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Summary

As modern technology has had tremendous development over the last century, the
demand for increased computational power has become imminent. In order to
meet this demand dense packing and down-scaling of electronic components has
lead modern technology into the realm of nanophysics, and consequently many
well-established technologies which are functional only at the macro-scale meet
their limits. In search for materials systems which possess functional properties
applicable for nanoscale devices, complex oxide materials are one of the prom-
ising candidates. Their correlated electronic and magnetic properties make them
suitable for use in spintronics, a growing field with expected importance in the
near future. However, oxides also display change of properties at the nanoscale,
and even novel phases can emerge. In addition, for application of these materials
in spintronics device designs the materials have to be defined into specific geomet-
ries, for instance as thin film layers or bits, and the patterning methods can also
have a significant influence on the properties.

In this thesis, we investigate the effect of down-scaling ferromagnetic and antifer-
romagnetic thin film layers down to the nanometer scale. We do so by growing
thin layers with varying thickness of ferromagnetic Lag 7Srg 3MnOs3 and antifer-
romagnetic LaFeO3 - perovskite oxide materials with interesting properties for
spintronics applications. We further impose lateral geometries by patterning of the
thin films. The effect of two patterning methods are investigated, where nanomag-
nets are realized either embedded in a non-magnetic matrix, or as free-standing
nanomagnets.

We use the pulsed laser deposition technique to realize high-quality epitaxial thin
films and heterostructures with monolayer precision on SrTiO3 substrates. Vibrat-
ing sample magnetometry is primarily used to investigate the macroscopic mag-
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netic response of the materials system, and a combination of characterization tech-
niques are utilized to further interpret and understand the observed effects. For
instance, x-ray diffraction measurements are done to investigate the crystal lattice
parameters and x-ray absorption spectroscopy is utilized to reveal the element spe-
cific magnetic spin orientations in separate layers. The main results are presented
as two published journal articles and as one manuscript in preparation.

In paper A, investigating ferromagnetic thin films and bilayer antiferromagnetic/
ferromagnetic bilayers, we find that the LaFeOs/Lag 7Srg 3MnO3 materials sys-
tem displays an exchange bias effect when the ferromagnetic layer is thin. The
exchange bias effect shows several intriguing features, such as being obtainable
without a field-cooling procedure and being observed to coexist with a spin-flop
coupling between the two layers. Rather than requiring conventional field-cooling,
the exchange bias is obtained by applying a setting field at elevated temperature
and subsequent cooling in zero-field. In other words, the exchange bias effect is
spontaneous in this system. This is also displayed by the effect being reduced
as temperature increases up to an observed blocking temperature, where it disap-
pears, and by a large fraction of the bias being found to be preserved after sub-
sequent cooling. Furthermore, the exchange bias effect is found to have significant
dependence on a setting field’s strength, temperature at which the field i applied
and the thickness of the ferromagnetic layer.

In paper B, the effect of lateral structuring, i.e., by patterning of the ferromagnetic
thin films, is investigated by x-ray magnetic dichroism spectroscopy. It is found
that for a region close to the nanomagnet edges, the dichroism signal is enhanced
near the Curie temperature, which could be a sign of stronger ferromagnetic or-
dering. At the Curie temperature, the signal extends ~ 150 nm inwards into the
nanomagnet from the edges while no dichroism signal is observed at the center of
the nanomagnets. X-ray diffraction measurements performed on extended arrays
of line-shaped nanomagnets reveal an asymmetric change in lattice parameters.
Out-of-plane, the lattice parameter is increased, while in-plane it is reduced per-
pendicular to the long-axis of the line shaped nanomagnets. Along this long-axis,
no change is observed. This change in lattice parameters is strongest for embedded
structures, which is assumed to be correlated with an in-plane pressure exerted by
surrounding matrix. The embedding non-magnetic matrix which has been subject
to ion-bombardment swells in volume. This can in turn cause a pressure to be
exerted onto the embedded magnets.

In paper C, the switching properties of line-shaped nanomagnets oriented along
an [100] crystallographic direction are investigated for the effect of patterning and
the effect of an LaFeOs layer. It is found that the patterning imposes a strong
shape anisotropy, giving rise to an increase (~ 120 — 150 %) in the coercivity
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which is largest for embedded nanomagnets. The effect of an LaFeOs layer is
found to give a reduction (~ 30 %) in the coercivity. Since the effect of LaFeOs in
non-patterned films has the opposite effect, namely an increase in coercivity, this
finding signifies that lateral structuring has an important influence on the effect an
antiferromagnetic LaFeOg layer has onto LaFeO3/Lag 7Srg.3sMnOs.

With these results, we have revealed and elaborated on magnetic properties which
are important to LaFeO3s/Lag 7Srg 3sMnOs3 at the nanoscale. The emergent ex-
change bias effect can be tuned by ferromagnetic layer thickness as well as external
fields and temperature control. Anisotropy introduced by patterning and/or coup-
ling to an adjacent LaFeO3 layer can be used to modify the switching properties,
which can prove useful in spintronic applications.
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Preface

Curiosity, and simply the interest in how nature is composed drives the progression
of science. Today, however, the technology which has emerged from progression
in science is so integrated in our society that one can safely state; scientific pro-
gress is of interest to the general public whether you are curious in the physics
of the underlying components or not. Saying the 20th century has been fruitful
for human development is a modest understatement. This spring, a worldwide
pandemic struck our daily lives but already this month vaccines are being rolled
out for large scale vaccination. We live in extremely interesting times, and I am
thankful for being allowed to participate in it.

The work in this thesis is that of experimental character. I have had the pleasure
of getting hands on experience by synthesizing materials, processing and charac-
terizing them. The setups I have used are highly sophisticated and I have everyone
else to thank for the chance to use them. From high voltage source electron guns to
vacuum chambers, lasers, monochromic x-rays and even large scale synchrotron
facilities; these are systems which together has made my research possible, and it
has all been enabled by the collective work of the scientists that came before me.
It really makes me humble.

Rewinding back to 2014, when I was half way through my Master’s degree’s final
semester, where I worked on (111)-oriented perovskites together with Ingrid and
Thomas, Erik approached me with a proposition that the adventure of oxides did
not need to end here. I was in one of my best student years, done with background
coursework and finally getting hands on experience in the lab, continuously learn-
ing more about the fascinating field of complex oxide physics. Knowing Erik as
one of my favorite lecturers and as a friendly colleague of my supervisors, there
really was no question on what to do, and so my project started in 2015.
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The last five years have been filled with so many experiences there is no way I can
mention them all, even though I have to say they all have brought me to where I am
now. I admit there have been times I have been riding an emotional roller coaster,
and [ think this is to be expected of anyone who is doing a PhD degree. However,
feeling down or demotivated was always countered by my inspiring colleagues,
and I am sincerely grateful for all your tremendous support.

I first and foremost want to thank my supervisor Erik Folven. You are without a
doubt the best mentor I could have asked for. With your excellent knowledge in the
field, sense of logic in combination with your down-to-earth modesty, humor and
kindness, I can honestly say that without exception I have always left our weekly
meetings with a motivation boost. I am going to miss your jokes, anecdotes, and
all the discussions on random topics from the gourmet IES coffee, volleyball, lec-
turing, or anything tech-related in life. For instance, thanks to you, I now consider
myself quite competent in fixing car engines (or at least I know what to avoid
breaking).

I would also like to thank the two other professors Jostein Grepstad and Thomas
Tybell in the oxide electronics group. Your expertise and interest in discussing
both the science of the field and everything else has made the days at IES a delight.
Thomas, without your exciting Master’s project on (111)-oriented oxides, I would
never had been where I am today. Also a big thanks to Ingrid Hallsteinsen who
guided me through my Master’s degree and opened the world of oxides to me.

To all my other colleagues in the oxide electroncs group; Magnus Moreau and Sam
Sloetjes, thank you for the joy of companionship for years in the A479 office. Our
sharing of knowledge and discussions on everything from memes to paradoxes in
quantum physics. Ambjgrn Bang and Torstein Bolstad - my friends since starting
as nanotechnology students in 2009 - plus Kristoffer Kjernes and Einar Digernes,
the four guys at the end of the hall - thank you for gladly letting me invite myself
into your office with a cup of coffee. Anders Strgmberg who I have shared office
with the last year - your incredibly tidy desk inspires me to occasionally reshuffle
my junk in order to keep the working conditions up to HSE standards, especially
now during the last months. Runar Dahl-Hansen, our satellite in Oslo, thanks for
great companionship at the Nano-network workshops, conferences in San Diego
and Boston. Yannis Lever, who enthusiastically worked with me on the VSM,
thank you for all the discussions and ideas. Also, to all the other employees at the
department of electronic systems and the master students in our group, thank you
for all the interesting lunch talks. To the department office, thank you for all help
throughout my time here.

A big thanks to NTNUI Volleyball for keeping me as their oldest member for years
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during my PhD. The sport, the social environment and the experience as a board
member in the group has been a memorable part of my life in Trondheim.

Lastly, I would like to thank my family, my mom Turid, dad Axel, and brother Hen-
ning for their endless support. You have always given me freedom in the choices
I have made, and supported me on the way. I always say I have my curiosity and
interest in science from my dad and the organization and structure from my mom,
a combination which is very neat when doing a PhD. I often dream back to the
days as a boy drawing and building structures, figuring out how things work and
having my small or big projects in my room, dreaming about becoming a pilot,
architect, artist or a scientist. I sometimes think it is a bit random that I ended up
doing a PhD, but I guess it’s really not. I could never have done it without all your
support, patience and faith in me.
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Chapter 1

Motivation and background

Modern technology as we know it has evolved through a chain of events that star-
ted in the first half of the 20th century. Achieving computational power through
machines was just a concept at first but once proven to work, it quickly gained
momentum and and has been a driving force ever since. After the invention of
the field-effect transistor in 1947, the computational power was for a long time
governed by the amount of transistors one could fit onto a chip. Since 1965, this
development has been described by the well-known Moore’s law, which states that
the density of transistors on a chip is doubled every two years[1]. Moore’s law
was just a prediction based on empirical data, but proved to hold for decades. One
reason why Moore’s law could hold for so long time was that transistors could
readily be down-scaled in size. However, the down-scaling and dense packing
was ended by eventually reaching fundamental barriers like substantial Joule heat-
ing, leading to saturation of clock frequency, or the onset of quantum effects or
nanoscale physics such as tunnelling currents which breaks down the functionality
of the device. Today, even though we are still heavily using and producing the
transistor, it is considered an "old technology" which bottlenecks development of
computing power, and there is an immense effort to come up with novel designs
which can take over as the leading technology[2].

Spintronics is an emergent field which utilizes the electron spin state rather than
its charge, and has potential to replace current' nanoelectronic devices[3, 4]. For
instance, one aspect of spintronics is utilizing spin-polarized currents which have
a majority of one spin state. The magnetic moment of the electron’s spin couples
to the magnetization of the material, and ferromagnetic (FM) metals with large

'pun intended
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degree of spin-polarization at the Fermi surface are for instance suited as spin
filters. Half-metallic ferromagnets are especially interesting as they have have a ~
100% spin-polarized Fermi surface[5]. Utilizing this degree of freedom in addition
to the electron’s charge harbors great potential in reducing energy consumption of
electronic devices[6]. However, novel magnetic memory devices such as spin-
transfer torque memory are still facing challenges such as need of high current
densities and long writing time[7].

The magnetoresistance (MR) effect, where the resistivity of the material changes
with an applied magnetic field, has already been heavily utilized for decades. The
relatively weak material-inherent anisotropic MR effect was used in reading heads
already in the 1950’s, and was later replaced by the larger giant magnetoresistance
(GMR). GMR is not a material property, but rather a result of multilayer device
design where the resistance is governed by the relative alignment of the magnet-
ization in two FM layers. One layer can be switched while the other is fixed,
which is sometimes achieved by exchange coupling to an adjacent antiferromag-
net. While the separating material originally was a metal, due to down-scaling,
today the current is controlled by tunnelling currents through an insulating bar-
rier. Another type of MR is the colossal magnetoresistance (CMR). This effect
was initially discovered in doped manganites in the 1950’s[8, 9], but first in the
1990’s, epitaxial Ca-doped LaMnOg; was revealed to yield thousandfold change in
resistivity[10]. However, the CMR effect has not reached many applications yet
due to the requirement of relatively large external fields.

Oxides, and in particular perovskites are interesting materials for new device con-
cepts due to their versatility of functional properties combined with stability in
crystal structure [11, 12, 13]. Since cations can be interchanged, doped perovskites
have been extensively studied and found to host a plethora of functional phases.
Among them, the Strontium-doped manganite Lag 7Srg3MnOj3 (LSMO)? holds
several intriguing features like a near 100 % spin polarization of Fermi electrons
and a high curie temperature (7)) of 370 K. The FM order is induced by the double
exchange mechanism which strongly couples the conductive and the magnetic
properties together, and close to T LSMO displays a CMR effect. For these reas-
ons, LSMO has been extensively studied for decades for the purpose of spintronics
applications. Bulk properties of LSMO from polycrystalline and single-crystalline
samples were mapped in detail by the Tokura group in the 1990’s[14, 15]. Much
of the the renewed interest at that time came with improved synthesizing capab-
ilities and the discovery in 1987 of a superconducting surface between LaAlO3
and SrTiO3 (STO) in a heteroepitaxial thin film system[16]. As the LaAlO3/STO

*In this thesis, we use the abbreviation LSMO for the specific dopant concentration of z = 0.3,
as this is the material used in all the presented work. Other Sr concentrations are specified.



heterostructure system proved, a property which did not exist in either of the two
materials could be produced at their interface. Since this work was done with a re-
latively simple pulsed laser deposition system, an overwhelming new interest grew
in both the oxide synthesis field and around oxides in general. This later became
known as the oxide renaissance[17]. Growing strained thin films and heterostruc-
tures with monolayer precision unlocked a new tier of their potential, namely tun-
ing the different functional phases by adjusting the crystal structure and chemical
composition. For LSMO, the role of epitaxial strain on thin films has been consid-
erably investigated, both by the choice of substrate parameters[18, 19] and crystal
orientation[20, 21]. Although several substrates have been shown to enable growth
of LSMO, STO is one of the most commonly used due to low lattice mismatch and
well-displayed LSMO properties in the films.

The properties of functional oxides can be further modified and controlled by in-
terfacial coupling to adjacent layers. Multilayers and superlattices of LSMO has
been investigated extensively, for instance in pursuit of superconductivity[22] or
multiferroicity in combination with ferroelectric materials such as BiFeOs [23] or
BaTiO3[24]. LSMO is also known to lose its FM properties below a layer thick-
ness of 4 unit cells, but this has for instance been countered by interface coupling
to Lag.7S1p.3CrOj3 in superlattice structures[25]. Other magnetic phases such as
antiferromagnetism were for long considered to be of little interest in applica-
tions, one reason being the difficulty of controlling the Néel axis. Even Louis Néel
himself said so while receiving his Nobel price in physics in 1970 for his work
on antiferromagnets. However, antiferromagnets have shown usefulness through
interfacial coupling due to exchange anisotropy, a feature which is heavily util-
ized to stabilize domains in magnetic reading heads[26]. Recently, the utilization
of antiferromagnets has become one of the hottest fields in spintronics[27]. The
magnetization of LSMO has been shown to reorient the Néel axis of a coupled
antiferromagnet, opening for Néel axis control which can be notoriously difficult.
This was first found in superlattices of LSMO and Lag 7Sry 3FeO3[28, 29], and
later also in bilayers of LSMO and LaFeOs (LFO) [30, 31]. Interestingly, the spin
alignment in this heterostructure system is perpendicular at the interface, which
is rather uncommon. LFO/LSMO heterostructures are also interesting as a model
system since the T of LSMO is lower than the Néel temperature (1) of LFO,
allowing the antiferromagnet to be studied with the FM layer turned "on" or "off".

Furthermore, patterning of thin films has been shown to play a significant role
to the domain structure of both single layer LSMO films[32] and LFO films[33],
i.e., by shape-induced anisotropy. So far, micro- and nanomagnets of LSMO and
LFO/LSMO have primarily been studied as embedded in a surrounding matrix
material[32]. While the structuring process has been described, knowledge of the
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matrix’ effect on the functional properties of the magnets is limited. The effect
of a matrix-magnet interface can be expected to become increasingly important as
the magnets’ dimensions are reduced. Understanding the possible implications of
different magnet environments is crucial in order to control the functional proper-
ties, but also in regards to distinguish it from other anisotropy effects, like interface
coupling to an AF layer.

Combining patterning with heteroepitaxy, magnetic switching properties of micro-
magnet bits patterned on LFO/LSMO bilayer films was investigated by Folven et
al. and found to give reduced coercivity as compared to single layer LSMO thin
films[34]. This is an interesting finding since the addition of an AF layer usually
leads to enhanced coercivity. Takamura et al. also found remnant domain states
in LSMO square micromagnets which could only be supported theoretically un-
der an applied field, and suggested an exchange bias could be present at the (001)
LFO/LSMO interface [31]. However, no evidence of a net moment on Fe in LFO
could be detected. A FM moment on Fe was later discovered both in (001) and
(111)-oriented LFO/LSMO, but which followed the rotation of LSMO moments
and therefore gave no exchange bias[35, 36, 37].

Aim of the thesis

In this work, we focus on the interface physics of the epitaxial LFO/LSMO hetero-
structure system and the effect of micro- and nanoscale lateral patterning specific-
ally with respect to the magnetic properties. The work is therefore branched into
two categories; the effect of the interface and the effect of patterning. Importantly,
in order to correctly distinguish the effects, they have to be investigated separately.

The first part of the work is therefore dedicated to growth and characterization of
thin films and heterostructures. We study ultrathin layers of LSMO and LFO and
vary the LSMO thickness in order to closer investigate the coupling at the interface
and its effect on the magnetization in each material. Specifically, we examine both
the macroscopic and element specific magnetization by the use of magnetometry
measurements and synchrotron radiation.

The second part of the work entail patterned films and heterostructures in the
micro- and nanometer size regime. Here, we examine and compare the effect
of having a surrounding matrix and having no matrix, i.e., free-standing magnets.
Specifically, we investigate differences in the nanomagnets’ crystal structure by
x-ray diffraction and their magnetization by magnetometry.

The thesis is outlined as follows; In the following chapter 2, a brief establishment
of theory on perovskite oxides is given, first with emphasis on the crystal structure
and then the electronic and magnetic structure. In chapter 3, the materials system



used in this work is presented and relevant state-of-the-art features are discussed.
Chapter 4 presents the different experimental techniques and methods which have
been used. In chapter 5, an overview of contribution from coauthors is declared
for all work which has been published, and the published articles and manuscript
are presented. Finally, the conclusion and outlook is given in chapter 6.
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Chapter 2

Magnetic oxide thin films

In this chapter, first the structural aspects of perovskites will be outlined for bulk
systems in 2.1 and then discussed for thin film systems in 2.2. Then the electronic
structure and emergent magnetic properties will be discussed in 2.3.



8 Magnetic oxide thin films

2.1 The perovskite crystal structure

Perovskites are a class of oxides with a chemical formula ABOg3. The B sites are
occupied by transition metal cations which form bonds to six oxygen and make up
corner-sharing octahedra, while the A sites are dodecahedral voids, occupied by
rare-earth or transition metals — see Fig. 2.1 (a). While the oxygen anion charge is
fixed to -2 due to strong electronegativity, the remaining positive charge required
for neutrality is distributed on the A- and B-cations. This gives room for flexibility
in oxidation states for the transition metals, which is one of the reasons the per-
ovskite structure is able to host a variety of element compositions. The geometric
structure is also flexible to different sizes of the ions. However, the variation of
elements can lead to structural deviations from an ideal cubic symmetry seen in
Fig. 2.1 (b-d).

Figure 2.1: The perovskite crystal structure with modifications arising from non-ideal
ionic sizes. a) shows the unit cell for ideal cubic symmetry. b) shows a unit cell with
tetragonal distortion following ¢ > 1 with off-center stabilization of the B-cation. In c)
and d), two unit cells are shown along the a axis to illustrate out-of-phase and in-phase
rotations - possible outcomes from ¢+ < 1. c) shows an a~b"b° rotation pattern and d)
shows an atb%b° rotation pattern.

Structural deviations

Non-ideal ionic sizes in this geometric framework can be expressed by the Gold-
schmith tolerance factor ¢ [38]. It relates how the ionic radii 4, rg and ro influ-
ence the lattice parameter, and gives an indication of how the structure will distort:

t = _ratro 2.1)

V2(rg +10)

When the ionic radii deviates from what gives the ideal ratio ¢ = 1, the struc-
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ture compensates by cation displacements or tilting of the BOg octahedra, both of
which reduces the crystal symmetry. For ¢ > 1 the B-cations are relatively smal-
ler, and the bond lengths inside the octahedra can become unfavorably long. As
a result, the B-cations can rather stabilize in off-center positions, as illustrated
in Fig. 2.1 (b). In this situation, the space charge distribution become non-
centrosymmetric, which gives rise to the dipolar moment in many ferroelectric
perovskites. In the case of ¢ < 1, the A cations become relatively small and the
BOg octahedra can start to rotate. This is driven by the A cation coordination
number optimization [39, 40]. Such octahedral rotation distortions can distribute
among all three principle axes, and consequently the B - O - B bond angles will
deviate from 180°. The common nomenclature for these rotations is given by the
Glazer notation system [41] where the three principle axes are labeled a, b, or c. If
the magnitude of rotation is equal along two axes, they are given the same letter.
The letters are accompanied by superscripts that describe rotation out-of-phase (-),
in-phase (+) or no rotation (0). Out-of-phase and in-phase rotations correspond to
whether the chirality of rotation along the respective axis is staggered or synchron-
ized, as shown in Fig. 2.1 (c) and (d).

Glazer found that the combination of different rotations constitutes 23 unique tilt
patterns in the perovskite structure [41], which due to symmetry equivalence span
over 15 different space groups. The cubic structure in Fig.2.1(a) is the smallest
possible unit cell, and deviations requires a large unit cell to properly describe the
symmetry. It can often get confusing when working with perovskites that are very
similar in structure but belong to different symmetry groups since for each group,
lattice parameters describe different directions in space but are still labeled a, b or
c. Therefore, when working with different perovskites, like in heterostructure sys-
tems, it is common to address their lattice parameters in pseudocubic terms, refer-
ring to the lattice constants of a single ABOj cell. In this thesis and the published
works, pseudocubic parameters are used for simplicity unless stated otherwise.
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2.2 Epitaxial thin films and heterostructures

The flexibility of the perovskite structure makes it well-suitable for growing epi-
taxial thin films and heterostructures. However, thin films grown onto substrates
are subjected to a structural conflict when there is a lattice mismatch. Since the
film will be mechanically clamped to the substrate, both strain and symmetry re-
strictions from the substrate will be applied. With these modifications new dis-
tortions may arise, altering the structure from its bulk ground state. This is the
essence of strain engineering, which for perovskite materials have been researched
extensively for decades [42].

Epitaxial strain

A film material with larger or smaller lattice parameters than the substrate will be
exerted to in-plane compressive or tensile strain respectively. The imposed strain
can be withstood up to a critical thickness upon where the film starts to relax by
introduction of dislocations, [43] as shown in Fig. 2.2. For films below the critical
thickness, the whole film remains epitaxially strained. Perovskites can accom-
modate epitaxial strain by structural distortions, similar to the ones found when
the tolerance factor is non-ideal, e.g., bond elongation and octahedral rotations.
Relaxed film

Film material Epitaxial growth

2000000 0000000
0000000 —a,, 0000000
2000000 .| 99099999 89400009

FYPVFP YY) FFPVFP YY)
Substrate  +—a,, CEFTEET ) FYP VI YY)
20900059 Y 299200059
99999999 99999999 99999999
9999999 99999999 99999999

Figure 2.2: Epitaxial strain illustrated for a thin film material and substrate with slight
difference in lattice parameters a and ag,;,. Below the critical thickness, the film lattice
parameters adjust to that of the substrate (as,p) in-plane with compensation (¢’) out-of-
plane. For a relaxed film, a line dislocation is shown as an example of crystal defect. B
cations and oxygen anions are omitted for better visualization.

Bond length distortions

Epitaxial strain only restricts in-plane lattice geometry. While the B-O bond lengths
are shortened in-plane by compressive strain, and elongated in-plane by tensile
strain, the structure can compensate along the perpendicular direction. Epitaxial
films can thus get new symmetry imposed by the substrate, and new functional
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phases may follow. One example is STO, which in bulk crystallizes in the cu-
bic structure. Asymmetric distortion to the crystal structure was predicted by
Pertsev et al. to cause B-cation displacement along the elongated axis, leading
to ferroelectricity [44]. This was later proved experimentally in tensile strained
SrTiO3/DyScOs [45].

Octahedral rotations

Theoretical analysis has indicated that under compressive strain, increased tilting
is favored around the out-of-plane axis to help maintaining the B-O bond lengths,
at the cost of decrease in in-plane rotations. Likewise, the opposite is favored for
tensile strain, i.e. increased tilting around in-plane axes, see Fig. 2.3. This was
demonstrated to be favored in systems both with out-of-phase rotations [46, 47]
and in-phase rotations [48]. Furthermore, a rotation pattern can be imprinted into
the film from the substrate [42, 49]. When the tilt pattern does not match at the
interface, such as if an in-phase rotation pattern meets an out-of-phase rotation
pattern, a structural reconstruction must occur to uphold octahedral connectivity.
This geometric frustration was tested by Liao et al [50] by growing rhombohedral
La, /3Sr1 /3Mn03 (a~a~a™) onto orthorhombic NdGaO3 (a~a~c¢") and ensuring
the in-phase rotation axis was in-plane. What they found was that the film fully
inherited the substrate tilt pattern, and the larger tilt angle of NdGaO3 decreased
over a 4 unit cell long transition region into the Lay/3Sr; ;3MnOg film. Further-
more, they found that by implementing a SrTiOs buffer layer of only 1 unit cell,
the transition region could be removed while maintaining the NdGaOs in-plane
lattice parameter.

it

compressive tensile

Figure 2.3: Typical modifications of the perovskite structure due to compressive (left) and
tensile (right) strain. For compressive strain, bond elongation out-of-plane and octahedral
rotations around the out-of-plane axis are shown. For tensile strain, octahedral rotations
around an in-plane axis and bond shrinking out of plane is shown. The A cations are
omitted in the figure for better visualization.
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2.3 Magnetism in perovskites

In solid materials, magnetic moments arise from mainly two sources — the electron
spin s and the electron orbital momentum /. Still, not all materials show magnetic
response due to that most electrons are paired with opposite spins and thereby
cancel each other’s moments. Unpaired electrons may be found in orbital states
near the Fermi level, which in perovskites typically are the partially filled d-orbitals
on the B cation.

Electronic structure

The five hybridized d-orbitals on the transition metal labeled d, d;-, dy -, dz2—y2
and d 2,2 are degenerate for a single atom, and electrons spread out in accordance
with Hund’s rules. However, positioned in the octahedral site in the perovskite
structure, the orbitals are strongly affected by the ligand field and split into Z9,4
and e, states. This crystal field splitting arises due to the energetic preference of
electrons to occupy orbitals that do not point directly towards the oxygen anions
(e4), but towards the octahedra facets (t24), see Fig.2.4. The magnitude of the field
splitting will be competing with the electron pairing energy, and therefore directly
affects the net number of unpaired electrons S. For example the cobaltites are d°,
and LaCoOs is in a low spin state (tgg and S = 0) and does not have magnetic
moments at low temperatures [51]. Conversely, The orthoferrites are d® and in a
high spin state (S = 5/2) and yields one of the largest atomic magnetic moments
in perovskites [52].

L
Pl X

Figure 2.4: Geometric configuration for cation d-orbitals in octaheder positions. The
crystal field energy splitting is illustrated to the right, with a d° high spin configuration as
example.
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Magnetic order
Symmetric exchange

The magnetic long-range order such as ferro-, ferri- or antiferromagnetic arises
with inter-atomic exchange interactions which is classically described by the Heis-
enberg model. The exchange coupling J can favor parallel (J > 0) or anti-parallel
(J < 0) alignment of neighboring atomic moments .S; and S, leading to long-rang
ferro- or antiferromagnetic order respectively. The Hamiltonian for the system is
then:

—

H=Y -JS;-S 2.2)

1,J

In perovskites, the sign of J is dictated by a hierarchy of ligand-mediated exchange
interactions, i.e, the B-cations interact via the 2p orbitals of the oxygen anions.
The oxygen 2p orbitals are filled, and therefore no electron exchange should be
favored by the oxygen. Important theoretical work on these interactions was done
by Kramer and later revised by Anderson [53], Goodenough [54] and Kanamori
[55]. The Goodenough-Kanamori rules have become a framework for predicting
the magnetic order in oxides with various oxidation states. Different orbital in-
teractions which can occur are discussed in the following, and visualized in Fig.
2.5.

Virtual superexchange, meaning no electrons are actually transferred, is first illus-
trated in Fig. 2.5 a). A half-filled d-orbital will form ¢ bonding with the oxygen
2p and the electrons will in accordance with the Pauli exclusion principle be anti-
parallel aligned. On the opposite side of the anion, the other oxygen 2p electron
interacts with the other metal cation, and the net resulting magnetic order on the
metal cations is antiferromagnetic. Intra-atomically on each cation, the spins in ¢y
states are aligned by Hund coupling. AF order is also promoted by 7-interactions
between half-filled ?9, orbitals, as illustrated in Fig. 2.5 b). In the case of empty e,
orbitals, as shown in Fig. 2.5 c), the oxygen 2p forms a semi-covalent bond with
the empty states, and the oxygen 2p electron participating in that bond couples
to the to, electrons on the cation. Also in this situation, the resulting order is
AF. Of the three abovementioned types of superexchange interactions, covalent o-
bonding is the strongest, which has a direct effect on the ordering temperatures in
antiferromagnetic perovskites governed by the different mechanisms[56]. A case
of unevenly filled e, orbitals (tggeé) is shown in Fig. 2.5 d). Two types of super-
exchange mechanisms can then occur when one e, orbital is half full and the other
empty, depending on the geometric orientation of the half-filled orbitals on two
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Figure 2.5: Illustration of different exchange interactions between metal cations (green
orbitals) mediated by oxygen (purple orbitals) in perovskites. a)-d) shows different types
of superexchange interactions. e) shows the double-exchange interaction.
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nearby metal cations. If they are aligned (not shown), antiferromagnetic order will
be favored through o-bonding, similarly as in a). However, if they are staggered
(90°) as shown in d), the oxygen 2p orbital will on one side form a ¢ bond with
the empty e, orbital causing antiparallel alignment, and on the other end o in-
teraction will favor parallel alignment through Hund coupling. The net resulting
magnetic order is in this case FM. Such staggered orbital alignment can arise by
the Jahn-Teller effect [57], which is an asymmetric distortion to the octahedra fol-
lowing uneven electron distribution. In the e}] situation, the half-filled orbital will
elongate in order to lower its energy, while the unfilled orbital will contract. This
lowers the total energy at the cost of both orbital degeneracy and crystal structure
symmetry. The structural distortion can be minimized by staggered order, as is
the case with LaMnOs3. In LaMnOg (t% ge}]), the e, electrons populate the orbitals
in the ab plane, leading to FM order by superexchange interaction shown in 2.5
d). The empty e, orbitals pointing out-of-plane leads to AF order. This leads to
FM planes stacked in an antiparallel order, also called A-type AF ordering. The
other types often encountered in perovskites are C and G-type, as shown in Fig.
2.6. As another example, in LFO the Fe ions are 3d° and high spin, implying all
d-orbitals are half-filled. This leads to strong AF order in all bond directions and
consequently G-type AF order.

AIpED

A-type G-type C-type

Figure 2.6: Different antiferromagnetic orderings in perovskites resulting from combina-
tions of exchange mechanisms between magnetic B cations (yellow).

Non-integer oxidation states can be realized on the B cations by doping, in which
case double-exchange interaction can facilitate both ferromagnetic order and elec-
tron itineracy causing a metallic state [58]. Fig. 2.5 e) shows the example of 62'5,
simplified in the illustration as e; and eg on nearby metal cations. These ordered
oxidation states are energetically unfavored, and the oxygen allows the e, electron
to instead delocalize over the two cations by hopping through the 2p orbital. Thus,
the energy gain also causes electron itineracy. Due to Hund coupling of the e, spin
with the t2, electrons on each metal cation, the same spin state is favored on all
cations, resulting in FM order.
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The strengths of the interactions are strongly affected by the B-O-B bond overlap
and angles. Therefore, structural distortions such as octahedral rotations can be
expected to influence the magnetic properties. The effect of bond angle differences
on magnetic properties is for instance seen in orthoferrites by varying the rare-earth
A cation, RFeO3. With increasing size of the R37* jon from Lu to La, Fe-O-Fe bond
angles increase (142° — 157°), giving stronger interaction which is displayed by
the increase in Néel temperature of 620-740 K [59].

Magnetoelectric coupling and asymmetric exchange

Materials with more than one ferroic order coexisting in the same phase are called
multiferroics. When both the magnetic and electric types of ferroic order are cross-
coupled, i.e., adjusting one property will have influence on the other, the material
is magnetoelectric. Such materials have been sought for in recent decades due to
their potential in electronic devices where there is high interest to be able to control
magnetization by an electric field, and vice versa. One type of magnetoelectric
coupling is the asymmetric exchange. Dzyaloshinskii [60] found that a cross-
linking interaction term between two neighboring spins favorizes non-parallel spin
alignment, in contrast to the previously discussed direct exchange interaction .J.
Moriya [61] thereafter supplied that the driving force for the interaction is closely
linked to the crystal symmetry, and that the term only becomes considerate in
crystals with lowered symmetry. The Dzyaloshinskii-Moriya interaction (DMI)
was originally used to explain the occurrence of weak ferromagnetism due to spin
canting in antiferromagnets, but it can also for instance explain stabilization of
spiral spin textures or skyrmions. In systems that can accommodate DMI, a term
is added to the total Hamiltonian so that it becomes:

<

H=Y" =7 (S 8)+ Dy (S x 5) 2.3)
¥

where D;; is the DM vector. While the direct exchange term favors parallel align-
ment, the energy gain from the DMI term is maximized when the spin moments
are perpendicular. However, the asymmetric exchange is weak and is typically
only capable of causing small spin canting in competition with the direct exchange
[61]. In the perovskite crystal structure, the DM vector’s direction and magnitude
is dependent on the position of the oxygen anion, given by

.l_jiJ XX ’FO X 7:;7]' (24)

where 7o is the offset of the oxygen from the direct line r;; between magnetic
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ions as shown in Fig. 2.7. D can therefore be directly linked to the presence of
octahedra rotation distortions.
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Figure 2.7: Relation between oxygen offset 7, metal cation separation n—j 7 and the DM
vector D; ; in perovskites due to octahedral rotations.

Due to the corner connectivity of octahedra and staggered pattern, the spin canting
will be also be staggered, as illustrated in Fig. 2.8(b). Therefore, in ferromagnets,
any net moment arising perpendicular to the FM axis is cancelled out. However,
the additional staggered spin structure of antiferromagnets can potentially lead to
a net moment arising perpendicular to D and the Néel axis.

When further considering (1) different types of AF order and (2) different octa-
hedra rotation patterns, many combinations of these will lead to a cancellation of
any FM moment arising from spin canting. For example, with AF order along an
in-phase rotation axis, as illustrated along the z-axis in Fig. 2.8(c), the FM moment
arising from canting is cancelled out in the xz plane. On the other hand, out-of-
phase rotations and AF order, or in-phase and FM order can lead to a net moment
(not shown). Therefore, a G-type antiferromagnetic order and an a~a~a~ rotation
pattern will cause no intrinsic cancellation of the moment arising from spin cant-
ing. However, even when weak ferromagnetism is present, the net macroscopic
moment may still be suppressed. For example, in antiferromagnetic BiFeOs, spin
canting causes weak ferromagnetism but the small net moments form cycloid pat-
terns with a period of 62 nm, resulting in zero net macroscopic moment [62, 63].
For G-type antiferromagnet with different tilt pattern, such as LFO which has
a~a~cT, there may exist planes in the lattice with net magnetic moments even
though the macroscopic net moment is cancelled. Such a plane is illustrated in
Fig. 2.8(d).

Domains

In ferromagnets, the exchange interaction alone favors a single magnetic domain
where all moments are aligned. However, this would lead to maximization of the
net magnetization and therefore also a large generated demagnetizing field. The
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Figure 2.8: Illustration of canting of magnetic moments in perovskites due to octahedra
rotations and Dzyaloshinskii-Moriya interactions. a) shows the example spin structure for
a ferromagnetic and antiferromagnetic order along x with no octahedra rotations. b) shows
octaheder tilting and resulting spin canting for ferromagneticcally and antiferromagnetic-
ally ordered spins along .
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magnetostatic energy which arises due to the magnetization’s interaction with this
field, and therefore the magnetization breaks up into domains. Between neighbor-
ing domains, there is consequently a region called domain walls where moments
rotate. The rotation comes at a cost of exchange interaction energy, but energy gain
by lowering the total magnetostatic energy. Since the dominating cause for domain
formation is lowering of magnetostatic energy, intuitively, antiferromagnets could
be expected not have domains. However, antiferromagnet are often found to have
complex domain patterns. The reason for domain formation in antiferromagnets is
therefore believed to be due to imperfections in the crystal structure, e.g., structural
domains and defects which disrupt the energy locally.

2.4 Magnetic anisotropy

Magnetic anisotropy is the favoring of the magnetization to lie along certain geo-
metrical directions. In the following, different contributions to anisotropy in mag-
netic materials are discussed. Magnetic anisotropy effects related to interface
coupling will be discussed in chapter 2.5.

Magnetocrystalline anisotropy

In crystalline magnetic materials, the magnetization tends to prefer lying along
certain crystalline directions (easy axes) more than others (hard axes). This phe-
nomenon is termed magnetocrystalline anisotropy and is a ’fingerprint’ of the or-
bitals’ spatial distribution and their interaction with the surrounding crystal struc-
ture. Under applied external magnetic fields, electrons with their spin and orbital
angular momentum want to lower the interaction energy by reorienting their spin
directions. However, they are connected to the orbitals by spin-orbit coupling, and
the hybridized orbitals are in turn bound to the lattice geometry. The energy associ-
ated with magnetocrystalline anisotropy is generally defined as the energy required
to rotate the magnetization from an easy axis into a hard axis. Therefore, in many
cases it will be the energy of overcoming the spin-orbit coupling [64]. Typically,
materials with strong spin-orbit coupling display the strongest magnetocrystalline
anisotropy. Crystal symmetry will always be reflected in the magnetocrystalline
anisotropy, and materials with high symmetry display low anisotropy [64, 65]. For
example, the magnitude of magnetocrystalline anisotropy for simple ferromagnetic
metals like Co, Fe or Ni are on the order of 10° erg/cm? [66]. For thin films, this
energy is easily outweighed by other anisotropy terms induced by shape or strain.

Shape anisotropy and surface environment

For highly anisotropic shapes of materials, e.g. rods or films, the magnetization
tends to follow the geometry of the material — an effect known as shape anisotropy.
This happens due to the lowering of the magnetostatic energy when most moments
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are aligned parallel to the surface. For example in thin films, due to the high
anisotropic shape, it is energetically preferable for the the magnetic moments to
lie in the film plane [67]. However, there may be other anisotropy terms which can
dominate. For example, at the very surface, the crystal truncation imposes a broken
symmetry environment to the atoms. The anisotropic surroundings cause surface
atoms to have altered electronic structure, an effect which can become important
as the film gets very thin. The monolayer at the very surface may have a strong
favorization of the orbital angular momentum to be in-plane. If there is strong spin-
orbit coupling, the electron spin will be directed out of plane. Such perpendicular
anisotropy, first described by Néel in 1954, is termed surface anisotropy[66, 67].

Magnetoelastic anisotropy

The magnetization direction in a material may show anisotropic effects from strain.
This effect, discovered in 1842 by Joule is called anisotropic magnetostriction and
can be described by the strain observed at saturation magnetization, A\g = Al/I.
The reverse effect is also of significant importance, namely stress-induced mag-
netic anisotropy. For materials with Ag > 1, magnetization is easier in the tensile
stress direction, and vice versa [66]. For instance, Berndt and Suzuki studied
(001)- and (110)-oriented films of LSMO grown on STO [68, 69, 20]. The epi-
taxial films were found to have significant altered anisotropy from single crystals
and the change was correlated to the symmetry of the substrate lattice. (001)-
oriented films showed in-plane (110) easy axes and (100) hard axes, suggesting
cubic anisotropy inherited from the substrate. (110)-oriented films showed uni-
axial anisotropy along the in-plane [110] axis which indicate domination of mag-
netoelastic effects imposed by in-plane strain due to lattice mismatch.

2.5 Interface exchange coupling

The long-range magnetic order, governed by J as discussed in chapter 2.3, is
disrupted at the interface in magnetic heterostructures. While the Goodenough-
Kanamori rules give an interpretation of magnetic order in perovskites, the ex-
change coupling J;,+ across heterointerfaces is not straight forward to predict. In
the following, we focus on AF/FM interfaces specifically.

Spin-flop

Considering an AF/FM interface with a spin-compensated plane on the AF side
and spin-polarized plane on the FM side, an equal number of parallel and antipar-
allel spin alignments will be present. Koon [70] showed by micromagnetic simu-
lations based on a Heisenberg model, that the energetically preferred alignment at
such interfaces is a perpendicular, or so-called spin-flop state, where the ferromag-
net aligns its moments 90° to the Néel axis of the antiferromagnet — see Fig. 2.9.



2.5. Interface exchange coupling 21

Most AF/FM interfaces are although reported to display collinear alignment of AF
and FM spins which is believed to be due to that most interfaces are not perfectly
spin-compensated and that only small deviations can cause a transition to collinear
alignment [71].

spin-flop collinear
AF

Figure 2.9: Illustration of spin-flop and collinear coupling between an antiferromagnetic
and ferromagnetic spin lattice.

Enhanced coercivity

While the AF spin lattice is robust and remains unaffected by relatively large mag-
netic fields, an exchange coupling can impose significant increase to the coercivity
of the FM layer, sometimes referred to as ferromagnetic enhancement. This en-
hanced coercivity is attributed to that the coupled AF spin lattice has to rotate
together with the FM during switching [72, 73]. This effect can be expected as
long as there is a strong exchange coupling between the two layers.

Exchange bias

A unidirectional bias can arise at AF/FM interfaces, i.e., the FM layer obtains
a preferred magnetization direction. This effect, known as exchange bias (EB),
manifests as a shift of the FM hysteresis curve along the field axis — see Fig.2.10.
Because its occurrence requires exchange interaction with an AF, the effect is often
just referred to as exchange anisotropy. EB was discovered and reported for the
first time, in 1956 by Meiklejohn and Bean [74], to occur in FM cobalt particles
coated with AF cobalt oxide. Since the discovery, the EB effect been reported
in numerous AF/FM systems, including small particles, inhomogeneous materials
and thin film heterostructures, where the latter has been the most widely studied
group [73, 75]. Since it can be utilized to pin the magnetization direction of FM
layers, EB is heavily utilized in spintronic applications [71, 72, 75], e.g., for do-
main stabilization in magnetoresistive reading heads [26] and pinning a hard FM
layer in spin valves [76, 77].
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Figure 2.10: Manifestation of exchange bias by a shift of the ferromagnetic hysteresis
curve along the field axis. The direction of the shift is termed relative to the direction of
the cooling field.

Driving mechanism

The driving mechanism for EB was early proposed to be the presence of a net mo-
ment in the AF layer which couples to the FM layer via exchange interactions [71].
EB is most commonly found by applying a magnetic field while cooling the mater-
ials through the Ty of the antiferromagnet, a process termed field cooling. During
cooling through T, some magnetic moments in the AF are pinned ferromagnetic-
ally in the cooling field direction as the AF spin lattice orders [78]. Consequently,
such “frozen moments” perturb the otherwise spin-compensated AF interface layer
and can give a bias to the adjacent FM. More recently, EB has for some systems
been reported to occur without the necessity of field cooling, therefore termed
zero-field cooled EB, or spontaneous EB [79, 80]. In the last 10 years, spontaneous
EB has been reported in an increasing number of perovskites where in most cases
a spin glass state is believed to be responsible, for example in BiFeO3 nanocom-
posites [81], YMnO3 nanoparticles [82], polycrystalline La;_;Sr,Co,Mn;_,Og
[83, 84], and Eug gPrg 1 CrO3 [85] and also recently in epitaxial heterostructures of
LSMO/EU().45SI‘0‘55M1103 [86].

Thin film theoretical model

There are many theoretical models that have been developed to explain EB in
various materials systems. Most are based on the original work by Meiklejohn and
Bean [74, 87, 78]. For thin films, it is customary to model the magnitude of the
EB in terms of interface energy per unit area, oy;:

Oint = MpyutrvHE (2.5)
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Here, M)y is the saturation volume magnetization, ¢ )y is the ferromagnet thick-
ness and H g is the exchange bias magnitude. Common values for oxides are in the
range 1 pJ/m? — 3.5 mJ/m? [73, 71] while theoretically, a perfect uncompensated
interface would yield ~10 mJ/m? [88]. As the model shows, EB is inversely pro-
portional to the FM layer thickness. Hence, EB can be expected to emerge when
the FM layers get thin. The interface energy can further be expressed in terms of a
Heisenberg model which incorporates the direct exchange energy at the interface:

Oint = JintSar - Spar /i p (2.6)

Here, S ‘ar and S ry are the AF and FM spin moments connected at the interface
and a 4 1s the unit cell area of the AF [88].

Influence of interface irregularities

EB is reported to be highly influenced by structural irregularities at the interface.
This can be understood as any structural disorder will cause changes to the energy
landscape. Examples of disorder are interface roughness or impurities [89]. How-
ever, over 60 years of research has revealed that there is no infallible trend with
disorder, implying that the inherent origin of EB and the influence of structural
disorder must be investigated specifically for each system. This has led to an im-
mense pool of EB literature, but luckily also some well-written reviews covering
broad parts of the research [71, 72, 73, 75, 90]. As an example of the complex-
ity, interface roughness is reported to lead to a decrease the magnitude of EB for
polycrystalline films, but increase the magnitude in single crystals. However, there
are also examples of opposite behaviour. Furthermore, there is no clear correlation
between roughness and the degree of inherit spin-compensation at the AF inter-
face layer [73]. This can be understood for spin-compensated AF interface layers
since roughness should on average expose the same number of opposite moments
in the AF layer. On the other hand, the maximum EB would be expected for a
fully uncompensated (fully spin-polarized) AF interface layer, and any roughness
should decrease the magnitude. Uncompensated spin planes at the interface can
for instance be obtained by choosing the right crystal orientation, but this has not
been found to necessarily grant EB [37, 89, 91]. Ultimately, it is important to note
that the picture is complicated because interface roughness likely influences the
exchange coupling J;y;.

Horizontal and vertical shifts of the hysteresis loop

The most common observation of EB is a shift in the opposite direction as the
cooling field, which therefore is termed negative EB. This is illustrated in Fig.
2.10. A common assumption is that the exchange coupling J;,; is stronger than
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the Zeeman energy of the FM, and hence small cooling field strengths will align
the FM moments while the AF moments will be governed by the exchange coup-
ling energy J;,: as they freeze in. It is not necessarily straight-forward to predict
the sign of J;,;. Even when knowing the sign and strength of J in each separ-
ate layer, the environment at the interface can influence the exchange interaction
significantly. For instance, even FM/FM bilayers have shown to favor antiferro-
magnetic interface exchange [92]. It can also prove difficult to identify the sign
of Jin: experimentally for AF/FM systems. However, if the amount of pinned AF
moments is large, a vertical shift could potentially be observed in the hysteresis
loop. A positive vertical shift could imply that both the FM and the AF are aligned
parallel with the cooling field, indicating that J;,,; > 0. Likewise, a negative ver-
tical shift could indicate J;,; < 0. Unfortunately, vertical shifts are not always
observed, as only a small number of pinned moments is necessary to yield a large
bias [88]. Furthermore, very strong cooling fields can overcome J;,¢, in which
both layers will be parallel aligned with the field during the cooling process. How-
ever, if Ji,; < 0, the FM moments can flip back as the field is removed, which
would result in a positive EB. This explains how some AF/FM systems may show
field-dependent change of sign in EB, which has been found in several systems,
for instance epitaxial Lag 3Srg 7FeO3/SrRuO3 heterostructures on (001)-oriented
SrTiOg3 [93] or polycrystalline Lag 5Srg 5Cog.oMng gOg3 [84].

Blocking temperature

EB is found at low temperatures and usually decreases for higher temperature. Of-
ten, EB is found to disappear above a temperature called the blocking temperature
Tp. Many studied AF/FM systems exhibit a larger ordering temperature for the
FM than the AF, i.e., T > Tn [73], which allows observing the FM with and
without the AF layer turned “on”. In such systems, T’g often coincides with, or is
found close to Ty, but it can also occur at significantly lower temperatures.



Chapter 3

Materials system

In this chapter, an overview of the materials used in the experimental work is
presented. For the materials used as epitaxial thin films in this work, both bulk
properties and epitaxial properties on STO are discussed. Finally, a brief overview
of relevant published works on the LFO/LSMO heterostructure system is given.

25
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3.1 SleOg

STO is a perovskite with ideal cubic structure at room temperature. Due to the
ability to control its surface structure with atomic precision during growth, it has
great potential as a substrate for epitaxial thin films and heterostructures [94]. The
alternating (001) planes (TiO2/SrO) are polar, which makes it desirable for con-
ductive interfaces. Particularly after the superconductive interface was found for
epitaxial heterostructures of LaAlO3 on STO, it became widely used as a substrate
material for oxide thin film growth [95].

At 105 K, STO undergoes a structural phase transition to tetragonal (low temper-
ature phase), which occurs due to phonon softening [96]. The TiOg octahedra
rotate around one axis which is expanded, while the other two contract. This has
been shown do cause modifications to the magnetic properties of epitaxial films of
LSMO with thickness up to 220 nm [97].

STO is a band insulator (E, = 3.25 eV), but the conductivity can be tuned by
doping [98]. Nb-substitution for Ti causes n-type doping and the conductivity
can be tuned from 107 — 10* S/cm [99, 100]. In this work, we have used 0.05
wt% Nb-doped STO which has a room temperature conductivity of 10 S/cm [101],
primarily to prevent charging on the sample surface during experiments.

Substrates used in this work were treated prior to epitaxial film growth. As-
received substrates with dimensions 15 x 15 x 0.5 mm with 0.1° miscut angle were
cut laterally into smaller pieces using a diamond edged circular blade. The sub-
strates were cleaned by acetone and ethanol in ultrasonic baths for 5 min and then
annealed in 2 hours at 950°C under oxygen flow in order to create well-defined
step-edges.
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3.2 Lao.7sr0_3Mn03

La;_,Sr;MnOs is the Sr-doped LaMnOs. While LaMnOj3 is an AF Mott in-
sulator, Sr substitution of La affects the crystal and electronic structure, giving
La;_,Sr,MnOs a rich and complex phase diagram. From charge neutrality, when
Sr** substitutes La®*, Mn** which is 3 e; and high spin is oxidized to Mn**
3d3. This hole doping of the e;_“" states leads to electron itineracy and FM order
by the double-exchange mechanism. Therefore, the half-metallic phase and FM
order in LSMO are linked, which is displayed by a coinciding metal-to-insulator
transition and To. The FM metallic phase is found for = € [0.17,0.46] [102].
The Sr doping also reduces the Jahn-Teller distortions found in LaMnO3, but pair-
density function experiments have indicated that they are still present locally in
the FM metallic phase of La;_,Sr,MnO3 [103]. At x = 0.3, LSMO has a T of
370°C. The room temperature ferromagnetism together with a high degree of spin
polarization [104] and display of a colossal magnetoresistance effect [14, 105] has
led LSMO to become one of the most extensive studied FM manganites.

In bulk, LSMO has rhombohedral symmetry (R3c) and an a~a~a~ octahedra ro-
tation pattern [14, 106]. Its rhombohedral lattice parameters are a,;, = 5.471 A
and o = 60.43°, which translates to pseudo-cubic a,. = 3.88 A. We hereafter
use pseudocubic notation for lattice parameters and crystal directions for all per-
ovskites, unless noted otherwise.

Hydrostatic pressure has been shown to stabilize the FM phase of LSMO. An
increase in both the metal-to-insulator transition temperature and 7¢ is found by
application of pressure for a range of Sr-dopant concentrations [107]. T has a
linear relation to pressure with a coefficient of 0.45 K/GPa reported for x = 0.3
[108]. The positive pressure coefficients have been attributed to stabilization of the
double-exchange interaction.

The magnetic moments for bulk LSMO have been shown to follow an easy (111)
or (110) plane [69, 109, 110], or [111] axis [111], all of which are compatible with
magnetocrystalline anisotropy arising from rhombohedral symmetry.

Thin films of La, 7Sry sMnO5 on (001)-oriented SrTiO;

The magnetic properties of epitaxial thin films on STO are affected by the thin
film geometry and the tensile strain state given by the substrate. The rhombohedral
symmetry of bulk LSMO is incompatible with the cubic surface of STO, forcing
it into monoclinic symmetry [112]. Different effects are found by varying the
crystalline orientation of the substrate surface. (001)-oriented films have in-plane
(110), i.e., two-fold easy axes and (100) hard axes [20]. (110)-oriented films show
a uniaxial in-plane [110] easy axis, due to that the biaxial strain state is anisotropic.



28 Materials system

For (111)-oriented films, no macroscopic anisotropy can be disctinguished, while
on a microscopic level the magnetic moments are distributed with 6-fold symmetry
[113].

(001)-oriented thin films have a volume magnetization of 3.7 up/Mn and a mag-
netically "dead" layer near the interface, the smallest reported being 3 unit cells
[114, 115]. The cause of this loss of FM properties is debated, but orbital recon-
struction causing charge ordering [116], or a structural reconstruction resulting in
elongated lattice parameter out-of-plane [117] have been suggested. LSMO/STO
thin films also have a reduced T of 345 K which is attributed to the tensile strain
from the substrate [115].

Furthermore, the magnetic properties of LSMO/STO thin films have been shown
to depend heavily on oxygen stoichiometry. Anion deficiency is a common type of
point defects in perovskites [118], which influences the electronic structure. Lack
of oxygen stoichiometry causes cation reduction, which for LSMO implies loss of
eq4 electrons. Considering the e, states exclusively, oxygen vacancies essentially
counteracts the hole doping done by Sr?*, and therefore weakens the FM phase.
This has been demonstrated by conducting epitaxial growth under low oxygen
pressures [115, 119].
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3.3 LaFeO;

LaFeO3; (LFO) is an insulating AF perovskite, well known for its high 7T of
~ 740 K. With La as its A cation, it has the largest ionic radius at the A-site
which stretches the unit cell, straightening the Fe-O-Fe bonds and stabilizing the
superexchange [120]. It is 3d° and high spin which promotes superexchange and
AF order along all primary axes, resulting in G-type AF order. It also hosts a
large atomic magnetic moment of 4.4 pp/Fe [52]. Due to its pronounced x-ray
absorption edges for its valence states, it is widely used for studies of AF proper-
ties, and it was among the first antiferromagnets to have its domain texture imaged
[121, 122].

LFO has orthorhombic symmetry (Pbmn) with lattice parameters a,, = 5.557
A, bor = 5.565 A, and Cor = 7.854 A, translated to pseudocubic ap. ~ 3.93 A.
The octahedral rotation pattern is a~a~ ¢ and the Fe-O-Fe bonds are buckled to
about 155° [123]. Due to asymmetric exchange, the atomic magnetic moments are
canted by 9.1 mrad relative to the Néel axis, which is oriented along a [110] axis
[120, 124].

Thin films of LaFeO; strained to SrTiO;

LFO is epitaxially compressive strained to STO. Due to the lattice mismatch, LFO
has been shown to prefer its orthorhombic c-axis aligned to the surface plane,
along either of the two equal [100] directions, see Fig. 3.1. This causes twinned
structural domains oriented 90° to each other, and a four-fold crystalline symmetry
around the surface normal [125, 123].

(100)

LFO

STO

001

[ 010
100

Figure 3.1: Epitaxial LaFeOg films on (001)-oriented STO. The orientation of the or-
thorombic unit cell is indicated in grey along one of the two possible directions as dis-
cussed in the text. The (100) plane in which the Néel axis is reported to lie is shown in
green.



30 Materials system

From the bulk magnetocrystalline anisotropy, one could expect the Néel axis to fall
along the two available in-plane [110] axes. However, several studies have shown
it to be projected by the orthorhombic c-axis with an angle up to 45° out of plane
[125]. In other words, in the (100) plane in which the orthorhombic c-axis lies, see
Fig. 3.1. The angle giving the out-of-plane component has been reported to vary
(0 — 45°) by sensitivity to minor changes in the crystalline structure [126, 127].
The magnetic domains are also reported to strongly follow the crystalline domains
[128].

The Ty of LFO is reported to be reduced for thin films in the range 565 - 670 K
[128, 122]. This was first assumed to be due to epitaxial strain, but fully relaxed
films have also shown significant reduction [129]. In this work, LFO is grown at
813 K (540 °C) and then cooled down through its T to room temperature. All
subsequent experiments are performed below 400 K.
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3.4 Heterostructures and nanopatterning

In this work, we have grown heterostructures of LFO (top layer) and LSMO on
(001)-oriented STO substrates. The LFO layer has been kept thin (10 unit cells) in
order to let x-rays penetrate the AF layer in spectroscopy experiments, while the
LSMO layer thickness has been varied (8-90 unit cells). This section covers some
essential properties of this specific system.

At the (001) interface of LFO/LSMO, the AF is ideally fully spin-compensated
and a spin-flop coupling takes place [31]. The two sets of magnetic easy axes,
i.e., one in each material layer, differ by 45° in respect to each other. A previous
study showed that above T~ where the spin-flop coupling is lifted, the LFO layer
possesses a four-fold anisotropy with easy axes (100) and (110) [126]. The do-
main distribution over the two sets of axes depends on LFO thickness, in particular
showing a slight preference for the (110) axes for 10 unit cells thickness. The sys-
tem was also investigated below T, at which the Néel axis was found to rotate
to align perpendicularly to the FM moments [31], see Fig. 3.2. This implies that
the FM anisotropy together with the interface exchange coupling overcomes the
anisotropy of the AF layer.

b)

Figure 3.2: Domain structure found in LFO/LSMO heterostructures as measured by x-ray
photo-emission electron microscopy. Antiferromagnetic domain structure is shown above
the ferromagnetic T in (a). Both the LSMO and LFO domain structure is shown below
Tc in (b) and (c). Spin orientations are indicated in each of the domains. Reprinted with
permission from [30].

Nanopatterning of LFO and LSMO single films and LFO/LSMO heterostructures
has been shown to induce shape-anisotropy for both layers[32, 33]. For LSMO,
the moment axis follows parallel to the edges, which is easily explained in terms
of lowering the magnetostatic energy, i.e., classic shape anisotropy. For LFO, the
orientation of the Néel axis is more complex. It is found to depend heavily on
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crystalline orientation, thickness of the layer, nanopatterning method [130].

For nanostructures of our protoype system, i.e., 10 unit cells LFO / 90 unit cells
LSMO / STO, nanopatterning gives both LFO and LSMO a preference of aligning
their spin axis parallel to the structure edges. Such collinear alignment is in conflict
with the interface spin-flop coupling. For nanomagnets oriented along a crystalline
[110]-direction, the spin alignment has been shown to depend on nanostructure
width and temperature, as shown in the phase diagram in Fig. 3.3. The width of
the nanostructures regulates the influence of the edge effect, and the the spin-flop
coupling is found to be stronger at lower temperature. For nanomagnets oriented
along [100], a temperature and width dependency is lacking. However, it has been

shown that the spin-alignment is collinear for 500 xm wide nanomagnets at 110 K
[34].
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Figure 3.3: Phase diagram showing the alignment of antiferromagnetic and ferromagnetic
spins in LFO/LSMO heterostructures. (a) shows selected x-ray photoemission electron
microscopy images. (b) shows x-ray magnetic linear dichroism spectra for three linewidths
at 125 K. (c) shows the phase diagram. Reprinted from [131].
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4.1 Pulsed laser deposition

Pulsed laser deposition (PLD) is a material growth technique which uses a pulsed
laser to ablate material for deposition onto a substrate within an enclosed envir-
onment. It became popular in 1987 when it was used to successfully grow oxide
superconductors [132, 133] with quality comparable to that achieved using more
advanced alternatives such as molecular beam epitaxy, while its setup is relatively
simple and still allows precise control of growth parameters [17]. Today, it is a
commonly used technique for growth of epitaxial oxide thin films [134].

The schematic of the PLD setup is shown in Fig. 4.1. While a brief explanation of
the growth process is described for each published work in chapter 5, a more de-
tailed outline follows here. The loadlock serves as a transfer stage for the sample
holder between atmospheric pressure and the main chamber (~ 10~8 mbar). The
sample holder is mounted onto the heater, which is then positioned so the substrate
surface is aligned parallel with the target surface - see Fig. 4.1. The chamber is
evacuated by a turbo pump, levelled above a roughening pump while the ambi-
ent gas mixture and pressure is continuously controlled through connected inlets.
Electric current is run through a platinum wire to produce joule heating in prox-
imity of the sample holder. Thermal contact between substrate and sample holder
is ensured by silver glue, and an even temperature on the substrate surface is cross
checked by a proximity resistivity sensor and an infrared sensor mounted outside
the chamber. Detailed growth parameters are listed in table. 4.1. Targets are moun-
ted on a rotatable carousel which enables heterostructure growth. Target material
ablation is achieved by a directed pulsed KrF eximer laser (Lambda Physik, PLX
Pro 210) with wavelength of 248 nm and fluency of ~ 2 — 4 J/cm?,' which pro-
duces a plasma plume at the target surface. Prior to material deposition, targets
are pre-ablated by 1000 pulses at 5 Hz while a shutter is shielding the substrate.
During deposition, an electron gun aimed in a low angle to the sample surface
enables in-situ reflective high-energy electron diffraction (RHEED) from during
growth, which is monitored by a phosphorous screen (and CCD camera). After
growth, the samples are kept at growth temperature in an increased O2 pressure of
100 mbar for 15 min, before cooled to room temperature.

"Laser fluency was always checked before and after growth to ensure steady fluency during
growth.
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Loadlock

Flectro? B

Figure 4.1: Overview of a PLD system. A sample (blue) is mounted on the heater (orange)
near the center of the chamber.

Table 4.1: PLD growth parameters for the two materials grown.

Parameters ‘ Lag 7Srg.3MnQO3 | LaFeOj;
Growth temperature (K) 700 540
Oxygen pressure (mbar) 0.35 0.01
Laser pulse frequency (Hz) 5 1
Target-to-substrate distance (mm) 45 50

RHEED

RHEED is a surface sensitive diffraction technique which is used to monitor the
crystallinity of the sample surface during growth. The technique was most com-
monly used a characterization tool in ultra-high vacuum systems due to its pressure
sensitivity [135], but setups allowing higher deposition pressures were developed
in the late 90’s to allow integration in PLD systems [17, 136]. An electron beam
is focused onto the sample surface at a grazing angle as seen in Fig. 4.1, and
diffracted electrons from the sample surface are gathered on a phosphor screen.
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The grazing angle and sample azimuth angle is adjusted for optimal intensity and
symmetric diffraction pattern. Example RHEED patterns is shown in Fig. 4.2(a)
pre-growth and (b) post-growth. For high quality crystalline surfaces Kikuchi lines
may be observed. The intensity of the primary spot (central spot) is monitored by
the CCD camera and recorded during growth. Figure 4.2(c) shows a close-up of
the initial 90 seconds. Every laser pulse can be identified by a sudden drop in
intensity, as new adatoms increase the surface roughness. As described by Bosch-
ker et al. [137], the intensity following a laser pulse is a signature of the surface
adatom dynamics and can explain growth mechanics. The large oscillations seen
on the scale of tens of seconds? are attributed to growth of a monolayer. Thus, the
thickness of the layers can be monitored in-situ.

a) b)

200

150 —

100 -

Intensity (a.u.)

w
=]
T

1 1 1 1 I I I I
0 10 20 30 40 50 60 70 80 90
Time (s)

Figure 4.2: RHEED monitoring during growth. (a) shows the diffraction pattern from
an (001) STO substrate before growth of a thin film layer. The green circle indicates the
area where intensity is to be measured during growth. (b) shows the diffraction pattern
after growth of a 100 unit cell thick layer of LSMO. The intensity in both (a) and (b) is
increased in the images for better view of the diffraction peaks. (c) shows the measured
intensity during growth of the first 4 oscillations. Laser pulses can be observed every 0.2
seconds.

2Oscillation period is dependent on parameters such as laser frequency, and here mentioned in
relation to the example in the figure.
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4.2 Atomic force microscopy

Atomic force microscopy (AFM) is a surface imaging technique which uses a scan-
ning probe in close proximity of the surface. It was invented in 1986 in the advent
of the scanning tunneling microscope [138], both techniques which have greatly
impacted nanoscale materials research. The setup of the AFM, as shown in Fig.
4.3, is simple yet delicate. Much like a gramophone, a sharp tip mounted on a
cantilever is used to scan the topography of a surface, only that the tip is sharp
down to the last singular atom. Thus, the interactions experienced by the tip are
atom-atom interactions, which leads to sub-nanometer height resolution. The lat-
eral resolution is dependent on in-plane movement of the cantilever, which is most
often controlled by piezoelectric crystals. A laser beam aimed at the top side of
the cantilever is reflected and detected by an optical sensor screen. The canti-
lever is oscillated at a set frequency, and thus tip-sample interactions are detected
by changes in frequency, phase and deflection of the beam path. The working
principle of the AFM allows for measurement of various properties of the sample
surface such as topography, but also ferroelectricity, piezoelectricity or magnetic
moments. These recording modes can be interchanged by changing the sample tip
or working distance (tip to surface distance) to control the type of interaction. In
our work, we have used AFM as a tool to inspect four stages of sample prepara-
tion. Specifically, (1) inspect as-received substrates, (2) ensure success of thermal
annealing, (3) inspect film topography after growth and (4) inspect nanostructures
after patterning processes.

N

photodiod®

motors

Cantilever

Figure 4.3: A simplified schematic of an atomic force microscopy setup.
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4.3 X-ray diffraction

X-ray diffraction (XRD) is a non-destructive technique used to investigate the
crystal structure of materials. While the principle of XRD can be used for non-
crystalline materials, here we will focus on its usage for crystalline solids. When
parallel x-rays are incident on a crystalline material, coherent scattering results
from the crystal field, i.e., the electron distribution in the atomic lattice. The x-
ray penetration depth is dependent on photon energy but also incident angle of
the incoming x-rays. Therefore, measurements can be made surface-sensitive by
so-called grazing incidence, while increasing angles will increase the fraction of
signal coming from deeper in the material. The conditions for constructive inter-
ference is governed by the wavelength A of the x-rays as well as the spacing of the
lattice planes, as described by Bragg’s law:

2dsinf = nA 4.1

where 6 is the angle between the incident x-rays and the lattice plane, and n is an
integer. The interplanar distance d for lattice planes is related to the planes’ Miller
indices (hkl):

a

dopy — — >
M R 2

Thus, for angles that satisfy the condition above, lattice planes will yield con-
structive interference and a large intensity measured by the detector, i.e., diffrac-
tion peaks. The diffraction peaks are the Fourier transform of the electron density
which scatters the x-rays, and will therefore yield information about the crystal
lattice parameters. The Fourier transform implies the reciprocal characteristics to
its origin. While infinite crystals would yield diffraction peaks as infinitely small
points in real space, diffraction peaks from real crystals are broadened. Lattice
planes are two-dimensional and therefore their diffraction peaks will come out as
one-dimensional lines, or rods. These lines are intercepted by the detector. The
location of the diffraction peaks are found by performing angular scans, i.e., rotat-
ing the sample and/or the detector.

4.2)

Since substrate and film lattice parameters are on the same length scale, scans can
be conducted close to substrate diffraction peaks in search for the film peaks. The
known substrate lattice parameters therefore also work as a reference to calculate
the film parameters. Film peaks will be shifted in the directions where their lat-
tice parameters are unequal to that of the substrate. E.g., for epitaxially strained
films, while the in-plane lattice parameters are clamped to the substrate, the out-
of-plane lattice parameter relaxes. This causes film peaks to be shifted along @ 7,
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the reciprocal direction corresponding to the out-of-plane direction in real space.
Film peaks will also be broadened along this axis due to the low thickness of the
film. The substrate peaks are easy to locate since the substrate material is thick and
therefore yield a large signal. The intensity of diffraction peaks from thin films are
weaker due to the reduced thickness. XRD scan results can be presented by recip-
rocal space maps (RSMs). Since reciprocal space spans three dimensions, RSMs
are usually presented by the two axes displaying the most interesting features. In
this work, a Bruker D8 Discover x-ray diffractometer was used. A CuKq; radi-
%tion source is filtered by a monochromatic crystal, giving a wavelength of 1.5406
A.
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4.4 Vibrating sample magnetometry

Vibrating sample magnetometry (VSM) is a technique used to measure the mac-
roscopic magnetic moment of a material. Its first mention was in 1956 by Foner
[139], where its designs’ simplicity was demonstrated by allowing it to be as-
sembled from a loudspeaker, a drinking straw, a paper cup and a permanent mag-
net by the use of glue.> A more sophisticated version was published in 1959 [140]
and today there are several commercial providers.

A cross section of a VSM setup is shown in Fig. 4.4. The sample to be measured is
fixed to the end of a long rod which is suspended vertically in a cylindrical cham-
ber. The top end is clamped to a linear motor, often consisting of piezoelectric
materials which oscillates the rod vertically. Detection coils are situated surround-
ing the sample. In accordance with Faraday’s law of induction, electrical current
is induced in these pickup coils by any change in the magnetic field within. As the
magnetic sample oscillates, current will also oscillate in the pickup coils.

An external magnetic field is achieved by an additional conducting coil mounted
outside the cylindrical chamber. This coil is cooled down below its critical tem-
perature, making it superconducting and an electric current is ramped up in order
to produce a magnetic field at the sample. Such electromagnets in VSM setups
can typically produce fields of several Teslas. Since detection can run simultan-
eously as the magnet is ramped, dynamic measurements can be done. The lower
end of the time scale is however limited to the order of seconds and minutes by the
ramping time required for the coil.

In this work, we have used a Quantum Design Versalab system with a VSM mod-
ule. It allows a sample temperature range of 50-400 K and and applied field
strength of &3 T. The electromagnet is mounted such that the applied field is
parallel to the the detected magnetization. The samples are mounted such that
the detection is done parallel to the surface of the films. The sample mounting is
fixed, i.e., it cannot be rotated after insertion. Note that for the materials used in
this work, the VSM temperature range enables heating above the LSMO T, but
not the LFO T.

*We note that sometimes novel experimental setups can be so beautifully simple.
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Figure 4.4: Vibrating sample magnetometry setup.
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4.5 X-ray absorption spectroscopy

Photons can be utilized to investigate the electronic and chemical structure of a
material. With sufficient energy for photons incident on a material, photoexita-
tion can occur, a photon-matter interaction where the photon is absorbed and an
electron situated in a low-energy orbital is excited to one at higher energy. In x-
ray absorption spectroscopy (XAS), energies that correspond to such transitions,
called edges, and are named after the shells (K, L, M, ..) which electrons are ex-
cited from. The structure of the edges is a direct signature of the material’s elec-
tronic structure. Their width depicts the density of states of the bands formed by
the orbitals. Figure 4.5 shows an absorption spectrum for LaFeOs around the Lo
and L3 edges, together with the relevant transitions. The 3d bands are narrow and
therefore the L edge is sharp. Since the p orbitals are split by spin-orbit coupling,
transitions from py /o and p3 /24 produce the two peaks named Ly and L3. In ad-
dition, due to crystal field splitting of 3d orbitals in perovskites, as discussed in
chapter 2.3, the edges display fine structure.

These edges have energies on the scale of hundreds of eV, i.e., in the soft x-ray
regime. Synchrotron radiation is therefore an x-ray source suited for XAS, since
soft x-rays with tunable energy are required. In this work, we have performed XAS
experiments at the Magnetic Spectroscopy and Scattering (4.0.2) beamline at the
Advanced Light Source.

XAS is measured either by detection of transmitted x-rays or by secondary effects
such as fluorescence or Auger electrons. For our work, the use of transmission
mode is excluded since it requires thin samples, and our substrates have a thickness
of 5 mm. On the other hand, Auger electrons create a cascade of scattered electrons
resulting in high electron yield. Therefore, a total electron yield detection method
has been used which counts the total number of electrons that are emitted from
the sample by measuring the supplying current from ground, see Fig. 4.6(a). Both
Auger and secondary electrons generated in the sample have a short mean free
path, limiting the probing depth to a few nanometers even though the soft x-ray
penetration depth is 20 — 100 nm [65], hence this is a surface sensitive technique.
On the other hand, the detection method allows for magnetic fields to be applied
to the sample during measurement.

*1/2 and 3/2 refer to the total angular momentum number J = L + S
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Figure 4.5: An x-ray absorption spectrum obtained from LaFeOs, showing the L3 and Lo
absorption edges. Below the graph is an illustration of the electronic transitions giving rise
to the edges and their fine structure.
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Figure 4.6: Illustration of x-ray absorption spectroscopy experiments. a) Schematic of
Auger and secondary electron cascade generation and total electron yield measurement. b)
lustration of sample geometry during XMLD measurement (left) and an XMLD spectrum
taken of LaFeOj3 at 80 K as an example (right). c¢) Illustration of sample geometry during
XMCD measurement setup.
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4.6 X-ray magnetic dichroism

The x-ray absorption can display dependency on the polarization of the incoming
photons, a phenomenon termed dichroism. In a simplified picture, the absorp-
tion probability is dependent on whether the angular momentum of the incoming
photons are easily transferred to the electrons which are to be excited. In mag-
netic materials, the electron spins giving rise to the magnetic moments are ordered,
which therefore will result in larger absorption when the electric field vector of the
incoming light is aligned to certain directions. Two types of polarization are dis-
cussed — linear and circular.

4.6.1 Linear dichroism

X-ray magnetic linear dichroism (XMLD) arises from uniaxial spin alignment and
is therefore found for both FM and AF magnetic order. A schematic is illustrated
in Fig. 4.6(b) together with an example of an LFO XMLD absorption spectra.
The XMLD intensity is dependent on the alignment of the E-vector of the linearly
polarized light and the magnetic spin axis [121]:

Ixymip = a+b(cos®0 — 1) (M?),, (4.3)

where a and b are constants, 6 is the angle between the electric field vector and the
magnetic spin axis, and M is the temperature dependent average of the magnetic
moment [65]. For XMLD, the dichroism is similar on the Lo and L3 peaks, but
opposite for transitions to ¢4 and e, states which leads to an asymmetric intensity
change on each of the two L edges. XMLD is therefore done by performing two
scans with x-rays polarized 90 degrees respective to each other in each scan, and
the result is often presented as the difference between the two scans (seen as “up-
down” signature in Fig. 4.6(b). The incidence of the light can be perpendicular to
the sample surface such as shown in the figure.” However, determination of Néel
axis orientation is still not straight forward. In principle, an up-down or a down-
up signature should relate to which of the two x-ray polarizations the Néel axis is
parallel to. At first, XMLD signal was believed to be angle-independent. However,
Czekaj et al. found for LFO that the sign of the signal can switch depending on
the orientation of the magnetization relative to the crystalline axes [127]. This
angle dependency was further elaborated by Arenholz et al. for cubic systems
[141, 142], demonstrating that the XMLD signal can disappear or change sign.

The two polarization are sometimes referred to as s- and p- polarization. This is typically when
the measurement geometry is such that the incoming light does not have normal incidence, implying
one of the two polarizations have an out-of-plane component. The polarization which is in-plane is
then termed p (from German parallel) and the other s (from German senkrecht).
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Therefore, careful interpretation must be done.
4.6.2 Circular dichroism

X-ray magnetic circular dichroism (XMCD) requires directional spin alignment,
i.e., a FM order or net magnetization. An illustration of measurement geometry is
shown in Fig. 4.6(c). The absorption probability is dependent on the alignment of
the helicity vector of the circularly polarized light being parallel or antiparallel to
the orbital angular momentum of the electron to be excited. Therefore, a strong
coupling of the spin to the orbital angular momentum, i.e., spin-orbit coupling, is
crucial for an XMCD signal. The intensity is given by:

Ixyvep = acost (M), 4.4)

Since the x-ray helicity vector must have a component in the direction of the
magnetic axis, for magnetic thin films where the moment is dominantly in-plane,
normal incidence is excluded. A complete parallel alignment of polarization is
also geometrically impossible and therefore experiments are done with an incident
angle 0° < 6 < 90°. For XMCD, the dichroism is opposite for the Ly and Ls
edges, i.e. polarization giving an increase on L3 will give a decrease on Lo and
vice versa.
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4,7 X-ray photo-emission microscopy

X-ray photo-emission electron microscopy (XPEEM) is an imaging technique based
on the principles of x-ray absorption and Auger/secondary electron emittance, as
previously discussed for XAS. XPEEM can therefore implement the principles of
XMLD and XMCD to generate lateral resolution of the magnetic spin structure
in materials. While several imaging modes are available with XPEEM, here we
will focus on magnetic contrast. By the use of a strong electric field, electrons
emitted from the sample are accelerated and directed towards an optical column
and detection screen. Modern XPEEM instruments allow a magnification up to
10.000. The spatial resolution is ~ 20 nm, limited by several conditions. Sample
topography results in curvature of the electric field, which degrades the resolution.
The secondary electrons used for detection are spread in energy, causing chro-
matic aberration. Due to the limited mean free path of electrons, the technique is
also surface sensitive and the probing depth is a few nanometers. A key limitation
to XPEEM in contrast to the XAS setup discussed earlier, is that applied mag-
netic fields will alter the path of emitted electrons flowing towards the detector,
and thereby blurring the image. Nevertheless, XPEEM is outstanding in probing
the magnetic structure of thin films without any considerable disturbance of the
magnetic structure, something which can be considerable for alternative imaging
techniques such as magnetic force microscopy. It also allows for element specific
probing of magnetic moments. In this work, we have used the PEEM-3 (11.0.1)
beamline at the Advanced Light Source and the SIM (X11MA) beamline at the
Swiss Light Source.

In an XPEEM experiment, an XAS scan is initially performed to determine precise
edge energies. Thereafter, two separate images are taken (A and B) with energies
fixed to peaks which display XMLD or XMCD contrast. For XMCD, one image
is taken at the L3 edge and the other at the Lo edge. For XMLD, two energies
of different multiplet peaks on the same edge are chosen — typically on the Lo
edge since its multiplet splitting is particularly pronounced. The asymmetry is
then calculated by dividing the A and B intensity difference by the sum, (B —
A)/(B+ A).
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Coexisting spin-flop coupling and exchange bias in LaFeQ;/La, 7Sr);MnO; heterostructures

F. K. Olsen,! 1. Hallsteinsen, 2 E. Arenholz,2 T. Tybell,1 and E. Folven!
' Department of Electronic Systems, NTNU — Norwegian University of Science and Technology, 7491 Trondheim, Norway
2Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, California 95616, USA

® (Received 11 January 2019; revised manuscript received 27 February 2019; published 5 April 2019)

Exchange bias occurs in field-cooled antiferromagnet/ferromagnet systems and can most often be explained
in terms of uncompensated magnetic moments at the interface that are pinned in their orientation during field
cooling. The presence of spin-flop coupling is often associated with spin-compensated interfaces. Here, we report
exchange bias in complex oxide heterostructures of antiferromagnetic LaFeO3 and thin layers of ferromagnetic

Lag 7S193MnO; with several intriguing features. The exchange bias does not require field cooling but can also be

obtained by applying a setting field at elevated temperature. Furthermore, the exchange bias is positive for setting
fields up to 3 T, and its magnitude is strongly dependent on the setting-field strength. X-ray magnetic linear
dichroism measurements show a predominantly perpendicular spin configuration at the interface. We discuss the
possibility of the exchange bias being driven by a net moment from spin canting in the antiferromagnet due to

Dzyaloshinkii-Moriya interactions.

DOI: 10.1103/PhysRevB.99.134411

I. INTRODUCTION

Complex oxide heterostructures and their interfaces offer a
wide range of new and unexpected phenomena with potential
for utilization in modern devices [1]. In highly correlated
electron systems, interfacial magnetic frustration, discontinu-
ity of electron states, and strain- or charge-transfer-induced
orbital reconstructions may give rise to new ground states and
functional properties [2,3]. Phenomena such as superconduc-
tivity, colossal magnetoresistance, metal-insulator transitions,
and multiferroicity have attracted much attention over the last
decades [4-6], and recent developments in modern material
synthesis have enabled research on tuning of these functional
properties using interface engineering.

At the interface between a ferromagnet (FM) and an an-
tiferromagnet (AF), exchange coupling of the FM and AF
spin lattices can give rise to increased coercivity in the FM
layer and in some cases induce a unidirectional anisotropy or
exchange bias (EB) [7]. Due to its technological relevance,
the EB effect has attracted much attention since its discovery
but its origin in diverse systems is still researched extensively
today [8—10]. In most systems EB is obtained by field cooling
(FC) the AF/FM system through the AF ordering temperature,
Ty. However, spontaneous EB that does not require field
cooling has been reported, e.g., in Fe/Cr,03 /Fe trilayers [11]
and Ni-Mn-Sn alloys [12] and recently also in perovskite
systems such as polycrystalline La; 5Srg sCoMnOg [13], and
Lag 7S193MnOj3/Eug 45Sr9.5sMnO3  heterostructures [14]. A
shift of the hysteresis loop in the opposite direction of the
cooling field is most commonly observed (negative EB), but a
loop shift in the cooling-field direction (positive EB) has also
been reported [15-18].

Theoretical models often explain EB by the presence of
uncompensated magnetic moments at the interface. These
uncompensated moments could result either from the bulk-
truncated spin structure or, in cases where a spin-compensated
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AF surface is expected, from defects, surface roughness,
AF spin canting, or induced FM- or spin-glass order in the
antiferromagnet [8§—10,19]. Furthermore, Dong et al. predicted
that Dzyaloshinkii-Moriya interactions (DMIs) could give rise
to EB in G-type AF/FM perovskite heterostructures with
spin-compensated interfaces [20], and EB was later observed
experimentally in the StMnO3/Lay/3Sr;;3MnO; system [21].
Since DMISs in perovskites are closely linked to the extent of
octahedral rotations, epitaxial strain can be used to modify the
interaction, which enables engineering of EB in perovskites.

In many systems showing EB, the spin coupling across
the AF/FM interface is reported to be collinear and EB is
explained in terms of an imbalance in the number of parallel
and antiparallel aligned spins. For some spin-compensated
AF/FM systems, a spin-flop coupling is found, i.e., the AF
spin axis is aligned perpendicular to the FM spin axis [22].
The spin-flop coupling is highly sensitive to imperfections
in the spin compensation, which would cause a transition to
collinear coupling [10], and most EB systems are reported to
show collinear coupling. However, coexisting EB and spin-
flop alignment has also been found, e.g., in the ferrimag-
netic/AF system of Fe;04/CoO where DMI is proposed to
give rise to uncompensated moments [23].

Here, we report positive EB which can be set
without FC through a magnetic ordering temperature in
LaFeOs3/Lag7S193MnO3;  (LFO/LSMO)  heterostructures
grown epitaxially on (00l)-oriented SrTiOs; (STO).
The G-type AF order in LFO gives rise to a fully
spin-compensated interfacial plane, and spin-flop coupling
has been demonstrated in several experimental studies
[24,25]. LFO is known to exhibit DMI which causes weak
ferromagnetism [26], but EB has not been reported in this
epitaxial system before. We discuss how spin canting in LFO
can give rise to a net moment at the interface, explaining the
EB, without breaking the spin-flop state in this system.

©2019 American Physical Society
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FIG. 1. (a) Saturation magnetization as function of temperature, measured during gradual heating in a field of 200 mT, after field cooling
in 3 T from 400 K and (b) hysteresis loops of as-grown samples measured at 50 K after cooling in zero field. The moment is normalized to

Bohr magnetons (1) per Mn ions in the LSMO layer.

II. EXPERIMENTAL

Epitaxial LSMO films and LFO/LSMO heterostructures
were grown on (001)-oriented STO using pulsed-laser de-
position. Samples investigated by x-ray spectroscopy were
grown on conducting STO substrates doped with 0.05 wt %
Nb to avoid charging. A KrF excimer laser (A = 248 nm) with
a fluency of ~2J/m? and frequency of 1 Hz (LSMO) and
5 Hz (LFO) was used. Oxide layers were deposited at 700 °C
(LSMO) and 540 °C (LFO) in oxygen pressures of 0.35 mbar
(LSMO) and 0.01 mbar (LFO). In situ reflection high-energy
electron diffraction showed monolayer oscillations through-
out the growth. After deposition, the samples were annealed
in an oxygen pressure of 100 mbar for 15 min. LSMO samples
were grown with layer thicknesses of 10 u.c. (unit cells), 15,
20,40, and 112 u.c. (4-43 nm), and heterostructures with fixed
LFO thickness of 10 u.c. (4 nm) and LSMO thicknesses 8,
10, 15, 20, and 90 u.c. (3-35 nm) were synthesized. Atomic
force microscopy revealed surfaces with submonolayer rough-
ness and step edges inherited from the STO substrate. X-ray
diffraction measurements were performed on samples with
thickness >20u.c. and showed LSMO layers fully strained
to the STO substrate. Magnetization data were acquired using
a Quantum Design vibrating sample magnetometer (VSM) in
the temperature range 50400 K. Care was taken to ensure
that all experiments were conducted using the same cooling
rate (20 K/min) and any external setting fields were applied
using the same field-ramping rate (20 mT/s). X-ray mag-
netic circular and linear dichroism measurements (XMCD
and XMLD, respectively) were performed at beamline 4.0.2
at the Advanced Light Source, Lawrence Berkeley National
Laboratory.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the saturation magnetization as a func-
tion of temperature for the LFO/LSMO heterostructures to-
gether with a 112-u.c. single-layer LSMO reference sample.

Both volume magnetization and the Curie temperature, 7c,
show a strong dependence on LSMO thickness. This agrees
well with previous studies where reduction of M and 7¢ for
thin epitaxial LSMO layers on STO is explained in terms of
a magnetically dead layer near the film-substrate interface,
and an associated transition from a three-dimensional to a
two-dimensional magnetic ordering [27,28]. For LFO thin
films grown on (001) STO, Ty = 670K [29].

FM hysteresis loops for as-grown single-layer LSMO and
LFO/LSMO heterostructures measured at 50 K are shown in
Fig. 1(b). The hysteresis loops are all symmetric around the
origin and the heterostructures show a coercive field, Hc, an
order of magnitude larger than that of single-layer LSMO
films. Enhanced coercivity is a common observation when
ferromagnets are coupled to antiferromagnets, and our val-
ues correspond to those previously reported for LFO/LSMO
heterostructures [30]. In LFO/LSMO samples with an LSMO
thickness down to 10 u.c., single hysteresis loops are ob-
served. However, the heterostructure with 8-u.c. LSMO shows
signs of a double loop, suggesting possible EB in the system.

Upon FC from 400 to 50 K in a 3-T field applied along the
crystallographic [100] axis, hysteresis loops obtained at 50 K
reveal pronounced EB in all heterostructures, except for the
sample with a thick (90-u.c.) LSMO layer. The hysteresis loop
shift is in the same direction as the cooling field, i.e., a positive
EB is observed. Hysteresis loops for the LFO (10-u.c.)/LSMO
(8-u.c.) heterostructure are shown in Fig. 2(a), where the EB
shift is 29 mT after FC, for both directions of the setting field.

The dependence of the EB on cooling-field strength is
investigated by performing FC from 400 K (>7¢) to 50 K
and subsequently measuring hysteresis loops at 50 K, H39 ¥,
for the LFO (10-u.c.)/LSMO (8-u.c.) heterostructure; see
Fig. 2(b). We find H33 X to be positive for all cooling fields
and increase monotonically with field strength up to 3 T.
The biased loops are asymmetric around the loop center for
all field strengths, which suggests that a 3-T field is not
sufficient to fully saturate the bias. For the zero-field-cooled
measurements shown in Fig. 1(a), the two subloops in the
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FIG. 2. Exchange bias measured after field cooling, shown for the LFO (10-u.c.)/LSMO (8-u.c.) sample. (a) Hysteresis loops measured at
50 K after field cooling in 3 T fields from 400 K. (b) Exchange bias obtained at 50 K as function of cooling-field strength, where field cooling
is performed from 400 K. The solid line is meant as a guide to the eye. The inset in (b) shows the hysteresis loops measured at 50 K.

hysteresis indicate that there are biased domains even after
growth, but a balanced distribution of domains biased in
different directions. As can be seen in the inset in Fig. 2(b),
the subloop shifted in the cooling-field direction grows at the
expense of the other upon FC. This indicates that all domains
generate a positive EB and that the ones aligned with the
cooling field grow with increasing field strength. Positive EB
can be explained by a net magnetic moment at the interface
which favors antiparallel coupling to the bulk FM moment.
We note that Bruno et al. have recently reported induced FM
moments on Fe at the LFO/LSMO interface [30]. These mo-
ments are only present below 7¢ and couple antiparallel to the
Mn moments in LSMO. However, as these induced moments
are found to follow the rotation of the LSMO moments, they
do not give rise to EB.

The temperature dependence of the observed EB is exam-
ined by gradually heating the samples from 50 K, after FC in
3 T, and measuring hysteresis loops in intervals of 25 K. The
EB values obtained as a function of temperature are shown
in Fig. 3(a). As the temperature is increased, a monotonic
reduction of the EB is found up to a blocking temperature 7,
i.e., the temperature where the EB goes to zero. The 7 values
for the different samples, indicated in Fig. 3(a), show no clear
trend with film thickness and are found to be in the range
150-200 K. We find Ty to be lower than T¢ for all LSMO
thicknesses. These data indicate that T3 and the Tc of LSMO
are not directly related.

The coercive field observed after FC is larger than for
single LSMO films and decreases with increasing tempera-
ture, as shown in Fig. 3(b). We note that there is no obvious
change in Hc at Tg. Compared to the single-layer LSMO
reference sample, enhanced Hc is also found above Tz while
EB disappears. Our results indicate that the mechanisms that
give rise to EB and increased H¢, respectively, have different
temperature dependence and are of different origin.

After heating above Tp, even as high as 400 K, we still find
a significant EB when the samples are cooled back down to

50 K in zero field. This result implies that the moment re-
sponsible for EB is lost neither at 75 nor at 7c. Hence, neither
of these temperatures corresponds to the ordering temperature
of the moment causing EB. This result also suggests that 73
in our system is not associated with a spin-glass freezing
temperature, as has been reported for similar systems showing
EB [31,32]. Performing multiple (30x) field loops at 50 K
does not result in any training of the system (data not shown).
However, we find that the symmetric double loop, with no net
EB, as shown in Fig. 1(b) can be regained by performing a
demagnetizing cycle (i.e., alternating fields) at 400 K, starting
at 3 T with decrements of 10 mT.

To further explore how EB behaves in this system, we
apply different setting fields, Hy, at different temperatures,
Tiet, cool the sample in zero field, and measure Hgg K We find
that the EB can be set without FC, i.e., the system features
spontaneous EB, and that the magnitude of the EB depends on
both Hge, and Ty Figure 4 (lower panel) shows the resulting
HZ3X for the LFO (10-u.c.)/LSMO (8-u.c.) sample. We find
three different regimes. For low Ty, the EB is “frozen”,
i.e., applied fields up to 3 T are insufficient to set any EB.
For intermediate 7, the EB can be partially set, i.e., the
magnitude of the EB depends on the value of Hy. For high
T, the EB can be fully saturated and we obtain the largest
EB values; however, a reduction in Hgg K is also found as Ty
is increased above ~250 K. Figure 4 (upper panel) shows the
HZ3 X values for Hy = 3T in detail together with the values
obtained by FC from the same temperatures. Comparing the
FC- and zero-FC data, we find that no EB can be set at
low temperature and intermediate 7y leads to similar Hég K
values for both cases. We also find a bifurcation point at
intermediate Ty.. While FC from temperatures above 250 K
yields the same Hég K as for 250 K, zero-FC yields largest
Hég K for T = 250K but it is reduced as Tyr > 250 K. The
decreased values of H33X for higher T can be attributed
increased thermal fluctuations, i.e., the moment which causes
EB is effectively reduced when the applied magnetic field is
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FIG. 3. Temperature dependence of (a) exchange bias and (b) co-
ercivity in the LFO/LSMO heterostructures as function of increasing
temperature, measured after field cooling in 3 T from 400 K. The
solid lines are meant as a guide to the eye. Approximate values of
Ty for the heterostructures are indicated in (a) and the coercive field

for the 10-u.c. LSMO single-layer sample is included for reference
in (b). The dashed lines are meant as a guide to the eye.

removed. Since the field is not removed in the FC case, a larger
HZS ¥ is obtained. Furthermore, we see from Fig. 4 (lower
panel) that lowering T requires an increase in Hse in order
to obtain similar EB values. We attribute this feature to an
increase in coercivity for the magnetic moments responsible
for the EB, as temperature is lowered. We also note that an
EB can be set at 400 K without FC, which indicates that the
ordering temperature of the moment causing EB is above this
temperature.

The EB as function of LSMO thicknesses is shown in
Fig. 5. An EB is only observed for LSMO thicknesses of
20 u.c. (8 nm) and below, and increases abruptly as the LSMO
layer thickness is reduced. We apply a simple model following
the original ideas of Meiklejohn and Bean, which relates the
EB to the thickness of the FM layer.

Oint
Hes Memtem

Here, oy, is the effective interfacial energy density aris-
ing from the magnetic moments causing EB, and Mgy and
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FIG. 4. H2}X measured after applying a setting field Hy at a
temperature T, and zero-field cooling to 50 K (lower panel). The
color grading is based on interpolation between the data points and
serves as a guide to the eye. Symbols indicate the three regimes;
frozen (white circles), intermediate (gray triangles), and saturation
(black squares). The EB is reset by field cycling at 400 K in between
each measurement. The data points indicated by the dashed line in
the lower panel are shown in the upper panel (squares) together with
exchange bias measured at 50 K after field cooling in 3 T (circles)
from T,,. The solid and dashed lines in the upper panel are guides to
the eye.

tem are the FM magnetization and thickness, respectively
[7,33,34]. For a G-type antiferromagnet such as LFO, the
(001) interface is ideally spin compensated. However, our
experimental EB values for the different LSMO thicknesses
correspond to oy, in the range 7—15 uJ/m?. The average
value ojp = 10.6 uJ /m2 is used to calculate the solid line in
Fig. 5. We note that the EB and corresponding o, values are
in the same range as reported in studies on metal/LFO sys-
tems, e.g., Fe/LFO and Co/LFO [35,36]; however, orders of
magnitude lower than the theoretical predicted values for fully
uncompensated interfaces. This suggests that the LFO/LSMO
interface consists of only a fraction of uncompensated spins.
oine can be expressed as iy = JSpMSAF /a2, which includes
the interface exchange interaction, J, between the interfacial
spins Sgm and Sgy in the FM and AF layers and a, which is
the in-plane unit-cell parameter of the AF. One possibility is
that a fraction of the interfacial Fe spins couples antiparallel
rather than spin flop to the Mn spins in LSMO. In this situation
the AF spins would not cancel and ~5% of interfacial Fe
spins being antiparallel ordered to LSMO would explain the
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FIG. 5. Exchange bias as function of LSMO layer thickness, with
data points measured at 50 K after field cooling in 3 T from 400 K.
The solid line represents the Meiklejohn and Bean model, calculated
with the average oy, of 10.6 1J/m? . A magnetic dead layer of 4 u.c.
in LSMO has been accounted for in the calculations.

observed EB effect. Even though neither VSM nor XMCD
measurements at the Mn and Fe L edges performed at 300 K
show any detectable FM moment (data not shown), we cannot
exclude the possibility of a net moment at the interface, as
only a small moment would be sufficient for a significant bias.
Another possibility is that interfacial Fe spins are canted in
plane, which would yield a net magnetic moment and could
produce an EB in LSMO.

To investigate the spin configuration for LFO/LSMO ex-
hibiting EB, we perform XMLD spectroscopy on heterostruc-
tures with LSMO thickness 8, 10, and 15 u.c. An EB is set by
applying a 3-T field along the crystallographic [100] direction
at 300 K, and the heterostructures are then cooled in zero
field. The XMLD measurements are performed with x rays
incident perpendicular to the sample surface and an azimuthal
orientation of the sample such that the linear polarization
of the light coincides with a (100) axis; see Fig. 6(a). In
this geometry, an XMLD signal will only arise if there is an
imbalance in AF spins oriented along the in-plane [100] and
[010] directions, respectively. The FM moment of LSMO is
aligned to the in-plane [100] direction by an external field.
To avoid trapping of photoemitted electrons by the external
field, it is applied with an angle of 20° to the sample surface;
see Fig. 6(a). The full Fe L-edge XAS spectra obtained from
the heterostructure with 15-u.c. LSMO at 80 K using two
linear polarizations are shown in Fig. 6(b) together with the
XMLD difference. The sign of the XMLD signal at the L,
edge corresponds to a majority of Fe spins aligned parallel
to the [010] direction [25,37]. As the FM is saturated along
the [100] direction, there is a perpendicular alignment of Mn
and Fe spins and we conclude we have coexisting spin flop
and EB in our system. The dichroism signals at the L, edge
obtained at 80 and 210 K for the three measured samples
are shown in Fig. 6(c). For all three heterostructures we find
a strong dichroism signal at 80 K and no evident dichroism
signal at 210 K. The coexistence of EB and spin-flop at low
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FIG. 6. (a) Schematic of the XMLD measurement geometry.
(b) XAS spectra for the LFO (10-u.c.)/LSMO (15-u.c.) heterostruc-
ture obtained at 80 K for two linear polarizations, together with
XMLD difference. (c) Difference in dichroism signal at the L, edge
for heterostructures with different LSMO layer thickness, obtained
at 80 and 210 K.

temperatures together with the finding that the two phenom-
ena vanishes in the same temperature range could suggest that
spin-flop alignment and EB are related in this system.

The presence of EB and a predominantly perpendicular
spin configuration at the LFO/LSMO interface could indicate
DMI-driven EB. This asymmetric exchange interaction adds
another term to the total exchange energy:

H =" "S- §;) + Dij - (Si x Sj)].
ij
where D j is the DM vector related to two neighboring spins S;
and S ;- Dong et al. have previously discussed how interfacial
DM]I, i.e., considering the term including §AF and §FM across
the interface in a G-type AF/FM system, can cause EB when
the AF spin structure has a large out-of-plane component [20].
However, in the LFO/LSMO system, both the FM and AF
spins are ideally in plane, and hence the interface DMI term
Dar.pm - (Sap X Spm) will not give rise to any net moment
in our system. On the other hand, bulk LFO is known to
exhibit spin canting and weak ferromagnetism due to DMI
between neighboring AF spins [26]. We cannot exclude that
at the LFO/LSMO interface, a net moment due to such spin
canting may give rise to EB. In perovskites with reduced
symmetry, like orthorhombic LFO, the octahedral rotations
cause staggered B-O-B bonds which causes the direction
of D;; to alternate when moving along (100),.. When the
direction of b; ;j coincides with a staggered AF spin structure
a net moment will result. Considering the three principal axes

134411-5



F. K. OLSEN et al.

PHYSICAL REVIEW B 99, 134411 (2019)

‘) ‘) [010]
SAF

S (100
= s o 0

d o

Q-

FIG. 7. Illustration of octahedral rotations around the [001] axis,
causing spin canting in the (001) plane in LFO due to Dzyaloshinkii-
Moriya interactions. The staggered D vectors together with the

G-type AF order cause a net spin moment in the [100] direction,
indicated by the purple vector.

of rotation for a (001)-oriented interface plane, it is the out-of-
plane octahedral rotations, i.e., around the [001] axis, which
will cause a D;; out of plane and lead to canting in-plane; see
Fig. 7. If we assume that all interfacial Fe spins are canted

by an equal amount, our experimental value of oj, would
correspond to a canting of ~3°, i.e., in deviation from perfect
spin flop. However, this would require a larger canting angle
than that reported in bulk LFO of 0.521° [26].

IV. SUMMARY

In summary, we report positive EB in epitaxial LFO/LSMO
bilayers grown on (001) STO substrates. The EB persists up
to a blocking temperature 75, which is similar for all LSMO
layer thicknesses and lower than both 7 of LSMO and 7Ty of
LFO. The EB does not require field cooling, and the direction
and magnitude of the EB can be tuned by applying magnetic
fields above 7. The magnitude of the EB is dependent on the
LSMO layer thickness. Element-specific x-ray spectroscopy
shows a predominant perpendicular spin alignment at the
AF/FM interface, which emerges together with the onset of
EB at 7. Finally, we discuss possible explanations for EB in
a system with spin-flop coupling.
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ARTICLE INFO ABSTRACT

Keywords: When thin films are patterned to realize nanoscale device geometries, maintaining their structural integrity is
Nanomagnets key to the quality of their functional properties. The introduction of new surfaces and interfaces by lateral
LSMO modifications may alter material properties as well as the expected device functionality. In this study, two

Patterned magnetic thin films
XMCD-PEEM

different techniques for nanoscale patterning of epitaxial thin films of Lay ;Sro 3sMnO3 are used to investigate the
effects on their ferromagnetic properties and film crystalline structure. Nanomagnets are realized as free-

standing structures and embedded ferromagnets in a paramagnetic matrix, respectively. We find that the
magnetic dichroism signal in x-ray spectomicroscopy is stronger along the edges of the embedded magnets close
to T¢. X-ray-diffraction measurements reveal a reduction of their in-plane lattice parameters. We discuss how in-
plane stress from the nanomagnet surroundings can affect the magnetic properties in these structures.

1. Introduction

Thin film patterning is essential to the fabrication of modern elec-
tronic devices. Lithographic patterning techniques relying on etching or
ion bombardment can be used to realize precisely controlled nanoscale
structures [1]. However, when introducing new interfaces and surfaces
on this length scale, the material properties may be perturbed. Locally,
modifications of crystal and orbital structure can lead to substantial
changes of functional properties such as conductivity, ferroelectricity,
and magnetic order [2]. However, such changes brought about by
patterning can also be exploited as a means of controlling material
properties [3-5].

The strongly correlated electrons found in complex oxides imply a
robust structure—property coupling, which make them good candidates
for functional property engineering [2,6]. The ferromagnetic mixed-
valence manganites are renowned for their metallic and magnetic
nature resulting from the double-exchange mechanism [7]. Ferromag-
netic Lag 7Sro3MnO3 (LSMO) has the highest Curie temperature (T¢)
(370 K) of the manganites, shows a very large magnetoresistance
dubbed colossal magnetoresistance (CMR), and has 100% spin polar-
ization at the Fermi level [8-10]. The synthesis of high-quality thin
films of LSMO by epitaxial growth on (001)-oriented SrTiO; (STO)
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E-mail address: fredrik.k.olsen@ntnu.no (F.K. Olsen).

https://doi.org/10.1016/j.jmmm.2020.167324

substrates is well established [11-13]. However, tensile strain due to
lattice mismatch with the STO substrate causes a reduced T; ~ 350 K.
This reduction in T¢ has been explained in terms of a biaxial lattice
distortion that increases the Jahn-Teller effect, which in turn inhibits
the double exchange mechanism [14]. Furthermore, the magnetic
properties of LSMO were shown to depend on parameters such as Sr
content [8], oxygen stoichiometry [15], pressure [16] and strain [17].
Kozlenko et al. [16] showed that hydrostatic pressure increases the
Curie temperature of LSMO, raising the question of whether this finding
can be utilized to tailor the magnetic properties of nanomagnets defined
in LSMO thin films.

In this study, we report on the magnetization of patterned LSMO
thin film nanomagnets grown epitaxially on STO. Two different pat-
terning techniques were adopted to realize nanomagnets embedded in a
paramagnetic matrix and free-standing structures, respectively. X-ray
photoemission electron microscopy measurements in combination with
magnetic circular dichroism (XMCD-PEEM) were used to probe the
magnetic domain structure of the patterned nanomagnets. Furthermore,
x-ray diffraction (XRD) measurements on extended arrays of parallel
lineshaped nanomagnets were carried out to probe the in-plane lattice
parameters parallel and perpendicular to the lines.
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2. Experimental

Epitaxial films of LSMO, 90 unit cells (~35 nm) thick, were grown
on 10 x 10 x 0.5 mm?> Nb-doped (0.05 wt%) STO substrates by pulsed
laser deposition. LSMO was deposited at 700°C in an oxygen ambient of
0.35 mbar using a KrF excimer laser with a pulse frequency of 1 Hz and
a fluency of ~ 2 J/m? The target-to-substrate distance was 45 mm. In
situ reflection high energy electron diffraction showed monolayer os-
cillations throughout the growth. After deposition, the films were an-
nealed at the growth temperature in a 100 mbar oxygen atmosphere for
15 min. Each film was subsequently cut into four pieces. One piece was
kept as a blanket (non-patterned) reference sample. Magnetization data
from the reference samples was aquired using a Quantum Design vi-
brating sample magnetometer (VSM). The other three pieces were
patterned into nanoscale thin film magnets. Masks were defined with
electron beam lithography using a positive resist (CSAR62), then fol-
lowed by Ar* ion implantation for fabrication of embedded magnetic
structures, or by ion milling, using a mixture of Ar* and 0% ions, for
fabrication of free-standing magnets. The fabrication details are re-
ported elsewhere [18]. For the patterned samples, two different designs
were realized. Rectangular nanomagnets (2 X 0.8 um? for embedded
and 2 x 1 pm? for free standing) were prepared for magnetic domain
imaging, and extended arrays (2.5 x 2.5 mm?) of parallel lines, 500 nm
wide with a pitch of 1 um, were prepared for XRD measurements.
Additionally, one sample was patterned with thinner embedded lines,
300 nm wide with a pitch of 600 nm. In the presented work, we will
describe the crystalline orientations in terms of pseudocubic lattice
parameters. All nanostructures were defined with their long axis par-
allel to in-plane (110) crystalline axes, which are the magnetic easy axes
in (001)-oriented LSMO thin films [19]. The magnetic domain structure
was imaged using the PEEM-3 microscope at the Advanced Light
Source. The XMCD-PEEM images were measured at the Mn L3 absorp-
tion edge with the x-rays incident at 30° with the sample surface par-
allel to the nanomagnets’ long axis. Surface topography images were
acquired using a Veeco Multimode V atomic force microscope, and the
XRD measurements were taken with a Bruker D8 x-ray diffractometer.

3. Results

Fig. 1 shows schematics, AFM images, and AFM line scans of the
embedded rectangular magnets [Fig. 1(a)] and the arrays of free-
standing extended line magnets [Fig. 1 (b)]. The AFM linescan in
Fig. 1(a) of a rectangular nanomagnet shows the characteristic topo-
graphy of the embedded structures, i.e., well-defined nanomagnets with
a ~6 nm height increase of the surrounding implanted regions. This
difference is attributed to swelling as result of the Ar* ion implantation
and is consistent with previous reports using this patterning technique
[20,21]. Both AFM micrographs show little surface roughness. The to-
pography of the free-standing structures appears from the AFM line
scan of the extended line magnets in Fig. 1(b) and show well-defined
parallel lines with a steep sidewall profile. The lines are 460 = 40 nm
wide with trenches 50-60 nm deep, exceeding the LSMO film thickness
of 35 nm. The reduction in line-width relative to the nominal 500 nm
width is attributed to over-exposure of the positive electron beam resist.
Fig. 1(c) shows the temperature dependence of the saturation magne-
tization in a reference blanket LSMO film, as measured by VSM. The
magnetization curve shows expected LSMO behaviour [22], and T¢ is
estimated at 345 K. Fig. 1(d) shows an XMCD-PEEM image of a rec-
tangular nanomagnet recorded at 330 K. The arrows indicate how the
direction of the magnetization is related to the contrast. In all presented
XMCD-PEEM data, the direction of the incoming light is horizontal from
left to right in the figures. We note that while magnetization parallel or
antiparallel to the incoming light is clearly distinguishable, perpendi-
cular oriented magnetization cannot be distinguished from the para-
magnetic matrix surrounding the nanomagnet. As XMCD-PEEM is a
surface sensitive technique, the signal is obtained from the top ~5 nm

Journal of Magnetism and Magnetic Materials 521 (2021) 167324

Height (nm)

0 05 1 15 2 25 3
Lateral distance (um)

©)
s 4
2
=3
EZ
g1
=}
= 0

100 200 300 400
Temperature (K)

Fig. 1. Schematics, atomic force microscopy images and corresponding line
scans of a) embedded rectangular magnets and b) free-standing lines. The color
scale in the two AFM images is normalized to the max/min values for the scan
in a). ¢) Saturation magnetization as function of temperature for a blanket
LSMO film, measured in an applied field of 200 mT from 50 to 400 K. d) XMCD-
PEEM image of a rectangular magnet recorded at 330 K. The arrows indicate
the magnetization direction.

of the 35 nm thick film. It should also be noted that the temperatures is
not measured at the sample surface in the VSM and PEEM-3 setups.
Thus, a slight discrepancy between the measured temperatures is to be
expected.

Fig. 2(a) shows XMCD-PEEM images of the embedded nanomagnets
at temperatures near Tc. At 330 K, the magnetic domain patterns are
clearly visible and take the form of a single or double Landau flux-
closure, characteristic of rectangular magnets this size [23-25]. Upon
heating the sample to 345 K, i.e., the Tc measured by VSM for the non-
structured film, the overall dichroism signal is strongly reduced.
Strikingly, at this temperature the XMCD-PEEM images show a stronger
dichroism signal along the edges of the nanomagnets compared to that
of their interior. The enhanced signal extends inwards from the edges
~150 nm, where the dichroism signal becomes indistinguishable from
the surrounding paramagnetic matrix. When increasing the tempera-
ture to 360 K, the magnetic contrast along the edges disappears as the
LSMO nanostructures rise above T¢. Magnetization is recovered upon
subsequent lowering of the temperature to 330 K, with every rectan-
gular nanomagnet entering a single flux-closure domain state.

XMCD-PEEM data for the rectangular free-standing nanomagnets is
shown in Fig. 2(b). No enhanced dichroism signal is found along the
nanostructure edges in such magnets for temperatures close to Tc¢. This
suggests that the presence of a surrounding matrix is important to the
enhanced dichroism signal near the edges of the embedded structures.
We note, however, that the magnetic dichroism signal disappears at
significantly lower temperature for the free-standing magnets than for
the embedded magnets. X-ray absorption spectra taken on and in-be-
tween the magnets are compared in Fig. 2. For the free-standing mag-
nets a distinct Mn?* signal is obtained [26], indicating a reduced
oxygen content in this sample [27]. It is well established that oxygen
deficiency weakens the ferromagnetic properties in LSMO [12]. As the
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Fig. 2. X-ray photoemission electron microscopy images of a) embedded and b) free-standing nanomagnets recorded at temperatures around T in chronological
order. The contrast is normalized to that measured at 330 K for embedded and at 295 K for free-standing nanomagnets. Marked with a black frame in the second
column of images are magnets shown with maximized contrast for these selected structures. X-ray absorption spectra recorded on and in-between the magnets are
shown on the right. The arrows in these graphs indicate the position of the Mn?* peak.

films were grown using the same conditions for both samples, it is likely
that the loss of oxygen is caused by the patterning process for the
etched, free-standing samples. In particular, the ion milling process
tends to harden the resist mask, and the following resist removal can be
difficult. Thus, multiple exposures to the developing chemicals were
required in the process and it is not unlikely that this processing causes
some loss of oxygen in the LSMO thin film.

Upon close inspection of the magnetic dichroism signal near T for
the embedded nanomagnets, we note an evolution of the domain
structure for magnets with double flux-closures at the outset. XMCD-
PEEM images of three selected rectangular magnets are shown in Fig. 3.
At 330 K, the two flux-closures in each magnet are similar in size, and
the domain wall positions along the edges are kept in place by the
vortex structures. As the temperature increases to 340 K, the XMCD
contrast in the central part of the magnets fades, and at 345 K magnetic
contrast can be discerned along the nanomagnets’ edges, only. Con-
current with the loss of magnetic contrast in the central part of the
magnets, we find a change in domains near the nanomagnet edges — one
of the two domains along the horizontal edges grows at the expense of
the other. This finding indicates that the magnetic order in the central
part of the magnets is lost, or at least too weak, to keep the domain
walls stable along the edge at 345 K. After heating to 360 K and sub-
sequently cooling to 330 K, a single flux-closure domain pattern ap-
pears in all nanomagnets. This observation implies that the magnet's

330 K

Magnet 3 Magnet 2 Magnet 1

Fig. 3. X-ray photoemission electron microscopy images of three selected rec-
tangular nanomagnets, showing an evolution in the domain pattern with in-
creased temperature. The image contrast is normalized separately for each
temperature.

edges, as well as their central sections have been heated above the
magnetic ordering temperature.

A possible explanation for the enhanced dichroism signal along the
edges of embedded nanomagnets is lateral stress imposed by the sur-
rounding ion-implanted paramagnetic matrix, which the AFM in-
vestigation showed to be swollen. The dependence of T¢ on isotropic
pressure for LSMO was tested by Kozlenko et al. [16] and estimated at
4.3 K/GPa. In order to explore lateral pressure-induced changes in the
LSMO lattice parameters for our patterned thin films, samples with
extended arrays of parallel lines were investigated using XRD. In the
following, the [110] direction is defined to be parallel to the patterned
lines. The in-plane lattice parameters parallel and perpendicular to the
lines were probed by recording reciprocal space maps (RSM) around
{113} reflections. The {113} planes have E;kl in-plane components along
the (110) directions, i.e., either [110] which is parallel, or [110] which is
perpendicular to the lines. Schematic of the XRD geometry and the
RSMs taken around the {113} peaks are shown in Fig. 4. The reference
blanket film displays similar RSMs for all of the four equivalent {113}
planes. Therefore, only one reference map is depicted in Fig. 4. The
blanket film has the LSMO film peak aligned with that of the STO in the
[hkO] direction, i.e., the film is fully strained to the substrate. The po-
sition of the LSMO peak in the [00!] direction corresponds to an out-of-
plane (pseudocubic) lattice parameter of ~ 3.85 A. This number is in
accordance with reported parameters for epitaxial films of (001)-or-
iented LSMO/STO [11,28]. The diffuse peaks observed on either side of
the LSMO film peak in the blanket film can be attributed to the presence
of a 4-variant monoclinic structural distortion due to symmetry mis-
match between rhombohedral LSMO and cubic STO [29].

Fig. 4 (b-d) show RSMs measured around the (113) peak for the
patterned samples. The LSMO film peaks show no shift in the [hkO0]
direction, i.e., no change in the in-plane strain along the lines. How-
ever, the film peak is shifted towards the STO peak in the [00!] direction,
indicating a larger out-of-plane lattice parameter compared to blanket
films. The shift corresponds to a change in lattice parameter of 0.01 A
(~0.3%) for 500 nm wide lines and of 0.02 A (~0.5%) for 300 nm wide
lines. The signal-to-noise ratio is reduced compared to that recorded for
blanket film samples. We note that a reduction in the signal-to-noise
ratio is expected after patterning, as half the volume of the LSMO
probed is either rendered amorphous (embedded line arrays) or re-
moved (free-standing line arrays).
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Fig. 4. XRD experimental geometry and reciprocal space maps recorded around the STO (113) diffraction peaks for a blanket film sample (a) and patterned structures
(b-g). The scale on the x- and y-axes is given in units of hkl reciprocal lattice vectors. Dashed lines are introduced as a guide to the eye, indicating the film peak
position for the blanket film. The position of the bulk LSMO (113) diffraction peak is indicated in a) for reference. The intensity scale is in In(cps).

The RSMs of the (113) diffraction peaks for the embedded line
structures [Fig. 4 (e,f)] show a significant shift of the LSMO film peaks
along [hk0]. No overlap of the film and STO diffraction peaks is found in
the in-plane direction. This suggests relaxation of the (113) lattice
parameter across the full linewidth. The shift along [hk0] suggests that
the LSMO pseudocubic unit cell is compressed along the [110] direction,
i.e., perpendicular to the patterned lines, while remaining fully strained
to STO along the lines. For the fully strained blanket film the unit cell
face diagonal is 5.523 A. For the 500 nm lines it is reduced by 0.02 A
(~0.4%), and for the 300 nm lines, the reduction is 0.03 A (~0.5%).
Furthermore, the (113) film peaks are found to be broadened and have a
reduced amplitude compared to that found for (113). This finding sug-
gests a slight variation of the LSMO lattice parameter in the in-plane
direction across the line structures. The observation of one single peak
rather than two, which one could expect from the XMCD-PEEM data,
indicates that the lattice is distorted throughout the full width of both
the 500 nm and the 300 nm lines. Since the line structures are only
500 nm and 300 nm wide, and the rectangles measured in XMCD-PEEM
are 1 um wide, it is not unlikely that the extension of strain imposed at
the edges can be different. For the out-of-plane lattice parameter, a shift
of the (113) film peak towards the STO peak is observed for both line-
widths, in keeping with the (113) RSM data. A minor shift of the dif-
fraction peaks in-plane along [hk0] can also be discerned for the (113)
RSMs of free-standing lines [Fig. 4 (g)], corresponding to a reduction of
the pseudocubic unit cell along [110] by 0.006 A (~0.1%). This shift
suggests that formation of free-standing lines also leads to relaxation of
the tensile-strained LSMO film. However, the effect is much reduced
compared to that observed for embedded structures.

From the XRD data summarized above, it is evident that the crystal
structure of LSMO is affected by the patterning process. In particular,
the embedded line magnets display an anisotropic modification of the
in-plane lattice parameters. All the RSM data is consistent with an in-
crease in the out-of-plane lattice parameter compared to blanket films,
which may be expected from the measured relaxation of the in-plane
epitaxial strain perpendicular to the nanomagnet lines. The XRD data is
consistent with local stress imposed on the microstructures by swelling

of the ion-implanted matrix. In bulk LSMO, Young’s modulus is re-
ported to be ~120 GPa [30,31]. Using the data from 300 nm wide lines,
a change in lattice parameters of 0.5% would correspond to a pressure
0.6 GPa imposed on the line magnet sidewalls. With the pressure de-
pendence of T¢ reported by Kozlenko et al. [16], the corresponding
increase in T would come to ~ 3 K, which is reasonably consistent with
the XMCD-PEEM data. However, the variation in T¢ with in-plane stress
for nanostructured epitaxial films may differ from that of bulk LSMO for
several reasons, such as the biaxial tensile strain from the substrate and
the additional anisotropic distortion of the film crystalline structure.

4. Conclusions

In summary, the impact of two different patterning methods on the
magnetic and structural properties of nanostructured thin films of
LSMO was investigated. In particular, we report an increased magnetic
dichroism signal near T along the edges of embedded nanomagnets,
extending laterally ~150 nm inwards from the magnet edges. XRD
measurements show that the patterning process leads to an anisotropic
change of in-plane lattice parameters for line-shaped LSMO nano-
magnets, notably a smaller lattice parameter perpendicular to the
magnet-matrix interface. We argue that the enhanced dichroism signal
can be attributed to lateral stress from swelling of the paramagnetic
matrix surrounding the embedded nanomagnets upon Ar* ion im-
plantation, and corresponding modification of the LSMO lattice para-
meters.
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In this work, we have examined the ferromagnetic properties of Lag 7Srp.3MnOj3
as thin films and in LaFeO3s/Lag 7Srg 3sMnO3 heterostructures. The work has fo-
cused on two main subjects; (1) the effect of an antiferromagnetic LaFeO3 layer
on Lag 7Srp.3MnOj thin films and (2) the impact of patterning method of nano-
magnets realized in the films.

In the work on Lag 7Srg 3sMnOs thin films and LaFeOs/Lag 7Srg 3sMnOs bilayers
presented in paper 1, we find the presence of the LaFeO3 layer to cause an in-
crease in the coercive field, and an exchange bias effect to emerge for thin layers
of Lag 7Srg.3sMnQOj3. More specifically, we find that:

* The coercive field of Lag 7Srg.3MnOg is enhanced by the presence of the
LaFeOs layer. The enhancement is dependent on the thickness of the ferro-
magnetic layer, i.e., it increases as the Lag 7Srg sMnOs thickness is reduced.

* An exchange bias effect emerges in this system when the thickness of the
Lag 7Srg.3MnOs layer is 20 unit cells or less.

» The direction of the exchange bias field is positive, i.e., the hysteresis loop
shifts in the same direction as the applied cooling field.

* No vertical shift is observed in the magnetization loops, and no net magnetic
moment is detected on Fe by x-ray magnetic circular dichroism measure-
ments. This implies that only a small moment may be needed for the bias to
manifest in the system, or that a net moment at the interface is cancelled by
another net moment.

* The exchange bias can be induced without a field-cooling procedure, i.e., the
system posesses a spontaneous exchange bias. Instead of field-cooling, the
effect can be obtained by heating the bilayer system to elevated temperature,
applying a setting field and subsequently cooling in zero field.

* The magnitude of the exchange bias is dependent on the thickness of the
ferromagnetic layer. Specifically, it is inversely proportional to the thickness
of Lag.7Sr0,3Mn03.

* The magnitude of the exchange bias is dependent on temperature at which
the setting field is applied, and the strength of the setting field. We have
presented a phase diagram for the temperature range 50 - 400 K and field
strength 0 - 3 T.

* The magnitude of the exchange bias decreases as the temperature is in-
creased, up to a blocking temperature estimated in the range 150 - 200 K.
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* Upon heating above the blocking temperature and subsequent cooling, a
large portion of the exchange bias is preserved.

* The spin-flop coupling previously reported in (10 unit cells)/(90 unit cells)
LaFeOs/Lag 7Srg.3MnOs3 heterostructures is found to prevail down to 8 unit
cells (~ 3 nm) of Lag 7Sry.3MnOg thickness.

* Spin-flop is found to be strongest at low temperature (80 K is the lowest
measured) and no evident spin-flop can be found at high temperature (210
K). This demonstrates a temperature dependence of the spin-flop coupling
in the system.

The finding of exchange bias coexisting with a spin-flop coupling at the interface
of LaFeOs/Lag.7Sr9.3MnQOs3 is peculiar since the spin-flop coupling is assumed to
require a spin-compensated antiferromagnetic spin-plane at the interface, while an
exchange bias implies a net magnetic moment in order to pin the magnetization of
the ferromagnet. Therefore, we discussed the possibility of weak ferromagnetism
in LaFeOs, induced by Dzyolashinskii-Moriya interactions, to be present at the
interface. We showed that an (001)-plane in LaFeO3 may have a net moment
arising from canted antiferromagnetic spins, even though a macroscopic moment is
cancelled by this net moment alternating in (001) planes. To validate this however,
further investigation is necessary.

In the work on patterned Lag 7Srg 3sMnQOj thin films presented in paper 2, we study
the impact of two patterning methods on the magnetic properties of the nanomag-
nets. Specifically, we investigate the difference between nanomagnets embedded
in a non-magnetic matrix and free-standing nanomagnets oriented along a [110]
crystalline direction. We find the following:

* In rectangular nanomagnets close to the Curie temperature, the x-ray mag-
netic circular dichroism signal is stronger along the edges for the embedded
nanomagnets than in their interior. This is not observed in free-standing
nanomagnets.

* At 345 K, which is the Curie temperature of the ferromagnet, the enhanced
dichroism signal extends ~ 150 nm inwards from the nanomagnets edges
while the center of the nanomagnets give no signal. This indicates that the
ferromagnetic order is lost in the center while it still persists along the edges.

* At 345 K, a change in the ferromagnetic domain structure in the edge-region
(i.e., the region of enhanced dichroism signal) is found. Specifically, domain
walls have moved which at lower temperatures are kept in place to uphold
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symmetry in vortex flux closure domain patterns. This finding also sup-
ports that the ferromagnetic ordering is weak in the magnet center, while it
remains strong enough to produce a dichroism signal at the edges.

e X-ray diffraction measurements on line-shaped nanomagnets reveal a change
in in-plane and out-of-plane lattice parameters as compared to blanket films.
While blanket films are found to be fully strained to the SrTiO3 substrate,
both embedded and free-standing line-shaped nanomagnets show larger out-
of-plane lattice parameter and a reduced lattice parameter in-plane, perpen-
dicular to the long-axis of the lines. Along the long-axis of the lines, no
change in in-plane lattice paramter is found. The patterning methods there-
fore impose an asymmetric change in lattice parameters.

* The change in in-plane lattice parameters is larger for embedded nanomag-
nets (0.5 %) than free-standing nanomagnets (0.1 %). This illustrates a dif-
ference of the patterning methods, in particular the importance of the matrix
material.

For embedded nanomagnets, exposed areas of Lag 7Srg 3MnOs3 are ion-bombarded
to make up the embedding matrix material, and the bombardment process causes a
swelling of the material volume. It is therefore likely that this swelling imposes the
difference seen in change of in-plane lattice parameters of the nanomagnets. Based
on the changes in lattice parameters, we estimated the impact of pressure from the
matrix and found an expected ~ 3 K increase in the Curie temperature. It is
however uncertain that the enhanced signal is due to increased Curie temperature,
and this could be pursued in a future study.

In the work on patterned LaFeOs/Lag 7Srg.3MnQOg bilayers presented in paper 3,
the magnetization properties of line-shaped nanomagnets oriented along a [100]
crystalline direction is investigated by vibrating sample magnetometry. In this sys-
tem, we obtain the combination of anisotropy effects imposed by interface coup-
ling to an antiferromagnet, and by shape due to patterning. We find the following:

* Both patterning methods, i.e., which realize embedded and free-standing
line-shaped nanomagnets respectively, cause a significant increase in coer-
civity in Lag 7Srg.3MnOj single layers. This is attributed to shape-imposed
anisotropy. The increase is largest for embedded nanomagnets.

* The addition of the LaFeO3 layer causes a decrease in coercivity (~ 30 %)
for line-shaped nanomagnets. This is found for both patterning methods and
for all measured temperatures below the curie temperature (50 - 400 K).
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We suggest that the difference between embedded and free-standing nanomagnets
seen in coercivity is could be due to magnetostriction imposed by the surrounding
matrix for the embedded nanomagnets. In paper 2, we elaborated on the impact on
lattice parameters for the [110]-oriented nanomagnets. Still, the impact may be dif-
ferent for the [100]-orientation and further analysis is needed to validate this pro-
posal. For instance, an x-ray diffraction study could be done to investigate whether
the changes in lattice parameters are similar for the [100]-orientation. Regarding
the effect of LaFeQs, it is peculiar that the coercivity is reduced, since in blanket
films, an LaFeOs layer has the opposite effect. Nanomagnets oriented along the
[100]-orientation has shown distinct anisotropy in the antiferromagnetic LaFeOs,
and this can affect the ferromagnetic switching properties of Lag 7Srg 3MnO3 via
exchange coupling. As a suggestion for future work, a detailed investigation of the
spin orientation in LaFeOj3 for this orientation as function of temperature would
be valuable. This would also shed light on the connection between spin-flop coup-
ling and switching anisotropy imposed by LaFeOs. For instance, it could be that
a spin-flop coupling and reduction of coercivity in the [100]-oriented nanomag-
nets are unrelated. In the [110]-orientation, a spin reorientation transition has been
reported, while a study on the switching properties of nanomagnets in this ori-
entation showed no significant changes across the same temperature range. This
could also be the case for the [100]-orientation. However, in the [100]-orientation,
LaFeOs3 has a different effect, namely a ~ 30 % reduction of the coercive field. It
would be strange if the presence of spin-flop coupling or not has no significance
for this reduction, since the exchange interaction between neighbouring atoms,
which is believed to be the essential coupling mechanism at the interface, rely on
the relative orientation of the spins.

In conclusion, the LaFeOs/Lag 7Srg 3sMnO3 system diplays intriguing properties
which are tunable by design. This materials system holds the potential for use
in future spintronic applications as well as being an interesting model system for
understanding magnetic phenomena in nanostructures.
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