
Electronic and magnetic properties of α-FeGe2:
A potential material for 2D spintronics

Dissertation

zur Erlangung des akademischen Grades

Dr. rer. nat.

im Fach Physik

eingereicht an der Mathematisch-Naturwissenschaftlichen
Fakultät der Humboldt-Universität zu Berlin

von

M.Sc. Dietmar Czubak

Präsident der Humboldt-Universität zu Berlin:
Prof. Dr. Peter Frensch

Dekanin der Mathematisch-Naturwissenschaftlichen Fakultät:
Prof. Dr. Caren Tischendorf

Gutachter/Innen:

1 Prof. Dr. Roman Engel-Herbert

2 Prof. Dr. Saskia Fischer

3 Prof. Dr. Dieter Weiss

Tag der mündlichen Prüfung: 08. Juni 2022





iii

Abstract
The rapid progress in the development of new 2D materials have also enriched

spintronic research in recent years, thanks to their versatile physical properties and
flexibility with regard to the design of heterostructures. The prominent examples
graphene and transition metal dichalcogenides (TMDs) have the prospect to repre-
sent the basis of future spintronic applications, in particular due to their tunability
and multifunctionality. The recently discovered metastable layered material α-FeGe2

is a potential candidate for being added to this class of materials. In this work,
the electrical and magnetic properties of α-FeGe2 are studied, based on results from
electrical transport measurements at different external magnetic fields and tempera-
tures. For the investigation of magnetoresistive effects, spin valve devices containing
α-FeGe2 as spacer layer between two metallic ferromagnets have been utilized. It is
shown that α-FeGe2 exhibits a thickens dependent critical temperature around 100 K
at which it undergoes a magnetic phase transition from an antiferromagnetic state
at T > 100 K to a ferromagnetic state at T < 100 K. This phase transition is also
predicted by density functional theory (DFT) calculations and reflected in a disap-
pearing spin valve signal at low temperatures. It is demonstrated that the magnetic
phase of the α-FeGe2 spacer strongly influences the performance of spin valves, par-
ticularly via the impact on the magnetic interlayer coupling between the ferromag-
netic electrodes made of Fe3Si or Co2FeSi. The magnetic coupling at the interface
between antiferromagnetic α-FeGe2 and Fe3Si was found to induce anisotropies in
the spin valve signal with regard to the external magnetic field orientation. This
anisotropy is explained in terms of a complex interplay between the misalignment
between the ferromagnetic electrodes and the magnetically preferred direction of the
antiferromagentic α-FeGe2 described by the Néel vector.

Keywords: 2D materials, spintronics, magnetism, spin valves, antiferromag-
netism
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Zusammenfassung
Die rasanten Fortschritte bei der Entwicklung neuartiger 2D-Materialien haben

in den letzten Jahren auch das Forschungsfeld der Spintronik stetig bereichert auf-
grund der vielseitigen physikalischen Eigenschaften und der Flexibilität hinsichtlich
der Realisierung von Heterostrukturen. Das erst kürzlich entdeckte metastabile und
geschichtete Material α-FeGe2 trägt das Potenzial, in die Klasse der bekannten 2D-
Materialien aufgenommen zu werden. Materialien wie Graphen oder Übergangs-
metalldichalkogenid (TMDs) sind bereits aussichtsreiche Kandidaten für zukünftige
spintronische Anwendungen in Bezug auf Abstimmbarkeit und Multifunktional-
ität. In dieser Dissertation werden die elektrischen und magnetischen Eigenschaften
von α-FeGe2 diskutiert, basierend auf elektrischen Transportmessungen bei unter-
schiedlichen äußeren Magnetfeldern und Temperaturen. Zur Untersuchung von
magnetoresistiven Effekten wurden Spinventilstrukturen mit α-FeGe2 als Trennma-
terial zwischen zwei metallische Ferromagnete verwendet. Es wird gezeigt, dass
α-FeGe2 eine dickenabhängige kritische Temperatur besitzt, die bei etwa 100 K liegt
und mit einem magnetischen Phasenübergang von der antiferromagnetischen Phase
für T > 100 K in die ferromagnetische Phase bei T < 100 K verknüpft ist. Dieser
Phasenübergang wird von Berechnungen aus der Dichtefunktionaltheorie (DFT) ge-
stützt und spiegelt sich auch in dem verschwindenden Spinventilsignal bei tiefen
Temperaturen wieder. Es wird gezeigt, dass die magnetische Ordnung in der α-
FeGe2-Trennschicht einen starken Einfluss auf die Spinventilsignale ausübt. Ins-
besonders spielt hierbei die Auswirkung auf die magnetische Interschichtkopllung
zwischen den ferromagnetischen Elektroden aus Fe3Si oder Co2FeSi eine entschei-
dende Rolle. Die magnetische Kopplung an der Grenzfläche zwischen antiferro-
magnetischem α-FeGe2 und Fe3Si führt zu einer Anisotropie in den Spinventilsig-
nalen hinsichtlich der Orientierung des externen Magnetfeldes. Diese Anisotropie
wird durch ein komplexes Zusammenspiel zwischen der Magnetisierung der ferro-
magnetischen Elektroden und der magnetischen Vorzugsrichtung des antiferromag-
netischen α-FeGe2, die durch den sog. Néelvektor beschrieben wird, diskutiert.

Stichwörter: 2D Materialien, Spintronik, Magnetismus, Spinventile, Antiferro-
magnetismus
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Chapter 1

Introduction

The rapid development in information technology in the last decades has been no-
tably driven by the vast miniaturization of the silicon based logical units. Improv-
ing the miniaturization consequently means a higher density of transistors per area
which translates into an exponential improvement of the processing rate of inte-
grated circuits. This development has been well described by Moore’s Law [130]
which predicts a doubling of the commercial transistor density every two years.
However, further improvements in miniaturization constitutes a severe obstacle re-
garding the increasing engineering effort coming along with it, due to the increasing
layers of complexity in the design of lithography machineries. Therefore, radical
new approaches have to be considered in order to sustain the rate of technological
progress. One way to go is to increase the functionality per transistor area in such a
manner, that the spin property of electrons open up a new degree of freedom for in-
formation processing on the same area. In recent years, many new kinds of 2D mate-
rials were discovered which carry the potential of building a multifunctional logical
unit for information processing. For example, 2D magnets could serve simultane-
ously as source and drain, providing spin polarized electrons, and as non-volatile
storage units. The spin polarized electrons could be transported in a graphene chan-
nel which has a high spin diffusion length and high charge carrier mobilities and
finally the spin polarization could be manipulated via utilizing the high spin orbit
coupling in semiconducting 2D materials. Since the discovery of graphene, the re-
search focus has pointed more and more towards 2D materials, whose electronic
properties can be tuned via modifications of dimensionality, substrate engineering,
strain and doping [116, 209, 25, 107, 151, 54, 170, 203] . Materials such as molyb-
denium disulfide (MoS2) and tungsten diselenide (WSe2) have dominated the latest
research efforts for potential integration in electronic technologies. These materials
are 2D semiconductors consisting of a monolayer Mo, respectively W, sandwiched
by monolayers of S, respectively Se. In thicker films the interlayer bonding between
the 2D layers is described by a weak Van-der-Waals interaction. This property makes
such materials easy to integrate into other material systems. As a matter of fact, Van-
der-Waals (vdW) field effect transistors (FETs) carry the potential to even outperform



2 Chapter 1. Introduction

well established CMOS technology in terms of the energy-delay product with an es-
timated energy consumption of 10 fJ at an operating delay of ≈ 500ps [139]. Fur-
thermore, the versatile properties of such materials and the weak interlayer bond
between two 2D layers allows the combination of different kinds of materials, mean-
ing, various physical properties can be squeezed together within a single device.
For example, combining the memory properties of a magnetic 2D material such as
Fe3GeTe2 with the high-speed switching rate of 2D semiconductors like MoS2, can
be utilized to merge memory units and processing units. Also an extension of in-
tegrated circuits into the 3rd dimension might be feasible by exploiting the weak
interlayer bonding and possible conductivity anisotropies between current flow in-
plane of a 2D material and perpendicular to the 2D plane. Especially the tunable
magnetic properties of layered 2D materials are promising features regarding future
technologies. A severe limitation of magnetic materials in information technology
is the magnetic stray field originating from the ferromagnetic polarization of the
magnetic moments. However, antiferromagnetic materials create almost no stray
field and still contain a non-volatile magnetic state in form of the orientation of the
collinear magnetic moments, which could be utilized as memory information. Lay-
ered 2D materials such as ferromagnetic Fe3GeTe2 and antiferromagnetic CrI3 can
change from the ferromagnetic into the antiferromagentic state and vice versa by
applying strain to these materials. This is due to the fact that the coupling between
two magnetic moments is very sensitive to the spatial separations of the electron
orbitals [73, 105].

In this thesis, a polymorph of FeGe−2 is investigated, which shows many sim-
ilarities to already existing 2D materials such as a layered structure. However, the
electrical transport properties and the potential for spintronics are so far unexplored.

The first chapter provides the necessary background information in order to clas-
sify the presented research within the scope of spintronic research. After a brief
introduction into the fundamentals of magnetic materials, the interactions at mag-
netic interfaces are explained. Also thermal driven phase transitions between an
antiferromagnetic (AFM) and a ferromagnetic (FM) phase are reported with regards
to similar effects observed in the course of this thesis. Subsequently, a broad back-
ground information is given about various electrical transport phenomena which
are affected by external magnetic fields and spin orbit interaction (SOI), such as
the anisotropic magnetoresistance (AMR) or the anomalous- and spin Hall effect
(AHE, SHE). Typical magentoresistive phenomena as the giant- and tunneling mag-
netoresistance (GMR, TMR) as well as the tunneling anisotropic magnetoresistance
(TAMR) are explained which are important in the context of the presented results
on spin valve devices. The latest advancements of 2D materials with regard to spin-
tronics are picked up and relevant material systems are introduced. Lastly, the state
of research concerning the binary compound FeGe2 is shown with an introduction to
the metastable layered material α-FeGe2 and current research activities on this novel
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material are presented. Chapter 3 presents density functional theory calculations
(DFT) on the magnetic properties and the band structure of α-FeGe2. After an expla-
nation of the used experimental approaches in chapter 4, first results on the electrical
transport properties of a single layer α-FeGe2 are discussed in chapter 5. The charge
carrier transport in α-FeGe2 exhibits astonishing phenomena under the application
of an external magnetic field at different temperatures. Chapter 6 presents results
from a vertical spin valve device in which α-FeGe2 serves as a spacer material be-
tween two ferromagnetic electrodes consisting of Fe3Si or Co2FeSi. The spin valve
device is further investigated by varying the thickness of the α-FeGe2 spacer layer,
changing the electrodes order and changing the operating temperature. Chapter 7
concentrates more on the multifunctional potential of α-FeGe2 regarding its use in
spintronics. Due to the magnetic nature of α-FeGe2, the spin valve signal responds
very sensitive to changes in the external magnetic field orientation. The gained spin
valve signals are compared to magnetic hysteresis loops and a phenomenological
model is proposed in order to retrace the shape of the spin valve signal. Finally,
chapter 8 gives a brief summary and an outlook for future investigations.
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Chapter 2

Background

This chapter provides the theoretical background of the required physical concepts
in order to follow the presented measurement results and their interpretation. Also
results from previous studies and famous research papers are summarized to bring
this thesis into context. If not other cited, this chapter is based on the textbooks
Theoretische Festkörperphysik form Gerd Czycholl, Mangetism and Magnetic Materials
from J.M.D. Coey and on the lecture script of Prof. Dr. Rudolf Groß (TU Munich) on
the lecture Spintronics SS 2004.

2.1 Magnetic materials

2.1.1 Exchange interaction

Collective magnetism describes the ordering of magnetic moments or spins in a crys-
tal structure. In the paramagnetic state, the magnetic moments at each lattice site are
independent, however, the magnetic moments influence each other and this interac-
tion between the moments can give rise to phase transitions into a magnetic order
such as the ferro- or antiferromagnetic state at sufficiently low critical temperatures.
The critical temperatures which mark the transition into the ferromagnetic state is
the Curie-Temperature TC and the Neél-Temperature TN describes the transition into
the antiferromagnetic state. The origin of the magnetic ordering cannot be explained
by classical dipole-dipole-interaction due to the weak coupling energy on the atomic
scale of 10−3 to 10−4 eV. In order to explain the high TC and TN of certain materials
an exchange coupling J with energies in the regime of eVs has to be introduced. J is
based on the principle of the indistinguishability of identical particles which makes
J a pure quantum phenomena with no classical analogon. The effective interaction
is described by the following Hamiltonian:

Heff = −2JSaSb , (2.1)

whereas Sa and Sb are the spins at the single particle states |a⟩ and |b⟩.
The Heisenberg model describes collective magnetism for materials with the

nearest-neighbor spins Si and Sj localized at the corresponding lattice sites i and
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j. This localized magnetism is present in rare-earth systems as well as in magnetic
insulators or magnetic semiconductors where the net magnetization originates from
uncompleted d-shells. The Hamiltonian for the Heisenberg model at an external
magnetic field B is:

H = −∑
i,j

JijSiSj + gµB ∑
i

BSi , (2.2)

where g is the g-factor and µB the Bohr magneton. For J > 0 the coupling is
ferromagnetic and for J < 0 the coupling is antiferromagnetic. Note, that beyond
the direct exchange interaction, magnetic coupling can also occur in systems where
the spacial wave-function of the states |a⟩ and |b⟩ do not overlap and instead is
bridged via indirect exchange-interaction or super-exchange-interaction or RKKY-
interaction.

2.1.2 Band-ferromagnetism

In 3d metals such as Fe, Ni and Co the 3d-electrons, responsible for the magnetism,
are itinerant and not localized at the atomic core. In such systems the Heisenberg
model fails and has to be replaced by the Hubbard model which describes collective
magnetism in itinerant 3d-electron systems by using mean-field-theory. This mech-
anism is known as band-ferromagnetism and is based on the spontaneous splitting
of the density of states (DOS) in energy. Whether a splitting of the DOS and a conse-
quent ferromagnetism occurs, can be derived by the Stone-criterion:

U D(EF) ≥ 1 , (2.3)

with U as the magnitude of the molecular field (= Coulomb energy) and D(EF)

the DOS at the Fermi level. For a sufficiently large splitting the ↑d-subband gets
pushed below EF, leading to a strong ferromagnet such as Co and Ni, otherwise
it is a weak ferromagnet like Fe (see Fig. 2.1). The Hubbard model predicts also
antiferromagnetic states when U is sufficiently large and the 3d-bands are half filled,
meaning, one electron per lattice site.

For the example of Fe one can see how sensitive the magnetic behavior reacts
to small changes in the lattice parameters. Whereas the body-centered-cubic (bcc)
structure of Fe is ferromagnetic it becomes non-magnetic in the face-centered-cubic
(fcc) structure. However, by small changes in the lattice parameter the DOS can
be shifted in energy such that Fe(fcc) becomes ferromagnetic as well. In general,
this demonstrates how the magnetic properties of a material can be tuned by slight
changes in the lattice constant.

Fig. 2.2 shows the dispersion relation of the five d-bands for the example of α-Fe
with separated spin-up and spin-down bands which can be clearly distinguished by
the different dispersion relation around EF caused by the shift of the entire band
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structure between spin-up and spin-down. By calculating such spin dependent
band structures for a specific material system one can predict possible ferromagnetic
states.

2.1.3 Magnetic hysteresis

Every ferromagnetic material exhibits a non-linear response of the magnetization
M when an external magnetic field H is applied. By sweeping H from positive
to negative fields and vice versa, the M(H) behavior results in a hysteresis loop.
Typical characteristics of the hysteresis loop are given by the remanence Mr and
the coercivity HC. Mr is the magnetization at zero field after the material has been
magnetically saturated and HC is the field which has to be applied in order to reverse
the magnetization orientation.

Depending on the magnetic field direction, the shape of the hysteresis loop can
drastically differ due to the magnetic anisotropy. Magnetic anisotropy means that
the ferromagnetic or antiferromagnetic axis of a sample lies along one or more fixed
directions. Strong easy-axis anisotropy is a prerequisite for hard magnetism, whereas
near-zero anisotropy is required for soft magnets. The tendency for magnetization
to lie along an easy axis is represented by the energy density term:

Eaniso = Ksin2θ , (2.4)

where θ is the angle between M and the anisotropy axis.
The anisotropic energy density denoted by K comprises the shape- and mag-

netocrystalline anisotropy Ksh and Ku. By introducing a demagnetizing factor N

which depends on the shape, Ksh can be expressed as:

Ksh =
1
4

µ0M2
s (1 − 3N ) , (2.5)

where µ0 is the vacuum permeability and Ms the saturation magnetization. In
case of a sphere Ksh would be zero as N = 1

3 . Note, Ksh is only fully effective in
samples which are so small that they do not break up into domains.

On the other hand Ku is an intrinsic property which reflects the crystal symmetry
and originates mainly from the crystal-field interaction and spin-orbit coupling. By
introducing the anisotropy field Ha as the field needed to saturate the magnetization
along a hard direction Ku can be expressed as:

Ku =
1
2

Haµ0Ms . (2.6)

Fig. 2.3 shows typical hysteresis loops for a thin film containing Fe3Si in which
the out-of-plane direction is identified as the magnetic hard axis and the in-plane
directions as the magnetic easy axis. Hard axes are characterized by a small Mr and
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a gradual magnetization reversal, because the magnetization is forced by the exter-
nal field along a direction which is not preferred in terms of the intrinsic magnetic
properties of the material. On the other hand, magnetic easy axes are the favored
magnetization orientation of the material and characterized by Mr ≈ Ms, with Ms

as the saturation magnetization, and an abrupt magnetization reversal at HC. Note
that microscopic magnetic domains in the sample can have slightly different mag-
netization reversals which is reflected in the hysteresis loop.

FIGURE 2.3: Hysteresis
loops for two in-plane
directions and the
out-of-plane direction
which demonstrates the
typical magnetization
reversals along magnetic
easy and hard axes of a thin
In-
GaAs(20 nm)/Fe3Si(20 nm)
bilayer film [29].

The film thickness plays a crucial role in the magnetic anisotropy. For very
thin films consisting of a few monolayers the surface-interface anisotropy domi-
nates which leads to an easy axis in the out-of-plane direction. For the here relevant
film thicknesses of several nanometers, Ksh strides the surface-interface anisotropy
and induces a preferred in-plane magnetization orientation in order to minimize the
free energy by reducing the magnetic stray field of the sample. In thicker films and
bulk material Ku dominates and the easy axes are oriented along specific directions
determined by the crystal structure of the material [67]. However, under certain
circumstances thin films can also develop an out-of-plane easy axis by fabricating
multilayer films which increases the surface-interface anisotropy or utilizing mate-
rials with a high spin orbit interaction to increase the magnetocrystalline fraction of
the anisotropy ratio [21].

2.1.4 Antiferromagnetism and frustrated spin states

The nearest-neighbor Heisenberg Hamiltonian Ĥ = −∑i Ji,i+1SiSi+1 describes the
interaction between two neighboring spins Si and Si+1 with Ji,i+1 as the exchange
constant. When Ji,i+1 > 0, the neighboring spins couple in a ferromagnetic fash-
ion, however, when Ji,i+1 < 0, the magnetic order depends on the topology of the
lattice structure and whether the structure is comprised by more than one magnetic
sublattice. If so, the sublattices will couple antiferromagnetically. Assuming the sub-
lattices A and B with equal values but anti-parallel alignment of their magnetization
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MA and MB, than by means of the molecular field theory the local fields HA and HB

acting on A and B are

HA = nAAMA + nABMB (2.7)

HB = nBAMA + nBBMB (2.8)

where nij is the intersublattice coupling strength if i ̸= j and the intrasublattice
coupling strength if i = j.

FM AFM
A-type

AFM
C-type

AFM
G-type

FIGURE 2.4: In an antiferromagnet the sublattice coupling
determines the type of spin structure.

Depending on the sublattice coupling tensor nij, different types of antiferromag-
netic configurations are possible as illustrated in Fig. 2.4. For G-type antiferromag-
nets the interplane coupling nAB and nBA as well as the intraplane coupling nAA

and nBB results in antiferromagnetic order, leading to a chessboard like arrangement
in which all neighboring spins are aligned antiparallel. Ferromagnetic intralayer
coupling together with antiferromagnetic interlayer coupling results in an A-type
antiferromagnet. Finally, the opposite case leads to the C-type magnetic ordering.

FIGURE 2.5: Generated stray field of a ferromagnet and a
antiferromagnet.

Similar to ferromagnetic materials, where the Curie temperature TC marks the
magnetic phase transition into the ferromagnetic state, the Neél temperature TN
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marks the phase transition into the antiferromagnetic phase. From an experimental
point of view, the determination of TN is more challenging compared to determining
TC, because antiferromagnets have zero net magnetization and no stray field. In anti-
ferromagnets, the generated fields of the anti-parallel magnetic moments cancel each
other within atomic scales. In contrast, for ferromagnets the large stray field which
is the result of all magnetic moments adding up coherently to a strong magnetic field
surrounding the ferromagnet can be easily detected (see Fig. 2.5). As a consequence
of the zero net magnetization antiferromagnets have no shape anisotropy and the
magnetic anisotropy is only determined by magnetocrystalline anisotropy. In other
words, the preferred orientation axis of the magnetic moments in the sublattices
MA/B is independent on the shape of the sample. The preferred orientation is char-
acterized by the Neél vector N which is a vector pointing along the mean direction
of the magnetic moments in the sublattices.

The spin topology in antiferromagnets can also appear in a non-collinear way.
For example α-Mn is a non-collinear antiferromagnet with TN = 95 K due to its
complex crystal structure. The non-collinearity is based on frustrated spins, mean-
ing, in unit cells with odd numbers of antiferromagnetic coupled spins, a collinear
alignment is not possible under the requirement of zero net magnetization. There-
fore, the spins cant against each other. Fig. 2.6 sketches the most intuitive picture of
a frustrated spin state on a triangular structure.

FIGURE 2.6: Illustration of a frustrated spin state in a non-collinear
antiferromagnet.

Further examples of lattice structures where nearest-neighbor interactions are
naturally frustrated include the kagomé, fcc and tetrahedral lattices. When the
nearest-neighbor exchange interaction is antiferromagnetic and the next-neighbor
one ferromagnetic, the spin topology forms a helimagnet. For example, thin films of
FeGe are helimagnets up until room-temperature [212]. Helical spin states can also
be induced into soft ferromagnets by incorporating nonmagnetic impurities with
high spin orbit interaction as described by the Dzyaloshinskii-Moriya interaction
[32, 132, 39].
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FIGURE 2.7: Easy axis hysteresis loops of a ferromagnet, a
ferromagnet/antiferromagnet bilayer and a bilayer grown by
applying a field during growth HG which leads to a shift of the
hysteresis loop.

2.1.5 FM/AFM interfaces

Ferromagnets and antiferromagnets can interact with each other when bringing them
into contact. The driving force of this interaction is the exchange bias, which was
first discovered in Co particles embedded in their naturally antiferromagnetic oxide
[124]. The resulting exchange bias effect is characterized by an unidirectional mag-
netic anisotropy. Also when FM and AFM films share a common interface, the FM
experiences an increase in coercivity which is illustrated in Fig. 2.7. Additionally, in
case of a field cooled AFM/FM bilayer system, the hysteresis loop is shifted due to
the fact that the magnetization of the FM is pinned to the AFM. Field cooling means
that an external field is applied during the sample is cooled from above TN to below
TN. Furthermore, an external field HG can be applied during the growth process in
order to imprint uniaxial anisotropy into the AFM film.

The exchange bias effect originates from uncompensated interfacial spins at the
AFM/FM interface. Those spins always tend to align parallel to the Neél vector N
of the AFM as well as to the FM magnetization. In case of a hard AFM, where only
very high external fields have an impact on N, the AFM will not be effected by an ex-
ternal field and the uncompensated interfacial spins will remain parallel to the Neél
vector N of the AFM which, on the other hand, pins the FM to the same orientation.
This principle is exploited in classical spin valve devices in order to create a pinned
FM layer. For a weak AFM, where N is easy to manipulate by external fields, the
interfacial spins follow the magnetization of the FM and an exchange spring effect
will be induced in the AFM in which the collinear spin topology gets twisted. Note,
that only a tiny fraction of uncompensated interfacial spins actually contribute to the
exchange bias effect.

The Meiklejohn-Bean model [122, 123] gives a description of the FM-AFM system
from an energetic point of view by proposing the following Hamiltonian:
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H = −JEB cos(α − β) + KFM
Crystal tFM sin2(α)

+KAFM
Crystal tAFM sin2(β)− µ0HMs tFM cos(θ − α) .

JEB is the exchange bias interaction constant, KFM
Crystal and KAFM

Crystal are the crystallo-
graphic anisotropy constants of the FM and AFM, tFM and tAFM the layer thicknesses,
Ms the saturation magnetization and the angles α, β and θ are defined in accordance
to Fig. 2.8.

FIGURE 2.8: Schematic picture of the FM-AFM interaction
explanatory to the Meiklejohn-Bean model[168].

In trilayer systems of the form FM/AFM/FM the magnetic interactions become
even more complex. In addition to the interfacial exchange coupling at the FM/AFM
interfaces, a long range interlayer coupling between the FMs appears. The interlayer
coupling strength depends on the thickness of the AFM spacer layer and decreases
with increasing thickness[200, 156, 158].

2.1.6 AFM to FM phase transition

Phase transitions from the AFM state into the FM state are very rarely observed
due to the fact that both states have already a high degree of order which makes it
energetically unreasonable to change from one state into the other. However, AFM
to FM phase transitions have been observed e.g. in Fe3Ga4 [134].

Fig. 2.9(A) shows a magnetic phase diagram according to Moriya and Usami
[131] for the example of Fe3Ga4. The phase diagram describes an AFM phase be-
low TN and at an intermediate transition temperature Ta the system transforms into
a phase where the AFM and FM states coexist in form of a canted or helical spin
topology. Finally, for lower temperatures the system transforms into the FM state.
The transition temperature at which the system becomes fully ferromagnetic can
be detected as a small kink in the resistivity as shown in Fig. 2.9(B) for the case of
Fe3Ga4. The kink results from a sudden decrease of the spin-disorder scattering (see
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FIGURE 2.9: (A) Magnetic phase diagram of Fe3Ga4 bulk and
nanowires. (B) The electrical resistivity as a function of temperature
without an applied magnetic field shows a characteristic peak in the
resistivity derivative as a signature of a magnetic phase transition.
(C) The resistivity curve of a typical magnetic material showing an
abruptly steeper decrease around the magnetic transition
temperature. [134, 24]

Fig. 2.9(C)). In the paramagnetic and also in the antiferromagnetic state, all itinerant
spin-up and spin-down electrons scatter at the same rate, however, once the sys-
tem becomes ferromagnetic the scattering of s-electrons at the majority d-states is
reduced due to the shift in energy of the DOS of the majority d-electrons. Electron
transport in magnetic materials will be examined in the following section.

An AFM to FM phase transition can also be induced by strain. For example,
CrI3 as thin film is an AFM and by applying hydrostatic strain, the film becomes
ferromagnetic, whereas under tensile strain it becomes even stronger antiferromag-
netic[105]. In the particular case of CrI3, the reason lies in the counteracting relation
between the in-plane FM superexchange interaction via hybridization at the Cr-I-
Cr bonds and the out-of-plane AFM direct exchange interaction at the Cr-Cr bonds.
For very high compressive strain values, CrI3 can even change into a G-type AFM,
whereas under zero strained conditions it is an A-type AFM. AFM/FM or FM/AFM
phase transitions have also been predicted for several other materials in which the
complex interplay between the d-orbitals and the p-d-hybridization plays a crucial
role [4, 141, 198].

2.2 Electrical transport in magnetic materials

2.2.1 Normal Hall effect

All Hall effects describe the creation of an electric field which is transversal to the
direction of the actual charge carrier flow. The origin of the transversal Hall voltage
VH in the normal Hall effect lies in the Lorentz force FL = q(E + v × B) acting on
the charge carriers, where v is the velocity parallel to the current density j and q
the elementary charge. Due to FL the charge carriers accumulate at one side of the
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sample with bar-like geometry (see Fig. 2.10). A charge density gradient is created
along the width of the bar which can be detected as the voltage VH.

VH

j

B

FIGURE 2.10: Schematic sketch of the normal Hall effect.

VH depends linearly on the external magnetic field B with:

VH =
1

nq
IB
t

, (2.9)

where n is the charge carrier density and t the thickness of the transport channel.
The normal Hall effect is used as a standard method to characterize the electrical
properties of a thin film material in terms of the charge carrier density n, the mobility
µ or the type of charge carriers in doped semiconductors.

2.2.2 AMR- and PHE effect

In contrast to the normal Hall effect, transversal electric fields can also occur when
the external magnetic field lies in the plane of a magnetic sample, which gives rise to
the so called planar Hall effect (PHE). The PHE is directly linked to the anisotropic
magnetoresistance (AMR) in which the longitudinal sample resistance changes de-
pending on the relative orientation of the charge current direction with respect to
that of the magnetization M, given by the angle ϕ.

The AMR effect is based on anisotropic scattering of charge carriers as a re-
sult of the spin orbit interaction (SOI) which is described by the operator ĤSO =

λSOL · S. When components of the orbital contribution L are perpendicular to the
magnetic moment M, the orbital charge distribution of d-electrons in transition met-
als changes from a shperical shape into a oblate spheroid with respect to M, because
orbitals with lz = 2 (3dx2−y2-orbitals) are stronger occupied as orbitals with lz = 0.
Thus, delocalized s-electrons approaching the oblate charge distribution of the more
localized d-electrons experience different scattering cross sections, depending on the
incidence angle of the s-electrons which is reflected in the electrical resistance. The
principle scheme of the AMR effect is illustrated in Fig. 2.11. The change in resistiv-
ity due to the AMR and PHE can be expressed as:

ρAMR = (ρ∥ − ρ⊥)cos2ϕ (2.10)
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FIGURE 2.11: Schematic sketch of the AMR effect for j ∥ M and
j ⊥ M with the corresponding microscopic picture in which the
arrows symbolize the magnetic moments m surrounded by the
asymmetrical charge distribution as a consequence from spin-orbit
interaction.

ρPHE =
1
2
(ρ∥ − ρ⊥)sin(2ϕ) , (2.11)

with ϕ as the angle between j and M. One finds that the common AMR is pos-
itive, meaning that it is highest when j ∥ M and lowest when j ⊥ M , which is
based on the fact that the AMR is caused by spin-flip-scattering of 4s↑-electrons into
empty 3d↓-electrons. However, in strongly spin polarized materials like half-metals
for example, the s↑ − d↑-scattering becomes dominant leading to a negative AMR.

FIGURE 2.12: AMR effect revealed
by changes in the longitudinal
resistivity ρxx with an magnetic
in-plane field applied along different
current to field angles on Fe3Si
grown on GaAs(113). The functions
with the broad peak around zero
mark the magnetic hard axis
directions and the function without
any clear features marks the
magnetic easy axis [135].

As already mentioned, the PHE is a direct consequence of the AMR effect which
is described by a transverese electric field just as in the normal Hall effect. Accord-
ing to its angular dependence at ϕ = 45◦, the PHE is strongest and vanishes at 0◦

and 90◦. In contrast to the normal Hall effect, a reversal of the external field does not
change the sign of the measured transverse voltage. The analysis of the AMR effect
and the PHE of a ferromagnetic material often provides valuable information about
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the magnetization reversal process. In the case of a strong gradual magnetic field
dependence, the AMR signal indicates that the external field B is oriented along
a hard axis of magnetization. Consequently, spiky or even no changes in the B-
field dependence are indications of a magnetic easy axis, because the magnetization
changes its direction very fast and voluntarily, meaning with minimal energy effort
(see Fig. 2.12). It turns out that the function to describe PHE is proportional to the
derivative of the ρAMR(B)-function. Therefore, also the PHE contains detailed infor-
mation about the magnetization reversal in a ferromagnetic film.

2.2.3 Spin Hall- and anomalous Hall effect

magnetic
AHE

SHE
non-magnetic non-magnetic

ISHE

FIGURE 2.13: Illustration of the related spin-dependent Hall effects.
The AHE converts charge current into a polarized transverse charge
current in a ferromagnet. The SHE converts charge current into a
pure transverse spin current in nonmagnetic systems and the ISHE
converts a pure spin current into a transverse charge current [164].

The spin Hall effect (SHE) and anomalous Hall effect (AHE) can be considered
as being based on closely related spin-scattering mechanisms. Considering current
flow in the x-direction, the AHE creates a transverse electric field Ey in ferromagnetic
systems due to an imbalanced spin current flow in the y-direction, whereas the SHE
creates transverse spin currents even in nonmagnetic materials which does not in-
duce an Ey due to the equal strength of spin-up and spin-down currents. Regarding
the underlying mechanism for these spin-deflecting phenomena, three distinct con-
tributions can be distinguished: intrinsic deflection, skew-scattering and side-jump
scattering.

E

Intrinsic deflec�on Skew sca�ering Side jump

FIGURE 2.14: Schematic representation of spin-dependent scattering
mechanism responsible for SHE and AHE.
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In the intrinsic case, which was first derived by Karplus and Luttinger[86], a
transverse spin dependent transport is generated in a perfect crystal and even in the
absence of scattering. The reason for this lies in strongly spin orbit coupled bands
due to structural inversion asymmetry in the crystal or the breaking of periodicity at
interfaces. This leads to interband conductivity induced by an electric field E. This
creates a velocity contribution perpendicular to E due the Berry phase curvature Ωn

which can be interpreted as the magnetic field in momentum space[136]. The Berry
phase is a result of interband coherence created by the finite electron momentum
k, respectively electron velocity in real space, when an electric field is applied. The
charge carrier transport can be described by:

ẋ =
∂ϵn(k)

h̄∂k
+

e
h̄

E × Ωn(k) , (2.12)

where ϵn is the energy for a given eigenstate n [163]. The intrinsic contribution
can be experimentally identified by outlining the longitudinal resistivity ρxx against
the transverse resistivity ρxy, whereas ρxy is known for exhibiting a power law de-
pendence on ρxx with ρxy ∝ ρν

xx with the exponent being ν → 2 [137, 164].
Another relevant electron deflection contribution is skew scattering, where charge

carriers get scattered spin dependently due to the effective SOC. In contrast to the
latter scattering mechanism, skew scattering is an extrinsic effect caused by SOC
between charge carriers and impurities. Impurities can be treated as an electron ac-
cumulation creating an inhomogeneous electric potential. If SOC is present, every
electron carries an electric dipole moment p perpendicular to the spin s and wave
vector k with p = −λLSk× s. Once a free electron approaches an impurity potential,
the interaction between the complex potential landscape with p results in different
bending of the trajectories of spin-up and spin-down electrons. Skew scattering is
an inelastic process as k is not conserved [138]. The linear relation ρxy ∝ ρxx indicates
a dominant skew scattering for samples showing SHE or AHE.

In contrast to skew scattering side jumps are described by elastic scattering at im-
purities. Although, the side jump mechanism is an extrinsic scattering contribution,
crystals which exhibit SHE or AHE by side jump scattering show a quadratic resis-
tivity relation between ρxy and ρxx. When an electron approaches an impurity and
scatters elastically, its kinetic energy remains, however, the wave vector k changes
after the scattering event and due to conservation of energy the electron has to jump
within the potential landscape of the impurity. Because the number of scattering
events, as well as the side-jump events are proportional to ρxx the relation ρxy ∝ ρ2

xx

is expected.
Spin currents can be also generated in crystals with a noncollinear magnetic

structure without the need of SOC [214]. The crucial role of SOC is to break the spin
rotational symmetry, however, this can be also achieved by a noncollinear magnetic
structure as Fig. 2.15 illustrates.
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FIGURE 2.15: Magnetic configurations in respect to their potential of
generating AHE or SHE with or without SOC [214].

As the SHE describes a charge-to-spin current transformation, the reciprocal ef-
fect, called inverse SHE, converts pure spin currents into a voltage [164]. This makes
the SHE effect measurable which can be implemented by H-bar SHE-ISHE experi-
ments [49] or by pumping spin polarized current from a ferromagnet into a conduct-
ing material with high SOC (e.g. Pt)[2]. The AHE on the other hand can be detected
by the transverse voltage and adds up to the normal Hall effect with:

ρxy = (VHB + VAHEM)/I , (2.13)

where the first term describes the normal Hall effect with VH the Hall voltage
and B the applied magnetic field. The second term describes the AHE with VAHE

the material dependent voltage coefficient and M the magnetization of the probed
sample.

2.3 Spintronics

The field of spintronics constantly attracts high attention for the last couple of decades
owing to its ability to offer solutions for problems in modern microelectronics con-
cerning the increasing power dissipation in electronic circuits with scaling down the
technology. Spintronic devices utilize the electron’s spin degree of freedom for in-
formation procession and storage. This implies zero standby leakage, low power
consumption, nonvolatile nature and easy 3D integration capability with state of the
art microelectronic technology.

2.3.1 Spin valves

This thesis focuses for a large part on vertical spin valve structures. Devices based on
spin valves already fulfill an important role in the field of technology for example
for data storage in hard disc drives or for angle sensors in automotive and indus-
trial applications [189]. Spin valves are defined by only two effective FM electrodes
which are separated by some kind of spacer material. Any kind of magnetic mis-
alignment between the electrodes cause a change in resistance. A spin valve can be
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FIGURE 2.16: Schematic representation of the asymmetric
magnetization curve and symmetric resistance curve (=spin valve
signal) for a (pseudo)spin valve and the expected magnetization-
and resistance curves for an exchange-biased spin valve with a
pinned and a free magnetic layer [24].

a GMR device with a metallic spacer layer (see 2.3.2), a TMR device with an insu-
lating spacer or the spacer material can also consist out of a semiconductor [3, 88].
Typically, exchange-biased spin valves are used for devices in which one FM layer
is fixed by an adjacent AFM layer which pins the FM by the exchange bias effect as
shown earlier. By doing so, a free layer with preferable low coercivity can be con-
trolled by the external magnetic field and with it the device resistance. Spin valves
without any pinning layers are called pseudo spin valves, which are the subject of
research here. Instead of pinning one layer, pseudo spin valves are defined by using
materials with different coercivities for the top- and bottom electrode. This can be
achieved by using two different FMs, varying the thickness ratio between the top-
and bottom layer or to pattern them in different shapes. Pseudo spin valves are char-
acterized by symmetric resistance curves and antisymmetric magentization curves
as shown in Fig. 2.16. Note, in this thesis the term spin valve refers always to pseudo
spin valves and the resistance curves are named as spin valve signals.

2.3.2 Metals and insulators: GMR- and TMR effects

It turned out that separating FM layers by very thin nonmagnetic (NM) films creates
an unusual electrical resistance depending on the magnetization of the FM layers.
Such magnetoresistances are identified as the giant magnetoresistance (GMR) and
tunneling magnetoresistance (TMR). The GMR results from FM/NM multilayers
and was first discovered by Fert and Grünberg et al. [6, 12] in Fe-Cr multilayers
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ρ↓(ρ↑+ρ↓)/2

FIGURE 2.17: Schematic illustration of the high resistive state for the
antiferromagnetic coupling and the low resistive state for the
ferromagnetic coupling with the measured GMR on a Fe-Cr
multilayer as a function of the magnetic field [6].

(see Fig. 2.17). In the ground state at zero magnetic field the Fe layers couple antifer-
romagnetic induced by the Cr spacers and when a critical external field is exceeded,
the Fe layers magnetizations are parallel which reduces the measured resistance. In
order to understand this behavior one can split the charge transport in two parallel
channels for spin-up and spin-down currents ignoring spin-flip scattering. When
the multilayer is magnetized parallel, the spin-up and spin-down currents experi-
ence different scattering rates. GMR is observed when the averaged mean free path
for spin-up electrons exceeds the periodicity of the multilayer and is different from
the mean free path of the spin-down electrons or vice versa. Therefore, very thin
films are required for GMR devices. The GMR in percentage can be defined by the
difference between the resistance for parallel RP and antiparallel RAP magnetization
with:

GMR =
RAP − RP

RAP
· 100 . (2.14)

In multilayers containing only one type of ferromagnetic metal, the resistance is
higher in the antiparallel configuration which constitutes the normal GMR effect. In
multilayers with alternating ferromagnetic layers consisting of two different materi-
als an inverse GMR effect with higher resistance in the parallel configuration is pos-
sible. The occurence of the normal or the inverse GMR effect depends on the scatter-
ing asymmetries in the bulk of the FM layers and at the FM/NM interfaces. The bulk
scattering asymmetry αFM is characterized by the ratio ρ↓FM/ρ↑FM = (1 + β)/(1 − β)

between the resistivities for spin-up and spin-down electrons. The interface scat-
tering asymmetry αFM/NM is given by the resistance ratio R↓

FM/NM/R↑
FM/NM = (1 +

γ)/(1 − γ). For example in the case of alternating FM layers with αFM1 > 1 and αFM1

< 1, the occurrence of an inverse GMR based on the bulk scattering asymmetries is
possible[16, 9].

A big improvement in performance can be achieved by replacing the metallic



22 Chapter 2. Background

nonmagnetic spacer with an insulating spacer material like AlOx or MgO creating a
TMR device. The major difference between the GMR and TMR is that in the TMR,
spin transport occurs via tunneling through the insulating spacer. Assuming the ab-
sence of spin filtering phenomena in the tunneling barrier, the tunneling probability
for the majority- and minority spins is different as illustrated in Fig. 2.18.

FIGURE 2.18: Schematic representation of the density of states for
majority- and minority states with the corresponding tunneling
resistances in a TMR device [56].

The magnitude of the TMR depends on the difference in the DOS for spin-up
and spin-down states, i.e., the spin polarizations (P1 and P2) at the Fermi levels. For
the case of parallel magnetized ferromagnetic electrodes FM1 and FM2, the tunnel-
ing occurs from majority- to majority states and from minority- to minority states.
However, in case of FM1 and FM2 being magnetized antiparallel, the tunneling hap-
pens between majority- and minority states. Due to the direct link between the DOS
at the Fermi level of the initial and final state and the tunneling rate, the tunneling
resistance depends on the relative magnetization state between FM1 and FM2. The
anitparallel state can be represented by an equivalent circuit diagram with two simi-
lar resistances for the spin-up and spin-down channel. For the parallel alignment, in
contrast, the resistance of the spin-up (majority) channel is much lower than that of
the spin-down (minority) channel which leads to a reduction of the total resistance.
Therefore, strong, half-metallic FMs are perfect candidates to be used as electrodes in
TMR devices due to their ultimate spin polarization of P = 1. According to Julliére
[81] the TMR magnitude can be estimated by:

TMRmax =
2P1P2

1 + P1P1
. (2.15)

However, by choosing MgO as spacer material the TMR value can be tuned even
beyond 100% to record values of up to 604% at room-temperature[76]. The reason
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for this is a spin filtering phenomenon in the MgO tunnel barrier which leads to a
much higher tunneling rate for the majority spin channel compared to that of the
minority spin channel [17].

2.3.3 Semiconductors: TAMR effect

For vertical spin valves including semiconductor layers, the phenomenon known
as tunneling anisotropic magnetoresistance (TAMR) can be utilized in certain cases.
The uniqueness of the TAMR effect among other spin valve mechanisms is that only
one ferromagnetic layer is sufficient to observe an magnetoresistance. This was first
observed by Gould et al. [55] in a (Ga,Mn)As/AlOx/Au tunnel structure as demon-
strated in Fig. 2.19. (Ga,Mn)As is known as a semiconducting ferromagnet with a
four-fold magnetic anisotropy and it shows an anisotropic DOS with respect to the
magnetization direction. The spin valve signals with different switching fields and
signs are a result of the interplay between the two step magnetization reversal and
the anisotropic DOS.
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FIGURE 2.19: TAMR effect in (Ga,Mn)As/AlOx/Au. Depending on
the in-plane magnetization orientation denoted by ϕ, different spin
valve signals are observed [55].

Consecutive studies in Fe/GaAs/Au heterostructures revealed that the TAMR
results from an anisortropic spin orbit interaction (SOI) which leads to a tunnel bar-
rier with uniaxial anisotropy [133]. The SOI in GaAs(001) is determined by the
Bychkov-Rashba and Dresselhaus contribution. The former occurs because of the
structure-inversion asymmetry at the Fe/GaAs interface, whereas the latter is due
to the bulk inversion asymmetry. As a result, the spin degeneracy is lifted just as
if an external magnetic field acts on the sample. Here, however, the splitted E(k)-
dispersion relation translates into a effective magnetic field without the need of an
external magnetic field. The spin polarized electrons traversing the Fe/GaAs/Au
structure experience a tunnel barrier which depends on the orientation of the mag-
netization in the Fe film. During an external magnetic field sweep along a magnetic
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hard axis, the magnetization in the Fe film rotates towards a magnetic easy axis at
low fields. The corresponding change in the tunneling rate can be utilized as mag-
netoresistive signal in spintronic devices containing only one ferromagnetic layer.

FIGURE 2.20: Calculated DOS anisotropy (ADOS) with respect to
two different AFM orientations [001] and [110]. Anisotropic DOS is
one of the prerequisites for TAMR. The dotted line labeled with
ATDOS shows the group-velocity weighted tunneling density of
states. The ADOS can change under strain conditions [160].

Since the first observations, TAMR effects have been also detected in Fe/MgO
interfaces [128], in junctions including organic semiconductors [57] and even for
single layers of the ferromagnetic metal L10-CoPt TAMR is predicted due to the high
SOC in L10-CoPt and the attended DOS anisotropy [159]. When a TAMR effective
spacer material is sandwiched between two FMs, the TAMR effect adds up to the
spin valve effect originating from the FM1-FM2 misalignment (see Fig. 2.21).

[x]
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R(θ,ϕ )
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FM1
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TAMR[x](θ,ϕ) =
R(θ,ϕ)−R(θ, 0)

R(θ, 0)

FIGURE 2.21: Schematic representation of the TAMR effect in a
trilayer system with FM1 and FM2 separated by a spacer layer. The
vectors nr and nl determine the magnetization direction of each FM
electrode with the angle ϕ in respect to a crystallographic direction
[x] and θ in respect to ϕ [121].

The implementation of AFM materials in spintronic devices is attractive because
of the absence of stray fields. In this context, it has been predicted that TAMR could
be realized in bimetallic AFMs like Mn2Au in which the large SOC originating from
the 5d-states of Au leads to a anisotropic DOS as shown in Fig. 2.20 and also strain
induced changes in the anisotropic DOS are discussed for Mn2Au [160]. The role
of AFMs in spintronics is presented in more detail in the following section among
the state of the art research in spintronics in terms of emerging 2D materials, the
interaction between them and potential functional devices.
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2.3.4 2D materials for spintronics

Since the successful synthesizing of graphene films, research on 2D materials has
been strongly intensified. The progress in this field has provided a new playground
for material science and technology, including spintronics. This section gives an
overview on the latest development in 2D spintronics and points out how 2D films
have enriched the functionalities of spintronic devices and how, in turn, such devices
can be utilized to gain a better understanding of their physical properties. With this
overview, the reader is equipped to categorize the potential of the layered material
α-FeGe2 studied in this thesis and can relate the results gained here to other spin
valve experiments.

FIGURE 2.22: Vertical spin valve device with two different
ferromagnetic layers separated by a graphene monolayer [23] and
the same spin valve experiment with h-BN as spacer [147]. Stacking
graphene and h-BN results in negative spin valve signals [77].

The most prominent 2D material is graphene (Gr), which bears a large poten-
tial for spintronic devices. It has a high in-plane charge carrier mobility and long
spin diffusion lengths which makes it ideal for the transport of spin polarized cur-
rents. While it can have metallic conductivity in-plane, it serves effectively as an
insulator for transport perpendicular to the plane. Fig. 2.22 shows a spin valve de-
vice in which Gr acts as a tunnel barrier between two FMs. With this, the feasibility
of spin-dependent tunneling has been demonstrated [23]. Of course, the TMR ef-
fect could also be observed for other insulating 2D materials as spacer layer like for
example hexagonal boron nitride (h-BN) (see Fig. 2.22) [147]. For other 2D spacer
materials, the change in the barrier thickness (e.g. for Gr bilayers) or height (e.g. for
h-BN) leads to different tunneling rates and, thus, to a variation in the magnitude
of TMR. However, the combination of Gr and h-BN leads to a sign reversal in the
spin valve signal, meaning, the high resistance state occurs in the parallel magneti-
zation configuration (see Fig. 2.22) [77]. The change in sign is due to the different
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spin polarizations at the Gr/FM and h-BN/FM interfaces. This inverse spin valve
signal has also been observed in vertical spin valves with bilayers of Gr and Al2O3

as spacer [162], wherein Gr is attributed to have a spin filtering effect.
Note, a negative spin valve signal has also been observed in vertical FM/WSe2/-

FM junctions, even though there is no difference between the top- and bottom in-
terfaces [216]. This emphasizes the peculiarity of the spacer material in spin valve
devices and raises the demand of functional thin spacer materials which have high
influence on the traversing electrons spin and ideally are controllable by external
stimuli.

Transition metal dichalcogenides (TMDs) constitutes a recently extensively stud-
ied material class which has the potential to fulfill the role of a functional, con-
trollable spacer material. TMDs are related to other 2D materials like Gr or h-BN
in terms of their weak bonding between consecutive 2D sheets based on van-der-
Waals interaction. Consequently, a 2D sheet can be easily exfoliated from bulk. The
vacancy between the 2D sheets is called the Van-der-Waals-gap and the sheets them-
selves consist of three atomic monolayers which is the main difference compared to
monoatomic layers like Gr. Depending on the thickness and the composition of the
TMDs, they exhibit a variety of different physical properties. TMDs like WSe2, WS2

or MoS2 are semiconductors in the bulk form. From the structural perspective they
are closely related to α-FeGe2 which is the studied material in this thesis. The same
materials as thin films show an increasing band gap which is highest in the case of a
single monolayer [191].

FIGURE 2.23: Vertical spin valve device with two FMs spaced by a
flake of a MoS2 monolayer shows distinct spin valve signals and a
metallic vertical transport behavior [192].
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Fig. 2.23 shows the results of a spin valve experiment for a FM/MoS2/FM tri-
layer in which the MoS2 acts as the spacer layer. The micrograph shows how one
flake of MoS2 has been contacted with the bottom and top electrode. As often ob-
served for semiconducting TMDs, the I-V-characteristic is found to be linear and also
the resistance as a function of the temperature shows a metallic behavior despite the
semiconducting properties. This is mainly related to a strong hybridization between
the metallic atoms of the FM (Ni or Fe atoms) and the chalcogenide sites (S atoms) at
the interface, resulting in a proximity induced metallic behavior of the spacer layer
[155].

FIGURE 2.24: The individual 2D layers of the layered material CrI3
couple in an AFM configuration. The AFM coupling can be forced
into a FM configuration by an external magnetic field, which is
detected by an increasing tunneling current [165].

The great benefit for spintronic applications offered by the variety of layered 2D
materials becomes obvious by considering the specific case of CrI3. This magnetic
insulator forms a FM as single layer and an AFM ground state in the multilayered
case. The AFM ground state can be abruptly changed into a FM state by applying
an external field, which makes it an excellent spin filter material rendering FM elec-
trodes obsolete. The concept of the spin filtering mechanism in CrI3 is demonstrated
in Fig. 2.24 on a Van-der-Waals heterostructure with Gr as the injecting and detecting
electrodes separated by a CrI3 bilayer [165]. In the AFM ground state the tunneling
current was found to be low, whereas a switching to high current occurred when the
CrI3 spacer switches from the AFM to the FM configuration. This experiment im-
plicitly shows the unlimited stacking potential of layered thin film materials. Due to
the weak bonding between the layers different kinds of 2D materials, independent
of composition or physical properties, can be arbitrarily stacked up without chang-
ing the individual layers by e.g. disturbing intermixing effects at the interfaces [59].
This opens up almost unlimited possibilities of designing heterostructures with mul-
tifunctional properties by combining multiple physical properties within one device.
On the contrary, proximity effects are important and are, in fact, demanded for the
design of spintronic properties of heterostructures.

Finally, metallic Fe3GeTe2 is an example for 2D materials which can also have
a FM ordering [35]. Magnetic phases in 2D materials depend on direct exchange
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FIGURE 2.25: The ferromagnetic (FM) ground state of Fe3GeTe2 with
three strain induced antiferromagnetic (AFM) configurations[73].

interaction and superexchange interaction. The former describes the overlap be-
tween the d-orbitals of neighbouring transition metal atoms (Fe-atoms in the case of
Fe3GeTe2 and Cr-atoms in CrI3) in which the atomic distance determines whether the
exchange interaction is FM or AFM. The superexchange describes the interaction be-
tween transition metal atoms mediated via p-orbitals from intermediate atoms (Ge-
and Te-atoms for Fe3GeTe2 and I-atoms for CrI3) whereas the tilt angle of the e.g.
Fe-Ge-Fe bond determines the FM or AFM state. As seen in Fig. 2.25, by applying
strain on a thin film of Fe3GeTe2 the atomic distances as well as the bonding angles
can be changed which can effectively change the FM system into an AFM system
and vice versa [73, 105].

2.3.5 Interface engineering

When stacking up 2D materials or thin films, interfacial proximity effects influence
the physical properties of the heterostructure to a large extent. In fact, proximity ef-
fects in magnetic heterostructures provide a vital tool to tailor magnetic properties.
Fig. 2.26 summarizes interfacial proximity effects which can appear in magnetic het-
erostructures. Charge transfer at an interface changes the local electron density due
to charge transfer and leading to changing physical properties in a thin magnetic
film. Interfacial hybridization describes overlapping orbitals and affects the spin
orientation due to the Pauli-exclusion rule and it can also lead to a metallization
of a metal/semiconductor interface as occurring in Fe3Si/MoS2 hybrid structures
where a strong hybridization between the Fe- and S-atoms leads to a metallic trans-
port behavior. Strain in a 2D magnet can be induced by adjacent bulk material
(e.g. substrate) with mismatching lattice parameters. This effect can become crucial
for the temperature dependence of magnetic ordering when the thermal expansion
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FIGURE 2.26: Overview of different proximity effects in thin
magnetic films adjacent to other materials [52].

coefficient of a film differs from that of the substrate. Superexchange is a special
case of hybridization in which an insulating atom mediates the magnetic interac-
tion between two FM metallic atoms. Depending on the occupation of the orbitals
and the bonding angle a magnetic film can induce either a FM or AFM state into
an adjacent film. Structural perturbations are often unavoidable at interfaces and
not favorable because random interfacial interactions can be locally restrained and
different proximity effects can interfere from the macroscopic point of view. Band
renormalization describes the altering of the band properties which can occur when
two materials with similar lattice constants are brought into contact or it can also
be induced by dielectric screening of adjacent materials. Dielectric screening occurs
when an insulator is brought into contact with a thin film and the Coulomb interac-
tion between the electrons in the film is changed due to the dielectric environment.
This has major consequences for magnetic films because the Coulomb interaction is
a key component in the description of collective magnetic states like FM and AFM.
SOC proximity describes interfacial effects when a thin film is adjacent to a heavy
element material like Pt which carries a high SOC. Given that the magnetocrystalline
anisotropy is intrinsically related to the SOC, the induced SOC from the heavy ele-
ment material affects the spin texture of the magnetic thin film[52].

All the mentioned interfacial mechanisms are taken into consideration when dis-
cussing spin and magnetization related phenomena in the here mainly investigated
Fe3Si/α-FeGe2 heterostructure.
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2.3.6 Antiferromagnetic materials for spintronics

Materials with AFM properties are promising candidates to build the basis for the
future of spintronic devices. In contrast to FMs, AFMs are very robust against per-
turbation due to the zero net magnetization, produce no stray field, display ultrafast
dynamics and exhibit pronounced magnetotransport effects.

The experiment presented in Fig. 2.27 demonstrates the AMR effect in the AFM
material FeRh within an fully ohmic AFM-AMR memory device at room-tempera-
ture[118]. The AMR effect arises from the SOI of a material interacting with charge
carriers as already described in chapter 2.2.2. This implies that AMR effects can be
equally present in FM as well as in AFM systems, because the AMR depends on
the microscopic magnetic moment vector (= direction of localized spins) rather than
the direction of the macroscopic magnetization M. Therefore, by changing the an-
gle of the spin axis (= Néel vector N) relative to the electrical current direction the
resistance can be changed. However, changing the direction of N requires large ex-
ternal field magnitudes due to the zero net magnetization of the AFM, which makes
it impractical for commercial devices. In the case of FeRh one can exploit its high
temperature FM phase. By heating the sample, FeRh gets ferromagnetic and the
magnetization M can be easily reoriented by an external field. After that, the sam-
ple is cooled down while the external field pins M and once the sample reaches its
FM-to-AFM transition the orientation of the low temperature N is imprinted by the
high temperature M. In order to use this mechanism in a device one could, for ex-
ample, locally heat the FeRh by a sufficiently intense laser pulse. A more applied
exploitation of the AMR effect in AFMs was obtained in CuMnAs films [188]. Here,
an electrical current applied lateral to the AFM film induces a torque on the sublat-
tice magnetizations and changes the orientation of the Néel vector called the inverse
spin galvanic effect. This effect is related to the spin transfer torque in FMs which
describes the reorientation of the magnetization by the injection of spin polarized
currents, whereas here, the broken bulk inversion symmetry in the AFM is a prereq-
uisite.

FIGURE 2.27: Demonstration of the AMR effect in the AFM system
FeRh. The AFM orientation is changed by manipulating the
magnetization in the high temperature FM phase and a consecutive
field cooling process imprints the reoriented AFM axis [118].
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FIGURE 2.28: Current-driven manipulation of the Néel vector in
CuMnAs detected by the AMR effect [188].

The devices in Fig. 2.29 show magnetoresistance effects in a vertical structure
governed by an AFM layer. In particular, a change in resistance has been observed
when the relative orientation between the AFM moments with respect to the crys-
talline anisotropy is distorted, which proves that AFMs are effective materials for
TAMR devices. In order to rotate the AFM moments, an adjacent FM layer is used
to drag the AFM moments at the interface with the direction of the FM moments
by the exchange spring effect. This effect can be understood in terms of the ex-
change bias, which is generally used to pin the FM magnetization in a conventional
spin valve device. However, in the exchange spring effect the changing FM ori-
entation effects the AFM, leading to an efficient rotation of staggered moments in
the AFM. With this, one can explain the AFM-TAMR device layer by layer. The
FM bottom layer induces a reorientation of the moments in a very thin AFM layer
(≈ 3 nm) by the exchange spring effect. The reoriented AFM moments cause a
change in the DOS at the Fermi level which effects the charge electron transport
through the AFM/insulator/nonmagnet (AFM/I/NM) tunnel junction. By defini-
tion of the TAMR effect, the resistance at such tunnel junctions is proportional to the
product of the Fermi level DOS in the AFM and the NM and to the tunneling matrix
element. Inspired from these AFM-TAMR devices, TAMR could be also realized in
the semiconducting AFM Sr2IrO4 without the need of an additional tunnel junction
[40].

FIGURE 2.29: AFM-TAMR devices showing magnetoresistance
governed by the orientation of AFM moments [144, 194].

Latest results have shown that AFM materials have also great potential in the
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transmission, generation and detection of spin currents. Takei et al. [172] proposed
a spin fluidic transport in AFM insulators sandwiched by two metals. Charge cur-
rent perpendicular to the interface normal in the metallic electrode induces a spin
accumulation at the metal/AFM interface due to the spin Hall effect. The spin ac-
cumulation leads to an injection of spins into the AFM. The spin density propagates
within the AFM and is pumped into the second metallic electrode, in which the spin
current can be detected by a transverse voltage via the inverse Hall effect.

2.4 FeGe2 for spintronics

Diluted magnetic materials like Fe-Ge systems show interesting magnetic properties
and with regard to applications, systems based on Ge are very promising, since Ge-
based systems can be matched very well with actual Si-based technology. FeGe, for
example, has a helical magnetic structure which can be changed into a conical and
skyrmion structure by external magnetic fields [103, 185, 212]. Despite its unusual
spin textures from a macroscopic point of view, FeGe can be recognized as a FM sys-
tem due to the finite net magnetization arising from the exotic spin states. Lungu
et al. enriched the Fe-Ge system even further by Ge leading to the formation of the
Fe3Ge5 compound which still exhibits ferromagnetic ordering at room-temperature
and an uniaxial [110]-easy axis [115]. Additionally, they have given consideration to
the hypothesis that Fe3Ge5 is composed out of FeGe (ferromagnetic) and FeGe2 (anti-
ferromagnetic), due to a small observed exchange bias in the magnetic hysteresis. In
the following the magnetic properties of the binary compound FeGe2 are presented
and a new polymorph of FeGe2 is introduced which has been discovered at the Paul-
Drude-Institute and for which many buried interesting features are expected to be
uncovered. Due to the very similar structure to the metastable silicon counterpart
α-FeSi2 the terminology α-FeGe2 is used for the metastable material throughout the
course of this thesis, whereas the thermodynamically stable composition is labeled
as β-FeGe2.

2.4.1 Thermodynamically stable β-FeGe2

The thermodynamically stable form of the intermetallic compound β-FeGe2 crystal-
lizes in a tetragonal C16- type structure in which layers of Fe atoms alternate with
layers of Ge atoms. The first detailed magnetic studies on the stable form β-FeGe2

were carried out by Corliss et al. with neutron scattering experiments [26]. Whereas
the AFM nature of β-FeGe2 has been known already [202], Corliss et al. observed
a more complex magnetic behavior with two distinct magnetic phase transitions
as shown in Fig. 2.30. The first transition temperature at 289 K, when going from
high to low temperatures, describes a transition from the paramagnetic state into
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an incommensurate spin density wave state. Spin density waves are low-energy or-
dered states that arise as a consequence of electron-electron interactions, for which
the density of the conduction electron spins is spatially modulated. The magnetic
state between 289 K and 263 K is made up of FM ordered Fe-atoms in the z-axis
and a spiral AFM order in the basal-plane (x-y-plane). The second phase transition
at 263 K describes a transition from the incommensurate spin density wave state
into a commensurate one, in which the magnetic moments in the basal-plane simply
couple in a collinear state. The crucial parameter for the magnetic properties is the
interatomic Fe-Fe spacing. Smaller Fe-Fe distances tend to couple in the FM state
and increasing the distance can lead to an AFM state also due to the superexchange
interaction via intervening Ge-atoms.

FIGURE 2.30: Temperature dependence
of the magnetic specific heat in the stable
form of β-FeGe2 indicating two magnetic
phase transitions at 289 K and 263 K [26].

Tang et al. observed a shift in the transition temperatures for the incommensu-
rate and commensurate spin density wave states to 250 K and 200 K by reducing
the dimensionality of β-FeGe2 crystals [174] (see Fig. 2.31). Furthermore, a major
difference in the magnetization at temperatures below room-temperature was ob-
served between nanowires and thin films of β-FeGe2. It turned out that nanowires
comprise both, the expected AFM state and a FM state. A detailed study revealed
a strong magnetic anisotropy in the nanowire with an AFM state along the axial di-
rection and a FM state along a radial direction. The reason for this phenomenon are
surface effects which have stronger impact on the magnetization in the radial direc-
tion than in the axial direction. Indeed, surface effects tend to favor the FM state as
it was shown that by reducing the thickness of FeGe2 films the FM state gets more
and more favoured and constitutes the magnetic ground state below a critical film
thickness of 10 atomic layers which is equivalent to around 4 nm [161, 114].

2.4.2 Metastable layered α-FeGe2

A novel polymorph of FeGe2 (= α-FeGe2) has been reported for the first time by
Gaucher et al. in 2017, demonstrating the existence of a metastable layered structure
[48]. The metastability refers to the comparison to β-FeGe2 which is the thermody-
namically stable form of FeGe2, however, α-FeGe2 remains structurally stable within
the investigated temperature range as well as for the used neighboring materials.
This layered form of FeGe2 was unintentionally discovered during the attempt to
synthesize crystalline Ge on top of the Heusler alloy Fe3Si on a GaAs substrate with
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FIGURE 2.31: Comparison between the magnetization of a thin film
and an array of nanowires of β-FeGe2 as a function of the
temperature and abnormal resistivity changes indicate magnetic
phase transitions similar to the ones in β-FeGe2 bulk [174].

FIGURE 2.32: Schematic drawing of the layered structure of α-FeGe2.
The atoms in gold represent Fe-atoms and the purple ones Ge-atoms.
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the final goal to prepare Fe3Si/Ge/Fe3Si trilayer structures for mulifunctional verti-
cal spin valve devices. However, due to the in general higher crystallization energies
of semiconductors compared to metals it is very difficult to grow semiconductors
epitaxially on top of metals without preventing strong chemical reactions at the in-
terfaces which counteracts sharp interfaces. Consequently, it turned out that the
relatively high substrate temperature during an thermal annealing process induces
an interdiffusion process between the Ge-atoms and the Fe-atoms of the Fe3Si. The
result of this so called solid phase epitaxy process is a layered structure consisting
of Fe-sheets followed by bilayers of Ge. Fig. 2.33 shows an image from transmission
electron microscopy (TEM) measurements which reveals the layered α-FeGe2 struc-
ture between the Fe3Si films. This finding has been confirmed by the observation of
satellite peaks in x-ray diffraction (XRD) curves.

FIGURE 2.33: TEM micrograph of the layered material α-FeGe2
embedded between the Heusler alloy Fe3Si with corresponding XRD
spectra for different α-FeGe2 thicknesses [48].

In situ TEM experiments were performed in order to monitor the solid phase ep-
tiaxy of α-FeGe2 [176, 177]. In the early stage of the crystallization, nucleation and
2D growth mode were observed at the epitaxial aligned interface. The layered struc-
ture formation results from a reduction of interfacial strain. Latest studies on the
crystallization dynamics reveal an intermediate disordered phase during the solid
phase epitaxy before the system approaches the ordered phase. Fig. 2.34 shows the
crystallization dynamics over time. The blue data points correspond to the thickness
of the disordered phase and the black ones to the thickness of the ordered phase. The
disordered phase shows a faster growth rate until a certain point in time where the
formation of α-FeGe2 starts dominating. A closer look on the structure reveals that
the disordered phase exists in a CsCl-like structure in which Fe-atoms and vacancies
share the same lattice sites in a chemical disordered fashion.

Jenichen et al. characterized α-FeGe2 by TEM and synchrotron XRD techniques
[80]. The layered tetragonal structure of α-FeGe2 could be associated to the space
group P4mm. Lattice parameters of 2a = 5.654 Å in the basal-plane and c = 5.5517 Å
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FIGURE 2.34: Time resolved TEM images of the solid phase epitaxy
process with the growth rates of the disordered and ordered phase.
Ordered α-FeGe2 (black data points) is formed after an intermediate
disordered phase (blue data points) in which Fe-atoms and vacancies
are chemically disordered distributed within the Ge lattice [177].

in the z-axis were determined by XRD measurements. Comparisons with calcula-
tions from density functional theory on fully relaxed structure suggest that α-FeGe2

as studied in the course of this thesis is slightly compressed in the plane and elon-
gated vertically in the range of around 1% to 2%.

FIGURE 2.35: Calculated band structure of αFeGe2 with the majority
spin states in the left panel and the minority spin states in the right
panel, along with the Fermi surface of the majority (blue) and
minority (gold) spins [80].

Fig. 2.35 shows the band structure for majority spin and minority spin states as
well as the Fermi surface. From the non-symmetric band structure between the spin-
up and spin-down states a FM magnetic ground state is predicted. From the cylindri-
cal shape of the Fermi surface oriented perpendicular to the Fe-sheets, considerably
different electrical properties are expected between the in-plane and out-of-plane
direction. Jenichen et al. accounted α-FeGe2 to the class of quasi-two-dimensional
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material systems and stressed the possibility of spin density waves owing the well-
ordered Fe-sheets embedded in the Ge dominated lattice [80].

FIGURE 2.36: Mangetization reversal curve of a
Fe3Si/α-FeGe2/Co2FeSi trilayer with plateaus indicating the
magnetic decoupling of Fe3Si and Co2FeSi with XRD spectra of all
four stacking combinations [47].

In order to test the potential for spin valve operation, the magnetization reversal
of trilayers with α-FeGe2 sandwiched by the Heusler alloys Fe3Si and Co2FeSi in all
combinations were investigated in [47]. The magnetization reversal curves shown in
Fig. 2.36 show steps which correspond to a separate magnetization reversal between
the top- and the bottom layer of the trilayer structure. This result demonstrates that
α-FeGe2 can decouple two magnetic layers efficiently enough so that, in principle,
spin valve operation can be accomplished. Additionally, the satellite peak which is a
characteristic of a superlattice structure is not observed when Co2FeSi is the bottom
layer. This means that the solid phase epitaxy of an initial Co2FeSi/Ge(amorphous)
bilayer does not result in a layered, although, in a well ordered material according
to the XRD spectra (see Fig. 2.36).
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First principle calculations on the
magnetic ground state of α-FeGe2

In the framework of a collaboration with the University of Regensburg, Klaus Zoll-
ner investigated the electronic band structure of α-FeGe2 as well as the total energy of
different magnetic states: ferromagnetic (FM), antiferromagnetic (AFM), and para-
magnetic (PM). The technical details and adjustments concerning the DFT computa-
tion can be looked up elsewhere[28].

The experimentally determined lattice structure from Ref. [80] was used for the
DFT calculations. Fig. 3.1(A) shows the calculated band structure of α-FeGe2 which
exhibits similarities to the Si-based counterpart α-FeSi2[20]. The conduction bands
are found to be split leading to a finite spin polarization at the Fermi level EF (see
Fig. 3.1(B)), hence the material has a ferromagnetic ground state at T = 0 K.
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FIGURE 3.1: (A) DFT-calculated band structure of α-FeGe2 with red
(blue) bands corresponding to spin-up (spin-down) electrons. (B)
Spin- and atom-resolved DOS.
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FIGURE 3.2: Calculated total DOS of the AFM and PM state in
contrast to the FM state (red).

Fig. 3.2 compares the total DOS for the three magnetic phases explicitly. The
calculated DOS of the FM and AFM phases are rather similar. Furthermore, the
obtained total energies are very close to each other, suggesting a high probability for
the occurrence of phase transitions between the FM and AFM phases as well as the
coexistence of these phases depending on the temperature and, for example, lattice
strain. The FM phase was calculated as the energetically most favorable ground
state. The PM phase is very high in energy at 56.4 meV (or about 7 meV per unit
cell) relative to the FM phase. The AFM phase is only 2.9 meV (or about 0.36 meV
per unit cell) higher in energy.

FIGURE 3.3: Possible magnetic ground states of α-FeGe2 with the
paramagnetic (PM) state, ferromagnetic (FM) state, and
antiferromagnetic (AFM) state. The green arrows depict the
magnetization on the Fe atoms and total energies are given with
respect to the ground state energy of the FM state.

With including the strong on-site Coulomb interaction of localized 3d-electrons,
the FM and AFM phases are almost equal in energy with still a slightly lower energy
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for the FM phase with an energy difference of 0.32 meV or 0.04 meV per unit cell.
Also a high magnetic moment of 0.2116 µB for Fe and −0.0123 µB for Ge was calcu-
lated. Comparisons of the total energies among different AFM configurations reveal
that the so-called A-type configuration is the most stable one. This configuration ex-
hibits ferromagnetic alignment of the magnetic moments in each {001} planes along
the Fe-sheets and antiferromagnetic coupling between neighboring {001} planes.

The findings of the DFT calculations support the experimental results discussed
in this chapter as well as the following ones. In particular, the occurrence of an
temperature-dependent AFM-to-FM phase transition around 100 K appears to be
very reasonable. In this context, thermal mismatch (substrate and epitaxial film with
different expansion coefficients) could be an important aspect.
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Chapter 4

Experimental

4.1 Sample preparation

4.1.1 Sample growth

TABLE 4.1: Layer sequence of the heterostructures used for the
investigated spin valve devices. FM1 and FM2 denotes the
ferromagnetic electrodes below and on top of the spacer layer. t is
the thickness of the spacer layer.

Device FM1 (d=36 nm) spacer layer t (nm) FM2 (d=12 nm)
FS4 Fe3Si α-FeGe2 4 Fe3Si
FS6.1 Fe3Si α-FeGe2 6 Fe3Si
FS6.2* Fe3Si α-FeGe2 6 Fe3Si
FS8 Fe3Si α-FeGe2 8 Fe3Si
B6 Fe3Si α-FeGe2 6 None
CFS6 Fe3Si α-FeGe2 6 Co2FeSi
FS6CFS Co2FeSi Ge(Co,Fe,Si) 6 Fe3Si
CFS6CFS Co2FeSi Ge(Co,Fe,Si) 6 Co2FeSi

*Same structure as FS6.1 but the mesa is processed along a 90◦ different angle with respect
to the GaAs substrate.

The samples investigated in this work were grown by a combination of molecular
beam epitaxy (MBE) and solid-phase epitaxy (SPE) by S. Gaucher et al.[48]. Begin-
ning with GaAs(001) substrates, a 350 nm buffer layer was grown by MBE at 540◦C
in order to guarantee a clean GaAs surface. Under ultra-high vacuum conditions the
wafer was transported into a growth chamber specialized for the growth of metallic
compounds with no arsenic contamination. Once the wafer has been transferred,
Fe3Si was grown by co-deposition from high-temperature effusion cells, at a sub-
strate temperature of 200◦C and a growth rate of 16 nm/h. This procedure grants
a well defined surface between Fe3Si and the underlying GaAs[69, 68]. In the next
step Ge is deposited onto the Fe3Si at a temperature of 150◦C at which the Ge grows
amorphously and does not react with the underlying Fe3Si. To crystallize the amor-
phous Ge, the wafer was heated up to 260◦C at a heating rate of 5◦C/min. Once
the maximum temperature was reached, the wafer was annealed for 10 min. During
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annealing Ge interdiffuses with the underlying Fe3Si creating the layered α-FeGe2

structure. As a capping layer either Fe3Si or Co2FeSi was grown on top of α-FeGe2

with the same parameters as for the bottom layer.
For the devices FS6CFS and CFS6CFS (see table 4.1), Co2FeSi was grown on top of

GaAs(001)[66] and the amorphous Ge has been annealed at a temperature of 245◦C
leading also to a well defined structure of Ge(Co,Fe,Si)[47]. All samples used for
spin valve operation in this work are listed in table 4.1.

4.1.2 Spin valve device processing

After the growth, the sample needs to be further processed in basically four litho-
graphic steps. Fig. 4.1 shows the processing steps by means of a schematic side view
with the corresponding mask design showing the top view of the structure. Stan-
dard photolithography with subsequent wet etching methods were utilized in order
to define the device design. In the first step, the basic mesa structure was defined by
etching off the entire trilayer all the way down to the GaAs substrate. In the second
step, square pillars were defined with a surface area of 1 × 1µm2 which is the lower
limit of photolithography. These pillars constitute the spin valve through which ver-
tical transport is investigated. The pillar is located where the branch of the mesa
stripe and the feed line for the top contact are connected by the cross structure (see
red square in the top view of step (ii)). In order to increase the probability of find-
ing a working spin valve, six pillars per structure were designed. As a third step,
almost the entire structures were covered with 20 nm of dielectric SiO2 via chemical
vapor deposition except for the pillars and the contact pads for the bottom layer. In
the fourth step, bondpads were deposited in order to contact bottom (FM1) and top
(FM2) electrodes. At first a 10 nm thin layer Ti was deposited to prevent interdif-
fusion of the 100 nm Au layer which was deposited on top of Ti. Finally to finish
the spin valve device, the sample was mounted onto an eight-pin chip carrier and
wire-bonded.

4.2 Experimental setup for spin valve measurements

Two different setups were used for the electrical measurements under external mag-
netic fields. For measurements at low temperatures between 4.2 and 60 K and high
magnetic fields, a system with liquid Helium bath cryostat and two superconducting
coils from Attocube Systems was used. The superconducting coils were controlled
by a Oxford IPS120 power supply. The system consists of two coils, the x-y-coil gen-
erating an in-plane magnetic field with field strengths of up to ±2 T and the z-coil
generating fields in the out-of-plane direction of up to ±8 T. A Keithley 6221 current
source unit was used to generate the DC current and the voltage was measured with
a Keithley 2182A nanovoltmeter. The operating temperature at the device was read
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(i) Defining the basic mesa structure

(ii) Defining the spin valve pillars

(iii) Deposi�ng SiO2 for insula�on

(iv) Deposi�ng Au for the bondpads

FIGURE 4.1: Schematic representation of the four processing steps
for the spin valve manufacturing.
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and set by the 335 Temperature Controller from LakeShore. All resistance vs. tem-
perature measurements were done in the same system, simply by slowly inserting
the running device into to cryostat while measuring the temperature. The Lock-in
technique was used for those kinds of measurements with a voltage modulation of
1 mV, a frequency of 14.3 Hz and a series resistance of 100 kΩ, all set and measured
by the SR830 Lock-In Amplifier from Stanford Research Systems. Automated con-
trol of instruments and data acquisition for all low temperature measurements in the
Attocube system were performed using a Python script.

For measurements at temperatures between 20 K and 340 K, a setup consisting
of an exchange gas cryostat from Oxford Instruments surrounded by a pair of coils
was used (see thesis of Yori Manzke [117]). The coils were water cooled electro-
magnets and controlled by a Kepco bipolar operational power supply. The power
supply facilitates a maximal current of about 11 A which corresponds to a magnetic
field of 47.3 mT at the vicinity of the device. A Keithley 236 source measure unit was
used for applying the current. The voltage was measured by a Keithley 2182A nano-
voltmeter and the temperature was controlled by the controller ITC503 from Oxford
Instruments. In this particular setup, a LabVIEW program was used for instrument
control and data acquisition. The insert of the Oxford cryostat was prepared in such
a way that the device can be rotated by 360◦ within the magnetic field generated by
the coils. In order to enable magnetic field orientations along three orthogonal di-
rections with respect to the device plane, the chip carriers could be mounted in two
perpendicular orientations. This design of the cryostat insert allowed us to rotate
the device in the x-y-plane as well as in the y-z-plane.
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FIGURE 4.2: (A) Schematic diagram of the device structure and the
configuration of the magnetoresistance measurements for vertical
transport. (B) Optical micrograph of the spin valve device.

Fig. 4.2(A) shows schematically the spin valve device under three-terminal-operation.
The external in-plane magnetic field is applied in the x-y-plane. The real structure
of the device is shown in the micrograph in Fig. 4.2(B). The bright gray area repre-
sents the Au conductor and the edge contrast in the middle of the cross geometry
indicates the location of the trilayer through which the current is flowing. The less
bright region is the Fe3Si bottom layer and the dark grey GaAs. Fe3Si appears darker
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FIGURE 4.3: Schematic drawing of the circuit for spin valve
operation. By using the three-terminal measurement the resistances
from the mesa R1 and R2 can be neglected and only the resistances
RSV at the trilayer and R3 account for the measured voltage V3T.

than Au in the micrograph due to the overlying SiO2 on Fe3Si. One can see from the
images that the volume of the bottom layer (FM1) is much larger than the volume
of the top layer (FM2) leading to the assumption that mainly FM2 is influenced by
possible interfacial effects from the spacer layer and FM1 behaves like an extended
large area of Fe3Si.

The fact that subjacent Fe3Si is a prerequisite for the synthesis of α-FeGe2 implies
the difficulty to distinguish the AMR effect due to lateral transport in Fe3Si from
the expected vertical spin valve effect in the trilayer Fe3Si/α-FeGe2/Fe3Si (see chap-
ter 6 and 7). Additionally, in order to successfully observe spin valve signals a trade
off had to be made. Usually the best result for measuring voltage drops at vertical
junctions like spin valves is obtained by a four-terminal-measurement. In fact, pre-
liminary tests on four-terminal-samples also showed a strong impact of the underly-
ing FM1 on the measured voltage. On the other hand a two-terminal measurement
would add to much background signals to the measured voltage which could ob-
scure the actual spin valve signal. Consequently, a three-terminal configuration has
been chosen for the vertical spin valve measurements as well as the current-voltage
measurements.

The sketches of the electrical circuit within the device shown in Fig. 4.3 gives a
clearer understanding of which regions contribute to the measured voltage in the
three-terminal configuration. The side view illustrates the resistances R1 and R2
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of the mesa structure and the resistance RSV of the actual spin valve. As the spin
valve is mounted on a branch of the mesa an additional resistance R3 comes into
play, shown in the top view. Considering all the resistances one gets the equivalent
circuit of the spin valve. The equivalent circuit emphasizes that neglectable current
will flow through R1 because of the high resistance of the voltmeter which measures
V3T. Additionally, the voltage measurement is not influenced by R2. The remaining
detected resistances are RSV and R3. For the demonstrated spin valve results in
chapter 6 and 7, the magnetic field dependent resistance R3 has to be taken into
account as an additional magnetoresistive background, originating from the lateral
transport in Fe3Si [15, 34]. For most measurements a fixed current of +1 mA was
applied, while the voltage was the read-out value, if not mentioned otherwise.



49

Chapter 5

Magnetoresistive effects
determined by lateral transport

5.1 Introduction

This chapter focuses on the electrical transport properties of single films with strong
focus on the new discovered material α-FeGe2 and the Heusler alloys Fe3Si and
Co2FeSi which will be used as ferromagnetic electrodes in the consecutive chapters
of this thesis.

Previous studies on α-FeGe2 already revealed its layered structure with with al-
ternating Fe-sheets and vacancy planes embedded in the Ge and meanwhile, the
nature of the growth process by solid phase epitaxy can be retraced, as well [48,
80, 176, 177]. However, in order to explore the potential for applications with re-
gard to technology, the electrical transport properties of α-FeGe2 need to be exam-
ined. First, the metallic transport properties and the AMR effect for the more well
known Heusler alloys Fe3Si and Co2FeSi shows a slightly distortion of the mag-
netic four-fold anisotropy of Fe3Si due to the interaction with the GaAs substrate
and an uniaxial magnetic anisotropy for Co2FeSi. α-FeGe2 is found to be a slightly
worse conductor than Fe3Si with an unusual temperature behavior within the metal-
lic range. Furthermore, an anomalous transverse Hall voltage offset is observed for
α-FeGe2 and explained by spin scattering mechanisms. The temperature dependent
transport under applied magnetic fields revealed a ferromagnetic phase for α-FeGe2

at low temperatures and an antiferromagnetic phase around room-temperature is
discussed.

5.2 Experimental details

All measurement results shown in this chapter were gained from a simple Hall bar
device. The Hall bar geometry is schematically shown in Fig. 5.1. The length and
width of the Hall bar are 1100 µm and 200 µm and the distance between the longi-
tudinal contacts is 450 µm. All material apart the Hall bar was etched down to the
insulating GaAs substrate by wet-etching in order to guarantee current flow within
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FIGURE 5.1: Schematic drawing of the Hall bar geometry with the
corresponding measurement configurations for longitudinal Vxx and
transversal Vxy voltage.

the Hall bar structure only. Ti/Au is used for the contacts and bondpads and de-
posited by chemical vapor deposition. The Ti/Au contact layers were not alloyed
into the underlying epitaxial films, because metallic character is expected for all the
investigated materials. Usually for semiconducting samples the contacts have to be
alloyed into the specimen to ensure ohmic transport and to prevent the formation of
Schottky barriers.

By measuring the longitudinal voltage Vxx by the four-probe-measurement one
is able to extract the resistivity ρxx of the probed material under consideration of
the sample geometry with ρ = Vxxwt/Id, where w and t are width and thickness
of the transport channel and d the distance between the longitudinal contacts. The
transversal voltage Vxy contains information about normal, anomalous and planar
Hall effects.

5.3 AMR effect in Fe3Si contact layers

For the experiments on the spin valve devices later on, it turns out that the actual
spin valve signals are superimposed on a magnetic field dependent resistance origi-
nating from the lateral transport in the Fe3Si contact layers. Therefore it is crucial to
study the resistivity response of single layered Fe3Si (36 nm) grown on a GaAs (001)
substrate under external magnetic fields. Changes in the resistivity due to applying
magnetic in-plane fields can be mostly ascribed to the AMR effect (see chapter 2.2.2).
By probing the sample for different in-plane angles of the applied field one can ex-
tract information about the magnetic anisotropy of Fe3Si as shown in Fig. 5.2(A) for
the crystallographic directions [110], [010] and [1̄10]. The very broad signals along



5.3. AMR effect in Fe3Si contact layers 51

the [110] and [1̄10] directions indicate magnetic hard axes. In case of a hard axis of
magnetization, the magnetization orientation rotates towards an easy axis of magne-
tization with decreasing strength of the external magnetic field. As a consequence,
the angle between the current direction and the magnetization changes gradually
and, thus, also the resistance (see Eq. 2.10).

However, there is still a discrepancy in shape between the two curves which
does not correspond to the cubic lattice structure of Fe3Si but originates from the
underlying GaAs substrate in which [110] and [1̄10] are inequivalent directions [75].
As the applied field is lowered, all ρxx-curves converge toward the same low field
resistivity, which reflects the rotation of the Fe3Si magnetization toward an easy axis
which is identified by the measurement for µ0H ∥ [010]. Usually when measuring
the AMR along an easy axis, one would expect only a flat line as the magnetization
reversal of 180◦ appears very sudden as observed elsewhere [15]. However, the
two peaks around zero for the [010] sweep direction are observed due to the fine
resolution of the magnetic field sweep. The reason for those peaks is a two-step
reversal for view magnetic domains at the second easy axis along [100] during the
magnetic field sweep and is not of particular relevance for the course of this thesis.

Usually the AMR value is highest (lowest) when the current density j is parallel
(perpendicular) to the magnetization m, which is found to be vice versa for Fe3Si in
accordance with published results [15]. This phenomenon is often found in materials
with high spin-polarizations and especially in half-metals, as the AMR effect is based
on scattering events between conducting s-electrons and localized d-electrons [95,
199]. It is assumed that for dominant spin scattering of equally quantized s- and
d-electrons (e.g. ↑s-↑d scattering) the classical AMR effect becomes inverted, which
is the case for materials where the density of states of either up- or down-spins at
the Fermi level is highly unequal.

The resistivity for the Fe3Si film as a function of temperature is shown in Fig. 5.3.
In the overall temperature range, the resistivity of the film decreases upon the tem-
perature decreasing and characterizes a typical metallic behavior. The ρxx(T)-curve
exhibits a residual resistance ratio of 5.75 which indicates a fairly large resistivity
drop within the range of 4.2 K and 300 K. The resistivity values are in the range of
rather bad conducting metals like titanium or stainless steel. Friedland et al. ob-
served similar temperature anomalies in a GaAs/Fe3Si system and explained it by
non-coplanar spin configurations in Fe3Si [44] with the result of an even more com-
plex spin-dependent scattering within the lateral transport in Fe3Si.

In order to observe the complex transition in the magnetoresistance of Fe3Si for
decreasing temperatures the AMR effect was measured as a function of the applied
magnetic field for different temperatures. Fig. 5.4 shows the AMR-curves for two
applied field directions. A major change in the AMR effect can be detected with a
change in sign around 80 K. The sign change is a signature of a changing effective
spin-dependent scattering with respect to the scattering rate at the magnetic easy
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FIGURE 5.2: Longitudinal resistivity ρxx measured as a function of
an external magnetic field along the different crystallographic
directions [110], [010] and [1̄10] at room-temperature. The inset
displays a magnified view of the range between -4 and 4 mT.

FIGURE 5.3: Temperature dependence of the resistivity in the Fe3Si
film at zero magnetic field.
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axis. Possible reasons for this behavior can be a changing spin-splitting of the DOS
at the Fermi level or a temperature driven rearrangement of the atomic moments of
each of the three types of Fe-atoms within the Fe3Si compound.

(A) (B)

FIGURE 5.4: AMR effect with respect to the applied in-plane field in
a one-way sweep for different temperatures. The field was applied
along the two different crystallographic axes (A) [1̄10] and (B) [110].

No sign change but a strong decrease in the AMR amplitude was observed for
the applied field along θ = 90◦ direction. At 60 and 20 K a dip around zero field was
measured which is often interpreted as a signature of weak anti-localization [206].

The results from Fig. 5.4 further stresses the deviation of the magnetic behavior
of GaAs/Fe3Si compared to bulk Fe3Si for which θ = 0◦ and 90◦ would be equiva-
lent. However, at low temperatures, the AMR curves in Fig. 5.4 correspond to minor
loops. A minor loop occurs when the maximum applied field does not fully saturate
the magnetization of a magnetic sample. This fact becomes evident from magnetic
field sweeps over a much wider range (±300 mT), as shown in Fig. 5.5. Especially
for µ0H ∥ [1̄10] a very large hysteresis could be observed and the system is in its
magnetically saturated state only at around ±150 mT. The relative resistivity values
at saturation correspond well to the measured extrema in the low temperature angle
scan (see fig. 5.3(A)). Once the system is in the magnetic saturated state the slope of
ρxx(H)-curve turns into a linear behavior due to decreasing spin disorder resistivity
in the thin film of Fe3Si [150, 187].

Another prominent Heusler compound used for the spin valve devices in this
thesis is Co2FeSi which is known to be half-metallic in its fully ordered phase[14]. In
terms of magnetic properties, thin Co2FeSi films on GaAs substrates exhibit a clear
uniaxial anisotropy at room temperature, as demonstrated in Fig. 5.6. The AMR
curves measured for different orientations of the external field reveal a hard axis
along [1̄10] and the easy axis along [110].

Note, there was no resistivity response detected along the easy axis as for ex-
ample in Fe3Si, hence the magnetization switches directly within its easy axis. As
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FIGURE 5.5: Longitudinal resistivity of Fe3Si (36 nm) as a function of
the magnetic field at 4.2 K for different field directions.

FIGURE 5.6: Longitudinal resistivity ρxx as a function of an applied
magnetic field for different current to field angles measured at
room-temperature for a thin Co2FeSi (36 nm) layer on GaAs (001).
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FIGURE 5.7: Angular scan of the AMR effect of Fe3Si and Co2FeSi
under a high saturating magnetic field of 700 mT in-plane at
room-temperature.

already observed for Fe3Si, also Co2FeSi shows an inverted AMR effect with mini-
mum resistivity in the parallel configuration between current flow and magnetiza-
tion. Clearly in this case, the half-metallic character of Co2FeSi leads to this phe-
nomenon as already observed elsewhere [199]. Fig. 5.7 reveals that the AMR ampli-
tude observed for Fe3Si is about one order of magnitude larger compared to that of
Co2FeSi.

The lateral transport experiments on single layers of Fe3Si and Co2FeSi reveal
the complex nature of these kinds of materials in the context of magnetoresistive be-
havior and have to taken into account in the interpretation of the spin valve results,
demonstrated later on in this thesis.

5.4 Transport experiments on single α-FeGe2 films

5.4.1 Electrical and magnetic characterization

As α-FeGe2 is a so far an unexplored material it is crucial to investigate its elec-
trical properties. Figur 5.8(A) shows the I-V-characteristics of α-FeGe2 in compar-
ison to the well known metal Fe3Si. From the slope of the linear I-V-curve one
can derive a resistivity value for α-FeGe2 of around 2.0 Ωµm at room-temperature,
which is within the range of metals. In comparison, Fe3Si shows a resistivity of
about 1.5 Ωµm. That means, α-FeGe2 and Fe3Si are both metals with relatively low
conductivities.

Contrary to Fe3Si the longitudinal resistance Rxx increases with decreasing the
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(A) (B)

FIGURE 5.8: (A) I-V-characteristic from thin films of Fe3Si (30 nm)
and α-FeGe2 (6 nm) at room-temperature. (B) Longitudinal
resistance Rxx as a function of the temperature for α-FeGe2 (6 nm) at
a fixed bias current of 1 mA.

temperature. The non-linear resistance increase reminds of a semiconducting behav-
ior, however, the resistance increases only by 200 Ω between 300 K and 4.2 K. Typ-
ically, undoped semiconductors experience an increase in resistance by several or-
ders of magnitude due to the freeze-out of charge carriers. This mechanism is highly
unlikely to be the reason for the anomalous resistance increase in α-FeGe2. Such a
so-called negative temperature coefficient in the resistivity has also been observed
in several disordered metallic alloys[64]. Most interestingly, the layered van-der-
Waals crystal Fe3GeTe2 has been demonstrated to exhibit an unusual negative tem-
perature coefficient[153]. This material is one of the prominent examples regarding
two-dimensional ferromagnetism. Consequently, our result indicates that α-FeGe2

could be a promising candidate in the field of 2D magnetism. The electron transport
in the low temperature range might be a consequence of electron hopping attributed
to localized states which likely originate from the Fe 3d orbitals which are also re-
sponsible for itinerant electrons [109]. Alternatively, to consider the small fraction
between high temperature and low temperature resistance, a possible half-metallic
character can cause similar R-T-curves as observed for T-TiSe1.8 [181]. There, the
spin-up metallic states and spin-down semiconducting states are competitive with
each other, resulting in a semiconducting character, with the resistivity changing
only by a small fraction. Note, for the silicon based counterpart α-FeSi2 comparable
resistivity values were observed and also a weak temperature dependence which
is attributed to the high residual resistivity since α-FeSi2 contains vacancies at the
Fe lattice site [71, 93]. A sudden decrease of conductivity was observed for 50 nm
thick α-FeSi2 at a temperature of 50 K, due to a change in the density of states at the
Fermi-level [20].

Fig. 5.9 shows the I-V-characteristic of α-FeGe2 at a low temperature of 4.2 K
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FIGURE 5.9: Longitudinal voltage Vxx as a function of the bias
current at a temperature of 4.2 K under an applied out-of-plane
magnetic field of 8T and zero field. The dashed green line is a guide
to the eye and emphasizes the discrepancy from the linear behavior.

with an out-of-plane magnetic field of 8 T applied. The measured I-V-curve demon-
strates a slightly rectifying behavior which is essentially independent of the exter-
nal magnetic field strength. The nonlinear I-V-characteristic at low temperatures
is very likely due to the layered structure of the α-FeGe2 film. Comparable results
were measured for the layered van-der-Waals material Bi2Se3. However, a linear I-
V-curve was found for Bi2Se3 monolayers [112], which indicates that the electronic
properties are changing due to the layered nature of 2D materials. This further sup-
ports the assumption of α-FeGe2 being sort of similar to 2D van-der-Waals materials.

Fig. 5.10(A) compares the Hall effect at room-temperature of α-FeGe2 (6 nm)
with Fe3Si (30 nm) and the multilayer systems Fe3Si (36 nm)/α-FeGe2 (6 nm) and
Fe3Si (36 nm)/α-FeGe2 (6 nm)/Fe3Si (12 nm) labeled as bilayer and trilayer. A
charge carrier density for α-FeGe2 at room-temperature of n = 1.9 × 1022 cm−3 and
an electron mobility of µ = 3.9 cm2/Vs can be derived from the measured Hall
effect. In comparison the carrier density and mobility of Fe3Si is determined to
n = 6.2 × 1021 cm−3 and µ = 54.8 cm2/Vs. These results reveal the metallic car-
rier density in α-FeGe2 and confirm the above mentioned comparable conductivities
in Fe3Si and α-FeGe2. The lower charge carrier mobility of α-FeGe2 is also reflected
in the worse signal to noise ratio of the measured Hall voltage. The transverse resis-
tance data of α-FeGe2 confirms the anomalous transverse resistance since the Rxy-B-
curve never crosses zero resistance within the range of the applied field. In contrast,
Fe3Si shows normal linear behavior with zero transverse voltage when no magnetic
field is applied. Only small features around a field strength of 0 T appear due to
the expected anomalous Hall effect of the ferromagnetic Fe3Si. The small features
around zero field are due to the expected anomalous Hall effect of the ferromagnetic
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Fe3Si. Note, that for the bi- and trilayers the Hall resistance deviates from zero at
zero magnetic field, possibly due to parallel transport through the adjacent α-FeGe2

layer.

(A) (B)

FIGURE 5.10: (A) Comparison between the Hall effects of α-FeGe2,
Fe3Si, bilayer and trilayer at room temperature. The applied field
was swept back and forth. (B) Angle scans within the x-z
out-of-plane and the x-y-in-plane area. All measurements were
carried out at room-temperature and a fixed magnetic field of
800 mT was applied.

For a symmetry analysis of the anomalous transverse resistance, angle scans of
ρxy under a constant applied field of 800 mT were performed within the x-z plane
and the x-y plane (see Fig. 5.10(B)). The measured values for ρxy(Vxy) do not change
sign within the 360◦ angle scan and thus reveal that the offset voltage dominates
the normal Hall effect. Only a minor angle dependence is observed for the x-y-scan
which would be expected for a nonmagnetic or antiferromagnetic sample with a
slight misalignment in the external field orientation.

(A) (B)

FIGURE 5.11: (A) Transverse voltage as a function of the bias current
at 4.2 K and (B) as the temperature for spatially separated branches
of the Hall bar.
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Fig. 5.11(A) compares the I-Vxy characteristic of two different contact sites of the
Hall bar where the voltage was measured between the sites 3-5 and 2-6 as indicated
in the pictogram. The result shows a dependence between the sign and magnitude of
Vxy on the measured spot on the Hall bar. Both I-Vxy-curves show the same rectify-
ing behavior as seen in the I-Vxx-curve (see Fig. 5.9). The nonlinearity is emphasized
by the linear dashed lines in green as a guide to the eye. The transverse offset volt-
age can be observed along the entire observed temperature range between 4.2 K and
300 K (see Fig. 5.11(B)). The absolute slope of the T-Vxy-curve is comparable to the
temperature behavior of the longitudinal resistance Rxx (see Fig. 5.8(B)) showing a
strong exponential increase of Vxy below around a temperature of 40 K. The corre-
lated temperature behavior between Rxx and the transverse offset voltage is due to
the fact that both values depend on the charge carrier mobility, assuming a constant
carrier density among the observed temperature range.

An anomalous transverse resistance at zero magnetic field can be caused by spin
scattering mechanisms [33, 137, 197, 85]. In order to gain more insights in possible
spin scattering mechanisms in α-FeGe2, the Hall bar was cooled down from room-
temperature to 4.2 K, while Vxy and Vxx has been measured simultaneously as de-
scribed in 5.2. The relation between the two voltages can be described by a power
law with Rxy ∼ Rν

xx. Basically, spin dependent scattering mechanisms can have
intrinsic and extrinsic contributions. By determining the exponent ν, one can exper-
imentally approach information about which mechanism dominates the scattering.
If ν → 1 the extrinsic scattering dominates and if ν → 2 the intrinsic scattering dom-
inates. The determined value of ν = 1.79 in Fig. 5.12 suggests intrinsic scattering
to be the responsible mechanism for the anomalous transverse voltage behavior in
α-FeGe2. The intrinsic contribution is dependent only on the band structure [86] and
occurs in materials which have strong spin-orbit coupled bands as e.g. platinum
[173]. However, it has to be mentioned that at finite temperatures the carriers are
strongly scattered by phonons and possible spin waves which increases ν to a value
approaching 2 as well [96].

Scaling relations of Rxy ∼ Rν=1.6−1.8
xx have often been observed in low-conductive

materials where the transport mechanism is described by hopping [182, 45]. The
assumption that a ν-value between 1.6 and 1.8 is in accordance with the relatively
low conductivity of α-FeGe2 as mentioned above (see Fig. 5.8). Similar results were
obtained for magnetite (Fe3O4), with a ν-value of 1.69 and a negative temperature
coefficient in the resistance [186, 38]. In the picture of spin scattering the anomalous
transverse resistance can be described by the spin Hall magnetoresistance (SMR)[101].
The SMR is caused by the simultaneous occurrence of the spin Hall effect (SHE) and
the inverse spin Hall effect (ISHE). A spin current can be generated by spin orbit
coupling in the material and detected at the same time depending on the relative
orientation between the polarization of the spin current and the magnetic moments.
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FIGURE 5.12: Relationship between the magnitude of the transverse
resistance and the longitudinal resistance for the thin α-FeGe2 film
measured by varying the temperature from 300 K to 4.2 K at a fixed
bias current of 1 mA.

Indeed, it has been shown, that both, the SHE [213, 58] and the ISHE [125] can ap-
pear in in antiferromagnets (AFMs), which is the expected magnetic state of α-FeGe2

at room-temperature.

5.4.2 Temperature dependent magnetoresistance effects

By measuring the magnetic field dependent resistivity of α-FeGe2 one can extract
information about the magnetic properties of the material. Fig. 5.13(A) shows the
temperature dependence of the magnetoresistance (MR) within an in-plane applied
field range of ±50 mT. At room-temperature and down to 250 K no MR can be ob-
served which indicates zero net magnetization. Indeed, α-FeGe2 is assumed to be
in the antiferromagent phase at these temperatures and hence, no net magnetization
can be observed in the MR effect. By cooling the α-FeGe2 film further down below
200 K a clear MR signal appears which increases in magnitude with decreasing tem-
perature. This magnetic response indicates an incipient magnetic state in α-FeGe2.

Fig. 5.13(B) confirms the incipient magnetism by showing the temperature de-
pendent transverse resistivity ρxy measured under an out-of-plane external field. In
accordance to the resistance increase at low temperatures (see Fig. 5.8(B)), the slope
of the measured Hall effect increases with decreasing temperature most likely as a
result of the decreasing charge carrier density n. At 50 K, a nonlinear magnetic field
dependence occurs with a plateau around zero field. Kim et al. observed a similar
temperature behavior of ρxy for an AFM material and attributed the plateau around
zero magnetic field to a spin canting effect where the spins loose their AFM coupling
defining the onset of a developing ferromagnetic order [91]. Finally, the observed
hysteresis at 20 K is a clear signature of a magnetization minor loop originating
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(A) (B)

FIGURE 5.13: (A) Magnetoresistance as a function of the external
magnetic in-plane field and at different temperatures for α-FeGe2
(6 nm). (B) Hall effect of the thin α-FeGe2 film for different
temperatures with signatures of a spin canting effect at 50 K and an
anomalous Hall effect at 20 K with accessory arrows indicating the
antiferromagnetic (AFM), canted and ferromagnetic (FM) order.

(A) (B)

FIGURE 5.14: (A)The charge carrier density n and (B) the mobility µ
as a function of the temperature. The grey box marks the
ferromagnetic regime in which the values n and µ are less significant.
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from the anomalous Hall effect in which ρxy is proportional to the magnetization.
Based on these observations at very low temperatures a dominant ferromagnetic
(FM) state in α-FeGe2 is suggested. However, at low temperatures from 100 K on the
measured slope in the Hall effect does not reflect n anymore due to the additional
magnetic component below 100 K which induces an anomalous Hall effect superim-
posed on the normal Hall effect. Fig. 5.14(A) shows the exponential decrease of n
until 100 K. The exponential decay function has T in the nominator and is not of the
form exp(−E/2kBT), where E is the band gap energy or the gap energy between a
donor level and the conduction band in the case of a semiconductor. The tempera-
ture dependent mobility µ(T) in Fig. 5.14(B) demonstrates that µ does not increase
with ∝ T− 3

2 until 100 K, indicating that the electron-phonon interaction is not the
dominant origin for charge carrier scattering. The determined values for n and µ

below 100 K carry no significant information, as the ferromagnetic component of α-
FeGe2 adds up to the Hall measurements in form of the anomalous Hall effect which
is superimposed on the normal Hall effect (see chapter 2.2.3).

Overall, transport experiments at different temperatures under the influence of
an external magnetic field suggest that α-FeGe2 exists in the AFM state at room-
temperature and experiences a phase transition into a dominant FM state at low
temperatures.

Fig. 5.15(A) shows the MR of the α-FeGe2 film at low temperatures and at high
out-of-plane fields up to ±8 T. Within the range of 40 K and 4.2 K the MR increases
nonlinear (see inset of Fig. 5.15(A)) with decreasing temperature and maximum MR
values of 3.0 % are observed at 4.2 K. The MR of α-FeGe2 shows no indication of
saturation at ±8 T, therefore even higher MR values can be expected for larger ap-
plied fields. The negative MR(µ0H)-slope has often been observed in ferromagnetic
materials with antiphase domain boundaries, meaning, magnetic domain walls with
atomically sharp magnetic interfaces exist in the material. Spin-polarized electrons
traverse through those AFM-coupled interfaces between two FM domains[33, 51].
With increasing the external field the AFM interface gets canted which reduces the
spin scattering and with it the total resistance of the material. For α-FeGe2 the exis-
tence of sharp AFM domain walls is highly likely, because it carries the potential for
an AFM (at room-temperature) as well as for a FM (at low temperatures) exchange
interaction between the spins in α-FeGe2. Note, typically the measured MR(µ0H)-
slope is positive, showing an increasing MR for increasing external field. This phe-
nomenon is caused by the well-known Lorentz force which acts on the charge carri-
ers and can also be observed in non-magnetic materials.

The low-temperature FM phase is also confirmed by the strong change of Vxy

around zero magnetic field shown in Fig. 5.15(B). This effect is due to the anomalous
Hall effect which reflects the magnetization reversal curve in the case of the out-of-
plane direction. With the occurrence of the anomalous Hall effect, the spin scattering
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(A) (B)

FIGURE 5.15: (A) High field magnetoresistance of a 6 nm thick
α-FeGe2 film at low temperatures with the magnitude ∆MR as a
function of the temperature in the inset. (B) Measured anomalous
Hall effect of α-FeGe2 at low temperatures with
∆Vxy = Vxy(8 T)− Vxy(-8 T) as a function of the temperature also
shown as inset. (A−B) The external magnetic field was applied
along the out-of-plane direction.

within α-FeGe2 can be directly measured, because electrons scatter asymmetrically
due to the appearance of majority and minority spins. This asymmetric scattering
creates an electric field in the transverse direction relative to the current direction
which is proportional to the magnetization of the material and therefore reflects the
magnetic hysteresis behavior of α-FeGe2. Considering the smooth shape of the hys-
teresis loop with almost no residual magnetism in the out-of-plane field, one can
identify the out-of-plane direction as a magnetic hard axis. The magnitude of the
anomalous Hall effect decreases with increasing temperature due to the decreasing
magnetization (see inset of Fig. 5.15(B)). By comparing the change in magnitudes
between ∆MR and ∆Vxy with the temperature, one can derive a similar bahavior
with ∆MR(T) ∼ ∆Vxy(T), hence both depend on the magnitude of the magnetiza-
tion. Remarkably, Vxy still has a large offset and the measured voltage does not cross
0 mV even within the very wide field range of ±8 T.

In summary, the transport measurements on a single film of α-FeGe2(6 nm) on
a GaAs substrate have revealed a major magnetic phase at temperatures around
100 K. At room-temperature no MR could be detected and α-FeGe2 is considered to
be fully in the AFM phase. An appearing MR and a disappearing linearity in the
Hall voltage during cool-down are attributed to a phase transition from AFM to FM,
which is approved by the observed anomalous Hall effect at low temperatures. The
negative MR in combination with the large offset in the Hall voltage are tentatively
explained by non-collinear spin textures within α-FeGe2.
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Chapter 6

Vertical spin valve device with
α-FeGe2 as spacer layer

6.1 Introduction

Vertical spin valves are essential building blocks for spintronic applications and
valuable tools for fundamental research [195]. After the discovery of the giant mag-
netoresistance (GMR) effect [31], the exploration of the tunneling magnetoresistance
(TMR) effect heralded the next era of spin valves [129], peaking at a magnetoresis-
tance ratio of 604% at room temperature in a device structure with MgO as spacer
material [76]. Nowadays, the spacer material between the ferromagnetic electrodes
becomes more and more of interest in recent research activities aiming at multi-
functionalities and tunabilities of spacer materials, rather then outperforming read-
out efficiencies [37]. Two-dimensional (2D) materials like transition metal dichalco-
genides (TMDs) [192, 77] or graphene [162] have become of major interest during the
last years, because of their wide range of electronic characteristics including semi-
conducting [13] and superconducting [210] transport behavior as well as halfmetallic
ferromagnetism [181].

In this chapter, the layered material α-FeGe2 is used as a spacer layer in vertical
spin valve structures as described in chapter 4. This recently discovered material
is one of the few promising candidates regarding the search for 2D spintronic ma-
terials. The successful synthesis of metastable α-FeGe2 was demonstrated utilizing
a solid phase epitaxial process [80]. First studies on the material by electron mi-
croscopy and synchrotron x-ray diffraction revealed a layered tetragonal structure
(space group P4mm) which can be grown quasi-two-dimensional similar to MoS2.
Various physical properties and phenomena are proposed for α-FeGe2 including
magnetic phase transitions and high-TC superconductivity [167, 127]. For the coun-
terpart α-FeSi2, which so far has been much more investigated, a wide tunability of
the electronic and magnetic properties has been predicted, with nonmetallic trans-
port and ferromagnetism being observed in strain-stabilized thin films [19]. With a
similar tunability of the physical properties, α-FeGe2 films could be utilized both as
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ferromagnetic electrodes and barrier material for spintronic applications. Further-
more, the tuning of α-FeGe2 might result in one of the rare 2D magnetic materials
required for 2D spintronics [50, 53, 27]. In the following, the configuration with
α-FeGe2 as a spacer layer in vertical spin valve structures has been chosen to gain
insight into the electronic and magnetic properties, complementary to findings ob-
tained by lateral transport studies and magnetometry investigations. Furthermore,
the potential for spintronic applications of α-FeGe2 as spacer material between Fe3Si
and Co2FeSi electrodes will be tested.

6.2 Experimental details

Following chapter 5, the effect of the AMR background on the spin valve devices
is explained in more detail. Fig. 6.1(A) shows the AMR effect of a Fe3Si film as al-
ready demonstrated in Fig. 5.2(A) compared to a three-terminal measurement which
was done on the same Hall bar structure. The R(H)-curves of the 4T- and 3T-
measurements have identical shapes for the applied field directions. However, the
AMR signal sign is inverted between the measuring configurations and for the 3T-
measurement the zero field resistance is different for each sweeping field direction.
The signal inversion is a consequence from the 3T-configuration which measures the
resistance of the Hall bar branch only. The branch of the Hall bar is orthogonal to
the main Hall bar and so is the current which results in identical but inverted AMR
signals.

(A) (B)

FIGURE 6.1: (A) Comparison of angle dependent AMR signals in
four-terminal (4T) and three-terminal (3T) measurement
configuration on a single of Fe3Si. (B) Schematic sketch of the Hall
bar with the the corresponding measuring circuit.

The results from 3T-measurements on the spin valve devices later on can be
clearly distinguished from the results obtained here, which excludes claims to as-
cribe the upcoming spin valve signals to a pure AMR phenomenon.
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6.3 Electrical characteristics

6.3.1 Metallic transport behavior

The current-voltage (I-V) characteristics for vertical transport through the devices
FS4 and FS8 is shown in Fig. 6.2(A). The I-V-curves were measured via the 3-terminal
configuration. Due to the growth procedure in which first pure Ge is deposited on
Fe3Si one might expect the formation of a Schottky barrier at the α-FeGe2/FeSi3 in-
terfaces [140, 88]. However, nearly perfect ohmic behavior was observed at room-
temperature (T = 295 K) and at liquid hydrogen temperatures (T = 4.2 K) with no
indication of tunneling or rectification. The resistance area product (RA) exhibits the
expected increase for increasing the α-FeGe2 spacer thickness (235 Ωµm2 for device
FS4 and 352 Ωµm2 for device FS8). Under the temperature reduction RA respec-
tively decreased to 62 Ωµm2 and 163 Ωµm2 for device FS4 and FS8.

(A) (B)

FIGURE 6.2: (A) Current-voltage (I-V) characteristics for the spin
valve devices FS4 and FS8 at temperatures of 295 K (solid lines) and
4.2 K (dashed lines) in the 3T measurement configuration. (B)
Corresponding normalized conductivity G/Gmax as a function of the
applied current.

In order to extract more information out of the I-V-curve, the normalized con-
ductance G/Gmax was determined and plotted in Fig. 6.2(B). G was obtained by tak-
ing the first derivative of the I-V-curve with G = dI/dV, where I and V denote the
current and applied voltage. A parabolic decrease in G with increasing current is ob-
served. This non-Ohmic behavior is associated with electron scattering on phonons
generated by current, generally resulting in an decrease of G in metallic structures
[205]. The thermalization of the structure due to phonons generated by the current
scales with I2 which is reflected in the G(I) behavior. The parabolic decrease in
conductance with current is a typical indication of Joule heating. The general broad-
ening of the G(I)-curve going to low temperature can be explained by decreasing
phonon relaxation times. The large slope difference between devices FS4 (t = 4 nm)
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and FS8 (t = 8 nm) at 4.2 K can be attributed to a strongly reduced electron-phonon
scattering in the 8 nm structure [22].

Altogether, these findings clearly prove the metallic transport behavior of the
α-FeGe2 film sandwiched between Fe3Si. Possible tunneling processes in the spin
valve device can be ruled out because of the low RA values, the decrease of the
resistance at low temperatures [145] and the concave slope of G(I).

6.3.2 Influence of magnetic phase transition

(A) (B)

FIGURE 6.3: (A) Resistance normalized to its room-temperature
value (R/RRT) for devices FS4, FS6.1, FS8, B6 and a single layer Fe3Si
as a function of temperature. The kink emphasized for the bilayer
device B marks a characteristic transition into a state of higher
magnetic order for lower temperatures. (B) This transition is
emphasized by the corresponding temperature derivatives of the
normalized resistances (d(R/RRT)/(dT)).

Fig. 6.3 shows the resistance normalized to the resistance at room-temperature
RRT of the spin valve devices FS4, FS6.1, FS8 and B6 as a function of the tempera-
ture. The resistance of a Fe3Si(36 nm) film was added to Fig. 6.3 (dashed line) for
reference reasons. The measurement was done in the magnetic virgin state with no
cooling field applied. All R-T-curves show clear metallic behavior with the typi-
cal decrease of resistance with decreasing temperature. In the vertical spin valve
measurement configuration the total resistance results from the series circuit of FM2
(Fe3Si (12 nm)), α-FeGe2 (6 nm) and FM1 (Fe3Si (36 nm)) which leads to a domina-
tion of the total resistance by the thicker Fe3Si layers. Merely device FS8 with the
thickest α-FeGe2 spacer of 8 nm shows a relatively small declining rate with temper-
ature, which indicates the increasing influence of α-FeGe2 to the total resistance with
increasing spacer thickness.

The temperature dependence of the device resistances exhibit characteristic kinks
which do not occur in the curve of the Fe3Si reference sample (see magnified curve
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for device B6 in the inset). These kink features are attributed to a low-temperature
magnetic phase transition. In order to emphasize this effect, the derivative of the
R(T)-curve is shown in Fig. 6.3(B). Characteristic changes in the R/RRT(T) curva-
ture occur at distinct temperatures for the individual devices. The corresponding
peaks in the temperature derivatives can be explained by spin disorder scattering
which starts to decrease below the magnetic transition temperature due to a higher
state of magnetic order[178, 90]. In correspondence to the results obtained on the
single α-FeGe2 film from the previous chapter 5, the determined transition tempera-
ture can be identified as the Curie temperature TC, where a phase transition from the
AFM into the FM state occurs. A similar phase transition was observed by Moura
et al. [134] and explained by Moriya and Usami’s theory about AFM to FM phase
transitions in itinerant electron systems [131] which is elaborated in more detail in
the the discussion section of this chapter. The accordingly determined Curie temper-
atures reveal thickness-dependent phase transitions occurring at 55, 100, and 110 K
for spacer thicknesses of 4, 6 and 8 nm, respectively. The dependence of the Curie
temperature on the spacer thickness could be explained by slightly different levels
of lattice strain.

6.4 Vertical magnetoresistance

6.4.1 Spin valve operation

The spin transport through the trilayer structures in the different devices was stud-
ied by examining the magnetoresistance MR =

[︁
R(H)− Rp

]︁
/Rp. R(H) is the resis-

tance during the upward and downward sweeps of the external magnetic field µ0H,
and Rp denotes the resistance at a large magnetic field at which the ferromagnetic
electrodes are aligned parallel. The result shown in Fig. 6.4 reveals characteristic
peaks in the change of the resistance as signatures of successful spin valve operation
for device FS6.1 with the trilayer Fe3Si/α-FeGe2/Fe3Si. The operating temperature
was room-temperature with an applied current of +1 mA flowing from the top elec-
trode FM2 to the bottom electrode FM1. Typically the high- and low-resistance states
correspond to the anti-parallel and parallel magnetization configurations of FM1
and FM2, respectively. Here, as no pinning layer is used and both ferromagnetic
electrodes are made out of Fe3Si, a complete anti-parallel configuration between
FM1 and FM2 is not guaranteed. The gradual change in the R(H) is the charac-
teristic signature of the AMR effect in the bottom electrode FM1 (see Fig. 6.1), hence,
the peaks with the abrupt changes can be clearly identified as spin valve signals due
to the magnetization switching in the electrodes FM1 and FM2. For the determina-
tion of the spin valve signal height, the AMR background has been subtracted. The
height of the sharp edge which most likely corresponds to the coercive field HC of
the upper electrode FM2 was taken as the spin valve signal height ∆MR which is
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0.08 % and HC varies between 2 and 3 mT. The asymmetric widths of the spin valve
signals is most likely due to the statistical nature of the reversal process. Changing
the electrical current has no impact on the spin valve signal height and width.

FIGURE 6.4: Change in magnetoresistance (MR) as a function of an
external in-plane magnetic field for the device FS6.1 which consists
out of a Fe3Si(36 nm)/α-FeGe2(6 nm)/Fe3Si(12 nm) trilayer at
room-temperature. The red(blue) data points show the
MR(µ0H)-behavior under the sweeping field from negative(positive)
to positive(negative) magnetic fields.

It turns out by testing all pillars within device FS6.1, that the best spin valve sig-
nal in terms of signal height are obtained at trilayers with a resistance area product
(RA) of around 150 Ωµm2. No spin valve signal was observed on trilayer pillars
with a higher RA value of 228 Ωµm2 and lower value of 124 Ωµm2. The measure-
ment with the highest resistance (228 Ωµm2) is most likely due to local impurities or
disturbances in the layered structure of the spacer material. For the signal with the
lowest resistance (124 Ωµm2), the missing spin valve signal can be explained by pin
holes or filaments inside of α-FeGe2.

In order to verify the assignment of the peaks with abrupt changes in MR(%) to
spin valve signals (see Fig. 6.4), the angle dependence of the peak observed at weak
positive fields was measured for device FS6.1. For this purpose, the high-resistance
state was prepared by aborting the upward sweep (red curve in Fig. 6.4) at +2 mT.
Keeping the absolute value of the external field constant, the device resistance was
measured as a function of the orientation of the external field. In Fig. 6.5, ∆R is
shown as a function of the angle ϕ corresponding to the tilt with regard to the ini-
tial field orientation. The observed behavior can be reasonable well explained by a
cos(ϕ)–dependence, which is expected for spin valve signals under the conditions
that the magnetization of only one electrode is able to follow the orientation of the
external field with an absolute value of 2 mT [15]. Most important, the observed
angle dependence clearly deviates from a cos2(ϕ)–dependence which is expected
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(A) (B)

FIGURE 6.5: (A) Magnetoresistance of the spin valve device FS6.2 as
a function of the applied field angle for a small magnetic field of
2 mT. The yellow curve shows the fitted cos-function. (B) Current
dependence of the cosine amplitude.

for the angle dependent AMR signal, originating from lateral transport in the lower
electrode FM1 (see Fig. 5.3).

By utilizing the angle scan measurement it was possible to detect a current de-
pendence of the spin valve signal, respectively the cosine amplitude, demonstrated
in Fig. 6.5(B). The origin of the current dependence in spin valve structures is highly
debated [183]. The decreasing magnetoresistance with increasing current can be at-
tributed to localized trap states in the spacer layer [208, 77]. An additional matching
explanation is inelastic scattering via magnon excitation at the FM/spacer interface.
Here, hot electrons arrive at the second FM electrode due to the high voltage and
may lose their energy via emitting a magnon and thereby flipping the electron spin
[211]. Also a slight asymmetry can be detected in the current dependence, which
can be caused by small differences of the quality between the FM1/α-FeGe2 and
α-FeGe2/FM2 interfaces [36, 180].

6.4.2 Magnetic interlayer coupling

The spin valve performance is highly sensitive to its spacer layer. Any changes in
composition, roughness [60, 84, 83] or, as studied here, spacer thickness can change
the magnetostatics of the entire device [158] as well as the efficiency of spin transport
properties [207, 108]. Fig. 6.6(A) shows the magnitudes of the spin valve signals for
different α-FeGe2 spacer thicknesses from devices FS4 (tFeGe2 = 4 nm), FS6.1 (6 nm),
FS8 (8 nm) with the applied field along the [1̄10]-direction at room-temperature and
at a applied current of +1 mA.

The spin valve signal ∆R = R(H) − Rp has been found to become progres-
sively larger with increasing the thickness of the α-FeGe2 spacer layer as shown
in Fig. 6.6(A). Such a monotonic increase has already been observed for metallic
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(A) (B)

FIGURE 6.6: (A) Spin valve signal ∆R as a function of the α-FeGe2
spacer layer thickness for devices FS4, FS6.1, and FS8. The solid line
is a guide to the eye. (B) One-way normalized SQUID magnetization
curves along the [110]-direction (applied field swept from negative
to positive fields) for Fe3Si/α-FeGe2/Fe3Si samples with different
spacer thicknesses. All the presented results were measured at room
temperature (data acquired by L. Oppermann).

spacer layers and attributed to a thickness dependent magnetic coupling between
the electrodes FM1 and FM2 [152, 97, 102]. Magnetic interlayer coupling between
ferromagnetic electrodes has been discussed in the literature in terms of a strong
magnetostatic interaction, the density of pinholes, and Néel’s orange-peel coupling
[30, 98]. For comparatively thin spacer layers, the interlayer coupling is expected to
be relatively strong and to favor a parallel alignment of the ferromagnetic electrodes
as well as a simultaneous magnetization reversal. Consequently, a large misalign-
ment during magnetic field sweeps is prevented which results in reduced spin valve
signals. With increasing spacer thickness, the interlayer coupling strength decreases
and thus also its detrimental influence on the spin valve signal, in accordance with
the experimental observation. This explanation is supported by magnetometry mea-
surements shown in Fig. 6.6(B). The magnetization reversals measured by a super-
conducting quantum interference device (SQUID) exhibit a clear dependence on the
spacer thickness in Fe3Si/α-FeGe2/Fe3Si trilayer structures. The kink which devel-
ops between M/Ms = 0 and 0.5 with increasing spacer thickness indicates a progress-
ing magnetic decoupling of the ferromagnetic layers [156, 110, 111]. For even larger
spacer thicknesses, this kink is expected to develop into a step in the magnetization
curve as a signature of fully independent magnetization reversals in the two decou-
pled ferromagnetic electrodes. Note that the observed coercive fields in the SQUID
magnetization curves are much smaller than the range of switching fields at which
the spin valve signals occur (see Fig. 6.4). This discrepancy is most likely due to the
shape anisotropy induced during the microstructuring of the devices and additional
demagnetization field effects from impurities at the contact edges [41, 99, 104]. As a
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consequence, the range of spacer thicknesses at which the transition from strong to
weak magnetic interlayer coupling occurs is also expected to be somewhat different
for large-area SQUID samples compared to microstructured spin valve devices.

Although, the observed spacer-thickness dependence of ∆R is consistent with
metallic transport behavior, additional spin filtering phenomena would have to be
assumed in the case of tunneling processes [196]. Beyond the regime of strong inter-
layer coupling, a decrease of the spin valve signal with increasing spacer thickness
is expected according to a finite spin diffusion length in the spacer material [166,
97]. Consequently, this result demonstrates that the magnetic interlayer coupling
dominates over the influence of spin relaxation in the spacer for the entire range
of the investigated thickness, indicating extraordinarily strong magnetic coupling
effects and a large spin diffusion length in α-FeGe2. However, the range of the in-
vestigated spacer thickness is rather large compared to previously studied cases of
magnetic interlayer coupling between ferromagnetic electrodes [30, 152, 97, 98, 102].
Therefore, interfacial exchange coupling as an additional influence on the relative
alignment of the magnetization in the ferromagnetic electrodes has to be taken into
account [143]. For the occurrence of this additional mechanism, anti-ferromagnetic
order in the α-FeGe2 spacer has to be assumed which would be in accordance with
energetic considerations from DFT calculations (see chapter 3). In addition, the mag-
netic characteristic of the stable phase β-FeGe2 shows anti-ferromagnetic properties
[120]. Note, successful spin valve operation has been achieved also for the trilayer
system Fe3Si/FeSi2/Fe3Si for an even thicker FeSi2 spacer thickness of 10 nm [3, 78].

6.4.3 Influence of magnetic phase transition

The cooling of a spin valve device leads typically to an increasing spin valve sig-
nal[92, 184] due to decreasing electron-phonon and electron-magnon scattering and
scattering on magnetic impurities [9]. Further possible reasons for the signal in-
crease with decreasing temperature are surface states, thermal smearing of the elec-
tron energy distribution in the ferromagnet [1, 77, 216]. However, for all devices
with α-FeGe2 as spacer layers, the spin valve signal was found to decrease drasti-
cally at low temperatures. The large difference between the signals at temperatures
of 295 K and 4.2 K, seen in Fig. 6.7, indicates a major change in the physical prop-
erties of the α-FeGe2 based device. In consistence with the arguments given in the
previous chapter 5 and the results from Fig. 6.3, a magnetic phase transition in α-
FeGe2 between the temperature range of 295 K and 4.2 K is made responsible for
the decreasing signal. Assuming α-FeGe2 to be FM at low temperatures, the spin
valve would be fully FM coupled as all three films are coupled via direct exchange
and thus the spin valve signal vanishes under optimal circumstances. The fact that
weak signals could be still observed at 4.2 K is attributed to defects and interface
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roughness, disturbing the FM coupling. A more detailed study of the temperature
behavior is given in the next section on the basis of device CFS6.

FIGURE 6.7: Comparison of the magnetoresistances of device FS6.1
as a function of an external in-plane magnetic field between
room-temperature and liquid helium temperature.

Besides the amplitude, the field range of the switching event appears at much
higher applied fields for 4.2 K. The reason for this is simply the increased coercive
field of Fe3Si at low temperatures in accordance to the results shown in Fig. 5.5.

The choice of the ferromagnetic electrode in spin valve devices plays a crucial
role in terms of the spin valve efficiency. Since Co2FeSi is expected to be half-
metallic, this material was investigated as the top electrode FM2 for spin valve op-
eration. Fig. 6.8(A) compares the spin valve signals of device CFS6 with Co2FeSi
as FM2 to device FS6.1. The measurements reveal distinct differences between the
two devices and the abrupt spin valve signals can be clearly distinguished from
the corresponding AMR signals, plotted as green dashed lines. The larger spin
valve signal detected for device CFS6 (MR=0.17 %) compared to that of device FS6.1
(MR=0.10 %) is attributed to the higher spin polarization in Co2FeSi [149, 61]. The
larger widths of the spin valve signal, observed for device CFS6 is due to the higher
coercive field compared to Fe3Si [70, 65]. Note, that the spin valve signal for device
FS6.1 looks different compared to Fig. 6.4 due to the lower measurement resolution.

Because device CFS6 shows the best spin valve signal in terms of performance,
it is the best system for a detailed temperature analysis for spin valves with α-FeGe2

spacer layers. As already observed in Fe3Si/α-FeGe2/Fe3Si devices, also the spin
valve signal of device CFS6 almost vanishes with decreasing temperature as shown
in Fig. 6.9(A). In fact, no characteristic spin valve signal could be detected for temper-
atures below 100 K in this measurement configuration where in-plane fields were ap-
plied of at most 50 mT. This indicates strong magnetic coupling mechanisms within
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FIGURE 6.8: Comparison of the spin valve signal between the two
devices FS6.1 and CFS6 with Fe3Si and Co2FeSi as ferromagnetic top
electrodes at room-temperature.

the α-FeGe2 based trilayer due to the ferromagnetism in α-FeGe2 at low tempera-
tures. The initial decrease between room temperature and 100 K can already be
explained by an increasing magnetic interlayer coupling strength. Indeed, exam-
ples of an increasing magnetic coupling strength with decreasing temperature have
been reported previously[74, 146, 215]. In the case of a fully ferromagnetic trilayer
device structure below 100 K, a particularly strong interlayer coupling is expected
leading to a simultaneous magnetization reversal in the electrodes FM1 and FM2
as well as the α-FeGe2 spacer which excludes the occurrence of a spin valve signal.
Furthermore, the small spin diffusion length commonly observed in ferromagnetic
materials[10] might also contribute to the quenching of the spin valve signal below
the Curie temperature of α-FeGe2. Note that magnetic phase transitions below room
temperature were already reported for the thermodynamically stable β-FeGe2[26,
126] as well as for FeGe2 nanowires[174]. Furthermore, successful spin valve opera-
tion has been achieved also for the trilayer system Fe3Si/FeSi2/Fe3Si with a similar
decrease of the device signal below 80 K [3, 78].

Fig. 6.9(B) shows the decreasing normalized spin valve signal height with tem-
perature in more detail. The spin valve signal remains nearly constant at 0.15 % be-
tween room-temperature and 200 K. Between 200 K and 100 K, the signal decreases
monotonically and is essentially quenched completely below 100 K. The temper-
ature range of the strong ∆MR decrease is in good agreement to the results on a
single film of α-FeGe2 from the previous chapter in which a magnetic transition in
α-FeGe2 could be identified. This coincidence provides evidence for the conclusion
that a magnetic phase transition from AFM at room-temperature to FM at low tem-
peratures is most likely the driving force of the spin valve reduction.

The stable form of the intermetallic compound FeGe2, named β-FeGe2, has a
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(A) (B)

FIGURE 6.9: (A) Measured MR vs. magnetic field traces of device
CFS6 for different temperatures with a fixed bias current of 1 mA. (B)
Spin valve signal height ∆MR as a function of the temperature.

tetragonal structure and the magnetic ground state is AFM. The fundamental dif-
ference between α- and β-FeGe2 lies in the layer by layer composition along the
z-axis. For α-FeGe2 the layers sequence consists out of a Ge-Fe-Ge superlattice with
Fe vacancies whereas for β-FeGe2 the structure is an alloy without layered proper-
ties. β-FeGe2 has two distinct temperatures TN and TK at which a magnetic phase
change occurs. Starting from high temperatures where β-FeGe2 is paramagnetic the
first critical temperature TN is found to be at 289 K where the magnetic state changes
into spiral structure within the basal plane. In this state, the spins are in an incom-
mensurated phase and are canted against each other [42, 43]. By cooling β-FeGe2

further down a second transition temperature TK is reached at 263 K from which on
the spins are aligned in a simple collinear AFM structure [26].

Furthermore, e.g. Tang et al. found both FM and AFM orders in FeGe2 nanowires
and observed resistance anomalies near 250 K and 200 K which are comparable to
the magnetic transitions at TN and TK in bulk β-FeGe2. This result shows a tem-
perature shift of the magnetic phase transition by reducing the dimensionality [174].
Consequently, this demonstrates that changing the geometry has huge impact on the
magnetic properties of FeGe2. Indeed, Siad et al. found an ferromagnetic ground
state for FeGe2 as thin film [161]. They explained the thin film AFM by competing
surface and bulk effects. The Fe-atoms at the surface vicinity have higher magnetic
moments which leads to parallel alignment of neighbouring Fe-atoms deeper in the
material and favors the FM ground state. However for thicker films the ground state
was found to be AFM as this is the ground state for bulk β-FeGe2. Theses studies
demonstrate the volatility of FeGe2 compounds in terms of the magnetic state.

Comparing α-FeGe2 with its counterpart α-FeSi2 which crystallizes in the same
metastable tetragonal structure, many similarities can be observed, as for example
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a phase transition into a FM phase[20] or a weak temperature dependence of the
resistance [93]. However, at room-temperature α-FeSi2 is found to be nonmagnetic
which differs from the suspected AFM phase in α-FeGe2. The fact that the AFM
phase in materials is not easy accessible from an experimental point of view makes
it often an overlooked material property. Small peaks in the magnetic susceptibility
or anomalies in the specific heat can give indications of an AFM phase. With neutron
scattering techniques one is even able to observe the individual magnetic moments
of the sublattices within an AFM material. Han et al. performed first-principles cal-
culations for various transition metal disilicide monolayers and found out that the
AFM and FM state in such materials can be tuned by the choice of the transition
metal element and found FeSi2 to be AFM in its ground state. Furthermore they pre-
dicted the possible fabrication of AFM FeSi2 monolayers due to the low formation
energy[63].

Considering similar effects for the much less studied transition metal digerma-
nides, it would be very likely to form layered antiferromagnetic FeGe2 due to the
low formation energy and the AFM ground state of 2D FeGe2 layers.

One of the well known 2D material with AFM properties is CrI3 which shows
similar magnetoresistive effects. Although as thin film CrI3 is in the AFM state, it is
FM in bulk form. The reason lies in the crystal structure of CrI3 which is monoclinic
in the AFM state and rhombohedral in the FM state. This shows how structural
properties can influence the magnetic state of a material and they can be externally
influenced by applying pressure or strain. Pressure induced AFM to FM phase tran-
sitions were already reported in LaCrGe3 [175]. In this work the temperature depen-
dent anisotropic distortion of the GaAs(001) substrate has to be taken into account,
which might influence lattice parameters of the overlying α-FeGe2 and changes its
magnetic ground states due to lattice distortion.

The AFM to FM phase transition in α-FeGe2 seems more like a gradual process
according to the lateral transport measurements on a single layer of α-FeGe2 (see
Fig. 5.13) and the temperature dependent spin valve measurements (see Fig. 6.9). A
theory developed by Moriya and Usami [131] explains an AFM to FM phase tran-
sition for itinerant electron systems. They proposed in a modelled magnetic phase
diagram coexisting states of AFM and FM within the AFM phase and near the FM
phase. This model was experimentally confirmed for Fe3Ga4 [87, 134], in which even
similar kink-like structures in the temperature dependent resistance were observed
as also detected for the vertical transport through α-FeGe2 (see Fig. 6.3(A)). The kink
feature occurs at a temperature where the system transforms completely into the FM
state. This is consistent with the gradual decrease of the spin valve signal with de-
creasing temperature (see Fig. 6.9(B)) and the kink in the total R(T)-curve of the spin
valve device. According to the model of Moriya and Usami the gradual decreasing
spin valve signal due to the phase transition in α-FeGe2 can be attributed to spin
canting or coexisting FM and AFM states in the material whereas the kink feature
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FIGURE 6.10: Magnetic phase diagram derived from temperature
depended resistance (Fig. 6.3) and magnetoresistance (Fig. 6.9)
measurements according to Moriya and Usami’s theory [131].

indicates the second order phase transition into the fully FM state as illustrated in
Fig. 6.10.

To conclude, the layered material α-FeGe2 embedded as a spacer layer in vertical
spin valve structures with ferromagnetic Fe3Si electrodes exhibits metallic transport
characteristics. Typical kink features in the temperature dependent resistances are
assigned to a magnetic phase transition in the range between 55 and 110 K and con-
firms the antiferromagnetic to ferromagnetic phase transition proposed in chapter 5.
Successful spin valve operation is demonstrated for structures with ferromagnetic
Fe3Si (bottom and top) and Co2FeSi (top) electrodes. An enhancement of the spin
valve signals with increasing temperature and spacer layer thickness is attributed
to a decreasing magnetic interlayer coupling between the ferromagnetic bottom and
top electrodes.
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Chapter 7

Magnetization dynamics

7.1 Introduction

In the previous chapters 5 and 6, indications of room-temperature antiferromag-
netism (AFM) in α-FeGe2 are discussed. In vertical spin valves containing AFM lay-
ers, the exchange coupling at FM/AFM interfaces, in general, induces anisotropies
in the spin valve signals depending on the orientation of an external magnetic field.
This phenomenon is related to the orientation of the Néel vector N in the AFM layer
and has been successfully exploited in commercial angle sensors [11], in which the
AFM primarily serves to pin the adjacent FM layer. Commonly, the orientation of
the Néel vector in AFM layers of such devices is experimentally fixed by applying a
magnetic field along a magnetic easy axis of the AFM while it transverses the Néel
temperature TN during cool down [201](see section 2.1.5). This chapter discusses
anisotropic signals obtained for vertical spin valve structures which verify the anti-
ferromagnetic order in the α-FeGe2 spacer layers.

The most prominent effect which describes such anisotropic phenomena is the
tunneling anisotropic magneto resistance (TAMR) [55]. Other than for conventional
spin valves where the change in resistance arises from the relative orientation be-
tween bottom and top electrode, the TAMR arises from the relative orientation be-
tween the magnetization of the ferromagnetic electrodes and the crystallographic
axes of the spacer layer. TAMR was successfully demonstrated by Moser et al. on a
Fe/GaAs/Au tunnel structure [133]. In this case, the crucial requirement for TAMR
is an anisotropic spin orbit interaction (SOI) in the nonmagnetic tunnel barrier [121].

Recent experiments demonstrated the feasibility of controlling spin currents an-
gle resolved in antiferromagnetic nanostructures giving considerable potential of
the emerging field of antiferromangetic spintronics. The key concept here is the
change in resistance dependent on whether the polarization of the injected spin cur-
rent is collinear or orthogonal to the axis of preferred spin orientation in the anti-
ferromagnet, called Néel vector [89, 62, 82, 72, 7]. TAMR effects could be observed
in vertical transport experiments on FM/AFM/I/Pt nanostructures[46]. The mag-
netization rotation of the FM influences the direction of the AFM moments by the
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exchange spring effect which can be detected by the tunnel resistance at the insula-
tor I. MnIr [193, 144] or Mn2Au [160, 8] are suitable AFMs because Mn carries the
highest moment among the transition metals and most bimetallic alloys with Mn
form AFMs and heavy noble metals like Ir or Au offer large SOI which plays the
major role in the TAMR effect. Recently Polishchuk et al. carried out a first explicit
angle-resolved study of the interaction between a spin current and the Néel vector
of an antiferromagnet [148]. By performing ferromagnetic resonance measurements
on a Py/Cu/FeMn/Py heterostructure, they observed an angle dependent spin ab-
sorption depending on the relative orientation between the polarization of the spin
current and the Néel vector of the antiferromagnetic FeMn. This demonstrates an
angle dependence of spin currents without the incorporation of elements with high
SOI and the need of a insulating layer as typically demanded for the TAMR effect.
This arises the question whether angle dependent spin current modification can be
detected by measuring the magnetoresistance while applying a current through a
FM/AFM based structure.

The previous chapters have already confirmed the possibility that α-FeGe2 has an
antiferromagnetic component and shows a layered structure similar to TMDs which
makes it a promising candidate for angle dependent and controllable devices. In
this chapter angle resolved spin valve measurements on FS/α-FeGe2 bi- and FS/α-
FeGe2/FS trilayers are presented.

7.2 Experimental details

In this chapter, the spin valve structures are probed using different in-plane ori-
entations of the applied magnetic field. The sample structures are the same as in
chapter 6. Fig. 7.1(a) shows the schematic layer stack consisting of the GaAs(001)
substrate, the ferromagnetic bottom electrode FM1, a spacer layer and the top elec-
trode FM2 consisting of Fe3Si or Co2FeSi. The spin valve is contacted by Au bond-
pads with a thin layer of titanium between the FM2 and Au layers to improve the
sticking coefficient. During the measurement, the sample is rotated with respect to
the orientation of the in-plane external magnetic field.

In chapter 6, a superposition of AMR and spin valve signal was observed. In
order to observe weak magnetoresistive effects, the device was designed in such a
way, that the contact stripe on which the trilayer for the spin valve is located has
two orthogonal branches (see Fig. 7.1(b)). In case of a perfect Fe3Si crystal with four-
fold symmetry, the two AMR contributions labeled by AMR∥ and AMR⊥ would
compensate each other and only the spin valve signal is detected. However, a tiny
fraction of the AMR signal remains also in the spin-valve device, partly due to an
asymmetric in the AMR effect as discussed earlier and also due to the fact that the
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FIGURE 7.1: Schematic drawing of the experiment. (a) The layer
stack of the device with the GaAs substrate, the ferromagnetic
electrodes FM1 and FM2 which are separated by a spacer and the
entire device is conducted by an Au layer. The device is rotated with
respect to a fixed orientation of an external magnetic field µ0H. (b)
The 3T-measurement configuration with the trilayer structure placed
at the end of the branch with orthogonal directions in order to
minimize AMR contributions.

orthogonal branches which are not perfectly identical. The three-terminal measure-
ment technique avoids the detection of additional magnetoresistances from the mesa
structure.

The results shown in Fig. 7.2 and 7.3 were measured on device FS6.2. On device
FS6.2 the mesa structure is aligned along the [110]-direction other than for FS6.1
where the mesa is oriented along [1̄10]. All room temperature measurements were
performed with the setup described in chapter 4 with magnetic fields up to |µ0H| =
50 mT. The low temperature measurements at T = 4.2 K were done in the Attocube
system where much high higher in-plane fields can be applied.

7.3 Angle dependent spin valve signal

In chapter 6 the spin valve signal was solely measured at an external magnetic field
aligned along the [1̄10]-direction, here, the spin valve device is probed under mainly
three different crystallographic directions. Fig. 7.2(A) shows spin-valve signals for
three different orientations of the applied field. Remaining AMR signals from the
lateral charge transport are identified by the gradual changes in the MR(µ0H)-curve.
In Fig. 7.2(B) the measured AMR background is shown by dashed lines. Here, only
the one-way spin valve signals from positive fields to negative fields are presented
for clarity reasons. Superimposed onto the gradual AMR background, pronounced
spin valve signals (shaded areas) with more of a switching like behaviour are de-
tected. Note, the device FS6.2 used here comprises the same layer sequence as FS6.1
from chapter 6 but were synthesized by a separate MBE growth run and the mesas of
FS6.2 are tilted by 90◦ with respect to those of FS6.1. This is the reason why the AMR
background in Fig. 7.2(A) is negative, whereas in Fig. 6.4 the AMR background is
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positive. Depending on the orientation of µ0H, qualitative changes in the spin valve
signal can be detected. In fact a sign reversal is observed for a 45◦-rotation of µ0H
from the [010]- to the [110]-direction. For the understanding of this sign reversal, the
underlying evolution of the magnetization in the individual layers has to be con-
sidered, taking into account the interplay between the magnetic anisotropies of the
ferromagnetic electrodes and coupling effects at the Fe3Si/α-FeGe2 interfaces.

(A) (B)

FIGURE 7.2: (A) Room temperature spin valve signals with external
fields µ0H applied along three different crystallographic directions
at an electrical current of 1 mA. (B) One-way sweeps from positive to
negative fields. The dotted lines represent the AMR background for
the corresponding direction. All measured spin valve signals are
separated by an y-offset for illustration reasons.

In order to gain more insights on the anisotropy of the spin dependent mecha-
nism in α-FeGe2, a more detailed angle dependence of the spin valve signal from
device FS6.2 was investigated. Due to the strong superimposed AMR signal, spin
valve signatures could be detected only in a narrow angle, as shown in Fig. 7.3. Also
note that the coercive fields are larger compared to the previous figures partly due to
the statistical nature of the magnetization reversal. Regarding the spin valve signals
(shaded areas) in the angle dependent resistance curves, a sign reversal is observed
between 20◦ and 30◦.

Since the sign reversal occurs at an angle which does not correspond to any ⟨110⟩
or ⟨100⟩ direction, it seems to depend on the relative orientations of magnetizations
in the ferromagnetic electrodes (FM1 and FM2) and the Néel vector in the α-FeGe2

spacer. Furthermore, the magnetization orientations in the electrodes FM1 and FM2
do not remain parallel to the applied field. The dependence of the magnetization
orientations on the magnitude of the external field will be discussed in the next sec-
tion.

Fig. 7.4 shows a negative spin valve feature for the bilayer device B6 at the same
field range and approximately with the same amplitude as the trilayer. Note, that
the result from the bilayer measurement has a comparably large AMR background
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FIGURE 7.3: Spin valve measurements on the trilayer
Fe3Si/α-FeGe2/Fe3Si on device FS6.2 for different in-plane angles
with θ = 0◦ || [110] and 45◦ || [010]. The shaded areas mark the
hysteresis of the spin valve signal whereas the grey area marks the
dominant AMR background.

FIGURE 7.4: One-way spin valve measurements from negative to
positive fields along [110] on the trilayer Fe3Si/α-FeGe2/Fe3Si
(device FS6.2.) and bilayer Fe3Si/α-FeGe2 (device B6) structures. The
dotted line represents the measured AMR background.
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(dashed line). Also note that the kink in the bilayer-curve at 15 mT originates from
the AMR background.

7.4 Magnetometry measurements

In order to gain more information on the magnetization behavior, SQUID measure-
ments on a single layer Fe3Si(36 nm) on GaAs(001) as well as on the bilayer sys-
tem Fe3Si(36 nm)/α-FeGe2(6 nm) are shown in Fig.7.5(A) and (B) respectively. The
SQUID results were performed by Lars Oppermann in the course of his Bachelor’s
thesis under the supervision of Jens Herfort. The SQUID-curves of a single Fe3Si
film along three crystallographic directions in Fig. 7.5(A) reveal the expected mag-
netic easy axis along [010] and hard axes along [1̄10] and [110], reflecting the cubic
four-fold symmetry of Fe3Si (see AMR background signal in Fig. 7.2). For the bi-
layer system, the magnetization reversal differs from the single Fe3Si film for all
magnetic field orientations. For the high-symmetry axis [010], the magnetization
reversal takes place in two steps with a plateau at zero magnetization. The SQUID-
curves along the [110] and [1̄10] directions reveal magnetization reversals without in-
termediate steps, however, at strongly different coercive fields. Also the anisotropy
behavior of Fe3Si changes in the bilayer structure. The [1̄10]-curve transforms more
into a magnetic easy axis and at the same time the [010]-curve becomes somewhat
harder. Note that no ferromagnetic signal of the comparably thin α-FeGe2 film could
be detected for the bilayer structure.

(A) (B)

FIGURE 7.5: Room-temperature magnetization reversal along three
different crystallographic directions measured by SQUID for (A) a
single 36 nm thick layer Fe3Si and (B) for a bilayer
Fe3Si(36 nm)/α-FeGe2(6 nm) at room-temperature (data acquired by
L. Oppermann).

The results from the SQUID measurements clearly demonstrate a strong influ-
ence of the α-FeGe2 layer on the magnetic properties of subjacent Fe3Si. In accor-
dance with the conclusion in chapter 6 regarding the antiferromagnetic order in
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α-FeGe2, the change in the magnetization behavior can be explained by exchange
coupling effects at the Fe3Si/α-FeGe2 interface (see section 2.1.5). The larger coer-
cive field along [1̄10] is attributed to a strong exchange coupling as often observed
for FM/AFM systems [119, 79]. This result indicates that the Néel vector in the α-
FeGe2 film is oriented along [1̄10]. The origin of the two-step magnetization reversal
along the [010]-direction remains somewhat unclear as it resembles the switching
behavior typically observed for two nominally identical layers with slightly differ-
ent coercive fields. In the present case, one can think of a competitive behavior be-
tween the anisotropy energy of Fe3Si and the coupling energy at the Fe3Si/α-FeGe2

interface. Similar changes in the hysteresis-behavior have been observed in Co/Mn
structures and have been attributed to FM/AFM exchange interactions [94, 18]. The
[110]-axis becomes even more a hard axis for the bilayer and also the coercive field
is reduced. The slightly pinched shape of the hysteresis can be related to a relatively
weak magnetic coupling at the α-FeGe2/Fe3Si interface [142]. Overall, in compar-
ison to the single layer Fe3Si, the magnetic easy axis of the bilayer is shifted more
into the [1̄10]-direction and on the other hand the [110]-axis becomes magnetically
harder. This means, that Fe3Si is affected by the neighbouring α-FeGe2 layer due to
coupling effects as commonly observed in FM/AFM systems. Those findings sup-
port the assumption of α-FeGe2 being an antiferromagnet with its Néel-vector along
the [1̄10]-direction.

7.5 Qualitative model for spin valve operation

Many mechanisms have to be considered in order to describe the origin of the mea-
sured anisotropic magnetoresistance in Fe3Si/α-FeGe2/Fe3Si trilayers as shwon in
Fig. 7.3. The model is based on the general assumptions that the ferromagnetic bot-
tom layer FM1 behaves similar to a single layer of Fe3Si due to its negligible contact
area with the α-FeGe2 spacer layer (see Fig. 7.5(A)), the FM2 layer on top behaves
more like a bilayer of Fe3Si/α-FeGe2 (see Fig. 7.5(B)) and FM1 and FM2 can influ-
ence each other by interlayer coupling. So far the positive spin valve signals ∆RSVS

can be well explained by the magnetization misalignment between FM1 and FM2
superimposed by the AMR background ∆RAMR with

∆R(µ0H) ∝ ∆RSVS(µ0H) + ∆RAMR(µ0H). (7.1)

However, the origin of the negative spin valve signal is not obvious. In the fol-
lowing discussion section primarily the negative spin valve signal will be examined
by emphasizing the essential role of the Néel vector N in α-FeGe2.

According to Fig. 7.5, N in α-FeGe2 has been shown to be most likely parallel to
the [1̄10]-axis due to the transition from a hard axis for a single layer of Fe3Si into
an easy axis for the bilayer of Fe3Si/α-FeGe2. Considering N to be fixed along [1̄10]



86 Chapter 7. Magnetization dynamics

throughout the range of the magnetic field sweep, a dependence of the magnetiza-
tion orientations in FM1 (M1) and FM2 (M2) on the magnitude of the external field
leads to their tilting with respect to the Néel vector N. Assuming anisotropic spin
scattering in α-FeGe2 depending on the tilt between the spin polarization N (see
section 2.3.6), one has to consider an additional contribution to the total spin valve
signal ∆R(µ0H).

∆RFM/AFM(µ0H) ∝ −
2

∑
n=1

Mn(µ0H) · N. (7.2)

From AMR (Fig. 5.2) and SQUID (Fig. 7.5) measurements it is known that the
alignment of M1 along [1̄10] is neither a stable nor metastable configuration during
the magnetization reversal induced by a field sweep along [110]. Taking this into
account, one could find a way to arrange equations 7.1 and 7.2 such that the negative
spin valve signal like shown in Fig. 7.2 can be reconstructed when M2 ∥ N and
M1 × M2 ̸= 0 under the boundary condition |∆RFM/AFM| > |∆RSVS|. This would
mean that the negative signal arises from the parallel alignment between M2 and N.

However, this explanation is contradictory to the observation of the negative
signal in the bilayer system shown in Fig. 7.4 in which a similar negative signal
was observed without the need of a top electrode yielding M2. In order to con-
sistently explain the negative signal for both the bilayer and trilayer systems, one
has to assume simultaneous magnetization reversals for M1 and M2 during spin
valve operation, so that ∆RSVS(µH) ≈ 0. This is reasonable since the [110]-axis is
the magnetic hard axis for the Fe3Si/α-FeGe2 bilayer as well as for the Fe3Si sin-
gle layer. Consequently, a similar magnetization behavior is expected for both elec-
trodes. Furthermore, the ferromagnetic Fe3Si layers are magnetically coupled to the
anti-ferromagnetic α-FeGe2 layer at the interfaces via exchange bias Jex which can
lead to a twist within the spins of α-FeGe2 and consequently a change of N [106,
190]. This non-static Néel vector N(M1, M2) becomes a function of M1 and M2 and
thus it can contribute to the overall magnetoresistance ∆R(µ0H). This mechanism
is commonly described by the exchange spring effect, which describes the chiral
magnetization twist within an AFM due to the energetic competition between the
orientation of the magnetic moments at the interface vicinity which tend to follow
the magnetization rotation in the adjacent FM layer and the orientation of the mag-
netic moments inside the AFM which favor the alignment along the Néel vector N
[157, 193]. Note, that in the picture drawn here, the exchange spring effect in N is
considered to have only marginal effects in the angle range between [1̄10] and [010].

The aspect of the device geometry has to be taken into account in order to follow
the discussed concepts here. It has to be considered that the overall volume of FM1
in the device is much larger than the volume of FM2 and as the magnetostatic energy
scales linear with the volume, FM1 is much less affected by α-FeGe2. Additionally,
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the shared area between the FM1 electrode and α-FeGe2 in the device pillar is vanish-
ingly small compared to the total area of the FM1 electrode. As a consequence FM1
can be considered to be not influenced by α-FeGe2 and to behave like a single layer
of Fe3Si. Therefore the [1̄10]-axis remains the magnetic hard axis of FM1. These con-
siderations are supported by the shape of the measured AMR background. For the
FM2 electrode, in contrast, the shared area with α-FeGe2 in the device pillar equals
the total area of the FM2 electrode. Therefore, the magnetization reversal in FM2
is expected to resemble that of a Fe3Si/α-FeGe2 bilayer structure with an additional
easy axis along [1̄10] (see Fig. 7.5).

Taking these effects into account, a model for the magnetization reversal of FM1
and FM2 and their interplay between the α-FeGe2 spacer layer during spin valve
operation is presented in Fig. 7.6 – 7.8. Additionally, an explanation for the observed
negative spin valve signal is proposed.

For Case I, µ0H is aligned along [1̄10]. (i) As the field is reduced from −15 mT
to around 0 mT, M1 tends to rotate towards the [010]-axis, whereas M2 remains in
the vicinity of the [1̄10]-axis, attracted by the pinning potential of N. (ii) The main
switching event of the spin valve, which is responsible for the pronounced spin valve
signal, occurs when M1 switches further to the [100]-axis, an orientation which is
perpendicular to that of M2. M2 switches most likely to the [010]-axis due to two
reasons. First, as a consequence of the magnetic interlayer coupling between M1

and M2, the orientation of M2 tends to follow that of M1. Second, with an increas-
ing external field pointing into the opposite direction, the magnetization orientation
along [1̄10] becomes less favorable due to the increase in magnetostatic energy. (iii)
Due to the strong interlayer coupling in addition to the supporting applied field,
M2 switches into the parallel configuration with M1. From the energetical point of
view, a direct switching of M2 from [100] to [1̄10] would fit better into the drawn pic-
ture here, but the measurements show no kink in the spin valve signal which would
indicate such a behavior.

In Case II µ0H is applied along [010]. (i) The spin valve signal starts to appear
even before the sign reversal of the external field has not been reversed yet. This can
be explained by considering a pinning between the Néel vector and M2 along [1̄10].
(ii) The same mechanism as for case 1 is responsible for the perpendicular alignment
between M1 and M2 respectively. (iii) The perpendicular alignment remains also
after the next intermediate step.

[1̄1̄0]
In Case III µ0H is applied along [110]. (i) The magnetization of both electrodes

rotates gradually towards the easy [010]-axis. (ii) Once this position is reached the
magnetization switches to [1̄00].

(iii) While the magnitude of the reversed external field is further increased, the
magnetizations of both electrodes rotate gradually towards the final alignment along
[1̄1̄0] and crosses in between an angle at which the MR reaches a minimum (dashed
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FIGURE 7.6: Schematic representation of the magnetization reversal
of the spin valve signals measured in Fig. 7.2. The dotted lines along
the ⟨010⟩ directions indicate the magnetic easy axes of FM1 and
FM2. The green arrow along [1̄10] marks the assumed Néel vector N
of α-FeGe2 along its equilibrium position and N carries a pinning
potential for FM2. The blue (red) arrow and circle indicates the
magnetization direction M1 (M2) and dynamics of the ferromagnetic
bottom (top) electrode FM1 (FM2). The corresponding spin valve
signal is taken from the measurements shown in Fig. 7.2, wherein the
red dot indicates the position linked to the illustrated magnetization
configuration. The dotted line in the spin valve signals shows the
return path of the sweeping magnetic field. Case I: (i) M1 and M2
are in its equilibrium state at H = 0, whereas M2 feels the pinning of
N from the α-FeGe2. (ii) A field towards [11̄0] is applied where M2
flips into the easy axis along [100] and M1 to its intrinsic easy axis
[010]. (iii) For higher fields along [11̄0] both, M1 and M2, are aligned.
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FIGURE 7.7: Case II: (i) At H = 0 M2 is aligned along the [010] easy
axis and M2 is pinned towards [1̄10] along the pinning potential of
α-FeGe2. (ii) A field towards [01̄0] is applied where M2 flips into the
easy axis along [100] and M1 to its intrinsic easy axis [010]. (iii) For
higher applied fields along [01̄0] M1 and M2 switch to their next
easy axes and keep their 90 degree misalignment.
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FIGURE 7.8: Case III: (i)/(ii) The field is applied along the magnetic
hard direction [1̄1̄0] leading to collinear M1 and M2 states along the
easy [100] axis which flip simultaneously to the next easy axis along
[01̄0] once the field is slightly increased. (iii) When the field is further
increased, M1 and M2 are forced into the hard magnetic axis and
while gradually approaching the [1̄1̄0] direction, M1 and M2
traverse a range where the resistance is reduced due intrinsic
properties in the α-FeGe2 spacer layer.
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green line). This MR minimum causes the negative spin valve signal. The deter-
mined angular region of low MR deviates from the nominal Néel vector direction.
These findings suggest a dynamic N in terms of the exchange spring effect.

Note, that the inverse GMR effect can be ruled out as a responsible source for
the negative spin valve signal. The inverse GMR effect depends on bulk and in-
terface scattering parameters which are independent on the external field direction,
meaning, to explain the negative spin valve signal with the inverse GMR one has to
assume changing bulk or interface scattering parameters with changing field direc-
tions which is unprecedented.

In summary, the angle dependent spin valve signal in Fe3Si/α-FeGe2 systems
depends on a complex interplay between the intrinsic magnetic anisotropies of Fe3Si
and exchange coupling mechanisms at the interfaces. The necessity to assume the
existence of exchange coupling confirms our assumption of antiferromagnetic order
in α-FeGe2 at room temperature.

7.6 Simulation of negative spin valve signal

A phenomenological mathematical model is introduced with the aim of testing the
theoretical feasibility of the proposed hypothesis drawn as Case III in the previous
discussion section. In doing so the result gained from the spin valve measurement
with µ0H ∥ [110] from Fig. 7.2 is theoretically reproduced by approximation.

First, a macroscopic model for the magnetization dynamics for the individual
ferromagnetic layers FM1 and FM2 has to be developed, which is best described
by a hysteresis loop which can be modelled in various ways [171, 100]. Among all
mathematical functions, the curvature of the arctan-function matches a real hystere-
sis loop the best. For instance, when the hysteresis loop describes a magnetic easy
axis, the hysteresis area is square shaped and can be easily modelled with one arctan-
function. However, when the hysteresis deviates from the easy axis loop, the shape
becomes more complex whereupon a superposition of several arctan-functions can
be used to approach a realistic hysteresis loop. Additionally, the model is based
on the Stoner-Wohlfarth approach in which a thin ferromagnetic film with a single
domain is considered to show coherent rotation of the magnetizations M1 and M2

rather than magnetic domain formation [169]. According to this assumption, the
magnetization component along the direction of the external field can be converted
into an angle describing the orientation of the magnetization θM with a fixed abso-
lute value (given by the saturation magnetization) with:

θM 1/2(µ0H) =
∑n=1 M0,n arctan [κn (µ0H ± µ0HC,n)]

∑n=1 M0,n
. (7.3)

The arctan-functions are added up n-times with corresponding weighting fac-
tors M0,n, form factors κn and offset factors HC which are physical representatives of
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saturation magnetization, magnetic anisotropy and coercive field. The equation is
divided by the sum of all M0,n in order to normalize the function within the bound-
aries ±π/2. For this particular case it means, if θM 1/2(µ0H) = π/2 the magnetiza-
tion M1/2 is aligned along the [110]-direction, if θM 1/2(µ0H) = π/4, M1/2 is aligned
along [010] and consequently if θM 1/2(µ0H) = 0, M1/2 is aligned along [1̄10].

(A) (B)

FIGURE 7.9: Calculated hysteresis loops by applying equation 7.3 for
(A) the bottom electrode FM1 with the intrinsic magnetoresistance
profile of the AFM spacer material and (B) the top electrode FM2
which is assumed to be stronger influenced by the AFM pinning.

The total difference in resistance due to the magnetoresistance ∆RMR can be cal-
culated by adding up all contributing effects as considered in equation 7.1. Whereas
here the additional suspected resistance from the Fe3Si/α-FeGe2 interfaces have to
be introduced as ∆RAFM

∆RMR(µ0H) = ∆RSVS(µ0H) + ∆RAMR(µ0H) + ∆RAFM(µ0H) . (7.4)

The direct calculation of a resistance change due to spin valve operation is accom-
plished by inserting an extra scattering term proportional to [1 − cos (θM 1 − θM 2)]

[179]. The AMR effect is described by a cos2-function. In order to calculate the AFM
contribution, ∆RAFM is assumed to reach its minimum if θM 1/2 = 0. With regards
to the physical system, ∆RAFM is minimized when M1 and M2 are aligned along the
[1̄10]-direction and maximized otherwise. This stands in correspondence to a static
Néel vector along [1̄10] as discussed previously. The following equation 7.5 delivers
a description of the entire spin valve signal by including all discussed mechanisms
which effect the magnetoresistance:

∆RMR = ∆RSVS,0 [1 − cos (θM 1 − θM 2)] + ∆RAMR,0 cos2(θM 1)

+ ∆RAFM/FM 1 |θM 1|+ ∆RAFM/FM 2 |θM 2| (7.5)
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with ∆RSVS,0, ∆RAMR,0 and ∆RAFM/FM 1/2 as weighting factors for the spin valve,
AMR and interfacial effects.

FIGURE 7.10: Calculated spin valve signal for case III with the
applied field along [110] by applying equation 7.5.

Fig. 7.10 shows the simulated spin valve signal by applying equation 7.5. The
shape of the simulation was approximated to the measured spin valve signal dis-
cussed as case III by adjusting equation 7.3 for the individual hysteresis loops. The
ratio between the weighting factors can be utilized to approximate the strengths of
each magnetoresistive effect in the system. The ratio between the spin valve and
AMR component of ∆RAMR,0 = 0.8 × ∆RSVS,0 indicates that the AMR background
is slightly weaker compared to the spin valve effect in this operation mode. The
AFM induced magnetoresistance was found to be even weaker with ∆RAFM/FM 1 =

∆RAFM/FM 2 = 0.42 × ∆RSVS,0. This result suggests no substantial differences be-
tween the two interfaces with Fe3Si below or on top of α-FeGe2.

7.6.1 Field induced AFM to FM phase transition

In order to further confirm the model for the AFM related anisotropies proposed
above, the angle dependence at relatively large external field magnitudes was mea-
sured which ensures that the magnetizations of FM1 and FM2 follow in a parallel
manner the orientation of the external field.

Fig. 7.11 directly compares the angular dependence of the AMR effect of the Fe3Si
bottom layer with the angle dependence of the trilayer spin valve device, measured
simultaneously at room-temperature. Whereas the AMR effect shows the expected
two-fold symmetry in the angle scan (see Fig. 7.11(A)), the resistance of the spin
valve device exhibits an isotropic behavior for an external field magnitude of 100 mT.
For larger magnetic fields, the spin valve resistance exhibits a pronounced decrease
in a certain range of angles around 110◦. This angle range becomes larger when
increasing the field strength from 300 mT to 500 mT. Since the electrodes FM1 and
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FM2 remain in a parallel configuration for the applied field strengths, the resistance
drop has to be attributed to a change in the physical properties of the α-FeGe2 spacer
with the angle dependence being most likely related to the orientation of the Néel
vector. Consequently, the observed phenomenon is explained by an external field
induced AFM to FM phase transition with a lower spin scattering rate in the FM
state [165]. Note that due to various sources of uncertainties from the experimental
setup an offset in the angle scan of about 10◦ has to be considered as seen by the tilt
of the AMR angle dependence in Fig. 7.11(A).

(A) (B)

FIGURE 7.11: Polar plots of the measured resistance as a function of
the applied magnetic in-plane field angle θ at room-temperature and
a fixed bias current of 1 mA for (A) the ferromagentic Fe3Si bottom
layer and (B) the trilayer structure building the spin valve device.

In order to determine the critical field magnitude for the occurrence of the resis-
tance minimum, a magnetic field sweep at an angle of 110◦ has been performed. The
result shown in Fig. 7.12 reveals three remarkable phenomena:

First, so far the magnetic phase could be changed by changing the operating
temperature, however, here an magnetic phase change from the AFM into the FM
state could be achieved by changing the strength of the external magnetic field. A
field of 150 mT along a specific in-plane direction has to be applied in order to change
α-FeGe2 from an AFM into a FM. Second, the field induced magnetic phase change
shows a hysteresis of 30 mT, demonstrating that the FM state is still a favourable
state from an energetical point of view, although in total the FM state is higher in
energy than the AFM state at room-temperature. Third, within the plateau of the
high resistive state around 0 mT the typical spin valve signals from the misaligned
ferromagnetic electrodes can still be observed.

This magnetoresistance due to an AFM to FM transition was also observed for
CrI3, which is a 2D ferromagnet as single layer and a antiferromagnet when several
CrI3 layers are stacked and couple antiferromagnetically. The magnetic coupling in
a CrI3 multilayer can be controlled by applying an external magnetic field similar to
here [165].
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FIGURE 7.12: Change of resistance as a function of an external
in-plane field along θ = 110◦ for device FS6.2. The images show
schematically the AFM and FM state of the layered α-FeGe2.

The presented results obtained from device FS6.2 shows typical AFM based spin
valve signals. However, these results could not be repeated after removing and re-
mounting the device into the measurement setup, possibly due to a degradation of
the device structure. Nevertheless the results seem very convincing due to their sig-
nal strength and magnetic field dependence and fit well into the derived picture of
α-FeGe2.

In summary, an anisotropic spin valve signal could be observed in the vertical
transport geometry for different applied magnetic field directions with even a nega-
tive spin valve signal for applied fields along the [110]-direction. It is discussed that
the anisotropy is a result of the antiferromagnetic nature of the α-FeGe2 spacer layer.
Hence, the orientation of the Néel vector in α-FeGe2 with respect to the magnetiza-
tion orientation of the ferromagnetic Fe3Si electrode determines the anisotropy of the
spin valve signal due to an increasing spin scattering with an increasing misalign-
ment of those magnetic quantities. Magnetometry measurements on the bilayer sys-
tem Fe3Si/α-FeGe2 confirmed an exchange bias effect between Fe3Si and α-FeGe2

with the Néel vector aligned along the [1̄10]-direction. Based on the experimen-
tal findings, a model is presented which reproduces the inverted spin valve signal
with considering all sources creating magnetoresistances. Finally, a magnetic field
induced switching from the antiferromagnetic into the ferromagnetic phase could
be observed around an in-plane field strength of 150 mT.
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Chapter 8

Summary, conclusion and outlook

In this thesis, the recently discovered layered material α-FeGe2 is studied with re-
gard to its electrical transport behavior under external magnetic fields as well as its
potential as functional material for spintronic devices. Whereas standard Hall bar
structures were utilized for lateral transport experiments, a more complex spin valve
device was designed and realized for the vertical transport investigations. The major
result of this thesis is the demonstrated occurrence of a ferromagnetic phase transi-
tion at temperatures below 100 K. Furthermore, the experimental findings strongly
indicate an antiferromagnetic (AFM) order in α-FeGe2 at room temperature. Fi-
nally, an uniaxial anisotropy in the AFM phase is revealed which makes α-FeGe2

an interesting material, e.g., for angle-sensor applications. Altogether, several of the
observed phenomena indicate the potential of α-FeGe2 to have properties of a 2D
material. Two different sample architectures were designed for the presented mea-
surements.

More specifically, the lateral transport investigations (chapter 5) reveal metallic
transport behavior for α-FeGe2 single layers. Nevertheless, an unusual increase in
the resistance at low temperatures has been found which is attributed to a change
in the charge carrier transport mechanism. The discovery of an anomalous trans-
verse resistance at zero magnetic field can be explained by a spin Hall effect. From
the observed longitudinal to transverse resistance ratio, an intrinsic band structure
effect could be identified as an contribution to the assumed spin Hall effect. Clear
magnetoresistive effects could be observed only at temperatures below 100 K, in-
dicating a continuous magnetic phase transition from an antiferromagnetic state at
room-temperature to a ferromagnetic state at low temperatures via a spin canted
intermediate state. Density functional theory calculations support the experimen-
tal results with a ferromagnetic ground state and an antiferromagnetic state with an
only slightly larger total energy. For a paramagnetic state, in contrast, a clearly larger
total energy is predicted.

The investigation of vertical transport (chapter 6) revealed successful spin valve
operation for Fe3Si/α-FeGe2/Fe3Si trilayer structures at room temperature. Thereby,
α-FeGe2 is found to exhibit metallic transport behavior also when embedded in tri-
layer structures. The enhancement of the spin valve signal with increasing α-FeGe2
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spacer thickness is attributed to a decreasing magnetostatic coupling between the
ferromagnetic electrodes. The unusual behavior of a decreasing spin valve signal at
lower temperatures is explained by a ferromagnetic phase transition below 100 K.
The replacement of Fe3Si by Co2FeSi as the top electrode material leads to stronger
and broader spin valve signals due to the higher spin polarization and the higher
coercive field of Co2FeSi compared to Fe3Si.

Our findings regarding the anisotropic angle dependence of the vertical spin
valve signals (chapter 7) confirm our assumption of room-temperature antiferro-
magnetism in α-FeGe2. Thereby, the specific orientation of the Néel vector even
leads to the occurrence of inverse spin valve signals for a certain range of external
magnetic field orientations. Such inverse spin valve signals could even be observed
for α-FeGe2/Fe3Si bilayer structures which reveals the major role of the antiferro-
magnetic ordering in α-FeGe2. The angle-dependent dynamics of the magnetization
reversal for trilayer structures could be consistently explained by a phenomenolog-
ical model. Finally, it is shown that the shape of the observed inverse spin valve
signals can be simulated by a model which includes contributions of the Stoner-
Wolfarth formalism.

The results obtained in this thesis constitute a substantial progress in the under-
standing of the layered material α-FeGe2 and can be considered as first steps towards
its utilization in spintronic devices. Regarding the layered structure and some of the
observed phenomena, it is quite conceivable that α-FeGe2 emerges as a novel 2D
magnetic material in the near future. In particular the perspective to switch the
magnetic state from FM to AFM order by external stimuli appears to be extremely
attractive for applications.

The here presented investigations on α-FeGe2 can be regarded as the first steps
towards a deeper understanding of this recently discovered material. The control-
lable and reproducible synthesis of single α-FeGe2 films without any remaining Fe3Si
layer underneath has been achieved only very recently by J. Herfort and H.P. Schön-
herr (Paul-Drude-Institut). This progress allows for detailed studies of sample series
with the variation of various parameters. Preliminary results obtained for a α-FeGe2

thickness series are shown in the Appendix section of this thesis and will further
investigated along the the lines of the research activities at the Paul-Drude-Institute.

From the technological point of view, the improvement of the spin valve signals
could lead to the detection of so far unrecognized phenomena. In this respect, the
design and realization of smaller trilayer pillar structures would be essential in or-
der to minimize the amount of pin-holes and defects per device. In this respect,
electron beam lithography is a suitable technique, which allows the procession of
structures in the nanometer scale other than optical lithography which is limited by
the wavelength of the used light source. Regarding the α-FeGe2 related scientific
questions, the origin of the observed magnetic phase transition should definitively
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be addressed. As mentioned in this thesis, the magnetic order in α-FeGe2 is expected
to strongly depend on the lattice constants, i.e., on the interaction lengths between
magnetic moments. In this respect, it would be interesting to understand whether
or not temperature dependent lattice strain contributes to the observed phase tran-
sition. In turn, with regards to applications the control of the strain would then be
highly desirable. The deposition or transfer of α-FeGe2 onto a piezoelectric mate-
rial could, for example, allow a voltage-controlled switching of the magnetic order.
Having control over the magnetic states, one could also think of a spin valve device
in which α-FeGe2 serves as the spin injector and detector in the ferromagnetic state
and as spacer or spin current channel in the non-ferromagnetic state.

Provided that α-FeGe2 can be included into the family of 2D materials, the for-
mation of heterostructures with other 2D materials such as graphene and Fe3GeTe2

would possibly allow for a variety of novel functionalities. Thereby, gate control-
lable proximity effects are of particular interest. As a further fundamental study, the
verification of the calculated band structure by angle-resolved photoemission spec-
troscopy (ARPES) would constitute an important progress in the understanding of
α-FeGe2. Finally, phenomena regarding the magnetization dynamics and the exis-
tence of exotic spin topologies could be investigated by magnetic force microscopy
(MFM) or the magneto-optic Kerr effect (MOKE).

To conclude, the potential of layered materials is versatile and the incorporation
into state of the art electronics remain an intriguing challenge for both basic and
applied research in the future.
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Chapter 9

Appendix

Electrical properties for different thicknesses
of α-FeGe2

Fig. 9.1(A) shows the I-V-characteristics of different film thicknesses of α-FeGe2. Lin-
ear I-V-curves are observed throughout the entire thickness range from 4 nm to
24 nm. The thinnest film shows the highest resistance. Films with thicknesses from
12 nm show similar I-V-behavior, whereas the slope of the 10 nm film is surprisingly
the steepest one. The different slopes in the I-V-curves is also reflected in the resis-
tivity ρxx of α-FeGe2 where the film thickness is taken into account. Assuming that
the extraordinary steep I-V-curve for the 10 nm α-FeGe2 is not a outlier caused by
systematic errors from the growing, processing or wire bonding, one could argue
that α-FeGe2 undergoes a structural phase transition between 10 and 12 nm which
can be also seen in an emerging peak in the XRD spectra of the thickness series (data
not shown).

(A) (B)

FIGURE 9.1: (A) I-V-characteristic of α-FeGe2 films with different
thicknesses on a log-scale. (B) Resistivity as a function of the film
thickness. All measurements were performed at room-temperature.

An increasing resistivity for thinner films is also observed in well known metallic
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films like gold [5]. As the driving mechanisms, electron surface scattering and elec-
tron grain boundary scattering has been identified. Both scatterings decrease with
the layer thickness, because surface contributions become less due to the decreasing
surface to volume ratio and the mean grain boundary diameter increases with the
layer thickness. For the measurements shown in Fig. 9.1, also electron-phonon scat-
tering has to be taken into account as the measurements were performed at room-
temperature and the phonon density of states reacts very sensitive to variances in
the thickness of thin films [154].

AMR influence in Co2FeSi based spin valves

FIGURE 9.2: Magnetoresistance as a function of the applied in-plane
field angle with respect to the three-terminal measurement
configuration for spin valve detection. For both figures the green
dashed lines show the corresponding AMR backgrounds. All
measurements were done at room-temperature.

In the similar fashion as demonstrated for device FS6.1, spin valve operation was
also tested for device CFS6 in the angle scan mode under different constant applied
field strength shown in Fig. 9.2. The measurement results reflect the spin valve signal
quite well. The spin valve-to-AMR-ratio 3T/∆AMR gives a value for the spin valve
fraction within the entire measured magnetoresistance. The abbreviation 3T stands
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for the three-terminal measurement configuration which was used to detect spin
valve signals. The ratio was determined by fitting the measured angle dependent
resistance R(θM1) with the function R(θM1) = ∆RSVS + RAMR, where the angle θM1

stands for the magnetization orientation of the bottom layer FM1 and ∆RSVS and
RAMR are fitted by:

∆RSVS = 0.5 (RAP − RP) [1 − cos (θM1 − θM2)] (9.1)

and
RAMR = R0 + ∆Rsin2θM1 . (9.2)

RAP/P describe the resistance for the nominal anitparallel and parallel magneti-
zation orientation. Finally the ratio for the spin valve fraction is given by the quo-
tient of the fitting parameters with 3T/∆AMR = (RAP − RP) /∆R. The spin valve-
to-AMR-ratio peaks around an applied field of 1 mT and gets to zero from 5 mT on
which is approximately the range of the spin valve signal measured in the sweep
experiment. The reason for the decrease in the spin valve-to-AMR-ratio between
1 and 3 mT might be the rising AMR background strength with applied field. At
high fields as demonstrated for 100 mT the spin valve signal from the 3T measure-
ment is indistinguishable from the AMR effect. Note, the two measurements have a
90◦ phase shift due to the geometry of the device as explained in the experimental
section in the beginning of this chapter.

This again proves the successful spin valve operation also for Co2FeSi electrodes.
Furthermore, the different magnetic properties of Co2FeSi in comparison to Fe3Si are
reflected in the spin valve experiments, like the higher spin polarization in the signal
amplitude and the higher coercivity in the higher switching field.

Changing size and layer structure of the spin
valve
In this section spin valves with different sizes and layer structure are probed in order
to test their abilities for prospect further applications and to study the influence of
α-FeGe2 on the spin valve signal even more.

At first, the size of the spin valve cross section area was varied and devices with
pillar diameters d =1 µm, as commonly used by means of this work, 10 µm and
20 µm were measured an shown in Fig. 9.3(A). As expected[204], the results show a
decreasing spin valve signal for increasing diameter due to two major reasons. The
larger the functional cross section area of the spin valve the higher is the probabil-
ity of pin-holes, which are filament like contact locations of the ferromagnetic elec-
trodes within the spacer material. Also the likelihood of structural inhomogeneities
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like defects, grain boundaries in the spacer material as well as fluctuations in the in-
terface roughness increases with the functional spin valve cross section area. For the
largest pillar diameter of 20 µm basically no spin valve signal can be detected from
the magnetoresistance. Additionally, the AMR background is strongly reduced with
larger pillar diameters. The corresponding micrograph images of the different sized
structures can be seen in Fig. 9.3(B).

(A) (B)

FIGURE 9.3: (A) Magnetoresistance of different sized spin valves as a
function of the applied magnetic field for Co2FeSi/α-FeGe2/Fe3Si
trilayers at room-temperature. (B) Images of the different sized spin
valve cross section areas for diameters 10 µm and 20 µm taken by
optical microscope.

So far all spin valve measurements were done on devices with α-FeGe2 as spacer
material. The crucial condition to build metastable α-FeGe2 in the layered structure
is the Fe3Si layer below. In order to find an adequate counterpart for comparison
reasons, trilayers were fabricated with Co2FeSi as bottom layer. The Ge on top of
Co2FeSi interdiffuses with Co2FeSi[47] creating a well structured but unlayered ma-
terial Ge(Co,Fe,Si). It was demonstrated that the top layer of Fe3Si or Co2FeSi could
be grown epitactically on top of Ge(Co,Fe,Si)[47]. The α-FeGe2-like growth proce-
dure for Ge(Co,Fe,Si) together with the overall crystallinity in the trilayer structure
makes spin valves with Ge(Co,Fe,Si) spacer layers a reasonable counterpart to α-
FeGe2 based spin valves.

Fig. 9.4(A) shows spin valve signals for devices CFS6FS and CFS6CFS at room-
temperature. Device CFS6FS has a ferromagnetic bottom electrode out of Co2FeSi
and the top electrode is Fe3Si, whereas device CFS6CFS has Co2FeSi as top- and bot-
tom electrode. The signal height for both devices is smaller compared to α-FeGe2

based devices. One reason for the difference in signal height are the better defined
α-FeGe2/Fe3Si and α-FeGe2/Co2FeSi interfaces[47]. Furthermore, the overall low
signals for Ge(Co,Fe,Si) based spin valves compared to α-FeGe2 based ones indicates
a better magnetic separation between the ferromagnetic electrodes for the α-FeGe2
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(A) (B)

FIGURE 9.4: (A) Comparison of the magnetoresistive response
between the spin valve devices CFS6FS and CFS6CFS with Fe3Si and
Co2FeSi as top electrodes at room-temperature. (B) Same devices
measured at 4.2 K with the dashed signals depicting the
room-temperature measurements.

base spin valve, possibly due to its layered structure. The signal of device CFS6CFS
is clearly smaller than the signal of device CFS6FS. Considering the fact that Co2FeSi
carries the higher spin polarization, it appears rather surprising that the spin valve
with Co2FeSi as top- and bottom electrode shows the smaller signal. However, a
stronger misalignment between the top- and bottom electrode is more likely for de-
vice CFS6FS which leads to higher magnetoresistances.

At low temperatures the spin valve signal is considerably larger compared to
room-temperature as Fig. 9.4(B) demonstrates. This is in strong contrast to the be-
havior of spin valves with FeGe2 spacer layers.

The results on the Ge(Co,Fe,Si) based counterpart spin valves emphasizes the
high potential of α-FeGe2 as spacer material at room-temperature and confirms the
presence of a magnetic phase change in α-FeGe2 somewhere between the tempera-
ture range of 295 K and 4.2 K because the signal size progression with temperature
is opposed between α-FeGe2 and Ge(Co,Fe,Si) based spin valves.
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