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Abstract
Topological quantum materials, such as topological insulators, Weyl semi-

metals and magnetic topological insulators, have electronic band structures
with a nontrivial topology and protected surface or edge states that can-
not be destroyed by disorder or small perturbations. These band structures
contain characteristic spin textures where the electron’s spin is locked to
its momentum direction, thereby generating a spontaneous spin polarisa-
tion in response to an electric field. Additionally, the electronic states host
fundamental quantum geometric features, which can give rise to nonlinear
transport phenomena.

In this dissertation, spin and topological effects are explored in van der
Waals quantum materials through spin and electronic transport in micro-
scopic devices. First, spin textures in the ferromagnets cobalt and Fe5GeTe2
are sensed electrically through pure spin-polarised transport in lateral graph-
ene spin-valve devices. Next, similar graphene heterostructure devices are
employed to observe charge-spin interconversion in the topological bands of
the topological insulator Bi1.5Sb0.5Te1.7Se1.3 and the Weyl semimetal TaIrTe4.
Finally, nonlinear electronic transport effects are utilised as a sensitive probe
of the magnetic phases and the quantum geometry of the magnetic topolog-
ical insulator MnBi2Te4. Together, these findings demonstrate the exciting
physics of spin and topology in van der Waals topological quantum ma-
terials, which can lead towards new fundamental insights as well as novel
spintronic and quantum devices for next-generation technologies.

Keywords: spintronics, topological insulators, Weyl semimetals, graphene
spin valve, van der Waals heterostructure, spin sensing, charge-spin inter-
conversion, nonlinear transport
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‘The important thing is not to stop questioning. Curiosity has its own
reason for existence. One cannot help but be in awe when he contemplates
the mysteries of eternity, of life, of the marvelous structure of reality. It is
enough if one tries merely to comprehend a little of this mystery each day.’

— Albert Einstein

‘It was a strange universe. The more she learned, the stranger it seemed,
and she doubted she would ever find the answers to all her questions.’

— Christopher Paolini
To Sleep in a Sea of Stars
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1 Introduction
Precisely 100 years ago, the new mathematical frameworks of Werner Heisen-
berg [1] and Erwin Schrödinger [2] marked the starting point of quantum
mechanics. In the century since, an incredible number of scientific and
technological breakthroughs have been made in the field, including the un-
certainty principle [3], relativistic quantum mechanics [4], quantum entan-
glement [5–7], quantum electrodynamics [8], the theory of superconductivity
[9], the integrated circuit [10], the laser [11], quantum computing [12, 13]
and many others. This has enabled a staggering progress in technology that
has completely transformed our society, letting us take for granted today
what would have been impossible not too long ago. Equally important, if
not even more so, the exploration of quantum mechanics has led to a bet-
ter and more detailed understanding of the world around us than humanity
has ever had before, along with the clarity that so much still remains to be
discovered.

At the same time, our society is facing enormous challenges in terms of
rising energy consumption and climate change. A substantial portion of the
global energy demand comes from information and communication technol-
ogy, and the emergence of the internet of things and artificial intelligence
in recent years has made this increasingly apparent [14–19]. While predic-
tions of the future energy consumption vary significantly, it remains clear
that the development of more energy-efficient technologies is a necessity to
manage the continued increase in computing and memory usage worldwide
[20–22]. One reason for the large energy consumption of computing tech-
nologies is the mainstream use of volatile memory devices, which require a
continuous power supply to retain the stored information. Another chal-
lenge is the inherent limitations in speed and energy-efficiency of the von
Neumann architecture, where logic and memory are spatially separated in a
device and information must be transferred between them. Nonvolatile, fast
and energy-efficient electronics with integrated logic and memory can there-
fore become instrumental in the realisation of next-generation computing
technologies.

With these perspectives in mind, this PhD thesis attempts to contribute

1



2 Chapter 1: Introduction
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Figure 1.1: Timeline of key advances towards the present day and the
contents of this thesis. The timeline has been separated into three topical
branches: topological matter, spin phenomena and symmetry and (quantum)
geometry. The highlighted key discoveries are elaborated upon below and in
Chapter 2.

to both of these broader endeavours, striving towards a more detailed un-
derstanding of quantum mechanical properties and effects in materials, as
well as towards technological utilisation for faster and more energy-efficient
computing applications. An overview of the historical and scientific context
of the included works is illustrated with a timeline in Figure 1.1. Two key
quantum mechanical concepts stand out as especially important: spin and
topology.

The electron spin was originally theorised in 1925 by George Uhlenbeck
and Samuel Goudsmit as a ‘self-rotation of the electron’ [23]. While this
semiclassical description has some intuitive merit, spin is a purely quantum
mechanical property and an intrinsic angular momentum of the electron
[24]. As the popular saying goes: imagine a ball that is spinning around its
own axis, except it is not a ball and it is not actually spinning. Regardless,
the spin of an electron gives rise to a magnetic moment, which allows it
to interact with magnetic fields [25]. As a quantum mechanical property,
the electron spin is quantised as S = ±1/2, which is known as spin-up and
spin-down, respectively [26].

Topology is originally a branch of mathematics with roots from the 18th

century [27] that considers properties of objects that are invariant under
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smooth deformations. A famous example of this is that a cup and a dough-
nut are topologically equivalent, since they both have one hole and can be
continuously transformed into each other. Beyond this illustrative macro-
scopic example, the topology of the electronic band structure in materials
has important consequences for electronic transport and spin behaviour,
and is the origin of many quantum mechanical effects [28]. Among these are
charge-spin interconversion effects, which allow efficient conversion between
charge currents and spin polarisation.

With spin and topology introduced as key concepts, topological quantum
materials arise as an ideal platform for studying spin and topological effects.
In essence, quantum materials are a class of materials where quantum me-
chanical effects are significant even on macroscopic length scales and cannot
be properly described by classical mechanics [29]. The additional desig-
nation as topological indicates that the quantum material in question also
has a nontrivial topology of its electronic band structure. In many of these
materials, the prevalent quantum mechanical properties stem from the ge-
ometrical confinement of the charge carriers in one or two dimensions. In
the case of so-called van der Waals materials, such confinement appears
naturally from their layered crystal structure, which consists of atomically
thin layers stacked on top of each other and held together by weak van der
Waals forces. Additionally, the internal symmetries and inherent quantum
mechanical geometry of these materials also have a major impact on many
arising phenomena.

Spintronics (i.e. spin electronics) utilises the spin degree of freedom of
electrons, rather than their charge, to write, store and read information for
computing applications [30]. Among the main advantages of spintronics are
the fast dynamics and nonvolatility of spin and magnetic states, as well as
the possibility of integrated logic and memory [31–33]. The first commercial
application of spintronics came already in 1997 through the implementation
of giant magnetoresistance in the read-out of hard disk drives [34]. In more
recent years, however, many promising novel spintronics technologies have
appeared, including magnetic random access memories [35, 36], magnetic
racetrack [37, 38] and magnetic tunnel junction [39] memories, spin logic
[40, 41] and magnetologic [42] devices as well as probabilistic [43] and neu-
romorphic [44, 45] computing. Here, the unique properties of topological
quantum materials can be very beneficial, such as for efficient spin genera-
tion and sensing. Integrating spintronics and topological quantum materials
can therefore become an important route towards next-generation fast and
energy-efficient nonvolatile computing technologies.



4 Chapter 1: Introduction

This thesis investigates spin and topological effects in topological van
der Waals quantum materials in the context of spintronics. This is mainly
done by integrating the topological quantum materials in microfabricated
graphene spin-valve devices and Hall-bar devices, where their properties can
be studied in detail through spin transport and magnetotransport measure-
ments. The thesis is structured as follows.

Chapter 2 provides a comprehensive overview of the three categories of
topological quantum materials that are studied in this thesis: topological
insulators, Weyl semimetals and magnetic topological insulators. The gen-
eral physics, historical backgrounds and important related phenomena are
covered to contextualise the contributions of the works in this thesis.

In Chapter 3, graphene spin-valve devices are utilised for sensing polarised
spin. Section 3.1 introduces spin transport measurements in graphene spin-
valve devices, where pure spin-polarised currents are injected into the graph-
ene and then detected electrically in a nonlocal measurement configuration.
Section 3.2 demonstrates the versatility of such spin-valve measurements by
detecting magnetic spin textures (Paper I ). Ferromagnetic Co electrodes
with engineered magnetic domain patterns are used to inject nonuniform
spin textures, which are measured as distinct multilevel switching patterns.
In Section 3.3, the same technique is used for detecting complex spin textures
in the van der Waals ferromagnet Fe5GeTe2 with geometrical constrictions
(Paper II ).

Chapter 4 probes charge-spin interconversion effects in topological quan-
tum materials. Nonlocal detection of charge-to-spin and spin-to-charge con-
version in the topological insulator Bi1.5Sb0.5Te1.7Se1.3 at room temperature
is presented in Section 4.1 (Paper III ). Here, the robust interconversion is
observed using spin transport measurements in graphene spin-valve devices
with van der Waals heterostructures. Section 4.2 shows charge-spin intercon-
version in the low-symmetry Weyl semimetal TaIrTe4 at room temperature,
using similar heterostructure spin-valve devices (Paper IV ).

Chapter 5 investigates the magnetisation and nonlinear electronic trans-
port in the magnetic topological insulator MnBi2Te4. First, the magnetic
phases of MnBi2Te4 are characterised in Section 5.1 (Paper V ). Magnetic
phase transitions are probed using nonlinear magnetotransport measure-
ments and detailed magnetic phase diagrams are constructed. Next, Sec-
tion 5.2 presents the observation of higher-order nonlinear transport due to
quantum metric multipoles in Hall-bar devices at cryogenic temperatures
(Paper VI ). The odd-order nonlinear transport components are found to
dominate over the even-order ones, and they correlate strongly with the
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magnetic phase of the magnetic topological insulator.
Finally, Chapter 6 summarises the thesis and gives an outlook towards

future perspectives and further studies.





2 Background
A century after the conceptualisation of the electron spin [23] and nearly
two decades after the experimental discovery of the first topological insula-
tors [46, 47], tremendous progress has been made in the fields of spintronics
and topological quantum materials. Due to the unique quantum mechanical
properties that stem from the nontrivial topology of their electronic band
structures, topological quantum materials possess an incredible potential for
integration with spintronics (as well as other technologies) for applications
towards energy-efficient spin generation and sensing, nonvolatile memories,
dissipationless transport, nonreciprocal effects etc. In light of recent esti-
mates that more than half of all stoichiometric materials are topological
at the Fermi level [48–50], and considering the 2016 Nobel prize in physics
award to David J. Thouless, F. Duncan M. Haldane and J. Michael Koster-
litz for their incorporation of topology in the theory of condensed matter
physics [51], it appears evident that topological materials and effects are
not merely curious fringe-cases but instead central concepts with a clear
importance for novel solid state physics.

This chapter attempts to provide a context and an overview to the current
state of topological quantum materials and their place in spintronics as well
as in the broader field of solid state physics. This is done by reviewing three
of the most important classes of topological quantum materials: topologi-
cal insulators, Weyl semimetals and magnetic topological insulators. The
general physics, historical background as well as important theoretical and
experimental findings are covered for each of these material classes, and cur-
rent challenges and future research directions are outlined. Figure 2.1 gives
a visual summary of this story, as a timeline with selected key discoveries
leading up to the current state of topological insulators, Weyl semimetals
and magnetic topological insulators.

However, before going into the details of the three classes of topological
quantum materials, two important topics should be covered briefly. The first
of these is inversion (P ; also known as parity) and time-reversal (T ) symme-
try. Inversion symmetry means that a system is invariant under reversal of
its spatial coordinates, so that ψ(r) = ψ(−r) for any wavefunction ψ, while

7
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Figure 2.1: Timeline of key discoveries in topological quantum ma-
terials. A visual summary of the development of topological insulators, Weyl
semimetals and magnetic topological insulators, respectively, including initial
theoretical predictions, material realisations and observed phenomena.

time-reversal symmetry (TRS) means that the system is invariant under
reversal of time (i.e. ψ(t) = ψ(−t); to be noted, this includes spin flipping
[52]) [24], as illustrated in Figure 2.2a. As will be seen in the following, the
preservation or breaking of P and T symmetries are essential for the physical
features and effects of topological quantum materials. Noncentrosymmetry
and magnetism, which break P and T symmetries, respectively, are there-
fore good examples of material properties that are important to consider.

The other important topic that should be mentioned is quantum geome-
try. In essence, the quantum geometry is the geometry of the set of Bloch
wavefunction eigenstates in Hilbert space [53–55]. It is described by the
quantum geometric tensor, which in turn can be decomposed into its real
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Figure 2.2: Symmetries and the quantum geometry. (a) Illustration of
inversion (P) and time-reversal (T ) symmetry for an electron with momentum
p. (b) Visualisation of the Berry curvature (top) and the quantum metric
(bottom) as the curvature and distance, respectively, on a Bloch sphere.

and imaginary components as [56]

Tij = gij + i

2Ωij. (2.1)

Here, the imaginary part Ωij is the Berry curvature, which correlates to the
curvature of the wavefunction eigenstates in Hilbert space [57, 58] (visualised
in the top panel of Figure 2.2b). It can have an effect similar to an effective
magnetic field in a material [59], and has a well-established importance for
electronic transport effects (including the anomalous Hall, quantum Hall,
spin Hall and nonlinear transport effects), polarisation, orbital magnetism
and topological spintronics [53, 60–64]. The real component of the quan-
tum geometry is the quantum metric gij, which measures distances between
eigenstates in Hilbert space [56, 65] (as indicated in the bottom panel of
Figure 2.2b). Comparatively, it is significantly less studied than the Berry
curvature, but the quantum metric has in recent years begun to gain more
attention [64, 66–69] as it has been found to have an important influence on
electronic transport, including nonlinear transport effects, superconductiv-
ity, flat-band physics and other topological effects [53, 70–76].
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2.1 Topological insulators

Topological insulators (TIs) are a class of topological quantum materials
that have an insulating bulk and conducting surfaces. This is made possible
by their unique inverted electronic band structure, where strong spin-orbit
coupling (SOC; a relativistic effect that couples the spin and momentum of
electrons [25]) pushes the valence and conduction bands together until the
top of the valence band overlaps with the bottom of the conduction band
[48, 77]. The resulting crossing points are forbidden by symmetry, and a
bulk band gap is formed through band hybridisation [78, 79] (illustrated
in Figure 2.3a). Because of the band inversion, a transition between two
different topological invariants appears at the interface between the TI and
an ordinary insulator or vacuum [80]. Continuity of the electronic wave-
function demands that the band gap is closed at this interface, and metallic
surface states are thus formed [77, 81], as shown in blue in Figure 2.3b. Im-
portantly, since these surface states arise as a consequence of topology, they
are topologically protected and robust to disorder as long as the topology
of the bulk TI remains [80, 82].

The electronic band structure of the topological surface states (TSS) form
so-called Dirac cones, where the linear dispersion relation following the Dirac
equation corresponds to massless fermions [4, 83]. The focal point of these
cones is the Dirac point with a fourfold Kramers’ degeneracy, which is the
topologically protected crossing point of the two (twofold degenerate) bands
[29]. Figure 2.3c shows a schematic Dirac cone of a TI, where kx,y and E
are the wave vector and electron energy, respectively. The strong SOC of
the TSS manifests as spin-momentum locking (SML), where the spin and
momentum of electrons are locked orthogonally to each other [83]. The
resulting spin polarization of the Dirac cones is represented by red arrows
in Figure 2.3c. Because of the round shape of the Dirac cones, the SML
results in helical spin textures on a Fermi surface in the bulk band gap,
similar to the illustration in Figure 2.3d. Notably, this helicity is opposite
for electrons and holes above and below the Dirac point, respectively, as
indicated by the arrows in Figure 2.3c.

It should be mentioned that the discussion so far, concerning TIs with an
insulating bulk and conducting TSS, has mainly regarded so-called strong
three-dimensional (3D) TIs. In the two-dimensional (2D) limit, the inverted
band structure instead gives rise to topological edge states around the cir-
cumference of the 2D TI sheet [84]. Furthermore, weak 3D TIs resemble
stacks of 2D TIs in the manner that they have topological edge states but
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Figure 2.3: Topological insulators. (a) Schematic illustration of the band
inversion and bulk band gap opening in a TI, resulting in an inverted bulk
band gap. (b) Illustration of the formation of metallic surface states at the
interface between an ordinary insulator and a TI, where the TSS (blue) maintain
continuity of the electronic wavefunction between the direct and inverted bulk
band gaps of the ordinary insulator and the TI, respectively. (c) Schematic
band structure of the TSS in a TI. The spin polarization of the TSS is indicated
with red arrows. (d) Schematic of a helical spin texture of the TSS on the Fermi
surface of a TI. The spin polarisation of the TSS is indicated with arrows. (e)
Schematic illustration of the surface conduction of a strong 3D TI and the edge
conduction of a 2D TI (or a weak 3D TI).

remain insulating on their top and bottom surfaces [85, 86]. This distinc-
tion is illustrated in Figure 2.3e, where the spin-polarised conduction of
topological edge and surface states is shown.

The first theoretical prediction of a TI was in 2D graphene in 2005 [84,
87], although this was never experimentally realised due to the weak SOC
of graphene [80, 88, 89]. The first experimental demonstration of a TI came
instead in 2D HgTe/(Hg,Cd)Te quantum wells in 2007 via the observation
of the quantum spin Hall effect [46], after a theoretical prediction in the year
prior [90]. In the quantum spin Hall effect (which is the spin counterpart
to the quantum Hall effect [91]), the topological edge states host quantised
dissipationless spin transport channels, since backscattering is only allowed
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during a spin-flipping event due to the SML, which in turn is forbidden
under the preservation of TRS [84, 92]. As is illustrated in Figure 2.4a,
the counterpropagating spins of opposite polarisation generate a spin cur-
rent Is transverse to the applied charge current. Resistance values near the
quantised value h/2e2 (where h is Planck’s constant and e is the elemen-
tary charge) measured in the HgTe/(Hg,Cd)Te quantum wells, are shown in
Figure 2.4b, indicating ballistic helical edge transport through the quantum
spin Hall effect [46].

Following the prediction of the 2D TI, several theoretical predictions were
made of its 3D counterpart [59, 85, 97–100], including specific predictions
of the alloy Bi1-xSbx [59, 98]. In 2008, Bi1-xSbx was indeed found as the
first 3D TI through a direct observation of the Dirac cones of the TSS
using angle-resolved photoemission spectroscopy (ARPES) [47], as shown in
Figure 2.4c. In the same material, the spin polarisation of the TSS could be
resolved using Mott polarimetry [101]. Soon after, this was followed by the
theoretical predictions and experimental discoveries of the TIs Bi2Se3 [95,
96, 102], Bi2Te3 [94, 96, 102, 103] and Sb2Te3 [102, 103], which are layered
van der Waals (vdW) materials and have a more idealised TI structure with
larger bulk band gaps and simpler surface states than Bi1-xSbx [80, 82].
The vdW crystal structure with layered quintuple layers of Bi2Te3 is shown
as an example in Figure 2.4d, and a representative ARPES image of the
band structure of Bi2Se3 in Figure 2.4e demonstrates a large bulk bandgap
and well-resolved TSS [95, 96]. Additionally, Figure 2.4f verifies the spin
polarisation of the SML in the helical Fermi surface of Bi2Te3, as measured
through spin-resolved ARPES [96]. A whole family of related TI compounds
following the Bi2-xSbxTe3-ySey formula has since been developed, where the
stoichiometry has been optimised to tune the Fermi level towards the Dirac
point in order to minimise bulk conductance and maximise the contributions
from the TSS [104–110].

The most central application of TIs for spintronics is arguably charge-spin
interconversion, where the strong SOC of TIs promotes efficient generation
and sensing of spin polarisation. This conversion between charge currents
and spin polarisation can originate from three possible microscopic mech-
anisms in a TI: the SML of the TSS, the Rashba-Edelstein effect (REE)
and the spin Hall effect (SHE). Charge-to-spin conversion (CSC) through
the SML of the TSS (also known as the Edelstein effect or topological spin
momentum locking [TSML]) is facilitated by the spin polarisation of the
Dirac cone of a TI. Under the application of an electric field E, the heli-
cal spin texture on the Fermi surface is shifted from its equilibrium state
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Figure 2.4: Experimental TI demonstrations. (a) Schematic diagram of
the quantum spin Hall effect with counterpropagating spins along the edges of
a 2D TI under the application of a bias voltage V . Insets: Indications of the
respective population of the topological edge states. Adapted from [84]. (b)
Four-terminal resistances of HgTe/(Hg,Cd)Te quantum-well Hall bars of differ-
ent dimensions (samples I-IV). Samples II-IV have an inverted band structure
and near-quantised resistance values. Inset: Schematic of a Hall bar sample.
Adapted from [46, 93]. (c) ARPES spectrum showcasing Dirac cones of the TSS
in the electronic band structure of Bi1-xSbx. Adapted from [47]. (d) Schematic
of the crystal structure of Bi2Te3. Adapted from [94]. (e) ARPES spectrum
showcasing the electronic band structure of Bi2Se3. The spin polarization of
the TSS is indicated schematically. Adapted from [80, 95, 96]. (f) Spin y po-
larisation of the TSS in Bi2Te3, measured using spin-resolved ARPES. Inset:
Schematic of the cut direction of the measurement. Adapted from [96].

by a crystal momentum change ∆k, as visualised in Figure 2.5a, and the
occupation change on the Dirac cone causes a corresponding net spin po-
larisation through the SML with the polarised spins perpendicular to the
momentum of the charge carriers [111, 112]. During the inverse effect (i.e.
spin-to-charge conversion [SCC]), the spin texture is analogously shifted by
the injection of a spin polarisation, which generates a perpendicular net mo-
mentum of the charge carriers and hence a charge current, following Onsager
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Figure 2.5: Charge-spin interconversion in TIs. (a,b) Schematics of CSC
through the SML of the TSS (a) and the REE (b), respectively, showing net
spin polarisation as the helical spin texture of the Fermi surface is shifted by an
electric field. (c) Schematic of CSC through the SHE, showing the generation of
a transverse spin current Is from an applied charge current Ic. (d) Schematic of
spin-transfer torque (STT) and SOT magnetisation switching of the free layer
in a magnetic tunnel junction. (e-f) Schematic of a local (e) and a nonlocal
(f) spin-valve device, respectively, for detection of charge-spin interconversion
in TIs.

reciprocity [113–115]. It should be noted that the spin polarisation that is
generated by the SML of the TSS in a TI is unchanged as the Fermi level is
tuned across the Dirac point, since the opposite momenta of electrons and
holes are counteracted by the opposite chirality of the spin textures above
and below the Dirac point [116] (as shown in Figure 2.3c).

The REE functions under a similar principle to the CSC from the SML
of the TSS but with a fundamental difference: here, the helical spin texture
comes from the bulk states of the TI. Under broken inversion symmetry, the
bulk bands are spin-split and shifted in momentum space by the Rashba
effect, which causes a double-helical spin texture on a Fermi level outside
the bulk band gap [117–119], as illustrated in Figure 2.5b. Notably, the
inner helix has an opposite helicity compared to the outer one [111]. In this
way, the two helices partly cancel each other’s impact, but a net spin accu-
mulation is still generated perpendicular to the charge carrier momentum.
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Analogously, polarised spins can alternatively be converted into a charge
current through the inverse REE (IREE). Since the Rashba effect requires
P symmetry to be broken, the REE and IREE are interface effects where
both the charge current and the spin polarisation are parallel to the surface
of a TI [117, 120].

Finally, the SHE is the spin analogue of the ordinary Hall effect [121,
122]. When a charge current is applied through a material with strong SOC,
the charge carriers are diverted in opposite directions based on their spin,
either through extrinsic skew-scattering [123–125] or through an intrinsic
spin-orbit field [126–129]. In this way, a transverse pure spin current is
generated, which is shown in Figure 2.5c. In the reciprocal effect (the inverse
SHE [ISHE]), a polarised spin current can in the same way give rise to a
transverse charge current [130]. Importantly, the charge current Ic, the spin
current Is and the spin polarisation S are all required to be orthogonal to
each other under the inversion symmetry of a TI [122, 130]. The case with
broken inversion symmetry in Weyl semimetals is discussed in Section 2.2.

Importantly, these charge-spin interconversion mechanisms can be utilised
for spin logic as well as for magnetic memory applications. In the latter case,
the polarised spin currents can, for example, be used for efficient switching
of magnets in magnetic tunnel junction devices through spin-orbit torque
(SOT). A magnetic tunnel junction consists of two ferromagnetic (FM) lay-
ers separated by an insulator [30, 131], as shown in Figure 2.5d. While one
FM layer has a fixed magnetisation, the magnetic state of the other, so-called
free layer, can be switched as a nonvolatile way of storing information. This
information can then be read out electrically via tunnelling magnetoresis-
tance, in which the resistance through the magnetic tunnel junction is low
(high) when the two FM layers are magnetised in parallel (antiparallel) [132–
134]. In conventional electronics, switching of the free layer is done using
spin-transfer torque, where a current is passed through the magnetic tunnel
junction and the polarised spins of the fixed magnetic layer is used to switch
the free one [135–137]. On the other hand, in SOT-based devices, a polarised
spin current is instead generated through charge-spin interconversion in a
nonmagnetic material, which can then be used to switch the free layer [138–
140], as indicated in Figure 2.5d. Compared to spin-transfer torque, SOT
can realise more energy-efficient and faster magnetisation switching as well
as a higher device durability, since the writing current is not passed through
the magnetic tunnel junction itself [141–144]. To be noted, SOT can also
be very useful for other promising spintronics applications such as magnetic
racetrack memories [37, 145], nano-oscillators [146, 147], neuromorphic com-
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puting devices [148, 149], spin sensors [150, 151] etc. Thanks to their strong
SOC and efficient charge-spin interconversion, TIs are excellent SOT mate-
rials [143, 152–155] and have been demonstrated to dramatically outperform
the SOT efficiency of conventional heavy metals [139, 156–163]. This can
make them vital components in next-generation SOT technologies.

In order to properly study the charge-spin interconversion and spin polar-
isation in detail, however, spin transport measurements in spin-valve devices
have important advantages. Instead of probing the charge-spin interconver-
sion indirectly through the torques in SOT devices, spin-valve devices allow
direct sensing of the polarised spins. Such spin transport sensing, including
spin-valve and Hanle spin precession measurements, are elaborated upon
in detail in Chapters 3-4. Typically, TI charge-spin interconversion experi-
ments with spin transport in spin-valve devices have been performed using
local device geometries, where the spin is probed inside of the charge cur-
rent loop (exemplified in Figure 2.5e), and at cryogenic temperatures, where
the TI bulk states are (at least partially) passivated through freeze-out so
that the TSS have a larger transport contribution [164–170]. In contrast,
nonlocal device geometries function by detecting pure spin currents outside
of the charge current loop (illustrated in Figure 2.5f) to achieve more re-
liable measurements with minimal signal contributions from charge-related
effects. Until now, charge-spin interconversion in TI spin-valve devices has
been demonstrated at room temperature in a local device geometry [171]
(as well as in nonlocal geometries where the charge-spin interconversion was
generated by proximity-induced SOC in graphene [172, 173]), but nonlocal
measurements with charge-spin interconversion in the TI have been limited
to cryogenic temperatures around 15 K [174]. The realisation of reliable
nonlocal detection of charge-spin interconversion in a TI at room tempera-
ture would therefore constitute an important next step towards all-electrical
room-temperature spintronic devices and applications.
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2.2 Weyl semimetals

Weyl semimetals (WSMs) constitute another class of topological quantum
materials. Although they bear similarities with TIs, a key difference is
that WSMs have Weyl nodes (also known as Weyl points) in their bulk
instead of Dirac points on their surfaces [78]. A Weyl node is a topologically
protected crossing point where the linear dispersion relation is described by
the Weyl equation [175, 176]. Because of their location in the bulk, as
opposed to at the surface, the linear dispersion at the Weyl nodes persists
in all directions in 3D momentum space [177], and WSMs are semimetallic
and fully conducting in the bulk.

Importantly, the Weyl equation considers a ‘handedness’ of the massless
Weyl fermions [29, 176], and a Weyl node can essentially be understood as
the chiral twofold degenerate half of a split-up (achiral and fourfold degen-
erate) Dirac point [178], as illustrated in Figure 2.6a. A requirement for the
existence of Weyl nodes is therefore that the material is noncentrosymmetric
with broken parity symmetry (or has a broken TRS in the case of magnetic
materials) in order to lift the spin degeneracy [77, 78, 179]. Since this so-
called Chern chirality must total to zero overall in the Brillouin zone, Weyl
nodes always appear in pairs with opposite chirality [178, 180]. Depending
on their chiral charge, Weyl nodes act as either sources or sinks of Berry
curvature, which gives them topological protection since they can only be
destroyed by annihilating with another Weyl node of opposite chirality [61,
181].

A consequence of the Weyl nodes being Berry curvature sources and sinks,
is the formation of unique TSS in WSMs [183, 184]. In contrast to the helical
Fermi surface of a TI, WSMs exhibit open Fermi arcs. These Fermi arcs
connect the projection of two Weyl nodes onto the surface of the WSM
[175, 177], as visualised in Figure 2.6b. Alternatively, the two Fermi arcs on
the top and bottom surface of a WSM can be imagined as two halves of a
helical Fermi surface that are connected through the bulk via the two Weyl
nodes, and the top and bottom Fermi arcs would in fact form a closed Fermi
surface in the 2D limit [184]. Despite their topologically different origin as
compared to the Dirac cones on the surfaces of TIs, SML has been observed
also in WSM Fermi arcs [185–187].

To be noted, WSMs can be divided into two categories: type I and type
II, both of which are illustrated in Figure 2.6c. The former has upright
Weyl cones with a vanishing density of states for a Fermi surface at the
Weyl node [188]. Meanwhile, type II WSMs with broken Lorentz symmetry
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Figure 2.6: Weyl semimetals. (a) Schematic visualisation of a Dirac point
being split into two Weyl nodes with opposite chirality through the breaking
of parity (P) or time-reversal (T ) symmetry. (b) Schematic of Fermi arcs and
Weyl nodes on the top and bottom surfaces and in the bulk, respectively, of a
WSM. Adapted from [182]. (c) Schematics of type I and type II WSMs, with
upright and tilted Weyl cones, respectively.

instead have band structures with heavily tilted Weyl cones [189]. This
leads to electron and hole pockets on the Fermi surface, with the Weyl node
as a contact point between them [181]. The Weyl nodes of type II WSMs
are still topologically protected, but the tilted nature of the Weyl nodes
can give rise to unique electronic properties [188, 190], as will be mentioned
below.

The initial theoretical predictions of WSMs were made for pyrochlore
iridates such as Y2Ir2O7 [183], HgCr2Se4 [191] and TI multilayers [192].
The first experimental demonstrations were, however, made in the noncen-
trosymmetric 3D material TaAs in 2015 through a direct observation of
Fermi arcs and linear bulk band dispersion using ARPES [193–195] (shown
in Figure 2.7a), following theoretical predictions made earlier in the same
year [196, 197]. Similar observations were soon after made in other com-
pounds of the same family, including TaP [198], NbAs [194] and NbP [199].
Also in 2015, the existence of type II WSMs was predicted for the vdW
transition metal dichalcogenides WTe2 [189] and MoTe2 [200], which was
verified experimentally with ARPES, where Fermi arcs could be observed be-
tween electron and hole pockets [201–205]. Not long after, the type II WSM
TaIrTe4 was predicted [206] and experimentally confirmed [207], which is es-
pecially attractive due to its relatively simple band structure with a minimal
number of four well-separated Weyl nodes. Finally, despite initial experi-
mental challenges relating to spectroscopic resolution and complex band
structures [208], the magnetic WSM Co2MnGa [209] and Co3Sn2S2 [210,
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Figure 2.7: Experimental WSM demonstrations. (a) ARPES Fermi sur-
face map of two Fermi arcs in TaAs. The projection of two Weyl nodes with
opposite chirality are indicated with black and white dots. Adapted from [194,
212]. (b) Schematic of the chiral anomaly in a WSM under the application of
parallel electric and magnetic fields, where charge carriers are pumped from one
chirality to the other. Adapted from [213]. (c) Schematics of conventional and
unconventional charge-spin interconversion in high-SOC materials with higher
and lower crystal symmetries, where the former follows an orthogonality be-
tween the charge current, the spin current and the spin polarisation whereas
the latter does not. Adapted from [214]. (d) Field-free SOT switching of in a
TaIrTe4/Fe3GaTe2 heterostructure device at room temperature. Adapted from
[215]. (e) Nonlinear Hall effect signal (red) in WTe2, following a quadratic
IV characteristic. Longitudinal voltages (green and pink) in the same device
show no nonlinear transport behaviour. Inset: Schematic of the Hall bar de-
vice. Adapted from [216]. (f) Schematic of a dipole Λ in the Berry curvature,
corresponding to the second-order nonlinear Hall effect. Adapted from [216,
217].

211] with broken TRS were unambiguously identified in 2019.
The broken symmetries and unique band structure of WSMs with chiral

Weyl nodes allows the rise of a chiral anomaly (i.e. breaking of the con-
servation of charge chirality) under the application of parallel electric and
magnetic fields [179, 218]. As a side note, a single Weyl node breaks even
the conservation of charge, but this is cancelled by the presence of multiple
Weyl nodes with opposite chirality in real materials [29, 184]. However,
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even though the total charge is conserved, the chiral anomaly is generated
as a valley polarisation through a charge flow between Weyl nodes [184,
219, 220] as illustrated in Figure 2.7b. This can lead to exotic electronic
transport effects such as a negative magnetoresistance [213, 219, 221–225],
a giant anomalous Hall effect [226, 227] and the planar Hall effect [228,
229]. Interestingly, the chiral anomaly differs significantly between type I
and type II WSMs, and manifests with an anisotropy with respect to the
crystal orientation in the latter type [188, 230].

Another important feature of WSMs is their applicability for charge-spin
interconversion. Similarly to TIs, WSMs have strong SOC and can facili-
tate charge-spin interconversion through the SHE and the REE, as well as
via the SML of their Fermi arcs [111, 186, 231–235]. Differently from TIs,
however, the low crystal symmetries of WSMs open up the possibility of un-
conventional charge-spin interconversion where the charge current, the spin
current and the spin polarisation are not orthogonal to each other [236–244],
as is imaged schematically in Figure 2.7c. Especially important, this can
allow for CSC where in-plane (IP) charge currents can generate out-of-plane
(OOP) spin currents and polarisations, which is beneficial for field-free SOT
switching of magnets with a perpendicular magnetic anisotropy [139, 143].
The combination of strong SOC and unconventional spin polarisations thus
make WSMs very attractive for energy-efficient SOT memory and logic de-
vices [33, 140, 245, 246]. Recently, highly energy-efficient OOP SOTs and
field-free magnetisation switching have been observed using TaIrTe4 [214,
215, 247] (shown in Figure 2.7d), but the unconventional charge-spin inter-
conversion has so far only been probed indirectly through SOT measure-
ments in bilayer devices and a direct detection of the spin polarisation is
still missing.

Finally, yet another consequence of the low symmetries of WSMs is the
appearance of nonlinear electronic transport in noncentrosymmetric WSMs
with broken P symmetry [217, 248]. Here, the current-voltage character-
istics take on a power-law shape V ∼ In, extending beyond Ohm’s law
[249]. The second-order nonlinear Hall effect was theoretically predicted
in 2015 [250] and was first observed experimentally in WTe2 in 2019 using
lock-in amplifiers at low temperatures [251]. As can be seen in Figure 2.7e,
the transverse Hall voltage depends quadratically on the applied current.
The nonlinear Hall effect has since been demonstrated in various WSMs
up to room temperature [215, 216, 252–257], and its third-order equivalent
has been found as well [258–260]. Physically, the nonlinear transport origi-
nates from features in the Berry curvature, specifically from Berry curvature
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dipoles (illustrated in Figure 2.7f) and from the Berry curvature polarisabil-
ity for second- and third-order nonlinear Hall effects, respectively, under the
application of an electric field [217, 250, 258, 261]. This makes nonlinear
transport a powerful tool for probing the quantum geometry of materials,
as is discussed further in the next section. Additionally, nonlinear transport
is also promising for technical applications such as rectification and energy
harvesting [252, 256].
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2.3 Magnetic topological insulators

A magnetic TI is, as the name suggests, a TI where magnetism has been
introduced into the material. The inclusion of magnetism breaks TRS and
opens up a gap in the TSS near the Dirac point on the top and bottom
surfaces of the TI, leaving only ungapped edge states at the sides or edges
of the magnetic TI that are parallel with the TI magnetisation [82, 262].
This exchange gap opening in the surface-state Dirac cone with the intro-
duction of magnetism is illustrated in Figure 2.8a, where the remaining
one-dimensional edge states are also visualised. As will be seen in the fol-
lowing, the integration of topology and magnetism in the same material and
breaking of T symmetry enable an abundance of novel physical phenomena.

Although the combination of topological physics and magnetism in a sin-
gle material makes for a tantalising platform for studying exotic physics,
the experimental realisation of magnetic TIs is not entirely straightforward
and different methods have emerged. The earliest works were based on
nonmagnetic TIs with magnetic dopants added through ion implantation
[263–265]. While this approach has been successful in achieving magnetic
TIs, the inevitable defects and dopant inhomogeneity from the ion implan-
tation process are nevertheless considerable drawbacks that are detrimental
to novel physical effects [266]. An alternative is modulation doping, where
highly doped TIs and pristine TIs are stacked on top of each other [267].
This reduces disorder while maintaining magnetism in the TI structure, but
too high doping levels can destroy the TI phase by significantly weakening
the SOC [268]. A third method consists of magnetism in TIs through the
proximity effect in heterostructures with magnetic insulators, which allows a
low defect density in the TI [269–271]. However, the reliance on high-quality
(ideally atomically sharp) interfaces for a maximum proximity-induced ex-
change coupling in the TI remains a practical limitation [268]. Finally, TIs
can be intrinsically magnetic by a stoichiometric inclusion of magnetic atoms
[272, 273]. Such intrinsically magnetic TIs have recently gathered enormous
attention due to their promise as high-quality and robust magnetic TI ma-
terials with minimal disorder [274, 275].

One of the main motivators in the search for magnetic TIs was the reali-
sation of the quantum anomalous Hall effect. Completing the set of the Hall
[121], spin Hall [125] and anomalous Hall [276] effects and their quantised
counterparts [46, 91, 277], the quantum anomalous Hall effect can best be
seen as the magnetic-field-free analogue of the quantum Hall effect and the
single-spin version of the quantum spin Hall effect. Namely, the chiral edge
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Figure 2.8: Magnetic topological insulators. (a) Schematic of the band-
gap opening in the Dirac cones of a TI as T symmetry is broken by the in-
troduction of magnetism. Ungapped edge states are indicated in the exchange
gap of the TSS in the magnetic TI. The red arrows indicate the SML of the
TSS. (b) Schematics of a quantum anomalous Hall insulator with FM coupling
and dissipationless conduction through the ungapped edge states (left) and an
axion insulator with AFM coupling and gapped edge states (right).

states of a magnetic TI can carry a dissipationless and spin-polarised charge
current to generate a quantised transverse resistance of h/e2 and a vanish-
ing longitudinal resistance, even in the absence of an external magnetic field
[278], which is illustrated to the left in Figure 2.8b. Such a quantised resis-
tance in the absence of magnetic fields can be of critical use for metrology
applications, since it can be implemented together with superconducting
Josephson junctions for voltage and current quantisation in a single device
[279]. The dissipationless transport of the quantum anomalous Hall effect
can also become revolutionary for energy-efficient electronics and communi-
cation, especially if it can be realised at room temperature [266, 274]. Inter-
estingly, layered magnetic TI structures can host quantum anomalous Hall
states with higher Chern numbers, essentially connecting multiple quantum
anomalous Hall channels in parallel, if the magnetic layers are coupled fer-
romagnetically [280, 281]. On the other hand, antiferromagnetic (AFM)
layered structures lead to a cancellation of the quantum anomalous Hall
conductivities with opposite chirality, which results in a fully gapped axion
insulator state for a fully compensated AFM TI [282, 283], as shown to
the right in Figure 2.8b, and can be a platform for studying exotic axion
electrodynamics [99, 282, 284, 285].

An initial theoretical model for magnetic TIs was made already in 1988
[286], but the first practical material prediction (which was based on mag-
netically doped TIs) was not made until over twenty years later [263]. The
first experimental demonstration came in 2010, where magnetic Fe and Mn
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dopants were added to Bi2Se3 through ion implantation, and small exchange
gap openings could be observed through ARPES measurements [264], which
is shown in Figure 2.9a and can be compared to the nonmagnetic TI ARPES
spectrum in Figure 2.4e. Soon thereafter, multiple other magnetic TIs, in-
cluding Mn-, Cr- and V-doped Bi2Se3-xTex and Bi2-xSbxTe3 compounds, were
realised using the same ion-implantation method [287–290]. In 2013, both
the prediction [269] and the realisation [270] of TIs with proximity-induced
magnetism appeared, where the experimental demonstration was done in
a EuS/Bi2Se3 heterostructure. Later works included heterostructures with
e.g. Y3Fe5O12, Cr2Ge2Te6 and MnBi2Se4 [291–295]. Importantly, 2013 also
saw the first experimental demonstration of the quantum anomalous Hall
effect in a thin film of Cr-doped Bi2-xSbxTe3 [277] with the highly quantised
Hall resistivity shown in Figure 2.9b. Four years later, this was followed by
the first clear demonstration of the axion insulator state in a modulation-
doped variant of the same material [285]. However, despite extensive re-
search activity with many demonstrations of the quantum anomalous Hall
effect in magnetic TIs based on ion implantation [296–311], modulation
doping [267, 312, 313] and proximity effects [314] as well as higher-Chern-
number quantum anomalous Hall effects in layered magnetic TIs [281, 315,
316], the material challenges mentioned above limited experiments to low
temperatures in the millikelvin to ∼ 2 K range [268, 283].

For this reason, among others, the first intrinsic magnetic TI MnBi2Te4
(MBT) has attracted considerable attention since its theoretical prediction
and experimental observation in 2019 [272, 273, 275, 318]. It is a vdW mate-
rial consisting of stacked septuple layers (SLs) as illustrated in Figure 2.9c,
with a nontrivial topology similar to Bi2Te3 and naturally incorporated mag-
netism via its stoichiometrically included Mn atoms [274, 318, 319]. While
ARPES results in MBT have been controversial due to variations between
samples due to differing defect concentrations [273, 275, 320–325], spectra
with gap openings in the TSS have nevertheless been observed, as in Figure
2.9d. Interestingly, MBT is an A-type antiferromagnet (AFM), where the
intralayer magnetic ordering of each SL is FM while adjacent SLs are antifer-
romagnetically ordered [273, 326]. This leads to a layer-dependent magneti-
sation of the material where monolayer MBT is fully FM while thicker flakes
consisting of an even (odd) number of SLs are fully compensated (uncom-
pensated) AFMs [317, 327–329]. Hence, MBT with odd and even number
of SLs can host the quantum anomalous Hall effect [317, 330] (shown in
Figure 2.9e) and the axion insulator state [331, 332], respectively. Indeed,
due to its ordered crystal structure, high-quality samples have shown the
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Figure 2.9: Experimental magnetic TI demonstrations. (a) ARPES
spectrum showcasing the electronic band structure of Fe-doped Bi2Se3. A small
exchange gap is visible at the Dirac point. Adapted from [264]. (b) Quantised
Hall resistivities of Cr-doped Bi2-xSbxTe3 as a function of external magnetic field
under different gate voltages. Adapted from [277]. (c) Side-view schematic
of MnBi2Te4 crystal structure with magnetisation indicated by blue arrows.
Adapted from Paper V . (d) ARPES spectrum showcasing the electronic band
structure of MBT. Dirac cones with an exchange gap are visible in the bulk
band gap. Inset: The second derivative for visual clarity. Adapted from [273].
(e) Quantised Hall resistivity of MBT as a function of external magnetic field.
Adapted from [317]. (f) Anomalous Hall loops for three, four and five SLs
of MBT, respectively. Insets: Schematics of the magnetic states of MBT at
representative magnetic fields. Adapted from [317].

quantum anomalous Hall effect up to several kelvins [333], and significantly
higher temperatures have been proposed for designed heterostructures with
MBT [334, 335]. Figure 2.9f clearly demonstrates the even-odd layer depen-
dence of the magnetisation in MBT, where a net magnetisation generates an
open anomalous Hall loop at zero magnetic field whereas a fully AFM state
causes a closed loop [317]. To be noted, however, the net magnetisation
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of odd-layer flakes is only distinguishable in transport measurements in the
few-layer limit.

Another key discovery in MBT is the observation of nonlinear electronic
transport. As mentioned in Section 2.2, nonlinear transport has previously
been reported in WSMs and other materials with broken inversion symmetry
due to features in the Berry curvature [63, 248, 336]. However, nonlinear
transport generated by the quantum metric were found for the first time
thin even-layer MBT in 2023 [70, 71], where the measured longitudinal and
transverse nonlinear voltages scale quadratically with the applied bias cur-
rent, as shown in Figure 2.10a. These second-order nonlinear transport
characteristics arise from dipoles in the quantum metric that are enabled
by the preserved combined PT symmetry, which in turn is resulted from
the separately broken P and T symmetries (visualised in Figure 2.10b)
[337–340]. In the following year, longitudinal third-order nonlinear trans-
port generated by quantum metric quadrupoles was demonstrated in bulk
MBT [72]. Here, in contrast to in the thin even-layer MBT situation, the
second-order nonlinear transport is suppressed by the preserved inversion
symmetry of the bulk sample. In both systems, however, the nonlinear
transport was found to relate closely to the magnetisation of MBT, increas-
ing dramatically below the Néel temperature of TN ≈ 24 K and shifting
dramatically with applied magnetic fields [70–72]. Very recently, trans-
verse third-, fifth- and seventh-order nonlinear transport was reported in
thin even- and odd-layer MnBi0.7Sb0.3Te4, whereas all even-order nonlinear
transport components were suppressed [341]. Differently from the quantum-
metric-induced nonlinear transport above, this higher-order transport was
instead attributed to Berry curvature multipoles [341, 342]. From these ex-
perimental observations, as well as a series of theoretical works [342–351],
it stands clear that nonlinear electronic transport is a powerful probe of
features in the quantum geometry and can be a pathway to fundamental
insights. Additionally, it has also been shown to be an indicator of mag-
netic and topological phase transitions, which can lead to both new physical
understandings and technological applications such as nonvolatile-memory
read-outs [70, 71, 76, 339, 352–357]. Yet, further investigation of nonlinear
transport in MBT is warranted, especially regarding higher-order transport,
where e.g. experimental correlation with magnetic phases and a detailed
theoretical analysis are still lacking.

Notably, magnetic TIs are also very promising for spintronics applications.
Highly efficient magnetic switching through SOT has been demonstrated in
heterostructures of magnetic and nonmagnetic TIs, where the SOT is fa-
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Figure 2.10: Nonlinear transport in MnBi2Te4. (a) Longitudinal and
transverse second-order nonlinear IV characteristics due to the quantum metric
dipole in MBT. Inset: Schematic of the AFM ordering in MBT. Adapted from
[71]. (b) Illustration of how broken P and T symmetries lead to a preserved
combined PT symmetry in thin MBT.

cilitated by the strong SOC of both TIs [152, 157, 358–360]. However, the
combined magnetic ordering and strong SOC in a single material can enable
magnetic switching in a magnetic TI through spin-orbit self-torque, elimi-
nating the need for heterostructure devices, as has been realised in the FM
TIs Cr-doped Bi2-xSbxTe3 [361, 362] and MnSb2Te4 [363]. Similar dynamics
would be especially interesting in AFM TIs such as MBT, considering the
proposed advantages of AFM spintronics, such as fast switching dynamics,
robustness against magnetic perturbations and the absence of stray mag-
netic fields [364–368].

Beyond the quantum anomalous Hall effect, axion physics and nonlinear
transport, a range of exotic phenomena and applications have been demon-
strated and predicted in magnetic TIs thanks to their unique integration
of magnetism and nontrivial topology, including nonreciprocal transport
[369–372], the layer Hall [373] and diode [374] effects, orbital magnetisation
[375] and superconducting physics [376, 377]. There is also a whole family
of MBT-related compounds that are intrinsically magnetic TIs with rich
physics [378–389]. This is to say that magnetic TIs (just like nonmagnetic
TIs and WSMs) constitute a highly interesting class of materials that pro-
vides a platform for new and exciting physics in a broad scientific context.





3 Graphene spin-valve devices for
spin sensing

Spin sensing is the vital read-out process in spintronics applications, and
generally concerns the detection of polarised spin accumulations, spin tex-
tures or magnetic states. This is closely tied to the material characterisation
of exotic topological [169, 171–173, 214, 215, 233–235, 241] and magnetic
[390–396] materials, which brings a broader and deeper understanding of
solid state physics. Additionally, spin sensing is also critical for many tech-
nological computing applications such as magnetic racetrack [37, 38, 397,
398], magnetic tunnel junction [39, 399] and magnetic domain-wall [400,
401] memories, spin-based probabilistic [43] and neuromorphic [44, 45, 402,
403] computing, as well as magnetologic [42, 404, 405] and spin logic [40, 41,
406–408] devices. The main appeal of utilising spins and magnetic states
for the storage and processing of data lies in their nonvolatility and fast dy-
namics, opening pathways towards next-generation fast and energy-efficient
computing.

So far, a variety of microscopic techniques have been established for the
detection of spins and magnetic textures in different materials, including
magnetooptical Kerr effect microscopy [38, 42, 401, 409], magnetic force mi-
croscopy [37, 42, 410, 411], spin-polarised scanning tunnelling microscopy
[412], Lorentz transmission electron microscopy [413] and nitrogen-vacancy
magnetometry [414]. However, for practical utilisation in technological de-
vices, all-electrical spin sensing techniques are especially tantalising due
to their easier integration with conventional electronic circuits. Such all-
electrical spin and magnetic sensing has indeed been experimentally demon-
strated using magnetoresistance [415, 416], SHE [417], anomalous Hall ef-
fect [145, 416], magnetic tunnel junction [39, 398, 418, 419] and metallic
spin-valve [420–423] measurements. Spin-valve measurements, in particular,
have the important benefit that they can be performed in nonlocal geome-
tries where pure spin currents can be detected separately from the applied
charge current, thereby minimising charge-current effects on the measured
spin signal.

29
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Microscopic imaging All-electrical sensing Graphene spin sensing

Towards all-electrical, room-temperature & nonlocal operation

Figure 3.1: Techniques for detection of magnetic spin textures.
Overview of spin sensing techniques and the progress towards all-electrical,
room-temperature and nonlocal sensing operation. The illustrated techniques
are magnetooptical Kerr effect and magnetic force microscopy (left), metallic
spin-valve, anomalous Hall and magnetic tunnel junction measurements (cen-
tre) as well as spin texture sensing in a graphene spin-valve device (right).
Adapted from [39, 145, 421].

Until now, detection of magnetic states using this kind of all-electrical
spin-valve measurements has predominantly been performed in devices with
metals such as copper as the spin transport material [420–423]. Because
of the short spin diffusion lengths in metals at room temperature, these
measurements have unfortunately been limited to cryogenic temperatures
up to 77 K [420–423]. Graphene, on the other hand, is an excellent spin
transport material with long spin diffusion lengths and robust spin transport
even at room temperature [424–431]. As such, it is an ideal material for
all-electrical room-temperature spin sensing in reliable nonlocal spin-valve
devices. An overview of various spin sensing techniques and the overall
progress towards all-electrical and nonlocal detection at room temperature
is visualised in Figure 3.1.

Here, lateral graphene spin-valve devices and nonlocal spin transport mea-
surements, including spin-valve and Hanle spin precession measurements,
are established. Then, electrical detection of magnetic spin textures in
the FM cobalt (Paper I ) and the vdW FM Fe5GeTe2 (FGT) (Paper II ) is
demonstrated through pure spin-polarised transport in graphene spin-valve
devices at room temperature. Multi-domain and vortex magnetic textures
are engineered through geometrical constrictions of Co and FGT, enabling
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the injection of complex spin textures into the graphene channel and result-
ing in distinct multi-level spin signals. An artistic preview of the detection
method is given in the right panel of Figure 3.1. These advancements pro-
vide insights into all-electrical sensing of magnetic domains and spin textures
using pure spin currents in graphene heterostructures and spin circuits.
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3.1 Graphene spintronics

Graphene is the archetypical vdW quantum material, consisting of a single
layer of carbon atoms in a 2D honeycomb lattice structure (illustrated in
Figure 3.2a). It was discovered as the first vdW material by Andre Geim and
Konstantin Novoselov in 2004 through mechanical exfoliation from graphite
[432], which was rewarded with the Nobel prize in physics in 2010 [433].
The carbon atoms in graphene are sp2-hybridised, which facilitates strong
covalent bonds between the atoms in-plane as well as a sea of delocalised
electrons (from the remaining pz orbitals) throughout the graphene sheet.
This, combined with its atomic thinness, gives graphene a unique set of
material properties, showcasing very large mechanical strength and elasticity
[434], high transparency [435] as well as excellent electrical properties.

As can be seen in Figure 3.2b, the band structure of graphene hosts Dirac
cones at the K and K ′ points [436–438], where the linear dispersion relation
enables massless fermions with uniquely high charge carrier mobilities [439–
442]. However, an important difference to the Dirac cones of TIs is that
graphene has a very low SOC due to its flat shape and its constituent light
carbon atoms, and therefore lacks a band inversion as well as topological
protection [443]. Moreover, the Dirac points in pristine graphene always
lie at the Fermi level EF , which enables ready access to both the conduc-
tion and the valence bands through chemical or electrostatic doping. This
is demonstrated in Figure 3.2c, where the sheet resistance R□ = R · w/l
(where R, w and l are the resistance, width and length of the graphene
channel, respectively) of graphene is tuned by electrostatic back-gating on a
Si/SiO2 chip. In Figure 3.2c, the so-called Dirac curve is offset to the right
due to chemical p-doping with excess holes [444], which have most likely
been introduced to the graphene channel by residues from microfabrication
processing. The charge-neutrality point, where the Fermi level touches the
Dirac point, therefore appears as a resistance maximum at the Dirac volt-
age VD = 33 V. By tuning the gate voltage Vg, the charge carrier type and
concentration can thus be modulated, with electrons (holes) as the majority
charge carrier for Vg > VD (Vg < VD), as schematically indicated by the
insets in Figure 3.2c.

In a broader context, graphene has proven useful for a range of appli-
cations, including metrology through the quantum Hall effect [446–448],
thermal management due to its high thermal conductivity [449] as well as
flexible and wearable electronics because of its excellent electronic and me-
chanical properties [450, 451]. Its sensitivity and versatility for chemical
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Figure 3.2: Graphene. (a) Schematic crystal structure of graphene. (b)
Electronic band structure of graphene with Dirac cones at the K and K ′ points.
Adapted from [445]. (c) Dirac curve of graphene with the sheet resistance as a
function of gate voltage. The charge neutrality point is indicated with a dashed
line. The measurement was performed in a CVD graphene channel with dimen-
sions w = 2.0µm and l = 1.0µm, and bias current I = 1µA. Insets: Schematic
Dirac cones with occupied states indicated by colour, signifying electron- and
hole-doping, respectively.

functionalisation has made it a promising candidate for chemical and bi-
ological sensing applications [452–455]. Even flat-band superconductivity
has been achieved through stacking and careful twisting of bilayer graphene
[456].

3.1.1 Spin transport measurements in graphene
Importantly for this thesis, graphene is an excellent material for spin trans-
port due to its high electrical mobility and low SOC. This is utilised in spin
transport measurements in lateral graphene spin-valve devices. A graphene
spin-valve device, which is illustrated in Figure 3.3a, consists of a graphene
spin transport channel as well as FM and nonmagnetic electrodes or con-
tacts. When a charge current I is passed between a FM contact and a non-
magnetic reference contact (left in Figure 3.3a), polarised spin is injected
from the ferromagnet (FM) to the graphene channel due to the spin ma-
jority population of the FM. Microscopically, this spin injection takes place
through a flow of spin-polarised electrons either from the FM to graphene
or vice versa, and therefore results in a spin polarisation in graphene that
is either parallel or antiparallel with respect to the magnetisation of the
FM, depending on the polarity of the applied charge current. In contrast
to the charge current, which is driven by the electrical potential between
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the FM injector contact and the nonmagnetic reference, the spin polari-
sation diffuses in both directions through the graphene channel and thus
generates a pure spin current outside of the charge-current loop. When
the spin polarisation reaches a second FM contact (right in Figure 3.3a), a
nonlocal voltage VNL can be detected with respect to a nonmagnetic refer-
ence. This nonlocal voltage can be intuitively understood in comparison to a
magnetic tunnel junction, where the tunnel magnetoresistance effect causes
a low or a high resistance state in the device depending on whether the
two FM layers have parallel or antiparallel magnetisations [457], although
it should be noted that there is no charge transfer between the graphene
and the detector contact in the graphene spin-valve case. In a more detailed
approach, the electrochemical potential for spin-up and spin-down charge
carriers can be drawn as in Figure 3.3b, where the potential has a maxi-
mum µ0 by the injector FM electrode and then decays in both directions
along the graphene channel as the propagating spins dephase [458, 459].
To be noted, the purely electrical potential has a gradient only inside the
charge current loop and is constant everywhere else, as indicated by the
black dotted line. The detected nonlocal voltage correlates to the difference
in electrochemical potential between the spin-sensitive FM detector contact
and the spin-insensitive nonmagnetic reference contact (indicated by black
dots in the diagram) as ∆µ = eVNL [460]. The same process is illustrated
with schematic band diagrams in Figure 3.3c.

Importantly, the sign of ∆µ and VNL depends on whether the net polari-
sation of the propagating spin is parallel or antiparallel to the magnetisation
of the FM detector contact, in accordance with the magnetic tunnel junc-
tion analogue above. This is utilised in spin-valve measurements, where a
magnetic field By is swept along the IP y axis (which is along the easy axis
of the FM electrodes) to switch the magnetisation of the FM injector and
detector electrodes. The FM contacts are designed with different widths to
have slightly different coercive fields and therefore switch in sequence with
increasing By, giving rise to a spin-valve signal as in Figure 3.3d with peaks
in VNL when the injector and detector contacts have opposite magnetisa-
tions. The sharp transition between parallel and antiparallel magnetisations
of the two FM contacts gives a clear spin signal amplitude ∆VNL, which cor-
responds to the potential difference between spin-up and spin-down charge
carriers.

During Hanle spin precession measurements, a magnetic field Bz is instead
applied OOP. Rather than switching the magnetisation of the FM contacts,
this causes the propagating spins to precess IP around the magnetic field
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Figure 3.3: Nonlocal spin transport measurements in graphene. (a)
Schematic of a graphene spin-valve device. (b) Schematic drawing of the elec-
trochemical potential (red and blue for spin-up and spin-down, respectively) in
a spin-valve device during spin injection from the leftmost FM electrode. The
purely electrical potential is indicated by a dotted black line, and the electro-
chemical potential difference that corresponds to the nonlocal voltage that is
measured by the rightmost electrodes is indicated as ∆µ. The combined charge
and spin current and the pure spin current in the device are visualised with
green and purple arrows. (c) Schematic illustration of spin injection and detec-
tion with band diagrams in a graphene spin-valve device, with spin polarisation
and density of states (DoS) indicated. (d) Spin-valve signal. The blue and pink
arrows indicate the By sweep directions for the measurement, and the black ar-
rows indicate the magnetisation orientation of the FM injector and detector
electrodes. (e) Hanle spin precession signal. The solid line is a fit to the signal
using Equation (3.1). A linear background was subtracted from the measured
signal. The measurements were performed in a graphene spin-valve device with
I = −100µA and Vg = −40 V.

and to dephase. Because of the precession, the net spin polarisation that
arrives to the FM detector contact has an magnetic-field-dependent angle
with respect to the magnetisation of the contact. At the same time, spin
dephasing generally increases with the applied magnetic field. This results
in a wave-shaped Hanle spin precession signal as in Figure 3.3e, where the
measured VNL corresponds to the projection of the net spin polarisation on
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the easy axis of the FM (here, the y axis). The Hanle signal can be fitted
by the spin diffusion and precession equation

VNL ∝
∫︂ ∞

0

1√
4Dst

e−L2/4Dst cos(ωLt)e−t/τs dt, (3.1)

where τs and Ds are the spin lifetime and the spin diffusion coefficient in
graphene, L is the length of the graphene channel and ωL = gµBBz/ℏ is the
Larmor spin precession frequency (where g is the Landé g factor, µB is the
Bohr magneton and ℏ is Planck’s reduced constant) [30, 458, 461] (shown as
a solid line in Figure 3.3e). From this fitting, the important spin transport
parameters τs and the spin diffusion length λs =

√
Dsτs of the graphene

channel can be extracted.
Importantly, since the measured VNL signal corresponds to the spin pro-

jection onto the easy axis of the FM detector contact, the symmetry of
Hanle spin precession signals is sensitive to the initial spin orientation be-
fore the start of the precession. If the injected spin has a canted angle with
respect to the detector contact (such as through a canted magnetism or a
geometric misalignment of the injector contact, as illustrated in the inset
of Figure 3.4a), the measured Hanle signal gains a corresponding antisym-
metric component with respect to the magnetic field [429]. This is shown in
Figure 3.4a with numerically generated Hanle signals for different canting
angles. Consequently, the polarisation of the injected spin can be identified
through a detailed analysis of the Hanle-signal asymmetry, as is detailed in
the following.

First, to carefully eliminate any non-spin-related signal background, Hanle
spin precession measurements can be performed with parallel (↑↑) and an-
tiparallel (↑↓) magnetisation orientations of the injector and detector elec-
trodes, which results in two signals with the same background but opposite
spin components, as shown in the bottom of Figure 3.4b. The pure spin
component of the measured signals (shown in the centre of Figure 3.4b) can
therefore be obtained by averaging the two signals as

VNL,avg = VNL,↑↑ − VNL,↑↓

2 , (3.2)

where VNL,↑↑ and VNL,↑↓ are the nonlocal voltage of the parallel and antipar-
allel magnetization configurations, respectively [234, 239, 391]. Next, the
averaged signal can be decomposed into its symmetric (VNL,∥) and antisym-
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The measurements were performed with I = −200µA and Vg = −70 V.

metric (VNL,⊥) components according to⎧⎪⎪⎨⎪⎪⎩
VNL,∥ = VNL(B)+VNL(−B)

2

VNL,⊥ = VNL(B)−VNL(−B)
2

(3.3)

[234, 391, 429], with the resulting signal components shown in the top of
Figure 3.4b. The equations⎧⎪⎪⎨⎪⎪⎩

VNL,∥ ∝ ∫︁∞
0

1√
4Dst

e−L2/4Dst cos(ωLt)e−t/τs dt

VNL,⊥ ∝ ∫︁∞
0

1√
4Dst

e−L2/4Dst sin(ωLt)e−t/τs dt
(3.4)
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can then be fitted to the respective signal components (shown as solid lines
in Figure 3.4b), where the top equation is Equation (3.1) and the bottom
equation has been adapted to be antisymmetric with respect to B [429].
Finally, the spin orientation can be calculated from

φ = tan−1
⎛⎝∆VNL,⊥

∆VNL,∥

⎞⎠ , (3.5)

where ∆VNL,∥ and ∆VNL,⊥ are the respective signal component amplitudes
gained from Equation (3.4) [429]. For the Hanle spin precession signals
in Figure 3.4b, the signal asymmetry corresponds to an IP canting angle
φ = 14 ± 1 ◦.

To be noted, Hanle spin precession measurements can alternatively be
performed with a magnetic field Bx applied IP along the graphene chan-
nel (i.e. along the x axis). To differentiate, this is known as xHanle spin
precession measurements (with the situation above denoted as zHanle spin
precession). xHanle measurements work similarly to zHanle, but with an
OOP spin precession in the yz plane instead of in the xy plane. A combina-
tion of zHanle and xHanle spin precession measurements therefore enables
the investigation of both IP and OOP spin precession in the graphene spin-
valve device, including the determination of IP and OOP spin transport
parameters and spin canting angles.

3.1.2 Long-distance spin transport and spin logic
operations in graphene

Whereas the first demonstrations of spin transport in graphene around
2007 were performed using spin-valve devices based on exfoliated graphene
flakes [427, 462], the quality of scalable chemical vapour deposition (CVD)
graphene has since improved considerably, which enables long-distance spin
transport in high-quality CVD graphene spin-valve devices [463]. One such
device is presented in Figure 3.5a, where spin transport was successfully
demonstrated over a 21µm distance. The graphene channel was patterned
by electron beam lithography (EBL) followed by oxygen plasma etching,
and the nonmagnetic (Ti/Au) and FM (TiO2/Co) electrodes were patterned
by EBL followed by electron-beam evaporation deposition and lift-off pro-
cesses. Importantly, the thin layer (∼ 1 nm) of TiO2 in the FM contacts
acts as a tunnel barrier between the graphene and the FM Co. This is
done to mitigate the so-called conductivity mismatch problem, where the
low conductivity of graphene compared to the metallic FM can cause a low
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spin injection efficiency through spin back-scattering and reabsorption in
transparent FM contacts [464, 465]. Spin-valve and zHanle signals for the
21µm spin transport are shown in Figure 3.5b,c, where the latter yields
τs = 126 ± 27 ps and λs = 2.2 ± 0.5µm after fitting with Equation (3.1).
Indeed, long-distance spin transport up to 45µm with spin lifetimes ex-
ceeding 3 ns has been reported in high-quality CVD graphene using similar
spin-valve devices [428–431, 466].

Spin transport over long distances in good-quality scalable graphene can
enable new and innovative spintronic applications, such as graphene spin
logic circuits. Here, branched graphene channels are utilised to allow si-
multaneous spin injection from multiple FM contacts. Where the branches
converge, the propagating spins from each branch are mixed together, yield-
ing a combined net spin polarisation which can be detected with a single
FM contact. Importantly, since positive and negative bias currents can be
used for spin injection with opposite polarisations, the spin population of
each branch can be controlled electrically without a need for external mag-
netic fields. This kind of graphene spin circuits with two or three branches
has previously been used to demonstrate reconfigurable Boolean logic oper-
ations [41], which is a step towards integrated logic and memory in a single
spin-based device.

For real spin logic applications, however, cascading logic with multiple
Boolean gates applied in series is necessary. One such graphene circuit is
shown in Figure 3.5d, where four spin inputs (left) are combined sequen-
tially towards a single read-out (right), resulting in two layers of cascading
spin logic operations. Figure 3.5e demonstrates the functionality of the
two-branch top-left section of the circuit, where the top panel shows the
measured nonlocal voltage in response to two applied bias currents (IA and
IB; bottom panels). Here, the amplitudes of the two bias currents have been
selected to compensate differences in spin injection efficiency between the
two injector contacts, so that both spin inputs have similar weights in the
spin mixing. As can be seen, the measured spin signal is proportional to the
sum of the two injected spin polarisations, and varies between three distinct
states with a high (for IA, IB > 0), a low (for IA, IB < 0) and a medium (for
IA > 0, IB < 0 or IA < 0, IB > 0) voltage level. By assigning a threshold
voltage (VNL = 0 V in Figure 3.5e), this can be interpreted as the logical
output of an AND Boolean gate, which gives a 1 (True) reading only when
both bias currents are positive and a 0 (False) reading otherwise. Alterna-
tively, by adjusting the threshold voltage (e.g. to VNL = −4 V), OR logic
operations (which return a 1 reading when either bias current is positive)
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Figure 3.5: Long-distance spin transport and spin logic operations in
graphene. (a) Microscopy image of a graphene spin-valve device with FM
TiO2/Co and nonmagnetic Ti/Au contacts. The distance of 21µm between
two of the FM contacts is indicated with white arrows. (b,c) Spin-valve and
zHanle spin precession signals for long-distance spin transport in the device in
(a). The green arrows in (b) indicate the By sweep directions for the spin-valve
measurement, and the solid line in (c) is a fit to the Hanle signal. A linear
background was subtracted from the Hanle signal. The measurements in (b,c)
were performed with I = −450µA and Vg = −40 V. (d) Microscopy image of
a cascading spin logic graphene circuit, containing two layers of Boolean gates.
(e) Measured spin-signal output (top panel) from a two-branch graphene circuit
(top-left section of the circuit in (d)) in response to an applied sequence of two
bias currents (bottom panels), as a function of time. The labels 1 and 0 indicate
the logic read-outs of an AND gate, for an applied threshold voltage VNL = 0 V.
(f) zHanle spin signals in a branched graphene circuit, obtained using individual
bias currents IA and IB as well as through spin addition while applying both
bias currents simultaneously. The measurements in (f) were performed with
IA = 32µA and IB = 100µA.

can be achieved instead. Ideally, the outputs of two such logic gates can be
passed on as the inputs to a third gate. The full circuit in Figure 3.5d could
then generate, for example, (A AND B) OR (C AND D) logic operations
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for four logical inputs A, B, C and D.
Interestingly, similar spin addition was observed also during spin preces-

sion under OOP magnetic fields in the same device. As can be seen in Figure
3.5f, the amplitude of the Hanle spin precession signal is doubled when both
bias currents are applied simultaneously, signifying the combined contribu-
tion of precessing spins from both branches of the graphene circuit.

In order to extend this kind of graphene spin logic circuits to fully-func-
tional cascading logic devices and other complex architectures [45, 402, 429],
certain optimisation challenges must be overcome. Specifically, high-yield
fabrication of good-quality graphene and FM contacts with efficient spin
injection and detection is necessary, which can be achieved through hBN en-
capsulation of the graphene [467–471]. At the same time, narrower graphene
channels and a smaller device footprint are needed for implementing more
complex functionalities with a larger number of logic operations.
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3.2 Electrical detection of spin textures in
ferromagnet Co

Graphene spin-valve devices were designed with specially shaped FM cobalt
electrodes, as shown with a schematic illustration in Figure 3.6a and with
a representative device in Figure 3.6b. The geometric shapes of the FMs
affect their magnetisation dynamics under the application of external mag-
netic fields, which can be traced with spin transport measurements. In a
spin-valve measurement with a magnetic field By being swept in the y di-
rection, the detected spin signal traces the changing magnetisation of the
FM injector and detector contacts, with a low (high) nonlocal voltage corre-
sponding to a parallel (antiparallel) magnetisation configuration of the two
contacts. As established in Section 3.1.1, two elongated FM contacts with
quasi-single magnetic domains generate a typical spin-valve signal with sin-
gle steps in VNL. However, the specially shaped contacts are designed with
more complex magnetisation dynamics and give rise to anomalous multi-
level spin-valve signals, as illustrated in Figure 3.6c. The relationship be-
tween the nonuniformly evolving magnetisation of a specially shaped FM
contact and the corresponding multi-level spin signal is visualised in Figure
3.6d.

3.2.1 Detection of multi-domain magnetic textures
A spin-valve signal for two standard quasi-single-domain FM contacts (as
in Figure 3.7a) is shown for reference in Figure 3.7b, with singular steps in
the spin signal as the magnetisations of the FM contacts are switched be-
tween parallel and antiparallel alignments by the applied field. In contrast,
’single-notch’ and ’double-notch’ FM contacts (visualised in Figure 3.7c,e)
have geometric notches that pin magnetic domain walls [37, 411, 415, 472],
which separates the contacts into two decoupled magnetic domains that
switch in sequence during a By sweep. Similarly, the wider and the nar-
rower sections of a ’stepped’ FM contact (in Figure 3.7g) are decoupled
by a pinned magnetic domain wall at the sharp geometry of the constric-
tion [401, 473]. The resulting multi-domain magnetisation dynamics of the
specially shaped FM contacts are seen as sequential steps of increasing non-
local voltages in the respective spin-valve signals in Figure 3.7d,f,h. Here,
the relative amplitude of the spin signal is indicative of the proportion of
the shaped contact that has been switched. Similar multi-domain contact
designs can be extended to realise any number of magnetic domains and cor-
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Figure 3.6: Graphene spin-valve device for electrical detection of mag-
netic spin textures in Co. (a,b) Schematic (a) and microscope picture (b)
of a representative spin-valve device with different magnetic spin textures in
specially shaped cobalt. The dashed lines in (b) indicate the borders of the
graphene spin transport channel. (c) Schematics of expected spin signals for
spin-valve devices with single-domain (top) and magnetic-texture (bottom) FM
electrodes. (d) Schematic of the expected spin signal contribution from a vor-
tex spin texture and corresponding magnetic textures of a square electrode at
different stages of the magnetic field sweep. Adapted from Paper I .

responding intermediate magnetic states, which would be distinguishable in
such a graphene spin-valve device. Based on the noise level of the present
proof-of-principle devices, it is estimated that net magnetisation changes as
small as ∼ 7 % can reliably be detected, which can be dramatically enhanced
through fabrication and device optimisation [467, 469, 474].

Micromagnetic simulations using MuMax3 [475–477] of the notched and
stepped contacts were performed to correlate the measured spin signals with
magnetisation dynamics. Distinct magnetic textures for different points
along the By sweeps are shown as insets in Figure 3.7b,d,f,h. Simulated
magnetic hysteresis loops also show good qualitative agreement between
the experimental spin signals and the simulated y magnetisation my of the
FM contacts, as exemplified in Figure 3.8.

The multi-domain magnetisation of the specially shaped FM electrodes
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Figure 3.7: Detection of multi-domain magnetic textures. (a,c,e,g)
Schematics of a standard spin-valve device (a) and spin-valve devices with a
single-notch (c), a double-notch (e) and a stepped (g) FM contact, respectively.
(b,d,f,h) Spin-valve signals from the devices in (a,c,e,g), respectively. The blue
arrows indicate the By sweep directions. Insets: Simulated magnetic textures
illustrating the magnetisation dynamics of the specially shaped FM contacts.
The circled numbers indicate the correlation between the magnetic textures and
the spin-valve signals. Adapted from Paper I .

was verified using magnetic force microscopy (MFM). Figure 3.9a,c show
the atomic force microscopy (AFM) topology of a notched, a regular and a
notched FM contact, respectively, and the corresponding MFM images are
included in Figure 3.9b,d. Here, the MFM frequency contrast in the MFM
images correlates with the second gradient of the magnetic force on the MFM
tip, and can be related to the orientation of the sample magnetisation. The
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Figure 3.8: Micromagnetic simulations of multi-domain magnetic tex-
tures. (a,b) Experimental spin-valve signals (blue) and simulated y magne-
tization (orange) as a function of By for a single-notch (a) and a stepped (b)
contact, showing qualitative agreement. The experimental signals are the same
data as in Figure 3.7d,h. The arrows indicate the By sweep directions. Adapted
from Paper I .

measured MFM signals are mainly homogeneous along the length of the
contacts. However, the adjacent dark and bright areas at the notch in
Figure 3.9b and the bright area at the sharp step in Figure 3.9d are clear
indications of pinned magnetic domain walls at the respective geometrical
constrictions. To correlate the experimental MFM results with magnetic
textures in the FM electrodes, simulated MFM images were calculated from
the simulated magnetic textures (Figure 3.9e,g). As can be seen in Figure
3.9f,h, the simulated MFM images follow the experimental results closely,
confirming the multi-domain magnetic behaviour.

3.2.2 Detection of magnetic vortex textures in a circular
microstructure

Magnetic vortex textures were studied in a spin-valve device with an engi-
neered circular FM electrode, as illustrated in Figure 3.10a. The circular
shape of the FM causes an ill-defined magnetic easy axis so that its magneti-
sation is not expected to be contained purely along the y axis. This leads to
more complex magnetic textures in the FM contact and differently shaped
spin-valve signals compared to the ones in Section 3.2.1. The spin signal in
Figure 3.10b contains not only sharp steps in VNL, but also a gradual slope.
The corresponding magnetisation dynamics can be understood according to
the following. Under large positive magnetic fields, the magnetisation of the
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Figure 3.9: Magnetic force microscopy of multi-domain magnetic tex-
tures. (a,b) Atomic force microscopy (AFM) topography (a) and magnetic
force microscopy (MFM) frequency contrast image (b) of a notched FM con-
tact. (c,d) AFM topography (c) and MFM frequency contrast image (d) of a
regular (top) and a stepped (bottom) FM contact. (e,f) Simulated magnetic
texture of a notched contact (e) and the corresponding simulated MFM image
(f). (g,h) Simulated magnetic texture of a stepped contact (g) and the corre-
sponding simulated MFM image (h). Adapted from Paper I .

circular contact is saturated in the +y orientation. As By is reduced below a
certain level, a magnetic vortex is created close to the left edge of the circu-
lar electrode. This reduces the net magnetisation of the contact and leads to
a sharp step in VNL, since the spin-valve measurements are only sensitive to
spins along the easy axis of the FM detector (i.e. the y direction). Interest-
ingly, this vortex creation event happens before By reaches zero, indicating
that the magnetic vortex texture is the ground state of the circular contact
[413, 478, 479]. When the magnetic field is subsequently swept towards the
−y direction, the vortex moves continuously towards the right edge of the
circular contact, leading to an increasing magnetisation in the −y direction
and a gradual increase in the nonlocal voltage signal. Here, the small spikes
during this gradual slope in the measured signal can come from pinning of
the magnetic vortex, in addition to electrical noise. It should additionally be
noted that only the presence and movement of the magnetic vortex can be
discerned in the spin-valve measurements, and not its chirality. Finally, as a
sufficiently large negative magnetic field is applied, the vortex is annihilated
and the contact magnetisation is saturated in the −y direction, causing a
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Figure 3.10: Detection of magnetic vortex textures in a circular mi-
crostructure. (a) Schematic of a spin-valve device with a circular FM contact.
(b) Spin-valve signal from the device in (a). The arrows indicate the By sweep
directions. (c) Backward sweep of the spin-valve signal in (b). The simulated
−y magnetisation is indicated by a dotted line. Inset: Simulated magnetic
textures illustrating the magnetisation dynamics of the circular contact. The
circled numbers 1-5 indicate the correlation between the magnetic textures and
the spin-valve signal, where 3 is an intermediate point in the gradual shift be-
tween 2 and 4. (d,e) AFM topography (d) and MFM phase shift image (e) of
a circular FM contact. (f,g) Simulated magnetic texture of a circular contact
(f) and the corresponding simulated MFM image (g). Adapted from Paper I .

second sharp step in VNL. These magnetisation dynamics were qualitatively
replicated by the micromagnetic simulations. The insets in Figure 3.10c
present representative simulated spin textures along the By sweep, and the
dotted line in Figure 3.10c indicates the simulated −y magnetisation of the
circular contact with a similar shape to the experimental spin-valve signal.

The magnetic vortex texture in the circular contact was further corrob-
orated with MFM measurements. Figure 3.10d,e contain AFM topography
and MFM images, where the phase shift in the latter originates from the
sample magnetisation. The main features of the MFM image are bright
and dark arcs that extend outwards from a point close to the centre of the
circular contact, which can be interpreted as a radial vortex texture with
a changing magnetisation orientation around that centre point. A similar
MFM image was replicated from the simulated magnetic texture in Figure
3.10f, with bright and dark arcs as can be seen in Figure 3.10g. The offset
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of the vortex core from the centre of the circular contact (which appears
both in the experiments and in the simulations) can be understood as a
remanent magnetisation from the By sweep. On the other hand, the smaller
vortex-like pattern on the left side of Figure 3.10e could not be captured
by the micromagnetic simulations, and most likely originates from inhomo-
geneities in the magnetic texture because of defects in the cobalt thin film
or because of frustrations in the magnetic domains due to their relatively
large size [410].

3.2.3 Detection of magnetic vortex textures in a square
microstructure

Finally, magnetic vortex textures were also investigated in a square FM con-
tact, which is illustrated in Figure 3.11a. Unlike the circular contact, the
square contact is not fully symmetric, but it still has an ill-defined magnetic
easy axis due to its fourfold geometrical symmetry [409]. Figure 3.11b show-
cases a complicated spin-valve signal with sharp steps and gradual slopes
of both increasing and decreasing VNL. The added complexity originates
from the regular and specially shaped FM contacts (left and right in Figure
3.11a, respectively) having overlapping contributions to the measured spin
signal. By comparing the spin signal in Figure 3.11b with reference mea-
surements without any specially shaped electrodes, the contribution from
the left contact in Figure 3.11a could be identified as singular sharp steps
at By ≈ ±20 mT, and was subsequently removed in order to alleviate the
analysis of the magnetisation dynamics of the square contact. The back-
ward sweep of the resulting corrected spin signal with contributions only
from the square FM contact is shown in Figure 3.11c.

The spin-valve signal from the square FM has a sharp step followed by
a gradual slope and a second smaller step. As a magnetic field is swept
from a large positive value towards zero, the saturated +y magnetisation
of the square contact transitions into its vortex ground state. Interestingly,
the key difference compared to circular contact above is that the magnetic
vortex of the square electrode is nonuniform and consists of four distinct tri-
angular domains, in contrast to the continuously changing magnetisation in
Figure 3.10 [410, 480]. The geometrical shape of the square contact causes
this special type of vortex to be energetically favourable since it encom-
passes both a flux-closing magnetic configuration and an alignment of the
cobalt spins with the straight edges of the contact [478]. When the external
magnetic field is swept towards negative values, the core of the magnetic
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Figure 3.11: Detection of magnetic vortex textures in a square mi-
crostructure. (a) Schematic of a spin-valve device with a square FM con-
tact. (b) Spin-valve signal from the device in (a). The arrows indicate the
By sweep directions. (c) Corrected backward sweep of the spin-valve signal
in (b), without the contribution from the regular FM contact. The simulated
−y magnetisation is indicated by a dotted line. Inset: Simulated magnetic
textures illustrating the magnetisation dynamics of the square contact. The
circled numbers 1-5 indicate the correlation between the magnetic textures and
the spin-valve signal, where 3 is an intermediate point in the gradual shift be-
tween 2 and 4. (d,e) AFM topography (d) and MFM phase shift image (e) of
a square FM contact. (f,g) Simulated magnetic texture of a square contact (f)
and the corresponding simulated MFM image (g). Adapted from Paper I .

vortex moves continuously towards the right edge of the square contact and
is eventually annihilated so that the magnetisation becomes saturated in the
−y direction. The slightly uneven slope of the measured spin signal may
arise due to pinning of the magnetic vortex by defects in the cobalt thin
film. These magnetisation dynamics were qualitatively reproduced by the
micromagnetic simulations, and representative magnetic textures and the
simulated y magnetisation of the square contact are shown in Figure 3.11c.

AFM and MFM measurements were performed for the square contact,
with the results shown in Figure 3.11d,e. The triangular pattern with
straight borders between bright and dark areas is noticeably different from
the arcs observed in the circular FM contact. As can be seen in Figure
3.11f,g, a simulated magnetic vortex texture with distinct triangular do-
mains generates an MFM image that is nearly identical to the experimental
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results.
To further verify the vortex character of the magnetisation of the square

contact, additional spin transport measurements were performed. The spin
signal from a minor-loop measurement is shown in the top of Figure 3.12a,
where the By sweep was reversed before the second sharp step in the spin
signal to prevent the annihilation of the magnetic vortex. As can be seen,
the gradual slope in the spin-valve signal is reversible whereas the sharp
step is hysteretic, which agrees well with the expected behaviour of the
reversible movement and the hysteretic creation/annihilation of a magnetic
vortex, respectively [420, 478, 480]. Hanle spin precession measurements
were also performed, and the spin-valve and Hanle signals are shown with
the same scaling in Figure 3.12b,c for a stepped and a square FM contact,
respectively. Both the spin-valve and the Hanle signal from the stepped
contact have similar amplitudes, as expected for a large net magnetisation
at zero in-plane magnetic field for the elongated contact with a well-defined
magnetic easy axis. In contrast, the Hanle signal that was measured with
the square contact has a significantly reduced amplitude, which indicates a
small net magnetisation. These results thus provide further confirmation of
the square FM contact having a vortex magnetic texture.
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Figure 3.12: Minor-loop and Hanle spin precession measurements of
magnetic vortex textures. (a) Minor-loop (top) and full-sweep (bottom)
spin-valve measurements of a spin-valve device with a square FM contact. The
arrows indicate the By sweep directions. The data has been shifted vertically
for clarity. The field range of the reversible slope in VNL is indicated by black
dashed lines. (b,c) Spin-valve (blue) and Hanle spin precession (pink) signals
from spin-valve devices with a stepped (b) and a square (c) FM contact, re-
spectively, with the same scaling between the spin-valve and the Hanle signals.
The spin-valve signals are the same data as in Figure 3.7h and in Figure 3.11c,
respectively. Linear backgrounds were subtracted from the Hanle signals and
the solid lines are fits to the signals, using Equation (3.1). Insets: Simulated
magnetic textures of a stepped (b) and a square (c) FM contact, respectively,
for By = 0 T. Adapted from Paper I .

.
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3.3 Electrical detection of spin textures in van
der Waals ferromagnet Fe5GeTe2

Beyond conventional 3D magnets such as cobalt, vdW magnets have the
potential for magnetism and spin dynamics down to the atomically thin
2D limit [481, 482] and can host exotic magnetic domains and spin tex-
tures [483–487]. The vdW magnet Fe5GeTe2 (FGT) is noncentrosymmetric
[391, 488] and can host chiral stripe and skyrmionic spin textures due to
its Dzyaloshinskii-Moriya interactions [485, 489], although geometrical con-
strictions or other nucleation sites can be necessary for deterministic gener-
ation of such chiral spin textures [490–493]. FGT flakes with constrictions
or notches, where the geometric shapes can cause formation and pinning of
chiral spin textures at room temperature, were used to fabricate graphene
spin-valve devices with van der Waals heterostructures, as shown schemati-
cally in Figure 3.13a and with a microscope picture in Figure 3.13b.

By injecting spin from FGT into the graphene channel, spin textures
can be detected by a reference quasi-single-domain cobalt contact, and the
evolution of the spin texture in FGT can be probed by spin transport mea-
surements. Schematic spin-valve signals for single magnetic domains and
chiral spin textures are visualised in Figure 3.13c,d. Here, the nonlocal re-
sistance is defined as RNL = VNL/I. Different from spin-valve signals with
two Co contacts (e.g. in Figure 3.3d), the single-domain (SD) spin-valve
signal in Figure 3.13c has one sharp and one slightly more gradual step in
RNL. The sharp step is associated with the magnetisation switching of Co,
whereas the more gradual step originates from the switching of FGT due to
its canted magnetic domain realignment to the y axis [391]. Meanwhile, the
spin-texture (ST) signal is expected to have broader peaks with switching
before zero magnetic fields due to the reduced energy state of the spin tex-
ture compared to a saturated magnetisation along the y axis (which can be
compared to the circular and square Co contacts in Section 3.2).

3.3.1 Spin-texture spin-valve device with a constriction in
Fe5GeTe2

The measured spin-valve signal in a device with a constriction in the FGT
flake is presented in Figure 3.14a. Multi-step switching is observed due
to overlapping SD and ST contributions to the spin-valve signal from the
narrower and the wider sections of the FGT flake, respectively, which are
decoupled by the geometric constriction. To alleviate the analysis, the spin
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Figure 3.13: Graphene spin-valve device for electrical detection of
magnetic spin textures in Fe5GeTe2. (a,b) Schematic (a) and microscope
picture (b) of a spin-valve device with an Fe5GeTe2 (FGT) flake with a con-
striction that can host chiral magnetic spin textures. The right panel in (b)
shows a magnified microscope picture of the constricted FGT flake, where the
dashed lines indicate the borders of the graphene spin transport channel. The
used current and voltage connections for the nonlocal spin transport measure-
ments are indicated as I+/− and V +/−, respectively. (c,d) Illustrations of a
single magnetic domain and a chiral spin texture, respectively, in FGT, and the
associated expected spin-valve signals. Adapted from Paper II .

signal is decomposed to separate the SD and ST components in Figure
3.14b. The magnetisation dynamics of the FGT flake and the reference Co
electrode can be understood as follows. For large negative magnetic fields,
all magnetic domains are aligned in the −y direction (stage I in Figure
3.14a). AsBy approaches zero, the wider section of the FGT flake transitions
to a chiral spin texture state with a small net magnetisation (stage II), which
is seen as a sharp step in RNL. Similarly to the vortex states in the circular
and square Co contacts in Section 3.2, the onset of the spin texture before
the magnetic field reaches zero indicates that this is the ground state of the
wider section of the FGT flake. At small positive magnetic fields, the slightly
gradual step in the spin signal is caused by the switching of the narrower
section of the FGT flake from a −y to a +y SD magnetisation (stage III).
This is followed by a sharper step of decreasing RNL due to the switching
of the reference Co contact (stage IV). Stage III and stage IV therefore
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correspond to the same magnetic state of the FGT flake, whereas stage II
and stage IV correspond to different states despite having similar spin signal
magnitudes. Finally, when a strong positive magnetic field is applied, the
spin texture is destroyed so that all magnetic domains are aligned in the
+y direction (stage V), which is seen as another step of decreasing RNL.
The respective magnetisations of the SD and ST sections of the FGT flake
and the reference Co contact are illustrated with arrows in Figure 3.14b.
The backward sweep from positive to negative magnetic fields produces
analogous magnetisation dynamics and a similar spin signal. The robust
spin signals with multi-level switching clearly indicates the coexistence of
spin textures and canted single magnetic domains in the constricted FGT
flake at room temperature.

Additional experiments were conducted to properly probe the spin texture
in FGT. First, spin-valve measurements were performed with two standard
Co contacts, one of which was the same FM contact as was used for the
measurement in Figure 3.14 (see Figure 3.15a). The Co-Co and FGT-Co
spin-valve signals are compared in Figure 3.15b, where both signals contain
a sharp step at the same coercive field due to the contribution from the same
quasi-single-domain Co contact. This hence confirms the identification of
the Co magnetisation switching above, and that stage III and stage IV in
Figure 3.14a indeed represent the same magnetic configuration of FGT. The
small gradual shift in stage III-IV comes from the continuous realignment
of the FGT SD towards the +y orientation [391].

Next, spin-valve measurements were performed in a heterostructure device
with an FGT flake without a geometric constriction, as shown schematically
in Figure 3.15c. The resulting spin-valve signal in Figure 3.15d without any
multi-level switching demonstrates that the constriction in FGT above pins
the spin textures and decouples them into different magnetic domains.

Low-temperature measurements of the constricted FGT were also per-
formed. Figure 3.15e shows the spin-valve signal at a temperature of T =
60 K in comparison to the the room-temperature signal. The amplitude
of the spin signal is significantly enhanced at low temperatures. The low-
temperature signal also shows more detailed switching features, which can
be attributed to the presence of more subtle spin textures in FGT at low
temperatures [494]. The coercive fields of both SD FGT (Hc1) and Co
increases due to the enhanced magnetic anisotropies of both materials at
decreased temperatures. Interestingly, however, the ST FGT gains an in-
creased coercive field (Hc2), where the ST is destroyed, but the ‘recover
field’ (Hr), where the ST is created, remains unchanged between 300 K and
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Figure 3.14: Detection of spin textures in constricted FGT. (a) Spin-
valve signal from a van der Waals heterostructure device with FGT with a
constriction (FGTconstr) at room temperature. The stages I-V correspond to
different magnetisation states of FGT and the reference Co contact. The single-
domain and spin-texture components of the spin signal are indicated as SD and
ST, respectively. (b) The decomposed SD (top) and and ST (bottom) compo-
nents of the signal in (a). The blue and black arrows indicate the magnetisations
of the Co contact and the SD section of FGT, respectively, and the green and
orange arrows indicate y projections of the effective subdomain structures of
the ST section of FGT. The dashed blue and pink arrows indicate the By sweep
directions. The data in (b) has been shifted vertically for clarity. Adapted from
Paper II .

60 K, as indicated with dashed lines in Figure 3.15e. This nonuniform shift
highlights the fundamental difference between the ST in FGT compared to
conventional SDs, and may appear due to pinning effects of the spin textures
by the geometrical constriction.

Finally, the bias-current dependency of the spin-valve signals from FGT
with a constriction is shown in Figure 3.15f. As can be seen, the multi-level
spin signal gains an opposite sign but retains a similar amplitude when the
polarity of the bias current is reversed.
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Figure 3.15: Additional measurements of the spin-texture spin-valve
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in (b,f) is the same data as in Figure 3.14a. Adapted from Paper II .
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3.3.2 Spin-texture spin-valve device with a notch in
Fe5GeTe2

A van der Waals heterostructure spin-valve device with an FGT flake with a
notch instead of a constriction is shown schematically and with a microscope
picture in Figure 3.16a,b, which was studied to investigate the pinning effects
of exotic spin textures in FGT with different geometries. The measured spin-
valve signal can be seen in Figure 3.16c, and has a similar multi-level shape
to the signals from the constricted FGT above. This indicates a coexistence
of a chiral spin texture and a single magnetic domain in FGT, with an
evolution across the stages I-V similar to the description above.

The magnetic hysteresis of the ST and SD components of the spin sig-
nal were investigated in detail through minor-loop measurements [427], as
shown in Figure 3.16d. A large hysteresis effect of the ST signal component
is observed in the top panel of Figure 3.16d, where the creation and anni-
hilation of the spin texture happen at significantly different magnetic fields
(the recover and coercive fields Hr and Hc, respectively). It is noticed that
Hr and Hc are independent of the field sweeping history throughout the
minor-loop measurements, as indicated with dashed lines. The hysteresis of
both the ST and the SD components of the spin signal is shown in the mid-
dle and bottom panels of Figure 3.16d. In the middle panel, the switching
and hysteresis of the SD FGT results in a triangular loop in addition to the
square hysteresis loop of the ST FGT. Meanwhile, the butterfly pattern in
the bottom panel contains the switching and hysteresis effects of both the
SD FGT and the reference Co contact.

3.3.3 Hanle spin precession measurements in spin-texture
spin-valve devices

Hanle spin precession measurements were performed in both devices with
constricted and notched FGT to further probe their spin polarisations, as
described in detail in Section 3.1.1. Figure 3.17a visualises the zHanle mea-
surements of the spin-valve device with constricted FGT, and Figure 3.17b
contains the measured zHanle spin signal in comparison to the spin-valve
signal. Interestingly, the amplitude of the zHanle signal is similar to the
amplitude of the SD component of the spin-valve signal, indicating that
the main contribution to the zHanle signal is the SD section of the FGT
flake, whereas the contribution from the ST section is minor due to its small
net magnetisation in the absence of an IP magnetic field. The asymmetric



58 Chapter 3: Graphene spin-valve devices for spin sensing

SD
ST

Hr Hc

FGTI

C
o

Vnl

FG
T
n
o
tch

Gr

ST
SD

III

II IV

I V

-0.1 0.0 0.1

-1

0

Co

R
n
l(
W
)

By(T)

-1

R
n
l(
W
)

-1

0

R
n
l(
W
)

0.0 0.1 0.2

-1

0

R
n
l(
W
)

By(T)

a

b

c

d

FGTnotch

FGTnotch

Figure 3.16: Detection of spin textures in notched FGT. (a,b)
Schematic (a) and microscope picture (b) of a spin-valve device with an FGT
flake with a notch. The top-right panel in (b) shows a magnified microscope
picture of the notched FGT. (c) Spin-valve signal from the device in (a,b) with
notched FGT (FGTnotch). The stages I-V correspond to different magnetisation
states of FGT and the reference Co contact. The single-domain and spin-texture
components of the spin signal are indicated as SD and ST, respectively. (d)
Minor-loop measurements of the device in (a,b). The black arrows indicate
the magnetisation of the SD section of FGT, and the green and orange arrows
indicate y projections of the effective subdomain structures of the ST section
of FGT. The recover Hr and coercive Hc fields of the ST section are indicated
by arrows and dashed lines. The dashed pink and blue arrows indicate the By

sweep directions. Adapted from Paper II .

shape of the zHanle spin signal with nonzero antisymmetric and symmetric
components (as shown in Figure 3.17c) signifies the presence of both x and
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Figure 3.17: Hanle spin precession measurement of spin textures in
constricted FGT. (a) Schematic of zHanle spin precession in a spin-valve
device with constricted FGT. (b) Comparison of zHanle (Bz) and spin-valve
(By) signals from the device in (a). (c) The raw zHanle signal from (b) as well
as its symmetric and antisymmetric components, which correspond to y and x
spin polarisations, respectively. The solid lines are fits to the signal components.
The data has been shifted vertically for clarity. Adapted from Paper II .

y components of the IP spin polarisation. The larger amplitude of the sym-
metric component, compared to the antisymmetric one, indicates that the
net spin polarisation is closer to the y direction than the x direction, which
aligns with the typical canted magnetisation of SD FGT [394].

Detailed zHanle and xHanle spin precession measurements were conducted
for the notched FGT (illustrated in Figure 3.18a,d) with parallel and an-
tiparallel magnetisation of the reference Co contact and the SD section of
the FGT flake. Similar to the zHanle signal from the constricted FGT,
the amplitudes of the zHanle signals in Figure 3.18b compared to the cor-
responding spin-valve signal indicate that the spin contribution from the
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SD FGT dominates also in the notched case. The two zHanle signals for
opposite magnetisation configurations were averaged using Equation (3.2),
and the symmetric and antisymmetric components of the pure spin signal in
Figure 3.18c could be extracted. As for the constricted FGT, the two signal
components indicate a similarly canted IP magnetism in the SD section of
the notched FGT.

Interestingly, the xHanle signal in Figure 3.18e has an amplitude that
is similar to the SD part of the spin-valve signal for small magnetic fields,
but gains a different behaviour and a significantly larger magnitude in the
high-field range. This can be understood as a dominant SD contribution
to the xHanle spin precession for smaller fields, followed by a realignment
of the magnetisation of the entire notched FGT flake as well as the Co
detector contact for larger IP magnetic fields. By averaging the two spin
signals for parallel and antiparallel magnetisation configurations, the non-
spin-precession contributions can be removed (including the effects of the
magnetisation realignment at large Bx values [391]), resulting in the sym-
metric and antisymmetric signal components in Figure 3.18f without such
anomalous behaviour. Here, the symmetric component of the xHanle signal
dominates, which corresponds to the y spin polarisation, while the smaller
antisymmetric signal component indicates an out-of-plane canting. Together
with the results in Figure 3.18c, the SD notched FGT magnetisation can
therefore be concluded to point mainly along the y direction but with a
canting in the x and z directions.
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Figure 3.18: Hanle spin precession measurement of spin textures in
notched FGT. (a,d) Schematics of zHanle (a) and xHanle (d) spin preces-
sion, respectively, in a spin-valve device with notched FGT. (b,e) Comparison
of zHanle (Bz) and spin-valve (By) signals (b) and of xHanle (Bx) and spin-
valve signals (e), respectively, from the device in (a,d). The blue and black
arrows indicate the magnetisations of the Co contact and the SD section of
FGT, respectively, and the green and orange arrows indicate the effective sub-
domain structures of the ST section of FGT. The grey arrows indicate the By

sweep direction. (c,f) The symmetric and antisymmetric components of the
Hanle signals in (b,e), which correspond to y and x (c) and y and z (f) spin
polarisations, respectively. The solid lines are fits to the signal components.
The data has been shifted vertically for clarity. Adapted from Paper II .





4 Charge-spin interconversion in
topological quantum materials

Charge-spin interconversion effects encompass current-induced polarisation
of spin, i.e. the generation of spin accumulations or spin currents from
electronic charge currents, as well as the inverse effect where a net spin
polarisation generates a charge current or voltage. Naturally, such effects
are of central importance for spintronics applications, where charge-spin in-
terconversion can allow nonmagnetic materials with strong SOC to act as
efficient spin sources and sensors in the absence of magnetic fields. Re-
liable demonstrations of robust charge-spin interconversion at room tem-
perature are therefore important steps towards next-generation fast and
energy-efficient spin-based nonvolatile computing technologies.

Topological quantum materials such as TIs and WSMs stand out as an es-
pecially promising material platform for robust and energy-efficient charge-
spin interconversion effects due to their topologically nontrivial band struc-
tures with strong SOC and SML [Sierra2021VanOpto-spintronics, 495,
496], which is elaborated upon in detail in Chapter 2. TIs exhibit bulk bands
with strong SOC and topologically protected surface states with SML. As
such, TIs can facilitate efficient CSC and large spin polarisations through the
SHE and the REE as well as via the SML of the TSS [83, 156, 158, 159, 162,
497–500]. Charge-spin interconversion effects in TIs have previously been
investigated up to room temperature using potentiometric measurements
in local geometries with FM electrodes placed on the TI, which results
in competing charge and spin contributions to the measured signal [164–
166, 168, 169, 171, 501–503]. In contrast, nonlocal spin-switch and Hanle
spin precession measurements with pure spin currents can unambiguously
confirm the generation of polarised spin, which can be realised in lateral
graphene/TI vdW hybrid spin-valve devices [424, 461, 504]. However, de-
tection of charge-spin interconversion using this kind of reliable nonlocal
spin-transport measurements in spin-valve devices has so far been limited
to cryogenic temperatures up to T = 15 K [170, 174], which is a detrimental
limitation for real applications.
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WSMs can similarly host efficient charge-spin interconversion effects ow-
ing to their semimetallic bulk states with strong SOC and their topologically
protected Fermi-arc surface states with SML [77, 179]. Spin polarisation can
be generated efficiently through the SHE, the REE as well as the SML of
the Fermi arcs, and charge-spin interconversion in WSMs has been exper-
imentally observed up to room temperature [186, 236–238, 240, 242–244],
including using nonlocal measurements in graphene heterostructure spin-
valve devices [233–235, 239, 241]. The type-II WSM TaIrTe4 (TIT) is of
particular interest, however, since its topological band structure has the
smallest allowed number of four Weyl nodes for a time-reversal-symmetric
WSM [206, 207, 505] as well as topological spin textures on its Weyl nodes
and Fermi arcs [207]. Whereas CSC in TIT has recently been demonstrated
indirectly through SOT measurements [214, 215, 247], direct detection of
charge-spin interconversion is so far still missing.

Here, charge-spin interconversion in the TI Bi1.5Sb0.5Te1.7Se1.3 (BSTS)
(Paper III ) and in the WSM TIT (Paper IV ) is detected using reliable non-
local spin transport measurements in graphene heterostructure spin-valve
devices at room temperature. Spin-switch and Hanle spin precession sig-
nals for both CSC and SCC unequivocally confirms the spin origin of the
measured signals and demonstrate the robustness of the charge-spin inter-
conversion effects. These results show reliable spin generation and sensing
using topological states in TIs and WSMs, and pave the way towards energy-
efficient all-electrical spin technologies with topological quantum materials
at room temperature.
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4.1 Charge-spin interconversion in topological
insulator Bi1.5Sb0.5Te1.7Se1.3

BSTS is a TI with an optimised chemical composition to tune its Fermi level
into the bulk band gap and maximise the electrical transport contribution
from its TSS [104–110, 169]. To study its charge-spin interconversion proper-
ties, vdW heterostructure spin-valve devices were fabricated from BSTS and
graphene, as shown schematically and with a scanning electron microscopy
image in Figure 4.1a,b. The heterostructure devices were fabricated through
mechanical exfoliation and transfer of BSTS onto a patterned CVD graphene
channel, followed by evaporation deposition of nonmagnetic Cr/Au and FM
TiO2/Co contacts as described in Section 3.1.

CSC in TIs at room temperature can originate from the SHE or the REE
due to the strong SOC of the TI bulk band states, or from the SML of
the TSS [122, 506], all of which are described in more detail in Section 2.1.
The REE and the TSML are visualised in Figure 4.1c, where BSTS hosts
winding spin textures both in the bulk bands and in the Dirac cones. Under
the application of an electric field, the spin textures are offset from their
equilibrium positions so that a net spin polarisation is generated. To be
noted, the TSML dominates the CSC in BSTS at low temperatures under
100 K [169], but can have a nonzero contribution even at room temperature.
In the graphene/BSTS hybrid spin-valve devices, the generated spin from
the CSC effects in BSTS is injected across a vdW gap to the graphene chan-
nel, and a pure spin current can be detected nonlocally by a FM electrode
outside of the charge-current loop.

4.1.1 Charge-to-spin conversion in Bi1.5Sb0.5Te1.7Se1.3

First, spin-switch measurements were conducted with an IP magnetic field
By along the easy axis of the FM contact. In the same way as during spin-
valve measurements, the magnetisation reversal of the FM contact is seen as
a sharp step in the spin signal, whereas the generated spin polarisation from
the CSC of BSTS is unaffected by the applied magnetic field. The resulting
spin-switch signal in Figure 4.1d therefore clearly indicates the presence of
CSC in the TI at room temperature.

Next, zHanle and xHanle spin precession measurements were performed,
where the generated spin from the CSC precesses and dephases while propa-
gating along the graphene channel. The characteristic spin signals in Figure
4.1e,f therefore unambiguously verify the spin origin of the observed sig-
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Figure 4.1: Graphene/BSTS heterostructure device for nonlocal de-
tection of charge-spin interconversion at room temperature. (a,b)
Schematic (a) and coloured SEM image (b) of a representative graphene/BSTS
heterostructure spin-valve device. The scale bar in the SEM image is 5µm. (c)
Simplified band structure of BSTS and schematics of CSC through the REE
and the TSML, respectively. (d-f) Spin-switch (d), zHanle spin precession (e)
and xHanle spin precession (f) signals from CSC in BSTS. The Hanle signals
(RNL,CSC) were obtained by averaging the measured signals for ±y magneti-
sations of the detector contact using Equation (4.1). The pink arrows in (d)
indicate the By sweep directions, and the solid lines in (e,f) are fits to the Hanle
signals. The measurements were performed in Device BSTS-1. Adapted from
Paper III .

nal. In order to remove non-spin-related contributions from the measured
signals, the Hanle signals in Figure 4.1e,f were obtained by averaging spin
signals for +y and −y magnetisations of the FM detector contact (RNL,↑
and RNL,↓, respectively) as

RNL,CSC = RNL,↑ −RNL,↓

2 , (4.1)

in analogue to Equation (3.2). The raw Hanle signals are shown in Figure
4.2a,b. By fitting the spin diffusion and precession equation in Equation
(3.1) to the data in Figure 4.1e,f, a spin lifetime τs ≈ 130 ps and a spin
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diffusion length λs ≈ 0.7µm in the graphene channel could be extracted
from the zHanle measurement (τs ≈ 210 ps and λs ≈ 1.6µm for xHanle).

The symmetric shape of the zHanle and xHanle signals in Figure 4.1e,f
indicates that the injected spin from the BSTS flake has a polarisation along
the y axis (as explained in detail in Section 3.1.1). Interestingly, however,
CSC measurements in a second device (Device BSTS-2) yields zHanle spin
precession signals with a clear asymmetry. Figure 4.2c includes measured
zHanle signals for opposite magnetisations of the detector contact, as well
as the corresponding averaged signal from Equation (4.1). The averaged
zHanle signal was decomposed into its symmetric and antisymmetric com-
ponents using Equation (3.3) (shown in the top of Figure 4.2c), and Equation
(3.5) yields a significant IP canting angle of 67 ◦. The most probable reason
for this canted spin polarisation with sizeable x and y components is that
the charge current distribution through the BSTS flake is similarly diago-
nal in the xy plane, as the bias current is passed between a nonmagnetic
electrode on the TI and the graphene channel (indicated in Figure 4.3a,c),
since the charge current and the spin polarisation are expected to be mutu-
ally perpendicular under charge-spin interconversion [234, 507]. Meanwhile,
the symmetric Hanle signals and y-polarised spin in the first device (Device
BSTS-1) signifies a dominant x component of the charge current, which is
further confirmed in the next section.

In order to quantify the CSC in BSTS, the polarisation of the injected
spin current from the TI was estimated. First, the polarisation PFM of the
FM Co contacts was estimated from the equation

∆RNL = PFM
2R□λs

w
exp

(︄−L
λs

)︄
, (4.2)

where ∆RNL is the amplitude of the spin signal between two similar FM
electrodes in the absence of BSTS, and w and L are the dimensions of the
graphene channel [427, 465, 508]. For simplicity, Equation (4.2) assumes
that both FM electrodes have identical polarisations. In this way, a FM
polarisation of 17 % could be estimated in Device BSTS-1 and 4 % in De-
vice BSTS-2. Next, the spin polarisation from the CSC of BSTS could be
estimated from

∆RNL = PCSCPFMR□λs

w
exp

(︄−L
λs

)︄
, (4.3)

where ∆RNL is now the amplitude of the CSC spin signal, and one of the
PFM factors in Equation (4.2) has been replaced by the polarisation PCSC
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Figure 4.2: Raw and asymmetric Hanle spin precession signals from
charge-to-spin conversion in BSTS. (a,b) Raw zHanle (a) and xHanle
(b) spin precession signals from CSC in BSTS for ±y magnetisations of the
FM detector contact, corresponding to the averaged signals in Figure 4.1e,f.
The magnetisation of the FM contact (M) and the generated spin polarisation
from the CSC (s) are indicated with green and orange arrows, respectively.
(c) zHanle spin precession signals from CSC in BSTS for ±y magnetisations
of the detector contact (↑ and ↓, respectively), as well as the averaged signal
(Avg) and the symmetric (Sym) and antisymmetric (Asym) components of the
averaged signal. The solid lines are fits to the symmetric and antisymmetric
signal components, and a guide to the eye for the averaged signal. The data in
(c) has been shifted vertically for clarity. The measurements were performed
in Device BSTS-1 (a,b) and in Device BSTS-2 (c), respectively. Adapted from
Paper III .

of the injected spin current from the CSC. This yields PCSC ≈ 1.5 % in
Device BSTS-1 and 0.1 % in Device BSTS-2 at room temperature. For
comparison, a spin polarisation of 10 % has previously been reported in a
graphene/Bi2Te2Se spin-valve device at very low temperatures, but the cor-
responding spin signal could not be resolved above T ≈ 15 K [174]. Further-



69

more, the estimated spin polarisation values in the BSTS devices are likely
to be affected by the spin injection efficiency across the vdW gap between
BSTS and graphene, and may be underestimated by the relatively simplistic
one-dimensional spin-diffusion model in Equation (4.2) and Equation (4.3).

4.1.2 Geometry and bias dependence of the
charge-to-spin conversion in Bi1.5Sb0.5Te1.7Se1.3

The CSC effect in BSTS was examined further using different measurement
geometries with respect to the BSTS flake, as illustrated in Figure 4.3a. In
the first measurement geometry, a bias current I1 is passed to the BSTS
flake from the +x direction and the nonlocal voltage VNL,1 is measured on
the −x side of the flake, whereas the second geometry is mirrored with
a bias current I2 coming from the −x direction and the nonlocal voltage
VNL,2 being detected on the +x side of the flake. Interestingly, the observed
spin-switch signals in the two measurement geometries have opposite po-
larities, as shown in Figure 4.3b. Since the two geometries are identical in
the yz plane but mirrored along the x axis, this means that the CSC effect
is odd with the x component of the applied charge current. These results,
where a charge current in the x direction leads to a y spin polarisation, is
compatible with conventional charge-spin interconversion effects, where the
charge current, spin current and spin polarisation are required to be mu-
tually perpendicular (I ⊥ Is ⊥ S) [122, 173, 506]. Certain unconventional
CSC mechanisms, on the other hand, where broken symmetries allow the
charge current and spin polarisation to be parallel [509], can accordingly be
ruled out in the present devices.

The bias current dependence of the CSC effect was probed by passing
positive and negative bias charge currents through the BSTS flake as shown
in Figure 4.3c. When the polarity of the bias current is reversed, the mea-
sured spin signals gain a sign change but retain a similar amplitude, which
is presented with both spin-switch and zHanle signals in Figure 4.3d,e. De-
tailed bias dependencies following a linear trend are shown in Figure 4.3f.
Reversal of the bias current polarity can be interpreted as a change between
injection and extraction of polarised spin, or, equivalently, as a full reversal
of the charge current direction in the TI, and both cases agree well with the
observed sign change of the spin signals. Furthermore, it is also expected
that a larger charge current can lead to the generation of a proportionally
larger spin polarisation through the CSC.
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Figure 4.3: Geometry and bias current dependence of charge-to-spin
conversion signals in graphene/BSTS heterostructure. (a) Schematic of
CSC measurements in two different geometries in a graphene/BSTS spin-valve
device. (b) Spin-switch signals from CSC in BSTS for the two measurement
geometries in (a). (c) Schematic of CSC measurements with arrows indicating
positive and negative bias currents, respectively. (d,e) Spin-switch (d) and
zHanle (e) signals from CSC in BSTS with positive and negative bias currents.
The blue and pink arrows in (b,d) indicate the By sweep directions and the
solid lines in (e) are guides to the eye for the Hanle signals. The data has been
shifted vertically for clarity. (f) The amplitude of the measured spin-switch
and zHanle signals as a function of bias current with linear fits as guides to the
eye. Some error bars are smaller than the data points. The measurements were
performed in Device BSTS-1 (b,d) and in Device BSTS-2 (e,f), respectively.
Adapted from Paper III .
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4.1.3 Gate voltage dependence of the charge-to-spin
conversion in Bi1.5Sb0.5Te1.7Se1.3

Next, the gate voltage modulation of the CSC was studied in the vdW het-
erostructure device. Here, the gating is applied as a back-gate voltage across
the Si/SiO2 substrate, as visualised in Figure 4.4a. First, Dirac curves show-
ing the gate response of the resistance in graphene were measured across
the graphene/TI heterostructure and in pristine graphene outside of the
heterostructure area in the same device, using local four-terminal measure-
ment geometries. As can be seen in Figure 4.4b, both the heterostructure
and the pristine graphene have very similar doping levels with Dirac voltages
of VD = 43 V and 41 V, respectively. This indicates a negligible contribution
to the doping of graphene from the TI and/or band misalignment between
graphene and BSTS, which could otherwise have offset the charge carrier
concentration. To be noted, the resistance difference between the two curves
in Figure 4.4b comes from the different channel lengths of the two graphene
areas (6.7µm and 2.5µm, respectively), and is unrelated to the doping level.
The charge carrier mobility was calculated [510] to be µ = 1200 cm2V−1s−1

for graphene in the heterostructure and µ = 1000 cm2V−1s−1 for the pristine
graphene, which are expected values for CVD graphene [172, 173, 235, 511,
512].

Spin-switch signals from the CSC in the TI are shown in Figure 4.4c for
gate voltages corresponding to the electron- (Vg = 70 V) and hole-doped
(Vg = −70 V) regimes of the graphene channel. It is found that the spin
signals are insensitive to changes in the charge carrier type in graphene, re-
taining the same sign and similar amplitudes. Meanwhile, the electrochemi-
cal potential of the TI flake is largely unaffected by the applied gate voltage
due to its thickness as well as electrostatic shielding from the graphene. A
detailed gate-dependence of the zHanle spin precession signal amplitude and
the corresponding spin transport parameters in graphene are summarised in
Figure 4.4d. The top panel contains the Dirac curve of the graphene channel
in the heterostructure area for reference. The amplitude of the CSC signals
is mainly constant with gate voltage, but has a clear minimum around the
charge-neutrality point of graphene. As can be seen, the spin lifetime and
spin diffusion length in graphene have similar minima, and increase approx-
imately linearly further away from VD. The observed disappearance of the
spin signal around the charge-neutrality point of graphene is likely caused by
a reduced spin injection efficiency due to a conductivity mismatch between
the graphene and the TI [428, 465, 467], and/or impaired spin transport in
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Figure 4.4: Gate dependence of charge-to-spin conversion signals in
graphene/BSTS heterostructure. (a) Schematic of CSC measurements in
a graphene/BSTS spin-valve device with an applied back-gate voltage across the
Si/SiO2 substrate. (b) Dirac curves, showing the gate response of the graphene
resistance across the vdW heterostructure and in pristine graphene. (c) Spin-
switch signals from CSC in BSTS for gate voltages corresponding to electron-
and hole-doped graphene, respectively. The blue and pink arrows indicate the
By sweep directions. The data has been shifted vertically for clarity. (d) Top
panel: Dirac curve for the graphene channel across the vdW heterostructure.
This is the same data as the blue curve in (b). Bottom three panels: Gate
dependence of the zHanle signal amplitude from the CSC measurements, as well
as of the spin lifetime and spin diffusion length in graphene. The measurements
were performed in Device BSTS-2. Adapted from Paper III .

graphene as the resistivity of the spin transport channel rises.
Notably, the unchanged polarity of the spin signals in Figure 4.4c,d con-

firms that the CSC originates from the TI itself and not from proximity-
induced SOC or stray magnetic fields in graphene. This is because both
the proximity-induced SHE and the proximity-induced REE generate CSC
with opposite spin polarisations for electron- and hole-dominated transport
in graphene [172, 173, 513–515], and stray-field-induced artifacts exhibit
a similar sign change between p- and n-doped graphene [516]. The used
measurement geometry is furthermore not optimal for observing proximity-
induced CSC effects in graphene, since the applied bias current flows mainly
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through the TI flake and likely only through graphene in a part of the het-
erostructure area. In contrast, CSC in the TI through the SHE or the REE
is only expected to show a similar sign change if the Fermi level is tuned
across the bulk band gap, which is inaccessible through electrical gating in
the present devices [173, 235]. CSC through the TSML in the TI is not
expected to gain a sign change at any Fermi level because of the opposite
spin texture chiralities of the upper and lower TI Dirac cones, respectively
[169, 173]. It is, however, not possible to further discern which of these
three microscopic mechanisms gives a dominant contribution to the CSC in
the present devices, due to their similar dependencies on geometry, charge
current and gate voltage.

4.1.4 Spin-to-charge conversion in Bi1.5Sb0.5Te1.7Se1.3

The inverse effect with SSC in BSTS was also measured, which demonstrates
detection of spin polarisation in the graphene channel with the TI. As il-
lustrated in Figure 4.5a, a spin current is injected from a FM electrode to
the graphene channel, which propagates and can be absorbed by the TI to
generate a nonlocal voltage with respect to a nonmagnetic reference contact.
In accordance with the Onsager reciprocity [113], the SCC can arise through
the ISHE, the IREE and the TSML. The latter two are visualised in the
inset of Figure 4.5a, where a spin polarisation offsets the spin texture in a
bulk band (for the IREE) or on the Dirac cone (for the TSML) to produce
a net charge current. Spin-switch and zHanle spin precession signals from
SCC in BSTS at room temperature are shown in Figure 4.5b,c.

The extracted spin lifetime and spin diffusion length in graphene from
the SCC measurements are τs ≈ 80 ps and λs ≈ 1.3µm, respectively, sim-
ilar to the spin transport parameters of the CSC measurements. The spin
polarisation was estimated using Equation (4.3), which yields 0.2 % for the
SCC in Device BSTS-2 (slightly larger than for the CSC in the same de-
vice). It is also noted that the Hanle signal in Figure 4.5c is symmetric
with respect to the magnetic field, whereas the corresponding CSC signal in
Figure 4.2c has an asymmetric character. The electric field that is applied
across the graphene/TI interface during the CSC may influence this by in-
ducing a canted charge current in the xy plane, as discussed above, whereas
such an electric field across the graphene/TI interface is absent in the SCC
measurement geometry.

As can be seen in Figure 4.5d, the SCC is insensitive to the charge carrier
type in graphene, and the spin-switch signals have the same sign and similar
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Figure 4.5: Spin-to-charge conversion in graphene/BSTS heterostruc-
ture. (a) Schematic of SCC measurements in a graphene/BSTS spin-valve de-
vice. Inset: Schematics of SCC through the IREE and the TSML, respectively.
(b,c) Spin-switch (b) and zHanle spin precession (c) signals from SCC in BSTS.
The Hanle signal was obtained by averaging the measured signals for ±y mag-
netisations of the injector contact using Equation (4.1). (d) Spin-switch signals
from SCC in BSTS for gate voltages corresponding to electron- and hole-doped
graphene. The data has been shifted vertically for clarity. The pink and blue
arrows in (b,d) indicate the By sweep directions, and the solid line in (c) is a
fit to the Hanle signal. The measurements were performed in Device BSTS-2.
Adapted from Paper III .

magnitude for n- and p-doped graphene. Analogously to the discussion in
Section 4.1.3, this excludes proximity-induced SOC and stray magnetic field
effects in graphene as the microscopic origin of the SCC. The SCC effect is
therefore concluded to originate from the ISHE, the IREE or the TSML in
the TI.
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4.2 Charge-spin interconversion in Weyl
semimetal TaIrTe4

The charge-spin interconversion in TIT was measured at room temperature
using spin transport measurements in graphene/TIT vdW heterostructure
spin-valve devices, as illustrated in the schematic in Figure 4.6a and with
a microscopy image in Figure 4.6b. Similar to the BSTS devices in Sec-
tion 4.1, the TIT spin-valve devices were fabricated from patterned CVD
graphene and exfoliated TIT flakes with FM TiO2/Co and nonmagnetic
Ti/Au contacts. The crystal structure of TIT with broken inversion sym-
metry is shown in Figure 4.6c, and the tilted Weyl cones of the type-II
WSM are visualised in Figure 4.6d with a Fermi arc drawn as a connection
between the two Weyl nodes with opposite chirality.

Due to the strong SOC of the bulk bands and the SML of the surface
Fermi arcs in TIT, CSC can originate in the WSM through the SHE, the
REE and the Fermi-arc SML [122, 207, 506]. In analogue to Figure 4.1c,
CSC through the REE and the SML is illustrated in Figure 4.6e with Fermi
surfaces being shifted and gaining a spin accumulation under an applied
electric field. In contrast to the TSS in a TI, however, the topologically
protected surface states in a WSM form an open Fermi arc rather than a
closed circle [184].

4.2.1 Spin transport in graphene

Before probing the charge-spin interconversion effects, the spin transport
was studied in graphene channel areas without TIT, as illustrated in Figure
4.7a. As described in Section 3.1.1, polarised spin diffuses between the two
FM electrodes and can be detected nonlocally outside of the charge-current
loop. Figure 4.7b,c show the measured spin-valve and Hanle spin precession
signals for magnetic fields along the y and z directions, respectively. The
Hanle signal was fitted by Equation (3.1), which yields a spin lifetime τs ≈
120 ps and a spin diffusion length λs ≈ 2.3µm in CVD graphene in Device
Gr-1. Next, the spin transport measurements were repeated with an oblique
magnetic field Bβ oriented along different angles β in the yz plane. As is
presented in Figure 4.7d, the spin signal evolves smoothly from a Hanle to
a spin-valve shape as the orientation of the magnetic field is tuned from the
OOP z (β = 90 ◦) to the IP y (β = 0 ◦) direction.
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Figure 4.6: Charge-spin interconversion effects in TaIrTe4. (a,b)
Schematic (a) and microscopy image (b) of a representative graphene/TIT vdW
heterostructure spin-valve device. (c) Schematic side view of the crystal struc-
ture of TIT. (d) Simplified band structure of TIT with two Weyl nodes con-
nected by a Fermi arc. (e) Schematics of CSC through the REE and the SML
of the Fermi arc states, respectively. Adapted from Paper IV .

4.2.2 Spin-to-charge conversion in TaIrTe4

Charge-spin interconversion effects in TIT were first measured in terms of
SCC using nonlocal electronic detection in Device TIT-1, as illustrated in
Figure 4.8a. Polarised spin is here injected to the graphene channel from
a FM contact and detected as a nonlocal voltage through the SCC effect
in TIT, similar to the SCC measurements in BSTS as described in Section
4.1.4. First, spin-switch measurements were performed, with the spin signal
in Figure 4.8b demonstrating SCC in TIT.

Next, Hanle spin precession measurements were performed, with Figure
4.8c clearly demonstrating the spin origin and IP precession character of the
measured signals. Notably, the FM contact injects opposite spin polarisa-
tions to the graphene depending on its ±y magnetisation, and correspond-
ingly yields spin signals with opposite polarity (↑ and ↓ in Figure 4.8c).
By fitting Equation (3.1), a spin lifetime τs ≈ 80 ps and a spin diffusion
length λs ≈ 1.3µm could be extracted. Following the detection of SCC in
spin-valve and Hanle measurements, spin signals due to the SCC were also
detected using oblique magnetic fields. The systematic signals for varying
field orientations in Figure 4.8d evolve continuously between spin-switch
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Figure 4.7: Spin transport in a graphene spin-valve device without
TIT. (a) Schematic of spin transport measurements in a graphene spin-valve
channel without TIT. A magnetic field in the yz plane is indicated by a green
arrow. (b,c) Spin-valve (b) and Hanle spin precession (c) signals for spin trans-
port in graphene. The green arrows in (b) indicate the By sweep directions, and
the solid line in (c) is a fit to the Hanle signal. (d) Spin transport signals for
oblique magnetic fields oriented along different angles β in the yz plane. Linear
backgrounds were subtracted from the Hanle signals and the data in (d) has
been shifted vertically for clarity. The measurements were performed in Device
Gr-1 (b,c) and in Device Gr-2 (d), respectively. Adapted from Paper IV .

and Hanle characters, analogously to the spin transport signals in Figure
4.7d. This smooth transition between spin-switch and Hanle signals clearly
demonstrates their common origin in the SCC in TIT.
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Figure 4.8: Spin-to-charge conversion in a graphene/TIT spin-valve
device. (a) Schematic of SCC measurements in a graphene/TIT spin-valve
device. A magnetic field in the yz plane is indicated by a green arrow. (b,c)
Spin-switch (b) and Hanle spin precession (c) signals from SCC in TIT. The
green arrows in (b) indicate the By sweep directions, and the solid lines in
(c) are fits to the Hanle signals. The blue and orange Hanle signals in (c)
were measured with opposite ±y magnetisations of the FM injector contact.
(d) Spin signals from SCC in TIT for oblique magnetic fields oriented along
different angles β in the yz plane. Linear backgrounds were subtracted from
the Hanle signals and the data in (d) has been shifted vertically for clarity. The
measurements were performed in Device TIT-1. Adapted from Paper IV .

4.2.3 Charge-to-spin conversion in TaIrTe4

Generation of polarised spin through CSC in TIT and nonlocal detection
with a FM electrode, as visualised in Figure 4.9a, was similarly achieved,
which confirms Onsager reciprocity of the charge-spin conversion effects in
TIT [113]. Figure 4.9b,c shows spin-switch as well as Hanle spin precession
signals from polarised spin that is generated by CSC in TIT and injected to
the graphene channel.

The charge current dependence of the CSC effect in TIT was studied by
passing positive and negative bias charge currents through TIT in the het-
erostructure device, with opposite current polarities illustrated by green and
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Figure 4.9: Charge-to-spin conversion in a graphene/TIT spin-valve
device. (a) Schematic of CSC measurements in a graphene/TIT spin-valve
device with positive (green) and negative (blue) bias charge currents. (b,c)
Spin-switch (b) and Hanle spin precession (c) signals from CSC in TIT for
positive and negative bias currents. The arrows in (b) indicate the By sweep
directions. Linear backgrounds were subtracted from the Hanle signals in (c)
and the solid lines are fits to the signals. The data has been shifted vertically for
clarity. (d,e) Full bias dependencies of the spin-switch and Hanle signals from
CSC in TIT, with linear fits to the data as guides to the eye. The measurements
were performed in Device TIT-1. Adapted from Paper IV .

blue arrows in Figure 4.9a. As can be seen in Figure 4.9b,c, both spin-switch
and Hanle CSC signals are measured with opposite sign when the charge
current is reversed, signifying a sensitivity of the CSC effect on the direction
of the charge current in TIT. Further, the full bias dependencies of the CSC
signals are summarised in Figure 4.9d,e. As indicated by the observed linear
bias dependence, increasing charge currents are reproducibly converted to
proportionally larger spin polarisations within the probed current range.
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In order to get a quantitative measure of the CSC in TIT, the gener-
ated spin polarisation was estimated. Using the same methodology as in
Section 4.1.1, the polarisation of the FM contact in Device TIT-1 was es-
timated as PFM = 1.8 % from Equation (4.2). The spin polarisation from
TIT through the CSC could subsequently be estimated from Equation (4.3)
to PCSC = 0.07 %. Analogously, the spin polarisation of the SCC yielded
a nearly identical PSCC = 0.06 % in the same device, in accordance with
Onsager reciprocity. Similar spin polarisations of the FM contact and the
CSC (PFM = 8.1 % and PCSC = 0.13 %, respectively) were estimated for
Device TIT-2, which is also comparable to the estimated values for BSTS in
Section 4.1.1. Notably, these estimated spin polarisations are relatively low
despite the clear CSC signals in Figure 4.1, Figure 4.8, Figure 4.9 etc. Im-
portantly, however, this should not be interpreted as inefficient charge-spin
interconversion in TIT (and BSTS). Multiple parameters have an influence
on the injection and detection of polarised spin in the graphene channel and
the estimated spin polarisation values. It is especially probable that the
spin injection efficiency across the vdW gap between the TIT flake and the
graphene channel is lowered due to a conductivity mismatch between the
two materials, which is discussed in Section 4.2.4 below. Meanwhile, the ob-
servation of clear spin signals despite the low spin polarisation in graphene
demonstrates the sensitivity of the nonlocal electrical detection method in
the graphene spin-valve devices.

4.2.4 Impact from the graphene/TaIrTe4 interface on the
spin signals

The graphene/TIT interface has an important impact on the spin injection
and detection efficiency. The mismatch of the relatively low conductiv-
ity of graphene, compared to the semimetallic TIT, can give rise to a low
spin injection efficiency due to spin back-scattering and reabsorption at the
TIT/graphene interface [464, 465]. Here, the naturally occurring vdW gap
between graphene and TIT acts as an analogue to the TiO2 tunnel bar-
riers of the FM contacts (mentioned in Section 3.1.2). The vdW gap in
the graphene/TIT interface was characterised with IV characteristics in
a three-terminal measurement geometry, which is illustrated in the inset
of Figure 4.10a. By using the three-terminal geometry, the measured re-
sistance is dominated by the graphene/TIT interface resistance, while the
resistance of the graphene channel is avoided. The resulting IV character-
istics in the low-bias range in Figure 4.10a indicate relatively transparent
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Figure 4.10: Characterisation of the graphene/TIT interface and its
impact on the spin signals. (a) IV characteristics from three-terminal mea-
surements of graphene/TIT interfaces. The measurements were performed in
Device TIT-1 and in Device TIT-2. Inset: Schematic of a three-terminal mea-
surement of a graphene/TIT interface in a spin-valve device. (b) Normalised
spin signal amplitude from charge-spin interconversion in TIT as calculated
from Equation (4.5), as a function of the graphene/TIT interface resistance
Ri,T IT . (c) Relative contribution to the spin relaxation in the graphene/TIT
heterostructure from spin absorption as calculated from Equation (4.7) and
Equation (4.8), as a function of the graphene/TIT interface resistance. The
green and blue dots in (b,c) indicate where the measured devices fall on the
respective lines, based on their interface resistances. Adapted from Paper IV .

vdW gaps with interface resistances Ri,T IT ≈ 200 Ω both in Device TIT-1
and in Device TIT-2.

The spin resistances of TIT and graphene (Rs,T IT and Rs,Gr, respectively)
can be calculated as important material parameters for estimating the con-
ductivity mismatch, according to⎧⎪⎪⎨⎪⎪⎩

Rs,T IT = ρT IT λs,T IT

tT IT wT IT

Rs,Gr = R□λs,Gr

wGr
,

(4.4)

where ρTIT is the resistivity of TIT, R□ is the sheet resistance of graphene,
λs,T IT (λs,Gr) is the spin diffusion length in TIT (graphene), tTIT is the
thickness of the TIT flake and wTIT (wGr) is the width of the TIT flake
(graphene channel) [391, 517]. The resistivity of TIT ρTIT ≈ 8 mΩcm and
the sheet resistance of the graphene R□ ≈ 1 − 4 kΩ/□ were calculated from
two-terminal IV measurements of the TIT flake and local four-terminal
IV measurements of the graphene channels, respectively, whereas the TIT
flake size was determined using AFM. Since the spin diffusion length in TIT
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cannot be measured in the spin-valve devices, it was estimated as λs,T IT ≈
10 nm, which is similar to reported values for WTe2 [233, 518]. The spin
resistances could then be calculated from Equation (4.4) as Rs,T IT ≈ 6 Ω
and Rs,Gr ≈ 800 Ω, respectively, which highlights the conductivity mismatch
between TIT and graphene.

In order to further estimate the influence of the graphene/TIT interface on
the charge-spin interconversion measurements, the spin signal was calculated
using a drift-diffusion model with the equation

VNL ∝ 2Rs,Gre−L/λs,Gr
∏︂

n=TIT,FM

⎛⎝ PJ,nRi,n

Rs,Gr(1 − PJ,n
2)

+ pF,nRs,n

Rs,Gr(1 − pF,n
2)

⎞⎠

·
⎡⎣ ∏︂

n=TIT,FM

⎛⎝1 + 2Ri,n

Rs,Gr(1 − PJ,n
2)

+ 2Rs,n

Rs,Gr(1 − pF,n
2)

⎞⎠ − e−2L/λs,Gr

⎤⎦−1

,

(4.5)

where L is the length of the graphene channel between the TIT flake and the
FM contact, Ri,FM is the interface resistance of the graphene/FM contact
interface, Rs,FM is the spin resistance of the FM contact, pF is the current
polarisation and PJ is the interfacial current polarisation, and where the
indices Gr, TIT and FM correspond to graphene, TIT and the FM contact,
respectively [517]. The spin resistance of Co Rs,FM ≈ 70 mΩ was calculated
analogously to Equation (4.4), with the resistivity and spin diffusion length
as ρFM = 25µΩcm and λs,FM = 8 nm [519], and the graphene/TiO2/Co
interface resistance Ri,FM ≈ 2 − 4 kΩ was determined via three-terminal IV
measurements.

Figure 4.10b shows the normalised spin signal amplitude from Equation
(4.5) as a function of the interface resistance of the graphene/TIT vdW gap
Ri,T IT . The spin signal is significantly enhanced by more resistive interfaces
where the vdW gap acts as a tunnel barrier between graphene and TIT,
whereas the spin signal amplitude is suppressed by transparent interfaces
due to the conductivity mismatch problem. The two dots on the line in
Figure 4.10b correspond to the Ri,T IT values of Device TIT-1 and Device
TIT-2. Although the exact quantitative values of the normalised spin signal
amplitudes can vary depending on the chosen material parameters, this is
nevertheless a clear indication that the relatively low graphene/TIT inter-
face resistance in the present spin-valve devices suppresses the magnitude
of the measured charge-spin interconversion signals, and that the estimated
CSC polarisation in Section 4.2.3 may be significantly underestimated com-
pared to the real spin polarisation in TIT.
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Finally, the impact of the graphene/TIT interface resistance on the spin
absorption from the graphene channel to the TIT flake is considered. The
spin absorption rate can be calculated as

Γ = R□Ds
ρT IT λs,T IT

tanh (tT IT /λs,T IT ) + Ri,T IT A
tanh (tT IT /tT IT,ML)

, (4.6)

where Ds is the spin diffusion coefficient in graphene in the heterostructure,
A is the area of the interface and tTIT,ML is the thickness of monolayer TIT
[520]. Since the thickness of the TIT flakes in Device TIT-1 and Device
TIT-2 is multiple tens of nanometres, Equation (4.6) can be simplified as

Γ = R□Ds

ρTITλs,T IT +Ri,T ITA
. (4.7)

From this, the influence of the spin absorption on the spin lifetime in
graphene in the heterostructure area can be estimated from

1
τs

= 1
τs,SOC

+ 1
τs,abs

, (4.8)

where τs is the total spin lifetime, τs,SOC is the contribution from SOC-
induced (D’yakonov-Perel’ [521] and Elliott-Yafet [522, 523]) relaxation mech-
anisms and τs,abs = Γ−1 is the contribution from spin absorption by the TIT
[172, 391]. The relative spin absorption contribution

Rabs/tot = τs/τs,abs (4.9)

is shown as a function of the interface resistance in Figure 4.10c, where
the two coloured dots on the line correspond to the measured interface
resistances of Device TIT-1 and Device TIT-2. Due to the relatively trans-
parent graphene/TIT interfaces, both devices are expected to experience
significant spin absorption by the TIT flakes. Notably, this can enhance the
efficiency in the SCC measurements since spins can more easily enter TIT
from graphene, but is detrimental to the spin injection efficiency in the CSC
measurements due to the increased risk of spin reabsorption.





5 Magnetic phases and nonlinear
transport in a magnetic
topological insulator

Magnetic TIs combine the concepts of topological quantum effects and mag-
netism in a single material, both of which are paramount for novel condensed
matter physics. Together, this combination of topology and magnetism en-
ables a plethora of unique phenomena, including the quantum anomalous
Hall effect [268, 277, 281, 283, 298, 314, 524], chiral edge states [301, 525,
526], topological magnetoelectric effects [282, 525, 527, 528] and Majorana
physics [529]. The magnetic TI MnBi2Te4 (MBT) is especially interesting
in this context due to its rich topology and its intrinsic and layer-dependent
magnetism [275, 328, 329, 385]. Indeed, a range of exotic topological and
magnetic effects are present in MBT, such as the quantum anomalous Hall
effect [Deng2021High-temperatureSuperlattice, 317, 330], the axion
insulator state [331, 332], the layer Hall effect [373] and nonlinear electronic
transport [70–72].

MBT has an A-type AFM ground state at low temperatures, where its
constituent vdW layers have alternating OOP magnetisations [273, 275].
However, canted AFM, FM and paramagnetic states can be induced in
MBT by applied magnetic fields with different magnitudes and orientations,
as well as by elevated temperatures [321, 330, 530–533]. These magnetic
phases in MBT modulate its electronic and topological responses, and ac-
curate mapping of the magnetic phases therefore provides important infor-
mation about the topological quantum material. However, linear transport
measurements often exhibit only weak or ambiguous signatures at the phase
transitions on the boundaries between different magnetic phases in MBT,
and may fail to capture some transitions entirely. This lack of sensitiv-
ity severely limits the usefulness of linear electronic transport for magnetic
phase characterisation and leaves gaps in the present knowledge about the
magnetic landscape of MBT.

Nonlinear electronic transport considers power-law current-voltage rela-
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tionships beyond the normal constraints of Ohm’s law, and can arise in
topological materials with broken symmetries [248, 345, 351, 534]. It has
emerged as a powerful probe of the quantum geometry in topological quan-
tum materials, as well as of scattering mechanisms such as skew scattering
and side jump [66, 73, 248, 338, 339, 345–347, 534]. Recently, nonlinear
transport due to features in the quantum metric has been demonstrated
in MBT, which has gathered significant attention. Second-order nonlin-
ear electronic transport due to quantum metric dipoles was observed in
thin even-layer MBT with a broken inversion symmetry [70, 71], whereas
third-order nonlinear transport was found to arise due to quantum metric
quadrupoles in bulk MBT with maintained inversion symmetry [72]. How-
ever, although exotic higher-order multipoles in the Berry curvature compo-
nent of the quantum geometry have been theoretically predicted to give rise
to higher-order nonlinear transport [342], experimental nonlinear electronic
transport studies have so far been almost exclusively limited to the second
and third orders in all studied materials [216, 251–254, 256–258, 260, 341].

Here, third-order nonlinear electronic transport is utilised to map out
the magnetic phases in multilayer MBT under OOP, IP and oblique mag-
netic fields and different temperatures (Paper V ). The third-order nonlinear
transport signals consistently show a higher sensitivity and more clearly re-
solved signatures at the magnetic phase transitions compared to the linear
transport, and enables the construction of complete magnetic phase dia-
grams for MBT across all magnetic field orientations. Then, higher-order
nonlinear transport up to the seventh order is demonstrated in multilayer
MBT (Paper VI ). An even-odd behaviour is observed, where the odd-order
components of the nonlinear transport persist whereas the even-order ones
are suppressed. The microscopic origin of the nonlinear transport is identi-
fied as a combination of quantum metric multipoles and Drude-like nonlinear
conductivities. These findings provide so-far missing characterisation and
contribute towards a deeper understanding of the magnetic landscape and
quantum geometry in MBT, utilising nonlinear transport as a powerful and
versatile probe of both magnetism and topology in the magnetic TI.
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5.1 Magnetic phase characterisation in
magnetic topological insulator MnBi2Te4

The characteristic band structure, crystal structure and magnetic order-
ing of MBT are visualised in Figure 5.1a,b. The magnetic TI has gapped
Dirac cones with SML and topologically protected edge states, as well as
a crystal structure consisting of SLs with alternating OOP magnetisations
between adjacent layers in the ground state [273, 275]. Figure 5.1c outlines
the magnetic phase landscape of how the magnetisation in MBT evolves
with OOP and IP magnetic fields, whereas the corresponding field-driven
spin reorientation is illustrated in Figure 5.1d,e. When MBT is exposed
to a moderate OOP magnetic field Bz along its easy axis, it undergoes a
spin-flop transition from the AFM ground state to a canted AFM (cAFM)
magnetic phase, which has a net OOP magnetisation and where the canted
magnetisation of adjacent SLs have alternating IP components [330, 530].
The OOP magnetisation of MBT grows continuously for increasing Bz as
the canted magnetisation of the SLs gradually align towards the magnetic
field orientation, until they become fully aligned in the FM phase [330, 530].
In contrast, application of an IP magnetic field Bxy results in a softer mag-
netic behaviour where the magnetisation is pulled gradually from the OOP
AFM ordering towards a fully IP polarisation [321, 533]. This smooth re-
orientation passes through a canted AFM phase where adjacent SLs have
opposite OOP magnetisations but a continuously increasing IP polarisation,
which is distinctly different from the cAFM above with a net OOP mag-
netisation [321, 533]. In the following, the canted AFM phase with a net IP
magnetisation is referred to as the cAFM’ phase for clarity.

5.1.1 Spectroscopic characterisation of MnBi2Te4

First, the bulk MBT material was characterised using ARPES. The mea-
sured spectrum in Figure 5.2a shows a well-resolved band structure with a
132 meV bulk band gap. Notably, surface-state Dirac cones can be seen in a
slightly faded red colour in the bulk band gap. The clearly resolved bulk and
surface states indicate a good single-crystalline quality of the MBT sample.
The second derivative of the ARPES spectrum around the bulk band gap is
shown in Figure 5.2b, which offers an enhanced visual contrast. This allows
a small exchange gap in the surface states of about 10 − 15 meV (indicated
with dashed lines) to be observed, which confirms the ferromagnetic char-
acter of the surface of the MBT crystal. To be noted, although the size and
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Figure 5.1: The magnetic landscape of MnBi2Te4. (a,b) Schematic band
structure (a) and side-view of the crystal structure (b) of MnBi2Te4. The red
arrows in (a) indicate the SML of the Dirac cones, and the blue arrows in (b)
indicate the magnetisation of the SLs. (c) Outlined magnetic phase diagram
of MBT for OOP (Bz) and IP (Bxy) magnetic fields. Adapted from Paper V .
(d,e) Illustrations of the field-induced spin reorientation in MBT under OOP
(d) and IP (e) magnetic fields, showcasing the evolution of AFM, cAFM/cAFM’
and FM spin orientations under increasing magnetic field strengths. The blue
arrows in (d,e) indicate the spin direction of the respective Mn atoms.

even the presence of surface state gaps in MBT are known to differ between
samples depending on their defect concentration [323, 324], the results in
Figure 5.2a,b nevertheless agree well with previous reports [273, 275, 320,
323, 324].

Next, x-ray magnetic circular dichroism (XMCD) spectroscopy was used
to study the magnetisation of MBT under OOP magnetic fields. X-ray
absorption spectroscopy (XAS) signals were measured using both the bulk-
sensitive total fluorescence yield mode and the surface-sensitive total elec-
tron yield mode [535]. The top panel of Figure 5.2c,d show representative
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Figure 5.2: Spectroscopic characterisation of MBT. (a) ARPES spec-
trum measured along the M − Γ − M direction in MBT. The measurement
was performed at T = 20 K with a photon energy of 14 eV. (b) Second deriva-
tive d2N(E)/dE2 of the ARPES spectrum in (a), for a zoomed-in area around
the bulk band gap. An exchange gap in the surface states is indicated with
dashed lines. (c,d) Bulk- (c) and surface-sensitive (d) XAS spectra for circu-
larly polarised light with opposite chiralities (C+ and C−, respectively) under a
magnetic field Bz = 6 T (top), and corresponding bulk- (c) and surface-sensitive
(d) XMCD spectra (C−−C+) (bottom). (e,f) Bulk- (e) and surface-sensitive (f)
XMCD intensities as a function of OOP magnetic fields. The coloured arrows
indicate the magnetic field sweep directions, and magnetic phase transitions
are indicated with dashed lines. The measurements were performed at T = 4 K
using a total fluorescence yield mode (c,e) and a total electron yield mode (d,f),
respectively. Adapted from Paper V .

bulk- and surface-sensitive XAS spectra, respectively, under the application
of an OOP magnetic field Bz = 6 T and with opposite chiralities of the
circularly polarised light (C+ and C−, respectively). XMCD spectra were
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subsequently obtained as the difference in XAS intensity between the op-
posite light polarisations (C− − C+), and is shown in the bottom panel of
Figure 5.2c,d. Importantly, the XAS spectra in Figure 5.2c,d have a strong
dependence on the light polarisation, resulting in clear dips in the XMCD
intensities. This translates to a notable net magnetisation both in the bulk
and at the surface of MBT under large magnetic fields (Bz = 6 T). Inter-
estingly, similar measurements in the absence of external magnetic fields
yield no XMCD signal from the bulk but a noticeable dip in the surface-
sensitive signal, which indicates that MBT is fully AFM in the bulk but has
a remanent surface magnetisation.

In order to investigate the magnetic behaviour of MBT in more detail,
XMCD measurements were repeated for different magnetic fields within
±6 T. By extracting the amplitude of each measured XMCD spectrum,
the bulk- and surface-sensitive XMCD intensities could be obtained as a
function of magnetic field, which is presented in Figure 5.2e,f. Here, the
XMCD intensities are proportional to the bulk and surface magnetisation
of MBT, respectively [535–537]. Three distinct magnetic phases can be iden-
tified. Under small magnetic fields, the zero-intensity bulk signal in Figure
5.2e indicates a fully AFM phase with no net bulk magnetisation. The
slowly increasing XMCD signal from Bz ≈ ±1.9 T can be understood as a
spin-flop transition with a small OOP net magnetisation, before the onset
of a cAFM phase with a sharp increase in XMCD intensity at Bz = ±3.3 T.
The continuously increasing XMCD intensity with magnetic fields beyond
this point signifies a gradual realignment of the canted magnetic moments
in MBT towards the z axis. Notably, no fully FM phase was observed in the
XMCD measurements, since this requires the application of even stronger
magnetic fields.

Whereas the bulk-sensitive XMCD signal in Figure 5.2e is non-hysteretic,
the surface-sensitive signal in Figure 5.2f contains a hysteresis loop as well
as a nonzero XMCD intensity in the AFM phase. This behaviour originates
from a magnetic remanence due to the FM character of the individual SLs,
which do not cancel perfectly at the MBT surface. Furthermore, the strong
response of the surface-sensitive XMCD signal in the spin-flop transition re-
gion, compared to that of the bulk-sensitive signal, indicates that the gradual
spin reorientation of the spin-flop transition predominately takes place at
the surface of MBT. Conversely, the spin reorientation in the bulk happens
more suddenly at the onset of the cAFM phase [530]. Interestingly and
somewhat unexpectedly, a switchover point in the surface-sensitive XMCD
signal is observed during the spin-flop transition, where the signals for the
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forward and backward sweeps of the magnetic field cross. This may appear
due to a weakened magnetic exchange coupling of the SLs at the surface,
compared to the exchange coupling between those in the bulk [538].

5.1.2 Electronic transport and magnetic phase transitions
in MnBi2Te4

The magnetic phase transitions in MBT were probed using linear and non-
linear transport measurements under the application of OOP, IP and oblique
magnetic fields as well as different temperatures in a multilayer MBT Hall
bar device, which is illustrated in the inset of Figure 5.3a. The multilayer
MBT was exfoliated mechanically from a bulk MBT crystal in a glovebox
with inert N2 atmosphere, and was then shaped into a Hall bar through
EBL and Ar milling. The whole Hall bar device was then covered by Al2O3
to prevent oxidation of MBT, and Ti/Au electrodes were deposited through
electron-beam evaporation after opening the capping layer through brief in
situ Ar milling. The linear and nonlinear electronic transport was mea-
sured with a lock-in technique. While applying an AC current Iω with a
frequency ω across the device, lock-in amplifiers were used to measure the
linear first-harmonic signal (with the same frequency ω as the applied AC
current) and the nonlinear third-harmonic signal (with three times the fre-
quency 3ω) [248]. The third-harmonic component of the nonlinear transport
signal was measured since the second-harmonic component is suppressed by
the P symmetry in multilayer MBT, which leaves the third harmonic as the
leading order of the nonlinear transport signal [72].

Figure 5.3a,b shows the temperature and OOP magnetic field dependence
of the linear longitudinal resistance Rω

xx in MBT. It has a metallic behaviour
with temperature (Figure 5.3a), containing an evenly decreasing resistance
from room temperature down to the Néel temperature TN = 23.8 K, where
MBT transitions from the paramagnetic (PM) to the AFM phase. This
phase transition is seen as a kink in the linear resistance. Similarly, kinks
are also observed in the linear resistance signal at the AFM-cAFM phase
transition under the application of a magnetic field in Figure 5.3b. However,
these features in the linear resistance are relatively small, and the cAFM-
FM transition in Figure 5.3b is not resolved at all. In contrast, the nonlinear
transport is closely connected to the magnetisation of MBT and responds
strongly with magnetic phase transitions. This sensitivity of the nonlinear
transport is showcased in Figure 5.3c,d, where the first- (V ω

x ) and third-
harmonic (V 3ω

x ) longitudinal voltages are presented side-by-side as functions
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Figure 5.3: Electronic transport and magnetic phase transitions in
MBT. (a,b) Temperature (a) and OOP magnetic field (b) dependencies, re-
spectively, of the first-harmonic longitudinal resistance Rω

xx. Inset of (a):
Schematic of a representative MBT Hall bar device. (c,d) First- (V ω

x ) and
third-harmonic (V 3ω

x ) longitudinal voltages as functions of OOP (c) and IP (d)
magnetic fields, respectively, with magnetic phase transitions indicated with
dashed lines. The coloured arrows indicate the magnetic ordering of MBT in
each phase. The measurements were performed with Bz = 0 T in Device MBT-
3 (a) and at T = 0.5 K (b) and T ≈ 4 K (c,d) in Device MBT-1, respectively.
Adapted from Paper V .

of OOP and IP magnetic fields, and where magnetic phase transitions are
indicated with dashed lines.

5.1.3 Out-of-plane magnetic phase diagram of MnBi2Te4

The OOP magnetic field dependence of the first-harmonic signal at differ-
ent temperatures is shown in Figure 5.4a. The kinks in the signals near
Bz = ±3 T can be identified as the spin-flop phase transition between the
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AFM and the cAFM phases of MBT [330, 530], as mentioned above for
the case of Figure 5.3b. However, no indication of the cAFM-FM phase
transition could be resolved in the linear transport signal. Meanwhile, the
third-harmonic voltage signal in Figure 5.4b responds strongly to changes
in the magnetisation in MBT and contains clear signatures for both phase
transitions. By correlating the first- and third-harmonic signals at the same
temperature in the same device, the sharp peak near Bz = ±3 T in V 3ω

x

was identified to appear in the middle of the spin-flop transition region.
Similarly, by comparing Figure 5.4b to Figure 5.11c in Section 5.2, it was
concluded that the following slope in the third-harmonic voltage corresponds
to the evolution of the cAFM phase, and that the cAFM-FM phase transi-
tion is seen as a shoulder point near Bz = ±6.5 T in the T = 4.2 K signal
(which takes the shape of a kink for higher temperatures before becoming
completely smooth above the Néel temperature).

Temperature-dependent measurements of the first- and third-harmonic
transport signals at zero magnetic field are shown in Figure 5.4c. The linear
transport signal shows a relatively small kink with a local maximum at the
Néel temperature TN = 24.2 K, whereas the third-harmonic signal contains
a more well-resolved kink at the same temperature. The small difference
in TN between Figure 5.3a (Device MBT-3) and Figure 5.4c (Device MBT-
1) most likely appears due to a difference in thickness between the two
multilayer MBT devices [328].

The magnetic phase transitions in Figure 5.4a-c (outlined by dashed lines)
were used to construct the phase diagram in Figure 5.4d. Here, the magnetic
phase of MBT is shown as a function of the temperature and the OOP
magnetic field. The AFM, cAFM, FM and PM phases and the spin-flop
transition region are all well-resolved thanks to the sensitivity and clear
signatures of the third-harmonic nonlinear transport signals.

5.1.4 In-plane magnetic phase diagram of MnBi2Te4

Next, the IP magnetic field dependence of the linear and nonlinear transport
was measured. Both the first- and third-harmonic signals gain significantly
different shapes under IP magnetic fields compared to the OOP situation, as
can be seen in Figure 5.5a,b. As mentioned above, MBT has a perpendicular
magnetic anisotropy and an OOP magnetic easy axis, which causes the
hard magnetic behaviour in Figure 5.4, whereas the signals in Figure 5.5
correspond to the softer magnetic behaviour with a gradual reorientation
of the magnetisation under IP fields [321, 533]. Because of the smooth
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Figure 5.4: Magnetic phase diagram of MBT for out-of-plane mag-
netic fields. (a,b) OOP magnetic field dependence of the first- (a) and third-
harmonic (b) longitudinal voltages at different temperatures. The data has been
shifted vertically for clarity. (c) Temperature dependence of the first- (bottom)
and third-harmonic (top) longitudinal voltages for zero magnetic field. Mag-
netic phase transitions are outlined with dashed lines. The measurements were
performed in Device MBT-1. (d) T vs Bz magnetic phase diagram of MBT,
containing AFM, cAFM, FM and PM phases as well as a spin-flop (SF) tran-
sition region. The magnetic ordering in each phase is indicated by coloured
arrows. Adapted from Paper V (a,b,d) and Paper VI (c), respectively.

transition between the AFM and cAFM’ phases, both the first- and the
third-harmonic signals are smooth in the low-field range, and the two phases
cannot be distinguished. Small kinks are observed in V ω

x near Bxy = ±9 T at
T = 4.3 K (which shift towards smaller fields with increasing temperatures),
which correlates with the cAFM’-FM phase transition where MBT is fully
magnetised IP. In contrast, the same cAFM’-FM transition is clearly visible
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Figure 5.5: Magnetic phase diagram of MBT for in-plane magnetic
fields. (a,b) IP magnetic field dependence of the first- (a) and third-harmonic
(b) longitudinal voltages at different temperatures. Magnetic phase transitions
are outlined with dashed lines. The data has been shifted vertically for clarity.
The measurements were performed in Device MBT-1. (d) T vs Bxy magnetic
phase diagram of MBT, containing AFM, cAFM’, FM and PM phases. The
magnetic ordering in each phase is indicated by coloured arrows. Adapted from
Paper V .

in the third-harmonic signals with sharp kinks in Figure 5.5b, due to the
strong correlation between the magnetisation of MBT and the nonlinear
transport.

Using the phase transitions in Figure 5.5a,b (and Figure 5.4c), the phase
diagram in Figure 5.5c could be constructed. As can be seen, the phase dia-
gram displays the AFM/cAFM’, FM and PM phases in MBT as a function
of temperature and IP magnetic field. To be noted, the AFM and cAFM’
phases are shown together in the phase diagram, since the smooth transition
between them is not well-defined.

5.1.5 Oblique magnetic phase diagram of MnBi2Te4

Finally, an oblique magnetic field Bθ applied at a polar angle θ (i.e. with
θ = 0 ◦ corresponding to fully OOP and θ = 90 ◦ corresponding to fully
IP) was used to fully investigate the directional dependence of the mag-
netic phases of MBT. The evolution of the first-harmonic signal with the
orientation of the applied magnetic field is shown in Figure 5.6a,b. The sig-
nals develop continuously between the respective behaviours for OOP and
IP magnetic fields that are seen in Figure 5.4a and Figure 5.5a. A similar
continuous evolution is observed for the third-harmonic signals, as shown
in Figure 5.6c, although with consistently sharper features that allow for
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Figure 5.6: Magnetic phase diagram of MBT for oblique magnetic
fields. (a-c) Oblique magnetic field dependence of the first- (a,b) and third-
harmonic (c) longitudinal voltages for different magnetic field orientations.
Magnetic phase transitions are outlined with dashed lines. The data in (b,c) has
been shifted vertically for clarity. The measurements were performed in Device
MBT-1. (d) θ vs Bθ magnetic phase diagram of MBT, containing AFM, cAFM,
cAFM’ and FM phases. The magnetic ordering in each phase is indicated by
coloured arrows. Adapted from Paper V .

easier identification of the magnetic phase transitions.
The phase diagram in Figure 5.6d was constructed from the magnetic

phase transitions in Figure 5.6b,c, and contains the AFM, cAFM, cAFM’
and FM phases of MBT as functions of the orientation and magnitude of
the oblique magnetic field. Here, the FM phase includes both the fully OOP
and the fully IP polarisations of MBT, depending on the direction of Bθ.
Since the spin-flop transition region cannot be clearly distinguished from
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the cAFM’ phase, it is not explicitly indicated in the phase diagram, but it
can nevertheless be inferred to exist between the AFM and cAFM phases
when the magnetic field has a predominant OOP orientation.

Interestingly, all of the magnetic phases of MBT have a strong dependence
on θ. As discussed above, OOP magnetic fields cause MBT to transition
from the AFM to the cAFM phase via a distinct spin-flop transition, whereas
IP fields induce a smooth AFM-CAFM’ transition. While varying the orien-
tation of Bθ, the well-resolved transition from the AFM phase is maintained
up to θ ≈ 45 ◦. This can be understood as MBT having an OOP-dominated
AFM state up to this point, before favouring an IP magnetisation for larger
values of θ. Meanwhile, both the cAFM and the FM phases are shifted
towards larger magnetic fields when Bθ is oriented towards the IP direction.
This happens because the net magnetisation of MBT is pulled away from
its OOP easy axis, so that a stronger magnetic field is required for a partial
(full) polarisation of MBT to transition into the cAFM (FM) phase.
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5.2 Higher-order nonlinear transport in
magnetic topological insulator MnBi2Te4

Whereas dipoles and quadrupoles in the quantum metric in MBT can gen-
erate second- and third-order nonlinear electronic transport [70–72], higher-
order nonlinear transport can arise due to higher-order multipoles in the
quantum geometry. A schematic band diagram with the quantum metric
septupole as a colour plot, which corresponds to a seventh-order nonlinear
conductivity, is illustrated in Figure 5.7a as an example of such multipoles.
The nonlinear transport was measured in multilayer MBT Hall bar devices,
as described in Section 5.1. A microscopy image of a representative device
is shown in Figure 5.7b. The nth-harmonic components of the nonlinear
transport signals were extracted using a lock-in technique by measuring the
voltage response at a higher frequency nω compared to the frequency ω of
the applied AC current.

5.2.1 Observation of higher-harmonic transport signals in
MnBi2Te4

The third- (3ω), fifth- (5ω) and seventh-harmonic (7ω) longitudinal voltage
signals V nω

x of the nonlinear transport are shown in Figure 5.7c. All three
voltage responses clearly follow a nonlinear current-voltage relationship. In
contrast, the even-order harmonic signals (i.e. the second- [2ω], fourth- [4ω]
and sixth-harmonic [6ω] signals) are suppressed in the same current range,
as can be seen in Figure 5.7d. In addition to this even-odd behaviour, the
signal amplitude is found to be significantly larger for the lower harmonic
orders than for the higher orders. This kind of decreasing amplitude with in-
creasing harmonic order is generally expected for nonlinear transport, where
the lower-harmonic signals normally dominate if they are not suppressed by
symmetry [342]. The amplitude of the nonlinear transport signals are sum-
marised in Figure 5.8a, where both the even-odd behaviour and the overall
decreasing trend are visualised.

The scaling of the odd-order harmonic voltage responses with respect to
the applied AC current was examined analytically and through fitting of
the experimental data. For an AC current Iω(t) = I0 sin(ωt), the voltage
response up to the seventh order can be expanded as
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Figure 5.7: Higher-harmonic nonlinear transport in multilayer MBT.
(a) Schematic band diagram with the quantum metric septupole as a colour
plot, which correlates to seventh-order nonlinear transport. (b) Optical micro-
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is 3µm. (c) Nonlinear IV characteristics of the third- (3ω), fifth- (5ω) and
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guides to the eye. (d) Nonlinear IV characteristics of the second- (2ω), fourth-
(4ω) and sixth-harmonic (6ω) voltage responses. The measurements were per-
formed in Device MBT-2 at T = 2 K. Adapted from Paper VI .

V (t) = a1I + a2I
2 + a3I

3 + a4I
4 + a5I

5 + a6I
6 + a7I

7 (5.1)
= a1I0 sin(ωt) + a2I

2
0 sin2(ωt) + a3I

3
0 sin3(ωt) + a4I

4
0 sin4(ωt)

+ a5I
5
0 sin5(ωt) + a6I

6
0 sin6(ωt) + a7I

7
0 sin7(ωt),

where an are time-independent coefficients. This can be rearranged as

V (t) = V 0 + V 1ω sin(ωt) (5.2)

+ V 2ω sin
(︃
2ωt+ π

2

)︃
+ V 3ω sin(3ωt+ π)

+ V 4ω sin
(︄

4ωt+ 3π
2

)︄
+ V 5ω sin(5ωt+ 2π)

+ V 6ω sin
(︄

6ωt+ 5π
2

)︄
+ V 7ω sin(7ωt+ 3π),
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Figure 5.8: Even-odd behaviour and current scaling of nonlinear
transport in MBT. (a) The nonlinear voltage signals of different harmonic
orders, showing an even-odd behaviour and a decreasing amplitude with increas-
ing harmonic orders. (b-e) Odd-harmonic IV characteristics with polynomial
fits to the signals using Equation (5.3) (solid lines). The experimental signals
in (c-e) are the same data as in Figure 5.7c. (f) The respective terms from the
fits in (b-e), where V nω

m is the Im
0 -order contribution to the nth-harmonic signal

in Equation (5.3). Adapted from Paper VI .
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Interestingly, Equation (5.2) and Equation (5.3) demonstrate a harmonic
mixing where higher-power current dependencies contribute to lower-order
harmonic signals. However, this mixing occurs only from higher power de-
pendencies to lower harmonics and not the other way around, which impor-
tantly rules out contributions from lower-order nonlinear transport compo-
nents to higher-harmonic signals.

The polynomial current-voltage dependency in Equation (5.3) holds gen-
erally for lock-in measurements in any system with higher-order voltage re-
sponses. Figure 5.8b-e shows the odd-order harmonic IV characteristics and
corresponding polynomial fits with joint coefficients an. The contributions
from the respective voltage responses and the significance of the harmonic
mixing are estimated quantitatively in Figure 5.8f, where V nω

m is the Im
0 -

order contribution to the nth-harmonic voltage signal. As can be seen, the
lower-order contributions dominate so that all odd-order harmonic signals
follow a V nω ∝ (Iω)n power-law behaviour in the leading term.

5.2.2 Spurious effects and control measurements
Before continuing the investigation of the nonlinear transport in MBT, spu-
rious effects that can lead to higher-harmonic signals were considered and
control measurements were performed. First, thermoelectric effects can be
present in MBT due to its high electrical conductivity and low thermal
conductivity [539, 540], which can generate nonlinear transport. However,
although thermoelectric effects may have a minor contribution to the ob-
served higher-harmonic signals, they are not expected to be significant in
the present devices. The Seebeck effect in MBT is expected to be elevated
at high temperatures, with only a minute response to the Néel tempera-
ture [533, 540, 541], which is in complete contrast to the measured higher-
harmonic signals that appear only below the Néel temperature, as shown
in Section 5.2.3. Furthermore, longitudinal voltages from the anomalous
Nernst effect require a net magnetisation and a transverse thermal gradient
in the device [539, 542], neither of which is expected in the highly sym-
metric Hall bar devices with AFM multilayer MBT. Still, the contribution
from thermoelectric effects were estimated through control measurements.
To indicate the overall Joule heating in the device, linear magnetoresistance
measurements were performed with different currents. As can be seen in
Figure 5.9a, the harmonic signals are almost identical and the kinks corre-
sponding to the AFM-cAFM phase transition near Bz = ±3 T are shifted
only very slightly towards smaller magnetic fields when the applied current
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Figure 5.9: Control measurements to rule out spurious effects. (a)
First-harmonic magnetoresistance for different AC currents. (b) The nor-
malised third-harmonic signal V 3ω

x / (V ω
x )3 as a function of the OOP magnetic

field for different AC currents. (c-e) Third- (c), fifth- (d) and seventh-harmonic
(e) IV characteristics for different frequencies of the AC current. The red lines
are power-law fits as guides to the eye. (f) The real and imaginary signal com-
ponents of the longitudinal seventh-harmonic signal as a function of the OOP
magnetic field. The real signal component is the raw data corresponding to the
seventh-harmonic signal in Figure 5.11a. The measurements were performed in
Device MBT-1 (a,b,f) and in Device MBT-2 (c-e), respectively. Adapted from
Paper VI .

is doubled, indicating negligible thermal effects and only a minor increase in
temperature. Additionally, Figure 5.9b shows the magnetic field dependence
of the third-harmonic voltage normalised by the cube of the first-harmonic
voltage (V 3ω

x / (V ω
x )3), which decreases in amplitude when a larger current is

applied. In contrast, the expected behaviour of thermoelectrically induced
nonlinear voltage signals is for the V 3ω

x / (V ω
x )3 ratio to grow with increasing

currents due to the enhanced heating effects [72]. Thermoelectric effects
are therefore strongly indicated not to be the main mechanism behind the
higher-harmonic signals.

Second, the higher-harmonic signals were measured for different frequen-
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cies of the applied AC current Iω
x . The absence of a frequency dependence

of the measured signals (which can be seen in Figure 5.9c-e) in the low-
frequency quasi-DC range excludes artificial contributions which could oth-
erwise arise from capacitive coupling effects [251, 254, 258, 543]. This also
acts as a further indication against thermoelectric effects, since nonlinear
transport due to Joule heating can have a frequency dependence with a cut-
off frequency due to thermal relaxation [544], which is not observed in the
present devices.

Third, the ohmic behaviour of the voltage probe contacts was confirmed
by first-harmonic IV characteristics, which were measured in a two-terminal
geometry and showed a linear current-voltage relationship with no visible
indication of a diodic behaviour. Moreover, artificial contributions to the
nonlinear transport signals from contact junctions are expected to be insen-
sitive to the Néel temperature [70], different from the observed behaviour
in Section 5.2.3 below.

Fourth, it is noted that electron scattering against the edges in asym-
metrically shaped MBT flakes can give rise to transverse nonlinear voltage
signals [70]. However, the higher-order nonlinear transport measurements
were performed in symmetrically shaped Hall bar devices that are patterned
through EBL and subsequent Ar milling, with a representative device being
shown in Figure 5.7b. Additionally, asymmetric edge scattering effects are
expected to be temperature independent [70], which does not align with the
experimental observations.

Fifth, harmonic signals which can appear due to unavoidable nonlineari-
ties of the integrated circuits in the lock-in amplifiers were examined [545].
Control measurements were performed where the nonlinear transport across
a gold lead without MBT was measured, which did not result in an observ-
able nonlinear voltage response for any harmonic order.

Finally, the lock-in phase of the measured higher-harmonic signals was
considered. As is shown in Equation (5.2), the harmonic voltages follow a
sin (nωt+ (n−1)π

2 ) time dependence. Consequently, the odd-order signals ap-
pear in-phase or with a π phase shift with respect to the applied AC current,
whereas the even-order signals have a phase shift of ±π/2. Therefore, the
odd-order and even-order harmonic voltages are obtained as the real and
imaginary parts of the measured lock-in signal, respectively. In order to
further rule out artificial contributions, the real and imaginary signal com-
ponents were measured for all harmonic orders, and the imaginary (real)
components of the odd-order (even-order) harmonic signals were confirmed
to be negligible. This is exemplified with the seventh-harmonic signal under
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an external magnetic field in Figure 5.9f.

5.2.3 Temperature dependence and conductivity scaling
analysis in MnBi2Te4

The temperature dependence of the first- to seventh-harmonic voltage sig-
nals is presented in Figure 5.10a. The third-harmonic signal is below the
noise level at higher temperatures but grows drastically below the Néel
temperature TN = 23.8 K. The fifth- and seventh-harmonic signals follow
a similar behaviour, albeit with significantly lower amplitudes. The even-
order harmonic signals, however, remain suppressed at all temperatures.
The onset of the odd-order higher-harmonic signals below TN signifies a
strong correlation between the nonlinear transport and the magnetisation
of MBT, in agreement with the results in Section 5.1.

In order to identify the microscopic mechanism behind the nonlinear
transport, conductivity scaling analysis of the third-harmonic signal was
utilised. Both the quantum metric and Drude-like (i.e. extrinsic scattering-
induced [248, 351]) contributions to the nonlinear transport were considered.
Nonlinear transport can generally also arise due to Berry curvature multi-
poles, but such contributions to the longitudinal voltage are forbidden by
the C3 crystal symmetry of MBT [72, 248, 338, 339]. Since the third-order
nonlinear transport contribution from the quantum metric is independent of
the scattering time τ whereas the Drude-like contribution scales as τ 2 [72,
248, 338–340, 546, 547], the respective contributions from the two mech-
anisms could be evaluated comparatively based on the dependence of the
third-harmonic signal with respect to the linear conductivity of MBT. Fig-
ure 5.10b shows the third-harmonic voltage normalised by the cube of the
first-harmonic voltage as a function of the square of the linear longitudi-
nal conductivity σxx, which vary with temperature and are extracted from
Figure 5.10a in the low-temperature regime. Here, the conductivity is cal-
culated as σxx = Iω

xL/V
ω

x wt, where L, w and t are the dimensions of the
MBT channel between the two voltage probes in the device. The data in
Figure 5.10b was fitted linearly by the scaling formula

V 3ω
x

(V ω
x )3 = ασxx

2 + β, (5.4)

where the slope α and the intercept β correspond to the Drude-like and the
quantum metric contributions to the third-harmonic signal, respectively [72].
From this, nearly equal contributions were obtained of ασxx

2 ≈ 1.0 · 106 V−2



105

3986 3988 3990

−30

−20

−10

 Experimental

 Linear fit

V
3
w

x
/(

V
w x
)3

 (
V

-2
)

(sxx)
2 (103 S2/cm2)

610 620

30

60

V
3
w

x
/(

V
w x
)3

 (
1

0
3
 V

-2
)

(sxx)
2 (103 S2/cm2)

 Experimental

 Linear fit

10 20 30

375

400

V
w x
 (
m

V
)

T (K)

 1w

0

2

|V
n
w

x
| 
(m

V
)

 7w

 6w

 5w

 4w

 3w

 2w

a b

c

Figure 5.10: Temperature-dependent higher-harmonic nonlinear
transport and conductivity scaling analysis. (a) Nonlinear voltages of
the second to seventh harmonic orders (top) and first-harmonic linear voltage
(bottom) as functions of temperature. The Néel temperature TN = 23.8 K is
indicated by a dashed line. (b) The third-harmonic voltage in (a) normalised
by the cube of the first-harmonic voltage as a function of the square of the lon-
gitudinal conductivity of MBT in the low-temperature range. (c) Normalised
third-harmonic voltage of a separate device as a function of the square of the
longitudinal conductivity of MBT (extracted from the low-temperature range
of Figure 5.4c). The dashed lines in (b,c) are linear fits to the data using Equa-
tion (5.4), and both devices have very similar relationships between ασxx

2 and
β. The measurements were performed in Device MBT-2 (a,b) and in Device
MBT-1 (c), respectively. Adapted from Paper VI .

(for an average value of the conductivity σxx
2 = 615 · 103 S2/cm2) and

β ≈ −9.8 · 105 V−2, respectively. Almost equal Drude-like and quantum
metric contributions were similarly reproduced in additional devices, as ex-
emplified with a second device in Figure 5.10c. Since theoretical expressions
for nonlinear conductivities from the quantum metric have not yet been de-
rived beyond the third order [345], no scaling analysis could be conducted
for the fifth- and seventh-harmonic signals. Based on the results for the
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third-harmonic signals above, contributions from both quantum metric and
Drude-like conductivities are however expected.

5.2.4 Magnetic field dependence and magnetic phase
correlation in MnBi2Te4

The evolution of the higher-order nonlinear longitudinal transport under
OOP magnetic fields is displayed in Figure 5.11a. All odd-harmonic sig-
nals up to the seventh order are clearly observable and dominated by the
lower harmonic orders for all magnetic fields, whereas the even-harmonic
signals are suppressed. Notably, the harmonic signals exhibit sharp fea-
tures near Bz = ±3 T and ±6 T, which can be correlated with the magnetic
phases of MBT. The phase diagram in Figure 5.11c was constructed from
temperature- and field-dependent first-harmonic measurements, similarly to
in Section 5.1, with the AFM, cAFM, FM and PM phases as well as the
spin-flop transition region identified accordingly [321, 330, 371, 530]. The
features in all higher-harmonic signals align well with the magnetic phase
transitions, as indicated with dashed lines in Figure 5.11a. Under moder-
ate magnetic fields, the AFM-cAFM phase transition causes the kinks near
Bz = ±3 T. Interestingly, even the otherwise suppressed second-harmonic
signal gains a small but noticeable response at these field values. This is
likely generated by a dipole in the Berry curvature, which is normally for-
bidden but can be allowed by the reduced symmetry in MBT during the
spin-flop transition [250]. For larger magnetic fields, the cAFM-FM phase
transition at Bz = ±6 T is seen as another kink in the odd-order higher-
harmonic signals due to the close correlation between the nonlinear trans-
port and magnetisation of MBT. Figure 5.11b shows a similar behaviour
of the nonlinear transverse transport, where the odd-order higher-harmonic
voltages have a clear response mainly at the AFM-cAFM transition, and
where the second-harmonic signal grows in the fully polarised FM phase.

In addition to the kinks in the longitudinal transport signals at the mag-
netic phase transitions, significant shifts in the harmonic signals are observed
during the gradual magnetisation of MBT in the cAFM phase. The differ-
ence in harmonic voltage between the FM and the AFM phases |V nω,FM

x −
V nω,AFM

x | is summarised for all harmonic orders in Figure 5.11d. Similar to
the trends in Figure 5.8a, the difference in nonlinear voltage amplitude is
orders of magnitude larger for the odd-harmonic signals than for the even-
harmonic ones, and the overall response decreases rapidly with increasing
harmonic orders. Since the nonlinear Drude-like conductivities are insensi-
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Figure 5.11: Magnetic-field-dependent higher-order nonlinear trans-
port. (a,b) Longitudinal (a) and transverse (b) nonlinear voltages of the sec-
ond to seventh harmonic orders (top) and first-harmonic linear voltage (bottom)
as functions of OOP magnetic fields. The data is symmetrised (a) and antisym-
metrised (b), respectively, and has been shifted vertically for clarity. Magnetic
phase transitions are indicated by dashed lines. (c) T vs Bz magnetic phase
diagram. The borders of the AFM, cAFM, FM and PM phases as well as a spin
flop (SF) transition region were mapped out from linear first-harmonic trans-
port measurements. The magnetic ordering in each magnetic phase is indicated
by coloured arrows. (d) Shifts in the harmonic voltages between the AFM and
the FM phases in (a), as a function of harmonic order. The measurements
were performed in Device MBT-1 (a,b) and Device MBT-3 (c), respectively.
Adapted from Paper VI .

tive to magnetic phase transitions in MBT [72], these shifts in the nonlinear
transport signals are concluded to originate from changes in the nonlinear
transport contributions from the quantum metric during the AFM-cAFM-
FM phase transitions.
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5.2.5 Theoretical calculations of the higher-order
nonlinear transport in MnBi2Te4

In order to properly understand the experimental results, the microscopic
origin of the higher-order nonlinear transport was investigated through the-
oretical calculations. The band structure of multilayer MBT was modelled
by an k.p model which has been fitted to first-principles calculations and
allows the inclusion of perturbations to address the effects of finite magnetic
fields [72]. Here, an even number of SLs was assumed, since the net mag-
netisation of a possible uncompensated SL is negligible in the experimental
devices with more than 40 SLs.

First, the Drude-like contributions to the nonlinear transport were consid-
ered, where the nonlinear longitudinal conductivities were calculated from
higher-order differentiation of the modelled dispersion relation of MBT [342].
The calculated derivatives ∂n+1

kx
ϵ(k), which correspond to the nth-order non-

linear transport, are summarised qualitatively in Figure 5.12a. The corre-
sponding nonlinear conductivities can be evaluated from integration over
reciprocal space. Importantly, the higher-order derivatives of the dispersion
relation in Figure 5.12a can clearly be seen to be symmetric with respect
to kx for the odd harmonic orders and antisymmetric for the even orders,
respectively. After integration, this leads to persisting odd-order nonlinear
conductivities while the even-order contributions vanish, which agrees well
with the behaviour of the experimental nonlinear transport signals. Quan-
titative values of the calculated nonlinear transport contributions further-
more replicate the experimentally observed dominance of the lower-order
odd-harmonic signals over the higher-order ones.

Next, the contributions to the nonlinear transport from the quantum
metric were considered. Since these nonlinear conductivities are expected
to correspond to changes in the nonlinear transport under magnetic fields,
their field dependence allows the quantum metric contributions to be ex-
amined in comparison to the field-insensitive Drude-like contributions [72].
Quantum metric multipoles were calculated through differentiation of the
band-energy normalised quantum metric tensor Gab under a finite magnetic
field, where ∂n−1

kx
Gxx(k) corresponds to the nth-order nonlinear transport,

as summarised qualitatively in Figure 5.12b. Interestingly and importantly,
the calculated quantum metric multipoles exhibit similar symmetries with
respect to kx as the higher-order derivatives of the dispersion relation above,
and integration over the multipoles in reciprocal space consequently yields
a similar even-odd behaviour where the even-order harmonic signals are
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Figure 5.12: Theoretical calculations of higher-order Drude and quan-
tum metric contributions. (a,b) Qualitative overview of calculated contri-
butions to the higher-order nonlinear transport from Drude-like terms (a) and
quantum metric multipoles (b), respectively. Adapted from Paper VI .

suppressed. Both the quantum metric and the Drude-like contributions to
the nonlinear transport can hence give rise to the experimentally measured
signals with an even-odd behaviour. Unfortunately, the magnitude of their
respective contributions cannot be compared directly in the calculations,
since longitudinal conductivities from quantum metric multipoles have not
yet been derived beyond the third order [345]. Still, both mechanisms are
nevertheless expected to contribute to the higher-order nonlinear transport
in MBT from the theory results, which importantly aligns well with the
scaling analysis in Section 5.2.3.





6 Summary and outlook

6.1 Summary
In this thesis and the included works, significant effort has been invested
in exploring spin and topological effects in topological quantum materials
through spin and electronic transport measurements in microscopic devices.
First, pure spin-polarised currents in graphene were employed to electrically
sense spin textures in cobalt and the van der Waals ferromagnet Fe5GeTe2
with designed geometrical shapes. Next, spin polarisation was generated and
detected via charge-spin interconversion effects in the topological insulator
Bi1.5Sb0.5Te1.7Se1.3 and the Weyl semimetal TaIrTe4. Finally, the magnetic
phases and the quantum geometry in the magnetic topological insulator
MnBi2Te4 were probed through nonlinear transport measurements.

The all-electrical spin sensing was performed in lateral graphene spin-
valve devices. Designed shapes with different geometrical constrictions were
used to induce spin textures including multi-domain and chiral vortex tex-
tures in Co and Fe5GeTe2 at room temperature. By injecting the spin
textures into the graphene channel and detecting them nonlocally with a
ferromagnetic reference electrode, the polarisation of the spin textures and
their evolution under magnetic fields could be traced. Distinctive multi-level
spin-valve switching patterns and Hanle spin precession signals allowed the
identification of the diverse spin textures corresponding to different geomet-
ric shapes, which were also corroborated with magnetic force microscopy
and micromagnetic simulations of the Co electrodes. These results open a
new route for all-electrical sensing of spin textures and magnetic domains
in both conventional and van der Waals magnets, using pure spin currents
in potentiometric measurements.

Charge-spin interconversion in Bi1.5Sb0.5Te1.7Se1.3 (BSTS) and in TaIrTe4
(TIT) was realised and observed directly through spin transport measure-
ments in hybrid graphene spin-valve devices with van der Waals heterostruc-
tures at room temperature. Reversible charge-to-spin and spin-to-charge
conversion was demonstrated with reliable nonlocal spin-valve and Hanle
spin precession measurements, with both generation and detection of po-
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larised spin in the topological insulator and in the Weyl semimetal, re-
spectively. The measured charge-spin interconversion effects were found to
be robust under varying bias charge currents and magnetic fields in differ-
ent in-plane and out-of-plane orientations, as well as under different gate
voltages in the case of the topological insulator. These findings prove room-
temperature charge-spin interconversion in BSTS and TIT, which is enabled
by the strong spin-orbit coupling of their topological band structures, and
build towards the use of topological quantum materials for all-electrical spin
generation and sensing in next-generation energy-efficient spintronic devices.

The nonlinear transport measurements were conducted in Hall bar devices
of multilayer MnBi2Te4 (MBT). The third-order nonlinear longitudinal volt-
age signal was founds to respond strongly with a higher sensitivity to mag-
netic phase transitions in MBT, compared to conventional linear transport
signals. By probing the third-order transport signal against varying temper-
atures and magnetic fields in different in-plane and out-of-plane directions,
detailed magnetic phase diagrams could be mapped out. Higher-order non-
linear transport with an even-odd behaviour could furthermore be observed,
where odd-order nonlinear transport was detected up to the seventh order
whereas all even-order transport components were suppressed. Through
conductivity scaling analysis and theoretical calculations, the microscopic
origin of the nonlinear transport was identified as a combination of quantum
metric multipoles and Drude-like terms. These results establish nonlinear
transport measurements as an all-electrical tool for detailed characterisa-
tion of magnetic and quantum geometric features in MBT and other related
materials.

In summary, this dissertation demonstrates the rich physics and inter-
play of spin and topology in van der Waals topological quantum materi-
als, including spin transport and sensing, charge-spin interconversion effects
and quantum-geometry-induced nonlinear transport. Utilising their unique
properties unlocks deeper and more comprehensive insights into condensed
matter and quantum physics, and leads towards a new generation of tech-
nological applications.

6.2 Outlook
Looking into the future, many exciting and promising avenues can be en-
visioned. Spin sensing with pure spin currents in graphene can be used
for characterising complex spin textures in exotic magnetic materials with
or without geometric constrictions, especially in the 2D limit, and can de-
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velop as a complement to conventional microscopy techniques. With the
major advantage of all-electrical detection without a requirement for micro-
scopic access, the technique can become particularly useful for integrated
read-out of spin textures and magnetic states in spintronic devices. This
includes novel and innovative technologies such as racetrack and multi-level
magnetic memories, compute-in-memory devices, spin logic and magneto-
logic devices as well as Heisenberg, domain-wall and other neuromorphic
computing architectures.

Charge-spin interconversion in topological insulators and Weyl semimet-
als at room temperature can provide efficient generation and detection of
polarised spin, which can become paramount in next-generation spin-orbit-
torque magnetic memories and spin-based computing technologies. By util-
ising the strong spin-orbit coupling of nonmagnetic topological quantum
materials, such devices can be realised with a complete absence of magnetic
stray fields and with a natural robustness against external magnetic fields,
while simultaneously achieving a higher energy efficiency than what is pos-
sible with the spin-orbit coupling of conventional heavy metals. The broken
crystal symmetries of Weyl semimetals furthermore allow the generation of
unconventional out-of-plane spin polarisations, which can be used for field-
free spin-orbit-torque switching of magnets with perpendicular magnetic
anisotropies. Meanwhile, topological insulators have an enticing potential
beyond pure spintronics, such as for dissipationless transport through their
topologically protected surface states.

In a more specific perspective, the charge-spin interconversion in BSTS
was concluded to originate from the topological insulator itself, which leaves
the spin Hall effect, the Rashba-Edelstein effect and the spin-momentum
locking of the topological surface states as the possible microscopic mech-
anisms. In order to narrow it down further, charge-spin interconversion
measurements at different temperatures could be employed. At low temper-
atures, the spin Hall effect and the Rashba-Edelstein effect from the bulk
bands are expected to be hampered due to freeze-out whereas the spin-
momentum locking of the the metallic surface states should be unhindered,
which would make it possible to distinguish the contributions from the bulk
and surface states.

Concerning TIT, the charge-spin interconversion was observed through
spin-valve and Hanle spin precession measurements with in-plane and out-
of-plane magnetic fields in the y and z directions, respectively. By comple-
menting this with xHanle spin precession measurements with the magnetic
field along the in-plane x direction in the same device, the full x-y-z ori-
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entation of the generated spin polarisation could be determined. Detailed
information about out-of-plane spin components, which are allowed due to
the broken crystal symmetry of TIT, would be especially important for spin-
orbit-torque memory applications, as mentioned above. Moreover, gate-
dependent measurements of the charge-spin interconversion, with graphene
being tuned between its p- and n-doped regimes, could be used to investi-
gate the possible contribution from proximity-induced spin-orbit coupling
in graphene.

Nonlinear electronic transport as a sensitive probe of magnetic phase tran-
sitions is not limited to MBT, and can be used for characterising the mag-
netic order and complex magnetic landscapes of other magnetic materials as
well. In addition to material characterisation, the technique is well-suited for
all-electrical read-out of antiferromagnetic and ferromagnetic states without
a need for optical or magnetometric access, such as in nonvolatile memories
and other novel spintronic and quantum device applications.

Besides magnetic phase information, nonlinear transport in MBT is par-
ticularly interesting for investigating the quantum metric. Until recently, the
quantum metric part of the quantum geometry has often been overlooked
in favour of the more readily available Berry curvature, and experimental
measurements of the quantum metric are still in their infancy. In order
to better understand the quantum metric in topological quantum materials
and its contribution to higher-order nonlinear transport, further experimen-
tal and theoretical works are necessary. Specifically, a complete theoretical
model for quantum-metric-induced higher-order nonlinear transport would
provide quantitative details and allow for a disentanglement of the different
possible contributions to such nonlinear transport. This could also lead to
predictions and experimental realisations of material systems where novel
higher-than-third-order nonlinear transport components are dominant due
to particular crystal symmetries. Ultimately, a comprehensive understand-
ing of the full quantum geometry, including the quantum metric, and its
interaction with electronic transport is expected to become a pillar of quan-
tum and topological physics in solid-state matter, and can give central in-
sights in everything from nonlinear transport to flat-band superconductivity
and beyond.

Finally, although this is not the focus of this thesis, it ought to be men-
tioned that challenges regarding the industry integration of van der Waals
and topological quantum materials must be overcome in order for commer-
cially relevant applications to be realised. This includes growth of high-
quality materials using industry-compatible techniques such as magnetron
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sputtering or chemical vapour deposition, as well as the preparation of atom-
ically clean interfaces and improvements in material stability under ambient
conditions. However, this research direction is actively being pursued [512,
548–557], and these concerns may well be properly addressed in time.
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