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Abstract

Antiferromagnets are promising materials for next-generation spintronic data storage de-
vices due to their negligible magnetization and associated magnetic stray fields that limit
the usefulness of conventional ferro- and ferrimagnets at the nanoscale. Of particular in-
terest are a class of antiferromagnets that have non-collinear spin textures and which can
display unusual transport properties, of which particular examples are an anomalous Hall
effect, a longitudinal spin polarization of charge currents, and a spin Hall effect with un-
usual spin polarization directions. These effects can be readily observed only if the sam-
ple is set predominantly into a single antiferromagnetic domain state. One way to enable
control of the domain structure is if the antiferromagnetic order is perturbed and displays
weak moments due to spin canting. In thin films of cubic non-collinear antiferromag-
nets this imbalance was previously assumed to require substrate strain-induced tetragonal
distortions. In this work it is found that non-collinear antiferromagnets with an antiper-
ovskite structure may exhibit non-zero transport effects in the absence of such tetragonal
distortions. In this case, net moments result instead from structural symmetry lowering
induced by displacements of the manganese atoms away from high-symmetry positions.
These displacements preserve the bulk-like lattice constants of the films and, therefore,
remain hidden in structural characterization by X-ray diffraction when only probing the
lattice metric. Instead, structural refinement of a large set of scattering vectors is required
to resolve the local atomic positions. In the antiperovskite Mn3SnN these displacements
enable the observation of an anomalous Hall effect with an unusual temperature depen-
dence, which is conjectured to be due to a previously unexplored temperature-dependent
spin rotation. These findings challenge the long-held assumption that tetragonal distor-
tions are required to observe non-zero transport effects in cubic non-collinear antiferro-
magnets. Furthermore, the experimental results and comparison with the literature sug-
gest that manganese displacements are common in antiperovskite nitrides and that they
may enable the observation of transport effects beyond the anomalous Hall effect.
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Zusammenfassung

Antiferromagnete sind aufgrund ihrer vernachléssigbar kleinen Magnetisierung und da-
mit einhergehenden geringen magnetischen Streufeldern vielversprechende Materialien
fiir die nichste Generation spintronischer Datenspeicher, deren Skalierbarkeit durch die
Verwendung von herkdbmmlichen Ferro- und Ferrimagneten stark einschréinkt ist. Von be-
sonderem Interesse sind hierbei Antiferromagnete, die nichtkollineare Spintexturen auf-
weisen, die zu ungewohnlichen Transporteigenschaften fiihren konnen, wie zum Beispiel
ein anomaler Hall-Effekt, longitudinale Spinpolarisation von Ladungsstromen und ein
Spin-Hall-Effekt mit ungewohnlichen Spinpolarisationsrichtungen. Diese Effekte lassen
sich nur beobachten, wenn die Probe iiberwiegend in einem Eindoménenzustand vorliegt.
Eine Moglichkeit, die Doménenstruktur zu kontrollieren, besteht in der Storung der an-
tiferromagnetischen Ordnung, was zur Entwicklung schwacher Momente aufgrund von
Spinverkantung fiihrt. Im Fall von diinnen Schichten kubischer, nichtkollinearer Antifer-
romagnete wurde bisher angenommen, dass dieses Ungleichgewicht tetragonale Verzer-
rungen erfordert, die durch Gitterfehlanpassungen entstehen. In dieser Arbeit wird ge-
zeigt, dass nichtkollineare Antiferromagnete mit einer Antiperowskit-Struktur auch ohne
solche tetragonalen Verzerrungen messbare Transporteffekte aufweisen konnen. In die-
sem Fall entstehen Nettomomente durch Verringerung der Kristallsymmetrie, hervorgeru-
fen durch die Verschiebung der Manganatome aus hochsymmetrischen Positionen. Diese
Verschiebungen erhalten die Gitterkonstanten des Volumenkristalls in den Schichten und
bleiben daher bei der strukturellen Charakterisierung durch Rontgenbeugung verborgen,
wenn nur die Gittermetrik untersucht wird. Stattdessen ist eine strukturelle Verfeinerung
eines groflen Satzes von Streuvektoren erforderlich, um die lokalen Atompositionen auf-
zulosen. Im Antiperowskit Mn3SnN ermoglichen diese Verschiebungen die Beobachtung
eines anomalen Hall-Effekts mit einer ungewohnlichen Temperaturabhingigkeit, von der
vermutet wird, dass sie auf bisher weitgehend unerforschte temperaturabhéngige Spinro-
tationen zuriickzufiihren ist. Diese Ergebnisse stellen einen Bruch mit der allgemeinen
Annahme dar, dass tetragonale Verzerrungen erforderlich sind, um Nettotransporteffekte
in kubischen nichtkollinearen Antiferromagneten zu beobachten. Dariiber hinaus deuten
die experimentellen Ergebnisse und der Vergleich mit der Literatur darauf hin, dass Man-
ganverschiebungen in Antiperowskitnitriden {iblich sind und dass sie die Beobachtung
von Transporteffekten iiber den anomalen Hall-Effekt hinaus ermoglichen konnten.
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Glossary

Terms

AF Antiferromagnet, Antiferromagnetic

AFM Atomic force microscopy, microscopic

AHC Anomalous Hall conductivity

AHE Anomalous Hall effect

ANC Anomalous Nernst conductivity

ANE Anomalous Nernst effect

1P In-plane

LGR Laue group

LSP Longitudinal spin polarization, Longitudinally spin-polarized
MAE Magneto-crystalline anisotropy energy

MBE Molecular beam epitaxy

NCAF  Non-collinear antiferromagnet, antiferromagnetic
op Out-of-plane

PLD Pulsed laser deposition

RBS Rutherford backscattering spectroscopy

SHE Spin Hall effect

SIXC Six-circle diffractometer

SQUID  Superconducting quantum interference device
SOT Spin-orbit torque

STT Spin-transfer torque

TEM Transmission electron microscopy, microscopic
VSM Vibrating sample magnetometry

XMCD  X-ray circular magnetic dichroism

XRD X-ray diffraction

XRR X-ray reflectivity

Compounds, Materials and Chemicals

BTO
KTO
LSAT
MGN
MSN
STO

BaTiO;

KaTiO3
(LaAlO3)0.3(Sr2TaAlOg)o.7
Mn3 GaN

Mn3;SnN

SITiO;

1X
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Introduction






Chapter 1

Novel Magnets for Spintronics

The research field of spintronics (short for spin electronics) attempts to use the spin de-
gree of freedom of electrons for data storage and computing technologies. Thereby, it
goes beyond the charge-based paradigm of conventional complementary metal-oxide-
semiconductor (CMOS) technology, which is ultimately limited by quantum effects at
the nanoscale [1]. Historically, spintronics has heavily relied on ferromagnets as key
active materials, as they allow for effective storage and read-out of data. However, ferro-
magnets come at the cost of limited scalability, power consumption and speed [2]. These
shortcoming call for the development of novel magnetic materials for spintronics.

Antiferromagnets (AFs) are such a class of magnetic materials with the potential to
replace ferromagnets in next generation spintronic devices [2-5]. AFs exhibit magnetic
ordering but zero net magnetization. So far, they have mostly played passive, albeit cru-
cial roles in spintronics. For instance, they were integral to the development of spin
valves and magnetic tunnel junction, which are key components in magnetic data stor-
age technologies and are used as magnetic field sensors in magnetic hard drives and as
storage elements in magnetic random access memory (MRAM) devices [6, 7], which is
currently the most advanced commercially available spintronic data storage technology.
Magnetic tunnel junctions are also key components in the emerging racetrack memory
technology [8,9]. In recent years, AFs have proven to be promising active materials for
spintronic devices, because of their robustness against magnetic fields, the absence of
magnetic stray fields, ultrafast dynamics and large magneto-transport effects [2, 3]. Fur-
thermore, antiferromagnetism is more abundant in nature than ferromagnetism and AFs
span the whole material range from insulators to superconductors. In combination with
the observed presence of non-trivial topological phases found in some AFs they, thereby,
greatly enlarge the material playground of spintronics [4, 10].

The class of non-collinear antiferromagnets (NCAFs) comprises of materials with spin
configurations that are more complex than the collinear two-sublattice structures such as
those found in MnO, for instance [11]. In this work, the term is used to refer to materials
with non-collinear and coplanar spin textures that are found in many Mn-based nitride and
non-nitride compounds with generic formulae Mn3ZN and Mn3Z, wherein Z are typically
(post-)transition metal elements. These materials have in common that the Mn atoms, on
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Chapter 1. Novel Magnets for Spintronics

which the spins reside, form trigonal Kagome lattices, which causes geometric frustration
of the spins and leads to the formation of distinct triangular spin textures. Among these,
nitrides with cubic antiperovskite crystal structures are particularly interesting, as they
also display various other kinds of collinear and non-collinear ferromagnetic, ferrimag-
netic and antiferromagnetic ordering as well as phases with temperature-dependent spin
rotation and magnetic structures with long magnetic propagation vectors [12, 13].

(c) y
Vs
g

(a) Non-collinear Antiferromagnets

Anomalous for Spintronics Field-free
Hall Effect PMA switching
-~ |
0% °
‘ = o -6, |

Antiferromagnetic

MTJ Racetrack
S
(d) (e) Memory
1 I
Free —
Spacer | I

Reference / \

Domain Wall Access port

Figure 1.1: Potential applications of non-collinear antiferromagnets (NCAFs) in spintronics.
NCAFs such as Mn3SnN and Mn3Sn, shown in (a), exhibit transport effects usually not associated
with antiferromagnets, such as (b) an anomalous Hall effect and longitudinal charge current polar-
ization and (c) a spin Hall effect with spin polarization directions allowing for field-free switching
of magnetic layers perpendicular magnetic anisotropy (PMA). Thereby, they may replace ferro-
magnets in (d) magnetic tunnel junctions used in MRAM and (e) racetrack memory devices, in
which NCAFs may also replace ferromagnets in the racetrack itself. Figure (e) taken and adapted
from Ref. [9].

NCAFs have gained recent attention in spintronics due to the presence of interest-
ing magneto-transport effects arising from symmetry-allowed Berry curvature in crystal
momentum space [14], as schematically shown in Figure 1.1. Some of these effects are
unexpected in antiferromagnets because of their vanishing magnetization. For instance,
NCAFs display an intrinsic anomalous Hall effect (AHE) [15-17] and charge currents
become spin-polarized when passing through a NCAF [18-21]. NCAFs also exhibit the
spin Hall effect (SHE), which is conventionally associated with paramagnetic heavy met-
als with strong spin-orbit coupling [22,23]. Furthermore, the spin currents generated in
NCAFs have spin polarization directions that cannot be generated in heavy metals and that
allow for magnetic field-free switching of magnetic layer with perpendicular magnetic
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anisotropy (PMA) [24-27]. These examples show that NCAFs are interesting materi-
als for next-generation spintronic applications, in which they may replace conventionally
used materials. For instance, they may substitute ferromagnets in magnetic tunnel junc-
tions used in MRAM devices and in the access ports of racetrack memory devices. In
racetrack memory, they may also supersede synthetic antiferromagnets in the racetrack
itself [28]. Furthermore, they may be an alternative to heavy metals in spin-orbit torque
devices with the additional functionality of field-free spin-orbit torque switching of mag-
netic layers with perpendicular magnetic anisotropy.

Using NCAFs in spintronic devices requires control of the magnetic domain structure.
While ferromagnets can be easily magnetized and switched by external magnetic field
or upon the application of spin torque, generation of a single-domain state in NCAFs is
more challenging and there is a gap in knowledge as to the exact mechanisms allowing
for domain structure control in cubic NCAFs. One of the major advantages of NCAFs,
namely their insensitivity to magnetic field, is also a drawback in that it necessitates novel
approaches to control the magnetic domain state. The non-collinear antiferromagnetic
(NCAF) spin textures of the hexagonal compounds Mn3Sn and Mn3Ge exhibit intrinsic
spin canting that gives rise to weak moments coupled to the magnetic textures. These
moments allow to control the NCAF domain structure [29-31]. Cubic NCAFs, on the
other hand, are fully compensated and, therefore, require an additional mechanism to
achieve domain control. It was previously assumed that in thin films of cubic NCAFs
substrate strain-induced tetragonal distortions of the films play that role [27,32-35].

However, in this work it is shown that non-zero transport signals are observed in (001)-
oriented thin films of the cubic NCAF Mn3SnN despite them exhibiting a cubic lattice
metric. It is shown that in this material domain structure control is not enabled by tetrag-
onal distortion but, instead, by displacements of the Mn atoms away from high symmetry
position. The observation of these displacements requires detailed structural analysis as
they remain hidden in conventional thin film X-ray characterization that only probes the
lattice metric of the films. It is shown that these displacements lead to spin canting and
the emergence of small net moments that allow for control of the NCAF domain structure.
Thereby, they enable the observation of a non-zero AHE. Furthermore, the AHE displays
an unusual temperature dependence, which can be explained by the presence of material-
intrinsic coherent spin rotation as a function of temperature. In contrast, Mn3SnN thin
films with (111)-growth orientation, in which Mn displacements are absent, do not dis-
play an AHE. Lastly, it is found that the phase diagram of Mn3SnN in thin films form is
very different to that in bulk samples [36].

It is further shown that Mn displacements are also present in the isostructural Mn3GaN
and are, therefore, not limited to a single material or deposition technique. MnzGaN was
previously shown, by spin-transfer ferromagnetic resonance, to exhibit a SHE in which the
spin polarization direction is not limited to be perpendicular to the charge and spin current
direction [27]. The Mn3GaN films used in that work appear cubic from standard structural
characterization. However, similar to the AHE, the unconventional torque components are
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Chapter 1. Novel Magnets for Spintronics

inconsistent with a single-domain state that is expected in a sample with bulk-like cubic
crystal structure.

The experimental findings presented here as well as comparison with literature suggest
that Mn displacements are common in antiperovskite nitrides and that they may enable
the observation of magneto-transport effects beyond the AHE. Therefore, this work also
systematically analyzes the symmetries of the charge and spin conductivity tensors of the
spin textures of cubic NCAF. Thereby, the effect of different kinds of NCAF domain on
various magneto-transport effects is determined and the results compared with the existing
literature.

The work is structured as follows. The remainder of this part introduces the experi-
mental methods employed here and lays the conceptual foundation of the observation of
the AHE in NCAFs. Afterwards, the crystallographic and magnetic textures of various
Mn-based antiperovskite nitrides are reviewed in Part II. Part III then presents the opti-
mization procedure of the growth parameters of (001)- and (111)-oriented Mn3SnN thin
films, compositional and structural thin film characterization as well as AHE measure-
ments. Afterwards, the structural refinement of the Mn3SnN thin films using different
structural models and as a function of temperature and film thickness is presented. It is
then established that the observation of a non-zero AHE in (001)-oriented Mn3SnN can
be explained by the presence of atomic Mn displacements. Lastly, Part IV elaborates on
the implications of these findings in aid of presenting structural refinement of Mn3GaN
thin films and symmetry analysis of the charge and spin conductivity tensors and it is
discussed how the results obtained here relate to the existing literature.



Chapter 2

Experimental Methods

2.1 Thin Film Growth by Sputtering

2.1.1 Reactive DC Sputtering

The growth of epitaxial thin films places high requirements on the quality of the substrate
surface [37,38]. Even at a vacuum of 1 x 107 mbar (high vacuum conditions) enough
molecules in the air to form a monolayer of adatoms (water, hydrocarbons etc.) are
impinging on the substrate surface every second. Therefore, ultra high vacuum (UHV)
conditions with pressures down to 1 x 107 mbar to 1 x 107! mbar are required for the
growth of epitaxial thin films [38].

To establish UHV conditions in a vacuum chamber numerous different kinds pumps
are employed that can be categorized into three main types based on their function in
the process of generating UHV conditions [39]. First, roughening pumps (scroll pumps,
diaphragm pumps, rotary pumps etc.) operate from ambient pressure to high vacuum
pressure, typically down to 1 x 107 mbar. Secondly, in order to reach UHV conditions,
turbo molecular pumps are employed, which consist of sets of rapidly rotating rotor blades
to transfer momentum to impinging molecules to push them out of the chamber and to-
ward a roughening pump connected in series. Turbo molecular pumps require that the
molecules are moving freely in the chamber and are not adsorbed at the chamber walls
and other surfaces. Therefore, the vacuum chamber needs to be baked out, i.e. heated to
up to 200 °C in order to release adsorbed molecules, especially water. Lastly, additional
pumps such as ion getter pumps or titanium sublimation pumps can be used to improve
the vacuum further. These pumps operate on the principle of trapping gas molecules. Ion
getter pumps ionize remaining molecules and implant them into a metal sheet by applying
a strong electric field. On the other hand, titanium sublimation pumps periodically cover
their walls with Ti (through sublimation from a Ti target), which strongly absorbs water
molecules, thereby trapping them.

A broad range of techniques has been developed to grow thin films [37]. They can be
broadly categorized into chemical vapor deposition (CVD) and physical vapor deposition
(PVD) techniques. The most commonly used PVD techniques employed in the field of
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Chapter 2. Experimental Methods

spintronics are sputtering, molecular beam epitaxy (MBE) and pulsed laser deposition
(PLD). They are based on the principle of creating a beam of molecules or a plume of
plasma particles that are directed toward a substrate, at which they condense. They differ
in the methods with which the atoms are transferred from a solid target to the substrate.

In MBE a molecular beam of molecules is generated by evaporating a precursor from
an effusion cell by heating it either thermally or using an electron beam. Because the
vapor pressure of an element depends on its atomic mass, in order to grow complex ma-
terials, co-evaporation from multiple sources is required. A more direct approach is taken
in PLD. The material is ablated directly from a pre-mixed target (usually a complex ox-
ide) by focusing an intense laser beam onto the target, thereby ablating the material and
bringing it directly into the plasma phase. This generally allows for stoichiometric trans-
fer of the target material to the substrate, which makes this technique very suitable for
very complex compounds, especially oxides.

In this work, reactive DC sputtering is employed to grow complex metal nitride films.
This technique is commercially well-established and allows for the growth of high quality
(epitaxial) thin films on large-scale wafers, while maintaining a simple setup and allowing
for a high degree of automation.

Unbalanced Magnetron
Cathode

Cathode Shield % ™.
% .l“ 1 - I 1
“aIMYs] [V spv [s
w; « 1 NA
ShLJtter Ta‘r"get e
| ds—!
it | DC power
i R i e supply
Substrate holder.._ | « Xyl
_____ . > R
MEC 1
MFC [}
i [ b 1

Ar

‘xrv 1
Motar

to vacuum pump system

Figure 2.1: Schematic of a typical reactive DC sputtering setup. Taken from Ref. [40].

Figure 2.1 schematically shows a typical reactive DC sputtering setup. A UHV cham-
ber is connected to several pumps and pressure gauges as well as an inlet for argon (re-
quired for the sputtering process) and a reactive gas (oxygen in the figure, nitrogen in the
case of the nitrides grown in this work). A substrate is attached to a sample holder plate
and can be heated to elevated temperatures (in this work from room temperature to up to
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2.1. Thin Film Growth by Sputtering

600 °C). In the above figure the substrate is shown below the targets, while in the setup
used in this work it is placed above the targets. The substrate is rotated to ensure unifor-
mity of the film. Facing the substrate are two sputtering targets at a distance of typically a
few tens of centimeters. For the growth of Mn3SnN, high-purity, commercially available
Mn and Sn targets are co-sputtered. A shutter can be used to protect the targets from
contamination from the other target, if they are not co-sputtered at the same time.

The sputtering process is initiated by igniting a dense metal plasma by applying a
high electric bias to the target (in the deposition system used in this work around 400 V).
Ar atoms are ionized and accelerated onto the target, where they impinge and transfer
momentum to the metal atoms. The metal atoms are sputtered from the target surface
and may be ionized in the plasma as well. In magnetron sputtering targets, water-cooled
permanent magnets behind the target trap the ions in the plasma along the magnetic field
lines, thereby localizing the plasma further at the target. The particles in the plasma
plume reach the substrate surface, at which several processes can occur. The particles
may be implanted into the substrate (at high energy), they may absorb at the surface,
diffuse, form clusters or desorb again. The probability for a particle to be deposited at
the substrate surface is parametrized by the sticking coefficient. The sticking coefficient
depends on the plasma species, the substrate material and the substrate temperature. By
applying reactive gases such as Oy or N> to the chamber in addition to Ar, the plasma
particles may further react and form metal oxides or nitrides at the substrate surface.

The outcome of a deposition of a complex metal nitride thin films by DC magnetron
sputtering depends on numerous process parameters. First, the composition of the films is
largely controlled by the DC powder supplied to the individual sputtering targets. The N
content is further controlled by the total gas pressure and gas flow as well as the ratio of
Ar to N in the background gas. Furthermore, the substrate temperature affects the stick-
ing coefficients of the different plasma species at the substrate. Furthermore, it greatly
affects the growth kinetics by affecting the relative rates of diffusion, cluster nucleation
and growth, island formation and (re-)crystallization. The substrate temperature is also
the main parameter to control the epitaxial relationship of substrate and film. This aspect
of thin film growth is further discussed in the next chapter.

2.1.2 Epitaxial Thin Films

In this work, heteroepitaxial thin films of the antiperovskite nitride Mn3SnN are grown
on single crystalline SrTiO3 substrates. Epitaxy refers to a special type of crystal growth,
in which a single crystalline thin film grows with well-defined orientation with respect to
a single-crystalline substrate that acts as a seed layer. In the special case of heteroepitaxy
the film and substrate materials are dissimilar [38,41]. Heteroepitaxy requires a low lattice
mismatch of substrate and film f:

le—Cls
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Chapter 2. Experimental Methods

Herein, ay and ay are the in-plane lattice parameters of film and substrate. In the case of
the growth of Mn3SnN on SrTiOs, the lattice mismatch is 3.9 %. Therefore, the film film
is under compressive strain. There are two generally accepted mechanism for strain re-
laxation in thin films: tetragonal distortion and formation of misfit dislocations, as shown
in Figure 2.2. Misfit dislocations are formed at the interface, if the elastic strain energy
exceeds the energy stored in the stress field of a newly formed dislocation. Dislocations
typically form above a critical lattice mismatch and film thickness [38].

(a) Tetragonal distortions (b) Misfit dislocations
2
Cy I
as|
ag

Figure 2.2: Common mechanisms for strain relaxation in epitaxial thin films. Schematic repre-
sentation of the interface between an epitaxial film with lattice parameter ay and a substrate with
lattice parameter ay with ay > a,. The strain due to the lattice mismatch can be released through
(a) tetragonal distortions or (b) the formation of misfit dislocations (marked in red) at the interface.

Thin Film Growth Particles in the sputtering plasma arrive at the substrate and undergo
various processes, including condensation at the surface or at special sites such as ter-
races or already formed islands, diffusion, re-evaporation, implantation and nucleation of
clusters. The kinetic rates of these processes are temperature-dependent. There are three
growth modes to describe the growth of thin films: Layer-by-layer, Stransky-Krastanov
and island growth [37,38], as shown in Figure 2.3

Film —

Layer-by-layer ' : ' | '

N\ /—\/_\
M\ [\ A /—\/_\

time

Substrate

Stranksy-Krastanov

Island

Figure 2.3: Schematic representations of common thin film growth modes: Layer-by-layer,
Stransky-Krastanov and island growth.

Thin films grow in a layer-by-layer fashion, if the interaction between film species
with the substrate is stronger than with other film species. This growth mode is also

10



2.1. Thin Film Growth by Sputtering

known as Frank-van der Merve growth. In contrast, if there is a strong interaction between
the film species, islands start to form to reduce interaction with the substrate (island or
Volmer-Weber growth mode). Stransky-Krastanov growth is an intermediate mode. It oc-
curs, when island formation becomes energetically favorable after growth of a few atomic
monolayers in layer-by-layer growth mode.

The different growth modes result from differences in surface energy. The atomic
bonds at the surface differ from the bulk. This gives rise to a surface tension (or surface
energy) v. The wetting angle of a film deposit on the substrate is given by Young’s equa-
tion:

Ys =Ys/f T VrCOs @ (2.2)

Herein, ¥, and ¥y are the surface energies of substrate and film (in contact with the sur-
rounding metal vapor) and ¥, is the interfacial energy between substrate and film. ¢ is
the wetting angle of a deposit on the substrate surface, as shown in Figure 2.4). Layer-
by-layer growth occurs if ¥ > ¥%/r + ¥¢. On the other hand, island growth occurs if
Ys < ¥/ + ¥r» Which is often the case for the growth of metal films on oxide substrates.
This shows that the growth mode is controlled not only by the lattice mismatch of sub-
strate and film, but also by their surface and interface chemistry.

Vs

Figure 2.4: Schematic representation of the energy balance of a deposit on a substrate surface.
¢ is the wetting angle, ¥ and 7y are the surface energies of substrate and film and 7/ 1s their
interfacial energy.
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2.2 X-ray Diffraction for Thin Film Characterization

2.2.1 Kinematic Diffraction

X-ray diffraction (XRD) is a well-established method for structural investigation of solids
[42-44]. Kinematic diffraction is a good approximation for thin films, as they are mosaic
crystals, which comprise of many coherently scattering crystallites. Kinematic diffraction
assumes that the primary beam does not suffer any intensity loss, that secondary beams
are not scattered again and that possible interference between primary beam and scattered
beam can be ignored.

X-ray diffraction means X-ray scattering from a periodic structure, in this case from
electrons in atoms arranged periodically in a crystal. The monochromatic plane wave of
an incident X-ray photon accelerates the electron, which itself acts as a point source of a
wave with the same frequency. Interference of waves scattered from electrons at different
scattering centers A and B occurs. This is shown in Figure 2.5(a).

(a) (b)

ve)
“|
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[=1
Y Y
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@)

Figure 2.5: (a) Scattering of a X-ray beam from matter. (b) The definition of the scattering vector
q = r*. Taken from Ref. [43].

The phase difference between the scattered waves is

Ap = a—n(s—so)m =2n(q-r) (2.3)

Herein, A is the wavelength of the incident photon, sg and s are the wave vectors of the
incident and scattered photon and q is the scattering vector:

1
q= I(S - 50) (2.4)

2s8in O
lq| = 1 (2.5)

The definition of g and its relation to the scattering angle 6 are graphically shown in
Figure 2.5(b).

Until now, the nature of the scattering centers A and B was not defined. In a real
sample, these are atoms . They are characterized by an electron density distribution py
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2.2. X-ray Diffraction for Thin Film Characterization

which is related to the atomic wave function. The scattering contribution of the electrons
of an atom o are described by the atomic form factor fy:

fa(q) = /V drpg(r)e?™iar) (2.6)

Therefore, the atomic form factor is the Fourier transform of the electron density distribu-
tion of the atom. It depends on the atomic number Z and the scattering vector. The atomic
form factors are listed in the International Tables for Crystallography [45] and some ex-
amples are given in Figure 2.6.

A
fa16
S
10
8 a’
(@)
4 |

02 0,4 06
sSinB/A

Figure 2.6: The atomic form factor of atomic sulfur, oxygen and the monovalent sodium ion as a
function of the scattering vector. Taken from Ref. [43].

In a crystal, which is a period arrangement of atoms, the total scattering contribution
of the unit cell is given by the structure factor:

N
F(q) =Y fa(q)exp[2mi(q-Tq)] 2.7)
a=1

The structure factor depends on the kind and positions of all the atoms in the unit cell. It
can be explicitly written for a given lattice plane with Miller indices (hkl) as:
N
F(hkl) =Y fo(q)exp[2mi(hxe +kye + 1zq)) (2.8)

a=1

The total scattering amplitude of a crystal is given as:

Iiz K-L(6)-P(8) - |F (hkl)? 2.9)
0

NG ? 3 Ver 1+ cos?(20) )

_ (W) P Le). (f> |F (k)| (2.10)

K summarizes all constants, including the volume of the crystal V¢, and of the unit cell
Vue. L(0) is the Lorentz factor, which depends on the diffraction geometry. It describes
the ratio of the angular velocity with which the crystal is rotated to the angular velocity
with which a lattice point (hkl) passes through the Ewald sphere. P() is the polarization
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factor, which takes into account that in the case of diffraction from a transversal wave
only the electric field component perpendicular to the scattering direction is active.

Laue Equation and Bragg Equation The intensity of the beam scattered from a crystal is
non-zero only at specific point in space. This is due to the periodicity of the crystal. Only
those reciprocal lattice vectors g lead to a non-vanishing intensity that fulfill the Laue
equations:

ay-r=h, az-r=k, ag-r=1 (2.11)

which can alternatively be written as

a1-(s—so)=a1-s=hA (2.12)
az-(s—sp) =az-s=kA (2.13)
as-(s—so)=az-s=1IA (2.14)

Another interpretation of the Laue equations is given by the Bragg equation:
2- dhkl -sin ehk] =n-A (2.15)

Bragg’s interpretation of diffraction is based on selective reflection of the incident X-ray
beam from parallel lattice planes, as shown in Figure 2.7.

Incident
beam

Diffracted Detector

beam

\ /
@ @ L 4 @
dhk/
@ B 4 @
5.
Atoms
@ L L L

Figure 2.7: Geometric construction of Bragg’s equation: Reflection of two X-ray beams from
parallel lattice planes. Adapted from Ref. [43].

Two parallel beams are incident onto a sample with parallel lattice planes (hkl) with
inter-planar spacing dp;. The beam that is selectively reflected from the second atomic
layer has a path length to the detector that is longer than that of a beam reflected from
the topmost layer. Constructive interference occurs at the detector, only if the additional
path length is an integer multiple of the wavelength, i.e. the path length ADC fulfills
ADC = n. The Bragg equation can then be derived by considering that ADC is a function
of dhkl and A.
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2.2. X-ray Diffraction for Thin Film Characterization

The lattice plane spacing depends on the lattice metric of the crystal, i.e. on the lattice
parameters a, b and ¢ and the lattice angles o, B and y. For crystals with tetragonal space
group symmetry (e =b#cand a = =y =90 itis

1 R+ P

—+ (2.16)

— =
dhkl a c

For cubic systems (a = b = c) this reduces to

1 R+E+P
2 = 2
iy a

(2.17)

In the following, the measurement modes for the four-circle diffractometer employed
in this work are briefly outlined.

2.2.2 Four-circle Diffractometer and Thin Film Characterization

Figure 2.8 shows a schematic of a four-circle diffractometer with an Eulerian cradle used
for standard thin film characterization. In this work, a Bruker Discover D8 system is
used. The first two circles are 0 and . They lie in the scattering plane perpendicular to
the sample plane. In addition, in order to map a larger volume of the reciprocal space, the
sample can be rotated (¢) and tilted (). Furthermore, the sample can be moved linearly
in x, y and z to position it in the X-ray beam.

Figure 2.8: Schematic representation of a single-crystal diffractometer with four-circle geometry.
Taken from Ref. [43].

In XRD measurements of epitaxial thin films a few points have to be considered
that distinguish them from other single crystals. First, the volume of the film is much
lower than that of the substrate and well below the penetration depth of the X-ray beam.
Therefore, the overall intensity is dominated by the substrate. Secondly, there is only
one lattice plane parallel to the surface. This greatly reduces the number of recorded
peaks. Furthermore, because the study of epitaxial films looks at very small changes in
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the lattice parameters due to strain, composition etc. and because of the small differences
in lattice constants between substrate and film, epitaxial thin films require a very high
angular resolution of the diffractometer. Therefore, diffractometers for high-resolution
XRD (HR-XRD) are equipped with additional components to generate highly collimated,
monochromatic and parallel beams.

In the Bruker Discover D8 setup used in this work, a Gobel mirror is used on the
primary beam side. The X-ray beam generated by a Cu anode is naturally divergent.
A Gobel mirror is a special multilayer stack of a strong and a weak scatterer shaped in
a parabolic fashion that creates a parallel and monochromatic beam. As an additional
monochromator, a Ge(004) channel cut monochromator is used. The beam is repeatedly
diffracted from a germanium single crystal and an aperture is used to block out the Cu-
K, radiation in order to only select the more intense Cu-Kg, radiation.

0-20-scans

0-20-scans correspond to a coupled movement of 20 and @ = 6. Using the Bragg equa-
tion (Equation 2.15) the lattice spacing of the planes parallel to the sample surface, also
called the out-of-plane lattice spacing, can be evaluated. Under certain circumstances this
allows for direct evaluation of one of the lattice parameters. For instance, for a (001)-
oriented sample, for which the (001) peak is the most intense, the out-of-plane lattice
parameter ¢ can be calculated as ¢ = dyo;. The uncertainty of the calculated lattice pa-
rameter can be estimated from the measurement uncertainty of 20 as follows:
Ac

—~ = —A6cot O (2.18)

@-scans

Even if a film appears epitaxial from 6-26-scans, it may have a random orientation of
grains rotated around the z-axis of the sample. To test this, ¢-scans are performed. The
angles @ = 0, 20 and y are set to bring the sample into diffraction condition with a plane
(hkl) that has a non-zero component in the hk plane. For instance, for a (001)-oriented
sample, the {102} peaks may be measured. The azimuthal angle ¢ is then scanned. If
a (001)-oriented films grows with a perfect cube-on-cube epitaxial relationship on the
substrate, the {102} peak is measured four times, each peak corresponding to one of the
symmetry-equivalent planes (102), (012), (-102) and (0-12). Thereby, ¢-scans allow to
probe the in-plane texture of thin films.

X-ray Reflectivity

X-ray reflectivity (XRR) is a technique to accurately quantify the film thickness as well
as surface and interfacial roughness of thin film stacks. The technique is based on funda-
mental optics and the refraction of an X-ray beam from the sample surface is described by
the Fresnel equations. A difference in the refractive index between the layers is required,
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2.2. X-ray Diffraction for Thin Film Characterization

which is usually present. The incidence angle ¢ is very small, typically in the range of
a = @ < 5°. The technique can be readily performed in modern XRD setups.

Total reflection of the beam occurs below a critical angle o, which is related to sample
properties, most importantly the density and atomic weight of the material of the topmost
layer. The complex refractive index is

n=1-c+ip (2.19)

Herein, o and B are the dispersion and absorption of the medium. The critical angle is
directly related to the dispersion as

o~ V20 (2.20)

Thereby, the material density can be calculated, as it is related to the dispersion via

M
~2T- . 2.21
p & r()NAZA‘ °© ( )

Herein, M is the molar mass, ry the Bohr radius, N4 Avogadro’s constant and Z the atomic
number.

Above the critical angle, part of the X-ray beam penetrates the thin film and is re-
flected again at the interface of substrate and film. For more complex thin film stacks, this
process occurs at each interface. Interference of the reflected beams manifests as char-
acteristic oscillations in the recorded beam intensity. Their period allows to calculate the
film thickness. By measuring the angular difference between two oscillations of order m
and » the thickness can be calculated as [46]:

A me
2 sin(a,) —sin(oy,)

(2.22)

For complex film stacks, however, it is more convenient to use available programs
for fitting the XRR spectra. In this work, the program Leptos by Bruker and the Python
module xrayutilities [47] are used.

2.2.3 Six-circle Diffractometer

In this work, structural refinement of XRD data of antiperovskite nitride thin films is per-
formed. The required XRD measurements are performed using a six-circle diffractometer
(SIXC). Such systems are usually employed for surface X-ray diffraction studies and op-
erate under grazing incidence [48]. The diffractometer used here is operated in the z-axis
mode [49], as shown in Figure 2.9.

This setup has two detector angles v and 6 and three samples angles 0 (rotation around
the z-axis), ¢ and y (tilt along and perpendicular to the beam axis). The beam is incident
on the sample under o = 1°. The diffraction angle 20 has to be calculated from the other
angles. The sample is usually aligned and oriented in space by identifying the angles
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Figure 2.9: Schematic representation of a six-circle diffractometer with z-axis geometry. Taken
and adapted from [50].

of two linearly independent peaks and constructing an orientation matrix. This allows
to calculate the positions of every peak in reciprocal space and to record the integrated
intensities of a number of peaks, which is required for the structural refinement. The
refinement procedure is described in detail in Chapter 8.2 (p. 72).

The goniometer can be further equipped with a liquid helium cryostat with a beryllium
dome, which is transparent for X-ray radiation. This allows for measurement in vacuum
or, more importantly in this work, for temperature-dependent XRD measurements be-
tween 4 K and 500 K.

In the SIXC setup a gallium jet X-ray source is used. One important limitation of
conventional X-ray Cu anodes is that the beam brilliance is limited by the melting point
of the anode material. This issue can be partially circumvented by using rotating anodes.
Alternatively, in liquid metal sources the electron beam is focused onto a fine metal jet
of Ga or In, for instance. Metal jet sources allow for a finely focused beams with high
brilliance that surpasses that of early generation synchrotron sources. Here, a Ga jet
source by Excillium is used. A positive side effect is that the Ga Ky emission line lies
at 1.3 A, which is slightly smaller than the Cu K, line at 1.54 A, thereby increasing the
radius of the Ewald sphere slightly. Furthermore, a Montel optics is used to create a highly
collimated beam. A photograph of the SIXC setup is shown in Figure 2.10.
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&

Figure 2.10: Photograph of the six-circle diffractometer used in this work, equipped with a Ga jet
X-ray source and a cryostat for temperature-dependent XRD measurements.
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2.3 Magnetic Characterization

2.3.1 Vibrating Sample Magnetometry

In this work, in-house magnetic characterization is performed using a Vibrating Sample
Magnetometer (VSM) equipped with a Superconducting QUantum Interference Device
(SQUID) for magnetic flux sensing. SQUID-VSMs allow to measure samples with very
low magnetic moments due to low sample volumes (thin films) or low magnetization
(non-collinear antiferromagnets).

SQUID magnetometers are based on two superconducting effects: flux quantization
and Josephson tunneling [51,52]. Superconductors are characterized by two properties.
Below a critical temperature 7, they have a vanishingly small resistivity that is at least
17 orders of magnitude below that of copper at room temperature [52]. Furthermore, they
fully expel external magnetic fields from their interior, an effect is known as Meissner
effect. The BCS theory by Bardeen, Cooper and Schrieffer explains superconductivity as
the result of electron-phonon interaction that causes pairs of electrons to form Bosonic
quasiparticles known as Cooper pairs that can travel without scattering.

If a magnetic flux passes through a ring made of a superconducting material that is
then cooled below T, the magnetic flux is trapped in the interior of the ring. Turning of
the external magnetic field causes a DC current to emerge in the ring in order to keep a
constant flux in the ring. This magnetic flux & through the ring is quantized:

D =—5=Pyps (2.23)
2e
Herein, s is an integer and ® is the flux quantum ®( ~ 2.0678 x 101> Tm?.

If an insulating barrier is inserted into the ring, a Josephson junction is formed, through
which the Cooper pairs can tunnel. In such a Josephson junction, a DC current flows
through the junction without an applied electric or magnetic field. The current depends
on the phase 6 of the Cooper pair wave function in the two superconducting regions:
J = Jysiné. If an additional DC voltage is applied to the junction, an AC current flows
through the junction:

2eV
J = Josin {5(0) - %t] . (2.24)
Most importantly, the oscillation frequency depends on the applied voltage as:
2eV
W= 67 . (2.25)

SQUIDs are based on the macroscopic quantum interference effect that results from
flux quantization in superconducting ring with one more (usually two) Josephson junc-
tions, as shown in Figure 2.11(a). The currents passing through the Josephson junctions
J, and Jp, interfere, which leads to an oscillating total current through the junction:

T = 2Josin 8 cos (hicb) . (2.26)

c
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Figure 2.11: (a) Schematic of a SQUID consisting of a superconducting ring with two Josephson
junctions. (b) Macroscopic quantum interference in such a SQUID. Taken from Ref. [53].

Most modern SQUID magnetometers use DC-SQUIDs, meaning that the applied cur-
rent 1s a DC current. It can be seen that J;,, directly depends on the magnetic flux ®
passing through the ring. This oscillatory behavior is shown in Figure 2.11(b). Therefore,
the voltage over the SQUID varies periodically with the frequency being proportional to
the flux quantum @, as shown in Figure 2.12(b). This allows for very accurate measure-
ment of the magnetic flux. Using a feedback loop, the SQUID can be locked at a certain
point in the V-®( characteristic and the feedback current is then a measure for the external

flux.
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Figure 2.12: Components of a SQUID-VSM: (a) Block diagram of the circuit of a DC-SQUID.
(b) Oscillating voltage signal due to quantum interference in a SQUID. (¢) Schematic of a VSM
equipped with a SQUID. Figures taken from Refs. [52], [S1] and [41].

Figure 2.12(a) shows a block diagram of a typical DC-SQUID [52] (more details can
be found in Ref. [51]). The SQUID is inductively coupled to a set of sensing coils (ar-
ranged to form a gradiometer) that pick up the magnetic flux gradient around the sample
in the chamber volume, as shown in Figure 2.12(c). The vibrating motion of the magnetic
sample through the sensing coils generates a change in flux density, which generates a
voltage in the coils, which is transmitted to the SQUID. In the MPMS3 system by Quan-
tum Design used in this work, an external magnetic field up to 7 T generated by supercon-
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ducting coils is applied to the sample. Different sample holders are used, as discussed in
Chapter 6.3.1.

2.3.2 X-ray Magnetic Circular Dichroism

X-ray magnetic circular dichroism (XMCD) is a synchrotron technique to measure spin
and orbital magnetization and can be used complementary to lab-based techniques such
as SQUID-VSM [54,55].

XMCD is a variant of X-ray absorption spectroscopy (XAS) that analyzes the integral
of the unoccupied density of states versus energy. In XAS, core-level electrons are excited
into unoccupied states above the Fermi level by incident X-rays. In the compound inves-
tigated in this work, Mn3SnN, the Mn L, 3 absorption edge at around 645 eV is probed.
The intensity of an X-ray with energy E = hv as a function of penetration depth x in a
sample is described by the Lambert-Beer law [54]:

I(E,x) =Iy(E) - e HE)> (2.27)

Herein, u is the photoabsorption coefficient. In the energy range investigated here the
photoeffect is the dominating photon-electron interaction. [ is proportional to the ab-
sorption cross section Oyps that is given by the transition probability per unit time P; and

the photon flux Z,p:

P,
IL o< Gy = I—ﬁ (2.28)
ph

P; is given by Fermi’s Golden Rule:

Pio< Y M- [1—n(Ef)]-8[hv — (Ef — E;)] (2.29)
fii

M% is the transition matrix element, 1 —n(Ey) is the density of unoccupied states and the
o-function reflects the energy conservation during absorption. Within the electric dipole
approximation, only certain transitions are allowed according to a set of selection rules
that concern the differences between the spin and magnetic quantum numbers of the initial
and the final state:

Amg =0, Am; = +1 (2.30)

The aforementioned L, 3 absorption edges correspond to transitions from 2p states to
3d states. Because XAS is based on atomic transitions, XMCD is an element-specific
technique to measure magnetic moments. In the case of Mn3SnN only the magnetism at
the Mn sites is probed.

In this work, the spectra are recorded in total electron yield mode. The holes left be-
hind by the excited 2p electrons are reoccupied by electrons from energetically higher
states. This process is accompanied by the emission of either a photon or an Auger elec-
tron. Only those Auger and secondary electrons with high enough energy can leave the
sample. Therefore, this technique is very surface sensitive and probes only the topmost
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few nanometers of the sample. The emission current, which is a measure for the absorp-
tion coefficient, is measured by grounding the sample and measuring the drain current to
the ground.

XAS
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Figure 2.13: (a) The two-step absorption process in X-ray circular magnetic dichroism (XMCD)
and (b) exemplary X-ray absorption and XMCD spectra at the Co L, 3 edge. Taken from Ref. [55].

In XMCD the incident X-ray photon is circularly polarized. In magnetic materials the
spin distribution is anisotropic and the electronic bands are spin-split. As a result, the
X-ray absorption process is polarization-dependent, an effect known as dichroism. X-ray
magnetic circular dichroism can be distinguished from X-ray natural circular dichroism
that can occur in materials with anisotropic charge distribution lacking a center of inver-
sion.

The absorption process in XMCD is described as a two-step process. First, the tran-
sition probability from 2p states is considered and, secondly, the polarization of the un-
occupied 3d final states is probed. Figure 2.13(a) shows the density of states diagram of
a typical 3d system. The 2p core levels are spin-orbit split, i.e. the 2p;, (J =1 /2) and
2p3/> (J = 3/2) have different energy. Furthermore, the 3d bands at the Fermi level are
spin-split.

The transition probabilities of the different possible transition are given by the
Clebsch-Gordon coefficients. For a given helicity of the X-ray photon, the orbital polar-
ization of electrons excited from 2p; , and 2p3 ; states is the same. In contrast, the spin
polarization of the excited electrons is found by summing up all the possible transition
weighted by their probabilities. Thereby, it is found that for 2p3 , transitions, 62.5 % of
the electrons carry a spin my; = +1/2 and only 37.5 % carry a spin my = —1/2. For 2p1p
transitions the respective probabilities are 25 % and 75 % [54]. Therefore, the sign of the
spin polarization is opposite for the two different 2p transitions.

In a second step, the orbital and spin polarization of the excited electrons probe the
polarization of the unoccupied final states. Any imbalance in either spin or orbital mag-
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netization in the final states gives rise to a dichroic effect. In the case of 3d metals, this
effect is usually dominated by the spin-split bands. Consider again the case shown in
Figure 2.13(a). As discussed above, for a positive helicity of the incident X-rays, 2ps3 ),
states with my; = +1/2 have a higher excitation probability than those with m; = —1/2. In
addition, the density of unoccupied spin-up states is much higher than that of spin-down
states. In contrast, if the helicity is negative or, equivalently, if the magnetization is re-
versed, the much lower density of unoccupied spin-down states is probed.

Therefore, the absorption spectrum at the L3 edge, shown in Figure 2.13(b) for the
case of Co [55], is larger in the case of a positive helicity. The opposite is true of the
L, edge, because the spin-down electrons have a much higher transition probability from
2py ), initial states, as discussed above. The difference between spectra taken at positive
and negative polarization (or at opposite magnetization) is known as the XMCD spectrum,
also shown in Figure 2.13(b).

Electrons excited from 2p3/, and 2p; , states have a different sign of spin polariza-
tion but the same sign of orbital polarization. This allows to distinguish spin and orbital
contributions by applying the so-called sum rules [54]. The orbital magnetic moment L

eff

and the effective spin magnetic moments L;" per unoccupied final state nj, are given as:

2
B 29 (2.31)
ny 3r
eff 20—73
wT_29-3p 232)
ny r

p= [ (e—p-)aE (233)
3
q= (U4 —u—)dE (2.34)
Li+Ly
1
r=~ (Ut +p—)dE (2.35)
2 Li+Ly

Thereby, sum rule analysis allows for quantification of spin and orbital magnetization
by integration of the difference and sum spectra of the X-ray absorption spectra taken at
opposite helicity or magnetization direction.
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Chapter 3

The Anomalous Hall Effect: Theory
and Measurement

3.1 Semi-classical Transport Theory

The response of electrons in a solid to an applied electric field is one of the oldest prob-
lems in solid state physics [53,56]. Electrons moving in a ferromagnet have a velocity
component perpendicular to electric field and magnetization. A theory for this anomalous
velocity was established by Karplus and Luttinger [57]. Berry realized that an electron
moving in the Brillouin zone (BZ) acquires a geometric phase, later named after him as
Berry phase [58]. The anomalous velocity term is proportional to the cross product of
electric field E and the Berry curvature €2, which is the local gauge field of the Berry
phase. The velocity v, of electrons in a Bloch band with index n and wave vector k is
then [14,59]:

_10e(k) e
~5 ok Al k)

Herein, 7 is the reduced Planck constant, e the electron charge and € is energy. The Berry

vn(k) (3.1)

curvature is an intrinsic property of electrons in the solid forming bands with periodic
Bloch wave functions y,:

Q. (k) = i (Ve Wk X |V Wak) (3.2)

This semi-classical formalism is in agreement with the Kubo formalism, which is
a general linear response theory to compute response tensors to external perturbations.
Thereby, an equivalent equation for the Berry curvature can be found using the Kubo
formalism [14,59] as (a, B are Cartesian coordinates):

Q‘n,aB (k> = —thlm Z <I//nk|va|llfmk> <ll/mk|v2ﬁ‘lllnk>
mn [ea(Kk) — &m(K)]

(3.3)

Berry curvature, therefore, is the origin of the intrinsic contribution of the bands to
the anomalous Hall effect (AHE), which describes the occurrence of a charge current j4
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in response to an electric field Eg [15]. The 3x3 matrix relating the two quantities is the
AHC tensor 0y, which satisfies jo = 045 Epg. It is related to the Berry curvature as:

A’k
Z /B Gy ()% (k) (3.4)

Therefore, the AHC is proportional to the integral of the Berry curvature over the Brillouin
zone (BZ), weighed by the Fermi distribution function f,, summed over all occupied bands

n.

Figure 3.1: (a) Schematic representation of the intrinsic anomalous Hall effect. A non-zero total
Berry curvature leads to a Hall voltage Vi perpendicular to an applied electric field E. A magnetic
field H is applied out-of-plane. (b) Optical image of a double Hall bar device employed for Hall
effect measurements (the scale bar is 50 um).

A sketch of the AHE and an optical image of a Hall bar device used for Hall effect
measurements are shown in Figure 3.1. An electric field and a magnetic field are applied
in x-direction and z-direction, respectively, and the Hall voltage is measured along y.
This measurement configuration is sensitive to the oy, = —0y, component of the AHC
tensor. Double Hall cross devices such as the one shown here allow for simultaneous
measurement of the longitudinal (V) and transverse (V,,) voltages.

Historically, the AHE was thought to require a net magnetization of the sample and
was, therefore, associated with ferromagnets. In contrast, in collinear antiferromagnets
(AFs), although magnetic order is present, the anomalous Hall contributions of the two
opposing sublattices exactly cancel. As shown in the next section, the AHE is also ob-
served in certain AFs with non-collinear antiferromagnetic (NCAF) order. Semi-classical
transport theory shows that the AHE is not, in fact, due to magnetization but due to Berry
curvature. Berry curvature and magnetization behave similarly under symmetry trans-
formations like rotation, inversion and time reversal. (2, is also a pseudo-vector and
transforms under a time reversal symmetry operation 7 as ,(—k) = —Q, (k). As such,
Berry curvature is often considered as a fictitious magnetic field in k-space.

3.2 Anomalous Hall Effect in Cubic Non-collinear Antiferromagnets

The symmetries present in a given material determine which tensor components of the
AHC tensor are zero or interdependent. Here, the case of cubic antiperovskites with
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non-collinear antiferromagnetic structures is considered. As elucidated further in Chap-
ter 4.2.2 (p. 33), these materials host triangular magnetic spin textures characterized by
different in-Kagome-plane spin angles. Two irreducible representations can be distin-
guished, which are denoted I'°¢ and I'*¢ and which correspond to the magnetic space
groups (SGR) R3m and R3m’. Graphical representations of the corresponding spin tex-
tures are shown in Figure 3.2. For the shape of the AHC tensors, however, only the
magnetic Laue groups (LGR) have to be considered. The magnetic LGR are 31m (I°%)
and 31m’ (I'*8). The symmetry-imposed shapes of the AHC tensors (the odd part of the
charge conductivity tensor) can be found from Ref. [60]. Tab 3.1 shows the AHC tensors
in the I8 and I'*¢ configuration.

Table 3.1: Anomalous Hall conductivity tensors in the I°¢ and I'*¢ spin configurations in two
different coordinate systems, corresponding to samples grown with (111)- and (001)-orientation
[60,61].

IRep PGR o) o001

000 0
¢ 31m 0 00 0
000 0

In the left column, the three-fold symmetry axis 3 is parallel to the z-axis. This co-
ordinate system exactly corresponds to a thin film sample grown with (111)-orientation.
Axis transformation to a coordinate system in which 3 is along the [111] axis (in Carte-

(001

sian coordinates) yields o ) (right column), which corresponds to a (001)-oriented thin

film sample.

It is found that no AHE is allowed by symmetry in the I°% case, while it is allowed
in both growth orientations in the I'*¢ case. Marked in red are the tensor components that
are measured in the measurement configuration shown in Figure 3.1(b). A non-zero AHC
is expected when the charge current has a component within the (111) Kagome plane and
is at a maximum, when it is exactly within the Kagome plane. This is in contrast to the
hexagonal Mn3Sn, in which the AHC vanishes if the current is in the (0001) Kagome
plane and an out-of-plane AHE current can only be generated by an in-plane field [29].
The symmetry of 0,4 is determined by the symmetry of the Berry curvature (Equation
3.4). €, is odd under time reversal: Q,(—k) = —, (k). Therefore, the integral of the
Berry curvature over the Brillouin zone and, thereby, 6,4 are zero in the presence of time
reversal symmetry, which is the case non-magnetic materials. Similarly, the total Berry
curvature also vanishes, if there is a symmetry operation A that transforms k as k/ = Ak
such that AQ, (k) = —Q, (k).

As shown in Figure 3.2, although the I°# configuration breaks time reversal symme-
try T, there are M mirror symmetries perpendicular to [110]-type axes. Under these M
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Figure 3.2: The effect of mirror and time reversal symmetry operations on the non-collinear spin
textures corresponding to the (a) ¢ and (b) I'*8 configuration. Taken from Ref. [61].

operations, the original magnetic structure is preserved, because spin is a pseudo-vector.
Therefore, the AHC vanishes. Symmetry operations restricting the Berry curvature are
tabulated in Ref. [62]. The case is different in the I'*¢ configuration (magnetic LGR
31m’), which breaks M symmetry by reversing all spins. In contrast, the combined MT
symmetry operation preserves the original structure. This makes €2, an even function of
k. Thereby, the integral over the Brillouin zone in Equation 3.4 and, therefore, the AHC
can be non-zero [61].

The device fabrication of actual Hall bar devices is described in Chapter 7.1. Exper-
imental evidence for the AHE in NCAFs is discussed further in Chapter 10.3. The next
part of this work discusses a group of materials that host such NCAF textures in more
detail, namely Mn-based nitrides with an antiperovskite crystal structure.
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Chapter 4

Mn-based Antiperovskite Nitrides

4.1 Chemistry and Crystal Structure

Perovskites are frequently encountered in spintronics, not only because many of the ox-
ides used as thin film substrates such as SrTiO3 are perovskites, but also because many
transition metal oxides with interesting and technologically relevant properties crystal-
lize in this structure [63-65]. A less common structure that can be derived from the
perovskite structure is the inverse perovskite or antiperovskite structure, which can be
found in ternary compounds such as transition metal carbides, nitrides or fluorides with
generic formula X3AB. In antiperovskites the X site is occupied by cations and the A
and B sites are occupied by anions. X are typically alkaline, earth-alkaline or transition
metal elements, A are typically (post-)transition metals or metalloids and B are reactive
non-metals. As can be seen from Figure 4.1, a large portion of the periodic table can be
hosted in the antiperovskite structure, resulting in a plethora of interesting properties and
potential applications [13, 66].

Anti-perovskite BA He

Li | Be B: - B Ne

Na Si Ar

K Sc | Ti VvV | Cr Fe | Co | Ni Kr

Rb Y | Zr | Nb | Mo | Tc | Ru Ag Xe

Cs|Ba| * |Hf [Ta|W |Re|[Os | Ir [Pt | Au|Hg]| Tl Po | At | Rn
*| La[Ce | Pr | Nd |Pm|Sm | Eu [ Gd | Tb | Dy - Yb | Lu

Figure 4.1: Periodic table of elements showcasing the elements which form compounds with
antiperovskite structures. Taken and adapted from Ref. [13].

An antiperovskite crystal can be viewed as a 3D network of corner sharing BX¢ oc-
tahedra, where B occupies the interstitial sites, as shown in Figure 4.2(a). This picture is
commonly applied to understand the magnetic properties of oxide perovskites, wherein
the magnetic exchange is dominated by indirect exchange interaction of transition metal
cations inside the octahedra, mediated by the oxygen ions (B-O-B exchange) [68]. While
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Figure 4.2: Crystal structure representations of cubic Mn-based antiperovskites. (a) 3D network
of corner-sharing MngN octahedra. (b) Single unit cell of Mn3ZN with (111) plane shaded in blue.
(c) Extended view of the (111) plane showing the Kagome lattice formed by the Mn atoms. Made
with VESTA 3 [67].

this exchange mechanism is also active in Mn-based antiperovskites, an important differ-
ence is that the magnetic Mn atoms occupy the octahedron corners and it can be assumed
that direct Mn-Mn exchange is much stronger due to increased orbital overlap.

The structure can also be viewed as being related to the CuzAu-type structure, with
the octahedral vacancies fully occupied by B. This picture alludes to similarities between
the crystal and magnetic structures of some Mn-based antiperovskites to Mn-based com-
pounds with a CuzAu-type structure such as MnsIr and Mn3Pt that show non-collinear
antiferromagnetic (NCAF) spin textures. It also stresses the importance of geometric
frustration of magnetic moments caused by the triangular arrangement of Mn atoms in
the Kagome lattices in the (111) planes. Figure 4.2(b) shows a single unit cell of a Mn-
based transition metal antiperovskite nitride Mn3ZN with the (111) plane shaded in blue.
Figure 4.2(c) shows an extended view of the (111) plane showing the Kagome pattern.
Materials with this kind of lattice are known to host interesting physical phenomena such
as quantum spin liquid states [69, 70] and NCAF order, as discussed in this work.

Some compounds deviate from the ideal cubic structure. In these cases, the notation of
Fruchart and Bertaut is used to refer to tetragonally contracted or elongated antiperovskite
structures as 7, and T]Jr [71,72]. A tetragonal superlattice structure comprising of four
perovskite blocks comparable to the UsSi-type structure is denoted 7. The different
crystal structures and symmetries are summarized in Table 4.1.

Table 4.1: Labeling of crystallographic structures found in Mn-based antiperovskites following
the notation of Fruchart and Bertaut [72]. The corresponding space groups (SGR) are given in
Hermann-Mauguin (HM) and Schoenflies notation.

Abbr. Crystal system Space Group Symmetry Lattice parameters
SGR HM Schoenflies
C cubic 221 Pm3m o)
Tt tetragonal 123 P4/mmm D}, c>a
T, tetragonal 123 P4/mmm D}, c<a
Ty tetragonal 140 14/mem D}
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4.2 Magnetism

4.2.1 Overview

Mn-based antiperovskite nitrides exhibit rich magnetic phase diagrams and can host a
plethora of collinear and non-collinear magnetic structures that render them interesting for
spintronic applications. Pioneering work on the crystallographic and magnetic phases of
antiperovskite nitrides was done by Fruchart, Bertaut et al. in the 1960s and 1970s, which
laid the foundation for subsequent work over the following decades [12,71-103]. Figure
4.3 shows the crystallographic and magnetic phases of some Mn3ZN compounds and
graphical representations of these compounds are presented in Figure 4.4 (the numbering
of the types of magnetic order follows the appearance in the text).

This chapter focuses on the role of the Z site atoms in antiperovskite nitrides, although
substitution of N by C also impacts the properties of the compounds [12,72,91].

e Above T,: C and ® Ty
700 r Crvstall hi e T,
rystaliogra IC
C < Crystallograp . T,
< 600 f * T3
©
=1 L Cle
4§ 500 }. g‘ °
8 T, T
£ 400 ®
3 T4 [ J [ [ )
c C' c +
2 300 | ° E . T
= o ° ¢ c
& c S ™ b
= 200 f 2 .{C. *
C' . [ ] 1 +\1
100 | PR ol (T1)
{5
®,
Mn Co Ni Cu Zn Ga Ge As Rh Pd Ag Cd In Sn  Sb

Z site element

Figure 4.3: Crystallographic and magnetic phases with corresponding phase transition tempera-
tures of antiperovskite nitrides with different Z-site elements. Crystallographic phases are labeled
in gray following the notation in Table 4.1. Magnetic phases (graphical representations are shown
in Figure 4.4) shown in magenta. Values taken or read out from Refs. [12,71-103].

4.2.2 Triangular Magnetic Structures

In Mn3ZN (Z = Ni, Zn, Ga, Ag, Sn) frustration of magnetic moments on the Kagome
lattice causes non-collinear, triangular magnetic ordering, in which the spins lie in the
(111) plane at an angle of 120° with respect to each other, as shown in Figure 4.4. In
this phase, the crystal has cubic SGR symmetry Pm3m (labeled with C in Figure 4.3).
Group theoretical analysis shows that with cubic symmetry and wave vector k= [000]
three irreducible representations of the magnetic SGR are allowed [72]. The two irre-
ducible representations that correspond to the NCAF spin textures are denoted I'¢ and
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Figure 4.4: Schematic representations of some crystal and magnetic structures found in Mn-based
antiperovskite nitrides.

I'*2, following Fruchart and Bertaut. The I'*¢ irreducible representation also allows for
ferromagnetic ordering. The NCAF I'¢ and I'*¢ spin textures differ in the angle at which
the magnetic moments lie in the (111) plane with respect to the crystallographic axes.
The in-plane spin angle, 6y, is 0° with respect to the [1-10] direction for the ¢ and 90°
for the I'*¢ configuration. The magnetic SGR are R3m (I'¢) and R3m’ (I'*%). With the
exception of Mn3SnN, which is discussed below, the triangular spin textures are formed
in the highest temperature magnetic phase below the Néel temperature 7y. The magnetic
phase transitions are accompanied by 1% order cubic-to-cubic phase transition with strong
lattice expansion with decreasing temperature at 7.

In the following, a few notable antiperovskites with triangular non-collinear spin tex-
tures are discussed in further detail.

Mn3zZnN [82] and Mn3zGaN [79] show stable I8 configuration in certain temper-
ature windows, denoted here as type 1 ordering. According to Fruchart et al., Mn3ZnN
transitions to a type 3 multi-sublattice collinear AF order at lower temperatures. However,
Sun et al. recently found a collinear ferrimagnetic structure [97].

In Mn3NiN, Mn3AgN and Mn3zSnN Fruchart ef al. find spin rotational phases (type 2
ordering), in which the triangular structure gradually rotates within the (111) plane from
one irreducible representation to the other as a function of temperature. The evolution of
the I™*¢ configuration is typically accompanied by a gradual development of a symmetry-
allowed weak moment in the [111] direction. A pure I'*¢ phase in a wide temperature
range is not found in any of these compounds.

In Mn;3NiN the rotation is from I'*¢ to I'°¢ with decreasing temperature. At lower
temperatures, the structure remains in the 8 configuration. However, reports differ in
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the details of the spin rotation in Mn3NiN. Fruchart ef al. [83] report full rotation by
90° from I'*¢ at Ty = 266K to ¢ at 163 K, below which it remains in % (these values
are plotted in Figure 4.3). In contrast, Wu et al. [99] find a rotation from ' at Ty =
260K by 50° towards I'¢ configuration. The structure remains in the type 2 ordered
phase and 6, reaches its minimum of about 40° at 120 K. Boldrin et al. [101] report yet
another temperature-dependent rotation. At Ty = 262K they find 6; = 45° and rotation
to I’ (6; = 0°), which is reached at 220K. These discrepancies may be explained by
differences in the sample preparation, thus potentially hinting at the sensitivity of the
magnetic structure of Mn3NiN on the exact composition.

In Mn3AgN a similar spin-rotational phase is found [90]. Interestingly, the sense of
spin rotation as a function of temperature is opposite to that of Mn3NiN and Mn3SnN.
Mn3AgN transitions from PM to the I'>¢ configuration at 7y = 290K and starts rotating
towards I'*¢ at 55K. The rotation is accompanied by the evolution of a relatively large
magnetic moment per Mn atom along [111] of ~ 0.3 ug/Mn at 4.2 K. In comparison, the
weak moments of Mn3zNiN and Mn3SnN are in the order of 1 mug/Mn.

Following the experimental discovery of spin rotation in Mn3NiN, Bertaut and
Fruchart studied the phenomenon theoretically [86] and concluded that an additional
anisotropy arises from anisotropic exchange interaction in this material. Gomonaj
and L’ Vov elaborated on the spin rotation in Mn3AgN in two phenomenological stud-
ies [104, 105] and agree that the low weak moment in Mn3ZN (Z = Ni, Sn) can indeed
be explained by the presence of Dzyaloshinskii-Moriya interaction. For Mn3 AgN, how-
ever, they argue that the spin-rotational phase transition is of different nature. It is not
governed by temperature-dependent anisotropy constants but by a sign change of the
exchange parameter itself. The type 2 phase in Mn3AgN may, therefore, be considered
a non-collinear ferrimagnetic phase with moment along [111]. This is also in agreement
with field-dependent magnetization data at low temperatures [90]. It has been speculated
based on magnetization measurements that Mn3IrN has similar magnetic structure [100].

Mn3SnN (MSN) displays a rich phase diagram, which is shown in Figure 4.5 [92].
Schematic representations of the structures are presented in Figure 4.5. The high-
temperature phase (type 6) is collinear antiferromagnetic (AF), the lattice is tetragonally
distorted with ¢ < a (T}"). The cubic, triangular spin-rotational phase has the same sense
of rotation as in Mn3NiN, starting in the I'*¢ configuration and rotating to I'"°¢ with de-
creasing temperature. At lower temperatures, there are two phase transitions. In both
phases the lattice is tetragonally elongated (¢ > a, TIJ“) with different lattice parameters
in the two phases. In this temperature range, MSN exhibits a complex ferroic ordering
characterized by Mn moments varying sinusoidally along the [001] direction with wave
vector k = [00%;] (the value of k;, is different in the two phases).
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Figure 4.5: (a) Crystallographic and magnetic phases of Mn3SnN bulk samples according to pow-
der neutron diffraction experiments [92]. Crystallographic phases are as follows. C: cubic; T;:
tetragonally contracted; T;*, (T1%)’: tetragonally elongated with different lattice parameters. Mag-
netic phases are as follows. PM: paramagnetic; AF: collinear antiferromagnetic, shown in (b);
NCAF: non-collinear antiferromagnetic, spin-rotational phase schematically depicted in (c); cF:
complex ferroic, shown in (d), (e) and taken from Ref. [92].

The spin-rotational phases in Mn3ZN (Z = Ni, Ag, Sn) are the result of temperature-
dependent magnetic anisotropy. The temperature dependence of the in-plane spin angle
0, can be written as [104]:

T-—-1T . Ti1 <T, inZ =Ni, Sn
with

in[6,(T)] =
sl = 77, T'>T inZ=Ag

4.1)

Herein, 7} and 75 are the transition temperature from I'¢ to spin-rotational and from
spin-rotational to I"*¢, respectively. In contrast, the triangular magnetic structures of the
closely related cubic Mn3Z (Z = Rh, Ir, Pt) have a magnetic structure that correspond to
the I*¢ irreducible representation [106—-109].

The spin rotation in antiperovskite nitrides has important implications for their trans-
port properties. It is shown in Chapter 3.2 (p. 26) that the anomalous Hall conductivity
is zero in the ¢ but not in the I'*¢ configuration. Spin textures that can be described as
combinations of the two irreducible representations have magnetic Laue group symmetry
3. Herein, the same AHC components as in the '8 case are allowed, but the values of the
tensor components depend on the in-Kagome-plane spin angle, as shown in Figure 4.6
taken from Ref. [110].

The authors of that work consider different antiperovskites Mn3ZN (Z = Ni, Zn, Ga,
Ag) and calculate first the magneto-crystalline anisotropy energy (MAE), shown in Figure
4.6(a). For instance, in Mn3NiN the lowest energy state is found for an in-plane spin angle
6, of 90°, which corresponds to the r* configuration. In all other materials, the ¢ is
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Figure 4.6: The effect of a varying in-plane spin angle on the magnetic anisotropy and the anoma-
lous Hall effect in NCAFs with antiperovskite structure. Spin angle dependence of (a) magneto-
crystalline anisotropy energy (MAE) of several Mn3ZN (Z = Ni, Zn, Ga, Ag) compounds and of
(b) the intrinsic anomalous Hall conductivity (IAHC) of MnsNiN. Taken and adapted with per-
mission from Ref. [110].

found to be the lowest energy configuration. Although these calculation do not properly
reflect the spin configurations found experimentally in Mn3NiN and Mn3zAgN, they show
that the MAE is bi-stable with respect to rotation of the spins within the Kagome plane.
Furthermore, the intrinsic AHC o, was calculated and it was found to depend roughly
sinusoidally on the in-Kagome plane spin angle. The same result was obtained in Ref.
[111] and is in agreement with the observation that the AHC is odd under time reversal,
since 65(90°) = —6,(270°).

4.2.3 Chirality in Triangular Magnetic Structures

The triangular spin textures observed in Mn3ZN (Z = Ni, Zn, Ga, Ag, Sn) have a certain
handedness or chirality. Both the I'>¢ and the I'*¢ configuration have right-handed chi-
rality. Figure 4.7(b) shows a single (111) Kagome plane in the case of the I'¢ magnetic
structure, which is found in Mn3zGaN, for instance. When moving in a circle clockwise
through the three Mn atoms, one can find that the spins rotate clockwise. In contrast, the
sense of spin rotation in the case of the spin texture shown in Figure 4.7(a) is opposite.
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Figure 4.7: Examples of non-collinear coplanar spin textures with (a) left-handed and (b) right-
handed vector spin chirality.

This spin texture has left-handed chirality. For non-collinear, coplanar spin textures, the
handedness is parametrized by the vector spin chirality k, defined as [112]:

2 - S +1 right-handed
k==Y [5ix5)] = y 4.2)
3v3 7 ¢ | =1 left-handed
Herein, the sum runs over all combinations of spins S;;. The spin textures in the cubic
materials Mn3ZN (Z = Ni, Zn, Ga, Ag, Sn) and Mn3Z (Z = Ir, Pt) have right-handed
chirality, while those in the hexagonal Mn3Z (Z = Ge, Sn) have left-handed chirality.

4.2.4 Other Magnetic Structures

Mn-based antiperovskites can host other complex spin textures. In many of these materi-
als, the formation of the magnetically ordered state is accompanied by a lattice distortion,
usually lowering the symmetry to tetragonal.

Mn3CuN is tetragonally distorted (7 ) below 143K and shows a complex non-
collinear magnetic order of type 4 with a net moment along the [001]-direction [72].

MnzGeN shows type 1 (I¢) ordering in a small temperature window at elevated
temperatures. At room temperature, however, it has 7, tetragonal symmetry and type 4
magnetic ordering similar to MnzCuN [72].

Fruchart and Bertaut describe another complex non-collinear magnetic structure, de-
noted here as type 5 ordering. It is found in Tl+—dist0rted Mn3SbN. Similar to the type 4
ordering found in Mn3CuN, it corresponds to multi-sublattice ordering with a net ferro-
magnetic moment [72].

Lastly, MngN can be viewed as an antiperovskite (Mnj1)sMniN, with Mnj occupying
the corner sites, as shown in Figure 4.4. In contrast to all other compounds discussed
above, the Mn on the Z site has a lower valence electron count and strong magnetic mo-
ment. As a result, the magnetic properties are very different. MngN is a cubic, collinear
ferrimagnetism with a high transition temperature of 7y = 745K and saturation mag-
netization of My = 1.14 ug at 77K [74]. Although having a simple collinear magnetic
structure, MnsN may be interesting for spintronics, because (001)-oriented MngN thin
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films have perpendicular magnetic anisotropy (PMA), thereby rendering them potentially
interesting for efficient domain wall motion [113].

4.3 Electronic Structure and Exchange

4.3.1 Valencies in Mng4N

The valence states of antiperovskite nitrides have been investigated experimentally in a
number of studies. Abe et al. [114] performed NMR studies on MngN and found that
the N atom is almost neutral. Later, it was found by electron diffraction [115] that in
the closely related NisN the valence state of N is —0.2 0.2, thus is slightly negative.
Barberon et al. [80] investigated solid solution of MnyN and Mn3GaN, Mn3Mn; _,Ga,N,
as a function of y by X-ray diffraction. They determined the atomic form factors of N in
the solid solutions and compared them to theoretical values for N in different oxidation
states. They, too, find an oxidation state close to zero. Based on this finding, the electron
configuration of Mn on the two sites is assumed to be for Mny: [Ar]3d6-10-1440.7+0.1
and for Mny: [Ar]3d6-0+0-1450.9+0.1

4.3.2 Band Structure

Following the works of Fruchart et al. a tight binding model was established by Jardin and
Labbé [116, 117]. Based on the observation that in some compounds, such as Mn3SnN,
the transitions from magnetically ordered to PM are not ideal Curie-Weiss-type order-
disorder transitions but rather resemble the disappearance of individual local magnetic
moments, the authors propose that the conduction electrons must be taken into consider-
ation and the band structure at the Fermi level be studied in detail. Their theory is based
on the mixing of N-2p and Mn-3d states. This hybrid band is superimposed by a much
broader Mn-4s band and the valence band of the Z site atom. The 3d states are crystal
field-split into well separated subbands.

Jardin and Labbé find singularities in the density of states (DOS) at the Fermi level, the
positions of which with respect to Er are important for the observed physical properties
and the magnetic structure. However, it was pointed out that such features are not found in
modern DFT calculations and that the model only considers nearest-neighbor interaction
[118].

DFT calculations of MngN by Yu et al. [119] confirm the presence of N-p-Mn-d hy-
brid bands, which correspond to strong Mn-N bonds. As the authors find a charge transfer
from Mn to N of 0.6, they propose that these bonds are covalent in nature. However, this
is not in agreement with the experimental results discussed in the previous section.

Chen et al. further computed the DOS of various Mn3ZN compounds [120] and found
that they fall into two categories. First, those compounds with Z = Ni, Cu, Rh and Pd,
which have a strong contribution of Z-3d orbitals to the DOS around the Fermi level, su-
perimposed by the Mn-3d states. And secondly, those with Z = Zn, Ga, As, Ag, In, Sn
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and Sb, in which the Fermi level is dominated by Mn-3d orbitals, while the valence states
of Z lie well below the Fermi level. It should be noted, however, that for the calculations
incorrect magnetic structures were assumed for most compounds. Nevertheless, compar-
ison to DFT calculations of Mn3CuN using the correct magnetic structure [121] suggests
that the general features are captured correctly.

4.3.3 Magnetic Exchange

Because of the presence of complex hybrid bands, different kinds of chemical bonds, a
wide range of complex magnetic configurations and the important influence of the Z site
atom, the nature of the magnetic interactions present in Mn3ZN compounds is far from
disclosed.

First, the plausible interactions in this class of materials are considered. Because of
the absence of ionicity, indirect exchange mechanisms such as superexchange or double
exchange may be discarded. Instead, it can be expected that conduction electrons play
an important role. For the ferromagnetic or ferrimagnetic compounds, itinerant electron
magnetism can be anticipated. Most notably, a band model for the collinear ferrimagnetic
MnyN was proposed [122]. For other Mn3ZN compounds, and especially for those with
triangular magnetic configurations, the situation may be more complex. Fruchart and
Bertaut argue based on PM susceptibility measurements that Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction is an important exchange mechanism [72]. In the following,
two reports concerning the evolution of triangular magnetic structures in Mn3ZN are dis-
cussed.
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Figure 4.8: Results of spin density calculations by Lukashev and Sabirianov. (a) Spin density
distribution (blue arrows) in the (111) plane in the case of I 58 -type NCAF structure in Mn3ZnN.
(b) Magnetization distribution between the Mn; and Mn3 atoms (red) in the (111) plane. Taken
from Ref. [123].

Lukashev and Sabirianov theoretically studied Mn3ZnN as a model material [123].
They calculate the spatially resolved spin density distribution in the I'"°¢ phase, shown in
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Figure 4.8. They find that both direction and magnitude of the local spin density vary in
the interstitial region between Mn atoms and form magnetization vortices in the center of
the triangles in the (111) plane. The local regions close to the Mn atoms are dominated by
3d electrons, while the interstitial regions are predominantly occupied by delocalized s-
and p-electrons. The results prove an important role of conduction electrons in mediating
the magnetic moments between Mn in a RKKY-type manner. Also, the results suggest that
a quasi-spin approximation, which assumes that the direction of spin density around an
atom can be taken as constant, may not be applicable to Mn-based antiperovskite nitrides.

Interestingly however, this exact approach is taken by Mochizuki et al. [124], who
propose a spin model for the triangular magnetic order. They employ replica-exchange
Monte Carlo simulations to successfully replicate the structure of Mn3ZN (Z = Ni, Zn, Ga,
Ge, Ag). The work is based on a three sublattice model of magnetic moments located at
the Mn sites, coupled by exchange interaction. The coupling is described using a classical
Heisenberg Hamiltonian. The Mn-4s conduction electrons move under the influence of
the Mn-3d potential mediated by s-d coupling. To recreate the spin textures observed
experimentally, the degeneracy of the frustrated spins on the Kagome lattice must be
lifted. To that end, exchange interaction and magnetic anisotropy are introduced.

Figure 4.9: Three-sublattice model of NCAF order by Mochizuki et al. (a) Definitions of exchange
constants for nearest-neighbor and next-nearest-neighbor interactions. (b) Easy plane (K > 0) and
(c) easy axis (K < 0) magnetic anisotropy. Taken from Ref. [124].

Figure 4.9(a) shows the exchange interaction considered in the model. Next-nearest-
neighbor interaction is either direct (J3) or via N (J2) and must be ferromagnetic (J5 3 < 0).
Nearest-neighbor interaction is either parallel (/1 < 0) leading to ferromagnetic order or
antiparallel (J1 > 0) leading to AF order. The sign of J; is governed by the Z site species.

In addition to magnetic exchange, easy-plane (K > 0) and easy-axis (K < 0) anisotropy
are considered, as depicted in Figures 4.9(b) and (c). Again, the sign of K depends on the
Z site species. This is explained on the basis of an energy-level scheme. Depending on
the crystal field strength of Z relative to that of N the details of the splitting of the Mn-3d
sub-bands are different and the highest occupied orbital points are either in-plane or out-
of-plane. In the energy-level scheme it is assumed that the Mn atoms are in 3+ oxidation
state, whereas experiment suggests that Mn is neutral. Nevertheless, the model is capable
of recreating the experimentally found triangular structures.

Replica-exchange Monte Carlo simulations of a Heisenberg Hamiltonian based on the
above assumptions allow to construct magnetic phase diagrams of Mn3ZN for different
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values of J; and K. It is found that for J; < 0 ferromagnetic order and for J; > 0 triangu-
lar order is established. Specifically, the latter is I8 for K > 0 and I'*¢ for K < 0. The
ferromagnetic order, on the other hand, is non-trivial as a result of competing ferromag-
netic coupling and magnetic anisotropy. This observation is generally in agreement with
experiment, e.g. the complex ferromagnetism of Mn3CuN.

An important discovery of the work of Mochizuki ef al. is that magnetic exchange
interaction, parametrized by Ji, as well as magnetic anisotropy (K) are not independent
of each other but closely related via the electronic structure and by the two competing
crystal fields of Z and N [124].

Comparison of the works of Lukashev and Sabirianov and Mochizuki et al. shows that
it is possible to approach Mn-based antiperovskite nitrides both from a purely metallic and
a purely ionic viewpoint. This reflects the complex competing interactions resulting from
the covalent bonding of the nitrides. From the discussion above one can summarize the
role of the Z site species for the electronic and magnetic structure of Mn3ZN compounds.
Firstly, it acts as an electron donor and, therefore, changes the details of the band structure
at the Fermi level. In addition, it affects the magnetic exchange interaction as well as the
magnetic anisotropy due to competition of its crystal field strength with that of N.

4.4 Implications

An important observation is that triangular magnetic phases are hosted only in cubic lat-
tices. In contrast, with the exception of Mn3ZnN, all magnetic phases are accompanied
by tetragonal lattice distortions. This suggests that triangular spin configurations are en-
ergetically favorable only when the bond lengths between the Mn atoms are the same,
or, equivalently, when the Mn atoms form equilateral triangles on an undistorted Kagome
lattice. Temperature-induced symmetry lowering of the crystal lattice leads to a lifting of
this degeneracy and the emergence of other complex magnetic textures, as demonstrated
in Figure 4.4.

In thin films, a lattice mismatch of the substrate and film material often leads to tetrag-
onal distortion of the film material along the film normal [38]. Tetragonal distortions are
also often assumed to occur in antiperovskite nitride thin films and cited as the mechanism
allowing for domain structure control in these samples, thereby enabling the observation
of intrinsic transport effects such as the anomalous Hall effect (AHE) [27,33,34]. There-
fore, these effects should absent in unstrained thin films.

This is one of the questions addressed in this work. In the next part of this work, the
absence of tetragonal distortions in Mn3SnN thin films and the observation of displace-
ments of the Mn atoms away from high symmetry lattice sites are discussed. Mn3SnN
was chosen as the studied material, as it shows a rich phase diagram in the bulk and is
largely unexplored in thin film form. The atomic Mn displacements substitute tetragonal
distortion as the mechanism for strain relaxation and NCAF domain structure control in
Mn3SnN thin films. Furthermore, they appear to stabilize the NCAF phase in a much
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wider temperature range as compared to bulk samples. Furthermore, in Part IV it will be
shown that Mn displacements are not unique to Mn3SnN and that they can also be found
in other NCAF antiperovskite nitrides.
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Part I11

Crystallography, Magnetism and the
Anomalous Hall Effect in Mn;SnN
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Chapter 5

Lead-in

The following part of this work presents experimental results of structural, magnetic and
magneto-transport measurements of Mn3SnN thin films. Chapter 6 discusses the opti-
mization procedure of the thin film deposition parameters and presents results of thin film
characterization addressing film composition, morphology, crystal structure and magnetic
properties. Afterwards, anomalous Hall effect measurements performed on (001)- and
(111)-oriented Mn3SnN (MSN) thin films are discussed.

It is found that the anomalous Hall conductivity in (001)-oriented MSN is non-zero.
This is in spite of the observation that these films appear as cubic in standard structural
characterization by X-ray diffraction (XRD). In this case, a finite Anomalous Hall Ef-
fect (AHE) is unexpected. This observation motivated advanced XRD experiments using
a six-circle diffractometer (SIXC) and structural refinement analysis including higher-
order structural disorder. It is found that the crystal symmetry is not, in fact, cubic. In-
stead, it exhibits structural symmetry lowering characterized by statistical displacements
of the magnetic manganese atoms away from the high symmetry lattice sites (Chapter
8). These manganese displacements lead to spin canting away from the perfectly com-
pensated triangular magnetic structure observed in bulk samples, thus giving rise to a
small net moment. In analogy to Mn3Sn, which has an intrinsic spin canting due to
magneto-crystalline anisotropy, this net moment coupled to the magnetic structure allows
for control of the antiferromagnetic domain structure by magnetic field. This then leads
to a domain imbalance when a magnetic field is applied, which enables the observation of
a net AHE. The correlation of manganese displacements and the AHE in (001)-oriented
Mn3SnN is discussed in Chapter 9.

Furthermore, the (001)-oriented MSN thin films display an unusual temperature de-
pendence. A model is developed to explain this observation on the basis of coherent
spin rotation of the spins within the Kagome plane found in bulk MSN, as discussed in
the Section 4.2.2. Because of the dependence of the anomalous Hall conductivity on
the in-Kagome-plane angle, this spin rotation manifests in a temperature dependence of
the AHE. This was the first observation of spin rotation through an indirect magneto-
transport measurement in an antiperovskite nitride with non-collinear antiferromagnetic
structure [36].
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Chapter 6

Mn3;SnN Thin Films

6.1 Growth Procedure

The thin films growth comprised of two steps. First, the substrates were prepared by wet
chemical processes to achieve reproducible substrate surfaces with terraces of single unit
cell step height, on which Mn3SnN (MSN) films were subsequently deposited. All films
discussed in this part were grown on pyrolytic carbon substrates for Rutherford Backscat-
tering Spectroscopy (RBS), Si0,(001) for X-ray Reflectivity (XRR) and otherwise on
differently oriented SrTiO3 (STO) single crystals for epitaxial thin film growth. The sub-
strate preparation of STO is introduced in the first section and the general procedure for
finding optimal growth parameters for MSN on STO is outlined afterwards.

6.1.1 Substrate Preparation of SrTiO3

Single-side polished STO substrates with (001)- and (111)-orientation were purchased
from Crystec GmbH, Berlin (Germany), and SurfaceNet GmbH, Rheine (Germany). The
cleaning and etching procedures employed were based on standard procedures, as re-
viewed in Ref. [125].

The substrates were cleaned for 10 min in acetone in an ultrasonic bath and subse-
quently rinsed in deionized water and dried with a dry nitrogen gun. The same step
was repeated for 10 min in ethanol. (111)-oriented substrates were afterwards soaked in
deionized water for 4 min in an ultrasonic bath and dried with nitrogen. The surfaces were
then etched by immersing the substrates in buffered hydrogen fluoride (BHF) solution of
NH4F and HF with a ratio of 7:1. (001)-oriented substrates were etched for 20s and
(111)-oriented samples were etched for 25s. The etching was terminated by quenching
the substrates in deionized water and drying them with nitrogen. Lastly, the substrates
were annealed at 930 °C for 2.5 h (heating and cooling rate <5°C/min) under pure oxy-
gen flow in a tube furnace.

The surface quality was confirmed for each substrate by atomic force microscopic
(AFM) measurements of the surface. Representative AFM images of (001)- and (111)-
oriented STO are presented in Figure 6.1. Substrates suitable for thin film growth show
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(a) STO(100) (b) STO(111)

Z(nm)

o

Figure 6.1: Atomic force microscopic (AFM) images of surfaces of (a) (001)-oriented and (b)
(111)-oriented SrTiO3 after substrate preparation.

clear terraces with a typical step length of 50 nm to 200 nm, depending on the miscut
angle. The steps height in (001)-oriented STO corresponds to the lattice parameter of
3.905 A. For (111)-oriented STO, it corresponds roughly to the (111) lattice spacing of
2.254 A.

6.1.2 Growth Parameter Optimization

All Mn3SnN thin films were grown in the MANGO sputtering system at the Max Planck
Institute of Microstructure Physics by co-sputtering from Mn and Sn targets in Ar/N»
background atmosphere. The typical base pressure of the system was <1 x 10~ mbar.!
First, the thin film composition was optimized. The initial parameters were based on
previously optimized parameters of Mn3Sn. A series of films was grown on pyrolytic car-
bon substrates and the Mn and Sn sputtering powers as well as Ar:N, gas flow ratio varied.
Pyrolytic carbon was used to allow for quantification of the N peak in the RBS spectra.
The MSN layers were sandwiched between a few nanometers of Pt, a heavy scatterer that
facilitates the fitting of the RBS spectra. All samples were deposited at room tempera-
ture. It should be noted that the composition of films grown at elevated temperatures may
vary as a result of temperature-dependent sticking coefficients. The optimized parameters
result in films with compositions of Mn3SnN within the error margin, which are typically
0.5 % for Mn and Sn and 2 % for N [126]. Within this accuracy, the Mn3SnN film are
stoichiometric. The composition was confirmed in regular intervals and after loading new
sputtering targets and the parameters adapted accordingly to give stoichiometric films.
The growth rate was calculated from thickness measurements by XRR of thin films
on Si(001) substrates at room temperature. Afterwards, the substrate temperature during
growth was varied and the films investigated by AFM, XRD, XRR and AHE measure-
ments. All samples were capped with 3 nm thin TaN layers (deposition parameters in
Table 6.1). Higher growth temperatures generally lead to higher crystallinity, as observed
from an increased intensity of the main XRD peak in 6-20 scans, but also higher sur-
face and interface roughnesses (from AFM and XRR). Furthermore, in films grown on

IBinoy Krishna Hazra is greatly acknowledge for growing the samples and for discussion about the growth param-
eters and interpretation of the film characterization.
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STO(111) higher growth temperatures lead to the evolution of growth facets other than
(111). Therefore, the optimized deposition temperature of MSN(111) is 350 °C, com-
pared to 500 °C in MSN(001). The optimized deposition parameters, the compositions
from RBS and the calculated growth rates of the samples presented in this part are sum-

marized in table 6.1.

Table 6.1: Optimized deposition parameters for MnzSnN thin films presented here. Composition
obtained from RBS spectra and growth rates from XRR curves.

Parameter Unit Mn3;SnN TaN

(001)/(111)
Temperature  °C 500/ 350 80
Mn power w 45
Sn power w 8
Ta power w 20
Atmosphere Ar: Np Ar: Ny
Gas flow sccm 25 25
Flow ratio 80: 20 88: 12
Pressure mbar 4%x1073 4%1073
Composition 3:1:0.96 1:1
Growthrate  A/s 0.895 0.175

6.2 Thin Film Characterization by XRD, AFM and TEM

In the following chapters, exemplary experimental data of two differently oriented, 20 nm
thin MSN films are presented. Except for the transmission electron microscopic (TEM)
images, for which additional samples were prepared, all the results presented in the fol-
lowing chapters were obtained from the exact same two samples. Furthermore, additional
samples were regularly deposited and measured to confirm the reproducibility of the re-
sults.

The crystallographic properties of the thin films were investigated by XRD and XRR.
Figure 6.2(a) shows a specular 0-20 scan of two 20 nm thick films grown on (001)- and
(111)-oriented STO. One can observe that deposition with the optimized parameters pre-
sented above yields epitaxial thin films with the same out-of-plane lattice orientation as
the substrates. The specular peak positions correspond to the bulk values of MSN. The
lattice mismatch of (001)-oriented MSN on STO is 3.9 %. Therefore, a large compressive
strain is expected in the thin film, which is expected to lead to a tetragonal elongation of
the films out-of-plane and a resulting shift of the specular peaks, such as 002, towards
lower angles. The observation that the peak positions correspond to the bulk values in-
dicates that the films are fully relaxed. The peak intensities of the (111)-oriented sample
are generally lower than for the (001)-oriented counterpart. This indicates a lower degree
of crystallinity in the film, which may be result from the lower growth temperature.
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Figure 6.2: Results of standard structural XRD characterization of 20 nm thin MSN films on (001)-
and (111)-oriented STO. (a) Specular 8-20 XRD scan. Asterisks indicate substrate peaks and gray
vertical lines indicate the angular positions of the respective peaks in bulk MSN. The films grow
epitaxially on STO with the respective growth orientation. No other MSN peaks are observed in
the films. A small peak at approx. 51° is due to the STO substrate as confirmed by a reference
measurement of a bare STO substrate. (b) In-plane ¢-scans of the MSN {111} peaks in case of
the (001)-oriented sample and {201} peaks of the (111)-oriented sample. (c) Experimental XRR
curves (scatters) and fitted curves (lines) of the same MSN samples. The data and fit of the (001)-
oriented sample are shifted by one order of magnitude for clarity.

To further probe the epitaxial relationship of the substrates and films, in-plane ¢-
scans were recorded, presented in Figure 6.2(b). For the (001)-oriented sample, the MSN
{111} peaks were measured using the Bruker D8 system. A 4-fold symmetry can be
observed, in agreement with the Pm3m space group. For the (111)-oriented sample, the
{201} peaks were measured. Because of the lower degree of crystallinity compared to the
(001)-oriented samples and because of the lower intensity of the {201} peak compared
to {111}, these peaks could not be resolved using the Bruker D8 system. Instead, the
six-circle diffractometer was used for these measurements.> For the {201} planes, three
peaks are expected every 120°. However, a 6-fold symmetry is found in this sample. This
can be explained by the formation of crystal twins during growth, which have the same
formation energy on the STO(111) surface. Additional peaks with an intensity by a factor
10 lower than the main peaks are found shifted by 30° from the main peaks. This indicates
the presence of a minority phase rotated by this angle.

2In the six circle geometry the rotation angle of the sample around the surface normal is denoted 6 rather than

¢ [49].
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From the 6-260 and ¢@-scans it is found that MSN grows epitaxially on STO in different
growth orientations. (001)-oriented MSN shows a cube-on-cube epitaxial relationship
with STO. In (111)-oriented MSN crystal twins are formed during growth, but the out-of-
plane orientation follows that of the substrate.

XRR curves of the two samples are presented in Figure 6.2(c). Clear oscillations are
observed that indicate smooth growth of the MSN and TaN layers. The curves are fitted
using the program Leptos by Bruker. The layer thicknesses obtained from the fits are
presented in Table 6.2. For MSN and TaN, they are close to 20nm and 3 nm for both
growth orientations and the samples are, therefore, referred to in the text as 20 nm thick
films. The low roughness of both films is confirmed by AFM imaging of the deposited
samples, presented in Figure 6.3.

Table 6.2: Layer thicknesses of MSN and TaN, #ysn and tryN, obtained from XRR fitting and
root-mean-square surface roughnesses, R, obtained from AFM.

XRR AFM

Orientation fysy (nm)  f1N (nm) R, (nm)
(001) 20.5 3.1 0.86
(111) 19.9 34 0.74

(a) MSN(001) (b) MSN(111)

R,=0.74 nm

Figure 6.3: Atomic force microscopic (AFM) images and root-mean-square roughnesses R, of
surfaces of 20 nm thin Mn3SnN films with (a) (001)- and (b) (111)-growth orientation.

To image the films along the growth direction TEM was employed.? Figures 6.4(a) and
(b) show cross-sectional high resolution (HR) TEM images of the two differently oriented
films. The cube-on-cube epitaxial relationship of STO(100) and MSN(001) is confirmed
and the sample shows a very high degree of crystallinity. This is also evidenced by fast
Fourier transform (FFT) images of the HR-TEM images in the STO and MSN regions in
the vicinity of the interface, presented in Figures 6.4(d) and (e). The FFT image in the
MSN region is nearly as clear as in the single-crystalline STO.

In the (001)-oriented sample, the signal appears to have slightly lower intensity in
the first atomic layer of MSN. A similar effect has been observed in Ref. [127] in (001)-
oriented Mn3GaN films and was attributed to Mn deficiency as a result of chemical poten-

3Norbert Schammelt and Hakan Deniz are highly acknowledged for performing the TEM sample preparation and
imaging and for their support in interpreting the data.
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(e) STO(100)

Figure 6.4: (a), (b) High resolution (HR) TEM images of (001)- and (111)-oriented MSN films.
Blue lines indicate the positions of the interfaces of STO, MSN and TaN. The viewing direction is
[100]. (c) Scanning TEM image of the (001)-oriented film in the vicinity of the interface with STO.
(d), (e) Fast Fourier transform images obtained from the HR-TEM image of the (001)-oriented
sample in the film and substrate regions, proving evidence for a high degree of crystallinity of the
(001)-oriented film.

tial mismatch at the interface of the oxide substrates (STO and LSAT in that work) with
the nitride film.

The (111)-oriented film shows much smaller grains of tens of nanometers size. While
the crystal orientation cannot be resolved from the TEM images, these grains likely cor-
respond to crystal twins, as indicated by the ¢-scans discussed above. Furthermore, there
are regions with no crystalline order. The lower degree of crystallinity of the (111)-
oriented sample, as compared to the (001) counterpart, can be explained by the lower
growth temperature. However, as discussed above, this is necessary to suppress the evo-
lution of other growth facets during growth. It can be concluded that the (001) growth
facet grows more readily than the (111) facet.

6.3 Magnetic Properties

Careful magnetometric characterization of the films was carried out using in-house
SQUID-VSM (Superconducting Quantum Interference Device Vibrating Sample Mag-
netometry) and XMCD (X-ray Circular Magnetic Dichroism) measurements, performed
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at the VEKMAG end station at BESSY II at the Helmholtz Zentrum fiir Energie und
Materialien Berlin.*

6.3.1 SQUID-VSM
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Figure 6.5: Results of magnetometric characterization of (001)- and (111)-oriented MSN thin
films by SQUID-VSM. (a) Magnetic hysteresis loops at 300 K with magnetic field applied in-
plane of MSN films and a bare STO substrate for reference. Linear background contributions were
subtracted by linear interpolation of high-field data (also for the diamagnetic STO substrate). Inset:
magnetization loop of the STO substrate at 3 K. (b) Temperature dependence of the magnetic
moments of the three samples measured upon warming (FW) in a field of 10mT after field cooling
(FC) in 7T. (c) Effect of using different sample holders on the apparent magnetization: quartz
rod for in-plane (IP) and plastic straw for out-of-plane (OP) measurement. (d) Comparison of the
M(H) loops of 20 nm and 200 nm thick (001)-oriented MSN.

Comparison of Samples with Different Growth Facets In-house magnetic measurements
of the films were performed using a Quantum Design MPMS3 SQUID-VSM, operated
in VSM mode. Figure 6.5(a) shows hysteresis loops at room temperature of 20 nm thin
(001)- and (111)-oriented MSN films as well as of a bare STO substrate as references.
The sample size of all three samples was approx. 5x5 mm and the figures shows magnetic
moments m. The diamagnetic contributions from the STO substrate were subtracted by
linear interpolation of the data at high fields.

4Support with the measurements and analysis by Florin Radu, Fred Chen, James Taylor, Amilcar Bedoya-Pinto and
Pedram Bassirian is greatly appreciated.
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This procedure was also performed for the bare STO substrate. Accordingly, the re-
maining magnetization is zero within the measurement error. This demonstrates that, at
high enough temperatures, there is no magnetic signal other than that due to diamagnetism
arising from the STO substrates, the quartz sample holder or the varnish used to glue the
sample onto the holder. Therefore, the measured magnetic signal is assumed to arise from
the films. The inset in Figure 6.5(a) shows an M(H) loop of the STO substrate at 3 K. The
S-shaped magnetization loops indicates paramagnetism, which is likely due to defects in
the substrate that become paramagnetic at low temperatures [128]. Therefore, paramag-
netism from the STO substrate has to be considered at low temperatures.

By comparing the characteristic values of magnetization at remanence, M,, and satu-
ration, M, as well as the coercive fields, H., of the two differently oriented MSN films
shown in Table 6.3, it is found that they are comparable in both orientation. The mag-
netic moments are close to the limits of detection of the SQUID-VSM, which manifests
as relatively large measurement errors. Accordingly, the magnetization of the samples
is very low. The saturation magnetization of the (001)- and (111)-oriented sample is
0.045 pug /f.u. and 0.030 up /f.u. (see Table 6.3). For comparison, the weak magnetization
due to canting in Mn3Sn is 0.006 ug /f.u. [29]. The low coercivity of <10mT indicates
weak in-plane magnetism.

Table 6.3: Summary of magnetic characterization by SQUID-VSM of Mn3SnN thin films with
different orientation and thickness. Measurements performed at 300 K with field in-plane using a
quartz rod as sample holder. Remanent magnetization, M,, and saturation magnetization, M; (in
units of emucm ™~ and myug /f.u.) and coercive field yoH,.

Film M, M, LioH,
(emucm™) (mug/fu.) (emucm™) (mug/f.u.) (T)
20nm (111) 0.7 5.0 4.2 30.0 10.1 x 1073
20 nm (001) 0.9 6.7 6.2 447 93 %1073
200nm (001) 1.2 8.5 2.2 15.5 1.8

Figure 6.5(b) shows m vs. T scans of the three samples measured in a field of 10 mT
upon warming from 5 K to 400 K after cooling from 400K in a field of 7T. The magne-
tization of the two MSN samples is low at all temperatures with a slight increase at low
temperatures, which can be explained by the paramagnetic signal arising from the STO
substrates. There is no indication of a phase transition over the entire measurement range.

The Effect of Sample Holders As sample holders, plastic straws and high purity quartz
rods were used. However, Quantum Design advises against using plastic straws as sample
holders in VSM mode because of the low rigidity of the straws, which can lead to artifact
signals [129]. However, with quartz rods, only in-plane (IP) measurements can be per-
formed and plastic straws have to be used for out-of-plane (OP) measurements. The issue
of artifact voltages due to wrong choice of the sample holder is particularly pronounced
in samples with very low magnetic moments, as demonstrated in the following.
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Figure 6.5(c) show M vs. H magnetization loops of pieces of the 20 nm MSN(001)
sample using different sample holders. For the I[P measurement on a quartz rod the sample
size was approx. 5x5 mm and for the OP measurement using a straw, the sample was
cut in half and the sample size was approx. 2.5x5 mm. The measurement parameters
(sample acceleration, averaged number of data points per field etc.) were identical for
both measurements.

The magnetization plotted in the figure is calculated from the measured moment nor-
malized to the film volume. It is observed that the apparent saturation magnetization of
the sample measured in OP orientation with a straw rod is by a factor of 2 larger than
in case of the IP measurement. This is unexpected, since the saturation magnetization
should be identical regardless of measurement orientation. Furthermore, the error bars,
calculated from the standard deviation of the averaged data points at each field are larger
in case of the straw. This effect likely also results from the overall lower moment of the
sample due to its lower volume. Nevertheless, it becomes evident that, indeed, for such
low magnetic moments, plastic straws are not appropriate sample holders. Therefore, if
not stated otherwise, all SQUID-VSM measurements in this work were performed using
a quartz rod in IP configuration.

Origin of the Weak Magnetic Moments There are several effects that could give rise to
the magnetic moments observed in the MSN films:

(I) Magnetic impurities from atomic defects in the bulk or at grain boundaries as well
as interfacial defects at the interfaces with STO or TaN

(IT) From the weak moment allowed by symmetry in the I'*¢ configuration pointing
along the [111] direction

(III) From the canted moment induced by Mn displacements discussed in Chapter 8

In order to resolve the origin of the weak magnetization measured in the MSN films, sam-
ples with larger film thickness were grown. Figure 6.5(d) shows the magnetization loops
of (001)-oriented MSN with 20 nm and 200 nm film thickness. The most notable differ-
ence is that in the 200 nm film, the magnetization loop exhibits much larger coercivity and
is non-saturating, similar to the anomalous Hall effect loops in both samples, discussed
in the next chapter. Furthermore, the remanent magnetization is much lower than in the
thin sample (the smaller error bars are explained by the overall larger volume of the sam-
ple). Comparison of the magnetization data of the two films allows several conclusions.
First, in the 20 nm film, the magnetization is defect-dominated. This explains the differ-
ent shapes of anomalous Hall conductivity (AHC) and magnetic hysteresis in this sample.
Comparison with the (111)-oriented sample, which has a similar magnetization but zero
AHC, shows that this defect-driven magnetization does not give rise to an AHE. In the
200 nm thick film, on the other hand, defects are not the dominating contributor to the
magnetization. This indicates that defects are not distributed evenly throughout the bulk
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Chapter 6. MnsSnN ThinFilms

of the films, and instead are located near the interfaces. Lastly, in the 200 nm film, the
observation that both the AHC and the magnetic hysteresis are non-saturating indicates
that they arise from the same physical phenomenon.

A summary of the magnetic properties of the MSN films at room temperature obtained
by SQUID-VSM is presented in Table 6.3. The magnetization data presented here does
not allow to unambiguously identify non-collinear antiferromagnetism in the entire tem-
perature range, since the samples could, in principle, be collinear antiferromagnetic. Nev-
ertheless, pronounced ferroic order (ferro- or ferrimagnetic) can certainly be excluded.
This has two important implications. Firstly, it is a strong indication that the magnetic
phase diagram of MSN thin films is very different from that of previously reported bulk
samples, in which complex ferroic phases were observed at low temperature [see Figure
4.3 (p. 33)]. Secondly, it means that the AHE observed in (001)-oriented MSN, discussed

in the next chapter, cannot be attributed to ferromagnetism.

6.3.2 XMCD

(a) MSN(001) (b) MSN(111)
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Figure 6.6: XMCD measurement of 20 nm thin (a) (001)-oriented and (b) (111)-oriented MSN
films at 175 K with the beam under grazing incidence (GI). Top: measured intensities for positive
(I'") and negative (I") magnetic fields with a magnitude of 8 T. Bottom: difference spectral™ —1.

X-ray magnetic circular dichroism (XMCD) measurements were performed at the Mn
L, 3 edge to confirm the vanishingly small magnetization in the differently oriented MSN
films. Figure 6.6 shows the X-ray absorption spectra (XAS) measured in total electron
yield mode of the (001)- and (111)-oriented film under application of fields of £8T.
The X-ray beam had positive circular polarization and was under grazing incidence (GlI,
20° with respect to the sample surface). The presented data is taken at 175 K. At this
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temperature a large anomalous Hall resistivity is found (Chapter 7). If the AHE is due to
the magnetization of the sample, a high XMCD is also expected at this temperature.

The XMCD signal is very low, indicating low net spin and angular momenta at the
Mn sites. The normalized XMCD signal is smaller than the standard deviation of the
measured difference spectrum It — I~ divided by the edge jump of the absorption curve.
This value is < 0.42% for the (001)-oriented sample. XMCD sum rule analysis cannot
be performed, because the lineshape is not clearly resolved.

To obtain an upper estimate of the magnetic moment per Mn atom in the (001)-
oriented MSN film (which shows a non-zero AHE), the normalized XMCD signal is
compared to the values found in previous measurements of Mn3Sn and Mn3Ir thin films
of similar thickness, for which sum rule analysis was possible [130, 131]. The reported
normalized XMCD values and magnetic moments (per formula unit and per Mn atom) are
presented in Table 6.4. The ratio of m?ff (in ug/Mn) and XMCD (in %) is then calculated.
The XMCD signal measured in MSN and the moment per XMCD ratio found in Mn3Sn
are used to estimate the moment per Mn in the (001)-oriented MSN. Thereby, it is found
that the magnetization is <0.024 ug/Mn. This is only a rough estimate of the magneti-
zation of the (001)-oriented MSN film. Nevertheless, it confirms the low magnetization
of the order of magnitude of few tens of mug /f.u. found by SQUID-VSM measurements
(see Table 6.3).

Table 6.4: Normalized XMCD values (estimates from the cited references) and (reported or cal-
culated) effective spin moments per formula unit and per Mn atom of different NCAFs. The ratio
me /XMCD of Mn3Sn is used to estimate the spin moment per Mn in the Mn3SnN films.

Material XMCD (%) m (ug/fu) m (ug/Mn)  m/XMCD (up/Mn/%)
Mn3;Sn  [130] 1.60 0.279 0.093 0.058
MnsIr  [131] 0.50 0.06 0.02 0.040
Mn;3SnN 0.42 0.07 0.024
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Chapter 7

Anomalous Hall Effect Measurements

Before presenting the results of anomalous Hall effect measurements of Mn3SnN (MSN)
thin films, the starting point of the discussion is briefly outlined. In powder form, MSN
was found, by neutron diffraction, to have a non-collinear antiferromagnetic (NCAF)
phase between 237 K and 357K [72,92]. Moreover, this phase displays temperature-
dependent spin rotation and the spins rotate coherently within the (111) Kagome plane
as a function of temperature between two spin configuration that correspond to two ir-
reducible representations. Following the notation of Bertaut, Fruchart et al. they are
denoted I8, if the in-plane spin angle 6 is 0° or 180° and I'*¢, if 6, is 90° or 270° (see
Chapter 4.2.2).

These magnetic configurations can give rise to a non-zero total Berry curvature of
the electronic bands, which results in a finite anomalous Hall conductivity, despite the
absence of significant magnetization. The AHC is roughly proportional to the sine of the
in-plane spin angle 6, [110]. Therefore, it is zero in the ¢ and at a maximum in the I'*8
configuration. Furthermore, the magnitude of the AHC depends on the relative orientation
of electric field, magnetic field and crystal axes. The maximum AHC is measured when
the current passes within the Kagome plane and the field is applied perpendicular to it
[61]. Furthermore, the presence of multiple magnetic domains can cancel the AHE in
a real sample. Magnetic domains related by a spin rotation of the spins by 180° are
degenerate [110]. This symmetry operation is equivalent to time reversal. Since the
AHC is odd in Berry curvature and Berry curvature is odd under time reversal, the sign
of the AHC is exactly opposite in two domains related by spin rotation [14, 16, 17,61,
110]. Therefore, in the absence of any mechanism that allows to set a preponderance
of one domain type over the other or a single domain state, the anomalous Hall current
contributions of the different domain exactly cancel.

In the previous chapter, the growth of single-crystalline epitaxial MSN thin films with
(001)- and (111)-orientation was demonstrated. The films grow smoothly and epitaxially
on the differently oriented STO substrates. Careful magnetometric characterization shows
that the films have very low magnetization, which is dominated by defects in the 20 nm
thin films. Most importantly, the (001)-oriented films have a bulk-like cubic lattice metric
with a = b = ¢ = 4.060(7) A. Therefore, it is expected that (001)-oriented MSN does not
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exhibit an AHE, since there should be no mechanism for domain control. In the following
chapter, it will be demonstrated that, nevertheless, an AHC with an unusual temperature
dependence is measured in this growth orientation. This discrepancy will be resolved in
Chapter 9 by the observation of Mn displacements, which give rise to spin canting and a
resulting net moment, which allows for domain control by magnetic field.

7.1 Hall Effect Measurements

7.1.1 Facet Dependence

For the transport measurements, MSN thin films were patterned into Hall bar devices us-
ing photo-lithography.! The devices were etched by Ar ion beam milling and a metallic
bilayer consisting of Ti (2nm) /Au (100 nm) was used for contact pads. A microscopic
image of a fabricated Hall bar device with the bonding scheme employed for longitudinal
and transversal voltage measurements is shown in Figure 7.1(a). All transport measure-
ments were performed in a 9T PPMS by Quantum Design, using Keithley 6221 current
sources and Keithley 2182A nano-voltmeters.

From the measured voltage U, the applied current (typically in range of / = 1 mA) and
the Hall bar dimension (width w, distance between Hall leads / and film thickness ¢) the
longitudinal and transverse resistivity are calculated as py, = %sz and p,y = %t. Pxy 18
shifted along the ordinate axis to correct for offset voltages originating from the voltmeter.

From the temperature dependence of p,, shown in Figure 7.1(a), it becomes evident
that MSN shows metallic behavior. The residual resistance ratios RRR = p00K /p5K
of the (001)- and (111)-oriented films are 1.7 and 1.4. More importantly, there is no
indication of any phase transition in either film.

Hall effect hysteresis loops at various temperatures of the differently oriented films are
presented in Figures 7.1(c) and (d). In both growth orientations, the curves are dominated
by the linear contribution of the ordinary Hall effect. In the (001)-oriented case, there is
an additional contribution identified as the AHE. The two contributions are separated by
linear interpolation of the data at high fields. This procedure is shown in Figure 7.1(b) for
data recorded at 175 K. The Hall slope is positive at all temperatures and temperature-
dependent. This indicates hole-type charge carriers with temperature-dependent charge
carrier concentration. A similar effect has previously been observed in Mn3zGaN and
Mn3Ge thin films [27, 132]. In both cases, the Hall slope even changes sign, indicating
a change in charge carrier type. However, in both cases, the absence (in the case of
Mn3GaN) and presence (in Mn3Ge) of the AHE is robust under the change in charge
carrier type. Therefore, the charge carrier type and concentration are assumed to have no
effect on the AHC discussed in the following.

Zero AHC was previously observed in thin films of the NCAF with cubic crystal
structure Mn3Ir with (111)-growth orientation [131]. Based on theoretical considerations

'Banabir Pal is greatly acknowledged for performing the device fabrication.
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Figure 7.1: Longitudinal and transversal resistivity of 20nm thin (001)- and (111)-oriented
Mn3SnN films. (a) Temperature dependence of the longitudinal resistivity, displaying metallic be-
havior. The inset shows an optical image of a fabricated Hall bar device and the bonding scheme
employed for the measurements (the scale bar is 50 um). (b) Full Hall effect loop of (001)-oriented
MSN at 175 K and ordinary Hall and anomalous Hall contributions. (c), (d) Full Hall effect loops
of differently oriented MSN at various temperatures. A non-zero AHE is only observed in the
(001)-oriented sample.

assuming a single domain state, the AHC is expected to be at a maximum in this measure-
ment configuration, as described in Chapter 3.2 (p. 26). However, in this configuration
the magnetic field is applied perpendicular to the (111) Kagome planes. Therefore, even if
there were weak moments in the Kagome plane, the distribution of magnetic domains re-
lated by 180° spin rotation could not be controlled by magnetic field. Therefore, the AHE
contributions of the different domains exactly cancel, thus leading to a net zero AHC. This
finding underlines the crucial role of weak moments coupled to the NCAF structure in the
observation of transport effects in NCAFs. Furthermore, it also shows that potential spin
canting out of the (111) plane does not contribute to the hysteretic AHC in either growth
orientation. It is possible that spin canting out of the Kagome plane may contribute to the
total Hall signal but in a non-hysteretic fashion. Therefore, it would not be possible to
distinguish this contribution from the ordinary Hall effect.

The AHC 6 F = —p,,/pZ of the differently oriented samples is plotted in Figures
7.2(a) and (c). With the linear contribution of the ordinary Hall effect removed, a strong
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Figure 7.2: Anomalous Hall effect in (001)-oriented Mn3SnN and comparison with magnetization
data. (a), (c) Anomalous Hall conductivity loops of (001)- and (111)-oriented Mn3SnN at various
temperatures. (b), (d) Comparison of the AHC loops at 200 K of 20 nm films with both orientations
and a 200 nm (001)-oriented film as well as the corresponding magnetic hysteresis loops at 300 K.

temperature dependence of the AHC in the (001)-oriented sample becomes evident. By
comparison of the AHC and magnetization data of both samples, shown in Figures 7.2(b)
and (d), magnetization can be excluded as a main contributor to the AHC signal in (001)-
oriented MSN. Firstly, as established in Chapter 6.3, the magnetization is very low. Sec-
ondly, zero AHC is found in the (111)-oriented sample, despite it having a magnetization
similar to that of the (001)-oriented sample. If a magnetization of this magnitude were
sufficient to cause the AHC observed in the (001)-oriented sample, an AHC of similar
magnitude would also be expected in the (111)-oriented sample, which is not the case.

Furthermore, in a typical ferromagnet, in which the AHC is proportional to the mag-
netization, the hysteresis loops of magnetization and AHC exhibit the same shape and
coercivity. This is not the case in the 20 nm thin (001)-oriented sample. However, a corre-
spondence between the AHC and magnetic hysteresis loops found in the 200 nm film. As
discussed in Chapter 6.3, the magnetization of the thinner film is dominated by magnetic
defects. Evidently, these magnetic moments do not generate the observed AHE. In the
thicker film, an intrinsic magnetization is measured, which originates from the same phe-
nomenon as the AHE in both 20 nm and 200 nm films. One possibility is a weak moment
allowed by symmetry in the I'*¢ configuration. However, in bulk material, the resulting
magnetization is < 0.5 X 1073 ug/f.u. [92], which is more than one order of magnitude
lower than the magnetization measured in the 200 nm film (M, = 15 X 1073 ug/fu.).

64



7.1. Hall Effect Measurements

Therefore, it is more plausible that the magnetization is due to the canted moment re-
sulting from the Mn displacements discussed in the next chapter. These canted moments
fulfill several criteria. First, in analogy to Mn3Sn, the canted moments, which are coupled
to the local spin texture, allow for domain structure control by magnetic field. Magnetic
hysteresis is associated with domain wall motion. Thus, the canted moments can explain
the hysteretic nature of both magnetization and AHC. Secondly, the magnitude of the
canted moment is irrelevant for the AHC. This is warranted by the observation that in the
20 nm film the larger magnetization due to defects is not the main contributor to the AHE
and that the lower magnetization in the 200 nm film correlates with an even larger AHC
compared to the 20 nm film.

One important difference between the AHE in MSN and Mn3Sn is the non-saturating
nature of the loops in the case of MSN, while in Mn3Sn the magnetic and AHC hys-
teresis is very sharp with low coercivity [29]. There are two possible explanations for
the unusual hysteresis in MSN. Firstly, it may result from the different origins of the
canted moments in the two compounds. In Mn3Sn, the moment is intrinsically coupled
to the magnetic structure. In contrast, in MSN, the canted moment is most likely gen-
erated by Mn displacements and is, therefore, strongly and locally correlated with Mn
displacements. Furthermore, MSN has uniaxial magnetic anisotropy, while in Mn3Sn,
the Kagome plane is an easy plane [110, 133]. Therefore, the energy barrier to achieve
spin rotation by 180° is much larger in MSN than in the easy-plane material Mn3Sn. An-
other possible explanation is that the application of external magnetic fields affects the
details of the NCAF structure. Gomonaj and L’vov have studied the spin-rotational phase
in isostructural Mn3NiN phenomenologically and found that the in-plane spin angle 6y is
a function of both temperature (as found experimentally by powder neutron diffraction)
as well as of magnetic field. At a given temperature, assuming the structure is not already
in the I'*¢ configuration, the application of a magnetic field rotates the spin texture to-
wards the I'*¢ configuration. It is possible that this effect contributes to the magnetic and
AHE hysteresis. The differences between Mn3SnN and Mn3Sn are further addressed in
Chapter 9.2.2 (p. 91).

7.1.2 Temperature Dependence

From Figure 7.2(a) it can be seen that the AHC in the (001)-oriented MSN film is strongly
temperature-dependent in magnitude and sign. This is highlighted in Figure 7.3(a), which
shows the remanent AHC, o,;™, plotted against temperature. The AHC of the (001)-
oriented sample does not display any sudden jumps as a function of temperature. This is
in agreement with measurements of the temperature dependences of magnetization, longi-
tudinal resistivity and crystal structure (Chapter 8). The absence of any features indicating
crystallographic or magnetic phase transitions is unexpected, given the complex phase di-
agram of MSN in bulk form. According to powder neutron diffraction measurements,
bulk MSN is collinear antiferromagnetic between 7y = 475K and 357K. From 357K
to 237K, it is non-collinear antiferromagnetic. At lower temperatures, complex ferroic
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Figure 7.3: Modeling the unusual temperature dependence in (001)-oriented Mn3SnN by the pres-
ence of temperature-dependent spin rotation. (a) Remanent AHC after application of 9 T for both
growth orientations. (b) The calculated in-plane spin angle 6; as a function of temperature. (c)
Schematic representations of the corresponding spin structures at selected temperatures, viewed
along the [111] direction.

phases with significantly larger magnetization are observed [72,92]. Therefore, the NCAF
phase is stabilized in MSN thin films with (001)-orientation over a much wider tempera-
ture range than in bulk. Moreover, (111)-oriented films also do not display a pronounced
AHE at lower temperature, which would be expected based on the bulk phase diagram.
It should be stressed that the presence of NCAF order in the MSN films is inferred from
combined magnetic and magneto-transport measurements. The NCAF structure can be
measured more directly by neutron diffraction. In the case of Mn3GaN, neutron diffrac-
tion experiments of thin films confirm the presence of the NCAF order corresponding
to the I'¢ configuration at all temperatures, which corresponds to the bulk structure of
Mn3GaN [27].

The unusual temperature dependence of the AHC in (001)-oriented MSN is resolved
by considering that bulk MSN displays temperature-dependent spin rotation in the NCAF
phase [92]. The spins retain an angle of 120° with respect to each other, but rotate coher-
ently within the Kagome plane. Because of the sine dependence of the AHC on the in-
plane spin angle, it is expected that this spin rotation manifests in a temperature-dependent
AHC. Therefore, 6;(T) is calculated using the measured remanent AHC as:

( omm
05(T) = arcsin <m) (7.1)
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It is implicitly assumed that the observed AHE is of intrinsic origin and that spin ro-
tation dominates its temperature dependence. The calculated spin angle is plotted against
temperature in Figure 7.3(b) and graphical representations of the corresponding magnetic
structures are presented in Figure 7.3(c). 6, varies continuously and roughly linearly
with temperature, as is the case in the powder neutron diffraction measurements of bulk
MSN [92], albeit in a much smaller temperature range owing to the reduced phase stabil-
ity of the NCAF phase. A similar temperature dependence of the AHC was previously
reported in (001)-oriented MSN thin films [34]. However, the authors present only data
between 50K and 300K and only state that the AHC does not scale with the sample
magnetization. The discussion of the temperature dependence of the AHC in an antiper-
ovskite nitride based on a spin-rotational phase presented here was the first report of this
kind [36].

Within this model, spin rotation occurs in a wide range of 6;. This is likely due to the
NCAF phase being stabilized in the entire temperature range from 4 K to 400 K. In con-
trast, the NCAF phase is stable in bulk samples over a temperature range of only ~ 120K.
Here, the spins rotate from 6 ~ 45° at the highest temperature of 400K towards I"%.
This configuration occurs at 330 K, at which the AHC vanishes. At lower temperatures,
the spins rotate further towards the I'*¢ configuration, which is reached at 125 K (temper-
ature of maximum AHC) and further at lower temperatures. In contrast, in bulk MSN,
spin rotation occurs only from 90° to 45° [92].

The origin of the temperature-dependent spin rotation in antiperovskite nitrides was
studied phenomenologically by Gomonaj and L'vov in terms of a temperature-dependent
magneto-crystalline anisotropy [104]. This effect is due to small changes in the lattice
constants with temperature. The situation is possibly more complex in thin films, since
constrictions imposed by the substrate as well as strain-induced symmetry lowering have
to be taking into consideration. In fact, as will be discussed in Chapter 8, because of the
presence of atomic Mn displacements, the crystal structure of the MSN films reported
here deviates significantly from the bulk structure. The Mn displacements may also have
an impact on the temperature dependence of the magnetic anisotropy. Thereby, they may
affect the spin rotation and, by extension, the temperature dependence of the AHC.
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7.2 Discussion

A finite AHE is observed in (001)- but not in (111)-oriented MSN films. Comparison
of the magnetization and transport data of the differently oriented samples with different
thicknesses shows that the AHE does not result from the small magnetization observed
in the samples. The vanishing AHC in (111)-oriented MSN can be explained by the
presence of multiple magnetic domains related by spin rotation by 180°. This observation
underlines that spin canting in NCAFs is essential to control the magnetic domains, which
results in a net AHC.

(001)-oriented MSN films exhibit an unusual temperature dependence of the AHC.
Most importantly, the AHC changes sign at around 330 K. This effect has not been ob-
served in any antiperovskite nitride before. A model to explain this unusual trend was de-
veloped, which considers that bulk MSN shows a spin-rotational NCAF phase, in which
the spins rotate coherently within the Kagome plane as a function of temperature. Be-
cause of the magnetic symmetry dependence of the AHC on the in-Kagome-plane spin
angle, this spin rotation manifests in a temperature-dependent AHC.

Spin-rotational NCAF phases have been found by powder neutron diffraction in the
antiperovskites Mn3NiN, MnzAgN and Mn3SnN [83, 90, 92]. However, although AHE
measurements of Mn3NiN and Mn3SnN thin films have been reported before [33,34], no
such temperature dependence was found. A possible explanation is that the spin rotation
is highly sensitive to small changes in the crystal structure. For Mn3NiN there are conflict-
ing reports of the exact phase transition temperature and in-plane spin angle as a function
of temperature already in powder samples (see Chapter 4.2.2). More specifically, the
NCAF phase is very sensitive to the sample composition. This poses a particular problem
in the thin film fabrication of nitride samples, as the nitrogen content is very challenging
to quantify accurately. Boldrin et al. quantify only the Mn:Ni ratio of their Mn3NiN
samples by energy-dispersive X-ray spectroscopy (EDX). You ef al. did not report on any
quantitative composition analysis of their MSN films. Moreover, they vary the nitrogen
content in the films by changing the deposition conditions with the aim of varying the
strain state of the sample. However, this approach has a conceptual error, as the chemical
effect of varying the nitrogen content may be more significant than its effect on the strain
state of the film. In contrast, in this work, RBS is employed for compositional analysis,
which is a very accurate quantification technique. Using pyrolytic carbon substrates and
with careful fitting of the spectra, this technique allows for quantification of the N content.

The presence of a NCAF phase in the MSN thin films discussed here is a conjec-
ture based on compositional, structural, magnetic and magneto-transport measurements.
Direct measurement of the NCAF structure is possible by neutron diffraction. Such ex-
periments were performed by Nan ef al. on Mn3GaN samples [27]. It could be confirmed
that Mn3GaN has a the bulk-like [79] NCAF structure corresponding to I'>¢ configuration
at all temperatures below Ty. In the case of MSN, however, because of the presence of
a spin-rotational phase, the fitting procedure involved in the analysis of neutron diffrac-
tion data may be challenging. Therefore, probing the NCAF structure of antiperovskite
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nitrides through magneto-transport measurements, rather than neutron diffraction, is a
much more practical approach.

Another important outcome of the transport measurements presented here is that the
phase diagram of MSN is very different in bulk and thin films samples. Bulk MSN dis-
plays a rich phase diagram with collinear AF, NCAF and complex ferroic phases [see
Figure 4.5 (p. 36)]. In both growth orientations, the low-temperature complex phases can
be excluded as they exhibit significant magnetization in the bulk. For the (111)-oriented
sample, in which no AHE is observed, it cannot be excluded that the samples are collinear
AF at all temperatures. However, this is rather unlikely, as the collinear AF phase in bulk
MSN is associated with a tetragonal distortion along the c-axis, which is not observed in
the (111)-oriented samples. Therefore, it is plausible that the sample is in the NCAF phase
at all temperatures, similar to the (001)-oriented sample and that the AHE is simply not
detected because of the presence of equal amounts of compensating magnetic domains.

The transport measurements of (001)-oriented MSN provide conclusive evidence for
the presence of NCAF order in this compound throughout the measurement range from
4K to 400 K. In bulk MSN, all magnetic phase transitions are accompanied by crystallo-
graphic phase transitions. However, no phase transitions are found in any of the performed
measurements in (001)-oriented MSN. Furthermore, a finite AHE is measured despite the
vanishingly small magnetization. A similar magnetization does not result in an AHE in
the (111)-oriented sample. The temperature dependence of the AHC in (001)-oriented
MSN can, moreover, be modeled considering temperature-dependent spin rotation in the
compound, as found in bulk powder samples. Thus, it can be concluded with high cer-
tainty that a NCAF phase is stabilized in MSN thin films over a much wider temperature
range than in bulk material. This observation brings into question the applicability of es-
tablished bulk phase diagrams of antiperovskite nitrides with NCAF structure to samples
in thin films form.

The main open question concerns the non-zero AHE observed in (001)-oriented MSN
despite the sample having cubic lattice metric. Previously, it was assumed that strain-
induced tetragonal distortions lead to spin canting resulting in net moment coupled to the
NCAF structure that allows for control of the magnetic domains. In the next chapter, it is
shown through advanced XRD measurements that the Mn atoms are displaced away from
high symmetry positions. These displacements drastically lower the crystal symmetry, but
remain hidden when only probing the lattice metric of the films. Afterwards, the effect of
the Mn displacements on the transport properties will be discussed in Chapter 9.

69



Chapter 7. Anomalous Hall Effect Measurements

70



Chapter 8

Hidden Atomic Manganese
Displacements

8.1 Lattice Strain in (001)-oriented Mn3zSnN

The measurements discussed in this chapter were performed using a six-circle diffrac-
tometer (SIXC) operated in z-axis mode [49], equipped with a gallium jet X-ray source
operated at 70keV and 100 W electron beam power. The wavelength of the emitted Ga-
K, radiation is A = 1.3414A. The beam was focused onto the sample using a Montel
optics, which provides a highly collimated beam of 100 um height and 2 mm width under
an incidence angle of ~ 1°. A liquid helium cryostat equipped with a beryllium dome
was used for temperature-dependent XRD measurements. For the structural refinement,
the integrated intensities of 17 symmetry-inequivalent reflections ikl (assuming tetrago-
nal space group symmetry P4 /mmm) were recorded.

Using the Bruker XRD system an out-of-plane lattice parameter of ¢ = 4.060(7) A
was found (see Chapter 6). Using the SIXC all lattice parameters can be measured to be
a=b=c=4.06(1)A. This corresponds to a tetragonality of cysn/amsny = 1.000(3).
Therefore, the film can be considered to have cubic lattice metric within the margin of
error of the measurement.

This is unexpected, given the large in-plane lattice mismatch of MSN and STO. In
epitaxially grown cubic samples, the lattice mismatch of substrate and film is defined as

Aa  ay—ay

f= (8.1)
as (253
and related to the mismatch biaxial strain as
P e A (8.2)
ag

In the case of MSN grown epitaxially on STO the lattice mismatch is f = 3.9%. The
resulting in-plane strain is
Ex = Ey = En(1—V) (8.3)
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wherein Vv is the Poisson’s ratio. As a result of volume conservation, this forces a change
in the out-of-plane lattice parameter ¢y by Ac = ¢y — cy. The relative changes in lattice
parameter due to epitaxial strain are related to each other as [134]:

Acfcy  2v

Aaja; 11—V 84)

Assuming a Poisson’s ratio of v = 0.4 [34], the expected out-of-plane lattice parameter
for a lattice mismatch of 3.9 % is 4.19 A. This corresponds to a tetragonality of 1.072,
which is much larger than the value of 1.000(3) found in the real sample and which is
well beyond the error margin of the measurement. Therefore, in the structural refinement

presented in the following chapters, the lattice constants are fixed to the bulk value of
4.06 A.

8.2 Structural Refinement Procedure

General Procedure For a given crystal, the X-ray scattering contribution of the unit cell
as a function of the scattering vector q is described by the structure factor [43]:

F(q) =Y fuexp(—27iq-rq)-T,'(q) (8.5)

Herein, the scattering contribution of each atom o at a position 7 in real space is de-
scribed by its atomic form factor f;, which depends on the atomic number and the scat-
tering angle. T}l is the Debye-Waller factor, which describes the harmonic (H) disorder.
Whether the disorder is of thermal origin or due to statistical disorder can only be dis-
tinguished by temperature-dependent structural investigation. The Debye-Waller factor is
described in terms of mean squared atomic displacement amplitudes UX! (k,I = 1,2,3):

TH(q) = exp <—87r2U§fCkaJz> (8.6)

qk» q; are the components of g and the Einstein sum notation is used.

The intensity Iyps(hkl) measured in an XRD experiment is proportional to the real
structure factor amplitude square:

Tops (hkl) o< | Fops (hkI) |2 (8.7)

Structural refinement is performed in several iterative steps, as outlined in Fig 8.1.
First, a structural model is assumed and a set of free fit parameters ay,...,ay is defined.
The number of free fit parameters is limited by the number of measured reflections. These
parameters are optimized by performing least squares refinement of the calculated to the
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Figure 8.1: Workflow of the structural refinement of antiperovskite nitride thin films presented
here.

Minimize Measure
R/(a

observed structure factor amplitudes [135]. The fit quality can be quantified by the un-
weighted residual R),:

_ thl ||F0bs(hkl)|2 — |Fcalc(hkl)’2|
thl |F0bs (hkl)|2

Ru(al,...,aN) (88)
R, is a measure for the average relative disagreement of a given structural model with
the experimental data. It is an absolute value and as such allows for direct comparison
of different models. It is also very sensitive to which data is included in the refinement.
Therefore, in this work all recorded and unweighted data is used for the refinement. A
more meaningful measure from an error analysis point of view is the goodness of fit

(GOF):
1 Fops(hkl) — Foge (hkl)|?
GOF — \/ Z | obs( ) ; calc( )’ (8.9)
=P Ok

where 7 is the number of measured reflections, p the number of free fit parameters and
Onr the measurement variance [136, 137]. The GOF has a value of unity when the dis-
crepancies of the model with the data can be explained by experimental errors alone. A
value greater than unity implies an inadequate model. Thereby, the GOF can be used to
rule out wrong models. However, it cannot determine whether a model is right, as the
data may be insufficiently good [137].
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Anharmonic Corrections The Debye-Waller factor describes harmonic disorder of 2™
order. To include anharmonicity in the structural models, the Debye-Waller factor can
be expanded using a Gram-Chalier (GC) series development [138-140]. The corrected
Debye-Waller factor is:

1 _ 1 .

T (@) = To(a) |14 3,270 - qeargm - C&" + 1, 27)" - kiqman- D™ | (8.10)
The term in square brackets describes the deviation from the harmonic approximation
parametrized by the anharmonic displacement parameters (ADPs) in the form of tensors
of rank three (C’&l’”) and four (D’fxlm"). The structure factor including anharmonic contri-
butions is then given by:

FOq) =Y foexp(—27iq 7o) T C (8.11)

Again, least squares refinement of R,, (Equation 8.8) is performed. However, the num-
ber of free fit parameters can be potentially much larger than in the harmonic case, because
of the large number of independent ADPs. However, the point group symmetry at a given
site greatly reduces the number of ADPs, as it defines which ADPs can be different from
zero.

The Debye-Waller factor and the ADPs are defined in reciprocal space. To visualize
the result of the structural refinement and specifically the physical significance of the
ADPs, the Probability Density Function (PDF) is introduced, which is obtained from the
Fourier transform of the Debye-Waller factor. Without anharmonic correction, the PDF is
a trivariate Gaussian function:

-1
PDF!(u) = de(té#;) exp (—%uTUa1u> (8.12)

The PDF is written as a function of the displacement vector u away from the site position
T
U=7—"g (8.13)

When anharmonic corrections are included, the PDF becomes:

1 1
PDFCC(u) = PDF! (u) |1+ 5C’d’"H,d,,,(u) + EDk’m"Hk,mn(u) (8.14)

Here, H(u) represent the Hermite polynomials [141], which are the 3™ and 4" order
derivatives of the three-dimensional harmonic PDF to the components u; of the displace-
ment vector u.

Chapter Outline In this chapter five different models within three different space group
(SGR) symmetries are discussed. First, the bulk structure with SGR symmetry Pm3m
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(SGR No. 221) is assumed and it is found that it does not model the experimental
data sufficiently well. Therefore, the symmetry is reduced to the tetragonal symmetry
P4/mmm (SGR No. 123). Two models are employed that yield consistent results. How-
ever, as will be outlined in Chapter 9, this symmetry is inconsistent with the finite AHE
observed in (001)-oriented MSN. Therefore, the symmetry is reduced further to the non-
centrosymmetric space group symmetry P4mm (SGR No. 99). Again, two equivalent
models are employed for structural refinement. Not only does this structure model the
measured data better than any of the higher-symmetry structures, it is also consistent with
the appearance of an AHE, which is discussed in Chapter 9.

8.3 Centrosymmetric Models

Starting point of the structural refinement is the bulk structure of MSN, shown in Figure
4.2(b), with cubic SGR symmetry Pm3m, in which all Mn sites at the sites (0, %, %)
are symmetry-equivalent (Wyckoff site 3c). The site symmetry forces the disorder to be
harmonic and isotropic (U!! = U?> = U33). The refined structural parameters are listed
in Table 8.1. Using this simple and well established structure of bulk MSN, structural
refinement yields a residual of R, = 16 %. The GOF of the fit is 7.1, which is very high
and which implies that Pm3m symmetry is insufficient to describe the real structure of
(001)-oriented MSN.

Table 8.1: Refined structural parameters derived from least squares refinement of the bulk structure
of Mn3SnN with space group symmetry Pm3m to XRD data obtained from a 20 nm thin MSN
film at 300 K. Numbers in brackets represent (10) uncertainties with respect to the last digit.
Parameters marked with asterisks are fixed.

Model Bulk Mn3SnN structure
SGR Pm3m
Lattice a=b=c=4.06A

Residual R,=0.16
Goodness GOF=7.10

Site Mn (3¢) Sn (l1a) N (1b)
Position* (1, 3,0 (0,0, 0) RN
Occupation™ 1.0 1.0 1.0
U'(A%) 0.0720(8) 0.077(1) 0.025%
U2 (A% 0.0720(8) 0.077(1)  0.025*
UB(A%) 0.0720(8) 0.077(1)  0.025*

Thin films of cubic materials commonly show tetragonal distortion, i.e., an elongation
or contraction along the c-axis. However, it is found here that the film has cubic lattice
metric within the error margin of the measurement. Nevertheless, the symmetry can be
lower due to anharmonic or anisotropic disorder. Therefore, the structural model is refined
by reducing the assumed symmetry to allow for this kind of disorder. The condition
a=>b=c=406A is set and the overall symmetry reduced to space group symmetry
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P4/mmm (SGR No. 123). The Sn atom is assumed to display harmonic, anisotropic
disorder. The two Mn sites are inequivalent in this SGR and denoted Mnj (basal plane
atom at z = 0) and Mnyy (at z = 1/2).

The centrosymmetric (CS) SGR symmetry P4/mmm preserves the 4-fold rotational
symmetry around the c-axis, but breaks it along the a- and b-axis. It also breaks the three-
fold improper rotation around the [111] axis. For the atomic displacements amplitudes,
one finds U!! = U?? # U™, Furthermore, certain 4™ order ADPs are now allowed to be
non-zero. At these sites the following ADPs are additionally refined: D'!!! = p?2?2 £
D3333. On the other hand, none of the 3™ order ADPs CK™ are allowed to be non-zero.
The anharmonic disorder is then visualized by calculating the PDFs at the two Mn sites

using Equation 8.14.

() Split sites

0.8 ' T '
2e 8q
M 25
Hs
H < <
_\(U/ \-;
w g
M QO
H o
= 4

Figure 8.2: Results of refinement of model structures with space group symmetry P4/mmm (SGR
No. 123) using two different models. (a), (b) Centrosymmetric (CS) Atomic Displacement Pa-
rameter (ADP) model: Sections of the Probability Density Functions (PDFs) at the 2e and 1c sites
showing pronounced 4-fold and 2-fold distribution of the PDFs. (c), (d) Split-sites model: Color
maps of the residual R, when varying the site positions.

Sections of the PDFs along certain planes are presented in Figures 8.2(a) and (b). In
the presented plots, only positive values of the PDFs are plotted. It can be seen that the
atomic disorder is very different at the two Mn sites at z = 0 (Wyckoff site 1c in P4 /mmm)
and z = % (2e site). At both sites, multi-model distributions of the disorder can be found,
which can be interpreted as a static 2-fold (at 1¢) and 4-fold (at 2e) splitting of the atomic
sites. Thereby, Mny atoms at the 1c site are statistically displaced upwards or downwards
along the c-axis. Equivalently, Mnj; atoms at the 2e site are displaced within the plane
atz = % A schematic representation of the crystal structure with displaced Mn atoms is

shown in Figure 8.3(a).
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Figure 8.3: (a) Graphical representation of the crystal structure derived from refinement of the
centrosymmetric model structures with P4/mmm SGR symmetry. The size of the Mn atoms is
reduces compared to images above for clarity. (b) Observed versus calculated squared structure
factor amplitudes of 17 symmetry-inequivalent Bragg peaks.

To give more insight into the fit quality, Figure 8.3(b) shows a plot of the observed
versus the calculated squares of the structure factor amplitudes. According to Equation
8.7, the measured intensity is proportional to |Fyp(hkl)|?. Feae is calculated for the cen-
trosymmetric (CS) ADP model as well as for the split-sites model (discussed below) using
Equation 8.5. The scaling factor is also a fit parameter. It can be seen that there is a clear
linear correlation of the observed and calculated values, which reflects the low residual of
R, = 0.6 % obtained with the CS-ADP model. This value is significantly smaller than the
value obtained when assuming the bulk structure of MSN of R,, = 16 %, which indicates
that the Mn displacements are a real feature of the crystal and not a spurious result of the
fitting.

Nevertheless, to further test this hypothesis, another model is employed, in which the
Mn atoms are again restricted to display harmonic disorder, but the sites are split into
symmetry-equivalent sub-sites. The 2e sites is split into 4 sites at Wyckoff positions 8q
(in SGR P4/mmm) at (x, y, %), each occupied with a probability of 1/4. The Ic site is
split into 16 sites at Wyckoff position 16u at (x, y, z), each occupied with a probability of
1/16. The lowest residual that can be achieved within this model is R,, = 4 %, which is

significantly lower than in the case of the cubic bulk structure, but not as low as for the
CS-ADP model.

Figures 8.2(c) and (d) show maps of R, as a function of the position of the 8q and 16u
sites near the high-symmetry 2e and 1c sites. Qualitatively, the same results as in the CS-
ADP model are found. The 8q sites fall into four distinct minima of R, corresponding
to the 4-fold splitting of the site shifted away by ~ 0.2 A in x- and y-direction. At the lc
site, the 16u sites fall into two distinct minima of R,, shifted away from Ic by ~ +0.45A.

On the basis of the low residual values obtained using the CS-ADP and the split-
sites model as well as the good qualitative agreement of the two models the structural
investigation could be concluded at this point. However, the centrosymmetry enforced by
the choice of space group symmetry P4/mmm conflicts with the observation of a finite
AHE described in the previous chapter. While the detailed discussion is postponed to
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Chapter 9, it should suffice at this point to state that a further symmetry reduction is
required to explain the transport signals measured in the MSN films.

8.4 Non-centrosymmetric Models

8.4.1 Structural Refinement

In order to have a structural model consistent with a finite AHE, the mirror symmetry
along the c-axis, along which the magnetic field is applied, must be broken. P4 /mmm has
4 /m symmetry along [001], i.e a four-fold symmetry with a mirror plane perpendicular
to the rotation axis. If 4/m is reduced to 4, then this also reduces the symmetry along
the other two axes, (100) and (110), from 2/m to m. Thereby, the reduced space group
symmetry becomes P4mm (SGR No. 99). This SGR is acentric and a highest-order non-
isomorphic subgroup of P4 /mmm.

In P4mm, more ADPs are allowed to be non-zero. Most importantly, there are now
components that are symmetrically odd with respect to the c-axis, such as C333. Employ-
ing a non-centrosymmetric (NCS) ADP model with this P4mm space group symmetry
allows to obtain the best fit to the measured data out of all the presented models. A resid-
ual as low as R, = 0.019% could be achieved. The refined parameters that yield this
extraordinarily low residual are presented in Table 8.2. Comparison with Table 8.1 shows
that many more parameters have to be refined, as compared to the simple cubic model.
In fact, the number of free parameters reaches the limit set by the number of recorded
reflections. Nevertheless, the GOF is 0.46 and, therefore, greatly reduced compared to
the cubic bulk structure model with fewer fit parameters.

In contrast to the CS-ADP model based on P4/mmm SGR symmetry, the Mn; atom
resides at Wyckoff site 1b (formerly 1c¢) and the Mnyy atom at site 2¢ (formerly 2e). The
1b site (%, %, z) is allowed to vary along z, while the 2c site is fixed at z = % The 1b site
shifts to positive z = 0.038. When computing the PDF at this site using Equation 8.14,
one has to consider that the PDF is defined as a function of the displacement u away from
the site position 7. In order to compare the results of the NCS-ADP model with those of
the shifted-sites model discussed below, the PDFs at both Mn sites are plotted in Figures
8.4(a) and (b) as a function of distance d; (i = x,y,z) from the face centers at (0, %, %)
and (%, %, ), respectively. Note that in the case of the CS-ADP model with P4/mmm
symmetry, d; = u;.

The most striking difference between the NCS- and the CS-ADP model is that in the
NCS case, the Mnj atom appears to not be split, but rather merely shifted to negative
z-values. This change can be attributed to the appearance of a non-zero ADP C333. To
test this hypothesis, again an alternative model is employed, in which the atoms display
harmonic disorder, but the 1b site is allowed to vary in all direction. In this shifted-
sites model, this corresponds to optimizing the positional parameters of a Mn atom at
Wyckoff site 4f (x,y,z). The 2c site is again split into four symmetry-equivalent sub-sites
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Table 8.2: Refined structural parameters derived from least squares refinement of the NCS ADP
model. Numbers in brackets represent (1) uncertainties with respect to the last digit. Parameters
marked with asterisks are fixed.

Model NCS-ADP model

SGR Pdmm

Lattice a=b=c=4.06A

Residual R,=19x10"*

Goodness GOF =0.46

Site Mn (1b) Mn (2¢) Sn (1a) N (1b)
Position (3% 3%,0.041) (0, 5, p* (0, 0, 0)* (3, 3, D)%
Occupation* 1.0 1.0 1.0 1.0
U'(A%) 0.047(5) 0.039(2) 0.0385(8) 0.025%
U2 (A% 0.047(5) 0.039(2) 0.0385(8) 0.025%
UB(A%) 0.17(4) 0.23(4) 0.28(5) 0.025%
C33 (x10%) 3.99) 5.0(7)

C'3 (x10%) 2.2(8)

C?B (x10%) 2.2(8)

D' (x10%) 0.43(9) —-0.34%

D?%22 (x10%) 0.43(9) —-0.34%*

D3333 (x10%) -7(2) 1(1)

D22 (x10%) -0.19(2)

at Wyckofft site 8g. The maps of the resulting fit residual as a function of site position are
presented in Figure 8.4(c) and (d).

The site splitting of the Mny; atom is preserved in this model. At the 1b site, the
interpretation is more complex. There are two minima of R, at negative d,. However,
the local maximum between the two, which corresponds to the 1b site at negative z is
only slightly higher in R,. Therefore, this additional local splitting may be a result of
the harmonic picture not being able to capture the pronounced disorder in the xy-plane
properly. For simplicity, and in agreement with the NCS-ADP model, it is assumed that
there is no additional splitting of the 1b site in the xy-plane. However, an additional
minimum of R, can be observed at positive d, values. In fact, this indicates that there is
also a site splitting at the 1b site, similar to the split-sites model in the CS case, but with
the site occupation being unequal at the two sub sites. This may be supported also by the
NCS-ADP model, as discussed further in Section 8.5.

It was attempted to improve the model by considering two 4f sites near 1b with un-
equal occupation and refining the site positions and occupations. However, this model
does not converge, but tends to set the site occupation at the upper site to 0 or, else, move
both sites to the one at negative z values. This effect may be a result of the additional
maximum at positive z-values near the 1b site being indeed an artifact.

Therefore, the model is simplified by considering only one Mnj atom at site 1b shifted
to negative z and a four-fold splitting of the Mnj; atom at 2c. A graphical representation
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Figure 8.4: Results of refinement of model structures with space group symmetry P4mm (SGR No.
99). (a), (b) Sections of the Probability Density Functions (PDFs) at the 2c and 1b sites within the
non-centrosymmetric (NCS) Atomic Displacement Parameter (ADP) model. (c), (d) Shifted-sites
model: Color maps of the residual R, when varying the site positions.

is presented in Figure 8.5, which, in comparison to Figure 8.3(a) highlights that the shift
of the basal plane Mn atom, in contrast to the splitting in the CS case.

8.4.2 Temperature and Thickness Dependence

The shifted-sites model also allows to quantify the magnitude of the Mn displacements at
the two sites. To that end, XRD measurements were performed using a liquid He cryostat
equipped with a Beryllium dome at temperatures between 4 K and 400K and the data
was refined to the shifted-sites model. As can be seen from Figure 8.5(b), the magnitude
of the Mn displacements shows only a small temperature dependence. At both sites, the
displacements persist at low temperatures, which confirms that the anharmonic disorder
it static in nature (rather than dynamic, through thermal effects, for instance). The figure
also shows the temperature dependence of the fit residual R,. The error bars are not cal-
culated from the residual. Instead, they are estimated from the contour plots in Figure 8.4.
The change of R, from one colored region into the next is quite large with about 1 percent-
age point. Therefore, the width of the region with minimum R, = 2 % can be considered
as the uncertainty of the displacement magnitude corresponding to a deviation of R, of
1 percentage point. Within the error bar, the displacement magnitude of the Mnj atom
is temperature-independent. For the Mnj; atom there is a small increase in displacement
magnitude with increasing temperature, which can be attributed to thermal effects. The
temperature-dependent XRD measurements again show no sign of any crystallographic

phase transition in the entire measurement range.
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Figure 8.5: (a) Graphical representation of the crystal structure derived from refinement of the
non-centrosymmetric model structures with P4mm SGR symmetry. The basal (001) plane at z =0
is highlighted in gray. (b), (c) Displacement magnitude (top row) and fit residuals (bottom row) at
the Mn 1b and 2c site as a function of (b) temperature for a 20 nm film and (c) film thickness at
300K.

Furthermore, MSN samples of varying film thickness from 5nm to 200 nm were
grown on STO and investigated by XRD at 300 K. The thickness dependence of the
displacement magnitudes is plotted in Figure 8.5(c). A general trend of decreasing dis-
placement with increasing thickness is observed. This is expected, as the film structure is
expected to become more bulk-like at large film thicknesses. It also suggests that the Mn
displacements are induced by substrate strain. The film thicknesses at which the displace-
ments are expected to vanish can be estimated by extrapolation of the data to high film
thicknesses. The displacements at both sites are expected to vanish at a film thickness of
about 500 nm.

Interestingly, the largest displacements are not observed in the thinnest film, but at
a thickness of 50 nm. Assuming that the displacements are strain-induced, this may be
explained by an accumulation of stress in the film up to a certain thickness, above which
the formation of misfit dislocations is favored [38].

From Figure 8.5(c) it can also be seen that R, increases, i.e. the fit quality decreases,
at higher film thicknesses. This may result from the film structure approaching the bulk
structure with no Mn displacements. Similarly, R, is drastically increased in the 5 nm
thin film, reaching a value as high as 14 %. This indicates that the model is insufficient
to describe the real crystal structure of very thin films. This is expected, as in thinner
films the scattering contributions of the first few atomic layers closer to the interface to
the scattering amplitude become more prominent. It is likely that the atomic structure
closer to the interface is different than from the bulk of the film, because of the large
lattice mismatch of substrate and film. The resulting stress appears to be fully relaxed in
films of 20 nm thickness. However, at lower film thicknesses, the atomic structure may
be different than in the bulk of the film. Quintela et al. found Mn-deficient atomic layers
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at the interfaces of Mn3GaN with STO and LSAT substrates, which they attribute to a
charge imbalance of the two materials [127]. It is possible that a similar effect occurs in
Mn3SnN in conjunction with the formation of Mn displacements.

8.4.3 Summary of Structural Models

To conclude the main part of this chapter, Table 8.3 summarizes the presented structural
models and the resulting fit quality. In the next section, further details concerning the
PDFs at the two Mn sites are discussed, which are interesting from the viewpoint of
structural refinement of thin film data.

Table 8.3: Summary of the structural models employed in the refinement of XRD data of (001)-

oriented Mn3SnN. Mn; and Mnj; are Mn atoms near high-symmetry sites at z =0 and z = %,

respectively. Structural disorder can be harmonic (H) or anharmonic (AH) as well as isotropic (I)
or anisotropic (AI). In all models, the lattice parameters are a = b = ¢ = 4.06 A.

Model SGR Mn sites Disorder R, (%)
Mny Mny Mn Sn N
Cubic Pm3m 3c H, I H,I HI 16
ADP-CS P4 /mmm lc 2e AH, Al H,AI H,I 0.6
Split-sites 16x16u 4x8q H,I H,I H,I 4
ADP-NCS P4 1b 2c AH, Al H,AI H,I 0.019
Shifted-sites T x4f  4x8g  H,I H,I HI 24

8.5 Interpretation of the Probability Density Function

In the last section, a simplified structural model based on the non-centrosymmetric SGR
P4mm is given, which is consistent with structural refinement using anharmonic and har-
monic displacement parameters as well as with the magneto-transport measurements (see
Chapter 9). Nevertheless, in the following, the PDFs at the two Mn sites are discussed in
more detail.

First, it is noted that the PDFs plotted in Figures 8.4(a) and (b) are simplified in order
to highlight the physically relevant features of the PDFs. Specifically, only positive PDF
values are plotted in the figures. With reference to Equation 8.14, the PDF can have
negative values, which, however, have no physical meaning [142]. Instead, they result
from truncation errors, as the PDF is the Fourier transform of the generalized Debye-
Waller factor in reciprocal space (Equation 8.10). As such, truncation errors may arise
due to the disorder being described only up to 4" order, especially in the presence of
strong gradients of the PDF in real space.

Figure 8.6(a) shows the PDF at the 4-fold symmetrically split 2¢ site viewed along the
y-axis. In this view, the maximum PDF is not found at u, =0, i.e., at z = % Instead, it
is shifted towards negative u_, similar to the 1b site. It can also be seen that at positive u,
the PDF is strongly negative (dashed lines). However, large negative PDFs are unphysical
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Figure 8.6: Additional sections of the PDFs at the 2c site (top row) and 1b site (bottom row) within
the non-centrosymmetric ADP model. In each row, the figures share a common color bar, shown
in (b) and (d), respectively. Negative PDF values are shown as dashed lines. (a), (c) Views along
the [010] direction of the xz-planes at u, =0, i.e., at y=0and y = %, respectively. Red lines
indicate the positions of the xy-sections presented in the right column figures. (b), (d) Views along
the [001] direction of the xy-planes at u, = —0.25A and u, = —0.4 A, respectively. Red arrows
indicate the direction of the elongation of the PDFs at the different sites.

and this effect is considered an artifact [142]. This justifies restricting the 2c site to lie
within the xy-plane at z = %

Figure 8.6(b) shows the PDF at the 2c site in the same view as in Figure 8.4(a), but
at u, = —0.25 A. Note that Figures 8.6(a) and (b) share the same color bar. Again, the
pronounced 4-fold splitting of the 2c¢ site can be observed, in agreement with the harmonic
shifted-sites model.

Considering the PDF at the 1b site, presented in Figure 8.6(c), the only difference
compared to Figure 8.4(b) is the appearance of a low but positive PDF at positive u,
values. This feature is not shown in the previous chapter, as it is unclear whether it
has physical significance. Given the second minimum of R, in the shifted-sites model in
Figure 8.4(d), this second maximum in the PDF may reflect the presence of a minority site
at positive u, values. However, as it has no impact on the interpretation of the transport
data, this feature is not considered in the structural model. Lastly, Figure 8.6(d) shows
a section of the PDF in the xy-plane at u;, = —0.4 A, i.e., at the maximum of the PDF at
the Ic site. Here, the effect of the ADP D!1?? in constricting the PDF in-plane along the

{110} directions becomes apparent.
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Figure 8.7: Isosurface plots of the PDFs within the NCS-ADP model at the Mn sites in SGR P4mm
(a) 2¢ with PDF isosurface value of 0.7 and (b) 1b with PDFjy, of 1.0.

Another way to visualize the atomic disorder represented by the PDFs is through three-
dimensional isosurface plots at fixed PDF values. This is shown for two different PDF
values at the Mn 2¢ and 1b sites in Figure 8.7. Again, the most important structural
features can be observed, namely the four-fold splitting of the Mny atom and the shift of
the Mny atom toward negative u, values.

This concludes the discussion of the formation of Mn displacements in MSN, resolved
by structural refinement of XRD data of MSN thin films. In the following, it is discussed
how the results of the magneto-transport measurements presented in Chapter 7 and the
structural investigations presented in this chapter are related to each other. Specifically, it
will be shown how the presence of atomic Mn displacements can explain the observation
of a non-zero AHE in MSN thin films, despite their cubic lattice metric.
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Chapter 9

Resolving the Anomalous Hall Effect in
Mn3SnN

9.1 Magneto-structural Coupling and Spin Canting in Antiper-

ovskite Nitrides

Manganese-based antiperovskite nitrides exhibit pronounced coupling of crystal and mag-
netic structure. From Figure 4.3 (p. 33) it can be seen that most antiperovskite nitrides
exhibit non-collinear antiferromagnetic (NCAF) phases with triangular spin textures only
if their crystal structure is cubic. Tetragonal crystal structures, on the other hand, are
associated with other types of magnetic order. Antiperovskites are also very sensitive to
external stimuli as regards their crystal and magnetic structure. For example, in Mn3NiN
the first-order cubic-to-cubic crystallographic phase transitions at the Néel temperature
are accompanied by a strong lattice expansion with decreasing temperature, leading to
negative thermal expansion coefficients [99, 100, 143-148]. In some cases this leads
to low temperature coefficient of the electrical resistivity as well [149, 150]. Another
consequence of the strong coupling of magnetism and lattice is the coupling of the lat-
tice to external magnetic field, which results in pronounced magnetostriction and shape-
memory effects [151-153]. Furthermore, as phase transitions are associated with latent
heat, the magneto-structural coupling entails magneto-caloric effects across phase transi-
tions [154]. Similarly, externally applied pressure induces changes in the magnetization
(baromagnetic effects) [155] and in latent heat (barocaloric effect) [101, 156, 157].

Many of the described effects observed in bulk material have counterparts in thin films.
Most importantly, a two-dimensional equivalent of the baromagnetic effect is piezomag-
netism, in which the application of (biaxial) strain leads to the emergence of a net mag-
netization. This effects was studied theoretically in several cubic NCAFs [118, 123,134,
158,159]. Piezomagnetism was further investigated experimentally in Mn3NiN thin films
by Boldrin ef al. [160, 161]. Mn3NiN thin films were grown on different perovskite ox-
ide substrates. The different lattice mismatches between substrates and film led to films
with compressive or tensile biaxial strain. By varying the substrate material, other effects
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that could affect the magnetization could be excluded. In contrast, in another work on
Mn3SnN, You et al. varied the nitrogen content rather than the substrate material [34]. Al-
though this is likely to change the strain state due to a change in lattice constants, it stands
to reason that the altered material chemistry itself directly affects the spin texture and the
measured magnetization. Furthermore, in that work, the film composition was not quan-
tified. Similarly, Boldrin et al. report only on the Mn to Ni ratio of their Mn3NiN films
as quantified by energy-dispersive X-ray spectroscopy (EDS) [160]. Therefore, chemical
effects cannot be excluded in those Mn3NiN films.

(a) Bulk (b) Distortions (c) Displacements
Pm3m P4/mmm P4mm
a=b=c t=cla>1 t<1 a=b=c

o (%)
o %o’ 9
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M,=0 M, <0 M,>0 M,>0

Figure 9.1: Model structures to illustrate the emergence of canted moments in samples with tetrag-
onal distortions and Mn displacements. (a) In the cubic bulk structure the I'*¢ spin texture is fully
compensated (bottom row, viewed along [111] with spins shown in blue). In contrast, (b) com-
pressive or tensile tetragonal distortions or (c) atomic Mn displacements lead to the emergence of
net moments (shown in red).

Figure 9.1 illustrates how symmetry lowering from cubic to tetragonal in the form
of tetragonal distortions can lead to the appearance of a net magnetization. In the cubic
antiperovskite bulk structure with Pm3m SGR symmetry, the Mn atoms form equilateral
triangles on the (111) Kagome plane, as highlighted in light gray. The spin residing on
the Mn sites are antiferromagnetically coupled. This configuration is a textbook example
of a geometrically frustrated system of three spins [64,65] and, in the case of many cubic
NCAFs, leads to the emergence of trigonal spin textures such as the one corresponding to
the I'*¢ configuration shown in Figure 9.1(a), for example. The spins exactly compensate
each other and the net magnetization is zero. In this case, the magnetic texture is insensi-
tive to magnetic field.

Next, the case of biaxially-strained films is considered. In epitaxially grown cubic
samples, the in-plane lattice parameter of the film ay is forced to be equal to that of
the substrate a;. There are two commonly accepted mechanisms for strain relaxation in
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epitaxial thin films: misfit dislocations and tetragonal distortion [38]. If ay > ay, the
film is compressively strained, often resulting in a tetragonal elongation characterized by
t=cy/ay > 1.1If ay < ay, it is tensile strained leading to tetragonal distortion with r < 1.
Tetragonal distortions reduce the crystal symmetry from Pm3m to the highest-order non-
isomorphic subgroup P4/mmm. Both cases of tetragonal distortion are schematically
shown in Figure 9.1(b). Taking the case + < 1 as an example, it can be seen that the
distance of the Mny atom to the two Mny atoms is reduced. The Kagome plane is distorted
and the Mn atoms form an isosceles triangle (highlighted in green). As a result, the
antiferromagnetic exchange between the Mny and the Mnj; atoms is larger than between
the Mnyy atoms, leading to a canting of the Mnyy spins towards the Mny atom. The three
spins no longer exactly compensate each other, thus leading to the emergence of a net
magnetization in the [-1-12] direction with z-component along the crystallographic c-axis
of M, > 0 (highlighted in red). The direction of the net moment also depends on the
details of the spin configuration. When the magnetic texture is in the I”°¢ configuration
instead of the I'*¢ configuration, the net moment points along the [110] direction.

The magnitude of the net magnetization is relatively low; it was calculated to be
around 0.04 ug /f.u. at 1 % strain in Mn3NiN and Mn3GaN [118, 134]. In Mn3NiN films
grown by Pulsed Laser Deposition (PLD) a magnetization of up to around 0.15 ug /f.u.
at —0.3 % strain was measured [160]. However, it should be noted that already the PLD
target used for thin film fabrication showed a magnetization of around 0.04 ug /f.u.

Through the structural refinement discussed in the previous chapter, it is found in this
work that the crystal structure of Mn3SnN thin films is characterized not by tetragonal
distortion, but by displacements of the Mn atoms away from high symmetry position that
lower the space group symmetry to P4mm, despite the lattice metric appearing as cubic
within the measurement error. Figure 9.1(c) exemplifies how Mn displacements can also
lead to the emergence of net moments. Because of the statistical four-fold splitting of the
Mnyy atom, the description is more complex than in the case of tetragonal distortions. The
exact orientation and magnitude of the net moment due to canting depends on the local
site occupation in a given unit cell.

To confirm the hypothesis of displacement-induced spin canting, model spin density
functional theoretical calculations were performed.! The calculations were performed us-
ing a first-principles full relativistic Green function method [162, 163] within the density
functional theory in a generalized gradient approximation [164]. This functional ade-
quately reproduces the electronic and magnetic properties of the given compound. The
model crystal structure was adopted from the results obtained from structural refinement
presented in the previous chapter. The magnetic structure of the system and magnetic
interactions were determined using the frozen magnon approximation and the magnetic
force theorem, implemented within the multiple scattering theory [163, 165, 166]. In the
ground state the magnetic moments were found to form an antiferromagnetic structure
with a Néel temperature of 450 K, obtained within a random phase approximation [167].

IThe fruitful collaboration with Arthur Ernst at Johannes Kepler University Linz is greatly appreciated.
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Figure 9.2: The lattice Fourier transform of the exchange interactions J(g) in Mn3SnN in the case
of the cubic bulk structure and with Mn displacements at the 2e (z = 1/2) and 1c (z = 0) site. The
maximum of J corresponds to the total energy minimum and determines the ordering vector of the
magnetic structure.

The Fourier transform of the exchange interaction J, was calculated and is shown in
Figure 9.2 along high-symmetry lines in the Brillouin zone. This allows for determination
of the underlying magnetic structure, since J, is proportional to the magnetic susceptibil-
ity; the maximum of J, corresponds to the maximum of the magnetic susceptibility.

First, the exchange constants for Mn3SnN in the cubic structure (SGR Pm3m) without
Mn displacements were calculated. The susceptibility has a maximum at the X high sym-
metry point of the Brillouin zone. This corresponds to the non-collinear I'°¢ magnetic
structure. Zero net magnetization is obtained using the frozen magnon approximation.
It should be noted that these ground-state calculations were not able to reproduce the
experimentally observed magnetic structure, which exhibits temperature-dependent spin
rotation. This may be explained by the low energy difference between the two configu-
rations, which is mostly dominated by spin-orbit coupling that can be considered to be
orders of magnitude smaller than the exchange interaction [134].

Next, Mn displacements are considered within the centrosymmetric ADP model with
P4 /mmm SGR symmetry (Chapter 8.3) and the effect of 2e site and 1c site splitting inves-
tigated separately. In the case of 2e site splitting the magnetic ordering vector is the same
as for the structure without Mn displacements, although the induced disorder affects the
magnitude of the exchange interaction in the system. In the case of splitting of the 1c site,
the exchange interaction is very different from the two previous cases. The maximum of
the Fourier transform J, is located between the I" and R points. In real space, the structure
is characterized by a canting of the Mn spin at the 1c¢ site by 3.5° into the [001] or [00-1]
direction, depending of the direction of the displacement along the c-axis. The resulting
moment from the uncompensated spin texture is 0.06 ug /f.u.

Comparison with the magnetic characterization of the MSN thin films shows that the
calculated canted moment is likely to be overestimated, as the measured saturation mag-
netization in 20 nm as well as 200 nm thin films is below this value [see Table 6.3 (p. 56)].
Nevertheless, the calculations support the hypothesis that the Mn displacements induce
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canted moments in the NCAF structure. Here, displacements at the two sites are consid-
ered independently in order to distinguish their effects on the magnetic structure. In a
real sample, there are many possible local arrangements of Mn atoms, resulting in locally
varying magnitude and direction of the canted moment. These moments are, therefore,
highly correlated with the local Mn atoms and their spin arrangement.

In the case of the non-centrosymmetric ADP model with P4mm SGR symmetry the
Mny atom is shifted towards the substrate. On the other hand, in first approximation, the
effect of the splitting of the Mnj; atom can be expected to cancel out on average and only
the shift of the M atom has to be considered. The above calculations show that displace-
ment of the Mny atom strongly affects the magnetic exchange in the system. Therefore,
the system behaves similar to the case of tetragonal contraction shown in Figure 9.1(b)
and a net magnetization with M, > 0 emerges. Application of a magnetic field in negative
z-direction reorients the weak moment and, thereby, reverses the Mn spins. As a non-zero
net moment is required for domain structure control, only the P4mm SGR is also consis-
tent with the AHE measurements, as will be discussed in the next section.

9.2 Manganese Displacements and the Anomalous Hall Effect

9.2.1 Crystal Structure, Magnetism and Magneto-Transport

In many materials, the crystal structure determines the magnetic order [64]. In turn,
magnetism affects the material’s magneto-transport properties. Because of the strong
magneto-structural coupling in cubic NCAFs, the interplay of crystal structure, mag-
netism and magneto-transport is very complex. This is illustrated in Figure 9.3 and dis-
cussed in the following.

On the level of the crystal, there are two main effects to consider: frustration and
atomic displacements. Magnetic frustration of the large spin moments residing on the
Mn atoms forming a Kagome lattice is at the heart of the formation of NCAF order in
these materials. The formation of the trigonal spin arrangements is an energy compro-
mise. Therefore, the magnetic texture is susceptible to small changes on the level of the
crystal structure. In some cubic NCAFs, such as Mn3NiN and Mn3SnN, this manifests as
coherent spin rotation within the Kagome plane as a function of temperature, for instance.

Crystal structure and magnetism play an important role in determining the material’s
electronic band structure. Linear transport theory formulates how (magneto-)transport
effects can be calculated from the band structure. In the case of NCAFs, various inter-
esting transport effects result from a non-zero Berry curvature of the bands, in this work
exemplified by the intrinsic AHE. Here, the AHE is intrinsic to the material and directly
results from the electronic band properties, rather than from extrinsic scattering mech-
anisms [15]. The symmetry of the Berry curvature in k-space is related to the crystal
and, most importantly, to the magnetic symmetry, as discussed in Chapter 7.1 (p. 62).
In cubic NCAFs, this manifests as a dependence of the AHC on the in-plane spin angle
6. Conversely, in this work, this dependence is utilized to conjecture the presence of
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Figure 9.3: Schematic of the relationships and dependencies of crystal structure, magnetism and
magneto-transport effects in cubic NCAFs.

temperature-dependent spin rotation in MSN thin films, which, otherwise, is very diffi-
cult to observe experimentally.

While the discussion so far describes NCAFs in general, the path on the right side in
Figure 9.3 describes the effect of displacements of the Mn atoms. As shown through ab-
initio calculations, the strong symmetry lowering induced by the atomic displacements
leads to spin canting. This is essential to observe a net AHE in MSN, as it allows to set a
preponderance of one type of NCAFs domains over others by applying a magnetic field or
spin torque. This is exemplified in the figure for a possible local atomic arrangement that
generates spin canting. Application of a magnetic field allows to rotate the net moment by
180°. This process corresponds to a rotation of each of the three spins contributing to the
net moment by 180°. This 180° spin rotation is equivalent to a time reversal operation.
Since the Berry curvature and, by extension, the AHC, are odd under time reversal, this
process entails a sign change of the anomalous Hall voltage. The effect of Mn displace-
ments is ultimately extrinsic, as it enables the control of magnetic domains on the level
of the real sample. Note that this does not elude to an extrinsic AHE, which is due to
scattering from impurities in the presence of strong SOC [15]. The AHE discussed here
1s, indeed, intrinsic in nature.

There is a correlation of the net magnetization with the AHE. Clearly, the absence of
a net magnetization on an atomic level in the case of the bulk crystal structure with cubic
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symmetry correlated with a vanishing AHE. However, it is not sufficient to break the
cubic symmetry. In the case of the tetragonal, centrosymmetric structure with P4/mmm
symmetry, the displacements are point symmetric around the high symmetry Wyckoff
sites. For each unit cell with a Mnj atom displaced to negative z-values, there exists
a unit cell, in which the atom is displaced to positive z-values. Averaged over many
unit cells, the resulting net moments exactly cancel and, again, no net effect is observed.
P4/mmm symmetry is, therefore, inconsistent with the observation of a net AHC. This
finding justifies the structural symmetry lowering to the structure with P4mm symmetry
in the structural refinement. The key difference is the breaking of the mirror symmetry
perpendicular to the [001] direction, allowing for unidirectional, non-centrosymmetric
displacement of the Mn; atoms with a tendency for the Mn atoms to be displaced toward
the substrate. Only then it is possible that the canting caused by the Mn displacements
does not average out globally.

In summary, the key role of Mn displacements is to allow the control the NCAF do-
main structure and, thereby, enable the observation of a net AHC. The novelty of this
finding is that, previously, it was assumed that tetragonal distortions need to be present
in thin film samples for a non-zero net AHC to be measured. The results presented here
prove that the AHE may be, instead, enabled by more subtle structural symmetry low-
ering. On the one hand, the measurement of Mn displacements requires more elaborate
structural analysis, as shown in Chapter 8. On the other hand, it could also be shown that it
is possible to perform these experiments in a laboratory setup and access to a synchrotron
facility is not necessary.

9.2.2 Comparison of Mn3SnN and Mn3Sn

Atomic Mn displacements or tetragonal distortions in thin films of cubic NCAFs serve
the same role as the intrinsic spin canting in their hexagonal counterparts. There are,
however, notable differences between the two groups of materials as regards the magnetic
anisotropy and the mechanisms for domain structure control, as shown in Table 9.1 and
discussed in the following.

Mn3Sn has pronounced easy-plane anisotropy within the Kagome plane. Six stable
directions within the Kagome plane are induced by single ion anisotropy, but the en-
ergy barrier between them is very low and of the order of magnitude of 0.1 peV [133].
Mn3SnN, on the other hand, has strong three-fold symmetric uniaxial anisotropy within
the Kagome plane. The energy barrier to reverse the spins along these axes has been
calculated for various antiperovskites Mn3ZN (Z=Ni, Zn, Ga, Ag) and is of the order of
magnitude of a few 0.1 meV, a factor of 1000 larger than in the hexagonal case. Therefore,
the switching process in Mn3Sn and Mn3SnN is very different. In Mn3Sn the spins can
be easily rotated within the Kagome plane by the application of a magnetic field, while in
Mn3SnN a spin reversal of spins pointing along strong anisotropy axes is required. The
spin rotation with field in Mn3Sn has to be distinguished from the temperature-induced
spin rotation in Mn3SnN. The latter results from a temperature dependence of the direc-
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Table 9.1: Comparison of the AHE observed in Mn3SnN and Mn3Sn: anisotropy, mechanism
of domain control and experimental AHC loop shape, theoretically predicted AHC and values
measured in thin films and bulk. If not indicated otherwise, values at 300 K are given.

Mn3;SnN Mn3Sn
Anisotropy  Origin Magneto-crystalline Single ion
Direction  Three-fold uniaxial Easy Kagome plane
(two stable orientations) (six stable orientations)

Energy ~ 0.1 meV (Mn3ZN) [110] ~0.1peV [133]

Domains Control Displacements, Intrinsic
distortions spin canting
Hysteresis
AHC Theory ooo1 = 133 [61] Oy, = 248 [17]
(Q 'em™) o001 = —74 [168] 0. = 129 [17]
Thin films ~ ¢}J7% ~ 0.8 Or31 = —19 [169]
oK ~ 2.8 [34] O4013 = —21 [130]

tion of the anisotropy axes (parametrized by the anisotropy constants) with temperature,
which manifests in a rotation of the spins with temperature [104].

The second key difference is in the mechanisms enabling domain structure control in
the two compounds. In Mn3Sn, on the one hand, single ion anisotropy induces intrinsic
spin canting with a defined direction with respect to the crystal axes. In Mn3SnN, on the
other hand, spin canting is induced by Mn displacements or tetragonal distortions. The
magnitude and direction of the canted moments depend on their local environment and
are, therefore, highly correlated with the local structural disorder.

These two main differences in anisotropy and domain structure control may explain
the differences in the shapes of the magnetic and AHC hysteresis loops, as sketched in
Table 9.1. While Mn3Sn bulk and thin film samples show clear, ferromagnet-like hys-
teresis, Mn3SnN displays large coercive fields of several Tesla. Furthermore, it exhibits
non-saturating AHC hysteresis, reminiscent of minor loops in ferromagnets. This effect is
found in AHC loops as well as magnetization loops measured in thick samples, in which
the magnetization is not dominated by defects (see Chapter 6.3.1, p. 55), and it persists
to high fields of up to 9T. Gomonaj and L'vov show that the anisotropy constants in
antiperovskites are dependent not only on temperature, but also on magnetic field [104].
The application of a field along the [111] direction is expected to result in a spin rotation
towards the I8 configuration. In the case of (001)-oriented MSN films, the measurement
configuration is such that there is a component of the magnetic field along the [111] di-
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rection. Therefore, it is possible that field-dependent spin rotation has to be considered to
explain the shape of the magnetic and AHE hysteresis in MSN.

Lastly, the magnitude of the AHC of Mn3zSnN and Mn3Sn are discussed. In Mn3Sn
bulk samples and thin films, the AHC is in the order of a few tens of Q~lem~!, which
is about 10 % of the theoretically predicted value, as shown in Table 9.1. For Mn3SnN,
no bulk crystal measurements have been reported. Nevertheless, it becomes evident that
the AHC of the films presented here as well as reported elsewhere [34] is only a few
percent of the calculated values (in Table 9.1, the remanent values measured at the tem-
perature with maximum AHC are reported). Also, the calculated values reported in the
literature strongly differ in magnitude and sign. This may be attributed to the subtle effect
of temperature-dependent spin rotation, which the thin films sample are subject to, but
which are not captured correctly in ab-initio calculations. Therefore, comparison of the
experimental and the calculated values is difficult. Nevertheless, it is also observed that
the AHC is generally lower in Mn3SnN than in Mn3Sn, which may also be a result of the
non-saturating nature of the AHC hysteresis.

9.3 Open Questions and Outlook

Returning to Figure 9.3, there are two relations that still pose open questions. One con-
cerns the effect that Mn displacements have on the temperature-dependent spin rotation.
A linear dependence of the in-plane spin angle 6; on temperature is found in the thin
films samples, similar to bulk samples. This suggests that, in first approximation, the Mn
displacements do not interact with the spin rotation. This is supported by the fact that the
magnitude of the displacements is mostly temperature-independent, as can be seen from
Figure 8.5(b). Nevertheless, as discussed above, because of the strong magneto-structural
coupling, the magneto-crystalline anisotropy is likely highly susceptible to small changes
in the crystal structure. Therefore, it is plausible that the displacements do affect the spin
rotation via the magnetic anisotropy through structural modifications that are below the
limit of detection of the measurement.

Figure 9.4 compares the temperature phase diagram of Mn3SnN in bulk material, ob-
tained by powder neutron diffraction [92], and in thin film form up to 400K, inferred
here from combined structural, magnetic and magneto-transport characterization. The
most apparent difference is the absence of phase transitions in thin films. Over the entire
temperature range from 5 K to 400 K, the crystal structure with P4mm SGR symmetry
characterized by Mn displacements and the canted NCAF structure is stabilized. This is
in contrast to bulk MSN, which shows a much richer phase diagram and also exhibits
collinear AF and complex ferroic structures, accompanied by pronounced tetragonal dis-
tortions.

Given the correlation of Mn displacements with the NCAF structure, it is reasonable to
assume that the displacements stabilize the NCAF structure by suppressing the structural
distortions encountered in bulk material. It is also possible that this is not a unique feature
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Figure 9.4: Phase diagram of Mn3SnN in bulk material (Ref. [92]) and thin films (this work).
Crystallographic phases in gray (C: cubic, T;™: tetragonally contracted, T;*: tetragonally elon-
gated) and magnetic phases in magenta (cF: complex ferroic).

of the Mn displacements, but may similarly be induced by tetragonal distortions in MSN
thin films [34]. Another possibility is that the bulk phase diagram is incorrect. It should
be noted that there is only one report of powder neutron diffraction experiments in the
literature [92]. Comparison with Mn3NiN, for which there are several conflicting reports
[83,99, 101], suggests that the phase diagrams of antiperovskites are highly sensitive to
sample parameters such as their composition.

There are also clear differences in the details of the temperature-dependent spin ro-
tation between bulk material and thin films. In bulk MSN, spin rotation occurs from
0, = 90° (I'*s configuration) to 6; = 45° (combination of 8 and I8 configuration).
This may be a direct result of the greatly enhanced phase stability of the NCAF phase
in thin films samples. It is conceivable that the collinear AF phase found in the bulk is
suppressed in thin films and the material is NCAF up to the Néel temperature. Although
transport measurements were not possible above 400 K due to experimental limitations,
linear extrapolation of the in-plane spin angle 6 to temperature above 400K yields a
Néel temperature of ~ 490 K, which is slightly above the bulk Néel temperature of 475 K.
However, the spin rotation appears to be more complex as compared to bulk MSN. One
might expect that the structure rotates from the I'*¢ configuration at Ty to the I'>¢ configu-
ration at low temperatures. Instead, it is found that the 38 structure is reached at =~ 333 K,
as inferred from the vanishing AHC at this temperature. Below this point, the structure
rotates further and reaches again the I'*¢ configuration at the temperature of maximum
AHC of 175 K, below which it rotates again to s,
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There are two hypotheses to explain this unusual temperature-dependent spin-rotation
in MSN thin films. The first challenges the underlying assumption that the temperature
dependence of the AHC is dominated by the effect of bulk-like spin rotation [see Chapter
7.1.2 (p. 65)]. It cannot be excluded that other so far unexplored effects contribute to the
AHE. Another explanation is based on the presence of Mn displacements in MSN thin
films. The local symmetry and magnitude of the Mn displacements may have more com-
plex temperature dependences than can be resolved in the structural refinement. It is also
noted that the temperature dependence of the AHC is different in MSN thin film samples
reported in the literature [34]. Again, this may be attributed to a high susceptibility of the
spin rotation to structural parameters.

In summary, the findings presented here reveal very complex and interesting inter-
dependences between structural symmetry lowering in the form of Mn displacements,
spin canting, non-collinear antiferromagnetism and intrinsic transport effects in the cubic
NCAF Mn3SnN. An important aspect is that the phase diagram of MSN is very different
in bulk and thin film material. Figure 4.3 (p. 33) shows the crystallographic and magnetic
phases of various Mn-based antiperovskite nitrides. Assuming that MSN is not unique in
its property to have different phase stability in bulk and thin film form, Table 9.2 lists a se-
lection of material candidates whose magnetic properties are unknown or that are known
to display NCAF phases in temperature ranges previously considered uninteresting (ei-
ther very high or very low). The observation of enhanced stability of the NCAF phase
in MSN thin films, therefore, motivates the investigation of other previously unexplored
antiperovskite nitrides.

Table 9.2: List of antiperovskite nitrides compounds that may be interesting for thin film investi-
gation.

Z Comment References

Zn T%-type NCAF below RT [82,84]
Ge I8-type NCAF at very high T [72]
Rh Magnetism for x = 1 unclear (Mn3SbN-like?) [72,103]
Pd  Cubic structure, magnetism (AFM) unclear [72,102]
[
[
[

Ag Spin-rotational NCAF at very low T, details unclear [90, 105]
Cd Structure and magnetism unknown 72]
In  Weak ferromagnetic, similar to Mnz AgN 72,98, 100]

So far, the AHE in Mn3SnN was investigated and shown to be enabled by atomic Mn
displacements. This new concept is developed further in the next part. First, it is in-
vestigated how various magneto-transport effects in NCAFs are affected by the presence
of different kinds of NCAF domains. By comparison with the existing literature and in
conjunction with additional structural measurements it is further argued that Mn displace-
ments are not limited to Mn3SnN and that they may enable the observation of transport
effects beyond the AHE in antiperovskites.
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Chapter 10

Transport Effects Beyond the
Anomalous Hall Effect

10.1 Lead-in

The semi-classical transport formalism was introduced in Chapter 3.1 (p. 25) for the case
of the anomalous Hall effect (AHE). In Part III AHE measurements of the cubic non-
collinear antiferromagnet (NCAF) Mn3SnN (MSN) were presented. It was demonstrated
that the observation of the AHE in (001)-oriented MSN thin films is not, as commonly
assumed, enabled by tetragonal distortion but, instead, by displacements of the Mn atoms
away from high symmetry sites. In contrast, (111)-oriented MSN displays no AHE, which
results from the presence of a multi-domain state in the sample.

Domain structure control in NCAFs is an important factor that has to be considered,
if these materials are to be used in practical spintronic devices. In ferromagnets, the
AHE and other transport effects correlated with magnetization can be easily controlled by
magnetic field or spin torque. This is not generally the case in NCAFs. The success of
hexagonal NCAFs such as Mn3Sn is likely in great part due to the vanishingly small net
magnetization that is intrinsically coupled to the magnetic structure and, thereby, allows
for domain structure control by magnetic field [29]. It follows that the mechanisms for
domain structure control in cubic systems without such intrinsic mechanism needs to be
understood fully, which this work is contributing to.

So far, it has been shown how the presence of multi-domain states in the cubic NCAF
MSN leads to a vanishing AHE. This knowledge can be transferred to other charge and
spin transport effects. In this part the effect of NCAF domains on magneto-transport ef-
fects beyond the AHE is discussed. It is shown that several interesting transport effects
cancel in the presence of multi-domain states, similar to the AHE.! In Chapter 10.3 this
will be discussed and compared with the current literature and it will be shown that there
are several works, in which Mn displacements could play the role of enabling the obser-
vation of the investigated transport effects. This is supported by experimental evidence of
Mn displacements in thin films of the antiperovskite nitrides MnzGaN and Mn3SnN.

!Fruitful discussion and help with the symmetry analysis by Robin Neumann is greatly appreciated.
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Chapter 10. Transport Effects Beyond the Anomalous Hall Effect

10.2 Magnetic Domains in Charge and Spin Transport

10.2.1 Anomalous Nernst Effect

The anomalous Nernst effect (ANE) is the thermoelectric equivalent of the AHE. NCAFs
have gained recent attention also in the field of thermoelectric current and spin generation
as well as energy harvesting, because they can generate large thermoelectric signals, again
with the advantage of having vanishingly small magnetization [170-172].

The ANE describes the generation of a transversal charge current not by an electric
field (a mechanical force) but by a thermal gradients VT (a statistical force). The anoma-
lous Nernst conductivity (ANC) o, B is related to the AHC as [173,174]:

1 af eE—u
Ogp = —Z/deﬁcaﬁ(s) T (10.1)

Herein, e is the electron charge, u the chemical potential and the integral is over energy
€. f is the Fermi distribution function

B 1
f(8>_exp( >—|—1

The relation between AHC and Berry curvature €2, is given as (Equation 3.4):

(10.2)

A’k

Z/BZ 3fn naﬁ(k)

In the limit of low temperatures, Equation 10.1 reduces to the standard Mott formula [56]

O — ﬂzk%TdGaﬁ
BT T T3, 4e

(10.3)

e=u

Equation 10.3 shows that the ANC is strongly temperature-dependent and highly sen-
sitive to the slope of the AHC near the Fermi level. A large AHC in a given material does
not necessarily mean a large ANC and vice versa (the correlation of AHC and ANC in
antiperovskite nitrides was studied by ab-initio calculations in Ref. [175]).

However, the ANC does inherit the symmetry of the AHC. Therefore, from a symme-
try point of view, all statements made so far about the AHE are also true for the ANE. This
concerns the shape of the ANC tensors, which are analogous to the AHC tensors shown
in Table 3.1 (p. 27), as well as the role of NCAF domains on the net transport effects.
Beyond charge transport effects, magneto-optical effects are also allowed by symmetry in
NCAFs [110], but the discussion of their spin order dependence lies outside the scope of
this work.
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10.2. Magnetic Domains in Charge and Spin Transport

10.2.2 Spin Polarized Current and the Spin Hall Effect

The semi-classical theory for charge transport can be generalized to account for effects
related to spin transport. In general, the linear response of an observable A to an electric
field E is [18]:

SA = y'E+4"E (10.4)
with
eh [2Re [ (nk|A|mk) (mk|® - E|nk
1=-2y [( 2\ \2 ) (mk| \2 >}2 (10.5)
n k.nm KEF—gnk) +I H(EF—Smk) +F]
I k|A|mk) (mk|®- E|nk
2 = —2he Z m | (nk|A|mk) (m |;) Ink)) (106)
k,n#£m (gnk - gmk)

In Equation 10.6 n are occupied and m unoccupied bands. I' is a constant broadening
parameter taking into account scattering.

Thereby, the linear response 8A is decomposed into two terms that behave differently
under time reversal. 7" is an antiunitary operator transforming a matrix element as

(nk|A|nk) — (nk|TAT |nk)* (10.7)

Because of the complex conjugate, x’ is invariant under 7', while x!/ will have an addi-
tional minus sign. Therefore, ¥’ is even under time reversal, while ¥’/ is odd.
In the case of charge conductance and the AHE, the observable A is equal to the charge
current density operator .
7= —‘71) (10.8)
Then, %! and x!! are, respectively, even and odd functions under time reversal. Physi-
cally, they describe (longitudinal) charge conductivity and (transversal) anomalous Hall
conductivity (see Table 10.1).
In order to describe spin conductance effects, A is chosen to be the spin current density
operator
7= %{§i7ﬁj} (10.9)
This term contains the spin operator §;, which is odd under time reversal. Thus, in con-
trast to the case of charge conductivity, ¥’ and y!! are now, respectively, odd and even
under 7. The spin conductivity tensor 0; ; is a 3x3x3 tensor, which can be represented as
three 3x3 matrices corresponding to the three spin polarization directions s=x, y, z. The
off-diagonal terms of the even parts of the spin conductivity tensors describe the spin Hall
effect (SHE). Similarly, the off-diagonal terms of the odd part describe spin currents that
resemble the SHE, but are odd under time reversal, an effect known as magnetic spin Hall
effect (MSHE). Lastly, the diagonal terms of the odd part describe spin polarization along
the charge current direction. In analogy to ferromagnets, this corresponds to longitudi-
nally spin-polarized (LSP) currents.
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Chapter 10. Transport Effects Beyond the Anomalous Hall Effect

Table 10.1 summarizes the even and odd contributions for the charge and spin current
operator. The various effects and their experimental verification is discussed further in
Chapter 10.3.

Table 10.1: Evenness and oddness of the contributions of ¥/ and x!/ to the linear response of
charge current and spin current to an applied electric field.

1 11

Operator A X X
A Even Odd
SN
Charge current - j = — 3% Charge conductivity AHE
. A A A Odd Even
Spin current 3= {3,9;} MSHE. LSP SHE

10.2.3 Symmetry Analysis: The Role of Magnetic Domains

In the following, results from symmetry analysis considering the presence of different
types of NCAF domains in real samples are presented.

(a) Type | (b) Type Il
Spin reversal 90° axis rotation

To Q@ﬂi
Q 0 O

0° 270°

90° 180°

©. 0 oo
1. -

Figure 10.1: Graphical representations of the two types of non-collinear antiferromagnetic do-
mains, shown for the I'*¢ configuration. (a) Type I domains related by a spin reversal operation
R, and (b) Type IT domains related by a rotation R. of the lattice by 90° around the z-axis, viewed
along the rotation axis.

The two types of NCAF domains considered here are shown in Figure 10.1. Type I
domains are the ones discussed previously in the context of AHE measurements. They
are related by a spin reversal operation R, of each spin in the unit cell. As discussed in
Chapter 9.2.2 (p. 91), cubic NCAFs differ from their hexagonal counterparts in that they
exhibit threefold uniaxial anisotropy axes. This anisotropy gives rise to type I domains,
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10.2. Magnetic Domains in Charge and Spin Transport

which are, therefore, very similar to “up” and “down” domains in ferromagnets with
perpendicular magnetic anisotropy.

On the other hand, Figure 10.1(b) shows type II domains, which have no obvious
counterpart in ferromagnets. They are generated by four-fold rotation R, by 90° of the
magnetic texture around the z-axis. The combination of type I and type II domains yields
eight domains in total.

Charge Conductivity Tensor The AHC is proportional to the integral of the Berry curva-
ture, which is odd under time reversal. If two domains are related by spin reversal Ry, then
they are also equivalent under time reversal 7. Therefore, the AHE contributions from
the two domains are exactly opposite. This explains the vanishing AHC in (111)-oriented
Mn3SnN thin films in Chapter 7.1 (p. 62). In this growth orientation there is no mecha-
nism that allows to set a single-domain state in the sample. Thus, the net AHC vanishes.
For brevity, in the following the term single-domain includes domain states characterized
by a preponderance of one domain.

To investigate the role of domains related by 4-fold rotation around the z-axis, the
corresponding transformation R., given as

0 0
R.=[1 0 0 (10.10)
0 0 1

is applied to the AHC tensor 6’ = RZGRZT. As shown in Table 10.2, when averaged over
the four domains, most of the AHC tensor components vanish. However, the component
measured in the experiment (marked in red) remains. Therefore, 4-fold rotation around
the z-axis does not cancel the AHC in (001)-oriented thin films with I'*¢ magnetic struc-
ture. This justifies that type II domains were, so far, not considered in the discussion of
the AHE.

Table 10.2: Anomalous Hall conductivity (AHC) tensors in the I”°¢ and ) configuration in the
case of a single-domain state and averaged over four type Il NCAF domains.

IRep c o™
00O 0 0O
s 000 000
00O 0 0O
0 Oy —Oy 0 oy O
I —0y 0 Oy —0y 0 0
Oy —0Oy O 0 0 0

Spin Conductivity Tensor The shape of the spin conductivity tensor is imposed by the
magnetic LGR symmetry [176]. The spin conductivity tensor is then decomposed into two
parts that are even and odd under a time reversal symmetry operation. The even and odd
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Chapter 10. Transport Effects Beyond the Anomalous Hall Effect

spin conductivity tensors for both I'*¢ and I'>% configuration in the case of a single-domain
state are presented in Table 10.3. The even components of the spin conductivity tensors
are the same in I'*¢ and I'¢ configuration, as they are invariant under the additional time
reversal operation distinguishing the magnetic LGR 31m and 31m/. In contrast, the odd
parts differ in the two cases.

The even components have the same sign in two domains related by spin reversal.
The off-diagonal elements in the even spin conductivity tensors correspond to the SHE.
The evenness of the intrinsic SHE renders it promising for spin-orbitronic application, as
the presence of type I domains does not lead to a cancellation of the effect. However, as
shown in the following, in the presence of type Il domains, some components of the SHC
tensor do cancel out.

The spin conductivity tensors transform as:

(6) = Y RipR;qRir0), (10.11)
pqr

Again, R, is applied to generate four domains that are 4-fold symmetric around the z-axis.
The averaged spin conductivity tensors are also shown in Table 10.3. The relevance of the
symmetry analysis presented here and how it relates to the existing experimental literature
is discussed in the next chapter.
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10.2. Magnetic Domains in Charge and Spin Transport

Table 10.3: Even and odd parts of the spin conductivity tensor in the I'* configuration (magnetic
LGR 31m') and I'3¢ configuration (31m) in case of a single domain state and when averaged over
four type II domains. Marked in red are those components that are measured in the typical device
geometries (Hall bars, ST-FMR devices, magnetic tunnel junctions).

Even parts:
Red: Spin Hall effect terms (measured in ST-FMR)
s, 15
o* o’ o*
X X X X X X X X
. (1 o GJ;y 6)0; Gﬁy ~ Oy Gyzx o nyy o (;yz Gy);
Single Oy, —0y, —Oy Oy 0 —oy Oy, Oy —Oy
X X X X X X X X
“Oun Oy Oyy “Oyz O Oy "0y Oy 0
0 O 0 0 0 oy 0 —oy O
Average 0 0 -—oj, 0 ‘ 0 0 o, 0 0
0 o, O -0y, 0 0 0 0O O
Odd parts:

Red: Longitudinally spin-polarized current terms (measured in z-direction)

e

c* o’ o¢
X X X X X X X X X
Oxe Oy Oy Oy Oy Oy Oyy  Oyz O
7 X X X X X X X X X
Single Oy Oy Oy, Oy O Oy Oy, Oy Oy
X X X X X X X X X
Oy, Oy, Oy Oy, Oy Oy Oy Oy Oy
0 0 oy 0 0 O o, 0 0
Average 0 0 O 0 0 oy 0 o5 O
X X X
o 0 0 0 o) O 0 0 o
s
X X X X X _~X _~X X
0 Oxy  Oxy Oyy Oy Oy Oy ~0y: O
: X _~X _~X X X X X _~X
Single Oy Oy, —Oy; Oy 0 Oy Oy, Oy Oy
X X X X X X X X
O Oy Oyy —Oy; Op Oy Oy Oy 0
X X
0 O 0 0 0 o 0 —oy, 0
X X
Average 0 0 -—oy 0 0 0 o, 0 0
X X
0 o, O -0, 0 0 0 0 O
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Chapter 10. Transport Effects Beyond the Anomalous Hall Effect

10.3 The Role of Mn Displacements in the Observation of Intrinsic
Transport Effects

10.3.1 Overview

This chapter examines how the symmetry arguments presented above relate to the existing
experimental literature on magneto-transport effects in cubic NCAFs. The focus lies on
the anomalous Hall effect, the spin Hall effect and longitudinally spin polarized charge
currents. While the latter is much less investigated than the former two, its potential sig-
nificant impact in the field of antiferromagnetic spintronics warrants a detailed discussion.

(a) Anomalous (b) Spin (c) Longitudinal
Hall Effect Hall Effect Spin Polarization

Figure 10.2: Schematic representations of magneto-transport effects in non-collinear antiferro-
magnets discussed here: (a) anomalous Hall effect (AHE) as well as (b) spin Hall effect (SHE)
and (c) longitudinally spin polarized current (LSP) with spin-rotational polarization direction.

Figure 10.2 shows schematic representations of the three effects and Table 10.4 lists
works that report on their measurements in cubic NCAFs. The list is limited to the an-
tiperovskite nitrides Mn3ZN (Z = Ni, Ga, Sn) and the non-nitride compound Mn3Pt. In
the following discussion emphasis is placed on the question whether Mn displacements
are a general feature in cubic NCAFs and as to their role in the observation of magneto-
transport effects. In this context, the effects are discussed from a symmetry viewpoint
and magnitudes of the effects, such as anomalous Hall conductivity or spin Hall angle,
are not discussed. It is shown that the structural characterization of different materials
presented in the literature suggests that, indeed, Mn displacements are a key component
to explaining transport effects in thin films of these materials.

10.3.2 Anomalous Hall Effect and Related Effects

The AHE resulting from symmetry-allowed non-zero Berry curvature has been investi-
gated in many NCAFs [16,17,29,30,33,36,61,110, 177]. This is likely in part due to the
straightforward measurement of the anomalous Hall voltage in thin films or Hall bar de-
vices. Previously, tetragonal distortions were believed to be required in order to observe
the AHE in cubic NCAFs, because of the absence of a material-intrinsic effect allowing
for control of the NCAF domains. In this work conclusive evidence is presented that the
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Chapter 10. Transport Effects Beyond the Anomalous Hall Effect

AHE can also be enabled by displacements of Mn atoms away from high symmetry posi-
tions. Therefore, it can also be present in samples with cubic lattice metric.

The AHE in MSN was also investigated in Ref. [34]. However, in that work the nitro-
gen content of the MSN was varied to change the strain state in the sample, as discussed
in Chapter 9 (p. 85). Furthermore, only the out-of-plane lattice parameter ¢ was evaluated
and the biaxial in-plane strain calculated, supposedly assuming volume conservation and
a unit cell volume of the compound with the correct stoichiometry. Measurement of the
out-of-plane lattice parameter is insufficient to prove the presence of tetragonal distortion.
The value of ¢ may deviate from the bulk value and the sample may have cubic lattice met-
ric with a = c. This is especially true, if the sample composition is unknown. Therefore,
the structural characterization presented in that work does not allow any conclusions to
be drawn about the presence or absence of tetragonal distortion in the presented samples.
The same is true about the report of the ANE and the SHE in samples grown by the same
research group [177,178].

Transport effects in isostructural Mn3NiN were investigated in several works by
Boldrin and Johnson et al. [33, 35,101, 160, 161, 179]. The lattice parameters of 50 nm
thin Mn3NiN films grown by Pulsed Laser Deposition (PLD) were measured by neutron
diffraction to be a = 3.887 A and ¢ = 3.894 A [161], which amounts to a tetragonality
of t = ¢/a =1.002. Similar to MSN (tetragonality of # = 1.000(3)) this value corre-
sponds to an almost perfectly cubic lattice metric. Given the low lattice mismatch of
Mn3NiN and STO of —0.5 % this low tetragonality is expected. In spite of this observa-
tion, non-zero AHE, ANE and magneto-optical Kerr effect (MOKE) were observed in
these samples [33, 35, 179]. With reference to Chapter 10.2.1, the observation of ANE
and MOKE is expected, given their symmetry equivalence to the AHE. It remains subject
of further study whether Mn displacements are also present in Mn3NiN thin films.

10.3.3 Spin Hall Effect in Mn3GaN and Mn3SnN

The off-diagonal terms of the even parts of the spin conductivity tensors describe the spin
Hall conductivity (SHC). Historically, the SHE was associated with heavy metals such
as Pt, where it is due to spin-orbit coupling. In heavy metals, an electric field applied
in x-direction generates a pure spin current in z-direction with spin polarization in y-
direction [22, 181]. Spin Hall currents can be measured using various indirect techniques
such as spin-torque ferromagnetic resonance (ST-FMR) [182]. Furthermore, the spin-
orbit torque (SOT) exerted by the spin accumulation on the adjacent ferromagnet is of
practical interest in spin-orbitronic devices [183, 184].

This classical SHE, in which the spin polarization is in the y-direction, is also observed
in collinear and non-collinear AFs [185-187]. Furthermore, from the off-diagonal ele-
ments of the even spin conductivity tensors in Table 10.3 it can be seen that the magnetic
symmetries in some NCAFs allow for non-zero SHC components with spin polarization
in directions other than in the y-direction. This is sketched in Figure 10.2(b). These
components give rise to “unconventional” [27] or ”spin-rotational” [25] SOT components
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components, which are technologically relevant, as they may allow for field-free switch-
ing of magnetic layers with perpendicular magnetic anisotropy [24,27, 184].

Table 10.3 also shows that there are off-diagonal terms that are odd under time reversal
symmetry. This effect has been referred to as magnetic spin Hall effect (MSHE) and was
reported in Mn3Sn and Mn3Pt thin films [188, 189]. The oddness of the effect requires
a single-type I domain state in the sample. Furthermore, similar to the even SHE, most
of the components vanish in the presence of a multi-type II domain state. Nevertheless,
MSHE components with spin polarization in x- and y-direction remain in the I'*¢ and %
configuration, respectively.

Nan et al. have investigated the SHE with time-even and spin-rotational symmetry in
Mn3;GaN (MGN) by ST-FMR measurements with varying in-plane field angle [27]. In-
deed, they find spin torque components resulting from spin currents with spin polarization
direction in Xx-, y- and z-direction, of which only the y-component remains when heating
the sample above the Néel temperature (in the paramagnetic phase, only the y-component
is allowed and is due to spin-orbit coupling). Furthermore, the authors find a vanishing
AHC, which is consistent with the presence of a I'¢ magnetic texture. These results are
consistent with a single-type II NCAF domain state. In a multi-type II domain state, on
the other hand, only the y-component is allowed by symmetry.

The authors find that the MGN thin films have almost cubic lattice metric with a
tetragonality of r = 0.995. They attribute the domain control to this small distortion. The
similarity in the apparent structural properties of the MGN films grown by Nan et al. and
the MSN films grown in this work were noted and it was hypothesized that the domain
structure control in MGN is enabled not by tetragonal distortion but by Mn displacement,
as in the case in MSN. This motivated the investigation of the SHE by ST-FMR in the
MSN thin films grown in this work as well. As presented in Appendix A, a SHE with
spin-rotational torque components is also found in (001)-oriented MSN, similar to Refs.
[27,178].

10.3.4 Mn Displacements in Mn3GaN and Domain Structure Control

To test whether Mn displacements are also present in Mn3GaN, 25 nm thin, (001)-oriented
MGN films were grown on MgO(100) by MBE.? The lattice parameters of the MGN thin
films were measured using the six-circle diffractometer and found to be bulk-like with
a=c=3.89A. This corresponds to a tetragonality of 1 = 1.000(4). Therefore, within
the margin of error of the measurement the sample can be considered to have cubic lattice
metric. This in spite of the large lattice mismatch of MGN and MgO of -7.3 %.
Structural refinement was performed analogous to that of MSN and employing the
shifted-sites model introduced in Chapter 8.4 (p. 78). Indeed, it is found that Mn displace-
ments with a magnitude similar to that found in MSN are present in the MGN thin films.
Figure 10.3(b) shows the displacement magnitudes at the two Mn sites against the lattice

2Thin film deposition and growth parameter optimization was performed by Malleswararao Tangi. The grow pa-
rameters are reported in Ref. [36].
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(a) (b) Mn,GaN Mn;SnN
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Figure 10.3: Mn displacements in Mn3GaN and Mn3SnN: (a) Graphical representation of the
refined non-centrosymmetric crystal structure model structures with P4mm SGR symmetry. (b)
Displacement magnitudes against lattice mismatch observed in Mn3GaN grown on MgO(100)
and Mn3SnN grown on STO(100).

mismatch of substrate and film material. It is found that Mn displacements are formed
under tensile (MGN) and compressive (MSN) substrate strain. This also suggests that
displacement formation is not due to characteristics of a single depositions techniques, as
it is found in samples grown by sputtering and MBE.

In the previous chapter, it was shown how tetragonal distortions allow for domain
structure control of type I domains [see Figure 9.1 (p. 86)]. Nan et al. argue that type II
domains can also be controlled by application of magnetic field. However, the direction
of the canted moment depends on the exact spin configuration. Figure 10.4 shows how
net moments can be generated by tetragonal distortions and Mn displacements in the I'*¢
and I'¢ configuration.

In the ['*8 configuration, the net moment is in {-1-12}-type directions and, there-
fore, has a component along the z-direction. This allows for control of type I domains
by application of magnetic field out-of-plane. Control of type II domains, however, is
not possible, as the direction of the in-plane component of the net moment of the four
different domains is unaffected by an out-of-plane field [see Figure 10.1(b)]. In the I'¢
configuration the net moment is along {-110}-type directions, and has zero component
along the z-direction. Therefore, in this configuration, and within this simplified picture,
domain structure control by net moments generated by tetragonal distortion or Mn dis-
placements is not possible with out-of-plane fields for neither of the domain types.

However, type Il domains can be controlled by in-plane magnetic fields, as shown in
Figure 10.5. This is important in the context of ST-FMR measurements, in which a field is
indeed applied in-plane and swept through the resonance condition of the ferromagnetic
layer. Furthermore, in the field angle-dependent measurements required to resolve the
x-, y- and z-torque components, the field is rotated in-plane around the sample normal.
In the ST-FMR measurements by Nan et al. the field strength was poH < 250mT. No
magnetization loops are reported in that work, but it is possible that the coercive field of
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Figure 10.4: Directionality of net moments due to spin canting in the I'*¢ and I'>¢ configurations
induced by tetragonal distortion and Mn displacements.

the weak moment in the films is smaller than 250 mT. For comparison, in Mn3Pt films
with comparable thickness the coercive field was found to be yugH, ~ 130mT [32]. Also,
the history of the sample is unknown and it cannot be excluded that it was subjected to
high in-plane fields prior to the reported ST-FMR measurements and might, thereby, have
been brought into a single domain state. Therefore, it is conceivable that a type II single-
domain state is generated in the sample prior to or during the ST-FMR measurement.

10.3.5 Longitudinal Spin Polarization

The last effect discussed here is the generation of charge currents with longitudinal spin
polarization (LSP). This effect is known from ferromagnets, in which a charge current
becomes spin-polarized when passing through the ferromagnet. In this case the spin po-
larization direction is along the magnetization direction. It cannot be overstated how
important this effect was in the development of spintronics, as it is at the heart of spin-
transfer torque (STT) and the associated magnetic random access memory (STT-MRAM).

MRAM is based on magnetic tunnel junction (MTJs) comprising two ferromagnetic
layers separated by a thin insulating tunneling barrier, typically made of MgO. Such a
junction exhibits tunneling magnetoresistance (TMR), in which the resistance of the junc-
tion depends on the relative orientation of the magnetization in the two ferromagnetic
layers. The properties of the two layers are tailored such that the magnetization of one
layer is fixed, while the magnetization of the other can be changed by magnetic field or
STT. Thereby, the fixed layer serves as spin polarizer, while the free layer serves as spin
detector.
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Figure 10.5: Type II domains in the I'*¢ configuration viewed along the rotation axis. Application
of a field H in [1-10] direction favors the domain at R, = 0° marked in blue.

LSP is related to the diagonal terms of the odd part of the spin conductivity ten-
sor (see Table 10.3). It was found that these terms can be non-zero in some NCAFs
[18,19]. Given the many advantages of antiferromagnets, it is evident that the prospect
of symmetry-allowed spin-polarized charge currents in antiferromagnets is of major tech-
nological importance. All-antiferromagnetic tunnel junctions, in which the ferromagnetic
layers are replaced by the NCAFs Mn3Sn and Mn3Pt, were reported for the first time in
2023 [20,21]. The reported TMR ratios in Mn3Sn and Mn3Pt are of the order of magni-
tude of, respectively, 1 % and up to 100 %. In the following, the effect is, again, discussed
from the viewpoint of symmetry and only the cubic Mn3Pt is discussed.

Figure 10.2(c) shows a simplified device geometry employed in these measurements,
which shows only the fixed layer in the all-antiferromagnetic tunnel junction. A charge
current passing through the junction in z-direction is longitudinally spin polarized, i.e. the
spin current direction is also in the z-direction. Table 10.3 shows that in a single-domain
state all spin polarization components are symmetry-allowed. Furthermore, the effect is
odd under time reversal. Therefore, similar to the AHE, it changes sign under a spin
reversal operation and cancels in the presence of type I NCAF domains.

In the presence of type Il domains, many of the components cancel, similar to the SHE.
Most importantly, it is found that in this case only spin currents with spin polarization in
z-direction are allowed. Furthermore, this is only true for the I'*¢ configuration, while
in the I8 configuration, all LSP components vanish. Therefore, domain control of both
domain types would be required in MTJs comprising materials with I'*¢ configuration,
such as Mn3GaN.

In the case of Mn3Pt, which exhibits a '*¢ NCAF order, only control of type I domains
is required to observe a TMR effect in an all-antiferromagnetic tunnel junction. Analo-
gous to the AHE, this requires the presence of tetragonal distortion or Mn displacements
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in Mn3Pt. The structural characterization of the films grown in that work only reveals an
out-of-plane lattice parameter of ¢ = 3.805A. The bulk value is ¢ = ¢ = 3.883A. In a
previous work the same group grew Mn3Pt thin films on BTO with a composition very
close to the perfect composition (according to energy-dispersive X-ray spectroscopy mea-
surements) [32]. Therein, 50 nm films displayed a tetragonality of # = 0.99. This suggests
that tetragonal distortion is the mechanism allowing for domain structure control in these
Mn3Pt thin films.

It remains subject of further study whether Mn displacements are present in addition
to tetragonal distortion in Mn3Pt thin films. If this is not the case, this would suggest that
the additional nitrogen atom in antiperovskite nitrides plays is crucial for the formation
of Mn displacements.

10.3.6 Summary and Open Questions

Table 10.5 summarizes the transport effects discussed here and their behavior in the pres-
ence of multi-type I and multi-type II domain states. Throughout the discussion and with
reference to Table 10.4, it becomes evident that there are several works reporting non-
zero transport effects that are consistent only with a single-type I domain state (AHE in
Mn3SnN and possibly Mn3NiN as well as LSP in Mn3Pt) or single-type II domain state
(SHE in Mn3GaN). This is in spite of the samples exhibiting cubic lattice metric. The
results of structural refinement of Mn3SnN and Mn3zGaN presented in this work strongly
suggest that in these cases domain structure control is enabled by Mn displacements that
are undetected in conventional structural characterization. This further indicates that Mn
displacements are a general feature of antiperovskite nitrides or even other cubic NCAFs.
Structural characterization of more materials is required to confirm the generality of this
effect.

Table 10.5: Summary of the effect of non-collinear antiferromagnetic domains on several transport
effects and experimental works investigating these effects. v and X indicate whether the

effects are present or absent. Materials with ['*¢ configuration or spin-rotational phase are marked
in red and materials with I'>¢ configuration are shown in blue.

Effect Single domain Typel Typell Experiments
Anomalous Hall effect / X / [32,33,36,177]
X X X [27]
. X0,z y [177,180]
Spin Hall effect vz v y 27]
Magnetic SHE %Xz X *
»2 y
Longitudinal spin polarization x),c) yZ X 5 [21]

In this context, an important active research field is the imaging of NCAF domains. In
ferromagnets, this is usually done optically by employing the magneto-optical Kerr effect.
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So far, this has only been achieved in Mn3Sn single crystals, but not in thin films [190].
Another imaging technique is scanning anomalous Nernst microscopy, in which a focused
laser beam is scanned over a Hall bar device. The induced heat gradient along the film
normal causes an anomalous Nernst current, which is measured in the device as a function
of the heating laser position. This indirect technique was employed to image the NCAF
domain structure in Mn3Sn and Mn3NiN [35,191].

A thorough understanding of NCAF domain walls themselves is lacking. This is rel-
evant not only in the context of the racetrack memory, which is a novel data storage
technology conceptually very different from common approaches [8]. It may also be
crucial in the interpretation of transport measurements, as the domain walls themselves
might contribute to transport effects such as the AHE. It was theoretically predicted that
topological defects occur at the domain walls of the NCAFs Mn3Sn and Mn3Ge that may
contribute to the AHE in addition to the intrinsic bulk effect. Topological Hall effect-like
contributions to the transversal conductivity were indeed found in Mn3Sn thin films [130],
though their observation remains open in cubic NCAFs.
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Chapter 11

Conclusions, Implications and Open
Questions

At the time of starting this research work, the study of intrinsic transport effects in non-
collinear antiferromagnets (NCAFs) was limited to theoretical considerations [16—18] and
experimental investigations of a few hexagonal NCAFs, with the research focusing on the
hexagonal compounds Mn3Ge and Mn3Sn [29,30]. A comprehensive review of antifer-
romagnetic spintronics had only been published in 2018 by Baltz et al. [2]. Over the
following years, more reports of the anomalous Hall effect (AHE) and the spin Hall effect
(SHE) in cubic NCAFs were published [27,32-34].

The initial aim of this work was to study magneto-transport effects in the NCAF
Mn3SnN, which had not yet been reported in thin film form. It was found by standard
X-ray diffraction (XRD) that (001)-oriented films exhibit a cubic lattice metric. This was
inconsistent with the anomalous Hall effect observed in these films, as it was previously
assumed that substrate-induced tetragonal distortions are necessary to create net moments
allowing for domain structure control and a net AHE. It was realized that the same could
be observed in samples of other NCAFs reported in the literature, which had not been
discussed in detail in these works [27, 33, 34]. The research focus then shifted towards
resolving the mechanism that enables the observation of the AHE in this material.

By employing more unconventional methods for thin film structural characterization,
it was found that the crystal structure, although displaying cubic lattice metric, has, in fact,
reduced symmetry. This is due to the presence of displacements of the Mn atoms away
from high-symmetry positions, which induce spin canting and, thereby, allow for domain
structure control. By structural investigation in conjunction with magnetic characteriza-
tion and magneto-transport measurements atomic Mn displacements were identified as a
novel mechanism allowing for domain structure control in cubic NCAFs. This challenges
the long-held assumption that tetragonal distortions are required in these materials in or-
der for non-zero transport signals to be observed.

Nevertheless, open questions concerning the Mn displacements remain. First, the
origin of the Mn displacements is not yet resolved. They may be caused by strain induced
by the lattice mismatch of substrate and film. As such, they could be a new mechanism
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for strain relaxation in thin films of cubic NCAFs, in addition to tetragonal distortion and
misfit dislocations. Alternatively, they could result from the thin film growth being an
out-of-equilibrium process.

In this work, the antiperovskites Mn3SnN and Mn3zGaN were investigated and Mn dis-
placements found in both compounds. While this provides reasonable evidence that Mn
displacements are not limited to a single material or deposition technique, the generality
of the effect in antiperovskites or other cubic NCAFs such as Mn3 Pt remains to be estab-
lished. Nevertheless, it is striking that structural distortions induced by the interplay of
crystal and magnetic structure are well-known in compounds containing Mn. An example
are Jahn-Teller distortions in transition metal manganites [192]. Against this background,
it is noted that many collinear antiferromagnets such as Mn, Au or MnCuAs [193,194] as
well as material candidates of the newly found class of altermagnets [195] contain Mn. To
determine the origin of Mn displacements in these materials, future studies could investi-
gate the dependence of the displacement magnitudes on the lattice mismatch of substrate
and film. For instance, this can be achieved by growing different antiperovskites on dif-
ferent substrates or by using interlayers with varying lattice constants in order to yield a
more complete picture than could be established in this work [see Figure 10.3(b), p. 110].
From an experimental point of view, this requires a solution to the problem that the XRD
reflections from substrate and film are very difficult to distinguish when the two materials
have the same space group symmetry and similar lattice constants, i.e. low lattice mis-
match. This may be achieved by using non-perovskite substrates with a low mismatch
with the film.

The global structural investigation by XRD may be complemented by local tech-
niques. For instance, it would be interesting to study the displacements on an atomic
level by advanced transmission electron microscopic imaging. Furthermore, theoretical
considerations may help resolve the origin of Mn displacements. For instance, it could
be investigated by ab-initio calculations, whether the formation of Mn displacements is
energetically favorable over tetragonal distortion. Potentially, the frustrated magnetic tex-
ture itself could drive the formation of Mn displacement in a Jahn-Teller-like fashion.

A technological goal could be to engineer Mn displacements by strain or growth pa-
rameter optimization, for instance. This could also help to strengthen the link of displace-
ments and non-zero transport signatures. If it were possible to switch the displacements
on and off, similar to how the strain state of tetragonally distorted films can be switched
by using a piezoelectric substrate [32], this could enable new switching schemes. Novel
spin-orbitronic devices based on NCAFs instead of heavy metals could be engineered in
which the “unconventional” [27] spin-rotational torque components could be switched
on and off, which would allow for different writing modes depending on the state of the
NCAF spin Hall layer.

The technical viability of NCAFs as materials to substitute conventional materials in
spintronic devices remains to be established. The observation of longitudinal spin polar-
ization of charge currents in all-antiferromagnetic tunnel junctions has been demonstrated
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only very recently in two publications [20,21]. Because ferromagnetic tunnel junctions
are established key components in commercial spintronic memory technologies, there
will have to be very convincing arguments as to why NCAFs are better suited for these
applications than ferromagnets. For instance, this could be achieved by demonstrating
higher writing speeds or read-out signals as well as through an improved scalability.

A similar argument can be made for the application of NCAFs in spin-orbitronic de-
vices, where they could replace critical materials such as Pt as spin Hall materials in
spin-orbit torque magnetic random access memory (SOT-MRAM). The spin-rotational
spin torques generated in NCAFs are, in principle, a promising route to field-free SOT
switching of magnetic layers with perpendicular magnetic anisotropy. However, it re-
mains to be established that the torque efficiencies are high enough to compete with other
materials such as van-der-Waals materials or SOT switching schemes in Pt-based SOT
devices using novel device architectures [184]. To this end, it is critical to understand the
effect of NCAF domains on the SHE and their control in actual devices, to which this
work has also contributed.

This work further demonstrates that the generally accepted practice of inferring the
crystal symmetry from the lattice parameters alone is generally insufficient to resolve
the finer details of the crystal structure of real thin film samples. In the case of cubic
NCAFs, this 1s of major relevance for the interpretation of magneto-transport data. Wrong
assumption about the mechanisms allowing for domain structure control may lead to a
wrong interpretation of transport data or to valuable experimental data being discarded,
because transport signals are measured that are thought to not be allowed based on the
supposed crystal structure.

The unique approach taken here is to directly link crystal structure refinement to
magneto-transport effects, in this case the AHE. Herein, the performed AHE measure-
ments are standard and straightforward measurements. On the other hand, the structural
refinement procedures, especially those including higher-order anharmonic corrections in
the structural models, are not yet well-established in the spintronics community. Never-
theless, this work also demonstrates that these experiments are nowadays possible using
laboratory X-ray sources and do not require access to synchrotron facilities. As such,
this work also aims to stimulate the incorporation of this approach more broadly in the
research of novel magnetic materials and spintronics.
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Appendix A

ST-FMR Measurements of Mn3;SnN
Thin Films

Spin-torque ferromagnetic resonance (ST-FMR) is employed to study the spin torques
generated by the spin Hall effect (SHE) in 20 nm thin, (001)- and (111)-oriented Mn3SnN
(MSN) films. The technique was developed to quantify the spin Hall angle of heavy
metals (HM) [182, 196]. As can be seen from Figure A.1, a HM layer (here Pt) is in

— Volt Meter

Figure A.1: Schematic showing the principle of spin-transfer ferromagnetic resonance (ST-FMR).
(a) A Pt/Py bilayer and the field-like and anti-damping-like spin torques generated by the SHE in
Pt. (b) An Oersted field is created by the current passing through the sample. (c) A strip of the
Pt/Py bilayer is contacted to an RF signal generator and a DC voltmeter through a bias tee. (d)
Optical image of a typical ST-FMR device for field angle-dependent ST-FMR measurements of
Mn3SnN/Cu/Py trilayer devices used here. Figures (a) to (c) taken from Ref. [196].

contact with a soft in-plane ferromagnet (FM), here permalloy (Py). Both layers have a
thickness of a few nanometers. An external magnetic field and an RF current are applied
to the ST-FMR device. The SHE in Pt generates an oscillatory spin accumulation at the
HM/FM interface, which excites the FM to precess. The magnetization dynamics of the
FM are described by the Landau-Lifshitz-Gilbert-Slonczewski (LLGS) equation:

dm

dm
W:—'ymxﬂeff—kamxW—|TFL|m><a—|TAD|m><(m><a) (A.1)
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Herein, m and o are the magnetization and the spin polarization. The two last terms
describe the effect of the field-like (FL) and anti-damping-like (AD) torques generated by
the spin Hall material.

An optical image of a typical ST-FMR device used here for the study of MSN is shown
in Figure A.1(d). 20 nm thin MSN films with (001)- and (111)-growth orientation were
grown on SrTiO3 using the deposition parameters shown in Table 6.1. 10nm thin Py
layers were grown as the FM layer. To break any possible exchange bias at the interface
of the two magnetic layers, a 2nm thin Cu spacer was inserted between the two layers
and it was confirmed by magnetic measurements that the magnetic layers are decoupled.
The full trilayer stack was grown in the MANGO sputtering chamber. The films were
patterned into ST-FMR devices consisting of a strip of MSN/Cu/Py trilayer contacted by
a coplanar waveguide. Ground-source (GS) RF tips were used to contact the devices. The
device resistances were close to 50 Q to reduce the impedance mismatch of device and
RF electronics.

For the ST-FMR measurements RF currents were passed through the devices with
frequencies ranging from 4 GHz to 14 GHz. The devices were aligned with the film such
that the currents passed in the [100] and [1-10] direction for the (001)- and (111)-oriented
sample, respectively. The samples were rotated to set an in-plane field angle ¢ between
the external magnetic field Hex¢ and the current direction, which also explains the U-
shaped contact pads visible in Figure A.1(d).

An RF current passing through such a device excites a magnetization precession in
the FM, which is measured through the DC mixing voltage Vy,ix that results from the
oscillatory anisotropic magnetoresistance (AMR) of the FM:

Vmix (Hext) = VSFS (Hext) + VAFA (Hext> (A.Z)

= VS + VA
A2 + (Hext - HO)Z A2 + (Hext - HO)

(A.3)

The lineshape of the magnetic field dependence of the mixing voltage can be described
as a sum of symmetric and antisymmetric Lorentzian functions Fg and Fy, weighted by
the respective voltages Vs and V4. The resonance spectra measured at an RF frequency of
6 GHz, an RF power level of 21 dBm and a field angle of 45° of trilayer with (001)- and
(111)-oriented MSN are shown in Figures A.2(a) and (b).

The spectra are fitted to extract Vs and Vy, the resonance field Hy and the resonance
linewidth A, which is described by the Gilbert equation and depends on the damping
parameter of the FM o and the RF frequency f:

2ro
A=—— f+Ap (A4)

HoY
7Y 1s the gyromagnetic ratio (a Landé factor of g, = 2.07 is assumed for Py). Ay is the in-
homogeneous broadening. o and A are extracted from fitting the frequency dependence

of A, as shown in Figure A.2(c) for the (001)-oriented sample. Furthermore, the effective
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Figure A.2: Results from ST-FMR measurements of 20nm thin (001)- and (111)-oriented
Mn3SnN/Cu/Py trilayer samples. Measured at a frequency of 6 GHz and at a field angle of 45°.
(a), (b) Resonance spectra of (001)- and (111)-oriented samples and fitting of the mixing voltage
by symmetric and antisymmetric Lorentzian functions. (c), (d) Frequency dependences of the
linewidth broadening and of the resonance field in (001)-oriented MSN.

magnetization M.gr is extracted by fitting the dependence of the resonance field on the
frequency, described by the Kittel equation:

Ho(Ho + M) (A.S5)

The corresponding plot is shown in Figure A.2(d) for the (001)-oriented sample.

In order to investigate the spin torques with spin-rotational symmetry, i.e. spin torques
due to spin currents with a spin polarization with components in X-, y- and z-direction,
the field-angle dependence of Vg and V4 are investigated. This technique has mostly been
used for the study of van-der-Waals materials with low crystal symmetry [197], but has
recently also been applied to non-collinear antiferromagnets [27,178,198,199]. The angle

dependences of Vg and Vy are given as:

IR (dR) 1
> 2 \do ) auo(2Hy+ M) !
IRF dR 1 +Meff/H()
V= RE(OT) Y T, (A7)
2 d(p OC‘LL()(2H0 —|—Meff)
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Herein, the angle-dependence of R is given by the AMR:

dR

— =R in(2 A8

dp ~ RAMR sin(2¢) (A.8)
7| and 7, are torque components that are parallel and perpendicular to the film plane. In
the presence of spin torques with x-, y- and z-component, there are three contributions in

each direction:

T = 2Psin() + ‘L';AD cos(@) + L~ (A.9)
T, = TfLsin((p)—i-Tchos((p)—i—T?D (A.10)

Herein, Tl-AD describes an anti-damping-like (AD) torque components resulting from the
component of the spin polarization in i-direction (i = x, y, z) and analogously for the FL
components.

The angle-dependence of Vg and V4 was measured by repeatedly rotating the device to
vary the angle ¢ between field and current and recording resonance spectra at each angle
at a fixed frequency. The results for samples with both growth orientations are shown in
Figure A.3

(001)-oriented MSN (111)-oriented MSN

0 90 180 270 360 0 90 180 270 360
® (9 ® (9

Figure A.3: Results from angle-dependent ST-FMR measurements to study the spin torques with
spin-rotational symmetry. Field angle dependence of the symmetric and antisymmetric Lorentzian
parts of the mixing voltage Vs (top row) and V4 (bottom row) in (001)-oriented (left column) and
(111)-oriented (right column) Mn3SnN (MSN). The data is fitted assuming spin torques resulting
from spin currents with spin polarization in the y-direction (orange curve) as well as with spin-
rotational symmetry (red curve).
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It becomes evident that in samples with both growth orientations the angle-dependences
of Vs and V4 cannot be fitted by assuming only the conventionally observed spin polariza-
tion in the y-direction. Proper fits are only achieved by considering spin torques resulting
from a spin polarization with components in x-, y- and z-direction.

To extract the six torque components, the angle-dependences are fitted. The term
VAMR = —IRTFR AMR 1n Equations A.6 and A.7 is taken as a fit parameter that couples the
two equations. However, this requires that the torque components are normalized. The
torque component TyF L is chosen for the normalization, as it is assumed to be dominated
by the Oersted field generated by the charge current. The normalized torque components
for the differently oriented samples are presented in Figure A.4.

4 T T T

B VSN(001) 1
B VisSN(111) ]

T,'(A‘D FL AD

FL AD FL
Ty T, T, 75

TZ

Figure A.4: Results from the fitting procedure of angle-dependent ST-FMR data of differently
oriented Mn3SnN/Cu/Py trilayer devices: Anti-damping-like (AD) and field-like (FL) spin torques
resulting from spin currents with spin polarization in X-, y- and z-direction extracted from the
angle-dependent ST-FMR measurements of differently oriented Mn3SnN, normalized to TyF L

The presented results are inconclusive. There are two major inconsistencies to be

discussed. First, it is unclear why the AD y-torque ’ch

its FL counterpart in both samples. Possibly, this is because of the large film thicknesses

is almost three times as large as

of MSN and Py of 20nm and 10nm. It was shown that at such large thicknesses the
spin Hall efficiencies can be largely overestimated both in the presence of conventional
y-directional spin torques as well as spin-rotational spin torques [200,201].

Secondly, it becomes evident that the magnitudes of the torques are similar in (001)-
and (111)-oriented MSN. Table A.1 shows the even parts of the spin conductivity tensor
(i.e. the spin Hall conductivity tensor) in two coordinate systems.

System S corresponds to the case also shown in Table 10.3 (p. 105) in which the three-
fold rotational axis 3 is along the [111] crystal axis. These tensors represent the ST-FMR
measurement configuration for a (001)-oriented sample. Here, only the single-domain
case is considered, the role of antiferromagnetic domains is discussed in Chapter 10.2.3
(p. 102). All three spin polarization directions are expected in the case of the (001)-
oriented sample. These torques were previously found in (001)-oriented Mn3Pt [180],
Mn3GaN [27] and Mn3SnN [178].

Coordinate system S’ corresponds to the case in which the rotational axis is along
the [001] axis and describes (111)-oriented samples. From Table A.1 it can be seen that
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Table A.1: Spin Hall conductivity tensors (even parts of the spin conductivity tensors) in the
I*¢ and ¢ configurations in two different coordinate systems. In system S: 3 || [I11], which
corresponds to (001)-oriented samples. In system S': 3 || [001], which corresponds to (111)-
oriented samples. Marked in red are the components probed by ST-FMR.

o* (o34 o
— X X X _ X X X X X
0 Oxy O Oyy Oy Oy Oy ~9): O
X X X X X X X _~X
S Oy Oy, —Oy; Oy 0 Oy oy, Oy Oy
X X X X X X X X
“Op Oy Oyy —0y; Oy — Oy “ Oy Oy 0
X X X Z
o, O 0 0 —on —0j 0 o O
/ X X X _ 2
S 0 Oy Oy, o, O 0 oy 0 0
0 oy O —o;, 0 0 0 0 O

only the component of the spin Hall tensor with polarization in the y-direction are non-
zero. The x- and z-type spin torques are forced to by zero by symmetry. The spin torque
components measured in (111)-oriented MSN are not in agreement with this symmetry
requirement. These spin torques have also been observed in (111)-oriented Mn3Pt [180].

This discrepancy cannot be explained by potential artifact voltages, as they only affect
the magnitude of the individual spin torques [201]. However, they cannot explain the pres-
ence of symmetry-forbidden spin torques. Another possible explanation is the effect of
previously unexplored torques measured by ST-FMR. For instance, it cannot be excluded
that the Cu spacer plays a role through the action of an orbital Hall effect [202, 203].
Another possibility is the presence of hidden magnetic symmetry lowering in the (111)-
oriented sample. It is possible that such effect do not effect the anomalous Hall effect
(AHE) measurements presented in the main body of this work. This is because the AHE
is allowed by symmetry in (111)-oriented samples and the reason why no net effect is
observed is because there is no mechanism allowing for domain structure control in these
samples. However, as the AHE and the SHE behave differently under time reversal sym-
metry operations, it is possible that such symmetry lowering affects the two Hall effects
differently.

In summary, a SHE with a spin-rotational polarization direction was found in (001)-
and (111)-oriented MSN. The magnitude of the torques is likely overestimated because of
the large layer thicknesses of MSN and Py. Furthermore, spin torques due to a spin polar-
ization in x- and z-direction are observed that are unexpected in this growth orientation,
as they are forbidden by the symmetry. It remain subject of further study to disclose the
case of these unexpected spin torques.
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