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Abstract

Compensated magnets with a spin-split nonrelativistic band structure have gained signif-
icant interest in spintronics research over recent years. These materials are referred to as
altermagnets. In this work, the altermagnetic Chromium Antimonide (CrSb) is thoroughly
investigated in both bulk form and as epitaxial thin films. Magnetometry measurements us-
ing a SQUID magnetometer confirm the vanishing net magnetization, while X-ray diffraction
(XRD) analysis validates the hexagonal NiAs phase of CrSb, also ensuring high structural
quality.

Detailed magnetotransport studies reveal distinct differences between the bulk and thin-
film systems. The ordinary magnetoresistance (OMR) exhibits a substantial change, with
bulk samples showing variations in the tens of percent range, whereas in thin films, the
OMR drops significantly to sub-percent levels. Additionally, the Hall resistivity in the bulk
samples shows a pronounced nonlinear slope, which is identified to arise from multi-carrier
transport in connection with high-mobility carriers. In contrast, this nonlinear behavior is
absent in the thin films, indicating distinct transport dynamics between the two material
forms.

A carrier analysis further highlights the differences in Hall resistivity in greater detail, while
underscoring that the dominant hole-like transport remains consistent in both bulk and thin-
film systems. The analysis reveals that while both systems share this dominant transport
mechanism, the carrier densities and mobilities vary significantly. The calculated mobilities
in bulk are approximately 100 times higher than in thin films, whereas the carrier density
in bulk is about 20 times lower than in thin films. Magnetotransport measurements were
also conducted at the high-field facility Helmholtz-Zentrum Dresden-Rossendorf (HZDR) to
investigate potential high-field effects, such as spin-flop or spin-flip transitions. However,
these phenomena were not observed. Additionally, none of the conducted experiments pro-
vide evidence for the occurrence of the anomalous Hall effect (AHE). This study underlines
the impact of dimensionality and sample preparation on the transport properties of CrSbh
and its potential role in the field of altermagnetism.

While samples for this thesis were provided by collaborators, the characterization work was
performed by the author unless otherwise stated.



Motivation

For over 50 years, expanding the capacity and performance of data storage devices has been
a significant challenge for both the scientific community and the tech industry. The pur-
suit of innovative concepts in this area is highly valued, particularly given the increasing
demands of sectors such as artificial intelligence, telecommunications, and entertainment.
Consequently, the analysis and development of new materials and mechanisms, such as semi-
conductors and transistors, are pivotal in driving the enhancement of modern technological
capabilities. Although the well-known Moore’s Law predicts a continuous increase in the
functionality of digital electronics within a specified cost, power, and chip size, experts now
anticipate this growth to stagnate around 2025 [1]. This stagnation is attributed, among
other factors, to the fact that state-of-the-art transistors are approaching atomic scales, and
the costs associated with their fabrication are rising significantly [1]. The exploration of
alternative concepts and materials is therefore a pressing task in science and research.

When it comes to data storage units like hard disk drives (HDD), (ferro-)magnetic materi-
als offer distinct advantages over alternatives such as semiconductors [2]. These advantages
include their ability to store large amounts of data nonvolatilely, as well as their robustness
and cost-effectiveness [2]. However, their relatively slow data transfer rates make them un-
suitable for applications like random-access memory (RAM), a domain currently dominated
by transistor technologies [3]. A promising solution that combines the benefits of mag-
netism with the fast read and write speeds of transistors lies in the field of spintronics. This
field leverages the intrinsic property of electron spin (and its associated magnetic moment)
in addition to the charge considered in conventional electronics [4]. The incorporation of
spin is motivated, among other factors, by the expectation of achieving lower power con-
sumption [4]. Additionally, advancements in spin-based phenomena such as spin torques
and magnetoresistances have the potential to enable the development of high-performance
computing systems, particularly through the implementation of magnetic RAM (MRAM)
technology [5]. Although Louis Néel claimed in his Nobel Lecture 1970 that the discovery of
antiferromagnets is interesting but useless [6], these materials aroused interest over the last
decades in spintronics since they have typically much faster dynamics than ferromagnets
[5]. The antiparallel alignment of neighboring sublattices in antiferromagnets, resulting in
zero net magnetization, has led to the observation that antiferromagnetic materials interact
less with nearby atoms compared to ferromagnetic materials [5]. This property may enable
a higher data storage density [5]. Efficient and reliable manipulation of antiferromagnets
is a fundamental concept underpinning all antiferromagnetic spintronics applications [7].
While ferromagnets are known since thousands of years and antiferromagnets conquered
spintronics over the last decade, recently a third magnetic phase called altermagnetism got
introduced, showing some highly interesting properties and effects which can’t be explained
using only the traditionally two basic magnetic phases [8].

This thesis explores the magnetotransport phenomena of altermagnetic Chromium Anti-
monide (CrSb). Chapter 1 introduces the origins of magnetic order and distinguishes be-
tween various magnetic phases. Further, the crystallographic and magnetic properties of
CrSb are examined in Chapter 2 to ensure the altermagnetic phase in bulk and thin-film
samples. The third chapter provides a brief overview of magnetotransport concepts. Chap-
ter 4 focuses on the magnetotransport properties of both bulk and thin-film CrSb, while
their differences and similarities are analyzed and discussed in Chapter 5.
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1 Introduction

Magnetic phases generally emerge from the interactions between atoms and/or electrons
within solids. These interactions govern the alignment of magnetic moments, leading to
the formation of various magnetic orders. To be precise, the magnetic moment m of atoms
depends on their electronic structure while the magnetic order of the multitude of atoms
in solids is the product of various types of interactions between themselves. The following
sections will explain those interactions and demonstrate that magnetic order is closely linked
to symmetry.

1.1 Origins of Magnetic Order

Ferromagnetic materials (FM) are crucial in spintronics, as they provide a source of spin
polarised carriers [9]. In most textbooks, the first approach to explaining ferromagnetism
is the introduction of the Weiss model, which assumes that there is an effective molecular
field that leads to the parallel alignment of the magnetic moments of the atoms, resulting
in a spontaneous magnetization M that remains even without an external applied field
[10]. Further, the alignment itself creates the molecular field responsible for the initial
alignment, resulting in a causality dilemma [10]. A more comprehensive framework, which
incorporates the quantum properties of electrons and emphasizes the critical role of the
exchange interaction, is more suitable for accurately describing such systems. In particular,
the spin orientation of electrons in atoms affects the symmetry of the spatial wavefunction,
¥ (7), at position 7, as the total electron wavefunction, ¥, must be antisymmetric [10]. In
the case of a two-electron model, with a symmetric orbital ¢y and an antisymmetric orbital
1, the antibonding triplet state is described as:

1 — — — —
Wy = —[¢5(T1)¢a(7’2) - ¢5(T2>¢a<rl>]xT (1)
V2
where xr represents the symmetric spin function (S = 1) [10]. This state leads to a greater
distance between the electrons, minimizing the Coulomb repulsion and resulting in a lower
potential energy state:

Ep = / U HUrdr 7 (2)

with the Hamiltonian H [10]. However, due to the Pauli exclusion principle, one electron
must occupy a higher state, increasing the kinetic energy [10]. The alternative state, the
singlet state, is given by:

s — %[%(ﬁ)%(fé) () (3)

where yg represents the antisymmetric spin function (S = 0) [10]. This state is bonding
and involves antiparallel spin configurations, but the electrons remain on the same orbital
[10]. The energy of the singlet state is:

Eg = / U HUgdiqr3[10]. (4)
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Thus, while the triplet state minimizes Coulomb repulsion, the singlet state results in bond-
ing due to parallel spins [10]. This implies that only if the reduction of potential energy
compensates the increase of kinetic energy the spin S is maximized and therefore a par-
allel alignment of the spins occurs [10]. Mathematically this leads to the definition of the
exchange integral

Es—E
J:% (5)

and the effective Hamiltonian

H = —2J8S; - S5[10]. (6)

If Er > Eg or J < 0, the singlet state S = 0 is favoured and the spins align antiparallel,
while J > 0 implies that the triplet state S = 1 with parallel aligned spins is preferred [10].
In case of a many-body system, the Hamiltonian from equation (6) evolves to the Heisenberg
Hamiltonian

H=-) J;S-8; (7)
'7j

where the calculation of the exchange integrals J;; gets quite complicated [10]. To determine
whether a system can save energy by becoming ferromagnetic, one can verify if the Stoner
criterion is satisfied:

U - DOS(Er) > 1[11]. (8)

In this case U is the Coulomb energy and DOS(EFr) represents the density of states at the
Fermi-level. Further, the central result of this equation is that if the density of states at
the Fermi-level and the Coulomb energy are large enough, the spin-up and spin-down bands
will be split spontaneously by an energy AFE due to exchange interaction [10]. This causes
a net magnetization M # 0 in the absence of an external magnetic field. The direction
of this spontaneous magnetization (easy axis) depends among others on the shape of the
sample and, more importantly, on the crystal structure, also known as magnetocrystalline
anisotropy [10].

As shown in Figure 1.1 the exchange interaction induces an energy shift between up- and
down-spin electrons resulting in a significant difference in filling at the Fermi energy Ep.
Crucial for this spin-splitting are, especially but not exclusively, the d-bands or more pre-
cisely the electrons which belong to the 3d orbitals [9]. They are affected the most by the
crystal field derived from neighboring atoms which depends on the symmetry of the local
environment [9]. As equation (8) demonstrates, the overlap of the wave-functions is of great
importance to create magnetic order. In case of ions with partially filled 3d orbitals, the
crystal field interaction predominates the spin-orbit interaction [9]. This contradicts Hund’s
rules, and therefore the third rule, which suggests that the total orbital angular momentum
should be maximized, is incorrect! [9]. The 4f orbitals, however, are more close to the nu-
cleus which has the consequences that the crystal field interaction is negligible and Hund’s

IThis effect is also called orbital quenching. Looking at various 3d ions and calculating p = % one can

find that pg = 24/S(S + 1) fits better with the experimental results than p; = ¢g;1/J(J+1). This
means that the systems choose a ground state where L = 0 and therefore J = S and g; = 2 [10].
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rules apply [9]. A key consequence of the spin-split density of states in spintronics is the
resulting polarization of charge carriers [9]. Materials exhibiting high spin polarization are
therefore highly valuable in applications that rely on spin transport [12]. The method of
identifying ferromagnetic ordering using the Stoner criterion, which relies on analyzing the
electronic band structure, is commonly referred to as band magnetism.

21— Fe (bcc) ?

:
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2 Co (hep) ?

A

21— Ni (fec) ?
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-5
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Figure 1.1: Density of states for various materials in the ferromagnetic phase, distinguishing
between spin-up and spin-down bands. This figure is based on Ref. [9].

However, when the exchange integral J is negative, the magnetic moments will align an-
tiparallel to their nearest neighbor, resulting in a zero net magnetization M = 0 [9]. More
precisely, this results in two equal but oppositely oriented sublattices. Important to mention
is that there are more types of compensated orders than the previously described collinear
one. In triangular arrangements, for example, moments can be oriented such that they
are not antiparallel to avoid frustration, yet the system remains compensated. This phe-
nomenon is known as noncollinear ordering. A even more intricate configuration of magnetic
moments involves their arrangement in a coplanar ordering, where the moments cancel each
other out within a plane. However, this work focuses exclusively on collinear systems, as
this is sufficient for the case of CrSh, where the alignment is collinear, as will be explained
in subsequent sections.

Temperature is a key parameter for both uncompensated and compensated magnetic phases,
as all magnetic order can be disrupted above a critical temperature [9]. For ferromagnetism,
this constant is known as the Curie temperature 7>, while for compensated systems, it is
referred to as the Néel temperature Tyy. The critical temperature depends on many factors,
most of which can be attributed to exchange interaction [9]. When the temperature exceeds
the specific T or Ty, a system typically transitions to a paramagnetic state [9]. In this
state, magnetic ordering is absent unless an external magnetic field is applied [9]. In case
of ferromagnets the magnetization M grows with decreasing temperature until it reaches
the saturation or maximum magnetization Mg at T'= 0 K [9]. The same holds for the two
sublattices of compensated systems as shown in Figure 1.2 [9].
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Figure 1.2: Magnetization of the two sublattices M4 and Mp of an compensated magnet
depending on temperature. This figure is adapted from Ref. [9].
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1.2 Effects of External Magnetic Fields

To describe how the three-dimensional magnetization M of a material changes in response
to an external magnetic field B, the magnetic susceptibility x;; is defined by the relation:

M,

0B,
where i and j denote the directions of the magnetization and applied field, respectively [13].
The magnetization vector, M, tends to align with the direction of the applied external mag-
netic field [9]. The previously described molecular field theory provides a reliable framework

for determining the (paramagnetic) susceptibility of ferromagnets above T, as it aligns well
with experimental observations [9]. The susceptibility is given by:

_C
T —Te
where C'is the Curie constant depending on the material [9]. At T' = T, the susceptibility

diverges, as shown in Figure 1.3. For compensated magnets above Ty, the susceptibility
follows a similar behavior:

(9)

Xij -

X (10)

C

] (1)
Let us now consider the temperature range below T in collinear ordered compensated
magnetic systems. The magnetic easy axis is influenced by magnetocrystalline anisotropy,
and the change in magnetization depends on the orientation of the external field relative
to this axis [9]. This means there are two different temperature-dependent scalars for B
parallel and perpendicular to the magnetic axis, namely x| and x, [9]. For small applied
fields, one can calculate these susceptibilities by expanding the Brillouin functions. It is
found that x| decreases with decreasing temperature, reaching zero at 7' = 0 K while x|
remains constant as Figure 1.3 shows [9].

X

a) b)
x 4 x A
XL
: XL/
0 : > 0 : >
0 Tc T 0 Tn T

Figure 1.3: Temperature dependence of the magnetic susceptibility for a) a ferromagnet and
b) a compensated magnet. This figure is adapted from Ref. [9].
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In the case of a perpendicular to the magnetic axis applied field, the magnetization direction
of both sublattices starts to cant slightly toward the same direction as E, independent of
temperature [10]. For the parallel to the magnetic axis applied field, the field has no effect,
and the resulting net magnetization remains zero at 0 K [10]. For 0 < T" < T, thermal
fluctuations lead to the enhancement of the magnetization of one of the sublattices until
X| = xu at T'= Ty [10].

For strong magnetic fields, the perpendicular case remains unchanged. The sublat-
tice magnetizations gradually rotate with increasing field strength until all moments align
parallel to the field [9]. If a weak applied field is directed parallel to both sublattice mag-
netizations at 7' = 0, the moments do not change their direction [9]. At a certain critical
field, the orientation of the sublattices changes abruptly, leading to one of two possible out-
comes: spin-flop or spin-flip transitions [14, 10]. In a spin-flop transition, the sublattices
reorient by 90 degrees at B = By, causing the magnetic axis to become perpendicular to
the applied field [9]. The moments concomitantly cant towards the field direction [9]. With
increasing field strength, the moments align progressively more with the field until they
become fully parallel, resulting in saturated magnetization at B = B, as shown in Figure
1.4 [9]. In contrast, a spin-flip transition involves an immediate 180-degree reversal of the
antiparallel sublattice moments into alignment with the field, achieving full magnetization
saturation instantaneously [9]. The reason for these phenomena lies in the reduction of the
system’s energy [9]. While the energy of the compensated state remains constant with the
applied field, the energy of the spin-flop and spin-flip configurations decreases as the field
strength increases [9]. One of these transitions occurs at the field where the energy of a
specific configuration becomes lower than that of the compensated state [9]. Whether a
spin-flop or spin-flip transition occurs depends on the magnetocrystalline anisotropy of the
sublattices [9]. If the anisotropy is strong, the system directly saturates the magnetization
via a spin-flip transition, whereas if the anisotropy is weak, a spin-flop transition will occur
[9]. For T' <« Ty the critical field By can be calculated as

Byt = 27/ ByBe, (12)

with the material-specific anisotropy field B, and the exchange field B., resulting from the
exchange integral J [9, 15]. The anisotropy field describes the field that is needed to saturate
the magnetization of a uniaxial crystal in a hard direction [9].

a) b) ¢)

B Mﬂ Mﬂ
. MS ....................... S MS
0 > 0 5 >
0 Bsf B 0 Bsf _B.S B

Figure 1.4: Effects of strong external magnetic fields. a) Configuration of the sublattices
with magnetizations M, and M_ following a spin-flop transition. b) and c)
Magnetization as a function of the field for spin-flip and spin-flop transitions,
respectively. This figure is adapted from Ref. [9].
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1.3 Magnetic Phases and the Emergence of Altermagnetism

The previously described magnetic ordering allowed only a distinction between J > 0, result-
ing in net magnetization, and J < 0, leading to vanishing net magnetization. Until the end
of the last decade, it was generally assumed that J < 0 directly implied antiferromagnetic
(AFM) ordering. However, recent studies have sparked interest in materials characterized
by zero net magnetization and spin-split energy bands. This discovery led to the classifica-
tion of a third distinct magnetic phase, referred as altermagnetism, which combines unique
attributes from both ferromagnetism and antiferromagnetism [16]. Before the establishment
of altermagnetism, the investigation of novel magnetic materials was predominantly guided
by the formalism of magnetic-symmetry groups [16]. However, it is essential to recognize
that these groups represent only a limited subset of the more extensive class of spin groups
[17]. Moreover, they may overlook phases and phenomena that arise when considering the
broader nonrelativistic spin-group formalism [16]. Those limitations can be overcome by
employing the spin-group formalism, which accounts for pairs of transformations that will
be introduced in this section [16]. The two advantages of this approach are that it yields a
larger symmetry landscape due to the independent action of two distinct transformations
and that it incorporates nonrelativistic electromagnetic crystal potentials [16]. Magnetic
groups on the other hand are representing the relativistic limit. The dominance of the
strong nonrelativistic crystal potentials justifies neglecting the comparatively weaker spin-
orbit interaction effects in the following characterization using the spin-group formalism [16].

In general, spin groups can be expressed as a direct product rs X Rs, where rg repre-
sents the spin-only group, and R denotes the nontrivial spin group containing elements
of the form [R;||R;] [16]. In this notation, the first transformation, R;, acts exclusively
within spin space, while the second transformation, R;, operates within real space [16]. The
spin-only group 7 provides a framework for identifying whether a system is magnetically
ordered or disordered. In magnetically ordered systems, continuous spin rotations as sym-
metry operations are no longer allowed, marking a fundamental distinction from nonordered
systems. Magnetically ordered systems can then be categorized into collinear systems or
more complex arrangements such as noncollinear or coplanar systems. Collinear systems
are characterized by a 180° spin rotation, referred to as a Cy operation, which must exist
because this spin rotation, when combined with a time-reversal operation, always remains
a symmetry operation. In contrast, this symmetry does not hold in noncollinear systems.
This work will focus exclusively on collinear magnetic ordering, as it is the relevant sce-
nario for CrSb, which will be discussed in detail later. Importantly, R, does not include
any elements from the spin-only group rs [17, 18]. By analyzing the nonrelativistic spin-
only group rs independently, it can be shown that the nonrelativistic electronic bands of
all collinear magnets remain invariant under real-space inversion, even in the absence of
inversion symmetry in the crystal structure [8]. Mathematically, this invariance implies
that the energy F(s,k) of bands, which depend on spin (s) and crystal momentum (k),
satisfies the relation E(s, k) = E(s, —k). Incorporating the nontrivial spin Laue groups Ry,
which include spin Laue groups in R; and conventional Laue groups in R; corresponding
to real-space crystallographic transformations, enables the classification of three distinct
magnetic phases [16]. The first type of nontrivial spin Laue group, or magnetic phase, is
characterized by a nonrelativistic spin-split band structure, nonzero magnetization, and the
breaking of time-reversal symmetry [16]. This phase corresponds to conventional collinear
ferromagnetism and implies that the magnetic crystal structure consists of a single spin
lattice [16]. The second phase exhibits spin-degenerate band energies E(s, k) across all
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k-vectors in the Brillouin zone [16]. Furthermore, the band structures are invariant un-
der time-reversal symmetry, and the total magnetization is zero [16]. These characteristics
classify this phase as conventional collinear antiferromagnetism, which led Néel to describe
them as "useless” due to their spin-degenerate bands. In collinear antiferromagnetic spin
arrangements, the spin configuration remains invariant under at least one of two distinct
symmetry operations [16]. The first operation, [Cs|[t], involves a 180° spin rotation (C)
combined with a real-space translation (¢) that interchanges atomic positions [16]. The
second operation, [C’2||E], similarly applies a 180° spin rotation but is accompanied by an
inversion in real space (E) [16]. Note that, in this case, the inversion center must lie between
the two sublattices. Materials belonging to the third phase exhibit nonrelativistic spin-split
band structures, broken time-reversal symmetry, and zero net magnetization [16]. This third
altermagnetic phase also requires an even number of magnetic atoms within the unit cell [8].
Additionally, the nontrivial spin Laue group indicates the absence of an inversion center be-
tween magnetic sublattices [16]. Consequently, after a Cy operation, the allowed real-space
symmetry-preserving transformations between opposite spin sublattices cannot be achieved
solely by translation or inversion but instead require rotations or combinations involving
rotations [16]. In these systems, the band energies satisfy the condition E(s, k) = E(—s, k)
for k # k' [16]. In this context, k and k" represent specific directions in reciprocal space that
correspond to the real-space direction along which the symmetry-preserving transformation
is executed. An example illustrating this third phase is the RuOy crystal, as shown in the
following figure.

(-
(]
0
o

Figure 1.5: Schematic top view of the RuOs crystal, showing opposite spin directions on
the Rua and Rug sublattices, highlighted in blue and red, respectively. The
oxygen atoms are represented in black. The black arrow indicates a symmetry-
preserving transformation comprising a 180° spin-space rotation (Cy) and a four-
fold real-space rotation combined with a translation (Cjy.t). This figure is taken
from [16].

In several members of the rutile family, such as the metallic RuO, (Figure 1.5), the com-
pensated antiparallel arrangement of magnetic moments was well known to Néel and his
contemporaries. They introduced this configuration into the literature as a classical ex-
ample of antiferromagnetism [19]. This concept was based on focusing exclusively on the
lattice of magnetic atoms, disregarding the significant influence of nonmagnetic atoms on
the symmetry in rutile crystals and similar compounds [16]. In detail, the altermagnetic
spin-splitting arises from a local anisotropic electric crystal field generated by the crys-
tal in the nonmagnetic phase [16]. Again, the key advantage of employing nonrelativistic
spin groups combined with the nontrivial spin group R, lies in their ability to provide a
systematic symmetry description of magnetism, which emerges from strong nonrelativistic

10
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electromagnetic crystal potentials [8]. Within this framework, the electric crystal potential
is referred to as the internal potential in the nonmagnetic phase of the crystal, as described,
for instance, by the local density approximation in density-functional theory (DFT) [8]. The
oversight of the nonmagnetic potentials may partly explain why the unconventional alter-
nating spin-splitting in the nonrelativistic band structures, remained unnoticed for almost
a century [16]. This phenomenon is distinct from the conventional ferromagnetic splitting
that arises from exchange interaction or spin-orbit coupling® (SOC). A schematic distinction
among the three phases is presented in Figure 1.6.

Ferromagnetism Antiferromagnetism Altermagnetism

direct space
magnetization density

reciprcocal space
band structure
and energy isosurfaces

Figure 1.6: Magnetic phases exhibiting collinear magnetic order, including ferromagnetism,
antiferromagnetism, and altermagnetism, are exemplified by Fe, MnPt, and
RuO,. First row: Depicts illustrative spin configurations and magnetization
densities on crystalline structures in real space. Second row: Shows the cor-
responding band structures and energy iso-surfaces. These reveal ferromagneti-
cally spin-split bands, spin-degenerate bands in the antiferromagnetic phase, and
altermagnetic bands, characterized by spin-splitting with opposite signs along
different directions in reciprocal momentum space. This figure is modified from

Ref. [16].

The spin-split energy isosurfaces in the ferromagnetic phase are isotropic, commonly referred
to as s-wave Fermi surfaces, though this is an approximation. In contrast, altermagnets ex-
hibit anisotropic spin-split Fermi surfaces [16]. For instance, RuO; is classified as a d-wave
altermagnet due to its specific isosurface geometry, as illustrated in Figure 1.6, where the
number of nodes in the isosurface determines this classification. Furthermore, g-wave and
i-wave altermagnets have been identified, with CrSb specifically classified as a g-wave al-
termagnet [8]. The term altermagnetism is derived from the alternating spin polarizations
observed in both the real-space crystal structure and the reciprocal-space band structure [8].
Altermagnetism is expected to be widespread in nature, occurring in both three-dimensional
and two-dimensional crystals, across a variety of structural and chemical types [8]. It spans
a wide range of conduction types, including insulators such as Fe,Os, semiconductors like

2Spin-dependent band splitting in condensed matter systems can also occur due to the relativistic spin-
orbit interaction. This is also known as the Dresselhaus effect or Rashba effect [20, 21]. Especially the
latter led to several discoveries and useful applications in spintronics [21].

11
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MnTe, superconductors like LayCuQOy4, and metals such as CrSb [16]. Altermagnetism can
also emerge in crystals composed of common light elements and exhibiting high magnetic or-
dering temperatures, which ensures robust spin coherence and enhances their suitability for
device applications [16]. The intrinsic characteristics of altermagnets, such as spin-splitting
and vanishing net magnetization, suggest they can combine the advantages of ferromagnets
and antiferromagnets within spintronics concepts [16]. For instance, they are expected to
enable spin-polarized currents, similar to ferromagnets, potentially resulting in large giant
magnetoresistance (GMR) ratios [16]. At the same time, their vanishing net magnetization
reduces stray fields, enhancing magnetic robustness akin to antiferromagnets [16]. These
unique properties position altermagnets as promising candidates for advancing spintronics
research and improving memory device technologies [16]. Notably, the altermagnetic spin-
splitting has been experimentally verified in certain materials, such as MnTe [22] and CrSb
[23, 24, 25] via angle-resolved photoemission spectroscopy (ARPES).

The spin-splitting of CrSh, as shown in Figure 1.7, is significantly larger than that calculated
for most altermagnetic materials, making it a particularly intriguing subject for further
investigation. In the following chapters, CrSb will be examined in greater detail with a
focus on its crystallographic properties and an in-depth analysis of the material used in
magnetotransport experiments.
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1400 ‘ \' RuO,
1200 —— ( )
Q MnTe

1000 CrSb
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Spin splitting (meV)
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400 - 3
MnF2 Mn5Si3

200 Q La,CuO,

k-Cl CaCrO;— : i
S ! g“ lLaMnOs ( ‘
0
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0 100 200
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Critical temperature (K)

Figure 1.7: Scatter plot of selected altermagnetic candidates from ab initio calculations,
showing the Néel or critical temperature along with the spin splitting for each
respective compound. The size of the balls is proportional to the largest atomic
number in the crystal. This figure is adapted from Ref. [16].
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2 Characterization of CrSb

The altermagnetic CrSb crystallizes in the hexagonal NiAs-type structure which refers to
the crystal space group P6s/mmec [26, 27]. The lattice parameters are ¢ = b = 4.12 A and
¢ = 547 A. As illustrated in Figure 2.1, the magnetic moments in CrSb are exclusively
carried by the chromium sublattices.

a)

Cra

Figure 2.1: a) The hexagonal magnetic unit cell of CrSb. Chromium atoms are represented
in blue, while the beige ones correspond to antimony. The magnetic moments
of the chromium atoms are directed along the [001] axis or c-axis and parallel
aligned in the c-plane, but antiparallel between adjacent c-planes. b) and c)
Side and top views of the crystal structure with DFT spin densities, parallel to
the a- and c-axes, respectively. The Cr sublattices, with opposite orientation of
the magnetic moment, are represented in red and blue. The black arrow and its

labels indicate opposite-spin-sublattice transformations. All illustrations were
created using VESTA [28], with b) and ¢) adapted from [§].

The black arrows in panels b) and c) illustrate the symmetric opposite-spin sublattice trans-
formations. These consist of a 180° spin-space rotation around an axis perpendicular to the
spins (C3). In panel b), this transformation is combined with a real-space mirror trans-
formation around the dotted axis (M,), while in panel c), it is combined with a sixfold
real-space rotation and translation (C,t). Note that the index z refers to the c-axis of the
hexagonal crystal structure. The crystal potential of antimony induces alternating DFT spin
densities in the neighboring chromium sublattices, establishing CrSb as an altermagnet. In
Figure 2.2, the band structure calculations along the P-Q-P path in the Brillouin zone are
presented. The calculation without spin-orbit coupling reveals a pronounced altermagnetic
band splitting, with the spin polarization of the bands reversing sign at the Q-point [23].
When SOC is included, only minor additional band shifts are observed, indicating that
SOC does not play a significant role in the formation of the altermagnetic band splitting
[23]. The quantum number (S,) provides a clear indication of the band splitting in this
collinear system, as it allows only two possible spin states, +1 and —1. At the point of
maximum band splitting, an arrow is indicated. The nonmagnetic band structure calcula-
tions reveal spin-degenerate states. This indicates that the reciprocal energy band splitting
in panel c¢), despite the absence of net magnetization, is evidently driven by crystal fields
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2 Characterization of CrSb

[23]. More specifically, the underlying reason is that the chromium atoms in the different
sublattices have different DF'T spin densities as shown in Figure 2.1, leading to k-dependent
energy states. Experimental data from ARPES along the P-Q-P path corroborates the
band structure calculations [23]. Furthermore, theoretical predictions suggest substantial
altermagnetic spin splitting along the T'-L path [23].

a) b) c) d)
altermagnetic altermagnetic non-magnetic
without SOC with SOC (=) with SOC
1
0T . 0 \/‘\/‘\/
. /\
11 -11 \_/
& -1
P Q P P Q p P Q p

Figure 2.2: a) Brillouin zone of CrSb, highlighting various paths; the calculated band struc-
ture along the P-Q-P path is depicted in b) altermagnetic without SOC, c)
altermagnetic with SOC, and d) nonmagnetic with SOC. The color of the bands
in b) and c) indicates the spin polarization. This figure is adapted from Ref.
23]

Notably, each chromium ion carries a magnetic moment of 3.0 up at 0 K [29]. The Néel
temperature of the compound has been determined to be 705 K [29], ensuring magnetic
ordering persists well above room temperature, making it suitable for practical applications.
In the following, some bulk and thin film samples are examined for their magnetic and
crystallographic attributes to confirm the presence of the altermagnetic CrSb, which is the
focus of our magnetotransport studies.
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2.1 Bulk

2.1 Bulk

The bulk material utilized in this study consists of high-quality single crystals, synthesized
via chemical vapor transport reactions (CVT). In this crystallization method, the starting
materials (source) and a gaseous transport agent are sealed within a transport ampoule,
which is subjected to a temperature gradient between its two ends [30]. The temperature
gradient induces a circulation of the gas, which reacts with the source material and trans-
ports the resulting volatile compounds to the cooler region of the ampoule, where the gas
mixture resublimates and the crystal growth occurs [30]. By adjusting parameters such
as the internal pressure of the ampoule, the temperature gradient, and the length of the
diffusion path, the crystallization process can be fine-tuned to achieve the desired crystal
structure [30]. The crystals shown in Figure 2.3 exhibit similar dimensions. Their average
thickness is approximately 2 mm, with widths ranging from 2 to 3 mm, and lengths varying
between 3 and 9 mm.

]
gl
-
-

S

FETTIET

Figure 2.3: A selection of CrSb single crystals, grown in the same batch using the CVT
method by Jif{ Pospisil.

While the majority of the crystals lack a well-defined morphology, a subset exhibits flat
and smooth surfaces. A few of these crystals are characterized by two parallel flat faces,
while the remaining edges have a more irregular, ”potato”-like contour. Additionally, the
crystals exhibit a metallic grayish luster, contributing to their overall shiny appearance. The
crystals are quite brittle and exhibit a tendency to fracture along specific cleavage planes. To
demonstrate the quality of the crystals following measurements provide information about
the material used in magneto transport measurements in Chapter 4. The Laue pattern in
Figure 2.4 shows a sixfold symmetry which means that the incoming beam is perpendicular
to the (001) plane from the hexagonal CrSb structure.

Figure 2.4: Left: An atypical elongated crystal featuring a flat and smooth surface, po-
sitioned on a sample holder for Laue diffraction. Right: Backscattered Laue
diffraction pattern obtained from the crystal depicted in the left image at room
temperature.

15



2.1 Bulk

The same measurement was repeated on various spots on the same crystal with consistent
result. For crystals without a flat surface, the Laue patterns did not exhibit clear sixfold
symmetry. Therefore, it is logical to focus on crystals with flat surfaces for analysis. In
Figure 2.5, a 26 scan of powder prepared from a single crystal is displayed, showcasing
the diffraction pattern. The excellent alignment between the experimental data and the
simulated intensities verifies the sample’s phase purity, confirming the exclusive presence
of CrSh in the NiAs phase. This alignment further indicates the accuracy of the synthesis
method used for this samples.

100 i —— Experimental Data ||
I N e Simulation Data ]
= 80 -
= I ]
= I J
£ 60F 1
= - i
ey I ]
! . i
ER | ]
L H 4
20 -
— l J l LA b A P .
0 ! [ N 1 LA A B O A W A hLN AN, S L AT

20 40 0 80 100 120

20 (deg)

Figure 2.5: Powder diffraction pattern of CrSh. The blue line represents the experimentally
measured data from a single crystal, while the red-dotted line shows the simu-
lated intensity values derived using VESTA software [28].

Figure 2.6 shows the dependence of magnetization on external magnetic field for poH L ¢
and poH || ¢ at 5 K using a superconducting quantum interference device (SQUID) from
Quantum Design. The magnetization is reported in units of pup per formula unit, which in
this context corresponds to the magnetic contribution per chromium atom, as the magnetic
behavior originates from the chromium atoms only, as illustrated in Figure 2.1. For both
field orientations, the magnetization exhibits a linear dependence on the applied field, with
no observable hysteresis — a characteristic consistent with a compensated magnetic system.
Additionally, the zero magnetization at zero field further supports the presence of compen-
sated ordering. It is also noteworthy that the slope of the green line (ugH || ¢) is less steep
than that of the purple line (ugH L ¢), aligning with the expected anisotropic behavior of
the system. This indicates that the magnetic susceptibility y is greater when the field is
applied perpendicular to the magnetic easy axis of CrSb than when it is applied parallel to
it, which is consistent with the discussion in Section 1.2.
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2.1 Bulk
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Figure 2.6: Magnetization as a function of magnetic field, measured for two different field
orientations with a SQUID. The purple curve represents the orientation in which
the magnetic field is applied perpendicular to the easy axis, while the green curve
corresponds to the field orientation parallel to the easy axis. Both measurements
were performed at 5 K.

This magnetometric result is significant as it verifies the presence of the compensated NiAs
phase of CrSb, which is crucial because an alternative form of CrSb exists with properties
distinct from the altermagnetic CrSb. Specifically, CrSb in the zincblende structure demon-
strates ferromagnetic behavior at room temperature [31]. Moreover, there is no indication of
a spin-flop or spin-flip transition within the measured field range. Applying equation (12)
from the Stoner-Wohlfarth model, combined with ab initio calculations for the exchange
coupling and magnetocrystalline anisotropy of CrSh, one obtains

Baf = 2/B,Bey > 300 T. (13)

It is also apparent that, even at the maximum applied field of £7 T, the magnetic moments
remain on the order of 1073 up, which is significantly smaller than the 3 up of a single
chromium atom. This indicates that the spins of the respective sublattices are strongly
coupled, with only minimal canting towards the field direction.
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2.2 Thin Films

2.2 Thin Films

The previously described bulk samples are not suitable for technical applications due to
their size. Consequently, thin films are of greater interest for microelectronics research and
applications. However, intrinsic magnetic properties such as magnetization, Curie temper-
ature, and anisotropy can vary significantly between bulk materials and thin films [9]. This
difference can be attributed to the fact that atoms at the surface of a thin film have fewer
nearest neighbors compared to atoms in the bulk material [10]. As a result, the electronic
bandwidth is reduced, while the density of states at the Fermi level (DOS(FEF)) increases
simultaneously [10]. This enhances the likelihood of satisfying the Stoner criterion (equation
(8)), leading to a stronger tendency toward magnetic ordering [10]. Consequently, one would
expect enhanced magnetic moments in thin films compared to bulk materials [10]. Addi-
tionally, these variations can be influenced by surface or interface effects, as well as strain
induced by the film’s substrate, which can further cause deviations in lattice parameters
from those observed in the bulk [9]. In order to grow an epitaxial single-crystal thin film it
is crucial to choose a substrate with minimal lattice mismatch. For CrSb, it turned out that
in our process, the only way to obtain it in the desired orientation and epitaxial is to grow
it on top of an insulating SrFy (111) substrate with an additional layer in between, namely
PtSb (001). This nonmagnetic metal readily grows directly on the substrate and serves as a
buffer to stabilize epitaxial (001) CrSb films. In our case, all previous attempts on growing
CrSb alone showed polycrystalline growth. The in-plane lattice mismatch of the a - and b -
axis of PtSb and CrSb is zero (a = b = 4.12 A), while the mismatch between the substrate
and the PtSb layer is 0.5 %. The multilayer PtSb/CrSb thin film with the thicknesses 30
nm and 20 nm in Figure 2.7 was grown via direct current (dc) magnetron co-sputtering, a
thin-film deposition technique where the target materials (Cr, Pt, and Sb) are bombarded
by ions in a plasma, causing atoms to be ejected and deposited on a substrate. The use of a
magnetic field helps confine electrons near the target, enhancing ionization and improving
deposition efficiency [32]. All thin film samples occurring in this work were grown by Satya
Prakash Bommanaboyena.

CrSb(001)
PtSb(001)

Figure 2.7: High-angle annular dark-field (HAADF) image from the cross section of a
PtSb/CrSb multilayer film taken by a scanning transmission electron micro-
scope (STEM). The viewing direction is the [210] direction of CrSb and PtSb.
This image was taken by Filip Ktizek.

In Figure 2.8 and 2.9, the interfaces between the SrFy substrate and the PtSb buffer layer,
as well as between the PtSb buffer layer and CrSh, are depicted in greater detail. The
smoothness of the interfaces indicates high quality and defect free epitaxial growth of the
multilayer film.
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2.2 Thin Films

PtSb(001)

CrSb(001)

Figure 2.8: Close up pictures from Figure 2.7. Left: Interface between the SrFy substrate
and the PtSb (001) buffer layer. Right: Interface between the PtSb (001) buffer
layer and the CrSb (001) layer. This image was taken by Filip Kiizek.
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Figure 2.9: Close up pictures from Figure 2.7. Left: PtSb (001) layer. Right: CrSb (001)
layer. In each image, the crystal structure of the compounds along this direction
is illustrated, demonstrating an excellent match with the microscopic picture.
The orange spheres depict Sb atoms, the gray ones correspond to Pt atoms, and
the blue ones indicate Cr atoms. This image was taken by Filip Krizek.

X-ray diffraction (XRD) measurements were carried out to confirm the crystallographic
structure and orientation of our PtSb/CrSb thin film sample with a Rigaku Smartlab diffrac-
tometer in the parallel beam configuration using Cu-Ka; radiation. Figure 2.10 shows a
radial scan of the multilayer sample CS240805A which will also be discussed in Chapter 4.
The thicknesses of this sample are 15 nm (PtSb) and 25 nm (CrSb). The sharp peaks at
26.6° and 54.78° can be assigned to the (111) and (222) plane of the substrate SrFs, while
the peaks at 32.7° and 68.7° represent the desired (002) and (004) planes of PtSb/CrSh.
Both peaks show multiple orders of Laue oscillations, implying a very high degree of crys-
tallinity [33]. Using the peak simulations in the kinematic model of diffraction, the lattice
constants of ¢ = 5.50 A (PtSb) and ¢ = 5.49 A (CrSh) are extracted which is in excellent
agreement with the values reported earlier for the two compounds. The lattice constant of
a = 4.12 A for both layers was determined from a reciprocal space map, aligning perfectly
with the theoretical value. The absence of any other peaks reveals the single crystalline
growth and, hence, an excellent sample quality.
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Figure 2.10: XRD radial scan of the sample CS2/0805A.

A pole figure was measured for the {112} or r-planes of the PtSb/CrSb structure to deter-
mine its in-plane orientation and confirm the sixfold rotational symmetry of the hexagonal
crystal structure. Six {112} poles (or diffraction maxima), circled in red, are observed at
X ~ 38° (sample tilt) with a periodicity of 60° in ¢ (sample azimuth). The equidistance of
the poles affirms the perfect sixfold symmetry of the (001)-oriented hexagonal unit cells of
both layers. The relevant in-plane crystallographic directions were also determined based
on the pole positions in ¢ which will be relevant for the measurements in Chapter 4.
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Figure 2.11: a) Hexagonal crystal directions along with the r-plane. b) Pole figure for {112}
or r-planes of the sample CS2/0805A (stereographic projection). The sample
was aligned such that SrF,[110] was parallel to the diffraction plane at ¢ = 0°.
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3 Theoretical Background of Magnetotransport

By investigating phenomena that arise from the transport of electric charge (such as elec-
trons and holes) in solids, various material properties can be determined. By applying an
external magnetic field, numerous additional field-dependent properties can be observed and
characterized. The following sections provide a concise introduction to the fundamental con-
cepts of electrical transport, emphasizing its dependence on magnetic fields. Key principles
such as resistivity, conductivity, and their tensorial nature in the presence of magnetic fields
will be discussed to establish a foundation for understanding the observed phenomena.

3.1 Conductivity in the Drude Model and Magnetoresistance

To analyze the mechanisms underlying electrical conduction, Paul Drude introduced the
Drude model at the turn of the 20th century. A central postulate of this model is the
representation of electrons as small, particle-like entities moving through a lattice structure
composed of relatively immobile, heavy core ions. The interactions or scattering events be-
tween these stationary atomic cores and the mobile electrons serve to explain the resistance
encountered in conductors. While fundamentally classical in nature — and thus limited in
accuracy within the quantum mechanical framework — the Drude model remains instru-
mental for a qualitative understanding of solid-state behavior. A primary outcome of the
Drude model is the derivation of Ohm’s law, expressed as

j=0oE (14)

where j denotes the current density induced by the electric field E [34]. Here, the term
o = nqu, defined as the electrical conductivity, depends on the electron density n, the charge
¢, and the electron mobility p. The inverse of conductivity is referred to as resistivity, given

by:

p=o0". (15)

Note that, in the general case, conductivity and resistivity must be treated as three-
dimensional tensors, expressed as:

Pzx  Pzy Pxz
P =\ Pyz Pyy Pyz | - (16)
Pzx Pzy Pzz

Thin-film analysis effectively uses a two-dimensional tensor, while bulk transport neglects
z-direction currents due to the samples’ plate-like geometry. Experimentally determining
the material-specific resistivity involves using the expression

A
77
which indicates that resistivity is proportional to the electrical resistance R, the cross-
sectional area A, and the distance [ between the contacts on the sample. In general, A is
the product of the width w and the thickness ¢ of the sample. Note that, in the case of the
transverse resistivity, the width of the contacts is equal to the separation between them.
This distinction leads to:

p=R (17)

/
Prz = RwT and  p,, = Rt. (18)
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3.1 Conductivity in the Drude Model and Magnetoresistance

In the case of a conductor with a single type of charge carrier moving at velocity v under
the influence of an applied electric field E, the carriers are subject to additional effects from
an externally applied magnetic field, specifically experiencing the Lorentz force:

Fy, = q(7 x B). (19)

This interaction generates an electric field Ey that compensates for the influence of the
Lorentz force Fp, leading to the condition:

e(Ey +7x B) =0. (20)

By defining the applied electric current moving only in the z-direction (v = (v,,0,0)) and

the magnetic field as B = (0,0, B,) — thus perpendicular to the motion of the charge
carriers — the y-component of equation (20) is obtained as

Eg, —v,B. = 0. (21)
= sz .. .

Using the relation j = ng@, this yields Ey, = oz Additionally, applying Ohm’s law, the

ng
transverse resistivity can be determined as:

B,

e = — 22

Py g (22)

which is known as the ordinary Hall effect (OHE) [35]. This relation demonstrates that,
with the application of a magnetic field, the transverse resistance increases linearly with the
field strength, making the Hall effect an odd function of the magnetic field. The longitudinal
resistance p,, however, is not influenced by the Lorentz force, as the z-component of equation
(20) is not dependent on B. This indicates that the ordinary magnetoresistance (OMR),
defined as

Paz(B = 0)
is strictly zero under the assumption of single-band, single-carrier transport. In general, the
OMR is significantly influenced by temperature. At lower temperatures, magnetoresistance
becomes more significant due to reduced thermal phonon scattering [36].

OMR =

(23)

From equations (19) and (20), the two-dimensional conductivity tensor in the presence of a
magnetic field can be derived as:

Oz Oay nqu 1 - /LB)
o= = : 24
(Uyr Uyy) 1+ (uB)? (“B 1 24
Interestingly, although p,, is field-independent, o,, exhibits field dependence.

There exist several additional magnetoresistance phenomena, such as anisotropic magnetore-
sistance (AMR), giant magnetoresistance (GMR), and tunneling magnetoresistance (TMR).
However, these effects will not be elaborated upon here, as their manifestation depends on
magnetic properties that are absent in the material studied in this work, and they are
therefore not anticipated in the experimental results presented in the following chapter. It
is nevertheless noteworthy that the discovery of the GMR effect is regarded as marking the
advent of spintronics [37].

22
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3.2 Multiband Magnetoresistance

In reality, the conductivity of a material can arise from mixed contributions of electron- and
hole-like carriers. This also includes the possibility of having two distinct contributions to
the conductivity arising from electron bands with different carrier densities and mobilities.
For instance, in intrinsic semiconductors at 7" > 0, the conduction band is sparsely popu-
lated with electron-like carriers, while the valence band hosts hole-like carriers with lower
mobility [13]. It is important to note that fully filled bands do not contribute to charge
transport. When interpreting the measured Hall voltage arising from both electrons and
holes, compensation effects may arise [13]. This is because electrons and holes are deflected
to the same side of the sample [13]. Interpreting the measured Hall data using the single-
band model may result in an unreasonably high carrier density [13]. To account for the
mixed carrier contributions, the single-band conductivity tensor in equation (24) must be
generalized for an individual band i under B||2:

gL 1 —wB
= it . 25
7T T (wB)? (mB L ) (25)

Note that at this point it is important to consider that the sign of the charge ¢ differs
between electrons and holes. In the following, the charge of electrons will be defined as
e~ —1.602 x 107! C, while the charge of holes will be set to —e. It is also important to
note that the sign of the carrier densities n; and mobilities pu; is always considered to be
positive. The total conductivity is then obtained by summing the contributions from all

bands:

o = ZO’Z'. (26)

=1

The corresponding resistivity tensor can be derived once the conductivity is determined
using equation (26). For the case of N = 1 assuming electron transport, this leads to:

pre(B) = — and py(B) = —— 27)

nep ne

as described in the previous section. For N = 2 we have the two band model and we get

P (B) _ l(ne,ue + nhﬂh) + (nelvbe/vb}% + nhﬂhﬂg)'Bz (28)
- e (Nepte +nppn)? + (ne — np)?u2pj B2

and

1 (nepg — napiy) + (ne — ) pz i, B
pua(B) = = . e B (29)
e (Nefte + nupin)? + (ne — np)*p iy B

At this stage, we consider the electron density (n.), hole density (n;), and the respective
mobilities of electrons (p.) and holes (py,). With each additional band, two more parameters
are introduced that influence the resistivity of a material. Unlike the single-band model, the
longitudinal resistivity p,.(B) becomes field-dependent for N > 2 and typically exhibits a
behavior reminiscent of a quadratic dependence on B.
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3.3 Mobility Spectrum Analysis

In the previously discussed multiband approach to explain transport behavior in the pres-
ence of a magnetic field, equation (25) assumes a discrete spectrum of carrier mobilities,
where each type of carrier is assigned a distinct scalar y;. In Ref. [38], the authors demon-
strated that, for a wide range of cases, the field-dependent conductivity in a material can
be described in terms of a continuous mobility spectrum. This means that from equation
(25), niqu; = a(()l) — 09(u), where each value of p corresponds to a certain carrier density
assigned to this mobility. Simultaneously, the concept behind the presented mobility spec-
trum analysis (MSA) is that, as the number of bands NV in equation (26) approaches infinity
(N — 00), the sum is replaced by an integral over p [39]. The longitudinal and transverse
conductivity in the presence of a magnetic field along Z are then:

_ [ oolp)dp
O = /_oo 1+ (uB)? (80)

and

[ pBoo(p)dp

Note that in this convention, the sign of the mobilities for electrons and holes are of opposite
signs, as og(u) must be > 0 for a physical spectrum [39]. The key aspect of the MSA is now
to calculate o¢(p) from the measured o,,(B) and 0,,(B) at a finite number of magnetic
fields [39]. The methods for this calculation shall not be discussed in this work, but they
can be found in Ref. [39]. The mobility spectrum analysis will be applied in the following
chapter to the measured bulk data to compare resistivities derived from MSA with those
obtained from multiband fittings.
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4 Magnetotransport Properties of CrSb

4.1 Experimental Setup

To maintain consistency in the following discussion, the coordinate system is defined as
illustrated in Figure 4.1.

poH||c

Figure 4.1: Schematic experimental setup using the conventional four-terminal method. The
polarity of the Hall voltage is crucial for determining the type of carriers, as it is
influenced by the Lorentz force, which in turn depends on the sign of the charge.

As dlscussed in the previous chapter the definition of the measured resistivity starts with
Ohm’s law j =g - FEorE = p - 7 in the two dimensional tensor form

()= (2 o) (7) &2

while the external field is applied in Z-direction. As current is sent in x - direction (j, = 0)
and the voltage drop measured along the z - direction (longitudinal) and y - direction

(transversal) we end up with
= S 33

The respective measured voltage drop is proportional to the electric field and the distance d
of the contacts, as per the relation V = E - d. The magnetic field is intentional aligned par-
allel to the c-axis of CrSb in both the bulk and thin film samples to investigate the potential
occurrence of the spin-flop or spin-flip phenomenon, as discussed in Section 1.2. All fol-
lowing magnetotransport properties were measured with a physical property measurement
system (PPMS) from Quantum Design. The current used in the PPMS is an alternating
current (AC). The longitudinal resistivity obtained from the measurements, (p7°**(uoH.)),
was symmetrized with respect to the external applied magnetic field poH,, while the Hall
resistivity (pZ;e“S(MOHZ)) was anti-symmetrized. The reason for this is that geometric ir-
regularities in the sample’s shape or the positioning of the contacts, which can introduce
additional contributions and artifacts to the resistivity measurements, are effectively elimi-
nated.
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4.1 Experimental Setup

Mathematically, the data are processed as follows:

sum ZZ@CLS HZ l/ + ZZ@CLS _ HZ

and

Py (o Hz L) — P (—po H- 1)
2 )

P (ol 1) = (35)
where | indicates the corresponding sweep direction from maximum positive field to maxi-
mum negative and vice versa with 1. To obtain p,, and p,,, the associated p3¥™(uoH, 1) and
Pe™ (o H 1) can be derived by interchanging the two terms in the numerator of equations
(34) and (35). The impact of separating the odd and even components of the measured

data can be seen in Figure 4.2.
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Figure 4.2: Top: Exemplary measured longitudinal (left) and transverse (right) resistivity.
Bottom: Data from the top row after isolating the even (left) and odd (right)
components with respect to the applied magnetic field.
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4.1 Experimental Setup

The measured longitudinal resistivity remains almost unchanged, whereas the Hall resistivity
shows a definite change. In the raw measurement, there is no sign change in p,,. After
eliminating the even contribution, we observe that at zero field, the Hall resistivity is zero,
as expected, since at zero field there is no Lorentz force to induce a Hall voltage. This
indicates that some contributions from the longitudinal resistivity are present in the raw
data of the transverse resistivity, which are successfully removed by the antisymmetrization.
It is important to clarify that the property directly measured in the PPMS is the resistance
R. To obtain the more practical and comparable quantity, the resistivity p, the specimen’s
volume is considered as shown in equation (17). The unit of resistance R is ohms (2), while
the SI unit of resistivity p is ohm-meter (2m).
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4.2 Magnetotransport in Bulk

4.2 Magnetotransport in Bulk

To perform magnetotransport measurements in bulk crystals, as shown in Figure 2.3, it is
crucial to select crystals with an appropriate geometry. As previously described, our focus
is on magnetoresistance under an external magnetic field applied parallel to the c-axis of
CrSb. Consequently, it is necessary to choose a crystal with a flat surface. Laue diffraction
measurements revealed that cuboid-shaped crystals with flat surfaces have their largest
surfaces aligned parallel to the hexagonal (001) plane. The sample depicted in Figure 4.3
is the same as that shown in Figure 2.4, confirming that the out-of-plane direction is the
[001] orientation. Additionally, based on simulations of Laue crystallographic data, it is
established that the long edge of the sample aligns with the [110] direction of CrSb.

Figure 4.3: Experimental setup for a typical bulk transport measurement performed for this
work.

The sample was attached to an eight-contact chip carrier using non-conductive polymethyl-
methacrylate (PMMA). The contacts on the sample were established using the indium
pressing technique. This method leverages the malleability of indium to form a ”sand-
wich” consisting of two small pieces of indium with a gold wire placed between them. The
contact-resistance is typically in the order of 1 €2. Contacts 1 and 2 are positioned at the
far left and right ends of the sample to apply an electric field and induce a current along
the [110] direction. Contacts 3 and 4 are placed to measure the longitudinal resistance over
a distance of [ = 3.5 mm. The cross-sectional area through which the current flows is de-
fined by the sample’s width, w = 1.5 mm, and thickness, £ ~ 0.5 mm. The applied current
in all bulk measurements was 10 mA which refers to a current density of j ~ 1.33x10* A /m?.

The first type of transport measurement is a temperature sweep of the longitudinal resistance
to verify the purity of our material, or more precisely, to investigate the residual-resistance
ratio (RRR), which is usually defined as the ratio of the resistance of a material at room
temperature and at a very low temperature [40]. Because we cannot reach 0 K in any
experiment, we define the RRR as

Rso0r
Rs

RRR = (36)
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4.2 Magnetotransport in Bulk

A high RRR value indicates a low concentration of impurities and crystallographic defects
within the material [40]. Since this quantity is unitless, it is irrelevant whether we take
the ratio of resistance or resistivity. For highly pure metals, the RRR value can reach an
order of magnitude 10® (e.g., in copper and gold) [41], whereas in alloys, it is typically RRR
~ 1 [13]. Figure 4.4 displays the longitudinal resistance and resistivity from a temperature
sweep of a CrSb bulk sample, along with its RRR.
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Figure 4.4: Temperature dependence of longitudinal resistance R, (left scale) and resistivity
pue (right scale).

The qualitative temperature dependence of the resistivity exhibits the characteristic be-
havior expected for a metallic material, affirming that the compound can be classified as
metal-like. In the expression

1 1 m

P Ope  NEW  MNE>T (37)

the only temperature-dependent variable in metals is typically the scattering time 7, where
m represents the mass of the charge carrier [13]. The primary mechanisms affecting the
residual-resistance ratio are electron scattering by phonons, defects, impurities, and surface
interactions [13]. At lower temperatures (5 K - 20 K), scattering due to impurities and
defects dominates [42], resulting in a constant resistivity, known as the residual resistivity
po- Thus, for nonsuperconducting metals, our definition of the RRR remains appropriate, as
the resistivity is expected to remain stable as the temperature approaches 0 K because the
number of defects and impurities in the sample is constant. At higher temperatures (150 K
- 300 K), however, resistivity exhibits a linear increase which can be attributed to phonon-
electron interactions [43]. At 300 K, the measured resistivity is p,, = 6.06 x 1077 Qm,
whereas the literature reports a value of p,,(300) = 3 x 107%Qm [44]. This indicates that
the conductivity of the measured crystal surpasses that reported in Ref. [44] by nearly an
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4.2 Magnetotransport in Bulk

order of magnitude. The residual resistivity is p.(5) = 6.38 x 1078 Qm, yielding a residual
resistivity ratio of 9.5. Compared to typical values in alloys, which are approximately ~ 1,
this result is remarkable and underscores the superior properties of our crystal.

Figure 4.5 illustrates the magnetic field dependence of the ordinary magnetoresistance. Mea-
surements were conducted over a broad temperature range, spanning from cryogenic tem-
peratures as low as 2 K to temperatures exceeding room temperature, up to 350 K. To
ensure the absence of hysteresis effects, the measurements were performed by sweeping the
magnetic field from 13 T to -13 T and back.
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Figure 4.5: Ordinary magnetoresistance at various temperatures.

At all temperatures, the OMR curves show no dependence on the sweep direction, as they
overlap perfectly without any visible hysteresis. The quadratic behavior of the longitudinal
resistance is clearly observable at low temperatures, such as 2 K, 50 K, and 150 K. At
higher temperatures, this behavior may not be immediately apparent; however, upon closer
inspection, the quadratic trend can still be noticed. Although the slopes of the ordinary
magnetoresistance curves are similar, their values at the maximum field (£13 T) differ
significantly. It is evident that the OMR increases as the temperature decreases. The
highest OMR is observed at 2 K, reaching 66.2 %, while the lowest measured OMR occurs
at 350 K, with a value of 1.2 %. Additionally, at lower temperatures, the OMR exhibits more
pronounced changes within specific temperature intervals, whereas at higher temperatures,
the variations become much less significant. Figure 4.6 shows the transverse resistivity as
a function of the external magnetic field, measured during sweeps from 13 T to -13 T and
back.
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Figure 4.6: Magnetic field dependence of the Hall resistivity at various temperatures. It
is worth noting that measurements were also performed at 10 K; however, no
significant difference in resistivity was observed compared to the data at 2 K.
For the sake of clarity and brevity, the data for 10 K are not included in Figure
4.5 and this one.

The Hall resistivity is about an order of magnitude smaller than the longitudinal resistivity
at maximum field across all temperatures and is zero at zero field. Unlike the linear depen-
dence predicted by equation (27), the slopes show an S-shaped signal with a slope change
near +1.3 T at 2 K, which shifts to higher fields with increasing temperature. A second
maximum appears near £2.8 T at 50 K and £7.5 T at 100 K. Based on these data, we infer
that the slope change occurs at approximately 13 T at 150 K, and it is expected that the
slope-changing field will continue to increase at higher temperatures. From measurements
of a p-doped GaAs reference sample, it is established that a negative slope in this config-
uration corresponds to hole-like transport, whereas a positive slope indicates electron-like
transport. This observation aligns with equation (27). Based on this, we observe that for
low temperatures (2 K, 50 K, and 100 K) within the measured field range, the dominant
transport type changes. At low fields (|uoH| < 1.3 T for 2 K), electron contributions domi-
nate. In contrast, at higher fields (|ugH| > 1.3T), transport is predominantly hole-like. For
higher temperatures, only a positive slope is observed throughout the field range of +13T,
indicating electron-like transport remains dominant at all measured fields.

The Hall resistivity slopes resemble anomalous Hall effect (AHE) measurements observed
in altermagnetic MnTe, which also crystallizes in the NiAs structure [45]. However, a
spontaneous AHE contribution is forbidden in CrSb when the c-axis is out of plane due to
symmetry constraints, as discussed in Refs. [45, 46]. The AHE could still arise from canting
of the compensated magnetic order if the spin-flop field is exceeded. SQUID measurements
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show no deviations from linearity, indicating no change in magnetic ordering within the
measured field range. Ab initio calculations further suggest the spin-flop field is about 25
times higher than the maximum applied field, excluding AHE detection. The temperature
dependence and absence of hysteresis also indicate the S-shape of the Hall data is not due
to the AHE. Instead, an alternative, nonmagnetic explanation seems more plausible for this
behavior, which is consistent with existing literature [46]. A closer examination of the slope
of the Hall resistivity at 2 K reveals that the curve follows the form:

aB — bB3
(B) =22
py( ) C+dB2

with prefactors a, b, ¢ and d. This functional form closely resembles equation (29) from the
two-band model, which is given as:

(38)

1 (nep? — nppi) B + (e — ) pz i, B°
(&

=(B) = .
py ( ) (ne,ue + nth)2 + (ne - nh)2:u2:u/}2132

(39)

The sign of the dominant B? term implies n. < ny. This observation supports the nega-
tive, hole-like slope of the Hall resistivity. Given the resemblance of equation (39) to the
observed behavior, it is reasonable to use this equation to determine the carrier densities
and mobilities of the two carrier types. In Figure 4.7, the measured data at 2 K are shown
alongside four different fits. These include not only a one- and two-carrier fit but also three-
and four-carrier fits, using equation (26) to extract the parameters n; and p;.
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Figure 4.7: Longitudinal and Hall resistivity p,, at 2 K, along with the results of multi-
carrier fitting for one, two, three and four carriers.
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It is clearly evident that the deviations of the fits from the experimental data decrease
as the number of carriers — and consequently the number of parameters — increases.
As previously described, the ordinary magnetoresistance remains constant in the one-band
model. Consequently, the one-carrier fit results in a flat line. The fit of the Hall resistivity
does not exhibit any slope change as expected; however, the overall slope aligns reasonably
well with the experimental data. For the longitudinal resistivity, the two-carrier fit shows
slight discrepancies across all field values, while the three-carrier fit only deviates in the low-
field range. The four-carrier fit, however, matches the data perfectly at almost all fields.
For the Hall resistivity, every fit exhibits some level of deviation, particularly in the low-
field range. Further the two-carrier fit does not reveal the characteristic slope-change from
negative to positive at |puoH| < 1.3T, as shown in greater detail in Figure 4.8.

—7 -9
].30><‘1‘0‘ 3><‘1‘O‘I\\\\|\\\\|wwww

® Experimental Data 2 K

1 carrier fit

1.95 9 —— 2 carrier fit E

- 3 carrier fit

—— 4 carrier fit

1.20\ / 1 \ .
E ot 17 |
S 115N % S 0 L)

8 B b 8 B 7]
S, I 1 & I ]

110} \/ . —1F X

1.05 ! : —af :

100t ] 3 b

"—5.0 =25 0.0 2.5 5.0 250 —-25 0.0 2.5 5.0
MOHZ (T) :U’OHZ (T)

Figure 4.8: Detailed view of the data and fits shown in Figure 4.7.

Additional fits incorporating five and six types of carriers were performed, resulting in pro-
gressively improved fit quality. In the case of the six-band fit, the agreement between the fit
and the measured data is nearly perfect, with minimal deviations observed across the entire
field range. Taking the derivative of the two-carrier fit for the transverse resistivity reveals
that the slope stays negative throughout the entire field range. Consequently, the distinctive
S-shape characteristic of the Hall resistivity is not captured in this initial application of the
two-band model. In the following table, the densities and mobilities from the fitting are
shown.
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Carrier Densities n; (cm™3)

Ne np Te2 Np2 Te3 np3

1 carrier - 1.05 x 10?2 — — — —
2 carrier 3.52 X 10%° 5.65 x 10%° —
3 carrier 1.07 x 10*! 3.35 x 10 9.65 x 10%? -
4 carrier 3.69 x 102° 5.91 x 102° 1.95 x 10" 4.36 x 10" — —
5 carrier  8.16 x 10%° 412 x 10  49x10%® 7.6 x10"¥® 1.63 x 10% —
6 carrier 3.75 X 1020 5.23 x 10%° 5.52 x 10" 1.14 x 10*° 2.01 x 10 1.45 x 10'®

Carrier Mobilities y; (cm?/Vs)

He Hh Fe2 Hh2 He3 Hh3
1 carrier - 48 - - - -
2 carrier 713 564 - - - -
3 carrier 192 743 1308 - - -
4 carrier 578 445 2339 1419 - -
D carrier 172 622 3932 2496 920 -
6 carrier 475 390 1368 969 5439 4527

Table 1: Carrier densities n; and mobilities u; of bulk CrSb deduced from one-, two-, three-,
four-, five-, and six-carrier fitting. The upper section presents carrier densities, and
the lower section shows mobilities.

In the one-band model, the density of the hole-like carrier band is significantly higher than
in any other model, exceeding the densities in the two-band model by more than one order
of magnitude. Additionally, the mobility, up, in this model is so low that it strongly sug-
gests an inadequate description of the measured data. Assuming electron-like transport in
the one-band model yields unphysical parameters, consistent with the observation that the
overall slope of the curve should be positive for electron-dominated transport. Similar issues
arise in the three-carrier fit if a second hole-like carrier is introduced, leading to unphysical
values such as nps > 10%* cm™ or pye < 0.1 cm?/Vs, and the situation worsens when adding
a third hole-like band in the five-carrier fit. Notably, these fits also show poorer agreement in
the low-field regime. The three-band model introduces a third band with significantly lower
density than the others but very high mobilities, a trend that persists in the four-, five-, and
six-band models. However, in the five- and six-band fits, n.3 reaches densities substantially
higher than n.; and ny2, while the mobilities .o and pp2 — already extraordinarily high in
the four-band model — become unrealistically high for p.3 and pp3. In general, the one-,
three-, and five-carrier parameters show considerable deviation from corresponding carrier
types in other models. Conversely, the results for n, and n;, in the two-, four-, and six-band
fits remain relatively consistent (marked in bold), with a slight decrease in the mobilities,
but still within a reasonable range. However, discrepancies in n., and npy indicate that
these parameters no longer align across the models.

The values for densities and mobilities obtained from the four-carrier fit align closely with
those reported in Ref. [46], where the authors observed similar trends as depicted in Figures
4.5 and 4.6. A key argument made in Ref. [46] supporting the presence of multiple carrier
types is the improved agreement of the fit when moving from a two-carrier to a four-carrier
model. They propose the existence of two electron- and two hole-type carriers, with one of
each characterized by low density and simultaneously high mobility.
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While the improved fit with an increased number of parameters is unsurprising, the absence
of a slope change in the two-carrier fit does not necessarily preclude the validity of the
two-band model. The constancy of the carrier densities n. and ny in the two-, four-, and
six-band models further strengthens the suspicion that the transport behavior can be well
described by a two-carrier type model. This suggests that excluding this possibility may
not be justified. Figure 4.9 displays the results of a mobility spectrum analysis for the data
at 2 K.
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Figure 4.9: Mobility spectrum from the longitudinal an transversal resistivity of CrSb single
crystals at 2 K. The calculations were performed by Michat Baj.

The presence of two peaks strongly indicates a two-carrier transport behavior. Notably,
in the convention of MSA, the mobilities of electrons and holes have opposite signs. The
MSA result clearly does not exhibit two delta distributions as one would expect in a discrete
spectrum, but instead shows two peaks, which can be fitted with overlapping Lorentz func-
tions. The peak positions, corresponding to the maximum mobilities, are determined to be
e = 586 cm?/Vs and py, = 564 cm?/Vs. While the electron mobility deviates by 18 % from
the two-band fit, the hole mobility remains remarkably consistent between both approaches.
This consistency suggests that the mobilities obtained from the MSA align well with the
previously presented fits. By integrating the Lorentzians and dividing by the elementary
charge, the carrier densities are found to be n, = 2.69 x 10! ecm=2 and n; = 3.49 x 10!
cm~3. This approach yields densities an order of magnitude lower than those obtained
from the two-band model. Ref. [39] highlights that measuring Hall data at seven or more
fields can yield unphysical results. In such cases, the mobility spectrum analysis provides
approximate solutions, with the closest being a set of discrete carrier mobilities.
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4.3 Magnetotransport in Thin Films

A challenge in bulk measurements is that the current direction is not well defined. Due to
the large sample volume and the imprecise positioning of the contacts, it is unlikely that the
charge carrier velocity can be strictly defined as ¥ = (v,,0,0). This issue can be resolved
using a lithographically defined Hall-bar of a thin film. In the photolithography process, a
photomask is applied along with a photoresist in the desired shape. The resist in unwanted
areas is exposed and subsequently developed, leaving only the desired pattern. Finally,
the unwanted regions of the sample are etched away. Figure 4.10 shows a lithographically
fabricated Hall-bar.

CRSB_CS240805A

Figure 4.10: Hall-bars on the thin film sample CS2/0805A. Bright regions correspond to the
CrSb/PtSb multilayer film after the lithography process, while dark regions
indicate the SrFy substrate. A negative photoresist was used, and etching was
performed via argon milling.

As previously mentioned, the thicknesses of the individual layers are 15 nm for PtSb and
25 nm for CrSb. The surface of the film is parallel to the (001) plane, equal to the bulk
geometry. The current channel has a length of [ = 1 mm and a width of w = 50 pm.
This indicates that for the longitudinal resistance measurement, the current path consists
of 20 squares. Additionally, the thin film samples were also contacted using gold wires and
small pieces of indium. Based on the XRD measurements, specifically the pole figure shown
in Figure 2.11, the current direction corresponds to the [010] crystallographic direction of
CrSb. The applied current in all thin film measurements was 10 pA which refers to a current
density in the multilayer of j = 5 x 10 A/m?.

Due to the fact that we have a multilayer film, some considerations need to be made when
it comes to the resistivity separation of the two compounds. In order to extract the magne-
totransport data of pure CrSb, a second sample was measured which contains only a 15 nm
PtSb layer, so that it has the same thickness as the PtSb in the multilayer sample. Consid-
ering the two samples in terms of conductivity offers a practical framework, as demonstrated
by the following equations. In case of the longitudinal conductivity, we consider the system
of the multilayer as a parallel circuit, where we can assume
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I+1T 1 II
Oza _’OQm'+_0xz (40)

where ¢! is the longitudinal conductivity of the multilayer sample, while ol and ol

correspond to the longitudinal conductivities of the PtSb and CrSh layers, respectively.
That approach yields the same result as the two-band model. For the transverse conductivity
0,1, this equation is not applicable. Instead, the system must be characterized by the ratio
of transverse conductivity to overall conductivity, leading to the introduction of the Hall

angle:

Oya
a=—= (41)
0-1'33
It is important to note that, in this framework, all quantities must be expressed in sheet
units. This requires converting resistivity into conductivity by accounting for the thickness
t of the films. Specifically, the sheet resistance is defined as:

Ro=R (42)

w
[
For the transverse configuration, w is equal to [, meaning the measured resistance directly
corresponds to the sheet resistance. To obtain the transverse conductivity of the CrSb layer,
we model the two layers as two parallel resistors. The current flowing through each layer
depends on the longitudinal resistances of the individual layers, with the greater part of the
current flowing through the layer with lower resistance. This impacts the Hall effect, as it
is proportional to the applied current density. Since part of the total current flows through
the PtSb layer, the Hall contribution from the CrSb layer is influenced. Additionally, when
charge carriers accumulate on one side of the sample in one layer, they can be discharged
by the other layer. Therefore, the bilayer sample can be considered as a closed circuit of
two resistors connected in series. Taking this into account, the Hall resistance of the bilayer
sample is given by:

I 1 I
411 pI+Il | Oz20® T Oppn
R R 43
= 0 . (43)
vz e ol —+oll
xzl xx]

Note that the ratio of the thicknesses of the two layers plays a significant role in this equa-
tion. To determine the contribution of the total Hall resistivity of CrSb in the multilayer
system, equation (43) must be solved for a'l. This result is then converted into resistivity
by multiplying by the thickness of the CrSb layer. Remarkably, to apply equation (40)
and equation (43), all measured resistances must correspond to the same applied magnetic
field. Due to slight inaccuracies in the field measurements in the PPMS, the data were
interpolated within the measured field range of £13 T. It is also important to note that this
model is highly simplified and does not account for interface phenomena or other complex
effects. All subsequent measurements were conducted using the same samples: CS240805A,
described in Section 2.2, and the PtSb 15 nm sample PS240731A.

Figure 4.11 shows the temperature dependence of the longitudinal resistance and resistivity
of the PtSb/CrSb film, the buffer layer PtSb and the CrSb layer extracted with equation
(40). The slopes of all three curves indicate a metallic behavior. Between approximately 20
K and 300 K, a clear linear increase in resistance and resistivity is observed for both layers.
Additionally, the residual resistivity ratios of all systems exhibit similar values. Reducing
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Figure 4.11: Top: Longitudinal resistance R,, vs. temperature. Bottom: Longitudinal
resistivity p,, vs. temperature.
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the thickness of a thin film, surface scattering can emerge as the primary scattering mech-
anism [47]. Therefore, it is expected that the resistance of the multilayer film is the lowest,
as it is the thickest. As the thickness increases, the material becomes more bulk-like, and
surface interactions become less significant [47]. Additionally, the decreasing size of grain
boundaries in polycrystalline films may contribute to higher resistance at smaller thicknesses
[47]. Since the films in this study are epitaxially grown, as detailed in Section 2.2, this con-
tribution can be disregarded. The significantly higher resistivity of CrSb compared to PtSh
can likely be attributed to the intrinsic differences between the two compounds. Addition-
ally, a smaller contribution to this difference may arise from oxidation-related resistance,
as the measured films are uncapped. Another minor factor could be the varying density of
point defects in these layers, resulting in different scattering mechanisms for charge carriers.
Considering the resistivity, the arrangement of the three curves changes. While the CrSb
layer still exhibits the highest resistivity, the multilayer sample now has a higher resistivity
than the PtSb sample. This reordering between PtSb and the PtSb/CrSb bilayer is not
unexpected when taking into account the ratios of their resistances and thicknesses. The re-
sistance of the PtSb sample is greater than that of the multilayer sample, while its thickness
is smaller. Consequently, the resistivity of the PtSb sample is lower. In Figure 4.12, the mag-
netic field dependence of the longitudinal resistance is presented for all three systems at 5 K.
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Figure 4.12: Left: Longitudinal resistivity p., vs. external field. Right: Ordinary magne-
toresistance. The measurements were performed at 5 K.

Examining the raw longitudinal resistance data on the left side reveals values consistent
with the temperature sweep measurements at zero field. Furthermore, p,, appears to remain
unchanged under the applied magnetic field for both individual layers and the multilayer
sample. Upon transforming the data using equation (23) to calculate the ordinary magne-
toresistance, a nonconstant slope becomes evident in all three curves. For the PtSb/CrSb
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multilayer sample, the signal exhibits a quadratic dependence on the magnetic field, reach-
ing a maximum magnetoresistance of 0.27 % at £13 T. In the case of PtSh, while the slope
is also quadratic at higher fields, there is an almost linear dip toward zero within the range
\poH| < 1 T. This behavior is likely attributable to the phenomenon of weak localization,
a quantum mechanical effect characterized by the formation of stationary electron wave-
functions in disordered systems [48]. Interestingly, this weak localization effect vanishes
when a CrSb layer is introduced atop the PtSb layer. It is noteworthy that the observed
resistivity of CrSb in Figure 4.12 is not directly measured but rather inferred from the two
measured samples. Consequently, the inverse dip in CrSb, and thus the observed negative
magnetoresistance, is not physical. Given that the bilayer sample exhibits a quadratic field
dependence, it is reasonable to infer that CrSb alone follows a similar trend. Hence, the
apparent dip can be disregarded, and the curve can be shifted to reflect zero magnetore-
sistance at zero field. The previously observed deviation from the quadratic slope at low
magnetic fields was also evident in the measurements conducted at 10 K. Consequently, the
curves for 5 K and 10 K in Figure 4.13 were adjusted to align at zero field, facilitating the
extraction of magnetoresistance at maximum field. It is notable that the effect observed in
PtSb is less pronounced at 10 K compared to 5 K.
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Figure 4.13: Ordinary magnetoresistance at various temperatures.

As anticipated, the OMR diminishes with increasing temperature, which can be attributed
to the dominance of thermal phonon scattering. Figure 4.14 shows the transverse resistance
of all three systems at 5 K. In this configuration, the resistance corresponds to the sheet
resistance, representing the resistance per unit square. It is immediately apparent that
the transport behavior of the CrSb layer differs from that of the PtSb layer, resulting in
a combined effect in the multilayer sample. As mentioned in the explanation of equation
(43), the short-circuiting of accumulated charge carriers plays a role. Measurements of a
reference sample indicate that the positive slope of the PtSb Hall resistance corresponds

40



4.3 Magnetotransport in Thin Films

to electron-dominated transport. In contrast, the extracted CrSb layer exhibits a negative
slope in its resistance—similar to bulk CrSb—indicating hole-dominated transport in this
layer. This means that in the bilayer, charge carriers of different types in the two layers
are deflected to opposite edges of the sample. An intuitive explanation for the intermediate
slope of the bilayer is that the accumulated carriers in one layer are partially neutralized by
those in the other, leading to a cancellation effect.
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Figure 4.14: Transversal sheet resistance R, vs. external field at 5 K.

The strictly linear behavior indicates a single-band, single-carrier transport mechanism. The
results from fitting the data using the one-, two-, and three-band models are presented in
the following table.

Carrier Densities n; (cm™?)
Ne N Mh2
1 carrier - 9.29 x 10% -

2 carrier 5.86 x 10%° 7.88 x 10%° -
3 carrier 5.82 x 102 4.16 x 10%° 3.75 x 10%°

Carrier Mobilities p; (cm?/Vs)

He 273 Hh2
1 carrier — 6.96 —
2 carrier 471 47.13 —
3 carrier 47.26 47.01 47.01

Table 2: Carrier densities n; and mobilities u; of the CrSh layer deduced from one-, two-
and three-carrier fitting. The upper section presents carrier densities, and the lower
section shows mobilities.
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4.3 Magnetotransport in Thin Films

The values obtained from the hole-like single-carrier model of the CrSb layer suggest a band
with a high carrier density but low mobility. Performing the fit under the assumption that
electrons are the charge carriers fails entirely, reinforcing the conclusion that holes dominate
the transport in the film. The parameters derived from the two-carrier model suggest a
trend towards two bands with lower carrier densities but slightly higher mobilities. At first
glance, the results from the three-carrier fit might appear plausible, but the parameters
exhibit standard deviations of up to approximately +10% %. Furthermore, the results are
highly sensitive to the initial fitting parameters, indicating poor fit stability. This leads to
the conclusion that the one-carrier model appropriately describes the transport behavior in
the film. After accounting for the layer thicknesses by multiplying the resistance with the
respective thicknesses, the resistivity of the multilayer and the PtSb sample becomes nearly
identical. In contrast, the slope of the CrSb resistivity becomes less steep compared to that
of the multilayer sample. In Figure 4.15, the Hall resistivity of CrSb at various temperatures
is shown. All curves exhibit a linear slope. At 200 K, a small kink appears around 10 T,
which can be attributed to the lower data density in this measurement; the interpolation of
the data likely created this artifact. A slight trend in the slopes is visible: while the gradient
is largest at the lower temperatures, it decreases with increasing temperature. Notably, 200
K exhibits a lower gradient than 300 K.
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Figure 4.15: Magnetic field dependence of the Hall resistivity at various temperatures.

42



4.4 High-Field Experiments

4.4 High-Field Experiments

Although the ab initio calculations predict the spin-flop field to exceed the highest magnetic
field ever generated, making its occurrence in the PPMS unlikely, pursuing its observation
is still worthwhile. This is because theoretical predictions can sometimes fail, and such
experiments allow us to approach the predicted threshold while also examining whether
the resistivity behavior observed in low fields extends into higher fields. Consequently,
measurements were performed in pulsed field experiments at the high-field laboratory of
Helmholtz Zentrum Dresden-Rossendorf (HZDR). In this facility, high magnetic fields are
generated for short durations through the rapid discharge of large capacitors, which drive
large currents through coils. The coil selected for this experiment was capable of reaching
a maximum field of £68.68 T. The duration of each pulse was on the order of 100 ms,
during which resistance was measured using alternating current (AC) over the entire pulse
time. This process includes an upsweep from zero field to the maximum field, followed by
a downsweep. A second pulse with the opposite field direction was then applied. Such
experiments are highly susceptible to noise. The sample used was fabricated from a bulk
crystal, which was sourced from the same batch as the crystal used in Section 4.2. To
minimize noise and ensure a defined current direction, the sample was processed into a
microstructure via focused ion beam (FIB) cutting. The dimensions of this microstructure
are [ = 32 ym, w = 4 pm and t = 2 pm. For the following measurements the applied
current of 100 pA was generated in the [110] direction of CrSb. Figure 4.16 displays the
longitudinal resistivity measurements at 4.2 K and 300 K, with the magnetic field aligned
parallel to the c-axis of CrSb. A clear quadratic behavior of p,, is observed within the whole
field range, with lower resistivity at 4.2 K compared to 300 K, as expected. Additionally,
the longitudinal resistivity exhibits a more pronounced change with the applied field at 4.2
K than at 300 K.
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Figure 4.16: Longitudinal resistivity p,, obtained from a pulsed field measurement.
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4.4 High-Field Experiments

The data within the field range of +£13T align perfectly with the bulk data obtained from
the PPMS measurements. The oscillations observed in the 4.2 K data for |poH,| > 60T
are attributed to magnetic quantum oscillations, which will not be discussed further in this
work. In contrast, the noise present in the 300 K data around pyH, ~ +30T originates
from the measurement setup. This noise becomes even more significant when examining the
Hall resistivity, shown in Figure 4.17. While a characteristic slope change at 300 K, which
was almost visible in Figure 4.6, is now more apparent around £30 T, it remains challenging
to pinpoint the exact field at which this change occurs, due to data outliers.
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Figure 4.17: Hall resistivity p,, obtained from a pulsed field measurement.

Furthermore, the slope change expected at |ugH,| ~ 1.3 T is entirely obscured by noise, as
illustrated in the inset of Figure 4.17. This demonstrates that pulsed field measurements
are not well-suited for investigating low-resistivity signals. However, the 4.2 K measurement
reveals that no further slope changes occur in the high-field regime (|uoH,| > 13T). This
observation is consistent with the multicarrier fitting results at low temperatures, extended
to a field range of £70T for both the even-numbered carrier models and the single-band
model. However, in the case of the three- and five-band models, the slope of the fit transitions
to an overall positive slope at approximately |puoH,| ~ 20T. This further reinforces the
notion that the odd-number carrier models are inadequate for accurately describing the
transport behavior in bulk. For the transverse resistivity at 300 K, it appears to follow
the same trend observed at all other measured temperatures with the PPMS, showing an
overall negative slope at high fields. Additionally, the Hall resistivity of the measured
microstructure closely matches the bulk measurements previously obtained using the PPMS.
The main result, however, of the high field experiments is that there is still no indication on
the spin-flip or spin-flop phenomenon and no anomalous Hall effect up to |uoH,| = 68.68 T.
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5 Discussion and Conclusion

When comparing the longitudinal resistance of bulk and thin films, it is notable that the
longitudinal resistance in thin films differs from that in bulk material by approximately
a factor of 107, primarily due to the significant difference in their thicknesses. A more
appropriate quantity for comparison is the resistivity, as it is normalized to the sample’s
volume. Figure 5.1 presents the resistivity of CrSb in both bulk and thin-film forms.
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Figure 5.1: Comparison of p,,(7) in bulk (blue) and thin film (red).

It is evident that the resistivity of the thin film is significantly higher than that of the bulk
material, with the residual resistance differing by approximately a factor of ~ 16. This
discrepancy can be attributed to the fact that in bulk materials, charge carrier scattering
is primarily dominated by phonons and impurities, as previously discussed. However, in
thin films, additional scattering mechanisms, such as surface scattering [47], must also be
considered. The room-temperature resistivity of the thin film is p,,(300) = 1.64 x 107% Qm,
which, although differing from the value reported in the literature, p,,(300) = 3 x 107% Qm
[44], is still closer to this reference than the bulk value of p,,(300) = 6.06 x 10~" Qm. The
resistivity of the thin film exhibits a linear dependence over a broad temperature range, ex-
tending from approximately 20 K to 300 K, whereas the bulk material shows linear behavior
only over a narrower range. Moreover, the bulk material demonstrates a greater residual
resistance ratio compared to the thin film.

The previously described trend persists when examining the ordinary magnetoresistance
at the maximum field of +13 T as shown in Figure 5.2. The difference between bulk
and thin film remains on the order of magnitude of 100 across all temperatures, with the
OMR being significantly higher in the bulk material than in the thin film. This aligns
with the observed differences in mobilities, where the carrier mobility in the bulk is notably
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5 Discussion and Conclusion

higher than in the film. It is also insightful to explore the temperature dependence of
the OMR in both systems. In the bulk material, the OMR appears to exhibit an 1/T
dependence on temperature at certain points. At higher temperatures, the OMR approaches
zero, indicating that phonon scattering dominates, and the magnetic field has a minimal
effect. In contrast, the OMR in the thin film demonstrates a more linear decrease with
increasing temperature, although fewer temperature data points were measured for the thin
film compared to the bulk. Notably, in the temperature range from 50 K to 100 K, the
OMR drops significantly in the bulk material, whereas the thin film shows a nearly constant
reduction over the same range. This disparity highlights distinct transport mechanisms and
the stronger impact of temperature on the bulk material’s magnetoresistance.
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Figure 5.2: Comparison of OMR in bulk and thin film at maximum field £13 T at various
temperatures.

Figure 5.3 displays the Hall resistivity of the bulk sample along with its corresponding single-
band model fit, as well as the Hall resistivity of the thin film at 10 K. The most striking
difference between the bulk and thin film samples is the slope change observed in the bulk
Hall resistivity, likely indicating the involvement of at least one additional carrier type in
the transport process, as discussed in detail in Section 4.2. This characteristic slope change,
occurring at |pugH,| = 1.3 T, is absent in the thin film Hall resistivity. Despite this difference,
the overall dominant slope remains negative in both systems, indicating predominantly hole-
like transport. Interestingly, the carrier density derived from the single-band fit of the bulk
data aligns well with the single-carrier fit of the thin film, showing a density mismatch of
only ~ 13 %. However, the mismatch in mobilities between the respective single-band fits is
significantly larger, at ~ 680 %. The reason for the differing mismatches lies in the distinct
contributions of carrier density and mobility in the single-band transport model. In the Hall
resistivity, described by
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B
= —, 44
Py nne (44)
only the carrier density n; plays a role. In contrast, the longitudinal resistivity depends on
both the carrier density and mobility, expressed as

1

Nheln
As shown, the longitudinal resistivity differs significantly between the bulk and thin film,
reflecting the pronounced discrepancy in mobilities. This observation, along with the ab-
sence of any evidence for a spin-flip or spin-flop transition in SQUID measurements, which
aligns with ab initio calculations, supports the hypothesis of multiple carrier types in the
bulk material. Additionally, no transition is observed in the thin film within the measured
field range of |uoH.| = 13 T. In conclusion, while introducing multiple carriers provides a
better fit for the longitudinal and transverse resistivities in bulk, several indications suggest
that the transport behavior in bulk CrSb is primarily governed by one electron band and
one hole band, as confirmed by the MSA.
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Figure 5.3: Comparison of Hall resistivity of bulk and thin film at 10 K as well as the single
band fit of the bulk.

At this point, several reasons for the differing transport behavior between bulk crystals and
thin films shall be discussed. The first factor is the distinct growth processes of the ma-
terials. While thin films are grown over the course of a few hours, the CVT process used
for bulk crystals spans several days. This extended growth time allows the bulk material to
more closely approach thermodynamic equilibrium, typically resulting in higher purity with
fewer defects or vacancies. Although STEM images provide structural insights, it remains
uncertain whether the film maintains perfect epitaxy across the entire sample. Addition-
ally, point defects are challenging to detect in STEM imaging. Differences in purity and
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5.1 Summary and Outlook

composition inherently lead to variations in carrier scattering and, consequently, transport
behavior. The presence of impurities can further lead to localization effects, as electron
wavefunctions become hindered. These effects are more likely to occur in thin films due to
the reduced freedom of carrier movement. This brings us to the next major contributing
factor: dimensionality. In thin films, carrier movement is significantly restricted in the out-
of-plane direction, whereas in bulk crystals, three-dimensional carrier transport cannot be
excluded. In our analysis, the movement of carriers along the zZ-direction was entirely ne-
glected by employing the two-dimensional resistivity and conductivity tensor. Additionally,
the placement of electrical contacts introduces variability: in bulk samples, contact align-
ment does not guarantee a well-defined current direction, while lithographically patterned
Hall bars in thin films ensure precise current pathways. Geometrical factors also introduce
potential surface and interface effects with adjacent layers, in our case PtSb, in thin films
— effects that are naturally absent in bulk crystals.

5.1 Summary and Outlook

In summary, this work provides a comprehensive investigation of altermagnetic Chromium
Antimonide (CrSb) in both bulk and epitaxial thin-film forms. Magnetometry confirms the
vanishing net magnetization, while X-ray diffraction validates the hexagonal NiAs phase
and structural quality. Magnetotransport studies reveal significant differences between the
bulk and thin films, including a pronounced nonlinear Hall resistivity in bulk, attributed
to multi-carrier transport with high-mobility carriers, which is absent in thin films. Car-
rier analysis indicates dominant hole-like transport in both systems but highlights vastly
differing carrier densities and mobilities. High-field measurements did not reveal spin-flop,
spin-flip transitions, or evidence of the anomalous Hall effect. These findings underscore the
distinct transport dynamics and magnetic properties of CrSb in its bulk and thin-film forms.

Although none of the measurements presented in this work exhibit characteristics that can be
exclusively attributed to altermagnetism, as distinct from antiferromagnetism, it remains
important to recognize that CrSbh is classified as an altermagnet according to theoretical
symmetry considerations [8]. Additionally, experimental evidence of spin-splitting has been
confirmed [23, 24, 25], as discussed earlier. As previously noted, CrSb not only exhibits a
relatively high Néel temperature but also demonstrates substantial exchange and anisotropy
fields compared to other altermagnets like MnTe [45]. These factors complicate the detection
of spin-flop transitions and, consequently, the anomalous Hall effect. While the observed
nonlinear slope in the Hall resistivity of the bulk material might initially suggest an in-
terpretation as the AHE, it is instead attributed to multiband physics. This conclusion is
supported by the absence of evidence for magnetic reorientations in SQUID magnetometry
and aligns with the findings reported in Ref. [46].

As a closing remark, the study of altermagnetic CrSb presents many opportunities for further
exploration. For example, preliminary thermal Hall measurements show a similar field-
dependent S-shape behavior as observed in the bulk transport data, suggesting a potential
link between these observations and the magnetotransport results presented in this work.
Additionally, the quantum oscillations observed at high magnetic fields warrant further
examination. It would also be valuable to dope the material in such a way that it reduces
the magnetic anisotropy or induces a reorientation of the magnetic moments within the
crystal, allowing the magnetic easy axis to align in a direction other than the c-axis. This
could potentially enable the observation of the anomalous Hall effect.
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