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Chapter 1

Introduction

1.1 Magnetic materials and thin films

M
agnetic materials have something magical about them, the attractive and re-
pulsive force between two magnets is on one hand almost tangible yet on the

other hand elusive. Mentions of magnets and magnetism dates back well over 2000
years[1–3]. Practical applications remained limited, with references suggesting de-
scribing the use of floating lodestone as a compass dating back to the 2nd century
BC[3–5].

Nearly 2 millennia later, in 1600, William Gilbert published a book ”De Magnete,
Magneticisque Corporibus, et de Magno Magnete Tellure”[6] (On the Magnet and
Magnetic Bodies, and the Great Magnet the Earth) describing the first systematic
experiments with magnets leading to the conclusion that the earth itself was a big
magnet with an iron core.

The next big discovery would be the discovery of a connection between cur-
rent and magnetism in 1820[7, 8], by Hans Ørstat (Oersted). In his electromagnetic
experiment, Ørstat sent a current through a wire and observed a deflection of a com-
pass needle standing near the wire. The discovery of the connection between mag-
netism and electricity kickstarted a technological and scientific revolution. Roughly
40 years later, the theoretical understanding of the coupling between current and
magnetism was given by James C. Maxwell[9, 10] leading to the present-day quan-
tum mechanical understanding of magnetism[11].

Nowadays, various applications ranging from inductive cooking to data storage
utilize the connection between magnetism and current. Improving existing devices
or developing technical solutions, is a continuous quest driven by human curiosity,
as well as a desire to improve the quality of life.

A prominent field that saw tremendous growth in the past two decades is spin-
tronics. It has shown potential by developing novel devices such as magnetic ran-
dom access memory, magnetoresistive read/write heads, and various other novel
sensors. This resulted in an increased interest in the coupling between magnetism,
or more fundamentally spin and current. One of the aims, in the field of spintronics,
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is to develop spin-based electronics (spintronics). Such spintronic devices aim to be
an alternative for current electronic devices, promising to be faster or more energy-
efficient.

The most important magnetotransport phenomena playing a role in the develop-
ment of these devices are the colossal magnetoresistance, giant magnetoresistance,
tunneling magnetoresistance, and anisotropic magnetoresistance, showing the im-
portance of understanding and influencing magnetism in an applicable manner.

In particular, the discovery of colossal magnetoresistance in perovskite mangan-
ites[12, 13], led to scientific interest to investigate the coupled magnetic and elec-
tronic transport properties of manganites[14]. The phenomenon, in essence, is a
decrease in resistance when a magnetic field is applied.

To influence magnetotransport properties, like the colossal magnetoresistance[13,
15, 16], the effect of altering composition/ stoichometry[17–19], film thickness[20–
23], strain[24–27], and interface effects[28, 29] can be studied. Tuning physical pa-
rameters can result in an increased magnitude of the magnetoresistance effect, or
result in a lower current/voltage required to observe a specific effect, which can
lead to various improvements, e.g. decrease power use/size or increase sensitivity.

1.2 Skyrmions

Our aim in this big picture was to find skyrmions, in complex oxide materials like
La1´xSrxMnO3 or SrFeO3. Due to a skyrmion’s small size and (in theory) low en-
ergy consumption, they are good candidates for improving future data storage[30,
31] or developing spintronic devices, like a skyrmion racetrack memory[32, 33].

A skyrmion is a topologically protected noncolinear magnetic nanometer sized
quasi-particle, or simpler put, the smallest (stable) magnetic domain possible with
an opposite orientation as its surrounding. On top of this, the magnetic domain has
an odd topological winding number, resulting in an energy barrier for destroying
the skyrmion. The winding of the noncollinear spins results in a topological protec-
tion, making skyrmions stable quasi-particles under the right conditions. Figure 1.1
shows the spin orientation in a skyrmion. Notice the single spin in the middle point-
ing down and the continuous (counterclockwise) rotation of the spins. The spins
make full 3600 rotation when traversing the skyrmion from edge to edge, this full
rotation is the topological protection, as in a physical system it requires energy to
break the continuous chain of rotating spins and align all spins parallel.
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Figure 1.1: Spins of a ferromagnetic layer forming a (a) Néel skyrmion (b)
Bloch skyrmion. Taken from Karin Everschor-Sitte and Matthias
Sitte[34] under the creative commons BY-SA 3.0 license.

Magnetic skyrmions are, among others, found in materials which exhibit spi-
ral magnetism due to chiral symmetry breaking in the crystal structure[35–37], the
Dzyaloshinskii–Moriya interaction (DMI)[38–42], or competing exchange interac-
tions[39, 43–46]. In thin films, there is already a natural broken inversion symmetry
in the out-of-plane direction (z-axis), giving a natural advantage compared to bulk
materials to study, create and manipulate magnetic skyrmions.

Due to this natural advantage, very thin films up to several monolayers are ex-
tensively studied by surface sensitive methods like Lorentz transmission microscopy
(LTEM)[47], magneto-optic Kerr effect (MOKE) microscopy[48, 49] and spin polar-
ized scanning tunneling microscopy (sp-STM)[40–42]. These experiments give in-
sight into the balance of energy terms needed for the creation, annihilation, and
stabilization of skyrmions. This also led to the famous blowing magnetic bubbles
movie based on MOKE images in 2015[48].

Based on the existing work at the time, venturing out to find skyrmions in dif-
ferent (thicker) thin film materials was a method to improve the understanding of
skyrmions and/or the materials. A complicating factor of thicker films is the pres-
ence of magnetic stray fields at the interface, both interface DMI and stray fields
play a role in the stabilization and creation of skyrmions[38].

Obvious candidates, in our field of expertise, are complex oxides as they contain
a wide range of desirable material properties and can be doped[44], stacked with
other complex oxides[39, 50], or strained to observe skyrmions. Of the complex
oxide family, we picked La0.67Sr0.33MnO3 (LSMO), as we believe that tailoring the
right magnetic environment will result in the observation of skyrmions in thin films
of La0.67Sr0.33MnO3. As for thin films, the observation of skyrmions is often in ma-
terials with a magnetic out-of-plane anisotropy[38], therefore our goal is to create
and observe a magnetic out-of-plane anisotropy in La0.67Sr0.33MnO3.

To observe the out-of-plane and inplane anisotropy, we used pure magnetic
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methods and magnetotransport which is based on the negative magnetoresistance.
The latter utilizes the knowledge that spins are aligned easier along a magnetic easy
axis, resulting in a lower resistance. Hence, when we measure the resistance, while
a magnetic field is rotated around the sample, the lowest resistance will indicate
a preferential magnetization direction, see figure 1.2. Besides the angle dependent
magnetoresitance effect between current and magnetism, our crystalline samples
also have an angle dependent effect between the crystallographic orientation and
magnetic field. See section 2.3.1 for a more in-depth discussion.

θ
II

B B
I I

Ω

θ = 0 θ = 30 θ = 60 θ = 90

Figure 1.2: Manganite crystal (grey) with rotating magnetic field starting in
the in-plane direction (left) and ending out-of-plane direction (right).
Below the figures, the angle θ between the current and the magnetic
field as well as the resistance is indicated, as observed for compres-
sively strained La0.67Sr0.33MnO3 at low temperatures.

In this thesis, we have investigated thin films of La0.67Sr0.33MnO3 on two dif-
ferent substrates LaAlO3 and SrTiO3. By tuning parameters like strain, thickness,
temperature, and applied magnetic field we investigated the anisotropy changes in
La0.67Sr0.33MnO3 with the described angle-dependent magnetotransport method.
As described this out-of-plane anisotropy is desired for the creation and observation
of skyrmions. Creating skyrmions without the presence of a heavy metal layer to
induce spin-orbit coupling or utilizing other texturing to achieve stable skyrmions,
has been challenging in a thin film. Some reports have found signs of skyrmions
or magnetic bubbles in thin films like strained SrRuO3[51] or PdIr[40].Since the
Curie temperatures of such magnetic materials are not high enough to create sta-
ble skyrmions at room temperature, we chose to work with LSMO that does have a
bulk Curie temperature above room temperature.

Using pulsed laser deposition, we grew compressively strained thin films of
LSMO on LaAlO3 with different thicknesses, to explore the optimum thickness for
observing magnetocrystalline effects in the magnetotransport. After determining
the optimum thickness, we varied the applied strain to observe the effect on the
out-of-plane anisotropy in LSMO.
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The films with the strongest out-of-plane anisotropy were used to measure the
Hall effect by sweeping the magnetic field. We expected to observe signs of non-
collinear textures like skyrmions or magnetic bubbles, by measuring the topolog-
ical Hall effect, unfortunately, due to the film’s high resistivity, no clear topologi-
cal Hall effect signal was observed. For future measurements, growing a thicker
film of LSMO on a substrate with smaller inplane lattice parameters e.g. YAlO3 or
SrLaAlO3 would be a good starting option. This is because the increased compres-
sive strain would allow for a thicker film with similar out-of-plane strain as used
in our experiments. Balancing strain and thickness is vital to obtain a LSMO film
which is both metallic and has an out-of-plane anisotropy. Combining these two
properties in a thin film would hopefully show a topological Hall effect, signaling
the presence of noncollinear textures like skyrmions.

1.3 Valorization

LSMO

LSMO has already been studied for a long time in the field of spintronics, due to
the discovery of several magnetoresistance effects[52–58]. LSMO is well known for
its applications in magnetic tunnel junctions with TMR values of 83% in the first
report by Lu et al.[59] in 1996. Due to its display of magnetic properties above room
temperature, LSMO is predicted to be a good candidate for low noise magnetore-
sistance sensors[60]. Tuning growth parameters, like background gas pressure or
substrate temperature, allows us to alter material parameters like thickness, oxygen
deficiency, strain, and crystallinity of the thin films to influence the magnetotrans-
port properties. Besides the existing magnetoresistance devices[61–66], low energy
and low noise AMR sensors are potential applications of LSMO[60].

LSMO is also used as a ferromagnetic injection layer in organic spin valves[67]
and spin-OLEDs[68], showing the widespread use of LSMO in a basic scientific re-
search setting. Based on the plentiful applications utilizing LSMO in one way or
another, I do not doubt that LSMO research will continue to remain relevant in our
increasingly Internet of Things based world.

A limiting factor for large-scale production is the growth of high-quality crys-
talline thin films. Scientific experiments often use films grown by pulsed laser de-
position (PLD), which is a highly directional growth technique. Some companies
like Solemates[69] focus on developing commercial-scale PLD systems which can
be used for growing homogeneous thin films on industry sized wafers. The current
day technology is not yet at a stage where PLD is widely implemented and opti-
mized for large-scale industrial factory throughput but is marching ahead steadily.
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Skyrmions

Magnetic hard disk drives (HDD) are a common non-volatile data storage device.
Combining all HDD produced in 2014 the total storage capacity is 540 Exabytes[70].
In a HDD drive, the data is stored as the magnetization direction of tiny regions on a
magnetic thin film. The desire to store more and more data led to a push to increase
data density. Decreasing the size of the magnetic regions has been the main path
towards increasing data density over the past 7 decades. The size reduction of the
magnetic region resulted in an increase of the data density by 9 orders of magni-
tude from 2000 bit/in2[71] in 1956 to surpassing the 1 Tbit/in2 data density mark in
2012[72].

But in the last decade, the speed with which we design new methods of decreas-
ing magnetic regions are slowing down. This is in part due to reaching technological
and physical limits related to down-scaling (e.g. the Slater-Pauling Limit): therefore
other non-volatile magnetic memories are investigated. Among the new techniques
is the racetrack memory[73, 74], which is an experimental non-volatile memory. The
advantage of a racetrack memory over the HDD is the absence of mechanical mov-
ing parts, which in turn gives the possibility to bypass the inherent two-dimensional
HDD structure and expand in the third dimension[75].

Racetrack memory consists out of a magnetic wire and in the middle of the wire,
the read/write lines are placed, as shown in figure 1.3. The magnetic regions split
by domain walls in the wire can be pushed from one side of the wire to the other
using a spin-polarized electric current[75]. The read/write wire is placed such that
the magnetic regions or bits are pushed underneath the read/write wire following
a close resemblance to a magnetic tape recorder. There are also technological chal-
lenges associated to the design of the racetrack memory, one of them is the high cur-
rent density needed to move the domain walls. A high current density causes Joule
heating[76, 77] with possible data-loss due to demagnetization. Another challenge
is the reliable propagation of domain walls[76] especially in curved structures[78].
Nevertheless, in 2008 IBM showcased a proof-of-concept 3-bit racetrack memory de-
vice[73] leading to new insights to improve the racetrack memory[79].

Increasing the data density in a racetrack memory is possible by decreasing the
magnetic regions or by switching to e.g. skyrmions. The latter has a few advantages
as skyrmions are predicted to have (in theory) low energy consumption for their
generation and destruction. Due to their topological protection, skyrmions repel
each other. One can move them with magnonic currents[80, 81] or ultra-low elec-
tronic current densities[82, 83]. These features make skyrmions good candidates
for improving future data storage[30, 31] or developing spintronic devices, like a
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Current

Write

Read

Magnetic directions&Magnetic regions

Figure 1.3: Artist impression of a racetrack memory. A magnetic wire has
magnetic regions with spins in two different directions representing
’1’ and ’0’. The two lines connected to the memory are for writing and
reading the state of the magnetic region.

skyrmion racetrack memory[32, 33, 84].
Besides the low energy consumption, magnetic skyrmions can be as small as

several nanometers in diameter[40, 85], stabilized by an interplay of Heisenberg ex-
change and the Dzyaloshinskii-Moriya interaction. For comparison, the size of a
magnetic bit in a hard drive is approximately 100 nm in diameter, showing the po-
tential increase in data density by using skyrmions. In skyrmion racetrack[84, 86]
devices the presence or absence of a skyrmion can be interpreted as a ’1’ or a ’0’,
where the skyrmions are pushed along a track as a solid-state analog to the mag-
netic tape recorder, in which the magnetic domains on a tape move along the steady
read/write head. Later iterations on the skyrmion racetrack used a multi-lane race-
track [86] (see Fig. 1.4), where both the ’1’ and the ’0’ are encoded by a skyrmion.

In figure 1.4 (a) the orientation direction of a ferromagnetic regions are depicted,
with a color representing a certain direction. The blue and red regions point in op-
posite directions and the gradual color shift means a gradual rotation of the magne-
tization direction. The presence of a skyrmion in the top lane of Fig. 1.4 (a) encodes
the ’1’ lane and the presence of a skyrmion in the bottom lane represents a ’0’. The re-
pulsive force between the skyrmions[84] is used to keep the skyrmions from passing
each other, and to keep the skyrmions traveling in straight lines. Hence a potential
well is created based on the skyrmion-edge repulsion forces. The edge is the outer
side of the well and the thicker middle part forms the splitting barrier between the
two lanes as shown in figure 1.4 (a) and (b). To alter the position of the skyrmion, it
can be destroyed in one lane and created in the other lane by using a current. Other
suggestions for skyrmion racetracks are the use of two different types of skyrmions
to indicate the ’1’ and ’0’, giving the potential to create a multi-state skyrmion mem-
ory. Fine-tuning the material parameters to (reliably) create skyrmion racetracks in
the lab is an exciting challenge for the scientific community to take on in the coming
decade.
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Figure 1.4: (a) Artist impression of a skyrmion racetrack, based on
Muller[86]. The colors represent the magnetization direction, where
blue and red are opposite directions. The skyrmions (rainbow color)
are pushed along a track and cannot pass each other as the repul-
sion energy between two skyrmions is too large. (b) Artist impression
of the side view of the racetrack in grey color, based on Muller[86].
The middle is slightly thicker than the outside to create two potential
wells, as shown with the solid line (right axis) in which skyrmions
can reside. The potential wells are spaced such that skyrmions cannot
pass each other in the adjacent lane.

1.4 Outline of the Thesis

In this thesis, I present my work on magnetotransport measurements on LSMO thin
films.

Chapter 2 explains all the necessary information needed to understand the ex-
perimental results presented in the successive chapters. The chapter is divided into
3 main sections, addressing the material properties, growth & fabrication, and lastly
the transport measurements.

Chapter 3 discusses the temperature dependence of the magnetization of LSMO
thin films. Decreasing the thickness of the film can result in magnetic behavior dif-
ferent from the typical Curie-Weiss law for ferromagnetic material. We observed
two different magnetic phases below the Curie temperature, characterized by differ-
ent magnetotransport characteristics and pure magnetic measurements. The latter
indicating a change in preferential magnetic orientation from out-of-plane (at low
temperature) to inplane (at higher temperatures).

In chapter 4, we investigate the inplane anisotropy of two thin films LSMO of
different thickness on LaAlO3. By rotating a magnetic field around [001] crystallo-
graphic axis of the sample, the inplane angle-dependent magnetoresistance is mea-
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sured. Using formulas described in section 2.3, we explain the observed relation
between magnetocrystalline anisotropy and thickness in the LSMO thin films.

In chapter 5, we investigate the anisotropy in the out-of-plane direction by vary-
ing the strain applied on thin films of LSMO. We observe a clear trend of a growing
magnetic out-of-plane anisotropy with increasing out-of-plane tensile strain. Ma-
gentocrystalline anisotropy theory dictates that an elongation of the unit cell will
favor a shift of the magnetic easy axis in the elongated direction for cubic systems.
Upon increasing temperature, the magnetic easy axis falls back inplane for all sam-
ples, showing the conventional characteristics of LSMO thin films.
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Chapter 2

Theoretical Concepts and Experimental Setup

Abstract

This chapter discusses the theoretical concepts and experimental setup needed to under-
stand the work presented in this thesis. The chapter is split into three sections. The first
section discusses the materials that are used as thin films and substrates. In the second
section, the growth and fabrication of the thin film are discussed. In the last section, I
present the experimental measurement setup, along with the theoretical concepts related
to the experiments.

2.1 Perovskites

Three perovskite materials are used in this thesis, namely La0.67Sr0.33MnO3,
LaAlO3, and SrTiO3. These materials belong to the ABO3 perovskite group

where A and B are cations, and O is oxygen. The A site is a rare earth (e.g. La2`{3` or
Sr2`) and B is a transition metal (e.g. Ti4`, Fe4`, Al4` or Mn3`{4`), where the tran-
sition metal is surrounded by six-fold coordinated oxygen octahedral. As depicted
in figure 2.1, the rare earth ions surround the oxygen octahedral with a twelve-fold
coordination. An important thing to note is that the oxygen atom bonds with all
other atoms and therefore are important in the system, not only for the bonding but
these bonds also influence other properties like conduction and magnetism.

Moreover, the oxygen bonding allows a wide range of materials to be synthe-
sized in the same ABO3 perovskite structure, as the rare earth and transition metal
atoms can be exchanged for others atoms belonging to the same group. Depending
on the desired properties, a combination of transition metal and rare earth ions is
selected. For instance, the transition metals Mn, Ru and Fe will give magnetic prop-
erties while perovskites with Ir are known for their large spin orbit coupling. As for
the rare earths, the valence state as well as the atom size can play a role for creating
a stable ABO3 perovskite.
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A

B

O 

Figure 2.1: A diagram of the ABO3 unit cell where the corner atoms are made
up of rare earth elements. The face centered atoms are of oxygen and
the centered atom is of the transition metal elements.

According to their close packing structure, the ideal ABO3 perovskite is cubic in
symmetry in which all the ions fit nicely packed in the unit cell. In reality, however,
different A and B ions have different radii, resulting in the distortion of the unit
cell. The amount of distortion is predicted by the Goldschmidt tolerance factor[1].
Using the ionic radii of oxygen and both the A and B elements, in the ABO3 type
perovskite, the tolerance factor (t) is determined by

t “
rA ` rB

?
2prB ´ rOq

, (2.1)

where rsubscript is the ionic radii of the respective element. In the ideal case, like
SrTiO3, the Goldschmidt criterion is one. Reducing the tolerance factor below 1 re-
sults in an octahedral tilt, as the unit cell leaves space for the oxygen ions to move
in between the B ions. A tolerance factor larger than 1 indicates an elongation of
the unit cell, which distorts the cubic symmetry into a tetragonal or hexagonal crys-
tal symmetry. A symmetry change in a material causes different orbitals to overlap,
which in turn can result in a large distortion of properties, due to strong coupling be-
tween conduction, magnetism and shape of the unit cell. Examples of effects caused
by distortions are the Jahn-Teller effect[2], ferroelectricity[3], a reduction of the opti-
cal band gap[4] or oxygen deficiency[5]. Of these mentioned effects the Janh-Teller
effect is discussed in section 2.1.1 as this phenomenon plays a key role in our obser-
vations.

In the previous section, a piece of homogeneous material is discussed. In practi-
cal applications, however the perovskite is finite in size and will interact with other
materials altering its properties. This interaction allows for extra tuning opportuni-
ties to enhance or create the desired combination of physical properties. Utilizing
thin film growth methods, like pulsed laser deposition (PLD), the unit cells of the
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thin film are (epitaxially) grown on a substrate. In this thesis, I focused on the behav-
ior of thin films of La0.67Sr0.33MnO3 grown on the substrates LaAlO3 and SrTiO3. In
these particular cases, the growth is tuned such that the thin films copy the inplane
crystal structure of the substrate, as shown in figure 2.2. In practice, this results in
a continuation of the (ABO3) lattice structure of the material, like stacking multiple
unit cells on top of each other (unit cells are indicated as little cubes in figure 2.2).
At the interface the La, Sr and Mn are replacing the substrate’s A and B-ions in the
ABO3 unit cell. Replicating the inplane lattice structure of the substrates results in a
deformation of the unit cell, with respect to the bulk state. The deformation causes a
different bonding overlap with oxygen atoms as the atoms are moved either further
apart (Fig. 2.2 (a)) or closer together (Fig. 2.2 (b)). Tensile deformations results in
a higher Curie temperature in La0.67Sr0.33MnO3[6–9] or a rotation of the magnetic
easy-axis[10–13] when La0.67Sr0.33MnO3 is grown on LaAlO3. A more detailed de-
scription of how the orbital overlap influences the properties of La0.67Sr0.33MnO3 is
discussed with respect to the Jahn-Teller effect in section 2.1.1.

(a) (b)

Figure 2.2: Epitaxial thin film grown with (a) tensile strain
(La0.67Sr0.33MnO3 on SrTiO3) and (b) compressive strain
(La0.67Sr0.33MnO3 on LaAlO3). In both cases the unit cell is depicted
as a cube. The purple is the deformed unit cell of La0.67Sr0.33MnO3

and the blue is the (pseudo-cubic) SrTiO3 or LaAlO3.

The deformation of the unit cell is described by the strain formula, which relates
the deformation to the original size of the unit cell.

Strain “
athinfilm ´ acrystal

acrystal
˚ 100%, (2.2)

where athinfilm is the lattice constant of the thin film and acrystal is the lattice con-
stant of the single crystal. The larger the deformation in a material, the larger the
strain. Changing substrates is one method of altering the strain on a thin film.
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Changing substrate orientation is another option to alter the strain experienced by
the thin film. Besides altering the strain on a film, in some cases, a surface charge
is introduced by the termination layer, as shown in figure 2.3. At this termination
layer, a special situation arises as the ABO3 perovskite interacts with another per-
ovskite material.

A

B

O 

[001] [110] [111]

[100]

[1
0
0

]

[1-10]

[0
0
1

]
(a) (b) (c)

SrO

TiO2

TiO2

SrO3
4-SrTiO4+

SrTiO4+

O2
4+

SrO3
4-

Ti4+

Figure 2.3: Different crystallographic cutting planes result in different sur-
face atoms. In the bottom of each figure, the cut through of each ori-
entation is given. At the top, the two different surface terminations
are shown as a top view. The surface charge depicted is located on
SrTiO3. (a) [001] oriented substrate. (b) [110] oriented substrate. (c)
[111] oriented substrate. The three different orientations of the sub-
strate are a) [001], (b) [110] and (c) [111].

Figure 2.3 depicts several regular spaced planar directions (h,k,l) and their re-
spective surface atoms for the ABO3 perovskite. For instance, in the [001] direction
the regular spaced planes are divided between AO (LaO, and SrO) and BO2 (MnO2,
AlO2, and TiO2) planes. Ideally, a substrate has a single termination plane of ei-
ther plane, but in practice, this is often not the case. For instance, an offset in the
cutting angle during fabrication will cause multiple planes to be intersected, caus-
ing a mixed terminated surface. Such a surface requires a special surface treatment
to achieve single termination. A famous example, where different properties arise
depending on the termination plane is the LaAlO3/SrTiO3 interface, which is con-
ducting when the SrTiO3 is TiO2 terminated and insulating when the SrTiO3 is SrO
terminated[14].

In this thesis, we use TiO2 terminated SrTiO3 for films grown on SrTiO3. The
LaAlO3 substrates did not receive any termination treatment as there is a debate in
literature about the effectiveness of such a treatment[15, 16].
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The presence of different atoms at the surface or changing the orientation of the sub-
strate will influence the oxygen bonds in the thin film. As a consequence, the oxygen
coordination at the (interface) surface is altered. For example, the LaAlO3/SrTiO3

interface is conducting when grown on specific cutting directions ([001], [110], and
[111]) of SrTiO3, and insulating when grown on other cutting directions[14].

Lastly, oxygen deficiency also plays a key role in the crystal structure. ABO3 per-
ovskites with a reducible B-cation can form vacancy-ordered crystal structures with
the AnBnO3n´1 stoichiometry, often also marked as ABO3´δ or ABOn in thin film
literature. Depending on the oxidation state of oxygen, a different superstructure
(e.g. brownmillerite) is formed causing, for instance, the magnetization or conduc-
tivity to change. In this thesis, we took care to grow fully oxidized thin films by
introducing annealing steps. Therefore, we will not discuss oxygen vacancy phe-
nomena. In the following sections, three materials are discussed in more detail: the
first material, La0.67Sr0.33MnO3, is used as a thin film material, while the other two,
LaAlO3, and SrTiO3, are used as substrates.

2.1.1 La0.67Sr0.33MnO3

La0.67Sr0.33MnO3 (LSMO) is a well-studied manganite perovskite with the general
formula Re1´xAxMnO3, where Re is a rare-earth cation and A is an alkaline-earth.
The alkaline-earth strontium (Sr2`) and the rare-earth lanthanum (La3`) are mixed
to change the average valence state of the manganese atom. Altering the valence
state gives rise to different electronic and magnetic properties, as shown in fig-
ure 2.5 (a). On one hand, when x=0, LaMnO3 is an A-type antiferromagnetic ma-
terial (Fig. 2.4) with an orthorhombic lattice structure due to a Jahn-Teller deforma-
tion of the oxygen octahedral. Upon increasing the Sr concentration, La1´xSrxMnO3

changes magnetic ordering to a ferromagnetic state with a maximum Curie temper-
ature of 360 K, at x=0.33. Increasing the Sr concentration further, at x=0.5, charged
ordered states are formed. On the other end, at x=1, SrMnO3 is an G-type antiferro-
magnetic material (Fig. 2.4).
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A-type C-type G-type

Figure 2.4: The three types of antiferromagnetic interaction. A-type is a fer-
romagnetic plane (shaded blue (up spin) and red (down spin)) which
are antiferromagnetically coupled to other planes. C-type are rods of
ferromagnetic spins (shaded blue (up) and red (down)) coupled an-
tiferromagnetically with other rods. G-type is general antiferromag-
netic without a ferromagnetic sub-structure.

The change in valence state and the subsequent change in magnetic order can
be explained by a change in conduction mechanism in La1´xSrxMnO3. This is best
explained by first understanding the unit cell of LSMO. The full unit cell is rhombo-
hedral in bulk, such that it can be approximated as a cubic unit cell. For all purposes
in this thesis, we will treat the unit cell to be pseudo-cubic, with a lattice constant of
3.88 Å, as depicted in Fig. 2.5 (b). Fig. 2.5 (b) shows Mn3`{4` at the center of a unit
cell surrounded by an oxygen octahedral, and the corners are made up of lanthanum
or strontium ions. The oxygen octahedron indirectly connects its Mn to the next Mn
atom, creating an Mn-O-Mn bond. These bonds are responsible for the conduc-
tion and the itinerant magnetism of the material via either superexchange[17–21] or
double-exchange[22], based on the Goodenough–Kanamori-Anderson (GKA) rules,
which are explained in the following section.
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La/Sr
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(a) (b)
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Figure 2.5: (a) Phase diagram of La1´xSrxMnO3 denoting its magnetic prop-
erties. Figure reproduced from [23] c© (1998) The Physical Society
of Japan. (b) A schematic diagram of the LSMO unit cell where the
corner atoms are made up of lanthanum or strontium ions. The face
centered atoms are oxygen and the center atom is Mn. The occupa-
tion ratio between strontium and lanthanum determines the relative
charge of the manganese ion.

Superexchange Mechanism

The superexchange mechanism, proposed in 1934 by Hendrik Kramers[17], is a
(strong) antiferromagnetic coupling between an Mn-ion and its next-to-nearest neigh-
bors (also a Mn-ion) in MnO crystals. In MnO crystals, superexchange is possible
via electron hopping from and to the Mn dz2´r2 -orbital via the oxygen pz-orbital,
see figure 2.6. For the exchange to happen, one of the two electrons in the O2´-ion
hops to the Mn3`-ion. The void left by the electron in the O2´-ion is filled by an
electron from the other Mn-ion, completing the indirect electron transfer from one
Mn-ion to the next Mn-ion.

The proposed antiferromagnetic coupling is based on two elements. Firstly, the
donor and receiver atom are the same, which prefer the singlet state, reducing the
energy of the system. Secondly, the spins states of both ions are coupled via their
nearest neighbor.
The model for superexchange was later improved by Goodenough, Kanamori and
Anderson. They formulated the GKA rules based on symmetry relations and orbital
occupancy of the donor and acceptor orbitals in order to determine whether a sys-
tem would exhibit antiferromagnetism or ferromagnetism.
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Mn 3dz2-r2 Mn 3dz2-r2O 2pz

+ Spin flip

t2g t2g

Figure 2.6: Diagram depicting superexchange in a Mn3` - O - Mn3` bond.
Conduction starts with one electron hopping outside the graph, indi-
cated by the arrow from the Mn3` on the right. The void is filled by an
electron from the oxygen p-orbital. The oxygen orbital void is filled
with an electron from the Mn-ion on the left. When, at last, the right
Mn3`-ion receives an electron from outside the graph the conduction
is completed.

In most cases, the GKA rules use the Pauli exclusion principle to determine the
magnetic state of the Mn-O-Mn bond. There are three main rules.

• First of all, two half-filled orbitals coupled via an intermediary will favor
strong antiferromagnetic coupling.

• Secondly, the coupling of an ion with half-filled orbitals with an ion with filled
orbitals via an intermediary will result in ferromagnetic coupling.

• Lastly, coupling between an half-filled or filled orbital and one with a vacant
orbital can be either antiferromagnetic or ferromagnetic.

The antiferromagentic exchange usually dominates when superexchange is the
dominant transport mechanism. Perturbation theory predicts the hopping energy
needed for transport in the energy Hamiltonian[24]

H “
2t2Mn,O

U
Ŝ1 ¨ Ŝ2, (2.3)

where t is the hopping energy, U is the Hubbard energy, and S is the spin scalar
product. The other charge transport exchange mechanism found in La1´xSrxMnO3

is the double-exchange mechanism.
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Double-Exchange mechanism

Double-exchange is defined as an magnetic interaction between two transition metal
ions via an oxygen ion. In our case, an electron can hop from a Mn3` to an Mn4` ion
via an oxygen p-orbital as depicted in figure 2.7. The exchange mechanism was hy-
pothesized by Zener [22] to explain the ferromagnetic or antiferromagnetic ground
state of manganites. This exchange happens when the ground-state of the mangan-
ite is ferromagnetic, as spin is conserved during the exchange.

ΔJT

ΔCF

eg

t2g

Mn3+ Mn4+O-2

p

eg

t2g ΔJT

Figure 2.7: Diagram depicting double-exchange. An electron can hop from
the oxygen p-orbital to the Mn4` ion, when the spin of the hopping
electron and the Mn-ion electrons are parallel aligned, as shown in
the right (O-Mn4`) side of the figure. This process is more favorable
for parallel spins due to Hund’s rule. The missing electron in the
oxygen p-orbital is replaced by an electron from the Mn3` ion, when
the Mn3` spins are aligned with the missing spin in the oxygen-ion,
as shown in the left (Mn3`-O) side of the figure.

The electron hopping from Mn3` to Mn4` is energetically favorable due to the
Jahn-Teller distortion, causing a shift in energy levels of the 3d eg orbitals on top of
the crystal field splitting. Both hopping events, from and to the oxygen 2p-orbital,
are more likely to happen if the spin momentum is conserved. Spin momentum
conservation during hopping ensures that Hund’s rule is obeyed in the recipient
orbitals. The ability to hop reduces the overall energy in the system, as the Jahn-
Teller deformation is happening in all Mn-ions, leading to a ferromagnetic ground
state.
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Jahn-Teller Effect

The different valence states of the Manganese-ions gives rise to different magnetic
and electronic phases (see figure 2.5 (a)). With a change in valence state, the shape of
the unit cell will change. The deformation can be explained by examining the 3d or-
bitals and their overlap with the neighboring atoms in the unit cells. 3d orbitals are
separated into 2 groups; firstly, the 3d eg orbitals, and secondly, the 3d t2g orbitals.
The lobes of the two eg orbitals (dz2´r2 and dx2´y2 ) of the Mn-ion point along the
axes in the Cartesian coordinate system, as shown in figure 2.8. While the lobes of
the three 3d t2g orbitals (dxy , dxz and dyz) point in-between the axes, as shown in the
bottom row of figure 2.8, which have less orbital overlap with the oxygen p-orbitals
(see figure 2.9 (c-e)).
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Figure 2.8: Schematic diagram of the atomic 3d-orbitals, the red is the neg-
ative lobe and the blue is the positive lobe of the orbital. Taken from
ChemTube3D[25] under the creative commons 2.0 license. The Carte-
sian axes are added to indicate the orbital extension into space.

In vacuum, with only the Mn-ion present, no energy splitting exists. However,
in a crystal structure, the presence of neighboring atoms results in a crystal field
splitting. In an LSMO unit cell, the Mn is surrounded by the oxygen octahedral;
hence the oxygen pn (n = x, y, or z) orbitals influence the preferred occupation of the
orbitals.

To minimize the energy in the system, the coulomb repulsion of the electrons
should be minimized which is possible by minimizing the overlap between orbitals.
By drawing the orbitals and their overlap, see figure 2.9, the low and high energy
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Figure 2.9: Showing orbital overlap, unit cell deformation and the energy
change of the deformation (a) Jahn-Teller distortion in the oxygen oc-
tahedral causing elongating the unit cell. (b) Orbital overlap for the
dx2´y2 -orbital when the unit cell is deformed (c)/(d)/(e) Orbital over-
lap for the dx2´y2/dxy/dz2´r2 -orbitals with the py-orbital in the pris-
tine case. (f) energy splitting of the 3d states due to crystal field and
Jahn-Teller deformation.

orbitals can be identified. The minimization of energy results in a preferred occupa-
tion of the three 3d t2g orbitals. These orbitals (e.g. dxy in figure 2.9 (d)) have min-
imal overlap with the pn-orbitals (n = x, y, or z), and therefore the lowest coulomb
repulsion of the 3d orbitals. When adding an extra (fourth) electron to the system,
the electron has to reside in one of the two d eg orbitals (dz2´r2 and dx2´y2 ). To min-
imize the bond overlap between the oxygen pn orbital and the eg orbital, the unit
cell can deform lifting the twofold degeneracy, as shown in figure 2.9 (a), where the
dark blue arrows indicate the displacement of the oxygen atoms with respect to the
pristine oxygen octahedral.

Compressive strain or a Jahn-Teller distortion results in an elongated unit cell
in the z-direction, reducing the orbital overlap for the dz2´r2 -orbital, which low-
ers the orbital overlap for four out of six p-orbitals. Consequently, lowering the
coulomb repulsion and hence the energy. Figure 2.9 (e) shows the dz2´r2 -orbital in-
teracting with the oxygen py-orbital, where the bright color is the negative lobe and
the darker green is the positive lobe of the orbital. Moving the oxygen ion closer
to the Manganese ion increase the interaction with the negative and positive lobes
resulting in a net lowering of the dz2´r2 state. For the dx2´y2 -orbital, the orbital
overlap increases, as drawn in figure 2.9 (b), with respect to the pristine state, see
Fig. 2.9 (c), due to the Jahn-Teller deformed octahedral state. The increased orbital
overlap changes the coulomb energy which forces the dx2´y2 & dxy state to go up
in energy as depicted in figure 2.9 (f). In a mixed valence system like LSMO, the
ratio Mn3`/Mn4` is altered by varying the La/Sr ratio. The additional electron in
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the Mn3` ion can hop between multiple unit cells lowering the overall energy of
the system, which is reverted to as the dynamic Jahn-Teller effect. As both Mn-ions
prefer the singlet state and spin is conserved in the double-exchange mechanism, a
ferromagnetic ground state will be favored by the material.

The specific La0.67Sr0.33MnO3 compound studied in this thesis is, in bulk, a fer-
romagnetic metallic material.

2.1.2 LaAlO3

Lanthanum aluminate, LaAlO3 (LAO), is an inorganic perovskite with a rhombohe-
dral structure with lattice constants a=3.79 Å and c= 13.11 Å resulting in a pseudo-
cubic lattice parameter of 3.79 Å[26]. Above 708 K, LAO undergoes a phase tran-
sition to a cubic structure with lattice length of 3.82 Å. LAO is mainly used as a
substrate, due to its desirable properties like high dielectric constant and diamag-
netic behavior, making it an ideal substrate for high Tc superconducting, magnetic
or ferro-electric thin films. As a thin film, it is often used as an insulating barrier
due to its high dielectric constant. The most known application is the LAO/STO
interface, giving rise to superconductivity at the interface while both STO and LAO
being insulators.
As a substrate or single crystal, LAO is known to give twinning, visible to a naked
eye as can be seen in figure 2.10 (b).

(a) (b)

Figure 2.10: (a) AFM image and (b) optical microscope image of a LAO [001]
oriented substrate with twinning

Though some literature suggest the preparation of the LAO substrate[15, 27], in
this work we did not actively terminate the surface. This is mainly due to, debate
in literature if getting a clean single phase terminated substrate[16, 28, 29] is possi-
ble. Secondly, though there might be mixed termination at room temperature, some
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studies observe a single termination at growth temperatures (750 0C)[30, 31].

2.1.3 SrTiO3

Strontium titanate, SrTiO3 (STO), is also an inorganic perovskite, industrial synthe-
sized in the late 1950’s as a substitute for diamond in jewelry. It’s other uses are in
solid oxide fuel cells, precision optics, and as a substrate for growing thin films. Its
high dielectric constant (300) and insulating behavior (109 Ω cm) combined with its
cubic perovskite structure (a=3.905 Å) and high melting point (2080 0C) make it a
suitable substrate for thin film growth. As an undoped crystal, STO is transparent
with an indirect bandgap of 3.25 eV[32], and is know for its terrace structure in the
[001] direction due to a small offset in the cutting angle while producing the sub-
strates. The synthesized material has a non-polar mixed surface termination of TiO2

and SrO, which can be altered to single TiO2 termination by using a termination
protocol involving etching with hydrofluoric acid. After termination and oxygen
annealing (at 960 0C) neat terraces are observed, forming a well-known substrate
for growing perovskite thin films.

(a) (b)

Figure 2.11: (a) AFM image of an STO substrate and (b) height profile of the
STO terraces.

The [110] and [111] crystal cuts are polar in nature and have a layer charge of +/-
4e, which leads to a surface reconstruction. This may lead to a charge transfer in the
thin film, altering the (expected) properties of the thin film. An example of this is the
charge transfer from LAO [001] (+/- e) to STO [001] resulting in a superconducting
2DEG close to the interface of STO/LAO. Besides STO’s insulating nature and cubic
crystal structure, STO has no magnetic order. This is due to complete ionization of
Sr2` (completely filled band structure), leaving electrons only in the oxygen 2p band
and the Ti 3d0 bands. The latter gives rise to the colorless appearance due to the lack
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of d-to-d transitions, and the lack of long range magnetic order in the compound,
which makes STO an ideal substrate for magnetic studies as no complex background
compensation is needed. For a more in depth review on STO, I refer the reader to
Ana Marques’s thesis chapter 2, in which the author describes the properties of STO
in great detail [4].

2.2 Growth & Fabrication

In this thesis, I studied the transport properties of perovskite thin films grown on
perovskite substrates. Preparation of these samples consists of two parts. The first
step, is to grow the films with pulsed laser deposition. Secondly, the deposition of
gold contacts, followed by etching the thin film, resulting in creating the Hall bars
used in this thesis.

2.2.1 Growth

Thin films can be grown utilizing various methods, depending on the needs one
method might be better than others. For growing complex oxides, a technique called
pulsed laser deposition is frequently used, as it bears several advantages over other
techniques.

Pulsed Laser Deposition

Pulsed laser deposition (PLD) is a physical deposition technique which has its origin
in 1965, but gained significant scientific interest after 1987 due to the demonstration
of growth of epitaxial thin films. For complex oxides, like LSMO, PLD became the
growth method of choice as it allowed for the use of an oxygen background, sig-
nificantly reducing the amount of oxygen vacancies in thin films. PLD is a process
where a strong pulsed KrF (λ = 248 nm) laser ablates a target material into a plasma
which in turn recrystallizes to grow a thin film on a substrate, see figure 2.12 (a)
for a schematic drawing. To achieve homogeneous growth, a set of lenses is used
to focus the laser on the target, creating a high energy density pulses to ablate the
target material into a plasma. Usually an energy density between 0.1 to 5 J/cm2 is
required to locally super heat the target as shown in figure 2.12 (c) for a cross section
of the target.

The fluence determines the ablation temperature, an incorrect fluence might lead
to an off-stoichiometric thin film. Off-stoichiometric ablation due to a low fluence
might lead to a compound remaining at the target, as the target does not get hot
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enough for a compound to ablate. Secondly, a high fluence might cause the for-
mation of a new compound with a high melting point, causing off-stoichiometric
ablation. Intuitively, this makes the fluence a parameter to control the amount of
material ablated as well as a control over the phase/stoichiometry of the material
which gets evaporated. This allows for a wide range of new materials to be studied
in thin films as PLD can deposit a mixture of elements with different melting points.

Target

Plume

Substrate

RHEED

Substrate
Plume

Target

Mask
RHEED(a) (b)

(c)

laser

Figure 2.12: (a) A schematic drawing of a PLD setup. (b) A picture of the
inside of our PLD system. (c) A schematic drawing of a PLD laser
pulse interacting with a target. Most target material hit by the laser
pulse will ablate, a small layer of the target material will become
liquid and re-solidify.

After ablation, the particles are in the plasma state. The precise state in which
the particles arrive at the substrate can be altered by changing the pressure in the
chamber, or by altering the substrate-to-target distance. In our system, at pressures
below 0.01 mbar, the particulates will travel ballistically to the substrate, resulting
in a deposition of the particulates as formed in the plume. At higher pressures, the
plasma plume interacts with the background gas. In our case oxygen is used to
oxidize the elements in the plasma-plume. The interaction results in a reduction of
vacancies in the thin film.
Another parameter is the substrate temperature. For complex oxides, the substrate
is often above 650 0C and can be heated to temperatures up to 900 0C. The elevated
temperatures stimulate the adsorbed particulates to diffuse over the surface which
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is essential for 2D growth. The diffusion pDsq is governed by the following equation:

Ds “ va2expp´
EA
kBT

q, (2.4)

where v is the hopping frequency, a is the distance an atom hops on average, EA the
hopping energy, and kb is the Boltzmann constant. A too low temperature results in
the particulates sticking to the surface upon impact. This growth creates an amor-
phous 3D growth with a ’sputtered’ or spray-painted structure. On the other hand,
increasing the temperature too high results in an increased rate of sublimation. Dif-
ferent compounds in the thin film have different sublimation rates, influencing the
final stoichiometry of the film. The most volatile elements in a mixture have, most
likely, a lower melting point and will sublimate faster compared to the other ele-
ments present.
To control the growth process in the chamber, the film is in situ monitored by reflec-
tive high energy electron diffraction (RHEED).

RHEED

Reflective high energy electron diffraction (RHEED) is used in surface science to
characterize the surface morphology of (crystalline) materials. Besides the crystal
structure of the surface, RHEED can detect changes in surface roughness. When
all parameters are kept constant, a change in roughness causes an intensity fluctu-
ation. During growth the main interest is the crystallinity of surface layer, and the
roughness. The crystallinity gives information about how well the material is grow-
ing, while the roughness is an indicator of how fast a layer is formed. With RHEED,
both of these parameters are monitored based on accelerated electrons (30 kV) which
arrive at a grazing incidence angle on the surface of the substrate. Similar to x-ray
diffraction, the electrons diffract from the substrate surface, due to their wavelike
properties, forming a pattern on a phosphor screen, as seen in figure 2.13 (a-c). A
digital camera captures this diffraction image on the phosphor screen which stores
information regarding the light intensity and the location of the diffraction spots.
The grazing incidence angle of the electron beam combined with the strong inter-
action of electrons with matter results in a low penetration depth. Therefore only
information regarding the top layers of material is obtained with RHEED. The low
penetration depth results in a unique patterns for different surface morphology, as
shown in figure 2.13. The figure gives examples of different surface ordering, where
(a) shows a smooth surface of a [001]pc oriented LaAlO3 substrate. The smooth crys-
talline structure is represented by the 3 sharp diffraction spots and the Kikuchi lines.
Figure 2.13 (b) and (c) are taken during growth of LSMO on LAO; where (b) shows a
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2D film growth, distinguished by the streaky parallel pattern. Figure 2.13 (c) shows
a 3D growth characterized by the many sharp RHEED spots.

(a) (b) (c)

(d) (e) (f)

Figure 2.13: (a) RHEED image of a smooth surface. (b) Streaky pattern char-
acteristic for LSMO layer-by-layer growth. (c) A RHEED pattern ob-
served when having 3D growth of LSMO on STO. (d-f) A sketch of a
film which would show (a-c) as RHEED signal, respectively.

2D growth, as shown in figure 2.13 (b), is characterized with streaks, due to the
small film thickness. The diffraction in the reciprocal space is localized in the z-
direction, which results in the electrons to diffuse to near infinity in the real space.
The 3D growth shown in figure 2.13 (c) is from a polycrystalline film and is charac-
terized by many diffraction spots. In general, all allowed diffraction spots are visible
in 3D growth, showcasing the pseudo cubic nature of LSMO. The spots visible in 3D
growth do not move when the substrate is rotated around its axis, while the spots
in the other growth modes do move under rotation.
The roughness is monitored by measuring the peak intensity of the spots. Oscilla-
tions in intensity occur due to increase and subsequent decrease in roughness of the
surface in layer-by-layer growth. As shown in figure 2.14 the diffraction has maxi-
mum intensity on a smooth surface due to a positive interference. Upon increasing
the roughness, the diffraction patterns of the layers interfere destructively, lowering
the maximum intensity of the peak. For a near perfect layer-by-layer growth only
one layer is grown at any given time, resulting in a stable oscillation, with each oscil-
lation having the same maximum and minimum intensity. In practice, for LSMO on
LAO or LSMO on STO, the surface roughness increases overtime, which results in
a lowering of the maximum intensity, minimum intensity, average intensity, as well
as the oscillation amplitude. The increase in surface roughness will bring the oscil-
lation amplitude to zero causing the growth mode to transition from layer-by-layer
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to 3D growth.
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(d) Time

Time

In
te
n
si
ty

Figure 2.14: The intensity of the RHEED spot varies depending on the rough-
ness of the surface of the sample. For a layer-by-layer growth, of the
sample, intensity oscillates between multiple states. (a) At the start,
the atomically smooth layer will form a sharp RHEED spots with
high intensity. (b) During the initial growth of a layer the roughness
increases until the maximum step density (roughness is reached), re-
sulting in a wide and low intensity RHEED spot. (c) The growth of
the layer continues by filling in the gaps between the already formed
layer, therefore reducing the step density (roughness) of the layer,
resulting in an increasing intensity of the RHEED signal. Upon com-
pletion of one layer, the maximum intensity will be reached and the
cycle starts over from (a). (d) For island or 3D growth, the RHEED
intensity signal looks like a decaying function. The decay in intensity
is caused by the ever increasing roughness during growth.

2.2.2 Fabrication

After the growth of a thin film, the samples are first characterized by XRD and
SQUID and then the thin film is processed to fabricate Hall bars for magnetotrans-
port measurements. For the device fabrication, the sample is spin coated with
AZ5214E photoresist (indicated in red in figure 2.15), and subsequently covered
with a mask (indicated in grey) and exposed under UV light to create a pattern
in the film as shown in figure 2.15 (a) and (b), respectively. To develop the film, it is
submerged in OCD4262 for 1 minute, followed by rinsing it in demineralized water
for 15 seconds to remove the exposed photoresist. After development, the film is
partially covered with photoresist as shown in figure 2.15 (c). The next step is the
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physical vapor deposition (PVD) of the contacts, by evaporating a layer of 5 nm ti-
tanium and 50 nm of gold as depicted in figure 2.15 (d). The evaporation of Ti and
Au is performed in a TFC-2000, using an electron beam to heat the Ti and Au with
a deposition rate of 1 Å/s at pressures below 1E-6 Torr. Subsequently the sample is
submerged in warm (45 0C) acetone to remove the photoresist and the Ti/Au on top
of the photoresist.
In the last stage, the Hall bars are etched from the thin film. In preparation for the
etching, the steps shown in figure 2.15 (a), (b), and (c) are repeated. After step (c), the
sample is submerged in aqua regia, a mixture of 1:3 mol of nitric acid (HNO3) and
hydrochloric acid (HCl), to remove the exposed thin film. The etch rate of LSMO in
aqua regia is around 30 nm/s and etches the thin film within a second, therefore a
quick dip suffices. After dipping the sample in aqua regia, the sample is rinsed in
DI water, and the remaining photoresist is stripped off with warm (45 0C) acetone.
After the described fabrication process, a LSMO film with gold contacts remains as
shown in figure 2.15 (e) and is ready to be electrically connected.

(a) (b) (c) (d) (e)

Figure 2.15: Schematic drawings of (a) a spin coated thin film [purple] with
AZ5214E photoresist [red] on top of a substrate [blue]. (b) Illustrates
hard contact UV exposure of thin film. (c) After developing the pho-
toresist. (d) PVD of Ti/Au [yellow] on the sample. (d) Final device
with etched thin film and contacts.

2.3 Characterization

Before growth, of a thin film some substrates are characterized in a magnetic prop-
erty measurement system (MPMS) to make sure no magnetic impurities are present
on the substrate. After thin film growth, the film is characterized with X-ray diffrac-
tion and again with a MPMS, to establish magnetic and structural properties of the
thin film. After X-ray and MPMS characterization, the sample is etched into an Hall
bar and the magnetotransport is investigated.
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X-ray Diffraction

X-ray diffraction (XRD) is a common experimental technique in science to routinely
determine or check the crystallographic properties of a material. Crystals or crys-
talline films are a regular array of atoms. When shining light on regularly spaced
array, a predictable intensity pattern with high and low intensity appears. Lawrence
and William Bragg discovered this interference phenomena in 1913 and postulated
the Bragg’s law:

nλ “ 2d sin pθq, (2.5)

where n is an integer number, λ the wavelength of the light, d the lattice spacing,
and θ the angle between the scatter plane (surface) and the incident ray.

An analogy for describing the interference pattern is like throwing a body of
water. The rock hitting the water generates radial moving waves. This is similar to
the effect of a photon hitting an atom. When you throw two rocks into the water,
the radial waves will generate regions with high and low intensity. The interference
pattern in the secondary waves is similar to the interference pattern caused by X-
rays in a crystal, where the location of constructive and destructive interference can
be predicted with Bragg’s law. In experiments, in general, not the entire 2D plane
(like the water) is observed but only a single line. These experimental complications
implies that a light source and a detector are moved along an angular path with
respect to the sample. Shown in figure 2.16 (left) is a schematic diagram of such a
measurement. An X-ray source shines light at an angle θ to the crystal consisting of
regular spaced dots, at the same time the detector also is at the angle θ. The situation
drawn, is a situation where the light scatters off the individual atoms and positively
interferes as the atoms are regularly spaced apart. When atoms are not regularly
spaced apart negative interference occurs and a low intensity signal is measured.

By moving the source and the detector over the angular path, a regular pattern
of high and low intensities can be observed.In the case of a crystalline or epitaxial
films on a substrate, the spacing between the atoms might be different compared to
bulk. Therefore XRD is used to determine various factors for thin films like LSMO
on LAO. First of all, XRD provides information regarding the crystallinity (whether
or not the film has a crystal structure). Secondly, the lattice spacing of the film deter-
mines the strain on the film and thirdly, thickness of the thin film. Besides the afore
mentioned features, the crystalline orientation and type of unit cell, are among the
frequently studied parameters with XRD.

We typically take a single line scan (θ-2θ method) in our measurements to deter-
mine the out-of-plane crystal deformation. For a few samples, in depth reciprocal
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Figure 2.16: (left) Schematic drawing of Bragg’s Law. (right) Example of the
extracted data from an RSM measurement around the [103] peak of
LAO.

space mapping (RSM) is performed which is, in essence, a series of line scans around
a substrate peak while varying both ω and θ. Such an RSM measurement aids the
interpretation of peak displacement and can give information about the inplane lat-
tice deformation of thin films. An example of such a measurement is shown in
figure 2.16 (right), wherein multiple peaks are observed. The horizontal alignment
of the peaks indicates that the LSMO thin film unit cell is compressed and copies the
inplane lattice constant of the LAO substrate.

Magnetic Property Measurement System

A Magnetic Property Measurement System (MPMS) is also referred to as a supercon-
ducting quantum interference device (SQUID) which is used for measuring changes
in the magnetic flux of a sample. The magnetic flux gives information regarding the
magnetization of the material in a given state. By varying the magnetic field strength
and temperature, a wide range of magnetic effects can be observed in MPMS mea-
surements, like Neel temperature, Curie temperature, blocking temperature, coer-
cive field, and saturation magnetization. The magnetic flux is measured by oscillat-
ing the sample through a superconducting loop as shown in figure 2.17. By oscil-
lating the (magnetic) sample through the superconducting loop, the magnetic flux
generated by the magnetic sample generates a screening current in the supercon-
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ducting loop. The screening current is proportional to the magnetic flux which, in
turn, is related to the magnetization in the sample. To measure the screening cur-
rent, a constant current is sent from one side of the superconducting loop to the
other. In the middle, two Josephson junctions are added, where the screening cur-
rent generated by the magnetic flux causes a phase change in the current which can
be measured as a voltage drop over the superconducting loop.

I

Screening current

Josephson junctions

Oscillating sample

Figure 2.17: A schematic drawing of the inner workings of the MPMS.

The discussed characterization techniques are performed on the pristine film be-
fore any fabrication steps. For electrical transport measurements, an Hall bar is
the ideal shape for measurements as its geometry allows for longitudinal as well
as transverse measurements. In the next section, the electrical measurements are
discussed. Firstly, the Hall bar structure with the electrical contacts is discussed,
followed by the observed magnetotransport phenomena.

2.3.1 Magnetotransport Effects

For magnetotransport measurements, the Hall bar structure is used in this thesis. A
Hall bar, as shown in figure 2.18, consists of at least six contacts. The two outermost
contacts are used as a current probe while the four inner contacts are used for the
voltage readings. In figure 2.18, the longitudinal as well as the transverse voltage
contacts are indicated.

Using separate contacts for applying the current and measuring the voltage has
an advantage that the interface resistance is not measured. For small devices, this
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Figure 2.18: Drawing of a Hall bar with Cartesian coordinates as used in this
thesis.

interface resistance can be relatively high compared to the actual resistance of the
sample. Secondly, using a Hall bar gives us the opportunity to measure the resis-
tance in different crystallographic directions of the sample. The electrical transport
in LSMO films is measured in a fourprobe configuration, in the equivalent [001] and
[010] lattice direction of the thin film.

Electrical Transport in LSMO Films

Manganites are known for their large magnetoresistance effects due to a strong cou-
pling between conduction and magnetism. The discovery of colossal magnetore-
sistance in manganites sparked a large research interest and was widely studied in
the 90’s of the last century. Among others, the field and temperature dependence
of the electrical conductivity is studied with different techniques and models. For
LSMO, three distinctly different phases are described and can be modeled by differ-
ent resistivity models. Different resistive phases, such as the ferromagnetic metallic
phase (FMM), paramagnetic insulating phase (PMI) and antiferromagnetic insulat-
ing phase (AFI) are modeled with eq. 2.6 and 2.7. In the low temperature regime,
LSMO is in the ferromagnetic phases (FMM), caused by double-exchange hopping,
leading to an orbital-disorded state which behaves like a metal and the resistivity
can be fitted with an equation in the form,

ρFMM “ ρ0 ` ρ2T
2 ` ρ4.5T

4.5, (2.6)

where T is the temperature and ρ0 is the resistivity due to temperature indepen-
dent scattering. In general, ρ0 decreases significantly under the influence of an ap-
plied magnetic field, believed to be due to an improved spin alignment at grain
boundaries and domain walls. ρ2 and ρ4.5 are temperature dependent resistiv-
ity terms; where ρ2 is associated with electron-electron scattering and ρ4.5 with
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electron-magnon scattering. The values of both these terms decrease when a mag-
netic field is applied.
In reality, the film is not in a single phase and the current model fails to account
for the coexistence of ferromagnetic metallic and insulating behavior[33]. Other
phases which can be found in the film are the AFI and PMI phases, which both
increase the resistivity of the film. Strain in thin films of LSMO causes the transport
mechanism to change from metallic double-exchange to (anti)ferromagnetic super-
exchange conduction. Depending on the type of strain, tensile or compressive, the
resulting orbital-ordered AFI phase is either A- or C-type, respectively. The insulat-
ing phases have the same conduction mechanism as the PMI phase.

Upon increasing the temperature, at a given temperature (Tmit), a metal to in-
sulator transition can be observed (Tmit “ p

dρ
dT qmax ). Above this temperature, an

increasing fraction of the LSMO shows (paramagnetic) insulating behavior. The PMI
phase of the material can be described by

ρPMI “ γT exp p
Ea
kBT

q, (2.7)

where Ea is the activation energy, kB the Boltzmann constant, γ an empirical coeffi-
cient, and T is the temperature. The model indicates polaronic hopping as the main
mode of transport in bulk LSMO, in which the activation energy is needed to facil-
itate an electron to hop from one Mn-ion to the next. Due to the strong localization
of the polaronic electron in the t2g orbital, the electron also exhibits the magnetic ef-
fects related to an unfilled 3d shell, important for magnetism-conduction coupling
in the super-exchange conduction.

The transition from FMM to PMI is a gradual one. The depicted models resulting
in equations 2.6 and 2.7 do not account for an overlapping of phases. This resulted
in the need for fitting both phases separately, well below and well above the Curie
temperature. To improve the model, equations 2.6 and 2.7 are combined in equa-
tion 2.8, such that the total resistance of the film can be fitted with a single equation,
given by

ρtotalpT q “ ρFMM pfq ` ρPMIp1´ fq (2.8)

where ρ is the resistivity of a phase and f is the volume fraction of the material in
the FMM phase, consequently the remaining part of the volume will be in the PMI.
The fraction f is governed by the Boltzmann distribution as

fFMM “
1

1` expr
U0pT {Tmodel

C ´1q

kBT
s

(2.9)
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Figure 2.19: (a) Left axis depicts a typical ρ-T curve for LSMO grown on
LAO where below 250 K, the LSMO is behaving according to ρFMM

and above 250 K, the behavior is characterized by the ρPMI . Right
axis depicts the derivative of ρ-T. The maximum derivative at 195 K
represents the metal-to-insulator transition. (b) Volume fraction of
LSMO FMM and PMI with temperature according to equation 2.8.

where TmodelC is an empirical fitting parameter and U0 is the energy difference be-
tween the FMM phase and PMI phase at 0 K. TmodelC should be close to the observed
TC and indicates the transition temperature from FMM phase to PMI phase[34].
Figure 2.19 (a) shows ρ ´ T data, measured on an LSMO Hall bar grown on LAO
substrate, fitted with equation 2.8. The resulting volume fraction is plotted in fig-
ure 2.19 (b). Application of a magnetic field will reduce the resistance of LSMO,
giving rise to a novel magnetoresistance phenomena called colossal magnetoresis-
tance.
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Colossal Magnetoresistance

Colossal magnetoresistance (CMR) is an isotropic phenomena which describes the
drastic change in resistance of a material upon applying a magnetic field. CMR is
defined as:

CMRpBq “
ρpBq ´ ρp0q

ρp0q
˚ 100%, (2.10)

where ρpBq and ρp0q are the resistivity of material with and without application of a
magnetic field, respectively. Most materials have a magnetoresistance effect, and in
metals, for instance, it is known to increase the resistivity up to only a few percent.
However, for doped manganites the resistivity decreases when a magnetic field is
applied, resulting in a negative magnetoresistance. The decrease in resistivity can
be of several orders of magnitude for manganites, therefore the mangnites have
been extensively studied since the discovery of the negative CMR effect in mangan-
ites[35–37].
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Figure 2.20: Resistivity versus temperature (left axis) for an LSMO thin film.
Measured with and without the application of a magnetic field. The
difference in resistance is expressed with the CMR percentage (right
axis).
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The phenomena of the negative CMR in manganite is explained based on the
hopping of itinerant electrons in the Mn-ion eg orbital. The double-exchange hop-
ping, from Mn3` to Mn4`, is only possible when the spin states of the Mn3`{4`-ions
are aligned. Upon applying a magnetic field, the spin states align and the double-
exchange hopping is possible, lowering the overall resistance of the manganite ma-
terial. In manganite the CMR peaks close to the Curie temperature, as shown in
figure 2.20, making the CMR peak-value a useful feature to determine the Curie
temperature in transport measurements.
The isotropic nature of the CMR effect allows it to be separated from other phenom-
ena, such as the anisotropic magnetoresistance (AMR).

Anisotropic Magnetoresistance

Anisotropic magnetoresistance (AMR) is found in a multitude of materials and is
already observed over 150 years ago in materials like iron[36]. AMR is calculated
using the resistance when the magnetization is parallel to the current ρp‖qB , and
when orthogonal to each other ρpKqB . The resulting resistivity change is expressed
in percentage, with the following equation:

AMRpBq “
ρp‖qM ´ ρpKqM

ρpKqM
˚ 100%. (2.11)

The magnetization for the AMR is set using an applied magnetic field (B). Therefore,
often the M in equation 2.11 is often replaced with B, assuming the magnetization
follows the magnetic field (B‖M when Bąμ0Hsat).
The origin of the effect was first worked out for metals and lies in the combination
of spin-orbit interaction and the magnetization of the material, causing an angle-
dependence in the scattering. The proposed two-current model by Mcguire and
Potter describes the AMR effect due to spin-orbit interaction of electron-scattering
in the s and d orbitals in metals[37]. Scattering from, for instance, impurities causes
electrons to scatter from conduction orbitals into localized d-orbitals. The d-states
are influenced by the applied magnetic field and spin-orbit coupling, consequently
the angle between magnetic field and current influences the scattering rate. By tak-
ing different scattering processes into account, namely s ÒÑ s Ò, s ÒÑ d Ò, s ÒÑ d Ó

, s ÓÑ s Ó, s ÓÑ s Ó, and s ÓÑ s Ò, where the Ò and Ó indicate the spin state, the resis-
tance can be calculated for ρp‖qM and ρpKqM . The AMR ratio for weak ferromagnet
(ρsÒ “ ρsÓ “ ρs) is defined as:

∆ρ

ρ
“

γpρsÑdÓ ´ ρsÑdÒq
2

pρs ` ρsÑdÒqpρs ` ρsÑdÓq
, (2.12)
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with γ “ 3{4pλ{Bappliedq
2[38, 39]. When ρsÑdÒ “ 0, Campbell, Fert and Jaoul’s

(CFT) expression for strong ferromagnets appears[38, 40]. Based on the CFT model
and the two-current model, Kokado et al[41] proposed a more universal description
of AMR which could correctly predict the sign of the AMR effect. The model re-
places the s-orbital by σ as the conduction orbital and predicts that if either s ÓÑ d Ó

or s ÒÑ d Ò scattering is dominant, the AMR ratio is negative. The latter is the
case for La0.67Sr0.33MnO3 as it is a half metal at 0 K, with only spin up states in the
3d-orbital. This results in an AMR ratio, given by[41]:

∆ρ

ρ
“

´γ

pρsÒÑdÒ{ρsÒq´1 ` 1
. (2.13)

Plugging in realistic numbers for LSMO gives an AMR of -0.4 %[41], which is in
close correspondence to the values we observed for AMR in chapter 4, suggesting
that angle dependent scattering due to spin-orbit coupling is the driving factor.

A more intuitive explanation for the AMR is based on the anisotropy energy[37].
For this we need to separate the AMR into two parts, a non-crystalline part and a
crystalline part, as the theory is based on a polycrystalline sample. Equation 2.11
refers to the non-crystalline part reflecting the differences in the scattering between
M‖I and MKI in the resistance matrix. The difference in scattering between elec-
trons with momentum parallel to and orthogonal to the applied magnetic field, is
due to relativistic spin-orbit coupling [42]. In angle-dependent magnetoresistance
studies, as performed in this thesis, the noncrystalline AMR is visible in the trans-
port measurements as a sin2pθq or cos2pθq oscillation, depending on whether the
magnetoresistance is positive or negative, respectively. The non-crystalline AMR is
given by [37]:

E “ A0 `A1cos
2pθq, (2.14)

where A0 and A1 are energy anisotropy constants which depend on factors such as
magnetization, and applied magnetic field, and θ is the angle between current and
applied magnetic field, assuming B‖M. The cosine originates due to multiplication
of the magnetization and magnetic field vectors and is maximum when both are
parallel and zero when orthogonal as shown in figure 2.21.
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Figure 2.21: (a) Hall bar with the current and field directions as indicated. (b)
The ideal curve for AMR. (c) AMR plotted in a polar plot showing
the twofold symmetry.

The interplay with other factors, such as crystal-structure, are not taken into
account by this polycrystalline model but will have an effect on the system. The
crystalline component depends on properties like crystal symmetry[43], leading to
higher order symmetries.

Magnetocrystalline Anisotropy

Magnetocrystalline anisotropy (MCA), similar to AMR, is observed when rotating
the magnetic field around a sample, either inplane or out-of-plane, while measuring
the resistance. Since the sample is crystalline, the angle dependence can be related
to the crystallographic directions in the sample. Figure 2.22 shows an rotating mag-
netic field around a unit cell of La0.67Sr0.33MnO3.
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Figure 2.22: La0.67Sr0.33MnO3 unit cell with an applied magnetic field
in the [110] (left side) [210] (middle) [100] direction, having a
low/medium/high resistance, respectively. The current is in the
[100] direction, as drawn in the right figure, for all three cases as
drawn.

In its origin, the effect is based on electron scattering being influenced by spin-
orbit interaction interacting with the crystal structure of the material. Localized
electrons in the atomic orbitals interact with the magnetic field. Depending on the
occupied orbitals the coupling with magnetic field will cause a change in the rela-
tivistic electron scattering matrix[43], which in turn results in a change in resistance.
Depending on the symmetry of the crystal structure, band structure and orbital sym-
metry, MCA might contribute to the angle-dependent magnetotransport signal. For
LSMO, the crystal structure is pseudo-cubic, giving rise to a fourfold signal, expand-
ing the energy equation 2.14 to

E “ A0 `A1cos
2pθq `A2cos

4pθq, (2.15)

where the last term is added for the fourfold signal, and A2 is an energy constant
depending on various parameters. Figure 2.23 depicts the observed fourfold mag-
notoresistance signal, where the clover leaf shape in the left figure is a characteristic
of the MCA signal in a cubic symmetry.

The MCA can be tuned by utilizing extrinsic as well as intrinsic properties such
as exchange bias (gate voltage), or by altering the valence state of ions[44]. Both
gating and changing the valence state aim to change the band structure, where the
manipulation of MCA with application of gating has recently gained scientific inter-
est[45–49].

Other effects like shape anisotropy can also play a role in the angle dependent
measurements. Shape anisotropy is the demagnetization energy re-orienting mag-
netic domains to create closed flux lines. The extent to which this happens depends
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Figure 2.23: An example graph depicting fourfold magnetocrystalline
anisotropy in a polar plot (left) and conventional graph (right). The
red, green and blue circles of the left figure correspond to 0, 1, and 2
value on the y-axis of the left figure.

on the shape of the material. The bigger the sample in all three dimensions, the
less is the influence of the demagnetization term. For thin films, this effect plays a
role while performing out-of-plane measurements, as the demagnetization energy
causes the material to have a preferred inplane magnetization to created closed flux
lines. For the inplane rotations, the shape anisotropy is neither expected nor ob-
served to play a large role as the Hall bars are relatively large, 50 μm by 3 mm,
compared to their thickness („5-25 nm). If shape anisotropy would occur in the in-
plane direction, the easy axis would lie along the Hall bar giving rise to an uniaxial
(twofold) signal.

Magnetoresistance Fitting

In the itinerant ferromagnet LSMO, the electrical conduction and magnetization are
coupled due to the double-exchange mechanism. The strong coupling between the
phenomena leads to a resistance change due to the previously discussed CMR and
AMR effects. The longitudinal resistivity can be derived from equation 2.15, to be
given by[45]:

ρlong “ ρ0 ` ρ2f cos p2θ ´ δ2f q ` ρ4f cos p4θ ´ δ2f ´ δ4f q, (2.16)

where the longitudinal resistivity, ρlong, depends on a baseline resistance ρ0, and on
two cosine-modulated functions, with amplitudes ρ2f and ρ4f . The terms δ2f and
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δ4f are offsets to fit the cosines to the oscillation. Without offsets, the cosines would
peak at 0 degree. This offset can arise due to a mismatch between applied magnetic
field, current direction, and crystallographic axis. Thermal drift has been an issue,
especially close to and above Curie temperature, in the thin films. For this reason,
the thermal drift behavior was studied and an extra exponential term was added
to equation 2.16, to compensate for the thermal drift. Resulting in the following
equation:

ρlong “ρ0 ` ρ2f cos p2θ ´ δ2f q ` ρ4f cos p4θ ´ δ2f ´ δ4f q

` ρdrift exp r´p360` θq{τ0s,
(2.17)

where ρdrift and τ0 are fitting parameters. Figure 2.24 shows obtained data from an
inplane rotational measurement fitted with equation 2.17.
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Figure 2.24: (Left side) Graph with measured angular dependent magnetore-
sistance data (black squares) fitted with equation 2.17. (Right side)
Polar plot with the same data and same fit, showcasing the fourfold
symmetry observed in our low temperature measurements.

Equation 2.17 is used for fitting all angle-dependent data in chapters 4 and 5. In
chapter 4, the angle θ rotates inplane and is relative to the crystallographic [001] axes
of the substrate. In chapter 5, the angle θ rotates out-of-plane and is also relative to
the crystallographic [001] axes of the substrate.
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Chapter 3

Temperature dependence of the magnetization
of La0.67Sr0.33MnO3 thin films on LAO3

Abstract

We report on the interplay between magnetically ordered phases with temperature and
magnetic field across compressively strained interfaces of thin La0.67Sr0.33MnO3 films
on LaAlO3 substrates. From the temperature dependence of the magnetization and resis-
tivity studies, we find two distinct temperature regimes, where this interplay is clearly
exhibited. We ascribe this to the strain induced Jahn-Teller-like distortion that favors the
stabilization of the d3z2´r2 orbitals and enhances superexchange between adjoining Mn
atoms. The temperature and field sweep of the magnetization and electronic transport
lead to a hybridization between the closely spaced energy levels of d3z2´r2 and dx2´y2

orbitals leading to the coexistence of ferromagnetic and antiferromagnetic phases. Such
an observation, not reported earlier, offers new routes for the design and study of mag-
netic textures in variously strained interfaces between perovskite oxides.

3.1 Introduction

S
ubstrate engineering at perovskite heterointerfaces through strain, termination
control or oxygen octahedral coupling has emerged as a promising routes to sta-

bilize novel physical properties in these materials.[1–11] For example, it has been
shown that the induced epitaxial strain arising at different substrate interfaces with
thin films of the same magnetic oxide can lead to the occurrence of diverse mag-
netic phases.[12] The epitaxial strain induced distortion of the oxygen octahedron
in ABO3 perovskite thin films leads to anisotropic hopping between different BO6

orbitals and thus to differences in magnetic ordering in-plane and out-of-plane of
the film.[13] For a compressively strained interface (a ă c), an out-of plane ferro-
magnetic ordering and an in-plane antiferromagnetic ordering are usually favored,
while the reverse is true for a tensile strained interface, whereas for an unstrained
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interface (a „ c), a three dimensional ferromagnetic ordering can be stabilized. Lat-
tice distortions at engineered interfaces are thus strongly coupled with magnetic
properties and can lead to an anisotropy of magnetization along different crystalline
directions or to a distribution of different magnetically ordered phases in magnetic
films.

La0.67Sr0.33MnO3 (LSMO) is a canonical ferromagnetic oxide in the manganite
family whose application potential is driven by unique physical properties as well
as its relatively high Curie temperature.[14] Besides its large colossal magnetore-
sistance and demonstration of 100% spin-polarized carriers,[15–22] it has also been
used in different electronic and spintronic devices such as in magnetic tunnel junc-
tions, hot-electron based transistors[23] as well as in ferroelectric tunnel junctions.[24]
The rich phase diagram of LSMO and the strong coupling between magnetic and
electronic phases in thin LSMO films on different substrates [25] such as SrTiO3, [3,
4, 26] NdGaO3,[27] DyScO3[12] and (LaAlO3)0.3-(SrAl0.5Ta0.5O3))0.7 (LSAT)[4] have
been widely investigated. However, less is known about the coupling between mag-
netic and electronic properties in strained thin films of LSMO on a twinned LaAlO3

(LAO) (100) oriented substrate. In this work, we study the interplay between co-
existing magnetically ordered phases with temperature and magnetic field across
compressively strained interfaces of thin LSMO films on LAO. We employ magneti-
zation studies and electronic transport for this and find such an interplay to be active
at different temperature regimes. These findings are further corroborated with the
temperature dependence of the resistivity with and without an applied magnetic
field across the heterointerface. Our findings indicate that the compressive strain
rendered at such film-substrate interfaces lead to the stabilization of the d3z2´r2 or-
bitals and to the coexistence of ferromagnetic and antiferromagnetic phases. The
latter is a consequence of the stretching of Mn-O-Mn bond lengths and bond an-
gles at the interface, altering the overlap between the MnO6 orbitals. This coupling
between the spin and orbital degrees of freedom at such engineered interfaces of-
fers interesting prospects for the design and study of new magnetic textures at such
interfaces.

3.2 Fabrication and structural characterization

3.2.1 Thin Film Growth

The 15 unit cell (u.c.) thick LSMO film is grown using Pulsed Laser Deposition
(PLD) on a 5x5 mm LAO substrate. Optical microscope image shows a twinned
surface, typical of a LAO substrate. Additionally, the twinned surface of LAO is
visualized by Atomic Force Microscopy (AFM), as shown in Fig. 3.1. From these
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observations, we find the twinning width to be several microns whereas the length
ranges from tens to hundreds of micrometers. The highest and lowest point of the
twinned plane is found to be up to 20 nm in height. The size of the twins is smaller
than the Hall bar (100 by 3000 µm) and the Hall bar includes tens to hundreds of
twins.

Figure 3.1: (a) A schematic of the top surface of a twinned LAO substrate
(not to scale). The angle between the two faces of a typical twin
boundary is indicated. (b) The AFM image shows twinning of a LAO
substrate. The twinning varies in width between 1 µm and 7 µm and
is tens to hundreds of microns long. The height of a twin is between
5 nm and 20 nm, hence three orders of magnitude smaller compared
to the width. The resulting tilting angle of two faces on either side of
the twin boundary is between 179˚and 180 .̊ (c) The phase image of
the figure clearly shows the contrast of the twin faces on either side of
the boundary.

The depositions were done in a Twente Solid State Technology PLD system with
an excimer (KrF) laser (248 nm), at 750 oC under a pure oxygen pressure of 35 Pa.
A laser fluence of 2 J/cm2 at a frequency of 1 Hz is used with an oxygen flow of
1 cm3/s and a pressure of 35 Pa in the PLD chamber. The deposition is monitored
using an in situ Reflection High-Energy Electron Diffraction (RHEED) system. The
RHEED spots are captured every 795 ms. Figure 3.2(a) shows post-deposition pro-
cessing of the RHEED images for the analysis of the RHEED oscillations. This anal-
ysis provides information on the thickness of the film, considering one RHEED os-
cillation to correspond to the growth of one monolayer of LSMO. From the RHEED
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image, 15 oscillations are seen, establishing that a 15 u.c. thick LSMO film is grown
on top of LAO. After deposition, the sample is cooled down at a rate of 10 oC/min
to room temperature, under an oxygen pressure of 1 kPa in order to anneal the film.
The post-deposition annealing of the LSMO minimizes oxygen vacancy related de-
fects.

3.2.2 Thin film characterization

The structural and magnetic properties of the film are characterized by X-Ray Diffrac-
tion (XRD) (PANalytical) and magnetic property measurement system (Quantum
design) measurements. The XRD 2θ scan of the (001) and (002) peaks shows a 2.1%
out-of-plane tensile strained LSMO film on top of the LAO substrate as shown in
Fig. 3.2(b).
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Figure 3.2: (a) The RHEED intensity oscillations of the first diffraction spot.
The inset shows the RHEED spots, 5 min after the deposition of LSMO
and is used to obtain the RHEED oscillations. The displayed intensity
oscillations originate from the central spot. Analysing the RHEED
intensity, 15 oscillations are visible establishing that 15 u.c. of LSMO
are deposited on the LAO substrate. (b) XRD of a LSMO thin film
on LAO. The intensity peaks correspond to the (001) and (002) peaks
from LSMO and LAO. The absence of peaks in other reciprocal crystal
directions suggest epitaxial growth of the film. A 2.1% out-of-plane
lattice strain is determined, comparing the extracted lattice parameter
of 0.396 nm with that of the bulk value of 0.388 nm.
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We used the same figure (Fig. 3.2b) and fitted the LSMO (002) Bragg peak and
the fringe on the left side of the peak to confirm the thickness of 15 u.c.. In the XRD
2θ scan with ω=0, only [00l] peaks are visible, suggesting that the film is grown epi-
taxially in the out-of-plane direction.

The magnetic property measurement system is used to perform magnetization
measurements with temperature and applied magnetic field. In Fig. 3.3, the mag-
netization dependence on applied field is shown, where the magnetic field is swept
both in-plane and out-of-plane with respect to the sample surface. The field de-
pendent loops show ferromagnetic behavior. The coercive field of 43 mT at 10 K
is similar for in-plane and out-of-plane measurements, indicating weak anisotropy.
The highest saturation magnetization (Ms) is determined to be 570 emu/cm3 at 2 T
for 10 K.
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Figure 3.3: The magnetization with respect to the applied magnetic field for
out-of-plane (square) and in-plane (up-triangles) field directions. The
ferromagnetic loops at 10 K have similar coercive fields. Initially, a
magnetic field of -2 T is applied, thereafter it is swept to 2 T and
back to -2 T. Between the out-of-plane and in-plane measurements,
the film is warmed above the Curie temperature. The saturation mag-
netization (Ms) of 570 emu/cm3 is determined from the full loop (not
shown).

The magnetization versus temperature, shown in Fig. 3.4, represents the Zero
Field Cooling (ZFC) and two Field Cooled Warming (FCW) measurements. From
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the curves, two magnetic phase transition temperatures are extracted, around 230 K
and 85 K. The maximum magnetization is reached around 130 K for the ZFC in-
plane curve. Below 130 K the magnetization decreases for the in-plane component
while the out-of-plane magnetization increases around 100 K. The in-plane magneti-
zation deviates from a typical ferromagnetic behavior for LSMO films on LAO. The
magnetization curves are an indication of an interplay between different magnetic
phases in the film with temperature and the cooling field.
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Figure 3.4: The magnetization, on the left axis, is measured during heating
after cooling down to 10 K. The closed symbols correspond to the out-
of-plane magnetization, while the open symbols correspond to the
magnetization in-plane. A measuring field of 5 mT was applied. In
addition to the ZFC measurement, FCW experiments were performed
with cooling fields of 5 mT and 50 mT. The Curie temperature, defined
as the lowest point in the derivative, on the right axis, is at 230 K,
which is lower than reported bulk values. The plotted derivative is
taken from the ZFC in-plane measurement. A second phase transition
is observed at 85 K. The out-of-plane (closed symbols) show decreas-
ing magnetization with temperature and reaches a negligible value
around 100 K.

The in-plane magnetization shows a clear ferromagnetic phase between 130 K
and 270 K. At lower temperatures, the magnetization decreases, suggesting the pres-
ence of an antiferromagnetic phase. The ZFC plots for the out-of-plane direction
show the occurrence of spontaneous magnetic moments below 130 K. The 50 mT
and 5 mT FCW out-of-plane magnetization plots show a similar trend between
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130 K and 270 K, however, below 130 K the 50 mT FCW out-of-plane magnetiza-
tion increases significantly. From the trends observed for ZFC plots at 130 K, we
infer an interplay between coexisting ferromagnetic and antiferromagnetic phases.
The 50 mT FCW measurements show that this cooling field is sufficient to order the
existing ferromagnetic phase in the out-of-plane direction.

3.3 Magnetotransport

In addition to the bulk film properties, magnetotransport measurements are per-
formed in a Hall bar geometry. The Hall bar geometry is created using UV-lithography
followed by wet etching in aqua regia to etch LSMO, using an established proto-
col.[28] A schematic of the Hall bar is shown in the inset of Fig. 3.5.

For the longitudinal resistivity measurements, the field is set to either 0 T or 1 T,
in the z-direction, and a direct current of 5 µA is applied. By sweeping the tempera-
ture from 25 K to 240 K and simultaneously measuring the longitudinal voltage, the
temperature dependence of the longitudinal resistivity is determined and plotted in
Fig. 3.5. The resistivity measurements show an insulating trend below 130 K, which
is expected for a 15 u.c. thin film LSMO [29] on LAO.[26] In the temperature range
between 145 K and 210 K, both the ZFC and 1 T curve show a regime where the
conduction is metallic. This indicates that there is phase coexistence in the material
below 130 K and corroborates with our findings from M-T measurements.

From Fig. 3.5, we observe two distinct resistivity regimes with temperature. For
temperatures between 25 K to 85 K, the resistivity changes from weakly insulating
to metallic, while above 85 K, the LSMO film resistivity changes from metallic to
weakly insulating. The resistivity increase in the low temperature regime is remi-
niscent of an antiferromagnetic phase, which, as suggested from earlier works [12,
25, 30] can occur under different growth conditions of the LSMO film or for different
choices of the underlying substrate.

At higher temperatures, the resistivity of LSMO, transiting from metallic to in-
sulating corresponds to the commonly observed magnetic phase transition from a
ferromagnetic metal to a paramagnetic insulating phase.[17–20]

The applied magnetic field of 1 T is larger than the magnetic saturation field and
is expected to align all spins that are in the ferromagnetic state. This will also lead to
an overall decrease of the resistivity. This reflects the strong coupling between mag-
netic and electronic states in manganite thin films. This reflects the strong coupling
between magnetic and electronic states in manganite thin films. The resistivity stud-
ies also matches well with the M-T findings discussed earlier. From the derivative
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Figure 3.5: Temperature dependence of the resistivity, left axis, for the 15 u.c.
LSMO film with and without a magnetic field (1 T) and with a direct
current of 5 µA. The temperature dependence of the derivative of the
resistivity, with and without a magnetic field (1 T), is shown in the
right axis. From the derivative plots two phase transition tempera-
tures at 85 K and at 175 K are determined. (Inset) A schematic of the
Hall bar with spatial definitions. The field is applied in the positive
z-direction and current is applied in the positive x-direction.

plots two phase transition temperatures at 85 K and at 175 K are determined.

3.4 Discussion

Both the temperature dependence of magnetization and resistivity shown in Fig. 3.4
and Fig. 3.5 respectively suggest phase coexistence in our thin films.[2, 12] Phase
coexistence in tensile strained LSMO films deposited on DyScSr0.3 accompanied by
a phase transition from ferromagnetic to A-type antiferromagnetic behavior with
changing temperature was reported earlier.[12] Moreover, earlier works utilizing
x-ray absorption spectroscopy have reported on the observation of C-type antifer-
romagnetism in ultrathin films of LSMO on LAO and its insulating behavior.[30]
However, for compressively strained thin LSMO films on LAO substrates, such as
in our case, a phase coexistence has not been reported earlier. Our findings show
the interplay between ferromagnetic metal and an antiferromagnetic insulator with
temperature and applied magnetic field.
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Epitaxial growth of strained LSMO thin films on LAO substrate causes a defor-
mation of the pseudo-cubic structure, elongating the crystal in the [001] direction
and compressing it in the [100] and [010] directions. The strain resulting in a Jahn-
Teller-like distortion,[31] favors the stabilization of the d3z2´r2 orbital over dx2´y2

orbitals for compressively strained films.[14] Since the Mn-O-Mn bond angles and
bond lengths are modified at such strained interfaces, this alters the overlap between
the MnO6 orbitals. The favorable occupation of the d3z2´r2 orbital rather than the
dx2´y2 orbital induces low hopping probability via double exchange and enhances
superexchange between Mn atoms, favoring an antiferromagnetic orientation of the
spins and this is captured in Fig. 3.4. The dominant ferromagnetic phase observed in
many thicker films of LSMO on LAO,[32] originates from the well-described dou-
ble exchange between the Mn atoms. We find from both Fig. 3.4 and Fig. 3.5,
the presence of insulating antiferromagnetic phase below 130 K and a dominant
ferromagnetic phase between 130 K and 270 K. For such Jahn-Teller like distorted
heterointerfaces, the thermal energy is sufficient to induce hybridization between
d3z2´r2 and dx2´y2 orbitals due to their relatively close-spaced energy levels, lead-
ing to the observation of the interplay between the two magnetically ordered phases
with temperature and applied field.

3.5 Conclusion

Strain engineered interfaces of thin LSMO films on LAO were studied using magne-
tization and electronic transport measurements. Two distinct temperature regimes
are observed that are associated with an antiferromagnetic and a ferromagnetic
phase. Such a coexistence of different magnetically ordered phases in compres-
sively strained interfaces arises due to the stabilization of the d3z2´r2 orbital over
dx2´y2orbitals and has not been reported earlier for such interfaces. The possibility
to tailor the spin and orbital degrees of freedom across variously strained interfaces
can be extended to the study and stabilization of non collinear magnetic textures
across perovskite oxide interfaces.
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Chapter 4

Temperature-dependent Periodicity halving of
the Inplane Angular Magnetoresistance in
La0.67Sr0.33MnO3 Thin Films on LaAlO3

Abstract

Strain-engineering is used as a tool to alter electronic and magnetic properties like anisotropy
energy. This study reports the different angle-dependent magnetoresistance properties
of the strain-engineered La0.67Sr0.33MnO3 thin films, grown on LaAlO3, compared to
their bulk analogues. Upon increasing temperature, a symmetry change from fourfold
(cos(4θ)) to twofold (cos(2θ)) is observed in the angle-dependent resistance measure-
ments. This systematic study with increasing temperature allows us to define three
distinct temperature-dependent phases. The fourfold symmetric signal originates from
magnetocrystalline anisotropy, whereas the twofold symmetric signal is believed to be
the conventional anisotropic magnetoresistance. Our observations show that strain-
engineering creates the possibility to manipulate the anisotropy which, for example, can
ultimately lead to observations of noncollinear quasi-particles like skyrmions in single
layer thin films of La0.67Sr0.33MnO3.

4.1 Introduction

Doped manganites are studied extensively since the first observation of the colos-
sal magnetoresistance (CMR) effect[1–3] in manganites. Other magnetoresistive ef-
fects such as anisotropic magnetoresistance (AMR)[2–6] and the planar Hall effect[7]
have also gained attention. This interest resulted in various sensors[8–13] and ap-
plications due to the rising popularity of Internet of Things[14], which increased the
demand for electronic magnetoresistance sensors measuring anything from traffic
mobility to water flow[12]. From a scientific point of view, the magnetoresistance
effects form handles for measuring and/or manipulating properties of the material
to form, for example, new magnetic textures like skyrmions. A first step towards
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creating magnetic textures can be the fine tuning of the anisotropy which creates the
ideal circumstances for finding magnetic textures.

One manganite in particular, La0.67Sr0.33MnO3 (LSMO), has attracted much at-
tention due to its high Curie temperature of 360 K. Using pulsed laser deposition
(PLD), epitaxial thin films of LSMO can be grown with minimal oxygen vacan-
cies[15]. Thickness-dependent thin film studies in LSMO led to new findings such
as a shift in Curie temperature[16–18], coexisting magnetic phases[16, 19] and pres-
ence of magnetic dead layers[20–24].

Besides controlling film thickness, the influence of strain induced by an under-
laying substrate[6] on the angle-dependent magnetotransport in LSMO thin films
has been investigated. However, most (LSMO) films are grown on SrTiO3[7, 25–
35], giving rise to tensile strain[36, 37]. Growing films on different substrates may
change physical properties such as deforming the lattice, inducing oxygen octahe-
dral tilt, or noncollinear magnetization thus introducing novel physical properties
in thin films of La1´xSrxMnO3[20, 36, 38, 39]. On the other hand, replacing SrTiO3

(001) (STO) with LaAlO3 (001) (LAO) as a substrate, induces a large in-plane com-
pressive strain in the pseudocubic LSMO film, resulting in a deformation to a tetrag-
onal structure with an elongation in the [001] direction. Compressive strain reduces
Curie temperature and can result in out-of-plane magnetic anisotropy[36, 40]. The
out-of-plane anisotropy can be understood as a result of compressive strain deform-
ing the unit cell, tweaking the magnetocrystalline anisotropy (MCA) to a preferen-
tial out-of-plane direction.

Anisotropy effects are mainly studied with either bulk characterization tech-
niques such as ferromagnetic resonance (FMR)[35, 41], torque magnetometry[42] or
a superconducting quantum interference device (SQUID) magnetometer[23, 42, 43]
to characterize the temperature-dependent magnetic anisotropy. Alternative to bulk
characterization techniques, techniques such as magnetic force microscopy[36] are
used to study magnetization behavior locally (at small areas). Due to a Curie tem-
perature above room temperature, various magnetism based studies have been con-
ducted with La0.67Sr0.33MnO3 at room temperature. Recent FMR studies at room
temperature showed little MCA for LSMO on SrTiO3[41], whereas in another study
at 200 K, the MCA is clearly observed in thin films[35], showing the need for sys-
tematic temperature-dependent studies. Both torque magnetometry and FMR can
be used to quantify the exact anisotropy energy, whereas often it is desirable to ob-
serve and influence the effective anisotropy.

In this paper, we present the longitudinal magnetotransport data of strain-engineered
LSMO thin films on LAO, and investigate the temperature-dependent anisotropy,
which provides information regarding the effective anisotropy.
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4.2 Experimental setup

The films used in our experiments have been grown using PLD with an excimer
(KrF) laser using the previously published parameters[19]. The growth of both films
were monitored in-situ, using reflection high-energy electron diffraction (RHEED),
to verify a smooth epitaxial growth (see Supplementary Information [SI] Fig. 4.5).
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Figure 4.1: (a) X-ray θ-2θ diffraction of LSMO films. The Laue oscillations,
clear from the thick film spectra, indicate a smooth and epitaxial
growth of 23 unit cells, which is in close correspondence to the 25
unit cells observed with RHEED. (b) Normalized in-plane magnetiza-
tion loops at 10 K for both films, with a coercive field of 30 mT and a
saturation magnetization around 250 mT.

The thickness of the film is calculated from the Laue fringes and is found to be
9.1 nm (23 u.c.) and 5.5 nm (14 u.c.) for the thick and thin film, respectively. Laue
fringes fitting on the XRD θ´ 2θ are shown in Fig. 4.7 of the SI. The thickness deter-
mined from XRD corresponds to the values obtained by counting RHEED intensity
oscillations. Magnetic hysteresis loops, taken at 10 K and 300 K using a magnetic
property measurement system (MPMS) is shown in Fig. 4.1 (b). At 10 K, both films
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display typical ferromagnetic behavior with a coercive field of 30 mT and a satura-
tion magnetization around 250 mT.

Thin film Thick film
Thickness 5.5 nm 9.1 nm

HMs at 10 K 200 mT 300 mT
Hc at 10 K 30 mT 30 mT

Curie temperature 195 K 320 K

Table 4.1: Summary of investigated thin films characteristics

The magnetic properties of LSMO are further characterized by temperature-
dependent magnetotransport measurements. For this purpose, the films are pat-
terned with a Hall bar structure and etched using aqua regia[44]. Thereafter, we
measured the temperature-dependence of the resistivity in the presence of a mag-
netic field. A DC current of 5 µA is sent through the LSMO Hall bar to measure
the longitudinal resistance in a 4-probe configuration as presented in Fig. 4.2 (a),
using a Keithley 2410. The longitudinal resistivity, ρ-T (in Fig. 4.2 [b]), is measured
while heating the sample from 10 K to 300 K. The thin film (black squares) has two
transition temperatures around 50 K and 225 K. Below 50 K and above 225 K the
film behaves as an insulator, while in the temperature range 50–225 K, the film be-
haves as a metal. The insulating behavior below 50 K is caused by a reduction in
double exchange hopping and is more often observed in LSMO thin films of several
unit cells thick[16, 19]. The transition at 225 K is close to the Curie temperature of
this film (see Fig. 4.8). The thick film (green circles) is metallic through the entire
temperature range, as depicted in Fig. 4.2 (b). Other ρ-T measurements on the films
(see Fig. 4.8, at higher temperatures allowed us to determine the maximum CMR to
extract TC as depicted in Table 4.1.

For the angle-dependent magnetoresistance measurements (AdMR) the mag-
netic field is rotated around the [001] crystallographic axis, as shown in Fig. 4.2
(a), while the resistance is measured in the 4-probe configuration. The applied field
of 0.7 T is at least one order of magnitude greater than the coercive magnetization
field, as observed from the hysteresis loop in Fig. 4.1 (b). Therefore, one can assume
that the magnetization is parallel to the applied field direction (M ‖ B). The data
obtained from the measurements (see Fig. 4.3 [a] and [b] and SI Fig. 4.9) is fitted
with an equation based on the AMR energy terms [3]:

E “ A0 `A1 cos2 pθq `A2 cos4 pθq, (4.1)

where A0, A1 and A2 are constants, and θ is the angle between current and ap-
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Figure 4.2: (a) Optical microscope picture of the etched Hall bar from the

thick LSMO film with the current direction either along the, equiva-
lent, [010]pc or [100]pc pseudocubic crystallographic direction of LAO.
In the picture the contacts used in the 4-wire setup are indicated. (b)
Temperature dependence of LSMO’s longitudinal resistivity (ρ-T) for
both thin (black squares) and thick (green circles) films.

plied magnetic field. For angle-dependent resistivity measurements, this equation is
transformed into equation 4.2, as shown in literature[45], to which we added a term
to compensate for thermal drift. The resulting formula is used to fit the longitudinal
resistivity:

ρlong “ ρ0 ` ρ2f cos p2θ ´ δ2f q ` ρ4f cos p4θ ´ δ2f ´ δ4f q

` ρdrift exp r´p360` θq{τ0s, (4.2)

where the longitudinal resistivity, ρlong , in equation 4.2 depends on a baseline re-
sistance ρ0, and on two cosine-modulated functions with amplitudes ρ2f and ρ4f .
The terms δ2f and δ4f are offsets indicating the position of the magnetic hard-axis.
The last term, ρdrift, is added to compensate for thermal drift. More in depth infor-
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mation regarding the process undertaken to account for and eliminate the thermal
drift effect is discussed in SI AMR fitting section. Fig. 4.3 (a) and (b) show the
angle-dependent resistivity and their respective fittings with equation 4.2 for the
thin (black squares) and the thick (green circles) film.

4.3 Results & Discussion

Fig. 4.3 (c) shows the normalized AdMR (ρpθq{ρ0 ˚ 100%) at different temperatures
for the thin film. At temperatures 10–125 K, a fourfold symmetry in the resistance
is observed. Upon increasing the temperature, at 100 K, the signal starts to show an
asymmetry. Increasing the temperature, from 125 to 250 K, causes the signal to show
twofold symmetry, which peaks close to the CMR maximum, at 195 K, for the thin
film. Above 250 K, no angle-dependent signal is observed. For the thick film in Fig.
4.3 (d), we observed at low temperatures no dominant periodicity. Upon increasing
the temperature, the twofold signal becomes dominant around 150 K and remains so
until 300 K. The twofold signal present in both films is observed in various magnetic
materials and depends directly on the applied magnetic field strength and the angle
between the applied magnetic field and the current direction [3, 5].

To quantify the change in signal with temperature, the extracted amplitudes
from a fit with equation 4.2 are plotted versus temperature in Fig. 4.4 (a) and (b).
To follow similar conventions as in published literature, Figs. 4.4 (c) and (d) show
AMR percentage versus temperature based on the conventional AMR definition:

AMR
def
“
ρp90q ´ ρp0q

ρp0q
ˆ 100% «

2 A2f

ρ0
ˆ 100%, (4.3)

where the AMR is defined as twice the extracted amplitude from equation 4.2 di-
vided by ρ0. This definition is used for both the two- and fourfold signals in Fig. 4.4
(c) and (d).

The thin film, in Fig. 4.4 (a) and (c), confirms that the dominant signal is four-
fold symmetric below 125 K. The observed peak at 50 K, in Fig. 4.4 (c), is due to
the increase in resistance below 50 K, decreasing the AdMR percentage for the mea-
surements at 10 K and 25 K. The twofold signal for both films shows a maximum
around Curie temperature, which is expected for the conventional AMR effect[3, 5].
In addition, the CMR, shown in SI Fig. 4.8, shows the same trend in signal strength
as does the conventional AMR, as is commonly observed.

Similar trends, comparable to the temperature scaling, for both the two- and
fourfold signals are shown with increasing magnetic field strength in SI Fig. 4.10.
The temperature and magnetic field dependence, for the fourfold symmetric sig-
nal, can be explained by a constant anisotropic energy in the LSMO thin film. The
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Figure 4.3: (a) and (b) AdMR signal at 50 and 250 K, respectively, for the
thin (black squares) and thick (green circles) films with a fit (solid
line) based on equation 4.2. For (c) and (d) the plotted resistance is
corrected for thermal drift and normalized, ρpθq{ρaverage, for multiple
temperatures. Note that the indicated axes are allowed to be rotated
by 90 degrees as the axes [010] and [100] are equivalent. Plots (e) and
(f) are the normalized data of (c) and (d), plotted in polar plot format,
respectively. The plot (e) shows a clear transition from fourfold to
twofold without any change in peak positions, indicating that there is
no magnetic easy-axis transformation. The legend in the right bottom
corresponds to Fig. 4.3 (c), (d), (e), and (f).

constant anisotropy energy (Eani|0K,0T “ E100 ´E110) can be overcome by increas-
ing either temperature, applied magnetic field, or thickness. Based on the crystal-
lographic directions of the LaAlO3 substrate and the Hall bar placement, the ob-
served fourfold signal in our measurements follows the in-plane bi-axial magnetic
easy axes along the [110]pc and [110]pc directions, similar to the fourfold observa-
tions reported previously in literature[6, 46–48]. Based on the temperature scaling
in Fig. 4.4 (a) and on existing literature review, we attribute the fourfold symmetric
signal to the tetragonal MCA, as it fits all observed features.

In Fig. 4.4 we observe a dominant MCA signal in the thin film, but not in the
thick film. A possible explanation stems from a change in the conduction mecha-
nism of LSMO. The two major conduction mechanisms found in LSMO are, first of
all, the double exchange hopping causing electron–electron („ ρT 2) and electron–
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Figure 4.4: The thin film, in (a) and (c), shows three distinct phases with tem-
perature. (a) Shows the amplitude of the fitted signal. The fourfold
amplitude is stable in size, around 0.4 mΩ cm, up to 50 K, after which
it decreases to zero at 200 K. The thick film, in (b) and (d), shows two
distinct regions. (c) and (d) show the AMR strength based on equation
4.3. (all) The closed and open symbols correspond to the clockwise or
counterclockwise rotation in the measurement, respectively.

magnon („ ρT 4.5) scattering below TC , and secondly the polaronic conduction via
hopping above TC . Decreasing film thickness causes the resistance to increase, at-
tributed to a decrease in the semiconducting bandwidth of the itinerant d-electrons[49].
The decrease in thickness eventually leads to a thermally activated hopping
(„ eEa{T )[16], as observed below 50 K in our thin film. Rotating the magnetic field,
for example, by orienting the magnetic field along an easy or hard axis, decreases or
increases, respectively, the required hopping energy due to the MCA contribution.
The net effect, MCA has on the conduction, is larger for resistive films. This ef-
fect is intuitively understood for a metallic film where the activation energy is zero,
therefore hopping is always possible irrespective of the orientation of the applied
magnetic field.
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4.4 Conclusion

To conclude, we report the following on the temperature-dependent AdMR signal
versus temperature: At low temperature, the fourfold signal appears to be directly
related to the MCA, with easy axes in [110]pc and [110]pc directions. At higher tem-
peratures, a twofold signal is observed, caused by the conventional AMR signal
of ferromagnetic compounds. We relate the increase in signal strength for AdMR
and CMR to the increasing resistivity of the films caused by the decreasing thick-
ness. These results indicate the feasibility to tune strain and thickness to control
the anisotropy. Based on the results, we predict resistance changes due to strain-
engineering to be best observed in thin samples which still portray metallic behav-
ior. Future experiments can aim to engineer an out-of-plane magnetization to deeper
understand the relation between strain and the (out-of-plane) MCA observed by
magnetotransport. Inducing a larger compressive strain on a thin (5.5 nm) film of
LSMO can induce an out-of-plane anisotropy to facilitate the formation of magnetic
textures like skyrmions in a single layer LSMO.
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Figure 4.6: Magnetization ver-
sus applied magnetic
field for the thick (green
circles) and thin (black
squares) film, with a
saturation magnetiza-
tion of 4.9 µb/Mn and
2.0 µb/Mn, respectively.
The signal is measured
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as presented in the
paper.
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Figure 4.7: Zoom in of the XRD
spectrum obtained from
the thick and thin LSMO
films. The Laue fringe fit-
ting is performed on the
002 thin film peak of the
film. A thickness of 23˘1
u.c. (9.1˘0.4 nm) is ex-
tracted from the fitting for
the thick film and a thick-
ness of 13˘1 u.c. (5.2˘0.4
nm) is extracted for the
thin film.

CMR

Colossal magnetoresistance (CMR) is defined as:

CMR “
ρpHq ´ ρp0q

ρp0q
ˆ 100%, (4.4)

where ρpHq is the resistivity when a magnetic field is applied, and ρp0q is the
resistivity without an applied magnetic field. The CMR versus temperature peaks
at the Curie temperature.

In figure 4.8, the observed MR is significantly larger for the thin film compared
to the thick film, also observed by others[1]. Decreasing the film thickness causes
the demagnetization energy term to be relatively stronger. The stronger demagne-
tization energy reduces the spontaneous magnetization and therefore the double
exchange hopping of the electrons. The larger demagnetization causes a greater dif-
ference in resistance between ρp0q and ρpHq. In turn, this leads to a large CMR for
thinner films. The ρ-T measurements of Fig. 4.8 show two electrical phases. Below
TC , the films behave metallic and above TC their behavior is insulating. The insu-
lating phases below 50 K for the thin film is not observed as the measurements start
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Figure 4.8: Temperature depen-
dence of LSMO’s longi-
tudinal resistivity (ρ-T)
for both thin (top panel)
and thick (bottom panel)
films. (black squares) cor-
respond to measurements
without a magnetic field
applied. (red circles) cor-
respond to measurements
with a magnetic field ap-
plied. The resistivity
shows typical low-strain
LSMO films, which be-
have as a ferromagnetic
metal below TC , and as
a paramagnetic insulator
above TC . The nega-
tive CMR (green trian-
gles) peaks at 195 K and
320 K, for thin and thick
films, respectively.

at 75 K. The maximum in CMR coincides with 195 and 320 K for the thin and thick
film respectively.

AMR fitting

To minimize thermal drift and allow for a steady-state situation before each mea-
surement a temperature was set, followed by a settling time of 45 minutes to allow
the temperature to stabilize. During this time the current of 5 μA is still applied, and
the applied magnetic field of 0.7 T is along the 90 degree position. During AdMR
measurements, the observed temperature in the system fluctuated less than 0.1 K.

From time-dependent studies as well as high temperature AdMR measurements,
we observe a clear exponential decay in resistance with time. Upon reversing the ro-
tation direction the resistance decreases, indicating a time-dependent effect, which
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can be fitted with

ρdrift “ A ˚ expp´p360` θq{τq, (4.5)

where A is the exponential decay amplitude in Ω cm, θ is the angle (in degree) be-
tween the current and magnetic field, and τ is a fitting parameter. The 360 degree is
added to prevent crossing over θ = 0, to ease the fitting.

As multiple measurements are taken, a good starting estimate of exponential de-
cay amplitude (A) can be made (A “ ρ90pt “ startq ´ ρ90pt “ endq). This estimate
is used to verify if the subtracted drift is not overcompensating and to increase the
fit quality. Secondly, the baseline resistance is verified with the known resistance
obtained from ρ-T measurements. A quantitative deviation in shape of the curve
would indicate an overcompensation of the drift. Lastly, the results of the trace and
retrace are compared. The trace and retrace yielded similar numbers for the fitting
parameters, indicating a proper systematic removal of thermal drift from the data.

For all curves both trace and retrace are fitted. Two curves did not fit properly,
the 100 K trace and retrace and 125 K trace, for the thick 9.5 nm film. The 3 men-
tioned data points give an unexpected high AdMR % signal. The mentioned data set
has difficulty in fitting the background drift resulting in lower values for the base-
line resistance and hence the high AdMR % signals. The output parameters were
cross-referenced with known values, for instance the baseline resistivity (ρ0) versus
the measured ρ-T curve.
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Chapter 5

Temperature-dependent Out-of-plane
Anisotropy in Compressively strained
La0.67Sr0.33MnO3 Thin Films

Abstract

We studied the temperature and strain dependence of the perpendicular magnetic anisotropy
in La0.67Sr0.33MnO3 thin films by performing temperature- and angle-dependent mag-
netotransport measurements. Three films of similar thickness (14 u.c., 14 u.c. and
15 u.c.) but with different out-of-plane crystallographic strain (1.9%, 0.9% and -0.7%)
are studied. The films are grown on LaAlO3 and SrTiO3 substrates by pulsed laser depo-
sition. We observe a clear increase in the out-of-plane magnetic anisotropy with increas-
ing out-of-plane strain in the angle-dependent magnetotransport measurements which
is present up to 80 K for the highest (1.9%) strained sample. The deformation of the unit
cell, as discussed in earlier reports, point to the magnetocrystalline anisotropy as the
main driver altering the magnetic easy axis direction. Our results highlight the utility
of the effective magnetocrystalline anisotropy as a tool to control the desired anisotropy
in crystalline thin films of La0.67Sr0.33MnO3.

5.1 Introduction

Manganites attracted scientific interest due to the discovery of key phenomena such
as colossal magnetoresistance (CMR)[1–6], half-metallicity[7], anisotropic magne-
toresistance (AMR)[2, 3, 8–14], magnetocrystalline anisotropy (MCA)[13, 15–17] and
negative magnetoresistance effect[3]. Furthermore, the introduction of pulsed laser
deposition technique allowed for the systematic and reliable growth of complex ox-
ide thin films, such that the influence of material properties, like strain[18–20], dop-
ing/stoichiometry[21–23], or step-edges[24] can be systematically investigated.

La0.67Sr0.33MnO3 (LSMO) is a widely studied member in the manganite fam-
ily. In bulk, LSMO has a ferromagnetic metallic (FMM) ground state below the
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Curie temperature (TC) and has a paramagnetic insulating (PMI) state above TC .
The physical coupling between the electrical transport and magnetic properties in
LSMO causes CMR and AMR to peak close to TC , which is explained invoking
the double-exchange mechanism, as proposed by Zener[25]. Double exchange is
based on electron hopping from the Mn3`eg orbital via the oxygen 2p orbital to the
Mn4`eg orbital. However, a caveat is the angle dependence of the hopping prob-
ability between the two spin states that favors the spin alignment of neighboring
Mn atoms for the double exchange process. Due to a strong interaction between
spin orientation, charge hopping and orbital overlap, manipulation of the magnetic
anisotropy in LSMO is possible by applying strain during thin film growth.

In particular, thin films of La0.67Sr0.33MnO3 on SrTiO3 (STO) have been stud-
ied extensively, because of their high TC of 360 K and relatively easy stoichiomet-
ric growth characteristics. But LSMO grown on STO yields an inplane anisotropy
whereas, creating a controllable out-of-plane magnetic anisotropy is desirable for
various applications, especially for stabilizing magnetic skyrmions[26], creating in-
novative magnetic memories like a (skyrmion) racetrack memory[27–29], and SOT-
MRAM devices[30–32].

A proven method of applying epitaxial strain is by growing thin films on a suit-
able substrate with the desired inplane (ip) lattice constant. The ip compressive
(tensile) strain results in a deformation of the LSMO unit cell (u.c.) leading to an
increased (decreased) c/a ratio, causing a tetragonal (orthorhombic) deformation of
the unit cell due to the Poisson effect. Consequently, due to the strong coupling
between conduction and magnetism, magnetic properties are also altered, causing
effects like a change in Curie temperature[33, 34], a change in coercive field or a ro-
tation of the magnetic easy axis[16, 35, 36].

Previous studies on compressively strained manganites used various experi-
mental techniques to examine the anisotropy of manganites, ranging from magnetic
force microscopy[19, 37], ferromagnetic resonance[38–41], magneto-optical Kerr ef-
fect[42] or torque measurements[16]. But for practical applications, demonstration
of electric current control of magnetic anisotropy is desired.

Therefore, we study temperature-dependent magnetic anisotropy by performing
temperature- and angle-dependent magnetoresistance measurements. The angle
dependence gives an indication of the anisotropy direction, while the temperature-
dependence serves as a rough estimate of the magnitude of ∆Eanisotropy between
the ip and out-of-plane (oop) direction.

Our results qualitatively reinforce the general understanding of the behavior
of doped manganites, by systematically studying the temperature dependence of
the anisotropy via magnetotransport measurements. At low temperatures, an oop
anisotropy is observed, whereas at high temperatures, the ip anisotropy dominates.
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We also observe a change in oop anisotropy by varying the oop strain in the grown
films. We hypothesize that the deformation of the unit cell caused by the epitax-
ial ip strain alters the magnetocrystalline anisotropy, which is known to favor the
magnetization direction along the c-axis of the pseudo-cubic unit cell for LSMO and
La0.67Ca0.33MnO on STO and LAO substrates[16, 37, 43–45].

5.2 Experimental setup

To characterize the magnetic anisotropy in LSMO thin films, three films with differ-
ent oop strain are grown with pulsed laser deposition (PLD). The LAO substrates
used are as-received, while the STO substrate is treated following a well established
protocol [46, 47] using a buffered hydrofluoric acid solution and annealing at 960 0 C
in a pure oxygen environment to ensure single termination and smooth step edges.
All films are deposited using similar growth conditions during PLD. During PLD,
the heater temperature is set to 750 0C and the steady oxygen flow (10 ccpm) results
in a background pressure between 0.3 and 0.35 mBar. The fluence of the KrF laser
(248 nm) was set to 2 J/cm2 with a repetition rate of 1 Hz. In situ reflective high en-
ergy electron diffraction (RHEED) is used to track the growth of the samples. After
reaching the desired thickness, the samples are annealed in 70 mBar oxygen while
cooling down (10 0C/min). The RHEED oscillations indicate an epitaxial layer-by-
layer growth which is confirmed by X-ray diffraction. From the θ ´ 2θ scans (Fig.
5.5) an oop strain between -0.7%-1.9% for the discussed samples is extracted. More
details can be found in the supplementary information (Fig. 5.5 and Fig. 5.6)
Before the magnetotransport experiments are conducted, the LSMO thin film is
chemically etched into Hall bars using aqua regia and electrically connected as
shown in Fig. 5.1. Angle-dependent magnetoresistance measurements (AdMR) are
performed by rotating the magnetic field around the sample. During the rotation in
the yz-plane, the longitudinal resistivity is measured in the 4-probe configuration,
see Fig. 5.1. The magnetic field pointing in the oop direction ([001]) is defined as
0 degree and the rotation of the applied magnetic field is counter clockwise. The
applied magnetic field, 0.7 T, is at least one order of magnitude greater than the co-
ercive field of the deposited LSMO thin films. Hence, the net magnetization can be
assumed to be parallel to the applied field direction (M ‖ B).

For the transport studies, the samples are cooled to liquid helium temperatures
without applying a magnetic field. During warming, from 4 to 380 K, the AdMR
measurements are performed. The obtained angle-dependent resistivity is fitted
with
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Figure 5.1: Schematic drawing of the Hall bar with a 4-wire setup to measure
the longitudinal resistivity. The crystallographic axes as shown corre-
spond to LSMO, STO and LAO. The AFM image superimposed on
the substrate is from the STO substrate with the LSMO film of 15 u.c.
deposited on top.

ρlong “ ρ0 ` ρ2f cos p2θ ´ δ2f q ` ρ4f cos p4θ ´ δ4f q

` ρdrift exp r´p360` θq{τ0s, (5.1)

where ρ0 is the baseline resistivity, ρ2f , and ρ4f are the two- and fourfold resistivi-
ties. The δ2f and δ4f are terms which indicate the position of the peak resistivity for
the two- and fourfold, respectively. The last term (ρdrift exp r´p360` θq{τ0s) is used
to compensate for thermal drift in the resistivity during measurements. Equation 5.1
is based on the AMR energy terms [3, 48]:

E “ A0 `A1 cos2 pθq `A2 cos4 pθq, (5.2)

where A0, A1 and A2 are constants and θ is the angle between the current and ap-
plied magnetic field.
The fourfold term in Eq. 5.1 and Eq. 5.2 is added to fit secondary phases present
in the system. If a system has two distinct easy-axes, the superposition of the two
results in a fourfold contribution in the AdMR.
As the base resistivity (ρ0) varies per sample, the amplitude for the twofold (ρ2f )
and fourfold (ρ4f ) terms can be compared by expressing the change in AdMR per-
centage as

AdMR%
def
“

ρ|max ´ ρ|min
ρ|min

˚ 100% «
2ρ2f r2ρ4f s

ρ0
˚ 100%, (5.3)
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where the first expression is the anisotropic magnetoresistance, which for conven-
tional bulk LSMO systems results in ρ|max{min at 900{00, respectively. The left hand
side of Eq. 5.3 can be rewritten into variables used in Eq. 5.1 and results in the right
hand part of the equation for the twofold [fourfold] AdMR%.

5.3 Results

Fig. 5.2 shows two resistivity plots for all three samples and shows the resistivity for
the low (high) temperature in the left (right) axis. At low temperature for the highly
strained sample, see Fig. 5.2 (a) (black squares), the lowest resistivity can be found
at 00 and -1800. The negative magnetoresistance of the LSMO causes the lowest re-
sistivity to correspond to the location of the magnetic easy-axis. Upon increasing
the temperature to 180 K the cos(2θ) signal changes sign, peaking at 00 and 1800,
indicating that the magnetic easy-axis orients along the ip direction at 180 K.

For the sample which is 0.9% compressively strained, shown in Fig. 5.2 (b), four
peaks are visible at 4 K. The big peaks can be fitted with cos(2θ) of Eq. 5.1 and
the smaller peaks, which peak at 900 and -900, are fitted with the secondary phase
cos(4θ) part of Eq. 5.1. Upon increasing the temperature to 195 K, the signal is
transformed into a pure cos(2θ) signal, see Fig. 5.2 (b) (green circles). The two com-
ponents can be explained as a superposition of two magnetic easy-axes, resulting
in a fourfold contribution in the AdMR signal[49]. The easier of the two magneti-
zation directions will have the strongest lowering in the resistivity. The position of
the magnetic easy-axes are extracted from the angular resistance change using both
four-fold and two-fold contributions. For the lowest strained sample (Fig. 5.2 (c)),
with -0.7% oop strain, the resistivity always peaks at 00 and -1800 for all tempera-
tures, corresponding to an ip magnetic anisotropy.

In the supplementary information, resistivity plots at different temperatures are
shown in Figs. 5.7, 5.8, and 5.9. The data is fitted with Eq. 5.1 and the extracted
parameters are plotted in Fig. 5.3. Fig. 5.3 (a) portrays the fitted two-fold signal.
Fig. 5.3 (b) shows ρ0 versus T, measured under the application of a magnetic field.
The metal-to-insulator transition point (Tmit “ δρ{δT |max) decreases with increas-
ing strain, indicating a lowering of the Curie temperature with increasing strain.

Based on our earlier work and that of others[12, 14, 50], we estimate the Curie
temperatures of the samples to correspond closely to the peak in AdMR%. This
results in Curie temperatures of 265 K, 180 K, and 130 K for the -0.7%, 0.9% and
1.9% strain samples, respectively. The highest strained sample (1.9%) shows a nega-
tive AdMR at low temperatures. When fitting the signal below 80 K the constraints
imposed by the fitting terms considered in equations 1 and 2 are evident, with the
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Figure 5.2: Angle-dependent magnetoresistance results for the three sam-
ples with 1.9%, 0.9%, and -0.7% oop strain. The left axis (black
squares) shows the resistivity measured at low temperatures (5, 4 and
10 K). The right axis (green dots) shows the resistivity measured at
high temperatures (180 K, 195 K, and 200 K).

best fitting obtained with -A cos (2θ). These indicate that at low temperatures the
anisotropy transitions to an oop direction for this film.

In table 5.1 all important features of the three films are summarized, showing the
clear dependence with strain.

OOP strain 1.9% 0.9% -0.7%
Thickness 5.5 nm 5.5 nm 5.7 nm
Thickness 14 u.c. 14 u.c. 15 u.c.

AMR peak temperature 130 K 180 K 265 K
OOP anisotropy temperature 80 K 50 K 0 K

TMIT 150 K 180 K 290 K
OOP AdMR% at 25 K 3.6% 0.3% 0%

Table 5.1: Summary of investigated thin films characteristics
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Figure 5.3: Extracted parameters from fitting the AdMR curves. (a) Two-fold
angle dependent magnetoresistance of all three samples expressed in
AdMR% varying with temperature. (b) Extracted ρ0 resistivity of the
samples (solid symbols) on the left side and the derivative of the re-
sistivity (δρ0{δT ) on the right axis (open symbols).

What we thus see is that the primary ρ2f contribution, ascribed to either oop
or ip anisotropy depends on strain and/or temperature. We discuss this next for
the film with the highest strain and where this response is most prominent. This is
shown in Fig. 5.4. This figure depicts the influence of the varying magnetic fields (10
mT to 500 mT) on the AdMR for the 1.9 % strained film at 10 K. The measurements
were performed in the xz-plane with 0 degree being the oop direction.

5.4 Discussion

As mentioned in the introduction, surface sensitive techniques have already shown
magnetic mazelike patterns (with MFM[19]), indicating a partial oop anisotropy in
thin LSMO films. The difference between earlier reports and the significance of our
work lies in the revelation of a full perpendicular magnetic anisotropy as demon-
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Figure 5.4: Field dependence at 10 K of the AdMR of the high strain (1.9%)
sample. The measurements are performed in the xz-plane, with 0 de-
grees being the oop direction.

strated in the magnetotransport studies in our samples. We explain this manifesta-
tion to have its origin in the magnitude of the applied magnetic field. For our stud-
ies, a magnetic field several times larger than the coercive field is used. Performing
the AdMR measurements with a smaller magnetic field as used in MFM studies,
yields a lower signal (see Fig. 5.4 and 5.10). Secondly, as shown in Fig. 5.4, a smaller
magnetic field (below the coercive field) shows an ip magnetization, with resistivity
dips at 900 and -900. Further we note that we observe a change in peak resistivity
with increasing magnetic field due to the measurement preparation, in which we
cool from room temperature down to 10 K. While cooling down, the spins prefer
to align ip. Decreasing the temperature further will result in a change of the mag-
netocrystalline anisotropy, reorienting the magnetically easier axis in the oop direc-
tion. However, the orientation of the spins are not necessarily altered, possibly due
to a lack of thermal excitation. Performing AdMR measurements at magnetic fields
below the coercive field values will not result in significant changes of the spin ori-
entation resulting in an in-plane anisotropy. This is evident in the gradual increase



5.5. Conclusion 83

and decrease of the oop and ip peaks with increasing applied magnetic field. As the
highest applied field is below the saturation magnetization field (see Fig. 5.11 for
M-H), we correlate the sign change to an increasing number of magnetic domains
following the applied magnetic field upon increasing the applied magnetic field.

We attribute the change in magnetic easy axis to the change in magnetocrys-
talline anisotropy (MCA). By varying the oop strain we vary the size of the unit cell
and observe a change in the oop anisotropy in the system, similar to the earlier ob-
servations reported in literature [49]. Elongating LSMO’s unit cell along the c axis
results in a tetragonal unit cell, with the principal axis along the elongated direction.
The tetragonal LSMO unit cell is known to have the easy axis along the elongated
direction[16, 51, 52]. The AdMR scaling w.r.t. ip component shows that the tem-
perature at which the maximum AdMR is reached decreases with increasing oop
strain. This is inline with the MCA theory, suggesting that the inplane anisotropy
decreases upon compressively straining the thin films.

5.5 Conclusion

To conclude, we report on the observation of perpendicular magnetic anisotropy
in compressively strained thin films of LSMO by measuring angle dependent mag-
netoresistance. The observed anisotropy is measured for three films with different
strain and at various temperatures. The temperature dependence of the 1.9% oop
strained thin film shows a change of the magnetic easy axis from the oop to the ip
direction at 80 K.

Based on the obtained data for the OOP anisotropy energy vs strain, we show a
qualitative reinforcement of the general understanding between the elongation of a
unit cell and the alteration of the magnetic easy axis towards the elongated direc-
tion. Our results also heralds possibilities for asymmetrically straining the unit cell,
suggesting the creation of multiple easy axes in different directions, in thin films of
LSMO. This is particularly relevant for creating multi-state memory bits for uncon-
ventional computing applications.
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Samenvatting

In de afgelopen decennia hebben elektronische apparaten zich in verscheidende
aspecten van ons dagelijks leven doordrongen. Dit resulteerde in meer controle
over, en verbeteringen van, onze omgeving. Ontwikkelingen in onder andere de
halfgeleiderindustrie hebben deze ontwikkeling mogelijk gemaakt door het ver-
beteren van elektronische apparaten. Deze verbetering is grotendeels te danken
aan de verkleining van de omvang van transistoren en dataopslag. Dataopslag
bestaat uit een verzameling van magnetische bits en de grootte van deze bits is in de
afgelopen decennia met een factor 109 verkleind. De verkleining is deels te danken
aan de ontwikkelingen binnen het onderzoeksveld van de spintronica, waardoor de
huidige grootte van een magnetische bit uit slechts enkele magnetische domeinen
bestaat. De bitgrootte is nu zo klein dat conventionele verkleining steeds moeilijker
wordt. Voor verdere verkleining van magnetische bits, of beter gezegd het ver-
hogen van de data dichtheid per cm2, wordt gekeken naar andere manieren van
geheugenopslag.

Een veelbelovende nieuwe opslagmethoden is de (skyrmion) racetrack memory.
De twee grootste voordelen van dit type geheugen over bestaande varianten zijn
alleerst de mogelijkheid om een hoge datadichtheid te generen en ten tweede het
ontbreken van bewegende delen. Daarnaast heeft het gebruik van skyrmionen in
tegenstelling tot magnetische domeinen ook andere voordelen. Zo is voorspeld dat
een skyrmion energetisch stabieler is dan een magnetisch domein waardoor verlies
van informatie minder waarschijnlijk is. Daarnaast kunnen skyrmionen makkelijker
gestuurd worden met stroom of magnonen. Ook de topologische bescherming bied
voordelen, deze zorgt ervoor dat skyrmionen minder aan magnetische afwijkingen
blijven plakken, wat het gecontroleerd creëren, sturen en annihileren van skyrmio-
nen makkelijker maakt.

Voor een hoge bitdichtheid geven we de voorkeur aan een systeem met een
dunne magnetische laag. De dunne laag heeft tevens als voordeel dat een sym-
metriebreking op het raakvlak resulteert in een raakvlak Dzyaloshinskii–Moriya in-
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teractie die de stabiliteit van skyrmionen verbeterdt. Des te dunner de laag is, des
te dominanter het raakvlakeffect op de energietermen. Wij hebben het materiaal
La0.67Sr0.33MnO3 (LSMO) onderzocht en gekeken welke veranderingen we konden
aanbrengen aan het materiaal zodat skyrmionen in het materiaal kunnen verblijven.
In hoofdstuk 3 van deze thesis hebben we de magnetische en elektronische eigen-
schappen van in het platte vlak samengeperst LSMO gegroeid op LaAlO3 onder-
zocht. Opmerkelijk was de observatie van twee temperatuurafhankelijke magnetis-
che fases onder de Curie temperatuur. Dit, in tegenstelling tot de enkele magnetis-
che fase in bulk LSMO, laat zien dat de magnetisch kristallijne anisotropie (MKA)
gestuurd kan worden door fysieke spanning uit te oefenen op het materiaal. De ex-
tra magnetische fase beneden 130 K is waarschijnlijk een coëxistentie van twee fasen
gestabiliseerd onder invloed van een zwak magnetisch veld (tot 50 mT). Naast de
magnetische data lieten ook de ladingtransport experimenten zien dat er twee tem-
peratuurafhankelijke toestanden zijn, exemplarisch voor de sterke connectie tussen
magnetisme en lading transport in LSMO.

Om skyrmionen te creëren en stabiliseren in LSMO, is een goede controle over
de effectieve MKA nodig. Om de optimale balans van krachten voor de stabil-
isatie van skyrmionen te vinden zoeken we een optimale dikte van de dunne laag
om de energietermen het best te kunnen bestuderen. Hoofdstuk 4 gaat over de
dikteafhankelijkheid van de effectieve MKA in samengeperst LSMO gegroeid op
LaAlO3. Door weerstandfluctuaties te meten in de dunne laag terwijl deze wordt
geroteerd in een constant magneetveld kan de MKA worden bestudeerd. Voor de
dikteafhankelijkheid hebben we de weerstandfluctuaties van rotaties in het platte
vlak bestudeerd. Uit de resultaten bleek dat de MKA vooral zichtbaar is op lage
temperaturen gekenmerkt door een draaisymmetrie van 900 (cos(4θ). Door het ver-
hogen van de temperatuur verlaagt de symmetrie van de weerstandfluctuaties naar
een draaisymmetrie van 1800 (cos(2θ). Verdere verhoging van de temperatuur tot
boven de Curie temperatuur leid tot het verdwijnen van enige vorm van symme-
trie. Uit de dikteafhankelijke resultaten bleek dat een dunne laag van 14 u.c. de
ideale dikte was om de MKA te bestuderen.

Daarom hebben we meerdere dunne lagen LSMO met een dikte van ongeveer
14 u.c. gegroeid met een verschillende mate van kristaldeformatie. In deze lagen
kunnen we de effectieve MKA-afhankelijkheid van kristaldeformaties door samen-
persing onderzoeken. Dit onderzoek hebben we gedaan door de lagen één voor één
te roteren in een magneetveld en de weerstandfluctuaties te meten bij een gelijk-
stroom van 5 μA. De rotatie draait het sample uit het platte vlak zodat de loodrechte
magnetische anisotropie (LMA) gemeten kan worden. In het sample met de groot-
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ste LSMO kristaldeformatie (1.8%) is de LMA zichtbaar van 10 K tot 80 K. Uit de
resultaten blijkt dat een deformatie van de kristalstructuur bevorderlijk is voor de
LMA.

De resultaten gepresenteerd in deze thesis versterken het algemene beeld over
hoe LSMO zich gedraagt onder kristaldeformaties door samendrukking. De dunne
lagen laten het belang van de MKA als variabele parameter zien om de gewenste
anisotropie in een LSMO te creëren.



Summary

I
n the last decades, electronic devices have spread across every aspect of our lives,
improving the quality of life and control over our environment. Developments

in, among others, the semiconductor industry have made this possible by increasing
the performance of electronic devices. This is largely contributed to the continued
down-scaling in transistors size roughly resulting in the doubling of the number of
transistors per square meter every two years, which is known as Moore’s law. Not
only transistors but also logic memory has decreased in size, in part due to the de-
velopments in the field of spintronics, which utilizes the spin of the electron as well
as electron charge. The down-scaling of stable magnetic domains reached a point
where only a few magnetic domains of several nanometers are still present in the
area where a logic bit is stored.

Increasing the logic density is increasingly difficult while utilizing the down-
scaling approach. Therefore other options like the re-engineering of the magnetic
memory is one of the proposed options. A candidate for improved memory is the
skyrmion racetrack memory. Utilizing the topological protection of a skyrmion is
an advantage in multiple aspects of the design. Firstly, a skyrmion is predicted to be
more energetically stable, per unit of volume, compared to a single domain counter-
part. Secondly, skyrmions can be moved with low charge current densities or spin
currents. Thirdly, due to their topological protection, skyrmions naturally repel each
other and steer clear of magnetic defects.

To use skyrmions in an application, the material hosting the skyrmion must
be thin, as we want a high-density magnetic logic system. An added advantage
of a thin film is the intrinsic symmetry breaking which generates an interfacial
Dzyaloshinskii–Moriya interaction, which can be used for stabilizing skyrmions.
We investigated the properties of La0.67Sr0.33MnO3 (LSMO) to see if the material
can be made to house skyrmions at room temperature.

To expand our knowledge with regards to to stabilize skyrmions in LSMO, we
investigated the magneotransport properties of LSMO. In chapter 3 we report our
findings with respect to the magnetic and electronic properties of a compressively
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strained thin film of LSMO grown on LaAlO3 (LAO). An interesting finding is the
observation of two magnetic phases below Curie temperature compared to one
phase in bulk LSMO, which indicates that LSMO’s magnetic anisotropy can be fine-
tuned. The phase present below 130 K is believed to be a coexistence of two phases
at low magnetic fields (up to 50 mT). We observed the second phase not only in the
magnetic but also the charge transport experiments, showing the strong connection
between magnetism and charge transport in LSMO.

To stabilize skyrmions we need to fine tune the MCA with strain. Therefore, we
investigated the ideal thickness to observe the MCA in chapter 4, in which we per-
form magnetotransport measurements utilizing the double exchange mechanism to
study the thickness dependence of the MCA in compressively strained thin films
of LSMO. we report on strain-engineered La0.67Sr0.33MnO3 thin films grown on
LaAlO3 which show different angle-dependent magnetoresistance properties com-
pared to their bulk analogs. Upon increasing temperature, a symmetry change
from four-fold (cos(4θ)) to two-fold (cos(2θ)) is observed in the angle-dependent re-
sistance measurements. By increasing the temperature we observe three distinct
temperature-dependent phases. The four-fold symmetric signal originates from
magnetocrystalline anisotropy, whereas the two-fold symmetric signal is believed
to be the conventional anisotropic magnetoresistance.

Based on the temperature-dependent observations, we conclude that the MCA
is dominant at low temperatures. Increasing the temperature results in a reduced
effective anisotropy due to an increased thermal energy, which will result in a disap-
pearance of the effective anisotropy at the Curie temperature. Secondly, we found
that decreasing the thickness increased the MCA, which we connect to the decrease
in conductivity which results in an increase in hopping energy. The increase in hop-
ping energy allows us to better observe the MCA energy difference between a mag-
netic easy and hard axes.

In the last chapter, we grew several films of 14 and 15 u.c. as we found this
thickness to be the optimal to observe changes in the MCA. In these samples the per-
pendicular magnetic anisotropy of LSMO is investigated while varying the strain in
order to find the ideal balance of energy terms for skyrmions. Once again we utilize
magnetotransport properties to investigate the out-of-plane anisotropy at various
temperatures. In a similar fashion to the in-plane rotation, we rotated a constant
magnetic field around the Hall bar in the yz-plane, while applying a direct current
of 5 μA in the x-direction. The results indicate a positive correlation between the out-
of-plane (oop) crystallographic strain and the presence of perpendicular magnetic
anisotropy (PMA). A larger oop crystallographic strain resulted in the observation
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of PMA at higher temperatures. For the highest (1.8%) oop strained Hall bar, a
transition from PMA to an in-plane easy-axis was observed at 80 K. To increase the
transition temperature at which the magnetic axis falls back in-plane, an increase in
oop strain utilizing a different substrate is necessary.

Our results qualitatively reinforce the general understanding of the behavior of
doped manganites, by systematically studying the temperature dependence of the
anisotropy via magnetotransport measurements. The studied samples in this thesis
highlight the utility of the effective magnetocrystalline anisotropy as a tool to control
the desired anisotropy in crystalline thin films of La0.67Sr0.33MnO3.
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