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Abstract

Vanadium sesquioxide, typified by its first-order metal-insulator transi-
tion, structural phase transition, and magnetic changes, transition from a
high-temperature rhombohedral metallic and paramagnetic state to a low-
temperature insulating monoclinic antiferromagnet. The three transitions
occur simultaneously, presenting a complex, intertwined phenomenon. In-
vestigating the phase coexistence region in VoOg is crucial, as its transition
is intrinsically inhomogeneous, offering a unique scenario where two phases
exist simultaneously within a narrow temperature range. This characteris-
tic, coupled with the ability to manipulate it through various parameters,
not only underscores V2O3’s distinctiveness but also amplifies its appeal
from an applications standpoint, signaling a rich avenue for further research
into this material’s potential. The complex nature of V2QOgs, characterized
by simultaneous transitions, offers a unique opportunity to explore the
properties of bilayers and observe how overlying layers are affected by the
transitions through the interface. For instance, it allows for the creation
of a system with a ferromagnet/paramagnet interface at room temper-
ature and a ferromagnet /antiferromagnet interface at low temperatures.
Particularly at low temperatures, interfacing a ferromagnetic layer with
V203 introduces the potential for an exchange bias effect, which arises from
the ferromagnetic/antiferromagnetic interface interaction. Exchange bias
systems are extensively researched for their capacity to increase ferromag-
netic coercivity and stabilize magnetization from thermal fluctuations, thus
providing a method to manipulate magnetic properties. VoO3 demonstrates
that alterations in crystal structure due to structural phase transitions can
be leveraged to influence magnetic characteristics, thereby introducing an
extra dimension of control via its magnetic transition phenomena.

This thesis delves into the study of phase transitions in VoO3 and their
inherent characteristics, as well as the subsequent impact on the magnetic
properties of overlying magnetic layers. Specifically, we investigate the
coercivity response to the phase transitions in VoO3 and emergence of
exchange bias within a bilayer system incorporating a nickel (Ni) or a
permalloy (Py) layer. The first part of the project was dedicated to
optimizing the V203 layer on various substrates, including silicon and
sapphire with different crystallographic orientations, aiming to achieve the
highest crystallinity and effective epitaxy of VoOs. This optimization was
crucial for observing the most pronounced metal-insulator transition and
structural phase transition. To maintain a focused and concise discussion,
these optimization details are not included in this thesis; however, they are
documented and presented in the publications referenced herein that are
not discussed in this thesis (Paper V and Paper VI). The second part of



the project was devoted to investigating the coupling effects between phase
transitions in VO3 and magnetism of the Ni layer. Following the first part,
a decision was made to grow a magnetic heterostructure on a sapphire
substrate, specifically on two distinct crystallographic directions. This
resulted in differing crystallographic and microstructural properties of VoO3,
which in turn impacted the magnetic layer in various ways, as detailed in
Paper I and Paper I1I. Concurrently, a different study focused on a magnetic
layer composed of Py (NiggFey), presented in Paper II. However, studying
magnetic Py films on V503 presented challenges—discussed later in this
thesis—and thus far, no significant magnetic response or effect of the SPT
has been observed in the Py films. The bilayer structure, composed of Ni
and V203, grown on sapphire r-plane, exhibited the most sensitive response
to the phase transition, manifested in enhanced coercivity and tunable
exchange bias. Consequently, a comprehensive study of the structural phase
transition of VoOg grown on r-plane sapphire was conducted, the findings of
which are detailed in Paper ITI. Subsequently, the research emphasis shifted
to a more detailed analysis of exchange bias, which is discussed in Paper
IV, thus highlighting another facet of this thesis with equal foundational
and practical significance.

vi



Utdrattur

Vanadinoxio (V20Os3) er halfmélsoxid sem fer i gegnum fasabreytingu par
sem kristalgerd bess, seguleiginleikar og rafeiginleikar breytast med hitastigi.
Vi stofuhita hefur pad tigulflétungskristalgerd, er malmleidandi og hefur
medseglandi seguleiginleika en ef bad er keelt nidur fyrir 150 K breytist pad
i einangrara med einhalla kristalgerd og andjarnseglandi segulgerd. Allar
pessar prjar fasabreytingar gerast samtimis og rannséknir & peim veita pvi
innsyn 1 flokid samspil peirra, sérstaklega pegar beedi hahita og laghita
fasarnir eru til stadar samtimis. Med pvi ad tvinna saman vanadiumoxio
vid onnur efni { lagskiptum efnum ma rannsaka hvernig fasabreytingarnar
hafa ahrif 4 eiginleika neerliggjandi efna yfir samskeyti peirra. Pannig
ma til deemis byggja samskeyti efna sem eru jarnseglandi/medseglandi
vid stofuhita en jarnseglandi/andjarnseglandi vid lag hitastig. Sérstaklega
er ahugavert ad skoda slik samskeyti vio lag hitastig pvi andjarnseglandi
dstand vanadinoxids getur valdio skiptavixlverkun 4 samskeytunum sem
veldur hlidrun i seguleiginleikum. Vanadiumoxio i lagskiptum efnum syna
pvi vel hvernig breytingar i kristalgerd nytast til ad hafa &dhrif segulgerd og
jafngilda pvi nyrri adferd til ad stjorna seguleiginleikum efna. I pessari rann-
sokn er fasabreyting vanadinoxios skodud og ahrif hennar & seguleiginleika
naerliggjandi efna.

I fyrri hluta verkefnisins var unnid ad raeektun vanadinoxid kristalla &
6lik undirlég med pad ad markmidi ad hédmarka kristalgsedi efnisins en
kristalgerd vanadinoxids reeour miklu um eiginleika fasabreytingarinnar {
efninu. Ritgerdin sjalf fjallar ekki sérstaklega um pennan hluta verkefnisins
en visindagreinar sem tengjast pessum rannsOknarhluta verkefnisins er
hafdar med til hlidsjonar (greinar V og VI).

I seinni hluta verkefnisins var unnid ad rannséknum & hvernig fasabreyt-
ingar { vanadinoxioihafa ahrif & seguleiginleika segulefna i tvilogum (greinar
I, II, IIT og IV). Unnid var med vanadinoxid hudir reektadar a safir undirlog
og skodad hvernig kristalgerd, fasabreytingar og kristalbygging vanadinoxios
hefur &hrif & breytingar & eiginleikum segulhtida. Tvilog af vanadinoxidi og
Ni segulhidum syndu sterkustu ahrif fasabreytingarinnar & seguleiginleikana
sérstaklega hvad vardar segulheldnisvid og skiptavixlverkun.

vii
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Chapter 1

Introduction

Vanadium (III) oxide (V203) stands out in the realm of transition metal
oxides (TMOs) for its distinctive and multifaceted phase transitions, offering
a rich ground for exploration in the context of structural and magnetic
properties. Unlike the more commonly discussed Metal-Insulator Transition
(MIT) typically investigated in TMOs such as VOg, the primary focus of
this research is the structural phase transition (SPT) of V203 from a
rhombohedral to a monoclinic phase, and its intricate magnetic transition.
These transitions are a critical part of the material’s complex behavior and
potential for tailoring properties for advanced technological applications

At room temperature, VoOg is in a rhombohedral phase, exhibiting
paramagnetic properties. However, under specific conditions such as varying
temperature, pressure, or chemical doping, VoO3 undergoes a structural
phase transition to a monoclinic phase. This transition is closely coupled
with a magnetic transition, leading to significant changes in the material’s
magnetic properties. The study of these transitions, especially in thin
film form, poses a fascinating challenge due to the sensitivity of VO3 to
external conditions and the subtle interplay of factors governing its phase
behavior.

The importance of these transitions extends beyond academic curios-
ity, holding the potential to be utilized in applications in fields such as
spintronics, magnetic storage devices, and smart materials. The structural
phase transition from rhombohedral to monoclinic, in particular, impacts
the magnetic ordering in the material, which can be exploited in designing
devices that leverage these magnetic properties. However, achieving a com-
prehensive understanding and control of these phase transitions in VoOs,
especially when engineered as thin films, remains a challenge. The response
of materials to external stimuli, along with the balance of factors influ-
encing its structural and magnetic phases, therefore, requires meticulous
investigation.

This thesis aims to shed light on the structural and magnetic transitions
of VoOs3, with a special emphasis on thin film applications. By focusing
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on the nuanced interactions between the structural phase transitions and
corresponding magnetic changes, this research seeks to contribute to the
broader understanding of TMOs and their potential in advancing modern
technology. The following chapters will delve into the methodology, ex-
perimental findings, and the broader implications of this study, ultimately
underscoring the significance of VoO3’s structural and magnetic transitions
in the context of advanced material science.



Chapter 2

Survey

2.1 Vanadium sesquioxide V5,03

Vanadium oxides, known for their strong electron correlations, have garnered
significant interest for their potential applications stemming from their
phase transitions. These materials can be fabricated using conventional
deposition methods such as physical vapor deposition, chemical vapor
deposition or atomic layer deposition. Vanadium oxides display a diverse
array of stoichiometries, each correlating with distinct crystal structures
that can profoundly influence the dynamics and characteristics of their
phase transitions. These variations in composition and atomic arrangement
often lead to markedly different behaviors in phase transitions of the
materials, impacting their physical and chemical properties in significant
ways. The temperature at which the phase transitions occur varies across
different oxidation states of vanadium oxides |1, 2]. Among the different
stoichiometric forms, V203, VO3, and V505 are the most extensively
studied vanadium oxides for their potential in real-world applications
(highlighted in red in Figure. 2.1). Vanadium dioxide (VOg2) has been
the subject of more extensive study primarily because its MIT occurs
just above room temperature, making it particularly appealing from an
application standpoint. Vanadium Sesquioxide (V20O3) is relatively less
explored compared to VOsy. Another aspect that makes V2Og3 intriguing
is its specific magnetic phase transition, which is not seen in VOy. Many
experimental approaches applied to VO3 could be replicated with VoOs3. It’s
plausible to anticipate that VoO3 may exhibit physical properties similar
to those of VOo, given that the MIT in both VOs and V203 are first-order
phase transitions. Nonetheless, physical properties of VoO3 might differ
from those of VO9 and V505. As for V9Os, it is recognized as the most
oxidized and stable form among vanadium oxides. Yet, in most cases, VoOsy
does not undergo an MIT; however, certain studies have identified an MIT
in V505, while also noting a suppressed SPT [3, 4].
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Figure 2.1: The proposed phase diagram of the vanadium oxides with different

stoichiometries in the temperature range up to 1200 °C. The red columns highlight

the vanadium oxide phases that are the most extensively studied, specifically VOq,
V203, and V20s5. Reprinted from [5] with permission from Elsevier.

2.2 Metal-Insulator and Structural Phase
Transitions

Vanadium sesquioxide, V2Ogs, known for its distinct Mott phase transition
around 150K, has been the subject of substantial research due to its
intriguing transition properties. Generally it is identified as a Mott insulator.
It exhibits a temperature-dependent Metal-Insulator Transition that is
closely linked to its crystal structure. V903 possesses a rhombohedral
(hexagonal) corundum structure, R3c, at room temperature and transforms
into a less symmetric monoclinic structure, adopting the 12/a symmetry at
~ 155K (see Fig. 2.3). Both transitions are hysteretic with a quite narrow
temperature width of the transition which typically ranges between 5 to
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Al;03 rotated view
R - plane (012)
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Figure 2.2: Visual representation of the crystallographic planes for substrates of
Al>O3 sapphire with varying crystallographic orientations, such as ¢, m, r, and a
planes.

10 K, making them intriguing for different applications.

A crucial aspect of understanding the physics behind these transitions is
determining whether the phase change is primarily driven by the structural
or the electronic transition. The transition temperatures and magnitude
can be modified through the selection of the substrate or the conditions
of deposition. V503, having a corundum rhombohedral structure at room
temperature, is identical to that of sapphire (a-AlyOs3), facilitating its
epitaxial growth on single-crystal a-AlyO3 substrates. Depositing VO3
on sapphire substrates with varied crystallographic orientations, such as
a, m, ¢, and 7 planes (depicted in Fig. 2.2), enables the exploration of
diverse structural and electronic characteristics of VoO3 [7]|. This approach
allows for a tailored investigation into the unique properties of VoO3. The
underlying structural phase transition properties of VoOg are illustrated in
Figure 2.3, which shows how the transition for VoOj3 films grown on sapphire
r-plane can be observed with temperature-dependent X-ray diffraction
measurements. The properties of the film are influenced by factors such
as crystallographic orientation, oxygen content, and thickness of the layer
[8—11]. Different studies suggest that it becomes possible to decouple the
transitions and observe each independently, by suppressing either the MIT
or the SPT. This approach has been explored in previous research, including
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Figure 2.3: Temperature-dependent x-ray diffraction scans recorded for a VoOg3/Ni
film deposited onto an r-plane AloOs substrate as a function of temperature across
the SPT of V20Os3. Pink and cyan bars indicate the diffraction peaks for the monoclinic
and rhombohedral phases of the V2Og3 at low and high temperatures, respectively.
Broken lines indicate the XRD peak positions derived by fitting with a Pearson
type VII function of the monoclinic V2Os (0 3 3) at low temperatures and the
rhombohedral V203 (3 0 6) at high temperatures [6].

doping and high-pressure experiments on V203 single crystals [12-15].

As was shown by Drain et al. [16], throughout the SPT, the c-axis
of the hexagonal cell shifts by ~ 1.8° towards the hexagonal basal plane,
following the trajectory of three equivalent basal-plane (hexagonal cell)
directions, specifically (110), (010), and (100). A rhombohedral reflection
such as (116)y splits into three monoclinic ones, arranged in the form of
a spherical equilateral triangle (indicated by a red triangle in the Figure
2.4) [17]. Such a threefold degeneracy leads to the formation of a triply
twinned monoclinic structure as it cools below the transition temperature.
To convert hexagonal reflection indices to their corresponding monoclinic
reflection indices, the following transformation matrices should be applied

[16]:
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Figure 2.4: A stereographic projection showcases the hexagonal cell alongside its three
equivalent monoclinic cells (exaggerated for clarity). Reprinted figure with permission
from [16]. Copyright 2024 by the American Physical Society. The highlighted figures
serve to enhance visual comprehension.
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These matrices provide a direct method to determine the monoclinic indices
from given hexagonal indices. The twinning is evident at the nanoscale
level, occurring over a few nanometers. However, methods such as nearfield
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Figure 2.5: The phase diagram for the metal-insulator transition in V2Os, influenced
by doping with Cr or Ti and pressure variations. Reprinted figure with permission
from [20]. Copyright 2024 by the American Physical Society.

infrared spectroscopy [18| or low-temperature conductive scanning electron
microscopy [19] reveal that phase separation takes place on a significantly
larger scale, in the vicinity of 100 nm, meaning that in both the SPT and
the MIT, factors at length scales larger than twinning are significantly
influential.

The occurrence of the MIT in V5O3 varies across a spectrum of tem-
peratures and pressure (see Figure 2.5). When vanadium sesquioxide is
doped with transition metals like Cr or Ti, the behavior of its MIT can be
significantly altered [17, 20]. Specifically, Ti doping has been found to favor
the metallic phase, whereas Cr doping tends to maintain the insulating
phase, showcasing the tunability of V2Oj3’s electrical properties through
selective doping. The SPT and MIT in V2O3 exhibit significantly higher
sensitivity to disorder and growth conditions [13], such as oxygen content,
pressure, and substrate temperature, compared to VOs. This is evidenced
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Figure 2.6: Resistance measurements as a function of temperature for V,O3s single
layer films deposited under different substrate temperatures on c-plane AloO3 sapphire
[21].

in Figure 2.6, which shows that work conducted in our group demonstrates
the highly tunable and sensitive nature of these transitions in response
to substrate temperature variations [21], with both the magnitude and
width of hysteresis undergoing drastic changes even with minor temperature
adjustments. Typically the MIT takes place within a similar temperature
range to the SPT, often viewed as a classic manifestation of a Mott-Hubbard
transition [22]. First identified over fifty years ago, this phenomenon repre-
sents an electronic first-order phase transition, characterized by pronounced
hysteretic behavior, these transitions exhibit a significant region where both
phases coexist. Undergoing MIT, the resistivity can change by more than
6 orders of magnitude. Exemplary measurements of the MIT conducted by
our group on a VO3 single layer deposited on a c-plane AlsO3 sapphire
substrate with optimized deposition parameters, are depicted in Figure 2.6
[21].

Phenomena such as phase coexistence and nanoscale phase separation
in transition metal oxides can often be attributed to the presence of in-
homogeneities resulting from both intrinsic and extrinsic factors. These
inhomogeneities play a crucial role in electrical, magnetic, and structural
properties, including colossal magnetoresistance in manganites [23] and
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avalanches in VOg [24]. Properties like crystal structure and magnetization
can undergo dramatic changes in response to external conditions such
as temperature, magnetic field, and stress, leading to events of varying
magnitudes, which are termed "avalanches". Therefore, the MIT in these
materials occurs through multiple abrupt jumps or avalanche-like events
[24, 25]. A proposed theoretical model seeks to clarify the phenomenon
of avalanches in VO,, attributing them to a voltage-induced breakdown
[26]. The model suggests that at low applied voltages, avalanches stem
from random percolation, whereas at higher voltages, they result from
the formation of conductive filaments. Since VoOg exhibits a first-order
MIT similar to those seen in VOq [27], including phase coexistence [18],
one might also expect similar avalanche jumps in VoOgs. This expectation
has been strongly corroborated by findings indicating that such avalanche
jumps in V2Oj3 are highly dependent on the dimensions of the device [25].
Based on the varying power law distributions characterizing these jumps,
it seems plausible that the mechanisms driving the MIT in VOg and V203
are distinct, suggesting that the percolative process during the MIT in
V203 is correlated [25] and that the MIT in V2Og is associated with the
percolative process.

2.3 The Magnetic Phase Transition

The magnetic transition in V2Og is characterized by a shift from a para-
magnetic (PM) state at ambient temperatures to the emergence of an
antiferromagnetic (AFM) phase as temperatures decrease. This change
occurs alongside the MIT and the SPT, illustrating a sophisticated interac-
tion between the magnetic and electronic states of the material. Previous
studies highlight the role of magnetic correlations in VoOs, particularly
noting that the spin degree of freedom becomes active above the MIT
[29, 30]. Studies using techniques like low-energy muon spin relaxation
have revealed that this magnetic transition is closely intertwined with the
structural shift from rhombohedral to monoclinic symmetry [28]. The ob-
servations indicate a stable coexistence of both high- and low-temperature
phases over a broad temperature range. This coexistence underscores the
significance of magnetic interactions in the overall phase transition of V5O3.
A significant difference of a 10 K higher onset at around 185 K for the drop
in the paramagnetic fraction below unity, compared to the rhombohedral
phase transition at approximately 175K, is noted in [28] (see Fig. 2.7), it is
theorized to be linked to the presence of short-range critical antiferromag-
netic fluctuations above the Néel temperature (7x) [31, 32|. This suggests
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Figure 2.7: The temperature-dependent change in the paramagnetic phase fraction
of V203 across the SPT in samples of 300 nm, 70 nm, and bulk size. The study
illustrates this evolution with both cooling and warming cycles. The cooling sequence
data is denoted by filled symbols, whereas the warming sequence data is represented
by open symbols. Reprinted figure with permission from [28]. Copyright 2024 by the
American Physical Society.

the reduction in the paramagnetic fraction at higher temperatures might
be due to the partial pinning of these AFM fluctuations. Nevertheless,
the critical point for both the structural phase transition and magnetic
transition, where phase changes are most pronounced (midpoint of the
transition), are essentially the same within the margin of error. This indi-
cates a close coupling between the two transitions in terms of temperature
and emphasizes the intricate connection among magnetic, structural, and
electronic aspects in this material, which is known for its strong electron
correlation. The existence of such short-range AFM fluctuations at higher
temperatures is more typical of continuous phase transitions, even though
the AFM transition in V50Og3 is of the first order. However, the gradual
evolution is abruptly disrupted in a manner characteristic of first-order tran-
sitions near the SPT temperature. This suggests that while the magnetic
transition nearly behaves as continuous, it becomes first order due to the
influence of the SPT [28]. It’s important to note that the antiferromagnetic
ordering appears spatially inhomogeneous during the transition, indicating
a gradual and complex evolution of the magnetic state.
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2.4 Magnetic anisotropy in thin films

Magnetic anisotropy is a fundamental concept in the study of magnetic
materials, essential for understanding their behavior under various condi-
tions. Anisotropy refers to the variation of a property depending on the
direction in which it is measured. In the context of magnetic anisotropy,
it is the energy density observed along a specific direction of a crystal or
sample, typically expressed in J/ m?® [33]. This characteristic, or its absence,
significantly influences the development and performance of spintronic
devices, acting as a critical constraint. In ferromagnets (FMs), a range
of factors encapsulated under magnetic anisotropy influence the direction
of magnetization. This concept is quantified by the energy density F,
with the magnetization vector M aligning itself with the local minimum
of E. This aligns with the classic Stoner-Wohlfarth model, relevant in
the study of magnetization and applies particularly to situations where
the magnetization undergoes coherent rotation [34]. This model is most
effective in cases where the material is in a monodomain state, meaning it
behaves as a single magnetic domain. The energy density FE is defined as:

E=-H-M+)E
7

where the term —H - M is the Zeeman energy term, and FE; symbolizes
different anisotropy contributions. The fundamental anisotropy contribu-
tions in magnetic thin films include shape anisotropy, magnetocrystalline
anisotropy, growth-induced uniaxial anisotropy, magnetoelastic anisotropy,
interface anisotropy, and exchange bias. In this chapter, we will discuss the
most relevant ones.

Shape anisotropy

Magnetic shape anisotropy emerges from long-range dipolar interactions
in ferromagnetic and ferrimagnetic materials [35], linked to the demag-
netization field resulting from the surface divergence of magnetization.
This anisotropy’s energy per unit volume, denoted as E 4, is formulated as
BM 2 cos? §, where @ is the angle between the saturation magnetization M
and the normal to the plane.

Magnetocrystalline Anisotropy

Magnetocrystalline anisotropy arises due to the film’s crystalline structure
and refers to the energy needed to redirect magnetization within a single
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Figure 2.8: The magnetisation with applied feild for body-centred cubic Fe, possessing
an easy axis along the (100) directions, a medium axis in the (110), and a hard axis
on the (111).

crystal from a preferred (easy) direction to a less favorable (hard) direction.
This phenomenon primarily arises due to the spin-orbit interaction, heavily
influenced by the crystalline structure of the material. In a lattice, the orbits
of an atom are determined by the lattice’s structure and pinned in place by
the bonds. This situation causes the orbital component of magnetization
to be fixed, a state often described as ’quenched.” Consequently, the
spin moments dominate magnetization behavior in an external field. This
magnetization is influenced by the orientation of the lattice due to spin-orbit
coupling, leading to the establishment of certain crystal directions as ’easy’
and others as ’hard’ for magnetization. The variation in energy needed to
disrupt the spin-orbit coupling gives rise to these distinct magnetization
pathways. The orientation of the magnetic easy axis differs across various
material systems and crystallographic structures. For example, in body-
centred cubic (bcc) iron, this results in an easy axis along the (100) direction,
a medium axis in the (110), and a hard axis on the (111), as shown in Fig.
2.8. For a cubic system the magnetocrystalline energy term in spherical
coordinates is given by [36]:

E—K, (i sin?() sin?(26) + cos2(9)> sin(6)

+ Il% (sin?(2¢) sin®(20) sin*(0)) (2.1)
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Figure 2.9: (a) Anisotropy energy (in Jm™?) surface for Ni (FCC) according to equation
(1) using the first and second anisotropy constants for nickel K; = —4.5x 10% Jm™3
and Ko = 2.3x10® Jm™ [37]. The [1 0 0], [0 1 0] and [0 O 1] crystallographic
directions are indicated in the image. (b) Anisotropy energy around the [1 1 1]
direction. (c) Anisotropy energy around the [1 0 0] direction.

where K and K> are the first and second order anisotropy constants (higher
order terms have been left out), 6 is the polar angle and ¢ is the azimuthal
angle, in a coordinate system aligned to the crystallographic axes. When
K is larger than zero in a cubic crystal the directions of the magnetic easy
axes are <100>. However, when K is negative and Ky < 9|K;| /4, as
in Ni, the magnetic easy axes are <111> and the hard axes are <100>.
Figure 2.9 illustrates the magnetocrystalline energy of Ni, calculated using
equation (2.1), with the first and second order anisotropy constants for Ni
set at K1 = —4.5%x10% Jm™2 and Ky = 2.3x10% Jm™3, as referenced in
Paper I [37]. Rotating Ni around the [111] axis, reveals a sixfold symmetry
in the magnetocrystalline energy. As depicted in Figure 2.9, this energy
variation is relatively modest. In contrast, a more significant change in
energy is observed when Ni is rotated around the [100] direction.

Growth-induced Uniaxial Anisotropy

During the sample preparation process, a preferred axis for magnetiza-
tion can be established through methods like oblique deposition or the
application of external magnetic fields. Factors such as the shape of the
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substrate, terrace structure of the substrate, or strain within the substrate
also contribute to this growth-induced anisotropy [38, 39].

Interface Anisotropy

Breaking inversion symmetry at interfaces, where the orientation of "up"
differs from "down" at any bilayer, creates a distinct axis perpendicular to
the interface, thereby causing a uniaxial anisotropy related to the surface.
When anistropy energy is positive, this phenomenon induces perpendicular
magnetic anisotropy, promoting magnetization alignment perpendicular to
the interface. This effect acts in opposition to the dipolar-induced shape
anisotropy typically observed in planar films.

Exchange anisotropy

Exchange anisotropy results from the interaction of spins between FM and
AFM materials at their boundary. This phenomenon, as described by the
microscopic Heisenberg model, involves FM spins orienting themselves at
right angles to the AFM’s preferred direction, leading to spin-flop coupling
[40]. In the case of a smooth interface, this interaction doesn’t produce a
unidirectional anisotropy nor the related exchange bias effect (described
delow). Rather, it creates a uniaxial anisotropy, which subsequently in-
creases the coercivity (Hc) and alters the magnetization (M (H)) curve’s
profile. The theoretical calculations of exchange anisotropy energy generally
far exceed actual measurements, which are significantly influenced by the
characteristics of the FM and AFM materials, as well as the nature of
their interface, including factors like AFM anisotropy energy, spin canting,
interface roughness, and dislocation density [41, 42].

2.5 Exchange bias

Exchange bias refers to the shifting of the hysteresis loop along the magnetic
field axis in a system typically composed of two magnetically distinct
materials. This shift commonly occurs in a bilayer or multilayer structure
where a ferromagnet is in direct contact with an antiferromagnet. The
term "exchange bias" is used because this shift in the hysteresis loop is
influenced by a bias field, which is additional to the external applied field.
This bias field originates from the exchange interactions between the two
different magnetic materials [43, 44].

In 1956, Meiklejohn and Bean [45, 46| discovered a new type of magnetic
anisotropy, best described as exchange anisotropy and more commonly
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referred to as exchange bias. The effect arises from the coupling between
the ferromagnetic and antiferromagnetic spins at the interface. It results
in a shift of the FM hysteresis loop along the magnetic field axis with
respect to the applied magnetic field. The discovery originated from
studies on cobalt (Co) particles surrounded by a cobalt oxide (CoO) shell,
revealing that the interaction between the ferromagnetic cobalt core and
the antiferromagnetic CoO shell at their interface crucially altered the
magnetic properties, resulting in a shift in the hysteresis loop. This led
to the identification of a new type of exchange anisotropy. To detect EB,
the experimental method involved cooling the Co/CoQO system below the
Néel temperature (7y) of the antiferromagnetic CoO in a magnetic field,
a crucial step due to the transition of both FM and AFM materials to a
paramagnetic state above their Curie and Néel temperatures, respectively.
The Néel temperature for an AFM material and the Curie temperature for a
FM material refer to the threshold temperatures above which these magnetic
materials transition into a paramagnetic state. This cooling process starts
between the AFM’s Néel temperature and the FM’s Curie temperature. EB
observations are conducted at temperatures below the Curie temperature
(or blocking temperature for superparamagnetic particles), after which
the EB effect becomes undetectable. The intensity of the EB effect is
measured in terms of the EB field and the coercivity within the hysteresis
loop. Meiklejohn and Bean compared torque curves of the Co-CoO system
to a system with uniaxial anisotropy. They described the anisotropy energy
in the Co-CoO particle system with the term K, cos ©, in contrast to the
K sin? © term used for uniaxial anisotropy. Here, © represents the angle
between the FM magnetization and its easy axis, while K; and K, are
constants representing uniaxial and unidirectional anisotropy, respectively.
This formulation indicates that the particles are in a stable state at one
specific angle. Unlike uniaxial anisotropy, which has two stable states at
two angles, the hysteresis loop shift in these systems is attributed to what’s
termed as unidirectional anisotropy. This means that, unlike uniaxial
anisotropy where magnetization is energetically favorable in two opposite
directions (along the easy axis), the net magnetization in an exchange
bias system prefers a single direction, demonstrating its favorability to one
direction energetically.

2.6 Models of exchange bias

The modeling of EB systems has historically led to disagreements between
experimentalists and theorists in the field, due to divergent results. A
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key issue is the absence of a unified model capable of accounting for all
experimental findings. Despite over forty years of research into the EB
phenomenon, its microscopic underpinnings are still debated and subject
to ongoing investigation. This chapter briefly describes different possible
models to explain the exchange bias phenomenon. Despite the numerous
models proposed to describe the exchange bias phenomenon, it’s crucial to
recognize that exchange bias is highly composition-dependent, with each
system displaying unique characteristics. This diversity contributes to the
contradictory results observed and underscores the continuous development
of new models. Considering the inherent complexity of materials like VoO3,
which exhibit simultaneous structural, magnetic, and electronic phase
transitions in a unique manner with a coexistence region where interface
characteristics can significantly vary with temperature, the development
of a new model may be even necessary to more accurately capture its
features. The models applied to EB systems can be divided into three
distinct groups based on the length scale of the region sharing the same
magnetic moment: macroscopic, mesoscopic, and microscopic. Generally,
comparison of mesoscopic models with experimental data indicates a more
accurate alignment. The following chapters will provide an overview of
these models.

The phenomenological model

A basic qualitative model can be constructed based on the macroscopic phe-
nomena of the hysteresis loop shift, attributed to unidirectional anisotropy.
This model, depicted in Figure 2.10, utilizes the Curie temperature of
the ferromagnetic layer and the Ty of the antiferromagnetic layer, with
the AFM entering a long-range state below Ty. For the EB system to
function correctly, it’s essential that T < T¢ during the cooling process.
Initially, the system’s temperature is set between TN and T, where the
AFM exhibits a paramagnetic state with randomly oriented spins, and the
FM spins align with an external magnetic field, resulting in a hysteresis
loop centered around zero magnetic field, unaffected by the AFM presence.
The cooling process includes applying a strong external magnetic field to
fix the magnetization direction of the FM layer while lowering the tem-
perature below the AFM’s Néel temperature. After cooling, the exchange
interaction at the interface, influenced by the external magnetic field and
the magnetization direction of the overlying FM layer, positions the AFM
in a long-range state. This state features uncompensated layers that are
anti-parallel to each other, with the interface layer aligned either ferro-
magnetically or antiferromagnetically with the FM interface layer. This
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Figure 2.10: Illustrative schematic of ferromagnetic and antiferromagnetic moment
alignment during field cooling and subsequent hysteresis loop stages.

results in a net magnetization at the interface due to the uncompensated
layer. Throughout the hysteresis loop, both the FM and AFM layers are
considered to remain in a single domain state.

Figure 2.10 graphically presents the development of exchange bias and
the associated shift in the hysteresis loop. Initially, the system is depicted
(top left) with the AFM material in a paramagnetic state, owing to the
temperature being above its Néel temperature. The transformation of
this state occurs when the system is cooled below Ty in the presence of
a magnetic field. This leads to the alignment of AFM spins with those
in the FM layer, influenced by interfacial interactions. The neighboring
spin arrays align in a staggered manner, balancing out to achieve zero net
magnetization, as shown in Figure 2.10(1). This arrangement also aligns
with the saturation path in the hysteresis loop. When the magnetic field
is cycled in this setup and its direction reverses (2), the FM spins begin
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to pivot either out-of-plane (as depicted in Figure 2.10) or in-plane. The
AFM spins, however, remain stable due to their substantial anisotropy.
The interface interactions between AFM and FM spins exert a torque
on the latter, attempting to maintain their initial orientation (3). This
interfacial interaction is what establishes the unidirectional anisotropy,
predisposing the FM-spins towards a singular alignment. Ultimately, a
sufficiently strong applied field can overcome this anisotropy, resulting in
the reversal of the FM-layer (4). It’s important to note that in cases where
the AFM anisotropy is relatively weak, only an increase in coercivity (H)
might be observed, without a shift in the loop.

Based on the phenomenology outlined previously, Meiklejohn and Bean
developed a model based on the following assumptions:

e The FM layer rotates coherently and exhibits uniaxial anisotropy
with the easy axis oriented in-plane.

e The AFM layer also exhibits uniaxial anisotropy with the easy axis
in-plane.

e The spins within the AFM layer are rigid, remaining unchanged
during the magnetization reversal process of the FM layer.

e The AFM layers are in an uncompensated state, resulting in a net
magnetic moment at the interface layer.

e The interface between the FM and AFM layers is considered to be
perfectly smooth.

e A single domain state is assumed for both the AFM and FM layers.

e At the interface, the AFM and FM layers are coupled through an
exchange interaction.

Mesoscopic Non-Interactive Kouvel model

Mesoscopic models often explore spin configurations in the in-plane direc-
tion of the sample, effectively segmenting the sample’s in-plane area into
smaller sections, each distinguished by its unique magnetization orienta-
tion. Crucial methodologies in this domain include the investigation of the
granular structure of antiferromagnetic materials and the application of
finite element methods for comprehensive examination. Over the years,
numerous mesoscopic models focusing on grains have been developed, with
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the majority drawing on the Fulcomer-Charap and Kouvel models as foun-
dational concepts. Therefore, this chapter will focus on these two pivotal
ideas.

In examining magnetic hysteresis loops within concentrated CuMn and
AgMn spin glass alloys, Kouvel introduced a straightforward model to
explain the unique behaviors observed [47]. This model highlighted the
presence of inhomogeneous regions composed of both ferromagnetically
and antiferromagnetically aligned spins interacting with one another. In
this model, the phenomenon known as magnetic viscosity was observed,
highlighting the dynamic and time-dependent behavior of magnetic systems.
Such non homogeneous interactions between FM and AFM domains were
crucial in explaining phenomena like the loop’s displacement along the
field axis after field cooling, a linear relationship at higher fields, and an
increase in remanent magnetization with a higher cooling field. Kouvel
attributed these magnetic properties to an exchange anisotropy mechanism,
conceptualizing the hysteresis loops as comprising both a linear and an
asymmetrical component. He suggested that the area under the curve,
shifted by the asymmetrical component, correlates with the unidirectional
anisotropy energy, in line with Mickeljohn and Bean’s exchange anisotropy
model [45, 48]:

0
J="H (M + M,)dH (2.2)
2 _Hmax

where M denotes the magnetization and M the saturation magnetization,
both adjusted by removing the linear component from the offset loop.

By analyzing both intra-domain and inter-domain interactions and posit-
ing that exchange interactions within domains are significantly stronger
than those between domains, it is possible to conceptualize the effective
field acting on each domain as a combination of the applied field and a
molecular field [49]. From this basis, an angle-dependent energy formula
for each domain can be derived, incorporating the magnetization of the
ferromagnetic domains, the uniaxial anisotropy energy per domain, and
the molecular field. In its ground state, the system possesses no net mag-
netization; however, a non-zero net moment emerges when the system is
cooled in an applied magnetic field. Consequently, the system’s properties
are markedly influenced by the disparity between the number of spin pairs
that align and those that anti-align at the domain boundary interfaces.

Fulcomer and Charap [50] later contributed to this line of research in
1972 by proposing a grain model to describe the EB system, grounded
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Figure 2.11: Illustrative diagram of the Fulcomer-Charap model of isolated AFM
particles that are coupled to the FM layer beneath them. Reprinted figure with
permission from [50]. Copyright 2024 by the AIP Publishing via Copyright Clearance
Center’s RightsLink.

in the theory of magnetic aftereffects of small particles. They specifically
focused on small uniaxial AFM particles, which are exchange coupled to the
FM but do not interact magnetically among themselves. These particles
were characterized by a variety of sizes, shapes, and orientations of their
magnetization relative to the FM’s easy axis, effectively capturing the
complexity and diversity of interactions within the EB system (depicted in
Figure 2.11). The contact fraction of grains is based on Néel’s idea [51] that
the surface magnetic moment of grains with identical area can vary from
one grain to another. This model incorporates a term for magnetic viscosity.
This phenomenon, also known as magnetic aftereffect, is significant in
scenarios where a material’s magnetization does not immediately respond
to changes in the magnetic field, but rather exhibits a delayed reaction.
In an EB system, the AFM component may exhibit a magnetic aftereffect
under the influence of the effective field from the FM component. This
effect becomes evident when the moment of the FM is reversed, altering
the exchange coupling term’s sign and initiating the switching of AFM
grains through thermal fluctuations. Fulcomer and Charap observed that
within each grain distribution, the smaller grains exhibit superparamagnetic
behavior due to thermal fluctuations, and grains of different sizes have
varying degrees of coupling with the FM component.

Mesoscopic non-ideal models

Non-ideal models first appeared in studies of medium-sized (mesoscopic)
systems. Unlike traditional models that assume everything is perfect and
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Figure 2.12: Schematic side view of possible spin configurations of spin in a FM-AFM
layered structure with a non-flat interface. (a) The arrangement of spins prior to the
FM reversal, and (b) the arrangement following the FM reversal. The atomic step
should be depicted on a two-dimensional interface for visualization. Frustrated bonds
are indicated by crosses. The schematic illustration is recreated from [54].

simple, non-ideal models aim to be more realistic by including features like
uneven surfaces and impurities that are not magnetic in the whole volume
of AFM materials.

Imry and Ma [52] were among the first to suggest that the orderly
magnetic arrangement found in AFM materials could become unstable
due to these imperfections, such as impurities that don’t magnetize, either
within the material or at the boundary between AFM and FM materials.
This kind of instability often leads to the formation of separate magnetic
regions, or domains, in the AFM material. Building on this, Nowak and
others [53] showed that when AFM materials are placed in strong magnetic
fields, these domains form because of differences between two types of
sites within the AFM, caused by the impurities. The creation of these
domain walls, or boundaries, helps lower the overall energy of the system
and allows the walls to move more easily past the non-magnetic impurities.
It’s important to highlight that these insights were gained through the use
of microscopic models, focusing on the very small scale.

The most notable mesoscopic model that incorporates non-ideal elements
is proposed by Malozemoff [54-56|, which builds upon the concepts intro-
duced by Imry and Ma [52] for EB systems with blurred boundaries. In
Malozemoft’s approach, domain walls, oriented perpendicular to the bound-
ary between AFM and FM materials, are favored energetically due to the
surface irregularities at this interface (see Figure 2.12). These irregularities
generate a random field that triggers the formation of domain walls within
the AFM material. Specifically, the model focuses on a rough, atomic-scale
interface in a compensated AFM, which can induce uncompensated spins
necessary for the shift in the hysteresis loop. The randomness at the atomic
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level of the interface, coupled with the assumption that the FM remains
in a single-domain state, makes it energetically beneficial for the AFM to
segment into domains. This segmentation minimizes the overall random
unidirectional interfacial anisotropy. As a result, domain walls perpen-
dicular to the interface and throughout the AFM’s bulk are a permanent
feature of the AFM layer. This is in contrast to the Mauri model, where
parallel domain walls near the interface are temporarily formed during the
reversal of the FM. The EB field in this model is described by:

227/ AprME AFMm

Heb =

where:
e 2 is a factor close to one, influenced by the interface’s roughness level,

o Axpm and Kapy are constants related to the antiferromagnetic
material,

e Mgy and tyy; are the magnetization and thickness of the ferromag-
netic layer, respectively.

Comparing the EB field values derived from these models with experi-
mental data reveals a high level of accuracy [57-60].
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Chapter 3
Experimental methods

This chapter provides a brief overview of the primary experimental methods
utilized in the fabrication and characterization of vanadium oxide-based
thin film heterostructures. The films were meticulously prepared using
reactive DC magnetron sputtering, with precise control over parameters
such as oxygen and argon flow rates, substrate temperature, DC power,
and substrate orientation. A suite of characterization techniques, including
X-ray diffraction (XRD), Reciprocal Space Mapping (RSM), and X-ray
Reflectometry (XRR), was employed to investigate the crystal structure.
The surface morphology of the films was examined using Atomic Force
Microscopy (AFM). Magnetic properties were assessed using Vibrating
Sample Magnetometry (VSM) and Magneto-Optical Kerr Effect (MOKE)
measurements. Additionally, Polarized Neutron Reflectometry (PNR) was
employed to study magnetic depth profiles, while Scanning Transmission
Electron Microscopy (STEM) with advanced techniques such as High-Angle
Annular Dark-Field (HAADF) imaging, Electron Energy Loss Spectroscopy
(EELS) and Energy-Dispersive X-ray Spectroscopy (EDXS) were introduced
to evaluate layer homogeneity and interface quality. This chapter provides
a brief overview of the experimental framework employed in this study.

3.1 Thin film deposition

It is important to mention that in the process of depositing VoOgs thin
films, one of the foremost challenges lies in the inherent complexity of the
material’s stoichiometry. VoOs is known for its multiple non-stoichiometric
phases, each with unique properties and behaviors. Controlling the deposi-
tion environment, particularly the oxygen partial pressure in the chamber,
becomes critical to steer the thin film towards the desired phase. The
oxygen level not only affects the sputtering and oxidation rates but also
determines the final stoichiometric composition of the films. This aspect
of V503 thin film deposition demands a high degree of precision and un-
derstanding, as the slightest deviation in stoichiometry can lead to the
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Figure 3.1: Left: Schematic representation of a DC magnetron sputtering equipment
and deposition process. A direct current is used to create a plasma in a magneti-
cally confined space, causing atoms to be sputtered from a target material onto a
substrate. Right: The experimental sputtering chamber — SPIKE — used for the
film depositions.

emergence of unintended phases, thereby impacting the film’s overall prop-
erties and applicability. Magnetron sputtering is employed as a method
that enables precise control over various deposition parameters, essential
for the successful fabrication of thin films.

3.1.1 DC magnetron sputtering

Direct current magnetron sputtering is a physical vapor deposition technique
used extensively to produce thin films. In this process, a target is bombarded
with ions within a high-vacuum environment. The efficiency of this ion
bombardment is significantly enhanced by a magnetron-generated magnetic
field, which confines the plasma, thereby increasing the ionization rate and
the subsequent sputtering of the target material.

A key aspect of this process, especially when depositing materials like
vanadium sesquioxide (V203), is the flow rate of reactive gases, particularly
oxygen and argon. The stoichiometry of vanadium oxide is highly sensitive
to the oxygen content, as vanadium can exist in multiple oxidation states,
each leading to different phases of the oxide. Precise control over the oxygen
flow is essential to achieve the desired phase and properties of the V203
film. Insufficient oxygen can lead to oxygen-deficient phases, while excess
oxygen can lead to higher oxidation states of vanadium. Other important
factors include sputtering power and substrate temperature, which affect
the mobility and arrangement of atoms on the surface, influencing the
film’s crystallinity and phase. The gas pressure in the chamber determines

26



3.2. Structural characterization

the energy and density of the sputtered atoms, impacting the film’s mi-
crostructure. Additionally, the deposition setup’s geometry, such as the
target-to-substrate distance and the angle of deposition, affects the film’s
uniformity and thickness. The growth process was carried out in a custom-
built chamber, equipped with three 3-inch magnetrons (see Fig. 3.1(Right))
[61]. The base pressure of the chamber was kept below 4 x 1076 Pa.

3.1.2 Sample composition

The composition and deposition procedures in the study were initially
aimed at enhancing the structural qualities and the MIT in single V503
films. Single layers of VoOgs were deposted on various sapphire substrates
(a-cut, m-cut, c-cut, r-cut) at different temperatures and with varying thick-
nesses to determine the optimal conditions for achieving the best structural
qualities. This step was crucial in establishing a baseline for optimizing
the structural properties and the MIT. Following this, heterostructures
composed of V503 and magnetic layers (either Ni or Py) were deposited.
These were aligned with the reference single V203 layers, maintaining
identical deposition conditions to ensure consistency. For each magnetic
heterostructure, a reference sample composed solely of the magnetic layer
was prepared under the same deposition parameters, serving as a benchmark
for comparison.

In this thesis, the results predominantly feature films grown on sapphire
Aly03 c-plane [0001] and r-plane [1102] substrates. All samples were grown
using a reactive direct current (DC) magnetron sputtering. Some of these
substrates were annealed in air at 1200 °C for a duration of 24 hours, while
others were used without undergoing any annealing process. This distinction
in substrate preparation allowed for a comparative analysis of the effects of
annealing on the film growth and properties. The substrates underwent
pre-baking under vacuum in the sputtering chamber at a temperature of
610°C for ~ 60 minutes prior to any growth. The V203 was deposited
at different temperatures, whilst the magnetic layers (Ni or Py) and Zr
layers were deposited predominantly at room temperature after allowing
the sample to cool down under ultra-high vacuum. A Zr capping layer was
added to the films to prevent oxidation.

3.2 Structural characterization

The study of material characterization is integral for assessing the stoi-
chiometry, homogeneity, and crystallinity of materials, playing a pivotal
role in understanding their properties and behaviors. This chapter covers
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Figure 3.2: The exemplary XRR scan at room temperature with the fit for the
V203/Ni/Zr film grown on c-plane Al;O3 [0 0 0 6] of thickness V203 = 58.1 nm, Ni
= 9.4 nm, and Zr = 5.4 nm.

various material characterization techniques, including traditional methods
like X-Ray Reflectivity, X-Ray Diffraction, and Reciprocal Space Map-
ping, along with advanced techniques like Scanning Transmission Elec-
tron Microscopy - High-Angle Annular Dark-Field, Electron Energy Loss
Spectroscopy, Energy-Dispersive X-ray Spectroscopy, and Atomic Force
Microscopy, offering a deeper understanding of the microstructural features.

3.2.1 X-Ray Reflectivity

X-ray Reflectometry is a robust and non-invasive technique widely used
to measure film thickness, interface and surface roughness and density of
films, excelling in determining electron density profiles perpendicular to
the surface at scales ranging from 0.1 to 100 nm. In XRR measurements of
thin films, the interference fringe pattern that is observed typically contains
contributions from every layer within the film structure. This interference
pattern arises from the constructive and destructive interference of X-rays
that are scattered from different interfaces within the film. Figure 3.2
shows an exemplary XRR scan at room temperature, including the fit,
for the V2O3/Ni/Zr film grown on c-plane AloO3 [0 0 0 6]. The film has
thicknesses of VoO3 = 58.1 nm, Ni = 9.4 nm, and Zr = 5.4 nm. XRR
is particularly effective in analyzing hybrid heterostructures due to its
sensitivity to electron density variations at interfaces and within individual
layers. In this study, XRR was employed to determine the thickness, film
mass density, and surface roughness of the samples.
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Figure 3.3: Visualisation of Braggs’ Equation depicting the constructive interference
of X-rays interacting with a crystal lattice, where an X-ray beam with wavelength A
hits atomic planes spaced at a distance d at an angle 6.

3.2.2 X-Ray Diffraction

X-ray Diffraction is a technique fundamentally based on the principle of con-
structive interference of X-rays, utilized for analyzing the crystallographic
structure of materials. Throughout this research, XRD was employed
to investigate the crystallinity, phase identification, and texture of both
reference samples and bilayer structures. In XRD, the fundamental princi-
ple involves the oscillation of electrons within the atoms of a material in
response to the alternating electromagnetic field of incident X-rays. This
electron oscillation occurs at the same frequency as the incident X-rays,
leading to constructive interference and the generation of a diffraction
pattern that reveals the material’s crystalline structure. Figure 3.3 provides
a visualization of X-ray diffraction, where an X-ray beam with wavelength
A hits atomic planes, spaced at distance d, at an angle . This beam then
deflects off these planes at the same angle 6 relative to the crystalline
plane. The phase difference between X-rays scattered from the first and
second planes can be seen in the figure, highlighted in orange. Constructive
interference occurs at specific angles, known as 6p, which vary based on
the spacing between these planes, d. This principle is defined in Equation
3.1, commonly known as the Bragg Equation.

n\ = thkl sin (93 (31)

In this equation, 0p represents the Bragg angle, while the hkl subscript in
the interplanar spacing d denotes the Miller indices of the crystallographic
plane. The integer n denotes the order of the diffraction maxima, with
n = 1 indicating the first order, n = 2 the second order, and so on. The
Bragg Equation fundamentally links the angular position of diffracted X-
rays to the lattice spacing, forming the basis of all XRD measurements.
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Figure 3.4: Representative X-ray diffraction scan and Reciprocal Space map in the
inset recorded for the AloO3/V203/Ni/Zr film structure. The results reveal a well
defined out-of-plane crystal growth with strong V203 (0 0 0 6) and Ni (1 1 1) peaks
with Laue oscillations extending from both sides of the peaks. The reciprocal space
map is perfomed around the (1 0 -1 10) peaks of V2O3 and Al2O3. The cross indicates
the bulk V203 peak position.

A representative XRD scan recorded for the VoOgs/Ni/Zr film structure
grown on c-plane AlyO3 sapphire is depicted in Figure 3.4.

3.2.3 Reciprocal Space Mapping

Reciprocal-space mapping is a measurement technique employed in X-
ray diffraction. Reciprocal-space mapping is characterized by how X-ray
diffraction intensity changes concerning variations in both an incident angle
to the surface of the sample, w, and 260 angles. This mapping is achieved
through a process where the incident angle w and the diffraction angle 26
are systematically adjusted to modify the direction and magnitude of the
scattering vector within a specified range. Subsequently, X-ray diffraction
measurements are conducted for each scattering vector within this range.
This technique possesses significant capabilities, enabling the extraction of
crucial information such as the in-plane and out-of-plane lattice constants
of a film, the lateral correlation length, and mosaicity. The inset in Figure
3.4 displays an exemplary RSM scan recorded for the VoO3/Ni/Zr film
structure grown on c-plane AloO3 sapphire substrate. This technique was
used to examine the in-plane structural properties of the films relative
to the substrate at room temperature (see Fig. 3.4). Additionally, High-
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Figure 3.5: Experimental HAADF-STEM image of (a) the cross-section of the
V203/Ni/Zr thin film on Al;O3 c-plane substrate, (b) the AloO3/V203 interface,
and (c) the V203/Ni interface. HAADF-STEM signal intensity (image grayscale) is
proportional to atomic number.

resolution 3-dimensional reciprocal space mapping (3D-RSM), along with
XRD and XRR, were employed to investigate the crystal microstructure and
its structural evolution across the temperature-driven phase transition in
V203 and V303/Ni films. The measurements across the transition utilizing
3D-RSM, XRD, and XRR were conducted at the BM28 (XMaS) beamline at
the European Synchrotron Radiation Facility (ESRF) in Grenoble, France.

3.2.4 Scanning Transmission Electron Microscopy -
High-Angle Annular Dark-Field

In the context of thin films, Transmission Electron Microscopy and its
variant, Scanning Transmission Electron Microscopy, are especially valuable.
When applying these techniques to thin films, a high-energy electron beam,
typically in the range of 60 to 300 keV, is directed onto an ultra-thin,
electron-transparent sample of the film. As electrons pass through the thin
film, they experience both elastic and inelastic scattering due to interactions
with the material’s atoms. This scattering is crucial for image formation.
In converting a conventional TEM to a STEM, an added system rasterizes
a focused electron beam across the sample. This 'probe’ is methodically
scanned over the thin film, and the resulting electron scatter is detected
and correlated with the probe’s position to create an image. This approach
is particularly useful for thin films as it allows for detailed analysis at high
resolution [62].

The imaging modes in STEM are adapted based on the scattering angle
of the electrons. For thin films, low-angle scattering (less than 10 mrad)
is used in Bright-Field STEM and electron diffraction, offering insights
into the crystalline structure of the film. This is particularly useful for
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Figure 3.6: (a) Experimental HAADF-STEM image of the cross-section of the
V203 /Ni/Zr film; the inset shows corresponding V-, Ni-, and O- elemental pro-
files obtained by EELS. EELS structure evolution across the film and the interfaces
for (b) Ni Lo s-edge, (c) O K-edge. After extended exposure, the top capping layer
undergoes oxidation, as confirmed by the analysis. Consequently, all scans were
analyzed using a model that incorporates ZrOz atop the heterostructure. Notably,
there is no presence of a NiO layer across the film.

understanding the film’s composition and phase distribution. High-angle
scattering (more than 50 mrad), used in High-Angle Annular Dark Field
Scanning TEM, provides mass-thickness contrast, which is instrumental
in visualizing variations in the film’s density and thickness. An exemplary
HAADF-STEM image is presented in Figure 3.5. In this project, HAADF-
STEM was utilized to provide detailed information at the atomic scale,
enabling the visualization of defects and the microstructure of the film.
Additionally, it allowed for an examination of the interface quality and the
verification of the presence of any interfacial layers or significant diffusion
between layers that might impact the film’s properties.

3.2.5 Energy-Dispersive X-ray Spectroscopy

During the process of inelastic scattering in electron microscopy, the electron
beam transfers energy to the specimen’s atoms. This transfer of energy can
lead to the ionization of atoms and cause electrons within the atom to move
between different energy levels. Such interactions generate various types of
signals including energy-loss electrons, which are key in Electron Energy
Loss Spectroscopy, as well as characteristic X-rays used in Energy-Dispersive
X-ray Spectroscopy, and even visible light.

In the case of EDXS, inelastic interactions prompt the excitation and
subsequent ejection of inner shell electrons from atoms. When these elec-
trons are ejected, electrons from higher energy shells drop down to fill
the vacancies created, releasing X-ray photons in the process. The energy
of these emitted photons is specific to the difference between the two en-
ergy levels involved, and is unique for each element. By employing an
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energy-dispersive spectrometer, it’s possible to measure both the number
and energy of these emitted X-rays, providing valuable information about
the elemental composition of the specimen. In this research, EDXS was
employed to analyze both the qualitative and quantitative elemental compo-
sition within layers and served as a complementary method for examining
the elemental composition at interfaces.

3.2.6 Electron Energy Loss Spectroscopy

EELS, or Electron Energy Loss Spectroscopy, functions by detecting elec-
trons that have interacted with the specimen. In this process, electrons
that have lost energy due to these interactions are separated based on their
kinetic energies using a magnetic prism. The distribution of these energy
losses offers insights into several aspects of the specimen, such as its local
elemental composition, the nature of chemical bonds, optical characteristics,
and vibrational modes. Both EDXS and EELS techniques are capable of
producing spectra that can be converted into quantitative images. In this
project, using EELS enabled the verification of the chemical composition
and oxidation state of VoOj3 across the entire layer, confirming the con-
sistent stoichiometry throughout the film. Additionally, it facilitated the
examination of interface quality, specifically resolving whether an oxide
interfacial NiO layer exists between the VoOg3 and magnetic Ni layer, a
factor significantly important for studying interface effects such as exchange
bias. An illustrative scan showcasing these findings for the V2O3/Ni/Zr
thin film on the AlyO3 r-plane substrate is presented in Figure 3.6. As can
be observed from the line profiles and the evolution of elemental profiles
across the film, there is no interfacial oxidation layer of NiO.

3.2.7 Atomic Force Microscopy

Atomic Force Microscopy is a high-resolution imaging technique that oper-
ates without the need for optics. It involves a flexible cantilever with a tip at
its free end, controlled by a piezoelectric ceramic scanner for precise lateral
and vertical positioning relative to the sample’s surface. As the AFM tip
moves across surface features of varying heights, it causes the cantilever to
deflect. This deflection is monitored using a laser beam reflected from the
cantilever’s backside, which is directed into a position-sensitive photodetec-
tor. By combining the coordinates tracked by the atomic force microscopy
tip during scanning, a 3D topographic image with subnanometer resolution
of the surface is generated. In this work, AFM was employed to examine
both the surface roughness and morphology of samples.

33



Chapter 3. Experimental methods

Polar Longitudinal Transverse

twm - M eM

Figure 3.7: Various configurations of the magneto-optical Kerr effects: polar, longitu-
dinal, and transverse.

3.3 Magnetic characterization

3.3.1 Magneto-Optical Kerr Effect

The Magneto-Optical Kerr Effect serves as a common technique employed
to explore magnetic characteristics. MOKE is a phenomenon that is
sensitive to surface properties and involves the use of linearly polarized
light reflected from a magnetized surface. Upon interaction with the
sample, the light undergoes ellipsoidal polarization, leading to a shift in
the principal axis of polarization. This rotation is directly related to the
magnetization of the reflecting surface and can be quantified, especially in
the presence of a magnetic field, which results in the observation of hysteresis
loops. In the context of MOKE configurations, three distinct types can
be identified: polar, longitudinal, and transverse MOKE, , as shown in
Fig. 3.7. The polar MOKE involves magnetization within the plane of
incidence and perpendicular to the sample’s surface. In the longitudinal
MOKE, the magnetization also lies in the plane of incidence but aligns
with the sample’s plane. The transverse MOKE, meanwhile, features
magnetization perpendicular to the plane of incidence and within the
sample’s plane. This setup enables localized measurements of magnetization
changes in the sample, such as hysteresis loops, facilitated by the focused
laser spot. In this study, a longitudinal MOKE setup is employed, offering
the capability to adjust the azimuth angle of the sample, thereby allowing
the examination of in-plane magnetic anisotropy. Another custom-built
longitudinal MOKE setup without continuous rotation, at a fixed angle,
was used for temperature-dependent measurements. This setup facilitated,
for example, the measurement of coercivity behavior of the magnetic layer
across the transition temperature of VoOsg.
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Figure 3.8: Schematic diagram of the Lakeshore 8600 Vibrating Sample Magnetometer.

3.3.2 Vibrating Sample Magnetometer

Vibrating sample magnetometers remain among the most adaptable systems
for magnetic measurements. The basic design has remained consistent since
its initial introduction in 1956 by Forner [63]. In the VSM technique |64,
65|, a sample is positioned within specially designed coils, referred to as
detection or pick-up coils. When a uniform magnetic field is applied, the
sample develops a magnetic moment that correlates with its susceptibility
and the applied field’s intensity. As the sample vibrates, this creates an
electrical signal in the coils in accordance with Faraday’s law of induction.
This signal is directly proportional to the sample’s magnetic moment.

In this study, two commercial VSM systems were used. The first VSM,
provided by Cryogenic Inc., features a cryogen-free magnet setup in a
longitudinal configuration, where the pick-up coils are aligned with the
applied magnetic field. This system is capable of producing magnetic fields
of up to approximately 5T and operates across a temperature range from
3K to 325 K. The second one, the Lakeshore Model 8600, was the main
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magnetometer used, as illustrated in Figure 3.8. The system includes sensing
coils, an electromagnet with adjustable pole piece separation, a single-stage
variable temperature (SSVT) option, a continuous flow cryostat, and a
high-temperature oven. For the temperature-dependent measurements
in a range of 300K to 80K, a single-stage variable temperature option
was used alongside an electromagnet, being able to generate magnetic
fields up to 2T. Due to the small distance between the coils, specialized
sample holders are required. A quartz bottom mount sample holder with
a diameter of 5 mm was used to measure in-plane magnetization curves.
The sample size is limited by 8 mm opening of the SSVT stage. Before
measuring each distinct sample, an adjustment of the Z direction (see Fig.
3.8) was carried out to ensure the saturation magnetization was maximized,
indicating proper placement. Accounting for the space between the opening
gap and the sample rod, which has a 3mm tolerance, it was assumed
that the sample was centered in the X and Y directions without the need
for adjustment measurements. Two main types of measurements were
simultaneously conducted on each sample using the VSM system: simple
magnetization curves measured at various temperature states across the
V503 transition, and hysteresis loops recorded at different azimuthal angles
at each temperature step. While measuring, the SSVT stage, cooled by
liquid nitrogen, has a temperature stability of + 1 K.

3.3.3 Polarized Neutron Reflectometry

The investigation of the magnetic profile’s depth-dependence and its vari-
ation with temperature can be conducted using the Polarized Neutron
Reflectivity method. A crucial distinction between X-rays and neutrons
lies in the fact that neutrons possess a spin of % and an associated mag-
netic moment. This unique property enables neutrons to scatter off the
magnetic moments in the material being examined, a capability not present
with X-rays. This method involves examining both nuclear and magnetic
interactions, with a particular emphasis on the latter for the study of mag-
netic materials. In PNR techniques, the nuclear and magnetic Scattering
Length Density (SLD) parameters are crucial for analyzing the structure
and magnetic properties of layered materials. The magnetic SLD reveals
the depth profile of the magnetization within the sample. Both profiles are
derived from fitting models of the reflectivities profile. The interaction of
neutrons in PNR is shaped by the relationship between the magnetization
of the material and an external magnetic field. This relationship determines
how the neutron’s spin state will be affected during the scattering process.
In simple terms, when the magnetization is parallel to the external field,
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Figure 3.9: Representative polarized neutron reflectivities recorded for the VoOgs/Ni/Zr
film. (a) Specular neutron reflectivities at a temperature of 10K and 5kG. The solid
lines show the best fit to the experimental data obtained using the BoToFit software
[66, 67]. (b) Corresponding scattering length density profiles derived from the fit. (c)
Schematic illustration of the fitting model.

the neutron retains its spin state. In contrast, when the magnetization
is perpendicular, the neutron undergoes a change in its spin state. This
leads to different types of scattering: non-spin flip when the spin state is
retained, and spin flip when it changes. PNR uses a combination of devices
like polarizers, spin-flippers, and analyzers to differentiate these scattering
types. The polarizer and analyzer are designed to filter neutrons based on
their spin state, relative to the external magnetic field’s direction. Spin
flippers, on the other hand, can alter the spin state of the neutrons. In
PNR, the capability to distinguish four unique reflectivity types is based
on the varying combinations of the neutron’s spin state before and after
its interaction with the sample. These combinations include up-up (uu),
down-down (dd), down-up (du), and up-down (ud), corresponding to the
different orientations of the two incoming and outgoing spin states of the
neutrons. [68]. Figure 3.9(a) presents representative reflectivity curves for
all four spin channels - uu, dd, ud, and du, obtained for the VoO3/Ni/Zr
film. The fitting, using BoToFit software [66, 67|, allowed for the extrac-
tion of both magnetic and nuclear scattering length density profiles across
different depths, as depicted in Figure 3.9(b).
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Chapter 4

V;,03-based hybrid magnetic
heterostructures

Hybrid heterostructures offer a versatile approach to engineering material
properties through the strategic combination of different materials, enabling
the exploration of emergent phenomena with broad scientific and techno-
logical implications. Incorporating vanadium sesquioxide (V2O3) as part of
hybrid heterostructures provides an intriguing opportunity to customize
material capabilities through subtle manipulation of interfacial interactions,
as V203 undergoes phase transitions. Combining VoO3 with magnetic
layers, offers the possibility of novel functionalities driven by the interplay
between the inherent electronic, structural, and magnetic changes in V2Og
and magnetic properties of the overlying layer. Controlling magnetism with
external magnetic fields has its limits, leading to a growing need for non-
magnetic methods to switch and adjust magnetism. In recent decades, there
has been a significant effort to enhance the control of magnetism, primarily
aimed at advancing magnetic storage technologies. Various methods like
electric fields [69-71], currents |72, 73|, pressure [74-76], thermal changes
[77, 78], acoustic [79, 80|, and light [81, 82| have been applied to alter
magnetization. However, material options that meet all magnetic recording
standards are limited. Utilizing the phase transitions in VoOgs present a
novel method for adjusting the magnetic properties of the overlying mag-
netic layer. In this chapter, we delve into the experimental exploration
of bilayer samples, each comprising a consistent V2Oj3 layer paired with
different magnetic materials, namely Ni and Py (NiggFeqq), across varying
sapphire substrate planes. The choice of different crystalline orientations of
the AlyO3 substrate, on which the VoOg layer is grown, plays a pivotal role
in shaping the microstructure and epitaxial quality of the VoOg layer. This,
in turn, has significant implications for the subsequent magnetic layer’s
properties.
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Figure 4.1: 5 x 5 pum? AFM images of different crystallographic planes of sapphire
Al;O3 substrates annealed at various temperatures. The scale bars for a- and c-plane
are 1 pm; for the r-plane, the scale bar is 100 nm.

4.1 Coercivity behaviour across the SPT

The choice of substrate plane significantly influences the microstructure of
the V5Og3 layer, thereby affecting the overall properties of bilayers. Various
Al O3 substrate orientations differ in surface terracing (as shown in Fig.
4.1) and lattice mismatches, which influence the VoOs3 grain morphology
and strain. This strain can be altered by annealing the substrate prior to
growth, affecting the overall film properties. The smaller lattice mismatch
between VoOgz and AlsO3 c-plane substrates enables the formation of highly
epitaxial VoO3 (001) oriented films. Similarly, observed Laue oscillations
in the Ni (111) peak confirms a well-defined crystalline structure of the
Ni layer, indicating that the film layering is exceptionally defined with
minimal roughness, as shown on Fig. 3.4. RSM, as shown in the inset of
Fig. 3.4, reveals that the presence of a fully strained component in V,Og
originates from a fully strained interface layer with the substrate during the
initial stages of growth. This is followed by film relaxation, leading to the
appearance of a relaxed peak in the RSM. The magnetic response of such
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Figure 4.2: (a) Coercivity of the V203/Ni/Zr film recorded using VSM as a function
of increasing temperature. The Ni layer deposited on V2O3 exhibits a notable strain-
related increase in coercivity around 150 K, coinciding with the transition temperature
of V203 (b) A reference single Ni layer sample directly deposited onto the Al,O3
substrate exhibits the typical increase in coercivity with temperature and shows no
enhancement.

a highly crystalline heterostructure, as detailed in Paper I, temperature-
dependent measurements under various field-cooling protocols unveiled an
anticipated enhancement in coercivity upon cooling, accompanied by a
noticeable change in the slope coinciding with the SPT of V203, as can be
seen in Figure 4.2. This enhancement in coercivity, similar to observations
by Polewczyk and De la Venta [83, 84|, underscores the impact of strain
in the Ni layer, a result of the structural transition within VoO3. This
variation in the coercivity slope is attributed to the strain in the Ni layer
induced by structural changes within V2Osg.

Following the same recipe to achieve consistent crystallinity in the films,
we shifted our focus to another magnetic layer - Permalloy (Py), composed
of NiggFegy (Paper II). High crystallinity of such hybrid structures can be
achieved not only at room temperature but also at elevated temperatures
(up to 400°C). However, Py did not exhibit any distinguishable magnetic
response to the phase transition in V20O3. Furthermore, recent analyses
using HAADF-STEM, EELS, and EDXS reveal that the Py layer consists
of somewhat granular structures composed of Py (NiggFegp) with oxidized
regions in between, according to EELS and STEM (see Figure 4.3). The
roughness of the magnetic layer closely correlates with the roughness of
both the substrate and the VO3 layer, demonstrating a direct influence of
the underlying surface properties on the topography of the magnetic layer.
This correlation is consistent across all films fabricated on Al,O3 sapphire
substrates. From recorded EELS spectra from O-K edges across different
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regions—namely, the top Zr layer, inside Py grains, and the intergranular
spaces, identified by cyan, blue, and pink squares respectively—it is evident
that there is a complete absence of oxide within the Py grains (see Fig. 4.3
(b) - (d)). In contrast, the regions between the grains show signs of oxygen
presence, similar to that observed in the upper portion of the oxidized
Zr capping layer. The Py layer absorbs oxygen from V5QOs, inferred from
the presence of a 5-6 nm Zr capping layer initially intended to protect
against oxygen intrusion from outside the film. We suggest that the oxygen
migration occurs within the V203 layer towards Py, rather than from
external sources. Consequently, while there could be a magnetic response
to the structural transition in VoOs, accurately interpreting the changes
occurring within the magnetic layer is challenging due to the complexity of
the structure and elemental composition of the magnetic layer.

Growing V203 on r-plane sapphire, which has a larger lattice mismatch,
results in increased roughness of the V2O3 layer and diminished epitaxial
quality of the film with the formation of a textured Ni layer atop the
V103, as evidenced by XRD in Figure 2.3. This also contributes to the
altered microstructure of the VO3 layer, observable in STEM Figure
4.4. Specifically, this includes the development of staircase-like features
within the VO3 layer and anti-phase boundaries (APBs) originating at
the AlsO3/V20s3 interface, with the displacement vector aligned parallel
to the c-plane <001> direction. After examining the structural properties
of the VoO3/Ni film at room temperature, we then turned our focus to
the low-temperature phase transition of V2O3/Ni films on sapphire 7-
plane substrates (detailed results outlined in Paper IIT). We assumed that
the higher roughness of the V203 layer on the r-plane, combined with
a larger mismatch between VO3 and the substrate, and the presence of
structural defects such as APBs, could have a more significant impact on
the magnetic layer during the SPT than observed on the c-plane. The
transition was studied through temperature-dependent RSM, XRD and
XRR techniques at the BM28 (XMaS) beamline at the ESRF in Grenoble,
France. The transition from the low temperature phase begins at about
110K and extends up to about 155K at which point the layer has fully
transformed to the rhombohedral phase (see Fig. 2.3). Figure 4.5(a) shows
the rhombohedral and monoclinic phase fractions determined from fits to
the peaks shown in Figure 2.3 and normalized by their sum. The phase
fractions’ temperature dependency was analyzed using a cumulative skewed
normal distribution, capturing the transition well with o = —0.1 £ 0.6
indicating minimal skewness. The transition width of 12.7 + 0.3 K with
a central point at 131.4 + 0.5 K, illustrating the fit’s effectiveness despite
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Figure 4.3: HAADF-STEM images of (a) the cross-section of the V2O3/Py/Zr thin
film on the Al;O3 r-plane substrate and (b) EDX elemental mapping and (c), (d)
STEM-EELS spectra taken from highlighted zones with indicated energy loss V-L and
O-K edges. The HAADF-STEM signal intensity is proportional to atomic number
and portrayed in the greyscale of the images.

its abstract nature. The thickness of the V203 layer follows the same
trend as the phase fraction, indicating a correlation between the two. The
temperature dependence of the V203 layer’s roughness, extracted from
the fitting of XRR profiles at different temperatures across the SPT upon
heating, was modeled using the derivative of the cumulative skewed normal
distribution, as shown in Figure 4.5 (b), (c). The following illustrates the
conventional form of the skewed normal distribution:

S ) N
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Figure 4.4: HAADF-STEM images of (a) the cross-section of the V2O3/Ni/Zr thin
film on the Al;O3 r-plane substrate and (b) the AloO3/V203 and (c) the V203 /Ni
interfaces. The HAADF-STEM signal intensity is proportional to atomic number
and portrayed in the greyscale of the images. The dashed line in (b) illustrates the
placement of an anti-phase boundary in the V203, schematically illustrated in the
inset. The inset in (c) shows a diffractogram obtained Fourier transforming the image
from the red square region in the V2Ogs layer indexed as rhombohedral V2Os.

where:

e 1 is the variable,

p is the location parameter (mean),

o is the scale parameter (standard deviation),

« is the shape parameter (skewness),
e ¢(-) is the standard normal PDF,
e O(.) is the standard normal CDF.

Figure 4.5 shows a clear correlation between the phase fraction, the
thickness, and the roughness of the V5Og layer, especially across the phase
coexistence region. During the phase coexistence region there is an increase
in the surface roughness of the V503 layer, peaking at the midpoint of the
transition. The RSM scans across the SPT reveal no secondary peaks or
alterations in the lateral spread of the RSM peaks, ruling out any short-
length scale periodicity in this specific case with a structure grown on the
r-plane, where VoOj3 has a thickness of around 50 nm. Consequently, it
indicates that domain formation during the nanoscale phase formation
does not occur, and the peak structure is dominated by the mosaic at
all temperatures, remaining consistent throughout the phase transition.
Therefore, we conclude that significant structural changes, associated with
the competing phases, occur at a mesoscale. Interestingly, the coercivity
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Figure 4.5: (a) Rhombohedral and monoclinic phase fractions of the V203 observed
upon heating in the V2Og3/Ni film. The dashed line indicates the temperature where
the ratio of monoclinic and rhombohedral V2Os phases are equal and it is at ~ 131 K.
(b) and (c) show the thickness and the roughness values of the V503 layer derived
from the fit of the XRR profiles as a function of temperature, respectively. The error
bars represent estimated systematic errors calculated in the fitting. Dashed lines
indicate where the fractions of either of the two coexisting phases correspond to 5 %.
(d) Coercivity of the V203 /Ni film after PFC and NFC along the easy axis.

of the magnetic Ni layer in the film grown on the r-plane substrate is
noticeably affected by the SPT of the V2Os3. In the temperature range of
110K to 155K, where different phases of VoO3 coexist, there is a distinct
peak in coercivity (see Figure 4.5 (d)). This peak is observed in the region
where both phases coexist, along with an increase in roughness on the
surface of the V2Og layer, which puts strain on the nearby magnetic Ni
layer. Ni that comes into contact with different phases of VoOg experiences
different strain. This uneven strain distribution leads to disorder in the Ni
that depends on temperature, reaching its highest point when the volume
fractions of the two phases are equal (around 131 K — 135K). If the size
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Figure 4.6: Temperature and azimuth angular dependence of magnetic properties:
Coercivity and remanent magnetization Myem for the V2O3/Ni film grown on the
r-plane of Al,Os substrate annealed at 1200°C. The effective magnetic anisotropy
exhibits a gradual transition throughout the SPT of V2Ogs, without any abrupt
changes. Insets show representative scans of detailed behavior of the coercive field
across the SPT of the V203 along the hard and easy axes. The error bars in the
figures are determined based on field accuracy measurements, defined as 1 % of the

reading. Cyan dashed line areas indicate phase coexistence regions in the VO3
during the SPT.

of the V203 domains is smaller than the size of the magnetic domains in
Ni, the V503 domains can act as barriers at the boundary, separating the
magnetic domains of Ni and pin the magnetic domain wall.

The enhancement of coercivity, shown as a peak in the phase coexistence
region, was observed along a specific direction. A few studies have been
performed to examine the effect of the SPT on the anisotropy of the mag-
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netic layer, yet the results remain inconsistent, highlighting the complexity
of each system and the need for further investigations [38, 85]. Following
our initial discussions, we proceeded with a comprehensive study of the
temperature dependence of coercivity along different in-plane directions
across the SPT. Figure 4.6 shows results for the temperature-dependent
evolution of the in-plane magnetic anisotropy within the VoO3/Ni magnetic
heterostructure across the SPT. Insets detail the coercive field behavior
across the SPT along the 0° and 90° in-plane angles, and in their vicinity.
The magnetic anisotropy does not exhibit abrupt changes during the SPT
of the V503, contrary to previous findings where a significant change in
anisotropy occurred during the structural phase transition of the V,Og3
[85, 86]. In our case, as the temperature decreases across the SPT, the
magnetic anisotropy becomes slightly less pronounced, accompanied by the
anticipated temperature-dependent increase in the coercivity of the Ni layer
upon cooling. One possible reason for this might be the reduced thickness of
the VoOj3 layer. A thickness of 50 nm could be critical, lessening the impact
of the structural phase transition on the coercive field and anisotropy of
the magnetic layer [87]. As depicted in Figure 4.6, having two easy axes at
0° (180°) and 90° (270°), the coercivity’s temperature-dependent behavior
shows a distinct peak at the phase coexistence region exclusively along the
primary easy axis at 0° (180°), whereas along the 90° (270°) easy axis and
its vicinity, the changes in coercivity are significantly more gradual, indicat-
ing a strong directional dependence of Ni’s magnetic properties on the SPT
of the V503. Such directional differences in coercivity can be explained by
the inhomogeneous distribution of metallic rhombohedral and insulating
monoclinic states in the VO3 layer during the phase coexistence region
[18], which leads to an uneven stress distribution in the Ni layer. Previous
experimental findings demonstrate that the SPT significantly influences
the magnetic domain configuration within the Ni layer. Specifically, the
spatial variability in VoOj3’s domain structure leads to localized variations
in the magnetic properties of the Ni layer [86]. Such variability in stress
distribution causes differential stress transfer to the Ni layer, resulting in
distinct magnetic responses depending on the orientation. The angular
dependence of coercivity changes can therefore be attributed to the coexis-
tence of diverse magnetic anisotropies within the Ni layer, induced by this
interfacial stress transfer during the V9Og3’s first-order SPT.
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4.2 Exchange bias in V,03/Ni films

In the previous discussion, we highlighted the influence of depositing films
on the Al,Ogs c-plane, which notably results in high crystallinity and
a noticeable change in the temperature dependence of coercivity of the
magnetic Ni layer. When cooling the heterostructures through the transition
in Vo053 towards an AFM/FM interface at low temperatures, one can
anticipate an exchange bias emerging at the transition temperature. This
phenomenon has been reported by Sass et al. [88], who observed an
exchange bias field in VoO3/Ni films grown on c-plane sapphire substrate.
The exchange bias field appeared at the transition temperature of VoOg in
their case as well, with a strength of about 70 Oe. This was observed with a
magnetic layer only 5 nm thick and a VoOj3 layer that was about three times
thinner. It’s important to highlight that the phenomenon of exchange bias
is roughly inversely proportional to the thickness of the FM layers [44]| and
it was also demostrated that EB correlates with the thickness of the AFM
layer [89-92]. The magnetic transition in V203, as demonstrated by [28],
is also sensitive to the VoO3 layer’s thickness. Thus, with a magnetic layer
almost three times thicker (13 - 14nm), we anticipate a reduced magnitude
of exchange bias in our system.

Coercivity, extracted from magnetization loops recorded using VSM as a
function of increasing temperature after positive field cooling (PFC) and
negative field cooling (NFC), was used to calculate the exchange field. The
exchange bias was calculated using the following equation:

Hpp =~ T 72 (4.2)

where H.1 and H.o are the coercive fields measured for the ascending and
descending branches of the hysteresis loop, respectively.

At first, exchange bias was observed in VoOg3/Ni heterostructures grown
on not annealed AloOg sapphire c-plane substrate, as described in Paper
I 194]. As can be seen from Figure 4.7, there is a clear onset of exchange
bias within this heterostructure at the SPT temperature of the VoOg3. By
changing the field cooling conditions from negative to positive, we effectively
reverse the direction of the exchange bias, a characteristic behavior observed
in exchange-biased systems. Additional measurements were conducted
along a 90° orientation owing to the initial limitations of our first VSM
setup (Cryogenic Inc.), which doesn’t allow adjustments in the in-plane
angle during measurement. It is important to mention that applying the
field along 90° did not affect the exchange bias, demonstrating its angular
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Figure 4.7: Exchange field for the V203 /Ni/Zr film extracted from magnetization
loops recorded using VSM as a function of increasing temperature after positive field
cooling (PFC) under an applied field of 50 kG and negative field cooling (NFC) with
a field of —50 kG. The reference sample (single Ni layer) showed no indication of an
exchange bias. The presence of the in-plane exchange bias for the VoOs3/Ni/Zr film
was verified by carrying out both MOKE and VSM measurements. No differences are
observed for both normal and field-cooled states as well as for sample orientations
rotated in-plane 90°.

independence (not shown). As the onset of exchange bias coincides with the
SPT temperature, we attribute the exchange bias to the phase transition
occurring in the V3Ogs. The reference sample, consisting of a single layer of
Ni (Fig. 4.7, violet squares), does not exhibit any onset of exchange bias.
Analysis from PNR measurements for this hybrid heterostructure suggests
that there’s a roughly 2nm thick layer at the VoOg3/Ni interface, according
to the model that fits the data best (see Fig. 3.9). Observations from
HAADF-STEM and EELS measurements showed a sharp interface between
V303 and Ni without any oxidized Ni layer. However, fitting the PNR
model across the SPT presented challenges and further investigations are
needed to investigate the magnetic interface properties in a more detailed
manner.

Proceeding with the V2O3/Ni film grown on Al;Os r-plane substrate,
which exhibits a peak in coercivity and an increase in roughness within the
phase coexistence region, this heterostructure similarly exhibits exchange
bias at the SPT temperature of V503, yet with more complex behavior
(Paper IV). Specifically, it shows dependence on both the in-plane angular
direction and the direction of the applied field during cooling. Figure 4.8
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Figure 4.8: 3D schematic illustration of a film stack with the orientation of crystal-
lographic planes and corresponding axes (based on XRD and FFT analyses from
HAADF-STEM [6]. The yellow arrows suggest the general direction of vanadium
magnetic moments in the AFM phase (perpendicular to the rhombohedral a-axis
and inclined at an angle of 71° to the rhombohedral c-axis [93]). The grey arrows
denote the azimuthal ¢ angles with respect to in-plane coercivity and exchange bias
measurements. The cooling field was applied at distinct orientations of ¢ = 0°, 45°,
and 90°. The illustration magnifies the position of vanadium atoms above the layer
for visual emphasis.

presents a three-dimensional schematic of a film stack, highlighting both
the crystallographic planes’ orientations and the corresponding axes as
determined by XRD and FFT from HAADF-STEM, detailed in Paper III.
This figure further illustrates the orientation of vanadium magnetic moments
in the low-temperature monoclinic phase, which align perpendicularly to
the rhombohedral a-axis and form a 71° angle with the rhombohedral
c-axis, according to [93]. The grey arrows represent the in-plane azimuthal
o angles. The cooling field was applied at orientations of 0°, 45°, and
90°. The magnitude of the applied magnetic field was +5 kOe. Notably,
altering the field strength to +£15 kOe did not influence the exchange bias’s
direction or magnitude under any cooling state. Regarding field cooling
states, whether the applied field is positive or negative, it only affects the
direction of the exchange bias. From Figure 4.9, it is evident that the
application of a cooling field along 0° (180°) induces an exchange bias at
80 K, characterized by a complex unidirectional symmetry due to the field
cooling-induced phase shift. Applying cooling field at 45° leads to a minor
realignment of the exchange bias in the cooling field’s direction, yet its
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Figure 4.9: The in-plane angle dependence of Hgg at 80 K in response to both
positive and negative field cooling modes with different applied field directions along
0°, 45°, and 90°. The applied magnetic field was -5 kOe (NFC) and +5 kOe (PFC).
Measurements were conducted for increasing temperature. Arrows indicate the
direction of field cooling. Dashed green lines denote the position of the easy axes of
the film at 0° (180°) and 90° (270°).

unidirectional symmetry is preserved. A significant alteration occurs when
the cooling field is applied along 90° (270°), as shown in the lowest row of
Figure 4.9, where the exchange bias undergoes a notable change, becoming
almost fully unidirectional in nature.

The impact of the field cooling direction is further illustrated in Figures 4
and 5 of Paper IV, which feature contour plots depicting the exchange bias
intensity as a function of temperature and azimuthal angle under distinct
field cooling conditions: along the primary easy axis at 0° (180°) and along
the easy axis at 90° (270°), respectively, including detailed temperature
and angular exchange bias behavior plots at various angles. The onset of
exchange bias appears to be always at the transition temperature in V2Ogs
for all the cooling states, as can be seen from the detailed exchange bias plots
along specific angles. Notably, applying field cooling along the 90° (270°)
axis shows a more uniform intensity across the phase transition, in contrast
to the primary easy axis at 0° (180°) direction, which exhibits significant
intensity variation with azimuthal angle, especially in the transition region
where both phases coexist, as illustrated in Fig. 4 (Paper IV). When
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Figure 4.10: The azimuthal dependence of coercivity and exchange bias in Oe at 80 K
for two positive field cooling states of +5 kOe: along the primary easy axis at 0°
(180°) and along the secondary axis at 90° (270°). Arrows represent the field cooling
direction. Dashed green lines denote easy axes at 0° (180°) and 90° (270°).

cooling the sample with an applied field along 0° (180°), the exchange
bias exhibits peaks along and in the vicinity of the axis at 90° (270°),
where coercivity behaves rather smoothly without displaying any peaks.
Conversely, along the primary easy axes, where coercivity exhibits peaks in
the phase coexistence region, the peaks in exchange bias are less pronounced.
This observation suggests a strong correlation between the coercivity and
exchange bias behavior along different crystallographic directions. This
pronounced correlation fades when the cooling field is oriented along the 90°
(270°) axis and it exhibits a more stable behavior across the temperature
range with reduced anisotropy (see Figure 5 in Paper IV). Here, the
exchange bias incrementally increases during cooling, with the absence of
sharp changes during the phase transition in VoO3. Figure 4.10 displays
coercivity and exchange bias as functions of azimuthal angles at 80 K across
various cooling states, showcasing a correlation between exchange bias and
coercivity akin to that identified in prior studies [95-97|. Cooling with
an applied field along the 90° (270°) direction, coinciding with the spin
alignment plane of the V moments, leads to a more commonly expected in-
plane angular behavior of the exchange bias, correlated with the coercivity
[95-97]. Conversely, a cooling field applied along the primary easy axis,
perpendicular to the V moment alignment and presumably less effective
for coupling, exhibits increased sensitivity to structural changes during the
SPT, culminating in a less uniform and more inhomogeneous exchange bias
across the coexistence region.

In conclusion, our research consistently shows that exchange bias in
V203/Ni heterostructures emerges at the transition temperature of VoOs,
independent of the substrate used (AloOs c-plane or r-plane), the cooling
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state or along which in-plane angle magnetic hysteresis loops were recorded.
However, we observed significant variations in the behavior of exchange
bias and coercivity. For heterostructures with high epitaxial quality, the
exchange bias and coercivity remain consistent regardless of the angle at
which the cooling field is applied, as confirmed by measurements taken in-
plane angles at 0° and 90° (due to the limitations of our first VSM system).
Conversely, magnetic heterostructures of VoOg3/Ni grown on AlsOg3 r-plane
exhibit a more complex dependence on the states of the cooling field and
angular orientation. The intricate relationship between the structural
composition of VoOg3/Ni heterostructures and phase transitions of VoOs3
plays a pivotal role in their magnetic coupling, which further underscores
the complicated interplay affecting exchange bias. This dependency on the
system’s composition extends to the phenomena observed when considering
the effects of field cooling states and the angles at which these fields are
applied. The high sensitivity of exchange bias to these factors can be
attributed to how the structural and microstructural properties of the
antiferromagnetic VoOj3 layer influence the magnetic coupling mechanisms
at the interface with the Ni layer.
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Chapter 5
Conclusion & Outlook

In conclusion, this thesis delves into the intricate world of VoO3, a material
whose crystal properties are significantly influenced by how it is deposited
and the type of underlying surfaces (substrates) used. Depending on these
factors, VoOg displays varied crystal qualities and microstructural charac-
teristics, which in turn, distinctly affect its SPT and MIT (and potentially
its magnetic transition as well). Small differences in its microstructure
have a significant effect, leading to diverse interactions and coupling with
the magnetic layer placed on top of the VoOs. By carefully adjusting the
deposition conditions and choosing specific substrates, we can control these
microstructural, structural and electronic properties of the VoO3. This
manipulation allows us to control the SPT within VoOs more precisely.
As a result, we uncover a broader range of possibilities for influencing
and controlling the magnetism in the overlying magnetic layer throughout
the SPT. Additionaly, it uncovers more complexity in how V5O3 interacts
magnetically with the layer on top of it. This could lead to fresh ideas on
how we can control and manipulate magnetic properties more effectively.
Essentially, I hope this research shows us new insights on possibilities of how
to adjust and use the magnetism in materials put on VoOs. By learning
about and controlling the small changes in V203, we can make materials
with magnetic properties that we can set as we like.

The study of vanadium oxides, especially V2Os, represents a promising
frontier in the exploration of phase transitions in correlated electron systems
and the control of magnetic properties. For a deeper understanding of
V503’s unique behaviors, it’s clear that a more detailed examination of the
phase coexistence area is needed, especially considering layers with varying
microstructures and thicknesses. The presence of microstructural defects,
such as antiphase boundaries, could significantly impact the material’s
properties, including its MIT and SPT. The presence of such defects can
alter the local electronic structure, potentially stabilizing one phase over
another or affecting the transition’s kinetics by providing nucleation sites.
In V5203, which experiences both a MIT and a SPT, these defects could
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change not only when the transition happens but also how abrupt and
pronounced these changes are. Investigating the phase coexistence more
closely, particularly in layers of varying thickness on highly crystalline
films (such as on sapphire c-plane), could reveal how thickness affects this
transition region. The thickness might influence how much the insulating
domains of the material are stressed, especially closer to the substrate,
which in turn could dictate the shape that domains take. Such stressing
effect, and how it potentially could vary with the thickness of the V203
layer, could prevent the phases from evolving independently or with different
dynamics. Therefore, a more detailed exploration of the phase coexistence
region, looking into the distribution of phase fractions and microstrain,
could be valuable. Techniques like high-resolution RSM and STEM could
offer precise insights across these transitions, shedding light on the intricate
coexistence of phases in V50s.

The interaction between Ni and V2QOg in their combined magnetic struc-
ture offers a promising research frontier, especially in understanding and
controlling magnetism. By studying the magnetic domains in Ni as V203
undergoes its SPT, we can gain insights into how these transitions influence
magnetism at a very detailed level. Techniques like neutron scattering and
advanced STEM, including analysis of strain through 4D STEM where each
pixel contains convergent beam electron diffraction data, Lorentz electron
microscopy and off-axis holography [98-100], are valuable tools. Employing
these methods will allow the observation of the magnetic field distribution
in Ni during the VO3 transition revealing the distribution of magnetic
fields within Ni domains, providing valuable information on which exchange
bias mechanisms might work in such a complex system. This consideration
of phase coexistence regions, which display a spatial inhomogeneity particu-
larly relevant to magnetic transitions in VoOgs, underscores the importance
of understanding these interactions. Such understanding can lead to more
precise control over the magnetic properties of hybrid structures, opening
up new possibilities for applications in technology and research. Further
examination is essential for the exchange bias measurements, for instance,
utilizing Lorentz microscopy within 4D STEM can enable the detailed study
of reversal mechanisms in exchange-biased V,03/Ni bilayers. Having the
opportunity to examine both strain and magnetic field distribution will
facilitate a deeper understanding of the direction of exchange anisotropy,
particularly in terms of exchange bias and its dependence on strain, which,
as previously demonstrated, exhibits significant coupling [101].

Additionally, exploring the magnetic transition in VoOgs and its coupling
with the SPT is crucial, as limited research has been conducted in this area,

56



especially in thin film form, highlighting the need for further investigation
to fully understand these complex interactions.
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In this work we present a temperature and angular dependent study of the structural and mag-
netic properties in highly crystalline V2O3/Ni/Zr magnetic heterostructure films. Our investigation
focuses on the coupling between the ferromagnetic Ni layer and V203 layer which undergoes an
antiferromagnetic/paramagnetic phase transition coupled to the structural phase transition of the
material at around 150 K. Structural investigations using x-ray diffraction reveal highly crystalline
films of a quality which has previously not been reported in the literature. The Ni layers display an
absence of in-plane magnetic anisotropy owing to the highly textured (1 1 1) layering of the Ni films
on the underlying V203(0 0 0 1) oriented layer. During the transition we observe a strain related
enhancement of the coercivity and the onset of a weak exchange bias for cooling under an external
magnetic field. Heating the films to above the transition temperature, the exchange bias in the Ni
is removed and can be reversed upon subsequent cooling under an inverted external magnetic field.
Using temperature dependent polarized neutron reflectometry we investigate the film structure at

the interface, capturing the magnetic and nuclear profiles.

I. INTRODUCTION

Hybrid magnetic heterostructures composed of vana-
dium sesquioxide (V203) and magnetic layers have drawn
growing research interest regarding the role of interface
strain and surface induced roughness on the magnetic
properties of ferromagnetic layers [1, 2]. Interest in ex-
change coupled multilayers and hybrid structures arises
from interface effects such as exchange bias [4, 5], mag-
netic proximity [6] and exchange spring effects [7, 8] af-
fecting the magnetic properties [9]. Here we present an
experimental investigation of a simple epitaxial bilayer
model composed of a ferromagnetic layer and vanadium
sesquioxide. This highly crystalline hybrid heterostruc-
ture allows us to investigate magnetic anisotropy effects
as well as exchange bias occurring at the interface [4, 10].

The V503 undergoes a reversible structural transi-
tion from a high temperature paramagnetic metal to a
low temperature antiferromagnetic insulator, wherein the
crystal structure changes from a rhombohedral to a mon-
oclinic phase. For hybrid heterostructures composed of
V303 and an overlying magnetic layer the transition can
induce direct effects via strain, affecting the properties of
the magnetic material [1, 2, 11, 12]. Additionally, a sur-
face induced roughness has been observed to occur during
the structural transition as the transition progresses with
temperature in nanoscale domains, inducing a roughness
in the magnetic film and thereby an increased coercivity
of the magnetic layer [12-14]. Although these previous
results have shown direct effects on the magnetic prop-
erties of the magnetic layers in the hybrid heterostruc-
tures, evidence of exchange bias between the oxide and
magnetic layer has been limited. As the VO3 undergoes
a paramagnetic to antiferromagnetic transition while the
temperature is lowered below the transition temperature,
an induced exchange bias with an onset at the struc-
tural transition can be expected upon cooling the het-

erostructures under an applied magnetic field. Such re-
sults have been reported by Sass et al.[15], where an ex-
change bias field was observed for V,O3/Ni films grown
on ¢- and a-plane sapphire substrates with an onset of
the exchange field coinciding with the temperature of the
metal-insulator transition (MIT) of the V503 layer. In
spite of a substantial effort in the literature to reproduce
these findings, the exchange bias effect remains elusive
2, 6, 12].

The exchange bias effect could potentially be due to
the crystal and interface quality of the films and changes
in the intermixing region between the magnet and the
oxide. We therefore focus our attention here on highly
crystalline heterostructures of the VoO3/Ni system, in-
vestigating the possible correlation between tempera-
ture/angular dependent structural, magnetic and mor-
phological characteristics of the deposited films. Using
polarized neutron reflectometry we evaluate the struc-
tural and magnetic profile at the buried interface between
the Ni and the V303 as a function of temperature with
high spatial resolution.

Our results show that highly crystalline hybrid mag-
netic heterostructures of Ni layers of (1 1 1) orienta-
tion can be deposited onto V5O3 films on c-plane sap-
phire substrates. Our results reveal the presence of a
~ 2 nm thick interfacial layer at the V,O3/Ni inter-
face although no anomalous changes in this layer and
the magnetic structure of the films are observed through
the structural transition of the V503 layer. The high
(1 11) texture of the magnetic layer results in a weak
in plane magneto-crystalline anisotropy compared to the
main crystallographic axes resulting in highly isotropic
magnetic behaviour of the films. We observe a clear re-
versible exchange bias effect in the Ni layer with an onset
at the paramagnetic/antiferromagnetic transition of the
underlying V503 layer. The exchange bias direction can
be reversed upon heating to above the structural transi-



tion temperature and subsequent cooling under applied
field of inverse direction. Coupled to the onset of the
exchange bias we observe a concomitant change in the
coercivity of the films (with temperature) with a notice-
able increase occurring at ~ 150 K. We attribute this
increase to strain, induced by the structural transition
occurring in the VoO3 layer [11, 14].

II. EXPERIMENTAL

The heterostructure film stack is composed of a 60 nm
thick V503 layer, a 10 nm Ni layer and finally a 5 nm
thick Zr capping layer to prevent oxidation of the Ni
layer. The thin films used in this study were grown by
a combination of dc-magnetron sputtering and reactive
dc-magnetron sputtering in a custom-built chamber [16].
Prior to deposition the base pressure of the chamber was
below 4 x 10~% Pa. The films were deposited onto 1 x 1
cm? single-crystalline [0 0 0 1] oriented (c-plane) sap-
phire substrates with a working pressure of 0.4 Pa of 5N
Ar and O, gases at 20 sccm and 1.05 sccm flow rates, re-
spectively. Before growth the substrates were pre-baked
in vacuum at a temperature of 650°C for ~ 30 minutes.

The V503 was deposited at a temperature of 485°C
which has previously been shown to yield highly epitaxial
(0 0 1) oriented films [17]. The Ni and Zr layers were
deposited after cooling down to room temperature under
ultra-high vacuum. Identical reference samples composed
of only the Ni and Zr layers were deposited following the
same recipe directly onto c-plane sapphire substrates.

The structural properties of the films were investigated
with x-ray diffraction (XRD), x-ray reflectometry (XRR)
and pole figure measurements on a PANalytical X’Pert
Pro using CuK,, radiation. Reciprocal space maps were
recorded on a Panalytical Empyrean with a PIXcelP
detector using CuK, radiation. The magnetic proper-
ties of the VoO3/Ni bilayers were characterized at room
temperature using the longitudinal magneto-optical Kerr
effect (MOKE) as a function of the azimuth angle (re-
vealing the in-plane magnetic anisotropy). Magnetic be-
havior as a function of temperature was recorded using
vibrating sample magnetometry (VSM) and a custom-
built system for measuring the longitudinal MOKE sig-
nal at low temperatures. Polarized neutron reflectivity
data was recorded at different temperatures and exter-
nal field values at the reflectometer SuperADAM at the
Institute Laue-Langevin (ILL) using a monochromatic
neutron beam with wavelength 5.21 A[18, 19]. Polar-
ized neutron reflectivity data was recorded at different
temperatures and external field values at the reflectome-
ter SuperADAM at the Institute Laue-Langevin (ILL)
using a monochromatic neutron beam with wavelength
5.21 A[18, 19]. The fitting of neutron data was performed
using the BoToFit software [20, 21].

10°
1203
7.6 (10-110)
s - v,0
10 £ 2
E4 (10-110)
>
7.2
o 10* V0,
= 0006) 1
g 7.0 -
E ALo. | 245 240 235 230 225 220 215
o 273 -1
T 0006) Q, [nm™] ]
g
g
=
102
10!
100 L L L L
4 42 44 46 48 5 52
Q/ [nm'l]
FIG. 1: X-ray diffraction scan recorded for the

Al03/V203/Ni/Zr film structure. The results reveal a
well defined out-of-plane crystal growth with strong V203 (0
00 6) and Ni (1 1 1) peaks with Laue oscillations extending
from both sides of the peaks. The inset shows the reciprocal
space map around the (1 0 -1 10) peaks of V203 and Al,O3.
The cross indicates the bulk V203 peak position.

III. RESULTS AND DISCUSSION
A. Structural properties

Figure 1 shows an XRD scan of the V2O3/Ni het-
erostructure. Only V203 (0 0 0 6) and Ni (1 1 1) peaks
are seen in the scan along with the substrate AloO3 (0
0 0 6) peak. The absence of any additional peaks in the
scanned 26 range (full scan range from 10° to 100°) re-
veals no other vanadium phases to be present in the film
and that the Ni is fully textured with a (1 1 1) orienta-
tion.

The highly epitaxial nature of the V2Og is confirmed
with a strong (0 0 0 6) peak and Laue oscillations extend-
ing from both sides of the peak. A similar argument can
be made with respect to the Ni (1 1 1) peak which also
shows clear Laue oscillations therefore verifying a well
defined crystalline structure of the Ni layer. Such highly
crystalline hybrid heterostructures of this type have not
been reported previously in the literature. Previously,
we have shown that the epitaxial nature of VoOg3 films
grown by dc-magnetron sputtering is strongly dependent
on the power settings, Oq flow rate and other deposition
parameters [22]. These results reveal the film layering to
be extremely well defined with very low roughness. The
inset shows a reciprocal space map scan performed on the
film around the strongest relative intensity asymmetrical
(1 0-110) peak for V,03. Two layer peaks can be ob-
served, one corresponding to a fully strained component
of the film and one corresponding to a relaxed part po-
sitioned close to bulk values. The presence of the fully



FIG. 2: Pole figure on a logarithmic scale [counts/sec]|
recorded for the VO3 [104] peak at 20 = 33.0°. Three peaks
with epitaxial relation to the substrate are visible. The other
three weaker peaks, discernible in the graph, are associated
with 180° rotated domains. The ratio of the intensities of the
peaks reveals that ~ 97 % of the film is in the primary domain
state.

strained component arises from a fully strained interface
layer forming during the initial stages of growth, subse-
quently the film relaxes leading to the formation of the
relaxed peak in the RSM reciprocal space map. A de-
tailed discussion of the fully strained component can be
found elsewhere [17, 23]. Ez situ atomic force microscopy
(AFM) of the top V203 interface was conducted by de-
positing a series of VO3 films, without depositing the
subsequent Ni and capping Zr layers, with results pre-
sented in references [24, 25]. The RMS roughness of the
films, determined from the AFM scans, was between 0.2 -
0.5 nm in agreement with values for the buried interface
derived from the XRR and PNR fits described further
below.

To confirm the epitaxial in-plane relations of the VoO3
and Ni layers to the substrate, pole figures were recorded.
Figure 2 shows the pole figure recorded for the Vo035 (1 0
4) reflection. Three high intensity peaks are observed at
x = 39.2° and three low intensity peaks rotated 60° from
the high intensity ones. The high-intensity peaks align
to the sapphire, AloO3 (00 0 6), and arise therefore from
epitaxial grains (see Fig. 3). The low intensity peaks are
from 180° rotated domains [26]. The intensities of the
peaks indicate that ~ 97 % of the film is in the primary
domain. Figure 3 shows in-plane ¢-scans recorded for the
Ni(111),(200), and (22 0) peaks, and the Al,O3 (1 0
4) and V203 (1 0 4) peaks. For the Vo035 three intense
peaks are observed that align to the substrate peaks indi-
cating the well defined in-plane crystal structure. Three
much less intense peaks are seen rotated 60° from the
main peaks from 180° rotated domains as described be-
fore [26]. In-plane ¢-scans recorded for the Ni (1 1 1),
(2 00) and (2 2 0) reflections reveal six peaks shifted

101

10"
AlOj3 [104]

wp W i LA 1

V205 [104]
107

Ni [111]
10°

Intensity [a.u.]

Ni [200]
105 Py

\/u )| Ni[220] |
10! \M(vwww/\ \W\,ANW“M)‘/ W ‘”"'WWM \fmw\mv_/vf N
0 50 100 150 200 350 300 30

Phi [’

FIG. 3: Individual ¢-scans on the Al,Osz (1 0 4) and the
V203 (1 0 4) peaks and the Ni (11 1), (2 00) and (2 2 0)
peaks. The V303 peaks align to the AloOs peak positions
indicating an epitaxial growth. V2Os (1 0 4) peaks rotated
60° are associated with 180° rotated domains. The Ni layer
displays an epitaxial relation with two types of grains equally
likely.

30° from the V203 (1 0 4) peaks. The occurrence of six
peaks indicates that the Ni is composed of two types of
epitaxial grains rotated 60° with respect to each other.

B. Magnetic properties

Figure 4 shows the coercivity and relative remanence
(Myem/ Msat) extracted from hysteresis loops as a func-
tion of the in plane sample angle recorded using MOKE
at room temperature. The results show only minor
changes as a function of angle for both the coercivity
(which varies between 55 G and 57 G) and remanence
illustrating the lack of anisotropy in the system. We at-
tribute this lack of anisotropy to the high (1 1 1) texture
of the film. These results are consistent with anisotropy
energy calculations around the Ni [1 1 1] direction. The
calculations reveal a sixfold symmetry with minor energy
changes as a function of in-plane angle (see supplemen-
tary material Figure S1).

Several VSM and temperature-dependent MOKE mea-
surements were performed for the VoO3/Ni/Zr and Ni/Zr
reference samples. The measurements were made in field-
cooled (FC) states produced by cooling from room tem-
perature through the transition temperature in an exter-
nal field of £50 kG (VSM) and £400 G (MOKE).

Figure 5 shows recorded hysteresis loops for selected
temperatures during heating after field cooling. The ex-
change bias is illustrated in the loop at 30 K which is
offset by 5.5 G, i.e., it is shifted along the H-axis by 2.75
G, in the opposite direction to the cooling field, as seen
in Figure 5. The bias field and coercivity derived from
the hysteresis are shown as a function of temperature in
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FIG. 4: Coercivity in Gauss and relative remanent magnetiza-
tion (Mrem/Msat) for the hybrid heterostructure as a function
of the in plane sample angle. Even though the structures ex-
hibit a high crystallinity, the magnetic nature of the film in
plane is highly isotropic.
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FIG. 5: Normalized hysteresis loops of the V203 /Ni/Zr film
measured in plane at 30 K, 110 K and room temperature af-
ter negative field cooling (NFC). The sample was cooled in an
external magnetic field of —50 kG applied parallel to the film
plane. The VSM hysteresis loops were recored at the maxi-
mum applied field of 200 G while the MOKE magnetization
loops were recorded at the maximum applied field of 400 G.

Fig. 6. The coercivity exhibits a decrease with increasing
temperature as is generally observed for Ni films.

In addition to the expected gradual temperature de-
pendent decrease in coercivity is a notable strain-related
decrease at around 150 K is observed. This occurs at a
temperature coinciding with the metal-insulator transi-
tion in the V5O3 at around 150 K [3, 14]. This temper-
ature range corresponds well to the transition tempera-
ture determined initially by electrical resistance measure-
ments [24].

At the transition temperature a clear onset of exchange
bias is observed increasing with decreasing temperature
(Fig. 6 (b) ). The presence of the in-plane exchange bias
was verified by carrying out both magneto-optic Kerr ef-
fect and vibrating sample magnetometry measurements.
Heating the sample up to room temperature and subse-
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FIG. 6: (a) Coercivity and (b) exchange field for
the V203/Ni/Zr film extracted from magnetization loops
recorded using VSM as a function of increasing temperature
after positive field cooling (PFC) under an applied field of 50
kG and negative field cooling (NFC) with a field of —50 kG.
(b) includes the exchange bias recorded for a reference sam-
ple composed exclusively of Ni/Zr with the same dimensions.
The reference sample showed no indication of an exchange
bias and a typical decrease in coercivity with temperature
(with respect to magnetic thin films) from H. = 52.2 G at
10 K down to H. = 16.1 G at room temperature (see supple-
mentary graph). The presence of the in-plane exchange bias
was verified by carrying out both MOKE and VSM measure-
ments. No differences are observed in the coercivity of the
films for both normal and field-cooled states as well as for
sample orientations rotated in-plane 90°.

quent cooling under an inverted external field results in
an opposite and equal intensity exchange bias. The ex-
change bias was observed to be of the same magnitude for
sample orientations rotated in-plane 90°. Comparative
measurements were also performed on reference Ni/Zr
films without an V2 QO3 layer which exhibited no sign of an
exchange bias (see Fig. 6 (b)). The reference sample did
not exhibit any exchange bias or anomalous changes in
the coercivity, only displaying an expected gradual reduc-



tion in coercivity with increasing temperature (see sup-
plementary material). In order to exclude possible mea-
surement artifacts corroborative measurements were car-
ried out at Uppsala University using custom-built tem-
perature dependent MOKE setup. Both results demon-
strate good agreement as can be seen in supplementary
material (Figure S3).

Specular PNR measurements were performed in the
saturated state (5 kG applied field) and the remanent (23
G) state. The spin-up and spin-down neutron spin chan-
nels were measured to investigate the magnetic moment
of the sample aligned parallel to an external applied field.
Additional spin-flip channels, which probe the magnetic
moment perpendicular to the neutron polarization were
recorded but showed no measurable signal, therefore re-
vealing no evidence of canting of the magnetization. The
PNR measurements were carried out at 10, 135, 145 and
300 K. Being complimentary to the XRR characterization
the PNR measurements clarify additionally the magnetic
properties of the films, namely the magnetization depth
profile of the sample as a function of temperature. Any
differences arising in the magnetization depth profile as
the film progresses through the structural transition can
therefore be observed.

Figure 7 (a) shows the polarized neutron reflectivity
measurements recorded at 10 K under an external field
of 5 kG for the V503/Ni/Zr film. The corresponding
scattering length density (SLD) profile, determined by
fitting the neutron data, is shown in Fig. 7 (b). The
polarized neutron reflectivity data was fitted with the
BoToFit software providing a model for both the nuclear
and magnetic scattering length density (SLD) profile of
the film. The resulting internal thicknesses of the film
are in good agreement with results obtained from XRR
where the thicknesses were determined to be V203(58.1
nm)/Ni(9.4 nm)/Zr(5.4 nm). The XRR data and fits are
presented in supplementary material (Figure S4). After
long exposure times the capping layer becomes oxidized
and, therefore, all scans were fitted to a model which
includes ZrO on top of the heterostructure. In order
to obtain a good agreement between the experimental
data and the simulation an interfacial layer, composed
of Ni with a smaller density and higher roughness, at
the Ni/V,03 interface was needed, as is shown in Fig-
ure 7 (¢). To understand the role of this interlayer, we
compared two kinds of models. One in which there is
an interface layer between Ni and V503 and a second
without such an interfacial layer. For the latter case the
fitting results of the magnetization SLD profile show a
sharp Ni/V20j interface and less quality of fit. All fit
attempts of the heterostructure model including the in-
terfacial layer returned a relatively uniform magnetiza-
tion profile through the Ni. The interface layer thick-
ness was allowed to vary but converged at a thickness
of approximately 2.6 nm. To allow for variations in the
magnetization depth profile the ferromagnetic layer was
split into several individual layers. In the final model
two layers proved sufficient but more were tried with-
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FIG. 7: Polarized neutron reflectivities recorded for the
V203/Ni/Zr film. (a) Specular neutron reflectivities at a tem-
perature of 10 K and 5 kG. The solid lines show the best fit to
the experimental data obtained using the BoToFit software
[20, 21]. (b) Corresponding scattering length density profiles
derived from the fit. (c) Schematic illustration of the fitting
model.

out significantly improving the quality of the fit. The
quality of the fit was evaluated using the reduced x? fig-
ure of merit for each fit with a value 1.1. Comparing
the neutron data recorded at different temperatures no
changes were observed in the interface layer. The co-
ercivity field, determined from hysteresis loops recorded
as a function of field using PNR was in good agreement
with the VSM and MOKE data within the experimen-
tal error. However, the value of the exchange field in
the measured sample is relatively small, therefore precise



measurement of the weak induced moments at an antifer-
romagnetic interface remains challenging using polarized
neutron reflectometry.

IV. CONCLUSIONS

In conclusion, we have investigated the microstruc-
ture and magnetic properties of a highly crystalline
V503 /Ni/Zr system grown on c-plane sapphire. The sys-
tem reveals a lack of anisotropy due to the textured (1
1 1) layering of the Ni on the V50s3. Together with a
strain-induced coercivity enhancement arising from the
structural transition in the V5Og3 layer we observe an
exchange-bias field with an onset at the transition tem-
perature. Characterization of the structural and mag-
netic profile of the hybrid heterostructure (using XRR
and PNR) reveals the presence of a ~ 2 nm thick in-
terfacial layer at the V2O3/Ni interface. Although this
interfacial layer could partially be composed of NiO we
assume that the observed exchange bias is primarily not
due to this layer as substantially thicker NiO is gener-
ally needed to induce an exchange bias in overlying ferro-
magnetic layers [29]. For example, measurable exchange
bias (16 Oe) on an epitaxial Ni/NiO system was observed
when the thickness of the antiferromagnetic NiO layer ex-
ceeded the critical value of 6-8 nm [5]. The onset of the

exchange bias at the transition temperature is therefore
attributed to the exchange bias effect occurring at the
V203 /Ni interface as the VoOg transitions from a param-
agnet to an antiferromagnet under an externally applied
field. The exchange bias can be reversed upon heating
the films to above the transition temperature followed by
subsequent cooling under an inverted external magnetic
field. Our results therefore reveal a reversible exchange
bias which can be controlled by the structural transition
in the V503 having implications with respect to anti-
ferromagnetic spintronics [30, 31], Mott based memory
devices [32] and neuromorphic computing [33].
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For a crystal structure the total magnetic energy of the system includes a magnetocrystalline energy term resulting
in crystals possessing easy, medium and hard axes. For a cubic system the magnetocrystalline energy term in spherical
coordinates is given by [1]

E=K,; (i sin?(0) sin?(2¢) + 0052(9)> sin?(6)

*% (sin2(2¢) sin%(26) sin2(6)> (1)

where K7 and K5 are the first and second order anisotropy constants (higher order terms have been left out), 6
is the polar angle and ¢ is the azimuthal angle, in a coordinate system aligned to the crystallographic axes. When
K is larger than zero in a cubic crystal the directions of the magnetic easy axes are <100>. However, when K; is
negative and Ky < 9|K7| /4, as in Ni, the magnetic easy axes are <111> and the hard axes are <100>. Figure S1
shows the magnetocrystalline energy for Ni calculated using equation (1) and assuming the first and second order
anisotropy constants for Ni to be K1 = —4.5x10% Jm™ and K = 2.3x10% Jm~3 [2]. When Ni is rotated around
the [111] direction, which is the out of plane direction in the samples in this study, a sixfold symmetry arises in the
magnetocrystalline energy. The change in energy is however small, as seen in Figure S1, and the change is substantially
larger when rotated around the [100] direction.

(1] Stephen Blundell. Oxford master series in condensed matter physics, 2001.
(2] D Jiles. Introduction to magnetism and magnetic materials, 1998.
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FIG. S1: (a) Anisotropy energy (in Jm™3) surface for Ni (FCC) according to equation (1) using the first and second anisotropy
constants for nickel K1 = —4.5x10° Jm™ and K2 = 2.3x10®> Jm=3 [2]. The [1 0 0], [0 1 0] and [0 0 1] crystallographic
directions are indicated in the image. (b) Anisotropy energy around the [1 1 1] direction. (c) Anisotropy energy around the [1
0 0] direction.
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FIG. S2: Coercivity of the Ni/Zr film extracted from magnetization loops recorded using VSM as a function of increasing
temperature after positive field cooling under an applied field of 50kG . The reference sample showed a typical decrease in
coercivity with temperature (with respect to magnetic thin films) from He = 52.2G at 10K down to Hc = 16.1 G at room
temperature.
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FIG. S3: Exchange field for the VoO3/Ni/Zr film extracted from magnetization loops recorded using temperature dependent
MOKE as a function of increasing temperature after positive field cooling (PFC) and negative field cooling (NFC). These
corroborative measurements were performed using a custom built MOKE setup at Uppsala University (the MOKE results
discussed in the manuscript were recorded using a custom built setup at the University of Iceland). No notable differences are
observed in the coercivity and exchange field of the films for both temperature dependent MOKE measurements.
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Abstract—We study the structure and temperature depen-
dent electrical and magnetic properties of highly epitaxial
V203/NigoFeyo layers grown on c-plane AloO3 by direct current
magnetron sputtering. We focus our attention on the struc-
tural and magnetic properties of the NigoFeso layer and their
dependence on the deposition temperature. X-ray diffraction
measurements reveal an epitaxial nature of the V203 layers with
a (006) orientation. Electrical characterization of single layered
V203 reveals a metal insulator transition at around ~ 150 K.
All samples showed a strong epitaxial (1 1 1) peak showing that
highly crystallized NisoFezo layers can be deposited onto V203
at room temperature. Angular dependent magneto-optical Kerr
effect characterization of the films reveals a uniaxial anisotropy
in the films with a coercivity of the order of 1 Gauss. The first-
order reversal curve method is used to analyze the magnetization
reversal mechanism.

Index Terms—NigoFezo, V203, strain, magnetic anisotropy,
magnetic films, MIT

I. INTRODUCTION

Permalloy, composed of NiggFeqg, has long been the
paradigm of soft magnetic materials and has been utilized in
multiple research studies ranging from investigations in its thin
film form [1], in magnetic nanostructures [2] as well as in
biomedical applications. Several studies have been performed
on the deposition of NiggFeqo on different substrates in order
to investigate the role of the substrate surface on the magnetic
and structural properties [3], [4]. In this work we investigate
the use of a novel material as a substrate, fabricating highly
crystalline hybrid heterostructures composed of V203 and
NiggFeso. Although several investigations have been published
on thin film NiggFey( deposition on VOq layers, which share a
similar structural nature [5], [6] work on deposition on V203
has been limited. Reactive magnetron sputtering has been
shown to produce highly crystalline and atomically flat films
of V503 onto c-plane sapphire substrates [7], [8], [9], [10]. We
focus our attention on the structural and magnetic properties
of the NiggFeyo layer when deposited at different deposition
temperatures revealing that highly crystalline structures can be
achieved even at room temperature. VoOg3 exhibit a structural
phase transitions at around ~ 150 K from a high temperature
rhombohedral metallic state to a low temperature insulating
monoclinic phase. Coupling this phase transition to magnetic
layers therefore offers new routes for investigation including
the effect of strain on the magnetic properties [11] as well
as investigations on the spin orbit torque in hybrid structures
through the metal-insulator transition [5].
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Fig. 1. (a) XRR plot for the film with NigoFe2o grown at 300°C. The blue
and overlapped red line represent the measured and fitted data, respectively.
(b) X-ray diffraction scans for structures with the NiggFegq layer deposited
at different temperatures. The vertical dashed lines illustrate the bulk peak
positions.

II. MATERIALS AND METHODS

The V,03/NigpFeqo heterostructure thin films were grown
on c-plane Al,O3 by direct current magnetron sputtering in
a custom built high vacuum sputter chamber [12]. Prior to
deposition the substrates were annealed at 600°C for 30 min-
utes followed by deposition of V2Os3 at the same temperature
synthesized from a vanadium target at a constant discharge
power of 100 W. For the deposition of the V,03 argon (Ar



Fig. 2. (a-c) AFM images of the V203/NiggFe2q films deposited at room temperature, 300°C and 400°C (from left to right). The images were recorded

over a scan area of 2 x 2 um?.

flow of 40 sccm) was used as the working gas and oxygen
(O2 flow of 0.85 sccm) as a reactive gas. During growth a
throttle valve was adjusted to stabilize the deposition pressure
at 0.7 Pa. The discharge parameters used for the deposition
of the VoO3 were chosen based on previous works [10]. The
NigpFeqo deposition was made using a NiggFegy compound
target at a constant power of 80 W, using Ar as working gas
at a growth pressure of 0.7 Pa. The NiggFeyy layers were
deposited at different temperatures from room temperature up
to 400°C.

The structural properties of the films were characterized
using x-ray reflectivity and x-ray diffraction using a Panalyt-
ical X’pert diffractometer (CuKca, 0.15406 nm). The surface
morphology of the films was investigated using a Park System
(PSIA XE-100) atomic force microscope. Electrical character-
ization as a function of temperature for single VoO3 layered
films was carried out in a custom built helium cooled cryostat
in vacuum.

The in-plane magnetic anisotropy of the films was in-
vestigated by recording hysteresis loops as a function of
sample angle in a custom built longitudinal magneto-optical
Kerr effect (MOKE) setup and FORC (first-order reversal
curve) method. Temperature dependent magnetic properties
were investigated using a second custom built, low temperature
MOKE setup.

III. RESULTS AND DISCUSSION
A. Structure characterization

Figure 1(a) shows a typical XRR scan of the structures
(NiggFeqp) film grown at 300°C along with results of fitting
the data using the X-pert Reflectivity program. The thickness
of films was determined from the fitting to be ~ 45.7 nm
and ~ 46.6 nm for the V203 and NigyFeqo layers, respec-
tively. Similar XRR results were obtained for the other film
structures. Figure 1(b) shows XRD scans for structures where
the NiggFeqo film was deposited at room temperature, 300°C
and 400°C, respectively. The results reveal the highly epitaxial
nature of the films with clear Laue fringes extending on both
sides of the peaks for both the V503 (0 0 6) and NiggFeqo
(1 1 1) layer peaks. For the NigoFeyy peak a shift in peak
position towards lower 26 values is observed with increasing
deposition temperature implying an out-of plane tensile strain

which can be attributed to the increase in growth temperature
[13], [14]. The V4,03 peak position corresponds closely to the
bulk standard value of 38.514° displaying a slight increase to
higher values and a small shift from 38.53° to 38.58°.
Figure 2 shows the AFM analysis of the film stacks. The
results reveal the films to have a low surface roughness with
RMS roughness values determined from images to be 0.85
nm, 0.61 nm and 0.89 nm for the films deposited at room
temperature, 300°C and 400°C, respectively. A clear evolution
of the morphology of the films is observed from a small
granular structure of the film deposited at room temperature to
larger grains for the films deposited at elevated temperatures.

B. Room temperature magnetic properties

Figure 3 shows the coercivity and relative magnetic rema-
nence (Myem/Msat) extracted from recorded hysteresis loops
measured using MOKE with an in-plane applied magnetic
field for in-plane sample angles in the range 0° - 360°. The
results reveal the NiggFeao layers to display soft magnetic
properties with coercivities in all cases below 1.5 Gauss. The
samples display a clear uniaxial anisotropy with an easy axis
at ~ 120° (~ 300°). For sputtered NiggFeq films several
different causes are known to induce a uniaxial anisotropy in
addition to crystallographic properties [13] including substrate
surface induced effects, growth under a tilt angle [15] and
under an externally applied field [16]. As the films in this study
are deposited under a perpendicular angle with the substrates
facing directly the magnetron we rule out any role of tilted
angle on the deposition inducing an anisotropy on the films.
Step edges on AlyOg3 substrate surfaces are known to induce
an anisotropy in overlying magnetic layers, especially for
sapphire substrates annealed in air at elevated temperatures
[17]. As the V203 grows highly epitaxially on the AlyOg3
substrate such step edges have the potential to traverse through
the V2Os3 layer affecting the anisotropy of the NiggFeq layer
[7]. However, as the films were deposited on substrates which
did not undergo any annealing treatment beyond the 600°C
annealing in vacuum we exclude any role of the Al,O3 surface
on the anisotropy of the NiggFeqq films. The AFM analysis
shown in figure 2 also did not reveal any stepped structure on
the surface of the films.
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Fig. 3. In-plane polar plots for (a-c) coercivity in Gauss and (d-f) relative remanent magnetization for structures with NigoFego grown at RT, 300°C and
400°C, respectively. The values were determined from hysteresis loops recorded for varying in plane sample angle in the MOKE setup.

Fig. 4. FORC diagrams of V203/NigoFe2q films grown at room temperature
(a), 300°C (b) and 400°C (c). Isolated peaks in the diagram indicate that all
the films have weakly-interacting single domain grains.

Nonzero components of the FORC diagram reveal irre-
versible processes in the magnetic reversal mechanisms (see
Fig.4). Isolated peaks in the diagram indicate that all the films
have weakly-interacting single domain grains. The symmetric
vertical spread of the peaks reveals that there is a local
interaction field that is constant at a given particle site, but that
varies randomly between particles [18]. Moreover, a stabilizing
mean interacting field is observed to increase with the growth
temperature, indicated by the downward shift of the peak
positions. The middle and lower peak can be explained by
irreversible annihilation and nucleation of the single domain
grains, respectively. However, the presence of a third top peak
is not fully understood. The features along the diagonal are
an artefact that can arise when nucleation occurs at slightly
different external magnetic fields [19].

C. Temperature dependent properties

Figure 5 shows the temperature dependent resistance of a
single layer V2O3 layer deposited under the same conditions
as for the NiggFeqy samples. The resistance change illustrates
clearly the metal-insulator transition occurring in the material
as it changes from a high temperature rhombohedral to a
low temperature monoclinic crystal structure. The maximum
in the transition occurs at a temperature of ~ 150 K as
expected for VoO3. Figure 5 also shows the coercivity of the
V203/NiggFeq structures along an easy axes for the room
temperature deposited NiggFeoo layer. The results reveal a
gradual increase in coercivity with reducing temperature as
expected for all the samples grown at 400°C, 300°C and
room temperature. Previous results on amorphous magnetic
layers grown on on V203 films (on c-plane sapphire) have
show a strain induced increase in coercivity occuring at the
transition [11]. Similarly, magnetic heterostructures deposited
on r-plane sapphire have shown an increased strain related
coercivity as well as a nanoscale phase formation induced
coercivity enhancement at the transition arising from an in-
creased roughness of the VoO3 film [20], [21]. The coercivity
data depicted in figure 5 reveals no indication of an increased
coercivity in the NiggFeqq film occurring at the transition. This
results therefore shows that the strain induced by the structural
transition occurring in the VO3 has a limited effect on the
magnetic properties of the NigoFeqp.

IV. CONCLUSIONS

In summary we have investigated the structural and mag-
netic properties of VoO3/NiggFeyq bilayer structures deposited
using dc-magnetron sputtering on c-plane Al,Og3 substrates.
The results reveal similar textured NiggFeoq films with soft
magnetic properties with limited dependence on the deposition
temperature of the NiggFeyy layer. Magnetic characteriza-
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Fig. 5. (Lower graph) Resistance as a function of temperature (measured using
gold contacts on the sample edges [8]) for a reference single layer V203 film
deposited onto c-plane AloO3 with the same deposition parameters as the
NigoFeao samples. The line and the shaded area highlight the metal-insulator
transition temperature (obtained using Gaussian fitting of the d(In(R))/dT
data). (Upper graph) Coercivity as a function of temperature along an easy
axes for the V20O3/NiggFezo film grown at RT. The blue squares and red
dots denote coercivity values extracted from hysteresis loops recorded for
increasing temperature after cooling under an externally applied positive and
negative field, respectively.

tion as a function of in-plane sample angle reveals uniaxial
anisotropy axis. These results therefore show that using dc-
magnetron sputtering high quality permalloy layers can be
achieved even at room temperature. Temperature dependent
magnetic characterization shows an increased coercivity with
reducing temperature but does not reveal strong indications
of strain induced effects arising from the structural transition
occurring in the V50s3.
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ABSTRACT

We present an investigation of the microstructure changes in V,0s3 as it goes through its inherent structural phase transition. Using V>, O3 films
with a well-defined crystal structure deposited by reactive magnetron sputtering on r-plane Al,Oj3 substrates, we study the phase coexistence
region and its impact on the surface roughness of the films and the magnetic properties of overlying Ni magnetic layers in V,O3/Ni hybrid
magnetic heterostructures. The simultaneous presence of two phases in V,03 during its structural phase transition was identified with high
resolution x-ray diffraction and led to an increase in surface roughness observed using x-ray reflectivity. The roughness reaches its maximum
at the midpoint of the transition. In V,03/Ni hybrid heterostructures, we find a concomitant increase in the coercivity of the magnetic layer
correlated with the increased roughness of the V,03 surface. The chemical homogeneity of the V,03 is confirmed through transmission
electron microscopy analysis. High-angle annular dark field imaging and electron energy loss spectroscopy reveal an atomically flat interface
between Al,O3 and V,03, as well as a sharp interface between V,03 and Ni.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0195961
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1. INTRODUCTION

Transition metal oxides in the vanadium oxide family com-
prise an interesting class of materials that exhibit multiple oxidation
states.' These materials are primarily recognized for their triple tran-
sitions: a first-order metal-insulator transition (MIT), a structural
phase transition (SPT), and a magnetic transition. These transitions
typically occur simultaneously but can be modified or suppressed
through techniques such as doping and applying stress.” * In both
bulk and thin film forms, vanadium oxides have found applica-
tions in memristors, battery electrodes, supercapacitors,” and other
memory-related technologies. The incorporation of vanadium oxide
composite thin films with a magnetic layer presents numerous addi-
tional possibilities for utilizing nano-devices in sensor technology,

antiferromagnetic spintronics,”” medical applications,'’ Mott-based
memory devices,'" and neuromorphic computing.'”"*

Extensive research has been conducted to understand the
underlying mechanisms of the MIT and the SPT in vanadium
oxide as well as to investigate the impact of phase transitions
in vanadium oxides on the magnetic characteristics of hybrid
magnetic heterostructures.”” The underlying phase transitions are
emerging as an increasingly potent mechanism for manipulating
the essential characteristics of epitaxial heterostructures contain-
ing vanadium oxide.'* *’ Experimental evidence has demonstrated
that structural phase transitions and surface-induced roughness
can directly influence magnetic overlayers, leading to alterations
in their internal anisotropy and coercivity as well as an emerg-
ing exchange bias.'”'"*" Gaining a comprehensive understand-

APL Mater. 12, 041118 (2024); doi: 10.1063/5.0195961
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FIG. 1. HAADF-STEM images of (a) the cross section of the V,03/Ni/Zr thin film on the Al,O3r-plane substrate, (b) the Al;03/V,03, and (c) the V,03/Ni interfaces. The
HAADF-STEM signal intensity is proportional to the atomic number and portrayed in the grayscale of the images. The dashed line in (b) illustrates the placement of an anti-
phase boundary in the V,03, with the possible atom arrangement schematics illustrated in the inset. The inset in (c) shows a diffractogram obtained by Fourier transforming

the image from the red square region in the V,0j layer indexed as rhombohedral V,03.

ing of the intricate, detailed microstructure-property relationships
is crucial for fully exploiting the effects of phase transitions in
vanadium oxides on systems integrated with these phase-change
materials.

For our study, we focus on thin film vanadium
sesquioxide (V,03) with a well-defined crystal structure that
undergoes a structural transition from a low-temperature
insulating/antiferromagnetic phase to a high-temperature metal-
lic/paramagnetic phase. During this transition, the crystalline
structure of V203 undergoes a transformation from a single
monoclinic (MC) phase to a coexistence of rhombohedral and
monoclinic phases at ~130 K, which eventually transitions into a
single rhombohedral (RH) phase structure.”’ Here, we investigate
the interplay between the microstructure of the V,0Os films and
their structural properties during the phase transition. In particular,
we examine the changes in the microstructure during the phase
coexistence region of the V,03 layer and how these changes
correlate with alterations in the magnetic properties of overlying
magnetic layers in V,03/Ni heterostructures.

1. MATERIALS AND METHODS

The V,0; and V,03/Ni films were grown on r-plane AO3
[1102] substrates using reactive direct current (dc) magnetron sput-
tering for the V,Oj3 layer and conventional dc magnetron sputtering
for the Ni layer. In addition, a Zr capping layer was deposited to pre-
vent oxidation of the Ni layer. The substrates were annealed in air at
1200 °C for 24 h. The growth process was carried out in a custom-
built chamber,”* utilizing high-purity 3-in. vanadium (99.99%) and
high-purity 3-in. nickel (99.99%) sputtering targets. Prior to deposi-
tion, the base pressure of the chamber was below 4 x 107 Pa. The
substrates underwent pre-baking under vacuum in the sputtering
chamber at a temperature of 610 °C for ~60 min prior to any growth.
The V,03 was deposited at a temperature of 610 °C, while the Ni
and Zr layers were deposited at room temperature after allowing
the sample to cool down under an ultra-high vacuum. An identical
reference sample consisting solely of the V,03 layer was deposited
following the same recipe. X-ray reflectivity (XRR) analysis showed
the heterostructure film stack to be composed of a 49 nm thick V,03

layer, followed by a 13 nm Ni layer, and finally a 6 nm thick Zr
capping layer.

The structural properties of the V,03; and V,03/Ni films
were examined as a function of temperature using high-resolution
double-axis x-ray diffraction (XRD) and reflectivity (XRR) measure-
ments at the BM28 (XMaS) beamline at the European Synchrotron
Radiation Facility (ESRF) in Grenoble, France.”” The photon energy
was chosen to be 12.4 keV, corresponding to a wavelength of 1 A.
The XRR profiles were fitted using the GenX software.”® High-
resolution three-dimensional reciprocal space mapping (3D-RSM)
was employed to investigate the crystal microstructure and its struc-
tural evolution across the temperature-driven phase transition in the
V203 and V,0;3/Ni films. The surface morphology of the specimens
was examined using atomic force microscopy (AFM) in contact
mode at room temperature.

The stoichiometric composition and crystalline quality at the
sub-nm lateral scale of the films were investigated by scanning trans-
mission electron microscopy (STEM), using high-angle annular
dark-field (HAADF-STEM) imaging, energy dispersive x-ray anal-
ysis (STEM-EDX), and electron energy loss spectroscopy (EELS).
The HAADF-STEM imaging, EELS, and STEM-EDX measurements
were conducted on a double aberration-corrected Thermo Fischer
Scientific X-Ant-EM instrument operated at 120 kV and equipped
with a GIF Enfinium EELS spectrometer. The TEM lamellas were
prepared by focused ion beam (FIB) milling. The magnetic proper-
ties of the V,O3/Ni bilayer were characterized using the longitudi-
nal magneto-optical Kerr effect (MOKE) as a function of azimuth
angle at room temperature. Furthermore, temperature-dependent
magnetic characterization was performed using vibrating sample
magnetometry (VSM) and a custom-built system for measuring the
longitudinal MOKE signal at low temperatures.

I1l. EXPERIMENTAL RESULTS
A. Phase and microstructure investigation

Figure 1(a) shows an overview cross-sectional HAADF-STEM
image of the V,03/Ni/Zr heterostructure on the Al,O3 substrate.
Figures 1(b) and 1(c) show higher magnification images at the
A, 03/V,03 and V,03/Ni interfaces, respectively. The data clearly
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FIG. 2. STEM-EELS spectra with indicated V-L and O-K edges taken from the
V,03/Ni interface and the V, 05 interior. The spectra are corrected for background
and taken at room temperature for the V,03/Ni film grown on the r-plane of the
AlyO5 substrate.

reveal both the crystalline nature of the film and the high quality of
the interfaces. The TEM images were taken along the [110] zone axis
of the Al O3 sapphire substrate.

The chemical and oxidation states of the V,03 and Ni lay-
ers were investigated using EELS. EELS spectra were recorded at
different locations of the V,0;, in the middle of the layer, and
near both interfaces, as shown in Fig. 2. The observed V-Ls; energy
loss edge is 517.48 eV, and the O-K edges consist mainly of two
peaks, which correspond well with the fingerprint feature of rhom-
bohedral corundum V,03.” > At the nanoscale, the EELS analysis
indicates that the oxidation state of vanadium does not vary across
the entire film (see Fig. 2), revealing no evidence of other non-
stoichiometric parasitic phases of vanadium oxide in the film. We
can, therefore, conclude that the V,03 layer is chemically homo-
geneous in our samples. EELS structure evolution spectra recorded
for the Ni and other interfaces in the film are shown in Figs.
S1 and S2 of the supplementary material. After extended expo-
sure, the top capping layer undergoes oxidation, as confirmed by
the EELS analysis. Consequently, all scans were analyzed using a
model that incorporates ZrO; atop the heterostructure. Notably,
there is no presence of a NiO layer across the film (see Fig. S1 of
the supplementary material). The analysis of the HAADF images
together with line profiles retrieved from EELS reveals the quality
of the interfaces. It is evident that the Al,03/V,Oj interface is atom-
ically flat, and the V,03/Ni interface has a well-defined boundary
between the layers with negligible intermixing. The extent of inter-
diffusion between the V,03 and Ni layers does not exceed 1.5 nm
(see Figs. S1 and S2 of the supplementary material). The thicknesses
of the V,03/Ni film obtained from the STEM measurements are in
agreement with thicknesses determined from XRR data performed
at room temperature of 49 and 13 nm, respectively.

The STEM images show striped patterns with staircase-like
features in the V,03 layer [Fig. 1(b)]. This structural feature is a
typical signature of the presence of symmetry-breaking anti-phase

ARTICLE pubs.aip.org/aip/apm

boundaries (APB) that emerge at the A,O3/V,0s3 interface, with
the displacement vector parallel to the (001) direction.”””" Neigh-
boring domains separated by the APB are displaced by half of a
unit cell along the (006) plane, as demonstrated schematically in the
inset in Fig. 1(b). Other microstructure symmetry-breaking effects,
such as crystallographic twinning, have been found previously in
VO, films grown on c-plane ALOs substrates.”” In our case, a
similar parallel columnar-like microstructure of the V,0;3 layer is
observed for the V,0j3 films grown on c-plane sapphire substrates
(see Fig. S3 of the supplementary material) with no presence of twin-
ning or APB defects. Further details on the structural and magnetic
properties of the c-plane V,03/Ni heterostructure can be found else-
where.”’ Figure 1(b) reveals no twinning in the V,O; layer grown on
the Al,O3r-plane, only showing anti-phase boundaries at an angle
of 59.04° with the surface plane corresponding well to the angle
between the film surface normal (012) and (006) planes of 58.59°.
APBs in V,03 films grown on Al,Osc-plane substrates have been
previously observed, with APBs being identified in the planar view
of the c-plane.”” Multiple mechanisms can induce the formation
and nucleation processes of APBs. Typically, the formation of APBs
occurs during thin film growth.”"” For V,03 films deposited onto
annealed Al O3 substrates, the most likely reason for the formation
of APBs in the V,0s3 layer is related to the Al,Osr-plane substrate
due to its multi-step, terrace-like surface structure formed by the
annealing at 1200 °C, as shown in Fig. 3.

B. Structural evolution

The crystal structural evolution of the film through the phase
transition was investigated by performing x-ray diffraction mea-
surements as a function of temperature from 30 to 277 K. Figure 4
shows a sub-set of the XRD scans recorded along the surface normal
from 70 to 180 K. The data show clear single phase behavior at low
and high temperatures arising from the low temperature monoclinic
and high temperature rhombohedral phases. Additional powder-like
peaks originating from the Be vacuum capsule are evident across the
entire temperature range (see Fig. 4). It is crucial to note that the
Ni layer exhibits a textured (111) orientation, as evidenced by a weak

2.00 nm
1.80
1.60
1.40
1.20
1.00
0.80
0.60

0.40

0.00

FIG. 3. 5 x 5 um? atomic force microscopy image of an r-plane sapphire Al,0;
substrate annealed for 24 h at 1200 °C. The annealed surface exhibits atomically
flat terraces, with each terrace ~100 nm in width.
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FIG. 4. Temperature-dependent x-ray diffraction scans recorded for the V,03/Ni
film as a function of temperature across the SPT of V,03. Pink and cyan bars
indicate the diffraction peaks for the monoclinic and rhombohedral phases of V,05
at low and high temperatures, respectively. Broken lines indicate the XRD peak
positions derived by the fitting with a Pearson-type VII function of the monoclinic
V,03 (0 3 3) at low temperatures and the rhombohedral V,05 (3 0 6) at high
temperatures. Straight gray lines indicate Be powder peak positions arising from
scattering from the beryllium vacuum capsule.
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FIG. 5. Relative intensities of ;03 (0 3 3) and V03 (3 0 6) Bragg peaks observed
upon heating in the V,03/Ni film. The dashed line indicates the temperature where
the ratio of monoclinic and rhombohedral V,03 phases is equal, and it is at ~130
K. The dependency of the phase fractions on temperature was modeled using a
cumulative skewed normal distribution function. The function is symmetric within
uncertainty, with a transition width of 12.7 K, centered at 131.4 K.
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FIG. 6. (a) XRR data recorded for the V,03/Ni structure at 135 K and fit using
GenX.?5 The corresponding x-ray scattering length density profile of the film at
135 K is shown in Fig. S6 of the supplementary material. (b) and (c) show the
thickness and the roughness values of the V,03 layer derived from the fit of the
XRR profiles as a function of temperature, respectively. The error bars represent
estimated systematic errors calculated in the fitting. Dashed lines indicate where
the fractions of either of the two coexisting phases correspond to 5%.

peak observed around 44.5°, which can be attributed to the Ni (111)
reflection (see Fig. S4 of the supplementary material).

The transition from the low temperature phase begins at about
110 K and extends up to about 155 K, at which point the layer has
fully transformed to the rhombohedral phase (see Fig. 4). The peak
intensities and locations of the two phases (indicated by dashed lines
in the graphs) were extracted by fitting the XRD data to the sum of
two Pearson VII peaks. Figure 5 shows the crystallographic phase
fractions determined from fits to the peaks shown in Fig. 4 and nor-
malized by their sum. The dependence of the phase fractions on
temperature was modeled using a cumulative skewed normal distri-
bution function to account for any asymmetry, with « as a parameter
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that determines the degree and direction of skewness. Further details
regarding the definition of a skewed normal distribution can be
found in the supplementary material [Eq. (1)]. Both data were fitted
simultaneously with the phase fraction of the rhombohedral phase
assumed to follow the complementary function of the monoclinic
phase fraction. Although the fit function has no physical meaning,
it captures the overall features of the structural transition well. The
function was found to be symmetric within uncertainty with the
shape parameter o = —0.1 + 0.6. The standard deviation, or width, of
the transition is 12.7 + 0.3 K, and the center of the transition, deter-
mined using the center of mass of the fit function, is 131.4 + 0.5 K.
The corresponding temperature for the non-capped V,0s3 layer is
~133 K (see Fig. S5 of the supplementary material). XRR intensity
profiles for the single V,03 layer film and the V,03/Ni film were
acquired at different temperatures upon heating from 30 to 200 K.
The thickness and roughness values were derived by fitting the
XRR data using the GenX software package,”® with an example
shown in Fig. 6(a). The thickness and roughness of the V,03 layer
in the V,03/Ni film as a function of temperature are shown in
Figs. 6(b) and 6(c). A slight decrease in layer thickness by 1.5% upon

0.18 0.18
V0.

205
rhombohedral

V,0,
thombohedral
(306)

(306)

(3u) Sof

-0.18 -0.18
5.00 5.25 5.50 5.00 5.50

0.18 0.18

;05
mixed phase

V,05
mixed phase

(yug) Sop

Q[AT]

-0.18
5.00

—0.18
5.25 5.50 5.00 5.25 5.50
I
Q.[A]
0.18
Be
capsule

Be
capsule

=< 0.00

(3ug) Sop

V,0,
monoclinic
(033)

-0.18
5.00 5.25 5.50 5.00 5.25
QA QA

5.50

ARTICLE pubs.aip.org/aip/apm

heating is observed for both specimens, which is consistent with
changes in the lattice parameters of the monoclinic and rhombohe-
dral phases.’””” The same function that was used to model the phase
fractions determined from XRD in Fig. 5 is redrawn in Fig. 6(b), sim-
ply scaled in amplitude. The close agreement of the line with the data
shows that there is a clear correlation between the phase fraction and
the thickness of the V,03 layer. Simultaneously, across the phase
coexistence region, an elevation in the roughness of the V,03 layer
determined from the XRR fitting was also observed, which was max-
imized at the midpoint of the transition. The correlation between the
phase fractions and the roughness enhancement at the middle of the
transition is further demonstrated in the solid line shown in Fig. 6(c),
which is the scaled derivative of the fit function used to model the
phase fractions in Fig. 5 and the layer thickness in Fig. 6(b).

C. Reciprocal space mapping

In order to observe the coexistence of both phases and inves-
tigate further any lateral changes in the crystal or film structure,
3D-reciprocal space volumes of the scattering around the symmetric
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270%
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FIG. 7. 2D projections of 3D reciprocal space maps of the V,03/Ni film recorded at different temperatures upon heating across the phase transition. Peaks are indexed to
the rhombohedral structure for convenience. Left: RSM scans recorded for the symmetric (3 0 6) peak of V,03 together with the Al,O3 substrate peak. Right: RSM scans
recorded for the asymmetric (2 2 6) peak of V,03. The scans for the symmetric (3 0 6) peak reveal a clear splitting for the two phases, as in the XRD scans shown in Fig. 4.
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and asymmetric V,03 Bragg reflections were recorded as a func-
tion of temperature. Reciprocal space volumes were also recorded
for single layer films (see Fig. S7 of the supplementary material).
Several scans were combined and data binned into cubic voxels of
reciprocal space defined in the laboratory frame with the Q, aligned
with the surface normal and with Q, and Q orthogonal directions in
the plane of the sample with Q, coincident with the incident beam.
With respect to the rhombohedral crystal planes, Q, is parallel to the
306 direction, and Q, is aligned to the 120 direction.

Figure 7 shows representative reciprocal space maps (RSMs)
reduced into 2D by integrating the third reciprocal space direction
for the V,03/Ni film. The RSMs are shown for temperatures below
the transition, at the transition midpoint, and above the transition.
The data are generally clearer in the RSMs recorded in the vicinity
of the symmetric peaks, which are displayed in the left-hand panel
in Fig. 7. The sapphire substrate is the sharp peak at Q, = 5.41 A~
and Q,=Q, =0 A~ The film peaks are seen as weaker reflections
at lower Q,. The splitting, corresponding to the transition between
the low and high temperature phases seen in the one-D projections
shown in Fig. 4, is again clear. The weak streak at Q, = 5.17 A" is the
powder line from the Be vacuum dome. However, the projections for
the asymmetric peak mask the clear splitting due to the projection
of the scattering vector into these directions, but a distinct broad-
ening is observed during the transition, accompanied by a shift in
the peak position from the low-temperature to the high-temperature
phase.

In addition to the out-of-plane Q, information, the RSMs pro-
vide further information on the lateral properties of the film through
projections into Q, and Q. Such in-plane data includes details
on the mosaic, any lateral crystallographic periodicities or correla-
tions, and also film strain. Thus, any domain formation in the V,03
that could arise during the transition can, therefore, be observed in
changes to the RSM film peak in the Q, and Q, directions as the
material progresses between the two different phases. In particular,
any lateral periodic domain formation (e.g., discussed in Ref. 38)
would result in secondary peaks observed in the Q, and Q, scans,
while incoherent domain formation® would result in changes in
the peak widths or forms. The scans show no secondary peaks or
changes in the lateral spread of the RSM peaks, therefore eliminat-
ing any short length scale periodicity or domain formation during
the nano-scale phase formation, and the mosaic dominates the peak
structure at all temperatures and remains unchanged during the
phase transition.

D. Magnetic properties across the SPT

Any change to the surface morphology of the V,O3 layer will
impact any crystalline overlayer by introducing interface strain. In
the case of a magnetic material such as Ni, roughness contributes
a significant factor, with the enhanced roughness arising from the
height difference of different domains during the transition inducing
pinning centers, thereby enhancing the coercivity of the magnetic
material. Figure 8 shows the coercivity of the magnetic layer derived
from hysteresis loops recorded as a function of temperature. A rep-
resentative magnetic hysteresis curve measured at 130 K is presented
in the supplementary material (see Fig. S8). The coercivity exhibits
the expected decrease with increasing temperature, as is generally
observed for Ni films as more thermal energy becomes available. In
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FIG. 8. Coercivity of the V,03/Ni film extracted from magnetization loops recorded
using low-temperature MOKE measurements as a function of increasing tempera-
ture after positive field cooling (PFC) under an applied field of 400 G and negative
field cooling (NFC) with a field of —400 G along the easy axis. In addition to the
general trend of reduced coercivity with increasing temperature, from He = 92 G
at 80 K down to H, = 35 G at room temperature, the presence of a clear peak
in coercivity in the temperature range of the SPT of the V,03 layer is observed.
This coercivity maximum across the SPT was verified by carrying out both MOKE
and VSM measurements. Cyan dashed lines indicate the 90% confidence interval
determined from the phase fraction function shown in Fig. 4.

addition to the expected temperature dependent decrease, a notable
perturbation in the coercivity is observed across the mixed phase
region, with a peak occurring at a temperature coinciding with
the structural phase transition in the V,Oj3. This temperature range
of enhanced coercivity corresponds well to the phase coexistence
region observed from XRD and the increased roughness seen in the
XRR data, as highlighted by the shaded region, which corresponds
to the 90% confidence interval determined from the phase fraction
function shown in Fig. 4.

IV. DISCUSSION

The temperature of the SPT is defined as that where the rhom-
bohedral and the monoclinic phases are equally determined. As
illustrated in Fig. 4, the center of the transition is at a temperature
of ~130 K. Similar analysis of data for the V,03 single layer film
(see Fig. S5 of the supplementary material) yields a transition
temperature of 133 K. These results are consistent with the
expected phase transformation of V,03 as observed in structural
characterization, resistivity, and magnetic changes.”"*"*’

Within the region where both phases coexist, an increase in the
roughness of the V03 layer is observed [Fig. 6(c)], with a maxi-
mum located at the transition midpoint. The increased roughness is
attributed to the coexistence of the two phases in different regions of
the film. A further analysis of the XRD data shows no apparent dif-
ferences in the peak widths in Q, for both phases (Fig. 4) across the
entire temperature range. This indicates that when part of the film
transitions, it does so across the entire film thickness. There is also
little change in the in-plane scattering, as shown in the RSMs, sug-
gesting that the lateral size of the transitioning regions is greater than
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the coherence length of the x-rays, which is some tens of microm-
eters. The V,0; surface in the mixed-phase regime is, therefore,
composed of pillars of the expanded rhombohedral phase and the
original monoclinic phase. This results in an uneven interface pro-
file that evolves with temperature and is most disordered when the
ratio of the two phases is equal, i.e., at the midpoint of the transition
corresponding to the SPT.

The coercivity, shown in Fig. 8, exhibits a clear peak at a tem-
perature corresponding to the structural phase transition in the
V,03, with a maximum of 135 K driven by the morphology of the
V,03/Ni interface. The peak in coercivity extends to ~155 K, and at
higher temperatures, it follows a general trend of reduced coercivity
with increasing temperature. In addition to the peak in coercivity,
the data show a strain related shift in coercivity below and above the
transition, as has been observed in similar systems.”"””

Confirmation of the importance of the roughness is found
by comparing this study of the coercivity with our previous
work on V,03/Ni films grown on sapphire Al,O3 substrates with
c-plane [0001] surface orientation under the same conditions as
those reported here on sapphire r-plane [1102] substrates with
nearly the same V,03 thickness of ~58 nm.”” While the V,03 under-
goes the same mixed phase transition for the two cases, when grown
on the c-plane [0001], the expansion of the V,03 film along the
surface normal is significantly reduced due to the epitaxy. Thus,
the morphology of the interface is smoother and more uniform,
with much less disorder introduced into the epitaxial Ni overlayer,
resulting in V,03/Ni heterostructures grown on the c-plane having
more isotropic magnetic properties. In contrast, and as described
here, the r-plane V,03/Ni films display a stronger tendency for
nanoscale phase formation due to the increased interface roughness
of the V,03 layer during the transition. HAADF-STEM imag-
ing also showed clear signs of anti-phase boundaries within the
V,03 layer on r-plane substrates, while such boundaries were not
observed for identical c-plane film structures. These boundaries can
act as phase coexistence boundaries for adjacent regions undergo-
ing transitions at different temperatures, thereby contributing to the
observed increase in surface roughness during the transition.

V. CONCLUSIONS

In conclusion, we have investigated the microstructure and
structural phase coexistence of the V,0; layer in the V,03/Ni sys-
tem grown on r-plane sapphire, as well as the magnetic properties
of the magnetic Ni layer in relation to the microstructure and struc-
tural behavior of the V,03 during the SPT. As the V,03 transitions
from the low-temperature phase to the high-temperature phase, the
film thickness determined from XRR measurements decreases in
accordance with the phase fractions determined from XRD mea-
surements. Within the phase coexistence region, an increase in the
roughness of the V,03 layer is observed, reaching its maximum in
the middle of the transition. This increased roughness is attributed
to the different thicknesses of the two concurrent phases in V,03
during the transition. The observed enhanced roughness follows the
derivative of the skewed normal distribution function used to fit the
phase fraction data, illustrating that the roughness takes a maximum
value in the middle of the transition.

In the temperature range of 110-155 K, corresponding to the
phase coexistence of V03, a notable peak of enhanced coercivity

pubs.aip.org/aip/apm

is observed. This peak is attributed to the transition occurring in the
phase coexistence region, which is accompanied by increased rough-
ness in the V,03 layer, causing significant strain in the magnetic
Nilayer. These pronounced changes and strain effects in the Ni layer
result in a peak in coercivity.

When analyzing the reciprocal space map across the SPT, we
observe a clear splitting of the V,03 peak and a diagonal shift in
the peak position along the Q, direction, deviating from the antic-
ipated symmetric pattern. This can be attributed to the presence of
anti-phase boundaries, which introduce structural disorder and dis-
rupt the regular lattice arrangement. As a result, deviations from the
expected symmetry and stress distribution occur within the material.
Our results reveal no periodic structural distortions in the recip-
rocal space map due to the simultaneous existence of two phases
in the V,0; layer. This could be attributed to the fact that the
notable structural changes associated with the competing phases
occur at a mesoscale, which exceeds the resolution capability of our
measurement technique.

SUPPLEMENTARY MATERIAL

See the supplementary material for structural measurements of
the reference single-layer V,03 sample. It also presents HAADF-
STEM images of the V,03/Ni film grown on the Al,Osc-plane,
along with detailed magnetic and structural data for the V,03/Ni
heterostructure deposited on the sapphire r-plane and fitting
information.
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FIG. S1: (a) Experimental HAADF-STEM image of the cross-section of the V2O3/Ni/Zr film; the inset shows corresponding
V-, Ni-, and O- elemental profiles obtained by EELS. EELS structure evolution across the film and the interfaces for (b) Ni
L2 3-edge, (c) O K-edge. After extended exposure, the top capping layer undergoes oxidation, as confirmed by the analysis.
Consequently, all scans were analyzed using a model that incorporates ZrO» atop the heterostructure. Notably, there is no

presence of a NiO layer across the film.
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FIG. S2: (a) Experimental HAADF-STEM image of the cross-section of the Al,O3/V2O3 interface; the inset shows correspond-
ing V-, Al-, and O- elemental profiles obtained by EELS. EELS structure evolution across the interface for (b) Al K-edge, (c)
V Ly 3-edge. The analysis reveals an atomically flat interface between AloO3 and V2Os3 layers.



FIG. S3: Experimental HAADF-STEM image of (a) the cross-section of the V2O3/Ni/Zr thin film on Al,O3 c-plane substrate,
(b) the AloO3/V20s3 interface, and (c) the V2Og3/Ni interface. The AloO3/V2O3 interface appears atomically flat, while the
V203 layer exhibits a columnar structure. The V203/Ni interface is sharp, and both the Ni and capping Zr layers follow the
roughness of the VoO3. HAADF-STEM signal intensity (image grayscale) is proportional to atomic number.
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FIG. S4: X-ray diffraction scan recorded for the AloO3/V203/Ni/Zr film structure. A weak peak, indicative of a textured Ni
(111) orientation, was observed around 44.5°.

The skewed normal distribution probability density function is defined as follows:

=250 o (554)

where:
e 1 is the variable,
e 1 is the location parameter (mean),
e 0 is the scale parameter (standard deviation),
e o is the shape parameter (skewness),

e ¢(-) is the standard normal PDF,

®(-) is the standard normal CDF.
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FIG. S5: Relative intensities of V203 (0 3 3) and V203 (3 0 6) Bragg peaks observed upon heating in the single V2Og3 layer film.
The dashed line indicates where peaks from both the monoclinic and the rhombohedral VO3 phases have equal intensities.
The dependency of phase fractions on temperature was modeled using a cumulative skewed normal distribution function. The
centre of the transition, determined using the centre of mass of the fit function, is 132.7 + 0.5 K.
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FIG. S6: X-ray scattering length density (SLD) profile of the V2O3/Ni/Zr film at a temperature of 135K. After extended
exposure, the top capping layer undergoes oxidation, which was confirmed by HAADF-STEM. Consequently, all scans were
analyzed using a model that incorporates ZrO2 atop the heterostructure.
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Angular-dependent exchange bias in V,03/Ni magnetic heterostructures

K. Ignatova,! E. B. Thorsteinsson,! and U. B. Arnalds!
L Science Institute, University of Iceland, Dunhaga 3, 107 Reykjavik, Iceland

In this study we examine the angular dependence of coecivity and exchange bias in a V2O3/Ni
magnetic bilayer film grown on r-plane sapphire (a-Al,O3) substrates using reactive dc-magnetron
sputtering. We investigate the directional angular dependence and differences in the response of the
magnetic layer through the structural phase transition in the V2O3. Distinct variations in angular
dependence is observed between the exchange field and the coercivity across the structural phase
transition in V203, depending on different field cooling states. A peak in coercivity, occurring at a
temperature corresponding to the phase coexistence region of the VoOg transition, is observed only
along the main easy axis of the film, disappearing at other angles and remaining independent of
the field cooling state. Temperature-dependent measurements, with the applied cooling field along
different angles, revealed that the onset of exchange bias at the structural phase transition of V2Os3
occurs irrespective of the cooling field state, yet demonstrates a complex angular dependence based
on the orientation of the applied cooling field. The cooling field orientation influences the exchange
bias’s anisotropy, magnitude, and direction; notably, a typical unidirectional symmetry emerges at
80 K when the cooling field aligns with the secondary easy axis (90° / 270°) of the film, which
nearly aligns with the magnetic moment of V2Os. Our results highlight the intricate relationship
between the antiferromagnetic state of VoO3 and magnetic properties of adjacent magnetic layers.

I. INTRODUCTION

Vanadium sesquioxide (V2O3) is an intriguing mate-
rial that has gathered significant attention in the field
of condensed matter physics and material science. It
exhibits multiple simultaneous phase transitions, includ-
ing a metal-insulator transition (MIT), structural phase
transition (SPT), and paramagnetic/antiferromagnetic
(PM/AFM) transition, making it a subject of multi-
tude of different investigations. V3Og is a prototypi-
cal transition metal oxide that undergoes an MIT at a
critical temperature of around 150 K3, The underly-
ing mechanisms driving this transition are still under ac-
tive research, with various theories proposed, including
the Mott-Hubbard and Slater models, as well as Peierls
instability®7. Upon cooling, V203 undergoes an SPT
from a paramagnetic metallic state to an insulating and
antiferromagnetic state. This magnetic transition from
paramagnetic to antiferromagnetic is particularly intrigu-
ing when considering V503 in a bilayer with a magnetic
material such as nickel (Ni). At low temperatures the fer-
romagnetic nature of Ni interacts with the antiferromag-
netic low-temperature phase of VoOg3 with a potential for
an exchange bias to be observed at the interface.

When a conventional FM/AFM system is cooled be-
low the Néel temperature of the AFM the spins of the
AFM align with those of the FM to minimize the inter-
face exchange interaction. This leads to a single stable
configuration for the FM spins, inducing a unidirectional
anisotropy known as exchange anisotropy or exchange
bias with significant technological implications, particu-
larly in the development of magnetic devices and spin-
tronic applications® 10,

As V503 is not a conventional AFM material the on-
set of the AFM state does not occur as the material
is cooled below its Néel temperature but as it under-
goes an SPT with a concomitant paramagnetic to an-

tiferromagnetic first order phase transition. As an in-
terface effect, exchange bias is influenced by structural
parameters that can significantly impact magnetic cou-
pling, including roughness and chemical intermixing'"12.
These structural factors play a crucial role in determin-
ing the strength and behavior of the exchange bias phe-
nomenon at the interface between the AFM and FM ma-
terials. Considering these aspects, the role of structural
factors becomes even more complex and crucial, particu-
larly given that V4Og undergoes an SPT. Notably, within
V303, there is a specific region where both structural
phases coexist — a phase coexistence region with a width
of roughly 10 K'3. In this region magnetic properties are
profoundly influenced as altering the structure via the
SPT in V503 can lead to significant changes in the mag-
netic properties of the adjacent magnetic layer!41°,

In this study, we investigate the temperature and
angular dependence of the magnetic properties of
V2035(50 nm)/Ni(13 nm) bilayer structures deposited on
r-plane sapphire Al,O3 substrates. Previously, several
studies have investigated the temperature dependence of
magnetic properties across phase transitions in the VoOg
layer, revealing a coercivity enhancement manifested as
a peak around the middle of the structural phase tran-
sition of the VoO3 at around ~ 131K and attributed to
strain and subsequent changes in surface roughness dur-
ing the SPT'®. However, most of the investigations have
primarily focused on magnetic properties along a single
direction of the film with only a few studies investigating
the angular dependence, with findings that tend to vary,
indicating a need for further research?®-2!,

II. MATERIALS AND METHODS

The deposition of the single Ni layer sample and
V503/Ni film was performed on r-plane Al,O3 (1102)
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FIG. 1. Temperature and azimuth angular dependence of magnetic properties: Coercivity and remanent magnetization Myem
for the V203 /Ni film grown on the r-plane of AloO3 substrate annealed at 1200°C. Measurements were performed as a function
of increasing temperature through the temperature of the SPT of the V203 after positive field cooling (PFC) under an applied
field of +5 kOe along 90°.The effective magnetic anisotropy exhibits a gradual transition throughout the SPT of V203, without
any abrupt changes. The graph insets show representative scans of the temperature dependent coercivity across the SPT of
the V203 along the hard and easy axes. The error bars in the figures are determined based on field accuracy measurements,
defined as 1 % of the reading. Cyan dashed line areas indicate phase coexistence regions in the V2O3 during the SPT.

substrates using reactive direct current (dc) magnetron
sputtering for the V303 layer and conventional dc-
magnetron sputtering for the Ni and Zr capping layer.
A custom-built chamber?? was used for the growth pro-
cess, employing high-purity 3-inch vanadium (99.99%)
and nickel (99.99%) sputtering targets. The substrates
were annealed at 1200°C in air for 24 hours. Prior to
deposition, the chamber’s base pressure was maintained
below 4 x 1076 Pa. The substrates were pre-baked in
vacuum at a temperature of 610°C for approximately 60
minutes before the growth process. The V203 layer was
deposited at 610°C with working pressure of 0.7 Pa of
5N Ar and O gases at 20 sccm and 1.05 scem flow rates,

respectively. The Ni and Zr layers were deposited at
room temperature after cooling down under vacuum. A
reference sample, composed of only magnetic Ni layer
without V203, was deposited following the same recipe
directly onto annealed r-plane sapphire substrates. The
film stack in the heterostructure consists of a ~ 50 nm
V303 layer, followed by a 13 nm layer of Ni, and capped
with a 6 nm layer of Zr'3.

In-plane temperature-dependent magnetic hysteresis
loops were measured at various azimuthal angles upon
heating using a vibrating sample magnetometer (VSM;
VSM 8600 series, Lake Shore Cryotronics). The measure-
ments covered a temperature range from room tempera-



ture down to 80 K, encompassing the entire SPT of the
V303. The temperature-dependent magnetization curves
were recorded upon heating with a field step of 2 Oe.
Between temperature steps, where hysteresis loops were
recorded, and during field cooling a temperature sweep
rate of 2 K/min was used. Two cooling protocols were
applied: field-cooling (FC), where samples were cooled
from room temperature to 80 K with an applied mag-
netic field, and zero-field-cooling (ZFC), where they were
cooled under the same conditions but without a magnetic
field. Magnetic fields were applied in-plane along three
different azimuthal angles (¢): 0°, 45°, and 90°. Dur-
ing the FC process, measurements were conducted with
both positive +5 kOe and negative —5 kOe applied mag-
netic fields, resulting in positive field-cooled (PFC) and
negative field-cooled (NFC) states, respectively.

III. RESULTS AND DISCUSSION
A. Coercivity

As mentioned earlier, previous studies have revealed a
coercivity enhancement, observed as a peak in the phase
coexistence region during the transition of the V,0s,
along a specific direction in the film'®. Figure 1 shows
results for the temperature-dependent evolution of the in-
plane magnetic anisotropy within the V,03/Ni magnetic
heterostructure across the SPT. The insets display repre-
sentative scans detailing the behavior of the coercive field
across the SPT along the 0° and 270° in-plane angles, and
in their vicinity. The depicted measurements were con-
ducted following a PFC protocol under an applied field
of +5 kOe along 90°. In the high-temperature param-
agnetic phase of the V503, the VoO3/Ni film displays a
biaxial anisotropy in coercivity with a slight opening at
90° and 270°. The reference sample, consisting of a single
Ni layer grown on the AlyOg r-plane substrate, exhibits
an identical but more defined biaxial anisotropy (see sup-
plementary material). The inclusion of the V203 layer
leads to a significant increase in the coercive field at room
temperature, roughly twice as much compared to when
the V203 is absent. As illustrated in Fig. 1, the V,03/Ni
film at room temperature demonstrates a diminished bi-
axial anisotropy when compared to the reference sample.
Despite being weaker, biaxial anisotropy is still evident in
the film. As previously observed through HAADF-STEM
measurements in this VoO3/Ni magnetic heterostructure,
the V503 layer exhibits step-like terrace antisite defects,
specifically antiphase boundaries (APB)'3. The APBs,
having a displacement vector parallel to the <001> di-
rection, are related with the sapphire r-plane substrate
due to its multi-step surface structure. The easy axes of
the magnetization in the film were determined to be ori-
ented at 0° (180°) and 90° (270°). The secondary easy
axis at 90° (270°) is oriented along the a-plane [1120]
Al;O3 and perpendicular to the a axis.

Previously, a similar weak frozen biaxial magnetic

FIG. 2. 3D schematic illustration of a film stack with the
orientation of crystallographic planes and corresponding axes
(based on XRD and FFT analyses from HAADF-STEM'.
The yellow arrows suggest the general direction of vanadium
magnetic moments at low-temperature AFM phase (perpen-
dicular to the rhombohedral a-axis and inclined at an angle
of 71° to the rhombohedral c-axis*®). The grey arrows de-
note the in-plane azimuthal ¢ angles. The cooling field was
applied at distinct orientations of ¢ = 0°, 45°, and 90°. The
illustration magnifies the position of vanadium atoms above
the layer for visual emphasis.

anisotropy at room temperature, associated with this ter-
raced microstructure, was observed in the V2O3/Ni bi-
layer, where the anisotropy constants were found to be
less dependent on temperature during the cooling process
towards the SPT'6. As can be seen in Fig. 1, the mag-
netic anisotropy does not exhibit abrupt changes dur-
ing the SPT of the V2Os3, contrary to previous findings
where a significant change in anisotropy occurred during
the structural phase transition of the Vo03'%2%. In our
case, as the temperature increases across the SPT, the
magnetic anisotropy becomes slightly more pronounced,
accompanied by the anticipated temperature-dependent
decrease in the coercivity of the Ni layer upon heating.
One possible reason for this might be the reduced thick-
ness of the VoOg layer. A thickness of 50 nm could be
critical, lessening the impact of the structural phase tran-
sition on the coercive field and anisotropy of the mag-
netic layer?®. Additionally, it was previously demon-
strated that adjusting the ratio between the thicknesses
of V203 and the magnetic layer has a notable impact
on anisotropy. Specifically, increasing the proportion of
the magnetic layer in relation to VoOg3 tends to diminish
the impact of the SPT on magnetic anisotropy!”. Figure
1 (lower right) displays representative temperature de-
pendence scans along the two axes and in their vicinity.
As observed in the insets of Fig. 1, a closer examination
of the temperature-dependent coercive field reveals dis-
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tinct peaks of coercivity enhancement within the region
corresponding to structural phase coexistence in V503
along the easy axes at 0° (180°). In contrast, along the
90° (270°) axes the coercivity shows less sensitivity and,
therefore, a smoother change in the coercivity behavior
at the region where both phases coexist at the same time
during the transition. The transition was previously de-
fined for this sample to be at around 131 K for increasing
temperature'®. As the angle approaches values closer
to the primary easy axes angles, the peaks of coercivity
become more distinguishable. While the overall in-plane
magnetic anisotropy of the system remains relatively sta-
ble, there is still a significant response in the coercive field
along specific directions, indicating a clear directional de-
pendence of the response to the SPT. The inhomoge-
neous distribution of metallic rhombohedral and insulat-
ing monoclinic states in the V,O3 layer during the phase
coexistence region' leads to an uneven stress distribution
in the Ni layer. Previous experimental findings demon-
strate that the SPT significantly influences the magnetic
domain configuration within the Ni layer. Specifically,
the spatial variability in V503’s domain structure leads
to localized variations in the magnetic properties of the
Ni layer?4. The observed directional difference in coer-

civity in this work, manifesting as a peak across the SPT
exclusively along 0° (180°) and its vicinity, contrasted
with the smooth change observed at 90° (270°), can be
attributed to an inhomogeneous domain distribution in
V303. This distribution causes differential stress transfer
to the Ni layer, resulting in distinct magnetic responses
depending on the orientation affecting the angular de-
pendence of the coercivity during the phase coexistence.

B. Exchange Bias

Exchange bias values were extracted from hysteresis
loops recorded for increasing temperatures (after a field
cooling protocol) spanning across the V203 transition
temperature, where it undergoes a transition from an
antiferromagnetic state to a paramagnetic state. Fig-
ure 2 shows a three dimensional schematic illustration
of a film stack with included orientations of crystallo-
graphic planes and corresponding axes, as identified by
XRD and FFT from HAADF-STEM, detailed in'3. Tt
also depicts the alignment of vanadium magnetic mo-
ments in the low-temperature monoclinic phase, perpen-
dicular to the rhombohedral a-axis and angled at 71°
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to the rhombohedral c-axis, according to?*. The grey
arrows represent the in-plane azimuthal ¢ angles. The
cooling field was applied at orientations of 0°, 45°, and
90°. The magnitude of the applied magnetic field was +5
kOe. Regarding field cooling states, whether the applied
field is positive or negative, it only affects the direction of
the exchange bias. Therefore, by applying a field, either
positive or negative, we can manipulate the direction of
the exchange bias.

Exchange bias in V203 based hybrid magnetic het-
erostructures has been reported by Sass et al.?%, who ob-
served an exchange bias field in VoO3/Ni films grown on
c-sapphire substrates. The exchange bias field appeared
at the transition temperature of VoOg3 in their case as
well, with a strength of about 70 Oe. This was observed
with a magnetic layer 5nm thick and a V503 layer that

was about three times thinner than for our case. It’s im-
portant to highlight that the phenomenon of exchange
bias is roughly inversely proportional to the thickness of
the FM layers® and that the exchange bias value cor-
relates with the thickness of the AFM layer?” 30, The
magnetic transition in Vo03, as demonstrated by3!, is
also sensitive to the V403 layer’s thickness. Thus, with
a magnetic layer almost three times thicker, we anticipate
a reduced magnitude of exchange bias in our system.

In heterostructures with identical layer thickness ra-
tios, particularly in the VoO3/Ni magnetic heterostruc-
ture grown on a c-plane Al,O3 (0006) substrate, the onset
of exchange bias exhibiting a magnitude of ~ 6 Oe was
previously established in'®. From Figure 3, it is evident
that applying the cooling field along 0° (180°) results in
an exchange bias at 80K, displaying a complex unidi-
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rectional symmetry. The ZFC state occurs and behaves
similarly to applying FC along 0° (180°) direction. When
the cooling field is rotated to 45°, there is a slight shift
in the orientation of the exchange bias towards the direc-
tion of the cooling field. However, the overall shape of
the exchange bias still maintains its unidirectional sym-
metry. Applying a cooling field along 90° (270°) results
in a significant and notable change. As depicted in Figure
3 (lowest row), the exchange bias undergoes a complete
transformation in shape, becoming almost fully unidi-
rectional in nature. Figure 4 and 5 show contour plots
that illustrate the exchange bias intensity as a function of
both temperature and azimuthal angle under two distinct
field cooling conditions, along the primary easy axis at
0° (180°) and along the easy axis at 90° (270°), including
plots with the detailed temperature and angular behav-
ior of exchange bias along different angles. In the plot
corresponding to the field cooling direction along the 90°

(270°) axis (see Fig. 5), the intensity seems to be more
uniform across the phase transition. In contrast, the field
cooling direction along the primary easy axis at 0° (180°)
(see Fig. 5) shows more variation in intensity with az-
imuthal angle especially in the inhomogeneous transition
region where both phases coexist. The applied field cool-
ing direction has a significant effect on the exchange bias.
The onset of exchange bias appears to be at the transi-
tion temperature in VoOj3 for all the cooling states and
along all the angles, as can be seen from the tempera-
ture dependence exchange bias graphs in Figure 4 and
Figure 5. Significantly, when cooling the sample with
an applied field along 0° (180°), the exchange bias ex-
hibits peaks along and in the vicinity of the axis at 90°
(270°), where coercivity behaves rather smoothly with-
out displaying any peaks. Conversely, along the primary
easy axes, where coercivity exhibits peaks in the phase
coexistence region, the peaks in exchange bias are less
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pronounced. This observation suggests a strong corre-
lation between the coercivity and exchange bias behav-
ior along different crystallographic directions. This pro-
nounced correlation fades when the cooling field is ori-
ented along the 90° (270°) axis, as seen in Figure 5, and
it exhibits a more stable behavior across the temperature
range with reduced anisotropy. Here, the exchange bias
incrementally increases during cooling, with the absence
of sharp changes during phase transition in V5O3.

Previous studies have shown that larger exchange cou-
pling is expected near the axes, where the coercivity
is higher and along which the sample was field-cooled”.
From Figure 6, both coercivity and exchange bias as func-
tions of azimuth angles at 80 K for different cooling states
are depicted, revealing similar correlations between ex-
change bias and coercivity as those observed in previous
studies?20:32. Moreover, it becomes evident, by analyz-
ing the cooling field direction and its impact on exchange
bias shapes, that no rapid changes occur when the sample
is cooled with the applied field along axes where coerciv-
ity does not reach its maximum values, and the exchange
coupling is more affected when the cooling field is applied
along 0° (180°) and 90° (270°) directions, corresponding
to the maximum values of the coercive field.

The ordered magnetic moments of V in the monoclinic
phase have been observed to orient perpendicular to the
hexagonal a-axis, at an angle of approximately 71° from
the hexagonal c-axis (see Figure 2)?*33. Therefore, cool-
ing with an applied field along the 90° (270°) direction,
coinciding with the spin alignment plane of the V mo-
ments leads to a more commonly expected in-plane an-
gular behavior of the exchange bias, correlated with the
coercivity? 2032, However, the magnitude of exchange
bias is observed to be higher when applying cooling field
is along the primary easy axis at 0° (180°). We assume
that in this cooling field state along the primary easy axis,
during the phase coexistence region, the inhomogenous

distributions of phases of the V503 layer results in a cor-
respondingly non-uniform V4O3/Ni structural interface,
thereby causing an uneven magnetic interface. When a
cooling field is applied along the 90° (270°) axis, which is
nearly aligned with the V magnetic moments, it tends to
support magnetic exchange coupling, as the field direc-
tion complements the existing moment alignment. On
the other hand, applying a cooling field along the pri-
mary easy axis, which is perpendicular to the V moment
alignment and presumably less effective in contributing
to the coupling, results in more sensitivity to structural
variations during the SPT. This leads to a less uniform
and more inhomogeneous exchange bias across the phase
coexistence region (as shown in Fig. 4).

IV. CONCLUSIONS

Our study has revealed the intricate angular depen-
dence of coercivity, exchange bias, and field cooling di-
rection in V2O3/Ni heterostructures. A pronounced co-
ercivity peak is observed specifically along the main easy
axes (0°/180°), highlighting the directional dependence
within the heterostructure. This peak contrasts with the
more gradual changes observed along the secondary easy
axis at 90° (270°), where coercivity exhibits a smoother
transition without abrupt shifts. Temperature dependent
investigations of the exchange bias reveal the onset of ex-
change bias to occur at the SPT of V203 across all angles
and for all cooling field states. The orientation of the ap-
plied cooling field plays a pivotal role in dictating the
shape, magnitude, and orientation of the exchange bias.
Notably, when the cooling field is applied along the sec-
ondary easy axis (90°/270°), coinciding with the align-
ment of the V magnetic moments, exchange bias at 80 K
displays a characteristic unidirectional symmetry. Our



results reveal the complex interplay between the angular
dependence of exchange bias, coercivity, and field cool-
ing direction with the underlying crystallographic orien-
tation of the V5Og3 layer and highlight the potential V503
based magnetic heterostructures have for engineering and
controlling the magnetic properties and response of bi-
layer films.
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Abstract

The study presents the synthesis of epitaxial V2Og thin films on c-plane Al,O3 substrates by reactive
high-power impulse (HiPIMS) and direct current (dcMS) magnetron sputtering. The results reveal that
for fixed deposition conditions and discharge power, well defined epitaxial layers can be attained using
both HiPIMS and dcMS. For dcMS we observe the formation of these epitaxial films down to flow rate
values of 1.3 sccm while for HIPIMS we observe an extended operation window down to much lower oxygen
flow of 0.5 sccm without sacrificing the structural quality of the films. Furthermore, the effect of varying
HiPIMS discharge parameters i.e. repetition frequency and average power for fixed Oz flow setting, were
explored in order to determine their effect on the structural quality and electrical characteristics of films.
The magnitude of the metal-insulator transition (MIT) and the transition temperature is correlated to the
film stoichiometry which can be fine-tuned by mapping the HiPIMS discharge parameters, displaying a
total change in resistance of ~ 7 decades over the studied temperature range. The MIT temperature and
magnitude obtained for films fabricated by HiPIMS, even for low Oz flow settings (down to 0.6 —0.5 sccm),
displayed superior characteristics compared to films fabricated by dcMS where a minimum Oz flow of 1.3

sccm was needed.

Keyword: V203, HiPIMS, thin-films, metal-insulator transition, XRD, AFM

1 Introduction

Vanadium sesquioxide (V20O3) is a widely recognized
system displaying Mott-Hubbard physics [1, 2] and
serves as an important model for studying correlated
electron systems [3]. V3Oj3 is a transition metal-oxide
which undergoes a first-order structural phase tran-
sition from a high temperature (HT) rhombohedral
paramagnetic metal to a low temperature (LT) mono-
clinic anti-ferromagnetic insulating state [3, 4]. Such
a structural transition is linked to the metal-insulator

transition (MIT) and can be observed through the re-
sistivity change of the material as a function of tem-
perature. For bulk VO3 the transition temperature
(Tyrr) is around ~ 155 K, and the change in resistiv-
ity can extend up to 7 orders of magnitude [3, 5, 6].
As the MIT is linked to the structural transition the
application of pressure, doping and stoichiometry can
affect the electrical transition. For instance, titanium
doping and vanadium vacancies both shift the Tyt
to lower temperature and eventually can lead to the
suppression of the insulating phase [7]. In contrast,



chromium doping increases the Tyt and can create
a paramagnetic insulating phase near room temper-
ature (RT) [8, 3] or alternatively can promote ex-
cess of oxygen in films, stabilizing the metallic state
[5, 9]. Apart from doping, for V,Oj3 films deposited
on single crystalline substrates the choice of depo-
sition method and fabrication conditions, substrate
material and film thickness can also alter the MIT
properties [1, 10]. Films with varying transport prop-
erties have been fabricated where the change in MIT
magnitude and Ty have been correlated to strain
induced by lattice mismatch, c¢/a ratio, film thick-
ness and by altering the stoichiometric composition
of the film(as the transition is sensitive to vanadium
and oxygen vacancies and /or interstitials) [11, 7].
For the deposition of V203 films the most common
substrate of choice is ¢-plane AlyOg3, sharing a simi-
lar rhombohedral crystal symmetry with an approxi-
mately 4.1% smaller in-plane lattice constant [1]. For
thin film growth on such substrates, in-plane strain
induced by the substrate is expected along with strain
arising from variations in the stoichiometry [2, 5].
Several deposition methods have been employed for
the thin film fabrication of metastable stoichiomet-
ric V203 including e-beam evaporation [12], ther-
mal evaporation [13], reactive magnetron sputtering
[5, 14, 15], pulsed laser deposition[6, 4] and molecu-
lar beam epitaxy [7, 8, 3]. Out of these, magnetron
sputtering (MS) is the most versatile method, as it
provides better quality of the films through control
of discharge parameters, along with a high level of
automation and a good compatibility with industrial
processes [16, 17]. A rather recent variation of the
magnetron sputtering technique, so-called high power
impulse magnetron sputtering (HiPIMS), has been
demonstrated to give superior control over the prop-
erties of the sputtered species and deposited films by
yielding a discharge with increased ionization, having
a sufficiently large amount of energetic ions. In HiP-
IMS, high power is applied to the magnetron target in
short unipolar pulses at low repetition frequency (fr)
and low duty cycle while keeping the time averaged
power about 2-orders of magnitude lower than the
peak power [18]. This results in a higher ionization
fraction of the sputtered species and a high plasma
density [19, 20]. This allows better control of the film

growth by controlling the energy and direction of the
sputtered species [21], providing denser films, with
smoother surface and of higher crystallinity [22, 23],
in comparison to conventional MS methods. During
reactive sputtering, the reactive gas tends to form
compound films over the target surface, referred to
as target poisoning. Due to this target coverage the
reactive sputtering is unstable and represents well-
known hysteresis curve [24]. Three different modes
of operation can be observed during reactive HiP-
IMS sputtering i.e., metal, transition and poisoned
mode. In metal mode i.e., sputtering at low reactive
gas flow or high pumping speed, there is insignifi-
cant reaction of reactive gas with the target and the
supplied reactive gas is incorporated in the deposited
film. Increasing the gas flow, a compound film forms
over the target surface, and the effective etching rate
of the compound is lower than the pure metal and
the process is referred to as poisoned mode[24, 19].
During the poisoned mode the discharge current is
carried out by the electrons rather than the ions,
thereby increasing the cathode current when sputter-
ing in compound/poisoned mode, along with a reduc-
tion in deposition rate [19, 25]. However, it has been
debated whether the deposition of compound films
at relatively high deposition rates can be obtained
within the transition zone, between metal and poi-
soned mode[19]. Within the transition zone there is
a balance between the formation and removal of the
compound film over the target surface. A detailed
description of the three modes of reactive HiPIMS
operation along with the current and voltage wave-
forms can be found in studies [26, 25, 24]. Consider-
ing the discharge current and voltage waveforms, the
general trend observed is that the electron density
increases when transitioning from metal mode to the
poisoned mode. In the metal mode the electron den-
sity and or the discharge current increase at the initial
pulse-on followed by a steady plateau, which in case
of transition and or poisoned mode tends to increase
with cathode current peaking at the end of the pulse
(26, 25]. It has been further documented in a study
by Gudmundsson et al. [21] that the contribution and
composition of different ions to the discharge current
alters between the metal and the poisoned mode in
reactive HIPIMS sputtering. That is, in case of metal



mode the discharge current is dominated by recycling
metal ions, however due to low self-sputter yield the
discharge current is maintained at lower amplitudes.
In the case of poisoned mode a triangular shape of
waveform having a high discharge current, can be
explained on the fact that the discharge current is
dominated by the Art ions, out of which two third
is being recycled and the return probability of the
working gas in poisoned mode is close to unity. An
example of metal and poisoned mode of sputtering is
shown in Figure Slc.

To our knowledge, limited or no work deals with
the fabrication of V9Oj3 films using HiPIMS deposi-
tion. In this study we investigate the structural and
electrical properties of VoO3 thin films (of thickness
~ 22 £ 2 nm) grown by HiPIMS and dcMS techniques
under varying O, flow rates and discharge parameters
at a fixed growth temperature (7") of 600°C. We ob-
serve that the variation in oxygen flow settings and
discharge parameters i.e. power and repetition fg (in
case of HIPIMS), influence the MIT characteristics of
the films in a similar and controllable manner. Fur-
thermore, a correlation between the structural qual-
ity of the films with the discharge parameters and Oq
flow settings was observed. Thus, the possibility of
tuning the electrical properties (i.e. metal-insulator
transition) have been demonstrated in this study by
rigorous mapping of the HiPIMS deposition param-
eters along with structural and electrical characteri-
zation.

2 Experimental

2.1 Material and method

The study incorporates two variants of MS, i.e.
direct current (dcMS) and high-power impulse
(HiPIMS) magnetron sputtering. For dcMS an Ad-
vanced Energy MDX500 power supply was utilized,
whereas for HIPIMS the power was supplied using a
SPIK1000A pulse unit (Melec GmbH) operating in
unipolar negative mode at a constant square wave
pulses of constant voltage, which in turn was charged
by a DC power supply (ADL GS30). The discharge
current and voltage were monitored using a com-

bined current transformer and a voltage divider unit
(Melec GmbH) and the data were monitored and
recorded with a digital storage oscilloscope (Agilent
54624A) and the PCI-e DAQ card, respectively.

The V203 films were fabricated onto single crys-
talline sapphire substrates with c-plane [0001] surface
orientations, by reactive magnetron sputtering from
a vanadium target using a custom built sputtering
system [27]. Prior to deposition the substrate was
prebaked at 600°C for 30 minutes and the chamber
was held at a base pressure of 7x107% Pa. During
sputtering, an Argon (Ar) gas of 5N purity was used
as the working gas along with oxygen (O2) gas of
5N purity, while keeping the substrate temperature
at 600°C. The flow rates for Ar (ga,= 40 sccm) and
O3 (go, in range of 0.35 to 1.5 sccm) were controlled
by a mass flow controller and throttle valves were
adjusted to stabilize the growth pressure of 0.7 Pa
during deposition. After deposition the substrates
were allowed to cool down in-situ before ez-situ
characterization.

For each variant of magnetron sputtering the
growth temperature, growth pressure, and the film
thickness (of ~ 22 £ 2 nm), were kept constant. The
reactive dcMS deposition for VoO3 was made in a
constant-power mode of 150 and 200 W, at varying
O, flow rates. Whereas, for HiPIMS the deposition
was made at a fixed pulse length of 100 us while
varying:

1. the O4 flow from 0.35 to 1.3 sccm, at a fixed fgr
and average power (150 Hz and 375 W, respec-
tively).

2. fr (ranging from 100 — 550 Hz) at a constant
average power of 200 W and Os flow setting of
0.6 sccm.

3. the average power (from 150 — 375 W) for fixed
fr and Oy flow (150 Hz and 0.6 sccm, respec-
tively).



2.2 Characterization

Structural characterization was conducted using X-
ray reflectivity (XRR) and X-ray diffraction (XRD)
using a Panalytical X’pert diffractometer (CuKe,
0.15406 nm). For XRD, a 2xGe (220) asymmetri-
cal hybrid monochromator utilizing line focus, a di-
vergence slit (1/4°), and a parallel plate collimator
(0.27°) was used. Atomic force microscopy (AFM),
from Park System (PSIA XE-100) was utilized for
surface analysis. For electrical characterization, a
custom built setup was utilized employing a cryogenic
pump (Leybold-Heraeus RG 210), and the samples
with co-planar electrical contacts were mounted on a
cooling stage with an insulating sample holder.

3 Results and discussion

Three variables were considered for HiPIMS de-
posited structures, (1) variation of the Oz flow set-
ting, (2) fr at low duty cycles and (3) average power.
The pulse length was chosen to be 100 ps, which
lies suitably in the range of pulse lengths quoted for
thin film deposition [20]. For the case of (1) varying
O, flow rates, the repetition frequency (150 Hz) and
pulse length (100 us) were kept constant (at a duty
cycle of 0.015). The constant average power of 375
W over the target area was maintained having the
peak current and power density of 1.7 & 0.2 A/cm?
and 1010 + 10 W/cm?, respectively, with cathode
voltage approximately varying within 510 £ 15 V in
order to keep a constant average power. For the case
of (3) varying average power (150 - 375 W), the rep-
etition frequency and pulse length of 150 Hz and 100
ps with an Og flow setting of 0.6 sccm was kept con-
stant. Subjected to (2) variation in fr (ranging from
100 to 550 Hz), a constant pulse length of 100 us
(and therefore a resulting low duty cycle of 0.01 to
0.055, respectively) was employed with an average
power and Oz flow rate of 200 W and 0.6 sccm, re-
spectively.

The discharge parameters were selected to attain a
metallic mode of deposition. The recorded waveforms
for varying O and power are provided in supple-
mentary information (Figure S1(a,c)) and is in good

agreement with studies in [26, 25]. Figure 1(a) shows
the HiPIMS current and voltage waveforms in metal
mode for varying fr. The discharge current reaches
a peak value in the initial regime of the pulse which
then decays to lower values until the end of the pulse.
The obtained peak current and power density, which
both decrease with increasing fg, are plotted in Fig-
ure 1(b, ¢)). These results are in good agreement
with previous work related to reactive HIPIMS with
metal targets [19, 28, 29, 21], and is attributed to in-
creased secondary electron emission yield as a result
of oxide formation on the target surface at low fr.

3.1 Structural characterization

The epitaxial quality of the films deposited by deMS
and HiPIMS was investigated by x-ray diffraction
analysis. Figure 2a shows XRD scans for VoOg3 thin
films grown on c-plane Al,O3 by reactive HiPIMS
for various Oy flows. The XRD scans for HiPIMS
deposited structures at varying fr and power can be
found in supplementary information (Figure S2(a,b)).
For all HiIPIMS deposited structures, the films dis-
played an epitaxial nature displaying a clear V503
(006) peak along with Laue fringes extending on both
sides. The epitaxial nature of the films can further
be perceived in Figure 2¢ (blue open square), which
shows the ratio of the mean size of crystalline do-
mains in the vertical direction (i.e. coherence length,
obtained by the width of the X-ray peak and the
Scherrer formula and of the film thickness (as deter-
mined by XRR) as a function of O flow rates. The
coherence length as a function of fg is also presented
in Figure 2d. The above analysis of the epitaxial
quality of films is in good agreement with the data
obtained via reciprocal space mapping and the phi-
scan profiles (not shown here) and has already been
explored in our earlier work over similar structures
([10, 30], fabricated via dcMS sputtering.

Figure 2b shows XRD scans for varying Oy flow
rates for the dcMS deposited films, at constant power
of 150 and 200 W. The epitaxial nature obtained
by dcMS deposition is found to be strictly depen-
dent on both the power setting and specific Oy flow
rate[10]. That is, films deposited at 200 W with a 1.5
sccm Og flow rate showed similar structural quality
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Figure 1: Discharge cathode current and voltage waveforms during HiPIMS deposition for V,03 films at
constant Oy of 0.6 sccm, pulse length of 100 us and an average power over target of 200 W for varying
repetition frequency. (b) Peak discharge current density and (c) peak power density, recorded for varying

repetition frequency.

(epitaxial nature) as that obtained at a lower power
and Oy flow setting of 150 W and 1.0 sccm, respec-
tively. A detailed description for varying dcMS power
can be found elsewhere [5, 10]. However, it is worth
mentioning here that, in dcMS the reactive sputter-
ing operational window (i.e. Og flow rate) showing
epitaxial nature, is much smaller than that obtained
for HiPIMS deposited structures i.e. 1.3 - 0.5 sccm
(highlighted is the extended range) complementing
its merit. A similar observation in study [31] on the
fabrication of AloO3 from an Al-target in Ar/O4 at-
mosphere, has shown that the HiPIMS operational
window can extend beyond the dcMS critical gas flow
settings. Even though similar deposition conditions
were utilized the deposition rate for dcMS is higher
(i.e. 4.7 nm/min) than the HiPIMS (i.e. 3.2 nm/min)
which can affect the shift in the O process window.
However, to further validate this a higher repetition
frequency was also studied in this context wherein a
deposition rate of 4.1 nm/min was obtained (see later
discussion). Akin to HiPIMS structures the coher-
ence length as a function of Oy flow rates for deMS
structures is also incorporated in Figure 2c. More-
over, to elaborate the distinct advantage of HiPIMS
compared to that of dcMS , structures with thickness
between > 60 nm and < 100 nm were deposited and
analysed for x-ray diffraction. An evident presence of
Laue fringes can be seen for structures deposited via
HiPIMS while films deposited by dcMS for similar

deposition conditions (see Figure S2c, in supplemen-
tary information) reveal a limited presence of Laue
fringes. This result is in agreement with expectations
for HiPIMS growth as it provides a high ionization
fraction along with better control over the energy and
direction of sputtered species, resulting in improved
quality of films [23, 21].

The V203 (0 0 6) peak positions are plotted in
Figure 2(e,f) as a function of dcMS and HiPIMS
discharge variables and Oy flow rates with respect
to the V203 (0 0 6) bulk value i.e. 38.514° . For
HiPIMS and dcMS (at 200 W) it was observed that
with decreasing O2 flow a shift in the V5,03 (0 0 6)
peak position to higher values was observed indicat-
ing a reduction in the out-of-plane c-lattice param-
eter. We attribute this reduction to small changes
in the stoichiometry of the films with films grown
at lower oxygen flows having a reduced oxygen con-
tent [32]. Furthermore, considering the in plane lat-
tice constants of AlsOsz which are lower than that
of high temperature corundum VO3, the coherent
growth of films (at least for those showing an epitax-
ial nature), can be thought of to be under compres-
sive in-plane strain [32], especially close to the inter-
face [30]. However, the effect of variation in V,Og
stoichiometry cannot be neglected which can further
contribute to strain and will be discussed in a later
section. It is to acknowledge here that, for HiPIMS
deposition compared to dcMS, the upper O2 oper-



ational limit was selected to be 1.3 sccm, as above
this value the discharge tends to operate in transition
and eventually in poisoned mode, which tends to re-
sult in a VO, phase with higher oxygen content than
the intended V503 phase. The above statement is
supported by the triangular discharge current-voltage
waveform obtained for Og flow settings of 1.5 scem
and is supported by data in studies on reactive HiP-
IMS sputtering [33, 19, 25]. Additionally, the XRD
scans and related extracted values for films deposited
at Og flow of 0.9 and 1.2 sccm,are not included as to
avoid cluttering the Figure 2(a, ¢ and e). However
will be discussed in section 3.3, for electrical charac-
terization.

Varying the fg from 100 - 550 Hz at a constant Oo
flow of 0.6 sccm, an unusual trend in peak position
was observed and is characterized in three distinct
regions as can be seen in Figure 2f. In region I, the
peak position shifts to higher angles with a maximum
of 38.65° for up to 300 Hz fgr, followed by a shift to
lower values as the fr increases to the 350 - 450 Hz
(region II). For region I, the shift in peak position
to higher angle can be explained in light of results
presented by Kubart et al. [34] which show that at
high repetition frequency the reduction in gas density
is lower due to lower peak current (see Figure 1b).
The resulting effect is a more pronounced possibility
towards target poisoning at low fr, which has been
supported by results from [35, 36] i.e., with increased
time between pulses (i.e. lower fr) there is more
time available for target poisoning. Based on this,
one can therefore expect an increased metal flux with
increased fr up tp 300 Hz, i.e. the vanadium to oxide
(V/O) ratio will increase.

In region II, with fr >300 Hz the peak shifts to
lower angles. Such a reduction in peak position can
be attributed to increased gas rarefaction (i.e. de-
crease in gas density in front of the target [28]) and
reduced gas refill time, as a consequence of increased
number of pulses (implying shorter pulse off time be-
tween pulses) and/or to a hot target surface [36].
Such an effect in turn leads to a reduction in the
number of available ions for sputtering due to lower
density of the working gas in front of the target (i.e.
reduced metal flux)[19]. Thus, one can assume more
oxygen to be available for sputtered species reach-

ing the substrate, and hence a reduction in the V/O
ratio.

Increasing further the fr up to 550 Hz (region IIT),
a drastic change-over of peak position to higher angle
can be seen. This is understood in reference to Figure
1c, where an evident lowering of the peak power den-
sity is observed. In such a case, even though the gas-
rarefaction effect is still dominant, a further reduc-
tion in the working gas ions near the target surface
results in a loss of intended ionized physical vapour
deposition characteristics [28], and the process con-
ducts itself more as a pulsed dc-magnetron sputter-
ing process. Such a behaviour is further illustrated
by comparing the 550 Hz deposited structure to that
of dcMS at similar Oy flow of 0.6 - 0.8 sccm, which
shows a similar peak position. However, it should be
noted that the structural quality of the films is better
for the HiPIMS deposited ones.

It is important to note here that in the case of
HiPIMS only a slight variation in peak position was
observed and that the peak positions are closer to
the bulk value (of 38.514°) over the studied O, range
of 0.5 - 1.3 sccm compared to that of dcMS, where
the peaks are more shifted to higher angles. This ob-
servation is in good agreement with the previously
reported results stating that, considering the hys-
teresis for reactive sputtering, dcMS has a relatively
wide unstable region compared to HiPIMS which is
substantially smaller [37] and can be further reduced
with increased fr [19, 26, 38]. To validate the pre-
ceding statement, XRD peak positions are plotted for
structures at varying O flow rate for higher fr (i.e.
350 Hz, also incorporated in Figure 2e, open pen-
tagons symbols). Compared to structure deposited
at 150 Hz, a relatively small change in peak position
was observed. Such a reduction in variation of peak
position or instability at higher fr for HiPIMS has
been studied by Kubart et al. [34] and is explained
in terms of gas rarefaction and gas refill time [38].
Although several other variations in controlling the
discharge parameters can give the intended discharge
stability, only the repetition frequency of 350 Hz is
considered here for illustration.

Supplementary Figures S1 and S3a show the peak
power density and the XRD data for structures
deposited at varying average power. It is observed
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Figure 2: X-ray diffraction scans recorded for V503 films deposited by (a) HiPIMS and (b) decMS, for varying
O, flow rates (ranging from 0.35 — 1.5 sccm) and fixed working gas i.e. Ar flow rate of 40 sccm. The growth
pressure was 0.74 Pa. In (b) the XRD graph incorporates dcMS structures deposited at 200 W (blue) and
150 W(red). Ratio of the mean size of the crystalline domains in the vertical direction, (1), to the film
thickness, d, as a function of (¢) Oy flow rate for both HiPIMS and dcMS sputtered films and (d) as a
function of repetition frequency. V,03 (0006) angular peak position as function of (e) Oy flow rate for both
HiPIMS and dcMS (indicated in the plot); (f) repetition frequency and average power. The vertical and
horizontal dashed lines in (a, b and e) indicate the angular peak position of bulk VoO3 (00-034-0187 JCPDS
data file; R-3c space group).



that with increase in peak power density the crystal
structure is significantly affected [39] i.e. alteration
in XRD peak position and coherence length Figure
2(d,f). With increase in average power up to 280
W an evident shift in peak position to higher 26
values can be seen. This may be attributed to the
increase in kinetic energy of the impinging atoms
that may result in increased bombardment of the
atoms on to the substrate surface during growth,
thus resulting in an increased probability of oxygen
re-sputtering [40]. This increased re-sputtering of
oxygen results in increased oxygen vacancies as a
function of power. Thus, an increase in V/O ratio is
expected due to oxygen re-sputtering and increased
deposition rates. However, with further increase in
peak power to 380 W a shift in peak position to
lower values is observed. This shift is attributed
to the self-sputtering process attained at higher
peak power densities[41]. That is, with an increase
in peak power density, electron temperature will
increase leading to a higher ionization rate with
a higher chance of multiply charged metal ions
(MCMI) [41, 42]. This increase in multiply charged
metal ions gives rise to secondary electron emission
resulting in a subsequent transition of the discharge
to a higher current regime [42] i.e. a pulse current
of up to 78 A, approximately twice that obtained
for 150 W (Figure S1b). Furthermore, there is less
probability that such MCMI can escape the negative
potential of the target, and will therefore return to
the target causing self-sputtering and a resulting
reduction of the deposition rate. Thus, there is less
metal flux and more oxygen for oxidation close or
similar to that what is obtained at 150 W.

3.2 AFM analysis

The surface morphology of all samples was investi-
gated by atomic force microscopy. The measurements
were repeated for each sample on different reference
areas in order to validate the reproducibility of these
features. Representative topographic images (AFM
contact mode) of the surface morphology of V2Os3
films grown on Al,O3 are shown in Figure 3 . For the
HiPIMS and dcMS deposited films considered in this

study, the RMS roughness values were approximately
0.16+0.05 nm and 0.2040.03 nm, respectively. Such
values are limited by equipment resolution; however,
a qualitative visualization can be made through se-
lected AFM micrograph in Figure 3 showing an atom-
ically flat terraced surface for all the films.

3.3 Electrical characterization

Figure 4 shows the resistance as a function of tem-
perature for films fabricated under different Oy con-
ditions. For both deposition methods it was observed
that the room temperature (RT) resistance increases
as a function of decreasing O4 flow rate (Figure S4a),
in good agreement with previously published results
[7, 3]. In the case of structures fabricated via HiPIMS
three different types of electrical transitions were ob-
served (Figure 4b), similar to that observed in other
studies [11, 10]. For structures deposited towards the
upper regime of Oy flow rates i.e. 1.0 to 1.3 sccm, a
metal-metal transition was observed, i.e. a decrease
in resistance with increase in temperature having a
slight jump at around 120 K, followed by a stabi-
lized metallic state (type I) at lower temperature.
A corresponding suppression of the insulating phase
i.e. stabilization of metallic phase can be correlated
with strain in the films and the film stoichiometry. In
the literature the MIT alteration has been associated
with the non-stoichiometry of VoO3 films and formu-
lated as V20345 or Vo_,O3. For increased oxygen
level it is believed that the electrical characteristics
can change significantly and that the low tempera-
ture insulating phase can be suppressed with excess
oxygen [8, 43]. That is, in a recent study it was ob-
served that the excess oxygen can sit at interstitial
sites, giving increased strain in the a-lattice parame-
ter while having less impact on the c-lattice parame-
ter [10]. The disorder created by these oxygen defects
as parts of O Frenkel pairs in V503 lowers the en-
ergy cost of the transition, hence shifting the energy
balance of the crystal towards the high temperature
metallic phase, thereby reducing the temperature of
the transition [44]. Similar metallic behaviour and
suppression of the LT phase has already been stud-
ied for thinner films [13, 45, 46, 30].

Film deposited at reduced Oy flow rates, rang-



Figure 3: 5x5 pym? AFM images of V503 thin-films grown by HiPIMS (a-c) at varying O, flow setting i.e.
1.3, 1.0 and 0.6 sccm at fixed fr and average power (150 Hz and 375 W, respectively) and (d) at 0.6 sccm
for 350 Hz at 200 W. (e, f) grown by dcMs at 200 W (at 1.5 and 1.3 scem). The scale bar provided is 1 pm.
For all the images the z-scale bar is provided on the right-hand side.

ing from ~ 0.5 to 0.9 sccm, all display a clear
abrupt metal-insulator transition (type II) with vary-
ing magnitudes and Ty of which the sharpest and
most dominant transition is obtained for 0.5 sccm.
For these films, the resistance change of the transition
ranges up to ~ 4-orders of magnitude, and the films
display a total resistance change of up-to 7-orders
of magnitude (limited by the compliance of the mea-
surement setup). For Films displaying a type-II tran-
sition, an evident dependence on the stoichiometry of
the films was attained and that the transition can be

fine-tuned by controlling the oxygen interstitials
[10, 5]. Moreover, Brockman et al. [7] showed a simi-
lar behaviour, i.e. increase in transition temperature
and room temperature resistance (Rpr), with de-
creasing oxygen partial pressure. There, the changes
were attributed to strong localization as a result of
increased number of defects (oxygen vacancies and/or
vanadium interstitials) which in turn would set-off an
earlier onset of the vanadium sesquioxide insulating
phase.

With further reduction in O5 flow rate down to 0.35
sccm, the Rpp increases to ~10%, and an insulator-
insulator transition (type III) can be seen where

the resistance increases with decreasing temperature.
These results can be correlated to the structural anal-
ysis which revealed a low crystallinity and a broad 260
peak with only a slight hint of Laue fringes. Thus,
we can expect the film to be textured with domain
boundaries acting as scattering centres for electron
conduction [10, 1].

Our results reveal that the main controlling fac-
tor in the MIT of the films is the film stoichiometry
[5, 10, 7, 47]. However, the effect of strain cannot
be neglected. This can be discussed in terms of the
¢/a lattice parameter ratio which has been shown to
affect the transition behaviour [10]. It is accepted
that the a-axis of the HT corundum V503 phase ex-
pands and the c-axis shrinks through the structural
phase transition from the HT-PM phase to the LT-
AFT phase [6]. Moreover, in the case of epitaxial film
growth on c-plane sapphire, the a-axis of the film is
firmly clamped by the substrate, resulting in impeded
lattice deformation. Additionally, the difference in
thermal expansion coefficient between film and sub-
strate contributes to increased c/a ratio [8, 48] for
films grown at elevated temperatures. Other param-
eters affecting the ¢/a ratio include temperature, oxy-



gen content and thickness of the film [13], where the
¢/a ratio has been found to be larger for higher de-
position temperature, increased oxygen content and
thinner films, in agreement with our results.

Considering the above criteria it is logical to say
that at higher Oy flow rates the incorporation of oxy-
gen interstitials will tend to increase the strain in the
a-plane stabilizing the metallic state [5, 10, 6]. A
reduction in the ¢/a ratio as in films of type-II ac-
companied with a reduction in the amount of oxygen
interstitials results in a shift of Tps;7 to higher tem-
perature [6], eventually leading to a stabilization of
the insulating phase.

In contrast, for dcMS deposited structures (at 200
W, Figure 4e) an evident metal-insulator transition
(type-II) was observed at higher O flow rates ranging
from 1.5 to 1.0 sccm with resistance change for tran-
sition of about 3-orders of magnitude. However, in
contrast to HIPIMS deposition, lowering the O flow
rate in deMS from 0.8 to 0.6 sccm, changes the transi-
tion to type-III, i.e. an insulator-insulator transition.
A detailed description for deMS deposited structures
at varying O, flow and power settings, is provided
in previous studies [10, 5]. For exploration purposes
the MIT plots for dcMS deposited structures at 150
W are provided in supplementary information (see
Figure S3). It is to mention here that the O flow
setting for HiPIMS deposited structures were stud-
ied for maximum of 1.3 sccm, compared to dcMS for
1.5 sccm. As any further increase in Oy for HiPIMS
deposition as mentioned previously, causes the dis-
charge to operate in transition or poisoned mode (see
Figure Slc), manifesting an unintended VO, phase.
Additionally, since the transition to insulating phase
is being suppressed already at 1.0 to 1.3 sccm range,
any further increase in oxygen is expected to further
stabilization of the metallic phase.

Figure 4c shows the MIT plots for films deposited
by HiPIMS under different average power settings
while maintaining other deposition settings fixed. As
has been detailed before, the main controlling param-
eter affecting the electrical properties of the films is
their stoichiometry, which is controlled by the dis-
charge parameters [10]. For 100 to 280 W power set-
tings at a fixed Oy flow rate, the increase in average
power increases the proportion of sputtered metallic
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flux from the target, thereby increasing the V/O ratio
as can also be visualized by the shift in peak positions
(see Figure 2f, open squares). This implies a reduc-
tion in oxygen interstitials along with a reduction in
the ¢/a ratio, with the films thereby showing an in-
creased transition magnitude and temperature (Fig-
ure S5(b)) as a function of increased power. However,
as mentioned earlier that for increased power up to
380 W there is a higher probability for the formation
MCMI causing self-sputtering which in turn reduces
the deposition rate. Thus, implying a reduction in
V/O ratio, as highlighted by the shift in peak posi-
tion towards lower angles, close to that obtained from
150 W (see Figure 2f). However, the steepness of the
MIT slope is higher for 380 W than for 150 W, due
to a reduced amount of oxygen interstitials compared
to that of 150 W and thereby shows less suppression
of the insulating phase.

Based on the above presented results, power and
O, flow setting values which resulted in the sharpest
MIT and reasonable room temperature resistance val-
ues were chosen as fixed values for varying the repe-
tition frequency fg, see Figure 4d.

Here an evident increase in Ry (Figure S4c) and
increased MIT magnitude (Figure 4d) with shift in
Tyt towards higher values (Figure 4(d, f)) is ob-
served for the fr range up to 300 Hz which with fur-
ther increase in fr to 350 - 450 Hz resulted in a devi-
ation of Tyt towards lower values. The Ty values
were obtained by plotting d(InR)/dT" as a function
of temperature, an example of which can be found in
supplementary information Figure S5(a). The alter-
ation in transition temperature with varying repeti-
tion fr can be directly associated with the oxygen
content in the film. That is with increase in fr from
150 to 300 Hz, as stated in section 2.1, the metallic
flux increases due to reduced possibility of target poi-
soning. Hence, we can assume a reduction in oxygen
interstitials with increased fgr.

Increasing fgr further to 350 and 450 Hz results in
a reduction of the peak power density closer to av-
erage power giving rise to gas rarefaction implying
a high V/O ratio and shifting the peak position to-
wards lower angles (region II, Figure 2f) and hence
the Tyt to a lower temperature (Figure 4(d, f)).
At fr = 550 Hz, as stated before, one can predict a
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Figure 4: (a) Schematic illustration of the sample structure where the resistance of the films was measured
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fr presented in (d).



dcMS nature of the deposition even though the struc-
tural quality of the film is preserved (see Figure S2).
For this film a similar MIT behaviour, as for dcMS
films deposited for an O2 setting of 0.8 sccm is ob-
served. This similarity is further illustrated by the
V,03 peak positions for the corresponding structures
(see Figure 2(e, f)).

Finally, considering the electrical properties of
films deposited at higher fr, a minor alteration in
MIT characteristics for structures deposited at 350
Hz for varying Og, ranging from 0.5 - 0.8 sccm was
observed (see Figure S3b). These results support the
statement in section 3.1. regarding the reduction
in the instability of reactive HiPIMS deposition at
higher fg.

4 Conclusions

In summary, we present an investigation of the use
of HiPIMS for the fabrication of flat, epitaxial VoOs3
thin films on sapphire for Oy flow settings ranging
from 0.35 to 1.3 sccm. Our results show that, fine-
tuning of the MIT magnitude and Tyt is possible
by controlling the HiPIMS discharge parameters i.e.
average power and fg, which in turn determines the
stoichiometry (i.e. oxygen interstitials or vanadium
vacancies) and the strain in the films.

We compare our results to the structural and elec-
trical properties of thin film structures deposited by
HiPIMS to those deposited using dcMS approach
(Figure S6). An evident edge of using HiPIMS, com-
pared to that of dcMS at the similar average power,
is the reduction in Oy flow rate (i.e. extended oper-
ation window as low as ~ 0.5 sccm) while offering a
finer control over the tunability and magnitude of the
MIT via the HiPIMS discharge parameters, without
sacrificing the films structural quality.
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The study presents the synthesis of V503 films on thermally oxidized Si(001) substrates by reactive high power
impulse magnetron sputtering. The effect of film thickness and oxygen variation were explored at fixed discharge
parameters. X-ray diffraction (XRD), grazing incidence-XRD and pole scans reveal the films to be textured. The
results show that for a critical thickness up to ~ 5 nm, highly strained V,0j3 films are obtained, and with
increased thickness the film exhibit increased surface roughness and the formation of a granular structure arising
from strain relaxation in the films. With increasing thickness the films exhibit a variation in the lattice param-
eters affecting their electrical characteristic i.e. metal-insulator transition (MIT). Subject to variation in O, flow
setting we observe the MIT magnitude and transition temperatures to be strongly dependent on the film stoi-
chiometry and lattice parameters which can be fine tuned by mapping the O, flow settings. The most dominant
transition out of the studied structures was observed for those having film thickness of ~ 36 nm with an O flow
setting ranging from 0.8 to 0.95 sccm and displaying a low c/a lattice ratio. The MIT observed for these structures

displayed a change in resistance of up to ~ 4 decades with a total change in resistance of ~ 7 decades.

1. Introduction

Vanadium sesquioxide (V,03) is a recognized material system
exhibiting Mott-Hubbard physics [1], whose electronic properties have
been actively studied both theoretically [2] and experimentally [3-5].
V.03 is a transition metal oxide which shows a first-order structural
phase transition from a high temperature rhombohedral paramagnetic
metal to low temperature monoclinic anti-ferromagnetic insulating state
[3,6]. The interest in V503 stems from the fact that coupled to the
structural transition it undergoes an abrupt change in resistance i.e.
metal to insulator transition (MIT)[7], which for bulk V,03 can show a
change in resistance of up to 7 order of magnitude at a transition tem-
perature (Tyyr) of ~ 155K. These properties open exciting application
possibilities for V,03 films for instance in bolometers, sensors and en-
ergy storage [8-10].

As the MIT observed in V503 is linked to the structural transition,
several studies have been performed on the effect of for instance, doping
(with for instance Ti, Cr and W [11,12]), oxygen vacancies and/or va-
nadium interstitials [2,7,12], film thickness [13,14], the choice of

substrate [1] and the resulting interface[15] along with the fabrication
method [4]. All these methods have been shown to influence the elec-
trical properties of the films. Various synthesis methods have been
employed for metastable stoichiometric V,0j3 thin film growth including
electron-beam evaporation [16], thermal evaporation [14], sol-gel [17],
reactive magnetron sputtering [7,18], pulsed laser deposition [19] and
molecular beam epitaxy [6,20]. Of these, magnetron sputtering (MS) is
the most versatile method as it provides high levels of automation and a
good compatibility with industrial processes [21] while providing finer
control of discharge parameters. In this study a relatively recent varia-
tion of MS that is high power impulse magnetron sputtering (HiPIMS) is
utilized which has been shown to give improved control over the
properties of grown films, with increased ionization fraction of sputtered
species and large amount of energetic ions [22]. A more detailed
exploration of V,0j3 films grown on Al,O3 substrates by HiPIMS at 600
°C for various discharge parameters and O, flow settings using HiPIMS
can be found elsewhere [5].

The majority of the work in the literature has focused on growth of
V203 on sapphire as it has a similar rhombohedral crystal symmetry

Abbreviations: V03, Vanadium sesquioxide; HiPIMS, High Power impulse magnetron sputtering; MIT, Metal insulator transition; XRD, X-ray diffraction; AFM,

Atomic force microscopy.
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with a ~ 4.1% lower in-plane lattice constant [1]. However, in contrast
to VO, [23-26] little work has been reported for V,03 [18] thin films
grown on amorphous thermally grown SiO, which is known as the
highest quality oxide [25], can remain amorphous up to high tempera-
tures, and is compatible with already existing Si-based technology [27].
The interest in using thick buffer oxide stems from the fact that it can
provide a quality interface between the substrate and the film due to low
density of states and defects present at the Si/SiO, boundary, as
compared to ill-defined SiO, native oxide [28]. The fast growing need of
switching speed of many proposed vanadium oxide devices such as
resistive and thermal switches, bolometers resistive memory elements,
neuromorphic computing and many others [29-31], and the ability to
grow thin films of materials while maintaining the pronounced MIT is of
prime importance. Thus films grown on Si or SiO, substrates are
important for the incorporation of these devices at large scale with
already existing silicon technology while reducing the cost of fabrication
[23]. Several factors have been shown to affect the growth of vanadium
oxides on SiO,/Si which need to be taken into consideration for their
utilization. Foremost of these are the lattice mismatch, the large dif-
ference in thermal expansion coefficient and the difficulty in obtaining
highly crystalline vanadium oxide films on amorphous SiO, [23].

In this study we investigate the fabrication of V,0;3 films having
varying thickness and O, flow setting during deposition on technology
relevant silicon oxide surfaces by reactive high power impulse magne-
tron sputtering. The films are deposited at a growth temperature of 700
°C, higher than what has been utilized for growth of V.03 on Al;03 in
our previous work. The results reveal that films grown within an O flow
setting window of 0.8 to 0.95 scem, having a thickness of ~ 36 nm gives
a Twir close to that of bulk with pronounced magnitude of transition of
approximately 4 orders of magnitude and a total change in resistance of
~ 7-orders of magnitude.

2. Experimental
2.1. Material and method

The V03 thin films were fabricated by reactive HiPIMS from a va-
nadium target using a custom-built sputtering chamber [32] on 10 x 10
mm? Si (001) substrate with a ~ 100 nm thermally grown oxide. Prior to
loading into the chamber, the substrates were cleaned in an ultrasonic
bath using acetone, methanol and isopropanol followed by rinsing with
de-ionized-water and blow-drying with Nj.

For deposition, the HiPIMS power was supplied via a SPIK1000A
pulse unit by Melec GmbH, operating in a unipolar negative mode at a
constant pulse voltage, where the unit was charged by a direct current
power supply (ADL GS30). The discharge current and voltage were
monitored using a combined current transformer and a voltage divider
unit (Melec GmbH) and the data was recorded with a digital storage
oscilloscope (Agilent 54624A).The depositions were performed with a
constant average power of 200 W over the target area using a square
voltage waveform at a pulse length of 100 us and repetition frequency of
150 Hz, while varying the:

e O, flow setting from 0.5 — 1.3 sccm at a fixed thickness of 36 nm
(giving a growth rate of ~ 2.3 nm/min)

o Thickness (dv,o, between 2.5 — 100 nm) for a fixed O, flow setting of
0.9 sccm.

Prior to deposition the samples were pre-baked to 700 °C, and the
chamber was held at a base pressure of 107% Pa. During sputtering,
Argon of 5N purity was utilized as the working gas and the substrate
temperature was held at 700 °C. The V target was pre-sputtered for a few
minutes prior to the introduction of O, gas of 5N purity into the
chamber. Mass flow controllers were utilized to adjust the flow rates of
Ar (gar = 40 sccm) and O, (go, in range of 0.35 to 1.5 sccm), and a
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throttle valve on the pumping side was adjusted to stabilize the growth
pressure of 0.7 Pa during deposition. After deposition the samples were
allowed to cool down in-situ.

2.2. Characterization

The structural properties of the films were investigated by X-ray
diffraction (XRD) using a Philips X'pert diffractometer (CuKa, 0.15406
nm). For X-ray diffraction analysis, a 2 x Ge (220) asymmetrical hybrid
monochromator utilizing line focus, a divergence slit (1/4°), and a
parallel plate collimator (0.27°) was used. The measurement run was
made with a step size of 0.005° and time per step of 1.2 s.The surface
morphology of the films was investigated by atomic force microscopy
(AFM) (Park System PSIA XE-100) in contact mode. The thickness of the
films was determined using X-ray reflectometery (XRR) analysis and the
measured data was simulated using the X’Pert reflectivity software 1.3a.
For electrical characterization co-planar contacts of Cr(~ 5 nm)/Au(~
100 nm) were deposited using electron beam evaporation onto the films
(see Fig. 1). Electrical characterization were performed in a custom built
setup comprising a cryogenic pump (Leybold-Heraeus RG 210), a
cryostat connected to a source meter and an electrometer (Keithley 2400
and 617 series) along with a temperature controller.

3. Results and discussion
3.1. Discharge characteristics

The V,03 films were deposited via reactive HiPIMS on Si substrates
with thermally grown SiO, (~100 nm). The discharge parameters, i.e.
pulse length of 100 us and repetition frequency fz of 150 Hz, were
adjusted giving an average power of 202 + 3 W and duty cycle of 0.015.
The recorded pulse waveforms for varying O, flow settings are presented
in Fig. 2a, and the obtained peak power density in Fig. 2b. The cathode
voltage varied from 500 to 556 V, with increased O, flow setting, in
order to keep the average power constant. A detailed discussion of the
HiPIMS discharge parameters i.e. fr, power and varying O, flow setting
for V503 thin films grown on Al,O3 substrates can be found elsewhere
[5].

Increasing the O flow setting from 0.5 to 1.0 sccm the discharge was
maintained in metallic mode. Increasing the O flow further, from 1.1 -
1.15 sccm, a transition regime can be seen (highlighted as green),
eventually leading to the discharge transitioning to a poisoned mode
(highlighted as red) for increased O, flow setting of > 1.2 sccm. Such a
behaviour is also observed in Fig. 4 and will be discussed further. The
increase in peak power density, or reduction in cathode current, is in
good agreement with previous studies [22,33]. That is, for metallic
mode the discharge current reaches a peak value in the initial stages of
the pulse which then decays to lower values until the end of the pulse.
The obtained peak current density for the case of metallic mode was
approximately 1.0 & 0.1 A/cm?. For the transition regime i.e. O, flow
setting of up to 1.15, the current increases and eventually saturates with
increase in the cathode current, giving a peak current density of ~ 1.2
A/cm?. A further an increase in O, flow, up to approximately 1.2 sccm,

Crsm/AUsoonm -cONtacts

V/,0, thin-film
Si0, (~ 100 nm)

Si substrate

Fig. 1. Schematic illustration of a deposited structure of the V,03/SiO,/Si
films with co-planar Au/Cr contacts, deposited by electron-beam evaporation.
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Fig. 2. (a) Discharge cathode current and voltage waveforms during HiPIMS
deposition for V503 films for varying O, flow settings with a fixed pulse length,
fr and average power of 200 W. (b) Discharge peak power density, recorded for
varying O, flow settings.

results in a continuous increase in the current until the end of the pulse
(see Fig. 2a), revealing the poisoned nature of the discharge [33], with a
peak current density of > 1.5 A/cm?.

3.2. Structural characterization

XRR scans were performed on the films in order to determine their
thickness, density and surface roughness. A typical XRR scan and fit is
shown in Fig. 3. Fig. 4a shows the X-ray diffraction scans for V03 thin
films (~ 36 nm thick) deposited at varying O, flow settings. Films
deposited with an O, flow setting up to 1.15 sccm showed a peak po-
sition (Fig. 4b) in close proximity to that of the (006) bulk V,03 value i.
e. 38.514° (JCPDS card no. 00-034-0187) [34]. Grazing incidence XRD
scans (GiXRD) performed on the films (see Fig. 5a), showed standard
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Fig. 3. XRR scan over structure having ~20 nm V503 on SiO,/Si substrate at
O, flow setting of 0.9 sccm. The values for thickness (dy203), roughness(Rq) and
density(p) were extrated by fitting the measured data using the X'Pert reflec-
tivity software.
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tabulated peaks positioned at 32.9°, 38.514°, 53.9 ° and 71.5° depicting a
fiber textured structured, with (0 0 6) orientation being out of plane. The
textured nature of the films was further confirmed through pole scans
performed around the (1 0 4) and (1 1 6) orientations which revealed
ring patterns at the expected y angles of 39.2° and 43.3° with respect to
the (0 0 6) crystallographic orientation. The pole scans are shown in
Fig. 6.

Since the lattice constant of V503 is larger than that of SiO2, one
could expect a compressive out-of-plane strain in the film. Additionally,
as the thermal expansion coefficient of V203 (3.2 x 1075/K [35]) is
larger than that of SiO; and Si [36], the film can further experience an
in-plane tensile strain. The possible formation of silicates i.e. (V,Si,0) at
the interface between the film and substrate contributing to strain,
cannot be neglected and has been discussed regarding the deposition of
VO, films[15,37]. The oxygen stoichiometry of the films, furthermore,
plays a vital role in altering the strain nature of films. Such an effect of
stoichiometry over strain can be perceived in light of the study by [4]
and further by extracting the ¢ and a lattice parameters of films from the
(0 0 6) and (1 1 6) planes, presented in Fig. 4a and 5 a. The derived
lattice parameters and c/a ratios are plotted in Fig. 7a.

A clear trend of the peak position towards bulk values are observed
with increase in O, ranging from 0.5 to 0.8 sccm. This shift indicates the
development of out-of-plane compressive strain as the oxygen content is
reduced (see Fig. 4) [7,12]. However, with further increase in O from
0.9 up to 1.0 sccm, the peak position is in close proximity to that of bulk
values indicative of a good stoichiometry obtained in film and relaxed
lattice parameters with values closer to that of bulk. Any further increase
in the Oy (up to 1.15 sccm) flow setting results in the peak shifting at
higher angles indicative of the formation of compressive strain. Such a
transition having out-of-plane compressive strain can be discussed
considering the reactive HiPIMS discharge mode, which was found to be
in the transition regime (see Fig. 2), for which the XRD peak position of
films shifted to higher angles. Such a shift in peak position and an in-
crease in the V/O ratio can be argued on the well-studied fact, that a
reactive HiPIMS discharge operating in transition mode can result in
good stoichiometric compound films with a higher deposition rate.
Additionally, the ionized fraction of sputtered metal at the end of the
pulse was determined to be higher in transition mode as compared to
that in metallic mode of the discharge. With an increase in Oy flow
setting up to 1.3 sccm, the XRD peak shifts to higher angles corre-
sponding to VO, peak (0 0 2), according to JCPD card no. 00-033-1441.
At this O, flow setting the discharge was observed to be operating in
poisoned mode (Fig. 2), resulting in a reduction of the V/O ratio
significantly i.e. the possibility of sputtering compound is highly likely
(i.e. instead of sputtering pure vanadium the compound layer formed on
the target is being sputtered [22,33]) thereby suppressing the formation
of V,03.

GiXRD scans performed for films of varying thickness are shown in
Fig. 5b. The results reveal that for thinner films up to 20 nm in thickness
the films showed the presence of broad humps, which with increasing
thickness from 36 to 100 nm showed the presence of peaks at the V,03
standard tabulated peak positions (32.9°, 38.514°, 53.9° and 71.5°,
JCPDS card no. 00-034-0187). The extracted lattice parameters, deter-
mined from Gaussian fitting of the XRD peaks, are plotted in Fig. 7b. For
the thinner films, the film can be thought of as under compressive strain
with a large c/a ratio due to the formation of intrinsic stress as a
consequence of interface stress, surface reconstruction and due to dif-
ference in thermal expansion coefficient between the film and substrate
[38-40]. With increasing thickness (in our case up to ~20 nm) the films
relax with a reduction in the c/a ratio. However, the c/a ratio increases
to higher values for films of thickness > 60 nm with the development of
compressive strain in the films. Such a transition in the lattice param-
eters is discussed further later in light of the AFM analysis revealing a
Volmer-Weber growth mode for films above a critical thickness. From
the above analysis it can be understood that the competing effects from
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the substrate, oxygen stoichiometry, film thickness and crystalline
quality of film, will determine the nature of strain in the films. This in
turn affects the magnitude and the transition temperature (Tyyr) of the
films and will be discussed further in the following sections.

3.3. AFM Analysis

Fig. 8 shows representative topographic images (obtained by AFM in
contact mode) of structures with varying V,03 thickness. The images
were recorded over a scan area of 2 x 2 um?. The scans were repeated
over different reference areas in order to validate the observed features.
The root mean square roughness values R, were determined over the
entire surface region and the size of nanoislands (NI) were measured via
line scans (see Fig. 9).

For thin films up to thickness of ~ 5 nm the surface showed no
obvious presence of nanostructures implying the two-dimensional
growth of a strained film. With an increase in thickness to between 20
and 100 nm, the AFM images showed the presence of nanoislands, the
size of which increases with increasing thickness in accordance with
Ostwald ripening. The size of nanoislands (NI) i.e. width and height
were measured via line scans and are plotted in Figure9(b, c). The AFM
images obtained here were utilized in Section 3.4 to explain the varia-
tion in the lattice parameters and its effect on the MIT behaviour.
However, it was observed that the nanoislands with thickness up to 36
nm formed metastable spherical nanoislands which transform to elon-
gated ones, with increased thickness. Such a transformation can be

explained by the fact that the film growth is not an equilibrium process
and the kinetics and thermodynamic strains imposed by the deposition
methods, thickness and substrate of choice, can lead to the emergence of
metastable nanostructures as a consequence of strain relaxation and
surface reconstruction [16,41,42]. For thin film deposition, it was
observed that the total deposited coverage and thermal activation are of
vital importance in obtaining nanogeometries having varying size and
shapes [42]. Moreover, the choice of substrate, its orientation and the
surface symmetry play an important role in determining the geometric
shape of the nanostructures, as a result of constraints imposed by the
substrate anisotropy and lattice mismatch. Further, it has been docu-
mented for vanadium oxide that the film thickness can influence the film
crystallographic orientation [43]. Thus, increasing the film thickness the
islands are oriented along the preferred 104, 116 and 119 orientation as
can be visualized by GiXRD analysis in Fig. 5b. Additionally, the increase
in the lateral size of the nanoislands has been attributed to
grain-boundary migration resulting in an increased lateral grain size
with increased film thickness [15].

3.4. Electrical characterization

Fig. 10 (a, b). shows the resistance as a function of temperature for
films of varying thicknesses (2.5 -100 nm), for a fixed O flow setting of
0.9 sccm. Although there is a possibility of variation in O, stoichiometry
the effect of strain is considered dominant in such a case and can be
visualized in light of the films c/a ratio extracted from the XRD scans
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Fig. 7. Plots for lattice parameters c, a and c/a ratio extracted from (0 0 6) and (1 1 6) peaks for films (a) having varying thickness at fixed O, flow of ~ 0.9 sccm and
(b) at varying O flow setting for constant thickness of approximately 36 nm. The solid horizontal lines correspond to bulk lattice values of V503 i.e. ¢=1.40083 nm

and a=0.49541.

(Fig. 7b). For films with varying thickness it was observed that the
resistance reduces and later stabilizes as a function of increased thick-
ness (Fig. 11a), and is in good agreement with the study by Hajihoseini
et al. [40]. Fig. 10c shows the transition temperature Tyt as a function
of thickness, with Tyyr having a maxima at ~ 36 nm. The corresponding

variation in Ty with respect to increasing thickness can be explained in
light of surface-growth-mode-induced strain in films [41], which in turn
affects the c/a ratio, thereby altering the MIT characteristics. During the
initial stages of the film growth (up to 5 nm), the film grows two
dimensionally (see AFM micrograph Fig. 8(a, b)). In this case the film is
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25 50
nm

Fig. 8. 2 x 2 ym? AFM images of V,03 films grown by HiPIMS having varying thickness (a) 2.5 (b) 5 (c) 10 (d) 20 (e) 36 (f) 60 (g) 80 and (h) 100 nm, at constant O,
flow setting of 0.9 sccm. (i) Shows the structure in (h) at higher magnification and resolution (image size, 1 x 1 pm?). (j, k) Line profile over a NI highlighted in (i).

The scale bar in (a-h) is 1 pm.

under large compressive strain due to the development of intrinsic
stress. Since the film is not firmly clamped to the substrate as in the case
of epitaxial film grown on Al,O3 substrates [38], the film will deform
elastically as a consequence of stress at the film- substrate interface,
substrate surface i.e., SiO, reconstruction and the difference in thermal
expansion coefficient between the film and the substrate [15,38,39].
This results in a large c/a ratio, and suppression of the metallic phase
(for the 2.5 nm film) and/or broadening of the MIT hysteresis (for films
with thickness > 5 nm). The results are in good agreement with pub-
lished works [11,35,40] dealing with V,03 films on Al;O3 and in studies
[44-46] for V5,03 films on Si/SiO, substrates. However, in our case later
work is more relevant considering the choice of substrate. It has been
detailed that thinner films are under large compressive strain exhibiting
stabilization of the insulating phase and that the film relaxes as the
thickness increases.

With increased film thickness, the island growth mode (i.e. Volmer-

Weber growth mode [42,47]) is preferred as to reduce stress in the film.
Such an evolution for thicknesses in the range ~ 10 to 36 nm can be seen
in Fig. 8(c, e), where clear nanoislands are observed. The formation of
these nanoislands tends to relax the films i.e. increase the out-of-plane
tensile strain and reduce the c/a ratio (see Fig. 7b). Furthermore, at
this point the islands are isolated with sizes ~ 26 to 32 nm in width and
~ 2 to 5 nm in height, having no strain between them (Fig. 9).

A further increase in thickness (> 60 nm) results in a shift of the Tyt
to lower temperature and can be attributed to the development of c-axis
compressive strain i.e. increase in c/a ratio. In such a case, with
increased deposition coverage the islands start to coalesce with increase
in size for up to 100 nm thick films (see AFM micrograph in Fig. 8(h, i)).
This in turn causes the a-axis lattice to expand as to balance the grain
boundary free energy and the surface energy of the islands. However,
according to volume conservation out-of-plane compressive strain is
induced to balance the in-plane tensile strain. Thus, with increase in
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Fig. 9. (a) Root mean square roughness (R;) obtained from AFM micrographs
for structures with varying V,Os thicknesses. Nanoislands (b) width and (c)
height as a function of increasing V,03 thickness. The representative error bars
were extracted via line scans over several NI distributed randomly over the
entire surface area.

thickness the compressive strain becomes dominant. Such an effect has
been documented in study by Yang et al. [41] for VO, films. Moreover, in
studies [14,16], it has been documented that above a thickness of ~50
nm, the relaxation or increase in tensile strain is restricted due to the
formation of tension and misfit dislocations. Thus, for deposition
coverage at or above 60 nm, the islands start to coalesce forming bigger
nanoisland accompanied with defects and misfit dislocations, which in
turn transforms the shape of nanoislands, along with an increase in unit
cell volume thereby altering the c/a ratio. Additionally, for thicker films,
the microstructure with localized defects differing from that at the

Thin Solid Films 742 (2022) 139048

film-substrate interface and the surface, leads to a varying strain state
within the structure itself [13,37]. Moreover, the effect of grain
boundaries, can also effect the absolute value of the change in resis-
tance, the hysteresis width and the sharpness of transition [8,47-49].
That is, an increase in grain boundary area as a result of smaller grain
size, will cause reduced carrier mobility, and therefore an increase in
overall resistance [50]. Such a behaviour can be observed in Fig. 11a, for
films with increase thickness and consequent increase in grain sizes (as
discussed in Section 3.3). Various models on such reversibility of stress
for Volmer-weber films have been argued in the study by Koch et al. [51],
of which we assume the most probable is the one dealing with the stress
due to surface chemical potential dependent changes in adatom popu-
lation, where the compressive stress in the pre- and post-coalescence
stages, and a tensile during island nucleation stage of Volmer-Weber
growth have been discussed.

The data presented here demonstrate that the morphological evo-
lution of nanostructures provides a possibility of surface induced strain
engineered control of MIT characteristics of V503 films deposited on
technologically relevant Si substrates for their application in nano-
electronic applications [46,52-54]. Furthermore, a potential application
of these 3D-nanoislands in hybrid structures for instance Ni over V03 is
of technological relevance as it can prompt significant effect of nanois-
land size on the electronic as well as magnetic properties of these hybrid
structures [55-57].

Fig. 10 (d, e) shows the resistance as a function of temperature for
films deposited at varying O, flow settings having a fixed thickness of ~
36 nm. The room temperature resistance of the films decreases as a
function of O, flow setting, in good agreement with the study by
Brockman et al. [12] and is plotted in Fig. 11b. Considering the
metal-insulator transition, films deposited at O, flow settings of 0.7 to
1.15 sccm, displayed a clear abrupt MIT behaviour with varying
magnitude and Tyr (Fig. 10d) of which the sharpest and most dominant
ones i.e. close to that of bulk are observed for O, flow settings ranging
from 0.8 to 0.9 sccm (plotted separately in Fig. 10e). Fig. 10f is plotted
with Tyr as a function of varying O, flow settings, where the Tyt values
were extracted by differentiating the plots in Fig. 10(d, e) followed by
Gaussian fitting of the peaks. For these films a resistance change of up to
~4 orders of magnitude were observed, with a total change in resistance
of ~ 7 orders of magnitude limited by the compliance of the measure-
ment setup. The transition in these films reveals a clear dependence on
the oxygen stoichiometry and can be fine-tuned by varying the O, flow
settings i.e. the amount of oxygen interstitials [2,7,12].

The observed shift in Tyt to lower temperature from O, flow settings
of 0.5 - 1.0 sccm can be correlated with the strain in the film and the film
stoichiometry. Generally, the alteration in MIT characteristics and a
shift in Tyr has been associated with the oxygen non-stoichiometry of
the V503 films typically formulated as V203, or V2,03, and that any
small variation can cause a large shift in Ty;r. In case of increased ox-
ygen concentration in film the electrical characteristics can be signifi-
cantly altered, and that the low temperature-insulating phase can be
suppressed with the presence of excess oxygen [4,12,20]. In recent
studies [2,4] it has been argued that the excess oxygen sits at interstitial
sites as a part of an O Frenkel pair. This gives rise to strain in the a-lattice
parameter while having less impact on the c-lattice creating a disorder in
lattice structure[2]. Thereby shifting the energy balance towards the
metallic phase i.e., a shift in Tyr towards lower temperature as in the
case of the film deposited at 1.0 sccm. For films deposited at O, flow
settings of 0.8 -0.5 sccm, the XRD scans show a shift in peak position
towards higher angle displaying an expansion in the out-of-plane di-
rection and implying metal enrichment[4,5]. Considering the above
criteria, it is logical to say that with the reduction in oxygen interstitials
at low O3 flow down to 0.8 to 0.5 sccm, a shift in Tyyr to higher tem-
perature is observed, eventually resulting in the stabilization of the
Mott-insulating phase at 0.5 sccm. Such a behaviour was well docu-
mented in a recent study by Ha et al. [39] for similar textured V203 films
on SiO; at varying oxygen partial pressures. Their results show that with
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Fig. 10. Resistance as a function of temperature for V,03 thin films deposited via HiPIMS for varying thickness (dy,o0,) under fixed oxygen condition (~ 0.9 sccm) i.e.
(a) ranging from 2.5 - 36 nm, and (b) ranging from 36 - 100 nm, respectively. (c) T\t values obtained from differentiating plots in (a, b) given by function dInR/dT.
Resistance as a function of temperature for the 36 + 1 nm V, 05 thin films deposited via HiPIMS under different oxygen conditions i.e. (d) for a broad range from 0.5 -
1.3 scem, and (e) narrow range from 0.8 - 0.95 sccm, respectively.(f) Tyyr values obtained from differentiating plots in (d, e) given by function dInR/dT.

reduced oxygen content the a-lattice parameter expands [39,45] and
that the variation in the a-lattice parameter is ~4 times lager than that
observed in the c-lattice parameter (thus complementing our results).
Furthermore, transmission electron microscopy carried out on their
structures have shown the presence of stacking faults distributed parallel
to the film surface and that the reduced oxygen causes an imbalance in
V/0 ratio. Thus, increased defect density in the film causes lattice strain
over the entire film area. Additionally, the observed room temperature
resistivity increases with reduced oxygen along with an a-lattice
expansion thereby suppressing the metallic phase. Moreover, since the
MIT transition in V,0j is linked to the structural change because of
vanadium (V)-ion shift forming V-V dimers[58]. The distance between
V-V bonds in the rhombohedral structure along the c-axis is larger than
in the monoclinic insulating phase[59]. Therefore, as a consequence of

oxygen vacancy the V-V bond distance reduces resulting in broadening
of bandwidth and suppression of electron-electron correlation thereby
suppressing the metallic phase. The above results for reducing O, flow
settings are well aligned with studies [2,5,12] where increased number
of defects i.e., oxygen vacancies would shift the energy balance resulting
in an earlier onset of vanadium sesquioxide insulating phase (i.e.,
transition to insulating phase occur at higher temperature) along with
an increase in room temperature resistance.

Even though the main steered factor at this point is O, flow settings
the effect of strain cannot be neglected contributing to variation in the ¢/
a ratio. It has been highlighted in study[60] that, in case of systems
displaying non-stoichiometry and strain in the V,Os films the strain
plays a dominant role on the global MIT feature. Moreover, it has been
argued that the MIT characteristics of textured thin films is better than



M.T. Sultan et al.

104 T T T T T
(a)
o
:
]
g :
5103- o .
3| b
o...
“Oeo._
---o..
e
102 F o
0 20 40 60 80 100
dyz05 [NM]

Thin Solid Films 742 (2022) 139048

2x10° T T r T (b)
o,
‘o
3
1x10° f \ ]
c \
x
| o
5x10% | L, g
ELD ) d,
Ogpg---
0.4 0.6 0.8 1.0 1.2 1.4
O, [sccm]

Fig. 11. Room temperature (RT) resistance as a function of varying (a) film thickness and (b) O, flow settings, extracted from data plotted in Fig. 10(a-d).

that demonstrated by epitaxial films. Thus, in our case for films dis-
playing non-stoichiometric nature i.e., 0.5 to 0.7 sccm one would expect
strain in the structures as a consequence of a large lattice distortion in
the a-axis as discussed earlier. Other contributing factors affecting the ¢
/a ratio include, for instance, differences in thermal expansion coeffi-
cient between the film and substrate for films grown at elevated tem-
peratures, the oxygen content and the film thickness (for which the c/a
ratio is found to be highest for thinner films[14]).

In contrast for films with 36 nm thickness showing good stoichi-
ometry supported by XRD analysis (i.e. for 0.9 + 0.5 scem) displaying a
Twmir close to that of the bulk value for V,03[24], it is imperative to
consider that for such films the observed transition can be attributed
only to Mott-type transition with little if any effect arising from strain in
the films[44]. Since as has already discussed above that at such thick-
ness (of 36 nm) the strain in films tends to relax by forming isolated
nanoislands. For films deposited at an O, flow setting of 1.15 sccm, it has
already been argued that a discharge operating in the transition regime
will result in a decreased V/O ratio, i.e. shift in XRD peak position to-
wards higher angles (Fig. 4b). Thus, the Tyyr shifts to higher tempera-
tures (represented by a dotted line) close to films at lower O, flow
settings of ~ 0.85 sccm. The film having ~ 1.3 sccm of O flow, results in
the formation of the VO, phase as evident by XRD analysis and thereby a
disappearance of the MIT is observed.

4. Conclusions

In summary, V503 films were fabricated on SiO»/Si substrates, via
HiPIMS at a growth temperature of 700 °C. The MIT characteristics were
found to be strongly dependent on the V,0j3 film thickness and O, flow
setting, which in turn determines the resultant lattice parameters of the
films. It was observed that the surface morphology and the film’s strain
state are strongly dependent on dy,o,. That is, the films with lowest
thickness exhibiting two-dimensional growth show a much higher room
temperature resistance, which for higher thickness(~ 36 nm) results in
the formation of isolated nanoislands due to strain relaxation, increasing
the magnitude and Tyyr of the metal-insulator transition. However, for
dy,o, extending on both sides respective to 36 nm, a shift in Tyyr to
lower temperatures was observed and attributed to increased straini.e. c
/a ratio in the films. Varying the O, flow settings reveals a fine-
tunability of the MIT magnitude and temperature value by controlling
the O, partial pressure governing the stoichiometry and the strain in the

films.

V203 films of thickness ~ 36 nm were shown to be optimal with
respect to obtaining a strong MIT transition when deposited within an
O, flow window of ~ 0.8 to 0.95 sccm. Our results demonstrate the
possibility of the incorporation of such structure in well established Si-

based technologies. Nevertheless, there is still a debate on decreasing
the thermal budget for fabrication of V.03 films on amorphous SiO,. As
a future proof of concept, the presented issue can be overcome by uti-
lizing HiPIMS discharge with increased frequency and/or power [5,61],
thereby further providing a possibility of reducing the substrate tem-
perature during fabrication as well as reducing the oxygen to obtain
good stoichiometry, as previously studied in our work [4,5].
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