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Imagination is more important than knowledge. For knowledge is limited, whereas
imagination embraces the entire world, stimulating progress, giving birth to evolution.

Albert Einstein
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Summary

This work presents a newly developed method for the epitaxial growth of the half-
Heusler antiferromagnet CuMnSb. All necessary process steps, from buffer growth
to the deposition of a protective layer, are presented in detail. Using structural,
electrical, and magnetic characterization, the material parameters of the epitaxial
CuMnSb layers are investigated.

The successful growth of CuMnSb by molecular beam epitaxy is demonstrated
on InAs (001), GaSb (001), and InP (001) substrates. While CuMnSb can be grown
pseudomorphically on InAs and GaSb, the significant lattice mismatch for growth
on InP leads to relaxation already at low film thicknesses. Due to the lower conduc-
tivity of GaSb compared to InAs, GaSb substrates are particularly suitable for the
fabrication of CuMnSb layers for lateral electrical transport experiments. However,
by growing a high-resistive ZnTe interlayer below the CuMnSb layer, lateral trans-
port experiments on CuMnSb layers grown on InAs can also be realized. Protective
layers of Ru and Al2O3 have proven to be suitable for protecting the CuMnSb layers
from the environment.

Structural characterization by high resolution X-ray diffraction (full width at
half maximum of 7.7 ″ of the rocking curve) and atomic force microscopy (root
mean square surface roughness of 0.14 nm) reveals an outstanding crystal quality
of the epitaxial CuMnSb layers. The half-Heusler crystal structure is confirmed by
scanning transmission electron microscopy and the stoichiometric material com-
position by Rutherford backscattering spectrometry. In line with the high crystal
quality, a newminimum value of the residual resistance of CuMnSb (𝜌0 = 35µΩ⋅ cm)
could be measured utilizing basic electrical transport experiments.

An elaborate study of epitaxial CuMnSb grown on GaSb reveals a dependence
of the vertical lattice parameter on the Mn/Sb flux ratio. This characteristic enables
the growth of tensile, unstrained, and compressive strained CuMnSb layers on
a single substrate material. Additionally, it is shown that the Néel temperature
has a maximum of 62 K at stoichiometric material composition and thus can be
utilized as a selection tool for stoichiometric CuMnSb samples. Mn-related defects
are believed to be the driving force for these observations.

The magnetic characterization of the epitaxial CuMnSb films is performed by
superconducting quantum interference device magnetometry. Magnetic behavior
comparable to the bulk material is found, however, an additional complex magnetic
phase appears in thin CuMnSb films and/or at low magnetic fields, which has not
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been previously reported for CuMnSb. This magnetic phase is believed to be local-
ized at the CuMnSb surface and exhibits both superparamagnetic and spin-glass-like
behavior. The exchange bias effect of CuMnSb is investigated in combination with
different in- and out-of-plane ferromagnets. It is shown that the exchange bias
effect can only be observed in combination with in-plane ferromagnets.

Finally, the first attempts at the growth of fully epitaxial CuMnSb/NiMnSb
heterostructures are presented. Both magnetic and structural studies by secondary-
ion mass spectrometry indicate the interdiffusion of Cu and Ni atoms between the
two half-Heusler layers, however, an exchange bias effect can be observed for the
CuMnSb/NiMnSb heterostructures. Whether this exchange bias effect originates
from exchange interaction between the CuMnSb and NiMnSb layers, or from
ferromagnetic inclusions in the antiferromagnetic layer can not be conclusively
identified.
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Zusammenfassung

In dieser Arbeit wird eine neu entwickelte Methode für das epitaktische Wachs-
tum des antiferromagnetischen halb-Heuslers CuMnSb vorgestellt. Alle notwen-
digen Prozessschritte, vom Pufferschichtwachstum bis hin zum Aufbringen einer
Schutzschicht, werden detailliert dargestellt. Mittels struktureller, elektrischer und
magnetischer Charakterisierung werden die Materialparameter der epitaktischen
CuMnSb-Schichten untersucht.

Das erfolgreiche Wachstum von CuMnSb durch Molekularstrahlepitaxie wird
auf InAs (001), GaSb (001) und InP (001) Substraten demonstriert. Während CuMnSb
auf InAs und GaSb pseudomorph gewachsen werden kann, führt die signifikante
Gitterfehlanpassung beimWachstum auf InP bereits bei geringen Schichtdicken zur
Relaxation. Aufgrund der geringeren Leitfähigkeit von GaSb im Vergleich zu InAs
sind GaSb-Substrate besonders geeignet für die Herstellung von CuMnSb-Schichten
für laterale elektrische Transportexperimente. Durch Einbringen einer hochohmi-
gen ZnTe-Zwischenschicht unterhalb der CuMnSb-Schicht können jedoch auch
laterale Transportexperimente an CuMnSb-Schichten, die auf InAs gewachsen
werden, durchgeführt werden. Schutzschichten aus Ru und Al2O3 haben sich als
geeignet erwiesen, die CuMnSb-Schichten vor der Umgebung zu schützen.

Die strukturelle Charakterisierung mittels hochauflösender Röntgendiff-
raktometrie (Halbwertsbreite der Rocking-Kurve von 7.7 ″) und Rasterkraftmi-
kroskopie (quadratisches Mittel der Oberflächenrauhigkeit von 0.14 nm) zeigt
eine hervorragende Kristallqualität der epitaktischen CuMnSb-Schichten. Die
halb-Heusler Kristallstruktur wird durch Rastertransmissionselektronenmikro-
skopie und die stöchiometrische Materialzusammensetzung durch Rutherford-
Rückstreuungsspektrometrie bestätigt. In Übereinstimmung mit der hohen
Kristallqualität konnte ein neuer Minimalwert des Restwiderstands von CuMnSb
(𝜌0 = 35µΩ⋅ cm) mit Hilfe von einfachen elektrischen Transportexperimenten
gemessen werden.

Eine ausführliche Untersuchung von epitaktischem CuMnSb, das auf GaSb
gewachsen wurde, zeigt eine Abhängigkeit der vertikalen Gitterkonstante vom
Mn/Sb-Flussverhältnis. Diese Eigenschaft ermöglicht das Wachstum von zugver-
spannten, unverspannten und druckverspannten CuMnSb Schichten auf einem
einzigen Substratmaterial. Darüber hinaus wird gezeigt, dass die Néel-Temperatur
bei stöchiometrischer Materialzusammensetzung ein Maximum von 62K aufweist
und somit als Auswahlinstrument für stöchiometrische CuMnSb Proben dienen
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kann. Es wird angenommen, dass Mn-bezogene Defekte ursächlich für diese Beob-
achtungen sind.

Die magnetische Charakterisierung der epitaktischen CuMnSb-Filme erfolgt
mittels Magnetometrie. Das magnetische Verhalten ist mit dem des Volumenmateri-
als vergleichbar. Allerdings tritt in dünnen CuMnSb Filmen und/oder bei niedrigen
Magnetfeldern eine zusätzliche komplexe magnetische Phase auf, die bisher noch
nicht für CuMnSb beobachtet wurde. Es wird angenommen, dass diese magnetische
Phase an der CuMnSb-Oberfläche lokalisiert ist und sowohl superparamagneti-
sches als auch Spin-Glas-artiges Verhalten zeigt. Der Exchange Bias Effekt von
CuMnSb wird in Kombination mit verschiedenen Ferromagneten mit vertikaler
und horizontaler remanenter Magnetisierung untersucht. Es wird gezeigt, dass
der Exchange Bias Effekt nur in Kombination mit Ferromagneten mit horizontaler
remanenter Magnetisierung beobachtet werden kann.

Schließlich werden die ersten Versuche zum Wachstum von vollständig epitak-
tischen CuMnSb/NiMnSb-Heterostrukturen vorgestellt. Sowohl magnetische als
auch strukturelle Untersuchungen mittels Sekundärionen-Massenspektrometrie
weisen auf die Interdiffusion von Cu- und Ni-Atomen zwischen den beiden halb-
Heusler Schichten hin. Der Exchange Bias Effekt kann an den CuMnSb/NiMnSb
Heterostrukturen beobachtet werden. Ob dieser Exchange Bias Effekt auf Aus-
tauschwechselwirkungen zwischen den CuMnSb- und NiMnSb-Schichten oder auf
ferromagnetische Einschlüsse in der antiferromagnetischen Schicht zurückzufüh-
ren ist, lässt sich nicht eindeutig feststellen.
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1
Introduction

Around 1930, Louis Eugène Félix Néel gathered evidence that, besides the already
known ferromagnetism, there is another ordered magnetic state known today as
antiferromagnetism. At that time, he probably had no idea of the impact this
magnetic state would have on science today, specifically in the field of spintronics.
While antiferromagnetism was considered interesting but of no use in technology,
ferromagnetism became a secret star of the digital age with the discovery of the
giant magnetoresistance (GMR) effect by Albert Fert and Peter Grünberg in 1988
[1, 2]. The ability to read and manipulate the orientation of ferromagnets (which
can represent the digital states 0 and 1) using spin-polarized currents spurred the
research field of spintronics in the following years.

For antiferromagnetism, it was to take almost another 30 years before it could
finally take spintronics to new heights by eliminating some of the main drawbacks
of using ferromagnetic materials for data storage [3]. Two major advantages over
ferromagnetic materials are the order of magnitude increase in intrinsic dynamic
frequencies, which shortens switching times, and the absence of external stray
fields, which increases the possible storage density. The possibility to manipulate
an antiferromagnetic state by spin orbit torque (SOT) which is induced by electrical
pulses and to read out the state via resistancemeasurements in planar Hall geometry
was first demonstrated experimentally on CuMnAs by Wadley et al. in 2016 [4].

After a wave of euphoria when electrical switching was also demonstrated
on other antiferromagnetic materials [5–8], the first doubts arose as to whether
the measured signals were purely antiferromagnetic in nature. Thus, Chiang et al.
showed that similar signals could also be generated without an antiferromagnetic
layer when using the same device geometry and measurement procedure [9]. They
attributed this to anisotropic thermal gradients and voltages due to the large current
densities of the current pulses needed for switching. Furthermore, they consider
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an unequivocal detection of the Néel vector before and after switching as essential
for clear evidence of SOT switching of antiferromagnets.

That electrical switching observed in antiferromagnets can also be caused by
effects other than SOT was demonstrated by recent studies on CuMnAs. It was
possible to achieve an increase in resistance of several tens of percent by applying
strong electrical pulses, which is comparable to the values achieved by the GMR
effect [10, 11]. The so-called quench-switching was explained by the fragmentation
of the antiferromagnetic state into many small domains, which in turn is probably
due to growth defects [12]. However, an important difference to SOT switching is
that the generated high-resistive state is not stable over time, but relaxes back to the
initial state more or less quickly depending on the temperature. Quench-switching
is therefore less suitable for data storage than for applications relating to neuronal
computation.

Independently of the actual effect, switching experiments above and below the
Néel temperature can be performed to check whether the switching is antiferro-
magnetic in nature. If the switching is observed only in the antiferromagnetic state
and not in the paramagnetic state, it would be a strong indication of the switching
of the antiferromagnet. The Néel temperatures of the materials previously used for
switching experiments are so high (500 K, 525 K, and >1000 K for CuMnAs [13], NiO
[14], and Mn2Au [15], respectively) that they cannot be reached without destroying
the material. Therefore, other antiferromagnetic materials with an accessible Néel
temperature that meet the requirements for switching of the antiferromagnetic
state are of particular interest.

The antiferromagnetic half-Heusler CuMnSb undergoes the magnetic transi-
tion at a temperature of about 60 K, which is accessible by standard laboratory
equipment. In the antiferromagnetic state, its magnetic sites have the symmetry
group 42𝑚, theoretically allowing Néel vector switching by antidamping SOT [16].
In addition, it has been predicted that a substantial nonlinear anomalous Hall effect
could allow Néel vector detection by Hall measurements in CuMnSb [17]. These
properties make CuMnSb a particularly suitable model platform for studying effects
below and above the Néel temperature. Furthermore, CuMnSb is structurally very
similar to the ferromagnetic half-Heusler NiMnSb. Therefore, the long-term experi-
ence with the epitaxial growth of NiMnSb [18–20] is helpful for the development
of CuMnSb epitaxy, since the replacement of Ni by Cu is not expected to cause too
much variation in the growth process.

To date, CuMnSb has only been investigated as a bulk material, fabricated by
various melting techniques [21–27]. However, especially for electrical transport
experiments like Néel vector switching, high-quality thin films with well-defined
interfaces to other materials are needed. For such requirements, material growth
by means of molecular beam epitaxy (MBE) is ideally suited. It enables the growth
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of high-quality crystals and brings certain flexibility due to modifiable material
composition. Additionally, it offers the possibility to grow heterostructures of
CuMnSb and its ferromagnetic counterpart NiMnSb.

This work presents a newly developed growth process of CuMnSb layers by
MBE including all the required process steps. Since a comprehensive understanding
of the material is essential for the realization of functional transport devices, the
basic material properties are presented through a detailed characterization of
the grown layers, with a separate chapter elaborating more profoundly on the
magnetism of epitaxial CuMnSb. In addition, the first attempts at the growth
of CuMnSb/NiMnSb heterostructures are presented. As a basis, the half-Heusler
CuMnSb and the methods used in this work are introduced at the beginning.
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2
The half-Heusler CuMnSb

CuMnSb belongs to the remarkable material class of Heusler compounds. The
naming of these alloys, which according to today’s definition, mainly share the
crystal structure and the composition of two transition metals (X and Y) and one 𝑝-
electron element of the main group (Z), traces back to the German mining engineer
and chemist Friedrich Heusler. During his studies in 1903, he discovered that
the alloy Cu2MnAl is ferromagnetic, although none of the alloying elements is
ferromagnetic itself [28, 29]. Cu2MnAl crystallizes in an L21 crystal structure which
is formed by four face-centered cubic (fcc) sublattices translated by 1/4 along the
long diagonal of the unit cell, which is explained in more detail below by means of
the corresponding Wyckoff positions. In the case of the full-Heusler Cu2MnAl, the
two Cu atoms occupy Wyckoff positions 4c and 4d. This is in contrast to a half-
Heusler, where the 4d position is unoccupied. It turned out that there exist many
other alloys with the chemical formula X2YZ that form an L21 crystal structure in
the crystalline state and have different properties than would be expected from the
combination of alloy constituents. This group of alloys was henceforth referred
to as Heusler alloys. A distinction is made between full-Heusler alloys with the
chemical formula X2YZ and half-Heusler alloys with the chemical formula XYZ.
The latter differ from the full-Heuslers in that one of the four fcc sublattices is
unoccupied, resulting in a C1b crystal structure. Today, the group of known Heusler
alloys has more than 1500 members that exhibit a broad spectrum of properties,
which are of interest not only for scientific research but also for future spintronic
device applications [30].

One of the members of the half-Heusler family is CuMnSb. It was first syn-
thesized by Castelliz in 1952 while experimenting with CuMnSb-NiMnSb mixed
crystals [31]. A demonstration of the C1b half-Heusler crystal structure followed
in the same year by Nowotny and Glatzl [32]. Figure 2.1 a shows the resulting unit



2

6 2 The half-Heusler CuMnSb

[10
0]

[010]

[001]

Sb

Mn

Cu

a

Sb

Mn

Vac

Cu

Sb

[11
1]

b

Figure 2.1: C1b half-Heusler crystal structure of CuMnSb. a Crystal structure of
CuMnSb. The Wyckoff positions 4a (0, 0, 0), 4b (1/2, 1/2, 1/2), and 4c (1/4, 1/4, 1/4) are
occupied by the atomic species Sb, Mn, and Cu, respectively, 4d (3/4, 3/4, 3/4) is vacant.
b Long diagonal of the CuMnSb crystal along the [111] direction showing the lack of
inversion symmetry.

cell of CuMnSb. The Wyckoff positions 4a (0, 0, 0), 4b (1/2, 1/2, 1/2), and 4c (1/4, 1/4,
1/4) are occupied by the atomic species Sb, Mn, and Cu, respectively. Sb and Cu
form a zincblende sublattice in which Sb occupies the octahedral sites. TheWyckoff
position 4d (3/4, 3/4, 3/4) is vacant, leading to a non-centrosymmetric lattice with
space group 𝐹43𝑚 (no. 216). This breaking of inversion symmetry is best seen by
looking at the atoms located on the long diagonal of the crystal along the [111]
direction, as shown in Figure 2.1 b. While the Mn atom would be surrounded by
two Cu atoms in the corresponding full-Heusler, in the half-Heusler, it has a Cu
atom on one side and a vacancy as a neighbor on the other side. It is this lack of
inversion symmetry that might lead to spin-orbit interactions [26] and thus to the
ability to realize SOT switching of CuMnSb [16].

Endo et al. reported on the first magnetic properties of CuMnSb. Using temper-
ature dependent susceptibility measurements, they found CuMnSb to be antiferro-
magnetic and determined the Néel temperature (𝑇N) to be 55 K, the Curie-Weiss
temperature (ΘCW) to be −180 K and the the effective moment (𝜇eff) to be 5.6 𝜇B/f.u.
[21]. Both the rather low 𝑇N, and the ratio of −ΘCW/𝑇N ≈ 3, are considered in-
dicative of strong geometric frustration of the moments in the CuMnSb crystal
[33, 34]. Using neutron experiments, Forster et al. were able to demonstrate that
the antiferromagnetism of CuMnSb is of type-II and that the magnetic moments are
localized at the Mn atoms [22]. In type-II antiferromagnets such as the transition
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Figure 2.2: Magnetic structure of CuMnSb. aCrystal structure of CuMnSb with magnetic
moments located at the Mn atoms. The magnetic moments are aligned ferromagnetically
within the {111} planes and antiferromagnetically between the {111} planes. b CuMnSb
crystal with line of sight in the [110]. In this representation, the overlaying Mn moments
share the same orientation.

metal oxides [35], the moments are aligned ferromagnetically within {111} planes
and antiferromagnetically between {111} planes. Thereby, the magnetic moments
are pointing in ⟨111⟩ directions. This magnetic structure, henceforth referred to as
the AFM111 structure, is shown for the CuMnSb crystal in Figure 2.2 a. To illustrate
the type-II antiferromagnetism more clearly, a two-dimensional representation of
the CuMnSb crystal with magnetic moments is shown in Figure 2.2 b. With the
line of sight in the [110] direction, the magnetic moments located at the Mn sites in
series have the same orientation. In the AFM111 state, there are four energetically
identical magnetic domains with different orientations of the moments. The four
possible orientations of the magnetic moments are:

• moments oriented along the [111] and [111] directions

• moments oriented along the [111] and [111] directions

• moments oriented along the [111] and [111] directions

• moments oriented along the [111] and [111] directions

Up to date, no studies have been published on the size of the magnetic domains
and thus on the magnetic domain structure of CuMnSb in general.

Recent ab initio calculations by Máca et al. suggest, however, that the AFM111
state is not the ideal ground state of CuMnSb [36]. In fact, the AFM111 state is
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stabilized by point defects like MnCu (Mn antisites on the Cu lattice) and Mnvac
with concentrations of only a few percent. For an ideal CuMnSb crystal, they
expect an antiferromagnetic state with moments aligned ferromagnetically within
the {001} planes and antiferromagnetically in between the {001} planes. In this
state, the moments are pointing in ⟨100⟩ directions. Other types of point defects
may lead to even more complex ground states. It may be precisely this sensitivity
to small changes in composition and to crystal defects that is responsible for the
wide range of magnetic material parameters reported for bulk CuMnSb crystals.
Various research groups have reported values ranging between 50 and 62K, −250
and −120K, and 3.9 and 6.3 𝜇B/f.u. for 𝑇N, ΘCW and 𝜇eff, respectively [21–27].
In addition, a canted antiferromagnetic phase at low temperatures was recently
discovered by Regnat et al. in CuMnSb grown by optical float zoning [26].

While the basic properties of CuMnSb are already intensively studied, the many
aspects of this feature-rich material are still far from being fully understood. For
instance, the antiferromagnetism of CuMnSb is described as unconventional as it
shows signs of both local-moment and itinerant magnetism [37]. Furthermore, it is
still debated whether CuMnSb is an antiferromagnetic half-metal [38]. More recent
calculations by Shao et al. even suggest that multiple Weyl points may be present
in the CuMnSb band structure, leading to a significant nonlinear anomalous Hall
effect [17]. The resulting large Berry curvature is expected to depend strongly on
the antiferromagnetic order, allowing Néel vector detection by Hall measurements.
Experimental proof of these theories has not yet been provided.
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3
Experimental methods

This chapter elaborates on the experimental methods used extensively throughout this
work, especially when they are applied in a form that deviates from the standard
described in the literature. Other methods utilized will be discussed at the appropriate
place, if necessary. Explicitly, no introduction to the methods is given, but details of
the methods specific to this work are explained. Furthermore, the equipment used is
specified to increase the reproducibility of the results presented in this thesis. For a
general introduction to the methods used, reference is made to standard literature at
appropriate points.

3.1 Reflection High-energy Electron Diffraction
Reflection high-energy electron diffraction (RHEED) is used for in-situ observation
of the layer surface during MBE growth. Comprehensive descriptions of RHEED
can be found in [39, 40].

During the epitaxial growth of half-Heusler layers, the development of the
RHEED reconstructions contains essential information about material composition
and correctness of the growth parameters [20]. Therefore, for all samples dedicated
to growth development, images of the RHEED reconstructions are taken during
CuMnSb and NiMnSb growth at a defined interval (2 to 10min, depending on the
growth time) along the high symmetry crystal directions [100], [010], [110] and
[110] using a grayscale charge-coupled device (CCD) camera. The camera used is a
DMK 23U274 from The Imaging Source with a Sony ICX274AL sensor. This sensor
has a dynamic range of 12 bit. A stepper motor ensures the precise positioning of
the wafer for the image acquisition along a specific crystal direction. To increase
the lateral homogeneity of the material composition of the epitaxial layer during
growth, the stepper motor continuously rotates the wafer at nine revolutions per
minute between the acquisition of each RHEED image series. Both the stepper



3

10 3 Experimental methods

motor and the CCD camera are controlled by the MBE control software MBEpy,
which was developed during this work. An introduction to MBEpy can be found in
Appendix A.

For the evaluation of the surface reconstructions observed by RHEED, the gray
values recorded by the CCD camera are interpreted as intensities. In this work,
these intensities are presented in a perceptually uniform sequential color map1 for
better visibility.

3.2 Atomic Force Microscopy
Surface imaging of the fabricated samples is performed by atomic force microscopy
(AFM), using a DME DS-95 Igloo in AC-mode. More details on the used technique
in this work can be found in [41], and more general introductions in [42, 43].

3.3 High Resolution X-ray Diffraction
High resolution X-ray diffraction (HRXRD) measurements are used for structural
characterization of the fabricated layer stacks. They are carried out using a Pana-
lytical X’Pert3 MRD machine with a triple-axis detector operated with Cu 𝐾𝛼1
radiation and a symmetric Ge(220) monochromator. For a basic introduction to
HRXRD, the reader is referred to the standard literature [44–47].

The mosaicity of a layer - a measure of the crystal quality of the layer - is
determined by rocking curves (𝜔-scans) around the layer peak. In this work, the
full width at half maximum (FWHM) of the rocking curve is used as the measure
for the mosaicity and thus the crystal quality of a layer. The FWHM is obtained
by fitting the measured rocking curve by a Voigt profile. Reciprocal space maps
(RSMs) are used to analyze the pseudomorphic character of the grown layers. For
the RSM studies in this work, the asymmetric (224) diffraction peak is used, as the
intensity is sufficiently large for the CuMnSb layers as well as for the used III-V
materials. Details of the technique used to measure RSMs can be found in [41].
𝜔 −2𝜃-diffractograms are used to determine the vertical lattice parameter and the
crystalline layer thickness of the individual layers. Together with the known lattice
parameter of the substrate, the strain of the epitaxial layers can be calculated.

The aforementioned parameters are obtained from the 𝜔 −2𝜃-diffractograms
by full dynamical simulations and fits based on the layer stack using the software
xrayutilities [53]. The source code of all simulations and fits shown in this thesis
can be found as described in section 3.7. The materials to be simulated are defined
by their crystal structure and by the atomic species they consist of. In addition,
the materials’ elastic constants 𝐶𝑖𝑗𝑘𝑙 are required to calculate the change in the

1The perceived contrast of a perceptually uniform sequential color map is chosen to reflect the actual
value change
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Material 𝐶11 (GPa) 𝐶12 (GPa) 𝐶44 (GPa) reference
InAs 83.4 45.4 39.5 [48]
InP 101.1 56.1 45.6 [49]
GaSb 88.3 40.2 43.2 [50]
GaAs 119.0 53.4 59.6 [49]
ZnTe 82.0 42.0 55.0 [51]
NiMnSb 170.9 82.7 54.7 [52]
CuMnSb 105.6 63.9 39.2 [52]

Table 3.1: Elastic constants of the materials used for HRXRD simulations with
xrayutilities. The elastic constants of GaAs are needed for the simulation of (In,Ga)As.
All given values represent the elastic constants of the bulk material.

vertical lattice parameter for materials grown pseudomorphically on the substrate.
For materials with cubic symmetry, which is valid for all materials used in this
work, 𝐶𝑖𝑗𝑘𝑙 can be simplified to:

𝐶𝑖𝑗𝑘𝑙 =

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎣

𝐶11 𝐶12 𝐶12 0 0 0
𝐶12 𝐶11 𝐶12 0 0 0
𝐶12 𝐶12 𝐶11 0 0 0
0 0 0 𝐶44 0 0
0 0 0 0 𝐶44 0
0 0 0 0 0 𝐶44

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎦

. (3.1)

Table 3.1 lists the elastic constants used for the HRXRD simulations in this work.
The strain of a layer resulting from pseudomorphic growth on a non lattice-matched
substrate is expressed by the strain tensor 𝜀. Following [54], 𝜀 is:

𝜀 = (
𝜀∥ 0 0
0 𝜀∥ 0
0 0 −𝜀∥/𝜎 (001)

) (3.2)

for (001)-oriented pseudomorphic layer stacks, which applies to all layer stacks
fabricated in this work. Here, 𝜀∥ is the in-plane strain and 𝜎 (001) is the Poisson’s
ratio for the epitaxial film on a (001) substrate. 𝜀∥ is calculated by:

𝜀∥ =
𝑎substrate −𝑎layer

𝑎layer
, (3.3)

with 𝑎substrate(layer) being the intrinsic lattice parameter of the substrate (layer).
𝜎 (001) is defined by:

𝜎 (001) =
𝐶11
2𝐶12

. (3.4)
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The strained horizontal lattice parameter 𝑎strainedlayer and vertical lattice parameter
𝑐strainedlayer can then be calculated by:

𝑎strainedlayer = 𝑎layer(1+ 𝜀∥) (3.5)

and

𝑐strainedlayer = 𝑎layer(1−
𝜀∥

𝜎 (001)
) = 𝑎layer(1−

2𝐶12𝜀∥
𝐶11

). (3.6)

3.4 SQUID Magnetometry
Magnetic characterization of the fabricated samples is realized by superconducting
quantum interference device (SQUID) magnetometry using a Quantum Design
MPMS-XL machine. Time, temperature, and magnetic field dependent measure-
ments of the magnetization of the sample can be performed with this system. Basic
information on this technique can be found in [55, 56]. Due to the low external mag-
netic moment of a few nanometer thin antiferromagnetic layers, some precautions
and adjustments have to be made for the magnetic characterization of epitaxial
CuMnSb grown on 500 µm thick diamagnetic substrates, as the diamagnetic signal
can easily dominate the measured signal. The optimized procedure presented below
is the result of an extensive collaboration with Prof. Dr. hab. Maciej Sawicki and
Dr. Katarzyna Gas from the Institute of Physics of the Polish Academy of
Sciences.

The samples must be prepared for the SQUID magnetometry measurements.
Therefore, the indium glue used to attach the substrate during MBE growth is
removed from the backside, as its magnetic response matches well the range of
the signals expected from thin antiferromagnetic layers [57]. About 200 µm are
removed from the back of the sample by mechanical polishing on Al2O3 powder.
The top surface of the sample is thereby glued to a stamp made of brass. To
protect the surface of the sample, it is covered with a poly(methyl methacrylate)
(PMMA) film before being glued on. After polishing, all residues are removed in
a bath of acetone at 50 °C, followed by rinsing with isopropanol. This cleaning
process ensures that no contaminants remain on the sample, which could create an
additional magnetic moment. The samples are then glued to the sample holders
using GE Low Temperature Varnish.

After sample preparation, the magnetic measurements are performed following
the protocol for measuring minute signals [58]. Compared to the diamagnetic
signal of the substrates, the antiferromagnetic signal of CuMnSb is tiny. The signals
of buffer and cap are of a comparable order of magnitude. To be able to make
quantitative statements about the magnetism of the CuMnSb layer, the magnetic
measurements must therefore be compensated for the signals from substrate, buffer,
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Figure 3.1: Simplified principle of the in-situ compensation. a Schematic of the second
derivative axial gradiometer coupled inductively to the SQUID. b Possible configurations of
stick, reference material and sample. c-f Resulting SQUID voltages for the configurations
shown in b.

and cap. For this, a recently developed method for in-situ compensation [59], as
well as a slightly modified method, are used. Both methods are described in more
detail below, starting with the original approach.

A second derivative axial gradiometer is used in the SQUID magnetometer.
It consists of four pickup coils, the middle two of which are wound in opposite
directions to the outer ones. Moving a sample through the gradiometer, changes
in magnetic flux induce a current in the coils. By an inductive coupling to the
DC-SQUID, this current is transformed into a voltage 𝑉SQUID which is proportional
to the change in magnetic flux within the coils. This setup is depicted schematically
in Figure 3.1 a.

From the development of 𝑉SQUID, in turn, the magnetic moment of the sample
can be inferred. In simplified terms, it can be assumed that the magnetic moment of
the sample is proportional to the enclosed area of the function 𝑉SQUID(𝑥), where 𝑥 is
the position of the sample with respect to the center of the gradiometer. Samples are
typically mounted on sticks for measurements, as shown in Figure 3.1 b. Compared
to the dimensions of the gradiometer, such a stick is infinitely long. If the stick
is uniform and moved through the gradiometer without a sample, there is no
change in the magnetic flux in the pickup coils and thus 𝑉SQUID(𝑥) = 0, as shown in
Figure 3.1 c. Mounting an additional diamagnetic sample (”reference” in Figure 3.1)
on the stick results in the curve shown in Figure 3.1 d for 𝑉SQUID(𝑥) in a positive
magnetic field. The signal shown is generated by the special arrangement of the four
pickup coils. The negative moment of the diamagnetic sample induces a positive
current in the two outer individual pickup coils, which leads to the two maxima
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at the beginning and at the end of the measurement of 𝑉SQUID(𝑥). The opposite
winding direction of the two inner pickup coils, however, leads to a minimum in
the middle of the measurement of 𝑉SQUID(𝑥) as the induced current is of opposite
sign. By using two coils at the same location, the amplitude of this minimum is
doubled compared to the two maxima produced by the outer pickup coils.

Since 𝑉SQUID(𝑥)maps the change in magnetic flux, a signal of 𝑉SQUID(𝑥)which
is inverse to that shown in Figure 3.1 d can be created by attaching long strips
of the same material to the stick and leaving a gap with the exact dimensions
of the sample as depicted in Figure 3.1 b. This signal is shown in Figure 3.1 e.
Placing a sample consisting of the previously discussed diamagnetic material and
an additional layer of CuMnSb in this gap, the diamagnetic material again forms an
infinitely long strip with respect to the dimensions of the gradiometer. Hence, the
diamagnetic material does not generate a signal, and 𝑉SQUID(𝑥) contains only the
change in magnetic flux generated by the CuMnSb layer. In this simplified case,
the diamagnetic material is fully compensated.

Based on this principle, a so-called compensating sample holder (CSH) was
manufactured using a sapphire stick and InAs strips for compensation of sam-
ples grown on InAs substrates. It is shown together with a mounted sample in
Figure 3.2 a. The sample does not fill the entire gap of the CSH, since it is not
practical to fit each sample precisely to it. To achieve full compensation, a total
of three different measurements are required, specifically the gap alone, the gap
together with a reference sample (R), and the gap together with the actual sample
(S) have to be measured as depicted in Figure 3.2 b. Here, the reference sample
consists of the same layers as the actual sample, without the CuMnSb layer. The
resulting 𝑉SQUID(𝑥), which are the sums of the individual components, are shown
in Figure 3.2 c-e for these cases. Figure 3.2 c shows the signal generated only by
the gap (G). This signal is also shown as a light blue line in Figure 3.2 d and e. The
signals of the reference sample (R) and the actual sample (S) are shown as light red
lines in Figure 3.2 d and e. As can be seen, the sums of the individual components
(G+R and G+S) shown as black lines in Figure 3.2 d and e differ from the simplified
representation in Figure 3.1, where the reference and the sample completely fill the
gap. Therefore, in order to perform a compensation, the geometries of the gap, the
reference, and the sample must be considered.

Taking geometrical factors 𝛾, which scale the magnetometer output of physical
bodies to their point object equivalent [58] andmasses 𝜇 of the samples into account,
𝑉SQUID(𝑥) and thus the magnetic moment of the CuMnSb layer 𝑚CuMnSb can be
calculated by:

𝑚CuMnSb =
𝑚S −𝑚R +𝛽𝑚G

𝛾CuMnSb
(3.7)
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Figure 3.2: In-situ compensation of magnetic measurements using the CSH. a Image
of the CSH made of an Al2O3 stick and InAs compensation strips. A sample is glued in
the gap of the CSH. b Possible configurations of CSH, reference material and sample. The
gap of the CSH is usually not completely filled. c-f Resulting SQUID voltages for the
configurations shown in b and for the compensated signal of the layer.

with:
𝛽 =

𝜇R𝛾R −𝜇S𝛾S
𝜇G𝛾G

. (3.8)

The resulting compensated 𝑉SQUID(𝑥) of the CuMnSb layer is shown in Figure 3.2 f.
Compensation can be performed this way for all field, time, and temperature de-
pendent measurements. Measurements presented in this thesis that were obtained
using this compensation method are marked with the label CSH in the figure
caption.

For samples grown on GaSb substrates and for some samples grown on InAs,
a slightly modified and simplified process is used for compensation. Thereby,
the samples are mounted on a plain Si stick without compensation strips. The
desired measurement is performed for the actual sample (S) and a reference sample
(R) without the CuMnSb layer. Considering 𝛾 and 𝜇, the compensated magnetic
moment of the CuMnSb layer 𝑚CuMnSb can then be derived from:

𝑚CuMnSb =
𝑚S
𝛾S

−
𝑚R
𝛾R

⋅
𝜇S
𝜇R

. (3.9)

The measurements compensated with this method are marked with the label COMP
in the figure caption. The COMPmethod has a slightly higher inaccuracy compared
to the CSH method, since the higher absolute signals during the measurements
require a higher measuring range, which in turn leads to higher noise.
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Unless otherwise stated, all unlabeled magnetic measurements shown in this
work are measured uncompensated on simple Si sticks, which is sufficient for
qualitative evaluations.

3.5 Particle-induced X-ray Emission & Rutherford
backscattering spectroscopy

Particle-induced X-ray emission (PIXE) is used for the analysis of the material
composition of the manufactured samples. The experiments are performed on the
2MV Van de Graaff generator at the Ion Beam Center of Helmholtz-Zentrum
Dresden-Rossendorf by Dr. Shengqiang Zhou. Three types of spectra can be
acquired with this instrument, which are the Rutherford backscattering spectrum,
X-ray emission spectrum, and channeling spectrum. A collimated 1.7MeV He+
beam is used to acquire the spectra at a backscattering angle of 170°. Simulation of
Rutherford backscattering spectrometry (RBS) measurements is performed using
the SIMNRA software [60]. More introductory information about this technique
can be found in [61].

3.6 Open Source Software
This thesis was set in LuaLATEX using the Libertinus and Inconsolata fonts. The
following open source software packages are used in this work for calculations,
data analysis, and figure generation:

• Python 3 [62]

• NumPy [63]

• SciPy [64]

• Matplotlib [65]

• Inkscape [66]

• scikit-image [67]

3.7 Reproducibility of this work
To increase the reproducibility of the results presented in this work, all figures that
are based on measurement data are generated by Python scripts. Thereby always
the raw data of the measurements is used. This way, the Python code can be used
to track exactly how the figures are generated from the raw data.
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The source code of this work is available on the EP3-GitLab server at https:
//gitlabep3.physik.uni-wuerzburg.de/lus66ad/dissertation. The used mea-
surement data can be found in the src/data folder. The src/python folder contains all
Python scripts used to generate the figures. For compiling the figures and the work
itself, a LuaLATEX installation, as well as installations of Python, pip and Inkscape
are necessary. If these dependencies are fulfilled, the working environment can be
created on Unix-based operating systems with the command make prepare. After-
wards the figures and the work can be compiled with the commands make figures

and make compile. If one wants to edit single figures, an interactive view of a figure
can be created by executing the corresponding Python file. The virtual Python
environment created by make prepare must therefore be activated using source

.venv/bin/activate. The execution of the Python file must be carried out inside the
src/python folder.

The measurement data files all have the corresponding sample name in their file
name. This allows both the measurement data and the figures to be traced back to
the associated sample. A list of all samples from which measurement data is shown
in this work is therefore given in Appendix B. In addition, all data shown in this
paper are tagged with the sample name in the form of such badges: Layer-Group Sample Name .
This allows an unambiguous assignment of the data to the respective layer stack.

https://gitlabep3.physik.uni-wuerzburg.de/lus66ad/dissertation
https://gitlabep3.physik.uni-wuerzburg.de/lus66ad/dissertation
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4
Sample fabrication and layer

growth by MBE

In this chapter, all essential steps of sample preparation are explained, including
substrate selection and preparation, buffer growth, layer growth, and cap layer depo-
sition. The latter three are performed in an ultrahigh vacuum (UHV) cluster system
that combines several specialized MBE chambers, characterization instruments, and
material deposition chambers. All MBE chambers used are operated by the MBEpy
software, which was developed during this work. An introduction to this software is
given in Appendix A. Details about the machines used are provided at the appropriate
places. For a general introduction to MBE, the reader is referred to the literature [44].

4.1 Substrate selection and preparation
All samples are grown on epi-ready (001) substrates with a maximum miscut of
0.1° according to the specifications of the wafer manufacturer. Depending on the
application, the 2 inch wafers are cleaved into smaller pieces before growth. The
substrate materials used are InAs, InP and GaSb, all III-V compound semiconductors.
Members of this family of materials are particularly suitable for the use as substrates
for the epitaxial growth of half-Heuslers, as they share the space group 𝐹4̄3𝑚 (no.
216).

In the context of CuMnSb and NiMnSb growth, the most relevant differences
within the substrates are their lattice parameters and conductivities. Figure 4.1
shows the lattice parameters of both the substrates and the materials CuMnSb,
NiMnSb, and ZnTe that are epitaxially grown on these substrates. While GaSb
allows the growth of nearly unstrained CuMnSb, growth on InAs and InP always
leads to epitaxially strained layers.
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Figure 4.1: Intrinsic lattice parameters of the materials used as substrates and/or as
epitaxial layers.

Especially for lateral transport measurements, the conductivity of the substrate
is crucial. Therefore, different dopants for InAs, GaSb, and InP were investigated.
We found that low Te doping for GaSb and Fe doping for InP resulted in the lowest
parallel conductance values for transport measurements. For InAs, all available dop-
ing variants showed conductance values too high for lateral transport experiments.
Further details, especially on the conductivity of doped GaSb substrates, can be
found in [68]. All results in this thesis stem from samples grown on InAs:undoped,
GaSb:lowTe, or InP:Fe substrates, unless otherwise stated.

Before the substrates are loaded into the UHV cluster, they are mounted with
indium glue on Mo blocks used for the transport system. To prevent contamination
of the UHV system by water residues, the loaded samples are degassed before
entering the inner vacuum sector of the cluster. GaSb substrates are degassed at
100 °C for 30min, InAs and InP at 250 °C for 10min.

4.2 Buffer layer growth
Epi-ready substrates are covered with a thin oxide layer. To accomplish epitaxial
growth on the surface, this layer must be removed. In this work, the oxide layer is
removed by desorption as it is common for III-V substrates. This process can leave
a rough surface morphology. By growing a 100 to 200 nm thick buffer layer, the
surface can be smoothed to ensure perfect conditions for the growth start of the
half-Heusler thin films. The buffer layer materials used are InAs for InAs substrates,
GaSb for GaSb substrates, and lattice-matched (In,Ga)As for InP substrates. A buffer
layer of ZnTe can be used to create a high-resistance barrier to prevent parallel
conductivity in lateral transport experiments.

The Growth of InAs, GaSb and (In,Ga)As is performed in the III-V-MBE chamber
(RIBER Compact 21) of the UHV cluster. In and Ga are evaporated by dual filament
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Figure 4.2: Temperature development of the substrate during InAs buffer growth
with critical process milestones together with the surface reconstruction observed
after growth. a After oxide desorption, indicated by 3D dots in the RHEED pattern, the
substrate is heated up until a 4× 2 surface reconstruction appears and no more signs of
3D dots are observed. During cooldown to the growth temperature, the RHEED pattern
exhibits a transition from 4×2 to 2×4. 10 °C below this transition temperature the InAs
growth takes place. b d/2 reconstruction in [110] crystal direction. c d/4 reconstruction in
[110] crystal direction. For both crystal directions Kikuchi lines and Laue spots are visible.

effusion cells, and Sb by a single filament effusion cell. As flux is supplied by a
valved cracker cell that is operated below the cracking temperature. ZnTe is grown
in the II-VI-MBE chamber (RIBER Compact 21), where Zn and Te are evaporated
by single filament effusion cells. The main shutters of the chambers used for buffer
growth are open during the entire process to avoid contamination of the sample
surface by the movement of the shutter.

4.2.1 InAs on InAs
The growth of the InAs buffer layers is largely adopted from the well-established
process of InAs (001) homoepitaxy reported in [69]. Growth in the As-rich regime
with an As:In beam equivalent pressure (BEP) ratio of 15:1 resulted in the best
layer quality. The BEPs used are 6.7 × 10−6mbar for As and 4.4 × 10−7mbar for
In. All critical steps of the growth process are depicted in Figure 4.2 a. For oxide
desorption, the substrate is heated at a temperature rate of 30 °Cmin−1. An As flux
is provided above 300 °C to prevent As atoms of the substrate from desorbing, as
explained in [69]. The beginning of the desorption process of the oxide layer at
about 500 °C is represented by 3D dots in the RHEED pattern. When the oxide is
fully removed (usually at temperatures around 570 °C), as indicated by a clear and
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Figure 4.3: Structural characterization of InAs buffer layers. a AFM measurement
of the InAs buffer surface Layer-Group C21.1-1906 . Steps with the height of half an InAs unit cell are
present. b Line profile extracted from the highlighted area in a. c Rocking curve of the
(004) diffraction peak (dots) of an InAs buffer on an InAs substrate Layer-Group C21.1-1751 with fitted
Voigt profile (line). The fit yields a FWHM of 8.7 ″.

sharp 4×2 reconstruction, the substrate is cooled to growth temperature. During
cooldown, the RHEED reconstruction transforms from 4×2 to 2×4 at about 510 °C.
This transition plays an essential role in determining the ideal growth temperature
for As-rich growth. It has been found that the ideal growth temperature is 10 °C
below the temperature at which this transition is observed.

The growth of InAs is initiated by opening the In cell shutter after the substrate
has been stabilized to growth temperature. Typical growth rates of 10 nmmin−1
lead to growth times of 15min. Throughout growth a sharp and distinct 2 × 4
RHEED reconstruction (Figure 4.2 b and c) is observed. Growth is terminated
by closing the In cell shutter. During the cooldown, the RHEED reconstruction
remains unchanged. As flux is applied until the intensity of the RHEED pattern
starts to decrease. This usually occurs at about 430 °C.

The high crystal quality of the InAs buffers is confirmed by AFM and HRXRD
measurements (Figure 4.3). Figure 4.3 a shows the surface of an InAs buffer mea-
sured by AFM.The surface has a low root mean square (RMS) roughness of 0.15 nm.
According to the line profile shown in Figure 4.3 b, the visible steps are of the
height of half an InAs unit cell. A rocking curve of the (004) diffraction peak of
InAs is shown in Figure 4.3 c. The Voigt profile fit yields a FWHM of 8.7 ″, which
is no degradation compared to bare substrates.

4.2.2 GaSb on GaSb
Following the optimized growth process developed in [41], the GaSb buffer layers
are grown with an Sb:Ga BEP ratio of 7.5:1. This is achieved by applying BEPs of
4.0 × 10−6mbar and 5.3 × 10−7mbar for Sb and Ga, respectively. Figure 4.4 a shows
all important process milestones of the GaSb buffer growth. For oxide desorption,
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Figure 4.4: Temperature development of the substrate during GaSb buffer growth
with critical process milestones together with the surface reconstruction observed
after growth. a The desorption of the oxide is indicated by 3D dots in the RHEED pattern.
When the substrate is stabilized at the growth temperature, growth is initiated by opening
the shutter of the Ga cell. Within the first minute of growth a 1 × 3 reconstruction is
observed by RHEED, which remains unchanged during growth. After terminating the
growth by closing the shutter of the Ga cell, the substrate is cooled down. Between 400
and 350 °C the 1×3 reconstruction transforms to 2×5. b d/2 reconstruction in [110] crystal
direction. c d/5 reconstruction in [110] crystal direction.

the substrate is first heated up to 600 °C at a rate of 30 °Cmin−1 with Sb flux applied
above 250 °C. After the substrate is held at 600 °C until dots in the RHEED pattern
indicate a 3D surface, it is cooled to the growth temperature of 530 °C.

Once the substrate temperature has stabilized, buffer growth is initiated by
opening the Ga shutter. Within the first minute of growth, the 3D surface transforms
into a 2D surface, indicated by a 1×3 reconstruction. This reconstruction remains
unchanged during growth. The used BEPs lead to a growth rate of 10 nmmin−1.
For typical GaSb buffer thicknesses of 150 to 200 nm, the growth time is therefore
15 to 20min. Upon reaching the desired layer thickness, the growth is terminated
by closing the Ga shutter. During cooldown, the surface reconstruction transforms
from 1 × 3 to 2 × 5 between 400 and 350 °C. The 2 × 5 reconstruction is shown in
Figure 4.4 b and c. As soon as the substrate temperature is below 250 °C, the
application of Sb flux is halted.

Figure 4.5 a shows an AFM image of the surface of a GaSb buffer layer. A
low RMS roughness of 0.08 nm confirms a high surface quality of the grown GaSb.
Again, atomic steps with the height of half a unit cell are visible on the surface, as
revealed by the line profile in Figure 4.5 b.
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Figure 4.5: Structural characterization of GaSb buffer layers. a AFM measurement
of the GaSb buffer surface Layer-Group C21.1-2045 . Steps with the height of half a GaSb unit cell are
present. b Line profile extracted from the highlighted area in a. c Rocking curve of the (004)
diffraction peak (dots) of a GaSb buffer on a GaSb substrate Layer-Group C21.1-1990 with fitted Voigt
profile (line). The fit yields a FWHM of 38.7 ″. d RBS spectra in random and channeling
configuration of a pure GaSb wafer, a GaSb wafer after oxide desorption Layer-Group C21.1-2249 , and
a GaSb wafer with GaSb buffer layer Layer-Group C21.1-2244 .

Judging from the 2D surface reconstruction observed by RHEED and the atom-
ically smooth surface imaged by AFM, the GaSb buffers have comparable quality
to the InAs buffers. However, considering the rocking curve in Figure 4.5 c of a
sample after buffer growth, the wide FWHM of 38.7 ″ indicates increased mosaicity.
In comparison, the FWHM of an unprocessed low Te doped GaSb wafer is 9.9 ″.
Thus, the deterioration in crystal quality must be caused by a process during sample
preparation or buffer growth. Detailed investigations in [41] conclude that the
degradation of the GaSb crystal results from the high substrate temperatures during
oxide desorption. Furthermore, it was shown that lowering the maximum substrate
temperature during the desorption process is not a suitable solution. Although
lowering the substrate temperature during the desorption process prevented degra-
dation of the substrate, complete desorption of the oxide layer was prevented. The
degradation of the substrate is probably due to stresses in the GaSb crystal caused
by temperature gradients due to non-uniform heat distribution in the substrate.
Clamping the substrates to the Mo blocks instead of gluing them with In glue could
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prevent this in the future since with clamped substrates the heat radiation from
the substrate heater hits the substrate directly. However, this would require major
modifications to the MBE chamber used for Heusler growth, as in this chamber the
measurement and thus control of the substrate temperature can only be performed
indirectly via the temperature of the Mo block at the back. Whether such a change
of the desorption process is necessary with respect to the CuMnSb growth is highly
questionable, since, as shown in the next paragraph, the quality of the GaSb buffer
and thus the starting conditions for the CuMnSb growth are not affected by the
degradation of the GaSb substrate.

To further investigate the influence of the substrate degradation on the starting
conditions for the growth of CuMnSb, RBS spectra in random and channeling
configuration are recorded for each of an unprocessed GaSb sample, a GaSb sample
after oxide desorption, and a GaSb sample after buffer growth. The recorded spectra
are plotted in Figure 4.5 d. As expected, in the random configuration all three
samples show comparable RBS spectra consisting of the signals of the elements
Ga and Sb. In the channeling configuration, however, the sample with desorbed
oxide shows a steeper increase in the dechanneling yield towards lower energies
than the pure GaSb sample, just below the surface peak of Sb. This behavior
indicates that the crystal is weakly damaged after oxide desorption [61]. Typical
defects that cause such dechanneling behavior are point defects, dislocations,
and stacking faults [61]. In order to make a statement about the exact type of
defect, scanning transmission electron microscopy (STEM) measurements would
be necessary. Interestingly, the increase in the dechanneling rate of the sample
with the GaSb buffer layer is the lowest. This result shows that the damage to the
crystal by the oxide desorption only affects the substrate. The subsequent growth
of the GaSb buffer is not affected, which is consistent with the results of the AFM
and RHEED measurements. Moreover, the crystal quality of the GaSb buffer even
exceeds the quality of the original GaSb wafer. The GaSb buffer layer thus provides
perfect starting conditions for CuMnSb growth.

4.2.3 (In,Ga)As on InP
The growth of lattice-matched (In,Ga)As buffer layers on InP substrates is carried
out according to the method described in [18–20], which is illustrated schematically
in Figure 4.6 a. To prevent P atoms from desorbing at high substrate temperatures,
an As flux with a BEP of 1 × 10−5mbar is applied for temperatures exceeding 330 °C.
The same As flux is also applied during (In,Ga)As growth. For oxide desorption, the
substrate is heated at a rate of 50 °Cmin−1. From 400 °C the heating rate is reduced
to 20 °Cmin−1. Between 500 and 550 °C a 4×2 reconstruction can be observed by
RHEED. The start of the oxide desorption is indicated by a transformation of this
4×2 reconstruction to a 2×4 reconstruction. To ensure complete removal of the
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Figure 4.6: Temperature development of the substrate during (In,Ga)As buffer
growth with critical process milestones together with the surface reconstruction
observed after growth. a The transformation from 4 × 2 to 2 × 4 of the surface recon-
struction indicates the start of the oxide desorption. When the growth of (In,Ga)As is
initiated by opening the In and Ga cell shutters, the surface reconstruction changes back to
4×2 under the appearance of 3D dots. During cooldown after growth, the reconstruction
changes to 4×3 as it is shown in b and c. b d/4 reconstruction in [110] crystal direction. c
d/3 reconstruction in [110] crystal direction.

oxide, the substrate is heated by an additional 10 °C.
The substrate is then cooled to the growth temperature, which is equivalent to

the temperature at which the conversion of the reconstruction from 4×2 to 2×4 oc-
curs. Simultaneous opening of the In and Ga cell shutters initiates (In,Ga)As growth.
Material fluxes with BEPs of approximately 2.5 × 10−7mbar and 1 × 10−7mbar are
used for In and Ga, respectively, leading to a growth rate of 10 nmmin−1. The exact
fluxes must be continuously adjusted for lattice-matched growth over time using
measurements of the vertical lattice parameter of the grown (In,Ga)As buffers. At
the beginning of the growth, the 2 × 4 reconstruction transforms back to a 4 × 2
reconstruction under the occurrence of 3D dots. After about one minute of growth,
the 3D dots disappear, and the 2D 4×2 reconstruction is present until the end of the
growth. The growth is terminated by closing the In and Ga cell shutters. During
cooldown the 4×2 reconstruction transforms to a 4×3 reconstruction (Figure 4.6 b
and c) at around 450 °C.

The crystal quality of the (In,Ga)As buffer layer is determined by HRXRD
measurements. For this purpose, a buffer layer containing 5 % more Ga compared
to the composition (In0.53,Ga0.48)As which is used for lattice-matched growth on
InP is considered. The 𝜔−2𝜃-diffractogram in Figure 4.7 a shows the separated (004)
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Figure 4.7: Structural characterization of (In,Ga)As buffer layers. a 𝜔 − 2𝜃-
diffractogram of the (004) diffraction peak together with a full dynamical simulation of an
(In0.48,Ga0.52)As buffer layer grown on InP Layer-Group C21.1-1625 . The peak separation is realized
by slightly increasing the Ga content. The diffractogram of an (In0.53,Ga0.48)As buffer layer
Layer-Group C21.1-815 , which is lattice-matched to the InP substrate is shown for comparison. b
Rocking curve of the (004) diffraction peak of the (In0.48,Ga0.52)As buffer layer. The Voigt
profile fit yields a FWHM of 8.4 ″.

diffraction peaks of the InP substrate and the (In,Ga)As layer together with a full
dynamical simulation, which yields a composition of (In0.48,Ga0.52)As and a buffer
height of 92 nm. For comparison, a diffractogram of a sample with lattice-matched
(In0.53,Ga0.48)As buffer is also shown in Figure 4.7 a. In this sample, the diffraction
peaks of the buffer and the substrate are superimposed and do not allow separate
analysis of the (In,Ga)As diffraction peak. Figure 4.7 b shows the rocking curve of
the (In,Ga)As (004) diffraction peak. The FWHM of 8.4 ″, which results from the
Voigt profile fit, confirms the high crystal quality of the (In,Ga)As buffer layers.

4.2.4 ZnTe
ZnTe can be grown on both InAs and GaSb buffer layers using the process described
below. The main reason for an additional buffer layer of ZnTe is to introduce a
highly resistive barrier that mitigates parasitic effects through substrate and buffer
layers in lateral transport experiments. Since the low Te doped GaSb substrates
already have a conductivity low enough for lateral transport experiments (see
[68] for detailed information), an additional ZnTe layer was omitted for transport
studies of GaSb-based samples. The surface reconstructions are therefore described
in the example of growth on InAs substrates.

For the growth of the ZnTe buffer layer, the sample is transferred to the
II-VI-MBE chamber after the III-V-buffer growth without leaving the UHV en-
vironment. Fluxes with BEPs of 7 × 10−7mbar for Zn and 1.3 × 10−6mbar for Te
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Figure 4.8: Temperature development of the substrate during ZnTe buffer growth
with critical process milestones together with the surface reconstruction observed
during and after growth. a After the substrate is heated to growth temperature, growth
is initiated by opening the Zn and Te cell shutters. Within the first minute of growth the
surface reconstruction transforms from 2×4 to 2×1. Closing the Te cell shutter terminates
the ZnTe growth. To ensure a Zn-rich surface, Zn flux is applied during cooling. For the
Zn-rich surface a 1×1 reconstruction in [110] and [110] direction and a 2×2 reconstruction
in [100] and [010] direction is observed. b d/1 surface reconstruction of the Zn-rich surface
in [110] crystal direction. c d/2 surface reconstruction of the Zn-rich surface in [010]
crystal direction.

are used to achieve Te-rich growth at a rate of 6 nmmin−1. The sample is heated at
a rate of 50 °Cmin−1 to the growth temperature of 330 °C. This and all subsequent
steps are shown in the overview of process steps in Figure 4.8 a.

Once the sample is stabilized at the growth temperature, the shutters of the
Zn and Te cells are opened simultaneously to start growth. Immediately after
opening the cell shutters, the 2×4 reconstruction of the InAs surface disappears.
After approximately 30 s, a 2× 1 reconstruction develops, which is typical of Te-
rich growth. This reconstruction remains unchanged during growth. Growth is
terminated by closing the shutter of the Te cell. The resulting Zn-rich surface
causes the 2×1 reconstruction to transform into a 1×1 reconstruction in [110] and
[110] directions and a 2×2 reconstruction in [100] and [010] directions. Figure 4.8 a
and b show these reconstructions exemplarily for the [110] and [010] directions.
During cooling, Zn flux is applied down to a substrate temperature of 250 °C to
ensure a Zn-rich surface.

Figure 4.9 a shows the 𝜔 −2𝜃-diffractogram of the (002) diffraction peak of a
ZnTe buffer layer grown on InAs. Well-defined thickness fringes indicate a uniform
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Figure 4.9: Structural characterization of ZnTe buffer layers. Layer-Group Y421 a 𝜔 − 2𝜃-
diffractogram of the (002) diffraction peak together with a full dynamical simulation.
The poor agreement of the fit away from the layer diffraction peaks can be explained by
the low intensity of the thickness fringes at small angles. The low intensity at small angles
is probably due to a slight misalignment of the sample, which cannot be taken into account
by the simulation. However, this is not a problem for the parameters to be extracted.
b Rocking curve of the (002) ZnTe diffraction peak. The Voigt profile fit yields a FWHM of
11.4 ″.

layer thickness. The full dynamical simulation yields a thickness of 21.7 nm and a
vertical lattice parameter of 6.168Å for the ZnTe layer. Excellent crystal quality
is demonstrated by the FWHM of the rocking curve of the (002) diffraction peak
in Figure 4.9 b. The Voigt profile fit yields a FWHM of 11.4 ″, indicating a low
mosaicity. More extensive structural characterization of the ZnTe buffer layers can
be found in subsection 5.1.1 (Figure 5.4).

4.3 Layer growth by MBE
Layer growth of NiMnSb and CuMnSb is performed in a MBE-chamber dedicated
to Heusler growth. It is equipped with single filament effusion cells for Ni, Mn, and
Sb and a dual filament effusion cell for Cu. The cells are first heated to the required
temperatures in preparation for growth. Then, the cell shutters are cleaned from
deposits that can accumulate on the shutters when they are cool by opening and
closing them sequentially five times, maintaining each state for 5min. Once the
chamber is prepared for growth, the sample is transferred into the chamber after
buffer growth without leaving the UHV.

4.3.1 NiMnSb
The epitaxy of NiMnSb is a well-established process that is applied without modifi-
cation in this work [18–20]. Therefore, only a brief description of the basic process
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is given here.
Before growth, the sample is heated to the growth temperature of 250 °C. Since

the growth of NiMnSb does not occur in a self-stabilized regime, such as the growth
of the III-V-buffers, even minor fluctuations in material flux have a significant
impact on the material composition. Opening a cell shutter can introduce a thermal
perturbation into the cell/material system large enough to alter the material flux
of the cell concerned. This is circumvented by opening the cell shutters 5min in
advance of growth of NiMnSb is initiated by opening the main shutter.

Within the first minutes of growth, the 4×3 surface reconstruction of (In,Ga)As
slowly transforms into a 2×1 reconstruction. In the case of stoichiometric growth
conditions, this surface reconstruction remains unchanged until growth is termi-
nated by closing the main shutter. The sample is then cooled and transferred out of
the chamber for further processing.

4.3.2 CuMnSb
The growth of CuMnSb is carried out, like the growth of NiMnSb, at a substrate
temperature of 250 °C, although no significant differences in growth were observed
for substrate temperatures up to 300 °C. Due to the similarity of the growth process
to that of NiMnSb, it is obvious that for the growth of CuMnSb too, the smallest
fluctuations in the material fluxes can have a significant effect on the material
composition. For this reason, the cell shutters are also opened 5 minutes before
growth starts to stabilize the material fluxes.

The necessity of this procedure becomes clear when looking at the flux mea-
surements of Cu (Figure 4.10 a), Mn (Figure 4.10 b) and Sb (Figure 4.10 c), which
were carried out at the sample position using a Bayard-Alpert-type ionization
gauge. In the beginning, the measurements show the pressure with the cell shutter
closed. After about 5min, the cell shutter is opened for 10min, which can be seen
from the sharp increase in pressure. Immediately after opening the cell shutter, the
flux reaches its maximum, whereupon it slowly decreases until it finally stabilizes
after about 5min. BEPs given in this thesis for the growth of CuMnSb are always
calculated by the difference between this pressure reached after stabilization and
the pressure just before the opening of the cell shutter from such flux measure-
ments. Once the cell shutter is closed again, the pressure briefly drops below that
which was present prior to opening, due to the gettering behavior of the evaporated
materials.

After stabilizing the material fluxes, CuMnSb growth is initiated by opening
the main shutter. The growth is monitored by RHEED as explained in section 3.1
for all samples dedicated to growth development. Figure 4.11 summarizes the
development of the RHEED reconstructions in [110] and [110] crystal directions
during growth using the example of a stoichiometric CuMnSb layer grown on InAs.



4.3 Layer growth by MBE

4

31

0 10 20
Time (min)

10−9

10−8

BE
P
(m

ba
r)

TBase
Cu = 996 °Ca

0 10 20
Time (min)

10−9

10−8

BE
P
(m

ba
r)

TMn = 815 °Cb

0 10 20
Time (min)

10−9

10−8

10−7

BE
P
(m

ba
r)

TSb = 424.8 °Cc

Figure 4.10: Flux measurements of the materials used for CuMnSb growth. The
beginning and end of the measurements each show a 5min time frame with the cell shutter
closed. In the center, a period of 10min is measured with the cell shutter open, which can
be recognized by the significantly increased pressure. The measurements for Cu (a), Mn
(b) and Sb (c) show a maximum pressure just after opening the cell shutter. Subsequently,
the pressure decreases slightly and finally stabilizes.

Before growth starts, the InAs buffer surface shows a typical 2×4 reconstruction,
with clearly visible Kikuchi lines (Figure 4.11 a and b) indicating a high degree
of both bulk and surface order. The waterfall plots in Figure 4.11 c and d show
the time evolution of the RHEED intensities extracted from the individual images
taken from the RHEED reconstructions, starting 5min before growth was initiated
with the InAs 2 × 4 reconstruction. As soon as the main shutter is opened, the
RHEED intensity decreases, which is attributed to the formation process of the
InAs/CuMnSb interface. Within the first 2min of CuMnSb growth (approx. 1 unit
cell), the 2×4 reconstruction transforms to a blurry 2×2 pattern and the intensity
increases. With increasing CuMnSb thickness, the 2 × 2 intensifies and remains
unchanged until the growth is terminated by closing the main shutter. The 2×2
surface reconstruction at the end of growth is depicted in Figure 4.11 e and f, where
the points of enhanced intensity originate from a crossing of the Kikuchi lines with
the elastic diffraction streaks of the CuMnSb surface [40].

During CuMnSb growth, specular spot oscillations can be observed as high-
lighted by the magnified section of the (00) streak in Figure 4.11 d, indicating
layer-by-layer growth. Intensity oscillations are also observed for streaks of higher
order as indicated by the magnified section of the (11) streak in Figure 4.11 c. For
further investigation of these oscillations, the intensities of the main streak and
of the first-order streaks are plotted in Figure 4.11 g for the [110] direction and in
Figure 4.11 h for the [110] direction as a function of growth time. As can be seen,
the oscillations of the first order streaks [(11) and (11)] in [110] direction show
a larger amplitude than the (00) main streak, while in [110] direction the exact
opposite behavior can be observed. A complete interpretation for this phenomenon
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Figure 4.11: RHEEDdevelopment during CuMnSb growth. a d/2 surface reconstruction
of the InAs surface in [110] crystal direction. b d/4 surface reconstruction of the InAs
surface in [110] crystal direction. c Waterfall plot of the time evolution of the RHEED
intensities in [110] crystal direction. The magnified section indicates intensity oscillations
of the first-order streak. d Waterfall plot of the time evolution of the RHEED intensities in
[110] crystal direction. The magnified section indicates specular spot oscillations. e d/2
surface reconstruction of the CuMnSb surface in [110] crystal direction. f d/2 surface
reconstruction of the CuMnSb surface in [110] crystal direction. g Intensity oscillations in
[110] crystal direction. h Intensity oscillations in [110] crystal direction.

has not yet been found, but it could be related to the step-like surface of the epitax-
ial CuMnSb layers, with the steps showing a strong directional dependence (see
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InAs GaSb
Material T (°C) BEP (mbar) T (°C) BEP (mbar)

Cu (Tip/Base) 1080/996 5.5 × 10−9 1080/1000 5.8 × 10−9
Mn 815 8.7 × 10−9 817 9.0 × 10−9
Sb 424.8 4.1 × 10−8 425.2 4.2 × 10−8

Table 4.1: Optimized growth parameters for CuMnSb growth on InAs and GaSb.
The given temperatures should be treated as initial guidelines since they can change (e.g.
due to changing fill levels of the cells).

subsection 5.1.1), as observed for the growth of other materials [70]. Comparing the
oscillation frequency with the layer thickness measured by HRXRD, one oscillation
period (1 monolayer (ML)) can be related to the growth of half a unit cell of CuMnSb.
This leads to a growth rate of (0.025 ± 0.002)ML/s or (0.41 ± 0.03) atoms/nm2s, cor-
responding to an atomic flux of (0.14 ± 0.01) atoms/nm2s for Cu and Mn. Due to
the low substrate temperature of 250 °C, re-evaporation of these two materials can
be neglected. For Sb, on the other hand, re-evaporation cannot be excluded. Thus,
the atomic flux of Sb may be slightly higher.

The growth of stoichiometric CuMnSb on InAs and GaSb is realized using the
growth parameters given in Table 4.1. Since the perfect growth parameters can
change (e.g., due to changing fill levels of the cells), the values given are only
to be regarded as initial guidelines. For more advanced calibrations towards a
stoichiometric layer, please refer to chapter 5.

After CuMnSb growth, the sample is cooled down. Once the substrate tem-
perature is below 200 °C, the sample is transferred out of the chamber for further
processing.

4.4 Sputter deposition of capping layers
After layer growth by MBE, the samples are capped with a protective layer. This
is necessary to prevent oxidation of the half-Heusler layers [71]. Depending on
the application of the sample, either Ru or Al2O3 is used as a capping layer. Both
materials are deposited at room temperature in the sputtering chamber, which is
connected to the UHV cluster.

4.4.1 Ru
The deposition of Ru capping layers is performed by direct current (DC)-magnetron
sputtering with an Ar pressure of 5 × 10−3mbar. In combination with a DC-power
of 50W, a deposition rate of 5 nmmin−1 is achieved. To protect the samples from
the environment, a Ru layer of 5 nm thickness has proven to be sufficiently thick.
After Ru deposition, the sample is removed from the UHV cluster.
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Figure 4.12: STEM studies of the Ru/CuMnSb interface. a STEM image of the
Ru/CuMnSb interface Layer-Group H1202 along the [110] crystal direction showing a partially crys-
talline Ru layer. b Horizontal intensity profile of the marked area in a. The average spacing
of the maxima yields a horizontal lattice parameter of (2.2 ± 0.3) Å for the Ru layer.

STEM imaging has been performed by Martin Kamp at the Röntgen-Center
for Complex Material Systems of the Julius-Maximilians-Universität
Würzburg for further investigation of the Ru capping layer. The STEM image of
the Ru/CuMnSb interface along the [110] crystal direction in Figure 4.12 a indicates
a partially crystalline order of the Ru layer. Extracting a horizontal profile of the
intensities along the Ru layer yields the curve in Figure 4.12 b. The average spacing
of the intensity maxima leads to a horizontal lattice parameter of the Ru layer of
(2.2 ± 0.3) Å. Furthermore, the interface appears partially smeared, which could
indicate diffusion of Ru into the upper CuMnSb layers. It cannot be conclusively
determined whether this occurs during the deposition of the Ru layer or during
the preparation of the STEM lamella.

When Ru is deposited in a body-centered tetragonal phase, it is believed to
exhibit ferromagnetism at room temperature [72]. In the case of the Ru capping
layers investigated here, no ferromagnetic behavior in the temperature range of
4 to 300 K was observed in SQUID magnetometry measurements carried out on
reference samples consisting of InAs substrate, InAs buffer layer, and Ru protective
layer. Considering the lattice parameter of the Ru layer determined in the STEM
measurement, it is likely that the Ru capping layers crystallize in a hexagonal close-
packed phase, which is non-magnetic [73]. Furthermore, as shown in section 6.2,
there is no significant difference in surface magnetism between samples with Ru
cap and samples with Al2O3 cap. It can therefore be assumed that neither possible



4.4 Sputter deposition of capping layers

4

35

Ru diffusion nor the crystalline Ru phase has any influence on the magnetism of
the CuMnSb layers. At this point, a possible RuO2 oxide layer on the surface of
the Ru cap must also be considered, since RuO2 is antiferromagnetic [74]. In the
aforementioned SQUID magnetometry measurements on reference samples, no
evidence was found for this either. This is either because the signal of a very thin
RuO2 layer would not be measurable, or, what is much more likely, because no
RuO2 layer forms on the surface, since temperatures above 500 K are necessary for
the formation of RuO2 on a Ru surface [75].

4.4.2 Al2O3
Al2O3 is electrically insulating. Using Al2O3 as a protective layer is therefore
particularly advantageous for samples intended for lateral transport experiments.
The deposition of Al2O3 on CuMnSb was developed in [76] to use Al2O3 not only
as a protective layer but also as a tunnel barrier on CuMnSb. This process was
adopted in this work for the fabrication of Al2O3 protective layers and is described
in the following.

First, a 1.5 nm thick Al layer is deposited on the sample by DC-magnetron
sputtering at a DC-power of 50W and an Ar pressure of 5 × 10−3mbar. The sample
is then transferred to the load lock of the sputtering chamber. There, the Al layer
is oxidized in pure O2 for 6 hours. For this purpose, an O2 pressure of 100mbar
is applied. The described process is then repeated with another Al layer of 1 nm
thickness to achieve a total Al2O3 thickness of 2.5 nm. The capped sample is finally
removed from the UHV cluster via the load lock of the sputtering chamber.
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5
Physical properties of epitaxial

CuMnSb

The purpose of this chapter is to present the physical properties of epitaxial CuMnSb.
In particular, the influence of the material composition on the physical properties will
be addressed. Since the substrate material does influence the material properties, this
chapter is divided into two sections. First, the properties of CuMnSb grown on InAs
are discussed. Those of CuMnSb grown on GaSb are discussed subsequently. At the
end of each section, an explanation of how to achieve stoichiometric growth based on
physical properties is presented.

5.1 Physical properties of epitaxial CuMnSb grown
on InAs (001)

This section is largely based on L. Scheffler et al., Molecular beam epitaxy of the
half-Heusler antiferromagnet CuMnSb, Phys. Rev. Materials 4, 114402 (2020) [77].

5.1.1 Structural properties
Surface properties
The surface of epitaxial CuMnSb grown on InAs substrates is investigated in real
space by AFM and in reciprocal space by RHEED. As mentioned in subsection 4.3.2,
a 2×2 surface reconstruction along the [110] and [110] crystal directions is observed
for stoichiometric CuMnSb grown on InAs. Figures 5.1 a-d show the surface recon-
structions of a stoichiometric CuMnSb layer along all four major crystal directions,
[100], [010], [110] and [110], after growth. As shown in Figures 5.1 a and c, a 2×2
surface reconstruction is also present in the [100] and [010] crystal directions.
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Figure 5.1: RHEED reconstructions of the CuMnSb surface for layers grown on InAs.
a-d Surface reconstructions of the MnSb-terminated CuMnSb surface Layer-Group H1202 along the
four major crystal directions [100], [010], [110] and [110]. e-f Surface reconstructions of
the Cu-terminated CuMnSb surface Layer-Group H1229 along the four major crystal directions [100],
[010], [110] and [110].

For growth on (001) substrates, the examined CuMnSb surface is a (001) plane
of the CuMnSb crystal. There are two types of occupied (001) planes in the CuMnSb
crystal and thus two possible terminations of the CuMnSb surface. One is exclu-
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Figure 5.2: AFM investigations of the Ru capped CuMnSb surface for samples grown
on InAs. aAFM image of a stoichiometric CuMnSb layer Layer-Group H1202 . b Line profile extracted
from the highlighted area in a. c AFM image of a CuMnSb layer grown with too little
Sb flux Layer-Group H1192 . d Larger area AFM image of a stoichiometric CuMnSb layer Layer-Group H1202 .
e AFM image of a CuMnSb layer grown with too much Sb flux Layer-Group H1217 .

sively occupied by Cu atoms and the other consists of Mn and Sb atoms. To find
out which of these two possible terminations is present for the 2×2 surface recon-
struction, two stoichiometric CuMnSb layers are grown with this reconstruction.
For one of the layers, only the Cu cell shutter is closed at the end of growth. In
this case, no change in surface reconstruction is detected. For the second layer,
growth is terminated by closing the cell shutters of Mn and Sb. Here, the surface
reconstruction changes within one minute to a 1×4 reconstruction in [110] and
[110] crystal directions and to a 1 × 1 reconstruction in [100] and [010] crystal
directions, as can be seen in Figures 5.1 e-h. Consequently, it is very likely that the
CuMnSb films fabricated by the growth process described in subsection 4.3.2 have
an MnSb-terminated surface. Together with the frequency of the specular spot
oscillations, which indicate layer-by-layer growth of monolayers of the thickness
of half a unit cell, it can be assumed that a monolayer consisting of the atomic
layers MnSb-Cu-MnSb is chemically stable. To date, this characteristic of CuMnSb
monolayers has not been reported in the literature. In order to confirm this hy-
pothesis, further investigations of the CuMnSb surface, e.g. by scanning tunneling
microscopy, are necessary.

The fact that CuMnSb monolayers with the thickness of half a unit cell are
chemically stable is supported by the AFM image of the Ru capped CuMnSb surface
in Figure 5.2 a. It reveals the presence of atomic steps on the surface with a two to
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three times higher density compared to the InAs surface (Figure 4.3 a) and a low
RMS roughness of 0.14 nm. The line profile in Figure 5.2 b shows that the steps are
of the height of half a lattice parameter. It is assumed that the Ru capping layer is
conformal since it is deposited by sputtering. Therefore, the surface of the capped
sample should adequately reflect the surface of the CuMnSb layer.

The larger area scans in Figures 5.2 c-e demonstrate that AFM imaging can
also be of assistance in optimizing the Sb material flux for CuMnSb growth.
Figure 5.2 c shows the surface of a sample with 2 × 10−9mbar reduced Sb flux
(BEPSb = 3.9×10−8mbar) relative to stoichiometric composition. Compared to the
sample with stoichiometric composition (Figure 5.2 d), the quality of the surface is
significantly reduced. It is covered by dots with heights up to 3 nm. The observed
areal density of these dots is ∼1 µm−2. Additionally, with an Sb flux increased
by 2 × 10−9mbar (BEPSb = 4.3×10−8mbar), dots can be observed on the surface
(Figure 5.2 e). However, they occur in a much higher density of ∼20 µm−2 and are
smaller.

Layer properties
Structural characterization of the CuMnSb layers grown on InAs substrates is
performed by HRXRD, STEM, RBS and PIXE. Figure 5.3 summarizes the HRXRD
measurements on a stoichiometric CuMnSb sample. The multiple, well-defined
thickness fringes surrounding the layer peak in the 𝜔 − 2𝜃-diffractogram of the
symmetric (002) peak in Figure 5.3 a demonstrate a uniform layer thickness. The
lattice parameters are extracted using a full dynamical simulation, which is shown
along with the experimental data. It yields a horizontal lattice parameter of
𝑎∥CuMnSb = 𝑎InAs = 6.059Å and a vertical lattice parameter of 𝑎⟂CuMnSb = 6.136Å, in-
dicating a compressive strained CuMnSb layer. This strain forces the CuMnSb
crystal structure from space group 𝐹43𝑚 to 𝐹42𝑚, as reported for NiMnSb grown
on InP substrates [78]. The thickness of the CuMnSb film is found to be 37 nm.
Crystal quality is investigated using the rocking curve in Figure 5.3 b. A low FWHM
of 7.7 ″ indicates low mosaicity and thus high crystalline order. No degradation can
be seen compared to the InAs substrate, making the substrate quality the limiting
factor.

Figure 5.3 c shows the RSM of the asymmetric (224) diffraction peak. The
CuMnSb peak appears aligned to the InAs peak along the [00L] direction, confirming
pseudomorphic growth of CuMnSb on InAs. Relaxation of the CuMnSb layer can
be excluded since there is no broadening of the CuMnSb peak along the depicted
relaxation triangle. As described in section 4.4, the CuMnSb layers are capped with
Ru or Al2O3 to avoid oxidation. To validate the protection by Ru, the measurement
of the RSM was repeated on the same sample one year after growth. The result of
this lower resolution measurement is shown in Figure 5.3 d. Again, no relaxation of
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Figure 5.3: HRXRD investigations of epitaxial CuMnSb grown on InAs. Layer-Group H1202
a𝜔−2𝜃-diffractogram of the symmetric (002) diffraction peak together with a full dynamical
simulation yielding the lattice parameters and the CuMnSb thickness. b Rocking curve of
the (002) CuMnSb diffraction peak. The Voigt profile fit yields a FWHM of 7.7 ″. c RSM
of the asymmetric (224) diffraction peak, confirming the pseudomorphic character of the
CuMnSb layer. The relaxation triangle is shown for the CuMnSb layer. d Rerun of the
RSM from c one year after growth. No signs of aging or oxidation are visible. The reduced
resolution of this measurement is due to the use of a different detector.

the CuMnSb layer can be seen, and the CuMnSb peak is aligned to the InAs peak in
[00L] direction, providing no evidence of aging or oxidation of the CuMnSb layer.

In order to investigate the influence of an additional ZnTe buffer layer on
the epitaxial CuMnSb, three samples with different CuMnSb and ZnTe layer
thicknesses (20 nm ZnTe / 20 nm CuMnSb, 30 nm ZnTe / 30 nm CuMnSb and
300 nm ZnTe / 40 nm CuMnSb) grown on InAs are characterized using HRXRD.
The 𝜔−2𝜃-diffractograms of the symmetric (002) peak are presented in Figure 5.4 a
together with full dynamical simulations for extraction of the lattice parameters
and film thicknesses. The measurements are shifted vertically for better visibility.
While the measurements of the two thinner samples show superimposed thickness
fringes of the CuMnSb and ZnTe layers, no thickness fringes are visible for the
thickest sample. This finding indicates a relaxation of the CuMnSb layer on the
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Figure 5.4: HRXRD investigations of epitaxial CuMnSb grown on ZnTe buffer layers
of different thicknesses. a 𝜔 −2𝜃-diffractograms of the symmetric (002) diffraction peak
together with full dynamical simulations for extraction of lattice parameters. The mea-
surements are shifted vertically for better visibility. b Rocking curves of the (002) CuMnSb
diffraction peak. c RSM of the (224) diffraction peak of the sample with layer thicknesses of
20 nm ZnTe / 20 nm CuMnSb Layer-Group H1253 . d RSM of the (224) diffraction peak of the sample
with layer thicknesses of 30 nm ZnTe / 30 nm CuMnSb Layer-Group H1252 . e RSM of the (224) diffrac-
tion peak of the sample with layer thicknesses of 300 nm ZnTe / 40 nm CuMnSb Layer-Group H1164 .

thickest sample. It is not possible to draw conclusions about the thickness fringes
of the thick ZnTe layer, as these would have a higher frequency at a ZnTe thickness
of 300 nm than the distance between the individual measuring points.

The two thinner samples have the same vertical lattice parameters, which are
𝑎⟂CuMnSb = 6.136Å and 𝑎⟂ZnTe = 6.190Å. A thin ZnTe buffer layer, therefore, does
not influence the vertical lattice parameter of the CuMnSb layer. For the thick
sample, only the ZnTe peak is clearly visible. It yields a vertical lattice parameter of
𝑎⟂ZnTe = 6.115Å. The reduction of 𝑎⟂ZnTe suggests that the ZnTe layer of the thickest
sample is relaxed as well, at least partially.
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The influence of ZnTe buffer layers on the crystal quality of the CuMnSb layer
is investigated by the rocking curves of the (002) CuMnSb diffraction peak in Fig-
ure 5.4 b. The Voigt profile fits yield FWHMs of 13.7 ″ and 9.6 ″ for the samples with
thicknesses of 20 nm ZnTe / 20 nm CuMnSb, 30 nm ZnTe / 30 nm CuMnSb, respec-
tively. Within the limits of the diffractometer, this is no worsening compared to
CuMnSb layers grown directly on the InAs buffer layer. In contrast, the rocking
curve of the 40 nm CuMnSb layer on the 300 nm ZnTe layer shows a FWHM of
977.8 ″, indicating a strong degradation of the crystal.

Pseudomorphism and relaxation of the CuMnSb and ZnTe layers are examined
in more detail using RSMs of the (224) diffraction peak in Figures 5.4 c-e. The
RSM of the thinnest sample (Figure 5.4 c) confirms the pseudomorphic character
of both the CuMnSb and the ZnTe film, as both layer peaks are aligned to the
InAs peak in [00L] direction. No broadening along the depicted relaxation triangle
is visible. Pseudomorphic growth can also be attested for the sample with layer
thicknesses of 30 nm ZnTe / 30 nm CuMnSb (Figure 5.4 d), while little broadening
along the relaxation triangle is visible for both layers. As already indicated by the
𝜔 − 2𝜃-diffractogram, the RSM of the thickest sample (Figure 5.4 e) shows fully
relaxed CuMnSb and ZnTe layers. The position of the relaxed CuMnSb peak yields
a relaxed lattice parameter of 𝑎relaxedCuMnSb = 6.095Å, which matches the value reported
for bulk CuMnSb [26]. Using this value, the compressive strain on the epitaxial
CuMnSb layers grown on InAs substrates can be calculated as 0.6 %. Furthermore,
it should be noted that the combined layer thickness of ZnTe and CuMnSb for
pseudomorphic growth is limited by the lattice mismatch to InAs.

Further characterization of the CuMnSb crystal is performed using STEM
imaging. Therefore, a lamella with its surface normal along the [110] crystal
direction is prepared in a focused ion beam (FIB) system. For this orientation, only
atoms of the same species are aligned along the line of sight. The STEM images
are recorded at a 300 kV acceleration voltage with a high-angle annular dark-field
(HAADF) detector at the Röntgen-Center for ComplexMaterial Systems of the
Julius-Maximilians-Universität Würzburg by Dr. Martin Kamp. Figure 5.5 a
shows an overview scan of the InAs/CuMnSb/Ru layer stack. While the Ru and
InAs layers appear as smooth films, the CuMnSb layer exhibits buckling, indicating
partial relaxation. This can be due to any of two reasons; either the lamella is thin
enough to allow the CuMnSb layer to relax, or the CuMnSb layer relaxes due to
oxidation because the lamella is exposed to the environment unprotected during
the transfer from the FIB system to the STEM system. Besides the partial relaxation
of the CuMnSb film, no defects or stacking faults can be observed.

Both epitaxial layers (CuMnSb and InAs) show single crystalline ordering in
the higher magnification STEM image shown in Figure 5.5 b. The interface between
CuMnSb and InAs manifests as a strong contrast in the image and is atomically
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Figure 5.5: STEM images of epitaxial CuMnSb on InAs. Layer-Group H1202 a Overview scan
of the InAs/CuMnSb/Ru layer stack. Partial relaxation of the CuMnSb film is indicated
by buckling. b Higher magnification image of the CuMnSb/InAs interface. c Magnified
section of b with overlaid crystal structures of CuMnSb and InAs.

sharp. To map the InAs and CuMnSb crystal structures to the STEM images, the
HAADF images of the InAs/CuMnSb layer stack are simulated using the computem
program developed by Kirkland [79]. The simulation suggests that the heavy atoms
(Sb and In) show up as bright spots, while darker areas appear for vacant crystal
positions. Furthermore, the As atoms of the InAs surface appear to be incorporated
into the first CuMnSb layer by substituting the position of the Sb atoms. Using
this information, the crystal structures can be overlaid to the magnified section of
the HAADF-STEM image in Figure 5.5 c. The alignment proves that the CuMnSb
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Figure 5.6: RBS andPIXE spectra of stoichiometric CuMnSb grownon InAs. Layer-Group H1202
a RBS spectra in random and channeling configuration, along with a simulation of the
random signal for a Cu0.334Mn0.333Sb0.333 composed layer. b PIXE spectra in random and
channeling configuration, along with the associated X-ray emission lines of the elements
present in the sample.

layers grow in the expected half-Heusler crystal structure.
Material composition is investigated by RBS and PIXE. The measurements are

performed on a sample grown with the growth parameters given in subsection 4.3.2.
Figure 5.6 a shows the RBS spectra in random and channeling configuration. A
simulation of the spectrum in random configuration for a Cu0.334Mn0.333Sb0.333
composed layer agrees well with the measurement. Within the limits of the RBS
instrument, the studied CuMnSb layer can be considered as stoichiometric. In
channeling configuration, the surface peaks of Cu, Mb, Sb, and Ru are visible. The
surface peaks of In and As are absent due to the CuMnSb/InAs interface being
located too deep in the sample. As the channeling yield increases only gently
towards lower energies, the defect density in the CuMnSb layer appears to be low.

The collected PIXE spectra in random and channeling configuration are shown
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Figure 5.7: Electrical transport measurements on epitaxial CuMnSb grown on
InAs with a ZnTe buffer layer. Layer-Group H1242 a Conductance of a reference sample, a sam-
ple containing CuMnSb together with the calculated conductance for the CuMnSb layer.
b Temperature dependent resistivity of epitaxial CuMnSb. The onset of antiferromagnetic
order is characterized by a clear kink at 62 K. The inset shows a magnified section of the
low temperature regime, together with polynomial fits that yield a residual resistivity of
𝜌0 = 35µΩ⋅ cm.

in Figure 5.6 b, along with the associated X-ray emission lines. Emission lines of
all atomic species present in the layer stack are visible in the spectrum. All peaks
originating from elements of epitaxial layers have a reduced yield in channeling
configuration since their crystalline order allows channeling of the He+ ions. For
the sputtered Ru, the yields are identical in random and channeling configuration,
indicating amorphous character of the Ru layer.

5.1.2 Electrical properties
Electrical characterization is performed on a 30 nm thick CuMnSb layer grown on
a 38 nm thick ZnTe buffer layer. The sample is capped by a 5 nm Ru protective
layer. Rectangular stripes with the size of 250 × 1900 µm2 are prepared by standard
optical lithography and physical dry etching. Resistance measurements are carried
out in four-point geometry using a DC-current in a standard He bath cryostat
with a variable temperature insert. The applied current results in a current density
of 1.4 × 103 Acm−2. Contacts for probing the voltage are placed at a distance of
500 µm on the stripes. The magnetic transition and the electrical behavior at low
temperatures are investigated by the temperature dependent resistivity of the
CuMnSb layer.

To account for the parallel conductance of the Ru cap, the measurements are
repeated for a reference sample without the CuMnSb layer. The conductance of this
reference sample is then subtracted from the conductance of the sample containing
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the CuMnSb layer. Figure 5.7 a shows the temperature dependent conductance of
the reference sample, the sample containing the CuMnSb layer, and the resulting
calculated conductance of the CuMnSb layer. As can be seen, subtracting the
reference signal does not add any new features. With a value of (36 ± 4) µΩ · cm
at 200 K, the resistivity of the 5 nm thick Ru layer lies above the literature values
reported for bulk material (7.5 to 8.2 µΩ · cm) [80–82]. At a thickness of 5 nm, finite
size effects such as surface scattering or grain boundary scattering are likely to
increase resistivity relative to bulk material [83, 84]. Compared to the values of
∼20 µΩ · cm reported for Ru thin films of 5 nm thickness [85], the values obtained
here are only slightly larger. A contribution of a potential RuO2 layer to the
measured resistivity is very unlikely for the reasons given in subsection 4.4.1.

The calculated conductance of the CuMnSb layer is then converted to resistivity
using the physical dimensions of the fabricated stripe. Figure 5.7 b shows the
resulting temperature dependent resistivity of the CuMnSb layer. A clear kink of
the resistivity is observed at a temperature of 62 K. At the onset of antiferromag-
netic ordering, suppression of spin disorder scattering causes this slope change in
resistivity [86]. Thus, the temperature of 62 K can be identified as 𝑇N of epitaxial
CuMnSb grown on InAs. This lies at the upper end of the range of values reported
previously for bulk CuMnSb (50 - 62 K) [21, 23–26].

At low temperatures the temperature dependent resistivity can be fitted using
the polynomial function:

𝜌(𝑇 ) = 𝜌0 +𝑎𝑇 𝛼, (5.1)

as shown in the inset of Figure 5.7 b, where the fits for two temperatures ranges are
shown (0 - 15 K and 0 - 25 K). Here, 𝜌0 is the residual resistivity, giving information
on the scattering of charge carriers on impurities. Scattering between charge
carriers is described by the second term [87]. The fits of both temperature ranges
yield 𝜌0 = 35µΩ⋅ cm. Compared to the lowest values reported for bulk CuMnSb
[26], this value is even lower. Epitaxial growth thus appears to significantly reduce
the defect concentration in the CuMnSb crystal. Relative to normal metals, this
value is significantly increased, which could be due to the low density of states
at the Fermi level, as indicated by first principle calculations for CuMnSb [88].
This theory is supported by the low charge carrier density of 𝑛 = 2.3 × 1021 cm−3

determined for epitaxial CuMnSb in the work of Julian Werther [68]. In the same
work, Julian Werther was able to determine that electrical transport in epitaxial
CuMnSb is hole dominated with a hole mobility of 𝜇ℎ = 65cm2V−1 s−1.

As can be seen, the value of 𝛼 is strongly dependent on the temperature range
used for the fit. In the lower temperature range of 0 - 15 K, 𝛼 is determined to
be 2.5, which lies well above the values reported for bulk CuMnSb (𝛼 = 2 [87],
𝛼 = 1.8 [25, 89]). Increasing the temperature range for the fit up to 25 K leads to an
𝛼 = 2.0, which compares well to the previously reported values. Since the value of
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Figure 5.8: Magnetic characterization of epitaxial CuMnSb grown on InAs. Layer-Group H1202
The measurements are compensated using the CSH method described in section 3.4. a
Temperature dependent magnetization during cooldown in a bias field of 1 T. bMagnetic
field dependent magnetization along the [110] crystal direction at various temperatures.
c Inverse susceptibility during cooldown in a bias field of 1 T. The dashed lines indicate
the Curie-Weiss fits in the two temperature regimes with linear behavior. d Magnetic field
dependent magnetization along the [110] crystal direction at various temperatures.

alpha depends very strongly on the temperature range selected for the fit, it will
be refrained from drawing quantitative conclusions from the determined values at
this point. However, the fact that the value of alpha corresponds approximately
to the value 2, or exceeds 2, fits with the previous observations that CuMnSb is a
semi-metal rather than a half-metal [27, 38, 88]. For half-metals, no 𝑇 2 dependence
would be observed at low temperatures, since all states at the Fermi level are spin-
polarized and thus no spin-flip scattering is possible, which is typically responsible
for the 𝑇 2 dependence of the resistivity [90, 91].

5.1.3 Magnetic properties
Magnetic behavior of epitaxial CuMnSb grown on InAs is studied as a function of
temperature and magnetic field along the [110] and [110] crystal directions using
the SQUID magnetometer. The measurements are performed on a 40 nm thick
CuMnSb layer capped with Ru. Compensation provided by the CSH allows for
quantitative analysis. Figure 5.8 summarizes the magnetic measurements.
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Field cooling (FC) curves of the magnetization 𝑀(𝑇) recorded in a bias field of
1 T are shown in Figure 5.8 a. As the temperature is reduced, the magnetization
increases with a nonlinear progression, indicating paramagnetic behavior of the
CuMnSb layer. In this regime, the curves of the two crystal directions coincide. At
a temperature of 62 K, the magnetization reaches its maximum before it decreases
again towards lower temperatures, resulting in a cusp. This cusp marks the phase
transition from paramagnetism to antiferromagetism since the decrease in magne-
tization is a consequence of antiferromagnetic ordering. The value of 𝑇N obtained
by electrical characterization is thus in agreement with the value obtained by the
magnetic measurements. Below 𝑇N, a weak anisotropy is observed, similar to that
reported for bulk CuMnSb [26].

Further characterization of the paramagnetic phase is carried out based on the
temperature dependent inverse susceptibility 𝜒−1(𝑇 ), which is shown in Figure 5.8 c.
Two linear regimes are present in 𝜒−1(𝑇 ). Both of them can be fitted by means of
the Curie-Weiss law to obtain 𝜇eff and ΘCW. The fits yield 𝜇eff = 5.9 𝜇B/f.u. for the
temperature regime above 230 K and 𝜇eff = 4.3 𝜇B/f.u. for the temperature regime
between 110K and 170K. These values are within the range of values reported for
bulk CuMnSb (3.9–6.3 𝜇B/f.u.) [23–26]. Band-structure calculations suggest that
CuMnSb carries a magnetic moment of 4 𝜇B/f.u. [88]. Assuming that the saturation
moment 𝜇sat of the antiferromagnetic and the paramagnetic phases is equal, the
expected effective paramagnetic moment 𝜇eff can be calculated following [92] by
using the relations:

𝜇eff = 𝑔√𝐽 (𝐽 + 1)𝜇B (5.2)

and
𝜇sat = 𝑔𝐽𝜇B (5.3)

by

𝜇eff = 𝑔
√

𝜇sat
𝑔𝜇B

(
𝜇sat
𝑔𝜇B

+1)𝜇B, (5.4)

with 𝑔 being the g-factor, and 𝐽 being the angular momentum quantum number.
Using Equation 5.4, the expected effective paramagnetic moment is calculated as
𝜇eff = 4.9 𝜇B/f.u.

Differences to bulk samples are found for ΘCW. A ΘCW of −65 K is extracted
from the fit in temperature range above 230 K. Typically, a ratio of −ΘCW/𝑇N ≈ 3
is observed in bulk CuMnSb [26]. This value is interpreted to be indicative of
geometric frustration [34]. However, the observation that the ratio is close to
1 in the case of epitaxial CuMnSb grown on InAs indicates that the geometric
frustration in the magnetic structure of the CuMnSb film is reduced due to the
symmetry reduction caused by the epitaxial strain. The fit of the lower temperature
regime yields a positive ΘCW of 55 K, indicating ferromagnetic contributions. More
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detailed investigations into this second Curie-Weiss regime close to the magnetic
transition can be found in section 6.1.

Figures 5.8 b and d show the magnetic field dependence of the magnetization
along the [110] and [110] crystal directions for various temperatures. As expected
for the paramagnetic phase, the magnetization at 300 K shows linear behavior as a
function of the magnetic field for both crystal directions. No saturation is observed
for magnetic fields up to 5 T. Below 𝑇N, non-saturating linear behavior is observed
for |𝜇0𝐻| ≳ 0.8T, as was demonstrated for bulk CuMnSb in fields up to 50 T [93].
For smaller fields, however, the magnetization shows nonlinear behavior. While
no remanence can be observed close to 𝑇N at 50 K, an open hysteresis develops
at 2 K, which is atypical for antiferromagnets. The saturation magnetization of
the nonlinear signals shows a weak anisotropy between the two crystal directions.
Hysteretic behavior at low temperatures and low magnetic fields was also found
for bulk samples. Spin disorder was suggested as the origin [27]. Whether the
nonlinear behavior of the epitaxial CuMnSb layers is of the same origin will be
investigated in detail in section 6.1.

Except for the nonlinear behavior at low magnetic fields, the magnetic mea-
surements confirm the antiferromagnetic character of epitaxial CuMnSb thin films
grown on InAs. In particular, the characteristic parameters, like 𝑇N and 𝜇eff are
consistent with the values published for bulk CuMnSb.

5.1.4 Achieving stoichiometry
Finding and setting the correct growth parameters for the stoichiometric growth
of CuMnSb on InAs is primarily an iterative process, where the growth parame-
ters have to be adjusted based on sample properties after each growth until the
right conditions are determined. No correlation has yet been found between the
structural parameters determined by HRXRD, like the vertical lattice constant, and
the material composition for the growth of CuMnSb on InAs. It is nevertheless
advisable to characterize all samples with rocking curves and 𝜔−2𝜃-diffractograms
to exclude additional material phases and to assess the crystal quality.

However, some characteristic surface reconstructions observed by RHEED
could be identified, which allow conclusions to be drawn about the deviation of
the growth parameters from the stoichiometric case. The known RHEED patterns
along with the resulting information on material flux conditions are shown in
Figure 5.9. Thus, it can be seen that a too high Cu flux leads to a d/3 reconstruction
in [110] (Figure 5.9 a) and a semicircle in [110] direction (Figure 5.9 b). If the
Cu flux is too low, a 2 × 2 reconstruction is observed along the [110] and [110]
crystal directions (Figure 5.9 c and d), which is easily confused with the surface
reconstruction in stoichiometric growth. However, the significant difference to the
2× 2 reconstruction of stoichiometric CuMnSb is the distinct modulation of the
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Figure 5.9: Characteristic RHEED reconstructions for CuMnSb growth on InAs
with growth parameters deviating from the stoichiometric case.
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streaks, which indicates a multilevel stepped surface [94]. The 2×4 reconstruction
presented in Figure 5.9 e and f hints towards a slightly increased Cu and/or Mn
flux. On the other hand, if the Mn flux is significantly too high and the fluxes of
Cu and Sb are set correctly, the 4×4 reconstruction shown in Figure 5.9 g and h
can be observed. Another 2 × 2 reconstruction is observed when either the Mn
flux is set too low or the Sb flux is set too high (Figure 5.9 i and j). Compared
to the stoichiometric case and the case with too little Cu flux, superimposed 3D
transmission dots in the [110] direction are characteristic in this case. For a too
low Sb flux, a d/1 reconstruction in [110] direction (Figure 5.9 k) and a semicircle
in [110] direction (Figure 5.9 l) can be observed.

Initially, it is recommended to adjust the cell temperatures until the BEPs
from Table 4.1 in subsection 4.3.2 are reached and grow a first sample using these
conditions. Based on the observed RHEED reconstructions, cell temperatures
should be changed (from sample to sample) until a known RHEED pattern is
obtained. Here, the cell temperatures should be adjusted in 2 K steps for the Cu and
Mn cells and in 0.4 K steps for the Sb cell. Once a known RHEED reconstruction
is observed, cell temperatures can be further optimized until the 2 × 2 surface
reconstruction of stoichiometric CuMnSb is achieved. For this procedure, the
step size should be reduced to 1 K for Cu and Mn, and 0.2 K for Sb. Finally, the
remaining physical parameters must be analyzed in order to verify that the sample
is stoichiometric. For this purpose, the magnetic (𝑇N, 𝜇eff and ΘCW) and electrical
properties (𝑇N and 𝜌0), as well as RBS measurements are particularly suitable.

5.2 Physical properties of epitaxial CuMnSb grown
on GaSb (001)

This section is largely based on L. Scheffler et al., Bulk-like magnetic properties in
MBE-grown unstrained, antiferromagnetic CuMnSb, Appl. Phys. Lett. 121, 012401
(2022) [95].

The characterization of epitaxial CuMnSb grown on GaSb is partially based on a
series of nine samples, which differ in the flux ratio of Mn and Sb used. All nine
samples were grown with identical Cu flux. An overview of the samples with the
BEPs used and the resulting relative flux ratios ΦMn/ΦSb of Mn and Sb is given in
Table 5.1. Thereby ΦMn/ΦSb is calculated per [96] by:

ΦMn
ΦSb

=
BEPMn
BEPSb

⋅
𝜂Sb
𝜂Mn

⋅
√

𝑇Mn𝜇Sb
𝑇Sb𝜇Mn

, (5.5)

where 𝜂 is the ionization efficiency, 𝑇 is the effusion cell temperature, and 𝜇 is
the atomic mass of the corresponding element. Since only effusion cells are used,



5.2 Physical properties of epitaxial CuMnSb grown on GaSb (001)

5

53

Sample
BEPCu

(10−9mbar)
BEPMn

(10−9mbar)
BEPSb

(10−8mbar) ΦMn/ΦSb
𝑡CuMnSb
(nm)

1 Layer-Group H1274 5.80 ± 0.05 8.65 ± 0.05 4.23 ± 0.05 1.19 ± 0.02 39
2 Layer-Group H1273 5.80 ± 0.05 8.65 ± 0.05 4.10 ± 0.05 1.23 ± 0.02 37
3 Layer-Group H1271 5.80 ± 0.05 9.03 ± 0.05 4.23 ± 0.05 1.24 ± 0.02 40
4 Layer-Group H1272 5.80 ± 0.05 8.65 ± 0.05 4.00 ± 0.05 1.26 ± 0.02 39
5 Layer-Group H1269 5.80 ± 0.05 9.03 ± 0.05 4.10 ± 0.05 1.28 ± 0.02 40
6 Layer-Group H1270 5.80 ± 0.05 9.03 ± 0.05 4.00 ± 0.05 1.32 ± 0.02 39
7 Layer-Group H1277 5.80 ± 0.05 9.61 ± 0.05 4.23 ± 0.05 1.33 ± 0.02 41
8 Layer-Group H1276 5.80 ± 0.05 9.61 ± 0.05 4.10 ± 0.05 1.37 ± 0.02 40
9 Layer-Group H1275 5.80 ± 0.05 9.61 ± 0.05 4.00 ± 0.05 1.40 ± 0.02 39

Table 5.1: Overview of the set of samples used for characterization of epitaxial
CuMnSb grown on GaSb.

it is understood that Mn is evaporated as single atoms and Sb as Sb4 molecules.
Since the growth time for the samples does not differ, the different material fluxes
result in different CuMnSb layer thicknesses. However, it can be assumed that
differences of a few nm have no influence on the investigated material properties.
In the following, the measurements shown are assigned to the samples either by
the sample number or by the used ΦMn/ΦSb.

5.2.1 Structural properties
Layer properties
All nine samples are characterized by 𝜔 −2𝜃-diffractograms of the symmetric (002)
diffraction peak using HRXRD. The lattice parameters are extracted using full
dynamical simulations. Figures 5.10 a-c show the 𝜔 −2𝜃-diffractograms for three
characteristic samples that represent the three different types of observed strain
(Samples 1, 5 and 9), together with the full dynamical simulations. The horizontal
lattice parameter for all nine samples is found to be 𝑎∥CuMnSb = 𝑎GaSb = 6.096Å. In
contrast to the growth on InAs, a clear dependence of the vertical lattice parameter
on the material composition is observed. For instance, the lowest Mn/Sb flux ratio
(ΦMn/ΦSb=1.19 ± 0.02, Figure 5.10 a) leads to a tensile strained CuMnSb crystal with
a vertical lattice parameter of 𝑎⟂CuMnSb = 6.092Å. An unstrained CuMnSb crystal
(𝑎∥CuMnSb = 𝑎⟂CuMnSb = 𝑎GaSb = 6.096Å) is formed at ΦMn/ΦSb=1.28 ± 0.02, as can be
seen in Figure 5.10 b. A vertical lattice parameter of 𝑎⟂CuMnSb = 6.111Å and thus
a compressive strained CuMnSb crystal is found for the sample with the highest
ΦMn/ΦSb of 1.40 ± 0.02.

The vertical lattice parameters of all nine samples are shown in Figure 5.10 d
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Figure 5.10: HRXRD investigations of epitaxial CuMnSb grown on GaSb. a 𝜔 −2𝜃-
diffractogram of the (002) diffraction peak with the corresponding full dynamical simulation
of a sample grown with ΦMn/ΦSb=1.19 ± 0.02, revealing tensile strain of the CuMnSb crystal.
b 𝜔 −2𝜃-diffractogram of the (002) diffraction peak with the corresponding full dynamical
simulation of a sample grown with ΦMn/ΦSb=1.28 ± 0.02. The measurement indicates that
the CuMnSb crystal is unstrained. c 𝜔 −2𝜃-diffractogram of the (002) diffraction peak with
the corresponding full dynamical simulation of a sample grown with ΦMn/ΦSb=1.40 ± 0.02,
revealing compressive strain of the CuMnSb crystal. d Vertical lattice parameters of all
nine samples as a function of the relative Mn/Sb flux ratio. The calculated vertical lattice
parameter for stoichiometric conditions is marked by the red line. e RSM of the asymmetric
(224) diffraction peak of the stoichiometric sample.

as a function of the relative Mn/Sb flux ratio. There is a clear trend of increasing
vertical lattice parameter with rising ΦMn/ΦSb. Similar behavior was also found
for epitaxial NiMnSb [20, 97–99]. There it was suggested that defects like MnNi
(Mn substituting Ni) and Mn interstitials (Mnvac) are responsible for the increase
of 𝑎⟂NiMnSb in NiMnSb. In CuMnSb MnCu, CuMn and Mnvac are the defects with the
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lowest formation energy [36]. It is therefore very likely that the observed variation
of 𝑎⟂CuMnSb is driven by the variation of the Mn content.

Based on the vertical lattice parameter calculated for CuMnSb grown on GaSb
(see section 3.3), it is possible to estimate which of the samples most closely matches
the stoichiometric conditions. The calculation yields 𝑎⟂stoi = 6.094Å for stoichiomet-
ric conditions. This value is marked by the red line in Figure 5.10 d. It is found that
the vertical lattice parameter of sample 3 (𝑎⟂CuMnSb = 6.0939Å), which was grown
with a relative flux ratio of ΦMn/ΦSb = 1.24±0.02, is closest to 𝑎⟂stoi. Sample 3 will
therefore also be referred to as the stoichiometric sample in the following.

Figure 5.10 e shows the RSM of the asymmetric (224) diffraction peak of the
stoichiometric sample. The peaks of GaSb and CuMnSb are superimposed, which
is why investigations of the crystal quality of the CuMnSb layer by rocking curves
are prevented. No signs of relaxation are observed, confirming the pseudomorphic
character of the CuMnSb film.

Surface properties
The surface of the CuMnSb films grown on GaSb is investigated by RHEED and
AFM. Figure 5.11 shows the surface reconstructions along the [100], [010], [110]
and [110] crystal directions of the stoichiometric sample after growth. As for the
growth on InAs, a 2×2 reconstruction is observed along the [100] (Figure 5.11 a)
and [010] (Figure 5.11 c) crystal directions. Right after growth starts, the CuMnSb
surface also exhibits a 2×2 reconstruction in the [110] and [110] crystal directions.
For the stoichiometric sample, this 2×2 reconstruction transforms into a 2×4 recon-
struction after 10min of growth and remains unchanged until growth is terminated.
The 2×4 reconstruction at the end of growth is shown in Figures 5.11 b and d.

Sample ΦMn/ΦSb surface reconstruction RMS roughness (nm)
1 1.19 ± 0.02 2×2 0.96
2 1.23 ± 0.02 2×4 0.26
3 1.24 ± 0.02 2×4 0.20
4 1.26 ± 0.02 1×4 0.18
5 1.28 ± 0.02 2×6 0.14
6 1.32 ± 0.02 1×1 0.33
7 1.33 ± 0.02 1×1 0.15
8 1.37 ± 0.02 3×2 0.20
9 1.40 ± 0.02 5×1 0.16

Table 5.2: Surface properties of the set of samples used for characterization of
epitaxial CuMnSb grown on GaSb.
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Figure 5.11: RHEED reconstructions of the CuMnSb surface grown on GaSb under
stoichiometric conditions. a d/2 reconstruction along the [100] crystal direction. b
d/2 reconstruction along the [110] crystal direction. c d/2 reconstruction along the [010]
crystal direction. d d/4 reconstruction along the [110] crystal direction.

In Table 5.2, the observed surface reconstructions along the [110] and [110]
crystal directions for all nine samples are given. The surface reconstruction is
highly sensitive to material composition; samples grown with similar ΦMn/ΦSb
[Δ(ΦMn/ΦSb) ≤ 0.01] exhibit the same surface reconstruction. Thus, the RHEED
reconstructions can also be used to tune the growth parameters in the case of
CuMnSb growth on GaSb.

In addition, Table 5.2 lists the RMS roughness values of the nine samples
determined by AFM. Except for the sample with the lowest relative Mn/Sb flux
ratio, all samples have comparable surface roughness. The lowest RMS roughness is
found for the lattice-matched CuMnSb layer (Sample 5). However, more significant
differences are found in the surface morphology, which is shown exemplarily
for two of the samples in Figure 5.12. The surface of the stoichiometric sample
shows stripes that are oriented along the [110] crystal direction, as can be seen in
Figure 5.12 a. From the extracted line profile (Figure 5.12 b) heights of the stripes
from 3 to 10Å can be detected. These stripes are strongly reminiscent of an AFM-
typical artifact, which can be caused by the so-called piezo drift. Measurements on
the same sample in the work of Jonas Knobel [41, Fig. 4.6 f)] show these stripes as
well, which weakens the suspicion of an instrumental artifact.

In contrast, the surface of the unstrained CuMnSb layer (Figure 5.12 c) shows
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Figure 5.12: AFM investigations of the Ru capped CuMnSb surface for samples
grown on GaSb. a AFM image of the stoichiometric CuMnSb sample. b Line profile
extracted from the highlighted area in a. c AFM image of the unstrained CuMnSb sample.
d Line profile extracted from the highlighted area in c.

atomic steps. According to the extracted line profile in Figure 5.12 d, the steps
have a minimum height of one-quarter lattice parameter, corresponding to a single
atomic layer (either an MnSb or a Cu layer). This is noteworthy in that both the
InAs and GaSb substrates and the CuMnSb layers grown on InAs feature atomic
steps with a minimum height of half a lattice parameter. Whether the stability of
individual atomic layers is enhanced by the absence of strain cannot be conclusively
determined. However, it can be concluded that the unstrained growth leads to the
best surface quality of the CuMnSb layer.

5.2.2 Electrical properties
The electrical characterization is performed on Hall bars with a size of
180 × 1080 µm2, which are fabricated by standard optical lithography. Ar-
gon dry etching followed by a wet etch step in a phosphorus-citric acid based
solution is used to define the mesa. More details about the manufacturing process,
as well as further in-depth electrical measurements, can be found in [68]. Again,
parasitic conductivities due to the Ru protective layer and substrate are accounted
for using a reference sample (see subsection 5.1.2 for details).

Figure 5.13 a shows the temperature dependent resistivity of the stoichiometric
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Figure 5.13: Electrical characterization of epitaxial CuMnSb grown on GaSb. a Tem-
perature dependent resistivity of the stoichiometric CuMnSb sample grown on GaSb. The
magnetic phase transition is indicated by a clear kink. b-d Residual resistivity, residual
resistivity ratio, and Néel temperature of all nine samples as a function of the relative
Mn/Sb flux ratio. The red line marks the stoichiometric composition.

sample. Themagnetic phase transition is marked by a clear kink at around 𝑇N = 60K.
The overall trend is comparable to the temperature dependent resistivity of CuMnSb
grown on InAs. A slightly higher 𝜌0 of 46 µΩ · cm indicates a marginally degraded
crystal quality. Except for the sample with ΦMn/ΦSb=1.37 ± 0.02, comparable values
of 𝜌0 are measured, as can be seen in Figure 5.13 b.

For other (half-) Heusler materials, a relation between the defect density and the
residual resistivity ratio (RRR) was found [100, 101], leading to lower RRR values
for higher defect concentrations. No such dependency is observed in the samples
studied here. As can be seen in Figure 5.13 c, there is no trend of RRR as a function
of ΦMn/ΦSb. However, there is a clear trend as a function of ΦMn/ΦSb for 𝑇N,
according to Figure 5.13 d. Around the stoichiometric composition (marked by the
red line) the highest values of 𝑇N are measured. When leaving the stoichiometric
composition, a decrease of 𝑇N is observed. Similar behavior was also observed for
Co substitution in CuMnSb [27]. The two samples with the highest ΦMn/ΦSb and
smallest 𝑇N both indicated spontaneous magnetization already at room temperature.
Ferromagnetic inclusions due to the high Mn concentration are the most likely
explanation for this observation.

Ferromagnetic inclusions (in particular an Mn2Sb impurity phase) were also ob-
served in CuMnSb grown by means of optical float-zoning [26], when the CuMnSb
was prepared from stoichiometric initial weight. The formation of this phase was
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prevented by a slight Sb excess in the initial weight. For the resulting sample, RRR
and 𝑇N were reported to be 4.2 and 55K, respectively. In this work, comparable
values are measured for the epitaxial CuMnSb around ΦMn/ΦSb=1.33 ± 0.02, which
is still too high a Mn concentration with respect to the stoichiometric composition.

5.2.3 Magnetic properties
The low lattice mismatch between CuMnSb and GaSb allows the growth of CuMnSb
layers with unlimited thickness. For the magnetic characterization, stoichiomet-
ric CuMnSb layers with different thicknesses 𝑡 were prepared to investigate the
influence of the layer thickness on the magnetic properties. Their thickness ranges
from 5 to 510 nm. The basic magnetic properties are discussed on the basis of the
thickest CuMnSb layer (𝑡 = 510nm), since the magnetic signal of this sample is the
strongest. All measurements are compensated using the COMP method described
in section 3.4.

First, the temperature dependence of the magnetization 𝑀(𝑇) is investigated.
Figure 5.14 a shows the FC curves of𝑀(𝑇) acquired inmagnetic fields between 1 and
7 T along the [110] crystal direction. In all measurements, the characteristic cusp
indicates the magnetic phase transition. It occurs independently of the magnetic
field at the identical temperature. 𝑇N can therefore be determined to 62 K, which
corresponds to the highest value reported for bulk CuMnSb [27]. Qualitatively,
the measurements are in agreement with those published for bulk material [26].
However, there are also significant differences to be noted. Compared to the bulk
material, the values measured for magnetization are about 44 % larger. Furthermore,
the𝑀(𝑇) curves show no signs of canting of the Mn spins from the ⟨111⟩ direction
below 𝑇N. This raises the question of whether these experimental differences
reveal a discrepancy that exists between stoichiometric and point-defect-affected
material. To answer this question, experiments are needed that can determine
the exact orientation of the local magnetic moments (e.g. neutron diffraction) and
not just the projection of the external magnetic moment of the sample onto the
measurement direction as SQUID magnetometry does.

To investigate a possible directional dependence of 𝑀(𝑇), further FC curves
are measured at 𝜇0𝐻 = 1T along the [100] and [110] crystal directions. They are
plotted together with 𝑀(𝑇) and the temperature dependent inverse susceptibility
𝜒−1(𝑇 ) along the [110] crystal direction in Figure 5.14 b. In the paramagnetic state,
isotropic behavior of 𝑀(𝑇) is observed above a temperature of 100 K. Below 100K,
a weak anisotropy can be identified similar to what is reported for bulk CuMnSb
[26]. In particular, for both the bulk material and the epitaxial CuMnSb, the [100]
direction is the magnetically softest and the [110] direction is the magnetically
hardest.

In contrast to the CuMnSb layer grown on InAs, which was characterized
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Figure 5.14: Magnetic characterization of epitaxial CuMnSb grownonGaSb. Layer-Group H1265
The measurements are compensated using the COMP method described in section 3.4. a
FC curves of the magnetization 𝑀(𝑇) acquired at various magnetic fields along the [110]
crystal direction of a 510 nm thick CuMnSb layer. 𝑇N is marked by a dotted line. b 𝑀(𝑇)
during cooldown of the same sample at a bias field of 1 T along the [110], [100] and [110]
crystal directions (left axis) together with the temperature dependent inverse susceptibility
𝜒−1(𝑇 ) along the [110] crystal direction (right axis). The dashed line represents the Curie-
Weiss fit. cMagnetic field dependent magnetization𝑀(𝐻) along the [110] crystal direction
at various temperatures. d Magnetic field dependent magnetization 𝑀(𝐻) along the [110]
crystal direction at various temperatures. e 𝑇N as a function of the CuMnSb layer thickness.
The gray area marks the range of values reported for bulk CuMnSb in the literature.

magnetically in subsection 5.1.3, 𝜒−1(𝑇 ) of the sample investigated here follows
a perfectly straight line in the paramagnetic phase. However, this is not due to
the different substrate, but rather to the much greater thickness of the CuMnSb
layer, which will be discussed in detail in section 6.1. ΘCW and 𝜇eff are extracted
using a fit according to the Curie-Weiss law. The fit yields ΘCW = −100K and
𝜇eff = 5.6 𝜇B/f.u.. Compared to CuMnSb grown on InAs, ΘCW is reduced by 35K,
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which is probably due to the lower strain and the resulting increased geometric
frustration in the antiferromagnetic state. 𝜇eff is also slightly reduced, but is still
above the theoretical expected value of 4.9 𝜇B/f.u. [88], which is a sign for itinerant
magnetism [89].

The magnetic field dependence of the magnetization𝑀(𝐻) is investigated along
the [110] (Figure 5.14 c) and [110] (Figure 5.14 d) crystal directions. Within the
measured field range of ±5 T, 𝑀(𝐻) shows a linear field dependence in both the
paramagnetic and antiferromagnetic phases. Neither saturation of the magneti-
zation nor hysteretic behavior is observed. The former fits the findings of bulk
material [93] and of CuMnSb grown on InAs. The latter, however, contradicts
the results of CuMnSb grown on InAs. As shown in section 6.1, the significantly
increased thickness of the CuMnSb layer studied here compared to the layer grown
on InAs is again responsible for this finding.

Using temperature dependent measurements of the magnetization as shown in
Figure 5.14 a, 𝑇N was determined for epitaxial CuMnSb films of different thicknesses.
The measured values of 𝑇N are plotted as a function of the CuMnSb thickness in
Figure 5.14 e. The gray area marks the range of values reported previously for bulk
material [21, 23–27]. A 𝑇N of 62 K is found for layers with a thickness greater than
200 nm. The sample with a CuMnSb thickness of 40 nm already exhibits a slightly
reduced 𝑇N of 60 K. A further reduction of the layer thickness leads to a further
decrease of 𝑇N down to 37K for the 5 nm thick sample. The significant decrease
of 𝑇N towards very thin films indicates a possible difference in the surface and
volume contributions to the antiferromagnetic order.

5.2.4 Achieving stoichiometry
Similar to the growth of CuMnSb on InAs, the adjustment of growth parameters
for CuMnSb growth on GaSb is an iterative process. A major advantage, however,
is the dependence of the vertical lattice parameter on the material composition
presented in subsection 5.2.1. In addition, the Néel temperature can be a useful
tool to determine the stoichiometry of a sample.

It is again recommended that the values presented in Table 4.1 in subsection 4.3.2
for the material fluxes are set initially. The BEPs then should be adjusted until a
known surface reconstruction is observed in RHEED. Steps of 2 K for the Mn cell
temperature and 0.4 K for the Sb cell temperature have been found to be suitable for
this process. The Cu cell temperature, on the other hand, should be kept constant,
since even the smallest changes in material flux that are below the resolution limit
of the flux gauge can have a significant effect on the material parameters. If a first
sample with known surface reconstruction is grown, another sample with deviating
Mn concentration should be grown next to check if the expected change of the
vertical lattice parameter can be observed by HRXRD. If this is the case, further
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optimization of thematerial fluxes can be performed until the stoichiometric vertical
lattice parameter of 𝑎⟂stoi = 6.094Å, and the described 2×4 surface reconstruction
is achieved. For this purpose, the cell temperatures of the Mn and Sb cells should
be adjusted in 1 K and 0.2 K steps.

The optimization process should be accompanied bymeasurements of 𝑇N, which
should be maximum for stoichiometric conditions. Another quality feature of the
perfect growth conditions is a stable 2×4 surface reconstruction even during the
growth of very thick CuMnSb layers over several hours.
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6
Magnetism of epitaxial CuMnSb

In this chapter, the magnetic properties of epitaxial CuMnSb are discussed in more
depth. Particular focus is placed on differences from the bulk material and on phenom-
ena that have not yet been described in the literature. First, the magnetic behavior
in weak magnetic fields is analyzed. In this context, both the hysteretic behavior,
which is atypical for an antiferromagnet, and the temperature dependence of the
magnetization are examined in more detail. This is followed by the presentation of
evidence for spin-glass-like behavior at low temperatures and the investigation of
the exchange bias effect by testing various ferromagnets that are sputtered onto the
CuMnSb surface. Finally, first results from a muon spin rotation experiment performed
on epitaxial CuMnSb are presented.

6.1 Nonlinear behavior of the field dependent
magnetization

Before presenting the field dependent magnetization 𝑀(𝐻) of epitaxial CuMnSb,
𝑀(𝐻) of an idealized antiferromagnet is briefly explained with the help of Fig-
ure 6.1. Thereby two cases are considered: 𝑀(𝐻) at 𝑇 = 0K, which is shown in
Figure 6.1 a, and 𝑀(𝐻) at 𝑇 > 0K, which is shown in Figure 6.1 b. For an ideal
antiferromagnet with perfectly compensated moments, one expects a net moment
of 0 when no external magnetic field is applied. By applying an external magnetic
field, the magnetic moments of the antiferromagnet will be slightly tilted towards
the direction of the external field, regardless of the direction at temperatures above
0 K, as it is shown in Figure 6.1 b. Thereby, the net moment increases linearly with
the strength of the external magnetic field until all moments are aligned along the
magnetic field and saturation (𝑀sat) is reached. The increase in net magnetization is
strongest when the external field is applied along a magnetically hard axis (𝐻⟂) and
weakest when the field is applied along a magnetically easy axis (𝐻∥). At 𝑇 = 0K
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Figure 6.1: Magnetic field dependent magnetization 𝑀(𝐻) of an idealized antiferro-
magnet with perfectly compensated moments. 𝑀(𝐻) is shown for the field applied
along the magnetic easy axis (𝐻∥) and along the magnetic hard axis (𝐻⟂) for 𝑇 = 0K (a) and
𝑇 > 0K (b).

(Figure 6.1 a), the magnetic moments do not tilt when the field is applied along
the magnetic easy axis because no net force of the applied field can act on the
moments in this configuration. This is due to the fact that there are no temperature
fluctuations of the magnetic moments at a temperature of 0 K. To minimize energy,
it is possible for the magnetic moments to flip to a magnetically hard axis when a
field that exceeds a critical field strength (𝐻C) is applied along the easy axis through
what is known as a spin-flop transition. Such a transition is manifested by a sudden
increase in magnetization towards the curve for a field applied along the hard axis,
as shown for both cases in Figure 6.1.

As mentioned earlier, no saturation was observed for bulk CuMnSb at fields
up to 50 T [93]. Furthermore, no evidence of a spin-flop transition in CuMnSb
has been reported so far. Transferred to the experimental methods available for
this work (fields up to 7 T), it can therefore be expected that the magnetization
is exclusively linear and non-saturating as a function of the magnetic field. As
reported in subsection 5.1.3 (Figure 5.8), the 40 nm thick stoichiometric CuMnSb
layer grown on InAs and capped with Ru exhibits a nonlinear dependence on the
magnetic field in the antiferromagnetic state for weak magnetic fields. At very low
temperatures, even an open hysteresis can be observed. In comparison, the 510 nm
thick CuMnSb layer grown on GaSb, which was investigated in subsection 5.2.3
(Figure 5.14), shows a linear, non-saturating behavior at first glance.

Figures 6.2 a and b resume the measurements at 30 K and 4K of the sample
grown on GaSb, supplemented by measurements with the field along the [001]
crystal direction. In order to examine the measurements for a nonlinear component,
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Figure 6.2: Nonlinearity of the magnetic field dependent magnetization𝑀(𝐻) along
the [110], [110] and [001] crystal directions of epitaxial CuMnSb grown on GaSb.
Layer-Group H1265 The measurements are compensated using the COMP method described in sec-
tion 3.4. a 𝑀(𝐻) at 30 K. b 𝑀(𝐻) at 4 K. c 𝑀(𝐻) after subtraction of the linear component
at 30 K. d 𝑀(𝐻) after subtraction of the linear component at 4 K.

the linear component determined at high fields is subtracted from themeasurements.
The resulting curves are shown in Figures 6.2 c and d. A saturating nonlinear
component is revealed for both temperatures. While the curve at 30 K shows
superparamagnetic character, an open hysteresis develops at 4 K, as was found for
the sample grown on InAs. For both temperatures, the curves are fairly isotropic.
Although an open hysteresis is not expected for an ideal antiferromagnet, there
are some effects that may cause net magnetic moments in real antiferromagnets,
which are listed below:

a) ferromagnetic inclusions

b) spin-canting due to Dzyaloshinskii–Moriya interaction [102, 103]

c) antiferromagnetic domain walls [104]

d) uncompensated moments in the bulk crystal

e) uncompensated surface spins [105]
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Figure 6.3: Nonlinear component of the field dependent magnetization 𝑀(𝐻) of
three CuMnSb layers with different thicknesses. Layer-Group H1265 Layer-Group H1232 Layer-Group H1271 The
measurements are compensated using the COMP method described in section 3.4. The
linear component determined at high fields is subtracted from the original measurements.
a 𝑀(𝐻) at 30 K. b 𝑀(𝐻) at 4 K.

The mechanisms a)-d) are volume effects, so their signal strength should be volume
dependent. In the case of b), it must be mentioned that the Dzyaloshinskii–Moriya
interaction can also be an interface effect, but at this point, it is referred to the
spin-canting in bulk antiferromagnets, which can lead to weak ferromagnetism as
described in [102, 103]. On the other hand, the signal strength from uncompensated
surface spins is expected to be area dependent.

In order to verify whether the nonlinear component of epitaxial CuMnSb is
volume or area dependent, Figure 6.3 compares the nonlinear component normal-
ized to the area of the sample for three CuMnSb layers of different thickness. For
this purpose, the linear component determined at high fields was again subtracted
from the measurements and the resulting values were divided by the sample area.
For both the measurements at 30 K (Figure 6.3 a) and 4K (Figure 6.3 b), the signals
of the three samples are of comparable magnitude. In particular, no correlation
with the layer thickness can be seen, which indicates an area effect. This also
explains why the nonlinear signal is more prominent in measurements on thin-
ner layers, such as the CuMnSb layer grown on InAs, which was investigated in
subsection 5.1.3. Whether the signal originates from the CuMnSb surface, the
CuMnSb/buffer interface, or both cannot be answered at this point. Since the signal
occurs independently of the cap material used, the cap can be excluded as the
source.

To further investigate the signal and especially its thickness and temperature
dependence, an etching experiment is performed on a 270 nm thick CuMnSb layer,
which was grown on GaSb. In this experiment, the CuMnSb layer thickness and
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thus the CuMnSb volume of the Ru-capped sample is reduced stepwise by argon dry
etching. After each etching step, the CuMnSb layer is capped again in-situwith 5 nm
Ru by DC-magnetron sputtering. The resulting CuMnSb thicknesses determined
by HRXRD are 270 nm, 190 nm, 130 nm, and 100 nm. Finally, the CuMnSb layer is
removed completely to obtain a reference sample for the magnetic measurements.
For each of these CuMnSb thicknesses, 𝑀(𝐻) is measured at various temperatures
between 80 and 20K along the [110] and [110] crystal directions. Themagnetization
is compensated using the COMP method described in section 3.4. Subsequently,
the linear part of the compensated magnetization determined by a linear fit at
high fields is subtracted from the compensated measurement, thus obtaining the
nonlinear part of the measurement.

The resulting nonlinear part of 𝑀(𝐻), normalized to the area of the sample,
is shown in Figure 6.4. For the unetched sample (𝑡CuMnSb = 270nm), a strong
anisotropy of the nonlinear signal can be observed. At all measured temperatures,
it is much more pronounced along the [110] crystal direction. This anisotropy
disappears after the first etching process (𝑡CuMnSb = 190nm). The nonlinear signal
is comparable for both crystal directions. The fact that the nonlinear signal can be
affected by argon dry etching indicates that the origin of the signal is localized at the
surface of the CuMnSb layer since the argon ions only penetrate the CuMnSb surface
and do not affect the CuMnSb/buffer interface. For argon dry etching, an ion energy
of 400 eV was used. At this energy, the surface of the crystal is typically damaged
to depths in the single-digit nanometer range [106]. Furthermore, amorphization
of the crystal on the surface is possible.

Comparing the measurements along the [110] crystal direction for the different
CuMnSb film thicknesses, it is observed that the saturation magnetization of the
nonlinear signal is slightly increased after each etching step. More importantly, the
signal does not scale with the decrease in CuMnSb volume. This result reinforces
the hypothesis that the nonlinear signal is not a bulk effect, but a surface or
interface effect. It is therefore very likely that the nonlinear signal is generated by
uncompensated moments on the CuMnSb surface, as has been demonstrated for
the antiferromagnetic transition-metal monoxide NiO [105]. Since CuMnSb and
NiO share the same AFM111 antiferromagnetic structure, a comparable magnetic
behavior at the surface is conceivable. Furthermore, a slight increase in the coercive
field can also be noticed after each of the etching steps.

Both the disappearance of the anisotropy and the slight increase of the satu-
ration magnetization of the nonlinear signal by the argon dry etching could be
explained by damage to and consequent roughening of the CuMnSb surface by
the argon ions. In the case of lost anisotropy, a change in surface morphology like
amorphization of the crystal could cause existing preferred directions of magnetic
moments at the surface to be eliminated. Increasing saturation magnetization
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Figure 6.4: Temperature and thickness development of the nonlinear component
of the magnetic field dependent magnetization of epitaxial CuMnSb. Layer-Group H1232
The CuMnSb thickness is reduced in steps by argon dry etching. The measurements are
compensated using the COMP method described in section 3.4 and the linear component
determined at high fields is subtracted from the original measurements.
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Figure 6.5: Temperature dependence of the characteristic parameters of the non-
linear component of the magnetic field dependent magnetization of epitaxial
CuMnSb. Layer-Group H1232 a Temperature dependence of the coercive field. The pronounced
increase of the error bars of the coercive field towards lower temperatures is due to the
lower density of measurement points of 𝑀(𝐻) at these values. b Temperature dependence
of the saturation magnetization in units of Bohr magnetons per surface Mn atom, assuming
that only one surface layer of CuMnSb with the height of one lattice parameter contributes
to the nonlinear signal.

could be explained by an increase in the uncompensated surface moments due to
roughening.

The characteristic parameters of the nonlinear signal along the [110] crystal
direction, respectively the hysteresis at lower temperatures are shown in Figure 6.5
as a function of temperature. As can be seen from Figure 6.5 a, the coercive field
decreases inversely proportional to the temperature. While a coercive field and thus
an open hysteresis can be observed for the unetched sample (𝑡CuMnSb = 270nm)
only below 𝑇N= 62K, the etched samples already show a small coercive field above
the magnetic transition. As already mentioned, each etching step increases the
coercive field slightly. The temperature dependence of the saturation magnetization
𝑀sat is plotted in Figure 6.5 b. Here, 𝑀sat is converted to units of Bohr magnetons
per surface Mn atom (Mnsurf) by assuming that only one surface layer of CuMnSb
with the height of one lattice parameter contributes to the nonlinear signal. An
increase in 𝑀sat towards lower temperatures is clearly evident for all CuMnSb
thicknesses. The individual etching steps also lead to an increase in 𝑀sat. For
the unetched sample, 𝑀sat reaches a value of 3.1 𝜇𝑏/Mnsurf at 20 K, indicating that
only part of the top CuMnSb layer provides uncompensated moments (assuming
≈ 4.7 𝜇𝑏/Mn as obtained from Curie-Weiss fits in subsection 5.2.3). In contrast, the
sample with a CuMnSb thickness of 100 nm reaches values of 6.3 𝜇𝑏/Mnsurf for𝑀sat.
Due to the surface damage caused by etching, several layers of CuMnSb might
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therefore contribute to the nonlinear signal. Whether this is actually due to the
damage to the uppermost CuMnSb layers or due to an increase in the surface area
by roughening cannot be conclusively determined.

6.2 Temperature dependence of the magnetization
in weak magnetic fields

Investigations of bulk CuMnSb revealed an almost textbook-like temperature de-
pendence of the magnetization [21, 23–26]. This is characterized by an increase in
magnetization towards lower temperatures, following the Curie-Weiss law, until
the phase transition from the paramagnetic to the antiferromagnetic state occurs.
Below 𝑇N, the magnetization drops as a function of decreasing temperature due
to the increasing antiferromagnetic interaction and the reduction of thermal en-
ergy, forming the characteristic cusp at 𝑇N. In the antiferromagnetic state, a weak
anisotropy of the temperature dependent magnetization, as well as signatures of
canting of the spins at low temperatures, was observed [26]. While the temper-
ature at which spin-canting occurs is field dependent, the shape of the curve is
not affected by the magnitude of the magnetic field. Solely the absolute value
of the temperature dependent magnetization increases linearly by increasing the
magnetic field up to 9 T.

Comparable behavior to bulk material was reported in subsection 5.2.3 for a
510 nm thick epitaxial CuMnSb layer grown on GaSb in magnetic fields larger than
or equal to 1 T (see Figure 5.14). The only differences to the measurements of bulk
CuMnSb are the absence of signs of spin canting and the absolute magnitude of
the signal. In contrast, the temperature dependent magnetization 𝑀(𝑇) of the
40 nm thick CuMnSb layer grown on InAs, investigated in subsection 5.1.3, shows
further discrepancies with the bulk material measurements at a magnetic field of
1 T (see Figure 5.8). In particular, the additional Curie-Weiss regime below 230K
with positive ΘCW represents a significant difference, as this behavior was not yet
reported for CuMnSb in literature. It will be part of this section to clarify whether
this second Curie-Weiss regime is a universal property of epitaxial CuMnSb, or
whether it only occurs in very thin films.

So far, no in-depth analysis of 𝑀(𝑇) of CuMnSb at weak magnetic fields has
been published in the literature. However, the nonlinear behavior of 𝑀(𝐻) at
low magnetic fields, which was attributed to uncompensated surface moments in
section 6.1, suggests investigating also 𝑀(𝑇) more closely at low magnetic fields.
For this purpose, field cooled warming (FCW) measurements of the 510 nm thick
CuMnSb layer grown on GaSb, which behaves very similarly to the bulk material
at higher fields, are performed at different magnetic fields. The main advantage of
using this very thick layer (in the context of fabrication by MBE) is that even at
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Figure 6.6: Temperature dependent magnetization 𝑀(𝑇) of a 510nm thick CuMnSb
layer at weak magnetic fields. Layer-Group H1265 The measurements are compensated using the
COMP method described in section 3.4. a-c𝑀(𝑇) at magnetic fields of 1 T, 0.1 T and 0.01 T
in the three crystal directions, [100], [110] and [110]. The average 𝑀(𝑇) at 1 T (𝑀1T(𝑇 )),
which is scaled to the applied external magnetic field by assuming a linear dependence,
is shown for comparison. d, e 𝑀(𝑇) at magnetic fields of 0.1 T and 0.01 T with the scaled
𝑀1T(𝑇 ) subtracted and converted into units of Bohr magnetons per surface Mn atom.

low magnetic fields, a sufficiently large magnetic signal can be measured with the
SQUID magnetometer.

The analysis of 𝑀(𝐻) in Figure 6.6 begins by resuming the measurement at 1 T
(Figure 6.6 a), which has already been shown in Figure 5.14 a. In addition to the
measurements of 𝑀(𝐻) along the three crystal directions [100], [110] and [110],
the mean signal of these three measurements 𝑀1T(𝑇 ) is plotted as a black line.
This 𝑀1T(𝑇 ), which is scaled to the applied external magnetic field by assuming
a linear dependence, is also shown with the measurements at 0.1 T (Figure 6.6 b)
and 0.01 T (Figure 6.6 c) for comparison. As shown, the curve of 𝑀1T(𝑇 ) is in
good agreement with the measurements at lower magnetic fields for temperatures
above 100 K. This fact applies to all three crystal directions, [100], [110] and [110].
Below 100K, however, the measurements at lower fields deviate significantly from
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𝑀1T(𝑇 ).
At an external magnetic field of 0.1 T, an additional signal with a significant

anisotropy between the measurements along the different crystal directions is
observed below 100K, as shown in Figure 6.6 b, however, the characteristic cusp
at 𝑇N is still visible. At very low temperatures, this anisotropy seems to dimin-
ish. The anisotropic feature is even more pronounced at a magnetic field of 0.01 T
(Figure 6.6 c), where it nearly completely obscures the magnetic phase transi-
tion of the system. It appears to have a uniaxial in-plane magnetic anisotropy
with the [110] direction as the easy axis as the signal is maximum in this direc-
tion. The uniaxial nature of this feature is confirmed by the fact that the magni-
tude of the additional dome-like 𝑀(𝑇) for the [100] orientation agrees very well
with the geometric 45° projection of the signal recorded for the [110] orientation
(𝑀 [100]

0.01T(60K)/𝑀
[110]
0.01T(60K) ≈ 0.7).

To better investigate the magnitude of the additional signal, the scaled 𝑀1T(𝑇 )
is subtracted from the 0.1 and 0.01T measurements. As for the nonlinear signal, the
values are converted into units of Bohr magnetons per surface Mn atom (Mnsurf),
assuming that only one surface layer of CuMnSb with the height of one lattice
parameter contributes to the additional signal. The resulting curves are plotted
in Figure 6.6 d for 0.1 T and in Figure 6.6 e for 0.01 T. For the two magnetic field
strengths, the signal is of comparable magnitude. Signal magnitudes of ∼2 𝜇𝑏/Mnsurf
in [110] orientation again indicate that the additional feature is a surface, or interface
effect. Further, the uniaxial in-plane anisotropy with easy axis along the [110]
crystal direction suggests that the signal studied here, and the nonlinear signal
presented in section 6.1 are of the same origin.

In order to verify whether the additional signal and its anisotropy is a universal
property of epitaxial CuMnSb, the measurements are repeated for two additional
samples, which differ in film thickness, in the material used for capping and the
substrate material. Figure 6.7 shows the 𝑀(𝑇) measurements on these samples
along the [110] and [110] crystal directions at an external magnetic field of 0.1 T.
As for the previous considered sample, the average signal 𝑀1T(𝑇 ) measured at 1 T
is scaled linearly to a field of 0.1 T. After substracting the scaled 𝑀1T(𝑇 ) from the
0.1 T measurements, the obtained values are converted to units of Bohr magnetons
per surface Mn atom.

Measurements of a 220 nm thick CuMnSb layer grown on GaSb and capped
with Al2O3 are shown in Figure 6.7 a. The signals along the two crystal directions
begin to diverge below a temperature of 120 K and exhibit an anisotropy with a
[110] easy axis similar to the 510 nm thick CuMnSb layer studied previously. The
same statement can be made for the 40 nm thick CuMnSb layer grown on InAs
and capped with Ru, which is analyzed in Figure 6.7 b. Only the temperature
below which the measurements diverge along the different orientations is slightly
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Figure 6.7: Temperature dependent magnetization 𝑀(𝑇) of two different CuMnSb
layers at weak magnetic fields. a 𝑀(𝑇) at a magnetic field of 0.1 T of a 220 nm thick
CuMnSb layer grown on GaSb and capped with Al2O3 Layer-Group H1300 . The measurements are
compensated using the COMP method described in section 3.4. b 𝑀(𝑇) at a magnetic field
of 0.1 T of a 40 nm thick CuMnSb layer grown on InAs and capped with Ru Layer-Group H1202 . The
measurements are compensated using the CSH method described in section 3.4. For both
samples, the average 𝑀(𝑇) at 1 T is subtracted, and the resulting values are converted into
units of Bohr magnetons per surface Mn atom.

reduced. For both samples, the magnitude of the additional signal is slightly higher
with ∼3.5 𝜇𝑏/Mnsurf, but still of comparable size to the 510 nm thick CuMnSb layer.
However, the shape of the curves differs slightly from sample to sample.

The fact that the additional feature occurs with comparable strength and
anisotropy in samples with different CuMnSb film thicknesses, substrates, and
cap materials strongly indicates that it is a universal property of epitaxial CuMnSb.
However, the different shapes of the curves indicate that the origin of the signal
is complex in nature. As already mentioned, a possible source could again be
uncompensated moments on the CuMnSb surface. The strong uniaxial anisotropy
of the additional signal in 𝑀(𝑇) could then result either from coupling of these
uncompensated moments to the adjacent antiferromagnetically coupled moments
or from the surface morphology, which might differ from sample to sample.

Up to this point,𝑀(𝑇) of epitaxial CuMnSb has only been investigated through
FC and FCW measurements, with application of an external magnetic field during
cooling. The influence of this applied field on the 𝑀(𝑇) curve is analyzed through
comparison of FCW 𝑀(𝑇) measurements with zero field cooled warming (ZFCW)
measurements, in which the sample is cooled with no external magnetic field
applied1. An external magnetic field is applied again to measure the magnetic
1The remanent magnetic field due to trapped magnetic flux in the superconducting magnet may be
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moment during warm-up. This method allows the sample to enter its magnetic
ground state during cooling without being affected by a magnetic field.

The comparison of FCW and ZFCW M(T) measurements is again performed
with the 510 nm thick stoichiometric CuMnSb layer grown on GaSb to obtain a
sufficiently large signal even at weaker magnetic fields. Figure 6.8 shows the
resulting measurements at magnetic fields of 1 T, 0.1 T, and 0.01 T along the [110]
and [110] crystal directions. In addition to the 𝑀(𝑇) measurements shown in the
left column, the differences between the FCW and ZFCW measurements are shown
in the right column.

At an external magnetic field of 1 T (Figure 6.8 a), at first glance there is no
visible difference between the FCW and ZFCW curves. However, considering the
difference between the two curves in Figure 6.8 b, it becomes apparent that there is
a deviation, especially at low temperatures. This deviation is of the same magnitude
for each of the measured orientations. Due to the increased signal noise at higher
temperatures2, a statement about the temperature at which the bifurcation of the
curves begins is not possible at 1 T. Reducing the external magnetic field to 0.1 T
makes the bifurcation between the FCW and ZFCW 𝑀(𝑇) curves clearly visible
(Figure 6.8 c). For both orientations, the ZFCW curves show a lower magnetization
in the antiferromagnetic state. An isotropic difference between the FCW and ZFCW
curves is shown in Figure 6.8 d. Starting at 𝑇N, the bifurcation grows towards
lower temperatures for both crystal directions. As can be seen in Figure 6.8 e,
the magnitudes of the ZFCW measurements are further below those of the FCW
measurements when the magnetic field is further reduced to 0.01 T. By analyzing
the corresponding differences in Figure 6.8 f, bifurcation is shown not only to
switch from isotropic to anisotropic but also begins well above 𝑇N.

Several possible origins exist for the bifurcation of the ZFCW and FCW 𝑀(𝑇)
measurements. The most obvious explanation for this behavior in an antiferromag-
net is favoring of certain magnetic domains by the external magnetic field applied
during cooling. If a field is applied when passing the magnetic phase transition,
domains with perpendicular orientation of the magnetic moments to the magnetic
field could be energetically more favorable than domains with magnetic moments
oriented parallel to the magnetic field. This mechanism would explain, in partic-
ular, the lower magnetization of the ZFCW curves at low temperatures. In fact,
if no magnetic domains are preferred by an external magnetic field, there could
be domains with moments parallel to the field, which have a lower susceptibility,
as well as domains with moments perpendicular to the field, which have a higher
susceptibility. The signal measured when the sample is warmed up in the field then
results from an average of the susceptibilities of the different domains. Obviously,

up to ±1.5mT [58]
2The signal noise of SQUID magnetometers increases both with temperature applied magnetic field
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Figure 6.8: Bifurcation of ZFCW and FCWmeasurements of the temperature de-
pendent magnetization 𝑀(𝑇) of epitaxial CuMnSb. Layer-Group H1265 The measurements are
compensated using the COMP method described in section 3.4. ZFCW (open symbols)
and FCW (closed symbols) 𝑀(𝑇) measurement along the crystal directions [110] and [110]
are shown in the left column for magnetic fields of 1 T (a), 0.1 T (c) and 0.01 T (e). The
right column shows the corresponding differences between the ZFCW and FCW 𝑀(𝑇)
measurement along the crystal directions [110] and [110] for magnetic fields of 1 T (b),
0.1 T (d) and 0.01 T (f).

such a signal is smaller than that of exclusively high susceptible domains with
moments perpendicular to the field, which may be favored by the presence of an
external magnetic field during cooling, as is the case for the FCW measurements.

However, as previously reported, an uncompensated surface moment could be
present at the surface of epitaxial CuMnSb. Therefore, the origin of the bifurcation
could also be explained in this context. As shown in section 6.1 (Figure 6.3), the
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uncompensated surface moments show signs of superparamagnetic behavior at
intermediate temperatures. If they are superparamagnetic in nature, one would
expect a net moment of zero at low temperatures when cooling them below their
blocking temperature3 without an applied magnetic field, which is the case for
the ZFCW measurements. This would imply for the ZFCW measurements that
no further contribution to the antiferromagnetic signal is to be expected from
superparamagnetic surface moments. In contrast, cooling superparamagnetic
surface moments below their blocking temperature in the presence of an applied
magnetic field, as it happens during FCW measurements, will result in a non-zero
net moment of the uncompensated surface moments. The uncompensated surface
moments would thus lead to an additional signal, more precisely a positive offset,
in the FCW measurements and thus, as observed, to a bifurcation between the
ZFCW and FCW measurements.

As can be seen from the temperature dependent investigations of the nonlinear
component of the magnetic field dependent magnetization (Figure 6.4 in section 6.1),
the magnetic field required to saturate the uncompensated surface moments is
very small at higher temperatures. It can therefore be assumed that the magnetic
field strengths used for the FCW measurements are sufficient to bring the surface
moments into saturation. The strength of the bifurcation caused by surfacemoments
would therefore be independent of the strength of the magnetic field applied during
cooling. This fact is also evident from the measurements and is a further argument
for uncompensated surface moments as the cause of bifurcation. In contrast, in the
case of an influence of antiferromagnetic domains, one would expect an increase of
the bifurcation with the magnetic field strength, since one would expect more high
susceptible domains with moments perpendicular to the magnetic field at higher
cooling fields.

As mentioned before, the bifurcation at a magnetic field of 0.01 T shows an
anisotropy between the crystal directions [110] and [110]. This is strongly reminis-
cent of the anisotropy observed for the temperature dependent magnetization at
weak magnetic fields (see Figure 6.6) and which has been attributed to the surface
moments. Another common feature of the bifurcation and the additional signal
of the temperature dependent measurements of the magnetization at a magnetic
field of 0.01 T is that both exist above 𝑇N. However, while the latter signal is also
present for higher magnetic fields, the bifurcation vanishes above 𝑇N for magnetic
fields of 0.1 T and 1 T.

Since there are indications for and against both of the presented mechanisms,
a combination of them is also possible. Thus, the uncompensated surface moments,
when coupled to the antiferromagnetic moments, could also be affected by the
3Temperature below which the thermal energy becomes so low that the magnetic moments no longer
fluctuate and are therefore blocked
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antiferromagnetic domain structure. The bifurcation could therefore be indicative of
the magnetic domain structure in CuMnSb. By magnetic measurements only, which
like the SQUID magnetometer can only detect the external magnetic moment of a
sample, it is difficult to make clear statements about the origin of this bifurcation.
Imaging methods that can resolve the magnetic structure at the surface (like spin-
polarized scanning tunneling microscopy) would be a suitable way to investigate
at least the influence of the surface moments in more detail.

A bifurcation of ZFCW and FCW 𝑀(𝑇) measurements, which strengthens
relative to the signal toward weaker magnetic fields, was also observed for CuMnSb
bulk material, proposed to be caused by spin disorder in the system [27]. In the
context of the bifurcation properties presented here, this spin disorder could be
explained on the one hand by the presence of different antiferromagnetic domains.
On the other hand, uncompensated moments could also play an important role in
the bulk material. Their presence at the CuMnSb surface as well as at the crystalline
boundaries of polycrystalline bulk material is conceivable.

In the following, it will be clarified whether the additional Curie-Weiss regime
with positive ΘCW, which was found for the 40 nm thick CuMnSb layer grown on
InAs in subsection 5.1.3, is a universal property of epitaxial CuMnSb. Therefore,
based on the 𝑀(𝑇) measurements on the 510 nm thick CuMnSb layer shown in
Figure 6.6, the temperature dependence of the inverse susceptibility 𝜒−1(𝑇 ) along
the [110] direction is investigated in more detail. Figure 6.9 a shows 𝜒−1(𝑇 ) for
external magnetic fields of 1 T, 0.1 T and 0.01 T. In the temperature range above
100 K all three curves coincide and follow Curie-Weiss behavior. A linear fit in this
temperature range gives aΘCW of −100 K and an effectivemoment of 𝜇eff = 5.6 𝜇B/f.u.
as already reported in subsection 5.2.3. The ΘCW of this high temperature regime
is labelled as ΘCW,HT.

For an external magnetic field of 1 T, 𝜒−1(𝑇 ) follows the indicated high tem-
perature Curie-Weiss fit down to 𝑇N. So only one Curie-Weiss regime can be
observed. For fields smaller than 1 T, the additional signal previously attributed
to uncompensated surface moments (see Figure 6.6) results in an additional linear
regime, with positive ΘCW below 100K. This indicates that in this temperature
range ferromagnetic or ferromagnetic-like correlations dominate antiferromagnetic
correlations. Similar behavior has been observed for antiferromagnetic materials
that show spin-glass behavior [107, 108]. The ΘCW of this low temperature regime
is labelled as ΘCW,LT. This second Curie-Weiss regime is similar to that found
for the 40 nm thick CuMnSb layer on InAs. The fact that it occurs in this thinner
CuMnSb layer even at a magnetic field of 1 T is due to the increased surface to
volume ratio. In thicker CuMnSb layers, the volume signal dominates the signal of
the uncompensated surface moments already at lower magnetic fields.

As shown in Figure 6.9 a, ΘCW,LT shows a dependence on the applied magnetic
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Figure 6.9: Investigation of the second Curie-Weiss regime of epitaxial CuMnSb.
Layer-Group H1265 The measurements are compensated using the COMP method described in sec-
tion 3.4. a Inverse susceptibility of CuMnSb for magnetic fields of 1 T, 0.1 T and 0.01 T
along the [110] crystal direction. Dashed lines indicate the Curie-Weiss behavior for the
high and low temperature regimes. Labels indicate the high (ΘCW,HT) and low (ΘCW,LT)
temperature Curie-Weiss temperature. b Curie-Weiss temperature obtained along the
[110] crystal direction for the low temperature regime as a function of magnetic field.
The Curie-Weiss temperature obtained for the high temperature regime is indicated by a
dashed line. c De Almeida-Thouless plot of Curie-Weiss temperatures obtained for the low
temperature regime. A linear fit is indicated as a dashed line.

field. To investigate this dependence in more detail, ΘCW,LT is determined for
various fields ranging from −0.1 to 1 T. Figure 6.9 b shows the resulting ΘCW,LT
as a function of the applied field. Towards larger fields ΘCW,LT decreases and
converges to the Curie-Weiss temperature of the temperature range above 100 K
(ΘCW,HT). The decrease towards higher fields is symmetrical around zero field.

In small fields, ΘCW,LT follows an 𝐻 2/3 behavior as can be seen in Figure 6.9 c.
According to the de Almeida-Thouless relation, such behavior is an indication of
a spin-glass phase [109]. Therefore, it appears that the additional signal, which
presumably comes from the uncompensated surface moments, has spin-glass-like
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properties at low temperatures. Spin-glass behavior of uncompensated surface mo-
ments has also been found at the surface of NiO nanoparticles [105]. As mentioned
before, NiO shares the AFM111 antiferromagnetic structure with CuMnSb. This
commonality may indicate that the complex magnetism at the surface is a more
general phenomenon of type-II antiferromagnets with ferromagnetic order in the
{111} planes and antiferromagnetic order between the {111} planes rather than just
a material property.

6.3 Thermoremanent magnetization of epitaxial
CuMnSb

The bifurcation of FCW and ZFCW 𝑀(𝑇) measurements suggests that epitaxial
CuMnSb features a thermoremanent magnetization (TRM)4 at low temperatures.
To study this TRM in more detail, the thermoremanent state is prepared in a
60 nm thick CuMnSb layer grown on InAs by cooling it in a magnetic field of 0.1 T.
Subsequently, the magnetization is measured using the SQUIDmagnetometer while
the sample is heated without a magnetic field. In order to examine whether the
TRM is due to spontaneous magnetization, the heating is carried out in thermal
cycles. Thereby, the temperature is increased by a certain amount and then cooled
back to the initial temperature, with the maximum temperature being increased
after each cycle. The time evolution of the temperature during this procedure is
shown in the inset of Figure 6.10 a. Since the diamagnetism of the substrate, the
paramagnetism of the Ru cap, and the antiferromagnetism of the CuMnSb layer do
not contribute to the signal at zero field, compensation for the TRM measurements
is not required. Therefore, the raw magnetization measurements are analyzed.

The TRM measurements are performed along the [110] (Figure 6.10 a) and
[110] (Figure 6.10 b) crystal directions. Up to a temperature of ∼20 K, the measured
signal is comparable along the two orientations. The magnetization decreases
when the sample is heated. Considering only the curve that would correspond to a
continuous warm-up, a strong similarity to the bifurcation of the FCW and ZFCW
𝑀(𝑇)measurements studied in Figure 6.8 is evident. However, during recooling, the
magnetization remains constant for all thermal cycles up to 20 K. Themagnetization
only starts to decrease again when the previous maximum temperature is exceeded.
For the [110] orientation, this even applies to the entire temperature range. Such
behavior has been reported to be indicative of superparamagnetism as well as
spin-glass phases [111]. Furthermore, spontaneous magnetization can be excluded
as a cause for the TRM. In the [110] orientation, an additional feature appears
around 𝑇N, both on heating and cooling, indicating some sort of spontaneous

4Magnetization of a material that is persistent after being generated by an applied magnetic field
during cooling through the magnetic phase transition of the material [110]
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Figure 6.10: Thermoremanentmagnetization (TRM) and its behavior during thermal
cycling of epitaxial CuMnSb Layer-Group H1310 The measurements are uncompensated and show
the raw magnetization data. A field of 0.1 T is applied during cooldown to prepare the
thermoremanent state. Subsequently, the sample is heated and cooled in thermal cycles
without an applied magnetic field. The maximum temperature is increased after each cycle.
The inset in a shows the time evolution of the temperature during thermal cycling for
both orientations. Each cycle is plotted with a different color for better distinguishability.
a TRM along the [110] crystal direction. b TRM along the [110] crystal direction. c Decay
of the TRM signal over time at a constant temperature of 10 K.

magnetization. Interestingly, the signal decays toward lower temperatures. An
explanation for the origin of this signal is still to be found. The development of
the TRM over time at a constant temperature of 10 K is shown in Figure 6.10 b for
[110] orientation. It shows an exponential decay of the magnetization over time
which is typical for disordered systems like spin-glasses.

The TRM, in particular the behavior of the TRM during thermal cycling, is an-
other indication of a superparamagnetic or a spin-glass phase in epitaxial CuMnSb.
As explained in the previous section, its origin probably stems from uncompensated
surface moments. Whether it is ultimately a superparamagnetic or a spin-glass
phase cannot be concluded. A superparamagnetic phase that becomes a spin glass
at lower temperatures is also conceivable. In favor of the latter is the fact that signs
of superparamagnetic behavior, like the saturating nonlinear component of 𝑀(𝐻)
with absent residual magnetization were found at higher temperatures, and signs
of a spin glass, like the TRM and the linear 𝐻 2/3 dependence of ΘCW,LT at lower
temperatures.
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6.4 Exchange bias
The exchange bias effect originates from exchange interactions between ferromag-
netic and antiferromagnetic layers at their interface [112]. One of the goals of
the development of epitaxial growth of CuMnSb is the fabrication of fully epitax-
ial heterostructures from antiferromagnetic CuMnSb and ferromagnetic NiMnSb.
The exchange bias effect between the antiferromagnetic CuMnSb layer and the
ferromagnetic NiMnSb layer can have a great influence on the functionality of
possible electrical devices made of such heterostructures. It is therefore of particu-
lar interest whether and to what extent epitaxial CuMnSb exhibits the exchange
bias effect at the interface with ferromagnets. For this reason, the exchange bias
effect is investigated for various ferromagnetic materials deposited on the epitaxial
CuMnSb.

The studied layer stacks are based on 40 nm thick CuMnSb layers grown on
GaSb substrates. As soon as the substrate is cooled down below 200 °C after CuMnSb
growth, the samples are transferred to the sputtering chamber without leaving
the UHV. There, the ferromagnetic layers are deposited on the CuMnSb layer by
means of DC-magnetron sputtering at room temperature. In total, the exchange
bias effect is investigated with four different ferromagnets: Co, CoFe and NiFe as
in-plane ferromagnets and a Co/Pd superlattice as an out-of-plane ferromagnet.
Of the three in-plane ferromagnets, a layer with a thickness of 3 nm is deposited
on the CuMnSb surface of the respective sample. Subsequently, a 5 nm thick
Ta intermediate layer is deposited, followed by a 5 nm thick Ru cap. The Co/Pd
superlattice is composed of 20 alternating 0.4 nm thick Co layers and 1.1 nm thick
Pd layers, resulting in a total thickness of 30 nm. A Ru layer of 5 nm thickness
is used to cap the Co/Pd superlattice. The parameters used for sputtering these
materials are listed in Table 6.1.

The exchange bias measurements are performed using the following protocol by
the SQUIDmagnetometer: First, the sample is cooled from 300K to 4 K in amagnetic
field of 500mT, which is above the saturation field of the used ferromagnets. The

Material DC-power (W) Ar pressure (mbar) deposition rate (nmmin−1)
Co 50 5 × 10−3 6.0
CoFe 100 5 × 10−3 9.0
NiFe 50 5 × 10−3 5.5
Co/Pd SL 22/23 5 × 10−3 2.4/6.0
Ta 50 5 × 10−3 5.0

Table 6.1: Parameters used for sputter deposition of the ferromagnetic layers and
the Ta layer.
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Figure 6.11: Investigation of the exchange bias effect on epitaxial CuMnSb in com-
bination with in-plane ferromagnets. a Exchange bias measurements with 3 nm NiFe
as the ferromagnetic layer Layer-Group H1301 . b magnification of a. c Exchange bias measurements
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CuMnSb layer thus undergoes the magnetic phase transition from the paramagnetic
to the antiferromagnetic state while the magnetic moments in the ferromagnetic
layer are aligned to the external magnetic field. A hysteresis curve is then recorded
at 4 K. Afterward, the sample is warmed again to 300 K. The magnetic field is then
applied in the opposite direction (−500mT), and the procedure described above is
repeated.

Figure 6.11 summarizes the measurements for the three in-plane ferromagnetic
materials. Measurements at 4 K of the sample with NiFe as the ferromagnetic layer
in Figure 6.11 a show a vertical shift that can be attributed to the TRM resulting
from the cooling of the CuMnSb layer in a magnetic field, as described in section 6.3.
In the magnification of these measurements in Figure 6.11 b, one can clearly observe
a horizontal shift due to the exchange bias effect as well. The exchange bias field
is determined to be 18mT for the sample containing the NiFe layer. Figure 6.11 c
and Figure 6.11 d show the exchange bias measurements for the sample with 3 nm
Co. Also for this sample a vertical, as well as a horizontal shift can be observed for
the measurements at 4 K. The horizontal shift and thus the exchange bias field is
8mT. Finally, the exchange bias effect is also observed for the third investigated
in-plane ferromagnet, CoFe. The horizontal shift of the measurements at 4 K is
clearly visible in Figure 6.11 e and Figure 6.11 f. The exchange bias field is 13mT.

Figure 6.12 shows the exchange bias measurements on the sample with the
Co/Pd superlattice, which is an out-of-plane ferromagnet. Looking at the raw data
in Figure 6.12 a, as with the in-plane ferromagnets, a vertical shift between the
measurements with opposite cooling fields can be seen. This can again be attributed
to the TRM. The magnification of the raw data in Figure 6.12 c also suggests a
horizontal shift in the two curves. Subtracting the linear background, however,
Figure 6.12 b and the magnification in Figure 6.12 d reveal that without the TRM
signal from the CuMnSb layer, the two curves coincide. Thus, no exchange bias
can be observed for the out-of-plane ferromagnet.

The exchange bias effect is a result of an exchange interaction of the upper-
most moments of the antiferromagnet and the lower moments of the ferromagnet.
Therefore, to find a possible reason why the exchange bias effect occurs in in-plane
ferromagnets but not in out-of-plane ferromagnets, the CuMnSb surface must be
considered. In section 6.2 a strong uniaxial in-plane anisotropy was found for the
surface moments of CuMnSb. It is likely that these surface moments play a major
role in the exchange interaction leading to the exchange bias. The strong in-plane
anisotropy seems to favor an exchange interaction with in-plane ferromagnets.
An exchange interaction with out-of-plane ferromagnets, on the other hand, is
apparently prevented.
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Figure 6.12: Investigation of the exchange bias effect on epitaxial CuMnSb in
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6.5 Low-energy muon spin rotation experiment on
epitaxial CuMnSb

Muon spin rotation (𝜇SR) can be used to study local magnetic properties in crystals.
It is based on the fact that the motion of the muon spin of spin-polarized muons pre-
viously implanted into the crystal depends on the local magnetic field surrounding
the muon. A detailed introduction to 𝜇SR can be found in [113]. To further investi-
gate the magnetism of epitaxial CuMnSb, 𝜇SR experiments were performed on two
CuMnSb samples at the low-energy 𝜇SR spectrometer (LE-𝜇SR) at the 𝜇E4 beam-
line [114] of the Swiss Muon Source (Paul Scherrer Institute, Switzerland).
The experiment was conducted and the results evaluated by Dr. Thomas Prokscha,
Dr. Xiaojie Ni, and Maria Inès Mendes Martins from the aforementioned facility.
The first results of this experiment are presented in the following.
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As mentioned above, spin-polarized muons are implanted into the sample for
the 𝜇SR experiment. In the experimental setup used, the muons can therefore be
tuned to implantation energies between 1 and 30 keV before they hit the sample.
This energy range corresponds to penetration depths between 1 and 300 nm. Inside
the sample, the muons come to rest mainly at interstitial sites or atomic vacancies
before decaying after an average lifetime of 2.2 µs into a positron and two neutrinos.
Since the positrons produced by this decay are emitted preferentially in the direction
of the muon spin, the muon spin at the time of the decay can be inferred from the
direction of motion of the positron.

The results presented in this section are performed in the so-called transverse
field configuration. In this configuration, a weak external magnetic field of 5mT is
applied perpendicular to the muon spin during the experiment. Here, the muon
spin is in the plane of the sample and the external magnetic field is perpendicular
to the sample surface. The external magnetic field causes the muon spin to precess
at the Larmor frequency in the plane of the sample. Detecting the spatial emission
of positrons originating from the decay of a muon ensemble in this configuration
as a function of time will thus give information on the time evolution of the muon
spin. The spatial resolution is achieved by using four positron detectors, each of
which covers a sector of 90° of the precession plane of the muon spins. Considering
the measured values of the entire muon ensemble, this results in an oscillating
signal for each of the detectors as a function of time. The initial amplitude of this
signal is called the initial decay asymmetry. If, in addition to the external magnetic
field, internal local magnetic fields (e.g. due to magnetic moments), which vary in
time and/or space, are present, the individual muon spins of the ensemble will have
different precession frequencies. As a result, the phase relation of the individual
muon spins decreases, which leads to an attenuation of the signal and a decrease
in the initial decay asymmetry. The initial decay asymmetry can therefore be used
to infer which fraction of the volume of the sample is magnetic and which is not.
Typically, the non-magnetic volume fraction (NMVF) is used as a measure for this
purpose.

The NMVF is shown for the investigated samples as a function of temperature
and implantation energy in Figure 6.13. An implantation energy of 8 keV is used for
the temperature dependent measurements. This corresponds to a muon penetration
depth of ∼40 nm. Figure 6.13 a shows the temperature dependence of the NMVF
for a 220 nm thick CuMnSb layer grown on GaSb with Al2O3 cap. At temperatures
above 60 K, in the paramagnetic state, a NMVF of ∼ 0.7 is measured. Note that a
value of 1 is not measured for the NMVF in the paramagnetic state because some
muons miss the sample and depolarize rapidly in the Ni backing of the sample
holder. The magnetic phase transition results in a sharp drop in the NMVF at
60 K towards lower temperatures. There is no difference in the measurement of
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Figure 6.13: Results of the 𝜇SR experiment performed on epitaxial CuMnSb. All
measurements are performed in the transverse field configuration with an external mag-
netic field of 5mT. The temperature dependent non-magnetic volume fraction (NMVF)
is measured at an implantation energy of 8 keV, corresponding to a penetration depth
of ∼40 nm. a Temperature dependend NMVF of a 220 nm thick CuMnSb layer grown on
GaSb and capped with Al2O3 Layer-Group H1300 . b Temperature dependend NMVF of a 60 nm thick
CuMnSb layer grown on InAs and capped with Ru Layer-Group H1310 . c Implantation energy depen-
dend NMVF of a 220 nm thick CuMnSb layer grown on GaSb and capped with Al2O3 at
temperatures of 70 K, 60 K, and 10K. d Implantation energy dependend NMVF of a 60 nm
thick CuMnSb layer grown on InAs and capped with Ru at temperatures of 200 K, 75 K,
65 K, and 10 K.

the NMVF between warming up and cooling down. The good agreement with
𝑇N determined in other experiments shows that the magnetic phase transition of
epitaxial CuMnSb can be well studied using 𝜇SR.

Compared to the sharp phase transition of the CuMnSb layer grown on GaSb,
the NMVF of a 60 nm thick CuMnSb layer grown on InAs and capped with Ru
shows a decrease already at a temperature of 100 K, as can be seen in Figure 6.13 b.
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This observation indicates that regions with large internal magnetic fields are al-
ready formed in the sample above 𝑇N. Similar behavior was also observed for the
additional signal in the investigations of the temperature dependence of magne-
tization in weak magnetic fields in section 6.2. The magnetic transition from the
paramagnetic state to the antiferromagnetic state is again indicated by a sharp
drop in NMVF. The corresponding 𝑇N value of 65 K is consistent with the value
determined by SQUID magnetometry measurements for this sample.

Figure 6.13 c and d shows the NMVF at different temperatures as a function of
the implantation energy of the two CuMnSb samples. In this way, the NMVF can
be investigated for the respective temperature in a depth dependent manner. The
CuMnSb layer grown on GaSb shows a constant NMVF over the entire energy range
for all temperatures investigated (Figure 6.13 c). At 𝑇N, an NMVF of about half the
value of the paramagnetic state is seen over the entire energy range, indicating
that the magnetic phase transition occurs homogeneously throughout the CuMnSb
layer. In contrast, the CuMnSb layer grown on InAs shows a much more complex
behavior (Figure 6.13 d). While in the paramagnetic state, at a temperature of
200 K, a constant NMVF can be observed over the entire energy range, a decrease
in NMVF towards lower energies can be seen at temperatures of 75 K, 65 K and
10K. At temperatures of 75 K and 65K, a low NMVF is only observed at very low
implantation energies. This indicates magnetization at the sample surface and
supports the conclusions drawn from the SQUID magnetometry measurements,
which indicate surface magnetism at the CuMnSb surface. It is noteworthy that
this magnetization already occurs above 𝑇N, which again fits the observations from
section 6.2. At 10 K, the CuMnSb layer seems to be completely magnetic, as shown
by the low values of the NMVF up to energies of ∼10 keV. Why there is no sharp
transition to the diamagnetic InAs substrate is not yet understood. However, due
to the antiferromagnetism in the CuMnSb layer, stray fields can be excluded. The
NMVF measurements of the CuMnSb layer grown on GaSb show no additional
magnetic signal at the surface, although for this sample the previously identified
characteristic features for surface magnetism were found in SQUID magnetometry
measurements. As so far only the two samples presented in this work have been
investigated by 𝜇SR, it is not possible to draw a definite conclusion from this
contradiction. 𝜇SR measurements on further samples are necessary to determine
whether this is an isolated case and the surface signals measured by 𝜇SR and SQUID
magnetometry are of the same origin, or whether two separate effects are observed.

The results presented here show that 𝜇SR is a suitable method for the investiga-
tion of the magnetism of epitaxial CuMnSb. Combined with SQUID magnetometry
measurements, which provide a global picture of the magnetization, 𝜇SR as a local
probe of the magnetization can be used to provide a more complete understanding
of the complex magnetism of CuMnSb. In particular, the ability to control the muon
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penetration depth by adjusting the implantation energy holds great potential to
help in understanding the origin of surface magnetism of epitaxial CuMnSb.
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7
CuMnSb/NiMnSb

heterostructures

The IEEE Roadmap for Emerging Materials for Spintronic Device Applications
[115] predicts that all-Heusler ferromagnetic/antiferromagnetic junctions will play
an important role in future spintronic applications. In the case of antiferromagnetic
CuMnSb, ferromagnetic half-Heusler NiMnSb would be an ideal candidate material for
the realization of such fully epitaxial heterostructures. Therefore, this chapter reports on
the first attempts to fabricate fully epitaxial CuMnSb/NiMnSb heterostructures. First,
the growth process of these heterostructures on InP substrates is presented, with initial
structural studies performed using RHEED. Structural characterization is performed
using HRXRD and secondary-ion mass spectrometry (SIMS). Furthermore, magnetic
measurements are used to investigate the exchange bias effect between CuMnSb and
NiMnSb.

7.1 Growth process
For the realization of the first fully epitaxial CuMnSb/NiMnSb heterostructures, InP
is chosen as the substrate. Accordingly, the preparation of the samples starts with
the growth of a (In,Ga)As buffer layer following the procedure described in subsec-
tion 4.2.3. Before the sample is transferred to theHeusler specificMBE chamber after
buffer growth, this chamber is prepared for the growth of CuMnSb and NiMnSb. For
this purpose, the cells for Cu, Ni, Mn, and Sb are heated to the required temperatures,
and the cell shutters are cleaned according to the method described in section 4.3.
Optimum material fluxes are calibrated by growing CuMnSb and NiMnSb single
layers on InP substrates. The determined BEP values are 6.1 × 10−9mbar for Cu,
5.1 × 10−9mbar for Ni, 1.1 × 10−8mbar for Mn and 5.5 × 10−8mbar for Sb. Differ-
ences, in particular of Mn and Sb fluxes, to the stoichiometric growth of CuMnSb
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on InAs and GaSb (cf. subsection 4.3.2), result from the fact that identical Mn and
Sb fluxes were targeted for both CuMnSb and NiMnSb growth. This means that
the cell temperatures do not have to be adjusted when changing from CuMnSb to
NiMnSb growth.

After the sample is transferred to the Heusler specific MBE chamber, it is heated
to the growth temperature of 250 °C with the main shutter closed. The growth
of the CuMnSb layer is then carried out analogous to the process described in
subsection 4.3.2. Once the desired CuMnSb layer thickness is reached, growth is
interrupted by closing the main shutter and the shutter of the Cu cell. To prepare
the growth of the NiMnSb layer, the shutter of the Ni cell is then opened, and
the Ni flux is stabilized for 5min. Subsequently, NiMnSb growth is initiated by
opening the main shutter. Finally, NiMnSb growth is terminated by closing the
main shutter and all cell shutters. After cooling, the sample is transferred to the
sputtering chamber, where it is capped with a 5 nm thick Ru protective layer.

The surface reconstruction of the sample is extensively monitored by RHEED
during the growth of the heterostructures. Figure 7.1 analyzes the surface recon-
structions along the [110] and [110] crystal directions at the three key stages of
heterostructure growth, namely before CuMnSb growth, after CuMnSb growth,
and after NiMnSb growth. The investigated heterostructure consists of 20 nm
CuMnSb and 5 nm NiMnSb. Before CuMnSb growth the typical 4×3 reconstruction
of (In,Ga)As is observed, as can be seen in Figure 7.1 a and b. During CuMnSb
growth, this changes to a 4 × 4 reconstruction, which persists until the end of
CuMnSb growth. The surface reconstruction after CuMnSb growth is shown in
Figure 7.1 c and d. Another change in surface reconstruction results from the
growth of NiMnSb. As shown in Figure 7.1 c and d, the NiMnSb surface shows a
2×2 reconstruction.

Figures 7.1 g and h show the RHEED intensities extracted from Figures 7.1 a-f
by integrating over an horizontal area normalized to the maximum intensity. Along
both the [110] and [110] crystal directions, the positions of the first-order main
streaks from the (In,Ga)As and the CuMnSb surfaces coincide. The horizontal
lattice parameter of the CuMnSb surface thus matches that of the (In,Ga)As buffer
layer, which is a sign of pseudomorphic growth of the CuMnSb layer. However,
the positions of the first-order main streaks of the NiMnSb surface do not match
those of the CuMnSb and (In,Ga)As layers. In detail, the distance between the
two first-order main streaks of the NiMnSb surface is reduced, which is a sign of
relaxation. Since the horizontal lattice parameter of the InP substrate and thus
that of the (In,Ga)As buffer layer is known, the horizontal lattice parameter of
the NiMnSb surface after growth can be inferred from the spacing of the first-
order main streaks. With 𝑎∥CuMnSb = 𝑎∥(In,Ga)As = 𝑎InP = 5.87Å the horizontal lattice
parameter of the NiMnSb surface can be calculated to be 𝑎∥NiMnSb = 5.98Å.
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Figure 7.1: RHEED development during growth of CuMnSb/NiMnSb heterostruc-
tures. a d/4 surface reconstruction of the (In,Ga)As surface before CuMnSb growth in [110]
crystal direction. b d/3 surface reconstruction of the (In,Ga)As surface before CuMnSb
growth in [110] crystal direction. c d/4 surface reconstruction of the CuMnSb surface after
CuMnSb growth in [110] crystal direction. d d/4 surface reconstruction of the CuMnSb
surface after CuMnSb growth in [110] crystal direction. e d/2 surface reconstruction of the
NiMnSb surface after NiMnSb growth in [110] crystal direction. f d/2 surface reconstruction
of the NiMnSb surface after NiMnSb growth in [110] crystal direction. g RHEED intensities
along the [110] crystal directions normalized to the maximum intensity extracted from a, c
and e. h RHEED intensities along the [110] crystal directions normalized to the maximum
intensity extracted from b, d and f.

The fact that the relaxation only occurs during NiMnSb growth is surprising
in the sense that the CuMnSb layer has a much larger lattice mismatch to InP.
One would therefore expect that relaxation is more likely to occur during CuMnSb
growth. Therefore, in the next section, one of the aspects that are investigated
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in more detail is the relaxation based on RSM measurements. Regardless of the
occurrence of relaxation, the continuous two-dimensional surface reconstruction
during the growth of the heterostructures can be considered as evidence that fully
epitaxial growth of CuMnSb/NiMnSb heterostructures is possible.

7.2 Structural properties
The RHEED studies of the NiMnSb surface presented in the previous section show
evidence of relaxation of CuMnSb/NiMnSb heterostructures grown on InP sub-
strates. With the help of RSM measurements, the relaxation of the epitaxial layers
will be investigated in more detail. Since the relaxation could only be observed
during NiMnSb growth, a 40 nm thick CuMnSb single layer grown on InP, which
did not show signs of relaxation in RHEED, is also examined in addition to the
CuMnSb/NiMnSb heterostructure.

The RSM of the (224) diffraction peak of the CuMnSb single layer is shown
together with the corresponding relaxation triangle in Figure 7.2 a. Since the
material composition of the (In,Ga)As growth in this sample resulted in an (In,Ga)As
buffer layer perfectly lattice-matched to the InP substrate, the diffraction peaks
of InP and (In,Ga)As coincide. As can be seen, the CuMnSb peak is elongated
along the relaxation triangle, which is a sign of partial relaxation. Apparently, this
relaxation is not strong enough to be observed by RHEED investigations of the
CuMnSb surface during growth.

Figure 7.2 b shows the RSMof the (224) diffraction peak for the CuMnSb/NiMnSb
heterostructure with a CuMnSb thickness of 20 nm and a NiMnSb thickness of
5 nm. The relaxation triangles are drawn for both half-Heusler layers. Due to the
imperfect calibration of the (In,Ga)As composition, the (In,Ga)As diffraction peak
is slightly shifted along the [00L] direction below that of the InP substrate. The
alignment along the [00L] direction is indicative of pseudomorphic growth of
the (In,Ga)As buffer layer. Compared to the sample with a CuMnSb single layer,
the CuMnSb diffraction peak no longer appears elongated but rather round. The
peak position is very close to that of intrinsic CuMnSb, indicating a fully relaxed
CuMnSb layer. The same observation can be made for the diffraction peak of the
NiMnSb layer. Interestingly, both the CuMnSb and NiMnSb peaks are slightly
shifted towards each other with respect to the intrinsic peak positions. Especially
in comparison to the CuMnSb single layer, it can be stated that the additional
NiMnSb layer leads to a complete relaxation of the CuMnSb layer.

For the fabrication of electrical devices from CuMnSb/NiMnSb heterostructures,
pseudomorphic growth of both half-Heusler layers is essential. The relaxation of
the epitaxial layers must therefore be prevented. This could be realized in the future
either by growing thinner layers on InP substrates or by using a different substrate.
In particular, growth on InAs is viable because the lattice parameter of InAs is
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Figure 7.2: RSMmeasurements of fully epitaxial CuMnSb/NiMnSb heterostructures
grown on InP substrates. a RSM of the (224) diffraction peak of a 40 nm thick CuMnSb
single layer grown on InP as a reference Layer-Group H1314 . The relaxation triangle of CuMnSb is
drawn in red. b RSM of the (224) diffraction peak of a CuMnSb/NiMnSb heterostructure
grown on InP Layer-Group H1316 . The thickness of the CuMnSb layer is 20 nm and the thickness
of the NiMnSb layer is 5 nm. Relaxation triangles are drawn for both CuMnSb (red) and
NiMnSb (orange).

intermediate between those of CuMnSb and NiMnSb, however, InAs is less suitable
for electrical transport experiments due to its high conductivity. Nevertheless,
the RHEED and HRXRD studies show that fully epitaxial heterostructures from
CuMnSb and NiMnSb can be fabricated on InP substrates. Further investigation of
these heterostructures is therefore worthwhile.

SIMSmeasurements are used to further investigate the layer sequence of the fab-
ricated CuMnSb/NiMnSb heterostructures. A general introduction to SIMS can be
found in [116]. The SIMS measurements were performed by Margit Wagenbrenner
at the department of Technische Physik of the Julius-Maximilians-Universität
Würzburg. SIMS spectra of the sample with 20 nm CuMnSb and 5 nm NiMnSb are
taken both in positive ion mode using O2 ions and in negative ion mode using Cs
ions for sputtering (Figure 7.3). In positive ion mode (Figure 7.3 a), the interface
between the 5 nm thick Ru cap and the NiMnSb layer can be clearly identified by a
drop in the Ru intensity and a rise in the intensities of Ni, Mn, and Sb. Contrary
to expectations, however, an increase in Cu intensity can also be observed at this
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Figure 7.3: SIMSmeasurements on fully epitaxial CuMnSb/NiMnSbheterostructures
grown on InP substrates. Layer-Group H1316 The data points are recorded according to equidistant
time intervals and thus reflect the time evolution of the spectrum during the recording.
a SIMS spectrum collected in positive ion mode using O2 ions for sputtering. b Scanning
electronmicroscope (SEM) image of the sample surface after collection of the SIMS spectrum
in positive ion mode using O2 ions for sputtering. c SIMS spectrum collected in negative
ion mode using Cs ions for sputtering. d SEM image of the sample surface after collection
of the SIMS spectrum in negative ion mode using Cs ions for sputtering.

point. At a certain depth, presumably close to the NiMnSb/CuMnSb interface, the
Ni intensity starts to decrease and the Cu intensity starts to increase. However, this
does not happen in such an abrupt way as one would expect for a sharp interface of
two epitaxial layers. Furthermore, until the (In,Ga)As layer is reached, as indicated
by the drop in Mn and Sb intensities, a Ni intensity continues to be measured. As
can be seen from the scanning electron microscope (SEM) image of the sample
surface in Figure 7.3 b, the collection of the SIMS spectrum in positive ion mode
leaves a rough surface with pyramid-like structures, indicating that the sputtering
did not occur completely uniform. This could be a possible explanation for the
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absence of abrupt transitions between the individual layers and for the different
positions of the signal edges of Mn and Sb. Another cause for the former could be
the diffusion of individual elements between the layers, which is discussed in more
detail below. The previous statements also apply to the SIMS spectrum in negative
ion mode, with the exceptions that Mn produces no measurable signal and the Ru
intensity drop at the NiMnSb interface cannot be observed (Figure 7.3 c). The SEM
image of the sample surface after collection of the SIMS spectrum in negative ion
mode is shown in Figure 7.3 d. Although there are no such pronounced structures
on the surface, the surface is also characterized by roughness, which suggests a
non-uniform sputtering process.

Both the increase in Cu intensity at the Ru/NiMnSb interface and the absence
of a drop in Ni intensity at the NiMnSb/CuMnSb interface indicate diffusion of Ni
and Cu atoms between the two half-Heusler layers. Similar interdiffusion effects
have also been observed in sputtered PtMnSb/CuMnSb multilayer films [117].
This suggests that the diffusion of transition metals located on the tetrahedral
interstitials of the 𝐶1𝑏 half-Heusler lattice is a general problem in heterostructures
made of CuMnSb and other half-Heusler materials. The interdiffusion of Ni and
Cu is a major drawback for the realization of all-(half-)Heusler junctions since this
prevents a sharp interface between the two half-Heusler layers. It appears that the
Ni and Cu atoms have very high mobility in the half-Heusler crystal. Since the
growth temperature of 250 °C is already very low, it is unlikely that diffusion will be
prevented by further lowering the substrate temperature during growth. Diffusion
could be prevented by inserting a diffusion barrier, but this would eliminate the
direct interface between CuMnSb and NiMnSb. In order to make CuMnSb/NiMnSb
heterostructures suitable for use in future spintronic applications, it is necessary to
realize diffusion prevention in future work.

7.3 Magnetic properties
Epitaxial NiMnSb thin films are known to exhibit in-plane ferromagnetism with a
rich magnetic in-plane anisotropy [98, 118]. Section 6.4 revealed that the exchange
bias effect can be observed for in-plane ferromagnets deposited on the CuMnSb
surface, therefore it is likely that the exchange bias effect can also be observed on
epitaxial CuMnSb/NiMnSb heterostructures.

Before the exchange bias effect on the CuMnSb/NiMnSb heterostructures is
investigated in more detail using field dependent magnetic measurements 𝑀(𝐻),
temperature dependent magnetic measurements 𝑀(𝑇) of the CuMnSb single layer
grown on InP are first used to verify whether it is antiferromagnetic. FCW and
ZFCW𝑀(𝑇)measurements of the CuMnSb single layer at amagnetic field of 500mT
are shown in Figure 7.4 a. The ZFCW measurement shows the typical behavior
of antiferromagnetic CuMnSb with a cusp at the magnetic phase transition. With
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Figure 7.4: Magnetic characterization of epitaxial CuMnSb/NiMnSb heterostruc-
tures. The measurements are uncompensated. a Temperature dependent magnetization of
a 40 nm tick CuMnSb single layer grown on InP along the [110] crystal direction Layer-Group H1314 .
b Exchange bias measurements with linear background subtracted in [001] crystal direction
Layer-Group H1315 . c Exchange bias measurements with linear background subtracted in [110] crys-
tal direction Layer-Group H1315 . d Exchange bias measurements with linear background subtracted
in [110] crystal direction Layer-Group H1315 .

𝑇N=60K, there is no difference in the magnetic transition temperature between
growth on InP and growth on InAs or GaSb. In the antiferromagnetic phase a large
bifurcation of the FCW and ZFCWmeasurements can be observed. This bifurcation
leads to a vertical shift in the exchange bias measurements due to the opposing
cooling fields. By subtracting the linear signal at high magnetic fields, this vertical
shift is removed from the following 𝑀(𝐻) measurements.

The exchange bias effect of the CuMnSb/NiMnSb heterostructure with a
CuMnSb thickness of 20 nm and a NiMnSb thickness of 5 nm is studied at 4 K for
cooling fields of 500mT and −500mT along the crystal directions [001], [110] and
[110]. As a reference, M(T) is also measured at 300 K. For a detailed description
of the measurement protocol, please refer to section 6.4. Figure 7.4 b shows the
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𝑀(𝑇) measurements along the out-of-plane crystal direction [001]. Field cooling
has no effect on the 𝑀(𝑇) measurements, except for an increase in the saturation
magnetization and coercive field compared to the measurement at 300 K. Both are
obviously due to the temperature difference. Signs of exchange bias, such as a
horizontal shift of the 𝑀(𝑇) measurements, are not observed.

The situation is different for the𝑀(𝑇)measurements along the in-plane crystal
directions [110] and [110], which are shown in Figure 7.4 c and Figure 7.4 d,
respectively. For both orientations, the saturation magnetization and the coercive
field also increase as a result of cooling. As can be seen, a small horizontal shift
of 𝑀(𝑇) at 4 K can be observed, which depends on the direction of the cooling
field. This is an indication of the existence of the exchange bias effect at the
CuMnSb/NiMnSb interface. The exchange bias field is fairly isotropic but weak. It
measures 4.5mT in [110] direction and 4.0mT in [110] direction.

The magnetization is plotted in units of Bohr magnetons per formula unit of
NiMnSb in Figures 7.4 b-d. For both in-plane orientations, the saturation magneti-
zation already significantly exceeds the 4 𝜇𝑏/f.u. expected for NiMnSb at 0 K. At
4 K, it is up to three times larger at approximately ∼12 𝜇𝑏/f.u.. This deviation from
the expected saturation magnetization of the NiMnSb layer is due to the diffusion
of Cu and Ni atoms between the two half-Heusler layers, which was reported in
section 7.2. In comparison to a pure CuMnSb crystal, a small substitution of Cu
atoms by Ni atoms leads to a massive increase in the saturation magnetization in
Cu𝑥Ni1−𝑥MnSb compounds [119]. If this is transferred to the CuMnSb/NiMnSb
heterostructures studied here, this is indicative that the Ni-doped CuMnSb layer
also makes a non-negligible contribution to the saturation magnetization. This
leads to a significant increase in saturation magnetization when it is calculated
solely for the NiMnSb layer.
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Conclusions & Outlook

In order to exploit the potential of CuMnSb as a model system in electrical transport
experiments, high-quality thin films with well-defined interfaces to other materials
are needed. Material growth by means of MBE is ideally suited for such require-
ments. In this work, a newly developed growth process for CuMnSb films using
MBE and an intensive characterization of the structural, electrical, and magnetic
material properties of the grown films are presented.

For the growth of epitaxial CuMnSb, InAs and GaSb were found to be suitable
substrates. CuMnSb was also successfully grown on InP substrates, but, due to
the high lattice mismatch, relaxation of the CuMnSb layer was observed even at
low layer thicknesses. While InAs is suitable as a substrate for vertical transport
applications due to its high conductivity, as demonstrated in [76], GaSb substrates
are conversely suitable for lateral transport devices due to their lower conductivity.
However, by inserting a non-conducting ZnTe interlayer, lateral transport experi-
ments can also be realized on CuMnSb layers grown on InAs. Due to the lattice
mismatch, this is only possible for thin CuMnSb layers. To protect the epitaxial
CuMnSb layers from the environment, both sputtered Ru and Al2O3 caps were
deemed suitable.

The use of MBE enables a new level of material quality of CuMnSb, confirmed
by various characterization techniques. For example, HRXRD rocking curves show
a low FWHM of only 7.7 ″, indicating very low mosaicity in the grown CuMnSb
crystals. A high order in the CuMnSb crystal was also confirmed by STEM images.
Basic transport experiments showed a residual resistance of 𝜌0 = 35µΩ⋅ cm, below
the lowest values reported for CuMnSb [26]. This indicates a reduction of the defect
concentration compared to the bulk material.

Similar to the growth of NiMnSb [20, 98, 99], a high sensitivity of the material
parameters to the ratios of the material fluxes used during growth was observed for
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CuMnSb MBE. Of particular note is the dependence of the vertical lattice parameter
of CuMnSb on the Mn/Sb flux ratio for growth on GaSb substrates. This enables
CuMnSb layers to be grown tensile strained, unstrained and compressive strained
on a single substrate material. As the type of strain directly affects the space group
of the CuMnSb crystal, this feature could be of particular interest for future SOT
switching experiments. The good controllability of the material composition during
epitaxial growth in combination with neutron diffraction experiments could be
used in the future to experimentally verify the influence of point defects on the
magnetic ground state of CuMnSb proposed by Máca et al. [36]. Furthermore, it
could be shown that maximum 𝑇N is reached at stoichiometric material composition.
Therefore, it is possible that 𝑇N can be utilized as a useful selection tool to detect
stoichiometric composition of CuMnSb.

The magnetic behavior of CuMnSb was found to be consistent with that of
bulk material. However, the epitaxial CuMnSb layers show an additional complex
magnetic phase which is likely localized at the CuMnSb surface. This signal is
particularlymeasurable in thin films, due to the increased surface to volume ratio. In
thicker epitaxial CuMnSb layers, this signal is only observable at lowmagnetic fields.
The additional magnetic phase behaves nonlinearly in the magnetic field and is
reflected by a second temperature regime with Curie-Weiss behavior in temperature
dependent measurements. Both superparamagnetic and spin-glass-like behavior
can be assigned to the additional magnetic phase. Based on the available evidence,
it seems most likely that this signal is generated by uncompensated moments on
the CuMnSb surface. In conclusion, however, this hypothesis can only be tested by
intensive investigation of the surface magnetization, e.g., by using spin-polarized
scanning tunneling microscopy. Furthermore, investigations on bulk CuMnSb have
to be performed to determine whether this additional magnetic phase is exclusive
to epitaxial CuMnSb or an intrinsic property of CuMnSb.

The major challenges on the way to the use of epitaxial CuMnSb in novel
spintronic device applications remain the proof that SOT switching experiments
with CuMnSb are possible and the fabrication of fully epitaxial NiMnSb/CuMnSb
heterostructures. For the latter, the first attempts were presented in this work.
It was found that the interdiffusion of Cu and Ni between CuMnSb and NiMnSb
is a major difficulty in the realization of high-quality interfaces between these
materials. Future studies will have to show whether this diffusion can be prevented
by technical methods such as growing at very low temperatures. The switching of
the Néel vector of epitaxial CuMnSb, fabricated during this work, using current
pulses has already been investigated in the work of Julian Werther [68]. Switching
could not be observed so far. Further development steps are therefore also necessary
at this point, possibly through the combination of CuMnSb with other materials.
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At the beginning of this work, various programs were used to control the MBE
chambers of the UHV cluster. Some of them were rudimentary command line
programs without a graphical user interface, which only allowed the control of
the cell and substrate temperatures, as well as the control of the cell shutters.
Monitoring of various chamber metrics was not possible, nor was the execution
of complex growth programs. To change these circumstances I developed a new
control software for MBE chambers during this work, called MBEpy. MBEpy was
developed with the goal of creating a universal, platform independent, remote
controllable, and extensible control software for MBE chambers.

Based on the programming languages Python, JavaScript, HTML and CSS,
MBEpy is a client/server application. The server application runs on the control
computer, which is connected to all instruments and devices of the MBE chamber.
The user interface can then be accessed locally or via the internet using a web
browser.

Due to a driver-based architecture, the software can be adapted to various MBE
systems. For example, to integrate a new temperature controller, only standardized
functions that define the communication to the controller have to be implemented.
It is likely this ease of extensibility that has led to MBEpy now being used to control
almost all of the MBE chambers in the UHV cluster.

The three most important features of MBEpy for this work are monitoring
chamber functions, running complex growth programs, and capturing RHEED
images. Monitoring the chamber metrics serves two main purposes. First, it serves
to control the growth parameters during sample growth. For this purpose, the
course of temperatures and pressures are displayed in graphs, as well as an overview
of the momentary values. Figure A.1 shows a screenshot of the so-called dashboard,
on which all this information is merged. Secondly, it is used to monitor the chamber
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Figure A.1: Screenshot of the MBEpy dashboard.

while no growth is taking place. For this purpose, all measured values are written
to log files to facilitate troubleshooting in case of problems. Secondly, all values
are constantly checked to ensure that they are within specified tolerances. If this
is not the case, warnings are sent to all users of the MBE chambers. In this way,
major disasters can often be avoided by rapid reaction.

A programming language based on Pythonwas developed for running complex
growth programs. It provides simplified commands for MBE typical commands
like opening and closing shutters or setting a temperature. However, all language
elements of Python can be used, which allows for example the execution of loops
and the checking of conditions. Basically, there is no restriction on the functionality
of the growth programs. The programs can be created, edited, and started in the
MBEpy user interface.

Example A.1 shows as an example program used in this work for the growth
of CuMnSb, which is structured as follows: Lines 1–10 define the key parameters
for the growth. The variables sample_name, buffer_number, comments and layerstack

are mainly used for documentation. With this information, a new directory is
automatically created by the command createHeuslerSample (...) in lines 16–18
for each sample in the folder structure of the institute, in which all important
information about the growth is automatically stored. In addition to the information
defined in the program, the cell temperatures for the respective sample are stored
there as well. The variables growth_time and delay define the growth time for the
CuMnSb layer and how long the cell shutter should be open before the CuMnSb
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growth is initiated by opening the main shutter. The while loop in lines 12 and 13
ensures that the substrate temperature has reached its setpoint before any other
commands are executed. As already mentioned, growth documentation is largely
automated by MBEpy. This also includes that all metrics of the chamber during
growth are saved in a separate file. The start of this recording is triggered by the
command startMeasurement (...) in line 15.

Example A.1: Growth program used for CuMnSb growth with MBEpy.
1 sample_name = ”Hxxx”

2 growth_time = 80 * 60

3 cooldown = True

4 delay = 5

5 buffer_number = ”C21.1-xxxx”

6 comments = {”purpose”: ”CuMnSb Growth”}

7 layerstack = [{”material”: ”GaSb:lowTe”, ”height”: ”Substrate”},

8 {”material”: ”GaSb”, ”height”: ”150 nm”},

9 {”material”: ”CuMnSb”, ”height”: ”40 nm”},

10 {”material”: ”Ru”, ”height”: ”5 nm”}]

11
12 while getTemp(”Substrate”) < 250:

13 wait (1)

14
15 startMeasurement(sample_name)

16 createHeuslerSample(sample_name , growth_time ,

17 buffer_number , comments ,

18 layerstack)

19 image_positions = [{”tag”: ”1-10”, ”angle”: 0},

20 {”tag”: ”010”, ”angle”: 45},

21 {”tag”: ”110”, ”angle”: 90},

22 {”tag”: ”100”, ”angle”: 135}]

23 offset = -delay

24 collectImages (1, image_positions , offset , hdr =[2 ,1])

25 close(”Substrate”)

26 open(”CuBase”,”Mn”,”Sb”)

27 wait(delay *60)

28 open(”Substrate”)

29 wait(growth_time)

30 close(”Substrate”, ”CuBase”,”Mn”,”Sb”)

31 stopMotor ()

32 stopMeasurement ()

33 setTemp(”Substrate”, 200)

34 if cooldown:

35 setTemp(”CuBase”, 400)

36 setTemp(”CuTip”, 500)

37 setTemp(”Mn”, 400)

38 setTemp(”Sb”, 200)

As can be seen in line 24 of the example program, the RHEED recordings are
started by the command collectImages (...). These recordings are also controlled
and processed by MBEpy. Thus, the control computer is connected to both a stepper
motor and a CCD camera. Before growth, the sample must be aligned along a crystal
direction defined in the program in a separate window of the user interface. For
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this purpose, arrows are available for moving the motor, as well as a video stream
of the camera. Through this calibration, MBEpy knows the current orientation
of the sample and can approach all further orientations in relation to the first set
crystal direction. The orientations for which the recordings are to be made are
defined in lines 19–22. A further feature concerning RHEED recordings is the
recording of high dynamic range images. For this purpose, several RHEED images
with different exposure times are taken for one crystal direction. By stitching
these images together, the dynamic range of the RHEED images can be increased
enormously.

The actual growth process is executed by the commands, which are self-
explanatory, in lines 25–30. When growth is complete, the chamber is returned to
standby mode in lines 31–38. If desired, the cells are cooled down to their standby
temperatures.

MBEpy is constantly being further developed and adapted to otherMBE systems.
The complete source code with instructions and documentation can be found on the
GitLab server of EP3 at https://gitlabep3.physik.uni-wuerzburg.de/lus66ad/
MBEpy.

https://gitlabep3.physik.uni-wuerzburg.de/lus66ad/MBEpy
https://gitlabep3.physik.uni-wuerzburg.de/lus66ad/MBEpy
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Sample Substrate Epitaxial layers Sputtered layers
C21.1-1624 InP:Fe (In,Ga)As (∼150 nm)
C21.1-1906 InAs:un InAs (∼150 nm)
C21.1-1990 GaSb:un GaSb (∼150 nm)
C21.1-2045 GaSb:un GaSb (∼150 nm)
H1126 InP:Fe (In,Ga)As (∼150 nm) / NiMnSb (40 nm) Ru (2 nm)
H1127 InAs:un InAs (∼150 nm) / CuMnSb (8 nm) Ru (2 nm)
H1128 InP:Fe (In,Ga)As (∼150 nm) / NiMnSb (40 nm) Ru (2 nm)
H1129 InP:Fe (In,Ga)As (∼150 nm) / NiMnSb (40 nm) Ru (2 nm)
H1130 InP:Fe (In,Ga)As (∼150 nm) / NiMnSb (40 nm)
H1131 InP:Fe (In,Ga)As (∼150 nm) / NiMnSb (40 nm)
H1132 InP:Fe (In,Ga)As (∼150 nm) / NiMnSb (40 nm)
H1133 InP:Fe (In,Ga)As (∼150 nm) / NiMnSb (40 nm)
H1134 InP:Fe (In,Ga)As (∼150 nm) / NiMnSb (6 nm)
H1135 InP:Fe (In,Ga)As (∼150 nm) / NiMnSb (40 nm) Ru (2 nm)
H1136 InP:Fe (In,Ga)As (∼150 nm) / NiMnSb (40 nm) Ru (2 nm)
H1137 InP:Fe (In,Ga)As (∼150 nm) / NiMnSb (40 nm) Ru (2 nm)
H1138 InP:Fe (In,Ga)As (∼150 nm) / NiMnSb (40 nm) Ru (2 nm)
H1139 InP:Fe (In,Ga)As (∼150 nm) / NiMnSb (40 nm) Ru (2 nm)
H1140 InP:Fe (In,Ga)As (∼150 nm) / NiMnSb (40 nm) Ru (2 nm)
H1141 InP:Fe (In,Ga)As (∼150 nm) / NiMnSb (40 nm) Ru (2 nm)
H1142 InP:Fe (In,Ga)As (∼150 nm) / NiMnSb (40 nm) Ru (2 nm)
H1143 InP:Fe (In,Ga)As (∼150 nm) / NiMnSb (40 nm) Ru (2 nm)
H1144 InP:Fe (In,Ga)As (∼150 nm) / NiMnSb (40 nm) Ru (10 nm)
H1145 InP:Fe (In,Ga)As (∼150 nm) / NiMnSb (30 nm)
H1146 InP:Fe (In,Ga)As (∼150 nm) / NiMnSb (40 nm)
H1147 InP:Fe (In,Ga)As (∼150 nm) / NiMnSb (40 nm)
H1148 InAs:un InAs (∼150 nm) / CuMnSb (39 nm)
H1149 InP:Fe (In,Ga)As (∼150 nm) / NiMnSb (40 nm)
H1150 InAs:un InAs (∼150 nm) / CuMnSb (39 nm) Ru (5 nm)
H1151 InAs:un InAs (∼150 nm) / CuMnSb (39 nm) Ru (5 nm)
H1152 InAs:un InAs (∼150 nm) / CuMnSb (39 nm) Ru (5 nm)
H1153 InAs:un InAs (∼150 nm) / CuMnSb (39 nm) Ru (5 nm)
H1154 InAs:un InAs (∼150 nm) / ZnTe (70 nm) / CuMnSb (40 nm)
H1155 InAs:un InAs (∼150 nm) / ZnTe (70 nm) / CuMnSb (40 nm) Ru (5 nm)
H1156 InAs:un InAs (∼150 nm) / ZnTe (70 nm) / CuMnSb (40 nm) Ru (5 nm)
H1157 InAs:un InAs (∼150 nm) / CuMnSb (39 nm) Ru (5 nm)
H1158 InAs:un InAs (∼150 nm) / CuMnSb (39 nm) Ru (5 nm)
H1159 InAs:un InAs (∼150 nm) / CuMnSb (39 nm) Ru (5 nm)
H1160 InAs:un InAs (∼150 nm) / CuMnSb (39 nm) Ru (5 nm)
H1161 InAs:un InAs (∼150 nm) / CuMnSb (39 nm) Ru (5 nm)
H1162 InAs:un InAs (∼150 nm) / CuMnSb (39 nm) Ru (5 nm)
H1163 InAs:un InAs (∼150 nm) / ZnTe (20 nm) / CuMnSb (30 nm) Ru (5 nm)
H1164 InAs:un InAs (∼150 nm) / ZnTe (300 nm) / CuMnSb (40 nm) Ru (5 nm)
H1165 InAs:un InAs (∼150 nm) / CuMnSb (39 nm) Ru (5 nm)
H1166 InAs:un InAs (∼150 nm) / CuMnSb (39 nm) Ru (5 nm)
H1167 InAs:un InAs (∼150 nm) / CuMnSb (39 nm)
H1168 InAs:un InAs (∼150 nm) / CuMnSb (27 nm)

continued on the next page
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Sample Substrate Epitaxial layers Sputtered layers
H1169 InAs:un InAs (∼150 nm) / CuMnSb (39 nm) Ru (5 nm)
H1170 InAs:un InAs (∼150 nm) / CuMnSb (39 nm) Ru (5 nm)
H1171 InAs:un InAs (∼150 nm) / CuMnSb (39 nm) Ru (5 nm)
H1172 InAs:un InAs (∼150 nm) / CuMnSb (39 nm)
H1173 InAs:un InAs (∼150 nm) / CuMnSb (39 nm) Ru (5 nm)
H1174 InAs:un InAs (∼150 nm) / CuMnSb (39 nm) Ru (5 nm)
H1175 InAs:un InAs (∼150 nm) / CuMnSb (39 nm) Ru (5 nm)
H1176 InAs:un InAs (∼150 nm) / CuMnSb (39 nm) Ru (5 nm)
H1177 InAs:un InAs (∼150 nm) / CuMnSb (33 nm) Ru (5 nm)
H1178 InAs:un InAs (∼150 nm) / CuMnSb (10 nm)
H1179 InAs:un InAs (∼150 nm) / CuMnSb (10 nm)
H1180 InAs:un InAs (∼150 nm) / CuMnSb (22 nm)
H1181 InAs:un InAs (∼150 nm) / CuMnSb (39 nm) Ru (5 nm)
H1182 InAs:un InAs (∼150 nm) / CuMnSb (10 nm)
H1183 InAs:un InAs (∼150 nm) / CuMnSb (20 nm)
H1184 InAs:un InAs (∼150 nm) / CuMnSb (9 nm)
H1185 InAs:un InAs (∼150 nm) / CuMnSb (39 nm) Ru (5 nm)
H1186 InAs:un InAs (∼150 nm) / CuMnSb (39 nm)
H1187 InAs:un InAs (∼150 nm) / CuMnSb (39 nm)
H1188 InAs:un InAs (∼150 nm) / CuMnSb (39 nm)
H1189 InAs:un InAs (∼150 nm) / CuMnSb (39 nm)
H1190 InAs:un InAs (∼150 nm) / CuMnSb (39 nm)
H1191 InAs:un InAs (∼150 nm) / CuMnSb (39 nm)
H1192 InAs:un InAs (∼150 nm) / CuMnSb (39 nm)
H1193 InAs:un InAs (∼150 nm) / CuMnSb (39 nm)
H1194 InAs:un InAs (∼150 nm) / CuMnSb (39 nm)
H1195 InAs:un InAs (∼150 nm) / CuMnSb (39 nm)
H1196 InAs:un InAs (∼150 nm) / CuMnSb (39 nm)
H1197 InAs:un InAs (∼150 nm) / CuMnSb (39 nm)
H1198 InAs:un InAs (∼150 nm) / CuMnSb (39 nm)
H1199 InAs:un InAs (∼150 nm) / CuMnSb (39 nm)
H1200 InAs:un InAs (∼150 nm) / CuMnSb (39 nm)
H1201 InAs:un InAs (∼150 nm) / CuMnSb (37 nm) Ru (5 nm)
H1202 InAs:un InAs (∼150 nm) / CuMnSb (37 nm) Ru (5 nm)
H1203 InAs:un InAs (∼150 nm) / CuMnSb (37 nm) Ru (5 nm)
H1204 InAs:un InAs (∼150 nm) / CuMnSb (37 nm)
H1205 InAs:un InAs (∼150 nm) / CuMnSb (37 nm) Ru (5 nm)
H1206 InAs:un InAs (∼150 nm) / CuMnSb (37 nm)
H1207 InAs:un InAs (∼150 nm) / CuMnSb (37 nm) Ru (5 nm)
H1208 InAs:un InAs (∼150 nm) / CuMnSb (37 nm)
H1209 InAs:un InAs (∼150 nm) / CuMnSb (37 nm)
H1210 InAs:un InAs (∼150 nm) / CuMnSb (37 nm) Ru (5 nm)
H1211 InAs:un InAs (∼150 nm) / CuMnSb (37 nm)
H1212 InAs:un InAs (∼150 nm) / CuMnSb (37 nm) Ru (5 nm)
H1213 InAs:un InAs (∼150 nm) / CuMnSb (37 nm)
H1214 InAs:un InAs (∼150 nm) / CuMnSb (37 nm) Ru (5 nm)
H1215 InAs:un InAs (∼150 nm) / CuMnSb (37 nm) Ru (5 nm)
H1216 InAs:un InAs (∼150 nm) / CuMnSb (37 nm) Ru (5 nm)
H1217 InAs:un InAs (∼150 nm) / CuMnSb (37 nm) Ru (5 nm)
H1218 InAs:un InAs (∼150 nm) / CuMnSb (37 nm) / ZnTe (20 nm)
H1219 InAs:un InAs (∼150 nm) / CuMnSb (37 nm)
H1220 InAs:un InAs (∼150 nm) / CuMnSb (37 nm) Ru (5 nm)
H1221 InAs:un InAs (∼150 nm) / ZnTe (20 nm) / CuMnSb (15 nm) Ru (5 nm)
H1222 InAs:un InAs (∼150 nm) / CuMnSb (10 nm) / ZnTe (20 nm)
H1223 InAs:un InAs (∼150 nm) / CuMnSb (37 nm) NiFe (10 nm) / Ta (5 nm) / Ru (5 nm)
H1224 InAs:un InAs (∼150 nm) / CuMnSb (15 nm)
H1225 InAs:un InAs (∼150 nm) / CuMnSb (37 nm) NiFe (10 nm) / Ta (5 nm) / Ru (5 nm)
H1226 InAs:un InAs (∼150 nm) / CuMnSb (37 nm) Ru (5 nm)
H1227 GaSb:un GaSb (∼150 nm) / CuMnSb (37 nm) Ru (5 nm)
H1228 InAs:un InAs (∼150 nm) / CuMnSb (15 nm) / ZnTe (70 nm)
H1229 InAs:un InAs (∼150 nm) / CuMnSb (15 nm) / ZnTe (70 nm)
H1230 InAs:un InAs (∼150 nm) / CuMnSb (15 nm) / ZnTe (70 nm)
H1231 InAs:un InAs (∼150 nm) / CuMnSb (15 nm) / ZnTe (70 nm)
H1232 GaSb:un GaSb (∼150 nm) / CuMnSb (270 nm) Ru (5 nm)
H1233 InAs:un InAs (∼150 nm) / CuMnSb (15 nm) / ZnTe (70 nm)
H1234 InAs:un InAs (∼150 nm) / CuMnSb (15 nm) / ZnTe (70 nm)
H1235 InAs:un InAs (∼150 nm) / CuMnSb (15 nm) / ZnTe (70 nm)
H1236 InAs:un InAs (∼150 nm) / CuMnSb (15 nm) / ZnTe (70 nm)
H1237 InAs:un InAs (∼150 nm) / CuMnSb (37 nm) MgO (5 nm)
H1238 GaSb:Zn GaSb (∼150 nm) / CuMnSb (37 nm) MgO (5 nm)
H1239 GaSb:un GaSb (∼150 nm) / CuMnSb (37 nm) MgO (5 nm)
H1240 GaSb:un GaSb (∼150 nm) / CuMnSb (37 nm)
H1241 InAs:un InAs (∼150 nm) / CuMnSb (15 nm) / ZnTe (25 nm)
H1242 InAs:un InAs (∼150 nm) / ZnTe (30 nm) / CuMnSb (40 nm) Ru (5 nm)
H1243 GaSb:un GaSb (∼150 nm) / CuMnSb (5 nm) Ru (5 nm)
H1244 GaSb:un GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
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H1245 GaSb:un GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1246 GaSb:un GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1247 GaSb:un GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1248 GaSb:un GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1249 GaSb:un GaSb (∼150 nm) / CuMnSb (20 nm) Ru (5 nm)
H1250 GaSb:un GaSb (∼150 nm) / CuMnSb (5 nm) Ru (5 nm)
H1251 GaSb:un GaSb (∼150 nm) / CuMnSb (10 nm) Ru (5 nm)
H1252 InAs:un InAs (∼150 nm) / ZnTe (30 nm) / CuMnSb (30 nm) Ru (5 nm)
H1253 InAs:un InAs (∼150 nm) / ZnTe (20 nm) / CuMnSb (20 nm) Ru (5 nm)
H1254 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1255 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1256 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1257 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1258 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1259 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1260 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1261 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1262 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1263 InAs:un InAs (∼150 nm) / CuMnSb (40 nm)
H1264 GaSb:un GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1265 GaSb:un GaSb (∼150 nm) / CuMnSb (510 nm) Ru (5 nm)
H1266 InAs:un InAs (∼150 nm) / CuMnSb (40 nm)
H1267 InAs:un InAs (∼150 nm) / CuMnSb (40 nm)
H1268 InAs:un InAs (∼150 nm) / CuMnSb (5 nm) Ru (5 nm)
H1269 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1270 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1271 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1272 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1273 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1274 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1275 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1276 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1277 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1278 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1279 InAs:un InAs (∼150 nm) / CuMnSb (40 nm)
H1280 InAs:un InAs (∼150 nm) / CuMnSb (40 nm)
H1281 InAs:un InAs (∼150 nm) / CuMnSb (40 nm)
H1282 InAs:un InAs (∼150 nm) / CuMnSb (40 nm)
H1283 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Al2O3 (1.3 nm)
H1284 InAs:un InAs (∼150 nm) / CuMnSb (40 nm)
H1285 InAs:un InAs (∼150 nm) / CuMnSb (40 nm)
H1286 GaSb:un GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1287 GaSb:highTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1288 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Al2O3 (2.7 nm)
H1289 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Al2O3 (1.8 nm)
H1290 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1291 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1292 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1293 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1294 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1295 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (5 nm) Al2O3 (2.5 nm)
H1296 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (10 nm) Al2O3 (2.5 nm)
H1297 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Al2O3 (2.5 nm)
H1298 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1299 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1300 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (210 nm) Al2O3 (2.5 nm)
H1301 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) NiFe (3 nm) / Ta (5 nm) / Ru (5 nm)
H1302 GaSb:un GaSb (∼150 nm) / CuMnSb (40 nm) Co (3 nm) / Ta (5 nm) / Ru (5 nm)
H1303 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) CoFe (3 nm) / Ta (5 nm) / Ru (5 nm)
H1304 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1305 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1306 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Al2O3 (2.3 nm)
H1307 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Al2O3 (2.3 nm)
H1308 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Al2O3 (2.3 nm)
H1309 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Al2O3 (2.3 nm)
H1310 InAs:un InAs (∼150 nm) / CuMnSb (60 nm) Ru (5 nm)
H1311 InAs:un InAs (∼150 nm) / CuMnSb (60 nm)
H1312 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (10 nm) Ru (5 nm)
H1313 InP:Fe (In,Ga)As (∼150 nm) / CuMnSb (10 nm) Ru (5 nm)
H1314 InP:Fe (In,Ga)As (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1315 InP:Fe (In,Ga)As (∼150 nm) / CuMnSb (20 nm) / NiMnSb (5 nm) Ru (5 nm)
H1316 InP:Fe (In,Ga)As (∼150 nm) / CuMnSb (20 nm) / NiMnSb (7.5 nm) Ru (5 nm)
H1317 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1318 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1319 InAs:un InAs (∼150 nm) / CuMnSb (40 nm)
H1320 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
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H1321 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1322 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1323 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1324 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1325 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1326 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1327 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1328 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1329 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1330 GaSb:un GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1331 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) / Sb (10 nm)
H1332 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1333 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1334 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm)
H1335 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1336 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm)
H1337 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm)
H1338 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm)
H1339 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1340 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1341 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1342 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1343 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1344 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1345 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1346 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) / Sb (10 nm)
H1347 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1348 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1349 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1350 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1351 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1352 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1353 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1354 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1355 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1356 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1357 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1358 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1359 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1360 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1361 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1362 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1363 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1364 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1365 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1366 InAs:un InAs (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1367 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1368 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1369 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Ru (5 nm)
H1370 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Al2O3 (2.5 nm)
H1371 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (20 nm) Al2O3 (2.5 nm)
H1372 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (10 nm) Al2O3 (2.5 nm)
H1373 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (40 nm) Co/Pd SL (30 nm)
H1374 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (10 nm) Co/Pd SL (30 nm)
H1375 GaSb:lowTe GaSb (∼150 nm) / CuMnSb (20 nm) Co/Pd SL (30 nm)
Y421 InAs:un InAs (∼150 nm) / ZnTe (20 nm)

Table B.1: List of samples.
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