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The recent discovery of two-dimensional (2D) ferromagnetic insulators and the
continuous advancements in the fabrication of van der Waals heterostructures have
enabled studying proximity-induced magnetic exchange interactions. Stacking a
vdW magnetic insulator like CroGeaTeg (CGT) with a 2D semimetal with strong
spin-orbit coupling (SOC) like WTey could potentially allow us to imprint mag-
netism in the latter, a physical property absent in its pristine form. This thesis
presents a detailed investigation of magnetic proximity effects through magneto-
transport studies in hybrid WTey/CGT hetero-bilayers. This material combination
could represent a building block towards realizing the quantum anomalous Hall
effect, which requires the co-integration of a topological insulator, like monolayer
WTes, with a perpendicularly magnetized 2D ferromagnet such as CGT. Six de-
vices were fabricated and electrically characterized. We observe that the annealing
of the heterostructure after preparing the bilayer is a crucial step for improving the
quality of the vdW interface between WTey and CGT. Additionally, an increase in
the Curie temperature of CGT, likely driven by spin-orbit coupling interfacial effects,
has been observed. Notably, four out of the six annealed samples exhibited mag-
netic hysteretic behaviour in the transversal voltage V,,. The angle dependence
of the magnetoresistence in one sample was analysed to investigate whether the
hysteric behaviour in V, arises from proximity-induced anomalous Hall or spin Hall
magnetoresistance effect, using the spin texture in the low-symmetry WTe,.
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1 Introduction

In recent years, there has been a significant rise in interest in the growth and isolation of
atomically thin materials through different physical growth methods and from bulk van der
Waals (vdW) materials. These atomically thin layers can be stacked on top of one another,
forming artificial heterostructures. vdW heterostructures have emerged as a novel class of
materials with unique and tunable physical properties, garnering considerable attention for their
potential to exhibit a wide range of electronic, magnetic, and optical phenomenon. One such
phenomenon is proximity-induced effects, where the physical properties of one layer can be
imprinted onto an adjacent one through interfacial interactions. This is particularly appealing
because the atomically thin nature of the constituents materials allows for efficeint imprinting of
short range interactions, such as spin-orbit-coupling (SOC) and magnetism. The primary goal
of this research is to investigate magnetic proximity effects vdW heterostructures, specifically
focusing on bilayer systems composed of the Weyl semimetal tungsten ditelluride (WTey),
and chromium germanium telluride (CroGeaTes,CGT), a vdW ferromagnetic insulator with
perpendicular magnetic anisotropy.

To achieve this overarching objective, the study undertook several specific goals. Firstly, it
aimed to fabricate high-quality WTes/CGT heterostructures, maintaining the WTey thickness
consistently below 10 nm. Secondly, it sought to conduct temperature-dependent magneto-
transport measurements under different magnetic field configurations in order to identify signa-
tures of magnetic-proximity effect in the WTe, layer.

The experiments showed the presence of magnetic proximity effect, evidenced by measuring
the anomalous Hall signal, i.e the transversal voltage V., under an out-of-plane magnetic
field. This signal was enhanced by introducing an annealing process during fabrication, which
improves the van der Waals interface quality. The experiments also suggested the influence of
spin Hall magnetoresistance (SHMR), necessitating further investigation to determine whether
the observed phenomena stem from proximity effects or SHMR.

Looking forward, the long-term objective of this research is to reduce the thickness of WTe,
to a monolayer, thereby transforming it into a 2D topological insulator. The ultimate aim is
to induce magnetism through proximity effects and to observe the Quantum Anomalous Hall
Effect (QAHE), characterized by the quantization of the Hall conductivity in integer multiples
of the von Klitzing constant (%) Achieving this would represent a significant advancement
in metrology applications, offering new opportunities for the development of quantum devices
with tailored magnetic properties.

This manuscript is structured as follows: the first chapter introduces the background con-
cepts related to vdW materials, proximity-induced effects and magneto-transport. This is fol-
lowed with the description of the device fabrication and the experimental setup. The third
chapter presents the results and discussion, focusing on the observed phenomena. Finally, the
fourth chapter summarizes the key findings and outlines future research directions.




2 Theoretical background

This section describes the theoretical concepts underpinning the phenomena discussed in
this thesis.

2.1 Van der Waals materials

Since the isolation of graphene in 2004 [NGM*04], vdW materials have been at the forefront
of fundamental research and applications. These materials present a wide range of behaviors in-
cluding insulating, semiconducting, metallic, superconducting, topological and the very recently
discovered magnetism down to the monolayer limit [MLH"10]. Examples include the insula-
tor hexagonal boron nitride (hBN), semiconducting transition metal dichalcogenides (TMDCs),
graphene and 2D magnets like Crlg and CGT. VdW materials have strong covalent bonds within
the atomic plane and weak vdW interlayer forces, making them easy to exfoliate.

The absence of ferromagnetic order in many vdW crystals (such as graphene) has motivated
efforts to induce magnetism extrinsically using several methods, including: (i) defect engineering
via vacancies, adatoms, grain boundaries or edges, (ii) introducing magnetic species via inter-
calation or substitution of 2D materials, (iii) utilizing the magnetic proximity effect [GLL " 17a].

2.2 Van der Waals heterostructures

VdW materials are often introduced using graphite as an example, which is composed of
stacked sheets of pure carbon. A single atom-thick sheet of carbon extracted from graphite is
known as graphene. These atomic sheets resemble cellophane wrap-sticky, flexible, and prone
to wrinkling and sticking back onto themselves [BSS85].

2D materials typically exhibit properties distinct from their three dimensional counterpart.
For instance, graphene is a zero gap semiconductor, whereas graphite is a semimetal with a band
overlap [Joul9]. 2D materials consist of covalently bonded, dangling-bond-free layers that are
stacked by VAW forces to form bulk structures [YVC"22]. Individual sheets are relatively easy
to pull apart from the stack. Thanks to the flat interfaces and the weakness of the vdW forces
any combination of these 2D materials can placed atop each other regardless of differences
in crystal structure. Such artificially formed stacks are called vdW heterostructures [GG13].
The in-plane stability of 2D materials ensures the stability of the heterostructure, whereas vdW
forces keep the stack together [GG13].

Combinating materials with different properties in vdW heterostructures has led to the
creation of unique structures, new physical effects, and novel devices]LHW"17]. In hetero-
junctions, the weak vdW forces between the participant materials do not significantly alter the
crystal structure but do change the electronic structure [DB20]. Hence, vdW heterojunctions
offer the opportunity to engineer new functional materials, allowing charge distribution and
magnetic modification (by proximity effect) between monolayers in the stack [DBPL"19]. Het-
erostructures are useful for several reasons, such as using inert materials to protect sensitive
ones or combining two vdW materials to exhibit new phenomena not present in individual mate-
rials. These properties can be controlled through sample design, electrical means, or adjusting
the twist angle between 2D materials [SFK21].

2.3 Proximity effects

Stacking atomically thin materials has become a strategy to design new artificial materials
in complex vdW heterostructures, combining the pristine properties of selected materials and




imprint others by proximity effects. Materials proximitized to another can acquire properties
absent in their pristine form. Historically, this has been observed in superconductor-metal
systems, where Cooper pairs penetrate the metal layer over a characteristic coherence depth
in the order of tens or even hundreds of nanometers. Owing to the atomically thin nature
of vdW materials, short-range interactions like magnetism and SOC can also be imprinted by
proximity effects, where the electronic orbitals of the two materials hybridize through the vdW
gap [ZMAS™18]. This hybridization drastically changes their electronic band structure and spin
texture without introducing dopants, impurities or scattering centres [ZMAS™18].

Proximity-induced SOC has been predicted and observed in graphene proximitized with
layered TMDCs like MoSs and WS, [GF15, GIAKVW17, BSST"17], while proximity-induced
magnetism has been demonstrated in graphene and TMDCs combined with vdW magnets like
CrSBr, Crlg and CrBrg [GKD ™21, ZSL"20, LGMS™20] . When studying proximity effects, it is
essential to consider that the effect is only effective in adjacent layers due to the exponential
decay of the hybridization with distance. Therefore, the thickness of the proximitized layer
(WTes in this case) must be precisely controlled [LRL"22]. Ultimately, the proximity effect
extends beyond a single property in bilayer structures. For example, in trilayer systems, the
material in the middle can be influenced by both the top and bottom layers.

2.4 Hall effect and anomalous Hall effect

In 1879, Edwin H. Hall discovered that when a conductor carrying longitudinal current is
placed in a vertical magnetic field, the carriers deflect towards the transverse edges of the
conductor, resulting in a transverse voltage. This effect, known as Hall effect (HE), arises due
to the Lorentz force acting on the moving carriers in presence of the vertical the magnetic field,
which is balanced by a transverse voltage for a steady longitudinal current. [Hal80].

In 1880, Hall found that this effect was more pronounced in ferromagnetic (FM) conductors
than in non-magnetic (NM) materials, a phenomenon now termed the anomalous Hall effect
(AHE) [Hal81]. Subsequent experiments suggested that the AHE is related to the sample's
magnetization M (along the z direction) [PLK*23], leading to an empirical relation for the
total Hall effect in FM conductors expressed by the transversal resistivity, i.e the Hall resistivity

[Pug30]:

Pxy = ROBZ + RSM27 (21)

where the first term corresponds to the ordinary Hall effect, with Rp = —% representing the
Hall coefficient, e the electron charge, and n the carrier density. The second term corresponds
to the anomalous Hall resistivity, where Rg is a material-dependent coefficient.

Although the HE and AHE appear quite similar phenomenologically, their underlying physics
differs. HE is driven by the Lorentz force on moving electrons undera magnetic field, whereas
AHE persists even in the absence of an external magnetic field [YKM ' 04].

The origin of the AHE involves both intrinsic and extrinsic mechanisms [OSN06]. The intrin-
sic mechanism arises from moving electrons acquiring an "anomalous velocity" perpendicular
to the electric field due to the Berry curvature of occupied wave functions. This curvature acts
as an effective magnetic field in momentum space, modifying the electrons’ equation of motion
[XCN10]. This mechanism predicts py, o p2, [JNM02]. The extrinsic mechanisms include:
(i) skew scattering, where defects and impurities in the material act as scattering center for
the moving electrons. In the presence of spin-orbit coupling (SOC) and ferromagnetism, this
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Figure 2.1: Hall resistivity p., versus external magnetic field B. a| Hall effect in non-magnetic materials.
b| The anomalous Hall effect (AHE) and the Hall effect in magnetic materials. The dashed line

extrapolates the linear part to the B =0 limit c| Representation of a hysteresis loop due to the AHE.
Images adapted from: Ref. [WYHT152]

scattering becomes asymmetric, leading to an unbalanced transverse motion of electrons. This
mechanism predicts pg, < pre [Smi58]. (ii) side jump, where electrons experience different elec-
tric fields when approaching and leaving an impurity, resulting in another form of asymmetric
scattering. This mechanism predicts p,, o p2, [Ber70].

Figure 2.1(a) illustrates p,, of a NM conductor as a function of a perpendicular magnetic
field (E) displaying a linear dependence characteristic of the HE. In FM conductors, where
both the HE and the AHE are present, p,, shows a non-linear behavior with (B), increasing
sharply at low fields due to magnetization saturation, where the AHE becomes noticeable, and
then crossing over to a linear region dominated by the HE at higher fields [Figure2.1(b)]. By
extrapolating the linear part to zero field (E = 0), the intercept on the y-axis provides the
RgsM term in Eq. 2.1. Essentially, HE is present in all conductors, whereas the AHE is exclusive
to magnetic materials [LZQ15].

Experimentally, measurements usually involve sweeping the magnetic field backw and forth,
producing a hysteresis loop in pg, vs B for materials exhibiting AHE [Figure2.1(c)]. This loop
reflects the magnetization component (second term of Eq.2.1), characterized by an hysteretic
behaviour below a certain coercive field (H¢), alongside a constant slope from the HE (first
term of 2.1) [WYH"15a].

In this thesis, the AHE is used to identify proximity-induced magnetism in vdW materials.
The atomically thin nature of vdW materials allows for imprinting short range interactions, such
as magnetic exchange interaction and SOC, by stacking them vertically. Here, (semi)metallic
WTe; is combined with the insulating FM material CroGeaTeg (CGT) in a vdW heterostructure,
and temperature-dependent magneto-transport experiments are performed. Since the CGT layer
is expected to be highly insulating, the observation of AHE in the CGT/WTey stack would indi-
cate magnetism in WTes induced by proximity effects. However, one has to take into account
that, even though the observation of the AHE signals could be ascribed to magnetic proximity
effects, other phenomena unrelated to proximity effects, such as spin Hall magnetoresistance
(SHMR), can lead to similar results.

2.4.1 Quantum anomalous Hall effect in magnetic topological insulators

Topological insulators (Tls) represent a state of matter characterized by insulating bulk
properties and conductive boundary states that preserve time-reversal symmetry. These bound-
ary states give rise to phenomena such as the quantum spin Hall effect (QSHE), where the edges




Figure 2.2: Illustration of the edge states in a| QHE, b| QSHE and c| QAHE.

of a 2D Tl support spin-polarized currents, as shown in [Figure 2.2b]. These edge states consist
of pairs of counter-propagating chiral channels, which are channels with opposite directions of
propagation, characterized by unidirectional movement without scattering or back-scattering.
These channels exhibit resistance to non-magnetic impurities [BAG™21]. When time-reversal
symmetry is broken by introducing magnetism into Tls, novel quantum phenomena such as the
QAHE can potentially emerge [DYS'20].

The QAHE, which requires materials with broken time-reversal symmetry, is characterized
by the presence of dissipationless charge currents at the edges and quantized Hall resistance,
without the need for an external magnetic field [Figure2.2c], unlike in the quantum Hall effect
(QHE), where a large external magnetic field is required [WYH"15b] [Figure2.2a].

Magnetic doping, such as the introduction of chromium impurities into (Bi,Sb)2Tes films,
has been shown to induce QAHE [CZF13]. However, this method introduces disorder, degrad-
ing the electronic properties of the material and limiting the observation of Hall quantization
with metrological precision to mK temperatures. An alternative approach involves inducing
magnetism through magnetic proximity effects. Even though efforts have been made to utilize
magnetic proximity-induced effects to observe the QAHE in systems combining 3D magnets
with 3D Tls [BAG20], these interfaces often suffer from intermixing of materials and alloying.
This is why 2D materials are preferred; they offer atomically sharp interfaces, devoid of defects
and intermixing, and present opportunities for various combinations due to the abundance of
2D materials with different physical properties. For example, magnetism can be induced in
monolayer of WTes, a topological insulator, using CGT as the magnetic layer. This method
can potentially induce magnetism without introducing impurities, potentially facilitating the
observation of anomalous Hall quantization at higher temperatures [BAG"21].

2.5 Spin Hall magnetoresistance

Magnetoresistance (MR) is a property of materials that causes their electrical resistance to
change in response to an applied magnetic field. This phenomenon is observed when the flow
of electric current through a material is affected by the presence of a magnetic field, leading to
an increase or decrease in resistance.

Recently, a fundamentally different type of MR, caused by the proximity of a metallic film,
with high SOC, attached to an electrically insulating magnet, has been reported. Even though
the conduction electrons in the metallic film cannot enter the magnetic insulator, the bilayer's
resistance (of both materials in contact) reflects the magnetization of the insulating magnet




[NAC*13].

In this thesis, this phenomenon, known as spin Hall magnetoresistance (SHMR), could be
observed due to the interface of a semiconducting magnet CGT and the semimetallic WTes,
which has strong SOC.

Spin transport and charge transport phenomena are interconnected. For example, the spin
Hall effect (SHE) refers to the conversion of an electric current into a transverse spin current,
whereas the inverse spin Hall effect (ISHE) refers to the reciprocal effect, namely the conversion
of an injected spin current into a transverse electric current or voltage. In a high-symmetry
material, the directions of electric-current flow (J.), spin-current flow (J;), and spin current
polarization (&) are perpendicular to one another.

The SHMR is based on the simultaneous operation of the SHE and its reciprocal, the ISHE.
Considering a heterostructure made up of an insulating magnet on top of a metallic thin film
exhibiting strong SOC: When an electric current (J;) is applied along the film plane, it induces
a spin current J, in the meta, due to the SHE. This spin current travels perpendicular to the
film surface with spin polarization & parallel to the surface, as shown in Figure 2.3 [CTN"13].

The interface between both materials results in interfacial spin mixing, leading to the spin-
angular-momentum exchange between the magnetization (M) in the magnet and conduction-
electron spin polarization & in the metal. Spin-flip scattering is activated when & and M are
not collinear, as shown in Figure2.3. Part of the spin current is absorbed by the magnetization
as spin-transfer torque. The absorption is maximized when M is perpendicular to & and there
is no absorption when M is parallel to & [NACT13, YLW™18]. The unabsorbed spin current is
reflected back into the metal film, inducing an electric current from the ISHE. This additional
electric current, due to the combination of SHE and ISHE is always parallel to the original one,
in agreement with the Onsager relation [LSNT19].

Therefore, the conductivity increase due to SHE and ISHE is expected to be maximum
(minimum) when M is perpendicular to J, [Figure2.3a (parallel Figure2.3b)], because J, is
perpendicular to &. Consequently, the metallic film's resistance is affected by the magnetization
direction in the magnet, giving rise to the SHMR. SHMR is an interface phenomenon and
critically depends on the quality of the interface, occurring only on the length scale of the spin
diffusion length [KTO"24].

2.6 Differentiating magnetic proximity effect and spin Hall magnetoresistance

In the scenario of SHMR and AHE, the longitudinal and transverse resistances, when apply-
ing the current in the x-direction, are given by Eq.2.2a and Eq.2.2b.

Ry = RYME cos?(¢) sin?(0) + ROTME gin?(¢) sin?(0) + Ry, (2.2a)
Ruy = RIT™ME sin(26) sin?(0) + R E cos(0) + RypH.. (2.2b)

Here, Ry, RSHME 4nd RAME represent the magnetization direction-independent resis-
tance, the modulation due to SHMR, and the anisotropic magnetoresistance (AMR)—the
change in resistance of a ferromagnetic material when its magnetization is rotated relative
to the current direction. R%HMR, Rflg]\E/[R, and Rpyg denote the transverse manifestation
of SHMR, the SHMR-induced AHE-like resistance, and the ordinary Hall effect resistance, re-
spectively. 6 and ¢ are the polar and azimuthal magnetization angles. It is evident that the
transverse SHMR and the SHMR-induced AHE are analogous to the planar Hall resistance
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Figure 2.3: lllustrations of the geometric relation between the flow of electrons and accumulated spins
in WTes and the magnetization in the magnetic semiconductor CGT. In the case of a| absorption and
b|reflection

(RpmE)-voltage induced perpendicular to the current direction in a ferromagnetic material
when an in-plane magnetic field aligns the magnetization, caused by AMR- and anomalous Hall
resistance (Ram ) in conducting ferromagnets by symmetry, as shown in Eq.2.3.

R,y = RpuEsin(29) sin2(9) + Rapp cos(0). (2.3)

The challenge distinguishing whether one is observing SHMR, a pure spin current phe-
nomenon in bilayer structures, or AMR, which can only originate from proximity effects.

One method is to study the angle dependence of the resistance in the three different planes
[LTAS14]. In the scenario of a strong spin-orbit coupling metal with high symmetry structure
and a magnetic insulator, the in-plane (zy-plane containing the spin polarization direction and
the current flowing in the x-axis) field sweep cannot distinguish between SHMR and AMR, since
both phenomena depend on the orientation of the magnetization (M) in this plane. If M is
rotated by an angle 6 in the xy-plane, both SHMR and AMR change simultaneously, entangling
the two effects [Figure 2.42a]. In contrast, as shown in Figure 2.4b, if M is rotated by an angle
o in the zz-plane, SHMR should remain constant since M and & are always perpendicular.
Thus,any resistance change can be attributed to AMR. Conversely, if M is rotated in the
yz-plane by an angle 3, AMR should remain constant since the charge current (fe) is always
perpendicular to M. Therefore, any resistance change can be attributed to SHMR [Figure2.4c].

In an ideal symmetric crystal, changing the axis along which the current is applied should
not change the resistance behavior. However, for WTey, due to its low symmetry, the spin
texture is not necessarily perpendicular to the applied charge current. Consequently, applying
current along different directions can yield different resistance behavior.

In low-symmetry crystal, the spin polarization may not be perpendicular to the applied
current and can orient in any direction, contibuting to resistance changes in various planes.
Consider a scenario where the spin polarization lies in the xy-plane, with components in both
axes. When a current is applied along the z-axis (assuming this is a crystallographic axis),
rotating the magnetic field by angle o in the xzz-plane results in resistance changes attributable
to both SHMR and AMR, unlike the single contribution of AMR in high symmetry case.
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Figure 2.4: lllustration of geometric relation between the the charge current (J), the spin polarization
(o), and magnetization (M), in the case of a high symmetry crystal. Spin Hall magnetoresistance
(SHMR) or anisotropic magnetoresistance (AMR), that can take place by the rotation of M in each
plane. in each plane are highlighted in pink the phenomenon affecting the resistance

This complexity makes it challenging to differentiate between SHMR and AMR. Nonetheless,
applying the current in the other crystallographic direction (y-axis) should result in a different
resistance behaviour. BY comparing changes along both directions, it becomes possible to
discriminate between the phenomena. Changes in resistance behavior depending on the current
axis could be attributed to SHMR, as AMR effect on the resistance should remain unchanged
with axis changes. AMR depends only on the angle between the current direction and magneti-
zation, which are consistent for both crystallographic axes. In contrast, the SHMR depends on
the SHE and the angle of spin polarization, implying that the observed change on the resistance
behavior when changing the current axis could be due to the SHMR.

This thesis initiates the exploration of this process by measuring the changes of the resistance
as a function of the in plane (zy-plane) rotation of the magnetic field for two perpendicular
current directions. Since a Raman spectroscopy [SP\W ' 16] has not been performed in the device
to determine the crystallographic axes, it cannot be confirmed yet that the current directions
correspond to crystallographic axes. However, for simplicity, they will be referred to as such
hereafetr. As previously mentioned, with the in-plane rotation of B, conclusions regarding the
dominant phenomenon cannot be drawn , as both contribute. The objective is to observe if
there is a variation in resistance behavior when applying current along different axis. Finally,
measurements corresponding to the other planes have been started to complete the study and
reach a definitive conclusion.

3 Experimental background

This section introduces the vdW materials that form the heterostructure: WTe,, covered
with CGT, and hBN on top of it to protect the heterostructure against oxidation. It fur-
ther presents the device fabrication process and describes the experimental setup for magneto-
transport measurements.

3.1 Materials utilized for heterostructure fabrication

3.1.1 Hexagonal boron nitride

Boron nitride (BN) is a chemical compound isoelectronic and isostructural to carbon, com-
posed of boron and nitrogen atoms. Hexagonal boron nitride (hBN) is the most common form




of BN, and its crystalline structure resembles graphite. hBN features a layered structure with
strong in-plane covalent bonds between boron and nitrogen atoms and interlayer vdW forces.
Although structurally similar to graphene, hBN is a wide bandgap material. It is also chemically
inert in a wide variety of acids, solvents, and oxidizers [BGR16]. Owing to its high chemical re-
sistance and thermal stability, hBN is used in this study as a chemically inert coating [LGZ " 13]
of the WTey-CGT heterostructure to protect it against oxidation.

3.1.2 The van der Waals magnet CroGesTeg

The discovery of long-range ferromagnetic ordering in vdW materials like CGT has opened
new avenues for exploring low-dimensional magnetism and potential applications within novel
memory, computing, and quantum computing [GLL"17b]. CGT is a semiconducting ferromag-
net with a bulk Curie temperature T, of about 63 K, which decreases to about 30 K in the
bilayer case [THP"23]. It exhibits perpendicular magnetic anisotropy and nearly ideal ferromag-
netic behavior, making it an excellent system to investigate fundamental magnetic phenomena.
[2ZS+16).

The first studies on bulk crystals of CGT date back to 1995 [CBOA95]). Intensive re-
search started in 2017, when long-range magnetic order was demonstrated in bilayer CGT using
magneto-optic Kerr microscopy [ZZS"16]. Prior to this, the persistence of long-range ferro-
magnetic order in the 2D regime was uncertain due to the susceptibility of 2D ferromagnetism
to thermal fluctuations. Renewed interest in CGT and other related vdW magnets arose in part
from the experimental confirmation that in the 2D limit, magnetic anisotropy can overcome
thermal fluctuations, thereby stabilizing the long-range magnetic order[GLL " 17a].

CGT's crystal structure consists of layers of Cr atoms sandwiched between Te and Ge
atoms, with each layer having a thickness of ~ 6.9A [XCO"17]. CGT flakes degrade in ambient
conditions due to oxidation, forming a ~ 5nm thick oxide layer. Recent experiments suggest
that up to 10 nm of the crystal surface exposed to air becomes non-magnetic [GLL"172a]. To
prevent this, CGT is exfoliated and stacked in a glove box with an inert atmosphere of Ar
containing very low concentration (below 0.1 p.p.m) of Oy and H2O.

The proximity effect, and thus the induced magnetism, is driven by the CGT layer in direct
contact with WTey. Therefore, precise control of the number of layers in the CGT flakes is not
required, as long as the CGT flake is homogeneous and larger than the WTe, flake, in order to
shield the later from air exposure, as it is more sensitive than CGT.

3.1.3 Tungsten ditelluride

Tungsten ditelluride (WTez) belongs to the family of transition metal dichalogenides (TMDCs),
layered materials of the form MXy, where M is a transition metal atom from groups IV (Ti,
Zr, Hf and so on), V (for instance V, Nb, or Ta) or VI (Mo, W etc.) with a partially filled
d-shell, and X is a chalcogen atom (such as S, Se or Te) [Eft17]. M and X atoms are strongly
linked through covalent bounds to form 2D layers. Two adjacent sheets of chalcogen atoms
are separated by a sheet of transition metal atoms, and the actual "monolayer" is composed
of an atomic trilayer structure. The interaction among these monolayers is the weak vdW
interaction, in analogy to graphite. TMDCs like MoSy, WSs, MoSes and WSe,, are notable
2D semiconductors with a direct band gap of ~ 1 €V in the monolayer form, strong SOC,
and light-matter interaction, making them highly attractive for electronic and opto-electronic
applications [MOP*17],[NMCN16].

TMDCs exist in several structural phases resulting from the different symmetry between the




three atomic planes (chalcogen-metal-chalcogen) that form the monolayer of these materials.
The most stable phases are characterized by eithera trigonal prismatic (2H) structure, with
stacking sequence ABA where the top and bottom chalcogen atoms occupy same position, or
an octahedral (1T) structure with an ABC stacking sequence where top and bottom chalcogen
atoms slightly distorted [HDK " 18].

WTe, is a TMDC that is stable in the orthorhombic Td phase. Bulk WTey is a Weyl
semi-metal [LWH"17, AAF'21] and becomes a 2D topological insulator in the monolayer
form [QLFL14]. Monolayer WTes is a candidate for realizing the QAHE when proximitized
to an insulating magnetic material. WTes is also known for its unique electronic transport
properties such as non-saturating positive large magneto-resistance (MR) in bulk, which is
attributed to a nearly perfect balance between electron and hole concentrations. MR is typically
reported as %, and p(B) is the resistivity in an applied magnetic field B. Positive
MR is observed in metals, semiconductors and semimetals, while magnetic materials exhibit
negative MR [AXF"14]. Experiments show that the imbalance of carrier densities caused by
thickness reduction plays an important role in suppressing the positive MR, while the non-
saturating remains largely unaffected [ZKW™21]. Many other peculiar electronic properties
have also been observed such as small Fermi surface anisotropy [WWL " 19], ferroelectricity and
superconductivity [FZP 18, FWC"18].

3.2 Device fabrication

The fabrication of devices involves four main steps, detailed below.

3.2.1 Pre-patterned contacts defined by electron beam lithography

To avoid damaging the vdW crystals, lithography steps involving exposure to chemicals, are
carried out before flake transfer. The initial design and fabrication of contacts are done through
electron beam (e-beam) lithography, followed by a deposition of Ti and Pd (or Au). The device
configuration is based on a Hall bar geometry with eight contacts, two of them defining current
channel and six for measuring longitudinal or transverse voltage, as depicted in Figures 4.1 (a)

and (d).

The pre-patterned Hall bars are fabricated on a 440 nm SiOs, cleaned with Os plasma.
E-beam lithography involves coating the sample with a resist mask, which is then exposed to
the electron beam that defines the contacts. After exposure and development of the resist,
metallization of the contacts was done using e-beam evaporation of 5 nm of Ti and 30 nm of
Pd. Finally a lift-off process with acetone was used to remove the non-exposed resist mask.

3.2.2 Mechanical exfoliation of the source materials

The first step in the fabrication process involves the mechanical exfoliation of CGT and
WTe, inside the glove box in order to prevent degradation of the exfoliated flakes. The
well-established scotch-tape method [GLQ " 18] is used for exfoliation. The source material is
transferred to adhesive tape (Nitto or Scotch tape), peeled off several times and then transferred
onto an insulating substrate of SiOs. In this thesis p-doped Si substrates coated with 440nm of
SiOs9 are used. The substrates with exfoliated material are inspected with an optical microscope
to estimate the thickness of the exfoliated flakes by analyzing the optical reflectivity of blue,

green and red channels under bright-field mode and determine the surface homogeneity of the
flakes under dark-field mode.
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Figure 3.1: Schematic process flow for assembly of van der Waals heterostructures by pick-up and
drop-down.

The aim in this work is to maximize the proximity-induced magnetism by the CGT layer,
targeting thin WTes layers about 6-10 nm thick and approximately 10 um x 3 um in size .
Optical images of some of the exfoliated WTe, and CGT flakes used in the final devices are
shown in Figures 4.1 (b) and (e) and 4.1 (c) and (f), respectively. hBN is also exfoliated and
used as a capping layer to prevent degradation of the CGT-WTey heterostructure.

3.2.3 Heterostructure stacking and deterministic transfer

The vdW heterostructure is fabricated using a deterministic dry transfer and pick-up tech-
nique, as outlined in [Figure 4.5]. A polydimethylsiloxane (PDMS) block coated with a thin
layer of polycarbonate (PC) is used as a viscoelastic stamp to pick up and release the selected
flakes. The stamp is mounted on a glass slide and fixed to an x,y,z micromanipulator. The sub-
strates with the selected flakes are mounted on a microscope stage with a heater to control the
stage temperature, thus adjusting the viscosity and stickiness of the PC [PGJ" 16] stamp. The
stamp is then approached gently to the target flake and picks it up. This process is repeated in
order to stack the hBN/CGT /WTey sequence and then dropped it onto a SiO9 substrate with
the pre-patterned electrical contacts in the Hall bar geometry. Specifically, the pick-up process
for the hBN flake involves heating the stage to T=100°C, followed by a 5-minute heating step
at T=140°C, and then cooling back to T=100°C. Once the hBN is picked up, the chip with
the exfoliated crystals of CGT is placed on the microscope stage and the CGT flake picked-up
using the the hBN flake. Finally, the WTey flake is picked up by the hBN/CGT stack and
transferred onto the pre-patterned Hall bar contacts, by heating up the stage up to T=200°C
to melt the PC. Residues of PC on the finished device are cleaned by soaking the chip first in
chloroform for 20 s and then in isopropanol for 90 s.

3.2.4 High vacuum annealing

After fabricating the device, the final step before starting the measurements process is
annealing the device in a high vacuum. The purpose of annealing is to improve the interface
quality between CGT and WTey and between the whole heterostructure and the pre-patterned
contacts. Vacuum annealing is a heat treatment process conducted in an environment devoid of
air or any other gas. It involves heating to a specific temperature, maintaining that temperature
for a set period, and then allowing controlled cooling.

The annealing temperature as well as the temperature ramps must be chosen carefully to
prevent degradation of the the constituent materials. Some devices were annealed at 220 °C
for 3 hours. After initial measurements, they were annealed again at 280 °C for 3 hours. Finally,
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devices with thicker CGT layers underwent annealing at 330 °C for 3 hours. In all the annealing
processes, a ramp rate of 3 °C/min for heating up and cooling down was used.

3.3 Magneto-transport measurement set-up

In the magneto-transport measurements, the devices, previously wire-bonded, are fixed to
a chip carrier to establish electrical connections. The measurements were carried out in two
setups, each comprising a closed-cycle cryostat with a base temperature of 6 K. In one of the
setups (setup 1), the current was supplied using a Keithley current source operating at an
alternating current (AC) frequency of f,.= 177 Hz, and the voltage measured with a lock-in
amplifier from Stanford Research Systems. The second setup (setup 2) used a Keithley current
source and nanovoltmeter operating in delta mode. Here, the current source is alternating the
current polarity at a frequency of f,.= 1 Hz and the voltage is measured via the triggered
nanovoltmeter.

Additionally, the two setups differ in their magnetic field capabilities. In setup 1 the electro-
magnet can generate magnetic fields up to 1.4 T, while setup 2 operates up to 0.6 T. Setup 1
also features a motorized magnet (for rotation), as opposed to the manual opperation of setup 2.
Both setups allow the orientation of the magnetic fields to be adjusted from out-of-plane to in-
plane, offering flexibility in experimental conditions. Experiments were fully computer-controlled
via a Labview software interface, ensuring precise and automated measurement processes.

4 Results and discussion

In this section, the results obtained from the experimental analysis are presented and dis-
cussed, organized into several subsections. An overview of all the analyzed chips and the
annealing effects on the device resistances and is provided first, followed by a discussion on the
increase in critical temperature. The variation of longitudinal and transverse resistances as a
function of magnetic field (along the z-axis, B.) and temperature is then examined. Finally,
the angular dependence of the magnetic field in the plane is investigated to determine whether
the observed phenomena are due to proximity effects or the SHMR.

In each subsection, rather than presenting the results for every fabricated chip, the results of
a single representative chip are showcased. The selected chip exemplifies the performance and
characteristics observed across all other chips, allowing for a clear and concise understanding
of the overall results without redundancy.

4.1 Device overview and proximity phenomena analysis

Figure 4.1 provides an overview of the devices analyzed in the study. Six devices were
fabricated and measured, labeled in chronologically from 1 to 6. The initial investigation focused
on the influence of the WTe, thickness on the manifestation of AHE within the heterostructures.
Importantly, the AHE due to proximity effects and the SHMR present very different thickness
dependencies. While the AHE must increase monotonically with reducing WTes thickness, the
SHMR is expected to show a non-monotonic behaviour. The SHMR must tend to zero at both
large and small thickness limits, reaching maximum magnitude at a WTe; thickness of about
twice the spin relaxation length in WTes, which has been estimated to be approximately 8 nm
[ZKZ+20].

Anomalous Hall signal were observed in all devices, with two notable exception. Device 2,
characterized by the thickest WTes layer and the thinnest CGT layer, did not exhibit an AHE
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(f)

Figure 4.1: a| Device 2: Heterostructure of WTey, CGT, and hBN. b| Flake of WTes in device 2.
Flake of CGT in device 2. d| device 5: Heterostructure of WTey, CGT, and hBN. e| Flake of WTes in
device 5. f| Flake of CGT in device 5. The white line indicates a length of 10 pm.

signal. Similarly device 3 which has a relatively thick layer of WTe,, also did not show an AHE
signal.

H Device 1 Device 2 Device 3 Device 4 | Device 5 | Device 6 H
No AHE | 220 °C | 220°C, 280°C | 220°C, 280°C, 330°C 220°C 280°C
AHE 280 °C 280°C 280 °C 330°C

Table 4.1: Overview of the annealing temperatures at which the fabricated devices exhibited (or did not
exhibit) an AHE signal.

A correlation between the thickness of the CGT layer and the requisite annealing tem-
perature was observed, as devices with thicker CGT layers necessitated higher annealing tem-
peratures to observe AHE signal. Specifically, while devices exhibiting AHE signal underwent
annealing at 280 °C, devices with thicker CGT flakes, such as device 6, required elevated
annealing temperatures of 330 °C to observe it, as shown in 4.1.

4.2 Effect of annealing on device resistances

In device 4, the first annealing process was performed at T,, = 220 °C for three hours.
At low temperatures, the measured resistance of individual CGT flakes is orders of magnitude
larger (MQ) [KTO"24] compared to the resistance of the WTey/CGT bilayer, indicating that
most of the applied charge current to the WTey/CGT bilayer flows through WTe,.

Moreover, the longitudinal resistance R, was measured as a function of temperature [Figure
4.2a], showing semiconductor behavior (resistance decreases with temperature) on one side of
the sample, and metallic or semi-metallic behaviour (resistance increases with temperature) on
the other side, consistent with the behaviour of WTey. The difference in resistance between
different sides was observed in several devices. This could be ascribed to inhomogeneities in
the WTes flake, or oxidation due to barging encapsulation.

A second annealing process was conducted at a higher temperature T,, = 280 °C for three
hours. The aim of increasing the annealing temperature was to create a higher quality vdW
interface between CGT and WTey, since no AHE signal was observed after the initial annealing.
The temperature dependence of R, was measured again [Figure 4.2b], focusing on the metallic
side of the sample, showing a slight decrease in the resistance magnitude and changes in the
device behavior at low temperatures, where the resistance does not decrease as the temperature
decreases.
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Figure 4.2: Temperature dependence of R,, after the annealing at a|T,, = 220 °. and at b|T., =
280 °C. In blue the cool down measurements and in red the warm up. Graphical representation of the
contacts involved in each measurement.

4.3 Magneto-transport measurements

Magneto-transport measurements of the transverse resistance R,, for Device 5 are pre-
sented in Figure 4.3a, showing clear hysteresis loops as a function of out-of-plane magnetic
field for different temperatures. Notably, the AHE-like hysteresis loop persists up to a critical
temperature of T, = 90 K, in contrast with the pristine T, = 63 K observed in bulk CGT. This
effect was observed in four of six devices after annealing at 280 °C (330° for thicker samples)
with a T, summarized in Table 4.2. The average critical temperatures across all devices is
calculated to be T. = 96.5 K, indicating a significant 53% increase from the T, of pristine
CGT [THP"23]. The origin of this increase can be due to the SOC of the WTe; stabilizing
the ferromagnetic order in CGT at the interface with WTes, since proximity effects are not
expected to extend beyond one or two atomic layers and modify the T, of bulk CGT.

H Device 1 Device 4 Device 5 Device 6 H

120 K 90 K 90 K 86 K

Table 4.2: Critical temperature (T.) of devices exhibiting AHE signal

Figure 4.3b provides additional insights into the magnetic behavior, showing the magnitude
of the remanent signal at zero magnetic field and the coercive field, as obtained from the
hysteresis loops. At T = 10 K, the coercive field is approximately 200 mT, contrasting sharply
with the negligible coercivity observed in pristine CGT [KTO"24]. Analysis of Figure 4.3b
allows for the determination of T, based on the temperature above which the remanent signal
and coercive field are no longer perceptible.

Furthermore, Figure 4.3c reveals a linear background attributed to the ordinary Hall effect,
which can be fitted with a linear function; the green marks the hysteresis loop extension. Figure
4.3d illustrates the temperature dependence of the charge carrier density, derived from the slope
of the linear fit using n = %}{e, where Ry is the Hall coefficient (Ry = slope / 1000 [Q2/T7)
and e is the charge of the electron. The sign of the carrier density is by convention positive for
holes and negative for electrons (complementary information in Annex B). In 4.3d, it is observed
that the number of carriers decreases as the temperature decreases, which is expected as less
thermal energy is supplied to the system. Moreover, magneto-resistance measurements, as
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Figure 4.4: Longitudinal resistance (R,.) as a function of out-of-plane magnetic field (B,) for different

temperatures. Top left a scheme of the contact design
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shown in Figure 4.4, exhibit a parabolic behavior in R, as expected since magneto-resistance
mechanisms lead to a symmetric (even) response with the magnetic field. This behavior persists
up to 1., beyond which the parabolic MR vanishes, leaving mainly the linear dependence
originating from a residual R;,, component, which is also present at low temperatures (300 m{2
at 10 K and 400 m$2 at 90 K).

4.4 In-plane magnetic field angular dependence

Ry from device 5 was measured as a function of the in-plane magnetic field angle ¢, with
¢=0 when B parallel to I. The data was symmetrized and antisymmetrized to minimize the
cross contribution of longitudinal and transverse resistances. The symmetric component is
associated to R,;, whereas the antisymmetric component corresponds to R,,. The angular
dependence in resistance was measured for two perpendicular current directions, i.e along the
long and short sides of the device.

4.4.1 First axis

For the first axis, where the current flows along the x-axis, that is, along the long side of
the device [see Figure 4.5¢]. Figure 4.5a shows the symmetric component of the resistance as
a function of the angle of the in-plane field at T=10 K for selected magnetic field magnitude.
The data was fitted using equation 4.1 with two free parameters: the amplitude (A) and a
field-dependent offset (D). Figure 4.5b shows A as a function of B. The saturation of A
at around 600 mT, when the magnetization rotates to the plane, demonstrates the magnetic
origin of the signal. Figure 4.5c shows A as a function of temperature for the indicated B, with
a similar temperature dependence as in 4.3.

Figure 4.5d presents the antisymmetric part of the resistance as a function of the angle of the
in-plane field at B = 1400 mT for different temperatures. The data were fitted using equation
4.2 with three fitting parameters: the amplitude (A’), the offset (D’), and frequency (v). This
fitting approach was chosen because the signal does not follow a sin(2¢) modulation, as one
would expect from equation 2.2b. This suggests that the antisymmetric R;, component is
caused by a small out-of-plane component (B.), probably due to sample misalignment, leading
to AHE and ordinary HE. As a consequence, 6 # 0, changes with ¢, being 0 at ¢ = 0 and
¢ = 180, and reaching maximum (minimum) at ¢ = 90 (¢ = 270).

2
fom=(Acos(er -6+ e2)/ + D= 5-(Lcos(2er -6+ @) + D, (41)

fAntisym = A’ cos (7/ -0+ 63) + D/, (42)
where ¢1, co and c3 are constants.

Figure 4.5e shows the amplitude of the fit as a function of temperature (for 1400 mT) ,
increasing and peaking around T = 90 K, which corresponds to the T, identified in the previous
section. The high amplitude above T, is likely due to the AHE and primarily the HE. Figure 4.5f
shows the transition for R 4yisym from an AHE-like behavior to a HE at a similar saturation field
(600 mT at 10 K). For temperatures above T, there is only a linear field dependence. At low
temperatures and B < 600 mT, an AHE signal is noticeable, while at higher temperatures, the
HE dominates, with the two effects having opposite signs. Above T, only the HE is present, as
RAntisym tends to 0 at B = 0. Below this temperature temperature, there iss still a contribution
from the AHE.
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Figure 4.5: a| Symmetric part of the transverse resistance as a function of the in-plane angle of the
magnetic field at 10 K for different values of the magnetic field, with the fit given by Eq.4.1. b]
Amplitude of the fit from the symmetric part as a function of the magnetic field at 10 K. c| Amplitude
of the fit from the symmetric part as a function of temperature at 1400 mT. d| Antisymmetric part
of the transverse resistance as a function of the in-plane angle of the magnetic field at 1400 mT for
different temperatures, with the fit given by Eq.4.2. e| Amplitude of the fit from the antisymmetric
part as a function of temperature at 1400 mT, and a schematic representation of the current flow and
voltage measurement in the first axis configuration. f| Amplitude of the fit from the Antisymmetric part
as a function of the magnetic field at 10 K. Applied current in the x direction (first axis).
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4.42 Second axis

For the second axis, where the current flows along the y-axis, a 90° shift was applied to
the angle in the symmetric part, in order to align the ¢ = 0 with the current direction. Figure
4.6a shows the data for both the first and second axes. The primary aim of this section is
to determine whether there is a discernible shift in the data for the symmetric part. This is
crucial because, while a shift does not manifest in AMR it could potentially occur in SHMR.
As discussed in previous sections, the change in the resistance behavior depending on the
current axis could be attributed to SHMR, as the AMR effect in the resistance should remain
unchanged when changing the current axis (after the 90° shift when changing the current axis),
because it depends only on the angle between the current direction and magnetization, which
are the same for both crystallographic axes. The SHMR depends on the SHE and the angle of
spin polarization, implying that the observed change in resistance behavior when changing the
current axis could be due to this effect.

Upon analyzing the data [Figure 4.6a], it becomes apparent that no shift can be unambigu-
ously determined within the precision of the measurements. The absence of a shift does not
conclusively negate the possibility of SHMR, as the orientation of the spin polarization remains
undetermined within the current experimental setup. Further studies are necessary to draw
definitive conclusions. These should include investigations on other planes, as outlined in the
theory section.

For the antisymmetric part, a 90° shift when changing the current axis was unnecessary
because the antisymmetric resistance arises from the out-of-plane component of the misaligned
magnetic field, which remains the same when the current direction changes. Figure 4.6b shows
the antisymmetric part of the resistance with current applied through both the first and second
axes, demonstrating no shift in the position of the extrema.
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Figure 4.6: a| Symmetric part of the transverse resistance as a function of the in-plane angle of the
magnetic field, at B=1400 mT ans T=10 K. In blue, the current is applied along the x-axis (first
axis), and in orange, the current is applied along the y-axis (second axis). b| Antisymmetric part of
the transverse resistance as a function of the in-plane angle of the magnetic field. In blue, the current
is applied along the x-axis (first axis), and in orange, the current is applied along the y-axis (second
axis), and a schematic representation of the current flow and voltage measurement in the second axis
configuration.
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5 Conclusions and outlook

This thesis aimed to explore magnetic proximity effects in vdW heterostructures, specifically
focusing on bilayers composed of WTe, and CGT. The research findings indicate that annealing
at least T=280°C for 3 hours, plays a crucial role in observing AHE signals in WTes, enhancing
the quality of the vdW interface with CGT; thicker CGT layers appear to require higher annealing
temperatures (at T=330 °C). Remarkably, the temperature dependence of longitudinal and
transverse resistances revealed a critical temperature that is significantly larger than the parent
CGT, with an average of 96.5 K across the devices exhibiting an AHE signal (4 out of 6 devices).
This represents a 53% increase from the Tc of 63 K of pristine CGT. A possible explanation for
this increase in Tc is the SOC of WTe, stabilizing the ferromagnetic order in CGT. Such an
effect should be confined to a thin region at the interface. An alternative explanation is that
annealing affects the CGT, increasing the T¢ of the bulk.

While the observation of the AHE- and AMR-like signals could be ascribed to magnetic
proximity effects, there exist other phenomena, unrelated to proximity effects like SHMR, that
can lead to similar results. The analysis of the symmetric components of transverse resistance as
a function of the in-plane angle of the magnetic field, which exhibits a cos? dependency, can be
used to discriminate between the different origins. For example, a shift in the minima, when the
current is measured along different axes, would favor the interpretation by SHMR. However, such
a shift could not be unambiguously established in our preliminary measurements. To conclusively
attribute our observations to either proximity effects or SHMR, further investigations are needed,
particularly involving angular dependence measurements on different planes.

Looking ahead, the long-term objective of this research is to reduce the thickness of WTe,
to a monolayer, where it becomes a topological insulator. The goal is to induce magnetism
through proximity effects and measure the QAHE. In this limit, the SHMR should be zero, thus
the simple observation of AHE or AMR would likely be sufficient to establish the presence of
proximity magnetism. Achieving this goal would provide significant insights into the behavior
of topological insulators and open new possibilities for developing advanced quantum devices
with tailored magnetic properties.

In summary, while the initial goal of observing magnetic proximity effects was partially
achieved, the potential presence of SHMR necessitates further research. This thesis lays a
foundational understanding of the interactions within WTey/CGT heterostructures and outlines
a clear path for future studies to distinguish between proximity effects and SHMR. Ultimately,
this research advances the field of spintronics, providing a basis for the development of novel
topological devices..
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A Differentiating magnetic proximity effect and spin Hall magnetoresis-
tance effect in a low-symmetry crystal

Following the description of the differentiating process for a high symmetry crystal, the
schematic illustration for the three cases, the high symmetry case, the low symmetry case with
the current flowing in the z-axis, considering that this one is the first crystallographic axis of
the crystal, and the low symmetry case with the current flowing in the y-axis, considering that
this one is the second crystallographic axis of the crystal, is shown here.
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Figure A.1: Illustration of geometric relation between the the charge current (.J.), the spin polarization
(o), and magnetization (M), in the case thre cases: high symmetry crystal, low symetry crystal with the
current flowing in the first crystalographic axis, and in the second. In pink is highlighted the phenomenon,
spin Hall magnetoresistance (SHMR) or anisotropic magnetoresistance (AMR), that can take place by

the rotation of M in each plane.
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B Gate dependence

One of the measurements carried out on the devices has been the gate dependence of the
charge carrier density. The effect of the gate voltage on energy levels is significant: in metals
(or semimetals, as WTey), that have overlapping energy bands with a partially filled conduction
band and a partially filled valence band, the Fermi energy resides within the conduction band,
allowing a high density of free charge carriers (electrons). While in semiconductors (as CGT)
at absolute zero, the Fermi energy lies in the middle of the band gap. By gate voltage applied
between the dopped substate of silicon that is located under the SiO2 (through a scratch on
the substrate) and the Pd contact that is connected to the ground. With this configuration a
vertical electric field is generated where the dielectric is the SiO9 layer on the substrate and the
capacitor plates are doped Si and the Pd contact on the sample. This allows varying the Fermi
level of each material, thereby modifying the charge carrier density in both WTe, and CGT.
However, if CGT has a large band gap and is insulating, this will remain so, and the variation
will be due to changes in the charge carrier density in WTes.

Following the 4.3 section, the analysis will be based on the measurements obtained from
device 5.

The electric transport properties of the WTes layer can be controlled by applying an elec-
trostatic gate voltage, which adjusts the Fermi energy of the material. Figure B.1d illustrates
the longitudinal resistance (R,,) as a function of the gate voltage at a base temperature of 6
K. Here, R, increases with higher gate voltages, suggesting that WTes is likely hole-doped.
Owing to, a positive gate voltage attracts electrons and repels holes. Consequently, for electron-
doped materials, increasing the voltage facilitates easier electron movement, thereby reducing
resistance. Conversely, in hole-doped materials, applying a positive voltage repels holes, leading
to increased resistance as the voltage rises.

Figure B.1a depicts the transverse resistance (R,,) as a function of the out-of-plane mag-
netic field for device 5 at various gate voltages. Similar to the temperature dependence discussed
earlier, the saturation in R, [Figure B.1c]occurs at higher magnetic fields compared to pristine
CGT, where magnetization saturation occurs around B, = 50 mT with negligible coercivity
[KTO124].

Following the analysis from the previous section, from the slope of the linear fit of Figure
B.1c, one can extract the charge carrier density (n) as a function of gate voltage, shown in
Figure B.1b. It is easy to see, that the magnitude of n is suppressed (enhanced) by positive
(negative) gate voltages, in agreement with the above discussion of the gate dependence of
Ry

This part involves a subtlety, which is the sign convention. The consensus that considers
the direction of the magnetic field, which in this case points towards the sample, and the
direction of the current as indicated in figure B.1b has been followed. With this information,
the transverse accumulation of charges is determined using the Lorentz law (F' = ¢(7 x B)),
to ascertain if the voltage contacts are in the correct order with the aim of assign the sign of
carrier density.
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Figure B.1: a| Transverse resistance (R,,) as a function of out-of-plane magnetic field (B.) for different
gate voltages (V). b| R,y as a function of B, for T=6 K and V= -15V. Blue dashed line corresponds to
the linear fit, red dashed line marks where the hysteresis loop closes, and green indicates the width of
the hysteresis loop. c| charge carrier density for different voltages. d| Longitudinal resistance (R;,) as a
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C Further details on the device overview

In this appendix section, more detailed Figures are provided for those presented in Section
4.1. Specifically, images of the flakes will be shown to give an idea of the materials that
comprised the heterostructure of each device.

Device 1 Device 2 Device 3 Device 4 Device 5 Device 6

Annealing
Temperatures

280°C 280°C 280°C 280°C 330°C

. INoAHE AHE

Figure C.1: Overview of fabricated and measured devices in chronological order with annealing tempera-
tures. Red indicates temperatures where AHE was not observed, while green indicates where it was
observed.

WTe2

Device 5 < Device 6 \ < f Device 4 | < Device 3 ‘ < Device 1 z Device 2 ‘

Device 2 Device 5 Device 1 Device 4 Device 3 ‘ < Device 5

- B A

Figure C.2: Measured devices arranged in order of thickness, for WTey and CGT, from thinnest to
thickest. Devices exhibiting anomalous Hall signal are highlighted in green, while those without AHE
signal are highlighted in red.
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D Complementary temperature dependence of the longitudinal resistance

In this section, the longitudinal resistance is shown as a function of temperature for the
metallic part of device 5, which corresponds to the side where all results in the study have been

presented.
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Figure D.1: Temperature dependence of R, after the annealing at a|T,, = 280 ° of the device 5. In

blue the cool down measurements and in red the warm up.
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E Complementary magneto-transport measurements

In this section, the transverse resistance is shown as a function of temperature and out-
of-plane magnetic field for device 5 and device 1. For device 5, the individual dependence of
transverse resistance on out-of-plane magnetic field is additionally included, highlighting specific
temperatures to observe the attenuation of the AHE signal with increasing temperature.
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Figure E.1: Temperature dependence of R, as a function of the magnetic field out-of-plane, for the
device 5.
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Figure E.2: Temperature dependence of R, as a function of the magnetic field out-of-plane, for the
device 1.
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Figure E.3: R,, as a function of the out-of-plane magnetic field for a) T=30 K, T=70 K, T=90 K,
T=120 K. with a linear fit, and in red the coercive field. For device 5

F  Complementary angle dependence for the in-plane magnetic field

This section presents the transverse resistance of device 5 as a function of the angle of the
in-plane magnetic field, for different values of magnetic field strength and temperature. First,
the symmetric part is shown, followed by the antisymmetric part, which exhibits a sign change
for magnetic field values greater than 600 mT. This corresponds to the saturation field, where,
beyond this field value and for temperatures above the critical temperature found in previous
sections, the HE predominates over the AHE.
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Figure F.3: Antisymmetric part of R,, as a function of the angle of the in-plane magnetic field for
T=10 K, and different values of the Magnetic field (B=400 mT, B=800 mT, B=1400 mT)
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