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Abstract

As aresult of the observation of peculiar properties such as quantised conductance, to-
pological insulators (TI) have become a highly intriguing research topic in recent years,
both from the perspective of fundamental physics and with a view to application. After
first observations of the topological surface states (TSS) present in topological insulat-
ors, the search for the interplay between magnetism and topology as a consequence
of the breaking of fundamental bulk symmetries such as time-reversal has emerged as
a central question in the research on TI. This work aims to address the consequences
of this interplay in a system, where two-dimensional magnetism is introduced locally
to the surface of a 3D TI. To this end, a model system is utilized, namely a heterosys-
tem consisting of a single ferromagnetic septuple-layer (SL) of MnBi,Tes on the sur-
face of the three-dimensional topological insulator Bi,Tes, which has been fabricated
by means of molecular beam epitaxy (MBE).

The first step in this regard is to establish a suitable mechanism for the fabrication of
such van der Waals (vdW) heterostructures. By using the method of MBE and develop-
ing a specialized experimental setup, the first part of this thesis deals with the growth of
Bi, Tes and thin films of MnBi,Te, on BaF,-substrates by the co-evaporation of its bin-
ary constituent materials. The structural analysis is conducted along several suitable
probes such as X-ray diffraction (XRD, XRR), atomic force microscopy (AFM) and scan-
ning tunnelling electron microscopy (STEM). These findings map out the phase dia-
gram of the MBE growth and its in depth understanding allows to transfer the growth
mechanism to more complex structures. In particular, it is found that the growth of a
single septuple-layer of MnBi,Te, on the surface of BiyTes can be facilitated. The re-
mainder of the first part concerns the structural properties of this heterostructure and
the use of functional substrates, especially the layered ferromagnet Fe;GeTe,.

By predominantly using X-ray absorption and X-ray circular magnetic dichroism (XAS,
XMCD) as a probe, the magnetic properties of MnBi,Te, are explored down to the
monolayer limit. It is shown, that the layered nature of the vdW crystal and a strong
uniaxial magnetocrystalline anisotropy establish stable out-of plane magnetic order at
the surface of MnBi,Te, crystals, which is stable even down to the monolayer limit,
where magnetic coupling is only present along the two-dimensional sheet of Mn ions.
Pushing the material system to its 2D limit, i.e. a single SL MnBi,Te, further allows
to study the phase transition of this 2D ferromagnetic material in more detail and
extract its critical behaviour over the phase transition with a critical temperature of
T. = 14.89K and a critical coefficient of § = 0.484.

An appropriate choice of substrate — in this case bulk crystals of the aforementioned

ferromagnetic FesGeTe, — allows to influence, enhance and bias the magnetism in the



single SL of MnBi,Te;. By growing heterostructures of the type MnBi,Te, — n layer
Bi, Tes — FesGeTe, for n between 0 and 2, it is shown, that a considerable magnetic
coupling can be introduced between the MnBi,Te, top-layer and the substrate. The
coupling ranges from strongly antiferromagnetic for n = 0 up to effectively ferromag-
netic for n = 2.

The last part of this thesis aims to study the interplay between topology and magnetism
in the ferromagnetic extension directly by angle-resolved photoemission spectroscopy.
The heterostructure is found to host a linearly dispersing TSS at the T-point of the Bril-
louin zone, whose shape is significantly altered from the parent material BiyTes with
the Dirac point placed in the centre of the bulk band gap. Using low temperature and
high-resolution ARPES a large magnetic gap opening of ~ 35meV is found at the Dirac
point of the TSS. By following its temperature evolution, it is apparent that the scaling
behaviour coincides with the magnetic order parameter of the modified surface.

In conclusion, this thesis addresses the experimental realisation of the ferromagnetic
extension concept. A heterostructure of a single SL of MnBi,Te, on the surface of a
thick film of Bi,Tes is grown by MBE. Probing its magnetic and electronic properties
confirms stable 2D ferromagnetism at the surface, which strongly interacts with the
TSS. A large magnetic gap opening can be observed together with the onset of magnet-
ism and the magnetic properties can further be engineered by the use of ferromagnetic
substrates. The findings show the feasibility of the ferromagnetic extension approach
and hence present a paradigm to efficiently incorporate magnetism in topological in-

sulators without the fundamental limitation of strong disorder.



Zusammenfassung

Aufgrund der Beobachtung besonderer Eigenschaften wie der quantisierten Leitfahig-
keit haben sich topologische Isolatoren (TI) in den letzten Jahren zu einem hochin-
teressanten Forschungsthema entwickelt, sowohl aus Sicht der Grundlagenphysik als
auch mit Blick auf potentielle Anwendungsfille. Nach den ersten Beobachtungen der
topologischen Oberflichenzustdnde (engl. topological surface state, TSS) in topologi-
schen Isolatoren hat sich die Suche nach dem Wechselspiel zwischen Magnetismus
und Topologie als Folge der Brechung fundamentaler Symmetrien zu einem wichtigen
Teil dieses Gebiets entwickelt. Diese Arbeit zielt darauf ab, die Konsequenzen dieses
Zusammenspiels in einem System zu untersuchen, in dem zweidimensionaler Magne-
tismus lokal auf die Oberfldche eines 3D TI eingebracht wird. Zu diesem Zweck wird
ein Heterosystem verwendet, das aus einer einzelnen ferromagnetischen Septupella-
ge (SL) aus MnBi,Te, auf der Oberfldche des dreidimensionalen topologischen Isola-
tors BiyTes besteht, das mittels Molekularstrahlepitaxie (engl. molecular beam epitaxy,
MBE) hergestellt wurde. Der erste Schritt in dieser Hinsicht ist das Etablieren eines ge-
eigneten Mechanismus fiir die Herstellung derartiger van der Waals-Heterostrukturen.
Unter Verwendung der Methode der MBE und der Entwicklung eines geeigneten Ver-
suchsaufbaus wird im ersten Teil dieser Arbeit das Wachstum von Bi,Tes und diinnen
Filmen von MnBi,Te4 auf BaF;, Substraten durch das Ko-Verdampfen ihrer bindren Be-
standteile beschrieben. Die strukturelle Analyse erfolgt mit Hilfe mehrerer geeigneter
Methoden zur Strukturanalyse wie Rontgenbeugung (engl. X-ray diffraction and reflec-
tivity XRD, XRR), Rasterkraftmikroskopie (engl. atomic force microscopy, AFM) und Ras-
tertransmissionselektronenmikroskopie (engl. scanning tunneling electron microscopy,
STEM). Die Ergebnisse zeichnen das Phasendiagramm dieses MBE-Wachstums nach,
was es wiederum ermdéglicht, den Wachstumsmechanismus auf komplexere Struktu-
ren zu iibertragen. Es wird ein Mechanismus fiir das Wachstum von MnBi,Te, auf der
Oberfliche von Bi,Tes erarbeitet, und der Rest des ersten Teils befasst sich mit den
strukturellen Eigenschaften dieser Heterostruktur und der Verwendung von funktio-
nalen Substraten, insbesondere dem geschichteten Ferromagneten FesGeTe;.

Unter Verwendung der element- und magnetismusempfindlichen Rontgenabsorpti-
on und des zirkularen magnetischen Rontgendichroismus (engl. X-ray absorption and
magnetic circular dichroism, XAS, XMCD) als primére Methode, unterstiitzt durch Ma-
gnetotransportexperimente, werden die magnetischen Eigenschaften von MnBi,Te,
bis zur Monolagengrenze erforscht. Es wird gezeigt, dass die geschichtete Natur des
vdW-KTristalls und eine starke uniaxiale magnetokristalline Anisotropie eine stabile ma-

gnetische Ordnung entlang der Oberflichennormale an der Oberfliche von MnBi,Te,-



Kristallen etablieren. Diese ist bis hinunter zur Monolagengrenze stabil, wo die magne-
tische Kopplung nur entlang der zweidimensionalen Schicht von Mn Ionen stattfindet.
Die Verwendung einer einzelnen Septupellage von MnBi,Te, ermdoglicht es, den Pha-
seniibergang dieses 2D ferromagnetischen Materials genauer zu untersuchen und sein
kritisches Verhalten iiber den Phaseniibergang mit einer kritischen Temperatur von
T. = 14.89K herauszuarbeiten. Durch eine geeignete Wahl des Substrats, in diesem
Fall Volumenkristalle des oben genannten ferromagnetischen Fe3GeTe;, kann der Ma-
gnetismus in der einzelnen SL MnBi,Te, beeinflusst werden. Durch Aufwachsen von
Heterostrukturen der Form MnBi,Te, - n Lagen BiyTes - FesGeTe; fiir n zwischen 0
und 2 wird gezeigt, dass eine betrdchtliche magnetische Kopplung zwischen der auf-
gewachsenen Schicht und dem Substrat erzeugt werden kann. Die Kopplung reicht von
stark antiferromagnetisch fiir n = 0 bis zu effektiv ferromagnetisch fiir n = 2.

Der letzte Teil dieser Arbeit zielt darauf ab, das Zusammenspiel zwischen Topologie
und Magnetismus in der modifizierten Oberfldche direkt durch winkelaufgeloste Pho-
toemissionsspektroskopie (engl. angle resolved photoemission spectroscopy, ARPES) zu
untersuchen. Es wird festgestellt, dass die Heterostruktur einen linear dispergierenden
TSS am I'-Punkt der Brillouin Zone aufweist, dessen Form gegeniiber dem Ausgangs-
material Bi,Tes deutlich verandert ist, wobei der Dirac-Punkt in der Mitte der Volu-
menbandliicke liegt. Unter Verwendung von hochauflésendem ARPES bei sehr nied-
rigen Temperaturen kann am Dirac-Punkt des TSS eine grofe magnetische Energie-
liicke von ~ 35meV aufgelost werden. Eine Analyse der Temperaturabhédngigkeit zeigt
des Weiteren, dass das Skalierungsverhalten mit dem des magnetischen Ordnungspa-
rameters der modifizierten Oberfldche tibereinstimmt.

Zusammengefasst befasst sich diese Arbeit mit der experimentellen Umsetzung des
Konzepts der ferromagnetischen Oberflichenmodifizierung. Eine Heterostruktur aus
einer einzelnen SL MnBi,Te, auf der Oberfldche eines epitaktischen Films aus Bi,Tes
wird durch MBE hergestellt. Die Untersuchung ihrer magnetischen und elektronischen
Eigenschaften bestitigt stabile 2D ferromagnetische Eigenschaften auf der Oberfldche,
die stark mit dem an der Oberflache vorhandenen TSS wechselwirken. Zusammen mit
dem Einsetzen des Magnetismus unterhalb der kritischen Temperatur kann eine groQ3e
Offnung einer magnetischen Liicke in der Dispersion des TSS beobachtet werden. Des
weiteren konnen die magnetischen Eigenschaften der Oberfliche durch die Verwen-
dung von ferromagnetischen Substraten beeinflusst werden. Die Ergebnisse zeigen,
dass der oben genannte Ansatz die theoretische Vorhersage einer starken Wechselwir-
kung zwischen Topologie und Magnetismus erfiillt und somit ein Paradigma fiir die
effiziente Einbindung von Magnetismus in topologische Isolatoren darstellt — ohne die

grundlegende Einschridnkung einer starken kristallinen Unordnung.
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1. Introduction

The field of topology in solid state physics has been pioneered by a set of ground-
breaking discoveries and theoretical concepts starting with the discovery of the quan-
tum Hall effect!"! and its explanation in terms of integer quantum numbers?!. These
findings have opened up a new paradigm involving the idea of a phase transition that
does not fall into any of the known thermodynamic classifications, but rather describes
the division of electronic structures into classes whose boundaries cannot be crossed
by any smooth transformation. Especially in the last decades the field of topological
matter has significantly evolved and widened, starting with the discovery of the quan-
tum spin Hall effect’®! and the general notion of Z,-invariant topological insulators
driven by intrinsic spin-orbit coupling *°!. Research areas by now include a great num-
ber of material classes, such as time-reversal symmetric topological insulators (TI), to-
pological crystalline insulators'®’ and Weyl semimetals!”.

Considering topological insulators and, in particular, the peculiar spin-polarised hel-
ical edge states, the question naturally arises, which consequences the breaking of

8-101  As detailed out later in this work, the

time-reversal symmetry (TRS) may have!
most straightforward way to break TRS is the introduction of an out-of-plane magnetic
field at the surface of the TI!. The consequences of this symmetry breaking open
the field of quantum anomalous Hall and axion insulator physics carrying a variety of
intriguing properties!'!!. The quantum anomalous Hall (QAH) state is characterized
by the presence of a single spin-polarised edge state, whose propagation direction de-
pends on the sign of the magnetic polarisation. The QAH effect has created interest
not only from a fundamental viewpoint of physics, but also due to its potential ap-
plicability as a switchable, spin polarising unit in spintronic devices!'?!. Axion physics
on the other hand relates to a specific coupling between magnetic and electric fields
in the bulk of a TI coming to play once the metallicity of the surface is broken !>~
The named effects all depend on the opening of a magnetic gap in the TSS of the TI,
which may be experimentally realized by coupling the TSS to a ferromagnetic material
or layer %!,

In recent years, numerous experimental attempts have been made to efficiently incor-
porate magnetism into TI. In these attempts, the way in which magnetism is induced
varies greatly, which is further reflected in the symmetries that are broken or preserved.

Straightforwardly introducing magnetism by magnetic doping of thin films or the sur-
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face near regions has been found to break TRS and indeed result in transport signatures
corresponding to the QAH effect!'>'""?% Frequently used systems here are (Bi,Sb),Tes
films doped with the transition metals vanadium and chromium!'#?!!, whereas rare-
earth doping has failed to achieve stable long range magnetic order despite the pro-
spect of high local spin moments °>?3!, While the critical temperatures for the V-doped
compounds range around 23 K and higher, the temperature up to which a full quantisa-
tion — a hallmark for transport solely through the edge states — can be achieved lies well
below 1K!7?124 The reasons are inherent to the introduction of magnetism by dop-
ing, which naturally imposes structural disorder onto the sample. Disorder and related
structural inhomogeneities lead to a spatial variation of the chemical environment and
effectively lower the size of the magnetic gap. While the edge channels continue to exist
away from mK temperatures, excitations over the small gap enable parasitic bulk con-
ductance and destroy the quantized transport signature!*®!. The absence of clear gap
signatures in photoemission experiments on dilute doped TI is speculated to be due to
the same reasons“%?"!, The doping introduces disorder and the effective magnetic gap
is reduced to well below the resolution limit of any photoemission experiment.

In the recent years, intrinsic magnetic TI have gained extensive interest. This is be-
cause magnetism is part of the crystalline structure and, consequently, these mater-
ials have the potential to overcome the principle problem of disorder. The first dis-
covered material of this class was MnBi,Tey, a septuple layer based material in which
individual layers align ferromagnetically, while the interlayer coupling is of antiferro-
magnetic nature®?%, Such a material breaks time-reversal symmetry locally at the
surface, while in the bulk of the compound TRS is conserved in connection with half a

lattice translation. The new symmetry operator reads
S = TT1 /2 (1.1)

where 71,2 denotes the translation by half of the magnetic unit cell and T is the time-

reversal operator "

. Indeed, for this symmetry a Z, invariant can be derived, which
establishes the class of antiferromagnetic 3D TI®"!. One set of surfaces of the antifer-
romagnetic TI — in the case of MnBi,Te, the [0001] surface to which the Néel vector is
the surface normal - breaks this symmetry and enables the existence of edge currents
and an axion response of the bulk. The topological phase depends on the number
of layers with a pronounced even-odd effect, switching between QAH and zero plat-
eau QAH states®!l. MnBi,Te, and its derivatives have attracted great research interest
in the recent years. However, it has turned out that observing a clear magnetic gap
signature in photoemission on the antiferromagnetic MnBi,Te, is far from straight-

32-34 35-38

forward! I'and often obstructed! I for which a variety of reasons from disorder
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up to the complicated (surface-)magnetism are discussed **~*?!. MnBi,Te, derivatives
with larger magnetic layer spacing tend to a more isolated layered magnetism with fer-
romagnetic tendencies*>~*°! and first clear observations of a magnetic gap have been
made in bulk compounds of MnBigTe;3 “%.

The approach chosen in this work is closely aligned with the aforementioned observa-
tion in attempting to create heterostructures which are terminated by a single ferro-
magnetic layer at the surface of a non-magnetic Z, TI. Here the choice of materials is
a critical parameter and first predictions indicate that, if the TSS is allowed to live in
the ferromagnetic surface layer, a large coupling between the ferromagnetic density of
states (DOS) and the TSS can be established *"*®!. The concept makes use of the van
der Waals nature of many 3D TI such as Bi,Tes, Bi,Sezand MnBi,Tey “®*9°% which
makes it possible to achieve almost perfect sharp interfaces in heterostructures.

The aforementioned heterosystems require an elaborate way of fabrication which is
realized by the growth via molecular beam epitaxy (MBE). MBE allows for the creation
of heterostructures away from the thermodynamic limit with a control over individual
layer properties and can reach a very high interface quality. Going further, the ap-
proach also enables the creation of more complex structures. In order to manipulate
the magnetic properties of the surface magnetic layer, it may be attempted to incorpor-
ate different ferromagnetic materials into the sample structure and study the respect-
ive coupling.

This thesis tries to answer two main questions: How can magnetism be incorporated
into TI, allowing for a strong coupling between topology and magnetism and how well
is the interplay captured by a simple, effective theoretical picture? How can stable two-
dimensional ferromagnetic order be achieved and modified at the surface of a TI?

The thesis consists of 6 main chapters, whose content will be outlined in the follow-
ing. In chapter 2, basic concepts concerning the most important magnetic interaction
mechanisms, topology and the interplay between topology and magnetism are intro-
duced. Material specific aspects are then further elaborated in chapter 3, individually
addressing the properties of the compounds Bi,Tes, MnBi;Te, and FesGeTe; relevant
to this thesis. Chapter 4 addresses the experimental methods applied in this work, as
well as specific setups and facilities with a high significance for the results. The meth-
ods presented range from MBE and its most common characterization methods X-
ray diffraction (XRD), atomic force microscopy (AFM), low-energy electron diffraction
(LEED) and reflective high-energy electron diffraction (RHEED) up to spectroscopic
probes for a more elaborate analysis of electronic and magnetic properties. The latter
include (angle-resolved) photoemission spectroscopy (PES, ARPES) and X-ray absorp-
tion and magnetic circular dichroism (XAS, XMCD). This chapter and the appendix of

11
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the thesis also include a detailed documentation of the MBE setups and software de-
veloped in the frame of this work.

The experimental results are subsequently presented in three main chapters. Chapter
5 describes the MBE growth and structural analysis of all thin film structures grown in
the scope of this work: bulk-films of Bi,Tes and MnBi,Te4, heterostructures of single
septuple-layer (SL) MnBi,Te, on BiyTes, as well as more complex structures incorpor-
ating the 2D magnet FesGeTe;. It aims to give a large overview of growth techniques,
dynamics and the resulting structures.

Chapter 6 addresses the magnetic interactions present in MnBi,Te, and related het-
erostructures. Starting from the magnetism in bulk MnBi,Te,, a close analysis is given
to magnetic properties of the surface and later transferred to understanding the emer-
gent two-dimensional magnetism in single SL MnBi,Te,. The chapter also presents a
study on the magnetic coupling between different van der Waals (vdW) magnets across
more complex MnBi,Te,—Bi, Tes—Fe3GeTe, heterostructures, which is presented as an
example on how to influence and bias the magnetism in the single SL of MnBiyTe,.
Chapter 7 addresses the electronic structure and the interplay between magnetism and
topology in the ferromagnetic extension. Using ARPES and spin-polarised ARPES, the
emergent topological surface state (TSS) is examined. Subsequent temperature de-
pendent measurements across the magnetic phase transition study the fingerprint of

the magnetic order on the TSS.
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2. Topology and magnetism

The work in this thesis mainly concerns the interplay of two central phenomena in
solid state physics, namely magnetism — more precisely magnetism in layered van der
Waals (vdW) materials — and topology. Both of these topics will be introduced indi-
vidually in the following in the extent necessary to explain the experimental findings
presented in chapter 5-7. Starting from chapter 2.2.2 a closer light will be shed upon the
interplay between magnetism and topology. To motivate the experiments and struc-
tures presented later in this thesis the chapters following from there will cover a short
introduction into transport signatures arising from this interplay and present device
concepts and realisations together with their respective strengths and weaknesses. It
should however be noted that the experimental work aims to understand such struc-
tures at a fundamental level and will not contain any attempts to observe topological
transport signatures. On the contrary, the aim of this thesis will be to gain a close un-
derstanding of the aforementioned phenomena by the use of surface spectroscopic
methods.

If not noted otherwise the description of topology and related effects in this chapter is adapted
from the description in the review articles”°'!, while the description of fundamental magnetic

phenomena is written along the lines of °>°%!, All equations are given in the SI unit system.

2.1. Magnetism

Solid state systems with the potential for an internal magnetic polarisation can be cat-
egorised along their response to an external magnetic field, where a distinction is made
between diamagnetic materials repulsing an external field and paramagnets which
align with an external field. A special role is assigned to materials which keep an in-
ternal magnetic order parameter even in the absence of an external field. Two distinct
classes include ferro- and antiferromagnets, which will both be relevant in the course
of this work. Magnetic materials are typically thought of to carry a kind of spin or or-
bital degree of freedom, which may lead to a magnetic polarisation. For a paramagnetic
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two-level system — e.g. a spin 1/2 system — the response to an external magnetic field

can be described as

X X

e e
M(H, T) = N,U,Bm = N,U,B tanh(x) (21)

with x = —gugB/kgT, B as the external magnetic field, the Landé factor g, the temper-
ature of the system 7', the Bohr magneton up and the number of available spins N. For
larger spin quantum numbers of more available sub-levels, the equation complicates

[52]

accordingly®'. The relevant energy scales in this equation are the average thermal

energy kg T and the Zeeman energy

2153

Hy = uggs-B (2.2)
describing the energy of a spin |s) in an external magnetic field B.
When looking at an ensemble of available spins, the response to an external magnetic

field is described using the suszeptibility y, defined as

oM

= 30 " 2.3)

X
Up to this point all quantities were defined for an ensemble of non-interacting spins
in the absence of any long range order. To model the magnetic properties of materi-
als beyond the notion of paramagnetism, interactions between individual spins — often
spins on a lattice — have to be considered. Only in such interacting systems emergent
phenomena as e.g. ferromagnetism or antiferromagnetism may emerge. One general
model describing interacting spins on a lattice is the Heisenberg model. The corres-

ponding Hamiltonian is expressed as

I:IHeisenberg = - Z]i,j §i : §j (53] (2.4)
i,

where J; ; is the coupling constant and i, j denote the summation over all possible paris
of spins §i . §]-. Often, the interaction between neighbouring spins — the nearest neigh-
bour coupling - is significantly stronger than between lattice sites with larger spacing,
allowing to set J;; to zero for any non-neighbouring pairs (i,j). Furthermore it should
be noted that in the Heisenberg model the spin coupling is assumed to be fully iso-
tropic, which allows for an alignment of the spins in any given direction. Contrary to
this assumption, often the alignment of the orbital moment is energetically favoured
along certain crystalline high-symmetry directions or planes as imposed by the crystal

or ligand field structure. If spin-orbit coupling between the spin and orbital degrees of
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2.1. Magnetism

freedom couples both, the breaking of full rotational symmetry for the orbital degree of
freedom may be imposed on the spin component °?. Contrary to the shape anisotropy
which is a consequence of the macroscopic shape of a magnet, this type of anisotropy
isreferred to as magneto-crystalline or single ion anisotropy. For the case of a preferred
alignment along a single crystalline axis, the anisotropy can be handled by adding an
additional energy contribution to the Hamiltonian. Assuming an uniaxial anisotropy

along the z-axis this may be written as
Hy ==Y Ki($5H*PY (2.5)
i

where K; is the anisotropy energy assigned to a single lattice site. Magnetocrystalline
anisotropy can play a crucial role in stabilizing magnetic order in a material, especially
in lower dimensional cases as shown in chapter 6. Its main role can be viewed as ef-
fectively reducing the dimensionality of the subspace available to the individual spins.
In the case of strong uniaxial anisotropy, the Heisenberg model can be reduced by as-
suming a spin orientation only along the z-axis of the system, resulting in the so-called

Ising model. Here the corresponding energy of the system is defined by the expression

Hlsing = - Z ]i,jSA}z : gj (2.6)
i#j
where a coupling is only assumed between the projected spin components along the

anisotropy axis.

2.1.1. Phase Transitions and Critical Behaviour

In the frame of statistical physics or thermodynamics, magnetism is often understood
in the notion of phase transitions. In the classification of Ehrenfest, a phase transition
is a change in the state of a material — typically caused by the temperature of the sys-
tem — with which the n’” derivative of a chosen thermodynamic potential exhibit a
discontinuity. The order of the derivative then corresponds to the order of the phase

541 In the case of a magnetic transition, e.g. a ferromagnetic transition at

transition
the critical or Curie temperature T, and antiferromagnetic with the Néel temperature
Ty, the phase transition is accompanied by a sudden jump in the specific heat>®!. Be-
low the transition temperature, the very short range interaction between the individual

lattice sites leads to an order parameter over the extent of the whole system. In the fer-
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2. Topology and magnetism

romagnetic case at T, the order parameter is defined as the average magentisation in

the limit of the external field going to zero
1
m= ; mi 2.7)
while for an antiferromagnet it may be defined as
n=m;—my (2.8)

where 1 and 2 denote the two different sublattices or spin species carrying opposite
polarisation. It should be noted that these order parameters are defined globally, in-
dicating that the order induced into the system is by far larger than the interaction
distance. In other words, while the interaction is mainly determined by the nearest
neighbour interaction, the correlation length within the system diverges at the critical
temperature. This finding has let to the understanding that the behaviour of a system
below T, may be described by an universal theory, which is independent of the under-
lying microscopic interactions. This theory is often referred to as a critical behaviour
of a system in the vicinity of phase transition. It attempts to describe the evolution of
the global thermodynamic quantities as defined by a set of unified equations. In this

regard a temperature scale 7 is defined

T-T,
Tc

T = (2.9)
as anormalisation of the sample temperature T with respect to the critical temperature
T.. The order parameter of the system — the magnetisation m for a ferromagnet —is then

expected to show a temperature dependent behaviour defined as
mo (-1)P (2.10)

for T < T. This equation allows to describe the behaviour by using only two paramet-
ers, the reduced temperature 7 which is a measure of the relevant temperature scale
and by that the interaction strength in the system and the critical exponent . This
critical exponent is expected to only depend on the underlying model of the magnetic
interaction and may be used to assign the system under question into a set of univer-
sality classes. Next to the order parameter also the scaling of the suszeptibility of the

system y can be defined as

x o< |t (2.11)
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2.1. Magnetism

Table 2.1.: Critical exponents for different magnetic models and dimensions °°!.

’ Model \ B \ Y \ Anisotropy
Mean field 0.5 1 -
Ising - 2D 0.125 | 1.75 easy axis
Ising - 3D 0.3265 | 1.237 | easy axis
XY - 2D* P71 0.227 | 2.2 | easyplane
XY -3D 0.348 | 1.318 | easy plane
Heisenberg - 3D | 0.369 | 1.396 | isotropic

with the critical parameter y. The critical exponents can be calculated for an underly-
ing magnetic model defined by the nature of the coupling mechanism, e.g. isotropic
vs. anisotropic, the range of interactions and the overall dimensionality of the system.
An analytic calculation of critical coefficients is only possible for a very limited num-
ber of systems. The relevant quantities in this regard are listed in table 2.1. While these
models are naturally strong simplifications, a knowledge of the critical behaviour of a
system may nevertheless be used to gain a deeper understanding into the symmetries
and constraints driving the magnetism. The models listed in tab. 2.1 may be divided
into three main categories. As listed above the Heisenberg model and the mean field
approach describe a fully isotropic spin coupling. The XY magnetic models are cases
in which the dimensionality of the spin degrees of freedom is limited to an easy plane,
in which the spins may align. In the case of the Ising models an uniaxial anisotropy is

required leaving only an one-dimensional degree of freedom 1°°!,

2.1.2. Magnetic Coupling Mechanisms

While the previous chapter has mainly discussed magnetism using a generic represent-
ation of the magnetic coupling as J;, j, the origin and mechanisms of magnetic coupling
will be discussed in the following. The most direct way by which two spins may couple
is the direct dipolar interaction, which may be interpreted as the Zeeman energy of one

spin in the field of its neighbour. The dipolar interaction may be expressed as

Hp = Y. D j(8:5-3(Si-2) () 21,)) (2.12)
i#]
g’
D=3 ; (2.13)
47 |R; - Ryl

where the R; are the respective lattice sites the spins are located and g j is the gyromag-
netic ratio of the individual spins. In most magnetic materials the dipolar interaction

between neighbouring lattice sites is negligibly small compared to the energy scale im-
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2. Topology and magnetism

posed by the critical temperature leading to the conclusion that other mechanisms are
needed to explain the emergence of magnetic order. A variety of such mechanisms is
known, ranging from carrier mediated magnetism such as the RKKY interaction up to
more bond and orbital oriented mechanisms®?). The materials, discussed in this thesis
are mainly small bandgap semiconductors or insulators and their magnetism is mainly
discussed in the context of the superexchange interaction *#?%°¢! which will be intro-

duced in the following. The direct exchange interaction is a consequence imposed

6 ¢ "

L o e

Figure 2.1.: Exchange mechanisms and their application to MnBi,Te,4. a) Direct and 180°
superexchange mechanisms. The combination of Pauli principle and p-d-hopping mediate
an antiferromagnetic interaction in both cases. b) Superexchange in orthogonal geometry.
The two magnetic atoms are bound to orthogonal orbitals. Contrary to the 180° case, a chain
of p-d-hopping, the Pauli exclusion principle and Hund’s rule mediates a ferromagnetic
interaction. c) Bonding between Mn sites in a MnBi,Te, vdW layer. The bonding angle of
the Mn-Te-Mn bond of ~ 93.9° favours a ferromagnetic in-plane coupling. °*°9-5?!

by the Pauli principle, when a bond between two atoms is considered as depicted in
Fig. 2.1a). As the bonding orbital may only be occupied by two electrons of opposite
spin a singlet state is enforced, which may be viewed as an antiferromagnetic coupling
between the two electrons. Following from direct exchange, the concept of superex-
change has been put forward, when explaining the coupling between magnetic atoms
via an intermediate bonding partner, especially connected to the case of low conduct-

ance materials (!

. One possible underlying bonding scheme is sketched in the lower
panel of Fig. 2.1a) on the example of d-orbital derived magnetism. Two transition metal
atoms are connected via a shared ligand atom in a 180° geometry. Introducing a hop-
ping term between the d-orbitals and the ligand p-orbital oriented along the bonding
axis allows the system to lower its energy for certain configurations of spins in which
this hopping is possible. As in the p-orbital the singlet state is enforced by the Pauli
principle, the antiferromagnetically coupled singlet state of the two spins located on

the d-orbitals also poses the lowest energy state for the hole system. The d-p-d path-
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2.1. Magnetism

way therefore mediates an antiferromagnetic interaction %!,

If the bonding angle deviates from the straight geometry shown in a), the direct d-p-d
pathway gradually decreases in efficiency. For angles close to 90°, the two transition
metal atoms are bound to an orthogonal pair of ligand p-orbitals. Hopping between
those is symmetry forbidden and a singlet configuration is not enforced. On the con-
trary in the case of two singly occupied p-orbitals, a parallel alignment of the single
electron spins is energetically favoured, also known as Hunds rule or Coulomb ex-
change!®!. Taking into account p-d hopping between the transition metal d-states
and the respective ligand p-orbital, the preferred parallel spin alignment on the ligand
mediates an overall ferromagnetic interaction between the two transition metal atoms.
The transition from antiferromagnetic to ferromagnetic interaction dependent on the
bonding angle is known as Goodenough-Kanamori rule. Typically the energies asso-
ciated with the antiferromagnetic coupling strongly exceed the ones in the ferromag-
netic case as, Jierro << Jantiferro- 1Nevertheless, ferromagnetic superexchange is known
to be the driving mechanism in many magnetic materials and has been found to be of
special importance in magnetic topological systems!**!. In the case of one of the ma-
terials relevant for this thesis — MnBi,Te, — the magnetism between the individual Mn
sites is mediated by a network of connecting ligand Te atoms as depicted in Fig. 2.1c).
The bonding angle via the Te atoms yields ~ 93.9° and therefore strongly favours a fer-
romagnetic alignment between the individual Mn sites. The interaction between the
individual layers in the material is mediated by so-called super-superexchange, which
is an interaction channel along multiple atomic bonds even bridging the van der Waals

(651 The strength of this interac-

(vdW) gap in the material by a small orbital overlap
tion is again significantly smaller than the superexchange channel within the plane,

but suffices in introducing an antiferromagnetic coupling between the layers.

2.1.3. Magnetism in van der Waals Materials

After the general discussion of magnetism and magnetic coupling, this chapter aims
to highlight a few of the peculiarities connected with magnetism in layered materi-
als. These so-called van der Waals (vdW) materials consist of individual layers, within
which the bonding is commensurate. The planes have a height typically between three
and up to more than ten atoms. The interaction between the layers is only mediated
by vdW forces and no direct bonds bridge these vdW gaps. As a direct consequence for
the magnetic coupling in such compounds, the coupling constants within the plane are
significantly stronger then in between the individual planes as discussed above in the

[66

case of MnBi, Te, [°°!. Nevertheless, the interlayer coupling can be the defining quant-

ity for the type of magnetic ground state in the materials distinguishing between ferro-
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2. Topology and magnetism

and antiferromagnetic order. This coupling is often mediated by an orbital overlap
within the vdW gap and is therefore highly sensitive to the size of this gap [*".

Given the inherent two-dimensional character of the crystalline structure, vdW mag-
nets are prototypical candidates for the realisation of two-dimensional magnetism.
The notion of 2D magnetism describes magnetic order arising from a purely two-di-
mensional grid of magnetic atoms and was long thought to be impossible. The well
known Mermin Wagner theorem, which states that there can be no stable magnetic
order in less than three dimensions, because quantum fluctuations cause order in-
stability, is now interpreted differently in the light of magnetocrystalline anisotropy.
While still holding for the fully isotropic case, reducing the dimensionality of the spin
degree of freedom by easy plane or easy axis anisotropy can lead to a ferromagnetic
ground state above zero temperature. The two underlying models are the xy-model
and the Ising model and for both an experimental realisation has been found e.g. in
CrClz and FezGeTe, °"%. In the scope of this work, mainly materials with an out-of-
plane spin orientation — and thus Ising-type behaviour — will be of interest, as shown

later in chapter 2.2.2.

2.2. Topological Insulators

Topology is a discipline originating in mathematics and can be utilized for the classific-
ation of surfaces or objects under a continuous deformations. A prototypical example
here is the connection between a doughnut and a mug, which are both classified as
objects containing a single hole!®’!, In the last decades, topology has been established
as a concept in solid state physics to describe phase transitions in matter, which do not
fall under the scheme of spontaneous symmetry breaking as established by Landau """,
The interest in topology in condensed matter physics has been fostered by its ability to
explain quantized phenomena as the quantum hall and later quantum spin hall effect
in a widely unified theory!>"!!, This chapter will cover the matters of direct relevance
for the effects under investigation, namely the concept of Z,-classified topological in-
sulators and their protecting symmetries.

A more recent definition of topological insulators is given by the statement that

An insulator (or, more generally a filled group of bands) is topologically
non-trivial if it cannot be continued to any atomic limit without either clos-
ing a gap or breaking a symmetry.[’?!

The interpretation of this statement is manifold and defines topology as a highly non-

local property of a crystal. A special weight is also put onto the matter of symmetries,
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2.2. Topological Insulators

which are often found to be strong arguments in this context.

A main step in the understanding of topological materials was the introduction of in-
teger quantum numbers, differentiating between different topological phases and es-
pecially allowing to explain the existence of surface, edge and interface states as arising
from properties of the bulk of a crystal. There are two quantum numbers of relevance
when investigating magnetic topological insulators.

The Chern number C is an integer number, first defined in the topological interpret-
ation of the quantum Hall effect (QHE)!?!. The Chern number can be considered as a
count for the number of edge states present at the boundary of a 2D sample. In the
QHE, each change of the sample Hall conductance is accompanied by an in- or decre-
ment of C. In the quantum spin hall effect (QSHE), two counterpropagating edge states
are present carrying opposite Chern numbers of +1, resulting in a global Chern num-
ber of zero. The quantum anomalous Hall effect (QAHE) can be viewed as eliminating
one of these edge states through the intrinsic sample magnetisation, resulting in C of
either +1 or -1. Generally speaking, the Chern number is a property of the bulk of a
sample, defined as the integral of the Berry flux over the full Brillouin zone and can
only take integer values®!l. The fact that a global property of an insulator can enforce
the existence of conducting channels at its edge is often referred to as bulk-boundary
correspondence and can be viewed as the foundation for all of the aforementioned ef-
fects®1,

As already apparent from the example of the QSHE in the case of time-reversal sym-
metric systems, a different classification has to be applied, as later detailed in chapter
2.2.1. The Zinvariant is a quantum number defined modulo 2, therefore only allow-
ing for two distinct states, which are typically regarded as topologically trivial or non-
trivial. In the three-dimensional case, the classification is extended to a set of 4 in-
variants (s, &g, Bo,Yo), with one strong topological invariant and three weak invariants

describing the properties of the three respective surfaces of a crystal *%!,

2.2.1. Z,-invariant Topological Insulators

The main material classes studied in this work are so-called Z,-invariant topological
insulators, which find representatives e.g. in van der Waals materials Bi, Tes, Bi,Ses and
Sb,Tes [°Y). All these materials share the property that the Hamiltonian describing their
electronic structure is invariant under the time-reversal operation. In a formal way,

time-reversal can be described by an operator

T:t— —t (2.14)
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2. Topology and magnetism

In mathematical terms, the time-reversal invariance of a Bloch Hamiltonian can be

written as
TH(%) 7! = H(—IE) [51] 2.15)

One consequence of a crystal fulfilling this condition is given by Kramer’s theorem. Fol-
lowing from time-reversal symmetry (TRS), each Bloch state in a solid has a Kramer’s
partner and Eq. 2.15 enforces them to be degenerate at every time-reversal invariant
momentum (TRIM) in the Brillouin zone (BZ)!”!. Furthermore a single propagating
edge state as known for Chern insulators would violate TRS and therefore TRS invari-
ant system will always have a Chern number equal to zero!”®!. Topological systems ful-
filling TRS require a different classification, which can be achieved by the Z;invariant.
The invariant is defined as a result of the bulk band topology and therefore viewed as a
bulk property of the crystal ®!l.

While the QHE effect strongly relies on the presence of a magnetic field, the topolo-
gical properties of many Z,-invariant systems such as BiyTe; are mainly a result of the
strong spin-orbit coupling (SOC) induced by the heavy Bi atoms. SOC is expressed as a

relativistic correction to the Hamiltonian as

Hsoc = — GPx VD (2.16)

mZc?
and describes the interaction energy between an electron spin and its respective or-
bit®3!, Here @ is the electrostatic potential, o the Pauli matrix vector and p the momen-
tum operator. If inversion symmetry is broken, e.g. by a sample surface, SOC allows to
break the degeneracy of bands with different spin and is often viewed as an effective
magnetic field conserving TRS. Staying with the example of Bi,Tes, the bulk band gap
is framed by Te and Bi p,-derived states with different parity eigenvalues. SOC acts dif-
ferently on both and therefore at a certain strength reverts the order of the two states.
As the global band gap is smallest at the T-point, the band inversion occurs locally in
k-space in the BZ centre. The parity inversion at a single TRIM in the BZ hence changes
the Zyinvariant and renders Bi, Tes as topological non-trivial °",

As a consequence of the bulk-boundary correspondence, at the surface of the three-
dimensional TT a metallic surface state has to exist. The existence of this metallic state
is enforced by the aforementioned symmetry arguments and often referred to as be-
ing protected by time-reversal symmetry. As long as the bulk band gap inversion is not
reverted or the protecting symmetry is broken, the metallic surface state can not be

gapped out by any perturbation.
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2.2. Topological Insulators

In a low-energy approximation, a model Hamiltonian can be constructed. The full de-

rivation can be found in'” and results in the linearly dispersion model
I:Isurf =C+ Uh(é'xley - OA'y]%x) 191 2.17)

where v is the group velocity of the surface state and C is an arbitrary constant. The
spectrum of this Hamiltonian is a linearly dispersing double cone as depicted in Fig.
2.2a. The Pauli matrices coupled to the momentum terms enforce a helical spin struc-
ture, effectively locking the electron spin to the momentum for the topological surface
state (TSS). For all of the above mentioned TI the existence of this surface state has
been shown by photoemission experiments **"#/, The TSS resides at the T-point of the
surface Brillouin zone and the helical spin structure was visualized using spin-resolved

.. . (75]
photoemlssmn eXperlmentS .

2.2.2. Interplay of Topology and Magnetism

Following from the simple argument of TRS protection, the question arises, how break-
ing this symmetry will influence the topological properties of a Z,-invariant TI. In this

regard, the general notion can be made that, while changing the symmetries of the

(

. a) (b) o
cessarily transfer the TI to a topo- v ’ ®
logically trivial phase. In the re- \ / >< \ 4’ ‘:’:

system, TRS breaking does not ne-

mainder of this chapter, first the

influence of TRS breaking on the
model Hamiltonian for the TSS will
be discussed. Following from that,
a focus will be put on novel phases

and effects arising from this model.

As a last part a description on spe- Figure 2.2.: Influence of magnetism on a 3D TI. The
gapless linearly dispersing Dirac cone present in the
non-magnetic phase is gapped out by the interac-
TI's will be given, discussing the con- tion with the magnetic order. In the magnetic ex-
sequences of different kinds of mag- change gap a 1D edge state disperses in the helical
spin structure is altered to a meron configuration at
the Dirac point.

cific concepts of creating magnetic

netic orders, both from a theoretical
as well as an experimental viewpoint.
While electric fields are generally even under time-reversal, magnetic fields enter the

Hamiltonian as a vector potential A. Similar to the transformation of the momentum
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operator, the vector potential is odd under application of T. The transformation of

electric and magnetic fields can thus be expressed as
T:B— -B, E— E" (2.18)

allowing for the statement that magnetic fields break time-reversal symmetry. Now a
magnetic perturbation acting locally on the sample surface and directly entering the
model Hamiltonian of the TSS (Eq. 2.17) can be considered. A general magnetic per-
turbation can be expressed as a set of mass terms connected with the Pauli matrices

as
Hperp = Y m;6° (2.19)
i

Together with the unity matrix, these matrices span a full basis set, allowing to look at
the effect of a general magnetic perturbation in this fashion. Introducing this term into

Eq. 2.17 and calculating the respective energy spectrum yields

Ep = £/ hky + mo2+ whi — my)? + m2, (2.20)

While my and my are absorbed as a shift in the in-plane momentum, the m, term al-
lows for an opening of a gap in the former linearly dispersing surface state. Unper-
turbed and perturbed spectra for arbitrarily chosen parameters are displayed in Fig.
2.2 to fully visualize the spectral changes imposed by the perturbation. The formerly
gapless TSS a) acquires an open gap in close vicinity of the Dirac point b). Given a
location of the Fermi energy at the Dirac point, this gap breaks the metallicity of the
surface. The influence of the perturbation is strongest at the Dirac point and decays
towards higher momenta. Looking at the spin structure of the perturbed model, the
former strictly in-plane helical spin structure is broken up within the magnetic gap.
The perturbation introduces an out-of-plane spin component with opposing polarisa-

tion for the upper and lower part of the TSS.

2.2.3. Quantum Anomalous Hall and Axion Insulator States

The out-of-plane spin component introduced at the Dirac point leads to a rotation

of the former in-plane spin texture with a winding number of +1/2, when crossing
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over the magnetic gap. This spin structure - often referred to as meron configuration —

introduces a Hall conductance of

m, €

" Imgl 2k

oy (2.21)

to the sample surface >

. As this model handles magnetism as a property local to
the surface, individual mass terms for the top and bottom surface can be imagined.
Assigning the same sign to both terms, both surfaces carry the same Hall conductance.
In a suitable geometry, with the perturbation placed on one sample surface, a transport

experiment would see a Hall conductance of
2
O'QAHZZO’H: i% (2.22)

which coincides with the conductance of one edge channel in the QHE and allows to
assign a Chern number of +1. In analogy to the anomalous Hall effect — a Hall voltage
caused by an intrinsic magnetisation in the absence of an external field — this case is
referred to as the quantum anomalous Hall effect (QAHE). It can be seen as the most
simple switchable topological device, where spin and direction of the edge states can
be controlled by the sample magnetisation. The quantized transport behaviour can be
observed experimentally and is switchable by reverting the internal magnetisation of
the sample!'>"7,

Imagining the opposite case, namely a situation in which the two opposing surfaces
carry a magnetic mass term of opposite sign, and following Eq. 2.21, the two surfaces
exhibit a Hall conductance of opposite sign and the overall Chern number of the system
will be zero. Following from bulk-boundary correspondence, this state can neverthe-
less not be understood as being a trivial insulator and is referred to as the zero plateau
QAH state®""8], The topological nature of this state cannot be assessed by a quant-
ized transport signature. Instead it manifests in an additional term to the Maxwell-
equations — the axion term — valid in the bulk of the material, coupling electric and

magnetic fields as
(C
Lo = co—EB 15,131 (2.23)

where O is defined as the axion angle. This term is present in all Z,-invariant topo-
logical insulators but is typically only accessible, if the metallicity of the surface is
broken!?!, The axion term has led to the concept of an axion insulator, which is often
used in describing the zero plateau QAH case, in which no quantized edge states are

present. It should nevertheless be noted that the coupling in Eq. 2.23 is a consequence
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of the time-reversal symmetric bulk of the Z,-invariant topological insulator, which

can manifest, once time-reversal symmetry is broken locally at the surface [&7%:801,

2.2.4. The Ferromagnetic Extension Approach and Related

Heterostructures

In many of the approaches described in the historical overview presented in the intro-
duction, TRS is broken globally over the entire crystal. While this does allow for the
observation of QAH edge channels in dilute doped TI, the bulk ferromagnetic nature
obstructs any kind of individual control over the magnetism at the individual surfaces.
Going back to the original idea of a magnetic mass term local to the sample surface, the
approach of utilizing surface magnetism seems evident. The basic geometry of such a
device is sketched in Fig. 2.3a). A 3D bulk TI (blue) is sandwiched between two thin
ferromagnetic areas (green), which may be manipulated individually. Depending on
the relative orientation of the surface magnetisation, the structure may achieve Chern
numbers of +1, 0 and -1. First successful attempts use differently doped surface layers
with V and Cr dopants and are able to show an individual switching behaviour for the
two surfaces?*®!), Trying to overcome the limitations inherent to doping an approach
has been proposed closely similar to the concept of intrinsic magnetic TI, namely the

47481 The approach requires a non-magnetic 3D TI

ferromagnetic extension approach!
and a structurally closely related magnetic counterpart as a surface modification. Fig.
2.3b) depicts the advantage of such material combinations on the example of the 3D TI
Bi,Tes and a single septuple layer of MnBi, Tes. The materials exhibit a similar in-plane
crystalline structure and the first three atoms of a single building block are identical.
Next to the structures, the spatially resolved density of states (DOS) of the TSS along
the z-axis is displayed as adapted from “!. At the Bi,Tes-vacuum interface, the TSS in
mainly localized in the last QL of Bi,Tes and quickly decays towards the interface. In
the surface modified case, the MnBi,Te, layer connects smoothly to the bulk and ef-
fectively pushes the boundary between non-trivial and trivial insulator further to the
interface to vacuum. Enabled by the closely related potential landscape and hence low
interface potential, the TSS can extend far into the surface extension and a strong in-
teraction between the magnetic order carried by the 2D sheet of Mn and the TSS is
achieved!*”!. Calculated from DFT for the MnBi, Te,-Bi, Tes system and following from
symmetry arguments, a system as proposed in Fig. 2.3a) with two ferromagnetically
extended surfaces may carry a Chern number of +1 depending on the orientation of
the surface magnetisations *"*¢l, Furthermore for a sufficient thickness of the Bi,Te3

epilayer, the surfaces will decouple magnetically and an individual control of both may
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Figure 2.3.: The ferromagnetic extension approach a) Conceptual sketch for a switchable
topological device. A 3D TI (blue) is enclosed by two ferromagnetic layers (green). An addi-
tional ferromagnet (red) can be utilized to bias the bottom surface and allow for individual
switching of both. b) Crystalline structures of pristine BipTe; and Bi,Tes covered with a
single SL of MnBi,Te,s. The black lines show DFT calculation for the spatially resolved DOS
of the TSS (adapted from (*8]) in both cases and highlight the spatial relocation of the TSS
into the surface extension. Parts of figure b) used and adapted with permission of Springer
Nature, from!*”; permission conveyed through Copyright Clearance Center, Inc.

become feasible. While a few growth attempts have been made for the proposed fer-
romagnetically extended surface, some did not observe ferromagnetism in the surface
layer ®2%3 while others claim an observation backed by a highly inconclusive set of ex-
perimental results [®*). This motivates the two main aspects aimed to be studied in this
thesis. First, a growth mechanism for the ferromagnetically extended surface will be
developed and later accompanied by an analysis of the two-dimensional ferromagnet-
ism at the surface and its influence on the TSS electronic structure. Second — going
back to Fig. 2.3a) — in order to achieve an individual control over the layers in such
a structure, the coupling to a ferromagnetic bias layer (red part of Fig. 2.3a) will be
investigated. Many attempts exist in creating biased surfaces by stacking vdW layers
of different magnets'®>%%! but as will be shown, the situation is substantially different
for MBE grown structures and requires a fundamental understanding of the interface
structure and the tuneability of this effect.
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3. Materials

The main goal of this thesis is the study of heterostructures combining magnetic and
topological properties, resulting in emergent phenomena at the interface or surface
of these structures. All materials used and presented below are chosen due to their
layered van der Waals structure and hexagonal in-plane symmetries and include the
prototypical TI Bi, Tes, the intrinsic magnetic TI MnBi, Te, and Fe;GeTe,, a high-T. van
der Waals magnet. In this chapter, the physical and electronic properties of each of
these materials will be introduced individually. The focus will be placed on parameters
insightful for understanding the dynamics involved in the growth of heterostructures

of these compounds as well as on the magnetic and topological properties.

3.1. BixTes and MnBi,Te; Topological Insulators

Bi, Tes is a material already discovered early in the 20

century and mainly known due
to its semiconducting properties with applications in infrared sensing and thermoelec-
trics'®”%8 In the light of the discovery of topology in condensed matter physics Bi, Tes

50,74] Flg

has gained significant attention as one of the first 3D topological insulators
3.1a) displays the full unit cell of BipTes. The structure consists of blocks of five atoms
with a Te-Bi-Te-Bi-Te order, within which the bonding is commensurate. Consequently
the bonding in between these blocks is only of van der Waals (vdW) type, which leads
to a clear inequivalence between the in-plane and out-of-plane directions of the crys-
tal. The stacking direction of the vdW layers also defines a clear axis of growth and a
distinctly flat surface, namely the [0001] surface.

Bi,Tes is a small bandgap semiconductor with a direct bandgap close to the Brillouin
zone centre. Fig. 3.1b) depicts a density field theory (DFT) calculation along two high-
symmetry directions of the Brillouin zone!”*!. The band structure of Bi,Te3 hosts an
inverted band gap at the T-point, where the inversion is mainly driven by the strong
spin-orbit coupling (SOC)". As a consequence Bi,Tes hosts a topological surface
state (TSS) at its Brillouin zone centre, spanning over the entire bandgap and assigning
a metallic character to the surface. The TSS in Bi,Tes has its Dirac point located close
to the bottom of the M-shaped bulk valence band (BVB) and therefore shows a char-
acteristic shape with a very pronounced upper part of the TSS, while the lower part is
already incorporated into the BVB!"*!, The threefold rotational symmetry defined by
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(c)

Spacegroup| R3m

a 0.438 nm

b 0.438 nm

c 3.115 nm
Melting Point| 580 °C

Bandgap 165 meV

Figure 3.1.: Electronic and crystalline structure of Bi»Tes. a) Full unit cell of Bi,Te3 con-
sisting of three weakly bound quintuple layers®”). b) Band structure of Bi,Tes calculated
by DFT together with the shape of the surface Brillouin zone.!”* c) Physical parameters of
Bi,Tes as taken from "8 Figure b) from!”*. Reprinted with permission from AAAS.

the R3m symmetry group results in a hexagonal shape of the surface Brillouin zone
with the distinct high-symmetry directions TM and T'K. All structural parameters rel-
evant for the growth of Bi,Tes are listed in Fig. 3.1c).

Introducing magnetism in Bi,Tes particularly by doping with Mn was found to lead
to an extended unit cell, incorporating an additional MnTe layer”?!. These extended
vdW layers were identified to be the building blocks of the thermodynamically stable
crystalline structure of MnBi,Te;. MnBi,Tes was subsequently discovered as the first
antiferromagnetic intrinsic topological insulator — a magnetic TI with magnetism as

e?893 MnBi,Te, belongs to the same space group as

part of its crystalline structur
Bi,Tes and consists out of septuple layer blocks separated by van der Waals gaps. The
unit cell of MnBiyTe, in the non-magnetic phase is displayed in Fig. 3.2a) and con-
sists of three SLs. Below a Neél temperature of 24.6 K the spins assigned to Mn couple
ferromagnetically within each layer, while the interlayer coupling is of antiferromag-
netic nature!”®!. The coupling leads to A-type antiferromagnetism in MnBi,Te; but
nevertheless allows for an effective local magnetic polarisation at the [0001] surface of
the crystal. The magnetic easy axis is aligned along the surface normal, potentially al-
lowing for an interaction between the magnetic order and the TSS. Similarly to Bi,Tes
the electronic structure of MnBi,Te, (see Fig. 3.2b) is characterized by a global direct
bandgap in the infrared and a hexagonally shaped Brillouin zone. The band gap was
found to be inverted around the I'-point and the material hosts a TSS. The structural
parameters are listed in 3.2c). In particular it should be noted that the in-plane crys-

talline structure and lattice constant is closely similar to BipTes. The melting point is
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(@ . (c)
: Spacegroup| R3m
SL a 0.433 nm
. @-Q ‘i b\ b 0.433 nm
vdW - c 4.093 nm
: Melting Point| 600 °C
SL Bandgap 220 meV
Q@ Theel 24.6 K
vdW e
. oM
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Figure 3.2.: Crystalline and electronic structure of MnBi, Te,. a) Full non-magnetic unit cell
of MnBi,Te, consisting of three weakly bound septuple layers'”®!. b) Bulk band structure
of MnBi,Te4 by DFT. The electronic structure hosts a direct inverted band gap in the centre
of the Brillouin zone. c) Relevant structural and electronic parameters of MnBi,Tey %93
b) used and adapted with permission of Springer Nature, from!“®/; permission conveyed
through Copyright Clearance Center, Inc.

slightly higher, which also results in a higher temperature needed during the growth of

this compound [9%941,

3.2. The van der Waals Magnet Fe;GeTe,

FesGeTe, is a representative of a class of novel van der Waals magnets — a set of ma-
terials with a layered crystalline structure hosting magnetic properties which are of-
ten stable down to the monolayer limit!°®. Magnetism in such truly two-dimensional
systems has been experimentally discovered first in Crl; and Cr,Ge;Teg and has since
gained a lot of interest, both from a perspective of fundamental physics as well as due
to their prospective use in ultra miniaturized electronics”%7),

The crystalline structure of FesGeTe; is depicted in Fig. 3.3a) and its unit cell consists
of two unit blocks. Each of the blocks is terminated by a hexagonal lattice of Te atoms,
while the Fe and Ge atoms are placed in between. The structure hosts two inequi-

98] The valence

valent lattice sites for Fe, also differing in local screening properties
band structure as represented by DFT calculations in Fig. 3.3b) is mainly defined by
Fe d-orbital derived bands and has a fully metallic character. In the ferromagnetic

case a clear separation between spin majority and spin minority populated bands is
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found and the magnetic properties are mainly defined by the Fe lattice sites. The lat-
tice parameters of FesGeTe, (Fig. 3.3c) give an lattice mismatch between MnBi,Te,
and Fe3GeTe; of ~ 7.98 %, the comparably high melting temperature renders the com-

pound a sufficiently stable substrate for the growth of heterostructures.

(a) (b) (c)

. o - R O Spacegroup| P6, / mmc
e a 0.401 nm
& % G B b 0.401 nm
R 'gP ‘P E C 1.633 nm
@69 P > Melting Point| 873°C
ﬁ & L%) Bandgap metal

P P P T, 230K

r K M T A?:Ff

Figure 3.3.: Structural and electronic properties of the van der Waals magnet Fe3GeTe;. a)
Unit cell of FezGeTe; built out of Te (red), Fe(grey) and Ge (blue) atoms. The structure ex-
hibits commensurate blocks with a complicate crystalline structure divided by weak van
der Waals bonds®?!, b) Spin- and orbital-resolved DFT calculations of Fe3GeTe; in the fer-
romagnetic state for spin majority and minority carriers!!’’!. c) Selected structural and
magnetic parameters'">!'! Figure b) with permission from!"%’!. Copyright (2023) by the
American Physical Society.

Concerning its magnetic properties, Fe3GeTe;, is a strongly anisotropic ferromagnet
with an out-of-plane easy axis and itinerant or metallic magnetic coupling proper-
ties 9”102 The critical temperature of bulk crystals is estimated between 220 and 230K,
while decreasing below 200K in the limit of microscopically thin flakes!9%102-104 " n
bulk magnetometry, Fez3GeTe, appears as a soft ferromagnet with a saturation field of
~ 400mT and a very small coercive field, which is attributed to the easy emergence
of domains with opposite magnetisation in bulk samples!'’!. Experiments working
with exfoliated or structured flakes of Fe3GeTe, on the size of the typical length scale
of the individual ferromagnetic domains however have shown that a hard ferromag-
netic hysteresis behaviour can be achieved. For device scales of = 10um, squared
hysteresis loops with coercive fields up to aforementioned saturation field have been
found!!°*1%] These properties render FesGeTe, as a material highly interesting for
device applications and make it an intriguing field of study in the combination with

topological materials.
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As this thesis covers aspects from sample growth up to a spectroscopic analysis, a broad
range of methods was applied and used to gain a picture as complete as possible. The
following chapter aims to introduce the basic notions of the those experimental meth-
ods and introduce all relevant aspects necessary for the interpretation of the exper-
imental results. The chapter starts with an introduction of molecular beam epitaxy
(MBE), its relevant microscopic processes as well as the most commonly used probes
on the structure of the samples.

Angle-resolved photoemission spectroscopy (ARPES) is the method of choice for the
analysis of the electronic structure, especially allowing for a direct probe of the topolo-
gical properties of the MBE samples in this thesis. Next to an introduction into the basic
physics of the photoemission process, chapter 4.2, will present the details involved in
angle-resolved measurements, resonant photoemission as well as spin-resolved pho-
toemission.

Subsequently chapter 4.3 will introduce X-ray absorption spectroscopy and X-ray mag-
netic circular dichroism — two methods used for determining a broad spectrum of mag-
netic properties up to an element sensitive measurement of the local spin polarisation.
The last part of this chapter will then cover the experimental setups at which this work
was conducted, as well as document the development of the combined MBE and pho-

toemission systems that have been part of this thesis.

4.1. Molecular Beam Epitaxy and Related

Characterisation Methods

Molecular Beam Epitaxy (MBE) is a broadly used method for the deposition of thin
films with applications ranging from fundamental research up to large scale applica-
tions in the semiconductor industry. Given the plentiful amount of applications, MBE
poses a very broad field of study. As a consequence, processes and systematics strongly
depend on the material systems under investigation. This chapter mainly aims to in-
troduce MBE processes relevant for the growth of Te based van der Waals compounds.
For a more broad overview, the reader is refereed to e.g.!'°”1% on which most of the

discussion below will be based.
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4.1.1. MBE Growth and Surface Dynamics

MBE allows for a high amount of control over growth properties and can be scaled from
small laboratory applications up to industrial standards. The most general require-
ments of MBE are the use of (thermal) evaporation sources for the creation of molecu-
lar beams, ultra high vacuum conditions and the use of substrate materials as a funda-
ment for the sample growth. The UHV conditions have to be sufficient to allow for a
ballistic transport of the molecular beams to the substrate. The conditions present in
most lab setups ranging down to 1 x 1071° mbar typically overfulfil these requirements
and are mainly maintained to avoid the incorporation of residual gas atoms into the
film structure during the growth.

Contrary to other growth methods working with the spontaneous nucleation of crystal-
lites, MBE uses substrate materials, which closely mimic the crystalline in-plane struc-
ture of the attempted film material. The choice of substrate material allows to influ-
ence film parameters as strain, growth direction and even attempted phase. A second
important distinction is the ability of MBE to work out of the global thermodynamic
equilibrium. The individually controlled cells allow to adjust the flux of the source ma-
terials individually and may even be used to prepare heterostructures of layers with
sharp interfaces. The reaction on the surface is defined by the substrate temperature,

which may be far away from the operating temperatures of the individual sources.

Generally, the MBE process is divided into three spatially separated zones in the cham-
ber: Elements are evaporated mainly from Knudsen cells, where the cell content is
heated to a certain evaporation temperature. Modern Knudsen cells contain partially
open ceramic crucibles in which a mixture of the evaporant and its vapour coexist. The
relevant quantity for MBE processes is the temperature dependent vapour pressure of
the evaporant. Depending on the evaporant, the gas phase may consist of different
type of molecules, e.g. elemental clusters, dimers or single atoms, which can strongly
influence the dynamics occurring on the substrate surface. The molecular gas phase
subsequently leaves the crucible and moves ballistically through the chamber, given
the low background pressure. A shutter in front of the cell is used to control or block
the beam reaching the sample. On the substrate surface, the individual beams mix
and equilibrate to the substrate temperature, which is the defining quantity for all pro-
cesses related to the film growth. The dynamics on the growing surface are visualized
in Fig. 4.1a). The impinging atoms or molecules may adsorb at the substrate or film
surface into a weakly bound and mobile state, also called physisorption. The relevant

quantity is the so-called sticking coefficient defined as
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4.1. Molecular Beam Epitaxy

n
¢, = —2dh 4.1)

Mot
and may greatly differ between different kinds of atoms or molecules. Here nyqy is
the amount of adhesing atoms as compared to the number of impinging particles 7.
The sticking coefficient is highly dependent on the substrate temperature and present
chemical conditions. To give one example relevant for this work, Te will not stick on
BaF, above ~ 210°C. The presence of additional BiTe molecules however can chemic-
ally bind additional Te and lead to ¢; > 0'%!, For the growth of chalcogenides, often a
large oversupply of the chalcogenide (Se, Te) is required to obtain stoichiometric films

101 A measure for the beam flux,

due to the large difference in sticking coefficients!
often used in MBE processes is the beam equivalent pressure (BEP), which is defined
as the pressure difference at the sample position between opened and closed cell.

The elevated substrate temperatures allow for a certain mobility of the atoms on the
surface. Atoms/molecules are still weakly bound in the physisorbed state and can hop
on the surface. Diffusion is a thermally activated process and the typical length scales
behave as Iy e% with E as the hopping energy barrier. A certain mobility is re-
quired to achieve a reasonable crystalline quality, as atoms have to find a suitable lat-
tice site, while a high mobility can also lead to pronounced island growth.

The mobile atoms will eventually bind to the substrate surface or to each other and
start to nucleate. Depending on the growth conditions, nucleation — the formation of
new islands —and incorporation — the chemisorption of a molecule to an existing island
edge — are the defining processes for the surface morphology and will define the growth
mode of the film. The desorption of molecules mainly concerns the physisorbed state,
but can at certain substrate temperature also apply to chemisorbed atoms from the
surface region. Atoms overcome the potential of the surface barrier and re-evaporate
into vacuum. Similar to the sticking coefficient, desorption processes may subsequently
shift the equilibrium conditions on the surface and lead to a change in crystalline
phase. As one example, a BipTe; surface exposed to high sample temperatures will
gradually become Te deficient over time, especially in the absence of a stabilizing Te
atmosphere.

For binary or ternary compounds intermixing of atoms can also emerge as a relevant
process. It denotes the occurrence of antisite defect, which given the different number
of bonding electrons may lead to isolated defect states. The process is more likely in
structures with multiple sites carrying a similar oxidation state or atomic radii. One

prototypical example are materials of the MnBi,Tes-family where Mn-Bi antisite de-
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(a) nUde\atiogdsorption@ (b) Frank-van der Merwe
desorption| _— [ ®
— & | ® Stranski-Krastanov
& " -
7 8) incorpTtion— diffusion Volmer-Weber
a1 T il

intermixing

Figure 4.1.: MBE surface dynamics and growth modes. a) MBE growth dynamics on the
surface of a growing film containing adsorption, hopping and desorption processes '°7 108,
b) MBE growth modes on the surface of a substrate, ranging from flat layer growth up to
island growth modes!'°",

fects are discussed in great extent 3441111

The MBE process applied in this thesis is mainly based on binary sources of BiyTes,

MnTe and elemental Te. At the relevant temperatures BiyTes evaporates as

2-BiyTes — 2-BiTe+ Te, ' 4.2)

and MnTe dissociates to its elemental constituents!!'*!, Te can be assumed to also

[114]

evaporate in dimers of Te' '*!. The reasons and properties of this approach will be

detailed out in chapter 5.

Van der Waals Epitaxy

The materials in this thesis are grown on BaF,, a substrate with a fully different atomic
composition than the epitaxial layers. This type of process is referred to as heteroep-
itaxy!115
mimic the compound attempted to be grown. The [111] surface of BaF, exhibits a

I, The substrate is chosen such that its symmetries and lattice constants closely

threefold rotational symmetry and an in-plane lattice constant very close to the one
of Bi,Te; and MnBi,Te, with a lattice mismatch of 0.04 %''%'17) The surface is ter-
minated by fluorine ions with fully occupied orbitals and no dangling bonds are left
on the surface, as desired for a van der Waals growth mode. Contrary to conventional
substrates, the preparation of BaF, does not require very high annealing temperatures.
The substrates are cleaved as flat slices off commercially available blocks and inserted
into vacuum right after. Before growth they are once more degassed to desorb residual

water molecules at 400 °C. Unless noted otherwise, this preparation approach is used
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4.1. Molecular Beam Epitaxy

for all epitaxially grown samples in this work.

Growth modes occurring in MBE are depicted in Fig. 4.1b) and can be divided into
three main categories, the layer by layer (Frank-van der Merwe), layer plus island (Str-
anski-Krastanov), pure island (Volmer-Weber) growth. Layer by layer growth occurs,
when the bonding to the substrate is stronger than in between the epitaxial layers. The
first layer is then adhered to the substrate. After the growth of the first layer, the in-
fluence of the substrate rapidly decays. If the bonding relaxes sufficiently smooth to
the bulk conditions, layer by layer growth will occur. If the bonding properties change
unfavourably or abruptly after the first layer is grown, the following layers may nucle-
ate as isolated islands on the surface, leading to the Stranski-Krastanov growth mode.
On the other hand, if the bonding between the atoms is always favoured to a substrate
bond, island growth may be preferred !'°",

In this regard, the growth of van der Waals compounds is a fringe case in many as-
pects. It concerns the growth of compounds with strongly bound building blocks,
which mainly extend in the lateral direction. VAW materials tend to grow with the
stacking direction along the surface normal and have a strong tendency to form closed
layer units, e.g. quintuple layer block in the case of BipTes. In this case islands once
nucleated tend to grow sideways, while new islands may nucleate on top on the fin-
ished surface area. The interplay of nucleation and expansion leads to the emergence

941091~ As no direct bonding takes place between film

of pyramid-like growth modes!
and substrate, van der Waals materials are more tolerant towards lattice mismatch and
the film may still grow in a relaxed structure. Nevertheless, this statement is to be taken
with great care, as the surface morphology and growth mode still depend on the sub-
strate of choice and a large phase diagram of growth modes from flat layers to wires
can emerge!''°!, Especially in vdW epitaxy, the symmetries of the substrate play an el-
evated role. In many cases more then one rotational orientation of the epitaxial layer
on the substrate will lead to a local minimum in energy, such that multiple different ro-

r [67

tational orientations of the film may occu I, In the case of Bi, Tes, this effect is called

twinning and strongly depends on the thermodynamics of the growth '8!,

Surface preservation and capping

In the context of single layer thin sample structures, an appropriate surface preserva-
tion technique is highly necessary, as even for the typically inert surface of MnBi,Tey,
the first layer oxidizes within less than an hour at ambient conditions!''?). In this thesis
three main methods of surface preservation have been used and will be introduced in
the following. The most straightforward way of surface preservation are capping tech-
niques. After the growth of the epitaxial film, a capping material is deposited to fully
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cover the film surface and prevent oxygen from reaching to the film when the sample
is exposed to ambient conditions. For van der Waals type samples it has been found
that capping with elemental Te can protect the surface against oxidation on timescales
up to several years. As apparent from STEM experiments shown later in this thesis, Te
evaporation at room temperature starts to form a crystalline layer of Te on the sample
surface. Typical capping thicknesses range up to 200 nm, where the growth of Te is
found to be rather polycrystalline growing in large whiskers!''°!. Given the sharp and
weakly bound interface between the epilayer and the cap, a mechanical removal of
the cap for further surface studies is possible. Samples are prepared ex-situ by fixing a
metallic or ceramic pin onto the surface using epoxy adhesive. Subsequently a lateral
force is applied in UHV conditions onto the pin, leading to a removal of the adhesive
together with the protective Te layer. The success of decapping depends crucially on
the fact that the bond between the capping layer and the film surface is the weakest
link in the structure and therefore benefits greatly from flat sample surfaces.

Especially for transport experiments, metallic capping layers are no suitable method
of surface preservation, as they open a large parallel conductive channel to the main
film. In this regard BaF, has been found to be a suitable capping material, given the
insulating character with a large band gap. When evaporated at the sample surface at
elevated temperatures of ~ 240°C, BaF, grows epitaxially on the surface of BipTe; and
MnBi,Tes. Typical layer thicknesses of 30 nm suffice in protecting the sample surface
on timescales of several years. To contact the film through the insulating layer, parts of
the cap can be removed by the controlled application of purified water. For very thin
sample structures a more complicate technique has been used, as described e.g. in the
supplement of !>, Using a focused ion beam microscope small circular channels are
cut into the sample. Subsequently elemental Pt is evaporated focused into the chan-

nels to produce small contact pads.

4.1.2. Growth Characterisation Methods

MBE - as most crystal growth methods - is highly reliant on a set of structural charac-
terisation methods as a feedback for the growth optimisation. In this thesis, the sample
growth recipes were optimized by first growing thin films with a set of parameters either
estimated from first assumptions or calculated from a prior optimisation cycle. Sub-
sequently the samples were analysed using multiple in- and ex-situ characterisation
methods to gain information about crystal stoichiometry, phase and quality (X-ray dif-
fraction, XRD), deposition rates (X-ray reflectivity, XRR) and surface structure, quality

and morphology. In the following each method will be addressed in the detail neces-
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4.1. Molecular Beam Epitaxy

sary for the interpretation of results shown later in this thesis. For an understanding
of the underlying physics and a more detailed explanation, the reader is referred to a

collection of specialized books on each topic!'?!~124,

X-ray diffraction

X-ray diffraction is the main characterisation method used to probe the crystalline
structure of MBE layers prepared in this work. It utilizes hard X-ray radiation with
wavelengths in the order of magnitude of interatomic distances in crystals and is able
to probe a variety of structural parameters by scattering on the crystalline lattice. In the
following, first a theory of scattering will be derived, which is valid beyond the scope
of XRD. Afterwards the experimental details of typical XRD experiments and the data

evaluation employed in this work will be addressed.

(a)

e o ~1/d,,

Figure 4.2.: Geometry and construction of the XRD experiment. a) Ewald-sphere construc-
tion. The in- and outgoing wave vectors may interfere constructively, when the scattering
vectors connects reciprocal lattice points. b) Typical XRD experiment in w — 20-geometry.
The incoming beam is scattered off the sample and imaged by a detector unit. ¢) The shape
of the individual diffraction peaks may be used to estimate the typical mean grain size of
the epitaxial film. d) Definition of the relevant angles in the sample coordinate system.

A wave or beam impinging on a crystalline sample is subject to scattering from each
individual lattice site, such that for an elastically scattered beam, each lattice site has
to be viewed as an individual source of a wave. While this in general poses a profoundly
complex situation, the periodic nature of a crystal may be used to greatly simplify the
problem. All individually scattered parts of the incoming wave superimpose and in-

terfere and in the case of an infinite, periodic lattice, only very few conditions lead
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to constructive interference, while in all other cases the scattered intensity goes to zero
due to destructive interference. The condition for constructive interference for a three-

dimensional lattice is described by the Laue equation
G="Kk-k=Quu"* 4.3)

stating that the scattering vector — e.g. the difference between the in-going and out-
going wave vector k and k' — has to be a reciprocal lattice vector of the scattering lattice.
The Laue condition is often visualized in the Ewald sphere representation as seen in
Fig. 4.3a). The radius of the sphere is given by the length of the incident wave vector
k defined by the energy of the incident photons and the elastic scattering condition
implies the same length for the scattered wave vector k'. Constructive interference
occurs, when the scattering vector § connects two reciprocal lattice sites, represented
here by the sphere with radius k| intersecting two lattice points. The full reciprocal
space available to the experiment is given by a sphere with the radius 2|k| originating
at the centre of the reciprocal lattice. The relation between a reciprocal lattice vector

and the real space lattice is given by
Q; - iy = 216" (4.4)

with dy as the base vectors of the crystalline lattice. Up to now Eq. 4.3 only accounts for
a periodic lattice carrying a single atom per unit cell. An unit cell containing multiple
atoms significantly changes the scattering condition from the lattice and is accounted

for by the structure factor

Fhkl — aneZJti(hun+kvn+lwn) [125] (4.5)
n

containing a sum over all atoms in the unit cell n with their respective atomic scatter-
ing factor f;, and the respective fractional coordinates u, v, w within the unit cell. The
intensity of a diffraction maximum connected to the reciprocal lattice vector @hkl is
then modified by a multiplication with |F|?>. Depending on the arrangement of atoms
within the unit cell the structure factor may significantly alter or fully suppress the rel-
ative diffraction intensities.

The geometry of a typical XRD experiment is shown in Fig. 4.2b). An incident X-ray
beam is guided onto the sample surface with the incident angle w. The scattered beam
leaves the sample and a detector is placed under the angle 20 away from the incident
beam direction. Typically the sample is mounted on a six axis goniometer, which allows

the adjustment in three spatial coordinates x,y,z and the three relevant sample angles
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¢, ¥ and w. The scattering vector ¢ corresponds to the deflection of the incident beam
and is pointing along the surface normal z’ of the sample in the case of the symmetric
scattering geometry with w = ©. In laboratory experiments the beam is focused along
the out-of-plane direction, while it may be quite elongated along the experimental y-
axis, while in the case of synchrotron based experiments a fully focused beam is used.
The detector may either be a counter tube, or a two-dimensional area detector. While
the first is employed for one-dimensional line scans in a lab environment, area de-
tectors can be used to image the full three-dimensional shape of individual diffraction
peaks.

A scan under the condition w = © corresponds to a line through the reciprocal along
the ¢, vector, e.g. the surface normal and is the main scanning method employed in
the analysis of epitaxially grown thin films. In this condition, the scattering vector com-

ponent ¢, can be calculated as

4 .
4, = = sin(0) (4.6)

where A is the wavelength of the incident radiation. In the case of asymmetric diffrac-
tion maxima and when using an area detector, the data conversion becomes signific-
antly more complex. The full data conversion procedure used in this work has been
summarized to a small guide and can be found online!'*".

Symmetric w — 260-scans are used to identify the crystalline phase and purity of an epi-
taxial film often accompanied with an appropriate modelling or comparison to cal-
culated peak positions. If an area detector is utilized, varying the sample angle w for
a fixed value of 20 suffices to image the full three-dimensional shape of a diffraction
maximum '?%!, In a real system the shape of the diffraction maxima depends on para-
meters such as the crystal size, sample temperature and potential lattice defects. For
a finite sized crystal, the shape of the diffraction peaks corresponds to a Fourier trans-

form of the macroscopic crystalline shape s as
W(AG) = FT{s@}!"! 4.7)

with Ag as the distance from the peak centre. While for epitaxially grown films, diffrac-
tion peaks are elongated in the q,-direction by the finite film thickness, the broadening
in the xy-plane is strongly dependent on the grain size of the layer and therefore a hall-
mark for the film quality. Furthermore, the information about the shape of diffraction
peaks may be related to the preferred shape of the individual grains!'?%,

If required for the analysis of XRD patterns, especially for the identification of fea-

ture connected to crystalline impurities and surface terminations, XRD patterns can
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be modelled explicitly for a given structure. In this regard for van der Waals materials,
a structure model is set up, consisting of individual layers and the XRD pattern is cal-
culated taking reflection and transmission through the layers into account. In order to
simulate disorder as present in real materials, an inhomogeneity in the sample thick-
ness or ordering of the individual layers is accounted for by simulating a set of statistic-
ally distributed possible structures and averaging over the resulting patterns ['21128129]
All XRD simulations presented in this thesis were conducted with the help of Prof. Ser-

gio L. Morelhao, University of Sao Paulo.

X-ray reflectivity (XRR)

In the case of very grazing light incidence and in case of a w — 20-bound geometry, the
scattering vector ¢ will become small compared to the size of a reciprocal lattice vector,
such that no scattering signal from the lattice itself will be detected in this geometry.
Instead, the small g — corresponding to large distances between the individual scatter-
ing planes — will approach the magnitude typical for thin films, e.g. sizes of several up
to a few hundred nm!'?), As the refraction index for most materials is smaller then
the vacuum value n < 1 a critical angle exists under which total reflection from the
surface occurs. Above the critical angle, reflected intensity from the surface of a film
and potentially from every interface in the structure at which the dielectric constant of
the epitaxially grown layer structure changes will interfere and modulate the intensity
detected under the angle 20['3%131 " In the most simple case, viewing a thin film on
a semi infinite substrate and neglecting material specific parameters, the interference
will lead to an oscillating pattern in the reflected intensity. The oscillation period Aw is

connected to the film thickness d by
d=—— (4.8)

A complete derivation and incorporation of material specific parameters can be found
in!"®!, Especially for multi-layer systems a precise calculation can be very complex
and for the analysis of XRR-patterns in this work the software toolkit GenX was be em-

[1321 'The program simulates the individual layers by their density and refractive

ployed
index with a thickness d and an average surface roughness o and further incorporates
a set of experimental parameters to properly describe the angle-dependent reflection
intensity. Using a differential evolution algorithm, the open parameters in the model
are adapted to the experimental results to work out the thickness of the individual lay-

ers as well as the roughness of the respective surfaces. XRR naturally has limits in the
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analysis of structures with very similar refractive indices, e.g. interfaces between Bi, Tes

and MnBi, Te4 cannot be clearly resolved.

Reflective High-Energy Electron Diffraction

Reflective high-energy electron diffraction (RHEED) is an electron diffraction method
commonly used in combination with MBE growth. An electron beam with energies
between 10keV to 30keV is guided onto the surface of the sample in a grazing incid-
ence geometry. The beam is elastically scattered off the sample surface and detec-
ted by a phosphorous coated screen placed in the beam path. The grazing incidence
geometry allows for RHEED to be conveniently combined with MBE growth setups,
as source and detector can be placed perpendicular to the evaporation direction and
therefore allow for the acquisition of diffraction patterns during sample growth. The
implementation of this method in the relevant setup can be found in chapter 4.4.
RHEED is a diffraction method following the same mathematical formalism as de-
scribed in Eq. 4.3 in the context of X-ray diffraction. Despite the high electron ener-
gies, the grazing angle of incidence with a perfectly flat surface leads to a low penetra-
tion depth of the electrons and thus to a surface-sensitive experiment. Consequently,
the Laue condition along the surface normal is relaxed and the diffraction condition is
only sharp for the in-plane wave vectors. The expected patterns will now be explained
in more detail, depending on the surface structure.

Given a perfectly flat epitaxial layer and assuming the sample to be azimuthally aligned,
e.g. the incident beam impinging along a high-symmetry direction of the surface,
the diffraction process only fulfils the Laue equation for the in-plane direction, while
for the out-of-plane direction a continuous set of diffraction vectors is allowed. Con-
sequently, the diffraction pattern is expected to consist of discretely placed streaks,
which appear as lines at the detection screen. The spacing of the lines scales inversely
with the respective in-plane lattice constant, while the width can be interpreted as a
measure of the crystal quality and grain size, when assuming a constant sample tem-
perature.

If the growth results in a rough surface consisting of small islands, the assumption of
a purely surface-sensitive experiment looses its validity. The beam can enter the small
crystallites from the side, allowing only for discrete scattering vectors along all three
spatial directions. The formerly discrete streaks acquire a modulation along the out-
of-plane direction up to the point, where the screen depicts a clear pointed diffraction
pattern along both in- and out-of-plane direction.

While the upper two cases both denote an oriented growth mode, a fully polycrystal-

line growth will result in a variety of small crystallites with all possible orientations at
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the substrate surface. Abeam impinging under this condition will result in a diffraction
pattern as also present in Debye-Scherer or powder diffraction. The characteristic pat-
tern for these growth conditions are semicircles on the RHEED screen centred around
the incident beam direction 2%,

In many MBE setups, RHEED also allows to monitor the growth of individual layers by
oscillations of the RHEED intensity due to an alternating surface roughness caused by
layer by layer growth. Due to their growth mode, this is only rarely possible for the van
der Waals materials under investigation in this work and this aspect is not applicable
here. A more comprehensive explanation of this technique can be found in!'°",

Low-Energy Electron Diffraction

A closely related experimental technique is low-energy electron diffraction (LEED).
Here the experimental geometry is fundamentally different with the electron beam
impinging the surface along the surface normal. The elastically scattered electrons
are visualized and filtered by an assembly of biased grids and a phosphorous screen,
mounted spherically around the incident beam direction. LEED uses electron energies
up to a few 100 eV and its surface sensitivity is given by the small inelastic mean free
path of the electrons. The scattering process is again closely related to the description
in the previous chapter. The in-plane scattering vectors are fully discrete, while the
scattering vector along the surface normal allows for a continuous set of vectors with
an energy dependent modulation due to the finite depth sensitivity of the experiment.
LEED allows to image the two-dimensional diffraction pattern of the sample surface
and can provide insight on the reciprocal lattice of the surface.

In the frame of this work, LEED is employed to probe a few main properties of the thin
films under question. In hetero-epitaxial growth with lattice missmatch, LEED pat-
terns of the surface can help in identifying superstructures and strain. These kind of
superstructures are well known for thin surface layer on metallic substrates!'**! and
less likely to occur in van der Waals growth of thick films. LEED also allows to probe
symmetry properties of the surface and is especially sensitive to the azimuthal align-
ment of films. It is therefore a very useful tool to estimate the degree of rotational align-
ment between substrate and epilayer. In the special case of the threefold rotational
symmetry of the compounds used in this work, it can be used to estimate the degree of
domain twinning during growth, although the results have to be interpreted with care,
as the LEED patterns of e.g. Bi,Tes can vary strongly between trigonal and hexagonal
appearance depending on the beam energy. For a more profound discussion of the

method, the reader is referred to e.g. %%
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Atomic Force Microscopy

Atomic force microscopy (AFM) - in contrast to the aforementioned diffraction tech-
niques —is a real-space microscopy technique for the analysis of surface topography. In
the often used tapping mode, the method uses an up to atomically sharp tip mounted
on a vibrating cantilever. The tip is brought to oscillate in close vicinity to the sample
surface, such that the interaction between tip and sample can already be described in
terms of the Lennard-Jones potential'**. This highly non-linear potential results in a
change in resonant frequency as the distance of the tip from the sample is changed. By
monitoring the change in vibration amplitude and frequency and adjusting the canti-
lever height, the sample topography can be mapped by rasterizing the sample surface.
AFM is a highly local technique, imaging the sample surface on length scales of a few
pm laterally, with a resolution of ~ 1 nm to 5nm. Along the vertical direction especially
high-resolutions of up to 1A can be achieved!'**!. These properties render AFM a well
suited method for probing the surface morphology of epitaxially grown films, mapping
out quantities as mean island size, island shape, surface roughness and average step
height. The data treatment of AFM images in this work is limited to data levelling by
subtracting a mean plane oriented along flat terraces at the sample surface. For a more

detailed explanation of the technique, the reader is referred to !>,

Transmission Electron Microscopy

Especially for the growth of heterostructures, a determination of the vertical sample
structure is challenging with the above mentioned methods. Transmission electron
microscopy (TEM), more specifically scanning TEM (STEM) as applied in this work is
a microscopy technique, allowing to image the lateral sample structure. For the STEM
measurements, the sample has to be very thin, to allow electrons to pass through. This
is achieved in a multi-step process. First a lamella is cut out of the sample by a focused
ion beam microscope. Subsequently the lamella is further thinned down by lon-beam
milling!'*%!. The experiments shown in this work were conducted with the help of Dr.
Martin Kamp (RCCM - Universitdt Wiirzburg).

STEM uses a highly focused electron beam with energies in the 100 keV to MeV range %%/,
The beam is guided onto a thin lamella of the sample, while a detector measures the
transmission of the beam through the lamella. If the lamella is cut along a high-sym-
metry direction of the sample and oriented accordingly, the electron beam will en-
counter areas of high and low transmission when rasterizing the sample, depending
on which part of the lattice structure is hit. The results can be seen as displaying the

vertical and one direction of the lateral sample structure. In a first approximation, the
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acquired image is interpreted as a convolution of the probe intensity function and the
specimen object function. Here the latter represents the sample structure and consists
of maxima in contrast at the atomic sites scaling with the nuclear charge number as
c o< Z?!137] TEM images contain information about both, the position of atomic sites
in the structure as well as their relative atomic charge averaged over the lamella thick-

ness.

4.2. Photoemission Spectroscopy

Photoemission spectroscopy (PES) probes the electronic structure of a solid using the
photoelectric effect. Over the last decades PES has involved into a powerful method
for the analysis of the chemical composition of samples (X-ray photoelectron spectro-
scopy, XPS), the k-resolved probe of occupied valence band states (angle-resolved PES,
ARPES) and even up to the spin structure of electronic states. In the following the ba-
sic theory and experimental conditions of PES experiments will be summarized. The
main focus will be placed on the methods used in this work — ARPES, resonant photoe-

mission spectroscopy (ResPES) and spin-resolved ARPES.

4.2.1. Formal Description of the Photoemission Process

The basis of the photoemission process is the interaction of an incoming photon with
the electron system of a solid surface, leading to the emission of an electron into va-
cuum. The transition relevant for the photoelectric effect is described by a perturbative
approach that leads to Fermi’s golden rule. The photocurrent wg can be expressed as
the overlap between an initial state |®;) and a final state |CI) ) mediated by the perturb-

ation caused by the interaction with the photon Hjy; as
27
wi = — (@] Hing D)% 6 (Ey— E; — hw) '°! (4.9)

where the delta function ensures energy conservation. The interaction Hamiltonian
caused by the photon is typically expressed in terms of the vector potential of the in-

coming photon A and its momentum p as

1 - -
Hine = 5 —|~2q4-p + ¢°| 4[| (4.10)

The first part of the Hamiltonian corresponds to the direct photoemission process me-

diated by a single photon, while the second part denotes two photon processes and

46



4.2. Photoemission Spectroscopy

is typically neglected. Eq. 4.9 generically describes the transition between an initial
and final state of the N electron system of the solid. Two models for the process are
used in the description of photoemission. The one-step model interprets the process
of photon absorption and electron emission as a single transition between an initial
state in the solid and a final state with free electron like character in the vacuum and a
strong damping in the solid away from the surface. To better understand the assump-
tions of this model, the process is often broken down into the three-step model. First
an electron is excited by a photon in the solid. Subsequently the photon may travel
towards the surface. As only non-scattered photons carry information about the initial
state in the solid, the depth from which electrons may escape as primary electrons is
strongly limited by the high scattering probability in the solid. The relevant quantity is
the inelastic mean free path (IMFP), which is approximately described by an universal
curve!'®, The minimum of the IMFP lies in the range between 20 and 40 eV given by
the typical plasmon energies in a solid and increases towards lower and higher photon
energies. The photon energy of 12 eV repeatedly used in this work as well as the He
I-a line utilized in lab experiments can be considered to be very surface-sensitive ex-
periments, while hv = 6.4eV for the LASER based photoemission experiments is often
assigned a larger probing depth.

As alast step after reaching the surface, the electron has to transmit through the sample
surface into vacuum. During this transition, the in-plane crystalline momentum of the
electron IEH is conserved, while the k, along the surface normal is discontinuous due to
the potential gradient along this axis. The energy of the electron is lowered by the work
function of the surface during the transition.

Assuming that the transition of the electron from the initial to the final state happens
on timescales faster than the reaction of the electron system to the process — effect-
ively decoupling the initial and final state — the photocurrent can be rewritten in the

so-called sudden approximation as

27
wh = — 3 | Ak|? A (e — vy 140 (4.11)
k

where Ay (ex — hv) is the spectral function, while A, i is denoted as the photoemission
matrix element. This representation of the photocurrent allows for a more thorough
interpretation of the photoemission spectrum with respect to a system under invest-
igation. Photoemission does not directly probe the occupied density of states (DOS),
but rather the spectral function of a system, which can be derived as the imaginary

[138,140]

part of the single particle Greens function . In the description of an electron

system in a crystalline lattice, typically the many-particle problem of interacting elec-
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trons on a lattice is simplified to a single particle picture using quasiparticles occupy-
ing non-interacting states in what is often denoted as the band structure of a crystal.
The approximation holds very well for systems with delocalised orbitals and states de-
rived from s- and p-orbitals, while d- or even f-orbital derived states add interactions
between the quasiparticles which are treated using the Hubbard model or similar ap-
proaches. The denominator of the spectral function contains the single particle energy
e% and the self energy Z(%, w), which describes all interactions screening the energy of
the quasiparticle. The self-energy carrying an real and imaginary part leads to a shift in
spectral energies as well as a line broadening. The spectral function can further be di-
vided into a coherent and an incoherent part, where for mainly uncorrelated systems
such as the p-state derived states covered in this work, the second part will be neg-
lected. The form of the spectral function relevant for the material systems in this work

is expressed as

Ae
Ako,i ((U) =A;

4.12)
" — € 1)2 + A2

with A, as the natural line width in energy, i denominating the respective state and

A; as an amplitude. The motivation of this expression can be found in!'%

, chapter
3, while notes on its application are presented in the supplements of'?%!4!] The line
width in the above expression only concerns the intrinsic contributions leading to a
Lorentzian line shape, while the experimental resolution has to be treated individually,
resulting in the Voigt profile often used for photoemission fitting.

The photoemission matrix element A, ; used in Eq. 4.11 incorporates all symmetry
and orbital dependent parts of the photoemission probability. Asymmetries arising in
the angle-dependent photoemission spectrum due to the selection rules implied by
this factor allow to extract fundamental properties of the underlying orbital symmet-
ries of the probed wave function. In this context two main quantities are relevant for
this work. Using linearly polarised light, the spectra acquired with s- and p-polarised
light are susceptible to different parts of the wave function and can be used to disen-
tangle orbital alignments and parities contributing to a specific state. The term linear
dichroism used in this work is defined as the asymmetry in the spectrum acquired with
p-polarised light and can be calculated as ld(ky, ky) = 1(kx, ky) —I(—kx, ky) with ky in the
plane of light incidence. The asymmetry arising using circularly polarised light is called
circular dichroism and is defined as cd(k, ky) = I, (k, ky) — I.(ky, ky). Its origin and in-
terpretation are in general complex. In spin-orbit coupled systems it was found to be
susceptible to the orbital angular momentum of a state. In recent literature, significant

advances in the understanding of both concepts have been made and the reader is re-
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ferred to e.g.["14>~14 for further insights.

When the energy of the incident light coincides with the transition from a core level to
a valence band state, an additional photoemission channel may arise. The interaction
operator in Eq. 4.9 is expanded to the lowest order by an additional term as

|\Ijm> <\Ijm| [145]

Hy = Viad + Var ) Viag - (4.13)

Here V44 describes the single electron excitation A- p term of the non-resonant case
in Eq. 4.10. The second part of the sum describes the resonant autoionisation process.
An electron is transferred to an intermediate state |'¥,;;) with N+1 valence electrons by
the interaction with the initial photon. The Coulomb interaction represented by the
auto ionisation operator Vjj causes the simultaneous process of filling the remaining
core hole with a valence electron and emission of an additional electron by the trans-
ferred energy. E,, is the energy of the intermediate state. The width of the intermediate
state X, results in a certain energy width in which the resonant process is efficiently
possible. The resonant nature of the process makes it highly efficient when the photon
energy matches the necessary transition energy and both channels will start to inter-
fere. When the photon energy approaches the resonant threshold energy, typically the
photoemission intensity of the states connected by the resonant transition increases
with respect to the overall valence band intensity. In the course of the photon energy
matching the transition energy, the situation becomes more complex as next to the in-
creased VB intensity also a signal of the Auger line may appear which is not subject to a
constant binding energy!'*>1%!, Additional conditions, necessary for the process and
applications of the resonant process apart from photoemission spectroscopy will be

discussed in chapter 4.3 in the context of X-ray absorption spectroscopy.

4.2.2. Angle-Resolved Photoemission Spectroscopy

As the photoemission process conserves the k; component of the crystalline momen-
tum up to areciprocal lattice vector, a measurement of the angle and energy dependent
photoemission spectrum can be directly related to the spectral function of a sample.
The most commonly used instrument for the acquisition of ARPES spectra is the hemi-
spherical analyser, as depicted in Fig. 4.3a). It consists of an lens system mounted in
the analyser neck, as well as two hemispheres enclosing the electron trajectory. The
analyser as well as the experimental chamber are magnetically shielded to suppress
any external magnetic fields and ensure a field free environment around the sample.
Electrons are emitted into the half-space above the sample surface. The analyser-lens

system has acceptance angles between 14 and 30°. Electrons emitted in this angle area
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enter the electrostatic lens system of the analyser where they are projected onto a thin
slit at the entrance of the two hemispheres (the inner one is omitted in the sketch). The
slit will select a single cut from the k-space. The electrons subsequently enter the two
hemispheres, between which a voltage is applied. Depending on the kinetic energy
of the electrons their trajectory through the hemispheres differs and the radius they
occupy after transmitting through the analyser is a function of the entry energy. The
combination of kinetic energy and entry angle leads to a two-dimensional projection
of the electrons onto an electron multiplier which is visualized by a screen and CCD-
camera assembly. In order to map the full two-dimensional surface Brillouin zone, a
mapping of the dispersion in the second k-direction is required. In many setups this
is achieved by gradually tilting the sample around the respective rotation axis, while
for modern analysers a set of deflectors may be used. In this kind of setup two sets of
deflection lenses are inserted into the lens system, which are used to shift the electron
beam with respect to the entrance slit!'*”l. The great advantage of such an assembly
is the possibility of mapping the full k-space without changing the experimental geo-
metry, positional stability of the emission spot as well as a clear definition of the plane

of light incidence.

Figure 4.3.: Experimental geometry of the photoemission experiment. a) Sketch of a mod-
ern ARPES spectrometer. Electrons are excited from a sample and lead through an elec-
trostatic lens system. An entry slit selects electrons from a thin line in k-space, which may
transmit between the two hemispheres of the analyser. The electrostatic field between the
hemispheres fans out the electrons depending on their kinetic energy. An additional Aper-
ture with may be used to guide the electrons to a set of spin detectors!'*?!. b) Definition of
the light polarisation directions s and p with respect to the plane of light incidence.
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The natural measurement variables of this analyser are the kinetic energy of the elec-
trons and the angles 0 and ¢ under which the electrons leave the surface. During the
experiment, the sample and analyser share a common ground, which allows to write

the energy conservation as
Eiin = hv — @4 — |Eg|"*Y (4.14)

where hv is the incident photon energy, Ep is the binding energy of the electron defined
as its energy with respect to the Fermi energy E — Er and ®, is the work function of
the analyser. Typically the analyser is coated with graphite on the relevant surfaces to
ensure a homogeneous work function and ®4 can be estimated as the work function
of graphite. The relation between the electron emission angle and its in-plane wave

vector can be denoted as

1
k= 5 v/ 2mEyin sin(0) [149] (4.15)

where we define kj as the wave vector within the sample surface plane. The transit
through the hemisphere maps the straight shape of the entrance slit to a curved shape
after passing to the detector. As a consequence, lines of constant kinetic energy appear
curved on the image. Data treatment will thus include a correction of this curvature
with dispersion less reference spectra or along calculated curvatures. Further data
treatment may include the removal of periodic patterns caused by the detector as-
sembly with the use of a dedicated Fourier filter.

As described above, the probability of the emission of an electron from one specific
state is modified by the photoemission matrix element. In this light a precise defin-
ition of the experimental geometry including the light polarisation is of high import-
ance. The polarisation directions are sketched in Fig. 4.3b). The plane of light incid-
ence is defined by the vector of the incident photon beam and the surface normal of
the sample. For linearly polarised light, two orthogonal directions are distinguished. S-
polarised light has its polarisation vector normal to the plane of light incidence, while
p-polarisation is defined in the plane and perpendicular to the light direction. Incident
light may further carry circular polarisation, which is defined as c+ and c— depending

on the rotation of the light vector around the beam direction.

4.2.3. Spin-Resolved Photoemission Spectroscopy

For the study of magnetic or spin-orbit coupled materials it is often of interest to study

the property of the electron spin as an additional degree of freedom in a photoemission
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experiment. The description here will cover the currently most efficient one named
VLEED-spin detector. In this type of detector electrons with rather low kinetic ener-
gies impinge on a thin oxygen passivated iron [001] target film, which is magnetized
along one of the spin directions in question. The geometry of this experiment is depic-
ted in Fig. 4.3a) as an addition to the conventional detector screen. VLEED setups are
equipped with an additional aperture next to the detection screen of the setup. The size
of the aperture can be changed and depending on its size it will integrate over a small
range of angle and energy of the electron spectrum. The electrons travelling through
the aperture are deflected by an electromagnetic lens system and guided onto one of
two possible targets. For the experimental setups used in this work, the two targets are
mounted such that both are parallel to the z-axis, while the second axis is either paral-
lel to the x- or the y- direction of the coordinate frame.

The VLEED-detector exploits the fact that the scattering in a set of low-energy states of
the magnetized iron film is highly dependent on the spin of the impinging electrons.
The targets are magnetized in the respective measurement direction prior to the meas-
urement and by sweeping the retarding voltage in the analyser, a distribution for vary-
ing electron kinetic energies (EDC) can be recorded. A measurement with two different
polarities of the magnetisation will result in an intensity difference, which can be re-
lated to the electron spin %",

The efficiency of the spin-selective detection is described by the effective Sherman-
function S, defined to connect the measured asymmetry A with the electron spin

polarisation P.

I —

A=Lt""R (4.16)
I+ Ix
A -

p =21 150 (4.17)
Seff

The spin asymmetry A is defined as the difference in intensity for the measurements in
the two magnetisation directions. The spin polarisation is then given as the asymmetry
divided by the Sherman function, which can ranges around 0.3 for common VLEED
setups!'®!l. Using the spin polarisation, the actual spin spectra can be calculated by

using the principal definition of P as

Iy -1 [150]

= 4.18
IT + Il ( )

and furthermore assuming that I; + I} equals to total amount of detected electrons as

I; + Ig. The electrons scattered from the targets are counted using channeltron detect-

ors, allowing to count the absolute number of detection events. Hence, the error of the
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spin polarisation can be calculated assuming a Poisson distribution and its respective
uncertainty for the experimental intensities and applying error propagation. The error

for the spin polarisation is then given as

AP =

1
2 p2\3

N+ Ny

and may be translated to the other quantities in question.

It should be noted that the spin polarisation measured in such an experiment is a res-
ult of the interplay between the initial and final state of the photoemission process and
highly depends on the experimental geometry, orientation of the surface, light polar-
isation and photon energy. The amplitude of the experimentally observed spin polar-
isation is dependent on all of the aforementioned properties and may even revert upon

a variation of some of them %%,

4.3. X-ray Absorption and Dichroism

The main tool used for the investigation of the local magnetic properties in this thesis
is the method of X-ray absorption spectroscopy (XAS) and the X-ray magnetic circu-
lar dichroism (XMCD) effect. Contrary to typical magnetometry techniques and mag-
netotransport, XMCD allows the determination of the local spin and orbital magnetic

moments specific for an element in question.

4.3.1. X-ray Absorption Spectroscopy (XAS)

In XAS the absorption of X-ray radiation by a sample is measured, while continuously
varying the incident photon energy. As discussed in Eq. 4.13 in the context of ResPES,
when the incident photon energy matches a transition between a core level and an
empty valence band state, a highly efficient additional photoemission channel emerges.
Over the transition, the absorption by the sample and also the current of emitted pho-
tons increases substantially, which allows to obtain the energy and shape of the in-
dividual transitions present in a material. As they denote the channel from a core
level to the respective valence band state, the transitions are localized on a specific ele-
mental species and are a hallmark for the presence of individual elements in the probed
volume. Furthermore, the shape and precise position of the transition line depends on
the chemical state and environment of the atom and can be used as a probe for its ox-
idation state, crystal field configuration and potential charge transfer processes!'>*.

The transition relevant for the XAS process is depicted schematically in Fig. 4.4a) for
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the example of the L3 » transition typical for transition metals. The transition energies
are in the range of the soft X-ray regime, ranging from several hundred to about 2.5 keV.
In the resonant transition, an electron from the 2p core level is excited into the empty
part of the valence or conduction band spectrum by the incident photon. As this is an
optical transition the selection rule of AL = +1 applies for the transition. The resulting
absorption spectrum is depicted in Fig. 4.4b) as the upper curve. The sample current
strongly increases at the onset of the L3 edge. The spectrum visibly contains two main
contributions separated by about 10 eV, both of which have fine structures. While the
fine-structure can be attributed to a variety of the aforementioned reasons, the split-
ting between the two main peaks is caused by the spin-orbit interaction of the core
hole in the 2p level. Removing a single electron from the 2p shell leads to two possible
states, with the core hole spin parallel or opposite to its orbital angular momentum.
The strong SOC present in the core level then leads to a substantial splitting between
the two states labelled by their resulting total angular moment j = 1/2 and 3/2?1,

The most straightforward measurement for the absorption of X-rays in a material is a
measurement of the transmitted portion of X-rays through a very thin sample, which is
experimentally only feasible in a very limited set of situations. In this thesis two main
methods of XAS detection are applied. Total electron yield (TEY) is the most commonly
used method in the soft X-ray regime, using the total number of emitted electrons and
hence the sample drain current as a measure for the absorption strength. The signal
is often normalised to a beam reference current acquired on the beam path before the
sample. TEY is a highly surface-sensitive detection method, as the information depth is
limited by the travel distance of electrons similar to the PES experiment. As the sample
current also carries contributions from secondary electrons the probing depth is sligh-
tly higher than in typical PES experiments and estimated to 3-5 nm!'°°!, exponentially
decaying away from the surface. Fluorescence yield (FY) utilizes a radiative recom-
bination process of the core hole and is acquired by an X-ray sensitive diode, which
is placed facing the sample surface under a certain angle to avoid reflections of the
incident beam. FY is substantially more depth sensitive and limited by the X-ray atten-
uation depth in the sample, which ranges up to several hundred nm!'°>'°¢!, FY is only
rarely used in the soft X-ray regime, as electron yield is clearly the dominant recombin-
ation process and the re-absorption of photons (self absorption) may create a rather

complex situation for the interpretation of line shapes and magnetic moments.

54



4.3. X-ray Absorption and Dichroism
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Figure 4.4.: XAS and dichroic effects. a) Resonant emission process depicting the transition
from the 2p core level states to the unoccupied portion of the valence band on the example
of the Mn DOS assuming a Stoner like picture (1551 by XAS (upper) and XMCD (lower) spec-
trum of a MnBi,Tes sample under a large external field, together with indicators relevant
for a sum rule analysis. c¢) Probing geometry of the XMCD experiment. Incident circularly
polarised light is sensitive to the spin polarisation along the light direction. d) Geometry of
the XLD experiment. Linear polarised light is utilized as a probe for the deviation from a
spherical distribution for the local wave function, which is often related to magnetic order.

4.3.2. Magnetic Circular and Linear Dichroism (XMCD,
XMLD)

Next to the line shape of the XAS signal, the dichroism between two different light po-

larisations is a powerful tool for the analysis of local magnetic properties. X-ray mag-

netic circular dichroism (XMCD) allows to probe the spin and orbital magnetic mo-

ments in a surface and element specific way, while X-ray linear dichroism is sensitive

to local asymmetries of the wave function and therefore often used to probe antiferro-

magnetic properties.

The initial stated includes a fully occupied core shell with spherical symmetry °?, which
implies that the choice of basis states does not alter the transition probabilities. During
the transition from the core level to the valence band, the light only interacts with the

orbital part of the wave function, rendering the spin moment as a conserved quantity
in the process!'*!. The XMCD effect will be schematically explained on the example of
the L-edge transition in the following. The initially fully occupied 2p core level yields

six orthogonal eigenstates denoted as |m,) |ms) with m, = +1,0 and s = +1/2. Taking
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SOC into account, as previously mentioned a new set of eigenstates will be used, cat-
egorized as 2p—3/2 and 2p —1/2 with the relative occupancies 4:2. Upon absorption of
an incident photon, transitions from these states to the 3d-orbital derived states occur.
During such a transition the total angular momentum has to be conserved, imposing
constraints on the possible transition matrix elements connected to the photon spin
of + 1. A calculation of the individual transition probabilities for all possible paths as
presented in°?! (p.393) yields a higher transition probability for spin up electrons un-
der c+ polarised light and vice versa for c- polarisation. If now an asymmetry in the
available final states — the number of available empty d-states — is introduced by an
overall spin polarisation of the d-states as sketched within the concept of Stoner mag-
netism in Fig. 4.4, the transition probabilities for the two light polarisations integrated
over all possible paths will differ. This difference is referred to as the XMCD effect and
is related and directly proportional to a magnetic polarisation of the d-states.

A more quantitative approach is given by the XMCD sum rules and allows the determ-
ination of both the spin and orbital magnetic moment of an elemental species. The full
integrated XAS signal for both light polarisations is proportional to the total number of

available d-holes. The charge sum rule can be expressed as
I=cny, (4.20)

where c is a proportionality constant given by the specific experimental conditions.
The intensity in question corresponds to the green area in Fig. 4.4b). In practice, ny isa
known quantity, allowing for the determination of c. The corresponding XMCD signal
displayed below can be separated in regions of the L3 and L, transitions. If these can
be well separated, the average spin moment m; of the d-states can be calculated by the

spin sum rule as

c
—A+2B=—m;s (4.21)

KB
where A and B are the respective integrated intensities of the two edges and c follows
from Eq. 4.20. If the d-states furthermore exhibit an average orbital moment, the fully
integrated XMCD signal does not cancel to zero, allowing to determine the m, via the

orbital sum rule as

3c
—(A+B)= —m,. (4.22)
2B

The application of sum rules requires an appropriate treatment of the step-like back-

ground, which can be observed for each absorption edge, as the increase in intensity
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after the edge corresponds to non-resonant transitions, which are not part of the con-
siderations made above. This is typically solved by the iterative adaption of a Shirley-
background to the absorption signal. !

The geometry of an XMCD experiment is depicted in Fig. 4.4c) for a beam in normal
incidence. The circularly polarised X-ray beam is impinging onto the sample surface.
As the photon spin is oriented along its propagation direction, the XMCD effect is sens-
itive to the projection of the sample magnetisation along the incident light vector. The
magnetic field is typically applied along the light incident direction and the sample is
either oriented in normal or grazing incidence, depending on whether an out-of-plane
or in-plane magnetisation is probed. Fig. 4.4d) depicts a second important probe of-
ten used in the frame of dichroism in X-ray absorption, namely X-ray linear dichroism
(XLD). XLD uses linearly polarised incident light in the same energetically resonant
condition as XMCD. In XLD, the dichroic effect is not caused by the photon spin dir-
ectly. Instead, the direction of the light vector E with respect to the overall shape of
the unoccupied part of the wave function - here the respective d-states — causes an
asymmetry in the respective photocurrent. In simple terms: When the unoccupied
part of the d-states is elongated along the direction of the electric field vector, an in-
crease in photocurrent can be observed. A derivation of this effect is e.g. demonstrated
in°?!(p.403). The deviation from spherical symmetry of the unoccupied d-states can
be caused by a variety of reasons, classified in two main categories. The X-ray natural
linear dichroism is in general related to the crystalline or ligand structure of a material
and therefore not a probe of its magnetic state. The X-ray magnetic linear dichroism
(XMLD) on the contrary arises due to spin-orbit coupling (SOC) in the valence states
of a compound. The orbital wave function of the d-states is influenced by a polar-
isation or preferred alignment direction of the spin part of the wave function. This
typically causes a cylindrical deviation from the originally spherical shape, as schem-
atically sketched in Fig. 4.4d). A measurement geometry chosen with the alignment
axis along one of the polarisation directions may be used as a probe for these magnetic
properties. Contrary to XMCD, XLD caused by a magnetic polarisation is sensitive to
the square of the local magnetic moment m?. It is therefore an useful tool for the study
of antiferromagnetic materials, whose preferred magnetisation axis is given by a Néel

vector 7.

IThe sum rule analysis employed in this thesis was conducted by Dr. A. Tcakaev and a profound ex-
planation of the approach and derivation of the error distribution can be found in!"°",
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4.4. Setup Implementation and Instrumentation

Next to the preparation of samples by MBE, which was conducted in the lab located in
Wiirzburg, many of the methods employed in this thesis require the use of synchrotron
radiation and took place at multiple synchrotron facilities. In the following, the most
important setups and experimental endstations developed and used in the course of
this thesis will be sketched along their relevant properties and conceptions. This in-
cludes the MBE chamber located in Wiirzburg, as well as several synchrotron based
endstations specialised on various types of photoemission spectroscopy as well as X-

ray absorption techniques.

Development of the MBE Setup in Wiirzburg

Within the course of this thesis, an MBE system for the growth of Te-based thin films
in combination with a photoemission setup was developed. As this system was spe-
cifically designed and used for the growth of MnBi,Te; systems and constitutes the
main setup used in this work. Fig. 4.5 a) shows a full view of the experimental setup.
The system is equipped with a main photoemission chamber exhibiting a Scienta SES
200-2 photoelectron analyser. The sample can either be kept on the main transfer ma-
nipulator for measurements or be transferred to a dedicated low temperature manip-
ulator with a base temperature of ~ 7K and six axes of freedom. The system has two
main light sources, a Termo-VG Scientific dual anode X-ray gun (XR3E2) and a MBS-
Scientific VUV Light Source System (MBS-L1T1). The two lamp-heads of the VUV-
source are specialised to operate with He- and Xe-gas respectively. The energies ac-
cessible with this lamp therefore include the He I-a, He II-a, and Xe-I spectral lines
(21.218eV, 40.8135€eV and 8.437 eV!'°%]).

Samples are inserted into the system through a loadlock with an additional docking
port for vacuum suitcases. The preparation chamber is equipped with a Ar-ion sput-
ter gun and a long He-cryostat manipulator for sample transfer and allows for surface
preparation and LEED investigations down to ~ 30K. The LEED apparatus is a CF-150
OCI LEED with standard optics.

One the side of the preparation chamber an additional MBE system is mounted to the
setup, which is used for the growth of Te based compounds. The MBE-chamber is a
cylindrical chamber with double walls, where the inner wall can be cooled down to
cryogenic temperatures using LN, as a cold trap for residual gases to lower the back-
ground pressure. The equipment of the MBE chamber is shown in Fig. 4.5 b) and in-

cludes multiple Knudsen evaporation cells arranged at the chamber bottom as well as
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Figure 4.5.: Custom developed MBE and photoemission setup. a) Full view of the chamber
system consisting of the MBE, a preparation and transfer chamber and the main photoe-
mission chamber. b) Half open view of the MBE chamber with sample stage, beam flux
monitor and Knudsen cell assembly. c) Manipulator head design with two sample slots and
resistive heating cartridge. d) Simulations for film homogeneity considerations assuming
fully ballistic transport and a filled cell. The distance between cell and sample is 16 cm, the
cells are tilted of the main axis by 16 degrees.

several means of growth diagnosis. A beam flux monitor allows to acquire the beam
equivalent pressure (BEP) and a RHEED system can be utilized to monitor the sample
surface during and after deposition. The sample deposition stage (Fig. 4.5 c) )is a cus-
tom design to allow for a maximal amount of temperature stability as well as for the
simultaneous deposition on two substrates under identical conditions, which can be
used as references in multi-step growth or for the deposition on different substrates.

Fig. 4.5 d) shows a simulation of the deposition rate coming from a single Knudsen cell
mounted under an angle of 16° off the vertical axis, as shown for the cellsin b). The sim-
ulation assumes a homogeneous evaporation behaviour from the full cell surface and
ballistic transport through the chamber up to the sample surface. Assuming the typical
dimensions of two samples mounted onto two sample holders to be 16 mm, the sim-
ulation shows the change in deposition rate over the full length to be maximally 3.8 %.
Introducing continuous sample rotation to increase the sample homogeneity was not

found to be necessary for the applications in this thesis.
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To ensure full control over the experimental parameters, the setup of the system was
accompanied by the development of a MBE control software nicknamed Pillalab. The
software allows to control the individual cells, monitor the chamber conditions, an
automated process to measure the beam equivalent pressure (BEP) and contains a
functionality for logging all relevant parameters during a deposition process. It fur-
thermore contains an interface to import custom growth recipes and automatize the
individual steps. A more profound documentation can be found in the appendix of
this thesis.

Asphere 11l at P04

In collaboration with the group of Kai Rossnagel (CAU Kiel), and within the frame of
this thesis a twin MBE setup to the one developed in Wiirzburg was planned, acquired
and set up at the synchrotron endstation Asphere III at beamline P04 (DESY, Hamburg).
Fig. 4.6 shows a complete view of the endstation including a Scienta Omicron DA30
analyser and the MBE system. P04 is a beamline specialised on highly brilliant soft
X-ray radiation. In combination with the endstation this allows for soft X-ray ARPES,
spin-resolved and resonant photoemission experiments. During the time of this thesis,
the chamber has been equipped with a set of focussing X-ray optics as well as with an
highly precise sample manipulator, carried by a high-precision hexapod system to al-
low for spatially resolved measurements with a spot size of currently ~ 10um. The con-
trol of the endstation is realized with a custom developed LabView program, unifying

the communication with all necessary devices.

The MBE system is attached to

the endstation via an UHV tun- :&——4
) ] KB-optics

nel system with a magnetic sample

train. The system includes three

main chambers, aloadlock chamber,

a small preparation chamber with

high-temperature heater and a main <1 Na**
MBE chamber (Scienta Omicron Lab

10), equipped with a set of Knud-

Figure 4.6.: Asphere 3 experimental endstation. The
sen cells as well as one high-power synchrotron endstation is equipped with a Scienta
Omicron DA30 analyser and a p-focus unit. A con-
nection using a vacuum tunnel enables the trans-
port of samples grown in the adjacent MBE system.
tem is specialised on Te based MBE CAD-files with courtesy of Tim Riedel.

electron beam evaporator. Similar to

the aforementioned setup, the sys-

60



4.4. Setup Implementation and Instrumentation

processes and currently equipped for the growth of MnBi,Te,s-based compound and
Ta-based TMCD’s.

ESPRESSO and the VLEED Laser Spin ARPES

The spin-resolved measurements in this thesis as mainly shown in chapter 7.1.2 were
acquired at the ESPRESSO-endstation and the VLEED-Laser-Spin ARPES setup at the
HiSOR - Hiroshima Synchrotron Radiation Center in Hiroshima, Japan. The ESPRESSO
endstation is equipped with a Scienta R4000 Analyser with 2 VLEED-spin detectors,
which are able to image all 3 spin directions. The setup is connected to the undulator
beamline 9B of the HiSOR Synchrotron which allows for circular as well as linear polar-
ised light in a photon energy range of 16 eV to 80 eV. A more profound documentation
is e.g. given in1°11591,

Additionally, the Laser-based spin-polarised measurements were done in a similar setup
based at the same facility. The VLEED-Laser-spin ARPES setup facilitates a pulsed
Laser light source with an energy of 6.4 eV. Using suitable optics, the Laser beam is
focused onto the sample resulting in a spot size of = 10pum (an identical Laser setup
described in!'®""). The setup was further equipped with a Scienta Omicron DA30 Ana-
lyser and a VLEED-Spin detection setup. The sample stage was optimized for very low

sample temperatures down to ~ 7K.

The 13 Endstation

The ARPES and specifically temperature dependent ARPES experiments shown in this
work were mainly conducted at the 13-endstation of the Bessy II synchrotron in Ber-
lin. The endstation uses a specialized Hes-cryostat to achieve a base temperature of
approximately 1K. The energy resolution can be tuned up to a minimum of 1 meV
for beamline and the Scienta-Omicron R8000 photoelectron analyser, separately. The
Analyzer furthermore offers a DA-30 deflection mode and the beamline can provide
linear as well as circular polarised light down to energies as low as ~ 8eV. A more de-

tailed characterisation of the setup can be found in %",

BOREAS Endstation at BL-29

The XAS and XMCD results presented in this thesis were acquired at the Hector endsta-
tion of the BOREAS-beamline (BL-29), ALBA Synchrotron, Spain!'°!. The endstation
is equipped with a vector magnet reaching up to 6T and yields a base temperature of
~ 3.5K at the sample position of the He-cryostat. Signal detection is realized by cur-
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rent measurements of the sample as well as a reference gold mesh. FY-detection can
be realized by using a silicon-drift detector or an X-ray sensitive diode. A part of the
measurements was also conducted at the high-field diffractometer at the BESSY II syn-
chrotron in Berlin, which yields a similar design!'®*!. At both setups a docking con-
nection for an UHV suitcase existed as well as an adapter system for flag style sample
plates, enabling a full UHV sample transport from the growth setup to the respective

experimental endstations.
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5. Growth Dynamics of MnBi>,Tes; Thin Films and

Heterostructures

Overview

Apart from the investigation of the surface magnetic properties of MnBi,Te,; bulk
crystals, all experiments in this work were performed on samples grown by molecular
beam epitaxy in the setup described in chapter 4.4. In this chapter, each of the growth
mechanisms is described in detail, starting with the growth of BipTe; and MnBi,Te,4 in
the thick film limit, followed by the growth mechanisms used for heterostructures con-
taining single MnBi,Te, septuple layers. Each chapter covers the main growth mech-
anisms and outlines the phases that can be achieved along with a detailed sample char-

acterisation.

Most of the discussion of diffraction experiments has already been published in°*'??! and a detailed
discussion of the modelling approach can be found in the latter. Some of the results on the growth
of MnBi,Te, thin films and monolayers were discovered in the scope of the master thesis of Sebastian

Buchberger, which was written in the course of this work. Further details may also be found there1%*!.

5.1. MBE Growth and Growth Dynamics of Bulk
Bi, Te; and MnBi>Te; Films

At the present point, the growth of Bip Tes as bulk crystals and thin films is a well estab-
lished technique, with crystals even available from commercial sources. Concerning
the epitaxial growth of BiyTes a variety of feasible approaches has been established,
working with elemental or binary source materials, using stepped growth approaches
and working with various substrates. Overall, high-quality films can be achieved in

a large phase diagram [!99117:165-167],

In all mentioned approaches, Bi,Tes is grown
with an oversupply of Te to achieve a stoichiometric film composition and the Te flux
can be utilized as a control parameter to tune the n-type doping in the films. The ap-
proach chosen in this thesis uses binary sources for the growth of Bi, Tes and all further

compounds, as pioneered in!''®!. The reason for this choice is to simplify the growth
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phase diagram, as the growth Bi,Te; from a single source charged with Bi,Tes is pos-
sible, while an additional Te offer can be introduced as a tuning parameter for the stoi-
chiometry and defect control. In the case of elemental sources, a large flux ratio is
required'°®!, A significant obstacle in this approach is the availability of reproducible
high-purity binary source materials and gradual changes in the source composition,
which necessitates a partial recalibration of the growth parameters after longer peri-
ods of use. The beginning of this chapter will show, that indeed the chosen growth ap-
proach is viable in producing high quality films of Bi,Te3 on the BaF, substrate, suited
for photoemission experiments. Subsequently, the growth of MnBi,Te, will be worked

out, by extending the growth mechanism.
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Figure 5.1.: Photoemission and XRD on Bi,Tes thin films. a) ARPES map of a thick n-
type Bi,Tez film with faces along the TK and T M high-symmetry directions and a con-
stant energy contour at the Fermi energy. b-d) Growth temperature dependence of the TSS
and valence band structure showing a substantial increase in band sharpness while the n-
doping is suppressed by a Te oversupply. e) XRD w — 20 long range scan showing the BaF,
[nnn] diffraction peaks and the typical diffraction pattern of a Bi, Tes thin film. f) Enlarged
BiyTes [00015] diffraction peak for a thick n-type film (i) and a thin carrier-compensated
layer (ii). Both curves nicely depict the diffraction maximum with a set of interference
fringes due to the finite sample thickness. Figures a-d) adapted from!"?” licensed under
CCBY 4.0.

Fig. 5.1 a) shows an ARPES data set, depicting a section of the 2D surface Brillouin zone
centred around the I'-point of an epitaxially grown Bi,Tes film. The sample was grown

from a single Bi,Tes source without additional Te offer at Tq,p= 245 °C and the results
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were acquired utilizing He I,light in situ directly after the sample growth. The ARPES
data displays a hexagonally warped surface state at the Fermi energy, linearly dispers-
ing towards the Dirac point. As typical for BiyTes, while the upper branch of the TSS
is clearly defined, the lower branch merges into the valence band structure. A com-
parison to previous publications allows to assign the observed electronic structure to
Bi,Tez with a high crystalline quality”*!'%!. The clarity of the features and sharpness
of the bands furthermore highlights the high surface quality of the epitaxial film. In the
centre of the warped TSS at the Fermi energy, a clear maximum in intensity is visible,
which can be assigned to a finite population of carriers in the bulk conduction band.
The conduction band population indicates, that the sample resides in the metallic part
of the phase diagram, as expected for the given growth conditions due to a Te deficit
in the film!'%!, Fig. 5.1 b-d) shows a series of ARPES spectra for samples grown with
additional Te offer, which can be realized by the use of a source material with high
Te content or the use of an additional Te cell. The samples were grown at substrate
temperatures of 245, 255 and 265 °C. The evolution of the spectra clearly shows a sub-
stantial increase in the sharpness of the band structure with increasing temperature,
reaching the same quality as a), while for all temperatures a population of the conduc-
tion band can be suppressed.

A characterisation of the structural properties of the films is further given by an XRD
analysis. Fig. 5.1e) displays an w — 20 scan of the sample along the q,-axis of the recip-
rocal lattice with a logarithmic intensity scale. Two main sets of peaks are visible, cor-
responding to the [nnn] diffraction peaks of the BaF, substrate and the [000L] peaks
corresponding to the BiyTes film. The peak positions and relative intensities match
previous reports!!'”). The emergence of interference fringes at the flanks of the Bi,Tes
peaks indicates a thin epitaxial film with homogeneous thickness. The peaks for L =9
and 12 do not appear in the diffraction curve, as they exhibit a very low structure factor
for the Bi,Tes-lattice!''”'?%!, Next to a confirmation of the structural properties,the
position of the L = 15 diffraction maximum at ~3.1A7" as depicted in panel f) fur-
thermore allows to conclude on the precise stoichiometry of the films. The enlarged
section shows curves for two different samples, corresponding to the spectra depicted
in a) (blue) and d) (black). Te deficiency in BiyTe3 leads to an effective reduction of
the mean inter-planar atomic distance, which directly reflects on the position of L=15

maximum. For small deviations to first order this is approximated as

27
(Az) =2.035—0.0256(A) 1181681 (5.2)
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following from empirical findings, where 6 is defined as Bi,_sTes and Aq, is the devi-
ation from the ideal peak position. Applying the equation to the films in question gives
a 6 of 0.053 + 0.020 for a), while d) is taken as 0 within the margin of error.

Overall, the findings show, that using the mentioned growth mechanism in the MBE
setup, the growth phase diagram for Bi,Te; can be reproduced accurately. Furthermore
the direct connection to a photoemission spectrometer allows to relate the structural
properties directly to changes in the electronic structure and allows to visualize the
correspondence between sample stoichiometry and the relative position of the Fermi
energy. For the growth of heterostructures containing QLs of Bi,Tes, in the following
growth parameters with a substrate temperature of Ty, = 265°C will be chosen. The

additional Te flux is adjusted to

BEPp,

Opre = —— = L. (5.3)

BEPgi, Te,

The parameters are chosen such, that stoichiometric Bi,Tes can be acquired, and the
growth is robust against slight deviations of the cell fluxes due to the high substrate
temperature. A more complete phase diagram of this growth mode can e.g. be found
in 1091
After initial predictions, that MnBi,Te, may exist as a thermodynamically stable com-
pound!?”!; the crystal structure was first confirmed in crystals grown by flux meth-
0ds?893169.1701 " 1n pulk crystals, the complex magnetic properties as well as the oc-
currence of antisite defects have lead to conflicting observations on the topological
properties ®>*% In order to further utilize MnBi,Te, and its related compounds, es-
tablishing a method of growth by MBE is highly desirable, as it not only allows a higher
control over the sample parameters away from thermodynamic equilibrium, but also
enables the growth of heterostructures with alternating properties along the z-axis.
During the course of this thesis, many paralleling approaches on the MBE growth of
MnBi,Te, have been realized, either utilizing co-evaporation or the alternating stack-
ing of Bi, Tes and MnTe layers'”*!71=177] In line with the growth mechanism for Bi,Tes,
the approach chosen in this thesis aims to grow MnBi,Te, by the co-evaporation of the
binary precursors Bi,Te; and MnTe as well as an additional offer of elemental Te.
While for the binary BiyTes, the growth is largely insensitive to small deviations in the
flux offers, in the case of MnBi>Te, both BiTe as well as Mn-based molecules exhibit a
sticking coefficient close to 1. The stoichiometry of the resulting growth is thus strongly

influenced by the respective flux ratio, which makes the ratio

BEPp

= — (5.4)
BEPgi, e,

R
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the defining quantity for growth process!. Fig. 5.2a) shows an XRD pattern of a close to
phase pure MnBi;,Te, film with a thickness of ~ 40nm grown with @z =~ 0.042, which
yields a growth rate of ~ 0.35nmmin~!. Below the experimental data, a simulation of
the diffraction curve of pure MnBi,Te, with a thickness of 20 SL is displayed?. The
diffraction pattern along the q,-axis exhibits all even diffraction peaks expected for
MnBi,Tes. The unit cell containing three SL blocks allows for the occurrence of the
[000L] peaks with L = 3n for integer values of n. The diffraction pattern is well in
line with literature!' "7 and the diffraction maxima exhibit a broad and asymmet-
ric shape and generally low structure factor even for pure phase MnBi,Te,.

To allow for a growth optimisation, Fig. 5.2c-e) depicts an assessment of the influence
of flux imbalance on the growth and tries to identify the respective impurity phases and
the connected fingerprints on the XRD pattern. In the family of MnBi, Te, compounds,
several Bi,Tes-rich ordered phases exist, consisting of an alternating stacking of Bi,Te;
and MnBi,Te4 building blocks, with the members belonging to the MnBi,Te4 (BiyTes) ,

1411781 Consequently, a surplus of Bi; Tes during growth is expected to lead to the

serie
intercalation of Bi,Tes layers in the structure, while in the MnTe-rich part of the phase
diagram, hexagonal and cubic MnTe phases exist!! "%'%! a5 possible cluster phases.

Fig. 5.2c) shows X-ray reflectivity (XRR) curves for samples with increasing ®p for val-
ues of 0, 0.03 and 0.05, where the first corresponds to pristine BipTe3. While all given
values correspond to BiyTes-rich sample phases, the occurrence of a clear interference
fringe patterns in all datasets shows, that the films grow with a highly ordered and flat
surface over the full range of flux parameters. Panel d) furthermore displays the L=6
and 9 diffraction maxima for a set of ®g = 0.03, 0.05 and 0.07. The patterns show a
clear trend, where a splitting in the L=6 peak and a shift in position of the L=9 peak
are indicators of the BiyTes-rich phase. The findings are supported by XRD simulations
for structures with an increasing number of intercalated Bi, Tes layers in the MnBi,Tey

structure. The ratio of both is defined as

nsL
YSL= ———— (5.5)
nqQL + nsL
such that ys;, = 1 corresponds to pure phase MnBi,Te;. The simulations nicely re-

produce the experimental findings and furthermore allow to define an empirical law

11t should be noted, that while ® is a reliable parameter during individual growth campaigns, the
optimum strongly varies when using source materials of different suppliers. This is a result of small
differences in the Te content to which the Bayert-Alpert gauge is highly sensitive and hence does not
allow to give an overall optimal flux ratio. Systematics listed in this chapter will always stem from
the same growth campaign and are therefore fully comparable. The values given for a pure phase of
MnBi, Te, will nevertheless vary between experiments resulting from different growth campaigns.

2All XRD simulations in this thesis were conducted by Prof. Dr. S. L. Morelhao. The general calculation
scheme is found in"?!!, details on the application to MnBi,Te, are published in [**%7]
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Figure 5.2.: Growth systematics by X-ray diffraction (XRD). a) XRD overview scan on close
to pure phase MnBi,Te; and simulated XRD pattern (grey). Peak positions are labelled with
green dashed lines for MnBi,Tey4, substrate peak positions are labelled with S. b) Structural
models for different growth phases. Bi rich conditions with Bi, Tes layer intercalation trans-
ition to a MnTe cluster rich phase. c) X-ray reflectivity curves for different thicknesses to-
gether with simulations from GenX (red). The estimated thicknesses d for i, ii and iii are
13.3, 15.6 and 46.0 nm, the samples were grown with ® = 0, 0.03 and 0.07. d) L=6 and 9
peak positions for increasing ®r and simulated patterns for increasing ysy.. €) L=24 peak
position with MnTe [222] impurity contributions for Mn-rich, pure and Bi rich phase. Par-
tially reproduced from®", with the permission of AIP Publishing

relating the sample stoichiometry to the splitting of the L=6 peak. The two satellite re-

flections are caused by the disordered superlattice of Bi,Tes and MnBi,Te, layers and

the splitting was found to scale as

with ds; = 1.36367nm.3 From an extended modelling study on the XRD patterns it
furthermore follows, that the satellite splitting occurs accentuated in the L=6 and 18
peaks, while a positional shift is found in the case of L=9 and 21, which may further

be quantified'>"). Fig. 5.2e) depicts the L=24 diffraction peak area for samples grown

3The relationship practically used for the sample optimisation valid for the case of Cu K, anode based

XRD setups is published in ¥4I
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5.1. MBE Growth of Bi,Tes and MnBi,Te, films

with varying flux ratios on either side of the pure phase. The curves correspond to a
MnTe rich, pure-phase and Bi,Tes-rich phase. In the MnTe-rich regime, the additional
appearance of a feature at 3.75 A7 is observed, which strongly increases for increasing
MnTe offer. The position of the feature is identified with the [004] diffraction peak of
the hexagonal MnTe phase!'?>1%l, As evident from the XRD pattern, the hexagonal
P63/mmc MnTe phase enters the structure in an epitaxially oriented way, but contrary
to the Bi,Tes intercalation results in an increased amount of structural disorder. In
particular an increased amount of twinning in the film growth is found for MnTe rich

phases %%

. From a flux series, by using linear interpolation of the apparent peaks,
again an empirical law for the sample optimisation may be derived, which relates the
ideal @R jgeq) to the experimentally used one by

1.3649®p

O iden] = 5.7
Rideal = 773649 + Ao/ AMET (5.7)

with Apnte/ AMBr as the area ratio between the two peaks.

The layer structure of the films is furthermore corroborated by scanning TEM experi-
ments as depicted in Fig. 5.3 for a film with yg;, = 0.8. Panel a) displays an overview
scan over the full sample structure. The scan shows three clearly distinguishable areas.
The BaF, substrate at the lower parts with weak contrast, the film area in the centre
and the darker protective Te capping layer at the top. The scan shows sharp interfaces
between the individual parts and furthermore depicts the van der Waals structure of
the film, where the individual building blocks are separated by vdW gaps. An enlarged
section furthermore allows to identify the individual layers of the film, which consist of
either seven- or five-atomic structures. Along with the line profile in panel b), the layers
can be identified as MnBi,Te, and Bi, Tes, matching well to the expected z-lattice con-
stants for the two compounds. Fig. 5.3c) depicts the interface region between the BaF,
substrate and the lowest MnBi,Te4 layers. While the atomic contrast for the substrate
vanishes at the interface, a clear and sharp onset of the lowest layer can be identified.
Consequently it may be concluded, that the BaF,[111] surface is well suited for the epi-
taxial growth of MnBi,Te, and no defect structures are induced by the interface. Panel
d) furthermore displays a scanning TEM picture of two adjacent SL acquired with a spe-
cialized probe corrected setup?. The increased resolution allows to uniquely identify
all seven atomic positions within the SLs by contrast. Contrast differences are espe-
cially found between the Mn and Bi sites.

Taken together these findings confirm a structure model, in which Bi,Tes QLs and

hexagonal MnTe clusters enter in between the MnBi,Te, layers when deviating from

4These measurements were conducted at a probe corrected FEI Titan 80-300 at the IFW-Dresden with
the support of Dr. Pavel L. Potapov
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Figure 5.3.: Scanning transmission electron microscopy images of a MnBi,Tey film. a)
Large overview image of the full structure containing the BaF, substrate, the epilayer and
a crystalline Te cap as surface protection. The right part of the figure displays a higher re-
solved image of the epilayer predominantly consisting of MnBi,Te, SLs intercalated by two
BiyTes QLs due to stoichiometric inhomogeneities. b) Cross sectional representation of a
full lamella. The individual vdW layers are separated by dashed lines and the average layer
height nicely fits to the expected length scales for Bi» Tes and MnBi, Te, respectively. c) High-
resolution images of the same structure acquired using a set of corrector lenses. The upper
panel displays the high interface quality between substrate and film, while the lower panel
shows an enlarged section depicting two SL of MnBiyTey. All atomic positions are clearly
visible and distinguished by contrast. Partially reproduced from!°", with the permission of
AIP Publishing

an ideal stoichiometry. Both impurities grow epitaxially with the z-axis oriented along
the [0001] direction of the MnBi,Te, film. Bi,Tes layers entering the layer structure in
a defect free way is a direct consequence of the similar in-plane lattice constant and
rotational symmetry of the two and paves the way towards the growth more complex
heterostructures. Looking again at the high-resolution scanning transmission electron
microscopy (STEM) images, the distinct contrast between the Mn and Bi sites is in

93] In these

strong contradiction to findings on bulk crystals grown by a flux method
crystals, Mn and Bi sites appear with almost identical contrast, which is often attrib-
uted to a sizeable amount of antisite defects with implications both on the magnetic
as well as electronic properties *#*%4493] Consequently, the results on the thin films in
this work show that the comparatively low temperatures systematically suppress the
occurrence of antisite defects due to the insufficient thermal energy available. For
a more thorough investigation of this indication, spatially resolved element sensitive
methods such as TEM-EELS methods would be required.

An analysis of the full three-dimensional shape of the XRD maxima can further foster
an understanding of the film structure on a nano- or micro-scale. Fig. 5.4a) depicts a

3D reciprocal space map (RSM) of the L =21 diffraction peak of a 38 nm thick MnBi,Te,4
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film. The RSM shows an elongated droplet-shaped feature whose extent along the q,-
axis strongly exceeds its size in the gxy plane. A projection of the intensity into the
dx,y Plane yields a pronounced spherical in-plane shape with traces of hexagonal sym-
metry. The hexagonal structure is further highlighted by a path integration over a full
rotation through the data with six intensity maxima as displayed above the projection.
The RSM reflects a film morphology, in which the typical domain sizes along the film
plane strongly exceed the grain size in the growth direction, indicating a film with large
and well ordered domains. The orientation of the RSM along the q,-axis and the ab-
sence of any kind of canting furthermore supports the findings of a layer structure
aligned with the surface plane of the substrate and confirms the very low degree of
mosaicity in the film. The hexagonal shape of the x-y projection is reminiscent of the
threefold rotational symmetry of the MnBi,Te, film and reflects a preferred domain
shape with the same symmetry. The feature is only weakly pronounced in contrast to
RSMs of Bi,Tes, where it is a direct reflection of the trigonal pyramidal shape of the
individual islands!'®!!. Together with AFM images of the film surface®, the preferable
growth mode of the films is found to be a layer by layer growth, in which the surface
gradually evolves along the z-axis. This mode stands in contrast to the case of BiyTes,
where islands nucleate and the QLs successively expand in the in-plane direction.

Fig. 5.4b-d) show the influence of the substrate temperature on both the crystalline
quality as well as the surface dynamics during the growth. Panel c) depicts a rocking
curve along the L =21 diffraction peak of MnBi,Te, for samples grown with increasing
substrate temperature for values of 260, 280, 290 and 300 °C. Similar to the in-plane
shape of the RSM, the curves reflect the film quality and grain size and show a de-
crease in peak width with increasing substrate temperature. A quantitative evaluation
is given in Fig. 5.4b) and shows a gradual decrease in the peak width over the tem-
perature range in question. Simultaneously a decrease in growth rate is observed with
increasing sample temperature. The evolution of the shape of the L=24 diffraction
peak in 5.4d) shows, that the increased substrate temperature leads to the emergence
of the MnTe cluster peak as a hallmark of the MnTe-rich side of the phase diagram.
In conclusion, the findings show, that an increase in substrate temperature leads to a
substantial increase in film quality and grain size up to the growth cutoff, which occurs
around 320 °C. The decrease in growth rate is mainly driven by a reduced sticking coef-
ficient for the BiTe molecules or an increased Bi desorption rate, overall shifting the
equilibrium conditions at the sample surface. With increasing substrate temperature a

larger @y, is required to keep the growth in phase pure conditions.

SCorresponding AFM images have been published in°*! and show a remarkable difference between
the growth modes present in MnBi, Tes as compared to pyramidal topography present in Biy Tes.
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Figure 5.4.: XRD structure and crystalline grain size. a) Reciprocal space map (RSM) of the
L=21 diffraction maximum of a 38 nm thick MnBi,Te, film. The panels on the right show a
projection of the RSM into the xy-plane. To elucidate the slight hexagonal warping of the xy-
structure, an intensity profile along a circular integration path is shown above. b) Substrate
temperature systematics, showing an increased film quality and decrease in growth rate
with increasing temperature up to a cutoff above 300°C. ¢) Rocking curves through the
L=21 peak position for substrate temperatures of 260, 280, 290 and 300 °C. d) L=24 peak
window with an emerging MnTe signature for the same samples.

5.2. Growth Mechanisms for MnBi,Tes in the

Monolayer Limit

Following from the previous chapter a few general conclusions can be drawn about
the compatibility of the growth schemes for BipTe; and MnBi,Te;. Deduced from the
spontaneous formation of MnBi,Te, SLs and also apparent from the higher melting
and growth temperatures (see chapter 3.1) it can be concluded that the MnBi,Te, SL
structure is energetically favoured over the coexistence of MnTe and BiyTes phases. As
the mobility along the out-of-plane axis is strongly limited by the nature of the MBE
growth process, this fact can be exploited to grow controlled heterostructures of Bi, Tes
and MnBi,Te4 by controlling the individual beam fluxes and the substrate temperature
during the growth. This chapter is concerned with the simplest type of heterostruc-
ture, namely the arrangement of a single SL of MnBi,Te4 on a BipTe3 3D TI. The growth

mechanism is depicted in Fig. 5.5 and consists out of three main growth steps and the
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initial substrate cleaning. Fig. 5.5a) shows a schematic of the growth process and the

substrate temperature during the growth process is depicted in panel e).
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Figure 5.5.: Growth process of the ferromagnetic extension. a) Schematic growth procedure
displaying the three stages of growth by the respective cells in use. Growth of the 3D TI
layer, MnTe evaporation and annealing under Te atmosphere. b-d) RHEED patter during
the growth displaying a high-quality Bi,Tes surface, reduction by MnTe evaporation and
restoration of high surface quality by annealing. e) Growth process diagram displaying the
substrate temperature at different stages of the growth. The three phases depicted by small
roman numbers correspond to the three phases shown above. Figures adapted from!'?’/
licensed under CC BY 4.0.

After degassing and cleaning the substrate surface, a high-quality surface for epitaxial
growth can be achieved. The 3D TI BiyTes is then grown on the substrate using the
co-evaporation of Bi,Tes and additional Te, as described in the previous chapter. The
growth at a substrate temperature of 265 °C using a flux ratio of ®g 1. = 1 and a Bi,Tes
beam equivalent pressure of 3.4 -10~ “mbar yields a growth rate of ~ 0.0022nms™! (7.7 min/QL).
The parameters are chosen to achieve Bi,Tes in the stoichiometric phase without ad-
ditional n-doping by Te vacancies. After the growth of the Bi,Tes-epilayer, a calibrated
amount of MnTe is deposited onto the sample surface at constant substrate temper-
ature. Typical parameters for this process are ~ 9min of growth at a beam equivalent
pressure of ~ 1-10~8mbar. The calibration of this parameter set is achieved by growing

a calibration sample of stoichiometric MnBi,Te, as described in the previous chapter
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and deriving the equivalent flux and time needed for a single SL. As a subsequent op-
timization step for a very high surface quality, the parameters can be varied, slightly op-
timizing the band sharpness in in-situ photoemission experiments, which was found
to be typically about 5% lower in growth time. The difference may be related to the
suppression of defects occurring with an MnTe oversupply as discussed below. Since
the substrate temperature for high quality MnBi,Te, films is higher than required for
the growth of Bi, Tes, an additional annealing step is introduced. A high surface quality
can be achieved by annealing the sample at 280 °C for 10 min. To avoid the desorption
of Te at the elevated temperature, the annealing is conducted under a Te atmosphere
(= 1/3 of the flux used during growth). The growth process can be monitored continu-
ously by RHEED, as shown in Fig. 5.5 b-d). The initial high surface quality, apparent
from a clear streak pattern and the additional appearance of Kikuchi-lines is signific-
antly reduced by the MnTe deposition ¢). The annealing step suffices in restoring a high
surface quality as confirmed by the re-emergence of a bright RHEED pattern in d). The
specific parameters given for the growth, especially BEP values have to be interpreted
with care and are mainly listed to allow for an estimation of the relative magnitude of
the fluxes and timescales. Absolute values — especially when using binary cell materials
— will always depend on the exact geometry of the growth chamber, placing of the flux

monitor and filling of the cells.

The surface quality can subsequently be (a) « i (b)¥ «
accessed by low-energy electron diffrac- ’

tion (LEED) as depicted in Fig. 5.6 for two ' » .
different incident beam energies. Both '
images show a clear diffraction pattern
with low background intensity and sharp
individual spots. The LEED data in- Figure 5.6.: LEED pattern of a single SL

dicates a highly ordered surface without MnBi,Te, on epitaxially grown Bi,Te3 on BaF,

room temperature exhibits sharp spots and a
trigonal symmetry as a hallmark for high crys-
depicted in panel a) clearly resembles talline quality and a low amount of twinning.

the trigonal rotational symmetry of the

ture. Furthermore, especially the image

Bi,Tes and MnBi,Te, unit cell. While this is no direct probe, a low amount of twin do-
mains can be deduced. Twin domain formation is typically an indicator of less optimal
growth conditions and leads to a more rough surface morphology as the domains can
not grow together!!%%,

A very direct probe for the local lateral structure in heterostructure samples are cross-
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sectional measurements using scanning transmission electron microscopy (STEM).
Fig. 5.7 shows a STEM analysis of a representative heterostructure. The sample was
capped with a protective Te capping layer to avoid oxidation of the surface before and
during the measurement. The overview displayed in panel a) clearly shows the vdW
layered structure of the sample. The Bi,Tes QL structure is epitaxially growing on top
of the substrate with its [0001] axis oriented along the [111] surface normal of BaF,.
The structure is terminated by a single layer with an extended lattice constant, which
can be identified as the modified surface layer with the SL-structure of MnBi,Te,. All
involved layers exhibit atomic resolution, which excludes any kind of rotational mis-
alignment between the layers (e.g. rotation around the surface normal). A quantit-
ative analysis of the lattice constants is shown in panel b) by extracting a line profile
along the z-direction through the image shown in a). The contrast difference between
epilayer, substrate and cap is clearly visible an can be assigned to the different atomic
weights of the individual atomic species. The film furthermore shows a clear separ-
ation into individual vdW layers with minima in contrast corresponding to the vdW
gaps. For the mean layer height of the Bi,Tes-epilayer a value of d = (1.02 + 0.03) nm
can be extracted, while the extended layer on top exhibits a thickness of ~ 1.35nm.
Both values are well in line with the expected single vdW layer height for Bi,Tes and
MnBi,Tes. Magnifying a well resolved portion of the surface area further allows to
distinguish between the individual atomic positions, as presented in Fig. 5.7c). The
image shows the topmost two layers, where the change from quintuple- to septuple-
structure is clearly visualized. All five and seven atomic position are clearly identifiable
and distinguished by contrast, following from the increasing atomic mass in the order
of mymn < Mre < mg;.

The STEM results furthermore allow to put the results of this growth process in context
with findings made in previous publications on similar systems. The vdW gap between
epilayer and the topmost SL is reminiscent of a well ordered and smooth interface and
does not exhibit any pronounced difference to the underlying vdW gaps between the
individual Bi, Tes QLs. Similar to the findings in chapter 5.1, in the STEM results of the
heterostructure, no systematic difference in contrast of the Bi sites away from the inter-
face can be observed. This allows to conclude, that neither antisite mixing, nor the dif-
fusion of Mn atoms to the lower lying Bi, Tes layers does play a major role. This is well in
line with the observations made in the previous chapter on the case of thick MnBi,Te,
films. In similar growth studies, it has been suggested, that the surface modification
results in the occurrence of very extended surface layers (e.g. MnyBi,Te;) which signi-
ficantly define the magnetic properties of the structure [®?). While TEM is a local probe

and therefore not suited to judge the properties of an entire film with statistical signi-
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Figure 5.7.: Scanning transmission electron microscopy images of a MnBi,Te,4-Bi, Tes het-
erostructure. a) Large scale overview image of the full heterostructure. The image depicts
the BaF, substrate with a sharp interface towards a BiyTes epilayer with a thickness 6 QL.
The structure is terminated by a single SL of MnBi,Te, and a Te capping layer. A cross-
sectional cut of the image showing the average layer distances is seen in panel b). c) Zoom
in into the surface of the heterostructure. A clear quintuple-septuple layer structure is ap-
parent, where all atomic positions can be differentiated by the respective atomic contrast.
Figures adapted from!'°"! licensed under CC BY 4.0.

ficance, it can still be noted, that for the sample under investigation no such structure
formation has been found, whereas they tend to play a role in less favourable growth
conditions as presented in the next chapter. The only defect structures observed on
this heterostructure were minor contributions of areas covered by 2 SL of MnBi,Te4 or
partially unfinished layers.

As a more quantitative assessment of the sample structure, Fig. 5.8a) displays an X-
ray diffraction (XRD) w — 260-scan of the heterostructure. The general appearance of
the diffraction curve is very reminiscent of the one shown in Fig. 5.1 for a pure Bi,Tes
epilayer. On closer inspection, an influence of the surface termination can be observed
as a slight asymmetry in the main diffraction peaks. This asymmetry arises due to the
extended septuple layer at the surface and can be interpreted as a leaning of the dif-
fraction peaks towards the nearby diffraction maxima of bulk MnBi,Te4, namely the
positions of the L = 9 and 21 diffraction peaks. Additional maxima are caused by the
Te capping layer and will not be part of any further analysis. As a further probe for
the sample thickness, panel b) shows a grazing incidence XRR scan. The scan clearly
depicts XRR interference fringes with two different periodicities. The high frequency
oscillation can be assigned to the thick Te capping layer, while the longer fringes stem
from the epilayer and its surface termination. It should be noted here, that due to the
very similar compositions and refractive indices of the Bi,Tes epilayer and MnBi,Te,
surface, no substantial reflection from the interface is present and no additional inter-

ference pattern can be observed. The experimental results are adapted with an XRR
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model of the complete sample structure — the BaF, substrate, the Bi,Tes epilayer, 1 SL
of MnBi,Te, and the Te capping layer — and a very good agreement between model
and experiment can be achieved. The fit yields an average Bi,Tes thickness of 6.47 nm,
which is in excellent agreement with the direct observations made by STEM.

The experimental XRD results in Fig. 5.8a) were adapted with XRD simulations by a
superposition of several structural models in order to achieve the best fit to the ex-
perimental results. An optimal agreement could be achieved by assuming a Bi,Tes
epilayer fully covered by a single SL of MnBi,Te,s. The thickness of the epilayer fluc-
tuates between 5 and 7 QL, whereas the exact distribution is shown in the inset and
nicely matches the XRR analysis. Due to the finite spatial resolution of the XRD exper-
iment using a laboratory source, deviations from the model occur especially at small

incident angles and the analysis is mainly focused on higher q,.
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Figure 5.8.: XRD and XRR systematics on thin single SL MnBi,Te,s-Bi, Tes heterostructures.
a) Large range XRD w — 26 scan using a Cu K, source. The scan depicts the [nnn] scans of
the BaF, substrate as well as clear signatures from the thin film. The red curves show cal-
culated XRD curves for the structure in excellent agreement with the experimental findings.
The underlying thickness distribution of the simulation is shown in the inset. b) Grazing in-
cidence XRR scan of a heterostructure capped with a protective Te layer. The experimental
findings are displayed together with a simulation and show a clear oscillatory pattern in-
dicative of a high surface quality. ¢) Synchrotron based high-resolution XRD w — 20scan of
a set of heterostructures with different thicknesses of the Bi, Tes-TI. The signature from the
single SL of MnBi,Te, emerges as a visible peak asymmetry of the [0003] and [0006] peaks,
merging into a pronounced peak splitting when thinning down the buffer layer.
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Fig. 5.8¢) displays XRD w — 20-scans over the L = 3 and 6 diffraction peaks of the struc-
ture acquired at the P08 endstation of the Petra III storage ring. The high flux and very
focused light spot of the synchrotron source allows for the analysis of very thin sample
structures, which are not reliably possible with conventional XRD setups. To assess the
structure of the surface termination by XRD, X-ray diffraction experiments were con-
ducted on very thin sample structures with a single SL of MnBi,Te4 on top of Bi,Tes
epilayers with a thickness between 2 and 5 QL. The results clearly show the asymmet-
ric line shape of the L = 3 and 6 diffraction maxima, which develops into a pronounced
peak splitting for smaller epilayer thickness. The findings furthermore indicate, that
the surface modification approach is feasible even for very low layer thicknesses.

0.01 0.02
ax [1/A]

Figure 5.9.: Reciprocal space map of the heterostructure. a) Three-dimensional iso-surface
representation of the RSM of a 1SL-5QL heterostructure. Next to the RSM, projections in
the xy-plane for selected areas of q, are displayed, together with an evolution plot of the
respective FWHM along qx. Along the length of the peak, no systematic changes in FWHM
are observed. b) Projected RSM in the xy-plane for a SL-2QL and SL-5QL heterostructure.
Both RSM exhibit a similar warped shap, differing mainly in a rotation within the projection
plane.

A more detailed analysis of this matter can be found in the reciprocal space map (RSM)
presented in Fig. 5.9a), which shows the three-dimensional shape of the L = 6 dif-
fraction maximum in the SL-5QL heterostructure. The RSM exhibits a shape strongly
elongated along the q, axis, which confirms the growth of a thin film with large in-
plane domains. As the peak asymmetry along the z-axis is mainly caused by the pres-
ence of the surface modification, the RSM was further divided in multiple slices along
gz, which are depicted on the right. All gy y-projections exhibit the same principal
shape, which is slightly elongated along the qx-axis and exhibits a twelvefold rotational
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pattern. An estimation of the full width half maximum (FWHM) of the peak is fur-
thermore depicted on the right. Interestingly neither the shape, nor the FWHM show
any systematic changes along the main part of the RSM, which is in line with the fact,
that the in-plane shape of the top layer domains do not significantly deviate from the
one of the underlying Bi,Tes epilayer followed from the AFM images depicted below.
Fig. 5.9b) furthermore shows xy-projections of the SL-2QL and SL-5QL heterostructure.
Both projections exhibit a similar round shape elongated along one axis and exhibiting
twelve maxima during a full rotation. The reasons for the emergence of a twelvefold
symmetry are not fully evident and further modelling would be required to relate them

to a specific in-plane feature of the layer morphology.

Figure 5.10.: Surface morphology of the ferromagnetic extension. a) AFM topography scan
of the surface of a sample with an average thickness of 18.1 nm exhibiting a trigonal pyram-
idal surface structure. b) Topography cut along the white line in a), highlighting the elevated
sample edges. c) Structure explanation model, assigning the lifted edge structure to inter-
diffusion at the surface steps.

Complementary to cross-sectional and diffraction techniques, the surface morphology
was probed by AFM. Fig. 5.10a) depicts an AFM image of a 1x1 um large area of a het-
erostructure surface. Using XRR, the sample was determined to have an average overall
thickness of 18.1 nm, corresponding to a single SL on top of on average 16 to 17 QL of
BiyTes. Overall, the surface morphology very much resembles the one of epitaxially
grown Bi, Tes films, showing large trigonally shaped islands with clear steps'®l. The
image displays six clearly distinguishable film planes, whereas the lower lying layers
seem to be completely closed in the selected area. A line cut over the most prominent
island feature presented in panel b) shows steps with average plane to plane distance of
Ah = (0.916 £ 0.094) nm, while a pronounced peak is located at the edge of each plane.
The mean height between a plane and the peak maximum of the neighbouring plane
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can be estimated to (1.294 + 0.088) nm.

These peculiar effects in the sample morphology can most likely be related to the dif-
fering z-lattice constants of the BiyTes epilayer and the septuple layer at the surface.
As only the surface layer is converted to a SL, the morphology should closely follow the
one of pristine Bi, Te; with a surface raised up by the increased lattice constant globally.
Taking into account imperfections as, e.g., a small amount of overlapping SLs caused
by diffusion at the step edges, small bending effects can arise in this region. The effects
is sketched in Fig. 5.10c). While other reasons such as surface oxidation can also be
considered a cause of these effects, their absence in pristine BiyTe; indicates an origin
connected to the surface modification.

Following from the discussion of the sample structure, the statement can be made,
that the presented surface modification approach presents a reliable way to convert
the topmost layer of BipTes into a full SL of the magnetic TI MnBi,Te, with a high sur-
face quality. The sharp van der Waals interface between epilayer and surface modifica-
tion and overall flat surface structure of the samples make this an ideal system to study
the interplay between the topology of the 3D TI and the surface magnetism. Further-
more, it can be concluded, that the overall morphology of the samples mainly depends
on the morphology of the BiyTes epilayer before modification. The optimisation of
samples for different applications from photoemission to transport experiments can
mainly be simplified to adjusting the growth parameters of Bi,Tes to achieve the desir-
able properties, which has already been studied extensively in literature ['°%181.182 Eor
experiments requiring very flat layer properties it may be possible to lower the nuc-
leation density and therefore achieve larger domain sizes and a more flat surface by

further raising the growth temperature %%,

5.3. Magnetic Heterostructures

The main hope connected with the emergent research interest in van der Waals bound
structures has always been an easy stacking of the layers to achieve arbitrary hetero-
structures of materials and combine their respective physical properties'®!. The most

[14,86] and

common techniques used in this regard are sample stacking by exfoliation
the growth by MBE!'®°!, where both approaches are accompanied by their respective
advantages and limitations. While exfoliated samples allow for almost arbitrary stack-
ing of materials, MBE offers an extended amount of control over the individual layer
properties but also requires the individual materials to be a suitable substrate for each

other. This chapter aims to explore the transfer of the growth model for the ferromag-
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Figure 5.11.: Structural analysis of the magnetic heterostructures. a) Structural model for
the n = 1 heterostructure consisting of the Fe;GeTe, substrate, a single QL of BipTes and
a surface layer of MnBi,Tes. b) STEM overview scan showing the bulk Fe;GeTe, substrate,
the two epitaxially grown layers and the protective Te cap. ¢) Enlarged section from b) with
all atomic positions visible superimposed with the respective atomic species. d) Line integ-
rations over individual atomic rows in b) for the uppermost Fe3GeTe; layer (red), the Bi, Tes
(blue) and MnBi,Te, (black) layers. The oscillations clearly visualize a 11:12 periodicity. e)
LEED images on the heterostructure showing an ordered and rotationally aligned growth.

netically extension to different van der Waals type substrates, specifically the van der

Waals magnet FezGeTe, described in chapter 3.2.

The growth of the films was conducted following the description given in Fig. 5.5.
Prior to the growth campaign, it has been confirmed, that Fe;GeTe; is heat stable up to
the required substrate temperatures and that the epitaxial growth of pristine BipTes on
Fe3GeTe; is feasible'®% 187 The main aim of the project is the investigation of the mag-
netic coupling between the FezGeTe, substrate and the MnBi,Te, monolayer, which
makes the case of very thin Bi, Te3 epilayers the most interesting case in this study. Con-
sequently, the samples under investigation consist out of BiyTes layers with a nominal
thickness of 1 up to 3 QL. The deposition rates were calibrated using XRR on reference
samples on BaF; substrates. The FesGeTe; crystals were prepared for the deposition by
the scotch-tape cleave method, where the topmost vdW layers are removed by applica-
tion of a sticky tape within UHV conditions. One of the desired structures is depicted

in Fig. 5.11 a) consisting of a single SL MnBi,Te, divided from a Fe3GeTe, crystal by a
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single QL of BiyTes. Especially the bulk sensitive characterisation techniques used in
the context of MBE are of limited applicability, when investigating few nanometre thin
epilayers on non-conventional substrates. The discussion of the sample properties will
hence be limited to a discussion of the sample properties investigated by STEM and
LEED. As visible from the overview scan in Fig. 5.11 b), the sample structure consists
of vdW layers clearly separated by flat van der Waals gaps. Furthermore the surface of
the last layer is covered by a protective Te capping. A magnified section of this image
as depicted in c) shows the four vdW layers closest to the sample surface. Clearly, three
different types of layer structure can be distinguished. The lowest two can be identi-
fied as one unit cell of the Fe;GeTe, substrate, where the terminating Te sites are clearly
pronounced, while the Fe-Ge structure within the layer can not be resolved. On top of
the substrate an additional QL and SL structure is visible, which can be identified as the
desired Bi,Te3-MnBi,Te, surface termination similar to the observations in the previ-
ous chapter. As indicated in chapter 3 a nearly perfect lattice match between Bi,Tes
and MnBi,Te, is expected, while for the Bi,Tes-Fe3GeTe, interface a lattice mismatch
of ~7.98 % is present. Indeed an analysis of the in-plane periodicity by integration over
the most pronounced atomic row of each layer as depicted in 5.11 d) shows a period-
icity of approximately 11:12 layers for the structure. Within the experimental error, this
periodicity nicely matches the fraction of the two lattice constants, indicating that all
layers grow free of strain with the respective equilibrium lattice constant.

The STEM results furthermore indicate, that all layers grow epitaxially and rotationally
aligned. The latter can be concluded, as for a rotational misalignment, would fail to im-
age the in-plane atomic arrangement for all layers simultaneously '®®). Further insight
into the rotational alignment can be gained from LEED measurements as depicted in
Fig. 5.11 e). The results were acquired on a Fe3GeTe,-QL-QL-SL structure and clearly
show a hexagonal alignment of spots resulting from the topmost layers. While confirm-
ing the epitaxial character of the films, a comparison with Fig. 5.6 shows, that contrary
to the growth on BaF,, the patterns presented on Fe;GeTe;,-substrates yield a purely
hexagonal symmetry. In contrast to Bi,Tes and the [111] surface of BaF,, FesGeTe,
exhibits a full sixfold rotational symmetry. The two possible domain orientations of
Bi,Tes are therefore fully degenerate and islands of both are expected to grow in equal
amounts.

Going back to the STEM images presented in Fig. 5.11, the high interface quality between
the Fe3GeTe, substrate and the epitaxial layers becomes apparent. A simple estimation
of the centre positions of the two Te atoms at the boundary between the Fe3GeTe, sub-
strate and the Bi,Tes layer corrected for drift by the Fe3GeTe, lattice constant yields a

size of the van der Waals gap of (0.354 £ 0.010) nm. As it will be shown in the context of
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Figure 5.12.: Analysis for different defect types of a magnetic heterostructure consisting of
the structure Fe3GeTe,— 1 QL BiyTes — 1 SL MnBi,Tey4. a) Nonuple layer of Mn,Biy Tes as sur-
face termination. b) 13-atomic layer block, potentially identified as Mn4Bi»Te;. c) BipTes-
MnBi,Te4-Biy Tes termination.

the calculations presented in chapter 6.3, this distance is well in line with the relaxed
mean distance resulting from DFT calculations on these types of structures. While the
value resulting from STEM should only be taken as an estimate, it nevertheless shows,
that the interfaces quality achieved by MBE is close to the lowest energy solution in the
given case.

Next to a confirmation of the obtained structure, STEM measurements additionally al-
low for an analysis of possible defect structures, occurring when deviating from ideal
flux conditions. Fig. 5.12a-c) shows a set of observed surface defects, which were found
to occur on a sample grown with a ~ 7% oversupply of MnTe. The most likely fea-
ture depicted in Fig. 5.12a) can be identified as a layer of Mn,Bi,Tes, corresponding
to the intercalation of two MnTe layers in BipTes. This material is known in literature
and has found to be an intrinsic antiferromagnetic compound with the two Mn sub-

lattices preferentially coupled antiferromagnetically!'8% 19"

. Panel b) depicts a defect
with a strongly enlarged building block. The structure most probably corresponds to a
Mn,Bi,Te; layer as, e.g., observed in!®?!. Fig.5.12c) indicates a defect structure, where
the surface is terminated by an additional layer of Bi, Tes. In the case of the MnBi,Te,-
Bi, Tes heterostructures grown in the previous chapter it was furthermore found that
MnTe deficient conditions will lead to a band structure very reminiscent of pristine
Bi,Tes, which can most probably be interpreted as the formation of a Mn-doped sur-
face layer. Overall these findings show, that the growth of single SL MnBi,Te, is highly
dependent on the evaporated amount of MnTe due to its high sticking coefficient. De-
viations from the ideal stoichiometry may lead to a substantially different film struc-

ture, which has already lead to the observation of fully different magnetic properties !
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or overall doubtful results on the magnetic and electronic properties 4.
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6. Magnetism in MnBi,Te; Based Compounds and

Monolayers

Overview

The following chapter will address the magnetism in MnBi,Te, and the related het-
erostructures investigated in this thesis. The first part mainly concerns the analysis of
the magnetic coupling in multi-layer samples of MnBi,Te, with a special focus on the
surface magnetic properties. Following from there, the second part will describe the
magnetic properties of a single septuple layer of MnBi,Te, and investigate the prop-
erties necessary to achieve a two-dimensional magnetic order in the films. The third
part of this chapter will contain an investigation of synthetic magnetism, e.g. hetero-
structures of multiple magnetic materials and show, how proximity induces magnetic
coupling can be utilized to tune the magnetic properties of the 2D ferromagnetic SL of
MnBi, Tey

Many of the findings in this chapter are published in**'?%!, while the observations on the coupling in

Fe3GeTe,-MnBiy Tes heterostructures are currently prepared for publication.

6.1. Bulk and Surface Magnetism in MnBi,Te,

As previously detailed out, magnetism in MnBi,Te, is defined by the ferromagnetic in-
plane and the antiferromagnetic out-of-plane coupling. The in-plane coupling strongly
exceeds the out-of-plane one with 0.09 meV/ ,uZB in- and 0.022 meV/ ,uZB out-of-plane *%],
On the question of the coupling between the intrinsic magnetism and the topological
electronic structure in this family of compounds, the surface magnetic properties of
the materials play a pronounced role. This chapter focusses on two main parts: the
magnetic order at the surface of bulk MnBi,Te, crystals and the magnetic properties
observed in MBE grown thin films of MnBi,Tey,.

Fig. 6.1a) shows XAS and XMCD spectra of the Mn L3 » absorption edge acquired at a
sample temperature of T= 3.5K and an external magnetic field of 2.6 T. The shape of

the XAS signal is closely reminiscent to previous findings in literature on MnBi, Te, and
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Figure 6.1.: Magnetic properties and surface magnetism in MnBiyTes bulk crystals. a) XAS
and XMCD signal of the Mn L3 » absorption edge at B=2.6T and T = 3.5K. b) Field depend-
ent XMCD at the Mn Lz-edge in TEY and FY detection mode, clearly showing a bulk and
surface spin-flop field for the crystal. c) Field- and temperature dependent XMCD amp-
litudes in TEY detection mode. The surface-sensitive detection allows to probe the phase
transition present in the topmost SL of the MnBi, Te,4 crystal.

the closely related MnBigTe;o compound and is attributed to a predominant d° state of
the Mn ion, with contributions from the d®L and d” L, charge transfer states!?®*+157],
The application of an external magnetic field leads to a clear XMCD signal, indicating
that the field of 2.6 T introduces a sizeable spin polarisation in the antiferromagnetic
compound. Following the XMCD signal over a large magnetic field range allows the
acquisition of the sample magnetisation curve, as depicted in Fig. 6.1b).! The upper
panel shows the field dependent XMCD using the surface-sensitive total electron yield
detection. For fields between + 2T, the XMCD remains close to zero, while at +2T and
+ 3.5 T the curve exhibits pronounced kinks, where the first corresponds to a sharp step,
while the second exhibits a softer transition. Above the second kink, the XMCD exhib-
its a strong slope and does not saturate up to the highest available fields. The lower
panel shows the XMCD amplitude recorded with fluorescence yield (FY) detection for
the same field range. > The FY signal exhibits only two clear kinks at the higher field

IFor all XMCD hysteresis scans, the XMCD signal is defined as the difference between c+ and c- polar-
isation, normalised to the respective pre-edge signal at each field point.

2In the photon energy range in question, TEY is the clearly dominant decay path, leading to the weak
data statistics for the FY measurements !>,
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6.1. Bulk and Surface Magnetism in MnBi,Tey

points of +£3.5T, while the inner kinks are at most below the noise level.

To further elucidate these findings, Fig. 6.1c) shows the normalised XMCD amplitude
over the sample temperature at three selected field points on the inner plateau (1T),
the intermediate plateaus (2.6 T) and after the second transition (4 T) for multiple sam-
ples S;. All datasets are acquired in the surface-sensitive TEY mode. The temperature
dependent XMCD at the lowest field is clearly reminiscent of an antiferromagnetic be-
haviour with a pronounced maximum in the signal around T = 21K. The signal decays
to both sides and reduces to = 50 % of its maximum towards the lowest temperatures
with large sample dependent deviations. In contrast, the behaviour found at 2.6 T does
not exhibit a significant reduction of the XMCD towards lower temperatures albeit ex-
hibiting a slight peak below 20 K. The curve at 4 T shows a clearly different course, with
the maximum close to the lowest temperatures and a steady decay with rising sample
temperatures.

Taken together, the findings show a remarkable difference between magnetic proper-
ties close to the surface and in the bulk of the MnBi, Te, compound. The bulk-sensitive
FY measurements yield results very similar to findings from different integral magnetic
probes, giving a spin flop field of 3.7 T®3. The additional features arising in a surface-
sensitive probe are hence to be interpreted as the surface layer carrying different mag-
netic properties. The step feature occurring at a reduced field of + (2.015+0.010) T can
be attributed to the spin-flop transition of the topmost layer, which aligns with the

(401~ Overall, for a

external field in a step-like process as indicated by the small insets
layered antiferromagnet with a single domain, a surface sensitive probe would expect
a non-zero remanent XMCD and ideally an open hysteresis loop at zero field. The ab-
sence of this feature indicates, that the average domain size of antiferromagnetic bulk
MnBi,Te, is smaller then the typical beam diameters in XAS experiments of around
200 um, which is in line with other magnetic probes such as MFM!"”! but contrast-
ing to previous findings in XMCD !, The temperature and field dependent XMCD
study furthermore supports the decreased spin flop field. While data at 1T below the
spin flop transition still shows a pronounced increase of the sample magnetisation to-
wards a peak around Ty, the curves at 2.6 T still carry hallmarks of the phase transition
at Ty from the sample bulk, but no substantial suppression of the magnetic polarisa-
tion below Ty is found. A last important aspect concerns the comparison between the
field and temperature dependent behaviour of the surface magnetism. The Ty estim-
ated from the XMCD at 1T ranges around 21K, which is lower then the bulk value of
24.6 K11, Both the reduction of the spin-flop field and of Ty can be attributed to the
fact that the top layer lacks the upper partner for out-of-plane coupling. While the an-

tiferromagnetic order is defined by this coupling term and therefore a strong decrease
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in spin-flop field is observed, the effect on Ty is more subtle. Given the strong asym-
metry between Jj and /|, these findings may be interpreted such, that magnetism in
MnBi,Te, can be understood in a strongly layered fashion with strong ferromagnetic
alignments within each SL, while the interlayer coupling mainly defines the A-type
AFM order. They also clearly indicate, that contrary to earlier speculations, the sur-

face of MnBi, Te, indeed hosts magnetic polarisation comparable to its bulk properties.
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Figure 6.2.: XAS and XMCD spectroscopy on MnBi,Te, thin films. a) XAS at a field of 6 T
and a sample temperature of 5K. b-d) XMCD signal for fields of 6 and 1T and in reman-
ence highlighting the decay in magnetisation. e) Absence of XMCD in grazing incidence
without an external field. f) XAS with horizontal (H) and vertical (V) light polarisation. g)
Respective XLD signal in grazing incidence and remanence. h) Temperature dependence of
the square-root of the normalised XLD signal indicating a decaying magnetic order, which
can be assigned to an antiferromagnetic ground state in the film. Reproduced from®¥, with
the permission of AIP Publishing.

Following the analysis of magnetism in bulk crystals, the rest of this chapter will ad-
dress the magnetic properties of MBE grown thin films of MnBi,Te,, starting from the
thick-film limit down to single SL samples. Fig. 6.2 shows an analysis of the magnetic
properties of a thick MBE grown film of MnBi,Te; probed by XAS, XMCD and XLD.
Panel a) depicts the XAS signals for both light polarisations in a field of 6 T. The XAS
line shape shows clear similarities to Fig. 6.1a) confirming a similar electronic envir-
onment for the Mn ions. The difference between the two polarisations, as shown in
panel b) exhibits a pronounced XMCD signal and indicates a spin polarisation of the
sample. Reducing the external field to zero, shows a decay of the XMCD to zero both for

normal, as well as grazing incidence. Fig. 6.2f) furthermore shows XAS curves acquired
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6.1. Bulk and Surface Magnetism in MnBi,Tey

with both linear polarisations in remanence and grazing incidence. The difference as
depicted in g) shows a clear linear dichroism pattern, strongly reminiscent of findings
on bulk MnBi, Te, crystals!'??). The temperature dependent behaviour of the linear di-
chroism pattern is shown in Fig. 6.2h) by plotting the square-root of the normalised
amplitude over the sample temperature. The XLD decays with increasing temperature
and fully vanishes at 25 K, which allows to assign it to a magnetic origin. Taken together
the findings indicate an antiferromagnetic ground state of the film with a transition

temperature close to the bulk value of 24.6 K%%,
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Figure 6.3.: Magnetotransport in thick MnBi,Te, films in a pseudo Hall bar geometry. a)
Temperature dependent longitudinal sample resistance, showing a clear peak around Ty of
the sample. b) Anomalous Hall resistance for multiple temperatures, confirming the AFM
nature of the sample magnetism and clearly showing the bulk spin flop transition. c) Longit-
udinal resistance over the magnetic field for multiple temperatures with pronounced max-
ima at the spin flop transition. %!

The findings by XLD are furthermore supported by magnetotransport measurements
as shown in Fig. 6.3. The dataset was acquired on a ~ 60 nm thick film in a pseudo Hall-
bar geometry. The temperature dependent longitudinal resistance decays with de-
creasing temperature, which is disrupted by a kink-like increase due to the AFM trans-
ition around Ty. The behaviour reflects the critical fluctuations around the temperat-
ure of the phase transition, followed by a freezing of the magnon modes at temperat-
ures below, which leads to the fast drop in resistance. Fig. 6.3b) and c) show the slope
corrected anomalous Hall (AH) resistance and the longitudinal resistance respectively
over the applied magnetic field for a set of sample temperatures. The AH resistance
at T = 2K shows a flat plateau between the two bulk spin flop fields, framed by two
step-like transitions. At higher fields the curves maintain a sloped behaviour indicat-
ing incomplete saturation. When crossing Ty, the spin flop transition vanishes and the
curve exhibits a pronounced S-like feature. The longitudinal resistance furthermore
highlights the spin-flop transition as a strong increase in sample resistance, which de-
cays with temperature. The combined XMCD/LD and magnetotransport study con-
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6. Magnetism in MnBi,Te,; Based Compounds and Monolayers

firms the magnetic ground state in MnBi,Te, films grown by molecular beam epitaxy;,
with a bulk spin flop field of Bsp = (3.81+£0.30) T and Ty = (24.54 £0.20) K. Albeit the
growth method can induce notable differences, especially in the defect structure of
the ternary compound as discussed in chapter 5 in the context of antisite mixing, the
magnetic properties observed on the MBE grown films are well in line with previous

findings on MnBi, Te, single crystals [?%%%,

6.2. MnBi,Tes; in the Two-Dimensional Limit

The previous chapter has demonstrated that MnBi,Te, thin-films grown by MBE ex-
hibit antiferromagnetic order as known for bulk crystals, with the interlayer coupling
defining the nature of the ground state. The question arising naturally is, whether mag-
netism in MnBi, Te4 can survive in the absence of this coupling or expressed differently,
whether a single SL of MnBi,Te, can host stable ferromagnetic order. In order to ans-
wer this question, this chapter will present a study on the magnetism in a single SL of
MnBi,Te4 on the surface of a BipTes thin film as given in the aforementioned ferromag-
netic extension. The magnetic properties are probed by element and surface-sensitive
XMCD, which is later combined with magneto-transport experiments.

Fig. 6.4 a,b) present the XAS and XMCD signal of the Mn L3, absorption edge on a
single SL of MnBi,Te, on a Bi,Tes epilayer. The measurements were conducted at the
base temperature of the system of ~ 3.5K under an applied field of 0.5T. The line
shape of the XMCD signal is strongly reminiscent of the one also present in MnBi,Te,
thin films and MnBi,Te, single crystals, resulting from the nearly identical chemical
environment for the Mn atoms in these structures. The presence of a sizeable XMCD
signal under applied field confirms the presence of a local spin-magnetic moment on
the Mn sites. To estimate the local spin and orbital magnetic moments, a sum rule
analysis was conducted?®, systematically varying all parameters within their respective
uncertainties!**1%¥, The resulting distributions for spin and orbital magnetic moment
are shown in Fig. 6.4 and yield a spin-magnetic moment of ms = (1.93 £ 0.16) ug, while
the orbital magnetic moment is found to be negligibly small. The full suppression of
the orbital moment is well in line with the expectation for the 5d configuration of the
Mn sites. The spin-moment is significantly lower than typical values found for both
MnBi,Te, and its derivatives!**!, which range up to 5.9 g per Mn atom. This discrep-
ancy is e.g. discussed in a study on the MnBigTe;p compound where by XMCD a mo-
ment of (2.30 + 0.25) ug was found and is attributed to the surface-sensitive character

of the XMCD method and a potential reduction of the magnetisation at the sample sur-

3See chapter 4.3 and [*¥ for details on the evaluation methods.
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Figure 6.4.: XAS, XMCD and sum rule analysis. a) XAS signal of the Mn L3 » absorption edge
acquired on a single SL of MnBi,Te4 grown on Bi,Tes. The data shows the pure XAS signal
as well as the adapted background intensity. b) Background removed XAS signal and cor-
responding XMCD. c¢) Cumulative XAS and XMCD intensities used for the sum rule analysis.

d-f) Probability distributions for spin and orbital moment as well as the ratio %‘: showing a

large spin- and negligibly small orbital moment. %%

face!*"). In this regard the monolayer of MnBi,Te; may pose an ideal model system to
gain further insight into this apparent discrepancy upon the application of bulk mag-
netometry methods.

To probe the magnetic nature of the single SL, Fig. 6.5 a) shows a hysteresis loop of the
XMCD asymmetry of the Mn Lz-edge in normal incidence and 70° off-normal, where
normal incidence corresponds to probing the spin polarisation along the surface nor-
mal. Applying a field normal to the sample surface results in a rectangular shaped
hysteresis loop, confirming a stable ferromagnetic ground state in the single MnBi,Te,4
SL. The sample exhibits a remanent spin polarisation of ~ 90%, as estimated from
additional XMCD spectra at zero field. These results are further corroborated by the
magnetotransport measurements in panel b). The data shows the anomalous Hall res-
istance after removing the contribution from the ordinary Hall effect as a linear slope.
The measurements clearly display an anomalous Hall effect with a coercive field up to
90 mT. The temperature series presented in Fig. 6.5 c) indicates a decay of the ferro-

magnetic contribution towards higher temperatures.
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The magnetisation loop in grazing incidence shown in the lower panel of Fig. 6.5a)
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Figure 6.5.: Hysteresis in a single SL MnBi,Te,4. a) Hysteresis loops on the Mn L3-edge in
normal and grazing incidence. b) Field-resolved magnetotransport experiments for several
sample temperatures. c) Temperature dependence of the AHE amplitude decaying with
temperature. d) Experimental geometry of the XMCD experiments in e) with light incid-
ence along the surface normal and magnetic fields applied gradually in-plane. e) XMCD
asymmetry of the single SL probed along the surface normal for magnetic fields applied
close to the in-plane direction, indicating a strong uniaxial anisotropy of the magnetic po-
larisation. f) Magnetotransport experiments with the magnetic field applied in the sample
plane.

presents a rather soft magnetic behaviour with a pronounced s-shape and indicates a
strong uniaxial anisotropy in the Mn spin moment. A deeper insight in this matter is
then given by XMCD measurements under canted fields. The geometry is displayed in
Fig. 6.5 d) and the resulting magnetisation curves are seen in panel e). The three field
loops were recorded with the sample facing the beam in normal incidence geometry,
while exploiting the vector magnet of the endstation in order to apply a field gradu-
ally tilted towards the in-plane direction. The field loops can be understood as the
out-of plane magnetic polarisation of the SL under a close to in-plane field. All three

curves show a gradual alignment of the sample magnetisation with the direction of the
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6.2. MnBi,Te, in the Two-Dimensional Limit

external field upon increasing field strength, while relaxing the external field causes
the sample magnetisation to regain its out-of-plane orientation to a large extent. For
field angles nearly approaching the in-plane directions, the hysteresis loop does not
fully close and instead ends in a nearly demagnetized stated. This re-magnetisation
behaviour can be understood as a direct competition between the energy scales as-
signed with Zeeman- and anisotropy energy as sketched in d), where only an almost
completely in-plane field will allow for a demagnetisation of the sample by breaking
the magnetisation into domains after a full field cycle. A similar effect can also be ob-
served in magneto-transport experiments as shown in f) for an external field applied
fully in-plane. The figure shows the full Hall-resistance of the ferromagnetic exten-
sion for a series of sample temperatures. Deep in the ferromagnetic phase the Hall
resistance increases strongly towards smaller fields with a round shape and reverses
sign, when the overall magnetisation slowly reverses. As magnetotransport in a Hall
geometry inherently probes the out-of-plane components of magnetisation and mag-
netic field, the results can be interpreted in the same light as Fig. 6.5 e) as a compet-
ition between Zeeman- and anisotropy terms. The magnetic field points of the spin
flip along the field direction are well in line with observations on the meta-magnetic

compound MnBi Te; !9

. With the local magnetic moment resulting from the sum-
rule analysis, the corresponding anisotropy energy can be estimated from Figs. 6.5¢,f).
The magnetisation gradually turns to an in-plane alignment at B = 1T. The Zeeman-
energy at this field corresponds to an energy of ~0.11 meV, which can be taken as a
first approximate for the anisotropy energy per Mn atom. The estimated value is in
good agreement with calculations for the related bulk material MnBi,Te; of 0.12 eV
and is more then an order of magnitude smaller then in other 2D magnets such as

Fe;GeTe, 1971981

Fig. 6.6 shows the relative amplitudes of the temperature-dependent remanent XMCD
signal of a single SL MnBi,Te, with the linear representation given in c¢). The decay-
ing signal is shown in a) in a double logarithmic representation of the renormalised

temperature axis with

T=1-— 6.1

T (6.1)

with T¢ as the ferromagnetic transition temperature of the sample. Assuming the mag-
netic order to follow a power-law behaviour (see chapter 2.1.1) allows to determine
T, as the temperature at which all data points lie on a straight line in the double-

logarithmic representation. After determining 7, as 14.89K, the critical coefficient f
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Figure 6.6.: Temperature dependence and critical behaviour of the single SL magnetism. a)
XMCD amplitude plotted over rescaled temperature 7 for different values of T, determining
the critical temperature as T, = 14.89K. b) Linear fit in the double logarithmic representa-
tion resulting in f = 0.484. c) Linear representation of the temperature dependent XMCD
amplitude together with the critical behaviour. The range of the fit is indicated by the solid
blue line. Figures adapted from!'*"! licensed under CC BY 4.0.

can be fitted to the data as the slope of a linear fit on a bi-logarithmic axes. Conclud-
ing from the analysis, the ferromagnetic extension follows a power-law with a critical
exponent of § = 0.484, which is capable of describing the temperature evolution of the

magnetic order parameter over the entire temperature range.
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Figure 6.7.: Magnetic field dependent magnetisation and modified Arrott-Noakes plot. a)
Hysteresis loop as shown in Fig. 6.5a) together with field dependent curves for multiple
sample temperatures up to well above T.. b) Modified Arrott-Noakes plot for critical expo-
nents resulting from the 2D Ising model. ¢) Same representation with the independently
determined S coefficient and best fit for y.

In addition, the field and temperature dependent behaviour of the 2D magnet can be
used to determine the critical coefficient y, describing the scaling law of the susceptib-
ility y of the sample. Fig. 6.7 a) depicts the full magnetic field loop of the ferromagnetic
extension with the y-axis rescaled to the saturation spin-moment together with a set
of temperature and field dependent datasets on the area outside of the open hysteresis

loop. The colour gradient describes the transition from the base temperature (blue) up
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6.2. MnBi,Te, in the Two-Dimensional Limit

to well above the critical temperature (red). Resulting from the general scaling beha-
viour of the order parameter m and the susceptibility y an expression can be derived
connecting the externally applied magnetic field to the resulting sample magnetisation

as

B\YY T-T, (M\YB
(- E5 2

M T M,
where T7 and M, are additional material specific, B is the external magnetic field and
M the sample magnetisation. A full derivation of this equation and the concept of

the modified Arrott-Noakes plot can be found in!'%!

. Following from this equation it
is evident, that for the correct set of critical coefficients the rescaled field dependent
magnetisation curves should all show a fully linear behaviour with identical slope and
a temperature dependent offset. Reversing this argument, the parallelity and linearity
of the isothermal lines can be used as a criterion to determine a set of suitable critical
coefficients for a magnetic system.

The interpretation of these results is somewhat peculiar and has to take all the find-
ings in this chapter into account. The results found in Fig. 6.5 indicate that a single
SL of MnBi, Te4 hosts a strong uniaxial anisotropy in the out-of-plane direction, effect-
ively narrowing the full three-dimensional phase space for the spin orientation down
to one dimension. Next to a sufficiently strong spin-spin coupling, the anisotropy term
is an important stability criterion for the two-dimensional magnetism. Out of the two
known two-dimensional magnetic models (see Tab. 2.1) we can therefore clearly assign
a 2D Ising-like nature to the system based on its spin dimensionality. Interestingly, the
critical coefficients known for the 2D Ising model do not suffice to describe the mag-
netic behaviour in the system. Fig. 6.7b) shows a modified Arrott-Noakes plot for the
critical coefficient set known for the 2D Ising model, which exhibits strong deviations
from the required linearity criteria. Attempting to achieve a good fit to the data, panel
c) shows a plot for the f coefficient as determined in Fig. 6.6. The optimum for the coef-
ficient y was determined by a variation of its value over a large parameter range, setting
parallelism and linearity of the curves as the main criterion. The resulting coefficient
Y = 1.52+£0.30 yields a set of parallel and linear isotherms, indicating a good fit. The
resulting set of coefficients can not be assigned to a single magnetic model, but rather
seems to fit into the frame of the 2D Ising model concerning the sample susceptibility,
while the scaling of the order parameter behaves in a mean-field like fashion. While for
other magnetic systems a close fit between model and experiment can be achieved °”,
the magnetism in single SL MnBi,Te, probably deviates from a simple 2D Ising model,

either by non-negligible next-nearest neighbour coupling terms or additional interac-
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tion channels as e.g. proposed by the coupling of the sample magnetism to the TSS!?%"!,

As a side note, the value found for g is indeed in close agreement with results found for

bulk MnBi, Te, and its derivatives *°'!, which will be discussed further in chapter 8.

6.3. Magnetic Coupling in MnBi;Te;/Fe;GeTe;

Heterostructures

Following the discussion of the interlayer coupling by super-super exchange in chapter
2.1.2 and establishing the isolated SL of MnBi, Te, as a stable ferromagnet, the question
arises how the proximity to other magnetic materials can be utilized to alter its mag-
netic properties. This question is driven by two main points of motivation: searching
for ways to increase the very low magnetic transition temperature of the ferromagnetic
extension as e.g. attempted in??! and selectively controlling the magnetisation of in-
dividual layers in a potential heterostructure, as motivated in chapter 2.2.4 in the con-
text of axion-insulator physics. The latter falls in the category of exchange bias and
heterostructure magnetism, which has already been studied on a variety of systems.
This chapter will look at the interface between Fe3GeTe, and Bi,Tes-MnBi,Te, struc-
tures, whose growth is described in chapter 5.3. The experimental approach mainly
relies on XAS and XMCD as a probe, as the element and surface-sensitive character of
the method allows to straightforward disentangle magnetism on the different atomic
species and look at substrate and film individually. The material combination has been
chosen, because Fe3GeTe; is a vdW compound with a comparably high curie temper-
ature and out-of-plane anisotropy, making it a straightforward choice for the combin-

ation with MnBi,Te,.

Fig. 6.8a) shows an XAS scan and the corresponding XMCD of the Fe L3, absorption
edge of a Fe3GeTe,— 2QL Bio Tes — 1 SL MnBi, Te, heterostructure (n=2).* The line shape
of the XAS shows the two main edges of the Fe 2p - 3d transition, where each of the
peaks contains a fine structure consisting of two main contributions. As FesGeTe; ex-
hibits two inequivalent positions of the Fe ions in its structure the two contributions
can be attributed to a Fe 2+ and 3+ valence state in the material('°"?% At the ap-
plied field of 0.8 T, the sample exhibits a sizeable XMCD signal with a maximum at
hv = 706.5eV. A sum rule analysis yields a spin-moment of mg = (1.24 +0.21) ug/Fe

4All samples discussed in the following will consist of a bulk crystal of Fe3GeTe,, whose surface is
covered with n QLs of BiTes and a single SL of MnBi,Tes. To simplify the naming convention, the
structure Fe3GeTe,— n QL Bi Tes — 1 SL MnBi, Tey will in the following be referred to by the number
of QLsonlyasn=0, 1 or 2.
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Figure 6.8.: Magnetic properties of the Fe3GeTe;,-substrate. a) XAS and XMCD on the Fe L3 »
absorption edge at B = 0.8T in saturation at a sample temperature of ~ 3.5K. b) XAS and
remanent XMCD of the ferromagnet. ¢) XMCD-hysteresis scan on the Fe L3-edge as marked
in a), depicting the soft ferromagnetic behaviour of the FesGeTe, bulk crystal.

and an orbital moment of m; = (0.088 + 0.015) ug/Fe!'%*. After reducing the external
field to zero, the XMCD as shown in Fig. 6.8b) confirms a remanent magnetisation and
the ferromagnetic ground state, but is strongly reduced to = 12 % of the saturation mag-
netisation. A field dependent XMCD-hysteresis on the aforementioned photon energy
is depicted in Fig. 6.8c). The sample magnetisation saturates at fields above 0.4 T and
shows an open hysteresis loop in the range between the saturation points. Contrary
to the case of MnBi,Te, in Fig. 6.5, the magnetisation curve carries a strong slope and
the actual hysteresis area is very narrow. The soft ferromagnetic behaviour is known
to appear in Fe3GeTe, due to the easy formation of ferromagnetic domains along the
out-of-plane ferromagnetic easy axis!!?>1942041 a5 described in chapter 3.2. Overall it
was found that the magnetic behaviour of Fe3GeTe, does not change significantly with
the surface terminations n=0 to 2 and therefore the findings in Fig. 6.8 can be taken as
the magnetic properties of Fe3GeTe, in all structures in question.

In a next step, XAS and XMCD on the Mn L3, absorption edge allow to investigate
the magnetic properties of the single SL of MnBi,Te,. In this regard three structures
were chosen, where the distance between the substrate surface and the MnBi,Te,-SL
is gradually increased by intercalating QLs of Bi, Tes, starting with a direct interface for
n=0up ton=2with a2QL spacing. The respective XAS spectra at sample temperatures
of 3.5 K are shown in Fig. 6.9a-c). For all three samples, the line shape of the XAS exhib-
its the same multiplet structure, closely similar to the one of the single SL in Fig. 6.4,
while differences can be found in the slope of the background due to the different layer
thickness on the substrate. These findings are well in line with the expectation from
the structural characterisation, as the nearest neighbour environment is identical in all

samples. To assess the coupling to the substrate and the resulting change in magnetic
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Figure 6.9.: XAS and XMCD of FesGeTe, — n QL BiyTes — 1 SL MnBi, Te, heterostructures with
n=0, 1 and 2. a) n=0 heterostructure with a direct Fe3GeTe,-MnBi, Te, interface, showing
the XAS (red) signal and the corresponding XMCD signals for multiple fields. b,c) XAS and
XMCD at multiple fields for the n=1 b) and n=2 c) and heterostructure. For the cases of
n=0 and 1, a spin alignment against the external magnetic field is found below a certain
field strength, while the n=2 case does not show this behaviour.

properties, the XMCD signals for all three structures at several relevant field points are
plotted in the lower panels of Fig. 6.9. For the direct interface (n=0), applying a field
of B = 6T results in a large XMCD signal, which reduces slightly when reducing the ex-
ternal field to 2.5T, indicating an overall alignment of the sample magnetisation with
the external field. Further reducing the external field to B = 0.5T leads to a reversal
of the XMCD signal. As the external magnetic field still carries the same sign and tak-
ing into account the magnetic behaviour of the Fe;GeTe, substrate, the sign reversal
indicates an alignment of the Mn magnetisation against both external field and sub-
strate magnetisation. Similar results are also found for the case of n=1 in Fig. 6.9b),
although the sign reversal is only observed close to zero external field. The structure
with (n=2) on the contrary does not show a sign reversal even in remanence, but the
size of the XMCD signal decreases to ~ 10% of the saturation value. Overall, the XAS
and XMCD results indicate a strong interaction between the ferromagnetic substrate
and the single magnetic SL of MnBi,Te,, whose nature and strength changes with the
number of intercalated Bi,Tes QLs.

To investigate this coupling in detail, Fig. 6.10a-c) shows the magnetic field depend-
ence of the XMCD amplitude at the Mn L3-edge for all three samples. The three graphs
are displayed over the relevant field range and shall be discussed in the following. The

y-axis is scaled to the respective moment determined from the individual XAS and
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XMCD curves by the sum-rule analysis and therefore allows a direct comparison of
the local magnetic moments for all structures. The n=0 structure depicted in Fig.
6.10a) exhibits a complicated magnetisation curve with multiple sign changes, as the
magnetic field is swept between +2.5T. For large external magnetic fields, the spin-
moment is aligned with the respective external field and the substrate magnetisation,
as sketched in the lower panel (Fig. 6.10d). Reducing the magnitude of the external
field shows a local spin-flop on the Mn sites occurring at Bsg = 1.2T. The spin-flop
leads to a sign reversal of the Mn spin moment against substrate and external field,
increasing in magnitude up to ~ 0.2T and subsequently fully reverting in sign when
crossing zero external field. Notably, the sign reversal happens along the soft ferro-
magnetic behaviour of the FesGeTe;, substrate and exhibits an open hysteresis loop
around zero field, which is inverted to the one of the substrate. The field dependent
magnetisation strongly suggests an antiferromagnetic coupling between the MnBi, Te,
SL and the Fe3zGeTe, substrate, with a coupling constant smaller but comparable in
size to the one between the individual layers in thick films of MnBiyTe,. Interestingly
XMCD measurements in a grazing incidence geometry (see appendix) do not show any
traces of an alignment against the external magnetic field, indicating that the observed

coupling carries a pronounced anisotropy along the magnetic easy axis of both mater-

ials.
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Figure 6.10.: XMCD-hysteresis behaviour for the FesGeTe, — n QL Bi,Tes — 1 SL. MnBi,Tey
heterostructures with n=0, 1 and 2 on the Mn L3 edge maximum. a) Strong antiferro-
magnetic coupling between the Fe3GeTe; substrate and the MnBi,Tey SL. The respective
spin orientations are depicted in d) and show a pronounces spin flop transition at fields of
~ +1.2T. b) Weakened antiferromagnetic alignment for n=1 case, where the reduced coup-
ling leads to a complex shape of the magnetisation curve. c) Ferromagnetic hysteresis in the
case of n=2. The respective sample surface structure is depicted as an inset in each graph.
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The structure with n=2 and hence the largest spacing is depicted in Fig. 6.10c). The
Mn magnetisation shows a clear saturation above B = £0.4T and a soft ferromagnetic
hysteresis loop, remarkably similar to findings on the substrate magnetism. The in-
teraction can be described as weakly ferromagnetic at most, as detailed out later. The
intermediate case with n=1 shows a mixture of the two fringe cases previously dis-
cussed. Above B = +0.4T the magnetisation is aligned with the external field and the
substrate and shows a flat course with a small linear slope. Below the saturation field,
the magnetisation shows a sharp decrease ending in a flat plateau, which eventually
leads to a gradual increase in magnitude after the external field switches sign. The sign
of the plateau can not be read reliably from the hysteresis loop, but the XMCD spec-
tra in Fig. 6.9 show, that the magnetisation indeed reverses with the sharp decline °.
Taken together, the curve can be interpreted such, that the antiferromagnetic coupling
as observed in the case of n=0 is still present but weakened up to a point at which
the spin flop field coincides with the saturation field of the substrate. While the mag-
netisation of the MnBi,Te, SL reverts against the external field and the substrate, the
substrate magnetisation simultaneously decreases, leading to the flat plateau, where

both movements cancel each other out.

Modelling

In order understand the rather complex magnetic behaviour of the FesGeTe, — n QL
Bi, Tes — 1 SL MnBi, Te4 heterostructures, a simple model can be developed to describe
the substrate and field dependent magnetisation of the MnBi,Te, monolayer. In ac-
cordance with the previous findings for the monolayer and the understanding of
Fes;GeTe, from literature °?!, both substrate and the SL are magnets with a pronounced
uniaxial anisotropy and can be described by a simple two spin state model with up
and down orientation as depicted in Fig. 6.11a). Due to the large volume of the crystal
compared to the single layer, the high T, and in accordance with the previous find-
ings, the hysteresis of the Fe3GeTe; will be modelled by a simple model with saturation
areas, a linear decay and a hysteresis loop opening. The respective numerical values
are adapted from the experimental findings in Fig. 6.8 and the resulting curves can be

seen in black in Fig. 6.11b-d). The model furthermore assumes that the demagnetisa-

5As XAS and XMCD in TEY always include free electrons moving in an large magnetic field, field de-
pendent XMCD is strongly prone to fluctuations especially for small fields. Typically close to zero
field, the effective electron yield changes sharply which together with the switching of the magnetic
power supply renders the zero field region of the hysteresis scans difficult to obtain reliably. In the
full XMCD spectra on the contrary, this effect is removed by proper normalisation, as the magnetic
field is constant during the measurement.
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tion in Fe3GeTe, follows from the formation of domains and therefore the normalised

substrate magnetisation can be written as

s 63)
| msubst,satl

with pt+p| = 1. Above a single domain of the substrate, the energetics of the MnBi, Te,
SL are defined by three main contributions, which will all be given in dimensionless
quantities. The model is designed such a way that the magnetic field axis corresponds
to the experimental findings in absolute values. The two independent parameters are
thus the relative size of coupling J and the temperature scale k;, T with respect to B. The

energy of the monolayer above a substrate domain may thus be written as
Eml = JSmi* Ssubst + B+ Sml (6.4)

where the projection of § along the z-axis may take values of +1. In a simple thermody-
namic picture, the probability of the film orientations is given by Maxwell-Boltzmann
statistics and the average magnetisation can be expressed in the same way as described
in Eq. 2.1. Taking into account the two possible domains of the substrate, the full model

for the magnetisation of the top-layer is written as

Mgl eB+J1kgT) _ o=(B+J1kpT) eB—J1kgT) _ ,=(B=J/kpT)

—m - + : :
| Mot sa] Pt BT 4 o-B+iTksT) + Pl GB—1ks ) 4 o~ (B—JTksT) (6.5)

The two parts of the equation correspond to the contributions of the two substrate
domains, such that in the exponent the relative sign in front of the coupling constant
J changes. The two exponential functions within the each part describe the relative
probability of spin up and down orientation of the top-layer for a given external field
and substrate polarisation. This model allows to calculate the response and therefore
the average magnetisation of the top-layer for a magnetic field sweep, where the py/,

are calculated from Eq. 6.3.

Employing this model to the situations given in Fig. 6.10 allows to simulate the hys-
teresis for all three cases by only varying the coupling constant J to match the exper-
imental observations as depicted in Fig. 6.11b-d). For the largest negative coupling
constant, the fundamental observations of Fig. 6.10a) can be reproduced. The com-
peting energy scales of Zeeman-energy and antiferromagnetic coupling J < 0 lead to a
spin flop field at the position where both become equal. In the range of the substrate
coercive field, the top-layer magnetisation reverses inversely to the substrate. Redu-

cing the coupling constant such, that the spin flop field coincides with the coercive
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Figure 6.11.: Simple statistical model for the coupling between the single SL of MnBi,Te,
and the ferromagnetic FesGeTe, substrate. a) The MnBiyTe4-SL is modelled as a single
macro-spin with two possible orientations. The relevant energies are the Zeeman energy,
the substrate-layer coupling J and the thermal energy kgT. b-d) Three simulated hysteresis
curves with varying J. The values of ] are chosen such, that the relevant points on the B-axis
correspond to the experimental observations in Fig. 6.10 a-c). The model nicely reflects
the experimental observations and the transition from antiferromagnetic to ferromagnetic
coupling.

field of the substrate, leads to the complex situation in panel c), which nicely models
the behaviour found for the structure with n=1. When reverting the sign of ] assuming
a ferromagnetic coupling, the top-layer starts to mimic the hysteresis of the substrate
already for moderate sizes of ], which again allows to model the behaviour found for the
n=2 case in Fig. 6.10c). Overall, the employed model allows to explain the observed
magnetic behaviour of the single SL of MnBi,Te, for all structures. The fundamental
assumptions are mainly concerning the domain nature of the magnetism and will be
discussed and justified in more detail later. The implementation of the model as well

as further systematics can be found in the appendix of this thesis.

Temperature dependence of the magnetisation

Going back to chapter 6.1, parallels can be drawn between the investigation of the sur-
face layer in bulk MnBi,Te; and the situation given for the n=0 case. In both situ-
ations, a single SL of MnBi,Te, at the surface is coupled to a bulk system over one van
der Waals gap. In MnBi,Te,, this coupling suffices in raising the critical temperature
from ~ 15K close to the Néel temperature for the bulk compound. Similarly, here the
question arises whether the coupling to the magnetic substrate can enhance the mag-
netic properties and especially lead to an extension of the region in which a remanent
magnetic polarisation can be found in the Mn layer. Figs. 6.12a,b) show two hysteresis

loops for the n=0 case at sample temperatures of 10 and 15 K. In both cases, the gen-
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eral shape of the curve including the sign changes and the open hysteresis loop persists
even at the elevated temperatures. Remarkably even at 15 K a remanent magnetisation
can be found on the Mn species. With the rising temperature two trends can be found.
The overall magnetic moment decreases due to the increase in thermal energy and the
spin-flop transition softens and gradually approaches a linear behaviour. For all tem-
peratures, two fix points exist in the hysteresis at which all curves cross (see appendix,
Fig. A.2). Going back to the model these fix points correspond to the Zeeman-energy
and the coupling energy to be of equal magnitude such that an influence of the sample
temperature at these points is minimized. These points allow to precisely determine
the spin-flop field for the structure to be pHg = (1.261 £0.010) T. As contrary to nor-
mal ferromagnets no natural choice for the reading exists in this case, to quantitatively
evaluate the decay of magnetisation with temperature, the XMCD signal has been eval-
uated at three different positions in the hysteresis loop. The three means of evaluation
include the maximal XMCD amplitude at a field of +2.5T, the maximum negative amp-
litude at £0.45T and the area of the small hysteresis loop. Interestingly, after normal-
isation to the lowest temperature all three means reflect a closely similar behaviour,
such that in Fig. 6.12c) the average of all three methods is shown with errors reflecting
the statistical error between the different methods. The data reflects a decay in mag-
netisation with temperature, which does not show any characteristics of a sharp phase
transition. Especially no signs of a feature at the critical temperature of the isolated
monolayer can be found. Employing the aforementioned toy-model to this decay al-
lows to fit the curve over the full temperature range. Here the main fitting parameters
are a global scaling factor and the conversion factor from the experimental temperat-
ure to the dimensionless energy scale required in the model kgT = « - Texp, while the
coupling constant is adapted from the spin flop field observed at the lowest temperat-

ures.

While further datasets and an extended analysis of the temperature dependent mag-
netisation can be found in the appendix of this work, a few remarks can be made here.
In the case of the n=1 structure, the complex behaviour around zero external field
gradually softens. Around ~ 12K the shape resembles the one of an inverted ferromag-
netic hysteresis loop (not shown). In the case of n=2, the shape of the hysteresis does
not change significantly between the lowest temperature and ~ 13K, indicating, that
the interplay with the substrate indeed also stabilizes the magnetisation in the ferro-
magnetic case. Overall it can be concluded, that for all structures, a significant stabil-
ization of the magnetic order above the critical temperature of the isolated monolayer

can be observed. The absence of a clear phase transition together with the descriptive
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Figure 6.12.: Temperature dependent behaviour of the n= 0 heterostructure. a) Magnet-
isation curve for a sample temperature of 10K and b) 15K, showing a softened by still
pronounced AFM behaviour. c¢) Temperature dependence of the magnetic polarisation in
the MnBi,Te, SL, extracted off different characteristic features of the hysteresis loops. The
dashed line corresponds to a fit with the aforementioned model.

power of the simple modelling approach indicates, that the originally 2D ferromagnetic

nature of the isolated SL is significantly altered by the coupling.

Magnetic Microstructure, Moments and Coupling

Fig. 6.13a) shows the hysteresis behaviour of the n=2 structure in comparison to the
hysteresis of the isolated monolayer, as also depicted in Fig. 6.5. It clearly reflects,
that the magnetic behaviour is significantly altered with respect to the isolated case.
The originally hard ferromagnetic behaviour with small coercive field changes towards
a more soft ferromagnetic hysteresis extending over a significantly larger field range.
Overlaying the same behaviour onto the magnetisation of the substrate over two indi-
vidual y-axes in Fig. 6.13b) furthermore confirms, that the soft behaviour stems from

an alignment with the substrate magnetisation.

While strongly indicating a ferromagnetic interaction between substrate and top-layer,
the change in hysteresis shape can not be fully deduced without considering the mi-
croscopic structure of the magnetism of the substrate, namely the domain nature as
already indicated in the basic assumptions of the modelling approach. The magnetic
microstructure of thick FesGeTe; is known to consist of bubble-like magnetic domains
with lateral dimensions up to a few um 92105205 and the soft behaviour with a gradual
decrease of magnetisation is a direct consequence of the formation of these domains.
The ratio of domain size to the typical distance between substrate and top-layer in the

case of n=2 is in the order of 10° and allows to assume, that the bias field felt locally

104



6.3. Magnetic Coupling in MnBi,Te,/Fe3;GeTe, Heterostructures

@) =g ) prsm © e
IHS/IssoI.SL,.‘\" ; ] s M smee 27 1 2.0} :

= 1 I:;::: ggwn: 1< | - down R 1 @ € I { ]
= | ! = Y L 2 16l ]
3 0 1 2 0 105 2 lesolst
o P / | =% = [eaqLaLlsL]
£l 1 B A E Eq2p-QLSt -
i ] B "'I" N '1 B } T
[ A I N 0.8L ]

-0.2 0.0 0.2 -04 -02 00 02 04
B[T] BI[T]

Figure 6.13.: Magnetic behaviour of the n=2 heterostructure. a) XMCD hysteresis plot on
the Mn L3 edge for the n=2 case in comparison to the case of an magnetically isolated
single SL of MnBi,Te, (dashed line) showing a significant change in shape. b) Same hyster-
esis on the n=2 sample in comparison to the XMCD observed on the Fe L3 edge (dashed
lines). Both curves are plotted on the respective local spin moment on individual axis and
the striking adaption of the Mn hysteresis shape becomes apparent. c) Comparison on the
magnetic spin moment derived from XMCD sum rules for the n=1 and 2 structures and the
isolated SL.

in the top-layer is strongly dominated by the underlying domain of the substrate. To-
gether with the change in the hysteresis shape, this argumentation indicates, that the
hysteresis of the coupled MnBi,Te,4 layer is mainly defined by the layer replicating the
domain structure present on the surface of the FesGeTe, structure. Given that the do-
main structure of Fe3GeTe, can be manipulated by the sample thickness up to a single
domain magnet for films with a thickness below 100 nm!'%% these findings pose the
hope, that a well structured substrate may allow to further engineer the magnetisation
in the single SL of MnBi,Te,.

Figure 6.13c) shows the resulting local magnetic moments of the MnBi, Te, SL at a mag-
netic field of B = 0.5T as resulting from a sum rule analysis!'?*!. The analysis shows
that while the local spin magnetic moment is still substantially reduced for the case of
n=1, in the case of n =2, it recovers back to the saturation value found for the isolated
monolayer. It further corroborates the presence of an antiferromagnetic coupling in
the cases of n=0 and 1, which reduces the energy-difference between the two spin-
orientations with respect to the thermal energy scale and therefore leads to a decrease

in magnetic moment even above the spin flop transition.

Fig. 6.14 shows the results of a DFT calculation on the case of the n = 0 heterostruc-

206]

ture°°®l. The corresponding calculated structure is depicted in a), consisting of one

full FesGeTe, unit cell and a single SL of MnBi,Te, on its surface. The MnBi,Te, layer
carries four Mn atoms. The aim of the calculation was to first find the equilibrium po-

sition of the interface distance d (see Fig. 6.14a)) and in a second step determine the
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Figure 6.14.: Structure and DFT calculations for the n = 0 heterostructure. a) Side view of
the crystal structure used for the DFT calculations. The van der Waals gap size d is defined
as the distance between the two limiting Te planes. b) Total energy of the AFM configuration
and energetic difference Ery — Eapm for varying sizes of the vdW gap.

magnetic coupling as the difference between the ferro- (FM) and antiferromagnetic
(AFM) alignment. Within each vdW-layer and for the substrate as a whole, a ferromag-
netic configuration is assumed and only the relative orientation between the MnBi, Te,
layer and the Fe3GeTe, substrate is varied®. The resulting energies are depicted in
Fig. 6.14b). The red curve corresponds to the total energy of the antiferromagnetic-
ally aligned configuration displayed over the size of the vdW gap at the interface. The
curve shows an energetic minimum at ~ 0.35nm, which is well in line with the estima-
tion from STEM results in chapter 5.3 of d = (0.354+0.010) nm and shows, that the MBE
growth results in an interface distance close to the energetic optimum. The energy is
highly unfavourable for closer distances, and increases monotonically but weaker to-
wards larger distance.

The nature of the coupling is defined by the energy difference between the two pos-
sible alignments along the out-of-plane direction. The relevant quantity Epv — Eapm
is depicted by the blue curve and can be understood such, that for positive values an
AFM-alignment of the magnetisation is preferred. At the experimentally determined
size of the vdW gap, the difference reaches a maximum of ~ 1.3meV, which confirms
the presence of an antiferromagnetic coupling in the structure as indicated by the ex-
perimental findings.

In a simple picture, the spin flop field corresponds to the value of the magnetic field B,

SFollowing from the TEM analysis, for the DFT calculation the lattice parameters from bulk samples
were used for the DFT calculation. The van der Waals gap size d was left as the only unknown para-
meter. The calculations were conducted by J.I. Facio, more details on the method and similar calcu-
lations can be found e.g. in**,
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for which the two configurations of the Mn layer are degenerate in energy, which may

be expressed as
Amgy, - Bsp = Epm — EApM.- (6.6)

The volume in the calculation contains four Mn atoms and in the case of an isolated
monolayer, the moment per Mn atom can be estimated to be m = (1.93+0.16) ug/Mn
and Amgy, is hence given by 2ugms. On the basis of the experimental spin flop field,
Ernm — Eppv can be estimated as (1.127 +0.023) meV. The estimation gets reasonably
close to the theoretical expectation from Fig. 6.14b). As observed in chapter 5.3, the dif-
ference in lattice constant leads to a 11:12 periodicity of the lattices, which can effect-
ively be interpreted as the presence of multiple different stackings, where the MnBi, Tey4
unit cell carries an increasing lateral offset towards the substrate. As in the given cal-
culation the structure was approximated as an relaxed MnBi,Te, structure centred on
top of the Fe3GeTe, unit-cell, a more in depth handling of the lateral structure may very
well explain the small discrepancies. While the employed calculations do not allow to
relate the coupling to a specific mechanism, the strong dependence on the vdW gap
size nevertheless indicates, that the coupling is mediated by an orbital overlap over the
van der Waals gap, which was also found or proposed as the main mechanism in other

synthetic van der Waals magnets 18],

When extending the concepts from this chapter to other materials systems, the ques-
tion arises, which material combinations have the potential to host a coupling of sim-
ilar strength. Naturally this question is highly complex and impossible to be answered
based on the experimental evidence presented above. Nevertheless, beyond consider-
ations concerning the feasibility of sample growth, in a last step a closer look can be
taken at the respective densities of state of the individual elements in substrate and
overlayer. By using soft X-ray radiation and resonant photoemission spectroscopy (Re-
sPES), the density of states of the Fe and Mn species in the heterostructures may be
assessed individually, as schematically sketched in Fig. 6.15a). The resulting energy
distribution curves (EDCs) integrated over the full accessible angle range are depicted
in Fig. 6.15b) and d). Both panels show multiple curves corresponding to sweeping the
photon energy across the nominal energy of the respective Fe- and Mn Lz-absorption
edge. On the example of Fig. 6.15b) it is clearly visible, that when approaching the
energy of the Fe absorption edge, two peak-like features clearly increase in intensity,
which can be interpreted as the two main contributions of the Fe 3d DOS to the valence
band intensity. The main feature is located around E — Er = 3.6eV and a smaller fea-

ture arises at E — Ep = 0.7eV. The peak positions are estimated from the hv dependent

107



6. Magnetism in MnBi,Te,; Based Compounds and Monolayers

@° ¢ O 7 U

é . R S
3 — i
o
{x - .4' -
5 : :

w

| — 699V

Intensity [arb.u.]
N
|

-
|

o 9. 9
0
yare Fe L, 1
o o o . 12 ]
0 =] |
¢ % o g. 8 ]
MBT-BT-FGT| 2 ]
— 6406V | 2 4| ]
64teV | - i
MBT-BT T ok . . ]
— gj?ex 8 6 4 =2 0
e E - Ef [eV]

Figure 6.15.: Density of states of the Mn and Fe 3d-states in the Fe3GeTe,— 1 QL BiyTes —
1 SL MnBi,Te, heterostructure. a) Sketch of the experimental principle. In the resonant
condition, X-rays with photon energies on the Mn and Fe L3 absorption edges selectively
excite electrons from the Mn and Fe 3d states respectively, which consequently originate
either from the MnBi,Te, surface layer or the FesGeTe, substrate. b) EDCs of a hv-series
over the Fe L3 absorption edge energy depicting the rise of two distinct spectral features
marked by green dashed lines and the transition of the resonant into an Auger process. c)
EDCs for selected energies on the Mn L3 edge selected from the hv-series depicted in the
right panel of c). The curves are compared to results obtained on a single MnBi, Te, grown
on BiyTe;. The main positions of spectral features are marked in the right panel and the
energy axis is to scale with b) to highlight the positional match.

spectra in the region in which the peak appears at a fixed binding energy. At higher
photon energies, the feature significantly moves in binding energy as expected due to
the increasingly Auger-like character of the transition'“!. A similar analysis on the Mn
L3 edge (Fig. 6.15d) ) shows the occurrence of two main peaks. Interestingly, the ener-
getic positions fully coincide with the features observed in the Fe-DOS. As evident from
Fig. 6.15c), the shape of the resonant EDC is closely similar to the one of an isolated
SL of MnBi,Te4 and well in line with previous findings on MnBi, Te, single crystals 27,
The main feature at E— Er = 3.6eV corresponds to the spin-majority states in MnBi,Te,4
with contributions of both eg and tyg states. The feature at E — Er = 0.7 eV results from
p-d hybridisation with the neighbouring Te 5p-states, which hybridize with the Mn tz¢
states'?%?l. This hybridisation allows for the partial occupation of the spin-minority
states close to the Fermi energy, as found in multiple MnTe based materials!?’"2%%,

Furthermore Fig. 6.15c) shows a small shift of the Mn DOS towards smaller binding
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energies in the case of the heterostructure, which leads to the close to perfect match of
the energy positions with the ones of Fe3GeTe,. Taken together, this analysis indicates,
that the material combination MnBi,Te, - Fe;GeTe, is accompanied by a remarkably
close match of the energetic positions of the respective 3d densities of states. While this
should be noted as a mere observation at the present point, it nevertheless opens an
intriguing question. By comparing the coupling found in materials based on different
3d transition metals, it might be possible to elucidate, whether an energetic overlap of

the magnetic DOS is beneficial in the case of van der Waals magnetic coupling.

109






7. Interplay Between Magnetism and Topology in

MnBi>, Te, Based Heterostructures

Overview

The following chapter will describe the electronic structure arising at the surface of
the ferromagnetic extension — namely the epitaxially grown heterostructure of a single
SL of MnBi,Te4 on the surface of a Bi,Tes film — and present a close investigation of the
interplay between the topological surface state (TSS) arising at the ferromagnetically
extended surface and the magnetism present in the single MnBi,Te4 SL. The first part
of the chapter will describe the TSS in detail, concerning its dispersion and energetic
position compared to the parent compounds Bi,Te; and MnBi,Tey, its photoemission
cross section and its spin and orbital texture. The second part contains an analysis of
the magnetic exchange gap opening in the TSS when crossing the critical temperature.
The chapter will work out its extent in k-space and bring its temperature dependent

behaviour in context with the magnetic properties of the surface.

Most of the findings in this chapter have been published in!'?"! and the corresponding supplementary

material.

7.1. Band Structure of the Ferromagnetic

Extension

Given a sufficiently perfect interface, the ferromagnetic extension can be viewed as a
surface modification of the 3D TI Bi,Tes by the single SL of MnBi,Tes. In both cases,
the topological surface state is derived from Te and Bi p, orbitals intermixed with in-
plane contributions ??°%?!%As described in chapter 2.2.4, as a consequence the TSS
is expected to partially relocate into the modified surface layer and be subjected to a
different electromagnetic environment. Even in the absence of magnetic polarisation
in the MnBi,Te, layer, the electronic structure of the TSS is likely to be influenced by
this modification, which is then followed by the coupling to the emergent magnetic

polarisation.
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7.1.1. Electronic Structure and Symmetries

Fig. 7.1a) displays an ARPES map of the MnBi,Te,-Bi,Tes heterostructure. The spec-
trum shows the TSS of the heterostructure located at the T-point of the surface Bril-
louin zone (BZ). The two open faces of the spectrum are cut along the TK and T M high-
symmetry directions of the BZ and the top surface displays a constant energy contour
at the Fermi energy. The map clearly displays a linearly dispersing state with a crossing
point of the linear bands at Ep =~ 140meV. Moving away from the Dirac point (DP)
the bands start to bend outwards, especially in the T M-direction and the Fermi surface
clearly shows a strong warping of the TSS. This warping structure is typically assigned
to 3" order terms in the crystalline momentum dependence influencing the otherwise
linear dispersion and is known to occur in Bi, Tez and MnBi, Te, derivatives! 9> The
TSS clearly resides in the centre of the bulk band gap and no other electronic states are
visible in this energy range. Panel b) shows DFT calculations for three different struc-
tures, namely pure Bi,Tes, a single MnBi, Te4 layer on top of Bi, Tes in the ferromagnetic
state and a single layer of GeBi,Te, on top of Bi,Tes as the closest non-magnetic struc-
tural analogue. While for Bi,Te; the DP is located within a valley in the valence band,
for both of the heterostructures it is strongly shifted upwards towards the middle of the
band gap. This shift of the DP position by the surface modification has already been
proposed for other non-magnetic TI heterostructures and can be understood when
considering the work function and band-gap differences of the two materials under
question *®?1?! The calculations for the MnBi, Te,-Bi,Tes heterostructure host a large
gap at the DP of the TSS, caused by the magnetic polarisation and can therefore not
be used as a reference for the experimental observation in the paramagnetic phase. A
comparison to the GeBiyTe,-Bi, Tes heterostructure on the other hand helps to identify
a set of characteristic features. The DP resides within the band gap, and the linear dis-
persion of the TSS evolves into a strong warping especially along the T M-direction,
as also evident in our experimental findings. The lower branches of the TSS smoothly
connect to the bulk valence band, as also illustrated by additional data in the appendix.
By an analysis of single EDCs for a set of momenta close to the DP, the group velo-
city of the TSS can be determined as vg = (5.110 + 0.056) 10°m/s, which reflects a TSS-

[74] " Further systematics on the photoemission

dispersion, steeper than e.g. in Bi,Tes
results are also presented in the appendix of this thesis.

Fig. 7.2a) shows photoemission spectra over a larger energy range for several photon
energies. Within the displayed hv range, a strong decay of the photoemission cross-
section for the TSS, as well as the connected M-shaped states is apparent, while the
intensity of features at higher binding energies gradually increases. Over the full dis-

played energy range, no hv-shift of the visible features is observed, indicating a negli-
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Figure 7.1.: Band structure of the ferromagnetic extension and DFT calculations. a) 3D rep-
resentation of the surface Brillouin zone centre, acquired with hv = 12eV as a sum of both
circular light polarisations at T = 20K. The data shows the Fermi surface as well as the two
high-symmetry directions TK and TM. b) Spin-resolved DFT calculations for (i) Bi,Tes, (ii)
a ferromagnetic SL of MnBi,Te, on BiyTes and (iii) a single SL of GeBi,Te4 on BiyTes. Figure
a) adapted from!'?"! licensed under CC BY 4.0. b) used and adapted with permission of IOP
Publishing, Ltd, from!*®/; permission conveyed through Copyright Clearance Center, Inc.

gible k, dependence and pronounced two-dimensional character of the band structure
observed in this parameter range. Panel b) more systematically displays the relative
intensity of the TSS normalised to the integrated valence band intensity!. The cross-
section has a sharp peak centred around hv = 12eV and rapidly decays towards both,
higher and lower energies. Interestingly even for significantly higher photon-energies
up to the soft X-ray range, no reoccurrence of the spectral weight for the TSS could be
observed.

A peculiar v dependence of the photoemission cross section for the TSS was already
debated for the parent compound MnBi,Te,, as the TSS only exhibited a non-negligible
photoemission cross-section at very low photon energies with most experiments con-
ducted at Laser-ARPES facilities using hv = 6.4eV[*1!7% On the contrary the TSS of
Bi,Tes shows a sizeable photoemission cross-section over a large range of photon en-
ergies even in the soft X-ray range. One possible explanation on this matter results
from a comparison of the real-space localisation of the TSS wave function predicted by
DFT for the ferromagnetic extension of Bi;Tes and MnBi,Te, (Fig. 2.3 and 1481y and the
case of bulk MnBi, Te, *4]. It can be seen that in both cases, the TSS is localized over at
least two vdW-layers away from the surface, while in the case of the Bi,Tes family the

spectral weight is localised closer to the surface!”'?!. Consequently, the hv-dependent

I This normalisation approach was chosen as no reliable probe of the total beamline flux at the given
photon energy was available due to necessary manual adjustments of the beamline pointing. The
increase of the fraction towards higher energies is most likely caused by a general decay in cross-
section of the valence band states and not related to an increased cross-section of the TSS.
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Figure 7.2.: hv dependence of the TSS intensity. a) Valence band spectra acquired with
incident photon energies of 12, 15 and 18 eV, depicting the TSS and a large portion of the
valence band structure. b) Intensity of the TSS normalised by the full integrated valence
band intensity for two structurally identical samples. The photoemission cross section of
the TSS depicts a pronounced maximum around ~ 12eV and strongly decays away from
there.

cross sections in the MnBi, Te,-Bi, Tes heterostructure follow the systematics observed
in MnBi,Te4, and a connection may be established with the real-space localisation of

the TSS in these structures.

7.1.2. Spin Structure of the Topological Surface State

Using the light polarisation as an additional degree of freedom allows to study the char-
acter and orbital nature of electronic states in more detail and has found various ap-
plications on Rashba-type and topological systems in the past!'3>14!1, Fig. 7.3a) shows
the circular dichroism of the TSS perpendicular to the plane of light incidence. Panel
b) depicts a cut through the surface BZ. The linear dichroism pattern was acquired by
an anti-symmetrisation of the spectrum as described in chapter 4.2. While the circular
dichroism amounts to less than 10 % of the overall intensity, the linear dichroism is lar-
ger than 50 % and is strongly pronounced within the experimental plane. The circular
dichroism is displayed within the ky plane and switches sign in the kx-plane. Although
the experimental plane did not coincide with a crystalline high-symmetry direction
due to technical limitations, the dichroism is nevertheless found to be strictly symmet-
ric towards the T point and no artefacts arising from the slight misalignment could be

observed.
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Figure 7.3.: Dichroism and spin polarisation of the TSS. a) Circular dichroism of the TSS.
b) Linear dichroism in the same geometry by anti-symmetrisation of a spectrum acquired
with p-polarised light. c) Spin-resolved Laser-ARPES measurement showing the y-spin po-
larisation along ky direction. d) ARPES image of the TSS under the same conditions as in
c). ef) Single spin polarisation spectra for two EDCs, depicting the y-spin component at
ke T0.03A7". The polarisation is clearly significant within the error margin. a,b) Acquired at
hv = 12eV, c-f) at hv = 6.4¢eV.

Fig. 7.3 e,f) show the spin polarisation along two EDCs within the experimental kx
plane. The spectra were acquired at a photon energy of hv = 6.4eV for k-vectors with
ky = +0.03A7", using an experimental setting sensitive to the y-component of the elec-
tron spin. The corresponding spin-integrated intensity at these photon energies is
shown in panel d). The spin polarisation in e) shows two main spin-polarised bands
with a clear sign change slightly below E — Erp = —0.1eV. The experimental spin po-
larisation is strongly pronounced and ranges above 50 %. A comparison with the spin-
integrated ARPES spectrum d) allows to assign the two maxima to the upper and lower
branch of the TSS, respectively. Fig. 7.3 f) corresponds to a cut through the right side
of the TSS depicted in d), where the linear dichroism strongly suppresses the intensity
of the lower branch of the TSS. Consequently, the experimental results show a strongly
pronounced spin polarisation for the upper branch, while the polarisation approaches
zero below the DP. Having confirmed a spin polarisation clearly above the level of stat-
istical fluctuations as indicated by the experimental errors, gradually varying the k-

position along the ky plane allows to map the evolution of the spin y-component for
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the full dispersion displayed in d). The resulting spectrum is displayed in panel c) and
shows the pure spin spectra I; — I| as defined by Eq. 4.18. The spectrum displays a sign
change of the spin polarisation between the two branches of the upper cone, while the
intensity of the negative branch is again suppressed in the lower part. The weak relative
weight of the negative branch and overall positive sign in the spectrum is also resulting
from the strong linear dichroism in the sample. The presence of spin polarisation as
well as its chiral structure has further been verified and detailed in experiments using
different light polarisations, photon energies and directions of the measured spin (not
shown in this thesis).

Taken together, the observation of the dichroism patterns and strong spin polarisation
strengthen the interpretation of the linearly dispersing pair of states as the topological
surface state of the ferromagnetic extension. The results are overall well in line with
findings on similar and especially also non-magnetic TSS-systems and allow to draw
conclusions on the orbital and spin nature of the TSS?!'*l. Both, in-plane Pxy as well as
out-of-plane p; orbitals contribute to the surface state with the linear dichroism arising
from the mixed py , contributions in the experimental plane [">?!%!, The presence of cir-
cular dichroism as well as spin polarisation in the strongly spin-orbit coupled system
indicate, that both orbital angular momentum as well as spin polarisation switch sign
between the two branches under observation”>'#?!, Each respective branch carries a
single sign over the full band gap of the TI, which allows to identify it as a single state
spanning over the bulk band gap of the material. This is in contrast to the closely re-
lated material system MnBi,Te;, where in close vicinity to the DP additional parabolic

states emerge with strong spectral weight 1],

7.2. Temperature Evolution of the TSS

As outlined in chapter 2.2.2, magnetic polarisation along the surface normal breaks
time-reversal symmetry and introduces an additional mass term to the effective Hamilto-
nian of the TSS. As a consequence, an exchange gap is expected to open at the Dirac
point of the TSS. Up to date, in most systems under consideration, no such effect has
been resolved directly by ARPES. The following chapters will show, that the ferromag-
netic extension approach indeed shows a sizeable influence of the magnetic order on
the TSS and subsequently, that this effect can be uniquely assigned to a direct coupling

to the sample magnetism.
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Figure 7.4.: Magnetic gap opening in the TSS induced by the ferromagnetic surface. a,b)
Dispersion of the TSS along k¢ and ky measured by ARPES below the critical temperature
at hv = 12eV. c) EDC extracted along k=0 clearly depicting a gap at the Dirac point.
d,e) ARPES measurements under the same conditions above Tc. The corresponding EDC f)
shows a single maximum of intensity, indicating a closed gap state. g,h) Toy model spectrum
to visualize the expected influence of a magnetic gap onto the TSS for an open and closed
gap state. Figures adapted from!'?"! licensed under CC BY 4.0.

7.2.1. Large Magnetic Exchange Gap Opening

Fig. 7.4 displays the angle- and energy-resolved photoemission intensity of the TSS
in the two directions perpendicular to (a,d) and within (b,e) the experimental plane.
The lower row shows datasets acquired above the critical temperature of the ferromag-
netic transition, while the upper row was taken at the base temperature of the sys-
tem at ~ 1.5K. The lower panel depicts the linear dispersion of the topological surface
state with a clearly closed gap in both directions. Panel f) displays an EDC integrated
through the photoemission map along k = 0, which clearly depicts a single maximum
of intensity at the DP. Next to the apparent changes at the DP, a small n-type shift can
be observed for the band structure at 1.5 K, as compared to the high-temperature case.
While the possible reasons are manifold?> and do not influence the fundamental ob-
servation, a careful treatment will be necessary when comparing absolute energy pos-

itions.

2The possible reasons here are either a movement of the chemical potential with temperature due to a
highly asymmetric density of states at the Fermi energy or a doping of the sample surface by adsorp-
tion of residual gas molecules at the very low sample temperatures.
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The visible changes in the dispersion are well in line, with the expectation from the
simple toy model as described in chapter 2.2.2. Fig. 7.4 again displays the resulting 2d
models for an open and a closed gap state in a linearly dispersion TSS, which nicely re-
flect the experimental results. A careful analysis by adapting the toy model to the pho-
toemission results considering the finite resolution of the photoemission experiment
results in a size of the magnetically induced gap of ~ 35meV. The complete analysis

will be detailed out in the next chapter.

As apparent from the experimental results, M k. [1/A]
the changes in the electronic structure are 40 M 882
limited to the k-space close to the DP. Con- é . m 0.01
cluding from the spectrum of the perturbed % ,__.-M 8885
toy Hamiltonian (Eq. 2.19), the changes % 0 ;’M -0.005
should be localized in k-space in a range £ M 83;
defined by the ratio of the perturbing mass -20 0' T 00 0' p =1-0.03
term and the group velocity of the TSS as CE. E[; [eV] — $ = %05'f<
Ak =~ my (7.1) Figure 7.5.: Selected EDCs from the low-
vgh ' and high-temperature data as shown in Fig.

7.4 for different values of kx. The energy
where m, is the size of the magnetic ex- scale is shifted to align the Dirac points of
both samples and highlight the influence of

change gap. Using the relevant parameters ) i .
the gap opening on the dispersion.

from our experimental data, the relevant k-

scale for the extent of the gap opening can be estimated to be ~ 0.01A7". In order to
compare this assessment to the experimental findings, Fig. 7.5 shows a set of EDCs
through the experimental datasets along different ky-values above and below the crit-
ical temperature. Given the apparent shift in the Fermi energy for both temperatures,
the energy scale is aligned to the DP of the respective TSS. While the EDC at ky = 0
shows a clear difference between the two temperatures, this influence quickly decays
towards higher momenta. For the EDCs at +0.01A7", the signature of the magnetic
gap is already negligible except for a small dichroic contribution at negative momenta.
Consequently an excellent agreement between the experimental results and the naive
expectation from the toy model can be found even at a quantitative level.

7.2.2. Scaling Analysis and Magnetic Origin

Following from the observation of a reversible and large magnetic gap opening, the

question arises, how far the temperature evolution of the magnetic gap can be related
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to the strength of the magnetic polarisation in the MnBi,Te, layer. Put in different

words, the question to ask is, in how far the simple assumption
Ag o (m) (7.2)

will hold. As apparent from Fig. 7.2b), the TSS of the ferromagnetic extension has its
highest cross-section at hv = 12eV and all spectra have been taken at this photon en-
ergy. The use of these rather low excitation energies makes the experiment very prone
to experimental line-broadening, especially caused by insulating patches on the sur-
face of the mechanically de-capped samples®. As a consequence, the experimental
conditions result in a non-negligible k-resolution of the experiment, which has to be
taken into account when extracting the size of a magnetic gap in the photoemission
spectra. To incorporate the experimental details, the size of the magnetic exchange
gap will be extracted, employing a simple photoemission toy model, which is fitted to
the experimental data for each temperature step. The group velocity v, estimated from

Fig. 7.4d) together with Eq. 2.20 allows to write down the TSS dispersion as

A 2
E.(k) = Ep + \[ (hvgh)? + 7“” (7.3)

for a cut through the 2D k-space. In order to obtain the photoemission intensity the
model spectrum is now calculated as a spectral function along the TSS dispersion (see

Eq. 4.12) convolved with a two-dimensional Gaussian

A
I(E, k) = ; fw A, (E k) (a)—EJ_r(IE))Z Y dw * Ga,a, (7.4)
where A. (E, k) is the respective band DOS taken as an amplitude multiplied with a

delta function along the dispersion of the TSS. A, denotes the intrinsic line width and

Ga,,Ag a Gaussian distribution with the experimental resolution parameters Ay, Ag along
k- and energy direction. The intrinsic parameter A, is adapted from previous work on

the very similar MnBigTe system (see. SI of!41),

Fig. 7.6 shows the simulated photoemission intensity for the toy model in the case of

a fully open and a closed magnetic gap. The data is simulated with a non-zero k- and

energy-resolution and it is apparent, that the model is sufficient in simulating the main

features of the experimental spectra including the slightly elongated appearance of the

crossing at the DP. To further elaborate the effect of the experimental resolution, Fig.

3Typically photoemission experiments with a lower excitation energy will result in a higher k-resolution
due to the conversion between detection angle and wave vector. The case here is special in that
regard, as the increased influence of local fields at the sample surface outweighs the former effect.
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Figure 7.6.: Photoemission toy-model simulations. a,b) k vs. energy simulation of the TSS
dispersion for a gap of 35 meV a) and a fully closed gap b). Both simulations assume an ex-
perimental k-resolution of 0.005 A™'. ¢) EDCs of the simulated spectra for different exper-
imental k-resolution parameters depicting the cross-influence between perceived gap-size
and experimental resolution.

7.6¢) shows EDCs along the T'-point of the model for open and closed gap-states and
different experimental k-resolution parameters. It is apparent, that the perceived size
of the magnetic gap changes substantially with the experimental resolution as an in-
terplay between the very steep shape of the TSS and the broadening in momentum dir-
ection. To adapt this model to the experimentally observed temperature dependence,
a two-step approach is employed. Fig. 7.7a) shows experimental EDCs for the highest
and lowest observed experimental temperature, where the gap can be assumed to be
open for T = 1.5 K and zero for 20 K. Using these assumptions, the experimental resol-
ution parameters and relative intensities of the two states can now be adapted to the
two datasets, achieving a reasonable description of both spectra. In the second step, all
temperature dependent EDCs are fitted, using the toy-model EDCs as a fitting function.
All experimental parameters are kept fixed over the entire range and only the gap-size
Ag and an overall intensity are allowed as fitting parameters. The experimental data-
sets and the modelled curves are displayed in Fig. 7.7b) and show a good agreement

between experimental observation and fit over the entire temperature range.

To assess the scaling behaviour of the gap, Fig. 7.8 shows the fit results for Ag together
with the remanent magnetic polarisation and the adjusted power law as shown in Fig.
6.6. The critical power law is normalised to one and all other curves are normalised
such, that the respective lowest temperature point coincides with the power law fit.
Within the boundary of experimental fluctuations Fig. 7.8 shows a striking resemb-
lance between the magnetic scaling behaviour and the opening of the magnetic ex-

change gap, indicating a direct proportionality of Ag oc (m) with a full magnetic gap

120



7.2. Temperature Evolution of the TSS
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Figure 7.7.: Analysis of the T-dependent magnetic gap using the toy-model simulations. a)
Experimental EDCs for two sample temperatures (see Fig. 7.4) together with the adapted
model EDCs incorporating all relevant spectral features including slight differences in the
band intensities. b) Full temperature series of another sample for temperatures between
1.5 and 19K together with the fitted model curves (black lines). The fit results in a good
description of the experimental data over the entire temperature range.

size of ~35meV.

The congruence between the size of the magnetic gap and the remanent magnetic po-

larisation nicely visualized the direct coupling between the magnetic polarisation and

the topological properties of the material. In this regards, a few remarks concern-

ing the differences between the two experiments can be made. The ARPES experi-

ments presented above are conducted in a strongly magnetically screened environ-

ment (see chapter 4.2.2) suppressing any
natural magnetic fields present. It is
therefore to be expected that, while the
sample does enter a ferromagnetic ground-
state below Tc, no global magnetisation is
present and both possible domain direc-
tions develop equally. In contrast in XMCD
experiments the sample is cooled in an
external magnetic field and the remanent
magnetisation is probed in an almost fully
polarised state. In the standard derivation
of mean field theory, the equilibrium state
is derived as the self-sustaining magnetisa-
tion caused by the neighbouring ensemble

of spins, when taking the limit of the ex-
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Figure 7.8.: Temperature dependent beha-
viour of Ag, remanent magnetisation and the
adjusted power law. All experimental data is
scaled to the power law at the lowest avail-
able temperature point and shows an over-
all agreement between magnetic properties
and the magnetic gap opening.
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7. Interplay Between Magnetism and Topology in MnBi,Te,; Based Heterostructures

ternal field going to zero®?!. As the in-plane superexchange-coupling in MnBi,Te, is
dominant for the nearest neighbour case (28] it can be assumed that the local order
parameter in a magnetic domain of the 2d magnetic surface does not significantly dif-
fer from the one in the pre-magnetised case. After establishing this link, the results of
this chapter furthermore imply that the size of the magnetic domains are large enough
to fully break TRS locally for the TSS, and the typical length scale of a magnetic domain
is larger than the coherence length of the TSS. Comparing this system to the closely
related cases of Bi;Tes with a coherence length of the TSS in the order of 260 nm 2!°!
and MnBi,Te, with a typical lateral domain size of several um implies, that these con-

clusions can be reasonably met by the chosen material combination.
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8. Discussion

This thesis brings together two research fields, which have both posed intriguing fun-
damental questions in the recent years: The field of magnetic topological insulators
around the primary question how magnetism can be introduced in topological mater-
ials!'%! and the field of 2D magnetism aiming to find ultra thin stable magnetic ma-
terials °°!. In three main parts, the thesis describes the growth of magnetic topological
heterostructures by molecular beam epitaxy (MBE), the magnetic properties of the sur-
face, and the interplay between the topological surface state (TSS) and the emerging
magnetism. The samples under question are heterosystems of Bi,Tes terminated by
a single layer of the intrinsic magnetic TI MnBi,Te, as well as more complex systems
involving the layered ferromagnet Fes GeTe,. In the MnBi, Te, surface layer, stable two-
dimensional ferromagnetism is found, which induces a large magnetic gap in the oth-
erwise gapless TSS.

The MBE growth mechanisms employed in the fabrication process consist of a mixture
of co-evaporation and surface modification techniques. For the growth of thick films of
MnBi,Te, a mechanism of coevaporation has been established using binary precursors
and the highest film quality occurs close to the growth cutoff at 300 °C. Furthermore,
fabricating a single SL of MnBi, Te4 on top of the 3D TI Bi, Te3 has been found to be feas-
ible by evaporation of MnTe on the Bi, Te; surface and subsequent annealing. Typically,
the growth of van der Waals materials and in particular materials of the BiyTe3 family
by MBE results in the formation of large stepped pyramidal islands!'®!!. While in this
way a film with a high crystalline and surface quality can be achieved, the growth of a
precise number of layers is difficult to control. Findings in the course of this work show,
that in the very thin film limit the fluctuation in layer height decreases. Nevertheless,
creating a single layer thickness for a well defined topological state as e.g. proposed for
thin MnBi, Te, films®!! remains elusive. A certain contribution of +1 QL has even been
found in the case of samples with a thickness of 5 QL and a precise layer number could
only be achieved for the growth of one or two SL. In this regard, the surface modifica-
tion by MnTe evaporation and annealing has proven to be highly successful. It allows
for the creation of an uniform surface termination with a single SL of MnBi,Te, and
negligible defect contributions and therefore makes the magnetic state of the sample
largely insensitive to small fluctuations in the thickness of the Bi,Tes epilayer. This

allows for the growth of atomically precise heterostructures and has the potential to
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open a playing-field to study the topology-magnetism interplay in depth in more com-
plex structures.

The fundamental novelty in this work is the reliable observation of a magnetic ex-
change gap in the topological surface state of a 3D TI by the use of the ferromagnetic ex-
tension approach [*"*%! together with the observation, that a single SL of MnBi,Te, in-
deed hosts a ferromagnetic ground state. The use of a 2D magnet at the surface shows,
that a local magnetic polarisation interacting with the topological surface state indeed
suffices in introducing a sizeable magnetic gap in the TSS and no global magnetisation
of the sample is required, well in line with initial predictions .

By following the magnetism of MnBi,Te, from the surface of a bulk crystal over thin
films down to the monolayer limit as shown in chapter 6, it is possible to observe, that
the inherently layered nature of the magnetism with a pronounced in-plane coupling
is akey ingredient in order to allow for stable 2D magnetism in a single SL of MnBi,Te,.
The uniaxial anisotropy along the surface normal furthermore stabilizes this ferromag-
netic order and enables its existence even in the monolayer limit. The anisotropy en-
ergy is estimated to ~ 0.11meV and is significantly smaller then in other 2D magnets
such as FesGeTe, ['97198] which might contribute to the comparably low critical tem-
perature of the monolayer. Using the temperature and field dependent magnetisation
and the evaluation with a modified Arrott-Noakes plot allows to determine the critical
coefficients of a single SL of the heterosystem to be f = 0.484 and y = 1.52. Interest-
ingly, the coefficients do not indicate a change in dimensionality when approaching
the two-dimensional limit but compare well to results on bulk MnBi, Te, °"!, The coef-
ficients observed for the phase transition in the two-dimensional case do not reflect
the 2D Ising model as potentially imposed by the uniaxial anisotropy. The cause of this
discrepancy is unclear, but indicates, that the magnetic interaction within the single SL
plane might deviate from the simple picture of a next-nearest neighbour coupled Ising
model. One proposal made in this regard stems from the implications of the interac-
tion between TSS and magnetic moments on the latter. Theoretically, this interplay in-
troduces a Dzyaloshinskii-Moriya interaction (DMI), which can mediate an additional

magnetic interaction in the surface region *°"!

. Consequently, the structures investig-
ated in this work exhibit a well suited model system to study this interplay. Burying the
layer of MnBi,Te, in the centre of a structure can pose a way to study the evolution of
the magnetic properties, when gradually decreasing the interaction between TSS and
the Mn layer by an increase in spatial separation. First findings in this regard indeed
indicate a weakening of the magnetic properties and especially a lower critical tem-
perature for the buried SL, but a more profound structural analysis will be required to

clearly assign a reason to this effect.
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In the ferromagnetic extension approach, the coupling between TSS and magnetism
is enlarged by the use of a magnetic surface layer, which is structurally very similar to
the underlying 3D TI, resulting in the reversible opening of a large gap in the TSS. The
size of the magnetically induced gap of ~ 35meV corresponds to a temperature scale
of ~ 406K and effectively eliminates thermal excitations as a limiting factor for the ob-
servation of a quantized conductance. The size of the gap furthermore confirms the
strong coupling between TSS and magnetic order, as the size of the gap would corres-
pond to an external magnetic field with a lower limit of B > 3.56T.! The results thus
show, that the approach has the strong potential to overcome the fundamental limit-
ations which are still present in other surface modification systems such as §-doped
TI!9, If the Fermi level is tuned into the magnetic gap over the full scale of a device,
the ferromagnetic extension approach might enable the occurrence of a quantum an-
omalous Hall effect (QAHE) up to the critical temperature of the surface layer. Within
the frame of ongoing collaborations, efforts are taken to observe a quantized Hall con-
ductance and test the potential of this approach. Next to the established growth mech-
anisms, these experiments strongly benefit from the insulating surface capping and
contacting techniques developed in this work. The starting point for such a transport
experiment could be a Bi,Tes film, with both surfaces terminated by a ferromagnetic-
ally extended surface, e.g. a single SL of MnBi,Te;. Due to the n-type character of the
films, an appropriate gating and structuring process has to be employed. If a sample
under these conditions enables the observation of a stable QAH effect, the system at
hand can be utilized to study its evolution as a function of sample thickness and more
general device geometry and layer structure. In this regard, the MBE process grants a
large amount of flexibility in the design of heterostructures especially along the out-of-
plane direction and interfaces to other functional materials can be grown in situ.

One main advantage of the surface magnetic approach over bulk magnetic TI is the
fact that for a sufficient layer thickness in a device with two magnetic surfaces, the two
magnetic layers may be decoupled and the magnetisation can be controlled individu-
ally for the top and bottom surface. In the past, plenty of approaches have been taken,
trying to enable an individual switching of top and bottom surface in the presence of an
external field. These approaches range from the use of different doping species, aim-
ing to achieve differing coercive fields at the surfaces®!! up to building heterostruc-

tures between different magnetic materials, introducing an exchange bias to the mag-

1This estimate is derived from the spacing of Landau levels in Dirac like states of A = vg (2eBh) 12 with
the Fermi velocity of the TSS vg. Quantum-transport experiments in an external magnetic field have
shown, that the relation tends to strongly overestimate the gap size due to inhomogeneities [*!"'%),
indicating that the actual equivalent external field might be substantially higher. The equation fur-
thermore poses the question, whether the slim shape of the TSS with a high group velocity in the
MnBi, Tes-Biy Tes heterostructure might be beneficial for the appearance of a large magnetic gap.
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netic layers®>?'9, The interface coupling found in this thesis at the interface between
MnBi,Te, and FesGeTe; describes one of the possibilities of building such a structure,
where the bottom magnetic layer is pinned by the substrate magnetisation, while the
surface layer may be switched freely. In previous works on van der Waals heterostruc-
tures both positive and negative exchange bias effects have been observed *'9-??!1, The
main novelty of the findings in this thesis however is the size of the effect. Contrary
to the attempts using exfoliated flakes, the growth by MBE allows for a more direct
and well oriented interface. Given the crucial dependence of the coupling on the wave
function overlap and therefore the size of the van der Waals gap, the heterostructures
presented in this thesis exhibit a coupling between film and substrate, whose spin-flop
field of (1.261+£0.010) T strongly exceeds the previous observations of an exchange bias
of ~ 50mT to 100mT #5291 The strength of the coupling goes beyond the idea of ex-
change bias towards the concept of synthetic antiferromagnetism %> and furthermore
allows to stabilize a remanent sample magnetisation far beyond the critical temperat-
ure of the isolated SL.

The findings of the coupling to ferromagnetic substrates allow to think of further, more
complex heterostructures, where the magnetisation at top and bottom surface is ma-
nipulated individually and prospects such as a layer Hall effect and switchable zero
plateau Hall phases me be realized!'*!). While Fe;GeTe, is a problematic choice in
this regard due to its metallic character, the closely related semiconducting ferromag-
net CroGe;Teg is a suitable candidate for further transport experiments. Studies on this
material combination are part of ongoing projects and have already shown the feasib-
ility of using Cr,Ge,Teg as a substrate for the growth.

In the initial proposal of the ferromagnetic extension approach, the heterostructures
Bi, Tes-MnBi,Te, and GeBi,Tes-MnBiyTe, were named as specific material combina-
tions!*"*%!, The limitation of these proposals however is the relatively low critical tem-
perature observed in MnBi,Tey4, especially in the monolayer limit. Trying to overcome
this limitation hosts several obstacles, mainly related to the choice of materials. The
combination Bi,Tes-MnBi,Te, is special as such, as it combines two materials, with
an identical surface symmetry and lattice constant. Even the termination of the in-
dividual van der Waals layers is identical for both. Furthermore MnBi,Te, is known
to be an intrinsic magnetic TI in its bulk form, such that when combined, the topo-
logical boundary is shifted from the Bi,Te;—MnBi,Te, interface to the surface of the
respective heterosystem. The number of known 2D magnets in literature has signi-
ficantly increased in the recent years and materials such as Crl3 and FesGeTe, have
been found to achieve comparably high critical temperatures even in the monolayer

t [97,204,222]

limi . In order to allow the TSS to extend into the surface modification and
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especially to potentially observe a quantized Hall conductance, an insulating or semi-
conducting band gap in the chosen TI as well as in the surface magnetic layer and
a sufficiently good band matching is another necessary condition, further narrowing
down the range of available materials. At the present point MnBi,Te, and the sister-
compound MnSb,Te; have been at the centre of the research on intrinsic magnetic
T1?%223 such that the choice of materials at the present point is strongly limited and
the search for novel higher T, intrinsic magnetic TI poses a highly intriguing research
field.

Lastly, similar to the use of Sb to pin the Fermi level to the Dirac point in V-doped
(Bi,Sb), Te3 ***!, the existence of both MnBi,Te, and its sister compound MnSb,Te,
raises the idea, that in a similar way, the n-type character of the heterostructures in
this thesis might be compensated. While the direct partial substitution of Bi with Sb
has proven to be ill suited due to a strongly increased amount of disorder at the then
quaternary surface, the growth of heterostructures with a Sb,Tes -Bi,Tes p-n junction
are part of ongoing investigations. Applying the surface modification approach to the
BT terminated surface — e.g. creating heterostructures of the type Sb,Tes — BiyTes — 1
SL MnBi, Te, with a decreasing thickness of Bi, Tes — of this junction allows to influence
the position of the Fermi level up to the surface. The surface still exhibits stable fer-
romagnetic order and the critical temperature was even found to increase by ~ 14%
upon p-doping, as summarised in *?°!,

During the course of this thesis the field of intrinsic magnetic topological insulators has
strongly evolved. Starting off with the discovery of MnBi,Te,, the family of these com-
pounds has grown, containing e.g. MnBi,Te7;, MnBigTe o, MnBigTe;s, as well as the Sb
based MnSb,Te, compounds!!*1!78223] * Especially the materials with larger spacing
between the individual magnetic layers and later the presented ferromagnetic exten-
sion approach have finally led to the observation of a clear magnetic fingerprint, mani-
festing as a gap in the topological surface state which can be observed by the direct

[46,1201 " Showing, that these materials indeed al-

probe of photoemission spectroscopy
low to overcome previous limitations in sample quality and order gives strong impulses
to utilize these materials both in the context of fundamental research as well as in the
field of spintronics. As outlined in the previous discussion, the flexibility given by the
fabrication via MBE leaves plenty of open questions, which can be addressed by the
growth of more complex functional heterostructures and may give substantial insights

into the peculiarities of magnetic TI.
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A. Appendix

This chapter aims to be a collection of supplementary information and additional data,
that did not find their place in the main text. It contains notes on the evaluation of data
as presented in this work and code used for simulations in order to allow to compre-
hend the results presented in the main text, as well as a more detailed documentation
of the main experimental setup. The chapter will start with a collection of conven-
tions and notations used in this work, followed by a profound explanation of models

employed in this work as well as additional experimental data.

A.1. Notations and Conventions

In the course of this thesis a lot of methods and topics occur, for which naturally a set of
different units, evaluation methods and definitions have to be applied. The following

list is aiming to help in interpreting the notations used in this work.

MBE Growth

In the description of MBE processes, all temperatures are given in °C as the respect-
ive thermocouple reading and are prone to an experiment specific offset. Beam-flux
values are determined as beam equivalent pressure (BEP) and are measured using a
Bayert-Alpert pressure gauge as averaged Popen — Pres in mbar. The precise process of
acquisition is shown in Fig. A.1e)

For the growth of BioTe; and MnBi,Te, this thesis uses the notations of QL (quintuple
layer) and SL (septuple layer) to denote a single building block with 5/7 atoms thick-
ness, separated by van der Waals gaps in contrast to the notation of an unit cell, which
in both cases consists out of three of these blocks.

The difference in lattice constants is an important quantity in MBE growth, especially
concerning the in-plane lattice constants. The relevant quantity here is defined as lat-

tice mismatch and defined as

as — ad
f =100%  ———15] (A.1)
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with as and a as lattice constants of substrate and overlayer and by convention defined

in percent.

X-ray Diffraction

All atomic length scales in this thesis are given in nm. By convention, all scattering vec-
tors calculated from XRD experiments will be denoted in A™! Here the k; direction is
defined along the surface normal of the sample, k, corresponds to the in-plane direc-
tion in the experimental plane opened by the impinging beam and the surface normal

and k,, denotes the scattering vector perpendicular to the experimental plane.

XAS and XMCD

The base units in XAS-measurements are negative currents. The XAS signal is defined
as sample-current divided by a reference current, typically from a gold mesh, the cor-
responding quantity is positive and unit less. Typically XAS signals are normalised on
a flat region before the absorption edge, a linear slope and offset are removed and af-
terwards the step over the entire edge is again normalised to one. In this thesis this
is applied wherever applicable. As for MnBi,Tesa strong contribution from the Te ab-
soption edge is still influencing the general shape of the background at the Mn L3,
position, for Mn edges only a simple normalisation is applied.

XMCD signals in this work are defined by convention as I._ - I, such that an align-
ment of the spins-polarisation with a positive external field will result in a negative
XMCD signal. This quantity is given in arbitrary units. The magnitude of the XMCD
effect is straightforward defined as the XMCD asymmetry, as ﬁ When using sum-
rules to determine the local spin-moment, XMCD amplitudes are given in units of
up/atom.

Photoemission

Photoemission intensities are given in arbitrary units, as the detection mode does not
facilitate a true proportionality counter. Spin-resolved measurements are acquired us-
ing a proportionality counter and can therefore be given in abolute counts, errors fol-
low from a Poisson-distribution in this case. Energy scales are given as E-Ef in eV, the
wave vectors k are denoted in A", By convention kx is always defined in the plane of

light incidence, ky in the respective perpendicular in-plane direction.

A.2. Design and Concept of the MBE chamber

The MBE chamber as depicted in Fig. 4.5 was custom designed and set up in the course

of this thesis and is specialised on the growth of Te based compounds. Next to the
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layout shown in Fig. 4.5, the following will contain a more detailed documentation of

the equipment and design of the system. The system is to date equiped with:

e Multiple ports for Knudsen evaporation cells. This includes two large CF-63 mid
temperature cells for the evaporation of Bi,Tes and Te, three CF-40 Knudsen
cells filled with Tm, MnTe and Sb,Tes as well as one high-temperature cell for
the evaporation of BaF,. All cells are water-cooled and controlled by individual
PID-controllers. Each PID is then again integrated into the custom-developed
control software. The cells are equipped with individual shutters, which can also

be controlled remotely.

e Growth diagnosis mainly includes a retractable beam flux monitor mounted sligh
tly below the sample position as well as a RHEED system (Dr. Gassler 30 kV
RHEED system with beam rocking and deflection). The beam flux monitor uses a
Bayert-Alpert ion gauge with back-shielding to protect the sample surface during
measurements and can be used to measure partial beam pressures at the sample
position. The RHEED system is used to probe the sample surface and the result-

ing diffraction pattern is subsequently imaged by a phosphorescent screen.

e The sample deposition stage (Fig. 4.5 ¢), main text) is a custom design to allow for
amaximal amount of temperature stability as well as for the simultaneous depos-
ition on two substrates under identical conditions. The head is made from mo-
lybdenum and uses a high-temperature heater cartridge (heat-wave-labs, model
101136) heating the head from the inside. The temperature is read by a K-type
thermocouple mounted on the back of the sample drawer. The design of the
fully enclosed heating capsule is chosen such that the offset and time delay of
the temperature reading to the sample temperature are minimized as compared

to radiative or electron-beam heated systems.

In order to monitor and partially automatise deposition processes at the chamber, the
lab control software Pillalabwas developed in parallel to setting up the system. Fig. A.1
shows the main functionalities and design approach for the software. The program was
designed in Python and is written in a fully modular fashion to allow for the adaption to
various systems. The core of the system is the main control file subsequently import-
ing a set of hardware drivers as well as user interfaces. Each user interface has access
to a set of methods provided by the core allowing it to operate all connected hardware.
The user interfaces are created using Page [**°! in the Tkinter framework. The software
furthermore allows for the import and execution of scripts used to automatise growth

processes.
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Figure A.1.: Concept and functions of the custom-developed MBE control software. a) Mod-
ular software concept. Interfaces and hardware-drivers are imported into to core module
to enable adaption of the software to different use-cases. b) Single cell control panel, al-
lowing to control temperature and shutters. c) System-log during a growth project tracking
all commands issued with timestamps. d) Cell temperature log during a thin-film growth.
e) Cycle of a BEP-measurement. The grey-dashed lines indicate the shutter state, the red
markers are points of measurement. The BEP is calculated by averaging over three open
and close cycles.

The communication with the hardware is realized via serial ports and includes com-
munication with the PID-controllers for the individual cells, all pressure gauges as well
as a set of stepper-motors used for operating the cell shutters. An exemplary element
of the user interface is shown in Fig. A.1b). The software is further equipped with a log-
ging function, logging all system parameters during a deposition process into a hdf5
file format. An example log is shown in c,d) showing the logging of events during the
growth process, as well as the continuous observation of sample and cell temperat-
ures. Fig. A.1e) depicts the scheme in which beam equivalent pressures are acquired.
To reach a high accuracy of the measurement, each measurement includes three meas-
urement cycles of open and closed shutter states. The individual measurement points
are shown in red after the respective equilibration times. The BEP is calculated as the
statistical average of open and closed states for each cycle, averaged over all cycles,

where the statistical error of the outer average can be seen as a measure for flux stabil-

ity.

132



A.3. Magnetic Heterostructures

A.3. Magnetic Heterostructures

The description in terms of equations used to model the heterostructures consisting
of a single SL of MnBi,Te; on the ferromagnetic substrate Fe3GeTe, can be found in
chapter 6.3. The model was implemented using python with the widely used numerical
handling package numpy. The code below was optimized for python v.3.7.2.

import numpy as np
def toplayer_magnetisation(Baxis,msubst,],T):
Baxis: magnetic field axis used for the model
msubst: pre—determined magnetisation of the substrate
J: coupling constant
T: thermal energy scale
results = np.zeros(len(msubst))
for i in range(len(results)):
# fraction of substrate domains with up-spin
pup = 1 — ((1 — msubst[i])/2)
# fraction of substrate domains with down—spin

pdown = ((1 — msubst[i])/2)

# average film m on up domain

expl = (np.exp(((Baxis[i]—-1)/T)) — np.exp(—((Baxis[i]l-1)/T)))
/(np.exp(((Baxis[i]-J3)/T)) + np.exp(—((Baxis[i]-3)/T)))

# average film m on down domain

exp2 = (np.exp(((Baxis[i]+]1)/T)) — np.exp(—((Baxis[i]+])/T)))
/(np.exp(((Baxis[i]+1)/T)) + np.exp(—((Baxis[i]+1)/T)))

results[i] = pup * expl + pdown * exp2

return results

All energyscales in the model are given relative to the temperature scale kg T, giving a
free choice on how to adapt the model to fit to the experimental findings. In this re-
gard, the magnetic field axis is fixed to the experimental findings by defining the sub-
strate hysteresis to match the experiment with a linear slope and hysteresis opening at
B = 0.4. In a second step the coupling constant J can be adapted to match the spin

flop fields observed in the heterostructures.
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Figure A.2.: Systematics of the coupling model. a) J-dependent magnetisation of the top
layer for J ranging from the ferromagnetic case of 0.1 up to the antiferromagnetic case of -2
for T = 0.1. b) Temperature dependent behaviour of the simulation for the case of ] = -1.2.
The curves reflect a transition from a clear spin flop field to a linear behaviour with a step in
the centre. c) Experimental temperature dependence of the Mn magnetisation in the n=0
heterostructure. The occurrence of a spin flop transition is clearly visible in both graphs.

As apparent from Fig. A.2a), a variation of ] results in a change of the spin flop field,
where the condition m = 0 is met in the case of ] = B. For the structures with n=0
and 1, J is estimated to -1.2 and -0.4, while the shape of the ferromagnetic n=2 case is
matched for / = 0.5. The model further allows to study the temperature dependence of
the magnetisation in more detail. Fig. A.2b) depicts magnetisation simulations for the
case of J = 1.2 next to the experimentally observed field dependent XMCD asymmetry
in Fig. A.2c). The simulation can nicely follow the experimental observations. It espe-
cially allows to identify the crossing points of all curves as the position of the spin-flop
field. Furthermore both show the transition from a shape with multiple plateaus and
sharp transitions to a linear behaviour with a step in the region of the substrate hyster-

esis.

Fig. A.3 depicts an analysis of the magnetic state in the n = 0 heterostructure, when
the external magnetic field is applied 60° away from the surface normal. The geometry
is chosen such, that the light incidence is parallel to the external field, probing the po-
larisation along the same axis. Both, the Mn as well as Fe XMCD b,c) show a sizeable
XMCD signal, under an applied field of 6 T. The sign of the XMCD corresponds to an
alignment of the magnetisation with the external magnetic field. Contrary to the find-
ings in chapter 6.3, when lowering the external magnetic field to B= 0.3T, the mag-
netisation in both species significantly decreases but no reversal can be observed. The

strong decay of the Fe magnetisation mainly reflects the strong uniaxial anisotropy of
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Figure A.3.: Grazing incidence XAS and XMCD of the n= 1 heterostructure. a) Sketch of the
sample geometry with the field applied along the incident light axis and the sample surface
normal tilted away by 60°. The lower panel depicts the two possible coupling arrangements.
b) Mn XAS (red) and XMCD (blue) for a field of 6 T depicting a large XMCD and an alignment
of the Mn spin polarisation with the external field. The lower panel depicts the XMCD for
B=0.3T. ¢) Fe XAS and XMCD under identical conditions to b).

FesGeTe,. The absence of a sign reversal in the Mn species furthermore highlights, that
the antiferromagnetic coupling path found along the surface normal exhibits a strongly

anisotropic behaviour as well and strongly decays for an in-plane spin orientation.
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