetization. Finally, the effect of chemical order and disorder in the system was
studied. To obtain a chemically ordered LSMO interface, a layer of SrMnO3 was
inserted, which was doped with the use of modulation doping from donor states
in the STO. Preliminary results show that the modulation doping is succesfull,
although the effect of the chemical order on the magnetization and conductivity
at the interface was small. All three modifications did not result in the desired

136



fully spin polarized conductivity at the interfaces. Therefore, it is concluded that
the reduction of the properties at the interface is due to the discontinuity in the
oxygen octahedra rotations at the interface, as this is the only variable which was
not controlled during the experiments.

In conclusion, several research projects were described in which the properties of
perovskite oxide materials were investigated with either strain or interface engi-
neering. Although on both areas progress was made, a complete understanding
lacks. It is suggested that future research should focus on the oxygen sublattice,
especially at the interfaces. The main challenge for materials engineers is not only
the prediction and measurement of oxygen octahedra rotations and the subsequent
changes in electronic and magnetic properties, but the control of the amount and
direction of the rotations at the interface. The oxygen octahedra rotation degree
of freedom is one of the unique features of the perovskite oxides. Therefore, the
ability to control the rotations at the interface will result in better understanding
of materials and emergent functionality.

137



138



Samenvatting
(Summary in Dutch)

De perovskiet oxiden zijn een interessante klasse van materialen. De perovskiet
ABO3 kristalstructuur kan worden ingevuld met een groot scala aan verschillende
elementen op zowel de A als B positie. Dit resulteert in een klasse van materialen
met vergelijkbare kristal parameters en met een groot bereik in eigenschappen, van
diëlectrische en piëzo-electrische tot ferro-electrische materialen, van halfgeleiders,
transparante geleiders en metalen tot supergeleiders en van anti-ferromagnetische
tot ferromagnetische en multi-ferroische materialen. Daarom zijn perovskiet oxi-
den erg geschikt voor hetero-epitaxie. Dit is tegenwoordig een uitgebreid onder-
zoeksgebied en er is significante vooruitgang geboekt in het realizeren van nog
meer functionaliteit van de perovskiet bouwstenen.

De nieuwe functionaliteit van de hetero-structuren is het gevolg van twee funda-
mentele aspecten van hetero-epitaxie. Ten eerste wordt de kristalstructuur van
de lagen veranderd, door de aanpassing van de rooster parameters aan die van
het substraat. Deze aanpassing zorgt voor spanning in de lagen en de hoeveelheid
spanning kan worden ingesteld met de keuze van een geschikt substraat. Daarnaast
breken de grensvlakken tussen de lagen de kristalsymmetrie en dit geeft ook nieuwe
eigenschappen. Met hetero-epitaxie kan men direct ingrijpen op het grensvlak tij-
dens de groei, bijvoorbeeld door specifieke atomen toe te voegen. In dit proefschrift
worden twee materiaal systemen, het grensvlak tussen LaAlO3 (LAO) en SrTiO3

(STO) en het spin-gepolarizeerde metaal La0.67Sr0.33MnO3 (LSMO), onderzocht
met de technieken van de hetero-epitaxie.

Als eerste is het geleidende grensvlak tussen de isolatoren LAO en STO bestudeerd.
Het belangrijkste resultaat is dat de verwachte opbouw van de elektrostatische
potentiaal in de LAO laag niet is waargenomen. Ook zijn structuren die gemaakt
zijn op een ander substraat dan STO en structuren die gegroeid zijn onder een
hoge zuurstofdruk niet geleidend. Deze resultaten tonen aan dat het algemeen
gebruikte model om de geleidende eigenschappen van het grensvlak te verklaren,
de elektronische reconstructie van de polaire discontinüıteit, niet van toepassing is
op de experimenten. Een alternatief model wordt voorgesteld, waarin de polaire
discontinüıteit wordt gecompenseerd door middel van structurele reconstructies.
Dit resulteert in ladingsoverdracht naar het STO en de lading bevindt zich dan in
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defekt toestanden in de bandkloof. Geleiding treedt op wanneer de gëınduceerde
polarizatie in het STO de ladingsdragers activeert naar de geleidingsband.

Het grootste gedeelte van het proefschrift behandelt experimenten met LSMO. Er
zijn LSMO films van hoge kwaliteit gemaakt, wat is aangetoond met uitgebreid
onderzoek naar de groei en de eigenschappen. De films zijn gemaakt met behulp
van gepulste laser depositie en laten een saturatie magnetizatie van 4.0 µB/Mn,
een Curie temperatuur van 350 K en een soortelijke weerstand van 70 µΩcm op
10 K zien. Deze resultaten zijn goed in vergelijking tot de films beschreven in de
literatuur.

De kristalstructuur van de films wordt bepaald door de spanning die wordt opgelegd
door het substraat. De magnetische eigenschappen kunnen worden gestuurd met
de keuze van een geschikt substraat oppervlak. Er is een model, gebaseerd op het
raamwerk van Néel, ontwikkeld dat de magnetisch kristallijne anisotropie van de
films beschrijft. Het model is getest met anisotropie metingen op LSMO films,
gegroeid op verschillende NdGaO3 substraat oppervlakken. De experimenten to-
nen aan dat de Néel parameters L0 en L′ beiden negatief zijn. Dit impliceert dat de
spanning in de film resulteert in verandering van de hoeken in de zuurstofoctaeders
en niet in een verandering in de Mn-O afstanden.

De spin-gepolarizeerde geleiding van LSMO aan het grensvlak is doorslaggevend
voor de toepassing van LSMO in spin-elektronica. Over het algemeen is de spin-
gepolarizeerde geleiding aan het grensvlak echter verminderd door grensvlakrecon-
structies. Drie strategieën om dit te verbeteren zijn in dit proefschrift uitgewerkt.
Ten eerste is de invloed van de polaire discontinüıteit aan het grensvlak onderzocht.
Deze kan worden voorkomen door een enkele La0.33Sr0.67O laag aan de structuur
toe te voegen. Films met deze extra laag hebben betere eigenschappen, doordat
ongewenste diffusie van atomen aan het grensvlak wordt voorkomen. Verder zijn
grensvlakken in de (110) kristalrichting onderzocht. LSMO heeft andere eigen-
schappen in de (110) richting, met een kleinere geleiding en betere magnetizatie.
Ten slotte is de invloed van chemische wanorde onderzocht. Er is een chemisch
geordend grensvlak gemaakt door een laag SrMnO3 aan de structuur toe te voegen.
De juiste hoeveelheid elektronen in de laag is vervolgens bereikt met modulatie
doping vanuit donor toestanden in het STO. De eerste resultaten laten zien dat
de modulatie doping succesvol was, maar dat de invloed van de chemische orde
klein is. Alle strategieën hebben niet tot de gewenste spin-gepolarizeerde gelei-
ding aan het grensvlak geleid. Daarom is de conclusie van het onderzoek dat
de vermindering van de eigenschappen van LSMO grensvlakken te wijten is aan
een reconstructie van de zuurstof octaeder structuur aan het grensvlak, de enige
parameter die niet onderzocht is.

Samengevat, verschillende onderzoeksprojecten worden beschreven waarin de eigen-
schappen van perovskiet oxidische materialen worden onderzocht door middel van
hetero-epitaxie. Ook al is er enige vooruitgang geboekt, een volledig begrip van de
materiaal systemen ontbreekt nog. Er wordt gesuggereerd dat toekomstig onder-
zoek zich moet richten op het begrijpen van de zuurstof octaeder structuur. Vooral
de mogelijkheid deze structuur aan een grensvlak te kunnen aanpassen zal extreem
waardevol zijn voor zowel het begrip alsmede de toepassing van de materialen.
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