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Introduction

The field of spintronics explores phenomena relating to the spin degree of freedom of
electrons. The spin refers to the intrinsic angular momentum an electron carries, giving
rise to the intrinsic magnetic moment of an electron. Understanding the behavior of the
electron spins (e.g. transport, dynamics, relaxation) plays a central role in both fundamen-
tal studies focusing on comprehending the quantum nature of matter and in the search for
practical applications where manipulating spins and the emerging magnetisation are of
interest. The work presented in this thesis is in the realm of fundamental research but in
order to place the thesis in the context of societal relevance as well as highlight the im-
portance of fundamental research in arriving at practical applications, we will begin with
an overview of the spintronic applications and how they materialized from basic research
on spintronic properties.

Currently, one of the main promises spintronics holds is in the domain of informa-
tion technology [5]. This promise is founded on the spintronic devices called spin valves,
comprising of two ferromagnetic layers separated by a non-magnetic layer as illustrated
in Figure 1. The resistance across these heterostructures depends on the relative orien-
tation of the two magnetic layers (parallel or antiparallel) - an effect referred to as giant
magnetoresistance (GMR) when the non-magnetic layer is metallic and tunneling mag-
netoresistance (TMR) when it is insulating. The GMR effect was discovered in the late
1980s by the groups of Albert Fert [6] and Peter Griinberg [7] who were independently
studying the transport properties of magnetic multilayers. The TMR effect, on the other
hand, was first demonstrated by Michel Julliere [8] and later the strength of the effect was
greatly improved upon through careful material optimization [9][10][11].

In contemporary devices the insulating barrier and thus TMR is more commonly uti-
lized as the resistance change can exceed that by GMR by an order of magnitude. Such de-
vices are commonly referred to as magnetic tunnel junctions (MTJ) and they have a num-
ber of practical applications owing to their two states distinguished by resistivity. First,
these devices can be used to store information, as the state (0 - antiparallel, 1 - parallel)
can be read utilising TMR and written utilising the torque from a spin-polarized current
[12]. This is the operating principle of magnetic random access memories (MRAMs),
which are not only non-volatile and more scalable but can also operate faster and with
lower power than many of the competing RAMs [13]. Second, MTJs can also act as mag-

netic field sensors as fields inflict changes to the state of the MTJ, which then translates to
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Figure 1: Operation principle of spin valves - two magnetic layers separated by a non-
magnetic layer show two resistance states depending on their relative magnetisation ori-
entations. In contemporary applications of spin valves, the magnetic layers are ferromag-
netic but due to the limitations caused by the net magnetisation there is a strong drive in
replacing the ferromagnets with compensated magnets.

a resistance change. This effect is employed for example in the read heads of hard drive
disks.

The discovery of GMR is often referred to as the beginning of the field of spintronics,
but this discovery was preceded by decades of fundamental research on spin-dependent
transport. For example, spin-dependence of the electron scattering in ferromagnetic ma-
terials was proposed by Mott [14] and experimentally demonstrated by Fert and Camp-
bell already in the 1960s [15], while the spin-polarization of a current passing through
a ferromagnet and spin-dependent tunneling were a subject of various works in 1970s
[16][17][18][19]. In addition to this, the theory of the two important spin transport effects
playing a central role in today’s spintronics research, namely the anomalous Hall Effect
(AHE) and spin Hall effect (SHE), were predicted in the 1950s [20] and 1970s [21], re-
spectively. In AHE, a longitudinal spin polarized current is converted to a transversal spin
polarized current, while in SHE a charge-to-spin conversion takes place as a longitudinal
charge current generates a transversal pure spin current. SHE (and its reciprocal effect)
is not only a powerful tool for studying the spin transport properties of various materials
but also a critical ingredient of spin-orbit torque [22][23], which in the recent decade has
emerged as a contender for the writing mechanism of MRAMs among other applications
[24].

Until recently, the headliner of spintronics has largely been ferromagnetic materials,
in which the effects described above were first demonstrated. However, the use of fer-
romagnets poses certain limits to the development of the field of spintronics in terms of
stability, scalability, and operational speed. The main drawback is the consequences of
the net magnetisation: the magnetic states are vulnerable to external field perturbations,
and stray fields can cause cross-talk between the bits when increasing the storage den-
sity. Naturally, the removal of these obstacles would require the use of materials with
zero net magnetisation. Moreover, the dynamics of ferromagnets are in the GHz range,
which limits the writing speed. Antiferromagnets, predicted by Louis Néel in 1930s [25]

and experimentally confirmed in 1950s [26], comprise of (minimum) two sublattices with



opposite magnetisation orientations and therefore fulfill this criteria. However, when it
comes to the lack of net magnetisation the other side of the coin is that controlling the
order parameter for example with external fields becomes more challenging. Moreover,
the spatial symmetries of antiferromagnets render their band structure spin-degenerate so
that writing and reading their state appeared elusive, resulting in general impression that
antiferromagnets are unsuitable as an active component of spintronic applications. As a
passive component, however, antiferromagnets have found use as a pinning layer of MTJs,
ensuring that only one of the magnetic layers switches upon writing [27]. This layer is
also included in Figure 1.

The recent decade has witnessed a considerable research efforts in identifying ways
for manipulating and probing the antiferromagnetic order [28][29]. This search was
driven not only by the advantages of vanishing net magnetisation but also the dynamics
of antiferromagnets being in the THz range compared to the GHz range of ferromag-
netic dynamics. Antiferromagnets are also more abundant than ferromagnets and contain
metallic, semiconducting, insulating, and superconducting compounds in their ranks. In
order to demonstrate their viability as active spintronic components, however, a demon-
stration of electrical writing and reading of an antiferromagnetic state is necessary. To
this end, relativistic effects turned out to be a fruitful path: current-induced switching of
the antiferromagnetic order parameter can be realized through the generation of staggered
spin-orbit fields [30][31] and the orientation of the order parameter can be read through
the anisotropic magnetoresistance effect [32]. In addition to the electrical control, also
optical [33][34] as well as strain [35] control of the antiferromagnetic order parameter
has been demonstrated.

Another exciting avenue in the research on spintronic properties of compensated mag-
nets is the discovery that the vanishing net magnetisation can coexist with a spin-split band
structure [36][37][38][39]. This unconventional band structure originates from the low-
ered spatial symmetry of compensated magnets and allows many spintronic effects previ-
ously considered exclusive to ferromagnets to arise, such as AHE [36][40][41][42][43],
GMR [44], and TMR [45][44][46][47], while also exhibiting novel properties like pure
spin current generation [48][49][50], chiral magnons [51], and spin-triplet super currents
[52]. The combination of these properties makes the discovery of these spin-split compen-
sated magnets (dubbed as altermagnets in the collinear case, or chiral antiferromagnets in
the non-collinear case) a springboard for further fundamental research on the different
facets of their various properties (electrical, optical, thermal, mechanical) while main-
taining the vision of spintronic devices composed of compensated magnets only. An
MT]J based on compensated magnets playing the active role is illustrated in Figure 1, and
excitingly, experimental demonstrations of the viability of such a device were recently
provided by both Quin et al. [47] and Chen et al. [46].

The focus of this thesis is the understanding of the spintronic properties and their

nuances in compensated magnets. More specifically, we will study how the global spin



structures and local spin textures affect these properties through their symmetries. For this
purpose, we will utilize both experimental techniques that probe magnetic and magneto-
transport properties as well as numerical methods that capture the evolution of (compen-

sated) magnetic states under various conditions. The structure of the thesis is as follows:

Chapter 1 discusses the emergence of the spin-splitted band structure in collinear,
compensated magnets (or altermagnets) and how this allows for novel magneto-
transport properties to arise. We will consider the epitaxial MnsSis films, which are
predicted to have the correct symmetry for the spin-split, compensated phase. We
show that the magnetotransport properties of these films are agree with the predicted
phase. We will especially highlight the intrinsic anisotropy of these properties. In
addition to this, we will explore indirect, electrical methods for gaining informa-
tion about the antiferromagnetic order parameter orientation and dynamics. To this
end, we will use methods developed for ferromagnets, which so far have not been

applied to compensated magnets.

Chapter 2 shifts the focus from compensated magnets with spin-split bands (alter-
magnets) to those with spin-degenerate bands (antiferromagnets) and from global
spin structures to localized spin textures. Using numerical methods, we demon-
strate how topological spin textures can be imprinted from a ferromagnet to an
antiferromagnet during a thermal cycling procedure, thus realizing the experimen-
tally elusive nucleation of compensated, localised spin textures. We will discuss the
properties of these imprinted spin textures in terms of their field-stability, topologi-

cal and microscopic nature, and dependence on material parameters.

Chapter 3 is dedicated to the description of a powerful experimental tool for spin
transport studies, namely ferromagnetic resonance induced spin pumping. We ex-
plain the operational principle of this tool and how it can be applied to probing of
both linear and non-linear spin susceptibilities and their anomalous behavior across
phase transitions, relating to spin fluctuations. We then apply this tool on the phase
transitions in Pd;_,Ni, thin films, which show complex magnetic behaviour with
features indicative of irreversibility and frustration. We will also characterize the
structural, magnetic, and magnetotransport properties of these films in search of
a better understanding of their magnetic phase. The intention of this Chapter is
to demonstrate and optimize this experimental method for future studies on spin

transport in compensated magnets.

Conclusion summarizes the findings presented in this thesis and draws some gen-
eral conclusions on how this thesis adds to the increasing efforts of pushing the

boundaries of spintronics beyond ferromagnets.



Chapter 1

Anisotropic anomalous Hall effect in the

unconventional compensated d-wave
magnet candidate MnsSi; films [1][2][3]

In this Chapter, we will introduce a candidate material for the new emerging group of
collinear compensated magnetic materials, dubbed as altermagnetism [39], where the
macroscopic time-reversal symmetry is broken by the absence of translation and inver-
sion symmetry operations. This material is MnsSi3 in its epitaxial thin film format. The
magnetotransport properties of these materials are strongly dependent on the relative ori-
entation of the magnetic order parameter and the underlying crystal structure, and there-
fore show unique, anisotropic behavior, which will be discussed in detail here. We will
also discuss how we can extract information about the static and dynamic properties of
the magnetic order parameter through magnetotransport measurements by applying tech-
niques developed for ferromagnets and previously considered inapplicable to compen-
sated magnets.

The work presented in this Chapter is a result of a large collaboration between theo-
retical and experimental groups in France (SPINTEC Grenoble, CINaM Marseille), Ger-
many (TU Dresden, JGU Mainz, Univ. of Konstanz), and Czech Republic (FZU Czech
Academy of Sciences, Charles University) in the framework of the ANR and DFG grants.
This work is a continuation on the results presented in the PhD thesis of Dr. Rafael Lopes
Seeger [53], conducted in the AF spintronics team at SPINTEC. The contribution of our
AF spintronics team is largely on the magnetic and magnetotransport measurements while
the contributions from our collaborators on the work presented in this Chapter will be
mentioned in connection with the relevant results.

The results presented here have been/will be reported in three separate publications.
The optimization of the epitaxial MnsSis thin film growth, led by the team of Prof. Lisa

Michez in Aix-Marseille University, has been reported in the article:



* 1. Kounta, H. Reichlova, D. Kriegner, R. Lopes Seeger, A. Badura, M. Leiviskd,
A. Boussadi, V. Heresanu, S. Bertaina, M. Petit, E. Schmoranzerova, L. Smejkal,
J. Sinova, T. Jungwirth, V. Baltz, S. Goennenwein, and L. Michez, Competitive
actions of MnSi in the epitaxial growth of MnsSis thin films on Si(111), Phys. Rev.
Materials 7, 024416, (2023).

The magnetic and magnetotransport properties of these films strongly akin to those ex-

pected for altermagnetic materials will be reported in the following articles:

* H. Reichlova, R. Lopes Seeger, R. Gonzalez-Hernandez, I. Kounta, R. Schlitz,
D. Kriegner, P. Ritzinger, M. Lammel, M. Leiviskid, V. Petricek, P. Dolezal, E.
Schmoranzerova, A. Badura, S. Bertaina, A. Thomas, V. Baltz, L. Michez, J. Sinova,
S. Goennenwein, T. Jungwirth, and L. Smejkal, Observation of a spontaneous
anomalous Hall effect in acandidate material of an unconventional d-wave mag-
netic phase, arxiv:2012.15651

* M. Leiviskd, R. Lopes Seeger, 1. Kounta, H. Reichlova, A. Badura, J. Rial, S. Beck-
ert, D. Kriegner, I. Joumard, E. Schmoranzerova, J. Sinova, T. Jungwirth, S. Goen-
nenwein, L. Michez, L. Smejkal, H. Gomonay, and V. Baltz, Anisotropic anomalous
Hall effect in the unconventional compensated d-wave magnet candidate MnsSi3

films, in preparation

1.1 Symmetry tools for classifying matter

Symmetry is a powerful tool in condensed matter physics [54][55]. As Curie-Neumann’s
principle states, symmetries that apply to a structure of a crystal will also apply to its
macroscopic properties, meaning that symmetry plays an important role in governing the
physical properties of materials. Symmetry can also be used for classification purposes
as each material can be described by a set of symmetry operations (operations that leave
the material unchanged) that distinguishes it from other materials that have a different
appearance and thus behaviour. In this Section, we will first introduce the various spatial
symmetry operations that describe crystal structures and then move on to discussing the
symmetries of magnetic ordering that also contain the time-reversal symmetry, which

adds an important nuance to the classification of magnetic materials.

1.1.1 Classification based on crystal symmetry

Each crystal contains a set of symmetry elements (points, lines or planes) about which
symmetry operations occur. Here we discuss the four basic symmetry elements: identity,
mirror plane, axis of rotation, and centre of inversion, which are all illustrated in Figure

1.1a for the case of a simple square lattice.



Identity is the entire unit cell of the crystal and the corresponding symmetry opera-
tion is doing nothing to the crystal. This means that all crystals contain the identity

operation and therefore it doesn’t aid in the classification of materials.

Mirror planes are planes that divide the unit cell into two parts so that they are
mirror images of each other. The basic symmetry operation taking place about a

mirror plane is the mirror reflection.

Axis of rotation is a line about which a rotation by a given angle can be carried
out. The notation for the rotation axis is C,, where n specifies the angle of rotation

as 360/n. Note that the identity operation is equivalent to a C rotation.

Centre of inversion is a point through which (x,y,z) — (-x,-y,-z) transformation can
take place for all points of the unit cell and the corresponding symmetry operation

is the inversion operation.

The set of symmetry operations the crystal has (excluding translations) will define
its point group (32 possibilities in three-dimensions if rotational symmetries are limited)
where the number of operations is referred to as the order of the group. However, for an
extended crystal we must consider also symmetry operations containing a translational
component, where a displacement of the unit cell is also a symmetry of the system as
illustrated in Figure 1.1b. This will give the space group (230 possibilities in three-
dimensions) of the crystal.

The way in which atoms are arranged in ordered crystals depends on the underlying

crystal lattice, i.e. the Bravais lattice. In Bravais lattice, each lattice point is connected

a) o, C, b)
C2 C2
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a b b
a a

a

Figure 1.1: a) The four basic symmetry elements about which symmetry operations take
place applied to a 2D square. b) Illustration of a translation symmetry operation, where
all points of the object can be translated by the same distance in a given direction while
leaving the object unaltered. c) The Bravais lattices relevant to this Chapter. Note that all
of them belong to the primitive type of the respective crystal families.



to each other by a translation symmetry operation. In three dimensions, there are only
14 distinct Bravais lattices, each belonging to one of the crystal families: cubic, hexago-
nal, tetragonal, orthorhombic, monoclinic or triclinic. Within the families, there are also
different types of lattices, such as primitive, body-centered, and face-centered lattices. In
this Chapter, only three Bravais lattices are relevant with respect to our material of inter-
est: hexagonal, orthorhombic, and monoclinic, which are all illustrated in Figure 1.1c.
In essence, there’s a lowering of symmetry when going from hexagonal to orthorhombic
to monoclinic lattice - such a structural transition occurs in our material of interest as a

function of temperature as will be discussed in Section 1.4.1.

1.1.2 Classification based on magnetic ordering

So far we have only considered the spatial arrangement of atoms in a crystal and neglected
the magnetic moments associated with the atoms. Accounting for the magnetic ordering
requires an introduction of an additional symmetry, namely the time-reversal symmetry
(7). As the name implies, this theoretical symmetry reverses the arrow of time: angular
momentum, current density, and magnetic fields break 7 while for example position
and electric field do not. The relevance to magnetic materials stems from the relation
of the electron angular momentum to its magnetic moment meaning that reversing time
will effectively reverse the magnetic moment direction. Para- and diamagnetic materials
where the magnetic moments do not exhibit long-range ordering are .7 -symmetric while
ferro- and ferrimagnetic materials with long-range magnetic ordering break .7 -symmetry.
In antiferromagnets, .7 -symmetry is restored globally by spatial symmetry operations as
will be discussed in greater detail in the next Section. It is therefore evident that in order
to efficiently classify magnetic materials we must include the .7 -symmetry in addition to
the spatial symmetries [56].

Two different approaches can adopted to the classification of magnetic materials: 1)
relativistic magnetic space groups where the coordinate and spin space are coupled [57],
and ii) non-relativistic spin-symmetry groups where the coordinate and spin space are
decoupled [58]. In a coupled coordinate and spin space any spatial symmetry operation
applied to the magnetic crystal will simultaneously act on the atomic coordinates and the
magnetic moment components, while in a decoupled space this is not the case. The former
is a good description for materials with strong spin-orbit coupling but it is not sufficient for
describing any non-relativistic phenomena. Being generally restricted to the relativistic
phenomena, the magnetic space groups suffer from a lack of generality and are not able to
for example distinguish between a ferromagnet and an antiferromagnet or a collinear and
non-collinear magnet [56]. The spin-symmetry groups, in turn, can make this distinction
and have in fact recently revealed the possibility of having a spin-split band structure in
a compensated magnet [59][39], which have properties distinct from both ferromagnets
and collinear antiferromagnets. This class of materials (dubbed altermagnetic [39] after

the alternating spin-splitting) will be our focus for the remaining of this Chapter.
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Figure 1.2: The two different approaches when classifying magnetic materials based on
symmetry: (Top) symmetry operations (here 120 deg rotation around z-axis) act simulta-
neously on the atomic coordinates and the spin components or (Bottom) symmetry oper-
ations act separately on the atomic coordinates and the spin components.

1.2 Emergence of spin-splitting in the band structure of

collinear compensated magnets

Various theoretical predictions of the existence of spin-split collinear compensated mag-
nets, previously considered symmetry-forbidden, have surfaced in recent years. These
reports have shown that a strong spin-orbit coupling is not necessary but rather the key
requirement is a sufficient lowering of the spatial symmetries of the compensated mag-
net: Hayami ef al. arrived at this conclusion using microscopic multipole descriptions
[37][60], Yuan et al. delineated the magnetic space groups that could host spin-split
compensated magnets using symmetry arguments [38], and Smejkal ef al. and Liu et al.
adopted a third approach of utilizing spin-symmetry groups rather than magnetic space
groups.

In this Section we follow the approach of Smejkal e al. [39] and briefly summarize
how collinear magnetic materials can be classified using the spin-symmetry groups. Here,
the notation for the spin group has the format [R; Il R;], where R; is a symmetry operation
acting on the spin space while R; acts on the coordinate space. This classification yields

three non-relativistic, distinct groups illustrated in Figure 1.3:

* Type I has the spin group Rg = [E||G], meaning that it contains symmetries that
combine identity E in the spin space with all crystallographic point groups having a
centre of symmetry in the coordinate space (G). This group therefore implies non-
zero net magnetisation and spin-split band structures, meaning that it contains the

collinear ferromagnets.



+ Type II has the spin group R! = [E||G] + [C,||G], so it contains again E in the
spin space combined with G and, in addition, C; in the spin space combined with
G. Here the latter term contains the combination of C; in spin space and E in the
coordinate space meaning that the system is invariant upon spin inversion, which
forces the band structure to be spin degenerate throughout the Brillouin zone. This

group corresponds to collinear antiferromagnets.

» Type III has the spin group R! = [E||H] + [C;||G — H], where H contains the spatial
symmetry operations that connect the same-spin sublattices, while G — H contains
rotation operations that connect the opposite-spin sublattices (note that translation
and inversion are excluded). This third group contains collinear magnets, which
have a compensated magnetic ordering and alternating spin-split band structures in

the momentum space. This group has been dubbed as altermagnets [39].

In simple terms this means that i) ferromagnets can be distinguished from antiferromag-
nets and altermagnets because their symmetries allow for a time-reversal symmetry break-
ing both in the real and momentum space and ii) the difference between antiferromagnets
and altermagnets, (which both contain symmetries that ensure vanishing net magneti-
sation in the real space) is that in antiferromagnets the time-reversal symmetry is not
broken in the momentum space while in altermagnets this is the case, manifesting in an
alternating, spin-split band structure. The implication of this is that altermagnets possess
the favorable properties of both ferromagnets (strong magnetotransport effects like AHE
[43][1][61], GMR, TMR [44]) and antiferromagnets (robust against field perturbations,
fast dynamics [29]) while also having additional unique properties (pure spin current gen-

eration [50], chiral magnons [51]). We will now discuss real-life examples of altermag-

Type I: collinear ferromagnet Type II: collinear antiferromagnet
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Figure 1.3: The three groups of collinear magnets classified by their non-relativistic spin
symmetry groups. Transformations in the spin space and in the coordinate space, as well
as the energy dispersion are shown for each type. The figure has been adapted from [62]
and [63].
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netic materials and the experimental verifications of their belonging to the altermagnetic

group.

First altermagnetic material candidates - RuQ,, MnTe

The key for realizing an altermagnetism is lowering the symmetry of the system so that
the opposite-spin sublattices are not connected by translation or inversion. This can be
realized in various ways, such as through the configuration of the non-magnetic atoms
or multisublattice arrangements. The first candidate material where the altermagnetism
has been theoretically predicted [42] and experimentally verified [43][50] is RuO;. As
illustrated in Figure 1.4a, the two opposite-spin sublattices of RuO; are connected by a
four-fold rotation around the z-axis (Cy4;). Here, for the evaluation of the correct symme-
try of RuQj it is critical to consider the non-magnetic oxygen atoms, which are causing
the magnetisation densities of the Ru atoms to be anisotropic, effectively lowering the
symmetry of the system. Figure 1.4b shows the Fermi surface cut of RuO; obtained

through ab initio calculations [42] where the expected alternating and momentum-locked
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Figure 1.4: a) The crystal structure of RuO, with the spin density isosurfaces obtained
from ab initio calculations shown as red and blue pinched cylinder shapes for the two
opposite-spin sublattices. These sublattices are connected by a four-fold rotation about
the [001] axis in the real space. Figure adapted from Ref. [43]. b) (Left) The Fermi sur-
face cut of RuO; with spin-orbit coupling omitted showing the spin-splitting of the band
structure, and (Right) the corresponding Berry curvature in atomic units. Both plots are
obtained through ab initio calculations. Figure obtained from Ref. [42]. c¢) The exper-
imentally observed AHE in RuO, with the three plots corresponding to the Néel vector
(L = M{-M>) being oriented along different crystal axes showing the unique anisotropy
of the effect. The only direction along which the AHE is allowed by symmetry is [110],
which is evidenced by the experimental data. Note that the linear contribution is from or-

dinary Hall effect and the AHE originating from the weak magnetisation. Figure obtained
from Ref. [43].
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spin-splitting is observed and which results in a non-zero Berry curvature. Based on the
band structure, the theory also predicts a sizable anomalous Hall effect and the ability to
generate a pure spin current [49], which have both been recently verified experimentally
[43][50]. The notion of Berry curvature and how it connects to AHE will be described in
the next Section. RuO; is not the only compensated magnet showing altermagnetic prop-
erties - also MnTe has been predicted to be altermagnetic due to the configuration of the
non-magnetic atoms [39] and this was indeed supported by the experimental observation
of AHE [61].

The experimental difficulty in studying altermagnetic materials is the fact that they
have to be of high crystalline quality and preferably single-domain. This is because the
magnetotransport effects of altermagnets are strongly dependent on how the order pa-
rameter is oriented relative to the crystal structure and therefore samples with multiple
crystal orientations and/or order parameter orientations result in the vanishing of these
effects. Given that the magnetotransport properties are so far the most efficient tool for
identifying and probing the altermagnetism, this is a considerable obstacle. Moreover,
materials with strong magnetocrystalline anisotropy pose further experimental issues due
to the large fields required for the manipulation of the order parameter. For example, in
order to orient the Néel vector (L. = M|-M3) of RuO, along the (hard) crystal axis that
also yields the strongest AHE amplitude fields of 50 T are required, necessitating the use
of specialized high-field facilities [43]. In the case of MnTe, more reasonable fields of ~ 6
T are sufficient [61]. In order to further study the different magnetotransport properties of
altermagnets and their potential in spintronic applications, it is therefore of considerable
research interest to seek for more material candidates. Later in Section 1.4, we will intro-
duce Mnj5Si3, the compensated magnet of interest for our studies, which in the strained

epitaxial thin film format shows strong indications of the altermagnetism.

1.3 Anomalous Hall effect in spin-split compensated mag-

nets

We will now move on to discussing the novel magnetotransport properties of altermagnets
in more detail. More specifically, we are interested in the anomalous Hall effect (AHE),
which is only allowed in systems with broken time-reversal symmetry (.7) and therefore
has been typically considered forbidden in compensated magnets. As we have learnt,
however, in altermagnets .7 is broken in the momentum space and thus AHE becomes
symmetry-allowed.

The family of Hall effects convert a longitudinal charge current into a perpendicular
(Hall) voltage across the sample, as illustrated in Figure 1.5a. In the conductivity tensor of
a material, the Hall conductivity is described by the antisymmetric part (a;; 0;; = —0j;),
while the longitudinal conductivity is described by the symmetric part (si; 0;; = 0j;).

The conductivity tensor divided into the two parts is given by

12



a) b) Ferromagnet Altermagnet

Figure 1.5: a) Schematics of an anomalous Hall effect where a longitudinal current is
converted to a transversal voltage. b) Berry curvature of a ferromagnet with a strong
spin-orbit coupling and an altermagnet around a band crossing point. For the former the
Berry curvature is isotropic while for the latter it is strongly anisotropic, which results in
inherently different properties of the AHE. Figure obtained from Ref. [64].

ox 0 O 0 Oy Oy
O =sSik+aux=1|0 oy O0|+|-0y 0 Oy, (1.1)
0 0 o —0Oy; —0y; O

where the first term is the symmetric and the second term is the antisymmetric part. The
latter only contains three components and can therefore be expressed as an axial (i.e. no
sign change upon inversion) Hall vector h = (0y;, 0x, 0y). Ohm’s law can then also be
expressed in terms of the two parts: J; = s Ex — (h X E);. Since current is .7 -odd and the
electric field is .7 -even, the system must somehow break the .7 -symmetry to ensure that
the two sides of the Ohm’s law have the same symmetry. For the symmetric part relating
to the longitudinal current .7 -symmetry is broken by dissipation through Joule heating
(e< j - E) while for the anti-symmetric part the h must be .7 -odd as the transversal current
is dissipationless (jy = h X E).

In order for a system to have a non-zero h, it is necessary for the system to have a
broken .7 -symmetry (as per Curie-Neumann’s principle, see Section 1.1). This can be
realized in any material by applying an external field, which results in the observation of
an ordinary Hall effect (OHE) where the transversal voltage increases linearly with field.
In ferromagnetic materials with a net magnetisation, the .7 -symmetry is also broken and
therefore a transversal voltage proportional to the magnetisation can be measured even in
the absence of an external field, dubbed as the anomalous Hall effect (AHE) [65]. These
are not the only .7 -odd systems, however, as we have seen in Section 1.2 - .7 -symmetry
breaking in the momentum space can also be realized in collinear magnets without net
magnetisation if they belong to a specific spin symmetry group, i.e. the altermagnetic
group [37][38][39]. This is not limited to collinear compensated magnets only but AHE
has been theoretically predicted [40][36] and experimentally observed [41][66] in various
non-collinear antiferromagnets with favorable symmetries (i.e. .7-odd). A more detailed

review on the anomalous Hall antiferromagnets can be found in Ref. [64].
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Intrinsic microscopic origin of anomalous Hall effect

Microscopically, AHE can have various origins relating to either the topology of the band
structure of the material or to the asymmetric impurity scattering of the electrons [65].
The former (intrinsic) contribution is more relevant here as the spin-orbit coupling in
Mnj;Sis is weak and therefore will be discussed in more detail while the latter (extrinsic)
contribution will be covered in Chapter 3.

The intrinsic contribution relates to the geometric Berry phase that the electron wave-
functions acquire when making a closed loop in the momentum space [67], giving a
transversal contribution to the electron velocity:

de,(k) e

Here, the first term is the usual group velocity of Bloch electrons, where n is the band
index and € is the energy of the Bloch state. The second term is the transversal velocity,
where E is the electric field and Q,(Kk) is the Berry curvature of the nth band. The Berry
curvature can be viewed as a fictitious magnetic field in the momentum space and is
defined as:

Qu(K) = i(Vita ()| % | Veita (K)), (1.3)

where u, (k) is the wavefunction of a Bloch electron in band n. It is important to note that
a non-zero Berry curvature can only be realized in systems lacking the 4.7 -symmetry as
follows from &.7 Q,(k) = —2Q,(—k) = —Q, (k) = 0. Here our focus is on the broken
7 -symmetry.

In the framework of the Boltzmann transport, the current density is linked to the elec-
tron velocity through j e [ f(k)v(k)dk and thus the non-zero transversal velocity orig-
inating from the non-vanishing Berry curvature results in AHE conductivity (0yy) given
by:

2 dk
Oxy = %/Wf(gk)gkx,k)w (1.4)

where f(g&) is the Fermi-Dirac distribution function and d is the system dimension. It
should be noted that here the integration is over the entire Brillouin zone and therefore
regardless of the presence of non-zero ’hotspots’ of Berry curvature, it is possible that
the integral of the Berry curvature vanishes. This will be the case in altermagnets where
some orientations of Néel vector result in a complete switching off of the AHE due to
cancelling out of the Berry curvature, as illustrated in Figure 1.5b. This kind of symmetry
prohibition and the resulting intrinsic anisotropy of the AHE is a characteristic feature of
altermagnets and not observed in ferromagnets where any orientation of the magnetisa-
tion allows the AHE to arise. This anisotropy of AHE inherent to altermagnets will be

discussed extensively later in this Chapter.
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1.4 A new altermagnetic candidate - epitaxial films of
MnsSi; [1][2]

Mn;Si3, a compensated collinear magnet with a hexagonal crystal structure shown in
Figure 1.6a, in its epitaxial thin film form is a potential candidate for hosting an altermag-
netism as indicated by a symmetry analysis and DFT calculations [1]. In this Section, we
will first briefly discuss the properties of bulk MnsSi3, which is an extensively studied
antiferromagnet, and then move on to the epitaxial thin films of MnsSi3, the properties
of which greatly vary from those of the bulk MnsSi3. The epitaxial nature of the films
stabilizes a particular crystal structure and spin configuration that leads to the system
exhibiting the characteristic transport properties of an altermagnetic rather than antiferro-

magnetic phase.

1.4.1 Properties of antiferromagnetic bulk Mn;Si3

Bulk Mnj5Si3 is an extensively studied antiferromagnetic intermetal hosting both collinear
and non-collinear antiferromagnetic (AFM) phases as verified by various neutron diffrac-
tion experiments [68][69][70][71] and supported by DFT calculations [72][73]. The first
magnetic phase transition from the paramagnetic (PM) to collinear AFM phase at Ty ~
100 K is accompanied by a structural phase transition from a hexagonal to an orthorhom-
bic crystal structure [71] as shown later in Figure 1.8. The second magnetic phase tran-
sition to the non-collinear AFM phase occurs at Ty, ~ 66 K and the symmetry of the
structure is further lowered down to monoclinic [70].

In the PM phase with a hexagonal crystal structure (a = 6.910 A and ¢ = 4.814 A
[75]) the Mn atoms have two distinct crystallographic positions (Mnl and Mn2, indi-
cated in Figure 1.6a), but the structural changes accompanying the formation of long-
range magnetic ordering results in a splitting of the Mn2 positions, yielding a variety
of different environments for the Mn atoms. It is well-known that the Mn moments are
highly sensitive to their local environment, especially the distance between two Mn mo-
ments [76][77], which explains why the crystal structure of MnsSi3 results in a highly
non-trivial spin configuration. Neutron diffraction measurements have shown that in the
collinear phase none of the Mn1 atoms and two thirds of the Mn2 atoms are magnetically
ordered [71] as highlighted in Figure 1.6a. In the non-collinear phase, on the other hand,
all Mnl acquire a magnetic moment and two thirds of the Mn2 atoms remain magnetic,
while the spin structure is more complicated and controversial as various configurations
have been proposed [70][74][73]. An additional complexity is added by the sensitivity
of the spin configuration to a magnetic field - further magnetic phase transitions can be
induced by the application of an external field [74][78][73].

Besides neutron diffraction measurements, the assignment of collinear and non-collinear

AFM phases has been corroborated by magnetotransport measurements - in polycrys-
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Figure 1.6: a) (Top) The hexagonal unit cell of MnsSiz with two crystallographically dis-
tinct positions for the Mn atoms denoted as Mn1 and Mn2. (Bottom) A generic hexagonal
unit cell where some of the main crystal axes have been noted. These axes will be relevant
later in this Chapter. b) The collinear, antiferromagnetic spin configuration of MnsSis af-
ter Refs. [71][74][72], hosted by the orthorhombic crystal structure. Two-thirds of the
Mn?2 atoms show long-range magnetic ordering and the two opposite-spin sublattices are
highlighted with red and blue. Here, the opposite-spin sublattices are connected by a
t.7 -symmetry. ¢) Spin configuration of MnsSi3 with hexagonal unit cell that is predicted
by DFT calculations to belong to the altermagnetic group [1]. Here, the .7 -symmetry
connecting the two opposite-spin sublattices is broken.

talline films of MnsSi3 in the collinear phase no AHE is observed, while in the non-
collinear phase THE is observed suggesting a non-collinear spin arrangement [79]. Note
that in polycrystalline films the possible strain from the substrate can relax at the grain
boundaries and moreover, even if the individual grains had a correct symmetry for alter-
magnetism the AHE would vanish regardless due to averaging out by the different crystal
orientations. In this work, the focus is on the collinear phase of MnsSi3 and therefore the

discussion on the non-collinear phase will be limited.

1.4.2 Growing epitaxial thin films of MnsSi; [2]

Our films are grown by the group of Prof. Lisa Michez (Aix-Marseille University, CINaM)
in the framework of ANR — DFG consortium and the details of the growth are discussed in
detail in Ref. [2]. We will summarize the growth procedure here followed by a discussion
on the crystal structure and quality of the films.

The films are grown via co-deposition of Mn and Si on Si(111) substrates using molec-
ular beam epitaxy (MBE), which enables highly controlled layer-by-layer growth of thin
films [81]. The silicon substrates are treated chemically and physically prior to the de-
position in order to realize high-quality starting interfaces free of impurities and with a
correct surface reconstruction (7x7). During the growth, depending on the growth pa-

rameters such as ratio of deposition rates (V) (Ry, /5i = Ymn /Vs;) and growth temperature
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(Tg), two different phases MnsSi3 and MnSi can form in different proportions. These
proportions can be further modified using a post-annealing process where the annealing
temperature (74) is a crucial factor for determining which phase is favored. For our pur-
pose, highly crystalline films of pure MnsSi3 are desired. However, it was observed that
the MnSi layer that forms between the Si(111) substrate and the MnsSi3 layer actually
acts as a seed layer and promotes the nucleation of MnsSis, thereby being a seemingly
unavoidable component of the epitaxial MnsSi3 films. As a compromise, the epitaxial
films used for obtaining the results in this Chapter contain 96% MnsSiz and 4 % MnSi
and were realized under the growth and post-growth conditions of Ry, /s; ~ 1.6, Tg ~ 443
K, and T4 ~ 493 K. The optimization of the parameters for highest MnsSi3 content is
shown in Figure 1.7b.

The epitaxial films used in this work are ~ 17 nm thick and of high crystalline quality
as shown by the TEM image in Figure 1.7c. The epitaxial relationship between the Si(111)
substrate and the MnSi and MnsSi3 phases is Si(111)[110]//MnSi(111)[211]//MnsSiz(0001)

[0110] (see Figure 1.7a,c) as observed by means of reflection high-energy electron diffrac-

a) Si(111) MnSi(111) b)

[111]
[Hz]I—[ﬁO]

Figure 1.7: a) The schematic structures of Si (111), MnSi (111), and MnsSi3 (0001) sur-
faces, which are the planes perpendicular to the growth direction in our samples. Figure
adapted from Ref. [2]. b) The optimisation of the growth of pure epitaxial MnsSisz films
as a function of the growth temperature, deposition rate, and annealing temperature. Opti-
mal conditions for highest MnsSi3 content are R, /Si ™ 1.6, T ~443 K, and T4 ~ 493 K.
Figure obtained from Ref. [2]. ¢) Transmission electron microscopy image of the epitax-
ial MnsSi3 film on Si(111) substrate with a thin MnSi seed layer. The crystal orientation
of each layer is indicated.
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Figure 1.8: a) The temperature-dependence of the hexagonal lattice parameters a,b, and
c for bulk (dark gray) and epitaxial films (purple) of MnsSi3. The bulk data is extracted
from Ref. [80]. For the bulk sample, clear structural changes coinciding with the magnetic
phase transitions are observed. For the epitaxial films, besides the monotonous decrease,
only an increase in ¢ around 70 K is observed.

tion (RHEED), x-ray diffraction (XRD), and high-resolution tunneling electron microscopy
(HRTEM) [2]. The lattice parameters in the paramagnetic hexagonal phase are a = 6.94
A, and b=4.79 A, which slightly deviate from those of the bulk samples [75].

The temperature-dependence of the lattice parameters was recorded through XRD in
order to follow any structural transformations accompanying the magnetic phase tran-
sitions and is shown in Figure 1.8 along with the data for bulk MnsSi3 obtained from
Ref. [80]. In the bulk, the transition from paramagnetic to collinear AFM ordering co-
incides with a structural transition to an orthorhombic phase (as indicated by the a and
b lattice constants taking up unequivalent values) while the transition from collinear to
non-collinear phase is accompanied by a jump in the ¢ as well as a and b parameters. In
comparison, for our epitaxial films there is no change in the a (= b) parameter throughout
the temperature range while the jump in the c parameter is again observed around 70 K.
These changes will be further discussed later in relation to the changes in the magneto-

transport properties indicating magnetic phase transitions.

1.4.3 Verification of the compensated magnetic ordering

The magnetic ordering of our MnsSi3 epitaxial films can be studied with a SQUID mag-
netometer, which is a highly sensitive tool for probing small magnetic moments (detection
limit of the SQUID is ~ 10~8 emu). First we measured the temperature-dependence of
the magnetisation by sweeping the temperature from 300 to 5 K in steps of 5 K under
zero-field and +2 T field that is either in-plane or out-of-plane. These temperature scans
are shown in Figure 1.9 for a continuous sample containing the MnsSi3 layer, MnSi seed
layer, and a Si(111) substrate. For the field-cooled measurements we observe a roughly
constant diamagnetic signal down to 100 K and below that there is first a gradual and
then steeper increase in the magnetisation parallel to the field direction. This behavior is

identical for the two cases of field parallel and perpendicular to the sample surface.

18
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Figure 1.9: Total magnetisation of the Mns5Si3/MnSi/Si stack as a function of temperature
a) under an external field of 2 T with the field out-of-plane and b) in-plane, and c) under
zero-field. The signal contributions from the bare Si substrate (the error of ~ 24% origi-
nates from the area calculation of the two samples and the normalization of the substrate
data to the Mn5Si3/MnSi/Si area) and the sample holder are also shown and have been sub-
tracted from the total signal in order to find out the residual signal for the MnsSi3/MnSi
layer. This weak residual signal likely originates from the MnSi seed layer (7. ~ 50 K)
and magnetic impurities.

Surprisingly, the signal is non-zero yet very small, which is in contrast with the ex-
pected compensated magnetic ordering. However, the magnetic signal is originating from
the entire Mn5S13/MnSi/Si stack as well as the quartz sample holder, where epitaxial MnSi
is known to be ferromagnetic below 50 K [82] while the Si substrate and the quartz sam-
ple holder are diamagnetic. Therefore in Figure 1.9 we also show the same temperature-
scans for a bare Si substrate and for the quartz sample holder in order to disentangle the
Mn;5S13/MnSi signal from the total signal. Note that the substrate signal has been nor-
malized to the match the area of the MnsSi3/MnSi/Si sample (MnsSi3/MnSi/Si and Si
sample areas are 0.12 and 0.16 cm?, respectively). We can see that the signal from the
bare substrate is similar order of magnitude while the signal from the sample holder is
weakly diamagnetic but also non-monotonous.

The residual signal after the removal of these spurious contributions is weakly ferro-
magnetic and monotonous down to 100 K, below which there is a slight increase and a
maximum around 10 K. The low-temperature non-monotonous behavior likely originates
from the MnSi seed layer becoming ferromagnetic while the non-zero monotonous back-
ground extending to 300 K is likely relates to a presence of some ferromagnetic impurities
as neither MnsSi3 or MnSi is expected to be magnetic at room temperature. It should be
noted that due to the high sensitivity of the SQUID magnetometer and the small signal
of the MnsSi3 layer of interest it is difficult to measure vanishing magnetisation as any
magnetic contamination during the sample preparation will be detected [83]. Note also
that the bare Si substrate we have measured is not strictly identical to the one below

the MnsSi3/MnSi layer as the latter has undergone additional cleaning procedures. It is
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Figure 1.10: Magnetisation as a function of field at 110 K for the MnsSi3/MnSi/Si stack,
bare Si substrate, and the sample holder. The signal of the stack is comparable to that of
the normalized Si substrate (the error of ~ 24% originates from the area calculation of
the two samples and the normalization of the substrate data to the Mns5Si3/MnSi/Si area),
their difference being of the order of 1 pemu, which corresponds to 0.02 ug/Mn showing
a vanishing net magnetisation of our sample at 110 K.

therefore highly likely that above 100 K the magnetisation in the MnsSi3/MnSi stack is
negligible. For the zero-field cooled measurement in Figure 1.9c we observe a negligibly
small residual signal for the MnsSi3/MnSi layer with a monotonous behavior down to ~
70 K below which there is a sharp decrease. This could again relate to the ferromagnetic
ordering of the MnSi with a non-zero component antiparallel to the field direction.

To supplement the temperature-dependent measurements, we have also measured the
field-dependence of the magnetisation at 110 K, which is shown in Figure 3.15. We
have again repeated the measurement for the MnsSi3/MnSi/Si stack, bare Si substrate and
the quartz sample holder. Both the stack and substrate signals show an S-shaped curve
with a vanishing coercivity and similar saturation magnetisations (M), suggesting that a
majority of the signal is again coming from the substrate. In fact, M of the Si substrate is
slightly larger than that of the stack, which likely results from the fact that the substrate
is not exactly the same as the one in the stack and has not been treated for the removal
of impurities, which is the case for the Si substrate below the MnsSi3/MnSi stack. Note
again that the signal is in the order of 1 gemu so any spurious impurity signal will have
a significant impact. We can nevertheless consider the difference between the M; of the
stack and the substrate as an indication of the upper limit of the net magnetisation of
the MnsSi3/MnSi layer. This difference is around 1 gemu, which we can convert to 0.02
Up/Mn, which again shows that at 110 K the net magnetisation of our sample is negligibly

small indicating a compensated magnetic ordering of the MnsSi3 epitaxial films.

1.4.4 Ab initio calculations showing the alternating spin-split band

structure

The band structure of the epitaxial MnsSiz can be calculated using density-functional the-

ory (DFT), a computational method where the properties of a material are calculated using
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Figure 1.11: a) The possible arrangements of the opposite-spin sublattices in MnsSis3
where only four Mn atoms are magnetically ordered. Of these arrangements, the checker-
board one is altermagnetic due to the absence of &?.7 -symmetry while the other two are
antiferromagentic. b) The Fermi surface cut of MnsSiz with a checkerboard arrangement
of the sublattices and hexagonal unit cell as obtained by DFT calculations, showing alter-
nating spin-splitting. Figure obtained from Ref. [1]. c) The calculated non-magnetic (first
panel) and magnetic (second panel) band structures of MnsSi3 along with the calculated
anomalous Hall conductivity (AHC, c45g) (third panel). Figure obtained from Ref. [1].

functionals of its electron density. The calculations in this Section have been conducted
by Dr. Libor Smejkal and co-workers at Mainz University and FZU Czech Academy
of Sciences, and the technical details can be found in Ref. [1]. The calculations use
the hexagonal crystal structure of MnsSi3. We have first verified that the checkerboard-
like compensated ordering of the four Mn atoms is the most energetically favorable one
compared to a ferromagnetic, paramagnetic, and the two possible antiferromagnetic or-
derings (see Figure 1.11a). The calculated band structure of MnsSi3 with a hexagonal unit
cell (stabilized experimentally by epitaxy, see Section 1.4.2) and a checkerboard multi-
sublattice arrangement reveals alternating spin-split energy bands even in the absence of
spin-orbit coupling, as shown in Figure 1.11bc. This is as expected from the symmetry
arguments, and supports the assigning of epitaxial MnsSi3 to the altermagnetic group.
Further calculations with the Néel vector (L) oriented along [1121] direction predict a
non-zero Berry curvature and thus non-zero intrinsic AHE conductivity, as shown in Fig-
ure 1.11c. Recall that the connection between Berry curvature and AHE was discussed
in Section 1.3. The theoretical prediction for the AHE conductivity near the Fermi level
is 6ppE is 5-20 S em~!, which turns out to be in good agreement with the experimental

observation as will be shown next.

1.4.5 Magnetotransport properties characteristic of altermagnetism
[1]

Here we show the characterisation of the magnetotransport properties of our epitaxial
Mn;Si3 films. We have patterned the epitaxial MnsSis thin films into the standard Hall
bar geometry (see Figure 1.12) using optical lithography and subsequent ion beam etch-
ing. For the magnetotransport measurements, we use Quantum Design Physical Property

Measurement System (PPMS) equipped with a cryostat and a superconducting magnet,
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Figure 1.12: The Hall bar measurement configuration - (left) illustration and (right) an
optical image of the actual devices.

which allow the application of temperatures ranging from 1.9 to 400 K and magnetic fields
ranging from O to 9 T. We measure the longitudinal and transversal voltage signals (Vi
and Vy,, respectively, shown in Figure 1.12) as a function of either temperature, external
field strength and/or orientation, or field sweeping rate. The exact measurement type will
be specified in each relevant section. From here on, the voltage signals V., and Vi, are

expressed in terms of resistivities Py, and pyy as defined by:

Vxxwt p _ nyt
Il VL

Pxx = R (15)

where w is the Hall bar width, [ is the Hall bar length, ¢ is the film thickness, and I, is the
applied current. Here, 1 =45 ym, w =10 um, t = 17 nm, and / = 0.5 mA.

Identifying the magnetic phase transitions

First, we have measured p,, as a function of temperature in order to identify the mag-
netic phase transitions. The resistivity of a magnetic solid is often expressed as a sum of
contributions from the impurity scattering (temperature-independent), phonon scattering
(temperature-dependent), and scattering from the localised magnetic moments (temperature-
dependent):

P = Po+ Pph+ Psd (1.6)

Both temperature-dependent terms decrease with lowering temperature, p,; due to the
presence of fewer phonons and py; due to decreased spin disorder. As pyy 1s different for
different magnetic phases, non-monotonous changes in p as a function of temperature can
indicate magnetic phase transitions.

For the epitaxial MnsSi3 films, the temperature-dependence of py, and its derivative
are shown in Figure 1.13. Globally, the p,, decreases when the temperature is decreased
but exhibits a hump-feature around ~ 50 K, which is consistent with previous observation
on polycrystalline samples [84] and crystalline thin films [85]. The two magnetic phase
transitions can be identified from the dp,,/dT plot: Ty, is characterized by a local mini-

mum around ~ 70 K, which is in good agreement with the previous reports [70][74][85],
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Figure 1.13: The temperature dependent longitudinal resistivity (py,) shows global de-
crease and a local maximum around 50 K below the lower Néel temperature 7y;. The
measurement is repeated under zero-field and a positive 2 T out-of-plane field and both
measurements show a similar trend. Plotting the derivative dpy,/dT reveals two magnetic
phase transitions: Ty at 70 K and Ty ; at ~ 250 K. Figure obtained from Ref. [1].

while the second transition temperature, Ty, is around ~ 250 K as indicated by another
slope change. Remarkably, this is significantly larger than the 100 K identified in previ-
ous studies on bulk and thick film samples [71][74][85]. We attribute the enhanced 7} in
our epitaxial films to the stabilization of the structure favorable for the collinear ordering
by epitaxy: in the bulk samples the Ty phase transition is known to be accompanied by
a structural phase transition from a hexagonal to an orthorhombic phase as was shown
in Figure 1.8, while in our epitaxial films this structural transition does not take place
but rather the hexagonal unit cell persists over the entire temperature range. It is there-
fore possible that in our epitaxial films the Mn distances favor the long-range magnetic
ordering over a wider temperature range.

Next, we have measured the spontaneous p,y as a function of temperature in order to
obtain information about the magnetic ordering in terms of the .7 -symmetry breaking -
if the symmetry of the magnetic phase is such that it breaks .7 we expect to observe a
sizable, non-zero spontaneous pPy,. As discussed above, for the epitaxial MnsSi3 films a
collinear, checkerboard magnetic ordering with a hexagonal unit cell would enable this.
We have already shown that the hexagonal unit cell is preserved over the entire temper-
ature range (recall Figure 1.8) so that the onset of non-vanishing psgg is predicted to
coincide with a collinear, compensated magnetic phase transition. In Figure 1.14a we
plot the transverse conductivity (Gy, = Pxy/ p%x) as a function of temperature and it can be
observed that a rapid increase in Oy, is indeed observed at a temperature that corresponds
to Ty identified in Figure 1.13.

Anomalous Hall effect in epitaxial MnsSis [1]

In order to understand the origin of this signal, we can take a closer look at the field-
dependence of p,y at different temperatures as shown in Figure 1.14b. The raw data (p,y)

comprises of various contributions: 1) the ordinary Hall effect (OHE), where the electron
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Figure 1.14: a) Temperature dependence of the transverse conductivity oy,. b) Field-
dependence of psyr at 70 and 110 K showing hysteresis behavior typical for the com-
pensated magnetic phases below Ty > and between Ty > and Ty i, respectively. The sizable
amplitude at 110 K corresponds well to the theoretically predicted value on the collinear
phase while the topological-like features at 70 K can indicate a non-collinear phase. c)
Field-dependence of Apy, (Apxy = Pxx — Prxmax) at 70 and 110 K. Typical anisotropic
magnetoresistance behavior is observed. d) Processing of the raw field-dependence of the
Pxy signal. We remove a linear slope relating to the ordinary Hall effect (OHE) and then
separate the antisymmetric (relating to AHE) and symmetric parts of the signal.

paths are curved by the Lorentz force, is linear with field strength, ii)) AHE, which is odd
(antisymmetric) and non-linear with field, and iii) spurious even signal originating from
e.g. slight misalignment of the Hall bar ’arms’ (vanishingly small in our samples) [86].
We separate these different signals from the raw data as shown in Figure 1.14d and only
retain the antisymmetric signal that relates to the AHE (panE).

The processed data reveals a sizable spontaneous AHE with a relatively square shape
and large coercivity of ~ 1 T, as shown in Figure 1.14b. Being in agreement with the theo-
retical predictions [1], the observation of AHE as well as the amplitude of the signal (~ 5
Scm™!) points towards a collinear, checkerboard arrangement of the magnetic sublattices
in our Mn;Si3 epitaxial films at this temperature of 110 K. This would also be analogous
to the bulk MnsSisz, where such a collinear, checkerboard spin configuration was identi-
fied between Ty and Ty; by neutron scattering experiments [71]. The hysteresis loop at a
temperature below Ty, exhibits additional bumps and dips between the saturation and co-
ercive fields i.e. right before the switching of the Néel-vector direction (L) (indicated by
circles in Figure 1.14b). Such features have been observed also in the non-collinear phase
of the thick films and bulk samples of MnsSi3, where it was attributed to the topological
Hall effect (THE) arising from the real-space Berry phase induced by the non-collinear

spin structure [79]. The fact that we observe these topological-like features below Ty
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might indicate that in analogy to the bulk samples the compensated phase below Ty, in
our films is also non-collinear. However, in the absence of a direct observation of the spin
structure this is not conclusive as the topological-like features could also originate from a
coexistence of two phases with different magnetotransport properties [87].

Also the longitudinal resistivity py, strongly depends on the field strength as shown
in Figure 1.14c (expressed as Apyx = Pxx — Pxx,max)- The behavior is characteristic of
anisotropic magnetoresistance (AMR) where the re-orientation of the L-vector by the
field changes the sd-scattering cross-section. The AMR behavior in our MnsSi3 epitaxial

films will be discussed in more detail in the next Section.

1.5 Unconventional anisotropic magnetotransport prop-

erties of epitaxial MnsSi; [3]

An interesting property of the AHE in altermagnets is its inherent dependence on the un-
derlying crystal structure. More specifically, the orientation of the Néel vector L relative
to the crystal axes will change the symmetry of the system and some L-orientations allow
a non-vanishing Hall vector h, while others may forbid it by symmetry. As a result, the
AHE is expected to be strongly anisotropic upon reorienting the L-vector along different
crystal axes. This is in contrast with the AHE in ferromagnets, where AHE is allowed by
symmetry for any orientation of the net magnetisation so that the effect is largely isotropic.
However, the Hall resistivity can be anisotropic with respect to the crystal structure also
in crystalline ferromagnets [88] but the AHE cannot be switched off in a way similar to
altermagnets but rather the Hall current direction varies with the magnetisation direction.
The anisotropic AHE in altermagnets has been experimentally demonstrated in the case
of RuO; (recall Figure 1.4c) where the L-orientation was manipulated using different
growth directions of the crystal and the subsequent measurement of the AHE revealed a
non-zero amplitude only for the sample where L. was along a crystal axis for which sym-
metry analysis predicted a non-zero h [43]. The switching on and off of the AHE by the
L-orientation has also been observed in the altermagnetic MnTe [61].

Having demonstrated that our epitaxial MnsSis films exhibit a sizable AHE that can
be switched and saturated with experimentally well-accessible fields of a few Teslas, we
will move on to exploring the anisotropy of the AHE. The motivation for such a study is
two-fold:

1. To obtain further information on the magnetic phase of the films. In other words,
we can probe AHE as a function of the L-orientation in order to see whether the
behavior matches that predicted for an altermagnetic material. This is useful given
that it is complicated to experimentally elucidate the spin configuration of our films.
This idea is akin to the initial discovery of antiferromagnets where the identifica-

tion of the new magnetic phase was initiated by the study of their unconventional
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macroscopic properties such as the vanishing net magnetization and unconventional
temperature-dependence of the susceptibility, and only later on followed by the ex-

perimental verification of the spin structure.

2. To obtain further information about the L-orientation relative to the crystal struc-
ture. It is generally known that the magnetotransport properties vary with the L-
orientation, and therefore systematic studies on changing its relative orientation and
following the changes in py, and p,, can provide useful information when combined

with theoretical models.

In this Section we study two different ways of controlling the relative L-orientation in our
films and how the changing relative orientation influences the magnetotransport proper-
ties. We will compare and contrast our results to the typical behavior of ferromagnets and
antiferromagnets and argue that the unconventional anisotropic AHE in our films agrees

well with the predicted altermagnetic group.

1.5.1 Néel vector control in compensated magnets

Compensated magnets are notoriously robust against external fields perturbations due to
their vanishing net magnetisation and therefore controlling the order parameter L is less
trivial than in ferromagnets. In uniaxial bipartite antiferromagnets the field-control of L is
well-known [89][29]: the sensitivity to the field as well as the resulting behavior strongly
depends on the relative orientations of the external field H and L, as illustrated in Figure
1.15. If H is perpendicular to L, it will induce a slight canting of the sublattice magnetisa-
tions, which generates a weak magnetic moment perpendicular to L that increases linearly
with the field strength up to a saturation point where the field strength compensates for the

exchange energy cost of the sublattice magnetisation aligning parallel to each other. The
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Figure 1.15: Illustration of the external field control of the Néel vector orientation in
uniaxial bipartite antiferromagnets. (Left) When the field is perpendicular to the Néel
vector it induces a small canting of the sublattice moments, which eventually results in the
parallel alignment of the moments. (Right) A field parallel to the Néel vector can induce
either a spin-flop transition (i) or a spin-flip transition (ii) depending on the strength of
the anisotropy in the system.
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field-induced magnetisation favors a H L L configuration so that a re-orientation of H
can result in a re-orientation of L if allowed by the magnetocrystalline anisotropy. If H is
parallel to L, on the other hand, the system is virtually insensitive to the field until it over-
comes the anisotropy energy - this threshold is marked by a so-called spin-flop transition
where L can rotate away from the easy axis and align perpendicular to the external field.
Further increase in the field strength will result in a canting of the sublattice moments
towards the applied field, which again induces a weak magnetic moment that increases
linearly with the field up to saturation. If the system has a strong magnetocrystalline
anisotropy, it will not exhibit a spin-flop transition but rather at a sufficiently strong field
will transition directly from the antiparallel alignment of the sublattice magnetisations to
a parallel one. Note that in addition to the external field the control of L has also been
demonstrated by optical [34][33][90] and electrical [31][91][92][93][94] means.

In altermagnets the research on the L control is at very early stages as only two mate-
rials have been experimentally verified as altermagnetic. In RuO;, where the crystal axis
allowing for AHE is [110] and the easy axis is [001], a continuous re-orientation of L
from [001] in the (110) plane towards [110] axis is realized by applying an external field
along [110] [95][43]. However, this requires relativistic DMI terms, and therefore is not
applicable to systems lacking them. In MnTe, L can be re-oriented through the spin-flip
transition occurring around 2 T [61], indicating that the field-control of L. models applying
to antiferromagnets may also apply to altermagnets. It should be noted, however, that in
altermagnets L is not the only order parameter but there is also a second order parameter
relating to the anisotropy of the spin-split bands. The mechanisms through which the ex-
ternal field can couple to this anisotropy order parameter are a completely unexplored field
of research and further investigations on it might reveal novel, unconventional switching
mechanisms of L.

Here we will demonstrate the external field control of the relative L-orientation in our
MnsSis films using field strengths of the order of a few T through the systematic changes
it inflicts on the magnetotransport properties of the films. However, drawing conclusions
on the mechanisms through which the order parameter(s) couple to the field and switch

are beyond the scope of this thesis and exciting topics for future research.

1.5.2 Anisotropic AHE demonstrated through external field rotation

In Section 1.4.5 the AHE resistivity (pagr) was measured in the standard Hall geometry
where the external field is along the film normal. Here, we will investigate how the
pape varies when we rotate the field away from the film normal but still in the plane
perpendicular to the current channel. The field orientation is defined by 6 shown in Figure
1.16a and during the measurements 0 is varied from 0 to 360 back to 0 deg in 2 deg steps.
The Hall bar used has its current channel along the [2110] crystal axis so that the field is
rotated in the (2110) crystal plane. The first field strength selected is 2 T because in Figure

1.14c we observed that this is sufficient for reversing and saturating the Néel vector, as

27



Figure 1.16: a) Illustration of the measurement geometry in the field-orientation depen-
dent measurements. The angle 0 denotes the orientation of the external field relative to
the film normal in the plane perpendicular to the current channel (denoted as light blue
area). Here, the current channel is along the [2110] direction. (b) The AHE resistivity
pame as a function of O with a 2 T external field at 110 K for a measurement geometry
shown in (a). The raw signal contains a contribution from OHE, which can be removed
to obtain the AHE contribution. The sweep direction is indicated by the small arrows and
by the empty circles for the forward sweep and filled circles for the backward sweep.

indicated by a reversal of the psyg sign. The temperature is again 110 K, meaning that
we are in the magnetic phase of MnsSi3 showing altermagnetic properties.

The resulting field orientation dependence of psgg 1s shown in Figure 1.16b. The raw
signal again contains a contribution from OHE, as was the case for the field-dependent
data in Figure 1.14d. We have removed this OHE background by assuming it has a cos 0
dependence with an amplitude extracted from the field-dependent data as the OHE slope
when 6 = 0 deg (in Figure 1.14d, OHE slope is ~ 0.05 uQcmT~!). The processed signal
exhibits strongly step-like behavior with wide plateaus when the field is oriented close to
out-of-plane or close to in-plane direction, separated by sharp transitions. Moreover, the
backward sweep does not trace the forward sweep resulting in a hysteretic behavior.

To further elucidate the origin of this unconventional 6-dependence, we have mea-
sured the field strength sweeps at selected 0 as shown in Figure 1.17. In accordance with
the 6-dependence in Figure 1.16b, we see maximum saturation P,y (Pxy,sar) When the field
is along the film normal and a nearly vanishing p,y s, When the field is in-plane. More-
over, it can be seen that 2 T is not sufficient for saturating the py, at all 0 (see e.g. 6 = 30
or 150 deg in Figure 1.17), which could explain the hysteresis in the 8-dependence. An-
other contribution to the 0-dependent hysteresis can be the humps that appear in the hys-
teresis loops at some 60 (see e.g. 8 = 60 or 120 deg in Figure 1.17). The origin of these
humps is unknown, but possible explanations include i) field-induced non-collinear spin
structures that can allow the electrons to acquire a geometric phase in the real space, ii)
during the reversal, the Néel vector temporarily orients along a crystal axis with higher
AHE conductivity compared to the starting position, and iii) coexistence of two phases
with different psgg hysteresis loops.

We have repeated the 0-dependence measurements for stronger fields of 4, 7, and

9 T. Based on the hysteresis loops in Figure 1.17 at 7 and 9 T we expect to be at the
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Figure 1.17: The hysteresis loops at selected 8 at 110 K with the current channel along
the [2110] direction. The sweep direction is again indicated by the small arrows and by
the empty circles for the forward sweep and filled circles for the backward sweep. In
accordance with Figure 1.16, the AHE resistivity at saturation is at maximum when the
field is out-of-plane and decreases when the field rotates away from the out-of-plane,
almost vanishing when the field reaches in-plane orientation.

saturation payg for all O while at 4 T this should be the case for most 6 except for a
few (see 6 = 30 and 150 deg in Figure 1.17). If the hysteresis in Figure 1.16 relates
to the unsaturated L. or the appearance of the humps at some 0, the 4 T scan should
exhibit significantly less hysteresis, and 7 and 9 T vanishing hysteresis. The step-like
behavior, on the other hand, we would expect to persist as for all 0 the parf s 1S NOt
significantly different between 2, 4 and 7 T in Figure 1.17. The 0-scans for 4, 7 and 9 T
fields are shown in Figure 1.18a but instead of psyr we have plotted cagr = pane/ pfx
to normalize the signal with respect to field-induced changes in py,. The behavior is as
expected from the predictions based on the hysteresis loops - the plateaus around the in-
plane and out-of-plane directions of the field separated by the steep steps persist, while
the hysteretic behavior disappears when the field strength is increased. Moreover, there
are slight changes in oyyr amplitude for the different field strengths, which likely is
an artefact originating from slight differences in the experimental conditions between the
measurements (Hall bar orientation, wirebonding, temperature) and/or from the extraction
of the OHE background.

All in all, our measurements on the 6-dependence show two important features. First,
since the AHE resistivity is strongly varying with the field orientation we can infer that the
L-orientation is varying, too. The mechanism through which the field can couple to the
L-vector is not known to us but for our purposes it suffices to know that we are able to re-
orient the L-vector using a field of the order of a few Tesla, which is easily reachable with
our measurement set-up. This enables a more detailed study of the AHE anisotropy in

our MnsSis films, which for example in RuO is less accessible due to the field strengths
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Figure 1.18: a) The 6-dependence of o4yr with different external field strengths at 110
K. Here, the current channel is along the [2110] direction. The step-like behavior persists
while the hysteresis vanishes and the amplitude decreases when the field is increased. b)
The magnetisation of a continuous stack of Mns5Si3/MnSi/Si (purple tones) as a function
of the field strength and orientation 6, as well as the signal from a bare Si substrate (the
error of ~ 24% originates from the area calculation of the two samples and the normal-
ization of the substrate data to the Mn5Si3/MnSi/Si area) and the sample holder. The 6
here is the same as for the magnetotransport data but subject to more uncertainty as the
field alignment is realized manually rather than automatically.

of the order of 60 T required for re-orienting the L-vector. Second, the anisotropic and
unconventional 0-dependence suggests altermagnetism in our MnsSi3 thin films rather
than a weakly ferromagnetic phase, which could also cause the observation of AHE in
compensated magnets. Typical soft and polycrystalline ferromagnets typically exhibit
a cos 0 behaviour as the AHE amplitude can be approximated as being proportional to
the out-of-plane component of the magnetisation. There are, however, a few exceptions.
Ferromagnets with a strong magnetocrystalline anisotropy can show a more step-like 0-
dependence as the magnetisation prefers to remain aligned with the easy axes and hence
lags behind the field. However, a strong field overcoming the anisotropy energy restores
the cos 8-dependence. In single crystalline ferromagnets, the intrinsic AHE conductiv-
ity can depend on the magnetisation orientation relative to the crystal axes as has been
shown both experimentally [96][97] and theoretically by ab initio calculations [88]. This
variation has been attributed to changes in the band structure near the Fermi level upon
rotating the magnetisation direction [88]. However, as the Hall vector is allowed by sym-
metry for any magnetisation orientation, the AHE conductivity cannot be ’switched off’.
This is contrary to what we observe in our films: for 8 ranging roughly from O to 40
deg, 70 — 110 deg, 180 — 210 deg and so on as shown in Figure 1.16, pagr ~ 0. Note
that psyr saturates at the field strengths used for the 6-dependence as shown in Figure
1.17 implying that it is unlikely that the L-vector is lagging behind the field. As dis-
cussed earlier, in altermagnets the switching off of the AHE is allowed [39][64][43][61]
for more orientations than exactly 8 = 90 deg as is the case with ferromagnets, meaning
that the 6-dependence we observe adds to the evidence that MnsSi3 epitaxial films are

altermagnetic.
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Control measurement I: Magnetisation as a function of field orientation

In order to further show that the weak magnetisation (discussed previously in Section
1.4.3) is not the origin of the AHE in our samples we have measured the magnetisation
as a function of 8 with the SQUID magnetometer. The measurement set-up allows for
temperatures ranging from 2 to 400 K and fields upto 7 T, enabling the magnetic mea-
surements to be run under similar conditions to the magnetotransport measurements. The
field-dependence of the magnetisation in the continuous unpatterned MnsSi3/MnSi films
on Si substrate is shown in Figure 1.18b for different orientations 6 of the field. The
definition of 0 here is the same as for the magnetotransport measurements. It should be
noted, however, that here the change in the field orientation is realized through manual
re-orientation of the sample relative to the sample holder while in the magnetotransport
measurements an automatized rotator is used, meaning that the accuracy in the 6 may
differ. However, as we can see in Figure 1.18b, the 0 has virtually no influence on the
weak magnetisation of the MnsSi3/MnSi stack so that the slight inaccuracies in setting
the 0 in the magnetic measurements are not critical. Recall from Section 1.4.3 that the
non-zero magnetic signal has contributions from both the MnsSi3 film and the Si(111)
substrate and as the signal is very small it can also contain other spurious magnetic sig-
nals [83]. Comparing the substrate signal to the MnsSi3/MnSi/Si signal (former has been
normalized to the area of the MnsSi3/MnSi/Si sample; MnsSi3/MnSi/Si and Si sample
areas are 0.12 and 0.16 cm?, respectively) implies that the signal from the MnsSi3/MnSi
is likely of the order of 0.02 ug/Mn for all 6, showing that there is no variation in the
magnetisation with 6 that would resemble the variation of pgyg with 6, making a strong
case against the weak magnetisation being the origin of the AHE in our MnsSi3 epitaxial

films.

Control measurement II: 6-dependence of AHE in antiferromagnetic Mn;Sis;

As a second control measurement we have probed the magnetotransport measurements
of MnjsSi3 epitaxial films with a larger proportion of MnSi (75 % of MnsSi3, 25 % of
MnSi). When the MnSi content is increased the crystallinity of the MnsSi3 deteriorates
and becomes more textured [2], which in effect will prohibit the altermagnetism as the
strain can relax at the grain boundaries. Even if the different grains were altermagnetic,
the emergent magnetotransport properties would average out due to the different grain
orientations. We would therefore expect these films to exhibit a conventional antiferro-
magnetic phase, making them relevant control samples as they should not show any AHE.
This is demonstrated in Figure 1.19 where the field dependence of 64y of the 75:25 sam-
ple shows a significantly reduced amplitude as well as a vanishing coercivity. Note that
here we are plotting Gayr = pane/ pfx instead of psyr in order to draw a more direct
comparison between the two samples. The 6-dependence of the 645, on the other hand,

shows roughly a cos 6 behavior, which is in stark contrast with that of the 96:4 sample as
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a) Mn;Siz:MnSi b) Mn;Si;:MnSi

Figure 1.19: a) AHE conductivity as a function of the field in epitaxial films of different
proportions of MnsSiz and MnSi. The AHE amplitude and coercivity become suppressed
when the MnSi content is increased. b) The unconventional behavior of AHE as a func-
tion of the external field orientation disappears when the MnSi content increases and is
replaced with a more conventional cos 8 behavior. Note that the data for the 75:25 sample
is slightly shifted due to a slight mechanical hysteresis during the sample rotation.

shown in Figure 1.19b. This non-zero signal could originate from a ferromagnetic com-
ponent in the films, which has to be verified with further magnetic measurements on the
75:25 sample. These results demonstrate that the anisotropic AHE requires a high crystal
quality of the MnsSis epitaxial films, which is consistent with the origin of the altermag-
netism being in the underlying crystal structure. Moreover, if the origin of the AHE signal
in the 96:4 sample was the ferromagnetic MnSi (given that its 7. was increased from 50
to at least 110 K by the epitaxy), we would expect the cxpr to be higher for the 75:25

sample, which here is not the case.

1.5.3 Further anisotropy revealed by external field rotation in differ-

ent crystal planes

Next we explore the anisotropic AHE further by adding an additional degree of freedom to
our measurements, namely the orientation of the current channel of the Hall bars relative
to the underlying crystal structure. Previously, the measurements corresponded to a Hall
bar along the [2110] direction meaning that the field is rotated in the (2110) plane. We
have, however, patterned our epitaxial films in such a way that they contain Hall bars
along the various high-symmetry axes of the hexagonal crystal structure, namely those
including and equivalent to the [0110] and [2110] axes (recall Figure 1.6a). The Hall bar
orientation is defined by the angle & between the [0110] and the current channel direction
as shown in Figure 1.20a. During the measurements, the field is again maintained in the
plane perpendicular to the current channel, meaning that for the different Hall bars the
field rotates in different crystal planes and in effect, so does the L-vector. This allows us
to further study how the AHE evolves as a function of the L-orientation.

The 6-dependence (with a 2 T field, at 110 K) of the different Hall bars is shown in
Figure 1.20. We again observe strongly step-like behavior for all ¢ but the exact details

of the behavior divide the & into two sets: 1) 8-dependence is virtually identical to that
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Figure 1.20: a) The Hall bar orientation is defined by &, which is the angle between the
crystal axis [0110] and the current channel direction. b) The o selected for this work
reflecting the hexagonal crystal symmetry of the MnsSi3 films. They can be divided into
two sets based on the crystal axes along which the current channel is - for ov = 0, 60,
and 120 deg along [0110] or equivalent and for o¢ = 30, 90, and 150 deg along [2110] or
equivalent (see also Figure 1.6a). c) Optical image of the nanofabricated Hall bars after
optical lithography and ion beam etching steps showing the Hall bars with oo = 0, 45, 60,
and 90 deg.

observed in the previous Section i.e. wide plateaus when the field is out-of-plane or in-
plane and sharp transitions in-between, and 2) 0-dependence contains small additional
steps when the field is around the in-plane direction. Recall that even without probing the
0-dependence we could divide the & into two sets based on the crystal plane in which we
rotate the field, so the fact that we observe different 8-dependence for these two sets of o
strongly supports our earlier conclusion that along with the field we are also rotating the
L-vector in different crystal planes. This also provides further evidence on the anisotropy
of the payr with respect to L-orientation and its relation to the crystal structure. Also,
note that we are rotating the field in a plane perpendicular to the current channel so that
the non-crystalline contributions to the signal are minimized.

Next, we elucidate whether the anisotropy in the 6-dependence for the different Hall
bars relates to the change in the crystal axis along which the current channel is oriented
or to the change in the crystal plane in which the external field rotates. In order to do
so, we have conducted additional measurements where two perpendicular Hall bars are
measured simultaneously while the external field is rotated in a given crystal plane as
illustrated in Figure 1.22. These measurements have been carried out by Antonin Badura
at the Czech Academy of Sciences in Prague. The outcome of these measurements, shown
in Figure 1.22, clearly demonstrates that the shape of the 6-dependence stems from the
different crystal planes in which the field (and in effect, L-vector) is rotated and is virtually
independent of the exact orientation of the current channel with respect to the crystal
structure.

Finally, we conduct a measurement where we rotate the external field in the plane of
the film, which supports the earlier observations while revealing additional peculiarities:
Pxy 1s vanishingly small as expected from Figure 1.21 where p,, ~ 0 when 6 = 90 deg

but interestingly shows sharp peaks at ¢ ~ 0, 60, 180, and 240. Similar sharp peaks have
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Figure 1.21: The 0-dependencies of the Hall bars with different o (at 110 K) using vary-
ing field strengths. The o can be divided into two sets based on the crystal axis along
which the current channel is oriented (which determines the crystal plane in which the
field rotates) and the exact details of the 8-dependency - some show a wide plateau when
the field is in-plane (top, blue tones) while the others show additional steps at the same
field orientation (bottom, red tones). Increasing field strength results in a disappearing of
the hysteresis behaviour.
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Figure 1.22: Simultaneous measurement of two perpendicular Hall bars at 100 K with
2 T field reveals that the anisotropic 6-dependence relates to the crystal plane in which
the field rotates (shown below the corresponding plots) rather than the crystal axis along
which the current channel is. Note that the data presented here still contains the OHE-
background, hence the y-axis is pyy rather than pspg.
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been theoretically associated with the opening and closing of Dirac points in CuMnAs
upon L-vector rotation [98], but in our system the origin of these peaks remains a point of
further investigation. The AMRH (defined in Equation 1.7), on the other hand, shows six-
fold symmetry and based on previous reports of the in-plane AMR|| in hexagonal systems
[99][100], this is in good agreement with the hexagonal symmetry of the crystal plane in
which we are rotating the field. This again indicates that L.-vector rotates upon the external
field rotation. In MnTe, where the AMR|| was measured in a Corbino disk geometry thus
eliminating the non-crystalline contributions, the peaks (dips) correspond to the L-vector
pointing along [1100] ([2110]) [100]. In our measurements, however, the non-crystalline
contributions are present and have to be subtracted in order to realize a cleaner analysis of
the crystalline contribution. This can be realized either through measuring perpendicular
Hall bars and summing up their signals, in which case the non-crystalline contributions

cancel out [101], or through measurements in the Corbino geometry [102].

1.5.4 Anisotropic magnetoresistance in different crystal planes demon-

strates Néel-vector control

Studying the longitudinal resistivity (py,) of a magnetic material is another tool for prob-
ing information on properties such as the magnetocrystalline anisotropy or the order pa-
rameter orientation. As discussed earlier in this Chapter, p,, is described by the symmetric
part of the resistivity tensor and is an even function of the magnetisation. This means that
the phenomena relating to py, are allowed by symmetry in ferromagnets, antiferromag-
nets, and altermagnets, which was not the case for the antisymmetric components of the
resistivity tensor. One example of these phenomena is the anisotropic magnetoresistance
(AMR) where the magnetisation orientation relative to the current direction and the crys-
tal structure determines the longitudinal resistance of the system. The longitudinal AMR

relates to Py, as:
XX 0)— XX
AMR)|(6) = %, (1.7)
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Figure 1.23: The dependence of pyy, and AMR), (pxx) on the in-plane orientation of the
external field quantified by the angle ¢, which is the angle between H and [2110] crystal
axis. The measurements are conducted at 110 K under varying field strengths.
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where (py,) indicates p,, averaged over all angles. The total AMR signal can be expressed

as:
AMRH = Crc082¢ +C2c0520 + C4cos460 + Cscos60 + Cj 4cos(40 — 2¢), (1.8)

where ¢ is the angle between current and magnetisation, and 6 is defined as the angle
between magnetisation and [0001] crystal axis (in our case) [103]. These terms can be
classified into crystalline, non-crystalline and mixed terms, where the crystalline terms
depend on 0 while the non-crystalline terms depend on ¢. In Equation 1.7 the first term is
non-crystalline, the second, third, and fourth terms are the uniaxial, cubic, and hexagonal
crystalline terms, and the last term is a mixed crystalline/non-crystalline term. Micro-
scopically, the relativistic non-crystalline contribution arises from the changing s-d scat-
tering cross-section when the angle between the current and the magnetisation directions
is changed while the crystalline contribution relates to the changing band structure when
the magnetisation orientation changes relative to the underlying crystal structure. The
former contribution can be eliminated by rotating the magnetisation in a plane perpen-
dicular to the current channel (¢ = 7/2), which is the case for our measurements. This
leaves only the crystalline contribution in the signal, which can then be used to extract
information about the crystal structure of the system.

The 6-dependence of the AMRH for ¢ = 0, 60, 120 deg and o = 30, 90, 150 deg
Hall bars is shown in Figure 1.24 for 2, 4, and 7 T. At 2 T for all o the 6-dependence is
roughly cos26-like while at 4 and 7 T two distinct behaviors emerge for the two sets of
a: for o =0, 60, and 120 deg the 0-dependence still follows a cos26 behavior but for o
= 30, 90, and 150 deg higher order cos components appear. To illustrate the two different
behaviors, we fit the 6-dependence of o = 0 and 90 deg in Figure 1.25 using a fitting
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Figure 1.24: The 6-dependence of the longitudinal AMR (AMR|)) at 110 K and under
varying field strengths (2, 4, and 7 T). Two distinct behaviors can be distinguished above 4
T, one with (blue tones) and one without (red tones) sizable higher order cos-components.
The two sets correspond well to the two sets of crystal axes along which the current
channels are oriented.
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Figure 1.25: The fitting of the AMR|, as a function of 6 using the fitting function contain-
ing cosines of different orders as introduced in the main text. This highlights the evidently
different behaviors of @ = 0 and 90 deg. The fitting parameters obtained from the fits il-
lustrated on the left as a function of a. For each & the C, component is constant while Cy
and Cg oscillate from virtually zero to non-zero with a 60 deg periodicity.

AMR|(8) = Co+C2 0826 + C4c0s40 + Cgcos 60, (1.9)

where C, are the fitting parameters for the different cosines and the terms running up to
n = 6 reflect the hexagonal symmetry of our system. Plotting the C,, as a function of & as
shown in Figure 1.25b clearly shows the 60 deg periodicity in the (dis)appearance of the
higher order cos-components in the AMR signal, which agrees with the hexagonal sym-
metry. Given that the crystalline component of the AMR (which is expected to dominate
here) reflects the crystal plane in which the order parameter is rotating, this once more
supports the conclusion drawn from the previous measurements on pagr that for the dif-
ferent @ we rotate the L-vector in different crystal planes. An interesting observation is
that the two different behaviors emerge only above 2 T, whereas previously in Section
1.4.5 we have seen that 2 T is sufficient for reversing the L-vector orientation.

The main findings described so far are two-fold. First, changing the plane in which
the external field is rotating influences both the AHE and AMR, which indicates that by
changing the field orientation we are also changing the L-vector orientation. Secondly,
as AHE depends on the Néel vector orientation even when saturation has been reached,
our results suggest that AHE in our epitaxial MnsSi3 films is intrinsically anisotropic.
This adds to the evidence that the films indeed belong to the altermagnetic group. For a
better understanding of these results, our collaborators Dr. Libor Smejkal and Prof. Helen
Gomonay et al. are conducting calculations on the Berry curvature on the different crystal
planes as well as on the possible reversal mechanisms of the L-vector. A publication on
our experimental results with the supporting theoretical calculations is currently under

preparation.
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1.6 Unfolding the Néel vector switching dynamics in epi-

taxial MnsSi; through further transport measurements

The broken .7 -symmetry of altermagnets and the consequent magnetotransport proper-
ties thought to be exclusive to ferromagnets open up new opportunities for studying the
properties of compensated magnets. In this Section we illustrate this point by show-
ing transport measurements based on AHE that have been previously possible only in
ferromagnets. First, we obtain more information on the switching mechanism through
minor-loop measurements and then discuss the possibility of extracting the energy barrier

for L-vector reversal using dynamic switching measurements.

1.6.1 Obtaining information on intermediate switching states through

minor loop measurements

Here we study the microscopic details of the switching of the L-vector more closely us-
ing the minor loop measurement technique. So far the field sweeps shown in this Chapter

have all been major loops, meaning that the saturation field is exceeded in both forward
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Figure 1.26: a) The field-sweep sequence starting from O T and gradually increasing up
to 3 T at each field sweeping cycle. b) The resulting hysteresis loop with various minor
loops at intermediate psyg accessed at each cycle. c¢) Two possible scenarios of the
spin configuration that could correspond the intermediate states circled in (b): 1) coherent
rotation of L-vector results in a change in the L-vector components along crystal axes
with allowed and forbidden h, and ii) Fraction of the sample has switched completely
giving pagg of opposite polarity while the rest remains unswitched.
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and backward sweeps so that a complete reversal of the L-vector is likely. We can, how-
ever, obtain more information about the switching mechanism by measuring minor loops
where the extreme sweeping fields stay below the saturation field and therefore only a
partial L-vector switching will be realized. In ferromagnets the presence of minor loops
often relates to magnetisation switching through domain nucleation and subsequent do-
main wall propagation [104][105][106] while in altermagnets the minor loop behavior
has not been reported until now. Recall that it is so far unknown to us how the L-vector
reverses, but the different options include the spin-flop mechanism common for antiferro-
magnets, continuous rotation relying on the DMI terms as was the case with RuO; [43], or
through an unconventional coupling of the field to the d-wave anisotropy order parameter.
Moreover, whether the reversal takes place coherently or through a domain expansion is
an open question. Ideally, the answer to these questions could be found using domain
imaging techniques [107] and/or vector magnetometry in order to study the field-induced
canting of the sublattice moments [43], but we can obtain clues to these question through
minor loop measurements as shown in this Section.

In order to study the minor loops, we carry out a field sweep with the maximum field
gradually increasing after each loop as shown in Figure 1.26ab. Here the field is always
along the film normal, the current channel is parallel to the [2110] crystal axis (6 =0, o =
90 deg) and the temperature is 110 K. As shown in Figure 1.26b, we observe that this field
sequence allows us to access at each loop a different intermediate state characterized by
panEe in-between the two saturation values. The nature of these intermediate states is
unclear but two possible scenarios are illustrated in Figure 1.26c¢: 1) the L-vector rotates
coherently so at the progressive intermediate states the component along a crystal axis that
allows a non-zero h-vector (recall that h contains the Hall conductivities) decreases while
the component along a crystal axis that forbids the h-vector increases, or ii) the L-vector
reversal propagates through domain expansion so that at the intermediate states a fraction
of the sample has the opposite L-vector orientations and hence opposite payr polarity.
This results in a partial cancellation of the net psyg signal. More information on the
viability and likelihood of these two scenarios could be obtained by studying the dynamic
properties of the minor loops through for example measurement at varying sweep rates
[106] or measurement of successive loops with the same extreme field [105]. The stability
of the intermediate states as well as the time-scale of their dynamics could help support

and/or exclude one of the proposed scenarios.

1.6.2 Understanding the switching dynamics via rate-dependent co-
ercivity

The coercivity of ferromagnets is known to depend on the rate at which the external field
is swept as illustrated in Figure 1.27. Qualitatively this can be understood as follows: in

order to switch its direction the magnetisation has to overcome an energy barrier with a
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Figure 1.27: Illustration of the dynamic switching measurements. Switching of the mag-
netisation direction requires surmounting an energy barrier E,, which can be lowered with
an external field. At a coercive field (H.) half of the switching attempts are successful.
The H. depends on the time the system is allowed to attempt the switching and therefore
faster sweeping rate will increase the H. while the opposite is true for slower sweep rate.

height that depends for example on the magnetocrystalline anisotropy and the switching
mechanism of the system. An external field will assist in the switching by lowering the
energy barrier and the field strength at which the probability of overcoming the barrier is
50 % is referred to as the coercive field. However, this probability does not only depend on
the height of the barrier but also on how long the overcoming can be attempted - when the
rate at which the field is swept is slow the system will spend more time at each field step,
which will allow more attempts at overcoming the energy barrier for switching whereas
the opposite is true for a faster sweeping rate. This means that a faster sweeping rate will
result in a larger coercive field and vice versa.

Originally, the dynamic switching measurements were applied for the net magnetisa-
tion measurements at different field sweep rates but they are equally applicable to magne-
totransport measurements at varying sweep rates as has been shown for the ferromagnetic
complex oxide SrRuOs3 [108]. Here, we follow the example of Ref. [108] and measure
the AHE as a function of the field strength under varying field sweep rates (between 3
and 100 Oes ™). For the sake of consistency and in order to remain in the phase showing
AHE, the measurement temperature is 110 K. Note that instead of recording the entire
hysteresis loop, here it is sufficient to only record the forward sweep (3 to -3 T) in order
to see the change in the coercive field. As shown in Figure 1.28 we run the measurements
on a Hall bar with a current channel along the [2110] and the external field along the film
normal ([0001]) (@ = 90 deg, 6 = 0 deg). The field is swept from O to -2 T in steps of 0.1
T and at each step the py, and py, are measured during a fixed measurement time (#)7) of
1 s unless otherwise stated.

The effect of the field sweeping rate on the field dependence of psyr is shown in
Figure 1.28a where we observe a widening of the forward loop with an increasing sweep
rate as expected. This is even more apparent in Figure 1.28b where we plot the coercive
field (H,) as a function of the sweep rate. As also shown in Figure 1.28b, we have checked

that there is no systematic influence of #); on H, since for the fastest sweeping rates the
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Figure 1.28: a) Measurement of the dynamic coercive field at varying field sweep rates
at 110 K for a Hall bar along the [2110] crystal axis (o = 90 deg) with the external field
along [0001] axis (8 = 0 deg). A faster sweep rate results in a larger coercive field as
expected based on the theory developed for ferromagnets - faster sweeping allows the
system less time for attempting overcoming the energy barrier for switching. b) The im-
pact of measurement time on the sweep rate dependence of the coercive field. Compared
to the effect of the sweep rate the effect of the measurement time is negligible indicating
that the trend we observe is not an experimental artefact.

ty of 1 s is more comparable to the sweeping time between steps (ts=10 s) than for the
slowest sweeping rate (g = 333 s). The trend in Figure 1.28b contains useful information
about the energy barrier of switching in our MnsSi3 epilayers but in order to access this
information, an appropriate fitting function has to be devised. Next, we will discuss the

fitting function derived for generic ferromagnets and its applicability to our system.

In search of a fitting function for the dynamic coercivity

The relationship between the sweeping rate and the coercive field has been derived for
example by Peng and Richter in Ref. [109] for a step field and their derivation is briefly
summarized here.

We consider a system with Ny macrospins in total, all of which are initially magnetized
in the positive (+) direction. The rate at which the spins are reversed to point away from

the positive direction (so towards the negative direction) is given by

N,

N, — P, (1.10)

where N is the number of moments along the positive direction, P is the probability of
switching, fy is the attempt frequency, and dr is the time step. For antiferromagnets, the
fo has been estimated to be of the order of 10'2 s~1 [110][111]. In the framework of the

Arrhenius-Néel formalism, the switching probability can be expressed as:

—AE
P:foexp<kBT>7 (1.11)
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where AE is the switching energy barrier. This barrier depends on the details of the system
as well as the reversal mechanism. If we assume a Stoner-Wohlfarth type of field-assisted

switching via coherent rotation for a system with uniaxial anisotropy, we can use

H\"
AE=K,V|1——| . (1.12)
( H0>

Here, K, is the uniaxial anisotropy constant, V is the switching volume, and Hj is the
intrinsic coercivity in the absence of thermal fluctuations. The power n depends on the
orientation of the easy axis of the system - for a material with perpendicular magnetic
anisotropy n = 2 while for an in-plane easy axis n = 3/2. It should be noted that these
values assume that the field is parallel to the easy axis direction [112].

For a case of a ’step field’ (i.e. applying a field for a specific duration of time) the

time-dependent magnetization is:

_ N:—N_  Ny—(No—N:) 2Ny

t = —1 1.13
m(t) No No No (13
Recalling Equations 1.10 and 1.11, we obtain
m(t) = 1 —2exp[—P(fo)ts]. (1.14)

We can find an expression for the coercive field using Equation 1.12 and recalling that at
H = H_ half of the moments have switched so that m(r) = 0:

1/n
H. — Hy (1— [kB—Tln@} ) (1.15)

The experimentally relevant sweeping rate Ry can be introduced in the equation through
the substitution zg = AH /Ry, where AH is the field step size:

1/n
H. = Hy (1_ {"B_Tln foAH} ) (1.16)

KUV RH1n2

Applying Equation 1.16 to our system is not trivial as its derivation is based on various
assumptions that might not be applicable. Firstly, the anisotropy of our MnsSi3 epitax-
ial films is so far not well understood - the ab initio calculations indicate an easy axis
along the [1121] direction while the [0001] is the hard axis and [1100] and [1120] axes
are intermediate axes. Similar results were obtained in the collinear phase of the bulk
MnsSis: ab initio calculations suggest a biaxial anisotropy with a primary easy axis along
the b-axis ([1100]) and secondary easy axis along the c-axis ([0001]), and a hard axis
along the a-axis [1120] [73]. Note that there can be differences between the exact mag-
netocrystalline anisotropies of the bulk and epitaxial MnsSi3 due to the different crystal

structures, but the main observation is that the anisotropy of the system is unlikely to
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Figure 1.29: The effect of external field sweeping rate on the coercive field H, fitted with
Equation 1.16 using different values of n. The fitting parameters, namely the activation
energy E, and the intrinsic coercive field H, o extracted using these fitting functions are
shown on the right. The fitting functions equipped with different » all fit the data well but
return markedly different values for the fitting parameters.

be uniaxial. This means that the expression for the switching energy barrier (Equation
1.12) should be adapted to include higher-order anisotropy terms. Further adjustments to
Equation 1.12 might be necessary to account for the reversal mechanism.

In order to see to what extent the Equation 1.16 is suitable for our system, we try to use
it to fit the trend in Figure 1.28b. As the anisotropy of our system is unknown, it is unclear
which n we should opt for - as a remedy we have attempted to fit the data with various val-
ues of n as shown in Figure 1.29. The values n = 1/2 and 3/2 correspond to ferromagnets
with a perpendicular magnetic anisotropy and easy-plane anisotropy, respectively, while
n=0.1 and 1 are selected to represent extremities (that might not be physically feasible)
so as to understand the range of n that return a good fit. As can be seen in Figure 1.29,
each n seems to be a good fit for the trend yet yield very different values for the fitting
parameters E, and H, ( that are nevertheless in the same order of magnitude.

Based on how realistic the H, o values that the fits return are, we can make an educated
guess on the optimal choice for n: as the H, g is the coercive field at zero temperature i.e.
without the assistance of thermal fluctuations, it should be markedly larger than the H, at
110 K so that we can exclude the n = 1 (returns H. o = —1 T) as an unlikely option. Sim-
ilarly unlikely seems the H,  that is six times larger than the H. at 110 K and therefore
n = 0.1 might not be the best option for the fitting function. On the other hand, n = 1/2
and 3/2 return fits with realistic H. o values and the difference between the values of the
two fits is not drastic. The values for E, indicating the height of the energy barrier for a
switching event are in the eV range, which is in a good agreement with E, in other mag-
netic systems with varying anisotropies and reversal mechanisms [108][113]. However, it
should be borne in mind that these values are only indicative and not to be taken as exactly
accurate for our system. We can nevertheless use the fits to obtain qualitative information

about the system as will be discussed next.
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Figure 1.30: The 6-dependence of the dynamic coercivity. In general, for all sweeping
rates the absolute coercive fields H, decrease when 0 is increased. In addition, the slope
of the H, vs. sweep rate decreases with increasing 6. Fitting this data would require a
fitting function adapted to the situation where the switching does not occur along the easy
axis.

Angular dependence of the dynamic coercivity

Here, we have repeated the measurement of dynamic coercivity for different external
field orientations 6 in order to further probe the anisotropy of the system by observing
the evolution of E, as a function of 6. For each 8 we have again conducted the field
sweep from O to -2 T under sweep rates ranging from 3 to 100 Oes~! at 110 K, obtaining
data analogous to that shown in Figure 1.28. From this we have extracted the H, and
plotted it as a function of the sweep rate for the different 6 as shown in Figure 1.30. We
observe that in general the absolute coercive field decreases as a function of 6 possibly
indicating that the L-vector is along a harder axis compared to when the field is out-of-
plane (8 = 0 deg). This agrees with the evolution of the saturation fields in the hysteresis
loops measured under different 6 shown in Figure 1.17: away from 6 = 0 towards 90
deg the saturation field is increasing. Shifting the data allows observing the change in the
slope with the changing 0 as shown in Figure 1.30 - for a larger 6 the change in coercive
field with the sweeping rate is smaller than for a smaller 6. This relates partially to the
fact that the exponent n in Equation 1.12 depends on the angle between the field and the
easy axis [112] and therefore in order to extract the accurate field orientation dependence

of the fitting parameters, the dependence of n on 6 must be derived.

1.7 Summary and outlook

In this Chapter we have described the novel concept of a collinear, compensated magnetic
group with a broken time-reversal symmetry both in the momentum space. The proper-
ties of this new group with a staggered spin-splitted band structure are distinctly different
from those of both collinear ferromagnets and antiferromagnets, which has warranted the
introduction of new terminology: altermagnets, after the alternating spin-splitting. In this
Chapter we have introduced a potential candidate for this new group, namely the epitaxial

thin films of MnsSi3, which show all the characteristic properties of altermagnetic mate-
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rials, including the vanishing net magnetisation and non-vanishing anomalous Hall effect
(AHE). Here we have further studied the properties of AHE in these MnsSi3 films by
rotating the Néel vector in different crystal planes, which we have realized by systemati-
cally altering the external field orientation as well as the current channel orientation. We
have observed strongly anisotropic behavior with the Néel vector orientation relative to
the underlying crystal structure, which is unlikely to result from the magnetocrystalline
anisotropy, weak magnetisation, and/or evolution of the domain structure. Being a charac-
teristic feature of altermagnets, we therefore consider this anisotropic AHE as increasing
evidence of the altermagnetism in the epitaxial MnsSi3 films. We have also introduced
further measurement techniques, such as minor loop measurements and dynamic coerciv-
ity measurements, for studying the Néel vector switching properties of altermagnets.
The results presented in this Chapter have provided plenty of supporting evidence
on why the epitaxial thin films of MnsSi3 are a strong candidate for the d-wave alter-
magnetism. In parallel, we have introduced a wide experimental tool set for indirectly
demonstrating altermagnetism in a material where a direct observation of the spin struc-
ture is challenging. This opens up new avenues for further studies on the MnsSi3 thin

films in terms of their altermagnetic properties.

1.8 Further research directions

 Direct verification of the altermagnetism in the MnsSi3 epitaxial films, which could
be realized through angle-resolved photoemission spectroscopy (ARPES) where the
spin splitting of the bands in the momentum space could be observed, or through
neutron diffraction experiments, where the spin structure in real space could be
observed. However, both are experimentally challenging: former due to the re-
quirement for clean and atomically flat surfaces, and latter due to the requirement

for sufficient sample volume.

* Further studies on the switching mechanism in the MnsSi3 epitaxial films. This
could be realized through continuation of the minor loop studies, where rate-dependent
and/or consecutive loop measurements could be fruitful. For understanding how
the system couples to the external field, vector magnetometer measurements could
provide useful information but access to such a set-up can be challenging. Under-
standing better the switching mechanism would also aid in the derivation of the
fitting function for the dynamic coercivity that has to be specific to altermagnets
with magnetocrystalline anisotropy beyond uniaxial. However, this would also re-
quire further studies on the magnetocrystalline anisotropy of the MnsSi3 thin films.
On the theoretical side, an expression for the switching energy barrier has to be

derived where the switching mechanism and the anisotropy are taken into account.

* Further investigations on the altermagnetic properties of the epitaxial MnsSi3 thin
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films. Examples include pure spin current generation [50], GMR/TMR effect [44],
chiral magnons [51], and superconducting spin-triplet currents [52], which is cur-
rently under investigation in the AF spintronics team at SPINTEC in the framework
of the post-doctoral fellowship of Dr. Javier Rial and the AMR-DFG consortium.
This is based on our earlier work on the propagation of spin-singlet currents in a

conventional antiferromagnet [114].
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Chapter 2

Dynamic imprinting of nanoscale
topological phases into an

antiferromagnet [4]

In the previous Chapter we have explored the impact of the global symmetry of a com-
pensated magnet on the topology of its band structure in the momentum space. Here,
we continue on the topic of how symmetries play a role in giving rise to unique magne-
totransport properties in compensated magnets. However, we will shift the focus from
altermagnets to antiferromagnets (AFM) and from the global spin structures to local spin
textures. This work was done in the framework of Hubert Curien collaboration with Uni-
versity of York where I had the opportunity of doing several short research stays. The

work presented in this Chapter will be reported in an article:

M. Leiviski, S. Jenkins, R.FEL. Evans, D. Gusakova, and V. Baltz, ’'Dynamic imprinting

of nanoscale topological phases into an antiferromagnet’, arXiv:2302.08842.

As we have already established in the previous Chapter, controlling the magnetic order
parameter of compensated magnets is highly non-trivial due to the vanishing net magneti-
sation. This restricts our ability to study topologically protected real-space states of anti-
ferromagnets as the nucleation of such states is challenging. In this Chapter we show how
to nucleate predefined, localised spin textures in a thin film antiferromagnet, y-IrMnj3, us-
ing atomistic simulation software VAMPIRE. This is illustrated in Figure 2.1. Our method
utilises the exchange bias coupling between a ferromagnet (FM) and an antiferromagnet,
allowing us to imprint the topological states on the former onto the latter by means of
a thermal cycling procedure. We will show that these imprinted antiferromagnetic spin
textures are stable against field perturbations. We will also discuss how the various mate-
rial parameters affect the efficiency of the spin texture imprinting and the characteristics
of the imprinted textures. This work paves way for further studies on topologically pro-
tected real-space phases in antiferromagnets and can promote the development of denser

and faster spintronic devices.
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Figure 2.1: The main finding presented in this Chapter: imprinting skyrmion spin textures
from a ferromagnetic layer onto and through an antiferromagnetic layer as demonstrated
by atomistic simulations. In IrMni, i refers to the ith monolayer away from the Pt/IrMn
interface.

2.1 Real-space topological states in magnetic materials

Magnetic materials can host a variety of localised, non-collinear spin textures that cannot
be continuously transformed into the uniformly magnetised state, making them remark-
ably stable. Such states are referred to as topologically protected states and in theory are
separated from the topologically trivial uniform state by an infinite energy barrier. In prac-
tice, however, these energy barriers are finite due to the discrete lattices, finite-size effects,
and finite magnetic anisotropies, but still large enough to make these spin textures robust
against deformations and give them particle-like properties. Examples of such topological
spin textures include vortices, skyrmions, and hopfions [115][116], of which skyrmions
are the main focus of this Chapter. The different topological states can be classified by
their winding number (a topological invariant), which for a continuous system is defined

as:

1 dm Jm
= E/m (a X 8_y) dxdy, (2.1)

where m is the magnetisation unit vector. The winding number can be understood in terms
of how many times the m vectors cover a sphere when mapped onto one, as illustrated in
Figure 2.2a. For a skyrmion, the coverage is exactly once so Q = £1 while for a uniformly
magnetised state Q = 0, which explains the robustness of skyrmions against unwinding
into a uniform state in terms of topology. The presence of topologically protected states
will influence the physical properties of a magnetic system, making these states of interest
for both studies on fundamental physics, such as spin-dependent transport effects, and

industrial applications, such as novel spintronic memory and logic devices [117][118].
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a) i )

Figure 2.2: (a) A ferromagnetic Néel type skyrmion where the spins rotate from point-
ing down in the core and to pointing up far away from the center (or vice versa) and
the rotation is in the plane perpendicular to the domain wall plane. Mapping the spins
onto a surface of a sphere reveals a coverage of exactly once, which corresponds to the
winding number 1 of ferromagnetic skyrmions. Figure adapted from Ref. [119]. b) Sim-
ple schematics of interfacial DMI-interaction: two spins S; and S; couple indirectly via
a non-magnetic atom across the interface, favoring a perpendicular alignment of the two
spins. In this interfacial case the DMI vector is pointing parallel to the film plane. (c) An
antiferromagnetic Néel type skyrmion with the two sublattices each hosting a skyrmion
with opposite polarities. Figure obtained from Ref. [120].

2.1.1 Ferromagnetic skyrmions

We will now introduce the main spin texture of interest in this Chapter, the skyrmion.
Skyrmions are nanoscale axisymmetric spin textures where the spins gradually rotate from
antiparallel orientation (relative to the symmetry axis) at the skyrmion core to a parallel
one at the skyrmion perimeter (or vice versa), as shown in Figure 2.2a. The plane and the
sense of rotation define the type and chirality of the skyrmion, respectively. In this work,
we focus on the Néel type skyrmions where the spins rotate in the plane perpendicular to
the domain wall plane as illustrated in Figure 2.2a.

The existence of skyrmions in real magnetic systems requires a lowering of the sys-
tem symmetry, more specifically the breaking of the inversion symmetry [8§9][121], which
can be realized for example in non-centrosymmetric bulk systems or layered heterostruc-
tures. This symmetry-breaking is also at the origin of the antisymmetric exchange interac-
tion [122][123] (Dzyaloshinskii-Moriya interaction or DMI) between neighboring spins
at sites 7 and j:

Hpmr = Dij- (Si X ;). (22)

Here D;; is the DMI vector, which for the interfacial case can be expressed as D;; =
D;; - (zxr; j) [124], where z is a unit vector perpendicular to the interface and r;; is the
distance vector from site i to j. The microscopic origin of DMI lies in the spin-orbit
coupling and therefore a particularly strong DMI interaction can be observed at interfaces
between magnetic materials and heavy metals, Co/Pt interface being a good example
[125][126][127]. The interfacial DMI interaction is shown schematically in Figure 2.2b.
The presence of skyrmions affects the transport properties of the system through the

non-vanishing geometrical phase that is acquired by the conduction electrons when their
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spins follow the winding of the local spins [128][129]. This geometrical phase gives rise
to a transversal velocity contribution known as the topological Hall effect (THE), where
the Hall resistivity is non-linear in magnetisation and introduces additional humps and
dips to the Hall signal [129]. However, THE can also originate from other sources like
other non-collinear spin textures, such as in bulk MnsSi3 [79], or presence of two AHE
components with different magnetotransport properties [87]. Note that in the previous
Chapter (Section 1.4.5) we also observed topological-like features in the AHE hysteresis
loops in the second magnetic phase of the epitaxial thin films of MnsSi3, but there the
origin is more likely either a non-collinear global spin structure or co-existence of two
AHE components.

Another notable transport phenomenon relating to skyrmions is the skyrmion Hall
effect (SKHE) shown in Figure 2.3a: applying a spin-polarized current to the system will
induce a skyrmion motion in curved trajectories due to the gyrotropic force that arises
from the chiral topology of the skyrmions [128][130]. This effect is detrimental for the
functioning of skyrmion-based spintronic devices where straight trajectories are essential
for tractable and durable information retention. Finding solutions to overcome the SKHE
is therefore of significant research interest. Possible solutions proposed so far include
adjusting the direction along which the current is spin-polarized [131], or coupling two
skyrmions of opposite polarity in order to cancel out the topological charge and hence the
SKHE. The latter solution can be realized in synthetic antiferromagnets [132][133][134],
where two FM layers couple antiferromagnetically through a non-magnetic layer, or in
real antiferromagnets where the different magnetic sublattices can host Sks of different
polarities. The drawback of the synthetic AFMs (SAF) is that the interlayer coupling is
significantly weaker compared to the interatomic coupling, making the SAF Sks more

vulnerable to field perturbations. In this work, we focus on Sks in real AFMs.

a) b)

Figure 2.3: a) Illustration of the skyrmion Hall effect where the current-induced motion
of skyrmions will not proceed in a straight trajectory due to the gyrotropic force. Figure
obtained from Ref. [130] b) Experimental observation of the skyrmion Hall effect utiliz-
ing magneto-optic Kerr effect. The chirality of the skyrmion determines the direction in
which it is deflected upon current-induced motion (here on the left panel the skyrmion has
Q =-1 and on the right panel Q = +1). Figure obtained from Ref. [135].
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2.1.2 Antiferromagnetic skyrmions

Antiferromagnetic materials have numerous competitive advantages over their FM coun-
terparts [28][29][136]: they are more robust against external field perturbations, they
have faster (THz) dynamics, and they are more abundant, to name a few. Moreover,
they can exhibit novel, potentially strong transport properties that allow for efficient con-
trol and probing of the order parameter. As antiferromagnets are composed of two or
more magnetic sublattices with antiparallel coupling, they allow the formation of inter-
calated skyrmions of opposite topological charges, as shown in Figure 2.2 for the two-
sublattice case. This changes the symmetry of these local spin textures, giving rise to
various interesting properties like vanishing net magnetisation and vanishing net winding
number, which in turn allow for novel transport phenomena to arise like faster longitu-
dinal skyrmion velocities [137][138], vanishing skHE and THE [137][138], as well as a
non-vanishing topological spin Hall effect [139][140].

In general, nucleation of skyrmions requires overcoming the energy barrier created
by topological protection. In FMs, this can be realized with an external magnetic field
of appropriate strength [141][142], or in a more controlled manner using localised spin-
polarized currents [143] or specific device geometries [144]. In AFMs, however, where
the order parameter is less sensitive to external fields the nucleation of AFM Sks is more
challenging. Possible nucleation techniques include combining a pair of domain walls us-
ing spin-polarized current and constricted geometry [137] or ultra-fast laser pulses [145],
which both have been demonstrated by micromagnetic simulations. Experimental obser-
vations, on the other hand, include a fractional AFM Sk lattice at cryogenic temperatures
[146] and AF Sk analogues at room temperature [147]. The challenging nucleation can
also be circumvented by using synthetic AFMs [132][133] but as mentioned before, such
synthetic AFM Sks are less stable than real AFM Sks. In the remaining of this Chapter we
present a universal AFM Sk nucleation method that applies to both metallic and insulating
AFMs, doesn’t necessitate complex device geometries, cryogenic temperatures, or exotic
materials. This opens up perspectives for future systematic research on the fundamental

spintronic properties of AFM Sks and other localised spin textures.

2.2 Imprinting topological spin textures from a ferromag-

net to an antiferromagnet using exchange bias

Our solution for nucleating topological spin structures in real AFMs relies on FM/AFM
heterostructures and the exchange interaction across the FM-AFM interface or what is
commonly known as the exchange bias effect [27].

The exchange interaction across an interface between FM and AFM layers gives rise
to additional unidirectional anisotropy in these systems. A simplified understanding of the

microscopic origin is illustrated in Figure 2.4a. Applying an external field at a tempera-
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Figure 2.4: (a) Exchange bias originates from the interfacial exchange coupling between
FM and AFM layers and can be set by field-cooling the system from above the Néel tem-
perature (7y) where the AFM is disordered down to below Ty where the AFM orders and
the interfacial AFM spins align with those of the FM layer. b) Exchange bias acts like an
additional unidirectional anisotropy, making the FM coercivity field direction dependent.
This causes a horizontal shift of the hysteresis loop.

ture above the Néel temperature (7y) of the AFM layer but below the Curie temperature
(T¢) of the FM layer will align the FM spins with the field while the AFM spins remain
disordered. The system can then be cooled down below Ty and the AFM spins adjacent
to the interface will align with the FM spins and the rest of the AFM layer will set ac-
cordingly. If the system is then subjected to a field-cycling, the AFM spins being largely
insensitive to external fields will provide the FM spins with an energetically favorable
direction to align with, which is parallel to the interfacial AFM spins. This behavior is
similar to the system containing an additional internal biasing field, hence the term ex-
change bias. A characteristic feature of this unidirectional anisotropy in an exchange
biased system is the shifted hysteresis loop of the FM layer (illustrated in Figure 2.4b)
- antiparallel orientation between the external and exchange fields will increase the field
at which the FM layer is reversed while a parallel orientation will reduce this field com-
pared to a non-biased system. This effect is of technological utility as it allows increasing
the stability of the magnetisation direction of the adjacent FMs, allowing for example the
pinning of a reference layer in the spin valve-based spintronic devices, as explained in
Introduction.

The exact microscopic details of exchange bias depend strongly on the system param-
eters such as the interface structure, FM and AFM anisotropies, and presence of magnetic
domains to name a few [27]. Recently, these details have been unravelled for a specific
AFM, namely the y-IrMnj3, using atomistic simulations [148][149]. y-IrMns is an anti-
ferromagnet with an fcc structure where the four unique atomic positions can each host
a Mn atom, meaning that there are four magnetic sublattices, as shown in Figure 2.5a.
The y-variation of IrMnj3 is atomically disordered meaning that the Ir atoms are equally
distributed among the four sublattices so that each contains 25% Ir. However, for a real,
finite-sized sample this amount is not exactly 25% but instead there is a small statistical

imbalance, which results in one of the sublattices having more Mn atoms than the others
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Figure 2.5: The unit cell of IrMnj3 containing four magnetic sublattices marked as Mn
1-4. For the y-variation the Ir atoms fill ~ 25% of each sublattices. b) Illustration of
the effect of the Néel pair anisotropy term in the spin Hamiltonian. A positive Néel pair
anisotropy constant (ky) orients the spin radially to the neighboring atom (gray sphere)
while a negative ky results in a tangential orientation.

[149]. This, in turn, means that there is a small, uncompensated and irreversible magnetic
moment that is pointing in the direction of the sublattice with most Mn atoms and this can
then couple to the FM layer, giving rise to the exchange bias effect [149].

The interfacial exchange coupling can be used to not only modify the FM magneti-
sation reversal but also to imprint spin textures from the FM layer onto the adjacent
AFM layer. As discussed earlier, the ease of nucleating non-trivial spin textures such
as domains, vortices and skyrmions in the FM layer is considerably easier than in the
AFM layer, making this imprinting method particularly attractive. Experimentally, the
imprinting of a non-uniform spin texture from NiggFeyog to y-IrMn3 has been demon-
strated indirectly through modification of the FM transport properties [150]. This was
soon followed by direct observations (through element-sensitive x-ray magnetic circular
dichroism - photoemission electron microscopy (XMCD-PEEM)) of vortex imprinting
from NiggFeyp to y-IrMns [151] and from Fe to NiO and CoO [152]. In the latter case
the imprinting was observed to extend beyond the uncompensated interfacial AFM spins
through the bulk of the 3 nm thick AFM [152]. More recently, an imprinting of FM
skyrmion bubbles from NiggFe;q to y-IrMns was directly observed using magnetic imag-

ining techniques [153]. These experimental observations are summarized in Figure 2.6.

It should be noted, however, that the spatial resolution of magnetic imaging techniques
such as XMCD-PEEM is a few tenth of a nanometer meaning that the microscopic de-
tails of the imprinting method cannot be resolved. Furthermore, the penetration depth of
the imprinting is challenging to resolve with this experimental tool due to its weighted
depth-sensitivity. In order to gain a better understanding on the microscopic mechanism
behind the spin texture imprinting method, we employ the atomistic simulation software
VAMPIRE [148] in order to create a realistic FM/AFM heterostructure with exchange bias
and demonstrate the imprinting of local spin textures from the FM onto the AFM through

a thermal cycling procedure. In the later sections of this Chapter we will discuss the atom-
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Figure 2.6: Element-specific XMCD-PEEM images showing the magnetic contrast in the
different layers of an exchange-biased stack. Different contrasts indicate the orientation
of the order parameter relative to the x-ray beam propagation direction and the element
specificity is realized through adapting the energy of the x-ray beam. a) Vortex imprinting
from NiFe to y-IrMnj3, where the propagation direction of the x-ray beam is denoted with
an arrow. Figure adapted from Ref. [151]. b) Vortex imprinting from Fe to NiO and
CoO, Figure adapted from Ref. [152]. c¢) Skyrmion-texture imprinting from NiFe to -
IrMn3 with a superposition of the texture contours shown below. Figure adapted from
Ref. [153].

istic details of the imprinting, including the morphology of the imprinted textures, their
penetration depth and stability against field perturbations, as well as the impact of vari-
ous materials parameters on the imprinting efficiency. Before that, we will introduce the

concept of atomistic simulations and introduce the simulation system we have developed.

2.3 Atomistic simulations

Atomistic modelling of magnetic materials considers each magnetic atom as a localised
magnetic moment rather than assuming a continuous vector field where the exchange
interaction aligns the spins perfectly so that their contribution can be averaged over a fi-
nite nanoscale volume, which is the case with micromagnetic simulations. In this work,
the atomistic resolution is of key importance because our simulations concern an anti-
ferromagnetic material, intermixed interfaces, and high temperatures, each breaking the
assumption of magnetisation being a continuous vector field. For our simulations, we are
using an open-source atomistic simulation software VAMPIRE developed by Dr. Richard
Evans et al. [148]. This software has been successful in modeling the non-trivial mag-
netic properties of y-IrMn3 [154] introduced previously in Section 2.2 as well as the mi-
croscopic details of exchange bias interaction across a CoFe/y-IrMn3 interface [149] and

is therefore an ideal choice for our simulations.
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2.3.1 Spin Hamiltonian

In our simulations the energetics of the system are governed by the spin Hamiltonian .77,

which includes four main interactions:

H = <%é)cchange + <%ﬂDMI + %Véelpair + jfZeeman (23)

The first term describes the Heisenberg exchange interaction between two spins S; and
S j-
Hoxchange = — Z.Jijsi -S; (2.4)
1<J
For a positive exchange constant J;; the spins couple ferromagnetically (parallel) while
for a negative J;; the coupling is antiferromagnetic (antiparallel). The J;; can be obtained
from ab initio calculations or from experimental values using

3kpT,
Jij= et

[148], (2.5)

where kg is the Boltzmann constant, 7, is the critical temperature, € is the spin wave
mean-field correction, and z is the number of nearest neighbors. The J;; between the dif-

ferent magnetic elements in our simulation system are given in Table 2.1.

The second term is the DMI interaction that drives the perpendicular alignment of two

spins S; and S; as was illustrated in Figure 2.2b and discussed in Section 2.1.1.
%MI = —Dl'j . (S,’ X Sj) (2.6)

The DMI vector D;; is defined as D;; = D;; - (rix X rji), where D;; is the DMI strength.

The D;; in our simulation stack are given in Table 2.1.

The third term is the Néel pair anisotropy, where ky is the Néel anisotropy constant and
e;; 1s a unit vector connecting the sites i and j.
kN &

2 ;(Si ;) 2.7)
i#]

f%\] éelpair — —

This term causes the spin S; to orient either radially (ky > 0) or tangentially (ky < 0) rel-
ative to specific neighbouring atoms on site j as shown in Figure 2.5b, allowing the simu-
lation of interfacial perpendicular anisotropy as well as the magnetocrystalline anisotropy
of y-IrMn3. The ky in our simulation system are given in Table 2.1. Other forms of
magnetocrystalline anisotropy (uniaxial, cubic, etc.) are omitted in our simulations as the
ferromagnetic layer is assumed to have a vanishing magnetocrystalline anisotropy in the

bulk, and for the modelling of y-IrMnj3 anisotropy additional terms are not necessary.
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The final term is the Zeeman term, which aligns the spin S; parallel to an external

magnetic field By.
%eeman = - Z.ussi : Bapp (28)

Here, u; 1s the atomic magnetic moment and it can be obtained again by using ab initio
calculations or from experimental values using

Msa3
Hs = ; (2.9)

Ngt

where M; is the saturation magnetisation, a is the lattice constant, and n,, is the number

of atoms per unit cell. The p for our simulation system are given in Table 2.1.

2.3.2 Monte Carlo method

In this work, the time-evolution of the simulation system is realized by the Monte Carlo
Metropolis algorithm [158]. This algorithm uses random sampling and is the natural
choice for simulating the temperature-dependence of a magnetic state as it is fast and
efficient in finding the thermodynamic equilibrium state of the system.

The steps in the Monte Carlo Metropolis algorithm are as follows. First, a spin S; is
picked and given a new random trial orientation S!. Then, the energy difference between
the trial and the initial state is calculated as AE = E(S}) — E(S;). If the trial orientation is
more energetically favorable than the initial one (AE < 0) it is accepted unconditionally

as a new orientation of the spin. If, on the other hand, AE is positive the move can be

’ Parameter \ NigoFe»rq \ Co \ Pt \ Mn ‘
Us (UB) 1.05 | 1.72[148] | - 2.6
a 1 1 — 1
ky (10722 J/atom) - 0.025 (Pt | — | -4.22(In[155]
Intermixing (%) 2.5 2.5 5 —
Average grain size (nm) | > 100 > 100 > 100 5 [156]
’ H NiggFesq Co Pt Mn ‘
NiFe | 11 [157] 14 0.14* 0.35[155]
Co 14 17 [148] 0.14* 0.35 [155]
Pt 0.14* 0.14* — —

-18 (NN) [155]

Mn || 0.35[155] 0.35[155] — 15 (NNN) [155]

Table 2.1: (Top) Simulation parameters used for each magnetic element that are not var-
ied between the different simulations. (Bottom) Exchange (J;;, in pJ/m) and DMI* coef-
ficients (D, in pJ/m) for the interactions between the different elements in the stack used
in our simulations. NN stands for nearest neighbors and NNN for next nearest neighbors.
Note that for NiggFeyo we consider average properties.
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accepted or rejected based on the acceptance probability P:

kgT

Ideally, the acceptance rate should be close to 50%, which in VAMPIRE is achieved using

P = exp( ) (2.10)

an adaptive Gaussian phase-space sampling [158].

2.3.3 Simulation system

In this Subsection the constituents, structure and interactions of the simulation system are
discussed. We have designed the system after the experimental FM/AFM heterostructure
developed at SPINTEC in which the imprinting of skyrmionic textures from FM onto
AFM was recently observed [153]. From substrate up, the complete stack they have used
is //Ta(3)/Cu(3)/y-IrMn3(5)/Pt(0.5) /Co(0.3)/Nig;Fe19(0.87)/Al(2 nm), where the layers
playing an active role in the imprinting are y-IrMnj3, Pt, Co, and Nig;Fe9 (NiFe), which
were also implemented in the present simulation system. The size of the entire simulation
stack is 100x100x6.67 nm? without periodic boundaries (not allowed by the grain struc-
ture of the AFM layer) and the thicknesses of the different layers are the same as in the
experimental stack. A small fraction of each layer (2.5% of NiFe and Co, 5% of Pt) is
intermixed with the layer below.

Here (NiFe) is the primary FM-layer (we will discuss the role of Co later) and imple-
mented as a continuous layer where each NiFe atom shares the same magnetic properties
rather than 19% of the atoms having the properties of Fe and 81% of Ni. These magnetic
properties are calculated from the macroscopic magnetic properties like the saturation

magnetisation (~ 8.6 x 10° A/m) and Curie temperature (~ 900 K) of NiFe. In the exper-
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Figure 2.7: The interactions implemented in the simulation system: i. DMI interaction,
ii. Néel pair anisotropy, iii-v. FM exchange, vi. AFM exchange, vii. Néel pair anisotropy.
These interactions are discussed in more detail in the text. The Néel pair anisotropy causes
either radial (ii.) or tangential (vii.) orientation of the spins relative to the neighboring
atoms, and is here used to simulate both interfacial PMA (ii.) and magnetocrystalline
anisotropy of IrMnj3 (vii.)
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imental system, the NiFe thickness is such that it is close to the planar-to-perpendicular
anisotropy transition so in the simulations we did not implement any magnetocrystalline
anisotropy in the NiFe layer. The only interactions implemented within this layer are the
FM exchange interactions denoted by iii. in Figure 2.7.

The ultrathin Co/Pt bilayer between the NiFe and y-IrMn3 serves as a source of both
interfacial perpendicular magnetic anisotropy (PMA) [159] and DMI [124], which both
promote skyrmion formation in the FM layer. In the simulations, the DMI interaction
is implemented between nearest and next nearest NiFe-Pt and Co-Pt neighbors (i. in
Figure 2.7), while the PMA is simulated through the Néel pair anisotropy between Co-
Pt nearest neighbors (ii. in Figure 2.7). In experiments, this bilayer is thin enough to
not decouple the FM and AFM layers magnetically, while in the simulations we don’t
implement indirect exchange interactions (e.g. RKKY) but the finite intermixing of the
interfaces ensures that the FM and AFM spins are still in direct contact and hence coupled.
Moreover, the interfacial intermixing is present also in the experimental systems where it
enhances the magnetic coupling of the FM and AFM layers.

The AFM layer is composed of grains of y-IrMns with an average size of ~ 4.5 nm
and spacing of 0.75 nm, which is well in line with typical experimental values [156].
In VAMPIRE a realistic grain structure is created using a Voronoi construction where the
seed points are generated in a hexagonal grid and slightly moved around based on the

standard deviation of the grain size distribution [154]. The resulting grain structure and

70 A Grain size counts mm—
a) Gaussian fit ——
60
g 50
i
S 40 |
o
2 30
€
2 20 |
y
10 A
0 4
1(')—" 0 1 2 3 4 5 6 7 8 9
7 X nm Grain diameter (nm)

NiFe

Figure 2.8: (a) The grain structure of the AFM layer created by a Voronoi construction
and the distribution of the grain sizes. (b) The critical temperatures of the simulation stack
for the different magnetic layers. The Curie temperature of the Co/NiFe hybrid FM layer
is ~ 900 K while the Néel temperature of the y-IrMnjs layer is ~ 550 K. Note that the Mn
sublattice magnetisations are plotted separately as the global magnetisation vanishes.
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size distribution are shown in Figure 2.8a. It should be noted that in a real polycrystalline
heterostructure, both the FM and AFM layers are granular with coincident grains but the
FM grains, unlike the AFM grains [160], are magnetically coupled so that the FM layer
can be modelled as a single crystal.

The correct tetrahedral 3Q ground state of y-IrMn3 (shown in Figure 2.5a) is realized
by a combination of three important interactions [154] denoted as v-vii in Figure 2.7. The
AFM ordering is stabilized by the AFM exchange interaction between the nearest Mn
neighbors (different sublattices, vi. in Figure 2.7) and FM exchange interaction between
next nearest neighbors (same sublattice, v. in Figure 2.7). Both the AFM and FM ex-
change coefficients are obtained from ab initio calculations [155]. Exchange interactions
beyond next nearest neighbors are not considered in order to minimize the computational
effort of the simulations. The third and final important interaction in the y-IrMnj3 layer is
the Néel pair anisotropy between Mn and Ir spins that forces the Mn spins to point tan-
gentially with respect to the Ir atoms as shown by vii. in Figure 2.7. The physical origin
of such behavior relates to the non-magnetic Ir atoms acting like surfaces (missing bonds)
and therefore introducing additional anisotropy to the system. The Néel pair anisotropy

constant is also obtained from ab initio calculations [155].

2.3.4 Critical temperatures of the simulation stack

We have determined the various critical temperatures of the simulation stack by running a
field-cooling simulation from 1000 K down to O K under an out-of-plane external field of
0.5 T. The (sublattice) magnetisation as a function of temperature is shown in Figure 2.8b
for the different magnetic layers Co, NiFe, and [IrMn. We found that for both the NiFe and
Co layers the Curie temperature is ~ 900 K, which is in agreement with both experimental
values (~ 870 K [161]) and the value of exchange constant set in the simulations. We also
determined that the Néel temperature of the y-IrMnj3 layer is ~ 550 K, which is in a good

agreement with the experimental values for a 5 nm thick y-IrMnj3 [162].

2.4 Atomistic simulations on imprinting spin textures from

a ferromagnet to an antiferromagnet

Having established the simulation system, we will move on to discussing the simulation
steps that are necessary for demonstrating the imprinting method. The imprinting of spin
textures from the FM layer onto the AFM layer is realized through the same thermal
cycling procedure that is used for setting an exchange bias in an FM/AFM heterostructure
(see Section 2.2). The simulations are carried out in three steps: 1) setting the FM layer, i1)
setting the AFM layer, and iii) returning the system to remanence. Here, the simulation
system has the simulation parameters detailed in Section 2.3.1 in Table 2.1. Note that

these parameters describe the main simulation stack and are used to obtain a majority of
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the results presented in this Chapter. The control simulations are conducted on stacks with
slight deviations to the main stack properties and these changes are explicitly mentioned

in the relevant Sections.

2.4.1 Simulation steps leading to the imprinting of localised spin tex-

tures

The first simulation step realizes the setting of the FM layer (Figure 2.91): the system is
equilibrated at a temperature below the Curie temperature of the FM layer (here ~ 900
K) but above the Néel temperature of the AFM layer (~ 510 K). At this temperature the
FM layer is magnetically ordered while the AFM layer is completely disordered, ensuring
that the imprinting of spin textures will take place from the former to the latter. In our
simulations, the first step is carried out at 600 K for 10° Monte-Carlo steps. During this
step, we also apply an out-of-plane field of H, = 0.5 T in order to nucleate skyrmions in
the FM layer instead of maze domains that are stabilized under zero-field conditions, as
will be seen later in this Chapter in Section 2.7.2.

The second simulation step brings about the setting of the AFM layer (Figure 2.91i1):
we cross the Ty by gradually cooling the system down to O K under the same field as
before. The bulk of the AFM (exemplified by IrMn 13 in Figure 2.9, where 13 refers
to the 13th monolayer away from the Pt/[rMn interface) begins to set around 7 = 510
K, which is well in line with the T)y obtained in the Section 2.3.4. At the interface of

Decreasing temperature, B; = 0.5 T B,=0T
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Figure 2.9: The magnetic states of the FM layer, AFM interface (IrMn1), and AFM bulk
(IrMn13) during the three simulation steps: 1. setting the FM layer, ii. setting the AFM
layer, and iii. returning the system to remanence.

60



the AFM (IrMn 1 in Figure 2.9), however, the spins are still strongly disordered and the
presence of any spin textures is difficult to discern. This is likely due to the fact that
the uncompensated interfacial AFM spins have two components: a reversible one that is
strongly coupled to the FM spins, and an irreversible one that is strongly coupled to the
AFM bulk. The thermal fluctuations of the reversible component may be responsible for
the increased noise at the AFM interface. At 300 K the orientations of the grains in the
AFM bulk are set and their setting has clearly been guided by the FM layer as there is
a strong correlation between the spin configurations of the AFM bulk and the FM layer.
However, some of the grains have also set independently of the FM layer causing some
discrepancies in the imprinting, which will be discussed later. The spin texture imprinting
is also visible at the AFM interface, which, while still being more noisy, starts to reveal
spin textures that correspond to those of the FM layer. At T = 0 K, all the layers are
set and the imprinting of the FM spin textures onto the AFM interface and into the AFM
bulk is further confirmed: the spin textures observed in the FM are largely reproduced at
the interface and in the bulk of the AFM as highlighted by the contours in Figure 2.9. It
should be noted that the exact shape of the imprinted textures as well as the final shape of
the FM Sks is governed by the grain boundaries of the AFM.

Finally, the last simulation step shown in Figure 2.9iii is the removal of the exter-
nal field, which causes only minor changes to the spin textures throughout the stack,
demonstrating the zero-field stability of the imprinted localised AFM spin textures. In
the Section 2.6 we will further demonstrate the robustness of these imprinted AFM tex-
tures against field perturbations by showing the effect of field cycling on the spin textures
throughout the stack. This insensitivity to the external field allows the isolation of the
localised AFM spin textures, which is a prerequisite for well-controlled studies on their
properties. Also, note that the imprinting of the spin textures from the FM layer onto
the AFM bulk is already realized at 300 K (see Figure 2.9), meaning that the imprinting

method in this system does not necessitate cryogenic temperatures.

2.4.2 Discrepancies in the imprinting

As mentioned before, the overall AFM bulk spin configuration is a superposition of im-
printed spin textures and some random spin textures that do not correspond to the FM
spin configuration. Here we explore various possible origins for these discrepancies. The
discrepancies can be divided into two categories based on their location and the extent of
deviation: discrepancies exemplified by 1. in Figure 2.10a are in the region of uniformly
magnetised FM and some of them are accompanied by slight impressions in the adja-
cent FM layer. Discrepancies exemplified by ii. in Figure 2.10a are inside the imprinted
skyrmion-like spin textures and deviate completely from the FM spin configuration.

First possible origin we consider relates to the fact that due to the AFM grains having
a distribution of sizes there is also a distribution of 7 - the larger grains have a higher

Ty while the opposite is true for the smaller grains. In order to avoid the AFM grains
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Figure 2.10: a) The two different types of discrepancies in the imprinting of spin textures.
Partial discrepancies in the area of uniform FM magnetisation are exemplified by i. while
total discrepancies inside the imprinted textures are exemplified by ii. b) The magnetic
states in the different layers at 0 K after field-cooling from 700 K. The number of dis-
crepancies is not different to the system shown in Figure 2.9 where the field-cooling starts
from a lower temperature of 600 K. c¢) The trajectory of the FM Sk contours during the
field-cooling overlaid with the AFM bulk spin configuration at 0 K.

setting independently from the FM layer we want to ensure that during the first simulation
step the temperature is well above the Ty of every AFM grain so that all of them are
completely disordered. Therefore, we have repeated the above simulation with the first
step being carried out at a higher temperature of 700 K and the field-cooling of the second
step running from 700 to 0 K with the intention of seeing if the number of discrepancies is
reduced. The third simulation step is unaltered. The results of this simulation are shown in
Figure 2.10b where the spin configurations of the different layers after the third simulation
step are presented. It is apparent that the discrepancies are still present and their number
has not decreased, so we can confirm that at 600 K we are likely above the 7y of even the
largest grains and therefore it is a sufficient temperature for the first simulation step.

The second possible origin is that the exchange interaction between the FM and AFM
spins is not strong enough to set all the grains. This can be due to either the exchange
coefficient being not strong enough or the direct contact between the FM and AFM spins
being not frequent enough (i.e. not enough intermixing). This can be verified by addi-
tional simulations shown in Figure 2.11: repeating the simulation steps of Section 2.4.1
on a stack with almost three times stronger exchange coefficient (J;j pn—niFe,JijMn—cCo)
relative to the main simulation stack (other properties identical) shows improved con-
formity between the FM and AFM spin textures and presence of fewer discrepancies.
Conversely, a stack where the interfacial exchange interaction is switched off shows no
imprinting of the FM spin textures and the AFM grains are set randomly. Similar results
can be obtained by changing the degree of intermixing between the Pt and AFM layers as

seen in Figure 2.11 - more intermixing brings more FM and AFM atoms in direct contact,
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Figure 2.11: The effect of increasing the exchange coefficient strength (left) and the in-
termixing between the Pt and AFM layers (right) on the imprinting efficiency in terms of
FM-AFM spin texture conformity and absence of discrepancies. Increasing the strength
and number of exchange interactions between the FM and AFM spins can be seen to im-
prove the imprinting efficiency.

effectively resulting in a stronger exchange interaction between the two layers and as a
result, more efficient imprinting. On the other hand, no intermixing removes the direct
contact, resulting in the absence of imprinting.

It should be noted that even with stronger interfacial exchange interaction between the
FM and AFM layers, neither type of discrepancies is entirely removed. In case of 1. type
discrepancies, it is also possible that they are residual imprintings of FM Sks that moved
or were annihilated during the field-cooling. In Figure 2.10c we see the trajectory of the
FM Sks from the start until the end of the field-cooling step showing that they are not
static over the course of the field-cooling. The trajectory of the FM Sk at the bottom right
shows some additional imprinting that extends beyond the 0 K configuration, while for
the FM Sk above it this is not as evident so we can conclude that while this is a possible

explanation it doesn’t explain all the discrepancies conclusively.

2.5 Microscopic details of the imprinted spin textures

In this Section we take a closer look at the microscopic details of the spin textures after

the three simulation steps.

2.5.1 Ferromagnetic layer

First, we take a look at the morphology and the atomistic spin configuration of the FM
layer: as shown in Figure 2.12a, FM Sk have radii of ~ 10 to 20 nm and a highly irregular,
asymmetric shape. Recalling that the FM layer is intermixed with the AFM layer, the non-
circular shape can likely be explained by pinning by the AFM grain boundaries. Indeed,
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overlaying the spin structure of the FM layer and the grain structure of the AFM layer,
as shown in Figure 2.12b, shows that the two have a relatively good conformity. This
explanation is also supported by Figure 2.11 of the previous Section, where increasing
the interfacial exchange interaction results in increasingly irregular FM Sks, the shapes of
which follow those of the AFM grains.

Taking a closer look at the spin configuration across the selected Sk, shown in Figure
2.12c¢, reveals characteristics of a Néel type Sk (spins rotate in the plane perpendicular to
the domain wall plane). This is as expected based on the interfacial DMI in our system
as well as its strength exceeding the critical strength for a Bloch to Néel domain wall
transition given by D, = 4uoM?2tIn2 /272, where L is the vacuum permeability, Mj is the
saturation magnetisation, and 7 is the film thickness (for our system D, = 0.14 mJ m~2).
We extract the domain wall width by fitting the s, and s, components in Figure 2.12¢
using cosh™! (7r[x — xo] /A) and tanh(7[x — xo]/A) functions, respectively, where xg is the
location of the domain wall centre and A is the domain wall width. For the Sk selected
in Figure 2.12a, A ~ 7.9 nm, which agrees with the analytical value of ~ 7 — 10 nm
calculated using A = 7D /4K [163], where D is the DMI strength and K is the anisotropy
constant. Note that for the sake of simplicity, the analytical value is calculated assuming
atomically sharp interfaces, which explains the slight deviation between the analytical

and numerical values. Next, we calculate the winding number of an individual FM Sk

Sz,
-1 0 1 X

a) )

b)

Z

Figure 2.12: (a) Spin structure of the FM layer after the simulation described in Section
2.4.1. The atomistic spin structure of one of the FM Sk bubbles marked with a black
rectangle is detailed in (c). b) The FM spin structure overlaid with the grain structure
of the AFM layer shows that the former follows the latter relatively closely. c¢) Lateral
dependencies of the spin components s; in the FM layer across the cross-section marked
in (a) showing the characteristic behaviour of a Néel Sk. The s, and s, components are
fitted with a cosh and tanh functions, respectively, in order to extract the domain wall
width.
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Figure 2.13: a) Illustration of a unit cell cornered by four spins in a square lattice. For
each unit cell a topological charge density is calculated. b) Topological charge density
q across the entire FM layer. Summing over the ¢ of entire layer yields a topological
charge Q of 5.4, which corresponds well to the presence of five entire and one fractional
Sk bubbles. c) Topological charge density g across a single FM Sk denoted with a black
square in b), yielding a topological charge Q = 1, as expected.

and the entire FM layer. The winding number for a continuous system was defined in
Equation 2.1, but as we are dealing with a discrete atomic lattice we cannot assume a
continuous variation of the magnetisation vector m. Instead, we adopt the approach of
Berg and Liischer for calculating a topological charge (i.e. the winding number) for a
discrete, two-dimensional lattice [164]. For a square lattice illustrated in Figure 2.13a, we
calculate the topological charge density g of each unit cell centered at x* comprising of

four spins s|_4 using:

N 1
g(x*) = E[GA(SI,S%%) + CA(s1,53,54)], (2.11)

where GA(s;,sk,s;) is the signed area of the triangle delimited by s, s¢, and s;, defined
by:

S-S, XS
GA(sj,sk,sl):2tan1( J k7 > (2.12)
1—|—Sj-Sk—|—Sj-Sl+Sk-Sl

We can then calculate the total topological charge Q of the lattice as Q = Y« g(x*). As
shown in Figure 2.13b, running this calculation for an individual FM skyrmion (note that
we have run the calculation for a single monolayer within the FM layer) returns Q =1,
as expected, while for the entire FM layer we obtain Q = 5.4, which is well in-line with
the presence of five entire skyrmions and a fraction of a sixth one. Moreover, the area
outside the Sks is not perfectly uniform but contains some inhomogeneities, which also

contributes to the winding number.

2.5.2 Antiferromagnetic layer

Next, we move on to the morphology and the atomistic spin configuration of the AFM
layer shown in Figure 2.14. Due to the imprinting the average behavior of the spins in

the topmost intermixed monolayer of IrMn follows that of the FM spins as seen quali-

65



FM
I [rMn 1
0 D IrMn 2
-1
IrMn 3
[rMn 4
IrMn 5
IrMn 12
VA
IrMn 34
X
y
b)
9)
d)

Figure 2.14: a) Layer-by-layer propagation of the imprinting of the Néel Sk from the FM
layer into and through the AFM layer. The location of the cross-section is indicated in
Figure 2.12a. Alternating AFM layers have an alternating polarity of the spin direction,
which is well in line with its expected tetrahedral ground state with 3Q symmetry. b)
Lateral dependencies of the spin components s; in selected AFM monolayers, both at the
interface (IrMn1,2) and in the bulk (IrMn11,12). The good correlation between the s,
of the FM and the IrMn layers shows quantitative support for the imprinting of the pre-
defined, localised spin texture.
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tatively in Figure 2.14a and more quantitatively in Figure 2.14b. The same is observed
for the second topmost, still intermixed, monolayer in Figure 2.14c but with the polarity
reversed, which is in line with the AFM ordering of y-IrMns [165] having a tetrahedral
3Q symmetry (recall Figure 2.5). From there the imprinted spin texture propagates fur-
ther into the bulk of the AFM, as is exemplified by the spin configuration of IrMn4 and
IrMn5 in Figure 2.14d: the s, component of the AFM layers shows a good agreement
with that of the FM layer although the domain walls are narrower and more abrupt as they
are governed by the grain boundaries. In our system, the imprinting propagates from the
interface all the way down to the bottom of the stack, giving a penetration depth of ~ 5 nm
for the imprinting, which is well in line with experimental reports on vortice imprinting
in CoO and NiO [152] and exchange springs in y-IrMn3 [166]. The noise (i.e. deviation
from FM spin orientation) in the AFM spin orientations is expected and results mainly
from the fact that the AFM spins have to abide by the magnetocrystalline anisotropy that
drives the tetrahedral 3Q symmetry of the spins. This, for example, prevents the AFM
spins from orienting along the film normal while in the FM layer with no anisotropy there
is no such restriction. It should be noted that the intermixed interfacial AFM spins have
more flexibility due to the reversible component that is coupled to the FM layer [27] but
on the other hand the intermixing is introducing more randomness to the system so that

overall the noise is not significantly reduced.

2.6 The external field stability of the imprinted spin tex-

tures

Next, we study the stability of the imprinted textures against field perturbations by ap-
plying an external field to the system. The field is oriented along the film normal and
its magnitude is swept from +4 to -4 back to +4 T. Note that the fields are an order of
magnitude larger than the typical experimental fields due to the fact that the measurement
times accessible to simulations are significantly shorter than those accessible in typical
experiments. Here, the sweeping rate is ~ 7 x 1073 T ns~! while in experiments a typical
sweeping rate is ~ 107! T ns~!. The hysteresis loop resulting from the field-cycling is
shown in Figure 2.15a and as expected, it exhibits a shift of ~ —0.7 T towards negative
fields due to the exchange bias. As shown in Figure 2.15b-m, the evolution of the spin
texture varies from layer to layer. The FM layer (Figure 2.15b-¢e) follows the field, nearly
saturating at strong fields and gradually reversing at intermediate fields by the expansion
of Sk bubbles. The AFM bulk (j-m), on the other hand, remains unchanged throughout
the field cycle and this can also be seen in the fact that at remanence, the FM layer (Fig-
ure 2.15c,e) adopts a configuration that conforms with that of the AFM bulk. The AFM
interface, in turn, comprises of a reversible component that follows the FM and an irre-
versible component that abides by the AFM bulk, and therefore shows a behaviour that is

a mixture of the two (Figure 2.15f-1).
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Figure 2.15: a) Field-dependence of the FM magnetisation, normalized (M/Ms), at 0 K
and (b-m) snapshots of the evolution of the spin structures during the field-sweep, in the
FM (b), interfacial AFM (IrMnl, f-1) and bulk AFM (IrMn13, j-m). The snapshots are
taken at positive saturation (1.), forward remanence (2.), negative saturation (3.) and
backward remanence (4.). The contours of the FM Sks in Figure 2.12a serve as visual
guides.

Overall, this field-cycle shows that the imprinted local spin textures remain unaltered
in the AFM bulk and partially at the interface even after the original Sks in the FM layer
are annihilated. This means that we are able to transform a system with Sks in the FM
layer and no spin textures in the AFM to a system (recall Figure 2.91) with no Sk in the FM
layer but pre-defined spin textures in the AFM layer using consecutive thermal and field
cycling processes. It is important to note that the condition for the field stability of the
imprinted spin textures is roughly given by Karptapy > Jins, where K is the anisotropy
constant, ¢ is the thickness, and J;,; is the interfacial exchange coefficient. Violation of
this relation means that the AFM is no longer insensitive against the field and therefore the
AFM spins will rotate along with the FM spins [27]. Here, the relation holds (1.7 x 10~ !!
Jm™! > 3.5x 10712 Jm™"), but if J;, is increased significantly in order to improve the
imprinting efficiency, it will complicate the ability to obtain isolated AFM spin textures
through field-cycling. This, in effect, would complicate studying the isolated properties
of these AFM spin textures decoupled from the properties of the FM skyrmions.

2.7 The impact of various simulation parameters on im-

printing efficiency and morphology

We will now move on to showing additional simulations where we have slightly changed
the simulation parameters or conditions. We will discuss how they influence the efficiency

of the spin texture imprinting as well as the morphology of the imprinted textures.
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2.7.1 Control simulation without interfacial exchange interaction

First, we show a control simulation on a system with no exchange interaction between
the FM and AFM layers at the interface (same properties as the main simulation stack
but Jij mn—nire and Jjj mn—co are set to zero). For this system we do not expect any
imprinting to take place but instead the spin structures of the FM and AFM layers should
evolve independently of each other during the field-cooling step. All other simulation
parameters are identical to those of the system described before.

The magnetic states of the FM layer, AFM interface and AFM bulk after the three
simulation steps described in Section 2.4.1 are shown in Figure 2.16a: the FM layer
contains two SK bubbles while both the AFM interface and bulk show a random domain
structure where the grains have set independently of the FM layer. As expected, we do
not observe imprinting of the Sk bubbles into the AFM (see Figure 2.16b) and moreover,
the FM Sks are smaller and more symmetric compared to those of the system with non-
zero interfacial exchange interaction. Recall that the latter observation is due to the fact
that removing the interfacial exchange allows the FM Sks to evolve independently of the
AFM grain structure. Given the small and symmetric Sk shapes here, coupling to the AFM
grains structure evidently stabilizes larger and more irregular Sks. This is also verified by
an additional simulation where the average grain size of the AFM layer is increased to 8
nm and the interfacial exchange interaction is turned back on: as shown in Figure 2.16c,
here the Sk sizes in the FM layer are significantly larger and the shapes more irregular as

dictated by the underying grain structure.
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Figure 2.16: a) The magnetic state of the different layers of the simulation stack: FM,
AFM interface (IrMn1) and AFM bulk (IrMn13). No imprinting is observed and the FM
Sk shape is independent of the AFM grain structure. b) The lack of imprinting is further
evidenced by the observation that the AFM spin components s; show no correspondence
to those of the FM layer. c¢) Increasing the average grain size of the AFM layer stabilizes
larger and more irregular Sks in the FM layer.
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Figure 2.17: Imprinting of different magnetic states of the FM layer onto the AFM inter-
face (IrMn1) and AFM bulk (IrMn13). Maze domains can be nucleated in the FM layer
through zero-field cooling, while the saturated state can be realized through field-cooling
with a 5 T out-of-plane field. Both states of the FM layer are successfully imprinted on
the AFM layer where the grain structure governs the exact morphology of the textures.
Some discrepancies are also oberved as discussed in the text.

2.7.2 Imprinting topological states beyond skyrmions

Here, we show that by changing the external field strength during the first and second
simulation steps (setting FM and field-cooling, respectively) we can stabilize different
spin configurations in the FM layer and consequently imprint them onto the AFM layer
as shown in Figure 2.17. For example, when we initialize the system under zero-field
we are able to nucleate maze domains in the FM layer and then the subsequent cooling
down still under zero-field allows us to realize imprinting of these maze domains onto
the AFM layer. Similarly, when the field strength during the initialization and cooling
down is increased ten-fold, we nucleate and imprint a saturated magnetic state. As was
the case with the FM Sks in Section 2.4.1, the imprinting takes place again throughout
the AFM layer and the AFM bulk spin configuration is a superposition of the imprinted
and random spin textures (discrepancies). Also, the exact morphology of the imprinted
textures is again governed by the AFM grain boundaries, as we have already observed
before. Note that here the other simulation parameters correspond to those of the main
simulation stack described in Section 2.4.1. Overall, these additional simulations show
that our method is not specific to FM Sks but instead shows universal imprinting ability

across different real-space spin textures.
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2.8 Summary and Outlook

In this Chapter we have introduced a universal and experimentally viable method for
nucleating pre-defined, localised spin textures in real antiferromagnets. This method re-
quires a heterostructure comprising of ferromagnetic and antiferromagnetic layers with a
strong exchange interaction across the interface, and a thermal cycling procedure. Here,
for the antiferromagnet we have used y-IrMn3z with a Néel temperature above 500 K,
meaning that the imprinted spin textures are stable at room temperature. The depth of
imprinting is shown to reach at least 5 nm, which is through the entire antiferromagnetic
layer in our simulations. We have shown that the efficiency of the imprinting strongly
depends on the strength of the exchange interaction across the interface, while the mor-
phology of the imprinted as well as the original spin textures is governed by the grain
structure of the antiferromagnetic layer. The original spin textures in the ferromagnet and
the imprinted spin textures in the antiferromagnet can be decoupled by a field-cycling
procedure, which allows for studies on the isolated antiferromagnetic spin textures. Fi-
nally, we have demonstrated the robustness and universality of this imprinting method by
varying the original ferromagnetic spin textures from skyrmion bubbles to maze domains
to saturated states, and observing that the outcome of the imprinting does not depend on
the type of spin texture.

Having established a simulation system in which spin texture imprinting takes place
successfully and that corresponds to a realistic experimental system, this work opens up
various possibilities for follow-up simulations, a few of which are listed below. The in-
terest is especially on devising further guidelines in terms of material properties on how
to realize well-defined and isolated topological spin textures in antiferromagnets exper-
imentally, because this would pave the way for further studies on real-space topology
in antiferromagnets. This is an attractive research direction due to not only the indus-
trially favorable properties of antiferromagnets [29][28][136] and their spin textures but
also the novel fundamental phenomena that can arise due to the lowering of symmetry
in these multisublattice systems [36][167]. In terms of spintronic applications, our re-
sults can also aid in the development of denser and faster spintronic devices, as localised
spin textures in antiferromagnets are predicted to be small, stable, and fast information
carries with straight trajectories of motion. However, the general challenge with using an-
tiferromagnetic materials in spintronic devices is the reading of their magnetic states and
therefore further fundamental research on the transport properties of these states, such as

the topological spin Hall effect, is of significant importance.

2.9 Further research directions

* Finding the optimal conditions for efficient imprinting (minimum amount of dis-

crepancies between the original and imprinted spin textures) and isolation of the
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antiferromagnetic spin textures. We have shown in this Chapter that making the in-
terfacial exchange interaction stronger generally improves the imprinting efficiency,
but as was discussed in Section 2.6, the field-stability of the imprinted textures suf-
fers when the interfacial exchange interaction is stronger, thereby complicating the
decoupling of the ferromagnetic and antiferromagnetic spin textures. The relevant
parameters to optimise here are for example the layer intermixing, thickness of the
antiferromagnetic layer, and/or structure of the antiferromagnetic layer (granular

vs. single crystal), which are all experimentally accessible parameters, too.

* Exploring imprinting onto different antiferromagnets. Here we have opted for y-
IrMn3 with four magnetic sublattices and a strong crystalline anisotropy, which
restricts the winding of the spins and in effect, might hinder the nucleation of topo-
logical antiferromagnetic states with a well-defined topological number. However,
the spins of softer antiferromagnets are more susceptible to the dragging by the
ferromagnetic layer during the field-cycling, meaning that again a careful optimi-
sation of the material choice is necessary. It could also be interesting to extend this
study to altermagnetic materials (discussed in detail in Chapter 1) as the impact of
real-space topological structures on their transport properties could offer novel so-
lutions to detecting these structures, while retaining the vanishing net magnetisation

and topological charge.

* Studying the current-induced dynamics of the coupled and decoupled original and
imprinted spin textures, especially skyrmions. Interesting research questions relate
to for example the velocity and trajectory of the spin textures, and the presence or
absence of the skyrmion Hall effect. Previous reports on skyrmions in self-standing
antiferromagnets predict straight skyrmion trajectories with high longitudinal and
vanishing transversal velocities [138][137], so it is interesting to study whether the

adjacent ferromagnetic layer has any influence on these properties.

These research directions will be pursued in the AF spintronics team at SPINTEC in col-
laboration with the University of York in the framework of the PhD thesis of C. Thevenard,
starting in October 2023.
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Chapter 3

Spin fluctuations as a probe of
unconventional magnetic phases and

phase transitions

In this final Chapter we shift the focus from the direct discussion of spintronic proper-
ties specific to compensated magnetic structures and textures to describing a powerful
experimental tool for probing spin transport properties in a variety of materials. This
tool is the ferromagnetic resonance (FMR) induced spin pumping and we will illustrate
its functionality by considering a specific example of studying linear and non-linear spin
susceptibilities around magnetic phase transitions. To this end, in this Chapter we focus
on the relativistic mechanisms of pure spin-current generation through FMR-induced spin
pumping but we will finish by discussing how the spin-split band structure of altermag-
nets provides a unique platform for a non-relativistic pure spin-current generation [50].
The material of interest here is PdNi in thin film form and we will show that it shows
complex magnetic behavior akin to that of spin/cluster glasses. This means that here we
will turn our attention slightly away from compensated magnets but since this tool and
the type of study are relevant for any magnetic materials, this Chapter can be viewed
as a blueprint for future studies on analogous spintronic properties of antiferromagents
and altermagnets. Thus, the main purpose of this Chapter is to highlight and optimize
our set-ups ability to probe spin fluctuations through both magnetisation dynamics and
spin-to-charge conversion, and since many of the results are preliminary, to serve as a
foundation for future research efforts in this specific topic and material as well as other
materials.

This work has been conducted in collaboration with the team of Dr. Serge Gambarelli
(SYMMES laboratory), for assistance with the set-up used in this Chapter. Moreover,
this work has resulted in an ongoing collaboration with the group of Prof. Yasuhiro Niimi
at the University of Osaka and in this framework I also had an opportunity to do a short

research visit at their facilities.
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Figure 3.1: Electrons possess both a charge and a spin so that the movement of electrons
can give rise to different types of currents depending on the net charge and spin flow
during this motion.

3.1 Pure spin current generation through spin pumping

Electrons possess not only charge but also an angular momentum, which is referred to
as a spin. Therefore a flow of electrons does not only give rise to a charge current but
can also involve a net flow of angular momentum referred to as a spin current. The
different types of currents that an electron flow can induce are summarized in Figure 3.1:
in unpolarized current there is only a net flow of charge, in pure spin current there is only
a net flow of spin, and spin-polarized current involves a net flow of both charge and spin.
The advantage of using pure spin current over spin-polarized current in spintronic devices
is founded on it having an improved efficiency of angular momentum transport as well
as the diminished Joule heating. Moreover, as the angular momentum is also at the root
of magnetism, interactions between pure spin current and magnetisation can harness spin
current as a probe of the magnetic ordering, which is the research avenue pursued in this
Chapter.

One way of generating a pure spin current is through ferromagnetic resonance (FMR)
induced spin pumping in multilayered heterostructures comprising of a spin injector (SI)
layer and a spin sink (SS) layer, where the former is typically a ferromagnet and the
latter is a material that allows for an efficient spin-to-charge conversion. In the following
sections we will first discuss the operational principles of FMR, then we will explain how
the FMR can induce spin pumping that generates a pure spin current, and finally, how the

spin current can be detected upon conversion to a charge current.

3.1.1 Magnetisation dynamics at the ferromagnetic resonance

In ferromagnetic resonance (FMR) experiments, the magnetisation dynamics are driven
by externally applied microwaves, which continuously transfer angular momentum to the
magnetisation, causing a steady magnetisation precession around an externally applied

static magnetic field. The dynamics of this precession are given by the Landau-Lifshitz-
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Figure 3.2: a) The two terms of the LLG-equation, one driving precession around an
effective field H.rs and the other describing the damping of the precession so that the
magnetisation M tends to align with the H.rr. b) A typical thin film system in FMR
experiments where magnetisation precession around a static H, s in the plane of the film
is driven by a perpendicular rf magnetic field (4, ¢), also in the plane of the film.

Gilbert (LLG) equation:

dM
dt

AM
X vt 3.1)
S

= —|yM H
lYIM x o eff+M g

where the first term describes the magnetisation M precession around the effective field
H, ¢ (includes the external and anisotropy fields) and the second term describes the damp-
ing of this precession, which drives the alignment of M with H,r¢. Both terms are illus-
trated in Figure 3.2a. The other terms in Equation 3.1 are the gyromagnetic ratio ¥, the
Gilbert damping constant ¢, and the saturation magnetisation M;. The amplitude of the
M precession is maximum when the frequency of the applied microwave field equals to
the resonance frequency (f.s) of the system, which is governed by factors such as the

anisotropy of the sample and the strength of the applied field, as will be shown below.

Resonance condition

An expression for the resonance frequency can be obtained by solving the LLG equation
for a ferromagnetic thin film with a thickness significantly smaller than the lateral dimen-
sions, where M is aligned with a static field that is applied in the plane of the sample, and
an rf-field applied perpendicular to the static field direction, as illustrated in Figure 3.2b.
We assume that during the precession, M gains a small component along y- and z-axes
(my and m;, respectively) while along x-axis the magnetisation is virtually the same as in

the equilibrium position (saturation magnetisation M) so that we can express M as:

M = M X+ m,§ +m; 2 (3.2)

The expression for the effective field is obtained by considering the contributions from
the uniaxial anisotropy, demagnetizing field (recall that the demagnetising factors for a
thin film are Ny, Ny = 0 and N, = 1), applied static field, and the rf-magnetic field (A, f):

M
I 3, (3.3)

Heff = (Hext +Hum)ﬁ+hrf§7+ M
s
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where Hy,; = 2K,/ oM, Moy = Ms — 2K,/ UoM;t, K, is the uniaxial anisotropy constant,
and 7 is the film thickness. Substituting these equations in the LLG-equation (Equation
3.1) allows us to find an expression for the susceptibility in the same direction in which

the rf-field is applied (we are interested in the absorption of the rf-power):

(A+ 122 [AB_ 90 (4 + B) — 2 (0 + 1)]

_ m
Xy = Aoy T 23y = h_y = Ms ) 2 2 (3.4)
of [AB—%(O{ZJrl)} + [a%(AJrB)]

where A = M, 7+ Hexs + H, and B = Hey; + H,,.
The resonance condition can be obtained by considering that at resonance my, is at

maximum, which can be realized when the denominator of Equation 3.4 is minimum:

2
Wres
( y ) = (Me f+Hext +Hu)<Hext +Hu) (3.5)

Assuming that a? < 1, the real (dispersive) and imaginary (absorptive) parts of the

susceptibility at resonance become

wrzes (O]
%yy:Ms w2 wz D) 0 7 (36)
[ﬁ—ﬁ] +[a7(A+B)]
and )
_ao A2_|_w_>
Y ( 2
Xl = M ! , 3.7)
yy @2 2 2 o 2
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respectively. At resonance, the y;, = 0 while xy, is at maximum and a typical FMR
spectrum will be shown later in Section 3.2, where the experimental set-up is discussed

in more detail.

Intrinsic and extrinsic relaxation mechanisms

The angular momentum of the precessing magnetisation can be dissipated via various
internal and external channels, which are all contained by the damping coefficient & in
Equation 3.1. The intrinsic damping mechanisms include magnon-electron interactions,
magnon-phonon interactions, and eddy currents in the SI layer, of which the second and
the last are expected to be negligible in our system. The extrinsic channels include two-
magnon scattering, magnetic inhomogeneities, eddy currents in the adjacent layers, and
slow relaxation. These channels and their relevance to our system have been extensively
discussed in the PhD thesis of Dr. Lamprini Frangou [168]. In this work, however, we are
interested in the spin-to-charge conversion in the SS-layer and therefore less concerned
in disentangling the different contributions to the magnetisation damping and more con-

cerned on the spin injection efficiency, which depends on the global damping.
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3.1.2 Pure spin current generation through spin pumping

Spin-pumping is an extrinsic and non-local channel for dissipating the angular momen-
tum. In essence, in spin pumping magnetisation dynamics drive a spin-current generation
[169], making it an inverse of the spin transfer torque effect where a spin-current drives
magnetisation dynamics [12]. Typical spin pumping samples have two layers: spin in-
jector (SI, typically a ferromagnet) and spin sink (SS, typically a normal metal). At the
interface of the two layers, spin accumulation is naturally generated due to the mismatch
in the chemical potentials of the two layers. As illustrated in Figure 3.3a, in the ferromag-
netic SI layer the chemical potentials for the spin up and spin down electrons differ, while
in the normal metal SS layer they are equal meaning that the average chemical potential
across the interface will be discontinuous. This mismatch results in the majority spins
diffusing from the SI into the SS layer, where they will propagate until the equilibrium
condition is restored due to the spin-flip scattering events. This propagation distance is
referred to as the spin diffusion length. Therefore, even for a static magnetisation a chem-
ical imbalance at the interface is generated. For an oscillating magnetisation, where the
instantaneous flipping of the spin-up and spin-down bands necessitates spin relaxation in
order to restore the equilibrium condition, an a.c. spin current is emitted into the SS layer
where it gets dissipated (or reflected back [170]), which explains the term spin sink.

Spin pumping contributes extrinsically and non-locally to the damping of the mag-
netisation precession in the SI layer, increasing the o in Equation 3.1. In fact, this
significant enhancement of o was the initial clue on the additional angular momentum
dissipation channel in these bilayered structures [171] and it was only later on that this
observation was supplemented by a theoretical description of the spin pumping mecha-
nism [172][173]. The expression for the injected spin current was derived by Tserkovnyak
etal. as

ho4y dM

where gi}f is the real part of the effective spin mixing conductance that describes how

Spin injector  Spin sink
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Figure 3.3: a) The chemical potential imbalance at the interface of a ferromagnetic SI and
a normal metal SS causes a diffusion of the majority spins into the SS layer over the spin
diffusion length (/) during which the spin current is gradually dissipated due to spin-flip
scattering. b) The precessing magnetisation driven by the rf-field pumps a.c. spin current
into the SS layer.

77



efficiently the spins can be effectively transported across the interface (i.e. it accounts for
both the spin current leaving SI due to spin pumping as well as the spin current return-
ing back to SI due to back-reflection at the further interfaces). The non-local, extrinsic

contribution to the Gilbert damping o, on the other hand, was obtained as:

Yh
O = g J% 1AM [173] (3.9)
In Section 3.3.1 we will discuss how the non-monotonous temperature-dependence of o),

relating to spin-fluctuations can reveal an antiferromagnetic phase transition.

3.1.3 Spin-to-charge current conversion

The spin current pumped from the SI layer into the SS layer by the precessing magneti-
sation can be re-converted to a perpendicular charge current through the inverse spin Hall
effect (ISHE). This requires that the SS layer has a sufficiently strong spin-orbit cou-
pling (SOC) or alternatively supports another mechanism of spin-to-charge conversion
[48][49]. The symmetry of the electric field generated by ISHE is given by:

EisHE o< js X O, (3.10)

where j; is the spin current density and o is the spin polarization vector. For future refer-
ence, in our spin pumping experiments we can manipulate ¢ by tuning the magnetisation
orientation of the SI layer. Generally, ISHE is a useful tool for detecting and quantifying
the spin current generated by spin pumping as the pure spin current in itself cannot be
easily probed.

The microscopic mechanisms behind ISHE are analogous to those giving rise to AHE,
which were discussed in Chapter 1 (Section 1.3). In this Chapter, however, the extrinsic
mechanisms rather than the intrinsic one are of interest. The two extrinsic mechanisms,
skew scattering and side jump, relate to the asymmetric impurity-scattering of the spin-

up and spin-down conduction electrons. Skew-scattering is an inelastic scattering event

a) Spin Hall Effect Inverse Spin Hall Effect b) Skew scattering Side jump
4 .
¢! .,
ey e 4
ey L

Figure 3.4: a) The spin Hall effect and its reciprocal effect, the inverse spin Hall effect. In
the former a longitudinal charge current is converted to a transversal spin current while in
the latter a longitudinal spin current is converted to a transversal charge current. b) The
extrinsic microscopic mechanisms behind (I)SHE: the inelastic skew scattering involves
asymmetric scattering of the spin-up and spin-down electrons while in the side jump they
are deflected in opposite directions.
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that results in the spin-up electron and spin-down electrons acquiring different k-vectors
while the side-jump is an elastic scattering where the spin-up and spin-down electrons are
deflected in opposite directions. Both mechanisms give a non-zero transversal resistiv-
ity component, yielding a pure transversal spin current in non-magnetic materials (SHE)
and transversal spin-polarized current in ferromagnetic materials (AHE). The two mech-
anisms can be separated by the dependence of the transversal signal generated (psgyr) on
Pxx: if the mechanism behind SHE is skew scattering, psgg o< pxr While if the mecha-
nism is side jump, psyr o< p2.. Note that the intrinsic contribution also yields pszg o p2.
so disentangling the two is challenging. In this Chapter our choice of material for the
SS-layer is Pdygo_,Ni, alloy where skew scattering at the Ni sites has been assumed to
dominate the SHE over the other mechanisms [174].

3.2 Experimental set-up

The experimental set-up that we use to realize the FMR-induced spin pumping measure-
ments presented in this Chapter is described here. The main components of the set-up
are a loop-gap resonator operating at a frequency of ~ 9.75 GHz, a diode detector, and
a benchtop voltmeter connected to the sample by electrical contacts. Thus it allows a
simultaneously probing of the SI layer magnetisation dynamics through FMR and the
spin-to-charge-conversion in the SS layer through ISHE measurement. The set-up is also
connected to a helium cryostat so that the temperature range for its operation is from ~ 4
to 300 K but in practice for stable measurements with sufficient signal-to-noise ratio the
range is from 20 to 300 K.

The set-up (schematics shown in Figure 3.5) comprises of an rf-source, which gener-

ates microwaves that are passed through a circulator to the 3loop-2gap resonator inside

circulator
rf-source detector
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Figure 3.5: a) Schematics of the experimental set-up used for the FMR-induced spin
pumping measurements. The sample is attached to a sample rod which for the sake of
simplicity is omitted. b) The cavity used is a 3loop-2gap resonator (left) where the rf
magnetic field is uniform and non-zero across the entire sample while the rf electric field
on the sample is negligible as shown on the right. ¢) The sample is attached to a rod with
electrical contacts, allowing for a measurement of voltage across the sample generated by
ISHE.
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which the sample (0.6x3.2 mm?) attached to a sample rod can be placed. Inside the
resonator the incident microwaves generate standing waves, resulting in electric and mag-
netic rf-fields (e,s and h,r, respectively, their distribution is shown in Figure 3.5b) at a
resonance frequency defined by the properties of the resonator. The amplitude of the
rf-magnetic field in our resonator is given by:

PQ

hpr =022 3.11
! 500 (.11)

where P is the microwave power (typically 40 mW) and Q is the quality factor of the
cavity (typically 700-1000). A part of the incident microwaves are absorbed by the cavity
while the rest are reflected - the ratio of the two can be adjusted by the iris between the
waveguide and the cavity. Prior to a measurement the system is tuned in such a way that
none of the microwaves are absorbed by the cavity and all of them are reflected. The
microwaves reflected by the cavity again pass through the circulator and they are directed

towards the detector diode where they are converted to a voltage signal.

FMR-measurement

The bilayered SI/SS sample is placed inside the resonator and its position is adjusted so
that it is under maximum rf-magnetic field and minimum (ideally vanishing) rf-electric
field, as shown in Figure 3.5b. The sample will absorb the incident microwaves and the
maximum absorption occurs when /, ¢ equals to the resonance frequency of the system,
which in turn translates into the typical FMR signal at the detector as shown in Figure
3.6a. The signal-to-noise ratio of the FMR measurements is enhanced by a lock-in de-
tection and modulating the H;. with a small rf-component. For this reason, a typical
measurement returns the field derivative of x;/y as a function of field rather than )(;/y (recall

that x;/y was defined in Section 3.1.1 in Equation 3.7).

a) AE”’ b)

Tes

9.4 GHz

Figure 3.6: a) A typical FMR data obtained with the resonator-based FMR set-up at
a fixed frequency, showing a change in the absorption of the rf-field as a function of
field strength. The important information contained in this data is in the resonance field
H,.s and the peak-to-peak linewidth AH),,. b) The variation of H,.; and AH,, with the
resonance frequency measured at room temperature using a complementary broad-band
FMR set-up. Equations 3.5 and 3.13 can be used to fit the variations, respectively. The
FMR data at the different frequencies has the same shape as the one shown in a) for a
narrow-band resonator-based FMR.
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A typical data is shown in Figure 3.6a and fitted with

di),:y — _2 (AHPP\/g/z)Z(H_Hres)
dH sym(<AHPP\/§/2)2+(H_Hres)z)z’

(3.12)

where the two important fitting parameters are the resonance field H,,; and the peak-to-
peak linewidth AH,,. The former yields information about the anisotropy of the FM
layer (Equation 3.5) while the latter relates to the angular momentum dissipation through

intrinsic and extrinsic channels. More explicitly,

2 am,
AH,, = AHy+ —=———

V3 v

where AH is the inhomogeneous broadening that stems from the inhomogeneous sample

(3.13)

properties and the consequent spread in resonance frequencies, and « is the total Gilbert
damping.

We have conducted FMR measurements under different frequencies of the rf-field
using a separate coplanar waveguide broadband FMR spectrometer (only operational at
room temperature) and plotted H,.; and AH),, as a function of this frequency. This allows
us to extract values for y,M,rr,H,, o, and AH), as implied by Equations 3.5 and 3.13. In
Figure 3.6Db this is shown for a multilayer containing a 15 nm CoFeB layer (the other lay-
ers will be discussed later) where the fits yield y = 0.018, M, = 1.15 kOe, H, = —18.7
Oe, AHy = 0.42 Oe and o = 0.0085. We can see that AHj is vanishingly small compared
to AH,, meaning that the damping contribution from inhomogeneous broadening can be
neglected.

When inside the resonator, the sample cannot be seen but its orientation relative to
the applied dc-field H;. can be changed by rotating the sample holder. The position
of the sample can be read off the resonance field H,,; because when the film plane is
(anti)parallel to the H;. the H,.s (8 = +90 deg, see the definition of 0 in Figure 1.16)
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Figure 3.7: The sample orientation relative to the applied dc-field inside the cavity can be
adjusted by rotating the sample holder. 0 gives the angle between the film normal and the
H,.. H,.s is maximized when the H;, is along the film normal and minimized when H,, is
in the film plane. AH),,, on the other hand, is minimum when Hy,. is along the film normal
and reaches maximum at intermediate angles. Here, the data for 8 = 0 deg is missing as
the Hy, 1s limited to ~ 1.2 T in our set-up.
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is minimized due to the FM layer magnetisation orienting along the in-plane easy axis.
Conversely, when Hy, is perpendicular to the film plane (6 = 0 deg), H,s is maximized.
This behavior is shown in Figure 3.7 along with the variation of AH),, with the sample
orientation. The AH,,, is expected to reach a maximum slightly away from 6 = 0 deg and
vanish when 6 = 0 deg [175]. Here, the data exactly at 8 = 0 deg is missing due to the

H,. on our measurement set-up being limited to ~ 1.2 T.

Measuring the spin-to-charge conversion

As shown in Figure 3.5c¢, the sample inside the cavity is connected to electrical contacts,
allowing a measurement of the voltage signal across the sample generated by ISHE during
the FMR. In the sample, the spin current flows from the SI layer to the SS-layer (z-
direction, see Figure 3.8 for the coordinate system) and as the magnetisation of the spin
injector is along the x-direction, the ISHE voltage (V;syr) is generated in the y-direction
(recall Equation 3.10) as shown in Figure 3.8. The ISHE is expected to give a symmetric
Lorentzian signal as the injection of a spin current into the SS depends on the precession
amplitude of the SI magnetisation, which again depends on x;’y Moreover, following
from Equation 3.10, if the stacking order of the spin sink is reversed (i.e. j; — —j;) or if
the magnetisation of the spin injector is reversed (0 — —0), the signal changes sign.

A typical voltage signal showing these characteristic features of ISHE is demonstrated
in Figure 3.8 for a sample with composition CoFeB(15)/Cu(3)/PdggNijg (10 nm). Note
that we typically convert the voltage signal into a charge current by dividing it by the
two-point resistance (R;,) and then normalize the signal to the incident rf-power hff. The

electric signal can be fitted using a function

Heff

+H

VISHE

Figure 3.8: (Left) Typical sample for FMR-induced spin pumping experiments compris-
ing of a spin injector (SI) and a spin sink (SS) separated by a spacer layer. SI injects
spin current into the SS where it is converted into a voltage signal through ISHE. (Right)
The voltage across the sample as a function of field strength shows symmetric Lorentzian
signal around the resonance field H,.;. Reversing the magnetisation direction reverses
the sign of the signal as expected for the symmetry of ISHE. Here 6 = —7/2 and +7/2
indicate two magnetisation orientations antiparallel to each other, see Figure 3.7 for the
definition of 6 in our setup.
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(AHppV/3/2) (AH,,\/3/2)(H — Hyes)
(AHppv/3/2)2 4+ (H — Hye)? " (AHpp /3/2)2 + (H — Hies)?

V = Vim (3.14)
The symmetric contribution (Vjy,,) can arise from ISHE [176] while the antisymmetric
contribution (V) can arise from AHE [176] or transverse AMR [177] (tAMR, some-
times referred to as planar Hall effect (PHE)), which contrary to ISHE depends on the
phase of the precession. The parasitic contributions from the tAMR and AHE are collec-
tively known as spin rectification effects (SRE) and they stem from the nonlinear coupling
of an oscillating current and oscillating resistance of the magnetic material. In our experi-
ments an oscillating rf-current could originate from a non-vanishing rf electric field on the
sample but due to the geometry of the resonator used in this work this should be a minor
concern. It is, however, noteworthy that if the phase shift at resonance is not exactly /2
(for example eddy currents in the adjacent metallic layers can bring about such dephasing
[178]), the SRE can also give a symmetric contribution and thus cause an overestimation
of the ISHE. However, if the signal is primarily symmetric as is the case in our samples
(shown in Figure 3.8) it is unlikely that the SRE effects are playing a major role.

One way to disentangle the contributions from ISHE and SRE is to measure the volt-
age signal under varying orientations of the external field, i.e. under varying orientations
of the spin polarization axis (o in Equation 3.10). In our set-up, we can vary the polar
angle 0 of the H,;. as shown in Figure 3.9 and for such a scan the behavior of ISHE, AHE,
and tAMR are well known. Following from Equation 3.10, ISHE should have a sine-
dependence on the magnetisation orientation (in effect, ). However, in our set-up we are
rotating the sample orientation relative to the external field and the magnetisation is not
expected to follow the field smoothly due to the strong shape anisotropy of the thin films.
Instead of the smooth sine-behavior we expect sharp switches of the magnetisation from
one in-plane direction to the opposite one when the field is along the film normal, and
this translates to a sharp reversal in the Vjsyg polarity at the same angle. A quantitative

expression for this dependence has been derived by Ando et al. [179]. The polar angular
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Figure 3.9: Vi, and V4, (extracted using Equation 3.14) as a function of the polar angle
of the Hy. (0). As expected for a dc-voltage signal primarily originating from ISHE,
Viym 1s significantly larger than Vjy, and the former shows the expected sign reversal
corresponding to the magnetisation direction switching at 8 = 0, i.e. when the field is
along the film normal.
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dependencies of AHE and tAMR have been derived by Rojas-Sénchez et al. [180] where
an additional angular dependence is introduced by the fact that not only & but also the ¢, ¢
orientation changes when the sample is rotated. For the tAMR, the angular dependence
shows local maxima slightly away from the angle at which the field is along the film nor-
mal. In Figure 3.9 we show the angular dependence of both Vj,,, and V,,, for a typical
sample with PdNi as spin sink and it is apparent that Vj,,, is the dominant contribution,

primarily originating from ISHE as indicated by the angular behavior.

Choice of the measurement configuration

The advantages of using a cavity resonator over a broadband strip-line for the FMR-
induced spin pumping measurements are manifold. First, the resonator we are using
(3loop-2gap) ensures that the e, on the sample is negligible, as was shown in Figure
3.5b, and therefore the spin rectification effects are negligible. As discussed before, a
non-zero e,r (common problem in e.g. in coplanar waveguide broadband FMR set-ups)
would generate an alternating rf-current in the sample, which again would give rise to
other parasitic effects that contribute to the voltage signal measured, complicating the
disentangling of the ISHE contribution. Second, the &, on the sample is stronger (~
0.5 Oe), resulting in a stronger ISHE signal. Finally, the &, is more uniform across
the sample, resulting in a more uniform magnetisation precession in the entire sample.
However, these advantages come at the expense of the set-up being narrowband, i.e. the
excitation frequency cannot be changed. We have circumvented this problem by using a
broadband strip-line set-up to obtain supplementary frequency-dependent data that was

shown in Figure 3.6.

3.3 Spin pumping as a probe of magnetic fluctuations

The spin pumping experiments combine both FMR and ISHE measurements and in this
Section we will show that this makes them an ideal tool for probing linear and non-
linear spin fluctuations, which manifest as non-monotonous temperature-dependence of
the corresponding spin susceptibilities across magnetic transition temperatures. We will
first briefly recap the previous work conducted in the AF spintronics team at SPINTEC
on how linear spin fluctuations acting on the linear susceptibility of the spin sink (SS)
result in an enhanced damping of the spin injector (SI) dynamics around a magnetic phase
transition. We will then move on to discussing our recent work on studying how the non-
linear spin fluctuations around magnetic phase transitions can alter the spin-to-charge

conversion efficiency of the SS layer.
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3.3.1 Probing linear fluctuations in IrMn around the magnetic phase
transition

The spin pumping efficiency strongly depends on the spin mixing conductance gl}%f, as

was indicated by Equation 3.8. The gl} 7 is essentially a measure of how efficiently the
spin current can cross the FM/NM interface. This quantity is not constant but has been

shown to depend on the imaginary part of the dynamic spin susceptibility of the spin sink:
1
gﬁ/ss“Z—_Imxf(wrﬂ[lSl], (3.15)
x Orf

where @, is the (angular) resonance frequency of the FM layer and x,f (@,r) is the trans-
verse dynamic linear spin susceptibility (i.e. the rf-field is perpendicular to the detection
direction). Recall that the non-local extrinsic damping contribution from spin pumping is

given by
to_ T

Asp :geffm[l73]a (3.16)

linking o), to Imx,f(a), ). It is known that around the critical temperatures (7;.) of mag-
netic materials their order parameter undergoes the strongest linear fluctuations, signifi-
cantly enhancing the Imx,f(a)rf) [182]. Qualitatively, this can be understood as follows:
at T > T, the spins are not interacting so that collective fluctuations cannot be excited
while at T < T, parallel alignment of the spins is strongly favored and therefore ex-
citing spin fluctuations is more challenging. Due to this temperature-dependence of the
Imx,f (@,r) we would also expect to observe an enhancement in ¢, at the magnetic phase
transition of the SS layer [181].

The temperature dependence of ¢, in a system with an antiferromagnetic SS-layer

a) H, b) C)

NiFe

IrMn

Figure 3.10: a) The active layers of the stack used by Frangou et al. [162] for spin pump-
ing measurements from which the spin-pumping related non-local extrinsic damping o,
was obtained. b) The temperature-dependence of ¢, shows a maximum at a temperature
coinciding with the Néel temperature of the IrMn-layer (Tclrrilt””). Note that the Tclrri]t‘/[" de-
pends on the thickness of the IrMn layer (#7,37,) as shown in ¢) where the dependence is
fitted with a function obtained from Ref [183]. The inset in b) shows ), as a function
of Tclrrilz‘/ln while the inset in ¢) shows a wider range of #;,47,. Both b) and c) are extracted

from Ref. [162].
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was measured by our AF-spintronics team [162]. The stack used by Frangou ef al. was
NiFe (8)/Cu (3)/y-ItMnj3 (t;;p,)/Al (2 nm) as illustrated in Figure 3.10a, where t,/,
ranged from O to 1.5 nm. The Cu spacer layer magnetically decoupled the SI and SS
layers, preventing magnon spin transport, without influencing the interfacial electronic
spin transport (spin diffusion length of Cu is > 300 nm). Due to cancellation of the
other terms, in this trilayer system gl}f ~ gzt /ss [184]. The temperature-dependence of
the total @ was extracted from the temperature-dependence of AH,,, assuming that AH
was negligible over the entire temperature range (as verified experimentally at room tem-
perature). The local intrinsic contribution ¢ was disentangled from the spin pumping
contribution 0, by measuring « as a function of temperature when #;,)7, = 0 and remov-
ing this background from the measurements where 7,37, # 0. The remaining signal is then
Op as a function of temperature, which is shown in Figure 3.10b for varying #;,p7,. The
signal shows a clear maximum at a specific temperature that increases with increasing
1-mn - 1n fact, this temperature coincides with the thickness-dependent Néel temperature
Ty of the IrMn layer as shown in Figure 3.10c. This experimental observation is in a good
agreement with the theoretical prediction of enhanced ), at a magnetic phase transition
temperature relating to stronger linear transverse spin fluctuations at this temperature. In
case of an antiferromagnetic phase transition, this is an especially useful tool for detecting
the typically experimentally elusive Ty in thin films, where techniques relying on large
magnetic volumes (like neutron diffraction) reach their limit.

In the following sections we show a continuation for this work on detecting spin fluc-
tuations with the FMR spin pumping setup but rather than probing the linear spin fluctu-
ations through the damping of the FM dynamics (SI layer) we probe the non-linear spin
fluctuations acting on the non-linear susceptibility through the spin-to-charge conversion
in the SS layer. Instead of using y-IrMnj3 as the spin sink, we have opted for Pd;po_Ni,
as the SS layer as it is expected to show enhanced spin fluctuations, which facilitates their
detection.

3.3.2 Probing non-linear fluctuations around the magnetic phase tran-
sition
We will now discuss how the pure spin current generated by spin pumping can be used
as a probe of the non-linear spin fluctuations of the SS-layer. In short, this is because the
conduction electron spins can interact with the localised spins in the magnetic spin sink,
thereby giving rise to novel spin-dependent transport phenomena. Gu et al. have linked
these transport properties to the non-linear spin susceptibilities and hence to non-linear
spin fluctuations by extending the Kondo model [185]. In order to do so, they have made a
number of assumptions: 1) the number of spin-up and spin-down electrons is equal as we
are near T, 2) the skew-scattering events only take place at the Ni-impurity sites, 3) only

on-site spin correlations are considered while spin-spin interactions from the neighboring
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Figure 3.11: In inverse Spin Hall effect (ISHE) the spin-up and spin-down electrons are
scattered to the same side so that the transverse current is proportional to o, which is
again proportional to )». In anomalous Hall effect (AHE) the scattering is to the opposite
sides so that the transverse current is proportional to r; and thus to );. The temperature-
dependences of AHE and ISHE across a magnetic phase transition temperature 7, show
anomalous behavior originating from the anomalous behavior of ), and y», respectively,
across 7T.. Figure modified from Refs. [185] and [186].

sites are ignored [186][185]. In the framework of this model, the scattering amplitudes

for the spin-up and spin-down electrons are obtained as r; 4+ and —r; + r;, respectively.

Here r; =~ ”’3‘1 5 and rp ~ ug_lzﬁ’ where Y| and ), are the first and second-order non-linear
B B

spin susceptibilities, respectively, and B = 1/kpT.

As illustrated in Figure 3.11 in ISHE the spin-up and spin-down electrons are scat-
tered to the same side so the signal measured is a sum of the scattering amplitudes, i.e.
proportional to 5 and thus to )2. On the other hand, as also illustrated in Figure 3.11, in
AHE the scattering is to the opposite sides so that the signal will be a difference of the
scattering amplitudes, i.e. proportional to r; and thus to ;. Similarly to the linear spin
susceptibility xo, both y; and x> show characteristic divergent behavior across magnetic
phase transitions as illustrated in Figure 3.11 for a ferromagnetic material. The behavior
of non-linear spin susceptibilities have been calculated for a ferromagnet using mean-field
approximations [187] but note that different behavior is expected for antiferromagnets
and spin glasses [188]. Consequently, we would expect the psyr and p;syg to follow this
characteristic behavior, as also illustrated in Figure 3.11. In this Chapter we will focus on
the temperature-dependence of p;syr as we can access this effect conveniently with the
FMR spin pumping set-up as discussed earlier.

The anomaly in p;syg with the expected peak-and-dip shape has been already demon-
strated using lateral spin valve devices [186] that are illustrated in Figure 3.12a where a
pure spin current is generated at the interface of a permalloy (Nig;Fe9, Py) and Cu wires,
transmitted through the Cu wire and finally absorbed by PdNi wire where it is converted

to a charge current through ISHE. Conducting a field-sweep while measuring the R;syr
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Figure 3.12: All figures are adapted from Ref. [186]. a) Schematics of a lateral spin valve
device. A pure spin current is generated at Py/Cu interface and injected to PdNi wire
where it is converted to a charge current via ISHE and detected electrically. b) Rysyr
as a function of field for different temperatures for Pdg,Nig with T, =21 K. Anomalous
behavior (i.e. no saturation) is observed around 7.. c¢) AR;syr extracted from b) as a
function of temperature (normalized to 7;) shows the characteristic dip-and-peak behavior

of x».

reveals a switching behavior shown in Figure 3.12b (characterised by AR;syE) relating to
the switching of the magnetisation direction of the Py wire and effectively switching of
the polarization direction of the spin current. Plotting AR;syr as a function of tempera-
ture (Figure 3.12c) reveals the expected anomaly around the 7, of Pd;og_.Ni,, where T,
increases with increasing x [186]. In this study the Pd;go_,Niy with x =7, 8,9 is behaving
like a weak ferromagnet with a 7, = 16,21,32 K, respectively [186]. Note that these 7,
are significantly lower than those reported previously for bulk PdNi [189][190] but the
authors attributed this to the non-homogeneous distribution of Ni as a result of the ion
implantation method used for fabricating the PdNi wires. Moreover, only the top 10 nm
of the 20 nm Pd wires contain Ni, which could affect the 7.

In this Chapter the aim is to study the temperature-dependence of R;syr using the
spin-pumping method instead of lateral spin valves. The advantages of our method are
that it does not require complicated nanofabrication process to prepare the samples (cut-
ting the samples into a rectangular shape with a diamond saw is sufficient) and ideally
it could allow for a simultaneous probing of linear and non-linear fluctuations (we will
discuss the sample requirements later on in this Chapter). Initially, the intention was to
continue on using the antiferromagnetic [rMn as the spin sink but due to the low signal-
to-noise ratio and inconclusive preliminary attempts we first sought to verify the viability
of our method by using a spin sink with presumably stronger spin fluctuations. For this
purpose we selected Pdjoo—Ni, as a spin sink due to its reported weak ferromagnetic na-
ture above critical x [191][192] implying stronger spin fluctuations as well as the previous

reports on second-order non-linear spin fluctuations [186] discussed above.
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3.4 Characterization of the Pd;y,_,Ni, thin film proper-
ties

This section is dedicated to the characterization of the structural, magnetic, and mag-
netotransport properties of the Pdjgg_,Niy thin films (10 nm) grown at SPINTEC by dc
magnetron sputtering by Patrick Warin. The concentrations of Ni in this work are primar-
ily on the low side (x = 6-12), so we can consider the system to be a dilute alloy, i.e. to
comprise of the non-magnetic Pd host with magnetic Ni impurities. Identifying the mag-
netic phase transition temperature(s) and the magnetic nature of the phases of these films
is essential for the follow-up spin pumping studies on the non-linear spin fluctuations in

this material.

3.4.1 Structural characterization

The structure of our Pdpg_,Ni, thin films was probed by Eric Gautier at SPINTEC using
a high-resolution scanning tunneling electron microscope (HR-STEM). We have charac-
terised the sample with x = 12 to verify the structure and thickness of the thin films and
to get a preliminary indication of the Ni-atom clustering.

The HR-STEM images show a cross-section of the films and allow identifying the
atom positions as well as the distribution of the different elements within the film as
shown in Figure 3.13. The films are polycrystalline as expected from films grown by
sputtering, and two layers of ~10 nm and ~2 nm corresponding to PdggNij, and Al layer
can be distinguished. The thicknesses are in line with the nominal ones of 10 and 3 nm,
respectively. The distribution of Ni atoms within the Pd host appears relatively uniform,
so that large Ni clusters are not observed. However, due to the statistical fluctuations in the
Ni distribution, some small clusters of a few Ni atoms are found. Note that in STEM the
elements are distinguished based on their atomic number Z and therefore oxygen having

Z close to that of Al can give rise to a spurious signal. Therefore, the seeming presence

Ni
Al Al
PdggNi;,
5nm
z 5 nm

L,

Figure 3.13: (HR-STEM images of the PdggNij>/Al thin film showing a cross-section
perpendicular to the film plane. The left side image shows the atomic positions and the
right side image shows the elemental distribution. These images reveal the polycrystalline
structure of our 10 nm PdggNij, thin films and a random distribution of Ni atoms inside
the Pd matrix.

X

89



of Al in the PANi matrix as implied by Figure 3.13 is more likely the presence of oxygen.

3.4.2 Magnetic characterization

The highly non-trivial magnetic properties of bulk Pd;go_,Ni, (PdNi) alloys have been
extensively studied. They show a paramagnetic to ferromagnetic phase transition when
the Ni concentration x reaches a critical value of x ~ 2.3 [191] at which the local spin fluc-
tuations at the isolated Ni atoms begin to interact in order to form a long-range magnetic
ordering [192]. It has been shown through neutron scattering experiments that this phase
transition is not uniform, i.e. the Ni atoms do not each gain an equal magnetic moment
but rather depending on their immediate environment either form a giant polarization
cloud (Ni-rich local environment) or remain non-magnetic (Ni-poor local environment)
[191][193]. There are also reports on a large orbital moment on the Ni-atoms in dilute
PdNi [194] and the Ni atoms polarizing the host matrix around them over a distance of ~
1 nm [193]. Behavior similar to the bulk samples has also been demonstrated in relatively
thick films (~ 50 nm) of PdggNij4 [195].

We have measured the magnetisation of our Pdjgp_,Ni, thin films (~ 10 nm) as a
function of (increasing) temperature following from either zero-field (ZFC) or +1 T field-
cooling (FC) protocol. For the field-cooling measurements, both cases of field perpen-
dicular (out-of-plane, oop) and parallel (in-plane, ip) to the film surface were considered.
The measurements were conducted as follows: the system was first cooled down under
the specified field-condition and then the magnetisation was measured while warming the
system up under a small measuring field of 500 Oe applied in the same direction as the

cooling field. A typical measurement outcome is shown in Figure 3.14a for Pdg;Nig,

X=
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N

Figure 3.14: a) Magnetisation as a function of temperature in bare Pdg;Nig (10 nm) after
zero-field cooling (ZFC) and field-cooling (FC). Out-of-plane signifies that field is per-
pendicular to the film plane while in-plane signifies that it is in the plane of the film. The
three different critical temperatures are denoted with arrows. b) Composition dependence
of the magnetisation as a function of temperature when the external field is in-plane. Each
critical temperature denoted in a) increases with increasing Ni-content. ¢) Composition
dependence of the magnetisation as a function of temperature when the external field is
out-of-plane. Again the critical temperatures increase with increasing Ni-content. In b)
and c), for the sake of clarity, not all x measured are shown in the top figure.
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Figure 3.15: Magnetisation as a function of an external field at various temperatures when
the field is applied in the plane of the film (right plot) or along the film normal (left plot).
The square hysteresis loop in the latter case reveals strong PMA in the system.

where two prominent features can be observed: 1) out-of-plane magnetisation is more sta-
ble than the in-plane one (we note that extrapolating the FC data in Figure 3.14a to 0 K
indicates the same magnetisation for both field orientations, as expected) and ii) for both
orientations there are more critical temperatures than the expected weak ferromagnetic
Curie temperature 7.

The first feature suggests perpendicular magnetic anisotropy (PMA) where the film
normal is the easy axis of magnetisation. This is also confirmed by the field-dependent
magnetisation measurements as shown in Figure 3.15 where square-shaped hysteresis
loops with large coercivity are observed for oop field while for ip field the coercivity
vanishes. PMA in PdNi has been observed also in thin films with thicknesses of 35 [196]
and 100 nm [197] but for bulk samples in-plane anisotropy (easy axis along [100]) has
been typically reported [198][199]. The origin of the PMA in our thin films is not clear
but one possibility is the strong magnetostriction in PdNi [200] that has been proposed
to emerge from pseudo-dipole interactions between the Ni moments and the induced Pd
moments [201]. Magnetostriction has been reported to contribute for example to PMA of
Co/Pd multilayers [202]. Identifying the exact origin of the PMA is beyond the scope of
this thesis as we are more interested in the criticial temperatures of the magnetic phase
transitions, but it would definitely be an interesting topic for further studies using e.g.
atomistic simulations.

The second feature of various critical temperatures indicates that our PdNi films have
a magnetic phase that is more complex than the expected weak ferromagnetic phase. The
T, indicating the ferromagnetic transition does not depend on the field orientation and
follows the composition dependence previously reported for bulk samples [189]. Increase
in the 7, with increasing Ni-content results from the distances between Ni atoms/clusters
decreasing and as a result the exchange interactions becoming stronger. However, below
T, both the oop and ip measurements reveal another critical temperature relating to the
bifurcation point of the ZFC and FC measurements, here referred to as 7;,, after the irre-
versible behavior. In the case of oop-field, 7;,, is at lower temperature than in the ip-case
and the magnetisation during ZFC vanishes at very low temperatures, while in the case

of ip-field the ZFC measurement plateaus at low temperatures. Furthermore, for the ip-
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orientation, there seems to be a third critical temperature between 7, and 7;,, indicating a
local maximum in magnetisation (737), which is absent for the oop-orientation.

T;,» is a characteristic feature of spin/cluster glass materials where it indicates mag-
netic frustration in the system, which results in the spins freezing in random orientations
and having a multitude of equivalent ground states [203]. Frustration can arise for ex-
ample from competing ferromagnetic and antiferromagnetic interactions that cannot be
mutually satisfied. The fact that we are observing T, in our system could imply (re-
entrant) spin or cluster glass behavior, which hasn’t been observed in PdNi before. It is
known from bulk PdNi that the long-range magnetic ordering arises from the clustering
of few Ni atoms that also polarize the surrounding Pd atoms. Competing interactions be-
tween these clusters, such as ferromagnetic, dipole-dipole, and RKKY interactions could
cause frustration and in effect, cluster glass -like behavior. For example, 7j; could be
explained by dipole-dipole interactions favoring antiparallel alignment of the clusters that
have gained a magnetic moment. However, further modeling using e.g. atomistic simula-
tions has to be carried out in order to understand whether this model can explain the other
features such as different 7;,, and ZFC behaviors deviating for the ip- and oop-fields, as
well as the absence of Ty, for the oop-field. It should be also noted that 7;,, is not a unique
feature of spin/cluster glasses but is also observed in superparamagnetic systems. In or-
der to distinguish between the two, ac-susceptibility measurements could be carried out
because the behavior of susceptibility at 7;,, differs for spin glasses, cluster glasses, and
superparamagnets, as does the frequency-dependence of 7;,. We have attempted such
measurements during this work but due to the small magnetic signal of our samples the
signal-to-noise ratio was poor. Further attempts would therefore require increasing the
magnetic signal while maintaining the magnetic nature of the samples, which is not a

trivial task.

3.4.3 Magnetotransport properties

We have patterned bare Pdjgo_,Niy films (grown simultaneously with the spin pumping
samples that also have CoFeB and Cu layers) into Hall bars (w = 24 nm, [ = 120 nm)
using optical lithography and subsequent ion beam etching. Illustration of the Hall bar
geometry as well as an optical image of the patterned device is shown in Figure 3.16a.
Note that in these measurements the field is always along the film normal (out-of-plane,
0op).

The temperature dependence of p for Pdg;Nig (7 ~ 150 K, T}, ~ 50 K for oop field)
is shown in Figure 3.16b. It shows typical metallic behavior with no apparent anomalies
relating to the two critical temperatures identified in the magnetic measurements with
the oop field (Figure 3.14c¢). This is in contrast with the similar measurement on 60 nm
PdggNij4 where a local maximum coincided with the onset of the weak ferromagnetism
[195]. However, their measurement was conducted with the field in-plane and moreover,

their magnetisation as a function of temperature is dissimilar to that of our PdNi films.
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Figure 3.16: a) Illustration of the typical Hall bar geometry and an optical image of the
patterned devices. b) Temperature dependence of p,, and its derivative during +1 T field-
cooling and zero-field cooling for Pdg,Nig. The critical temperatures identified from the
magnetic measurements (with field out-of-plane) are denoted with arrows. c¢) The field-
dependence of p,, at various temperatures. A sizable AHE with a large coercivity can be
observed with the amplitude vanishing when going towards 7.

Measuring the py, as a function of temperature of our system with the field in-plane
could provide a more direct comparison with the previous reports. Nevertheless, this
discrepancy further hints towards our PdNi thin films having a more complex magnetic

state going beyond the previously reported weak ferromagnetism.

The field-dependence of py, for Pdg,Nig at varying temperatures reveals strong, square
shaped hysteresis behavior (Figure 3.16c) originating from AHE. The AHE amplitude
gradually vanishes when T is approached, as expected for a system where the AHE is al-
lowed due to the .7 -symmetry being broken by the net magnetisation. The coercive field
(H.), on the other hand, vanishes already at around 60 K, which is well below 7;. This is
well in line with the magnetic measurements in Figure 3.15 where at and above 70 K the
hysteresis loops have a vanishing coercivity. Moreover, the temperature at which the H,
vanishes seems to coincide with 7;,,, and whether it is a coincidence or there is a corre-
lation requires further investigation and could provide further hints about the irreversible
transition.

In order to probe the anisotropy of the magnetotransport properties, we have measured
the dependence of py, (through AMR||, which was defined by Equation 1.7) and pyy on
the external field orientation defined by angle 0 as illustrated in Figure 3.17. Note that the
field is rotated in the plane perpendicular to the current channel, meaning that the non-
crystalline contributions to the anisotropy are suppressed. The angular dependencies are
shown in Figure 3.17. The pagg shows cosine-like behavior but the maxima and minima
are widened and the transitions between them are sharper. This is another demonstration
of the PMA present in our system: the out-of-plane direction is the easy axis and there-

fore the magnetisation lags behind the rotating external field by staying along the film
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Figure 3.17: The angular dependence of the magnetotransport properties. A field of 0.4
T is rotated in the plane perpendicular to the current channel and the field orientation is
defined by the polar angle 6. psyr shows characteristic behavior for a system with strong
anisotropy causing the magnetisation to lag behind the external field and therefore to de-
viate from the expected cosine-dependence (dotted line). AMR|| shows cos26 behavior
(black dotted line) with superimposed sharp peaks at the field orientation where the mag-
netisation reverses.

normal as long as possible. The AMR|, on the other hand, shows sharp maxima when
the field is aligned in-plane (the point at which the magnetisation reverses as observed in
the angular dependence of p,,) and broader local maxima when the field is out-of-plane.
In our measurement configuration we are rotating the field in the plane perpendicular to
the current channel, meaning that the non-crystalline AMR component should be min-
imum (the different contributions of AMR were discussed earlier in Chapter 1, Section
1.5.4). On the other hand, our films are polycrystalline as we have demonstrated using
TEM in Section 3.4, so that also the crystalline component to AMR should cancel out.
It is therefore peculiar that in this sample and configuration we are observing a clear 0-
dependence of the AMR|. Qualitatively, the data seems two have two contributions: a
cos20 background with sharp peaks coinciding with the reversal of the magnetisation.
The cos28 background has the form of a conventional non-crystalline AMR, which can
here result from the fact that the rotation plane is not strictly perpendicular to the current
channel due to a manual alignment of the Hall bar relative to the external field rotation
plane. The peaks, on the other hand, seem to relate to the AMR| becoming stronger when
the magnetisation is in the plane of the film and the reason for this is requires further

investigation.

3.5 Probing non-linear fluctuations in Pd;y,_,Ni, at the

glassy transition

We will now move on to the experimental demonstration on how FMR-induced spin
pumping measurements can be used to probe the second-order non-linear spin fluctuations
as was discussed in terms of theory in Section 3.3.2. The operating principle of our FMR
set-up was discussed in Section 3.2. In this Section we conduct temperature-dependent
spin pumping measurements on a sample comprising of a CoFeB spin injector (SI) and

Pdpo—Ni, spin sink (SS), separated by a thin spacer layer (here Al or Cu). The choice of
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CoFeB over the typical NiFe as the SI is based on the elimination of a non-monotonous
temperature-dependence of p;syr originating from the self-induced ISHE in the SI layer
- spin pumping measurements on a bare FM layer have revealed this non-monotony to be
strong in NiFe and negligible in CoFeB due to its smaller spin-orbit coupling [204]. The
spacer layer in turn is essential for magnetically decoupling the SI and SS (thus inhibiting
the magnonic spin transport) [205][206] but it has to have a long spin diffusion length in
order to maintain the transparency of the interface for spin current. We will discuss two

choices of spacers later in this Section.

3.5.1 Global detection of a magnetic phase transition through non-

linear spin fluctuations

First, we measured a wide range of temperatures in order to understand the global depen-
dence of Visyr on temperature. For this purpose, the temperature was changed using an
external temperature controller and by adjusting the He-flow. At each new temperature,
the resonator was given ~ 10 min to reach a thermal equilibrium before conducting the
FMR-measurement. After equilibration, a field-scan was conducted around H,s for two
orientations 6 = +m/2 and —7/2 (recall the definition of 6 in Figure 3.18a). The mea-
surement time and the scan width were optimized for obtaining enough data points for a
smooth plot.

For the first set of measurements we used Al spacer between the CoFeB SI and PdNi
SS and sample dimensions of 0.4 x 2.4 mm?2. For one of these samples with Pdg,Nig
(T, ~ 160 K, Tp ~ 70 K, T} ~ 60 K), the measured voltage signal at 300 K, fitted
with Equation 3.14, showed a large symmetric contribution (Vjy,,) and a small antisym-
metric contribution (V) as shown in Figure 3.18a for both sample orientations. The
temperature-dependence of the Vjy,,, which relates to ISHE and therefore to non-linear
spin fluctuations through Y, as discussed in Section 3.3.2, is shown here in Figure 3.18b.
The behavior is largely monotonous down to ~ 60 K, below which a small bump is ob-
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Figure 3.18: a) Voltage signal around the resonance field H,,; of sample
CoFeB/Al/Pdg;Nig for two orientations of the sample where the spin polarization direc-
tion ¢ has been reversed, resulting in the reversal of the signal. b) A wide temperature-
dependence of Vj,,, for the two sample orientations showing largely monotonous behavior
and a small anomaly around 60 K, coinciding with the T;,, and Tj; of Pdg,Nisg.
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served for the 6 = —m/2 orientation while for the 6 = 47 /2 a slight decrease is observed
below ~ 25 K. These changes in the charge current induced by V;sy g occur in the temper-
ature range at which Ty, and T;,, were observed in the magnetic measurements. Around
T., however, there are not sufficient data points to observe any anomalies. We have de-
cided to first focus on the anomalous behaviour around 7y, and 7;, by conducting a higher

resolution temperature scan around this temperature.

3.5.2 High-resolution temperature scan in search of correlation be-
tween anomalous spin-to-charge conversion and non-linear spin

fluctuations

For a high-resolution temperature-scan we have adopted a different way of changing the
temperature of the sample. Following the method developed by Noél et al. [207], we
set a fixed cavity temperature with the external temperature controller and then increase
the power of the microwave excitation in order to increase the sample temperature and
finally read out the temperature from the two-point resistance. We have repeated this
measurement various times for the two orientations 6 = +x/2 and —7x/2, as shown in
Figure 3.19. We observe a clear anomalous signal for both orientations that despite being
noisy appears to be robust across the different measurement occasions.

For —7/2 the shape of the anomaly is peak-and-dip while for —7/2 mostly a peak

(or a dip in absolute value) is observed. The peak-and-dip shape is reminiscent of the

Measurement 1 Measurement 2 Measurement 3

Measurement 4
Apr

Figure 3.19: A higher-resolution temperature-dependence of Visyr around 60 K to study
the anomaly that coincides with T;.. and Tj; of PdgpNig. The anomaly is small yet ro-
bust across the different measurement occasions in terms of shape and location. Note that
both 6 = +7/2 and —n/2 were measured during Measurement 1 and 2, while during
Measurement 3 and 4 only one of them was measured in order to ensure identical sample
conditions during the temperature scan. The inset of Measurement 1 shows the depen-
dence of the peak-to-peak linewidth as a function of temperature, where no signature of
the linear fluctuation can be observed at the critical temperatures. The temperature range
of the inset is identical to that of the other plots and the y-range is 2.2-2.35 mT.
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Ferromagnet Spin glass

Figure 3.20: a) The different behaviors of second order spin susceptibility across a critical
temperature for a ferromagnet and spin glass. Figure modified from Ref. [188]. b) The
dependence of Vjsyr on the sample length. The linear increase implies homogeneous
spin-to-charge conversion across the sample length. Figure extracted from [208].

temperature-dependence of Y, in ferromagnets while the peak shape is closer to that of
spin glasses [188], as shown in Figure 3.20a. Coinciding with the 7;,, and T, these
anomalies could relate to the non-linear spin fluctuations but the meager signal-to-noise
ratio renders the results preliminary and subject to further investigation. It is also inter-
esting to note that some reports have also shown suppressed spin-to-charge conversion in
CuMnBi spin glass below the critical temperature, but there the electrons scattered at the
Bi sites while the Mn moments acted to dephase the spin current, reducing V;syr [209].
In PdNi, however, the Ni atoms are both the scattering site and carriers of the magnetic
moment, while the heavy Pd atoms are also scatterers, so different behavior can be ex-
pected. Overall, understanding the magnetic nature of the PdNi layer would significantly
aid in assigning the anomaly to the non-linear spin fluctuations as we would know from
the shape of ), what shape of Visyr anomaly to anticipate. This, however, is beyond the
scope of this thesis so instead here we have focused on improving the signal-to-noise ratio
of our sample.

Note that we do not observe a peak in AH),, at the critical temperature as shown
in Figure 3.19, which would have been a fingerprint of the linear spin fluctuations as
discussed in Section 3.3.1. This is because enhancement of the spin mixing conductance
is an interface effect and here the PdNi thickness is of the order of 10 nm while in Section
3.3.1 the film thicknesses were ~ 1 nm. In order to simultaneously probe both the linear
and non-linear fluctuations with our set-up, the samples must be very thin, but for samples
that are thinner than the spin diffusion length the back-reflection of the spin current will
become an issue [170]. A way to circumvent this issue would be to place a second, non-
magnetic, good spin sink below the first one. Moreover, as the distance over which the
spin-to-charge conversion is taking place, the conversion efficiency has to be high for the

observation of a strong non-linear spin fluctuation signal.
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Measurement 1 Measurement 2

Figure 3.21: Voltage signal around the resonance field H,.; of sample CoFeB/Cu/PdggNig
for two orientations of the sample and a high-resolution temperature-dependence of Visyg
around 60 K. Again, a peak-and-dip anomaly is observed but with a reversed polarity (dip-
and-peak) and the anomaly occurs at a temperature coincident with neither 7;,, nor Tj,.

3.5.3 Optimization of the measurement protocol

We have taken two approaches to improving the signal-to-noise ratio. First, we have in-
creased the length of the sample as this increases the distance over which spin-to-charge
conversion can take place and therefore results in a larger Vs as demonstrated by Ando
et al. [208] whose results are shown in Figure 3.20b. However, we cannot increase the
length infinitely as we also have to ensure a homogeneous distribution of 4, across the
sample length and a vanishing e, . We have found sample dimensions of 0.6x3.2 mm? to
be a good compromise. Second, we have changed the Al spacer between the spin injector
and the spin sink to a Cu spacer, which is known to have a good spin transparency. Based
on Figure 3.21 it seems that the Cu spacer is indeed allowing more efficient transmission
of the spin current compared to the Al spacer as the normalized V;gyg has increased by a
factor of ~ 5. The temperature-dependence of the V;sp g in the same range and conducted
with the same method of changing the temperature as the previous measurements is shown
in Figure 3.21 for a sample CoFeB(15)/Cu(3)/PdgpNijg (10 nm). Note that here the Ni
concentration is higher than before so that the expected critical temperatures are slightly
higher: T, ~ 180 K, Ty ~ 110 K, and T;.- ~ 90 K. Here we only show the measure-
ment for the orientation @ = —7m /2. Surprisingly, we now observe a similar peak-and-dip
anomaly around 60 K, but with a reversed polarity (dip-and-peak shape). This in is an
unexpected result that requires further measurements in order to make more conclusive
interpretation of the result. It should be noted, however, that for PdggNi;g the Ty, or Tj,,
are more spread out from each other than for Pdg;Nig, which could influence the shape of
the anomaly. In order to obtain more information, the temperature dependence of Visyg
for the 6 = +7 /2 orientation has to be measured, as well as more samples with Cu spacer
and varying Ni concentration, especially x = 8 to have a direct comparison to the mea-
surements with Al sample. Moreover, the anomaly does not correspond to either Ty; or
T}, which seems contradictory to the anomaly stemming from the non-linear spin fluctu-
ations. However, it should be noted that in our FMR spin-pumping set-up the temperature

probe is on the bottom of the cavity rather than on the sample so that the converting the
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two-point resistance of the sample to temperature is an approximation rather than an exact
conversion. A more exact conversion could be realized by measuring the two-point resis-
tance on a set-up with a more local thermometer in order to see the exact temperatures at
which the anomalies are occurring.

These results are preliminary and a subject of ongoing studies in the AF spintron-
ics team at SPINTEC. Currently, complementary studies on the temperature-dependent
spin-to-charge conversion in our PdNi films are being conducted in collaboration with the
group of Professor Yasuhiro Niimi in the University of Osaka, where the PdNi films grown
at SPINTEC are fabricated into lateral spin valve devices similar to the ones discussed
in Section 3.3.2. In a more long-term, the current acquisition of a new cavity FMR-
spin pumping set-up in the framework of combined PEPR SPIN/PEPR LUMA/UGA-
GINP/ANR MATHEEIAS project will allow continuing this study at SPINTEC and SYMMES
with an improved sensitivity and fewer experimental uncertainties (e.g. accurately deter-

mining the Q-factor of the cavity) that proved challenging with the current set-up.

3.6 Conclusions and outlook

In this Chapter we have introduced the operation principle of the cavity-based ferro-
magnetic resonance spin pumping set-up that is a versatile tool for studying spin trans-
port properties of various materials. Here we have illustrated the power of this tool
through a specific example of probing the effect of spin fluctuations on spin pumping
and spin-to-charge conversion around critical temperatures. The main material of focus
was Pd;oo_,Niy with varying concentrations of Ni x. We have characterized the structural,
magnetic, and magnetotransport properties of the thin films and observed that they show
complex magnetic behavior beyond the previously reported weak ferromagnetism. The
exact nature of this magnetic phase will be a subject of further investigations. We have
also showed that the spin-to-charge conversion in PdgyNig and PdggNijg shows robust,
anomalous behavior at or close to some of their critical temperatures. Further experi-
mental verifications of the reproducibility of the anomaly are currently under investiga-
tion, and combined with the future efforts on understanding the magnetic nature of the
PdNi thin films could allow association of the anomaly to non-linear spin fluctuations.
In addition to the preliminary results on the non-linear fluctuations, we have made sig-
nificant progress in optimizing this experimental method and the sample for realizing
temperature-scans with sufficiently small steps to resolve the anomalous behavior and
with an improved signal-to-noise ratio.

Despite (or because of) the lack of conclusive results, this project has opened up var-
ious interesting fundamental research questions relating to the magnetic interactions pre-
vailing in thin PdNi films and to the magnetic phase that they give rise to. Addressing
these questions will necessitate further experimental characterization along with theoret-

ical modeling. On the other hand, optimization of the measurement technique will serve
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as a strong foundation for future non-linear spin fluctuation studies on both PdNi and
other magnetic materials such as altermagnets and antiferromagnets that are of particular

interest to the AF spintronics team.

3.7 Further research directions

* Further TEM imaging of the films with different Ni concentrations and with both
side-view and top-view considered. This might aid in understanding the magnetic
phase and its evolution with the Ni concentration in terms of the Ni distribution
within the films.

* Atomistic simulations on PdNi films to model the different scenarios that could give
rise to the complex magnetic behavior of the films. For example, the homogeneity
of the Ni distribution, polarization of the Pd atoms around the Ni atoms, dipolar
interactions between possible Ni clusters (or Ni-Pd ’polarization clouds’), RKKY

interactions, and the strong magnetostriction could be factors worth considering.

* ac-susceptibility measurements as a function of temperature in order to identify the
nature of the critical temperature signifying irreversibility in the field-cooled and
zero-field cooled magnetisation measurements. The shape and frequency-dependence
of any anomalies at this critical temperature could reveal whether the behavior
stems from spin/cluster glass or superparamagnetic phase. This kind of measure-
ments, however, are largely non-trivial due to the small magnetic volume of our

samples, and therefore will require significant efforts in increasing the signal strength.

* Further temperature-dependent spin pumping measurements on the samples with
Cu spacer. Necessary additional measurements include for example the Ni-concentration
dependence of the anomaly location and shape, sample orientation dependence of
the anomaly (both 6 = +7/2), and checking the reproducibility of the anomaly

across different sample pieces.

3.8 Encore: Spin-to-charge conversion in altermagnetic

materials

In this final Section we will briefly comment on the possible use of d-wave altermagnets,
of which the epitaxial films of MnsSi3 discussed in Chapter 1 are a candidate, as the
spin sink layer where the spin-to-charge conversion takes place. Due to the alternating
spin-splitting of the bands in altermagnetic materials, it has been recently proposed that
they could generate a pure spin current given an appropriate alignment of the electric field

relative to the crystal structure [49]. This is illustrated in Figure 3.22 for the simplified
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Figure 3.22: The spin-split, alternating band structure of altermagnets allows a spin-
splitter phenomenon to arise where pure spin current can be generated. This effect is
inherently anisotropic in terms of the orientation of the electric field relative to the crystal
structure. Figure adapted from Ref. [49].

band structure of RuO,, an altermagnet in which pure spin current generation was recently
observed experimentally [50][210].

Probing the inverse of this spin splitter phenomenon could be possible in our FMR
spin-pumping set-up using epitaxial MnsSi3 as the spin sink layer. Growing a ferromag-
netic epilayer (e.g. MnsSi3C,, Co) in-situ on top of the MnsSi3 layer can be realized by
the group of Prof. Lisa Michez and therefore appropriate samples for this kind of mea-
surements are accessible. However, the geometry of the spin pumping measurements is
such that the spin current will flow in the direction perpendicular to the spin sink film. For
our current films, this direction is the crystal axis [0001], which unfortunately is a direc-
tion along which the spin-splitter phenomenon does not take place. Therefore, we would
need samples with different crystal orientations, which is challenging due to the various
constraints for epitaxial growth [2]. Probably a more fruitful avenue would be to seek out
other altermagnets, such as RuO,, where the crystal orientation can be controlled more
easily. We have recently received RuO; samples from the group of Prof. Simon Moron
from the University of Wiirzburg. FMR-spin pumping measurements on altermagnets
would not only provide further experimental support for the spin-splitter phenomenon but
could also be used to study various spintronic properties of altermagnets, such as crit-
ical temperatures through the spin fluctuations, spin diffusion length, anisotropy of the

spin-to-charge conversion etc.
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Conclusions

The current limitations of contemporary spintronic devices concern the net magnetisation
of the ferromagnetic materials they typically comprise of. This limits the scalability,
stability, as well as the operation speed. Overcoming these limitations has pushed the
field of spintronics towards an active search for magnetic materials with vanishing net
magnetisation and spintronic functionalities. This thesis is a part of this research effort.

First, we have investigated the unique and anisotropic magnetotransport properties
of epitaxial MnsSi3. These films exhibit both a negligible net magnetisation implying a
compensated magnetic ordering along and magnetotransport effects associated with spin-
splitting of the electronic band structure. The combination of these properties and their
nuances in terms of anisotropy leads us to propose epitaxial MnsSiz as a candidate ma-
terial of the so-called altermagnetic phase characterized by zero net magnetisation in the
real space and alternating spin-splitting in the momentum space. We have also demon-
strated that the emergence of the novel magnetotransport properties allows us to extend
experimental techniques designed to study the static and dynamic properties of the order
parameter in ferromagnets to compensated magnets.

Next, we have demonstrated the nucleation of localised, topological spin textures in
antiferromagnets, which are compensated magnets with spin-degenerate bands in the mo-
mentum space. This nucleation is realized through an imprinting method where during
a thermal cycling procedure topological spin textures, such as skyrmions, are transferred
from a ferromagnetic layer to an antiferromagnetic layer via interfacial exchange inter-
action. We demonstrate the viability of this method by using atomistic simulations and
subsequently study the various properties of the imprinted textures. The local symmetries
(i.e. the compensated spin configuration) of the imprinted spin textures are a premise for
the emergence of novel transport properties that could be of interest in future fundamental
studies on topological antiferromagnetics or in designing spintronic devices where these
textures serve as information carriers.

The final chapter was dedicated to discussing the ferromagnetic resonance induced
spin pumping method and its utility in studying magnetisation dynamics and spin trans-
port properties. Our interest in this method relates to its ability to probe both linear and
non-linear spin susceptibilities and their evolution across magnetic phase transitions. We
have previously shown that the linear susceptibility can reveal an antiferromagnetic phase

transition, which is often experimentally elusive for thin films. Here we discuss how
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the non-linear susceptibility acting on the spin-to-charge conversion efficiency is also ex-
pected to reveal different magnetic phase transitions through its anomalous, temperature-
dependent behavior. We show preliminary results on Pdjgo_,Ni, thin films, where we
have observed a number of magnetic phase transitions of complex nature likely charac-
terized by some degree of frustration. These results call for further investigations on the
different magnetic interactions playing a role in these films and on how they give rise to
the observed complex behavior. Another important outcome of this Chapter was also the
optimization of the signal-to-noise ratio and resolution of the temperature-scan, which
will facilitate future studies on the phase transitions in both antiferromagnetic and alter-
magnetic materials.

Overall, we have highlighted the unique spintronic properties of antiferromagnets and
altermagnets (both belonging to the group of magnetic materials with a vanishing net
magnetisation) and simultaneously introduced large toolbox of both experimental and
theoretical methods for probing these properties. Ultimately, the work presented here
contributes to the fundamental research that is necessary for a thorough understanding of
the spintronic functionalities of compensated magnetic materials, which in turn will serve
as a solid foundation for eventual development of spintronic devices where compensated

magnets take the leading role.
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Résumé

Dans le domaine de la spintronique, au cours des dernieres décennies, les aimants com-
pensés sont passés d’un rdle passif a un role plus actif. Les progres récents ont en
effet permis de tirer profit de I’ensemble des propriétés spécifiques de ces matériaux
uniques. Ils sont insensibles aux champs magnétiques, n’en créent pas, possedent une
dynamique magnétique ultra-rapide et génerent de forts effets de transport électronique
dépendant du spin. Par ailleurs, la présence des deux sous réseaux de spins qui com-
posent les aimants compensés permet de nouvelles combinaisons de symétries et, de fait,
de nouveaux phénomenes physiques, riches et souvent inattendus. Dans cette these, nous
avons exploré en premier lieu les propriétés de magnétotransport de films épitaxiés de
I’aimant compensé MnsSi3. 1l s’agit d’un possible matériau dit ‘alter’magnétique - une
nouvelle classe d’aimants compensés et colinéaires avec un décalage Zeeman de la struc-
ture de bande alternativement positif et négatif dans I’espace réciproque. La combinaison
globale des symétries spatiales et temporelle de ce matériau permet I’émergence de nou-
velles propriétés de magnétotransport que 1’on pensait auparavant exclues pour les matéri-
aux magnétiques compensés. Nous nous sommes focalisés sur I’étude de 1’anisotropie
non conventionnelle de ces propriétés, qui découle du lien complexe avec les symétries
cristallines. Dans un deuxieéme temps, nous avons étudié les matériaux antiferromagné-
tiques, c’est-a-dire les aimants compensés avec une structure de bande dégénérée en spin.
Plus spécifiquement, nous avons étudié leurs textures de spin, a savoir les skyrmions anti-
ferromagnétiques. Ces textures de spin compensées présentent des symétries locales dans
I’espace réel qui leur conferent de nombreuses propriétés avantageuses par rapport a leurs
analogues ferromagnétiques. A 1’aide de simulations atomistiques, nous avons montré
comment ces textures de spin locales peuvent €tre nucléées dans 1’antiferromagnétique
IrMn, par impression a partir d’un ferromagnétique. Enfin, nous avons utilisé une tech-
nique expérimentale, le pompage de spin, permettant d’étudier les propriétés spintron-
iques des aimants compensés et d’autres matériaux magnétiques au-dela des ferromagné-
tiques. Nous avons obtenus des résultats préliminaires sur 1’étude des transitions de phase
magnétiques a travers les fluctuations de spin non linéaires sur des films minces de PdNi
montrant un comportement magnétique complexe. De maniere générale, les résultats
présentés dans cette these mettent en évidence des propriétés spintroniques uniques des
aimants compensés qui vont au-dela de celles des ferromagnétiques conventionnels. Cette
contribution ouvre des perspectives pour leur intégration dans les prochaines générations
de dispositifs spintroniques.






Summary

In recent decades, the role of compensated magnets in the field of spintronics has shifted
from a passive to more active one. This is due to the recent progress in harnessing the
various beneficial and unique properties of compensated magnets, which include the van-
ishing net magnetization (robustness against perturbations by magnetic fields and pro-
duction of no stray fields), ultrafast dynamics, and often large magneto-transport effects.
Moreover, the sublattices with different magnetization orientations allow for novel com-
binations of symmetries and, in effect, for rich and often unexpected physical phenom-
ena. In this thesis we first explore the magnetotransport properties of epitaxial films of
MnsSiz, which are a candidate material for altermagnets - a new class of compensated,
collinear magnets with spin-split band structure. The global spatial symmetries of this
material allow novel magnetotransport properties to emerge that were previously consid-
ered forbidden by the compensated magnetic ordering. Here, we study the unconventional
anisotropy of these properties that arises from their intricate link to the crystal symmetries.
We then shift focus to antiferromagnets, i.e. compensated magnets with spin-degenerate
band structure, and their localized spin textures, namely antiferromagnetic skyrmions.
These compensated spin textures have local symmetries that bring about numerous favor-
able properties. With the aid of atomistic simulations, we demonstrate how these local
spin textures can be nucleated in a real antiferromagnet IrMn through imprinting from a
ferromagnet. Finally, we discuss ferromagnetic resonance spin pumping - an experimen-
tal technique that allows studying the spintronic properties of compensated magnets and
other magnetic materials beyond ferromagnets. We show preliminary results on prob-
ing magnetic phase transitions through non-linear spin fluctuations on thin films of PdNi
showing complex magnetic behavior. The results presented in this thesis highlight the
unique spintronic properties of compensated magnets that extend beyond those of con-
ventional ferromagnets and can therefore adds to the growing support for their integration
in a more active role the next generation spintronic devices.



