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chapter 1

Introduction

This chapter serves as a general introduction to the field of spintronics and two-
dimensional materials and highlights the motivation behind the research presented
in this thesis. To put this line of research in context, first a short description of
the historical development of computer memory throughout the last few decades is
presented, after which the current dilemmas in the further development of these tech-
nologies are described. Next, the spintronic effects called the spin-transfer torque and
spin-orbit torque are introduced as promising candidates to further improve computer
memory storage. However, before these can be used and flourish to their full poten-
tial, a number of open questions on the exact mechanisms involved in these effects
need to be answered. In this context, the promise of more fundamental research on
two-dimensional van der Waals materials to shed light on these unknowns is dis-
cussed, and the use case of two-dimensional van der Waals materials as convenient
platform in this line of research is argued. Finally, a concise summary of each
of the up coming chapters in this thesis is given, highlighting the results and their
implications from a fundamental point of view.
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1. Introduction

T he invention of the transistor in 1947 by Bardeen, Brattain, and Shockley ac-
celerated the beginning of the information age [1]. Ever since, the semiconduc-

tor industry has had a major impact on society with the development of multiple
technologies, such as the internet, personal computers, smartphones, a variety of
sensors, etc. Especially during the recent COVID-19 pandemic, it has become ap-
parent how dependent our society has become on the semiconducting industry and
the continuous ability to produce high quality chips for applications such as personal
computers, medical equipment, and the automotive industry. With new and emerg-
ing technologies around the corner holding great promise for future advances of the
semiconducting industry, such as artificial intelligence, quantum and neuromorphic
computing, big data, 5G and the internet-of-things, etc., semiconducting materials
might become even more embedded in our society in the near future, than they are
at the time of writing.

Multiple challenges, however, lie ahead before these promises can be fulfilled.
One prime example is meeting the exponential growth of our memory demand. By
2040, the world wide stored information is expected to be between 1024 and 1028 bits
[2]. Currently, a single bit of NAND FLASH memory uses about 1 picogram (10−12

g) of silicon. Performing a back-on-the-envelop calculation allows us to estimate
that the total mass of silicon needed to store this information would be in the order
of 109 to 1013 kg. With only a linear increase of silicon wafer production each year,
the total mass of silicon wafers required to store this information would far exceed
the world’s total available silicon supply (estimated at ∼ 2.3 × 107 kg in 2040) [2].

Furthermore, with the fast increase of data centers for cloud storage and cloud
computing, the energy consumption of information technologies rises exponentially
while the energy production worldwide only increases approximately linearly. At the
time of writing, data centers worldwide use an estimated 200 terawatt hours (TWh)
each year, which corresponds to about 1% of the total worldwide electricity demand
[3]. In 2030, it is predict that the entire information and communication technology
sector is estimate to demand 8% to 51% of the total electricity production [4]. The
alarming increase in energy consumption, together with the challenge of reducing
CO2 emission to fight global warming, demands for more energy efficient techniques
and the use of more sustainable materials in information technologies.

Looking back at the development of information technologies in the last few
decades, the continuous improvement of integrated circuits and the ever decreasing
transistor size has shown an astounding increase in computations per joule and re-
duction in size already. The first general computer is considered to be the ENIAC
(Electronic Numerical Integrator and Computer), build between 1943 and 1946 [5].
As it was constructed before the invention of the solid-state transistor, this computer
relied on 17,468 vacuum tubes, 1500 relays, 70,000 resistors and 10,000 capacitors,
all soldered by hand, consumed almost 200 kilowatts of electrical power, weighted
30 tons, and occupied a room of 9 × 15 m2 [6]. It was designed to calculate ballistic
equations for World War II and could perform 5,000 calculations per second [7].
The first big leap in miniaturization and increased energy efficiency began with the
invention of the bipolar solid-state transistor, only one year later in 1947 [1]. Other
big steps were made with the invention of the integrated circuit (ICs) by Jack Kilby
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and Robert Noyce [8] in 1958, and more recently, the invention of complementary
metal oxide semiconductor (CMOS) devices in the early 1990s [9]. Already in 1965,
Gordon Moore predicted the miniaturization that started with the solid-state tran-
sistor to continue for the decades to come, stating that the number of components on
a chip would continue to double every two years [10] Ever since his prediction, this
has continued to be a self-fulfilling prophecy, now famously referred to as "Moore’s
law". As example, the Intel 4004 chip from 1971 had 2,300 transistors [11], while
the more recent Apple M1 Ultra chip, launched in 2022, has nearly 114,000,000,000
transistors [12], still in line with Moore’s prediction.

However, with a gate pitch (minimum distance between two transistor gates)
reaching approximately 40 nm [13] (200 silicon atoms), the limit to further transis-
tor miniaturization is inevitably getting closer [14]. The continuation of Moore’s law
in the last two decades is not solely due to simple miniaturization of existing planar
transistor designs. Rather, clever transistor designs, such as fin field-effect tran-
sistors (FinFET) or gate-all-around field-effect transistors (GAAFET), has helped
manufacturers to abide to Moore’s law [15].

In addition, while Moore’s law has continued to be true due to clever new IC
designs, another prediction related to transistor scaling, referred to as Dennard’s
law (1974), already seized to continue since the early 2000s. Robert H. Dennard
predicted in 1974 that the power consumption of chips upon simple transistor minia-
turization would remain constant, as the power usage of transistors would be pro-
portional to their area [16]. Nevertheless, with the microscopic transistor sizes of
today, current leakage poses a greater challenge causing the chip to heat up, which in
turn, results in more leakage. This increases the energy loss, and therefore, resulted
in the end of Dennard’s law [17].

Now that the physical limits of conventional CMOS chips are approaching, the
quest for new methods and techniques intensifies to keep increasing computing
speed, capacity and efficiency [18]. Although the transistor technology has been
refined to exquisite levels, the basic physical working principle has not changed
drastically since its invention in 1947. This has inspired researchers to explore new
fields of physics to reinvent information processing and storage technologies, such
as neuromorphic computing, analog computing and quantum computing. One of
these new fields of research is called spintronics. While in classical electronics, the
charge of the electron is used to process, communicate and store information using
electric fields, with spintronics, information is carried by the electron spin rather
than the electron charge. One of the advantages of spintronics compared to con-
ventional electronics, is that it allows one to imprint and manipulate information
in nanoscopic magnetic layers using electric fields. The research presented in this
thesis focuses on the electron spin and the relevant effects and is thus considered as
part of the field of spintronics. Before we discuss the field of spintronics, and how it
could potentially make memory storage more efficient and faster, a brief description
of the development of computer memory in the last few decades is presented.

1
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1. Introduction

1.1. Short history of magnetic memory
Storing information in magnetic materials (i.e. magnetic storage or magnetic record-
ing) is not new. Already at the end of the 19th century, the first reports on storing
an electrical audio signal in a magnetic wire, referred to wire recording, were pub-
lished. To store the signal, the magnetic wire is pulled through a so-called "write
head" which magnetizes each point along the wire in accordance with the intensity
and polarity of an electrical audio signal. Vice versa, the electrical signal could be
regenerated by passing the wire through a so-called "read head" producing an elec-
trical signal in accordance with the magnetization of the wire. This wire recording
was later superseded by magnetic tape which offered a better signal to noise ratio.

The first commercial magnetic random access memory (MRAM), a type of mem-
ory with no moving parts for use in computers, dates back to the 1950s where digital
information was stored in arrays of magnetic donut shaped rings, as shown in Fig.
1.1(a). Each magnetic ring, also referred to as a core, has its magnetization rotated
either clockwise or counter clockwise, representing the "0" and "1" bit, respectively.
Four wires were woven through these closely packet rings to allow for reading and
writing the magnetization and thus the information. The writing process is schemat-
ically depicted in the simplified schematic of 1.1(b). Note that only two of the four
wires are drawn for clarity. By passing half of the switching current through one
horizontal wire (red), and the other half through one vertical wire (blue), only the
ring where these horizontal and vertical wires intersect is switched, as only here the
Oersted field from the combined currents is strong enough to change the state. By
controlling the direction of the switching current, the magnetization state of the
ring can be set either clockwise or counter clockwise. In this way, the magnetization
state of each individual ring can be selectively written by selecting the correspond-
ing horizontal and vertical wires. The reading process involves one of the other two
wires, not shown in Fig. 1.1.

Starting 1968, this type of magnetic memory was superseded by so called dy-
namical random access memory (DRAM) where information is stored electrically by
charging a capacitor rather then using the magnetization direction of a magnet (see
Fig. 1.2(b)). As only one transistor and capacitor are needed for one bit, it allowed
for more facile scalability, mass-production, and better integration with integrated
circuits at that time. Throughout the years DRAM has been greatly miniaturized
to transistor channel lengths of about 28 nm, allowing for a low cost, high capacity
memory, which is still widely used as main memory of personal computers cur-
rently. On the other hand, the miniaturization causes a major drawback of DRAM,
as the charge on the capacitor can more easily leak away through the 28 nm channel.
DRAM thus gradually loses its stored information when the power is removed, mak-
ing it a volatile memory (vs. non-volatile memory). To counter act this problem,
DRAM needs to be regularly refreshed, which in turn demands complicated refresh
circuitry and timing. In addition, the writing speeds for DRAM is typically in the
order of ≈ 100 ns [19]. Although this is significantly faster compared to hard-disk
drives and magnetic tapes (used for high capacity purpuses) with a writing speeds
of only ≈ 10 ms, there is faster memory on the market.

In this regards, another type of electronic memory, called static random access
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1.2. Spintronics

b)a)

1/2 I

1/2 I

Selected core

Figure 1.1: (a) A photo, and a zoomed in region, of the first type of commercial magnetic random
access memory used in the 1950s consisting of an array of magnetic donut shaped rings (cores)
with four wires woven through each rings. The "0" and "1" are stored in the clockwise or counter
clockwise magnetization of each rings. For referrence, these magnetic rings had a diameter of
around 2.5 mm. (b) Schematic of the core memory depicted in (a) where only two wires are
depicted for clarity. By passing half of the switching current through the horizontal (red) and
the other half of the switching current through the vertical (blue) wire, the magnetization of the
ring (white arrows) where both wires intersect is switched by the Oersted field of the combined
currents. By changing the current direction, the magnetization state of the ring can be controlled.
Each individual ring can be switched by selecting the corresponding horizontal and vertical wire.

memory (SRAM), exhibits faster performance compared to DRAM memory with
write speeds of ≈ 1 ns [20]. SRAM was invented in 1963 by Robert Norman at
Fairchild Semiconductors and uses so called latching circuitry, schematically de-
picted in Fig. 1.2(b). A major benefit of SRAM compared to DRAM is that this
type of memory does not need to be refreshed. On the other hand, more transistors
(typically six) per bit are needed, making it less dense and more expensive compared
to DRAM, and read and write operations typically require more energy. Therefore,
SRAM is mainly used in the fastest memory parts of the computer, such as cache
memory and registers, while DRAM is used as main memory where speed is less
important and higher capacity is needed.

Recently, however, a new type of random access memory based on spintronic
effects has been created, offering the fast speeds (or even faster speeds) of SRAM
memory, capacity of DRAM memory, and non-volatility of FLASH memory, all in a
more energy efficient way. But before this is discussed, a more general introduction
in the field of spintronics is given in the section below.

1.2. Spintronics
In classical electronics, the charge of the electron is used to process, communi-
cate and store information using electric fields. on the other hand, For magnetic
recordings, information is stored in the alignment of the magnetization of magnetic
materials. Spintronics offers a convenient way of inter-converting these two tech-
nologies by exploiting another property of the electron, namely its intrinsic magnetic
moment, called spin [22]. Using and manipulating the electron spin to intertwine
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Figure 1.2: Schematic electrical diagram of different types of electronics memory, namely (a)
DRAM, (b) SRAM, and (c) FLASH memory. (a) The relatively simple DRAM uses only one
transistor and one capacitor per bit and stores the information by charging the capacitor. It is
considered as volatile memory, as the charges on the capacitor leak away with time. To counter act
this problem, DRAM needs special refreshing circuitry which refreshes the capacitor approximately
16 times per second [21]. (b) SRAM, on the other hand, is considered volatile memory as it stores
the information in so called latching circuitry. This type of circuitry need six transistors per bit,
making it more expensive. (c) FLASH memory, used in solid-state drives and USB-drives, needs
two transistors, and stores the information by charging a so-called "floating gate" in the storage
transistor.

these technologies allow to design new, faster, and more efficient logic devices and
memory storage, surpassing current semiconductor technologies. Nonetheless, be-
fore spintronics can fully flourish, gaining more control of the generation, transport,
manipulation, and detection of spin-currents is necessary [23].

The independent discovery of the giant magnetoresistance (GMR) effect by the
groups of Albert Fert and Peter Grunberg in 1988 is often coined as the start of the
field of spintronics [24, 25]. They observed that the resistance between two ferro-
magnetic materials, spaced with a normal metal, depends on the relative alignment
of the magnetization of the ferromagnetic layers. This allows for a convenient way
to electrically read-out the magnetic order in these devices. That the resistance of
a material can depend on its magnetization, called anisotropic magnetoresistance
(AMR), was not new. Already in 1856 this was observed by William Thomson (also
known as Lord Kelvin) [26]. He noticed that the resistance of an iron or nickel wire
changed when the magnetic force was aligned parallel to the current compared to
a perpendicular alignment. The particular geometry of the devices of Albert Fert
and Peter Grunberg, however, allowed for a much larger change in resistance. The
device, consisting of two ferromagnetic layers spaced with a normal metal, showed a
change in resistance of 50% at 4.2 K, and 3% at room temperature, when the relative
alignment of the magnetization of the ferromagnets were changed from parallel to
an antiparallel configuration. It was later realized that this magnetoresistive effect
can be increased further by replacing the normal metal with a thin insulating layer,
called the tunnel magnetoresistance (TMR) effect, in a so called magnetic tunnel
junction, or MTJ in short, depicted in Fig. 1.3. The tunnel magnetoresistive effect
as actually already observed in 1975 at 4.2 K but did not attract much attention
then as the poor quality of the tunnel barriers limited the change in resistance to
approximately 14% [27]. But with the development of high-quality crystalline mag-
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nesium oxide tunnel barriers, TMR ratios of greater than 180% were achieved at
room temperature [28, 29].

These spintronic effects caused a revival in magnetic storage media and were
successfully implemented as MTJs in the "read" heads of hard-disk drives. Here,
the MTJ inside the "read" head is placed is close proximity to the magnetic domains
on the hard drive. The stray field of the magnetic domain on the hard-disk drive
directly under the read head causes the magnetization of the free layer to switch,
allowing one to read the magnetization direction of the domains on the hard-disk
drive electrically. Contrarily, to write information on the hard-disk drive, the mag-
netic domains on the hard drive are switched using an external magnetic field. This
poses a problem, however, as this method does not allow for high-density memory.
In addition, reading the domains of the hard drive requires multiple moving parts,
such as the spinning hard drive and the movement of the read head across the hard
drive, which is energy consuming and prone to failure. New ways of controlling
the magnetization direction of the free layer in MTJs by electrical means without
moving parts are therefore sought after. One of these ways is by means of another
spintronic effect, namely the so called spin-transfer torque (STT). This effect holds
great promise for improving current computer memory and will be discussed below.

“0”
a)

FM2 (free)

Insulator

FM1 (ref.)

b) Read head
“1”

Figure 1.3: (a) A schematic illustration of a magnetic tunnel junction (MTJ) consisting of two
ferromagnetic layer layer (FM1 and FM2) spaced by an insulating layer. The "0" and "1" are
stored in the relative alignment of the magnetization of the ferromagnetic layers, indicated with
the red arrows. Due to the tunnel magneto-resistance (TMR), the resistance through the stack
changes from high to low for anti-parallel to parallel configuration, respectively, allowing one to
distinguish between these two configurations. The magnetization of one of the ferromagnetic layers
is pinned, usually due to the presence of an antiferromagnetic layer in its proximity, while the other
ferromagnetic layer is free to switch. (b) The read head used in hard-disk drives uses this MTJ
to sense the magnetization state of the domains on the magetic disk. The bottom free FM layer
closest the the magnetic hard-disk drive switches its magnetization according to the magnetization
of the domains on the hard drive, while the reference FM layer keeps its magnetization fixed.

1.2.1. Spin-transfer torques
Recently, a lot of research has been performed to incorporate another spintronic
effect together with the MTJ, namely the current induced spin-transfer torque (STT)
[30]. In this case, rather than using the MTJ as a read head to sense the information
stored on a hard-disk drive, the MTJ itself is used to store one bit of information.
Recall that with HDDs, the magnetization of the free layer was switched by the
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stray fields of the magnetic domains on the magnetic disk. With the STT, on the
other hand, a spin-polarized current is injected into the free ferromagnetic layer,
where it can subsequently interact with the magnetization and exert a torque. If
the torque is strong enough, it can be used to switch the magnetization of the free
layer from parallel to anti-parallel or vise versa [31] This effect is briefly description
below.

The ability to exert a torque on the magnetization of a ferromagnet using a spin-
current dates back to the late 1970s and 1980s [32, 33]. This effect did not attract
much attention, mainly because of the huge currents needed to excite magnetization
dynamics ( 45 A!) for the wide samples at that time [34]. It was not until the
theoretical work of Slonczewski and Berger in 1996 [35, 36] that this phenomenon
got more attention. Ever since, there has been a lot of further theoretical and
experimental developments [34]. The principle of the STT in a MTJ is illustrated
in Fig. 1.4, where we see two ferromagnetic layers, a reference layer and a free
layer, spaced by an insulating layer. Note that in Fig. 1.4, the magnetization of
the two layers (M1, M2) are not aligned. When an unpolarized charge current is
applied through the MTJ (going from bottom to top), the charge current is first
spin-polarized in the reference layer, i.e. the spins of the electrons are aligned with
the magnetization of the reference layer (M1). Subsequently, the electrons tunnels
through the insulator into the free layer. If the spin-polarization direction of the
electrons is not aligned with the magnetization of the free layer (M1), the spins will
start to precess around the magnetization of the free layer and dephase. Here, due
to the strong exchange field from the ferromagnet, the spins will start to precess
around the magnetization. The electrons from different electronic states precess
incoherently, causing the transverse component of spin-angular momentum to be
lost. Due to the conservation of angular momentum, the lost angular momentum is
transferred to the magnetization of the ferromagnet causing it to move away from
its equilibrium position. As a change of angular momentum with respect to time is
the definition of a torque, τ⃗ ≡ dL⃗

dt , this effect, where the conduction electrons exert
a torque on the magnetization of a magnetic layer, is called a spin-transfer torque
(indicated by the yellow arrow in Fig. 1.4). If a large enough charge current is
passed through the stack, and the torque exerted on the magnetization overcomes
the magnetic anisotropy energy, the spin-current causes the magnetization of the
free layer to align with the magnetization of the reference layer. By controlling the
spin-polarization direction of the spin-current, the magnetization direction of the
free layer can thus be switched at will.

As the magnetization direction can be controlled electrically, rather than relying
on an external magnetic field, it allows for higher density, faster and more energy
efficient writing and reading compared to HDDs. In addition, while currently used
SRAM and DRAM lose their information when no power is supplied (volatile mem-
ory), this type of MRAM is considered non-volatile as it retains its information
even when the power is lost. Lastly, by fabricating a matrix of multiple MTJs as
illustrated in Fig. 1.5, high-density memory chips can be made. By selecting the cor-
rect contacts, each bit of information is easily accessible without any moving parts.
The fabrication of MRAM with magnetic materials possessing in-plane magnetic
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Figure 1.4: A schematic of the spin transfer torque (STT) in a device consisting of two ferromag-
netic (FM) layers spaced by an insulator. A charge current is applied through the stack causing
the electrons to move from bottom to top. In the first FM layer, the reference layer, the charge
current is spin-filtered and all spins are aligned with the magnetization (red arrow) of this first FM
layer. Subsequently, the spins tunnel through the insulating layer into the other free ferromagnetic
layer. As the entering spins are not aligned with the magnetization of the free layer (red arrow),
they will start to precess around the effective field inside the FM, and dephase. In this process they
lose their component of angular momentum transverse to the magnetization, which is transfered to
the magnetization of the top FM. This results in a torque (yellow arrow) on to the magnetization,
causing the magnetization to align with the spin direction.

anisotropy (materials where the magnetization preferably lies in-plane as illustrated
in Fig. 1.5), such as Fe, Co, CoFe, and NiFe, has already started around 2012. At
the time of writing, the first STT-MRAM chips with a storage capacity of 1 Gb are
already commercially manufactured. However, the thermal stability of the magne-
tization of in-plane anisotropy materials becomes a problem when the lateral size of
the MTJ is reduced below approximately 60 nm due to the increase of the magneto-
static field. To continue miniaturization of these memory cells, researchers now
study alternatives that allow for smaller devices based on perpendicular anisotropy
materials (PMA) (magnetic materials where the magnetization preferably points
out of the plane).

Still, there are some drawbacks to STT-MTJs that need to be overcome to im-
prove its performance. First, the read and write paths are the same which means
that to write information into the MTJ, one needs to pass large charge currents
through the tunnel barrier. This leads to accelerated aging of the tunnel barrier
and decreases its energy efficieny. It highly limits the endurance of these type of
memories, making them unreliable and unpractical for high-performance applica-
tions [19]. In addition, at rest, the magnetization of the magnetic layers are either
parallel or anti-parallel, resulting in a zero STT [37]. The switching of STT-memory
therefore needs thermal activation which limit switching speed to ≈ 1 ns and in-
duces a broad switching time distribution [38]. For these reasons, there has been a
lot of focus of research on alternatives to STT. One of the alternatives uses another
spintronic effect called the spin-orbit torque, which has the potential to decrease the
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“0”

“1”

“0”

Reference

layer

Storage layer

Insulator

Figure 1.5: A schematic of a MRAM chip based on the spin-transfer torque (STT). Similarly, to
the core memory depicted in Fig. 1.1, the chip consists of a matrix of bits, where each bit is now
an MTJ rather than a donut shaped magnet. Also here, each stack can be addressed by selecting
the corresponding contacts.

switching speeds to sub-ns levels and while exhibiting higher endurance [39].

1.2.2. Spin-orbit torques
Very recently, research has focused on controlling the magnetization of a ferromagnet
using a heavy-metal (HM) material as spin source rather than a ferromagnetic layer
[40]. This effect is known as the spin-orbit torque (SOT) as the charge current that
exerts the torque on the magnetization of the magnet is spin-polarized due to the
spin-orbit coupling in the HM material. In Fig. 1.6 one can see an MTJ-based
memory on using SOTs. An additional heavy-metal layer is introduced under the
MTJ which allows to separate the read and write paths for the MTJ. Reading the
state of the MTJ is done in the same way as with the STT-MTJ, by measuring
the resistance through the MTJ as illustrated in Fig. 1.6(b). For writing, on the
other hand, a charge current is applied through the heavy metal layer. Here, due
to charge-to-spin conversion effects from the strong spin-orbit interaction of the
heavy metal, the charge current can become spin-polarized or give rise to a spin-
accumulation at the HM/FM interface. Similar as with the STT, this spin current
or spin accumulation can in turn interact with the magnetization of the ferromagnet
and exert a torque, allowing one to switch the magnetization. As the write current
does not need to go through the tunnel barrier, a smaller switching current is needed,
making the device more energy efficient and durable.

Before SOTs can be used to its full potential, a better understanding of the exact
mechanisms involved in creating these current induced spin-orbit torques is needed.
This thesis presents work on the SOT generation in HM/FM bilayers to better un-
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c) d)

Free FM

Contact

Contact

Contact

Contact

Contact Contact

HM HM

Insulator

Ref. FM

“Read” “Write”

“Read” “Write”

Figure 1.6: A schematic depicting a comparison between the "read" and "write" processes in MTJs
used for STTs, (a) and (b), and SOTs, (c) and (d). (a) For STT-MTJs, the MTJ is "read" by
passing a small current (black dashed arrow) through the stack. The parallel and anti-parallel
configurations of the magnetizations (red arrows) can be distinguished by measuring the resistance
through the stack due to the TMR. (b) To write the bit and change the state from anti-parallel to
a parallel configuration, a larger charge current is passed through the stack. The charge current is
first spin-polarized in the bottom FM layer, then tunnels through the insulator, and exerts a torque
on the magnetization of the top FM layer, causing the magnetization of the top layer to switch,
resulting in a parallel configuration. (c) For the MTJ based on SOTs, one of the normal contacts
is replaced by a heavy metal (HM) material. The state of the MTJ is still read by passing a small
charge current through the stack, similar to the STT-MTJ. d) The writing process is different
however. Now, a charge current is passed through the HM layer where, due to to the large SOC of
the HM material, the charge current is converted into a spin-current or spin-polarization, which in
turn exerts a torque on the free FM layer. By changing the current direction, the magnetization
direction of the free layer can be controlled at will. As the charge current does not need to pass
through the insulating layer, a smaller charge current is needed for switching, increasing the energy
efficiency and durability of the MTJ.

derstand the origins of the SOTs. In Chapter 5, thickness dependent measurements
of the HM layer are performed to distinguish the strength of interfacial effects from
those of bulk effects in these HM/FM bilayers. In addition, Chapter 6 shows that
the observed SOTs do not necessarily originate from the HM layer, as sizable SOTs
can also be observed in single layer FM devices.

Fabricating an efficient MTJ needs careful consideration of the anisotropy strength
of the magnetic layer. It is a balancing act between strong enough anisotropy to have
stable memory cells, and low enough anisotropy to still allow switching of the free
layer. Furthermore, for high density MRAM memory, magnetic layers with PMA are
necessary, as the thermal stability of the magnetization of in-plane anisotropy mate-
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rials becomes a problem when the lateral size of the MTJ is reduced below approx-
imately 60 nm due to the increase of the magneto-static field. To effectively switch
PMA magnetic layers, specific torques, called out-of-plane damping-like torques, are
needed. Unfortunately, the most well known charge-to-spin conversion effects in the
most well known materials do not produce these type of torques. Therefore, focus
has shifted to other type of charge-to-spin conversion effects and other materials
to understand better, how the out-of-plane damping-like torque can be produced
strongly and reliably. One of these materials are the so-called two-dimensional van
der Waals materials which will be discussed in the next section.

1.3. The promise of two-dimensional van der Waals materials
The type of materials referred to as two-dimensional (2D) van der Waals materials
are a special group of materials where the bulk is made up of stacked sheets of
atomically thin layers. The layers are only weakly held together by van der Waals
forces, hence the name, while the atoms in one layer are strongly bond by covalent
bonds. This allows us to readily study these materials down to the ultimate thickness
of only one atom by simply thinning down the bulk crystal using, for instance, the
famous scotch tape method [41]. The platform of 2D van der Waals materials offers
a huge library of different materials with a vast variety of diverse properties, such as
spin-orbit coupling strengths, crystal symmetries, electrical, magnetic, mechanical,
and optical properties [42]. Due to this diverse list, 2D van der Waals materials are
considered as potential building blocks for a wide range of different applications,
including spintronics. In this regard, particularly the 2D van der Waals material
graphene has received much attention due to its long spin diffusion length of several
micrometers at room temperature and extremely high carrier mobility, lending itself
ideal as spin-transport material [43]. On the other hand, the family of 2D van der
Waals materials called "transition-metal dichalcogenides" (TMDs) and topological
insulators possess strong spin-orbit coupling, allowing for electrical manipulation
and generation of spin [44]. In addition, the recent discovery of 2D magnets brings
the capability of spin-filtering and non-volatile memory storage [45].

Lastly, the semiconducting TMDs possess a layer dependent band gap with
strong spin-photon coupling that enables the generation of spin by optical meth-
ods. The band structure of the most popular monolayer TMDs have a direct band
gap at the K and K’ valley, discussed in Chapter 2. Using circularly polarized light,
we can selectively excite one of the two valleys, as the valley can be considered a
pseudo-spin [46]. If the inversion symmetry of the TMD is broken, these valleys are
spin-split due to the large SOC of the transition metal, coupling the valley degree
of freedom to the spin degree of freedom. This effect is often referred to as spin-
valley coupling and allows one to excite not only a specific valley, but also a specific
spin. This opens up a new field of opto-spintronics, where apart from electronics
and magnetism, also light is considered as an additional knob to obtain full control
of the electron spin.

While these individual 2D materials possess compelling properties for spintronic
research, a combination of the different functionalities is mostly necessary for spin-
tronic applications. With their atomically flat surfaces, the 2D materials allow for
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pristine interfaces when stacking them together in so called heterostructures [47, 48]
Due to their close proximity, resulting in a strong orbital overlap between the mate-
rials, the 2D materials can inherent properties from their neighboring 2D materials,
referred to as the proximity effect. This causes a synergistic effect as the properties
of the entire stack becomes a combination of the best of both materials. As exam-
ple, the strong spin-orbit coupling from TMDs can be induced in the graphene by
stacking them together, allowing for the manipulation of spin in graphene [49–52].
Similarly, stacking graphene on a 2D magnet causes the graphene itself to become
magnetic [53, 54]. Lastly, a heterostructure of graphene and a monolayer TMD
allows for optical generation of spins in the TMD using circularly polarized light
which can subsequently be transported through the graphene channel for several
micrometers [55, 56].

Apart from simply creating heterostructures of different 2D materials, there is
another degree of freedom upon stacking of these materials which has huge conse-
quences for the resulting properties of the stack. The concept of creating heterostruc-
tures of different 2D materials is often explained with the analogy of stacking lego
blocks. However, while lego blocks need to be stacked together in predefined ways,
such that the pieces line up properly, this is not the case for 2D materials. For stack-
ing 2D materials, there is another degree of freedom, namely twisting. In 2018 it
was experimentally shown for the first time that graphene becomes superconductive
when it is stacked on to itself with a relatively aligned at the very specific "magic-
angle" of 1.1◦ [57]. Since this astounding discovery, the importance of the relative
alignment of 2D materials upon stacking has been recognized and research on the
different physical phenomena arising while twisting has boomed, starting the field
of twisttronics. As example, by changing the charge carrier density in "magic-angle"
twisted bilayer graphene devices, it was found that in between the superconductive
regimes, there are insulating and semimetallic phases [58]. Also the strength of the
induced SOC in graphene due to its proximity to neighboring heavy metal materials,
such as TMDs, turns out to be heavily dependent on the relative twist angle between
the two layers [59, 60]. Not only for graphene, but also other 2D van der Waals
materials have been shown to exhibit twist-dependent properties. The interlayer
and intralayer excitonic properites of TMDs, for instance, are heavily dependent on
the relative twist angle [61–63].

With all these different 2D materials with different properties to choose from, and
all these different parameters to control at hand, such as layer thickness, stacking
sequence, twist angle, etc., the possibilities to study fundamental physics in these
materials is endless. With the start of this field only in 2004, there still remains a
lot to be explored today.

In this thesis, 2D van der Waals materials are used to study the SOTs in TMD/
ferromagnet bilayers. To elucidate to which extend interfacial and bulk effect in
these bilayers contribute, we perform TMD thickness dependent SOT measure-
ments. Here, 2D van der Waals materials are key, as they allow us to fabricate
devices with very well defined crystal thicknesses, up to the monolayer limit. In ad-
dition, the atomically flat interfaces and high quality crystals of 2D van der Waals
materials allow for pristine interfaces, which reduced the effects of contaminants
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at the TMD/ferromagnet interface on the SOTs. Lastly, we take advantage of the
unique optoelectronic properties of TMDs to study the dependence of the optoelec-
tronic reponse on the polarization of the light and the crystallographic phase of the
TMD.

1.4. This thesis
As described before, increasing our understanding of the generation of SOTs allows
us to increase energy efficiency, speed, and reduce the dimensions of computer mem-
ory. Furthermore, using the spin-dependent optical properties of TMDs will allow
for integration of optics with future spintronic devices. This dissertation presents
results on SOTs in HM/FM bilayers using 2D van der Waals materials to get a
better understanding of the underlying mechanisms involved. In addition, work is
presented on the optoelectronic properties of MoSe2, showing the effect of Schottky
barriers on the helicity dependent response allowing for a better understanding of
spin-current generation using circularly polarized light.

This thesis is organized as follows:

• Chapter 2 presents a theoretical discussion on the different materials and
spintronic effects needed to understand this dissertation. First, the family of
materials playing a central role in this thesis, the transition metal dichalco-
genides, and their variety of crystal structures and corresponding electrical and
optical properties are discussed. Next, the magnetic interactions and resulting
dynamics are described needed to understand the different types of spin-orbit
torques. Then, the different charge-to-spin conversion effects stemming from
the large spin-orbit coupling and other microscopic mechanisms involved in the
generation of the spin-orbit torques are discussed. Lastly, the optical proper-
ties of TMDs and the most relevant effects in photocurrent measurements (e.g.
the photoconductive, photothermal, circular photogalvanic, and spin galvanic
effect) are touched upon.

• Chapter 3 presents a description of the experimental methods used to fab-
ricate the devices used in this thesis. Furthermore, the electrical and optical
setups used to perform the experiments presented in the other chapters are
carefully described.

• Chapter 4 presents a literature review of the current spin-orbit torques re-
search in TMD/permalloy heterostructures. In order to shed light on the
differences and similarities among the works in literature, in this literature
review we compare the results for various TMD/ferromagnetic devices. We
highlight the experimental techniques used to fabricate the devices and quan-
tify the SOTs, and discusses the ascribed mechanisms underlying the observed
SOTs. This enables us to both identify the impact of particular fabrication
steps on the observed SOTs, and give suggestions for their underlying micro-
scopic mechanisms

• Chapter 5 presents our experimental results on SOTs and magnetic anisotropy
in WSe2/permalloy heterostructures. In this chapter, we perform thickness de-
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pendent SOT measurements to elucidate the contribution from interfacial and
bulk effects on the observed SOT. We find a strong field-like torque compared
to the damping-like torque in our WSe2/permalloy bilayers, with no clear
thickness dependence. This experimental work indicates that the dominant
field-like torque in our devices arises from interfacial effects, which is inline
with previous theoretical predictions. Furthermore, we observe a strong in-
duce uniaxial magnetic anisotropy in the planar Hall measurements, which is
aligned to a specific crystallographic direction of the underlying WSe2. This
serves as another indication that the polymer-free fabrication method used in
our devices facilitates a strong interaction between the WSe2 and permalloy
layer.

• Chapter 6 presents experimental results on the role of self-torques in MOCVD
MoS2/permalloy bilayers. We show that the torques measured in a single-layer
permalloy device has a significant magnitude compared to the torques mea-
sured in our MOCVD grown MoS2/permalloy bilayers. This indicates that
the self-torque of the ferromagnetic layer can play a dominant role in SOT
measurements on TMD/ferromagnet bilayers. Previous contrasting reports
on the spin-orbit torques observed in similar TMD/ferromagnet bilayers can
thus be ascribed to differences in the material quality or deposition method of
the ferromagnetic layer.

• Chapter 7 presents experimental results on photocurrents in a locally phase-
transformed n-type 2H-1T MoTe2 photodetector. We perform scanning pho-
tocurrent measurements to spatially resolve the areas involved in the photocur-
rent generation and find that the photocurrent originates from the 2H-1T’
junction rather than from the Ti/Au electrodes. This observation, together
with the non-linear IV-curve, indicates that the underlying mechanisms for
the photocurrent is the photovoltaic effect due to a local electric field between
the 1T and 2H-MoTe2 region. Subsequently, we compare the optoelectronic
performance of a device with and without a phase-changed region, and find
that the 2H-1T MoTe2 device exhibits a fast optoelectronic response over a
wavelength range of 700 nm to 1100 nm, with a rise and fall time of 113 µs
and 110 µs, two order of magnitude faster compared to a directly contacted
2H-MoTe2 device.

• Chapter 8 presents experimental results on polarization-dependent photocur-
rents in MoSe2. In this chapter, we show the effect of Schottky contacts
on the polarization-dependent photocurrents by characterizing the helicity-
dependent photoresponse of a monolayer MoSe2 photodiode with, and with-
out, hBN tunnel barriers at the contacts. From out comparison, we find
that the device with Schottky barrier contacts has additional contributions
to the polarization-dependent photocurrents. In addition, the polarization-
dependent photocurrents is observed at normal incidence, which by symme-
try should not be allowed. The non-trivial modulation of the polarization-
dependent photocurrents for devices with Schottky barrier contacts indicates
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that spatially resolved experiments should be used in combination with angle-
resolved measurements to obtain a complete microscopic understanding of the
helicity-dependent optoelectronic response of 2D-TMD devices.

• Chapter 9 presents an outlook. This chapter summarizes the main con-
clusions drawn in the earlier chapters. In addition, it identifies some of the
pertinent open questions in the field and provides suggestions for experiments
that would be useful to carry out in the near future.
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chapter 2

Theoretical background

In this chapter, the theoretical background required to appreciate and understand the
experimental work presented in the upcoming chapter is described. We will touch
upon a broad range of topics, as the experimental work presented in this thesis ranges
from electrical detection of spin-orbit torques to photocurrents in two-dimensional
materials. A central role is played by the family of two-dimensional materials called
transition metal dichalcogenides, which is therefore discussed first. The available
crystal phases, and the corresponding electrical and optical properties are described,
together with the methods used to transform the crystal phase. Next, the mathe-
matical description of the magnetization dynamics are presented. Subsequently, the
mechanisms involved in the generation of spin-orbit torques are discussed, which
entail the charge-to-spin conversion effects, such as the spin-Hall effect, Rashba-
Edelstein effect, and other interfacial effect, such as spin-orbit filtering and spin-
orbit precession. The chapter ends with a discussion on the photocurrents in two-
dimensional materials, introducing the photoconductive, photothermal and photogal-
vanic effects.
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2. Theoretical background

2.1. Transistion metal dichalcogenides

I n this thesis, one family of materials plays a central role: the so-called transition
metal dichalcogenides, or TMDs in short. They belong to a larger group of mate-

rials, called the two-dimensional (2D) van der Waals materials. For van der Waals
materials, the bulk crystal is made up of atomically thin layers, which are bonded
weakly by van der Waals forces, while the atoms within each layer are bonded co-
valently (also mentioned in Chapter 1). Other examples van der Waals materials
are graphene, hexagonal boron nitride (hBN), black phosphorus, and many more.
In this section, we will briefly touch upon the different crystal structures, or crystal
phases, the TMD can reside in, and describe how the different crystal phases affect
the electrical and optical properties (relevant for Chapter 7). Next, we will discuss
the field of phase-engineering, where one seeks for methods to transform the phase
of the TMD on demand, to take advantage of the different properties of each phase.
Lastly, the remarkable optical properties of TMDs, allowing optics to be incorpo-
rated with spintronics, are discussed (relevant for Chapter 8). But first, a short
introduction on TMDs is presented below.

TMDs have a long history with the structure of MoS2 already determined in
1923 by Linus Pauling [1], ultrathin MoS2 layers produced using adhesive tapes in
1963 [2], and single-layer MoS2 already obtained in 1986 by Joensen et al. [3] using
lithium intercalation with n-butyllithium. The rapid growth of graphene-related
research in 2004 also stimulated the further characterization of other 2D materials
such as TMDs. Due to its higher mobility, graphene took the center of attention
for the first few years. But in 2009, with the theoretical prediction of a direct band
gap of monolayer MoS2, TMD related research started to boom [4].

At the time of writing, TMDs are one of the most famous and extensively stud-
ied family of 2D van der Waals materials. A single layer of TMD is 3 atoms thick,
where the transition metal atom (M) is sandwiched between two planes of chalcogen
atoms (X) in a X-M-X fashion [5]. With the general chemical formula MX2, where
M is a transition metal atom (e.g. Mo, W, Nb, Zr, etc.) and X is a chalcogen atom
(e.g. S, Se, Te, etc.), there is a plethora of different combinations of elements, which
lead to a large diversity in electrical and optical properties. They offer insulating,
semiconducting and semi-metallic properties, direct and indirect band gaps of dif-
ferent energies, and come in a wide range of different crystal symmetries. All these
different properties open the door for an abundance of research possibilities, relating
the crystal structure, symmetry, layer thickness, and elemental composition to the
electrical and optical properties in these two-dimensional materials.

2.1.1. Crystal phases
As mentioned before, TMDs can reside in several crystal phases (1H/2H, 3R, 1T,
1T’, 1Td, 1T”, etc.) of which the hexagonal (1H/2H), rhombohedral(3R), and
tetragonal (1T and 1T’) phases are discussed here. Only the bulk crystals of MoS2
and WS2 are naturally occurring in nature as the minerals molybdenite and tung-
stenite. The naturally occuring MoS2 resides in either of the two phases 2H-MoS2
or 3R-MoS2. The two phases 2H and 3R only differ in their stacking of subsequent
layers, and thus have an identical structure for each individual layer. In each layer,
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2.1. Transistion metal dichalcogenides

Figure 2.1: A photograph of a bulk WSe2 crystal which is used for exfoliation as described in
Chapter 3. The layered structure of the material is easily identified by the naked eye.

the chalcogen atoms in the top and bottom atomic plane are in the same position,
corresponding to an ABA atomic stacking sequence [6]. The molybdenum atom
resides at the center of a trigonal-prismatic coordination sphere and convalently
bonds with six sulfur atoms, as depicted for the 2H phase in Fig. 2.2. In addition,
monolayer TMDs in the H-phase have a direct band gap at the K and K’ point,
where the states are strongly related to the d-orbitals of the transition metal atom.
When increasing the layer thickness of the TMD, it remains semiconducting but the
band gap becomes indirect, causing a strong decrease in photoluminescence (PL)
efficiency [7, 8].

By gliding one plane of chalcogen atoms, the 2H phase transforms into the
octahedral metallic 1T-phase, shown in Fig. 2.2. In this case, the chalcogen atoms
in the top and bottom layer are not aligned anymore, corresponding to an ABC
stacking sequence and a octahedral coordination of the transition metal atom with
the chalcogen atoms. Compared to the 2H phase (space group P6̄m2 or P63/mmc),
the 1T phase has a lower symmetry (space group Pmn21). When the 1T-TMD is
interfaced with another material, the symmetry is reduced even further as the screw-
axis and glide-plane symmetries are broken, leaving only a single mirror symmetry
[9]. This reduced symmetry has large consequences for the type of spin-orbit torques
that are allowed, as will be discussed in a later section.

Both experimental and theoretical work suggests, however, that the 1T-phase
of TMDs is unstable and spontaneously distorts into another phase denoted as 1T’
(also depicted in Fig. 2.2). Here, the transition metal atoms cluster in pairs resulting
in transition metal zigzag chains when seen from the top. At the Γ-point, the Fermi
level crosses both the Mo d- and S p-orbitals [6]. With the distorted zigzag chain
structure of the 1T’ phase, on the other hand, the transition metal d-orbitals are
lowered below the chalcogen p-orbitals. In turn, this leads to a band inversion
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resulting in a small band gap at the Γ-point.

Figure 2.2: A top- and side-view of the crystal structure of the TMD residing in the hexagonal
2H, and trigonal 1T and (distorted) 1T’ phase. The transition metal and chalcogen atoms are
indicated by in blue and yellow, respectively.

As the structural phase of the TMD has large consequences for both the elec-
trical and optical properties, it is important to know in which of these phases the
TMD resides. Furthermore, gaining control of the phase of the TMD allows one to
investigate the unique properties of each crystallographic phase and use the differ-
ent electrical and optical properties to once advantage. Therefore, recent research,
referred to as phase engineering, has focused on new techniques to alter the phase
of different TMDs locally by inducing a phase transition, which will be the topic of
the next section.

2.1.2. Phase transition
The different crystallographic phases have different advantages and drawbacks re-
garding the electrical and optical properties. Local phase engineering of the same
TMD crystal allows one to use the advantages of the different phases concurrently in
a single phase-change device, creating high-quality heterophase structures. Because
the 2H-phase TMDs are semiconducting, contacting the TMD is problematic using
direct metal contacts. The metal-semiconductor contacts result in a large Schottky
barrier and a van der Waals gap, giving highly resistive contacts. By transforming
the TMD to the metallic 1T-phase locally underneath the contacts, Ohmic contacts
are obtained, as evidenced from a linear dependence of the drain-source current
(Ids) on the drain-source voltage (Vds). It was shown that, in this way, the 2-probe
mobility of a 2H-WSe2 field-effect transistors (FETs) was improved from 2 cm2/(V·
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s) to 67 cm2/(V· s) [10]. Similar results are obtained for other TMDs such as MoTe2
(1 to 50 cm2/(V· s)) [11] and MoS2 (19 to 46 cm2/(V· s) [12].

The different TMDs have to overcome different energy barriers to change its
crystallographic phase from the 2H to the 1T’-phase. As example, MoTe2 has one
of the smallest energy barriers of 40 meV [13] , while WSe2 has 270 meV [13], and
MoS2 has the largest of the group IV TMDs of 550 meV [14]. Therefore, multiple
techniques have been investigated to perform a phase transformation. Although
there is no clear consensus in literature about the exact mechanisms which drive the
phase transformation, in general, the available techniques can be subdivided in to
two methods: charge doping or crystal deformation.

Charge doping
There is a myriad of techniques that allow for charge doping to initiate a phase
transformation. One important method is by intercalation the TMD with alkali
metals (typically lithium). As already mentioned before, n-butyllithium (n-BuLi)
was used to chemically exfoliate TMDs in 1986. However, when the Li ions inter-
calate the TMD layers they donate electrons to the TMD, favoring the 1T-phase
[15–18]. By tuning the concentration of lithium ions and immersion time, a phase
transformation can occur. This technique was shown to work in exfoliated MoS2
[12] and later in WSe2 grown by chemical vapor deposition (CVD) [10]. For the
latter case, the transformation was shown to be reversible by heating the 1T-WSe2
to 180◦C for 72 hours. A recent study on MoS2 showed that the phase transition
by Li-intercalation occurs faster with increase layer thickness, suggesting that the
energetic barrier between the H-phase and the 1T-phase reduces with layer thickness
[19].

Also ionic liquid gating can be used to change the phase of the TMD by means
of electrostatic doping. After the first theoretical predictions [20] [21], it was soon
experimentally confirmed in MoTe2 [22]. Using Raman and second-harmonic gener-
ation (SHG) spectroscopy they showed that the phase of a monolayer MoTe2 could
reversibly be transformed from the H- to the 1T’-phase by increasing the doping
level to 2.2 × 1014 cm−2.

Lastly, changing the doping level can also be performed by creating vacancies
and defects in the TMD crystal. In 2015 it was shown that Te vacancies can be
locally created in MoTe2 by laser irradiation using a high intensity focused laser
beam. The local Te vacancies trigger a local phase transition from 2H to 1T’ in
MoTe2, stable up to 300◦C. This technique is used in Chapter 7 to locally change
the phase of a MoTe2 flake allowing to study the effect of the different properties of
2H- and 1T’-MoTe2 on the observed photocurrents.

Crystal deformation
Another method to induce a phase transformation for TMDs is by crystal defor-
mation. This can be achieved by applying high pressure onto the TMD crystal,
by using for instance a high-pressure diamond anvil cell. Already in 2004, it was
reported that the resistance of single crystals of MoSe2 and MoS2 decreases with
an increasing pressure [23]. At pressures of >6.5 GPa, the TMD samples became
increasingly more metallic which was attributed to the overlapping conduction and
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valence bands as the interlayer spacing decreases [6]. Note that this semiconductor-
to-metal transition is thus different from the a phase transition of the TMD.

While the pressure is applied in the out-of-plane direction, also strain applied in
the in-plane direction (compressive or tensile) can cause a structural phase trans-
formation due to a distortion of the transition metal sublattice, as theoretically
predicted in 2014 [13]. It was experimentally shown that in MoTe2 a 0.2% tensile
strain causes a phase transition from 2H to 1T’ at room temperature [24]. Also,
strain induced by a lattice mismatch was shown to cause a phase transformation in
MoS2 by bonding of to an cobalt array or Au/Pd [25, 26].

The successful transformation can be identified using multiple techniques. For
MoTe2, MoS2, and WSe2 the Raman spectra of the H and 1T-phase are significantly
different, which allows to monitor the phase transformation process and identify
possible mixtures of different phases [10–12]. Furthermore, monolayer TMDs in a
2H-phase have a direct band gap, resulting in strong PL. The 1T-phase, on the other
hand, has no band gap and therefore shows significantly weaker PL. In addition,
a strong decrease in resistivity is an indication of the phase transformation, as the
H-phase is semiconducting, while the 1T-phase is metallic. Lastly, SHG can be
used to indicate the phase transformation. As inversion symmetry is present in the
1T’-phase (resulting in no SHG), but absent in the 2H-phase, the SHG is a sensitive
probe for distinguishing between these two phases [22].

2.1.3.Optical properties
The direct band gap for monolayer TMDs in the 2H-phase, make them possible
candidates for a plethora of optoelectronic applications, such as phototransistors,
solar cells, light-emmiting diodes, etc. Current photodetectors predominantly use
silicon as photosensitive material. Silicon, with its indirect band gap of 1.1 eV
(λ ≈ 1127 nm) and brittle structure, is not an ideal material as the indirect band
gap reduces its sensitivity, light of a longer wavelength than 1127 nm is not easily
detectable, and it brittle structure does not allow for incorporation into flexible
electronics. TMDs, on the other hand, have a band gap that is layer dependent and
direct for monolayers, strong absorption, and strong mechanical properties suited
for flexible electronics. In addition, TMDs possess strong photoluminescence, fast
optoelectronic response, and high power conversion efficiency making them highly
promising for optoelectronics applications.

The astounding optical properties of TMDs can only be fully appreciated, how-
ever, when understanding its potential in the field of opto-spintronics. Apart from
exciting charge carriers, one can excite spins in TMDs using circularly polarized
light. This opens up the possibility to use TMDs in the field of opto-spintronics
where light is considered as an additional knob to obtain full control of the electron
spin. In this section, I will briefly discuss some of the interesting opto-spintronic
properties related to spins in TMDs. For a discussion on photocurrents in 2D ma-
terials, I refer to Sec. 2.4.

The band structure of monolayer 2H-MoSe2, with its direct band gap, is schemat-
ically depicted in Fig. 2.3(a). The position of the valence band maximum and con-
duction band minimum is located at the two non-equivalent high symmetry points
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K and K’, at the corners of the hexagonal Brillioun zone, and are referred to as the
K- and K’-valley [27].

In monolayer 2H-TMDs, in-plane inversion symmetry is broken giving rise to
interesting valley-dependent optoelectronic properties due to an opposite Berry cur-
vature for these two valleys [28, 29]. For a system which is inversion symmetric,
symmetry requires that the Berry curvature Ω(k) obeys:

Ω(k) = Ω(−k). (2.1)

If the system has time-reversal symmetry too, then:

Ω(k) = −Ω(−k). (2.2)

From Eqs. 2.1 and 2.2, we can conclude that the Berry curvature vanishes for
systems which possess both time-reversal symmetry and spatial inversion symmetry
[28].

For monolayer TMDs, spatial inversion symmetry is broken allowing for a non-
zero Berry curvature. As the K and K’ valleys are related to each other by time
reversal symmetry, the Berry curvature is opposite for both valleys [28, 29]. The
Berry curvature yields an effective magnetic field with an equal magnitude but
opposite sign for the K and K’ valley, making the valleys non-equivalent [29]. This
leads to the so-called valley-Hall effect, where the carriers in the K and K’ valleys
are deflected to opposite sides due to the opposite sign of the Berry curvature [30,
31].

In addition, due to the inversion symmetry breaking and remaining time-reversal
symmetry, the K and K’ valleys couple to light of opposite helicities (right-handed
and left-handed circularly polarized light): i.e. the K and K’ valley’s absorb left- and
right-handed circularly polarized light differently (referred to as circular dichroism)
[32–34]. It is therefore possible to selectively excite carriers into one specific valley,
K or K’, using circularly polarized light [29, 35], as depicted with the black dashed
arrow in Figs. 2.3(b) and (c).

Furthermore, TMDs possess strong spin-orbit coupling (SOC) originating from
the d-orbitals of the heavy transition metal atoms [36], causing the spin degeneracy
of the bands to lift, as shown in Fig. 2.3. This is experimentally observed in
absorption spectra of monolayer TMDs as two distinct excitonic peaks [8, 37]. As
the K and K’ valleys are related by time-reversal symmetry, the spin-splitting in
these valleys is opposite, which causes the valley and spin degree of freedom to be
coupled (referred to as spin-valley locking) [29, 37]. In other words, by exciting one
specific valley with circularly polarized light of a specific wavelength, one does not
only create valley polarized carriers, but also spin polarized carriers [30]. Monolayer
2H-TMDs can thus be used as spin source using circularly polarized light. This
was already shown in TMD/graphene bilayers, where the spins are excited in the
TMD using circularly polarized light and are subsequently transported through the
graphene and detected using ferromagnetic contacts [38, 39]. Note that the spin
splitting of the conduction band is opposite for Mo-based and W-based TMDs (Figs.
2.3(b) versus (c)) [40, 41].
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Figure 2.3: (a) A simplified schematic of the band structure of monolayer 2H-MoSe2 showing K-
and K’-valley at the corners of the hexagonal Brillouin zone. The spin splitting of the bands for
spin up and spin down are indicated by the red and blue color, respectively. The band structure
near the K and K’ point for the TMDs (b) WX2 and (c) MoX2, where X represent a chalcogen
atom. Note that the spin-splitting of the conduction band is opposite, depending on the transition
metal atom.

In Chapter 8, the TMD MoSe2 is excited using circularly polarized light, which
allows us to study its relation with the induced photocurrent in MoSe2 phototran-
sistors.

2.2.Magnetic interactions and dynamics
We have seen that the optical generation of spins in TMDs allow us to incorporate
light into the field of spintronics. This might provides us a way to merge the fields of
photonics and spintronics in the future for new information technology applications.
Light, however, is only one of the knobs that can be tuned to obtain control of the
electron spin.

Another already more established knob is magnetism. The exchange interaction
between the electron spin and the magnetization of magnetic materials allows us to
manipulate the electron spin using magnetic materials, and vice versa, manipulate
the magnetization of magnetic materials using the electron spin. As discussed in
Chapter 1, the spintronic applications already on the market today, such as the
MTJ, uses magnetic materials as spin-filter of electrical currents. In addition, the
spin-transfer torque (STT) and spin-orbit torque (SOT) have great potential for
non-volatile memory applications using magnetic materials. The research topic of
Chapters 4, 5, and 6 involves the interaction of the electron spin with the magnetiza-
tion of magnetic materials via SOTs. Therefore these interactions and the resulting
magnetization dynamics are discussed below.

2.2.1.Magnet moments and angular momentum
In magnetism, the fundamental object is the magnetic dipole moment, m⃗. In classi-
cal electromagnetism, this magnetic dipole moment is equated with a simple current
loop, created by a charged particle moving in a circular orbit. Here, we only consider
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charged particles with a certain mass, and therefore, the orbiting charged particle
also has angular momentum associated with it. This links the magnetic dipole mo-
ment to the angular momentum [42]. The intimate relation between magnetization
and angular momentum was already revealed in 1915 by Barnett and, separately, by
Einstein and de Haas [43] [44]. Barnett found that a rod of demagnetized material
attained a magnetization when spun, which is now called the Barnett effect. On the
other hand, Einstein and de Haas observed the opposite: a change in magnetization
causes a free body to rotate, now referred to as the Einstein-de Haas effect.

The electrons that carry charge currents in electronic circuits also possess in-
trinsic angular momentum called spin. The spin angular momentum S⃗ results in a
small magnetic moment m⃗ according to:

m⃗ = γS⃗ (2.3)

were γ is a constant called the gyromagnetic ratio. If the magnetic moment is placed
inside an external magnetic field B, the energy E of the magnetic moment is given
by:

E = −m⃗ · B⃗ (2.4)

so that the energy is minimized when the magnetic dipole moment is aligned with the
magnetic field. The field exerts a torque on the magnetic dipole moment according
to:

τ⃗ = −m⃗ × B⃗ (2.5)

which causes the magnetic moment to precess around the applied magnetic field.
Similarly, the magnetic dipole moment of the electron can exert a torque onto

the magnetization of a ferromagnet, which by definition, involves the transfer of
angular momentum (τ⃗ = dL⃗/dt). From a general perspective, the Hamiltonian for
the electron in a crystal lattice can be described by [45]:

H = ℏ2∇2

2me
+ V0(r⃗) + ∆(r⃗)(m̂ · s⃗) + VSO(L⃗ · S⃗). (2.6)

Here, the first term is the kinetic energy of the electron, and V0(r) is the crystal
field potential. The third term is the exchange interaction between the electron spin
(s⃗) and the magnetization m̂ with strength ∆(r⃗), which can be position dependent.
The last term represents the SOC, where only the contribution from the atomic-like
L⃗ · s⃗ is included with a strength of VSO. In most materials this is the dominant
source of SOC due to the strong E-fields from the charged nucleus and the rapid
orbital motion (relative to the linear one) of the electrons [45]. At interfaces and
low-symmetric materials, however, other forms of SOC may dominate, which are
discussed in Sec. 2.3.3.

The degrees of freedom in Eq. 2.6 represent the different reservoirs of angular
momentum, which are coupled by the different interactions, as illustrated in Fig.
2.4 [45]. Recall that for the STT, the charge current is spin-polarized in the ferro-
magnetic reference layer, which subsequently enters the ferromagnetic free layer. In
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this layer, there is a transfer of angular momentum from the mobile carriers to the
magnetization of the free layer mediated via exchange interaction. This effectively
allows one to exert a torque on the free layer as discussed in Chapter 1.

In the case of SOTs, the transfer of angular momentum is more complicated.
In heavy metals, the large SOC mediates angular momentum transfer between spin
and orbital degrees of freedom of the electron. In addition, the crystal field potential
allows for orbital angular momentum transfer between the electron and the lattice.
Therefore, these SOTs can be understood as an angular momentum transfer from
the lattice to the magnetic moments mediated via the electrons [46, 47], which is
convenient as the crystal lattice provides a large reservoir of angular momentum
that can be tapped into [48]. This transfer of angular momentum is schematically
depicted in Fig. 2.4.

Lattice angular 

momentum

Crystal field 

potential

Spin-orbit 

coupling

Exchange 

interaction

Orbital angular 

momentum

Spin Spin 

MagnetizationCarriersCarriersAtomic 

Spin-transfer 

Spin-orbit torques

Figure 2.4: A schematic of the different reservoirs of angular momentum involved with STTs
and SOTs. For the STT, there is an exchange of angular momentum between the spin angular
momentum of the mobile carriers and the magnetization via the exchange interaction. For SOTs,
on the other hand, the picture is more complicated, as the crystal field potential and spin-orbit
coupling allow for a flow of angular momentum from the lattice to the mobile carriers, which in
turn interact with the magnetization of the material via the exchange interaction.

As a side note, the opposite is also possible, where a change in magnetization
causes a mechanical torque. As previously mentioned, the Einstein-de Haas effect
was already observed in 1915, but more recently, it was shown that this effect is also
present at the nanoscale, in literature referred to as a spin-flip transfer torque [49].

One advantage of the SOTs, is that the spins can interact multiple times with
the magnetization. For the STT, the spin can only transfer one unit of angular
momentum (ℏ/2) from the reference layer to the free layer, as the writing current is
applied in the out-of-plane direction through the MTJ. In the case of SOTs, however,
the writing current is applied in-plane. Now, the electron can interact multiple times
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with the magnetic and heavy metal layer as it diffuses back and forth across the
interface [50].

In general, one can distinguish between two types of SOTs, namely the field-like
and the damping-like torque (see Sec. 2.2.3). But before we discuss the effect of
these different torques on the magnetization of a magnet, first, a general discussion
on magnetization dynamics is presented.

2.2.2. Landau-Lifshitz-Gilbert equation
The magnetization dynamics of a magnetization (M⃗) are mathematically described
by the famous Landau-Lifshitz-Gilbert (LLG) equation [51–53]:

dm̂

dt
= −γm̂ × µ0H⃗eff + αGm̂ × dm̂

dt
(2.7)

where m̂ is the magnetization unit vector (m̂ = M⃗/M⃗s), M⃗s is the saturation
magnetization, γ is the gyromagnetic ratio, Heff is the effective magnetic field
(including the external field Hext, anisotropy field Hani and dipole field Hdip), µ0
is the permeability of free space, αG is the Gilbert damping. The first term on
the right describes the precession of the magnetization around the effective field, as
depicted in Fig. 2.5(a). The second term describes the damping of the magnetization
towards its equilibrium direction, illustrated in Fig. 2.5(b). This term encompasses
all dissipation channels through which the magnetization can lose energy and relax to
its ground state. This damping can be caused by internal and external mechanisms.
An example of an internal process is Gilbert damping of the magnetization due to
the SOC [54]. An example of an external process is, for instance, spin-pumping.
Both terms together result in a spiraling motion of the magnetization around Heff

until the magnetization is fully aligned with Heff , illustrated in Fig. 2.5(c).
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Figure 2.5: An illustration of the dynamic of the magnetization M in an external magnetic field
H. (a) Depicts the precession of the magnetization around the H, described by the first term on
the right of Eq. 2.8. (b) Illustrated the damping of M towards H, described by the second term
on the right of Eq. 2.8. (c) illustrated the combined effect of both, resulting in a spiraling motion
of the magnetization around H.
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2.2.3. Spin-orbit torque driven magnetization dynamics
In 1996, Slonczewski expanded this model and added an additional term to ac-
count for the STT, now known as the Landau-Lifshitz-Gilbert-Slonczewski (LLGS)
equation:

dm̂

dt
= −γm̂ × µ0H⃗eff + αGm̂ × dm̂

dt
+ γ

Ms
τ⃗ (2.8)

where τ⃗ represent the torques exerted on the magnetization by a spin-polarized
current. These torques adopt the general form of:

τ⃗ = τF L (m̂ × σ̂) + τDL (m̂ × (σ̂ × m̂)) (2.9)

where τF L and τDL are the so-called field-like and damping-like torque, and σ̂ (σ̂ =
x̂, ŷ, ẑ) is the spin-polarization direction. The spin-polarization direction depends
on the origin of the spin-current. For the STT, depicted in Fig. 1.4 of Chapter 1,
the current is spin-polarized by the first ferromagnetic reference layer, and σ̂ thus
corresponds to the magnetization direction of the reference layer. For SOTs, on the
other hand, the spin-current originates from the charge-to-spin conversion effects
induced by the large SOC of the heavy metal. As there are multiple effects that
cause charge-to-spin conversion, the direction of σ̂ highly depends on the specific
microscopic mechanism, and may differ from material to material.

In general, the torques are distinguished based on their symmetry with respect
to the magnetization [55]. The field-like torque is described by:

τ⃗F L ∝ m̂ × σ̂ (2.10)

which is anti-symmetric with respect to the magnetization. The effect of this torque
on the magnetization dynamics is similar to the torque applied by an external field,
hence it is referred to as a field-like torque. In literature, this type of torque is often
ascribed to an effective field similar to the first part of Eq. 2.8. The damping-like
torque, as the name suggests, acts like effective magnetic damping, and is described
by:

τ⃗DL ∝ m̂ × (σ̂ × m̂) (2.11)

which is symmetric with respect to the magnetization. Note however, that the
damping-like torque can also act as an antidamping-like torque depending on its
sign, and the details of the magnetization and the current direction [56] [55].

With many techniques, including the harmonic Hall measurements in this thesis,
the torques are measured indirectly and modeled as effective fields. This is achieved
by replacing τDL (σ̂ × m̂) by H⃗DL and τF Lσ̂ by H⃗F L [57]. As both the direct torques
and the effective fields are used interchangeably to describe the magnetization dy-
namics in literature, it might cause confusion to people outside the field. Especially,
because the torque and its related effective field are perpendicular to each other by
definition. It should be noted, that in case of a exerted torque, the initial reaction
of the magnetization will be in the direction of the torque: ( dm⃗

dt ∼ γ dL⃗
dt ). However,
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given enough time (∼ picoseconds in most materials), the magnetization will pre-
cess around the effective field, which is the cross product between the magnetization
and the torque direction, and eventually align along the effective field (finding an
equilibrium position between all the effective fields acting on the magnetization, e.g.
demagnetizing field, anisotropy, SOT effective fields). As the measurements in this
thesis are performed in a quasi-static regime (10s to 100s Hz AC-current frequency),
we are sensitive to the effective fields related to the SOTs, and not to the intial ul-
trafast reaction of the magnetization. In other words, the out-of-plane effective field
from τ⃗DL gives rise to a deflection of the magnetization in the out-of-plane direction,
while the in-plane effective field related to τ⃗F L causes a deflection in the in-plane
direction.

2.3. Spin-orbit effects
So far, we have discussed how the electron spin and magnetization interact, but
we have neglected the mechanisms behind the generation of the spin-current or
spin-polarization. For the STT, the charge current is filtered by the ferromagnetic
reference layer, resulting in a spin-polarized current which can interact with the fer-
romagnetic free layer. SOTs, on the other hand, rely on the large SOC of the heavy
metal layer to convert a charge current into a spin-current or spin-accumulation at
the heavy metal/ferromagnet interface. In this section, these charge-to-spin con-
version effects and other effects related to the large SOC are discussed, and a brief
description of the resulting SOTs is given. In addition, the symmetry considerations
for the generation of SOTs are presented.

2.3.1. Spin-Hall effect
The most well-studied effect for converting a charge current into a spin current is
the spin-Hall effect (SHE) [58]. Already predicted in 1971 [59], it remained rela-
tively unexplored until a similar prediction was published in 1999 [60, 61]. Its first
observation soon followed in 2004 by optical means [62–64] and electrically in 2006
[65] in aluminum.

With the SHE, a charge current passing through a material with high SOC
generates a transverse spin current, polarized perpendicular to both the charge
current and spin current:

ŝ = ĵc × ĵs (2.12)

Here, ŝ is the spin polarization direction, and ĵc and ĵs represent the charge and
spin current density unit vectors, respectively. Figure 2.6 shows an illustration of the
effect, where a charge current applied in the x̂-direction is converted in a transverse
spin current in the ẑ-direction with its spin polarization in the ŷ-direction. The
inverse effect, where a spin-current is generating a transverse charge current is also
possible and is referred to as the inverse spin-Hall effect (ISHE). The efficiency
with which the charge current density is converted into a spin current density is
phenomenologically described by the spin-Hall angle θSH :
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θSH = js

jc
(2.13)

As both js and jc are expressed in A/m2, θSH is a dimensionless number. The spin
current density js can be converted to a flux of angular momentum by multiplying
with ℏ/2e, where e is the electron charge, and ℏ is the reduced Planck’s constant
(1.0546 × 10−34 J·s) [66].

The SHE originates from spin-orbit interactions, which results in a different
momentum for spin up and spin down electrons. Three distinct microscopic mech-
anisms underlie the SHE: the side-jump, skew-scattering, and intrinsic mechanism.
Of these, the side-jump and skew-scattering mechanisms are both considered and re-
ferred to as extrinsic mechanisms in literature, and therefore, the SHE is sometimes
differentiated into the extrinsic SHE and the intrinsic SHE.

Only the extrinsic mechanisms were considered for the intial prediction of the
SHE in 1971 by D’yakanov and Perel. D’yakanov and Perel referred to the phenom-
ena of Mott scattering [67], where electrons with opposite spins scatter differently
from heavy nuclei in a vacuum environment. They argued that the same effect
can happen in a solid-state environment of a non-magnetic material, causing spin
up and spin down to deflect and accumulate on opposite transverse sides of the
channel. For the extrinsic mechanisms, two different mechanisms are distinguished:
spin skew scattering and side-jump events. For spin skew scattering, the spin orbit
coupling gives rise to spin dependent scattering with a different momentum direc-
tion for spin up and spin down [68]. In this case, the spin Hall conductivity σsz

xy

depends on the momentum relaxation time ts: σsz
xy ∝ t (as τ is already used to

denote the torques in this thesis, the momentum relaxation time is denoted by ts).
For side jump events, the spin-dependent displacement originates from a different
acceleration and deceleration for spin up and spin down during scattering events.

In 2010, however, it was observed that even in the ballistic regime, with no scat-
tering, the SHE persisted [69]. This observation lead to the discovery of an intrinsic
mechanism contributing to the SHE, now referred to as the intrinsic SHE. For this
mechanism, spin up and spin down electrons obtain an opposite transverse velocity
in between scattering event due to the band structure, such that it is independent
of ts.

In a bilayer of a heavy metal (HM) and ferromagnet (FM), the spin current aris-
ing from the spin Hall effect can interact with the magnetization of the ferromagnet
and exert a torque. This will be discussed below.

Spin-orbit torques due to the spin Hall effect
In a HM/FM bilayer, where the HM is generating a spin current due to the SHE,
the spins propagate towards the FM as illustrated in Fig. 2.6. Neglecting any
spin-memory loss and a perfect transmission across the HM/FM interface, the spin
current is injected in to the FM layer. Similar as described earlier for the STT, the
spins transfer their angular momentum to the magnetization, effectively exerting a
damping-like torque, analogous to the STT. As the spin-polarization direction for
the SHE is in the ŷ-direction, the expected torque from the SHE is a damping-like
torque of the form:
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Figure 2.6: A schematic illustration of the spin-Hall effect (SHE). A charge current is applied
through the heavy metal (HM) layer, indicated in blue, which is subsequently converted into a
perpendicular spin-current (I⃗s) due to the large SOC of the HM. The spin-current and -polarization
are both perpendicular to each other and perpendicular to the charge current, according to Eq.
2.12. Subsequently, the spin-current propagates towards the ferromagnetic layer on top, indicated
in grey. If the magnetization of the ferromagnet (M , red arrow) is not parallel to the spin-
polarization of the spin-current, the spin-current exerts a damping-like torque (τ⃗DL, blue arrow)
on the magnetization, similar to the STT, causing M to move away from its equilibrium direction
(dashed grey arrow).

.

τ⃗DL ∝ m̂ × (ŷ × m̂) (2.14)

In many experiments on conductive HM/FM bilayers, the observed damping-
like torque is therefore ascribed to originate from the SHE and is used to determine
the effective spin Hall angle θSH , assuming that no other effects contribute to the
damping-like torque. However, as this is generally not the case, the extracted θSH

should be taken as an effective phenomenological parameter for the SOT efficiency
[53].

In addition, the spin current in the HM, eminent from the SHE, can also lead
to a spin accumulation at the edges of the HM [53]. This spin accumulation in turn
can interact with the magnetization of the adjacent magnet via magnetic exchange
and exert a field-like torque. Therefore, the SHE does not necessarily produce a
damping-like torque but can also exert a field-like torque of the form:

τ⃗F L ∝ m̂ × ŷ (2.15)

as the spin accumulation at the HM/FM interface is polarized in the ŷ-direction.
As both a field-like and a damping-like torque can be produced by the SHE, the
decomposition of the these torques does not allow one to easily disentangle the
contribution of the SHE from other microscopic mechanisms [53].

As a large θSH amounts to strong charge-to-spin conversion, which in turn leads
to a large SOT efficiency, a lot of SOT research is based on finding materials with
a high θSH . Already in 2007, it was found that the spin Hall angle of platinum
(Pt) was four orders of magnitude larger when compared to other materials used at
the time [70]. Ever since, Pt has been a popular material for bilayer HM/FM SOT
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devices with a θSH ≈ 0.10 [71–74]. For other 4d and 5d transition metals, such as
tantalum (Ta) and Tungsten (W), similar values for θSH were found, and likewise
became popular HM materials for SOT devices.

Apart from the spin Hall effect, a more recent and related effect might play a
role in these systems, called the orbital Hall effect (OHE) [75–79]. In this case,
the flow of angular momentum does not come from the spin of the electron, but
rather from its orbital angular momentum. Similar to the spin Hall effect, the
direction of angular momentum is perpendicular to both the applied electric field
and the angular momentum flow, and is injected from the HM to the FM where it
can exert a torque on the magnetization. Distinguishing the SHE from the OHE is
both experimentally and theoretically challenging [47, 79]. Combining theory that
incorporates the flow of both spin and orbital angular momentum with experiments
may shine light on the contributions of each of these mechanisms by appropriate
material selection.

In addition, Pt and W doped with oxygen were shown to increase θSH to values
of ≈ 0.9 and ≈ −0.49, respectively [80–82]. These increases, however, were ascribed
not to the SHE, but to effects eminent from the interface. This shows that also the
HM/FM interface can significantly contribute to an efficient generation of SOTs.
Therefore, SOTs originating from interfacial effects will be the topic of the next
sections.

2.3.2. Rashba-Edelstein effect
When electrons move in an perpendicular electric field (E⃗), they experience an
effective magnetic field B⃗eff ∼ E⃗ × p⃗/(mc2) in their own reference frame, even in
the absence of an external magnetic field [83]. This field, referred to as the spin-
orbit (SO) field, couples to the electron’s magnetic moment. In crystals, the electric
field comes from the gradient of the crystal potential E⃗ = −∇⃗V . In addition, in
structures where the inversion symmetry is broken, for instance at an interface of
two different materials, the SO field becomes odd in the electron momentum and
a non-equilibrium spin accumulation confined at the interface becomes allowed by
symmetry [84]. This result of SOC can be described by the Hamiltonian [84]:

HR = (αR/ℏ)(ẑ × k⃗) · σ⃗ (2.16)

which was first described for an two-dimensional electron gas by Bychkov and
Rashba in 1984 and is now referred to as Rashba SOC [84]. Here, αR is the Rashba
parameter, ẑ is a unit vector pointing in the symmetry breaking direction, k̂ is the
electron wave vector, and σ⃗ are the Pauli spin matrices. The momentum-dependent
SO field, causes a k-space spin texture as illustrated in Fig. 2.7(a). The spin di-
rection of the electrons are locked to their momentum, which is referred to as spin-
momentum locking, and results in this characteristic winding spin texture around
the Fermi surface, as depicted in Fig. 2.7(). This is called the Rashba effect.

In equilibrium, there is no net spin polarization, as all states with opposite
spin directions are equally populated. However, when an external E-field is applied
the Fermi surface shifts. As illustrated in Fig. 2.7 for an applied E-field in the
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x-direction, the states with momentum in the +x-direction are populated more
compared to states with momentum in the -x-direction, resulting in a net charge
current in the x-direction. The states with momentum in the +x-direction feel an
effective SO field in the +y-direction, and therefore, have their spins aligned in the
+y-direction. As the electronic states with their spins aligned in the +y-direction
are more populated compared to the states with spins pointing in the -y-direction,
this results in a net spin polarization in the +y-direction. The generation of a
spin polarization by means of a charge current in a system with Rahsba SOC was
first described by Edelstein in 1990 [85], and is now referred to as the Rashba-
Edelstein effect (REE). The REE thus allows one to create a spin polarization, or
spin imbalance called a spin accumulation, at the FM/HM interface as illustrated
in Fig. 2.7(c). This spin polarization in turn can interact with the magnetization
of the FM layer by means of exhange interaction, exerting a torque [55, 86]. As the
spin polarization originates from the SOC of the HM, this torque is also considered
a SOT. The type of torque it exerts is heavily debated in literature. At the time of
writing, there is no clear consensus on whether the REE leads to a field-like torque,
damping-like torque, or a mixture of both. This will briefly discussed below.
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Figure 2.7: (a) Schematic of the Fermi surface at equilibrium of a 2D free electon gas with Rashba
SOC. The spin angular momentum, indicated with the red and blue arrows, is locked to the
linear momentum resulting in the winding spin-texture. In equilibrium, the states with opposite
spin are equally populated, resulting in no net spin-polarization. (b) When an external electric
field is applied, the Fermi contours shift away from their equilibrium position (dashed circles).
The redistribution of the states (filled contours) result in a non-zero spin density (ns) with a
polarization perpendicular to E⃗ (green arrow). (c) When an electric field (E⃗) is applied to a
FM/HM bilayer, the broken inversion symmetry at the interface allows for Rashba SOC, resulting
in a spin-accumulation at the interface. The spin-accumulation can interact with the magnetization
(red arrow) of the top FM layer, exerting a field-like torque τ⃗F L (black arrow).

Spin-orbit torques due to the Rashba-Edelstein effect
Machon and Zhang were the first to theoretically study SOTs due to the Rashba-
Edelstein effect in 2008 for a ferromagnetic layer sandwiched in between two dis-
similar insulating layers [87, 88]. They argued that this Rashba torque arises from
the intrinsic SOC and does not involve the transfer of the conduction-electron spin
to the magnetization, as is the case for the STT and SHE-SOT, but instead acts as
an effective magnetic field, resulting in a field-like torque. Ever since, many reports
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have been published where the observed SOTs are ascribed to the Rashba-Edelstein
effect [53, 86, 89–91]. However, ascribing the exact mechanisms underlying the ob-
served SOTs is difficult, as different mechanisms may result in similar SOTs, making
it difficult to distinguish them from one another. To illustrate this problem, some
examples from literature from recent years will be presented below.

The first observation of SOT switching of a magnet with perpendicular mag-
netic anisotropy in Co/Pt bilayers was attributed to the Rashba-Edelstein effect
[86]. Here, the authors observe both a field-like and damping-like torque which they
ascribed to the REE as they had reported before [92, 93]. In contrast, other re-
searchers observed dominant damping-like torques in a similar bilayers, which were
ascribed to the SHE rather than the REE [72, 94, 95]. Another example is the
dissimilar torques observed in FM/MoS2 bilayers [89, 96]. Although both reports
ascribe the torques to interfacial effect (such as the REE), Zhang et al. observe
a large damping-like torque and smaller field-like torque, while Shao et al. only
observe a large field-like torque. This illustrates that it is difficult to exactly pin
point what the exact mechanisms which are underlying the observed SOTs in these
FM/HM bilayers. Also, multiple reports observe a gigantic damping-like torque
which can not be explained by the SHE alone. As example, Lee et al. observe an
effective spin Hall angle θeff

SH ≈ 0.12 in Pd/FePd bilayers, while Pd has a θeff
SH of

0.006 − 0.012 [97], Jamali et al. report θeff
SH ≈ 4.4 in Pd/Co multiplayers [98], and

Mellnik et al. obverse a gigantic θeff
SH ≈ 2.2 − 3.5 in conductive Bi2Se3 [99].

To get a better understanding on which torques arise from the REE, multiple
theoretical models have been studied. A theoretical model based on the Boltzmann
equation, that incorporates both the REE and SHE in HM/FM bilayers, shows
that both the SHE and REE can produce both damping-like and field-like torques
[55]. They find that the field-like torque is predominant for the REE, while for the
SHE, the damping-like torque is dominant, but argue that the dominating torque
depends heavily on the specific parameters of the particular system [55]. Similarly,
another model based on the equilibrium Green’s function find a dominant field-like
torque for the REE effect [100]. This model, however, assumes a system in the
ballistic regime. More recently, multiple theoretical reports using different methods
(computational quantum transport and analytical) arrive at the same conclusion
that increased scattering off impurities leads to an enhanced damping-like torque
for Rashba systems [101, 102].

2.3.3.Other interfacial effects
Apart from the REE, there are myriad of other interfacial effects discussed in litera-
ture that may play a role in these bilayer devices. In this section, I will present two
other recently proposed ones, namely spin-orbit filtering and spin-orbit precession,
to illustrate that the resulting torque of different effect might be similar, making it
hard to disentangle which effects dominate in the generation of SOTs.

Spin-orbit filtering
In the case of an Rashba field in the k⃗ × ẑ direction at the interface of the HM/FM
bilayer, another interfacial effect was proposed by Amin et al. that could lead to
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the generation of a spin current and thus a torque on the magnetization. The effect
is called spin-orbit filtering (SOF) and is depicted in Fig. 2.8(a).

An unpolarized charge current that is incident on the interface with Rashba SOC
undergoes spin-dependent scattering at the interface. The interfacial Rashba field
creates a spin-dependent potential barrier and preferentially transmits and reflects
electrons based on their spin, effectively acting as a spin filter. Without applying
an electric field, the net spin-current is zero when integrated over all k-states, which
is analogous to the REE where there is no spin accumulation without applying a
bias. However, with an applied electric field, the k-states become anisotropically
occupied, resulting in a non-zero out-of-plane spin current (⃗js) with a polarization
in the E⃗ × ẑ direction.

The resulting spin current and spin polarization directions generated by the
SOF are similar to the ones created by the SHE. Using a three-dimensional model,
Amin et al. showed that SOF generates the same type of SOT as the SHE: τ⃗DL ∝
m̂ × (ŷ × m̂), which makes is difficult to distinguish between the two effects [45].
The SHE is a bulk effect which mainly depends on the material properties of the
HM layer. The SOF, on the other hand, is an interfacial effect and depends on the
momentum relaxation times and electronic structure of both layers [45, 103]. This
effect could explain experimental observations of interfacial damping-like torques
[72, 92, 104–106] rather than field-like torques as expected from the REE.

Spin-orbit precession
Another interfacial effect, referred to as spin-orbit precession, is depicted in Fig.
2.8(b) [45]. Again, we consider a bilayer of a FM on top of a HM with a Rashba
spin-orbit field B⃗SO at the interface. We assume a charge current in the ferromagnet
that is spin-polarized along the direction of the magnetization m̂. If the incoming
spins are polarized perpendicular to B⃗SO, they will briefly precess around B⃗SO and
become misaligned with m̂ prior to scattering off the interface [107, 108]. In this
process the spins attain a component of angular momentum in the σ̂ × m̂ direction.
The reflected and rotated spins propagate back into the ferromagnet where they
dephase and exert a torque on the magnetization in the τ⃗ ∝ m̂ × (σ̂ × m̂) direction.

Spin memory loss
In the presence of SOC, for instance at the HM/FM interface, the total spin is
not conserved [109]. Similar as the angular momentum can be transferred from
the lattice to the electrons, the electrons can lose their angular momentum back
to the lattice when they traverse an interface due to interfacial SOC. Here, the
lattice thus acts as a sink for angular momentum. Without interfacial SOC, when
spins cross the HM/FM interface, they retain their spin polarization aligned with
the magnetization, but lose their transverse component of spin due to dephasing
within the ferromagnet. With interfacial SOC, the spins can transfer their angular
momentum (in all directions) back to the lattice [107, 108]. This effect is called spin-
memory loss and is considered a parasitic effect because it obstructs the efficient
transfer of angular momentum to the magnetization [110]. Spin memory loss not
only interferes with SOTs but affects multiple spin transport phenomena such as
magnetoresistance, STTs in spin-valves and Josephson currents [111].
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Figure 2.8: (a) Schematic of the effect referred to as spin-orbit filtering. For an unpolarized charge
current propogating towards the HM/FM interface, the spins aligned parallel to the spin-orbit field
(B⃗SO) are preferentially transmitted while the spins aligned antiparallel to B⃗SO are reflected. This
results in an out-of-plane spin-current J⃗s which can exert a torque on the magnetization of the top
ferromagnetic layer. (b) Schematic of the effect referred to as spin-orbit precession. Here, a spin-
current is flowing through the ferromagnet which its polarized parallel to the magnetization (M ,
red arrow). Upon reaching the HM/FM interface, the spins shortly precess around B⃗SO, resulting
in a misaligned with the magnetization. The reflected spins, precess around the magnetization,
dephase, and transfer their transverse component of angular momentum to the magnetization,
exerting a torque (m̂ × (σ̂ × m̂)).

2.3.4. Self-torques
Although the majority of the SOT measurements are performed in a bilayer con-
figuration of a HM and FM, there have been reports of SOTs in systems consisting
only of a single FM layer [112–115]. For some reports, the torques emerging in the
single ferromagnetic layer could even switch its own magnetization [116, 117]. In
literature, these torques are referred to as anomalous torques or self-torques, and
the exact mechanisms involved are under debate.

In a inversion symmetric single layer device, no torques are allowed by symmetry
as the torques at opposite interfaces will cancel perfectly (see Sec. 2.3.6 for more
details). However, if inversion symmetry is broken, this may lead to the generation
of self-torques in single layer FM devices. The inversion symmetry can be broken
in multiple ways: (i) The FM layer is interfaced between two different materials
(e.g. NM1/FM/NM2), (ii) In a system of NM1/FM/NM1, where the interfaces are
different, (iii) The FM layer lacks inversion symmetry in its bulk form [118].

If the FM has different opposite interfaces (case i or ii), the spin transparency,
spin memory loss, and SOC at these interfaces may differ. The spin currents gen-
erated in the bulk of the FM which flow to the opposite sides of the FM, due to
e.g. the SHE, could transmit and reflect differently from the different interfaces due
to a difference in spin transparency, spin memory loss, or different interfacial SOC.
This causes the net flow of angular momentum to be non-zero which results in a
torque on the magnetization. Also if the origin of the spin polarization is interfacial,
such as the REE, a self-torque could be generated due to the different interfaces.
A difference in interfacial SOC could lead to the generation of different spin accu-
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mulations at the interfaces, resulting in a net non-zero spin accumulation. In turn,
this spin polarization can exert a torque on the magnetization when the it is not
parallel with the magnetization.

In Chapter 6, we compare the SOTs in our MoS2/permalloy devices to the SOTs
in a single-layer permalloy device to determine the role of the self-torque in permalloy
in these bilayers. We find that the field-like self-torque in permalloy are of significant
magnitude compared to the torques in our MoS2/permalloy devices. In addition, we
observe a weak damping-like torque in our devices, with a strong device-to-device
variation. These observations indicates that the self-torques in the FM layer may
dominate the SOTs observed in TMD/FM bilayers.

2.3.5. Electron-magnon scattering
In HM/FM bilayers multiple magnetoresistance effects may be present, such as
the anisotropic magnetoresistance (AMR), spin Hall magnetoresistance (SMR), and
Rashba-Edelstein magnetoresistance (EMR) effects [119]. These magnetoresistance
effects are invariant on inversion of either the current (j) or magnetization direction
(M): R(j, M) = R(−j, M) = R(j, −M). However, recent studies have shown that
there may be an additional non-linear effect in these systems referred to as the
unidirection (spin) magnetoresistance (UMR), which is odd under reversing either
the current or magnetization direction : R(j, M) = −R(−j, M) = −R(j, −M) [120].
This effect is analogous to the in-plane giant magnetoresistance effect (GMR), where
the resistance of two adjacent FMs, spaced by a NM, depends on their relative
orientation. Here, charge-to-spin conversion effects, such as the SHE and REE,
replace one of the FM layers.

The origins of the UMR are still under debate, but so far, two mechanisms
have been proposed [119, 121, 122]. The first mechanism consists of two parts:
the interfacial and bulk spin-dependent scattering. For the interfacial mechanism,
the scattering rate or the probability of transmission of an electron depends on the
orientation of its spin σ⃗ relative the magnetization M⃗ , which results in a magnetore-
sistance. For the bulk spin-dependent scattering, we consider that the FM layer has
a spin-dependent conductivity. By injecting spins from the HM layer due to charge-
to-spin conversion effects, the electron spin density in the FM is modulated which
generates a non-linear resistivity [123]. The second mechanism, referred to as spin-
flip UMR, invokes the annihilation or creation of magnons due to electron-magnon
scattering by the current generated spin polarization [56, 119]. The annihilation
and creation of the magnons changes both the longitudinal and transverse resis-
tance [124, 125]. As the UMR causes current-induced changes to the resistivity
and scales proportionally to the current the signal corresponding to the UMR is
expected in the second-harmonic Hall measurements performed for measuring SOTs
in Chapters 5 and 6. It was shown that the second-harmonic Hall voltage has a
cos(ϕ) dependence when rotating the magnetic field in-plane [125]. Furthermore,
the second-harmonic Hall voltage from to UMR decreases with increasing magnetic
field, due to a decrease in magnon population at high magnetic fields. Therefore,
UMR can result in an inaccurate determination of τDL and should therefore be
characterized using second-harmonic longitudinal measurements.
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2.3.6. Symmetry considerations
The symmetry of the system is crucial for understanding which SOTs can exist
[126]. The link between the allowed SOTs and the symmetry of the system can be
made through the Neumann’s principe which states that any macroscopic physical
property must have at least the symmetry of the system [127]. For SOTs, it is im-
portant to know which current-induced spin polarizations are allowed by symmetry
as the current induced spin polarization σ̂ is directly related to the allowed torques
by τ⃗DL ∝ m̂ × (σ̂ × m̂) and τ⃗F L ∝ m̂ × σ̂ [128].

The spin polarization induced by an electric field E⃗ can be described by:

σ⃗ = χ · E⃗ (2.17)

where χ is a 3-dimensional pseudotensor which relates the obtained spin polarization
σ⃗ to the applied electric field E⃗ (χ is generally referred to as the magnetoelectric
pseudotensor). The spin is a pseudovector which transforms under a symmetry
operation, S, as σ⃗′ = det(R)Rσ⃗, where R is a matrix representation of the symmetry
operation S, and det(R) is its determinant [50]. This holds for the whole set of
symmetry operations {R} in the space group of the crystal. The electric field,
however, is a normal vector and transforms under S as E⃗′ = RE⃗. Using these two
transformations and Eq. 2.17, one can derive the relation:

χ = det(R)RχR−1. (2.18)

Using Eq. 2.18 and the matrix representation for the inversion symmetry operation:

i =

−1 0 0
0 −1 0
0 0 −1

 (2.19)

one finds that Eq. 2.18 results in χ = −χ = 0 [128]. This shows that the inversion
symmetry needs to be broken as otherwise no spin polarization, and thus no SOTs,
can be obtained by an applied electric field.

The structural inversion symmetry can be broken in a variety of ways. As dis-
cussed above, the interface between two dissimilar materials provides the inversion
symmetry breaking for polycrystalline materials such as Pt, W, Ta, etc. With this
type of inversion symmetry breaking for polycrystalline materials, however, a lot
of other symmetry operations remain, such as a rotation axis along the ẑ-axis and
multiple mirror planes dissecting the xy-plane. Due to the high symmetry of these
systems, the only allowed spin-polarization is a Rashba-like symmetry depicted in
Fig. 2.7 [50, 129]. Here, an applied electric field in the x̂-direction generates a in
a spin polarization in the ŷ-direction, and thus to torques of the form m̂ × (ŷ × m̂)
and m̂ × ŷ.

For high density memory applications, on the other hand, magnets with a per-
pendicular magnetic anisotropy (PMA) are necessary, which are most efficiently
switched using a damping-like torque in the ẑ-direction. The damping torque
τ⃗DL ∝ m̂ × (ẑ × m̂) is, therefore, considered the holy grail of SOTs. From sym-
metry analysis, we know that this torque is not allowed in the case that there is
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a rotation axis along the ẑ-axis or more than 2 mirror planes dissecting the xy-
plane [128]. To allow for deterministic switching of PMA materials, reducing the
symmetry of the SOT device was studied in recent years using multiple methods.
Here, I will briefly discuss three different methods: (i) applying a magnetic field
in the x-direction, (ii) asymmetric device geometry, and (iii) low-symmetry single
crystalline material.

The first method is by applying a static external in-plane magnetic field (B⃗app)
along the current direction (J), as illustrated in Fig. 2.9(b). After applying a mirror
transformation on the system in the xz-plane, the current direction, being a normal
vector, does not change. The magnetization and the applied magnetic field, on the
other hand, are pseudovectors and thus do flip their direction. The applied magnetic
field breaks the symmetry between the two configurations of the magnetization (up
and down), allowing for a unique magnetic state. In Fig. 2.9(b), this is illustrated
as the magnetization is up when the applied magnetic field is parallel to the current
direction, while the magnetization is down when the applied magnetic field is anti-
parallel to the current direction. Using this method on SOT devices consisting of
conventional polycrystalline materials, such as Pt, Ta, and W, researchers were able
to deterministically switch PMA magnets by means of the REE and SHE effects [72,
86, 95]. However, as the application of an in-plane magnetic field is not considered
scalable, other means of breaking the symmetry have been sought after.

The second method is fabricating devices with a asymmetric geometry, which
breaks the mirror symmetry in the xz-plane. Yu et al. fabricated trilayer Ta/CoFeB/TaOx
devices with a wedges shaped Ta layer, as illustrated in Fig. 2.9(c), reducing the
symmetry of the device to one single mirror plane in the xz-plane [130]. They ob-
served a τ⃗F L ∝ m̂ × ẑ when they applied the current perpendicular to the single
mirror. Although the thickness gradient was rather small, the results did show a
τ⃗F L ∝ m̂ × ẑ, later studies were able to reproduce the effect [131].

The last method for a creating a low-symmetry SOT device discussed here is
using a low-symmetry single crystalline material. Multiple studies were performed
on grown materials, such as Ga(Mn)As [132], GaAs/Fe [133], NiMnSb [129]. Here,
Dresselhaus-like spin polarizations were observed which are consistent with their
symmetries. For out-of-plane spin polarizations, materials with lower crystal sym-
metries are needed which are difficult to grow epitaxially. Therefore, studies are
performed by thinning down a low-symmetry bulk crystal. In this respect, van der
Waals materials are a popular choice as the layers of these crystals are weakly bonded
by van der Waals interactions, and can therefore be thinned down by means of me-
chanical exfoliation (discussed in Chapter 3). One prime example of a low-symmetry
van der Waals material which is heavily studied in recent years is tungsten ditel-
luride (WTe2), which only possesses one mirror plane. [9, 134–137]. An out-of-plane
damping-like torque was observed in WTe2/Py devices when the current was applied
perpendicular to the mirror plane, while the torque was absent when the current was
applied along the mirror plane. Ever since, WTe2 and other low-symmetry 2D van
der Waals materials have been studied to get a better understanding on the relation
between the observed torque and the crystal symmetry (WTe2[9, 134–137], MoTe2
[138], TaTe2 [139], NbSe2 [91]). In Chapter 7, we change the crystallographic phase
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of the TMD MoTe2 locally, from a high-symmetry 2H phase to a low-symmetry
1T’ phase, which could be used in future studies to more accurately determine the
relation between the allowed SOTs and the crystal symmetry.
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Figure 2.9: (a) Illustration of a HM (grey)/FM (blue) bilayer, together with its mirror image. The
τ⃗F L and τ⃗DL are allowed due to the breaking of inversion symmetry in the out-of-plane direction.
The pseudo-vectors M is reflected upon a mirror transformation, while the current direction (J)
remain the same. As the same direction of current allows for the magnetization to point up as well
as down, there is no prefered state for the magnetization, and thus no deterministic switching. (b)
This changes however, when an external magnetic field is applied (B⃗app) in the x-direction which
breaks the symmetry in the xz-plane. Now, the state with its magnetization up is preferred when
the current and applied field are in the same direction, while the state with its magnetization down
is preferred when these are antiparallel. (c) The symmetry in the xz-plane is similarly broken when
fabricating a wedged shaped device as illustrated here. Without applying an external magnetic
field, this allows for field-free deterministic switching.

2.4. Photocurrents in 2D materials
In this section, I will shed light on the mechanisms involved in the electronic re-
sponse of 2D materials to light illumination. A device in which this response can
be measured consists of a channel of the material in question, contacted by a source
and drain contact and a gate which allows one to control the carrier density via the
field-effect.

The electronic response is measured by optoelectronic measurements, referred
to as photocurrent measurements, where the induced or modulated current flowing
through a device by illumination of light is measured with the source and drain
contacts. The total photocurrent (Ipc) is defined as the difference between the
current under illumination and the current in dark conditions: Ipc = Ilight − Idark

These type of measurements are performed and discussed in Chapters 7 and 8 for
MoTe2 and MoSe2, respectively.

There are different light-matter interactions that induce or modulate the pho-
tocurrent in a device. Here, I will describe the photogating/photodoping, photo-
conductive effect, photothermal electric effect and the polarization-dependent pho-
tocurrents.
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2.4.1. Photoconductive effect
In general, when light is absorbed by a semiconducting material, it excites an elec-
tron to the conduction band, leaving a hole in the valence band. This is only possible
when the energy of the photon is the same or larger than the band gap of the ma-
terial, i.e. Eph ≥ Ebg. The excited free electrons increase the carrier density n
which increases the electrical conductivity of the semiconductor σ = qµn, where q
is the carrier charge, µ is the mobility and n is the carrier density. This effect can
be measured by measuring the drain source current (Ids) while sweeping the drain
source voltage (Vds). As Ids ∝ σVds for a simple resistor, the slope of the IV-curve
is altered by the illumination of light, as illustrated in Fig. 2.10. Note, however,
that without applying a Vds there is no current in both cases.

Photogating
With a related effect, referred to as photogating or photodoping, the absorbed pho-
tons generates free electrons and holes as before, but now one of the carriers is
trapped in localized states at the band edge. The trapped charged shift the Fermi
level of the semiconductor, acting as an effective gate. This therefore leads to a shift
of the Ids curve when sweeping the gate voltage (Vg), as illustrated in Fig. 2.10.
These trapped states are usually located at defects or at the surface of the mate-
rial. In particular, the material hexagonal boron nitride (hBN), has shown to result
in significant photogating in graphene/hBN devices. The optical excitation excites
electrons from defects in hBN that are subsequently transferred to the graphene and
leave behind trapped holes [140].

2.4.2. Photothermal effects
The absorption of the laser light used for excitation can cause the device to heat,
which can modulate the electrical resistance of the device via the so called photo-
bolometric effect (PBE) [141, 142]. This effect is proportional to the conductance
variation of the material with temperature: dG/dT .

In addition, for optical measurements where the laser light is focused and only
small parts of the sample are illuminated, the local heating results in temperature
gradients, which in turn, can generate photocurrents of photo voltages via the photo-
thermoelectric effect (PTE). The difference in temperature (∆T ) for the two sides
of the device causes a difference in voltage (∆V ) due to the Seebeck effect:

∆V = S · ∆T (2.20)

where S is referred to as the Seebeck coefficient. The Seebeck coefficient can be
obtained from the Mott relation as [143–145]:

S = π3k2
BT

3e

1
G

dG

dE

∣∣∣
E=Ef

(2.21)

where kB is the Boltzmann constant, e is the electron charge, G is the conductance,
and its derivative with respect to energy is evaluated at the Fermi energy Ef .

In a short circuit configuration, the photocurrent (Ipc) generated by the PTE
can be described as:
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Figure 2.10: A schematic illustration of the photoconductive effect in a semiconducting material
(SC) contacted with two metal contacts (M). (a) A representation of the band alignment in dark
conditions, with the valence and conduction band indicated in red and blue, respectively. Under
these conditions a small current flows through the semiconducting channel. (b) Upon illumination,
photons with Ep ≥ Ebg excite electron-hole pairs which are separated by the external bias, causing
an increase in carrier density. (d) A schematic of an IV-measurement in dark (black) and under
illumination (red). The increase in carrier density results in an increase of the conductivity which
is easily observed as a change in the slope of the IV-measurement. (c) Representation of the
photogating effect. Here, localized states near the band edge (valence band) trap holes which
effectively gate the SC channel. (e) This lead to a shift in the Ids versus Vg measurement. The
illumination can either cause an increase of the current, indicated in red, or decrease in the current,
indicated in blue, compared to the measurement in dark conditions (black line), depending on where
the Fermi energy of the SC material is positioned.

Ipc = (S2 − S1) ∆T

R
(2.22)

where R is the resistance, and S1 and S2 represent the Seebeck coefficients of the
contact and channel material, respectively. As the Seebeck coefficient for metal
contacts are low (∼ 1 µV K-1) compared to most semiconductors, this equation can
be simplified: S2 − S1 ≈ S2. For the PTE to generate a current as zero applied
drain source voltage, however, the ∆VP T E should be larger than the Schottky barrier
height at the metal-semiconductor interface.

2.4.3. Polarization-dependent photocurrents
So far, the discussion is based on light-electric conversion. However, the striking
properties of TMDs can be appreciated more when the direct band gap and its
large SOC properties are combined in opto-spintronic applications. The coupling
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between the spin and valley degree of freedom in TMDs, discussed in Sec. 2.3.6,
gives rise to unique phenomena such as the circular photogalvanic effect and spin
galvanic effect, where light creates spin polarized currents. This will be discussed
in this section.

As mentioned in Sec. 2.3.6, a spin polarization can be generated in TMDs
by optical excitation with circularly polarized light, originating from its large and
opposite spin-orbit interaction in the K and K’-valley. The optical generation of the
spin polarization, analogous to charge transport, leads to an increase of the spin
conductivity, which in turn, results in a spin-polarized current when an external
bias (Vds) is applied.

On the other hand, it was shown that by illuminating TMDs with circular polar-
ized light, photocurrents can also occur without applying an external bias in TMDs.
There are several mechanisms underlying these spontaneous photocurrents, such as
the circular photogalvanic effect (CPGE) and the spin-galvanic effect (SGE).

2.4.4. Circular photogalvanic effect
The circularly polarized photogalvanic effect (CPGE) can be considered as a transfer
of the angular momentum of the photon into linear momentum of the charge carrier
[146]. A very simple analogy would be the conversion of the rotary motion of a
propeller into linear motion of the plane. The microscopic origin of the photocurrent
can be explained in a Rashba system where the spin sub-bands are spit, illustrated in
Fig. 2.11(a). Right handed circularly polarized light induces a spin-flip transitions
from s = +1/2 to s = −1/2, as indicated by the vertical red arrow, which leads
to the asymmetric filling of the bands. The non-equilibrium distribution in the
upper band relaxes more rapidly by emitting phonons, resulting in a current in the
x-direction [147].

The circular photogalvanic effect was predicted in 1978 by Ivchenko and Pikus
[148] and Belinicher [149] independently. The effect was first observed in tellurium
where it arises due to spin splitting of the valence band [150]. In TMDs the bands
are spin-split too as discussed before, and likewise, circular photogalvanic effects
have been reported. The CPGE in TMDs was first demonstrated by Yuan et al. in
bilayer WSe2 in 2014 [151]. They showed generation of spin and valley polarized
photocurrents and its control with the helicity of the excitation light. Furthermore,
they were able to control the photocurrent by increasing the magnitude of the broken
inversion symmetry with a gate voltage. Since then, the CPGE has been reported
in MoS2 and MoSe2 [152, 153].

The dependence of the photocurrent on the circular polarization can be char-
acterized experimentally using a rotatable λ/4 plate. The λ/4 plate changes the
helicity (Pc) of the light depending on the angle ϕ between the optical axis of the
plate and the polarization plane of the laser, according to Pc = sin(2ϕ). In this
case, the photocurrent may be given by the phenomenological equation:

Ipc = I0 + C sin(2ϕ) + L sin(4ϕ + ϕ0) (2.23)

Here, the first term on the right represents the polarization independent contribution
to the photocurrent, while the second and third term are the photocurrents which
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are dependent on the circular and linear polarization, respectively. This equation is
used in Chapter 8 to extract the circular and linear components of the photocurrent
observed in a MoSe2 phototransistor.

a) b)
E

k
x

J
c

a) E

k
x

hω
2

j
c

Figure 2.11: (a) A schematic of the spin-split band diagram for the circular photogalvanic effect.
A spin-flip transition is induced by right handed circularly polarized light (straight red arrow),
creating an asymmetric filling of the bands indicated with the tilted filled bands. This results in
a charge current in the x-direction. (b) A schematic of the spin-split band diagram similar to (a).
By injecting spins, either electrically or optically, an imbalance in the filling of the spin up and
spin down bands is obtained, indicated with the black dashed line. Due to the k-dependent rates
of the spin-flip events, indicated with the black and red arrows, an asymmetric filling is obtained,
resulting in a charge current in the x-direction.

2.4.5. Spin galvanic effect
Another mechanism which creates spin photocurrent when exciting a system pos-
sessing non-degenerate spin bands with circularly polarized light is the spin-galvanic
effect (SGE). It was predicted by Ivchenko et al. in 1989 [154] and experimentally
confirmed by Ganichev et al. in 2002 [155].

The microscopic mechanism behind the SGE can be explained using Fig. 2.11(b).
As before, we consider a system where the spin bands are split in k-space. If spins
are injected into the system, either electrically with magnetic contacts or optically
by means of circularly polarized light, an imbalance in the filling of the spin up
and spin down bands is initially created, illustrated with the black dashed line in
Fig. 2.11(b). This non-equilibrium distribution will relax due to spin-flip scattering
events, of which there are multiple path ways, indicated by the solid red and black
arrows in Fig. 2.11(b). The rates of these events is dependent on the value of the
wave vectors of the initial and final state [147]. The scattering events indicated by
solid black arrows have the same rates and therefore preserve the symmetric filling of
the band. However, the rates of the events indicated by the red arrows are different.
This results in an asymmetric filling of the bands, indicated by the tilted filled blue
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and red bands, and thus results in a current flow (Jc) in the x-direction [147].
If the spin injection is done by optical means, the SGE can be regarded as another

mechanism of the CPGE effect. In experiments the SGE and CPGE are often
measured simultaneously. Time-resolved measurements poses a way to separate
both contributions, as the SGE current decays with ts (spin relaxation time) while
the CPGE current decays with the tp (momentum relaxation time). 2
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chapter 3

Experimental Methods

In this chapter, the experimental methods used to both fabricate the devices and per-
form the subsequent electrical and optical measurements are described. The chapter
starts with a description of the device fabrication for spin-orbit torque devices and
photodiodes, which includes the exfoliation and identification of two-dimensional
van der Waals materials, the polymer-free PMMA mask preparation and the sub-
sequent transfer on top of the substrate, electron-beam lithography, electron-beam
evaporation, and plasma etching. Next, the electrical characterization using 2-probe,
3-probe, and 4-probe measurements are outlined. The electrical setup used to mea-
sure the spin-orbit torques by means of the harmonic Hall technique is described,
and the relevant effects involved in these measurements are discussed. Lastly, the
setup used for the optoelectronic measurements are described, which include both the
scanning photocurrent measurement and polarization-dependent photocurrent mea-
surement setup.
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3. Experimental Methods

3.1. Device fabrication

I n this section, I will describe the methods used for fabricating the devices discussed
in this thesis from start to finish. It starts with the exfoliation of bulk 2D materials

using the famous "Scotch tape method", and the subsequent characterization using
optical contrast, atomic force microscopy and Raman spectroscopy. In addition, I
will describe a polymer-free technique used to reduce the polymer contamination
on the interface of 2D materials during device fabrication. Lastly, the final contact
fabrication methods are described covering the steps of electron beam lithography,
electron beam evaporation, and plasma etching.

3.1.1. Exfoliation an characterization of 2D materials
A variety of techniques can be used to obtain 2D van der Waals materials in different
thicknesses. These can be subdivided in bottom-up approaches, where the atomic
layers are grown atom-by-atom, or top-down approaches, where you start with a bulk
crystal and thin it down. A prominent example of a bottom-up approach is chemical
vapor deposition (CVD) [1, 2], while common top-down approaches are liquid phase
exfoliation [3], and mechanical exfoliation [4, 5]. With mechanical exfoliation, one
starts with a bulk crystal (few millimeters in size) of the desired 2D material (e.g.
graphite, WSe2, WS2, MoSe2, etc.), which is subsequently thinned down using sticky
tape. The method of using adhesive tape to obtain thin layers of 2D van der Waals
materials was already used in 1963 [6] and was further developed by Novoselov et al.
[7] where they showed that it was possible to obtain monolayer flakes of graphene
using this seemingly simple technique. The advantage of mechanical exfoliation, is
that it is a relatively easy and cheap method to obtain 2D van der Waals materials
in a range of different thicknesses. The disadvantage, however, is that the yield of
2D material flakes and their position on the substrate are unpredictable, and their
size relatively small (∼µm). Therefore, mechanical exfoliation is primarily used for
fundamental research, like the research presented in Chapters 5, 7, and 8 of this
thesis. The steps are described below.

First, using regular Scotch tape (3M), a layer of the material is cleaved from the
bulk crystal, as shown in Fig. 3.1. Subsequently, this piece of scotch tape is fixed on
to a table with the sticky side facing up. This piece of scotch tape is now used as a
source to cover a new piece of a different tape, called Nitto tape, which reduces the
amount of residual glue on to the final silicon/silicon-oxide (Si/SiO2) substrate. The
Nitto tape is repeatedly pressed on to the source scotch tape in an array-like fashion
to increases the area on the Nitto tape which is covered by the 2D material. This
increased area is useful as a larger substrate can be covered with the 2D material in
the final step, which in turn increases the chances of finding a suitable flake. Next,
to reduce the layer thickness of the 2D material on the tape further, a new piece
of clean Nitto tape is put onto the covered Nitto tape and subsequently exfoliated.
This last step is repeated 3 to 4 times, after which the covered Nitto tape is placed
onto the final Si/SiO2 substrate to transfer the thin flakes onto the substrate.

This technique can be used for multiple van der Waals materials, e.g. graphene,
hBN, MoS2, MoSe2, WSe2, Fe3-5GeTe2, MoTe2, etc. However, these different ma-
terials possess different strengths of interlayer van der Waals interactions and in-
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Figure 3.1: Photos of the exfoliation process. (a) A bulk crystal of WSe2 is put on a piece of
scotch tape (b), and subsequently cleaved to obtain a thin layer of the bulk crystal on the tape.
(c) The piece of scotch tape is taped on to a cleanroom tissue with the WSe2 crystal facing up. (d)
This will be used as a source for the coverage of a piece of Nitto tape (blue tape). (e) The Nitto
tape is repeatedly pressed on the cleaved WSe2 on the scotch tape to cover a larger area with the
TMD. (f) Using another piece of Nitto tape, the area covered with WSe2 is further increase, until
both pieces of Nitto tape are fully covered, as in (g). (h) To further thin down the layers of WSe2
on these pieces of Nitto tape, multiple new exfoliation steps can be performed until the desired
thickness is obtained. (i) As a final step, the piece of Nitto tape is placed onto the final Si/SiO2
substrate to transfer the thin flakes onto the substrate.

tralayer covalent bonding, which results in different exfoliation characteristics for
each material. Likewise, the coverage and yield of the material on the final Si/SiO2
differs significantly for the different 2D van der Waals materials. Other techniques
can be used to enhance the interaction between the 2D van der Waals material and
Si/SiO2 to enhance the coverage and yield of usable flakes [8]. Treating the Si/SiO2
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substrate by O2-plasma causes dangling bonds of the SiO2 resulting in a stronger
interaction between the 2D material and substrate, and consequently, in a larger
density of transferred flakes. Another technique to increase the interaction between
the 2D van der Waals material and the substrate is to anneal the Si/SiO2 with the
Nitto tape on top, prior to removing the Nitto tape. Here, the interaction increases
as gas bubbles which are trapped between the material and substrate are removed,
effectively increasing the interaction area between the flake and the substrate. Note,
however, that the increased interaction between the flake and the Si/SiO2 makes
it more difficult to pick up the flake from the substrate. The increased interaction
can be useful for 2D van der Waals materials which interact only weakly with the
substrate, making it easier to exfoliate them and increasing their yield. Also for the
fabrication of twisted bilayer graphene (tBLG) samples it can be useful to increase
the interaction between the substrate and graphene, as for this particular case, the
monolayer graphene flake is cut into two using an AFM tip [9]. With only a weak
interaction, the flake will more easily fold and crumble while making a cut.

After transfering the exfoliated flakes on to the Si/SiO2, an optical microscope
is used to scan the substrate for desirable flakes, e.g. large enough size (∼ 5 × 10
µm2), thickness, shape, surrounding, roughness, etc. The position of each flake on
the substrate that fits these criteria is tracked by making a mark on the edge of the
substrate with a sharpy or by outlining the substrate on the computer and indicate
the position there. The thickness of the flake can initially be estimated using optical
contrast, which depends on the thickness of both the flake and the SiO2 [10, 11].
A SiO2 of 285 nm is used as this was shown to enhance the contrast of monolayer
graphene and TMD flakes, making them easier to find during scanning [12–14].

Atomic force microscopy, AFM, can be used in conjunction to verify the thickness
of the flake and measure the flake roughness [15, 16]. Especially for Chapter 5,
where the thickness dependence of the observed spin-orbit torques is measured, it is
important to have an accurate measurement on the thickness. Furthermore, AFM
allows us to measure the surface roughness of the flakes, which is an important
parameter for a pristine interface between the ferromagnet deposited on top of the
TMD flake. For the spin-orbit torque devices in this thesis, only flakes with a surface
roughness of < 400 pm are selected for further device fabrication.

When some usable flakes are found, one can continue to the next step, which for
spin-orbit torque devices is the deposition of a ferromagnet on top of the selected
flakes using a polymer-free technique. This is discussed in the next section.

3.1.2. Permalloy Hall bar deposition using a PMMAmask
For the SOT devices in Chapters 5 and 6, a Hall bar of permalloy is deposited on
top of the TMD. With regular lithography techniques, a layer of electron beam re-
sist (polymethyl methacrylate (PMMA)) is spin-coated on top of the wafer prior to
exposing the Hall bar with electron beam lithography. However, after developing
the exposed PMMA regions, some residual polymers remain which contaminate the
interface. As the spin-orbit torques in HM/FM bilayers are ascribed to the interac-
tion between the FM and the HM, a pristine interface is of paramount importance to
reduce spin relaxation, spin memory loss, or spin-filtering, which would reduce the
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SOT strength. To reduce the interface contamination during device fabrication, we
developed a fabrication method for spin-orbit torque devices using a polymer-free
technique. This process is descibed in detail below, but in general terms it involves
the following. First, a PMMA mask with prepatterned Hall bars is fabricated on a
separate Si/SiO2 dummy substrate. Subsequently, this PMMA mask is lifted from
the dummy substrate and transferred onto an in-house holder, which allows to me-
chanically align and place the mask on top of the desired flake. In this way, the
interface of the flake which will be in contact with the permalloy, will not be in
contact with the PMMA, and so, no residual polymers contaminate the HM/FM
interface.

Now, knowing the general steps involved, the method is described in more detail
below. To start off, the method to prepare the mask is described in steps:

• First, a dummy Si/SiO2 wafer with a size of 18×35 mm2 is prepared for the
PMMA mask. These dimensions are used such that the PMMA mask will fit
nicely onto the holder used to place the mask onto the sample (see Fig. 3.2).

• Next, a water soluble and conductive layer of Electra 92 (All Resist AR-PC
5090.02) is spin-coated on top of the dummy wafer at 1000 rpm for 60 s with
500 rpm/s, and annealed at 90 ◦C for 40 s, resulting in a 100 nm layer thick-
ness. This layer of Electra 92 allows us to eventually lift the PMMA mask
from the Si/SiO2 dummy wafer during a later step. To ensure a homogeneous
coverage, wait 2 to 3 minutes after placing the Electra 92 solution onto the
wafer before starting the spin-coater. Carefully, check whether the Electra
92 layer is spin-coated homogeneously. From experience, we noticed that the
Electra 92 solution degrades with time rather fast, resulting in an inhomo-
geneous coverage, and should therefore be renewed if no homogeneous layer
can be obtained. To reduce the degrading process, the Electra 92 should be
stored in a fridge, and personal bottles should be filled from the main bottle in
an nitrogen environment, to reduce any condensation from entering the main
Electra 92 bottle.

• Subsequently, a layer of PMMA 950K 4 wt% (All Resist AR-PC 679.04) is
spin-coated at 1000 rpm for 180 s with 500 rpm/s and annealed at 180 ◦C for
40 s, resulting in a layer thickness of 630 nm.

• Using electron beam lithography (EBL), a matrix of 16×16 Hall bars are
exposed in the center of the dummy wafer with a 10 kV acceleration voltage
and a dose of 220 µC/cm2. Depending on the minimum feature size of the Hall
bar, the aperature is chosen accordingly. Generally, if the minimum features
size is about 1 µm, an aperture of 30 µm is used. For feature sizes larger than
3 µm, an aperature of 120 µm can be used. A convenient way to expose the
matrix, is by using the "Filter" → "Matrix Copy" option in the eline software
of the EBL provided by Raith. Note that the dummy wafer is rather large
and requires a large sample holder at the e-beam machine.

• The exposed Hall bars are developed in a development solution of methyl
isobutyl ketone (MIBK) and isopropyl alcohol (IPA) (MIBK:IPA, 1:3) for 60
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s, rinsed in IPA for 30 s to stop the development, and blow dried using Nitrogen
gas.

After the PMMA mask is prepared on the dummy wafer and the Hall bars are
exposed and developed, the PMMA mask needs to be first transferred onto a home-
made aluminum holder, which is used to subsequently transfer the PMMA mask
onto the desired flake. This process is illustrated in Fig. 3.2 and is described in
steps below:

• A home-made holder is used to transfer the PMMA mask on top of the Si/SiO2
substrate (see Fig. 3.2). To make sure that the PMMA mask will stick well to
the holder, the holder is first etched in an reactive ion etcher (RIE) using O2
gas at 40 W RF power for 20 seconds. The oxygen etching makes the holder
hydrophilic which causes the PMMA to stick better.

• Before placing the dummy wafer in a water filled petri dish, a scratch is made
in the PMMA/Electra layer on the outer rim of the dummy wafer using a
sharp tweezers or scalpel, going all around the wafer. This scratch will allow
the water to more easily go under the PMMA layer and dissolve the Electra
layer when the dummy wafer is placed in the water filled petri dish.

• The dummy wafer with the exposed and developed Hall bars is placed in a
petri dish filled with demineralized water. Initially, the dummy wafer will float
on top of the water. Using a tweezers, one corner of the substrate is gently
pushed under water. This allows the Electra to dissolve at the corner, causing
the PMMA to lift from the Si/SiO2 wafer locally. Gradually, more and more
Electra will dissolve, which causes more and more PMMA to lift from the
wafer. After some time (approximately 10 minutes), the Electra layer is fully
dissolved and the Si/SiO2 wafer sinks to the bottom while the PMMA mask
floats on top of the water.

• The next step is to take out the PMMA mask using the holder. The holder
is placed in the petri dish and the petri dish is carefully tilted such that
the water level exceeds the height of the holder, as illustrated in Fig. 3.2.
Using a tweezers, the floating PMMA mask is gently aligned with the holder
as illustrated in Fig. 3.2. The exposed matrix of Hall bars is visible as small
speckles on the PMMA layer and should be aligned with the hole in the holder.
By slowly placing the petri dish horizontally again, the water levels lowers and
the PMMA mask deposits on the holder. Now, the holder with the deposited
PMMA mask can be taken out of the petri dish and dried using a clean room
tissue. The part of the PMMA mask that wraps around the sides of the holder
should be gently moved upwards such that the PMMA mask is only at the
front side of the holder. The PMMA is moved slightly inwards towards the
hole such that the PMMA mask is able to form a dome shape when inflated
in a later step.

• Next, the holder is placed in a manual transfer stage with the PMMA mask
facing towards the substrate on which it needs to be transferred. Here, the gas
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inlet of the holder is connected to a nitrogen tank which supplies nitrogen gas
to inflate the PMMA mask. A home made glass slide is placed in a dedicated
slot of the holder which closes off the cavity of the holder, creating a slight
over pressure in the cavity. This over pressure causes the PMMA mask to
inflate and form a dome shape as illustrated in Fig. 3.2.

• By changing the focus of the microscope in the transfer stage, the Hall bar
which is most closely located to the lowest part of the dome is identified and
aligned to the flake of interest. The lowest Hall bar is used here such that
the first contact point between the PMMA mask and the substrate is in close
proximity to the Hall bar, which reduces misalignment issues.

• The PMMA mask is slowly lowered on to the substrate. As a side note, if there
is no proper contact between the PMMA mask and the flake (due to folds in
the PMMA for instance), the temperature can be increased to a maximum of
85 ◦C. This will relax the PMMA mask and might cause better contact. If
the mask is placed correctly, however, no additional heating is used.

• Finally, the PMMA layer needs to be removed from the holder, finalizing the
transfer on to the final Si/SiO2 substrate. First the flow of nitrogen gas is
stopped and the glass slide is removed. Next, the PMMA is pierced around
the hole by hand using a sharp needle. Subsequently, the holder is gently
lifted, finalizing the transfer of the mask onto the flake. An example of a flake
with a deposited mask is shown in Fig. 3.3(b).

• With the Hall bar mask deposited, the permalloy/Al2O3 layers can be de-
posited. However, as manually deposited PMMA mask does not always cover
the sides of the substrate, these sides need to be masked off. Therefore, an
aluminum plate with a 3 mm hole is carefully aligned on to the substrate using
an optical microscope, such that the deposited Py/Al2O3 will only deposit at
the Hall bar mask around the flake.

• Next, the sample is loaded in the e-beam evaporator (Temescal FC2000) and
pumped to a vacuum below 3 × 10−6 mbar. Here, 6 nm of Py and 17 nm of
Al2O3 are deposited, both at a rate of 0.3Å/s.

• The final step is the lift off of the Py/Al2O3 in acetone at 48 ◦C for 10
minutes. As the PMMA layer is placed on top mechanically, the lift off should
be performed more gently compared to spin-coated layers, not to remove all
the Py/Al2O3.

After following these steps, one should have successfully deposited the Py/Al2O3
Hall bar on top of the desired flake using the polymer-free technique. In principle,
this technique is not limited to Hall bars but can be used for other purposes as
well, as the shape of the mask can be designed using electron beam lithography
accordingly.

Now that the permalloy Hall bar is deposited, the next step is to contact the
Hall bar. This is discussed in the next section.
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Top view

Side view 
Gas inlet Glass slide

SubstratePetridish

Holder

PMMA maska) b) c)

Figure 3.2: A schematic illustrating the polymer-free technique, where a PMMA mask is mechani-
cally deposited on top of a flake. (a) As the Electra is dissolved, the PMMA mask is lifted from the
dummy Si/SiO2 wafer in petri dish filled with water. Next the holder is placed in the petri dish
and the floating mask is aligned onto the holder. (b) The PMMA mask and holder are taken out
of the petri dish and dried. (c) The holder with the PMMA mask is mounted in a manual transfer
stage which allows one to align the mask on top of the flake. Using nitrogen gas, an over pressure
is created into the cavity of the holder, such that the PMMA mask is inflated and forms a dome.
Using the transfer stage, the PMMA mask is slowly lowered and transferred onto the desired flake.

3.1.3. Lithography and contact fabrication
In order to apply currents and measure voltages in these devices, the Py/Al2O3 Hall
bar needs to be contacted using conductive contacts. As the interface here is not
of major importance, standard lithography techniques can be used to fabricate the
titanium/gold contacts. To improve the changes of a proper lift-off in the final steps,
a bilayer of PMMA is used which increases the natural undercut of the PMMA. The
steps involved with the contact fabrication are described below:

• First, a layer of PMMA 50K 9 wt% (All Resist AR-P 631.09) is spin-coated at
4000 rpm for 60 s with 500 rpm/s and annealed at 180 ◦C for 40 s, resulting
in a 300 nm layer thickness.

• Next, a layer of PMMA 950K 2 wt% (All Resist AR-P 679.02) is spin-coated
at 4000 rpm for 60 s with 500 rpm/s and annealed at 180 ◦C for 40 s, resulting
in a 70 nm layer thickness.

• Before we can expose the markers, we need to have a rough reference as to
where we need to expose the markers on the substrate without risking the
exposure of the PMMA close to the sample. This reference is created by
making two scratches in the PMMA with the end of a sharp tweezer. By
making pictures of the scratches an loading those into the contact design
software (LayoutEditor), the scratches can be outlined and positioned in the
contact design relative to the sample position. In principle, one scratch is
sufficient to expose the markers around the sample using the "origin correction"
in the eline software. Here, however, two scratches are used such that a "2-
point alignment" can be used, which results in higher accuracy.
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• Using EBL with a 10 kV acceleration voltage and a dose of 140 µC/cm2, four
small markers, separated by 180 µm, and four large markers, separated by 1900
µm, are exposed in a 2000×2000 µm2 write field. These markers are centered
around a specific feature, such as a Hall bar or a flake, and are needed for the
alignment of the contacts which will be exposed in a later step.

• Subsequently, the exposed markers are developed for 60 s in a solution of
MIBK:IPA (1:3), rinsed with IPA for 30 s, and finally dried by nitrogen gas.
The developed markers are clearly visible in the SEM of the EBL machine
when using 10 kV acceleration voltage, and allow to accurately position the
contacts onto the specific feature (e.g. Hall bar, flake, etc.).

• Next, the contacts are exposed in two steps. First, the small contacts near the
center of the design are exposed in a small write field of 200×200 µm2 with
a 10, 30, or 60 µm aperture (depending on the minimum feature size), a 10
kV acceleration voltage, and a 140 µC/cm2 dose. Secondly, the larger parts of
the contacts are exposed in a larger write field of 2000×2000 µm2 with a 120
µm aperture, 10 kV acceleration voltage, and a dose of 1.5 × 140 µC/cm2.

• After contact exposure, the contacts are developed as described before. A
microscope image of a device after contact development is depicted in Fig.
3.3(c).

• For the spin-orbit torque devices with an Py/Al2O3 Hall bar, before the Ti/Au
contacts are deposited, the Al2O3 capping layer needs to be removed locally
to allow for a direct contact between the Ti/Au and the Py layer. The Al2O3
is chemical etched away in a solution of tetramethylammonium hydroxide
(TMAH) 4% (Microposit MF CD-26 Developer) for 40 s at 40 ◦C. Next, the
sample is quickly rinsed to remove the TMAH: first in demineralized water
for 5 seconds, subsequently in IPA for another 5 seconds, and finally it is
dried using nitrogen gas. As a side note, the chemical etch rate is highly de-
pendent on temperature. By performing an etch test we found that the etch
rate is (2.9 ± 0.2) nm/min at room temperature, and increased to (46.4 ± 0.2)
nm/min at 50◦C, and is non-linear.

• After the Al2O3 capping layer is removed below the contacts, the sample is
loaded in an electron beam evaporator (Temescal FC2000) which is pumped
down to pressures below 3 × 10−6 mbar. While transferring the sample from
the wet bench to the Temescal FC2000, the Py layer is exposed to ambient
conditions which causes the top layer to oxidize, obstructing good electrical
contact to the permalloy layer. Therefore, before the Ti/Au contacts are
deposited, in-situ argon etching is performed in the electron beam evaporator
(Temescal FC2000) for 20 seconds to remove the oxidized Py layer.

• Immediately after, without breaking the vacuum, the Ti/Au contacts are de-
posited. First, the layer of 5 nm titanium (Ti) at 0.5 Å/s, and secondly, a 55
nm layer of gold (Au) is evaporated at 0.5 Å/s for the first 10 nm and at 2
Å/s for the remaining 45.
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• Next, the evaporated layers of Ti/Au on the PMMA are lifted off by dissolving
the PMMA layer in heated acetone (48 ◦C) for 10 minutes, after which the
sample is rinsed with IPA and dried with nitrogen gas. If all goes well, only the
Ti/Au that is in direct contact with the Si/SiO2 substrate remains in place,
as illustrated in Figs. 3.3(d) and 3.3(e).

• Subsequently, the TMD flake, partially protected by the Al2O3 capping layer,
is etched in a Hall bar by reactive ion etching (RIE). We use CF4 (9.5 sccm)
+ O2 (0.5 sccm) at 30 W RF power and 5 W ICP which etches approximately
1 nm of WSe2 per 10 s. A microscope image of a finalized device, where the
flake is etched into the Hall bar shape, is depicted in Fig. 3.3(f).

• Finally, the sample is wire bonded to a chip carrier and loaded in one of the
experimental setups, described in Sec. 3.2.1.

3.2. Electrical measurements
After the device fabrication is finished successfully and the device is wire bonded
to a chip carrier, the device can be mounted into a setup for electrical or optical

Figure 3.3: A collection of hotographs at different stages of the device fabrication process. (a)
A bilayer WSe2 flake on the Si/SiO2 after exfoliation. (b) The Hall bar PMMA mask deposited
on top of the WSe2 flake as described above. (c) The Py/Al2O3 is deposited and a new layer
of PMMA is spin-coated. Subsequently, the contacts are exposed using e-beam lithography and
developed in MIBK:IPA (1:3). (d) A zoomed in micrograph of the device after Ti/Au deposition.
(e) Zoomed out micrograph of the same device as in (d). (f) The final device after etching away
the TMD layer not covered by the Al2O3 capping layer.
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measurements. In this section, first, the setup and electrical connections used for the
spin-orbit torque measurements will be described, after which the initial electrical
characterization of 2-probe, 3-probe, and 4-probe measurements are discussed. For
the setups used for photocurrent measurements presented in Chapters 7 and 8, I
refer to Sec. 3.4.

3.2.1. Setup description
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Figure 3.4: (a) A π-filter used to protect the device against high voltage spikes from electrostatic
discharge and electrical fast transients when connections are made of broken. These π-filters are
mounted in a home build switch box which allows one to conveniently use and connect the different
contacts of the device. By means of a 3-way toggle switch the contacts of the sample are either
(b) floating, (c) grounded, or (d) connected, as illustrated here. Note that the sample is connect
to the right side, and all the measurement equipement (e.g. voltage meters, current sources,
etc.) are connected to the left of this diagram. (e) 2-Probe configuration where one measures
Rc1 + Rch1 + Rc2. (f) 3-Probe configuration where one measures the contacts resistance Rc2.
(g) 4-Probe measurements where the resistance of the channel, Rch2, is measured. (h) Electrical
connections of the multiple instruments used for harmonic Hall measurements.

The spin-orbit torque measurements presented in this thesis are performed by
means of the harmonic Hall technique. Here, a low-frequency AC charge current
is applied through the device, and the first- and second-harmonic Hall voltages are
measured while the sample is rotated with respect to an in-plane applied magnetic
field. In this subsection, the setup used for these measurements is described. For
details on the relation between the second-harmonic Hall voltage and the spin-orbit
torques, I refer to Sec. 3.3.
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After wire bonding the sample to a 18 pin chip carrier, the chip carrier is loaded
into the sample holder of a setup which allows for the harmonic Hall measurements,
as depicted in Fig. 3.4(h). The sample holder is positioned in between the poles of a
GMW 5403 Electromagnet, which provides the applied magnetic field. By rotating
the sample with respect to the magnetic field, the angle between the applied current
direction in the sample and the magnetic field can be altered, changing ϕ, where a
positive ϕ is defined as depicted in Fig. 3.4(h). All spin-orbit torque measurements
are performed at room temperature at ambient pressures.

Using a shielded 18-pin Fischer cable, the sample is connected to a home made
switch box. The switch box contains low-pass (π-)filters to protect the device against
high voltage spikes from electrostatic discharge or electrical fast transients when
connections are made or broken. These filters consist of 1 kΩ resistor (Rf ) in series
with a inductor (L) and two 10 nF capacitors (C) in parallel connected to ground,
as depicted in Fig. 3.4(a). By means of a 3-way switch, the switch box allows one
to conveniently float, ground, or connect the different contacts of the sample to the
outer pins of the switch box, which in turn, are connected to current or voltage
sources and current or voltage meters using shielded LEMO cables. These different
configurations are shown in Figs. 3.4(b), (c), and (d).

All the spin-orbit torque measurements were performed using a current-biased
low-frequency lock-in technique. An SR830 lock-in amplifier supplies a sinusoidal
AC voltage which is converted into a current using an home-build voltage-to-current
converter (ranging from 10 nA/V to 10 mA/V). Via the switch box, the current is
supplied through the channel of the sample, where the negative electrode of the
current source (I-) is always grounded. The transverse and longitudinal voltage
from the sample are then measured by connecting the contacts to a home-build
voltage pre-amplifier (with a gain ranging from 1 to 105), and finally connected to
the input of the lock-in. Using a GBIP cable, the lock-in is connected to a PC
which allows to control the different parameters (e.g. frequency, time constant,
filters, output voltage etc.), and record its input voltage.

3.2.2. Electrical characterization
Before the spin-orbit torque measurements are performed, the sample is first char-
acterized electrically by means of 2-probe, 3-probe, and 4-probe measurements to
check whether there is proper contact between the evaporated Ti/Au contacts and
the sample. The equivalent circuit diagrams for these measurements are depicted in
Figs. 3.4(e), (f), and (g), respectively. In these diagrams, Rc and Rch represent the
contact and channel resistances. Note that the π-filter also contains a 1 kΩ resistor.
These measurements are performed using a current-biased lock-in technique with a
10 nA AC current at 17.77 Hz. As a side note, it is convenient to use a voltage gain
of 102, because in this case every measured mV corresponds to a kΩ of resistance.

A 2-probe measurement is used as an initial check to see if the contacts are
electrically connected to the device. For a 2-probe measurement, depicted in b, a
current is passed through contact 1 to contact 2 and the voltage drop over contact
1 and 2 is measured. The resistance measured is therefore a sum of the contact
resistances, channel resistances, and filters: R2P = 1kΩ + Rc1 + Rch1 + Rc2 + 1
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kΩ. As the total resistance is a sum of different contributions, this measurement is
only used as an initial check and should be complemented by 3-probe and 4-probe
measurements.

Using a 3-probe measurement, depicted in c, one can determine the contact
resistance of a single contact. Here, a current is passed through contact 1 and 2,
while the voltage is measured between contact 3 and 2. As no current is flowing
through Rch2, Rc3 and the π-filter of contact 3, there is no voltage drop. The
measured resistance is thus R3P = Rc2 + 1kΩ. As the resistance of the wiring is
usually small compared to the contact resistance, and we know the resistance of the
pi-filter, 3-probe measurements allow us to determine the contact resistance.

With a 4-probe measurement, depicted in d, one can determine the channel
resistance of the device. Here, a current is passed through contact 1 and 4, while
the voltage is measured between contact 2 and 3. Again, assuming that no current
is flowing through contact 2 and 3, the measured voltage drop is the voltage drop
across Rch2. This thus allows us the exclude the wire, filter, and contact resistances,
and only measure the channel resistance. A 4-probe configuration is also used for
the harmonic Hall measurements. In this case the voltage probes measure the first-
and second-harmonic transverse voltage V

ω/2ω
xy rather than the longitudinal voltage.

3.3. Harmonic Hall measurements
Now that the setup is discussed, I will present a more detailed discussion on the
relation between the harmonic Hall voltage and the spin-orbit torque strength in
this section. Multiple effects related with these harmonic Hall measurements are
discussed, such as the planar Hall effect, anomalous Hall effect, and the anomalous
Nernst effect, which allow us to determine the spin-orbit torque strength. But first,
a general introduction is given.

The spin-orbit torques in our devices exert a torque on the magnetization of the
ferromagnetic permalloy, causing the magnetization to deflect from its equilibrium
direction. The deflection can be measured electrically by using the fact that the
resistance of the ferromagnetic permalloy depends on the direction of its magnetiza-
tion with respect to the applied current direction. This effect is called the anisotropic
magnetoresistance (AMR) [17, 18], which causes the resistance of the permalloy to
depend on whether the current is applied parallel or perpendicular to its magneti-
zation. It is a consequence of the spin-orbit coupling of the material, but the exact
microscopic mechanism is material specific. Both the longitudinal resistance, Rxx,
and the transverse resistance (or Hall resistance), Rxy, depend on the magnetiza-
tion direction. As the spin-orbit torques are measured in a Hall configuration in
this thesis, a short description of the relevant effects for the Hall measurements are
given in this section.

The deflection of the magnetization direction can be decomposed into an in-
plane and out-of-plane deflection. While both type of deflections result in a change
in the transverse resistance, the magnitude of this change may differ. The changes
in resistance due to an in-plane deflection is referred to as the planar Hall effect
(PHE), while a change in resistance due to an out-of-plane deflection is referred to
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as the anomalous Hall effect (AHE). Both effect will be discussed below, starting
with the planar Hall effect.

3.3.1. Planar Hall effect
Generally, a change in resistance when the magnetization direction is deviated with
respect to the current direction is referred to as anisotropic magnetoresistance
(AMR) [17, 18]. A resistivity can be defined for the cases when the magnetiza-
tion is parallel (ρ∥) or perpendicular (ρ⊥) with respect to the current direction. In
most materials, the resistance is maximum when the magnetization is parallel to
the current direction, and minimum when the magnetization is perpendicular. It is
therefore common to describe the magnetoresistance empirically as [19]:

E⃗ = ρ⊥ j⃗ +
(
ρ⊥ − ρ∥

)
m̂
(

m̂ · j⃗
)

. (3.1)

Here, j⃗ is the current density, m̂ is a unit vector pointing in the direction of the
magnetization, and E⃗ is the electric field. For the harmonic Hall measurements
discussed in the thesis, the current is applied in the x̂-direction, and the magnetic
field is rotated in-plane, i.e. θ = 90◦, and m̂ = (cos(ϕ), sin(ϕ), 0) is in the xy-plane
(illustrated in Fig. 3.5(a)). Therefore, Eq. 3.1 can be rewritten as [20]:

Ex = ρ⊥ jx +
(
ρ⊥ − ρ∥

)
jx cos(ϕ)2, (3.2)

Ey =
(
ρ⊥ − ρ∥

)
jx sin(ϕ) cos(ϕ) =

(
ρ⊥ − ρ∥

) jx

2
sin(2ϕ). (3.3)

As the spin-orbit torque measurements are measured in a Hall configuration, we are
concerned about Eq. 3.3. When rotating the magnetic field in-plane, we expect the
first-harmonic Hall voltage V ω

xy thus to be given by:

V ω
xy = I0RP HE sin(2ϕ), (3.4)

where I0 is the applied current and RP HE is the so-called planar Hall resistance.
This modulation of the voltage when the magnetization direction is rotated in-plane
is referred to as the planar Hall effect (PHE), and is illustrated in Fig. 3.5(c).

In the case that the current-induced SOTs cause a deflection of the magnetization
in the in-plane direction, one is thus able to sense the deflection using the planar
Hall effect. To relate the change in voltage to the torque strength, the planar Hall
resistance is extracted from the first-harmonic Hall measurement, as it is needed
to quantify the torque strength from the second harmonic Hall measurements (Eq.
3.11).

3.3.2. Anomalous Hall effect
In ferromagnetic materials there is another relevant Hall effect, referred to as the
anomalous Hall effect (AHE), which was already discovered in 1881 by Edwin Hall
[21]. This effect originates from the same three microscopic mechanisms as the spin
Hall effect, discussed in Chapter 2, but only occurs in magnetic materials [22, 23].
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Figure 3.5: A schematic illustration of the (a) planar Hall measurement and (b) anomalous Hall
measurement. (a) For the PHE, the magnetization of the magnet is rotated in-plane with respect to
the current direction (I) and the Hall voltage (Vxy) is measured. (c) A schematic of the modulation
of Vxy due to the PHE. (b) For the AHE, an applied magnetic field in the ẑ-direction pulls the
magnetization of the magnet out-of-plane. (d) A schematic of the modulation of Vxy due to the
AHE.

While the PHE depends on the in-plane direction of the magnetization with respect
to the current direction (ϕ), the AHE depends on the out-of-plane component of
the magnetization (M cos(θ)). The AHE can be described by the empirical relation
for the transverse resistivity [23, 24]:

ρxy = ROBz + RsM cos(θ), (3.5)

where ρxy is the transverse resistivity, RO and Rs are the ordinary and anoma-
lous Hall coefficients, respectively, Bz is the out-of-plane component of the external
magnetic field, θ is polar angle of the magnetization (M) as shown in Fig. 3.5(a),
and M cos(θ) is the out-of-plane component of the magnetization of the magnet.
Note that the transverse component due to the ordinary Hall effect is linear with
Bz, while the component from the AHE depends on the out-of-plane component
of the magnetization of the magnet (Mz). The anomalous Hall effect thus allows
one to measure a deviation of the magnetization, for instance due to a SOT, in the
out-of-plane direction.

For the SOT measurements performed in this thesis, the anomalous Hall resis-
tance (RAHE) needs to be determined to extract the spin-orbit torque strength from
the harmonic Hall measurements (see Eq. 3.12). This is done by measuring the first-
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harmonic Hall voltage while applying an out-of-plane external magnetic field. The
external magnetic field pulls the magnetization of the ferromagnet out-of-plane as
illustrated in Fig. 3.5(b). While the sample is rotating in-plane for the planar Hall
and spin-orbit torque measurement, for the anomalous Hall measurement, the sam-
ple needs to be placed in a separate sample holder such that the magnetic field from
the electromagnet is aligned to the out-of-plane direction. Subsequently, the Hall
resistance is measured, again using a low-frequency current-biased lock-in technique
with a current in the order of 10 µA, while sweeping the magnetic field out-of-plane
from approximately -1 T to 1 T. It is important to use a strong enough magnetic
field to fully pull the magnetization of the permalloy out-of-plane and reach the sat-
uration magnetization (approximately 800 mT for the devices used in this thesis),
as schematically depicted in Fig. 3.5(b).

3.3.3. Anomalous Nernst effect
Another effect which is relevant for the harmonic Hall measurements is the thermal
effect called the anomalous Nernst effect (ANE) [25]. Due to Joule heating, the
current applied through the Hall bar in the harmonic Hall measurements generates
heat. As the different materials of the Hall bar have different thermal conductivities,
a temperature gradient is generated in the out-of-plane direction (ẑ-direction), which
is proportional to the Joule power I2R [26, 27]. Applying a temperature gradient
and a perpendicular magnetic field in a non-magnetic material generates a voltage
which is perpendicular to both the temperature gradient and the magnetic field.
This effect is referred to as the Nernst effect. In magnetic materials, on the other
hand, this effect persists even in the absence of an external magnetic field. Here,
a voltage is generated which is perpendicular to both the magnetization m̂ and
the temperature gradient ∇T [28]. This effect is known as the anomalous Nernst
effect and is analogous to the anomalous Hall effect, but now, the driving force is a
temperature gradient rather than a voltage gradient.

The anomalous Nernst effect can be described by [25, 26]:

∇VN = −αN m̂ × ∇Tz, (3.6)

where αN is the anomalous Nernst coefficient, m̂ is the unit vector of the magne-
tization, and ∇Tz is the gradient of the temperature in the ẑ-direction. As the
magnetization m̂ is in the xy plane for the harmonic Hall measurements, ∇VN is
also in the xy plane at an angle of π/2 − ϕ. Therefore, Vxx and Vxy are sinusoidal
in ϕ, with a 90◦ phase shift:

Vxx = I0RANE sin(ϕ), (3.7)

Vxy = I0RANE cos(ϕ) = VANE . (3.8)

Note that these equations assume a temperature gradient only in the ẑ-direction.
For any temperature gradient in the x̂- or ŷ-direction, this expression should be
expanded. As the thermal conductivity of SiO2 (κ = 1.4 W m−1K−1) is much larger
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compared to air (κ = 0.024 W m−1K−1), we can assume that the heat dissipation
takes place mainly via the substrate, generating a positive thermal gradient [26].

For the harmonic Hall measurements, we measure Vxy and are therefore mainly
interested in Eq. 3.8. As both the measured voltage and the generated anomalous
Nernst voltage depend on the current, this thermal effect is measured in the second-
harmonic Hall voltage. As RANE is independent on the applied magnetic field
strength, the effect is identified as a constant voltage offset of the B-component (see
Eq. 3.12), obtained in the second-harmonic Hall measurements discussed in the
next section.

3.3.4. Second-harmonic Hall measurements
As discussed in Sec. 3.3.1, when rotating the magnetic field in-plane, the first-
harmonic signal corresponds to the planar Hall effect, depicted in Fig. 3.5. For
measuring the signal from the current induced torques, on the other hand, we need to
measure the second-harmonic Hall voltage. This can be understood hand-wavingly
as follows. The measured voltage depends on the current: Vxy = IR. The resistance
R, however, depends on the magnetization direction (R(M)), which in turn, depends
on the current due to the current induced torques: M(I). Therefore, we can denote
the resistance as a current independent R0, and a current dependent resistance Rτ ,
making the total resistance: R(M(I)) = R0 + R(τ)I. The transverse voltage then
becomes:

Vxy = IR(M(I)) = IR0 + I2R(τ) (3.9)

The signal from the torques is thus proportional to I2 and appears in the second-
harmonic voltage.

In literature, there are multiple approaches to find the quantitative relation
between the second-harmonic Hall voltage and the SOTs [26, 29–31]. Here, we
adhere to the method used by Hayashi et al. which is based on minimizing the
magnetic energy [30]. A more detailed description of the second-harmonic Hall
voltage derivation can be found in the Appendix A.1.3. For convenience, the final
equation for the second-harmonic Hall voltage is denoted again here:

V 2ω
xy = A cos(2ϕ) cos(ϕ) + B cos(ϕ), (3.10)

where A and B are:

A = RP HEI0τ⊥/γ

H
, (3.11)

B =
RAHEI0τ∥/γ

H + Hk
+ RANEI0. (3.12)

Here, RP HE , RAHE , and RANE are the planar Hall, anomalous Hall, and anomalous
Nernst resistances, I0 is the applied current, γ is the gyromagnetic ratio, H is the
applied field, and Hk is the out-of-plane anisotropy field.
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Figure 3.6: (a) A schematic of the harmonic Hall measurement. Similar to the planar Hall measure-
ments, a current is passed through the channel and an applied magnetic field is rotated in-plane.
In this case, however, the second-harmonic Hall voltage (V ω

xy) is measured as depicted in (b). (b)
The V ω

xy is fitted with Eq. 3.10 to extract the amplitude of the A- and B-component. By per-
forming the measurement at different magnetic field strengths, the field dependence of the A- and
B-component is obtained as shown in (c) and (d), respectively. By fitting the field dependence of
the A- and B-component to Eqs. 3.11 and 3.12, respectively, the out-of-plane and in-plane torque
are extracted.

The A- and B-component are related to the out-of-plane and in-plane torque,
respectively. Initially, this might be counter intuitive as the A-component is de-
pendent on RP HE , which is related to magnetization deviations in the in-plane
direction, while the B-component is dependent on the RAHE , related to deviations
in the out-of-plane direction. However, as mentioned before in Sec. 2.2.3, the mea-
surements in this thesis are performed in a low-frequency quasi-static regime. While
the initial deflection of the magnetization will be in the direction of the torque (i.e.
dm⃗
dt ∼ γ dL⃗

dt ), given enough time (∼ picoseconds in most materials), the magneti-
zation will precess around the effective field, which is the cross product between
the magnetization and the torque direction, and eventually align along the effective
field (finding an equilibrium position between all the effective fields acting on the
magnetization, e.g. demagnetizing field, anisotropy, SOT effective fields). As we
measure in a low-frequency regime, we are sensitive to the effective fields related to
the SOTs and not to the intial ultrafast reaction of the magnetization. Therefore,
the out-of-plane effective field from τ⃗DL gives rise to a deflection of the magnetiza-
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tion in the out-of-plane direction, while the in-plane effective field related to τ⃗F L

causes a deflection in the in-plane direction.
By fitting the second-harmonic voltage to Eq. 3.10, the contribution of the A-

component (Eq. 3.11) and B-component (Eq. 3.12), depicted in Fig. 3.5, can be
extracted. By extracting the A- and B-component for different applied magnetic
fields, we can determine their field dependence. From Eqs. 3.11 and 3.12, we
expect them to fall of with the applied field as illustrated in Fig. 3.6 (∝ 1/H and
∝ 1/(H + Hk), respectively). At high fields, we therefore only expect a cos(ϕ)
dependence of V 2ω

xy due to the field independent contribution of the anomalous
Nernst effect (second part in Eq. 3.12). By fitting the field dependence of the A-
and B-component to Eqs. 3.11 and 3.12, knowing the applied current I0, RP HE

from the first-harmonic Hall voltage (see Sec. 3.3.1), RAHE from the out-of-plane
measurement (see Sec. 3.3.2), Hk, and γ, finally τ⊥ and τ∥ can be determined.

The second-harmonic Hall measurements were performed in the setup depicted
in Fig. 3.4. A low-frequency (f ranging from 27.77 Hz to 377.7 Hz, depending on
the device), AC current I = I0 sin(2πft) (I0 ranging from 400-800 µA) is applied
through the channel of the TMD/Py Hall bar. Next, while rotating the sample in-
plane from −190◦ to +190◦ inside the constant magnetic field, the first and second-
harmonic Hall voltages are measured. These are performed for different magnetic
fields ranging from 10 mT to 300 mT.

3.4.Optical measurements
Apart from the SOT measurements discussed above, studies on the opto-electronic
response of 2D materials are presented. Therefore, the setups used for the Ra-
man spectroscopy, scanning photocurrent, and polarization-dependent photocurent
measurements are described and discussed in this section.

3.4.1. Raman measurements
Raman spectroscopy was used to characterize the monolayer flake of MoSe2 in Chap-
ter 8, and the different phases of MoTe2 in Chapter 7 [32]. These Raman spec-
troscopy measurements were performed using a Renishaw Raman microscope with
a linearly polarized 532 nm wavelength excitation laser, 50x objective, and a 1800
or 2400 l/mm grating. In Chapter 7, the crystallographic phase of MoTe2 by laser
irradiation from the Raman measurement setup. By raster scanning the diffraction
limited laser spot over the flake, in steps of 500 nm with 0.1 s of exposure per step,
and a laser power of ≥3.25 mW, the region of interest is transformed.

3.4.2. Scanning photocurrent measurements
To measure the photocurrent response of vdW based phototransistors or -diodes,
multiple optical setups can be used. Here, I will discuss the scanning photocurrent
measurement used in Chapter 7. As the name suggests, in this type of measurement,
the laser spot is scanned across the sample in a raster-like fashion. By measuring the
intensity of the reflected light, and subsequently measure the induced photocurrent
in the device, one is able to obtain two mappings: one of the reflectivity of the
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device, and one of the induced photocurrent. To illustrate this, the results from
an example measurement on a MoTe2 photodiode depicted in Fig. 3.7(a), is shown
in Fig. 3.7(b) and (c). The reflectivity map in Fig. 3.7(b) shows a map of the
device geometry as the Ti/Au contacts, SiO2, and MoTe2 reflect the light differently,
providing contrast for these different materials. This allows one to easily distinguish
these different regions and thus provides spatial resolution on where exactly the
laser spot is relative to the device. By comparing the reflectivity map with the
corresponding photocurrent map in Fig. 3.7(c), we can easily pinpoint where in
the device the photocurrent is generated (e.g. at the Ti/Au contacts or at the 2D
vdW material). This may shed light on the microscopic mechanisms involved in the
generation of the photocurrent.

a) b) c)

Figure 3.7: (a) An optical microscope image of a MoTe2 device used to measure scanning pho-
tocurrents (scale bar is 20 µm). The region indicated with the dashed white square corresponds to
the region where the focussed laser spot is scanned in a raster-like fashion, while the (b) reflectivity
and (c) induced photocurrent are measured. (b) The different intensities of the reflected light for
the different materials provide contrast and allows one to resolve where the laser spot is relative to
the device. (c) By comparing the photocurrent map with the reflectivity map, the position where
the photocurrent is induced, is retrieved. The white lines indicate the flake and the black lines the
Ti/Au contacts and are added to guide the eye.

The setup used for scanning photocurrent measurements is illustrated in Fig. 3.8.
A supercontinuum white light laser (NKT Photonics SuperK EXTREME) is used
as illumination source in combination with a tunable acusto-optic wavelength filter
(SuperK Select) which provides two laser outputs with a spectral range of 450 nm -
680 nm (VIS) and 690 nm - 1100 nm (VIS-NIR), respectively. As only one of these
outputs can be used at a time, the flip mirror M2 in Fig. 3.8 allows for convenient
switching between the different beam lines. The light of each arm passes through a
telescope arrangement of the concave and convex lenses L1 and L2, where L1 and L2
are separated by ∆x = f1 + f2 to expand and collimate the laser beam. The beam
is expanded to fully fill the back of the final objective (Mitutoyo OBJECTIVE/BF-
NIR 20X/FS) with which the laser light is focusses onto the sample. By completely
filling the back of this objective, the smallest laser spot size (diffraction limited,
∼µm) is achieved. Next, a chopper is used to modulate the light on and off, which
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serves as a reference for the lock-in detection by a Stanford Research Systems SR830
lock-in amplifier. Via mirror M3, the beam is directed to a half-wave plate (λ/2)
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Figure 3.8: A schematic of the setup used in Chapter 7 for scanning photocurrent measurements,
consisting of a laser source (NKT photonics SuperK EXTREME) which has two output lines: VIS
(450-680 nm) and VIS-NIR (690-1100 nm). The sample is loaded in a cryostat and electrically
connected to the electrical equipment discussed in Sec. 3.2. By scanning the objective with the
motorized xyz-stage, the laser spot is scanned across the sample while the electrical response is
measured. The photodiodes PD1 and PD2 are used to measure the power of the laser and the
reflection, respectively.

with which the polarization of the linearly polarized laser can be rotated. Generally
the laser light is polarized horizontally (i.e. in the plane of the optical table: s-
polarized). Subsequently, the beam is directed to a beam splitter cube (BS1) where
a part of the light is reflected to the sample, while the transmitted light is monitored
by a silicon photodiode (PD1, Thorlabs PDA36A-EC) which allows to monitor the
output power of the laser. The reflected light passes through a beam splitter (BS2),
mounted on a flip mount, which is used to direct the light from a white light LED
to the sample for illumination. The illumination from the LED is only used to
capture the image of the sample on to a camera, which enables us to visually align
the laser spot on the sample. When a measurement is initiated, BS2 is flipped out
of the beam path to increase the laser power reaching the sample. After the beam
splitter, a motorized quarter-wave plate (λ/4) can be placed in the beam path, with
which the polarization can be changed from linear to circular, and thus, allows for
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polarization-dependent photocurrent measurements. Next, using a periscope mirror
(M4), the light is directed downwards to the objective. The objective is mounted on
a motorized xyz-stage with which the objective can be moved in all three directions;
by moving in the ẑ-direction, the sample can be put in focus, while moving in the
xy-plane enables one to scan the laser spot over the sample. The sample itself is kept
in vacuum inside a LakeShore Janis flow cryostat and is wire bonded to a 24-pin
chip carrier which allows for the (opto)electronic measurements.

Next, to monitor the intensity of the reflected light, first, the reflection of the
sample is captured using the objective, after which it follows its way back to the
beam splitter cube BS1. Here, the reflection is partially transmitted and directed
by mirror M5 towards the lens L5, which focuses the image on to the camera.
Another flip mirror M6 is also positioned here, which allows us to direct the laser
light towards another photodiode (PD2), such that we can measure the intensity of
the reflected laser light during an actual measurement.

The scanning photocurrent measurements are performed either by measuring the
photocurrent or photovoltage. The photocurrent can be measured either directly
with a lock-in amplifier, or by first converting the photocurrent into a voltage using
a current-preamplifier. The current pre-amplifier used in this thesis is either a
Standford Research Systems SR570 current pre-amplifier, or a home-build current
pre-amplifier (IVVI-meetkast), discussed before. Because the IVVI-Meetkast is able
to amplify the signal with higher gain, resulting in a higher signal-to-noise ratio
compared to the SR570, this instrument is preferred. The output voltage of the
current pre-amplifier is subsequently measured with the lock-in. When measuring
the photovoltage, the induced photovoltage can either be measured directly using a
lock-in, or can first be amplified using the home-build voltage pre-amplifier (IVVI-
meetkast). Drain source voltages (Vds) and gate voltage (Vg) can be applied to the
sample by connecting the contacts or gate to a source-meter (Keithley 2400/2450).

3.4.3. Polarization-dependent photocurrent measurements
In this section, an overview is provided of the setup used for the polarization-
dependent photocurrent measurements discussed in Chapter 8. The setup is de-
picted in Fig. 3.9. First the optical part of the setup is described, after which the
electrical part will be discussed.

A continuous wave (CW) titanium:sapphire laser (M Squared SolsTiS, 700 nm
- 1000 nm) is used as illumination source. As this is a high power laser source,
the first part of the setup consists of a half-wave plate (λ/2) and a polarizing beam
splitter (BS1) which reduces the laser power by directing part of the laser light to the
beam dump. Next, the laser passes through a chopper to modulate the light on and
off, which allows us to lock-in on that specific frequency using a Stanford Research
SR830 lock-in amplifier, similar as for the setup discussed above. After passing two
steering mirrors, M1 and M2, the beam passes through a telescope configuration
with a concave lens L1 and convex lens L2, separated by ∆x = f1 + f2 to expand
and collimate the beam. Contrary to the optical setup depicted in Fig. 3.8, the
laser is not focused onto the sample such that the polarization of the light is well
defined. In addition, expanding the beam in this setup allows for more homogeneous
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Figure 3.9: A schematic of the setup used in Chapter 8 to perform polarization-dependent pho-
tocurrent measurements. Here, the polarization of the laser source (M Squared Ti:sapphire laser
(700-1000 nm)) is first set with a polarizer (Pol.), after which a rotatable quarter-wave plate allows
one to change the polarization from linear to circular. As the polarization of the light is best
defined when the light is fully collimated, no objective is used to focus the light on the sample. To
measure the induced photocurrents, the sample is electrically connected to the electrical equipment
discussed in Sec. 3.2.

illumination of the entire sample as discussed in Chapter 8. To monitor the intensity
of the laser output using a photo diode (PD), and allow for white light illumination
of the sample from a light source, a beam splitter (BS2) is placed after the telescope
configuration, after which the polarization is set using a polarizer (Pol.). Next, a
movable beam splitter (BS3) is positioned in the beam path, to direct the reflection
from the sample onto the CMOS sensor of a camera. By connecting the camera
to a monitor, it allows us to see the sample and check for proper alignment of the
laser on to the sample. Before reaching the sample, the laser passes a quarter-wave
plate (λ/4), mounted in a motorized rotation stage. This λ/4 plate allows us to
change the laser polarization from linear to circular by rotating the optical axis of
the λ/4 plate relative to the linearly polarized light of the laser using the PC. The
sample itself is kept at room temperature in a vacuum chamber and is mounted
on a rotatable sample holder, which allows one to change the laser incidence angle
manually in steps of 10◦.

For the electrical connections, again, the Ti/Au contacts of the sample are con-
nected to the rest of the equipment via a switch box containing low-pass (π−)filters,
as discussed in Sec. 3.2.1. The contacts are connected to a current pre-amplifier
(CPA, Stanford Research Systems SR570), which converts the detected photocur-
rent into an amplified voltage, via the π-filters discussed in Sec. 3.2.1. Next, this
voltage is measured by a lock-in amplifier (Stanford Research Systems SR830) which
is locked to the chopping frequency of the chopper. By means of a GPIB connection,
the data from the lock-in are recorded and stored on the PC. In addition, the sample
can be connected to a voltage source (Keithley 2400 or 2450) to apply a Vds or Vg.
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3. Experimental Methods

The measurements are initiated and recorded using a home-written MATLAB code.
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chapter 4

Spin-orbit torques in transition metal
dichalcogenide/ferromagnet heterostructures

In recent years, there has been a growing interest in spin-orbit torques (SOTs) for
manipulating the magnetization in nonvolatile magnetic memory devices. SOTs rely
on the spin-orbit coupling of a nonmagnetic material coupled to a ferromagnetic
layer to convert an applied charge current into a torque on the magnetization of the
ferromagnet (FM). Transition metal dichalcogenides (TMDs) are promising candi-
dates for generating these torques with both high charge-to-spin conversion ratios,
and symmetries and directions which are efficient for magnetization manipulation.
Moreover, TMDs offer a wide range of attractive properties, such as large spin-orbit
coupling, high crystalline quality and diverse crystalline symmetries. Although nu-
merous studies were published on SOTs using TMD/FM heterostructures, we lack
clear understanding of the observed SOT symmetries, directions, and strengths. In
order to shine some light on the differences and similarities among the works in
literature, in this mini-review we compare the results for various TMD/FM devices,
highlighting the experimental techniques used to fabricate the devices and to quan-
tify the SOTs, discussing their potential effect on the interface quality and resulting
SOTs. This enables us to both identify the impact of particular fabrication steps
on the observed SOT symmetries and directions, and give suggestions for their un-
derlying microscopic mechanisms. Furthermore, we highlight recent progress of the
theoretical work on SOTs using TMD heterostructures and propose future research
directions.

Published as: Jan Hidding and Marcos H. D. Guimarães, "Spin-Orbit Torques in Transition
Metal Dichalcogenide/Ferromagnet Heterostructures," Front. Mater. 7, 594771 (2020), DOI:
10.3389/fmats.2020.594771 [1].
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4. Spin-orbit torques in transition metal dichalcogenide/ferromagnet heterostructures

4.1. Introduction

S pin-orbit torques (SOTs) are promising candidates for effective manipulation of
magnetization through electric currents with applications in nonvolatile magnetic

memory and logic devices. SOTs convert an electric current into a magnetic torque
in non-magnetic/ferromagnetic heterostructure, i.e. an electric current through the
stack can modulate the direction of the ferromagnets magnetization [2, 3]. Devices
showing large SOT efficiencies usually rely on a nonmagnetic material with large
spin-orbit coupling in contact with a ferromagnet (FM). Transition metal dichalco-
genides (TMDs), with chemical formula MX2, where M is a transition metal (e.g.
Mo, and W) and X a chalcogen element (e.g. S and Se), can provide large spin-orbit
coupling and pristine surfaces which can result in a more intimate contact between
the TMD and the FM layer. Furthermore, this family of materials offers a wide
range of electronic and crystalline properties and symmetries. Although numerous
articles were published on SOTs in TMD/ferromagnetic heterostructures, a clear
understanding of the different mechanisms underlying observed SOTs remain yet to
be understood.

In this mini-review, we give an overview of the recent progress on SOTs in
TMD/FM heterostructures. Materials with high charge-to-spin conversion efficien-
cies, such as WTe2 and TaTe2 [4–6], are often considered as good candidates for
large SOT efficiencies. However, large charge-to-spin conversion efficiencies are no
guarantee for large SOT efficiencies, as SOTs are often an emergent phenomenon,
depending on proximity effects (spin-orbit coupling and magnetic exchange), wave
function overlap, and interface spin transparency (spin mixing conductance) as well.
Indeed, the observed torques in TMD/FM heterostructures cannot always be ex-
plained by well-known effects such as the bulk spin Hall effect (SHE) [7–9] or the
interfacial Rashba-Edelstein Effect (REE) [10–14] (Fig. 4.1), indicating that other
mechanisms involving material specific properties or interfacial effects are into play.
This is supported by recent works suggesting that both the type of ferromagnetic
layer [15, 16] and the interface properties between the TMD and the ferromagnetic
layer [17–21] are of paramount importance for the observed SOTs, allowing for en-
hanced and unconventional SOTs.

To describe to different torques, we use the notation in terms of odd (τ ζ
o ∝ m̂× ζ̂)

or even (τ ζ
e ∝ m̂ × (ζ̂ × m̂)) with respect to the magnetization direction (m̂), with

ζ = x, y, z. These torques are also named, respectively, field-like (FL) and damping-
like (DL) torques in many papers in literature [3], with directions out-of-plane or in-
plane with respect to the TMD/FM plane (Fig. 4.1). For a fair comparison between
the results in literature we use the torque conductivities (σζ

o(e)) to quantify the SOT
strength, which expresses the torques per unit area per unit electric field. This
figure of merit is adopted rather than the torque efficiency (ξjc

F L(AD)), because the
electric field across the device can be more accurately determined when compared
to the current density [22].
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4.2. Discussion on recent progress

Figure 4.1: Schematics of SOTs in TMD/FM heterostructures. A charge current, usually oscillating
at low (RF) frequencies for SHH (ST-FMR) measurements is applied along a device consisting of
a TMD layer and a FM. The magnetization of the FM layer, oriented along an external magnetic
field, observes a current-induced SOT in-plane (τ∥) and out-of-plane (τ⊥), indicated by the green
arrows. These torques may arise from multiple microscopic effects arising in the bilayer, which
may originate either from the TMD/FM interface (top), e.g. through the Rashba-Edelstein Effect
(REE), or the bulk of the material (bottom), as for example through a spin Hall effect (SHE) in
the TMD layer.

4.2. Discussion on recent progress
The field of SOTs using TMD-based devices has been rapidly developed in the past
5 years. Experimental studies have used different TMD sources (e.g. mechanical
exfoliation or chemical vapor deposition, CVD), FM materials, deposition meth-
ods (e.g. sputtering or electron-beam evaporation), and measurement techniques,
namely second-harmonic Hall (SHH) [23–26] or spin-torque ferromagnetic resonance
(ST-FMR) [27–29]. So far, it is unclear how these different techniques and proce-
dures affect the measured SOTs.

In this section, we discuss the results for semiconducting, semi-metallic and
metallic TMDs, giving an overview of their fabrication and measurement techniques
(Table 4.1). Comparing the TMDs in this way allows us to pinpoint important
differences and similarities in the observed torques.

4.2.1. Semi-conducting TMDs
Shao et al. were one of the first to examine SOTs in TMD/FM heterostructures [30].
There, SOTs were quantified by the non-resonant SHH measurements on monolayer
(1L) MoS2 and WSe2 coupled with CoFeB (3 nm). They observed a temperature
independent out-of-plane FL torque τy

o (m̂×ŷ) for both devices with a corresponding
torque conductivity of σy

o = 2.88×103(ℏ/2e)(Ωm)−1 and 5.52×103(ℏ/2e)(Ωm)−1 for
MoS2 and WSe2, respectively. No in-plane DL torque of the form τy

e (m̂×(ŷ×m̂)) was
observed in either of their devices. This DL torque is observed in SOT measurements
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on Pt/Py bilayers and is often ascribed to the SHE [31]. Since the monolayer TMDs
are much less conductive than the FM layer, the SOTs here are interfacial in nature,
and the results point to the REE mechanism [32–35].

Interestingly, in a concurrent work, Zhang et al. obtained different results using
a high-frequency technique, ST-FMR, on 1L-MoS2/Permalloy (Ni80Fe20 Py) 5 nm
[36]. There, they identified an in-plane DL τy

e (m̂ × (ŷ × m̂)) and an out-of-plane
FL torque τy

o (m̂ × ŷ). A torque ratio, τy
o /τy

e = 0.19ś0.01 was obtained, indicating
that τy

e dominates over τy
o , in contrast to the results by Shao and co-workers. This

result was repeated using different deposition techniques of the FM layer (sputtering
or electron-beam deposition), indicating that the observed torque is independent on
the Py deposition technique. The different measurement techniques used by the two
groups could explain the discrepancy in the observed torques. However, it has been
shown that the SOTs quantified by ST-FMR and SHH techniques agree within the
experimental accuracy for several systems [37–39].

The discrepancy between results for MoS2/FM bilayers suggests that not only the
spin-orbit material but also the type of ferromagnetic material (CoFeB vs Py) can
play a significant role in the observed torques. This is theoretically substantiated
in a recent work [15], where calculations on MoSe2/Co, WSe2/Co and TaSe2/Co
heterostructures were performed. They find that the hybridization of the Co wave-
functions with those of the TMDs leads to dramatic transmutation of the electronic
and spin structure of the Co layers, even within eight layers away from the in-
terface. This suggests that injecting unpolarized spin currents in these spin-orbit-
proximitized layers of Co generates non-equilibrium spin densities, which in turn
leads to a nonzero local torque on the magnetization. Both the spin polarization
direction and magnitude were shown to differ between the different TMDs and
complex spin textures were obtained for the spin-orbit-proximitized layers. These
results indicate that the FM material can play an active role in the type of SOTs ob-
served. Moreover, recent theoretical works [18] pointed out that different scattering
mechanisms lead to different torque symmetries, indicating that the sample quality,
symmetry and nature of scatterers also plays a role here. Different FM materials in
FM/TMD heterostructures might therefore exhibit different SOTs as was the case
for Shao et al. and Zhang et al.

More recently, WS2 was studied by Lv et al. in a 1L-WS2/Py (10 nm) het-
erostructure [40] using CVD-grown WS2 and electron-beam evaporated Py layer.
The authors observe both a DL torque τy

e and a FL torque τy
o in their ST-FMR

measurements, which are ascribed to the interfacial REE. Furthermore, they ob-
served a gate-dependent SOT ratio ranging from τy

o /τy
e = 0.05 to 0.22 within a

range of Vg = −60 V to 60 V, absent in their reference sample of Pt/Py. Gate-
dependent SOTs were observed in SHH measurements on a topological insulator
[41], but not yet reported in TMD/FM heterostructures. The increasing SOT ratio
with gate-voltage could be explained by an increased carrier density leading to an
enhanced current at the WS2/Py interface. The modulation of SOT strength using
a gate voltage is a step towards applications for data storage and processing and
more research should be done to improve the gate tunability of SOTs in TMD/FM
heterostructures [31, 42–44].
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4.2.2. Semi-metallic TMDs
In addition to semiconducting TMDs, a variety of semi-metallic TMDs have been
studied, with special focus given to low-symmetry crystals. A particularly inter-
esting candidate is WTe2, belonging to space group Pmn21. In a WTe2/FM het-
erostructure, however, the symmetries are reduced to a single mirror plane perpen-
dicular to the a-axis and the identity, space group Pm. The low device symmetry
allows for unconventional SOTs, such as an out-of-plane DL torque τz

e (m̂×(ẑ×m̂)),
which is especially interesting for applications in high-density memory devices since
these torques are very effective for magnetization switching of perpendicular mag-
netic anisotropy materials [31].

MacNeill et al. were the first to examine SOTs using WTe2 [37]. Using ST-FMR,
the authors observed τz

e , along the conventional SOTs τy
o and τy

e , and extracted a
torque conductivity of σz

e = 3.6 ± 0.8 × 103(ℏ/2e)(Ωm)−1 with the current driven
along the low-symmetry a-axis. The other FL and DL torque conductivities were
measured at σy

o = 9 ± 3 × 103(ℏ/2e)(Ωm)−1 and σy
e = 8 ± 2 × 103(ℏ/2e)(Ωm)−1,

respectively. The magnitude of τz
e was found to depend on the angle between the

electric current and the WTe2 a-axis, showing a gradual decrease of the torque ratio
τz

e /τy
o when the projection of the current on the b-axis increases, giving support to its

origin being correlated with the crystal symmetry. Even though an initial thickness
dependence on the torques revealed little variation, a more thorough study with a
wider thickness range (t = 0.7 − 16 nm) revealed additional bulk contributions to
the SOTs in addition to the interfacial ones [45]. The thickness dependence of |τy

o |,
shows a strong increase with increasing WTe2 thickness, suggesting it originates from
an Oersted field produced by the current in the WTe2 layer. The unusual out-of-
plane DL torque τz

e shows a slowly decreasing magnitude with increasing thickness
(t ≥ 4 nm), while thinner layers show significant device-to-device variations. In the
same work, the authors indicated that the in-plane DL torque τy

e possesses a similar
thickness dependence as τz

e . These torques remain large down a WTe2 monolayer,
suggesting that their microscopic origin is interfacial with some possible (smaller)
additional bulk contribution.

Subsequent studies indicated a strong temperature dependence (2-300 K) on
τy

o with the current flowing along the b-axis of WTe2 using ST-FMR measure-
ments [46]. While this temperature dependence was observed for thicker samples
(20 nm and 31 nm), thinner samples (5.6 nm and 7.0 nm) only showed a weak
temperature dependence. Furthermore, for a current applied along the a-axis (I
∥ a), no temperature dependence is observed. A torque conductivity as high as
σy

o = 1.3 × 105(ℏ/2e)(Ωm)−1 was reported. Calculations of the Oersted field contri-
bution to τy

o could not explain the large enhancement. The enhanced SOT at low
temperatures with I ∥ b-axis was therefore ascribed to a spin accumulation created
by spin-momentum locking in Fermi arcs which exist only along the b-axis, experi-
mentally observed for WTe2 nanoribbons with thicknesses in the range of 10 nm to
40 nm [47]. The origin of the relatively high τy

o which remains for thinner devices,
is ascribed to the REE.

More recently, WTe2/Py heterostructures have been shown to be very efficient
for current-induced in-plane magnetization switching, with switching current den-
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sities in the order of 105 A/cm2 [39]. In the same work, the authors also reported
a thickness dependence on the spin Hall efficiency in WTe2, with larger values at
higher thicknesses. However, the ST-FMR results show a significant frequency de-
pendence and the role of artifacts such as skin-depth effects could not be ruled out.
Nevertheless, the low threshold for current-induced magnetization switching indi-
cates a promising direction for TMDs in future applications. Interestingly, these
structures have also shown the presence of a Dzyaloshinskii-Moriya interaction, an
essential ingredient for chiral magnetism.

The anisotropic in-plane conductivity in low-symmetry crystals can also impact
SOTs. Results on TaTe2/Py heterostructures have shown SOTs with Dresselhaus-
like symmetries (m̂× x̂) [38]. These torques have been shown to arise from Oersted-
fields, generated by in-plane transverse current components due to conductivity
anisotropy of TaTe2. A similar, albeit smaller effect has been shown to be present
in WTe2/Py bilayers. Apart from the regular Oersted torque and Dresselhaus-like
torque in the TaTe2/Py heterostructures, the other torques are small or zero. Cross-
sectional high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) has indicated intermixing at the TaTe2/Py interface which is likely
to affect the effective SOTs due to a change in the local electronic environment and
the spin mixing conductance of the interface. Interestingly, a change in the SOTs
in topological-insulator/ferromagnet devices due to intermixing at the interface has
been recently reported [48]. Here we point out that in addition to the changes in the
SOTs arising from the different electronic structures for devices using different FM
layers (e.g. Py, Co, CoFeB), the materials intermixing should also be carefully con-
sidered and potentially quantified in order to obtain a more in-depth understanding
of the microscopic mechanisms involved.

Interestingly, both TaTe2 and WTe2 have shown to induce an in-plane magnetic
anisotropy on Py, indicating a strong interaction between the semi-metallic TMDs
and the FM layer. The anisotropy induced by WTe2 was shown to be about 10s of
mT and one order of magnitude larger than the one induced by TaTe2. Additionally,
the two TMDs induced anisotropy in different directions with respect to their crystal
orientations, hinting towards the dependence of the induced magnetic anisotropy
and the electronic structure of the TMD.

Another interesting semi-metallic TMD is β-MoTe2 which, different than WTe2
and similar to TaTe2, possess inversion symmetry in its bulk form. Using β-
MoTe2/Py bilayers Stiehl et al. observe the presence of an out-of-plane DL torque
τz

e using ST-FMR measurements [49]. This is allowed by the inversion symmetry
breaking at the β-MoTe2/Py interface and indicates that inversion asymmetry in
the bulk is not a strict requirement for τz

e to be observed. The authors report a
thickness independent torque conductivity of σz

e = 1.02 ± 0.03 × 103(ℏ/2e)(Ωm)−1,
1/3 of the value reported for WTe2. The standard in-plane DL torque τy

e was also
observed with σy

e = 5.8 ± 0.16 × 103(ℏ/2e)(Ωm)−1, and showed no apparent thick-
ness dependence. The lack of a thickness dependent on τz

e and τy
e for both WTe2

and β-MoTe2, strongly suggests an interfacial origin for these SOTs.
In addition to the out-of-plane DL torque τz

e , the low crystal symmetries of
WTe2 and β-MoTe2 also allow for the presence of an in-plane FL torque τz

o (m
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4.2. Discussion on recent progress

Œz ). While this torque was not observed in WTe2, it was present in β-MoTe2
devices. There, both τz

e and τz
o have shown similar temperature dependences, but

different thickness dependences, hinting towards two microscopic mechanisms for
τz

o : one related and another unrelated to τz
e . However, the physical mechanisms

that generate these torques are still unknown.
More recently, PtTe2/Py devices [50] have shown a high spin-torque conductivity

for the in-plane DL torque σy
e = 1.6 × 105(ℏ/2e)(Ωm)−1. This value is one order of

magnitude (or larger) than the values encountered in other TMD-based devices and
comparable to devices based on heavy-metal or topological-insulators. This large
spin-torque conductivity has been ascribed to a combination of the SHE and spin-
momentum locking in topological surface states of PtTe2, as previously observed in
topological insulators [51–54].

4.2.3.Metallic TMDs
Despite offering stronger spin-orbit interaction and higher conductivity, metallic
TMDs have received less attention than their semi-metallic and semiconducting
counterparts. To date, only two experimental studies have been reported [55, 56].

Thickness dependent ST-FMR measurements on NbSe2 (1 to 10 layers) /Py het-
erostructures revealed an in-plane DL torque τy

e with a torque conductivity (σy
e =

3×103(ℏ/2e)(Ωm)−1 comparable to other TMD/Py heterostructures and observable
down to a monolayer of NbSe2 [55]. Similar to β-MoTe2/Py [49], τy

e shows only a
weak thickness dependence. An out-of-plane FL torque (σy

o = 40×103(ℏ/2e)(Ωm)−1

was also observed, and attributed to Oersted fields due to their linear scaling with
NbSe2 thickness. However, for thin NbSe2 layers, the estimated Oersted-field con-
tribution overestimates the observed torque magnitude, and, for monolayer NbSe2
a sign change is observed. These observations for τy

e and τy
o indicate a contribution

from interfacial torques.
In addition to the SOTs with conventional symmetries, an in-plane FL torque τz

o

(m̂ × ẑ) was observed in some devices. Since the trigonal symmetry of NbSe2 does
not allow for their presence, and given the seemly random thickness dependence
of τz

o , the authors argue that these torques could arise from uncontrollable strain
from the fabrication procedure, which reduces the NbSe2 symmetries. Although
τz

e is subject to the same symmetry constraints, τz
e = 0 for all measured devices,

which is in contrast to the torques obtained for WTe2, where τz
o = 0, and τz

e ̸= 0
[37, 45]. This indicates that symmetry analysis alone is not sufficient to predict the
observed torques in these systems and that other microscopic factors related to, for
example, interface quality [18, 24], Berry curvature [57], or local atomic point-group
symmetries [58] could play an important role.

A large spin-torque conductivity of σy
e = 2.63 × 105(ℏ/2e)(Ωm)−1 has been

recently reported for the metallic monolayer TaS2/Py heterostructures [56] using ST-
FMR measurements. This result is attributed to a clean interface which is supported
by cross-sectional TEM imaging. Using DFT calculations, the authors observe a
considerable redistribution of the band structure which they hold accountable for
the prominent DL torque.
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4. Spin-orbit torques in transition metal dichalcogenide/ferromagnet heterostructures
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Table 4.1: Recent studies on TMD/FM heterostructures with their fabrication techniques and spin
torque conductivities.
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4.3. Conclusions

4.3. Conclusions
In this review, we have given an overview of the current status of the field of SOTs
in TMD/FM heterostructures. A multitude of SOT symmetries, magnitudes and
directions were observed, which could not always be explained by well-known ef-
fects such as the SHE and REE. Different mechanisms that do not rely on a large
spin-orbit coupling, such as anisotropic in-plane conductivity and uniaxial strain,
can also play an important role. Additionally, interfacial effects such as spin-orbit
filtering, spin-orbit precession and spin-momentum locking in topological surface
states may affect the observed torques. In combination with the large torque con-
ductivities obtained at clean interfaces, this suggests that the TMD/FM interface
quality is of paramount importance for both the torque magnitude and direction.
Lastly, the ferromagnetic layer, often considered to play a passive role, can have a
significant effect on the observed SOTs due to changes of the electronic structure
and intermixing at the interface. DzyaloshinskiiMoriya interaction (DMI) has been
shown to arise at TMD/FM interfaces demonstrating a strong interaction between
these materials [21, 39, 59]. The large interfacial DMI in these heterostructures
could be explored in future devices combining chiral magnetic structures and SOTs.

Although the crystal symmetry allows for a reasonable prediction of the allowed
SOTs, a better understanding of the underlying microscopic mechanisms is key in
qualitatively explaining the observed SOTs. In this regard, thickness dependent
measurements provide a tool to better differentiate bulk effects from interfacial
effects. However, as the contributions of different effects are measured all at once,
it remains difficult to distinguish the numerous mechanisms underlying the torques
with the current experimental techniques. To clarify the role of the ferromagnetic
layer, a variety of devices with different FM materials should be fabricated.

Van der Waals heterostructures composed of TMDs, two-dimensional magnetic
materials and graphene should allow for the study of SOTs at the ultimate thickness.
Due to their small thickness, in addition to possibly reducing the device footprint,
atomically-thin materials are more susceptible to external stimuli, such as gate-
voltages, strain and illumination. Along these lines, interesting predictions point
to the modulation of SOT and magnetization by gate-voltages in these structures
[60, 61]. The exploration of gate-tunable SOTs in TMD/FM heterostructures could
serve as a first step towards non-volatile data processing and storage as well as
processing-in-memory applications. By giving an overview of the current status
of the field, we hope to facilitate progress on elucidating the different underlying
physical mechanisms for the SOTs.
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chapter 5

Interfacial spin-orbit torques and magnetic
anisotropy in WSe₂/permalloy bilayers

Transition metal dichalcogenides (TMDs) are promising materials for efficient gen-
eration of current-induced spin-orbit torques (SOTs) on an adjacent ferromagnetic
layer. Numerous effects, both interfacial and bulk, have been put forward to ex-
plain the different torques previously observed. Thus far, however, there is no
clear consensus on the microscopic origin underlying the SOTs observed in these
TMD/ferromagnet bilayers. To shine light on the microscopic mechanisms at play,
here we perform thickness dependent SOT measurements on the semiconducting
WSe2/permalloy bilayer with various WSe2 layer thickness, down to the monolayer
limit. We observe a large out-of-plane field-like torque with spin-torque conductiv-
ities up to 1 × 104 (ℏ/2e) (Ωm)−1. For some devices, we also observe an in-plane
antidamping-like torque, albeit with a large corresponding error. Both torques show
no clear dependence on the WSe2 thickness, as expected for a Rashba system. Unex-
pectedly, we observe a strong in-plane magnetic anisotropyup to about 6.6 × 104 erg
cm-3induced in permalloy by the underlying hexagonal WSe2 crystal. Using scan-
ning transmission electron microscopy, we confirm that the easy axis of the magnetic
anisotropy is aligned to the armchair direction of the WSe2. Our results indicate
a strong interplay between the ferromagnet and TMD, and unveil the nature of the
SOTs in TMD-based devices. These findings open new avenues for possible methods
for optimizing the torques and the interaction with interfaced magnets, important
for future non-volatile magnetic devices for data processing and storage.

Published as: Jan Hidding et al., "Interfacial Spin-Orbit Torques and Magnetic Anisotropy
in WSe2/Permalloy Bilayers," J. Phys. Mater. 4 04LT01, 289 (2021), DOI:10.1088/2515-
7639/ac24ee [1].
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5. Interfacial spin-orbit torques and magnetic anisotropy in WSe₂/permalloy bilayers

5.1. Introduction

T he electrical manipulation of magnetic layers is extremely appealing for future
non-volatile and energy-efficient data processing and memory devices [2–4]. One

of the most promising approaches to accomplish this is the use of spin-orbit torques
(SOTs), where an electric current through a high spin-orbit material can apply a
torque on the magnetization of an interfaced ferromagnetic layer [3]. One of the
key components of materials showing large SOTs is the presence of a high spin-orbit
coupling. For this reason, heavy-metal layers such as Pt [5–8], and Ta [9], have
been used to generate efficient SOTs. These systems were shown to be capable of
switching the direction of out-of-plane magnetic layers with relatively small current
densities (5×105 A cm2) [10]. Therefore, heavy-metal-based SOT devices have been
in the spotlight for future magnetic random-access memory devices [3].

The application of heavy-metal layers for SOT devices has many advantages,
such as the easy integration with CMOS-compatible processes [11], but it suffers
from a relatively low SOT efficiency. This is partially due to their relatively weak
spin Hall effect - a few 10s of percent - combined with the fact that their spin Hall-
generated torques do not possess the optimum symmetry for deterministic magne-
tization switching of magnetic layers with perpendicular magnetic anisotropy, such
as the ones used in high-density memory recording. This has pushed researchers
to explore more exotic material systems, such as topological insulators and two-
dimensional (2D) materials, for SOT generation. Topological insulators were shown
to generate very large SOTs and magnetic switching current densities orders of
magnitude lower than conventional heavy-metal devices [12–18]. However, a large
portion of the current still flows through the bulk of the material and does not profit
from the high spin-orbit coupling at the (topological) surface states, which reduces
the SOT efficiency.

The large family of van der Waals materials, such as transition metal dichalco-
genides (TMDs), have shown to be a promising material platform for the study of
SOTs [19]. Due to their versatile properties, where similar materials can show dras-
tically different values of, e.g. conductivity or spin-orbit coupling, these systems
can be used to pinpoint key ingredients for effective SOT generation. The study
of SOTs in TMDs with low crystal symmetries illustrates this well [20–24]. There,
researchers identified the presence of SOTs with unusual symmetries, not allowed
in conventional systems and made possible by the low symmetry of the TMD lay-
ers. The particular case of semi-metallic WTe2 is very attractive since it showed a
large out-of-plane antidamping-like torque [20, 21], ideal for the switching of layers
with perpendicular magnetic anisotropy, in addition to large SOT efficiencies and
very small critical current densities for magnetization switching [25]. The antiferro-
magnetic insulator NiPS3 also demonstrated very large SOT efficiencies, surpassing
conventional Pt/ferromagnet systems at low temperatures [26].

Semiconducting TMDs, such as hexagonal MoS2 and WSe2, have also attracted
significant attention. These materials have shown more modest SOT efficiencies
[27–30] but are more attractive for industrial integration due to their air stability
and the more developed methods for wafer-scale growth on CMOS-compatible sub-
strates [31]. Even though SOTs in semiconducting TMD/ferromagnet systems have
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been studied before, a clear consensus on the torque symmetries and mechanisms
is still lacking [27, 32–34]. Moreover, all studies performed previously used chemi-
cal vapor deposition (CVD) grown layers, which, despite providing large scale films,
suffer from a lower crystalline and electronic quality compared to their mechanically
exfoliated counterparts.

Here, we report current induced SOTs in high-quality single crystal WSe2 inter-
faced with a ferromagnet, Ni80Fe20 (permalloyPy), for multiple WSe2 thicknesses,
down to the monolayer limit. We observe a large out-of-plane field-like torque
(τF L), and, for some of our devices, an in-plane antidamping-like torque (τDL) with
no clear dependence on the WSe2 thickness for both τF L and τDL. Our results
are consistent with SOTs arising from an interfacial (Rashba) spin-orbit coupling.
Furthermore, we observe a large magnetic anisotropy induced on the Py layer for
all our devices. Two devices in particular, possessing the largest anisotropy values,
allow us to identify that the magnetic anisotropy induced in the Py layer closely
follows the armchair crystallographic axis of the WSe2 crystal. Our study shines
light on the fundamentals of SOTs in TMD/ferromagnet bilayers, making it possible
to narrow down on specific microscopic mechanisms. Moreover, our observation of a
large magnetic anisotropy in Py following the crystallographic axis of WSe2 should
further enhance the understanding of the interaction between these two materials,
essential for optimizing future TMD-based spintronic devices.

5.2. Experimental methods
5.2.1. Device fabrication
Our samples are fabricated by mechanically exfoliating a bulk WSe2 crystal (HQ
Graphene) on Si/SiO2 [35]. Thin WSe2 flakes are selected using optical microscopy
and their thickness determined by optical contrast [36] and atomic-force microscopy.
Monolayer flakes are further confirmed by their intense photoluminescence [37].
Only flakes with a low RMS roughness (< 400 pm) and with no steps are selected
to avoid artifacts in our measurements due to the roughness of the ferromagnetic
layer. For this study, final devices were fabricated using WSe2 flakes with a thickness
ranging from monolayer to four layers. Subsequently, a separately prepared mask
with a Hall bar opening, made on poly (methyl methacrylate) (PMMA), is dry-
transferred on top the WSe2 flakes to ensure a pristine interface between the WSe2
flake and a 6 nm thick Py layer which is deposited by electron-beam evaporation.
The Py is capped with a 17 nm thick Al2O3 layer to protect it from oxidation. Next,
Ti/Au (5/55 nm) contacts are fabricated using standard lithography and thin-film
evaporation techniques. An Al2O3 wet etch with tetramethylammonium hydroxide
is performed just before metal deposition. Finally, to create a well-defined device
geometry, the WSe2/Py bilayers are patterned in a Hall bar geometry using CF4/O2
(9.5/0.5 sccm) reactive plasma etching (30 W RF, 5 W ICP), where the Al2O3 layer
serves as a hard mask. For most devices, the channel of our Hall bars, which es-
tablish the current direction, is defined along the edge of the flake. This is done
to ensure that the current direction is applied at a nearly constant crystallographic
direction. An optical image of a device before the last etching step is shown in Fig.
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5.1(a).
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Figure 5.1: (a) Optical micrograph of a typical device (DB
2 ) before etching the device into the Hall

bar geometry. The WSe2 flake is outlined by the dashed line. (b) Schematic of the WSe2/Py
device geometry and harmonic Hall measurement configuration. A current is driven along the
x̂-direction and the external magnetic field is rotated in-plane, while measuring the transverse first
and second-harmonic Hall voltages (V ω/2ω

xy ) along the ŷ-direction. (c) and (d) show the first and
second-harmonic Hall voltages versus in-plane rotation of the magnetic field, respectively, at low
and high external magnetic fields. Note that the signals were offset for clarity.

5.2.2. Electrical measurements
The SOTs in our devices are characterized at room temperature using conventional
low-frequency harmonic Hall measurements [5, 38, 39] with currents ranging from
I0 = 400 − 600 µA and frequencies below 200 Hz. With this technique, a constant
magnetic field µ0H(10-300 mT) is applied in the sample plane and the sample is
rotated, so the field makes an angle ϕ with respect to the current. Meanwhile, the
first and second-harmonic Hall voltages, V ω

xy and V 2ω
xy , respectively, are measured,

as shown in Fig. 5.1(b). For a small magnetic anisotropy compared to µ0H, the
magnetization angle is ϕM ≈ ϕ. The first-harmonic Hall resistance (Rω

xy = V ω
xy/I0)

is given by:
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Rω
xy = RP HE sin2(θ) sin(2ϕ) + RAHE cos(θ) (5.1)

where θ is the magnetic fields polar angle (θ = 90°for in-plane magnetic fields),
and RP HE(AHE) is the strength of the planar (anomalous) Hall effect resistance.
In the presence of out-of-plane field-like and in-plane antidamping-like SOTs (τF L

and τDL) and an anomalous Nernst effect voltage (VANE), a second-harmonic Hall
voltage is generated and can be described by [5, 38]:

V 2ω
xy (ϕ) = A cos(2ϕ) cos(ϕ) + B cos(ϕ) (5.2)

where the A- and B-component are given by:

A = RP HEI0τF L/γ

H
(5.3)

B = RAHEI0τDL/γ

H + HK
+ VANE (5.4)

with γ the gyromagnetic ratio, H is the applied magnetic field and HK the out-of-
plane anisotropy field. Due to the hexagonal symmetry of WSe2, in the absence of
strain, only torques with conventional symmetries are allowed [22, 40]. Therefore,
we expect no unconventional SOTs related to the crystal structure in our devices,
which agrees with our experimental results. The SOT terms are assumed to have
the conventional symmetry properties with respect to the magnetization direction
(m̂), i.e. τF L ∝ m̂× ŷ and τDL ∝ m̂×(ŷ×m̂), where ŷ is the direction perpendicular
to the current (see Fig. 5.1(b)).

5.2.3. Scanning transmission electron microscopy
We prepared cross-sectional specimen with a Helios G4 CX focused ion-beam (FIB)
at 30 kV from Thermo Fisher Scientific, either parallel or perpendicular to the device
current direction, using gradually decreasing acceleration voltages of 5 kV and 2 kV
for the final polishing. Transmission electron microscopy (TEM) analyses were per-
formed with a double aberration corrected Themis Z from Thermo Fisher Scientific,
operated at 300 kV. High-angle annular dark-field scanning TEM (HAADF-STEM)
images were recorded with probe currents of about 50 pA, convergence semi-angle
21 mrad or 30 mrad and HAADF collection angles 61 − 200 mrad.

5.3. Results
We performed harmonic Hall measurements for six WSe2/Py devices with various
WSe2 thicknesses. For convenience, we will refer to the devices as D1, DA/B/C

2 and
DA/B

4 for the remainder of the text, where the subscript denotes the number of WSe2
layers and the superscript the device label. We observe a large out-of-plane field-
like torque in all but one of our WSe2/Py devices with some of them showing an
additional in-plane antidamping-like torque with a correspondingly large error bar.

The device that did not show a measurable SOT (DC
2 ), however, shows un-

precedentedly large magnetic anisotropy. As discussed in the last section, the large
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magnetic anisotropy counteracts the SOTs, making it very challenging to properly
quantify them by our measurement technique. First, however, we will discuss the
harmonic Hall measurements of the SOTs in the other five devices.

5.3.1. Interfacial SOTs
Figure 5.2(a) shows the second-harmonic Hall voltage for a two-layer (∼ 1.4 nm
thick) WSe2/Py device (DA

2 ) as a function of ϕ for various magnetic field strengths.
The data are fitted to extract the A and B amplitudes (Eq. 5.2), which are then
plotted versus 1/H and 1/(H +HK) (Fig. 5.2(b)). The presence of SOTs is revealed
by the linear dependence on 1/H and 1/(H+HK), while the anomalous Nernst effect
can be differentiated by an offset in B. At low fields the assumption that H ≫ Ha,
no longer holds, resulting in a worse fit and thus larger error bars. Especially, the
B-component shows a large field-dependence at low fields, which does not fit well
to Eq. 5.4 (grey lines in Fig. 5.2(b)). Therefore, we fit Eq. 5.3 and 5.4 only to
measurements performed at 40 mT or higher to extract the field-like (τF L) and
antidamping-like (τDL) torques, respectively (black lines in Fig. 5.2(b)).

To better quantify and compare the SOTs in our devices, we express them in
terms of their spin-torque conductivities, commonly used as figure-of-merit in litera-
ture [3]. The spin-torque conductivity is defined as the angular momentum absorbed
by the ferromagnet per second per applied electric field per interface area. Due to
the independence of the spin-torque conductivities with respect to device geome-
tries and resistances, it gives us a meaningful value which allows us to compare our
various devices among each other as well as with values reported in literature. The
spin-torque conductivities for τF L(DL) are calculated by [24, 41]:

σF L(DL) = 2e

ℏ
MstP yw

τF L(DL)/γ

RsqI0
(5.5)

where e and ℏ are the electron charge and the reduced Plancks constant, respectively,
Ms is the saturation magnetization, tP y = 6 nm is the Py thickness, w is the device
width, and Rsq is the square resistance of the WSe2/Py stack. The parameters for
all these devices are summarized in Table 5.1.

The field-like spin torque conductivities for all devices versus layer thickness
are shown in Fig. 5.2(c). We observe a σF L ranging from 4.9 ± 0.3 × 103 to
12.9 ± 0.3 × 103 ℏ

2e (Ω · m)−1 with no clear correlation with the WSe2 layer thick-
ness. These results are consistent with previous reports on CVD grown monolayer
WSe2/ferromagnet devices [28]. Nevertheless, to the best of our knowledge, we re-
port both the highest field-like found for semiconducting TMDs. This indicates that
our devices possess a highly transparent interface and a large interaction between
the TMD and the ferromagnet. The key differences of our process compared to
the previous reports are the higher quality of WSe2 crystals with single crystallo-
graphic domains obtained by mechanical exfoliation and a milder deposition of the
ferromagnetic layer [28–30]. Our devices show pristine interfaces between WSe2 and
Py, with no observable intermixing as confirmed by HAADF-STEM cross-sectional
imagingsee below. Therefore, we expect a cleaner interface quality to be the main
reason for these high field-like torques.
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Figure 5.2: (a) Second-harmonic Hall measurements at various magnetic fields for one WSe2/Py
device DA

2 . The colored circle represent the data while the black line are fits using Eq. 5.2.
The measurements for different fields have been offset for clarity. (b) The A- and B-component
extracted from the fit of (a) for various magnetic field strengths. The straight lines corresponds to
the fits using Eqs. 5.3 and 5.4. The grey line corresponds to the fit using the data points from all
magnetic fields, while the black line corresponds to the fit for fields starting at 40 mT. The error
bars are obtained from the standard deviation from the fit. (c, d) The spin-torque conductivities
of the (c) field-like and (d) antidamping-like torque, calculated using Eq. 5.5, for devices with
various WSe2 thickness.
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The B-component shown in Fig. 5.2(d) shows a strong field-dependence at low
fields. This behavior is inconsistent with Eq. 5.4 which predicts the B-component
to fall of as 1/(H + HK). Previous reports show that the second-harmonic signal
might be falsely attributed to a antidamping-like torque τDL in cases of significant
unidirectional magnetoresistance (UMR) arising from electron-magnon scattering
[42]. To verify this, we measured the second-harmonic longitudinal voltage and find
a similar second-harmonic signal, with a sin(ϕ) behavior and 1/H dependence. A
90°phase shift here is expected since the V 2ω

xx is phase shifted relative to V 2ω
xy by 90°.

Therefore, a contribution from UMR to our second-harmonic signal cannot be ruled
out.

By disregarding measurements performed lower than 40 mT, we use Eq. 5.4
to extract an antidamping-like torque and find a σDL ranging from 4 ± 5 × 103

to 2.2 ± 0.7 × 105 ℏ
2e (Ω · m)−1 with no clear correlation with the WSe2 layer thick-

ness. In contrast to [30], we do not observe a decreasing τDL with increasing WSe2
layer thickness for our devices. Rather, we observe a seemingly increasing σDL with
increasing thickness. Moreover, increase scattering at the interface has been pre-
dicted to give an increase antidamping-like torque, which could explain the large
DL torque observed [29] [30]. However, we note that two devices do not show a
significant σDL, and the other devices possess a large error bar making these values
for the antidamping-like torque unreliable.

As Py is known to show torques even in the absence of other spin-orbit materials
[41, 43], we fabricated control Py/Al2O3 samples to exclude that the strong field-like
torque is generated solely in the Py/Al2O3 layer. Similar to previous reports [30,
43], we observe a non-zero field-like torque, with an average spin-torque conductivity
of σF L = (2.5 ± 0.1) × 103 ℏ

2e (Ω · m)−1. Note that we find a negative spin-torque
conductivity, showing that these torques have the opposite direction as the ones we
measure in our WSe2 devices. The sign difference indicates that the field-like torque
in the WSe2/Py devices reported here are most likely an underestimation of the
torques produced at the WSe2/Py interface as they compete with opposite torques
produced at the Py/Al2O3 interface. No significant antidamping-like torque was
observed in these Py/Al2O3 samples (see supplementary information for details).

The absence of a thickness dependence in our devices for the field-like torque
indicates that the torque does not originate from current-induced Oersted fields, for
which an increasing torque is expected with increasing layer thickness. This is also
in agreement with most of the current flowing through the Py layer due to its much
higher conductivity when compared to WSe2. A simple estimation suggests that
our FL torques could only be explained by an unreasonable large conductivity for
WSe2, of σW Se2 ∼ 106(Ω · m)−1, about 5 orders of magnitude higher than literature
values [44]. Moreover, we point out that the sign of the FL torque we obtain is
opposite to the one expected from a current flowing through the WSe2 layer. We
confirm the sign of the Oersted torques by control Pt/Py devices. We note that we
observe no variation of the SOTs with gate voltages ranging up to ±60 V (equivalent
to electric fields of ±2.1 MV cm−1) (see supplementary information), similar to
previous reports [30], which could be due to a large Schottky barrier [45] or Fermi
level pinning at the metal-semiconductor interface [46].
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The independence of τF L with the WSe2 thickness are consistent with interfa-
cial SOTs [47–49]. In systems with an interfacial Rashba-type spin-orbit coupling,
a pure out-of-plane field-like torque is expected. However, it has been theoretically
shown that an in-plane antidamping-like torque can arise in the presence of electron
scattering [32, 34, 47–49]. Therefore, our data indicate that the SOTs in our devices
arise from a Rashba-type spin-orbit coupling at the interface, with possibly, some
devices showing a stronger scattering, giving rise to a τDL. We note, however, that
the extracted values for the τDL possess a large error bar, making them unreliable.
The variation in spin torque conductivities between the devices is ascribed to a dif-
ference in WSe2/Py interface quality. Variations in interface quality can affect the
spin transparency of the interface, resulting in differences in the torque strength.
Furthermore, pristine interfaces are expected to show stronger Rashba-effects. This
is in line with our observation that the devices showing a measurable τDL also pos-
sess the highest τF L. Lastly, the importance of the interface quality is highlighted
by the fact that we observe no measurable SOTs when using standard lithogra-
phy techniques to fabricate similar devices, where no particular care to maintain a
pristine interface was taken (see supplementary information for details).

5.3.2.Magnetic anisotropy
One of the most striking differences between our devices, consisting of exfoliated
WSe2 crystals, and previous studies based on CVD-grown films is the presence of a
strong magnetic anisotropy induced in the Py film. The first-harmonic Hall voltages
for our devices are expected to follow a sin(2ϕ) behavior due to the planar Hall effect,
Eq. 5.1. However, for all devices, at low external magnetic fields (< 20 mT), we
observe clear deviations from the planar Hall effect, Fig. 5.1(c) (device DB

2 ). For
device D1, and in particular device DC

2 , we observe very strong deviations from the
expected sin(2ϕ) behavior even for external magnetic fields up to 100 mT. This
demonstrates a very strong induced magnetic anisotropy in the Py layer, as shown
in Fig. 5.3(a) for device DC

2 , causing the magnetization angle of Py, ϕM , to slightly
deviate from the applied magnetic field angle, ϕ.

To study the magnetic anisotropy in more detail, we modify Eq. 5.1 to account
for an in-plane uniaxial anisotropy, with strength HA much smaller than the applied
magnetic field and an easy-axis angle ϕE with respect to the current [21]:

Rω = RP HE sin(2ϕM ) (5.6)

with
ϕM = ϕ − HA

2H
sin[2(ϕ − ϕE)] (5.7)

For all our devices, apart from D1 and DC
2 , we observe HA ≈ 0.01 to 0.16 T, and a

ϕE ≈ 0°or ±30°, hinting towards a relation between the magnetic anisotropy direc-
tion in the Py and the hexagonal crystal structure of the underlying 22. The values
we find for HA for these devices are higher by factors of 2-10 than for those reported
in similar systems [20, 21, 23, 24]. Our results for all devices are summarized in the
supplementary information.
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φ
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Figure 5.3: (a) First-harmonic Hall voltage for one of the WSe2/Py devices (DC
2 ), shown in (d). The

black line corresponds to the fit using equations (6) and (7) and colored circles to the experimental
data. Clear deviations from the planar Hall effect are apparent, indicating an in-plane magnetic
anisotropy in the Py layer. (b) First-harmonic Hall voltage for the same device as in (a) for low
magnetic fields, fitted with the model discussed in the main text (black line). Note that the plots
in (a) and (b) have been given an offset for clarity. (c) Cross sectional HAADF-STEM image of
the device shown in (d). The two layers of WSe2 are clearly identified with atomic resolution. The
cross section is made perpendicular to the current direction in between the legs of the Hall bar.
The crystallographic orientation of the WSe2 layer is apparent from the similarities between the
schematic inset, showing the cross section of the armchair direction, and the STEM image, which
indicates that the current direction is along the zigzag direction, as shown in (d). (d) Micrograph
of the same device in (a) with the hexagonal crystal structure of WSe2 overlayed on the WSe2
crystal (outlined in white). The blue and red arrows indicate the zigzag and armchair direction,
respectively. Notice that the channel of the Hall bar (black dashed line) is aligned with one of the
cleaving directions of the WSe2 crystal and the current direction is therefore along the flake edge
for device DC

2 .

For devices D1 and DC
2 , showing much stronger anisotropy, we find stronger

deviations from the fits using Eqs. 5.6 and 5.7. Due to the stronger anisotropy, the
approximation HA ≪ H taken above is no longer valid. Therefore, we use a simple
macrospin model to fit the data. First, we find the magnetization angle ϕM at an
applied magnetic field angle ϕH , by minimizing the magnetic energy:
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E =
(

K2

2

)
cos(2ϕM − 2ϕE) − h cos(ϕM − ϕH) (5.8)

where K2 is the 2-fold anisotropy constant, and h is the Zeeman energy by the
applied magnetic field at an angle ϕH . We find that our data agrees with this simple
theoretical model with K2 = 2×104erg/cm3 and 6.6×104erg/cm3 for devices D1 and
DC

2 , respectively. For devices D1 and DC 2 we find ϕE = 60°(D1) and ϕE = 28°(DC
2 ),

with respect to the current direction. This suggests that the induced magnetic
anisotropy is indeed related to the hexagonal crystal structure of the WSe2.

To confirm the crystallographic direction and the interface quality of our de-
vices, we performed HAADF-STEM cross-sectional imaging in two devices and two
additional WSe2 flakes. Figure 5.3(c) shows a cross-sectional HAADF-STEM image
of device DC

2 . The two layers of the WSe2 are visible with atomic resolution and
the STEM image reveals the randomly oriented polycrystalline structure of the Py
layer on top. The STEM image shows an atomically sharp interface indicating a
clean interface for our fabricated devices. In addition, little to no intermixing is
observed demonstrating that the WSe2 layer experiences little to no damage upon
evaporation of the Py layer and that the crystalline orientation of the layer remains
uniform.

For the crystallographic direction, we find that the edge of all WSe2 flakes studied
by STEM follow a zigzag direction. For device DC

2 , the Hall bar channel is aligned
with the edge of the WSe2 flake, so that the current flows along the zigzag direction
(schematically indicated in Fig. 5.3(d)). As we found ϕE = 28°for device DC

2
following our analysis, we conclude that the (uniaxial) magnetic anisotropy observed
in the Py layer lies along the armchair direction of the WSe2. For device D1, the
Hall bar channel is aligned 30°away from the edge of the WSe2 flake, in which
case the current flows along the armchair direction. Correspondingly, we find that
ϕE = 60°, which again shows that the (uniaxial) magnetic anisotropy is aligned with
the armchair direction of the WSe2.

The correspondence between the magnetic anisotropy direction in Py and the
crystallographic directions of the WSe2 indicates a strong interaction between the
two materials. Similar results have been found in low-symmetry TMDs, such as
WTe2 [20, 21], MoTe2 [24], and TaTe2 [23], with values around HA ∼ 10 mT, one
order of magnitude lower compared to values observed in our devices (supplementary
information Table 5.1). However, systems with higher (hexagonal) symmetries, such
as NbSe2 [22] and NiPS3 [26], did not show such effects, even though in the case
of NbSe2, the symmetry might have been reduced by strain. We point out that
the polycrystallinity of CVD-grown crystals would not allow for such observation,
which is supported by the lack of magnetic anisotropy in previous studies [28–30].
Moreover, such large values of the magnetic anisotropy shown by devices D1 and
DC

2 are unprecedented in TMD-based devices. We do not fully understand the
differences in anisotropy strength between devices D1 and DC

2 and the other devices
since all device fabrication steps were identical. Nevertheless, due to the strong
dependence of the magnetic anisotropy on the interface quality and the fact that
particular care was taken in maintaining a clean interface during fabrication, we
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have arguments to believe that our devices have more pristine interfaces, resulting
in a stronger interaction between Py and WSe2.

5.4. Conclusions
In conclusion, we report large field-like torques in WSe2/permalloy bilayers with no
clear dependence on the WSe2 layer thickness. Although we extract an antidamping-
like torque in a few devices, due to an unexpectedly strong field-dependence of the
B-component at low fields, we are not able to extract a reliable antidamping-like
torque. The appearance of a thickness-independent field-like torque in these sys-
tems confirms the prediction of recent theoretical work on similar interfacial Rashba
systems and accentuates the importance of the heavy metal/ferromagnet interface
quality for tailoring towards highly efficient torques. Furthermore, we observe an
induced uniaxial magnetic anisotropy in all our devices, with two devices in par-
ticular showing very strong anisotropy, aligned with the armchair direction of the
WSe2. Although smaller magnetic anisotropy values were observed in low-symmetry
TMD-based devices, a microscopic understanding of the mechanisms involved is still
lacking. The higher crystal symmetry of WSe2 combined with the larger anisotropy
values we observe, are expected to help researchers to develop a more detailed the-
oretical description of this phenomenon and, eventually, a better understanding of
all the effects regarding crystal symmetry involved for SOT devices. The knowl-
edge on the microscopic mechanisms at play, for both SOTs and induced magnetic
anisotropy, should shine light on the factors required for the development of more
efficient devices for data processing and storage.

5.5. Appendices
5.5.1. Supplementary note 1: Scanning transmission electronmicroscopy
We prepared cross-sectional specimen with a Helios G4 CX focused ion-beam (FIB)
at 30 kV from Thermo Fisher Scientific, either parallel or perpendicular to the device
current direction, using gradually decreasing acceleration voltages of 5 kV and 2 kV
for the final polishing. Transmission electron microscopy (TEM) analyses were per-
formed with a double aberration corrected Themis Z from Thermo Fisher Scientific,
operated at 300 kV. High-angle annular dark-field scanning TEM (HAADF-STEM)
images were recorded with a probe current of about 50 pA, convergence semi-angle
21 mrad or 30 mrad and HAADF collection angles 61-200 mrad. Energy dispersive
x-ray (EDX) spectrum imaging was performed with a probe current of about 200
pA, where the spectra were recorded with a Bruker Dual-X system, providing in
total 1.76 sr EDX detectors.

We analyzed multiple devices and a bulk WSe2 flake (not covered by permalloy)
to confirm that the edge of the flakes indeed corresponds to the zigzag direction.
Below (Fig. 5.4), we show the STEM image for device DA

4 and the STEM image
for a bulk flake. For both images the cut was made perpendicular to the flake edge.
As can be seen from the images, the crystallographic direction corresponds to the
armchair direction, similar to the STEM image in the main text, meaning that the
flake edge is along the zigzag direction.
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We observe that thinner flakes are very susceptible to damage during specimen
fabrication by FIB. Thicker flakes, such as the one shown in Fig. 5.4(b), were found
to be significantly more robust against damage. These findings are consistent with
other reports in literature, such as Ref. [22] and [23].

5 nm5 nm

a) b)

Figure 5.4: Scanning transmission electron microscopy image of (a) device DA
4 , and (b) a bulk

WSe2 flake. Similar to the STEM image in the main text (Fig. 5.3), the cut is made perpendicular
to the edge of the flake. The crystallographic direction observed here (armchair), is similar to the
one discussed in the text, indicating that the exfoliated WSe2 flakes preferentially cleave along the
zigzag direction.

5.5.2. Supplementary note 2: Gate dependence
We also probed the gate dependence of the spin-orbit torques in our devices. For
this, we applied a maximum of ±60 V (corresponding to electric fields of ±2.1
MV/cm) to the heavily-doped silicon under of our SiO2 substrate - 285 nm thick.
As it can been seen in Fig. 5.5, no clear gate dependence is observed for the A- and
B-component (from Eqs. 5.3 and 5.4 in the main text), respectively.

Figure 5.5: The A- and B-component (according to Eqs. 5.3 and 5.4) as a function of magnetic
field for different gate voltages for device DB

4 .
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5.5.3. Supplementary note 3: Device fabricated using regular lithography
techniques

For the devices discussed in the main text, the permalloy Hall bars on top of the
WSe2 were fabricated with a polymer-free technique to ensure a pristine interface
between the WSe2 and permalloy. To verify the importance of the interface quality,
we also fabricated a device using the regular lithography techniques. Here the
polymethyl methacrylate (PMMA) layer was first spun on top of a target WSe2
flake. Next, using e-beam lithography, the Hall bar was patterned and the permalloy
was evaporated using electron-beam evaporation. The subsequent fabrication steps
were performed as explained in the main text, following the same steps of the other
devices.

a) b)

10 mT

300 mT

Figure 5.6: (a) First-harmonic and (b) second-harmonic Hall signals obtained for a device fabricated
using regular lithography techniques for various magnetic field strengths. For this device, the
WSe2 has been in contact with the e-beam resist PMMA prior to the evaporation of permalloy.
No significant deviations from the sin(2ϕ) were observed in the first-harmonic Hall signal down
to 10 mT fields, indicating little or no magnetic anisotropy. No field dependence was observed
for the second-harmonic Hall signal, indicating the absence of measurable spin-orbit torques. The
modulation of the second-harmonic Hall voltage is ascribed to the anomalous Nernst effect.

Figure 5.6 shows the first and second-harmonic Hall voltages for this device
for different magnetic field strengths. The first-harmonic signal shows no sign of
anisotropy even at low fields (10 mT) and follows the regular sin(2ϕ) behavior
expected from the planar Hall effect. The second-harmonic signal shows no clear field
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dependence, indicating the lack of spin-orbit torques and a significant contribution
from Nernst effects. This shows that the polymer-free technique used for the devices
discussed in the main text is key in maintaining a pristine interface allowing for large
SOTs.

5.5.4. Supplementary note 4: Magnetic anisotropy device D₁

a) PL microscopy imageBF microscopy image

b) c)

10 mT

20 mT

30 mT

40 mT

50 mT

Figure 5.7: (a) Bright field and photoluminescence micrographs of the monolayer WSe2 flake used
for device D1. The strong photoluminescence of the flake confirms the monolayer thickness of the
TMD flake. (b) Micrograph of device D1, before etching the WSe2 into a Hall bar. Note that the
Hall bar channel is aligned 30◦ away from the flake edge, while the Hall bar channel for device D1,
discussed in the main text, was aligned with the flake edge. (c) First-harmonic Hall voltage for
the device shown in (b) for low magnetic fields, fitted with the model discussed in the main text
(black line). Note that the plots in (c) have been given an offset for clarity.

Like device DC
2 discussed in the main text, device D1 showed a strong in-plane

anisotropy (see Fig. 5.7(c)). The monolayer nature of the flake was confirmed by
bright field and photoluminescence microscopy images (Fig. 5.7)(a). Note that the
Hall bar channel is rotated 30◦ away from the edge of the flake, see Fig. 5.7(b). The
first-harmonic Hall voltage for this device is depicted in Fig. 5.7(c). The easy axis
for the magnetic anisotropy for this device was obtained using the same analysis
as for DC

2 discussed above. For device D1, we found that the easy axis is aligned
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with the current direction. For this device, however, the current direction is along
the armchair direction, while the current flows along the zigzag direction in device
DC

2 , as discussed in the main text. We therefore conclude that, for both devices,
the (uniaxial) magnetic anisotropy observed in the Py layer lies along the armchair
direction of the WSe2 crystals.

5.5.5. Supplementary note 5: Second-harmonic Hall measurements on
control Py/Al₂O₃ devices

Py is known to show torques even in the absence of spin-orbit materials [30, 43].
To explore the influence of this effect on our measurements we fabricated Py/Al2O3
devices using the exact same fabrication methods as discussed in the main text.
Subsequently, we perform the second-harmonic Hall measurements to extract the
torques obtain in these control samples (see Fig. 5.8) We obtain a field-like torque
conductivity of (−2.5 ± 0.1) × 103 ℏ

2e (Ω · m)−1 and (−2.9 ± 0.3) × 103 ℏ
2e (Ω · m)−1

and a antidamping-like torque of (−0.2 ± 0.1) × 103 ℏ
2e (Ω · m)−1 and (−0.3 ± 0.1) ×

103 ℏ
2e (Ω · m)−1 for the two samples, respectively.

a) b)

Figure 5.8: The (a) A- and (b) B-components from a control Py/Al2O3 device. Note that the
A-component is negative, while the A-component of the WSe2/Py samples in the main text are
positive, indicating that the torques are in opposite directions.

The magnitude of the field-like torque conductivity in these control samples is
substantial, but still significantly lower compared to the torques measured in the
WSe2-based devices. More importantly, the sign of the field-like torques in these
control samples is opposite to the ones obtained in the WSe2/Py devices. This
suggests that the torques measured in the WSe2/Py devices are an underestimation
of the actual torques produced by the WSe2/Py interface, as they must compete
with the torques produced at the Py/Al2O3 interface. The antidamping-like torque
in these control samples are small and therefore cannot explain the DL torques
observed in some of the WSe2/Py samples as discussed in the main text.

To compare the torques obtained by us to the ones reported in Ref. [30], we
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calculate the spin-torque conductivity for their reported values. The FL torque
conductivity in their samples is about 2×103 ℏ

2e (Ω · m)−1 which is comparable to the
FL observed by Shao et al. for CVD-grown WSe2/CoFeB samples, but significantly
smaller when compared to our values [28]. We expect that this is due to both a
superior interface quality between the WSe2 and Py layer in our samples and a
better WSe2 crystal quality obtained from exfoliated flakes. As interfacial torques
are expected to mainly give a FL torque, a cleaner interface is expected to give a
stronger FL torque. This is in line the fact that they observe a stronger DL torque
compared to a FL torque, as a strong DL torque be ascribed to more scattering at
the interface [30].

5.5.6. Supplementarynote6: Unidirectionalmagneto-resistancemeasure-
ments

a) b) c)

10 mT

20 mT

30 mT

40 mT

50 mT

70 mT

100 mT

150 mT

200 mT

300 mT

Figure 5.9: The first (a) and the second (b) harmonic longitudinal voltage for various magnetic
field strengths for in-plane rotations. (a) A clear AMR signal is observed, as expected for Py.
(b) A weak magnetic field dependent modulation is observed which could be ascribed to UMR
arising from electron-magnon scattering. To verify whether this signal might leak into our torque
measurements, we fit the data with a sin(ϕ) to extract the amplitude and find a decay of the
amplitude versus field as shown in (c).

To determine if transverse unidirectional magneto resistance (UMR) due to
electron-magnon scattering exists in these samples, we performed control measure-
ments in one of our devices. While rotating the in-plane magnetic field, we measure
the first and second-harmonic longitudinal voltage, V ω

xx and V 2ω
xx , for different mag-

netic field strengths. The results are shown in Fig. 5.9. Note that we divided the
measurements by the number of squares (length/width of the device) to compare the
magnitude of the longitudinal and transverse measurements. In the first-harmonic
signal we observe a clear anisotropic magnetoresistance (AMR) signal of about 0.3%,
as expected for Py. In the second-harmonic measurements, a field-dependent mod-
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ulation is observed. We fit the data with a sin(ϕ) and plot the amplitude versus
the various magnetic fields as shown in Fig. 5.9c. A decreasing amplitude with in-
creasing field is observed, similar to the B-component of the second-harmonic Hall
measurements. Therefore, we cannot rule out the presence of UMR in our harmonic
Hall measurements.

5.5.7. Supplementary tables

D2
A  2L  2 20.5 133.4 0.430 0.44 0.9 --6.4  

D2
B  2L  2 13 219.4 0.347 0.57 0.8 10.4  

D4
A  4L  1.5 12 93.7 0.300 0.19 0.9 --1.5  

D4
B  4L  2 14 112.4 0.305 0.20 0.8 

99 ± 2 

− 96 ± 2 
167 ± 6 

− 141 ± 4 --38.2  

Rsq (Ω)Device t w (μm) L (μm) RPHE (Ω) RAHE (Ω) Ms (T) HA (mT) φ (deg)

Rsq (Ω)Device t w (μm) L (μm) RPHE (Ω) RAHE (Ω) M (T) K2 (erg/cm3) φ (deg)

1L  2 27.5 247 0.326 0.78 0.7 2 × 104 -60 

2L  3 24 206.4 0.281 0.49 0.6 6.6 × 104 -28

D1

D2
C

Table 5.1: Supplementary Table 1: Device parameters and anisotropy values obtained using Eq.
5.6.

σFL (103 h/2e Ω-1m-1) σDL (105 h/2e Ω-1m-1)Device τFL/γ (Oe) τDL/γ (Oe)  

D1 ± ± 5.2 ± 0.3 − 0.04 ± 0.05

D2
A ± ± 12.9 ± 0.3 0.9 ± 0.2

D2
B ± ± 6.8 ± 0.4 − 0.44 ± 0.06

D2
C - - - -

D4
A ± ± 10.6 ± 0.3 2.2 ± 0.7

D4
B ± ± 4.9 ± 0.3 ± 0.90.07

0.2 0.3

1.8 0.4
1.7 0.3

6 2
0.2 2.9

0.25 0.01

0.27 0.01

0.26 0.02

0.31 0.01
0.14 0.01

Table 5.2: Supplementary Table 2: Device torque strengths and spin-torque conductivities.
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chapter 6

Role of self-torques in transition metal
dichalcogenide/ferromagnet bilayers

In recent years, transition metal dichalcogenides (TMDs) have been extensively stud-
ied for their efficient spin-orbit torque generation in TMD/ferromagnetic bilayers,
owing to their large spin-orbit coupling, large variety of crystal symmetries, and
pristine interfaces. Although the TMD layer was considered essential for the gen-
eration of the observed spin-orbit torques (SOTs), recent reports show the pres-
ence of a self-torque in single-layer ferromagnetic devices with magnitudes com-
parable to TMD/ferromagnetic devices. Here, we perform second-harmonic Hall
SOT measurements on metal-organic chemical vapor deposition (MOCVD) grown
MoS2/permalloy/Al2O3 devices and compare them to a single-layer permalloy/Al2O3
device to accurately disentangle the role of self-torques, arising from the ferromag-
netic layer, from contributions from the TMD layer in these bilayers. We report a
field-like spin-torque conductivity of σF L = (−2.8±0.3)×103 ℏ

2e (Ω ·m)−1 in a single-
layer permalloy/Al2O3 device, which is comparable to our MoS2/permalloy/Al2O3
devices and previous reports on similar TMD/ferromagnetic bilayers, indicating only
a minor role of the MoS2 layer. In addition, we observe a comparatively weak
damping-like torque in our devices, with a strong device-to-device variation. Finally,
we find a linear dependence of the SOT conductivity on the Hall bar arm/channel
width ratio of our devices, indicating that the Hall bar dimensions are of significant
importance for the reported SOT strength. Our results accentuate the importance
of delicate details, like device asymmetry, Hall bar dimensions, and self-torque gen-
eration, for the correct disentanglement of the microscopic origins underlying the
SOTs, essential for future energy-efficient spintronic applications.
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6.1. Introduction

M anipulating the magnetization of a magnetic layer by means of a charge cur-
rent holds an immense promise for more energy-efficient ways of storing and

writing information [1–3]. By first converting a charge current into a spin current in
materials with large spin-orbit coupling (SOC), the spin current can subsequently
exert a torque on the magnetization of an interfaced magnetic material [2]. These
current-induced torques, originating from the spin-orbit interaction, are referred to
as spin-orbit torques (SOTs). To maximize the SOT strength, an efficient charge-to-
spin conversion is advantageous, and thus, materials with large spin-orbit coupling
(Pt [4–6], Pd [7–9], W [10, 11], Ta [12–14], Hf [15–17], etc.) have been extensively
studied [18]. Two main mechanisms for the charge-to-spin conversion in these ma-
terials are the spin-Hall effect (SHE) and the Rashba-Edelstein effect (REE) [2, 19].
For polycrystalline spin Hall metals with inversion symmetry, these effects, how-
ever, do not possess the ideal symmetry for field-free switching of the magnetization
of magnetic layers with perpendicular magnetic anisotropy (PMA) used in modern
high-density memory storage [20, 21]. While epitaxially grown heavy metals have
shown an increase in their SOTs compared to their polycrystalline counterparts [22,
23], as long as their inversion symmetry remains intact, no deterministic field-free
switching is expected. Multiple methods have been employed to break the inver-
sion symmetry, such as wedged shaped geometries, vertical composition gradients,
or interlayer exchange coupling to an additional in-plane exchange-biased magnetic
layer, to allow for field-free switching using standard spin-Hall metals [20, 24, 25].
However, the search for the out-of-plane damping-like torque, ideal for switching
PMA magnets, lead to the investigation of other, more exotic materials, such as
topological insulators and two-dimensional (2D) van der Waals crystals, to search
for new materials which allow for energy efficient field-free switching [19, 26–29].

In this regard, the family of 2D van der Waals materials called the transition
metal dichalcogenides (TMDs) have gained much interest as spin source material,
owing to their large SOC, atomically flat surfaces, and broad range of crystal sym-
metries [21, 30, 31]. The more conventional and well known semiconducting TMDs,
such as WSe2 [32–34], WS2 [35], and MoS2 [33, 36], were studied first, due to their air
stability, and developed wafer-scale growth. More recently, however, the low sym-
metry TMDs have gained much interest since the observation of the out-of-plane
damping-like torque in TMD/FM bilayers, which is optimal for switching magnets
with PMA [37–43].

Previous reports on SOTs in TMD/ferromagnetic (FM) bilayers often consider
the TMD as essential for the generation of the observed SOTs, either through bulk
effects, such as the spin-Hall effect, or effects arising from the TMD/Py interface,
such as the Rashba-Edelstein effect, spin-orbit filtering, or spin-orbit precession [44,
45]. More recent reports, however, indicate the presence of a self-torque in single-
layer ferromagnetic devices without the presence of a spin source material. A recent
study performed magneto-optic Kerr effect (MOKE) measurements to probe the
SOT at the surface of a single-layer Py device and observe a sizable SOT at the Py
interface, which is ascribed to a SHE in the Py [46]. Also, electrical measurements
on Py capped with SiO2 or Al2O3 show the presence of field-like and damping-like
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torques in Py devices [47]. And, in metallic bilayers, it was shown that self-induced
torques lead to errors in the estimation of the spin-torque strength [48]. These self-
torques in ferromagnetic materials make it difficult to accurately determine to what
extent the TMD layer is contributing to the SOT [47].

Here, we report second-harmonic Hall measurements on MoS2/Py/Al2O3 and
single-layer Py/Al2O3 devices to disentangle the contribution of self-torques from
the FM layer, and more accurately determine the effect of the MoS2 layer. First,
we show that the field-like self-torque in a single-layer Py/Al2O3 device can be of
similar magnitude compared to MoS2/Py/Al2O3 devices, indicating a minor effect
of the TMD. Second, we find strong device-to-device variations on the damping-like
torque, showing that interface and device quality can strongly affect our signals and
potentially indicating that spurious effects can mimic the behavior of the damping-
like torque in these devices. In addition, we study the dependence of the measured
spin-orbit torque on the contact/channel width ratio and find a linear dependence of
the field-like spin-torque conductivity on the Hall arm/channel width ratio. These
results indicate the importance of single-layer reference samples and the device ge-
ometry for an accurate determination of the microscopic mechanisms underlying the
spin-orbit torques.

6.2. Results and Discussion
To compare the SOTs in TMD/Py devices with the self-torques in single-layer Py
devices, we fabricate both MoS2/Py/Al2O3 and Py/Al2O3 Hall bar devices. Below,
we discuss the results from both devices separately. Lastly, we discuss the effect of
the Hall bar geometry on the measured SOT using harmonic Hall measurements.

6.2.1.MoS₂/Py/Al₂O₃ devices
We use wafer-scale grown MoS2 obtained by metal-organic chemical vapor deposition
(MOCVD) [49]. The MOCVD grown MoS2 layer is characterized using photolumi-
nescence (PL) microscopy and Raman spectroscopy (see Fig. 6.1(b)) before device
fabrication. The two characteristic bands of monolayer MoS2 at 385 cm−1 and 405
cm−1, corresponding to the in-plane (E1

2g) and out-of-plane phonon mode (A1g),
respectively, are clearly observed, as indicated in Fig. 6.1(b) [50]. Furthermore, a
strong and homogeneous PL is obtained using PL microscopy shown in the insets
of Fig. 6.1(b), indicating the homogeneous coverage of monolayer MoS2 with little
strain on the substrate.

Next, multiple MoS2/Py/Al2O3 Hall bar devices were fabricated to perform the
harmonic Hall measurements. An ac current (I0) ranging from 500 to 700 µA is
applied, and the first (V ω

xy) and second (V 2ω
xy ) harmonic Hall voltage are measured

while an applied magnetic field (H) is rotated in-plane, making an angle ϕ with
respect to the current direction (Fig. 6.1(c); the details are described in the Methods
section). When assuming a small in-plane magnetic anisotropy compared to µ0H,
the magnetization is aligned with the external magnetic field and the first-harmonic
Hall voltage (V ω

xy) is given by [4, 51, 52]:
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Figure 6.1: (a) Optical micrograph of an actual MOCVD MoS2/Py/Al2O3 device. (b) A Ra-
man spectrum of the MOCVD grown MoS2 showing the characteristic E1

2g and A1g modes of
MoS2. The two insets on the right depict a white light (WL) and photoluminescence (PL) micro-
graph of a scratch in the MOCVD grown MoS2 layer, indicating a strong PL from the monolayer
MoS2. (c) A schematic of a SOT device with the measurement geometry schematically depicted.
A low frequency ac current I (black arrow) is applied through the channel and the first and
second-harmonic Hall voltage (V ω(2ω)

xy ) are simultaneously measured while the magnetization of
the permalloy M (red arrow) is rotated in-plane by an external magnetic field. The current induced
in-plane (damping-like) and out-of-plane (field-like) SOTs are depicted with the green arrows τ∥
and τ⊥, respectively. (d) The measured first-harmonic and (e) second-harmonic Hall voltage versus
in-plane angle of the applied magnetic field (40 mT). (d) A clear cos(2ϕ) dependence is observed
due to the planar Hall effect of the Py. (e) The second-harmonic Hall voltage (blue points) is fitted
(black line) using Eq. (6.2). The dashed blue and red lines indicate the separate cos(ϕ) cos(2ϕ) and
cos(ϕ) components from Eq. (6.2), related to the field-like and damping-like torque, respectively.

V ω
xy(ϕ) = I0RP HE sin(2ϕ) + I0RAHE cos(θ), (6.1)

where θ is the magnetic field’s polar angle (θ = 90◦ for in-plane measurements) and
the RP HE and RAHE are the planar Hall and anomalous Hall effect resistance. The
first-harmonic Hall voltage (V ω

xy), depicted in Fig. 6.1(d) for a magnetic field of 40
mT, follows a clear sin(2ϕ) behavior due to the planar Hall effect of the Py layer. By
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fitting the data to Eq. (6.1) we obtain a planar Hall resistance of RP HE = 0.40±0.03
Ω. In previous reports on exfoliated TMD/FM bilayers, large deviations from the
sin(2ϕ) dependence were observed at low magnetic fields, indicating that a strong
uniaxial magnetic anisotropy was induced in the Py [32, 37, 40, 41]. In these reports,
the induced anisotropy was attributed to a strong interaction between the Py and
the crystalline structure of the underlying TMD. As the MOCVD grown TMD in our
devices has a grain size of around 1 µm, our Hall bar covers multiple domains [49].
Therefore, no induced magnetic anisotropy in the Py from the TMD crystal structure
is expected. This is in line with our observation, as only minor deviations from the
sin(2ϕ) fit are observed. For devices with a smaller Hall bar arm width/channel
width ratio, these minor deviations disappear completely, indicating that the minor
deviations observed for narrow Hall bars are likely due to shape anisotropy of the
Hall bar.

To determine the field-like (τF L) and damping-like torques (τDL), the second-
harmonic Hall (SHH) voltage is measured (Fig. 6.1(e)). The SHH voltage can be
described by [4, 51]:

V 2ω
xy (ϕ) = A cos(2ϕ) cos(ϕ) + B cos(ϕ), (6.2)

where the A- and B-components are given by:

A = RP HEI0τ⊥/γ

H
(6.3)

B =
RAHEI0τ∥/γ

H + HK
+ I0RANE . (6.4)

Here, γ is the gyromagnetic ratio, HK is the out-of-plane anisotropy field, and RANE

is the anomalous Nernst resistance. Since our signals are consistent with only the
presence of out-of-plane field-like torques and in-plane antidamping torques, we will
assume here that τ⊥ ≡ τF L ∝ (m̂ × ŷ) and τ∥ ≡ τDL ∝ m̂ × (ŷ × m̂) The SHH is
fitted using Eq. (6.2) to extract the amplitude of the A- and B-components. As
can be seen from Fig. 6.1(e), our data is well described by Eq. (6.2). Subsequently,
the A- and B-components are determined for different magnetic fields, allowing
us to obtain the τF L, τDL, and anomalous Nernst resistance (RANE) using Eq.
(6.3) and Eq. (6.4). For the MoS2/Py/Al2O3 devices, we corrected our data for a
systematic 15 mT offset in the field due to a residual current in our electromagnet.
The RAHE = 0.15 Ω is obtained by performing a separate measurement where the
first harmonic Hall voltage is measured while sweeping the magnetic field out-of-
plane from approximately -1 T to 1 T (see the Methods section, Fig. 6.4).

Figure 6.2 show the field-dependence of the (a) A- and (c) B-component of a
MOCVD MoS2/Py/Al2O3 device. As expected from Eq. (6.3), the A-component
shows a linear dependence on the inverse magnetic field, which clearly indicates the
presence of a field-like torque τF L. For the four separate devices, we find a spread
in the field-like spin-torque conductivity σF L, with a minimum of (−3.5 ± 0.2) ×
103 ℏ

2e (Ω · m)−1 and a maximum of (−7.5 ± 0.6) × 103 ℏ
2e (Ω · m)−1 for an applied
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6. Role of self-torques in transition metal dichalcogenide/ferromagnet bilayers

current density of 0.8×1010 A/m2 to 5×1010 A/m2 (see the Methods section for the
spin-torque conductivity calculation).

This value is comparable to previous reports on chemical vapor deposition (CVD)
grown MoS2/CoFeB devices from Shao et al. [33] and slightly lower compared to
other semiconducting TMD/Py devices (e.g. WS2, WSe2) [32–35]. Larger field-like
torques are reported in semimetallic TMD/Py bilayers, which is explained by the
considerable Oersted torque arising from the current flowing through the conducting
TMD [37, 39, 40]. Using four-probe measurements, we find a square resistance Rsq

for the Py layer of 101.4 Ω. The sheet resistance reported for the MOCVD grown
MoS2 layer, on the other hand, are much higher than the sheet resistance of Py even
for heavily doped layers, ranging from 42 kΩ to 83 kΩ in the transistor on-state [49]
at room temperature. Due to the semiconducting character of the MoS2 layer in
our devices, no current is expected to flow through the MoS2 and thus no Oersted
torque is expected.

MoS
2
/Py/Al

2
O

3
Py/Al

2
O

3
a) b)

c) d)

Figure 6.2: A- and B-components from Eq. (6.2) versus the inverse magnetic field for a
MoS2/Py/Al2O3, (a) and (c), and single-layer Py/Al2O3, (b) and (d), device, respectively. The
components were obtained by fitting the second-harmonic Hall voltage (as depicted in Fig. 6.1(e))
to Eq. (6.2) for multiple external magnetic field strengths. A clear linear dependence is observed
for the A-component in both devices, and is fitted to Eq. (6.3) to obtain the field-like torque τF L.
Especially for the MoS2/Py/Al2O3 device, the B-component deviates from the linear trend at low
magnetic fields, which could be due to electron-magnon scattering. For the MoS2/Py/Al2O3 de-
vices, we therefore neglected the fields at low fields (10 mT, 20 mT, and 30 mT) to obtain a better
linear fit. Furthermore, we corrected our data for a systematic offset of 15 mT in the applied field.
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6.2. Results and Discussion

In the presence of a τDL, a linear dependence of the B-component is expected
versus the inverse field (see Eq. (6.4)). For only one of our four MoS2/Py/Al2O3
devices, we find a linear dependence of the B-component at high fields, as depicted
in Fig. 6.2(c). For the three other devices, we find nonsignificant damping-like spin-
torque conductivities (σDL) with large errors, with a minimum σDL of (−4 ± 32) ×
103 ℏ

2e (Ω · m)−1 and a maximum σDL of (3 ± 3) × 105 ℏ
2e (Ω · m)−1. Additionally,

we observe large deviations from the linear dependence at low fields in Fig. 6.2(c).
This can be explained by the fact that Eq. (6.3) and Eq. (6.4) are derived assuming
that H ≫ HA, where HA is the in-plane uniaxial anisotropy field, which does not
hold anymore at low magnetic fields [51]. To get a more accurate estimate of the
damping-like torque in this device, we therefore neglect the three data points at
lowest field when fitting the data to Eq. (6.4). For this single device, we find
a damping-like spin-torque conductivity σDL of (1.2 ± 0.3) × 105 ℏ

2e (Ω · m)−1. This
value is comparable to values reported in SOT devices made with Pt, W, and NiPS3,
and is significantly higher compared to SOT devices using other TMDs (e.g., WTe2,
MoTe2, WSe2, etc.). The presence of both a field-like and damping-like torque in
MoS2/Py has been previously reported by Zhang et al. in ST-FMR measurements
[36]. There, a torque ratio of τF L/τDL = 0.19 ± 0.01 is reported, indicating a
five times stronger damping-like torque. Similarly, we find a stronger damping-like
torque for this one device, showing a damping-like torque a factor of 20 stronger
than the field-like torque. On the other hand, Shao et al. report no damping-
like torque in their SHH measurements on MoS2/CoFeB bilayers [33], similar to our
other devices. These contrasting observations show that there is a significant device-
to-device variation for the damping-like torque in these bilayers. This is highlighted
by the fact that we observe no significant damping-like torques in three of our four
devices. Furthermore, it was shown that the ordinary Nernst effect can contribute
to spurious second harmonic Hall voltages in these types of measurements, leading
to a linear dependence of the B-component on the external magnetic field [53]. The
absence of a clear linear dependence of the B-component on the external magnetic
field strength for all MoS2/Py/Al2O3 and single-layer Py/Al2O3 devices, indicates
that this effect does not play a major role in our devices.

6.2.2. Single-layer Py/Al₂O₃ device
To determine the contribution of possible self-torques in the Py layer and accurately
resolve the effect of the MOCVD grown MoS2 layer on the SOTs, we compare the
SOT measurements from the MoS2/Py/Al2O3 device to a single-layer Py/Al2O3
reference device. In Figs. 6.2(b) and 6.2(d) the A- and B-components for the
single-layer Py/Al2O3 device are plotted versus the inverse field. Surprisingly, even
without the MoS2 layer, we observe a clear linear dependence for the A-component
similar to the MoS2/Py/Al2O3 devices, indicating the presence of a field-like self-
torque. Using Eq. (6.3) and Eq. (6.5), we find σF L = (−2.8 ± 0.3)×103 ℏ

2e (Ω ·m)−1.
The σF L has the same sign and its magnitude is only 25% lower compared to the
MoS2/Py/Al2O3 device, which indicates that the presence of the TMD layer does
not significantly enhance the field-like SOT conductivity.

For the B-component, however, no large deviations at low fields are observed, as
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6. Role of self-torques in transition metal dichalcogenide/ferromagnet bilayers

was the case with the MoS2/Py/Al2O3 device. Using Eq. (6.3) and Eq. (6.5), we
find σDL = (−2.6 ± 0.6) × 105 ℏ

2e (Ω · m)−1, which is larger and has an opposite sign
compared to the single MoS2/Py/Al2O3 device that did show a significant damping-
like torque. For other Py/Al2O3 samples, however, no clear damping-like torques
were observed, suggesting that the damping-like torque is strongly dependent on
device (interface) specifics. This indicates that either the origin of the damping-like
self-torque stems from different skew-scattering mechanisms which are dependent
on interface and material quality, an inhomogeneous current distribution, or that
the field-dependence of the B-component is due to spurious effects which mimic the
behavior of the damping-like torque, such as unidirectional magnetoresistance due to
electron-magnon scattering [54, 55]. The opposite sign could result from the different
material interfaces of the Py, which could give rise to different scattering events,
resulting in a different damping-like SOT [26, 56]. However, as the magnitude of the
damping-like torque is unrealistically high, comparing to the damping-like torque
strength observed in Pt/Py samples, we believe that the field-dependence of the
B-component is due to spurious effects at low magnetic fields or an inhomogeneous
current flow in these devices.

Other reports on single-layer Py devices show both a field-like and a damping-
like torque in ST-FMR measurements [47]. Seki et al. observe a field-like torque in
all their single-layer Py devices, but only observe a damping-like torque in devices
where the structural inversion symmetry was broken due to different interfaces of
the Py layer. In our devices, the structural inversion symmetry is broken as well,
as the Py is evaporated on SiO2 and capped with Al2O3, and thus possesses two
different interfaces. A difference in electron-scattering from these two interfaces
could, in turn, lead to a self-torque. Furthermore, Seki et al. report only damping-
like torques for devices where the Py layer is sufficiently thin (≤ 3 nm), which could
explain why we do not observe a reliable damping-like torque for our Py devices
of 6 nm [47]. Also, Schippers et al. report measurements on a similar single-layer
Py reference sample with a 6 nm Py thickness, capped with Al2O3 [57]. At room
temperature, they find a σF L which is three times larger, and a σDL which is one
order of magnitude smaller. For their samples, however, the layers are deposited
using magnetron sputtering, while our samples employed electron beam evaporation,
which could lead to different material and interface qualities, and different current
distributions in the Py layer.

All these different torque strengths and directions observed for similar MoS2/FM
bilayers and single-layer Py devices underline the large device-to-device variation,
also observed in our devices. Our observations show that the self-torque, originating
solely from the FM layer, can have a significant contribution to the observed SOTs
in TMD/FM bilayers.

6.2.3. Effect of the Hall bar dimensions
Lastly, we study the effect of the Hall bar arm width/channel width ratio (a/w), for
the MoS2/Py/Al2O3 devices by keeping the arm width constant at a = 2 µm, while
varying the channel width (w) from 2 µm to 10 µm. In Fig. 6.3, the raw (a) field-
like and (b) damping-like spin-torque conductivities (gray circles) for all devices are
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plotted versus (a/w). For comparison, the σF L(DL) from the single-layer Py/Al2O3
device is included and depicted by the gray unfilled squares. We observe a clear,
almost linear, dependence of σF L on the channel width. The σF L for the device
with a/w = 0.2 is a factor two larger than the device with a/w = 1. We stress that
the larger error bar for the device with a/w = 0.2 is ascribed to a smaller current
density compared to the other devices. This observation is in line with recent work
from Neumann et al. where the arm width/channel width ratio is shown to affect
the estimation of the spin-Hall angle (θSH) [58]. A significantly decreasing θSH

is found when the arm width/channel width ratio becomes sufficiently big (≥ 1),
reporting a value of only 70% at an arm width/channel width ratio of 1. To correct
our σF L(DL), we incorporate a factor for each arm width/channel width ratio as
reported by Neumann et al. [58], and plot the corrected values in Fig. 6.3 as red
(field-like) and blue (damping-like) circles (correction factors can be found in the
Methods section).

After the correction, there is no clear monotonic decrease of σF L with the arm
width/channel width ratio. However, still some device-to-device variation is found,
which could be due to varying interface and material qualities. For σDL, the re-
ported values for both the MoS2/Py/Al2O3 and the single-layer Py/Al2O3 devices
remain large with correspondingly large error bars as previously discussed. These
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Figure 6.3: (a) Field-like and (b) damping-like spin-torque conductivity for the MoS2/Py/Al2O3
devices (circles) and the single-layer Py/Al2O3 device (squares) versus the arm width/channel
width ratio of the Hall bar. The gray points correspond to the raw spin-torque conductivity and
the colored points to the corrected spin-torque conductivity, according to Ref. [58]. The inset in
(a) shows the voltage arm width (a) and the channel width (w). For these devices, the arm width
is kept constant (a = 2 µm), while the channel width is varied.
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6. Role of self-torques in transition metal dichalcogenide/ferromagnet bilayers

results emphasize, and function as experimental evidence for, the importance of
the geometrical factors of the Hall bar on the obtained SOT values from harmonic
Hall measurements in TMD/Py bilayers. Performing similar measurements of the
self-torque dependence on the Hall bar dimensions of the single-layer Py/Al2O3 de-
vice could shed light on the reliability of the measured self-torques. Therefore, we
suggest these measurements to be performed on single-layer Py/Al2O3 devices with
varying arm width/channel width ratios to better characterize the self-torque in FM
layers.

6.3. Conclusion
In conclusion, our results indicate that the self-torques, originating from the FM
layer, can have significant contributions to the observed SOTs in TMD/FM bilay-
ers. We observe a similar τF L in single-layer Py/Al2O3 devices, indicating that the
MOCVD MoS2 layer in our MoS2/Py/Al2O3 is of minor importance for the genera-
tion of field-like SOTs. This suggests that the FM layer, rather than the TMD, might
play a dominant role in the generation of the observed SOTs in TMD/FM bilayers.
Previous contrasting SOT observations in similar TMD/FM bilayers could thus be
ascribed to differences in the FM layer (e.g., different fabrication techniques, capping
layers, interface quality, etc.) rather than different interactions between the TMD
and the FM. We therefore recommend that the self-torque in single-layer FM refer-
ence samples is also characterized in future studies in order to accurately determine
the effect of the TMD layer on the observed SOTs, and that the Hall bar dimensions
should be clearly reported. In addition, in HM/FM bilayers, the self-torque in the
FM layers could counteract the torque generated by the HM layer, resulting in a
reduced net torque. Taking advantage of the self-torques in the FM layer, making
them work in conjunction with other SOTs instead, could lead to an increase in the
SOT efficiency [48]. Tailoring the FM interfaces to change the self-torque direction
and strength, in conjunction with searching for different materials as SOT sources,
could be a promising route towards an increase in SOT efficiency. These results
pave the way for a more accurate disentanglement of all microscopic mechanisms
at play, increasing our understanding of the origins underlying the SOTs, which is
essential for more energy efficient magnetic memory devices.

6.4.Methods
6.4.1. Device fabrication
The MoS2 layer was grown using metal-organic chemical vapor deposition (MOCVD)
on a SiO2(285 nm)/Si substrate as described in Ref. [49]. The MoS2 is characterized
with a PL microscope using a BrightLine long-pass filter set to check the homogene-
ity of the monolayer coverage on the SiO2/Si substrate (see Fig. 6.1).

Next, a separately prepared PMMA mask with exposed Hall bars of different
widths is deposited on top of the MoS2 covered substrate, which ensures a pristine
interface between the permalloy and MoS2 with no polymer contamination. Using
electron beam evaporation, 6 nm of permalloy and a capping layer and hard mask of
17 nm of Al2O3 are deposited. Subsequently, the contacts are defined using standard
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e-beam lithography techniques. Then, first an Al2O3 wet etch with tetramethylam-
monium is performed for 45 s at 40 ◦C, after which in-situ Ar-milling is performed
prior to the evaporation of the Ti/Au (5/55 nm) contacts. Finally, the remaining
MoS2 layer is removed using reactive ion etching (CF4 (9.5 sccm)/O2 (0.5 sccm),
30 W RF, 5W ICP, 30 s).

6.4.2. Electrical measurements
The harmonic Hall measurements, illustrated in Fig. 6.1(a) and Fig. 6.1(c), were
performed at room temperature using a standard lock-in technique with low fre-
quency (77.77 Hz) ac currents (I0), ranging from 500 µA to 700 µA [4, 51, 52].
Subsequently, the first (V ω

xy) and second (V 2ω
xy ) harmonic Hall voltage were mea-

sured while an applied magnetic field (H), ranging from 10 mT to 300 mT, was
rotated in-plane, making an angle ϕ with respect to the current (Fig. 6.1(c)). Al-
beit the different thermal conductivity of MoS2 [59] and SiO2 [13], we find a similar
anomalous Nernst voltage for the device width a similar width (2 µm), of -0.13±0.01
mV and -0.13±0.03 mV, respectively.

To better compare the SOTs in our devices to previous reports on SOTs in
TMD/FM bilayers, we express the SOT in terms of spin-torque conductivity; the
common figure-of-merit in literature due to its independence on geometric factors
[6, 40]. The spin-torque conductivity is defined as the total angular momentum
absorbed by the ferromagnet per second, per unit interface area, per applied electric
field, in units of ℏ

2e , and is calculated according to:

σF L(DL) = 2e

ℏ
Mstpy(lw)

τF L(DL)/γ

(lw)E

= 2e

ℏ
MstP yw

τF L(DL)/γ

RsqI0
,

(6.5)

where Ms is the saturation magnetization, ℏ is the reduced Planks constant, e is the
electron charge, E is the electric field, Rsq is the square resistance, I0 is the applied
current, and l, w, and tP y are the length, width and Py thickness, respectively.

To correct the magnitude of σF L/DL according to the arm width/channel width
ratio of the different devices, we divided the raw values by the correction factors
supplied by Neumann et al. [58]. These correspond to 0.91, 0.85, 0.78, 0.61, and
0.61 for arm width/channel width ratio of 0.2, 0.33, 0.5, 1, and 1, respectively.

6.4.3. Anomalous Hall measurement
To determine the anomalous Hall resistance, RAHE , and the saturation magneti-
zation, Ms, needed for determining the damping-like torque τDL using Eq. 6.4,
we performed anomalous Hall measurements (Fig. 6.4). Using a standard lock-in
technique with a low frequency (17.77 Hz) current of 10 µA, the Hall voltage is
measured while an out-of-plane magnetic field is swept from ∼-1 T to 1 T, as shown
in Fig. 6.4. To reduce errors from any misalignment, the Hall voltage is antisym-
metrized. Assuming that the anisotropy of the Py is solely due to shape anisotropy,

6

131



6. Role of self-torques in transition metal dichalcogenide/ferromagnet bilayers

the anomalous Hall resistance will saturate when the magnetization is completely
saturated in the out-of-plane direction. From the anomalous Hall measurements,
we are therefore able to determine that the HK for our MoS2/Py/Al2O3 devices is
0.9 T, and 0.8 T for the single-layer Py/Al2O3, which is taken to be approximately
µ0Ms for strong shape anisotropy. This is in agreement with previously reported
values for similar thin Py layers [33, 40, 57].

Figure 6.4: Antisymmetrized Hall voltage for the anomalous Hall measurement used to obtain the
anomalous Hall resistance, RAHE , and the saturation magnetization, Ms, needed to determine
τDL from Eq. (6.4). The data presented here are antisymmetrized to reduce any errors due to
sample misalignment.
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chapter 7

Fast Photoresponse in Locally Phase-Engineered
MoTe₂

Numerous transition metal dichalcogenides (TMDs) have been extensively studied
in recent decades for their potential use in optoelectronic applications, owing to
their strong absorption, layer dependent band gap, mechanical strength, and variety
of crystal phases. Additionally, new techniques to alter the crystallographic phase
of TMDs have recently been discovered, which allow researchers to transform the
phase of TMDs locally, creating lateral heterostructures and taking advantage of
their different electronic properties. Thus far, only a few reports highlight the po-
tential benefits of phase-transformed TMDs on their optoelectronic properties, and
do not clearly disentangle the dominant mechanisms involved in the photocurrent
generation. Here, we fabricate a locally phase-transformed MoTe2 device, creating a
metal (1T) semiconductor (2H) lateral junction. We perform scanning photocurrent
measurements to spatially resolve the areas involved in the photocurrent generation.
We find that the photocurrent originates from the 1T’-2H junction, with the pho-
tocurrent peak generated at the 2H MoTe2 side of the junction. This observation,
together with the non-linear IV-curve, indicates that the underlying mechanisms for
the photocurrent is the photovoltaic effect due to a local electric field between the
1T’ and 2H MoTe2 regions. Additionally, the 1T’-2H MoTe2 device exhibits a fast
optoelectronic response over a wavelength range of 700 nm to 1100 nm, with a rise
and fall time of 113 and 110 µs, two orders of magnitude faster when compared
to a directly contacted 2H MoTe2 device. These results show the potential of local
phase-engineering for the further improvement of TMD based optoelectronic devices.
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7.1. Introduction

T he large family of 2D materials called the transition metal dichalcogenides
(TMDs) have gained much attention in the last two decades due to their versa-

tility, mechanical strength, atomically flat interfaces, and strong absorption at the
monolayer limit, making them promising candidates for future (opto)electronic and
(opto)spintronic applications [1]. The most commonly studied crystal structure of
the TMDs is the most stable hexagonal (2H) phase, for which most TMDs are semi-
conducting, and possesses a thickness dependent band gap [2, 3]. Apart from the 2H
phase, however, TMDs can present a multitude of different crystallographic phases,
such as the semiconducting 3R phase, or the semi-metallic 1T, 1T’, 1Td phases,
which possess different (opto)electronic properties. To benefit from these different
properties in a single device, researchers have recently focused on gaining control of
the crystallographic phase of TMDs, allowing them to transform the phase of single
TMD crystals at will. This new and emerging field is now referred to as the field of
phase-engineering.

In literature, multiple methods are used to induce a 2H to 1T’ phase transforma-
tion for different TMDs, such as crystal deformation [4–7], electrostatic doping [8],
chemical doping [9, 10], laser heating [11], etc. In particular, MoTe2 gained much
attention as the energy barrier between the 2H and 1T’ phase is the smallest (∼40
meV) [12]. It was shown electrically that the Schottky barrier, present when di-
rectly contacting the 2H TMD with metallic contacts, is significantly reduced when
contacting a 2H TMD via a phase transformed 1T’ region [9, 11, 13, 14], with these
two-dimensional lateral junctions approaching the quantum limit for the contact
resistance [15].

Apart from electrical characterization, only a few reports explored the benefits
of local phase transformations on the optoelectronic performance of TMD devices
[16, 17]. Lin et al. report an increased reponsivity for 2H MoTe2 devices using 1T’
interlayer contacts [17]. However, no scanning photocurrent measurements are per-
formed, which makes it difficult to disentangle the possible microscopic mechanism
involved in the photocurrent generation to either the photovoltaic effect (PVE), due
to the build in electric field at the Schottky barriers, or the photothermal effect
(PTE), due to the different Seebeck coefficients of the 2H and 1T’ region [1, 18, 19].

Here, we perform scanning photocurrent measurements on 1T’/2H MoTe2 het-
erojunction devices, which allow us to spatially resolve the areas involved in the
photocurrent generation, giving insights on the underlying mechanisms involved.
First, we transform the sides of an exfoliated 2H MoTe2 crystal to a 1T’ phase using
local heating by laser irradiation, which allows us to contact the 2H MoTe2 via the
semi-metallic 1T’ regions. We find a clear non-linear behavior for the 1T’-contacted
2H region, indicative of a Schottky barrier between the 1T’ and 2H region. Ad-
ditionally, using the scanning photocurrent measurements, we clearly observe that
the photocurrents are generated at the 1T’-2H junction rather than at the Ti/Au
electrodes or the 1T’ region. More specifically, we find that the peak of the photocur-
rent is generated at the 2H side of the junction, which suggests that the observed
photocurrents in the 1T’-2H junction can be attributed to the PVE rather than
the PTE. Lastly, we characterize the optoelectronic performance of the MoTe2 pho-
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20 μm

a) b)
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A

Figure 7.1: (a) Optical micrograph of a phase-changed MoTe2 device, where the phase changed
regions are outlined with the white dashed line while the bright green part is the unaltered 2H
MoTe2 region. (b) The Raman spectra obtained before (green) and after (dark blue) the phase
transformation, which clearly indicate a successful phase transformation. The spectra before is
multiplied by 3 for clarity. (c) The Ids − Vds-measurements as indicated in (a), with Vg ranging
from 0 V to 50 V, taken at 78 K. The non-linear IV characteristics show the Schottky behavior.
The IV measurement for the two 1T’ regions are depicted in the inset, which clearly show Ohmic
behavior. (d) The transfer curve measured with a Vds of 3 V, taken at 78 K, shows clear n-type
behavior.

todetector by performing time-resolved, and laser power dependent photocurrent
measurements. We find fast rise and fall times of 113 µs and 110 µs, respectively,
over a broad spectral range of 700 nm to 1100 nm. By comparing our 1T’-2H
MoTe2 photodetector to a 2H MoTe2 diode where the electrodes are directly de-
posited on the 2H MoTe2 crystal, we are able to show that the temporal response
of 1T’-contacted 2H MoTe2 is two orders of magnitude faster. This indicates that
phase-engineering can be considered another tool for improving the performance of
TMD based optoelectronic devices.
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7.2. Results and discussion
7.2.1. Raman spectroscopy
The device used to perform the optoelectronic measurements is depicted in Fig.
7.1(a). The green region is the untreated 2H MoTe2 while the dark light green
regions, indicated by the dashed white line, were irradiated with a laser to initiate the
phase transformation from 2H to 1T’ (details of the device fabrication can be found
in the Methods section). To confirm the phase transformation, we performed Raman
spectroscopy measurements as depicted in Fig. 7.1(b). Before laser irradiation, we
observe the in-plane E2g mode at 235 cm−1 and an out-of-plane Ag mode near
174 cm−1, indicative of the 2H MoTe2 phase. After laser irradiation, these peaks
disappear, and we observe two new peaks at 124 cm−1 and 138 cm−1, corresponding
to the Ag mode of 1T’ MoTe2. This significant change in the Raman spectrum
indicates the successful phase transformation of the irradiated regions.

7.2.2. Electrical characterization
After fabricating electrical contacts to the phase-changed region, we characterize
the structure by sweeping the drain-source voltage (Vds) and measuring the drain-
source current (Ids) for the different regions. In Fig. 7.1(c), the 2-probe Ids-Vds

measurements are shown for a 2-probe measurement of the 1T’-2H-1T’ junction for
different gate voltages, ranging from 0 V to 50 V. We observe a clear non-linear
behavior for the Ids as function of the Vds, indicative of a Schottky barrier present
in our device, which could either be between the Ti/Au contact and the 1T’ MoTe2,
or the 1T’-2H junction. To check this, we performed the Ids-Vds measurement on
the phase transformed 1T’ region only and observe a clear linear behavior showing
Ohmic contact between the Ti/Au contacts and 1T’ region, depicted in the inset of
Fig. 7.1(c). Therefore, we expect the non-linear behavior observed in Fig. 7.1(c) to
originate from a Schottky barrier between the 1T’-2H junction. For the 1T’ regions,
we find a 2-probe resistance of 8 kΩ and 18 kΩ, which again indicate the successful
transformation from the semiconducting 2H MoTe2 phase to the semi-metallic 1T’
phase.

7.2.3.Optoelectrical characterization
To check the optoelectronic response of the 1T’-2H-1T’ sample, we perform both
scanning photocurrent measurements and time-resolved photocurrent measurements,
as described in the methods section. First, the scanning photocurrent measurements
are presented, which give more insight on the origin of the photocurrent, after which
the time-resolved photocurrent measurements are discussed.

The scanning photocurrent measurements enable us to distinguish spatially where
the photocurrent is generated, and thus allows us to check whether the photocurrent
originates from the Ti/Au contacts or from the MoTe2 flake itself. When perform-
ing the scanning photocurrent measurements, the laser beam is focused and scanned
across the sample in a raster like fashion while recording both the reflection and the
induced photocurrent. Figure 7.2(a) shows the recorded reflection map with an il-
lumination wavelength of 700 nm, a power of 1 µW, and a full width half maximum
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a) b)

c) d)nA

nA

nA

A

Figure 7.2: (a) Reflectivity map of the scanning photocurrent measurement of the device depicted
in Fig. 7.1(a) with the corresponding photocurrent map in (b), (c), and (d), taken at RT. The
white outlines indicate the position of the flake and Ti/Au contacts, while the white dashed lines
indicates the 1T’-2H junctions for clarity. The photocurrent maps are obtained with λ = 700 nm,
P = 1 µW, and a Vds of (b) -2 V, (c) 0 V, and (d) 2 V. From the photocurrent maps, we can
clearly see that the induced photocurrent originates from the 1T’-2H junction rather than from
the Ti/Au contacts.

(FHWM) spot size of 0.70 ± 0.02 µm (see Appendix). The contours of the flake and
the Ti/Au contacts are clearly visible and highlighted with the white outlines for
clarity. Note that the different phases of the MoTe2 can also be clearly distinguished,
and their junctions are highlighted with the white dashed line. The corresponding
photocurrent map with a Vds of -2 V, 0 V, and 2 V are depicted in Figs. 7.2(b), (c),
and (d), respectively. We clearly observe that the photocurrent originates locally
from the 1T’-2H junction, rather than the Ti/Au contacts, which is the case when
directly contacting the 2H MoTe2. This, again, confirms a low Schottky barrier
between the Ti/Au and 1T’ MoTe2, indicating a successful phase transformation.

We observe photocurrents with opposite signs at the two 1T-2H junctions for
Vds = 0 V. This is in line with the expected behavior for two possible mechanisms:
photovoltaic effect (PVE) due to a Schottky barrier at the 1T’-2H junction, or the
photo-thermoelectric effect (PTE) due to a different Seebeck coefficient of the two
MoTe2 phases. The two mechanisms are schematically depicted in Fig. 7.3. For
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A
T T
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1T’ 1T’2H 2H
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Figure 7.3: (a) A schematic of the photo-thermoelectric (PTE) and photovoltaic effect (PVE). For
the PTE, the laser locally heats the device which creates a temperature gradient, which via the
Seebeck effect causes a induced photocurrent (IP T E). For the PVE, the localized electric field at
the Schottky barrier causes a separation of the photo-induced carriers, resulting in IP V E . Note that
the two effect produce a photocurrent with the same direction, and that the induced photocurrent is
opposite on both junctions. (b) A line trace of the photocurrent mapping, indicated in black in Fig.
7.2(c), showing the reflection (white) and negative (dark blue) and positive (green) photocurrent
peaks along the line trace. Both the maximum and minimum photocurrent are obtained in the 2H
region, as expected for a localized electric field from a Schottky barrier. The phases are indicated
by the dark blue (1T’) and green (2H) background.

the PTE, local heating due to the laser irradiation causes a temperature gradient
(∆T ) which is converted into a voltage difference (VP T E) due to a difference in the
Seebeck coefficient of the 1T’ (S1T′) and 2H (S2H) phase [1, 20]:

VP T E = (S1T′ − S2H)∆T. (7.1)

In a short-circuit configuration, this thus leads to an induced photocurrent. The
Seebeck coefficient of 2H MoTe2 was shown to be S2H ∼ 230 µV K−1 [21], while
1T’ MoTe2 has a lower Seebeck coefficient of S1T ′ ∼ 30 µV K−1 [21]. As the VP T E

generated at the two junctions are opposite, also the expected photocurrent has an
opposite sign, as illustrated in Fig. 7.3(a). Assuming that the maximum photocur-
rent solely originates from the PTE, we can extract the local temperature gradient
that is produced by the laser using Eq. 7.1. By considering the photocurrent gen-
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erated at the 2H-1T’ interfaces in Fig. 7.2(c), and the 2-probe resistance through
the channel, together with the values for the Seebeck coefficient mentioned above,
we find unrealistically high temperature gradients of between 7490 K and 11952.5
K, which indicates that the PTE would not (solely) explain our observations.

For the PVE driven photocurrent, the localized electric field at the 1T’-2H in-
terface causes the photo-induced electron-hole pairs to separate, resulting in a pho-
tocurrent [20]. For our n-type MoTe2, the band alignment is depicted in Fig. 7.3(a).
The electric field from the Schottky barrier is positioned in the 2H-region. By taking
a line scan of the reflection map and photocurrent map, indicated by the red line in
Fig. 7.2(c), we can more accurately determine the position of the photocurrent peak
with respect to the 1T’-2H junction. Here, we find that the peak of the photocurrent
arises in the 2H region rather than at the 1T’-2H junction, which is in line with the
expectation for the PVE [19]. Additionally, assuming a donor density of Nd of 1011

cm2 [22], a barrier height ϕbi of 60 meV [17], and a relative ϵr of 12, we estimate
the depletion width of our Schottky barrier (W ) using:

W =
√

2ϵ0ϵrϕbi

eNd
, (7.2)

where e is the electron charge, ϵ0 is the permittivity of free space. We estimate a
width in the order of ∼ 2 µm, which corresponds well to the FWHM of 1.5 ± 0.2 µm
we find by fitting the positive photocurrent peak with a Gaussian.

Buscema et al. observe a similar photocurrent sign in their scanning photocur-
rent measurements on an n-type MoS2 photodiode [23]. However, they attribute
the induced photocurrent to the PVE, as they observe a clear photocurrent genera-
tion in the center of their Ti/Au contacts and see a linear Ids-Vds behavior with no
indication of a Schottky barrier. In contrast, for our 1T-2H MoTe2 junctions, we ob-
serve a clear non-linear IV-curve, indicating that the Schottky barrier plays a more
important role in our devices. Furthermore, they see a pronounced photocurrent
even when exciting below the band gap of MoS2. Unfortunately, our optoelectronic
setup only allows for excitation up to 1100 nm, which is still above the band gap
of MoTe2 (∼1.1 eV ∝ ∼1127 nm for bulk) [24, 25]. Therefore, we suggest further
research to be performed on below band gap excitation to determine to what extent
the PTE is contributing to the observed photocurrent.

To characterize the optoelectronic performance of our MoTe2 photodetector, we
perform time-resolved photocurrent measurements and power dependent photocur-
rent measurements, depicted in Fig. 7.4. By measuring the induced photocurrent
versus time, using a chopper to chop the light on and off (see Fig. 7.4(a)), we are
able to extract the rise (τr) and fall time (τf )) of the device, which are defined
as the time required for the photocurrent to increase from 10% to 90%, and de-
crease from 90% to 10% of the maximum photocurrent, respectively. By performing
these measurements over a range of different excitation wavelengths, we find that
we get a short rise and fall time of ∼113 µs and ∼110 µs, respectively, independent
of the wavelength as depicted in Fig. 7.4(b). These response times correspond to
a 3 dB frequency of 0.35/τr = 3 kHz [26], which are close to the performance of
graphene/MoTe2/graphene photodetectors [27]. In contrast, when directly contact-
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ing the 2H MoTe2 with Ti/Au electrodes, we find a much slower response, as shown
in Fig. 7.6(c) in the appendix. Here, we find a clear sawtooth behavior, indicative
of capacitive behavior, already at 20 Hz. This shows that using the 1T’ regions to
contact the 2H MoTe2 increases the response of our MoTe2 photodetector by more
than two orders of magnitude.

a) b)

c) d)

-2 2

Figure 7.4: (a) Time-resolved photocurrent, taken at RT, where the photocurrent (blue) in the
device is plotted together with the chopper signal (grey) versus time show the fast response of our
MoT2 photodetector. The dashed grey lines indicate the region used to determine the rise and fall
time, as depicted in the inset of (b). (b) The extracted rise (blue) and fall times (green) indicate
no wavelength dependence on the fast response for wavelengths ranging from 700 to 1100 nm. The
inset shows the rise (blue) and fall (green) curves of the photocurrent from which the rise and fall
times are extracted. (c) The power dependent measurements for different Vds, ranging from -2 V
to 2 V, with a maximum responsivity of 4.5×10−8 A/µW. Here, the responsivity (R) of the device
is plotted as function of the laser excitation power (P ) and fitted at high laser excitation power
to a power law: R ∝ P α−1. The measured R for 700 nm and 1068 nm are indicated by the filled
circles and unfilled squared, respectively. (d) The extracted index of the power law (α) from the
fitting in (c) versus Vds for the wavelengths 700 nm (blue) and 1068 nm (green).

The response dynamics displayed at the 1T’-2H junction are relatively fast com-
pared to other TMD based photodetectors [26, 28] More specifically, compared to
other MoTe2 based photodetectors, they are one order of magnitude faster when
compared to the report of Huang et al. on 2H MoTe2 [29], and similar to the ones
found by Lin et al. in 1T’-contacted 2H MoTe2 [17]. On other TMD-based devices,
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a variety of different response dynamics are reported, with the fastest responses
reported for deep UV and mid-IR detectors on graphene/MoTe2/black phosphorus
devices, which reach bandwidths of 2.1 MHz [30].

Additionally, we characterize the MoTe2 based photodetector by varying the
excitation power at a fixed excitation wavelength (700 nm and 1068 nm). From
the power dependent measurements, we are able to determine the responsivity:
R = IP C/P , where IP C is the induced photocurrent and P is the power of the laser
[1, 20], and find a maximum R of 4.5 × 10−8 A/µW with a wavelength of 700 nm
and a 2 V bias. Compared to other reports on TMD based photodetectors, this is
relatively low, as the reported responsivities for different TMD based photodetec-
tors range approximately from 7.25 × 10−11 A/µW to 1.237 × 10−3 A/µW [28]. The
low responsivity of our device is not entirely unexpected, as there commonly is a
trade-off between fast response and high responsivity in these devices [26]. Addi-
tionally, the responsivity of our device is measured with a focused laser spot rather
than illuminating the entire device. This could lead to an underestimation of the
generated photocurrent as only a small fraction of the photodetector area is used to
generate the photocurrent.

Figure 7.4(c) clearly shows a decrease of responsivity with incident excitation
power for P > 1.9 µW, which is commonly observed in TMD photodetectors [31,
32]. It can be associated with a reduced number of photogenerated carriers available
for extraction under high photon flux due to the saturation of recombination/trap
states that influence the lifetime of the generated carriers [33]. The responsivity
versus laser power can be expressed by a power law R ∝ P α−1

d for P > 1.9 µW,
where P is the laser power, and α is the index of the power law [29, 34]. From the fit,
we are able to extract α for the two different wavelengths at different Vds as shown
in Fig. 7.4(d). The deviation from the ideal slope of α = 1, where the responsivity
does not dependent on the laser power, can be attributed to complex processes in
the carrier generation, trapping, and electron-hole recombination in the MoTe2 [35,
36]. For the PTE, a value of α ∼ 0.8 is expected, while we find a value of α ∼ 0.25,
which indicates again that the PTE is not responsible for the photocurrent in our
device [18].

7.3. Conclusion
In conclusion, our results indicate that contacting the 2H region of MoTe2 via a
phase-transformed 1T’ region is beneficial for the temporal optoelectronic response
of MoTe2 based photodetectors. Our scanning photocurrent measurements and
non-linear IV curves, clearly show that the origin of the photocurrent in our device
can be ascribed to the Schottky barrier between the 1T’-2H junction, rather than
the photo-thermoelectric effect or Schottky barriers at the Ti/Au electrode-TMD
interface. Contacting the MoTe2 via the phase-transformed 1T’ region, therefore,
allows one to study the intrinsic properties of the TMD rather than the electrode-
TMD interactions, beneficial for fundamental research. Additionally, an increase
of 2 orders of magnitude in the optoelectronic temporal response is observed when
contacting the 2H MoTe2 via the 1T’ regions. This shows that tailoring the crystal-
lographic phase of TMDs locally, altering their optoelectronic response at will, can
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have a profitable effect on the optoelectronic operation. Our results, in combination
with the wide variety of phase-engineering techniques and different TMDs available,
could lead to a further improved performance of TMD-based optoelectronic devices,
leading to more sensitive, faster and flexible photodetectors.

7.4.Methods
7.4.1. Device fabrication
The 2H MoTe2 flakes are obtained by mechanical exfoliation (bulk crystal supplied
by HQ Graphene) and transferred onto a Si/SiO2 (285 nm) substrate in a nitrogen
environment. Using an optical microscope, the MoTe2 flakes are selected based
on their size, thickness, and homogeneous surface. Next, the Raman spectra are
obtained with an inVia Qonto Raman microscope using a linearly polarized laser
with an excitation wavelength of λ = 532 nm and a 2400 l/mm grating and a laser
power of ∼ 100 µW with a diffraction limited laser spot of ∼ 1 µm. Using the same
system, the 2H-1T’ phase transformation is performed by selectively illuminating
parts of the MoTe2 flake with the 532 nm laser beam in a raster-like fashion, using
steps of 500 nm and 0.1 s illumination. We find that a laser power ≥ 3.25 mW
(laser spot size around 500 nm) is needed to initiate the phase transformation.
Finally, using standard lithography techniques, the Ti/Au (5 nm/55 nm) contacts
are fabricated on top of the flake by means of electron beam lithography and electron
beam evaporation.

7.4.2.Optoelectronic measurements
The electrical characterization (i.e. IV-sweeps, transfer curves) is performed us-
ing a Keithley 2400 and 2450 source measure unit at 78 K. For the optoelectronic
measurements, a supercontinuum white light laser (NKT Photonics SuperK EX-
TREME) is used as illumination source, and the measurements are taken at room
temperature. The induced photocurrent is measured in a short circuit configuration
using a Stanford Research Systems SR830 lock-in amplifier, which is referenced to
the frequency of the optical chopper. The photocurrents are either measured di-
rectly by the lock-in amplifier, or converted to a voltage using a home build current
pre-amplifier, which is subsequently measured by the lock-in amplifier. The time-
resolved photoresponse of the device, depicted in Fig. 7.3(a), is measured using a
chopper and an oscilloscope (Keysight DSOX1204A) at room temperature.
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7.7. Appendices
7.7.1. Laser spot determination

a) b)

c) d)

λ= 700 nm λ= 1068 nm

FWHM = 703 nm FWHM = 1904 nm

Figure 7.5: (a) Reflection map taken with λ = 700 nm of the device depicted in Fig. 7.1(a), where
the red line indicated the position of the line trace to determine the laser spot size. (b) The data
(blue circles) of the line trace in (a), which shows the clear step from the Ti/Au electrode to the
SiO2 substrate. (c) By taking the derivative of the data depicted in (b) (blue circles), and fitting
it with a Gaussian (red line), the FWHM of the laser spot used to do the scanning is determined.
(d) Same as (c) but now for λ = 1068 nm

.

To determine the spot size of our laser at the wavelengths of 700 nm and 1068
nm, we use the software Gwyddion to take a line trace over a scanning map of
the reflectivity. The reflectivity map for 700 nm is depicted in Fig. 7.5(a), where
the position of the line trace is indicated with a red line and the line trace itself is
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depicted in Fig. 7.5(b). By fitting the derivative of the data in Fig. 7.5(b) with a
Gaussian, we are able to determine the FWHM of the laser spot, as show in Figs.
7.5(c) and (d) for 700 nm and 1068 nm, respectively. For a wavelength of 700 nm,
we find a diffraction limited FWHM of 0.70 ± 0.02 µm, while for the 1068 nm, we
find a broader FWHM of 1.91 ± 0.04 µm.

7.7.2.Mobility
The transfer curve of Fig. 7.1(d), for the device depicted in Fig. 7.1(a), shows clear
n-type behavior with a threshold voltage of Vth = 40.3 V. The mobility µ of the
device is determined by fitting the right part of the transfer curve to:

µ =
(

dIds

dVg

)(
l

wCgVds

)
, (7.3)

where (dIds/Vg) is the slope at positive Vg, l and w are the length and width of the
channel, Cg is the area capacitance of the SiO2 back gate (1.2 × 10−4 F/m2), and
Vds is the drain-source voltage (3 V). We find a low mobility of 0.08 cm2/(V · s).

7.7.3.Other phase-engineered MoTe₂ device
Surprisingly, another fabricated phase transformed MoTe2 device exhibits clear p-
type behavior, and shows different mobilities compared to the device depicted in Fig.
7.1(a). When contacting the 2H MoTe2 directly with the Ti/Au contacts, we find
a mobility of 1.74 cm2/V · s, while if the 2H region is contacted via the 1T’ region,
similar to Fig. 7.1(d), we find a mobility of 14.18 cm2/V · s, in agreement with
the reports of Bae et al. [14] on electrical measurements on phase changed MoTe2
devices and larger compared to similar measurements reported by Zhang et al. [13].
The 8-fold increase in mobility, here, again indicates that the phase transformation
has let to less invasive contacts with lower Schottky barriers compared to the direct
contacts.

7

148



7.7. Appendices

10 μm

a) b)

c) d)

2H

1T’

μ = 1.74 cm2/(Vs)

1T’

2H

μ = 14.18 cm2/(Vs)

Chopper

Figure 7.6: (a) Optical micrograph of another phase-engineered MoTe2 device similar to the device
depicted in Fig. 7.1(a) in the main text. The white dashed regions indicate the areas where the
2H MoTe2 are transformed to 1T’ by laser irradiation. (b) Transfer curve measured with the
Ti/Au electrodes directly deposited on the 2H region, which shows clear p-type behavior. (d) The
transfer curve measured with the Ti/Au electrodes on the 1T’ region. By fitting the curve on
negative gate voltages and using Eq. 7.3, we are able to extract a mobility of 1.74 cm2/(V · s)
and 14.2 cm2/(V · s), respectively. (c) The top panel shows the temporal photovoltage response
(green) of the MoTe2 device when the 2H crystal is directly contacted with the Ti/Au electrodes.
The bottom panel depicts the signal from the chopper (grey), which chops the light on and off. A
much slower optoelectronic response is observed compared to the response of the device discussed
in the main text, as shown in Fig. 7.4(a).
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chapter 8

The role of device asymmetries and Schottky
barriers on the helicity-dependent photoresponse
of 2D phototransistors

Circular photocurrents (CPC), namely circular photogalvanic (CPGE) and photon
drag effects, have recently been reported both in monolayer and multilayer transition
metal dichalcogenide (TMD) phototransistors. However, the underlying physics for
the emergence of these effects are not yet fully understood. In particular, the emer-
gence of CPGE is not compatible with the D3h crystal symmetry of two-dimensional
TMDs, and should only be possible if the symmetry of the electronic states is re-
duced by influences such as an external electric field or mechanical strain. Schottky
contacts, nearly ubiquitous in TMD-based transistors, can provide the high electric
fields causing a symmetry breaking in the devices. Here, we investigate the effect of
these Schottky contacts on the CPC by characterizing the helicity-dependent photore-
sponse of monolayer MoSe2 devices both with direct metal-MoSe2 Schottky contacts
and with hBN tunnel barriers at the contacts. We find that, when Schottky barriers
are present in the device, additional contributions to CPC become allowed, resulting
in emergence of CPC for illumination at normal incidence.

Published as: Jorge Quereda, Jan Hidding, et al., "The role of device asymmetries and Schottky
barriers on the helicity-dependent photoresponse of 2D phototransistors," npj 2D Materials and
Applications 5, 13 (2021)
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photoresponse of 2D phototransistors

8.1. Introduction

Two-dimensional (2D) transition metal dichalcogenides (TMDs) offer a privileged
material platform for the realization of ultra thin and efficient optoelectronics

[1] [2]. Their strong optical absorption, fast optoelectronic response, and high power
conversion efficiencies, combined with functional properties such as flexibility, trans-
parency, or self-powering make these materials highly promising for the development
of optoelectronic devices [3] [4] [5] [6] [7].

A particularly interesting feature of 2D-TMDs is the coupling between their
spin and valley degrees of freedom [8]. In these materials, the optical band gap is
located at two non-equivalent valleys in the reciprocal space, usually labeled as K
and K, presenting different optical selection rules and opposite spinorbit splitting
both in the valence band and in the conduction band. In consequence, upon band-
edge optical excitation with circularly polarized light, the spin and valley degrees
of freedom of the optically excited electrons can be controlled by appropriately
selecting the illumination wavelength and helicity [9]. It was recently shown that
when a monolayer TMD (1L-TMD) is illuminated at an oblique angle with respect to
the crystal plane, a helicity-dependent photocurrent (circular photocurrent, CPC)
emerges. This effect has been attributed to circular photogalvanic (CPGE) and
photon drag (CPDE) effects [10] [11] [12] and opens exciting possibilities for the
realization of 2D self-powered optoelectronic and opto-spintronic devices.

The physical origin of CPCs in 1L-TMDs is still far from understood. In particu-
lar, the emergence of CPGE requires a low crystal symmetry not compatible with the
D3h symmetry found in pristine 1L-TMDs. Therefore, it requires an external agent
such as mechanical strain or a strong external electric field to reduce the crystal
symmetry to, at most, a single mirror-plane symmetry [11]. One possible agent that
can cause this symmetry breaking is the strong electric field that emerges in Schot-
tky contacts to 1L-TMDs [13] when an external bias is applied. In a recent work [11]
we studied CPC in a hexagonal boron nitride (hBN) encapsulated 1L-MoSe2 photo-
transistor. There, the Schottky barriers were expected to be suppressed, or at least
largely reduced, by the presence of bilayer hBN tunnel barriers between the metallic
contacts and the 1L-MoSe2 channel [14] [15]. Here, to clarify the role of Schottky
barriers we investigate helicity-dependent photocurrents in 1L-MoSe2 devices both
with direct metal/MoSe2 contacts and with metal/hBN/MoSe2 tunnel contacts. In
both cases, we observe a CPC that is maximized for an illumination wavelength
λ = 790 nm (matching the room-temperature A-exciton resonance of 1L-MoSe2),
increases with the gate voltage, and depends nontrivially on the sourcedrain volt-
age and the light incidence angle. However, for the direct metal contact geometry,
a nonzero drainsource voltage applied between the sensing contacts is needed to
obtain a measurable photocurrent, while for the device with hBN tunnel barriers a
nonzero CPC can be clearly observed even at zero drainsource voltage. We find that
for devices with direct metal/MoSe2 contacts where asymmetric Schottky barriers
are expected to be present, a nonzero CPC emerges even for light incident normal
to the crystal plane. This is contrary to the case of the device with hBN tunnel bar-
riers. Our results thus confirm that the presence of strong, anisotropic electric fields
near the direct metal/MoSe2 contacts reduces the symmetry of the MoSe2 channel,
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leading to the emergence of additional contributions to the CPC, not present in
devices with tunnel hBN contacts.

The contact-dependent contributions to CPC observed here could also be present
in earlier reported measurements attributed to the valley-hall effect [16] (VHE) and
to a Berry-curvature-induced circular photogalvanic effect [10]. These additional
contributions to the observed CPC could be distinguished by their characteris-
tic dependence on the illumination angle. Our results thus demonstrate the cru-
cial importance of angle-resolved measurements for an adequate characterization of
helicity-dependent optoelectronic effects in 2D systems.

8.2. Results
Device characterization and measurement geometry Fig. 8.1(a) shows a sketch of
the device with direct metal/1L-MoSe2 contacts (a microscope image of the actual
device can be found in Supplementary Note 1). We first exfoliated and identified
1L-MoSe2 and multilayer hBN flakes by standard micromechanical cleavage, and
confirmed their flake thickness by atomic force microscopy (see Supplementary Note
1). Then, we used a dry, adhesive-free pick-up technique [17] to fabricate the 1L-
MoSe2/hBN heterostructure on a SiO2 (285 nm)/p-doped Si substrate. Finally, we
fabricated Ti (5 nm)/Au (75 nm) electrodes on top of the structure by standard
electron-beam lithography and metal evaporation. The contact geometry shown
in Fig. 8.1 allows us to measure the optoelectronic response of the device in two
perpendicular directions. We use a similar fabrication process and contact geometry
for the device with hBN tunnel barriers, as detailed in the Methods section. In that
case, the 1L-MoSe2 channel is fully encapsulated between a thick hBN layer and
a bilayer hBN, and metallic electrodes are fabricated directly on top of the bilayer
hBN.

For all the measurements described below, the devices were kept in vacuum and
at room temperature. Figure 8.1(b) shows a two-terminal transfer characteristic of
the non-encapsulated device, presenting a clear n-type behavior with a threshold
gate voltage V th

g = 40 V. The device threshold voltage also presented a slow drift
over long periods of time, changing by up to 1015 V over a 24 h period. We attribute
this slow drift to charging/discharging of local impurities at the SiO2 substrate.

The IV characteristic (inset in Fig. 8.1(b)) is highly nonlinear, due to the pres-
ence of asymmetric Schottky barriers at the metal-MoSe2 contacts. The device
with hBN tunnel barriers also presents a nonlinear IV characteristic, as shown in
Supplementary Note 2 and discussed in detail in ref. [14].

For characterizing the device photoresponse, we uniformly illuminate the whole
sample using a wavelength-tunable continuous wave (CW) laser source and measure
the resulting photocurrent. Importantly for our measurements, we use collimated
light for optical excitation, as opposed to focusing the light with a high numerical
aperture microscope objective. This illumination geometry allows us to control
precisely the light incidence angle ϕ. Figure 8.1(c) shows the registered sourcedrain
current I12 when the laser source is turned on and off using a chopper for sourcedrain
voltage V12 = 10 V, gate voltage Vg = 50 V, illumination wavelength λ = 790 nm,
linear polarization, and light incidence angle ϕ = 30°. As shown in Fig. 8.1(a), the
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Figure 8.1: Device geometry and optoelectronic response. (a) Schematic of the device with direct
metal/1L-MoSe2 contacts and measurement geometry. The optical excitation is achieved by expos-
ing the entire device to a wavelength tuneable laser source, hitting the sample at an oblique angle
of incidence ϕ. The polarization and helicity of the light excitation is selected using a λ/4 wave
plate. The bottom diagrams show a side view of the two possible device geometries, either with
Ti/Au Schottky contacts fabricated directly on top of the 1L-MoSe2/hBN structure (left) or with a
top bilayer hBN flake acting as tunnel barrier between the 1L-MoSe2 and the contacts (right). (b)
Two terminal transfer characteristic of the device for V12 = 10 V, showing a clear n-type behaviour.
The threshold gate voltage is found to be around V th

g = 40 V. Inset: IV characteristic measured
at Vg = 50 V. Arrows indicate scan direction. (c) Total current I12 along the device for V12 = 10
V and Vg = 50 V. When the light excitation (λ = 790 nm) is turned on, the total current along
the device increases by IP C = 1.4 nA. (d) Photocurrent IP C (red circles) as a function of the wave
plate rotary angle ϕ and fitting to Eq. 8.1 (black, solid line). The discontinuous lines represent the
three separate contributions indicated in Eq. 8.1, I0 (black, dash-dotted line), L sin(4θ + δ) (blue,
dashed line) and C sin(2θ) (green, dotted line).

illumination plane (highlighted in faint red in the figure) is fixed along the direction
between contacts 3 and 4.

When the light is turned on, electrons in the MoSe2 valence band undergo an
optical transition to the conduction band, either directly or by formation of exci-
tons, which results in an increase in the conductivity (photoconductivity). Thus,
the current flowing through the device increases by IP C . In the measurements dis-
cussed below, IP C is registered using a lock-in amplifier set at the frequency of the
mechanical chopper.

In a 2D-TMD phototransistors, photoconductivity can emerge from two main

8

156



8.2. Results

coexisting mechanisms [18] [19] [20] [21] [22] [23]: photoconductive effect, where
light-induced formation of electronhole pairs leads to an increased charge carrier
density; and photovoltaic effect, where light-induced filling or depletion of localized
states results in a shift of the Fermi energy. When the characteristic relaxation times
for these localized states are very long, photovoltaic effects appear as photodoping,
and the Fermi energy shift remains for a long time, or even permanently, after the
optical excitation is turned off [24].

To characterize the helicity-dependent photoresponse of our device we tune the
polarization of the incident light by a λ/4 wave plate. Over a 360°wave plate ro-
tation, the light is modulated twice between left and right circular polarization.
Figure 8.1(d) shows the helicity-dependent photocurrent IP C as a function of the
angle θ of the fast axis of the wave plate with respect to the polarization axis of the
incoming laser. The resulting signal IP C(θ) can be phenomenologically described as

IP C(θ) = I0 + C sin(2θ) + L sin(4θ + δ) (8.1)
Here, I0, C, and L, respectively, account for the polarizationindependent, helicity-
dependent, and linear polarizationdependent components of IP C . Note that the
helicity-dependent component C sin(2θ) must be zero for θ = 0 (wave plate fast axis
aligned with incident polarization), which corresponds to the output bean being fully
linearly polarized. In contrast, the linear polarization-dependent part L sin(4θ + δ)
can in principle be maximal for any arbitrary angle, depending on the relative ori-
entation of the incident light polarization and the device. Thus, a phase δ must be
included in the equation. It is also worth remarking that Eq. 8.1 is purely phe-
nomenological, and no assumption is made regarding the microscopic origin of the
linear- and helicity-dependent components. In particular, C can include contribu-
tions from several effects, including CPGE and CPDE

8.2.1. Spectral behavior of CPC
Figure 8.2 shows the spectral dependence of the polarization independent (I0) and
helicity-dependent (C) photocurrent components, measured in two-terminal config-
uration using contacts 1 and 2, with V12 = 10 V, Vg = 50 V, and ϕ = 30°. Both I0
and C are peaked around λ ≈ 790 nm, matching the wavelength of the 1L-MoSe2
A-exciton resonance [19] [25] [26]. For off-resonance wavelengths shorter than 775
nm, C becomes strongly suppressed, even when I0 still remains large. This result
is consistent with our earlier measurements in hBN-encapsulated devices [11] and
with recent optical measurements showing that light-induced valley population im-
balance under off-resonance excitation is rapidly relaxed by intervalley scattering of
high-energy excited carriers [9] [27]. Therefore, resonant exciton absorption is nec-
essary for efficient CPC generation. For excitation wavelengths longer than λ ≈ 825
nm only a small polarization-independent photocurrent is observed.

8.2.2. Dependence of CPC on the gate voltage
Next, we investigate the effect of the gate voltage on the photocurrent. We apply
gate voltages between Vg = 50 V and +50 V while keeping a constant drainsource
voltage V12 = 10 V and illuminating the sample at λ = 790 nm and ϕ = 30°. Figure
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Figure 8.2: Spectral dependence of the C fitting parameter for ϕ = 30◦, V12 = 10 V and Vg = 50 V.
(a) Colormap of IP C as a function of the wave plate angle (x-axis) and the excitation wavelength
(left axis). The gray scale in the colormap represents IP C , and the solid lines (right axis) show
individual IP C profiles at equispaced wavelengths between 720 and 840 nm. For clarity, the base
level of these profiles has been shifted vertically in steps of 0.5 nA. (b) I0 (blue, right axis) and C
(red, left axis) parameters, obtained from least-square fitting of Eq. 8.1 to the data shown in (a),
as a function of the excitation wavelength.

8.3(a) shows the registered photocurrent for the device with direct metal/MoSe2
contacts as a function of the incident light polarization. I0, C, and L can be ex-
tracted from fittings to Eq. 8.1 as described above. Figure 8.3(b) shows I0 and C
as a function of the gate voltage. Both for I0 and C, a nonzero signal can only
be observed at gate voltages near to or above Vth. A similar gate dependence of
photoconductivity has been earlier observed in TMD phototransistors [18] [28], and
indicates that the observed photoconductivity originates mainly from the photo-
voltaic effect mentioned above. Thus, the effect of the gate voltage is simply to
modulate the overall photoresponse of the device, but does not change the ratio
between I0 and C. As shown in Figs. 8.3(b) and (c), the described behavior is
observed both for samples with direct metal/MoSe2 contacts and with hBN tunnel
barriers. However, for the sample with tunnel contacts, a nonzero I0 and C can be
observed even at Vg < Vth, indicating the presence of an additional contribution to
photocurrent. We attribute this new contribution to an enhanced photoconductive
effect in hBN-encapsulated samples [18].
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Figure 8.3: Effect of the gate voltage on the helicity-dependent photocurrent. (a) Measured pho-
tocurrent IP C in the non-encapsulated device for different gate voltages Vg , from -10 V to 50 V,
as a function of the λ/4 wave plate angle. The black solid lines are least square fits of the exper-
imental data to Eq. 8.1. (b-c) Vg dependence of the I0 (blue circles, right axis) and C (orange
triangles, left axis) photocurrent components for the non-encapsulated (b) and hBN-encapsulated
(c) devices. The insets in pannels (b) and (c) show C as a function of I0 in logarithmic scale.

8.2.3. CPC and illumination angle of incidence
Figure 8.4(a) shows the measured photocurrent for λ = 790 nm, V12 = 10 V, and
Vg = 50 V as a function of the wave plate angle for different illumination angles.
From these measurements we extract the angle dependence of the helicity-dependent
photocurrent, C, shown in Fig. 8.4(b). The dependence of CPC on the illumination
angle allows us to extract information on the underlying physical mechanism.

As we discussed in ref. [11], CPGE cannot occur in a material with D3h sym-
metry, such as pristine 1L-MoSe2, while CPDE can only give contributions pro-
portional to sin(2ϕ), which are odd upon inversion of the illumination angle ϕ and
should cancel out for illumination normal to the crystal plane. For the device with
direct metal/MoSe2 contacts studied here we find that C does not present even
or odd parity upon inversion of the illumination angle. Furthermore, a nonzero
helicity-dependent signal is observed even for normal-incidence illumination. This
is in strong contrast with our results in hBN encapsulated devices (see Supplemen-
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tary Note 2 and ref. [11]). For these devices, a nonzero angle of incidence is needed
to generate a measurable CPC. Simple symmetry arguments can be used to show
that a nonzero CPC signal at ϕ = 0°can only appear if the symmetry of the crystal is
reduced to at most a single mirror-plane symmetry [11]. Thus, our results establish
that the presence of non-equivalent Schottky barriers in the vicinity of the metallic
contacts results in a largely reduced symmetry of the electronic states, allowing for
additional contributions to the CPC. In fact, as shown in Supplementary Note 3,
we observe that the overall strength and angle dependence of the CPC varies from
one set of contacts to another, further suggesting that this effect is largely affected
by the local geometry near the electrodes.
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Figure 8.4: Dependence of C on the illumination angle. (a) Photocurrent IP C for V12 = 10 V and
Vg = 50 V as a function of the wave plate angle for different illumination angles. Dots indicate
experimental data. Solid lines are fittings to Eq. 8.1. (b) Dependence of C on the illumination
angle, extracted from the fittings shown in (a). The dotted line is a parabolic fitting of the
experimental data, shown as a guide to the eye.

8.2.4. Effect of the drain–source voltage on CPC
Finally, we evaluate the dependence of the CPC on the drainsource voltage. As men-
tioned above, for the sample without hBN tunnel barriers a nonzero bias voltage
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needs to be applied in order to observe nonzero C and L photocurrent components.
This is again in contrast with our results for hBN encapsulated devices (see Sup-
plementary Note 2 and ref. [11]), where a clear helicity-dependent photocurrent
appears even in short-circuit configuration.

When V12 is swept, both C and L increase with the absolute value of Vds. How-
ever, the sign and amplitude of C depend on the angle of incidence in a nontrivial
way. We also observe that C and L are largely dependent on the selected set of
sourcedrain contacts for a fixed angle of incidence (see Supplementary Note 3).
Figure 8.5 shows the dependence of C and L on the drainsource voltage V12 for
two different angles of incidence (ϕ = +50°and ϕ = +50°). For +50°a nonzero
helicity-dependent photocurrent C is clearly observed for positive drain source volt-
ages V12, increasing monotonically with the applied voltage (see Fig. 8.5(c)). For
negative voltages a smaller but measurable C is observed. Intriguingly, the sign of
C is preserved when changing the sign of the drainsource voltage. However, when
the illumination angle is inverted from 50°to 50°the sign of C flips from positive
to negative, and a large signal is only observed for negative V12 (Fig. 8.5(c)). It
is worth noting that the behavior described here is only valid for a specific set of
contacts in the device and changes in a nontrivial way with the angle of incidence.
Vds-dependent measurements for additional contacts and illumination angles can be
found in Supplementary Note 3. The fact that C and L modulate differently with
the drainsource voltage for different sets of contacts is consistent with our hypothe-
sis, i.e., that the presence of nonhomogeneous Schottky barriers alters the symmetry
of electronic states and thus enables additional contributions to the CPC, largely
affecting the total measured CPC signal.

8.3. Discussion
In a seminal theory work [29], Moore and Orenstein showed that the presence of
a nonzero Berry curvature in a 2D system can lead to the emergence of CPGE
under illumination normal to the crystal symmetry of this CPC is compatible with
contributions from Berry curvature-induced CPGE, the observed signal could also
be explained by the emergence of helicity-dependent photovoltaic effects near the
metalMoSe2 interfaces.

As discussed in earlier literature [11], a nonzero CPC under normal incidence
illumination such as the one shown here is only possible for a device with, at most, a
single mirror-plane symmetry. Indeed, we observe that when an hBN tunnel barrier
is inserted between the contacts and the 2D channel, the CPC signal upon normal
illumination disappears. This indicates that the presence of strong electric fields
at the Schottky contacts plays an important role in reducing the symmetry of the
MoSe2 channel, enabling additional contributions to CPC. The particularities of the
electric field profile in the vicinity of a specific metalsemiconductor contact strongly
influence the measured signal, resulting in the observed contact dependent CPC.

Importantly, earlier measurements on helicity-dependent photoresponse carried
out in 1L-TMD devices with direct metalsemiconductor contacts could also show
contributions caused by a symmetry reduction near the contacts. For example, for
the valley-Hall effect [16], N. Ubrig et al. recently showed that the helicity-dependent
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Figure 8.5: Dependence of C and L on the drain source voltage. (a-b) Photocurrent IP C as
a function of the wave plate angle for different drain-source voltages V12 between -10 V (blue)
and +10 V (red), for a light incidence angles ϕ = +50◦ (a) and ϕ = +50◦ (b). Dots indicate
experimental data. Solid lines are fittings to Eq. 8.1. (c-d) Dependence of C (c) and L (d) on the
drain source voltage, extracted from the fittings shown in (a) and (b).

signal is strongly modified when the vicinity of the electrodes is exposed to light
[13], which could be caused by a contact-induced symmetry breaking. In light of our
measurements, inserting few-layer hBN as tunnel barrier between the semiconductor
channel and the metallic contacts minimizes possible effects of Schottky barriers on
the device photoresponse, granting access to the intrinsic properties of a 2D-TMD.
In particular, for devices with hBN tunnel barriers the CPGE cancels out for normal
incidence, as expected from the crystal symmetry.

Our results also show that CPCs can be very largely and nontrivially modulated
by the illumination angle, even for incidence angles as small as 10°. However, most
reports on helicity-dependent optoelectronic measurements rely on high numerical
aperture objectives to focus the laser beam onto a small area of the sample. While
this method has the advantage of granting micrometer spatial resolution, it comes
at the price of losing resolution on the illumination angle, as the measured pho-
toresponse will be averaged over a broad range of angles. Thus, in order to obtain
a complete microscopic understanding of the helicity-dependent optoelectronic re-
sponse of 2D-TMD devices, spatially resolved experiments should be used in combi-
nation with angle-resolved measurements. We envision that the symmetry-breaking
generated by Schottky contacts can also be used for engineering of CPC in 2D-TMD
phototransistors, opening up possibilities to tuning the photoresponse for circularly
polarized light at particular incident angles for angular-resolved photodetectors.
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8.4. Appendices
8.4.1. Supplementary note 1: Optical and AFM images of the device
In this section we focus on the fabrication of the non-encapsulated device. We ad-
dress the reader to the methods section in the main text and the supplementary
information of Ref. [1] for details on the fabrication of the hBN encapsulated de-
vice. Supplementary Figs. 8.6(a) and 8.6(b) show an optical micrograph and an
AFM image of the MoSe2/hBN heterostructure prior to contact fabrication. The
MoSe2 crystal presents monolayer and a three-layer regions and is cracked into 5
separate regions. The leftmost part of the crystal consists of a uniform monolayer.
Supplementary Fig. 8.7(a) shows an optical image of the final device after contact
fabrication. Electrodes 1 to 4 are numbered accordingly with Fig. 8.1(a) in the
main text.

b)a)

c)

Figure 8.6: (a) Enhanced-contrast optical microscope image of the MoSe2 flake transferred on top
of a few nm thick hBN. (b) Tapping-mode AFM image of the region marked in (a). The MoSe2
flake presents a series of cracks that split in in separate regions (indicated by green arrows in
the figure). The leftmost region in the figure is a homogeneous monolayer, while the other four
regions contain both monolayer and 3-layer MoSe2 (c) Single AFM scan across the dashed white
line indicated in (b), showing the monolayer (0.8 nm) and three-layer (2.3 nm) regions.

8.4.2. Supplementary note 2: Additional CPC measurements in the hBN
encapsulated device

In this section we present additional measurements in the hBN encapsulated mono-
layer MoSe2 device. Supplementary Fig. 8.7(b) shows a two-terminal IV-characteristic
of the device, and Supplementary Figs. 8.8(a) and (c) show the helicity-dependent
photocurrent measured in the hBN-encapsulated device with tunnel contacts as a
function of the drain-source voltage, for λ = 790 nm and ϕ = +20◦. Differently from
the device with direct metal/MoSe2 contacts shown in the main text, here we ob-
serve a nonzero C-component at Vds = 0 V, even when the polarization-independent
component I0 cancels out for this drain-source voltage.

As shown in Supplementary Fig. 8.8(b), the helicity-dependent component of the
photocurrent for the encapsulated sample is strongly dependent on the illumination
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Figure 8.7: (a) Optical image of the non-encapsulated MoSe2 device. The white and red dashed
lines indicate the positions of the 1L and 3L-MoSe2 flake regions, respectively. Contacts 1, 2, 3
and 4 are numbered accordingly with the schematic representation of Fig. 8.1(a) in the main text.
(b) IV-characteristic of the hBN encapsulated MoSe2 device.

angle ϕ. In contrast with the non-encapsulated sample, here we observe that at
normal incidence (ϕ = 0) the helicity dependent component cancels out, and only a
helicity-independent photocurrent is observed.

8.4.3. Supplementary note 3: Additional CPC measurements in the non-
encapsulated device

The results shown in the main text are obtained using two specific contacts (num-
ber 1 and 2). To examine the role of the contacts in these measurements, similar
measurements were performed using another pair of contacts. In this section, the
results obtained using contact 14 and 15 (see Supplementary Fig. 8.7) are presented.

Spectral measurements in different contacts
As shown in Supplementary Figs. 8.6 and 8.7(a), the device with direct metal-
semiconductor contacts is not fully homogeneous, and also contains a three-layer
part. Supplementary Fig. 8.9 shows the spectral dependence of the I0, C- and L-
components of IP C when using contacts 16 and 17 (see Supplementary Fig. 8.7(a))
as drain and source. For this situation the device response is mainly dominated by
the three-layer region, and the spectral dependence of the C parameter markedly
changes with respect to the one shown in the main text.

As shown in Supplementary Fig. 8.9(c) and (d), when we repeat again the spec-
tral measurement using a source contact placed at the three-layer region (contact
16) and a drain contact placed at the single-layer region (contact 14), we recover
the spectral behavior described in the main text, i.e. the C-component becomes
maximal at λ=790 nm, on resonance with the A exciton transition, and drastically
decreases for lower wavelengths, even when I0 and L remain large.
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lines are fit s to Eq. 8.1. (c) Dependence of C on the drain-source voltage, extracted from the
fittings shown in (a). (c) Photocurrent IP C as a function of the wave plate angle for three different
light incidence angles: ϕ = +20◦ (maroon upward triangles), ϕ = 0◦ (black circles) and ϕ = −20◦

(green downward). Solid lines are fits to Eq. 8.1.

Dependence of CPC on the gate voltage
Similar to section 4 in the main text, gate dependent measurements are performed.
We apply gate voltages between g=0 V and 50 V with steps of 5 V while keeping
the drain source voltage constant (Vds = 10 V). The sample is illuminated at λ=790
nm at an incidence angle of ϕ=50◦. The resulting photocurrent is monitored while
rotating the quarter-wave plate by two full rotations, as shown in Supplementary
Fig. 8.10. This allows us to more accurately remove drift effects. Subsequently, I0,
C, and L are extracted by fitting the data to Eq. 8.1 in the main text.

In the main text we observe a monotonic increase of the I0, C-, and L-component
with increasing gate voltage, where the ratio of the L and C-component stay con-
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Figure 8.9: Helicity-dependent spectra for contacts 16 and 17: (a) and (b), and contacts 16 and
14: (c) and (d). (a) and (c) depict the photocurrent IP C as a function of the wave plate angle for
λ=820 nm and 790 nm, respectively, and Vds = 5 V and Vg = 50 V. The red line is a fitting to Eq.
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device and measurement geometry.

stant. Here we observe a similar gate voltage dependence. Again, the magnitude of
all three components increases monotonically with the gate voltage. Note that the
sign difference of the components compared to the main text is due to a 180◦ phase
shift during the fitting. These results show that the gate voltage dependence of C
is similar for different contacts.

The ratio between the L and C-component however, does change upon switching
to the different set of contacts. Contrary to the results depicted in the main text,
we observe a change in the ratio of the C- and L-components for different Vg which
indicates that the specific ratio of the C- and L-component is dependent on the set
of contacts used.
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of 10 V. The corresponding I0, C-, and L-component, obtained by fitting to Eq. 8.1, are plotted
at the right.

CPC and illumination angle
Similar to section 5 in the main text, incidence angle dependent measurements were
performed, ranging from ϕ = 60◦ to 60◦. Both the drain source voltage and the
gate voltage are kept constant at Vds = -10 V and 50 V, respectively. As before,
the sample is excited by a continuous wave laser with a wavelength of λ=790 nm.
The resulting photocurrent is measured while modulating the polarization of the
light using a rotatable quarter-wave plate. Supplementary Fig. 8.11(a) shows the
PC measurements obtained for the different incident angles. The extracted C-
component from these measurements are depicted in Supplementary Fig. 8.11(b).
As before, we observe a large dependence of C on the incidence angle with both
even and odd components upon reversing the incidence angle.

However, comparing Supplementary Fig. 8.11(b) to Fig. 8.4(b) in the main text,
we see distinct differences. In the main text, we observe a maximum C-component
at and incidence angle of ϕ = 10◦. Here, however, C is maximized at ϕ = 30◦

and shows a larger magnitude compared to the C-component at ϕ = 10◦ in the
main text. Similar those measurements, a small nonzero C-component is obtained
at normal incidence (ϕ = 0◦).

The fact that we see distinct differences for different sets of contacts is in line
with our assumption that non-homogeneous Schottky barriers in the vicinity of the
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Figure 8.11: Dependence of C on the incidence angle. (a) Photocurrent IP C for Vds= 10 V
and Vg= 50 V as a function of the wave plate angle for different incidence angles. Dots indicate
experimental data. Solid lines are fittings to Eq. 8.1. (b) Dependence of C on the incidence angle,
extracted from the fittings shown in (a).

metallic contacts play a significant role in these measurements as different contacts
are likely to have different Schottky barriers, a different behavior is expected.

Effect of the drain-source voltage on CPC
Next, the drain-source voltage on the CPC is investigated. As before, we illuminate
the sample at λ=790 nm and apply a constant gate voltage of Vg= 50 V. We mea-
sure the photocurrent while rotating a quarter-wave plate for different drain source
voltages (ranging from -10 V to 10 V with steps of 2 V). Two opposite incidence
angles of ϕ = 50◦ and 50◦, were chosen, as these angles showed a large CPC during
the previous incidence-angle dependent measurement (Supplementary Fig. 8.11(b)).

Supplementary Fig. 8.12 shows the dependence of C and L on the drain-source
voltage. The C-components obtained for ϕ = 50◦ and ϕ = 50◦ are comparable for
both negative and positive drain-source voltages. This illustrates once more that
a net nonzero C-component can be observed when i.e. large N.A. objectives are
used to focus down the light. Compared to Fig. 8.5 in the main text, the difference
between the C-components of the opposite incidence angles is smaller. Furthermore,
the Vds-dependence on C is significantly different compared to Fig. 8.5 in the main
text. There, a large positive C-component is obtained at positive Vds at negative
incidence angles, while the measurements here show a C-component close to zero.
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Vice versa, at negative Vds, a large and negative C-component is obtained here for
negative incidence angles, while in the main text it is close to zero. At positive
incidence angles, the differences are smaller. For this set of contacts, we observe a
monotonic decrease of the C-component with decreasing Vds up to -10 V. This is in
contrast to the C-component at ϕ = 50◦ shown in Fig. 8.5.
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This shows that, similar to the angle of incidence dependence, the CPC depen-
dence on the Vds is largely influenced by the set of contacts used. Therefore, we
conclude that the Schottky barriers at the contacts play an important role in both
the magnitude and overall behavior of these signals. The L-components obtained
for the opposite incidence angles overlap to a larger extent. However, where the
L-component in the main text shows a symmetric response around Vds= 0 V, an
asymmetric response is obtained here. At positive Vds, the L-component increases
almost linearly, while at negative Vds a nonlinear decrease is observed for both
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incidence angles.
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chapter 9

Conclusions

In this final chapter, the conclusions drawn from the research presented in this thesis
are highlighted and put in perspective. The chapter ends with an outlook on future
research directions worth pursuing to shed light on the most pertinent unanswered
questions in the field of spin-orbit torques and photocurrent generation in 2D van
der Waals materials.
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9.1. Conclusions

T his thesis comprised of experimental work on two distinct research areas, namely
spin-orbit torques and optoelectronics. While distinct, they both share the same

material platform, namely 2D van der Waals materials. Below, I will first conclude
the work on spin-orbit torques, and finish with a discussion on the work regarding
optoelectronics.

Even after years of intensive research, the main unresolved problem in the field
of SOTs still is the understanding of the different microscopic mechanisms under-
lying the SOTs, and the subsequent control of their magnitude and relative ratios.
During the research period of this thesis, the simple picture where the only two
relevant effects, the SHE and the REE, resulted in a damping- and field-like torque,
respectively, started to dismantle. The review of the field of SOTs in TMD/Py
heterostructures presented in Chapter 4 showed that theoretical reports indicate
that other mechanisms might be at play, and highlights contradictory observations
in experimental work which do not fit this simple picture [1]. To shed more light
on the underlying mechanisms, we therefore performed thickness-dependent mea-
surements in Chapter 5, allowing one to distinguish bulk effects from interfacial
effects in WSe2/Py bilayers [2]. We observed a strong field-like torque with no
clear thickness dependence, suggesting an interfacial origin, and no clear damping-
like torque. This observation is inline with theoretical predictions for interfacial
effects such as the REE, and matches experimental reports of torques observed in
WSe2/CoFeB samples by Shao et al. [3]. The strong field-like torque, together with
the atomically sharp interface observed in STEM measurements and the induced
magnetic anisotropy in Py aligned with the arm-chair direction of the WSe2, indi-
cate that the clean interface facilitates the strong interactions between the WSe2
and Py in our devices, and therefore, is of paramount importance for efficient SOTs.
The field-dependence on the B-component from our second-harmonic Hall measure-
ments could not be explained by the presence of a damping-like torque, and thus
indicates that other effect are at play (e.g. unidirectional magnetoresistance from
electron-magnon scattering, ordinary Nernst effects, etc.). Therefore, an extension
of the theoretical work from Hayashi et al. [4] is needed to incorporate these effects,
allowing for a more accurate determination of the damping-like torques using the
harmonic Hall technique. An approach to determine which "spurious" effect are
at play in these devices, is to perform SOT measurements using different charac-
terization techniques concurrently, such as ST-FMR, MOKE, and harmonic Hall
measurements [5].

Additionally, Chapter 6 has shown that the self-torque in the FM layer can be
of similar magnitude to the torques reported in TMD/FM bilayers, which are often
ascribed to the presence of the TMD layer. Together with recent reports on strong
self-torques in 2D van der Waals ferromagnets, this increases the demand for self-
torque characterization before the origins of torques in more complicated stacks,
made solely from 2D van der Waals materials, can be properly interpreted [6–8].
Gaining more insight on the effect of the FM layer is of crucial importance for an
accurate determination of the torque origin. Instead of comparing bilayers with
different TMDs having the same FM layer, studies should be performed on bilayers
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where the FM is changed rather than the TMD layer. This could shed more light
on the exact role of the FM layer in these devices and might enable us to tailor the
self-torque in the FM layer to work in conjunction with torques stemming from the
TMD layer.

The recently developed phase-engineering techniques for TMDs have mainly been
used to show the potential benefit in electrical performance (higher mobility, lower
Schottky barrier, high on-off ratio) of TMD-based devices [9]. Only a few reports
show the effects on the optoelectrical response, with no reports performing scanning
photocurrent measurements [10]. In Chapter 7, we performed a phase-engineering
technique based on laser irradiation, allowing us to change the crystallographic phase
of a semiconducting 2H MoTe2 flake to the metallic 1T’ phase locally, before evap-
orating the Ti/Au electrodes. Using scanning photocurrent measurements, we are
able to clearly show that the optoelectonic response stems from the 2H/1T’ junc-
tion rather than from the Ti/Au contacts, and was ascribed to a Schottky barrier at
this junction. Using the phase-changed region to contact the 2H MoTe2 showed a
significant increase in the response time of the device, compared to directly contact-
ing the 2H MoTe2. Other materials, such as black phosphorus or stacks of multiple
van der Waals materials, have shown better performance (higher responsivity, faster
response times) compared to our device [11, 12]. Nevertheless, we have shown that
these phase-engineering techniques might allow for further optimization of these
devices, potentially enabling more sensitive and faster photodetectors.

Apart from causing a simple optoelectronic response, we show in Chapter 8 that
the Schottky barrier present at the Ti/Au-TMD interface breaks the D3h symmetry
of a 2H MoSe2 device, allowing for a helicity-dependent photocurrent to be mea-
sured. By comparing the optoelectronic response of MoSe2 devices with and without
a hBN tunnel barrier, we show that the presence of a strong E-field from the Schot-
tky barrier gives additional contributions to the helicity-dependent photocurrent,
allowing for a non-zero helicity-dependent photocurrent under normal incidence.
Inserting a few-layer hBN tunnel barrier between the semiconducting TMD channel
and the metallic electrodes minimizes possible effects of Schottky barriers on the
device photoresponse. Additionally, performing phase-change techniques to reduce
the Schottky barrier between the Ti/Au electrodes and the TMD, as presented in
Chapter 7, grants access to the intrinsic properties of the TMD.

9.2.Outlook
9.2.1. Spin-orbit torques
Interfacial damping-like torques
To elucidate the role of impurity induced damping-like SOTs in FM/HM devices
[13, 14], and possibly use them in our advantage, Zollner et al. propose the fabrica-
tion of a double proximitized graphene device, in Cr2Ge2Te6/graphene/WS2 device
[14]. In their theoretical work, they show that a damping-like torque can be gener-
ated by skew scattering of spin-independent potential barriers or impurities due to
proximity induced spin-orbit coupling and an out-of-plane spin texture in graphene.
In addition, they predict that the ratio of the damping- and field-like torque can
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be controlled via combined top and bottom gates. Experimentally verifying these
predictions would shed light on whether spin-independent impurities can generate
these interfacial damping-like torques, and might provide new ways to increase the
SOT efficiency.

Crystal symmetry dependence
The observation of a damping-like torque in WTe2/Py samples by MacNeill et al.
from 2017 still remains one of the most compelling works on the relation between the
crystal symmetry of van der Waals materials and the allowed SOTs [15]. To follow
up on this work, local phase-transformations techniques in MoTe2, as discussed in
Chapter 7, allow one to reduce the symmetry of half of a MoTe2 crystal, from a highly
symmetric 2H phase to a lower symmetry 1T’ phase. Similar to MacNeill et al., an
out-of-plane damping-like torque is expected for the 1T’ phase-changed region, while
this torque is expected to be supressed in the 2H phase MoTe2. The experimental
verification would strengthen our understanding on the relation between the crystal
symmetry and the allowed SOTs and their strenghts. Before these measurements
can be performed, however, the local phase-transformation process in MoTe2 by
laser irradiation should be optimized to ensure that the phase-transformation occurs
homogeneously across the entire desired region.

Fully 2D SOT devices
While the spin-orbit torque (SOT) devices discussed in Chapters 5 and 6 involve
two-dimensional (2D) van der Waals materials, the ferromagnetic material used is
a conventional evaporated poly-crystalline layer of permalloy. The recent discovery
of (anti)ferromagnetic order in several 2D van der Waals materials opens up oppor-
tunities for creating fully 2D stacks for SOT devices [16–20]. While conventional
MgO-based MTJ are expected to reach their limit in down-scaling when MTJ sizes
reach 30 to 40 nm, having problems with PMA and surface roughness, the devel-
opment of 2D magnetic-based SOT devices might allow for further down-scaling,
owing to their atomically thin and pristine surfaces [21]. Multiple studies have al-
ready shown the possibility of field-free switching the 2D van der Waals magnet
Fe3GeTe2 using WTe2, one of the most efficient 2D van der Waals SOT materials
[22, 23].

In addition, due to their atomically thin nature, two-dimensional ferromagnetic
materials facilitate strong electrostatic gating, which allows for voltage- or light-
controlled magnetic properties (magnetoelectronics) [24]. Using ionic-liquid gating,
for instance, it was shown that the Curie temperature of thin flakes of the ferro-
magnetic Fe3GeTe2 could be elevate above room temperature, showing large mod-
ulations of the coercivity [25, 26]. Similarly, doping Fe3GeTe2 using femtosecond
laser pulses, causing a redistribution of the electronic states which favor a stronger
exchange interaction, was shown to increase the Curie temperature [27]. Apart from
Fe3GeTe2, also in Cr2Ge2Te6 it was found that the Curie temperature could be in-
creased by gating, and in addition, the out-of-plane easy-axis could be tuned to an
in-plane direction [28]. Lastly, in the antiferromagnetic semiconductor CrI3, it was
shown that the magnet can be switched from antiferromagnetic to ferromagnetic
under the influence of an electric field [29]. All these magnetoelectric effects in 2D
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van der Waals magnets enable one to tailor the magnetic properties at will using
electric fields, which could be used in conjunction with SOTs to facilitate field-free
magnetization switching using low energy current pulses.

Optical magnetization switching
Another promising research direction is to investigate how light could be used to
alter, or facilitate, SOT switching using the strong spin-photon coupling of TMDs.
By exciting a monolayer TMD with circularly polarized light, with a wavelength
tuned to the excitonic transition, one excites spin-polarized electrons in the out-of-
plane direction in the TMD (either spin-up or spin-down, depending on the helicity
of the light). It was demonstrated in MoS2/graphene and WSe2/graphene bilayers
that the optically excited spins in the TMD are subsequently allowed to diffuse
through the graphene, showing anti-symmetric Hanle spin-precession curves when
an in-plane magnetic field is applied. As spins in the out-of-plane direction are ideal
for the generation of an out-of-plane damping-like torque, monolayer TMD/FM
bilayers might be promising for optically generated spin-orbit torques allowing for
field-free switching.

Additionally, all-optical switching was reported in CrI3 where the switching was
controlled with the helicity of the light without the need of a additional TMD layer
[30]. Without the interplay of electrons, here, the angular momentum of the pho-
tons is directly transferred to the magnetization. Optical means enable operation at
higher frequencies (∼THz) compared to electronics at the time of writing (∼GHz),
with unprecedented energy efficiency. Therefore, gaining optical control of magneti-
zation states would be beneficial for fast and energy efficient memory applications.
With a diffraction limited spot size, however, high density magnetic memory, achiev-
able with electronic MTJs, is unachievable with light. Newly developed techniques,
such as near-field optical techniques [31], where the laser light is directed to an
AFM-like tip, allow for strong light-matter interaction on the order of several tens
of nanometers, greatly increasing the spatial resolution [31].

9.2.2.Optoelectronics
While the technique of photocurrent spectroscopy has already been used since the
start of the field of van der Waals materials, it is still considered a promising tool to-
day to obtain a better understanding of light-matter interaction in new and emerging
van der Waals materials, ranging from topological insulators, magnetic materials,
Moiré materials, etc. Here, I outline a few ways in which photocurrent measurements
might shed light on these exotic materials.

Moirématerials
While monolayer graphene possesses a broad absorption spectrum due to its gap-
less band structure, twisted bilayer graphene (tBLG), on the other hand, exhibits
surprisingly different properties. Due to the hybridization of the states at the band-
crossings, tBLG exhibits a twist-angle dependent band gap. Taking advantage of
the twist-angle to tailor the material properties of van der Waals materials was
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recently termed the new research field of band structure engineering. From an ap-
plication point of view, this is a very appealing property, as only one material would
allow for optoelectronic sensors, sensitive to a specific and controllable wavelength.
Experimentally confirming these properties with photocurrent spectroscopy will en-
able a better understanding on the interaction of these hybridized states in Moiré
materials with light and might confirm the changes in the band structure predicted
by theoretical models.

2D van derWaals ferromagnets
The 2D ferromagnetic materials, mentioned before in the SOT section, are also
promising for research on opto-spintronics. Recently, it was shown that Fe3GeTe2
can be used to inject spins into monolayer WSe2 via hBN tunneling contacts, cre-
ating a population imbalance between the K- and K’-valleys resulting in a helicity-
dependent electroluminescence from the WSe2 [32]. By applying a magnetic field,
the magnetization of the Fe3GeTe2, and correspondingly, the helicity of the electrolu-
minescence could be switched. Likewise, the helicity-dependent electroluminescence
possessed hysteresis with an applied out-of-plane magnetic field. Future research
could perform the opposite measurements on the same stack of materials: exciting
the WSe2 with circularly polarized light and measuring the induced photocurrent,
while switching the Fe3GeTe2 with an external magnetic field. In this case, the
imbalance of the population of the K- and K’-valley is created optically, resulting in
an out-of-plane spin-polarization. By switching either the helicity or the magneti-
zation of the FGT layer, the photocurrent would increase or decrease, depending on
whether the spin-polarization and magnetization are parallel or anti-parallel, respec-
tively. This could enable ultra-thin, helicity-dependent photodetectors or optically
controlled spin-valves.

Near-field scanning photocurrent measurements
Chapter 7 is only one example of the advantage of scanning photocurrent mea-
surements to obtain a better insight on the underlying photocurrent generation
mechanisms [33–37]. The spatial resolution here is limited to the diffraction lim-
ited spot size of the laser (∼1 µm). Newly developed techniques on the other hand,
such as near-field photocurrent scanning techniques, where the laser light is directed
to an AFM-like tip, allow for strong light-matter interaction on the order of sev-
eral tens of nanometers, greatly increasing the spatial resolution. This allows one
to distinguish photocurrent generation mechanisms arising at previously unattain-
able length scales, for example at magnetic domains [38], topological edge states
[39], grain boundaries in CVD-grown van der Waals materials [40], and Moiré het-
erostructures [41, 42]. All in all, it will increasing our understanding on the role of
exchange interaction, topology, and crystal symmetry on the light-matter interac-
tion in solid-state materials.

9.2.3. Afterword
Ever since the start in 2004, the research field of 2D van der Waals materials had to
life up to high expectations. Almost 20 years later, it is safe to say that the number
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of possible applications of these materials has only increased, due to the ever increas-
ing list of different 2D vdW materials, their possible stacking combinations, relative
twist angles, etc. On the one hand, the endless number of combinations allow for a
wide range of different fundamental physics to be explored, bridging gaps between
various, previously disconnected, research areas. On the other hand, effective ways
of selecting which combinations of materials are worth pursuing becomes more chal-
lenging. In this regard, strong collaboration between theoretical and experimental
researchers is key for effective guidance through these unexplored areas. All in all,
while there might be plenty of room at the bottom, we surely haven’t reached the
bottom yet.
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chapter A

Appendix

A.1. Derivation of the second-harmonic Hall signals for spin-
orbit torque quantification

T his section is highly based on the theoretical work of Hayashi et al. [1], and
summarizes the relevant findings, used in this thesis.

In this section, the equation for the first- and second-harmonic Hall voltages
used in Sec. 3.3.4 are derived starting from the expression for the magnetic energy
of a system. First, by minimizing the magnetic energy of a system in an external
magnetic field, the equilibrium direction of the magnetization is found. Next, an
expression is found for the deviation of the magnetization from this equilibrium
position, due to the current-induced effective fields (or SOTs). Finally, using an
empirical equation for the Hall voltage, we are able to find the full expression on
how the second harmonic Hall voltage depends on the in-plane and out-of-plane
SOTs.

A.1.1. Equilibrium position of the magnetization
The magnetic energy of a system with a magnetization M⃗ in an external magnetic
field H⃗ is expressed as:

E = −Keff cos2(θ) − Ki sin2(ϕ) sin2(θ) − M⃗ · H⃗ (A.1)

Here, θ and ϕ are the polar and azimuthal angles of the magnetization M⃗ , respec-
tively, as illustrated in Fig. 3.5. The first part of right hand side corresponds to
the out-of-plane anisotropy energy where Keff is the out-of-plane anisotorpy energy
and Ki is the in-plane easy axis anisotropy energy. M⃗ is defined as:

M⃗ = Msm̂ = Ms(sin(θ) cos(ϕ), sin(θ) sin(ϕ), cos(θ)), (A.2)

and similarly, the applied field is described by:

H⃗ = H(sin(θH) cos(ϕH), sin(θH) sin(ϕH), cos(θH)). (A.3)

First, the equilibrium position of the magnetization can be calculated by setting
the derivative of Eq. A.1 with respect to the angles to zero, which gives:
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(
∂E

∂θ

)∣∣∣
θ=θ0,ϕ=ϕ0

=0 (A.4)

= sin(2θ0)
(
Keff − Ki sin2(ϕ0)

)
− MsH

[
cos(θ0) sin(θH)

(
cos(ϕ0) cos(ϕH)

+ sin(ϕ0) sin(ϕH)
)

− sin(θ0) cos(θH)
]

(
∂E

∂ϕ

)∣∣∣
θ=θ0,ϕ=ϕ0

=0 (A.5)

= − Ki sin2(θ0) sin(2ϕ0)
− MsH sin(θ0) sin(θH) sin(ϕH − ϕ0)

Here, the trigonometric identities: sin(2θ) = 2 cos(θ) sin(θ), and sin(ϕH − ϕ0) =
sin(ϕH) cos(ϕ0) − cos(ϕH) sin(ϕ0) are used. Finally, solving Eqs. A.4 and A.5 gives
the equilibrium positions of the magnetization θ0 and ϕ0.

A.1.2. Current-induced deviations of the magnetization
In the presence of current-induced spin-orbit torques (SOTs) or an Oersted field,
the magnetization will cant away from its equilibrium position by ∆θ and ∆ϕ. The
SOTs which drive this deviation can be described as an effective magnetic field
(∆H⃗ = ∆Hx, ∆Hy, ∆Hz). The change in direction of the magnetization (∆θ and
∆ϕ) due to the effective field, are then given by:

∆θ = ∂θ

∂Hx
∆Hx + ∂θ

∂Hy
∆Hy + ∂θ

∂Hz
∆Hz (A.6)

∆ϕ = ∂ϕ

∂Hx
∆Hx + ∂ϕ

∂Hy
∆Hy + ∂ϕ

∂Hz
∆Hz, (A.7)

where ∂θ
∂Hi

and ∂ϕ
∂Hi

represent the change of the angles when ∆Hi is applied. To
find ∆θ and ∆ϕ we thus first need to find ∂θ

∂Hi
and ∂ϕ

∂Hi
, which is done using the

following relations:

∂

∂Hi

(
∂E

∂θ

)
= 0 = ∂

∂θ

(
∂E

∂θ

)
∂θ

∂Hi
+ ∂

∂ϕ

(
∂E

∂θ

)
∂ϕ

∂Hi
+ ∂

∂H⃗

(
∂E

∂θ

)
∂H⃗

∂Hi
(A.8)

∂

∂Hi

(
∂E

∂ϕ

)
= 0 = ∂

∂θ

(
∂E

∂ϕ

)
∂θ

∂Hi
+ ∂

∂ϕ

(
∂E

∂ϕ

)
∂ϕ

∂Hi
+ ∂

∂H⃗

(
∂E

∂ϕ

)
∂H⃗

∂Hi
. (A.9)

Here, the chain rule is applied (i.e. ∂f(x(t),y(t),z(t))
∂t = ∂f

∂x
∂x
∂t + ∂f

∂y
∂y
∂t + ∂f

∂z
∂z
∂t ). Working

out Eqs. A.8 and A.8 using Eqs. A.4 and A.5 gives:
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∂

∂Hi

(
∂E

∂θ

)
= 0

=

(KEF F − KI sin2(φ0)
)

2 cos(2θ0) − Ms

− sin(θ0) cos(φ0)
− sin(θ0) sin(φ0)

− cos(θ0)

 ·

∆Hx

∆Hy

∆Hz

 ∂θ

Hi

+

−KI sin(2θ0) sin(2φ0) − Ms

− cos(θ0) sin(φ0)
cos(θ0) cos(φ0)

0

 ·

∆Hx

∆Hy

∆Hz

 ∂φ

Hi

−

Ms

cos(θ) cos(φ)
cos(θ) sin(φ)

− sin(θ)

 ·

1 0 0
0 1 0
0 0 1

 · ei,

(A.10)

∂

∂Hi

(
∂E

∂φ

)
= 0 =

−KI sin(2θ0) sin(2φ) − Ms

− cos(θ0) sin(φ0)
cos(θ0) cos(φ0)

0

 ·

∆Hx

∆Hy

∆Hz

 ∂θ

Hi

+

−2KI sin2(θ0) cos(2φ0) − Ms

− sin(θ0) cos(φ0)
− sin(θ0) sin(φ0)

0

 ·

∆Hx

∆Hy

∆Hz

 ∂φ

Hi

−

Ms

− sin(θ) sin(φ)
sin(θ) cos(φ)

0

 ·

1 0 0
0 1 0
0 0 1

 · ei.

(A.11)

where ei is a Jacobian Matrix. Together, Eqs. A.10 and A.11 form a set of linear
equations which can be solved to obtain ∂θ

∂Hi
and ∂ϕ

∂Hi
. First, to shorten these

expressions, we can rewrite the last terms of Eqs. A.10 and A.11 as:

f⃗ =

cos(θ) cos(φ)
cos(θ) sin(φ)

− sin(θ)

 , g⃗ =

− sin(θ) sin(φ)
sin(θ) cos(φ)

0

 . (A.12)

Additionally, we rewrite the out-of-plane and in-plane anisotropy energy as fields:

HK = Hani − Hdem = 2Keff

Ms
, HA = 2Ki

Ms
, (A.13)

where Hani and Hdem are the perpendicular anisotropy and demagnetizing field [2,
3]. Next, the set of linear equations (Eqs. A.10 and A.11) can be solved to obtain:

∂θ

∂Hi
= 1

F1
(fi − Cgi), (A.14)
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∂φ

∂Hi
= 1

F1F2

(
fi

[
1
2

HA sin(2θ0) sin(2φ0) − cos(θo)(Hx sin(φ0) − Hy cos(φ0))
]

− gi

[
(HK − HA sin2(φ0)) cos(2θ0) + H⃗ · m̂

])
,

(A.15)

where,

F1 ≡ (HK − HA sin2(φ0) cos(2θ0)) + H⃗ · m̂

− C

[
1
2

HA sin(2θ0) sin(2φ0) − cos(θ0) (Hx sin(φ0) − Hy cos(φ0))
]

,
(A.16a)

F2 ≡ −HA sin2(θ0) cos(2φ0) + sin(θ0) (Hx sin(φ0) − Hy cos(φ0)) , (A.16b)

C ≡ 1
F2

[
1
2

HA sin(2θ0) sin(2φ0) − cos(θ0) (Hx sin(φ0) − Hy cos(φ0))
]

. (A.16c)

At last, ∆θ and ∆ϕ are obtained by substituting Eqs. A.14 and A.15 into Eqs. A.6
and A.7:

∆θ = 1
F1

[
(cos(θ0) cos(φ0) − C sin(θ0) sin(φ0)) ∆Hx

+ (cos(θ0) sin(φ0) + C sin(θ0) cos(φ0)) ∆Hy

− sin(θ0)∆Hz

]
,

(A.17)

∆φ = ∆Hx sin(θ0) sin(φ0)
F1F2

[
HA

(
2 cos2(θ0) cos2(φ0) + cos(2θ0) sin2(φ0)

)
− HK cos(2θ0) − H⃗ · m̂ − (Hx sin(φ0) − Hy cos(φ0)) cos2(θ0) cos(φ0)

sin(θ0) sin(φ0)

]
+ ∆Hy sin(θ0) cos(φ0)

F1F2

[
HA

(
2 cos2(θ0) sin2(φ0) − cos(2θ0) sin2(φ0)

)
+ HK cos(2θ0) + H⃗ · m̂ − (Hx sin(φ0) − Hy cos(φ0)) cos2(θ0) sin(φ0)

sin(θ0) cos(φ0)

]
+ ∆Hz sin(θ0)

F1F2

[
− 1

2
HA sin(2θ0) sin(2φ0) + cos(θ0) (Hx sin(φ0 − Hy cos(φ0))

]
.

(A.18)

Next, these huge expressions can be simplified by making a few assumptions
which apply to the work performed in this thesis. First, we assume the in-plane
magnetic anisotropy field to be much smaller compared to the applied magnetic
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field: i.e. |HA| ≪ |H sin(θH)|. Therefore, we can assume the magnetization to
follow the external magnetic field when the field is rotated in-plane, and thus set
ϕ0 ≈ ϕH . This simplifies Eqs. A.17 and A.18 to:

∆θ =


cos(θ0) (∆Hx cos(φH) + ∆Hy cos(φH))

+ sin(θ0) [C (−∆Hx sin(φH + ∆Hy cos(φH)) − ∆Hz](
HK − HA sin2(φH)

)
cos(2θ0) + H cos(θH − θ0) − 1

2 CHA sin(2θ0 sin(2φH))

 ,

(A.19)

∆φ = 1
−HA sin(θ0) cos(2φH) + H sin(θH)[[(
HK − HA sin2(φH)

)
cos(2θ0) + H cos(θH − θ0)

]
(−∆Hx sin(φH) + ∆Hy cos(φH))(

HK − HA sin2(φH)
)

cos(2θ0) + H cos(θH − θ0) − 1
2 CHA sin(2θ0) sin(2φH)

+
HA sin(2φH)

[
cos2(θ0) (∆Hx cos(φH + ∆Hy sin(φH)) − 1

2 sin(2θ0)∆Hz

](
HK − HA sin2(φH)

)
cos(2θ0) + H cos(θH − θ0) − 1

2 CHA sin(2θ0) sin(2φH)

]
,

(A.20)

where,

C ≡ HA cos(θ0) sin(2φH)
−HA sin(θ0) cos(2φH) + H sin(θH)

. (A.21)

These expressions can be simplified further by realizing that the assumption |HA| ≪
|H sin(θH)| causes C (Eq. A.21) to become zero. Therefore, Eqs. A.19 and A.20
are simplified to their final expression:

∆θ = cos(θ0) (∆Hx cos(φH) + ∆Hy sin(φH)) − ∆Hz sin(θ0)(
HK − HA sin2(φH)

)
cos(2θ0) + H cos(θH − θ0)

, (A.22)

∆φ = −∆Hx sin(φH) + ∆Hy cos(φH)
−HA sin(θ0) cos(2φH) + H sin(θH)

. (A.23)

Finally, we have reached the expressions for the deviations of polar and azimuthal
angle of the magnetization due to the current-induced effective fields. These expres-
sions are used in the next subsection to reach the final expression for the second
harmonic Hall voltage.

A.1.3. Second-harmonic Hall voltage
The transverse Hall voltage (Vxy) is composed of multiple effects, such as the or-
dinary Hall effect (neglected here), the planar Hall effect (PHE) (see Sec. 3.4)
and the anomalous Hall (AHE) (see Sec. 3.3.2). In the presence of an oscillat-
ing magnetization due to SOTs, these latter two effects produce a second-harmonic
transverse voltage which is dependent on the exerted torques, and thus allow one
to characterize them.
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Empirically, Vxy can be described as [4]:

Vxy = I
[
RP HE sin(θ)2 sin(2ϕ) + RAHE cos(θ)

]
, (A.24)

where RP HE and RAHE are the planar Hall and anomalous Hall resistance, respec-
tively, and I is the applied current. In the presence of SOTs, the magnetization will
deflect from its equilibrium direction: θ = θ0 + ∆θ and ϕ = ϕ0 + ∆ϕ. Here, we
assume the deflections to be small: ∆θ ≪ 1 and ∆ϕ ≪ 1. By substituting these
angles in Eq. A.24 and performing a Taylor expansion around (θ0, ϕ0) to second
order, one obtains:

Vxy ≈I
[
RP HE

(
sin2(θ0) + ∆θ sin(2θ0)

)
(sin(2φ0) + 2∆φ cos(2φ0))

+ RAHE (cos(θ0) − ∆θ sin(θ0))
]
.

(A.25)

Next, when a low-frequency AC-current (I = I0 sin(ωt)) is applied, the current-
induced SOTs will cause the magnetization to oscillate around its equilibrium direc-
tion. Additionally, as the frequency of the applied AC-current is low (10s to 100s
of Hz), we can assume the magnetization to be in-phase with the current, and thus
describe ∆θ and ∆ϕ as ∆θ sin(ωt) and ∆ϕ sin(ωt), respectively. Filling in these
expressions for the current and magnetization angles gives:

Vxy =I0RP HE

[
sin2(θ0) sin(2φ0) sin(ωt) + 2∆φ sin2(θ0) cos(2φ0) sin2(ωt)

+ ∆θ sin(2θ0) sin(2φ0) sin2(ωt) + 2∆θ∆φ sin(2θ0) cos(2φ0) sin3(ωt)
]

+ I0RAHE

[
cos(θ0) sin(ωt) − 2∆θ sin(θ0) sin2(ωt)

]
.

(A.26)

This transverse voltage can be expressed as a combination of zeroth (V 0
xy), first

(V ω
xy), and second (V 2ω

xy ). Using the identity sin2(ωt) = 1
2 + 1

2 cos(2ωt)) and keeping
all terms up to the second harmonic gives:

Vxy =V 0
xy + V ω

xy sin(ωt) + V 2ω
xy cos(2ωt), (A.27a)

V 0
xy =1

2
(Bθ + Bφ) I0, (A.27b)

V ω
xy =AI0, (A.27c)

V 2ω
xy = − 1

2
(Bθ + Bφ) I0, (A.27d)

where:
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A = RP HE sin2(θ0) sin(2φ0) + RAHE cos(θ0), (A.28a)

Bθ = 1
2

[RP HE sin(2θ0) sin(2φ0) − RAHE sin(θ0)] ∆θ, (A.28b)

Bφ = RP HE sin2(θ0) cos(2φ0)∆φ. (A.28c)

The measurements in this thesis are performed by rotating the magnetization
in-plane: i.e. θ0 = 90◦. Furthermore, the in-plane magnetic anisotropy is assumed
to be much smaller than the applied external field, HA ≪ H, and therefore, we can
set ϕ0 ≈ ϕH . After using these assumptions and substituting Eqs. A.22 and A.23,
the V ω

xy and V 2ω
xy become:

V ω
xy = I0RP HE sin(2ϕH), (A.29a)

V 2ω
xy = A cos(2ϕ) cos(ϕ) + B cos(ϕ), (A.29b)

where:

A = RP HEI0τ⊥/γ

H
(A.30a)

B =
RAHEI0τ∥/γ

H − HK
. (A.30b)

Following Eq. A.13, HK is defined as (Hani − Hdem), which is negative for in-
plane magnetized systems, such as the ones used in Chapters 5 and 6. In this thesis,
the found values for HK are reported as positive values. Therefore, the sign before
HK in Eq. is changed to positive. Lastly, the contribution from the anomalous
Nernst effect needs to be added (Sec. 3.3.3). Finally, we end up with the final
equations reported in Sec. 3.3.4:

V ω
xy = I0RP HE sin(2ϕH), (A.31a)

V 2ω
xy = A cos(2ϕ) cos(ϕ) + B cos(ϕ), (A.31b)

where:

A = RP HEI0τ⊥/γ

H
(A.32a)

B =
RAHEI0τ∥/γ

H + HK
+ RANEI0. (A.32b)
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Summary

While basic logic operations could already be performed by machines before, using
bulky and power-hungry vacuum tubes, the invention of the solid-state transis-
tor in 1947 is often coined as the invention that launched us into the information
age. Since its invention, the solid-state transistor has undergone an unprecedented
miniaturization process, made possible by multiple smaller breakthroughs, such as
the invention of integrated circuits (ICs) in 1958 and the complementary metal ox-
ide semiconductor (CMOS) in the early 1990s. While closely following the famous
miniaturization trend predicted by Gordon Moore in 1965, better known now as
Moore’s law, the transistor became progressively smaller, faster, and cheaper. This
allowed the technology to become available to the masses, resulting in the smart-
phones we have in our pockets today, and current state-of-the-art computer chips
possessing an astounding number of 114 billion transistors. Naturally, this mind-
boggling number begs the question: “When do we reach the limit?”. The answer
you get depends on who you ask, as there is no clear consensus on when this will
happen exactly. However, as the gate electrodes are currently separated by only 200
silicon atoms, reaching a physical limit soon seems inevitable. Additionally, while
Moore’s law is currently kept alive using clever chip designs rather than relying
purely on downscaling of the transistor size, other figures-of-merit, such as the clock
frequency and energy consumption per transistor, have already started to stagnate
due to increased leakage currents that occur at these small transistor sizes. With
the physical limits of conventional CMOS chips approaching, the quest for finding
new methods and techniques, to further increase computing speed, capacity, and
efficiency, intensifies. This has inspired researchers to explore new fields of physics
to reinvent information processing and storage technologies.

One of these new fields of research is called spintronics. Here, rather than using
the charge of the electron, another intrinsic property, called its spin, is used to en-
code, transport, and manipulate information. This quantum mechanical property
is a measure of the intrinsic angular momentum and magnetic dipole moment of
the electron and has already been successfully exploited in several computer tech-
nologies. A prime example is the use of the spintronic effect referred to as giant
magnetoresistance (GMR) (awarded with a Nobel prize in 1988) in the read heads
of storage hard drive disks (HDDs). With GMR, the resistance between two ferro-
magnetic materials, spaced with a normal metal, depends on the relative alignment
of the magnetization of the two ferromagnetic layers (e.g. parallel or anti-parallel).
The low- (parallel) and high-resistive state (anti-parallel) can be assigned to a “1”
and “0”, respectively, to represent one bit of information. Although HDDs are capa-
ble of high-density storage, it is currently considered a slow and energy-consuming
storage medium, unsuitable for computer memory that relies on fast and energy-
efficient operations. Therefore, other spintronic effects and new ways to implement
them are now explored to further optimize information storage devices.

While spintronics might be ideal for energy efficient information storage, trans-
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mitting information by electrical means possess some major challenges. Although
electronics has allowed us the sophisticated logic devices we have today, the main
unresolved issue for electronic devices is Joule heating. The electrical currents in
our chips dissipate a significant part of their energy as heat, requiring the chips to
be constantly cooled by large heat sinks, making their operations energy inefficient.
In this respect, transferring information by optical means, using lasers and opti-
cal fibers or wave guides (i.e. the field of photonics), has tremendous potential for
high-speed, low-energy data transfer. Gaining mutual control of the electron spin
via electrical and optical means, and being able to inter convert the electrical/spin
information to optical information and vice versa, could therefore revolutionize in-
formation storage and communication technologies in terms of speed and efficiency,
combining best of both worlds.

One specific set of semiconducting materials, referred to as two-dimensional (2D)
van der Waals materials, is particularly interesting to do exactly this: combining
optics with spintronics, also referred to as optospintronics. Especially, the family of
2D van der Waals materials called the transition metal dichacogenides (TMDs) has
received much attention, owing to their direct band gap (for atomically thin lay-
ers), the possibility to excite specific spins using circularly polarized light, their high
mobility, and their matured wafer-scale production. Additionally, their atomically
thin nature is highly promising for further downscaling information technologies to
the atomic limit. Likewise, they play a central role in this thesis. However, before
spintronics and optics can be combined using these materials, a better understand-
ing on the spintronic mechanisms and light-matter interactions in TMD-devices is
needed. Hence, this thesis first presents work on a spintronic effect referred to as
spin-orbit torques (Chapters 4, 5, and 6), and subsequently continues with work on
the light-matter interactions in TMD-devices (Chapters 7 and 8).

The spintronic work entails one particular spintronic effect, namely the spin-
orbit torque (SOT). Here, a charge current or charge accumulation where all spins
are polarized in the same direction, referred to as a spin-polarized current or a spin-
accumulation, respectively, is used to interact with the magnetization of a magnetic
layer. This enables one to switch the magnetization, e.g. from parallel to anti-
parallel or vice versa, purely electrically in a fast and energy efficient manner. The
spin-current or spin-accumulation can be obtained by multiple charge-to-spin con-
version effects present in heavy metals possessing large spin-orbit coupling. By
interfacing the heavy metal with a ferromagnet, we can study the interaction be-
tween the spin-current or spin-accumulation and the magnetization of the neighbor-
ing ferromagnet. The SOT devices considered in this thesis thus consist of a two
layered structure: a TMD, possessing high spin-orbit coupling, interfaced with a
ferromagnetic material. Here, TMDs are used as high spin-orbit coupling material,
as they are considered as an excellent material playground, due to their wide vari-
ety of material properties, such as different atomic composition, interface quality,
spin-obit coupling strengths, crystal structure symmetries, etc. While the most well
known charge-to-spin conversion effects, the spin-Hall effect (SHE) and the Rashba-
Edelstein effect (REE), were considered as main contributors to the generated SOTs,
recent theoretical studies and contradicting experimental reports indicate the pres-
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ence of other mechanisms that might play a role in the SOT generation. To gain
more insight in the underlying SOT mechanisms, this thesis present additional ex-
perimental work on SOTs in TMD/Py bilayers in Chapters 5 and 6 to shed more
light on all mechanisms at play in these devices, as discussed below.

Firstly, to equip the reader with the relevant framework for the experimental
work on SOTs discussed in Chapters 5 and 6, firstly, Chapter 4 presents a concise
literature review on SOTs in TMD/permalloy heterostructures. We compare the
results reported for various TMD/ferromagnetic devices, and highlight the differ-
ences and similarities. Additionally, we present an overview of the experimental
techniques used to both fabricate and measure the SOT devices, and discusses the
ascribed mechanisms underlying the observed SOTs. This enables us to both identify
the impact of particular fabrication steps on the observed SOTs, and give suggestions
for their underlying microscopic mechanisms.

After the scene is set in Chapter 4, Chapter 5 presents experimental work on
SOTs in the TMD WSe2 and permalloy bilayers. Using the harmonic Hall technique,
we measure the SOTs in different WSe2/permalloy devices with different WSe2
layer thicknesses, which allows us to elucidate the contribution from interfacial and
bulk effects on the observed SOTs. We find a strong field-like torque compared to
the damping-like torque in our WSe2/permalloy bilayers, with no clear thickness
dependence. Inline with previous theoretical predictions, this indicates that the
dominant field-like torque in our devices arises from interfacial effects, such as the
REE. Surprisingly, we also observe a strong induced uniaxial magnetic anisotropy
in the planar Hall measurements, aligned to a specific crystallographic direction
of the underlying WSe2. Together with the strong field-like torque, this serves as
an indication that the polymer-free technique used during our device fabrication,
facilitates a strong interaction between the WSe2 and permalloy layer, enabling more
efficient SOT generation.

Due to multiple reports on the presence of SOTs in devices consisting of only
a single ferromagnetic layer, referred to as self-torques, we study the role of self-
torques in these TMD/permalloy devices in Chapter 6. We show that the field-like
torque measured in a single layer permalloy device has a significant magnitude
compared to the torques measured in wafer-scale MoS2/permalloy bilayers. This
indicates that the self-torque of the ferromagnetic layer can play a dominant role
in SOT measurements on TMD/ferromagnet bilayers. Previous contrasting reports
on the spin-orbit torques observed in similar TMD/ferromagnet bilayers can thus
be ascribed to differences in the material quality or deposition method of the ferro-
magnetic layer. Additionally, we perform measurements on the different dimensions
of the Hall bar, and find that a linear dependence on the extracted field-like torque
strength on the Hall bar (channel width)/(arm width) ratio. This finding empha-
sizes the importance of intricate details, such as device dimensions, on the reported
SOT strengths obtained with harmonic Hall measurements, and show that device
dimensions should be clearly reported in future SOT studies.

As discussed before, apart from electrical control of the electron spin, the beauty
of 2D van der Waals materials is that they also allow for gaining control of the
electron spin using light. However, before these materials can fully flourish in op-
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tospintronic applications, a better understanding of the light-matter interaction in
TMD-devices is needed.

The photocurrent response in the most well studied TMDs (MoS2, MoSe2, WS2,
WSe2, etc.), which reside in the semiconducting 2H crystallographic phase, of-
ten originates from the Schottky barrier at the interface between the TMD and
the metallic electrodes, obscuring the optoelectronic properties of the TMD itself.
Therefore, in Chapter 7, we fabricate local crystal phase-transformed MoTe2 de-
vices to reduce the contribution from the Schottky barrier at the TMD/metallic
electrode interface and obtain a more intrinsic response of the TMD itself. Using
scanning photocurrent measurements to spatially resolve the areas involved in the
photocurrent generation, we find that that the photocurrent originates from the
junction between the two different phases, the semiconducting hexagonal phase 2H
and the semimetallic phase 1T’, rather than from the bulky metallic electrodes.
This observation, together with the non-linear IV-curve, indicates that the underly-
ing mechanisms for the photocurrent is the photovoltaic effect due to a local electric
field between the 1T and 2H-MoTe2 region. Furthermore, we find that the optoelec-
tronic response is two orders of magnitudes faster when using the phase-transformed
regions to contact the TMD compared to directly contacting the TMD with the
metallic electrodes. This indicates the potential of using phase-transformations in
TMDs to further improve the optoelectronic performance of TMD based photode-
tectors through fully two-dimensional circuitry.

In Chapter 8, we study the polarization-dependence on photocurrents in MoSe2
devices. Here, we show the effect of Schottky contacts on the polarization-dependent
photocurrents by characterizing the helicity-dependent photoresponse of a mono-
layer MoSe2 photodiode with and without hBN tunnel barriers at the contacts. We
find that the device with Schottky barrier contacts has additional contributions to
the polarization-dependent photocurrent. Additionally, even at normal incidence,
the polarization-dependent photocurrent is observed which should not be allowed
by symmetry arguments. The non-trivial modulation of the polarization-dependent
photocurrents for devices with Schottky barrier contacts indicates that spatially re-
solved experiments should be used in combination with angle-resolved measurements
to obtain a complete microscopic understanding of the helicity-dependent optoelec-
tronic response of 2D-TMD devices. The work shown here thus provides additional
steps towards obtaining a full understanding of the polarization-dependent pho-
tocurrents in TMDs, which are necessary to intertwine optics and spintronics for
TMD-based optospintronic devices.
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Ondanks dat machines met energieslurpende elektronenbuizen al logische bewerkin-
gen konden uitvoeren, wordt de uitvinding van de transistor in 1947 vaak beschouwd
als de gebeurtenis die het huidige informatietijdperk heeft ingeluid. Sinds zijn uit-
vinding heeft de transistor een ongekende verkleining ondergaan, mede mogelijk ge-
maakt door verschillende doorbraken zoals de uitvinding van de geïntegreerde scha-
keling (integrated circuit, IC) in 1958 en de complementaire metaaloxide-halfgeleider
(complementary metal oxide semiconductor, CMOS) in de vroege jaren 90. Dit ver-
kleiningsproces volgde nauwgezet de trend die Gordon Moore in 1965 voorspelde,
nu bekend als de wet van Moore, wat resulteerde in steeds kleinere, snellere en goed-
kopere transistors. De technologie werd beschikbaar voor de massa wat heeft geleid
tot de smartphones in onze broekzakken en state-of-the-art computerchips met een
verbazingwekkende 114 miljard transistors. Deze duizelingwekkende getallen leiden
al snel tot de vraag: “Wanneer bereiken we ons limiet?”. Het antwoord dat je krijgt
varieert afhankelijk van wie je het vraagt, aangezien er geen consensus is over de
exacte einddatum. Desalniettemin, met de huidige minitieuze scheiding van gate
elektrodes van maar 200 silicium atomen, lijkt een fysisch limiet nabij. Terwijl de
verkleiningstrend van Moore’s law in leven wordt gehouden door slimmere chipont-
werpen, zijn andere prestatiegetallen zoals de klokfrequentie en het energieverbruik
per transistor al gestagneerd door verhoogde lekstromen die optreden bij kleinere
transistors. Met de fysieke limieten voor conventionele CMOS-technologie in zicht, is
de zoektocht naar nieuwe baanbrekende technologieën geïntensiveerd om de reken-
kracht, opslagcapaciteit en efficiëntie verder te vergroten. Dit heeft onderzoekers
geïnspireerd om nieuwe onderzoeksgebieden binnen de natuurkunde te verkennen
voor een heruitvinding van informatie- en opslagtechnologieën.

Eén van deze onderzoeksvelden staat bekend als spintronica. In plaats van ge-
bruik te maken van de lading van het elektron, zoals bij conventionele elektronica,
maakt spintronica gebruik van een andere intrinsieke eigenschap van het elektron,
genaamd spin, om informatie te coderen, transporteren en manipuleren. Deze kwan-
tummechanische eigenschap, die een maatstaf is van het intrinsieke impulsmoment
en het magnetisch dipoolmoment van het elektron, is al succesvol toegepast in di-
verse computertechnologieën. Het voornaamste voorbeeld hiervan is het gebruik van
het spintronische effect genaamd giant magnetoresistance (GMR), bekroond met de
Nobel prijs in 1988, in de leeskoppen van harde schijven (HDDs). Met GMR hangt
de elektrische weerstand door twee ferromagnetische lagen die zijn gescheiden door
een dunne laag van een normaal metaal af van de relatieve uitlijning van de mag-
netisatie van deze twee lagen (e.g. parallel of anti-parallel). De tweeledige staten
van lage (parallelle uitlijning) en hoge weerstand (anti-parallelle uitlijning) kunnen
worden gebruikt als representatie van een “0” of “1”, oftewel één bit aan informatie.
Hoewel harde schijven een hoge opslagdichtheid hebben, worden ze beschouwd als
een traag opslagmedium die veel energie verbruiken, waardoor ze ongeschikt zijn
voor toepassingen die snelle en energiezuinige opslag vereisen. Daarom worden an-
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dere spintronische effecten en nieuwe manieren om ze te implementeren onderzocht
voor de verdere optimalisatie van informatietechnologieën.

Hoewel spintronica ideaal is voor energie-efficiënte dataopslag, zijn er nog uitda-
gingen met betrekking tot het transport van informatie via elektriciteit. Ondanks
dat elektronica de geavanceerde apparaten van vandaag mogelijk maakt, is er een
onopgelost probleem voor elektronische apparaten: Joule heating (het joule-effect).
De elektrische stromen in chips dissiperen een significant deel van hun energie als
hitte, wat constante koeling door grote koelplaten noodzakelijk maakt. Een moge-
lijk alternatief is het transport van informatie via licht. Laserlicht, optische vezels
en golfpijpen (waveguides) bieden een enorm potentieel voor hoogfrequent en ener-
giezuinig datatransport (oftewel fotonica). Zowel optische en elektrische controle
krijgen over de spin van het elektron, als een gecontroleerde conversie tussen deze
informatiedragers, kunnen daarom technieken voor dataopslag ingrijpend verande-
ren en leiden tot snellere en meer energiezuinige apparaten.

Eén specifieke groep halfgeleidende materialen, genaamd twee-dimensionele (2D)
van der Waals materialen, is bijzonder interessant voor het combineren van optiek
en spintronica, ook wel optospintronica genoemd. Met name de familie van 2D
van der Waals materialen bekend als de transitiemetaal-dichalcogenides (transition
metal dichalcogenides, TMDs) heeft hiervoor veel aandacht gekregen. Dit vanwege
hun directe band gap bij een dikte van één enkele atoomlaag, de mogelijkheid om
specifieke spins te exciteren met circulair gepolariseerd licht en hun gevorderde pro-
ductie op waferschaal. Bovendien biedt hun atomair dunne karakter de mogelijkheid
om informatietechnologieën verder te verkleinen tot de atomaire limiet. Ze spelen
daarom ook in dit proefschrift een centrale rol. Echter, voordat spintronica en optica
kunnen worden gecombineerd met behulp van deze materialen, is een beter begrip
nodig van de spintronische mechanismen en de interacties tussen licht en TMDs in
TMD-apparaatjes. Daarom presenteert dit proefschrift eerst experimentele studies
naar het spintronische effect genaamd spin-baan krachtmoment (spin-orbit torques,
SOTs) (hoofdstuk 4, 5 en 6), gevolgd door experimenteel werk over de interacties
tussen licht en materie in TMD-apparaatjes (hoofdstuk 7 en 8).

Het eerste spintronische gedeelte behandelt een specifiek spintronisch effect, na-
melijk de spin-baan krachtmoment. Hierbij wordt een spingepolarizeerde elektro-
nenstroom (i.e. spinstroom) of een spingepolariseerde elektronenaccumulatie (i.e.
spin-accumulatie), waarbij alle spins in dezefde richting zijn gepolariseerd, gebruikt
om te interageren met de magnetisatie van een magnetisch materiaal. In een spe-
ciaal apparaatje, bestaande uit twee magnetische materialen gescheiden door een
dunne isolerende laag (een zogehete magnetic tunnel junction (MTJ)) kan deze in-
teractie gebruikt worden om de magnetisatie van één laag elektrisch te schakelen,
e.g. van parallel naar anti-parallel en vice versa, op een snelle en energie-efficiënte
wijze. De spinstroom of de spin-accumulatie kan worden verkregen met behulp van
verschillende lading-naar-spin-conversie-effecten die optreden in zware metalen met
een hoge spin-baan koppeling. Door een zwaar metaal in contact te brengen met
een ferromagneet, kunnen we de interactie tussen een spinstroom of -accumulatie en
de magnetisatie van de naburige ferromagneet onderzoeken. De SOT-apparaatjes in
dit proefschrift bestaan dus uit een bilaag: een TMD met een hoge spin-baan kop-
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peling, met aangrenzend een ferromagnetisch materiaal. Hier is de keuze gevallen
op TMDs als zwaar metaal vanwege hun diversiteit aan materiaaleigenschappen, zo-
als atomaire compositie, interfacekwaliteit, spin-baan koppeling sterkte, symmetrie
van het kristalstructuur, enzovoort. Hoewel de meest bekende lading-naar-spin-
conversie-effecten, het spin-Hall effect (SHE) en Rashba-Edelstein effect (REE),
werden beschouwd als de voornaamste mechanismen voor de SOTs, tonen recente
theoretische studies en contradicties in experimenteel werk de aanwezigheid van
andere mechanismen. Om meer inzicht te verkrijgen in de onderliggende SOT-
mechanismen presenteert dit proefschrift aanvullend experimenteel onderzoek naar
SOTs in TMD/permalloy bilagen in hoofdstuk 5 en 6, zoals beneden beschreven.

Om de lezer uit te rusten met de relevante achtergrond en huidige stand van za-
ken, presenteert hoofdstuk 4 een beknopt review van SOTs in TMD/permalloy hete-
rostructuren. Hier vergelijken we de resultaten van verscheidene TMD/ferromagnetic
apparaatjes en belichten we de verschillen en overeenkomsten. Hierna geven we een
overzicht van de experimentele technieken die worden gebruikt om de apparaatjes te
fabriceren en te meten, en bespreken we de mechanismen die worden toegeschreven
aan de observeerde SOTs. Dit stelt ons in staat om de invloed van bepaalde fabri-
catiestappen op de SOTs te bepalen en suggesties te doen voor hun onderliggende
microscopische mechanismen.

Nadat de toon is gezet in hoofdstuk 4, presenteert hoofdstuk 5 experimenteel
werk over SOTs in TMD WSe2 en permalloy bilagen. Met behulp van de har-
monische Hall techniek meten we de SOTs in verschillende WSe2/permalloy appa-
raatjes met verschillende WSe2 laagdiktes. Dit stelt ons in staat om de contribu-
tie van lading-naar-spin-conversie-effecten die voortkomen uit het bulk te onder-
scheiden van de effecten die afkomstig zijn van het WSe2/permalloy raakvlak. We
vinden een sterke field-like torque vergeleken met de damping-like torque in onze
WSe2/permalloy bilagen, zonder duidelijke afhankelijkheid van de WSe2 dikte. Deze
observatie is in lijn met theoretische voorspellingen voor systemen waarbij de effec-
ten van het raakvlak, zoals het REE, domineren. Verrassend genoeg zien we ook
een sterke geïnduceerde magnetische anisotropie in de planar Hall-metingen, die uit-
gelijnd is met een specifieke kristallografische richting van de onderliggende WSe2.
Deze observatie, samen met de sterke field-like torque in onze apparaatjes, duidt
erop dat de polymeer-vrije fabricatiemethode die is gebruikt voor onze apparaatjes,
een sterke interactie tussen de WSe2 en permalloy faciliteert, wat meer efficiënte
SOT-opwekking mogelijk maakt.

Door verschillende studies op de aanwezigheid van SOTs in apparaatjes be-
staande uit een enkele ferromagnetische laag, ook wel self-torques genoemd, be-
studeren we in hoofdstuk 6 de rol van self-torques in deze TMD/permalloy ap-
paraatjes. We laten zien dat de field-like torque gemeten in een apparaatje van
een enkele laag permalloy een significante groote heeft vergeleken met de SOTs ge-
meten in waferschaal-geproduceerde MoS2/permalloy bilagen. Dit wijst er op dat
de self-torques van de ferromagnetische laag een dominante rol kunnen spelen in
SOT metingen in TMD/ferromagnetische bilagen. Contrasterende observaties van
SOTs in vergelijkbare TMD/ferromagnetische apparaatjes kunnen dus worden toe-
geschreven aan een verschil in depositiemethode van de ferromagnetische laag of
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een kwaliteit van het materiaal. Daarnaast presenteren we SOT metingen op ap-
paraatjes met verschillende afmetingen van de Hall bar en vinden dat de field-like
torque sterkte linear afhankelijk is van de Hall bar (kanaalbreedte)/(armbreedte)
ratio. Deze observatie benadrukt het belang van gedetailleerde aspecten en laat
zien dat de afmetingen van de gemeten apparaatjes duidelijk gerapporteerd dienen
te worden in toekomstig onderzoek naar SOTs.

Zoals eerder besproken ligt de schoonheid van 2D van der Waals materialen
in het vermogen om zowel elektrische als optische controle van het elektron spin
mogelijk te maken. Echter, voordat deze materialen zich volledig kunnen ontplooien
in optospintronische toepassingen, is er een beter begrip nodig van het effect van
licht op TMD-apparaatjes.

De fotostroomresponse in de meest bestudeerde TMDs (MoS2, MoSe2, WS2,
WSe2, etc.), die zich bevinden in de halfgeleidende 2H kristalgrafische fase, komt
vaak voort uit een Schottky-barrière in het raakvlak tussen het metallisch contact
en de TMD. Hierdoor zijn de optoelektronische eigenschappen van de TMD zelf
vaak in nevelen gehuld. Daarom fabriceren we in hoofdstuk 7 MoTe2-apparaatjes
waarbij we lokaal de kristallografische fase van het TMD veranderen op de locatie
van de metallisch contacten, om het effect van de Schottky-barrières te verminderen
en het intrinsieke optoelektronische response van de TMD te meten. Met scanning-
fotostroommetingen vinden we dat de fotostroom ontstaat bij de junctie tussen de
twee verschillende fases, de halfgeleidende hexagonale fase 2H en de semimetalli-
schae fase 1T’, in plaats van bij de metallische elektrodes. Deze observatie, samen
met de non-lineare IV-curve, wijzen er op dat het onderliggende mechanisme voor
de fotostroom het fotovoltaisch effect is door een lokaal elektrisch veld tussen de
1T’- en de 2H-MoTe2 regio’s. Daarnaast zien we dat, met de fase-getransformeerde
contacten, het optoelektronische response twee ordes van grootte sneller is dan met
de normale metallische contacten. Dit wijst op het potentieel van lokale fasetrans-
formaties van TMDs voor het verder verbeteren van de optoelektronische prestatie
van fotodetectoren gebaseerd op TMDs en volledige 2D schakelingen.

In hoofdstuk 8 bestuderen we de polarisatieafhankelijkheid van fotostromen in
MoSe2-apparaatjes. Hier laten we het effect zien van een Schottky-barrière bij de
contacten (i.e. Schottky-contacten) op de polarisatieafhankelijke fotostromen in een
monolaag MoSe2. Dit doen we door apparaatjes te maken met en zonder hBN-
tunnelbarrière bij de contacten. We zien dat fotostroom in het apparaatje met
Schottky-contacten extra afhankelijkheden heeft van de polarisatie. Daarnaast ob-
serveren we een polarisatieafhankelijke fotostromen bij belichting met een loodrechte
invalshoek die, gezien de symmetrie van het kristal, niet mogelijk zouden moeten
zijn. De modulatie van de polarisatieafhankelijke fotostromen voor apparaatjes met
Schottky-contacten wijzen er op dat zowel locatie- als hoekafhankelijke metingen
nodig zijn om een compleet beeld te krijgen van de polarisatieafhankelijkheid van
de optoelektronische response van 2D-TMD apparaatjes. Dit werk levert dus ex-
tra stappen naar een compleet begrip van de polarisatieafhankelijke fotostromen
in TMDs die uiteindelijk nodig is om optica en spintronica te verweven in TMD-
gebaseerde optospintronische apparaatjes.
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